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BACKGROUND

Coenzyme B;,, 5'-deoxyadenosylcobalamin, a derivative of vitamin
Byo, is a molecule of particular interest to both chemists and
biochemists. Although it is a very important molecule to several
familiar biochemical reactions, we, as of yet, do not fully understand
the mechanism through which B;o functions. By works with a number of
different enzymes to catalyze at least twelve chemical reactions of two
principle types: organic skeletal rearrangements and biological
methylations. Enzymes, using an analogy, are the machinery in the
factory (our bodies) which produce all the essential chemical building
blocks which make up our body and keep us alive. They also break down
or modify chemical building blocks obtained by food consumption.
Enzymes are catalysts, that is, they are regenerated at the end of a
chemical reaction so they can catalyze the same reaction again. One
enzyme can catalyze a reaction thousands of times before it "dies".
However, because enzymes "die", they must be made constantly. Though it
is not understood well at all, it is thought that the process of aging
may in part be linked to: the body’s ability to produce enough enzymes,
defects in the enzymes themselves, especially older enzymes, or a
combination of the above.

B;o is unique in that it is the only biological molecule known
to contain cobalt. The key structural features of the coenzyme are
(Figure 1): the cobalt atom, which is surrounded by four nitrogens of

the corrin ring, the base (a-ribazole), which is in the axial base
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second part of the molecule, but is overall neutral), while the model is
not.

The research contained in this thesis involves the chemistry of
this model compound, specifically the study of a new molecule made as a
result of 1 rearranging when exposed to heat or light. This chemistry
is important to study because it is a little studied type of reaction
and could, for example, provide information about catalyst degradation
pathways. The goal of this research is to characterize fully the
rearrangement product, to study the kinetics of the reaction which forms
it, and ultimately, to propose a mechanism for its formation.

It is important to learn as much as possible about the chemistry
of this new molecule for several reasons. First, since no others have
been reported, this molecule is presumably the first to demonstrate this
particular type of rearrangement. Consequently, this knowledge would be
very interesting to chemists who study organometallic compounds (organic
molecules which contain metal atoms), especially those who study the
nature of the metal-carbon bond. Second, reversible migrations such as
this one have not been well documented and are largely unknown. This
rearrangement may be important to metallofactor catalyst degradation
(eg. Byp). Third, the rearrangement product may be important to how By
works. Restated, it may be similar in structure to what By, looks like
while By, is actually catalyzing a reaction (often some higher energy
species which cannot be put in a bottle or examined directly does the
actual catalysis). Fourth, 1l is just one of many similar molecules which
have been synthesized to study B;,. However, other than their obvious
similarities to By,, very little is known about their chemistry,

stability and reactivity. Understanding the structure and formation of



this rearrangement product will provide valuable information about these
molecules which have not previously been studied in great detail.

Fifth, though these molecules do not, as of yet, have any direct
usefulness other than their use in studying B1o (probably because not
enough of their chemistry is known) it is of intrinsic value to the
continued accumulation of chemical knowledge that we learn as much as
possible about them. Finally, and perhaps most importantly, because we
do not understand these molecules, we should study them, for experience
teaches that putting our effort into things that we understand the least

yields the most important results.



INTRODUCTION

As part of cobalt-carbon thermolysis bond dissociation energy
studiesl reported previously, an unusual product was formed in the
absence of the free radical trap TEMPO. A number of confusing
observations were made which caused us to pursue this product in hopes
of better understanding the chemistry involved: The product was red in
color (similar to CoII~) with Anax = 525 nm (CoII- = 522 nm), yet the

product was diamagnetic by NMR, unlike Coll

+ which is paramagnetic; no
(<5%) bibenzyl, a well-known radical termination product, was observed;
the product contained low symmetry by Iy NMR in contrast to the very
symmetrical parent compound; the benzyl group was still present in the
molecule however, but not on cobalt (i.e. the molecule is a structural
isomer of the starting material); the reaction appeared to be related to
several reports of rearrangements in similar porphyrin, cobaloxime, and
salen ring systems (most of which are structurally ill-defined).

Herein is reported the synthesis, characterization, and kinetic
studies of this product, (8P-5-15)-[2-[[3-[[2-(hydroxyamino)-1l-methyl-2-
(phenylmethyl)butylidene]-amino]propyl]imino]-3-pentanone oximato(2-)-
N,N’,N’’N’'’'"}iodocobalt, 2. The results described report an
unprecedented cobalt-carbon to macrocycle carbon reversible benzyl
migration, including characterization of the product by x-ray

crystallography, and rate and equilibrium constants for both the forward

and reverse migration reactions.



Photolysis of C6HSCH200(III)[(DO)(DOH)pn]I, 1, in the absence of
TEMPO radical trap gave an unusual product 2 (Scheme 1). NMR showed
that the bridging hydroxylic proton of 1 was still present in 2, but had
shifted from § 20.24 to § 17.47 (in d6-benzene). Similarly, the benzyl
peaks of 1 were still present, but had changed in number from three to
two in 2. This evidence suggested that the macrocycle was still intact,
but that the benzyl group previously attached to cobalt had migrated to

another position within the molecule, a phenomenon previously documented

especially in porphyrin (but not in the present) systems.

The crystal structure of 2 provided the unprecedented result that
the benzyl group had migrated, not to a ring nitrogen as suggested by
the literature, but to a ring carbon adjacent to nitrogen, trans to the
iodine atom. The elemental analysis and mass spectrum of 2 were
consistent with the crystal structure; together the results require that

2 is a more stable isomer of 1.

Photolysis of 1 at ambient temperature quantitatively yielded 2
(100 % 5%) both by 1H NMR and by visible spectroscopy. Photolysis of 1

at 69°C also quantitatively yielded 2.

Thermolysis of 1 in the absence of TEMPO trap did not yield pure
2, but rather a mixture of 1 and 2. The ratio of the two species in the
mixture was constant over a 26°C temperature range (69-85°C), 40 * 2% 1
and 60 * 2% 2. The same mixture was obtained starting with either 1 or
2, which indicates that the migration is reversible. The total sum of
the two hydroxylic protons remained constant throughout the reaction and

I1 1

there was no sign of bibenzyl or Co”"- by "H NMR, suggesting that the

reaction proceeds cleanly. Thermolysis of either 1 or 2 at visible
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spectroscopy concentrations (ca. 1 X 1074 M) also proceeds cleanly. The
final spectrum matched that of a weighted average spectrum of 40% 1, 60%

2 (5% machine uncertainty).

This temperature-independent 40/60 ratio implies that Keq69° -
1.5 £ 0.1, which in turn implies that AGosgo = -0.28 * 0.02 kcal/mol,
AH® = 0.00 * 0.02 kcal/mol, and AS® = 0.82 * 0.06 cal/molsK.
Exponential fitting of 1H NMR data indicated first-order kinetics with

kips = 3.6 £ 0.7 x 10"%sec” L. This value and Keg imply k; = 2.2 #

q
0.9 x 10 ?sec” M1 and k1 =1.420.3x 1072 sec M1,

Thermolysis of 2 with TEMPO quantitatively yielded coID) ang
benzylTEMPO (96 * 6%) by gas chromatography. An Arrhenius plot of 1n
k vs. 1/T for four temperatures over a 30°C temperature range gave a
linear plot with AH# = 25 * 1 kcal/mol, AS# =8+ 3 e,u., and Asto* -
27 £ 1 kcal/mol. The rate constant for this trapping reaction was
1.6 x 10°° sec'1 at 69°C, 31x smaller than the rate constant for the

reaction of 1 and TEMPO at 69°C (5.0 X 1074 sec-l).
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LITERATURE BACKGROUND

There are a number of papers in the literature which demonstrate
alkyl migrations as well as migrations of other groups from metal
centers to equatorial ligands in some systems. However, many of these
papers may be of little relevance due to the fact that they propose
migrations to nitrogen (mostly without structural evidence), while our
crystal structure of 2 demonstrates an unprecedented migration to
carbon.

4-6 all remain relevant,

Papers by Gaudemerz, Balch3, and Mansuy
however, as they all demonstrate reversibility in their ligand
migrations. Our system consisting of 1 and 2 has also proven to be
reversible.

Using alkylcobaloximes, Gaudemer studied electrolytic reductions
of organic compounds involving alkyl-cobalt intermediates. The cleavage
of the cobalt-carbon bond during reduction of the alkyl-cobalt compounds
was confirmed by cyclic voltammetry. With some optically active cobalt
compounds, complete retention of configuration was observed. To account
for this result, reversible trapping of the alkyl groups by the
equatorial ligand was proposed. Gaudemer postulates that the alkyl

group is transferred to an "appropriate position" on the equatorial

ligand by an undefined mechanism. He suggests nitrogen, but no

structural evidence is given. Note that our crystal ‘structure data now

suggest, as the better precedented possibility, migration to carbon.
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Mansuy found evidence for reversible metal-to-nitrogen migration
of alkyl, aryl, vinyl, and vinylidene groups, and 0-C-C moieties in iron
porphyrins. He provides structural evidence for some of these
compounds.

Balch also demonstrates reversible migration of axial carbenes
into the Fe-N bond of porphyrin models.

One possible mechanism for the formation of 2 finds precedence in
work by Espenson.7 Espenson studied alkylaquocobaloximes and proposed
that the radical addition takes place at the nitrogen end of the N-C
bond on the (dmgH), pseudomacrocycle, cis to the Co-C bond, followed by
the reductive elimination of RR’. However, this mechanism predicts the
opposite of our inability to find bibenzyl.

Kochi8

has reported a short chain-length radical-chain reaction
where a key new feature is the apparent Sy2 reaction, not at carbon, but
overall at cobalt and apparently on the six-coordinate complex. Their
results seem to require some intermediate and Kochi writes an N-R bound
alkyl as the intermediate, but again our crystal structure suggests a C-
R bound alkyl as the better precedented possibility. Since Kochi has
reported such an intermediate, we must consider such a radical-chain
reaction as a possible mechanism for the formation of 2. Richard Finke?
has worked out the kinetics for a Kochi-type mechanism for the formation
of 2 (an addition-elimination, net SH2 propagation) and has found the
expected rate to be second order in 1. This is inconsistent with the
observed kinetics which are first order in )1 and hence, though Kochi’s
intermediate may be like 2 structurally, this mechanism can be ruled

out. Note that Espenson’s mechanism can also be ruled out as a

possibility as it also demands second-order kinetics in 1 or 2.



RESULTS

Product Studies

X-ray crystal structure of 2 (Figure 3)10:

The benzyl group has migrated from the sixth coordination site on
Co(l), trans to I(l), to the atom C(7) adjacent to the oxime nitrogen
atom N(4). It remains on the side of the ring system remote from I(1).
The ring system can be considered in three parts.

(i) The chelate ring Co(1l)-N(1)-C(1)-C(2)-N(2) is planar to within

0.08 A. The Co(l)-N(1l) (oxime) and Co(1)-N(2) (imine) bond lengths

(Appendix 2, Table A3) are respectively at the lower and upper limits of

the ranges observed in related complexes. Other dimensions are normal.

(ii) The six-membered ring Co(1l)-N(2)-C(3)-C(4)-C(5)-N(3) is puckered,
as expected. It shows no disorder as the central methylene atom C(4)
occupies a single site on the side of the mean plane of the other five
ring atoms remote from I(l).

(iii) The ring Co(1)-N(3)-C(6)-C(7)-N(4) is planar to within 0.035 A
but its mean plane is inclined at 21° to the mean plane of the other
five-membered ring. The change in bond hybridization at C(7) from sp2
to sp3, accompanying the berizyl group migration, has allowed N(3) to
remain almost coplanar with Co(l), N(1), and N(2), but has displaced

N(4) 0.69 A from the Co(1l),N(1,2,3) mean plane away from I(1l). Also

both the N(4)-Co(l) and the N(4)-0(2) bond lengths [1.78(1), 1.28(1) A]

13
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slightly different isomer of 2. However, the X-ray analysis indicates
only one structure in the solid phase. Similarly, in the ly NMR of the
solution phase there are no additional peaks which have not been
assigned to the structure nor is there splitting in the peaks which have
been assigned to support this conclusion. Thus, the peak at § 17.37 is
not likely an isomer of 2, but rather a tautomer. That is, inspection
of 2 in Figure 3 reveals that there are two accessible positions for the
bridging hydroxylic proton to occupy in solution, ...0(1)H or ...0(2)H.
One of these must be more stable than the other (they cannot have
identical stabilities as they are chemically non-equivalent), hence the
9/91 ratio. Then, in the solid, crystal phase, either these two
slightly different species can co-crystalize or only one of the
positions is possible (recall that the bridging hydroxylic proton was
not located in the crystal structure). This explanation explains the
presence of both peaks as seen by NMR and suggests that the NMR and
crystal structure are not inconsistent with one another.

Further evidence for this conclusion comes from the three-
dimensional structures of 1 and 2. Because 1 is symmetrical down the
vertical axis between the two oxygens, one would expect to see either
only one peak for the downfield proton or two peaks in a 50/50 ratio at
very low temperature. Experimentally, only one peak is seen. However,
since 2 is not symmetrical along this same plane, one could expect to
see two peaks in an unequal ratio. This is precisely what is observed
experimentally.

If the two peaks are indeed due to tautomers, the ratio should be
solvent dependant (it should be different from benzene in polar and

protic solvents). 1H NMRs of 2 were taken in three different solvents;
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error, the fraction of 1 at two ten-fold different relaxation times is

constant. Thus the default delay time of 1 second is sufficient to give

reliable NMR integrals.

The 69°C thermolysis of 1 at NMR concentration was complete within
ca. 30 hours by NMR. With the exception of the peak for triphenyl
methane, (TPM), internal standard all upfield proton peaks corresponded
to known peaks in the spectra of clean 1 and 2 (Figures 7, 8, and 9).
Using the NMR integrals, the area of each downfield proton peak was
normalized by dividing by the area of the TPM internal standard. The
fraction of 1 was calculated (1/1+2) for each scan. The final
equilibrium mixture was 40 * 2% 1 and 60 * 2% 2. These values yield
Keq = 1.5 % 0.1. The two fractions, 1l/std and 2/std were plotted versus
time and gave very symmetrical curves (Figure 10). On the same plot,
the sum of these two fractions was plotted versus time as well. As it
should, the sum of the two fractions remained constant within
experimental error (5%). Thus, within integration error of the QE-300
NMR (5%), the sum of the two downfield peaks remained constant. These
data suggest that within the 5% limit of detection, no other products
such as bibenzyl or coll. ligand are formed during the course of the
reaction. A visible spectrum of the equilibrium mixture matched very
closely a mathematically weighted spectrum of 40% 1 plus 60% 2. Upon
photolysis of the equilibrium mixture, only peaks corresponding to 2 and
TPM internal standard were visible by NMR, indicating that 2 was formed
quantitatively. The visible spectrum of this photolysis product showed
the characteristic spectrum of 2 with the Ap, . at 525 nm (Figure 11).

The 69°C thermolysis of 2 at NMR concentration was complete within

ca. 35 hours. The final NMR spectrum again showed peaks corresponding
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only to 1, 2, and TPM. Integration again gave the same 40 * 2/60 + 2
ratio. The visible spectrum of this equilibrium mixture also matched
that of the mathematically weighted spectrum as above.

NMR concentration thermolysis of 1 at 85°C gave the same
equilibrium mixture within 2%. However, precipitate was present in the
tube and the resolution of the NMR was poor, likely due to CoII-, the
precipitate, or both. Clearly, some decomposition had occurred at this
high temperature and hence no further experiments were conducted at this
high temperature.

The 69°C Thermolysis of 1 at UV/vis concentration was clean by
visible spectroscopy, giving a clean isosbestic point at 466 nm (Figure
12). Again, the final spectrum matched that of the mathematically
weighted épectrum of 40% 1 plus 60% 2. Photolysis of this equilibrium
mixture proceeded cleanly through the same isosbestic point and the
final spectrum was that of 2 with Amax at 525 nm (Figure 13).
Thermolysis of this solution again proceeded cleanly with an isosbestic
point at 466 nm and the final spectrum matched the same 40/60 weighted
spectrum (Figure 14).

The simultaneous photolysis/thermolysis of 1 also proceeded
cleanly with an isosbestic point at 466nm (Figure 15). However, under
these conditions, the reaction produced 100 * 5% 2 rather than the 1/2
equilibrium mixture.

Calculation of the 69°C thermolysis equilibrium constant (Appendix

1) gives Keq69° =1.5%0.1. This implies AG69°C = -0.28 + 0.02

kcal/mol. Assuming a near temperature-independent equilibrium, AH® = 0,

AS® = 0.82 + 0.06 cal/mol<K and AH® = 0.00 * 0.02 kcal/mol. It thus

appears that the thermolysis reaction is largely entropically driven.
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the thermolysis of 1 with TEMPO. L An Arrhenius plot of In k vs. 1/T for
the four thermolysis reactions over a 30° temperature range gave a
linear plot with AH¥ = 25 + 1 kcal/mol, as? = -8 + 3 cal/mol:K, and

86¥ygg = 27 % 1 keal/mol (Figure 19).

Table 2: Thermolysis of 2 with TEMPO.

Experiment Abs (nm) min(95%) k §gg'l max(95%)

2 + TEMPO 526 3.9 x 1078 6.2 x 107° 1.0 x 1072
at 462 3.6 x 1070 4.6 x 1078 6.0 x 1076
60°C 340 5.1 x 1078 6.0 x 107° 6.8 x 10°°

k = 5.6(8) x 10°% sec™! (16)

2 + TEMPO 526 1.6 x 1072 2.0 x 107 2.5 x 1072

at 462 1.6 x 1072 2.0 x 1073 2.3 x 107

70°C 340 2.0 x 1072 2.1 x 107 2.3 x 107
k = 2.000) x 1077 sec™! (16)

2 + TEMPO 526 2.5 x 1072 3.5 x 1072 5.0 x 1072

at 462 1.6 x 1077 2.6 x 107 4.3 x 107

75°C 340 1.7 x 1072 2.6 x 107 4.0 x 1073
k = 2.9(6) x 1072 sec’l (15)

2 + TEMPO 526 7.1 x 107 1.3 x 1074 2.5 x 1074

at 462  eeeee- 1.4 x 1074 .-

90°C 340 7.1 x 107> 1.4 x 1074 3.0 x 1074

k = 1.4¢5) x 1077 sec’l (16)




8r Figure 19: Thermolysis of 2 with TEMPO trap (60-90°C).
-9
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DISCUSSION

The goal of the research presented herein has been twofold: to
completely characterize and unequivocally determine the structure of the
novel rearrangement product 2; to perform kinetic and equilibrium
studies, leading to a proposed mechanism for the formation of 2,
consistent with all the experimental results. A summary of the results
achieved are given below (Scheme 2):

Preliminary NMR evidence suggested that the benzyl group has
migrated to somewhere on the equatorial ligand. The chemical literature
supported this conclusion, but suggested a migration to nitrogen.
However, the single most important piece of structural evidence, the x-
ray diffraction crystal structure, demonstrates a migration to carbon, a
completely novel result.

Compound 2 is formed quantitatively from 1 by anaerobic photolysis
at ambient temperature. The reaction is clean by both NMR and visible

spectroscopy. The product can be isolated as dark red microcrystals.

Thermolysis of 1 or 2 cleanly yields a near temperature-
independent equilibrium mixture of 1 and 2 in a 40:60 ratio,
respectively. It thus appears that the formation of 2 is largely
entropically driven and is thus the thermodynamically favored product,

while 1 is the kinetically favored product during its initial oxidative-

addition synthesis from the Co(I) ligand and benzyl iodide.
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Summary of Results
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The thermolysis of 1 or 2 in the presence of TEMPO free radical
trap quantitatively yields the coll. ligand and trapped benzylTEMPO,
indicating the presence of free radicals, which in turn implies a
radical solvent-cage escape step in the mechanism. In the absence of
trap, no bibenzyl is observed, however (within the detection limits of
the NMR and G.C.). These two results are seemingly contradictory as
bibenzyl is a well known, highly stable recombination product of benzyl
radicals. There is, however, precendence for the inability to observe
bibenzyl in work by Fischerll. Fischer found that radical reactions
involving two or more intermediates may lead to the specific formation
of only one product if one species is more persistent than the others,
and if persistent (Co(II)+) and transient (C6H5CH2-) species are
generated with equal rates. This is caused by an initial buildup of the
persistent intermediate, which thereafter steers the system to follow a
single path. The system studied, interestingly enough, was a Bis
system; the photolysis of methylcobalamine in the presence of MCO. This

reaction yielded acetylcobalamine in high yield and the following

mechanism was suggested:

CHy-cbl » -CH3 + +cbl 1
*CH3 + +cbl = CHg-cbl 2
«CH3 + CO CH4CO- 3
CH4CO- + scbl - CH3CO-cb1 4

If these mechanisms were in fact occurring, it was surprising that the
selectivity for them would be so high since reactions involving <CH3 and
CH.CO+ are known to self-terminate with high rate constants, hence one

3

would intuitively expect the formation of the self-termination products

to compete effectively with the cross-termination step to produce the

40
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carbon-centered Bis-centered participation question.

has never before been realized.

This possibility
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EXPERIMENTAL
General
Reagents

Unless otherwise noted, all laboratory reagents were used as
received without further purification. Benzene was distilled under N,
over CaH,. Deuterobenzene (99.6%D), Cambridge Isotopes was degassed by
bubbling with N2 for 1/2 hour. Co[(DO)(DOH)pn]Iz was synthesized by
Gray16 and gave satisfactory elemental analysis and NMR and visible
spectra. TEMPO free radical (Aldrich) was purified by water aspirator
vacuum sublimation at ambient temperature (mp = 33°C, lit. = 33°C).17
Benzyl Iodide (ICN Biomedicals Inc., K & K Labs) gave a satisfactory NMR
spectrum and was bubbled with N, for 1/2 hour. Carbon Monoxide and
house nitrogen were scrubbed for water (4A molecular seives) and 0,

(BASF copper catalyst in the black, reduced form).
Equipment

Proton NMR spectra, referenced to the benzene protic impurity, §
7.15, were recorded on GE QE-300 and GN 500 MHz spectrometers.
Ultraviolet and visible spectra were measured using a Beckman DU-7
Preparative gas chromatography was done using a Varian

spectrometer.

Aerograph Series 2700 GC with a 1.5% 100/120 OV-101 column. Analytical
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