3722

(mfe 256, vmax 1730 cm™"; 6 (CCly) 0.75 (3 H, 5), 1.25-3,3 (11
H complex mm), 3.71 (3 H, s) and 6.57-7.03 (3 H, m)) in 93%
yield; semicarbazone mp 216-217° dec. Benzylic oxidation'?
of the ketone 8b with CrO;-HOACc gave the 9-oxo derivative
13b, mp 83-84° (m/e 270; AmaxF'OH 222 nm (e 18 900), 252
(€ 5670) and 325 nm (e 1586); vmax 1740 (s), 1715 (s), and
1615 (m)) which confirmed its assigned structure. Stereo-
chemistry of the saturated cyclobutanones 6a and 6b and the
respective rearranged ketones 8a and 8b has been assigned
from their modes of formation in analogy to the respective
hydrophenanthrene derivatives of established stereochemistry.’

To exemplify the synthetic usefulness of this rearrangement
process for the introduction of an angular carboxyl group, we
briefly record here transformations? of 8a and 8b to the di-
carboxylic acids 9a, mp 206-207° dec, and 9b mp 212-213°
dec, and dimethyl esters 10a, bp 123-127° (0.05 mm) (bath
temp) (¥max 1725 ecm™'; 8 (CClg) 0.90 (3 H, s), 1.38 (1 H, m),
1.95 (5 h, brs), 2.95 and 3.28 (2 H, partially resolved quartet,
ABX system, Jag = 13 Hz, Jax = 3 Hz) and signal for | H
masked under these, 3.55 (3 H, s), 3.60 (3 H, s), and 7.08 (4
H,s)), and 10b, mp 83° (m/e 332; ymax 1720 (s) and 1605 (w);
6 (CCly) 0.90 (3 H,s),1.31 (1 H,d,J =7Hz),1.88 (5H, br
s), 2.84 and 3.25 (2 H, partially resolved quartei, ABX system,
Jag = 13Hz, Jax = 2 Hz) and signal for | H masked under
these, 3.5 and 3.56 (6 H. 2s), 3.68 (3 H, s),and 6.46-7.0 (3 H,
m)) in 60-65% yields through the corresponding hydroxy-
methylene (NaH, HCO;Et) derivatives, followed by oxidation
with alkaline hydrogen peroxide.
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Laser Flash Spectroscopy of
Tris(2,2'-bipyridine)ruthenium(II) in Solution
Sir:

The properties of the excited states of transition metal
complexes are of great interest since these compounds often
absorb strongly in the visible and might be used in solar energy
conversion.!~* The lowest excited state of Ru(bpy);2*, which
is commonly considered as a triplet charge transfer excited
state, CCT)Ru(bpy)s2+,® exhibits very peculiar properties’
and it has been extensively used in the last few years for both
energy’® and electron®7.-16 transfer processes. We report here
a study of this-excited state by laser flash spectroscopy.

The experiments were performed at room temperature with
an apparatus previously described.!”:'8 The neodymium laser
CILAS used for excitation emits in 60-ns pulses of approxi-
mately | Jat 530 nm and 50 mJ at 353 or 265 nm after dou-
bling, tripling, or quadrupling its normal frequency. For ex-
citation at 530 nm the energy of the pulse was filtered to avoid
dielectric breakdown and multiphoton effects. Transient op-
tical densities were normalized to correct for variation in ex-
citation intensity. The detection system, which uses an auto-
matic back off already described,!® is able to measure ab-
sorbance values as small as 5 X 1074, The samples were
deaerated by bubbling with Ar. For each laser excitation a
fresh sample of the solution was used.

The absorption spectrum obtained immediately after the
end of the exciting flash was practically identical for water or
acetonitrile solutions and for 263, 353, or 530 nm excitation.
A typical spectrum for a solution 4.7 X 1077 in water (Aexc 265
nm) is shown in Figure 1. The same exponential kinetics was
observed for (i) the recovery of the bleaching at the maximum
of the ground state absorption (453 nm), (ii) the decay of the
transient absorption (360 nm), and (iii) the decay of the
transient emission (610 nm). For each one of these phenomena
the first-order rate constant was (1.50 £ 0.05) X 10%s~! in
water and (0.95 £ 0.05) X 106 s~! in acetonitrile. The first-
order law was unchanged by varying the Ru(bpy);2* con-
centration in the range 0.15 X 107% t0 6.0 X 107™* M. In
aqueous solution the rate constant was 2.3 X 10° s™! in the
presence of air and 4.8 X 108 s~ in the presence of 1.0 X 1073
M oxygen, which gives a value of 3.3 X 10° M~! s~! for the
bimolecular rate constant of the reaction of the transient with
oxygen. Excitation of Ru(bpy)s;2* solutions in acetonitrile
containing 1.0 X 1073 M retinol by a 530-nm pulse (which is
exclusively absorbed by the ruthenium complex) caused the
appearance of the characteristic absorption at 405 of the retinol
triplet.'® The formation of retinol triplet matched the recovery
of Ru(bpy)s2* absorption at 453 nm. The pseudo-first-order
rate constant was 4.0 X 10%s~!, which gives a value of 2.5 X
10° M~!s~! for the bimolecular rate constant of the reaction
between the transient and retinol.

The results obtained indicate that the transient absorption
and emission observed are due to the same excited state of
Ru(bpy):2*. The emission at 610 nm of excited Ru(bpy)s2*
had already been studied and assigned to the so-called triplet
charge transfer excited state, (*CT)Ru(bpy);** 382° The
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Figure 1. Differential absorption spectrum observed immediately after
the end of the laser flash by exciting a Ru(bpy);>* aqueous solution with
265-nm light.

emission lifetime of (*CT)Ru(bpy)s>* reported by Demas and
Adamson?! in deaerated aqueous solutions (685 ns)? is in
excellent agreement with that (665 ns) obtained in this work.
Moreover, the rate constant of the reaction of the observed
transient with oxygen is identical with that obtained by Demas
et al.2 for the oxygen quenching of ((CT)Ru(bpy)s?* (kq =
3.3 X 10° M~ s71). Therefore, the transient observed in our
flash experiments can be identified as the CCT)Ru(bpy)s**
excited state and the transient absorption with Apax at 360 nm
can formally be assigned as a triplet-triplet transition (see
below).

With excitation at 265 nm an irreversible bleaching (1B) was
observed in the absence of oxygen. Its quantum yield ®;, es-
timated from the oscillograms at 453 nm with a high amplifi-
cation of the asymptotic part of the deflection at long times
after excitation, was ®;g ~ 0.05 in water and &g ~ 0.02 in
acetonitrile. With excitation at 343 and 530 nm, no irreversible
bleaching was observed. Natarajan and Endicott?3 estimated
that &g was approximately 10~3 in acid aqueous solutions
using white light excitation of a conventional flash equipment.

Since the lifetime of the lowest “singlet™ excited state of
Ru(bpy)s2* is much shorter (< 107'0 §)26.27 than the laser
pulse, the only species that are present in solution immediately
after excitation are the ground state and “triplet” excited state
molecules. Assuming that the “triplet” excited state does not
absorb at 453 nm, the depletion of ground state (Sp) molecules
(and thus, the concentration of “triplet” excited states formed)
can be calculated from the bleaching at 453 nm (eg,?>? 14 650
M~!ecm~'). An upper limiting value for the extinction coef-
ficient of CCT)Ru(bpy)s2* at 360 nm, erT, can then be ob-
tained from the change in optical density at this wavelength,
after correction for the ground state bleaching (es,3%° 5350
M~'em~"). The value obtained in this way was ep135° 27 300
4+ 1500 M~ cm~! for both water and acetonitrile solutions.

Using the previous assumptions (er1*3 0 M~! cm~!, ep1360
27 300 M~! em™"), the quantum yield of (3CT)Ru(bpy)>*
formation has been determined by means of a relative acti-
nometric method?® which has successfully been used for a
number of aromatic compounds.3® Naphthalene in cyclohex-
ane (err*'4 24 500 M~ cm~!, 3! &1 = 0.753%) and benzo-
phenone in benzene (er1°32 7630 M~ em™' 3! &1 = 132) were
taken as references for Aexe 265 and 353 nm, respectively. For
both the excitation wavelengths, a value of &1 = 0.5 £ 0.] was
obtained for Ru(bpy);>* in water. Owing to the assumptions
made, this value has to be considered as a lower limiting value
of &1. However, energy transfer experiments using retinol as
an acceptor show that the concentration of (3CT)Ru-
(bpy)s2* measured by the ground state depletion at 453 nm

3723

(assuming 713 0 M~' cm™') and the concentration of retinol
triplet measured by its absorption at 405 nm (er%%° 8 X 10*
M~! cm~')'® are equal. Thus, the hypothesis that er1#3? of
(BCT)Ru(bpy)s** is negligible seems to be correct, and the
quantum yield of “triplet” formation would then actually be
0.5 for our complex. This is in contrast with the general belief,
supported by some experiments /12633 that &7 is near to
unity. Further work is in progress with other excitation
wavelengths and other triplet energy acceptors in order to
clarify this discrepancy.

With regard to the assignment of the observed transient
absorption at 360 nm, the following points have to be taken into
consideration: (i) the agreement of the three kinetic mea-
surements, the quenching by oxygen, and the energy transfer
to retinol leave little doubt that the excited state being moni-
tored is the lowest excited state, CCT)Ru(bpy);2™; (ii) the high
value of the extinction coefficient shows that the observed
excited state absorption is spin-allowed; (iii) the upper excited
state reached with the 360 nm (27.8 kK) absorption must lie
at about 45 kK above the ground state as (*CT)Ru(bpy)s**
lies at 17.1 kK; (iv) such a “triplet” excited state at ~45 kK
could be the companion of the singlet charge transfer excited
state which is present in the absorption spectrum of the ground
state complex at ~47 kK; (v) the radical anion of the free li-
gand, bpy~, exhibits an absorption band at 364 nm with ¢
30 000 M~ ' cm~!.34.35 On the basis of these data it is reason-
able to assign the observed excited state absorption as a spin-
allowed intraligand transition of the bpy~ coordinated radical,
which leads to an upper “triplet” charge transfer excited state
of the Ru(bpy)3>* complex. As our measurements were limited
to A <500 nm, we cannot say whether CCT)Ru(bpy);2* shows
absorption bands in the visible, as would be expected on the
basis of the ground state absorption spectrum. However, Kirk
et al.37 found no appreciable absorption in the 550-650-nm
range.
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A Nonenzymic Model Intermediate for the Coenzyme Bj2
Dependent Isomerization of Methylmalonyl Coenzyme A
to Succinyl Coenzyme A

Sir:

The coenzyme B> dependent, enzyme catalyzed, reversible
interconversion of methylmalonyl-SCoA (I) with succinyl-
SCoA (II)! is crucial in human metabolism. It effects the re-
turn of propionic acid, resulting from amino acid and odd-chain
fatty acid catabolism, to the tricarboxylic acid cycle.? Ob-
struction of the enzymic pathways necessary for the inter-
conversion of methylmalonyl-SCoA (I) with succinyl-SCoA
(I1), as a consequence of any one of several possible genetic

COSCoA COSCoA
coenzyme BI2
CH3 =
COOH mutose COOH
I I

defects, leads to excesses of methylmalonic acid and propionic
acid in the body and thence to some of the symptoms and
malfunctions associated with the once fatal disorder pernicious
anemia. In recent years it has become the practice, in appro-
priate instances, to monitor the levels of propionic and meth-
ylmalonic acids in the body fluids, in attempt to avert disas-
trous consequences from disorders related, at least in part, to
pernicious anemia.?

In spite of the high level of interest in this important trans-
formation (I = II), the mechanism of the reaction has re-
mained chemically obscure. In particular, until recently,’ there
has been no nonenzymic, chemical model for such a carbon-
skeleton rearrangemgnt.

A series of ingenious experiments on the enzyme system (I
= II) has revealed that: the carbonyl-SCoA group is the mi-
grating group® and that the migration is intramolecular.f The
countervailing migration of hydrogen is an intermolecular
reaction in which the substrate hydrogen is taken up by the
5’-methylene of the deoxyadenosine of the coenzyme, then later

returned to the rearranged substrate.” This mechanism makes
understandable the prior observation that isotopic hydrogen
from deuterated or tritiated water is not incorporated into the
substrate. Both the carbonyl-SCoA group and the hydrogen
migrate in a way such that configuration is maintained at both
termini of the rearranging system.?

It is difficult to explore the facets discussed above and im-
possible to delineate the respective contributions of the enzyme
and coenzyme to the rearrangement reaction in the absence
of an appropriate chemical model reaction. Thus, we have
begun to explore the possibility of developing a nonenzymic,
chemical model for this rearrangement. This series of experi-
ments also serves as the first test of the general applicability
of a recently proposed3# model intermediate for the methyli-
taconate = a-methylene glutarate interconversion.

Accordingly, we have treated dimethyl bromomethyl-
malonate (111)? with vitamin By3'%'! and obtained a meta-
stable adduct IV. The adduct IV has all the ultraviolet and

COOMe
: COOMe
“or .
e |°\ g ooM — g COOMe
r e
/|°\
i I

visible spectral properties expected for an alkyl cobalamin'!!2

and it rapidly yields the ultraviolet and visible spectra of hy-
droxocobalamin upon exposure to light.

The alkyl cobalamin IV is, not unexpectedly, a very sensitive
substance. It cannot be purified by extraction with phenol.'!
Even on attempted precipitation from the aqueous reaction
mixture with acetone or tetrahydrofuran, the carbon-cobalt
bond is cleaved to the extent of 50-70%, as judged by the
changes in the visible spectrum. Thus, we have not been suc-
cessful in isolating the solid adduct IV, and have been forced,
as a consequence, to work with the total aqueous reaction
mixture.'> When the alkyl cobalamin IV was completely
formed, the aqueous reaction mixture was extracted with ether
in order to remove excess unreacted bromomethylmalonate
I11. The aqueous phase (pH 8-9) containing the alkylcobala-
min IV was allowed to stand for 48 h at room temperature in
the dark. At the end of this time, the visible spectrum showed
complete conversion of IV to hydroxocobalamin (total cleavage
of the carbon-cobalt bond), The reaction mixture was made
acid with 10% aqueous hydrochloric acid and extracted con-
tinuously with ether for 24 h. The ether concentrate'* was
found to contain methylmalonic acid (V), 13.6%; succinic acid
(V1), 3.7%; and malonic acid (VII), 189%.1°

COOMe
o COOH COOH COOH
COOMe dzk cH, < . [: .
~Cd o
AN COOH COOH COOH
pi'a h's s g

Isolation of pure, crystalline succinic acid (VI) from this
model study of the methylmalonyl-SCoA (I) = succinyl-SCoA
(IT) interconversion demonstrates the fruitfulness and promise
of this general approach to a chemical understanding of the
mechanism of the coenzyme B, dependent carbon-skeleton
rearrangement reactions. It is worthwhile to summarize the
attributes of this strategy. Since one has now observed two
spontaneous rearrangements,* in the dark, at ambient tem-
perature (20-25 °C), in aqueous solution, at or near physio-
logical pH, of substances identical in their carbon-skeletons
to the enzyme substrates, attached to the intact cobalamin
nucleus, one is in position to suggest strongly that the car-
bon-cobalt substrate bond plays a crucial role in the rear-

Journal of the American Chemical Society | 98:12 | June 9, 1976



