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polycyclic enones such as testosterone.

Torsional distortions in the >xx* state of «,8-enones have been
claimed to be a major deactivation pathway leading to disap-
pearance of phosphorescence.*' Tentatively, we suggest that the
spectroscopic triplet state is separated from the relaxed one(s)
observed at room temperature by an energy barrier. In the
monocyclic enones studied by Yamauchi et al.,’® the barrier then
should be very low. In two bicyclic «,8-enones (in which the
double bond is common to both rings) the study of the temperature
and viscosity dependence of ¢p has led?? to the conclusion that
the barrier is predominantly viscosity-induced. Our experiments
on the temperature dependence of ¢p of the enones also indicate
the existence of a barrier. Interestingly, the fact that ¢p(T) of
2ain EPA and in the much more viscous glycerol are about equal
shows the absence of a viscosity effect and suggests that the barrier
is of intrinsic nature.

Concluding Remarks

CPP turns out to be a useful technique to distinguish *zx* from
3nr* states, and it supplements the arsenal of already existing
techniques. It is gratifying that the inherent sensitivity of optical
activity toward molecular structure—Ilong exploited to probe
ground-state conformation and, more recently, the geometry of
the lowest excited singlet state*>~—can also be used to study the
phosphorescent triplet state.

In view of the many approximations used, our explanation of
the CPP data of «,8-enones is tentative and further investigations
should be made. An essential feature of our model is the strong

(41) Cargill, R. L.; Bundy, W. A.; Pond, D. M.; Sears, A. B. Mol. Pho-
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dependence of g, on the magnitude of the T-T gap and on the
twist in the chromophore. It would be interesting to study the
relationship quantitatively with enones that are more rigid and
have larger angles of twist than the compounds described here.

The enhancement of optical activity by T-T coupling opens
other interesting possibilities. For instance, the mere fact that
Zum values of 3rm* phosphorescences can be very high can be
exploited in the study of racemization rates*’ and energy-transfer
processes* in the triplet state.

Further, in the >x=* state a planar «,8-unsaturated ketone with
a very small T-T gap might adopt a twisted conformation due
to the pseudo-Jahn-Teller effect. One of the enantiomeric twisted
conformers might be stabilized in a chiral solvent.
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Abstract: The first Raman spectra of the allyl radical have been obtained. The intensities of the observed Raman spectra
indicate excited-state dynamics consistent with a disrotary photoisomerization of the ally! radical to form a cyclopropy! radical.
Prior to this work, direct examination of the photoisomerization pathway was not possible due to limitations of the techniques
applied. The ground-state vibrational frequencies observed are found to be in excellent agreement with recent theoretical
calculations suggesting a reassignment of the literature infrared frequencies. This work demonstrates that resonance Raman
spectroscopy is a powerful method for examination of gas-phase free radicals.

Introduction

The allyl radical is the simplest conjugated hydrocarbon radical.
It is an important intermediate in many photochemical reactions
and a proposed intermediate for soot formation in hydrocarbon
combustion.! Though numerous theoretical>* and experimental
investigations>~!! have been performed on the allyl radical, there
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remain several discrepancies between the experimental and the-
oretical ground-state frequencies for this system. The ground-state
vibrational frequencies of the allyl radical have been experimentally
examined by Oakes and Ellison,’ Maier et al.,* Sappey and
Weishaar,” and Hudgens and Dulcey.! Maier and co-workers
utilized matrix isolation techniques to obtain the infrared spectra
of the allyl radical. However, Maier et al. had difficulties assigning
their matrix spectra due to spectral congestion and overlapping
bands from secondary photoproducts. Sappey and Weishaar’
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obtained the multiphoton ionization spectrum of the allyl radical
which they generated by gas-phase flash photolysis. The 1B,
— X 2A2 transition at 405 nm was used to enhance the multi-
photon ionization process. By analyzing the vibronic features
observed in their flash photolysis absorption spectrum, Sappey
and Weishaar were able to assign three of the ground-state vi-
brational frequencies. Oakes and Ellison observed vibrational
structure of the allyl radical by photoelectron spectroscopy of the
allylic anion.> Multiple photon ionization spectra of the deuterated
allyl radical have also been obtained by Hudgens and Dulcey.?

Theoretical calculations of the ground-state vibrational fre-
quencies were performed by Takada and Dupuis? as well as
Ystenes and Fjorstad.> Both of these studies used ab initio
multiconfigurational Hartree—Fock methods. The two theoretical
studies agree very well with each other but disagree with the
assigned experimental frequencies of Maier et al.

The far-ultraviolet absorption spectrum of the allyl radical was
first recorded by Callear and Lee.® Their spectra of the 2 ?B,
< X 2A, transition showed discrete vibrational structure; however,
no vibrational analysis of the spectrum was presented. Nakashima
and Yoshihara also recorded the absorption spectrum of the 2B,
« X A, transition and demonstrated that vibrationally hot
radicals formed by photolysis of allyl halides were rapidly cooled
by addition of an atmosphere of nitrogen buffer gas.'?

Ab initio calculations of the excited states of the allyl radical
have been performed by several groups.'>!> Ha et al. found that
the 3 ?B, state observed at 224 nm is actually a mixture of B,
reference configurations with the largest contribution from the
...(6a,)% (4b,)2(1b,)%(2b,)! configuration.* Less extensive SCF
CI studies by Merlet et al.'? and Farnell and Richards'? considered
the allyl-cyclopropy! isomerization. Placement of the odd electron
in the 1a, molecular orbital correlates with the ground state of
the allyl radical, while occupation of the 2b, molecular orbital
by the odd electron correlates with the ground state of the cy-
clopropyl radical.'>!? Both theoretical studies found that the
photochemical isomerization of the allyl radical resulting from
excitation of the unpaired electron from the 1a, molecular orbital
to the 2b, molecular orbital favors the disrotary pathway on the
excited-state surface.'%!3

Time-resolved resonance Raman spectroscopy is a general
method for examination of gas-phase transient species. Reviews
by Foster and Miller,'* and Ramsay'' highlight the tremendous
opportunities for increased understanding of the spectra and
structure of free radicals. Characteristics of the excited-state
surface and predissociation dynamics of the methyl radical
Rydberg 3s state have been examined by using resonance Raman
spectroscopy. The selectivity and sensitivity of the technique have
been demonstrated in the study of higher vibration levels of CH,
and CD;.!>1¢ In this paper the ground-state vibrational structure
and the excited-state dynamics of the allyl radical will be examined
by using resonance Raman spectroscopy.

Experimental Section

The resonance Raman/photolysis system used to examine gas-phase
free radicals is based on a 20-Hz Nd:YAG laser and dye laser. The
gas-phase allyl radical was produced by photolysis of allyl iodide with
the fourth harmonic of the Nd:YAG laser. Allyl bromide photolyzed
with the fifth harmonic of the Nd:YAG laser was used as an additional
method of generating the allyl radical. The fifth harmonic radiation was
generated by sum frequency mixing of the fourth harmonic with the
fundamental of the Nd:YAG in 8 barium borate.'>!” Both precursors
yielded the same spectra of the radical.

The Raman probe laser was tuned to the allyl 3 2B, « X 2A, tran-
sition at 224.63 nm. The tuneable far-ultraviolet radiation was produced
by frequency doubling the output of a DCM/LDS 698 dye laser in KD*P
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Figure 1. Resonance Raman spectrum of allyl iodide excited at 224.63
nm. The relative intensity is scaled to the methane buffer gas signal at
2917 em™.
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Figure 2. Allyl radical Raman spectrum excited at 224.63 nm. The
intensities are shown relative to the methane signal at 2917 ¢cm™,

followed by sum frequency mixing the second harmonic with the fun-
damental with 8 barium borate. The resulting 224.63-nm radiation was
separated from the 336.8- and 673.5-nm radiation by use of S1-UV
quartz prisms. The probe beam was directed to the sample area and
delayed 15 ns relative to the photolysis pulse. The sample flow consisted
of 10 Torr of allyl iodide and 750 Torr of methane. The extent of
photolysis of the precursor was determined by comparison of the intensity
of the allyl iodide 6] Raman band at 1637 cm™ with and without pho-
tolysis. The Raman scattered light was collected in backscatter geometry
by a 2-in.-diameter f/0.67 spherical mirror and focused onto the slits of
a 1-m Czerny-Turner monochromator. Spectra of the gas-phase radical
were recorded by using a solar blind Hamamatsu R166UH photomul-
tiplier tube and gated integrator. The output was sampled by an A/D
convertor and stored on an IBM PC/AT computer.

Results

Allyl iodide and allyl bromide were used as precursors for the
allyl radical. Allyl iodide produced Raman spectra of the radical
with better signal to noise ratios than allyl bromide. However,
the allyl iodide Raman spectrum was enhanced with 224.63-nm
excitation due to resonance with the #* < 7 transition which
complicated the analysis of the radical spectrum. The resonance
Raman spectrum of allyl iodide is shown in Figure |. Frequencies
were assigned in accord with the Raman and infrared work of
McLachlan and Nyquist.'®

The spectrum in Figure 2 was generated by using 0.2 mJ/pulse
of 224.63-nm light for Raman excitation and 5 mJ/pulse of
266-nm radiation which photolyzed 54% of the allyl iodide pre-
cursor. Using the recombination rate'® of van den Bergh and
Callear yields an estimated 5.0 Torr of allyl radical present 15
ns following photolysis. The 1,5-hexadiene recombination product
was not observed in the Raman spectrum due to its low concen-

(18) McLachlan, R. D.; Nyquist, R. A, Spectrochim. Acta 1968, 244, 103.
(19) van den Bergh, H. E.; Callear, A. B. Trans. Faraday Soc. 1970, 66,
2681.
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Figure 3. Resonance Raman spectra of the allyl radical produced from
266-nm photolysis of allyl iodide. The lower trace was recorded with
methane as a buffer gas and a 15-ns delay between arrival of photolysis
and probe pulses. The upper trace was generated by using argon as a
buffer gas. The insert traces are 3X expansions of the anti-Stokes
spectral region showing the appearance of vibrationally hot allyl radical
with argon buffer gas.

tration and lack of resonance enhancement at 224.63 nm.

One of the problems that arises in gas-phase photolysis ex-
periments is spectral congestion. When a radical is formed by
photodissociation, it may have a significant amount of vibrational
and rotational energy. Vibrational excitation can result in hot
bands that complicate the observed spectrum. Rotational exci-
tation broadens the vibrational features and limits the attainable
resolution. To alleviate these problems, the resonance Raman
spectra are generally taken with a 15-ns delay between photolysis
and probe pulses with 750 Torr of buffer gas to allow vibrational
and rotational relaxation of the radical. However, not all buffer
gases will fully relax the radical in 15 ns.

The upper trace of Figure 3 was generated by using argon as
a buffer gas. The significant intensity in the anti-Stokes spectrum
is due to the poor efficiency of argon at thermalizing the allyl
radical. The lower trace was generated with methane as a buffer
gas and the same delay between the arrival of the photolysis and
probe pulses. While the radical may not be completely cooled
to room temperature, the anti-Stokes spectrum indicates that only
the lowest frequency vibration has retained a significant population.
Thus, by judicious choice of buffer gas and delay time, the spectral
congestion due to hot bands can be minimized.

The spectral resolution in Figure 2 was 11 cm™ with £ 4 cm™!
standard deviation in determining the line center of the spectral
features. Six prominent features at 429, 1035, 1068, 1246, 1487,
and 1932 cm™ appeared upon photolysis of allyl iodide and grew
linearly with increased photolysis power, indicating that these
features are due to a one photon primary photolysis product.
Infrared® and ESR? spectroscopies have demonstrated that allyl
halides yield the allyl radical as the primary photolysis product.

Discussion

The assignment of the allyl radical Raman spectrum was based
on the ab initio calculations of Takada and Dupuis® and Ystenes
and Fjorstad.? The two theoretical studies yield comparable values
for the vibrational frequencies. The scaled frequencies of Ystenes
and Fjorstad are given in Table I. The most intense bands in
the Raman spectrum are due to the fundamentals of totally
symmetric vibrations. The even overtones of non totally symmetric
vibrations that have large changes in the force constant on the
excited-state surface also appear in the Raman spectrum.?' The
assumption that the strongest bands in the Raman spectrum are
totally symmetric normal modes yields the assignment of the 429-,
1246-, and 1487-cm™ bands as v;, vs, and v, This is in excellent
agreement with the ab initio frequencies. The original work of

(20) Sears, T. S.; Volman, D. H. J. Photochem. 1984, 26, 85.

(21) Hudson, B,; Kelly, P. B.; Ziegler, L. D.; Desiderio, R. A.; Gerrity, D.
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Lombardi, J. R., Eds.;: Heyden: Philadelphia, 1986.
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Table I. Vibrational Frequencies of the Allyl Radical (¢cm™)

scaled
abinitio IR MPI this
assignment calecn® matrix® spectra’  work
4
vy asym CH, stretch 3109 3105 - -
(sym)
v, CH stretch 3028 3048 - -
vy sym CH, stretch (sym) 3013 3016 - -
vy CH; scissors (sym) 1484 14774 - 1487
vs CH, rock (sym) 1245 12424 - 1246
vg CCC stretch (sym) 1017 -4 - 1068
vy CCC bend 416 - 426 429
4z
vg CH, out of plane bend 779 - - -
(asym)
vy CH, twist (asym) 538 - 558 -
b,
vig CH out of plane bend 979 985 - overtone
1936
v;; CH, out of plane bend 805 802 - -
(sym)
v;; CH, twist (sym) 521 511° 508  overtone
1035
b,
v;3 CHj, stretch (asym) 3105 3105 - -
vis CH stretch (asym) 3015 3016 - -
v;s CHj scissors (asym) 1490 1463 - -
g CH bend 1404 13894 - -
vy CCC stretch (asym) 1215 -4 - -
vig CHj; rock (asym) 919 -4 - -

@Reassigned as suggested in ref 3.

Maier and co-workers assigned the 511-cm™ IR band as »;. Lack
of a Raman band at 511 cm™ strongly supports the reassignment
of this IR band to v, as suggested by Ystenes and Fjorstad. The
only reasonable possibility for the 1936-cm™ band is the even
overtone of the CH out of plane bend 2»),. Using the relation

105-2 % 10(’)=2X|o.1o N

and substituting in the observed infrared matrix value$ for 10}
yield an estimate of X0y = —17 ¢cm™!, which is in the range
expected for this type of normal mode. The value for x40 is not
exact since the matrix effects on the fundamental frequency are
not known.

Our assignment of the 1035-cm™! band as 2»,, and the 1068-
cm™ band as g are tentative but are based on several observations,
From calculated frequencies, there are three possibilities for the
assignment of these two bands: »g, 2vg, and 2v,,. Sappey and
Weishaar’s observation’ of the C—C torsion vibration vy at 558
cm™! makes it unlikely that our observed band at 1068 ¢m™' is
2v,. The assignment of the 1068-cm™ band as 2 would require
X9s = —24 cm™'. Since the potential for vy is expected to be
sinusoidal like the torsion potential in ethylene, where the an-
harmonic constant of the torsion vibration?? is ~—1.3 cm™', an
anharmonic constant of ~24 cm™' in unreasonable. Taking the
MPI value’ of 508 cm™! for p;, and using our 1035-cm™' band
assignment for 2»,, yield an estimate for x,,,, of ~+9.5 cm™,
This value is in better agreement with the anharmonic constant
expected for a torsion vibration. Determination of the gas-phase
frequency for v, by infrared spectroscopy will yield a better value
for x12.12-

Callear and Lee report a structured UV absorption spectrum
with many bands.” There is not an obvious assignment of the
observed spectrum, but there are repeated differences of 430, 1065,
and 1255 cm™ between several of the observed absorption bands
on the low-energy side of the absorption maximum. These par-
ticular differences are noted because they correspond to the ob-
served a, vibrations in the resonance Raman spectrum. Generally,
electronic absorption bands that appear on the low-energy side
of the electronic band origin originate from vibrationally hot levels

(22) Sension, R. J.; Mayne, L.; Hudson, B. J. Am. Chem. Soc. 1987, 109,
5036.
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of the ground state. The observation of a 1065-cm™! difference
between hot band absorption features supports the assignment
of our observed 1068-cm™! Raman band as the fundamental of
ve. Differences corresponding to non totally symmetric normal
modes do not normally appear in the electronic absorption hot
band spectra. Vibronic coupling of the type seen in benzene would
be required for fundamentals of non totally symmetric modes to
appear as differences between hot hand absorption features.?’

The alternative assignment of the 1035-cm™' band to vs and
the 1068-cm™ band to 2v,, cannot be excluded from consideration.
Examination of the allyl-ds radical spectrum will aid in definitive
assignment of these bands. Since both yg and 2v), levels are of
a, symmetry and twice the experimental value for », coincides
with the theoretical value for v, there is a strong possibility for
a Fermi resonance interaction between these two levels.

The infrared absorption data of Maier et al.® in Table I have
been reassigned as recommended by Ystenes and Fjorstad.> This
reassignment is based on the calculated infrared intensities.> The
agreement of our results with the literature experimental values®’
shown in Table I and with the scaled ab initio frequencies of
Ystenes and Fjorstad is quite good. The ab initio frequencies of
Takada and Dupuis? are also in good agreement when proper
scaling is taken into consideration. The multiphoton ionization
experiments by Hudgens et al. found several vibrational hot bands.®
The only identifiable frequency from their work is the band at
413 = 30 cm™', which is »;. The other vibrations are difficult to
identify due to the relatively large error limits. Their band at 343
+ 30 cm™ in the allyl-ds spectrum is in good agreement with the
calculated value,? less 10% for scaling, of », for the deuterated
radical.

The intensities of normal modes in the resonance Raman spectra
are indicative of the geometry changes on the excited-state surface.
The factors that determine the intensity of resonance Raman
scattering can be described by using either the Kramers—Heis-
enberg-Dirac formalism?'%*25 or the time-dependent wavepacket
formalism.2628 In either formalism, the intensity of the Raman
scattering from vibronic state gm to state gn is given by

Imn < by (VO - an)llamnlz (2)

where v, is the frequency of the laser, v,,, is the energy difference
between states gm and gn, and «,, is the transition polarizability.
The Kramers—Heisenberg-Dirac dispersion equation for Raman
amplitude gives the excitation wavelength dependence of «.,, in
terms of a summation over states. When the energy of the incident
photons matches that of a single allowed electronic transition, the
expression simplifies, yielding the resonant term with a summation
over vibronic levels of the excited state

(glu,le) (elu,lg) (miv) (vin)
v hve, — hyy + iT

O = (3)
where g and e denote the ground and intermediate excited elec-
tronic states, u is the electronic transition dipole operator, and
o and p indicate the polarization direction. The initial, inter-
mediate, and final vibrational levels are m, v and n, respectively.
The energy and dephasing of the intermediate state are given by
hv,, and T.

Examination of eq 3 shows that the Raman scattering amplitude
depends on the energy denominator, the electronic transition
moments, and the vibrational overlap integrals. For our exper-
iment, the laser was tuned into resonance with the apparent vi-
bronic band origin at 224.63 nm. The nonvibrating excited-state
level was the largest component in the summation. While the

(23) Ziegler, L. D.; Hudson, B. Excited States 1982, 5, 41.
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energy differences in the denominator and the electronic transition
integrals are important components of the intensity determination,
the vibrational integrals will determine the relative strength of
the vibrational bands that appear in the Raman spectrum. The
vibrational integrals are very sensitive to changes in the excit-
ed-state surface relative to the ground-state surface.

A shift in the position of the minimum of the potential energy
curve is a displacement for a totally symmetric normal mode. A
displacement or large force constant change in the excited-state
potential energy curve relative to the ground-state potential energy
curve yields resonance enhancement in the fundamental and
overtones for totally symmetric vibrations. An excited state po-
tential that is directly dissociative along a totally symmetric normal
coordinate will result in strong resonance Raman scattering to
the fundamental and overtones for the normal mode involved.?
A force constant change or a dissociation involving a non totally
symmetric normal mode will yield intensity in even overtones of
the non totally symmetric normal mode.?!

Lack of intensity in a normal mode in the resonance Raman
spectrum also can be used to describe the excited-state surface.
Identical potential surfaces for ground and excited states yield
Franck—Condon factors that contribute only to resonant Rayleigh
and pure rotational Raman scattering; therefore, normal modes
that are not displaced and do not have a force constant change
will not be active in the resonance Raman spectrum.

Resonance Raman spectroscopy is sensitive only to the portion
of the excited-state potential directly accessed by a vertical
transition from the ground state. Displacements that occur in
the exit channel of an isomerization or photodissociation will not
contribute to a resonance Raman spectrum. Dissociations that
occur after relaxation to a different excited-state surface will not
influence the spectrum either.

Several totally symmetric normal mode fundamentals and
overtones of non totally symmetric normal modes appear in the
resonance Raman spectrum at 224.63 nm (Figure 2). Our results
are in qualitative agreement with the theoretically predicted
disrotary photoisomerization of allyl to cyclopropyl radical.'>!3
The calculated Walsh diagram shows that promotion of the
electron from the la, (r,) nonbonding molecular orbital to the
2b, (3) antibonding molecular orbital causes a decrease in the
CCC bonding for the excited state.’® The observation of sig-
nificant activity in v, is in agreement with a decrease of the CCC
bond angle on the excited-state surface. The excited-state
character of the hybridization on the central carbon is expected
to be less sp? hybrid and more sp* hybrid than that of the ground
state to account for the decrease in the CCC bond angle. The
strong activity in 2v,,, the out of plane bend for the hydrogen on
the central carbon, supports the proposed shift in hybridization,
The large intensity in the terminal CH, b, torsion, the 2u,, feature,
strongly supports the hypothesis of the disrotary pathway for the
isomerization.''? The unusually large intensity in 2»,, and 2vg
shows that there are strong forces along both coordinates in the
photoxsomenzatlon process. The 1.39-A CC bond length in allyl?
is shorter than the 1.48-A CC bond length in the cyclopropyl
radical.’ This results in a displacement for v on the excited-state
surface, yielding the observed intensity in v4 in the resonance
Raman spectrum. Activity in v, and 5 is consistent with a re-
hybridization of the terminal carbons and motion of the hydrogens
from planar to tetrahedral coordination. The complete absence
of fluorescence from the 3 2B, state is consistent with the proposed
rapid photoisomerization. At large nuclear displacements the p)
2B, excited-state surface may mix with the T 2B, surface; however,
our experiments are not sensitive to such an interaction in the
isomerization exit channel.

The 3 2B, state has sufficient energy to dissociate to yield a
hydrogen atom and allene as has been suggested for the lower lying
12B, state.3? However, direct photodissociation of the central

(29) Imre, D.; Kinsey, J.; Sinha, A.; Krenos, J. J. Phys. Chem. 1984, 88,
3956.

(30) Boerth, D. W.; Streitwieser, A, J. Am. Chem. Soc. 1978, 100, 750.
(31) Dupuis, M.; Pacansky, J. J. Chem. Phys. 1982, 72, 2511.
(32) Currie, C. L; Ramsey, D. A. J. Chem. Phys. 1966, 45, 488.
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CH bond on the 3 2B, surface is not supported by the resonance
Raman intensities or theoretical results. The direct photodisso-
ciation would yield strong intensity in v,, the CH stretch. The
Raman bands at 2917 and 3020 cm™ in Figure 3 are due to the
methane buffer gas. No strong Raman bands in the CH stretch
region are observed when argon is used as a buffer gas. The
terminal CH, groups would rotate to the perpendicular geometry
of allene corresponding to motion in the vg coordinate of the allyl
radical, giving rise to 2v in the Raman spectrum. Neither of these
features appears in the Raman spectrum resonantly enhanced by
the 2 2B, state.

Conclusions

Examination of the allyl radical by resonance Raman spec-
troscopy has shown that the literature infrared frequencies should
be reassigned and that the ab initio theoretical frequencies are

essentially correct. Qualitative analysis of the observed resonance
Raman intensities indicates that the photoisomerization on the
2 2B, surface of the allyl radical proceeds by a disrotary process,
in agreement with theoretical predictions. The Raman spectra
indicate that the central CH bond does not directly photodissociate
on the 2 2B, excited-state surface. Work is in progress on the
perdeutero allyl-ds radical to confirm the assignments of the v
and 2v,, features.
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Abstract: A deprotonated hemiacetal ion is used as a model intermediate for nucleophilic addition reactions at a carbonyl
group. The acidity of the cyclic hemiacetal 2-hydroxytetrahydropyran has been estimated to be AG®,4 2 351 & 2 keal/mol.
The basicity of the deprotonated ion was found to be 347 £ 2 kcal/mol, different from the acidity by 4 kcal/mol. This difference
is ascribed to an isomerization reaction in the ion. The electron affinity of the neutral radical corresponding to removal of
an clectron from the ion was measured with use of electron photodetachment spectroscopy and was found to be 49.6 £ 2.5
kcal/mol. The structure of the isomerized ion is assigned as a hydrogen bond stabilized enolate ion. The implications of the
strong acidity of the hemiacetal for the stability of tetrahedral reaction intermediates are discussed. Thermochemical arguments
suggest that tetrahedral adducts of this type are often global minima on the reaction potential surface. The addition reactions
of different alkoxide—alcohol complexes with benzaldehyde are discussed in terms of the stability of the corresponding tetrahedral

addition product.

I. Introduction

Nucleophilic carbonyl addition reactions play a critical role in
a variety of chemical and biochemical processes, including en-
zyme-catalyzed hydrolysis of carboxylic acid derivatives. Due
to their biological relevance, as well as their synthetic utility,
carbonyl addition reactions have been extensively studied.'
Studies of the reaction mechanism in solution suggest that the
reaction proceeds through an intermediate tetrahedral structure
where the oxygen carries the negative charge, as shown in eq 1.2

9 + 27 —- o — Q + Y~ (1)
RSy R—i'z A,
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This intermediate has been implicated in kinetic and isotope
exchange experiments.223# In certain cases, direct spectroscopic
evidence for its existence has been found.’
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