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Figure 1. (A) Low-frequency region of the 500.13 MHz 'H NMR
spectrum of pyridoxol hydrochloride (in deuteriomethanol). (B) 76.775
MHz 2H NMR spectrum of pyridoxol hydrochloride (ca. 1.7 mg in 50
uL of methanol) obtained from E. coli B WG2 after incubation with
p-1-deoxy[1,1,1-2H,,(RS)-5-2H, ] xylulose. (C) Difference spectrum (B
minus E). (D) 76.775 MHz 2H NMR spectrum of pyridoxol hydro-
chloride (ca. 1.7 mg in 50 uL of methanol) obtained from E. coli B WG2
after incubation with L-1-deoxy[1,1,1-2H3,(RS)-5-2H, | xylulose (experi-
ment 2). (E) 76.775 MHz ?H NMR spectrum (natural abundance) of
methanol. The spectra were determined on a Bruker AM 500 spec-
trometer. Spectral parameters: spectral width, 2000 Hz; memory size,
16 K; pulse flip angle, 45°, To obtain adequate signal-to-noise ratio in
the deuterium spectra (B and D) more than 25000 transients were re-
quired.

Scheme I

(c.f., "H NMR spectrum of pyridoxol hydrochloride, Figure 1A).
The second signal, at § 3.30 ppm, corresponds to the natural
abundance deuterium signal of the -CDH, group of the solvent
(c.f,, natural abundance ZH NMR spectrum of methanol, Figure
1E). The third signal, at 6 4.95 ppm, located at a chemical shift
corresponding both to the C-4’ hydroxymethyl protons of pyridoxol
HCI (c.f., Figure 1A) as well as to that of the -OD group of the
solvent (c.f., Figure 1E), is in fact a composite of both, as shown
by the difference spectrum (Figure 1C, i.e., B minus E).
Thus, deuterium from the deuteriated sample of p-1-
deoxyxylulose entered the predicted sites, C-2’ and C-4’, and only
the predicted sites, of pyridoxol hydrochloride. Furthermore, since
L-1-deoxyxylulose did not deliver deuterium into the vitamin, the
incorporation of deuterium is stereochemically controlled.
These results lead to the inference that the intact Cs skeleton
of D-1-deoxyxylulose (2) enters pyridoxol (3) to supply the Cs unit,
C-2/,-2,-3,-4,-4’. If carbon—carbon cleavage of the precursor
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molecule, into a C; and a C; unit, had occurred prior to entry into
pyridoxol, then deuterium would have been incorporated not only
into C-2’ and C-4/, as observed, but also into C-5’ (c.f., ref 3).

Because of the superposition of signals at § 4.95 ppm in the
2H NMR spectrum of labeled pyridoxol hydrochloride in methanol
(Figure 1B) and the unfavorable signal-to-noise ratio in the
difference spectrum (Figure 1C) the ratio, signal area at § 2.54
ppm (CD,)/signal area at § 4.95 ppm (CDH-4'), cannot be de-
termined with precision. Intact incorporation of precursor into
pyridoxol demands that this ratio be 3 (see ref 8). The observed
value (Figure 1C) can be estimated to be <3 but >2.

Even though it is now demonstrated that the intact carbon
skeleton of D-1-deoxyxylulose enters the Cs unit, C-2/,-2,-3,-4,-4’,
of pyridoxol, the question still remains whether the compound
itself, or the corresponding 4-oxo derivative, lies on the direct route
into pyridoxol from the C, and C, units, pyruvate and di-
hydroxyacetone phosphate, that give rise to the C-2’,-2 and C-
3,-4,-4’ moieties, respectively.5’

It is of interest that D-1-deoxyxylulose, which is now shown to
be implicated in the biosynthesis of vitamin Bg in E. coli, also serves
as a precursor of the thiazole unit of vitamin B, in the same
organism’ and that a p-1-deoxypentulose has been postulated as
an intermediate of the biosynthesis of vitamin B,.1°
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The recent experimental verification' of the Marcus inverted
region? has stimulated renewed theoretical interest in electron-
transfer processes. Kakitani and Mataga® have described a model
in which partial solvent dielectric saturation of ionic species in-
volved in electron-transfer reactions results in a negligible decrease
in rate in the inverted region for reactions in which two neutral
species yield two ionic species (termed charge separation reactions,
CS). The model also predicts a pronounced inverted region for
charge recombination reactions (CR) in which two ions yield two
neutral species and intermediate behavior for charge shift (CSH)
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Table I. Quantum Yields for Free Radical Ion Formation from
N-Methylacridinium Radical/Alkylbenzene Radical Cation Pairs in
Acetonitrile at 25 °C

alkylbenzene AGy B(ta)® & (pa)t keo/key
m-xylene -2.59 027 0.26 27
o-xylene -2.59 0.27 0.28 2.7
mesitylene -2.56 0.19 0.15 43
p-xylene -2.51 0.16 0.14 5.4
1,2,4-trimethylbenzene -2.37 0.084 0.08 109
1,2,3,4-tetramethylbenzene -2.29 0.054 17.7.
1,2,3,5-tetramethylbenzene -2.29 0.049 19.6
1,4-dimethyltetrahydronaphthalene -2.26  0.051 18.8
durene -2.23  0.042 0.05 22.8
octahydrophenanthrene -2.22  0.044 217
octahydroanthracene -2.17  0.039 24.7
pentamethylbenzene -2.16 0.037 26.0
hexamethylbenzene -2.04 0.031 313

%Quantum yield measured using transient absorption spectroscopy.
®Quantum yield measured using pulsed photoacoustic calorimetry.’
¢Calculated from &, (ta) using eq 2.

reactions in which no net charge change takes place. However,
no direct comparison, using similar chemical systems, of these
different types of reactions in the inverted region has yet been
reported.

We have shown that return electron transfer within photo-
chemically generated geminate radical ion pairs provides a good
example of the inverted region and that subtle molecular effects
can be observed.* We now compare directly CSH and CR
reactions in such systems (eq la and 1b), in which the differences

hy ks
A+D A= /D* — A"+ D™ (la)
k4 (CR)
hy k!eP
A*+D A*/Dt — A+ D (1b)
ko (CSH)

in molecular structure, reaction free energy, and reaction con-
ditions are minimal. Previously, a transient absorption technique
was used to determine the quantum yields for separated ion
formation, &, from which the rates of return electron transfer
(k_ot» €q 1) were obtained.* We now also report the use of pulsed
photoacoustic calorimetry in which the thermodynamics of the
electron-transfer reactions are monitored.’

Quenching of the first singlet excited states of the uncharged
acceptors 9,10-dicyanoanthracene (DCA) and 2,6,9,10-tetra-
cyanoanthracene (TCA) with the alkylbenzene donors listed in
Table I results in the formation of geminate radical ion pairs
(A*7/D**).* The values of @, determined previously for these
pairs,* depend upon the rates of return electron transfer, which
in this case are CR reactions (k_, €q 1a). The molecular di-
mensions, reduction potential, and excited state properties of
N-methylacridinium (MA™) are similar to those of TCA.S 1In
this case, since the acceptor is positively charged, quenching of
its first excited singlet state by the alkylbenzene donors leads to
radical/radical cation pairs (A*/D**); thus the return electron-
transfer reaction is a CSH type (eq 1b). Values of @, for this
system were determined by using both the transient absorption*
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Figure 1. The ratio of the rates of return electron transfer and separation
(k_et/ksep) for (A) the charge recombination (CR) reaction between
cyanoanthracene radical anions and alkylbenzene radical cations and (B)
the charge shift (CSH) reaction between N-methylacridinium radicals
and alkylbenzene radical cations, as a function of the electron-transfer
reaction free energy (AG.,) in acetonitrile at 25 °C,

and photoacoustic’ methods. The results (Table I) demonstrate
that the two techniques give very similar results, despite the fact
that each uses different actinometers.®

The quantum yields are related to k., and k_; as shown in eq
2. Although the separation rate is expected to be higher in the

ket 1

ksep ‘bsep

case of the acridinium acceptor, since there is no coulombic at-
traction to overcome in the radical/cation pair as in the anion/
cation pair, this rate is likely to be constant within each set of
data. Changes in the quantum yields, therefore, are due to changes
in the rates of return electron transfer, which decrease as the
exothermicity of the reaction increases, i.e., AG, decreases. AG
is given by the negative of the energy stored in the ion pair,
E_,(donor) — E4(acceptor).* In Figure 1 are plotted the rate ratios
k_¢t/ kyep for both the CR and CSH reactions, as a function of

-1 )

et

The data can be analyzed as before* using a semiclassical theory
of electron-transfer reactions® in which the reaction rate is de-
scribed as the product of a relative Franck—Condon factor (FC)'®

k
— = pFC (32)
ksep

FC = ¥ (5% /wl) expl-[(\ + AGq + why)2/ 4k, T])
- (3b)
S=N/h
P= (W/hzxska)l/lelz/ksep (30)
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and a term including an electronic coupling matrix element
squared (V?). The rate ratio k_e /Ky, is thus described as the
product of FC and a term P which is a dimensionless adjustable
scaling parameter that includes the separation rate (eq 3c). The
dependence of the rate ratio on AG_, and the solvent and vi-
brational reorganization energies, A, and \,, are contained in FC.
The reorganization energies are adjustable, as is a final parameter,
v, which is a single averaged frequency taken as representative
of the rearranged vibrational modes. In fitting the data it is
assumed that values for A, and » of 0.3 eV and 1500 cm™, re-
spectively, are appropriate for both sets of data.* The fitting
procedure thus involves finding the best values for P and A;. The
value of A which gives the best fit to the CSH data, 1.4 eV, is
smaller than that for the CR data, 1.6 eV.!1°

It is clear from Figure 1 that both sets of data can be described
very well by the same semiclassical formalism in which the effects
of solvent dielectric saturation are not included.!'" Indeed, in the
free energy range in which the data are obtained (ca. 2.0 to -2.6
eV, Figure 1) the decrease in rate with increasing exothermicity
of the CSH reaction is even more pronounced than that of the
CR reaction, although the fitting procedure reveals that this is
due to the somewhat smaller A for the CSH reaction. Thus, the
present study demonstrates that when CR and CSH reactions in
geminate pairs are compared directly using similar chemical
systems, the prediction® that the inverted region for the CSH
reactions should be less pronounced than that for the CR reactions
is not sustained. This finding for solvent-separated pairs is in
agreement with similar conclusions obtained by Marcus'? for
electron-transfer reactions in contact ion pairs based upon com-
parisons between absorption and emission spectra of CT complexes.
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According to conventional transition state theory, the transition
state for a reaction is located at the potential energy maximum
along the minimum energy reaction path (MERP). However, this
definition can lead to serious errors in computed rate constants.!
The most relevant point is actually the maximum in the free energy
of activation curve or “variational transition state” (VTS).! Many
of the dynamical consequences of free energy of activation maxima
have been studied for atom-transfer reactions using mostly
semiempirical potential energy surfaces' and a few ab initio
surfaces.”? Houk and co-workers® have now proposed that dif-
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Figure 1. Computed potential energy surfaces. Inset: key geometrical
parameters for the MP2(FULL)/6-31G(d) optimized transition state.

ferences in the locations of the conventional and variational
transition states can rationalize two intriguing aspects of carbene
additions to alkenes: observations of negative activation energies*
and entropy control of selectivity.” Their proposals stemmed from
results of ab initio 3-21G calculations, particularly for 'CCl, plus
ethylene, which indicated that w-complexes are not intermediates
in reactions of relatively reactive halocarbenes with alkenes.> The
use of the 3-21G basis set in this context raises concern since it
does not include d-orbitals which are accepted as critical to the
electronic structure of small rings.® Accordingly, in order to better
test the basis of their model and to provide a more reliable gas-
phase energy surface, ab initio calculations have been carried out
for *CCl, + H,C=CH, including d-orbitals and electron corre-
lation in the geometry optimizations. Subsequent calculations
of vibrational frequencies yielded the free energy of activation
curve and VTS.

The reaction coordinate, ., is defined as the distance between
the carbene carbon and the center of the CC bond in ethylene.3
A MERP was obtained by geometry optimizations in C; symmetry
with the 6-31G(d) basis set at fixed values of 7.’ Four stationary
points (reactants, wr-complex, transition state, and product) were
located and confirmed by frequency calculations. The effect of
electron correlation was then estimated by single-point calculations
with MP2 theory in the frozen core approximation for each 6-
31G(d) optimized geometry.% In view of the pronounced corre-
lation effects, the stationary points were reoptimized including
the correlation energy at the MP2(FULL)/6-31G(d) level® on
a Cray XMP. Frequency calculations were carried out for nine
of the 6-31G(d) optimized points to compute the zero-point
corrections, enthalpies, and entropies needed to construct the free
energy of activation profile.5®
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