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1,2-Dihydro-1,2-azaborine is a six-membered aromatic heterocycle that is related
to the quintessential aromatic molecule, benzene, via the replacement of a CC fragment
in benzene with an isoelectronic BN bond-pair. Like the benzene motif, 1,2-dihydro-1,2-
azaborine derivatives could provide opportunities in fields ranging from medicine to
materials. Recent breakthroughs in the synthesis of 1,2-dihydro-1,2-azaborine have led
to a burgeoning interest in this relatively unexplored heterocycle. This dissertation
describes the synthesis, characterization, and potential applications of novel 1,2-dihydro-
1,2-azaborines. Chapter I reviews the chemistry of monocyclic and polycyclic BN-
heterocycles over the last fifty years. Chapter II introduces the synthesis of numerous
boron-substituted 1,2-dihydro-1,2-azaborine derivatives from a versatile precursor.
Chapter III discusses the first successful synthesis of the parent 1,2-dihydro-1,2-

azaborine, which is isoelectronic with benzene itself. An examination of the chemistry of



v
1,2-dihydro-1,2-azaborine provides a direct comparison of its properties relative to
benzene. Chapter I'V discusses the synthesis and characterization of 1,2-dihydro-1,2-
azaborines incorporated into phenylacetylenic scaffolds. Chapter V discusses unrelated
work on nitrated lipids, which was performed under the guidance of Professor Bruce
Branchaud. The chapter introduces the importance of nitrated lipids in a biological
context and details the synthetic achievements in this field.

This dissertation includes previously published and unpublished co-authored

material.
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CHAPTER 1

THE CHEMISTRY OF HYBRID BORON-NITROGEN

HETEROCYCLES

1.1. Introduction

Benzene (c-C¢Hg) was first isolated from the distillate of coal tar nearly two
centuries ago,’ yet the study of benzene and its derivatives continues to drive research in
the 21% century. The study of benzene’s fundamental properties has given rise to the
concept of aromaticity and bond delocalization. Beyond its fundamental importance,
benzene derivatives are commonly found in fields such as polymer science, biomedical
research, and material science.

Borazine (c-B3N3Hg), the inorganic, isoelectronic counterpart to benzene, was
isolated by Alfred Stock in 1926, and has also received significant attention in pure and
applied chemistry. The analogy of borazine as an “inorganic” benzene is derived from
the donation of a lone pair of electrons from nitrogen into the vacant p-orbital of the sp*-
hybridized boron (Figure 1). The number and geometry of electrons is the same in the
B-N and C=C bond units, and therefore borazine and benzene are isoelectronic. On the
other hand, borazine tenuously meets the criteria for aromaticity, and its relative

instability has limited its utility.
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Figure 1. Isoelectronic relationship between CC and BN.

The isoelectronic relationship between B-N and C=C has led to an emergence of
aromatic systems partially substituted with boron and nitrogen (carbon-boron-nitrogen
(CBN) heterocycles). Though somewhat limited in scope, the first major achievements
in the synthesis of CBN heterocycles took place in the 1960s. After several decades of
diminished activity in the field, modern synthetic protocols have promdted a resurgence
in the study of CBN heterocycles.

This chapter will serve to provide a review of the chemistry of 6-membered
heterocycles containing one and two B-N bond units. Aromatic CBN heterocycles
isoelectronic with benzene will be of primary interest. Non-aromatic six-membered
heterocycles will also be discussed, especially as they relate to the aromatic analogs.
Isoelectronic analogs of pyridine, such as BODIPY dyes, will not be discussed but have
been reviewed extensively.”* Substitution of B-N units in cluster compounds and
graphitic materials is beyond the scope of this review.”> This chapter will be organized
by heterocyclic motif and will cover both monocyclic and polycyclic derivatives. It will
be organized chronologically to give as much historical context as possible with regard
to the general periods of CBN heterocycle research, where relevant. Calculations on
CBN heterocycles have contributed greatly to the interest in this field, and thus this work

will also be discussed in relation to known or predicted physical properties. However,



an in-depth discussion of calculation methods will not be covered here. Synthetic
achievements will be discussed separately from theoretical work as much as possible to

avoid confusion.

1.2. C4BN Heterocycles
1.2.1. Synthesis of Monocyclic 1,2-Azaborine Derivatives
1,2-Dihydro-1,2-azaborine (hereafter 1,2-azaborine unless referring to parent

compound 1) is a 6 m-electron analog of benzene in which a C=C unit has been replaced

with a B-N bond pair (Figure 2).

6 4
5 CN’H isoelectronic CC,H
! < > i
~ ) 7 C\
4y 2B H . y
3
1,2-Dihydro- Benzene
1,2-azaborine
1

Figure 2. 1,2-Dihydro-1,2-azaborine 1 is isoelectronic with benzene.

Dewar and White pioneered the first syntheses of monocyclic 1,2-azaborine
derivatives. In 1962, Dewar and co-workers used a desulfurization strategy from BN-
benzothiophene 2 to generate high}y-substituted 1,2-azaborine 3 (Scheme 1).°
Compound 3 was resistant to degradation under prolonged exposure to both acid and
base in ethanol as monitored by UV-vis spectroscopy (Amax = 306 nm, & = 15850 M'cm™
1. Acid/base stability and the inertness of the 1,2-azaborine double bonds toward Raney

Nickel are indications of the aromatic stability of the 1,2-azaborine core. A year later,



White reported the synthesis of 1-H-2-phenyl-1,2-azaborine 5 via Pd-catalyzed

dehydrogenation from saturated heterocycle 4 (Scheme 2).’

Me0,C CO,Me
S
=z I}I'H Raney Ni = N'H
— |
NN ~Ph ™ B\Ph
Ph Ph
2 3

Scheme 1. Synthesis of 1,2-azaborine derivative 3 via desulfurization with Raney Nickel (Dewar, 1962).

[::N'H Pd/C Z~\-H

B B

“Ph “Ph
4 5

Scheme 2. Dehydrogenation route to 1,2-azaborine 5 (White, 1963).

In 1967, Dewar and co-workers attempted the first synthesis of 1,2-Dihydro-1,2-
azaborine 1 via a hydroboration-oxidation protocol but were unsuccessful.® They
concluded that, “Borazarene [1,2-Dihydro-1,2-azaborine] therefore seems to be a very
reactive and chemically unstable system, prone to polymerization and other reactions...”

In fact, multiple attempts to isolate the parent 1,2-Dihydro-1,2-azaborine 1 from BN-

triphenylene 7 (Scheme 3) were unsuccessful.

. i ’ =
[j\NHzHCl - [::E E - [::é B
\ ~ \ ~p e
N
N
x>

Scheme 3. Hydroboration-oxidation protocol leading to undesired trimerization to BN-triphenylene 7.
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Polivka et al. followed a similar route to generate 1,2-azaboracyclohexane 8 from
dimethylaminobut-3-ene (Scheme 4).>1% Alkylation of the amine prevents the
trimerization of 8; heterocycle 8 is readily isolated via vacuum distillation. Compound 8
is formally isoelectronic with 1,1-dimethylcyclohexane, and the tetracoordinate boron
and nitrogen atoms are unable to participate in n-bonding. Instead the B-N bond pair
can be considered a dative o-bond. The generation of a 1,2-azaborine motif from 8 was
not observed. Babouléne and co-workers have recently used N-alkyl amine-boranes

such as 8 to form aminoalkylboronic acid salts as surfactant materials.'!

NMe, EtsN-BH, NMe,
~ BH,

8
Scheme 4. Hydroboration to stable 1,2-azaboracyclohexane 8.

Goubeau and co-workers used a secondary butenyl amine (as in White’s earlier
work) to form 1,2-azaborine 9 via hydroboration (Scheme 5).!2 Dehydrogenation with
Pd/AlLO; provided the first B-H substituted 1,2-azaborine 10, which was characterized
by mass spectrometry."’

NHMe MegN-BH; NMe Pd/Al,O4 =z NMe
= BH ~_BH

9 10
Scheme 5. Hydroboration-oxidation to generate B-H substituted 1,2-azaborine 10.

Gronowitz and co-workers synthesized a series of BN-benzothiophenes, which
upon desulfurization yielded the first examples of monocyclic 1,2-azaborines substituted
at C4 and/or C5.'*"7 Desulfurization of BN-benzothiophene 11 generated 1,2-azaborine

12 (Scheme 6) selectively, which reacted further with Raney-Ni to produce the first 1,2-



azaborine substituted at the C5 position with an aliphatic (ethyl) group (13 in Scheme
6).'° Reaction of BN-benzodithiophene 14 with Raney-Ni afforded 4,5-diethyl-1,2-

azaborine 15.1

/s
AN Raney i ENAINT Raney N BN
B.., B.. B
AN \Ph NS \Ph N \Ph
7 g g Bu
1

— 13
12

s
=z N’H Raney Ni Et;(:N’H
B B
N~ ph Bt~ X" ph
\_s
15
14

Scheme 6. Desulfurization of BN-benzothiophenes with Raney Nickel to generate 4-, and 5-substituted
1,2-azaborines.

Biirger and co-workers reported another route to monocyclic 1,2-azaborine
derivatives in 1990."® The reaction of dialkylaminobis(trifluoromethyl)boranes (e. g. 16
in Scheme 7) with a variety of alkyl-substituted 1,3-dienes led to the formation of a CBN
heterocycle (e. g. 17) via a [4+2] cycloaddition. The X-ray crystal structure of 17
revealed a long B-N bond (1.621(3) A) consistent with a o-bonded complex for the tetra-
coordinate boron and nitrogen atoms. The reaction of aminoborane 16 to generate cyclic
amine-boranes was later accomplished via a two-step substitution sequence (Scheme
8).19 5-Bromopentanenitrile underwent an ene-type reaction to generate ring-opened 18.
Deprotonation with KOH led to the intramolecular N-alkylation of 18 to generate nitrile-

substituted BN heterocycle 19. Interestingly, in compounds similar to 19, reduction of
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the nitrile using (‘Bu),AlH followed by hydrolysis furnished the corresponding aldehyde,
which is a testament to the stability of these compounds.

Me Me.,  .Me M
K A N e G:ijez
/B\
Me FsC” ~CF,4 Me B(CFs)2

16 17
Scheme 7. [4+2] Cycloaddition of aminoborane 16 with a 1,3-diene generates cyclic amine-borane 17.

Br
Me., .Me
N Br(CH»)4CN NHMe, KOH NMe,
_— ! —— |
F.c B Cr, B(CFa), B(CFs)2
16 CN CN
18 19

Scheme 8. Ene-type reaction of 16 generates ring-opened 18 which undergoes an intramolecular N-
alkylation to give heterocycle 19.

In a preparation of w-aminoboronic esters from azides (Scheme 9), Vaultier and
co-workers reported ''B NMR chemical shifts for compounds 20a-i that indicated a
substituent and chain-length dependence on intramolecular cyclization (Table 1).%° The
upfield chemical shift in "B NMR spectroscopy of several of these compounds is
consistent with an equilibrium between 3- and 4-coordinate boron for the ring-opened
and ring-closed forms, respectively (Scheme 9). Mikhailov and co-workers observed
temperature-dependence in the equilibrium of intramolecular cyclization of amine-

21-22
boranes.
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Scheme 9. Intramolecular cyclization of w-aminoboronic esters.

Table 1. 'B NMR Shifts of o-Aminoboronic Esters 20a-i

Compound ~» R R* R’ R’ 3 '"'B (ppm)
20a 0 H H H H 27.5
20b 1 H H H H 19.1
20¢ 1 Pr H H H 32.3
20d 1 H Me H H 11.4
20e 1 H Me H Hex 18.4
20f 2 H H H H 33.8
20g 2 H H H Ph 33.8
20h 2 H H H Hex 33.8
20i 3 H H H H 34.0

In subsequent work, Vaultier and co-workers reported that the reaction of
aminoborane 21 with benzyl azide and HC] formed reduced 1,2-azaborine 22 which
reacted further with HCI, producing dichloroborane 23 (Scheme 10).> Unfortunately,
characterization of 23 was limited to ''B NMR spectroscopy (8 7.8 ppm). Paetzold and
co-workers used a similar ring-expansion strategy to generate bicyclic aminoborane 24
(Scheme 11), which could be further reacted with Me;SiNj to give azide-substituted

amino-borane 25.%*



.B H_Bn
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21 22 23

Scheme 10. Reaction of aminoborane 21 with benzy! azide and HCL.

Me Me

o ¥
cl Na
24 25

Scheme 11. Formation of B-Cl aminoborane 24 and azide-substituted aminoborane 25.

The Ashe group achieved a breakthrough in the mild synthesis of monocyclic
1,2-azaborines in 2000. Whereas previous syntheses relied on desulfurization or
dehydrogenation at extreme temperatures as discussed above, Ashe and co-workers used
a ring-closing metathesis/oxidation protocol for the efficient formation of 1,2-azaborines
(Scheme 12).*> Transmetallation of allyltributyltin with BCl; generated allylboron
dichloride 26 in situ. Condensation with allylethylamine produced bisallyl aminoborane
27. The addition of PhLi led to the displacement of chloride from the labile B-Cl bond
to give B-Ph aminoborane 28 in good yield. Ring-closing metathesis with Grubbs’ 1%
Generation catalyst formed 1,2-azaborine precursor 29 featuring an olefin at the 4-
position. The oxidation to 1,2-azaborine 30 was accomplished in good yield using 2,3-

dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) at 35 °C.



\/\N,Et .
\/\ - t
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30 29 28

Scheme 12. Synthesis of 1,2-azaborine 30 via ring-closing metathesis.
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A year later, Ashe et al. explored a ring-expansion route to 1,2-azaborines from

the 1,2-azaborolide heterocycle, which is formally isoelectronic with the ubiquitous

cyclopentadienide (Cp) anion. Ring-closing metathesis from B-vinyl aminoboranes 31a-

¢ provided heterocycles 32a-¢ (Scheme 13), which were deprotonated to give 1,2-

azaborolides 33a-¢.2® The reaction of 33a-¢ with CH,Cl, and lithjum diisopropylamide

(LDA) (the Katz reaction) gave 1,2-azaborines 34a-c¢. A deuterium labeling study

suggested that the initial attack of chlorocarbene occurs at the C3 position of 33e¢.

Carbene insertion into the B-C bond leads to a 3-deuterio isomer of 34¢ via carbene 35.

Deuterium incorporation at this position rules out initial substitution at C5.

R
XN (CysP)o(PRCH)RUCH, CN'R‘ LDA {,}r ' CH,Cl, LDA Z# Nig
| —_— _——
\_B —B
*x=-B- . - X
R2 RQ Ll@e R2
31 32 A a1
aR;=Me, Ry =Ph
b R; = Et, R, =Ph
¢ Ry =By, R, = Me
t . t t
~N-2u [.CDCI] |- ?\NBU —l ~\-Bu
SMe @] “Me “Me
33c Dg D
35 34c

Scheme 13. Ring-expansion route to 1,2-azaborines 34a-c and deuterium labeling.
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The Ashe group has extensively studied the coordination chemistry of 1,2-
azaborine with transition metals. The reaction of (MeCN);Cr(CO); with 34a leads to the
formation of piano-stool structure 36 (Scheme 14).%° The solid-state structure of 36
revealed that the 1,2-azaborine ligand binds in an n° fashion to chromium. The 1,2-
azaborine ring is planar, and the phenyl ring is twisted out the 1,2-azaborine plane. The
B-N bond length is 1.466(6) A, which is slightly longer than a typical unconjugated
aminoborane B-N bond (1.41 A),*” indicating some delocalization of the B-N -
electrons. The structural features of 36 and 37 are typical for other arene piano-stool

complexes.?®

N,Me
MeCNICHCO) S BPh
|

Cr.
“\.CO
OoC O

36

34a

Bu
N

Py,Mo(CO)s, BF:-OEt, <), B~Me

34c |

Mo.
- \'CO
oC cO
37

Scheme 14. Formation of n° complexes of 1,2-azaborines with group 6 transition metals.

Ashe and co-workers synthesized 1,2-azaborine 38 via the ring-expansion route
discussed above.” The addition of BuyNF to TMS-protected 38 provided an alternate
route to N-H 1,2-azaborine 5 (Scheme 15), which could be reversibly deprotonated at the
nitrogen position to give 39. 1,2-Azaborine 39 was found to be a good ligand for
ruthenium (40 in Scheme 15). Protonation of sandwich complex 40 with AcOH gave

salt 41. Whereas the pKa of heterocycle S was found to be comparable to
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pentamethylcyclopentadiene (~ 26), the pKa of 41 was determined to be 9.2 via

potentiometric titration.

by N/TMS Bu,NF yZ N,H ba§e P N@
(S G I
X-"~ph X~"pp “Ph

38 5 39
l[Cp*RuCI]4
@
N:H \R
<> B-Pn <O B-ph
Rl acid Rl
-— u
Me,, ! \Me _base_ Me, | Me
Me Me Me Me
Me Me
141 40

Scheme 15. The reversible deprotonation of 5 and Ru-complex 41.

The reversible protonation of § was also used to probe the haptotropic migration

of Cr(CO);3 between 1,2-azaborine and the B-phenyl substituent.’® Ashe and co-workers

determined that piano-stool complex 42 was formed as the sole kinetic product of the
reaction of § with (MeCN);Cr(CO); at 50 °C (Scheme 16). Heating at elevated
temperature drove the haptotropic migration of the Cr(CO); fragment from the 1,2-
azaborine ring to the phenyl ring, indicating complex 43 was the thermodynamic product
of the reaction. The kinetic-thermodynamic relationship between the 1,2-azaborine and
phenyl rings was reversibly switched when complex 43 was deprotonated to give 44.
Complex 44 was cleanly converted to 45 when heated, indicating 45 was the
thermodynamic product. The increased electron-richness of the anionic 1,2-azaborine
ring makes it a better ligand toward Cr(CO);. Complex 45 was protonated to give 42,

making the overall sequence of reactions (42 to 43 to 44 to 45) thermodynamically
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neutral. The acid-base steps were determined to be approximately 19 kcal/mol based on
the 13.5 pKa unit difference between 42 and 43, and these steps energetically balance

the thermal migration steps.

(MeCN)5Cr(CO)3 (MeCN) 3Cr(CO
50° 140 °C

C@ C@

Cr(CO) Cr(CO
42 43

\acid base”acid
o+ S

Cr(CO); Cr(CO)3
45 44

base

Scheme 16. Switchable haptotropic migrations of the 2-phenyl-1,2-azaborine ligand.

Table 2. Selected Bond Distances (A) for 42 and 43.

42 43
BI-NI 1.45022)  1.430(5)
N1-Cl 1.383(2)  1.368(5)
C1-C2 1.3892)  1.353(6)
C2-C3 1.4212)  1.413(7)
C3-C4 13952)  1.370(6)
C4-B1 1.5242)  1.500(5)

The solid-state structure of 43 was determined, which was the first
crystallographic characterization of a 1,2-azaborine that was not directly bound to a

metal. The 1,2-azaborine bond distances for 43 are presented in Table 2 and are
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consistent with bond delocalization throughout the planar 1,2-azaborine ring. The
formal single bonds (N1-C1, C2-C3, and B1-C4) are shortened and the formal double
bonds (B1-N1, C1-C2, and C3-C4) are lengthened relative to typical B-N and C=C
bonds. The crystal structure of 42 was also obtained. The 1,2-azaborine ring distances
for 42 (Table 2) are lengthened relative to 43. This is consistent with the donation of z-
electron density from the 1,2-azaborine ring of 42 into chromium as well as
backdonation of chromium’s d-electrons into the anti-bonding orbitals of the ring
system.

The coordination chemistry of 1,2-azaborine is not only tunable via
protonation/deprotonation, but is also dependent on the choice of metal. The reaction of
anionic 1,2-azaborine 39 with Cp,ZrCl; led to the formation of complex 44 (Scheme 17)

in which the 1,2-azaborine ligand was o-bonded to zirconium.*!

Ph

©  Cp,ziCl Z 8
= I 1
CE poZrCly SN,
~x~"~pp AZrCp2
39 Z°N
B\
X" pp
44

Scheme 17. Formation of 1'-zirconium complex 44 (not balanced).

The Ashe group also explored the ligand properties of deprotonated BN-styrene
45 (Scheme 18),%* which was synthesized via the ring expansion route discussed above.
The reaction of 45 with 1 equivalent of [Cp*RuCl]4 gave complex 46 in which BN-
styrene was bound to ruthenium in an n® fashion. However, when 2 equivalents of

[Cp*RuCl]s were added, diruthenium complex 47 was formed. In complex 47, n°
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binding occurred between a ruthenium atom and the 1,2-azaborine ring, while the second
ruthenium bound n' to the 1,2-azaborine nitrogen. An additional * interaction between

ruthenium and the B-vinyl group was observed.

Me

N, / N
<o/ . Ay
| ~1eq.[Cp'RUCll, N 2 eq. [Cp*RuCl], N4

o, T e ¢ e

:NGZ

Me<<P—Me 45 o, RU e
Me Me—cé?—Me
46

Scheme 18. Synthesis of complexes 46 and 47 from BN-styrene 45.

Ashe and co-workers recently demonstrated electrophilic aromatic substitution
(EAS) reactivity in 1,2-azaborines (Scheme 19).>* 1,2-Azaborine 30 reacted with a
variety of electrophiles to give 3-substituted 48a-d and 5-substituted 49e-f. Deuterium
exchange with CD;COOD/CF;COOD gave 48a by '"H NMR, however only degradation
products were isolated. A competition experiment showed that 30 was more reactive
than furan and thiophene toward deuterium exchange, but not as reactive as 1-
methylindole. Bromination to 48b readily occurred with Br,. CN-Substituted 48¢ was
produced via the coupling of CuCN and bromide 48b. In the case of BN-phenol 48d,
iodination with I-Cl was followed by the addition of Na,SO3/H,0 to give -OH
substitution. C5-Substituted 49e was produced in low yield via Friedel-Crafts acylation
upon treatment with Ac,O and SnCly. The Mannich reaction of 30 with N,N-
dimethylmethyleneiminium chloride gave C5-substituted 49f in good yield. The

substitution pattern was rationalized by resonance stabilization whereby substitution at
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either the 3- or S-positions leads to resonance forms with the positive charge at the

nitrogen (Scheme 20).
Y~ N,Et £+ Pz N'Et E = N,Et E=aD
é — E|3 or ||3 b Br
x-5ph N-5~ph X-Fph cON
39 E 49 e Ac
48 , f Me,NCH,
Scheme 19. EAS reactivity of 1,2-azaborine 39.
’ ®
| - | -———— 1 — B —_— |
X B B B ~ B
H E E

Scheme 20. Resonance stabilization of 3- and 5-substituted 1,2-azaborine.

As discussed above, solid-state structural parameters of 1,2-azaborine provide
some evidence of bond delocalization.’® However, Liu and co-workers obtained
conclusive evidence of bond delocalization in 1,2-azaborine via crystallographic
analysis.>* 1,2-Azaborine precursor 50 was a versatile intermediate in the formation of a
family of aminoboranes in various oxidation state with respect to the intra-ring carbon
atoms (51-54 in Scheme 21). Transition-metal catalysis was used in all cases to generate
the desired heterocycle. The isomerization of 50 to B-vinyl 51 was achieved using
Ru(Cl),(PPhs); in good yield. Alternatively, ruthenium catalyst Ru(H)(Cl)(CO)(PPhs);
catalytically isomerized the olefin in 50 to N-vinyl 52. Oxidation with Pd black
heterogeneously catalyzed the formation of 1,2-azaborine 53. The same catalyst in the
presence of H, reduced 50 to 54. Structural data for compounds 50-54 were obtained via
single-crystal X-ray diffraction and are presented in Table 3. An examination of the B-N

bond shows that upon oxidation to 1,2-azaborine 53, the B-N bond lengthens relative to
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the other heterocycles. Similarly, the C=C bonds in 51 and 52 are shorter than the
corresponding bonds in §3. The lengthening of these formal double bonds in the
structure of 53 is a clear indication of bond delocalization. Conversely, the C4-CS5 single
bond in 53 is shorter than the corresponding bonds in 51 and 52 by over 0.07 A. A
similar shortening of the B-C3 and C6-N bonds in 1,2-azaborine 53 versus all other

derivatives is consistent with bond delocalization.

'‘Bu B
Cr}r 4% Ru(Cl)p(PPhg)s C
. 20% Pd black
X~ "*Nph, By “NPh,
. Oy
s ‘m NPha 2
o . 50
Cé~ H, 10% RU(H)(CI)(CO)(PPhg)s CE'L
NPh, NPh,
54 52

Scheme 21. Catalytic formation of 1,2-azaborine isomers 50-54.

Table 3. Selected Bond Distances and Deviations from Planarity (A) for Heterocycles 50-54

1 1Bu Bu
C C e C C
“NPh, “NPh, “NPh, “NPh, “NPh,

Nring-B 1.403(2) 1.405(2) 1.407(2) 1.417(3) 1.446(2)
B-C3 1.584(3) 1.590(2)  1.559(2) 1.579(4)  1.518(2)
C3-C4  1.51103) 1.493(2)  1.338(2) 1.504(4)  1.363(2)
C4-C5  1.51103) 13192) 14792 1.494(4)  1.412(2)
C5-C6  1.508(3) 1.493(2)  1.503(2) 13193)  1.356(2)
C6-N1  1.4792) 1.4772) 14792 1432(3)  1.383(2)
B-Nuo  1.488(2) 1.478Q2)  1.483(2) 1.480(3)  1.486(2)
planarity® 0.226 0.164 0.199 0.183 0.048

® Root mean square deviation of intra-ring atoms from the least-squares plane (in A).
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The facile reduction and physical properties of 1,2-azaborine has made it an
attractive material for H, storage. Liu and co-workers have recently described the
formation of a “charged” amine-borane fuel from fully “spent” 1,2-azaborine, in which 3

equivalents of H, (formally) have been added to the 1,2-azaborine (Scheme 22).*°

BH2
regeneration -H,
charged fuel

R .R
- '}I spent fuel N
B‘H

S
B\ B\
Xy H

Scheme 22. Hydrogen storage by CBN heterocycles.

The catalytic reduction of 55 with Pd/C adds two equivalents of H; across the
formal C=C bonds to give heterocycle 56 (Scheme 23). The reduction is relatively mild;
in a comparative study, the reduction of benzene under identical conditions was not
observed. The third equivalent of “H,” was added across the B-N bond in a sequential
manner (Scheme 24). The reaction of KH with 56 installed H™ at the boron atom to give
anionic intermediate 57. The protonation of the nitrogen of 57 was then accomplished

with HCI to give S8 (the fully charged fuel). Vedejs and co-workers recently observed



reactivity consistent with the formation of a fully charged fuel (Scheme 25), yet the

monocyclic products of these reactions were not isolated.*

H
t i 1
CNB“ 25 mol% Pd/C H ;}yB“
. -B- 45 psi Hy B.
H benzene, 80 °C, 4h H H
55 H
56
25 mol% Pd/C .
no reaction
45 psi M,
80 °C, 4h

Scheme 23. Partial regeneration of 1,2-azaborine spent fuel.

H H Mo
M NBY KH O |H N,‘Bu ey N-Bu
! —_ ) ©) - L _H
B. B-H_K B
H H H e H H
H H
56 57 58
Scheme 24. Sequential addition of H/H™ across the B-N bond.
NHR' BH3-THF NHR' 2 NHR
S . BHg B, 0

Scheme 25. Mild route to fully-charged cyclic aminoborane fuels.

1.2.2. Computational Studies on 1,2-Azaborine Derivatives

As much attention as the 1,2-azaborine motif has received in organic synthesis,
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there has been as much or more attention paid by theoreticians interested in predicting or

explaining its properties.*”*® Roald Hoffmann was the first to examine some of the

properties of 1,2-Dihydro-1,2-azaborine 1 computationally.®” In his initial report,

Hoffmann calculated the charge distribution in 1 using a linear combination of atomic
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orbitals (LCAO-MO) analysis and determined that boron has the greatest positive
charge. Correspondingly, nitrogen is the position with the greatest negative charge.
Significant negative charge was found at the C3 position. Additional calculations

3839 and are in agreement with the observation nearly 50 years

support this prediction
later that EAS reactivity occurs primarily at the C3 position.>® The calculated total
energy of 1 compared to benzene and borazine indicated that 1 was significantly higher
in energy than both.

The first rigorous calculations using comparative methods on 1,2-dihydro-1,2-
azaborine 1 were performed by Carbé and co-workers in 1969.*° The methods used
included LCAOQ, self-consistent Hiickel molecular orbital (SCHMO), extended Hiickel
theory (EHT), an iterative EHT (IEHT) method, and a complete neglect of differential
overlap (CNDO) extending the Pariser-Parr-Pople (PPP) formalism to all valence

electrons. The iterative determination of molecular geometry by SCHMO was later used

for calculations by the other methods, the parameters of which are presented in Table 4.

Table 4. Geometric Parameters of 1*
)

SCW
4 B2

3

Distances (A)

1-2 1.449
2-3 1.555
3-4 1.355
4-5 1.455
5-6 1.358
6-1 1.399
Angles (°)

1 118.3
2 121.5

3 114.3
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4 121.8
5 123.8
6 120.2
# N- and B-bonded hydrogen atoms omitted for clarity

Energy levels were calculated using the EHT, IEHT, and CNDO methods and are
presented in Table 5. The assignment of the highest occupied molecular orbital
(HOMO) to lowest unoccupied molecular orbital (LUMO) was inconsistent between the
three methods (EHT/IEHT: o — nt*, CNDO: t — t*) as was the energy of this

transition (EHT: 3.24 eV, CNDO: 15.73 eV).

Table 5. o and n Energy Levels for 1 (in eV)

EHT IEHT CNDO

-4.63 m* -4.80 m* 6.26 w*
- 6.99 mt* -7.34 n* 477 n*
-8.72 m* - 8.69 nt* 2.73 n*
-11.96 ¢ -11.94 ¢ -13.00 &
-12.10 = -12.06 ® -13450
-12.93 ¢ -12.77 ¢ -14.51 o
-13.63 0 -13.26m -1555~®
-13.68 x -13.62 0 -17.52 o
-14.36 0 -1420 0 -19.39 ¢
-14.85 ¢ -14.61 o -2049 ¢
-15.11 0 -1492 n -2142 o
-1547 x -14.99 ¢ -23.12 x

Carb6 and co-workers calculated the m-electron distribution in 1, which predicted
the donation of between 0.148 and 0.705 n-electrons from nitrogen to boron, depending
on the calculation method. The B-N m-bond was found to be polarized toward nitrogen,
whereas the carbon atoms had a m-electron distribution of approximately unity. The
calculated o net charges are negative for nitrogen and positive for boron. Taken

together, the calculations confirm the canonical view of the B-N bond; the o-bond is
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polarized toward the electronegative nitrogen, whereas some m-electron density is
donated by nitrogen into boron’s vacant p-orbital.

Michl has used semi-empirical calculations to determine the electronic features
of 1.*' Excited singlet transitions were found at wavelengths of 171, 184, 217, and 272
nm. The longest wavelength calculated absorption at 272 nm was red-shifted relative to
benzene’s lowest energy absorption (260 nm), however no experimental data was
available for 1. The ionization potential of 1 was calculated to be 8.40 eV, which was
somewhat lower than benzene (9.23 V). The n-electron densities at boron and nitrogen
were calculated to be 0.462 and 1.470 electrons, respectively, indicating a significant
degree of m-overlap in 1. The bond order of the B-N mt-bond was calculated to be 0.562
versus a value of 0.667 for the corresponding C-C sw-bond in benzene.

Massey and Zoellner used an improved MNDO (modified neglect of diatomic
overlap) method to calculate electronic, thermochemical, and structural parameters of 1
(summarized in Table 6).* The heat of formation for 1 was calculated to be -8.147
kcal/mol whereas corresponding values for benzene and borazine were +21.20 and -
131.10 kecal/mol, respectively. The ionization potential of 1 (9.001 eV) was calculated to
be lower than both benzene (9.392 V) and borazine (10.957 eV). The dipole moment
was also calculated for 1 (2.046 D) and indicated 1 is more polarized than benzene and
borazine, both of which had negligible dipole moments. Molecular orbitals calculated

using MNDO for benzene, borazine, and 1 are presented in Figure 3.
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Table 6. Electronic and Structural Parameters of 1 by MNDO
AHg Ionization Dipole d(C-C) d(N-B) dN-C) d(B-C)
(kcal/mol) potential moment (A) (A) (A) A)
(eV) (debye)
-8.147 9.001 2.046 1.3765(5)* 1.4191 13958 1.5033
1.4404°

® Average of d(C3-C4) and d(C5-C6).
® Bond d(C4-C5).

<
8

@

oo Joarer
O 0
€7

Figure 3. The n-molecular orbitals for benzene (left), borazine (right), and 1,2-Dihydro-1,2-azaborine 1
(middle). HOMO-LUMO energies (in eV) are designated by the arrows. "HOMO-LUMO transition for
borazine is reported to be & — o*.
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Kranz and Clark performed the first high level ab initio calculations on 1,2-
dihydro-1,2-azaborine 1.** The georhetric parameters of 1 were optimized using several
methods (AM1, 6-31G*, MP2/6-31G*), which correlated well to the MNDO method.
The delocalization energy of 1, benzene, and borazine were calculated using several

reaction strategies (Table 7). First, each bond constituting 1, benzene, and borazine was



24

broken into its fundamental bond fragment (the C=C bonds into ethylene, the B-N bond
into amine-borane, etc.), and the energy of these constituent parts was compared to the
parent ring. The apparent delocalization energy was the difference in these energies. In
method A, the delocalization energy for 1 was found to be less than benzene by
approximately 23 kcal/mol, but significantly greater than borazine, which was actually
calculated to have a negative stabilization energy compared to the sum of its parts.
Method B corrects for the stabilization energy of the butadiene fragment by keeping this
unit intact in the thermochemical reaction. Again, the difference in resonance
stabilization energy between benzene and 1 was 23 kcal/mol. The large value obtained

by method C reflected the large stabilizing effect the heteroatoms have on each other.

Table 7. Thermochemical Reactions and Energies (in kcal/mol) at RHF/6-31G* (and MP2/6-31G*)

H
(A) C’}‘ 4+4CH,+NHg+ BHy —» 2 CH,=CHy + CHg-CHg + CHy-NHp + CHg-BH, + NHyBH, 348
™

B, (+47.9)
@ +6CH; ——= 3 CHy=CHyp +3 CHy-CHy +58.2
| (+72.0)
H
HopBapoH
1 é 3NH3+3BH3 —_— 6NH2‘BH2 _38'0
H” \r}r “H
H
= N’H
(B) Qé +2CHg+NHz+BHy — = N\ // +CHy-NHp+ CHz-BH, + NH-BH, s
“H
@ +4CH, — \ // +CHo=CHy+2CHyCHs 509
2~ HN
© E:é — NNy +88.1
“H

Kranz and Clark also calculated the expected BC and "B chemical shifts for 1
using the IGLO method using DZ and 1I” basis sets (Figure 4). Though there was no
experimental data available for comparison, the calculated and experimental values for

other heterocycles were in good agreement.
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140.0
(135.4)
110.4

(103.6) N

1
148.4 B 303
(150.3) (34.4)
129.9

(126.2)

Figure 4. °C and "B chemical shifts for 1 calculated via IGLO DZ and IGLO II’ (). N- and B-bonded
hydrogen atoms omitted for clarity.

Del Bene and co-workers used calculated hydrogenation enthalpies as a measure
of the resonance energy in 1,2-azaborine.** The hydrogenation enthalpy of 1 was
calculated to be 23 kcal/mol. The corresponding resonance enthalpy of benzene was
calculated as the difference between the hydrogenation of benzene and 3 molecules of
cyclohexene. In this way a value of 48 kcal/mol was obtained for benzene. Matus et al.
reported detailed computations on the dehydrogenation of cyclic aminoborane 59 to 1,2-
dihydro-1,2-azaborine 1 (Figure 5).* The energies of intermediates resulting from the
stepwise loss of H; indicated that dehydrogenation from the B-N bond was the most
thermodynamically favorable. The change in hybridization in the B-N o bond (sp’-sp’
to spz-spz) was favored by 85 kcal/mol while the corresponding hybridization change in
the C-C bond was only favored by 15 kcal/mol. This is explained by the fact that the

o(sp’-sp’) B-N bond is a dative bond whereas the C-C bond is a normal o bond.

H A
HC*“NH _*3M2 | 1,67 N,
HCso-BH ~T8H;  Hal. . BH

H Ho

1 59

Figure 5. Dehydrogenation/hydrogenation of 1,2-dihydro-1,2-azaborine.

Silva and Ramos have recently reported a computational study on the reactivity

of 1,2-azaborine toward various electrophiles.*® The nitration of 1,2-azaborine via EAS
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was calculated to be more energetically favorable than benzene and occurred selectively
at the C3 position (via Wheland intermediate 60 in Scheme 26). In the case of B-H 1,2-
azaborines, intermediate 61 was lower in energy than 60. Rearomatization via the loss
of H' from C3 resulted in the formation of nitrated 1,2-azaborine 62. Calculations
indicated that 1,2-azaborine 63 was 26-28 kcal/mol more stable than 62, however the
formation of nitrite-substituted 1,2-azaborine 63 would require the loss of H' from the
boron position. It is unclear whether this is likely given the hydridic nature of the B-H
hydrogen. The electrophilic chlorination of 1,2-azaborine, which has yet to be explored
experimentally, predicted a similar bridged intermediate (64 in Figure 6), which led to

the favored formation of B-Cl 1,2-azaborines over C3 substitution.

CN’R
{

B\
X-P Yy

02N H H* H* H +w H*
60 O
61
Z N . R (: N . R
| 1
B. B.
AN H AN o
NO, oN
62 63

Scheme 26. Proposed reaction pathways in the nitration of 1,2-azaborine at C3.

S

e

H

R

g

~-m-Z+

+O

64
Figure 6. Bridged chloronium 64 as an intermediate in the chlorination of 1,2-azaborine.



27

Contrary to Ashe’s experimental observations, the acylation of 1,2-azaborine was
calculated to occur selectively at the C3 position over C5. Also counter to experiment
were the calculations that suggested Mannich-type reactivity should occur primarily at
the C3 position (favorgd by ~ 2 kcal/mol over CS substitution).

Interest in BN-doped materials for H; storage has led Sagara and Ganz to
examine the theoretical aspects of non-covalent H; binding with BN heterocycles
including 1,2-azaborine 65 (Figure 7).*’ Dicarboxylate 65 was used as a model for a
metal-organic framework (MOF) containing the 1,2-azaborine fragment. The energetic
stability of H, physisorbed to the face of the 1,2-azaborine ring was calculated to be
approximately 1 kcal/mol, and it was concluded that MOF's containing 1,2-azaborine
would not be suitable for H, storage applications. However, Dunietz and co-workers
provided a direct comparison between the H, adsorption energies of benzene and 1.**
Face- and edge-site adsorption geometries were optimized (Figure 8), and the energies
are presented in Table 8. The energies of successive face-site (f) and edge-site (e)
adsorption indicated in all cases that adsorption to 1 was more favorable than benzene.

1,2-Azaborine incorporation into MOFs may in fact be a feasible strategy for storing H,.

<o

LiO N—B O
H H

65
Figure 7. Physisorption of H, with MOF model compound 65.
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Figure 8. Face- and edge-site adsorption of H, with 1 (left) and benzene (right).

Table 8. Adsorption Energies for Successive H, Loading in benzene and 1
Adsorption energies (kcal/mol)

Site occupation CeHs C4;BNHg
1) -3.51 -3.60
2(f, 1) -7.41 -7.44
3(,f,e) -8.67 -9.61
4 (f, f, e, e) -9.99 -10.81

Fazen and Burke have performed a theoretical study of BN-benzyne 66 (IUPAC:
1,2-azaborine), in which boron and nitrogen are divalent and form a B=N bond (Figure
9).* The optimized geometry of 66 in its ground-state provided a B=N bond length of
1.311 A, indicating significant triple-bond character. Nucleus-independent chemical
shift (NICS) calculations provided an indication of aromatic character in 66 (NICS(0) = -
10.4, NICS(1) = -9.3), however these values are less negative than for benzyne (NICS(0)
=-17.8, NICS(1) = -12.5), indicating BN-benzyne 66 is less aromatic than benzyne.

AN | Isoelectronic 2 No
T -l 1
x_-B NP

66 benzyne

BN-benzyne
(1,2-azaborine)

Figure 9. BN-Benzyne 66 (1,2-azaborine) is isoelectronic with benzyne.

Gilbert has calculated ring strain energies for several CBN heterocycles,

including fully hydrogenated 59,% which is isoelectronic with cyclohexane. It was
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deténnined that the ring strain energy of 59 was actually lower than cyclohexane by 0.9-
2.4 kcal/mol, whereas larger or smaller rings have an increased ring strain versus their
carbon analogs. It is unclear whether the reaction schemes that were used provided an
accurate assessment of the ring strain. The effect of B-N substitution on ring strain was
later calculated for cycloiminoborane 67 (Figure 10) and was found to be over 10

kcal/mol less than the corresponding carbon cycloalkyne.*!

Ha Ha
HoC™ N HC™ G
H
ZC\C,B HZC\C,C
Hp Ha
67
31.5 41.2

Figure 10. Ring strain energies, in kcal/mol, for cycloiminoborane 67 and its carbon analog.

Gilbert has also performed high-level calculations on the pericyclic reactions of
amino- and imino-boranes.>® In the transition state of the reaction of
dimethylaminobis(trifluoromethyl)borane 16 with butadiene, the formation of the B-C
bond occurred due to the coordination of the Lewis-acidic boron atom with the carbon =
system (68ts in Figure 11). The elongation of the N-C bond in the transition state was
ascribed to the repulsion between the carbon m system and nitrogen’s lone-pair. The
elongation of the B-N bond from the transition state to adduct 68 is consistent with the

disruption of the B-N & system in 16, leaving only a dative B-N o bond in 68.
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Figure 11. Representation of the optimized structures (B3LYP/6-31G*) of the transition state for the
Diels-Alder reaction of 16 and butadiene (68ts, left), and product 68 (right).

Gilbert was also interested in the regioselectivity of amine-borane cycloaddition
reactions. The original report by Biirger and co-workers'® described the formation of
heterocycle 69 regioselectively from 16 and cis-2-methyl-1,3-butadiene (Scheme 27).
Regioisomer 70 was not observed in the reaction. The calculated transition state energy
for the formation of regioisomer 69 was shown to be about 3 kcal/mol lower in energy
than the transition state leading to 70.>®> The regioselectivity was attributed to the
slightly larger negative charge at C1 over C4 in cis-2-methyl-1,3-butadiene, which
directed the formation of the B-C1 bond in 69. Bissett and Gilbert described the
feasibility of ene-type reactions of imineboranes versus [2+2] dimerization (Scheme
28).>* They provided strong evidence that the dimerization of cyclic iminoborane 71 to
72 required overcoming very high energy barriers, whereas 71 could readily undergo an
ene-type reaction with propyne to generate B-allenyl amine-borane 72a. However, ene-
type reactions of iminoboranes have not been shown experimentally. Diels-Alder
cycloaddition reactions of iminoboranes were also predicted to occur readily in a

regiospecific manner.>
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Me
Me // & Me
— N _
- —— —_—
(F5C),B—NMe, Me‘rl\'rMe (F4C)oB—~NMe,

/B\

70 FsC” ~CF, 69
16

Scheme 27. Regioselectivity in the [4+2] cycloaddition of 16.

\: :. F
Mé Me FsC CF,
72

72a
Scheme 28. [2+2] and [4+2] reactivity of 71.

1.2.3. Bicyclic [4.4.0] C,BN Derivatives
The study of BN/CC isosterism in aromatic systems has been extended to

derivatives of naphthalene. The substitution of a C-C unit in naphthalene for a B-N

bond pair leads to several isomers of BN-naphthalene (Figure 12).
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Z TN = B’N Z N’B
1
X Bz X ' X I

[9,10] [1,9] [9,1]
AN BN N-g
B P =

[2,3] 2,11 [1,2]

Figure 12. All 6 isomers of BN-naphthalene (N- and B-bonded H atoms omitted, where appropriate) with
[N,B] substitution labels.

The first BN-naphthalene (hereafter referred to as azaboronaphthalene) was
synthesized by Dewar and co-workers in 1959 (73 in Scheme 29).°® The reaction of 2-
aminostyrene with phenylboron dichloride led to the direct formation of 2-phenyl-1,2-
azabornaphthalene 73. Alternatively, the reaction of 2-aminostyrene with BCl; led to
the formation of 2-chloro-1,2-azabornaphthalene 74. The hydrolysis of 74 occurred
readily, from which B-O-B ether 75 was isolated. Reaction of 74 with PhMgBr
provided another route to 73. Addition of MeMgl to 74 gave alkyl-substituted BN-
naphthalene 76. Parent BN-naphthalene 77 was produced in the reaction of 74 with
LiAlH4. The UV-Vis absorption spectra of 77 and naphthalene indicated that BN-
naphthalene was electronically similar to its carbon analog. The technical difficulties in
working with air-sensitive 2-chloro-1,2-azabornaphthalene 74 were overcome when it
was determined that Grignard and hydride substitutions were feasible from anhydride
75.>7 This was a more practical synthetic approach, as B-O-B ether 75 was much easier

to handle than the B-Cl precursor.
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Scheme 29. Synthesis of B-substituted 1,2-azaboronaphthalenes.

BN-Naphthalene 73 was unreactive toward strong base and KMnOy, which
signified a high degree of resonance stabilization. Further evidence of resonance
stabilization in BN-naphthalene was provided via the comparative reactivity of partially
reduced heterocycle 77, which reacted immediately with acid or base to give ring-
opened 78 (Scheme 30).%® In contrast, BN-naphthalene 79 was completely stable to

hydrolysis, even upon heating.

3 H
—_—
B(OH),
77 78
H
AN \/\ HzO*/OH" ,
w W no reaction

Scheme 30. Comparison of hydrolytxc stability of BN-naphthalene 75 versus reduced anhydride 77.
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Dewar and co-workers also reported the first electrophilic aromatic substitution
reactions on BN-naphthalene (Scheme 31).% The halogenation of 1,2-
azabornaphthalene 76 with Cl, and Br, produced C3-substituted products 80 (X = Cl)
and 81 (X = Br), respectively. The structural assignments of 80 and 81 were confirmed
by an independent synthesis of these compounds. It is of note that the substitution
occurred at the carbon alpha to boron as in the halogenation of monocyclic 1,2-
azaborine. Unlike the EAS of the monocycle, however, the halogenated BN-
naphthalenes were obtained as mixtures with ring-opened side-products 82 (X = Cl) and
83 (X =Br). The observation of degradation products was likely due to the use of acetic
acid as the solvent in these reactions rather than instability of BN-naphthalene toward

EAS reactions.

H H
N\B,Me X5 N\B,Me NH,
AcOH _ * _
& X X
76 80 X = Cl 82 X = Cl
81 X = Br 83 X = Br

Scheme 31. EAS reactivity of BN-naphthalene 76.

The aqueous stability of 1,2-azabornaphthalenes made them attractive targets for
the biological incorporation of boron (e. g. for cancer treatment using boron neutron
capture therapy). However, 1,2-azabornaphthalene was found to be water-insoluble,
limiting its use in biological systems. Dewar and co-workers were able to improve the
solubility of 1,2-azabornaphthalenes via the functionalization of 76 at nitrogen (Scheme
32).%° Deprotonation of 76 with MeLi gave N-lithio derivative 84. Nucleophilic

substitution with 1-bromo-3-chloropropane readily produced N-alkylated 85. Water-
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soluble amine groups were then installed via substitution at the chlorine position of 85 to
give derivatives 86-89. The reaction of 85 with KCN provided BN-naphthalene 90.

Alternatively, the formation of carbamate 91 was achieved via the addition of 84 to ethyl

chloroformate.
Fli (IDHZCHZCHQR
N. .M N
B e N B,Me
= =
76 R=H 86 R = NMe,
84R=Li 87 R = NEt,
85 R = CH,CH,CH,CI 88 R = piperidina
91 R = CO,Et 89 R = morpholino
90 R =CN

Scheme 32. Synthesis of water-soluble BN-naphthalenes.

Dewar and co-workers synthesized the [9,10] isomer of BN-naphthalene (92 in
Scheme 33).°! Treatment of di-3-butenylamine with trimethylamine borane led to the
formation of bicycle 93. Oxidation of 93 with Pd/C at high temperature led to the
formation of 92, which was characterized by 'H and "B NMR spectroscopy and mass
spectrometry. Interestingly, bridgehead-substituted BN-naphthalene 92 had the same
odor as naphthalene, which was a qualitative yet astounding testament to the chemical

similarity between B-N heterocycles and their all-carbon analogs.

N BH;NMej N Pd/C, 300 °C ZINE
_— 1 > |

e H = B x B~z
93 92

Scheme 33. Synthesis of bridgehead BN-naphthalene 92.

Improvements in the synthesis of 93 were achieved by replacing BH;NMes; with
B,Hg, which also permitted the characterization of BN-naphthalene precursor 94 by

infrared spectroscopy (Scheme 34).62 Reduced bicycle 94 is formally isoelectronic with
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decalin, however unlike decalin, 94 readily releases H, to give 93 when warmed. BN-
Hydroxydecalin 95 was also synthesized from the addition of H,O across the B-N bond
in 93, whereas BN-naphthalene 92 was stable in aqueous media. A comparison of the
"B NMR chemical shifts of 92 and 93 were used as further evidence of electron
delocalization in BN-naphthalene.”® The ''B chemical shift of 92 (5 28 ppm) was
upfield relative to 93 (d 43 ppm), and this shift was attributed in part to the shielding
effect of electron delocalization in 92. The "B NMR spectrum of bridgehead-
substituted 92 also showed a marked upfield shift versus [1,2}-substituted derivatives
such as 76 (8 37.5 ppm), indicating substantial shielding of the boron atom in the
bridgehead position.** Dewar and co-workers also performed photoelectron spectroscopy
on 92, which revealed the first ionization potential (ionization energy) of 9,10-
azabornaphthalene 92 was 8.24 ¢V, virtually identical to the value predicted in

calculations by Michl (8.27 eV).

H H
N BoHe, A N A N H,0 N
H _— 1  —— 1 —_— 1
S B B B
H 93 OH
94 95
Scheme 34. Synthesis of BN-decalin 94 and hydrate 95.

The EAS reactivity of 92 was demonstrated via H/D exchange to occur at the
carbons alpha to boron.”? Dewar and co-workers therefore sought to synthesize the
10,11-azaborphenalenium cation 94 via substitution at the alpha carbons of 92.% The
reaction of 92 with malonaldehyde bis-diethylacetal and CF;CO,H led to the formation

of an intense purple solution attributed to the formation of 94 (characterized by '"H NMR
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spectroscopy and mass spectrometry) that was stable at -78 °C but decomposed at higher
temperatures (Scheme 35). The "H NMR spectrum of the BN-phenalenium cation was

similar to that of its carbon analog.

= X EtO OEt CF3CO,H
s )Y —
X Bz
92

CF4CO, ™~

OEt OEt + 4 EtOH

Scheme 35. Formation of BN-phenalenium cation 94 from BN-naphthalene 92.

Paetzold et al. explored an alternate route to the 1,2-azabornaphthalene motif via
the cyclization of an iminoborane and an alkyne (Scheme 36).%” Highly reactive
iminoborane 95 was formed in situ and reacted with phenylacetylene to give 1,2-
azabornaphthalene 96 rather than the [2+2] cyclized product 97. Meller et al. also used
this route to install functionality at several positions on the BN-heterocycle.®® Years
later, an alternate mechanism for the formation of 96 was postulated to occur via
chloroboration and alkynylation of the ortho-position of the aniline ring.”® The reaction
of chloroborane 98 with phenylacetylene gave BN-naphthalene 99 incorporating the
labile B-CI motif (Scheme 37). Substitution at boron with an alkyl Grignard gave
alkylated BN-naphthalene 100, which readily reacted with (MeCN);Cr(CO); to form the
first piano-stool complex of BN-naphthalene (101 in Scheme 37). The complexation of
chromium occurs at the benzenoid ring rather than the 1,2-azaborine ring, in contrast to
boratanaphthalene derivatives which have been shown to preferentially complex

chromium at the heteroaromatic ring.”
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H Ph H
= _ _ N._.CeF
_ h—— H—=—Ph ~g-U6"s
N=B, il MeO~©—NEB—CsF5 —_— B
CGFS ) P
MeO H
% Ph
MeO 96
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Scheme 36. Cyclization to BN-naphthalene 96 versus [2+2] cyclization.

Me Me Me
N.,-
NeBol, H—=—ph 8% EtMgr N.g-Et
Z =
% Ph Ph
99 99
MeCN)3Cr(CO (COBCT " e
e r \
99 ( )3Cr( )3 d) &B’Et
Ph
101

Scheme 37. Formation of BN-naphthalene piano-stool complex 101.

Ashe and co-workers recently investigated the haptotropic migration of B-phenyl
1,2-azabornaphthalene 102 in Cr(CO); piano-stool complexes.”! The synthesis of 102
(Scheme 38) was achieved via the substitution of PhMgBr at the B-Cl position of
previously synthesized BN-naphthalene 74. The complexation of 102 with Cr(CO); was
envisioned to occur at the benzenoid, 1,2-azaborine, or even the boron-substituted
phenyl ring. In fact, the complexation to the benzenoid ring (103 in Scheme 38) was
observed under mild heating, which was in agreement with the observations made by
Paetzold and co-workers discussed above. At higher temperatures, however, a shift of
chromium complexation to the boron-substituted phenyl ring (104 in Scheme 38)
occurred with no evidence for the formation of complex 10S. In fact, even when 104

was deprotonated with LiTMP to give complex 106, no haptotropic migration to 107



39

was observed and instead complex 106 was prone to thermal degradation. These data
indicate that the heterocyclic ring of BN-naphthalene is a poor ligand for transition

metals relative to the monocyclic 1,2-azaborine.

. 0
N‘B
i
102

(L)sCr(CO)s (L)sCr(CO)s, L = MeCN
(LCrCO)y N0
50 °C
L O e
e} oy @ O e,

Cr(CO)s \ 104
105 Cr(CO)q
103
Li
LiTMP N~B/@ N~B/@
4 ® (\Dr(CO)3 @:C\D/
106 Cr(CO)3
© L®
107

Scheme 38. Haptotropic migration in B-phenyl 1,2-azabomaphthalene 102.

Ashe and co-workers strategized that removal of the competitive B-phenyl
binding site would allow for the binding of transition metals to the heterocyclic fragment
of BN-naphthalene. To that end, B-methyl 1,2-azabornaphthalene 76 was reacted with
(MeCN);Cr(CO); to give complex 108 (Scheme 39). Though no complexation to the
heterocyclic fragment was observed, deprotonation of 108 with potassium

hexamethyldisilazide provided 109, which increased the electron-richness of the 1,2-
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azaborine heterocycle. Upon heating, complex 109 underwent a haptotropic migration
to afford the desired complex 110 in which chromium was bound in an n°-fashion to the
heterocyclic ring. Methylation of 110 presumably led to complex 111, however the
coordination of the neutral heterocyclic fragment was so tenuous that decomplexation to

free BN-naphthalene 112 occurred at room temperature.

H
| H. -Me
N.g-Me  (MeCN),Cr(CO)s @(@
L )
Cr(CO)q
76
108
K N..-M
) .n-Me ;B-Me
KN(SiMe B A 7
108 ( g2 @(I\I)/ _— @@
\ \
Cr(CO)s Cr(CO)s
109 10 © K
l Mel
. Me .
Me N.B,Me
A e (@)
C — |8
P Cr(CO),
112 1

Scheme 39. Haptotropic migration in B-methy! 1,2-azaboronaphthalene.

Alternative syntheses of 1,2- and 9,10-substituted derivatives have recently been
reported. In 2006, Ashe and co-workers used a ring-expansion from bridehead-
substituted BN-indene 113 to generate 9,10-azabornaphthalene 92 (via 114 in Scheme
40),” in analogy to the ring-expansion of 1,2-azaborolides discussed in section 1.2.1.
The chemistry of BN-indenes will be discussed below. Murakami and co-workers

prepared anilinium borate 115 and found that Pd-catalyzed ring-closure gave bicycle 116
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in good yield (Scheme 41).”> The B-N bond in 116 is a dative o-interaction and thus
116 is not formally isoelectronic with naphthalene. In a crossover experiment,
Murakami and co-workers determined that aryl migration to the 3-position occurs
intramolecularly from the borate.

=~ N KN(SIMG3)2 72\ N\ CHQClz, Buli Z N M
~ é? Qég @ B
© K 92

113

114
Scheme 40. Ring-expansion of BN-indene to BN-naphthalene 92.

2.5 mol% Pdadbas-CHClg :\\fez
6 Mol% P(o-tol); @;‘?\th
A Z
Me,N BPh, Ph
H H
115 116

Scheme 41. Pd-catalyzed ring-closure to bicycle 116.

Additional [4.4.0] bicycles containing the B-N bond pair have been prepared.
Butler and co-workers prepared bridgehead-substituted BN-decalin derivatives via
Dewar’s established route.”” The first example of 2, 1-substitution in [4.4.0] BN-
heterocycles was achieved by Catlin and Snyder in 1968 via the hydrolysis of nitrile 117
to bicycle 118 (Scheme 42).”° Reduction with LiAIH, produced 2, 1-substituted 119.
Alternatively, the direct formation of 119 resulted from the reduction of 117 with
LiAIH,."® Koster et al. synthesized derivatives of 119 a year later through the arylation

of aminoboranes at extreme temp(—:ratur(-:s.77
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@(\CN H,0, "OH o
B(OH), B~ NH

117 OH

118
LiAlH,

LiAIH,

Hy
119

Scheme 42. 2,1-Substituted BN-heterocycles synthesized from ortho-boronic acid 117.

Vedejs and co-workers described the synthesis of a reduced analog of 119, parent
BN-decalin 120 (Scheme 43).” The hydroboration of amine-borane 121 to 2,1-
azabordecalin 120 occurred readily when catalytic amounts of I, were added. No
attempts to oxidize 119 or 120 to the unexplored 2,1-azabornaphthalene were described

in either of these reports.

10 mol% I,
_—
NH,BH3 B,NH2

121 Ha
120

Scheme 43. Hydroboration of 121 to 2,1-azabordecalin 120 catalyzed by .

Midland et al. have explored the use of chiral amine-boranes as enantioselective
reducing agents.” The formation of terpenic ring-fused heterocycle 123 was
accomplished via the condensation-hydroboration of aminoterpene 122 (Scheme 44).
The coordination of BHj to the amine of enantiopure 123

was found to provide good enantioselectivity in the reduction of acetophenone to the
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corresponding alcohol. The stereochemistry of the major enantiomer in these reductions

was not reported.

Me Me H Me H
Me Et;NBH;  Me BH;-THF  Me
HN - N - N’BH3
“Pr H I?’ “Pr H ?’ “Pr
122 H H
123 124

Scheme 44. Synthesis of terpenoid BN-heterocycle 124 for the stereoselective reduction of ketones.

Roberts and co-workers examined the use of chiral amine-boryl radicals for the
kinetic resolution of esters via hydrogen-atom abstraction (equations 1 and 2).3081
Hydrogen abstraction from electron-deficient C-H bonds, such as the alpha C-H group in
carbonyl compounds, occurs slowly using an electrophilic tert-butoxy radical. The
addition of amine-borane complexes has been shown to catalyze this transformation

through the formation of a nucleophilic boryl radical which readily abstracts the

electrophilic hydrogen atom.
'BuO* + amine-BH,R — 'BUOH + amine-BHR ey

amine-BHR + HCR'RZCO,R?® — amine-BH,R + R'R2CCO,R? @)

Bicycle 125 was found to be an effective catalyst for the selective hydrogen
abstraction from the (R)-enantiomer of racemic lactone 126, and was relatively
unreactive toward the (S)-enantiomer (Scheme 45). The enriched (S)-lactone 126 was

recollected via column chromatography in high enantiomeric excess.



44

125
t _Ot
o BuO-0O'Bu

o) hy O 0
—_—
74 °C
EtO Me EtO Me
Me

Me
(x)-126 (S)-126
Me H

~Bh
A NE
g~ to

H H,
125
Scheme 45. Kinctic resolution of racemic lactone 126 with amine-borane 125.

Hancock and co-workers reported the photo-induced cyclization of B-vinyl
aminoborane derivatives (Scheme 46).% Irradiation of aminoborane 127 led to the
formation of a C-C bond in the ortho-position of the aniline ring to give 128. A
mechanistic study of this cyclization revealed that the ortho-hydrogen underwent an

intramolecular 1,5—shift.83

l\llle Ft I\I/Ie Et
N\B >~ Bt hy N gy Bt

)= H
127 128

Scheme 46. Photocyclization of vinylborane 127.

The only synthesis of a 2,3-substituted [4.4.0] BN-heterocycle was reported by
Kafka et al.* The condensation-hydroboration of benzyl amine 129 with Et;N-BHj led

to a mixture of non-aromatic [4.4.0] 2,3-aminoborane 130 and [4.5.0] heterocycle 131

(Scheme 47), Thou
w J. <00

cheme ! ugh the synthesis of 2,3-azaberon

nan t ala
AaLaa N adpuuiaiy

feasible, there have been no reports of its attempted synthesis.
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Scheme 47. Synthesis of 2,3-substituted BN-heterocycle 130.

Several theoretical studies of BN-naphthalene have been reported,’’-*841:47.85-89
Michl et al. calculated the electronic features of the isomers of BN-naphthalene, which
are summarized in Table 9.*! The predicted UV-Vis absorption energies of BN-
naphthalene varied for each isomer, with 9,1-azaboronaphthalene having the largest
bathochromic shift at 366 nm. The BN-naphthalene isomers that have been synthesized,
i.e. the 1,2- and 9,10-isomers, were calculated to have significantly highest energy
absorptions. The experimentally determined absorption of 1,2-azaboronaphthalene 76 at
318 nm was in good agreement with these calculations. Similarly, the calculated
absorption maximum for 9,10-azaboronaphthalene 92 was identical to the experimental
value (Amax = 301 nm).85 It is of note that all BN-naphthalene derivatives were
calculated to have a red-shifted absorption relative to unsubstituted naphthalene. The
isomers with the greatest s-electron density at boron were 1,9- and 9-10-
azaboronaphthalene, both of which have the boron atom in a bridgehead position. This
may in part explain the hydrolytic stability and upfield ''B NMR chemical shift of 9,10-
azabornaphthalene 92. Conversely, the B-N n-bond order was calculated to be greatest
in the 1,2- and 2,1-isomers, indicating more double-bond character in the B-N bond pair
for these isomers. The electronic features predicted by Michl et al. corroborated earlier

work by Hammond.*
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Table 9. Electronic Features of BN-Naphthalene Isomers

[N,B] 1* Singlet  Ioniz. Pot.  m-electron m-electron B-N
Subst. Transition (eV) density at density at m-bond
Position (nm) boron (¢)  nitrogen (&) order
None 299 8.11
[1,2] 309 8.41 0.425 1.528 0.587
[2,1] 304 7.79 0.412 1.516 0.583
[2,3] 350 7.57 0.498 1.423 0.525
[9,10] 301 8.27 0.558 1.359 0.476
[1,9] 346 7.92 0.554 1.422 0.484
[9,1] 366 7.57 0.484 1.366 0.475

Scheiner and co-workers calculated the relative energies of the isomers of BN-
naphthalene (Figure 13).*” The most stable isomer was 2,1-azabornaphthalene, followed
by the 1,9-isomer. The least stable isomer was predicted to be the 9,1-isomer. The only
calculations of a synthetically available BN-naphthalene were on 9,10-
azabornaphthalene 92, which was predicted to have an intermediate stability with respect
to the other isomers. Unfortunately, calculations on the other accessible isomer, 1,2-

azabornaphthalene 76, were not performed.

00 08 00 T O

increasing stability
Figure 13. Relative stabilities of BN-naphthalene isomers (N- and B-bonded H atoms omitted where
appropriate).

1.2.4. Additional C,BN-Containing Bicyclic Motifs

Paetzold and co-workers extended their work (see section 1.2.3) on iminoboranes
to include cyclizations with cyclopentadiene.’®®! The reaction of aminoborane 132a
with cyclopentadiene led to the formation of a BN-substituted derivative of

norbornadiene (133a in Scheme 48).°° It was unclear whether this occurred via the
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formation of an intermediate iminoborane 134a, however Gilbert has performed
calculations that suggest iminoborane 134a is a precursor in the cyclization.”* The scope
of this reaction was extended to include an amino group to provide BN-norbornadiene

133b from aminoborane 132b.°"!

t
R _ Bu B N-BU
B=N - R—B:N-‘Bu] —

o SiMey - MesSICI 13405 1

132a-b 133a-b
aR= CGF5
b R = N(SiMej3)'Bu
Scheme 48. Cyclization to BN-norbornadiene 133.

Ashe and co-workers more recently synthesized an analog of indene substituted
at the bridgehead position by the B-N bond pair (Scheme 49).” The formation of
aminoborane 135 was accomplished in an analogous method to that used for the creation
of the monocyclic derivatives discussed above. Substitution of vinyl Grignard provided
136, which was reacted with Grubbs’ 1% generation catalyst to form both the 5- and 6-
membered rings of 137. Oxidation with DDQ provided BN-indene 138. The use of BN-
indenyl as a ligand in transition-metal complexes was next examined. Deprotonation of
the 5-membered ring in 138 gave anionic BN-indenyl 139 which was reacted with
Cp*ZrCl; to provide complex 140. The preferred binding site for zirconium was 1°-
coordination to the Cp-like ring of BN-indenyl, which was confirmed by X-ray
crystallography. The heterocycle was completely planar, but the bridgehead atoms of

the 5-membered ring were slightly distorted away from zirconium.
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Scheme 49. Synthesis of BN-indene 138 and coordination chemistry of the BN-indenyl ligand.

The haptotropic migration of the indenyl ligand was also explored by Ashe and
co-workers.” Complexaﬁon of neutral BN-indene 138 with chromium led to the
preferential formation of n®-complex 141 (Scheme 50). Deprotonation at low
temperature gave complex 142 as evidenced by the disappearance of the allylic signals
in the '"H NMR spectrum. Whereas significant heating was required to force the
haptotropic shift in B-phenyl 1,2-azaborines, simply warming the solution of 142 to
room temperature caused a shift in chromium complexation to the anionic ring (143 in
Scheme 50). Intermediate 143 was trapped with Me;SnCl as complex 144, which was
analyzed by X-ray crystallography. The crystallographic parameters of 1°-coordinated
indenyl complexes 140 and 142 matched the geometric parameters calculated for similar

complexes.”
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KN(SiMe)
(MeCN);Cr(CO); Cg@ 60°C R @g@
| |

Cr(CO)3 Cr(CO);
141 142

1-60 °C—=25°C

C?gg Me,SnCl C?gj

o Cr(CO)s © Cr(CO)s

144 143
Scheme 50. Haptotropic migration of the BN-indeny] ligand.

Me3

Wrackmeyer et al. have published numerous reports on a closely related [4.3.0]
bicyclic system containing a B-N bond pair.”**® The substitution of boron and nitrogen
at the 7- and 8-positions, respectively, was achieved via the coordination of an allyl
borane to a pendant N-heteroaromatic pyrrole (Scheme 5 1).% Alkoxy-substituted
bicycle 145 was synthesized readily from dilithiate pyrrole 146. Compound 146 was
reacted with B(OEt)3, providing 4-coordinate compound 147. Heterocycle 147 was
reacted with Me;SiCl, which abstracted an ethoxy group from the 4-coordinate boron to
give 145. Alternatively, alkyl-substituted derivatives were prepared via transmetallation
from bicyclic stannane 149. Wrackmeyer et al. expanded the synthetic scope of the
bicyclic ring formation by reacting various hydroborating reagents with 2-allylpyrrole,”’
and the reactivity of these derivatives was explored.”® Though 145, 149, and subsequent
derivatives can be considered tautomers of BN-indene (Figure 14), no attempt to
tautomerize 150 to 1,2-azaborine-containing 151 was reported. This could be due to the

large aromatic stabilization of the pyrrole unit in tautomer 150 relative to the 1,2-

azaborine unit of tautomer 151.
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Scheme 51. Formation of 7,8-substituted BN-indene analogs.
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Figure 14. Tautomerism in 7,8-substituted BN-indene.

Matteson et al. achieved the synthesis of the 8,7-azaborquinazoline analog

presented in Figure 15. The authors’ motivation was directed toward biomedical
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applications, though compound 152 was determined to be inactive in standard leukemia

screcning.99

NH,
NS B(OH);
k\N I\IJ’B\OH
H
152

Figure 15. BN-Quinazoline 152.

1.2.5. Tricyclic C;BN-Containing Motifs
Tricyclic analogs of phenanthrene were among the first B-N aromatics

synthesized. Dewar pioneered the synthesis of 9,10-azaborphenanthrene derivatives
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over 50 years ago,'® from which numerous studies on the properties and reactivity of
BN-phenanthrene have since emerged. The early achievements in the study of BN-
phenanthrene were due to its relatively simple preparation. The reaction of 2-
phenylaniline with BCl; and AlCl; gave 9,10-azaborphenanthrene (153 in Scheme 52),
presumably through the Friedel-Crafts cyclization of intermediate 154. The substitution
of various nucleophiles at the reactive B-Cl unit of 153 allowed for the synthesis of
several BN-phenanthrene derivatives. Hydrolysis of 153 gave hydroxy-substituted 154
(Scheme 52), while reaction with alkyl and aryl Grignard reagents produced the
corresponding boron-substituted derivatives 155 and 156, respectively. Addition of
LiAlH,4 to 153 readily produced the parent BN-phenanthrene 157. The isoelectronic
relationship between BN-phenanthrene 157 and its carbon analog was explored via UV-
Vis spectroscopy. The spectrum of 157 resembled very closely that of phenanthrene in
the position of the main absorption bands. However, an increase in the intensity of the

a-band was observed, an effect that was attributed to removing the molecular orbital

degeneracy in the BN-substituted heterocycle.

6 8
® ® L.
NH, BCls NHBCl,  AIClg l}|H
4 BR

3 1

154 2
153R=Cl
154 R = OH
155 R = Me
156 R = Ph
157 R=H

Scheme 52. Preparation of 9,10-azaborphenanthrene 153 and boron-substituted derivatives.
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The reactivity of BN-phenanthrene toward EAS was successfully demonstrated,
and like 1,2-azabornaphthalene and 1,2-azaborine, was found to be highly
regioselective.'® The chlorination of 155 with Cl, provided 8-chloro derivative 156
(Figure 16) as the major product, which was confirmed by an independent synthesis of
156. A sccond chlorinated product was also observed in very small quantities and was
likely 6-chloro BN-phenanthrene 157 based on a comparison of absorption spectra. The
observed substitution pattern was consistent with the predicted products; the ortho- and
para-directing nitrogen atom at the 9-position resulted in substitution at the 8- (ortho-)
and 6- (para-) positions. Conversely, the deactivating boron substituent at the 10-
position was expected to act as a meta-directing group, leading to 2-chloro derivative
158. However, product 158 was not detected in the chlorination reaction. The nitration
of 155 with nitric acid led to the formation of the 8-nitro 159 and 6-nitro 160 products in
a 1 to 2 ratio, respectively. Isomer 161 was not observed. It was also determined that
chlorination and bromination at both the 6- and 8-positions readily occurred at room
temperature if more than 1 equivalent of halogen was added to the reaction. 102
Similarly, mono- and di-acetylated products were obtained from the Friedel-Crafts

acylation of 155, with the first acylation likely taking place at the 6—position.l03

=

l E E l l
I}IH l}lH NH
] BMe ! BMe l BMe

£
158 E = CI
161 E = NO,

Figure 16. Chlorination and nitration products of BN-phenanthrene.
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Dewar et al. determined that the nitrogen position of 9,10-azaborphenanthrene
could be deprotonated with butyl lithium to give N-lithio derivatives.'® These anionic
nucleophiles were then reacted with electrophiles to afford additional substitution at
nitrogen. It was realized that tuning the electronics of the nitrogen substituent could
have an effect on the electronics of the heterocycle as a whole. If the aromatic stability
of BN-phenanthrene was in part due to the participation of the nitrogen lone-pair in the
aromatic m-system, then the stability would be reduced by functional groups that
interrupt the wt-donation. This was examined via the installation of an acyl group at
nitrogen, which was expected to reduce the ability of nitrogen to act as a n-donor.'®
The reaction of N-lithio BN-phenanthrene 162 with ethyl chloroformate gave carbamate
163 (Scheme 53). While compound 163 was reasonably stable toward hydrolysis, it
rapidly oxidized when exposed to air, in sharp contrast to other derivatives that were
quite air-stable. The degradation products of this oxidation showed evidence of
reactivity at boron and cleavage of the B-N bond. Thus, it is probable that the aromatic

stability of 163, and in particular the B-N m-bond, was significantly disrupted by the N-

acyl substituent.
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Scheme 53. Installation of a m-accepting group at the nitrogen of BN-phenanthrene 163

Subsequent studies have focused on intermolecular interactions of several
derivatives of BN-phenanthrene. For example, in an attempted preparation of parent
9,10-dihydro-9,10-azaborphenanthrene 157 from 2-phenyl aniline and triethylamine-
borane, Koster et al. observed the evolution of hydrogen and isolated the trimerized

product 164 containing a borazine core (Figure 17).'%

164
Figure 17. Trimerization of BN-phenanthrene with a borazine core.

Philp and co-workers recognized that the adjacent boron and nitrogen atoms in
154 could potentially act as neighboring hydrogen-bond donor and acceptor groups,

leading to intermolecular interactions like those seen in dimeric complexes of benzoic
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acid. In the solid-state structure of 154, the oxygen atom bound to boron forms a
hydrogen bond with the N-H group of an adjacent heterocycle to form a dimeric
structure containing two hydrogen-bonds (Figure 18).)%'% Philp and co-workers also

achieved the efficient dehydration of 154 to its corresponding B-O-B ether.'"’

b )
+ ’O\
O
N

[154],
Figure 18. Hydrogen-bonding of 154 in the solid-state.

Several additional isomers of BN-phenanthrene have been reported. Dewar and
co-workers achieved the ring-closure of 1,2-azabornaphthalene 165 to give bridgehead-
substituted tricycle 166 (Scheme 54).'” Oxidation to BN-phenanthrene 167 was
performed with Pd/C at 300 °C. The UV-Vis spectrum of 167 closely resembled that of
the 9,10-isomer. Piers and co-workers recently described the synthesis and
optoelectronic properties of another BN-phenanthrene isomer, 168 in Scheme 55.'1% The
reaction of 2-ethylnylpyridine with 1-chloro-2-trimethylsilyl-boracyclohexa-2,5-diene
led to the formation of alkyne-substituted BN-biphenyl 169 via the elimination of
Me;SiCl. Heterocycle 169 spontaneously ring-closed to afford 4a-aza-4b-

boraphenanthrene 168 containing the internalized B-N bond pair.
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Scheme 54. Cyclization to bridgehead-substituted BN-phenanthrene 167.
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Scheme 55. Formation of BN-phenanthrene 168 with an internalized BN bond pair.
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Piers and co-workers explored the electronic properties of internally substituted
169 in relation to the previously known isomer 157 with the B-N bond pair at the
periphery. It was determined that the position of B-N substitution played a major role in
the photophysical properties of BN-phenanthrene isomers, which are summarized in
Table 10. The absorption and emission spectra of 157 indicated that the B-N bond pair
acted mainly as a bridging group for a fluorogenic biphenyl moiety. On the other hand,
the internalized B-N bond pair of 169 was found to be intimately involved in absorption-
emission, leading to a drastic change in the observed spectra. Fluorescence in 169 was
found to be more efficient than phenanthrene and the Ayax was red-shifted into the
visible spectrum. The observation of blue fluorescence in 169 was an exciting result and

opens the way to BN-substituted aromatics with improved properties for materials
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applications. Piers and co-workers found that 169 was exceptionally stable to moisture
and they demonstrated through NICS calculations that all three rings of BN-

phenanthrene 169 have significant aromatic character.

Table 10. Absorption-Emission Properties of BN-Phenanthrene
UV-Vis Fluorescence

Compound Amax (nm) Aem (Nm) Dy
157 326 327 0.61
169 446 450 0.58
phenanthrene 293 347 0.09

The same synthetic strategy was employed to create larger scaffolds containing
internally-substituted BN-phenanthrenes (Scheme 56).'!! Boracycles 170 and 171 were
reacted with 2 equivalents each of terminally-substituted 2-ethynylpyridines to generate
the corresponding dimeric BN-phenanthrene structures 172-175. The fluorescence in
these compounds ranged from yellow to orange to green (see Scheme 56). In the case of
dimer 175, excimer formation was observed at high concentration, indicating the

presence of intermolecular m-interactions in this compound.

Me;Si SiMe;
Cl—B B—-Cl
170 =
2\ N/ =R 172 R = Ph: yellow em.
+ > 173 R = "Bu: yellow-green em.
Cl, SiMeg
— B
\ 7N\ _q
\ =
\
Me3Si Ci \ 4

\ 7

174 R = Ph: orange-red em.
175 R = "Bu: yellow-orange em./excimer formation

Scheme 56. Synthesis of BN-phenanthrene dimers exhibiting tunable fluorescence.
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The photochemical generation of BN-phenanthrenes has been extensively
studied."> !¢ Whereas in previous routes, 9,10-azaborphenanthrene was generated from
a biphenylene precursor, Grisdale and co-workers determined that the intramolecular
formation of a aryl-aryl bond from a diaryl aminoborane gave the same BN-
phenanthrene structure (Scheme 57). The authors found that when ortho-
iodoanilinoborane 176 was irradiated, the previously known BN-phenanthrene 156 was
produced.'? Grisdale et al. later demonstrated that the simple irradiation of a mixture of
177 and 1, provided a direct route to 156.'"> Interestingly, when the aniline group of 177
was functionalized with ortho-methyl groups, the cyclization led to the elimination of
CH,.'" Todine was postulated to act as an electron-acceptor which facilitated the
formation of a radical-cation at the aminoborane, which then underwent the
intramolecular cyclization.!”” Perfluorinated derivatives of BN-phenanthrene were
prepared in an analogous manner by Bochmann and co-workers several years later.''®
Furthmore, Niedenzu and co-workers used this photocyclization protocol to generate

pyridyl-substituted analogs of BN-phenanthrene.'"’
L. C
I E|3\ —> “Ph
@/ Ph O
156 177aR=H

i77b R = CH3
Scheme 57. Photochemical cyclization of aminoboranes to BN-phenanthrene 156.
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Several additional tricyclic derivatives have been reported. Dewar and co-
workers synthesized the first BN-anthracene via the reaction of symmetric dianiline 178
and PhBC, to give 179 (Scheme 58, top).!'® BN-Anthracene 179 contains two flanking
1,2-azaborine rings fused to benzene and was formed by the elimination of four
molecules of HCl. Zanirato and co-workers have described the formation of BN-
benzodithiophene 181 from the reaction of azide 180 and PhBCl, (Scheme 58,
middle).!"*"*® Barton et al. reported the reaction of anilinothiophene 182 with BCl; to
form 183 after hydrolysis of the presumed B-Cl intermediate (Scheme 58, bottom).'?! In
work similar to that discussed above regarding BN-indene, Wrackmeyer et al.
synthesized a tricyclic heterocycle (184 in Figure 19) thatis a ;educed form of BN-
acenaphthalene.'” Unfortunately, no attempts were made to oxidize 184 to the fully

aromatic acenaphthalene analog.

Ph s P oppec, PN~ -
~  PhB BPh
H,N NH . -

178 179
S S
N\"~N, PhBCl, -H
e l
N
7 2 7 el
S S
180 181
S

182 183
Scheme 58. Condensation route to tricyclic aromatic BN-heterocycles.
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Figure 19. BN-Acenaphthalene deri1v§t‘:ve with bridgehead B-N substitution.

1.2.6. Tetracyclic Analogs

Dewar and co-workers extended the synthetic methods discussed above to
prepare numerous BN-substituted polycyclic aromatic hydrocarbons (Figure 20).%%!2-126
Aminonaphthalene precursors were condensed with chloroboranes to generate BN-
benz[a]anthracene isomers 185 and 186, whic;h displayed similar, yet not identical,
absorption spectra. Interestingly, the condensation reaction that formed 186 was entirely
selective; the alternate chrysene derivative was not produced in the reaction. BN-
Triphenylene 187 was synthesized from an N-bromobutyl BN-phenanthrene.'*
Tetracycle 187 was the second analog of triphenylene synthesized, the first being
inadvertently produced in the failed synthesis of 1,2-dihydro-1,2-azaborine (see section
1.2.1). The UV-Vis spectrum of 187 displayed a strong absorption at 330 nm, which
was slightly red-shifted relative to heterocycle 7 containing a borazine core (Amax =316
nm). Derivatives of pyrene incorporating one and two BN bond-pairs (188 and 189,
respectively) were synthesized in a similar way to BN-phenanthrene.''®!*> The UV-Vis
spectrum of 188 showed a strong absorption at 365 nm, in marked contrast to the di-
substituted analog 189, which showed a broad absorption at 335 nm. Decades later,
Philp and co-workers reproduced the synthesis of 189 and explored the chemistry and

solid-state parameters of B-O-B ethers derived from 189."° Dewar and co-workers also
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synthesized BN-chrysene derivatives such as 190 via the condensation of 1-

aminonapthalenes with chloroboranes.'>'??

N'BH B,NH
H H

185 186
6,5-azaborbenz[a]anthracene 5,6-azaborbenz[a]anthracene

I/ N A I I}IH Hl?l I I}IH
!\ B~ i BH HB l BH

187 188 189
13,14-azabortriphenylene 4,5-azaborpyrene  4,10-diaza-5,9-borpyrene

190
6,5-azaborchrysene

Figure 20. Tetracyclic analogs of aromatic hydrocarbons containing the B-N bond unit.

Piers and co-workers developed the first synthesis of BN-pyrene 191 containing
an internalized B-N moiety (Scheme 59).!%® In analogy to the previous synthesis of BN-
phenanthrene, the cyclization of bis-(ortho-alkynyl) pyridine with a boracyclohexadiene
generated BN-phenanthrene 192. The addition of PtCl; led to the cyclization to BN-

pyrene 191,
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Scheme 59. Sythesis of BN-pyrene 191 featuring an internalized BN bond-pair.

The X-ray crystal structure of 191 revealed an interesting nt-stacking head-to-tail
arrangement wherein BN dipoles of adjacent molecules were opposed (Figure 21). In
comparison to the derivatives prepared by Dewar, the internally-substituted 191
displayed a similar absorption spectrum (Amax = 321 nm, £ = 5.8 x 10* M"'em™), though
an additional weak absorption was observed at longer wavelengths (Ap.x = 443 nm, € =
0.29 x 10* M cm™). BN-Pyrene 191 displayed sevéral fluorescence bands between 480
and 514 nm. Piers and co-workers also synthesized larger scaffolds containing the

internalized BN-pyrene in analogy to the BN-phenanthrene dimers discussed above.'"

|

Figure 21. Crystal packing in BN-pyrene 191.

A few other examples of polycyclic scaffolds incorporating a non-aromatic
C4BN heterocycle have been reported, notably the quinoline-containing derivative 193
(Figure 22) reported by Enders and co-workers'? and BN-fluoranthrene 194 (Figure 23)

reported by Noth and co-workers.” It is notable that the crystallographic analysis of
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194 indicated little bond delocalization in the C4BN ring; alternating long and short

single and double bonds were observed, respectively.

193
Figure 22. Quinoline-substituted BN-heterocycle 193.

Me

MeH

Me N\B/N’
Me /‘ \i Ph

194
Figure 23. BN-Fluoranthrene 194.
1.2.7. 1,3- and 1,4-Substituted C,BN Heterocycles
The substitution of boron and nitrogen at non-adjacent positions on the benzene
ring gives rise to two additional isoelectronic analogs of benzene, 1,3- and 1,4-azaborine
(Figure 24). Massey and Zoellner calculated the relative thermodynamic stabilities of all
three isomers and determined that the 1,2 isomer was the most stable, followed by the
1,4 isomer.*> The 1,3 isomer, for which no classical charge-neutral form can be written,
was predicted to be significantly less stable. Kranz and Clark performed additional DFT
calculations, which corroborated the relative stabilities of the three isomers.*?

Interestingly, the n-system of the 1,3 isomer was predicted to be highly delocalized, and
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the optimized geometry of the 1,3 isomer displayed significant bond-length contraction

of the carbon-carbon and carbon-heteroatom bonds relative to the other isomers. !

G G Q

Figure 24. Azaborine isomers (N- and B-bonded H atoms omitted).

The preparation of all three azaborine isomers would provide the opportunity to
examine fundamental properties relating to aromaticity and bond delocalization.
Unfortunately, derivatives of 1,3- and 1,4-azaborine are rare, and in fact there are no
known examples of aromatic 1,3-azaborines in the literature. The only known example
of a saturated 1,3-substituted BN-heterocycle was prepared by Toyota and co-workers

(195 in Scheme 60), but no route to an aromatic structure was explored.'*

Me Me
Me Me Me

. N”
BZ
Li NMe,
Me
Me

195
Scheme 60. Preparation of non-aromatic 1,3-substituted heterocycle 195.

While monocyclic derivatives of 1,4-azaborine are unknown, several polycyclic
analogs have been reported. Almost 50 years ago, Maitlis prepared BN-anthracene 196
featuring a central 1,4-azaborine ring (Scheme 61).133 The reaction of dilithiate 197 with
PhB(OBu); produced 196 in good yield. 9,10-Azaboranthracene 196 was reported to be

air- and moisture-stable, indicating some degree of aromatic stabilization in the

heterocycle. The UV-Vis spectrum of 196 showed a broad, strong absorption band just
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beyond 400 nm, whereas the longest wavelength absorption band of anthracene is much
weaker and cuts off at about 380 nm. The first crystallographic analysis ofa 9,10-
substituted BN-anthracene was undertaken by Reikhsfel’d and co-workers and revealed
the BN-anthracene system to be planar.’** There was also evidence of bond
delocalization in the 1,4-azaborine ring which was confirmed by Clark and co-workers

in a derivative prepared several years later."*’

Me Me
QL0 === 0
Me Li Li Me Me B Me
197 Ph

196

Scheme 61. Synthesis of 9,10-substituted BN-anthracene 196 featuring a 1,4-azaborine core.

Kawashima and co-workers have expanded the synthesis of BN-acenes featuring
the 1,4-azaborine moiety to include pentacene and heptacene derivatives."****” The
synthesis of BN-pentacene derivative 199 was achieved from para-diamino arene 198
{Scheme 62). A similar transformation from meta-diamino arene 200 afforded BN-
pentancene 201. Both 199 and 201 were air- and moisture-stable, which was ascribed in
part to the sterically-demanding mesityl groups at boron. This protocol was also

expanded to include BN-heptacene 203 from triaminoarene 202.
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Scheme 62. Synthesis of BN-pentacene isomers 199 and 201 and BN-heptacene 203.

The X-ray crystal structure of 199 revealed that the BN-pentacene framework

was virtually co-planar, indicating an extended n-conjugated system. Surprisingly, no

evidence of intermolecular n-stacking was observed. The absorption-emission

properties of BN-pentacene 199 and 201 were examined along with BN-heptacene 203,

the results of which are summarized in Table 11. The red-shifted absorption and

emission maxima observed in 199 and 203 is consistent with an extended conjugation

relative to BN-anthracene. BN-Pentacene 201, in which the 1,4-azaborine rings are

oriented parallel to each other, displayed optoelectronic properties which were very

similar to BN-anthracene. The anti-parallel orientation of the 1,4-azaborine sub-units in
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199 and 203 was clearly an important feature for the future design of BN-acenes in
optoelectronic materials. In fact, Kawashima and co-workers have recently described
the use of functionalized BN-acenes as fluorescent sensors for biologically relevant
anions such as fluoride and cyanide.**'** They have also constructed conjugated

dendrimeric structures featuring pendant BN-acene groups.'*’

Table 11. Photophysical Properties of BN-Acenes
compound Amax (nm)/log (€)  Aem (nm) D

199 523/4.23 534 0.69
201 415/3.94 428 0.21
203 608 /4.28 625 0.55

1.3. The Diazadiborine Motif as a Benzene Analog

1.3.1. Isomers of Diazadiborine

The diazadiborine heterocycle is an analog of benzene in which two CC units
have been replaced with isoelectronic BN groups (C,B,N3). There are several isomers
of the diazadiborine heterocycle, as seen in Figure 26. Several of these isomers have
only been examined from a theoretical perspective; the focus of this section will be on
the synthetically available derivatives, which are highlighted in red in Figure 25. With
the exception of 1,3-diaza-2,5-diborine, all of the synthetically available isomers of
diazadiborine contain the B-N bond pair, that is each boron is directly bound to at least
one nitrogen atom. This correlates with the relative stabilities seen in the three isomers
of the azaborine heterocycle. It is probable that the stability of the accessible
diazadiborine isomers follows a similar trend. In fact, Massey and Zoellner calculated

the thermodynamic stabilities of all eleven isomers and found that four of the five
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synthetically unknown isomers are significantly less stable than the known isomers.'*!

Interestingly, the synthetically unexplored 1,4-diaza-2,6-diborine isomer was calculated
to one of the most thermodynamically stable forms of diazadiborine.

N N. .N N. N. N.

o O OO O«

OF G OO

N N ~

1,3-N 1,4-N 1,4-N 1,3

4,6-B 2,3-B 2,5-B 2,5

Z=0

N
B

N. N. N. N N
OF ©OF O O O

1,2-N 1,2-N 1,2-N 1,3-N 1,4-N
3.4-B 4.5-B 35-B 4.5-B 26-B

Figure 25. All possible isomers of diazadiborine. Isomers which have been prepared are in red. N- and
B-bonded H atoms have becn omitted for clarity.

1.3.2. 1,3-Diaza-2,4-diborines

Polycyclic 1,3-diaza-2,4-diborines were the first synthesized examples of
diazadiborine, however the monocyclic structure has received significantly less
attention. Paetzold and co-workers were able to produce 1,3-diaza-2,4-diborine 205 via
the cycloaddition of diazadiboretidine 204 with dimethylacetylenedicarboxylate
(Scheme 63).142 The X-ray crystal structure of 205 revealed the diazadiborine ring to be
slightly out of plane with alternating long and short intra-ring bond lengths. The bulky

tert-butyl groups were likely responsible for the observed twisting in the structure.

'Bu
Me MeO,C._N. . Me
'BuN, N'Bu + MeQ,C—=—CO,Me I :
B MeO,C” "B 'Bu
204 Me
205

Scheme 63. Synthesis of 1,3-diaza-2,4-diborine 205.
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Koster et al. prepared the benzo-fused 1,3-diaza-2,4-diborine 206 from the high

temperature, high pressure reaction of a mixture of amine-boranes (Scheme 64).'*

H

N, BEt
BEt; + BoHo(Et), + PANHB(Et)y — @[ I{l
B/

'

206
Scheme 64. Formation of benzo-fused 1,3-diaza-2,4-diborine 206.

Turner et al. formed a similar naphthalene derivative 207 from the more
controlled reaction of ortho-toluidine with boron trichloride (Scheme 65).'** The
competitive formation of trimeric borazine derivatives over dimeric structures like 207
was found when the aryl substituents were varied.'* However, improved selectivities in
the formation of 1,3-diaza-2,4-diborine over borazine were obtained when BCl; was

replaced with BI;'* or BBr3.!’

Me Me H Me
NH .
2 BCl, EC' N MeCIEIa’N‘Elm
B~ N. _N
Ct B
Ve Cl
Me
207

Scheme 65. Condensation to benzo-fused 1,3-diaza-2,4-diborine naphthalene analog 207.

Frange and co-workers have prepared phenanthrene derivatives containing the
1,3-diazo-2,4-diborine ring via a similar route from naphthyl amine and BCls."*®
Nucleophilic substitution at boron furnished several derivatives of the B-Ci compound

208, including methylated 209 and B-H substituted 210 (Figure 26).'* The electronic

features and optimized geometries were predicted for these derivatives.'® In particular,
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the m-electron densities were calculated, which indicated that the boron at the 2-position
had slightly more m-electron density than at the 4-position. This is reasonable given that
the boron at the 2-position is bound to both n-electron donating nitrogen atoms, whereas
the boron at position 4 is bound to a single nitrogen. Conversely, the nitrogen flanked

by two boron atoms (3-position) was found to be less electron-rich than the nitrogen at

position 1.

208 R = C!
209 R =Me
210R=H

Figure 26. Phenanthrene derivatives containing the 1,3-diaza-2,4-diborine unit.

Frange and co-workers described the coordination chemistry of benzo-fused 1,3-
diaza-2,4-diborines with Group 6 transition-metals. The reaction of BN-naphthalene
211 with Cr(CO)s and W(CO)s led to the formation of piano-stool complexes 212 and
213, respectively (Scheme 66)."°!"'** The coordination of the metal to the fused benzene
ring was seen in both cases, and no evidence of coordination to the 1,2-diaza-2,4-
diborine or pendant tolyl rings was observed. Upfield chemical shifts were observed in
the 'H and >C NMR signals for the benzo substituent, consistent with n-coordination of

the metal at this ring. The sterically crowded environment around the biaryl bond results

in restricted rotatio
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diastereomers is formed by coordination of the metal to either face of the benzo ring.
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The identities of the diastereomers were determined by 2D NMR and X-ray

crystallography.!*?

N\B,MelvI M(CO)s N\B,Me N\B,Me
N L At L&
B~ B~ B~
O
\© (COXM I\llle \Q (CO)M l\llleM:Q

211 212 M = Cr
213M=W

Scheme 66. Atropisomerism in piano-stool complexes of BN-naphthalene 211.

1.3.3. 1,4-Diaza-2,3-diborines

Though the number of 1,4-diaza-2,3-diborine derivatives is limited, there have
been significant efforts toward the synthesis of this interesting benzene analog which
features a B-B bond. To date there has been no report on the synthesis of a monocyclic,
aromatic 1,4-diaza-2,3-diborine. N&th has reported the preparation of naphthalene,
phenanthrene, and anthracene derivatives 214-216, respectively (Figure 27), via the
reaction of an ortho-diaminoarene and a diboradiamide.”® The complexation of a B-
butyl analog of 214 with Cr(CO); took place at the benzo ring as evidenced by the
substantial upfield shifts in the "H NMR signals of the homoaromatic ring protons.'>’
Cowley, Marder, Norman and co-workers prepared an oxo-bridged dimer of 1,4-diaza-
2,3-diborine (217 in Figure 28) and obtained an X-ray crystal structure.'® The structure
is completely co-planar and the bond lengths are consistent with a delocalized n-system.
In fact, the B-B bond is quite short (1.683(3) A) compared to that of another boron oxide
discussed in the report (1.732(3) A). It was the first solid-state structure containing a B-

B bond as part of an aromatic ring.



72

I\B/Ie
H HN" \EIBMe H
su-Necalieos-
N,BMe N,BMe
H H
214 215 216

Figure 27. 1,4-Diaza-2,3-diborine analogs of polycyclic aromatic hydrocarbons.

217

Figure 28. 1,4-Diaza-2,3-diborine 217 containing the first structurally characterized “aromatic” B-B
bond.

The inherent difficulty in the synthesis of 1,4-diaza-2, 3-diborine is in part due to
the preferred formation of a bicyclic structure over the ring-fused isomer (Figure 29).
Shore and co-workers found that when nitrogen was replaced with oxygen or sulfur, the
ring-fused structure was preferred.'’ In contrast, the reaction of ethylenediamines with
diboranes leads to the bicyclic structure almost exclusively. Norman, Russell and co-
workers determined that the bicyclic isomer was the thermodynamic product of the
reaction of By(N Me2)4 and ortho-diaminobenzene.'>® However, the intermediate
formation of a ring-fused BN-tetracene was demonstrated and both compounds were
isolated and analyzed by X-ray crystallography. The B-B bond in the ring-fused isomer

was shortened relative to the bicyclic B-B bond, consistent with the data for 217.

N. N N N
/ R \ A/ Ay v \
T B-B
l\ N - é\ N J |\ N, \N /I

ring-fused bicyclic

Figure 29. Ring-fused and bicyclic isomers of tetraaminodiborane (N-bonded H atoms omitted).
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The conversion of the ring-fused structure to the bicyclic motif was demonstrated
in the presence of additional ortho-diaminobenzene. Marder, Norman, Orpen and co-
workers have also had some success in generating the 1,4-diaza-2,3-diborine motif from

2,2’-dipyridine and 1,10-phenanthroline.'>’
1.3.4. 2,3-Diaza-1,4-diborines

Siebert and co-workers published the first example of a monocyclic

6,'% the preparation of which was detailed a few years later."®' The

diazadiborine in 197
reaction of thiaborole 218 with hydrazines provided 2,3-diaza-1,4-diborine 219 and 220
with the loss of H2S (Scheme 67). Crystallization of 219 at low temperature permitted
the collection of single-crystal X-ray -diffraction data, which indicated a planar ring
structure. Complexation of 2,3-diaza-1,4-diborines 219 and 220 to Cr(CO); gave piano-
stool complexes 221 and 222, respectively, which were purified by sublimation. The 1°-
binding of 221 to chromium was confirmed by X-ray crystallography and NMR
spectroscopy. A similar route to benzannulated analogs (isoelectronic with naphthalene)

d,'9%163 and in this case it was found that metal coordination with

was estabilishe
chromium, molybdenum, and tungsten occurred selectively at the benzo-fused

carbocycle, similar to the 1,3-diaza-2,4-diborine isomer discussed in section 1.3.2.

Me Me R R
Et._B H H Et_ _B. .R M=
s & NeN N (MeCN)3Cr(CO)3  Me-B (D B-Me
B R R ~HS :[ N Et: -
Et M Et II3’ "R
e Me Cr(CO)4
218 219 R=H 221R=H
220 R=Me 222 R = Me

Scheme 67. Synthesis of 2,3-diaza-1,4-diborines 219-220 and respective Cr(CO); complexes 221-222.
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An alternate route to the 2,3-diaza-1,4-diborine motif was explored by Paetzold
and co-workers.'® The highly reactive head-to-head dimer 223 was reported to undergo
a cycloaddition reaction with 3-hexyne to furnish the highly-substituted 2,3-diaza-1,4-
diborine 224 (Scheme 68). The same heterocyclic motif was obtained when 2

equivalents of fert-butylisocyanide were added to 223, providing imine-substituted 225.

B B o by
Bu Bu
Na B\N,Et 2BUCN ‘B_B/ Et——Et Et B\N'Et
Lo e .
N\ — . PAA RN
N7 B R Et”  CEt B™ BT Et
t tBu
Bu tBu 223
205 224

Scheme 68. Cycloaddition of 223 to 2,3-diaza-1,4-borine derivatives 224 and 225.

Analogs of polycyclic aromatic hydrocarbons containing a 2,3-diaza-1,4-diborine
core have recently been explored. 2,2’-Bisborabenzene, the Lewis acidic counterpart to
2,2’-bipyridine, was synthesized via the reaction of precursor 226 with neutral Lewis
bases (Scheme 69).'° When pyridazine and benzo[c]cinnoline were used as the base,
the formation of BN-triphenylene 227 and dibenzo[g,p]chrysene 228 occurred. Both of
these BN-aromatics contained the 2,3-diaza-1,4-diborine core and displayed absorption
spectra consistent with a highly conjugated n-system. While the structure of BN-
triphenylene 227 was presumably planar, the steric repulsion of the 3,3’-hydrogen atoms
in 228 forced the molecule to twist out of planarity. Electrochemical measurements
showed that 228 was more easily reduced than 227, indicating a lesser degree of
aromatic stabilization in the non-planar 228. These data were confirmed via X-ray
crystallography where it was shown that BN-triphenylene 227 was completely planar

whereas 228 was twisted out of plane.'® The fluorescence of 227 was in sharp contrast
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to the non-fluorescent nature of 228, which was again ascribed to the structure of 228 in
which molecular twisting disrupts conjugation in the scaffold. The absorption and
emission maxima of 227 were both red-shifted by over 100 nm relative to triphenylene,
suggesting as in previously described BN-heterocycles that substitution of the B-N bond

pair has the potential to impart unique optoelectronic properties.

iPr iPr
\ B\/ \,B Y,
N=N
<\ /)
227
iPr
\,B {
N=N
(OO
228

Scheme 69. Polycyclic aromatic hydrocarbons substituted with a 2,3-diaza-1,4-diborine core.

1.3.5. 1,3-Diaza-4,6-diborines

There have only been two reports to date on the preparation of an aromatic 1,3~
diaza-4,6-diborine heterocycle, both by Roesler and co-workers.'®”'®® The reaction of
an aryl-substituted trimethylsilyl formamidinate with a bis(chloroboryl)ethane formed
the corresponding zwitterionic heterocycles 229-231 (Scheme 70). Deprotonation at the
5-position provided the 1,3-diaza-4,6-diborines 232-234, all of which were structurally

characterized by X-ray crystallography. The heterocycles were planar in all cases and
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the intra-ring bond lengths indicated significant delocalization of the st-electron density
over the B-C-B and N-C-N fragments. However, the long intra-ring B-N distances (~
1.50 A) suggested that the bonding in the 1,3-diaza-4,6-diborine heterocycle was more
accurately described by two allyl fragments which formed the zwitterionic structure
illustrated in Scheme 70 rather than a fully delocalized aromatic system. This bonding
depiction was supported by calculations on a related BN-heterocycle.'® Heterocycle
232 was deprotonated at the 2-position with a lithium base to generate a metal-
coordinated phenylide-like structure.'®’ Alternatively, deprotonation of 233 or 234 with
a potassium base in the presence of 18-crown-6 provided the corresponding free

carbanions, which were characterized by X-ray crystallography.168
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Ar = 2,6-PraCeHg 229 R = Me 232 R = Me
230 R = Ph 233 R = Ph
231 R = NMe, 234 R = NMe,

Scheme 70. Synthesis of 1,3-diaza-4,6-diborines 232-234.

1.3.6. Non-aromatic Analogs of 1,3-Diaza-2,5-diborine and 1,4-Diaza-2,5-diborine

The 1,3- and 1,4-diaza-2,5-diborine isomers were predicted to be
thermodynamically stable,'*! yet no route to these aromatic motifs has been reported.

There have been numerous reports on the preparation of related compounds featuring 4-

The first example of a fully saturated 1,4-diaza-2,5-diborine was described by

Miller and co-workers in 1964.17° The reaction of H,B (N(CH3)3),Cl with sodium
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hydride resulted in the formation 235, which was an isoelectronic analog of 1,1,4,4-

tetramethylcyclohexane (Figure 30). Over the next three decades, several studies

171-179 180-181

emerged from Miller and others regarding the reactivity and intrinsic
characteristics of this cyclohexane mimic. Structurally, the saturated 1,4-diaza-2,5-
diborine was determined to be quite similar to cyclohexane; the chair conformation

5'% and the stereochemistry of substituted

observed in the X-ray crystal structure of 23
derivatives'”” resembled cyclohexane. However, the highly reactive nature of the BN-

heterocycle was in marked contrast to the hydrocarbon analog; derivatives of 235 were

often hydrolytically unstable.

Me,
N\
r BH2 MeszBHz
/ /
HaBs H,B—NMe,
M62

235
Figure 30. Saturated 1,4-diaza-2,5-diborocyclohexane 235 is isolectronic with tetramethyl cyclohexane.

The generation of partially oxidized 1,4-diaza-2,5-diborine heterocycles has been
readily achieved via the dimerization of various CN-containing moieties that are tethered
by two borane groups (Figure 31). Examples include dimerized isocyanide, imidazole,
and pyridyl groups to give the corresponding heterocycles 236, 237, and 238,
respectively. Hesse and co-workers prepared the first dimer of type 236 (R = Ph, R’ =
Et) via reaction of phenylisocyanide with triethylborane.'®* The condensation reaction
was accompanied by the migration of an ethyl group from boron to carbon. This initial
work and subsequent studies showed that the migration of an second R’ group from

boron to carbon occurred upon heating.'®'% Varjation in the R* group was achieved by
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Carter and co—workers,186 and later Bresadola et al.,187 via the reaction of B,Hg with
isocyanides to furnish 236 in which R” = H. Hesse and co-workers determined that
HCN reacted with BEt; to afford 236 where R = H,188 though there has been no reported
synthesis of 236 where both R and R’ are hydrogen. Recent examples by Casanova and

Hahn have examined the rearrangement chemistry of derivatives of 236.1%'%

R+ /K— Fk— Fk— @—

BR' BR2 BR2 + I}l I'3R2
R’ 2B N RZB RQB R,B Nt
- +°R - Nz
1 VA B
N
236 238
237 237'

Figure 31. Head-to-tail dimerization of CN groups to generate 1,4-diaza-2,5-diborine derivatives.

Contreras, Wrackmeyer and co-workers formed borane-bridged head-to-tail
imidazole dimer 237a via the high-temperature reaction of imidazole-borane adduct 239
in the presence of Mel/Al (Scheme 71)."’! Diaza-2,5-diborine 237a was formed as a
separable mixture with the head-to-head isomer, 1,3-diaza-2,5-diborine 237b. The X-
ray crystal structure of 237a revealed the 1,4-diaza-2,5-diborine core to be close to
planar, which was attributed to packing effects. The B-N bond length of 1.55 A was
shorter than expected for a dative o-bond and was closer in length to a typical N(sp®)-
B(sp’) bond. This structural data, coupled with NMR spectroscopic data, indicated a

significant contribution from the carbenoid resonance form 237 2 192
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Scheme 71. Formation of 237a and 237b from imidazole-borane 239.

Okada, Oda, and co-workers selectively formed a derivative of 237 substituted
with mesityl groups at boron (R = 2,4,6-trimethylphenyl), and they determined via X-ray
crystallography that the bulky mesityl groups force the 1,4-diaza-2,5-diborine core into a
boat-like conformation with an elongated B-N bond (~1.64 A)."** Siebert and co-
workers,"* and later Hill and co-workers'® reported the synthesis of derivatives of 237
via unexpected dimerization of imidazoles, suggesting the formation of 237 is
thermodynamically favorable.

A related dimerization was observed in dialkyl(2-pyridyl) boranes to form the
1,4-diaza-2,5-diborine scaffold 238 (Figure 32). In the characterization of diethyl(2-
pyridyl)borane, Terashima and co-workers noted that the compound displayed a high
melting point (205-206 °C) and mass spectrometry showed a prominent peak at m/z 294,
consistent with dimer 238 (R = Et, molecular formula C]stngNz).l% Hodgkins and
Powell determined that the dimerized product was present in two isomeric forms, the
head-to-tail 1,4-diaza-2,5-diborine 238 and head-to-head 1,3-diaza-2,5-diborine 238’ (R
= Me, Figure 32).197'198 In fact, isomer 238’ (R = Me) was found to be the major product
of the reaction of 2-lithiopyridine and bromodimethylborane at low temperature. Wright

and co-workers determined via 'H and ''B NMR that isomer 238’ (R = Me) is
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quantitatively converted to 238 in 30 minutes when refluxed in toluene-dg, suggesting

238 was the thermodynamic product while 238 was kinetically favored.'”

+'}1 TBRZ +N BR2
RZ..B. /N { RZ?‘ N=
D "0
238 238
R =Me

Figure 32. Isomerism in the dimerization of 2-pyridyl boranes.

The X-ray crystal structure obtained by Murafuji, Sugihara, and co-workers
unambiguously established the identity of dimerized diethyl-2-(3-methyl)pyridyl borane
and demonstrated that the 1,4-diaza-2,5-diborine core was planar and possessed long
intra-ring B-N and B-C bonds (1.61 and 1.62 A, respectively).2*

Another route to 1,4-diaza-2,5-diborines has been detailed by Paetzold and co-
workers.?*!*? The reaction of 3-membered heterocycle 240 (Scheme 72) with 2,6-
dimethylphenyl isocyanide was shown to form monomeric 4-membered ring 241.
However, when a less bulky isocyanide was added to 240, the formation of dimeric 1,4-
diaza-2,5-diborine 242 was observed. The compound was found to be relatively stable
and was structurally characterized by X-ray crystallography. Due to the strained
structure incorporating bulky substituents at several positions, all three rings were found

to be slightly out of plane with long intra-ring bond distances.
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Scheme 72. Ring-opening of 240 with isocyanides.
1.4. Summary

Over the last half-century, interest in the fundamental consequences of B-N
incorporation in heterocyclic compounds has led to a wide array of synthetically
available motifs based on the azaborine and diazadiborine cores. Azaborine and
diazadiborine can be considered to lie on the continuum between organic benzene and its
“inorganic” counterpart, borazine. The physical properties, chemical reactivity, and
computational analysis of azaborine and diazadiborine suggest that most of these hybrid
organometalloidal heterocycles display significant aromatic character. The last decade
has been a renaissance in the synthesis of monocyclic azaborines, which was fueled by
the replacement of older methods with mild, efficient protocols. Currently there are
several routes to the monocyclic azaborine motif, yet the incorporation of additional
functionality has been relatively unexplored. Various polycyclic motifs have become
more readily available since the 1960s, and their chemistry is well understood. The

preparation of non-aromatic azaborine derivatives has been demonstrated, and in some
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cases these have been developed as precursors to the corresponding aromatic
heterocycle. Several isomers of azaborine and diazadiborine have been prepared, yet
many of these are constrained to non-aromatic derivatives. The application of aromatic
BN heterocycles to areas such as material science and medicine will rely on efficient,

general synthetic methods that have yet to be fully realized.

1.5. Bridge to Chapter 11

This chapter reviewed the literature on azaborine and diazadiborine heterocycles
as benzene analogs. Chapter Il will describe the synthesis, characterization, and
reactivity of 1,2-azaborine derivatives containing unprecedented functionality at the
boron position. Chapter II contains previously published and unpublished co-authored
material. The synthetic efforts discussed in Chapter II will be expanded to include the
synthesis of the parent compound, 1,2-dihydro-1,2-azaborine, and will include
biochemical and spectroscopic studies on 1,2-dihydro-1,2-azaborine as it relates to
benzene. Chapter III contains previously published co-authored material. Chapter [V
will discuss the synthesis, characterization, and photophysical properties of 1,2-
azaborines that have been incorporated into conjugated organic scaffolds. Chapter IV
contains previously published co-authored material. Chapter V will provide a short
introduction into the chemistry of nitrated lipids and then discuss the work accomplished
in this field as a member of the Branchaud group. Chapter V contains previously

published and unpublished co-authored material. Chapter VI will summarize the work
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discussed in earlier chapters. Appendices A-D discuss experimental details related to

chapters II-V, and contain previously published and unpublished co-authored material.
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CHAPTER 11

EXPANDING THE SCOPE OF 1,2-AZABORINE SYNTHESIS VIA

NUCLEOQOPHILIC SUBSTITUTION AT BORON

2.1. General Overview

This chapter discusses the generation of a family of boron-substituted 1,2-
dihydro-1,2-azaborines which are derived from a versatile 2-chloro-1,2-azaborine
intermediate. This excerpt includes material published as Marwitz, A. J. V.; Abbey, E.
R.; Jenkins, J. T.; Zakharov, L. N.; Liu, S. —Y. “Diversity though isosterism: the case of
boron-substituted 1,2-dihydro-1,2-azaborines,” Org. Lett. 2007, 9, 4905-4908. The X-
ray crystallographic data was collected and analyzed by Dr. Lev Zakharov. Jesse
Jenkins prepared some of the chemical compounds and Eric Abbey established some of
the early protocols. Otherwise all experimental work was performed by me. This
excerpt was written entirely by me.

The discussed work also includes material published as Marwitz, A. J. V.;
McClintock, S. P.; Zakharov, L. N.; Liu, S. =Y. “BN benzonitrile: an electron-deficient
1,2-dihydro-1,2-azaborine featuring linkage isomerism,” Chem. Comm. 20190, 46, 779-
781. The experimental work was conducted by me with the exception of the X-ray

crystallographic data, which was collected and analyzed by Dr. Lev Zakharov.
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Computational studies were performed by Dr. Sean McClintock. This excerpt was
written entirely by me.

This chapter includes the synthesis and characterization of cationic 1,2-
azaborines. The excerpt includes unpublished co-authored material with Dr. Lev
Zakharov and Jesse Jenkins. X-ray crystallographic data was collected and analyzed by
Dr. Lev Zakharov. Some of the presented chemical compounds were first prepared and
characterized by Jesse Jenkins. Otherwise I performed all the experimental work. The
co-authored excerpt was written entirely by me.

This chapter discusses spectroscopic studies of 1,2-azaborine published as
Tanjaroon, C.; Daly, A.; Marwitz, A. J. V.; Liu, S. -Y.; Kukolich, S. “Microwave
measurements and ab initio calculations of structural and electronic properties of N-Et-
1,2-azaborine,” J. Chem. Phys. 2009, 131,224312/1-224312/9. Compounds were
prepared by me and spectroscopic characterization was performed by Tanjaroon, Daly,
and Kukolich. The co-authored excerpt as presented here was written by me.

Professor Shih-Yuan Liu has provided editorial assistance and scientific guidance

for all material (published and un-published) covered in this chapter.

2.2. Introduction
1,2-Dihydro-1,2-azaborine is a six-membered aromatic heterocycle that is related
to benzene via replacement of a C=C unit in benzene with an isoelectronic B-N bond

pair. The exploration of the chemistry of 1,2-dihydro-1,2-azaborine (hereafter referred
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to as 1,2-azaborine) could offer opportunities in a broad range of applications from drug
design to conjugated organic materials.

Whereas polycyclic derivatives of 1,2-azaborine have been explored
extensively,'™ monocyclic 1,2-azaborines have received significantly less attention,
presumably due to limited synthetic access. Dewar and White pioneered the first
syntheses of 1,2-azaborines in the early 1960s and demonstrated that these compounds
have substantial aromatic character.”® More recently, Ashe and co-workers have
developed two complementary synthetic strategies for monocyclic 1,2-azaborines: (1) a
ring expansion of lithium azaborolides’ and (2) a ring-closing metathesis (RCM)-
oxidation sequence (Scheme 1).8 These protocols have provided novel 1,2-azaborine
structures that have been studied primarily as tunable ligands in organometallic

complexes.”!?

1) Base
)

CH,Cl, CN'R'
————————————— R |
B.
\ R

N’Rl 2
v @)
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\/\r}rﬂ RCM Cr}rﬂ DDQ CN’R
/\/B\R B\R \B\R

Scheme 1. RCM-oxidation (top) and ring-expansion (bottom) routes to 1,2-azaborines.

Despite the recent advances in the synthesis of monocyclic 1,2-azaborines,
significant synthetic challenges remained when we began our work. Specifically, the
scope with respect to the exocyclic boron substituent was limited to carbon- and oxygen-

based groups. In contrast, the ubiquity of the phenyl motif in chemistry is due in part to

the availability of countless substituted derivatives. If the unique features of 1,2-
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azaborine as a benzene mimic are to be fully realized, access to a wide array of 1,2-

azaborine derivatives must be achieved.

2.3. Generation of a Versatile 2-Chloro-1,2-azaborine

We envisioned that an advanced 1,2-azaborine intermediate bearing an
electrophilic boron atom would serve to provide a wide arrayl of boron-substituted 1,2-
azaborine structures via nucleophilic displacement of an appropriate leaving group. The
RCM-oxidation protocol developed by Ashe avoids the use of nucleophilic reagents and
thus would not likely interfere with an electrophilic B-Cl bond. Therefore we prepared
the bisallyl aminoborane 1 by Ashe’s established method and subjected it to Grubbs’
first-generation catalyst ((CysP),(PhCH)RuCl,). Gratifyingly, ring-closed heterocycle 2
was readily produced in the reaction and was isolated in 66% yield by vacuum

distillation (Scheme 2).

XNEY 2% (CyaP)o(PACH)RUCH, E:N/Et
\ .

|
0,
P B\CI 66%
1 2
Scheme 2. Ring-closing of aminoborane 1 to generate BN-heterocycle 2.

B\CI

The aromatization of 2 to 1,2-azaborine 3 proved to be more challenging (Table
1). Our initial attempts using stoichiometric oxidant 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) produced the desired B-Cl 1,2-azaborine 3, albeit in low yield
(Table 1, entry 1). However, screening a series of heterogeneous catalysts showed that
palladium can serve as a catalyst for this transformation (entry 2). The catalytic

oxidation of 2 to 3 proceeds readily without the addition of a stoichiometric oxidant.
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Therefore it seems likely that the elimination of H, occurs to regenerate the Pd. With
this in mind, the addition of a hydrogen acceptor (i.e., cyclohexene) as solvent was
explored, leading to improvements in the yield (entry 3). A survey of transition metals
reveals that Pd black catalyzes the aromatization of 3 most efficiently (entries 3-6).
Finally, we determined that a homogeneous Pd source is ineffective in mediating this

transformation (entry 7).

Table 1. Survey of Aromatization Conditions for Heterocycle 2

Cl}ra oxidation Cr}ra
—r——————

- conditions B.

B.g ~condiion X" g

2 3
Entry Conditions Yield® (%)
1 equiv. DDQ, pentane, 35 °C, 24 h 14
Pd/C (20 mol%), pentane, 80 °C, 16 h 31
Pd/C (20 mol%), cyclohexene, 80 °C, 16 h 43
Ru/C (20 mol%), cyclohexene, 80 °C, 16 h 1

Rh/AL, O3 (20 mol%), cyclohexene, 80 °C, 16 h 23
Pd black (20 mol%), cyclohexene, 80 °C,16 h 75
Pd(PPh;)4 (10 mol%), benzene, 80 °C, 16 h 0
* Determined by ''B NMR analysis versus a calibrated internal standard (see Appendix A).

NN A wWwN e~

Somewhat unfortunately, a small amount of reduced compound 4 was present in
all explored oxidation conditions (Scheme 3). Also disappointing was the observation
that side-product 4 was not effectively separated from 3 by vacuum distillation, nor were
these compounds found to be particularly stable to silica gel chromatography. In a
testament to the increased chemical stability of fully aromatic heterocycle 3 relative to
non-aromatic 4, it was determined that the reaction of an alkynyl Grignard at low
temperature occurred almost entirely at the B-Cl bond of 4 in the presence of 3. This
provided a means of purifying 1,2-azaborine 3, wherein the mixture of 3 and 4 was

reacted with phenylethynylmagnesium bromide to selectively generate 5 (Scheme 3).
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Purified 1,2-azaborine 3 was obtained via distillation, whereas 5 was left behind as a

viscous oil.

CN'Et Pd black CN'Et . CN'Et
_— ] |
Bu, G- N Bug,

3 4

2
75:25
0.4 equiv
BrMg Ph
JEt
C n-E _ distillation N N
|
x~ _B. 5% B
Cl isolated \
3 5

Scheme 3. Purification strategy for 1,2-azaborine 3.

Heterocycle 3 serves as a general precursor to B-substituted 1,2-azaborines
(Table 2). Displacement of the chloride in 3 occurs readily in the presence of alkyl-
(entry 1), vinyl- (entry 2), aryl- (entry 3), and alkynyl-based (entry 4) nucleophiles."
Furthermore, heteroatom substitution also proceeded smoothly, resulting in the isolation
of nitrogen-, oxygen-, phosphorus-, and sulfur-substituted 1,2-azaborines (entries 5-8).
Treatment of 3 with Superhydride furnished the first monocyclic 1,2-azaborine
containing the unique B-H bond (6i, entry 8). Compound 6i is stable to silica gel
chromatography. A number of the compounds in Table 2 resemble aromatic structures
of significance in chemistry. For instance, the vinyl-substituted 1,2-azaborine 6b is a
heteroaromatic derivative of styrene. The alkynyl-substituted derivative 6d is an
isoelectronic analog of diphenylacetylene (tolan). Intriguingly, phosphorus-substituted

6h is an isoelectronic analog of triphenylphosphine. Hence, this synthetic protocol can
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provide structurcs of potential value to polymer scicnce, organic materials, and catalysis.

Table 2. Synthesis of B-Substituted 1,2-Azaborines from 3

T

B. B.

X Cl X Nu
6

3
Entry  Nucleophile (Nu)  Product  Yield® (%)
1 Li—Bu 6a 79
2 Li—vinyl 6b 50
3 BrMg—Fh 6¢ 76
4 BrMg————Fh 6d 83
5 Li—NMe, 6¢ 66
6 K-0'Bu of 71
7 K—-SBn 6g 80
8 K—PPh, 6h 66
9 LiBEt;—H 61 92

 Isolated yield.

To demonstrate the utility of our synthetic method toward drug design, we have
prepared 7, which is isoclectronic with methyl 2-ethylphenoxyacetate 8 (Scheme 4).
Compound 8 and its derivatives have demonstrated potent hypolipidemic activity in
animal studics.'® Treatment of 1,2-azaborine precursor 3 with methyl glycolate 9 in the
presence of tricthylamine furnishes 7 in good yield. Expcrimental details regarding the

synthesis and characterization of compounds 2-8 can be found in Appendix A.

HO/\n/OMe

@)

CN’Et 9 CN’Et isoelectronic @Et

) - i e

B NEt; . _B. OMe OMe
Cl 85% oY oY
3 O 0]

7 8
Scheme 4. Synthesis of 1,2-azaborine 7, isoelectronic analog of hypolipidemic agent 8.
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2.4. The Synthesis and Coordination Chemistry of BN-benzonitrile

In our continued efforts to create diversity of important aromatic structures
through BN/CC isosterism, we recognized that 1,2-azaborines bearing electron-
withdrawing boron substituents are still elusive. In particular, benzonitrile structures
have attracted our attention because of their wide utility as biologically active agents'
and as ligands in transition metal complexes.'® We were therefore interested in

generating and exploring the chemistry of a 1,2-azaborine analog of benzonitrile (Figure

).
V isoelectronic /\N
R T | < = R—\/ B
CN “CN
benzonitrile BN-benzonitrile

Figure 1. Benzonitrile and isoelectronic 1,2-azaborine analog.

Benzonitriles are commonly synthesized from aryl halides via the Rosenmund
von Braun reaction using stoichiometric amounts of copper(I) cyanide.!” More recently,
transition metal-catalyzed methods for cyanation of aryl halides have been developed.'®
We envisioned that nucleophilic displacement of chloride from B-Cl 1,2-azaborine 3
using cyanide would efficiently generate BN-benzonitrile 10 (Scheme 5). We believed
NaCN could serve as a suitable nucleophile to yield the desired BN-benzonitrile 10.
However, treatment of 3 with NaCN resulted in no reaction, even upon heating. After
screening a variety of conditions, we determined that the addition of AgCN to a solution
of 3 led to the immediate precipitation of AgCl and quantitative formation of 10 as an

. . .. e 11
air- and moisture-sensitive clear and colorless liquid.'®
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The cyanide anion is an ambident nucleophile,'® and as such, it was unclear

whether the product formed was BN-benzonitrile 10 or BN-benzoisonitrile 10’ (Scheme
5). To determine the connectivity of 10, we treated precursor 3 with labeled Ag"*C"°N.
Isotopic enrichment permitted the observation of the nitrile carbon as a broad quartet (6
126 ppm, q, 'Jac = 85 Hz) in the 13C NMR spectrum due to coupling with the "B atom
(S =3/2). The "N NMR spectrum shows a sharp doublet (‘Jon = 15 Hz), consistent with
coupling to the "*C nucleus. IR spectra of 10 and 10’ were calculated at the DFT
B3LYP/ DZVPZ level (see Appendix A). Whereas the calculated spectrum of 10 shows
a strong vibration for the C=N bond at 2190 cm™, the corresponding calculated vibration
in 10 is extremely weak at 2300 cm™, providing another distinction between 10 and 10°.
The experimentally observed IR spectrum of 10 does not exhibit a peak in the expected
stretching frequency of cyanides around 2200 cm™. Thus, the experimental NMR and
IR data are consistent with the forfnation of 10, not 10°. The calculated relative zero-
point energies (ZPE) of 10 and 10’ indicate that BN benzonitrile 10 is
thermodynamically more stable than its isomer 10° by 3.7 kcal mol!. Nucleus
Independent Chemical Shift (NICS)*® calculations suggest nitrile 10 (NICS(1) = -7.55) is

slightly more aromatic than isonitrile 10’ (NICS(1) = -6.96).
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Scheme 5. Synthesis ol BN-benzonitrile 10.

To gain additional insight into the electronic structure of 10, we calculated the
electrostatic potential surface (ESP) of 10 and contrasted it with the ESP for the BH-
substituted 1,2-azaborine 6i. Figure 2 illustrates that in BN-benzonitrile 10, most of the
negative charge (highlighted by the red color) is localized at the electron-withdrawing
CN substituent. In contrast, the ESP map of 6i indicates a greater localization of negative

charge on the 1,2-azaborine ring,.

Figure 2. Electrostatic potential maps at the 0.002 electron/a.u.’ density iso-contour level with an
electrostatic potential range from -13.6 to 54.4 keal mol™ for 1,2-azaborines 10 and 6i. Blue is positive
potential (repulsive for the positive charge), red is negative potential (attractive for the positive charge)
and green represents near zero potential.

Analysis of substituent effects on the m-electron density of aromatic molecules

has been achieved using NMR spectroscopy.”’ In particular, studies by Herberich et al.?
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and Fu et al.>® have shown that electron donation by boron-bound substituents in
boratabenzenes, a family of boron-containing heterocycles similar to 1,2-azaborines,
leads to upfield shifts of the ortho and para resonances in the 'H and *C NMR spectra.
The 'H and *C NMR chemical shifts observed for BN benzonitrile 10 (Table 3) suggest
that 10 is an electron-deficient 1,2-azaborine. The calculated HOMO and LUMO of BN
benzonitrile 10 are presented in Figure 3. The HOMO orbital coefficients are largest at
the ortho (3) and para (5) positions of the heterocycle with additional m-electron density
predominantly localized at the nitrogen atom of the cyano group. The LUMO of 10
shows a relatively large coefficient at boron, which is consistent with the electrophilic
character of boron. Also of note is the fact that the LUMO is antibonding with respect to
the CN m bond whereas the HOMO of 10 has bonding character.

Table 3. 'H and ?C NMR Shifts of B-Substituted 1,2-Azaborines

Boron substituent Hortho Hpara Cortho Cpara
NMe, 6.21 5.72 124 105.5
H 6.84 6.40 131 112.3
CN 6.99 6.64 131 115.1

Experimental chemical shifts [ppm] in CD,Cl,.

We next explored the coordination behavior of BN benzonitrile 10. When 10
was treated with (MeCN);Cr(CO); in THF at 60 °C, we observed evidence for the
formation of the piano-stool complex 11 by 'H and !'B NMR as a minor component of a
complex mixture (Scheme 6). The upfield chemical shifts in the 4 and "B NMR
spectra of the reaction are consistent with n° coordination of the 1,2-azaborine ring.'
However, upon work-up we were only able to isolate complex 12 as yellow crystals in

low yield.
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Figure 3. HOMO and LUMO of 10 calculated at the B3LYP/DGDVP2 level.
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Scheme 6. Complexation of 10 with chromium(0).

Crystals of 12 suitable for single-crystal X-ray analysis were grown from a
saturated pentane solution. The X-ray structure of 12 revealed that the original BCN
linkage in 10 underwent linkage isomerization under the reaction conditions (Figure
4).2*26 The structure is nearly co-linear through the B-N-C-Cr group (£B(1)-N(1)-C(6)
=172.4(3)°, £N(1)-C(6)-Cr(1) = 179.3(3)°), indicating sp hybridization for both C(6)
and N(1). The slight bend in the B(1)-N(1)-C(6) angle (7.6°) is consistent with a weak
vi(drt)—=CNR back-bonding interaction, similar to that observed in

arylisocyanidechromium pentacarbonyl complexes (Cr(CO):;(CNAr)).”'29 The B(1)-
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N(1) bond (B(1)-N(1) = 1.489(4) A) is comparéble to the boron-isonitrile bond in
Cr(CO)s(CNB(CH(SiMes),),) (B-N = 1.475(6) A),* which to the best of our knowledge
is the only other reported crystal structure of a trigonal planar boron atom bound to an
isocyanide. The N(1)-C(6) bond distance in 12 (1.153(4) A) is similar to the NC bond
length observed in Cr(CO)s(CNB(CH(SiMes),);) (N-C = 1.159(5) A),30 as well as other
reported Cr(CO)s(CNAT) structures (N-C = 1.151(3) A).7?° The C(6)-Cr(1) bond
distance (1.981(3) A) in 12 is also very similar to the ones exhibited by
(CO)sCr(CNB(CH(SiMe;),),)*° (C—Cr = 1.971(4) A) and (CO)sCrHCNAr)*"%
complexes (C—Cr = 1.968(3) A. Electron-rich pentacarbonyl(isocyanide)-chromium(0)
complexes show long NC-Cr distances (e.g., 2.000(3) A in (CO)sCr(CNNH,))*! whereas
electron-withdrawing groups on the cyano moiety shorten the C—Cr distance (e.g.,
1.883(3) A in CO)sCr((CNCN)).** The observed structural parameters are consistent
with a strong contribution of the resonance form A relative to B in complex 12 (Figure
4). We are interested in the effects of the electron-withdrawing NCCr(CO)s substituent
on the intra-ring bond distances of the six-membered BN heterocycle. We determined
that the intra-ring bond distances to boron in 12 are the shortest reported for a 1,2-
azaborine (N(2)-B(1) = 1.412(4) A and B(1)-C(7) = 1.486(5) A), consistent with
substantial positive charge at boron. Complete structural data for 12 are presented in

Appendix A.
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Figure 4. ORTEP illustration of 12, with ellipsoids drawn at the 35% probability level.

The low-yielding synthesis of 12 outlined in Scheme 7 prevented us from fully
characterizing comi:)lcx 12. Thus, we sought to independently synthesize 12 via
alternative routes. Gratifyingly, we discovered that treatment of 1,2-azaborine precursor
3 with sodium pentacarbonyleyanochromate™ furnished the desired adduct 12 in
quantitative yield (Scheme 7).

CN'E‘ [Cr(CO)sCNTNa* C;}J'E‘
SN B\CI ngFé/on NN B\Ng

N C\
3 12 Cr(CO)s
Scheme 7. Alternate route to 12.

'H and '"B NMR spectra of the material obtained by Scheme 7 were consistent
with the previously preparcd material via Scheme 6. The BC NMR spectrum showed
the isonitrile carbon as a sharp singlet at 189.2 ppm as well as two unique carbonyl
groups, consistent with the cis (215.4 ppm) and trans (217.6 ppm) CO ligands. Finally,

in the IR spectrum of 12, the observed C=N stretching frequency at 2130 em™ is
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comparable to those observed in related (CO)sCr{ CNAr) complexes (2121 cm™),” but is
at a higher wavenumber than (CO)sCr(CNB(CH(SiMe3),),) (2113 em™).*® The C=0
vibrations for 12 are at 2051, 1990, and 1954 cm™". These values are in good agreement
with known (CO)sCr(CNAr) complexes.””? The experimentally determined IR
spectrum of 12 is also in accord with its calculated spectrum (DFT B3LYP/ DZVPZ
level, see Appendix A).

The mechanism for the formation of 12 in Scheme 6 remains unclear. We
hypothesize that reaction of 10 with Cr(CO)s(L) or Cr(CO)s present or generated in the
reaction mixture could lead to 12. To test this hypothesis, we reacted BN benzonitrile 10

with Cr(CO)¢ in THF at 60 °C and determined that 12 is generated in 23% yield.

2.5. Cationic B-substituted 1,2-Azaborines

The previous scctions discussed the substitution of anionic nucleophilcs at the
reactive B-Cl bond of 1,2-azaborinc 3. Wc hypothesized that activation to an even more
clectrophilic intcrmediate might make the boron atom susceptible to nucleophilic attack
by neutral nucleophiles (Scheme 8). The resulting 1,2-azaborine adducts would be

positively charged, opening the way to the study of a novel class of cationic boron

A A AN L A
! “AQCl - L B B o X
NN B\C| 9 \X \L+
3 2 L 1,2-azaborine
X = activating group cation

L. = neutral nucleophile
Scheme 8. Strategy for gencrating cationic 1,2-azaborines.

heterocycles.
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The reaction of B-Cl 1,2-azaborine 3 with AgOT{ gratifyingly produced B-OTf

1,2~azaborine 13, which was distilled under vacuum in 59% yield as an extremely air-
and moisturc-sensitive liquid (Scheme 9). In fact, we noticed that the residue of
compound 13 on the distillation apparatus fumed instantly when exposed to air.
Furthermore, solvents such as THF were incompatible with 1,2-azaborine 13. The
solidification of the entire solution of 13 in THF over the course of a few hours led us to
conclude that Lewis acid-catalyzed polymcrization of the solvent was taking placc.34
The enhanced Lewis acidity of 13 is likely duc to the triflate substituent at boron which
is generally an cxcellent lcaving group. 1,2-Azaborine 13 was characterized by 'H, ''B,
and "C NMR spectroscopy as well as IR spectroscopy.

CNH AgOTI Cr}ra

xn B\CI Pgi;;/on N B\Ui'f

3 13
Scheme 9. Synthesis of 13.

The reaction of 13 with neutral nucleophiles was then cxamined, the results of
which are summarized in Table 4. Pyridinc-substituted 1,2-azaborines 14a (entry 1) was
formed quantitatively when 4-phenylpyridine was added to 13. Phosphine-substituted
1,2-azaborine cation 14b (cntry 2) readily formed upon reaction of PMe; with 13. The
reaction of phosphine oxidcs and pyridinc N-oxides with 13 readily provided the
cationic adducts 14¢ and 14d, respectively (entries 3 and 4). The intriguing formation of

DMSO adduct 14e (entry 5) was achieved readily.
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Table 4. Synthesis of 1,2-Azaborine Cations 14a-e

= .
Cl}l Nucleophile (Nu) Cl}l =t
~-Bory B

13 14
Entry Nucleophile (Nu)  Product Yield® (%)
1 4-phenylpyridine 14a 97
2 PMe; 14b 99
3 Ph;PO 14c 89
4 Pyridine N-oxide 14d 99
5 Me,SO 14e 95
? Isolated yield.

We have fully characterized compounds 14a-e by 'H, ''B, and >C NMR
spectroscopy. Phosphorus-containing compounds 14b and 14¢ were further
characterized by *'P NMR spectroscopy. The NMR spectroscopic data were consistent
with the assigned structures of 14a-e. Furthermore, X-ray crystallography confirmed the
structures of 14a-d.

The solid-state structure of 14a is presented in Figure 5 and reveals that the
pyridyl nitrogen is bonded to the boron atom with the displacement of the triflate group
as a non-coordinating anion. The exocyclic B-N bond length (B(1)-N(2) = 1.531(2) A)
in 14a is significantly longer than the exocyclic B-NPh; bond in a 1,2-azaborine recently
reported by Liu and co-workers (B-N = 1.486(2) A,* which indicates weaker
coordination of the pyridyl nitrogen relative to an amino substituent. The exocyclic B-N
bond in cationic 14a is slightly shorter than the B-N bond in the charge-neutral
borabenzene-4-phenylpyridine adduct (B-N = 1.551(3) A) reported by Fu and co-
workers.”® In the latter example, the B-N bond is dative and is therefore elongated

relative to 14a. The 1,2-azaborine ring in 14a is completely planar and is twisted by
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approximately 50° relative to the pyridine ring. In contrast, the phenyl ring of 14a is
only slightly twisted rclative to the pyridine ring (18°). There is a minor degree of bond
length heterogencity within the pyridine ring, as the C(7)-C(8) bond (1.368(2) A) is
slightly shorter than the C(8)-C(9) bond (1.401(2) A). We were also intercsted in
examining the structural features of the 1,2-azaborine ring in cationic 14a. The intra-
ring B-N bond is short (B(1)-N(1) = 1.413(2) A), as is the intra-ring B-C bond (B(1)-
C(4) = 1.496(2) A), consistent with an clectron-dcficient 1,2-azaborine. Additional

crystallographic information for 14a can be found in Appendix A.

N
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Figure 5. ORTEP illustration ol 14a, with thermal ellipsoids drawn at the 35% probability lcvel
(hydrogen atoms have been omitted for clarity). Bond distances (in A): B(1)-N(1) 1.413(2); B(1)-N(2)
1.531(2); B(1)-C(4) 1.496(2); C(4)-C(3) 1.369(2); C(3)-C(2) 1.408(3); C(2)-C(1) 1.358(2); C(1)-N(1I)
1.3736(19); C(7)-C(8) 1.368(2); C(8)-C(9) 1.401(2); Torsion anglcs: [,2-azaborine-pyridine 50.5°;
pyridine-phenyl 18.0°.

The solid-state structure of phosphine-substituted 14b is illustrated in Figure 6.
The structural parameters of 14b are similar to the obscrved structure of the
trimethylphenylphosphonium cation,”” with which 14b is isoclectronic. The B-P bond in
14b is long (B(1)-P(1) = 1.947(3) A) relative to the Cqyi-P bond in
trimethylphosphonium iodide (Cyyi-P = 1.797(6) A) which is likely due to the increased

van der Waals radius of boron (1.92 A) relative to carbon (1.70 2\).38 The 1,2-azaborine
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ring is planar and the intra-ring bond distanccs arc virtually identical to those of pyridyl-
substituted 14a. The phosphorus atom in 14b is pyramidal, with the sum of the three
Mec-P-Mec angles cqual to 320°. Thc sum of Me-P-Mc angles in the corresponding
PhPMe;'T was 327°.%7 Additional crystallographic information for 14b can be found in

Appendix A.

\
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B
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Figure 6. ORTEP illustration of 14b, with thermal eHlipsoids drawn at the 35% probability level
(hydrogen atoms and triflatc counterion have been omitted for clarity). Bond distances (in A): B(1)-N(1)
1.419(3); B(1)-P(1) 1.947(3); B(1)-C(4) 1.492(3); C(4)-C(3) 1.368(3); C(3)-C(2) 1.402(3); C(2)-C(1)
1.358(3); C(1)-N(1) 1.365(3).

The crystal structures of 14¢ and 14d are presented in Figures 7 and 8,
respectively. In 14c¢, the phosphine oxide is bound to boron through oxygen. The B(1)-
O(1) bond is long (1.433(2) A) rclative to typical B(sp®)-OR bonds (1.35-1.38 A),”
consistent with the difference between dative versus covalent bonding. Despite this
observation, the C(4)-B(1)-O(1)-P(1) dihedral angle of 18° indicates a somewhat
favorable m-overlap between oxygen’s lone-pair and boron’s p-orbital. Furthcrmore, the
long P(1)-O(1) bond in 14¢ (1.5563(13) A) relative to typical phosphine oxides (1.48-
1.50 A)*? indicates a significant reduction of the double-bond character in the P-O bond
upon coordination to boron. The structural paramecters of 14d arc virtually identical to

14¢ with regard to the 1,2-azaborine ring. An cxamination of the relevant bond tengths
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in the exocyclic pyridine N-oxide substitucnt again indicates very little s-overlap
between oxygen and boron. However, the C(4)-B(1)-O(1)-P(1) dihedral angle in 14d of
approximately 3° is ideal for st-overlap between boron and oxygen. Interestingly, the
pyridine ring 1s twisted completely perpendicular to the 1,2-azaborine ring.

~

/ PN

/N o)
\ / \/\/

Figure 7. ORTEP illustration of 14e¢, with thermal cllipsoids drawn at the 35% probability level
(hydrogen atoms and triflatc counterion have been omitied for clarity). Bond distances (in A): B(1)-N(1)
1.420(3); B(1)-O(1) 1.433(2); B(1)-C(4) 1.496(3); C(4)-C(3) 1.369(3); C(3)-C(2) 1.403(3); C(2)-C(1)
1.357(3); C(1)-N(1) 1.368(2); P(1)-O(1) 1.5563(13); Torsion angles: C(4)-B(1)-O(1)-P(1) 18.0°.
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Figure 8. ORTEP illustration of 14d, with thermal cllipsoids drawn at the 35% probability level
(hydrogen atoms and triflate counterion have been omitied for clarity). Bond distances (in A): B(1)-N(I)
141403, B(1D-O(1) 1,420(3); B(1-C(AY 149203 C(4)-C(3) 1.363(3); C(3)-C2) 1.408(4); C2)-C(

1.349(4); C(1)-N(1) 1.371(3); N(2)-O(1) 1.383(2); Torsion angles: C(4)-B(1)-O(1)-N(2) 2.7°; 1,2-
azaborine-pyridine 85.5°
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Though we were unable to structurally characterize the DMSO adduct 14e via X-
ray crystallography, a comparison of the ''B NMR spectra of 14e with compounds 14¢
and 14d led us to conclude that boron is likely bound to oxygen in 14e.

In a continued effort to understand the effects that the exocyclic boron
substituent has on the structure and electronics of the 1,2-azaborine system, we have
prepared a series of B-pyridyl 1,2-azaborine cations with various groups at the para
position of the pyridine ring (Table 5).** The phenyl-substituted derivative 14a (entry 1)
was prepared in good yield as discussed above. We observed that the crystals of phenyl-
substituted 14a were light-green in color and solutions of 14a appeared highly
fluorescent. The absorption spectrum of 14a in CH,Cl, showed a broad, featureless peak
at 292 nm (e = 21869 M 'cm™) as well as less intense bands at higher energy. In MeCN
the major absorption was at 251 nm (¢ = 17202 M"'cm™) with the lower energy
absorption at 290 nm appearing as a shoulder peak. The fluorescence spectrum of 14a in
CH,Cl, showed an emission peak at 360 nm (®py, = 0.06) while this emission peak was
red-shifted to 382 nm (®p, = 0.17) in MeCN. The large Stokes shift of 68 nm for 14a
(in CH,Cl,) is indicative of a large degree of structural change in the excited state.
Furthermore, at higher sample concentration a prominent emission peak at 500 nm was
observed. The concentration dependence of this peak is consistent with excimer
formation. It is noteworthy that solid samples of 14a are highly blue-fluorescent. It was
qualitatively determined that the visible fluorescence of 14a was quenched by the
addition of tetrabutylammonium fluoride, presumably through the nucleophilic attack of

fluoride at boron.
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Pyridine adduct 14f was prepared in good yield from the reaction of B-OTf 1,2-
azaborine 13 with pyridine (Table 5). The absorption spectrum of 14f in CH,Cl, showed
a broad peak at 286 nm (¢ = 8624 M"'cm™), which was 6 nm blue-shifted relative to 14a.
Though solid samples of 14f appeared to fluoresce in the blue region of the visible
spectrum, dilute solutions of 14f were non-fluorescent. This suggests that the phenyl
ring in 14a plays a significant role in the solution phase fluorescence of this compound.

The reaction of 13 with 4-(trifluoromethyl)pyridine provided 14¢g in good yield.
The X-ray crystal structure of 14g was obtained and selected parameters are presented in
Table 5. It is interesting that the selected bond distances and angles for the electron-
deficient 14g are virtually identical to 14a. The characteristic broad absorption
maximum for 14g was observed at 285 nm (¢ = 8126 M'em™). In contrast to other
derivatives, the most prominent absorption band in 14g was the band at 269 nm (¢ =
8810 M'ecm™). No emission was observed for solutions of 14g, though solid samples of
14g appeared quite fluorescent.

The incorporation of a para-methyl group in the pyridine nucleophile readily
provided 14h in 95% yield (Table 5). The crystal structure of 14h was obtained and
important structural features are summarized in Table 5. Somewhat unfortunately, there
appears to be no effect of the inductively donating methyl group on the structure of 14h
relative to the inductively withdrawing CF3 group in 14g. Electronically, the absorption
maximum at 287 nm (¢ = 12713 M'em™) for 14h is unchanged from 14g. Again, no
solution phase fluorescence was observed; solid-state fluorescence was qualitatively

observed for 14h.
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The substitution of 13 with para-dimethylaminopyridine (DMAP) provided 14i in
98% yield. The structure of 14i was confirmed by X-ray crystallography. The structural
parameters for 14i are virtually identical to the derivatives mentioned above. It is of
note that the DMAP ring is almost completely perpendicular to the 1,2-azaborine ring
(Table 5), which is in contrast to the other derivatives. The absorption spectrum of 14i
showed a broad peak at 283 nm (¢ = 21303 M 'em™), which was relatively unchanged
relative to the other pyridinium-substituted derivatives. However, the intensity of this
peak was similar to phenyl-substituted 14a. The emission of 14i in solution was
negligible, in contrast to the observation of fluorescence in the solid-state.

Normalized absorption spectra for 14a and 14f-i in CH,Cl; can be found in
Figure 9. The absorption and emission spectra of 14a in CH,Cl, and MeCN are
presented in Figure 10. Crystallographic data for compounds 14a, 14g, 14h, and 14i can

be found in Appendix A.

Table S. Structural and Electronic Properties for Pyridine -substituted 1,2-Azaborines

@B o QB O e

13

Product 14a 14f 14g 14h 14i
R Ph H CF 3 CH3 NMez
Yield® (%) 97 95 90 95 98

B(1)-N(1) (A) 1.413(2) n/a  1.418(5) 1.416(4) 1.423(5)
B(1)-C(4) (A) 1.496(2) n/a  1.481(5) 1.489(4) 1.489(6)
B(1)-N(2) (A) 1.531(2) n/a  1.528(5) 1.526(4) 1.527(5)
Ring torsion” 50.5° n/a 57.1° 58.0° 77.8°

Amax (IM) 292 286 287° 287 283
e (M em™) 21869 8624 8126 12713 21303
* Isolated yield.

® Torsion angle between the 1,2-azaborine and pyridine rings.
¢14g has a more prominent absorption at 269 nm.
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Figure 9. Normalized absorption spectra for pyridine-substituted 1.2-azaborine cations.
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Figure 10. Absorption and emission spectra of 14a in CH,Cl, and MeCN.
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2.6. Substituent Effects in Neutral 1,2-Azaborines

The substitution of carbon- and heteroatom-based nucleophiles at the boron
position of 1,2-azaborine has been described in the previous sections. Having expanded
the pool of available 1,2-azaborines, we were interested in determining the consequences
that various substituents have on bond delocalization within the 1,2-azaborine ring. We
rationalized that the substitution of wt-donors (e. g. oxygen- and nitrogen-based groups)
could disrupt the intra-ring B-N n-bond in 1,2-azaborine (Scheme 10). In analogy,
Dewar and co-workers have found that the installation of m-acceptors at the nitrogen
position of BN-naphthalenes lowers the chemical stability of these aromatic BN-
heterocycles.*' This was ascribed to the partial removal of nitrogen’s lone-pair from the

B-N m-bond, leaving boron more susceptible to nucleophilic attack.

s-acceptor on nitrogen (Dewar)

O) Oo-

N +//I\

= N) R ~ "N R
B D B

T

si-donor on boron

+’R oo R
7 = -
\ ~ \ >
X Sx+
X

aromatic non-aromatic
Scheme 10. Disruption of aromaticity in substituted BN-heterocycles.

We have characterized 1,2-azaborine 7 by single-crystal X-ray crystallography,

which features an exocyclic oxygen substituent (Figure 11). The exocyclic oxygen atom

O(1) of 7 is trigonal (i.e., sp>-hybridized), with ZB(1)-0(1)-C(7) = 118.6(1)°. The C(7)-
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O(1)-B(1)-N(1) torsion angle of -172.9(1)° and the B(1)-O(1) bond distance of 1.389(2)
A suggest significant n-bonding between oxygen and boron (sum of covalent radii =
1.55 A),* and is significantly shorter than the phosphine oxide (14¢) pyridine N-oxide
(14d) structures discussed above. The 1,2-azaborine ring is completely planar within
0.003 A. The bond distances in the 1,2-azaborine ring (in A), B(1)-N(1) = 1.436(2),
N(1)-C(1) =1.370(2), C(1)-C(2) = 1.355(2), C(2)-C(3) = 1.413(2), C(3)-C4) =
1.363(2), and C(4)-B(1) = 1.518(2), are similar to the reported ones with B-Ph
substitution.'® Thus, the oxygen heteroatom does not appear fo significantly affect the
aromatic delocalization of the 1,2-azaborine heterocycle.

We obtained the X-ray crystal structure of phosphorus-substituted 6h (Figure
12). The structure of 6h closely resembles triphenylphosphine in that the phosphorus
atom is pyramidal with ZB(1)-P(1)-C(13) = 106.1(1)°, £B(1)-P(1)-C(7) = 101.9(1)°,
and £C(7)-P(1)~-C(13) =103.0(1)° (3. =311°). The C(13)-P(1)-B(1)-N(1) torsion
angle of 70.3(1)° and the long P(1)-B(1) bond distance (1.948(2) A) suggest little to no
m-bonding between the phosphorus lone-pair and boron. The 1,2-azaborine ring is
completely planar within 0.003 A. The bond distances within the 1,2-azaborine ring (in
A), B(1)-N(1) = 1.439(2), N(1)-C(4) = 1.367(2), C(4)-C(3) = 1.357(2), C(2)-C(3) =
1.403(3), C(2)-C(1) = 1.369(2), and C(1)-B(1) = 1.506(2), are virtually identical to

those seen in oxygen-substituted 7.
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Figure 11. ORTEP illustration of 7, with thermal cllipsoids drawn at the 35% probability level (hydrogen
atoms have been omitted for clarity).
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Figure 12. ORTEP illustration ol 6l, with thermal cllipsoids drawn at the 35% probability level
(hydrogen atoms have been omitted for clarity).

Thiol-substituted 6g was isolated as a white crystalline solid which was
characterized by single-crystal X-ray crystallography (Figure 13). The exocyclic sulfur
atom was found to be in a favorable geometry to participate in i-bonding with boron
(C(7)-S(1)-B(1)-C(4) torsion angle = 0.6(3)°). However, the B(1)-S(1) bond (1.838(3)
A) is only marginally shorter than the sum of covalent radii for boron and sulfur (1.89
A),42 indicating little -bonding between sulfur and boron. Furthermore, £ZB(1)-S(1)-

C(7) =103.00(13)°, indicating a tetrahedral sulfur atom. The 1,2-azaborinc ring was
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planar and intra-ring bond lengths were virtually identical to the 1,2-azaborines
discussed above (scc Appendix A for full crystallographic data).

|
M S

Figure 13. ORTEP illustration of 6g, with thermal ellipsoids drawn at the 35% probability level (hydrogen
atoms havc been omitted for clarity).

With the exception of the structures discussed above, N-cthyl 1,2-azaborincs
were found to be liquids or oils and failed to produce X-ray quality crystals. To
complete the survey of crystallographically characterized 1,2-azaborines, we prepared
N-benzyl 1,2-azaborine 15 in a similar synthetic sequence to N-ethyl 1,2-azaborine 3.
The reaction of allylbenzylamine with allylboron dichloride (gencrated in situ from the
transmetallation of BCl; with allyltriphenyltin) produced bisallyl aminoborane 16 in
46% yield (Scheme 11). The use of allyltriphenyltin in the transmetallation was
preferred duc to the simple removal of the precipitated triphenyltin chloride prior to
distillation. The use of allyltri-n-butyltin resulted in a chlorostannane that was
inseparable from the desired product 16. However, we determined that cold reaction
icmperatures were required throughout the reaction when using allyitriphenyitin as to

avoid undesired transmetallation of the phenyl groups. Ring-closing metathesis with
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Grubbs 1% generation catalyst produced 17, which was isolated in 91% yield by vacuum
distillation. Oxidation with Pd/C produced B-Cl 1,2-azaborine 15 in 47% yield as an

extremely air-sensitive liquid.

\/\ .Bn
snphy __BCh BCl N SN
P L [/\/ 2 ] )
hexanes/ -78 °C /\/B\
CH,Cl, 46% (2 steps) Cl
-78 °C 16
0.5 mol%
(Cy3P)2(PhCH)RUCI,
CH,Cly, 1t
91%
CN'B” 20 mol% Pd/C CN'B”
] i
B. cyclohexene, 80 °C B.
X Cl Y 47% Cl
15 17

Scheme 11. Synthesis of 1,2-azaborine 15.

We observed that compound 15 solidified when stored at —20 °C. After
Herculean efforts to isolate and mount X-ray quality crystals on the diffractometer, the
X-ray crystal structure of 15 was obtained, which is shown in Figure 14. The structure
of 15 confirms unambiguously that the B-Cl substituent in 15 has been maintained
throughout the synthesis. The B(1)-CI(1) bond length of 1.7962(15) A is comparable to
B-Cl derivatives of borazine,* but is slightly longer than the B-Cl bonds in acyclic
(Me;Si),NBCl (B-Cl=1.779(2) A).* The 1,2-azaborine ring is completely planar, in
contrast to the known B-ClI borazine derivatives, which show a significant distortion
toward a chair-like structure.** The intra-ring bond distances in 15 are similar to the
previously described structures, however there is a slight contraction in the B-N bond in

15 (1.4220(19) A).
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Figure 14. ORTEP illustration of 15, with thermal ellipsoids drawn at the 35% probability level
(hydrogen atoms have been omitted for clarity).

The "B NMR chemical shift of 15 at 33 ppm was similar to B-Cl 1,2-azaborine
3, however the ''B NMR spectrum of 15 showed an additional minor peak at 29 ppm,
which was ascribed to the hydrolysis of 15 to a B-OH or B-O-B moicty. This is
consistent with reports by Dewar,” Paetzold,* and Philp47 for polycyclic derivatives.
When 15 was distilled to dryness under vacuum, we noticed that a crystalline white solid
was left in the distillation flask. Single-crystal X-ray crystallography revealed this
material to be the B-O-B cther 18 (Figure 15). It is unclear whether the B-O-B ether was
present prior to distillation or was formed via the dehydration of a B-OH 1,2-azaborine
during the distillation. Philp and co-workers described the formation of B-O-B ethers by
heating a B-OH azaborophcnanthrene species under vacuum.” We belicve the
formation of 18 via an analogous proccess is recasonable.

The unit ccll of 18 contains two molccules, however for clarity only one of these
is shown in Figurc 15. The bridging oxygen atom in 18 is distorted from the sz_
hybridized geometry obscrved in 7 with the B-O-B angle closer to lincar (£B(1)-O(1)-
B(2) = 132.08(1)°). The B-O bonds in 18 (B(1)-O(1) = 1.382(2) A, B(2)-O(1) =

1.369(2) A) are similar in length to the B-O bond in 7, indicating that both B-O bonds in
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18 have significant st-character. The intra-ring bond distances in 18 werc quite similar to
previously discussed derivatives, and we could not draw any additional conclusions with

regard to substituent effects on the |,2-azaborinc system.
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Figure 15. ORTEP illustration of 18, with thermal cllipsoids drawn at the 35% probability level
(hydrogen atoms have been omitted for clarity).

Mg

Two additional carbon-bascd 1,2-azaborines werc examined crystallographically.
We were interested in determining the contributions made by conjugated materials on
the 1,2-azaborinc system. Thus, phenyl- and alkynyl-substituted derivatives 19 and 20,

respectively, were synthesized from B-Cl 1,2-azaborine 15 in good yield (Scheme 12).

CN»B“ PhMgBr A NP BMg—=—Ph B0

A - ) )
~_B. Et,0,-10°C  \_B. ELO/THF, -78°C  \_B

Ph 65% Cl 73% AN

19 15 Ph

Scheme 12. Synthesis of BN-biphenyl 19 and BN-tolan 20.

The X-ray crystal structures of 19 and 20 are presented in Figures 16 and 17,

respectively. The intra-ring bond distances in 19 and 20 are similar to thosc discussed
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above, which indicates that bond delocalization in the 1,2-azaborine ring is unaffected
by m-conjugated substituents. The phenyl ring in BN-biphenyl 19 was twisted relative to
the 1,2-azaborine ring with a dihedral angle of —49.0(2)°. This is similar to thc 43°
dihedral angle reported for borabenzenc-pyridine adducts,*® another heteroatomic analog
of biphenyl. With respeet to the BN-tolan 20, the structure is close to planar through the
tolan unit, though the phenyl ring is twisted out of planc by 14° relative to the 1,2-
azaborine ring. The alkyne bridge is only slightly deviated from lincarity (ZB(1)-C(5)-
C(6) = 177.4(3)°;, LC(5)-C(6)-C(7) = 177.1(3)°) and the C=C bond distance in 20
(1.208(3) A) is on par with diphcnylacetylene (1.198(3) A Crystallographic data for

the 1,2-azaborincs discussed above can be found in Appendix A.

N

[ ]

TR VA
A

L

[

SN

Figure 16. ORTEP illustration of 19, with thermal cllipsoids drawn at the 35% probability level
(hydrogen atoms have been omitted for clarity).
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Figure 17. ORTEP illustration of 20, with thermal cllipsoids drawn at the 35% probability level
(hydrogen atoms have been omitted (or clarity).

While this study has becn focused on the effects that boron substituents have on
the structural featurcs of 1,2-azaborines, some additional general observations can be
made regarding the preferred gcometry of thesc derivatives. Specifically, the gcometries
at the nitrogen position in N-alkylated 1,2-azaborines display an interesting trend. In the
cleven N-cthyl derivatives presented, the ethyl substituent is consistently bent in a
perpendicular fashion to the 1,2-azaborine ring. The N-CH,-CHj angle (0) ranges from
111.4(3)° to 113.2(2)° (Figure 18, left), but morc intercstingly the dihcdral anglc
between the 1,2-azaborine ring and the N-ethyl substituent deviates from 90° by no more
than 24° with an averagce value of ¢ = 13° (Figure 18, right). The preference for this
perpendicular conformation has been studied in cthylbenzene,* for which it was found
that both clectronic and steric cffects play a role in the obscrved conformational
preference. The perpendicular conformation of the cthyl group in 1,2-azaborine is

consistent with the donation of nitrogen’s lone-pair into the o* orbital of the ethyl C-C
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bond. Alternatively, the perpendicular conformation may be a consequence of steric
repulsion that is minimized when the methylene hydrogens are in a pseudo-gauche
conformation with the 1,2-azaborine ring (Figure 18, right). The N-CH,-Ph angle (6)
ranged between 113.04(11)° and 114.7(3)° for the four structures containing an N-
benzyl groups. The dihedral angle (@) between the N-benzyl substituent and the 1,2-
azaborine ring is generally similar to the values observed in the N-ethyl derivatives,
However, in the case of B-phenyl N-benzyl 1,2-azaborine 19, there is a substantial twist
of the N-benzyl substituent away from the phenyl ring on boron (B(1)-N(1)-C(5)-C(6) =

125.26(15)°), which is likely due to steric repulsion between these two groups.

R H H
B CQiFB
2
QN AN y81.5° to 113.3°
~112° Me Me

Figure 18. Geometric orientation of the N-ethyl substituent in 1,2-azaborines.

In collaboration with the Kukolich group, we have recently shown via
microwave spectroscopy and DFT calculations that the energy-minimized structure of B-
H N-Et 1,2-azaborine 6i places the ethyl substituent at a perpendicular position relative
to the 1,2-azaborine ring.”® Furthermore, the Kukolich group calculated the change in
energy (torsional barrier) as a function of the dihedral angle, which suggested that the
torsional barrier of 6i was approximately 3.2 kcal/mol (B-N-CH,-CHj = 0°). The
torsional barrier at B-N-CH,-CH3 = 180° was found to be slightly higher (3.9 kcal/mol),
indicating rotation of the ethyl group past the boron position is siightly more favorable.
In contrast, the symmetric torsional barrier in ethylbenzene was calculated to be

approximately half that of 6i.
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We expected to observe structural changes in the 1,2-azaborine ring as the
exocyclic boron substituent was varied. However, the crystallographic parameters in
1,2-azaborine appear relatively immune to the effects of carbon- and heteroatom-based
substituents at this position. The significantly contracted bond lengths in cationic and
other electron-deficient structures are the only examples for which structural variation
was observed. The consistency of 1,2-azaborine structural parameters suggests
significant aromatic character in the 1,2-azaborine system.

Though 1,2-azaborines are structurally unaffected by exocyclic substituents, we
envisioned that subtle electronic differences could result in measurable differences in
reactivity. Electrophilic aromatic substitution (EAS) of 1,2-azaborines has been
demonstrated by Ashe and co-workers’' and more recently by Liu and co-workers.**
The bromination of 1,2-azaborine is facile and selective for substitution at the C3
position. We believed that this reaction could provide a metric to determine the
electronic contribution of boron-substituted groups. A survey of the bromination of
several 1,2-azaborines revealed that chloro-, alkyl-, aryl-, and alkoxy-substituted 1,2-
azaborines cleanly react with Br; to generate C3-brominated products. Unfortunately,
amino- and H-substituted derivatives provided a mixture of products and appeared
somewhat prone to degradation upon the addition of Br,. Thus these were not suitable
substrates for a competition experiment. Nevertheless, in a competition experiment
between chloro-, phenyl-, n-butyl-, and methoxy-substituted 1,2-azaborines 15, 19, 21,
and 22 respectively (Figure 19), it was found that the order of reactivity toward Br, was

19 >22 > 21 > 15. Phenyl-substituted 19 was 5.4 times more reactive than 15, while
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methoxy-substituted 22 was 2.0 times as reactive as 15. B-Butyl 21 was 1.9 times more
reactive than 15. These data indicate that the electron-deficient B-Cl derivative 15 is
deactivated relative to the other derivatives, while more electron-rich groups facilitate
EAS reactivity. Furthermore, the highly reactive nature of phenyl-substituted 19 relative
to butyl-substituted 21 suggests that both inductive and resonance contributions affect
EAS reactivity. Experimental details for the competition reactions and for the

preparation of 21, 22, and 23 can be found in Appendix A.

Y e O
| >
-20 °C B.
o B\R CD,Cl,, -20 X R
Br

Compound  Relative Rate

15R =Cl 1

19 R =Ph 54

21 R=Bu 1.9

22 R = OMe 2.0

Figure 19. Relative rates of bromination for B-substituted 1,2-azaborines.

2.7. Conclusion

In summary, we have developed a general method for the synthesis of a wide
range of B-substituted 1,2-azaborines, including the first examples containing B-
heteroatoms. The synthesis and coordination chemistry of an especially electron-
deficient 1,2-azaborine, BN-benzonitrile, has been explored. We have also provided an
efficient route to a novel class of cationic 1,2-azaborines. A systematic examination of
the structural features of the 1,2-azaborine system has revealed that bond delocalization

in the heterocycle is relatively unperturbed by exocyclic substituents. The use of 1,2-
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azaborines as isoelectronic analogs of the ubiquitous benzene motif may provide new

opportunities in the areas of drug discovery and material science.

2.8. Bridge to Chapter I1I

Chapter III discusses the work toward the synthesis of the parent 1,2-dihydro-
1,2-azaborine, which is isoelectronic with benzene itself. The preparative methods
discovered in Chapter II are coupled with the installation of a cleavable protecting group
at nitrogen, leading to the first successful synthesis of 1,2-dihydro-1,2-azaborine. The
comprehensive characterization of 1,2-dihydro-1,2-azaborine is explored, including
rotational spectroscopy in collaboration with the Kukolich group at the University of
Arizona. Experimental results ére compared to high-level calculations performed by the
Dixon group at the University of Alabama in order to elucidate the structural and
electronic features of this fundamentally important molecule. The last section of
Chapter III discusses a proof of principle protein binding study of 1,2-dihydro-1,2-

azaborine in relation to benzene.
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CHAPTER III

SYNTHESIS AND CHARACTERIZATION OF 1,2-DIHYDRO-1,2-

AZABORINE

3.1. General Overview

This chapter discusses the synthesis, isolation, and characterization of 1,2-
dihydro-1,2-azaborine. This excerpt includes unpublished material as well as material
published as Marwitz, A. J. V.; Matus, M. H.; Zakharov, L. N.; Dixon, D. A.; Liu, S. -Y.
“A hybrid organic/inorganic benzene,” Angew. Chem. Int. Ed. 2009, 48, 973-977. The
X-ray crystallographic data was collected and analyzed by Dr. Lev Zakharov. DFT
calculations were performed by Myrna Matus and Professor David Dixon. Otherwise all
experimental work was performed by me. The co-authored excerpt was written entirely
by me.

This chapter also includes vibrational spectroscopy performed on 1,2-dihydro-
1,2-azaborine. This excerpt includes material published as Daly, A. M.; Tajaroon, C.;
Marwitz, A. J. V.; Liu, S. -Y.; Kukolich, S. G. “Microwave spectrum, structural

parameters, and quadrupole coupling for 1,2-dihydro-1,2-azaborine,” J. Am. Chem. Soc.

[\
[
)

010, 132, 5501-5506. Vibrational spectroscopy and DFT calcuations were performed

by Adam Daly, Chakree Tanjaroon, and Professor Stephen Kukolich. Otherwise all
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experimental work was performed by me. The co-authored excerpt as presented here
was written entirely by me.

This chapter also includes a protein binding study of 1,2-azaborines. This
excerpt includes material published as Liu, L.; Marwitz, A. J. V.; Matthews, B. W.; Liu,
S. =Y. “Boron mimetics: 1,2-dihydro-1,2-azaborines bind inside a non-polar cavity of
T4 lysozyme,” Angew. Chem. Int. Ed. 2009, 48, 6817-6819. The X-ray crystallographic
data was collected and analyzed by Dr. Lijun Liu. Protein purification and crystal
growth was performed By Dr. Lijun Liu. Professor Brian Matthews provided editorial
input for this section. Otherwise all experimental work was performed by me. The co-
authored excerpt as presented here was written entirely by me.

Professor Shih-Yuan Liu has provided editorial assistance and scientific guidance

for all material (published and un-published) presented in this chapter.

3.2. Introduction

Benzene (c-CgHp) is arguably one of the most fundamentally significant small
molecules in chemistry. First discovered by Faraday in 1825,! the study of benzene
introduced the basic concept of aromaticity and delocalization.” In addition to its
fundamental importance, benzene and its derivatives (arenes) are ubiquitous in chemical
research with numerous applications ranging from biomedical research to materials
science.’ Borazine {c-B3N3Hg), the inorganic, isoelectronic relative of benzene, was first
isolated in 1926 by Alfred Stock,* and since then has also played a pivotal role in |

fundamental and applied chemistry. The isoelectronic and isostructural relationship
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between B-N versus C=C bonds has stimulated discussion regarding the aromaticity of
borazine.”” In more applied fields, borazine serves as a precursor to BN-based ceramic
materials.® In the area of chemical hydrogen storage, borazine has been implicated as
an intermediate in the hydrogen release from ammonia borane.'” While benzene and
borazine have been thoroughly studied over the last 80 years, the hybrid
“organometalloidal” structure containing carbon, boron, and nitrogen, that is, 1,2-

dihydro-1,2-azaborine 1, has thus far eluded characterization (Figure 1).

hybrid
organic organometalloidal inorganic
B
@ CN,H H\$,N\?,H
X B‘H H’N‘LI%’N‘H
1 H
benzene 1,2-dihydro- borazine
1,2-azaborine
Faraday Stock
(1825) _ (1926)

Figure 1. Benzene, borazine, and 1,2-dihydro-1,2-azaborine 1.

While the chemistry of polycyclic boron-nitrogen heterocycles is well

11-
d,ll3

understoo monocyclic derivatives have been relatively unexplored. Dewar and

White pioneered the chemistry of monocyclic 1,2-dihydro-1,2-azaborines (hereafter
referred to as 1,2-azaborine unless referring to the parent compound 1) in the 1960s.'*"
Recent contributions by the Ashe and Liu groups have expanded the scope of available
1,2-azaborines.'®'® Yet the synthesis of the relatively simple heterocycle 1 remained

unrealized 50 years after the first report of its attempted synthesis.'”” This chapter

discusses the development of the first successful synthesis of 1,2-dihydro-1,2-azaborine
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1. The in-depth characterization of 1 follows the synthetic discussion, and provides
information regarding its aromaticity in relation to benzene and borazine. Our
experimentally determined structural and spectroscopic properties are consistent with
values derived from high-level computations. Finally, a protein binding study is
discussed which provides a “proof-of-principle” demonstration of the bio-mimetic

potential of 1,2-azaborines.

3.3. Synthesis and Characterization of 1,2-Dihydro-1,2-azaborine
We have reported the synthesis of 1,2-azaborines incorporating various

heteroatoms at the boron position, including the B-H functionality of 1,2-dihydro-1,2-
azaborine 1. We believed a comparable route to 1 would be possible via the
incorporation of a protecting group at the nitrogen position of an advanced 1,2-
azaborine. The synthesis of 1 was envisioned to occur from this intermediate in a two-
step protocol (Scheme 1): 1) hydride substitution at boron would provide the B-H
functionality, and 2) cleavage of the nitrogen protecting group would give 1.

CI}J’H SN CI}I'R N C'}"R R = protecting

S B\H x B\H \ B\CI group

1 versatile
intermediate

Scheme 1. Retrosynthesis of 1 from a versatile 1,2-azaborine intermediate.
The first nitrogen protecting group we screened was the benzyl group, which is a
chemically robust group that can generally be cleaved without the use of strong acid or

base.”’ Ashe and co-workers demonstrated that B-phenyl 1,2-azaborines are remarkably
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resistance to hydrolysis and can even be treated with aqueous work-up.?' Therefore, to
probe the viability of N-benzyl deprotection, we synthesized B-phenyl 1,2-azaborine 2
(previously described in Chapter I, Scheme 13) and screened a variety of reaction
conditions for the cleavage of the N-benzyl group of 2 to N-H 1,2-azaborine 3"* (Table
1). The deprotection of N-benzyl groups is commonly achieved using heterogeneous Pd
catalysts and H,.>® Unfortunately, we failed to observe evidence for the cleavage of the
benzyl group using heterogeneous Pd (entries 1-5). Instead, we discovered that the 1,2-
azaborine ring is prone to reduction under these conditions (4 in Table 1). The addition
of trimethylsilyliodide (TMSI) was ineffective at cleaving the N-benzyl group in 2 (entry
6).? 2,3-Dichloro-5,6-dicyanobenzoquinone (DDQ) has been shown to cleave benzyl
groups,23 yet no reaction was observed with 2 (entry 7). Finally, oxidative debenzylation
was attempted with ceric ammonium nitrate,?* but no product formation was observed

(entry 8).

Table 1. Survey of Debenzylation Conditions for HeterocLe

CN .Bn condmons C o CN,Bn

1 |

~-Bppy “Ph B~pn
4

2

Entry Condltlons Product
1 20 mol% Pd/C, 80 °C, C¢Dg, 40 psi H, 6 h 50% 4°
2 10 mol% Pd/C, 60 °C, C¢Dg, 40 psi Hy, 4 h 40% 4°
3 20 mol% Pd/C, 80 °C, THF-ds, 1 atm H, 14 h 100% 4°
4 10 mol% Pd(OH),/C, 25 °C, EtOH, 50 psi Hp, 18 h no reaction
5 12.5 mol% Pd/C, 25 °C, MeOH, excess HCO,H, 48 h degradationb
6 excess TMSI, 60 °C, CD,Cl, then MeOH, 4 h no reaction
7 1 equiv DDQ, 75 °C, pentane, 4 h no reaction
8 2 equiv. (NH4),Ce(NO3)s, 25 °C, MeCN/H,0, 4 h no reaction

*’H NMR integration versus starting material.
® I'B NMR indicated the formation of a 4-coordinate boron-containing compound.
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We next explored the synthetic availability of silicon-based protecting groups at
the nitrogen position of 1,2-azaborine. The Ashe group has demonstrated the
incorporation and facile removal of an N-trimethylsilyl (N-TMS) protecting group from
a B-phenyl 1,2-azaborine.”’ We therefore endeavored to produce the analogous B-H N-
TMS 1,2-azaborine on the way to the parent 1,2-dihydro-1,2-azaborine 1. The reaction
of TMS-allylamine with allylboron dichloride (generated in situ from the
transmetallation of BCl; and allyltriphenylstannane) gave a mixture of products,

including the desired bisallyl aminoborane 5 (Scheme 2). We were unfortunately unable

to purify 5.
el H e NN TMS
+ NEts , e N - 4+ unidentified
hexanes/ B. side-products
_~_BCl CH,Clp Zel
= -78 °C 5

Scheme 2. Observation of TMS-protected aminoborane 5.

We next turned to the bulky triisopropylsilyl (TIPS) protecting group.” The
improved stability of the TIPS protecting group permitted the formation of aminoborane
6, which was purified by vacuum distillation in 24% yield (Scheme 3). However, ring-
closing metathesis (RCM) of 6 with the first-generation Grubbs catalyst proved sluggish.
We believe that the intramolecular ring closing to form heterocycle 7 is hindered by the

steric bulk of the TIPS group.
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H NEt, NP8 (cyaP)o(PRCH)RUCH, CN/T'PS
+ —_—— - | e - |
hexanes/ B. CH,Cl,, 1t -
¢ CHCl, 72 7 Ph o Peh
/\/B\ph -78 °C 6 7
24%

Scheme 3. Formation of TIPS-protected 6 and attempted ring-closing metathesis.

The tert-butyldimethylsilyl (TBS) group is generally intermediate between the
TMS and TIPS groups with regard to stability and steric bulk.?’ The reaction of
allylboron dichloride with TBS-allyl amine furnished aminoborane 8 in 58% yield
(Scheme 4).%° Ring-closing metathesis of 8 with Grubbs 1% generation catalyst readily
provided the six-membered heterocycle, albeit as an isomeric mixture of 9 and 9 (60:40
ratio). Catalytic dehydrogenation of this mixture with Pd/C produced 1,2-azaborine 10
in 35% yield. The reaction of 10 with LiBHE; installed the desired B-H functionality to
give 11 in quantitative yield. The direct formation of the parent compound 1 from 11
was unsuccessful. The addition of tetrabutylammonium fluoride (TBAF) and other
fluoride sources failed to provide 1, yielding either unreacted starting material or
undesired side-products resulting from nucleophilic attack at boron. Alternatively,
complexation of 1,2-azaborine 11 with tricarbonylchromium(0) trisacetonitrile produced
piano-stool adduct 12 in 71% yield. Subsequent removal of the N-protecting group with
a protic fluoride source (HF-pyridine) gave 13 in 76 % yield. Decomplexation of 1 from
the Cr(CO); group was accomplished using triphenylphosphine. Compound 1 proved
difficuit to isolate owing to its high volatility. The isolation of 1 in 10% yield (Scheme
4) was realized via the addition of triphenylphosphine to a mixture of isopentane and

complex 13, followed by fractional vacuum transfer. While the isolated yield was low,
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the efficient formation of 1 was demonstrated via "H NMR spectroscopy (84% yield

against an internal standard).

2 mol%
\/\ /TBS
+ “hexanes/ . CHyClp, 1t B. .
e o | N
o
APV 78 °C 8 9 g
58% 15 mol% Pd/C

cyclohexene, 80 °C
35%

_TBS
CB L _(MeCNXCI(CO), N“TBS  LHBE, ANTES
- ] - 1
THF, 60 °C B THF, 78 °C I\ _B-
! 71% H 99% c
Cr(CO)s » 10
12
HF-pyr
THF, -20 °C

.H
<@‘B—H PPhg AN
|
x

| isopentane, rt By
Cr(CO), 10% isolated 1
13 84% by "H NMR

Scheme 4. Synthesis of 1,2-dihydro-1,2-azaborine 1.

The technical problem of isolating compound 1 was somewhat overcome by the
use of the high-boiling 1,6-dicyanooctane as solvent (Scheme 5). Whereas the isolation
of 1 from PPh; and isopentane required the successive removal of non-volatile solids and
the highly volatile isopentane, parent compound 1 was purified in 53% yield via a single

vacuum transfer of the product from the reaction mixture.

N:H H
Lo, B-H . N
NC(CHo)CN, rt B+

fJ)r(CO).;, H
53% 1
13
Scheme 5. Improved conditions for the isolation of 1.
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The melting point of 1 is —45 °C. In comparison, the melting points of borazine
and benzene are —58 °C and 5 °C, respectively. Compound 1 is stable to silica gel
chromatography and is relatively non-polar (Rf = 0.4 with pentane as eluent).
Furthermore, 1,2-dihydro-1,2-azaborine 1 is quite thermally stable; a solution of 1 in
CD;Cl, showed no appreciable degradation by '"H NMR when heated to 60 °C for 5
days.

We characterized compound 1 by NMR, UV/Vis, and IR spectroscopy, and high-
resolution mass spectrometry. The data are consistent with the proposed structure of 1.
The "H NMR spectrum of hetcrocycle 1 is shown in Figure 2. The C-H resonances all
appear in the aromatic region and arc characteristic of a 1,2-azaborine. The B-H
resonance appcars upfield of the other resonances and is split into a broad quartet ('JBH
=130 Hz) by the ''B atom (S = 3/2). The coupling of the N-H proton with the '“N
nucleus (S = 1) results in a triplet ('JNH = 57 Hz) that is observed for solutions of 1 in
CDsCN, CsDs, CD30D, and CD,Cl,. The proton resonances were unambiguously

assigned by a combination of COSY and HETCOR NMR techniques (sec Appendix B).

H3 CDHCl»

[ ls
r
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9 ppm 8 7 6 5 4
Figure 2. 'H NMR spectrum of 1 in CD,Cl,.

-
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The UV/Vis absorption spectra of benzene, borazine. and 1,2-dihydro-1.2-
azaborine 1 are shown in Figure 3. The spectrum for compound 1 displays Ay at 269
nm (g = 15632 M"cm"), with two smaller transitions at 219 nm (¢ = 8495 M"cm") and
at 205 nm (¢ = 7459 M'em™). The absorbance at 269 nm is only slightly red-shifted
relative to the a band of benzene (255 nm. £ =977 M™'em™), but absorbs much more
strongly than benzene. Benzene's strongest absorption band is located at 208 nm (¢ =
12380 M™'em™). In contrast to benzene and 1.2-azaborine 1. the absorption spectrum of
borazine shows only a very weak band at 203 nm (¢ = 1299 M"'em™) and negligible
absorbance at higher wavelengths. The electronic features of 1 are consistent with a

delocalized aromatic motif. in marked contrast with the behavior exhibited by borazine.

1.8 7 1

16 - —Benzene
—Borazine
1.4 1

0.8 1
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Figure 3. Absorption spectra of 1, benzene. and borazine. All substrates are 10 M in pentane.
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Our experimentally determined spectroscopic data are supported by electronic
structure calculations (see Appendix B for computational details). The chemical shifts in
1H, 13C, “B, and "N NMR spectroscopy of benzene, compound 1, and borazine were
calculated at the density functional theory (DFT) B3LYP/Alhrichs-vtzp level. The
excitation energies and oscillator strengths for the prediction of the UV/Vis spectra of
benzene, 1,2-azaborine 1, and borazine were calculated with time dependent DFT (TD-
DFT) at the B3LYP/aug-cc-pVDZ//MP2/cc-pVTZ and B3LYP/aug-cc- pVTZ//MP2/cc-
pVTZ levels, and with equations of motion CCSD (EOM-CCSD/aug-cc-pVDZ//MP2/cc-
pVTZ) level (Appendix B). The IR stretching frequencies of benzene, borazine, and 1
were calculated at the MP2/cc-pVTZ level (Appendix B). Our high-level calculations
supported the experimentally determined spectroscopic data for 1,2-dihydro-1,2-
azaborine 1 (see Appendix B for full characterization of 1).

While benzene is considered the quintessential aromatic molecule, the
aromaticity of borazine has remained a topic of discussion in the 21% century.”>” With
regard to 1,2-dihydro-1,2-azaborine 1, Ashe and co-workers showed that 1,2-azaborines
readily undergo electrophilic aromatic substitution reactions.”® Abbey et al. have
provided crystallographic evidence of bond delocalization in 1,2-azaborines.”” To
complete the analysis, we have directly compared the magnetic and energetic data for
1,2-dihydro-1,2-azaborine 1 along with the corresponding data for benzene and borazine.
Experimentally, the N-H and B-H chemical shifts of 1 are significantly downfield shifted
compared to the corresponding signals for borazine (Table 2, entries 1 and 2). The

nucleus-independent chemical shift (NICS)*® values for benzene, 1,2-dihydro-1,2-
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azaborine 1, and borazine indicate a trend of decreasing aromaticity going from benzene

to borazine. The experimentally observed and computed chemical shifts are consistent

with 1,2-dihydro-1,2-azaborine 1 possessing substantial aromatic character. We have

also predicted the resonance stabilization energy (RSE) of 1,2-dihydro-1,2-azaborine 1

to be 21 kcal mol™ (Table 2, entry 5). This value was derived computationally from the

reaction schemes illustrated in Schemes 6 (see Appendix B for full computational

details). The RSE of 1 appears to be approximately 13 kcal mol™ less than benzene (34

kecal mol™). Furthermore, the heat of formation has been accurately calculated for

benzene and borazine.>**! The same methods were used to calculate the heat of

formation of 1 (Table 2, entry 6). Thus, 1,2-dihydro-1,2-azaborine 1 appears to meet all

four major criteria of aromaticity.

Table 1. Magnetic and Energetic Data for Benzene, 1, and Borazine.”

H
@ CN,H H\N,B\N,H
Entry N B\H H’B\ITJ’B\H
1 H
1 &N-H 8.44,° [7.8] 5.63,° [5.3]
2 8B-H 4.9°[5.4] 4.4.°15.0]
3 NICS(0) [-8.76] [-5.62] [-2.02]
4  NICS (1) [-10.39] [-7.27] [-3.01]
5  RSE (kcal mol™) [34.1] [21 (+2)] [10.0]°
6  AHgaog) (kcal mol™) [20.5] [3.0] [-119.0]

* Numbers in brackets are calculated values.
® Experimentally determined "H NMR chemical shifts in CD,Cl.
° Value taken from reference 5 based on a different reaction scheme.
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Cl}J’H © AH = +12.1 kcal mol™! CI}J’H ©
B. B.
N A Xx-Py
CI}I’H © AH = +13.4 kcal mol! CII\J’H ©
~ B\
By x-Sy

Scheme 6. Reaction schemes for the calculation of RSE in 1 versus benzene.

1,2-Dihydro-1,2-azaborine 1 displays unique molecular features relative to its
organic counterpart, benzene. Therefore we explored the reactivity of 1 resulting from
substitution by the B-N bond pair. In particular, we were interested in determining
whether the N-H proton is protic and the B-H hydrogen is hydridic. The N-H
functionality in 1 undergoes a deuterium exchange in CD3;0D (Scheme 7). The
disappearance of the N-H resonance in the "H NMR spectrum of 1 was monitored over
the course of approximately 24 h, from which it was determined that the rate constant for
exchange in CD30D was kyp = 7(22) x 107 M''s™". The B-H group is commonly
hydridic in character. With regard to boron heterocycles, Fu and co-workers
demonstrated the reduction of aldehydes to alcohols using 1-H-boratabenzene.*?
However, no reaction between 1 and benzaldehyde occurred over the course of several
days at 60 °C (Scheme 8). The complete consumption of benzaldehyde with borazine
was observed within 24 h, furnishing reduced benzaldehyde derivatives including
dibenzylamine and tribenzylamine. The relatively unreactive nature of 1 led us to

1 o o o} Atnran~vala s ~lacaly voge ag s 1 nie s ziin o
speculate that the hybrid heterocycle 1 more closely resembles benzene than borazine.
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CN’ CD,0D CN
] —_—
B.
NN B‘H X H

Scheme 7. H/D exchange in 1,2-dihydro-1,2-azaborine.

= N’H PhCHO .
I ————————» NO reaction
X B\H 60 °C, 6 days

Scheme 8. Exploration of aldehyde reduction using 1,2-dihydro-1,2-azaborine.

Although we were unable to determine the crystal structure of 1, we were able to
obtain the structure of its chromium(0) tricarbonyl adduct 13. Selected structural
parameters for complex 13 are provided in Figure 4 (left). A direct comparison of the
features of 13 with the known benzene-Cr(CO)s piano-stool complex 14** (Figure 4,
right) indicates overall that the binding geometry of the 1,2-dihydro-1,2-azaborine ring
in 13 is quite similar to that of the benzene ligand in 14. The planar 1,2-azaborine ring
of 13 is coordinated in an n°-fashion to chromium and closely resembles the binding
geometry in 14. Accordingly, the Cr-CO and C=0 distances are remarkably similar in
13 and 14, indicating that the coordination behavior of 1,2-dihydro-1,2-azaborine 1 is
quite similar to benzene. This is further supported by the nearly identical carbonyl
stretching frequencies of 13 (v(CO) = 1898, 1975 cm™) and 14 (v(CO) = 1892, 1972 cm’
'Y measured by IR spectroscopy. The binding energy of the 1,2-azaborine ring to the
Cr(CO); fragment in 13 was calculated at the DFT B3LYP/DZVPZ level to be —54.4
kcal mol™ (see Appendix B), which was virtually identical to the benzene derivative (—
54.9 kcal mol™). In contrast, the binding energy of borazine was calculated to be

significantly weaker (—42.7 kcal mol™).
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Figure 4. ORTEDP illustration (at the 35% probability level) of 13 in direct comparison with the known
benzene chromium(0) tricarbonyl complex 14.

Electronic structure calculations of compound 1 at the B3LYP/DZVP?2 level
show that, in contrast to benzene and borazine, the HOMO of 1,2-azaborine is not
degenerate. The HOMO-LUMO gap in 1 (5.32 ¢V) is smaller than those for benzene
(6.55 €V) and borazine (7.91 ¢V). This trend is consistent with the electronic spectra
(Figure 3) and with previous calculations.***> The orbital diagram of the HOMO of 1 is
shown in Figure 5(A). We also determined the charge distribution of 1 in the form of an
clectrostatic potential (ESP) surface (Figure 5(B)). The calculated electronic structure
reveals substantial electron density at the 3 and 5 positions of the 1,2-azaborine ring.
This is consistent with the expcrimental observations made by Ashe, in which
clectrophiiic aromaiic subsiiiutions occur cxciusiveiy at the 3 and 5 positions of the

heterocycle.”® Furthermore, the ESP diagram shows a positive clectrostatic potential
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(blue color) at the N-H group, which correlates well with the observed H/D exchange in

heterocycle 1.

protic
(5) -H

Figure 5. A) HOMO of 1,2-dihydro-1,2-azaborine. B) ESP map of 1,2-dihydro-1,2-azaborine at the
0.002 electron a.u.™ density iso-contour level (-13.6 10 39.9 keal mol™).

3.4. Microwave Spectroscopy of 1,2-Dihydro-1,2-azaborine

Microwave spectroscopy has been an accurate method for the detcrmination of
molecular structure in the gas phase. As we were unable to determine the X-ray crystal
structure of 1,2-dihydro-1,2-azaborine 1, we were interested in elucidating the structural
features of 1 via microwavc spectroscopy. The microwave spectra for compounds of
boron and nitrogen have been reported.**** While the lack of a permanent molecular
dipole in borazine precludes its study by microwave spectroscopy, the asymmetry in the
1,2-azaborine heterocycle presents an opportunity to collect the microwave spectrum of
1.

In collaboration with the Kukolich group, we have performed microwave
spectroscopy on 1,2-dihydro-1,2-azaborine 1.* The complicated microwave spectrum
of heterocycle 1 was analyzed using highly accurate modeling techniques (see Appendix

B), which yielded valuable information rcgarding structure and electron distribution.
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1,2-Dihydro-1,2-azaborine was determined to be completely planar in the gas phase (see
Appendix B), consistent with the X-ray crystal structures of the numerous derivatives
discussed in Chapter II. Furthermore, several of the intra-ring bond lengths have been
determined and are presented in Figure 6. The B-N bond length of 1.45(3) A is
comparable to the values obtained in the solid-state for related derivatives. Similarly,
the B-C and N-C bond lengths of 1.51(1) and 1.37(3) A, respectively, are close to the
bond lengths observed in the X-ray crystal structures of other 1,2-azaborines. The intra-
ring bond angles of 1 are presented in Figure 6 and do not deviate greatly (within error
limits) from 120°. It is worth noting that the  and y angles include error limits as these
were the only angles completely determined using modeling techniques. The N-H bond
length of 1.02 A is short relative to the B-H bond (1.19-1.21 A), however more
experiments would be required for the highly accurate determination of these bond
lengths.

The dipole moment of 1 was calculated to be 2 D (Figure 6), pointing from the
C6 position (most positive) toward the C3 position (most negative). The microwave
spectrum of 1 also permitted an analysis of the p,-electron occupancy at boron and
nitrogen. It was determined that the valence p,-electron occupation of boron is 0.3
electrons versus 1.3-1.5 electrons at the nitrogen position, indicating a partial overlap of

the m-system with boron’s p, orbital.
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o=119°
B =115(3)°
y =123(3)°
d =120°

Figure 6. Geometric and electronic features of 1 via gas-phase microwave spectroscopy. Carbon-carbon
double bonds have been omitted for clarity.

3.5. 1,2-Azaborine Protein Binding

The element boron has received little attention in biomedical applications
compared to its main group neighbors, carbon, nitrogen, and oxygen. The relative
insignificance of boron to living systems may be responsible for the scarcity of boron-
containing biomolecules.*>*! Nevertheless, boron has several useful elemental and
chemical features that include nuclear spin, large cross section for neutron capture, and
Lewis acidity. The incorporation of boron in biologically-relevant molecules could
provide opportunities in marker technologies,” pharmacological agents,* or in cancer
therapy.** 1,2-Azaborines may serve as biological agents due to their structural and
electronic similarity to the biologically prevalent phenyl ring. Therefore, we were
interested in probing the ability of the 1,2-azaborine ring to mimic the phenyl system in
a biological context.

Benzene and ethylbenzene have recently been shown to selectively bind an
engineered hydrophobic pocket of T4 lysozyme.*> The L99A mutant of T4 lysozyme
creates a non-polar, disc-shaped cavity which is well-suited to bind aromatic substrates.

Though internalized within the protein scaffold, aromatic groups readily bind to this

pocket. Modified T4 lysozyme therefore appeared to be a suitable candidate for a ‘proof
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of principle’ binding study with 1,2-dihydro-1,2-azaborine 1 and other derivatives (i. e.

15" in Figure 7) as a test of the biomimetic capabilities of this heterocyclic motif,

SN
1'3 Vs,
\ \H

1,2-Dihydro- Benzene
1,2-azaborine

JEt Et
<k
\ \H

N-Ethyl- Ethylbenzene
1,2-azaborine
15
Figure 7. 1,2-Dihydro-1,2-azaborine 1, N-ethyl-1,2-azaborine 15, and carbon analogs.

Our collaborators in the Matthews group prepared crystals of L99A T4

lysozyme, which were transferred to an inert atmosphere glovebox. The crystals were

soaked in a degassed, buffered solution (2.2 M sodium/potassium phosphate, pH 6.9, 50

mM 2-mercaptoethanol, 50 mM hydroxyethyldisulfide), whereupon a few drops of 1,2-

dihydro-1,2-azaborine 1 or N-ethyl 1,2-azaborine 15 were added to the vessel containing

the protein crystals. The sample was quickly cooled to 277 K and stored under inert

atmosphere for three days. Diffraction data (see Appendix B) for these samples were

then collected at 100 K to 1.25 A resolution.

The diffraction data clearly indicated that the parent heterocycle 1 as well as the

N-ethyl derivative 15 bound the hydrophobic pocket of L99A T4 lysozyme.*® The
binding of N-ethyl 1,2-azaborine 15 was found to be quite similar to ethylbenzene

(Figure 8). Furthermore, 15 binds to the hydrophobic pocket in essentially 100%

occupancy, whereas ethylbenzene binds in approximately 60% occupancy. Compound
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15 and its carbon analog both bind in two alternative geometries; the electron density
maps indicate that the aromatic rings are present in opposing ring-flipped conformations.

No close contacts were observed between 15 and the protein scaffold, indicating 1,2-

azaborine is a non-polar surrogate for the phenyl ring.

/ ‘1 | \-— ° \;

Va1 _\ <y

é 1 . P
Figure 8. Difference mdps (bluc) lor the bmdmg of a) 15 and b) cthylbenzene in the T4 lysozyme L99A
cavity. The maps are contoured at 3 o and 2 o for 15 and ethylbenzene, respectively, at a resolution of

1.25 A. The nitrogen atom on the 1,2-azaborine ring of 15 is colorcd blue and the boron atom is colored
orange. The sites for the boron atoms could not be specified unambiguously (see text).

In contrast to ethyl-substituted 15, parent 1,2-azaborine 1 contains an
exchangeable N-H moiety and is more polar than benzcne, and therefore might
reasonably be expected to bind in a very different manner to L99A T4 lysozyme.
Furthermore, it has been shown that polar ligands such as pyridine, phenol, and aniline
do not bind significantly to the L99A cavity. Despite this, heterocycle 1 bound the
hydrophobic pocket of L99A T4 lysozyme in virtually 100% occupancy and closely
resembled the binding of benzene (Figure 9). The binding of heterocycle 1 was again
found to occur in two ring-flipped conformations. The absence of any short contacts

with or significant changes to the protein scaffold suggests that 1,2-dihydro-1,2-
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azaborine 1 is a reasonable mimic for benzene. It is of note that this represents the first

crystallographic characterization of the parent heterocycle 1.

a i " 4
\'X/ ) 'Y
q

Met102

A "1 Vs

!
Figure 9. Difference maps (blue) for the bmdmg of a) 1 and b) benzene in the T4 lysozyme LI9A cavity.

The maps are contoured at the 3 o level. The nitrogen atom on the 1,2-azaborine ring of 1 is colored blue
and the boron atom is colored orange.

3.6. Conclusion

In summary, we prepared 1,2-dihydro-1,2-azaborine 1, a hybrid
organic/inorganic benzene that had been elusive until now. The structural,
spectroscopic, and chemical data presented in this work were fully supported by high-
level calculations, and indicated that 1,2-dihydro-1,2-azaborine is a stable aromatic
molecule with features that are distinct from its “organic” and “inorganic” counterparts.
The synthesis and characterization of the parent compound of this family of heterocycles
fills an important gap in the study of boron-nitrogen heterocycles and aromaticity. The
properties of 1,2-dihydro-1,2-azaborine make it an attractive target for materials

applications. Furthermore, while the application of 1,2-azaborines to biomedical
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research remains unexplored, we have demonstrated the potential of 1,2-azaborines as

mimics of the important phenyl motif.

3.7. Bridge to Chapter IV

Chapter IV discusses the synthesis and characterization of conjugated scaffolds
incorporating the 1,2-azaborine motif. In a similar route employed toward the synthesis
of 1,2-dihydro-1,2-azaborine, BN analogs of diphenylacetylene are produced from a
versatile 1,2-azaborine intermediate. The optoelectronic properties of these compounds
are discussed in relation to their carbon analogs. The second section of Chapter IV
discusses the synthesis of larger diyne scaffolds containing a central 1,2-azaborine core.
These derivatives are generated via the unprecedented cross-coupling reactivity of C3-
brominated 1,2-azaborines with phenylacetylenes. The consequences of asymmetrically
substituting electron-donating and electron-withdrawing groups are explored with

respect to optoelectronic properties.
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CHAPTER IV

1,2-DIHYDRO-1,2-AZABORINE IN CONJUGATED

PHENYLACETYLENIC SCAFFOLDS

4.1. General Overview

This chapter discusses the synthesis and characterization of phenylacetylene
derivatives containing the 1,2-azaborine ring. This chapter includes unpublished co-
authored material with Jed Volvolic, Dan Chase, and Dr. Lev Zakharov. Some
compound preparation was performed by Jed Volvovic and Dan Chase, and X-ray
crystallographic data was collected and analyzed by Dr. Lev Zakharov. Otherwise all
experimental work was performed by me. The co-authored excerpt as presented here
was written entirely by me. Professor Shih-Yuan Liu has provided editorial assistance

and scientific guidance for all material presented in this chapter.

4.2. Introduction

Conjugated organic materials are of great interest in areas such as light-emitting
diodes,1 photovoltaic devices,2 and non-linear optical materials.’> The incorporation of
sp’-hybridized boron into small molecule* and polymeric’ structures has become a key

strategy in the design of m-conjugated materials. Recent pioneering work in the
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synthesis of aromatic boron heterocyclcs has provided insight into the fundamental
consequences of boron substitution.*® Many of these compounds display unique
photophysical properties. Recent work has demonstrated that the replacement of C=C
units in polycyclic aromatic hydrocarbons with isoelectronic B-N bond pairs imparts
favorable photophysical properties while maintaining significant compound stability.'!!
The photophysics of monocyclic derivatives of 1,2-dihydro-1,2-azaborine, isoelectronic
with the ubiquitous phenyl ring, have received much less attention. However, the
resurgence in the chemistry of 1,2-dihydro-1,2-azaborine (hereafter referred to as 1,2-
azaborine)'?"? has led us to consider the integration of 1,2-azaborine units in conjugated
materials.

We have chosen diphenylacetylene (tolan) as an attractive target for conjugated
materials containing the B-N bond pair (Figure 1). The photophysics of
diphenylacetylene are well documented. '® Diphenylacetylene serves as an important
building block in material science'’ and is the fundamental sub-unit in the structure of
the carbon allotrope graphyne.'® An extension of the synthetic methods described in
Chapters II and III could provide tolan derivatives containing the 1,2-azaborine ring (e.
g., 1 and 2 in Figure 1). The photophysical consequences of substituting multiple

phenylacetylene groups at various positions on the 1,2-azaborine ring are also of interest.

H H H
=0 =0

Diphenvlacetylene BN Tolan Bis BN Tolan
(Tolan) 1 2

Figure 1. Derivatives of tolan containing the 1,2-azaborine ring.
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4.3. Synthesis of BN Tolan Derivatives

The synthesis of BN ;tolan 1 is described in Scheme 1. Nucleophilic substitution
of B-Cl azaborine 3 (see Chapter III, Scheme 4) with phenylethynylmagnesium bromide
furnished TBS-protected BN tolan 4 in 76% isolated yield. Attempts to selectively
remove the N-silyl group of 4 were unsuccessful. The addition of tetrabutylammonium
fluoride (TBAF) to 4 provided 1 in 15% isolated yield, however the competitive
nucleophilic attack at the boron position led to the formation of undesired side-products.
As in our previous isolation of the parent 1,2-dihydro-1,2-azaborine,"® complexation
with chromium(0) provided an alternate route to BN tolan 1. The reaction of 4 with
(MeCN);Cr(CO); gave piano-stool complex 5 in 91% yield. Deprotection of the N-TBS
group with HF-pyridine afforded the chromium tricarbonyl complex 6 in 85% yield.
Simple dissolution of 6 in MeCN, followed by chromatographic purification gave 1 in

good yield.

TBS TBS
/ / ~1BS

N BrMg—==—Ph N (MeCN)4Cr(CO N
/ B—Cl / BR—=——ph )3 )3 @\B — ph
C——: / THF, -78 °C <—: / THF, 25 °C C
3 76% 4 91% Cr(CO)g
5

HF-pyr
THF, -20 °C

85%

N
< 4< ) ~——— O B—="n
MeCN, 25 °C |

91% Cr(CO)q

Scheme 1. Synthesis of BN tolan 1.
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Next we turned to the synthesis of 2 (Scheme 2). In situ generation of Grignard
' and reaction with 3 gave N-TBS protected BN tolan 8 in good yield. The

complexation of 8 with Cr(0) proved more challenging, however complex 10 was
isolated in 20% yield from the reaction of 8 with (MeCN);Cr(CO)3. The major product
in the reaction of 8 with (MeCN);Cr(CO)3 was piano-stool complex 9, however complex
9 was recovered and reacted with additional (MeCN);Cr(CO); to give 10 in 20% isolated
yield (84% based on recovered compounds 8 and 9). Complex 10 was characterized by
X-ray crystallography (see Appendix C). N-TBS deprotection with HF-pyridine
afforded 11 as a highly insoluble orangé solid, which was dissolved directly in MeCN to

yield bis BN tolan 2 (47%, two steps).

,1BS BrMg MgBr
7
{po Q 3
— THF, -20 °C
3 91%
8
(MGCN)3CT(CO)3
THF, 25 °C
TBS GGk TBS
N7 (MeCN);Cr(CO)3 N
<= B.”d>> () ( @),
i N THF, 25 °C | N
Crco);  1B° 30% CrCO)y; B0
10 (2 steps) 9
HF-pyr
THF, -20 °C
’ Cr(CO), H H
= /F‘\ VRS
NB—=——87C > =
Q_i// =4 MeCN, 25 °C \—/ \_/
Crco); 1 47% 2
1 (2 steps)

Scheme 2. Synthesis of bis BN tolan 2.
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We obtained the X-ray crystal structures of 1 and 2. The structure of 1 is
illustrated in Figure 2, which confirms the structural assignment of the BN tolan analog.
The structure of 1 is nearly co-planar through the alkyne-bridged rings with the 1,2-
azaborine and phenyl rings twisted less than 3° relative to each other. The structure is
linear through the B-C=C-C unit and the exocyclic B(1)-C(5) bond is slightly longer
(1.545(5) A) than the corresponding C(7)-C(6) bond (1.436(5) A) due to the increased
size of the boron atom relative to carbon. The intra-ring 1,2-azaborine bond distances in
1 are similar to those observed in the N-benzyl derivative presented in Chapter 1L, Figure
17. The boron atom appears completely planar, indicating sp2 geometry. Interestingly,
the exocyelic alkyne substituent is bent away from the C(4) atom (£ C(4)-B(1)-C(5) =
128.3(3)°) toward the nitrogen position (£ N(1)-B(1)-C(5) = 116.6(3)°). The intra-ring
angles (LN(1)-B(1)-C(4) = 114.9(3)°, £C(1)-N(1)-B(1) = 123.5(3)°) very closely
resemble those determined for the parent 1,2-azaborine via microwave spectroscopy
(Chapter 111, Figure 6).20 The full crystaltographic data for 1 are presented in Appendix

C.

; B = | R
— / P ¢ o/ TN—tif,

Figure 2. ORTEP illustration of 1 , with thermal ellipsoids drawn at the 35% probability level.

The solid-state structure of 2 is presented in Figure 3. The structure is co-planar
and the B-C=C-B axis is linear, indicating m-overlap throughout the bicycle.

Surprisingly, the nitrogen atoms of the 1,2-azaborine rings are in a cis conformation
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about the B-C=C-B axis. This is in contrast to compound 8, which preferred a trans
conformation (sec Appendix C for crystallographic data of 8). In the crystal packing of
8 there appears to be a short contact between the N-H proton and alkyne bridge of
adjacent molecules (Figurc 4, left: H-m=2.55 A, ZN-H-t = 159°). Hydrogen-
bonding between an N-H donor and alkyne acceptor is rarc.”"** The formally
isoelectronic relationship between 1,2-azaborine and the phenyl ring lead us to speculate
that the short N-H----7v interaction could potentially be a mimic of C-H---x, for which
there are numerous exa1nples.2' Solid-state C-H----m interactions are generally longer
than N-H----t and deviate more greatly from 180°. The interactions in 2 are intermediary
between typical C-H---mw and N-H----; hydrogen bonds. Thin-film infra-red spectroscopy
also indicates modest weakening of the N-H bond in 2 (3370 cm’') relative to the parent
compound, 1,2-dihydro-1,2-azaborine (3800 cm™)"® and other reported (N-H)-1,2-
azaborines.” We also observe ni-stacking in the crystal structure of 2 (Figure 4, right).
The separation between adjacent molecules of 2 is 3.5 A and is offset such that the boron
atom of onec molecule is aligned with C(4) of its dimeric partner. The boron atom of 2 is
electrophilic while DFT calculations have shown that the carbon attached to boron has
the largest negative potential on the 1,2-azaborine ring. 1520 Therefore, the offset -

stacking in 2 could result from a minimized dipole in the solid-state.

—R 5
/ - \ ™ I/ l! =4 \
N ", G}, p3

Figure 3. ORTEP illustration of 2, with thermal ellipsoids drawn at the 35% probability level.
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Figure 4. ORTEP illustrations, with thermal ellipsoids drawn at the 30% probability level, of N-H-+x
(left) and m-stacking (right) interactions in BN tolan 2. All distances are in A.

The absorption spectra of 1, 2, and tolan in THF are presented in Figure 5. The
absorption spectra of 1 and 2 display similar features. Both compounds have a strong
absorption at 299 nm. The weaker absorption in 1 at 268 nm is blue-shifted to 256 nm in
2. The absorption band at 299 nm is broadened significantly for the BN tolan
derivatives relative to tolan. As a result, 1 and 2 absorb out to a wavelength of 325 nm.
The intensity in the 299 nm band is greater in 2 than 1 (58789 and 35072 M 'cm™
respectively), which correlates with the number of 1,2-azaborine units in each molecule.
Though broadened, some fine structure is observed in the absorption spectra of 1 and 2;

both compounds display an absorption “shoulder” band at about 320 nm.
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Figure 5. Absorption spectra for 1. 2. and diphenylacetylene (tolan). All substrates are 10 M in THF.

The emission spectra of 1, 2, and tolan in THF are shown in Figure 6. The
emission of 1 (350 nm. ®p; = 0.021) is red-shifted relative to tolan (317 nm, Op =
0.00336)." while the emission of 2 (388 nm, ®p; = 0.08) is shifted to an even Jonger
wavelength. The emission intensity in 1 and 2 is greatest when an excitation wavelength
near the “shoulder™ band at 320 nm is used. indicating that absorption from this band is
likely involved in the observed emission. The photoluminescence quantum yields (®py)
of both BN tolan derivatives are quite modest, yet relative to tolan these efficiencies are
significantly improved.

The emission of 1 and 2 is marginally solvent-dependent. The solvatochromism
of 2 is presented in Figure 7. A bathochromic shift occurs upon increasing solvent

polarity; positive solvatochromism indicates greater charge stabilization in the excited
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state. The emission in 1 was slightly solvent-dependent (see Appendix C). In contrast,
very little solvent-dependence was observed in the tluorescence of tolan. Solvent effects

were negligible in the absorption spectra of 1 and 2 (see Appendix C).
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Figure 6. Normalized emission spectra for I, 2. and tolan (all substrates are 10 M in THF).
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Figure 7. Normalized emission spectra of 2 in various solvents (all samples 107 M).



152

4.4. Diyne Scaffolds with a 1,2-Azaborine Core

Conjugated organic scaffolds based on the phenylacetylene sub-unit have been
extensively studied, including dehydrobenzoannulenes®* and poly-
(phenylene)ethynylenes.?>*® With respect to small molecules, ortho-diyne structures
such as 1,2-bis(phenylethynyl)benzene®’ (Figure 8) have been examined for their
interesting optoelectronic properties®® and Bergman cyclization reactivity.”’ We have
chosen the 1,2-azaborine-containing mimic of 1,2-bis(phenylethynyl)benzene (12 in
Figure 8) as a synthetic target. This is due in part to the availability of C3-brominated
1,2-azaborines,*® from which we envisioned a cross-coupling methodology would
provide alkyne functionality at the C3 position (Scheme 3). Transition metal-catalyzed
cross-coupling has been one of the last frontiers of organic synthesis. This also remains
one of the areas of classic arene reactivity which has yet to be reported in a 1,2-
azaborine. We were hopeful that the orthogonal, stepwise installation of phenylethynyl

groups at boron and C3 would be a viable route to 12 (Scheme 3).

12
1,2-Bis(phenylethynyl)benzene 2,3-Bis(phenylethynyl)-
1-H-1,2-azaborine

Y g,

T LYY oY S Ars B oy o
1,2-bis(phenylethynylbenzene.
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Scheme 3. Retrosynthetic analysis of 12.

Our synthetic route to 12 is presented in Scheme 4. The bromination of B-Cl
1,2-azaborine 3 proceeded smoothly to provide 13 in good yield after vacuum
distillation. Nucleophilic substitution of 13 with phenylethynylmagnesium bromide
provided alkyne-substituted 14 in 76% yield. The lynchpin of our synthesis was the
cross-coupling of brominated 14 with phenylacetylene, which was sluggish using a
standard Sonogashira cross-coupling protocol (method A in Scheme 4).*" Nevertheless,
the observation of diyne 15 by 'H NMR led us to consider the more reactive catalyst
system developed specifically for the cross-coupling of aryl bromides.*® Gratifyingly,
the coupling of 14 with phenylacetylene under these conditions (method B in Scheme 4)
produced 15 in 85% isolated yield. We were unable to directly cleave the TBS
protecting group from diyne 15. Instead, the complexation of 15 with
tricarbonylchromium(0) trisacetonitrile provided piano-stool complex 16-in 43% yield.
The N-TBS group of 16 was cleaved with HF-pyridine. The reaction mixture was
directly added to MeCN, whereupon diyne 12 was isolated via silica gel

chromatography, albeit in low yield.
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THF/NEts, 25 °C

2 1H NMR integration versus 14.

. -TBS Br, N8BS BrMg—=—ph AN~ TBS
S h 1
CH.Cly, —20 °C - N THF, 25 °C W
zve cl X
61% Br 76% Br Ph
13 14
A: 25%2
B: 85%P
1) HF-pyr,
N THF, -20 °C .TBS ~TBS
B 2) MeCN, 25 °C CDNP oy L (MeCN)CrCO)y |
AN 19% (2 steps) | THF, 25 °C N
Il h (0C)Cr \\ 43% I Ph
Ph N
Ph
12 16 15
A. 5 equiv. H—==—FPh, B. 1.3 equiv. H——Fh,
10 mol% Pd(Cl)o(PPhs)s, 3 mol% Pd(Cl)o(PhCN),,
20 mol% Cul, 3 mol% Cul, 6 mol% P('Buy),,

THF/NEtg, 25 °C
b |solated yield.

Scheme 4. Synthesis of diyne 12.

We have characterized 12 by NMR, IR, UV-Vis, and fluorescence spectroscopy,
as well as high resolution mass spectrometry (HRMS), all of which are consistent with
the assigned structure. The structure of 12 has been unambiguously determined by X-
ray crystallography, though disorder in the structure prevents the accurate determination
of bond parameters. We have also obtained the X-ray crystal structure of chromium
complex 16; crystallographic data for 16 are given in Appendix C.

The absorption and emission spectra of 12 are shown in Figure 9. The absorption
spectrum (blue) of 12 shows a broad absorption maximum at 328 nm (¢ = 23316 Mlem
. By comparison, the absorption spectrum of 1,2-bis(phenylethynyl)benzene in
benzene shows an absorption at approximately 320 nm. Therefore, the HOMO-LUMO

transition appears quite similar in 12 and the carbon-based analog. A second absorption
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at higher energy is seen in the absorption spectrum of 12 (259 nm. ¢ = 23913 M 'em™).
The fluorescence spectrum of heterocycle 12 (Figure 9. red trace) displays a strong peak
at 378 nm (dp = 0.08). In contrast. 1,2-bis(phenylethynyl)benzene shows an emission

at 346 nm (®p; = 0.34) in benzene.”
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Figure 9. Absorption and emission spectra of 12 (107 M in THF).

The incorporation of donor and acceptor groups in conjugated organic materials

. : e 28.33-35
can provide tunable optoelectronic properties. f.33-33

Furthermore. variation in the
substitution pattern of arylethynylbenzenes can significantly alter the photophysics of
these materials.*®*’” We were therefore interested in preparing derivatives ot 12
substituted at the para positions of the pendant pheny! rings with donor and acceptor
groups (Figure 10). We have chosen amino and cyano moieties as the donor and

acceptor groups, respectively: these substituents have been shown to greatly alter the

photophysical properties of conjugated scafiolds relative to the parent hydrocarbon.28
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The asymmetry imparted by the 1,2-azaborinc core in ortho-diynes also provides an
opportunity to examine the effects of opposing conjugation pathways in the isomers of
these structures (17 and 18 in Figure 10). The phenyl-based diyne (Figure 10) does not
offer the same opportunity, as switching the positions of the donor and acceptor groups

does not change the identity of the molecule.

= N’H = N’H
1 |
O x._-B B
X X N
= ~ X
e e s
NBu, NE ' CN

CN CN NBuUg
17 18
Figure 10. Conjugation pathways in 17, 18, and carbon analog 19.

3Uy

The synthesis of 17 is shown in Scheme 5. The generation of an appropriate
nucleophile from 4-(dibutylamino)phenylacetylene was examined, whereupon it was
determined that the in situ generation of alkynyl Grignard 19 occurred upon addition of
ethylmagnesium bromide to the alkyne. Grignard 19 was added to B-Cl 1,2-azaborine
13, which afforded alkyne 20 in 65% yield. This protocol was preferred over the
formation and addition of the corresponding lithiate, for which yields of 20 were
typically lower. Sonogashira cross-coupling of 20 with 4-cyanophenylacetylene readily
produced 21, establishing the desired donor-acceptor diyne framework. Initially, the
route used to generate 12 (chromium complexation, silyl group cleavage,
decomplexation) appeared promising toward the synthesis of 17. We also re-examined

the direct formation of 17 from 21 and TBAF in the hopes that substituent effects might
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favor silyl group cleavage over nucleophilic attack at boron. We were delightfully
surprised to find that target diyne 17 was isolated in 40% yield from the single-step
reaction of 21 with TBAF; the donor and/or acceptor groups apparently alter the
electronics of the boron and/or silicon atoms enough to induce a reversal of the

selectivity in this reaction.
. Bng—_—Q—NBuz _ I}I/TBS
' ™"
B. ° AN
X cl THF, 25 °C Br

Br 65%
13 NBU2
20
5 mol% Pd(Cl),(PhCN),
5 mol% Cul
10 mol% P(‘Bu),
THF/NEtg, 25 °C
60%
pZ N’H Z N/TBS
i |
B : B
A  BuN‘F A
Il THF, rt l
NBU2 40% NBU2
CN CN
17 21

Scheme 5. Synthesis of 17.

We next explored the synthesis of the alternate donor-acceptor diyne 18 (Scheme

6). Grignard 22 was formed in situ from 4-cyanophenylacetylene and ethylmagnesium
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bromide. The addition of 22 to B-Cl 1,2-azaborine 13 gave alkyne 23 in 69% yield. The
Sonogashira reaction of 23 with the donor alkyne led to the 40% conversion of 23 to
diyne 24 (by '"H NMR integration of 24 versus 23 in the crude reaction mixture),
however we were unable to separate unreacted 23 from the desired product. Negishi
cross-coupling has been used to synthesize ethynylbenzenes in cases where Sonogashira
protocols proved ineffective.’® Applied to our system, Negishi cross-coupling of C3-
brominated 23 with the in situ-generated alkynyl zincate of 4-(di-n-
butylamino)phenylacetylene gave diyne 24 in modest yield with the complete
consumption of 23. Unfortunately, yields were hampered by the formation of an
unidentified side-product that was difficult to remove from the desired product.

We were puzzled by the uncooperative reactivity of 23 toward cross-coupling;
electron-deficient aryl bromides generally undergo cross-coupling more readily than
electron-rich substrates. We hypothesized that the cyano group on alkyne 23 was
somehow interfering with the cross-coupling. Taking a step back, we instead subjected
B-Cl 1,2-azaborine 13 to the Sonogashira protocol (Scheme 7) and found that the
reaction cleanly produced alkyne 25 (as evidenced by 'H and ''B NMR spectroscopy),
though this compound was not purified further. The addition of Grignard 22 provided
diyne 24 in 44% over two steps. Deprotection of 24 directly to N-H 1,2-azaborine 18
was unsuccessful. A three-step, one-pot protocol (chromium complexation, TBS

cleavage, decomplexation) gave the desired diyne 18 in 6% from 24.
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TBS 7N

7N 22 . B
B 7 o %
x-B<g THF, 25 °C Br
Br 69% N
13 23
A: 40%2
A. |-|%<j>—l\nau2 B: 22%°
5 mol% Pd(Cl)(PhCN),
5 mol% Cul _TBS
10 mol% P('Bu)s Z N
THF, NEts, 60 °C B
2 . . X
H NMR integration versus 23 | |
CN
B. H%@-NBUQ
5 mol% Pd(PPhs), 2
THF, 80 °C 24

b |solated yield
Scheme 6. Exploration of cross-coupling toward the synthesis of 18.

Normalized absorption spectra of 12, 17, and 18 are presented in Figure 11. It is
immediately obvious that the substitution of donor and acceptor groups has an effect on
the electronic structure of the diyne scaffold. More intriguing is the difference in the
absorption spectra between 17 and 18. The longest wavelength absorption maximum for
18 is at 362 nm (¢ = 10386 M 'cm™), which is red-shifted relative to the corresponding
peak in 17 (Apax = 335 nm, £ = 18075 M'lcm'l); compound 17 exhibits a weaker

shoulder absorption at approximately 380 nm.
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_H 1) (MeCN)3Cr(CO)a,
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B S 2) HF-pyr, -20 °C
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CN 6% (3 steps)
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Scheme 7. Synthesis of 18.
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NBU2
25

22
THF, 25 °C

44%
(2 steps)

CN

NBU2
24

Normalized emission spectra of 12, 17, and 18 are shown in Figure 12. In

comparison to the parent diyne 12, the emission peaks of 17 and 18 are significantly red-

shifted, indicating intramolecular charge transfer from the donor to the acceptor in the

excited state. Compound 17 displays a broad, featureless emission at 503 nm (®p;, =

0.35), which varies minimally from a related carbon analog with respect to the Ap, and

®p; values.?® The emission maximum of 18 is bathochromically shifted to 552 nm, but
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is much weaker (®p. = 0.04) than the corresponding emission in 17. A second emission
peak is evident in the emission ot 18: this peak becomes more prominent when 18 is

excited at 339 nm. As a result of this dual emission. compound 18 emits visible white

light in THF.
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Figure 11. Normalized absorption spectra for 12. 17, and 18. All substrates are 10~ M in THF.
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Figure 12. Normalized emission spectra for 12, 17, and 18. All substrates are 107 M in THF.
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To further understand the photophysical properties of donor-acceptor compounds
17 and 18, we have constructed the phenylethynyl 1,2-azaborines 26 and 27 shown in
Figure 13. Boron-substituted 26 is a sub-unit of diyne 17, while 27 can be considered a
sub-unit of 18. The photophysical examination of 26 and 27 could provide insight into

the conjugation pathways in the corresponding diyne structures.

IH IH
N N
4 B%<j>-NBu2 4 B—_—T—Q—CN
26 27
Figure 13. 1,2-Azaborines 26 and 27 are fundamental sub-units of diyne scaffolds 17 and 18.

The synthesis of boron-substituted alkynes 26 and 27 is shown in Scheme 8. The
addition of a donor- or acceptor-functionalized alkynyl Grignard to 1,2-azaborine 3
generates the TBS-protected BN tolans 28 and 29, respectively. Reaction of 28 and 29
with tricarbonylchromium(0) trisacetonitrile forms the n° complexes 30 (R = NBu,) and
31 (R =CN). Cleavage of the silyl group with HF-pyridine gives the isolable complexes
32 (R =NBu,) and 33 (R = CN). Decomplexation of the 1,2-azaborine ligands in 32 and
33 gives the desired BN tolans 26 and 27, respectively.

The absorption and emission properties for 26 and 27 are summarized in Table 1,
and diynes 17 and 18 are included for comparison. The data indicate that conjugation
extends throughout the diyne scaffold of 17 and 18. The observed photophysical
properties of the donor-acceptor diynes are not a result of one of the arms acting as the
sole fluorophore; an intramolecular charge transfer process in likely taking place in both

diynes. The emission energies for 17 and its sub-unit 26 are higher than those of 18 and
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its sub-unit 27, respectively, by approximately 50 nm. A trend is also apparent in the
quantum yields, in which 17 and 26 have much higher quantum yields than 18 and 27. It
is clear that the phenylethynyl substituent at the boron position plays a significant role in

the observed optoelectronic properties of these compounds.

TBS TB
N BrMg—= R
<_/B_C' THF, 25 °C < / —Q_

3 28 R = NBu, (78%)
29 R = CN (64%)

(MeCN)3Cr(CO)3
THF, 25 °C
~1BS
HF- pyr N
= D
C/ THF -20 °C @/
CF(CO)a Cr(CO)3
32 R = NBu» (57%) 30 R = NBu, (66%)
33 R=CN (53%) 31 R=CN (77%)
lMeCN, 25°C
26 R = NBus (79%)
27 R = CN (50%)
Scheme 8. Synthesis of 26 and 27.
Table 1. Photophysical Data for Compounds 17, 18, 26, and 27°
Compound  Apa (nm) & (Mcm™) ApL (nm) Dpp,
17 335 18075 503 0.35
18 362 10386 552 0.04
435
26 338 5970 369 0.47
27 312 13343 412 0.01

* All substrates are 10° M in THF.
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4.5. Conclusion

In summary, we have synthesized BN-doped tolan derivatives that exhibit novel
N-H- - hydrogen bonding in the solid state. Furthermore, these derivatives display
enhanced photophysical properties relative to their carbonaceous analog. The
improvements in recent years in 1,2-azaborine synthesis make it an attractive building
block for the construction of larger conjugated scaffolds. The hitherto unreported
transition metal-catalyzed cross-coupling of 1,2-azaborines provides an extended
conjugated m-system with the heterocycle at its core. Functionalized derivatives of these
diynes display non-equivalent photophysical properties and novel white emission. This

study opens the way to the use of the 1,2-azaborine motif in materials applications.

4.6. Bridge to Chapter V

Chapter V involves the synthesis of biologically relevant nitrated lipids as a
member of Professor Bruce Branchaud’s research group. The chapter begins with a
discussion of nitrated lipids in a biological context, and moves on to a review of the first-
generation synthesis of nitrated lipids. The next section of Chapter V covers the
regioselective synthesis of all four possible isomers of nitro-oleic acid. Finally, the
syntheses of several derivatives of nitrolipids are presented. Several of these derivatives

may offer insight into the biochemical reactivity of nitrated lipids.
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CHAPTER V

SYNTHESIS OF NITROLIPIDS

5.1. General Overview

This chapter discusses the synthesis and characterization of nitrated lipids. This
chapter includes unpublished co-authored material as well as material published as
Woodcock, S. R.; Marwitz, A. J. V.; Bruno, P.; Branchaud, B. P. “Synthesis of
nitrolipids. All four possible diastereomers of nitrooleic acids: (E)- and (Z)-, 9- and 10-
nitro-octadec-9-enoic acids,” Org. lett. 2006, 8, 3931-4. Experimental work presented in
this chapter was performed in part by Dr. Steven Woodcock. Early synthetic protocols
were developed by Paulo Bruno. Otherwise, all experimental work was performed by

me.

5.2. Introduction

Nitric acid (NO)' and oxidative stress generate reactive nitrating species
(RNS).*? Nitrated lipids are produced endogenously in the reaction of RNS with
unsaturated lipids. Recent work has shown that nitrated derivatives of linoleic and oleic
acid (Figure 1) are ubiquitous to cell-signaling pathways.** Nitrated lipids act as
hormone-like signaling molecules specifically activate PPAR-y,° which is a key

homeostatic and metabolic control point. The demonstration of ‘NO-independent
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signaling in nitrated lipids suggests that these molecules are responsible for facilitating

cellular responses.
Nitrooleic acid isomers:

NO» O OsN O
\/\/\/\/:'K/\/\/\)J\OH \/\/\/\)W/\)J\OH

1 2

Nitrolinoleic acid isomers:

Figure 1. (E)-Isomers of nitrooleic acid and nitrolinoleic acids.

Structurally, nitration of unsaturated fatty acids at an olefinic carbon generates
the nitroalkene motif. Nitroalkenes are susceptible to nucleophilic attack via Michael
addition (Figure 2). In a biological context, Freeman and co-workers demonstrated that
the nucleophilic cysteine and histidine residues bind nitrated lipids via a Michael
addition to the nitroolefin.”® The electrophilic nature of the nitroalkene group suggests
that nitrated lipids may activate biological targets through covalent bond formation with
nucleophilic receptors. As part of a comprehensive effort to understand the biochemistry
of nitrated lipids, we were interested in developing a concise method for the synthesis of

all possible isomers of nitrooleic acid, (£)- and (Z)-, 9- and 10-nitrooleic acids.

O+

N“—\' ‘:f;]:p) Nu N-©
R™ R R™ R

Figure 2. Biologically relevant Michael addition to nitroalkenes. Nu™ = nucleophile.
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5.3. Synthesis of All Four Diastereomers of Nitrooleic Acid

The direct reaction of oleic and linoleic acid with "NO, radical or NO," generates
the corresponding nitrated lipid.” "> These methods, although useful, produce a mixture
of isomers in low yield along with byproducts such as nitronate esters and allylic
nitroalkanes. Freeman and co-workers recently described an improved generation of
nitrooleic acids.® The nitro group was installed via a phenylselenation/nitration protocol,
which was followed by oxidative elimination to produce a statistical distribution of (E)-
9- and 10-nitrooleic acids (Scheme 1). Our approach was based on a nitroaldol addition
(Henry reaction),' which fixes the regiochemistry of the nitro group. We envisioned
that the resulting beta-hydroxyl group would be positioned to undergo an activation-
elimination sequence to provide 9- and 10-nitrooleic acids 1 and 2, respectively. The
King group reported a similar protocol for the synthesis of nitrated lipids in 2006 which

parallels the synthesis outlined below.*

PhSe N02 N02
R R' R R'
- H,0
=\ PhSGBI’/NOg + 2Uo +
R R' ~PhSeOH
OsN SePh 02N
R R R R'

Scheme 1. Synthesis of nitrated lipids in a non-regioselective manner.

The synthesis of (¥)-9-nitrooleic acid 1 begins with the preparation of the
nitroalkane precursor 3 (Scheme 2). 9-Bromononanol was oxidized to carboxylic acid

4" in decent yield using Jones’ reagent. The acid was readily esterified with allyl
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alcohol and pyridinium para-toluene sulfonate (PPTS). Bromoalkane 4 was converted to

nitroalkane 5 via the method developed by Kornblum.'®

o)
NN
Br OH 67% Br . OH
/\/OH
p-TsOH
92%

o) NO o)
AGNO, /\/\/\/\)J\ F
02N /\/\/\/\)J\o/\/ 8% Br o/\/

3 5

Scheme 2. Synthesis of nitroalkane 3.

The nitroaldol condensation of 5 and nonyl aldehyde (Scheme 3) was performed
neat'’ with a catalytic amount (10 mol%) of DBU added as base, providing B-
hydroxynitro 6 as a 1:1 mixture of diastereomers. Compound 6 was acetylated with
acetic anhydride and para-toluenesulfonic acid (p-TsOH) to 7 in 86% yield. The base-
mediated elimination of 7 with sodium carbonate furnished the (£)-nitroalkene 8 in 84%
yield. The formation of 8 as the sole isomer in the elimination is consistent with an
E1cB mechanism; bond rotation about the intermediate carbanion in an E1¢B reaction
would lead to the formation of the more thermodynamically stable isomer.

The base sensitivity of both nitroalkanes and nitroalkenes led us to use
consistently acidic conditions (when possible) throughout the synthesis. However, many
of the commonly employed methods for allylester cleavage are base-mediated. We

determined that palladium-catalyzed allyl isomerization of 8 in the presence of formic
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acid'® as a hydride donor promoted facile ester cleavage, affording isomerically pure

nitroolefin 1 in 95% yield."

O
OZN/\/\/\/\)J\O/\/

3

l CHy(CH,),C(O)H, DBU, 25 °C, 81%

NO, O
/\/\/\/YK/\/\/\/U\O/\/
OH
6

J p-TSOH, Ac,0, 25 °C, 86%

NO, O
WMoM
OAc
7

j Na,COj3, PhH, 80 °C, 84%

H  NO, o)
\/\A/\):MOV
8
l HCO,H, Pd(PPhg),, THF, 95%

H NO, 0
\/\/\/\)WOH

1
Scheme 3. Synthesis of 1.

The synthesis of 2 was followed a similar synthetic path (Scheme 4). The
conversion of nonyl bromide to nitroalkane 9 was achieved in 60% yield. The
corresponding aldehyde fragment was synthesized in two steps; reductive ozonolysis of
oleic acid gave aldehyde 10, which was protected via a DCC/DMAP-promoted

esterification to 11 in 59% for the two steps.
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A DBU-promoted Henry reaction was performed with nitroalkane 9 and
aldehyde 11 (Scheme 5), which provided the 3-hydroxynitroalkane 12 in 85% isolated
yield. Activation to the acetoxy-substituted compound 13 was readily achieved via the
acid-catalyzed reaction of 12 with acetic anhydride. Base-mediated elimination of 13
provided nitroalkene 14, which was deprotected using the Pd-catalyzed protocol

discussed above to give (E)-10-nitrooleic acid 2 in 95% yield.

AgN02

AN SN NN B AN NO2
Et,0, 256 °C 9
60%
O (0] O
/\/\/\/\/_\/\/\/\/U\ Og, MegS JJ\/\/\/\/U\
OH CH.Cl, —78°Cc ~ H OH
10

/\/OH
DCC, DMAP
CH,Cly, 0 °C

0
HJJ\/\/\/\/U\O/\/
11
Scheme 4. Synthesis of aldehyde 11 and nitrononane 9.

We next turned to the synthesis of the (£)-isomers 15 and 16 (9- and 10-
nitroelaidic acid, respectively, Scheme 6). These isomers may also be endogenously
produced and are of significant interest. The (F)-isomer is thermodynamically more
stable than the (Z)-isomer and therefore the synthesis of 15 and 16 present a challenge.
We determined that (E)-9-nitrooleic acid 1 reacts cleanly with phenylselenide via a
Michael addition to form the anti--nitroselenide at low temperatures. The syn-

elimination of this intermediate led to the selective formation of 15 in 77% yield. 10-
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Nitroelaidic acid was synthesized in an identical manner to provide 16 in 75% isolated

yield. Experimental details are provided in Appendix D.

H/U\/\/\/\/U\O/\/

11

J CHj3(CHy)gNO,, DBU, 25 °C, 85%

OH o}
/\/\/\/\’)\/\/\/\)j\o/\/
NO,
12

J p-TsOH, Ac,0, 25 °C, 99%

OAc (0]
/\/\/\/\(K/\/\/\)J\O/\/
NO,

13
1 NayCOs, PhH, 80 °C, 74%

ON H O
\/\/\/\)zk/\/\/\)j\o/\/
14

1 HCOLH, Pd(PPhsg),, THF, 95%
O,N H 0
W:MOH

2
Scheme 5. Synthesis of 2.

1) a) PhySe,, NaBH,

b) HOAc NO, O
2) H0
1 2-2 /\/\/\/\KK/\/\/\/U\OH
77%

H
15
1) a) PhySe,, NaBH,
b) HOAc H (0]
2) H;0
; AR - /\/\/\/\/\/\/\/\/MOH
77% NO,
16

Scheme 6. Isomerization of 1 and 2 to 15 and 16, respectively.
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5.4. Synthesis of Nitrolinoleic Acid Analogs
Nitrated analogs of linoleic acid (e. g. 17 in Figure 3) have also been of
considerable interest in recent years and have been implicated in the transduction of

"NO,? in the post-translational modification of proteins, * and as activators of PPAR-y.°

Figure 3. 13-Nitrolinoleic acid 17 is on3370f the 16 possible isomers of nitrolinoleic acid.

The total synthesis of all 16 isomers of nitrolinoleic could provide useful
information regarding the biological activity of this class of molecule. The 12- and 13-
substituted nitroolefins are of particular interest, as they differ from nitrooleic acids 1
and 2 with respect to the position of the nitro substituent. We were therefore interested
in synthesizing nitrolipids 18 and 19 (Figure 4), which are derivatives of 13- and 12-
nitrolinoleic acid, respectively. It should be noted that compounds 18 and 19 lack the
C=C bond at the 9-position of nitrolinoleic acid, and are therefore model compounds for

the study of nitrated linoleic acid.

ON H H NO,
— OH — OH
PN SOOI S
18 0 19 _ 0
Figure 4. Model compounds 18 and 19.
The synthesis of 18 is shown in Scheme 7. Baeyer-Villiger oxidation of
cyclododecanone® gave lactone 20 in good yield. Hydrolytic ring-opening gave acid

21,%> which was then esterified to 22 with allylbromide. Swern oxidation of the terminal

hydroxyl group of 22 afforded aldehyde 23 in excellent yield. The nitroaldol
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condensation of aldehyde 23 with nitrohexane readily provided B-hydroxynitroalkane
24. Acid-catalyzed acetylation of alcohol 24 gave 25 in 99% yield. The base-mediated
elimination of acetoxy-substituted 25 gave nitroalkene 26 in 50% yield. Finally, Pd-

catalyzed de-allylation provided 18 in good yield.

0
0
0
mCPBA KOH OH
CH,Cly, 40 °C EtOH, 85 °C Ho/\/\/\/\/\/\g/
93% 80% 2
20

Allyl bromide, NaHCO3
Aliquat 336, CH.Cl,, 25 °C

78%
(COCI);, DMSO

0

J‘\/\/\/\/\/\n/o\/\ then NEta O

H Eiarrowrralo g g g g S
23 0

95% 22 0
lCHa(CHz)sNOZ, DBU, EtOA, 25 °C, 95%

OH

\MH\A/\M(OW

N 0
O2 4

1p-TsOH, Ac;0, 25 °C, 99%

25

l Pd(PPhg),, HCO.H, THF, 80 °C, 72%

18 0
Scheme 7. Synthesis of 18.
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The synthesis of the 12-nitro isomer 19 was accomplished using a similar route
from lactone 20, which serves as a common feedstock for the preparation of 18 and 19.
Ring-opening of lactone 20 with HBr provides w-bromocarboxylic acid 27, albeit in low
yield (Scheme 8). Ester protection provides 28 in good yield. Nitroalkane 29 was
produced in decent yield via the addition of AgNO; to bromide 28. Nitroaldol
condensation of 29 with capronaldehyde gave B-hydroxynitroalkane 30 in 68% yield.
The desired compound 19 was synthesized in an identical manner as described for 18;
activation to acetoxy-substituted 31 was followed by elimination to nitroolefin 32, which
was deprotected to give 19.

We have previously described the isomerization of (E)-nitrooleic acids to the
corresponding (Z)-nitroelaidic acids. The isomerization of (£)-isomers 18 and 19 to the
(Z)-isomers 33 and 34 was achieved in good yield (Scheme 9). The addition of
phenylselenide to 18 and 19 was followed by oxidative elimination, which provided the
desired (Z)-isomers 33 and 34, respectively. The (E)-isomer was observed in the 'H
NMR spectra of both 33 and 34. Nevertheless, the synthesis of both (E)- and (Z)-
isomers of these model compounds may provide the opportunity to explore the
biochemistry of isomerically-enriched nitroolefins. Experimental details are presented

in Appendix D.
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Scheme 9. Synthesis of 33 and 34. * 33: 70% Z, 30% E, 34: 72% Z, 28% E.

5.5. Conclusion

In summary, we have developed a mild, scalable synthesis for all desired
nitrooleic acids. Regiochemical control was achieved using a Henry reaction to install
the nitro group at various positions on the lipid skeleton. Mild ester deprotection
afforded isomerically pure (E)-9- and 10-nitrooleic acids. Isomerization to the less
stable (Z)-isomers was achieved, which may provide the first opportunity to examine
these derivatives in a biological context. Finally, regiochemically pure analogs of
nitrolinoleic acid have been synthesized from a common intermediate. The examination
of these compounds as models of nitrolinoleic acid may lead to new discoveries in the

biology of nitrated lipids.
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APPENDIX A

SYNTHESIS AND CHARACTERIZATION OF BORON-

SUBSTITUTED 1,2-AZABORINES

A.1 Introduction

The last decade saw significant improvements in the synthesis of 1,2-azaborines;
however, there are still only a handful of known 1,2-azaborine derivatives. The scarcity of
1,2-azaborine derivatives limits the utility of this aromatic heterocycle. Thus, the
expansion of 1,2-azaborine synthesis to include carbon- and heteroatom-based groups at
the boron position is required to realize the potential of this benzene mimic. Prior
synthetic achievements used a ring-closing metathesis (RCM)/oxidation protocol to
generate the 1,2-azaborine ring.' The absence of strongly nucleophilic reagents in the
sequence provides an opportunity for generating an advanced 1,2-azaborine that can be

substituted by various nucleophiles late in the synthesis.

A.2 Experimental

A.2.1 General

All oxygen- and moisture-sensitive manipulations were carried out under an inert

atmosphere using either standard Schlenk techniques or a glove box. THF, EtxO,
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CH;Clp, and pentane were purified by passing through a neutral alumina column under

argon. Cyclohexene was dried over CaH, and distilled under N, prior to use.

Solutions of #n-BuLi, phenylmagnesium bromide, phenylethynylmagnesium
bromide, potassium #-butoxide, and Superhydride were purchased from Aldrich and used
as received. Potassium hydride (Strem) and sodium hydride (Aldrich) were washed with
pentane three times and pumped dry under vacuum prior to use. Benzyl mercaptan and
tetravinyltin were purchased from TCI and used as received. Pyridine was purchased
from Aldrich and dried over molecular sieves (4 A) prior to use. Substituted pyridines
were purchased from TCI or Aldrich and used as received.
Trisacetonitrile(tricarbonyl)chromium(0) was purchased from Acros or Aldrich and used
as received. All other chemicals and solvents were purchased (Aldrich or Strem) and

used as received.

Silica gel (230-400 mesh) was heated under vacuum in a 200 °C sand bath for 12
hours. Flash chromatography was performed with this silica gel under an inert

atmosphere.

11B NMR spectra were recorded on a Varian Unity/Inova 600 spectrometer at
ambient temperature. 'H NMR spectra were recorded on a Varian Unity/Inova 300 or
Varian Unity/Inova 600 spectrometer. N NMR spectra were recorded on a Varian
Unity/Inova 500 spectrometer. 3!P NMR spectra were recorded on a Varian
Unity/Inova 500 spectrometer with complete proton decoupling at ambient temperature.

13C NMR spectra were recorded on a Varian Unity/Inova 300 or Varian Unity/Inova 500
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spectrometer. All chemical shifts are externally referenced: 3P NMR to 85% H3POy4 (8
0), 11B NMR to BF3¢Et,0 (8 0), and "N NMR to nitromethane (3 0).

IR spectra were recorded on a Nicolet Magna 550 FT-IR instrument with
OMNIC software. UV-Vis spectra were collected on an Agilent 8453 spectrometer with
ChemStation software. Emission spectra were collected on a Jobin Yvon Horiba
Fluoromax 4 spectrometer with integrating sphere. Photoluminescence quantum yields
are reported as the average of three runs.

High-resolution mass spectroscopy data were obtained at the Mass Spectroscopy
Facilities and Services Core of the Environmental Health Sciences Center at Oregon
State University. Financial support for this facility has been furnished in part by the
National Institute of Environmental Health Sciences, NIH (P30 ES00210).

A.2.2 Electronic Structure Calculations

The electrostatic potential (ESP) was calculated at the B3LYP/6-311+G** level
using Spartan.? All other computations were calculated using the 03* suite of programs
at the BALYP/DGDZVP2 level of theory. All stationary points were confirmed by
harmonic frequency analysis (Nimsg = 0). The energies of the stationary points were
determined, including zero point energies at the same level of theory. Structure 4 was
calculated at 0 K.* NICS calculations were carried out using standard GIAO methods
with Bq atoms (NICS probes) 1.0 A above the geometric center of the ring.

A.2.3 Supplemental information for Chapter II, section 2.3
Synthesis of 2. In a glove box, a solution of Grubbs 1% generation catalyst

(0.174 g, 0.211 mmol in 50 mL CH,Cl,) was added to a stirring solution of aminoborane
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1' (4.53 g, 26.4 mmol in 150 mL CH,CL,). The solution was stirred at room temperature
for 1 h, whereuponr additional Grubbs catalyst (0.100 g, 0.122 mmol in 10 mL CH,Cl,)
was added to the reaction flask. The reaction was stirred at room temperature for 1 h,
after which the solvent was removed. The desired product was purified by vacuum

distillation (bp 20-21 °C at 1 mm) to furnish 2 as a clear, colorless liquid (2.51 g, 66%).

'H NMR (300 MHz, CD,Cl,): & 5.70 (br, 1H), 5.58 (m, 1H), 3.68 (m, 2H), 3.29
(q, *Jun = 7.0 Hz, 2H), 1.66 (br, 2H), 1.11 (t, *Jyy = 7.0 Hz, 3H). "°C NMR (125 MHz,
CD,CL): 8 125.2, 124.8,49.5, 45.4, 18.7 (br), 14.3. "'B NMR (192.5 MHz, CD,Cl,):
8 37.3. FTIR (thin film) 3030, 2975, 2934, 2874, 2821, 1667, 1530, 1465, 1444, 1397,
1377, 1358, 1342, 1309, 1281, 1195, 1118, 1079, 1046, 982, 796, 659, 607, 517 cm”".

HRMS (EI) caled for C¢H,;BCIN (M") 143.06731, found 143.06741.

Aromatization of Heterocycle 2: Optimization Survey. Yields in Table 1
were determined by ''B-NMR analysis using phenylboronic acid pinacol ester as an

internal standard. All yields have been corrected for response factors.

General Procedure. A 25 mL Schlenk tube was charged with 2 (0.050 g, 0.35
mmol), the catalyst, and solvent. The reaction was stirred at 80 °C for 16 h. After
cooling to room temperature, phenylboronic acid pinacol ester (0.040 g, 0.20 mmol) was
added to the reaction mixture. The yield of 3 was then determined by "B NMR
analysis.

Entry 1: A 25 mL Schlenk tube was charged with 2 (0.050 g, 0.35 mmol), 2,3-

dichloro-5,6-dicyano-p-benzoquinone (0.087 g, 0.38 mmol), and pentane (2.0 mL). The
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suspension was stirred at 35 °C for 24 h. After cooling to room temperature,

phenylboronic acid pinacol ester (0.041 g, 0.20 mmol) was added to the reaction

mixture. ''B NMR analysis indicated the formation of 3 in 13% yield.

Entry 2: The general procedure was followed, using Pd/C (10 wt%; 0.074 g,
0.070 mmol), and pentane (2.0 mL). ''B NMR analysis indicated the formation of 3 in
31% yield.

Entry 3: The general procedure was followed, using Pd/C (10 wt%; 0.074 g,
0.070 mmol), and cyclohexene (2.0 mL). "B NMR analysis indicated the formation of 3
in 43% yield.

Entry 4: The general procedure was followed, using Rw/C (5 wt%; 0.141 g,
0.070 mmol), and cyclohexene (2.0 mL). "B NMR analysis indicated the formation of 3
in 1% yield.

Entry 5: The general procedure was followed, using Rh/Al>,O3 (5 wt%; 0.152 g,
0.070 mmol), and cyclohexene (2.0 mL). "B NMR analysis indicated the formation of 3
in 23% yield.

Entry 6: The general procedure was followed, using Pd black (7.4 mg, 0.070
mmol), and cyclohexene (2.0 mL). "B NMR analysis indicated the formation of 3 in
75% yield.

Entry 7: The general procedure was followed, using Pd(PPh3)4 (0.040 g, 0.035

mmol), and benzene (2.0 mL). "B NMR analysis indicated no product formation.
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Preparatory Scale Synthesis of Compound 3 (Table 1, entry 6). In a glove
box, compound 2 (3.50 g, 24.4 mmol in 35 mL cyclohexene) was added to a 100 mL
Schlenk tube containing Pd black (0.520 g, 4.88 mmol). The flask was then sealed and
heated at 80 °C for 19 h. After cooling to room temperature, the mixture was filtered
through an acrodisc and approximately one-half of the solvent was removed under
vacuum. Et;O (100 mL) was added, and the solution was cooled to —78 °C.
Phenylethynylmagnesium bromide (1.0 M solution in THF; 9.5 mL, 9.5 mmol) was
added, and the solution was then allowed to warm up to room temperature. The reaction
mixture was passed through an acrodisc and concentrated under vacuum. The crude
material was purified by vacuum distillation (bp 23-25 °C at 50 mtorr) to give 3as a
clear, colorless liquid (1.976 g, 57%). The treatment of the crude reaction mixture with
phenylethynylmagnesium bromide is necessary to derivatize undesired boron-containing
byproducts into compounds of high molecular weight so that the desired heterocycle 3

can be cleanly isolated via distillation.

'H NMR (600 MHz, CD,Cl,): 8 7.33 (br, 1H), 6.86 (d, >y = 11.2 Hz, 1H), 6.47
(d, *Jyy = 6.1 Hz, 1H), 5.96 (t, *Juy = 6.3 Hz, 1H), 3.38 (q, *Jun = 7.1 Hz, 2H), 0.87 (t,
3hm=7.1 Hz 3H). C NMR (75 MHz, CD,CL): § 145.1, 139.3, 129 (br), 111.3, 48.9,

17.6. "'B NMR (192.5 MHz, CD,Cl,): 8 32.3. FTIR (thin film) 3072, 3044, 2980, 2935,

2900, 1610, 1519, 1474, 1454, 1439, 1399, 1379, 1344, 1248, 1237, 1175, 1118, 1084,

1068, 1030, 1001, 743, 670, 639 cm™".
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Compound 6a. In a glove box, a vial was charged with a solution of 3 (0.150 g,
1.06 mmol in 5.0 mL Et,0) and cooled to —78 °C. To this stirring solution was added
BuLi (2.53 M in hexane; 0.420 mL, 1.06 mmol), and the solution was allowed to warm
to room temperature. After stirring for 8 h, approximately 75% of the solvent was
removed. The crude material was subjected to silica gel chromatography using pentane

as eluent, providing pure 6a as a clear, colorless liquid (0.136 g, 79%).

'H NMR (600 MHz, CD,Cly): 6 7.52 (dd, *Jiy = 6.3 Hz, 4.4 Hz, 1H), 7.2 (d, *Jiy
= 6.8 Hz, 1H), 6.76 (d, *Jiis = 11 Hz, 1H), 6.24 (dt, *Jiy = 5.4 Hz, 1.2 Hz, 1H), 3.80 (q,
*Jan =7.1 Hz, 2H), 1.62 (m, 2H), 1.47 (m, 2H), 1.33 (t, *Juyg = 7.0 Hz, 3H), 1.27 (q, *Jun
= 8.0 Hz, 2H), 1.01 (t, *Jiy = 7.3 Hz, 3H). >C NMR (75 MHz, CD,Cl,): 8 142.3, 138.9,
130.3(br), 110.4, 48.6, 29.8, 26.6, 18.6, 18.5 (br), 14.6. ''B NMR (192.5 MHz, CD,CL):
& 37.8. FTIR (thin film) 3069, 2956, 2924, 2871, 2856, 1611, 1516, 1445, 1406, 1377,
1339, 1250, 1123, 740 cm™'. HRMS (EI) calcd for C;oH;sBN (M") 163.15323, found

163.15312.

Compound 6b. In a glovebox, a vial was charged with a solution of 3 (0.200 g,
1.41 mmol in 12.0 mL Et,0) and cooled to —78 °C. To this stirring solution vinyl
lithium® (0.060 g, 1.8 mmol in 4.0 mL THF) was added dropwise. Then the reaction was
slowly warmed to room temperature and stirred for 1 h. The reaction mixture was then
passed through an acrodisc, and solvents were removed under reduced pressure. The
crude material was subjected to silica gel chromatography using pentane as eluent,

providing 6b as a clear, colorless liquid (0.095 g, 50%).
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'"H NMR (500 MHz, CD,Cl,): 8 7.54 (dd, *Juy = 6.1 Hz, 4.4 Hz, 1H), 7.18 (d,
3 Jum = 6.7 Hz, 1H), 6.89 (d, *Jigy = 11.2 Hz, 1H), 6.60 (dd, *Jyy = 13.8 Hz, 5.8 Hz, 1H),
6.26 (dt, *Jyy = 5.0 Hz, 1.7 Hz, 1H), 6.08 (dd, >y = 15.5 Hz, 4.1 Hz, 1H), 5.92 (d, *Jimr
= 3.1 Hz, 1H), 3.86 (q, *Jiu = 7.0 Hz, 2H), 1.31 (t, *Juu = 7.3 Hz, 3H). *CNMR (125
MHz, CD,CL,): § 142.9, 139.0, 138 (br), 131.1, 128 (br), 111.4, 49.3, 18.7. "B NMR
(160 MHz, CD,Cl,): 8 32.9. FTIR (thin film) 3056, 2977, 2954, 2932, 2905, 2872,
1890, 1610, 1516, 1479, 1446, 1415, 1378, 1341, 1249, 1221, 1183, 1132, 1110, 1084,
1051, 1009, 945, 830, 803, 743,716 cm™'. HRMS (EI) caled for CgH BN (M)

133.10628, found 133.10568.

Compound 6¢. A vial was charged with a solution of 3 (0.150 g, 1.06 mmol in
5.0 mL Et,0) and cooled to —78 °C. To this stirring solution phenylmagnesium bromide
(2.0 M solution in Et;0; 0.55 mL, 1.1 mmol) was added dropwise. Then the reaction
was allowed to warm to room temperature and stirred for 10 h. Approximately 75% of
the solvent was then removed under reduced pressure, and the remaining crude material
was subjected to silica gel chromatography using hexane/CH,Cl, as eluent. Pure 6¢ was

obtained as a clear, colorless oil (0.147 g, 76%).

'H NMR (600 MHz, CD,Cl,): 8 7.68 (m, 1H), 7.59 (m, 2H), 7.43-7.35 (m, 4H),
6.85 (dd, *Juy = 7.6 Hz, 3.2 Hz, 1H), 6.47 (m, 1H), 3.91 (q, /i = 7.3 Hz, 2H), 1.35 (t,

37 =73 HUz 3H

13
J 3 Hz, 3H). "C NMR (125 MHz, CD,Cl,): 8 143.2, 142 (br), 138.7, 133.3, 132
HH s J \ > 2%12) \ul), ’ s

(br), 128.2, 127.8, 112.0, 48.8, 18.8. ''B NMR (192.5 MHz, CD,Cl,): 8 35.5. FTIR

(thin film) 3068, 3008, 2975, 2931, 2898, 2871, 1953, 1877, 1824, 1764, 1611, 1514,
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1475, 1442, 1430, 1405, 1378, 1333, 1259, 1237, 1210, 1175, 1150, 1115, 1000, 978,

781, 745, 704, 597, 523, 451 cm™'. HRMS (EI) caled for C;,H,,BN (M") 183.12193,

found 183.12236.

Compound 6d. To a stirring solution of 3 (0.150 g, 1.06 mmol in 5.0 mL Et,0)
at —78 °C was added phenylethynylmagnesium bromide (1.0 M solution in THF; 1.1 mL,
1.1 mmol). The solution was allowed to warm to room temperature and stirred for 6 h.
Approximately one-half of the solvent was removed, and the remaining mixture was
passed through an acrodisc. This material was then subjected to silica gel
chromatography using a mixture pentane/CH,Cl, (10:1) as eluent to afford 6d as a clear,

colorless oil (0.183 g, 83%).

'H NMR (600 MHz, CD,CL,): 8 7.63 (dd, *Ji; = 6.8 Hz, 3.7 Hz, 1H), 7.55 (dd,
3 Juam = 4.6 Hz, 2.9 Hz, 2H), 7.39-7.32 (m, 4H), 6.90 (d, *Jqy = 11 Hz, 1H), 6.41 (t, *Jun
= 6.6 Hz, 1H), 4.10 (q, *Jiyy = 7.2 Hz, 2H), 1.44 (t, *Ju; = 7.1 Hz, 3H). “C NMR (125
MHz, CD,Cl,): & 143.3, 139.3, 132.3, 132 (br), 128.9, 124.5, 112.2, 107.1, 95 (br), 51.2,
18.6. ''B NMR (192.5 MHz, CD,CL,): 8 26.7. FTIR (thin film) 3067, 3034, 2976, 2932,

2896,2177, 1875, 1764, 1673, 1604, 1514, 1492, 1472, 1454, 1440, 1409, 1377, 1336,

1264, 1246, 1225, 1177, 1154, 1119, 1104, 1070, 1003, 998, 915, 828, 756, 689, 557,

540 cm™'. HRMS (EI) calcd for C,H;4BN (M") 207.12193, found 207.12248.

Compound 6e. In a glove box, a flask was charged with a solution of 3 (1.00 g,
7.08 mmol in 15 mL Et,0) and cooled to —20 °C. To this solution lithium

dimethylamide (0.397 g, 7.78 mmol in 45 mL THF) was added dropwise at — 20 °C. The
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flask was kept at — 20 °C and shaken every 15 min for 2 h, then allowed to warm to
room temperature. After 10 h of stirring, approximately one-half of the solvent was
removed under reduced pressure, and 20 mL pentane was added. The resulting mixture
was filtered through a glass frit, and the filtrate was concentrated under vacuum. The
crude material was purified by vacuum distillation (bp 29-30 °C at 75 mtorr) to give 6e

as a clear, colorless liquid (0.696 g, 66%).

'H NMR (600 MHz, CD,CL): 8 7.17 (dd, *Jyyn = 5.9 Hz, 5.4 Hz, 1H), 6.81 (d,

3 Jun = 6.8 Hz, 1H), 6.21 (d, *Jyu = 11.5 Hz, 1H), 5.71 (dt, *Juy = 5.9 Hz, 1.4 Hz, 1H),
3.66 (q, *Juu = 7.4 Hz, 2H), 2.81 (s, 6H), 1.31 (t, Jyi = 7.0 Hz, 3H). *C NMR (75
MHz, CD,CL,): 8 141.2, 139.5, 124 (br), 105.5, 47.3, 41.1, 17.9. "'B NMR (192.5 MHz,
CD,Cly): 8 29.1. FTIR (thin film) 3321, 2977, 2930, 2873, 1613, 1519, 1473, 1457,
1441, 1414, 1350, 1304, 1273, 1143, 1084, 820, 737, 691 cm .

Compound 6f. To a stirred solution of 3 (1.00 g, 7.08 mmol in 25 mL THF) was
added dropwise a solution of potassium #-butoxide (1.0 M in THF; 7.8 mL, 7.8 mmol) at
10 °C. The solution was allowed to warm to room temperature. After 10 h of stirring
the mixture was passed through an acrodisc and concentrated under vaccum. The crude
material was purified by vacuum distillation (bp 58-60 °C at 200 mtorr) to give 6f as a

clear, colorless liquid (0.904 g, 71%).
'H NMR (600 MHz, CD,Cl,): & 7.40 (dd, *Ji; = 5.8 Hz, 4.7 Hz, 1H), 7.02 (d,
3 Jun = 6.3 Hz, 1H), 6.21 (d, *Juy = 11.4 Hz, 1H), 5.81 (t, *Jyyn = 6.4 Hz, 1H), 3.62 (q,

3 Jum = 7.1 Hz, 2H), 1.42 (s, 9H), 1.22 (t, *Juqu = 7.0 Hz, 3H). “C NMR (75 MHz,
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CD,CL): & 144.4, 139.9, 119 (br), 104.9, 72.8, 45.8,30.9, 17.7. "B NMR (192.5 MHz,
CD,Cly): 8 27.3. FTIR (thin film) 3073, 3044, 2975, 2931, 2873, 1612, 1519, 1476,
1414, 1390, 1365, 1349, 1281, 1253, 1197, 1156, 1116, 1086, 1056, 1004, 958, 937,
811, 794, 734,709, 694, 530 cm™'. HRMS (EI) calcd for C;oH;sBNO (M) 179.14815,
found 179.14809.

Compound 6g. In a glove box, a vial was charged with 3 (0.150 g, 1.06 mmol)
and benzyl mercaptan (0.145 g, 1.17 mmol). Et;O (5.0 mL) was added, and the mixture
was cooled to —20 °C. This solution was then added dropwise to a suspension of KH
(0.051 g, 1.3 mmol in 5.0 mL. THF) at —20 °C. The reaction was kept at —20 °C and

shaken every 15 min for 1 h, then allowed to warm to room temperature. After 12 h of
stirring the mixture was passed through an acrodisc and concentrated under vacuum.

The desired product was recrystallized from hot pentane as a white solid (0.195 g, 80%).

'H NMR (600 MHz, CD,CL,): & 7.47 (dd, *Jis = 6.6 Hz, 3.9 Hz, 1H), 7.41 (dd,
3w =7.1Hz, 1.2 Hz, 2H) 7.31 (dd, *Jun = 5.9 Hz, 1.7 Hz, 2H), 7.22 (t, *Jun = 7.4 Hz,
1H), 7.15 (d, *Ji = 6.6 Hz, 1H), 6.70 (d, *Jyg = 11.2 Hz, 1H), 6.17 (dt, = 5.4 Hz, 1.2
Hz, 1H), 4.05 (s, 2H), 3.71 (q, *Jun = 7.3 Hz, 2H), 1.30 (t, *Jyy = 7.4 Hz, 3H). *CNMR
(75 MHz, CD,CL,): 6 142.5, 141.1, 139.5, 129.1, 128.9, 127.3, 125 (br), 109.4, 49.4,
32.4,17.4. "B NMR (192.5 MHz, CD,Cl,): & 36.4. FTIR (thin film) 3063, 3030, 2975,
2931, 2896, 1607, 1512, 1495, 1473, 1452, 1438, 1399, 1377, 1343, 1250, 1227, 1175,
1118, 1082, 1062, 1035, 1003, 955, 919, 798, 777, 739, 706, 676, 664, 639, 563 cm™".

HRMS (EJ) caled for C;5H sBNS (M") 229.10965, found 229.10939.



188

Compound 6h. A solution of diphenylphosphine (0.105 g, 0.567 mmol in 8 mL
THF) was added dropwise to a vial containing dry KH (0.043 g, 1.06 mmol). The
suspension was stirred until there was no visible release of gas (approximately 2 h) and
then filtered through an Acrodisc to remove unreacted KH. This solution was cooled to
—20 °C and then added dropwise to a stirring solution of azaborine 3 at —20 °C. The
reaction was shaken every 15 min for 1 h, at which point it was allowed to warm to rt
and stirred an additional 12 h. Approximately one-half of the solvent was removed
under reduced pressure and 10 mL pentane added. Solids were removed by filtration
through an Acrodisc and solvents were removed under reduced pressure. The crude
product was placed under high vac for 1 h whereupon desired product 6h was
recrystallized from hot pentane as a white solid (0.140 g, 85%).

'"H NMR (600 MHz, CD,CL,): 8 7.49 (dd, *Juz; = 6.8, 4.1, 1H), 7.38-7.27 (m,
11H), 6.45 (m, 2H), 3.93 (ddd, *Jigy = 5.8, 1.5, 1.4 Hz, 2H), 1.17 (t,=7.0 Hz, 3H). °C
NMR (75 MHz, CD,Cl,): 8 142.56 (d, Jcp = 3.0 Hz), 139.65 (d, Jep=3.0

Hz), 138.37 (d, Jop = 8.1 Hz), 135.34 (d, Jcp=17.1 Hz), 133 (br), 128.87 (d, Jop=7.0
Hz), 128.8, 128.0, 113.2, 50.9 (d, Jcp = 18.1 Hz), 18.0. ''B NMR (192.5 MHz,

CD,CL,): 8 37.9. *'P NMR (202 MHz, CD,Cl,): 8 ~22.8 (minor), -40.1 (minor), -52.9
(br, major). FTIR (thin film) 3066, 2976, 2931, 1954, 1880, 1770, 1601, 1583, 1514,

1476, 1452, 1434, 1399, 1327, 1243, 1216, 1154, 1113, 1025, 1004, 740, 696, 673, 505

TT TYRTTY /) +\ ~1 1~ a0 ra) 1 -~ - ~
caled for CigH oBNP (M) 291.13482, found 291.13529.
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Compound 6i. To a stirred solution of 3 (0.200 g, 1.42 mmol in 8 mL Et,0) was
added dropwise a solution of LiHBEt; (1.0 M in THF; 1.6 mL, 1.6 mmol) at —20 °C.
The reaction mixture was allowed to stand at —20 °C, with occasional stirring, for 1 h,
and then it was warmed to room temperature and stirred for 12 h. The mixture was then
passed through an acrodisc and concentrated under reduced pressure. The crude material
was purified by silica gel chromatography using pentane as eluent to furnish 6i as a

clear, colorless liquid (0.140 g, 92%).

'H NMR (600 MHz, CD,CL): 8 7.60 (t (br), *Jyy = 7.3 Hz, 1H), 7.31 (d, *Jyps =
6.4 Hz, 1H) 6.84 (d, *Jiyy = 10.5 Hz, 1H), 6.40 (t, *Jy = 6.5 Hz, 1H), 4.9 (q (br), "Jpu =
124 Hz, 1H), 3.87 (q, *Juu = 7.2 Hz, 2H), 1.37 (t, *Jigy = 7.2 Hz, 3H). “C NMR (75
MHz, CD,CL,): 8 142.9, 138.7, 131 (br), 112.3, 53.4,19.3. "B NMR (192.5 MHz,
CD,Cly): 832.1 (d, 'Jgy = 130 Hz). FTIR (thin film) 3069, 3034, 2977, 2934, 2895,
2520, 1868, 1734, 1605, 1513, 1473, 1452, 1439, 1407, 1378, 1336, 1252, 1179, 1154,
1132, 1082, 1008, 974, 955, 927, 879, 804, 741, 714, 603, 530, 450 cm™' . HRMS (EI)

calcd for C4H,(BN (M+) 107.09063, found 107.09072.

Compound 7. To a solution 3 (0.150 g, 1.06 mmol in 6.0 mL Et,O) was added
dropwise a solution of methyl glycolate (0.096 g, 1.1 mmol) and triethylamine (0.129 g,
1.27 mmol) in THF (6.0 mL) at —20 °C. The reaction mixture was allowed to stand at —
20 °C, with occasional stirring, for 1 h, and then it was warmed to room temperature and
stirred for 10 h. The mixture was then passed through an acrodisc with washing (2 x 3

mL Et,0). The combined filtrates were concentrated to one-half of its volume under
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vacuum, and the filtration process was repeated. The crude material was concentrated
under reduced pressure, and the desired product was recrystallized from hot pentane as

pale yellow, sheet-like crystals (0.175 g, 85%).

'H NMR (600 MHz, CD,CL): 8 7.47 (dd, *Jiy = 6.1 Hz, 4.7 Hz, 1H), 7.03 (d,
3 Jun = 6.6 Hz, 1H) 6.05 (d, *Jyp = 11.4 Hz, 1H), 5.93 (t, *Jyyy = 5.9 Hz, 1H), 4.57 (s,
2H), 3.72 (s, 3H), 3.69 (q, *Jn = 7.1 Hz, 2H), 1.27 (t, *Jyy = 7.1 Hz, 3H). “C NMR (75
MHz, CD,CL,): 8 172.1, 145.8, 139.2, 116 (br), 106.3, 63.4, 52.2, 45.4,17.7. "B NMR
(192.5 MHz, CD,Cl,): 8 29.1. FTIR (thin film) 2977, 2954, 2930, 2875, 1762, 1740,
1612, 1521, 1476, 1457, 1444, 1419, 1378, 1350, 1302, 1259, 1205, 1156, 1124, 1104,
1086, 984, 811, 737, 708, 692 cm™'. HRMS (EI) caled for CoH ,BNO; (M") 195.10668,
found 195.10709.
A.2.4 Supplemental information for Chapter 11, section 2.4

Compound 10. In a glovebox, a solution of 2-chloro-1-ethyl-1,2-azaborine 1
(0.150 g, 1.06 mmol in 4 mL CH,Cl,) was added dropwise to a stirring suspension of
AgCN (0.171 g, 1.28 mmol in 10 mL CH,Cl,). The reaction was protected from light and
stirred at rt for 8 h, whereupon pentane (10 mL) was added and solids removed by
filtration. Removal of solvents under reduced pressure provided 2 as a clear, colorless
liquid (0.138 g, 99%). An identical procedure was followed using Ag*C">N (99 atom%)
to confirm atom connectivity.

'H NMR (600 MHz, CD,Cl,):  7.76 (app t, *Jun = 7.1 Hz, 1H), 7.41 (d, /iy = 6.6

Hz, 1H), 7.00 (d, *Jun = 10.7 Hz, 1H), 6.64 (app t, *Jun = 6.0 Hz, 1H), 4.06 (q, *Jiy = 7.3
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Hz, 2H), 1.43 (t, *Jun = 7.3 Hz, 1H). C NMR (125 MHz, CD,Cl,): 6 145.3, 139.8, 131
(br), 125.6 (br q, Jsc = 85 Hz), 115.1, 52.0, 18.7. "N NMR (50.7 MHz, CD,Cl,): § -
105.0 (d, 'Jox =15 Hz). "B NMR (192.5 MHz, CD,CL): & 22.5 (d, 'Jsc = 85 Hz). FTIR
(thin film) 3076, 3047, 2981, 2937, 2904, 2875, 1602, 1524, 1478, 1454, 1443, 1412,
1382, 1355, 1333, 1244, 1178, 1160, 1123, 1110, 1008, 751, 688, 518, 475 cm™. HRMS
(ED) calced for C;H9BN, (M+) 132.08589, found 132.08628.

Compound 12 from 3. In a glove box, a solution of 3 (0.300 g, 2.12 mmol in 10
mL THF) was added dropwise to a stirred solution of sodium
pentacarbonylcyanochromate'® (0.510 g, 2.12 mmol in 10 mL THF). The reaction was
stirred for 1 h at rt, whereupon approximately two-thirds of the solvent was removed under
reduced pressure. Pentane (10 mL) was added, and solids were removed by filtration.
Removal of solvents under reduced pressure provided 12 as a yellow solid (0.680 g, 99%).

'H NMR (600 MHz, CD,Cly): & 7.76 (app t, *Jun = 5.9 Hz, 1H), 7.28 (d, *Ju = 6.1
Hz, 1H), 6.69 (d, *Jun = 11.0 Hz, 1H), 6.45 (app t, *Jun = 6.3 Hz, 1H), 3.95 (q, *Juu = 6.8
Hz, 2H), 1.43 (t, *Jun = 7.1 Hz, 3H). C NMR (75 MHz, CD,CL,): § 217.6, 215.4, 189.2,
147.0, 139.0, 126 (br), 112.8, 49.3, 18.0. "B NMR (192.5 MHz, CD,Cl,): 8 22.0. FTIR
(CH,Cl,) 2130, 2051, 1954, 1605, 1521 cm™.

Compound 12 from reaction of 10 and Cr(CO);3;(MeCN); and observation of
11. In a glove box, a Schlenk tube was charged with Cr(CO);(MeCN); (0.196, 0.758
mmol) and THF (2 mL). A solution of 10 (0.100 g, 0.758 mmol in 2 ml, THF) was then
added to the Schlenk tube, which was then sealed. The flask was heated to 60 °C for 3 h,

whereupon the solvent was removed. Crystals of 12 suitable for X-ray crystallography
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were grown from the resultant dark-brown oil by extraction into hot pentane (10 mL)
followed by slow evaporation. Piano-stool complex 11 was identified in the 'H and "'B
NMR spectrum of the crude dark-brown oil in 15 mol% abundance relative to 12.

11: "H NMR (600 MHz, CD,CL,): 8 6.05 (1H), 5.92 (1H), 5.23 (1H), 4.62 (1H), N-

CH,CHjs; not resolved from 12 and unreacted 10. B NMR (192.5 MHz, CD,Cl,): 8 17.2.

NMR yield of 12 from reaction of 10 and Cr(CO)¢. Ina glovebdx, a Schlenk
tube was charged with Cr(CO)s (0.100 g, 0.45 mmol), 10 (0.030 g, 0.23 mmol), and THF
(10 mL), which was then sealed. The flask was heated to 60 °C for 3 h, whereupon the
solvent was removed under vacuum. The product was extracted into pentane (10 mL) and
solids were filtered through an Acrodisc. "H NMR (CD,Cl,) analysis indicated 12 was
formed in 23% yield (integrated versus hexamethylbenzene as internal standard).

2D NMR assignment of 6e, 6i, and 10. COSY and HETCOR techniques were
used to assign the intra-ring carbon signals and the aromatic C-H signals in 6e, 6i, and 10.
The ring carbon bound to boron in 1,2-azaborine appears as a broad resonance in the 13C
NMR and is readily assigned. From this signal, or lack thereof, we can assign the
resonance for the C3-H in the HETCOR spectrum. All other ring carbons and C-H

resonances are easily assigned thereafter.
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Figure 1. IR spectrum of 10” at the B3LYP/DGDZVP2 level of calculation.

Table 1. Scaling for C-H, C=N, and Intra-ring Stretching Vibrational Modes for 2°. Scaled
B3LYP/DGDZVP2 Vibrational Modes and Comparison with Experiment,

Molecule _It\yasge B3LYP/DGDZVP2 Expt Scaling ;rc(;tl?,l.g
10° (B-NC) 0.9547

CH 3170 3076.1 0.9704

CH 3160 30467  0.9641

CH 3150 29814 0.9465

CH 3140 2937.0  0.9354

CH 3090 2904.2 0.9399

C-H 3060 28750  0.9395

C=N 2190 Notobsd.  N/A

1660 1601.7 0.9649

1560 1524.0 0.9769
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Figure 2. IR spectrum of 10 at the B3LYP/DGDZVP2 level of calculation.

Table 2. Scaling for C-H, C=N, and Intra-ring Stretching Vibrational Modes for 10 (cm™). Scaled
B3LYP/DGDZVP2 Vibrational Modes and Comparison with Experiment,

Molecule t“y‘gge B3LYP/DGDZVP2 Expt Scaling ;‘;tl’;‘l'lg
10 (B-CN) 0.9554
CH 3170 3076.1 0.9704
CH 3160 30467 09641
CH 3150 29814 0.9465
C-H 3140 20370 0.9354
C-H 3090 29042 0.9399
C-H 3060 28750 0.9395

C=N 2300 (very weak) Not obsd.  N/A
1650 1601.7 09707

1560 1524.0 0.9769
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Figure 3. IR spectrum of 12 at the B3ALYP/DGDZVP2 level of calculation.

Table 3. Scaling for C=N, C=0, and intra-ring stretching vibrational modes for 5. Scaled
B3LYP/DGDZVP2 vibrational modes and comparison with experiment.

Molecule ]t\;fl:))ge B3LYP/DGDZVP2 Expt  Scaling ;l;(:ltl?lllg
12 0.9728
CN 2190 21297 0.9725
C-O 2100 2050.1  0.9762
C-O  Notobsd. 1990  N/A
C-0 2020 1953.9  0.9673
1650 1605.3  0.9729
1560 1520.9  0.9749

Table 4. Zero point energy (ZPE) and relative energy at the
B3LYP/DGDZVP2 level of calculation.
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Molecule Zero Point Relative Energy
Energy (kcal/mol) (kcal/mol)

10 (B-CN) 0.00 0.00

10’ (B-NC) 3.70 3.97

Table 5. NICS at 0, |, and 2 A at the BALYP/DGDZVP2 level of

calculation.
Molecule NICS(0) NICS(1) NICS(2)
10 (B-CN) -5.8267 -7.5537 -4.1374
10’ (B-NC) -5.7982 -6.9574 -3.7715
12 (gas) -5.8376 -7.123 -3.864
12 (solid) -5.0857 -7.2136 -4.0575
£
e {
¢

Figure 4. Electrostatic potential map is obtained by rolling a positive point charge over a density contour.
Electrostatic potential maps at the 0.002 electron/a.u.” density iso-contour level with an electrostatic
potential range from -13.6 to 54.4 kcal/mol for compound 10 (left) and 6i (right). Blue is positive
potentijal (repulsive for the positive charge), red is negative potential (attractive for the positive charge)
and green represents near zero potential.
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Figure 5. HOMO of 10 (gas phase) at the BALYP/DGDVP2 level.

<

Figure 6. LUMO of 10 (gas phase) at the B3LYP/DGDVP2 level.



Figure 7. HOMO of 10’ (gas phasé) at the B3LYP/DGDVP2 level.

A

2

Figure 8. LUMO of 10’ (gas phase) at the B3LYP/DGDVP2 level.

Table 6. Atomic Coordinates for 10, 10°, 6i, and 12 Calculated at the B3LYP/DGDZVP2 Level

Compound: 10 (B-CN)
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B3LYP/DGDZVP2 = -406.650745267 au

B3LYP/DGDZVP2 Zero Point Corrected Energy = -406.496849 au

NIMAG =0

ZOWIODTZIODNZIQZIOIIDIZTTOOOO

-1.36148600
-2.47016900
-2.34161300
-1.10639200
-1.49756500
-3.46469600
-3.21342600
-0.99954700
0.04103400
1.30913000
2.01335700
1.11609900
1.90311300
1.21138900
2.83173400
2.13159700
-0.01095600
1.31657500
2.30623700

Compound: 10’ (B-NC)

1.48425500
0.65672300
-0.73671500
-1.28831000
2.54376500
1.05405800
-1.38151000
-2.34951600
-0.54460900
-1.26864000
-0.56789500
-2.05936900
-1.85718800
-2.56266300
-2.38880900
-1.06480800
0.87418700
1.68687800
2.30800700

0.23485400
0.23362800
-0.02690000
-0.28076000
0.43514200
0.42859600
-0.03367800
-0.48492400
-0.30163100
-0.54378600
-0.99442700
-1.27546600
0.74113400
1.21199800
0.51110200
1.45882300
-0.04557900
-0.07355200
-0.08936500

B3LYP/DGDZVP2 = -406.644419037 au

B3LYP/DGDZVP2 Zero Point Corrected Energy = -406.490948 au

NIMAG =0

CTODIZOZZIDIODTOOO0

-1.47226600
-2.49603000
-2.23891200
-0.96003700
-1.70309700
-3.52291200
-3.04712900
-0.75475000
0.11573300
1.44399000
2.06655900
1.31570600
2.11955400
1.51065300

1.36641700

0.43919400
-0.94060900
-1.37488200

2.41077500

0.74261700
-1.66334900
-2.42258900
-0.52775600
-1.12899100
-0.37981100
-1.96064500
-1.61197000
-2.36686700

0.22797400
0.23619300
-0.01596200
-0.27094200
0.42138700
0.43232000
-0.01562600
-0.46943700
-0.30009300
-0.54688900
-1.03745500
-1.24651600
0.74226200

1.24952000
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3.09252900
2.28059900
-0.07074100
2.02801500
1.10850500

-2.05575300
-0.77834600
0.88079300
2.49817700
1.75432600

0.50883200
1.43081800
-0.05093300
-0.09465200
-0.08377600

Compound: 6i (1-Ethyl-2-H-1,2-azaborine)

B3LYP/DGDZVP2 = -314.370294000 au

B3LYP/DGDZVP2 Zero Point Corrected Energy = -314.216402 au

NIMAG =0

TEIDIITDOITQZIOIDTIZOOOO0

-1.79049100
-2.33267000
-1.52238900
-0.17980400
-2.44990900
-3.39190900
-1.95389700
0.44718000
0.43094400
1.88487600
2.12937100
2.12660100
2.70766900
2.48201400
3.77763900
2.49204600
-0.31227600
0.28249100

Compound: 12

1.17930800
-0.08894000
-1.24975900
-1.12362600

2.03316600
-0.23366100
-2.24252300
-1.99965700

0.09752700
0.10279200

1.04485500
-0.70689700
-0.04184800
-0.98261700
-0.02730200

0.78090300

1.32577700

2.35459800

0.13933800
0.23352600
0.05469900
-0.21406500
0.28098100
0.44279700
0.12188200
-0.35726100
-0.32632000
-0.57437400
-1.06888800
-1.27162700
0.71222400
1.22425400
0.47950600
1.39982800
-0.16046400
-0.27299900

B3LYP/DGDZVP2 = -2017.89581592 au

B3LYP/DGDZVP2 Zero Point Corrected Energy = -2017.698074 au

NIMAG =0

Cr

ZOOOO0OO

-1.99984300
-1.66055100
-2.12888100
-2.24704100
-1.82592300
-5.04648000

1.14649200

-0.07121700
2.82781400
-1.02286700
-2.98440600
0.87686100
0.24695300
-0.37873300

0.00680600
0.96375800
2.92878400
-0.94917400
-2.91290800
-0.04706600
0.05912100
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N
_;_/
\
4

3.46891900
2.59261000
-1.79615000
-2.08024500
-2.15484200
-1.89295800
-3.89145600
-0.03098000
3.21898400
2.63422000
4.59782400
5.09709700
5.40614700
6.48752200
4.82562400
5.43328200
2.97264600
3.65089400
1.99828600
2.86016900
2.48621900
2.16741000
3.83279800

‘#
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0.50000400
-0.61544700
1.73273700
-0.66488600
-1.88624700
0.51745500
0.12587800
-0.27609300
-1.96003100
-2.85398700
-2.04799000
-2.99612100
-0.90305500
-0.98035500
0.31738300
1.19371600
1.87153800
2.35723300
1.79622000
2.69671900
3.69860900
2.22847700
2.79849300

0.30529300
0.04447900
0.60260400
1.82694600
-0.58901700
-1.81210100
-0.02662400
0.03988100
-0.22896700
-0.42914000
-0.22246500
-0.41359700
0.03797100
0.04751200
0.28876600
0.49342700
0.55010100
1.25801800
1.03475200
-0.73711300
-0.50481500
-1.44153800
-1.22829700
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Figure 9. ORTEP illustration of 12, with ellipsoids drawn at the 35% probability level.
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X-ray Crystal Structure Determination. Crystals of 12 suitable
for X-ray diffraction were obtained by evaporation of a solution of 12 in
pentane.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK a - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F>, All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C;3HyBCrN,O; are given in the

following tables.

Table 7. Crystal data and structure refinement for 12 (liul2a).
Identification code lul2a

Empirical formula C,Hy;BCrN, O,

Formula weight 324.02

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pca2(1)

Unit cell dimensions a=12.965(2) A a= 90°.
b =5.9808(9) A B=90°.
c=19.254(3) A y = 90°.

Volume 1493.0(4) A3

Z 4

Density (calculated) 1441 Mg/m>

Absorption coefficient 0.785 mm-1

F(000) 656

Crystal size
Theta range for data collection

0.23 x 0.14 x 0.06 mm3

2.12 t0 27.00°.



Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

-16<=h<=12, -7<=k<=7, -24<=1<=24
9061

3243 [R(int) = 0.0425]

99.8 %

Semi-empirical from equivalents
0.9544 and 0.8400

Full-matrix least-squares on F2
3243 /1/191

1.003

R1=0.0390,wR2 = 0.0778
R1 =0.0538, wR2 = 0.0864
0.20(3)

0.301 and -0.206 e.A-3
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Table 8. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) for
liul2a. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
Cr(1) 6657(1) 7430(1) 9776(1) 26(1)
o(1) ©7486(2) 3932(4) 8775(1) 55(1)
oQ) 4623(2) 4941(4) 9940(1) 45(1)
0®3) 5789(2) 11017(4) 10726(1) 48(1)
O(4) 8662(2) 10056(4) 9693(2) 63(1)
o(5) 7561(2) 4899(4) 10990(1) 52(1)
N(1) 5758(2) 10066(4) 8506(1) 35(1)
NQ) 5727(2) 11203(4) 7264(1) 30(1)
B(1) 5390(3) 11603(6) 7950(2) 31(1)
c(1) 7175(3) 5237(5) 9153(2) 33(1)
CcQ) 5388(2) 5846(5) 9869(2) 30(1)
c3) 6121(3) 9656(5) 10371(2) 32(1)
c@) 7910(2) 9078(5) 9713(2) 38(1)
c(5) 7216(3) 5855(6) 10530(2) 34(1)
C(6) 6086(2) 9084(5) 8972(2) 29(1)
c(7) 4700(3) 13536(6) 8088(2) 41(1)
C(8) 4463(3) 14870(6) 7534(2) 47(1)
C() 4837(3) 14417(6) 6867(2) 43(1)
C(10) 5449(3) 12648(5) 6749(2) 36(1)
c(11) 6445(3) 9368(6) 7074(2) 40(1)
C(12) 7559(3) 10065(6) 7169(2) 45(1)

Table 9. Bond lengths [A] and angles [°] for liul2a.

Cr(1)-C(5) 1.875(4)
Cr(1)-C(3) 1.889(4)
Cr(1)-c(1) 1.900(4)
Cr(1)-C(4) " 1.904(3)
Cr(1)-C(2) 1.908(3)
Cr(1)-C(6) 1.981(3)

O(1)-C(1) 1.141(4)



0(2)-C(2)
0(3)-C(3)
0(4)-C(4)
0(5)-C(5)
N(1)-C(6)
N(1)-B(1)
N(2)-C(10)
N(2)-B(1)
N(2)-C(11)
B(1)-C(7)
C(7)-C(8)
C(7)-H(7A)
C(8)-C(9)
C(8)-H(8A)
C(9)-C(10)
C(9)-H(9A)
C(10)-H(10A)
C(11)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(5)-Cr(1)-C(3)
C(5)-Cr(1)-C(1)
C(3)-Cr(1)-C(1)
C(5)-Cr(1)-C(4)
C(3)-Cr(1)-C(4)
C(1)-Cr(1)-C(4)
C(5)-Cr(1)-C(2)
C(3)-Cr(1)-C(2)
C(1)-Cr(1)-C(2)
C(4)-Cr(1)-C(2)
C(5)-Cr(1)-C(6)
C(3)-Cr(1)-C(6)
C(1)-Cr(1)-C(6)
C(4)-Cr(1)-C(6)
C(2)-Cr(1)-C(6)
C(6)-N(1)-B(1)
C(10)-N(2)-B(1)
C(10)-N(2)-C(11)
B(1)-N(2)-C(11)
N(2)-B(1)-N(1)
N(2)-B(1)-C(7)
N()-B(1)-C(7)
O(1)-C(1)-Cx(1)
0(2)-C(2)-Cr(1)
0(3)-C(3)-Cr(1)
0(4)-C(4)-Cr(1)
0(5)-C(5)-Cr(1)
N(D)-C(6)-Cr(1)
C(8)-C(7)-B(1)
C(8)-C(7)-H(7A)

1.138(3)
1.147(4)
1.138(3)
1.146(4)
1.153(4)
1.489(4)
1.365(4)
1.412(4)
1.484(4)
1.486(5)
1.368(5)
0.9500
1.399(5)
0.9500
1.342(5)
0.9500
0.9500
1.514(5)
0.9900
0.9900
0.9800
0.9800
0.9800
91.55(15)
90.33(14)
178.11(16)
88.83(16)
89.27(15)
90.92(15)
90.62(14)
88.58(14)
91.24(14)
177.77(17)
179.16(16)
89.07(13)
89.04(14)
90.62(14)
89.95(13)
172.4(3)
119.4(3)
117.0(3)
123.3(3)
117.93)
119.0(3)
123.03)
179.5(3)
178.1(3)
179.2(3)
178.3(4)
179.7(4)
179.3(3)
116.7(3)
121.6
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B(1)-C(7)-H(7A)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
C(9)-C(10)-N(2)
C(9)-C(10)-H(10A)
N(2)-C(10)-H(10A)
N(2)-C(11)-C(12)
N(2)-C(11)-H(11A)
C(12)-C(11)-H(11A)
N(2)-C(11)-H(11B)
C(12)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(11)-C(12)-H(12A)
C(11)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(11)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)

121.6
121.7(3)
119.2
119.2
120.9(3)
119.5
119.5
122.1(3)
118.9
1189
111.4(3)
109.3
109.3
109.3
109.3
108.0
109.5
109.5
109.5
109.5
109.5
109.5
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Symmetry transformations used to generate equivalent atoms:

Table 10. Anisotropic displacement parameters (A2x 103)for liul2a. The anisotropic displacement

factor exponent takes the form: -2p2[ h2a*x2ull 4+ +2hka*b*Ul2)

ull 22 33 U23 ul3 ul2
cr(l) 2(1) 25(1) 29(1) 4(1) 2(1) -1(1)
o(1) 492) 46(2) 71(2) -16(1) 15Q2) -4(1)
0(2) 30(1) 48(1) 56(2) 21) o) -11(1)
0(3) 58(2) 38(1) 49(2) -8(1) 0(1) 6(1)
0(4) 34(1) 51(1) 105(2) 14(2) -6(2) -13(1)
0(5) 42(2) 62(2) 52(2) 26(1) -12(1) 5(1)
N(1) 31(2) 43Q2). 31(1) 5(1) 2(1) 0(1)
NQ@) 27(2) 32(2) 31(1) 2(1) -3(1) -4(1)
B(1) 302) 35(2) 29(2) 42) -5(2) -3(2)
(1) 26(2) 28(2) 45(2) 4Q2) 3(2) -3(2)
C(2) 33(2) 292) 26(2) 2(1) -5(2) 3(1)
cQ3) 302) 30(2) 352) 72) -6(2) 2(2)
C(4) 30(2) 30(2) 53(2) 8(2) -1(2) -1(1)
C(5) 29(2) 352) 392) 32) 3(2) -6(2)
C(6) 22(2) 342) 31(2) 2(1) 42) -1(1)
c(7) 36(2) 532) 35Q2) -4(2) 2(2) 72)
C(8) 40Q2) 40(2) 61(2) 6(2) -11(2) 10(2)
C(9) 43(2) 42Q2) 44(2) 14(2) -14(2) -10(2)
C(10)  36(2) 46(2) 27(2) 7(1) -6(1) -11(2)
C(I)  44(2) 34(2) 42(2) -6(2) 5(2) 2(2)
c(2) 339 51Q2) 52(2) 2(2) 72) 5(2)
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Table 11. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 1()3)
for liul2a.

X y z U(eq)
H(7A) 4436 13831 8539 49
H(8A) 4033 16137 7603 57
H(%A) 4655 15374 6493 51
H(10A) 5697 12393 6291 44
H(11A) 6328 8938 6584 48
H(11B) 6301 8046 7368 48
H(12A) 8013 8818 7043 68
H(12B) 7678 10477 7655 68
H(12C) 7708 11350 6870 68

Table 12. Hydrogen bonds for liul2a [A and °].

D-H.A d(D-H) d(H...A) d(D..A) <(DHA)

A.2.5 Supplemental information for Chapter 11, section 2.5

Compound 13. In a glovebox, a solution of 3 (0.600 g, 4.24 mmol in 25 mL
benzene) was added dropwise to a stirring suspension of AgOTf (1.31 g, 5.09 mmol in 25
mL benzene). The reaction was stirred at rt for 8 h, whereupon the solvent was removed
under reduced pressure. Compound 13 was purified by vacuum distillation (35 °C, 100
mTorr) as a clear, colorless liquid (0.639 g, 59%).

'H NMR (600 MHz, CD,CL,): & 7.76 (br m, 1H), 7.21 (d, *Jun = 6.3 Hz, 1H), 6.65
(d, /iy =11.4 Hz, lH)', 6.39 (ddd, >y =114, 6.3, 3.2 Hz, 1H), 3.78 (g, *Jsm = 7.3 Hz,
2H), 1.34 (t, *Jus = 7.3 Hz, 1H). *C NMR (75 MHz, CD,Cl,): § 148.6, 138.9, 119 (br),
119 (q, 'Jer =318 Hz), 111.5, 46.5, 17.7. "B NMR (192.5 MHz, CD,Cl,): 8 28.0. FTIR
(thin film) 3139, 3080, 2986, 2939, 2908, 2880, 1870, 1764, 1611, 1528, 1481, 1456,
1444, 1413, 1351, 1209, 1153, 1112, 1060, 1006, 944, 830, 785, 768, 747, 684, 618, 572,

518, 448 cm™.
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Compound 14a. In a glove box, a solution of 4-phenylpyridine (0.073 g, 0.470
mmol in 1 mL. CH,Cl,) was added to a stirring solution of 13 (0.100 g, 0.392 mmol in 1
mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the product was
crystallized by cooling the reaction to -20 °C for 24 h. The solvent was decanted and the
crystallized product was washed with pentane (3 x 5 mL). Residual solvents were
removed under reduced pressure to provide 14a as pale-green crystals (0.155 g, 97%).

'H NMR (600 MHz, CD,Cl,): 8 8.82 (d, *Jun = 6.9 Hz, 2H), 8.44 (d, *Jiu = 6.9
Hz, 2H), 8.02 (dd, *Jin = 9.8, 6.6 Hz, 1H), 7.97 (dd, *Jim = 8.1 Hz, “Jis = 1.7 Hz, 2H),
7.68 (m, 3H), 7.55 (d, *Ji = 6.6, 1H), 6.85 (app t, *Jun = 7.5 Hz, 2H), 3.83 (q, *Juu = 7.3
Hz, 2H), 1.38 (t, *Jin = 7.3 Hz, 3H). *C NMR (75 MHz, CD,CL): & 158.1, 149.5, 145.8,
139.6, 134.3, 133.2, 130.5, 128.7, 125.7, 124 (br), 123.6, 115.7,47.7, 18.2. "B NMR
(192.5 MHz, CD,Cl,): 6 31.0. FTIR (thin film) 3220, 3138, 3078, 2915, 1638, 1612,
1513, 1488, 1474, 1442, 1412, 1377, 1349, 1292, 1233, 1218, 1174, 1151, 1029, 833, 765,
736, 693 cm™. HRMS (EI) caled for C;HyBNO3SF3 (M+) 255.03484, found 255.03528.

Compound 14b. In a glove box, a solution of trimethylphosphine (0.039 g, 0.510
mmol in 1 mL. CH,Cl,) was added to a stirring solution of 13 (0.100 g, 0.392 mmol in 1
mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the solvent and residual
trimethylphosphine were removed under reduced pressure, providing 14b as a white solid
(0.129 g, 99%).

'H NMR (600 MHz, CD,CL,): 8 7.97 (br, 1H), 7.66 (d, *Ju = 5.4 Hz, 1H), 7.11 (d,
3Jim = 10.7 Hz, 1H), 6.94 (app t, *Jun = 6.1 Hz, 2H), 4.06 (q, *Jun = 7.0 Hz, 2H), 1.99 (d,

2Jon = 12.4 Hz, 9H), 1.51 (t, *Jus = 7.0 Hz, 3H). C NMR (125 MHz, CD,Cl,): 8 146.7,
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142.0, 130 (br), 121 (q, 'Jer = 321 Hz), 118.0, 52.6, 19.2, 10.1 (d, Joc =45.3 Hz). ''B
NMR (192.5 MHz, CD,Cly): § 28.7. *'P NMR (202 MHz, CD2C1’2): 6 -25.0 (br). FTIR
(thin film) 3054, 3008, 2927, 1598, 1526, 1477, 1428, 1416, 1300, 1259, 1226, 1162,
1032, 964, 872, 758, 673, 639, 573, 517 cm”™.

Compound 14c¢. In a glove box, a solution of triphenylphosphine oxide (0.060 g,
0.216 mmol in 3 mL. CH,Cl,) was added to a stirring solution of 13 (0.050 g, 0.196 mmol
in 3 mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the solvent and was
removed under reduced pressure. The white solid was washed with pentane (3 x 3 mL),
providing 14¢ as a white solid (0.093 g, §9%).

'H NMR (600 MHz, CD,Cl,): & 7.94-7.75 (br, 15H), 7.55 (dd, *Jus = 10.8, 6.8 Hz,
1H), 7.28 (d, *Jiy = 6.4 Hz, 1H), 6.33 (app t, *Juu = 6.8 Hz, 1H), 5.64 (d, *Ji = 11.5 Hz),
3.92 (q, *Jum = 7.3 Hz, 2H), 1.35 (t, *Juu = 7.3 Hz, 3H). *C NMR (125 MHz, CD,CL,): &
145.1,139.3, 134.2,133.2, 132.4,129.1, 111.3, 48.8, 17.6. "'B NMR (192.5 MHz,
CD,Cly): 8 28.3. *'P NMR (202 MHz, CD,CL,): & 57.3.

Compound 14d. In a glove box, a solution of pyridine N-oxide (0.031 g, 0.324
mmol in 3 mL CH,Cl,) was added to a stirring solution of 13 (0.075 g, 0.294 mmol in 3
mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the solvent and was
removed under reduced pressure. The solid was washed with pentane (3 x 3 mL),
providing 14d as light green crystals (0.105 g, 99%).

'H NMR (600 MHz, CD,CL): 8 8.97 (dd, *Jigy = 5.9, 1.0 Hz, 2H), 8.60 (dt, *Jim =
7.8,1.2 Hz, 1H), 8.28 (dd, *Jim = 7.0, 1.7 Hz, 2H), 7.65 (dd, *Jun = 11.3, 6.6 Hz, 1H), 7.26

(d, *Juu = 6.6 Hz, 1H), 6.31 (app t, *Jun = 6.6 Hz, 1H), 5.50 (d, *Ju = 11.0 Hz, 1H), 3.88 -
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(q, *Jir = 7.3 Hz, 2H), 1.43 (t, *Jyn = 7.3 Hz, 3H). >C NMR (125 MHz, CD,CL): &
149.6, 145.0, 141.9, 139.7, 130.7, 121 (q, 1JCF = 320 Hz), 112 (br), 110.4, 46.1,17.5. ''B
NMR (192.5 MHz, CD,Cl,): 8 31.0. FTIR (thin film) 3117, 3069, 2983, 1610, 1528, 1480,
1444, 1415, 1264, 1224, 1143, 1030, 853, 786, 750, 672, 637 cm™.

Compound 14e. In a glove box, a solution of dimethylsulfoxide (0.031 g, 0.324
mmol in 3 ml. CH,Cl,) was added to a stirring solution of 13 (0.075 g, 0.294 mmol in 3
mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the solvent and was
removed under reduced pressure. The solid was washed with pentane (3 x 3 mL),
providing 14d as light green crystals (0.105 g, 99%).

'H NMR (600 MHz, CD,CL,): 8 7.79 (dd, *Jun = 11.2, 6.6 Hz, 1H), 7.20 (d, *Juu =
6.3 Hz, 1H), 6.49 (d, *Jum1 = 11.5 Hz, 1H), 6.34 (app t, *Jun = 6.6 Hz, 1H), 3.74 (q, *Jiu =
7.3 Hz, 2H), 3.47 (br, 6H), 1.30 (t, *Jim = 7.3 Hz, 3H). “C NMR (125 MHz, CD,Cl,): &
149.5,139.6,110.8, 45.9, 37.1, 17.8. "B NMR (192.5 MHz, CD,Cl,): 6 29.1. FTIR (thin
film) 3016, 2927, 1683, 1610, 1525, 1475, 1443, 1413, 1255, 1225, 1157, 1029, 988, 899,
780, 744, 686, 638, 573, 517 cm™. HRMS (EI) calcd for CoH ;BNO,S,F3 (M+) 334.0566,
found 334.0550.

Compound 14f. In a glove box, a solution of pyridine (0.040 g, 0.506 mmol in 1
mL CH,Cl,) was added to a stirring solution of 13 (0.100 g, 0.392 mmol in 1 mL CH,Cl,).
The reaction was stirred for 1 h at rt, whereupon the solvent and residual pyridine were
removed under reduced pressure to provide 14f as a light-yellow solid (0.125 g, 95%).

'H NMR (600 MHz, CD,Cl,): & 8.85 (dd, * /i = 6.1 Hz, *Ji; = 0.9 Hz, 2H), 8.65

(tt, *Ji = 7.2 Hz, “Jqu = 0.9 Hz, 1H), 8.25 (dd, *Jyry = 7.2, 6.1 Hz, 2H), 7.98 (dd, *Jun =
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11.4,7.0 Hz, 1H), 7.55 (d, *Jux = 6.4 Hz, 1H), 6.83 (dt, *Jiux = 7.0, 1.1 Hz, 1H), 6.77 (dd,
3Jun=11.4, 1.1 Hz, 1H), 3.72 (q, *Juu = 7.3 Hz, 2H), 1.30 (t, *Juu = 7.3 Hz, 3H). *C
NMR (75 MHz, CD,Cl,): 8 149.4, 147.0, 146.0, 139.5, 129.0, 125 (br), 121 (g, "Jer = 321
Hz), 115.7,47.5,17.9. "B NMR (192.5 MHz, CD,Cl,):  30.9. FTIR (thin film) 3116,
3073, 3048, 2985, 1969, 1909, 1799, 1611, 1526, 1463, 1412, 1391, 1360, 1334, 1282,
1226, 1162, 1123, 1081, 1030, 988, 784, 758, 698, 685, 638, 599, 573 cm.

Compound 14g. In a glove box, a solution of 4-trifluoromethylpyridine (0.075 g,
0.510 mmol in 1 mL CH,Cl,) was added to a stirring solution of 13 (0.100 g, 0.392 mmol
in 1 mL. CH,Cl,). The reaction was stirred for 4 h at rt, whereupon the solvent and residual
4-trifluoromethylpyridine were removed under reduced pressure to give 14g as a bright-
yellow solid (0.142 g, 90%).

'H NMR (600 MHz, CD,CL): 8 9.10 (d, *Jin = 5.0 Hz, 2H), 8.27 (br m, 2H), 7.96
(dd, *Jun = 10.6, 7.4 Hz, 1H), 7.48 (d, *Juy = 7.1, 1H), 6.80 (d, *Jun = 10.6 Hz, 1H), 6.75
(br m, 1H), 3.77 (g, *Jun = 7.3 Hz, 2H), 1.33 (t, *Jim = 7.3 Hz, 3H). “C NMR (75 MHz,
CD,Cly): 8 149.5, 148.9, 139.5, 124.3, 122 (br), 120.2, 115.1, 47.4, 18.0. '"B NMR (192.5
MHz, CD,Cl): § 30.0. FTIR (thin film) 3054, 2987, 2361, 2306, 1653, 1609, 1559, 1521,
1473, 1456, 1321, 1264, 1166, 1081, 1031, 896, 740, 639, 574, 518 cm™.

Compound 14h. In a glove box, a solution of 4-methylpyridine (0.047 g, 0.510
mmol in 1 mL CH,Cl,) was added to a stirring solution of 13 (0.100 g, 0.392 mmol in 1
mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the solvent and residual 4-
methylpyridine were removed under reduced pressure to give 14h as a light-yellow solid

(0.130 g, 95%).
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'H NMR (600 MHz, CD,Cl,): & 8.64 (d, *Jui = 6.2 Hz, 2H), 8.01 (d, >y = 6.2
Hz, 2H), 7.96 (dd, *Jun = 10.5, 7.1 Hz, 1H), 7.54 (d, *Jiu = 7.6, 1H), 6.80 (app t, *Jum =
6.8 Hz, 1H), 6.75 (d, *Juu = 10.5 Hz, 1H), 3.72 (q, *Jun = 7.3 Hz, 2H), 2.72 (s, 3H), 1.30
(t, *Jun = 7.3 Hz, 3H). *C NMR (75 MHz, CD,Cl,): 8 161.2, 149.2, 144.8, 139.5, 129.4,
124 (br), 121 (q, "Jor = 320 Hz), 115.5, 47.4,22.7,17.9. "B NMR (192.5 MHz, CD,CL):
8 30.9. FTIR (thin film) 3112, 3087, 3042, 2976, 2939, 2883, 2309, 1972, 1820, 1707,
1639, 1607, 1528, 1452, 1412, 1388, 1368, 1334, 1267, 1145, 1086, 1028, 989, 858, 832,
806, 767, 754, 738, 720, 700, 661, 636 cm”.

Compound 14i. In a glove box, a solution of 4-(N,N-dimethyl)pyridine (0.057 g,
0.470 mmol in 1 mL CH,Cl,) was added to a stirring solution of 13 (0.100 g, 0.392 mmol
in 1 mL CH,Cl,). The reaction was stirred for 1 h at rt, whereupon the solvent was
removed under reduced pressure. The product was washed with Et,O (3 x 5 mL) providing
14i as a tan oil which was crystallized by adding a seed crystal of 14h. The resultant tan
solid was washed with Et;O (3 x 5 mL) and residual solvent was removed under reduced
pressure to provide 14i as an off-white crystalline solid (0.144 g, 98%).

'H NMR (600 MHz, CD,CL): 8 7.98 (d, *Juu = 6.9 Hz, 2H), 7.71 (d, *Juy = 6.6
Hz, 1H), 7.28 (d, *Juy = 6.6 Hz, 1H), 6.90 (d, *Jun = 6.9 Hz, 2H), 6.48 (d, *Jun = 13.0 Hz),
6.41 (m, 1H), 3.67 (q, *Jun = 7.3 Hz, 2H), 3.23 (s, 6H), 1.22 (t, *Jug = 7.3 Hz, 3H). C
NMR (125 MHz, CD,Cl,): 8 156.8, 145.0, 143.7, 138.9, 124 (br), 121 (q, "Jep = 321 Hz),
110.2, 108.4, 46.7, 40.4, 17.6. "B NMR (192.5 MHz, CD,Cl,):  26.7. FTIR (thin film)
3230, 3094, 2976, 2935, 2873, 2822, 2625, 2441, 2296, 1975, 1899, 1796, 1644, 1611,

1564, 1525, 1483, 1445, 1383, 1342, 1266, 1151, 1066, 1031, 948, 917, 822, 754, 735,
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656, 637,573,517 cm’.

/

Figure 10. ORTEP illustration of 14a, with cllipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 14a suitable for X-ray
diffraction were obtained by cooling a CH,Cl, solution of 14a to -20 °C for 24 h.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoKa - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F2. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software

and sources scattering factors are contained in the SHELXTL (6.10) program package
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(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C,3H,sBF3N,05S are given in the

following tables.

Table 13. Crystal data and structure refinement for 14a (1iu9).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

liu9

CisHisBF3 N, O3 S

410.21

1732) K

0.71073 A

Monoclinic

P2(1)/n

a=9.3812(9) A a=90°,
b=14.3671(13) A B=100.9400(10)°.
c=142217(13) A y=90°.
1882.0(3) A3

4

1.448 Mg/m3

0.223 mm-1
848

0.36 x 0.31 x 0.24 mm?3

2.03 to 27.00°.

-11<=h<=11, -18<=k<=18, -18<=l<=18
17178

4101 [R(int) = 0.0255]

100.0 %

Semi-empirical from equivalents
0.9485 and 0.9241

Full-matrix least-squares on F2
4101/07/325

1.024

R1=0.0376, wR2 = 0.1050
R1=0.0451, wR2 = 0.1131

0.380 and -0.287 e.A3
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Table 14. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx 103)
for 14a. U(eq) is defined as one third of the trace of the orthogonalized UY tensor,

X y z U(eq)
S(1) 417(1) 2337(1) 10006(1) 27(1)
o(1) 297(1) 1340(1) 9974(1) 42(1)
0Q2) 1816(1) 2682(1) 9897(1) 43(1)
03) -221(2) 2781(1) 10730(1) 48(1)
N(D) 10850(1) 5609(1) 6297(1) 25(1)
NQ) 8700(1) 5098(1) 7038(1) 25(D)
B(1) 10005(2) 4880(1) 6572(1) 25(1D)
C(DH 12010(2) 5388(1) 5878(1) 30(1)
CQ2 12377(2) 4497(1) 5715(1) 34(1)
C3) 11570(2) 3745(1) 5975(1) 35(1)
C4) 10387(2) 3894(1) 6391(1) 33(D
(%) 10605(2) 6621(1) 6394(1) 31(1)
C(6) 11710(2) 7055(1) 7189(1) 40(1)
Cc(n 7408(2) 4697(1) 6663(1) 32(1)
C(8) 6215(2) 4800(1) 7078(1) 31(1)
C) 6291(2) 5314(1) 7923(1) 25(1)
C(10) 7634(2) 5729(1) 8291(1) 26(1)
can 8792(2) 5617(1) 7845(1) 26(1)
C(12) 5042(2) 5390(1) 8411(1) 25(1)
C(13) 3905(2) 4749(1) 8219(1) 30(1)
C149) 2764(2) 4779(1) 8710(1) 34(1)
C(15) 2727(2) 5461(1) 9392(1) 35(1)
C(16) 3834(2) 6107(1) 9582(1) 35(1)
c17 4990(2) 6076(1) 9102(1) 30(1)
C(18) -769(2) 2684(1) 8901(1) 36(1)
F(1) -784(2) 3606(1) 8789(1) 71(1)
F(2) -2129(1) 2423(1) 8882(1) 63(1)
F(3) -360(1) 2323(1) 8134(1) 55(1)

Table 15. Bond lengths [A] and angles [°] for 14a.

S(1)-0(3) 1.4342(13)
S(1)-0(1) 1.4359(13)
S(1)-0(2) 1.4388(12)
S(1)-C(18) 1.8146(19)
N(1)-C(1) 1.3736(19)
N(1)-B(1) 1.413(2)
N(1)-C(5) 1.482(2)
N(2)-C(7) 1.356(2)
N(2)-C(11) 1.357(2)
N(2)-B(1) 1.5312)
B(1)-C(4) 1.496(2)
C(1)-C(2) 1.358(2)
C(1)-H(1) 0.959(19)
C(2)-C(3) 1.408(3)
C(2)-HQ) 0.91(2)

C(3)-C(4) 1.369(2)



C(3)-HQ3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-C(12)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-H(17)
C(18)-F(2)
C(18)-F(3)
C(18)-F(1)
0(3)-S(1)-0(1)
0(3)-S(1)-0(2)
0(1)-S(1)-0(2)
0(3)-S(1)-C(18)
O(1)-S(1)-C(18)
0(2)-S(1)-C(18)
C(1)-N(1)-B(1)
C(1)-N(D)-C(5)
B(1)-N(1)-C(5)
C(7)-NQ)-C(11)
C(7)-N(2)-B(1)
C(11)-N(2)-B(1)
N(1)-B(1)-C(4)
N(1)-B(1)-NQ2)
C(4)-B(1)-N(2)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(4)-C(3)-C(2)

0.938(19)
0.98(2)
1.515(3)
0.986(19)
0.94(2)
1.00(3)
0.91(2)
0.98(2)
1.368(2)
0.94(2)
1.401(2)
0.923(19)
1.402(2)
1.475(2)
1.367(2)
0.912(19)
0.930(19)
1.397(2)
1.399(2)
1.385(2)
0.975(19)
1.385(3)
0.96(2)
1.381(3)
0.90(2)
1.387(2)
0.97(2)
0.972)
1.326(2)
1.328(2)
1.333(2)
115.18(9)
115.88(8)
114.10(8)
103.21(8)
102.45(8)
103.50(8)
118.77(14)
114.61(13)
126.61(13)
118.28(13)
118.14(13)
123.40(12)
119.29(14)
120.27(14)
120.44(14)
122.62(15)
120.5(11)
116.9(11)
120.85(15)
118.7(13)
120.5(13)
120.90(16)
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C@)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
N(2)-C(7)-C(8)
N(2)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-C(12)
C(10)-C(9)-C(12)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(@)-C(11)-C(10)
N@)-C(11)-H(11)
C(10)-C(11)-H(11)
C(13)-C(12)-C(17)
C(13)-C(12)-C(9)
C(17)-C(12)-C(9)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(16)-C(17)-C(12)
C(16)-C(17)-H(17)
C(12)-C(17)-H(17)
F(2)-C(18)-F(3)
F(2)-C(18)-F(1)
F(3)-C(18)-F(1)

121.0(12)
118.1(12)
117.57(16)
118.0(12)
124.3(12)
112.13(14)
108.4(11)
111.0(11)
108.8(12)
109.3(12)
107.1(16)
109.5(15)
109.9(16)
109(2)
112.1(13)
107.2(19)
109(2)
121.87(15)
115.9(11)
122.2(12)
120.96(14)
118.0(11)
121.0(11)
116.08(14)
121.88(13)
122.02(13)
120.88(14)
117.3(11)
121.8(11)
121.91(14)
116.7(11)
121.3(11)
118.32(14)
120.28(14)
121.35(13)
121.03(16)
115.9(11)
123.1(10)
119.99(16)
120.7(12)
119.3(12)
119.70(15)
120.6(13)
119.7(13)
120.70(16)
120.9(11)
118.4(11)
120.25(15)
119.1(11)
120.7(11)
107.47(16)
106.86(15)
106.71(15)
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F(2)-C(18)-S(1) 111.65(13)
F(3)-C(18)-S(1) 112.25(12)
F(1)-C(18)-S(1) 111.59(14)

Symmetry transformations used to generate equivalent atoms:

Table 16. Anisotropic displacement parameters (Azx 103)for 14a. The anisotropic displacement factor
exponent takes the form: -2p2[ h2a*x2ull +  +2hka*b* Ul2]

ull U22 U33 Uu23 ul3 ul2
s(1) 23(1) 33(1) 27(1) -3(1) (1) -1(D
o(1) 43(1) 33(1) 53(1) 10(1) 15(1) 4(1)
0Q) 27(1) 54(1) 49(1) -14(1) 11(1) -12(1)
0(3) 43(1) 67(1) 38(1) -18(1) 15(1) 2(1)
N(1) 22(1) 29(1) 23(1) 1(1) 41) 2(1)
NQ) 25(1) 29(1) 22(1) 2(1) 6(1) -4(1)
B(1) 26(1) 31(1) 19(1) o(1) 3(1) 1(1)
c) 24(1) 43(1) 24(1) 1(1) 5(1) -1(1)
CQ2) 26(1) 51(1) 24(1) -4(1) 4(1) 9(1)
c@3) 41(1) 34(1) 27(1) -5(1) 1(1) 12(1)
C4) 40(1) 30(1) 29(1) -1(1) 6(1) -1(1)
c(5) 36(1) 26(1) 33(1) 5(1) 9(1) 1(1)
C(6) 47(1) 31(1) 43(1) -4(1) 13(1) -9(1)
c(7) 31(1) 40(1) 24(1) -7(1) 6(1) -9(1)
C(8) 26(1) 42(1) 26(1) -6(1) A1) -8(1)
C(9) 24(1) 26(1) 23(1) 3(1) 3(1) -1(1)
C(10) 27(1) 27(1) 25(1) -4(1) 4(1) 2(1)
c@1) 24(1) 28(1) 26(1) 3(1) 41) -4(1)
C(12) 23(1) 27(1) 24(1) 4(1) 3(1) 21)
c(13) 29(1) 33(1) 27(1) 1(1) 4(1) 3(1)
C(14) 26(1) 42(1) 34(1) 8(1) 5(1) -4(1)
C(15) 28(1) 46(1) 33(1) 11(1) 11(1) 8(1)
C(16) 34(1) 37(1) 33(1) 1(1) 9(1) 9(1)
ca7) 28(1) 29(1) 32(1) 1(1) 6(1) 2(1)
c(18) 32(1) 41(1) 38(1) A1) 10(1) 3(1)
F(1) 86(1) 46(1) 83(1) 27(1) 18(1) 20(1)
FQ2) 26(1) 105(1) 57(1) 4(1) 1(1) 2(1)
F(3) 56(1) 81(1) 29(1) 2(1) 10(1) 3(1)

Table 17. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
for 14a.

X y z U(eq)
i) 12570(20) 5897(13) 5707(13) 37(5)
H(2) 13160(20) 4393(14) 5443(15) 45(5)
HE) 11890(20) 3140(14) 5882(14) 33(5)

H(4) 9880(20) 3352(14) 6583(14) 42(5)



H(5A) 9610(20) 6713(13) 6507(13) 35(5)
H(5B) 10660(20) 6913(14) S811(15) 37(5)
H(6A) 12710(30) 6924(18) 7076(18) 70(7)
H(6B) 11570(30) 7680(17) 7197(18) 59(7)
H(6C) 11650(20) 6798(15) 7817(16) 50(6)
H(7) 7370(20) 4366(13) 6086(14) 37(5)
H(8) 5350(20) 4545(13) 6768(13) 35(5)
H(10) 7781(19) 6069(12) 8842(14) 29(4)
H(11) 9690(20) 5879(13) 8092(13) 33(5)
H(13) 3841(19) 4270(13) 7727(13) 31(5)
H(14) 2020(20) 4316(14) 8582(14) 39(5)
H(15) 1980(20) 5479(14) 9708(15) 43(5)
H(16) 3830(20) 6587(14) 10059(14) 36(5)
H(17) 5760(20) 6531(13) 9257(14) 36(5)
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diffraction were obtained by evaporation of a solution of 14b in CH,Cl,.

diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was

[ e

e

I

|

Figure 11. ORTEP illustration of 14b, with c‘llipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 14b suitable for X-ray

Diffraction intensity data were collected with a Bruker Smart Apex CCD
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solved using direct methods, completed by subsequent difference Fourier syntheses, and

refined by full matrix least-squares procedures on F>, All non-H atoms were refined with

anisotropic thermal parameters. H atoms were found on the residual density map and

refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software

and sources scattering factors are contained in the SHELXTL (6.10) program package

(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C;,H;3BF3;NO;PS are given in the

following tables.

Table 18. Crystal data and structure refinement for 14b (1iu29).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =27.00°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

liu29
CioHisBF;N O3PS
331.09

1732) K

0.71073 A
Triclinic

P-]
a=8.3208(13) A
b=8.7590(13) A
c=11.6164(17) A
768.5(2) A3

2

1.431 Mg/m3

0.350 mm-!
344

0.38 x 0.16 x 0.14 mm3

1.93 to 27.00°.

-10<=h<=10, -11<=k<=11, -14<=I<=14
7185

3253 [R(int) = 0.0249]

96.7 %

Semi-empirical from equivalents
0.9526 and 0.8784

Full-matrix least-squares on F2
3253/0/253

o = 108.031(2)°.
B = 106.341(2)°.
y=90.357(2)°.
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Goodness-of-fit on F2 1.020

Final R indices [[>2sigma(I)] R1=0.0430, wR2 = 0.0949
R indices (all data) R1=10.0598, wR2 = (0.1066
Largest diff. peak and hole 0.394 and -0.318 ¢.A-3

Table 19. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for
14b. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y Z U(eq)
P(1) 5606(1) 8361(1) 7055(1) 23(D)
S(D 1339(1) 6979(1) 3056(1) 27(D)
o) 1688(3) 8684(2) 3361(2) 52(1)
02) 430(2) 6148(2) 1759(2) 43(1)
03) 2727(2) 6212(2) 3613(2) 45(D)
N(1) 7758(2) 8666(2) 9647(2) 23(D)
B(1) 6856(3) 9477(3) 8821(2) 24(1)
F(1) -1564(2) 7452(3) 3468(2) 86(1)
F(2) -588(3) 5287(3) 3715(2) 91(1)
F(3) 446(2) 7573(2) 5130(2) 61(1)
C(D) 8637(3) 9518(3) 10870(2) 29(1)
C(2) 8690(3) 11150(3) 11334(2) 31()
C(3) 7848(3) 12036(3) 10569(2) 31(1)
Cé4) 6926(3) 11270(3) 9335(2) 29(1)
C(5) 7842(3) 6892(3) 9283(2) 28(D)
C(6) 6634(4) 6071(4) 9718(3) 38(1)
C() 4350(4) 9787(3) 6492(3) 34(1D)
C(8) 4207(3) 6639(3) 6787(3) 33(1)
C®) 6905(3) 7656(3) 6034(2) 31(D
C(10) -165(3) 6837(4) 3889(3) 45(1)

Table 20. Bond lengths [A] and angles [°] for 14b.

P(1)-C(8) 1.792(3)
P(1)-C(7) 1.794(2)
(B Lo
P(1)- .
e 7y
S(1)-0(3) 1.4361(17)
S(1)-C(10) 1.809(3)
N(1)-C(1) 1.365(3)
N(1)-B(1) 1.419(3)
N(1)-C(5) 1.486(3)
B(1)-C(4) 1.492(3)
F(1)-C(10) 1.317(3)
F(2)-C(10) 1.339(4)
F(3)-C(10) 1.327(3)
C()-C(2) 1.358(3)
C(1)-H(1) 0.95(3)

C(2)-C(3) 1.402(3)



C(2)-HQ)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-H(7A)
C(7)-H(7B)
C(7)-H(7C)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-HO9A)
C(9)-H(9B)
C(9)-H(9C)
C(8)-P(1)-C(7)
C(8)-P(1)-C(9)
C(7)-P(1)-C(9)
C(8)-P(1)-B(1)
C(7)-P(1)-B(1)
C(9)-P(1)-B(1)
0(2)-8(1)-0(1)
0(2)-S(1)-0(3)
0(1)-S(1)-0(3)
0(2)-S(1)-C(10)
O(1)-S(1)-C(10)
0(3)-S(1)-C(10)
C(1)-N(1)-B(1)
C(1)-N(1)-C(5)
B(1)-N(1)-C(5)
N(1)-B(1)-C(4)
N(1)-B(1)-P(1)
C(4)-B(1)-P(1)
C2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)

0.89(3)
1.368(3)
0.99(3)
0.96(3)
1.511(4)
0.97(2)
0.94(2)
0.96(3)
0.96(3)
0.95(3)
0.95(3)
0.93(3)
1.01(3)
0.96(3)
0.92(3)
0.94(3)
0.91(3)
0.91(3)
1.00(3)
107.27(13)
105.49(13)
107.20(13)
115.28(12)
106.81(12)
114.34(12)
114.75(11)
115.94(11)
114.16(13)
103.25(13)
102.95(14)
103.37(12)
120.2(2)
115.20(18)
124.60(19)
117.7(2)
122.91(18)
119.37(17)
121.8(2)
124.2(15)
114.0(15)
121.2(2)
118.3(16)
120.5(16)
120.6(2)
120.5(15)
118.8(15)
118.5(2)
117.4(15)
124.0(15)
112.1(2)
106.7(13)
112.1014)
108.6(14)



C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
P(1)-C(7)-H(7A)
P(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
P(1)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
P(1)-C(8)-H(8A)
P(1)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
P(1)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
P(1)-C(9)-H(9A)
P(1)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
P(1)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
F(1)-C(10)-F(3)
F(1)-C(10)-F(2)
F(3)-C(10)-F(2)
F(1)-C(10)-S(1)
F(3)-C(10)-S(1)
F(2)-C(10)-S(1)
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110.6(14)
106.6(19)
112.7(18)
112.9(16)
105(2)
108.2(18)
110(2)
108(2)
109.7(17)
110.8(18)
109(2)
110.6(15)
109(2)
108(2)
110.5(17)
110.2(18)
110(2)
108.3(17)
106(2)
1112)
109.8(17)
109.4(18)
106(2)
107.4(15)
112(2)
113(2)
108.2(3)
107.1(2)
107.1Q2)
111.80(19)
112.46(19)
109.9(2)

Symmetry transformations used to generate equivalent atoms:

Table 21. Anisotropic displacement parameters (A2x 10%)for 14b. The anisotropic displacement factor
exponent takes the form: -2p2[ h2a*2U!! + ., + 2 hk a* b* Ul2]

Ull U22 U33 U23 U13 U12
P(1) 25(1) 22(1) 23(1) 7(1) 5(1) 3(1)
s(1) 29(1) 26(1) 25(1) 8(1) 5(1) 4(1)
o(1) 74(1) 34(1) 49(1) 16(1) 14(1) -10(1)
0(2) 51(1) 42(1) 26(1) 5(1) 0(1) 12(1)
0(3) 38(1) 59(1) 35(1) 14(1) 5(1) 22(1)
NQ1) 25(1) 22(1) 24(1) 9(1) 7(1) 4(1)
B(1) 23(1) 26(1) 24(1) 9(1) 8(1) 2(1)
F(1) 41(1) 163(2) 74(1) 58(2) 23(1) 45(1)
F(2) 86(2) 96(2) 95(2) 52(1) 10(1) -45(1)
F(3) 52(1) 100(2) 40(1) 26(1) 23(1) 15(1)
c) 28(1) 34(1) 26(1) 13(1) 6(1) 6(1)
c) 31(1) 34(1) 22(1) 3(1) 4(1) -1(D)
C@3) 35(1) 23(1) 33(1) 3(1) 11(1) 3(1)
C4) 34(1) 23(1) 30(1) 10(1) 8(1) 5(1)



c) 30(1) 23(1)
C(6) 41(2) 31(2)
c(7) 36(1) 30(2)
c(®) 32(1) 33(2)
C(9) 36(1) 29(1)
C(10) 30(1) 67(2)

32(1)
46(2)
30(1)
33(1)
29(1)
44(2)

12(1)
21(1)
10(1)
13(1)
(1)
28(2)
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6(1) 8(D)
13(1) 2(1)
1(1) 5(1)
(1) 3(1)
13(1) 2(1)
6(1) 3D

Table 22. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10%) for 14b.

X y z U(eq)
H(1) 9180(30) 8870(30) 11350(20) 34(7)
H(2) 9300(30) 11650(30) 12130(20) 31(7)
H(3) 7980(30) 13230(30) 10920(20) 43(8)
H(4) 6410(30) 11940(30) 8840(20) 35(7)
H(SA) 7610(30) 6500(30) 8370(20) 23(6)
H(5B) 8950(30) 6700(30) 9630(20) 22(6)
H(6A) 6870(40) 6440(30) 10620(30) 49(8)
H(6B) 5490(40) 6270(30) 9400(20) 40(7)
H(6C) 6710(40) 4940(40) 9420(30) S1(8)
H(7A) 3610(40) 10150(30) 6990(30) 50(8)
H(7B) 3720(40) 9320(40) 5650(30) 52(9)
H(7C) 5090(40) 10740(40) 6550(30) 48(8)
H(8A) 3470(40) 6920(30) 7310(30) 46(8)
H(8B) 4810(30) 5820(30) 6950(30) 43(8)
H(C) 3520(40) 6320(30) 5950(30) 45(8)
H(9A) 7670(40) 8470(40) 6140(20) 41(8)
H(9B) 7510(40) 6890(40) 6270(30) 45(8)
H(9C) 6140(30) 7250(30) 5140(30) 45(8)
Table 23. Torsion angles [°] for 14b.
C(1)-N(1)-B(1)-C(4) 0.7(3)
C(5)-N(1)-B(1)-C4) -179.1(2)
C(1)-N(D-B()-P(1) 178.76(17)
C(5)-N(1)-B(1)-P(1) -1.0(3)
C(8)-P(1)-B(1)-N(1) 49.6(2)
C(D)-P(1)-B(1)-N(1) 168.7(2)
C()-P(1)-B(1)-N(1) -72.9(2)
C(8)-P(1)-B(1)-C(4) -132.4(2)
C(7)-P(1)-B(1)-C(4) -13.3(2)
C(O)-P(1)-B(1)-C(4) 105.1(2)
B(1)-N(1)-C(1)-C(2) -0.5(3)
C(5)-N(1)-C(1)-C(2) 179.3(2)
N(1)-C(1)-C(2)-C(3) -0.4(4)
C(1)-C(2)-C(3)-C(4) 1.0(4)
C-C3Y-CH)-B(H -0.7(4)
N(1)-B(1)-C(4)-C(3) -0.13)
P(1)-B(1)-C(4)-C(3) -178.25(18)
C(1)-N(1)-C(5)-C(6) 80.7(3)
B(1)-N(1)-C(5)-C(6) -99.5(3)
0(2)-S(1)-C(10)-F(1) -57.0(3)
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O(1)-S(1)-C(10)-F(1) 62.7(2)
0(3)-S(1)-C(10)-F(1) -178.2(2)
0(2)-S(1)-C(10)-F(3) -179.1(2)
O(1)-S(1)-C(10)-F(3) -59.3(2)
0(3)-S(1)-C(10)-F(3) 59.8(2)
0(2)-S(1)-C(10)-F(2) 61.7(2)
O(1)-S(1)-C(10)-F(2) -178.57(18)
0(3)-S(1)-C(10)-F(2) -59.5(2)

Symmetry transformations used to generate equivalent atoms:

/ J &y
Figure 12, ORTEP illustration of.l4c, with ellipsoids drawn at the 35% probability level.
X-ray Crystal Structure Determination. Crystals of 14¢ suitable for X-
ray diffraction were obtained by evaporation of a solution of 14¢ in CH,Cl,.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK & - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F?. All non-H atoms were refined with

anisotropic thermal parameters. H atoms were found on the residual density map and

refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software



225

and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C,sH,,BFsNO,PS are given in the

following tables.

Table 24. Crystal data and structure refinement for 14c.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)

1.

Largest diff. peak and hole

liu2s

Cos Hyuy BFsNO4P S
533.29

1732) K

0.71073 A
Orthorhombic

Pbca

a=9.10444) A a=90°.
b=19.8146(8) A B = 90°.
c=28.1910(11) A y =90°,
5085.7(4) A3

8

1.393 Mg/m3

0.245 mm-!
2208

0.26 x 0.20 x 0.12 mm3
1.44 to 27.00°.

-11<=h<=10, -25<=k<=25, -36<=1<=36

48806

5550 [R(int) = 0.0393]

100.0 %

Semi-empirical from equivalents
0.9712 and 0.9391

Full-matrix least-squares on F2
5550/0/421

1.057
R1=0.0450, wR2 = 0.1094
R1=10.0550, wR2=0.1169

an n _ 23
0.450 and -0.272 ¢ A™>
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Table 25. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx 103) for
14c. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
(D) 9768(1) 595(1) 6290(1) 23()
s(1) 6965(1) 1870(1) 3602(1) 32(1)
N(T) 7259(2) 2118(1) 5950(1) 28(1)
o(1) 8967(2) 1285(1) 6241(1) 28(1)
0(2) 6775(2) 1168(1) 3496(1) 53(1)
0(3) 5761(2) 2166(1) 3856(1) 49(1)
0(4) 8385(2) 2063(1) 3770(1) 64(1)
B(1) 8277(2) 1598(1) 5840(1) 26(1)
(1) 6478(2) 2421(1) 5595(1) 33(1)
c) 6659(2) 2255(1) 5131(1) 37(1)
c@3) 7686(3) 1763(1) 4999(1) 39(1)
c(4) 8500(2) 1421(1) 5329(1) 35(1)
c(s) 6995(3) 2348(1) 6445(1) 36(1)
C(6) 5949(3) 1890(1) 6701(1) 41(1)
c(7) 8706(2) 77(1) 6045(1) 26(1)
c(8) 7589(2) -354(1) 6319(1) 35(1)
c) 6699(2) -857(1) 6136(1) 39(1)
C(10) 6925(2) -1086(1) 5679(1) 38(1)
c(11) 8036(3) -817(1) 5405(1) #2(1)
c(12) 8932(3) -315(1) 5585(1) 36(1)
C(13) 11516(2) 648(1) 6009(1) 29(1)
C(14) 12314(3) 69(1) 5902(1) (1)
C(15) 13704(3) 141(2) 5701(1) 58(1)
Cc(16) 14264(3) 774(2) 5606(1) 59(1)
c(17) 13464(3) 1341(2) 5709(1) 53(1)
C(18) 12089(2) 1287(1) 5912(1) 39(1)
c(19) 9865(2) 440(1) 6913(1) 25(1)
C(20) 10490(2) -161(1) 7067(1) 34(1)
c1) 10369(3) -343(1) 7540(1) 40(1)
c22) 9630(3) 68(1) 7854(1) 38(1)
C(23) 9043(3) 672(1) 7704(1) 37(1)
c4) 9159(2) 865(1) 7231(1) 31(1)
C(25) 6839(3) 2259(1) 3023(1) 41(1)
F(1) 7865(2) 2048(1) 2731(1) 80(1)
F(2) 5549(2) 2133(1) 2822(1) 72(1)

F(3) 6969(2) 2927(1) 3045(1) 72(1)




Table 26. Bond lengths [A] and angles [°] for 14c.

P(1)-0(1)
P(1)-C(13)
P(1)-C(7)
P(1)-C(19)
S(1)-0(4)
S(1)-0(2)
S(1)-0(3)
S(1)-C(25)
N(1)-C(1)
N(1)-B(1)
N(1)-C(5)
o(1)-B(1)
B(1)-C(4)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-C(12)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)
C(13)-C(14)
C(13)-C(18)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-H(18)
C(19)-C(24)
C(19)-C(20)
C(20)-C(21)
C(20)-H(20)

1.5563(13)
1.781(2)
1.7845(19)
1.7846(18)
1.4285(18)
1.4336(17)
1.4349(17)
1.810(2)
1.368(2)
1.420(3)
1.487(3)
1.433(2)
1.496(3)
1.357(3)
0.95(2)
1.403(3)
0.94(3)
1.369(3)
0.93(3)
1.00(3)
1.501(3)
0.99(2)
0.99(2)
1.03(3)
1.00(3)
1.00(2)
1.390(3)
1.394(3)
1.384(3)
0.95(2)
1.380(3)
0.93(3)
1.379(3)
0.93(2)
1.382(3)
0.96(3)
0.94(3)
1.391(3)
1.397(3)
1.395(4)
0.92(3)
1.381(5)
0.85(3)
1.370(4)
0.97(3)
1.381(3)
1.00(3)
0.98(2)
1.387(3)
1.391(3)
1.385(3)
0.93(3)



C1)-C(22)
CQ1-H21)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-H(24)
C(25)-F(1)
C(25)-F(2)
C(25)-F(3)
O(1)-P(1)-C(13)
O(1)-P(1)-C(7)
C(13)-P(1)-C(7)
O(1)-P(1)-C(19)
C(13)-P(1)-C(19)
C(7)-P(1)-C(19)
0(4)-S(1)-0(2)
0(4)-S(1)-03)
0(2)-S(1)-0(3)
0(4)-S(1)-C(25)
0(2)-S(1)-C(25)
0(3)-S(1)-C(25)

- C(1)-N()-B(1)

C(1)-N(1)-C(5)
B(1)-N(1)-C(5)
B(1)-0(1)-P(1)
N(D-B(1)-O(1)
N(1)-B(1)-C(4)
O(1)-B(1)-C(4)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)}-C(2)-C3)
C(1)-C2)-H(2)
C(3)-C(2)-HR)
C(4)-CR)-C(2)
C(4)-C(3)-HQ)
C(2)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)

1.378(3)
0.94(3)
1.378(3)
0.92(3)
1.391(3)
0.96(3)
0.96(2)
1.312(3)
1.328(3)
1.332(3)
109.08(9)
111.54(8)
110.83(9)
105.20(8)
113.81(9)
106.26(9)
115.95(13)
114.61(12)
114.13(10)
103.99(11)
102.57(11)
103.23(11)
119.82(17)
117.97(17)
122.21(16)
131.01(12)
115.30(16)
118.01(17)
126.68(18)
122.4(2)
121.0(14)
116.6(14)
120.37(19)
117.0(15)
122.7(15)
121.6(2)
119.8(16)
118.5(15)
117.72)
117.4(14)
124.9(14)
111.65(18)
113.7(13)
109.1(14)
108.1(13)
112.1(13)
101.9(19)
110.7(17)
108.1(14)
110(2)
110.0(14)
109(2)
109(2)
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C(®)-C(7)-C(12)
C(8)-C(7)-P(1)
C(12)-C(7)-P(1)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(7)
C(11)-C(12)-H(12)
C(7)-C(12)-H(12)
C(14)-C(13)-C(18)
C(14)-C(13)-P(1)
C(18)-C(13)-P(1)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(13)
C(17)-C(18)-H(18)
C(13)-C(18)-H(18)
C(24)-C(19)-C(20)
C(24)-C(19)-P(1)
C(20)-C(19)-P(1)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22)
C(21)-C(22)-H(22)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23)
C(24)-C(23)-H(23)
C(19)-C(24)-C(23)
C(19)-C(24)-H(24)

119.35(18)
118.40(14)
122.21(15)
120.35(19)
118.8(15)
120.8(15)
119.8(2)
118.9(15)
121.3(15)
120.3(2)
119.3(15)
120.4(15)
120.3(2)
121.6(16)
118.1(16)
119.9(2)
120.5(15)
119.6(15)
120.7(2)
120.95(17)
118.32(16)
118.6(3)
119.4(15)
122.0(15)
120.4(3)
126.8(18)
112.7(18)
120.5(2)
122.2(18)
117.2(18)
120.5(3)
118.3(19)
121.2(19)
119.3(2)
119.9(14)
120.8(14)
120.44(18)
120.64(14)
118.35(15)
119.4(2)
119.0(15)
121.6(15)
120.2(2)
120.2(15)
119.6(15)
120.41(19)
119.1(16)
120.4(16)
120.1(2)
123.0(15)
116.8(15)
119.32(19)
122.0(13)
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C(23)-C(24)-H(24) 118.6(13)
F(1)-C(25)-F(2) 107.7(2)
F(1)-C(25)-F(3) 106.5(2)
F(2)-C(25)-F(3) 106.6(2)
F(1)-C(25)-S(1) 112.63(17)
F(2)-C(25)-S(1) 111.10(16)
F(3)-C(25)-8(1) 112.03(16)

Symmetry transformations used to generate equivalent atoms:

Table 27. Anisotropic displacement parameters (Azx 103)for 14c. The anisotropic displacement factor
exponent takes the form: -2p2[ h2a*2ull + . +2hka*b*UL2 1

ull U22 33 U23 Ul3 ul2
P(1) 23(1) 25(1) 20(1) 1) -1(D) 2(1)
s(1) 30(1) 34(1) 32(1) 8(1) 2(1) -5(1)
N(D) 27(1) 26(1) 30(1) 4(1) o(1) o(1)
o(1) 32(1) 28(1) 24(1) 2(1) -1(1) 6(1)
0Q) 56(1) 30(1) 74(1) 9(1) 9(1) 3(1)
0(3) 53(1) 46(1) 47(1) -7(1) 15(1) (1)
04) 42(1) 98(2) 51(1) 23(1) -18(1) 23(1)
B(1) 25(1) 28(1) 26(1) 5(1) -1(1) o(1)
c) 28(1) 27(1) 441 10(1) -4(1) 1(1)
C@2) 35(1) 39(1) 37(1) 16(1) -8(1) 2(1)
c@3) 45(1) 48(1) 24(1) 8(1) o(1) 2(1)
C(4) 38(1) 41Q1) 26(1) 4(1) 4(1) (1)
c) 40(1) 30(1) 38(1) -6(1) o(1) 6(1)
C(6) 37(1) 52(1) 33(1) -1(1) 3(1) 3(1)
c(7) 25(1) 26(1) 27(1) o(1) 2(1) A1)
c@®) 27(1) 43(1) 34(1) -7(1) 5(1) 2(1)
c(9) 28(1) 40(1) 48(1) -4(1) 4(1) -5(1)
C(10) 33(1) 30(1) 50(1) -8(1) -10(1) 1(1)
ca1) 53(2) 42(1) 31(1) -9(1) 2(1) -4(1)
C(12) 45(1) 38(1) 26(1) 2(1) 41) -8(1)
c(13) 23(1) 42(1) 22(1) 2(1) 2(1) 1(1)
C(14) 37(1) 53(1) 40(1) 16(1) 6(1) 17(1)
C(15) 38(1) 90(2) 46(1) 9(1) 4(1) 33(2)
C(16) 25(1) 114(3) 39(1) 4(1) o(1) -11(1)
cam) 38(1) 79(2) 43(1) -13(1) 6(1) -28(1)
c(18) 37(1) 49(1) 31(1) -11(1) 1(1) -15(1)
c(19) 24(1) 29(1) 23(1) 2(1) -4(1) -1(1)
C(20) 41(1) 32(1) 29(1) 2(1) 3(1) (1)
c@l) 51(1) 36(1) 33(1) 10(1) (1) 4(1)
C(22) 42(1) 48(1) 24(1) (1) -4(1) -6(1)
C(23) 40(1) 47(1) 25(1) -4(1) o) 3(1)
C(24) 36(1) 33(1) 25(1) -1(1) 2(1) 5(1)
C(25) 42(1) 46(1) 35(1) (1) 3(1) -8(1)
F(1) 85(1) 109(2) 46(1) 5(1) 28(1) 2(1)
FQ2) 63(1) 96(1) 55(1) 18(1) 31(1) -19(1)

F(3) 98(1) 45(1) 72(1) 29(1) -11(1) -17(1)
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Table 28. Hydrogen coordinates ( x 104) and isotropic displaccment parameters (A2x 103) for 14c.

X y 4 U(eq)
H(D 5800(30) 2760(12) 5687(8) 38(6)
H(2) 6070(30) 2484(12) 4910(9) 45(6)
H(3) 7840(30) 1684(12) 4678(9) 45(7)
H(4) 9210(30) 1076(12) 5210(9) 48(7)
H(5A) 6630(30) 2816(12) 6468(8) 35(6)
H(5B) 7960(30) 2379(12) 6608(8) 37(06)
F(6A) 5830(30) 2039(14) 7050(11) 69(9)
H(GB) 4980(30) 1910(12) 6536(9) 47(7)
H(6C) 6320(30) 1416(12) 6694(8) 40(6)
H(8) 7430(30) -209(12) 6637(9) 44(6)
H(9) 5950(30) -1048(12) 6315(9) 46(7)
H(10) 6350(30) -1430(12) 5555(8) 44(7)
H(1 1) 8200(30) -964(13) 5085(10) 56(7)
H(12) 9710(30) -140(13) 5402(9) 49(7)
H(14) 11910(30) -350(13) 5963(9) 43(7)
H(15) 14100(30) -237(13) 5632(9) 45(7)
H(16) 15220(40) 796(15) 5454(11) 70(9)
H(17) 13910(40) 1792(17) 5639(11) 80(10)
H(18) 11530(30) 1695(12) 5988(8) 40(6)
H(20) 11000(30) -442(12) 6862(9) 45(7)
HQ21) 10780(30) -752(13) 7643(9) 49(7)
H(22) 9510(30) -61(12) 8166(9) 50(7)
H(23) 8540(30) 979(13) 7914(9) 49(7)
H(24) 8700(30) 1278(11) 7132(8) 36(6)

N

\/\/ \E’
~7 '\,
\ )
N

Figure 13. ORTEP illustration of 14d, with ellipsoids drawn at the 35% probability level.
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X-ray Crystal Structure Determination. Crystals of 14d suitable for X-ray
diffraction were obtained by evaporation of a solution of 14d in CH,Cl,.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F%. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of
data collection and crystal structure refinement for C,H4,BF;N,0O,4S are given in the

following tables.

Table 29. Crystal data and structure refinement for 14d.

Identification code liu27

Empirical formula CoHisBF3;N, 04 S

Formula weight 350.12

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=9.6415(13) A o = 90°,
b=9.9617(14) A B =96.612(2)°.
c=16.668(2) A v = 90°.

Volume 1590.3(4) A3

Z 4

Density (calculated) 1.462 Mg/m3

Absorption coefficient 0.254 mm-!

F(000) 720

Crystal size

0.32x 0.26 x 0.18 mm3



Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =27.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

2.13 to 27.00°.

-12<=h<=12, -12<=k<=12, -20<=]<=21

14940
3448 [R(int) = 0.0393]
98.9 %

Semi-empirical from equivalents

0.9557 and 0.9232

Full-matrix least-squares on F 2

3448 /0/264

1.015
R1=10.0433, wR2 =0.0976
R1=10.0688, wR2 =0.1137

0.280 and -0.269 e.A-3
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Table 30. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for
14d. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
S(DH 6805(1) 1980(1) 1154(1) 43(1)
o) 9909(2) 10054(2) 2287(1) 42(1)
02) 8172(2) 2574(2) 1232(1) 68(1)
0@3) 6684(2) 693(2) 774(1) 66(1)
04) 6093(2) 2107(2) 1859(1) S1(1)
N(1) 7845(2) 9045(2) 2649(1) 37(1)
N(2) 11006(2) 9997(2) 1821(1) 35(1)
F(1) 5815(2) 4335(1) 721(1) 76(1)
F(2) 4490(1) 2722(2) 294(1) 75(1)
F(3) 6316(2) 3131(2) -267(1) 74(1)
B(1) 8915(2) 8994(2) 2135(2) 36(1)
C(1) 6810(2) 8096(3) 2560(2) 48(1)
C(@2) 6779(2) 7119(3) 1998(2) S51(1)
C(3) 7829(2) 7017(2) 1480(2) 48(1)
C4) 8913(2) 7903(2) 1523(1) 40(1)
C(5) 7808(3) 10061(3) 3289(2) 46(1)
C(6) 8656(3) 9661(3) 4067(2) 57(1)
C() 10931(2) 10756(2) 1156(1) 40(1)
C(8) 12044(2) 10742(2) 717(2) 45(1)
C(9) 13203(2) 9978(2) 972(2) 44(1)
C(10) 13221(2) 9215(2) 1658(1) 45(1)
c(11) 12099(2) 9236(2) 2086(1) 41(1)
C(12) 5807(2) 3084(2) 439(2) 45(1)

Table 31. Bond lengths [A] and angles [°] for 14d.

S(1)-0(3)
S(1)-0(4)
S(1)-0(2)
S(1)-C(12)

1.4288(18)
1.4331(16)
1.4368(18)
1.815(2)



O(1)-N(2)
O(1)-B(1)
N(1)-C(1)
N(1)-B(1)
N(1)-C(5)
N(2)-C(11)
N(2)-C(7)
F(1)-C(12)
F(2)-C(12)
F(3)-C(12)
B(1)-C(4)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-H(Q2)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(3)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
0(3)-S(1)-0(4)
0(3)-S(1)-0(2)
0(4)-S(1)-0(2)
0(3)-S(1)-C(12)
O(4)-S(1)-C(12)
0(2)-S(1)-C(12)
N(2)-O(1)-B(1)
C(1)-N(1)-B(1)
C(1)-N(1)-C(5)
B(1)-N(1)-C(5)
C11)-NQ2)-C(7)
C(11)-N(2)-0(1)
C(7)-N(2)-0(1)
N(1)-B(1)-0(1)
N(1)-B(1)-C(4)
O(1)-B(1)-C(4)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)

1.383(2)
1.429(3)
1.371(3)
1.414(3)
1.474(3)
1.332(3)
1.337(3)
1.331(3)
1.316(3)
1.326(3)
1.492(3)
1.349(4)
0.91(3)
1.408(4)
0.91(2)
1.363(3)
0.942)
0.90(2)
1.505(4)
0.94(2)
0.96(2)
0.99(3)
0.93(3)
0.98(3)
1.367(3)
0.92(2)
1.378(3)
0.93(2)
1.372(3)
0.90(2)
1.364(3)
0.95(2)
0.92(2)
114.91(11)
115.92(12)
114.22(11)
103.98(11)
102.57(10)
102.76(11)
114.28(15)
118.8(2)
118.3(2)
122.86(19)
124.28(19)
117.64(17)
118.00(17)
112.82(19)
119.8(2)
127.4(2)
122.1(2)
122.6(17)
115.3(17)
121.2(2)

234



C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
N(2)-C(7)-C(8)
N(2)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(2)-C(11)-C(10)
N(2)-C(11)-H(11)
C(10)-C(11)-H(11)
F(2)-C(12)-F(3)
F(2)-C(12)-F(1)
F(3)-C(12)-F(1)
F(2)-C(12)-S(1)
F(3)-C(12)-8(1)
F(1)-C(12)-S(1)

116.3(16)
122.5(16)
121.5(2)
118.3(14)
120.1(14)
116.6(2)
118.4(14)
125.0(14)
112.7(2)
109.0(14)
113.6(14)
108.2(15)
110.7(15)
102.0(19)
109.8(16)
111.0(18)
106(2)
108.6(15)
112(2)
109(2)
117.8(2)
115.2(14)
127.0(14)
120.0(2)
118.0(15)
122.0(15)
119.72)
121.2(15)
119.1(15)
119.6(2)
117.0(14)
123.4(14)
118.7(2)
114.8(14)
126.5(15)
107.1(2)

106.70(19)
107.02(19)
112.45(16)
112.44(16)
110.76(16)
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Symmetry transformations used to generate equivalent atoms:

Table 32. Anisotropic displacement parameters (A2x 10%)for 14d. The anisotropic displacement factor

exponent takes the form: -2p?[ h2a*2U!! + ... + 2 h k a* b* U!2 ]

yi U22 33 U2 3 U2
S(1) 38(1) 54(1) 38(1) -7(1) 3(1) 14(1)
o) 41(1) 45(1) 44(1) -8(1) 21(1) -9(1)
0(2) 29(1) 107(2) 69(1) -11(1) 4(1) 8(1)
0(3) 102(2) 50(1) 47(1) -6(1) 10(1) 23(1)
0(4) 47(1) 70(1) 37(1) -5(1) 9(1) 13(1)



N(1) 30(1)
NQ) 35(1)
F(1) 89(1)
FQ2) 47(1)
F(3) 95(1)
B(1) 33(1)
c(1) 31(1)
C@) 37(1)
C(3) 49(1)
C(4) 39(1)
C(5) 42(1)
C(6) 60(2)
C(7) 37(1)
C(8) 48(1)
c9) 36(1)

C(10) 38(1)
c(11) 43(1)
C(12) 43(1)

47(1)
39(1)
43(1)
86(1)
78(1)
40(1)
64(2)
56(2)
42(1)
41(1)
58(2)
68(2)
41(1)
49(1)
51(1)
50(1)
43(1)
45(1)

35(1)
34(1)
93(1)
85(1)
52(1)
36(1)
48(2)
58(2)
49(2)
40(1)
42(1)
43(2)
43(1)
39(1)
46(1)
45(1)
36(1)
47(1)

8(1)
-5(1)
(1)
30(1)
15(1)
(1)
20(1)
13(1)
2(1)
4(1)
3(1)
3(1)
4(1)
5(1)
-12(1)
-6(1)
o(1)
-1(1)

6(1)
12(1)
-4(1)
-22(1)
20(1)
3(1)
3(D)
-4(1)
9(1)
4(1)
14(1)
6(1)
8(1)
13(1)
14(1)
4(1)
4(1)
4

1(1)
-4(1)
%1)

-13(1)

2(1)
1(1)
-1(1)

-13(1)

-3(1)
1(1)
10(1)
7(1)
2(1)
-3(1)
-A(1)
5(1)
0(1)
-4(1)
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Table 33. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for 14d.

X y z Ueq)
H(1) 6150(30) 8180(20) 2899(17) 62(8)
H(2) 6060(30) 6530(20) 1983(14) 53(7)
H®3) 7820(20) 6300(20) 1111(14) 46(7)
H®4) 9580(20) 7780(20) 1189(14) 40(6)
H(5A) 6880(30) 10260(20) 3348(13) 47(6)
H(5B) 8140(20) 10890(20) 3095(15) 52(7)
H(6A) 8290(30) 8820(30) 4268(17) 72(9)
H(6B) 9580(30) 9490(30) 3987(17) 79(9)
H(6C) 8630(30) 10400(30) 4456(16) 61(8)
H(7) 10120(20) 11250(20) 1048(13) 42(6)
H(8) 11990(20) 11260(20) 250(15) 56(7)
H(9) 13930(20) 9980(20) 676(14) 47(7)
H(10) 13970(20) 8640(20) 1847(14) 52(7)
H(L1) 12000(20) 8750(20) 2546(15) 49(7)
Table 34. Torsion angles [°] for 14d.
B(1)-O(1)-N(2)-C(11) -85.5(2)
B(1)-O(1)-N(2)-C(7) 97.7(2)
C(1)-N(1)-B(1)-O(1) 179.08(18)
C(5)-N(1)-B(1)-0O(1) -2.2(3)
C(1)-N(1)-B(1)-C(4) -1.23)
C(5)-N(1)-B(1)-C(4) 177.53(19)
N(@2)-0(1)-B(1)-N(1) 177.08(16)
N(@2)-0(1)-B(1)-C(4) -2.6(3)
B(1)-N(1)-C(1)-C(2) -0.1(3)
C(5)-N(1)-C(1)-C(2) -178.9(2)
N(1)-C(1)-C(2)-C(3) 0.9(4)
C(1)-C(2)-C(3)-C(4) -0.3(4)



C(2)-C(3)-C(4)-B(1) -0.9(3)
N(1)-B(1)-C(4)-C(3) 1.7(3)
O(1)-B(1)-C(4)-C(3) -178.6(2)
C(1)-N(1)-C(5)-C(6) 93.1(3)
B(1)-N(1)-C(5)-C(6) -85.6(3)
C(11)-N(2)-C(7)-C(8) 0.5(3)
O(1)-N(2)-C(7)-C(8) 177.14(18)
N(2)-C(7)-C(8)-C(9) -1.03)
C(7)-C(8)-C(9)-C(10) 1.2(3)
C(8)-C(9)-C(10)-C(1 1) -0.93)
C(7)-N(2)-C(1 1)-C(10) -0.2(3)
O(1)-N(2)-C(11)-C(10) -176.87(18)
C(9)-C(10)-C(11)-N(2) 0.4(3)
0(3)-S(1)-C(12)-F(2) 60.0(2)
0(4)-S(1)-C(12)-F(2) -59.97(19)
0(2)-S(1)-C(12)-F(2) -178.74(17)
0(3)-S(1)-C(12)-F(3) -60.99(19)
O(4)-S(1)-C(12)-F(3) 178.99(16)
0(2)-S(1)-C(12)-F(3) 60.22(18)
0(3)-S(1)-C(12)-F(1) 179.33(17)
0(4)-S(1)-C(12)-F(1) 59.31(19)
0(2)-S(1)-C(12)-F(1) -59.46(19)
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Symmetry transformaltions used (o generale equivalent atoms:

Ci4)

s

[ L 3
/

Figure 14. ORTEP illustration of 14g, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 14g suitable for X-ray

diffraction were obtained by seeding an oil of 14g o1l with 14a.
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Diffraction intensity data were collected with a Bruker Smart Apex CCD

diffractometer at 173(2) K using MoK a - radiation (0.71073 A). The structure was

solved using direct methods, completed by subsequent difference Fourier syntheses, and

refined by full matrix least-squares procedures on F2. All non-H atoms were refined with

anisotropic thermal parameters. H atoms were found on the residual density map and

refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software

and sources scattering factors are contained in the SHELXTL (6.10) program package

(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C,3H;3BF¢N,O3S are given in the

following tables.

Table 35. Crystal data and structure refinement for 14g (1iu56).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

liu56

C13 H13 B F6 N2 03 S

402.12

1732) K

0.71073 A

Monoclinic

P2(1)/c

a=7.2062) A o =90°,
b=16.671(5) A B =96.233(5)°.
c=13.755(4) A y = 90°,
1642.6(9) A 3

4

1.626 Mg/m3

0.278 mm-!
816

0.39 x 0.09 x 0.03 mm3

1.93 to 25.00°.

-8<=h<=8, -19<=k<=19, -16<=I<=16
14523

2902 [R(int) = 0.0790]

100.0 %

Semi-empirical from equivalents
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Max. and min. transmission 0.9917 and 0.8993

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 2902/0/287

Goodness-of-fit on F2 1.006

Final R indices [I>2sigma(I)] R1=0.0558, wR2 = 0.1251

R indices (all data) R1=0.0894, wR2 =0.1415
Largest diff. peak and hole 0.342 and -0.361 e. A -3

Table 36. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for
14g. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
S(1) 1906(1) 7273(1) 2371(1) 27(1)
o(1) 2701(4) 6493(2) 2297(2) 43(1)
oQ) 2268(4) 7827(2) 1615(2) 44(1)
0Q3) 33(3) 7288(2) 2643(2) 41(1)
N(1) 2125(4) 4381(2) 4147(2) 24(1)
NQ2) 2408(4) 2926(2) 4689(2) 24(1)
B(1) 2431(5) 3822(2) 4925(3) 24(1)
F(1) 765(4) 187(2) 3705(2) 82(1)
F(2) 2550(5) 1(1) 4981(2) 71(1)
F(3) 3679(4) 179(2) 3652(2) 72(1)
F(4) 2723(4) 8426(2) 3635(2) 66(1)
F(5) 5074(3) 7714(2) 3339(2) 51(1)
F(6) 3078(3) 7246(2) 4239(2) 54(1)
Cc() 2179(5) 5181(2) 4362(3) 29(1)
CQ) 2473(5) 5451(2) 5297(3) 32(1)
C@3) 2736(5) 4921(2) 6092(3) 33(1)
C4) 2714(5) 4112(2) 5949(3) 32(1)
C(5) 1597(5) 4171(2) 3106(3) 29(1)
C(6) 3116(6) 4371(3) 2468(3) 36(1)
C(7) 3653(5) 2593(2) 4144(2) 27(1)
C(8) 3695(5) 1787(2) 3968(3) 28(1)
C(9) 2399(5) 1308(2) 4352(2) 25(1)
C(10) 1137(5) 1642(2) 4913(3) 29(1)
can 1165(5) 2453(2) 5080(3) 28(1)
C(12) 2368(5) 423(2) 4166(3) 34(1)
C(13) 3248(5) 7684(2) 3435(3) 35(1)

Table 37. Bond lengths [A] and angles [°] for 14g,

S(1)-0(1) 1.429(3)
S(1)-0(2) 1.436(3)
S(1)-0(3) 1.439(3)
S(1)-C(13) 1.800(4)
N(1)-C(1) 1.367(5)
N(1)-B(1) 1.418(5)
N(1)-C(5) 1.483(4)

N(2)-C(11) 1.348(4)



N(2)-C(7)
N(2)-B(1)
B(1)-C(4)
F(1)-C(12)
F(2)-C(12)
F(3)-C(12)
F(4)-C(13)
F(5)-C(13)
F(6)-C(13)
C(-C2)
C(1)-H(1)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-H(T)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-C(12)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
O(1)-S(1)-0(2)
0(1)-5(1)-03)
0(2)-S(1)-0(3)
O(1)-S(1)-C(13)
0(2)-S(1)-C(13)
0(3)-S(1)-C(13)
C(1)-N(1)-B(1)
C(1)-N(1)-C(5)
B(1)-N(1)-C(5)
C(11)-NQ2)-C(7)
C(11)-N(2)-B(1)
C(7)-N(2)-B(1)
N(1)-B(1)-C(4)
N(1)-B(1)-N(2)
C(#)-B(1)-NQ2)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(4)-C(3)-C(2)

1.349(4)
1.528(5)
1.481(5)
1.316(4)
1.319(4)
1.305(4)
1.331(4)
1.338(4)
1.342(4)
1.356(5)
0.97(3)
1.403(6)
0.90(4)
1.363(5)
0.97(4)
0.93(4)
1.513(5)
0.96(3)
0.97(3)
0.93(4)
0.97(4)
0.98(4)
1.367(5)
0.86(3)
1.378(5)
0.91(4)
1.373(5)
1.497(5)
1.370(5)
0.88(3)
0.93(3)
115.30(16)
115.44(17)
115.24(16)
102.74(18)
102.67(17)
102.61(17)
118.7(3)
115.9(3)
125.2(3)
119.4(3)
118.7(3)
121.93)
119.8(3)
119.0(3)
121.2(3)
121.8(3)
122(2)
116(2)
121.6(4)
119(2)
120(2)
120.9(3)
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C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)»-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
N(2)-C(7)-C(8)
N(2)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-C(12)
C(8)-C(9)-C(12)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(2)-C(11)-C(10)
N(2)-C(11)-H(11)
C(10)-C(11)-H(11)
F(3)-C(12)-F(1)
F(3)-C(12)-F(2)
F(1)-C(12)-F(2)
F(3)-C(12)-C(9)
F(1)-C(12)-C(9)
F(2)-C(12)-C(9)
F(4)-C(13)-F(5)
F(4)-C(13)-F(6)
F(5)-C(13)-F(6)
F(4)-C(13)-S(1)
F(5)-C(13)-S(1)
F(6)-C(13)-S(1)

122(3)
117(3)
117.3(4)
118Q2)
124Q2)
112.5(3)
108(2)
109(2)
108.5(19)
110.1(19)
108(3)
109(2)
109(2)
112(3)
115(2)
108(3)
105(3)
122.2(3)
117(2)
121Q2)
118.2(3)
12203)
120(3)
119.9(3)
119.9(3)
120.2(3)
119.7(3)
119Q2)
121Q2)
120.6(3)
115(2)
124(2)
107.2(3)
106.5(3)
104.5(3)
113.73)
111.93)
112.4(3)
106.9(3)
106.4(3)
106.3(3)
112.5(3)
112.4(3)
111.9(3)
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Table 38. Anisotropic displacement parameters (A2x 10%)for 14g. The anisotropic displacement factor

exponent takes the form: -2p?[ h?a*2U!! + ... + 2 hk a* b* U!?]

U12

Ull
S(1) 26(1)
o(1) 49(2)

0Q) 42(2)

36(1)
39(2)
63(2)

2(1)
3(1)
3(1)



0(3) 23(1) 65(2) 38(2) 8(1) 9(1) (1)
N(1) 21(2) 31(2) 202) 1(1) 2(1) -1(1)
NQ@) 21(2) 33(2) 16(1) 1(1) 3(1) 1(1)
B(1) 16(2) 32(2) 26(2) 0(2) 8(2) 202)
F(1) 67(2) 53(2) 117(3) 342) -32(2) -6(1)
F(2) 141(3) 37(1) 37(1) 5(1) 17Q2) 3(2)
F(3) 89(2) 41(2) 98(2) -18(2) 62(2) 3(1)
F(4) 78(2) 48(2) 70(2) 22(1) 9(2) 2(1)
F(5) 29(1) 69(2) 53(2) 11(1) 3(1) -13(1)
F(6) 50(2) 89(2) 24(1) 16(1) 1D -15(1)
c() 30(2) 31(2) 28(2) 3(2) 102) -12)
CQ2) 30(2) 35(2) 32(2) -8Q2) 112) 302)
c@3) 28(2) 48(3) 22(2) -11Q2) 72) -12)
C4) 29(2) 45(2) 22(2) ' 22) 6(2) 02)
c) 35(2) 34(2) 18(2) 1) -1Q2) 202)
C(6) 48(3) 43(3) 192) 3(2) 9(2) 0(2)
c(7) 25(2) 35(2) 21(2) 22) 72) 302)
C(®) 25(2) 39(2) 22(2) 2(2) 9(2) 42)
C(9) 25(2) 35(2) 14(2) -1(1) 4(1) 1(2)
C(10) 31(2) 34(2) 25(2) 3(2) 13Q2) -6(2)
c(11) 25(2) 34(2) 27(2) 4(2) 15Q2) 1(2)
C(12) 38(2) 37(2) 27(2) 702) 8(2) 702)
C(13) 33(2) 39(2) 34(2) 5(2) 6(2) -12)
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Table 39. Hydrogen coordinates ( x 107) and isotropic displacement parameters (A2x 10°) for 14g.

X y z Uleq)
H(1) 1950(40) 5540(20) 3810(30) 22(9)
HQ) 2510(50) 5980(20) 5410(30) 29(10)
H(3) 2950(50) 5160(20) 6740(30) 54(13)
H®4) 2930(50) 3780(20) 6490(30) 38(11)
H(5A) 480(50) 4460(20) 2880(20) 25(9)
H(5B) 1310(40) 3600(20) 3060(20) 18(9)
H(6A) 2720(50) 4230(20) 1820(30) 44(12)
H(6B) 4240(50) 4090(20) 2720(30) 30(10)
H(6C) 3480(50) 4940(20) 2470(30) 39(11)
H(7) 4430(50) 2910(20) 3920(20) 24(10)
H(8) 4550(60) 1560(30) 3610(30) 60(13)
H(10) 300(50) 1350(20) 5170(20) 24(9)
H(11) 400(50) 2710(20) 5480(20) 27(9)
Table 40. Torsion angles [°] for 14g.
C(1)-N(1)-B(1)-C(4) 2.8(5)
C(5)-N(1)-B(1)-C(4) -172.2(3)
C(1)-N(1)-B(1)-N(2) -178.9(3)
C(5)-N(1)-B(1)-N(2) 6.2(5)
C(11)-N(Q2)-B(1)-N(1) -121.2(3)
C(7)-N(@2)-B(1)-N(1) 62.3(4)
C(11)-N(2)-B(1)-C(4) 57.14)
C(N-N@)-B(1)-C(4) -119.4(4)



B(D)-N(D-C(1)-C(2)
C(5)-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-B(1)
N(1)-B(1)-C(4)-C(3)
N(2)-B(D)-C(4H-C(3)
C(1)-N(1)-C(5)-C(6)
B(1)-N(1)-C(5)-C(6)
C(11)-N(2)-C(7)-C(8)
B(1)-N(2)-C(7)-C(8)
N(@)-C(N)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-C(12)
C(8)-C(9)-C(10)-C(11)

C(12)-C(9)-C(10)-C(11)

C(7)-N(2)-C(11)-C(10)
B(1)-N(2)-C(11)-C(10)
C(9)-C(10)-C(11)-N(2)
C(10)-C(9)-C(12)-F(3)
C(8)-C(9)-C(12)-F(3)
C(10)-C(9)-C(12)-F(1)
C(8)-C(9)-C(12)-F(1)
C(10)-C(9)-C(12)-F(2)
C(8)-C(9)-C(12)-F(2)
0(1)-S(1)-C(13)-F(4)
0(2)-S(1)-C(13)-F(4)
0(3)-S(1)-C(13)-F(4)
0(1)-S(1)-C(13)-F(5)
0(2)-S(1)-C(13)-F(5)
0(3)-S(1)-C(13)-F(5)
0(1)-S(1)-C(13)-F(6)
0(2)-S(1)-C(13)-F(6)
0(3)-S(1)-C(13)-F(6)

-1.6(5)
173.8(3)
0.0(6)
0.3(6)
0.9(5)
-2.4(5)
179.3(3)
71.6(4)

-113.4(4)

0.3(5)
176.9(3)
0.9(5)
-1.4(5)
179.03)
0.6(5)

-179.8(3)

-1.2(5)

-177.8(3)

0.7(6)

-177.7(3)

1.9(5)
60.7(5)

-119.7(4)

-56.6(5)
123.0(4)
179.7(3)
59.7(3)
-60.1(3)
59.0(3)
-61.0(3)
179.2(3)
-60.5(3)
179.5(3)
59.6(3)

243




244

o N A;'E'SE‘“,/_ i

AN

\
/5%

Figure 15. ORTEP illustration of 14h, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 14h suitable for X-ray
diffraction were obtained by sceding the oil of 14h with crystals of 14a.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F2. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of
data collcction and crystal structure refinement for C3H,;(BF3N2O;S are given in the

following tables.



Table 41. Crystal data and structure refinement for 14h (liu42a).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

liu42a

CisHisBFs N, O3 8

348.15

1732) K

0.71073 A

Orthorhombic

Pbca

a=13.9209(8) A o= 90°.
b=13.1486(8) A B = 90°.
c=17.8275(11) A v = 90°.
3263.2(3) A3

8

1.417 Mg/m3

0.243 mm-!
1440

0.22 x 0.12 x 0.09 mm3

2.28 to 25.00°.

-16<=h<=16, -15<=k<=15, -21<=I<=21
24679

2874 [R(int) = 0.0819]

100.0 %

Semi-empirical from equivalents
0.9785 and 0.9486

Full-matrix least-squares on F2
2874/0/272

1.004
R1 =0.0400, wR2 = 0.0805
R1=10.0703, wR2 = 0.0952

0.213 and -0.273 ¢.A-3

Table 42. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for
14h. U(eq) is defined as one third of the trace of the orthogonalized U¥ tensor.

X y z U(eq)
S(D 2421(D) 7612(1) 1820(1) 29(D)
o) 2516(1) 7660(2) 2621(1D) 46(1)
0(2) 1899(1) 6762(1) 1539(1) 44(1)
03) 3284(1) 7869(1) 1419(1) 44(1)
F(1) 1456(1) 8748(1) 873(1) S1(1)

FQ) 1986(1) 9562(1) 1831(1) 59(1)



F@3) 772(1) 8566(1) 1939(1) 47(1)
N(1) 744(1) 939(2) 4339(1) 28(1)
NQ) 124(1) 468(2) 3043(1) 27(1)
B(1) 679(2) 211(2) 3756(2) 30(1)
c) 1229(2) 690(2) 4983(2) 34(1)
C@2) 1639(2) -235(2) 5091(2) 37(1)
C@3) 1598(2) -986(2) 4527(2) 36(1)
C(4) 1137(2) -803(2) 3864(2) 33(1)
c(5) 291(2) 1962(2) 4338(2) 32(1)
C(6) 1009(2) 2817(2) 4298(2) 42(1)
(7 -635(2) -115(2) 2842(2) 30(1)
C(8) -1130(2) 56(2) 2191(2) 30(1)
C(9) -868(2) 849(2) 1719(1) 31(1)
C(10) 74(2) 1432(2) 1927(2) 34(1)
c(11) 401(2) 1230(2) 2582(2) 33(1)
c(12) -1414(3) 1076(3) 1016(2) 50(1)
C(13) 1625(2) 8672(2) 1609(2) 34(1)
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Table 43. Bond lengths [A] and angles [°] for 14h.

S(1)-0(2)
S(1)-0(1)
S(1)-0(3)
S(1)-C(13)
F(1)-C(13)
F(2)-C(13)
F(3)-C(13)
N(D-C(1)
N(D-B(1)
N(1)-C(3)
N(@2)-C(11)
N@)-C(7)
N(2)-B(1)
B(D)-C(4)
C(1)-C(2)
C(1)-H(1)
C2)-C(3)
C@2)-H(S)
CE)-C4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(®)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-C(12)

1.4242(18)
1.4350(18)
1.4379(18)
1.8203)
1.336(3)
1.333(3)
1.334(3)
1.371(3)
1.416(4)
1.486(3)
1.352(3)
1.353(3)
1.526(4)
1.489(4)
1.358(4)
0.93(2)
1.410(4)
0.95(3)
1.367(4)
0.98(2)
0.93(3)
1.505(4)
0.98(3)
0.97(2)
1.023)
0.98(3)
1.00(3)
1.370(4)
0.97(3)
1.388(4)
0.95(3)
1.395(4)
1.495(4)



C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
0(2)-8(1)-0(1)
0(2)-S(1)-0(3)
O(1)-8(1)-0(3)
0(2)-8(1)-C(13)
O(1)-S(1)-C(13)
0(3)-S(1)-C(13)
C(1)-N(1)-B(1)
C(1)-N(1)-C(5)
B(1)-N(1)-C(5)
C(11)-NQ)-C(7)
C(11)-N(2)-B(1)
C(7)-N(2)-B(1)
N(1)-B(1)-C(4)
N(1)-B(1)-N(2)
C(4)-B(1)-N(2)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(5)
C(3)-C(2)-H(5)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
N(2)-C(7)-C(8)
N(2)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-C(12)

1.368(4)
0.95(3)
0.96(3)
0.97(4)
0.96(4)
0.82(4)
115.58(12)
115.77(12)
114.03(12)
102.59(12)
103.23(12)
103.06(12)
119.0(2)
115.3(2)
125.7(2)
118.8(2)
121.8(2)
119.3(2)
118.9(2)
119.6(2)
121.5(2)
122.7(3)
121.0(15)
116.4(15)
120.6(3)
119.2(16)
120.2(16)
120.8(3)
120.1(14)
119.0(14)
118.0(3)
119.8(16)
122.1(16)
113.2(2)
106.8(15)
110.7(15)
108.0(14)
111.5(14)
106(2)
110.9(17)
112.3(16)
109(2)
111.0(16)
108(2)
105(2)
121.6(3)
116.8(15)

1 £71&8N
121.6(15)

120.3(3)
120.3(15)
119.3(15)
117.4(2)
121.6(3)
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C(10)-C(9)-C(12)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(Q2)-C(11)-C(10)
N(@)-C(11)-H(11)
C(10)-C(11)-H(11)
C(9)-C(12)-H(12A)
C(9)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(9)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
F(2)-C(13)-F(3)
F(2)-C(13)-F(1)
F(3)-C(13)-F(1)
F(2)-C(13)-S(1)
F(3)-C(13)-S(1)
F(1)-C(13)-S(1)

121.0(3)
120.2(3)
116.0(16)
123.7(16)
121.6(3)
115.9(15)
122.5(15)
111Q2)
109(2)
107(3)
111(3)
106(3)
112(4)
107.3(2)
107.0(2)
106.5(2)
112.39(18)
111.73(18)
111.56(18)
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Table 44. Anisotropic displacement parameters (A2x 10%)for 14h. The anisotropic displacement factor

exponent takes the form: -2p?[ h2a*2U!l + , + 2 h k a* b* U12 ]

Ull U222 U33 U3 yB yl12
S(1) 28(1) 29(1) 30(1) 0(1) 2(1) 0(1)
o(1) 51(1) 59(1) 29(1) 0(1) -8(1) 13(1)
oQ) 40(1) 33(1) 59(1) -8(1) -6(1) -6(1)
0(3) 29(1) 48(1) 54(1) 13(1) 10(1) 2(1)
F(1) 51(1) 62(1) 40(1) 11(1) -9(1) 8(1)
F(Q2) 55(1) 30(1) 92(1) -8(1) 21(1) 3(1)
F(3) 32(1) 59(1) 52(1) (1) 3(1) 10(1)
N(1) 22(1) 35(1) 27(1) 1(1) -1(D) 2(1)
N@2) 24(1) 28(1) 29(1) o(1) 1(1) -3(1)
B(1) 20(2) 39(2) 30(2) 4(1) 2(1) -5(1)
c() 30(2) 44(2) 29(2) -1(1) o(1) (D)
CQ) 29(2) 51(2) 31(2) 10(1) 2(1) -3(1)
Cc@3) 27(2) 36(2) 45(2) 8(1) 4(1) 4(1)
C(4) 32(2) 37(2) 31(2) 3(1) 1(1) 0(1)
C(5) 25(2) 34(2) 37(2) -4(1) o(1) 0(1)
C(6) 35(2) 41(2) 50(2) -12) 2(2) -6(1)
() 26(2) 30(2) 33(2) 2(1) 4(1) 2(1)
C(8) 23(1) 36(2) 32(2) 9(1) -1(1) -3(1)
C(9) 29(2) 35(2) 30(2) -4(1) o(1) 0(1)
C(10) 35(2) 35(2) 32(2) A1) -1(1) -5(1)
C(11) 30(2) 35(2) 33(2) -1(1) 2(1) -9(1)
C(12) 54(2) 59(2) 37(2) 42) -17(2) -4(2)
C(i3) 30(2) 35(2) 36(2) -4(1) -4(1) 2(1)




Table 45. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10%) for 14h.

X y z U(eq)
H(1) 1266(17) 1195(18) 5350(14) 29(7)
H(3) 1891(17) -1652(18) 4622(13) 30(7)
H(4) 1101(18) -1310(19) 3504(14) 38(8)
H(5) 1955(18) -372(19) 5552(15) 37(8)
H(5A) -93(18) 2011(18) 4796(14) 32(7)
H(5B) -161(18) 1989(17) 3922(14) 29(7)
H(6A) 670(20) 3500(20) 4291(15) 58(9)
H(6B) 142020) 2770(20) 3859(16) 49(09)
H(6C) 1450(20) 2800(20) 4739(16) 49(9)
H(7) -791(18) -680(20) 3169(14) 37(7)
H(8) -1663(19) -362(19) 2059(14) 36(8)
H(10) 175(18) 1972(19) 1634(14) 38(8)
H(11) 957(18) 1610(18) 2740(13) 33(7)
H(12A) -990(30) 1330(30) 620(20) 89(13)
H(12B) -1880(30) 1600(30) 1120(20) 109(16)
H(12C) -1660(30) 560(30) 850(20) 95(16)
Table 46. Torsion angles [°] for 14h.
C(D)-N(1)-B(1)-C4) 0.14)
C(5)-N(1)-B(1)-C(4) -176.9(2)
C(1)-N(1)-B(1)-N(2) 178.82)
C(5)-N(1)-B(1)-N(2) 1.7(4)
C(11)-N(2)-B(1)-N(1) 63.1(3)
C(7)-N(2)-B(1)-N(1) -120.6(3)
C(11)-N(Q2)-B(1)-C(4) -118.3(3)
C(7)-N(@2)-B(1)-C(4) 58.0(3)
B(1)-N(1)-C(1)-C(2) -1.14)
C(5)-N(1)-C(1)-C(2) 176.32)
N(1)-C(1)-C(2)-C(3) 1.4(4)
C(1)-C(2)-C(3)-C(4) -0.7(4)
C(2)-C(3)-C(4)-B(1) -0.14)
N(1)-B(1)-C(4)-C(3) 0.4(4)
N(2)-B(1)-C(4)-C(3) -178.2(2)
C(1)-N(1)-C(5)-C(6) 70.5(3)
B(1)-N(1)-C(5)-C(6) -112.4(3)
C(11)-N(2)-C(7)-C(8) -0.7(4)
B(1)-N(2)-C(7)-C(8) -177.1(2)
NQR)-C(7)-C(8)-C(9) -0.6(4)
C(7)-C(8)-C(9)-C(10) 1.6(4)
C(7)-C(8)-C(9)-C(12) -178.0(3)
C(8)-C(9)-C(10)-C(11) -1.4(4)
C(12)-C(9)-C(10)-C(11) 178.2(3)
C(7)-N(2)-C(11)-C(10) 0.9(4)
B(1)-N(2)-C(11)-C(10) 177.33)
C(9)-C(10)-C(11)-N(2) 0.2(4)
0Q2)-S(1)-C(13)-F(2) -179.96(19)
0O(1)-S(1)-C(13)-F(2) 59.6(2)
0(3)-S(1)-C(13)-F(2) -59.4(2)



0(2)-S(1)-C(13)-F(3) 59.4(2)
O(1)-S(1)-C(13)-F(3) 61.1(2)
0(3)-S(1)-C(13)-F(3) 179.97(18)
0(2)-S(1)-C(13)-F(1) -59.7(2)
O(1)-S(1)-C(13)-F(1) 179.81(18)
0(3)-S(1)-C(13)-F(1) 60.9(2)
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Figure 16. ORTEP illustration of 14i, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 14i suitable for X-ray

diffraction were obtained by seeding the oil of 14i with crystals of 14a.

Diffraction intensity data were collected with a Bruker Smart Apex CCD

diffractometer at 173(2) K using MoK &t - radiation (0.71073 A). The structure was

solved using direct methods, completed by subsequent difference Fourier syntheses, and

refined by full matrix least-squares procedures on F%. All non-H atoms were refined with
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anisotropic thermal parameters. H atoms were found on the residual density map and

refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software

and sources scattering factors are contained in the SHELXTL (6.10) program package

(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C{,H;oBF3;N303S are given in the

following tables.

Table 47. Crystal data and structure refinement for 14i (liu54).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

liu54
CuuHi9BF3N; O3 S
377.19

1732) K

0.71073 A

Triclinic

P-1

a=8.9833(17) A
b=19.9383(19) A

¢ =10.988(2) A

o = 69.556(3)°.
B =73.803(3)°.
y = 73.958(3)°.

1865.1(3) A3

2
1.448 Mg/m3

0.236 mm-!
392

0.18 x 0.12 x 0.08 mm3

2.02 to 25.00°.

-10<=h<=10, -11<=k<=11, -13<=I<=13
8158

3025 [R(int) = 0.0309]

99.5 %

Semi-empirical from equivalents
0.9813 and 0.9587

Full-matrix least-squares on F2
3025/0/302

1.047

R1=10.0539, wR2 =0.1311
R1=0.0694, wR2 = 0.1395

0.334 and -0.253 e.A-3
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Table 48. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for
14i. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
S() 7566(1) 6446(1) 2182(1) 27(1)
o(1) 8599(3) 5620(3) 3098(3) 45(1)
0(2) 6914(3) 5580(3) 1738(3) 40(1)
0(3) 6481(3) 7694(3) 2509(3) 36(1)
F(1) 10029(3) 6290(3) 235(3) 52(1)
FQ2) 8135(3) 8087(3) -286(2) 50(1)
F(3) 9622(3) 8168(3) 885(3) 58(1)
B(1) 5541(5) 2471(5) 2895(4) 28(1)
N(D) 5143(3) 2870(3) 1632(3) 28(1)
N(©2) 7182(3) 1555(3) 3066(3) 26(1)
N(3) 11666(4) -971(3) 3380(3) 29(1)
c() 3649(5) 3621(4) 1477(5) 35(1)
C@) 2535(5) 3998(4) 2493(5) 38(1)
C(3) 2867(5) 3664(4) 3739(5) 37(1)
c@® 4323(5) 2902(5) 4000(4) 36(1)
C(®%) 6270(5) 2574(5) 442(4) 35(1)
C(6) 6032(6) 1294(5) 132(5) 42(1)
Cc( 7497(5) 94(4) 3227(4) 32(1)
C(8) 8934(5) -781(4) 3371(4) 31(1)
Cc) 10201(4) -170(4) 3324(3) 25(1)
C(10) 9833(4) 1342(4) 3205(4) 28(1)
cau 8358(4) 2150(4) 3079(4) 28(1)
C(12) 12005(6) -2552(5) 3577(6) 41(1)
C(13) 12946(5) -297(5) 3309(5) 36(1)
C(14) 8902(5) 7286(4) 687(4) 35(1)

Table 49. Bond lengths [A] and angles [°] for 14i.

S(1)-02) 1.433(3)
S(1)-0(3) 1.437(3)
S(1)-0(1) 1.439(3)
S(1)-C(14) 1.826(4)
F(1)-C(14) 1.327(4)
F(2)-C(14) 1.328(5)
F(3)-C(14) 1.327(5)
B(1)-N(1) 1.423(5)
B(1)-C(4) 1.489(6)
B(1)-NQ2) 1.527(5)
N(1)-C(1) 1.368(5)
N(1)-C(5) 1.478(5).
N(@)-C(11) 1.352(5)
N@)-C(7) 1.357(5)
N@3)-C(9) 1.342(4)
N(3)-C(13) 1.455(5)
N@3)-C(12) 1.464(5)
C(1)-C(2) 1.360(6)
C()-H(1) 0.96(5)

C()-C(3) 1.389(6)



C(2)-HQ2)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
0(2)-8(1)-0(3)
0(2)-8(1)-0(1)
0(3)-S(1)-0(1)
0(2)-S(1)-C(14)
0(3)-S(1)-C(14)
O(1)-S(1)-C(14)
N(1)-B(1)-C(4)
N(1)-B(1)-NQ2)
C(4)-B(1)-N(2)
C(1)-N(1)-B(1)
C(1)-N(1)-C(5)
B(1)-N(1)-C(5)
C(11)-N2)-C(7)
C(11)-N(2)-B(1)
C(7)-N(2)-B(1)
C(9)-N(3)-C(13)
C(9)-N(3)-C(12)
C(13)-N(3)-C(12)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(D)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-HQ)
C(3)-C2)-HQ)
C(4)-C(3)-C(2)
C(#)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)

0.82(5)
1.370(6)
0.97(4)
0.95(4)
1.508(6)
0.95(5)
0.88(4)
0.91(5)
1.01(5)
1.01(5)
1.358(5)
0.88(4)
1.412(5)
0.92(4)
1.413(5)
1.362(5)
0.95(4)
1.07(3)
0.91(5)
0.97(5)
0.90(5)
0.85(5)
0.97(5)
1.03(5)
115.53(17)
114.92(18)
114.84(18)
102.90(18)
102.73(17)
103.36(18)
118.9(3)
118.0(3)
123.0(4)
118.9(3)
117.03)
124.0(3)
117.7(3)
122.0(3)
120.3(3)
120.5(3)
121.2(3)
118.2(3)
122.0(4)
123(3)
115(3)
121.5(4)
121(3)
118(3)
121.0(4)
117(3)
122(3)
117.6(4)
120(3)
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B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
N(2)-C(7)-C(8)
N(2)-C(7)-H(7)
C(8)-C(7)-H(7)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
N(3)-C(9)-C(8)
N(3)-C(9)-C(10)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
N(2)-C(11)-C(10)
N(2)-C(11)-H(11)
C(10)-C(11)-H(11)
N(3)-C(12)-H(124)
~ N(3)-C(12)-H(12B)

H(12A)-C(12)-H(12B)

N(3)-C(12)-H(12C)

H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)

N(3)-C(13)-H(13A)
N(3)-C(13)-H(13B)

H(13A)-C(13)-H(13B)

N(3)-C(13)-H(13C)

H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)

F(3)-C(14)-F(1)
F(3)-C(14)-F(2)
F(1)-C(14)-F(2)
F(3)-C(14)-S(1)
F(1)-C(14)-S(1)
F(2)-C(14)-S(1)

122(3)
112.8(4)
111(3)
106(3)
108(3)
107(3)
111(4)
115(3)
113(3)
106(4)
111(3)
108(4)
102(4)
123.3(4)
116(3)
120(3)
120.0(4)
119(2)
121(2)
122.2(3)
122.003)
115.8(3)
121.0(4)
119(2)
120(2)
122.1(3)
115.5(18)
121.7(18)
110(3)
114(3)
102(4)
111(3)
117(4)
102(4)
107(3)
108(3)
101(4)
116(3)
117(4)
106(4)
106.8(3)
106.7(3)
107.1(3)
112.5(3)
111.93)
111.53)
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Symmetry transformations used to generate equivalent atoms:
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Table 50. Anisotropic displacement parameters (A2x 10%)for 14i. The anisotropic displacement factor
exponent takes the form: -2p?[ h2a*2U!! + ., + 2 hk a* b* Ul2 ]

Ull U22 U33 U23 U13 U12
S(1) 24(1) 24(1) 30(1) -8(1) -6(1) 2(1)
o(1) 40(2) 52(2) 36(2) 9(1) -16(1) 10(1)
0Q) 44(2) 32(2) 47(2) -10(1) -11(1) -11(1)
0(3) 30(2) 302) 41(2) -14(D) 1(1) 1(1)
F(1) 38(1) 55(2) 53(2) 27(1) 8(1) 5(1)
F(2) 48(2) 51(2) 36(1) 1(1) -1(D) -5(1)
F(3) 532) 74(2) 62(2) -36(2) 9(1) -36(2)
B(1) 20(2) 25(2) 37(3) -8(2) -8(2) 2(2)
N(1) 23(2) 25(2) 32(2) -5(1) -6(1) -6(1)
NQ) 25(2) 22(2) 30(2) (D) 9(1) -1(D)
NQ3) 24(2) 29(2) 312) -8(1) -8(1) 2(1)
c() 32(2) 26(2) 47(3) -5(2) -20(2) -3(2)
o9) 24(2) 26(2) 60(3) -8(2) -15(2) 12)
C(3) 29(2) 28(2) 45(3) -11(2) 12) 2(2)
Cc4) 34(2) 38(2) 34(2) -10(2) -8(2) 2(2)
Cc(5) 35(2) 36(2) 28(2) -4(2) -4(2) -9(2)
C(6) 46(3) 36(3) 39(3) -13(2) -6(2) 2(2)
@) 29(2) 30(2) 39(2) -10Q2) -12(2) -6(2)
C(8) 312) 23(2) 402) -112) -10(2) 0(2)
C(9) 25(2) 26(2) 21(2) -6(2) -5Q2) 0(2)
C(10) 23(2) 29(2) 312) -12) -72) -4(2)
c@n 27(2) 24(2) 312) 7(2) -5(2) 2(2)
C(12) 38(3) 28(2) 52(3) -13(2) -12(2) 8(2)
Cc(13) 212) 40(3) 43(3) -13Q2) -9(2) 4(2)
Cc(14) 29(2) 37(2) 39(2) -192) -6(2) 2(2)

Table 51. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for 14i.

X y z U(eq)
H(1) 3440(50) 3820(50) 610(50) 48(13)
H(2) 1660(60) 4490(50) 2370(40) 48(14)
H®3) 2060(50) 3890(50) 4480(40) 43(12)
H(4) 4530(50) 2690(50) 4850(40) 42(12)
H(5A) 7320(60) 2340(50) 560(40) 49(13)
H(5B) 6120(50) 3350(50) -240(40) 29(11)
H(6A) 6040(60) 440(60) 810(50) 61(15)
H(6B) 6840(50) 1050(50) -640(50) 48(13)
H(6C) 5010(60) 1540(60) -190(50) 69(16)
H(7) _ 6720(50) -270(40) 3200(40) 37(12)
H(8) 9070(40) -1750(40) 3450(40) 28(10)
H(10) 10600(40) 1790(40) 3280(40) 25(10)
H(11) 8110(40) 3320(40) 2830(30) 16(8)
H(i2A) 11480(60) -3010(60) 4380(50) 60(16)
H(12B) 11610(50) -2830(50) 2980(50) 51(14)
H(12C) 13050(60) -2890(50) 3380(50) 54(14)
H(13A) 13810(60) -890(50) 3140(40) 44(13)

H(13B) 13030(50) 520(60) 2500(50) 57(14)



H(13C)

4070(50)

57(14)
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Table 52. Torsion angles [°] for 14i.

C(4)-B(1)-N(1)-C(1)
N(2)-B(I)-N(1)-C(1)
C(4)-B(1)-N(1)-C(5)
N(2)-B(1)-N(1)-C(5)
N(1)-B(1)-N2)-C(11)
C(4)-B(1)-N(2)-C(11)
N(1)-B(1)-N)-C(7)
C(4)-B(1)-NQ)-C(7)
B(1)-N(1)-C(1)-C(2)
C()-N(1)-C(1)-C(2)
N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-CR3)-C(#)-B(1)
N(1)-B(1)-C(4)-C(3)
N@)-B(1)-C(4)-C(3)
C(1)-N(1)-C(5)-C(6)
B(1)-N(1)-C(5)-C(6)
C(11)-N(2)-C(7)-C(8)
B(1)-N(2)-C(7)-C(8)
N(2)-C(7)-C(8)-C(9)
C(13)-N(3)-C(9)-C(8)
C(12)-N(3)-C(9)-C(8)
C(13)-N(3)-C(9)-C(10)
C(12)-N(3)-C(9)-C(10)
C(7)-C(8)-C(9)-N(3)
C(7)-C(8)-C(9)-C(10)
N(3)-C(9)-C(10)-C(11)
C(8)-C(9)-C(10)-C(11)
C(7)-N(2)-C(11)-C(10)
B(1)-N(2)-C(11)-C(10)
C(9)-C(10)-C(11)-N(2)
0(2)-S(1)-C(14)-F(3)
0O(3)-S(1)-C(14)-F(3)
O(1)-S(1)-C(14)-F(3)
0O(2)-S(1)-C(14)-F(1)
O(3)-S(1)-C(14)-F(1)
O(1)-S(1)-C(14)-F(1)
0(2)-S(1)-C(14)-F(2)
O(3)-S(1)-C(14)-F(2)
O(1)-S(1)-C(14)-F(2)

-0.9(5)
176.4(3)
176.7(4)
-6.0(5)
102.9(4)
-79.9(5)
-77.8(5)
99.4(5)
0.1(6)
-177.7(4)
1.3(6)
-1.9(6)
1.0(6)
0.3(6)
-176.8(4)
-79.5(5)
102.9(5)
-1.3(6)
179.3(4)
-1.7(6)
179.1(4)
-3.9(6)
-0.4(5)
176.6(4)
-175.8(4)
3.8(6)
176.4(4)
-3.1(5)
2.1(6)
-178.6(4)
0.2(6)
179.13)
58.7(3)
-61.03)
-60.7(3)
179.0(3)
59.2(3)
59.2(3)
-61.1(3)
179.1(3)

Symmetry transformations used to generate equivalent atoms;

A.2.6 Supplemental information for Chapter II, section 2.6

Compound 16. A solution of allyltriphenyltin (24.45 g, 62.5 mmol in 110 mL

CH,Cl,) was cooled to -78 °C, to which was added dropwise a solution of BCl; (1M in
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hexanes; 62.5 mL, 62.5 mmol). The reaction was stirred at -78 °C for 4 h, whereupon
allylbenzylamine (9.19 g, 62.5 mmol) was added dropwise to the reaction flask. After 20
minutes, NEt; was added dropwise and the reaction was allowed to warm to rt. After 12 h
of stirring, approximately one-half of the solvent was removed under vacuum, and 150 mL
pentane was added to the reaction flask. The reaction mixture was passed through a
medium-porosity frit, and the filtrate was concentrated under reduced pressure. Vacuum
distillation (91 °C, 100 mT) provided 16 as a clear, colorless liquid (6.73g, 46%).

'H NMR (600 MHz, CD,Cl,): & 7.35-7.45 (m, SH), 6.15 (m, 1H), 5.93 (m, 1H),
5.1-5.4 (m, 4H), 4.5-4.6 (app br d, 2H), 3.8-3.95 (m, 2H), 2.28 (m, 2H). ''B NMR (192.5
MHz, CD,Cl,): d 38.6.

Compound 17. In a glove box, a solution of Grubbs 1* generation catalyst (0.169
g, 0.21 mmol in 20 mL. CH,Cl,) was added to a stirring solution of aminoborane 16 (9.6 g,
41.1 mmol in 280 mL CH,Cl,). The reaction was stirred at room temperature for 2 h, after
which the solvent was removed under vacuum. The desired product was purified by
vacuum distillation (bp 82 °C at 100 mT) to furnish 17 as a clear, colorless liquid (7.66 g,
91%).

'H NMR (600 MHz, CD,Cl,): 8 7.2-7.4 (m, SH), 5.75 (br, 1H), 5.55 (m, 1H), 4.45
(s, 2H), 3.58 (br m, 2H), 1.79 (br m, 2H). "'B NMR (192.5 MHz, CD,CL): § 38.0.

Compound 15. In a glovebox, a Schlenk flask was charged with 17 (7.66 g, 37.3
mmol), Pd/C (10 wt%; 7.93 g, 7.46 mmol), and cyclohexene (120 mL). The flask was
sealed, then heated to 80 °C for 24 h. The solvent was removed under reduced pressure,

after which vacuum distillation provided 15 as a clear, colorless liquid (3.60 g, 47% yield).
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'H NMR (600 MHz, CD,CL): & 7.60 (br, 1H), 7.2-7.35 (m, 6H), 6.72 (d, *Jiy =
11.2 Hz, 1H), 6.35 (app t, iy = 6.3 Hz, 1H), 5.10 (s, 2H). *C NMR (75 MHz, CD,CL):
8 145.3,139.5, 139.0, 129.2, 129 (br), 128.1, 127.8, 111.7, 56.4. "B NMR (192.5 MHz,
CD,Cl): 8 32.7.

Compound 18 was observed in the ''B NMR (8 29 ppm) of 15 as a minor peak.

Compound 18: 'H NMR (600 MHz, CD,Cl,): & 7.58 (dd, *Ji; = 6.1 Hz, 4.7 Hz,
1H), 7.05-7.25 (m, 6H) 6.45 (d, *Jiy = 11.4 Hz, 1H), 6.02 (app t, *Ji; = 6.1 Hz, 1H), 4.82
(s, 2H).

Compound 19. A vial was charged with a solution of 15 (0.100 g, 0.491 mmol
in 3 mL THF) and cooled to —20 °C. To this stirring solution phenylmagnesium bromide
(1.8 M solution in Bu,0O; 0.3 mL, 0.54 mmol) was added dropwise. Then the reaction
was allowed to warm to room temperature and stirred for 10 h. The solvent was then
removed under reduced pressure, and the remaining crude material was subjected to
silica gel chromatography using hexane/CH,Cl, as eluent. Pure 19 was obtained as a
white, crystalline solid (0.085 g, 71%).

'H NMR (600 MHz, CD,CL): & 7.66 (dd, *Juu = 10.9, 6.5 Hz, 1H), 7.48 (d, *Jizy =
4.7 Hz, 2H), 7.2-7.4 (m, TH), 7.05 (d, *Jiq; = 6.8 Hz, 2H), 6.87 (d, *Ji = 10.6 Hz, 1H),
6.40 (app t, >Ju = 6.5 Hz, 1H), 5.08 (s, 2H). “C NMR (125 MHz, CD,CL,): & 143, 142
(br), 139, 138, 133, 132 (br), 129, 128, 127.5, 127, 126, 112, 57. ''B NMR (192.5 MHz,
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Compound 20. To a stirring solution of 15 (0.150 g, 0.737 mmol in 4 mL. THF)
at —20 °C was added phenylethynylmagnesium bromide (0.8 M solution in THF; 0.97
mL, 0.774 mmol). The solution was allowed to warm to room temperature and stirred
for 6 h. Approximately one-half of the solvent was removed, and the remaining mixture
was passed through an acrodisc. This material was then subjected to silica gel
chromatography using a mixture pentane/CH,Cl, (10:1) as eluent to afford 20 as a white,
crystalline solid (0.145 g, 73%).

'H NMR (300 MHz, CD,CL): 8 7.69 (dd, *Jiyy = 10.8, 6.8 Hz, 1H), 7.56 (dd,
= 5.6, 4.2 Hz, 2H), 7.4-7.3 (m, 9H), 7.02 (d, *Jig = 10.9 Hz, 1H), 6.43 (app t, *Jun
= 6.8 Hz, 1H), 5.31 (s, 2H). C NMR (125 MHz, CD,Cl,): 8 143.6, 140.0, 139.4, 132.3,

132 (br), 129.2, 129.0, 128.9, 128.11, 128.05, 124.2, 112.5, 107.5, 59.0. ''B NMR
(192.5 MHz, CD,Cl,): 6 27.0.

Compound 21. In a glove box, a vial was charged with a solution of 15 (0.150
g, 0.737 mmol in 3 mL THF) and cooled to —20 °C. To this solution was added BuLi
(1.6 M in hexane; 0.51 mL, 0.81 mmol), and the solution was allowed to warm to room
temperature. After stirring for 8 h, approximately 75% of the solvent was removed. The
crude material was subjected to silica gel chromatography using pentane as eluent,
providing pure 21 as a clear, colorless liquid (0.064 g, 42%).

'H NMR (600 MHz, CD,CL): 8 7.55 (dd, *Ju = 11.7, 6.3 Hz, 1H), 7.1-7.4 (m,

6H), 6.78 (d, *Ji = 10.9 Hz, 1H), 6.23 (app t, “Juu = 6.3 Hz, 1H), 1.55 (m, 2H), 1.48
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(m, 2H), 1.16 (m, 2H), 0.88 (t, *Juy = 7.0 Hz, 3H). ''B NMR (96.3 MHz, CD,CL,):
d39.1.

Compound 22. To a solution of 15 (0.030 g, 0.147 mmol in 1 mL CD,Cl,) at -
20 °C was added solid NaOMe (0.008 g, 0.15 mmol). The solution was kept at -20 °C,
with occasional stirring, for 6h, whereupon it was warmed to rt. The mixture was then
passed through an acrodisc. "H NMR indicated greater than 90% conversion to 22, and
this solution was used directly for the competition bromination experiment with
substrate 15.

Compound 23. To a stirred solution of 15 (0.150 g, 0.737 mmol in 3 mL THF)
was added dropwise a solution of LiHBEt; (1.0 M in THF; 0.81 mL, 0.81 mmol) at —20
°C. The reaction mixture was allowed to stand at —20 °C, with occasional stirring, for 1
h, and then it was warmed to room temperature and stirred for 12 h. Approximately half
the solvent was removed, and 5 mL pentane was added. The mixture was then passed
through an acrodisc and concentrated under reduced pressure. The crude material was
purified by silica gel chromatography using pentane as eluent to furnish 22 as a clear,

colorless liquid (0.110 g, 88%).

'H NMR (600 MHz, CD,CL,): & 7.62 (dd, *Juy = 10.2, 6.7 Hz, 1H), 7.2-7.4 (m,
6H) 6.91 (d, *Jiy = 11.2 Hz, 1H), 6.43 (app t, *Jyu = 6.8 Hz, 1H), 5.02 (s, 2H), 5 (br).
CNMR (75 MHz, CD,Cl,): 8 143.1, 138.9, 129.2, 128.1, 127.8, 112.8, 61.9, C3 not

observed. "B NMR (192.5 MHz, CD,CL,): & 33.6 (d, 'Jgu = 122 Hz).

Competition experiment. Compound 15 and a second 1,2-azaborine substrate
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(19, 21, 22, or 23) were added to an NMR tube in equimolar amounts. Solvent (1 mL
CD,Cl,) was added to the tube, followed by hexamethylbenzene (approximately 2 mg). .
An initial "H NMR established the relative ratios of substrates to hexamethylbenzene.
The tube was then cooled to -20 °C, whereupon 15 uL of a 10 vol% Br;, solution in
CD,Cl, was added to the tube. The tube was kept at -20 °C for 1 h with periodic
shaking. The tube was then warmed to rt and a '"H NMR spectrum was taken.
Integration versus hexamethylbenzene was used to determine the extent of reaction for
each substrate, which was compared to the initial spectrum.

15 versus 19: '"H NMR indicated 38% of 19 had reacted, while 7% of 15 had
reacted; the relative reactivity of 19 to 15 was calculated from these values to be 5.4 to 1.

15 versus 21: 'H NMR indicated 28% of 21 had been reacted, while 15% of 15
had reacted; the relative reactivity of 21 to 15 was calculated from these values to be 1.9
to 1.

15 versus 22: 'H NMR indicated 35% of 22 had reacted, while 17% of 15 had
reacted; the relative reactivity of 22 to 15 was calculated from these values to be 2.1 to 1.

15 versus 23: '"H NMR indicated 21% of 23 had reacted, while 19% of 15 had

reacted; the relative reactivity of 23 to 15 was calculated from these values to be 1.1 to 1.
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Figure 17. ORTEP illustration of 7, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 7 suitable for X-ray
diffraction were obtained by slow evaporation of an Et,O solution of 7.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F2. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of
data collection and crystal structure refinement for CoH,;4BNO; are given in the

following tables.

Table 53. Crystal data and structure refinement for 7 (liul 1).




Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

liull

Co His BN O5
195.02

173(2) K
0.71073 A
Monoclinic
P2(1)/c
a=8.0468(12) A
b=28.2968(13) A
c=15.361(2) A
1023.5(3) A3

4

1.266 Mg/m3

0.092 mm-!
416

0.39 x 0.32 x 0.26 mm3

2.54 t0 27.00°.

-10<=h<=10, -10<=k<=10, -19<=I<=19
9259

2216 [R(int) = 0.0276]

98.9 %

Semi-empirical from equivalents
0.9764 and 0.9649

Full-matrix least-squares on F2
2216/0/183

1.001

R1=10.0376, wR2 = 0.1046
R1=10.0445, wR2 =0.1125

0.245 and -0.160 e.A-3

a = 90°,

v =90°.
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B = 93.584(2)°.

Table 54. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103) for 7.
U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
o) 6063(1) 1999(1) 5561(1) 31(1)
0Q) 6803(1) -947(1) 6266(1) 43(1)
03) 8327(1) -1599(1) 5148(1) 33(1)
N(1) 5792(1) 3738(1) 6793(1) 24(1)
B(1) 6848(2) 2805(2) 6265(1) 26(1)
c) 6445(2) 4598(2) 7494(1) 30(1)
C@) 8099(2) 4626(2) 7723(1) 36(1)
C(3) 9225(2) 3747(2) 7237(1) 38(1)
C@) 8698(2) 2850(2) 6529(1) 34(1)



C@5) 3972(2) 3846(2) 6610(1) 29(1)
C(6) 3446(2) 5473(2) 6258(1) 49(1)
c(7) 7005(2) 925(2) 5082(1) 31(1)
C(8) 7342(1) -623(1) 5582(1) 28(1)
C9) 8660(2) -3143(2) 5560(1) 42(1)
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Table 55. Bond lengths [A] and angles [°] for 7.

O(1)-B(1)
O(1)-C(7)
0(2)-C(8)
0(3)-C(8)
0(3)-C(9)
N(-C(1)
N(1)-B(1)
N(1)-C(5)
B(1)-C(4)
C(D-C(2)
C(1)-H(1)
C)-C(3)
C(2)-H(2)
C3)-C4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(9)-H(%A)
C(9)-H(9B)
C(9)-H(9C)
B(1)-O(1)-C(7)
C(8)-0(3)-C(9)
C(1)-N(1)-B(1)
C(D)-N(1)-C(5)
B(1)-N(1)-C(5)
O(1)-B(1)-N(1)
O(1)-B(1)-C(4)
N(1)-B(1)-C(4)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(D-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C(4)-C3)»-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)

1.3894(15)
1.4076(14)
1.1933(15)
1.3392(14)
1.4468(16)
1.3696(15)
1.4359(17)
1.4764(15)
1.5183(19)
1.3552(18)
0.973(16)
1.4132)
0.971(16)
1.363(2)
0.963(16)
0.952(16)
1.5051(19)
0.933(16)
0.983(14)
0.99(2)
0.959(19)
0.923(19)
1.5111(17)
0.970(15)
0.985(14)
0.94(2)
0.973(18)
1.006(19)
118.57(9)
114.69(10)
120.87(10)
116.40(10)
122.72(10)
116.23(10)
127.60(11)
116.15(11)
122.37(12)
121.8(8)
115.8(8)
120.37(12)
119.6(9)
119.9(9)
121.70(12)
118.8(9)
119.5(9)



C(3)-C(4)-B(1) 118.54(12)
C(3)-C(4)-H(4) 117.7(9)
B(1)-C(4)-H(4) 123.7(9)
N(1)-C(5)-C(6) 112.10(11)
N(1)-C(5)-H(5A) 108.1(9)
C(6)-C(5)-H(5A) 111.1(9)
N(1)-C(5)-H(5B) 107.8(8)
C(6)-C(5)-H(5B) 111.9(8)
H(5A)-C(5)-H(5B) 105.6(12)
C(5)-C(6)-H(6A) 112.9(12)
C(5)-C(6)-H(6B) 111.3(11)
H(6A)-C(6)-H(6B) 109.1(16)
C(5)-C(6)-H(6C) 109.5(11)
H(6A)-C(6)-H(6C) 105.7(16)
H(6B)-C(6)-H(6C) 107.9(15)
O(1)-C(7)-C(8) 110.97(10)
O(1)-C(7)-H(7A) 109.0(9)
C(8)-C(7)-H(7A) 108.2(9)
O(1)-C(7)-H(7B) 111.8(8)
C(8)-C(7)-H(7B) 109.2(8)
H(7A)-C(7)-H(7B) 107.6(12)
0(2)-C(8)-0(3) 124.09(11)
0(2)-C(8)-C(7) 125.15(11)
0(3)-C(8)-C(7) 110.76(10)
0(3)-C(9)-H(9A) 109.2(11)
0(3)-C(9)-H(9B) 110.6(10)
H(9A)-C(9)-H(9B) 110.8(16)
0(3)-C(9)-H(9C) 102.5(10)
H(9A)-C(9)-H(9C) 111.1(15)
H(9B)-C(9)-H(9C) 112.4(15)
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Symmetry transformations used to generate equivalent atoms:

Table 56. Anisotropic displacement parameters (A2x 10%)for 7. The anisotropic displacement factor
exponent takes the form: -2p2[ h2a*2U!l +, +2hka* b* U12]

Ull U22 U33 U23 U13 U12
o(1) 33(1) 31(1) 28(1) -4(1) 2(1) 10(1)
oQR) 54(1) 43(1) 33(1) 7(1) 17(1) 13(1)
0(3) 36(1) 28(1) 35(1) -1(1) 9(1) 7(1)
N(1) 24(1) 24(1) 25(1) 1(1) 3(1) 0(1)
B(1) 30(1) 24(1) 26(1) 5(1) 4(1) 5(1)
C(1) 34(1) 28(1) 28(1) -1(1) 5(1) 2(1)
CcR) 36(1) 40(1) 31(1) -1(1) o(1) -10(1)
c@3) 26(1) 48(1) 38(1) 9(1) -1(1) -4(1)
C(4) 28(1) 39(1) 35(1) (1) 6(1) 9(1)
C(5) 24(1) 34(1) 28(1) 2(1) 4(1) 3(1)
C(6) 43(1) 40(1) 63(1) 1) -11(D) 14()
() 35(1) 32(1) 25(1) 2D 7(1) 8(1)
C(8) 28(1) 30(1) 26(1) -4(1) 3(1) 3(1)

C(9) 48(1) 30(1) 47(1) 2(1) 5(1) 1(1)
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Table 57. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A%x 10) for 7.

X y z U(eq)
HOD 5644(18) S172(18) 7827(9) 373
H(2) 8514(19) 5293(19) 8208(10) 42(4)
HE3) 10400(20) 3775(18) 7408(10) 43(4)
H(4) 9520(20) 2291(18) 6226(10) 38(4)
H(5A) 3462(18) 3616(17) 7125(10) 34(4)
H(SB) 3637(17) 2971(16) 6204(9) 30(3)
H(6A) 3790(20) 6360(20) 6653(13) 70(6)
H(6B) 2260(20) 5520(20) 6133(11) 62(5)
H(6C) 3950(20) 5670(20) 5746(12) 51(5)
H(TA) 6383(18) 663(17) 4539(10) 37(4)
H(7B) 8072(18) 1403(16) 4934(9) 29(3)
H(9A) 7640(30) -3680(20) 5626(13) 69(6)
H(9B) 9270(20) -3000(20) 6122(12) 51(5)
H(9C) 9340(20) -3710(20) 5125(12) 58(5)
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Figure 18. ORTEP illustration of 6h, with cllipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 6h suitable for X-ray
diffraction were obtained by slow cvaporation of an Et,O solution of 6h.
Diffraction intensity data were collected with a Bruker Smart Apex CCD

diffiactomeicr ai 173(2) K using MoK« - radiation (0.71073 A). The structure was

solved using direct methods, completed by subsequent difference Fourier syntheses, and
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refined by full matrix least-squares procedures on F>. All non-H atoms were refined with

anisotropic thermal parameters. H atoms were found on the residual density map and

refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software

and sources scattering factors are contained in the SHELXTL (6.10) program package

(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C;3H;9BNP are given in the

following tables.

Table 57. Crystal data and structure refinement for 6h (liu8).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

liu8

CisHi9sBNP

291.12

173(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=28.9841(6) A o =90°,
b=10.1554(7) A B =90°.
c=17.6058(12) A v = 90°.

1606.30(19) A3
4

1.204 Mg/m3

0.163 mm-!
616

0.32 x 0.28 x 0.18 mm3

2.31 to 27.00°.

-11<=h<=10, -12<=k<=12, -21<=1<=22
14708

3511 [R(int) = 0.0203]

99.8 %

Semi-empirical from equivalents
0.9712 and 0.9497

Full-matrix least-squares on F2
3511/0/266

1.042
R1=0.0301, wR2 = 0.0749
R1=10.0318, wR2 = 0.0763
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Absolute structure parameter 0.00(8)
Largest diff. peak and hole 0.241 and -0.116 ¢.A-3

Table 58. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for 6h.
U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y b4 U(eq)
P(1) 2509(1) 4049(1) 8332(1) 27(1)
B(1) 1221(2) 5533(2) 8577(1) 28(1)
N(D) -47(1) 5818(1) 8106(1) 27(1)
c(D) 1342(2) 6349(2) 9289(1) 35(1)
C(2) 290(2) 7288(2) 9439(1) 41(1)
Cc(3) -905(2) 7505(2) 8941(1) 38(1)
C@) -1043(2) 6780(1) 8298(1) 33(1)
c) -400(2) 5083(2) 7400(1) 32(1)
C(6) -1432(2) 3943(2) 7548(1) 48(1)
c( 3945(2) 4178(1) 9069(1) 27(1)
C(8) 3629(2) 3622(2) 9774(1) 40(1)
C(9) 4663(2) 3630(2) 10353(1) 44(1)
c(10) 6058(2) 4171(2) 10240(1) 40(1)
C(11) 6394(2) 4729(2) 9546(1) 36(1)
C(12) 5341(2) 4742(2) 8965(1) 31(D)
C(13) 3513(2) 4514(1) 7464(1) 28(1)
C(14) 4388(2) 3554(2) 7111(1D) 36(1)
C(15) 5113(2) 3814(2) 6433(1) 46(1)
C(16) 4966(2) 5030(2) 6087(1) 46(1)
c(17 4109(2) 5995(2) 6428(1) 42(1)
C(18) 3405(2) 5742(2) 7116(1) 34(1)

Table 59. Bond lengths [A] and angles [°] for 6h.

P(1)-C(7) 1.8342(14)
P(1)-C(13) 1.8360(15)
P(1)-B(1) 1.9481(17)
B(D)-N(1) 1.43902)
B(1)-C(1) 1.506(2)
N(1)-C(4) 1.3670(19)
N(D-C(5) 1.4834(18)
Cc(D)-C(2) 1.369(2)
C(1)-H(1) 0.911(18)
C(2)-C(3) 1.403(3)
C(2)-HQ2) 0.93(2)
C(3)-C(4) 1.357(2)
C(3)-H(3) 0.964(18)
C(4)-H(4) 1.002(18)
C(5)-C(6) 1.506(2)
C(5)-H(5A) 0.965(19)
C(5)-H(5B) 0.943(18)
C(6)-H(6A) 1.093)

C(6)-H(6B) 0.99(2)



C(6)-H(6C)
C(7)-C(12)
C(7)-C(8)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)
C(13)-C(18)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-H(18)
C(7)-P(1)-C(13)
C(7)-P(1)-B(1)
C(13)-P(1)-B(1)
N(1)-B(1)-C(1)
N(1)-B(1)-B(1)
C()-B(1)-P(1)
C(4)-N(1)-B(1)
C(4)-N(1)-C(5)
B(1)-N(1)-C(5)

- C@)-C(D-B(1)

C(2)-C(1)-H(1)
B(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-HQ)
C(4H)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-N(1)
C(3)-C(4)-H(4)
N(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)

H(5A)-C(5)-H(5B)

C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)

H(6A)-C(6)-H(6B)

0.85(2)
1.391(2)
1.392(2)
1.380(2)
0.924(19)
1.383(3)
0.97(2)
1.380(2)
0.954(19)
1.394(2)
0.97(2)
0.952(16)
1.393(2)
1.398(2)
1.385(2)
0.973(18)
1.384(3)
0.94(2)
1.384(3)
0.95(2)
1.390(2)
0.93(2)
0.940(17)
103.02(6)
101.88(7)
106.10(7)
115.20(14)
119.90(11)
124.53(12)
121.30(12)
115.28(13)
123.40(12)
119.67(15)
119.1(11)
121.2(11)
121.09(14)
119.8(12)
119.1(12)
120.39(15)
117.5(10)
122.1(10)
122.34(16)
122.6(10)
115.1(11)
111.91(13)
109.1(11)
108.7(11)
109.3(11)
111.8(11)
105.8(15)
107.4(14)
108.8(12)
109.5(19)
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C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(12)-C(7)-C(8)
C(12)-C(7)-P(1)
C(8)-C(7)-P(1)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(7)-C(12)-C(11)
C(7)-C(12)-H(12)
C(11)-C(12)-H(12)
C(18)-C(13)-C(14)
C(18)-C(13)-P(1)
C(14)-C(13)-P(1)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(13)
C(17)-C(18)-H(18)
C(13)-C(18)-H(18)

111.6(16)
114(2)
105.4(19)
117.91(14)
124.76(11)
117.28(11)
121.29(15)
119.0(11)
119.7(11)
120.37(15)
119.2(12)
120.4(12)
119.30(15)
121.9(11)
118.8(11)
120.36(15)
121.2(11)
118.4(11)
120.75(14)
116.3(10)
122.9(10)
117.89(14)
124.20(11)
117.84(11)
120.97(16)
118.9(10)
120.1(10)
120.35(16)
117.0(14)
122.6(14)
119.57(16)
119.8(12)
120.6(12)
120.05(17)
120.1(12)
119.8(12)
121.15(15)
117.2(10)
121.7(10)
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Symmetry transformations used to generate equivalent atoms:

Table 60. Anisotropic displacement parameters (A2x 103)for 6h. The anisotropic displacement factor

exponent takes the form: -2p?[ h2a*2U! + ., + 2 hk a* b* U12]

yil U2 U33 y23 yl3 yl2
P(1) 27(1) 30(1) 25(1) -1(1) -1(1) 0(1)
B(1) 30(1) 28(1) 25(1) 0(1) 3(1) -3(1)
N(1) 29(1) 28(1) 25(1) 0(1) 4(1) -1(D)
c(1) 42(1) 37(1) 27(1) 3(1) 2(1) 3(1)
CcQ) 60(1) 34(1) 29(1) -8(1) 11(1) -4(1)
c@) 46(1) 29(1) 39(1) (1) 15(1) 5(1)
C() 33(1) 32(1) 35(1) 6(1) 8(1) 3(1)



c) 33(1) 38(1) 26(1) -3(1) 2(1) 3(1)
C(6) 35(1) 60(1) 49(1) 20(1) 8(1) -12(1)
c(7) 28(1) 26(1) 28(1) -1(1) 2(1) 3(1)
C(@®) 35(1) 49(1) 35(1) (1) -1(1) -9(1)
C©9) 50(1) 56(1) 28(1) 10(1) -4(1) -6(1)
C(10) 39(1) 48(1) 33(1) 2(1) -10(1) 41)
cay 31(1) 41(1) 37(1) -3(1) 2(1) 2(1)
c(12) 33(1) 32(1) 29(1) o(1) 1) -1(1)
c@13) 24(1) 36(1) 24(1) -4(1) 2(1) 2(1)
c(14) 32(1) 44(1) 32(1) -8(1) -5(1) 5(1)
C(15) 33(1) 71(1) 35(1) -17(1) 2(1) 6(1)
C(16) 35(1) 75(1) 29(1) -8(1) 5(1) -15(1)
c(17) 42(1) 49(1) 36(1) 5(1) (1) -14(1)
C(18) 33(1) 34(1) 35(1) -3(1) 3(1) -4(1)
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Table 61. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for 6h.

X y z U(eq)
H(1) 2130(20) 6261(18) 9609(10) 40(5)
HQ2) 380(20) 7815(19) 9872(11) 45(5)
H(3) -1647(19) 8172(17) 9035(9) 32(4)
H(4) -1870(20) 6915(18) 7926(10) 42(5)
H(5A) 510(20) 4748(19) 7183(10) 42(5)
H(5B) -794(19) 5670(18) 7037(10) 40(5)
H(6A) -850(30) 3260(20) 7927(14) 84(8)
H(6B) -1650(20) 3500(20) 7059(12) 55(6)
H(6C) -2270(20) 4200(20) 7714(12) 61(6)
H(8) 2720(20) 3221(18) 9854(10) 45(5)
H(9) 4400(20) 3240(20) 10841(11) 51(6)
H(10) 6740(20) 4185(19) 10653(10) 42(5)
H(11) 7350(20) 5148(18) 9456(10) 40(4)
H(12) 5519(18) 5138(16) 8484(9) 29(4)
H(14) 4493(19) 2687(18) 7340(9) 35(4)
H(15) 5700(30) 3130(20) 6227(13) 65(7)
H(16) 5490(20) 5210(20) 5628(11) 50(5)
H(17) 4050(20) 6830(20) 6215(11) 50(5)
H(18) 2881(18) 6441(17) 7342(9) 32(4)
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Figure 19. ORTEP illustration of 6g, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 6g suitable for X-ray
diffraction were obtained by slow evaporation of an Et,O solution of 6g.

Diffraction intcnsity data were collccted with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK & - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on ¥2. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package

(G.Sheldrick, Bruker XRD, M

a
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data collection and crystal structure refinement for C3H(BNS are given in the



following tables.
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Table 62. Crystal data and structure refinement for 6g (liu37).

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Identification code liu37

Empirical formula CisHisBNS

Formula weight 229.14

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=4.6680(10) A o =90°,
b=13.476(3) A B =91.043(5)°.
c=19.953(4) A y =90°,

Volume 1254.9(5) A3

Z 4

Density (calculated) 1.213 Mg/m3

Absorption coefficient 0.229 mm-!

F(000) 488

~ Crystal size 0.40 x 0.05 x 0.04 mm3

1.82 to 27.00°.

-5<=h<=5, -17<=k<=17, -25<=I<=25
13796

2723 [R(int) = 0.0845]

Completeness to theta = 27.00° 100.0 %
Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.9909 and 0.9141

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

Largest diff. peak and hole

Full-matrix least-squares on F2
2723/0/209

1.021
R1=0.0518, wR2 =0.1035
R1=10.0995, wR2 = 0.1276

0.250 and -0.263 e.A-3

Table 63. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) for 6g.

U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
S(1) 903(1) 4422(1) 3511(1) 41(1)
N(D 488(4) 6028(1) 2618(1) 34(1)
B(1) 1862(6) 5669(2) 3216(2) 34(1)
Cc() 1177(6) 6942(2) 2360(2) 40(1)
CQ2) 3188(6) 7530(2) 2648(2) 44(1)

Cc@3) 4609(6) 7237(2) 3244(2) 44(1)



C) 4042(6) 6352(2) 3544(1) 39(1)
C(5) -1649(6) 5442(2) 2233(1) 40(1)
C(6) 292(8) 4836(2) 1688(2) 51(1)
c@) 3157(6) 4270(2) 4263(1) 40(1)
C(8) 2806(5) 3238(2) 4534(1) 35(1)
C9) 991(6) 3043(2) 5055(1) 45(1)
C(10) 662(7) 2094(2) 5305(2) 54(1)
can 2163(7) 1322(2) 5029(2) 55(1)
C(12) 3968(8) 1505(2) 4507(2) 55(1)
C(13) 4282(7) 2451(2) 4259(2) 47(1)
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Table 64. Bond lengths [A] and angles [°] for 6g.

S(1)-C(7)
S(1)-B(1)
N()-c(1)
N(1)-B(1)
N(1)-C(5)
B(1)-C(4)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-HQ)
C(3)-C(4)
C(3)-H(3)
C(4)-H4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-H(6A)
C(6)-H(6B)
C(6)-H(6C)
C(7)-C(8)
C(7)-H(7A)
C(7)-H(7B)
C(8)-C(9)
C(8)-C(13)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-H(13)
C(7)-8(1)-B(1)
C(1)-N(1)-B(1)
C(1)-N(D-C(5)
B(1)-N(1)-C(5)
N(1)-B(1)-C(4)
N(1)-B(1)-S(1)
C(4)-B(1)-S(1)

1.828(3)
1.838(3)
1.376(3)
1.429(3)
1.477(3)
1.512(4)
1.348(4)
0.97(2)
1.408(4)
0.96(3)
1.362(4)
0.95(3)
0.96(3)
1.507(4)
0.99(2)
0.99(2)
1.04(3)
0.96(3)
0.94(3)
1.503(3)
0.97(3)
1.01(2)
1.379(4)
1.384(4)
1.382(4)
0.95(2)
1.375(4)
1.00(3)
1.374(4)
0.91(3)
1.375(4)
0.90(3)
0.89(3)
103.00(13)
120.7(2)
116.4(2)
122.92)
116.3(2)
118.02)
125.8(2)



C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)}-H(2)
C(4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(5)-C(6)-H(6A)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(5)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(8)-C(7)-S(1)
C(8)-C(7)-H(7A)
S(1)-C(7)-H(7A)
C(8)-C(7)-H(7B)
S(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
C(9)-C(8)-C(13)
C(9)-C(8)-C(7)
C(13)-C(8)-C(7)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(13)-C(12)-C(11)
C(13)-C(12)-H(12)
C(11)-C(12)-H(12)
C(12)-C(13)-C(8)
C(12)-C(13)-H(13)
C(8)-C(13)-H(13)

122.2(3)
123.5(14)
114.1(14)
120.5(3)
117.2(16)
122.2(16)
121.6(3)
116.6(16)
121.7(16)
118.6(3)
120.2(16)
121.3(15)
112.1(3)
108.9(14)
109.6(14)
108.5(13)
111.5(14)
106(2)
108.5(17)
110.8(17)
105(2)
109.7(17)
117(2)
106(2)
109.49(18)
109.8(15)
109.4(16)
109.7(14)
109.1(13)
109(2)
118.1(3)
121.3(2)
120.6(3)
121.5(3)
121.0(15)
117.6(15)
119.7(3)
121.2(17)
119.1(17)
119.5(3)
1212)
119(2)
120.7(3)
117(2)
121.9(19)
120.7(3)
119.8(18)
119.3(18)
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Symmetry transformations used to generate equivalent atoms:
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Table 65. Anisotropic displacement parameters (A2x 10%)for 6g. The anisotropic displacement factor
exponent takes the form: -2p?[ h2a*2U'"! + ..+ 2 hk a* b* U'?]

yu U2 y3 y2 ys U2
S() 47(1) 31(1) 45(1) 7(1) -8() -5(1)
N(1) 40(1) 22(1) 39(1) 1(1) 3(1) 3(1)
B(1) 36(2) 28(1) 39(2) -1(D) 9(1) 6(1)
c(1) 50(2) 28(1) 43(2) 5(1) 6(1) 7(1)
C(2) 57(2) 26(1) 48(2) 41) 11(2) -1(1)
C(3) 50(2) 31(2) 50(2) -6(1) 9(1) -6(1)
C(4) 45(2) 35(2) 38(2) 0(1) 4(1) -1(D
C(5) 47(2) 32(2) 42(2) 21) -3(D 21)
C(6) 68(2) 39(2) 48(2) -6(2) 2(2) 4(2)
C(7) 45(2) 35(2) 39(2) 41) 2(1) 3(1)
C(8) 37(2) 33(1) 35(1) 1(1) -5(1) o(1)
C(9) 50(2) 40(2) 44(2) 4(1) 7(1) 5(1)
C(10) 61(2) 51(2) 49(2) 14(2) 5(2) -4Q2)
c(n 72(2) 35(2) 56(2) 11(2) -15(2) -71(2)
c(12) 71(2) 38(2) 55(2) -3(2) -6(2) 16(2)
C(13) 54(2) 45(2) 22) 3(1) 7(2) 5(2)

Table 66. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10°) for 6g.

X y z U(eq)
H() 200(50) 7100(16) 1944(12) 3207)
H(2) 3610(50) 8140(20) 2426(13) 53(8)
H(3) 6000(50) 7640(20) 3456(13) 49(8)
H(4) 5040(50) 6168(18) 3948(14) 49(8)
H(5A) -3080(50) 5898(19) 2032(12) 42(7)
H(5B) -2710(50) 5015(18) 2550(12) 35(7)
H(6A) -1910(70) 4480(20) 1414(16) 71(10)
H(6B) 620(60) 5260(20) 1371(15) 60(9)
H(6C) 1150(60) 4430(20) 1876(14) 54(9)
H(7A) 5140(60) 4382(18) 4152(13) 51(8)
H(7B) 2560(50) 4769(17) 4611(12) 35(7)
H(9) -100(50) 3558(19) 5252(12) (7
H(10) -680(70) 1980(20) 5684(15) 72(10)
H(11) 1950(60) 690(20) 5180(16) 72(10)
H(12) 5030(60) 1020(20) 4324(15) 62(9)

H(13) 5560(60) 2568(19) 3947(14) 49(9)
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Table 67. Torsion angles [°] for 6g.

C(D-N(1)-B(D)-C(4)
C(5)-N(D-B(1)-C(4)
C(D-N(H-B(1)-5(1)
C(5)-N(D)-B(1)-S(1)
C(D-S(H-B(1H)-N(1)
C(N-S(1)-B(1)-C(4)
B(D)-N(D-C(1)-C(2)
C(5)-N(H-C(1)-C(2)
N(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-B(1)
N(1)-B(1)-C(4)-C(3)
S(1)-B(1)-C(4)-C(3)
C(1)-N(D)-C(5)-C(6)
B(1)-N(1)-C(5)-C(6)
B(1)-S(1)-C(7)-C(8)
S(H-C(7)-C(8)-C(9)
S()-C(7)-C(8)-C(13)

C(13)-C(8)-C(9)-C(10)

C(7)-C(8)-C(9)-C(10)

C(8)-C(9)-C10)-C(11)
C(9)-C(10)-C(11)-C(12)
C10)-C(I'1)-C(12)-C(13)
C(11)-C(12)-C(13)-C(8)
C(9)-C(8)-C(13)-C(12)
C(7)-C(8)-C(13)-C(12)

0.8(3)
178.8(2)
-178.03(18)
0.1(3)
179.2(2)
0.6(3)
1.2(4)
-177.0(2)
-2.1(4)
0.9(4)
1.0(4)
-1.8(4)
176.8(2)
86.2(3)
-92.0(3)
-175.1(2)
-98.2(3)
81.0(3)
0.7(4)
180.0(3)
-0.3(5)
-0.1(5)
-0.1(5)
0.6(5)
-0.9(4)
179.9(3)

Symmetry transformations used to generate equivalent atoms:

(/dd

/
e

Nee” B

Figure 20. ORTEP illustration of 15, with ellipsoids drawn at the 35% probability level.
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X-ray Crystal Structure Determination. Crystals of 15 suitable for X-ray
diffraction were obtained by placing a vial containing 15 in a glove box freezer at -20
°C. Frozen crystals of 15 were quickly transferred to the diffractometer while
attempting to keep the crystals air-free.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK a - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F2. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C;;H;;BCIN are given in the

following tables.

Table 68. Crystal data and structure refinement for 15 (liul3).

Identification code liul3

Empirical formula CiHiBCIN

Formula weight 203.47

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=6.6633(11) A a= 90°.
b=7.6484(i3) A B=97.092(2)°
c=20.966(3) A v =90°.

Volume 1060.3(3) A3

Z 4

Density (calculated) 1.275 Mg/m3



Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.99°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

0.316 mm-1
424

0.48 x 0.45 x 0.24 mm3

1.96 to 26.99°.

-8<=h<=8, -9<=k<=9, -26<=1<=26
9247

2295 [R(int) = 0.0187]

99.1 %

Semi-empirical from equivalents
1.000 and 0.642

Full-matrix least-squares on F2
2295/0/171

1.011
R1=10.0340, wR2 = 0.0942
R1=10.0371, wR2 = 0.0971

0.336 and -0.287 e.A-3
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Table 69. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for 15.
U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Ci() 8132(1) 1678(1) 246(1) 44(1)
N(1) 5257(2) 3613(1) 800(1) 30(1)
B(1) 7191(2) 3633(2) 580(1) 31(1)
c(1) 8378(2) 5303(2) 649(1) 40(1)
c@) 7538(3) 6709(2) 911(1) 46(1)
c@3) 5608(3) 6607(2) 1118(1) 41(1)
C(4) 4543(2) 5099(2) 1062(1) 39(1)
c(s) 3937(2) 2060(2) 789(1) 37(1)
C(6) 4063(2) 1142(2) 1432(1) 32(1)
(7 5840(2) 1093(2) 1855(1) 37(1)
C(8) 5940(3) 167(2) 2428(1) 45(1)
C0) 4260(3) 7212) 2582(1) 50(1)
C(10) 2490(3) -675(2) 2170(1) 52(1)
c(11) 2381(2) 254(2) 1597(1) 41(1)




Table 70. Bond lengths [A] and angles [°] for 15.
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CI(D-B(1) 1.7962(15)
N(1)-C(@) 1.3723(18)
N(1)-B(1) 1.4220(19)
N(1)-C(5) 1.4762(17)
B(D)-C(1) 1.500(2)
C(1)-C(2) 1.359(2)
C(1)-H(1) 0.968(18)
C(2)-C(3) 1.409(3)
C(2)-H(2) 0.95(2)
C(3)-C(4) 1.352(2)
C(3)-HQ3) 0.93(2)
C(4)-H(4) 0.952(19)
C(5)-C(6) 1.5144(19)
C(5)-H(5A) 0.988(18)
C(5)-H(5B) 0.983(18)
C(6)-C(7) 1.3892(19)
C(6)-C(11) 1.3900(19)
C(7)-C(8) 1.389(2)
C(7)-H(7) 0.971(19)
C(8)-C(9) 1.381(2)
C(8)-H(8) 0.962(18)
C(9)-C(10) 1.374(3)
C(9)-H(9) 0.99(2)
C(10)-C(11) 1.390(2)
C(10)-H(10) 0.93(2)
C(11)-H(11) 0.950(17)
C(4)-N(1)-B(1) 119.57(12)
C(4)-N(1)-C(5) 115.96(12)
B(1)-N(1)-C(5) 124.44(12)
N(Q)-B(1)-C(1) 117.78(13)
N(1)-B(1)-Cl(1) 119.43(10)
C(1)-B(1)-Cl(1) 122.78(11)
C(2)-C(1)-B(1) 118.32(14)
C(2)-C(1)-H(1) 119.1(11)
B(1)-C(1)-H(1) 122.6(11)
C(1)-C(2)-C(3) _ 121.18(14)
C(1)-C(2)-H(2) 122.0(12)
C(3)-C(2)-H(2) 116.8(12)
C(4)-C(3)-C(2) 120.62(14)
C(4)-C(3)-H(3) 116.7(13)
C(2)-C(3)-H(3) 122.6(13)
C(3)-C(4)-N(1) 122.52(14)
C(3)-C(4)-H(@) 122.0(11)
N(1)-C(4)-H(4) 115.5(12)
N(1)-C(5)-C(6) 113.04(11)
N(1)-C(5)-H(5A) 107.4(10)
C(6)-C(5)-H(5A) 109.4(10)
N(1)-C(5)-H(5B) 108.3(11)
C(6)-C(5)-H(5B) 111.9(10)
H(5A)-C(5)-H(5B) 106.4(14)
C(7)-C(6)-C(11) 118.58(13)

C(7)-C(6)-C(5) 122.02(12)



C(11)-C(6)-C(5)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C(8)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(6)-C(11)-C(10)
C(6)-C(11)-H(11)
C(10)-C(11)-H(1 1)

119.34(12)
120.77(14)
119.9(10)
119.3(11)
119.97(15)
119.2(11)
120.8(11)
119.88(15)
123.4(12)
116.7(12)
120.37(15)
123.2(13)
116.5(13)
120.43(15)
117.0(10)
122.6(10)
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Symmetry transformations used to generate equivalent atoms:

Table 71. Anisotropic displacement parameters (A2x 10%)for 15. The anisotropic displacement factor

exponent takes the form: -2a2[ h2a*?U!l + ..+ 2 hk a* b* U!2]

Ull U22 U33 U23 U13 U12
CI(1) 43(1) 39(1) 51(1) -8(1) 8(1) 7(1)
N(1) 31(1) 28(1) 31(1) 2(1) 2() 2(1)
B(1) 32(1) 30(1) 29(1) 1(1) 2(1) o(1)
c) 41(1) 42(1) 35(1) 3(1) 5(1) -12(1)
CcQ) 67(1) 30(1) 39(1) 2(1) 2(1) -15(1)
Cc3) 66(1) 30(1) 43(1) -4(1) 3(1) 9(1)
C) 40(1) 40(1) 39(1) 0(1) 7(1) 9(1)
C(5) 33(1) 39(1) 38(1) 1(1) 1(1) -11(1)
C(6) 35(1) 26(1) 36(1) -3(1) 8(1) 2(1)
0) 40(1) 35(1) 37(1) -1(D) 4(1) -6(1)
C(8) 57(1) 40(1) 38(1) 0(1) 1(1) 0(1)
C9) 70(1) 41(1) 42(1) 7(1) 16(1) 1(1)
C(10) 54(1) 44(1) 62(1) 7(1) 26(1) -7(1)
can 36(1) 37(1) 51(1) 1(1) 12(1) -3(1)

Table 72. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10°) for 15.

X y z U(eq)
H(1) 9720(30) 5410(20) 519(8) 50(5)
H(2) 8200(30) 7820(30) 950(9) 57(5)
H(@3) 5000(30) 7550(30) 1294(10) 61(5)
H@) 3260(30) 4990(20) 1212(9) 54(5)
H(5A) 4360(30) 1250(20) 464(8) 47(5)
H(5B) 2550(30) 2420(20) 632(8) 45(4)
H(7) 7030(30) 1700(20) 1750(8) 50(5)
H(8) 7170(30) 140(20) 2723(8) 49(5)
H(9) 4410(30) -1350(30) 2996(9) 57(5)
H(10) 1320(30) -1240(30) 2253(10) 71(6)
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HOL) 1190(30) 300(20) 1299(8) 44(4)

Figure 21. ORTEP illustration of 18, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 18 suitable for X-ray
diffraction were obtained by collecting the crystals that had formed when 15 was
distilled to dryness after having inadvertently been exposed to air.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was
solved using dircct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F2. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software

and sources scattering factors are contained in the SHELXTL (6.10) program package
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(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C,,H,,B,N,0 are given in the

following tables.

Table 73. Crystal data and structure refinement for 18 (Liu3).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(])]
R indices (all data)

Largest diff. peak and hole

liu3

C2H22 B, N, O

352.04

1732) K

0.71073 A

Monoclinic

C2/c

a=19.3392) A a = 90°,
b=10.9026(12) A B =106.372(2)°.
c=28379(3) A v = 90°.
5741.1(11) A3

12

1.222 Mg/m3

0.074 mm-!
2232

0.23 x 0.19 x 0.12 mm?3

1.50 to 27.00°.

-24<=h<=24, -13<=k<=13, -36<=1<=36
31623

6263 [R(int) = 0.0469]

99.9 %

Semi-empirical from equivalents
0.9912 and 0.9833

Full-matrix least-squares on F2
6263 /0/498

1.040
R1 =0.0485, wR2 = 0.0972
R1=10.0774, wR2 =0.1109

0.168 and -0.133 e.A-3

Table 74. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for 18.
U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X

y z U(eq)

o(1) 2026(1)

7562(1) 913(1) 40(1)



0(2) 0 4830(1) 2500 33(1)
N(1) 1660(1) 8000(1) 53(1) 36(1)
N(2) 2598(1) 7593(1) 1775(1) 33(1)
NQG3) 902(1) 4954(1) 2066(1) 36(1)
B(1) 1655(1) 7176(2) 446(1) 34(1)
B(2) 2443(1) 6945(2) 1313(1) 33(1)
B(3) 341(1) 42712) 2190(1) 31(1)
c(l) 1226(1) 6005(2) 306(1) 39(1)
c2) 868(1) 5815(2) -175(1) 45(1)
c@3) 901(1) 6679(2) -540(1) 49(1)
C(4) 1285(1) 7726(2) -422(1) 44(1)
c(5) 2059(1) 9169(2) 138(1) 42(1)
C(6) 1598(1) 10277(2) 147(1) 35(1)
c(7) 1030(1) 10238(2) 355(1) 47(1)
C(@®) 644(1) 11293(2) 385(1) 49(1)
c) 822(1) 12391(2) 218(1) 48(1)
C(10) 1381(1) 12435(2) 41) 53(1)
c@1) 1759(1) 11385(2) -33(1) 46(1)
c(12) 2782(1) 5689(2) 1331(1) 38(1)
C(13) 3214(1) 5271(2) 1767(1) 44(1)
C(14) 3342(1) 5976(2) 2201(1) 48(1)
c(15) 3041(1) 7096(2) 2194(1) 42(1)
C(16) 2310(1) 8832(2) 1800(1) 37(1)
c(17) 2715(1) 9835(1) 1620(1) 32(1)
C(18) 2405(1) 10985(2) 1534(1) 47(1)
C(19) 2757(1) 11939(2) 1377(1) 58(1)
C(20) 3423(1) 11756(2) 1303(1) 48(1)
c@1) 3737(1) 10616(2) 1389(1) 42(1)
C(22) 3384(1) 9659(2) 1546(1) 37(1)
C(23) 172(1) 3023(2) 1951(1) 36(1)
C(24) 538(1) 2641(2) 1633(1) 44(1)
C(25) 1081(1) 3368(2) 1532(1) 51(1)
C(26) 1253(1) 44712) 1748(1) 47(1)
c27) 1103(1) - 6198(2) 2251(1) 41(1)
C(28) 701(1) 7201(2) 1917(1) 36(1)
C(29) 498(1) 7100(2) 1407(1) 42(1)
C(30) 145(1) 8054(2) 1115(1) 51(1)
C@31) -15(1) 9117(2) 1323(1) 56(1)
C(32) 186(1) 9230(2) 1828(1) 56(1)
C(33) 544(1) 8280(2) 2121(1) 46(1)
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Table 75. Bond lengths [A] and angles [°] for 18.

O(1)-BQ2)
o(1)-B(1)
0(2)-B(3)#1
0(2)-B(3)
N(1)-C(4)
N(1)-B(1)
N(1)-C(5)
N(2)-C(15)
N(2)-B(2)
N(2)-C(16)

1.369(2)
1.382(2)
1.3797(18)
1.3797(18)
1.371(2)
1.434(2)
1.474(2)
1.367(2)
1.445(2)
1.471(2)



N(3)-C(26)
N(3)-B(3)
N(3)-C(27)
B(1)-C(1)
B(2)-C(12)
B(3)-C(23)
C(1)-C(2)
C()-H(1)
C(2)-C(3)
C(2)-HQ2)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(11)
C(6)-C(7)
C(7)-C(8)
C(D-H(T)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-C(13)
C(12)-H(12)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-H(15)
C(16)-C(17)

C(16)-H(16A)
C(16)-H(16B)

Cc(17)-C(18)
C(17)-C(22)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C(21)-C(22)
CQD-HQ1D)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)

1.378(2)
1.44002)
1.467(2)
1.514(3)
1.514(2)
1.515(2)
1.362(2)
0.944(17)
1.415(3)
0.971(18)
1.350(3)
0.936(19)
0.959(18)
1.506(2)
0.999(18)
1.03(2)
1.381(2)
1.386(2)
1.387(2)
0.974(19)
1.368(3)
0.99(2)
1.382(3)
0.995(18)
1.379(3)
0.98(2)
0.966(18)
1.363(2)
0.964(16)
1.413(3)
0.996(18)
1.351(3)
0.98(2)
0.993(17)
1.516(2)
0.980(16)
1.010(18)
1.381(2)
1.383(2)
1.384(3)
0.994(18)
1.378(3)
0.972)
1.374(3)
0.948(19)
1.387(2)
0.987(18)
1.359(2)
0.959(16)
1.408(3)
1.003(18)
1.349(3)
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C(25)-H(25)
C(26)-H(26)
C(27)-C(28)
C(27)-H(27A)
C(27)-HQ27B)
C(28)-C(33)
C(28)-C(29)
C(29)-C(30)
C(29)-H(29)
C(30)-C(31)
C(30)-H(30)
C31)-C(32)
C31)-HG1)
C(32)-C(33)
C(32)-H(32)
C(33)-H(33)
B(2)-O(1)-B(1)

B(3)#1-0(2)-B(3)

C(4)-N(1)-B(1)
C(4)-N(1)-C(5)
B(1)-N(1)-C(5)
C(15)-N(2)-B(2)

C(15)-N(2)-C(16)

B(2)-N(2)-C(16)
C(26)-N(3)-B(3)

C(26)-N(3)-C(27)

B(3)-N(3)-C(27)
O(1)-B(1)-N(1)
O(D)-B(1)-C(1)
N(D-B(1)-C(1)
O(1)-B(2)-N(2)
O(1)-B(2)-C(12)
N(2)-B(2)-C(12)
0(2)-B3)-N(3)
0(2)-B(3)-C(23)
N(3)-B(3)-C(23)
C(2)-C(1)-B(1)
C(2)-C(1)-H(1)
B(1)-C(1)-H(1)
C(1)-C)-C(3)
C(1)-C(2)-HQ2)
C(3)-C(2)-H(2)
C4)-CR3)-C(2)
C(4)-C(3)-H(3)
C(2)-CR3)-HEB)
C(3)-C(4)-N(1)
C(3)-C(4)-H(4)
N(D)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)

0.974(18)
0.988(18)
1.512(2)
1.006(18)
0.997(17)
1.382(2)
1.392(2)
1.384(3)
0.956(18)
1.374(3)
0.977(19)
1.379(3)
0.98(2)
1.385(3)
1.00(2)
0.965(18)
132.08(14)
127.59(18)
120.72(15)
117.14(15)
122.14(14)
121.00(14)
118.37(14)
120.58(14)
120.53(15)
117.22(15)
122.20(14)
116.11(15)
127.32(15)
116.53(15)
115.81(15)
128.35(16)
115.80(15)
117.13(15)
126.99(15)
115.84(14)
118.52(17)
119.2(11)
122.2(11)
121.21(19)
119.9(11)
118.9(10)
120.99(18)
120.3(12)
118.7(12)
122.02(17)
123.3(11)
114.7(11)
114.32(14)
109.4(10)
108.8(10)
106.7(10)
109.0(10)
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H(5A)-C(5)-H(5B)
C(11)-C(6)-C(7)
C(11)-C(6)-C(5)
C(7)-C(6)-C(5)
C(6)-C(7)-C(8)
C(6)-C(7)-H(7)
C®)-C(7)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-H(11)
C(6)-C(11)-H(11)
C(13)-C(12)-B(2)
C(13)-C(12)-H(12)
B(2)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-H(13)
C(14)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C(14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-N(2)
C(14)-C(15)-H(15)
N(2)-C(15)-H(15)
N(2)-C(16)-C(17)
N(2)-C(16)-H(16A)
C(17)-C(16)-H(16A)
N(2)-C(16)-H(16B)
C(17)-C(16)-H(16B)

H(16A)-C(16)-H(16B)

C(18)-C(17)-C(22)
C(18)-C(17)-C(16)
C(22)-C(17)-C(16)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(21)-C(20)-C(19)
C(21)-C(20)-H(20)
C(19)-C(20)-H(20)
C(20)-C(21)-C(22)
C(20)-C(21)-H(21)
C(22)-C(21)-H(21)
C(17)-C(22)-C(21)

108.4(14)
118.22(16)
119.93(15)
121.77(15)
120.44(18)
118.1(11)
121.4(11)
120.72(18)
121.4(11)
117.9(11)
119.23(17)
120.2(10)
120.5(10)
120.14(19)
122.3(12)
117.6(12)
121.21(17)
119.7(11)
119.1(11)
118.77(16)
118.0(10)
123.3(10)
121.53(17)
120.3(10)
118.1(10)
120.65(17)
118.6(11)
120.7(11)
122.23(17)
122.1(10)
115.6(10)
114.01(13)
108.8(9)
108.2(9)
109.1(10)
107.8(10)
108.8(13)
118.55(15)
118.34(14)
123.10(15)
120.72(17)
117.9(10)
121.4(10)
120.43(18)
119.4(13)
120.2(13)
119.25(18)
119.7(11)
121.0(11)
120.36(17)
119.8(10)
119.9(10)
120.69(16)
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C(17)-C(22)-H(22)
C(21)-C(22)-H(22)
C(24)-C(23)-B(3)
C(24)-C(23)-H(23)
B(3)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(25)-C(26)-N(3)
C(25)-C(26)-H(26)
N(3)-C(26)-H(26)
N(3)-C(27)-C(28)
N3)-CQ7)-H(27A)
C(28)-C(27)-H(Q27A)
N(3)-C(27)-H(27B)
C(28)-C(27)-H(27B)

H(27A)-C(27)-H(27B)

C(33)-C(28)-C(29)
C(33)-C(28)-C(27)
C(29)-C(28)-C(27)
C(30)-C(29)-C(28)
C(30)-C(29)-H(29)
C(28)-C(29)-H(29)
C(31)-C(30)-C(29)
C(31)-C(30)-H(30)
C(29)-C(30)-H(30)
C(30)-C31)-C(32)
C(30)-C(31)-H(1)
C(32)-C1)-H(31)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32)
C(33)-C(32)-H(32)
C(28)-C(33)-C(32)
C(28)-C(33)-H(33)
C(32)-C(33)-H(33)

118.7(9)
120.6(9)
119.17(17)
117.49)
123.4(9)
121.30(18)
120.7(10)
118.0(10)
120.86(17)
118.8(11)
120.3(11)
122.27(18)
123.8(10)
113.9(10)
114.00(14)
109.1(10)
110.0(10)
107.9(9)
109.6(9)
105.9(14)
118.13(17)
119.22(16)
122.62(16)
120.63(19)
119.5(11)
119.7(11)
120.64(19)
121.3(11)
118.1(11)
119.2(2)
119.0(12)
121.8(12)
120.2(2)
120.4(12)
119.3(12)
121.10(19)
117.8(11)
121.1(11)
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Symmetry transformations used to generate equivalent atoms:

#1 -x,y,-z+1/2

Table 76. Anisotropic displacement parameters (A2x 10%)for 18. The anisotropic displacement factor

exponent takes the form: -2p?[ h2a*2?U' + .. +2 hk a* b* U2 ]

ytt U22 U33 y2 AOLE U2
o(1) 49(1) 34(D) 35(1) 2(1) 8(1) 2(1)
0Q) 37(1) 32(1) 34(1) 0 16(1) 0
N(D 37(D) 37(DH) 37(1) 4(1) 17(1) 10(1)
NQ2) 34(1) 30(1) 36(1) 1(1) 12(1) -3(1)
NG3) 34(1) 40(1) 35(1) 4(1) 14(1) 2(1)
B(1) 34(1) 36(1) 33(1) (D) 13(1) 9(1)
B(2) 33(1) 34(1) 34(1) 2(1) 13(1) -5(1)



B(3) 30(1) 35(1) 28(1) 5(1) 9(1) 6(1)
c() 41(1) 39(1) 40(1) 2(1) 14(1) (1)
cR) 41(1) 41(1) 51(1) -10(1) 9(1) 9(1)
cB) 52(1) 59(1) 32(1) (1) 4(1) 23(1)
C4) 51(1) 51(1) 35(1) 7(1) 19(1) 21(1)
c(5) 39(1) 41(1) 53(1) 11(1) 23(1) (1)
c(6) 35(1) 39(1) 33(1) 3(1) 13(1) 4(1)
() 51(1) 44(1) 55(1) 7(1) 31(1) 6(1)
C(8) 49(1) 54(1) 54(1) -5(1) 28(1) 8(1)
co) 47(1) 43(1) 52(1) -10(1) 12(1) 10(1)
C(10) 51(1) 37(1) 71(1) 6(1) 19(1) 5(1)
c(1) 41(1) 42(1) 58(1) 8(1) 21(1) 6(1)
c(12) 44(1) 34(1) 39(1) -1(1) 16(1) -3(1)
c(13) 42(1) 37(1) 52(1) 6(1) 11(1) 4(1)
c(14) 48(1) 46(1) 42(1) 9(1) 0(1) -1(1)
c(15) 44(1) 45(1) 33(1) (1) (1) (1)
C(16) 39(1) 36(1) 42(1) -4(1) 18(1) 2(1)
c(17) 31(1) 34(1) 30(1) -5(1) 9(1) 3(1)
C(18) 35(1) 39(1) 70(1) 3(1) 19(1) 2(1)
C(19) 49(1) 37(1) 89(2) 12(1) 22(1) 5(1)
C(20) 50(1) 41(1) 56(1) (1) 20(1) -9(1)
c@1) 39(1) 43(1) 48(1) (1) 19(1) (1)
c(22) 37(1) 34(1) 44(1) 3(1) 15(1) o(1)
C(23) 39(1) 34(1) 35(1) 2(1) 9(1) 41)
C(24) 57(1) 39(1) 33(1) o(1) 9(1) 17(1)
C(25) 61(1) 57(1) 43(1) (1) 28(1) 23(1)
C(26) 42(1) 60(1) 47(1) 14(1) 26(1) 10(1)
c@27) 40(1) 47(1) 37(1) 4(1) 11(1) -12(1)
C(28) 33(1) 401) 39(1) 3(1) 15(1) -11(1)
C(29) 47(1) 43(1) 38(1) 1(1) 16(1) -10(1)
C(30) 51(1) 59(1) 40(1) 12(1) 8(1) -13(1)
Cc@31) 43(1) 50(1) 70(2) 19(1) 10(1) -5(1)
C(32) 50(1) 45(1) 74(2) -3(1) 21(1) 2(1)
C(33) 46(1) 50(1) 45(1) -5(1) 15(1) -8(1)
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Table 77. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for 18.

X y z U(eq)
H(1) 1208(9) 5398(16) 539(6) 50(5)
H(2) 591(9) 5070(17) -273(6) 52(5)
H(3) 649(10) 6516(17) -867(7) 63(6)
H4) 1328(10) 8323(17) -660(7) 56(6)
H(5A) 2310(9) 9287(16) -122(6) 53(5)
H(5B) 2441(11) 9092(17) 471(7) 61(6)
H(7) 909(10) 9452(18) 474(7) 60(6)
H(8) 233(11) 11221(17) 525(7) 67(6)
H(9) 537(9) 13140(16) 237(6) 51(5)
H(10) 1487(10) 13225(19) -122(7) 69(6)
H(11) 2147(10) 11421(16) -185(6) 55(5)
H(12) 2704(9) 5160(15) 1048(6) 41(5)
H(13) 3451(10) 4453(17) 1788(6) 56(5)
H(14) 3656(10) 5665(17) 2513(7) 65(6)
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H(15) 3127(9) 7612(15) 2493(6) 47(5)
H(16A) 2329(8) 9011(14) 2142(6) 37(4)
H(16B) 1791(10) 8859(15) 1594(6) 49(5)
H(18) 1927(10) 11104(16) 1593(6) 57(5)
H(19) 2531(11) 12740(20) 1311(7) 79(7)
H(20) 3668(10) 12404(17) 1195(6) 58(6)
H21) 4214(10) 10477(16) 1336(6) 53(5)
H(22) 3606(9) 8843(15) 1607(6) 41(5)
H(23) -194(8) 2490(14) 2002(6) 38(4)
H(24) 439(9) 1815(17) 1472(6) 54(5)
H(25) 1332(9) 3088(16) 1299(7) 56(5)
H(26) 1633(10) 5010(16) 1692(6) 53(5)
H(27A) 1638(10) 6308(15) 2311(6) 51(5)
H(27B) 1013(9) 6269(14) 2579(6) 43(5)
H(29) 578(9) 6348(17) 1258(6) 51(5)
H(30) 4(10) 7941(17) 759(7) 63(6)
H(31) -275(10) 9773(18) 1107(7) 66(6)
H(32) 59(11) 9980(20) 1986(8) 78(7)
H(33) 678(10) 8339(16) 2474(7) 57(6)
Table 78. Torsion angles [°] for 18.

B(2)-O(1)-B(1)-N(1) -142.21(16)
B(2)-0(1)-B(1)-C(1) 40.0(3)
C(4)-N(1)-B(1)-O(1) -177.43(14)
C(5)-N(1)-B(1)-0(1) 23(2)
CA)-N(D)-B(1)-C(1) 0.6(2)
C(5)-N(D)-B(1)-C(1) -179.74(14)
B(1)-O(1)-B(2)-N(2) -165.22(15)
B(1)-0(1)-B(2)-C(12) 17.1(3)
C(15)-N(2)-B(2)-O(1) -176.41(14)
C(16)-N(2)-B(2)-O(1) 0.8(2)
C(15)-N(2)-B(2)-C(12) 1.6(2)
C(16)-N(2)-B(2)-C(12) 178.71(14)
B(3)#1-0(2)-B(3)-N(3) -154.12(15)
B(3)#1-0(2)-B(3)-C(23) 28.07(13)
C(26)-N(3)-B(3)-0(2) -178.17(13)
C(27)-N(3)-B(3)-0(2) -0.9(2)
C(26)-N(3)-B(3)-C(23) -0.1(2)
C(27)-N(3)-B(3)-C(23) 177.16(14)
O(1)-B(1)-C(1)-C(2) 176.92(16)
N(1)-B(1)-C(1)-C(2) -0.8(2)
B(1)-C(1)-C(2)-C(3) 0.8(2)
C(1)-C(2)-C(3)-C(4) -0.5(3)
C(2)-C(3)-C(4)-N(1) 0.2(3)
B(1)-N(1)-C(4)-C(3) -0.3(2)
C(5)-N(1)-C4)-C(3) 180.00(15)
C(4)-N(1)-C(5)-C(6) 79.51(19)
B(1)-N(1)-C(5)-C(6) -100.18(18)
N(1)-C(5)-C(6)-C(11) -145.76(16)
N(1)-C(5)-C(6)-C(7) 37.5(2)
C(11)-C(6)-C(7)-C(8) -0.9(3)
C(5)-C(6)-C(7)-C(8) 175.96(18)



C(6)-C(T)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(6)
C(7)-C(6)-C(11)-C(10)
C(5)-C(6)-C(11)-C(10)
0(1)-B(2)-C(12)-C(13)
N(2)-B(2)-C(12)-C(13)
B(2)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-N(2)
B(2)-N(2)-C(15)-C(14)
C(16)-N(2)-C(15)-C(14)
C(15)-N(2)-C(16)-C(17)
B(2)-N(2)-C(16)-C(17)
N(2)-C(16)-C(17)-C(18)
N(2)-C(16)-C(17)-C(22)
C(22)-C(17)-C(18)-C(19)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(18)-C(17)-C(22)-C(21)
C(16)-C(17)-C(22)-C(21)
C(20)-C(21)-C(22)-C(17)
0(2)-B(3)-C(23)-C(24)
N(3)-B(3)-C(23)-C(24)
B(3)-C(23)-C(24)-C(25)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-N(3)
B(3)-N(3)-C(26)-C(25)
C(27)-N(3)-C(26)-C(25)
C(26)-N(3)-C(27)-C(28)
B(3)-N(3)-C(27)-C(28)
N(3)-C(27)-C(28)-C(33)
N(3)-C(27)-C(28)-C(29)
C(33)-C(28)-C(29)-C(30)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(31)
C(29)-C(30)-C(31)-C(32)
C(30)-C(31)-C(32)-C(33)
C(29)-C(28)-C(33)-C(32)
C(27)-C(28)-C(33)-C(32)
C(31)-C(32)-C(33)-C(28)

-0.93)
1.8(3)
-0.93)
-0.93)
1.8(3)
-175.13(18)
176.32(16)
-1.3(2)
0.8(3)
-0.4(3)
0.6(3)
-1.2(2)
-178.45(16)
99.37(17)
-77.86(19)
167.06(15)
-142(2)
0.1(3)
178.89(18)
0.1(3)
-0.3(3)
0.4(3)
0.0Q2)
-178.72(16)
-0.3(3)
176.43(15)
-1.4(2)
1.5(2)
-0.1(3)
-1.6(3)
1.6(3)
-175.81(17)
85.82(19)
-91.55(18)
147.24(15)
-34.6(2)
0.4Q2)
-178.51(16)
-0.3(3)
0.5(3)
0.0(3)
0.8(3)
179.03(16)
-0.6(3)
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Symmetry transformations used to generate equivalent atoms:

#1 -x,y,-z+1/2
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Figure 22. ORTEP illustration of 19, with ellipsoids drawn at the .-35% probability level.

X-ray Crystal Structure Determination. Crystals of 19 suitable for X-ray
diffraction were obtained by slow evaporation of an Et,O solution of 19.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK ¢ - radiation (0.71073 A). The structurc was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F*. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C7H;¢BN are given in the following

tablcs.
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Table 79. Crystal data and structure refinement for 19 (liu5).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.50°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on F2

liu$

Ci7HisBN
245.12

1732) K

0.71073 A
Triclinic

P-1

a=8.0839(8) A
b=9.9545(10) A
c=10.0860(10) A

683.79(12) A3
2

1.191 Mg/m3

0.068 mm-1
260

0.29 x 0.16 x 0.12 mm3

2.21 10 27.50°.

-10<=h<=10, -12<=k<=12, -12<=I<=12
7826

3079 [R(int) = 0.0193]

97.9 %

Semi-empirical from equivalents
0.9919 and 0.9806

Full-matrix least-squares on F2
3079/0/236

1.014

o = 103.079(2)°.
B = 102.604(2)°.
v = 113.009(2)°.

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

" R1=0.0476, wR2 = 0.1206

R1 = 0.0602, wR2 = 0.1302
0.266 and -0.181 e.A-3

Table 80. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A%x 103) for 19.
U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y Z U(eq)
B(1) 1564(2) 2558(2) 4775(2) 28(1)
N(1) 1968(2) 1904(1) 5858(1) 29(1)
c 162(2) 3208(2) 4880(2) 33(1)
C2) -586(2) 3173(2) 5975(2) 37(1)
C(3) -96(2) 2500(2) 6991(2) 38(1)
Cc@) 1116(2) 1884(2) 6901(2) 34(1)
C(5) 3193(2) 1117(2) 5902(2) 33(1)
C(6) 4812(2) 1808(2) 7335(2) 28(1)



c(7)

C(8)

C9)

C(10)
c(11)
C(12)
C(13)
C(14)
c(15)
C(16)
c(17)

5236(2)
6707(2)
7766(2)
7351(2)
5889(2)
2433(2)
1168(2)
1809(2)
3742(2)
5035(2)
4384(2)

828(2)
1433(2)
3029(2)
4014(2)
3408(2)
2557(2)
1982(2)
2011(2)
2632(2)
3219(2)
3176(2)

7973(2)
9288(2)
9988(2)
9359(2)
8039(2)
3520(2)
2093(2)

925(2)
1150(2)
2545(2)
3705(2)

33(1)
37(1)
36(1)
35(1)
32(1)
27(1)
31(1)
35(1)
36(1)
36(1)
32(1)
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Table 81. Bond lengths [A] and angles [°] for 19.

B(1)-N(1)
B(1)-C(1)
B(1)-C(12)
N(1)-C(4)
N(1)-C(5)
C(1)-C(2)
C(1)-H(1)
C(2)-C(3)
C(2)-HQR)
C(3)-C(4)
C(3)-H(3)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-C(11)
C(7)-C(8)
C(7)-H(7)
C(8)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H(9)
C(10)-C(11)
C(10)-H(10)
C(11)-H(11)
C(12)-C(17)
C(12)-C(13)
C(13)-C(14)
C(13)-H(13)
C(14)-C(15)
C(14)-H(14)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-H(17)

N(1)-B(1)-C(1)
N(1)-B(1)-C(12)

1.434Q2)
1.520(2)
1.576(2)
1.377(2)
1.483(2)
1.371(2)
0.994(18)
1.412(2)
1.02(2)
1.353(2)
0.96(2)
0.961(19)
1.515(2)
1.00(2)
1.001(19)
1.390(2)
1.391(2)
1.388(2)
0.971(19)
1.386(2)
0.948(19)
1.387(2)
0.970(18)
1.387(2)
0.98(2)
0.965(18)
1.400(2)
1.404(2)
1.389(2)
0.972(17)
1.380(2)
0.974(19)
1.386(2)
1.002)
1.386(2)
0.97(2)
0.960(18)
115.24(14)
123.18(14)



C(1)-B(1)-C(12)
C(4)-N(1)-B(1)
C(4)-N(1)-C(5)
B(1)-N(1)-C(5)
C(2)-C(1)-B(1)
C(2)-C(1)-H(1)
B(1)-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-HQ2)
C(#)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-N(1)
C(3)-C(4)-H(4)
N(1)-C(4)-H(4)
N(1)-C(5)-C(6)
N(1)-C(5)-H(5A)
C(6)-C(5)-H(5A)
N(1)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(7)-C(6)-C(11)
C(7)-C(6)-C(5)
C(11)-C(6)-C(5)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-C(7T)-H(7)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(8)-C(9)-C(10)
C(8)-C(9)-H(9)
C(10)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(6)
C(10)-C(11)-H(11)
C(6)-C(11)-H(11)
C(17)-C(12)-C(13)
C(17)-C(12)-B(1)
C(13)-C(12)-B(1)
C(14)-C(13)-C(12)
C(14)-C(13)-H(13)
C(12)-C(13)-H(13)
C(15)-C(14)-C(13)
C(15)-C{14)-H(14)
C(13)-C(14)-H(14)
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(15)-C(16)-C(17)

121.54(13)
120.87(13)
114.82(13)
124.18(13)
120.01(15)
119.5(11)
120.4(11)
120.40(15)
119.6(11)
120.0(11)
120.64(15)
119.2(12)
120.2(12)
122.80(15)
121.2(11)
116.0(11)
113.06(12)
109.6(11)
108.5(10)
108.4(11)
110.4(10)
106.7(15)
118.79(14)
119.66(14)
121.54(13)
120.73(15)
119.1(10)
120.2(10)
120.16(15)
119.0(12)
120.9(12)
119.45(15)
121.7(11)
118.8(11)
120.32(15)
120.4(12)
119.3(12)
120.55(15)
117.9(11)
121.5(11)
116.43(14)
125.62(13)
117.82(13)
121.96(14)
118.5(10)
119.5(10)
119.98(15)
120.4(11)
119.6(12)
119.63(15)
120.3(11)
119.9(11)
120.08(15)
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C(15)-C(16)-H(16)
C(17)-C(16)-H(16)
C(16)-C(17)-C(12)
C(16)-C(17)-H(17)
C(12)-C(17)-H(17)

119.0(11)
120.9(11)

121.91(15)

119.8(11)
118.2(11)
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Symmetry transformations used to generate equivalent atoms:

Table 82. Anisotropic displacement parameters (A2x 10%)for 19. The anisotropic displacement factor

exponent takes the form: -2p2[ h2a*2U!! + , +2hk a* b* U2 ]

Ull U22 U33 U23 U13 U12
B(1) 28(1) 27(1) 25(1) 6(1) 6(1) 11(1)
N(1) 30(1) 31(1) 22(1) 7(1) 6(1) 14(1)
c(1) 33(1) 34(1) 33(1) 12(1) 11(1) 17(1)
cQ) 33(1) 38(1) 37(1) 7(1) 12(1) 17(1)
C(3) 35(1) 48(1) 27(1) 8(1) 14(D) 15(1)
c) 35(1) 39(1) 23(1) 11(1) 7(1) 13(1)
C(5) 39(1) 31(1) 26(1) 8(1) 6(1) 19(1)
C(6) 30(1) 31(1) 27(1) 11(1) 11(1) 16(1)
c( 33(1) 32(1) 35(1) 15(1) 11(1) 16(1)
Cc(8) 37(1) 46(1) 40(1) 24(1) 14(1) 25(1)
C(9) 27(1) 50(1) 31(1) 15(1) 9(1) 18(1)
c(10) 29(1) 34(1) 35(1) 9(1) 10(1) 11(1)
c@n 34(1) 31(1) 31(1) 13(1) 10(1) 15(1)
Cc(12) 31(1) 27(1) 27(1) 11(1) 10(1) 16(1)
c(13) 29(1) 37(1) 29(1) 14(1) 10(1) 16(1)
C(14) 38(1) 41(1) 27(1) 13(1) 10(1) 19(1)
c(5) 43(1) 39(1) 36(1) 16(1) 21(1) 22(1)
c(16) 31(1) 38(1) 44(1) 14(1) 17(1) 17(1)
c(17) 31(1) 33(1) 30(1) 7(1) 6(1) 16(1)

Table 83. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for 19.
X y z U(eq)
H(1) -180(30) 3700(20) 4180(20) 39(5)
H(2) -1500(30) 3630(20) 6050(20) 47(5)
H(3) -620(30) 2480(20) 7760(20) 45(5)
H(4) 1430(30) 140020) 7570(20) 41(5)
H(A) 2400(30) -10Q20) 5720(20) 42(5)
H(5B) 3710(30) 1170(20) 5090(20) 42(5)
H(7) 4500(30) -290(20) 7501(19) 37(5)
H(8) 7000(30) 770(20) 9720(20) 42(5)
H(9) 8790(30) 3480(20) 10910(20) 37(5)
H(10) 8110(30) 5150(30) 9830(20) 53(6)
H(11) 5640020 4130(20) 7637(19) 37(5)
H(13) -200(20) 1565(19) 1911(17) 29(4)
H(14) 890(30) 1620(20) -50(20) 47(5)
H(15) 4220(30) 2720(20) 320(20) 51(5)
H(16) 6390(30) 3650(20) 2690(20) 46(5)
H(17) 5280(30) 3610(20) 4670(20) 37(5)




Table 84. Torsion angles [°] for 19,
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C(1)-B(1)-N(1)-C(4)
C(12)-B(1)-N(1)-C(4)
C(1)-B(1)-N(1)-C(5)
C(12)-B(1)-N(1)-C(5)
N()-B(1)-C(1)-C2)
C(12)-B(1)-C(1)-C(2)
B(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-N(1)
B(1)-N(1)-C(4)-C(3)
C)-N(1)-C(4)-C(3)
C(4)-N(1)-C(5)-C(6)
B(1)-N(1)-C(5)-C(6)
N(D-C(5)-C(6)-C(7)
N(1-C(5)-C(6)-C(11)
C(11)-C(6)-C(7)-C(8)
C(5)-C(6)-C(7)-C(8)
C(6)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(6)
C(7)-C(6)-C(11)-C(10)
C(5)-C(6)-C(11)-C(10)
N(1)-B(1)-C(12)-C(17)
C(1)-B(1)-C(12)-C(17)
N(D-B(1)-C(12)-C(13)
C(1)-B(1)-C(12)-C(13)

C(17)-C(12)-C(13)-C(14)

B(1)-C(12)-C(13)-C(14)

C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(12)
C(13)-C(12)-C(17)-C(16)

B(1)-C(12)-C(17)-C(16)

02Q2)
-177.59(13)
175.90(13)
-1.9Q2)
1.4Q2)
179.17(14)
-1.5(2)
0.0(3)
1.6(3)
-1.72)
-177.78(15)
-58.78(18)
125.26(15)
136.53(15)
-432(2)
-0.1Q2)
-179.77(15)
0.5Q2)
-0.4(2)
0.0Q2)
0.4(2)
-0.4(2)
179.29(15)
-55.8(2)
126.60(17)
128.60(16)
-49.0(2)
0.5Q2)
176.50(14)
-0.6(2)
0.3Q2)
0.2(2)
-0.42)
0.0Q2)
-175.65(14)

Symmetry transformations used to generate equivalent atoms:
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Figure 23. ORTEP illustration of 20, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 20 suitable for X-ray
diffraction were obtained by slow evaporation of an Et,O solution of 20.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was
solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F°. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package

(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of
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data collection and crystal structure refinement for C,7H;¢BN are given in the following

tables.

Table 85. Crystal data and structure refinement for 20 (liu39a).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

liu39a

Ci7His BN

269.14

1732) K

0.71073 A

Orthorhombic

Pna2(1)

a=11.1782(11) A o =90°,
b=16.9314(17) A B = 90°.
c=8.1703(8) A v =90°.

1546.3(3) A3
4

1.156 Mg/m3

0.066 mm-1
568

0.28 x 0.18 x 0.04 mm3

2.18 to 26.00°.

-11<=h<=13, -20<=k<=20, -10<=1<=7
8760

2798 [R(int) = 0.0498]

99.9 %

Semi-empirical from equivalents
0.9974 and 0.9818

Full-matrix least-squares on F2
2798 /1/254

1.029
R1=0.0547, wR2 =0.1137
R1=0.0887, wR2 =0.1353
0(5)

0.211 and -0.127 e.A-3
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Table 86. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%) for 20.
U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
N() 144(2) 1505(1) 8225(3) 36(1)
B(1) 1125(3) 1917(2) 7485(6) 33(1)
C(D 126(3) 676(2) 8296(5) 46(1)
C(2) 1036(3) 248(2) 7585(6) 59(1)
C(3) 2028(3) 603(2) 6892(5) 55(1)
C@ 2142(3) 1420(2) 6837(4) 45(1)
C(5) 1088(2) 2822(2) 7441(4) 37(1)
C(6) 1108(2) 3536(2) 7407(5) 35(1)
c( 1189(2) 4391(1) 7411(4) 34(1)
C(® 425(3) 4833(2) 8412(4) 51(1)
CH) 537(4) 5649(2) 8439(5) 60(1)
C(10) 1370(3) 6024(2) 7477(5) 54(1)
c(n 2122(3) 5585(2) 6508(5) 51(1)
C(12) 2037(3) 4780(2) 6467(5) 46(1)
C(13) -919(3) 1899(2) 8918(4) 41(1)
C(14) -1007(3) 1865(2) 10742(4) 34(1)
C(15) 9(3) 1937(2) 11729(4) 41(1)
C(16) -101(3) 1945(2) 13416(5) 47(1)
camn -1195(3) 1885(2) 14130(5) 45(1)
C(18) -2206(3) 1807(2) 13194(5) 44(1)
C(19) -2111(3) 1795(2) 11500(4) 37(1)

Table 87. Bond lengths [A] and angles [°] for 20.

N()-C(D) 1.405(3)
N(1)-B(1) 1.433(4)
N(1)-C(13) 1.477(4)
B(1)-C(4) 1.510(5)
B()-C(5) 1.534(4)
C(1)-C(2) 1.377(5)
C(1)-H(1) 0.96(3)
C(2)-C(3) 1.382(5)
C(2)-HQ2) 1.00(3)
C(3)-C(4) 1.390(5)
C(3)-H3) 1.02(3)
C(4)-H(4) 0.82(3)
C(5)-C(6) 1.208(3)
C(6)-C(7) 1.450(3)
C(7)-C(12) 1.389(4)
C(7)-C(8) 1.400(4)
C(8)-C(9) 1.386(5)
C(8)-H(8) 1.05(4)
C(9)-C(10) 1.375(5)
C(9)-H(9) 0.89(3)
C(10)-C(11) 1.373(5)
C(10)-H(10) 0.95(3)
C(11)-C(12) 1.367(4)

C(11)-H(11) 0.99(3)



C(12)-H(12)
C(13)-C(14)
C(13)-H(13A)
C(13)-H(13B)
C(14)-C(19)
C(14)-C(15)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-H(19)
C(1)-N(1)-B(1)
C(1)-N(1)-C(13)
B(1)-N(1)-C(13)
N(1)-B(1)-C(4)
N(1)-B(1)-C(5)
C@)-B(1)-C(5)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(D-C(1)-H(1)
C(1)-C(2)-C(3)
C(1)-C(2)}-H(2)
C(3)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(3)-C(4)-B(1)
C(3)-C(4)-H(4)
B(1)-C(4)-H(4)
C(6)-C(5)-B(1)
C(5)-C(6)-C(7)
C(12)-C(7)-C(8)
C(12)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C(8)-H(8)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10)
C(9)-C(10)-H(10)
C(12)-C(11)-C(10)
C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
C(11)-C(12)-C(7)
C(11)-C(12)-H(12)
C(7)-C(12)-H(12)

0.96(3)
1.494(5)
1.03(3)
0.97(3)
1.386(4)
1.399(4)
1.384(5)
1.00(4)
1.359(5)
0.98(4)
1.370(5)
0.91(4)
1.389(5)
0.97(4)
0.92(4)
121.03)
115.1(3)
123.9(2)
116.9(2)
118.4(3)
124.7(3)
119.8(3)
118(2)
121Q2)
122.5(3)
116.8(18)
120.7(18)
121.3(3)
116.8(19)
121.9(19)
118.3(3)
122(2)
1202)
177.4(3)
177.1(3)
119.1(3)
121.0(3)
119.8(3)
119.2(3)
118.5(18)
122.2(18)
120.8(3)
126(2)
113(2)
119.6(3)
117(2)
1242)
120.8(4)
116.2(18)
123.0(18)
120.5(3)
122.5(19)
117.0(19)
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N(1)-C(13)-C(14)
N(1)-C(13)-H(13A)
C(14)-C(13)-H(13A)
N(1)-C(13)-H(13B)
C(14)-C(13)-H(13B)

H(13A)-C(13)-H(13B)

C(19)-C(14)-C(15)
C(19)-C(14)-C(13)
C(15)-C(14)-C(13)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(19)-C(14)
C(18)-C(19)-H(19)
C(14)-C(19)-H(19)

114.7(3)
105.3(17)
108.6(17)
106.9(17)
104.5(19)
117(2)
118.23)
120.5(3)
121.2(3)
120.2(4)
122.6(19)
117.2(18)
120.5(4)
118(2)
121(2)
120.6(4)
116(2)
1242)
119.7(4)
119(2)
12102)
120.8(4)
120(2)
119(2)
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Symmetry transformations used to generate equivalent atoms:

Table 88. Anisotropic displacement parameters (A2x 10%)for 20. The anisotropic displacement factor

exponent takes the form: -2p?[ h?a*?U!! + ...+ 2 h k a* b* U!?]

Ull U22 U33 U23 U13 U12
N(D) 40(1) 33(1) 35(1) -1(1) -5(1) (1)
B(1) 38(2) 33(2) 30(2) 1Q2) -8(2) -3(1)
) 51(2) 36(2) 51(2) 1(2) -3(2) 9(2)
CQ) 76(3) 28(2) 71(2) 2(2) 4(2) 2(2)
C3) 60(2) 44(2) 59(3) 9(2) 2(2) 12(2)
C@4) 47(2) 41(2) 48(2) -1(2) 8(2) 3(2)
C) 35(1) 38(2) 39(2) 0(2) -1(2) -1(1)
C(6) 35(2) 36(2) 33(2) 1(2) -4(1) 0(1)
C(7) 38(2) 28(1) 37(2) 2(2) 1) (D)
C(8) 54(2) 2(2) 57(2) 5(2) 17(2) 7(2)
C(9) 78(3) 42(2) 59(2) -6(2) 15Q2) 142)
C(10) 80(3) 28(2) 54(2) 2(2) -5(2) -12)
cn 56(2) 40(2) 58(2) 2(2) 112) 9(2)
c(12) 50(2) 352) 54(2) -1(2) 9(2) 2(2)
c(13) 38(2) 49(2) 36(2) 1(2) -3(2) 0(2)
c(14) 40(2) 26(2) 34(2) 2(1) 3(1) o(1)
C(15) 36(2) 42(2) 45(2) 2(2) -3(2) 2(1)
C(16) 52(2) 45(2) 42(2) 1(2) -10(2) -5(2)
cQ17) 66(3) 38(2) 32(2) 1(2) 2(2) 12)
C(18) 46(2) 37(2) 49(2) 5(2) 7(2) 1(1)
c(19) 36(2) 39(2) 35(2) 1(2) -5(2) 0(1)
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Table 89. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103) for 20.
X y z U(eq)
H() -560(30) 390(20) 8700(40) 64(11)
H(2) 970(20) -339(18) 7640(50) 61(9)
HQ?3) 2660(30) 237(19) 6400(40) 64(10)
H(4) 2730(30) 1633(18) 6430(50) 56(11)
H(8) -280(30) 4573(19) 9070(40) 67(11)
H(9) -60(30) 5880(20) 8970(40) 66(11)
H(10) 1500(30) 6577(19) 7490(50) 64(9)
H(11) 2740(30) 5825(19) 5790(40) 53(9)
H(12) 2520(30) 4460(18) 5760(40) 5009)
H(13A) -850(30) 2480(20) 8570(40) 63(10)
H(13B) -1610(30) 1609(16) 8530(40) 48(9)
H(15) 800(30) 1958(18) 11170(40) 49(9)
H(16) 600(30) 1987(19) 14120(50) 58(11)
HA7) -1200(30) 1916(19) 15240(50) 52(11)
H(18) -2980(30) 1789(18) 13730(50) 65(11)
H(19) -2770(30) 1679(19) 10880(40) 60(11)
Table 90. Torsion angles [°] for 20.
C(1)-N(1)-B(1)-C(4) -1.7(5)
C(13)-N(1)-B(1)-C(4) -180.0(3)
C(1)-N(1)-B(1)-C(5) 179.7(3)
C(13)-N(1)-B(1)-C(5) 1.4(5)
B(1)-N(1)-C(1)-C(2) -2.8(5)
C(13)-N(1)-C(1)-C(2) 175.6(3)
N(1)-C(1)-C(2)-C(3) 4.7(7)
C(1)-C(2)-C(3)-C(4) -1.8(7)
C(2)-C(3)-C(4)-B(1) -2.8(6)
N(D-B(1)-C(4)-C(3) 4.4(6)
C(5)-B(1)-C(4)-C(3) -177.1(3)
N(1)-B(1)-C(5)-C(6) 151(8)
C(4)-B(1)-C(5)-C(6) -27(9)
B(1)-C(5)-C(6)-C(7) -29(14)
C(5)-C(6)-C(7)-C(12) 70(8)
C(5)-C(6)-C(7)-C(8) -108(8)
C(12)-C(7)-C(8)-C(9) -0.2(6)
C(6)-C(7)-C(8)-C(9) 178.1(3)
C(7)-C(8)-C(9)-C(10) 1.2(6)
C(8)-C(9)-C(10)-C(11) -1.7(6)
C(9)-C(10)-C(11)-C(12) 1.2(6)
C(10)-C(11)-C(12)-C(7) -0.2(6)
C(8)-C(T)-C(12)-C(11) -0.3(6)
C(6)-C()-C(12)-C(11) -178.5(3)
C(1)-N(D)-C(13)-C(14) 71.7(4)
B(1)-N(1)-C(13)-C(14) -109.9(4)
N(1)-C(13)-C(14)-C(19) -144.6(3)
N(1)-C(13)-C(14)-C(15) 38.2(4)
C(19)-C(14)-C(15)-C(16) -0.7(5)
C(13)-C(14)-C(15)-C(16) 176.6(3)
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C(14)-C(15)-C(16)-C(17) -0.1(5)
C(15)-C(16)-C(17)-C(18) 0.7(5)
C(16)-C(17)-C(18)-C(19) -0.5(5)
C(17)-C(18)-C(19)-C(14) -0.3(5)
C(15)-C(14)-C(19)-C(18) 0.9(5)
C(13)-C(14)-C(19)-C(18) -176.4(3)

Symmetry transformations used to generate equivalent atoms:
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APPENDIX B

SYNTHESIS AND CHARACTERIZATION OF 1,2-DIHYDRO-1,2-

AZABORINE

B.1. Introduction

Benzene and borazine are the prototypical organic and inorganic aromatic motifs,
respectively. Hybrid aromatic compounds containing both BN and CC units, such as the
1,2-azaborine motif, have been studied since the late 1950s (see Chapter 1), yet the
synthesis and characterization of the simplest member of this class of heterocycle, 1,2~
dihydro-1,2-azaborine 1, has been elusive. Dewar and co-workers reported an attempted
synthesis of 1 in 1967," but ultimately concluded that it “seems to be a very reactive and
chemically unstable system, prone to polymerization and other reactions.”"

Mild, efficient syntheses of 1,2-azaborines have recently been reported.” These
protocols have led us to revisit the synthesis of the parent heterocycle 1. The isolation of 1
has permitted a direct comparison between benzene, borazine, and 1,2-dihydro-1,2-

azaborine 1.

B.2. Experimental
B.2.1. General

All oxygen- and moisture-sensitive manipulations were carried out under an inert
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atmosphere using either standard Schlenk techniques or a glove box.

THEF, Et,0, CHxCl,, and pentane were purified by passing through a neutral
alumina column under argon. Cyclohexene was dried over CaH, and distilled under N,
prior to use.

Solutions of Superhydride, fers-butyldimethylsilyl chloride, and boron trichloride
were purchased from Aldrich and used as received.
Trisacetonitrile(tricarbonyl)chromium(0) was purchased from Acros or Aldrich and used
as received. Pd/C was purchased from Strem and heated under vacuum in a 100 °C oil
bath for 12 hours prior to use. Triphenylphosphine was purchased from TCI and used as
received. Borazine was purchased from Gelest and used as received. All other
chemicals and solvents were purchased (Aldrich or Strem) and used as received.

Silica gel (230-400 mesh) was heated under vacuum in a 200 °C sand bath for 12
hours. Flash chromatography was performed with this silica gel under an inert
atmosphere.

"B NMR spectra were recorded on a Varian Unity/Inova 600 spectrometer at
ambient temperature. 'H NMR spectra were recorded on a Varian Unity/Inova 300 or
Varian Unity/Inova 600 spectrometer. >C NMR spectra were recorded on a Varian
Unity/Inova 300 or Varian Unity/Inova 500 spectrometer. COSY and HETCOR NMR
spectroscopy was performed on a Varian Unity/Inova 300 spectrometer. "B NMR
spectra were externally referenced to BF3*Et;O (8 0).

IR spectra were recorded on a Nicolet Magna 550 FT-IR instrument with

OMNIC software. UV-Vis spectra were recorded on an Agilent 8453 spectrometer with
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ChemStation software.

High-resolution mass spectroscopy data were obtained at the Mass Spectroscopy
Facilities and Services Core of the Environmental Health Sciences Center at Oregon State
University. Financial support for this facility has been furnished in part by the National
Institute of Environmental Health Sciences, NIH (P30 ES00210).

B.2.2. Supplemental information for Chapter III, section 3.3

Electronic Structure Calculations. The electronic structure calculations were
done at different levels as follows. The heat of formation of ¢c-C4BNHjs (1) was calculated
using a composite approach*® developed for the prediction of the thermodynamic
properties of molecules based on molecular orbital theory using coupled cluster methods at
the CCSD(T)™? (coupled cluster with single and double excitations with an approximate
triple corrections) level extrapolated to the complete basis set level with the correlation
consistent basis sets'"' using equation (1) where # = 2 (aug-cc-pVDZ), 3 (aug-cc-pVTZ),

and 4 (aug-cc-pVQZ), as proposed by Peterson et al."?

E(n) = Ecas + A exp[—(#-1)] + B exp[(n-1)’] 1)
Additional corrections were included: (1) core-valence correlation effects at the
CCSD(T)/cc-pwCVTZ level;'*" (2) scalar relativistic effects at the CCSD(T)/Douglas-
Kroll-Hess level with the cc-PVTZ-DK basis set;'®"® and atomic spin orbit from
experimental atomic excitation energies.”’ The vibrational frequencies and geometries
were calculated at the MP2/cc-pVTZ level.?! The B-H, C-H and N-H frequencies were
scaled by the ratio A-Hexp/A-Hcaic for the molecules BH3;, CH4 and NH;.2% We also

calculated heats of formation at the computationally cheaper G3MP2 level for use in the
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resonance energy calculations.>* By combining our computed D, values with the
known heats of formation®® at 0 K for the elements AH(H) = 51.63, AH (B) = 135.1 +
0.2, AHfo(N) =112.53, and AHfo(N) = kcal/mol, we can derive AH{ values for the
molecules under study in the gas phase. The heat of formation of the boron atom was
taken from Karton and Martin.’® We obtain heats of formation at 298K by following the
procedures outlined by Curtiss et al.”’

The geometries and vibrational frequencies of the Cr(CO)3; complexes were
calculated at the density functional theory (DFT) B3LYP/DZVP2 level. 2% The NMR
chemical shift calculations were obtained at the DFT B3LYP level with the Alhrichs-
vizp basis set’! using the GIAO formalism® to treat the gauge invariance problem. The
nucleus-independent chemical shifts (NICS)*® were calculated at the approximate center
of the rings and at 1 A and 2 A above the ring on the axis perpendicular to the ring and
passing through the approximate center of the ring. The excitation energies and
oscillator strengths for ¢-CgHs, c-C4BNHg and c-B3N3;Hg were calculated with time
dependent DFT (TD-DFT)**?¢ and the B3LYP/aug-cc-pVDZ/MP2/cc-pVTZ and
B3LYP/aug-cc-pVTZ//MPZ/cc-pVTZ levels, and with equations of motion®” CCSD
(EOM-CCSD/aug-cc-pVDZ//MP2/cc-pVTZ) level.

DFT and MP2 calculations were carried out using Gaussian-03,*® coupled cluster
calculations using MOLPRO-2006,%° and TD-DFT using NWChem.*® The electrostatic
potential (ESP) is obtained by rolling a positive point charge over a density contour.
The ESP was calculated at the B3LYP/6-311+G** level with the program system

Spartan.*!
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Survey of N-Benzyl cleavage. Compound 4 was observed in entries 1-3 in Table
1. 4: "HNMR (600 MHz, CsDg): & 7.42 (d, >}z = 7.0 Hz, 2H), 7.0-7.2 (m, 8H), 4.19 (s,
2H), 2.65 (t, *Jun = 5.4 Hz, 2H), 1.5-1.6 (m, 4H), 1.20 (m, 2H). "B NMR (192.5 MHz,
CeDs) 0 43.2.

Entry 1: Compound 2 (0.050 g, 0.20 mmol), Pd/C (10 wt% Pd, 0.043 g, 0.041
mmol), and C¢Dg (1 mL) were combined in a sealed high-pressure reaction vessel. The
vessel was charged with H, (40 psi) and heated to 80 °C for 6h. 'H NMR indicated that
compound 4 was formed in a 1:1 ratio with unreacted 2.

Entry 2: Compound 2 (0.050 g, 0.20 mmol), Pd/C (10 wt% Pd, 0.022 g, 0.021
mmol), and C¢Ds (1 mL) were combined in a sealed high-pressure reaction vessel. The
vessel was charged with H, (40 psi) and heated to 60 °C for 6h. 'H NMR indicated that
compound 4 was formed in a 40:60 ratio with unreacted 2.

Entry 3: Compound 2 (0.050 g, 0.20 mmol), Pd/C (10 wt% Pd, 0.043 g, 0.041
mmol), and THF-dg (1 mL) were combined in a sealed high-pressure reaction vessel. The
vessel was charged with 1 atm of H; (flushed for 1 minute with a steady stream of H,) and
heated to 80 °C for 14h. Compound 4 was the only identifiable species in the 'H NMR
spectrum.

Entry 4: Compound 2 (0.050 g, 0.20 mmol), Pd(OH),/C (20 wt% Pd, 0.015 g,
0.02 mmol), and EtOH (2 mL) were combined in a sealed high-pressure reaction vessel.
The vessel was charged with H, (50 psi) and stirred at 25 °C for 4 h. Solvent was removed
and the crude reaction mixture was redissolved in C¢Ds. Compound 2 was the only

identifiable species in the "H NMR spectrum.
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Entry 5: Compound 2 (0.010 g, 0.041 mmol), Pd/C (10 wt% Pd, 0.005 g, 0.005
mmol), HCO,H (0.1 mL), and MeOH (2.1 mL) were combined in a flask and stirred at rt
for 48 h. 'B NMR indicated the formation of 4-coordinate boron (8 19 ppm); numerous
unassigned peaks were observed in the "H NMR spectrum.

Entry 6: Compound 2 (0.010 g, 0.041 mmol), TMSI (0.2 mL), and CD,Cl, (1
mL) were combined in a vial and heated at 60 °C for 2h. MeOH (0.05 mL) was then
added and the vial was heated at 60 °C for an additional 2 h. Compound 2 was the only
identifiable species in the "H NMR spectrum.

Entry 7: Compound 2 (0.045 g, 0.184 mmol), DDQ (0.042 g, 0.184 mmol), and
pentane (1 mL) were combined in a vial and heated at 75 °C for 4h. Solvent was removed
and the crude mixture was redissolved in CD,Cl,. Compound 2 was the only identifiable
species in the "TH NMR spectrum.

Entry 8. Compound 2 (0.010 g, 0.041 mmol), ceric ammonium nitrate (0.047 g,
0.086 mmol), MeCN (1 mL), and H,O (0.2 mL) were combined in a vial and stirred at rt
for 4 h. Compound 2 was the only identifiable species in the 'H NMR spectrum.

Compound 5. Tributylallyl tin (4.068 g, 12.29 mmol) was added to a solution of
BCl; (1.0 M in hexanes; 10 mL, 10 mmol) at —78 °C under N;,. The reaction was slowly
warmed to rt and stirred for 30 min. The reaction was cooled to —78 °C, whereupon TMS-
allylamine (1.29 g, 10 mmol) was added dropwise. The reaction was then warmed to rt
and stirred for 4h. The flask was then cooled to —78 °C and NEt; (1.66 mL, 12 mmol) was
added. The flask was warmed to rt and stirred for 4 h. Solids were then filtered through

an Acrodisc and solvents removed under reduced pressure. 1H and 11B NMR were
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consistent with the formation of 5, however vacuum distillation (49-60 °C, 200 mT)
provided 5 as a mixture of compounds, including tributyltin chloride.

'H NMR (300 MHz, C¢Dg): 8 5.6-6.2 (br m), 4.9-5.2 (br m), 3.6 (br m), 2.2 (br m),
0.30 (s). ''B NMR (192.5 MHz, C¢Dg):  43.1.

Compound 6. Allylphenylboron chloride2 (0.700 g, 4.3 mmol) and CH2CI2 (4
mL) were combined in a flask and cooled to —78 °C under N,, whereupon TIPS-allylamine
(0.909 g, 4.3 mmol) was added dropwise with stirring. The mixture was stirred for 1 h, at
which point Net3 (0.711 mL, 5.1 mmol) was added dropwise. The solution was allowed
to warm to rt and was stirred for 48 h. Solids were then filtered and the solvent removed.
Vacuum distillation (50-71 °C, 10 mT) provided 6 as a clear, colorless liquid (0.352,
24%).

"H NMR (300 MHz, CD,Cl,): & 7.2-7.4 (br m, SH), 5.6-5.8 (br m, 2H), 4.8-5.0 (br
m, 4H), 3.8 (br m, 2H), 1.8 (br m, 2H), 1.0-1.3 (br, 18H). "'B NMR (192.5 MHz,
CD,ClL,): 8 46.3.

Compound 8. In a glove box, allyltriphenyl tin (28.6 g, 73.1 mmol) was dissolved
in 200 mL CH,Cl, and cooled to —78 °C under nitrogen. A solution of BCl; (1.0 M in
hexanes; 73.1 mL, 73.1 mmol) was then added dropwise maintaining vigorous stirring at
all times. The reaction was stirred at —78 °C for 4 h, whereupon TBS-allyl amine (12.5 g,
73.1 mmol in 20 mL pentane) was then added to the reaction flask. After 20 minutes, NEt;
was added dropwise and the reaction was allowed to warm to rt and stirred for 12 h. At the
conclusion of the reaction, approximately one-half of the solvent was removed under

vacuum, and 200 mL pentane was added. The reaction mixture was filtered through a
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medium-porosity frit, and the filtrate was concentrated under reduced pressure. Vacuum
distillation (60-75 °C, 300 mTorr) afforded 8 as a clear, colorless liquid (10.8 g, 58%).

'H and *C NMR were consistent with the formation of rotamers in a 1:1 ratio. 'H
NMR (600 MHz, CD,Cl,): & 5.85 (br, 2H), 5.0 (br, 4H), 3.92 (br s, 1H), 3.80 (br s, 1H),
2.08 (br s, 1H), 2.00 (br s, 1H), 0.93 (s, 9H), 0.28 (s, 6H). "C NMR (75.4 MHz, CD,Cl,):
6 138.5,136.3,136.1, 115.0, 114.5, 51.4, 50.4, 30 (br), 27.5, 27.1, 20.5, 20.1, -1.46, -
1.53. ""BNMR (192.5 MHz, CD,Cl,): 8 43.0. FTIR (thin film) 3079, 2956, 2931, 2886,
2859, 1634, 1466, 1382, 1340, 1324, 1257, 1210, 1101, 1074, 1043, 1006, 994, 959, 903,
839, 785, 743, 679, 575, 554 cm™. HRMS (EI) caled for C1oH,sBCINSi (M*) 257.15378,
found 257.15316.

Compound 9. In a glove box, a solution of Grubbs 1% generation catalyst (2.08 g,
2.52 mmol in 40 mL. CH,Cl,) was added to a stirring solution of aminoborane 8 (32.44 g,
126.2 mmol in 400 mL CH,Cl,). The solution was stirred at rt for 30 min, after which the
solvent was removed. The product was distilled under reduced pressure (50-55 °C, 50
mTorr) to give the desired ring-closed compound 9 and isomer 9’ in a 1:0.9 (9:9) ratio as
a clear, colorless liquid (23.62 g, 82%).

'H NMR (600 MHz, CD,CL): 8 6.78 (d, *Juu = 11.7 Hz, 1H (9”)), 5.80 (dt, *Jypy =
8.5, 1.7 Hz, 1H (9%)), 5.76 (br, 1H (9)), 5.60 (m, 1H (9)), 3.74 (m, 2H (9)), 3.16 (t, *Jyp =
6.6 Hz, 2H (9%)), 2.19 (m, 2H (9%)), 1.70 (br, 2H (9)), 0.97 (s, 9H), 0.95 (s, 9H), 0.33 (s,
6H), 0.31 (s, 6H). C NMR (125 MHz, CD,Cl,):  148.5, 130 (br), 125.7, 125.3, 48.8.,
45.6,29.8,27.5,27.2,21 (br), 20.6, 20.0,-1.5,-1.9. ""BNMR (192.5 MHz, CD,CL):

042.1 (9),36.7 (9'). FTIR (thin film) 3027, 2930, 2858, 1670, 1599, 1463, 1424, 1362,
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1306, 1255, 1198, 1177, 1147, 1074, 1008, 959, 886, 824, 780, 730, 707, 685, 671, 641,
588,531, 462,417 cm™,

Compound 10. A 500 mL Schlenk tube was charged with 9(9%) (14.04 g, 61.13
mmol), Pd/C (10 wt%; 9.76 g, 9.17 mmol), and cyclohexene (150 mL). The suspension
was stirred at 100 °C for 16 h, cooled to rt and filtered through a medium-porosity frit.
The resulting filtrate was cooled to —78 °C, and a solution of phenylethynylmagnesium
bromide (1.0 M solution in THF; 6.1 mL, 6.1 mmol) was then added. The mixture was
allowed to warm to rt and passed through an Acrodisc. The resulting filtrate was
concentrated under reduced pressure. Vacuum distillation (52-55 °C, 50 mTorr) gave 1,2-
azaborine 10 as a clear, colorless liquid (4.79 g, 35%).

'H NMR (600 MHz, CH,CLy): & 7.56 (dd, *Jun = 6.1, 3.6, 1H), 7.28 (d, *Juu = 6.3
Hz, 1H), 6.61 (d, *Jun = 11.2 Hz, 1H), 6.33 (dd, *Jui = 6.6, 4.9 Hz, 1H), 0.94 (s, 9H), 0.56
(d, 6H). *C NMR (75 MHz, CD,Cl,): & 145.8, 139.2, 129 (br), 112.0, 26.9, 19.7, 1 4.
"B NMR (192.5 MHz, CD,Cl,): & 35.0. FTIR (thin film) 3072, 3034, 2931, 2885, 2860,
1606, 1508, 1471, 1450, 1388, 1364, 1265, 1237, 1214, 1153, 1111, 1044, 1025, 980, 938,
823, 788, 740, 716, 683, 669, 619, 575 cm™ . HRMS (EI) calcd for C;oH;sBNSiCl (M")
227.10684, found 227.10680.

Compound 11. To a stirred solution of 1,2-azaborine 10 (4.785 g, 21.08 mmol in
100 mL Et,O) was added dropwise a solution of LiHBEt; (1.0 M in THF; 22.1 mL, 22.1
mmol) at —78 °C. The solution was warmed to rt and stirred for 6 h. The mixture was then
passed through an Acrodisc and concentrated under reduced pressure. The crude material

was purified by silicagel chromatography (pentane as eluent) to furnish 11 as a clear,



314

colorless liquid (4.035 g, 99%).

'H NMR (600 MHz, CD,Cl,): & 7.65 (dd, *Jun = 5.4, 4.0 Hz, 1H), 7.40 (d, *Jun =
6.4 Hz, 1H), 6.88 (d, *Jun = 10.8 Hz, 1H), 6.43 (t, *Ju = 6.6 Hz, 1H), 5.1 (br q, 'Ju = 141
Hz, 1H), 0.90 (s, 9H), 0.46 (s, 6H). >C NMR (75 MHz, CD,CL): & 144.2, 138.5, 130 (br),
113.2,26.3, 18.4,-3.9. "B NMR (192.5 MHz, CD,Cl,): 8 33.9 (d, 'Jsu = 125 Hz). FTIR
(thin film) 3067, 3029, 2956, 2859, 2530, 1603, 1533, 1504, 1471, 1391, 1363, 1270,
1160, 1141, 1021, 939, 927, 885, 840, 784, 736, 697, 655, 603, 574 cm™'. HRMS (EI)
caled for CgH,oBNSi (M") 193.14581, found 193.14566.

Compound 12. 1,2-Azaborine 11 (0.162 g, 0.839 mmol),
trisacetonitrile(tricarbonyl)chromium(0) (0.326 g, 1.26 mmol), and THF (10 mL) were
combined in a 25 mL Schlenk tube and heated at 60 °C for 16 h. The mixture was
concentrated under reduced pressure, and the resulting crude material was purified by
silica gel chromatography (pentane/Et,O as eluent) to afford complex 12 as an orange-red
solid (0.197 g, 71%).

'H NMR (600 MHz, CD,CL): 8 6.03 (d, *Ji = 4.6 Hz, 1H), 5.93 (dd, *Jun = 6.3,
3.0 Hz, 1H), 5.28 (t, *Juu = 4.9 Hz, 1H), 4.63 (d, *Ju = 9.3 Hz, 1H), 3.7 (q, br, ‘Jau = 164
Hz, 1H), 0.88 (s, 9H), 0.40 (s, 3H), 0.37 (s, 3H). >C NMR (75 MHz, CD,Cl,):
$230.7, 108.8, 103.9, 86 (br), 84.2, 26.2, 19.0, -3.3, -6.0. ''B NMR (192.5 MHz,
CD,Cly): 8 17.2 (d, 'Jn = 102 Hz. FTIR (thin film) 2955, 2937, 2862, 1976, 1912, 1870,
1507, 1464, 1443, 1365, 1261, 1200, 1109, 1012, 932, 882, 846, 788, 697, 669, 634, 604,
536 cm™ . HRMS (EI) caled for C,3H,eBNO;SiCr (M) 329.07107, found 329.07120.

1,2-Dihydro-1,2-azaborine tricarbonylchromium(0) (13). To a stirred solution
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of complex 12 (4.67 g, 14.2 mmol in 100 mLL. THF) was added dropwise a solution of HF-
pyridine (0.1 M solution in THF of 70 wt% HF; 28.4 mL, 14.2 mmol) at 20 °. The
reaction was maintained at —20 °C, with occasional stirring, for 3 h, and then it was
warmed to rt and stirred 1 h. The mixture was concentrated under reduced pressure, and
the resulting crude material was purified by column chromatography (pentane/Et,O as
eluent) to yield complex 13 as an orange solid (2.31 g, 76%).

'H NMR (600 MHz, CD,CL): 8 6.19 (t, *Juu = 5.3 Hz, 1H), 5.85 (dd, *Jim = 6.4,
2.7 Hz, 1H), 5.38 (br t, "Jxu = 48.2 Hz, 1H), 5.31 (ddd, *Jun = 5.3, 1.3, 0.9 Hz, 1H), 4.70
(dd, *Ju = 8.3, 1.2 Hz, 1H), 3.6 (br q, "Jan = 133 Hz, 1H). “C NMR (75 MHz, CD,Cl,):
$230.1,108.5, 99.4, 86 (br), 82.9. "'B NMR (192.5 MHz, CD,Cl,): 8 15.4 (d, "Jpu = 144

Hz. FTIR (CH,Cly) 3371, 2583, 1975, 1898 cm™. UV Apa(pentane) 215 nm. HRMS

(EI) calcd for C;HgBNO,Cr (M") 214.98459, found 214.98510.

1,2-Dihydro-1,2-azaborine (1). Complex 13 (0.150 g, 0.698 mmol),
triphenylphosphine (0.915 g, 3.49 mmol), and isopentane (3.0 mL) were combined under
N2 atmosphere in a Schlenk tube and sonicated at rt for 3 h. Isopentane and 1 were
transferred under vacuum to a cold trap at —78 °C. Residual isopentane was removed
under vacuum to provide 1 as a clear and colorless liquid upon warming to rt. 'H NMR
(CDsOD) of this liquid in the presence of hexamethylbenzene as an internal standard (1
mL; 1 mM hexamethylbenzene) indicated a yield of 0.006 g (10%).

"HNMR (600 MHz, CD,CL): 8 8.4 (t, 'Jxu = 57.4 Hz, 1H), 7.70 (br t, 1H), 7.40
@, *Jum = 6.5 Hz, 1H), 6.92 (d, *Juu = 10.7 Hz, 1H), 6.43 (t, *Jun = 6.3 Hz, 1H), 4.9 (br q,

! Jsn=128.2 Hz, 1H). *C NMR (75 MHz, CD,CL): 8 144.5, 134.7, 131.6, 112.1. ''B
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NMR (192.5 MHz, CD,Cl,):  31.0 (d, 'Jsy = 131 Hz). FTIR (thin film) 3398, 3027,
3008, 2525, 1613, 1533, 1453, 1427, 1350, 1216, 1162, 1109, 894, 820, 715, 579 cm™.
UV Amax (pentane) 269 nm. HRMS (EI) caled for C;HgBN (M) 79.059330, found
79.059269. Melting point =—46 to —45 °C.

"H NMR yield of 1. Complex 13 (0.0105 g, 0.0469 mmol) and
triphenylphosphine (0.0660 g, 0.252 mmol) were combined in a J. Young NMR tube, to
which was added a solution of hexamethylbenzene in CD,Cl, (1.0 mL; 0.65 mM
hexamethylbenzene). Att=1.5h, '"H NMR indicated the formation of 1 in 84% yield
(integration versus hexamethylbenzene).

Isolation of 1 via the addition of 1,6-dicyanooctane to 13. Complex 13 (# g, #
mmol) and 1,6-dicyanooctane (# mL) were combined in a flask and stirred for 24 h at rt.
Heterocycle 1 was isolated in 53% yield (# g) via vacuum transfer to a cold trap at —78 °C.

Thermal stability of 1. Hexamethylbenzene (0.0030 g, 0.018 mmol) was added
to a solution of 1,2-dihydro-1,2-azaborine 1 (0.7 M in CD,Cl,; 0.4 mL) in a J. Young
NMR tube. The tube was sealed and heated to 60 °C for 72 h. 'H NMR integration of 1

versus hexamethylbenzene indicated no degradation of 1.
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COSY NMR Spectrum of 1,2-Dihydro-1,2-azaborine (1).
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HETCOR NMR Spectrum of 1,2-Dihydro-1,2-azaborine (1).
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Electronic Structure Calculations Results. The NICS and NMR chemical shift
calculations are given in Table 1. The structures and labels are shown in Figures 1 and
2. The calculated electronic spectra are given in Table 2. The calculated spectra with the
two different approaches are in reasonable agreement with each other. The calculated
spectra show that the first band for c-BNC4Hg is predicted to be quite intense and red
shifted with respect to the predicted intense bands in c-C¢Hg and c-B3N3Hg, The bands
in c-B3N3;Hg are substantially blue-shifted in comparison to c-C¢Hs. The calculated

infrared frequencies are in Table 3. The scaled calculated value for c-BNC4Hg for the
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N—H stretch is within 30 cm™ of the experimental value, the scaled B-H stretch is within
8 cm™! of experiment and the C—H stretches are within 40 cm™ of experiment.

The total CCSD(T) electronic energies in a. u. as a function of basis set
extrapolated to the complete basis set limit are given in Table 4 and the components for
the atomization energies in kcal/mol are given iﬁ Table 5 for ¢-BNC4Hg and ¢-B3N3Hg.
The calculated heats of formation are given in Table 6 and should be good to + 1.5
kcal/mol for ¢-BNC,4Hg on the basis of our previous calculations on benzene.

The DFT R-Cr(CO); bond dissociation energies are given in Table 7. The
binding energies for R = ¢-C¢Hg and R = ¢-BNC4Hs are comparable whereas the binding
energy for R = ¢-B3N;3Hj is substantially lower.

There are many ways to define the resonance stabilization energy (RSE) as it
represents an energy stabilization with respect to a model system.*> The “resonance” or
“delocalization” energy is totally dependent on the definition of the model. For benzene,
one could use the dehydrogenation reaction (1) in Table 8 and compare it to the same
reaction for 3 ethylene molecules (Reaction (4) in Table 8). This gives an effective RSE
of 48 kcal/mol at the G3MP2 level and 50.4 kcal/mol at the best level.*** This RSE is
larger than usually expected because C,Hy is not the right structure. The correct model
is to dehydrogenate cyclohexane and make 3 C=C bonds and 3 C-C sp” sigma bonds.
The RSE calculated in this way for c-BNC4Hg is given by the comparison of reactions
(2) and (5) in Table 8 and is 30.9 kcal/mol. For ¢-B3;N3H;», reactions (3) and (6) give
RSE’s near 0 kcal/mol in this model. Thus the ordering is the same as given in the

paper. An improved way to estimate the resonance energies would be to compare the
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difference in the energies of reactions (7) and (8). In this case we obtain an RSE of 32.2
kcal/mol for ¢-C¢Hg. The situation for c-C4sBNHg is more complicated. We start from
the diene containing a B=N bond and one of two C=C bonds as shown in reactions (9)
and (11). The difference in energies between reactions (9) and (10) gives an RSE of 21
kcal/mol and between reactions (11) and (12) gives an RSE of 18.3. This provides an
estimate of RSE (¢-C4sBNHg) = 20 + 2 kcal/mol, which is about 12 kcal/mol below that
of benzene. This same approach gives a somewhat higher estimate for the RSE (c-
B3N3Hg) = 25.8 kcal/mol from reactions (13) and (14). The exchange reaction (15) is
consistent with benzene having a resonance energy about 14 to 15 kcal/mol larger than
that of c-BNC4Hg. The exchange reactions (16) and (17) have been used to define the
RSE of benzene and give comparable values. Use of similar exchange reactions
suggests that the RSE of ¢-C4BNHg is 12 to 13 kecal/mol less than that of benzene
consistent with all of the above energies. We note that use of this approach for the
definition of RSE (¢-B3;N3Hg) gives larger values than might be expected due to the
different energies of the c(spz-spz) bonds being formed. The .change in the o(sp’-sp°)
bond to the o(sp>-sp?) for a C—C bond is about 15 kcal/mol whereas for a B-N bond it is
about 84 kcal/mol.*® The reactions to form acetylene or HBNH are all very endothermic
and the results for reactions (22) and (23) are consistent with benzene having larger RSE
than ¢c-BNC4Hs.

The calculated geometry parameters are given in Tables 9 and 10. The

calculated electrostatic potential maps are given in Figure 3.
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NICS and NMR Chemical Shift Calculations. See the Table 1 for NICS and

NMR chemical shift calculations.

Table 1. NICS at 0, 1, and 2 A and NMR at the B3L YP/Alhrichs-vtzp level of calculation.

Molecule NICS(0) NICS() NICS(2) Atom 4 (ppm)
c-CgHg -8.76 -10.39 -2.57 C 135.2
H 7.5
¢-BNC4Hy  -5.62 -7.27 -3.89 B1 26.9
N2 -246.9
C3 140.2
C4 118.8
C5 151.5
Cé6 139.0
H7 54
HS8 7.8
H9 7.3
HI10 6.6
H11 8.0
HI12 7.4
c-B3N;3;Hg -2.02 ~3.01 -1.59 B 26.1
N -287.6
H(from BH) 5.0
H(from NH) 5.3

Calculated Electronic Spectra: See the following tables for calculated

electronic spectra.

Table 2. Excitation energy and oscillator strength for C¢Hs, C4BNH; and B;N;3;Hg cycles calculated with
TD-DFT at the B3LYP/aug-cc-pVDZ//MP2/cc-pVTZ and B3LYP/aug-cc-pVTZ//MP2/cc-pVTZ levels,
and with EOM-CCSD/aug-cc-pVDZ//MP2/cc-pVTZ level.

c-C¢Hs : B3LYP/aVDZ?

State AE (eV) (Ame Osc strength
1-'A 540 230  0.00000
2.4 6.07 205  0.00000
3-1A 636 195 0.00000
4-'A 636 195  0.00000
5-'A 6.96 178  0.58378
6-'A 696 178  0.58378
7-1A 6.98 178  0.06381
8-A  7.02 177  0.00000
9-'A  7.02 177 0.00000
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10-'A  7.09 175 0.00000
1A 3.83 324
2-3A 471 263
32A 471 263
4-*A 507 245
5°A 632 196
6-A  6.32 196
73A 691 180
83A 699 177
93A  6.99 177
10-°A  7.08 175

c-C¢Hg : BILYP/aVTZ*
AE

AE (eV) (nm) Osc strength

1-'A 539 230  0.00000
2.4 6.05 205 0.00000
3-1A 630 197  0.00000
4-'A 630 197  0.00000
5-1A 6.89 180  0.05878
6-'A 692 179  0.00000
7-'A 692 179  0.00000
8-'A 694 179  0.58183
9-'A  6.94 179  0.58184
10-'A  6.98 178  0.00000
1A 3.81 326

23A 470 264

33A 470 264

434 5.05 246

53A  6.26 198

6-°A  6.26 198

73A  6.82 182

8-3A  6.90 180

9-3A  6.90 180

10-°A  6.98 178

c-C¢Hg : CCSD/avVDZP
AE

State AE (eV) (nm) Osc strength
1A 520 238 0.00000
2-'1A 6.48 191 0.00000
3-1A 648 191 0.00000
4-'A  6.55 190 0.00000

5-'1A 7.03 177 0.07141
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6-'A 710 175  0.00000
7-A  7.10 175  0.00000
8-'A 721 172 0.00000
9-'A 774 160 0.00000
10-'A  7.75 160 0.00000

¢-BNC4Hg : B3LYP/aVDZ?
AE

State AE (eV) (nm) Osc strength
1-'A  5.01 248  0.16423
2.4 532 233 0.00000
3-A 5.89 211  0.07045
4-'A  6.05 205  0.00020
5-'A 6.17 201  0.00151
6-'A  6.31 197  0.03727
7-'A 6.65 187  0.12739
8-'A  6.79 183  0.00434
9-A 690 180  0.00031
10-1A 691 179  0.00005
1A 3.23 384

2-A 442 281

3A 479 259

4-3A 5.8 235

53A  5.80 214

6-A  6.02 206

73A 627 198

8-A 633 196

93A  6.62 188

10°A  6.69 186

¢c-BNC,H; : B3LYP/aVTZ?

State AE (eV) ?nF;n) Osc strength
1-'A 499 248 0.16466
2-'A 527 236 0.00000
3-'A 587 211 0.07068
4-'A 595 208  0.00013
5-1A 6.17 201 0.00430
6-'A  6.21 200  0.02983
7-'A 6.56 189  0.08839
8-'A  6.67 186  0.00318
9-'A  6.79 183 0.00030
10-'A  6.88 180  0.00050
1A 3.21 387

23A 442 281



State

10-'A

Osc strength

0.16373
0.08806
0.05292
0.48962
0.28552
0.00001
0.00001
0.04674
0.00180
0.00220

Osc strength

0.00000
0.00000
0.00000
0.00000
0.33435
0.33435
0.01659
0.08702
0.00000
0.00000

4.78 260
5.23 237
5.79 214
5.94 209
6.17 201
6.32 196
6.58 188
6.62 187
¢-BNC4Hg: CCSD/avDZ?
AE
AE (eV) (am)
5.06 245
6.22 199
6.63 187
7.46 166
7.82 159
5.52 225
6.19 200
6.42 193
6.88 180
6.90 180
¢c-B3;N3Hg : B3LYP/aVDZ?
AE

AE (eV) (mm)
6.62 187
7.10 175
7.10 175
7.21 172
7.53 165
7.53 165
7.53 165
7.60 163
7.68 161
7.68 161
5.98 207
6.24 199
6.24 199
6.37 195
6.99 178
6.99 178
7.04 176
7.26 171
7.26 171

324
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10°A  7.39 168

C-B3N3H6 : B3LYP/avVTZ?
State AE (eV) (AnF;‘n) Osc strength
1-'A 6.63 187  0.00000
2-'A 7.0 175 0.00000
3-IA 710 175  0.00000
4-'A 721 172 0.00000
5-1A 752 165  0.33185
6-'A 752 165  0.33185
7-'A 7.52 165  0.01514
8-1A  7.60 163 0.08347
9-'A 767 162 0.00000
10-'A  7.67 162 0.00000
1-’°A  6.01 206
2-A  6.25 198
33A 6.25 198
4A 637 195
53A  6.99 177
6-°A  6.99 177
73A  7.02 177
83A 725 171
93A  7.25 171
10-°A  7.38 168

¢-B3N3Hg: CCSD/avDZ?

State AE (eV) AE (nm) Osc strength
1-'A° 6.74 184 0.00000
2-1A° 7.93 157 0.43339
3-1A° 7.93 157 0.43339
4-'A° 8.05 154 0.00086
5-1A° 8.05 154 0.00085
1-1A” 7.17 173 0.00000
2-1A” 7.17 173 0.00000
3-IA” 755 164 0.07268
4-1A” 7.99 155 0.00000
5-1A” 7.99 155 0.00000

® Calculations done on C; symmetry. ® Calculations done on C;, symmetry.

Calculated IR Stretching Frequencies: See Table B3 for calculated IR

stretching frequencies compared to experimentally determined values.

Table 3. Scaling for C-H, N-H, and B-H stretching vibrational modes for C¢Hs, NH;, and BH;. Scaled
MP2/cc-pVTZ vibrational modes and comparison with the experiment.
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. Total
Molecule  Mode type MP2/ce-pVTZ  Expt Scaling scaling
CeHg 0.9495
C-H 3239.6 3068.0 0.9470
C-H 3229.7 3063.0 0.9484
C-H 3229.7 3063.0 0.9484
C-H 3213.1 3062.0 0.9530
C-H 3213.1 3047.0 0.9483
C-H 3201.5 3047.0 0.9517
NH; 0.9443
N-H 3514.2 3337.0 0.9496
N-H 3657.3 3444.0 0.9417
N-H 3657.3 3444.0 0.9417
BH; 0.9478
B-H 2608.2 2475.0 0.9489
B-H 2746.5 2601.6 0.9472
B-H 2746.5 2601.6 0.9472
BNC4Hg N-H 3628.9 0.9443 3426.8
C-H 3253.9 0.9495 3089.5
C-H 3228.8 0.9495 3065.6
C-H 3212.4 0.9495 3050.1
C-H 3181.8 0.9495 3021.0
B-H 2672.2 0.9478 2532.7
1659.9
1579.7
1490.9
1467.5
1399.9
1291.6
1239.9
1180.9
1128.6
1028.8
1016.9
989.5
948.6
944.2
925.6
916.4
836.5
789.6
725.6
593.5

582.7
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370.8
356.6
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B3N3;Hs N-H

N-H
B-H
B-H
B-H

3669.3
3669.3
3666.2
2676.2
2667.2
2667.2
1495.1
1495.1
1402.3
1402.3
1315.9
1255.1
1087.3
1087.3
1052.1
951.6
951.6
949.2
931.3
930.9
930.9
859.3
734.6
711.7
711.7
517.8
517.8
395.0
282.1
282.1

0.9443
0.9443
0.9443
0.9478
0.9478
0.9478

3465.0
3465.0
3462.0
2536.4
2527.9
2527.9

3456

2806
2517
2393
2222
2142
1998
1917
1863
1457

Table 4. Total CCSD(T) electronic energies (in a. u.) as a function of basis set extrapolated to the

complete basis set limit.

Molecule aVDZ aVTZ avQzZ CBS(DTQ)

BNC4H¢ -235.041382 -235.248760 -235.306936  -235.339076

B3N3Hg -242.02 -242.242606  -242.304885 -242.339469
Table 5. Components for the atomization. Energies in kcal/mol.

Molecule AECBS AEDKH-SR AECV AESO AEZPE ZD() TC
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BNC4He 1285.3
BsN3;Hse 1218.7

-0.99 -037 60.8 1229.4 3.53
-1.03  -0.09 58.1 1165.5 3.88

Table 6. Heats of formation in kcal/mol. Entropies in cal/mol-K.

Molecule AHf,oK

BNC4Hs 7.9
BsN3Hg -112.8

AHpyosx  S°
3.0 70.10
-119.0 68.73

Table 7. B3LYP/DGDZVP2 binding energies at 0 K in kcal/mol for R-Cr(CO); complexes.

Structure

Cr(CO);
Binding energy

C6H6-CI‘(CO)3
BNC4Hg-Cr(CO)s
B3N3H6-CI‘(CO)3

-54.9
-54.4
427

Table 8. High accuracy (High acc.) and G3MP2 reaction enthalpies at 298 K in kcal/mol.

High

Reaction Entry G3MP2  acc.’
H,-elimination

¢-CgHy, — ¢-C¢H¢ + 3 H, (D) 44.5 0
¢-BNC,H,, — ¢-BNC,H + 3 H, 2 23.5

¢-B3N;3H;, — ¢-B3;N3;Hg + 3 H, 3) -22.3 -18.9
3 CHg— 3 CH, +3 H, 4) 92.5 100.0°
2 C,Hs + BH;NH; — 2 C,H, + BH,NH, + 3 H, (5) 54.4 61.5°
3 BH;NH; — 3 BH,NH, + 3 H, (6) -21.9 -15.3
¢-CgHyo — ¢-C¢Hg + H, @) 26.5

c-C¢Hg — ¢-C4Hs + H, ® -5.7

¢-C4BNH;o (B=N bond) — ¢-C,BNH; (B=N, C=CB)) + H, (9) 25.7

¢-C4BNH; (B=N, C=C(B)) — ¢-C,BNH; + H, (10) 4.7

¢-C4sBNH,, (B=N bond) — ¢-C,BNH; (B=N, C=C(N)) + H, (11) 24.4

¢-C4BNH; (B=N, C=C(N)) — ¢-C,BNH4 + H, (12) 6.1

c-B;N;H;y — C-B3N3Hg + H,

(13) 2.1
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¢-B;N;Hs — ¢-B;N;Hg + H, (14) -27.9
Exchange

¢-CsHg + BH,NH; — ¢-C,BNH; + C,H, (15) 14.7 14.8
¢-CeHs +2 ¢-C;H); — 3 ¢-CHyo (16) 35.7 357
¢-CgHg + ¢-Cy2Hy; — 3 ¢-CgHyg + ¢-CgHg a7 34.1 34.0

c-C¢Hs + c-C4BNH; (B=N, C=C(B)) — ¢-C,BNH; + c-CH,  (18) 12.1
¢-C¢Hs + c-CsBNH; (B=N, C=C(B)) — ¢-C,BNH; + ¢-CH;  (19) 13.4

¢-B3NsHg + 2 ¢-BsN3Hy; — 3 ¢-B3N3Hyo (20) 52.8
c-BsN3Hs + ¢-B;N3Hj; — ¢-BsNsHj + ¢-BsN;Hg (1) 39.3
Decomposition

¢-C¢Hg — 3 HC=CH (22) 144.2 143.6
¢-BNC,4H; — HB=NH + 2 HC=CH (23) 118.0 118.1
¢-BsN3Hg — 3 HB=NH 24) 151.9 154.1

* From H; and C,Hy experimental values (NIST Tables) and B compounds CCSD(T)/CBS + corrections
values.
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Table 9. B3LYP/DGDZVP2 and MP2/cc-pVTZ geometrical parameters for CsHg, C4BNH;, and B;N3Hg
cycles (bond lengths in angstroms and angles in degrees, see Figure B1 for labeling).

Structure Bond or angle B3LYP/DZVP2 MP2/cc-pVTZ

CeHs c-C 1.4018 1.3937
C-H 1.0863 1.0814
£(C-C-C) 120.0 120.0
£(C-C-H) 120.0 120.0

BNC4Hj B1-N2 1.4419 1.4341
N2-C3 1.3708 1.3629
C3-C4 1.3734 1.3683
C4-C5 1.4304 1.4156
C5-C6 1.3825 1.3787
C6-B1 1.5177 1.5115
B1-H7 1.1920 1.1904
N2-H8 1.0121 1.0086
C3-H9 1.0855 1.0805
C4-H10 1.0843 1.0792
C5-H11 1.0895 1.0843
C6-H12 1.0878 1.0826
£(B1-N2-C3) 123.7 124.1
£ (N2-C3-C4) 120.7 120.4
£(C3-C4-C5) 120.1 120.4
£(C4-C5-C6) 121.7 121.6
£(B1-N2-H8) 120.6 120.5
£(N2-C3-H9) 117.4 117.3
£(C3-C4-H10) 119.3 118.8
£(C4-C5-H11) 1175 117.7
£(C5-C6-H12) 118.1 117.6
£(C6-B1-H7) 127.1 127.7



B3N3Hg

B-N
B-H
N-H

£(B-N-B)
L(N-B-N)
£(B-N-H)
£(N-B-H)

1.4357
1.1937
1.0104
123.0
117.0
118.5
121.5

1.4307
1.1910
1.0059
123.1
116.9
118.5
121.5
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Table 10. B3LYP/DGDZVP2 geometrical parameters for C¢Hg-Cr(CO);, C4;BNH4-Cr(CO)s, and B;NsHe-
Cr(CO); cycles (bond lengths in angstroms and angles in degrees, see Figure B2 for labeling).

CeHg- Bond or angle BNC,Hs- Bond or angle B;N3;Hg-
Bond or angle Cr(CO)s Cr(CO); Cr(CO);
Cr-Cl 1.8564 Cr-Cl 1.8646 Cr-Cl 1.8495
Cr-C2 1.8564 Cr-C2 1.8508 Cr-C2 1.8495
Cr-C3 1.8564 Cr-C3 1.8547 Cr-C3 1.8494
Cr-C4 22438 Cr-B4 2.3676 Cr-B4 2.3387
Cr-CS5 2.2438 Cr-NS§ 22274 Cr-N5 2.2674
Cr-C6 22444 Cr-Cé6 2.1691 Cr-B6 2.3384
Cr-C7 2.2443 Cr-C7 22341 Cr-N7 2.2664
Cr-C8 2.2443 Cr-C8 2.2508 Cr-B8 2.3371
Cr-C9 22444 Cr-C9 2.3008 Cr-N9 2.2674
C1-010 1.1688 C1-010 1.1664 C1-010 1.1697
C2-011 1.1688 C2-011 1.1689 C2-011 1.1696
C3-012 1.1688 C3-012 1.1696 C3-012 1.1696
C4-C5 1.4089 B4-NS5 1.4633 B4-N5 1.4515
C5-C6 1.4273 N5-C6 1.3952 N5-B6 1.4516
C6-C7 1.4087 C6-C7 1.4004 B6-N7 1.4514
C7-C8 1.4275 C7-C8 1.4305 N7-B8 1.4515
C8-C9 1.4087 C8-C9 1.4061 B8-N9 1.4516
C9-C4 1.4273 C9-B4 1.5186 N9-B4 1.4517
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£(C1-Cr-C2) 89.0 £(CJ-Cr-C2) 90.1 £(C1-Cr-C2) 89.2
£(C2-Cr-C3) 89.0 £(C2-Cr-C3) 88.1 £(C2-Cr-C3) 89.4
£(C3-Cr-C1) 89.0 £(C3-Cr-Cl) 89.0 £(C3-Cr-C1) 89.1
£(C1-C2-C3-C) 555 £(C1-C2-C3-Cr)  54.9 £(C1-C2-C3-Cr)  55.4

B3sN3Hs

Figure 1. C¢Hg, C;BNH, and B3N3H, cycles with labels.
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Figure 2. C6H6~CF(CO)3, C4BNH(,—CI‘(CO)3, and B3N3H(,"CY(CO)3 structures.
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(©

Figure 3. Electrostatic potential maps at the 0.002 electron/a.u.® density iso-contour level (A) c-
CsHg (-18.9 to 19.2 keal.mol), (B) c-BNC4Hg (—13.6 to 39.9 kcal/mol), and (C) ¢-BaN1Hq (-20.9
1o 54.5 kcal/mol). Blue is positivc potential (repulsive for the positive charge), red is negative
potential (attractive for the positive charge) and green represents near zero potential.
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H/D Exchange: N-H Exchange. A CD;0D solution containing

hexamethylbenzene as internal standard (1 mL; | mM hexamethylbenzene) was added to a
neat sample of 1,2-dihydro-1,2-azaborine 1 (0.0060 g, 0.070 mmol) under N,. '"H NMR
indicated a slow exchange of the N-H resonance at 9.8 ppm (integrated versus the 1,2~
dihydro-1,2-azaborine C(5)-H resonance at 6.3 ppm). Integration of the 1,2-dihydro-1,2-
azaborine C(5)-H resonance versus hexamethylbenzene indicated that no appreciable
degradation of 1 took place within the timeframe of the H/D exchange experiment (30 h).
We assumed pseudo first-order kinetics and obtained an exchange rate constant kyp = 7 +

2x 107 M's”! (Figure 4).

H/D Exchange

0.07
0.06 ;
0.05 - y = 0.06594475@0 00001845 :
R? = 0.99750956 ;
= 0.04 i
T
Z 0.03
0.02 J
0.01 '
&
1] T T T T 7 1
0 20000 40000 60000 80000 100000 120000
Time (s)

Figure 4. Plot of [N—H]-(.I-\/lyvau_s_ _tim_c_(s)._From expo_rai;l_ fit, Kops ~1.8x10°s" and kup =7.5x 107
M's™" was obtained, where [CD;0D] = 24.6 M.

C(@3)-H Exchange. The sample from the N-H exchange experiment was charged

with CD;COOD (4.0 uL, 0.070 mmol) and CF3COOD (16.3 uL, 0.211 mmol). Att=24
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h, "H NMR indicated no deuterium exchange at the C(3)-H position of 1. Minor
degradation to unidentified products was noted in the 'H and !'B NMR spectra.

Reactivity with Benzaldehyde: 1,2-Dihydro-1,2-azaborine (1). A J. Young
NMR tube was charged with a 0.67 M solution of 1,2-dihydro-1,2-azaborine 1 in CD,Cl,
(0.40 mL; 0.27 mmol 1) and hexamethylbenzene (0.0029 g, 0.018 mmol, internal
standard). Benzaldehyde (0.0256 g, 0.241 mmol) was added, the tube was sealed, and the
reaction monitored by '"H NMR. "H NMR showed no evidence of aldehyde reduction after
16 h at rt. Then, the mixture was heated to 60 °C for 60 h and then allowed to cool to rt. 'H
NMR again showed no evidence of aldehyde reduction. "H NMR integration of
hexamethylbenzene versus 1,2-dihydro-1,2-azaborine indicated little to no degradation of
1.

Borazine. A J. Young NMR tube was charged with benzaldehyde (0.050 g, 0.47
mmol), CD,Cl, (1.0 mL), and borazine (0.038 g, 0.47 mmol). The tube was sealed and
heated at 60 °C for 24 h. '"H NMR indicated complete consumption of benzaldehyde.
Upon workup, reduced benzaldehyde derivatives such as N-benzylidenebenzylamine and

N-tribenzylamine were isolated.



Crystallographic Data for Complex 12 (liul9)
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Figure 5. ORTEP illustration of 12, with ellipsoids drawn at the 35% probability level.
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X-ray Crystal Structure Determination. Crystals of 12 suitable for X-ray diffraction

were obtained by evaporation of a solution of 12 in Et,0.

Diffraction intensity data were collected with a Bruker Smart Apex CCD

diffractometer at 173(2) K using MoK.« - radiation (0.71073 A). The structure was

solved using direct methods, completed by subsequent difference Fourier syntheses, and
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refined by full matrix least-squares procedures on F2. All non-H atoms were refined
with anisotropic thermal parameters. H atoms were found on the residual density map
and refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All
software and sources scattering factors are contained in the SHELXTL (6.10) program
package (G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some

details of data collection and crystal structure refinement for C3H(BNO;SiCr are given

in the following tables.

Table 11. Crystal data and structure refinement for 12.

Identification code
Empirical formula
Formula weight
Terhperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data coll.
Index ranges

Reflections coiiected
Independent reflections
Completeness to 6 = 27.00°

Absorption correction

liul9

Ci3 Hyo BCrN O; Si
329.20

173(2) K
0.71073 A
Triclinic

P-1
a=6.9391(5) A
b=10.2736(7) A
c=12.4331(8) A
800.92(9) A*

2

1.365 Mg/m’
0.793 mm™

344

0.27 x 0.17 x 0.12 mm’

1.72 to 27.00°.

-8<=h<=8, -13<=k<=13, -15<=I<=15
8584

3450 [R(int) = 0.0209]

98.9 %

Semi-empirical from equivalents

o= 104.0960(10)°.
B=95.5740(10)°.
y = 108.4140(10)°.
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Max. and min. transmission 0.9108 and 0.8144

Refinement method Full-matrix least-squares on F*
Data / restraints / parameters 3450/ 0 /261

Goodness-of-fit on F? 1.076

Final R indices [I>20(])] R1=10.0354, wR2 = 0.0863

R indices (all data) R1=0.0432, wR2 =0.0925

Largest diff. peak and hole  0.458 and -0.225 e.A-3

Table 12. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)
for 1iul9. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y ya U(eq)

Cr(1)  9948(1) 9749(1) 2072(1) 23(1)
Si(1)  7156(1) 6555(1) 2816(1) 24(1)
O(1)  6254(2) 9003(2) 266(1) 37(1)
0(2) 11612(3) 12588(2) 1621(2) 46(1)
0(3) 7969(3) 11203(2) 3785(2) 43(1)
N()  9429(3) 7702(2) 2451(1) 25(1)
B(1)  9727(4) 7441(3) 1286(2) 29(1)
C(l)  7662(3) 9275(2) 956(2) 27(1)
C(2) 10999(3) 11490(2)1793(2) 32(1)
C(3) 8714(3) 10618(2) 3117(2) 29(1)
C(4) 10958(4) 8803(2) 3312(2) 30(1)
C(5) 12746(3) 9697(3) 3062(2) 31(1)
C(6) 13021(3) 9547(3) 1936(2) 30(1)
C(7) 11584(4) 8450(3) 1057(2) 30(1)
C(8)  4884(4) 6122(3) 1709(3) 37(1)
C)  6758(5) 7573(3) 4182(2) 39(1)
C(10)  7752(3) 4927(2) 2951(2) 29(1)
C(11)  7403(5) 3851(3) 1790(2) 42(1)
C(12)  6282(4) 4202(3) 3652(2) 40(1)
C(13)  9995(4) 5357(3) 3558(2) 38(1)

Table 13. Bond lengths [A] and angles [°] for liul9.

Cr(1)-C(3) 1.831(2)
Cr(1)-C2) 1.838(2)
Cr(D)-C(1) 1.854(2)
Cr(1)-C(4) 2.182(2)
Cr(1)-N(1) 2.1927(18)
Cr(1)-C(5) 2.218(2)
Cr(1)-C(6) 2.225(2)
Cr(1)-C(7) 2.253(2)
Cr(1)-BQ1) 2.283(3)
Si(1)-N(1) 1.8188(19)
Si(1)-C(8) 1.848(3)
Si(1)-C(9) 1.861(3)

Si(1)-C(10) 1.886(2)
o(1)-c() 1.147(3)



0(2)-C(2)
0(3)-C(3)
N(1)-C(4)
N(1)-B(1)
B(1)-C(7)
B(1)-H(1B)
C(4)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-H(7)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(9)-H(9C)
C(10)-C(11)
C(10)-C(13)
C(10)-C(12)
C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-H(13A)
C(13)-H(13B)
C(13)-H(13C)
C(3)-Cr(1)-C(2)
C(3)-Cr(1)-C(1)
C(2)-Cr(1)-C(1)
C(3)-Cr(1)-C(4)
C2)-Cr(1)-C(4)
C(1)-Cr(1)-C(4)
C(3)-Cr(1)-N(1)
C(2)-Cr(1)-N(1)
C(1)-Cr(1)-N(1)
C(4)-Cr(1)-N(1)
C(3)-Cr(1)-C(5)
C(2)-Cr(1)-C(5)
C(1)-Cr(1)-C(5)
C(4)-Cr(1)-C(5)
N(1)-Cr(1)-C(5)
C(3)-Cr(1)-C(6)
C(2)-Cr(1)-C(6)
C(1)-Cr(1)-C(6)
C(4)-Cr(1)-C(6)
N(1)-Cr(1)-C(6)
C(5)-Cr(1)-C(6)
C(3)-Cr(1)-C(7)

1.154(3)
1.164(3)
1.408(3)
1.455(3)
1.479(4)
1.02(2)
1.406(3)
1.03(2)
1.409(3)
0.91(3)
1.391(3)
0.92(2)
0.90(2)
0.93(3)
0.90(3)
0.87(3)
0.98(3)
0.90(3)
0.93(3)
1.533(3)
1.537(3)
1.537(3)
0.97(3)
0.98(3)
0.91(3)
0.98(3)
0.97(3)
0.94(3)
1.02(3)
0.96(3)
0.95(3)
86.78(10)
90.36(9)
88.78(10)
88.78(9)
133.77(10)
137.27(9)
101.17(8)
166.99(9)
101.33(8)
37.55(8)
105.25(9)
100.66(10)
162.06(9)
37.25(9)
67.46(8)
138.91(9)
86.83(9)
130.00(9)
67.44(9)
80.41(8)
36.99(8)
168.06(9)
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C@)-Cr(1)-C(7) 102.40(9)
C(D)-Cr(1)-C(T) 97.37(9)
C@)-Cr(1)-C(7) 79.36(9)
N()-Cr(1)-C(7) 68.45(8)
C(5)-Cr(1)-C(7) 65.84(9)
C(6)-Cr(1)-C(7) 36.20(9)
C(R3)-Cr(1)-B(1) 134.96(10)
C(2)-Cr(1)-B(1) 137.42(10)
C(1)-Cr(1)-B(1) 83.85(9)
C(4)-Cr(1)-B(1) 67.39(9)
N(1)-Cr(1)-B(1) 37.87(8)
C(5)-Cr(1)-B(1) 78.87(9)
C(6)-Cr(1)-B(1) 67.19(9)
C(7)-Cr(1)-B(1) 38.04(9)
N(1)-8i(1)-C(8) 108.92(11)
N(1)-Si(1)-C(9) 107.86(11)
C(8)-Si(1)-C(9) 109.17(14)
N(1)-Si(1)-C(10) 106.18(9)
C(8)-Si(1)-C(10) 113.20(12)
C(9)-Si(1)-C(10) 111.31(12)
C(4)-N(1)-B(1)  119.94(19)
C(4)-N(1)-Si(1) 119.50(15)
B(1)-N(1)-Si(1) 120.47(16)
C(@)-N(1)-Cr(1) 70.83(12)
B(1)-N(1)-Cr(1) 74.45(13)
Si(1)-N(1)-Cr(1) 129.45(9)
N(1)-B(1)-C(7) 117.0(2)
N(D-B(1)-Cr(1) 67.68(12)
C(7)-B(1)-Cr(1) 69.86(14)
N(1)-B(1)-H(1B) 118.3(14)
C(7)-B(1)-H(1B) 124.7(14)
Cr(1)-B(1)-H(1B) 133.6(14)
O(1)-C(1)-Cr(1) 179.01(19)
0(Q2)-C(2)-Cr(1) 178.3(2)
0(3)-C(3)-Cr(1) 178.3(2)
C(5)-C(4)-N(1) 121.02)
C(5)-C(@)-Cr(1) 72.76(13)
N(D-C@4)-Cr(1) 71.63(12)
C(5)-C(4)-H(4) 120.7(13)
N(1)-C(4)-H(4) 118.3(13)
Cr(1)-C(4)-H(4) 128.8(13)
CA)-C(5)-C(6) 120.7(2)
C(4)-C(5)-Cr(1) 69.99(13)
C(6)-C(5)-Cr(1) 71.77(13)
C(4)-C(5)-H(5) 118.3(16)
C(6)-C(5)-H(5) 120.6(16)
Cr(1)-C(5)-H(5) 125.2(16)
C(T)-C(6)-CG)  120.42)
C(7)-C(6)-Cr(1) 72.99(13)
C(5)-C(6)-Cr(1) 71.24(13)
C(7)-C(6)-H(6) 120.6(14)
C(5)-C(6)-H(6) 118.9(15)
Cr(1)-C(6)-H(6) 124.9(15)
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C(6)-C(7)-B(1) 120.7(2)

C(6)-C(7)-Cr(1) 70.81(13)
B(1)-C(7)-Cr(1) 72.10(13)
C(6)-C(7)-H(7) 119.1(16)
B(1)-C(7)-H(7) 120.1(16)

Cr(1)-C(7)-H(7)
Si(1)-C(8)-H(8A)
Si(1)-C(8)-H($B)
H(8A)-C(8)-H(8B)
Si(1)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
Si(1)-C(9)-H(9A)
Si(1)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
Si(1)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(11)-C(10)-C(13)
C(11)-C(10)-C(12)
C(13)-C(10)-C(12)
C(11)-C(10)-Si(1)
C(13)-C(10)-Si(1)
C(12)-C(10)-Si(1)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(10)-C(12)-H(12A)
C(10)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(10)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(10)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)

126.3(15)
109.2(19)
1102)
110(3)
114(2)
111(3)
103(3)
113.4(19)
112(2)
112(3)
106.2(18)
108(3)
105(3)
109.4(2)
108.6(2)
108.9(2)
111.12(17)
110.79(16)
107.98(16)
110.9(18)
109.5(16)
109(2)
110.0(17)
109(2)
108(2)
110.7(18)
110.9(17)
106(2)
111.2(17)
110(2)
108(2)
110.6(17)
111.0(17)
107(2)
112.3(17)
109(2)
107(2)
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Symmetry transformations used to generate equivalent atoms:

Table 14. Anisotropic displacement parameters (A2x 10%)for 1iul9. The anisotropic
displacement factor exponent takes the form: -2x2[ h2a*2U11 + .. + 2 h k a* b* U12 ]

utt Uz Uu» us un U2
Cr(1) 20(1) 24(1) 24(1) 6(1) 5(1) 81
Si(1)  24(1) 23(1) 26(1) 6(1) 6(1)  8(1)
o) 281 471 331 13Q) 21 11D
0Q2) 37(1) 28(1) T3 191 12(1) (L)



0(3)
N(1)
B(1)
C(D)
C(2)
C@3)
C4)
C(5)
C(6)
C(7)
C(8)
C)
C(10)
c11)
C(12)
c(13)

48(1)  45(1)
25(1)  27(Q1)
30(1)  37(1)
27(1)  28(1)
23(1)  30(1)
28(1)  29(1)
30(1)  35(1)
23(1)  40(1)
22(1)  36(1)
33(1)  36(1)
28(1)  37(1)
482)  33(1)
32(1)  27(1)
55(2)  33(1)
402)  35(1)
33(1)  44(2)

410 6()
24(1)  8(1)

27(1)  13(1)
29(1)  10(1)
41(D)  8(1)

30(1)  8(1)

31(1)  13(1)
32() 101
40(1)  17(1)
30(1)  14(1)
46(2)  16(1)

39(1)  9(1)
30(1)  10(1)
412)  6(1)

492)  22(1)
43(2)  20(1)

16(1)  26(1)

6(1)  10(1)
91)  16(1)
111 9(1)

() 8(1)

A1) 11D
6(1)  14(1)
a1 13(1)

1) 13(1)
15(1)  20(1)

(1) 12(1)
24(1)  13(1)
sy 12(1)
(1) 23(1)
1) 13D
A1) 17%(1)
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Table 15. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103) for liu19.

X y z U(eq)
H(1B) 8650(40) 6590(30) 690(20) 35(7)
H(4) 10740(30) 8930(20) 4131(19) 26(6)
H(5) 13650(40) 10440(30) 3640(20) 33(D
H(6)  14120(40) 10220(30) 1789(19) 26(6)
H(7) 11750(40) 8400(30) 340(20) 29(6)
H(8A) 3760(50) 5430(30) 1840(30) 58(9)
H(8B) 4590(50) 6920(40) 1720(30) 60(9)
H(8C) 5090(50) 5840(30) 1020(30) 58(10)
H(9A) 7770(50) 7680(30) 4830(30) 66(10)
H(9B) 6670(50) 8420(40) 4160(30) 63(10)
H(OC) 5450(50) 7050(30) 4280(20) 57(9)
H(11A) 5990(50) 3560(30) 1390(30) 57(9)
H(11B) 7680(40) 3000(30) 1880(20) 53(8)
H(11C) 8300(40) 4250(30) 1370(20) 39(8)
H(12A) 6480(50) 3310(30) 3700(20) 55(9)
H(12B) 6570(40) 4810(30) 4420(20) 42(7)
H(12C) 4900(50) 4010(30) 3340(20) 47(8)
H(13A) 10270(50) 4490(30) 3700(20) 53(8)
H(13B) 10260(40) 6050(30) 4280(20) 46(8)
H(13C) 10970(40) 5770(30) 3140(20) 45(8)
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Figure 6. ORTEP illustration of 13, with ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 13 suitable for X-ray
diffraction were obtained by evaporation of a solution of 13 in Et;0.
Diffraction intensity data were collected with a Bruker Smait Apex CCD

diffractometer at 173(2) K using MoK« - radiation (0.71073 A). The structure was
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solved using direct methods, completed by subsequent difference Fourier syntheses, and
refined by full matrix least-squares procedures on F2, All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of

data collection and crystal structure refinement for C;H¢BCrNO3 are given in the

following tables.

Table 16. Crystal data and structure refinement for 13.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data coll.

Index ranges
Reflections collected

Independent reflections

liu22

C7Hg B CrN O3
214.94

173(2) K
0.71073 A
Monoclinic
P2(1)/c
a=11.5311(8) A
b= 6.9443(5) A
c=12.2196(8) A
879.86(11) A®

4

1.623 Mg/m’
1.267 mm™

432

0.20 x 0.14 x 0.09 mm3

1.96 to 26.99°.

-14<=h<=14, -8<=k<=8, -15<=1<=15
9413

1915 [R(int) = 0.0262]

a=90°,
B=115.9460(10)°.
vy =90°.



Completeness to 8 =26.99° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.8945 and 0.7856

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 1915/0/ 142

Goodness-of-fit on F? 1.027

Final R indices [I>20(1)] R1=0.0293, wR2 = 0.0728

R indices (all data) R1=10.0345, wR2 = 0.0765

Largest diff. peak and hole ~ 0.439 and -0.201 e.A’

Table 17. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)
for liu22. U(eq) is defined as one third of the trace of the orthogonalized U tensor.
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X y z U(eq)

Cr(1)  2370(1) 9733(1) 2264(1) 21(1)
O(1) 1041(2) 12842(2) 445(2) 44(1)
0(2) 3615(2) 12715(3) 4195(2) 53(1)
0(3) 186(2) 9828(3) 2967(2) 52(1)
N(1)  1888(2) 7035(3) 1254(2) 32(1)
B(1)  2437(3) 8204(4) 622(2) 36(1)
C(1) 1550(2) 11645(3)1144(2) 30(1)
C(2) 3144(2) 11566(3)3442(2) 34(1)
CB3)  1022(2) 9763(3) 2693(2) 33(1)
C()  2508(2) 6636(3) 2480(2) 29(1)
C(5)  3719(2) 7363(3) 3174(2) 29(1)
C(6)  4323(2) 8609(3) 2657(2) 35(1)
C(7T)  3717(2) 9059(3) 1422(2) 35(1)

Table 18. Bond lengths [A] and angles [°] for liu22.

Cr(1)-C(2) 1.834(2)
Cr(1)-C(1) 1.843(2)
Cr(1)-C(3) 1.845(2)
Cr(1)-C(4) 2.164(2)
Cr(1)-N(1) 2.1781(18)
Cr(1)-C(5) 2.203(2)
Cr(1)-C(6) 2.228(2)
Cr(1)-C(7) 2.256(2)
Cr(1)-B(1) 2.301(2)
o(1)-C(1) 1.152(3)
0(2)-C(2) 1.158(3)
0(3)-C(3) 1.152(3)
N(1)-C(4) 1.377(3)
N(1)-B(1) 1.443(3)
N(D-H(IN)  0.80(3)
B(1)-C(7) 1.492(4)

B(1)-H(1B) 1.03(2)



C(4)-C(5)
C(4)-H(@)
C(5)-C(6)
C(5)-H(5)
C(6)-C(7)
C(6)-H(6)
C(7)-H(7)
C(2)-Cr(1)-C(1)
C(2)-Cr(1)-C(3)
C(1)-Cr(1)-C(3)
C(2)-Cr(1)-C(4)
C(1)-Cr(1)-C(4)
C(3)-Cr(1)-C(4)
C(2)-Cr(1)-N(1)
C(1)-Cr(1)-N(1)
C(3)-Cr(1)-N(1)
C(4)-Cr(1)-N(1)
C(2)-Cr(1)-C(5)
C(1)-Cr(1)-C(5)
C(3)-Cr(1)-C(5)
C(4)-Cr(1)-C(5)
N(1)-Cr(1)-C(5)
C(2)-Cr(1)-C(6)
C(1)-Cr(1)-C(6)
C(3)-Cr(1)-C(6)
C(4)-Cr(1)-C(6)
N(1)-Cr(1)-C(6)
C(5)-Cr(1)-C(6)
C(2)-Cr(1)-C(7)
C(1)-Cr(1)-C(7)
C(3)-Cr(1)-C(7)
C(4)-Cr(1)-C(7)
N(1)-Cr(1)-C(7)
C(5)-Cr(1)-C(7)
C(6)-Cr(1)-C(7)
C(2)-Cr(1)-B(1)
C(1)-Cr(1)-B(1)
C(3)-Cr(1)-B(1)
C(4)-Cr(1)-B(1)
N(1)-Cr(1)-B(1)
C(5)-Cr(1)-B(1)
C(6)-Cr(1)-B(1)
C(7)-Cr(1)-B(1)
C(4)-N(1)-B(1)
C(4)-N(1)-Cr(1)
B(1)-N(1)-Cr(1)

1.374(3)
0.88(3)
1.421(3)
0.80(2)
1.393(3)
0.90(3)
0.90(3)
89.93(9)
87.17(10)
88.86(9)
127.54(9)
142.42(9)
90.16(9)
163.27(9)
106.12(8)
97.62(9)
36.97(7)
97.39(9)
158.88(9)
111.19(9)
36.66(8)
65.93(8)
88.58(9)
123.67(9)
147.19(9)
67.17(8)
78.69(8)
37.42(8)
107.83(9)
92.47(9)
164.93(9)
79.67(8)
67.60(8)
66.44(8)
36.18(9)
144.52(10)
83.51(9)
127.32(10)
67.58(9)
37.45(8)
79.04(9)
67.04(10)
38.21(9)
123.7(2)
70.97(11)
75.92(12)

C(4)-N(1)-H(IN) 116.9(19)
B(1)-N(1)-H(I1N) 119.4(19)

Cr(1)-N(1)-H(IN)

N(1)-B(1)-C(7)
N(1)-B(1)-Cr(1)
C(7)-B(1)-Cx(1)

114.4(2)
66.64(11)
69.25(12)

N(1)-B(1)-H(1B) 117.4(13)

124.4(19)
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C(7)-B(1)-H(1B) 128.1(13)
Cr(1)-B(1)-H(1B) 129.7(14)
O(1)-C(1)-Cr(1) 179.7(2)
0(2)-C(2)-Cr(1) 178.6(2)
0(3)-C(3)-Cr(1) 178.4(2)
C(5)-C(4)-N(1) 120.1(2)
C(5)-C(4)-Cr(1) 73.20(13)
N(1)-C(4)-Cr(1) 72.07(11)
C(5)-C(4)-H(4) 120.2(17)
N()-C(4)-H4) 119.6(17)
Cr(1)-C(4)-H(4) 124.7(17)
C(4)-C(5)-C(6) 120.8(2)
C(4)-C(5)-Cx(1) 70.14(12)
C(6)-C(5)-Cx(1) 72.25(12)
C(4)-C(5)-H(5) 118.0(17)
C(6)-C(5)-H(5) 120.7(17)
Cr(1)-C(5)-H(5) 123.0(17)
C()-C(6)-C(5) 120.5(2)
C(7)-C(6)-Cr(1) 73.01(13)
C(5)-C(6)-Cr(1) 70.34(12)
C(7)-C(6)-H(6) 122.7(17)
C(5)-C(6)-H(6) 116.5(17)
Cr(1)-C(6)-H(6) 124.2(17)
C(6)-C(7)-B(1) 120.2(2)
C(6)-C(7)-Cr(1) 70.81(12)
B(1)-C(7)-Cx(1) 72.54(12)
C(6)-C(N-H(T) 116.1(19)
B(1)-C(7)-H(7) 123.4(19)
Cr(1)-C(7)-H(7) 124.2(18)

Symmetry transformations used to generate equivalent atoms:

Table 19. Anisotropic displacement parameters (A2x 10%)for 1iu22. The anisotropic
displacement factor exponent takes the form: -2n2[ h2a*2U'! + ... + 2 hk a* b* U2 ]

yn U2 U33 U2 gy y2

cr(l) 20(1) 20(1) 211) o) 81 o)
o(1) 48(1) 34(1) 37(1) 101) (1)  5(1)
0(2) S9(1) 44(1) 38(1) -17() 51 1(D)
0(3) 44(1) 61(1) 64(1) 10(1) 37(1) 14(1)
N(D  30(1)  25(1) 37D 7)) 12()  -5(D)
B(l) S1(2) 34(1) 2%(1) -5(1) 22(1) 3(1)
cl)y  31() 26(1) 27(1) -4) 81 -3(D)
Cc) 3331 331) 28Q) 1) 8Q1)  61)
CB3)  34(1) 31(1) 351) 51 16(1)  7(1)
C@ 30(1) 22(1) 41(1) s51)  19(1)  3QD)
cG)  26(1) 30(1) 31 () 12()  9(1)
Cc6  23(1) 34(1) 50(1) -41) 18(1) -W1)
c()y 421 321 45(1) o)  32(1) -1(D)

Table B20. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for liu22.
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X y z U(eq)
H(IN) _1170(30) 6630(40) 890(20) H(3)
H(1B) 1880(20) 8430(30) -300(20) 43(7)
H(4)  2110(20) 5950(40) 2820(20) 41(7)
H(5)  4030(20) 7190(30) 3890(20) 35(7)
HE)  5070(30) 9170(40) 3180(20) 45(7)
H(7) 4110(30) 9960(40) 1170(30) 51(8)

B.2.3. Supplemental information for Chapter 111, section 3.4

Table 21. Azaborine line list of measured frequencies (obs) for the normal isotopomer, HsB''-N'*C,. The
frequencies are given in MHz. The column (o-c) lists the deviations of the “best fit” calculated
frequencies ( ¢ ) from the measured frequencies (o).
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N WWWEE NP NDNDNDWNNDNDERE NN WLWNDWLWLDUNULUUUUUNDD D WWWWER DDA DSDN

WWWWINND NP, WARLRNDWLWWLWNWLWNDWALNDNDNWLWWLWNDNWLWRERRERERRAOAOOA—~ NN NNE DR DR ROV

el T R e i T T e N e N VS B US BRSO IR SO R U B US SR US B U R US RV R UV SR US SR S BR U SR U IR U6 S U IR U IR UV

[N e N e i e e e e e e e W G SRSy S Y N6 I N6 T N T NG I NG T NG T NS T NG T NG T NG T N6 T NG T NS I NG 1 N6 T NG 1 NG T N I NS )

— e e e e e e e e e e e e e e e e e e e e = = = D NN NN NN NN NN NN NN DN

— LW W WWRNE = NN NDNDWWNDE NN WLWNDWLUE WLV DREOUVUDENDNDWWNDNDWLMUEE WD WD

NN PEPLWWNOD— NN NDWNDPRPLWLWRLRNODNDNNNVLVDRENDNNDPRPONVLWENUNUVNDEE, VNN, OV R RWLWO

7355.629
7355.523
7355.523
7355.523
7355.523
7355.523
7355.492
7355.492
7355.492
7355.492
7355.038
7355.038
7355.141
7355.141
7355.141
7355.084
7355.084
7355.084
7355.084
13596.162
13596.443
13596.544
13596.632
13596.997
13597.040
13597.040
13597.067
13597.113
13597.153
13570.718
13570.764
13570.848
13571.203
13571.264
13571.293
13571.325
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0.005
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-0.014
-0.014
-0.014
0.008
0.006
0.004
0.006
0.014
0.004
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-0.001
0.005
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2 0 2 3 31 0 1 2 3 13878.744 0.013
2 0 2 2 31 0 1 3 2 13878.822 -0.001
2 0 2 2 2 1 0 1 3 3 13878.822 -0.004
2 0 2 2 1 1 0 1 2 1 13879.080 -0.002
2 0 2 2 3 1 0 1 2 3 13879.171 -0.004
2 1 2 3 4 1 0 1 3 3 13903952 -0.007
2 1 2 3 31 0 1 3 3 13904.002 -0.010
2 1 2 2 1 1 O 1 1 1 13904.175 -0.001
2 1 2 4 31 0 1 1 2 13904.476 -0.006
2 1 2 2 1 1 O 1 3 2 13904.580 -0.007
2 2 1 2 2 2 1 2 1 2 8723.804 -0.002
2 2 1 4 5 2 1 2 4 4 8724.054 0.013
2 2 1 1 1 2 1 2 2 2 8724.108 0.001
2 2 1 2 3 2 1 2 4 4 8724157 0.003
2 2 1 3 2 2 1 2 1 2 8724.180 -0.009
2 2 1 2 2 2 1 2 4 3 8724379 -0.001
Table 22. Azaborine line list for HiB>-N"C,. Frequencies are given in MHz.

J K, K F1 F J' K," K. F" F" Frequency o-c

1 0 1 3 30 0 0 3 2 8133.594 0.0259
1 0 1 3 30 0 0 3 3  8133.594 0.0259
1 0 1 3 3 0 0 0 3 4 8133.594 0.0259
1 0 1 3 4 0 O 0 3 4 8133.693 0.0077
1 0 1 3 4 0 0 0 3 3  8133.693 0.0077
1 0 1 4 5 0 0 0 3 4 8134.331 0.0043
1 0 1 4 4 0 0 0 3 3 8134403 -0.0098
1 0 1 4 4 0 O 0 3 4 8134403 -0.0098
1 0 1 2 2 0 O 0 3 2 8134.608 -0.0055
1 0 1 2 2 0 0 0 3 3 8134.608 -0.0055
1 1 1 4 5 0 0 0 3 4 8575.871 -0.0216
1 1 1 4 4 0 O 0 3 3 8576.067 -0.0033
1 1 1 4 4 0 0 0 3 4 8576.067 -0.0033
1 1 1 3 4 0 O 0 3 4 8575.561 -0.025

1 1 1 3 4 0 0 0 3 3 8575.561 -0.025

1 1 1 3 20 0 0 3 2  8575.678 0.0218
1 1 1 3 2 0 0 0 3 3 8575.678 0.0217
2 0 2 3 41 0 1 4 3 14086.77 -0.0034
2 0 2 3 21 0 1 4 3 14086.77 -0.0057
2 0 2 2 21 0 1 2 3 14086.86 -0.0146
2 0 2 2 21 0 1 2 1 14086.96 0.0211
2 0 2 2 1 1 0 1 2 1 14087.2 -0.0168
2 0 2 3 31 0 1 3 3 14087.46 0.0104
2 0 2 5 51 0 1 4 5 14087.74 0.0047
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14139.61
7712.085
7711.826
14139.5

14139.37
7762.598
7762.794
7762.794
7763.01

7763.14

7763.256
7763.317
7763.585
13645.35

0.0255
-0.0018
0.0167
0.0072
-0.0335
0.0071
-0.0061
-0.0402
0.0209
-0.0041
-0.0071
-0.0177
-0.0093
0.0016
-0.0001
-0.0071
-0.0054
-0.017
0.0107
0.0089
-0.0248
0.0128
-0.0058
0.0203
-0.0268
-0.0088
0.0211
0.0105
0.0091
0.0036
-0.0146
-0.0142
-0.0318
0.0096
-0.0136
0.0282
-0.0088
-0.0026
-0.0086
0.0132
0.0291
-0.0176
0.0086
-0.0121
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2 0 2 5 51 1 1 4 4 13646.02 0.0297
2 0 2 1 01 1 1 2 1 13646.23 -0.0145
20 2 5 41 1 1 4 5 136459 0.0269
20 2 1 21 1 1 2 2 13646.27 0.0028
2 0 2 5 41 1 1 2 3 1364554 -0.0197

Table 23. Azaborine line list for HsB'!-N'“DC,. Frequencies are given in MHz.

r Ka’ K¢’ J" K," Kc" obs

1 0 1 0 0 0 7728.933
1 1 1 0 0 0 8312.632
2 0 2 1 0 1 13557.518

B.2.4. Supplemental information for Chapter 111, section 3.5

Protein expression, purification and crystallization. The T4 lysozyme mutant
L99A was constructed in the cysteine-free pseudo wide-type form as reported
previously.*” Protein was expressed in the E. coli RR1 strain. In brief, the bacteria were
grown in 4.0 liters of LB media with ampicillin (100 mg/liter) at 37°C within an
agitating fermentor (250 rpm) with filtered air supply. When the optical density of the
broth reached 0.6 at 600mm, the temperature and agitating speed were lowered to 28°C
and 150 rpm, and isopropyl-p-D-1-thiogalactopyranoside (IPTG) was added in a final
concentration of 1.0 mM to induce the protein expression.

After 5 hours induction, the 4.0 liters of culture was moved to a 4L beaker. 20
ml of 0.5M EDTA, pH 8.0, was added and the culture was stirred at room temperature
for 1h. The solution becomes very viscous and 20 ml of 1M MgCl, was added, followed
by 20 mg of DNasel. The solution was stirred till the viscosity lowered to normal. The
solution was then spun and the supernatant collected. The supernatant was dialyzed

against nano-pure water until the conductivity was less than 4.0 milli-Siemens and the
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pH was adjusted to 7.0+0.5. The solution was then loaded onto a CM Sepharose CL-6B
(Pharmacia) column, pre-equilibrated with equilibration buffer of 50 mM Tris, 1 mM
EDTA, pH 7.3, by gravity feed, and washed by 100ml of equilibration buffer. The
column was then eluted by an 800 ml linear gradient between 50 mM NaCl and 300 mM
NaCl within the equilibration buffer, and the fractions were collected. The fractions
containing T4 lysozyme mutant L99A were pooled and dialyzed against 50 mM sodium
phosphate, 0.02% NaN3, pH 5.8 buffer, and loaded onto a column of 3 ml SP Sephadex
C-50 (Pharmacia), and washed with 20 ml of the same buffer. The protein was then
directly eluted by and stored in the harvesting buffer (100 mM sodium phosphate, 550
mM NacCl, 0.02% NaN3s, pH 6.5). The protein concentration was adjusted to 40 mg/ml
for crystallization.

The crystals were obtained by vapor-diffusion hanging-drop method: The
protein solution (5 pl) was mixed with equal volume of reservoir solution (2.0-2.2 M
sodium/potassium phosphate, pH 6.9, 50 mM 2-mercaptoethanol, 50 mM 2-
hydroxyethyl disulfide), and equilibrated against 1 ml of the reservoir solution. Crystals
normally grew to their maximum size in 2 weeks.

Complex preparation. The protein complexes withl1, 15 (see Chapter II, Table
2), benzene, and ethylbenzene were prepared by vapor diffusion method. To remove
trace amount of oxygen in the crystals, the soaking buffer around the crystals was
exchanged with the pre-deoxygenated reservoir buffer 3 times within a thin glass tube in
the glove chamber with N, protection. The ligand (~15 mg) was then added and sealed

in the glass tube. The sample was allowed to equilibrate at 4°C for 3 days. For the
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benzene and ethylbenzene complexes, a similar protocol was followed except there was
no need for N, protection.

Data collection, structure determination and refinement. Prior to X-ray data
collection the crystals were flash-frozen in liquid nitrogen with protection of N-paratone
(Hampton Research). To avoid loss or potential oxidation of the ligand, the time from
removal of the crystal from the sealed tube to mounting and freezing did not exceed 5
min. Data for T4 lysozyme complexed with 15 were collected on beamline ID-23-B at
the Advanced Photon Source, Argonne, IL, and for the complex with 1, benzene, and
ethylbenzene were collected from beamline 5.0.2 at the Advanced Light Source,
Berkeley, CA. Both datasets were to 1.25 A resolution. For each dataset, the low- and
high-resolution data were collected with sweeps of 1 sec and 10 sec exposure time per
degree, respectively. Data were processed and merged with HKL2000,*® and the
structures were isomorphous with wildtype lysozyme. The ligand-free T4 lysozyme
L99A structure (PDB code: 3DMV) was used as the starting model for refinement with
all solvent molecules removed. The refinements were done using the CCP4 package™®
and graphics modeling with COOT.® Coordinates for the ligands were introduced into

the cavity at the final stage of the refinement, with placement based on the Fy-F; maps.

Table 24. X-ray data collection and structure refinement statistics for 15 and ethylbenzene

Ligand 15 Ethylbenzene

Data collection

Beam line ID-23-B, APS 5.0.2, ALS
Wavelength (A) 1.0332 0.9791

Space group P3,21 P3,21



Cell constants (A)
Resolution (A)
Completeness (%)
Us()

Rinerge (%)
Refinement
Resolution (A)

R

Rfree

a=b=59.9, c=95.47
52-1.25 (1.27-1.25)
99.1 (88.1)

34.9 (8.8)

5.3 (15.8)

52.0-1.25
0.163

0.182
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a=b=59.83,c=95.60
52-1.25 (1.27-1.25)
99.9 (100.0)

44.1 (9.9)

5.2 (22.1)

52.0-1.25
0.162

0.182

Numbers in parentheses give the values for the outermost shell of data.

Table 25. X-ray data collection and structure refinement statistics for 1 and benzene

Ligand

Data collection

Beam line
Wavelength (A)
Space group

Cell constants (A)
Resolution (A)
Completeness (%)
I/s(D)

Rumerge (%0)
Refinement

Resolution (A)

1

5.0.2, ALS

0.9791

P3,21

a=b=59.90, c=95.44
52-1.25 (1.27-1.25)
99.0 (100.0)

33.6 (9.1)

7.1 (26.9)

52.0-1.25

Benzene

5.0.2, ALS

0.9791

P3,21

a=b=60.00, c=95.65
52-1.25 (1.27-1.25)
100.0 (100.0)

34.3 (10.7)

6.7 (26.7)

52.0-1.25
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R 0.170 0.170

Rfree 0190 0.1 94

Numbers in parentheses give the values for the outermost shell of data.
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APPENDIX C

SYNTHESIS AND CHARACTERIZATION OF TOLAN ANALOGS

AND DIYNE SCAFFOLDS

C.1. Introduction

The interest in conjugated organic molecules has grown significantly over the last
several decades. The incorporation of boron in conjugated materials has been shown to
impart unique properties relative to their carbonaceous analogs.” The fundamental
consequences of replacing CC units with BN units in tolan derivatives provides a glimpse

at the potential of 1,2-azaborine heterocycles in materials applications.

C.2. Experimental

C.2.1. General

All oxygen- and moisture-sensitive manipulations were carried out under an inert
atmosphere using either standard Schlenk techniques or a glove box.

THF, Et,0, CH,Cl, and pentane were purified by passing through a neutral
alumina column under argon. Cyclohexene was dried over CaH, and distilled under N»
prior to use.

Trisacetonitrile(tricarbonyl)chromium(0) was purchased from Acros or Aldrich

and used as received. All other chemicals and solvents were purchased (Aldrich or
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Strem) and used as received.

Silica gel (230-400 mesh) was heated under vacﬁum in a 200 °C sand bath for 12
hours. Flash chromatography was performed with this silica gel under an inert
atmosphere.

1B NMR spectra were recorded on a Varian Unity/Inova 600 spectrometer at
ambient temperature. 'H NMR spectra were recorded on a Varian Unity/Inova 300 or
Varian Unity/Inova 600 spectrometer. '*C NMR spectra were recorded on a Varian
Unity/Inova 300 or Varian Unity/Inova 500 spectrometer. COSY and HETCOR NMR
spectroscopy was performed on a Varian Unity/Inova 300 spectrometer. ''B NMR
spectra were externally referenced to BF3;*Et;O (8 0).

IR spectra were recorded on a Nicolet Magna 550 FT-IR instrument with
OMNIC software. UV-Vis spectra were recorded on an Agilent 8453 spectrometer with
ChemStation software. Fluorescence spectra were recorded on a Horiba Jobin-Yvon
Fluoromax 4 fluorometer.

High-resolution mass spectroscopy data were obtained at the Mass Spectroscopy
Facilities and Services Core of the Environmental Health Sciences Center at Oregon State
University. Financial support for this facility has been furnished in part by the National

Institute of Environmental Health Sciences, NIH (P30 ES00210).

C.2.2. Supplemental information for Chapter 1V, section 4.3
Synthesis of Compound 4. 1,2-Azaborine 3 (0.500 g, 2.20 mmol) and Et,0 (20
mL) were combined in a flask and cooled to ~10 °C, whereupon

phenylethylnylmagnesium bromide (0.7 M in THF; 3.45 mL, 2.42 mmol) was added
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dropwise with stirring. The flask was allowed to warm to rt, whereupon approximately
one-half of the solvent was removed under reduced pressure. Solids were filtered, and the
remaining solvents were removed under reduced pressure. Column chromatography
(Et,O/pentane) yielded 4 as a white, crystalline solid (0.490 g, 76%).

"H NMR (300 MHz, CH,CL,): 8 7.60 (dd, *Juu = 11.2, 5.6 Hz, 1H), 7.51 (m, 2H),
7.35 (m, 4H), 6.90 (d, *Juy = 11.1 Hz, 1H), 6.40 (app t, *Juu = 6.4 Hz, 1H), 0.95 (s, 9H),
0.63 (s, 6H). °C NMR (75 MHz, CD,Cl,): 8 144.0, 139.3, 134 (br), 132.6, 131.9, 128.9,
128.8, 124.7, 112.8,27.0, 19.6, -1.9. "B NMR (192.5 MHz, CD,Cl,): $29.3. FTIR (thin
film) 3065, 3031, 2956, 2929, 2884, 2858, 2175, 1602, 1504, 1490, 1470, 1452, 1391,
1363, 1274, 1253, 1194, 1126, 1070, 1017, 987, 938, 913, 843, 822, 786, 710, 690, 626
cm™'. HRMS (EI) caled for CisH,,BNSi (M") 293.17711, found 293.17778.

Compound 5. A vial was charged with a solution of 4 (0.500 g, 1.70 mmol in 30
mlL THF) and (MeCN);Cr(CO); (0.663 g, 2.56 mmol) and stirred at rt for 1 h. Solvents
were removed and column chromatography was performed (CH,Cly/pentane) which
provided 5 as a red, crystalline solid (0.667 g, 91%).

'H NMR (300 MHz, CH,Cl,): & 7.52 (m, 2H), 7.37 (m, 3H), 6.03 (dd, *Jun = 7.9,
5.2 Hz, 2H), 5.23 (app t, *Jiuu = 5.8 Hz, 1H), 4.74 (d, *Jus = 9.7 Hz, 1H), 1.00 (s, 9H), 0.73
(s, 3H), 0.46 (s, 3H). *C NMR (75 MHz, CD,CL,): § 230.6, 132.1, 129.5, 129.0, 123.6,

108.4, 103.8, 88 (br), 83.4,27.1,20.2,-1.1, -3.8. ''B NMR (96.3 MHz, CD,Cl,): 8 14.3.

FTIR (CH,CLy) 1971, 1902, 1879 cm™'. HRMS (EI) caled for Cy HysBNSiCrO; (M)

429.10237, found 429.10066.

Compound 6. A vial was charged with a solution of 5 (0.667 g, 1.55 mmol in 10
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mL THF) and cooled to —20 °C. A solution of HF-pyridine (0.5 M in THF; 3.1 mL, 1.55
mmol) was added dropwise. The reaction was allowed to warm to rt and stirred for 10
min. Solvents were removed and column chromatography was performed
(CH,Cly/pentane) which provided 6 as an orange-red solid (0.416 g, 85%).

'H NMR (300 MHz, CH,Cl,): & 7.52 (m, 2H), 7.34 (m, 3H), 6.15 (app t, *Jim = 5.3
Hz, 2H), 5.91 (dd, *Jun = 8.6, 6.2 Hz, 1H), 5.34 (br, 1H), 5.26 (dd, *Ju = 7.2, 5.0 Hz, 1H),
4.76 (d, *Juyg = 5.5 Hz). *C NMR (75 MHz, CD,Cl,): 8 230.0, 132.6, 129.7, 129.0, 122.9,

107.9, 98.6, 86 (br), 82.1. "B NMR (192.5 MHz, CD,CL): & 11.7. FTIR (CH,CL) 3361,

2185, 1976, 1906, 1880 cm™'. HRMS (EI) calcd for CsH;oBNCrO; (M") 315.01589,
found 315.01578.

Synthesis of BN tolan 1. Complex 6 (0.383 g, 1.22 mmol) and MeCN (10 mL)
were combined in a vial and stirred at rt for 12 h. Approximately two-thirds of the solvent
was removed under reduced pressure. Column chromatography (CH,Cl,/pentane)
provided BN tolan 1 as a white, crystalline solid (0.198 g, 91%).

'H NMR (300 MHz, CH,Cl,): & 8.44 (br, 1H), 7.76 (dd, *Jun = 10.8, 6.7 Hz, 1H),
7.59 (m, 2H), 7.40 (m, 3H), 7.00 (d, *Jun = 11.1 Hz, 1H), 6.44 (app t, *Jun = 6.5 Hz, 1H).
BC NMR (125.8 MHz, CD,CL): 8 145.1, 134.9, 132.4, 132 (br), 129.0, 124.1, 111.9,
104.8, 84 (br). "B NMR (192.5 MHz, CD,CL,): 8 25.8. FTIR (thin film) 3380, 3140,
3075, 3049, 3027, 2178, 1606, 1538, 1487, 1460, 1440, 1421, 1349, 1265, 1235, 1213,
1191, 1126, 1108, 1080, 995, 842, 793, 760, 733, 692, 681 cm ™. HRMS (EI) calcd for
C1oH;0BN (M") 179.09063, found 179.09122.

Compound 8. Ethylmagnesium bromide (1M in THF; 1.96 mL, 1.96 mmol) and
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ethynylmagnesium bromide (0.5M in THF; 3.91 mL, 1.96 mmol) were combined in a vial
and stirred at rt for 30 minutes during which time significant gas evolution was observed.
The reaction was stirred an additional 12 h, then added to a solution of 3 (0.890 g, 3.91
mmol in 10 mL. THF) with stirring at rt. The reaction was stirred an additional 48 h, at
which point the solvent was removed. Column chromatography (CH,Cly/pentane) yielded
8 as a light-yellow solid (0.732 g, 91%).

TH NMR (300 MHz, CH,CL,): 8 7.58 (dd, *Jun = 11.0, 6.1 Hz, 1H), 7.28 (d, *Ji =
6.3 Hz, 1H), 6.82 (d, *Juy = 11.2 Hz, 1H), 6.38 (app t, *Juu = 6.3, 6.1 Hz, 1H). “C NMR
(75 MHz, CD,CL): 8 143.7, 139.3, 122 (br), 112.5, 27.0, 19.6, -1.8. "B NMR (192.5
MHz, CD,Cl,): 6 28.7. FTIR (thin film) 3007, 2927, 2882, 2857, 1875, 1600, 1503, 1467,
1450, 1389, 1364, 1270, 1257, 1216, 1173, 1153, 1097, 989, 938, 842, 822, 810, 739, 705,
694, 634 cm™ . HRMS (EI) calcd for C;,H;3B,N,Si, (M") 408.27597, found 408.27775.

Compound 10. To a stirred solution of 8 (0.732 g, 1.79 mmol in 18 mL THF) was
added (MeCN)3;Cr(CO); (0.976 g, 3.76 mmol). The reaction was stirred at rt for 1 h, then
solvents were removed and column chromatography (CH,Cl,/pentane) was performed to
give a mixture of 9 and 10. The mixture was taken up in THF (15 mL) and
(MeCN);Cr(CO); (0.300 g, 1.16 mmol) was added. The reaction was stirred at rt for 1 h.
Solvents were removed and the crude material was subjected to column chromatograpy
(CH,Cly/pentane) which provided 10 as an orange-red, crystalline solid (0.365 g, 30%).

'H NMR (300 MHz, CH,CL): 8 5.9-6.0 (m, 2H), 5.19 (app t, *Ji = 6.1 Hz, 1H),
4.61 (d, *Jux = 6.2 Hz, 1H). *C NMR (75 MHz, CD,Cl,): 8 230.3, 108.0, 103.5, 83.3,

27.2,-0.8,-3.9. "B NMR (192.5 MHz, CD,CL): & 13.6. FTIR (CH,Cl) 1971, 1899 (br)
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Compound 11. A solution of complex 10 (0.228 g, 0.335 mmol in 15 mL) was
cooled to —20 °C, whereupon HF-pyridine (0.5 M in THF; 1.34 mL, 0.67 mmol) was
added dropwise. The reaction was kept at —20 °C for 30 min., then allowed to warm to rt.
Solvents were removed to provide a crude mixture which was used directly in the
preparation of 2.

Synthesis of BN tolan 2. The crude material containing complex 11 was
combined in a vial with MeCN (5 mL) and stirred at rt for 10 min. Solvents were
removed, whereupon column chromatograpy (Et,O/pentane) gave 2 as a white, crystalline
solid (0.028 g, 46.5% from 10).

'H NMR (300 MHz, CH,Cl,): & 8.43 (br, 1H), 7.71 (dd, *Jun = 10.8, 6.6 Hz, 1H),
7.36 (app t, *Jun = 7.2 Hz, 1H), 6.89 (d, *Jun = 11.1 Hz, 1H), 6.40 (app t, *Jun = 6.5 Hz).
BCNMR (125.8 MHz, CD,Cly): 8 145.1, 134.8, 131 (br), 111.8. "B NMR (192.5 MHz,

CD,Cl): 8 25.4. FTIR (CH,Cl,) 3370, 3091, 3053, 3031, 2978, 1611, 1532, 1464, 1420,
1352, 1223, 1202, 1151, 1082, 998, 852, 740, 677 cm™'. HRMS (EI) caled for CyoH;oBN,

(M") 180.10301, found 180.10330.
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X-ray Crystal Structure Determination. Crystals of 1 suitable for X-ray
diffraction were obtained by evaporation of a solution of 1 in Et;O.
Diffraction intensity data were collected with a Bruker Smart Apex CCD diffractometer at
173(2) K using MoK e - radiation (0.71073 A). The structure was solved using direct
methods, completed by subsequent difference Fourier syntheses. and refined by full matrix
least-squares procedures on F2. All non-H atoms were refined with anisotropic thermal
parameters. H atoms were found on the residual density map and refined with isotropic
thermal parameters. The Flack parameter is 0.00(8). All software and sources scattering
factors are contained in the SHELXTL (6.10) program package (G.Sheldrick, Bruker
XRD, Madison, WI). Crystallographic data and some details of data collection and crystal

structure refinement for C1oH BN are given in the following tables.

Table 1. Crystal data and structure refinement for liu72.

Identification code liu72
Empirical formula CpHioBN



Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00c0
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(l}]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

179.02

173(2) K
0.71073 =
Orthorhombic
Fdd2

a=23.388(11) A o= 90°.
b=31.934(15)A ~  p=90°.
c=5.4233) A ¥ =90°.

4051(3) A3

16

1.174 Mg/m3

0.067 mm-1

1504

0.21 x 0.12 x 0.02 mm3
2.16 to 25.00°.

-27<=h<=27, -37<=k<=37, -6<=1<=6

8757

1791 [R(int) = 0.0942]

100.0 %

Semi-empirical from equivalents
0.9987 and 0.9860

Full-matrix least-squares on F2
1791/1/167

1.034

R1=0.0571, wR2 =0.1043
R1=0.0946, wR2 =0.1198
0(6)

0.143 and -0.161 e.~-3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 10%)

for liu72. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
N(D 601(1) 1001(D) 4838(6) 41(1)
B(1) 1222) 917(1) 3334(3) 33(1)
c) 1013(2) 1296(1) 4348(3) 42(1)



CQR) 974(2) 1525(1) 2256(7) 40(1)
Cc@3) 514(2) 1462(1) 595(8) 42(1)
C4) 95(2) 1173(1) 1045(7) 41(1)
C(5) -319(1) 596(1) 4301(7) 37(1)
C(6) -665(1) 352(1) 5158(7) 36(1)
c(7) -1077(1) 65(1) 6161(6) 33(1)
C(®) -965(2) -154(1) 8367(7) 40(1)
C9) -1367(2) -438(1) 9266(8) 49(1)
C(10) -1877(2) -502(1) 8034(9) 55(1)
c(11) -1999(2) -280(1) 5913(9) 49(1)
c(12) -1601(2) o(1) 4952(7) 41(1)
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Table 3. Bond lengths [A] and angles [°] for liu72.

N(1)-C(1) 1.380(4)
N(1)-B(1) 1.427(5)
N(1-H(IN) 0.92(5)
B(1)-C(4) 1.488(5)
B(1)-C(5) 1.545(5)
C(1)-C(2) 1.352(5)
C(1)-H(1) 1.04(4)
C(2)-C(3) 1.417(5)
C(2)-H(2) 0.95(3)
C(3)-C(4) 1.368(5)
C(3)-H3) 0.91(3)
C(4)-H(4) 0.93(3)
C(5)-C(6) 1.216(4)
C(6)-C(7) 1.436(5)
C(7)-C(12) 1.406(5)
C(7)-C(8) 1.410(5)
C(8)-C(9) 1.395(5)
C(8)-H(8) 0.95(5)
C(9)-C(10) 1.383(6)
C(9)-H(9) 0.96(4)
C(10)-C(11) 1.381(6)
C(10)-H(10) 0.96(4)
C(11)-C(12) 1.391(5)
C(11)-H(11) 0.99(4)
C(12)-H(12) 0.94(3)
C(1)-N(1)-B(1) 123.5(3)
C(1)-N(1)-H(IN) 1203)
B(1)-N(1)-H(IN) 116(3)
N(1)-B(1)-C(4) 114.9(3)
N(1)-B(1)-C(5) 116.6(3)
C4)-B(1)-C(5) 128.3(3)
C(2)-C(1)-N(1) 120.0(4)
C(2)-C(1)-H(1) 130(2)
N(1)-C(1)-H(1) 110(2)
C(1)-C(2)-C(3) 120.5(3)
C(1)-C(2)-H(2) 115(2)

C(3)-C(2)-H(2) 125(2)



C#)-C(3)-C(2) 121.7(4)
C(4)-C(3)-H(3) 118.8(19)
C(2)-C(3)-H(3) 119.4(19)
C(3)-C(4)-B(1) 119.4(4)
C(3)-C(4)-H(4) 121(2)
B(1)-C(4)-H(4) 12002)
C(6)-C(5)-B(1) 177.2(4)
C(5)-C(6)-C(7) 179.7(4)
C(12)-C(7)-C(8) 119.0(3)
C(12)-C(7)-C(6) 120.1(3)
C(8)-C(7)-C(6) 120.9(3)
C(9)-C(8)-C(7) 119.6(4)
C(9)-C(8)-H(8) 117(3)
C(7)-C(8)-H(8) 123(3)
C(10)-C(9)-C(8) 120.6(4)
C(10)-C(9)-H(9) 123(2)
C(8)-C(9)-H(9) 116(2)
C(11)-C(10)-C(9) 120.2(4)
C(11)-C(10)-H(10) 119(3)
C(9)-C(10)-H(10) 120(3)
C(10)-C(11)-C(12) 120.3(4)
C(10)-C(11)-H(11) 124(2)
C(12)-C(11)-H(11) 115(2)
C(11)-C(12)-C(7) 120.2(4)
C(11)-C(12)-H(12) 124(2)
C(7)-C(12)-H(12) 116(2)
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Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters (A2x 10%)for liu72. The anisotropic
displacement factor exponent takes the form: -2?[ h2a*2Ull + . +2hk a* b* U2 ]

Ull U22 U33 U23 U13 U12
N 49(2) 30(2) 43(2) 8(2) -6(2) 72)
B(1) 32(2) 19Q2) 47(2) 2(2) 1) 4(2)
c) 47(3) 34(2) 46(3) 402) 202) -13(2)
CcQ2) 42(2) 26(2) 52(2) 2(2) 6(2) -5(2)
oE)) 46(2) 35(2) 45(3) 11Q2) 3(2) 4(2)
C@) 37(2) 36(2) 48(3) 1Q2) -3(2) 0(2)
C(5) 36(2) 27(2) 48(2) 0(2) -1Q2) 6(2)
C(6) 41(2) 25(2) 43(2) 202) 202) 6(2)
c(7) 39(2) 19(2) 41(2) -6(2) 4(2) 1(1)
C@®) 55(3) 21Q2) 44(2) -6(2) 50) 702)
C©) 773) 28(2) 42(3) 42) 192) 3(2)
C(10) 57(3) 35(2) 73(3) -6(2) 27(3) 7(2)
c(11) 43(2) 36(2) 66(3) 702) 8(2) -11(2)
c(12) 46(2) 28(2) 49(3) -5(2) 72) 32)

Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10%)
for liu72.

X y z Uleq)

H(IN) 625(18) 847(13) 6320(90) 95(17)
H(1) 1305(18) 1315(12) 5800(80) 86(14)
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H(2) 1276(13) 1720(9) 2020(60) 38(9)
H(3) 510(12) 1603(9) -870(60) 27(9)
H4) -198(13) 1130(9) -80(70) 37(10)
H(8) -627(19) -114(13) 9310(90) 86(16)
H©) -1282(15) -564(11) 10830(80) 53(11)
H(10) -2172(17) -674(12) 8760(80) 74(14)
H(11D) -2353(14) -314(10) 4930(80) 51(11)
H(12) -1658(13) 156(9) 3510(70) 39(10)
Table 6. Torsion angles [°] for liu72.

C(1)-N(1)-B(1)-C(4) 0.2(5)
C(1)-N(1)-B(1)-C(5) -176.1(3)
B(1)-N(1)-C(1)-C(2) 0.1(5)
N(1D-C(1)-C(2)-C(3) -0.4(5)
C(D)-C(2)-C(3)-C4) 0.3(6)
C(2)-C(3)-C(4)-B(1) 0.0(5)
N(1)-B(1)-C(4)-C(3) -0.2(5)
C(5)-B(1)-C(4)-C(3) 175.6(4)
N(1)-B(1)-C(5)-C(6) 47(7)
C(4)-B(1)-C(5)-C(6) -129(7)
B(1)-C(5)-C(6)-C(7) 120(100)
C(5)-C(6)-C(7)-C(12) 6(92)
C(5)-C(6)-C(7)-C(8) -173(100)
C(12)-C(N)-C(8)-C(9) 1.94)
C(6)-C(71)-C(8)-C(9) -178.5(3)
C(N-C(8)-C(9)-C(10) -1.0(5)
C(8)-C(9)-C(10)-C(11) -1.0(6)
C(9)-C(10)-C(11)-C(12) 2.1(6)
C(10)-C(11)-C(12)-C(7) -1.2(5)
C(8)-C(7)-C(12)-C(11) -0.8(5)
C(6)-C(7)-C(12)-C(11) 179.6(3)

Symmetry transformations used to generate equivalent atoms:
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Figure 2. ORTEP illustration of 8, with thermal ellipsoids drawn at the 35% probability level. Hydrogen
atoms have been omitted for clarity.

X-ray Crystal Structure Determination. Crystals of 8 suitable for X-ray
diffraction were obtained by evaporation of a solution ot 8 in Et,O.
Diffraction intensity data were collected with a Bruker Smart Apex CCD diffractometer at
173(2) K using MoK ¢ - radiation (0.71073 A). The structure was solved using direct
methods. completed by subsequent difference Fourier syntheses. and refined by tull matrix
least-squares procedures on F*. All non-H atoms were refined with anisotropic thermal
parameters. H atoms were found on the residual density map and refined with isotropic
twaie aid sources scaliering
tactors are contained in the SHELXTL (6.10) program package (G.Sheldrick, Bruker

XRD, Madison. WI). Crystallographic data and some details of data collection and crystal
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structure refinement for C»H33B,N,Si, are given in the following tables.

Table 7. Crystal data and structure refinement for 8 (liu49).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

liud9

C»nHy; B, N, Siy

408 34

173(2) K

071073 A

Monoclinic

P2(1)/n

a=113135(12) A o= 90°.
b=83715(9) A B= 101.892(2)°.
c=13.7353(14) A v =90°.
1273.0(2) A3

2

1.065 Mg/m3

0.149 mm-1

444

0.19 x 0.12 x 0.05 mm3

2.13 to 27.00°.

-14<=h<=14, -10<=k<=10, -17<=l<=17
13631

2780 [R(int) = 0.0429]

999 %

Semi-empirical from equivalents
0.9926 and 0.9722

Full-matrix least-squares on F2
2780/0/203

1.074

R1 =0.0520, wR2 = 0.1194
R1=00712, wR2 = 0.1301

0.340 and -0.165 e¢.A-3
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Table 8. Atomic coordinates ( X 10*) and equivalent isotropic displacement parameters (A2x 10%)
for liu49. U(eq) is defined as one third of the trace of the orthogonalized U¥ tensor.

X y z U(eq)
Si(1) 7763(1) 2417(1) 5157(1) 27(1)
N(1) 6997(1) 2347(2) 6184(1) 26(1)
B(1) 5893(2) 1485(3) 6194(2) 26(1)
C) 5284(2) 4372) 5312(1) 28(1)
C®2) 5356(2) 1622(3) 7109(1) 32(1)
C@3) 5916(2) 2529(3) 7882(2) 39(1)
C@) 6994(2) 3330(3) 7833(2) 47(1)
C(5) 7489(2) 3234(3) 7019(2) 40(1)
C(6) 7796(3) 419(3) 4574(2) 39(1)
C 9363(2) 2986(4) 5673(2) 47(1)
C(8) 7014(2) 3968(3) 4241(2) 35(1)
CH 5686(3) 3583(4) 3828(2) 56(1)
C(10) 7683(3) 4052(4) 3377(2) 54(1)
cn 7109(3) 5618(3) 4743(2) 55(1)

Table 9. Bond lengths [A] and angles [°] for liu49.

Si(1)-N(1) 1.8010(16)
Si(1)-C(6) 1.858(2)
Si(1)-C(7) 1.865(3)
Si(1)-C(8) 1.884(2)
N(1)-C(5) 1.384(3)
N(1)-B(1) 1.445(3)
B(1)-C(2) 1.508(3)
B(1)-C(1) 1.539(3)
C(H)-C(#1 1.206(4)
C(2)-C(3) 1.352(3)
C(2)-H(2) 0.97(2)
C(3)-C4) 1.405(3)
C(3)-H(3) 0.93(2)
C@)-C(5) 1.352(3)
C#)-H#4) 0.93(3)
C(5)-H(5) 0.98(2)
C(6)-H(6A) 092(4)
C(6)-H(6B) 0.92(3)
C(6)-H(6C) 0.95(3)
C(7)-H(7A) 0.99(3)
C(7)-H(7B) 0.90(3)
C(7)-H(7C) 0.94(4)
C(8)-C9) 1.527(3)
C(8)-C(10) 1.536(3)
C(8)-C(11) 1.537(3)
C(9)-H(%A) 0.98(3)
C(9)-H(9B) 0.99(3)
C(9)-H(5C) 0.92(3)
C(10)-H(10A) 1.04(3)
C(10)-H(10B) 0.98(3)
C(10)-H(10C) 0.98(3)

C(11)-H(11A) 0.96(3)



C(11)-H(11B)
C(11)-HQ1C)

N(1)-Si(1)-C(6)
N(1)-Si(1)-C(7)
C(6)-Si(1)-C(7)
N(1)-Si(1)-C(8)
C(6)-Si(1)-C(8)
C)-Si(1)-C(8)
C(5)-N(1)-B(1)
C(5)-N(1)-Si(1)
B(1)-N(1)-Si(1)
N(1)-B(1)-C(2)
N(1)-B(1)-C(1)
C)-B(1)-C(1)
C(L)#1-C(1)-B(1)
C(3)-C(2)-B(1)
C(3)-C(2)-H(2)
B(1)-C(2)-H(2)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4)
C(3)-C(4)-H4)
C(4)-C(5)-N(1)
C(4)-C(5)-H(5)
N(1)-C(5)-H(5)
Si(1)-C(6)-H(6A)
Si(1)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
Si(1)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
Si(1)-C(7)-H(7A)
Si(1)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
Si(1)-C(7)-H(7C)
H(7A)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(9)-C(8)-C(10)
C(9)-C(8)-C(11)
C(10)-C(8)-C(11)
C(9)-C(8)-Si(1)
C(10)-C(8)-Si(1)
C(11)-C(8)-Si(1)
C(8)-C(9)-H(9A)
C(8)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(8)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(8)-C(10)-H(10A)

0.98(3)
0.95(3)

111.34(10)
107.24(10)
106.84(14)
108.84(9)
112.24(11)
110.21(12)
117.42(16)
117.09(13)
125.46(13)
117.90(18)
121.65(16)
120.45(17)
172.5(2)
119.53(19)
120.1(13)
120.3(13)
120.12)
122.2(15)
117.6(15)
121.5(2)
117.8(17)
120.7(17)
123.6(2)
120.4(13)
116.0(13)
112(2)
113(2)
112(3)
107.5(16)
100(3)
1122)
109.5(16)
115.7(19)
106(2)
109(2)
106(3)
109(3)
109.1(2)
109.2(2)
107.8(2)
112.04(16)
108.81(17)
109.85(17)
112.7(17)
110.9(17)
1092)
111.4(18)
107(2)
105(2)
108.7(17)
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C(8)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(8)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(8)-C(11)-H(11A)
C(8)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(®)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)

110.7(17)
106(2)
115.0(17)
104(2)
112(2)
111.419)
110(2)
107(3)
108.1(19)
106(3)
114(3)
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Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y,-2+1

Table 10. Anisotropic displacement parameters (A2x 103)for liu49. The anisotropic
displacement factor exponent takes the form: -2p?[ h%a*2U!! + ...+ 2 hk a* b* U!2]

pi U 33 Uz yB yl2
Si(1) 27(1) 33(1) 24(1) -1(D) 9(1) -4(1)
N(1) 30(1) 29(1) 20(1) -2(1) 6(1) -5(1)
B(l) 29(1) 26(1) 21(1) 3D 41) -2(1)
CD 28(1) 34(1) 24(1) 1(1) 9(1) -5(D)
C(2) 34(1) 37(1) 27(1) 1(1) 10(1) -5(D)
C@3) 52(1) 45(1) 24(1) -5(1) 16(1) -6(1)
Cc@) 61(2) 54(2) 28(1) -17(1) 14(1) -22(1)
C(5) 45(1) 44(1) 31(1) -10(1) 11(1) -19(1)
C(6) 45(1) 40(1) 38(1) -5(1) 20(1) A1)
C(7 32(1) 67(2) 43(1) -6(1) 10(1) -8(1)
C(8) 37(1) 39(1) 30(1) 6(1) 12(1) -1(1)
C@©) 44(2) 65(2) 54(2) 27(2) 2(D) -3(D)
C(10) 69(2) 60(2) 39(1) 12(1) 25(1) -4(2)
can 71(2) 40(2) 57(2) 5(1) 17(2) 7(1)

Table 11. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10°) for liu49.

X y z U(eq)
H(®2) 4600(20) 1080(30) 7138(16) 40(6)
H(3) 5590(20) 2700(30) 8440(18) 41(6)
H4) 7400(20) 3930(30) 8370(20) 68(8)
H() 8260(20) 3770(30) 7007(16) 35(6)
H(6A) 8170(30) -330(50) 5020(30) 110(13)
H(6B) 7050(30) 90(40) 4240(20) 82(10)
H(6C) 8350(20) 470(30) 4140(20) 58(8)
H(7A) 9710(20) 2250(30) 6220(20) 62(8)
H(7B) 9480(30) 3990(40) 5920(20) 66(9)
H(7C) 9820(30) 2850(40) 5180(30) 89(11)
H(9A) 5200(30) 3560(40) 4350(20) 69(9)
H(9B) 5330(30) 4360(30) 3310(20) 66(8)
H(9C) 5600(30) 2600(30) 3510020) 55(8)
H(10A) 7290(30) 4940(40) 2890(20) T77(9)
H(10B) 7590(30) 3050(40) 3000(20) 68(9)
H(10C) 8530(30) 4380(30) 3560(20) 67(9)
H(11A) 6710(30) 6420(40) 4300(20) 80(10)
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H(11B) 7960(30) 5930(40) 4940(20) 85(11)
H(11C) 6690(30) 5570(40) 5270(20) 77(10)
Table 12. Torsion angles [°] for liu49.

C(6)-Si(1)-N(1)-C(5) 139.95(18)
C(D)-Si(1)-N(D-C(5) 23.4(2)
C(8)-Si(1)-N(1)-C(5) -95.81(18)
C(6)-Si(1)-N(D)-B(1) -42.3(2)
C(D)-Si(1)-N(D-B(1) -158.80(18)
C(8)-Si(1)-N(1)-B(1) 81.98(17)
C(5)-N(D-B(1)-C(2) 0.3(3)
Si(1)-N(1)-B(1)-C(2) -177.52(14)
C(5)-N(D-B(1)-C(1) -178.83(19)
Si(D)-N(D)-B(1)-C(1) 3.4(03)
N(1)-B(1)-C(1)-C(1)#1 174(2)
C(2)-B(1)-C(D)-C(1)#1 -5(2)
N(1)-B(1)-C(2)-C(3) -0.1(3)
C(1)-B(1)-C(2)-C(3) 179.0(2)
B(1)-C(2)-C(3)-C(4) -0.3(3)
C(2)-C(3)-C(@)-C(5) 0.7(4
C(3)-C4)-C(5)-N(1) -064)
B(1)-N(1)-C(5)-C(4) 0.1(3)
Si(1)-N(1)-C(5)-C(4) 178.1(2)
N(1)-Si(1)-C(8)-C(9) -60.5(2)
C(6)-Si(1)-C(8)-C(9) 63.2(2)
C(D)-Si(1)-C(8)-C(9) -177.8(2)
N(1)-Si(1)-C(8)-C(10) 178.84(17)
C(6)-Si(1)-C(8)-C(10) -57.5(2)
C(N)-Si(1)-C(8)-C(10) 61.5(2)
N(D-Si(1)-C(8)-C(11) 61.1(2)
C(6)-Si(1)-C(8)-C(11) -175.23(18)
C(N)-Si(1)-C(8)-C(11) -56.3(2)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,y,z+1
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Figure 3. ORTEP illustration of 10, with thermal ellipsoids drawn at the 35% probability level. Hydrogen
atoms have been omitted for clarity.

X-ray Crystal Structure Determination. Crystals of 10 suitable for X-ray
ditfraction were obtained by evaporation of a solution of 10 in Et;O.
Diffraction intensity data were collected with a Bruker Smart Apex CCD ditfractometer at
173(2) K using MoK ¢ - radiation (0.71073 A). The structure was solved using direct
methods, completed by subsequent difference Fourier syntheses. and refined by full matrix
least-squares procedures on F. All non-H atoms were refined with anisotropic thermal
parameters. H atoms were found on the residual density map and refined with isotropic
therinal paraincwas. Tue 1iack parameter is 0.00(8). All software and sources scattering
factors are contained in the SHELXTL (6.10) program package (G.Sheldrick. Bruker

XRD. Madison. WI). Crystallographic data and some details of data collection and crystal



structure refinement for C,3H33B,N,O¢Si; are given in the following tables.

Table 13. Crystal data and structure refinement for 10 (lin50).
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Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

liu50

Cs Hy B, Cr, N, O Siy
680.40

1732) K

071073 A
Orthorhombic

Pbca

a=12.8679(12) A a=90°.
b=20.821(2) A B=90°.
c=25.082(2) A v =90°.

6719.9(11) A3

8

1.345 Mg/m3

0.759 mm-1

2832

0.12 x 0.04 x 0.02 mm3
1.62 to 25.00°.

-15<=h<=15, -24<=k<=24, -29<=[<=29

52442

5928 [R(int) = 0.1524]

100.0 %

Semi-empirical from equivalents
0.9850 and 0.9145

Full-matrix least-squares on F2
5928 /0/379

1.031

R1=0.0610,wR2 =0.1073
R1=0.1086, wR2 = 0.1262
0.412 and -0.367 e.A-3
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Table 14. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A%x 10%)
for 1iu50. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
Cr(1) 6961(1) 1763(1) 6635(1) 23(D)
Cr(2) 7037(1) 419(1) 3540(1) 23(1)
Si(1) 8380(1) 331(1) 6166(1) 24(1)
Si(2) 7451(1) 2074(1) 3982(1) 26(1)
o) 7840(3) 2564(2) 5746(1) 49(1)
02) 6167(3) 2944(2) 7181(1) 48(1)
03 8953(3) 2022(2) 7214(1) 45(1)
01())] 8613(3) -12(2) 4340(1) 40(1)
016))] 7081(3) -902(2) 3071(1) 44(1)
O(6) 8790(3) 692(2) 2788(1) 52(1)
N(1) 7186(3) 765(2) 6348(1) 20(1)
N(?2) 6620(3) 1372(2) 3864(1) 21(1)
B() 6447(4) 1050(2) 5962(2) 21(1)
B(2) 6272(4) 914(3) 4277(2) 22(1)
C 7495(4) 2256(2) 6080(2) 30(1)
C2) 6474(4) 2492(3) 6967(2) 32(1)
C(3) 8195(4) 1906(2) 6991(2) 30(1)
C@) 7995(4) 159(2) 4033(2) 25(1)
&) 7051(4) -388(3) 3249(2) 31(1)
C(6) 8108(4) 610(2) 3081(2) 32(1)
C 6951(4) 781(2) 6894(2) 24(1)
C(8) 6058(4) 1060(2) 7095(2) 26(1)
C© 5366(4) 1390(2) 6755(2) 26(1)
CcQ10) 5538(4) 1402(2) 6209(2) 26(1)
can 8959(4) 726(2) 5578(2) 28(1)
C12) 9298(4) 396(3) 6740(2) 40(1)
C(13) 8010(4) -529(2) 6053(2) 30(1)
Cc14 7231(4) -597(2) 5589(2) 38(1)
C(@15) 8994(4) -911(3) 5909(2) 47(2)
C(6) 7518(4) -818(2) 6555(2) 43(1)
c(a7 6568(3) 1008(2) 5357(2) 23(1)
C(18) . 6510(3) 995(2) 4875(2) 21(1)
Cc@19) 6253(4) 1303(2) 3343(2) 27(1)
CQ0) 5583(4) 814(2) 3194(2) 30(1)
Cc2n 5316(4) 320(2) 3554(2) 31(1)
C(22) 5645(3) 351(2) 4082(2) 26(1)
C(23) 8432(4) 1878(2) 4498(2) 33(1)
C(24) 8145(4) 2265(3) 3354(2) 45(2)
C(25) 6561(4) 2748(2) 4174(2) 36(1)
C(26) 5838(4) 2571(3) 4637(2) 50(2)
c27 7243(5) 3321(3) 4344(2) 60(2)

C(28) 5895(5) 2951(3) 3693(2) 65(2)
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Table 15. Bond lengths [A] and angles [°] for 1iu50.

Cr(1)-C2) 1.841(5)
Cr(1)-C(3) 1.846(5)
Cr(1)-C(1) 1.859(5)
Cr(1)-C(7) 2.145(4)
Cr(1)-C(8) 2.196(5)
Cr(1)-C(9) 2.215(5)
Cr(1)-N(1) 2217(4)
Cr(1)-C(10) 2.249(5)
Cr(1)-B(1) 2.341(5)
Cr(2)-C(4) 1.828(5)
Cr(2)-C(5) 1.831(5)
Cr(2)-C(6) 1.840(5)
Cr(2)-C(19) 2.156(5)
Cr(2)-N(2) 2211(4)
Cr(2)-C(20) 2.221(5)
Cr(2)-C(21) 2.225(5)
Cr(2)-C(22) 2.253(4)
Cr(2)-B(2) 2.334(5)
Si(1)-N(1) 1.840(4)
Si(1)-C(11) 1.846(5)
Si(1)-C(12) 1.866(5)
Si(1)-C(13) 1.875(5)
Si(2)-N(2) 1.834(4)
Si(2)-C(23) 1.853(5)
Si(2)-C(24) 1.854(5)
Si(2)-C(25) 1.875(5)
O(1)-C(1) 1.146(5)
0(2)-C(2) 1.153(5)
0(3)-C(3) 1.151(5)
0(4)-C(4) 1.163(5)
0(5)-C(5) 1.161(5)
0(6)-C(6) 1.156(6)
N()-C(7) 1.402(5)
N(1)-B(1) 1.481(6)
N(2)-C(19) 1.397(5)
NQ2)-B(2) 1.477(6)
B(1)-C(10) 1.513(7)
B(1)-C(17) 1.529(7)
B(2)-C(22) 1.506(7)
B(2)-C(18) 1.540(7)
C(N-C(8) 1.382(6)
C(7)-H(7A) 1.0000

C(8)-C(9) 1.411(6)
C(8)-H(8A) 1.0000

C(9)-C(10) 1.387(6)
C(9)-H(9A) 1.0000

C(10)-H(10A) 1.0000

C(11)-H(11A) 0.9800

C(11)-H(11B) 0.9800

C(11)-H(11C) 0.9800

C(12)-H(12A) 0.9800

C(12)-H(12B) 0.9800



C(12)-H(12C)
C(13)-C(16)

C(13)-C(15)

C(13)-C(14)

C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-H(15A)
C(15)-H(15B)
C(15)-H(15C)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(17)-C(18)

C(19)-C(20)

C(19)-H(19A)
C(20)-C(21)

C(20)-H(20A)
C@1)-C(22)

C(21)-H(21A)
C(22)-H(22A)
C(23)-H(23A)
C(23)-H(23B)
C(23)-H(23C)
C(24)-H(24A)
C(24)-H(24B)
C(24)-H(24C)
C(25)-C(26)

C(25)-C(28)

C(25)-C(27)

C(26)-H(26A)
C(26)-H(26B)
C(26)-H(26C)
C(7)-H(27A)
C(27)-H(27B)
CQ7)-H(27C)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)

C(2)-Cr(1)-C(3)
C(2)-Cr(1)-C(1)
C(3)-Cr(1)-C(1)
C(2)-Cr(1)-C(7)
C(3)-Cr(1)-C(7)
C()-Cr(1)-C(7)
C@)-Cr(1)-C(8)
C(3)-Cr(1)-C(8)
C(1)-Cr(1)-C(8)
C(7)-Cr(1)-C(8)
C(2)-Cr(1)-C(9)
C(3)-Cr(1)-C(9)
C(1)-Cr(1)-C(9)

0.9800
1.533(6)
1.537(7)
1.542(7)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.211(6)
1.387(6)
1.0000
1.411(7)
1.0000
1.392(6)
1.0000
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.533(7)
1.539(7)
1.539(7)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

86.6(2)
90.5(2)
87.4(2)
130.25(19)
90.7(2)
139.02(19)
97.5(2)
107.95(19)
162.96(19)
37.12(17)
84.9(2)
141.96(19)
129.6(2)
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C(7)-Cr(1)-C9)
C(®)-Cr(1)-C(9)
C(2)-Cr(1)-N(1)
C3)-Cr(1)-N(1)
C(1)-Cr(1)-N(1)
C(7)-Cr(1)-N(1)
C(8)-Cr(1)-N(1)
C(9)-Cr(1)-N(1)
C(2)-Cr(1)-C(10)
C(3)-Cr(1)-C(10)
C(1)-Cr(1)-C(10)
C(7)-Cr(1)-C(10)
C(8)-Cr(1)-C(10)
C(9)-Cr(1)-C(10)
N(1)-Cr(1)-C(10)
C@2)-Cr(1)-B(1)
C(3)-Cr(1)-B(1)
C(1)-Cr(1)-B(1)
C(7)-Cr(1)-B(1)
C(8)-Cr(1)-B(1)
C(9)-Cr(1)-B(1)
N(1)-Cr(1)-B(1)
C(10)-Cr(1)-B(1)
C(4)-Cr(2)-C(5)
C(4)-Cr(2)-C(6)
C(5)-Cr(2)-C(6)
C(4)-Cr(2)-C(19)
C(5)-Cr(2)-C(19)
C(6)-Cr(2)-C(19)
C(4)-Cr(2)-N(2)
C(5)-Cr(2)-N(2)
C(6)-Cr(2)-N(2)
C(19)-Cr(2)-N(2)
C(4)-Cr(2)-C(20)
C(5)-Cr(2)-C(20)
C(6)-Cr(2)-C(20)
C(19)-Cr(2)-C(20)
N(2)-Cr(2)-C(20)
C(4)-Cr(2)-C(21)
C(5)-Cr(2)-C(21)
C(6)-Cr(2)-C(21)
C(19)-Cr(2)-C(21)
N(2)-Cr(2)-C(21)
C(20)-Cr(2)-C(21)
C(4)-Cr(2)-C(22)
C(5)-Cr(2)-C(22)
C(6)-Cr(2)-C(22)
C(19)-Cr(2)-C(22)
N(2)-Cr(2)-C(22)
C(20)-Cr(2)-C(22)
C(21)-Cr(2)-C(22)
C(4)-Cr(2)-B(2)
C(5)-Cr(2)-B(2)

67.61(18)
37.31(16)
164.44(18)
101.27(18)
103.12(17)
37.44(14)
67.36(15)
80.61(15)
102.3(2)
169.7(2)
97.51(19)
79.66(18)
66.16(17)
36.19(16)
68.88(15)
138.8(2)
133.9(2)
85.19(19)
67.20(17)
78.85(17)
67.31(18)
37.79(15)
38.42(17)
89.5(2)
88.9(2)
86.7(2)
136.30(19)
134.12)
91.3(2)
100.40(17)
166.47(19)
102.57(18)
37.29(14)
160.51(19)
101.1(2)
107.8(2)
36.90(17)
66.88(15)
129.37(19)
86.002)
140.9(2)
67.46(18)
80.55(16)
37.00(17)
96.32(18)
100.94(19)
170.7(2)
79.66(18)
69.03(15)
65.78(17)
36.23(16)
83.09(19)
136.4(2)
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C(6)-Cr(2)-B(2)
C(19)-Cr(2)-B(2)
N(2)-Cr(2)-B(2)
C(20)-Cr(2)-B(2)
C(21)-Cr(2)-B(2)
C(22)-Cr(2)-B(2)
N(1)-Si(1)-C(11)
N(1)-Si(1)-C(12)
C(11)-Si(1)-C(12)
N(1)-Si(1)-C(13)
C(11)-Si(1)-C(13)
C(12)-Si(1)-C(13)
N(2)-Si(2)-C(23)
N(2)-Si(2)-C(24)
C(23)-Si(2)-C(24)
N(2)-Si(2)-C(25)
C(23)-Si(2)-C(25)
C(24)-Si(2)-C(25)
C(7)-N(1)-B(1)
C(7)-N(1)-Si(1)
B(1)-N(1)-Si(1)
C(7)-N(1)-Cx(1)
B(1)-N(1)-Cr(1)
Si(1)-N(1)-Cr(1)
C(19)-N(2)-B(2)
C(19)-N(2)-Si(2)
B(2)-N(2)-Si(2)
C(19)-N(2)-Cr(2)
B(2)-N(2)-Cr(2)
Si(2)-N(2)-Cr(2)
N(1)-B(1)-C(10)
N(1)-B(1)-C(17)
C(10)-B(1)-C(17)
N(1)-B(1)-Cr(1)
C(10)-B(1)-Cr(1)
C(17)-B(1)-Cr(1)
N(2)-B(2)-C(22)
N(2)-B(2)-C(18)
C(22)-B(2)-C(18)
N(2)-B(2)-Cr(2)
C(22)-B(2)-Cr(2)
C(18)-B(2)-Cr(2)
O(1)-C(1)-Cr(1)
0(2)-C(2)-Cr(1)
0(3)-C(3)-Cr(1)
0(4)-C(4)-Cr(2)
0(5)-C(5)-Cr(2)
0(6)-C(6)-Cr(2)
C(8)-C(7)-N(1)
C(8)-C(7)-Cr(1)
N(D-C(7)-Cr(1)
C(8)-C(7)-H(7A)
N(1)-C(7)-H(7A)

135.7(2)
66.87(18)
37.81(15)
77.96(18)
66.98(18)
38.29(17)

108.45(19)

107.5(2)

109.2(2)

107.2(2)

114.002)

110.3(2)

109.5(2)

108.42)

108.2(2) -

106.4(2)

1137(2)

110.6(2)

119.3(4)

11573)

124.8(3)
68.5(2)
75.7(2)

130.55(19)

119.1(4)

115.43)

1253(3)
69.2(2)
75.6(2)

129.25(19)

115.0(4)

124.1(4)

120.8(4)
66.5(2)
67.5(3)

136.3(3)

115.9(4)

123.5(4)

120.6(4)
66.6(2)
679(3)

137.4(3)

178.6(5)

179.1(5)

177.1(4)

178.9(4)

178.4(5)

176.0(5)

123.0(4)
73.5(3)
74.1(2)

1182

1182
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Cr(D)-C(7)-H(7A)
C(7)-C(8)-C(9)
C(7)-C®)-Cr(1)
C(9)-C(8)-Cr(1)
C(7)-C(8)-H(8A)
C(9)-C(8)-H(8A)
Cr(1)-C(8)-H(8A)
C(10)-C(9)-C(8)
C(10)-C(9)-Cr(1)
C(8)-C(9)-Cr(1)
C(10)-C(9)-H(9A)
C(8)-C(9)-H(9A)
Cr(1)-C(9)-H(9A)
C(9)-C(10)-B(1)
C(9)-C(10)-Cr(1)
B(1)-C(10)-Cr(1)
C(9)-C(10)-H(10A)
B(1)-C(10)-H(10A)
Cr(1)-C(10)-H(10A)
Si(1)-C(11)-H(11A)
Si(1)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
Si(1)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
Si(1)-C(12)-H(12A)
Si(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
Si(1)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(16)-C(13)-C(15)
C(16)-C(13)-C(14)
C(15)-C(13)-C(14)
C(16)-C(13)-Si(1)
C(15)-C(13)-Si(1)
C(14)-C(13)-Si(1)
C(13)-C(14)-H(14A)
C(13)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
C(13)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(13)-C(15)-H(15A)
C(13)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(13)-C(15)-H(15C)
H(15A)-C(15)-H(15C)
H(15B)-C(15)-H(15C)
C(13)-C(16)-H(16A)
C(13)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(13)-C(16)-H(16C)

11822
120.6(4)
69.4(3)
72.1(3)
1189
1189
1189
120.3(4)
73.2(3)
70.6(3)
1194
1194
1194
121.2(4)
70.6(3)
74.1(3)
1190
119.0
119.0
1095
109.5
109.5
1095
1095
109.5
109.5
1095
1095
109.5
109.5
109.5
109.2(4)
108.4(4)
108.1(4)
110.8(3)
108.7(3)
111.5(3)
109.5
109.5
1095
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
109.5
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H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
C(18)-C(17)-B(1)
C(17)-C(18)-B(2)
C(20)-C(19)-N(2)
C(20)-C(19)-Cr(2)
N(2)-C(19)-Cr(2)
C(20)-C(19)-H(19A)
N(2)-C(19)-H(19A)
Cr(2)-C(19)-H(19A)
C(19)-C(20)-C(21)
C(19)-C(20)-Cr(2)
C(21)-C(20)-Cr(2)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
Cr(2)-C(20)-H(20A)
C(22)-C(21)-C(20)
C(22)-C(21)-Cr(2)
C(20)-C(21)-Cr(2)
C(22)-C(21)-H(21A)
C(20)-C(21)-H(21A)
Cr(2)-C(21)-H(21A)
C(21)-C(22)-B(2)
C(21)-C(22)-Cr(2)
B(2)-C(22)-Cr(2)
C1)-C(22)-H(22A)
B(2)-C(22)-H(22A)
Cr(2)-C(22)-H(22A)
Si(2)-C(23)-H(23A)
Si(2)-C(23)-H(23B)
H(23A)-C(23)-H(23B)
Si(2)-C(23)-H(23C)
H(23A)-C(23)-H(23C)
H(23B)-C(23)-H(23C)
Si(2)-C(24)-H(24A)
Si(2)-C(24)-H(24B)
H(24A)-C(24)-H(24B)
Si(2)-C(24)-H(24C)
H(24A)-C(24)-H(24C)
H(24B)-C(24)-H(24C)
C(26)-C(25)-C(28)
C(26)-C(25)-C(27)
C(28)-C(25)-C(27)
C(26)-C(25)-Si(2)
C(28)-C(25)-Si(2)
C(27)-C(25)-Si(2)
C(25)-C(26)-H(26A)
C(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(25)-C(26)-H(26C)
H(26A)-C(26)-H(26C)
H(26B)-C(26)-H(26C)
C(25)-C(27)-H(27A)

109.5
109.5
170.5(5)
170.5(5)
122.6(4)
“74.1(3)
73.5(2)
1184
1184
1184
120.9(4)
69.0(3)
71.6(3)
118.5
118.5
118.5
120.2(4)
73.0(3)
71.4(3)
119.6
119.6
119.6
120.5(4)
70.8(3)
73.8(3)
1194
1194
1194
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.7(5)
108.9(4)
108.8(5)
112.6(3)
110.1(4)
107.6(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(25)-C(27)-H(27B) 109.5
H(27A)-C(27)-H(27B) 109.5
C(25)-C(27)-H(27C) 109.5
H(27A)-C(27)-H(27C) 109.5
H(27B)-C(27)-H(27C) 109.5
C(25)-C(28)-H(28A) 109.5
C(25)-C(28)-H(28B) 109.5
H(28A)-C(28)-H(28B) 109.5
C(25)-C(28)-H(28C) 109.5
H(28A)-C(28)-H(28C) 109.5
H(28B)-C(28)-H(28C) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 16. Anisotropic displacement parameters (A2x 103)for liu50. The anisotropic
displacement factor exponent takes the form: -2p?[ h%a*2U!l + ...+ 2 hka* b* U!2 ]

Ul 1 U22 U’33 U23 Ul3 U12
Cr(l) 28(1) 23(1) 18(1) 2(1) 1(1) 1)
Cr(2) 25(1) 26(1) 17(1) 2(1) 1(1) 1Q1)
Si(1) 27(1) 23(1) 23(1) 2(1) 1(1) 6(1)
Si(2) 30(1) 23(1) 23(1) (1) 2(1) 4(1)
o(1) 80(3) 34(2) 34(2) 7(2) 9(2) -102)
0(2) 67(3) 33(2) 45(2) -17(2) 14(2) 3(2)
0(3) 40(3) 62(3) 33(2) -102) 52) 9(2)
o) 37(2) 47(2) 37(2) 2(2) 7(2) 11(2)
o(5) 66(3) 32(2) 33(2) -122) 52) 3(2)
O(6) 41(3) 72(3) 43(2) 12(2) 21(2) 7(2)
N(1) 23(2) 20(2) 17(2) -1(2) 12) -1(2)
N(2) 21(2) 26(2) 16(2) 12) -3(2) 3(2)
B(1) 24(3) 21(3) 18(3) 0(2) -4(2) -3(2)
BQ2) 20(3) 25(3) 22(3) 2(2) 2(2) 3(2)
c(1) 44(3) 20(3) 27(3) -5(2) 13) 12)
CQ) 36(3) 34(3) 25(3) -5(2) 1(2) -5(3)
Cc@3) 34(3) 33(3) 23(3) 6(2) 3(2) -5(2)
C@) 27(3) 26(3) 23(3) -5(2) 5(2) 2(2)
C(5) 34(3) 40(3) 20(3) 2(2) 42) 3(3)
C(6) 34(3) 38(3) 26(3) 42) 2(3) 9(3)
Cc() 31(3) 23(3) 17(2) 0(2) 3(2) 2(2)
C(@8) 29(3) 27(3) 212) -6(2) 5(2) -4(2)
Co) 26(3) 26(3) 27(3) -6(2) 5(2) 0(2)
C(10) 25(3) 27(3) 26(3) 2(2) 2(2) 3(2)
C(11) 22(3) 29(3) 34(3) 12) 02) 2(2)
C(12) 33(3) 46(4) 41(3) 0(3) 27(3) 15(3)
C(13) 35(3) 23(3) 33(3) 42) 6(3) 5(2)
C(14) 47(4) 24(3) 42(3) 7(2) 1(3) -5(2)
C(15) 40(4) 34(3) 63(4) -5(3) 8(3) 15(3)
C(16) 52(4) 25(3) 53(4) 12(3) 9(3) 33
c(17) 20(3) 20(3) 27(3) 0(2) 2(2) 2(2)
C(18) 20(3) 19(3) 25(3) 2(2) 12) -1(2)
C(19) 30(3) 31(3) 20(2) 42) 02) 22)
CQ0) 24(3) 43(3) 24(3) -6(2) 3(2) -12)

C21) 22(3) 38(3) 34(3) 7(2) -4(2) -4(2)



C22)
C@3)
C@4)
C@5)
C(26)
ce
C(28)

20(3)
28(3)
49(4)
46(4)
56(4)
95(6)
77(5)

28(3)
35(3)
46(4)
29(3)
37(4)
27(3)
62(5)

28(3)
36(3)
41(3)
33(3)
57(4)
59(4)
55(4)

2(2)
0(2)
93)
3(2)
0(3)
-3(3)
03)

-18(4)

12)
-3(2)
6(3)
-7(3)
12(3)
-3(4)

-5(2)
9(2)
-16(3)
8(3)
20(3)
-2(3)
32(4)
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Table 17. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10%) for liu50.

X y z U(eq)
H(7A) 7498 640 7151 29
H(8A) 5992 1119 7489 31
H(9A) 4824 1676 6913 32
H(10A) 5128 1707 5984 31
H(11A) 9132 1172 5666 42
H(11B) 8461 719 5282 42
H(11C) 9592 496 5473 42
H(12A) 9485 847 6795 60
H(12B) 9926 146 6664 60
H(12C) 8964 228 7062 60
H(14A) 7055 -1051 5540 57
H(14B) 7545 -430 5261 57
H(14C) 6600 -354 5671 57
H(15A) 8810 -1362 5849 71
H(15B) 9494 -882 6203 71
H(15C) 9303 -733 5585 71
H(16A) 7331 -1267 6488 65
H(16B) 6893 -575 6649 65
H(16C) 8017 -798 6850 65
H(19A) 6557 1582 3058 33
H(20A) 5445 746 2805 36
H(21A) 4987 -82 3417 38
H(22A) 5562 -34 4316 31
H(23A) 8869 1523 4373 49
H(23B) 8079 1751 4828 49
H(23C) 8866 2255 4566 49
H(24A) 8606 1908 3260 68
H(24B) 8558 2656 3403 68
H(24C) 7639 2332 3067 68
H(26A) 5390 2938 4722 75
H(26B) 6254 2458 4950 75
H(26C) 5406 2203 4534 75
H(27A) 6797 3682 4447 91
H(27B) 7688 3449 4045 91
HQ27C) 7677 3195 4647 91
H(28A) 5433 3303 3797 97
H(28B) 5478 2585 3572 97
H(28C) 6349 3094 3403 97




Table 18, Torsion angles [°] for 1iu50.

387

C(1D)-Si(1)-N(D)-C(7)
C(12)-Si(1)-N(1)-C(7)
C(13)-Si(1)-N(1)-C(7)
C(11)-Si(1)-N(1)-B(1)
C(12)-Si(1)-N(1)-B(1)
C(13)-Si(1)-N(1)-B(1)
C(11)-Si(1)-N(1)-Cr(1)
C(12)-Si(1)-N(1)-Cr(1)
C(13)-Si(1)-N(1)-Cr(1)
C(2)-Cr(1)-N(1)-C(7)
C(3)-Cr(1)-N(1)-C(7)
C(1)-Cr(1)-N(1)-C(7)
C(8)-Cr(1)-N(1)-C(7)
C(9)-Cr(1)-N(1)-C(7)
C(10)-Cr(1)-N(1)-C(7)
B(1)-Cr(1)-N(1)-C(7)
C(2)-Cr(1)-N(1)-B(1)
C(3)-Cr(1)-N(1)-B(1)
C(1)-Cr(1)-N(1)-B(1)
C(7)-Cr(1)-N(1)-B(1)
C(8)-Cr(1)-N(1)-B(1)
C(9)-Cr(1)-N(1)-B(1)
C(10)-Cr(1)-N(1)-B(1)
C(2)-Cr(1)-N(1)-Si(1)
C(3)-Cr(1)-N(1)-Si(1)
C(1)-Cr(1)-N(1)-Si(1)
C(7)-Cr(1)-N(1)-Si(1)
C(8)-Cr(1)-N(1)-Si(1)
C(9)-Cr(1)-N(1)-Si(1)
C(10)-Cr(1)-N(1)-Si(1)
B(1)-Cr(1)-N(1)-Si(1)
C(23)-Si(2)-N(2)-C(19)
C(24)-Si(2)-N(2)-C(19)
C(25)-Si(2)-N(2)-C(19)
C(23)-Si(2)-N(2)-B(2)
C(24)-Si(2)-N(2)-B(2)
C(25)-Si(2)-N(2)-B(2)
C(23)-Si(2)-N(2)-Cr(2)
C24)-Si(2)-N(2)-Cr(2)
C(25)-Si(2)-N(2)-Cr(2)
C(4)-Cr(2)-N(2)-C(19)
C(5)-Cr(2)-N(2)-C(19)
C(6)-Cr(2)-N(2)-C(19)
C(20)-Cr(2)-N(2)-C(19)
C(21)-Cr(2)-N(2)-C(19)
C(22)-Cr(2)-N(2)-C(19)
B(2)-Cr(2)-N(2)-C(19)
C(4)-Cr(2)-N(2)-B(2)
C(5)-Cr(2)-N(2)-B(2)
C(6)-Cr(2)-N(2)-B(2)
C(19)-Cr(2)-N(2)-B(2)
C(20)-Cr(2)-N(2)-B(2)

1473(3)
229.4(4)
89.2(3)
37.0(4)
154.9(4)
-86.5(4)
-64.5(3)
53.5(3)
172.1(2)
43.3(7)
76.1(3)
166.1(3)
288(3)
-652(3)
-100.8(3)
-130.1(4)
86.8(7)
-1538(3)
-63.3(3)
130.1(4)
101.3(3)
64.9(3)
29.3(3)
-149.3(6)
29.9(3)
60.0(3)
-106.1(3)
-134.8(3)
-171.3(3)
153.1(3)
123.9(4)
-147.4(3)
29.6(4)
89.3(3)
36.5(4)
154.3(4)
-86.7(4)
-64.2(3)
53.6(3)
172.5(2)
166.5(3)
-57.08)
75.2(3)
229.0(3)
-65.0(3)
-100.7(3)
-129.4(4)
64.2(3)
72.4(8)
-155.4(3)
129.4(4)
100.4(3)



C@21)-Cr(2)-N(2)-B(2)
C(22)-Cr(2)-N(2)-B(2)
C(4)-Cr(2)-N(2)-Si(2)
C(5)-Cr(2)-N(2)-Si(2)
C(6)-Cr(2)-N(2)-Si(2)
C(19)-Cr(2)-N(2)-Si(2)
C(20)-Cr(2)-N(2)-Si(2)
C21)-Cr(2)-N(2)-Si(2)
C(22)-Cr(2)-N(2)-Si(2)
B(2)-Cr(2)-N(2)-Si(2)
C(7)-N(1)-B(1)-C(10)
Si(1)-N(1)-B(1)-C(10)
Cr(1)-N(1)-B(1)-C(10)
C(7)-N(1)-B(1)-C(17)
Si(1)-N(1)-B(1)-C(17)
Cr(1)-N(1)-B(1)-C(17)
C(7)-N(1)-B(1)-Cr(1)
Si(1)-N(1)-B(1)-Cr(1)
C(2)-Cr(1)-B(1)-N(1)
C(3)-Cr(1)-B(1)-N(1)
C()-Cr(1)-B(1)-N(1)
C(7)-Cr(1)-B(1)-N(1)
C(8)-Cr(1)-B(1)-N(1)
C(9)-Cr(1)-B(1)-N(1)
C(10)-Cr(1)-B(1)-N(1)
C(2)-Cr(1)-B(1)-C(10)
C@3)-Cr(1)-B(1)-C(10)
C(1)-Cr(1)-B(1)-C(10)
C(7)-Cr(1)-B(1)-C(10)
C(8)-Cr(1)-B(1)-C(10)
C(9)-Cr(1)-B(1)-C(10)
N(1)-Cr(1)-B(1)-C(10)
C(2)-Cr(1)-B(1)-C(17)
C3)-Cr(1)-B(1)-C(17)
C(1)-Cr(1)-B(1)-C(17)
C(7)-Cr(1)-B(1)-C(17)
C(8)-Cr(1)-B(1)-C(17)
C(9)-Cr(1)-B(1)-C(17)
N(1)-Cr(1)-B(1)-C(17)

C(10)-Cr(1)-B(1)-C(17)

C(19)-N(2)-B(2)-C(22)
$i(2)-N(2)-B(2)-C(22)
Cr(2)-N(2)-B(2)-C(22)
C(19)-N(2)-B(2)-C(18)
8i(2)-N(2)-B(2)-C(18)
Cr(2)-N(2)-B(2)-C(18)
C(19)-N(2)-B(2)-Cr(2)
$i(2)-N(2)-B(2)-Cr(2)
C(4)-Cr(2)-B(2)-N(2)
C(5)-Cr(2)-B(2)-N(2)
C(6)-Cr(2)-B(2)-N(2)
C(19)-Cr(2)-B(2)-N(2)
C(20)-Cr(2)-B(2)-N(2)

64.4(3)
28.7(3)
60.0(3)
~163.5(6)
31.2(3)
-106.5(3)
-135.5(3)
-171.5(3)
152.8(3)
124.1(4)
6.3(6)
-178.2(3)
-48 4(4)
-174.2(4)
1.4(6)
131.1(5)
54.7(3)
-129.8(3)
-156.0(3)
37.0(4)
118.7(3)
-30.3(2)
-67.3(3)
-104.5(3)
-132.8(4)
-23.2(4)
169.8(3)
-108.5(3)
102.5(3)
65.5(3)
28.3(3)
132.8(4)
88.5(6)
-78.6(6)
3.2(5)
-145.8(6)
177.2(5)
140.0(5)
-115.5(6)
111.7(6)
7.6(6)
176 .4(3)
-48.2(4)
-171.8(4)
4.2(6)
132.4(5)
55.8(3)
-128.2(3)
116.9(3)
-161.1(3)
35.6(4)
-30.6(2)
-67.7(3)
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C(21)-Cr(2)-B(2)-N(2)
C(22)-Cr(2)-B(2)-N(2)
C(4)-Cr(2)-B(2)-C(22)
C(5)-Cr(2)-B(2)-C(22)
C(6)-Cr(2)-B(2)-C(22)
C(19)-Cr(2)-B(2)-C(22)
N(2)-Cr(2)-B(2)-C(22)
C(20)-Cr(2)-B(2)-C(22)
C21)-Cr(2)-B(2)-C(22)
C@)-Cr(2)-B(2)-C(18)
C(5)-Cr(2)-B(2)-C(18)
C(6)-Cr(2)-B(2)-C(18)
C(19)-Cr(2)-B(2)-C(18)
N(2)-Cr(2)-B(2)-C(18)
C(20)-Cr(2)-B(2)-C(18)
C(21)-Cr(2)-B(2)-C(18)
C(22)-Cr(2)-B(2)-C(18)
C@2)-Cr(1)-C(1)-0(1)
C3)-Cr(1)-C(1)-0(1)
C(7)-Cr(1)-C(1)-0(1)
C(8)-Cr(1)-C(1)-0(1)
C(9)-Cr(1)-C(1)-0(1)
N(1)-Cr(1)-C(1)-0(1)
C(10)-Cr(1)-C(1)-0(1)
B(1)-Cr(1)-C(1)-O(1)
C(3)-Cr(1)-C(2)-0(2)
C(1)-Cr(1)-C(2)-0(2)
C(N-Cr(1)-C(2)-0(2)
C®)-Cr(1)-C(2)-0(2)
C(9)-Cr(1)-C(2)-0(2)
N(1)-Cr(1)-C(2)-0(2)
C(10)-Cr(1)-C(2)-0(2)
B(1)-Cr(1)-C(2)-0(2)
C2)-Cr(1)-C(3)-0(3)
C(1)-Cr(1)-C(3)-0(3)
C(N-Cr(1)-C(3)-0(3)
C(8)-Cr(1)-C(3)-0(3)
C(9)-Cr(1)-C(3)-0(3)
N(1)-Cr(1)-C(3)-0(3)
C(10)-Cr(1)-C(3)-0(3)
B(1)-Cr(1)-C(3)-0(3)
C(5)-Cr(2)-C(4)-0(4)
C(6)-Cr(2)-C(4)-0(4)
C(19)-Cr(2)-C(4)-0(4)
N(2)-Cr(2)-C(4)-0(4)
C(20)-Cr(2)-C(4)-0(4)
C(21)-Cr(2)-C(4)-0(4)
C(22)-Cr(2)-C(4)-0(4)
B(2)-Cr(2)-C(4)-0(4)
C(4)-Cr(2)-C(5)-0(5)
C(6)-Cr(2)-C(5)-0(5)
C(19)-Cr(2)-C(5)-O(5)
N(2)-Cr(2)-C(5)-0(5)

-104.9(3)
-133.7(4)
-109.4(3)
27 A(4)
169.3(3)
103.1(3)
133.7(4)
66.0(3)
28.8(3)
23(5)
84.2(6)
-79.0(6)
-145.3(6)
-114.6(6)
177.7(5)
140.5(6)
111.7(6)
74(20)
-12(20)
-101(20)
-167(19)
158(20)
-113(20)
177(100)
-147(20)
-79(33)
-167(100)
9(34)
28(33)
63(33)
42(34)
95(33)
110(33)
-25(8)
66(8)
-155(8)
-122(8)
-102(8)
169(8)
-175(100)
146(8)
38(25)
-48(25)
-139(25)
-151(25)
162(100)
123(25)
139(25)
175(100)
-19(17)
70(17)
159(17)
-156(17)

389



C(20)-Cr(2)-C(5)-0O(5)
C(21)-Cr(2)-C(5)-0(5)
C(22)-Cr(2)-C(5)-0O(5)
B(2)-Cr(2)-C(5)-0(5)
C(4)-Cr(2)-C(6)-0(6)
C(5)-Cr(2)-C(6)-0(6)
C(19)-Cr(2)-C(6)-0(6)
N(2)-Cr(2)-C(6)-0(6)
C(20)-Cr(2)-C(6)-0(6)
C(21)-Cr(2)-C(6)-O(6)
C(22)-Cr(2)-C(6)-O(6)
B(2)-Cr(2)-C(6)-0(6)
B(1)-N(1)-C(7)-C(8)
Si(1)-N(1)-C(7)-C(8)
Cr(1)-N(1)-C(7)-C(8)
B(1)-N(1)-C(7)-Cr(1)
Si(1)-N(1)-C(7)-Cr(1)
C(2)-Cr(1)-C(7)-C(8)
C(3)-Cr(1)-C(7)-C(8)
C(1)-Cr(1)-C(7)-C(8)
C(9)-Cr(1)-C(7)-C(8)
N(1)-Cr(1)-C(7)-C(8)
C(10)-Cr(1)-C(7)-C(8)
B(1)-Cr(1)-C(7)-C(8)
C(2)-Cr(1)-C(7)-N(1)
C(3)-Cr(1)-C(7)-N(1)
C(1)-Cr(1)-C(7)-N(1)
C(8)-Cr(1)-C(7)-N(1)
C(9)-Cr(1)-C(7)-N(1)
C(10)-Cr(1)-C(7)-N(1)
B(1)-Cr(1)-C(7)-N(1)
N(1)-C(7)-C(8)-C(9)
Cr(1)-C(7)-C(8)-C(9)
N(1)-C(7)-C(8)-Cr(1)
C(2)-Cr(1)-C(8)-C(7)
C(3)-Cr(1)-C(8)-C(7)
C(1)-Cr(1)-C(8)-C(7)
C(9)-Cr(1)-C(8)-C(7)
N(1)-Cr(1)-C(8)-C(7)
C(10)-Cr(1)-C(8)-C(7)
B(1)-Cr(1)-C(8)-C(7)
C(2)-Cr(1)-C(8)-C(9)
C(3)-Cr(1)-C(8)-C(9)
C(1)-Cr(1)-C(8)-C(9)
C(7)-Cr(1)-C(8)-C(9)
N(1)-Cr(1)-C(8)-C(9)
C(10)-Cr(1)-C(8)-C(9)
B(1)-Cr(1)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
Cr(1)-C(8)-C(9)-C(10)
C(7)-C(8)-C(9)-Cr(1)
C(2)-Cr(1)-C(9)-C(10)
C(3)-Cr(1)-C(9)-C(10)

178(100)
-148(17)
-115(17)
-98(17)
73(7)
-17(7)
-151(7)
173(6)
-118(6)
97(6)
~163(6)
152(6)
10.8(6)
176 8(4)
57.4(4)
-58.2(4)
125.92)
33.5(4)
119.7(3)
-153.5(3)
282(3)
-132.6(4)
-63.9(3)
-102.0(3)
166.1(3)
-107.8(3)
20.94)
132.6(4)
104.3(3)
68.6(2)
30.6(2)
-4.8(7)
52.9(4)
-57.7(4)
-154.9(3)
-66.0(3)
87.6(7)
133.8(4)
29.0(2)
105.0(3)
66.8(3)
71.3(3)
160.2(3)
-46.2(8)
-133.8(4)
-104.8(3)
28.8(3)
-67.003)
43(7)
56.0(4)
51.7(4)
118.93)
-163.2(3)
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C(1)-Cr(1)-C(9)-C(10)
C(7)-Cr(1)-C(9)-C(10)
C(8)-Cr(1)-C(9)-C(10)
N(1)-Cr(1)-C(9)-C(10)
B(1)-Cr(1)-C(9)-C(10)
C(2)-Cr(1)-C(9)-C(8)
C(3)-Cr(1)-C(9)-C(8)
C(1)-Cr(1)-C(9)-C(8)
C(7)-Cr(1)-C(9)-C(8)
N(1)-Cr(1)-C(9)-C(8)
C(10)-Cr(1)-C(9)-C(8)
B(1)-Cr(1)-C(9)-C(8)
C(8)-C(9)-C(10)-B(1)
Cr(1)-C(9)-C(10)-B(1)
C(8)-C(9)-C(10)-Cx(1)
N(1)-B(1)-C(10)-C(9)
C(17)-B(1)-C(10)-C(9)
Cr(1)-B(1)-C(10)-C(9)
N(1)-B(1)-C(10)-Cx(1)
C(17)-B(1)-C(10)-Cr(1)
C(2)-Cr(1)-C(10)-C(9)
C(3)-Cr(1)-C(10)-C(9)
C(1)-Cr(1)-C(10)-C(9)
C(7)-Cr(1)-C(10)-C(9)
C(8)-Cr(1)-C(10)-C(9)
N(1)-Cr(1)-C(10)-C(9)
B(1)-Cr(1)-C(10)-C(9)
C(2)-Cr(1)-C(10)-B(1)
C(3)-Cr(1)-C(10)-B(1)
C(1)-Cr(1)-C(10)-B(1)
C(7)-Cr(1)-C(10)-B(1)
C(8)-Cr(1)-C(10)-B(1)
C(9)-Cr(1)-C(10)-B(1)
N(1)-Cr(1)-C(10)-B(1)
N(1)-Si(1)-C(13)-C(16)
C(11)-Si(1)-C(13)-C(16)
C(12)-Si(1)-C(13)-C(16)
N(1)-Si(1)-C(13)-C(15)
C(11)-Si(1)-C(13)-C(15)
C(12)-Si(1)-C(13)-C(15)
N(1)-Si(1)-C(13)-C(14)
C(11)-Si(1)-C(13)-C(14)
C(12)-Si(1)-C(13)-C(14)
N(1)-B(1)-C(17)-C(18)
C(10)-B(1)-C(17)-C(18)
Cr(1)-B(1)-C(17)-C(18)
B(1)-C(17)-C(18)-B(2)
N(2)-B(2)-C(18)-C(17)
C(22)-B(2)-C(18)-C(17)
Cr(2)-B(2)-C(18)-C(17)
B(2)-N(2)-C(19)-C(20)
Si(2)-N(2)-C(19)-C(20)
Cr(2)-N(2)-C(19)-C(20)
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32.44)
-103.5(3)
-131.6(4)

-66.9(3)

-29.93)
-109.5(3)

-31.6(4)

164.1(3)

28.1(3)

64.7(3)

131.6(4)

101.7(3)

1.6(7)

56.4(4)

-54.7(4)

-6.8(7)

173.7(4)

-54.7(4)

48.0(3)
-131.6(4)

-63.2(3)
86.4(11)
-155.4(3)

66.0(3)

29.7(3)

103.4(3)

132.2(4)

164.6(3)
-45.8(11)

72.4(3)

-66.2(3)
-102.5(3)
-132.2(4)

-28.8(2)

-59.0(4)
-179.0(3)

57.8(4)
-179.0(3)

61.04)

-62.2(4)

61.94)

-58.1(4)

178.7(3)

160(3)

-20(3)

-109(3)

-44(5)

153(3)

-26(3)

-116(3)

-1.0(7)
-177.3(4)

58.0(4)



B(2)-N(2)-C(19)-Cr(2)
Si(2)-N(2)-C(19)-Cr(2)
C(4)-Cr(2)-C(19)-C(20)
C(5)-Cr(2)-C(19)-C(20)
C(6)-Cr(2)-C(19)-C(20)
N(2)-Cr(2)-C(19)-C(20)
C@21)-Cr(2)-C(19)-C(20)
C(22)-Cr(2)-C(19)-C(20)
B(2)-Cr(2)-C(19)-C(20)
C(4)-Cr(2)-C(19)-N(2)
C(5)-Cr(2)-C(19)-N(2)
C(6)-Cr(2)-C(19)-N(2)
C(20)-Cr(2)-C(19)-N(2)
C(21)-Cr(2)-C(19)-N(2)
C(22)-Cr(2)-C(19)-N(2)
B(2)-Cr(2)-C(19)-N(2)
N(2)-C(19)-C(20)-C(21)
Cr(2)-C(19)-C(20)-C(21)
N(2)-C(19)-C(20)-Cr(2)
C(4)-Cr(2)-C(20)-C(19)
C(5)-Cr(2)-C(20)-C(19)
C(6)-Cr(2)-C(20)-C(19)
N(2)-Cr(2)-C(20)-C(19)
C(21)-Cr(2)-C(20)-C(19)
C(22)-Cr(2)-C(20)-C(19)
B(2)-Cr(2)-C(20)-C(19)
C(4)-Cr(2)-C(20)-C(21)
C(5)-Cr(2)-C(20)-C(21)
C(6)-Cr(2)-C(20)-C(21)
C(19)-Cr(2)-C(20)-C(21)
N(2)-Cr(2)-C(20)-C(21)
C(22)-Cr(2)-C(20)-C(21)
B(2)-Cr(2)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
Cr(2)-C(20)-C(21)-C(22)
C(19)-C(20)-C(21)-Cr(2)
C(4)-Cr(2)-C(21)-C(22)
C(5)-Cr(2)-C(21)-C(22)
C(6)-Cr(2)-C(21)-C(22)
C(19)-Cr(2)-C(21)-C(22)
N(2)-Cr(2)-C(21)-C(22)
C(20)-Cr(2)-C(21)-C(22)
B(2)-Cr(2)-C(21)-C(22)
C(4)-Cr(2)-C(21)-C(20)
C(5)-Cr(2)-C(21)-C(20)
C(6)-Cr(2)-C(21)-C(20)
C(19)-Cr(2)-C(21)-C(20)
N(2)-Cr(2)-C(21)-C(20)
C(22)-Cr(2)-C(21)-C(20)
B(2)-Cr(2)-C(21)-C(20)
C(20)-C(21)-C(22)-B(2)
Cr(2)-C(21)-C(22)-B(2)
C(20)-C(21)-C(22)-Cr(2)

-59.04)
124.7(2)
-151.5(3)
3214
118.7(3)
-132.0(4)
-27.5(3)
-63.2(3)
-101.0(3)
-19.5(4)
164.1(3)
-109.3(3)
132.0(4)
104.6(3)
68.9(3)
31.002)
-6.3(7)
51.5(4)
-57.8(4)
81.1(7)
-157.1(3)
-67.1(3)
29.3(3)
135.0(4)
105.7(3)
67.43)
-53.8(7)
67.9(3)
158.0(3)
-135.0(4)
-105.7(3)
-29.2(3)
-67.6(3)
6.1(7)
56.4(4)
-50.3(4)
28.5(4)
114.6(3)
-165.6(3)
-103.7(3)
-67.3(3)
-131.1(4)
-30.3(3)
159.6(3)
-114.3(3)
-34.5(5)
274(3)
63.9(3)
131.1(4)
100.8(3)
1.1(7)
56.7(4)
-55.6(4)
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N(2)-B(2)-C(22)-C(21)
C(18)-B(2)-C(22)-C(21)
Cr(2)-B(2)-C(22)-C(21)
N(2)-B(2)-C(22)-Cr(2)
C(18)-B(2)-C(22)-Cr(2)
CEH-Cr2)-C(22)-C21)
C(5)-Cr(2)-C(22)-C(21)
C(6)-Cr(2)-C(22)-C(21)
C(19)-Cr(2)-C(22)-C(21)
N(2)-Cr(2)-C(22)-C(21)
CRO)-Cr(2)-C(22)-C21)
B(2)-Cr(2)-C(22)-C(21)
C(H-Cr(2)-C(22)-B(2)
C(5)-Cr(2)-C(22)-B(2)
C(6)-Cr(2)-C(22)-B(2)
C19)-Cr(2)-C(22)-B(2)
N(2)-Cr2)-C(22)-B(2)
C0)-Cr(2)-C(22)-B(2)
C2N-Cr2)-C(22)-B(2)
N(2)-Si(2)-C(25)-C(26)
C(23)-Si(2)-C(25)-C(26)
C24)-Si(2)-C(25)-C(26)
N(2)-Si(2)-C(25)-C(28)
C(23)-Si(2)-C(25)-C(28)
C4)-Si(2)-C(25)-C(28)
N(2)-Si(2)-C(23)-C(27)
C(23)-Si(2)-C(25)-C(27)
C(24)-8i(2)-C(25)-C(27)

78(7)
171.7()
55.3(4)
17.6(4)

-133.0(4)
-158.2(3)

~67.5(3)
775(13)
65.8(3)
103.0(3)
29.8(3)
1314
70.4(3)
161.1(3)

-53.9(13)

-65.6(3)
-28.3(3)

-101.6(3)
-131 44

53.0(4)
-67.6(4)
170.5(4)
-68.5(4)
170.9(:h)
18.9(5)
173.0(3)
52.4(4)
-69.5(4)
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Symmetry transformations uscd to gencerate cquivalent atoms:
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X-ray Crystal Structure Determination. Crystals of 2 suitable for X-ray
diffraction were obtained by evaporation of a solution of 2 in Et,0O.

Diffraction intensity data were collected with a Bruker Smart Apex CCD
diffractometer at 173(2) K using MoKa - radiation (0.71073 A). The structure was solved
using direct methods, completed by subsequent difference Fourier syntheses, and refined
by full matrix least-squares procedures on F?. All non-H atoms were refined with
anisotropic thermal parameters. H atoms were found on the residual density map and
refined with isotropic thermal parameters. The Flack parameter is 0.00(8). All software
and sources scattering factors are contained in the SHELXTL (6.10) program package
(G.Sheldrick, Bruker XRD, Madison, WI). Crystallographic data and some details of data
collection and crystal structure refinement for C;oH;oB,N, are given in the following

tables.

Table 19. Crystal data and structure refinement for 2 (1iu60).

Identification code liu60

Empirical formula CoH;gB, N,

Formula weight 179.82

Temperature 173(2) K

Wavelength 071073 A

Crystal system Orthorhombic

Space group Pbcn

Unit cell dimensions a=19.076(6) A a=90°.
b=9301(3) A B=90°.
c=10997(3) A y = 90°.

Volume 1951.1(10) A3

Z 8

Density (calculated) 1.224 Mg/m3

Absorption coefficient 0.071 mm-1



F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

752

0.34%0.16 x 0.12 mm3

2.14 to 27.00°.

24<=h<=24, -11<=k<=11, -13<=l<=12
9364

2125 [R(int) = 0.0438]

99.6 %

Semi-empirical from equivalents
0.9915 and 0.9762

Full-matrix least-squares on F2
2125/0/167

1.034

R1 = 0.0463, wR2 =0.1012

R1 =0.0743, wR2 =0.1157
0.170 and -0.151 e.A-3
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Table 20. Atomic coordinates ( x 104 and equivalent isotropic displacement parameters (A2x 103)
for 1iu60. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z Uleq)
N(1) 3774(1) 901(2) 1950(1) 35(1)
N(2) 5752(1) -3060(2) 3802(1) 36(1)
B(1) 3698(1) 407(2) 3169(2) 31(1)
B(2) 5190(1) -2612(2) 4578(2) 31(1)
c) 3358(1) 19312 1452(2) 40(1)
C@) 2829(1) 2524(2) 2098(2) 41(1)
C@3) 2697(1) 2082(2) 3305(2) 41(1)
Cc4 3096(1) 1060(2) 3855(2) 37(1)
C(5) 4221(1) -706(2) 3669(1) 34(1)
C(6) 4645(1) -1550(2) 4070(1) 34(1)
C() 5196(1) -3249(2) 5831(2) 35(1)
C®) 5707(1) -4201(2) 6136(2) 39(1)
C©) 6235(1) -4587(2) 5302(2) 41(1)
C(10) 6253(1) -4018(2) 4164(2) 40(1)

Table 21. Bond lengths [A] and angles [°] for liu60.

N(1)-C(1) 1.3592)
N(1)-B(1) 1.425(2)
N(2)-C(10) 1.367(2)
N(2)-B(2) 1.431(2)
B(1)-C(4) 1.502(3)
B(1)-C(5) 1.539(3)



B(2)-C(7)
B(2)-C(6)
C(1)-C(2)
C(2)-C(3)
C3XCH
C(5)-C(6)
C(-C®)
C®)-CH)
C(9)-C(10)

C(1)-N(1)-B(1)
C(0)-N(2)-B(2)
N(1)-B(1)-C(4)
N(1)-B(1)-C(5)
C@)-B(1)-C(5)
N(2)-B(2)-C(7)
N(2)-B(2)-C(6)
C(7)-B(2)-C(6)
C(2)-C(1)-N(1)
C(1)-C(2)-C(3)
CH-CB)-C)
C(3)-C4-B(1)
C(6)-C(5)-B(1)
C(5)-C(6)-B(2)
C(8)-C(7)-B(2)
C(7N)-C(8)-C(9)
C(10)-C(9)-C(8)
C(9)-C(10)-N(2)

1.500(2)
1.539(2)
1.352(3)
1.413(3)
1.360(2)
1.210(2)
1.359(2)
1.410(3)
1.359(3)

123.22(16)
122.66(15)
114.79(15)
119.16(15)
126.04(15)
115.34(16)
118.39(15)
126.27(16)
120.72(17)
120.60(17)
121.37(17)
119.24(16)
178.17(18)
179.45(18)
119.27(17)
121.25(17)
121.18(17)
120.30(17)
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Symmetry transformations used to generate equivalent atoms:

Table 22. Anisotropic displacement parameters (A2x 10%)for liu60. The anisotropic
displacement factor exponent takes the form: -2x2[ h2a*2U! + | + 2 h ka* b* U2 ]

Ul 1 U22 U33 U23 U13 U12
N(1) 38(1) 39(1) 28(1) 0(1) 4(1) 3(D)
N(2) 41(1) 37(1) 30(1) 0o(1) 2(1) -1(1)
B(1) 34(1) 31(1) 28(1) o) 0(1) -5(1)
B(2) 36(1) 29(1) 30(1) -2(1) -2(1) -2(1)
C) 45(1) 46(1) 29(1) 7(1) -41) 1(1)
C(2) 38(1) 40(1) 45(1) 8(1) -6(1) 3(1)
C(@3) 34(1) 42(1) 47(1) 1(1) 7(1) 4(1)
C@) 40(1) 39(1) 32(1) 3(1) 6(1) -2(1)
C(5) 40(1) 36(1) 26(1) -1(1) 41) -1(1)
C(6) 43(1) 35(1) 24(1) 2(1) 21) 0(1)
C(7) 39(1) 36(1) 29(1) -I(D) 1(1) 1(1)
C@®) 46(1) 38(1) 34(1) 3(1) -8(1) -1(1)
C(9) 35(1) 36(1) 53(1) 2(1) -12(1) 5(1)
C(10) 34(1) 38(1) 46(1) -7(1) 2(1) o)

Table 23. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103) for liu60.

X

z

U(eq)
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H(IN) 4117(10) 596(19) 1497(17) 42(5)
H(2N) 5797(10) -2700020) 2985(19) 56(6)
H(1) 3465(9) 2187(19) 586(18) 53(5)
H(2) 2539(10) 3290(20) 1738(17) 54(5)
H(3) 2307(10) 2560(19) 3723(17) 46(5)
H(4) 2994(10) 819(18) 4694(17) 48(5)
H(7) 4856(10) -3024(19) 6422(18) 50(5)
H(8) 5720(10) -4656(19) 6964(17) 51(5)
H(9) 6606(9) -5242(19) 5534(15) 42(5)
H(10) 6624(9) -4290(18) 3529(17) 49(5)
Table 24. Torsion angles [°] for 1iu60.

C()-N()-B(D)-C&@) 2.9(2)
C()-N(1)-B(1)-C(5) -176.74(15)
C(10)-N(2)-B(2)-C(7) 1.0(2)
C(10)-N(2)-B(2)-C(6) -178.84(15)
B(1)-N(1)-C(1)-C(2) -1.6(3)
N(1)-C(1)-C(2)-C(3) -0.2(3)
C(1)-C2)-C(3)-C4@) 0.5(3)
C(2)-C(3)-C(4)-B(1) 1.0(3)
N(1)-B(1)-C(4)-C(3) -2.6(2)
C(»)-B(1)-C4)-C(3) 177.05(16)
N(1)-B(1)-C(5)-C(6) 83(5)
C4)-B(1)-C(5)-C(6) -96(5)
B(1)-C(5)-C(6)-B(2) -18(22)
N(2)-B(2)-C(6)-C(5) -64(19)
C(7)-B(2)-C(6)-C(5) 116(19)
N(2)-B(2)-C(7)-C(8) -1.3(2)
C(6)-B(2)-C(7)-C(8) 178.56(15)
B(2)-C(7)-C(8)-C(9) 0.7(3)
C()-C(8)-C(9)-C(10) 0.2(3)
C(8)-C(9)-C(10)-N(2) -0.5(3)
B(2)-N(2)-C(10)-C(9) -0.1(3)

Symmetry transformations used to generate equivalent atoms:
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Additional photophysical data for 1 and 2.
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Figure 5. Normalized emission spectra of 1 in various solvents.
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Figure 6. Absorption spectra of | in various solvents (10™ M in each solvent). The trace for DMSO (orange)
is cut off at 255 nm for clarity.
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Figure 7. Absorption spectra of 2 in various solvents (10™ M in each solvent). The trace for DMSO
(orange) is cut off at 255 nm for clarity.
C.2.3. Supplemental information for Chapter 1V, section 4.4

Synthesis of compound 13. A solution of 1.2-azaborine 3 (2.0 g, 8.79 mmol in 60
mL CH,Cl,) was cooled to =20 °C, to which a solution of Br; (0.48 mL, 9.31 mmol in 60
mL CH,Cl,) was added dropwise. The reaction was allowed to warm to rt and was stirred
for 30 min. Solvent was removed under reduced pressure and 30 mL pentane was added.
Solids were filtered through an Acrodisc, and the remaining solvent was removed under
reduced pressure. Vacuum distillation (62-65 °C, 120 mT) provided brominated 13 as a
clear, colorless liquid (1.63 g, 61%).

'H NMR (300 MHz. CH>Clp): 8 7.87 (d. *Juy = 7.0 Hz, 1H), 7.27 (d, *Jii = 6.7
Hz. 1H), 6.22 (app t. *Jun = 6.7 Hz, 1H), 0.94 (s, 9H). 0.54 (s, 6H). *C NMR (75.4 MHz,

CD,Cly): 8 147.0.139.0. 111.8.26.9,19.7. -1.3. "B NMR (192.5 MHz, CD,Cl): 8 37.4.
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FTIR (thin film) 3098, 2931, 2860, 2280, 1685, 1601, 1495, 1471, 1441, 1393, 1364,

1336, 1264, 1210, 1192, 1126, 1090, 999, 938, 823, 764, 714, 657, 577, 499, 443 cm™".

HRMS (EI) caled for C;oH;sBNSiCI*'Br(M ") 307.01530, found 307.01500.

Compound 14. A solution of phenylethynylmagnesium bromide (1M in THF;
2.88 mL, 2.88 mmol) was added to a solution of 13 (0.800 g, 2.61 mmol in 10 mL. THF) at
1t, and was stirred for 16 h. Solvents were removed and column chromatography was
performed (Et,O/pentane), which gave compound 14 as a white, crystalline solid (0.738 g,
76%).

'H NMR (300 MHz, CH,CL): 8 7.95 (d, *Jiy = 7.3 Hz, 1H), 7.60 (m, 2H), 7.37
(m, 4H), 6.31 (app t, *Jun = 7.0 Hz, 1H), 1.00 (s, 9H), 0.67 (s, 6H). >C NMR (125.8
MHz, CD,Cl,): 6 145.3,138.8, 132.2, 132.0, 129.3, 129.0, 124.3, 112.5, 110.8, 97 (br),
27.0,19.7,-1.8. "B NMR (192.5 MHz, CD,Cl,):  28.5. FTIR (thin film) 2953, 2927,
2881, 2856, 2182, 1595, 1490, 1470, 1441, 1341, 1354, 1273, 1254, 1181, 1132, 1000,
845,757,678 cm™. HRMS (EI) caled for C,5H;BNSi*' Br(M™") 371.08762, found
371.08818.

Compound 15. Method A in Chapter 4, Scheme 4: A flask was charged with
Cul (0.005 g, 0.027 mmol), Pd(CI),(PPhs), (0.009 g, 0.0134 mmol), phenylacetylene
(0.069 g, 0.672 mmol), 1,2-azaborine 14 (0.050 g, 0.134 mmol), NEt; (0.1 mL), and THF
(3 mL). The reaction was stirred at rt for 24 h, whereupon solvents were removed under
reduced pressure and the crude mixture was redissolved in CD,Cl,. 'HNMR analysis
indicated diyne 15 was formed in a 1:3 ratio relative to unreacted bromide 14.

Method B in Chapter 4, Scheme 4: A vial was charged with Cul (0.008 g, 0.04
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mmol), Pd(CL),(PhCN), (0.015 g, 0.04 mmol), P(Bu); (0.016 g, 0.08 mmol),
phenylacetylene (0.178 g, 1.74 mmol), 1,2-azaborine 14 (0.500 g, 1.34 mmol), NEt; (0.5
mL), and THF (10 mL). The reaction was stirred at rt for 24 h, whereupon solvents were
removed under reduced pressure and the crude mixture was redissolved in CH,Cl,. The
solution was passed through a dry plug of silica and flushed with CH,Cl,. The solvent
was removed under reduced pressure and column chromatography was performed
(Et,0/pentane), which provided 15 as a viscous, brown oil (0.450 g, 85%).

'H NMR (300 MHz, CH,Cl,): 8 7.83 (d, *Jiu = 6.7 Hz, 1H), 7.3-7.6 (m, 11H),
6.46 (app t, *Jum = 7.1 Hz, 1H), 1.00 (s, 9H), 0.67 (s, 6H). “C NMR (125.8 MHz,
CD,Cl): 8 146.8, 139.9, 132.0, 131.9, 129.1, 129.0, 128.8, 128.0, 125.3, 124.5, 112.6,
110.4, 106.5, 93.9, 26.9, 19.6, -1.8. ''B NMR (192.5 MHz, CD,CL): 6 30.0. FTIR (thin
film) 3061, 2955, 2928, 2897, 2858, 2179, 1597, 1585, 1513, 1489, 1470, 1442, 1342,
1251, 1185, 1148, 1078, 1043, 844, 812, 756, 690 cm .

Compound 16. A vial was charged with diyne 15 (0.238 g, 0.605 mmol),
(MeCN);Cr(CO); (0.282 g, 1.09 mmol), and THF (5 mL), and was stirred at rt for 16 h.
Solvents were removed and column chromatography (Et,O/pentane) was performed,
which gave complex 16 as a red, crystalline solid (0.138 g, 43%).

'H NMR (300 MHz, CH,Cl,): 8 7.3-7.6 (m, 10H), 6.30 (d, *Jiz = 6.5 Hz, 1H),
6.05 (d, *Ju = 4.4 Hz, 1H), 5.27 (app t, *Juu = 6.2 Hz, 1H), 1.02 (s, 9H), 0.78 (s, 3H),
0.46 (s, 3H). "B NMR (96.3 MHz, CD,Cl,): 8 14.9.

Compound 12. A solution of complex 16 (0.212 g, 0.40 mmol in 4 mL. THF) was

cooled to —20 °C, to which was added a solution of HF-pyridine (0.5 M in THF; 0.88 mL,
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0.44 mmol). The reaction was allowed to warm to rt and was stirred for 1 h. Solvents
were removed and the crude mixture was redissolved in MeCN (5 mL). The solution was
stirred at rt for 12 h, whereupon approximately one-half of the solvent was removed under
reduced pressure. The remaining solution was passed through a dry plug of silica gel and
flushed with Et;O. Solvents were removed and column chromatography was performed
(EtO/pentane), which provided diyne 12 as a light brown oil, which crystallized when
stored at —20 °C (0.021 g, 19% from complex 16).

'H NMR (300 MHz, CH,Cl,): 8 8.58 (br, 1H), 7.89 (d, *Jiy = 7.1 Hz, 1H), 7.3-7.6
(m, 11H), 6.47 (app t, *Juu = 7.0 Hz, 1H). “CNMR (125.8 MHz, CD,CL,): 6 147.6,
135.2, 132.6, 131.9, 129.3, 129.0, 128.9, 128.2, 111.8. "B NMR (192.5 MHz, CD,Cl,):

826.9. FTIR (thin film) 3366, 3079, 3018, 2927, 2179, 1599, 1535, 1489, 1442, 1301,

1228, 1028, 912, 753, 685 cm™ . HRMS (EI) calcd for CyoH ;BN (M) 279.12193, found
279.12247.

Compound 20. A solution of ethylmagnesium bromide (1.0 M in THF; 0.98 mL,
0.98 mmol) was added to a solution of 4-(dibutylamino)phenylacetylene (0.225 g, 0.98
mmol in 5 mI, THF) at rt. Gas evolution was observed, which ceased after approximately
30 min. The reaction was stirred an additional 2 h, and this solution was then added
dropwise to a stirring solution of 13 (0.300 g, 0.98 mmol in 5 mL. THF) at rt. Solvent was
removed and column chromatography was performed (CH,Cl/Et,O/pentane), which gave
alkyne 20 as a yellow oil (0.318 g, 65%).

'H NMR (300 MHz, CH,CL): 8 7.86 (d, *Jun = 7.3 Hz, 1H), 7.39 (d, > = 4.0

Hz, 2H), 7.31 (app t, *Jun = 9.1 Hz, 1H), 6.60 (d, *Jim = 5.0 Hz, 2H), 6.22 (app t, *Jisr =
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6.7 Hz, 1H), 3.30 (t, *Jyg = 7.6 Hz, 4H), 1.60 (m, 4H), 1.39 (m, 4H), 0.98 (m, 15H), 0.64
(s, 6H). *C NMR (125.8 MHz, CD,CL): 8 149.0, 144.8, 138.6, 133.8, 133.5, 113.1,
111.8,109.5, 94 (br), 85.5, 74.9, 51.2,29.9, 27.0,20.9, 19.7, 14.4,-1.7. "BNMR (192.5
MHz, CD,Cly): 6 28.0. FTIR (thin film) 3308, 3093, 2956, 2930, 2859, 2166, 1606, 1518,
1490, 1469, 1343, 1288, 1260, 1222, 1172, 1130, 1109, 1040, 1001, 926, 844, 812, 788,
763, 680 cm™ .

Compound 21. A vial was charged with Cul (0.013 g, 0.07 mmol),
Pd(C1)2(PhCN), (0.027 g, 0.07 mmol), P(Bu); (0.028 g, 0.014 mmol), 4-
cyanophenylacetylene (0.194 g, 1.53 mmol), 1,2-azaborine 20 (0.695 g, 1.39 mmol), NEt;
(0.5 mL), and THF (5 mL). The reaction was stirred at rt for 48 h, whereupon solvents
were removed under reduced pressure and the crude mixture was redissolved in CH,Cl,.
The solution was passed through a dry plug of silica and flushed with CH,Cl,. The
solvent was removed under reduced pressure and column chromatography (Et,O/pentane)
was performed, which provided 21 as a an orange-red, crystalline solid (0.454 g, 60%).

'H NMR (300 MHz, CH,Cl,): 8 7.82 (d, *Ji = 7.1 Hz, 1H), 7.59 (s, 4H), 7.41 (d,
3 Jan = 6.5 Hz, 1H), 7.33 (d, *Juu = 7.0 Hz, 2H), 6.60 (d, *Ji = 7.0 Hz, 2H), 6.40 (app t,
i = 6.7 Hz, 1H), 3.30 (t, *Jun = 7.6 Hz, 4H), 1.60 (m, 4H), 1.39 (m, 4H), 0.98 (m, 15H),
0.66 (s, 6H). '>C NMR (125.8 MHz, CD,Cl,): 8 149.0, 147.3, 140.9, 133.4, 132.6, 132.3,
130.5,119.4,112.9,112.0, 111.7, 110.9, 109.5, 99.4, 94 (br), 92.3, 51.2, 29.9, 27.0,, 20.9,
19.6, 14.3,-1.8. "B NMR (192.5 MHz, CD,Cl,): 4 29.7. FTIR (thin film) 3068, 3042,
2956, 2930, 2859, 2225, 2204, 2171, 1605, 1587, 1517, 1495, 1469, 1444, 1343, 1288,

1251, 1288, 1251, 1222, 1175, 1145, 1110, 1079, 1042, 1004, 927, 881, 842, 812, 789,
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730, 691 cm™.

Compound 17. A solution of TBAF (0.1 M in THF; 0.5 mL, 0.05 mmol) was
added to a stirred solution of diyne 21 (0.025 g, 0.046 mmol in 3 mL THF) at rt. The
reaction was stirred for 20 min., whereupon the solution was passed through a dry silica
plug and flushed with THF. The solvent was removed, and column chromatography was
performed (Et,O/pentane), which provided 17 as a yellow solid (0.008 g, 40%).

'H NMR (300 MHz, CH,CL,): 8 8.50 (br, 1H), 7.88 (d, *Jus = 7.0 Hz, 1H), 7.62 (s,
4H), 7.36 (m, 3H), 6.58 (d, *Juu = 7.0 Hz, 2H), 6.40 (app t, >Jun = 7.0 Hz, 1H), 3.30 (t,
Jam = 7.6 Hz, 4H), 1.60 (m, 4H), 1.39 (m, 4H), 0.98 (t, *Juy = 7.3 Hz, 6H). "B NMR
(96.3 MHz, CD,Cl,): 6 27.3.

Compound 23. A solution of ethylmagnesium bromide (1.0 M in THF; 0.98 mL,
0.98 mmol) was added to a solution of 4-cyanophenylacetylene (0.125 g, 0.98 mmol in 5
mL THF) atrt. Gas evolution was observed, which ceased after approximately 30 min.
The reaction was stirred an additional 1 h, and this solution was then added dropwise to a
stirring solution of 13 (0.300 g, 0.98 mmol in 10 mL THF) at rt. Solvent was removed and
column chromatography was performed (CH,Cl,/Et,O/pentane), which gave alkyne 23 as
a yellow solid (0.268 g, 69%).

'H NMR (300 MHz, CH,CL,):  7.92 (d, *Jun = 7.3 Hz, 1H), 7.62 (s, 4H), 7.37 (d,
3Jun = 6.2 Hz, 1H), 6.33 (app t, *Juu = 7.3 Hz, 1H), 0.96 (s, 9H), 0.62 (s, 6H). *C NMR
(125.8 MHz, CD,Cl,): 6 145.6, 138.9, 133.2, 132.7, 132.5, 128.8, 119.0, 113, 112.5,
108.5, 81.8,26.8, 19.6,—1.9. "B NMR (192.5 MHz, CD,Cl,): 6 27.6. FTIR (thin film)

3237, 2954, 2932, 2886, 2859, 2224, 2188, 1598, 1490, 1471, 1445, 1404, 1344, 1266,
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1257, 1173, 1133, 1102, 1036, 1003, 936, 826, 812, 767, 716, 680, 644 cm™.

Compound 25. A vial was charged with Cul (0.009 g, 0.049 mmol),
Pd(Cl),(PhCN), (0.019 g, 0.049 mmol), P(‘Bu); (0.020 g, 0.100 mmol), 4-
(dibutylamino)phenylacetylene (0.146 g, 0.64 mmol), 1,2-azaborine 13 (0.150 g, 0.49
mmol), NEt; (0.5 mL), and THF (5 mL). The reaction was stirred at rt for 16 h,
whereupon solvents were removed. Pentane (8 ml.) was added, and solids were filtered
through an Acrodisc. Compound 25 was not purified further.

'H NMR (300 MHz, CH,CL): 8 7.65 (app t, *Jim = 7.0 Hz, 1H), 7.1 (m, 3H), 6.58
(d, *Jun = 7.0 Hz, 2H), 6.37 (app t, *Jun = 6.7 Hz, 1H), 3.25 (t, *Jun = 7.6 Hz, 4H), 1.5 (m,
8H), 0.98 (m, 15H), 0.58 (s, 6H). ''B NMR (96.3 MHz, CD,Cl,): & 38.2.

Compound 24. A solution of ethylmagnesium bromide (1.0 M in THF; 0.63 mL,
0.63 mmol) was added to a stirred solution of 4-cyanophenylacetylene (0.081 g, 0.63
mmol). The solution was stirred for 1 h at rt and was then added to a solution of 25
(assumed 0.49 mmol from previous step) in THF (6 mL). The reaction was stirred at 2 h,
whereupon solvents were removed and column chromatography (Et,O/pentane) was
performed, which gave 24 as an orange-red solid (0.117 g, 44%).

'H NMR (300 MHz, CH,Cl,): 8 7.78 (d, *Jun = 7.0 Hz, 1H), 7.62 (s, 4H), 7.38 (d,
3Jan = 6.7 Hz, 1H), 7.23 (d, *Jun = 7.0 Hz, 2H), 6.55 (d, *Jizi = 7.0 Hz, 2H), 6.49 (app ,
3Jan = 6.7 Hz, 1H), 3.25 (t, *Jun = 7.6 Hz, 4H), 1.57 (m, 4H), 1.39 (m, 4H), 0.98 (m, 15H),
0.62 (s, 6H). *C NMR (75.4 MHz, CD,Cl,): 6 148.2, 145.6, 138.8, 133.0, 132.7, 132.5,
119.1,113.1,112.1, 111.7, 110.4, 108.2, 95.8, 90.0, 51.1, 29.9, 26.8, 20.8, 19.6, 14.3, -

1.9. "B NMR (96.3 MHz, CD,Cl,): 6 30.9. FTIR (thin film) 2956, 2930, 2859, 2227,
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2178, 1605, 1586, 1520, 1507, 1469, 1443, 1343, 1251, 1221, 1146, 1078, 1043, 1004,
927, 842, 812, 789, 746, 692, 556, 529 cm™'. HRMS (EI) calcd for C3sHyBN;Si(M")
545.33976, found 545.33853.

Compound 24 from 23. Method A: A vial was charged with Cul (0.010 g, 0.050
mmol), Pd(Cl),(PhCN), (0.020 g, 0.050 mmol), P(Bu); (0.022 g, 0.108 mmol), 4-
(dibutylamino)phenylacetylene (0.150 g, 0.655 mmol), 1,2-azaborine 13 (0.150 g, 0.49
mmol), NEt; (0.5 mL), and THF (5 mL). The reaction was stirred at rt for 48 h, and then
heated to 60 °C for 24 h. Solvents were then removed, whereupon "HNMR analysis
indicated 24 was formed in a 40:60 ratio with unreacted 23. Compounds 23 and 24 were
inseparable by column chromatography.

Method B: A solution of 4-(dibutylamino)phenylacetylene (0.127 g, 0.55 mmol
in 3 mL) was cooled to —78 °C, to which was added a solution of n-BuLi (1.6 M in
hexanes; 0.35 mL, 0.55 mmol). The lithiate solution was then added to a solution of ZnCl,
(1.0 M in Et,0; 0.55 mL, 0.55 mmol) at —78 °C, which was allowed to warm to rt. The
zincate solution was added to a flask containing 23 (0.200 g, 0.50 mmol), Pd(PPhs),
(0.058 g, 0.050 mmol), and THF (1 mL) at rt. The reaction was heated to 80 °C for 48 h,
whereupon solvents were removed, after which column chromatography (Et,O/pentane)
provided 24 (0.060 g, 22%)).

Compound 18. A vial was charged with diyne 24 (0.064 g, 0.117 mmol),
(MeCN)3Cr(CO)3 (0.152 g, 0.587 mmol), and THF (12 mL), and was stirred at rt for 16 h.
The reaction was cooled to —20 °C, whereupon a solution of HF-pyridine (0.5 M in THF;

0.235 mL, 0.117 mmol) was added dropwise. The vial was allowed to warm to rt and was
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stirred for 1 h. Solvents were then removed and the crude material was redissolved in
MeCN (3 mL) and stirred at rt for 3 h. Approximately one-half of the solvent was
removed and column chromatography performed, which gave diyne 18 as a light yellow
solid (0.003 g, 6% from 24).

'H NMR (300 MHz, CH,ClL,): 8 8.55 (br, 1H), 7.81 (d, *Jui = 5.8 Hz, 1H), 7.65 (s,
4H), 7.35 (app t, *Juu = 7.9 Hz, 1H), 7.28 (d, *Juu = 7.0 Hz, 2H), 6.56 (d, *Jyn = 7.0 Hz,
2H), 6.46 (app t, *Jin = 7.0 Hz, 1H), 3.27 (t, *Juu = 7.6 Hz, 4H), 1.60 (m, 4H), 1.39 (m,
4H), 0.98 (t, *Jiy = 7.3 Hz, 6H). "B NMR (192.5 MHz, CD,Cl,): 6 26.8. HRMS (EI)
caled for CoH3oBN3(M ") 431.25328, found 431.25011.

Compound 28. A solution of ethylmagnesium bromide (1.0 M in THF; 0.44 mL,
0.44 mmol) was added to a solution of 4-(dibutylamino)phenylacetylene (0.100 g, 0.44
mmol in 2 mL THF) at rt. Gas evolution was observed, which ceased after approximately
30 min. The reaction was stirred an additional 2 h, and this solution was then added
dropwise to a stirring solution of 3 (0.100 g, 0.44 mmol in 3 mL THF) at rt. Solvent was
removed and column chromatography was performed (Et;O/pentane), which gave alkyne
28 as a yellow oil (0.145 g, 78%).

'H NMR (300 MHz, CH,CL): 8 7.58 (dd, *Jis = 10.9, 6.3 Hz, 1H), 7.31 (m, 3H),
6.84 (d, *Jun = 11.0 Hz, 1H), 6.55 (d, *Jim = 8.9 Hz, 2H), 6.32 (app t, *Jin = 6.4 Hz, 1H),
3.25 (t, *Jun = 7.6 Hz, 4H), 1.57 (m, 4H), 1.39 (m, 4H), 0.98 (m, 15H), 0.62 (s, 6H). °C
NMR (75 MHz, CD,Cl»): 8 148.7, 143.5, 139.2, 133.2, 112.2, 111.7, 110.0, 109.5, 51.2,
29.9, 27.0, 20.9, 19.6, 14.3, —1.8. "B NMR (192.5 MHz, CD,CL,): 8 29.0. FTIR (thin

film) 2956, 2930, 2859, 2164, 1603, 1517, 1505, 1452, 1390, 1368, 1284, 1259, 1185,
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1124, 1071, 987, 843, 822, 812, 785, 742, 689 cm™.

Compound 29. A solution of ethylmagnesium bromide (1.0 M in THF; 0.44 mL,
0.44 mmol) was added to a solution of 4-cyanophenylacetylene (0.056 g, 0.44 mmol in 2
mL THF) at rt. Gas evolution was observed, which ceased after approximately 30 min.
The reaction was stirred an additional 1 h, and this solution was then added dropwise to a
stirring solution of 3 (0.100 g, 0.44 mmol in 3 mL THF) at rt. Solvent was removed and
column chromatography was performed (Et,O/pentane), which gave alkyne 29 as a yellow
solid (0.090 g, 64%).

'"H NMR (500 MHz, CH,CL,): & 7.65 (d, *Ji = 7.6 Hz, 2H), 7.58 (m, 3H), 7.40 (d,
3 = 6.4 Hz, 1H), 6.92 (d, *Jia = 10.9 Hz, 1H), 6.44 (app t, *Juy = 6.4 Hz, 1H), 0.96 (s,
9H), 0.62 (s, 6H). *C NMR (125.8 MHz, CD,Cl,): 8 144.4, 139.5, 132.7, 132.3, 129.4,
119.0,113.3, 112.0, 105.7, 26.8, 19.6,-2.0. "B NMR (192.5 MHz, CD,CL,): 8 28.6.

FTIR (thin film) 2955, 2929, 2884, 2858, 2228, 1602, 1505, 1464, 1470, 1451, 1392,

1’354, 1273, 1253, 1197, 1125, 1072, 1018, 988, 840, 787, 747, 696 cm .

Compound 30. A vial was charged with alkyne 28 (0.050 g, 0.119 mmol),
(MeCN);Cr(CO); (0.037 g, 0.143 mmol), and THF (1.5 mL), and was stirred at rt for 1 h.
Solvents were then removed and column chromatography performed (Et,O/pentane),
giving complex 30 as a red, crystalline solid (0.044 g, 66%).

'H NMR (500 MHz, CH,Cl,): 8 7.32 (d, *Jir = 9.0 Hz, 2H), 6.58 (d, *Jur = 9.0
Hz, 2H), 6.01 (m, 2H), 5.20 (app t, *Jun = 6.1 Hz, TH), 4.71 (d, *Jq = 9.3 Hz, 1H), 329 (1,
3 Jun = 7.6 Hz, 4H), 1.57 (m, 4H), 1.39 (m, 4H), 0.98 (m; 15H), 0.74 (s, 3H), 0.44 (s, 3H).

BCNMR (75 MHz, CD,CL): 6 231.0, 149.1, 133.5, 111.7, 110.3, 108.8, 108.6, 103.9,
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88.3, 83.2, 51.2,29.9, 27.3,20.9, 20.2, 14.3,-0.9, -3.7. "B NMR (192.5 MHz, CD,Cl,):

8 14.7. FTIR (thin film) 2957, 2932, 2861, 2167, 1967, 1897, 1874, 1605, 1520, 1371,

1287, 1111, 1052, 989, 813, 668 cm™.

Compound 31. A vial was charged with alkyne 29 (0.025 g, 0.080 mmol),
(MeCN);Cr(CO); (0.025 g, 0.095 mmol), and THF (2 mL), and was stirred at rt for 1 h.
Solvents were then removed and column chromatography performed (Et,O/pentane),
giving complex 31 as a red, crystalline solid (0.028 g, 77%).

'H NMR (300 MHz, CH,Cl,): 8 7.62 (m, 4H), 6.03 (m, 2H), 5.24 (app t, *Jim = 5.9
Hz, 1H), 4.72 (d, *Jun = 9.4 Hz, 1H), 0.96 (m, 9H), 0.61 (s, 3H), 0.45 (s, 3H). *C NMR
(125.8 MHz, CD,Cl,): 6 230.4, 132.9, 132.7, 132.5, 128.3, 108.2, 103.8, 83.5, 27.0, 20.2,

~1.1,-3.8. "B NMR (192.5 MHz, CD,CL): § 13.6. FTIR (thin film) 2931, 2860, 2228,

1969, 1890, 1602, 1500, 1465, 1407, 1374, 1272, 1113, 989, 841, 807, 792, 664 cm™ .

Compound 32. A solution of HF-pyridine (0.5 M in THF; 0.174 mL, 0.087
mmol) was added dropwise to a solution of complex 30 (0.044 g, 0.079 mmol in 1 mL
THF) at 20 °C. The reaction was allowed to warm to rt and was stirred for 1 h,
whereupon the solvent was removed and column chromatography (Et,O/pentane) was
performed, providing complex 32 as an orange-red solid (0.020 g, 57%).

'H NMR (500 MHz, CHaCl): & 7.34 (d, *Ji = 9.0 Hz, 2H), 6.55 (d, *Juu = 9.0
Hz, 2H), 6.15 (app t, *Jun = 5.3 Hz, 1H), 5.91 (dd, *Juu = 9.7, 5.8 Hz, 1H), 5.3 (br, 1H),
5.20 (app t, *Juu = 5.9 Hz, 1H), 4.74 (d, *Juu = 9.4 Hz, 1H), 3.29 (t, *Juy = 7.6 Hz, 4H),
1.57 (m, 4H), 1.39 (m, 4H), 0.96 (t, *Jun = 7.3 Hz, 6H). FTIR (thin film) 3359, 2958,

2932, 2872,2168, 1970, 1898, 1604, 1520, 1471, 1441, 1369, 1288, 1223, 1102, 1046,
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937, 815, 664, 625 cm™

Compound 33. A solution of HF-pyridine (0.5 M in THF; 0.121 mL, 0.061
mmol) was added dropwise to a solution of complex 31 (0.025 g, 0.055 mmol in 1 mL
THF) at —20 °C. The reaction was allowed to warm to rt and was stirred for 1 h,
whereupon the solvent was removed and column chromatography (Et,O/pentane) was
performed, providing complex 33 as an orange-red solid (0.010 g, 53%).

'H NMR (300 MHz, CH,Cl,): & 7.64 (m, 4H), 6.19 (br app t, 1H), 5.91 (dd, *Jun =
9.1, 6.1 Hz, 1H), 5.4 (br, 1H), 5.29 (app t, *Jun = 5.6 Hz, 1H), 4.77 (d, *Jun = 9.7 Hz, 1H).
FTIR (thin film) 3356, 2230, 2073, 1969, 1889, 1472, 1266, 1178, 1105, 839, 739, 663,
628 cm™,

Compound 26. Complex 32 (0.020 g, 0.045 mmol) was dissolved in MeCN (5
mL) and stirred for 3 h at rt. Approximately one-half of the solvent was removed and
column chromatography was performed (Et,O/pentane) to give 26 as a light yellow solid
(0.011 g, 79%).

'H NMR (300 MHz, CH,CL): 8 8.31 (br, 1H), 7.76 (dd, *Jun = 11.4, 6.7 Hz, 1H),
7.32 (m, 4H), 6.87 (d, *Jun = 11.5 Hz, 1H), 6.55 (d, *Jun = 9.1 Hz, 1H), 6.34 (app t, *Jun =
6.7 Hz, 1H), 3.29 (t, *Jug = 7.6 Hz, 4H), 1.59 (m, 4H), 1.39 (m, 4H), 0.96 (t, *Jux = 7.3
Hz, 6H). >C NMR (125.8 MHz, CD,CL): 8 148.8, 144.6, 134.7, 133.7, 132 (br), 111.7,
111.2,109.2, 106.6, 51.2, 29.9, 20.8, 14.3. "B NMR (192.5 MHz, CD,CL): 8 25.9. FTIR

(thin film) 3376, 3074, 3028, 2957, 2931, 2871, 2165, 1606, 1533, 1518, 1460, 1420,

1402, 1369, 1350, 1286, 1222, 1187, 1123, 1105, 1075, 991, 926, 814, 733, 680 cm™".

Compound 27. Complex 33 (0.010 g, 0.0294 mmol) was dissolved in MeCN (5
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mL) and stirred for 3 h at rt. Approximately one-half of the solvent was removed and
column chromatography performed, which gave 27 as a light yellow solid (0.003 g. 50%).
'"H NMR (300 MHz, CH,Cl): & 8.49 (br, 1H). 7.76 (dd, *Juy = 11.4, 6.7 Hz, 1H).
7.65 (s. 4H), 7.40 (app t. *Jin = 7.6 Hz. 1H). 6.94 (d, *Juy = 11.1 Hz, 1H). 6.47 (app ,
3y = 6.4 Hz, TH). "C NMR (125.8 MHz. CD,Cl): 8 145.4. 134.9. 133.0. 132.9. 1327,
128.9.119.0.112.4.112.3. "B NMR (192.5 MHz, CD,Cl,): §25.5. FTIR (thin film)
3366. 3030. 2229. 2072, 1942. 1602, 1539, 1460, 1419, 1350, 1263, 1105, 1077, 838, 735,

651 cm™.

/ \
\ Cli4 | ,/ \ ; /
/Nm < /" -
T
. \ ,/\ A\
| — X

Figure 8. OR'TEP illustration ot 16, with thermal ellipsoids drawn at the 35% probability level. Hydrogen
atoms have been omitted for clarity.
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X-ray Crystal Structure Determination. Crystals of 16 suitable for X-ray

diffraction were obtained by evaporation of a solution of 16 in Et,0O.

Diffraction intensity data were collected with a Bruker Smart Apex CCD diffractometer at

173(2) K using MoK & - radiation (0.71073 A). The structure was solved using direct

methods, completed by subsequent difference Fourier syntheses, and refined by full matrix

least-squares procedures on F2. All non-H atoms were refined with anisotropic thermal

parameters. H atoms were found on the residual density map and refined with isotropic

thermal parameters. The Flack parameter is 0.00(8). All software and sources scattering

factors are contained in the SHELXTL (6.10) program package (G.Sheldrick, Bruker

XRD, Madison, WI). Crystallographic data and some details of data collection and crystal

structure refinement for CoH,3sBCrNO;Si are given in the following tables.

Table 25, Crystal data and structure refinement for 18 (1iu67).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Density (calculated)
Absorption coefficient
F(000)

Crystal size

liu67
C,, Hyg BCr N O, Si

529.42

173(2) K

0.71073 A

Monoclinic

P2(1)/n

a=11.7332(19) A o= 90°.
b=11.0286(17) A B=104.091(3)°.
c=21993(4) A y=90°.
2760.3(8) A3

4

1.274 Mg/m3

0.488 mm-1

1104

031x031x0.11 mm3



Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

1.91 to 27.00°.

-11<=h<=14, -13<=k<=13, -28<=1<=28

15944

5863 [R(int) = 0.0279]

974 %

Semi-empirical from equivalents
0.9483 and 0.8635

Full-matrix least-squares on F2
5863 /0/437

1.040

R1 =0.0391, wR2 = 0.0937
R1=0.0508, wR2 =0.1014
0.442 and -0.230 e A-3
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Table 26. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10°)

for liu67. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y Z U(eq)
Cr(1) 903(1) 2297(1) 2107(1) 22(1)
Si(1) -1024(1) 4271(1) 2780(1) 24(1)
o) -422(D) 119(1) 2382(1) 40(1)
02 2129(1) 428(1) 1507(1) 37(1)
0(3) -839(2) 2651(2) 863(1) 52(1)
N(1) 393(D) 3836(1) 2632(1) 23(1)
B(D) 903(2) 4407(2) 2148(1) 25(1)
Cc) 53(2) 989(2) 2280(1) 29(1)
C2) 1670(2) 1156(2) 1740(1) 26(1)
C@®3) -171(2) 2521(2) 1338(1) 33(1)
C@ 1053(2) 2976(2) 3041(1) 25(D)
C(5) 2179(2) 2633(2) 3015(1) 26(1)
C(6) 2677(2) 3055(2) 2534(1) 26(1)
¢@))] 2090(2) 3919(2) 2095(1) 24(1)
C®8) -1615(2) 2940(2) 3120(1) 38(1)
C© -2082(2) 4661(2) 2032(1) 34(1)
Cc0) -696(2) 5555(2) 3367(1) 31(D)
can 141(2) 5122(3) 3978(1) 42(1)
C(12) -1863(2) 5959(3) 3505(1) 45(1)
C(13) -144(2) 6641(2) 3116(1) 42(1)
C(14) 280(2) 5414(2) 1711(1) 27(1)
C(15) -112(2) 6194(2) 1336(1) 29(1)
C(16) -615(2) 7121(2) 890(1) 29(1)
Cc(a7 -432(2) 8339(2) 1043(1) 45(1)
C(18) -912(3) 9224(2) 613(1) 53(1)
Cc(19) -1581(2) 8916(2) - 29(1D) 50(1)
CR0) -1774(3) 7718(3) -129(1) 56(1)



C21)
C(22)
C(23)
C(24)
C(25)
C(26)
C27)
C(28)

-1294(2)
2634(2)
3108(2)
3707(2)
3105(2)
3710(3)
4897(3)
5501(2)
4908(2)

6819(2)
4360(2)
4818(2)
5472(2)
6327(2)
7018(3)
6358(3)
6010(2)
53202)

297(1)
1621(1)
1255(1)
860(1)
431(1)
89(1)
160(1)
574(1)
926(1)

46(1)
26(1)
29(1)
30(1)
44(1)
58(1)
58(1)
48(1)
36(1)
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C(29)
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Table 27. Bond lengths [A] and angles [°] for 1iu67.

Cr()-C(2) 1.843(2)
Cr(1)-C(1) 1.845(2)
Cr(1)-C(3) 1.863(2)
Cr(1)-C(4) 2.1541(19)
Cr(1)-N(1) 2.2157(15)
Cr(1)-C(5) 2.2167(19)
Cr(1)-C(6) 2.2280(19)
Cr(1)-C(7) 2.2713(19)
Cr(1)-B(1) 2.329(2)
Si(1)-N(1) 1.8336(16)
Si(1)-C(9) 1.853(2)
Si(1)-C(8) 1.857(2)
Si(1)-C(10) 1.892(2)
O(1)-C(1) 1.158(2)
0(2)-C(2) 1.154(2)
0(3)-C(3) 1.152(2)
N(1)-C@) 1.404(2)
N(1)-B(1) 1.482(3)
B(1)-C(7) 1.524(3)
B(1)-C(14) 1.533(3)
C(4)-C(5) 1.389(3)
C@)-H(4) 0.95(2)
C(5)-C(6) 1.407(3)
C(5)-H(5) 0.92(2)
C(6)-C(7) 1411(3)
C(6)-H(6) 0.906(19)
C(7)-C(22) 1.433(3)
C(8)-H(8A) 0.97(3)
C(8)-H(8B) 0.92(3)
C(8)-H(8C) 0.92(3)
C(9)-H(9A) 0.94(3)
C(9)-H(9B) 0.93(3)
C(9)-H(9C) 0.96(3)
C(10)-C(13) 1.528(3)
C(10)-C(11) 1.536(3)
C(10)-C(12) 1.539(3)
C(11)-H(11A) 0.97(3)
C(11)-H(11B) 0.97(3)
C(11)-H(11C) 0.97(2)
C(12)-H(12A) 1.01(3)
C(12)-H(12B) 0.95(3)
C(12)-H(12C) 0.99(3)
C(13)-H(13A) 0.95(3)
C(13)-H(13B) 0.96(2)
C(13)-H(13C) 0.97(2)
C(14)-C(15) 1.202(3)
C(15)-C(16) 1.440(3)
C(16)-C(17) 1.388(3)
C(16)-C(21) 1.393(3)
C(17)-C(18) 1.379(3)
C(17)-H(17) 095(2)

C(18)-C(19) 1.375(4)



C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-C(21)
C(20)-H(20)
C1)-H21)
C(22)-C(23)
C(23)-C(24)
C(24)-C(29)
C(24)-C(25)
C(25)-C(26)
C(25)-H(25)
C(26)-C(27)
C(26)-H(26)
CQ7)-C(28)
C(27)-H27)
C(28)-C(29)
C(28)-H(28)
C(29)-H(29)

C(2)-Cr(1)-C(1)
C(2)-Cr(1)-C(3)
C(1)-Cr(1)-C(3)
C(2)-Cr(1)-C(4)
C(1)-Cr(1)-C(4)
C3)-Cr(1)-C(4)
C(2)-Cr(1)-N(1)
C(1)-Cr(1)-N(1)
C(3)-Cr(1)-N(1)
C@)-Cr(1)-N(1)
C2)-Cr(1)-C(5)
C(1)-Cr(1)-C(5)
C(3)-Cr(1)-C(5)
C4)-Cr(1)-C(5)
N()-Cr(1)-C(5)
C(2)-Cr(1)-C(6)
C(1)-Cr(1)-C(6)
C(3)-Cr(1)-C(6)
C(4)-Cr(1)-C(6)
N(1)-Cr(1)-C(6)
C(5)-Cr(1)-C(6)
C2)-Cr(1)-C(7)
C(1)-Cr(1)-C(7)
C(3)-Cr(1)-C(7)
C(@)-Cr(1)-C(7)
N(1)-Cr(1)-C(7)
C(5)-Cr(1)-C(7)
C(6)-Cr(1)-C(7)
C2)-Cr(1)-B(1)
C(1)-Cr(1)-B(1)
C(3)-Cr(1)-B(1)
C@)-Cr(1)-B(1)
N(1)-Cr(1)-B(1)

0.93(3)
1.371(4)
0.97(3)
1.387(4)
0.89(3)
0.88(3)
1.197(3)
1.436(3)
1.392(3)
1.398(3)
1.383(4)
0.89(2)
1.3744)
0.87(3)
1.375(4)
091(@3)
1.387(3)
0.99(3)
0.87(2)

84.45(9)
89.28(8)
90.65(9)
136.04(8)
89.82(8)
134.43(8)
166.81(7)
105.24(7)
99.37(7)
37.45(6)
102.37(8)
102.98(8)
162.75(8)
37.02(7)
67.10(6)
86.30(8)
134.64(8)
133.56(9)
67.42(7)
80.52(7)
36.90(7)
99.60(8)
169.00(7)
99.59(8)
80.15(7)
69.28(6)
66.22(7)
36.53(7)
134.73(8)
140.14(8)
84.07(8)
67.42(7)
37.94(6)
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C(3)-Cr(1)-B(1)
C(6)-Cr(1)-B(1)
C(N-Cr(1)-B(1)
N(1)-Si(1)-C(9)
N(1)-Si(1)-C(8)
C(9)-Si(1)-C(8)
N(1)-Si(1)-C(10)
C(9)-Si(1)-C(10)
C(8)-Si(1)-C(10)
C(4)-N(1)-B(1)
C(4)-N(1)-Si(1)
B(1)-N(1)-Si(1)
C(4)-N(1)-Cr(1)
B(1)-N(1)-Cr(1)
Si(1)-N(1)-Cr(1)
N(1)-B(1)-C(7)
N(1)-B(1)-C(14)
C(7)-B(1)-C(14)
N(1)-B(1)-Cr(1)
C(7)-B(1)-Cr(1)
C(14)-B(1)-Cr(1)
O(1)-C(1)-Cr(1)
0(2)-C(2)-Cr(1)
O(3)-C(3)-Cr(1)
C(5)-C(4)-N(1)
C(5)-C(4)-Cr(1)
N(1)-C(4)-Cr(1)
C(5)-C(4)-H(d)
N(1)-C(4)-H(4)
Cr(1)-C(4)-H(4)
C(4)-C(5)-C(6)
C@)-C(5)-Cr(1)
C(6)-C(5)-Cr(1)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
Cr(1)-C(5)-H(5)
C(5)-C(6)-C(7)
C(5)-C(6)-Cr(1)
C(7)-C(6)-Cr(1)
C(5)-C(6)-H(6)
C(7)-C(6)-H(6)
Cr(1)-C(6)-H(6)
C(6)-C(7)-C(22)
C(6)-C(7)-B(1)
C(22)-C(7)-B(1)
C(6)-C(7)-Cr(1)
C(22)-C(7)-Cr(1)
B(1)-C(7)-Cr(1)
Si(1)-C(8)-H(8A)
Si(1)-C(8)-H(8B)

H(8A)-C(8)-H(8B)

Si(1)-C(8)-H(8C)

H(8A)-C(8)-H(8C)

78.70(7)
67.49(7)
38.66(7)
110.10(9)
108.00(10)
107.79(12)
105.95(8)
114.34(11)
110.51(11)
119.48(15)
116.40(12)
123.92(13)
68.89(10)
75.19(10)
131.62(8)
116.15(17)
122.96(17)
120.87(17)
66.87(10)
68.61(11)
134.72(14)
175.43(17)
178.59(17)
179.5(2)
122.60(17)
73.94(11)
73.66(10)
120.7(12)
116.7(12)
125.4(12)
120.98(18)
69.04(11)
71.99(11)
117.5(13)
121.3(13)
127.4(13)
121.01(17)
71.12(11)
73.41(11)
116.7(12)
122.2(12)
125.4(11)
119.80(17)
119.30(17)
120.86(17)
70.06(11)
131.14(13)
72.73(11)
104.5(17)
111.2(18)
104(2)
111.0(16)
114(2)
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H(8B)-C(8)-H(8C)
Si(1)-C(9)-H(9A)
Si(1)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
Si(1)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
C(13)-C(10)-C(11)
C(13)-C(10)-C(12)
C(11)-C(10)-C(12)
C(13)-C(10)-Si(1)
C(11)-C(10)-Si(1)
C(12)-C(10)-Si(1)
C(10)-C(11)-H(11A)
C(10)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(10)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(10)-C(12)-H(12A)
C(10)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(10)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(10)-C(13)-H(13A)
C(10)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
C(10)-C(13)-H(13C)
H(13A)-C(13)-H(13C)
H(13B)-C(13)-H(13C)
C(15)-C(14)-B(1)
C(14)-C(15)-C(16)
C(17)-C(16)-C(21)
C(17)-C(16)-C(15)
C(21)-C(16)-C(15)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
C(19)-C(18)-C(17)
C(19)-C(18)-H(18)
C(17)-C(18)-H(18)
C(20)-C(19)-C(18)
C(20)-C(19)-H(19)
C(18)-C(19)-H(19)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20)
C(21)-C(20)-H(20)
C(20)-C(21)-C(16)
C(20)-C(21)-H(21)
C(16)-C(21)-H(21)
C(23)-C(22)-C(7)
C(22)-C(23)-C(24)

112(2)
108.4(15)
109.8(15)
107(2)
114.8(16)
1102)
106(2)
108.86(19)
108.7(2)
109.05(19)
111.95(14)
110.19(16)
108.01(15)
111.4(14)
113.2(14)
109(2)
109.3(14)
108(2)
106.1(19)
113.3(15)
107.1(16)
105(2)
110.0(15)
112(2)
1092)
111.6(15)
109.7(14)
107(2)
110.2(14)
108(2)
110(2)
172.9(2)
178.3(2)
118.5(2)
120.63(18)
120.9(2)
120.4(2)
119.8(15)
119.8(15)
120.7(2)
121.2(18)
118.1(18)
119.8(2)
119.4(16)
120.8(16)
120.2(2)
122.8(17)
117.0(18)
120.5(2)
119.9(17)
119.7(17)
174.3(2)
174.1(2)
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C(29)-C(24)-C(25)
C(29)-C(24)-C(23)
C(25)-C(24)-C(23)
C(26)-C(25)-C(24)
C(26)-C(25)-H(25)
C(24)-C(25)-H(25)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(26)-C(27)-C(28)
C(26)-C(27)-H(27)
C(28)-C(27)-H(27)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
C(28)-C(29)-C(24)
C(28)-C(29)-H(29)
C(24)-C(29)-H(29)

118.9(2)
120.59(19)
120 4(2)
119.8(3)
120.2(15)
119.9(15)
120.5(3)
121(2)
118(2)
120.5(2)
1232)
116(2)
119.7(3)
122.5(16)
117.8(16)
120.6(2)
121.7(15)
117.7(15)
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Symmetry transformations used to generate equivalent atoms:

Table 28. Anisotropic displacement parameters (A2x 10%)for lju67. The anisotropic
displacement factor exponent takes the form: -2p?[ h2a*2U!! + ...+ 2 hk a* b* U!2 ]

Ull U22 ]J33 U?3 Ul3 UlZ
Cr(D) 21(1) 19(1) 26(1) (D) 41) 1)
Si(1) 22(1) 23(1) 29(1) 21) 7(1) 0(1)
o(1) 39(1) 32(1) 52(1) 1) 14(1) 9(1)
0Q) 42(1) 31(1) 38(1) 2(1) 12(1) 10(1)
0Q3) 51(1) 51(1) 41(1) 2(1) -13(1) 8(1)
N(1) 24(1) 20(1) 26(1) 0(1) 6(1) 3(1)
B(1) 26(1) 21(1) 26(1) -3(1) A1) 2(1)
ca) 25(1) 29(1) 32(1) 4(1) 6(1) 2(1)
Cc®) 25(1) 24(1) 28(1) A1) A1) (1)
C@3) 33(1) 24(1) 38(1) 4(1) 3(1) A1)
C@) 29(1) 21(1) 26(1) (1) 5(1) 1(1)
C(5) 26(1) 21(1) 28(1) 1(1) 0(1) 2(1)
C(6) 20(1) 24(1) 33(1) -6(1) 3(1) 1(1)
Ce) 24(1) 20(1) 28(1) 4(1) 5(1) 2(1)
C@®) 34(1) 33(1) 48(1) 1(1) 14(1) -6(1)
C(9) 25(1) 42(1) 36(1) -1(1) 6(1) 5(1)
C(10) 29(1) 30(1) 34(1) 7(1) 10(1) (1)
cai 44(1) 43(2) 36(1) 9(1) 3(1) 2(1)
C@12) 40(1) 50(2) 51(1) 17(1) 20(1) 2(1)
C(13) 47(2) 28(1) 54(1) -10(1) 16(1) -5(1)
C(14) 26(1) 24(1) 31(1) 2(1) 9(1) 1(1)
C(15) 28(1) 26(1) 32(1) (1) 7(1) 0(1)
C(16) 31(1) 26(1) 30(1) 3(1) 8(1) 3(1)
cam 60(2) 30(1) 35(1) -1(1) -6(1) 5(1)
C@18) 76(2) 26(1) 48(1) 5(1) -1(1) 8(1)
C(19) 64(2) 4(2) 40(1) 14(1) 3(1) 11(1)
C(20) 75(2) 50(2) 33(1) 4(1) 9(1) 2(1)
c@l 62(2) 31(1) 38(1) -1(1) -1(1) -4(1)



C(22)
C(23)
C(24)
C(25)
C(26)
C27)
C(28)
C(29)

25(1)
29(1)
38(1)
52(2)
90(2)
88(2)
54(2)
42(1)

22(1)
26(1)
27(1)
46(2)
47(2)
53(2)
55(2)
35(1)

30(1)
31(1)
26(1)
35(1)
39(1)
42(1)
42(1)
31(1)

-5(1)
-6(1)
-5(1)
3
13(1)
-2(1)
-13(1)
-5(1)

A1)
7(1)
10(1)
12(1)
21(1)
33(1)
23(1)
12(1)

-1(1)
0(1)
-4(1)
2(1)
1(2)
-27(2)
-18(1)
-7(1)
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Table 29. Hydrogen coordinates ( x 104 and isotropic displacement parameters (A2x 10%) for liu67.

X y Z U(eq)
H(4) 691(18) 2629(17) 3343(9) 25(5)
H(5) 2558(18) 2062(19) 3301(9) 28(5)
H(6) 3369(17) 2718(16) 2510(8) 17(5)
H(8A) -2430(30) 3150(30) 3099(13) 72(9)
H(8B) -1670(20) 2270(30) 2863(14) 68(9)
H(8C) -1180(20) 2780(20) 3520(13) 57(8)
H(9A) -2840(20) 4610020) 2094(11) 52(7)
H(9B) -2030(20) 4100(20) 1727(12) 51(7)
H(C) -1960(20) 5440(30) 1866(12) 62(8)
H(11A) -200(20) 4460(20) 4168(11) 51(7)
H(11B) 900(20) 4870(20) 3925(10) 46(7)
H11C) 290(20) 5780(20) 4276(11) a46(7)
H(12A) -2480(20) 6180(20) 3118(13) 64(8)
H(12B) -2170(20) 5280(20) 3675(12) 57(8)
H(12C) -172020) 6620(20) 3817(12) 56(7)
H(13A) -30(20) 7300(20) 3402(12) 55(8)
H(13B) -660(20) 6920(20) 2730(11) 43(6)
H(13C) 610(20) 6420(20) 3042(11) 47(7)
HQ17) 30020) 8560(20) 1442(12) 54(7)
H(18) -770(30) 10030(30) 729(13) 74(9)
H(19) -1930(20) 9530(20) -271(12) 60(8)
H(20) -2190(30) 7480(20) -507(14) 67(9)
H(21) -1420(20) 6050(20) 193(12) 53(8)
H(25) 2340(20) 646020) 397(10) 40(7)
H(26) 3320(30) 7570(30) -162(15) 75(10)
H27) 5330(30) 7310(30) -43(16) 88(11)
H(28) 6360(20) 5870(20) 638(12) 62(8)
H(29) 5266(19) 4770(20) 1188(10) 36(6)




Table 30. Torsion angles [°] for liu67.
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C(9)-Si(1)-N(1)-C(@)
C(8)-Si(1)-N(1)-C(4)
C(10)-Si(1)-N(1)-C(4)
C(9)-Si(1)-N(1)-B(1)
C(8)-Si(1)-N(1)-B(1)
C(10)-Si(1)-N(1)-B(1)
C(9)-Si(1)-N(1)-Cr(1)
C(8)-Si(1)-N(1)-Cr(1)
C(10)-Si(1)-N(1)-Cr(1)
C(2)-Cr(1)-N(1)-C(4)
C(D)-Cr(D)-N(1)-C(4)
C(3)-Cr(1)-N(1)-C(4)
C(5)-Cr(1)-N(1)-C(4)
C(6)-Cr(1)-N(1)-C(4)
C(7N)-Cr(1)-N(1)-C(4)
B(1)-Cr(1)-N(1)-C(4)
C(2)-Cr(1)-N(1)-B(1)
C(1)-Cr(1)-N(1)-B(1)
C(3)-Cr(1)-N(1)-B(1)
C(@)-Cr(1)-N(1)-B(1)
C(5)-Cr(1)-N(1)-B(1)
C(6)-Cr(1)-N(1)-B(1)
C(7)-Cr(1)-N(1)-B(1)
C(2)-Cr(1)-N(1)-Si(1)
C(1)-Cr(1)-N(1)-Si(1)
C(3)-Cr(1)-N(1)-Si(1)
C(@)-Cr(1)-N(1)-Si(1)
C(5)-Cr(1)-N(1)-Si(1)
C(6)-Cr(1)-N(1)-Si(1)
C(7)-Cr(1)-N(1)-Si(1)
B(1)-Cr(1)-N(1)-Si(1)
C(@)-N(1)-B(1)-C(7)
Si(1)-N(1)-B(1)-C(7)
Cr(1)-N(1)-B(1)-C(7)
C(@)-N(1)-B(1)-C(14)
Si(1)-N(1)-B(1)-C(14)
Cr()-N(1)-B(1)-C(14)
C(@)-N(1)-B(1)-Cr(1)
Si(1)-N(1)-B(1)-Cr(1)
C(2)-Cr(1)-B(1)-N(1)
C(1)-Cr(1)-B(1)-N(1)
C(3)-Cr(1)-B(1)-N(1)
C(4)-Cr(1)-B(1)-N(1)
C(5)-Cr(1)-B(1)-N(1)
C(6)-Cr(1)-B(1)-N(1)
C(7)-Cr(1)-B(1)-N(1)
C(2)-Cr(1)-B(1)-C(7)
C(D)-Cr(1)-B(1)-C(7)
C(3)-Cr(1)-B(1)-C(7)
C(4)-Cr(1)-B(1)-C(7)
N(1)-Cr(1)-B(1)-C(7)
C(5)-Cr(1)-B(1)-C(7)

_148.69(15)
-31.24(16)
87.18(15)
36.45(18)
153.90(16)
-87.68(16)
-64.24(14)
53.21(14)
171.64(10)
-67.5(3)
68.84(12)
162.09(12)
-29.08(11)
-65.02(11)
-101.13(11)
-130.36(15)
62.9(3)
-160.80(11)
67.54(12)
130.36(15)
101.28(11)
6535(11)
29.24(10)
-174.6(3)
-38.30(12)
54.95(12)
-107.14(15)
-136.22(12)
-172.16(12)
151.73(12)
122.50(15)
5.4(3)
-179.89(12)
-49.34(15)
-175.85(17)
-1.1(3)
129.41(18)
54.74(14)
-130.55(12)
-163.39(10)
29.67(16)
113.54(11)
-30.12(10)
-67.11(10)
-103.98(11)
-133.01(15)
-30.38(15)
162.68(12)
-113.45(12)
102.89(11)
133.01(15)
65.90(11)



C(6)-Cr(1)-B(1)-C(7)
C(2)-Cr(1)-B(1)-C(14)
C()-Cr(1)-B(1)-C(14)
C(3)-Cr(1)-B(1)-C(14)
C@)-Cr(1)-B(1)-C(14)
N(1)-Cr(1)-B(1)-C(14)
C(5)-Cr(1)-B(1)-C(14)
C(6)-Cr(1)-B(1)-C(14)
C(7)-Cr(1)-B(1)-C(14)
C(2)-Cr(1)-C(1)-0(1)
C(3)-Cr(1)-C(1)-O(1)
C@)-Cr(1)-C(1)-0(1)
N(1)-Cr(1)-C(1)-0(1)
C(5)-Cr(1)-C(1)-0O(1)
C(6)-Cr(1)-C(1)-O(1)
C(7)-Cr(1)-C(1)-0(1)
B(1)-Cr(1)-C(1)-0O(1)
C(1)-Cr(1)-C(2)-0(2)
C(3)-Cr(1)-C(2)-0(2)
C@)-Cr(1)-C(2)-0(2)
N(1)-Cr(1)-C(2)-0(2)
C(5)-Cr(1)-C(2)-0(2)
C(6)-Cr(1)-C(2)-0(2)
C(7)-Cr(1)-C(2)-0(2)
B(1)-Cr(1)-C(2)-0(2)
C(2)-Cr(1)-C(3)-0(3)
C(1)-Cr(1)-C(3)-0(3)
C)-Cr(1)-C(3)-0(3)
N(D-Cr(1)-C(3)-0(3)
C(5)-Cr(1)-C(3)-0(3)
C(6)-Cr(1)-C(3)-0(3)
C(N-Cr(1)-C(3)-0(3)
B(1)-Cr(1)-C(3)-0(3)
B(1)-N(1)-C(4)-C(5)
Si(D)-N(D-CH-C(5)
Cr(1)-N(1)-C(4)-C(5)
B(1)-N(1)-C(4)-Cr(1)
Si(1)-N(1)-C(4)-Cr(1)
C(2)-Cr(1)-C()-C(5)
C(1)-Cr(1)-C&)-C(5)
C(3)-Cr(1)-C()-C(5)
N(D)-Cr(1)-C4-C(5)
C(6)-Cr(1)-C(4)-C(5)
C()-Cr(1)-CH-C(5)
B(1)-Cr(1)-C(4)-C(5)
C(2)-Cr(1)-C(4)-N(1)
C(1)-Cr(1)-C4)-N(1)
C(3)-Cr(1)-C(4)-N(1)
C(5)-Cr(1)-C(4)-N(1)
C(6)-Cr(1)-C(4)-N(1)
C(T)-Cr(1)-C(4)-N(1)
B(1)-Cr(1)-C(4)-N(1)
N(1)-C@)-C(5)-C(6)

29.02(10)
82.4(2)
-84.5(2)

-0.64(19)

-144.3(2)

-1142(2)
178.7(2)
141 8(2)
112.8(2)

18(2)
107(2)
-119(2)
-153(2)
-84(2)
-62(2)
-95(2)
-172Q2)
27(7)
-64(7)
111(7)
165(7)
129(7)
163(7)
-163(7)
-145(7)
79(26)
-5(26)
-96(26)
-111(26)

-148(100)
163(100)
179(100)
-146(26)

02(3)
-174.88(15)

58.02(17)

-57.80(15)

127.10(10)

30.36(17)

112.16(13)

-157.10(13)
-131.96(17)
27.50(12)
-63.29(12)
-101.47(13)
162.32(11)
-115.88(11)

25.14(16)

131.96(17)

104.46(12)

68.67(10)

30.49(10)
-5.9(3)
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Cr(1)-C(4)-C(5)-C(6)
N(1)-C(4)-C(5)-Cr(1)
C(2)-Cr(1)-C(5)-C(4)
C(1)-Cr(1)-C(5)-C(4)
C(3)-Cr(1)-C(5)-C(4)
N(1)-Cr(1)-C(5)-C(4)
C(6)-Cr(1)-C(5)-C(4)
C(7)-Cr(1)-C(5)-C(4)
B(1)-Cr(1)-C(5)-C(4)
C(2)-Cr(1)-C(5)-C(6)
C(1)-Cr(1)-C(5)-C(6)
C(3)-Cr(1)-C(5)-C(6)
C(4)-Cr(1)-C(5)-C(6)
N(1)-Cr(1)-C(5)-C(6)
C(7)-Cr(1)-C(5)-C(6)
B(1)-Cr(1)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
Cr(1)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-Cr(1)
C(2)-Cr(1)-C(6)-C(5)
C(1)-Cr(1)-C(6)-C(5)
C(3)-Cr(1)-C(6)-C(5)
C(4)-Cr(1)-C(6)-C(5)
N(1)-Cr(1)-C(6)-C(5)
C(7)-Cr(1)-C(6)-C(5)
B(1)-Cr(1)-C(6)-C(5)
C(2)-Cr(1)-C(6)-C(7)
C()-Cr(1)-C(6)-C(7)
C(3)-Cr(1)-C(6)-C(7)
C(4)-Cr(1)-C(6)-C(7)
N(1)-Cr(1)-C(6)-C(7)
C(5)-Cr(1)-C(6)-C(7)
B(1)-Cr(1)-C(6)-C(7)
C(5)-C(6)-C(7)-C(22)
Cr(1)-C(6)-C(7)-C(22)
C(5)-C(6)-C(7)-B(1)
Cr(1)-C(6)-C(7)-B(1)
C(5)-C(6)-C(7)-Cr(1)
N(1)-B(1)-C(7)-C(6)
C(14)-B(1)-C(7)-C(6)
Cr(1)-B(1)-C(7)-C(6)
N(1)-B(1)-C(7)-C(22)
C(14)-B(1)-C(7)-C(22)
Cr(1)-B(1)-C(7)-C(22)
N(1)-B(1)-C(7)-Cx(1)
C(14)-B(1)-C(7)-Cr(1)
C(2)-Cr(1)-C(7)-C(6)
C(1)-Cr(1)-C(7)-C(6)
C(3)-Cr(1)-C(7)-C(6)
C(4)-Cr(1)-C(7)-C(6)
N(1)-Cr(1)-C(7)-C(6)
C(5)-Cr(1)-C(7)-C(6)
B(1)-Cr(1)-C(7)-C(6)

51.96(17)
-57.89(16)
-158.95(12)
-71.88(13)
69.5(3)
29.39(11)
134.76(18)
105.89(13)
67.34(12)
66.29(13)
153.36(12)
-65.2(3)
-134.76(18)
-105.37(12)
28.87(11)
-67.42(12)
54(3)
56.11(16)
-50.66(17)
-116.34(12)
-37.88(16)
158.19(13)
27.58(11)
64.23(11)
132.07(17)
101.45(13)
111.60(12)
-169.94(11)
26.12(16)
-104.48(12)
-67.84(11)
-132.07(17)
-30.61(11)
178.18(17)
-126.78(17)
0.5(3)
55.55(16)
-55.04(16)
-58(3)
175.47(17)
-54.27(15)
176.60(16)
223)
128.08(17)
48.52(15)
-130.26(18)
-70.23(12)
40.6(4)
-161.12(12)
65.14(11)
102.41(11)
29.15(11)
131.15(16)
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C2)-Cr(1)-C(7)-C(22)
C())-Cr(1)-C(N-C(22)
C3)-Cr()-C(7)-C(22)
C@)-Cr(1)-C(7)-C(22)
N(1)-Cr(1)-C(7)-C(22)
C(5)-Cr(1)-C(7)-C(22)
C(6)-Cr(1)-C(7)-C(22)
B(1)-Cr(1)-C(7)-C(22)
C2)-Cr(1)-C(7)-B(1)
C()-Cr(1)-C(7)-B(1)
C(3)-Cr(1)-C(7N-B(1)
C(&)-Cr(1)-C(7)-B(1)
N(1)-Cr(1)-C(7)-B(1)
C(5)-Cr(1)-C(7)-B(1)
C(6)-Cr(1)-C(7)-B(1)
N(1)-Si(1)-C(10)-C(13)
C(9)-Si(1)-C(10)-C(13)
C(8)-Si(1)-C(10)-C(13)
N(1)-Si(1)-C(10)-C(11)
C(9)-Si(1)-C(10)-C(11)
C(8)-Si(1)-C(10)-C(11)
N(1)-Si(1)-C(10)-C(12)
C(9)-Si(1)-C(10)-C(12)
C(8)-Si(1)-C(10)-C(12)
N(1)-B(1)-C(14)-C(15)
C(7)-B(1)-C(14)-C(15)
Cr(1)-B(1)-C(14)-C(15)
B(1)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(14)-C(15)-C(16)-C(21)
C(21)-C(16)-C(17)-C(18)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(16)
C(17)-C(16)-C(21)-C(20)
C(15)-C(16)-C(21)-C(20)
C(6)-C(7)-C(22)-C(23)
B(1)-C(7)-C(22)-C(23)
Cr(1)-C(7)-C(22)-C(23)
C(7)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(29)
C(22)-C(23)-C(24)-C(25)
C(29)-C(24)-C(25)-C(26)
C(23)-C(24)-C(25)-C(26)
C(24)-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(24)
C(25)-C(24)-C(29)-C(28)
C(23)-C(24)-C(29)-C(28)
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42.42(18)
153.3(4)
-48.47(19)
177.79(19)
-144.94(19)
141.80(19)
112.6(2)
-1162(2)
158.63(11)
-90.5(4)
67.73(12)
-66.00(11)
-28.73(10)
-102.00(11)
-131.15(16)
60.10(17)
-61.34(19)
176.84(17)
-61.20(17)
177.36(16)
55.54(18)
179.76(16)
58.33(19)
-63.49(19)
-174.5(16)
4.2(18)
-85.5(17)
158(6)
105(7)
75(7)
0.2(4)
179.7(2)
0.3(4)
-0.1(5)
-0.1(5)
0.2(5)
0.1(4)
-179.9(2)
-104(2)
73(2)
167(2)
54)
89(2)
87(2)
-1.03)
175.02)
0.8(4)
0.1(4)
-08@)
0.6(3)
03(3)
-175.68(19)

Symmetry transformations used to generate equivalent atoms:
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Figure 9. ORTEP illustration of 12, with thermal ellipsoids drawn at the 35% probability level.

X-ray Crystal Structure Determination. Crystals of 12 suitable for X-ray
diffraction were obtained by evaporation of a solution of 12 in Et,O.
Diffraction intensity data were collected with a Bruker Smart Apex CCD diffractometer
at 173(2) K using MoK« - radiation (0.71073 A). The structure was solved using direct
methods, completed by subsequent difference Fourier syntheses. and refined by full
matrix least-squares procedures on F2. All non-H atoms were retined with anisotropic
thermal parameters. H atoms were found on the residuai density map and refined with
isotropic thermal parameters. The Flack parameter is 0.00(8). All software and sources

scattering factors are contained in the SHELXTL (6.10) program package (G.Sheldrick,
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Bruker XRD, Madison, WI). Crystallographic data and some details of data collection

and crystal structure refinement for C,oH14BN are given in the following tables.

Table 31. Crystal data and structure refinement for 12 (liu70a).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Finai R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

liu70a
CoH,BN

279.13

173(2) K

071073 A

Monoclinic

P2(1)/c

a=9.9028(13) A a=90°.
b=17.214(2) A B=108.420(2)°.
¢ =9.5769(13) A y = 90°.

1548 9(4) A3

4

1.197 Mg/m3

0.068 mm-1

584

0.23 x 0.12 x 0.08 mm3

2.17 to 27.00°.

-12<=h<=12, -21<=k<=21, -12<=l<=12
17029

3382 [R(int) = 0.0245]

100.0 %

Semi-empirical from equivalents
0.9945 and 0.9844

Full-matrix least-squares on F2
3382/0/256

1.035

R1 = 0.0465, wR2 = 0.1059
R1=0.0595, wR2 = 0.1147

0.219 and -0.223 e.A-3
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Table 32. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)
for liu70a. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y v/ U(eq)
N(I) 3364(1) 2267(1) 6575(1) 34(1)
N(1A) 4784(1) 1005(1) 8182(2) 36(1)
B(1) 2833(2) 1981(1) 7687(2) 29(1)
B(1A) 3634(1) 1293(1) 8560(1) 29(1)
C1) 4507(2) 1948(1) 6276(2) 38(1)
C() 5207(2) 1330(1) 7045(2) 39(1)
C(@3) 4784(1) 1005(1) 8182(2) 36(1)
C@3A) 3364(1) 2267(1) 6575(1) 34(1)
C@) 3634(1) 1293(1) 8560(1) 29(1)
C(4A) 2833(2) 1981(1) 7687(2) 29(1)
C(®5) 3214(1) 939(1) 9741(1) 33(1)
C(6) 2794(1) 675(1) 10690(1) 33(1)
C@ 2268(1) 338(1) 11793(1) 30(1)
C(8) 1375(2) -310(1) 11461(2) 40(1)
C 847(2) -629(1) 12506(2) 43(1)
C10) 1205(2) -316(1) 13895(2) 42(1)
can 2095(2) 320(1) 14244(2) 47(1)
C(12) 2622(2) 647(1) 13201(2) 39(1)
c(13) 1544(2) 2365(1) 7912(1) 33(1)
C14) 499(2) 2661(1) 8061(1) 34(1)
C(15) -797(1) 2990(1) 8168(2) 35(1)
C(16) -1373(2) 3651(1) 7364(2) 53(1)
ca7 -2668(2) 3934(1) 7403(2) 71(1)
C(18) -3369(2) 3575(1) 8267(3) 76(1)
C(19) -2771(2) 2937(1) 9099(3) 74(1)
C(20) -1494(2) 2643(1) 9056(2) 50(1)

Table 33. Bond lengths [A] and angles [°] for liu70a.

N(D-C(1) 1.3676(18)
N(1)-B(1) 1.4172(18)
N()-H(IN) 0.898(18)
N(1A)-B(1A) 1.3906(18)
N(1A)-C(2) 1.4006(19)
N(1A)-H(3) 0.983(16)
B(1)-C(13) 1.5118(19)
B(1)-B(1A) 1.5198(19)
B(1A)-C(5) 1.4564(18)
C()-C(2) 1.353(2)
C(1)-H(1) 0.994(16)
C(2)-H(2) 0.966(16)
C(5)-C(6) 1.2015(18)
C(6)-C(7) 1.4406(18)
C(7)-C(12) 1.3875(19)
C(7)-C(8) 1.3946(19)
C(8)-C(9) 1.381(2)
C(8)-H(8) 0.962(18)
C(9)-C(10) 1.374(2)

C(9)-H(9) 0.973(19)



C(10)-C(11)
C(10)-H(10)
C(11)-C(12)
C(11)-H(11)
C(12)-H(12)
C(13)-C(14)
C(14)-C(15)
C(15)-C(20)
C(15)-C(16)
C(16)-C(17)
C(16)-H(16)
C(17)-C(18)
C(17)-H(17)
C(18)-C(19)
C(18)-H(18)
C(19)-C(20)
C(19)-H(19)
C(20)-H(20)

C(1)-N(1)-B(1)
C(1)-N(1)-H(IN)
B(1)-N(1)-H(IN)
B(1A)-N(1A)-C(2)
B(1A)-N(1A)-H(3)
C(2)-N(1A)-H(3)
N(1)-B(1)-C(13)
N(1)-B(1)-B(1A)
C(13)-B(1)-B(1A)
N(1A)-B(1A)-C(5)
N(1A)-B(1A)-B(1)
C(5)-B(1A)-B(1)
C(2)-C(1)-N(1)
C(2)-C(1)-H(1)
N(1)-C(1)-H(1)
C(1)-C(2)-N(1A)
C(1)-C2)-H2)
N(1A)-C(2)-H(2)
C(6)-C(5)-B(1A)
C(5)-C(6)-C(7
C(12)-C(7)-C(8)
C(12)-C(7)-C(6)
C(8)-C(7)-C(6)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8)
C(7)-C8)-H(®)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(11)
C(9)-C(10)-H(10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)

1.378(2)
0.974(17)
1.385(2)
0.984(18)
0.990(17)
1.2016(19)
1.4354(19)
1.388(2)
1.392(2)
1.384(3)
1.01(2)
1.383(3)
0.96(2)
1.376(3)
0.96(2)
1.375(2)
1.00(2)
0.96(2)

123.07(12)
117.2(11)
119.8(11)
122.04(13)
119.09)
119.0(9)
119.06(12)
115.54(12)
125.40(12)
120.74(12)
117.55(12)
121.70(11)
121.16(13)
122.9(9)
115.9(9)
120.63(13)
120.2(9)
119.29)
175.99(14)
177.98(15)
118.45(12)
12121(12)
120.34(12)
120.69(14)
120.7(11)
118.6(11)
120.28(14)
119.4(10)
120.3(10)
119.72(14)
119.9(10)
120.4(10)
120.41(14)
120.8(11)
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C(12)-C(11)-H(11) 118.8(11)
C(11)-C(12)-C(7) 120.45(14)
C(11)-C(12)-H(12) 121.6(9)
C(7)-C(12)-H(12) 117.9(9)
C(14)-C(13)-B(1) 178.40(15)
C(13)-C(14)-C(15) 176.73(15)
C(20)-C(15)-C(16) 119.59(15)
C(20)-C(15)-C(14) 120.22(13)
C(16)-C(15)-C(14) 120.18(14)
C(17)-C(16)-C(15) 119.63(19)
C(17)-C(16)-H(16) 119.9(12)
C(15)-C(16)-H(16) 120.4(13)
C(18)-C(17)-C(16) 120.3(2)
C(18)-C(17)-H(17) 120.0(13)
C(16)-C(17)-H(17) 119.8(14)
C(19)-C(18)-C(17) 119.85(18)
C(19)-C(18)-H(18) 119.7(14)
C(17)-C(18)-H(18) 120.4(14)
C(20)-C(19)-C(18) 120.5(2)
C(20)-C(19)-H(19) 118.9(14)
C(18)-C(19)-H(19) 120.6(14)
C(19)-C(20)-C(15) 120.08(19)
C(19)-C(20)-H(20) 121.5(11)
C(15)-C(20)-H(20) 118.4(11)
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Symmetry transformations used to generate equivalent atoms:

Table 34. Anisotropic displacement parameters (A2x 10%)for liu70a. The anisotropic
displacement factor exponent takes the form: -2p?[ h2a*2Ull + .., + 2 hk a* b* U1?2]

Ull U22 U33 UB U13 U12
N(D) 36(1) 34(1) 34(1) 7(1) 14(1) 4(1)
N(1A) 36(1) 35(1) 36(1) 6(1) 13(1) 7(1)
B(1) 31(1) 27(1) 28(1) -1(D) 10(1) 2(1)
B(1A) 33(1) 28(1) 28(1) -1(D) 11(1) -1(D)
C(1) 37(1) 46(1) 35(1) 5(1) 19(1) o)
C(2) 34(1) 48(1) 41(1) 21) 18(1) 6(1)
C@3) 36(1) 35(1) 36(1) 6(1) 13(1) 7(1)
C(BA) 36(1) 34(1) 34(1) 7(1) 14(1) 4(1)
C@) 33(1) 28(1) 28(1) -1(1) 11(1) -1(D)
C(4A) 31(1) 27(1) 28(1) -1(1) 10(1) -2(1)
C(o5) 36(1) 29(1) 33(1) 1(1) 11(1) 5(1) .
C(6) 37(1) 29(1) 34(1) 3(1) 12(1) 6(1)
C() 31(1) 28(1) 32(1) 5(1) 11(1) 6(1)
C(8) 50(1) 36(1) 35(1) -4(1) 13(1) -5(1)
C©O) 45(1) 34(1) 53(1) 3(1) 17(1) -6(1)
C(10) 45(1) 43(1) 45(1) 11(1) 23(1) 4(1)
C1n 56(1) 54Q1) 35(1) -4(1) 20(1) -7(1)
C(12) 44(1) 37(1) 39(1) -3(1) 16(1) (1)
C(13) 39(1) 29(1) 32(1) 4(1) 14(1) -1(1)
C(14) 40(1) 30(1) 32(1) 3(1) 14(1) -1(1)
C(15) 36(1) 35(1) 33(1) -5(1) 11(1) 1(1)
C(16) 68(1) 53(1) 36(1) 4(1) 16(1) 24(1)



ca7) 69(1)
C(18) 35(1)
C(19) 56(1)
C(20) 52(1)

78(1)
87(2)
62(1)
41(1)

50(1)
1012)
122(2)
69(1)

12(1)
-44(1)
-23(1)
-3(1)

2(1)
12(1)
56(1)
. 35(1)

39(1)
9(1)
-11(1)
-3(1)
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Table 35. Hydrogen coordinates ( x 104 and isotropic displacement parameters (A2x 103) for liu70a.

X y z U(eq)
H(®1) 4783(16) 2198(9) 5471(17) 46(4)
H(IN) 2939(17) 2675(10) 6025(19) 50(5)
H(2) 6020(17) 1116(9) 6830(17) 444
H(3) 5326(17) 565(9) 8740(17) 24
H(8) 1124(19) -524(10) 10480(20) 60(5)
H(9) 223(19) -1079(11) 12266(19) 60(5)
H(10) 842(17) -549(10) 14631(19) 52(5)
H(11) 2377(19) 545(10) 15240(20) 61(5)
H(12) 3252(18) 1108(10) 13426(18) 52(5)
H(16) -870(20) 3915(12) 6730(20) 87(7)
H®17) -3080(20) 4382(13) 6830(20) 87(7)
H(18) -4250(30) 3783(13) 8330(20) 93(7)
H(19) -3260(20) 2679(14) 9740(30) 95(7)
H20) -1071(19) 2190(12) 9620(20) 67(6)
Table 36. Torsion angles [°] for liu70a.
C(D)-N(1)-B(1)-C(13) -178.80(13)
C(1)-N(1)-B(1)-B(1A) 0.93(19)
C(2)-N(1A)-B(1A)-C(5) 179.51(13)
C(2)-N(1A)-B(1A)-B(1) 0.2(2)
N(1)-B(1)-B(1A)-N(1A) -0.90(18)
C(13)-B(1)-B(1A)-N(1A) 178.81(13)
N(1)-B(1)-B(1A)-C(5) 179.79(12)
C(13)-B(1)-B(1A)-C(5) -0.5(2)
B(1)-N(1)-C(1)-C(2) -0.2(2)
N(1)-C(1)-C(2)-N(1A) -0.6(2)
B(1A)-N(1A)-C(2)-C(1) 0.6(2)
N(1A)-B(1A)-C(5)-C(6) -172(2)
B(1)-B(1A)-C(5)-C(6) 7(2)
B(1A)-C(5)-C(6)-C(7) 94(4)
C(5)-C(6)-C(7)-C(12) 176(100)
C(5)-C(6)-C(7)-C(8) -44)
C(12)-C(7)-C(8)-C(9) 0.6(2)
C(6)-C(7)-C(8)-C(9) -178.94(13)
C(N-C(8)-C(9)-C(10) -0.5(2)
C(8)-C(9)-C(10)-C(11) -0.1(2)
C(9)-C(10)-C(11)-C(12) 0.5(2)
C(10)-C(11)-CAD)-C(7) -0.4(2)
C(8)-C(7)-C(12)-C(11) -0.2(2)
C(6)-C(7)-C(12)-C(11) 179.36(13)
N(1)-B(1)-C(13)-C(14) 75(5)
B(1A)-B(1)-C(13)-C(14) -105(5)
B(1)-C(13)-C(14)-C(15) 4(7)



C(13)-C(14)-C(15)-C(20)
C(13)-C(14)-C(15)-C(16)
C(20)-C(15)-C(16)-C(17)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(15)
C(16)-C(15)-C(20)-C(19)
C(14)-C(15)-C(20)-C(19)

431

92(3)
-87(3)
-3.1(2)

175.95(15)

1.7(3)
0.5(3)
-1.3(3)
-0.1(3)
2.3(3)

-176.73(16)

Symmetry transformations used to generate equivalent atoms:
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APPENDIX D

SYNTHESIS AND CHARACTERIZATION OF NITROLIPIDS

D.1. Introduction

The interest in conjugated organic molecules has grown significantly over the last
several decades. The incorporation of boron in conjugated materials has been shown to
impart unique properties relative to their carbonaceous analogs.'” The fundamental
consequences of replacing CC units with BN units in tolan derivatives provides a glimpse

at the potential of 1,2-azaborine heterocycles in materials applications.

D.2. Experimental
D.2.1. General

THF was distilled over Na/benzophenone. CH,Cl, was distilled over CaH,.
Commercially available reagents were used as received. Thin layer chromatography was
performed on Sigma-Aldrich TLC plates (general purpose, silica gel on polyester with
UV indicator). Column chromatography was performed on Sorbent Technologies silica
gel (60 A). 'H and BC NMR data were collected on a Varian spectrometer at 300 MHz
and 75 MHz, respectively. IR spectroscopy data were collected on a Nicolet Magna FT-

IR 550 spectrometer. High-resolution mass spectrometry data were collected by Jeff
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Morre at Oregon State University, Environmental Health Sciences Center on a JEOL
MSRoute Spectrometer in chemical ionization positive ionization mode.

1-Nitrononane (9). Silver nitrite (24 g, 0.156 mol) was added to a flask
protected from light with aluminum foil, suspended in Et,O, and purged with N,. 1-
bromononane (21 g, 0.101 mol) was then added and the solution stirred at rt for 7 d.
Solids were then removed by passing the solution through a plug of celite. The solvent
was removed under vacuum and 9 purified by vacuum distillation (88 °C, 0.1 Torr) in
60% yield (10.5 g) as a faintly yellow liquid.

'H NMR (300 MHz, CDCl3) 8 4.35 (t, J = 8 Hz, 2H), 1.96 (m, 2H), 1.25 (br m,
12H), 0.82 (t, J = 7.5 Hz, 3H); >’C NMR (75 MHz, CDCl3) § 77.8, 31.9, 29.3, 29.2, 28.9,
27.5,26.3,22.7, 14.1; IR (KBr) v 2927, 2857, 1555, 1466, 1436, 1382, 1136, 874, 723,
613 cm™.

Compound 10. Oleic acid (20.0 g, 0.071 mol) dissolved in dry CH,Cl, (200
mL) in an oven-dried flask was cooled to —78 °C with stirring under O,. O3 was then
bubbled into the solution until a faint blue color was observed (45 min.), after which the
solution was purged with N, for 20 min. and brought to rt. Dimethylsulfide (7.3 mL,
0.10 mol) was added via syringe and the solution stirred for 3 h. Excess Me,S and
solvent were then removed under reduced pressure and the mixture dissolved in EtOAc
(100 mL). The solution was then washed three times with satd. NaCl soln., dried with
MgSOs, and solvent removed under vacuum. 10 was then purified by column

chromatography (1:1 hexanes: ethyl acetate) in 90% yield as a colorless liquid.
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'H NMR (300 MHz, CDCl3) & 11.4 (br s, 1H), 9.68 (t, J= 1.8 Hz, 1H), 2.41 (t, J
= 7.5 Hz, 2H), 2.35 (t, J= 7.5 Hz, 2H), 1.6 (br m, 4H), 1.25 (br m, 6H).

Compound 11. A flask was charged with 10 (2.5 g, 15 mmol), N,N’-
dicyclohexylcarbodiimide (DCC) (3.5 g, 17 mmol), and CH,Cl, (50 mL), and cooled to
0 °C under N,. N,N-dimethyl-4-aminopyridine (DMAP) (50 mg) was then added and
the solution stirred for 30 minutes, after which allyl alcohol was added and the solution
stirred for 2 h. The reaction was then warmed to rt and stirred overnight. The solution
was passed through a plug of silica/celite, and solvents were removed under reduced
pressure. Allyl ester 11 was purified by vacuum distillation (110 °C, 0.1 Torr) in 65%
yield (2.0 g, colorless liquid)

'H NMR (300 MHz, CDCl3) 8 9.74 (t,J = 1.8 Hz, 1H), 5.88 (m, 1H), 5.22 (m,
2H), 4.55 (d, J=9.6 Hz, 2H), 2.40 (t, J= 7.5 Hz, 2H), 2.30 (t, J=7.5 Hz, 2H), 1.60 (br
m, 4H), 1.32 (br m, 6H); *C NMR (75 MHz, CDCl3) § 202.3, 172.9, 132.1, 117.7, 64.5,
43.5,33.8,28.7,28.6, 28.5, 24.5, 21.6; IR (KBr) v 2934, 2858, 2720, 1736, 1649, 1458,
1418, 1378, 1174, 1105, 991, 933 cm™".

Compound 12. Nitroalkane 9 (1.0 eq.) and aldehyde 11 (1.2 eq.) were added to
a flask along with EtOAc (2 M in aldehyde). 1,8-Diazabicyclo[5.4.0Jundec-7-ene (0.1
eq.) was then added under N; at rt and the solution stirred 24 h. The solution was then
partitioned with Et,0O and 1 M HCI, the aqueous layer extracted three times with Et,0O,
and the combined organic layer washed with brine and dried over MgSO,. The drying

agent was then filtered and solvents removed under vacuum. Product 12 (colorless oil)
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was purified by column chromatography (5% EtOAc in hexanes) as a mixture of
diastereomers (75-85% yield):

'H NMR (300 MHz, CDCL;) & 5.88 (m, 1H), 5.22 (m, 2H), 4.60 (d, J = 9.6 Hz,
2H), 4.45 (m, 1H), 3.95 (m, 1H), 2.40 (t, J= 7.5 Hz, 2H), 2.10 (br m, 2H), 1.80 (br m,
2H), 1.65 (br m, 2H), 1.4 (br m, 20H), 0.92 (t, J= 7.5 Hz, 3H); C NMR (75 MHz,
CDClL) 8 173.7, 132.5, 118.3,93.1, 92.6, 72.5, 72.2, 65.2, 34.4, 33.7, 33.3, 32.0, 30.7,
294,29.3,29.2,29.1,28.2,26.2,25.9,25.7,25.4,25.0, 22.8, 14.3; IR (KBr) v 3481,
2928, 2857, 1736, 1649, 1552, 1458, 1379, 1175, 1108, 989, 931, 733 cm™.

Compound 13. Hydroxy-nitro intermediate 12 (2.0 g) was added to a flask
containing acetic anhydride (as solvent, approximately 0.1 M in starting material) and p-
toluenesulfonic acid (1-5mol%), whereupon the solution was stirred under N,, overnight,
at rt. The solution was partitioned with Et,O and H,O, the aqueous layer extracted three
times with Et,O, and the combined organic layer washed once with brine. The organic
layer was dried over MgSQy4, and solvents removed under vacuum (azeotropic removal
of acetic anhydride/acetic acid was achieved by addition of 3 x 20 mL toluene), after
which the desired product 13 (mixture of diastereomers) was purified by column
chromatography (5% EtOAc in hexanes) as a colorless liquid in 99% yield:

"H NMR (300 MHz, CDCl;) 6 5.88 (m, 1H), 5.22 (m, 2H), 5.15 (m, 1H), 4.58
(m, 1H), 4.56 (d, J=9.6 Hz, 2H), 2.25 (t, /= 7.5 Hz, 2H), 2.02 (s, 0.5H), 1.98 (s, 0.5H),
1.90 (br m, 2H), 1.6 (br m, 4H), 1.4 (br m, 20H), 0.82 (t, J= 7.5 Hz, 3H); *C NMR (75
MHz, CDCl3) 6 173.1, 170.0, 169.6, 132.2, 117.8, 89.9, 89.4, 72.6, 72.5, 64.7, 33.9,

31.6, 30.6, 29.6, 29.4, 29.0, 28.9, 28.87, 28.8, 28.72, 28.68, 25.7, 25.4,25.1, 24.6, 24 3,
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22.4,20.6, 20.5, 13.9; IR (KBr) v 3086, 2929, 2857, 1743, 1649, 1555, 1465, 1375,
1226, 1175, 1108, 989, 928, 855, 724 cm’™".

Compound 14. Acetylated intermediate 13 (1.5 g) was combined with Na,CO;
(0.5 eq.) and benzene (60 mL) in a flask connected to a Dean-Stark trap and reflux
condenser. The solution was heated to 90 °C for 24 h ensuring azeotropic removal of
H,O0, at which time the solution was cooled to rt and partitioned with satd. NH4Cl and
Et,0. The aqueous layer was extracted 3 x Et,O, and the combined organic layer
washed with H,O and brine. The organic layer was dried over MgSQy, the solvent
removed under vacuum, and the desired product 14 purified by column chromatography
(5% EtOAc in hexanes) as a faintly yellow liquid in 74% yield:

'H NMR (300 MHz, CDCl3) 8 7.05 (t,J = 7.8 Hz, 1H), 5.88 (m, 1H), 5.22 (m,
2H), 4.56 (d, J=9.6 Hz, 2H), 2.55 (t, J=7.5 Hz, 2H), 2.31 (t, /= 7.5 Hz, 2H), 2.20 (q, J
=17.5 Hz, 2H), 1.6 (br m, 2H), 1.45 (br m, 4H), 1.3 (br m, 16H), 0.82 (t, /= 7.5 Hz, 3H);
BCNMR (75 MHz, CDCly) 8 173.2, 151.8, 136.1, 132.2, 117.9, 64.8, 34.0, 31.7, 29.1,
29.0,28.9, 28.8, 28.3, 27.8, 26.2, 24.7, 22.5, 14.0; IR (KBr) v 2928, 2857, 1739, 1667,
1521, 1459, 1336, 1171, 989, 928, 732 cm’.

Compound 2. An oven-dried flask was charged with THF (15 mL), 98% formic
acid (0.05 mL, 1.3 mmol), and allyl ester 14 (0.052 mmol). The solution was purged
with N, and Pd(PPh3)s (5 mol%, dry) added. The solution was purged for 10 min. with
N; and then immediately immersed in an oil bath at 80 °C. The solution was refluxed

under N, for 24 h, then cooled to rt and solvents removed under vacuum. The desired
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product was purified by column chromatography (1% AcOH, 12% EtOAc in hexanes) in
95% yield:

'"H NMR (300 MHz, CDCl3) & 7.05 (t,J = 7.8 Hz, 1H), 2.59 (t,J = 7.5 Hz, 2H),
2.38 (t, J=7.5 Hz, 2H), 2.22 (q, J = 7.2 Hz, 2H), 1.6 (br m, 2H), 1.45 (br m, 4H), 1.3 (br
m, 16H), 0.82 (t, J = 7.5 Hz, 3H); *C NMR (75 MHz, CDCl;) 4 180.4, 151.9, 136.2,
33.9,31.7,29.2,29.1, 29.0, 28.9, 28.8, 28.4, 27.9, 27.8, 26.3, 24.5, 22.6, 14.0; IR (KBr)
v 3500-2500, 2927, 2856, 1709, 1666, 1519, 1462, 1413, 1336, 1114, 913, 854, 733 cm’
1; HRMS for C;3H34NO4, caled. 328.24878; found 328.24826

Compound 16. Ph,;Se; (0.106 g, 0.68 mmol) was dissolved in absolute ethanol
(10 mL), to which was slowly added NaBH, (0.026 g, 0.68 mmol). The solution was
stirred under N3 at rt until it turned colorless. Nitroolefin 7 (0.223 g, 0.68 mmol) was
then added and solution stirred at rt for 1 h, at which point the mixture was cooled to —78
°C. Acetic acid (0.04 mL, 0.68 mmol) was then added and the solution kept at -78 °C
for 1 h, whereupon the flask was warmed to rt. Water (10 mL) was then added, ethanol
removed under reduced pressure, and the aqueous solution extracted three times with
EtOAc. The collected organic layer was dried over Na;SO4 and solvent removed under
reduced pressure. The crude intermediate was then dissolved in CH,Cl, (5 mL) and
THF (5 mL), the solution cooled to 0 °C, and 30% H,0, (0.07 mL, 0.68 mmol) added
slowly. Stirring at 0 °C continued for 10 min. after which the flask was warmed to rt,
H,0 (10 mL) was added, and CH,Cl, and THF were removed under vacuum. The
remaining solution was then extracted three times with Et,O and the combined organic

layer washed with satd. NaHCO;. The organic layer was then dried over Na,SO4 and
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solvent removed under reduced pressure. A mixture of isomers was obtained in 76%
yield (0.169g) as a pale yellow waxy solid. "H NMR of the crude product showed 2
isomer 85%. Compound 12 was further purified by column chromatography (1% MeOH
in CHCL,):

"H NMR (300 MHz, CDCl3) 8 5.65 (t,J=7.5 Hz, 1H), 2.49 (t, J= 6.9 Hz, 2H),
2.33 (m, 4H), 1.62 (br m, 2H), 1.45 (br m, 4H), 1.3 (br m, 16H), 0.87 (t, J = 6.6 Hz, 3H),
BC NMR (75 MHz, CDCl3) § 180.0, 151.4, 131.5, 34.0, 32.7, 31.8, 29.1, 28.9, 28.86,
28.8,28.7,28.2,27.2,24.5,22.6,14.1; IR (KBr) v 3500-2500, 2928, 2857, 1709, 1551,
1522, 1465, 1340, 1285, 939, 859, 724 cm’.

w-Dodecalactone (20). A flask was charged with cyclododecanone (2.0 g, 0.011
mol), m-chloroperoxybenzoic acid (4.2 g, 0.021 mol), and dry CHCl; (25 mL), and
heated at reflux for 48 h. Absence of peroxide was then confirmed by KI/starch test and
the solution cooled to 0 °C. Precipitated m-chlorobenzoic acid was removed by filtration
and solvent reduced under vacuum. The crude product was taken up in Et,O and washed
with K,COj3 followed by brine. Lactone 20 was purified by column chromatography
(5% EtOAc in hexanes) as a colorless oil (2.03 g, 93%)

'H NMR (300 MHz, CDCls) 8 4.15 (t, J = 5.4 Hz, 2H), 2.38 (m, 2H), 1.65 (br m,

4H), 1.36 (br m, 14H).
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Compound 21. Lactone 20 (2.03 g, 0.010 mol) Was dissolved in EtOH (50 mL) to
which was then added KOH (1.5 eq. in 20). The solution was refluxed for 3 h, after which
H,O (50 mL) was added and the solution cooled to rt. SN H,SO4 was then added slowly
until pH = 4, after which the resulting precipitate was collected by filtration, washed 3 x
H,0, and dried under vacuum to give crude product 21 as a white solid which was used
without further purification (1.77 g, 80%).

Compound 22. Acid intermediate 21 (1.0 g, 4.6 mmol) was combined with H,O
(7 mL) and NaHCO3; (0.39 g, 4.6 mmol) in a flask and stirred until complete dissolution of
starting material. A prepared solution of CH,Cl, (7 mL), Aliquat 336 (1.84 g, 4.6 mmol),
and allyl bromide (0.6 g, 4.6 mmol) was then added to the aqueous solution and stirred at
rt for 72 h. The mixture was then extracted three times with CH,Cl,, dried over MgSQOy,
and solvents removed under reduced pressure. The desired product was purified by
column chromatography (5% EtOAc in hexanes) giving 22 as a white solid (0.92 g, 78%):

'H NMR (300 MHz, CDCl;) 8 5.85 (m, 1H), 5.22 (m, 2H), 4.58 (d, J= 9.6 Hz,
2H), 3.62 (t,J = 6.3 Hz, 2H), 2.3 (t,J = 7.2 Hz, 2H), 1.6 (br m, 4H), 1.3 (br m, 14H); *C
NMR (75 MHz, CDCls) 8 173.8, 132.5, 118.3, 65.1, 63.0, 34.4, 33.0, 29.7, 29.6, 29.4,
29.3,26.0,25.1; IR (KBr) v 3357, 2927, 2852, 1737, 1649, 1463, 1176, 1108, 1062, 991,

925 cm’l.
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Compound 23. DMSO (0.6 mL, 8.5 mmol) in CH,Cl, (4 mL) was added
dropwise to a flask containing oxalyl chloride (0.34 mL, 4.3 mmol) in CH,Cl, (24 mL) at
—60 °C under argon. The reaction was stirred for 5 min., after which alcohol 15 (0.58 g,
2.3 mmol) dissolved in CH,Cl, (10 mL) was added. The solution was warmed to —50 °C
and stirred for an additional 20 min., then cooled to —70 °C and Et;N (3 mL, dry) added
slowly. After 20 min., H,O (10 mL) was added and the solution allowed to warm to rt.
The organic layer was separated, the aqueous layer extracted three times with CH,Cl,, and
the combined organic layer washed 2 x brine and dried over MgSQ,. Solvents were
removed under reduced pressure and the desired aldehyde 23 purified by column
chromatography (5% EtOAc in hexanes) in 95% yield (0.55 g):

'H NMR (300 MHz, CDCl3) 8 9.76 (t, J = 1.8 Hz, 1H), 5.88 (m, 1H), 5.22 (m,
2H), 4.55 (d, J=9.6 Hz, 2H), 2.42 (t,J = 7.5 Hz, 2H), 2.33 (t, J= 7.5 Hz, 2H), 1.60 (br m,
4H), 1.32 (br m, 12H); *C NMR (75 MHz, CDCl3) § 202.9, 173.5, 132.3, 118.0, 64.9,
43.9,34.2,29.3,29.2,29.1, 24.9, 22.0; IR (KBr) v 2934, 2858, 2720, 1736, 1649, 1458,
1418, 1378, 1174, 1105, 991, 933 cm™.

Compound 24. The condensation of 1-nitrohexane with aldehyde 23 by
methods identical to those in the preparation of nitroaldol product 12 gave 24 in 95%
yield:

'H NMR (300 MHz, CDCl3)  5.88 (m, 1H), 5.22 (m, 2H), 4.60 (d, J= 9.6 Hz,
2H), 4.45 (m, 1H), 3.95 (m, 1H), 2.40 (t,J = 7.5 Hz, 2H), 2.10 (br m, 2H), 1.80 (br m,
2H), 1.65 (br m, 2H), 1.4 (br m, 20H), 0.92 (t, J = 7.5 Hz, 3H); *C NMR (75 MHz,

CDCl3) 8 173.4, 132.0, 117.7,93.0,92.3, 72.1, 71.9, 64.7, 34.0, 33.1, 33.0, 30.9, 30.8,
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30.0,29.2, 29.1, 29.06, 29.0, 28.8, 28.1, 25.4, 25.3, 25.1, 25.0, 24.7, 22.1, 13.6; IR (KBr)
v 3481, 2927, 2856, 1736, 1649, 1549, 1458, 1379, 1175, 1111, 989, 931, 842, 733 cm™.

Compound 25. Compound 25 was acetylated in an identical manner to the
formation of 13, giving intermediate 25 in 99% yield

'H NMR (300 MHz, CDCl;) & 5.88 (m, 1H), 5.22 (m, 2H), 5.15 (m, 1H), 4.58
(m, 1H), 4.56 (d, J= 9.6 Hz, 2H), 2.25 (t, J= 7.5 Hz, 2H), 2.02 (s, 0.5H), 1.98 (s, 0.5H),
1.90 (br m, 2H), 1.6 (br m, 4H), 1.4 (br m, 20H), 0.82 (t, J = 7.5 Hz, 3H); *C NMR (75
MHz, CDCl3) § 173.3, 170.1, 169.7, 132.3, 117.9, 90.0, 89.5, 72.8, 72.7, 64.8, 34.1,
31.0,30.9, 30.7, 29.7, 29.6, 29.3, 29.2, 29.1, 29.0, 28.8, 25.4, 25.2, 25.1, 24.8, 24 4,
22.1,20.7,20.6, 13.7; IR (KBr) v 3086, 2929, 2857, 1744, 1649, 1554, 1462, 1373,

1228, 1173, 1111, 1023, 990, 931, 842, 732 cm™.
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