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DISSERTATION ABSTRACT
Charles David Swor
Doctor of Philosophy
Department of Chemistry
March 2011

Title: Synthesis, Coordination Chemistry, and Reactivity of Functionalized Phosphines:
Toward Water-soluble Macrocyclic Phosphine Complexes

Approved:

Dr. David R. Tyler

Macrocyclic phosphine compounds have long been sought as ligands for
transition metal complexes because of their strong binding properties. Despite
considerable effort in this field, no general methods for synthesizing phosphine
macrocycles or their complexes have been developed. This dissertation describes
attempts to synthesize an iron complex with a water-soluble macrocyclic tetraphosphine
ligand for use in separating nitrogen from natural gas. Chapter I reviews previous
syntheses of macrocyclic phosphine ligands and their complexes, focusing on ligand
synthesis, coordination chemistry, and demetallation of the complexes.

Chapter II reports on the synthesis of water-soluble secondary bidentate
phosphine ligands, their coordination chemistry with iron(II), and attempts to use these
complexes as templates for forming a macrocyclic iron-phosphine complex by reactions
with carbon electrophiles.

Over the course of treating these iron complexes with various carbon
electrophiles, an interesting reaction between bromomaleic anhydride and proton sponge

was discovered. Chapter III explores the product, 4-maleicanhydrido-1,8-bis-

v



(dimethylamino)naphthalene (MAPS). Due to its conjugated donor-acceptor network,
which is disrupted upon protonation, MAPS acts as a colorimetric version of a proton
sponge. The attachment of MAPS to amine-functionalized solid supports, forming solid-
supported proton sponge reagents, is also described.

Chapter IV discusses the synthesis of an iron(II) complex of the water-soluble
phosphine 1,2-bis(di(hydroxymethyl)phosphino)ethane (DHMPE). Although unbound
hydroxymethylphosphines commonly react with NH-functional amines via the
phosphorus Mannich reaction, this and other complexes of DHMPE do not undergo this
reaction. Further investigation with hydroxymethylphosphine-boranes suggests that the
currently-accepted mechanism of the phosphorus Mannich reaction is incorrect, and an
alternate mechanism is proposed.

Chapter V discusses the synthesis and functionalization of copper(I) complexes of
water-soluble phosphines. Unlike the complexes described in Chapter I, these complexes
readily react with o,,w-dihalides or di(acyl chloride)s, forming complexes whose mass
spectra correspond to those with macrocyclic phosphine ligands. Unlike most
macrocyclic tetraphosphine complexes, these complexes can be demetallated by
treatment with sulfide. Finally, a new synthesis of water-soluble macrocycles, based on
lessons learned during the course of these investigations, is proposed.

This dissertation includes previously published and unpublished co-authored

material.
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CHAPTER I
SYNTHESIS AND COORDINATION CHEMISTRY OF

MACROCYCLIC PHOSPHINE LIGANDS

1.1. Introduction

Phosphines (PR3) are an important class of compounds because of their
widespread use as ligands for transition-metal complexes. Phosphine ligands are soft,
strong c-donors, and their electronic, steric, and stereochemical properties vary based on
the substituents attached to the phosphorus atoms.'> Thus, choosing the correct
phosphine ligands for a metal complex allows control over the electronic and steric
environment of the complex.* Such tunability is most useful for optimizing the activity
of homogeneous catalysts, and as such a plethora of phosphine-containing homogeneous
catalysts have been developed for a wide variety of organic reactions including
hydrogenation, hydroformylation, hydration, hydrolysis, cross-couplings, and carbon-
heteroatom bond formations.” In addition, transition-metal phosphine complexes are
able to activate small molecules such as H,, O,, N», H,O, and COZ,6 which makes them
promising candidates for use in hydrogen fuel cells, water-splitting, ambient-pressure

ammonia synthesis, and artificial photosynthesis.



Macrocyclic ligands — ligands which form a large, continuous ring around a metal
ion — form extremely robust complexes because of the macrocyclic effect.” This is both a
thermodynamic effect as well as a kinetic effect. The thermodynamic macrocyclic effect
is a stronger binding constant (logf) for a macrocyclic ligand compared to an analogous

open-chain ligand (eq. 1):

macrocyclic effect = Alog = logBmacrocycle = 10€Bopen-chain (1)

Also, because the macrocyclic ring lacks a “free end”, stepwise removal of the donor
atoms is exceedingly difficult. This results in very slow dissociation rates of macrocyclic
ligands from their complexes (the kinetic macrocyclic effect).

The exact entropic and enthalpic sources of the macrocyclic effect depend on a
number of variables including the donor atoms, the metal, chelate ring size, and solvent
interactions;*'* however, the macrocyclic effect can be most easily understood by
comparing the relative stabilities of unbound macrocyclic ligands to open-chain ligands,
while arbitrarily setting the coordinated macrocyclic and open-chain complexes at equal
energy (Figures 1 and 2). A free macrocyclic ligand in solution is less stable than its
open-chain analog because of reduced flexibility and the resulting loss of configurational
entropy. Macrocycles also have less solvent-accessible surface area, and cannot be as
efficiently stabilized by interactions with solvent molecules. This is especially important
for nitrogen macrocycles in aqueous solution, where the free open-chain ligand can

extend, and the nitrogen atoms can accept hydrogen bonds from the solvent. By

contrast, macrocyclic nitrogen ligands are conformationally restricted, and the nitrogen



atoms are not as accessible for hydrogen bonding, resulting in poor stabilization of the
free macrocycle. Because of this, the macrocyclic effect in nitrogen ligands is especially
large (up to log S ~ 10)."" Macrocyclic oxygen ligands (crown ethers), which bind
electrostatically to alkali metals and other cations, show smaller macrocyclic effects (log
S~ 3-4),' which are primarily attributed to enthalpic contributions."”” Macrocyclic sulfur
ligands show an even smaller macrocyclic effect (log f ~ 2),1 although it has been shown
that additional functionalization (installation of gem-dimethyl groups) can help to further

J . 15
stabilize macrocyclic sulfur complexes.

Figure 1. Origin of the thermodynamic macrocyclic effect.
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Figure 2. Origin of the kinetic macrocyclic effect.
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Macrocyclic phosphines hold promise as incredibly stable ligands for applications

requiring robust complexes, such as radioactive transition metal complexes for use as

radiopharmaceuticals.'®'” Because of this, these ligands and their complexes have been
P g p

synthetic targets since soon after the macrocyclic effect was discovered. Unfortunately,

macrocyclic phosphine ligands have historically been difficult to synthesize in good

yield. A general, versatile synthesis of phosphine macrocycles has not yet been

developed, for reasons that will be discussed below. Also, the macrocyclic effect has not

yet been measured for a phosphine ligand. This is due to the difficulty in synthesizing

macrocyclic ligands, as well as open-chain reference ligands, as will be discussed further

below.



The focus of this chapter will be to review advances in both the synthesis and
coordination chemistry of macrocyclic phosphine (PR3) ligands. A few reviews of
phosphorus-containing macrocycles have been published,'®*' but none focused
specifically on macrocyclic phosphine ligands. Generally, the term macrocycle is used
when describing a ring of at least nine covalently-bonded atoms, which is not part of a
system of fused or bridged smaller rings. This review, then, will only consider
macrocycles with at least nine-membered rings. Also, because macrocyclic ligands are
generally considered to be polydentate, this review will only cover macrocycles with at
least three phosphorus donor atoms as part of the ring. Mixed-donor macrocycles will
not be thoroughly reviewed, but will be mentioned in instances when they accompany
similar all-phosphorus-donor macrocycles. Other functional groups are routinely
converted to phosphines, such as phosphine oxides and phosphine sulfides (by reduction
with LiAlH, or silanes) or quaternary phenylphosphonium or benzylphosphonium ions
(by either reductive cleavage with LAH or base hydrolysis to the phosphine oxide,
followed by reduction). Because of this, the synthesis of these macrocycles can be
thought of as formal syntheses of phosphine macrocycles; as such, these cases are

included in this review.

1.2. Synthesis of Macrocyclic Phosphine Ligands

1.2.1. Cyclocondensation Reactions
1.2.1.1. Early Syntheses
The first macrocyclic phosphine ligands were synthesized in 1975 by Horner, et.

al.**» These phosphines were generated by the tetramolecular “2:2” reaction of two



equivalents of o, w-bis(dibenzyl)phosphines with 2 equivalents of a,m-dialkyl halides to
form 16-, 18-, and 20-membered macrocyclic quaternary benzylphosphonium salts 1
(Scheme 1, Method A). The yields of the phosphonium macrocycles generated by this
method were very low (3-11%). In most cases the bimolecular “1:1” small-ring
compounds were formed in addition to the macrocycles and the mixtures were separated
by differential solubility. It should be noted that the 2:2 macrocycles are essentially
dimers of the 1:1 small-ring products; thus, their molecular formula is exactly twice that
of the small rings, and their elemental ratios are the same. In this case, the macrocycles

were characterized by having higher melting points than the small-ring products.

Scheme 1. Summary of Horner’s benzylphosphonium macrocycle syntheses.
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Later syntheses involved stepwise building-up of the macrocyclic ring by first
alkylating the phosphine with MeO(CH,);Br, followed by conversion of the methoxy
groups to bromides, forming an o,m-brominated bis(phosphonium) compound (Scheme
1, Method B). This compound was then reacted with a second equivalent of
bisphosphine to form the tetraphosphonium macrocycle. This stepwise synthesis resulted
in higher yields for the macrocyclization step (20-50%). Strangely, the use of high-
dilution conditions did not improve the yields of these macrocycles. Reductive cleavage
of 1 with LiAlH4 (typically 6 to 24 hours in refluxing THF) gave the corresponding
phosphine macrocycles 2 in yields of 77-89% (Scheme 2). The phosphonium
macrocycles could also be converted to phosphine oxides (3) by hydrolysis with base.

The coordination chemistry of these compounds was not studied.

Scheme 2. Reductive and oxidative cleavage of benzylphosphonium macrocycles.

R/ \ R
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R R R R
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R\_/R \ o o

R = Ph, Bn )

=P p<

0= \=0

R\_R

3 (29-77%)

In 1977, Kyba et al. synthesized 11-membered triphosphine (P3) macrocycles 4

and 14-membered tetraphosphine (P4) macrocycles 5** (Scheme 3) using a special high-

25,26

dilution apparatus (Figure 3). The apparatus contained reservoirs that pre-diluted

7



each reagent with condensing solvent. These reservoirs then overflowed, combining the
pre-diluted reagents into a large volume of refluxing solvent. As the reaction proceeded,
small amounts of pre-diluted reactants were slowly added so that the concentration of
each reactant at any given time was kept to a minimum to prevent polymerization. Even
using such an apparatus, the best yield of a macrocycle achieved was only 22%. The
structure of each macrocycle was confirmed by X-ray crystallography and their

27-29

coordination chemistry investigated (see Section 1.3.1). Mixed phosphorus/oxygen,

phosphorus/nitrogen, and phosphorus/sulfur donor macrocycles were also synthesized by

this method, including a 14-membered P3S macrocycle in 26% yield.**!

Scheme 3. Kyba’s P3 and P4 macrocyles. Figure 3. High-dilution apparatus.
EE 1) BuLi Ph‘p
2) PhP((CHy)5Cl),
QB (7
PH high dilution P.
||Dh apparatus Ph/
MPPB 4 (5%) Reactant

A

1) BuLi
2) 2 Br(CH,)Cl

Ph\(\| Q Ph\m Ph

©ip Cl ph—ph HP-Ph _ C[P PD
P Cl high dilution Refluxing

P PS
Ph” k/l apparatus Ph” v Ph Solvent

5 (22%)

Most macrocyclic phosphine ligands consist entirely of tertiary phosphine groups.

This often limits the ability to functionalize the phosphine after the macrocyclic ring is



formed. The first macrocycle containing a secondary phosphine was synthesized by the
1:1 reaction between 1,2-bis(phenylphosphino)benzene (MPPB) and a chloride-
functionalized phosphine sulfide containing a 1-naphthylmethyl group.** Following
macrocyclization (36% yield), the naphthylmethyl protecting group was cleaved using
potassium naphthalenide, followed by reduction of the phosphine sulfide group with
LiAlH4 to form 8 (Scheme 4). The coordination chemistry of this macrocycle will be

discussed in Section 1.3.1.

Scheme 4. Synthesis of a secondary triphosphine macrocycle.

CI
Ph

\

% Fp ~ S

MPPB (36%)

Ph, /—\ Ph
Potassium P \
Naphthalenide LAH/TMSCI P >
—— S=P-H ——m™> P—H
/PQ /PQ
Ph PH
8

7

Ciampolini’s 18-membered crown ether-type mixed P402%°**, P4S2* and
P4N2°® macrocycles were synthesized by 2:2 cyclocondensations between
1,2-bis(phenylphosphino)ethane (MPPE) and (CICH,CH,),L (L = O, S, Nn-Pr), in yields
up to 12% (Scheme 5). These ligands showed interesting coordination chemistry with

cobalt and nickel, where the ligands could act as tetradentate, pentadentate, or

9



hexadentate ligands depending on the metal, the identity of the non-phosphorus donor,

and the presence of other ligands such as chloride or solvent (see Section 1.3.2).

Scheme 5. Ciampolini’s phosphine macrocycles.

in C*‘T> Ph\r/A\t/A\7 Ph

PH P PZ
(2 —— ( )
PH > p PZ
| Ph” Ph
Ph Cl P
MPPE -
108 (1-12%)
11: Nn-Pr

The low yields of these early syntheses illustrate the inherent difficulties involved
in the synthesis of macrocyclic phosphines by cyclocondensation reactions. Control of
stoichiometry is often difficult when flexible linkers are used to join phosphine units. In
the case of 2:2 cyclocondensations, where two bisphosphine molecules are connected by
two difunctional linker molecules, two types of by-products are more favorably
generated, depending on the reaction conditions (Scheme 6). After the first coupling
between reactants A and B, complementary reactive ends are present on the same
molecule. Under concentrated conditions, the reactive ends are more likely to encounter
other reactant molecules and form polymers. On the other hand, dilute conditions
encourage the formation of small rings because the complementary reactive ends of a
single molecule are more likely to find each other than to find another reactant molecule.
However, in practice even under “ideal” high-dilution conditions, the macrocyclic

products are only formed in small amounts.

10



Scheme 6. Macrocyclization via a 2:2 cyclocondensation method.

BTA A-B BTA

A B
( + ) > AmA—B/-\B concentrated polymer
A B

B B
_ A-B A “A
dilute C ) . C >
A-B A LA
1\
small ring macrocycle

Small-ring products can be avoided if a stepwise synthesis is employed in which
the linkers are attached first to one phosphine, followed by a 1:1 macrocyclization step
with a second phosphine (Scheme 7). For 1:1 macrocyclizations, the macrocycle is the
smallest ring possible and is favored over polymeric products if sufficiently dilute
reaction conditions are employed. However, the yields are often low even under optimal
conditions because of slow kinetics and the entropic penalty of closing a large ring.”’
Also, as more synthetic steps are required, including functional group transformations,

the overall yield of the macrocycle from its starting components is still often low.
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Scheme 7. Macrocycle synthesis by stepwise buildup, followed by 1:1

cyclization.
/R DIC B-A A-B C-D DfC
D D
n
A B N Y O I
polymer
C ) ) > ¢ B—A A-B  C concentrated
ALC M
B C,
. A D
dilute < )
A, ,D
&
macrocycle
(smallest ring)

A pair of 15- and 16-membered, mixed phosphine oxide/phosphonium
macrocycles 12a and 12b were synthesized in a stepwise fashion in 50% and 57% yield,
respectively.®® In the first step, a secondary bisphosphine was alkylated with allyl
alcohol, followed by conversion of the hydroxyl groups to bromides using Br; (which
also oxidized the phosphine groups to phosphine oxides), then cyclocondensation with
1,3-bis(diphenylphosphino)propane (DPPP) (Scheme 8). The phosphonium groups were
hydrolyzed to form the corresponding tetra(phosphine oxide) macrocycles. Reduction to

the macrocyclic phosphines was suggested, but not reported.

Scheme 8. Stepwise synthesis of a mixed phosphonium/phosphine oxide macrocycle.

122~ ABN 0 0 ™Y 0 9
1l 1]
2)Br, Ph—P—(CHp),—R—Ph ""2F  PPhz Ph—P—(CH;),—P—Ph
Ph—P—(CHz),—P—Ph > - =
n = 2 (MPPE) 5k
n =3 (MPPP > S
( ) Br Br Ptbr{vpﬁh

12a:n=2 (50%)
12b:n =3 (57%)
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1.2.1.2. Cyclocondensations Using Rigid Linkers

Syntheses of macrocycles by cyclocondensation are more successful when rigid
linker units are used, which favor the conformations necessary for macrocyclization.
This was first realized with tetraphosphonium macrocycles containing p-xylene linkers
(Scheme 9), which formed in yields up to 98%.% Although direct evidence of a
macrocycle (molecular weight measurement) was not obtained for this compound, the
open-chain macrocycle precursor Ph,P(CH,),P PhCH,(p-CsCls)CH,P Ph(CH,),PPh, was
isolated when the reaction was stopped before reaching completion. Also, simple
molecular modeling revealed that the small-ring product is strained because of the length
and rigidity of the p-xylene linker and is likely to be disfavored over the macrocyclic
product. Unfortunately, base hydrolysis of the tetraphosphonium macrocycle
preferentially cleaved the benzylphosphine linkages in the macrocyclic ring as opposed to

the phenyl groups, resulting in decomposition of the macrocycle.

Scheme 9. Macrocyclizations using p-xylene linkers.

Ph /P Ph. /—\ _Ph
cl Ph~p"  pPh R P
+ + \O /r
X4, X4 X4 4 X4
oh P/ \PPh . |\\ |\\ //| NaOH |\\ //I
E— _ee»
2 2 — Z X = X
o s L%
PhPh,\ ,}DhPh PH \ y; \Ph
13a: X=H (85%)
13b: X = Cl (98%)
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Rigid trans-2-butene linkers have been used to synthesize phosphonium and
phosphine oxide macrocycles (Scheme 10). Reaction of 1,2-bis(diphenylphosphino)-
ethane (DPPE) with trans-1,4-dichloro-2-butene gave a 16-membered phosphonium
macrocycle in 80% yield.*® The macrocyclic structure was identified by molecular
weight determinations using vapor pressure osmometry. This linker was also used to

4492 The trans-butene linkers

form 16- and 18-membered phosphine oxide macrocycles.
probably enforce the wrong geometry for chelation to a transition metal, but these

molecules could be hydrogenated to generate the saturated, flexible macrocycles.

Scheme 10. Macrocyclizations using trans-2-butene linkers.

Ph Ph
Ph. u»f/\/\/ Ph~p  p<Ph
oot P o Raney Ni +
2 Ph,P” N2 4 NN H T
Ph. V\/\/E’\Ph Ph=?  Foph
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14 (80%) 15 (95%)
1) Vitride Q IB’CH3 H3C\m/CH3
0 0 2) 2 I NNAC HoC~p SR Rangy Ni O_/P R©
¢ C aney Ni
2 H3C~/P_(CH2)n_P\’CH3 > (C/HZ)n /(CHZ)n EE—— (C\H2)n (/CHQ)n
MeO OMe ,P/\/\/II:I)\CHS O:,P P\:O
n=2or3 sC ('5 ° e UCH?’
16 17

Interestingly, rigid 2-butene linkers with the opposite (cis) stereochemistry were
also shown to give tetraphosphonium macrocycles in some instances (Scheme 11).%
This result suggests that the absolute stereochemistry of the linker is not always
important for successful macrocyclization, as long as the linker is generally inflexible.

14



Ortho-xylene linkers have also been used, although the yields of macrocycles were very

44
low.

Scheme 11. Phosphine macrocycle synthesis using a cis-2-butene

linker.
Bn — Bn Bn — Bn
Bn./ .Bn \
P P LiAIH, P P-
/ \ - D — D —
Bn,P PBn, * Cl—/_\—CI [+ +j j
5 /IID P\B /P R
n Bh “— B n Bn — Bn
18: (85%) 19

1.2.1.3. Stereochemical Control

Another difficulty associated with macrocyclic phosphine synthesis is control of
the stereochemistry at the phosphorus atoms. Most macrocyclic phosphine ligands
contain asymmetric phosphine groups (PR'R’R?), where each substituent attached to the
phosphorus is different. Unlike tertiary amines, the inversion barrier of phosphines is
sufficiently high (30-35 kcal/mol) that they do not undergo inversion at room
temperature.*> This means that the PR'R’R? groups of macrocyclic phosphines are chiral,
resulting in multiple possible stereoisomers for each macrocycle. None of the syntheses
described so far have attempted to control the stereochemistry of the phosphine groups.
This limits these macrocycles’ utility as ligands because the relative orientations of the
phosphorus lone pairs will vary in each stereoisomer, and this can affect the coordination
behavior of the various stereoisomers.

In an attempt to bypass this problem of stereochemistry, Mathey et al. synthesized
a series of phosphole macrocycles (Scheme 12).* Reductive cleavage of the

bis(diphosphole) 20 to bis(phospholide) 21 with Na’, followed by linking with
15



dibromomethane under high-dilution conditions, generated the 10-membered
tetraphosphole macrocycle 22a in moderate yield. In addition, 13- and 16-membered
macrocycles 22b and 22¢ could be obtained by stepwise reductive cleavage and reaction
with either dibromomethane or 1,4-dibromobutane. These macrocycles were then

derivatized to the corresponding phosphine sulfides for complete characterization.

Scheme 12. Synthesis of phosphole macrocycles.

N
=8 (ext‘ZSS) CHaBr; \ P P ’

S e s Oy (R LY
Ph PN -Ph N e R P
\ / N\ I - - | 2\ |
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l 2 Na
1)2Na | N
Br(CH2)4Br Ph 2) Br CHz)nBr P
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P
i R g O N

Im "Im pr8e

22b: n= 1 (13-membered ring)
22c: n= 16 membered ring)
(40%)

1 1

U

Phosphole groups are not planar but have an inversion barrier of ~16 kcal/mol,*’
which allows them to undergo inversion at room temperature. In macrocycles 22a-c,
multiple stereoisomers are still observed, but they readily interconvert so that potentially

problematic isomers (i.e. those that may not be the correct geometry for a desired

16



coordination mode) can convert to those better suited for coordination once a metal is
introduced.

Another solution to the problem of chiral phosphines is phosphinine (a.k.a.
“phosphorine” or “phosphabenzene”) macrocycles. P3 and P4 phosphinine macrocycles
23 and 24 were successfully synthesized by high-dilution reactions involving bis(1,2-
azaphosphinines) and bis(acetylenes) (Scheme 13).*® Yields are low (20%), owing to
formation of oligomeric by-products. Fortunately, the macrocycles are less soluble than
the by-products, which can simply be rinsed away. Both of these structures were
confirmed by x-ray crystallography. Another advantage of phosphinine groups over
normal phosphines is that they are air-stable. This synthetic route has also generated
mixed phosphinine/furan (25), phosphinine/thiophene (26), and phosphinine/ether

macrocycles 27a-c (Figure 4).490

Scheme 13. Synthesis of phosphinine macrocycles.
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Figure 4. Mixed phosphinine macrocycles.
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Morisaki recently synthesized a chiral, crown-ether type phosphine-borane
macrocycle by stepwise oxidative coupling of chiral methylphosphine-borane oligomers
(Scheme 14).°" The major product was an 8-phosphorus oligomer; however, macrocycle
28 was also generated and isolated in 15% yield. Its structure was confirmed by X-ray
crystallography. This is the only example of a 12-phosphacrown-4 macrocycle.
Phosphine-boranes are routinely converted to phosphines by refluxing with excess amine,
although this method was not reported for this macrocycle. Although the coordination
chemistry of this macrocycle has not been studied, the coordination chemistry of 12-

membered N4°*>* and S4°° macrocycles suggests that it would likely not be large enough

to fully encircle a transition metal atom.

Scheme 14. Synthesis of a borane-protected 12-phosphacrown-4 macrocycle.
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Recently a nine-membered P3 macrocycle 32 was synthesized in high yield>® by
reductive cleavage of bis(2-diphenylphosphinoethyl)phenylphosphine (TRIPHOS) to
generate the bis(phosphide) 29, followed by the 1:1 cyclocondensation with 1,2-
dichloroethane (Scheme 15). Both the syn-syn isomer 30a and the syn-anti isomer 30b
were observed by >'P NMR spectroscopy (syn-syn:syn-anti = 3:7), although these isomers
were not separated. See Section 1.3.1 for a discussion of this ligand’s coordination

chemistry.

Scheme 15. Synthesis of a 9-membered P3 macrocycle by a cyclocondensation method.

(3 f@ C'(3 f@

& IPh Ph” ~Ph Ph” Ph  Ph” Ph
Ph Lt Lt \—/ \—’

29 30a 30b
(78% overall)

A unique ferrocene-bridged P3 macrocycle has been isolated, and its crystal

. 58,59
structure obtained.”™

While synthesizing phosphine-containing poly(ferrocenes) 34 by
photoinitiated ring-opening polymerization of the strained phosphine-bridged ferrocene
31, the dimer 32 and macrocyclic trimer 33 were obtained as side-products. The two
isomers all-syn 33a and syn-anti 33b were isolated by conversion to the phosphine
sulfide, separated from other oligomers by preparative-scale recycling gel permeation

chromatography (GPC), and converted back to the phosphines with MeOTf and

P(NMe,)s. Crystal structures of both 33a and its phosphine sulfide were obtained.
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Scheme 16. Synthesis of a ferrocene-bridged P3 macrocycle.
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1.2.1.4. Self-Assembling Phosphine Macrocyles

Balueva and colleagues prepared large phosphorus macrocycles that self-
assembled by the phosphorus Mannich reaction between hydroxymethylphosphines and
NH-functional amines. The first series is the 28-membered P4 macrocycles 35a-f
(Scheme 17),°"" with semi-rigid p-diphenyl linkers spanning two 1,5-diaza-3,7-
diphosphacyclooctane rings. These macrocycles form under high-dilution conditions in
DMEF. The phosphorus Mannich reaction is reversible in solution, allowing the six
individual components to self-assemble into the thermodynamically favored macrocycles.
The self-assembly was observed by monitoring the reactions by *>'P NMR spectroscopy,
which showed the appearance and disappearance of a variety of intermediates over the
course of the reactions and which reached completion between 4 h and 60 h at 110 °C.
Four of these macrocycles (35a, d, e, and f) were structurally confirmed by XRD, with
the others characterized by FAB-MS. The 120° angle between the amine groups on the
linking agent is crucial for formation of the macrocycle; for example, using a 3,3’-
diaminodiphenylmethane linking agent did not give a discrete product. A 36-membered
macrocycle (36) was synthesized in the same manner using the more flexible spacer,

4,4-(1,3 -phenylenedioxy)dianiline.62
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Scheme 17. 28- and 36-membered self-assembled macrocycles.
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A 16-membered macrocycle was also synthesized by self-assembly using the
phosphorus Mannich reaction (Scheme 18).* The bidentate secondary phosphine 1,3-
bis(mesitylphosphino)propane reacted with formaldehyde and benzylamine, precipitating
macrocycle 37a in 51% yield after 7 days. In a similar manner, chiral macrocycle 37b
was synthesized using R- or S-a-methylbenzylamine,** and cryptand 38 was generated
when m-xylylenediamine was used as a tetrafunctional linker.® The authors later
reported the synthesis of more 16-membered phosphine macrocycles including water-
soluble and chiral versions, by using other amine linkers.®® However, no experimental
data or crystal structures were reported for any of these compounds so this route cannot
yet be considered a generalized method for the synthesis of macrocyclic phosphines.
Indeed, when aromatic amines were used as linkers, the eight-membered small-ring
products were generated instead of the macrocycles, showing that there are limits to this

synthetic strategy.®’
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Scheme 18. Self-assembly of 16-membered tetraphosphine macrocycles and cryptand.
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1.2.1.5. Summary

Cyclocondensation reactions have been employed to synthesize phosphorus
macrocycles with varying degrees of success. High-dilution conditions are usually
necessary, and as such the reactions often require long reaction times. The 2:2
cyclocondensation method using flexible linkers is the least successful strategy, while
rigid linkers and/or self-assembling components can be used to favor macrocycle
formation over either 1:1 small-ring products or polymers. Formation of small-ring
products can be avoided if a multi-step approach is employed, in which a linear
compound is built then cyclized in a 1:1 cyclocondensation reaction. However,
formation of the macrocyclic ring still requires high dilution conditions and can suffer
from low yields.
1.2.2. Template Syntheses

As discussed in the previous section, cyclocondensation reactions often suffer

from side-reactions and slow kinetics, resulting in low yields of macrocycles. An
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alternative strategy is the template synthesis,*”® where components are coordinated to a
transition-metal template before being linked together to form the macrocycle. The metal
acts as a collection point, controlling the stoichiometry and increasing the likelihood of
the macrocyclization by placing reactive groups in close proximity to each other. In the
case of primary and secondary phosphines, the metal may also activate the ligand toward
alkylation by increasing the acidity of the P-H bond and the nucleophilicity of the
deprotonated phosphido ligand.”
1.2.2.1. Triphosphine Macrocycles

In 1982, Norman et al. synthesized the 12-membered P3 macrocycle 39a from
fac-Mo(allylphosphine)(CO); (Scheme 19).”° AIBN-initiated hydrophosphination of the
terminal olefins around the Mo template gave the macrocycle in 85% yield. This reaction
also worked with 4-phosphino-1-butene, generating the 15-membered P3 macrocycle 39b
in 70% yield.”" The progress of the reaction, showing each partially-formed
intermediate, could be followed by *'P NMR spectroscopy. The Edwards group later
synthesized tungsten and chromium analogs 39¢’* and 39d.” Synthesis of the
W(CO)s(allylphosphine); template from W(CO)s(mesitylene) was similar to the synthesis
of the Mo analog, although heating was required, which resulted in some oligomerization
of the allylphosphine as a side-reaction. The Cr(CO);(allylphosphine); template could not
be formed from the mesitylene complex but was synthesized instead from
Cr(CO);(MeCN)s. Radical-initiated intramolecular hydrophosphination of each of these

templates then led to macrocyclization.
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Scheme 19. Group 4 metal-templated triphosphorous macrocyclizations.
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Attempted syntheses of nine-membered macrocycles by template
macrocyclizations of vinylphosphine or 2-propenylphosphine were unsuccessful, instead
giving oligomeric or polymeric products. Attempts at forming 10 and 11-membered
macrocycles using mixed-phosphine templates (formed by first reacting
Cr(CO)3(MeCN); with two equivalents of a phosphine, followed by one equivalent of a
second phosphine) were also unsuccessful. This may be due to unfavorable ring sizes of
these smaller macrocycles but is more likely due to inherent differences in reactivity
between vinylphosphines and allyl/butenylphosphines.

Derivatives of 39 were synthesized by alkylation of the secondary phosphine
groups, either with alkyl halides to form 40a-e or by radical addition of allyl-

73,74

functionalized compounds to form 41 (Scheme 20). In addition, the secondary

phosphine groups could be converted to halophosphine groups by reaction with CX4 and
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Et;N.” This reaction was significantly faster than that reported for free secondary
phosphines, suggesting that coordination to the metal template activates the ligands
toward this reaction. Halophosphines 42a and 42b were then converted to arylphosphine

43 by treatment with arylcopper reagents.

Scheme 20. Alkylated derivatives of P3 macrocyclic complexes.
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As mentioned above, the Group 6 carbonyl templates could not be used to
synthesize P3 macrocycles with rings of fewer than 12 atoms. Instead, Edwards and
colleagues used an iron piano stool template to couple 1,2-bis(phosphino)ethane and
trivinylphosphine, forming the nine-membered P3 macrocycle 45 (Scheme 21).”® This

and other iron piano stool complexes have proven to be the most versatile templates for
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the synthesis of P3 macrocycles, with variations in the cyclopentadienyl ring, macrocycle
ring size, and substituent groups, generating a myriad of triphosphine macrocycles. A
plethora of nine-membered macrocycles 47a-j were synthesized, with the
macrocyclizations occurring via Michael-type reactions using KO#-Bu instead of radical
hydrophosphinations.”” Nine-membered benzo-fused macrocycles 51 were synthesized
by the templated macrocyclization of 1,2-bis(phosphino)benzene (BPB) or
1,2-bis(phosphino)-3-anisole,”™ and the dibenzo-fused macrocycle 55 was synthesized by
nucleophilic aromatic substitution of PhPH; on an o-fluorophenyl bidentate phosphine.”
12-membered macrocycles 53a,b were synthesized in moderate yield from the templated
trimerization of allylphosphine.*® Strangely, attempted synthesis of an 11-membered
macrocycle by the templated coupling of BPE with tri(allyl)phosphine actually generated
the 10-membered macrocycle 49 instead.*! A symmetric 10-membered macrocycle,
analogous to 45, was recently synthesized using the Michael-type addition of
trivinylphosphine to 1,3-bis(phosphino)propane. ** A myriad of derivatives were

synthesized by hydrogenation and/or alkylation of these macrocycles.
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Scheme 21. Synthesis of P3 macrocycles on iron piano-stool templates.

—|+

/3 a )
3 By S\PHZP Hg\\PH/Q\/
vinyl)s ~ (N
" id%/ R
a4 45 (50%)
+
@ i 1) HP PHy, h * )
Og, H 2 i 2
Sc £ LNCCH; 2) RiP(vinyl), X PHZ//— (\/H‘p'/h
Fe > HPQ £ LP. 2 KOt-Bu /p\ /P\R
! R, Fle R, ———> Fe
L L
L = CsHs, 46a- 472 (16-62%)
C5Me5‘,
CeH,SiMes, )
H3(SiM83)2 / \
1) HP PHy, hy (\sz - 7om
2) PhP(allyl); . H,oPa 2 ,P\Ph HPa Ee ~Ph
49 (50%)
QR R R
1) HoP PHy, hy
2) Pvinyl)s pHof=  90°C 750\ y
> HPC LR — > HPQ YR
i '
L L
50 51 (61-73%)

52a (R = H) 53a (40%)
52b (R = Ph) 53b (30%)

+ +
=+ ™\ Al | oh )
—Co—' pael Pan (W, _ %
h A >

| 2 Po 2 LP: '~ P<
Fe —_— A7 R — A7 oA
54 55

(Ar = 0-CgH4F)

27



Gladysz et al. synthesized an especially large, 45-membered P3 macrocycle by
using ring-closing metathesis of 3 equiv PhP((CH,)sCH=CH,), on a fac-W(CO);
template (Scheme 22).** This reaction is an excellent illustration of a template synthesis
favoring a macrocycle over polymeric or small-ring products. Such a large macrocycle
would be essentially impossible to form in a cyclocondensation reaction. The success of
this reaction suggests that ring-closing metathesis might be used to form smaller

macrocyclic phosphines; however, this reactivity has not yet been reported.

Scheme 22. Synthesis of a 45-membered triphosphorus macrocycle.
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Although they are not technically within the scope of this review, P3 and P6
macrocycles with silicon backbones have been made by a template synthesis (Scheme
23).%* The 9-membered P3 macrocycle 57 was synthesized by coordinating n-
hexylphosphine on a fac-Mo(CO); template, followed by treatment with n-BuLi, then

Me,Si,Cl,, and then a second treatment with #-BuLi. Similarly, a 12-membered P6



macrocycles 59a,b were synthesized by reacting the cyclic P3Si3 ligand 54 with copper

triflate or silver triflate.

Scheme 23. Template syntheses of silane-based phosphorus macrocycles.
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1.2.2.2. Tetraphosphine Macrocycles

In 1977, only two years after the first phosphine macrocycles were synthesized by
cycloaddition, DelDonno and Rosen synthesized a macrocyclic tetraphosphine ligand
around a square-planar nickel(II) template (Scheme 24).%* They coordinated an open-
chain tetraphosphine ligand around Ni(II) and closed the macrocycle with
dibromo-o-xylene under basic conditions, forming 60 in 52% yield. This
macrocyclization did not work with 1,3-dibromopropane, even though methyl iodide was

found to alkylate the complex. The failure to react with 1,3-dibromopropane may be
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because 1,3-dibromopropane has the potential to undergo elimination under basic

conditions and may escape as allyl bromide (b.p. 71°C) over the course of the reaction.

Scheme 24. DelDonno and Rosen’s templated macrocyclization.
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A similar macrocyclization was performed by the Stelzer group, who reacted two
equivalents of dichloro-o-xylene with [Pd(MMPE),]CI; to give the 16-membered P4
macrocycle 61 in 97% yield (Scheme 25).*” In contrast to the synthesis of 60, which took
48 h to reach completion, formation of 61 was complete after reacting for 1 hour at room
temperature.’ The structure of the macrocycle was confirmed by x-ray crystallography.
The [PA(MMPE),]*" template was cyclized with cis-2-butene and isobutene linkers to
form macrocyclic complexes 62 and 63."° Under the same reaction conditions, saturated
linkers (1,3-dichloropropane and 1,4-dichlorobutane) did not react. Instead, the saturated

macrocycle 63 was obtained by reduction of 61 with H, and Raney nickel.

" This synthesis is deceptively appealing due to the small number of steps; however, the starting ligand
MMPE is not a commercially-available reagent and requires four synthetic steps from commercially-
available starting materials, as well as an air-free fractional vacuum distillation to purify the final ligand.
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Scheme 25. Palladium-templated tetraphosphine macrocycle syntheses.
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Complexes 61-63 were characterized by NMR spectroscopy and FAB mass
spectrometry; however, it should be noted that neither of these techniques can
conclusively confirm the macrocyclic ligand structure in these complexes. For templated
2:2 macrocyclizations, two possible ring-closing reactions are possible: linking between
the phosphines to form the macrocycle or linking aross each phosphine to form two
small-ring double-chelate ligands (Scheme 26). Both of these products have the same
molecular weight, and there are is no spectroscopic method that can definitively tell one

of these possibilities from the other.
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Scheme 26. Possible products from 2:2 cyclizations of templated phosphines.
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dibromopropane with [PA(MMPE),]*" and [Pt(MMPE),]*" (Scheme 27). The

macrocycles were characterized by x-ray diffraction and by *'P NMR spectroscopy,

where they displayed sharp singlets indicating highly symmetric macrocycles. However,

the reactions took 4 days, yields were very low (10%), and preparative-scale GPC was

required in order to separate these complexes from their by-products.®® The

uncharacterized by-products, whose *'P NMR spectra showed multiple unresolved peaks,

were speculated to be ill-formed oligomers, but it is also possible they may have been

less-symmetric stereoisomers of the macrocycles.
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Scheme 27. Mizuta’s Pd and Pt-templated P4 macrocycles.
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The Stelzer group synthesized hydroxyl-functionalized macrocycles by reacting
[M(MMPE),]*" (M = Ni or Pd) templates with o,w-dicarbonyl linkers to form 14-
membered P4 macrocycles 66 and 67 with hydroxyl groups attached to the backbone
(Scheme 28).*° Both acetylacetone and malonaldehyde (added as the bis(dimethyl)
acetal) gave macrocycles in high yield. These macrocycles contain hydroxyl groups on
C1 and C3 of the three-carbon bridge. Macrocycles with vicinal hydroxyl groups on the
two-carbon bridge were also synthesized, using [PA(MMPP),]*" as a template and either
2,3-butanedione or benzyl as linking agents. The structures of the macrocyclic

complexes were confirmed by X-ray crystallography.
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Scheme 28. 14-membered hydroxyl-functionalized macrocycles.
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Whereas alkyl dihalide linkers require basic conditions to undergo cyclization,
these reactions occurred under neutral or even acidic conditions. The presence of the
four hydroxyl groups makes these ligands some of the few examples of hydrophilic
phosphine macrocycles (although only complex 66¢ was reported to be water-soluble).
However, one disadvantage of the hydroxyl groups is that the carbons attached to them
are chiral. This creates four chiral carbons in addition to the four chiral phosphorus
atoms, and because the synthesis of these macrocycles was not stereochemically

controlled, many stereoisomers formed upon macrocyclization.
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The nickel templates reacted more slowly than the palladium templates (requiring
three days to reach completion instead of 12 hours). H/D exchange experiments showed
that the P-H bonds on the Ni templates are less acidic than those on the Pd templates.
This suggests that the mechanism for alkylation of coordinated phosphines begins by
deprotonation of the phosphine, followed by attack of the coordinated phosphido ligand
on a carbon electrophile. The metal template not only controls the stoichiometry of the
reactants, but also activates the secondary phosphines toward reaction with the
electrophilic carbonyl groups.

Macrocycles 66b and 66¢ was also synthesized by reacting free MMPE with
M(acac), complexes, followed by protonation with dilute HCI. This reaction combines
formation of the template and macrocyclization in a single step, by introducing the linker
reagent as a weak ligand coordinated to the metal, which is displaced by the phosphine to
form the template and whichthen reacts with the template to form the macrocycle.

Twelve-membered and 16-membered macrocycles were inaccessible by this
route. This finding suggests that a 14-membered macrocycle may be the ideal ring size to
fit around a square-planar transition metal. Although macrocycle size has not yet been
systematically studied for phosphine macrocycles, 14-membered macrocyclic amines
form more stable Ni(IT) complexes than 12- or 16-membered macrocycles,'' which may
also hold true for phosphine macrocycles.

The Stelzer group used a 1:1 templated synthesis to make a series of 14-, 15-, and
16-membered macrocyclic complexes, 67a-K, by coordination of one a,m-acetal-
functionalized bisphosphine around a square-planar template then binding this complex

to a secondary bisphosphine (MMPE or MMPP) (Scheme 29).”" Subsequent deprotection
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of the acetal with H' generates the carbonyl groups in situ, which react with the
secondary phosphine to form the macrocycle in high yields. This reaction can be
considered a 1:1 macrocyclization. Reaction times averaged 70 hours, and depended on
the metal template (Pd and Pt reacted faster than Ni), as well as the nature of the carbonyl

group (aldehydes reacted faster than ketones).

Scheme 29. Templated syntheses of 14, 15, and 16-membered P4 macrocycles.
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Each of the routes outlined in Schemes 23-27 involve the linking of two bidentate
phosphine ligands to form a macrocycle. In 1992, Stelzer et al. synthesized a series of
14-membered macrocyclic complexes 68a-e containing adjacent 5 and 6-membered rings
by the templated linkage of a tridentate phosphine with divinyl-functionalized
monodentate phosphorus ligands (Scheme 30).°*** The reactions occurred within 48 h in
refluxing dichloromethane, and resulted in >90% yields for all but one of the
macrocycles. Two of these macrocycles, which contain secondary phosphine groups,

were further functionalized by hydrophosphination with methyl acrylate.
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Scheme 30. Synthesis of macrocycles with adjacent 5 and 6-membered chelate rings.
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Most template syntheses of tetraphosphine macrocycles occur around d® metals
such as Ni(I) or Pd(II) because of the preferred square-planar ML, or sometimes square-
pyramidal ML4X coordination geometries.. Such geometries place the templated
precursor ligand in the ideal geometry for macrocyclization, with the reactive phosphines
adjacent to each other. However, this geometry is not necessarily required for a
macrocyclization template. Two interesting macrocycle structures were synthesized
around a copper(I) center (Scheme 3 1).** Reaction of Cu(BPB),OTf (BPB =
o-bisphosphinobenzene) with 1,3-dibromopropane and KO#-Bu, followed by
demetallation with excess cyanide, gave a mixture of products that were separated by
HPLC. One of the isolated fractions, when analyzed by mass spectrometry, contained a
peak corresponding to macrocycles 69 and/or 70 (8% yield). The presence of two signals
in the *'P NMR spectrum indicated that both of these isomers were present. These
macrocycles may have been generated by linking 1,3-dibromopropane between the two
BPB ligands while templated to the copper center, although the authors suggested a
bis(phosphetane) intermediate, which then dimerizes to give the macrocyclic products.

Although neither of these macrocycles was fully characterized, they are still interesting in
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that each represents a unique structure type: a doubly-bridged “reinforced” macrocycle

for 69 and a “cage-type” macrocycle for 70.

Scheme 31. Wild’s Cu(I)-templated phosphine macrocycle

synthesis.
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Cu(I) was used in one other case as a template in a phosphine macrocycle
synthesis. Reaction of [Cu(MPPE),]” with 1,3-dibromopropane or o-dibromoxylene
gave macrocyclic complexes 71 and 72 (Scheme 32)."” The macrocyclic structures were
confirmed by demetallation and characterization of the corresponding macrocyclic

phosphine oxides by mass spectrometry. For more details, see Section 1.4.

Scheme 32. Cu(I)-templated phosphine macrocycles.
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1.2.2.3. Larger Macrocycles

Although P3 and P4 macrocycles have been the primary synthetic targets in
phosphine macrocycle syntheses, an impressive 36-membered P12 macrocycle was
recently reported to result from a hexametallic “golden wheel” template.”” As shown in
Scheme 33, PhP(vinyl)>AuCl was reacted with benzenehexathiol to generate template 73
in good yield. Molecule 73 then underwent AIBN-initiated hydrophosphination with
excess phenylphosphine to generate the macrocyclic complex 74. This compound was
characterized by *'P NMR spectroscopy and ESI-MS, which was reported as a weak
signal at +3062 amu. However, the actual molecular mass of 74 is +3078 amu, and there
is no reasonable 16 amu fragment that can be lost from this compound. The macrocyclic

structure of 74 should therefore be regarded with care.

Scheme 33. Template synthesis of a 36-membered P12 macrocycle.
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1.3. Coordination Chemistry of Macrocyclic Phosphine Ligands

1.3.1. Triphosphine Macrocycles
Most triphosphine macrocycles synthesized to date are 9- to 12-membered, which
is too small to fully encircle a transition metal ion. Because of their small size, these

ligands act exclusively as facially-coordinating tridentate ligands. For example,
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macrocycle 8 was coordinated to Mo(CO); and Rh(norbornadiene) to form complexes 75

and 76 (Figure 5).%

Figure 5. Facially-coordinating triphosphine macrocycles.
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Helm’s nine-membered P3 macrocycles 30a,b coordinate facially to Mo(CO); to form
complex 77 (Scheme 34).° The syn-anti isomer 30b is the major isomer of this ligand,
which is not geometrically situated to coordinate facially. Surprisingly, though, both the
syn-syn and syn-anti isomers reacted to form 77, suggesting that isomer 30b isomerizes to

30a upon coordination.

Scheme 34. Coordination of Helm’s 9-membered P3 macrocycle.
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Mizuta’s ferrocene-bridged P3 macrocycle 33 was coordinated to AgOTf to form

complex 78 (Scheme 35) and its crystal structure was obtained. In addition to the
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tridentate ligand, the triflate counterion is also coordinated. Like 34, both the all-syn and
syn-anti isomers of 33 reacted with Ag" to give the same product, suggesting that 33b

(the syn-anti isomer) undergoes inversion to form 78.

Scheme 35. Coordination chemistry of the ferrocene-bridged P3 macrocycle.

@\\ /@ AgOTf @\ OTf

Xy @F@F’h

33a,b

In addition to their template syntheses on Cr, Mo, W, and Fe templates, 12-
membered P3 macrocycles have been coordinated to a variety of early transition metal
halides (TiCls, VCls, NbCls and NbCly) (Figure 6),”° although the Nb complexes were
unstable at room temperature. The geometry of the TiCl;P; and VCI3P; complexes 79a-c
were confirmed by X-ray crystallography. The complexes in Figure 6 are excellent (if
only qualitative) examples of the macrocyclic effect, as such complexes are usually only
stable at low temperature and dissociate a phosphine ligand to form MCI;P, complexes.
Also, exposure of a solution of 79b to air preferentially oxidized the vanadium instead of
the phosphine ligand, forming 80a. This is the first example of an octahedral vanadyl-

phosphine complex.
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Figure 6. Complexes of 12-membered P3 macrocycles.
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CrCl; complexes 79d and 79e were also synthesized; however, they were formed
by oxidation of the Cr’ complexes 40b and 41d with Cl,. Strangely, attempts to abstract
the halides and induce coordination of the ether arms of 79e were unsuccessful.

Macrocyclic P3 complexes of Ru(Il), Rh(I), Mn(I), Re(III), and Re(I) have also
been synthesized.” In the case of the Re(I) complex 81c, the chloro ligand could be

replaced by hydride, vinylidene, or cumulene ligands. Mn(I), Re(I), and Ru(II)
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complexes 81a-c and 86 were found to be catalysts for ring opening metathesis
polymerization (ROMP) when treated with EtAICl,, with 81b being especially active.
1.3.2. Tetraphosphine Macrocycles

As reviewed in Section 1.2, tetraphosphine macrocycles of various sizes have
been synthesized by either cyclocondensation reactions or template syntheses. The
macrocycles that are formed around metal templates are difficult or even impossible to
remove from the metal (see Section 1.4) so the coordination chemistry of tetraphosphine
macrocycles has not been thoroughly studied.

Macrocycle 19 was coordinated to various Mn(Il) salts, forming octahedral
complexes 88a-d (Scheme 36).* These complexes contain alternating five and seven-
membered chelate rings, with cis-alkene groups in the seven-membered rings. It is
assumed that these complexes exhibit rans-octahedral geometries, although no data are
reported to confirm this. These complexes are more air-stable than most MnX,P,4

complexes because of the macrocyclic effect.

Scheme 36. Manganese complexes of macrocycle 19.
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Ciampolini’s 18-membered crown ether type mixed-donor macrocycles 9-11
showed interesting coordination chemistry with cobalt and nickel; the complexes acted as

tetradentate, pentadentate, or hexadentate ligands depending on the metal, the identity of
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the non-phosphorus donors, and the presence of auxiliary ligands such as chloride or

solvent (Figure 7).”7%%

Tetradentate and pentadentate Co(Il) complexes of 9 were
characterized (89a and 89D, respectively), as well as two different hexadentate complexes
89c,d. These examples illustrate that the coordination behavior can vary widely between
different stereoisomers of macrocyclic phosphine ligands. As expected, P402
macrocycles 9 and 11 acted as tetradentate ligands to Ni(II), forming square-planar
complex 90. The P4S2 ligand 10 bonded to Ni(II) as a hexacoordinate ligand, forming a
highly distorted octahedral complex 91 with the phosphorus donors in the equatorial

positions and the sulfur donors in the axial positions. The Ni-S bonds are quite long

(2.94 A), indicating a weak interaction.

Figure 7. Coordination complexes of P4X2 macrocycles 9-11.

0 j :'P ll(:l
Ph
/ v \
" & ) " " & ) o Fh k/o\) Ph k/o Ph
89b 89c 89d

n-Pr _|2+ 2BPh,

" ]2 2Py
Ph ( \ Ph. (\S/ﬁ ;|2+28r Ph\( \ Ph
E r 'S :I E N '~p E

Ph” & ) Ph Ph Q/S\) Ph Ph’K ) Ph

n-Pr

" |*BPhs ,
+ + -
. (CD o g\o/w ;| 2BPhy (\O/w _|2 2BPh, (\o}_l 2BPh,
'/ \ /, W \\
R

90 91 92

Even when the macrocycle contains only phosphorus donors, the stereochemistry
of the ligand can influence the coordination behavior of the metal center. Two isomers of

Stelzer’s a-hydroxyl-functionalized macrocyclic Pd complex 66b were isolated, and their
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89,90 Interestingly, isomer A (R,S,S,R) crystallized

crystal structures obtained (Figure 8).
as a square planar [PdP4]*" complex, while isomer B (R,S,R,S) crystallized as a square-
pyramidal [PdP4Cl]" complex, with the axial chloro ligand syn to the methyl groups. The
Pd-Cl bond is especially long (2.831 A vs. normal bond distances of 2.2-2.4 A), and
dissociates in solution. The authors speculated that the all-syn configurations of the

methyl substituents (arising from R,S,R,S stereochemistries of the phosphines) force the

Pd ion slightly out of the macrocyclic plane, allowing access to a fifth coordination site.

Figure 8. Solid-state structures of macrocyclic PdP4 complexes.

2+
HOM /—\ MeOH_| 2Cr HOM /—\ Meo—| cr

@S j jm @CP D@

HO Me HO Me
A B 60

The 16-membered o-xylene-bridged Pd-P4 macrocycle 60 also crystallized as a
square-pyramidal [PdP4C1]" complex.®” Again, the macrocyclic phosphine was the
(R,S,R,S) isomer, with all methyl groups syn to each other. However, in this case the
chloride ligand coordinated on the opposite side of the methyl groups. This suggests that
the explanation for the 5-coordinate geometry of complex 66b does not extend to other
systems.

Because no thermodynamic studies of macrocyclic phosphine complexes have
been conducted, the ideal ring size for a macrocyclic P4 ligand is not known. In lieu of
thermodynamic data, examination of crystal structures may yield some clues to which

ring size will be the best fit. In both isomers of 66b, the bite angles of the five-
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membered chelate rings are slightly less than 90° (86.2-87.6°), while the bite angles of
the 6-membered rings are slightly more than 90° (92.8-93.2°). This suggests that a P4
macrocycle with only five-membered chelate rings (a 12-membered ring) would not be
large enough to fit around a transition metal ion. Instead, a combination of five and six-
membered rings (or perhaps all six-membered rings) should be more ideal for a
tetraphosphorus macrocycle. Alternating five- and six-membered chelate rings, formed
from phosphines with two- and three-carbon spacers, approximately supplement each
other, allowing a planar arrangement of the four phosphorus atoms around the metal
center. Complex 60 has a 16-membered macrocycle, with alternating five-membered and
seven-membered chelate rings. The five-membered bite angles are about 85°, whereas
the seven-membered rings’ bite angles are around 95° (thus supplementing each other).
However, seven-membered metallacycles are usually less stable than six-membered ones,
as will be discussed in Section 1.4.

The 10-membered tetraphosphole macrocycle 22a is too small to fully encircle a
transition metal ion.*® Instead, it coordinates to Mo(CO), as a bidentate ligand, yielding
compound 93 (Scheme 37). The ligand is twisted into a boat-type configuration, with
alternating phosphole groups chelating to a single Mo center. The ligand can coordinate
to a second Mo center through the other two phosphole groups, generating the bimetallic
complex 94. The structures of both of these complexes were confirmed by X-ray

crystallography.
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Scheme 37. Coordination chemistry of the 10-membered phosphole macrocycle 22a.
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Pd(IT) and Pt(IT) complexes of ligand 22a were also synthesized (compounds
95a,b).” As with the Mo complexes, alternating phosphole groups are coordinated to the
metal center. X-ray crystallography confirmed the chelation of the metal by alternating
phosphole groups, and also suggested some degree of interaction between the metal and
the non-coordinating phospholes.

A mixture of macrocycle 22a and Pd(OAc), was tested for catalytic activity in the
Stille and Heck couplings, where it showed comparable catalytic activity to Pd(OAc), +
tri(2-furyl)phosphine, but with much longer catalytic lifetimes. In addition, the system
did not precipitate Pd” over time, and remained active when additional reactants were
introduced. The extended lifetime of the catalyst is presumably caused by increased
stability of the macrocyclic complex. However, because the macrocycle does not
actually surround the metal and only acts as a bidentate ligand, this should not be

regarded as a true “macrocyclic effect”, but more accurately as a reinforced chelate

47



effect. This is the only reported application of a macrocyclic tetraphosphine complex,
ironically as a bidentate ligand!

Phosphinine macrocycles 23-27 were synthesized with the expectation that they
would stabilize low oxidation states of metals, because phosphinines are good m-acceptor
ligands, similar to CO." W, Ir, and Rh complexes 96, 97a, and 97b (Figure 9) were
prepared in high yield and characterized crystallographically.48 In addition, a rare Au(I)
macrocyclic complex (98) was synthesized and its redox properties studied.'”’ The metal
was reduced electrochemically or with sodium naphthalenide. The resulting Au(0)
complex was unstable above -20 °C, whereupon it decomposed to free ligand and
colloidal gold. Still, this is a rare example of a monomeric Au(0) complex, and it is more

stable than Au(0) carbonyl complexes, which are only stable below 77 K.'*

Figure 9. Phosphinine macrocycle complexes.
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1.4. Demetallation of Macrocyclic Phosphine Complexes
As described above, template syntheses can allow for high-yield macrocyclization
steps by coordinating the phosphine precursors around the transition metal, followed by

linking these phosphines to form the macrocyclic ligand which is already coordinated to
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the metal. In order to extend the coordination chemistry of macrocyclic phosphine
ligands, it would be useful to be able to replace the template metal with different
transition metal ions. This is the major drawback of template syntheses: because of the
macrocyclic effect, macrocyclic phosphines are more difficult to remove from their
complexes than other ligands. Indeed, it is often difficult or impossible to demetallate
macrocyclic phosphine complexes.
1.4.1. Triphosphine Macrocycles

As discussed in Section 1.3.1, triphosphine macrocycles do not surround a metal
but instead act as facially-coordinating ligands. Because the metal is not surrounded by
the ligand, stepwise removal of each donor atom should be easier for tridentate
macrocycles than for tetradentate macrocycles. Indeed, many P3 macrocycles can be
removed from their complexes, although harsh conditions are often necessary.

Norman’s fac-Mo(CO)P3 complexes 39a-d did not demetallate, even upon

treatment with cyanide.”®""

Follow-up studies by the Edwards group showed that these
complexes can, however, be converted into complexes thatallow dissociation of the
phosphine. For example, the W and Mo complexes 39 and 40 undergo oxidative addition
with halogens, followed by loss of CO after standing for a few days in dichloromethane
(Scheme 38).'” Treatment of 99 with NaOH in ethanol liberated the macrocyclic
phosphine ligands 100a-d, which were isolated and fully characterized.'"®*'" The x-ray
crystal structure of 100b confirmed the all-syn stereochemistry (all lone pairs on the same

side of the macrocycle), as would be expected for a facially coordinating tridentate

ligand. Comparison of this crystal structure to that of its Mo complex shows that the

49



macrocycle contracts upon coordination and might be large enough to facially coordinate

much larger metal ions.

Scheme 38. Demetallation of macrocyclic MP3(CO); complexes.
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Strangely, Mo and W complexes of the secondary triphosphine macrocycle 102
did not liberate the phosphine from the metals. Instead, the analogous Cr complex 101
was prepared, which did liberate the phosphine, although the yields of this demetallation
were lower (40% vs. 60-90%).

Edwards’ macrocyclic piano-stool complexes were demetallated in high yield by
digestion of the metal complex with Na/NHj to release the free macrocycles 103a,b
(Scheme 39).*° These free ligands were then coordinated to other first-row transition
metals (see Section 1.3.1). These are the only examples where macrocyclic phosphine
ligands have been synthesized around one transition metal, demetallated, then
transferred to other metals.”® The 9-membered macrocycle on complex 104 (synthesized
by alkylation of 47b (R, = H, R, = vinyl), followed by hydrogenation of the vinyl group)

was oxidatively demetallated with Br; or H202.77
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Scheme 39. Demetallation of macrocyclic iron piano-stool complexes.
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1.4.2. Tetraphosphine Macrocycles

The success of demetallations of tetraphosphine macrocycles seem to depend on
the size of the chelate rings present on the ligand. Complex 60, containing five, six, and
seven-membered chelate rings, was demetallated by treatment with aqueous NaCN
(Scheme 40).*® Also, complex 61, with alternating five and seven-membered
metallacycles, was quickly demetallated by heating with excess cyanide.” In contrast,
complexes 66 and 67, featuring only five- and six-membered rings, could not be
demetallated with cyanide. Instead, the macrocyclic complex either resisted
demetallation completely or the macrocycle fell apart, releasing the precursor phosphine
MMPE from the template.”””' Seven-membered chelate rings are less stable than five- or

six-membered rings so it is likely that complexes 60 and 61 are less stable than 66 and
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67, which allows them to be demetallated with cyanide. It is not known whether this

result is a thermodynamic or kinetic effect.

Scheme 40. Demetallation reactions of tetraphosphine macrocycles with cyanide.
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Although the 14-membered macrocycles above could not be demetallated, copper(I)
complexes of the reinforced 14-membered macrocycles 69 and 70 were successfully
demetallated by treatment with cyanide (Scheme 31). In fact, the macrocyclic

complexes were not even isolated in this case. Complex 71, another 14-membered
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macrocyclic copper complex, was demetallated by treatment with H,S in basified ethanol
and air, which precipitated Cu,S and oxidized the ligand to phosphine oxide 107 which
was reduced to phosphine 108 by reduction in neat phenylsilane (Scheme 41). Complex

72 was also demetallated in this manner to release macrocyclic phosphine oxide 109.

Scheme 41. Oxidative demetallation of macrocyclic Cu(I) phosphine complexes.
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The demetallation of macrocyclic Cu(I) complexes 69-71 contrasts with the
inability to successfully demetallate complexes 66 and 67. This result may be
attributable to the differences in the coordination geometries of the metals. The d* metals
Ni(II), PA(II), and Pt(Il) favor square-planar (or sometimes square-pyramidal)
geometries, with P-M-P angles of ~90°. This geometry facilitates coordination of the
five- and six-membered chelate rings with minimal ring strain. In contrast, d'® Cu(I)
favors a tetrahedral geometry, with ideal P-M-P angles of 109°. This geometry strains
the chelate rings, resulting in weaker binding to the metal, and thus easier demetallation.
Unfortunately, for now, this explanation is only hypothetical. Hopefully, further

structural studies on macrocyclic copper-phosphine complexes will give data on bond
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angles and ring strain in these complexes, and the reasons for any instabilities will

become clearer.

1.5. Summary

It has been over 35 years since the first macrocyclic phosphine ligands were
made. Because these ligands promise to be strongly coordinating, , many strategies have
been designed for their synthesis. However, only a handful of synthetic methods have
shown broad applicability in terms of the ring sizes, functional groups, and metal
complexes that can be obtained. Still fewer of the resulting complexes have found use in
their intended applications.

The main challenges in phosphine macrocycle synthesis are: a) selectivity of the
desired ring size over smaller rings or larger oligomers, b) control over stereochemistry,
and c) characterization, including confirmation that the ligand is indeed macrocyclic.
Facially-coordinating triphosphorus macrocycles have seen the most success in all of
these areas, as well as in their subsequent functionalization, demetallation, and/or
coordination to a variety of transition metals. Tetraphosphine macrocycles, on the other
hand, are still primitive in these respects. Of the handful of synthetic methods that have
been developed, none has allowed for more than a few variations thus far. Only four
metals: Ni(I), Pd(IT), Pt(II), and Cu(I), have been coordinated to tetradentate phosphine
macrocycles, and these have been formed almost exclusively by template syntheses of the
macrocycles around that particular metal. Moreover, these ligands bind so strongly to the
template metal that their removal from the metal is difficult or even impossible. These

difficulties have hampered the development of macrocyclic tetradentate phosphine

54



ligands and have so far prevented their use in applications such as catalysis or

radiopharmaceuticals.

1.6. Bridge

This chapter has reviewed the current status of macrocyclic phosphine ligands in
the literature, including their synthesis, coordination chemistry, and demetallation of
macrocyclic phosphine complexes. Chapter II will detail the synthesis of two water-
soluble bidentate phosphines and investigation of their coordination chemistry with
iron(Il), in attempts to use these complexes as templates for the synthesis of new water-
soluble, macrocyclic iron(Il) phosphine complexes for the purposes of separating
nitrogen (N;) from natural gas.

This dissertation includes previously published and unpublished co-authored
material. Chapter 2 contains experimental work performed by lan J. Doxsee, and crystal
structures solved by Lev N. Zakharov. Parts of Chapter 3 have been previously published
in Swor, C. D.; Zakharov, L. N.; Tyler, D. R. J. Org. Chem. 2010, 75, 6977-6979. Parts
of Chapter 4 have been prepared for Swor, C. D.; Hanson, K. R.; Zakharov, L. N.; Tyler,
D. R. Inorg. Chem. 2011, manuscript submitted. In addition, some experimental work in
Chapter 5 was performed by Andrew Hughett, and crystal structures were solved by Lev

N. Zakharov.
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CHAPTER Il

SYNTHESIS OF WATER SOLUBLE SECONDARY
PHOSPHINE LIGANDS AND THEIR IRON(II)

COMPLEXES

Some of the experimental work presented in this chapter was performed by Ian J. Doxsee.
Crystal structure determinations were performed by Lev N. Zakharov.

2.1. Introduction

Natural gas currently supplies one quarter of the energy used in the United
States.' In addition, natural gas is currently the primary source for H, a major
commodity chemical and proposed fuel of the future. The United States produces most
of its natural gas domestically; however, approximately 15% of domestic natural gas
resources are contaminated with high levels of dinitrogen (N,).>* Since N, is a
nonflammable gas, its presence in natural gas lowers the energy content per unit volume,
limiting the gas’s use as a fuel. The maximum N, content for pipeline-quality natural gas
is 4%, but high-nitrogen natural gas deposits can be up to 86% N,.> Unlike other

impurities such as water, carbon dioxide, and hydrogen sulfide, N; is difficult to separate
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from natural gas because of its chemical inertness and similar physical properties to
methane, the major component of natural gas.

The most commonly used method of removing nitrogen from natural gas is
cryogenic distillation, which separates N, from methane (CHy) based on their different
boiling points (77 K vs. 112 K, respectively).® However, this method is very energy-
intensive, and is only economical for very large natural gas deposits. Pressure-swing-
adsorption technologies have also been developed, using materials that selectively absorb
one gas over the other. Common materials for pressure-swing adsorption are activated
carbon and molecular sieves. Recent innovations include Nitrosep' ™, which uses
polymeric membranes,” and “Molecular Gate” technology, which uses highly-selective
titanium silicate molecular sieves which can separate N, from CH,4 based on the small
difference in size between the two molecules (3.6 A vs. 3.8 A, respectively).®

Another approach to separating nitrogen from methane involves nitrogen’s ability
to bind as a ligand to transition metal complexes. Our lab has synthesized water-soluble
iron(II) phosphine complexes which are capable of reversibly binding N, via pressure-
swing absorption (Scheme 1), and can reduce N, to NH; at ambient temperature and
pressure.”'® Currently, these complexes employ water-soluble bidentate phosphine
ligands such as 1,2-bis(di(methoxypropyl)phosphino)ethane (DMeOPrPE). Water is
chosen as the solvent not only because of its benign nature, but also because of the low
inherent solubility of either N, or CHy4 in water. Unfortunately, the nitrogen-binding
complexes degrade in water (Scheme 2)."" For example, when Fe(DMeOPrPE),Cl, (1)
is dissolved in water, a water molecule substitutes for one of the chloro ligands, followed

by dissociation of the phosphine ligands and the ultimate formation of the inert
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homoleptic complex [Fe(DMeOPrPE)3]2+ (2).

Scheme 1. Pressure-swing absorption using water-soluble iron complexes.
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Scheme 2. Decomposition of Fe(DMeOPrPE),Cl, in aqueous solution.
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In order to inhibit this degradation pathway, we are attempting to synthesize a
macrocyclic version of DMeOPrPE, which will bind to the iron atom more strongly and
cannot decompose into the homoleptic complex 2. Macrocyclic phosphine ligands have
long been sought as a means to stabilize useful complexes for applications in catalysis,'>

1% radiopharmaceuticals'®, and nuclear waste processing (as phosphine oxides).!” The
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increased binding stability of macrocyclic ligands over analogous monodentate,
bidentate, or open-chain multidentate ligands is attributed to the macrocyclic effect,
where the presence of a continuous covalently-bonded ring pre-organizes the macrocyclic
ligand into a geometry that is more suited to binding to a metal.'®*'

In practice, macrocyclic phosphines are most successfully synthesized using a
template synthesis, where one or more reactive phosphines are coordinated to a metal ion,
followed by treatment with a difunctional linking reagent (usually a carbon electrophile)
to form the macrocycle. For tetradentate phosphine macrocycles, the most successful
applications of this strategy involve templating a bidentate or tetradentate secondary
phosphine to a d® transition metal such as Ni(II) or Pd(II) to generate a square-planar
template complex, which is then reacted with an a-w-di(alkyl halide)* or dicarbonyl23
bridging agent. Unfortunately, the resulting complexes are invariably difficult or even
impossible to demetallate, limiting the range of transition metals which can be used in
macrocyclic ligands synthesized in this manner.

In our attempts to synthesize a macrocyclic iron-phosphine complex, we
hypothesized that we might be able to use frans-octahedral Fe(Il) in place of the standard
square-planar d* metal macrocyclization template (Scheme 3). Toward this end, we have
synthesized new water-soluble secondary bidentate phosphines, which are reported here.
We also report the coordination behavior of these phosphines, as well as the hydrophobic

secondary phosphines MPPE and MPPP, with iron(Il). Finally, we discuss our attempts

to form macrocyclic complexes via various alkylation methods.

59



Scheme 3. Planned template synthesis of a macrocyclic iron(II)-phosphine complex.
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2.2. Experimental

2.2.1. Materials and Reagents

Unless otherwise noted, all manipulations were conducted under an N,
atmosphere, using standard Schlenk and/or glovebox techniques. BPE and MPPP were
purchased from Strem, Inc. 1-chloro-3-methoxypropane was purchased from AK
Scientific, Inc. MPPE was synthesized according to a literature procedure.”* Safety note:
All phosphines used in this work are highly toxic, pyrophoric, and malodorous. These
compounds must be handled in a glovebox or a well-ventilated fume hood, using strict
air-free techniques. HPLC-grade THF, hexanes, and acetonitrile (Burdick and Jackson)
were dried and deoxygenated by passing them through commercial columns of CuO and
alumina under argon.
2.2.2. Instrumentation

3P and '"H NMR spectra were recorded on either a Varian Unity/Inova 300
spectrometer operating at a frequency of 299.94 MHz ('H) or 121.42 MHz (*'P), or on a
Varian Unity/Inova 500 spectrometer operating at a frequency of 500.62 MHz (‘H) or
202.45 MHz (3 1P). 31p chemical shifts were referenced to 1% H;PO,4in D,O. Mass

spectra were obtained on a Thermo LCDecaXP mass spectrometer using direct injection.
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2.2.3. X-ray Crystallography

Diffraction intensities for cis-Fe(MPPP),Cl, (8) and
trans-[Fe(MPPP),(CH3CN),](PF¢), (12) were collected at 173(2) K on a Bruker Apex
CCD diffractometer using MoKa radiation A= 0.71073 A.*> Space groups were
determined based on systematic absences (8) and intensity statistics (12). Absorption
corrections were applied by SADABS.?  Structures were solved by direct methods and
Fourier techniques and refined on F” using full matrix least-squares procedures. All non-
H atoms were refined with anisotropic thermal parameters. All H atoms in 12 and the H
atoms coordinated to the P atoms in 8 were found on the residual density maps and
refined with isotropic thermal parameters. Other H atoms in 8 were treated in the
calculated positions in a rigid group model. A solvent CH3CN molecule in 12 which is
not involved in coordination of the Fe atom is disordered over two positions related by an
inversion center. Atoms H in this disordered solvent molecule were not taken into
consideration in the refinement. The Flack parameter for 8 is 0.08(2); the given structure
of 8 corresponds to an absolute configuration of the compound. All calculations were
performed by the Bruker SHELXTL (v. 6.10) package.”’

Crystal data for cis-Fe(MPPP),Cl; (8). C30H3cCl,FePs, M = 647.22, 0.20 x 0.10 x
0.04 mm, T = 173(2) K, monoclinic, space group P2;, a =9.194(2) A, b = 16.406(4) A,

¢=10.50003) A, f=111.439(4)°, V=14743(7) A3,Z=2,7’=1, D.= 1.458 Mg/m3,

w=0.930 mm‘l, F(000) = 672, 26max = 52.00°, 12433 reflections, 5700 independent
reflections [Riy = 0.0412], R1=0.0460, wR2 = 0.0918 and GOF = 1.038 for 4933
reflections (350 parameters) with />26(/), R1 =0.0578, wR2 = 0.0987 and GOF = 1.038

for all 5700 reflections, max/min residual electron density +0.752/-0.388 eA”.
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Crystal data for trans-[Fe(MPPP),(CH3CN),](PFs), (12). C36H4sF12FeN3Ps,
M =989.42,0.37x 0.16 x 0.04 mm, T = 173(2) K, triclinic, space group P-1,
a=9.7075(8) A, b =10.7282(8) A, c = 11.8667(9) A, o= 96.927(1)°, B=94.820(1)°,
y=115.671(1)°, ¥'=1092.83(15) A3, Z=1, 2’=0.5, D.= 1.503 Mg/m3, 4 = 0.647 mm-1,
F(000) = 506, 26max = 54.00°, 12344 reflections, 4732 independent reflections
[Rint = 0.0161], R1 =10.0362, wR2 = 0.0969 and GOF = 1.064 for 4297 reflections (358
parameters) with />2c(7), R1 =0.0400, wR2 = 0.1004 and GOF = 1.064 for all 4732
reflections, max/min residual electron density +0.413/-0.462 eA”.
2.2.4. Methods

Synthesis of 1,2-bis(methoxypropylphosphino)ethane, MeOPrPE.
1,2-bisphosphinoethane (2.26 g, 24.0 mmol) was dissolved in 15 mL hexanes and cooled
to -78 °C. 30.0 mL of 1.6 M n-butyllithium (48.0 mmol) was added dropwise over the
course of 1 h, turning the reaction mixture yellow. The mixture was stirred for 15 min at
-78 °C, then 1-chloro-3-methoxypropane (5.50 g, 50.6 mmol) was added dropwise,
resulting in a loss of the yellow color. The mixture was allowed to warm to room
temperature overnight, then filtered through a frit and the solid rinsed with hexanes. The
solvent was then removed under reduced pressure, and the crude product was purified via
fractional vacuum distillation (160-170 °C at 0.1 torr), yielding 5.02 g (88%) of a
colorless liquid. *'P NMR (CDCls): & -59.5 (d, Jp.y =202 Hz). 'H NMR (CDCl;):
0 1.3-1.9 (m, 12H), 3.19 (d, 2H, PH), 3.34 (s, 6H, OCHs), 3.52 (t, 4H, CH,OCHj3)
BC{'H} NMR (CDCls): & 16.6, 19.1, 28.3, 58.6, 73.0.

Synthesis of 1,3-bis(methoxypropylphosphino)propane, MeOPrPP. The same

procedure was followed as for the synthesis of MeOPrPE, using 1,3-bisphosphinopropane
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(2.12 g, 19.6 mmol). Yield: 4.95 g (80%) of a colorless liquid. 3'p NMR (CDCl):
8—69.9 (d, Jp.u =202 Hz). '"HNMR (CDCl3): § 1.4-2.0 p, (m, 14H), 3.13 (d, 2H, PH),
3.35 (s, 6H, OCHs), 3.42 (t, 4H, CH,OCH3) “C{'H} NMR (CDCl;): 6 16.7, 21.8, 27.1,
28.4,58.6, 73.2.

General Procedure for the Preparation of Complexes 5 and 6. 2 equiv of the
appropriate phosphine were dissolved in THF and added to a THF solution FeCl,-4H,0,
immediately giving a deep red solution. The reaction was stirred for 1 h, then the solvent
was removed under reduced pressure and the product dried under vacuum overnight.

cis-Fe(MeOPrPE),Cl; (5). Used 0.592 g MeOPrPE (2.48 mmol) and 0.250 g
FeCl,-4H,0 (1.25 mmol) gave 0.606 g (81%) of a deep red amorphous solid. *'P NMR
(THF): & +45 to +85 ppm (m). ESI-MS: 567 amu ([m-CI]").

cis-Fe(MeOPrPP),Cl; (6). Used 0.604 g MeOPrPP (2.39 mmol) and 0.2433 g
FeCl,-4H,0 (1.22 mmol) gave 0.640 g (85%) of a deep red amorphous solid. *'P NMR
(THF): & +10 to +50 ppm (m). ESI-MS: 595 amu ([m-CI]").

General Procedure for the Preparation of Complexes 7 and 8. 2 equiv of the
appropriate phosphine were dissolved in THF and added to a THF solution FeCl,-4H,0,
immediately giving a deep red solution which precipitated some of the product as a
purple solid. The reaction was stirred for 1 h, and the remaining product was precipitated
with hexanes, collected by filtration, and dried under vacuum overnight.

cis-Fe(MPPE),Cl; (7). Used 0.589 g MPPE (2.39 mmol) and 0.238 g
FeCl,-4H,0 (1.20 mmol). Yield: 0.532 g (72%) of a purple solid. *'P{'H} NMR
(CDCl3): *'P{'H} NMR (CDCls): & + 40-120 (br) ESI-MS: 583 amu ([m-CI]").

cis-Fe(MPPP),Cl; (8). Used 0.570 g MPPP (2.19 mmol) and 0.218 g FeCl,-4H,0
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(1.10 mmol). Yield: 0.5249 g (74%) of a purple solid. *'P{'H} NMR (CDCls): & +26 to
50 ppm (m). ESI-MS: 611 amu ([m-Cl1]"). Single crystals suitable for x-ray diffraction
were grown by vapor diffusion of hexanes into a THF solution over the course of 1 month.

General Procedure for the Preparation of Complexes 9-12. The
cis-Fe(bisphosphine)Cl, complex was dissolved in 10mL MeCN, giving a dark orange
solution. Addition of 2 equiv NaOTf in 5 mL MeCN resulted in a lightening of the
solution within minutes, and formed a white precipitate (NaCl). After stirring for 1h, the
reaction mixture was filtered. The solvent was removed under reduced pressure and the
product was dried under vacuum overnight.

Synthesis of trans-[Fe(MeOPrPE),(CH3CN),](OTf),(9). Used 0.507 g5
(0.840 mmol) and 0.311 g NaOTTf (1.80 mmol). Yield: 0.465 g (73%) of an orange
viscous oil. *'P{'H} NMR (CD;CN): & +40 to +70 ppm (m).

Synthesis of trans-[Fe(MeOPrPP),(CH3CN),](OTf),. Used 1.46 g 6 (2.31
mmol) and 0.797 g NaOTf (4.64 mmol). Yield: 1.477 g (68%) of an orange amorphous
solid. *'P{'H} NMR (CD;CN): & +8 to +28 ppm (m).

Synthesis of trans-[Fe(MPPE),(CH3CN),](PF¢)2. Used 0.273 g 7 (0.441 mmol)
and 0.148 g NaPFs (0.881 mmol). Yield: 0.282 g (70%) of an orange crystalline solid.
3p{"H} NMR (CD;CN): § +30 to +80 ppm (m).

Synthesis of trans-[Fe(MPPP),(CH3CN),](PFs)2. Used 0.292 g 8 (0.451 mmol)
and 0.155 g NaPFs (0.922 mmol). Yield: 0.399 g (93%) of an orange crystalline solid.
3p{"H} NMR (CD;CN): § +25 to +47 ppm (m). Single crystals suitable for X-ray
diffraction were grown by slow evaporation of an acetonitrile solution over the course of

three months.
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2.3. Results

2.3.1. Synthesis of MeOPrPE and MeOPrPP

The water-soluble secondary bisphosphine 1,2-bis(methoxypropylphosphino)-
ethane (MeOPrPE, 3) was synthesized by deprotonation of 1,2-bisphosphinoethane with
2 equiv n-butyllithium, followed by alkylation with exactly two equivalents of
1-chloro-3-methoxypropane (Scheme 4). The product, a secondary bis(phosphine), was
identified by *'P{'H} NMR spectroscopy as a singlet at -64.8 ppm, which splits into a
doublet (Jp.y = 202 Hz) in the proton-coupled spectrum. Even under carefully-controlled
conditions at reduced temperature (-78 °C) and using precisely 2 eq. butyllithium and
MeOPrCl, a small amount of over-alkylated and under-alkylated by-products are
generated, in up to 10% as determined by *'P NMR. Fortunately, because of the mass of
the methoxypropyl group, these products are sufficiently different in molecular weight as
to be separated by fractional vacuum distillation, giving pure MeOPrPE in 88% yield.
The analogous three-carbon bridged phosphine 1,3-bis(methoxypropylphosphino)propane
(MeOPrPP, 4) was synthesized and purified in the same manner (80% yield). MeOPrPE
and MeOPrPP are both clear, colorless viscous liquids. The ambiphilic methoxypropyl
functional group causes these compounds to be miscible in a wide range of solvents, from
water to hexanes. To our knowledge, these are the first examples of hydrophilic
secondary phosphines. Smaller secondary bisphosphines, such as
bis(methylphosphino)ethane (MMPE) can also be generated in this fashion (using methyl
iodide as the alkylating agent), however the over- and under-alkylated products are too
similar in molecular weight to be effectively separated from the desired product by

distillation.
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Scheme 4. Synthesis of MeOPrPE and MeOPrPP.
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2.3.2. Reaction of Secondary Bisphosphines with FeCl,

In an attempt to synthesize reactive templates for macrocyclic iron-phosphine
complexes, MeOPrPE and MeOPrPP were each reacted with FeCl,-4H,0O. Addition of 2
eq. 3 or 4 to FeCl,-4H,0 in THF immediately gives complex 5 or 6 as a deep reddish-
purple product (Scheme 5). The *'P{'H} NMR spectra of these complexes showed a
complicated series of peaks, which could not be fully interpreted. A number of FeCl,P,4
complexes have been synthesized previously, by us and others (see Section 2.4). In all
cases, the trans complexes are colored green, while the cis complexes are red or purple.
Based on this, it can be assumed that the geometry of these complexes are cis-octahedral.
Because of the flexible methoxypropyl substituents on these complexes, both 5 and 6 are
viscous oils at room temperature, and repeated attempts at crystallization were

unsuccessful.
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Scheme 5. Synthesis of cis-Fe(bisphosphine),Cl, complexes.
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In order to confirm the cis-octahedral geometry of complexes 5 and 6,
FeCl,-4H,0 was also reacted with the hydrophobic secondary phosphines
1,2-bis-(phenylphosphino)ethane (MPPE) and 1,3-bis(phenylphosphino)propane (MPPP).
Both MPPE and MPPP immediately reacted with FeCl,-4H,O to form complexes 7 and 8
as reddish-purple products. Single crystals of 8 were grown and analyzed via X-ray
crystallography (Figure 2), which confirms the cis-octahedral geometry of the complex.
THe MPPP ligands are of R,R and S, S stereochemistry, and are coordinated to the iron in
a A (left-handed twist) fashion. The space group is P2;, meaning that the crystal is
enantiopure. Each six-membered metallacycle is situated in a chair conformation. The
bite angles for the MPPP ligands are 91.09(5)° (R,R) and 88.81(5)° (S,S). The chloro
ligands and the phosphorus atoms trans to them are almost exactly coplanar with the
central iron atom (sum of L-M-L angles = 359.9(1)°), and thus can be considered an
equatorial plane. One of the axial phosphines (P2) is nearly orthogonal to the equatorial

plane, while the other (P3) is tilted about 10° towards the chloro ligands.
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Figure 1. ORTEP plot of cis-Fe(MPPP),Cl, (8). Ellipsoids are drawn at 50%

probability. C-H hydrogen atoms have been omitted for clarity.

Table 1. Selected bond lengths (A) and angles (°) for cis-FeCl,(MPPP), (8).

Fe(1)-P(1)
Fe(1)-P(2)
Fe(1)-P(3)
Fe(1)-P(4)
Fe(1)-CI(1)
Fe(1)-Cl(2)

P(1)-Fe(1)-P(2)

P(3)-Fe(1)-P(4)

P(1)-Fe(1)-P(3)

P(1)-Fe(1)-P(4)

P(2)-Fe(1)-P(4)

2.2009(13)
2.2517(14)
2.2455(14)
2.1918(14)
2.3780(13)
2.3710(13)
91.09(5)
88.81(5)
95.73(5)
96.04(5)

96.57(5)

P(2)-Fe(1)-CI(1)
P(3)-Fe(1)-CI(1)
P(4)-Fe(1)-CI(1)
P(1)-Fe(1)-CI(2)
P(2)-Fe(1)-CI(2)
P(3)-Fe(1)-CI(2)
CI(1)-Fe(1)-CI(2)
P(1)-Fe(1)-CI(1)
P(4)-Fe(1)-CI(2)

P(2)-Fe(1)-P(3)

85.16(5)
87.86(5)
85.68(5)
87.44(5)
81.29(5)
92.87(5)
90.72(4)
176.05(5)
175.97(5)

170.83(5)
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Because of the chirality of the secondary phosphine groups on these complexes,
as well as the twist chirality of the cis-octahedral metal center, these complexes can exist
as a mixture of up to 7 diastereomeric pairs of enantiomers (Figure 2). Only three of
these pairs are sufficiently symmetric to give rise to a simple A,B; pattern (two triplets)
in the °'P NMR spectrum. The rest of the isomers are of such low symmetry that all
phosphorus atoms are magnetically inequivalent, and couple as 4-spin sytems, resulting
in a very complicated >'P NMR spectrum for each of these complexes. Indeed, the *'P
NMR spectra of all of these complexes exhibit multiple peaks which cannot be
structurally interpreted. None of these spectra change upon heating or cooling,

indicating that these isomers are diamagnetic (no spin crossover) at room temperature.

Figure 2. Possible stereoisomers of cis-FeCly(bisphosphine), complexes.
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In a few attempts, the reaction of MPPE with FeCl,-4H,0 in THF gave a bright
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green precipitate as the major product. >'P{'H} NMR of a freshly prepared CDCl;
solution revealed a sharp singlet at +71.2 ppm as the major peak (Jp.y = 325 Hz in the
proton-coupled spectrum), which indicates that the major product is a highly-symmetric
isomer of trans-Fe(MPPE),Cl,. This product is only soluble in dichloromethane and
chloroform, and isomerizes rapidly to the cis-octahedral product in both solvents.
Unfortunately, this result could not reliably be reproduced, and repeated attempts at
optimizing the reaction conditions to favor the ¢rans product were unsuccessful.
2.3.3. Synthesis of trans-[Fe(bisphosphine),(MeCN),]** Complexes

As mentioned before, the majority of templates for the synthesis of macrocyclic
phosphines are square-planar d* metals, coordinated by two bidentate secondary
phosphines. Our hypothesis was that trans-octahedral iron-phosphine complexes could
also be used as templates for macrocyclic iron-phosphine complexes. In order to convert
the cis-FeCl,P4 complexes to frans-octahedral complexes, the chloro ligands were
substituted for less n—donating ligands so that they would be less likely to coordinate
trans to the secondary phosphines (see Section 2.4). Acetonitrile was chosen as the new
ligand, because of its slightly m—accepting nature, ease of substitution, and weak
coordination, such that it could potentially be replaced by other ligands later in the
synthesis. For each complex, the reaction was carried out by dissolving the complex in
acetonitrile, resulting in a color change from purple to red-orange. Addition of 2 equiv
NaX (where X is the weakly-coordinating anion OTf or PF¢’) resulted in a lightening of
the orange color, as well as the formation of a white precipitate (NaCl). The color change
upon addition of NaX suggests that the FeP4(MeCN),*" complexes 8-12 are partially

formed upon dissolution in MeCN, but a chloride abstractor such as NaCl is required to
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drive the reaction to completion (Scheme 6).

Scheme 6. Synthesis of z‘rans-[Fe(bisphosphine)z(MeCN)z]2+ complexes.
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As with the cis-FeCl,P4 complexes, the lack of stereospecificity in the ligands
results in multiple isomers of [FeP4(MeCN),]*" complexes 8-12 (Figure 3). For trans-
[FeP4(MeCN),]**, seven stereoisomers are possible, consisting of two pairs of
enantiomers and three meso isomers. Of these, the only the all-R and all-S isomers are of
sufficient symmetry to display a singlet in the *'P NMR spectrum, which is typically
observed for more symmetric trans-FeX,P4 complexes. The rest of the isomers are A;B,
systems at best, and four-spin systems at worst. Indeed, the *'P spectrum of each of these

complexes is complicated to the point that structural information cannot be obtained.
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Figure 3. Possible stereoisomers of trans-[FePy(MeCN),]*"
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In order to confirm the trans geometry of these complexes, single crystals of

trans-[Fe(MPPP),(MeCN),](PF¢)2 (12) were grown and analyzed by x-ray diffraction
(Figure 4). The complex is indeed trans-octahedral, and is C; symmetric, with both
MPPP ligands lying exactly in the equatorial plane. The stereochemistry of both MPPP
ligands is R,R. Each six-membered metallacycle is situated in a chair conformation. The
bite angles for the MPPP ligands are 87.83(2)°. The axially-coordinated acetonitrile

ligands are almost exactly orthogonal to the equatorial plane. One non-coordinated,

disordered acetonitrile molecule is present as a solvent of crystallization.

Table 2. Selected bond lengths (A) and angles (°) for trans-[Fe(MPPP),(MeCN),](PFg)..

Fe(1)-P(1) 2.2687(5) P(1)-Fe(1)-P(2) 87.83(2)
Fe(1)-P(2) 2.2686(5) P(1)-Fe(1)-N(1) 89.30(5)
Fe(1)-N(1) 1.913(2) P(2)-Fe(1)-N(1) 88.45(5)

72



Figure 4. ORTEP plot of the cation in trans-[Fe(MPPP),(MeCN),](PFs),. Ellipsoids are
drawn at 50% probability. C-H hydrogen atoms have been omitted for clarity.

2.3.4. Attempts at Macrocyclization

Metal-templated macrocyclizations of secondary phosphines have been
dominated by two routes: 1) alkylation with an a,®-dihalide under basic conditions, using
K,CO; or KO#-Bu as a base, and 2) reaction with an a,m-dialdehyde or diketone, forming
hydroxymethylphosphine linkages. In the second route, the reaction may be run in the
presence of a weak acid, such as in the case where malonaldehyde is used as the bridging
agent. Malonaldehyde is an unstable compound whose most stable form is the mono-
enol tautomer, and this configuration readily self-polymerizes via the aldol reaction.
Because of this, malonaldehyde is added as the bis(dimethyl) acetal, which is deprotected
in situ by catalytic H'.

Both the cis-Fe(bisphosphosphine),Cl, and trans-[Fe(bisphosphosphine),.
73



(MeCN),J** complexes were treated with various carbon electrophiles under similar
conditions to the previous literature methods, and the reactions were monitored by >'P
NMR. However, no changes in the *'P NMR spectra were observed after 2 weeks at
reflux, indicating that these complexes did not react under normal macrocyclization
conditions. Attempts at using a stronger base such as DBU or Proton Sponge instead of
K,CO; or KO#-Bu were also innefective, and even stronger bases such as n-butyllithium
resulted in decomposition of the complexes. Reactions with more reactive carbon
electrophiles (neopentylene bis(triflate), bromomaleic anhydride and dimethylmalonyl

dichloride) were also unsuccessful.

2.4. Discussion

2.4.1. cis-vs. trans-Octahedral Coordination
The propensity of previously-reported phosphines to form cis- or trans-FeCl P4
complexes is unclear. Most hydrophobic bidentate phosphines form trans-octahedral

2834 Whereas water-soluble bidentate phosphines bearing hydroxyl

complexes,
substituents may form cis or trans complexes, depending on the solvent.” A few
tetradentate phosphines favor the formation of cis-octahedral complexes, due to
geometric constraints that disfavor formation of the trans-octahedral geometry.”>?® Until
this work only one bidentate phosphine has been reported which exclusively favors a
cis-FeCl,P, geometry: 1,2-diphospholanoethane (Figure 5).> In this case, it was
proposed that the size and rigidity of the phospholane heterocycles might cause increased

steric hindrance in the trans conformation, so the cis conformation would be favored.

However, since the trans isomer was not observed, this explanation is only speculative.

74



Figure 5. 1,2-diphospholanoethane.

OO

All four ligands in the current study form cis-octahedral complexes when
coordinated to FeCl,. These ligands differ from each other in terms of chelate ring size
(five- or six-membered), hydrophilicity, and electron-donating ability of the pendant
groups (hydrophilic, electron-donating methoxypropyl groups versus hydrophobic,
electron-withdrawing phenyl groups). The one feature common to all four of these
ligands is that they are secondary phosphines. This suggests that secondary bidentate
phosphines favor the formation of cis-octahedral complexes with FeCl,.

We propose that the tendency of these ligands to form cis-octahedral complexes is
attributed to electronic factors. Electronically, secondary phosphines are stronger -
acceptors than comparable tertiary aryl or alkylphosphines.®® This should result in an
increased preference for binding trans to the n-donating chloride ligands, in order to
maximize the synergistic © -bonding between the trans ligands. This synergistic 7 -
bonding stabilizes the cis-octahedral complex relative to the trans-octahedral complex,
and may account for the preference of a cis geometry in these complexes. Analysis of the
Fe-P bond lengths in cis-Fe(MPPP),Cl, (8) suggests that this is the case. The average Fe-
P bond length of the equatorial bonds is 2.1964(19) A, versus 2.249(2) A for the axial
bonds. The shorter bond length of the equatorial Fe-P bonds indicates increased
synergistic m-effects for the phosphines situated frans to the chloride. This effect is also
seen in the lengthening of the equatorial phosphines’ P-H bond lengths (avg. 1.37(6) A

for the equatorial phosphines vs. 1.27(7) A for the axial phosphines). The P-C bond
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lengths are also slightly longer for the equatorial positions, but are within the uncertainty
of the measurements.

Comparison of Fe-P, P-H, and P-C bond lengths between cis-Fe(MPPP),Cl, (8)
and trans-[Fe(MPPP),(MeCN),]*" (12) (Table 3) confirms the the presence of a 7-
synergistic effect between the chloride ligands and the secondary phosphine ligands in 8.
First, all Fe-P bonds are shorter in 8 than in 12, especially the equatorial Fe-P bonds that
are trans to the pi-donating chloro ligands, indicating increasing bond order of the Fe-P
bonds. The P-H bonds of the equatorial ligands are also lengthened due to increased
electron-donation into the P-H o* orbitals. In the same manner, all of the P-C bonds are
lengthened in 8 relative to 12, although the P-C bonds of the equatorial phsophines are
not always longer than those of the axial phosphines. This may be due to steric crowding
of the axial phenyl groups. Nevertheless, all of the crystal structure evidence is
consistent with the synergistic n-donation / m-acceptance between the chloro ligands and
the secondary phosphines, which is maximized when the FeCl,P,4 complex is in the
cis-octahedral geometry.

Table 3. Comparison of bond lengths in trans-[Fe(MPPP),(MeCN),]*" and cis-
Fe(MPPP),CL.

trans-Fe(MPPP),(MECN),(PFg), cis-FeCL,(MPPP),

equatorial axial
Fe-P 2.2687(7) 2.196(2) 2.249(2)
P-H 1.29(3) 1.37(6) 1.27(7)
P-C(bridge) 1.832(3) 1.841(6) 1.837(7)
P-Ph 1.819(3) 1.825(6) 1.828(7)
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Figure 6. Summary of n-synergistic effects in secondary phosphine complexes.

R R
H\Pe“‘R H\P\:‘R
A N
oy & A SES
P——Fe—Cl Fe—0| WP FeO—QNzc(—DCH3 Fe—N=C—CHj
REQT O ) a9 0 REQ T W d N
~~—" ~— ~—r e A
strong weak none none

2.4.2. Lack of Reactivity Towards Macrocyclization

Macrocyclic tetraphosphine ligands have previously been synthesized around
square-planar d® (Ni(IT), Pd(II), or Pt(II)), or more rarely, tetrahedral d'® (Cu(I))
templates. With both d® and d'® templates, not only does the metal act as a collection
point, placing the phosphines in the correct stoichiometry and geometry for
macrocyclizaiton, but the metal also activates the phosphines toward alkylation (see
Scheme 7). This activation is two-fold: 1) coordination to the metal lowers the pK,
of the ligand, making deprotonation easier, and 2) back-donation from the electron-rich
metal center destabilizes the lone pair on the deprotonated ligand, increasing its
nucleophilicity. The deprotonated phosphido ligand can then nucleophilically attack an

electrophilic bridging agent, forming the macrocycle around the metal center.

Scheme 7. Mechanism of alkylation of coordinated phosphines.
H “n+ H Tn-1)+

| .o
1) M-PR, —> M-PR,
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-X R

2) M-PR, —> M-PR,
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Unlike complexes of d® and d'’ templates, the cis-Fe(bisphosphosphine),Cl, and
z‘rans-[Fe(bisphosphosphine)z(MeCN)Z]2+ complexes are not alkylated under normal
macrocyclization conditions. This is most likely because the d° iron(II) atom is not as
electron-rich as d* and d'® metals normally used for templates. We propose that the
decreased electron density of Fe(II) results in reduced nucleophilicity of the phosphido

ligands after deprotonation.

2.5. Conclusion

We have synthesized two new water-soluble secondary bidentate phosphines as
precursors to water-soluble phosphine macrocycles. In attempts to form phosphine
macrocycles around an Fe(II) template, we have coordinated these ligands, as well as
MPPE and MPPP, to FeCl,. In all cases, coordination gives cis-Fe(bisphosphine),Cl,
complexes as opposed to the desired trans-octahedral templates. This is due to
synergistic m-donation/acceptance between the  -donating chloro ligands and the
n -accepting secondary phosphines. This effect is maximized in the cis-octahedral
geometry, where the chloro ligands occupy positions trans to the secondary phosphines.
Substitution of the chloro ligands for acetonitrile results in
z‘rans-[Fe(bisphosphine)z(MeCN)z]2+ complexes. Neither these nor the
cis-Fe(bisphosphine),Cl, complexes are reactive toward macrocyclization, likely because

the phosphine ligands are insufficiently activated by the d® Fe(II) metal.

2.6. Bridge

Chapter II has described the first attempts at synthesizing macrocyclic iron-
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phosphine complexes using previously-reported macrocyclization reagents and
conditions. Chapter III will describe an unexpected reaction which was discovered while
attempting to react these complexes with a different carbon electrophile, bromomaleic

anhydride, while using proton sponge as a base.
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CHAPTER Il1

COLORIMETRIC PROTON SPONGES

Some of this work has been previously published and is reproduced with permission
from: Swor, C. D.; Zakharov, L. N.; Tyler, D. R. J. Org. Chem. 2010, 75, 6977-6979.

3.1. Introduction

1,8-dimethylaminonaphthalene, trademarked by Aldrich as Proton Sponge, is a
widely used base in organic and inorganic chemistry. It is often chosen due to its high
basicity (BH" pK, = 12.34 in H,O' and 18.62 in MeCN?) and slow uptake of protons. It
is also generally regarded as an innocent, non-nucleophilic and non-coordinating base
relative to other amines. However, it has been shown that Proton Sponge (PS) can
sometimes act as a carbon nucleophile in electrophilic aromatic substitution reactions.’
Due to the electron-donating nature of the amino groups, Proton Sponge (like other
anilines) is more reactive than unsubstituted aromatics to typical electrophilic aromatic
substitution reactions (nitration,“’5 Friedel-Crafts acyla‘tion,6 Vilsmeier-Haack reaction,’
etc.). Reactions with carbon electrophiles are typically slow, except with very exotic and
9

strong electrophiles.*™

Maleic anhydrides readily undergo hydrophosphination with secondary
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phosphines.'*!'" More specifically, bromomaleic anhydride (BMA) reacts with two
equivalents of secondary phosphine, forming unique bisphosphines that can be used as
bidentate ligands (Scheme 1).'> After addition of one equivalent of phosphine, HBr is

eliminated, re-forming the double bond and allowing the second equivalent of phosphine

to react.

Scheme 1. Reaction of bromomaleic anhydride with a secondary phosphine.

o) 0=~_0

Oﬁo +2Ph,PH —> ﬁ
Ph,P  PPh,

Br

We hypothesized that this reaction might allow us to use bromomaleic anhydride
as a linking reagent in the template synthesis of phosphine macrocycles from secondary
phosphine complexes (Scheme 2). However, upon attempting this reaction, using PS as a
base to neutralize the HBr by-product, we discovered an unanticipated reaction between

PS and BMA, which we report here.

Scheme 2. Attempted reaction between bromomaleic anhydride and secondary
phosphine complexes.
2+
o 000 |
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~
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R= Ph, C3HgOCH3
L = CH;CN 070”70
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3.2. Experimental

3.2.1. Materials and Instrumentation

All reagents were purchased from Aldrich. Proton Sponge was recrystallized
from 95% ethanol. All other reagents were used as received. 'H and >C NMR spectra
were recorded on a Varian Unity/Inova 500 spectrometer operating at a frequency of
500.10 MHz (‘H) or 125.77 MHz (*>C). Chemical shift values are reported in ppm using
CDCl;s as an internal reference. UV-Vis spectroscopy was performed using a Hewlett-
Packard 8453 UV-Vis spectrometer. Infrared spectra were obtained on a Nicolet Magna-
IR 550 spectrometer.
3.2.2. X-ray Crystallography

X-ray diffraction intensities for MAPS were collected at 173(2) K on a Bruker
Apex CCD diffractometer using MoKo. radiation A= 0.71073 A."? The space groups was
determined based on systematic absences. The absorption correction was applied by
SADABS." The structure was solved by direct methods and Fourier techniques and
refined on F” using full matrix least-squares procedures. All non-H atoms were refined
with anisotropic thermal parameters. H atoms were found from the residual map and
refined with isotropic thermal parameters. An absolute configuration could not be
determined because the compound is a weak anomalous scatterer. All calculations were
performed by the Bruker SHELXTL (v. 6.10) package."

Crystal data for MAPS: CsH;sN,O3;, M =310.34, 0.28 x 0.10 x 0.02 mm, T =
173(2) K, monoclinic, space group P2, a =7.0429(6) A, b=17.4903(16) A, c =
12.7831(11) A, B=96.697(2)°, V=1963.92) A3, 22’ =42, D.=1.318 Mg/m3, i =

0.091 mm‘l, F(000) =656, 20m.x = 54.00°, 17571 reflections, 6786 independent
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reflections [Riy = 0.0362], R1 =0.0446, wR2 = 0.0747 and GOF = 1.059 for 6786
reflections (559 parameters) with [>2c(I), R1 = 0.0608, wR2 = 0.0811 and GOF = 1.059
for all reflections, max/min residual electron density +0.156/-0.145 eA’.
3.2.3. Methods

Synthesis of 4-maleicanhydridoproton sponge (MAPS). 1,8-
bis(dimethylamino)-naphthalene (954 mg, 0.45 mmol) in 10 mL THF was added to
bromomaleic anhydride (393 mg, 0.22 mmol) in 5 mL THF with stirring. Upon mixing,
the reaction mixture immediately turned deep red. After stirring for 15 minutes, the
solvent was removed under reduced pressure, and the residue was re-dissolved in 50 mL
THF and filtered to remove PSHBr. The solvent was removed under reduced pressure,
yielding a purple hygroscopic solid (645 mg, 94%): mp 116-127° C, "H NMR (500 MHz,
CDCls, COSY, NOESY) 6 2.81 (s, 2CHs), 2.95 (s, 2CH3), 6.87 (d, J = 8.65 Hz, H2),
6.88 (s, H14), 6.96 (d, J=7.56 Hz, H7), 7.41 (t,J =8.01 Hz, H6), 7.58 (d, J = 8.52 Hz,
H5), 7.91 (d, T =8.51 Hz, H3), "*C § 43.2 (CH3), 43.3 (CH3), 109.4 (CH), 112.4 (CH),
1153, 116.1 (CH), 121.6 (CH), 128.0 (CH), 131.8 (CH), 135.0, 136.2, 146.2, 151.7,
154.8, 165.3, 166.6, IR 2962.5 (m), 1824.4 (m), 1754.9 (s), 1660.0 (s), 801.8 (m). Anal.
Calcd. for C;gHsN>O3-1/3H,0: C, 68.34; H, 5.95; N, 8.86, found C, 68.42; H, 6.07; N,
8.95).

pKa, Determination. A series of 3.00 mL samples of 10.15 uM solutions of
MAPS in dry acetonitrile were prepared (0.03045 umol each), and titrated with 0 to 11
10.00 uL aliquots of 2.018 mM PSHCI (0.02018 pmol each) (PSHCI =
1,8-dimethylaminonapthalene hydrochloride, pK, = 18.62 in MeCN). Samples were

allowed to equilibrate for 24 h and UV-Vis spectra were obtained for each sample. The
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absorptions of each sample at 521 nm were obtained, and plotted vs. equivalents of
PSHCI added. The baseline absorption was calculated by averaging the absorptions of
the last four measurements (points 8-11). Points 0-7 were baseline corrected by
subtracting out this value, and a linear regression of these values was used to obtain the
equivalents of PSHCI required to protonate half of the MAPS (2.57 equivalents). The

equilibrium constant K was determined by inputting the concentrations into the equation

[PSHCI][MAPS]

K = \Mapsucnps

= 0.24. This is the AK, between MAPSH" and PSH". ApK, = -logk,

=0.62; so pKa(MAPS) = pKa(PS) — ApK, = 18.62 — 0.62 = 18.00.

General procedure for attachment of MAPS to solid supports. MAPS was
dissolved in 30 mL toluene and the appropriate amine-functionalized solid support
(aminomethylated polystyrene or aminopropyl-functionalized silica) was added. A Dean-
Stark trap filled with toluene and a condenser were attached, and the mixture was
refluxed overnight. The solid product was filtered and rinsed with toluene until no color
leached from the solid (~10x), then dried under vacuum overnight. MAPS-PS: IR 1707
em”. MAPS-SiO,: IR 1709 cm™.

Synthesis of [Fe(DMeOPrPE),(H2)H](BPh,) using MAPS-PS. trans-
Fe(DMeOPrPE),Cl, (0.184 g, 0.207 mmol) and NaBPhy were dissolved in 10 mL
THF/Et,0 in a Fischer-Porter tube containing 0.228 g MAPS-PS (~0.23 mmol). The tube
was charged with 45 psig H,, resulting in a dark brown solution. The reaction was stirred
for 19h, then filtered to remove NaCl and MAPS-PSH 'BPhy’, which was in the form of

light brown beads. *'P NMR: +87.6 ppm (s).
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3.3. Results and Discussion

3.3.1. Synthesis and Structure of MAPS

While investigating whether bromomaleic anhydride would react with
coordinated secondary phosphines (i.e. complexes 5-12 in Chapter II), we combined the
phosphine complex trans-[Fe(MPPP),(MeCN),](PF),, bromomaleic anhydride, and 2
equiv Proton Sponge to neutralize the HBr by-product. Upon addition of Proton Sponge
to the reaction mixture, a deep purple product formed within seconds. Control reactions
showed that Proton Sponge and bromomaleic anhydride reacted in the absence of the
metal complex or the phosphine to generate this new product. Slow evaporation of the
reaction solution resulted in deep purple crystals suitable for X-ray diffraction, which
were found to be 4-maleicanhydridoproton sponge (MAPS).

Proton Sponge and bromomaleic anhydride react within seconds at room
temperature in a variety solvents (chloroform, dichloromethane, acetonitrile, THF) to
form MAPS (Scheme 3). This reaction can be viewed as both an electrophilic aromatic
substitution, with bromomaleic anhydride acting as the electrophile, and as a Michael
reaction, with Proton Sponge acting as the nucleophile. Because HBr is a byproduct of
this coupling, 2 equiv of proton sponge are needed for the reaction to reach completion.
One equivalent couples with BMA, while the other neutralizes HBr. Attempts at using a
different base (such as sodium methoxide) to avoid using two equivalents of proton

sponge in the reaction were unsuccessful, and resulted in decomposition of the product.
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Scheme 3. Coupling of proton sponge and bromomaleic anhydride.

Me2N NM62

o]
Br o N\~=0

PS BMA MAPS (94%)

Researchers following the procedure in the Experimental Section for the synthesis
of MAPS may wonder why the THF solvent needs to be removed and then reintroduced
following the reaction. The PSH'Br byproduct of the reaction is insoluble in THF,
which may lead some to conclude that it can be removed by filtration at this point.
However, PSH Br™ does not quickly precipitate from the THF reaction solution. When
the solvent is evaporated under reduced pressure, both products precipitate from solution,
but only MAPS redissolves in THF. Thus, from a practical standpoint, it is easier to
conduct the reaction in THF, evaporate off the solvent, redissolve the products in THF,
and filter than to wait for the PSH Br” byproduct to precipitate from solution.

The HBr byproduct of the reaction is almost entirely neutralized by PS,
suggesting that MAPS is a weaker base than PS. To quantify this, the pK, of MAPS was
determined by titration with PSH'CI  in acetonitrile. The pK, was found to be 18.00,
slightly less basic than the parent proton sponge (pKa = 18.62).

X-ray crystallography confirms the structure of MAPS (Figure 1). The unit cell is
monoclinic, with two inequivalent molecules per unit cell. The naphthalene rings, and
therefore the dimethylamino groups, are twisted, with the first molecule having a A (left-

handed) twist and the second having a A (right-handed) twist. Table 1 lists important
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structural parameters. The maleic anhydride ring is twisted 25° out of plane from the

naphthalene ring in one of the independent molecules and 27° in the other.

Table 1. Selected structural parameters of MAPS and PS.

N C1C6-  sum Napthalene
Molecule distance ~ C>-C of G- NI-Cl- = N2-C7- = C1-CO- e
torsion  N-C  C6(aw) C6(B) C7(v) e
(A) torsion
angle angles
angle
16.7°  353.5° ] : ] ]
A-MAPS  2.825 17.7° 348 6° 121.1 119.9 123.1 26.8
159°  350.8° . . . .
A-MAPS  2.832 16.8° 347 70 121.1 120.2 124.1 25.0
PS 2.79 186950 347.1°  120.1° 120.8° 125.8° n/a

Figure 1. ORTEP plot of MAPS. The ellipsoids are drawn at 50% probability, and the
hydrogen atoms have been omitted for clarity.

C11
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The most important structural parameters of derivatized proton sponges are the
orientation of the dialkylamino groups and the planarity of the aromatic system.'® The
naphthalene ring of MAPS is more distorted than PS, with internal (C1-C6-C5-C4)
torsion angles of 15.9°-17.7°, vs. 8.9°-10.5° for PS. Thus, the N-N interatomic distances
of MAPS are slightly longer than PS at 2.825 and 2.832 A (vs. 2.79 A for PS)."” On the
basis of the torsion angle 6 between the nitrogen lone pairs and the naphthalene ring
plane, the four nitrogen lone pairs (in the two independent molecules) are between 68%
and 77% conjugated to the aromatic ring. (These percentages were calculated using the
equation M = My cos® 6 where M is the percent conjugation.'®) This is more conjugated
than PS (59%), and is consistent with the decreased basicity of MAPS compared to PS.'*
(The decreased basicity is due to the electron-withdrawing maleic anhydride group,
which removes electron density from the amine moieties, causing MAPS to be less basic
than proton sponge.) Finally, note that the geometry of each nitrogen atom is slightly
more planar than PS, with C-N-C angles totaling 347.2° to 353.5° (vs 347.1° for PS).

Although the reaction of PS and bromomaleic anhydride was unanticipated,
similar reactivity has previously been seen with other tertiary anilines and activated
alkenes. For example, tertiary anilines are known to act as carbon nucleophiles toward
tetracyanoethylene'” as well as halogenated maleic anhydrides and maleimides.”**' Note,
however, that this type of reactivity has not previously been observed for Proton Sponge,
even though it has been reacted before in the presence of tetracyanoethylene.*

3.3.2. Color and Solvatochromism
In solution, MAPS exhibits solvatochromism, ranging from orange in hexanes to

purple in chloroform. Table 2 lists Amax values and the extinction coefficients in various
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solvents. MAPS exhibits positive solvatochromism in halogen-free solvents, with Ayax
correlating with Reichardt’s Er*° polarity parameter.” Positive solvatochromism has
been observed for other substituted proton sponges in their free base and/or protonated

24-25
forms.

However, MAPS remains purple in chloroform (4m.x = 536 nm) and
dichloromethane, even though these solvents are less polar than acetonitrile (4. = 521

nm). The apparently anomalous An.x values in these two solvents may be due to their

hydrogen-bonding ability, as indicated by their large o values.*®

Figure 2. UV-Vis spectra of MAPS in various solvents.
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Table 2. UV-Vis spectral data in various solvents.

Solvent EA30) Color I € (M'em™)

n-Hexane 31 Orange 480 83200
THF 37 Red 504 65200
t-Butyl alcohol 43 Red 516 53700
Acetonitrile 46 Red 521 68500
Chloroform 35 Purple 536 70300

89



The deep color of the neutral compound is presumably due to the presence of
conjugated electron-donor (amine) and electron-acceptor (anhydride) groups on the

2728 is that excitation by visible light causes the

molecule. The standard interpretation
nitrogen lone pair to donate via conjugation to the maleic anhydride moiety. Protonation
of the nitrogen atoms should prevent this mode of excitation. In fact, MAPS can be

protonated in wet acetonitrile by glacial acetic acid, resulting in a loss of color. When PS

is added to the acetonitrile solution of protonated MAPS, the compound is deprotonated

and color is restored (Scheme 4).

Scheme 4. Acid-base switchable colorimetric behavior in acetonitrile.

+
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MAPS quickly loses its color when dissolved in methanol, and slowly when
dissolved in ethanol, but remains deeply colored for weeks in z-butyl alcohol. The color
changes in methanol and ethanol are reversible; when the solvent is removed under
reduced pressure, the purple color is restored. This indicates that MAPS may be
protonated by these solvents; however it is also possible that MAPS undergoes reversible

alcoholysis in these solvents. 'H NMR of MAPS in perdeuterated MeOH and EtOH was
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attempted in order to determine the nature of the reaction between MAPS and alcohols,
but identification of the product was unsuccessful.
3.3.3. Attachment of MAPS to Solid Supports

Often the most difficult task of synthetic organic and inorganic chemistry is
separation of a desired synthetic product from excess reagents and by-products. When
PS is used as a base, its by-products are salts of the form PSH' X", where X may be one of
a variety of anions (halides, weakly coordinating anions, etc.) Often these salts are
especially difficult to separate from the reaction mixture, due to their high solubility in
organic solvents. A solid-supported proton sponge would offer the advantages of a
strong but otherwise mild organic base, without the problem of separating its highly-
soluble conjugate acid.

Maleic anhydrides can undergo condensation reactions with primary amines to
form maleimides. In an attempt to synthesize solid-supported proton sponges, it was
realized that this reaction might allow MAPS to be easily tethered to commercially

available amine-functionalized solid supports (Scheme 5).

Scheme 5. Attachment of MAPS to solid supports.
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To accomplish this reaction, aminomethyl-functionalized polystyrene beads and
aminopropyl-functionalized silica gel were refluxed with a solution of MAPS in toluene.
After 16 h, visual examination of the reaction mixtures revealed that a significant amount
of color had been absorbed onto the solid supports (although some color remained in
solution). The functionalized solids were filtered and rinsed with toluene until no color
leached into the rinse solvent, then the solids were dried under vacuum overnight.
Covalent tethering of MAPS to the solid supports was confirmed by FTIR spectroscopy,
which showed carbonyl stretches at 1707 cm™ for MAPS-functionalized polystyrene
(MAPS-PS) and 1709 cm™ for MAPS-functionalized silica (MAPS-SiO,) (Figure 3).
These stretches are indicative of maleimide carbonyl groups, whereas the carbonyl stretch
for the maleic anhydride group on MAPS is 1755 cm™. The mass of MAPS-PS increased

41%, corresponding to a loading of 1.0 mmol MAPS per gram of the polystyrene support.

Figure 3. Infrared spectra of MAPS and solid-supported proton sponges.
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3.3.4. Reversible Acid-Base Behavior of Solid-Supported Proton Sponges

In order to test the utility of the solid-supported proton sponges, MAPS-PS and
MAPS-SiO; were treated with 1M HCl in ether. The deep reddish-purple solids
immediately lost most of the color, turning tan within a few seconds. Addition of a
solution of Proton Sponge in acetonitrile to these solids quickly restored the color,
indicating that the solid-supported proton sponges are slightly less basic than the parent
Proton Sponge. Both PS-MPS and PS-SiO, could be reversibly protonated/deprotonated
at least 3 times with little loss of color.
3.3.5. Use of Solid-Supported Proton Sponge as a Base

In order to demonstrate the utility of the solid-supported proton sponge as a
laboratory reagent, MAPS-PS was used in place of (molecular) Proton Sponge in the
synthesis of [Fe(DMeOPrPE),(H,)H](BPhs). This complex is typically synthesized from
trans-Fe(DMeOPrPE),Cl, by treatment with NaBPhy (a halide abstractor) and Proton
Sponge under a pressurized atmosphere of H, (Scheme 6). Often, this product and
successive iron complexes are contaminated with PSH'BPhy, which is difficult to
separate from the product due to its high solubiltity. The presence of this byproduct
requires its removal by trituration to obtain a solid product, and has resulted in numerous
inadvertent crystal structures of this salt by our lab! Reaction of Fe(DMeOPrPE),Cl,
with H,, NaBPh,, and MAPS-PS led to the formation of [Fe(DMeOPrPE),(H,)H](BPhy)
in high yield, demonstrating that MAPS-PS can be used as a base in the place of Proton
Sponge. Also, *'P NMR spectroscopy showed that the reaction solution was free of the

phosphorus-containing impurities which are normally present in this crude product.
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Scheme 6. Synthesis of [Fe(DMeOPrPE),(H,)H](BPhy).

Cl H,, 2 NaBPh, HTH _|+
EPI,I/FI \\‘Pj Proton Sponge EP:,,,Fl - P:I oNaCl + PSH'BPH
e —_— e + 2NaCl + -
H

P
[P = DMeOPrPE

Two previous reports of solid-supported proton sponges have been published in
the literature,””> including silica-supported proton sponge that is an efficient base
catalyst for the Knoevenagel and Claisen-Schmidt condensations. This solid-supported
catalyst is more active than the parent Proton Sponge because of the polar environment of
the silica support, and can be recycled up to three times with little loss of activity.
However, both of the previously-reported solid-supported proton sponges required four
synthetic steps, with most of the steps requiring harsh reagents and/or high temperatures.
3.3.6. Attempted Functionalization of Chitosan

Functionalization of the “green” polymer chitosan with MAPS was also
attempted. Chitosan is a primary amine-functionalized biopolymer, most commonly
produced by the de-acetylation of chitin (the biopolymer that makes up crab, shrimp, and
insect shells), which is a waste product of the seafood industry. The low cost of chitosan,
along with its polarity and solubilty properties (it is only soluble in aqueous acid), have
made chitosan an attractive substrate for solid-supported reagents and catalysts.”!

The amine group on chitosan is commonly protected by reaction with phthalic
anhydride in DMF to form a phthalimide,*® which is a similar reaction to the
condensation of MAPS with amine-functionalized polystyrene and silica. Refluxing

chitosan with a solution of MAPS in DMF did lead to a deep coloration of the chitosan;
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unfortunately, treatment of this product with H" did not produce a color change,
indicating that MAPS was not successfully tethered to chitosan. Note that chitosan
contains many primary and secondary alcohol groups, so MAPS may be reacting with

chitosan in a similar way to its reaction with methanol and ethanol.

3.4. Conclusions

Proton sponge and bromomaleic anhydride react quickly, via an electrophilic
aromatic substitution / Michael addition, to produce MAPS in high yield. Due to the
conjugated donor/acceptor moieties on the molecule, MAPS is deeply colored, and is
highly solvatochromic. The basicity of MAPS is slightly weaker than the parent Proton
Sponge, and protonation of MAPS disrupts the donor/acceptor network, resulting in a
loss of color. Thus, MAPS acts as a colorimetric version of a proton sponge.

The presence of the maleic anhydride group allows MAPS to be tethered to
primary amine-functionalized solid supports by means of a condensation reaction to form
a maleimide. These products are one of a few examples of solid-supported proton
sponges, and can be prepared in two simple steps from commercially-available materials.
This reagent acts as an insoluble, strong, but otherwise non-reactive base, whose by-
products can be separated from a reaction mixture by simple filtration, regenerated with a
stronger base, and re-used. In addition, the colorimetric response upon
protonation/deprotonation gives the researcher a visual cue when the reagent is spent and

needs to be regenerated.
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3.5. Bridge

This chapter has explored a unique reaction between Proton Sponge and
bromomaleic anhydride, discovered while attempting to use bromomaleic anhydride as a
linking agent in the synthesis of macrocyclic phosphines around an iron(II) template (see
Chapter II). Not only is this an interesting reaction in itself, but the fact that bromomaleic
anhydride does react as an electrophile toward Proton Sponge but not with the iron(II)-
phosphine template complexes illustrates the lack of nucleophilicity of these templates
toward alkylation. Chapter IV describes another attempt to synthesize macrocyclic
phosphine complexes, using the phosphorus Mannich reaction between amines and the

bidentate hydroxymethylphosphine DHMPE, around an iron(II) template.
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CHAPTER IV

REACTIONS OF COORDINATED
HYDROXYMETHYLPHOSPHINES WITH NH-
FUNCTIONAL AMINES: INVESTIGATION OF THE

PHOSPHORUS MANNICH REACTION

Some of this work has been previously published and is reproduced with permission
from: Swor, C. D.; Hanson, K. R.; Zakharov, L. N.; Tyler, D. R. Inorg. Chem. 2011,
manuscript submitted.

4.1. Introduction

Water-soluble phosphines are useful ligands for aqueous catalysis,

4,9-13

aqueous/organic biphasic catalysis,'” biochemical® and medicinal applications, and

electroless metal plating.'* Of the water-soluble phosphines, hydroxymethylphosphines

(R,P(CH,OH)s.,,) are especially attractive because of their easy preparation from PH-

15-21

functional phosphines (or PH3) and formaldehyde (eq 1). The hydroxymethyl-

phosphine ligands are easily functionalized by using the phosphorus Mannich-type

22-31

reaction with NH-functional amines (eq 2). Phosphine ligands with ancillary amino

groups are useful because they can provide basicity in the secondary coordination sphere
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of metal complexes and because complexes with such ligands can activate small
molecule substrates as both Lewis acids and Lewis bases.**™*' It is interesting to note that
the aminomethylphosphines generated by these reactions are generally air-stable, a rare

trait among phosphine ligands.

0
1 PN
RPH + _C. — R,P7 "OH (1)
2 H H 2

R,P” YOH + R,NH ——— R,P7 °NR, (2

A useful property of hydroxymethylphosphines is their ability to self-assemble
into multidentate ligands when combined with the appropriate primary amines (or
ammonia) and a suitable metal template (Scheme 1). This property was first discovered
by Jeffery in 2000** while investigating a red coloration obtained when aqueous solutions
of (P(CH,OH)4),SO4 (a biocide) were added to oil deposits containing FeS. Such self-

4344 The self-assembled molecules are

assembly has been further developed by Burrows.
presumed to be generated by a series of Mannich-type reactions between
hydroxymethylphosphines and ammonia. We hypothesized that if this process could be
better understood and harnessed then it could lead to a variety of easily synthesized
polyphosphine ligands and their complexes, including macrocyclic phosphine complexes
(eq 3). In this paper, we report the results of our investigation on the phosphorus
Mannich reaction using a) Ph,PCH,OH, b) the water-soluble 1,2-bis(dihydroxymethyl-
phosphino)ethane ligand (DHMPE, Figure 1), and ¢) metal complexes of DHMPE. In
addition to demonstrating the synthetic possibilities and limitations of the phosphorus

Mannich reaction, the results have implications for the mechanism of the reaction. These

mechanistic aspects are discussed herein as well.
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Figure 1. 1,2-bis(dihydroxymethylphosphino)ethane, DHMPE.
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Scheme 1. Self-assembling metal-phosphine complexes generated via the phosphorus
Mannich reaction.
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4.2. Experimental
4.2.1. Materials and Instrumentation

Unless otherwise noted, all experimental procedures were performed under inert
(N) atmosphere, using standard Schlenk and glovebox techniques. DHMPE,”
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Ph,PCH,OH,* Ph,PCH,OH-2BH3,** RuCl,(DHMPE),,*’ and Ni(DHMPE),CL,*’ were
prepared via previously published methods. NMR spectra were obtained on a
Varian/Unity 300 or Varian/Unity 500 NMR spectrometer. Mass spectra were obtained
using a Thermo Finnigan LCQ Deca XP Plus ESI Mass Spectrometer. Elemental
analyses were performed by Robertson Microlit Laboratories.
4.2.2. X-ray Crystallography

Diffraction intensities were collected at 173(2) K on a Bruker Apex CCD
diffractometer using MoKo. radiation A= 0.71073 A.*® Space groups were determined
based on systematic absences. Absorption corrections were applied by SADABS.*
Structures were solved by direct methods and Fourier techniques and refined on F~ using
full matrix least-squares procedures. All non-H atoms were refined with anisotropic
thermal parameters. H atoms in both structures were found on the residual density maps
and refined with isotropic thermal parameters. All calculations were performed by the
Bruker SHELXTL (v. 6.10) package.™

Crystallographic Data for trans-Fe(DHMPE),Cl,. C,4HesCl4Fe;O16Ps,
M =1110.01, 0.09 x 0.07 x 0.04 mm, T = 173(2) K, monoclinic, space group P2,/n,

a=7.7855(4) A, b=13.0809(7) A, c = 10.4136(6) A, f=92.393(1)°, V= 1059.61(10)

A3, 7Z=1,2=0.25, D.= 1.740 Mg/m3, 1 = 1.303 mm-1, F(000) = 756, 20max = 54.00°,
11961 reflections, 2428 independent reflections [Riy = 0.0494], R1 =0.0355,
wR2 = 0.0729 and GOF = 1.073 for 1974 reflections (188 parameters) with />2c(/),
R1 =10.0500, wR2 = 0.0800 and GOF = 1.073 for all 2428 reflections, max/min residual
electron density +0.477/-0.290 eA’.

Crystallographic Data for DHMPE-2BH3;. CsH,,B,04P,, M = 241.80, 0.27 x

0.12 x 0.02 mm, T = 173(2) K, monoclinic, space group C2/c, a = 18.092(3) A,
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b=6.2042(11) A, c = 11.757(2) A, B=100.688(3)°, V"= 1296.8(4) A3, Z=4, 2’=0.5,

D.=1.238 Mg/m3, 1= 0.323 mm-1, F(000) = 520, 20msx = 54.00°, 6768 reflections, 1408
independent reflections [Riy = 0.0549], R1 =0.0484, wR2 =0.1126 and GOF = 1.058
for 1138 reflections (108 parameters) with />2c(/), R1 =0.0631, wR2 =0.1224 and
GOF = 1.058 for all 1408 reflections, max/min residual electron density +1.153/-0.301
eA’.

4.2.3. Methods

Synthesis of trans-Fe(DHMPE),Cl,. A solution of 0.82 g (4.12 mmol)
FeCl,-4H,0 in 60 mL of ethanol was added to a solution of 1.77 g (8.27 mmol) DHMPE
in 100 mL ethanol, giving an immediate dark green solution. After stirring for a few
minutes, a bright green precipitate formed. When the precipitate was allowed to settle, a
pale red solution was present. The solid was filtered through a glass frit, rinsed with
ethanol, and dried under vacuum overnight. Yield 2.13 g (93%). S'p{'H} NMR
(solvent): 8 73.2 (s). 'H NMR (d6-DMSO): & 2.40 (s, 4H, PCH,CH,P), 4.20 (m, 8H,
PCH,OH) ), 4.87 (s, 4H, CH,OH). “C{'H} NMR (d6-DMSO): & 17.4 (s, PCH,CH,P),
56.1 (s, PCH,OH). Anal. Calcd. for C,H3,CpFeOgP4: C, 25.97; H, 5.81. Found: C,
26.23; H, 5.90. Single crystals suitable for X-ray diffraction were grown by removing an
aliquot of the reaction mixture and allowing the product to quiescently precipitate
overnight.

Synthesis of DHMPE-2BH3;. 2.5 mL of 2M BH3;Me,S in THF (5.0 mmol) was
added to a suspension of DHMPE (0.500 g, 2.34 mmol) in 30 mL THF. The mixture
was stirred vigorously under nitrogen for 30 minutes. The solvent was removed under
reduced pressure, and the product was recrystallized in air from 95% EtOH. The white

microcrystalline solid was dried under vacuum. Yield: 0.352 g (62%). *'P{'H} NMR
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(solvent): & 21.3 (br). '"H NMR (D,0): § 0.6 (q, 3H, BH3), 1.92 (d, 4H,PCH,CH,P) , 4.05
(s, 8H,PCH,0OH). “C{'H} NMR (d6-DMSO): 5 11.1 (d, PCH,CH,P), 54.2 (d,
PCH,OH). ''B NMR (D,0): & -42.0 (s). Anal. Caled. for C¢H»,B,04P4: C, 29.80; H,
9.17. Found: C, 29.97; H, 9.17. Single crystals suitable for x-ray crystallographic analysis
were grown by evaporating an ethanolic solution in air overnight.

Reaction of FeCl,(DHMPE), with butylamine. To a suspension of
FeCl,(DHMPE), in saturated NaCl was added BuNH2 (10 equiv) dropwise. As the
amine was added, the solid FeCl,(DHMPE), dissolved, forming a dark red solution. 10
equiv of BuNH; were required to fully dissolve the complex. Over the course of 20
minutes, the color of the solution changed from maroon to orange. >'P{'H} NM: & 93.3
(s). ESI-MS: +733 (FeCI(DHMPE);"). The same reactivity was observed when 1%
NaOH was used instead of BuNH,.

Attempted reactions of Ru and Ni DHMPE complexes with butylamine. 8
equiv BuNH; was added to the DHMPE complex in absolute ethanol. The mixture was
refluxed for 2 weeks with stirring. Periodically, aliquots were removed and analyzed by
3P NMR spectroscopy. In all cases, no reaction was observed and the original complex
remained intact.

Reactions of trans-Fe(DHMPE),ClI; in water. DHMPE (0.1072 g, 0.500 mmol)
in 10 mL H,O was added to a sample of trans-Fe(DHMPE),Cl, (0.2725 g, 0.491 mmol)
with stirring. As the complex dissolved, the solution turned maroon, then slowly turned
orange over 20 minutes. After 24 hours, the color of the solution stabilized as yellow-
orange. >'P{'H} NMR revealed a series of peaks at aa.a-bb.b ppm, including a sharp
singlet at + 93.3 ppm (Fe(DHMPE);)*".

Reaction of trans-Fe(DHMPE),Cl, with n-butylamine. n-BuNH, (0.56g, 7.6
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mmol) was slowly added dropwise to a suspension of trans-Fe(DHMPE),Cl, (0.5165 g,
0.906 mmol) in 30 mL NaCl-saturated H,O under heavy stirring. With the first drops, the
supernatant turned maroon. After stirring for 5 minutes, no more undissolved trans-
Fe(DHMPE),Cl,, and the solution turned orange within 20 minutes.

Reactions of phosphines and phosphine-boranes with diethylamine. The
phosphine or phosphine-borane was dissolved in d4-methanol (DHMPE and
DHMPE-2BH3) or d6-ethanol (Ph,PCH,OH and Ph,PCH,OH:2BHj3). 1 equiv. of
diethylaminewas added, and conversion to the aminomethylphosphine was monitored via
"H NMR by following the appearance of PCH>N methylene signals (2.9-3.1 ppm), which
are significantly different than the PCH,OH methylene signals (3.8-4.1 ppm).
Conversion was also monitored by *'P NMR , but as *'P signals are not reliable for

integration, the reaction progress was quantified via 'H NMR.

4.3. Results

4.3.1. Synthesis of trans-Fe(DHMPE),Cl,

The reaction of 2 equiv of 1,2-bis(dihydroxymethylphosphino)ethane (DHMPE)
with 1 equiv of FeCl,-4H,0 in THF gave, within seconds, a deep green solution. After
stirring for five minutes longer, a lime-green solid precipitated, leaving behind a pale red
solution. The solid is insoluble in all but strongly hydrogen-bond-accepting solvents
(pyridine, DMF, and DMSO), and spectroscopic and X-ray analysis showed it to be
trans-Fe(DHMPE),CL, (eq. 4). The *'P{'H} NMR spectrum in DMSO showed a single
sharp peak at +73.2 ppm, indicative of a trans-FeCl,P4 coordination geometry in the
complex. Crystals suitable for X-ray diffraction were grown by removing an aliquot of

the reaction mixture immediately after mixing the reactants and allowing the product to
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quiescently precipitate from solution. X-ray crystallography confirmed the structure as
trans-Fe(DHMPE),Cl, (Figure 2). The coordination geometry is pseudo-octahedral, with
the iron and equatorial phosphines exactly coplanar, and the molecule is centrosymmetric
(C; symmetry). The chelate angle of the DHMPE ligand is 84.5°, and the axial chloride

ligands are tilted 3.2° from orthogonal to the equatorial plane.

OH HO OH
g HO/\lz (|3| L/ ~OH
FeCly4H,0 + 2 Ho P > OH [ ';’Fe‘;' j (4)
HO) EtOH HO\/S 4 Z\/OH
HO OH
95%

Two intramolecular hydrogen bonds are present in the molecule: an OH:--O bond
between two hydroxymethyl groups attached to the same phosphorus atom, and an
OH:--Cl hydrogen bond between each chloro ligand and one of the hydroxyl groups on
the other phosphorus atom. In addition, examination of the crystal packing revealed
three intermolecular hydrogen bonds (Figure 3), two of which are OH:--O hydrogen
bonds and one of which is an (admittedly weak) OH---CI bond. These hydrogen bonds
form an extended, three-dimensional hydrogen-bonding network in the crystal structure,
which may account for the product’s insolubility all but the most strongly hydrogen-

bond-accepting organic solvents.
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Figure 2. ORTEP plot of trans-Fe(DHMPE),Cl,, showing intramolecular hydrogen
bonds. Ellipsoids are drawn at 50% probability. Some hydrogen atoms have been
omitted for clarity.

Figure 3. Packing of trans-Fe(DHMPE),Cl,, showing the three-dimensional hydrogen-
bonded network.
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Table 1. Selected bond lengths (A) and angles (°) for trans-Fe(DHMPE),Cl,.

Fe(1)—P(1) 2.2436(6) P(1)—Fe(1)—P(2) 84.48(2)
Fe(1)—P(2) 2.2311(6) P(1)—Fe(1)—Cl(1) 89.27(2)
Fe(1)—Cl(1) 2.3624(6) P(2)—Fe(1)—Cl(1) 86.93(2)

Table 2. Bond distances and angles for hydrogen bonds in trans-Fe(DHMPE),Cl,.

X-H—Y XY X-H—Y Stromath
distance (A) distance (A) angle (°) £
O(4)-H---0(3) 2758 3.135 122.1 Weak
(intramolecular)
O(2)-H---Cl(1) 2415 3.036 152.0 Weak
(intramolecular)
0(3)-H--0(2) 1.944 2.673 167.0 Moderate
(intermolecular)
O(1)-H---0(4) 2.123 2731 167.5 Moderate
(intermolecular)
O(1)-H---O(4) 2.169 2733 111.8 Weak
(intermolecular)
O(2)-H---CI(1) 3.113 3.502 119.6 Weak

(intermolecular)

4.3.2. Reactivity of DHMPE Complexes with Primary Amines
The Mannich-type reaction between hydroxymethylphosphines and amines can be
used to generate cis-octahedral iron complexes with self-assembling tetradentate

phosphine ligands.*™*

This type of reactivity suggested that macrocyclic phosphines
might be synthesized by reacting FeCl,(DHMPE), with the appropriate primary amine, as

shown in eq 3. To this end, FeCl,(DHMPE), was reacted with a variety of amines in a

range of solvents. In most cases, ill-defined products were formed, which contained no
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nitrogen according to elemental analyses. One exception, however, was the reaction
between n-butylamine and a suspension of FeCl,(DHMPE), in saturated aqueous NaCl.
The reaction mixture turned maroon within seconds, then to orange within 10 minutes.
At least 8 equivalents of BuNH, were needed for the reaction to reach completion;
undissolved FeCl,(DHMPE), was observed with any amount less than 8 equivalents.
After the reaction was complete, *'P NMR spectroscopy of the reaction solution showed
a singlet at +93.3 ppm, indicative of a highly symmetric iron phosphine complex. 'H
NMR of the isolated product revealed the presence of butylammonium, indicating that
the butylamine had acted as a base in the reaction. A control reaction, carried out by
adding two drops of 10% NaOH to a suspension of FeCl,(DHMPE),, gave the same

product as the reaction with n-butylamine (Scheme 2).

Scheme 2. Reaction of trans-Fe(DHMPE),Cl, with amines or hydroxide.

R

HO/\7 (|3| (/\OH RNH, HO™ rCl\|/\0H

P, 1P
[P'Fle‘Pj [ « j
HO\/) Cl 4\/OH HO—/ |\C|)\/OH

HO OH n-BuNH, FIQ

\OH'
OH OH 2
NaCl L/ OH_I
H,O HO/\7 P P OH
[P'Fle‘P%/\OH
HO—"\ p
HO \)
OH OH

ESI-MS of the complex in MeOH showed a peak at +733 amu, which is

consistent with the mass and isotope pattern of [FeCI(DHMPE);]". This evidence
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indicates that the singlet at +93 ppm in the >'P NMR is the highly symmetric cation
Fe(DHMPE);*".

The phosphorus Mannich reaction was also attempted on Ni(DHMPE),CL*’ and
trans-Ru(DHMPE),Cl,,*” both previously reported complexes. The complexes were
refluxed with n-butylamine in either water or absolute ethanol, and the reactions were
monitored by *'P NMR. In both cases, the complexes showed no reactivity towards the

amine, even after weeks under reflux (Scheme 3).

Scheme 3. Summary of reactions of DHMPE complexes with primary amines.

2+
HO OH HO 8H/OH OH—|
Ho/\; <|3I ‘g/\OH RNH, HO/\; 'T/Eé OH
[p’/ﬁe\;Pj [P'/ F|e\‘P/\0H
HO\/) Cl /| \—OH HO— p\)j
HO OH o ( N on
OH OH

HO OH
HO/\> Cl (/\OH RNH,

[P"’Rlu\ "Pj - - no reaction
P” | VP

HO\/) cl k\/OH

HO OH

HO OH |
o] lg/\OH RNH,

[ (’Np‘ j - . no reaction
HO\/S Z\/OH

HO OH

4.3.3. Synthesis and Mannich Reactivity of Borane-Protected Phosphines
To understand the absence of reactivity of hydroxymethylphosphine complexes

toward the phosphorus Mannich reaction, the reactions of free and borane-protected
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hydroxymethyl-phosphines with secondary amines were studied. The phosphine-borane
adduct of DHMPE, as well as the adduct of diphenyl(hydroxymethyl)phosphine,
Ph,PCH,0H were chosen as substrates for this study. (The Ph,PCH,OH ligand was
chosen because it would react in a simple 1:1 stoichiometry with secondary amines.) The
phosphine-borane adducts were prepared by reaction of each phosphine with
stoichiometric quantities of borane-dimethylsulfide. Ph,PCH,OH-BH3; has previously
been reported,46 but DHMPE-2BHj is new. After treatment of DHMPE with BH;.Me,S,
3P NMR of the initial reaction mixture showed two broad signals at +1.6 ppm and +25.6
ppm, of roughly equal intensity. The peak at +25.6 ppm corresponds to DHMPE-2BH3;
presumably the peak at +1.6 ppm corresponds to the singly-protected DHMPE-BHj.
After evaporation of the solvent, only the +25.6 ppm peak was present. DHMPE-2BHj3 is
air stable as a solid for up to two weeks. Single crystals of DHMPE-2BH; were grown
by allowing a solution of the compound in ethanol to evaporate overnight. X-ray
crystallography showed that the molecule is centrosymmetric (C; symmetry; Figure 4).
The P-B bond is 1.907 A, an intermediate length for a phosphine-borane bond.”’  Like
FeCl,(DHMPE),, DHMPE-2BHj; contains an extended intermolecular hydrogen-bonded

network; however, in this case, the network is two-dimensional (Figure 5).
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Figure 4. ORTEP plot of DHMPE-2BHj3. Ellipsoids are drawn at 50% probability.
Some hydrogen atoms have been omitted for clarity.

Figure 5. Packing of DHMPE-2BH; showing the two-dimensional hydrogen-bonded
network.
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Table 3. Bond distances and angles for hydrogen bonds in DHMPE-2BHs.

X-H---Y X----Y X-H---Y Streneth

distance (A) distance (A) angle g
O(1)-H---0(2) 1.902 2.674 174.71 Moderate
O(2)-H---0(1) 1.988 2.687 167.30 Moderate

In order to study the phosphorus Mannich reaction of free and coordinated
phosphines, NMR-scale reactions of Et,NH with Ph,PCH,OH or DHMPE were carried
out, as were reactions with the corresponding phosphine-boranes. The reactions were
monitored by "H and *'P NMR. DHMPE reacted with 1.2 equiv Et;NH to generate
various partially Mannich-reacted products, which were formed over the course of 8 h.
In a separate experiment, treatment of DHMPE with 4 equiv Et,NH resulted in complete
conversion to (Et;NCH;),PCH,CH,P(CH,;NEt,),. In the case of Ph,PCH,OH, the
reaction proceeded over the course of 36 h to give Ph,PCH,NEY, (Figure 6).i In the case
of Ph,PCH,OH-BH3, the only product was Ph,PCH,NEt,, apparently formed by
deprotection of a small amount of the starting material. Over time, more Ph,PCH,NEt,
was slowly formed, presumably due to continuing slow deprotection of the starting
material, which was then able to react with the amine. It is important to note, however,
that the Mannich-reacted phosphine-borane Ph,PCH,NEt,-BH; was not observed.
Likewise, DHMPE-2BHj; showed no reaction after 2 days. These results are summarized
in Scheme 4. The conclusion from these experiments is that the phosphine-borane

adducts do not undergo the Mannich reaction with amines and that any Mannich-type

" Note that both Ph,PCH,NEL, and (Et,NCH,),PCH,CH,P(CH,NE,), have been previously repor‘cedsz’53 ;
however, they were previously synthesized by adding formaldehyde and Et,NH to the primary or
secondary phosphine in a single synthetic step.

111



product results from deprotection of the phosphine-borane.

Figure 6. Phosphorus Mannich reaction kinetic study.
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Scheme 4. Reactions of hydroxymethylphosphines with diethylamine.
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4.3.4. Aqueous Reactivity of Fe(DHMPE),CI,

Previous studies of FeCl, complexes containing the hydrophilic phosphine ligand
DMeOPrPE (DMeOPrPE = 1,2-bis(dimethoxypropylphosphino)ethane)™* showed that
when green trans-FeCl,(DMeOPrPE); is added to water it initially transforms into the
purple trans-[Fe(DMeOPrPE),(H,O)Cl] complex, then slowly decomposes into the
orange homoleptic complex [Fe(DMeOPrPE);]*". Similarly, when solid trans-
Fe(DHMPE),Cl, is added to water, a purple solution forms immediately, which changes
to orange over the course of a few minutes. The expected decomposition product,
[Fe(DHMPE);]*", should appear as a singlet in the *'P NMR spectrum; however, the
actual spectrum revealed a sharp singlet at +93ppm, along with a complicated mixture of
peaks over a wide range of chemical shifts. Because there are only two equivalents of
DHMPE in the starting complex, whereas the final complex requires three equivalents,
the initial assumption was that an extra equivalent of DHMPE ligand might allow
complete conversion to this complex. However, addition of trans-Fe(DHMPE),Cl, to an
aqueous solution containing 1.5 equiv DHMPE vyielded the same set of peaks in the *'P
NMR spectrum as in the absence of additional DHMPE. (Uncoordinated DHMPE was
observed in the *'P NMR spectrum, of course.)ii

ESI-MS of the solution from the addition of trans-Fe(DHMPE),Cl, to water

revealed at least four sets of peaks.iii The first is m/z = 667, with an isotope pattern

T Homoleptic iron(IT) tris(bisphosphine) complexes have been prepared previously*>~°; however, they
usually require excess phosphine and the absence of competing ligands for complete conversion. Only in
the case of DMeOPrPE does the homoleptic iron complex ([Fe(DMeOPrPE);]*") form exclusively when
dissolved in water. As was previously observed, decomposition of FeCl,(DHMPE), in water is inhibited
by the addition of chloride, and the complex is stable (although not soluble) in a saturated NaCl solution.

i Although the homoleptic complex [Fe(DHMPE);]*" is not easily visible in the full spectrum, a zoomed-in

scan confirms the presence of a peak at m/z = 348.7, with the correct isotope pattern for this complex (see
Appendix C).
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matching the formula [C17H45FeOnP6]+. This formula is one carbon, one oxygen, three
hydrogens, and one positive charge less than [Fe(DHMPE);]*". This species corresponds
to [Fe(DHMPE),((HOCH,),PCH,CH,PCH,0H)]" (see the complex at m/z = 667 in
Figure 7), which results from a loss of one of the hydroxymethyl arms on one of the
DHMPE ligands. Presumably, this arm is not lost as HOCH," but rather as a molecule of

formaldehyde and a proton.

Figure 7. ESI-MS of the decomposition of trans-Fe(DHMPE),Cl, in an aqueous
solution containing excess DHMPE.
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The second species is at m/z = 513 amu, which matches the formula
[C13H33FeOoP,4]". This species corresponds to [Fe(DHMPE),(CH,0)(-H)]". Because of
the low coordination number of this complex, the CH,O may be present as coordinated
formaldehyde; however, because formaldehyde is known to polymerize in water, it may
also be added to the deprotonated oxymethyl group to form an oxymethoxymethyl group
(see Figure 7).
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A series of lower molecular weight peaks were present between m/z = 367 and
517 amu, each with mass differences of 30 amu. These correspond to fragments of
[Fe(DHMPE);]**, with successive losses of between 6 and 11 formaldehyde molecules,
as well as a proton.

The final series of peaks is found at m/z = 259, 274, and 289. The isotope
patterns of these peaks indicate that they are +2 cations. Thus, the molecular weights of
these species are 518, 548, and 578 amu. These masses correspond to fragments of
[Fe(DHMPE);]*" with losses of 4, 5, and 6 CH,O fragments.

All of these species indicate that in aqueous solution, the coordinated DHMPE
ligand may lose one or more of its hydroxymethyl arms and that the resulting ligands are
not fully protonated (Scheme 5). This observation suggests that elimination of
formaldehyde from hydroxymethylphosphines is not inhibited upon coordination with a

transition metal.

Scheme 5. Behavior of trans-Fe(DHMPE),Cl, in water.
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4.4. Discussion

The classical Mannich reaction (Scheme 6) is the reaction between an amine, an
aldehyde (typically formaldehyde), and a nucleophile.”” The amine and aldehyde are
typically introduced first. They react to form a transient hydroxymethylamine, which is

unstable and readily dehydrates to form a stable, isolable iminium ion. In the second
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step, the nucleophile (the “Mannich substrate”) is added, which attacks the iminium
carbon to yield the product, which is known as a Mannich base. The Mannich substrate
is often an enolized carbonyl compound; however, other nucleophiles such as amines and

even phosphines can act as Mannich substrates.

Scheme 6. The (classical) Mannich reaction.

@)

1) R,NH c. —
+ e ~
2 H™H

N

N
R,N” “OH | —== R,N=CH, OH-

2)  R,N=CH,OH +:Nu' — R,N" Ny + OH

substrate Mannich base

The phosphorus analog of the Mannich reaction involves the condensation of a
hydroxymethyl-functionalized phosphine (R,P(CH,OH);.,) with an NH-functional amine
(Scheme 7). The hydroxymethylphosphine starting material is typically synthesized from
a PH-functional phosphine and formaldehyde. In contrast to hydroxymethylamines,

hydroxymethyl-phosphines are stable and isolable."

¥ Note that in practice the three reactants: NH-amine, formaldehyde, and PH-phosphine, can be added in
any order to form the R,P-CH,-NR’; product, including in a one-pot reaction. This discussion is limited to
reactions in which the hydroxymethylphosphine and amine are reacted directly.
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Scheme 7. The phosphorus Mannich reaction. The classical Mannich reaction is shown
for comparison.

Phosphorus Mannich Reaction:

O R',NH
<R2PH * )LH :~> R,P” OH R,P” NRY,
isolable
Classical Mannich Reaction:
Q PN + Nu A~
R,NH + H)J\H —— |R,N” COH| — R,N=CH, — R,N~ “Nu
unstable Nu = enolate, amine, others

Although the phosphorus Mannich reaction is, on paper, analogous to the
classical Mannich reaction, the mechanism has not been fully investigated. Specifically,
the mechanism of the formal substitution of OH by NR; is unknown. It has been
suggested that the reaction proceeds by decomposition of the hydroxymethylphosphine,
generating a secondary phosphine and formaldehyde, followed by the standard Mannich

3% This suggestion is supported by the observation that

pathway (Scheme 8).
hydroxymethylphosphines are in equilibrium with secondary phosphine and

formaldehyde. However, no other evidence for this mechanism has been reported in the

literature.
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Scheme 8. Previously-proposed mechanism for the phosphorus Mannich reaction
(Mechanism A). The protonation and deprotonation steps are omitted for clarity.

o)
I
1) R,P” OH <= R,PH +  _C.
) RPTO PR+ Oy
Q .
2) R'>NH + H/C\H > R';N=CH, OH"

iminium

3)  R,N=CH,OH + R;PH —= R,N" PR,
substrate

Although the phosphorus Mannich reaction typically occurs within hours at room
temperature, none of the metal-DHMPE complexes studied in this paper reacted even
after weeks at elevated temperatures (Scheme 3). This is especially surprising for the
case of trans-Fe(DHMPE),Cl,, which was observed to lose formaldehyde in aqueous
solution (Step 1 of Mechanism A). Instead, the amine reacted as a base, dissolving the
complex and causing it to decompose into Fe(DHMPE);>", but no phosphorus Mannich
reaction occurred.

The currently-accepted mechanism shown in Scheme 8 (Mechanism A) does not
match the observation that the Fe-DHMPE complexes do eliminate formaldehyde, but do
not react with primary amines. To further investigate this reaction, the reactions of free
and borane-protected hydroxymethylphosphines with secondary amines were
investigated. In the borane-protected phosphines, the phosphorus lone pair is
sequestered and prevented from participating in any further reactivity. BH; was chosen,
as opposed to a transition metal complex, because of its small size and the inertness of
the P-B bond. Also, secondary phosphine-boranes are known to react with aldehydes to

46,59

form a-hydroxyphosphine-boranes. This reaction is the microscopic reverse of the
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first step in the proposed phosphorus Mannich reaction mechanism, so borane
coordination should not prevent step 1 of Mechanism A. In addition, PH-functional
phosphonates are known to react with imines under acidic conditions, indicating that Step
3 of this mechanism also does not require a free phosphorus lone pair.®® Thus, if
Mechanism A is correct, the rate of the reaction between R,PCH,OH and R’,NH should
be similar for phosphines and phosphine-boranes. However, if the phosphine lone pair is
needed in the reaction mechanism, borane coordination will effectively inhibit the
reaction. Along with the ligand of interest, DHMPE, Ph,PCH,OH was chosen for these
studies because of the 1:1 stoichiometry of the Mannich reaction between it and
diethylamine.

Experiments showed that coordination of the phosphine to BH; does indeed
inhibit the phosphorus Mannich reaction (Figure 6). The mechanistic implication of this
study is that a phosphine lone electron pair is necessary for the reaction to occur and that
the previously proposed mechanism is probably not operating. Instead, an alternative
mechanism for the phosphorus Mannich reaction (Mechanism B) is proposed, wherein
the hydroxymethylphosphine eliminates hydroxide to form an electrophilic
methylenephosphonium ion, followed by nucleophilic attack of the amine is shown in
Scheme 9. Note that an unbonded phosphorus lone pair is required to form the P=C =-

bond in this mechanism.

Scheme 9. Alternative mechanism for the phosphorus Mannich reaction (Mechanism B).
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1) RP™ "OH R,P=CH, OH"
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The key difference between Mechanisms A and B is the decomposition of the
hydroxymethylphosphine. In Mechanism A, the hydroxymethylphosphine eliminates
formaldehyde to re-generate a PH-functional phosphine. In Mechanism B, the
hydroxymethylphosphine eliminates hydroxide to form a methylenephosphonium
intermediate. In this manner, the hydroxymethylphosphine acts analogously to the
hydroxymethylamine in the standard Mannich reaction, and the amine acts as the
Mannich substrate. Both species eliminate hydroxide to form electrophilic intermediates,
but the equilibrium between hydroxymethylphosphine and methylenephosphonium
favors the hydroxymethylphosphine, whereas the equilibrium between
hydroxymethylamine and iminium favors the iminium. The possibility of a
methylenephosphonium intermediate might have initially been ignored because P=C
multiple bonds are typically regarded as unstable. However, methylenephosphonium

ions are known and have been generated previously,®'

although they are unstable and
tend to dimerize.

Pathway 2 is also supported by the previously reported reaction of phosphorus
Mannich bases with secondary phosphines to form methylenebisphosphines (R,P-CHo-
PR’»; eq 5).> The decomposition of the starting material by the microscopic reverse of
Pathway 1, generating an iminium and a secondary phosphine, would not lead to the
methylenebisphosphine product. However, the microscopic reverse of Pathway 2 would
lead to a methylenephosphonium intermediate, which could then undergo nucleophilic
attack by the secondary phosphine to generate the observed product. Mannich-type

transformations involving methylenephosphonium intermediates are summarized in

Scheme 10.
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R,P” ONR, +HPR", — R,P” PR,  (5)

Scheme 10. Summary of phosphorus Mannich transformations via a

methylenephosphonium intermediate (Pathway 2).
S
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4.5. Conclusions

4.5.1. Implications of the New Mechanism for Self-Assembly Reactions Involving the
Phosphorus Mannich Reaction

The experiments reported above indicate that the lone pair of electrons on the
phosphorus atom are essential for the occurrence of the phosphorus Mannich reaction.
Accordingly, the mechanism in Scheme 9 is proposed, wherein a methylenephosphonium
intermediate is generated and then attacked by the amine nucelophile. In light of this
new interpretation of the phosphorus Mannich reaction, the self-assembly reactions
illustrated in Scheme 1 may occur by a combination of two reactions: a) non-templated
reactions between free phosphines and amines, generating multidentate ligands which
then coordinate to the metal template, and b) templated reactions on partially-formed
multidentate ligands, where one or more phosphorus atom remains coordinated or where
one or more metal-phosphine bonds break in order to react with the amine. As with most
self-assembly processes, the multistep reactions involved in generating these ligands are
most likely in equilibrium with many other Mannich products. The observed self-

assembled products may be thermodynamically favored or they may be kinetic “traps”,
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inert to substitution due to the strong binding of the multidentate ligand, but not

necessarily the most thermodynamically stable assembly possible.

4.5. Bridge

This chapter has described attempts at synthesizing macrocyclic iron(II)-
phosphine complexes using the phosphorus Mannich reaction between a
hydroxymethylphosphine-functionalized template complex and a primary amine. Since
these complexes (and indeed all coordinated hydroxymethylphosphines) could not
undergo the phosphorus Mannich reaction, we will turned our attention away from
iron(I) as a template. Chapter V will explore the synthesis of copper(I) templates of
water-soluble phosphines, their reactions with various linker reagents, and the

demetallation of the resulting ligands from these complexes.
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CHAPTER V
SYNTHESIS AND ALKYLATIONS OF FUNCTIONALIZED

COPPER(I) PHOSPHINE COMPLEXES

Initial studies on the acylation reaction were performed by Laquishia Nelson and Andrew
Hughett. Crystal structure determinations were performed by Lev N. Zakharov.

5.1. Introduction

As discussed in Chapter I, the most successful preparations of macrocyclic
phosphines are by means of template syntheses, where a reactive phosphine (usually a
bidentate secondary phosphine) is coordinated to a transition-metal center, then reacted
with an electrophilic linking reagent to form the macrocyclic ligand complex. The most
common metal ions used for the templates are d® metals such as Ni(II), Pd(II), or Pt(II),
which typically form square-planar [MP,]*" complexes. The metal template acts as a
collecting point, placing the precursor ligands in the ideal geometry and stoichiometry for
the macrocyclization step. In addition to acting as a collecting point, the metal complex
also activates the ligand toward alkylation by increasing the acidity of the P-H bond
and/or increasing the nucleophilicity of the resulting phosphido ligand (see Chapter I,

Scheme 7). Unfortunately, in most cases the resulting macrocyclic ligands bind so
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strongly to these metals that removal of the metal from the ligand is difficult, if not
impossible.

Our previous studies on iron complexes of bidentate secondary phosphines
(Chapter II) showed that for these ligands, octahedral iron(II) suffers from two major
drawbacks. First, the coordination of these ligands to FeCl, generates cis-octahedral
FeP4Cl, complexes, because of a synergistic t-donation / m-acceptance between the
chloro ligands and the secondary phosphine groups, which is maximized when the
phosphine is coordinated trans to the chloro ligand. This problem of geometry could be
overcome by substitution of the chloro ligands with acetonitrile to generate trans-

octahedral [F eP4(MeCN)2]2+ complexes, which place the phosphines in the correct

geometry for macrocyclization. Unfortunately, neither these complexes nor the cis-
Fe(bisphosphine),Cl, complexes are reactive towards alkylation. This is presumably
because of decreased electron-density of the d° Fe(IT) metal compared to the typical d®
metals used in most macrocyclizations, which decreases the nucleophilicity of the
phosphido ligands after deprotonation.

A few examples of tetraphosphine macrocycles synthesized around d'° copper(I)
templates have been reported in the literature (see Chapter I, Schemes 29 and 30).>° In
addition to being easily alkylated by difunctional alkyl halides, the resulting macrocyclic
ligands can be liberated from the Cu(I) metals by treatment with either cyanide2 or
hydrogen sulfide.” Demetallation using H,S was conducted in the presence of oxygen;
the copper precipitated from the reaction as Cu,S, and the ligands were oxidized to the
tetra(phosphine oxide), which could be reduced back to the macrocyclic phosphine by

treatment with phenylsilane.
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In light of these reports, we have attempted to synthesize water-soluble
macrocyclic phosphine ligands around Cu(I) templates, in order to eventually demetallate
these ligands and coordinate them to Fe(II) (Scheme 1). This chapter reports on the
syntheses of the template complexes, their alkylations with various electrophiles, and

demetallation of the resulting ligands.

Scheme 1. Planned synthesis of iron(II) phosphine macrocycles from Cu(I) templates.
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5.2. Experimental
5.2.1. Materials and Instrumentation

Unless otherwise noted, all experimental procedures were performed under inert
(N») atmosphere, using standard Schlenk and glovebox techniques. Commercially-
available reagents were used as received. MPPP was purchased from Strem Chemical
Co. MPPE was synthesized according to literature procedures. HPLC-grade THF and
MeCN (Burdick and Jackson) were dried and deoxygenated by passing them through

commercial columns of CuO, followed by alumina under an argon atmosphere. NMR
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spectra were obtained on a Varian Unity/Inova 500 spectrometer operating at a frequency
of 500.62 MHz ('H) or 202.45 MHz (31P). ESI mass spectra were obtained using a
Thermo Finnigan LCQ Deca XP Plus ESI Mass Spectrometer using THF as the solvent.
MALDI mass spectra were obtained using a Waters Q-ToF Premier MALDI/ESI Tandem
Mass Spectrometer by evaporating a solution of 2°,4”,6’-trihydroxyacetophenone (THAP)
as the matrix, followed by evaporation of a solution of the analyte in THF.
5.2.2. X-ray Crystallography

Diffraction intensities for [Cu,(DHMPE)4]Cl, were collected at 173(2) K on a
Bruker Apex CCD diffractometer using MoKa: radiation A= 0.71073 A.> Space groups
were determined based on systematic absences. Absorption corrections were applied by
SADABS.® The structure was solved by direct methods and Fourier techniques and
refined on F” using full matrix least-squares procedures. All non-H atoms were refined
with anisotropic thermal parameters. The H atoms were treated in calculated positions
and refined in a rigid group model, except the H atoms in terminal —OH groups involved
in H-bonds which were found on the residual density map and refined with isotropic
thermal parameters and with restrictions; the O-H distance of 0.97 A was used in the
refinement as a target for the corresponding O-H bonds. It was found that one of CH,OH
groups in [Cuy(DHMPE)4]Cl; is disordered over two positions in the ratio 0.77/0.23. The
H atom at the O atom in this disordered CH,OH group was refined in the calculated
position in a rigid group model. The H atom at the O atom in a solvent CH;0OH molecule
was not found and has not been taken into consideration in the refinement. All OH groups
in the cation together with the solvent methanol molecule and the CI anion form in the

crystal structure of [Cu,(DHMPE)4]CI; a network of H-bonds. All calculations were
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performed by the Bruker SHELXTL (v. 6.10) package.’
Crystallographic Data for [Cu(DHMPE)4]Cl,: Cy6H7,Cl1,Cu,045Ps,

M=1118.58,0.16 x 0.14 x 0.03 mm, T = 173(2) K, monoclinic, space group C2/c,
a=29.353(13) A, b=10.653(5) A, ¢ = 18.737(9) A, = 125.771(8)°, V = 4754(4) A3,

Z=4,2"=0.5, D.=1.563 Mg/m3, i = 1.340 mm-1, F(000) = 2336, 20, = 50.00°, 22316

reflections, 4196 independent reflections [Riy = 0.0800], R1 =0.0427, wR2 = 0.0910 and

GOF = 1.025 for 3211 reflections (291 parameters) with I>2c(/), R1 = 0.0630,

wR2 =0.1014 and GOF = 1.025 for all 4196 reflections, max/min residual electron density
+0.757/-0.488 eA’.

5.2.3. Methods

General Synthesis of complexes 1-4. 2 equiv secondary bisphosphine and
1 equiv CuCl were dissolved in 8 mL THF and the reaction mixture was stirred for 5 min,
then 1 eq NaX (X = PFs or BPhy) in 8 mL THF was added to the copper-phosphine
solution. The reaction mixture was stirred for 3 h at RT, precipitating NaCl as a white
solid. The mixture was filtered through a celite plug and the solvent was removed under
reduced pressure. The crude product was triturated with heptane (1 and 2) and/or
recrystallized from heptane/THF (3 and 4).

[Cu(MeOPrPE);]PFs (1). Used 2.259 g (9.48 mmol) MeOPrPE, 0.471 g (4.76
mmol) CuCl, and 0.803 g (4.78 mmol) NaPFe. Yield: 3.24 g of an off-white viscous oil
(99%). *'P: & -41.1ppm (br). ESI-MS: 539 amu (m-+).

[Cu(MeOPrPP);]PFs (2). Used 0.747 g (2.96 mmol) MeOPrPP, 0.147 g (1.46

mmol) CuCl, and 0.245 g (1.46 mmol) NaPF. Yield: 0.9727 g (93%) of an off-white
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viscous oil. >'P: & -50.5 ppm (br). ESI-MS: 567 amu (m-+).

[Cu(MPPE)]BPh4 (3). Used 0.374 g (1.15 mmol) MPPE, 0.080 g ( 0.80
mmol) CuCl, and 0.263 g (0.079 mmol) NaPFs. Yield: 0.5287 g (80%) of a white
granular solid. >'P: & -31 ppm (br). ESI-MS: 555 amu (m+).

[Cu(MPPP),]BPh, (4). Used 0.673 g MPPP (2.58 mmol), 0.129 g CuCl (1.30
mmol), and 0.420 g NaBPhy (1.23 mmol). Yield: 0.8737 g (75%) of a white granular
solid. *'P: & -42.1 ppm (br). ESI-MS: 583 amu (m+).

General synthesis of complexes 5-7. 2 equiv 1,3-dibromopropane and 10 eq.
K,CO; were added to a solution of the copper template in 10 mL THF. A condenser was
attached and the mixture was refluxed until the reaction was complete. Work-up was
conducted in air: the reaction mixture was filtered through a celite plug, the solvent was
removed under reduced pressure, and the product was dried under vacuum overnight.

5. Used 0.155 g 1 (0.227 mmol), 0.099 g 1,3-dibromopropane (.049 mmol), and
0.308 g K,COj3 (2.22 mmol). Yield: 0.973 g (56%) of an off-white viscous liquid. 1p: §
-1.67 ppm (br). ESI-MS: 619 amu (m+).

6. Used 0.251 g 2 (0.352 mmol), 0.149 g 1,3-dibromopropane (0.738 mmol), and
0.559 g K,COj3 (4.04 mmol). Yield: 0.1661g of an off-white oil (56%). ESI-MS: 647
amu (m")

7. Used 0.301 g (0.334 mmol) 4, 0.139 g (0.688 mmol )DBE, and 0.464 g (3.36
mmol) K,COs Yield: 0.214 g (65%) of a white solid. 1p: §-15 ppm (br). ESI-MS: 663
amu (m+).

Demetallation of Complexes 5-7. The complex was dissolved in 10 mL THF,

and added to a solution of 10 eq. NaSH-hydrate in 30 mL absolute EtOH. The mixture
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was refluxed for 24h, forming Cu,S as a black precipitate. The reaction mixture was
cooled to RT, filtered through a celite plug, then the solvent was removed under reduced
pressure, yielding a yellow-brown solid. The product was dissolved in THF and the
solution was filtered from the excess NaSH. The crude product was isolated as a brown
oil by removal of the solvent under reduced pressure, dissolved in CH,Cl,, filtered
through a celite plug, then the solvent removed under reduced pressure to yield an off-
white product. *'P NMR data for compounds 8-10: 8:*'P: § 51.9 ppm (s). 9:°'P: § 49.2
ppm (s). 10:°'P: & +44.8 ppm (s).

Reduction of compound 8. 8.3 mL of a 2.4 M LiAlH4 solution (20 mmol) in
THF was added to a solution of 0.535 g 8 in 8 mL THF. The reaction mixture was
refluxed for 5 days, then quenched with 6 mL i-PrOH. *'P: § -26.7 ppm (s).

Synthesis of Complex 11. 0.257 g dimethylmalonyl chloride was added to a
solution of 0.661 g 3 (0.756 mmol) in 10 mL THF. Addition of 0.319 g triethylamine
(3.16 mmol) led to a yellowing of the solution. The reaction was stirred for 45 minutes,
resulting in a deep yellow solution and a white precipitate. The mixture was filtered
through a frit (in air) to remove Et;NHCI, then the solvent was removed under reduced
pressure. The crude product was recrystallized from EtOH, yielding 0.261 g of a yellow
granular solid (32%). 1p: 549 ppm (br). ESI-MS: 747 amu (m+).

Synthesis of Cu,(DHMPE),CI (12). 0.128 g CuCl (2.34 mmol) was added to a
solution of 0.551 g DHMPE (4.67 mmol) in 30 mL MeOH. The reaction was stirred for
1.5 h, and the solvent was removed in vacuo yielding 0.584 g (86%) of a white, air-stable
solid. *'P NMR: § +10.6 ppm (br). ESI-MS: 491 amu (m+).

Synthesis of Cu,(DHMPE)PF¢ (14). 0.065 g CuCl (0.66 mmol) was added to a
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suspension of 0.270 g DHMPE (1.26 mmol) in 30 mL THF. *'P: § +10 ppm (br). ESI-

MS: 491 amu (m+).

5.3. Results and Discussion

5.3.1. Synthesis of Copper(l) Secondary Phosphine Templates

In order to synthesize Cu(I) templates with water-soluble phosphines, the
hydrophilic secondary phosphine ligands MeOPrPE and MeOPrPP were coordinated to
Cu(I) by reaction of these ligands with CuCl in THF, and using NaPF or as a halide
abstractor to form templates 1 and 2 (Scheme 2). Coordination of the phosphines was
confirmed by *'P{'H} NMR, where the chemical shifts of the uncoordinated phosphines
moved ~20 ppm upfield from the free ligands(-41.1 ppm for 1 and -50.5 ppm for 2). The
3'P signals are significantly broadened because of coupling with NMR-active,
quadrupolar “Cu and ®Cu nuclei (both spin 3/2, 69% and 31% abundance, respectively).
In some copper-phosphine complexes this broadening can be minimized by obtaining the
spectra at high temperature,® but the spectra of these complexes do not change between
25 °C and 90 °C. These NMR signals indicate coordination of the phosphines to Cu(I),
but do not necessarily confirm the [CuP4]" structure. Instead, the [CuP4]" structures were

confirmed by ESI-MS analysis (1: m" = 539 amu; 2: m" = 567 amu).
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Scheme 2. Syntheses of Cu(I) template complexes.

R/ R HPQ PoH

2 H’P P'\H + CuCl + Nax ? Cu

1: (CHy), (CH,)3;OMe PFg (99%)
2: (CHy)s; (CH,)30Me PFg  (93%)
3: (CHy), Ph BPh,” (80%)
4: (CHys; Ph BPh,” (73%)

Like the Fe(II) complexes of MeOPrPE and MeOPrPP (see Chapter I), both 1 and
2 are isolated as viscous liquids, and repeated attempts at obtaining solid samples or
single crystals for X-ray analysis have been unsuccessful. In order to obtain solid
products which would be more likely to form X-ray quality crystals, complexes of the
hydrophobic ligands MPPE and MPPP were also synthesized, using the NaBPhy as the
halide abstractor to form complexes 3 and 4. These complexes were also characterized
by *'P NMR and ESI-MS, and are indeed isolated as crystalline solids. Although
previous reports of such complexes state that they are air-stable, some oxidation of the
copper was observed when these products were worked up in air, as evidenced by a blue
coloration of the solutions. Therefore, these complexes were handled under inert
atmosphere.

The sources of Cu(I) for [CuP,4]” complexes are typically complexes with weak
ligands and a weakly-coordinating anion, such as Cu(MeCN)4PF¢ or CuOTf C¢Hg. These
complexes are expensive ($7-70/g, $0.02-0.12/mol) compared to simple copper halide

salts. Copper-halide starting materials are often avoided because of the possibility that
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the halides may remain coordinated as terminal or bridging ligands, forming complexes
of various structures such as those shown in Figure 1.”'* However, for all the ligands
reported herein, the [CuP4]" complexes could easily be obtained by reaction with CuCl
($0.07/g, $0.0007/mol) and NaPF¢ ($1.88/g, $0.01/mol) or NaBPh, (($2.67/g,
$0.008/mol) as a halide abstractor in one pot. The byproduct of these reactions is NaCl,

which can be easily removed from the reaction mixtures by filtration.

Figure 1. Structures of copper(I) halide complexes with bidentate phosphine ligands.
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5.3.2. Reactions of Copper Templates with 1,3-Dibromopropane

Complexes 1, 2, and 4 reacted with 2 equiv 1,3-dibromopropane in the presence
of K,COj; in THF at reflux to form complexes 5-7 (Scheme 3). With complex 4, the
reaction mixture turned yellow soon after heating, indicating deprotonation of the

phosphine ligands. After 4 h the yellow color faded, indicating that the reaction was
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complete. Alkylation of the coordinated secondary phosphines was confirmed by upfield
shifts in the *'P NMR spectra (-15 ppm vs. -41 ppm for 4). Complexes 1 and 2 were less
reactive: no yellow color was observed during the reaction, and alkylation of these
templates required 2-3 days to reach completion. This difference in reactivity is
attributed to differences in acidity of the coordinated secondary phosphines: the electron-
withdrawing phenyl groups in MPPP allow 4 to be more acidic than 1 and 2, which

contain electron-donating methoxylpropyl groups.

Scheme 3. Alkylations of complexes 1-4.

Yoyl RK\TX K\TX

HP o P‘H Br B KiCO,
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reflux
R/ R A _J® H R
macrocycle double-chelate

N= R= X =
5: (CH2)2 (CH2)3OMe PFG- (56%)
6: (CH2)3 (CH2)3OMG PF6- (56%)
7: (CHy); Ph BPh, (65%)

1,2,4

ESI-MS of complexes 5-7 all show base peaks consistent with the masses of the
macrocyclic complexes, indicating complete alkylation with the linking reagents (Table
1). However, this does not conclusively confirm the macrocyclic structures. Instead of
1,3-dibromopropane reacting between each bidentate phosphine ligand to form a
macrocycle, it may instead bridge across an individual ligand to form double-chelate
products. These double-chelate complexes are isomers of the macrocyclic complexes, so

they cannot be definitively distinguished by mass spectroscopy. Also, spectroscopic
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characterization cannot distinguish between these isomers.

Table 1. ESI-MS data for copper(I)-phosphine complexes.

m+

# (CHy), R Formula m/z (amu)
Templates 1 2 MGO(CH2)3 [C20H48CuO4P4]+ 539
2 3 MeO(CH,);  [CaHs,CuO4P4]" 567
3 2 Ph [CasH3,CuPy]” 555
4 3 Ph [Cs4H3sCuPy]" 583
Alkylated 5 2 MCO(CH2)3 [(:26H56CU.O4P4]+ 619
with 6 3 MeO(CH,);  [CasHgoCuO4P4]" 647
Br(CH,);Br 7 3 Ph [C3sHa4CuPs]” 663
Acylated 11 2 Ph [C3sH40CuO4P4]" 747

The most common conditions for macrocyclization reactions are refluxing ethanol
with excess K,COjs as the base. Initial alkylations of complexes 1-4 were performed
according under these conditions, with THF added to increase the solubility of the
template complexes. However, thorough analysis of the ESI-MS spectrum of the
products from these reactions showed a variety of additional products at m + 40, m + 44,
m + 86, and m + 120, as well as various multiples and/or combinations of these added
masses (Figure 2). These can be attributed to incomplete reaction of the
dibromopropane, resulting in the presence of 3-bromomethyl groups (m + 120)," as well
as well as three different side-reactions (Scheme 4): 1) elimination of HBr from the
bromopropyl group, forming an allyl group (m + 40), 2) formal substitution of ethoxide
for bromide, forming an ethoxypropyl group (m + 86), and 3) oxidative coupling of

ethanol, forming an ethylphosphinite (m + 44).

" These assignments are supported by the isotope patterns of each species: species containing only Cu, C,
P, and O display m+2 peaks of ~45% intensity due to the presence of ®°Cu, whereas species which also
contain Br show m+2 peaks of ~140% intensity due to the presence of either **Cu or *'Br.
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Figure 2. ESI mass spectrum of the reaction products of complex 4 with 1,3-
dibromopropane and K,COs in ethanol/THF. Structures of the partially-alkylated product
(623 amu) are shown for reference.
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Scheme 4. Summary of side-reactions observed by ESI-MS when alkylations are run in
ethanol.
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In the cases of partial substitution and/or elimination of HBr, the bromopropyl

and allylphosphine groups may still act as linkers for those complexes which still contain
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another secondary phosphine group. However, for reactions of the complexes with
ethanol (etherification and oxidative coupling), neither of the resulting groups are
reactive toward the linking reaction, and the leftover secondary phosphine groups are free
to undergo these side reactions as well. When the alkylation reactions were conducted
using pure THF as the solvent, these side-products were not observed. Based on these
results, it is surprising that nearly all of the previously published template
macrocyclizations of tetradentate phosphine macrocycles have used ethanol as the
solvent!
5.3.3. Demetallation

In order to remove the metal, complexes 5-7 were refluxed overnight with 10 eq.
NaSH-hydrate in ethanol/THF. Demetallation was observed by the formation of Cu,S as
a black precipitate. Oxidation of the ligands was observed by *'P NMR spectroscopy,
with the signals shifting significantly downfield (~+35 ppm) and sharpening of the
signals, indicating that they were no longer coupled to the quadrupolar Cu nuclei. In
most cases, a sharp singlet predominated in the *'P spectrum, indicating that the products

are highly symmetric.
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Scheme 5. Oxidative demetallation of complexes 5-7.
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Analysis of the oxidized ligands, including molecular weight determination, is
ongoing. In one case, MALDI-MS analysis of compound 8 displayed a series of peaks at
m/z = 747, 1089, and 1431 amu (Figure 3). These peaks correspond to two, three, and
four molecules of the small-ring phosphine sulfide (342 amu), which are ionized by
complexation with Cu’, which is presumably present in trace amounts from the
demetallation step. Although the peaks at m/z =747 and 1431 amu may also correspond
to one and two equivalents of the macrocyclic phosphine sulfide, the observation of the
peak at 1089 amu (3 x 8 + Cu") is definitive evidence for formation of the small-ring

product.
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Figure 3. MALDI-MS of Compound 8.
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Reduction of the oxidized ligands to phosphines proved difficult, requiring
refluxing the compounds with excess LiAlH, for four days in THF. Contrary to literature
reports,’ phenylsilane proved ineffective as a reducing agent, as did Li(Et;BH) (Super-
Hydride). In an attempt to avoid the need for this reduction step, several attempts at air-
free demetallation of the complexes were made. In each attempt, the complexes required

at least 5 days to demetallate, and in all but one attempt, the demetallated ligand still
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oxidized, presumably reacting with trace oxygen as the reaction proceeded. This
suggests that the driving force for demetallation using NaSH is two-fold: precipitation of
the copper as Cu,S, and oxidation of the phosphine ligand. Attempts at inducing metal
exchange by reacting complexes 5-7 with excess FeCl, also proved unsuccessful.
5.3.4. Acylation of Copper Template Complexes

Transition-metal templated macrocyclization reactions are typically slow,
requiring hours to days at elevated temperatures to reach completion. In attempts to
speed up the macrocycle synthesis, complex 3 was reacted with the difunctional
electrophile dimethylmalonyl chloride (eq. 1). Addition of base (triethylamine) caused
the reaction mixture to turn deep yellow, indicating the formation of acylphosphine
groups. Conversion to complex 11 was complete after 45 minutes at room temperature,
indicated by a downfield shift in the *'P NMR spectrum to +9 ppm. The fully-acylated

complex was also confirmed by ESI-MS analysis (see Table 1) as the major product.

" ]*BPh,
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H-p” “p-H CI 1hTHF Ph~p” “p-Ph
P N atRT PC R P
Ph Ph o’p’ \ / Ph O /

@) @)

macrocycle double-chelate

11 (32%)

As with complexes 5-7, linking of the coordinated phosphines to form 11 can
occur in two possible ways: linking between the phosphines to form a macrocyclic ligand,
or linking across the phosphines to form two double-chelate ligands. Because neither of
these possibilities can be distinguished from each other except by X-ray crystallography,

demetallation of the complex was also attempted so that the molecular weight of the
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demetallated ligand could be measured. However, treatment of 7 with NaSH-hydrate
resulted in hydrolysis of the acylphosphine groups, as observed by the presence of free
MPPP (-45 ppm) in the *'P NMR spectrum. Efforts to demetallate this complex under
anhydrous conditions in order to prevent this hydrolysis are ongoing.

5.3.5. Synthesis and Crystal Structure of Cu(DHMPE), Complexes

As opposed to the Fe(Il) complexes of secondary phosphines presented in Chapter
I, secondary phosphine complexes of Cu(I) are reactive toward alkyl halides or acyl
chlorides. Because the alkylations of these complexes were so successful, we wondered
whether a copper-hydroxymethylphosphine template might also be reactive toward
macrocyclization via the phosphorus Mannich reaction, as had been attempted with other
templates in Chapter III. In order to explore this, the water-soluble copper phosphine
complex [Cu(DHMPE),]"Cl (DHMPE = 1,2-bis(dihydroxymethyl)phosphino-ethane)
was prepared.

Copper(I) chloride and DHMPE react in methanol within minutes at room
temperature to form [Cu(DHMPE),]|CI (compound 12, eq. 2). The 3'P NMR spectrum
shows a broad peak at +12 ppm, consistent with coordination of the tertiary phosphine to
Cu(I). Like the other copper-phosphine complexes reported herein, the signal is
broadened by coupling of the phosphorus nuclei with the quadrupolar copper nuclei and

remains broad singlet in D,O even at 90 °C.

140



Ho_  OH ]"Cr

OH HO/\;] \/~OH
CuCl+2 o p P OH — E:Cu‘ j @)
HO MeOH HO\/B Z\/OH
DHMPE HO OH
12

Slow evaporation of a methanol solution of 12 gave single crystals suitable for x-
ray diffraction, which were found to be in the form of a phosphine-bridged dimer,
[Cu(DHMPE)4]Cl, (13) (Figure 4). The molecule is centrosymmetric (C; symmetry),
with each copper atom bearing one terminal bidentate phosphine ligand. Two bidentate
phosphines bridge between the two copper atoms, forming a 10-membered ring. The
bridging ligands are in an extended conformation (P-C-C-P torsion = 166.5(2)°), as
opposed to the gauche conformation of the terminal phosphine ligands (P-C-C-P torsion
=51.3(3)°). The copper coordination sphere is distorted tetrahedral, with the P1-Cu-P2
(terminal phosphine) plane intersecting the P3-Cu-P4 (bridging phosphines) plane at
87.3°. One of the hydroxymethyl groups in each asymmetric unit (2 per molecule) is

disordered. To molecules of methanol Cu dimer are present as solvents of crystallization.
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Figure 4. X-ray crystal structure of the cation in Cu,(DHMPE),4Cl, (compound 13).
Ellipsoids are drawn at 50% probability. Nonpolar hydrogen atoms have been omitted
for clarity.

A phosphine-bridged Cu(I) dimer of this type has only been observed once
before, in the crystal structure of [Cu,(DMPE)4]BF4 (14; DMPE = 1,2-bis(dimethyl-
phosphino)ethane).® The analogous monomer, Cu(DMPE),", has also been synthesized
and analyzed crystallography, in the presence of the anionic complexes [Cu(CoCOQOys),]
and [CpTi(SCH,CH,S),].">'® The solid-state and solution *'P spectra of this complex are
quartets at room temperature, indicating that the solution structure may be the CuP,"
monomer or the phosphine-bridged dimer, but the spectra did not have sufficient
resolution to differentiate between the two possibilities. It was presumed that interactions
with the BF,4 anion were responsible for dimerization in the solid state; however the exact
nature of these interactions was not explained.

The crystal structures of 13 and 14 are strikingly similar (Figure 5). Specifically,
the geometries around each metal ion and the conformations of the bridging and terminal

ligands are nearly identical in both complexes. Table 2 shows a comparison of bond
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lengths, angles, and torsions between the two complexes. A few slight differences are
noticeable between the two complexes: all Cu-P bond lengths are slightly shorter in 13,
most P-C bond lengths are shorter (with the exception of the backbone P-C bonds of the
bridging phosphines), and the backbone C-C bonds are longer. The tetrahedral geometry
is slightly more distorted in 13 than in 14. The chelate angle of the terminal DHMPE
ligand is slightly less than DMPE, as is the P-Cu-P angle between the bridging
phosphines. Correspondingly, all other P-Cu-P angles are slightly larger for 13 than for

14.

Figure 5. Overlayed structures (ball and stick models) of [Cun(DHMPE),]*" (13, blue)

and [Cuy(DMPE),]*" (14, red).
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Table 2. Comparison of crystal data for Cu,(DHMPE),4Cl, and [Cuy(DMPE)4](BF4),.

13 14* Diff.
Ligand DHMPE DMPE
Counterion Cr BF,
Crystal System Monoclinic Triclinic
Space Group C2/c P 1
Solvent of Crystallization MeOH (none)
Cu-P Terminal Cu-P1 2.279 (1) 2.289 (1) 0.009
Bonds Cu-P2 2265 (2) 2293 (1) 0.028
Bridging Cu-P3 2.248 (1) 2.267 (1) 0.018
Cu-P4 2.259 (1) 2.263 (1) 0.004
P-C Terminal ~ PCCP pj_cy 1.837 (4) 1.833 (3) -0.004
Bonds P2-C2 1.832 (4) 1.831 (3) 20.001
P-CHX  p1.c3 1.845 (4) 1.817 (3) -0.028
8(1{; B pica 1.839 (4) 1.819 (4) -0.020
P2-C5 1.834 (4) 1.822 (4) -0.012
P2-C6 1.834 (4) 1.813 (4) -0.021
Bridging  PCCP  p3 7 1.827 (4) 1.835 (2) 0.008
P4-C8 1.832 (4) 1.839 (2) 0.007
P-CH.X p3.c9 1.835 (4) 1.819 (3) 0.016
S(H; B pacio 1.845 (4) 1.812 (3) -0.033
P4-Cl1 1.844 (4) 1.813 (4) -0.031
P4-C12 1.823 (4) 1.815 (4) -0.008
Cc-C Terminal Cl1-C2 1.537 (5) 1.525 (4) -0.012
Bonds  Bridging C7-C8 1.527 (5) 1.521 (4) -0.006
Bond Angles P1-Cu-P2+  88.59 (4) 89.2 (1) 0.59
P3-Cu-P4;  108.29 (4) 110.7 (1) 2.44
P1-Cu-P3 118.08 (5) 116.9 (1) -1.21
P1-Cu-P4 114.03 (4) 113.2 (1) -0.85
P2-Cu-P3 112.14 (4) 110.3 (1) -1.86
P2-Cu-P4 114.83 (4) 115.1 (1) 0.32
P-C-C-P Torsions Te'1’1n1.na1 P1-C1-C2-P2 51.3(3) 54.8 3.51
Bridging ~ P3-C7-C8-P4  166.5 (2) 168.9 2.39

tTerminal ligand chelate angle. {Bridging ligand “chelate angle”.

Despite the similar structures of dimers 13 and 14, the complexes crystallize in
very different forms. Not only are the lattices completely different, but the

intramolecular forces involved in the packing are also very different. 14, which contains
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the nonpolar ligand DMPE, displays no obvious interactions between the cationic
complex and the disordered BF, anion. On the other hand, 13 contains a complex
intramolecular hydrogen-bonding network linking molecules of the dimer, methanol, and
chloride counterions. This suggests that no particular packing forces or interactions with
the anions (other than perhaps packing size matching) can account for formation of the
dimer in the solid state.

All other things being equal, dimeric compounds are disfavored over monomers
because of the decreased entropy of two particles becoming one. Also, the formation of a
flexible ten-membered ring (formed in this case by the two Cu" ions and the two bridging
phosphines) is entropically disfavored, as opposed to the formation of stable five-
membered chelate rings. However, inspection of the dimeric structure of 13 reveals two
conformational advantages of the dimeric form over a [CuP,]" monomer. First, the
terminal phosphines have a small (<90°) chelate angle, which is significantly less than
the 109.5° L-M-L angle of a perfectly tetrahedral complex. Formation of the phosphine-
bridged dimer removes one of these strained chelate rings, allowing for less distortion of
the tetrahedral coordination geometry. Indeed, the P-Cu-P angle between the bridging
ligands is 108.29(4)°, much closer to the ideal angle for a tetrahedral complex. Second,
the bridging phosphine ligands are in a fully extended conformation, with favorable'’ anti
P-C-C-P torsion angles (166.5(2)°), as opposed to the energetically disfavored gauche
conformation of the terminal bridging ligand (P-C-C-P angle = 51.3(3)°). These factors,
along with possible intermolecular and crystal packing interactions (strength of the
hydrogen-bonding network, etc.), accumulate to favor crystallization of the dimer over

the monomer.
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Because NMR spectroscopy does not provide sufficient information to fully
characterize the solution-state structure of the complex, the complex was analyzed by ESI
mass spectrometry. Positive-mode ESI-MS reveals a single ion at m/z =491. This may
correspond to either the monomeric Cu(DHMPE)," ion (structure A in Figure 1) or the
phosphine-bridged dimer, but each of these would display a different isotope pattern
because of their different charge and molecular formula (Figure 5). Analysis of the
isotope pattern corresponds to that of the monomer, Cu(DHMPE)," , suggesting that the

complex is monomeric in solution.

Figure 5. ESI mass spectrum of Cu(DHMPE),Cl.
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Attempted synthesis of 13 in THF does not proceed when CuCl and DHMPE are
the only reactants. However, addition of a halide abstractor such as NaPFs or NaOTf
causes complete conversion to Cu(DHMPE), " within a few minutes (Scheme 6). This
presumably occurs via initial chloride ion abstraction, generating “bare” Cu" ions in
solution, which are then coordinated by the phosphine. The reaction is driven to
completion by precipitation of NaCl from solution. In this manner, Cu(DHMPE), PF;
can be synthesized from DHMPE, CuCl, and a halide abstractor, without the need for a

more expensive copper(l) source.

Scheme 6. Synthesis of Cu(DHMPE),PFg.

oH |*cr

O/\7 /\OH
\ \~
CuCl + 2 DHMPE ——¢—> E j
THF

OH  |'PFe

NaPFg HO/\7 (/\
CuCl + 2 DHMPE ———> [ j
THF HO
\/) k\/OH

Copper(I) phosphine complexes have been sought after for biomedical purposes

1822 and as PET imaging reagents.”>* Cu(I) complexes

as potential anti-cancer drugs
containing water-soluble phosphine ligands are especially attractive for these purposes.

Indeed, [Cu(DHMPE),] PF¢ has been synthesized previously for these purposes, and
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showed antitumor activity comparable to cisplatin.*' However, the initial synthesis used
the expensive starting material [Cu(MeCN)4]PF¢, as opposed to our method, which uses
CuCl and NaPFg to form this complex in one pot. In addition, the inherent toxicity of the
PF¢ anion » suggest that a complex with a more biocompatible anion, such as

[Cu(DHMPE),]CI (12), might be more useful as a drug candidate.

5.4. Conclusion

Copper(I) complexes of secondary phosphines are effectively alkylated by 1,3-
dibromopropane to form complexes whose molecular weight and spectra correspond to
macrocyclic phosphine complexes. The resulting ligands can be liberated from the
metals using NaSH and air, which precipitates the copper as Cu,S and oxidizes the
ligands to phosphine sulfides. MALDI-MS of one of these demetallated ligands suggests
that it is not a tetraphosphine macrocycle, but instead is a small-ring bidentate phosphine.
Molecular weight determinations of the other ligands is ongoing.

The metal template can also be acylated by reaction with dimethylmalonyl
chloride in the presence of triethylamine. The molecular weight of this product
corresponds to a macrocyclic complex; however, the macrocyclic structure has not yet
been confirmed. Attempts at demetallating this complex have so far been unsuccessful,
due to hydrolysis of the acylphosphine linkages upon demetallation. If this reaction does
indeed produce phosphine macrocycles, it would represent a much faster method of
synthesizing macrocyclic phosphine complexes. Efforts at obtaining definitive evidence
of macrocycle formation, including crystal structures of the complexes and their

demetallated ligands, are ongoing.
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5.5. Bridge

Chapter V has explored the template synthesis of macrocyclic phosphine ligands
around a d'° copper(I) template, . The Cu(I) template complexes have been the most
successful so far, readily undergoing alkylation or acylation to form complexes whose
molecular weights match those of phosphine macrocycles. In addition, these ligands can
be removed from the metals using NaSH and air, as opposed to macrocycles formed
around the more common d® (Ni(II), Pd(II), or Pt(I)) templates.

Chapter VI will summarize the research presented in this dissertation, and will
also outline a new synthetic scheme for the synthesis of phosphine macrocycles, which

will avoid the formation of small-ring by-products.
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CHAPTER VI

SUMMARY AND FUTURE DIRECTIONS

6.1. Introduction

Macrocyclic phosphines have the potential to be a very useful class of ligands.
Unfortunately, their development has been hampered by the lack of a general, high-yield
synthetic method for their preparation. Template syntheses, while high yielding, typically result
in complexes that cannot be demetallated, and only a few transition metals can act as templates
for the synthesis of phosphine macrocycles.

This previous chapters have described our attempts to synthesize water-soluble phosphine
macrocycles and their iron(11) complexes for use in the removal of dinitrogen from natural gas.
Chapter | summarized previous phosphine macrocycle syntheses, and highlighted the challenges
and successes in making these compounds. Chapter Il discussed the synthesis of the water-
soluble bidentate secondary phosphines for use as macrocycle precursors, and their coordination
chemistry with iron(I1). Unfortunately, these iron(Il) phosphine complexes do not undergo
alkylation, due to a lack of nucleophilicity of the coordinated ligands.

Indeed, the complexes are not even as nucleophilic as Proton Sponge (a supposedly “non-
nucleophilic” base) when treated with strong electrophiles such as bromomaleic anhydride.

Instead, of reacting with the iron template complexes, bromomaleic anhydride reacts quickly
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with Proton Sponge to form the colorimetric base MAPS. The chemistry of this compound was
explored in Chapter I11.

In Chapter IV, we attempted to use a different kind of reaction — the phosphorus Mannich
reaction — to form a macrocycle around an iron template. However, the coordinated
hydroxymethylphosphine ligand (DHMPE) did not undergo this reaction, nor did other DHMPE
complexes. This suggests that the phosphine lone pair is required for this reaction to occur, and
that the currently-accepted mechanism for this reaction is incorrect.

In Chapter V, we showed that copper(l) complexes of these phosphines are readily alkylated
by difunctional alkyl halides or acyl chlorides to give complexes whose molecular weights
correspond to the macrocyclic complexes. However, in at least one case,analysis of the
demetallated ligand shows that it is not a macrocycle, but instead is the small-ring product. The
factors controlling formation of the macrocyclic phosphine ligand over the small-ring product are
currently unknown.

Despite the lack of success in synthesizing a macrocyclic phosphine ligand so far, several
lessons have been learned from the results discussed:

1. Bidentate secondary phosphines form cis-octahedral complexes with FeCl,. These can
be converted to trans-octahedral complexes by substitution of the chloro ligands with
the less m-donating ligand acetonitrile.

2. lron(Il) complexes of secondary bidentate phosphines are not reactive towards
alkylation, presumably because d® iron(l1) is not electron-rich enough to increase the
nucleophilicity of the deprotonated phosphido ligand.

3. Copper(l) complexes of secondary bidentate phosphines readily undergo alkylation with

difunctional alky! halide or acyl choride linkers.
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4. The presence of the flexible, ambiphilic methoxypropyl functional groups on phosphine
complexes often results in viscous liquids or amorphous solids, instead of crystalline
solids. This not only complicates the handling of these complexes, but also complicates

their characterization, since x-ray crystal structures cannot be obtained.

6.2. A Proposed General Synthesis of Phosphine Macrocycles

In light of these discoveries, we propose an alternative synthesis of phosphine
macrocycles which will avoid the formation of small-ring side-products (Scheme 1). Instead of
templating two equivalents of a bidentate phosphine ligand around Cu(l), a single tetradentate
ligand will be synthesized, then coordinated to Cu(l), forming the template complex. Reaction
of this ligand with a difunctional carbon electrophile will link the two reactive phosphine groups,
forming the macrocyclic ring. This complex can then be demetallated and reacted with FeCly,

and its coordination chemistry studied.

Scheme 1. Proposed synthesis and demetallation of a phosphine macrocycle.
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The synthetic method outlined in Scheme 1 also has the advantage that the tetradentate
secondary phosphine complex can be alkylated with a small monofunctional alkylating agent
(such as methyl iodide) to prepare an analogous open-chain tetradentate ligand. Comparison of
the binding constants of this ligand and the macrocyclic ligand will provide the first ever
quantification of the macrocyclic effect for a macrocyclic phosphine ligand.

Since X-ray structure determination is a key characterization method for conclusively
determining the macrocyclic structure, functional groups which facilitate the formation of
crystalline products are necessary. In order to achieve this, we envision incorporating the ligand
with bulky alcohol protecting groups such as benzyl (-CH,Ph) or trityl (-C(Ph)s). After the
alkylation reaction to form the macrocycle, single crystals of the complex can then be grown and
analyzed by XRD to confirm the macrocyclic structure. Since the ultimate goal is a water-
soluble macrocyclic phosphine complex, water solubility will be incorporated at the end of the
synthesis, by deprotection of the alcohol groups. If these complexes are insufficiently soluble in
water, the solubility can be increased by attaching other functional groups such as sulfonates,
carboxylates, or polyether chains to the alcohols. The synthesis outlined in Scheme 1 should
allow the preparation of a water-soluble macrocyclic phosphine complex for the separation of N,

from natural gas (Scheme 2).

Scheme 2. Proposed synthesis of a water-soluble macrocyclic iron-phosphine complex for
separation of N, from natural gas.
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In addition, this method may form the basis for a variety of macrocyclic phosphine
ligands and their complexes. This synthesis allows for variations in the size of the ring and the
coordinated metal, and also allows the incorporation of additional functionality by tethering
other groups at the ends of the arms. These macrocyclic phosphine ligands may eventually find
uses in applications requiring robust complexes, such as long-lived homogeneous catalysts and

radiopharmaceuticals.
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APPENDIX A

SUPPORTING INFORMATION FOR CHAPTER |1

A.1 Spectra

35
3.3
285
1.73
—156

]
by

88 G
52 48 44 40 36 32 28 24 20 16 12 08 04

Figure A.1.1. "H NMR Spectrum of MeOPrPE in CDCl,.
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Figure A.1.2. *'P NMR Spectrum of MeOPrPE in CDCl;.
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Figure A.1.3. *C NMR Spectrum of MeOPrPE in CDCl;.
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Figure A.1.4. "H NMR Spectrum of MeOPrPP in CDCl;.
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Figure A.1.5. *'P NMR Spectrum of MeOPrPP in CDCl,.
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Figure A.1.6. *C NMR Spectrum of MeOPrPP in CDCl;.
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Figure A.1.7. *'P NMR Spectrum of cis-FeCl,(MeOPtPE), in CDCl;.
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Figure A.1.8. *'P NMR Spectrum of cis-Fe(MeOPrPP),Cl, in CDCls.
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Figure A.1.9. *'P NMR Spectrum of cis-Fe(MPPE),Cl, in CDCl;.
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Figure A.1.10. *'P NMR Spectrum of trans-Fe(MPPE),Cl, in CDCls.
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Figure A.1.11. *'P NMR Spectrum of cis-Fe(MPPP),Cl, in CDCl;.
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Figure A.1.12. *'P{'H} NMR spectrum of trans-[Fe(MeOPrPE),(MeCN),](OTf), in d3-MeCN.
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Figure A.1.13. *'P{'"H} NMR spectrum of trans-[Fe(MeOPrPP),(MeCN),](OTf), in d3-MeCN.
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Figure A.1.14. *'P{'"H} NMR spectrum of trans-[Fe(MPPE),(MeCN),](PFy), in d3-MeCN.
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Figure A.1.15. *'P{'H} NMR spectrum of trans-[Fe(MPPP),(MeCN),](PFy), in d3-MeCN.
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A.2 Crystal data for cis-Fe(MPPP),Cl,

Table A.2.1. Crystal data and structure refinement for cis-Fe(MPPP),Cl,.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.98°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

charl

C30 H36 CI2 Fe P4

647.22

1732) K
0.71073 A
Monoclinic
P2(1)
a=9.194(2) A
b=16.406(4) A
¢ =10.5003) A

a= 90°.
b= 111.439(4)°.
g=90°.

1474.3(7) A3

2

1.458 Mg/m?

0.930 mm'!

672

0.20 x 0.10 x 0.04 mm?

2.08 to 25.98°.

-11<=h<=11, -20<=k<=20, -12<=]<=12
12433

5700 [R(int) = 0.0412]

99.7 %

Semi-empirical from equivalents
1.000 and 0.770

Full-matrix least-squares on F2
5700/1/350

1.038

R1=0.0460, wR2 =0.0918
R1=0.0578, wR2 = 0.0987
0.08(2)

0.752 and -0.388 e.A3
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Table A.2.2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)

for cis-Fe(MPPP),Cl,. U(eq) is defined as one third of the trace of the orthogonalized UY tensor.

X y z U(eq)
Fe(1) 9512(1) 526(1) 4350(1) 17(1)
CI(1) 10004(1) 1914(1) 5023(1) 27(1)
Cl(2) 6783(1) 775(1) 3446(1) 25(1)
P(1) 8968(1) -765(1) 3824(1) 19(1)
P(2) 9022(1) 376(1) 6287(1) 22(1)
P(3) 9794(1) 866(1) 2382(1) 20(1)
P(4) 12051(1) 368(1) 5285(1) 20(1)
(1) 7412(5) -1249(3) 4266(5) 24(1)
CQ) 7714(6) -1229(3) 5792(5) 29(1)
CQ3) 7552(6) -372(3) 6326(5) 27(1)
C(4) 11413(5) 1558(3) 2513(5) 24(1)
C(5) 13023(5) 1239(3) 3366(5) 27(1)
C(6) 13317(5) 1117(3) 4887(5) 24(1)
C(7) 8454(5) -1108(3) 2059(5) 22(1)
C(8) 9280(6) -1754(3) 1752(5) 31(1)
C(9) 8887(7) -2007(3) 422(6) 38(1)
C(10) 7656(7) -1665(3) -607(6) 40(2)
(1) 6804(6) -1036(3) -329(5) 36(1)
C(12) 7211(6) -757(3) 1008(5) 29(1)
C(13) 10600(5) 257(3) 7951(5) 24(1)
C(14) 10933(6) -476(3) 8660(5) 37(1)
C(15) 12200(7) -546(4) 9892(6) 45(2)
C(16) 13159(7) 113(4) 10421(6) 45(2)
c(17) 12845(6) 845(4) 9734(5) 46(2)
C(18) 11579(6) 919(4) 8517(5) 37(1)
C(19) 8205(5) 1353(3) 996(5) 24(1)
C(20) 7475(6) 2041(3) 1278(5) 32(1)
1) 6259(6) 2413(3) 262(6) 45(2)
C(22) 5750(7) 2114(4) -1054(6) 50(2)
C(23) 6497(7) 1453(4) -1356(6) 46(2)
C(24) 7715(6) 1075(3) -329(5) 34(1)
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C(25)
C(26)
c@27)
C(28)
C(29)
C(30)

12884(5)
13334(5)
13767(6)
13781(6)
13364(6)
12907(5)

-621(3)

-1161(3)
-1961(3)
2214(3)
-1688(3)

-892(3)

5139(5)
6234(5)
6086(6)
4846(6)
3747(6)
3877(5)

21(1)
31(1)
36(1)
35(1)
34(1)
29(1)
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Table A.2.3. Bond lengths [A] and angles [°] for Cis-Fe(MPPP),Cl,.

Fe(1)-P(4) 2.1918(14)
Fe(1)-P(1) 2.2009(13)
Fe(1)-P(3) 2.2455(14)
Fe(1)-P(2) 2.2517(14)
Fe(1)-CI(2) 2.3710(13)
Fe(1)-CI(1) 2.3780(13)
P(1)-C(7) 1.826(5)
P(1)-C(1) 1.839(4)
P(1)-H(1) 1.35(5)
P(2)-C(13) 1.829(5)
P(2)-C(3) 1.836(5)
P(2)-H(2) 1.28(4)
P(3)-C(19) 1.827(5)
P(3)-C(4) 1.837(5)
P(3)-H(3) 1.26(6)
P(4)-C(25) 1.824(4)
P(4)-C(6) 1.843(4)
P(4)-H(4) 1.38(4)
C(1)-C(2) 1.523(6)
C(1)-H(1B) 0.9900
C(1)-H(1A) 0.9900
C(2)-C(3) 1.540(6)
C(2)-H(2B) 0.9900
C(2)-H(2A) 0.9900
C(3)-H(3B) 0.9900
C(3)-H(3A) 0.9900
C(4)-C(5) 1.516(6)
C(4)-H(4B) 0.9900
C(4)-H(4A) 0.9900
C(5)-C(6) 1.532(6)
C(5)-H(5B) 0.9900
C(5)-H(5A) 0.9900
C(6)-H(6B) 0.9900
C(6)-H(6A) 0.9900
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C(7)-C(12)
C(7)-C(8)
C®)-C9)
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)
C(21)-C(22)
C(21)-H(21)
C(22)-C(23)
C(22)-H(22)
C(23)-C(24)
C(23)-H(23)
C(24)-H(24)
C(25)-C(26)
C(25)-C(30)
C(26)-C(27)

1.390(6)
1.408(6)
1.374(7)
0.9500
1.367(8)
0.9500
1.389(7)
0.9500
1.391(7)
0.9500
0.9500
1.389(7)
1.397(7)
1.394(7)
0.9500
1.377(8)
0.9500
1.377(8)
0.9500
1.384(7)
0.9500
0.9500
1.374(7)
1.400(7)
1.374(7)
0.9500
1.377(8)
0.9500
1.380(9)
0.9500
1.385(7)
0.9500
0.9500
1.389(6)
1.405(6)
1.398(7)
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C(26)-H(26)
C(27)-C(28)
C(27)-H(27)
C(28)-C(29)
C(28)-H(28)
C(29)-C(30)
C(29)-H(29)
C(30)-H(30)

P(4)-Fe(1)-P(1)
P(4)-Fe(1)-P(3)
P(1)-Fe(1)-P(3)
P(4)-Fe(1)-P(2)
P(1)-Fe(1)-P(2)
P(3)-Fe(1)-P(2)
P(4)-Fe(1)-C1(2)
P(1)-Fe(1)-CI(2)
P(3)-Fe(1)-CI(2)
P(2)-Fe(1)-CI(2)
P(4)-Fe(1)-CI(1)
P(1)-Fe(1)-CI(1)
P(3)-Fe(1)-CI(1)
P(2)-Fe(1)-CI(1)
CI(2)-Fe(1)-CI(1)
C(N)-P(1)-C(1)
C(7)-P(1)-Fe(1)
C(1)-P(1)-Fe(1)
C(7)-P(1)-H(1)
C(1)-P(1)-H(1)
Fe(1)-P(1)-H(1)
C(13)-P(2)-C(3)
C(13)-P(2)-Fe(1)
C(3)-P(2)-Fe(1)
C(13)-P(2)-H(2)
C(3)-P(2)-H(2)
Fe(1)-P(2)-H(2)

0.9500
1.370(8)
0.9500
1.379(7)
0.9500
1.394(6)
0.9500
0.9500

96.04(5)
88.81(5)
95.73(5)
96.57(5)
91.09(5)

170.83(5)

175.97(5)
87.44(5)
92.87(5)
81.29(5)
85.68(5)

176.05(5)
87.86(5)
85.16(5)
90.72(4)

100.8(2)

120.14(14)

118.58(16)

104.2(19)

101.9(19)

109(2)

104.02)

121.58(15)

119.02(16)
96.8(18)

102.8(18)

109.0(18)
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C(19)-P(3)-C(4)
C(19)-P(3)-Fe(1)
C(4)-P(3)-Fe(1)
C(19)-P(3)-H(3)
C(4)-P(3)-H(3)
Fe(1)-P(3)-H(3)
C(25)-P(4)-C(6)
C(25)-P(4)-Fe(1)
C(6)-P(4)-Fe(1)
C(25)-P(4)-H(4)
C(6)-P(4)-H(4)
Fe(1)-P(4)-H(4)
C(2)-C(1)-P(1)
C(2)-C(1)-H(1B)
P(1)-C(1)-H(1B)
C(2)-C(1)-H(1A)
P(1)-C(1)-H(1A)
H(1B)-C(1)-H(1A)
C(D)-C(2)-C(3)
C(1)-C(2)-H(?2B)
C(3)-C(2)-H(?2B)
C(1)-C(2)-H(2A)
C(3)-C(2)-H(2A)
H(2B)-C(2)-H(2A)
C(2)-C(3)-P(2)
C(2)-C(3)-HB3B)
P(2)-C(3)-H(3B)
C(2)-C(3)-H(BA)
P(2)-C(3)-HBA)
H(3B)-C(3)-H(3A)
C(5)-C(4)-P(3)
C(5)-C(4)-H(4B)
P(3)-C(4)-H(4B)
C(5)-C(4)-H(4A)
P(3)-C(4)-H(4A)
H(4B)-C(4)-H(4A)

100.3(2)
120.92(16)
116.57(16)
94(2)
92(2)
127(3)
104.7(2)
118.64(15)
118.49(15)
97.1(18)
102.4(17)
112.3(16)
113.4(3)
108.9
108.9
108.9
108.9
107.7
113.5(4)
108.9
108.9
108.9
108.9
107.7
115.6(3)
108.4
108.4
108.4
108.4
107.4
114.8(3)
108.6
108.6
108.6
108.6
107.5
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C(4)-C(5)-C(6)
C(4)-C(5)-H(5B)
C(6)-C(5)-H(5B)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
H(5B)-C(5)-H(5A)
C(5)-C(6)-P4)
C(5)-C(6)-H(6B)
P(4)-C(6)-H(6B)
C(5)-C(6)-H(6A)
P(4)-C(6)-H(6A)
H(6B)-C(6)-H(6A)
C(12)-C(7)-C(8)
C(12)-C(7)-P(1)
C(8)-C(7)-P(1)
C(9)-C(3)-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(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(2)
C(18)-C(13)-P(2)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)

115.1(4)
108.5
108.5
108.5
108.5
107.5
116.0(3)
108.3
108.3
108.3
108.3
107.4
119.1(4)
120.7(3)
120.2(4)
119.8(5)
120.1
120.1
120.9(5)
119.6
119.6
120.5(5)
119.8
119.8
119.4(5)
120.3
120.3
120.3(5)
119.9
119.9
117.7(5)
123.1(4)
119.1(4)
120.9(5)
119.5
119.5
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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(3)

C(20)-C(19)-P(3)

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)-C21)-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)
C(23)-C(24)-H(24)
C(26)-C(25)-C(30)
C(26)-C(25)-P(4)

C(30)-C(25)-P(4)

C(25)-C(26)-C(27)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)

120.3(6)
119.9
119.9
119.6(5)
120.2
120.2
120.3(5)
119.8
119.8
121.2(5)
119.4
119.4
118.5(5)
122.2(4)
119.3(4)
120.7(5)
119.7
119.7
120.2(5)
119.9
119.9
119.7(5)
120.2
120.2
120.1(6)
119.9
119.9
120.8(5)
119.6
119.6
118.4(4)
120.3(3)
120.8(3)
121.2(5)
119.4
119.4
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C(28)-C(27)-C(26) 119.5(5)

C(28)-C(27)-H(27) 120.3
C(26)-C(27)-H(27) 120.3
C(27)-C(28)-C(29) 120.6(5)
C(27)-C(28)-H(28) 119.7
C(29)-C(28)-H(28) 119.7
C(28)-C(29)-C(30) 120.4(5)
C(28)-C(29)-H(29) 119.8
C(30)-C(29)-H(29) 119.8
C(29)-C(30)-C(25) 119.9(5)
C(29)-C(30)-H(30) 120.1
C(25)-C(30)-H(30) 120.1

Symmetry transformations used to generate equivalent atoms:
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Table A.2.4. Anisotropic displacement parameters (A2x 103) for cis-Fe(MPPP),Cl,. The anisotropic

displacement factor exponent takes the form: -2p?[ h? a*2U!l + .. +2 hk a* b* U!2]

Ul 1 U22 U33 U23 U13 U12
Fe(1) 20(1) 10(1) 22(1) 0(1) 9(1) 1(1)
CI(1) 33(1) 12(1) 38(1) -4(1) 17(1) -1(1)
cl2) 21(1) 22(1) 31(1) 2(1) 9(1) 3(1)
P(1) 23(1) 13(1) 23(1) 2(1) 9(1) 2(1)
PQ2) 25(1) 18(1) 25(1) 2(1) 12(1) 1(1)
P(3) 22(1) 15(1) 24(1) 1(1) 9(1) 0(1)
P(4) 22(1) 15(1) 22(1) 2(1) 8(1) -1(1)
c(1) 23(3) 17(2) 31(3) -4(2) 9(2) -6(2)
CQ) 31(3) 24(3) 32(3) -1Q2) 13(2) -8(2)
Cc@3) 29(3) 24(3) 32(3) 2(2) 16(2) 2(2)
C(4) 28(3) 19(2) 25(3) 502) 11(2) -4(2)
C(5) 26(3) 25(3) 33(3) 0(2) 14(2) -8(2)
C(6) 21(3) 15(2) 35(3) 3(2) 10(2) -1Q2)
C(7) 25(3) 18(2) 23(3) -5(2) 10(2) 7(2)
C(®) 40(3) 18(2) 35(3) -6(2) 123) 12)
C(9) 54(4) 28(3) 35(3) -8(2) 193) 3(2)
C(10) 69(4) 30(3) 27(3) 112) 24(3) -16(3)
c(11) 38(3) 36(3) 28(3) 12) 4(2) -12(2)
C(12) 32(3) 22(2) 29(3) -1Q2) 8(2) -4(2)
C(13) 28(3) 27(3) 23(3) -8(2) 15(2) -4(2)
C(14) 43(3) 27(3) 35(3) 12) 73) 4(2)
c(15) 52(4) 44(4) 33(3) 2(3) 9(3) 193)
C(16) 27(3) 71(5) 35(3) 7(3) 9(3) 8(3)
c(17) 36(3) 69(4) 35(3) -25(3) 16(3) 21(3)
c(18) 45(3) 44(3) 28(3) -8(3) 18(3) -11(3)
C(19) 24(3) 23(2) 24(3) 502) 8(2) -6(2)
C(20) 3003) 32(3) 36(3) 6(2) 13(2) 4(2)
c@21) 39(3) 39(3) 60(4) 23(3) 22(3) 15(3)
C(22) 34(3) 64(4) 47(4) 35(3) 11(3) 8(3)
C(23) 40(4) 67(4) 25(3) 123) 2(3) -6(3)
C(24) 3103) 39(3) 3003) 4(2) 9(2) 2(2)
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C(25)
C(26)
c@27)
C(28)
C(29)
C(30)

17(2)
27(3)
35(3)
3103)
40(3)
34(3)

18(2)
31(3)
23(3)
19(2)
25(3)
17(2)

29(3)
36(3)
52(4)
58(4)
44(3)
3703)

-2(2)
5(2)
15(2)
3(2)
-3(2)
2(2)

8(2)
13(2)
19(3)
18(3)
23(3)
15(2)

12)
4Q2)
6(2)
12)
5(2)
4Q2)
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Table A.2.5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3)
for cis-Fe(MPPP),Cl,.

X y z U(eq)
H(IB) 6411 -969 3767 29
H(1A) 7301 -1824 3956 29
H(2B) 8782 -1434 6301 34
H(2A) 6969 -1600 5981 34
H(3B) 7605 -423 7281 32
H(3A) 6504 -157 5774 32
H(4B) 11385 1675 1580 28
H(4A) 11245 2080 2913 28
H(5B) 13813 1624 3286 33
H(5A) 13180 711 2979 33
H(6B) 13189 1649 5278 29
H(6A) 14417 946 5355 29
H(8) 10106 22015 2464 38
H(9) 9479 2425 213 46
H(10) 7381 -1859 -1517 48
H(11) 5950 =799 -1046 43
H(12) 6638 -325 1203 34
H(14) 10287 -937 8300 45
H(15) 12403 -1051 10370 54
H(16) 14032 62 11254 54
H(17) 13500 1302 10098 55
H(18) 11371 1430 8058 45
H(20) 7823 2253 2182 39
H(21) 5768 2877 467 53
H(22) 4890 2361 -1751 59
H(23) 6176 1258 2269 56
H(24) 8218 618 -543 41
H(26) 13347 982 7099 37
H(27) 14049 2327 6838 43
H(28) 14081 2757 4744 42
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H(29)
H(30)
H(1)
HQ)
HE3)
H(4)

13388
12612
10220(50)
8480(50)
10140(60)
12590(50)

-1869
-534
-1220(30)
1050(30)
390(40)
390(30)

2896
3114
4540(40)
6550(40)
1590(50)
6700(40)

41
35

32(13)
23(12)
63(17)
24(11)
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A.3 Crystal data for trans-[Fe(MPPP),(MeCN),](PFs)2

Table A.3.1. Crystal data and structure refinement for trans-[Fe(MPPP),(MeCN),](PFg),.

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 F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

char7

C36 H45 F12 Fe N3 P6

989.42

1732) K
0.71073 A
Triclinic

P-1
a=9.7075(8) A
b=10.7282(8) A
c=11.8667(9) A

1= 96.9270(10)°.
1= 94.8200(10)°.
1 =115.6710(10)°.

1092.83(15) A3

1

1.503 Mg/m?

0.647 mm'!

506

0.37 x 0.16 x 0.04 mm?

1.75 to 27.00°.

-12<=h<=12, -13<=k<=13, -15<=I<=15
12344

4732 [R(int) = 0.0161]

99.2 %

Semi-empirical from equivalents
0.9746 and 0.7958

Full-matrix least-squares on F2
4732/0/358

1.064

R1=0.0362, wR2 = 0.0969
R1=0.0400, wR2 = 0.1004
0.413 and -0.462 e.A3
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Table A.3.2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 10%)

for trans-[Fe(MPPP),(MeCN),](PF),. U(eq) is defined as one third of the trace of the orthogonalized Ul

tensor.

X y z U(eq)
Fe(1) 0 0 5000 20(1)
P(1) -2361(1) -193(1) 5285(1) 24(1)
P(2) -409(1) 567(1) 3264(1) 24(1)
N(1) -894(2) -1954(2) 4351(1) 24(1)
(1) -1431(2) -3109(2) 3951(2) 30(1)
CQ) 2117(4) -4593(3) 3422(3) 47(1)
CQ3) -2820(3) 1188(2) 4863(2) 33(1)
C(4) -2890(3) 1247(3) 3582(2) 38(1)
C(5) -1328(2) 1732(2) 3167(2) 33(1)
C(6) -3010(2) -364(2) 6679(2) 28(1)
C(7) -3680(2) -1692(2) 6991(2) 32(1)
C(8) -4144(3) -1832(3) 8061(2) 40(1)
C(9) -3951(3) -663(3) 8818(2) 47(1)
C(10) -3313(3) 643(3) 8512(2) 47(1)
(1) -2826(3) 805(3) 7449(2) 38(1)
C(12) -1368(2) -863(2) 2051(2) 29(1)
C(13) -2882(3) -1897(2) 2007(2) 40(1)
C(14) -3557(3) -3002(3) 1083(2) 48(1)
C(15) -2730(3) -3095(3) 215(2) 47(1)
C(16) -1239(3) -2080(3) 249(2) 43(1)
c(17) -557(3) -964(2) 1159(2) 35(1)
P(3) -7125(1) -4725(1) 3205(1) 42(1)
F(1) -6833(3) -3659(3) 2341(3) 117(1)
F(2) -8264(3) -5964(2) 2206(2) 80(1)
F(3) -7464(2) -5868(2) 4013(2) 66(1)
F(4) -6015(2) -3505(2) 4192(2) 104(1)
F(5) -5718(2) -4987(2) 2829(2) 72(1)
F(6) -8547(2) -4480(2) 3554(2) 75(1)
N(1S) -7698(9) -3512(8) 9159(6) 94(2)
C(18) -8739(9) -4213(7) 9532(6) 67(2)

178



C(29) -10000 -5000 10000 89(2)
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Table A.3.3. Bond lengths [A] and angles [°] for trans-[Fe(MPPP),(MeCN),](PF),.

Fe(1)-N(1)
Fe(1)-N(1)#1
Fe(1)-P(2)
Fe(1)-P(2)#1
Fe(1)-P(1)#1
Fe(1)-P(1)
P(1)-C(6)
P(1)-C(3)
P(1)-H(1)
P(2)-C(12)
P(2)-C(5)
P(2)-H(2)
N(1)-C(1)
C()-C(2)
C(2)-HQ2A)
C(2)-H(2B)
C(2)-H(Q2C)
C(3)-C4)
C(3)-H(3A)
C(3)-H(3B)
CH)-C(5)
C(4)-H(4A)
C(4)-H(4B)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(11)
C(6)-C(7)
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)

1.9134(16)
1.9134(16)
2.2686(5)
2.2686(5)
2.2687(5)
2.2687(5)
1.821(2)
1.832(2)
1.29(2)
1.816(2)
1.831(2)
1.28(2)
1.136(3)
1.463(3)
0.89(4)
0.88(4)
0.95(5)
1.525(3)
0.95(3)
0.88(2)
1.522(3)
0.95(3)
0.96(3)
0.92(3)
0.98(3)
1.394(3)
1.398(3)
1.386(3)
0.95(3)
1.383(4)
0.92(3)
1.374(4)
0.90(3)
1.388(3)
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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)
P(3)-F(4)
P(3)-F(1)
P(3)-F(3)
P(3)-F(2)
P(3)-F(6)
P(3)-F(5)
N(18)-C(1S)
C(1S)-C(2S)
C(25)-C(1S)#2

N(1)-Fe(1)-N(1)#1
N(1)-Fe(1)-P(2)
N(1)#1-Fe(1)-P(2)
N(1)-Fe(1)-P2)#1
N(1)#1-Fe(1)-PQ2)#1
P(2)-Fe(1)-PQ2)#1
N(1)-Fe(1)-P(1)#1
N(1)#1-Fe(1)-P(1)#1
P(2)-Fe(1)-P(1)#1
PQ)#1-Fe(1)-P(1)#1
N(1)-Fe(1)-P(1)
N(1)#1-Fe(1)-P(1)
P(2)-Fe(1)-P(1)

0.91(3)
0.87(3)
1.392(3)
1.398(3)
1.390(3)
0.92(2)
1.377(4)
0.98(3)
1.377(4)
0.94(3)
1.385(3)
0.89(3)
0.96(2)
1.5622(19)
1.578(2)
1.5870(18)
1.5883(19)
1.5907(17)
1.5963(17)
1.1319)
1.361(9)
1.361(9)

180.00(9)

91.55(5)
88.45(5)
88.45(5)
91.55(5)

180.0

89.30(5)
90.70(5)
92.172(17)
87.828(17)
90.70(5)
89.30(5)
87.828(17)
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P()#1-Fe(1)-P(1)
P(1)#1-Fe(1)-P(1)
C(6)-P(1)-C(3)
C(6)-P(1)-Fe(1)
C(3)-P(1)-Fe(1)
C(6)-P(1)-H(1)
C(3)-P(1)-H(1)
Fe(1)-P(1)-H(1)
C(12)-P(2)-C(5)
C(12)-P(2)-Fe(1)
C(5)-P(2)-Fe(1)
C(12)-P(2)-H(2)
C(5)-P(2)-H(2)
Fe(1)-P(2)-H(2)
C(1)-N(1)-Fe(1)
N(1)-C(1)-C(2)
C(1)-C(2)-H(2A)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(1)-C(2)-H(2C)
H(2A)-C(2)-H(2C)
H(2B)-C(2)-H(2C)
C(4)-C(3)-P(1)
C(4)-C(3)-H(3A)
P(1)-C(3)-HBA)
C(4)-C(3)-HB3B)
P(1)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(5)-C(4)-C(3)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(5)-C(4)-H(4B)
C(3)-C(4)-H(4B)
H(4A)-C(4)-H(4B)
C4)-C(5)-P(2)
C(4)-C(5)-H(5A)

92.172(17)
180.0
102.52(10)
121.99(6)
115.94(7)
99.6(10)
103.6(11)
110.6(11)
106.27(10)
117.43(7)
118.21(8)
100.9(11)
96.3(11)
114.5(11)
178.97(17)
179.3(3)
109(3)
113(3)
118(4)
107(3)
101(4)
108(4)
114.49(16)
110.1(15)
106.0(15)
109.5(15)
106.0(15)
111(2)
113.93(18)
110.1(15)
109.2(15)
108.3(16)
106.6(16)
108(2)
115.63(16)
109.5(15)
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P(2)-C(5)-H(5A)
C(4)-C(5)-H(5B)
P(2)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(11)-C(6)-C(7)
C(11)-C(6)-P(1)
C(7)-C(6)-P(1)
C(8)-C(7)-C(6)
C(8)-C(7)-H(7)
C(6)-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(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)-P(2)
C(13)-C(12)-P(2)
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)
C(15)-C(16)-H(16)

108.8(16)
109.4(15)
104.8(15)
108(2)
119.42)
121.31(17)
119.30(15)
119.9(2)
120.1(15)
120.0(15)
120.2(2)
122.9(17)
116.7(17)
120.3(2)
123(2)
116(2)
120.3(2)
122.2(18)
117.5(19)
119.92)
118.5(17)
121.5(17)
118.96(19)
119.25(15)
121.75(16)
120.02)
119.2(15)
120.7(15)
120.2(2)
124.1(16)
115.7(16)
120.2(2)
121.2(19)
118.6(19)
120.2(2)
119.7(18)
183



C(17)-C(16)-H(16) 120.0(18)

C(16)-C(17)-C(12) 120.4(2)
C(16)-C(17)-H(17) 120.4(14)
C(12)-C(17)-H(17) 119.2(14)
F(4)-P(3)-F(1) 90.64(17)
F(4)-P(3)-F(3) 92.54(13)
F(1)-P(3)-F(3) 176.74(15)
F(4)-P(3)-F(2) 179.58(12)
F(1)-P(3)-F(2) 89.42(15)
F(3)-P(3)-F(2) 87.40(11)
F(4)-P(3)-F(6) 90.10(11)
F(1)-P(3)-F(6) 90.37(12)
F(3)-P(3)-F(6) 90.34(11)
F(2)-P(3)-F(6) 89.49(11)
F(4)-P(3)-F(5) 91.02(12)
F(1)-P(3)-F(5) 89.15(11)
F(3)-P(3)-F(5) 90.09(10)
F(2)-P(3)-F(5) 89.39(11)
F(6)-P(3)-F(5) 178.78(12)
N(18)-C(1S)-C(2S) 177.2(7)
C(1S)-C(28)-C(1S)#2 180.000(2)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z+1  #2 -x-2,-y-1,-z+2
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Table A.3.4. Anisotropic displacement parameters (A2x 103)for trans-[Fe(MPPP),(MeCN),](PF¢),. The

anisotropic displacement factor exponent takes the form: -2[12[ h2a*2U!l + ..+ 2 hk a* b* Ul2]

Ull U22 U33 U23 U13 U12
Fe(1) 15(1) 18(1) 24(1) 0(1) 0(1) 7(1)
P(1) 17(1) 24(1) 30(1) 1(1) 2(1) 9(1)
PQ2) 18(1) 24(1) 28(1) 3(1) 0(1) 7(1)
N(1) 20(1) 24(1) 26(1) 0(1) 1(1) 9(1)
c(1) 28(1) 27(1) 32(1) 1(1) 3(1) 11(1)
CQ) 49(2) 26(1) 54(2) -10(1) 2(1) 10(1)
c@3) 24(1) 33(1) 47(1) 7(1) 6(1) 17(1)
C(4) 26(1) 44(1) 49(1) 14(1) 3(1) 20(1)
c(5) 28(1) 35(1) 41(1) 13(1) 4(1) 17(1)
C(6) 20(1) 33(1) 32(1) 1(1) 5(1) 14(1)
c(7) 23(1) 36(1) 38(1) 5(1) 5(1) 16(1)
C(®) 30(1) 52(1) 43(1) 16(1) 9(1) 20(1)
C9) 41(1) 74(2) 33(1) 9(1) 11(1) 31(1)
C(10) 44(1) 57(2) 41(1) -8(1) 7(1) 28(1)
c11) 35(1) 38(1) 41(1) -1(1) 5(1) 20(1)
C(12) 27(1) 29(1) 25(1) 4(1) 2(1) 9(1)
C(13) 33(1) 41(1) 29(1) 3(1) 2(1) 3(1)
C(14) 44(1) 39(1) 35(1) 2(1) -4(1) 2(1)
c(15) 61(2) 35(1) 30(1) 2(1) -5(1) 12(1)
C(16) 53(1) 45(1) 30(1) 2(1) (1) 22(1)
c(17) 34(1) 36(1) 32(1) 6(1) 4(1) 14(1)
P(3) 39(1) 31(1) 57(1) 6(1) 14(1) 16(1)
F(1) 122(2) 107(2) 190(3) 106(2) 82(2) 83(2)
FQ2) 93(2) 80(1) 55(1) -12(1) 2(1) 36(1)
F(3) 78(1) 63(1) 61(1) 22(1) 26(1) 29(1)
F(4) 53(1) 61(1) 157(2) -49(1) -20(1) 12(1)
F(5) 67(1) 65(1) 112(2) 37(1) 47(1) 44(1)
F(6) 44(1) 59(1) 118(2) -15(1) 18(1) 25(1)
N(I1S)  101(5) 78(4) 77(4) -7(3) 26(4) 17(4)
c(1S) 80(5) 53(4) 60(4) -8(3) -4(3) 30(3)
C(2S) 75(4) 90(4) 115(5) 45(4) 17(3) 41(3)
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Table A.3.5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)
for trans-[Fe(MPPP),(MeCN),](PF),.

X y z U(eq)
H(1) -3440(30) -1330(20) 4675(19) 34(6)
H(2) 820(30) 1340(30) 2890(20) 38(6)
H(2A) -3010(50) -5040(40) 3670(30) 91(13)
H(2B) -1450(50) -4940(40) 3460(30) 93(13)
H(2C) -2470(60) -4650(50) 2630(50) 130(17)
H(3A) -3800(30) 1010(30) 5090(20) 39(7)
H(3B) -2090(30) 1990(30) 5260(20) 29(6)
H(4A) -3600(30) 350(30) 3160(20) 35(6)
H(4B) -3280(30) 1900(30) 3450(20) 45(7)
H(5A) -1430(30) 1860(30) 2420(20) 36(6)
H(5B) -590(30) 2630(30) 3640(20) 40(7)
H(7) -3830(30) -2500(30) 6470(20) 39(7)
H(8) -4500(30) -2710(30) 8250(20) 47(7)
H(9) -4290(40) -820(30) 9500(30) 64(9)
H(10) -3200(30) 1420(30) 8980(20) 51(8)
H(11) -2440(30) 1640(30) 7270(20) 36(6)
H(13) -3430(30) -1870(20) 2590(20) 32(6)
H(14) -4630(30) -3680(30) 1100(20) 50(8)
H(15) -3170(40) -3840(30) -410(30) 60(9)
H(16) -740(30) -2110(30) -340(20) 49(8)
H(17) 480(30) -250(30) 1180(20) 36(6)
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Table A.3.6. Torsion angles [°] for trans-[Fe(MPPP),(MeCN),](PFg)..

N(1)-Fe(1)-P(1)-C(6)
N(1)#1-Fe(1)-P(1)-C(6)
P(2)-Fe(1)-P(1)-C(6)
P(2)#1-Fe(1)-P(1)-C(6)
P(1)#1-Fe(1)-P(1)-C(6)
N(1)-Fe(1)-P(1)-C(3)
N(1)#1-Fe(1)-P(1)-C(3)
P(2)-Fe(1)-P(1)-C(3)
PQ)#1-Fe(1)-P(1)-C(3)
P(1)#1-Fe(1)-P(1)-C(3)
N(1)-Fe(1)-P(2)-C(12)
N(1)#1-Fe(1)-P(2)-C(12)
P(2)#1-Fe(1)-P(2)-C(12)
P(1)#1-Fe(1)-P(2)-C(12)
P(1)-Fe(1)-P(2)-C(12)
N(1)-Fe(1)-P(2)-C(5)
N(1)#1-Fe(1)-P(2)-C(5)
P()#1-Fe(1)-P(2)-C(5)
P(1)#1-Fe(1)-P(2)-C(5)
P(1)-Fe(1)-P(2)-C(5)
N(1)#1-Fe(1)-N(1)-C(1)
P(2)-Fe(1)-N(1)-C(1)
P)#1-Fe(1)-N(1)-C(1)
P(1)#1-Fe(1)-N(1)-C(1)
P(1)-Fe(1)-N(1)-C(1)
Fe(1)-N(1)-C(1)-C(2)
C(6)-P(1)-C(3)-C(4)
Fe(1)-P(1)-C(3)-C(4)
P(1)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-P(2)
C(12)-P(2)-C(5)-C(4)
Fe(1)-P(2)-C(5)-C(4)
C(3)-P(1)-C(6)-C(11)
Fe(1)-P(1)-C(6)-C(11)

187

99.33(9)
-80.67(9)
-169.15(8)
10.85(8)
-6(100)

-134.66(10)

45.34(10)
-43.14(9)
136.86(9)
120(100)

1.59(9)

-178.41(9)
-148(100)
90.95(8)
-89.05(8)
131.13(9)
-48.87(9)
~18(100)

-139.51(8)
40.49(8)
140(100)

-6(9)
174(100)
-98(9)
82(9)
37(28)

-161.33(16)

63.32(17)
-68.9(2)
64.7(2)

78.59(19)
-55.9(2)

-37.50(19)

94.34(17)



C(3)-P(1)-C(6)-C(7) 143.73(16)

Fe(1)-P(1)-C(6)-C(7) -84.43(16)
C(11)-C(6)-C(7)-C(8) -0.4(3)
P(1)-C(6)-C(7)-C(8) 178.39(16)
C(6)-C(7)-C(8)-C(9) 0.23)
C(7)-C(8)-C(9)-C(10) 0.6(4)
C(8)-C(9)-C(10)-C(11) -1.4(4)
C(9)-C(10)-C(11)-C(6) 1.2(4)
C(7)-C(6)-C(11)-C(10) 0.3(3)
P(1)-C(6)-C(11)-C(10) -179.08(18)
C(5)-P(2)-C(12)-C(17) 110.51(18)
Fe(1)-P(2)-C(12)-C(17) -114.56(16)
C(5)-P(2)-C(12)-C(13) -71.92)
Fe(1)-P(2)-C(12)-C(13) 63.0(2)
C(17)-C(12)-C(13)-C(14) 0.1(4)
P(2)-C(12)-C(13)-C(14) -177.7(2)
C(12)-C(13)-C(14)-C(15) 1.0(4)
C(13)-C(14)-C(15)-C(16) -1.1(4)
C(14)-C(15)-C(16)-C(17) 0.4(4)
C(15)-C(16)-C(17)-C(12) 0.5(4)
C(13)-C(12)-C(17)-C(16) 0.6(3)
P(2)-C(12)-C(17)-C(16) 177.07(18)
N(18)-C(18)-C(28)-C(1S)#2 30(100)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y,-z+1  #2 -x-2,-y-1,-z+2
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APPENDIX B

SUPPORTING INFORMATION FOR CHAPTER 111

B.1 Spectra
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B.1.1 'H NMR Spectrum of MAPS (CDCl;, 500 MHz)
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B.1.2 'H-'H COSY NMR Spectrum of MAPS (CDCl;, 500 MHz)
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B.1.3 'HNOESY NMR Spectrum of MAPS (CDCl;, 500 MHz)
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B.1.4 "C NMR Spectrum of MAPS (CDCls, 500 MHz)
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B.2 pK, titration of MAPS

B.2.1. UV-Vis titration spectra.
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B.2.2. UV-Vis titration curve for MAPS.
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B.3 Crystal data for MAPS

Table B.3.1. Crystal data and structure refinement for MAPS.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

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)

Absolute structure parameter

Largest diff. peak and hole

char8

C18 HIS N2 O3

310.34

173(2) K

0.71073 A

Monoclinic

P2(1)

a=7.0429(6) A 0= 90°.
b=17.4903(16) A [=96.697(2)°.
c=12.7831(11) A [1=90°.
1563.9(2) A3

4

1.318 Mg/m3

0.091 mm-!

656

0.28 x 0.10 x 0.02 mm?3

1.60 to 27.00°.

-8<=h<=8, -22<=k<=22, -16<=I<=16
17571

6786 [R(int) = 0.0362]

100.0 %

Semi-empirical from equivalents
0.9982 and 0.9750

Full-matrix least-squares on F2

6786 /1/559

1.059

R1=0.0446, wR2 =0.0747
R1=0.0608, wR2 =0.0811

-0.5(9)

0.156 and -0.145 e.A-3
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Table B. 3.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Azx 103) for
MAPS. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
o(1) 9127(3) 162(1) 1366(2) 59(1)
0(2) 8515(3) 280(1) 3037(2) 55(1)
0(3) 9753(3) 448(1) -286(2) 81(1)
N(1) 11152(2) 4597(1) 3993(1) 31(1)
NQ) 9849(3) 3528(1) 5404(1) 32(1)
(1) 10220(3) 4099(1) 3240(2) 27(1)
CQ) 9593(3) 4344(1) 2235(2) 31(1)
CQ3) 8818(3) 3827(1) 1470(2) 34(1)
C(4) 8840(3) 3059(1) 1663(2) 30(1)
C(5) 9479(3) 2777(1) 2678(2) 26(1)
C(6) 9913(3) 3310(1) 3512(2) 24(1)
C(7) 10027(3) 3037(1) 4587(2) 26(1)
C(8) 10277(3) 2256(1) 4768(2) 30(1)
C(9) 10119(3) 1744(1) 3934(2) 30(1)
C(10) 9677(3) 1968(1) 2900(2) 28(1)
(1) 11014(4) 5409(1) 3785(2) 44(1)
C(12) 13020(4) 4377(2) 4510(2) 43(1)
C(13) 8388(3) 4124(1) 5317(2) 37(1)
C(14) 10366(5) 3269(2) 6480(2) 44(1)
C(15) 9557(3) 1391(1) 2069(2) 33(1)
C(16) 9026(3) 572(1) 2279(2) 44(1)
c(17) 9622(4) 667(2) 597(2) 55(1)
C(18) 9901(3) 1420(2) 1063(2) 42(1)
o(1" 5322(2) 6309(1) 5163(1) 52(1)
0(2" 6290(3) 5479(1) 6447(1) 55(1)
0(3" 4378(3) 7393(1) 4297(1) 72(1)
N(1") 4566(3) 7980(1) 11355(1) 38(1)
N(2" 5766(3) 6435(1) 11323(1) 38(1)
c(1') 5315(3) 8004(1) 10395(2) 33(1)
C(2") 5919(3) 8679(1) 9985(2) 39(1)
C(3") 6460(3) 8713(1) 8974(2) 40(1)
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C4)
c(s)
C(6")
C(7)
C(®)
c)
C(10"
c11Y)
c(12)
c(13"
c(14"
c(15"
c(16"
c(17)
c(18")

6242(3)
5704(3)
5493(3)
5517(3)
5297(3)
5227(3)
5441(3)
4661(5)
2758(4)
7379(4)
5271(4)
5296(3)
5701(3)
4747(3)
4745(3)

8102(1)
7381(1)
7306(1)
6545(1)
5924(1)
6014(1)
6720(1)
8674(2)
7582(2)
6795(2)
5697(2)
6773(1)
6100(2)
7081(2)
7336(2)

8321(2)
8700(2)
9798(2)

10246(2)
9567(2)
8487(2)
8021(2)

11995(2)

11399(2)

11946(2)

11742(2)
6882(2)
6212(2)
5121(2)
6201(2)

33(1)
29(1)
28(1)
31(1)
34(1)
34(1)
30(1)
54(1)
48(1)
50(1)
47(1)
34(1)
42(1)
51(1)
42(1)
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Table B.3.3. Bond lengths [A] and angles [°] for char$.

0(1)-C(16)
0(1)-C(17)
0(2)-C(16)
0(3)-C(17)
N(1)-C(1)
N(1)-C(11)
N(1)-C(12)
N(2)-C(7)
N(2)-C(14)
N(2)-C(13)
C()-C2)
C(1)-C(6)
C(2)-C(3)
C(2)-H(2)
C(3)-C(4)
C(3)-HQ3)
CH)-C(5)
C(4)-H(4)
C(5)-C(6)
C(5)-C(10)
C(6)-C(7)
C(N-C(3)
C(®)-C(9)
C(8)-H(8)
C(9)-C(10)
C(9)-H©9)
C(10)-C(15)
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)

1.378(3)
1.397(3)
1.188(3)
1.206(3)
1.402(2)
1.446(3)
1.454(3)
1.369(2)
1.454(3)
1.461(3)
1.376(3)
1.446(3)
1.396(3)
0.95(2)
1.366(3)
0.954(19)
1.412(3)
0.97(2)
1.423(3)
1.446(3)
1.449(3)
1.393(3)
1.386(3)
0.985(19)
1.3793)
0.918(19)
1.460(3)
1.02(3)
0.96(3)
1.02(2)
0.99(2)
1.00(3)
1.00(2)
1.09(3)
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C(13)-H(13B)
C(13)-H(13C)
C(14)-H(14A)
C(14)-H(14B)
C(14)-H(14C)
C(15)-C(18)
C(15)-C(16)
C(17)-C(18)
C(18)-H(18)
0(1')-C(16")
O(1')-C(17")
0(2)-C(16")
0(3)-C(17)
N(1)-C(1")
N(1")-C(12")
N(1")-C(11')
N(2)-C(7)
N(2')-C(13")
N(2')-C(14")
C(1)-C(2')
C(1)-C(6"
C(2)-C(3")
C(2)-H(2)
C(@3)-C(4")
C(3)-H(3"
C(4)-C(5")
C(4)-H(4")
C(5)-C(6")
C(5)-C(10"
C(6)-C(7")
C(7)-C(8")
C(8)-C(9")
C(8)-H(8)
C(9)-C(10"

1.01(2)
0.98(2)
0.93(2)
1.06(3)
1.01(3)
1.337(3)
1.513(3)
1.449(3)
0.96(2)
1.387(3)
1.409(3)
1.188(3)
1.188(3)
1.392(3)
1.457(3)
1.461(3)
1.380(3)
1.452(3)
1.456(3)
1.380(3)
1.453(3)
1.391(3)
0.95(2)
1.354(3)
0.99(2)
1.418(3)
0.983(19)
1.434(3)
1.444(3)
1.449(3)
1.388(3)
1.384(3)
0.97(2)
1.387(3)



C(9)-H(©9)
C(10)-C(15"
C(11)-H(11D)
C(11)-H(11E)
C(11)-H(11F)
C(12)-H(12D)
C(12)-H(12E)
C(12)-H(12F)
C(13)-H(13D)
C(13)-H(13E)
C(13)-H(13F)
C(14"-H(14D)
C(14)-H(14E)
C(14")-H(14F)
C(15)-C(18")
C(15)-C(16")
Cc(17)-C(18")
C(18)-H(18")

C(16)-0(1)-C(17)

C(1)-N(1)-C(11)
C(1)-N(1)-C(12)

C(11)-N(1)-C(12)

C(7)-N(2)-C(14)
C(7)-N(2)-C(13)

C(14)-N(2)-C(13)

C(2)-C(1)-N(1)
C(2)-C(1)-C(6)
N(1)-C(1)-C(6)
C(1)-C(2)-C(3)
C(1)-C(2)-H(2)
C(3)-C(2)-H(2)
C4)-C(3)-C(2)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)

0.91(2)
1.451(3)
1.08(3)
1.00(3)
0.99(2)
1.02(3)
1.05(2)
0.97(3)
1.04(3)
0.95(3)
0.99(3)
1.00(3)
1.01(2)
1.03(3)
1.342(3)
1.502(3)
1.451(3)
0.94(2)

107.95(19)

117.85(18)

118.31(18)

112.41(19)

119.44(18)

121.08(17)

113.03(19)

121.43(18)

118.71(19)

119.85(17)

120.7(2)

117.0(12)

121.9(12)

121.0(2)

121.0(11)

118.0(11)

120.4(2)

119.8(12)
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C(5)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-C(10)
C(6)-C(5)-C(10)
C(5)-C(6)-C(1)
C(5)-C(6)-C(7)
C(1)-C(6)-C(7)
N(2)-C(7)-C(8)
N(2)-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(B)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)
C(9)-C(10)-C(5)
C(9)-C(10)-C(15)
C(5)-C(10)-C(15)
N(1)-C(11)-H(11A)
N(1)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(1)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
N(1)-C(12)-H(12A)
N(1)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
N(1)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
N(2)-C(13)-H(13A)
N(2)-C(13)-H(13B)
H(13A)-C(13)-H(13B)
N(2)-C(13)-H(13C)
H(13A)-C(13)-H(13C)

119.7(12)
118.43(18)
122.36(18)
119.20(18)
118.10(17)
118.49(17)
123.40(17)
120.66(18)
121.10(17)
118.22(18)
120.6(2)
120.1(10)
118.5(10)
122.9(2)
120.9(12)
116.1(11)
118.08(18)
119.28(18)
122.50(18)
110.4(15)
109.4(15)
106(2)
113.3(14)
107.5(19)
109(2)
111.0(14)
108.7(17)
111(2)
112.1(13)
103(2)
111(2)
110.6(13)
108.9(12)
110.5(16)
113.6(12)
104.4(18)



H(13B)-C(13)-H(13C)
N(2)-C(14)-H(14A)
N(2)-C(14)-H(14B)
H(14A)-C(14)-H(14B)
N(2)-C(14)-H(14C)
H(14A)-C(14)-H(14C)
H(14B)-C(14)-H(14C)
C(18)-C(15)-C(10)
C(18)-C(15)-C(16)
C(10)-C(15)-C(16)
0(2)-C(16)-0(1)
0(2)-C(16)-C(15)
0(1)-C(16)-C(15)
0(3)-C(17)-0(1)
0(3)-C(17)-C(18)
0(1)-C(17)-C(18)
C(15)-C(18)-C(17)
C(15)-C(18)-H(18)
C(17)-C(18)-H(18)
C(16)-0(1')-C(17")
C(1)-N(1'-C(12")
C(1)-N(1')-C(11")
C(12)-N(1')-C(11")
C(7)-N(2)-C(13")
C(7)-N(2)-C(14")
C(13)-N(2)-C(14")
C(2)-C(1)-N(1")
C(2)-C(1")-C(6")
N(1')-C(1')-C(6")
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)-C4)-C(5")

108.8(18)
106.5(12)
110.3(13)
111.1(19)
110.3(13)
113.2(19)
105.5(19)
132.2(2)
106.4(2)
121.32(19)
121.2(2)
131.02)
107.7(2)
120.7(3)
130.8(3)
108.6(2)
109.3(2)
128.8(12)
121.9(12)
108.20(19)
118.09(19)
118.1(2)
111.0(2)
119.1(2)
118.84(18)
112.77(19)
121.7Q2)
118.03(19)
120.23(19)
121.3(2)
118.6(13)
120.1(13)
121.0(2)
118.1(13)
120.6(13)
120.5(2)
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C(3)-C(4')-H4")
C(5)-C(4')-H4")
C(4)-C(5")-C(6")
C(4)-C(5)-C(10")
C(6)-C(5)-C(10")
C(5)-C(6')-C(7")
C(5)-C(6")-C(1"
C(7)-C(6")-C(1")
N(2')-C(7')-C(8")
N(2')-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(8)-C(9)-C(10")
C(8)-C(9)-H(9")
C(10)-C(9")-H(9")
C(9)-C(10)-C(5")
C(9)-C(10)-C(15"
C(5)-C(10)-C(15"
N(1')-C(11')}-H(11D)
N(1')-C(11')}-H(11E)
H(11D)-C(11")-H(11E)
N(1')-C(11')-H(11F)
H(11D)-C(11")-H(11F)
H(11E)-C(11)-H(11F)
N(1')-C(12')-H(12D)
N(1')-C(12')-H(12E)
H(12D)-C(12")-H(12E)
N(1')-C(12')-H(12F)
H(12D)-C(12")-H(12F)
H(12E)-C(12")-H(12F)
N(2')-C(13')-H(13D)
N(2')-C(13')-H(13E)
H(13D)-C(13")-H(13E)
N(2')-C(13")-H(13F)

122.5(12)
116.6(12)
118.51(19)
121.79(19)
119.65(18)
118.23(17)
117.62(18)
124.13(18)
120.50(19)
121.09(17)
118.41(19)
121.6(2)
122.3(12)
116.1(12)
122.42)
118.3(14)
119.3(14)
117.84(19)
119.31(19)
122.77(19)
105.1(13)
109.6(15)
113(2)
110.5(14)
110.5(19)
108(2)
112.5(15)
109.9(13)
107.3(18)
111.8(14)
109(2)
107(2)
112.9(13)
109.3(18)
107(2)
110.2(15)



H(13D)-C(13")-H(13F)
H(13E)-C(13")-H(13F)
N(2')-C(14')-H(14D)
N(2')-C(14')-H(14E)
H(14D)-C(14")-H(14E)
N(2')-C(14')-H(14F)
H(14D)-C(14")-H(14F)
H(14E)-C(14")-H(14F)
C(18")-C(15)-C(10")
C(18)-C(15)-C(16")

107(2)
110(2)
113.7(14)
107.1(15)
109.0(19)
107.3(14)
103.5(19)
116(2)
132.8(2)
105.4(2)

C(10)-C(15)-C(16")
0(2)-C(16')-0(1")
0(2)-C(16')-C(15")
0(1')-C(16')-C(15")
0(3)-C(17")-0(1")
0(3)-C(17')-C(18")
O(1')-C(17')-C(18")
C(15)-C(18)-C(17")
C(15)-C(18"-H(18")
C(17)-C(18"-H(18")

121.7Q2)
120.6(2)
131.02)
108.4(2)
120.3(2)
132.8(3)
106.9(2)
111.0(3)
129.9(14)
119.1(14)

Symmetry transformations used to generate equivalent atoms:
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Table B.3.4. Anisotropic displacement parameters (Azx 103)for char8. The anisotropic

displacement factor exponent takes the form: -2 Dz[ h2a*2ull + | +2hka* b*Ul2 ]

ull U22 U33 U3 ul3 ul2
o(1) 58(1) 38(1) 76(1) -25(1) -10(1) 3(1)
0Q) 57(1) 33(1) 68(1) 6(1) -14(1) -6(1)
003) 76(1) 91(2) 76(1) -55(1) 8(1) 1(1)
N(1) 32(1) 22(1) 36(1) 0(1) 2(1) -1(1)
NQ) 42(1) 29(1) 24(1) -1(1) 2(1) 5(1)
c(1) 22(1) 27(1) 31(1) 0(1) 5(1) 0(1)
CQ) 30(1) 28(1) 35(1) 7(1) 6(1) 1(1)
c@3) 34(1) 43(1) 25(1) 7(1) 1(1) 2(1)
C(4) 26(1) 38(1) 27(1) -5(1) 1(1) -4(1)
C(5) 19(1) 31(1) 28(1) 2(1) 6(1) 2(1)
C(6) 17(1) 28(1) 27(1) -1(1) 2(1) 1(1)
c(7) 23(1) 28(1) 27(1) 1(1) 1(1) 0(1)
C(®) 30(1) 31(1) 28(1) 6(1) 2(1) 3(1)
C9) 29(1) 21(1) 39(1) 1(1) 3(1) 1(1)
C(10) 21(1) 29(1) 36(1) -5(1) 4(1) 1(1)
c11) 56(2) 28(1) 48(2) -5(1) 3(1) -4(1)
C(12) 33(1) 38(2) 54(2) -5(1) -7(1) -1(1)
C(13) 36(1) 37(1) 38(1) -3(1) (1) 5(1)
C(14) 61(2) 41(2) 29(1) 0(1) 2(1) 2(1)
C(15) 21(1) 33(1) 45(1) -8(1) -1(1) 1(1)
C(16) 33(1) 33(1) 61(2) -12(1) -10(1) 3(1)
c(17) 41(2) 64(2) 60(2) -34(2) 2(1) 7(1)
c(18) 29(1) 50(2) 44(1) -18(1) 3(1) -3(1)
o(1') 47(1) 70(1) 38(1) -16(1) 7(1) -15(1)
0(2) 60(1) 45(1) 61(1) -17(1) 18(1) 2(1)
0@3) 62(1) 113(2) 39(1) 13(1) 5(1) (1)
N(1') 47(1) 32(1) 35(1) -6(1) 5(1) 4(1)
N 46(1) 28(1) 38(1) 4(1) -6(1) 2(1)
c1") 29(1) 30(1) 39(1) 0(1) -1(1) 2(1)
c2) 40(1) 23(1) 53(2) -5(1) 6(1) 4(1)
c@3) 32(1) 27(1) 64(2) 6(1) 14(1) 2(1)
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c@)
c(s)
(6"
()
C(®)
c)
C(10")
c11")
c(12)
c(13"
c(14"
c(15"
c(16"
c(17)
c(18")

28(1)
18(1)
22(1)
27(1)
35(1)
27(1)
20(1)
75(2)
50(2)
55(2)
61(2)
21(1)
32(1)
35(1)
32(1)

31(1)
28(1)
26(1)
28(1)
24(1)
31(1)
32(1)
42(2)
51(2)
41(2)
37(2)
41(1)
51(2)
73(2)
55(2)

41(1)
40(1)
35(1)
37(1)
43(1)
44(1)
38(1)
45(2)
44(2)
48(2)
42(2)
40(1)
45(2)
44(2)
40(1)

2(1)
-1(1)
0(1)
-1(1)
2(1)

-10(1)

-1(1)

-12(1)

-3(1)
2(1)
7(1)
-6(1)

-10(1)

2(1)
-1(1)

10(1)
5(1)
-1(1
-2(1)
-2(1)
2(1)
4(1)
6(2)
14(1)

-17(1)

-2(1)
5(1)
9(1)
7(1)
8(1)

4(1)
5(1)
1(1)

-1(1)

1(1)

-1(1)

4(1)
8(2)
4(1)

-5(1)
-5(1)

0(1)

(1)
3(1)

9(1)
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Table B.3.5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Azx 103)
for MAPS.

X y z U(eq)
H(2) 9840(30) 4864(11) 2070(15) 28(5)
H(2') 5930(30) 9131(13) 10404(17) 41(6)
H(3) 8340(30) 4024(10) 795(16) 25(5)
H(3") 6900(30) 9201(14) 8689(17) 52(7)
H(4) 8410(30) 2706(12) 1103(15) 31(5)
H(4') 6570(30) 8117(11) 7596(16) 33(6)
H(8) 10340(20) 2067(10) 5496(15) 21(5)
H(8") 5240(30) 5425(13) 9895(16) 37(6)
H(9) 10260(30) 1237(11) 4109(14) 18(5)
H(9') 5080(30) 5591(14) 8077(17) 41(6)
H(11A) 9620(40) 5568(15) 3616(18) 62(8)
H(11B) 11510(30) 5686(15) 4409(19) 55(7)
H(11C) 11720(30) 5576(14) 3172(19) 59(8)
H(11D) 4250(40) 8497(14) 12750(20) 62(8)
H(11E) 5980(40) 8892(15) 12047(19) 61(8)
H(11F) 3770(30) 9063(14) 11668(17) 46(7)
H(12A) 14040(40) 4527(14) 4084(18) 49(7)
H(12B) 13220(40) 4624(17) 5220(20) 81(9)
H(12C) 13170(30) 3806(14) 4567(16) 38(6)
H(12D) 1610(40) 7933(15) 11237(19) 64(8)
H(12E) 2700(30) 7358(14) 12158(19) 55(7)
H(12F) 2620(30) 7154(14) 10918(19) 50(7)
H(13A) 9000(40) 4670(15) 5602(18) 58(7)
H(13B) 7330(30) 3967(11) 5736(15) 30(6)
H(13C) 7840(30) 4229(12) 4588(18) 40(6)
H(13D) 7780(30) 7311(16) 11627(18) 59(7)
H(13E) 7050(40) 6903(16) 12630(20) 78(10)
H(13F) 8510(40) 6452(15) 11997(19) 64(8)
H(14A) 11580(30) 3056(12) 6504(15) 32(6)
H(14B) 10350(30) 3734(15) 7012(18) 54(7)
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H(14C)
H(14D)
H(14E)
H(14F)
H(18)
H(18")

9380(30)
3990(40)
5270(30)
6210(40)

10270(30)
4360(30)

2897(15)
5501(14)
5761(15)
5301(15)
1851(13)
7838(13)

6689(18)
11435(17)
12528(19)
11503(17)
667(16)
6329(17)

53(7)
51(7)
55(7)
54(7)
32(6)
40(7)
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Table B.3.6. Torsion angles [°] for MAPS.

C(11)-N(1)-C(1)-C(2) 15.5(3)
C(12)-N(1)-C(1)-C(2) -1253(2)
C(11)-N(1)-C(1)-C(6) -164.96(19)
C(12)-N(1)-C(1)-C(6) 54.3(3)
N(1)-C(1)-C(2)-C(3) 174.42(19)
C(6)-C(1)-C(2)-C(3) -5.2(3)
C(1)-C(2)-C(3)-C(4) -6.8(3)
C(2)-C(3)-C(4)-C(5) 63(3)
C(3)-C(4)-C(5)-C(6) 6.2(3)
C(3)-C(4)-C(5)-C(10) -174.8(2)
C(4)-C(5)-C(6)-C(1) -17.7(3)
C(10)-C(5)-C(6)-C(1) 163.26(17)
C(4)-C(5)-C(6)-C(7) 162.39(17)
C(10)-C(5)-C(6)-C(7) -16.7(3)
C(2)-C(1)-C(6)-C(5) 17.33)
N(1)-C(1)-C(6)-C(5) -162.33(17)
C(2)-C(1)-C(6)-C(7) -162.83(18)
N(1)-C(1)-C(6)-C(7) 17.6(3)
C(14)-N(2)-C(7)-C(8) 14.5(3)
C(13)-N(2)-C(7)-C(8) -135.42)
C(14)-N(2)-C(7)-C(6) -167.1Q2)
C(13)-N(2)-C(7)-C(6) 43.1(3)
C(5)-C(6)-C(7)-N(2) -159.68(17)
C(1)-C(6)-C(7)-N(2) 20.4(3)
C(5)-C(6)-C(7)-C(8) 18.8(3)
C(1)-C(6)-C(7)-C(8) -161.12(18)
N(2)-C(7)-C(8)-C(9) 168.53(18)
C(6)-C(7)-C(8)-C(9) -10.0(3)
C(7)-C(8)-C(9)-C(10) -13(3)
C(8)-C(9)-C(10)-C(5) 3.603)
C(8)-C(9)-C(10)-C(15) 179.43(19)
C(4)-C(5)-C(10)-C(9) -173.38(18)
C(6)-C(5)-C(10)-C(9) 5.603)
C(4)-C(5)-C(10)-C(15) 10.93)

204



C(6)-C(5)-C(10)-C(15)
C(9)-C(10)-C(15)-C(18)
C(5)-C(10)-C(15)-C(18)
C(9)-C(10)-C(15)-C(16)
C(5)-C(10)-C(15)-C(16)
C(17)-0(1)-C(16)-0(2)
C(17)-0(1)-C(16)-C(15)
C(18)-C(15)-C(16)-0(2)
C(10)-C(15)-C(16)-0(2)
C(18)-C(15)-C(16)-O(1)
C(10)-C(15)-C(16)-0(1)
C(16)-0(1)-C(17)-0(3)
C(16)-0(1)-C(17)-C(18)
C(10)-C(15)-C(18)-C(17)
C(16)-C(15)-C(18)-C(17)
0(3)-C(17)-C(18)-C(15)
O(1)-C(17)-C(18)-C(15)
C(12)-N(1')-C(1')-C(2")
C(11)-N(1')-C(1')-C(2")
C(12)-N(1')-C(1')-C(6")
C(11)-N(1')-C(1')-C(6")
N(1')-C(1')-C(2)-C(3")
C(6)-C(1)-C(2")-C(3")
C(1)-C(2')-C(3")-C(4")
C(2)-C(3")-C(4)-C(5")
C(3)-C(4)-C(5")-C(6")
C(3)-C(4)-C(5)-C(10")
C(4)-C(5")-C(6")-C(7")
C(10)-C(5)-C(6)-C(7")
C(4)-C(5")-C(6')-C(1")
C(10)-C(5)-C(6)-C(1")
C(2)-C(1)-C(6')-C(5")
N(1)-C(1")-C(6)-C(5")
C(2')-C(1)-C(6")-C(7")
N(1')-C(1')-C(6')-C(7")
C(13)-N(2')-C(7)-C(8")

-170.05(17)

-149.8(2)
25.8(3)
27.7(3)

-156.70(19)

175.4(2)
-1.8(2)
-175.8(2)
6.2(4)
1.02)

-177.03(17)

-178.12)
1.93)
177.92)
0.2(2)
178.7(3)
-1.303)
130.22)
-8.03)
-50.2(3)
171.6(2)
-172.6(2)
7.8(3)
6.4(4)
-8.8(3)
3.1(3)
179.4(2)

-161.74(18)

15.9(3)
16.8(3)

-165.63(18)

-19.1(3)
161.33(18)
159.3(2)
20.3(3)
127.5(2)
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C(14)-N(2')-C(7)-C(8")
C(13)-N(2)-C(7)-C(6")
C(14)-N(2')-C(7)-C(6")
C(5)-C(6')-C(7")-N(2')
C(1)-C(6)-C(7)-N(2')
C(5)-C(6')-C(7')-C(8")
C(1')-C(6')-C(7')-C(8")
N(2')-C(7')-C(8')-C(9")
C(6')-C(7')-C(8")-C(9")
C(7)-C(8")-C(9)-C(10")
C(8)-C(9)-C(10)-C(5")
C(8)-C(9)-C(10)-C(15")
C(4)-C(5)-C(10)-C(9")
C(6)-C(5)-C(10)-C(9")
C(4)-C(5)-C(10)-C(15")
C(6)-C(5)-C(10)-C(15")
C(9)-C(10)-C(15")-C(18")
C(5)-C(10)-C(15Y-C(18")
C(9)-C(10)-C(15Y-C(16")
C(5)-C(10)-C(15")-C(16")
C(17)-0(1')-C(16')-0(2")
C(17)-0(1')-C(16')-C(15")
C(18)-C(15)-C(16)-0(2")
C(10)-C(15)-C(16)-0(2")
C(18)-C(15Y-C(16)-0(1")
C(10)-C(15)-C(16)-0(1")
C(16)-0(1')-C(17')-0(3")
C(16)-0(1')-C(17')-C(18")
C(10)-C(15)-C(18)-C(17")
C(16)-C(15)-C(18)-C(17")
0(3))-C(17')-C(18)-C(15")
O(1')-C(17')-C(18')-C(15")

-16.9(3)
-52.1(3)
163.5(2)

164.87(18)
-13.5(3)
-14.7(3)
166.9(2)

-173.8Q2)
5.803)
2.5(3)
-1.4(3)

-178.2(2)

169.61(19)

-7.93)
-13.7(3)

168.80(18)
151.5(2)
-25.2(4)
-24.9(3)

158.46(19)

-176.92)
1.5(2)
177.0(3)
-5.8(4)
1.1Q2)

176.08(18)
178.6(2)

-1.3(2)
-176.5(2)
0.3(3)
-179.3(3)
0.6(3)
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APPENDIX C

SUPPORTING INFORMATION FOR CHAPTER IV

C.1 Spectra

C.1.1. '"HNMR Spectrum of trans-Fe(DHMPE),Cl, (d6-DMSO)
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C.1.2.°'P{'H} NMR Spectrum of trans-Fe(DHMPE),Cl, (d6-DMSO)
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C.1.3. >C NMR Spectrum of trans- Fe(DHMPE),Cl, (d6-DMSO)
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C.1.4. '"H NMR Spectrum of DHMPE-2BH; (d6-DMSO)

C.1.5.*'P{'"H} NMR Spectrum of DHMPE-2BHj3 (d6-DMSO)
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C.1.6. *C NMR Spectrum of DHMPE-2BH;(d6-DMSO)
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C.1.7. "B NMR Spectrum of DHMPE-2BH;(d6-DMSO)
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C.1.7. "H NMR Spectra of Ph,PCH,0H + Et,NH (d6-ethanol)
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C.1.8.°'P{'H} NMR Spectra of Ph,PCH,0H + Et,NH (d6-ethanol)
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C.1.9. '"H NMR Spectra of Ph,PCH,OH-BHj + Et,NH (d6-ethanol)
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C.1.11. '"H NMR Spectra of DHMPE + Et,NH (d4-methanol)
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C.1.12.*'P{'"H} NMR Spectra of DHMPE + Et,NH (d4-methanol)




C.1.13. '"H NMR Spectra of DHMPE-2BHj3 + Et,NH (d4-methanol)
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C.1.14.*'P{'"H} NMR Spectra of DHMPE-2BHj3 + Et,NH (d4-methanol)
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C.1.15. ESI-mass spectrum of Fe(DHMPE),Cl, + BuNH,.

% of Base Peak

100

1

80

60 1

40

20

678

623

513

200

400 600

m/z (amu)

215

730 732

il

800

734 736 738

1000



C.1.16. ESI-mass spectrum of [Fe(DHMPE);]*" .
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C.1.17. ESI-MS zoom scan of [Fe(DHMPE);]*"
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C.2. Crystal Data

C.2.1. Crystallographic Data for trans-Fe(DHMPE),Cl,

Table C.2.1.1. Crystal data and structure refinement for trans-Fe(DHMPE),Cl,.

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 F?

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

char2

C24 H64 Cl4 Fe2 O16 P8

1110.01

1732) K

0.71073 A

Monoclinic

P2(1)/n

a=7.7855(4) A 0= 90°.
b=13.0809(7) A [1=92.3930(10)°.
c=10.4136(6) A 0 =90°.
1059.61(10) A3

1

1.740 Mg/m3

1.303 mm'!

576

0.09 x 0.07 x 0.04 mm?

2.50 to 27.50°.

-10<=h<=9, -16<=k<=16, -13<=I<=13
11961

2428 [R(int) = 0.0494]

99.6 %

Semi-empirical from equivalents
0.9497 and 0.8917

Full-matrix least-squares on F?
2428/0/188

1.073

R1=0.0355, wR2 =0.0729
R1=0.0500, wR2 = 0.0800

0.477 and -0.290 e.A
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Table C.2.1.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for trans-Fe(DHMPE),Cl,. U(eq) is defined as one third of the trace of the orthogonalized U tensor.

X y z U(eq)
Fe(1) 0 5000 5000 11(1)
CI(1) 2868(1) 5396(1) 5646(1) 17(1)
P(1) 535(1) 3321(1) 5249(1) 13(1)
P(2) -551(1) 4954(1) 7085(1) 13(1)
o(1) -591(3) 1350(2) 4920(2) 21(1)
0(2) 3965(3) 3171(2) 5826(2) 28(1)
0(3) -1119(3) 6758(2) 8186(2) 24(1)
0(4) -2957(3) 4716(2) 8901(2) 22(1)
(1) 327(4) 2929(2) 6944(3) 18(1)
CQ) 567(4) 3855(2) 7823(3) 17(1)
CQ3) -865(4) 2355(2) 4437(3) 17(1)
C(4) 2695(3) 2844(2) 4890(3) 19(1)
C(5) 127(4) 5960(2) 8227(3) 17(1)
C(6) -2789(4) 4759(2) 7542(3) 18(1)
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Table C.2.1.3. Bond lengths [A] and angles [°] for trans-Fe(DHMPE),Cl,.

Fe(1)-P(2)#1 2.2311(6)
Fe(1)-P(2) 2.2311(6)
Fe(1)-P(1)#1 2.2486(6)
Fe(1)-P(1) 2.2486(6)
Fe(1)-CI(1) 2.3624(6)
Fe(1)-CI(1)#1 2.3624(6)
P(1)-C(4) 1.847(3)
P(1)-C(3) 1.850(3)
P(1)-C(1) 1.852(3)
P(2)-C(2) 1.833(3)
P(2)-C(5) 1.836(3)
P(2)-C(6) 1.843(3)
O(1)-C(3) 1.420(3)
O(1)-H(10) 0.62(3)
0(2)-C(4) 1.425(3)
0(2)-H(20) 0.68(3)
0(3)-C(5) 1.425(3)
0(3)-H(30) 0.75(4)
0(4)-C(6) 1.428(3)
O(4)-H(40) 0.62(3)
C(1)-C(2) 1.525(4)
C(1)-H(1A) 0.96(3)
C(1)-H(1B) 0.91(3)
C(2)-H(2A) 0.99(3)
C(2)-H(2B) 0.96(3)
C(3)-H(3A) 0.94(3)
C(3)-H(3B) 0.93(3)
C(4)-H(4A) 0.94(3)
C(4)-H(4B) 0.95(3)
C(5)-H(5A) 0.95(3)
C(5)-H(5B) 1.00(3)
C(6)-H(6A) 0.89(3)
C(6)-H(6B) 0.94(3)
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PQ)#1-Fe(1)-P(2)
PQ)#1-Fe(1)-P(1)#1
P(2)-Fe(1)-P(1)#1
P(2)#1-Fe(1)-P(1)
P(2)-Fe(1)-P(1)
P(1)#1-Fe(1)-P(1)
P()#1-Fe(1)-CI(1)
P(2)-Fe(1)-CI(1)
P(1)#1-Fe(1)-CI(1)
P(1)-Fe(1)-CI(1)
PQ)#1-Fe(1)-CI(1)#1
P(2)-Fe(1)-CI(1)#1
P(1)#1-Fe(1)-CI(1)#1
P(1)-Fe(1)-CI(1)#1
CI(1)-Fe(1)-CI(1)#1
C4)-P(1)-C(3)
C#)-P(1)-C(1)
C(3)-P(1)-C(1)
C(4)-P(1)-Fe(1)
C(3)-P(1)-Fe(1)
C(1)-P(1)-Fe(1)
C(2)-P(2)-C(5)
C(2)-P(2)-C(6)
C(5)-P(2)-C(6)
C(2)-P(2)-Fe(1)
C(5)-P(2)-Fe(1)
C(6)-P(2)-Fe(1)
C(3)-0(1)-H(10)
C(4)-0(2)-H(20)
C(5)-0(3)-H(30)
C(6)-0(4)-H(40)
C(2)-C(1)-P(1)
C(2)-C(1)-H(1A)
P(1)-C(1)-H(1A)
C(2)-C(1)-H(1B)
P(1)-C(1)-H(1B)

180.0
84.48(2)
95.52(2)
95.52(2)
84.48(2)

180.00(3)
93.07(2)
86.93(2)
89.27(2)
90.73(2)
86.93(2)
93.07(2)
90.73(2)
89.27(2)

180.0

101.58(13)

102.46(13)
99.99(13)

118.22(10)

120.77(9)

110.93(9)
99.86(12)

102.70(13)

100.43(13)

108.79(9)

123.34(10)

118.53(9)

107(3)

109(3)

104(3)

109(3)

109.81(18)

111.4(15)

109.2(15)

111.5(17)

102.1(16)
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H(1A)-C(1)-H(1B) 1132)

C(1)-C(2)-P(2) 109.09(19)
C(1)-C(2)-H(2A) 111.3(16)
P(2)-C(2)-H(2A) 105.6(16)
C(1)-C(2)-H(?2B) 111.4(16)
P(2)-C(2)-H(2B) 110.3(16)
H(2A)-C(2)-H(2B) 109(2)
0(1)-C(3)-P(1) 113.16(19)
0(1)-C(3)-H(3A) 105.3(19)
P(1)-C(3)-HBA) 106.9(19)
0(1)-C(3)-H(3B) 109.5(16)
P(1)-C(3)-H(3B) 109.2(17)
H(3A)-C(3)-H(3B) 113(2)
0(2)-C(4)-P(1) 111.80(19)
0(2)-C(4)-H(4A) 110.1(15)
P(1)-C(4)-H(4A) 110.4(15)
0(2)-C(4)-H(4B) 106.4(15)
P(1)-C(4)-H(4B) 110.3(15)
H(4A)-C(4)-H(4B) 108(2)
0(3)-C(5)-P(2) 109.21(18)
0(3)-C(5)-H(5A) 111.1(17)
P(2)-C(5)-H(5A) 105.8(17)
0(3)-C(5)-H(5B) 111.1(17)
P(2)-C(5)-H(5B) 110.1(16)
H(5A)-C(5)-H(5B) 109(2)
0(4)-C(6)-P(2) 112.87(19)
0(4)-C(6)-H(6A) 112.1(18)
P(2)-C(6)-H(6A) 108.4(18)
0(4)-C(6)-H(6B) 107.6(18)
P(2)-C(6)-H(6B) 106.3(18)
H(6A)-C(6)-H(6B) 109(2)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+1,-z+1
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Table C.2.1.4. Anisotropic displacement parameters (A2x 10%)for trans-Fe(DHMPE),Cl,. The anisotropic

displacement factor exponent takes the form: -2(12[ h2a*2U!l + ...+ 2 hk a* b* U2

Ull UZZ U33 U23 U13 U12
Fe(1) 11(1) 10(1) 11(1) 0(1) 1(1) 0(1)
CI(1) 13(1) 16(1) 22(1) -1(1) 0(1) -1(1)
P(1) 14(1) 11(1) 13(1) 0(1) 1(1) 1(1)
PQ2) 15(1) 12(1) 12(1) 0(1) 2(1) 0(1)
o(1) 22(1) 12(1) 31(1) -1(1) 12(1) 3(1)
0Q) 21(1) 16(1) 47(1) 5(1) -10(1) 1(1)
003) 22(1) 17(1) 34(1) -10(1) 0(1) 1(1)
0(4) 30(1) 15(1) 21(1) 2(1) 13(1) -1(1)
c(1) 21(2) 16(1) 17(1) 3(1) 3(1) 1(1)
CQ2) 22(2) 16(1) 13(1) 2(1) 3(1) 2(1)
c@3) 21(2) 12(1) 20(2) -1(1) 0(1) 2(1)
C(4) 20(1) 17(1) 21(2) 4(1) 4(1) 5(1)
C(5) 23(2) 15(1) 14(1) 2(1) 1(1) -1(1)
C(6) 21(2) 14(1) 19(1) 2(1) 5(1) 0(1)
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Table C.2.1.5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)
for trans-Fe(DHMPE),Cl,.

X y z U(eq)
H(10) 50(30) 1180(20) 4660(30) 5(9)
H(20) 4050(40) 3690(20) 5780(30) 16(9)
H(30) -650(50) 7200(30) 8480(40) 49(12)
H(40) -3020(40) 5160(20) 9110(30) 20(11)
H(1A) 1160(30) 2407(19) 7150(20) 13(7)
H(IB) -780(40) 2690(20) 6940(20) 16(7)
H(2A) 1790(40) 4060(20) 7910(30) 25(8)
H(2B) 140(30) 3720(20) 8660(30) 14(7)
H(3A) -2010(40) 2520(20) 4630(30) 37(9)
H(3B) -680(30) 2360(20) 3560(30) 18(7)
H(4A) 3000(30) 3056(19) 4070(20) 10(7)
H(4B) 2710(30) 2120(20) 4900(20) 9(6)
H(5A) 190(30) 5640(20) 9040(30) 21(8)
H(5B) 1280(40) 6220(20) 8020(30) 25(8)
H(6A) -3440(40) 5250(20) 7180(30) 18(8)
H(6B) -3130(40) 4120(20) 7200(30) 25(8)
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Table C.2.1.6. Hydrogen bonds for trans-Fe(DHMPE),Cl, [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(3)-H(30)...0(2)#2 0.75(4) 1.94(4) 2.672(3) 167(4)
0(2)-H(20)...CI(1) 0.68(3) 2.42(3) 3.036(2) 152(3)
O(1)-H(10)...0(4)#3 0.62(3) 2.12(3) 2.731(3) 168(4)
0(4)-H(40)...0(1 44 0.62(3) 2.17(3) 2.733(3) 152(4)

Symmetry transformations used to generate equivalent atoms:

#1 -x,-y+1l,-z+1  #2 x+1/2,y+1/2,-z+3/2  #3 x+1/2,-y+1/2,2-1/2

#4 x-1/2,y+1/2,-2+3/2
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C.2.2. Crystallographic Data for DHMPE-2BHj3
Table C.2.2.1. Crystal data and structure refinement for DHMPE-2BH3.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4

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 F?

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

char5

C6 H22 B2 04 P2

241.80

1732) K

0.71073 A

Monoclinic

C2/c

a=18.092(3) A 0= 90°.
b=6.2042(11) A (0= 100.688(3)°.
c=11.7572) A 0 =90°.
1296.8(4) A3

4

1.238 Mg/m?

0.323 mm'!

520

0.27 x 0.12 x 0.02 mm?

2.29 to0 27.00°.

-22<=h<=22, -7<=k<=7, -14<=I<=15
6768

1408 [R(int) = 0.0549]

100.0 %

Semi-empirical from equivalents
0.9936 and 0.9179

Full-matrix least-squares on F2

1408 /0/108

1.058

R1=0.0484, wR2=10.1126
R1=0.0631, wR2 =0.1224

1.153 and -0.301 e.A3
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Table C.2.2.2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for DHMPE-2BH;. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
P(1) 3940(1) 1883(1) 9624(1) 19(1)
o(1) 2934(1) 4239(3) 8184(2) 27(1)
0(2) 3128(1) -1573(3) 8688(2) 32(1)
B(1) 4048(2) 3741(5) 10936(3) 29(1)
(1) 3635(2) 3193(4) 8220(2) 26(1)
CQ) 3235(2) -201(4) 9666(2) 24(1)
CQ3) 4789(1) 479(4) 9432(2) 23(1)
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Table C.2.2.3. Bond lengths [A] and angles [°] for DHMPE-2BHs.

P(1)-C(3) 1.815(2)
P(1)-C(2) 1.824(3)
P(1)-C(1) 1.831(3)
P(1)-B(1) 1.906(3)
o(1)-C(1) 1.418(3)
O(1)-H(10) 0.78(2)
0(2)-C(2) 1.415(3)
0(2)-H(20) 0.713)
B(1)-H(1B) 1.13(4)
B(1)-H(2B) 1.16(3)
B(1)-H(3B) 1.06(3)
C(1)-H(1A) 0.92(3)
C(1)-H(1C) 0.98(3)
C(2)-HQ2A) 0.95(3)
C(2)-HQ2C) 0.94(3)
C(3)-CR)H1 1.530(4)
C(3)-H(3A) 0.96(3)
C(3)-H(3C) 0.90(2)
C(3)-P(1)-C(2) 105.97(12)
C(3)-P(1)-C(1) 102.84(11)
C(2)-P(1)-C(1) 104.10(12)
C(3)-P(1)-B(1) 115.37(13)
C(2)-P(1)-B(1) 111.95(13)
C(1)-P(1)-B(1) 115.44(13)
C(1)-0(1)-H(10) 109.6(16)
C(2)-0(2)-H(20) 112(3)
P(1)-B(1)-H(1B) 102.5(19)
P(1)-B(1)-H(2B) 106.0(15)
H(1B)-B(1)-H(2B) 116(2)
P(1)-B(1)-H(3B) 106.9(17)
H(1B)-B(1)-H(3B) 115(3)
H(2B)-B(1)-H(3B) 109(2)
O(1)-C(1)-P(1) 110.43(17)
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O(1)-C(1)-H(1A) 110.1(17)

P(1)-C(1)-H(1A) 108.2(17)
O(1)-C(1)-H(1C) 108.6(17)
P(1)-C(1)-H(1C) 104.7(16)
H(1A)-C(1)-H(1C) 115(2)
0(2)-C(2)-P(1) 113.28(18)
0(2)-C(2)-HQ2A) 106.6(16)
P(1)-C(2)-H(2A) 108.6(16)
0(2)-C(2)-H(2C) 111.3(18)
P(1)-C(2)-H(2C) 109.2(18)
H(2A)-C(2)-H(2C) 108(2)
C)#1-C(3)-P(1) 112.02)
C)#1-C(3)-HBA) 109.2(17)
P(1)-C(3)-HBA) 105.7(17)
C3)#1-C(3)-H3C) 109.0(15)
P(1)-C(3)-H(3C) 109.5(15)
H(3A)-C(3)-H(3C) 111(2)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+2
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Table C.2.2.4. Anisotropic displacement parameters (A2x 103)for DHMPE-2BH;. The anisotropic

displacement factor exponent takes the form: -2[12[ h2a*2U!l + ... + 2 hk a* b* U2

Ull UZZ U33 U23 U13 U12
P(1) 20(1) 17(1) 18(1) 0(1) 0(1) 2(1)
o(1) 29(1) 17(1) 31(1) -1(1) “7(1) 3(1)
0Q) 36(1) 21(1) 33(1) -3(1) -13(1) 1(1)
B(1) 32(2) 26(1) 27(2) -6(1) 1(1) 2(1)
c(1) 30(1) 24(1) 23(1) 2(1) 0(1) 2(1)
CQ) 24(1) 20(1) 27(1) 1(1) 1(1) 0(1)
c@3) 23(1) 24(1) 20(1) 0(1) 2(1) 4(1)

Table 11. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A2x 103)

for DHMPE-2BH;.

X y z U(eq)
H(10) 3002(12) 5430(40) 8371(18) 9(6)
H(20) 2836(19) -1200(50) 8240(30) 47(11)
H(IB) 4090(20) 2570(60) 11680(30) 69(10)
H(2B) 3520(17) 4840(50) 10790(30) 55(9)
H(3B) 4537(18) 4690(50) 10930(30) 54(9)
H(1A) 3994(15) 4180(50) 8120(20) 36(8)
H(1C) 3565(16) 2010(50) 7660(20) 41(8)
H(2A) 3398(15) -1080(40) 10320(20) 30(7)
H(2C) 2783(17) 450(50) 9760(20) 38(8)
H(3A) 5100(16) 1550(40) 9160(20) 38(8)
H(3C) 4669(13) -580(40) 8920(20) 15(6)
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Table C.2.2.5. Torsion angles [°] for DHMPE-2BH3.

C(3)-P(1)-C(1)-0(1) 175.25(18)
C(2)-P(1)-C(1)-O(1) 64.9(2)
B(1)-P(1)-C(1)-O(1) -58.2(2)
C(3)-P(1)-C(2)-0(2) -54.9(2)
C(1)-P(1)-C(2)-0(2) 53.1(2)
B(1)-P(1)-C(2)-0(2) 178.49(18)
C(2)-P(1)-C(3)-C(3)#1 -79.4(3)
C(1)-P(1)-C(3)-C(3)#1 171.6(3)
B(1)-P(1)-C(3)-C(3)#1 45.0(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+2

Table C.2.2.6. Hydrogen bonds for DHMPE-2BHj; [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(1)-H(10)...0(2)#2 0.78(2) 1.90(3) 2.674(3) 175(2)
0(2)-H(20)...0(1)#3 0.71(3) 1.99(3) 2.687(3) 167(4)

Symmetry transformations used to generate equivalent atoms:

#1 -xt+1,-y,-z+2  #2x,y+l,z #3 x+1/2,y-1/2,-z+3/2
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APPENDIX D

SUPPORTING INFORMATION FOR CHAPTER V

D.1 Spectra

—=41,11

et bl
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Figure D.1.1. *'P {*"H} spectrum of [Cu(MeOPrPE),]PF; (1) in CDCls,.
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Figure D.1.2. ESI mass spectrum of [Cu(MeOPrPE),]PFs (1) in THF.
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Figure D.1.3. 3'P {*H} spectrum of [Cu(MeOPrPP),]PFs (2) in CDCls. Impurities at -70 ppm and +35
ppm are free MeOPrPP and oxidized MeOPrPP.
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Figure D.1.4. ESI mass spectrum of [Cu(MeOPrPP),]PF¢ (2) in THF.
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Figure D.1.5. *'P {*H} spectrum of [Cu(MPPE),]BPh, (3) in THF.
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Figure D.1.6. ESI mass spectrum of [Cu(MPPE),]BPh, (3) in THF.
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Figure D.1.7. *'P {"H} spectrum of [Cu(MPPP),]BPh, (4) in CDCl,.
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Figure D.1.8. ESI mass spectrum of [Cu(MPPP),]BPh, (4) in THF.
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Figure D.1.9. *'P {"H} spectrum of compound 5 in THF.
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Figure D.1.10. ESI mass spectrum of compound 5 in THF.
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Figure D.1.11. ESI mass spectrum of compound 6 in THF.
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Figure D.1.14. P {*H} spectrum of compound 7 in THF.
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Figure D.1.15. ESI mass spectrum of compound 7 in THF.
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Figure D.1.16. *P {*H} spectrum of compound 8 in THF.
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Figure D.1.17. ESI mass spectrum of compound 8 in THF.
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Figure D.1.18. *'P {*H} spectrum of compound 9 inCDCls.
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Figure D.1.19. 3P {*H} spectrum of compound 10 inCDCls.

Figure D.1.20. *'P {*H} spectrum of compound 11 inCDCl,.
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Figure D.1.21. 3P {*H} spectrum of compound 12 inCDCls.
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Figure D.1.22. *P NMR spectrum of Cu(DHMPE),CI in D,0.
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Figure D.1.23. ESI mass spectrum of Cu(DHMPE),CI in MeOH.
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D.2 Crystal Data

Table D.2.1. Crystal data and structure refinement for [Cu,(DHMPE),]CI,

Identification code charl0

Empirical formula C26 H72 CI2 Cu2 018 P8

Formula weight 1118.58

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=29.353(13) A a=90°.
b =10.653(5) A B=125.771(8)°.
c=18.737(9) A y=90°.

Volume 4754(4) A3

Z 4

Density (calculated) 1.563 Mg/m?3

Absorption coefficient 1.340 mm-!

F(000) 2336

Crystal size 0.16 x 0.14 x 0.03 mm3

Theta range for data collection 1.71 to 25.00°.

Index ranges -34<=h<=34, -12<=k<=12, -22<=|<=22

Reflections collected 22316

Independent reflections 4196 [R(int) = 0.0800]

Completeness to theta = 25.00° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9609 and 0.8142

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4196 /717291

Goodness-of-fit on F2 1.025

Final R indices [I1>2sigma(l)] R1=0.0427, wR2 = 0.0910

R indices (all data) R1=0.0630, wR2 = 0.1014

Largest diff. peak and hole 0.757 and -0.488 e. A3
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Table D.2.2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A2x 103)
for [Cuy(DHMPE)4]Cl,. U(eq) is defined as one third of the trace of the orthogonalized Uil tensor.

X y z U(eq)
Cu(1) 1190(1) 4934(1) 641(1) 17(2)
CI(1) 2752(1) 4875(1) -607(1) 36(1)
P(1) 1103(1) 6643(1) -162(1) 18(1)
P(2) 2100(1) 4784(1) 1132(1) 19(1)
P(3) 697(1) 3203(1) -87(1) 19(1)
P(4) 1060(1) 5353(1) 1692(1) 18(1)
0(1) 34(1) 7209(3) -1438(2) 34(1)
0(2) 1063(1) 9215(3) -239(2) 32(1)
0@3) 2593(1) 3375(3) 2575(2) 40(1)
O(4) 2842(1) 3640(3) 913(2) 29(1)
0O(5) 568(2) 797(3) 306(2) 46(1)
o(7) 1781(1) 3605(3) 2899(2) 32(1)
0(8) 1382(1) 6923(3) 3044(2) 34(1)
C®) 1747(2) 6648(4) -111(3) 22(1)
C(2 2255(2) 6256(4) 809(3) 22(1)
C(3) 539(2) 6895(4) -1338(3) 28(1)
C4) 1118(2) 8188(3) 289(3) 24(1)
C(5) 2667(2) 4558(4) 2302(3) 32(2)
C(6) 2274(2) 3576(4) 630(3) 25(1)
C(7) -61(2) 3267(4) -630(2) 20(2)
C(8) -341(2) 4307(4) -1321(2) 19(1)
C(©9) 915(2) 1863(4) 663(3) 32(1)
C(10) 753(2) 2568(4) -949(3) 32(1)
0O(6) 717(2) 3578(5) -1459(3) 75(2)
C(10A) 753(2) 2568(4) -949(3) 32(1)
O(6A) 276(6) 1727(14) -1597(10) 55(6)
C(11) 1240(2) 4135(4) 2517(2) 21(1)
C(12) 1470(2) 6684(4) 2387(3) 24(1)
0(19S) -287(2) 9653(4) -1525(3) 70(2)
C(19) -770(3) 9917(5) -2359(4) 68(2)
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Table D.2.3. Bond lengths [A] and angles [°] for [Cu,(DHMPE),]Cl,.

Cu()-P(3)
Cu(1)-P(4)
Cu()-P(2)
Cu(1)-P(1)
P(1)-C(1)
P(1)-C(4)
P(1)-C(3)
P(2)-C(2)
P(2)-C(5)
P(2)-C(6)
P(3)-C(7)
P(3)-C(9)
P(3)-C(10)
P(4)-C(12)
P(4)-C(8)#1
P(4)-C(11)
O(1)-C(3)
O(1)-H(10)
0(2)-C(4)
0(2)-H(20)
0(3)-C(5)
0(3)-H(30)
0(4)-C(6)
0(4)-H(40)
0(5)-C(9)
0(5)-H(50)
0(7)-C(11)
O(7)-H(70)
0(8)-C(12)
0(8)-H(80)
C(1)-C(2)
C(1)-H(1B)
C(1)-H(1C)
C(2)-H(2B)

2.2481(13)
2.2586(14)
2.2651(16)
2.2792(13)
1.837(4)
1.839(4)
1.845(4)
1.832(4)
1.834(4)
1.834(4)
1.827(4)
1.835(4)
1.845(4)
1.823(4)
1.832(4)
1.844(4)
1.420(5)
0.95(2)
1.419(5)
0.938(18)
1.423(5)
0.957(19)
1.426(5)
0.944(19)
1.407(5)
0.97(2)
1.424(5)
0.96(2)
1.423(4)
0.95(2)
1.537(5)
0.9900
0.9900
0.9900
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C(2)-H(2C)
C(3)-H(3B)
C(3)-H(3C)
C(4)-H(4B)
C(4)-H(4C)
C(5)-H(5B)
C(5)-H(5C)
C(6)-H(6A)
C(6)-H(6B)
C(7)-C(8)
C(7)-H(7B)
C(7)-H(7C)
C(8)-P(4)#1
C(8)-H(8B)
C(8)-H(8C)
C(9)-H(9A)
C(9)-H(9B)
C(10)-0(6)
C(10)-H(10A)
C(10)-H(10B)
0(6)-H(6C)
O(6A)-H(6AA)
C(11)-H(11A)
C(11)-H(11B)
C(12)-H(12A)
C(12)-H(12B)
0(1S)-C(1S)
C(1S)-H(1SA)
C(1S)-H(1SB)
C(1S)-H(1SC)

P(3)-Cu(1)-P(4)
P(3)-Cu(1)-P(2)
P(4)-Cu(1)-P(2)
P(3)-Cu(1)-P(1)
P(4)-Cu(1)-P(1)

0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.527(5)
0.9900
0.9900
1.832(4)
0.9900
0.9900
0.9900
0.9900
1.401(6)
0.9900
0.9900
0.8400
0.8400
0.9900
0.9900
0.9900
0.9900
1.393(6)
0.9800
0.9800
0.9800

108.29(4)
112.14(4)
114.83(4)
118.08(5)
114.03(5)
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P(2)-Cu(1)-P(1)
C(1)-P(1)-C(4)
C(1)-P(1)-C(3)
C(4)-P(1)-C(3)
C(1)-P(1)-Cu(1)
C(4)-P(1)-Cu(1)
C(3)-P(1)-Cu(1)
C(2)-P(2)-C(5)
C(2)-P(2)-C(6)
C(5)-P(2)-C(6)
C(2)-P(2)-Cu(1)
C(5)-P(2)-Cu(1)
C(6)-P(2)-Cu(1)
C(7)-P(3)-C(9)
C(7)-P(3)-C(10)
C(9)-P(3)-C(10)
C(7)-P(3)-Cu(1)
C(9)-P(3)-Cu(1)
C(10)-P(3)-Cu(1)
C(12)-P(4)-C(8)#1
C(12)-P(4)-C(12)
C(8)#1-P(4)-C(11)
C(12)-P(4)-Cu(1)
C(8)#1-P(4)-Cu(1)
C(11)-P(4)-Cu(1)
C(3)-0(1)-H(10)
C(4)-0(2)-H(20)
C(5)-0(3)-H(30)
C(6)-O(4)-H(40)
C(9)-0(5)-H(50)
C(11)-0(7)-H(70)
C(12)-0(8)-H(80)
C(2)-C(1)-P(1)
C(2)-C(1)-H(1B)
P(1)-C(1)-H(1B)
C(2)-C(1)-H(1C)

88.59(4)
103.11(18)
103.92(19)
100.50(19)
104.64(12)
116.61(13)
125.49(14)
106.30(19)
103.48(18)
101.02(19)
105.48(13)
121.65(14)
117.18(14)
102.86(19)
103.27(19)
102.4(2)
116.72(13)
111.11(15)
118.44(15)
104.55(18)
101.69(19)

99.14(17)
113.46(13)
116.92(13)
118.75(13)
112(4)
109(2)
102(3)
106(3)
105(5)
103(3)
106(4)
110.6(3)
109.5
109.5
109.5
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P(1)-C(1)-H(1C)
H(1B)-C(1)-H(1C)
C(1)-C(2)-P(2)
C(1)-C(2)-H(2B)
P(2)-C(2)-H(2B)
C(1)-C(2)-H(2C)
P(2)-C(2)-H(2C)
H(2B)-C(2)-H(2C)
O(1)-C(3)-P(2)
0(1)-C(3)-H(3B)
P(1)-C(3)-H(3B)
0(1)-C(3)-H(3C)
P(1)-C(3)-H(3C)
H(3B)-C(3)-H(3C)
0(2)-C(4)-P(2)
0(2)-C(4)-H(4B)
P(1)-C(4)-H(4B)
0(2)-C(4)-H(4C)
P(1)-C(4)-H(4C)
H(4B)-C(4)-H(4C)
0(3)-C(5)-P(2)
0(3)-C(5)-H(5B)
P(2)-C(5)-H(5B)
0(3)-C(5)-H(5C)
P(2)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
0(4)-C(6)-P(2)
0(4)-C(6)-H(6A)
P(2)-C(6)-H(6A)
0(4)-C(6)-H(6B)
P(2)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(8)-C(7)-P(3)
C(8)-C(7)-H(7B)
P(3)-C(7)-H(7B)
C(8)-C(7)-H(7C)

109.5
108.1
109.7(3)
109.7
109.7
109.7
109.7
108.2
109.3(3)
109.8
109.8
109.8
109.8
108.3
114.0(3)
108.7
108.7
108.7
108.7
107.6
108.9(3)
109.9
109.9
109.9
109.9
108.3
113.0(3)
109.0
109.0
109.0
109.0
107.8
112.0(2)
109.2
109.2
109.2
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P(3)-C(7)-H(7C)
H(7B)-C(7)-H(7C)
C(7)-C(8)-P(4)#1
C(7)-C(8)-H(8B)
P(4)#1-C(8)-H(8B)
C(7)-C(8)-H(8C)
P(4)#1-C(8)-H(8C)
H(8B)-C(8)-H(8C)
0(5)-C(9)-P(3)
0(5)-C(9)-H(9A)
P(3)-C(9)-H(9A)
0(5)-C(9)-H(9B)
P(3)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
0(6)-C(10)-P(3)
0(6)-C(10)-H(10A)
P(3)-C(10)-H(10A)
0(6)-C(10)-H(10B)
P(3)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(10)-0(6)-H(6C)
O(7)-C(11)-P(4)
O(7)-C(11)-H(11A)
P(4)-C(11)-H(11A)
0(7)-C(11)-H(11B)
P(4)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
0(8)-C(12)-P(4)
0(8)-C(12)-H(12A)
P(4)-C(12)-H(12A)
0(8)-C(12)-H(12B)
P(4)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
0(1S)-C(1S)-H(1SA)
0(1S)-C(1S)-H(1SB)
H(1SA)-C(1S)-H(1SB)

109.2
107.9
113.2(2)
108.9
108.9
108.9
108.9
107.7
115.6(3)
108.4
108.4
108.4
108.4
107.4
107.8(3)
110.1
110.1
110.1
110.1
108.5
109.5
112.8(3)
109.0
109.0
109.0
109.0
107.8
112.2(3)
109.2
109.2
109.2
109.2
107.9
109.5
109.5
109.5
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0(1S)-C(1S)-H(1SC) 109.5
H(1SA)-C(1S)-H(1SC) 1095
H(1SB)-C(1S)-H(1SC) 1095

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y+1,-z

250



Table D.2.4. Anisotropic displacement parameters (A2x 103)for [Cu,(DHMPE),]Cl,. The anisotropic

displacement factor exponent takes the form: -2n2[ hZa*2Ul + .. + 2 h k a* b* U12]

Ull U22 U33 U23 U13 U12
cu@)  16(1) 19(1) 16(1) 1(1) 9(1) 1(1)
CI(1) 34(1) 41(1) 30(1) 6(1) 18(1) -6(1)
P() 18(1) 18(1) 16(1) 1(1) 10(1) 1(1)
PQ) 15(1) 26(1) 16(1) 0(1) 9(1) 2(1)
P@3) 20(1) 18(1) 19(1) 0(1) 12(1) 2(1)
P(4) 16(1) 22(1) 16(1) -1(1) 10(1) -1(1)
o(1) 20(2) 34(2) 35(2) 8(2) 9(1) 2(1)
0(2) 31(2) 18(2) 41(2) 6(1) 18(2) 0(1)
0(3) 36(2) 59(2) 29(2) 22(2) 22(2) 24(2)
0(4) 26(2) 38(2) 30(2) 14(1) 21(2) 15(1)
0(5) 63(2) 24(2) 65(2) 0Q2) 45(2) -3(2)
o(7) 30(2) 38(2) 29(2) 92) 18(2) 11(2)
0(8) 32(2) 48(2) 31(2) -20(2) 24(2) -15(2)
cQ) 22(2) 20(2) 28(2) 3(2) 17(2) -1(2)
c@) 16(2) 21(2) 27(2) -4(2) 12(2) -2(2)
c@) 31(3) 27(2) 20(2) 0(2) 11(2) -2(2)
c() 23(2) 21(2) 30(2) -5(2) 17(2) -2(2)
cE) 20(2) 54(3) 19(2) 3(2) 10(2) 70)
C(6) 26(2) 29(2) 22(2) 0Q2) 15(2) 22)
c() 19(2) 20(2) 22(2) -4(2) 13(2) -3(2)
c(8) 15(2) 25(2) 20(2) -3(2) 11(2) -1(2)
C©9) 41(3) 22(2) 36(3) 6(2) 25(2) 402)
c(0)  32(3) 42(3) 31(2) -6(2) 24(2) 12)
0(6) 100(4) 100(4) 73(4) 58(3) 77(4) 71(3)
C(10A)  32(3) 42(3) 31(2) -6(2) 24(2) 12)
O(6A)  61(11) 67(11) 56(10) -50(9) 45(9) -37(8)
cal)  192) 29(2) 18(2) 0Q2) 12(2) 0(2)
c12)  20(2) 30(2) 25(2) -3(2) 15(2) -3(2)
o(1S)  52(3) 58(3) 79(3) 8(2) 26(2) 6(2)
cas) 724 62(4) 61(4) 23(3) 33(4) 33(3)
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Table D.2.5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 103)
for [CUz(DHMPE)4]CI2

X y z U(eq)
H(1B) 1705 6060 -555 26
H(1C) 1811 7499 -249 26
H(2B) 2341 6922 1240 26
H(2C) 2588 6144 804 26
H(3B) 644 7582 -1570 34
H(3C) 482 6122 -1675 34
H(4B) 809 8227 360 29
H(4C) 1476 8275 880 29
H(5B) 3035 4583 2395 38
H(5C) 2658 5238 2653 38
H(6A) 2205 2738 778 30
H(6B) 2022 3670 -18 30
H(7B) -230 2450 -916 23
H(7C) -134 3412 -183 23
H(8B) -346 4058 -1834 23
H(8C) -113 5081 -1071 23
H(9A) 1299 1616 870 38
H(9B) 934 2141 1183 38
H(10A) 1116 2128 -677 38
H(10B) 446 1963 -1321 38
H(6C) 923 3439 -1625 113
H(10C) 773 3278 -1271 38
H(10D) 1109 2092 -663 38
H(6AA) 171 1910 -2108 83
H(11A) 1226 4506 2989 26
H(11B) 955 3458 2235 26
H(12A) 1874 6514 2675 28
H(12B) 1368 7440 2015 28
H(1SA) -880 10793 -2381 102
H(1SB) -1074 9361 -2484 102
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H(1SC)
H(20)
H(30)
H(40)
H(80)
H(50)
H(10)
H(70)

-695
1422(10)
2242(13)
2840(20)
1687(18)

630(40)

-20(20)
2028(19)

9784
9480(40)
3490(50)
4080(40)
7430(50)

450(80)
8090(20)
4170(40)

-2800

-50(20)
2490(40)
470(20)
3470(30)
-110(50)

-1450(40)

3370(30)

102
28(12)
80(20)
68(17)

110(20)

190(40)
90(20)
78(19)
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Table D.2.6. Torsion angles [°] for [Cuy(DHMPE),]Cl,.

P(3)-Cu(1)-P(1)-C(2) -103.09(14)
P(4)-Cu(1)-P(1)-C(2) 128.05(14)
P(2)-Cu(1)-P(1)-C(2) 11.38(14)
P(3)-Cu(1)-P(1)-C(4) 143.76(15)
P(4)-Cu(1)-P(1)-C(4) 14.91(16)
P(2)-Cu(1)-P(1)-C(4) -101.77(15)
P(3)-Cu(1)-P(1)-C(3) 16.35(18)
P(4)-Cu(1)-P(1)-C(3) -112.50(18)
P(2)-Cu(1)-P(1)-C(3) 130.82(17)
P(3)-Cu(1)-P(2)-C(2) 132.02(14)
P(4)-Cu(1)-P(2)-C(2) -103.81(14)
P(1)-Cu(1)-P(2)-C(2) 12.13(13)
P(3)-Cu(1)-P(2)-C(5) -107.13(18)
P(4)-Cu(1)-P(2)-C(5) 17.05(19)
P(1)-Cu(1)-P(2)-C(5) 132.98(18)
P(3)-Cu(1)-P(2)-C(6) 17.55(16)
P(4)-Cu(1)-P(2)-C(6) 141.72(15)
P(1)-Cu(1)-P(2)-C(6) -102.34(16)
P(4)-Cu(1)-P(3)-C(7) 59.19(14)
P(2)-Cu(1)-P(3)-C(7) -173.07(14)
P(1)-Cu(1)-P(3)-C(7) -72.29(14)
P(4)-Cu(1)-P(3)-C(9) -58.29(16)
P(2)-Cu(1)-P(3)-C(9) 69.44(16)
P(1)-Cu(1)-P(3)-C(9) 170.22(15)
P(4)-Cu(1)-P(3)-C(10) -176.41(17)
P(2)-Cu(1)-P(3)-C(10) -48.67(17)
P(1)-Cu(1)-P(3)-C(10) 52.10(17)
P(3)-Cu(1)-P(4)-C(12) 176.43(15)
P(2)-Cu(1)-P(4)-C(12) 50.25(16)
P(1)-Cu(1)-P(4)-C(12) -49.92(16)
P(3)-Cu(1)-P(4)-C(8)#1 -61.72(15)
P(2)-Cu(1)-P(4)-C(8)#1 172.09(14)
P(1)-Cu(1)-P(4)-C(8)#1 71.92(15)
P(3)-Cu(1)-P(4)-C(11) 57.08(15)
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P(2)-Cu(1)-P(4)-C(11)
P(1)-Cu(1)-P(4)-C(11)
C(4)-P(1)-C(1)-C(2)
C(3)-P(1)-C(1)-C(2)
Cu(1)-P(1)-C(1)-C(2)
P(1)-C(1)-C(2)-P(2)
C(5)-P(2)-C(2)-C(2)
C(6)-P(2)-C(2)-C(1)
Cu(1)-P(2)-C(2)-C(1)
C(1)-P(1)-C(3)-O(1)
C(4)-P(1)-C(3)-0O(1)
Cu(1)-P(1)-C(3)-O(1)
C(1)-P(1)-C(4)-O(2)
C(3)-P(1)-C(4)-0(2)
Cu(1)-P(1)-C(4)-0(2)
C(2)-P(2)-C(5)-0(3)
C(6)-P(2)-C(5)-0(3)
Cu(1)-P(2)-C(5)-0(3)
C(2)-P(2)-C(6)-O(4)
C(5)-P(2)-C(6)-O(4)
Cu(1)-P(2)-C(6)-O(4)
C(9)-P(3)-C(7)-C(8)
C(10)-P(3)-C(7)-C(8)
Cu(1)-P(3)-C(7)-C(8)
P(3)-C(7)-C(8)-P(4)#1
C(7)-P(3)-C(9)-0(5)
C(10)-P(3)-C(9)-O(5)
Cu(1)-P(3)-C(9)-O(5)
C(7)-P(3)-C(10)-O(6)
C(9)-P(3)-C(10)-0(6)
Cu(1)-P(3)-C(10)-O(6)
C(12)-P(4)-C(11)-O(7)
C(8)#1-P(4)-C(11)-0(7)
Cu(1)-P(4)-C(11)-0(7)
C(8)#1-P(4)-C(12)-O(8)
C(11)-P(4)-C(12)-O(8)
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-69.10(15)
-169.27(15)
83.8(3)
-171.7(3)
-38.7(3)
51.3(3)
-169.4(3)
84.7(3)
-39.0(3)
-166.2(3)
-59.7(3)
74.1(3)
65.9(3)
-41.3(3)
179.9(2)
-175.4(3)
-67.7(3)
64.1(3)
58.2(3)
-51.8(3)
173.7(2)
-178.0(3)
-71.7(3)
60.1(3)
-166.46(19)
43.4(4)
-63.6(4)
169.0(3)
86.2(4)
-167.2(3)
-44.6(4)
-76.8(3)
176.2(3)
48.5(3)
51.7(3)
-51.1(3)



Cu(1)-P(4)-C(12)-O(8) -179.8(2)

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y+1,-z
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Table D.2.7. Hydrogen bonds for [Cu,(DHMPE),]CI, [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(6)-H(6C)...O(8)#2 0.84 1.82 2.662(5) 1775
O(6A)-H(BAA)...O(6A)#3 0.84 1.98 2.77(3) 156.0
0(2)-H(20)...CI(1)#4 0.938(18) 2.09(2) 3.017(3) 169(3)
0(3)-H(30)...0(7) 0.957(19) 1.90(3) 2.792(4) 153(5)
0(4)-H(40)...CI(1) 0.944(19) 2.07(2) 3.005(3) 172(5)
0(8)-H(80)...0(4)#5 0.95(2) 1.74(2) 2.675(4) 167(6)
0(5)-H(50)...0(2)#6 0.97(2) 1.94(6) 2.781(5) 143(7)
0(5)-H(50)...0(1S)#6 0.97(2) 2.58(8) 3.081(6) 112(6)
0(1)-H(10)...0(1S) 0.95(2) 1.81(2) 2.741(5) 165(5)
O(7)-H(70)...CI(L)#7 0.96(2) 2.11(3) 3.042(3) 163(5)

Symmetry transformations used to generate equivalent atoms:
#1 -X,-y+1,-z  #2 X,-y+1,z-1/2  #3 -X,y,-z-1/2

#4 -x+1/2,-y+3/2,-z  #5 -x+1/2,y+1/2,-z+1/2 #6 X,y-1,Z

#7 X,-y+1,2+1/2
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APPENDIX E
CRYSTAL STRUCTURE OF

1,2-BIS-(PHENYLPHOSPHINATO)ETHANE

Figure E.1. ORTEP representation of 1,2-bis(phenylphosphinato)ethane. Ellipsoids are
drawn at 50% probability, and nonpolar hydrodgen atoms have been omitted for clarity.
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Figure E.2. Packing of 1,2-bis(phenylphosphinato)ethane, showing n-stacking and
intramolecular hydrogen-bonding with waters of crystallization.
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E.2. Crystallographic Data Tables

Table E.2.1. Crystal data and structure refinement for 1,2-bis(phenylphosphinato)-

ethane.

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(])]
R indices (all data)

Largest diff. peak and hole

charll

C14 H20 O6 P2

346.24

173(2) K

0.71073 A

Monoclinic

P2(1)/n

a=10.8280(16) A a=90°.
b=6.2455(10) A b=91.177(2)°.
c=12.861(2) A g=90°.
869.5(2) A3

2

1.322 Mg/m3

0.273 mm-!

364

0.27 x 0.23 x 0.12 mm3

2.43 to 27.00°.

-13<=h<=13, -7<=k<=7, -16<=I<=16
9251

1888 [R(int) = 0.0213]

100.0 %

Semi-empirical from equivalents
0.9679 and 0.9298

Full-matrix least-squares on F2
1888/0/112

1.093

R1=0.0390, wR2 = 0.1045
R1=0.0431, wR2 =0.1085

0.409 and -0.385 e.A-3
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Table E.2.2. Atomic coordinates (x 10%) and equivalent isotropic displacement
parameters (A2x 103) for 1,2-bis(phenylphosphinato)ethane. U(eq) is defined as one
third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
P(1) 8402(1) 1927(1) 5459(1) 28(1)
O(1) 7789(1) 487(2) 6217(1) 40(1)
0(2) 9208(1) 3728(2) 5950(1) 37(1)
C(1) 9482(2) 518(3) 4672(1) 32(1)
C(2) 7283(2) 3127(3) 4598(1) 36(1)
C@3) 6126(2) 2218(6) 4494(2) 83(1)
C4) 5256(3) 3103(9) 3818(3) 122(2)
C(%) 5523(3) 4894(7) 3271(2) 95(1)
C(6) 6673(3) 5807(5) 3356(2) 76(1)
C(7) 7566(2) 4916(4) 4021(2) 53(1)
O(1S) 8284(2) 6587(3) 6995(1) 62(1)

261



Table E.2.3. Bond lengths [A] and angles [°] for 1,2-bis(phenylphosphinato)ethane.

P(1)-0(1)
P(1)-0(2)
P(1)-C(2)
P(1)-C(1)
0(2)-H(10)
C(1)-C(1)#1
C(1)-H(1B)
C(1)-H(1C)
C(2)-C(7)
C(2)-C(3)
C(3)-C(4)
C(3)-H(3A)
C(4)-C(5)
C(4)-H(4A)
C(5)-C(6)
C(5)-H(5A)
C(6)-C(7)
C(6)-H(6A)
C(7)-H(7A)
O(1S)-H(10)
O(18)-H(1S)
O(1S)-H(2S)

0(1)-P(1)-0(2)
0(1)-P(1)-C(2)
0(2)-P(1)-C(2)
O(1)-P(1)-C(1)
0(2)-P(1)-C(1)
C(2)-P(1)-C(1)
P(1)-0(2)-H(10)
C(1)#1-C(1)-P(1)
C(1)#1-C(1)-H(1B)
P(1)-C(1)-H(1B)
C(1)#1-C(1)-H(1C)

1.4928(13)
1.5500(13)
1.7883(18)
1.7927(16)
1.06(3)
1.534(3)
0.9900
0.9900
1.380(3)
1.380(3)
1.383(4)
0.9500
1.355(5)
0.9500
1.373(5)
0.9500
1.393(3)
0.9500
0.9500
1.40(3)
0.87(3)
0.91(4)

115.11(8)
110.63(8)
108.45(8)
112.15(8)
102.64(8)
107.32(8)
117.6(14)
111.97(15)
109.2
109.2
109.2
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P(1)-C(1)-H(1C)
H(1B)-C(1)-H(1C)
C(7)-C(2)-CB)
C(7N)-C2)-P(1)
C(3)-C(2)-P(1)
C(2)-CB3)-C(4)
C(2)-C(3)-H(3A)
C(4)-C(3)-H(3A)
C(5)-C(4)-CB)
C(5)-C(4)-H(4A)
C(3)-C(4)-H(4A)
C(H-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(5)-C(6)-C(7)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6A)
C(2)-C(7)-C(6)
C(2)-C(7)-H(7A)
C(6)-C(7)-H(7A)
H(10)-O(18)-H(1S)
H(10)-O(18)-H(2S)
H(1S)-O(1S)-H(2S)

109.2
107.9
119.52)
121.16(15)
119.37(18)
120.1(3)
119.9
119.9
120.4(3)
119.8
119.8
120.3(2)
119.9
119.9
120.0(3)
120.0
120.0
119.72)
120.2
120.2
116(2)
122(2)
116(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,-y,-z+1
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Table E.2.4. Anisotropic displacement parameters (A2x 103)for 1,2-bis(phenyl-

phosphinato)ethane. The anisotropic displacement factor exponent takes the form:
2p2[ h2a*2Ull +  +2hka*b* UI2].

ull U22 U33 U23 yl3 ul2
P(1) 30(1) 27(1) 28(1) 0(1) 5(1) 3(1)
o(1) 46(1) 34(1) 39(1) 6(1) 14(1) 3(1)
0(2) 35(1) 36(1) 40(1) -8(1) 3(1) 0(1)
C(1) 35(1) 33(1) 28(1) -2(1) 5(1) 6(1)
C(12) 31(1) 43(1) 34(1) 1(1) 2(1) 6(1)
C@3) 41(1) 131(3) 78(2) 43(2) -13(1) -22(2)
CH4) 41(1) 226(5) 97(2) 66(3) -20(2) -11(2)
C(5) 59(2) 166(4) 59(2) 28(2) -8(1) 44(2)
C(6) 103(2) 72(2) 54(1) 20(1) -8(1) 30(2)
C(7) 60(1) 46(1) 52(1) 10(1) -8(1) 3(1)
O(1S) 105(2) 34(1) 50(1) 5(1) 38(1) 13(1)
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Table E.2.5. Hydrogen coordinates (x 104) and isotropic displacement parameters (A2x
103) for 1,2-bis(phenylphosphinato)ethane.

X y z U(eq)
H(1B) 9039 -607 4270 38
H(1C) 9847 1527 4170 38
H3A) 5926 983 4887 100
H(4A) 4467 2452 3737 146
H(5A) 4910 5519 2827 114
H(6A) 6861 7047 2961 91
H(7A) 8366 5537 4076 63
H(10) 8750(20) 4910(40) 6401(19) 62(7)
H(1S) 7920(30) 6210(50) 7560(30) 86(10)
H(2S) 8010(30) 7830(60) 6700(30) 92(10)
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Table E.2.6. Torsion angles [°] for 1,2-bis(phenylphosphinato)ethane.

O(1)-P(1)-C(1)-C(1)#1
0(2)-P(1)-C(1)-C(1)#1
C(2)-P(1)-C(1)-C(1)#1

O(1)-P(1)-C(2)-C(7)
O(2)-P(1)-C(2)-C(7)
C(1)-P(1)-C(2)-C(7)
O(1)-P(1)-C(2)-C(3)
O(2)-P(1)-C(2)-C(3)
C(1)-P(1)-C(2)-C(3)
C(7)-C(2)-C3)-C(4)
P(1)-C(2)-C(3)-C(4)
C(2)-CB3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
C(3)-C(2)-C(7)-C(6)
P(1)-C(2)-C(7)-C(6)
C(5)-C(6)-C(7)-C(2)

-60.33(19)
63.78(18)
177.97(16)
162.61(16)
35.49(19)
-74.74(18)
-18.8(3)
-146.0(2)
103.8(2)
-0.3(5)
-178.9(3)
-1.5(6)
2.2(6)
-1.2(5)
1.3(4)
179.83(19)
-0.6(4)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,-y,-z+1
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Table E.2.7. Hydrogen bonds for 1,2-bis(phenylphosphinato)ethane [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(2)-H(10)..0(1S)  1.06(3) 1.40(3) 2.459(2) 173(2)
O(1S)-H(1S)..0(1)#2  0.87(3) 1.82(3) 2.687(2) 178(3)
O(1S)-H(2S)..0(1)#3  0.91(4) 1.78(4) 2.682(2) 167(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+2,-y,-z+1  #2 -x+3/2,y+1/2,-z+3/2 #3 x,y+1,z
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