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Table I. Variation of ORD Intensity with Temperature
(methanol solution)4

Compound  Temp (°C) Amax,nm  Relative rotation®
Ib -15.0 254 1.00 = 0.02
+14.5 0.84
+45.0 0.75
Ic -15.0 261 1.00
+15.0 0.88
+45.0 0.76
Id —-14.0 258 1.00
+14.0 0.86
+45.0 0.64
Ie -15.0 255 1.00
+15.0 0.93
+45.0 0.85
X -15.0 263 1.00
+14.8 0.94
+45.0 0.91

aNo appreciable changes in Ay ax Were observed upon change in
temperature. b Corrected for expansion.

Table II. Variation of the Methyl Proton Resonances of
2,2'-Dimethyl-6,6'-dinitrobiphenyl (Ib) with Temperature
Temp (°C)2 Solvent (Hz)d
55 Chlorobenzene 27.0+ 0.1

41 28.2

34 28.3

28 Methylene chloride 23.7

2 24.5

-35 25.7

—48 26.0

a Calibrated from ethylene glycol and methanol resonances.
b Downfield from the methyl resonance of internal toluene.

net conversion to a species of opposite rotation upon heat-
ing.

The proton nmr of Ib, provides some further conforma-
tion of this explanation. The chemical shifts of the methyl
protons of Ib (measured versus internal toluene) vary
slightly with temperature as would be expected for an in-
crease in IIb/IIIb with increasing temperature (see Table
11).

The temperature dependence of the ORD spectra of 4,5-
dinitro,9,10-dihydrophenanthrene’ (X) was measured for
comparison. Due to its dimethylene bridge, the 90° barrier
VIII should not be accessible, effectively preventing equili-
bration of conformations analogous to II and III. As the
data of Table I indicate, the temperature dependence of the
rotation of X is significantly less than for Ib-c.

NO,NO,
X

If optically active biphenyls have a single minimum be-
tween ¢ = 0 and 180° the observed temperature depen-
dence might be attributed to population of excited torsional
vibrational modes about the C;-C; bond. The observed de-
crease in rotation for Ib-e upon such a small increase in
temperature would probably require extensive population of
excited modes that were so anharmonic as to change the
sign of the net rotation for these molecules but not for X.
Upon consideration of the ORD and NMR evidence we feel
the most likely conclusion to be that, even those biphenyls
with fairly bulky groups on the ortho positions exist in pairs
of disastereomeric conformations for each enantiomer in so-
lution. These conformations are analogous to those reported

for biphenyl, itself, in the gas phase.

Table I1I.  Specific Rotation (methanol, 45° at Peaks and Troughs@

Compound Specific rotation (wavelength in nm)

Ibd +13,000 (254), +3200 (280),c —880 (303),
+590 (322), ~2900 (~400)

Ic? +450 (261), 300 (297),¢ —150 (370)

14 +670 (258), +10 (304), +66 (325), —130
(380)

Ied —4100 (255), —470 (304), ~740 (316), +280
(364), —280 (445)

X —18,000 (263), —7900 (285), —11,000 (300),

+5000 (~350), —250 (445)

4The samples used were not necessarily optically pure. These
values are nevertheless included upon the suggestion of a referee.
b Specific rotation for these compounds under other conditions can
be found in ref 5b. ¢ Indicates shoulder.

Some useful analogies to the present work are provided
by a recent study of 2,2-dithienyl which concluded that this
molecule exists in two equilibrating conformations, reported
to be the planar s-cis and s-trans,® the correlation of specific
rotation with conformation in methyl 2-deoxy- a-L- and 3-
deoxy-B-L-erythro-pentopyranosides,’ and the correlation
of rotation with temperature for di-5-(2’-deoxyuridilyl) di-
sulfides.!0

The biphenyls (Ib-e) were all prepared by published pro-
cedures.!! The 2,2’-dinitrodiphenic acid was resolved with
a-methylbenzylamine and 2,2’-dimethyl,-6,6’-dinitrobi-
phenyl was prepared from the resolved acid. Satisfactory
spectra and elemental analyses were obtained for all com-
pounds.
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The Mechanism of Action of Vitamin By,
Sir:

Vitamin By, in the form of its coenzyme, is an obligatory
cofactor in ten, known enzyme-catalyzed rearrangement
reactions.! Of the ten, three are carbon-skeleton rearrange-
ment reactions. They are the reversible interconversions -
methylasparate = glutamate? (eq 1), methylmalonyl-CoA
= succinyl-CoA? (eq 2), and 8-methylitaconate = a-meth-
yleneglutarate* (eq 3).
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The outstanding feature of these reactions is the revers-
ible conversion of an apparently unactivated methyl group
into a methylene group, followed by incorporation of the
latter into the backbone chain of the product (eq 1-3).
These reactions hold special fascination because there have
been no analogous transformations in organic chemistry
and, thus, no suitable nonenzymatic model reactions. The
difficulty in founding a secure chemical theory for these
rearrangements is compounded by the absence of experi-
mental knowledge of any reactive intermediates in the reac-
tions. The only acceptable substrates for the enzymes which
govern the rearrangements are those shown in eq 1-3.3

The course of the rearrangements follows from carbon-
labeling experiments which dictate that in the 3-methylas-
parate rearrangement (eq 1) the glycyl fragment migrates
to the methyl carbon as shown in eq 1 (arrow),® and in the
methylmalonyl-CoA rearrangement (eq 2) the carbonyl-
SCoA fragment migrates to methyl as shown in eq 2
(arrow).” Carbon-labeling has also been used to show that
the methylmalonyl-CoA rearrangement (eq 2) is intramo-
lecular.?

Formally, the hydrogen migration is intramolecular, as
shown in eq 1 and 2 (italics). In fact, the transfer of hydro-
gen is intermolecular and is mediated by the 5’-methylene
of the deoxyadenosine of the coenzyme.® This finding has
been shown to apply to all the members of the coenzyme
Bi2 series, including each of the three carbon-skeleton rear-
rangements of eq 1-3.10-11

As a result of the hydrogen-labeling experiments, one
knows of the crucial role played by the deoxyadenosine in
removing hydrogen from the substrate at an early stage in
the reaction sequence then returning hydrogen to the sub-
strate at a later stage.”"!! By contrast, the requirements for
the carbon-skeleton rearrangement, which occurs in the in-
terim, are almost totally undefined.

It appeared possible that this void might be filled by fur-
ther synthetic exploration.

Accordingly, the derivatives I of vitamin Bjj, in which
the methyl carbon of methylitaconic acid is attached to co-

~_COOR

COOR
\c d
/|°\
la,R=THP

Ib,R=Me

balt, have been synthesized. Although many carbon-cobalt
bonded derivatives of vitamin By, have been prepared, these
(Ia, Ib) are the first in which one of the substrates of the
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carbon-skeleton rearrangements of eq 1-3 has been at-
tached to cobalt.!? The synthesis of Ia and 1b was carried
out as follows. Butadiene-2,3-dicarboxylic acid!4 (I1) was
treated in dioxane with 1.15 equiv of 32% HBr in acetic
acid. The product was exclusively the monobromide III: mp
118-120°; NMR (acetone-dg) three-proton aliphatic multi-
plet at r 6.2, one-proton vinyl singlet at = 4.0, and one-pro-
ton vinyl singlet at = 3.6. Use of larger amounts of HBr
leads to increasing amounts of the corresponding dibromide
IV: mp 175-177°; NMR (acetone-dg) two-proton multiplet
at 7 6.7 and four-proton doublet (/ = 5.2 Hz) at r 7.4. The
monobromide was esterified with dihydropyran in benzene
and with methanol and HCI yielding the bis(tetrahydropyr-
anyl) ester Va and the dimethyl ester Vb, respectively. The
former is a relatively sensitive compound and should be
stored at 0°. Both esters Va and Vb reacted smoothly with
vitamin Bjs, yielding the alkyl cobalamins la and Ib, re-
spectively.!> The dimethyl ester Ib is stable in the absence
of light and can be purified in the same manner as other
carbon-cobalt bonded derivatives of vitamin B;,.12 By con-
trast, the bis(tetrahydropyranyl) ester Ia is quite sensitive.
It cannot be purified by extraction with phenol!® but is best
simply precipitated from the aqueous reaction mixture with
acetone. The resulting red solid is then washed repeatedly
with acetone.!’

When an aqueous solution of the bis(tetrahydropyranyl)
ester cobalamin Ia is exposed to light (Westinghouse
275-W sunlamp) for 48-60 hr or allowed to stand in the
dark for 168-200 hr, both reactions being conducted under
an atmosphere of nitrogen, the slow formation of hydroxo-
cobalamin is observed (development of the characteristic
band at 352 mu in the ultraviolet spectrum) in aliquots re-
moved from the reaction mixture at 24-hr intervals. When
the reaction was complete, it was made acid with 10% HCI,
it was then extracted continuously overnight with ether. An
NMR spectrum of the ether concentrate revealed the pres-
ence of three products derived from the organic ligand. 8-
methylitaconic acid!® (VI), butadiene-2,3-dicarboxylic
acid!® (II), and a-methyleneglutaric acid2? (V11), in the ap-
proximate ratio 1:2:1.21

The three products, 11, VI, and VII, were separated from
one another by chromatography on silica gel (elution with
20-25% ethyl acetate in hexane). The yields of pure, re-

COOTHP COOH COOH _~COOH

N
HO : :
COOTHP cood Z > coom
“Co. COOH
1N
Ia m w I
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crystallized products follow: a-methyleneglutaric acid
(VII), 15%; methylitaconic acid (VI), 7%; and butadiene-
2,3-dicarboxylic acid (II), 3.5%.22:23.26

The significance of this experiment lies in the isolation of
a-methyleneglutaric acid (VII). This is the first instance in
which a derivative of a bona fide substrate molecule has
been induced to undergo the carbon-skeleton rearrange-
ment in association with vitamin By, and in the absence of
any enzyme. The conditions under which the reaction was
carried out, in the dark, under anaerobic conditions and at
ambient temperature, make it highly probable that this is a
direct reflection of the mode of action of vitamin B;; when
it is bound to the enzyme. It is especially significant that the
rearrangement occurs in the absence of enzyme. This sig-
nals a much stronger role for the coenzyme than has hither-
to been imagined possible.!2 That the rearrangement occurs
starting from a cobalt-carbon bonded precursor demon-
strates the value of the hypothesis which has been advanced
for the intermediate formation of the cobalt-carbon sub-
strate bond and the exchange reaction leading thereto.?*

This discovery opens the way to detailed exploration of
the mechanism of the rearrangement reaction, unencum-
bered by the enzyme. Indeed, the enzyme may ultimately be
relegated to the secondary roles of substrate guidance and
rate enhancement. It remains to be seen whether the impor-
tant stereospecificity associated with most of the rearrange-
ments lies in the province of the enzyme or that of the coen-
zyme.

Stripped of the enzyme in its role as deus ex machina,
the mechanism of the rearrangement reaction appears, as
one possibility, to be that of the reversible interconversion
of allylcarbinyl isomers. One might speculate on the possi-
ble further intermediacy of the cyclopropane isomer in this
reaction. The unique advantage of the present work is that
both these and many other hypotheses can now be explored
experimentally, whereas previously, they could not be tested
at all.# Since both organometallic derivatives and carboni-
um ions allow the interconversion of allylcarbinyl isomers,2?
we prefer, at this time, to reserve judgement on the charge
states of cobalt and carbon in the rearrangement. Indeed,
the advantage of cobalt may lie in its ready assumption of
any one of three valence states, thus to accommodate the di-
verse substrates of the several enzyme reactions dependent
on coenzyme Bj,.%7
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tion, and extraction with ether following acidification with HCl) ylelded no
detectable rearrangement product, a-methyienegiutaric acid (Vil). The
same result, negative with respect to rearrangement product Vil, was
obtained when the entire reaction sequence was carried out with Va
and cobait(ll) nitrate in place of hydroxocobalamin.
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the temperature of the reaction Is maintained at 20°C or slightly below.
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Medium Effects on the Hexacyanocobaltate(III)
Photoaquation. Evidence for the Occurrence of Cage
Recombination in Ligand Photosubstitution Reactions
Sir:

The cage effect! may be expected to affect virtually every
type of dissociative photochemical reaction in solution, pro-
vided that the geminate products are reactive enough to re-
combine appreciably during the very short lifetime of the
solvent cage. The occurrence of cage recombination has
been extensively documented and studied in the photochem-
ical homolysis of many organic and simple inorganic mole-
cules.? In spite of a long standing mechanistic proposal’
which included cage recombination, the importance of such
processes in the photochemistry of coordination compounds
has only very recently been experimentally demonstrated.
In fact, efficient radical cage recombination has been shown
to occur in a number of homolytic photoreactions of coordi-
nation compounds, namely, in the redox decomposition of
cobalt(III) complexes.** For the other most important class
of photoreactions of coordination compounds, namely, lig-
and photosubstitution, the possibility of cage recombination
has never been considered. As a matter of fact, ligand pho-
tosubstitution involves heterolytic metal-ligand bond split-
ting, and the geminate products of such a process are not
highly reactive radical species. However, the presence of a
vacant coordination site at the metal could easily entail a
reactivity high enough to allow recombination prior to the
cage breakdown. Thus, the importance of cage recombina-
tion in ligand photosubstitution is up to now a matter for
speculation awaiting appropriate experimental testing. An
experimental study of the solvent dependence of a typical
ligand photosubstitution reaction® is reported in this com-
munication which provides evidence for the occurrence of
cage recombination in this type of photoreaction.

A considerable amount of mechanistic information is al-
ready available on the photoaquation of the hexacyanoco-
baltate(III) ion. Reaction 1

hv
Co(CN)¢3~ + H20 — Co(CN)sH,02~ + CN- (n

is known to occur very cleanly in aqueous solution with
quantum yield 0.31, independent of pH, CN~ concentra-
tion, and wavelength of excitation in the whole ligand field
region.” The first excited singlet ' T, is populated with unit
efficiency either by direct light absorption or by internal
conversion from the upper 1Ts; one. The reactive state is
the lowest triplet 3T, which aquates with almost unit effi-
ciency and is populated from the lowest singlet by a moder-
ately efficient (®isc ~ 0.4) intersystem crossing process.?
As to the chemical mechanism of the photoaquation reac-
tion, there is little doubt that this process, which occurs
thermally via dissociative activation,? must be an essentially
dissociative one (D or I4 in Langford and Gray’s nomencla-
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Table I, Solvent Effects on the Hexacyanocobaltate(IlI)
Photoaquation
Solvent %a eb n¢ od
Water - 78 1.0 0.31
Methanol—-water 60 54 1.7 0.27
Glycerol—-water 20 73 2.0 0.24
Ethanol—water 60 50 2.6 0.25
Glycerol—-water 40 67 4.7 0.17
Ethylene glycol-water 60 57 5.3 0.14
Glycerol-water 60 60 14, 0.10

aVolume per cent of the alcoholic solvent. » Bulk dielectric con-
stant of the solvent mixtures.'® ¢ Bulk viscosity of the solvent mix-
ture.'® d Photoaquation quantum yields; experimental conditions as
inref 12.

ture).? Experimental studies on the photosubstitution reac-
tions of several acidopentacyanocobaltates have confirmed
this prediction.0:11

We have now studied the photoaquation Co(CN)¢>~ ina
variety of water-alcohol solvent mixtures. The spectra of
both Co(CN)g*~ and Co(CN)sH,0?~ were appreciably the
same in all the solvent systems used and no qualitative
changes in photochemical behavior were observed when
changing the solvent with respect to pure water. In all of the
solvent systems used, the extent of thermal back-anation
was absolutely negligible in the time scale of the experi-
ments. The quantum yield values!? for reaction 1 in the var-
ious solvent systems used are collected in Table I.

Inspection of the table reveals a pronounced variation of
the photoaquation quantum yields with the solvent compo-
sition. One may notice that the quantum yield values are
not simply related to the amount of water in the solvent
mixture. Furthermore, the nature of the alcoholic solvent,
and in particular its hydrogen bonding ability, which might
affect the excited state lifetime of cyanide complexes,'s
seems to be of negligible importance in determining the ob-
served trend. As far as the bulk physical properties of the
solvent mixtures are concerned, Table I shows that the
quantum yields correlate remarkably well with the solvent
viscosity, exhibiting a continuous decrease as the solvent
viscosity is increased (Figure 1). On the other hand, no such
regular correlation has been found for any other relevant
physical property of the solvent (see, for example, the di-
electric constant values which have been included in Table |
for the sake of comparison).

These observations are strongly indicative of a cage re-
combination mechanism for the photoaquation of
Co(CN)¢3~. The following simplified mechanism can be
formulated in order to account for the observations:

Co(CN)el~ 2% *Co(CN) - )
*Co(CN)g3~ — Co(CN)g3~ 3)
+Co(CN)e?~ — [Co(CN) 52 CNJeyge @)
[Co(CN)s2~-CN"]cage — Co(CN)¢3~ (5)
[Co(CN)s>CN=Jeage =~ Co(CN)sH202- + CN—  (6)

According to such a mechanism, the observed photoaqua-
tion quantum yield is given by

(b = k4 k(, = k(,
(ks + k4) (ke + ks) (ke + ks)

where & is the primary quantum yield of bond cleavage.
While a dependence of &’ on the solvent composition cannot
be definitely ruled out, the experimental results seem to in-
dicate that the major source of the observed medium effects
is the competition between processes 5 and 6. The rate con-
stant for diffusive cage escape, k. is expected to decrease
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