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CH;CN, which is isoelectronic with CH3CO* and CH;3N,*+
is almost certainly <104 kcal/mol.*®
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Photoreduction and Photodecarboxylation of Pyruvic Acid.
Applications of CIDNP to Mechanistic Photochemistry
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Abstract: Detailed mechanisms for the reduction of n,x* triplet pyruvic acid by ethanol, 2-propanol, and acetaldehyde in ace-
tonitrile solution have been elucidated by CIDNP. Various geminate combination and disproportionation reactions, including
the general formation of pyruvic acid enol (7), are observed. The significance of escape reactions involving hydrogen exchange
between ketyl radicals and ground-state pyruvic acid is demonstrated. With moderate concentrations of ethanol, competitive
abstraction from product acetaldehyde becomes important. Photodecarboxylatxon of n,x* triplet pyruvic acid in water and
other nonreducing, polar solvents is initiated via unimolecular scission of the carbonyl-carboxy bond. Rapid reduction of
ground-state pyruvic acid by carboxyl radicals followed by radical coupling yields 2-hydroxy-2-methylacetoacetic acid (8) as
the primary photoproduct in all solvents. The rate coefficient for a-cleavage in acetonitrile solution is estimated to be | X 106
s~!. All observations are well explained with the radical pair theory of CIDNP.

The photophysical and photochemical properties of a-
ketocarboxylic acids are not well understood.! While it has long
been known that irradiation of aqueous solutions of pyruvic
acid (1) afford high yields of acetoin (eq 1).2 this interesting

0002-7863/78/1500-3483$01.00/0

transformation has stimulated only coarse mechanistic con-
jecture (eq 2)? rationalized by presumed analogy to vapor-
phase results.*

Pyruvic acid is efficiently photoreduced in the presence of

© 1978 American Chemical Society
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2 CH,CCOOH ;—”O» CH,OCH(OHXCH, + 2€0, (1)
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0 OH OH

!
CHCCOOH —> “CH,CCO0r — CHC- + CO, (2a)
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2*CHC —> CHC(OH)=C(OH)CH;
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I
— CHCCH(OHXH,

suitable hydrogen atom donors to yield meso- and dl-di-
methyltartaric acids as the predominant products.2¢ The re-
active state is the n,#* triplet as deduced from energy transfer
quenching experiments® and absorption and emission spectral
evidence.!®:2¢ Photolytically generated pyruvic acid ketyl
radicals (2) have been observed directly by electron spin res-

OH

CH,C-

(2b)

COOH
2

onance spectroscopy,® and kinetic analyses have provided rate
coefficients and activation parameters for the abstraction?.6e
and termination steps.®2<f Despite the detailed nature of these
most recent investigations, interpretation of the observed
second-order termination rate expression was based on an a
priori mechanism describing the fates of the radicals generated
during the primary process.f

The intent of the present research was to provide detailed
reaction mechanisms for (1) the photoreduction of pyruvic acid
by selected hydrogen donor substrates and (2) the photoini-
tiated decarboxylation of pyruvic acid in aqueous and other
nonreducing environments. The manifold of elementary
free-radical reactions comprising both sequences are elucidated
by advantageous exploitation of the techniques of chemically
induced dynamic nuclear polarization (CIDNP).” The CIDNP
probe is uniquely applicable to such investigations in providing
direct observation of low yield and/or transient diamagnetic
products that would otherwise escape detection. Within the
realm of the high-field approximation’ the phases of the net
and/or multiplet effects observed for a given set of nuclei yield
a definitive, yet readily interpretable, description of the reac-
tion sequence affording the specified product. Furthermore,
concentration and time dependence studies allow inferences
regarding the primary photochemical process.

Experimental Section

All CIDNP and comparative standard spectra were measured with
a Bruker HX 90E NMR spectrometer (!H, 90 MHz; 13C, 22.631
MHz) operating in the Fourier transform mode (Nicolet Technology
Corp. program NTCFT, version 1002), except as noted otherwise. The
deuterated solvent provided an internal lock, and spectral regions were
defined by appropriate frequency offsets, thus obviating sample
contamination by normal internal references. Reactant concentrations
were generally 0.10 (*H) or 0.50 M (13C). The qualitative features
of all CIDNP spectra were insensitive to the presence of dissolved
oxygen. Reported analytical 'H NMR spectra were obtained upon
a Bruker HS 270 (270 MHz, FT) relative to internal tetramethylsil-
ane. Ultraviolet spectra were measured with a Cary 14 recording
spectrophotometer. Mass spectral analyses utilized an AEI MS-9 mass
spectrometer interfaced to a PDP 8/1 computer (Digital Equipment
Corp.). Data treatment was accomplished with the MSDS II program
(Applied Data Research, Inc.).
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NMR Optical System. The light source was a 1-k'W high-pressure
niercury-xenon compact arc (Hanovia 977B-1). The optical train
included a 30-mm continuous-flow water filter with quartz windows,
an f/1 quartz lens, and a 3-mm plate glass filter (T310nm = 0.01). A
remote-controlled mechanical shutter could be interposed between
the lens and glass filter as desired. The focused light beam was ad-
mitted directly into the modified spectrometer probe employing a
polished Suprasil light pipe. Steady-state photolysis times were 15 s
for 'H and ca. 10 min (total acquisition time) for 13C spectra. All
NMR tubes were Pyrex.

Time Dependence Experiments. Constants describing the time ev-
olution of specific polarized signals were determined by a two-pulse
sequence phenomenologically represented by light(t)-7-m/2. The first
pulse drove the mechanical shutter, now interfaced with the computer,
thus governing the irradiation interval. Variation of this pulse width,
coupled with a constant, short dtlay (r = 0.01 s), yielded the time
constant for generation of a polarized nucleus. Corresponding dynamic
T, decay values were obtained by fixing the light period (10s) and
altering 7. Comparative static 7; measurements were made with
photolyzed (5 min, sealed tube) mixtures of pyruvic acid and acetal-
dehyde in acetonitrile-d3 solution by the conventional inversion-
recovery (m-7-m/2) method. The constants were calculated by x?
minimization computer fits of the time-dependent signal intensities
to the requisite exponential functions.® All samples were degassed by
repeated freeze-pump-thaw cycles to a final pressure of 2 X 1073 Torr
and sealed. All spectra were processed identically.

Concentration Dependence Quenching Experiments. Samples were
prepared by diluting various aliquots of naphthalene stock solution
(2.01 X 1072 M) to volume with a given stock solution of pyruvic acid
(0.522, 1.00, 2.04 X 10~! M) in acetonitrile-d3, degassed by repeated
freeze-pump-thaw cycles to a final pressure of 2 X 1073 Torr, and
scaled. Variations in impurity quenching were averted by prior mixing
of all solvent batches employed. Samples were sequentially irradiated
for 15 s with a minimum of 99.9% of the absorbed radiation exciting
pyruvic acid. Under the short duration (ca. 30 min) conditions of a
given set of experiments, it is assumed that the incident light flux re-
mained effectively constant. All speetra were scaled identically during
processing, and integrals were normalized to residual CD;HCN.

Materials. The following substances were used as obtained: acet-
aldehyde (Aldrich, 994%), ethanol (U. S. 1., absolute pure), 2-pro-
panol (Mallinckrodt, analytical reagent), acetonitrile-d; (Aldrich
Gold Label, 99 atom % D), benzene-dg (Stohler, 99.5 atom % D),
deuterium oxide (Aldrich Gold Label, 99.8 atom % D), ethanol-d¢
(Stohler, anhydrous, 99 atom % D), sulfuric acid-d5 (Stohler, 99 atom
% D), and sodium pyruvate-2,3-'3C, (Merck Sharp and Dohme, 90
atom % 13C).

The following compounds were synthesized and/or purified as
delineated.

Pyruvic Acid. Pyruvic acid (Aldrich Gold Label, 99+%) was rec-
tified under vacuum and stored at —25 °C: bp 43 °C (2 Torr); UV
(CH;3CN) Amax 337 nm (¢ 16.9 M~ em™!); (D20) Amax 324 nm.°
Samples of !3C-labeled pyruvic acid were prepared from aqueous
solutions (0.10 M, D,0) of sodium pyruvate-2,3-13C; by in situ
acidification with sulfuric acid-d; (3.5 uL/mL).

L(+)-Lactic Acid. L(+)-Lactic acid (Sigma) was twice sublimed
immediately prior to use, mp 52.5-53.0 °C (lit.!o mp 53 °C). Ben-
zene-dg solutions were saturated (0.028 M) by prolonged sonica-
tion.

Naphthalene. Naphthalene (Fisher, certified) was twice recrys-
tallized from ethanol and twice sublimed, UV (CH3CN) Apax 310 nm
(€240.6 M~ cm™!).

dI-3-Hydroxy-2-butanone (dl-Acetoin). 2,3-Butanedione was re-
duced in the presence of granular zinc in aqueous sulfuric acid (10%
v/v).!1 Following continuous liquid-liquid extraction (ether) and
vacuum fractionation, the d/-acetoin was purified by preparative
GLC12(150°C): NMR (CDCl3) 64.27 (q,1,J = 7.2 Hz, -CHCH3),
3.95 (br, 1, -OH), 2.22 (s, 3, -COCHa3), 1.41 (d, 3, J = 7.2 Hz,
-CHCH3).

meso- and dI-Dimethyltartaric Acids. A solution of pyruvic acid
(0.28 M) in chloroform was irradiated!3 for 3 h.2¢ Crystallization from
the reaction mixture and recrystallization from methanol/chloroform
(1:15 v/v) afforded a mixture of meso- and dl-dimethyltartaric acids:
mp 140-158 °C (lit.2 mp 140-163 °C); NMR (CD3;CN) 6 1.48 and
1.44 (25, -CH;).14

dl-Methyl 2-Hydroxy-2-methylacetoacetate. Pyruvic acid (0.66
g, 7.5 mmol) and acetaldehyde (0.50 g, 11.25 mmol, 1.5 equiv) in
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Figure 1. 90-MHz 'H FT NMR spectra of 0.10 M CH3COCOOH and

0.10 M CH3CH:OH in CD3CN: (A) during irradiation; (B) following
irradiation. Assignments are summarized in Table I; S = solvent.

acetonitrile (75 mL, freshly distilled from P;Os under nitrogen) were
irradiated!? for 4 h. The subsequent mixture was treated with an ex-
cess of ethereal diazomethane,!> and concentrated in vacuo to yield
a viscous, yellow oil (1.06 g). dl-Methyl 2-hydroxy-2-methylacetoa-
cetate was isolated and repurified by preparative GLC!2 (190 °C):
IR (film)!6 3460 (OH stretch), 1748 and 1724 ecm~! (C=0
stretches); NMR (CDCl3)!'6 8 4.20 (s, I, -OH), 3.81 (s, 3,
-COOCH3), 2.29 (s, 3, -COCH3), 1.61 (s, 3, -CH3); mass spectrum
(60 eV) m/e (rel intensity, fragment) 104.0477 (20.0, C4H3O3),
88.0573 (2.1, C4Hs0O32), 87.0399 (2.1, C4H703,), 42.9509 (100,
C,H;0).

dI-Ethyl 2-Hydroxy-2-methylacetoacetate.l” Lead tetraacetate
(86.9 g,0.196 mol) was added to a vigorously stirred solution of di-
ethyl 2-methylacetoacetate (28.8 g, 0.2 mol, Aldrich, distilled) in
benzene (150 mL, freshly distilled from CaH,) at such a rate (ca. 30
min) that the temperature remained below 30 °C. Following addition,
the mixture was gently heated (40 °C) for 5 h, and then allowed to
stand at room temperature for an additional 20 h. The mixture was
filtered and the cake repeatedly washed with benzene. The benzene
solution was thoroughly washed with water, dried (MgSQ,), and
concentrated in vacuo. Vacuum fractionation yielded d/-ethyl 2-
acetoxy-2-methylacetoacetate (10.20 g), bp 75-78 °C (1 Torr). dl-
Ethyl 2-acetoxy-2-methylacetoacetate (5.05 g, 25 mmol) was added
to sodium bicarbonate (4.2 g, 50 mmol) in water (75 mL). After
stirring at room temperature overnight, ether extraction gave d/-ethyl
2-hydroxy-2-methylacetoacetate (2.35 g, 59%). Purification was ef-
fected by preparative GLC'2 (190 °C): mass spectrum (60 eV) m/e
(rel intensity, fragment) 118.0623 (48.4, CsH003), 90.0319 (36.8,
C3HgO3), 88.0518 (3.2, C4Hs0,), 87.0449 (19.7, C4H703), 42.9501
(100, C,H;0). Attempts at in situ saponification, followed by acidi-
fication to yield stable samples of d/-2-hydroxy-2-methylacetoacetic
acid!7!® were unsuccessful: 13C NMR analyses afforded spectra
corresponding to mixtures of d/-acetoin and ethanol.

erythro- and threo-2,3-Dihydroxy-2-methylbutanoic Acids. Sodium
borohydride (0.15 g, 4 mmol) was slowly added to d/-ethyl 2-hy-
droxy-2-methylacetoacetate (0.65 g, 4 mmol) in ethanol (10 mL).
After stirring for 1 h, the mixture was hydrolyzed and extracted with
ether, and the extract was concentrated in vacuo. The resultant residue
was dissolved in water (50 mL) and treated with Amberlite IR-120
resin (1.0 g, 24-h reflux). The resin was separated by filtration and

thoroughly rinsed with water. The pale yellow filtrate was concen--

trated by vacuum distillation to afford a mixture of erythro- and
threo-2,3-dihydroxy-2-methylbutanoic acids:!%!® NMR (CD3;CN)
03.88(q, !,/ =64Hz,-CHCH;),3.77(q, |, J = 6.4 Hz, -CHCH3;),
1.34 (s, 3,-CH3), 1.25 (s, 3, -CH3), 1.13(d, 3,J = 6.4 Hz, -CHCH3),
1.11(d,3,J = 6.4Hz, -CHCH>).

a-Methoxyacrylic Acid. Methyl 2,3-dibromopropanoate (12.30
g, 50 mmol) in methano!l (15 mL, freshly distilled from magnesium
turnings) was added dropwise to a magnetically stirred mixture of
sodium methoxide (8.10 g, 150 mmol, 3 equiv) in methanol (40 mL).
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Figure 2. High-field portion of Figure 1: (A) during irradiation; (B) fol-
lowing irradiation. Assignments are summarized in Table |; S = sol-
vent.

The milky white mixture was stirred at room temperature for 10 days
under a positive pressure of nitrogen. Dry ice was added to neutralize
the excess sodium methoxide. The mixture was filtered into water,
and the aqueous phase was extracted with chloroform. Concentration
and distillation from hydroquinone under a reduced pressure of ni-
trogen yielded methyl a-methoxyacrylate.2° The entire distillate was
refluxed in aqueous sodium hydroxide (15 mL, 1 N) for 1.5 h. After
cooling, the mixture was acidified with aqueous hydrochloric acid (15§
mL, 1 N) and extracted with ether. The extract was washed with
water, dried (MgSQj), and concentrated to give a pale yellow liquid
(0.67 g). Treatment of the residue with hot hexane (60 mL) and
cooling yielded a-methoxyacrylic acid (0.13 g) as white needles: mp
53.5-54.0 °C (lit.2! mp 52 °C); NMR (CD;CN) 6 5.29 and 4.71
(doublets, 2, J = 2.6 Hz, =CH,), 3.62 (s, 3, -OCH,;).

Results and Discussion

Photoreduction of Pyruvic Acid. Figure 1 illustrates the 'H
NMR spectrum obtained during photolysis (A > 310 nm) of
pyruvic acid (0.10 M) and ethanol (0.10 M) in acetonitrile-d;
solution. A subsequent dark spectrum is included for com-
parative purposes. The high-field portion of the spectrum
contains the majority of mechanistic information; thus ex-
pansions of this region are depicted (Figure 2). The designated
spectral assignments (Table I) are based upon spectra of au-
thentic materials and/or appropriate model compounds and
isolation and independent characterization of specific products.
The magnetization was sampled by a w/6 pulse to prevent
distortions of the multiplet effects.22 Transitions indicated as
being absent were readily detected (at the expense of consid-
erable phase distortion) by employing a #/2 sampling pulse.

Application of the qualitative phase relationships derived
from the radical pair theory of CIDNP under conditions of
dominant S-Tp mixing?? yields the reaction mechanism for-
mulated in eq 3-12. Nuclear spin polarized species are indi-
cated by an asterisk. Table | summarizes the spectral assign-
ments, observed polarization phases, and those phases pre-
dicted by the mechanism assuming triplet multiplicity of the
precursor and the reaction type, geminate vs. escape, as illus-
trated. The requisite magnetic parameters of the radicals in-
volved are catalogued in Table II. Signs of the hyperfine cou-
pling constants are taken to be positive and negative for protons
3 and «, respectively, to the free valence carbon atom. Geminal
and vicinal nuclear-nuclear spin coupling constants are as-
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Table I. 'H NMR Spectral Assignments and Polarization Phases:
Pyruvic Acid Plus Ethanol in Acetonitrile-d

Journal of the American Chemical Society | 100:11 | May 24, 1978

Geminate reactions of the second pair

0 CH;
Code Polarization phase i
Spectral assignment? no. Obsd Predicted (eq) 3 r— CH,C—C(OH)COOH* (7a)
CH;COCOOH 1 E A (54, 7¢) OH O 8 (30%) .
E (9) L1 * ~OH .
CH3CH30H 33 E+AE E+ AE (5c, 5d) CH,C- -CCH; CHCHO™ + HC=C{_ (7b)
3b  A+AE A+ AE (5. 5d) 6 ; COOH
CHgg(OH)CHC(OH)CHg’ da A A (5a) COOH
OOH 4b E+AE E+ AE(5a) l
4c A+ AE A+ AE (5a)
CH3CHY(OH)COOH 52 A+AE A+ AE(5b) 0
b E+AE E+AE(5b) ' I
CH3CH®PO 6a A+EA E+ AE(5b) — (CH,CHO* + CH,CCOOH* (7c)
A+ EA(8) 1
E (7b, 7c) 6
6b E+EA ‘EIQE ((é)b) Exchange reactions of radicals escaping from both pairs
A (7b, 7c) 0 OH
H,C=C(OH)COOH 7 A+ AE A+ AE (5¢) “
A (7b) A ® . *
CHICOC(OH)CH} 8a E E (7a) CH,CCOOH + CH,CHOH CHC+ + CH,CHO (&)
OOH 8b A A (7a) 6 (24%)
CHCOCHS(OH)CH} 9 E E(12) COOH
% A A (12) OH* 0 0 OH
9% E E(12) | I I
4 Nuclear superscripts refer to code subclassifications. CHC W + CHCCOOH == CH,CCOOH* + CH“Cl‘A ©
1
. . . . . COOH COOH
signed negative and positive values, respectively. Estimated
product yields are also indicated. Free radical termination reactions
Formation of the first pair OH
0 |C|) C“) 2 CH,C- — CH,C(OH)C(OH)CH, (10)
CH,.CCOOH + h» —> 'CH,0COOH — 3CH,CCOOH (3) CIOOH COOH COCOH
1 (meso- + dl-, 46%)
J——
0 C|>H OH (“) C">T|>
‘CH,CCOOH + CH.CHOH —> CHC- -CHCH, (4) 2 CHC- — CH,CCCH, (11)
3 (trace)
COOH o P —
. . . . OH
Geminate reactions of the first pair I 9 |
COOH CH.C: + ‘CHCH, == CH,C: -CHCH,
0
— CH,C(OH }CH(OH)CH,* (5a)

4 (threo- + erythro-)

— CH,CH(OH)COOH* + CH,CHO*® (5b)

TTOH  on OH 5 6
/OH*
CH,C: -CHCH, +— CH,CH,0H" +H,,C=c\ (5¢)
3 7 “COOH
COOH l
0

'~ CH,CH,OH* + CHCCOOH™  (5d)

3 1
Formation of the second pair
0 SOH ©
I |
CH,CCOOH + CH,CH - CH,C* -CCH, (8)
6
COOH

—> CH,CCHCH,* (12)
I

OH
9

The multitude of individual steps can be grouped into the
general classifications shown. After formation of the initial
radical pair (eq 3 and 4), four geminate combination and dis-
proportionation processes (eq Sa-d) occur. Next, one of the
products, acetaldehyde, gives rise to the formation of a second
correlated pair (eq 6) and its subsequent geminate products
(eq 7a-c). The escaping radicals from both pairs are converted
efficiently to polarized diamagnetic products via exchange
processes (eq 8 and 9), and the radicals are ultimately de-
stroyed by uncorrelated pair dimerizations (eq 10-12).

The intricacy of the above scheme precludes an unambig-
uous evaluation of the relative contributions that particular
elementary steps make to the observed polarizations of acet-
aldehyde and pyruvic acid. Both molecules are formed by four
or more reactions generating diverse polarization phases. To
confirm the singularity of the postulated mechanism it is
necessary to dissect and appraise these separate components.
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Table I Isotropic Proton Hyperfine Coupling Constants and g Factors of Selected Free Radicals

Hyperfine coupling constant,? G

Radical a 8

OH COOH g factor Ref

CH;C(OH)COOH
cis- 17.08
trans- 16.47
CH;CHOH? 22.19
(CH3),COH? 19.66
CH,CO 5.1
COOH

15.37

2.31 1.08

2.00 0.84
Unresolved

0.70

2.003 69 6b
2.003 74 6b
2.003 23 24
2.003 17 24
2.0005 25
0.9 2.0002 46

@ Consult text for assessment of signs. # Values measured at 26 °C.

Fortunately, the mechanism provides specific predictions which
are amenable to experimental verification. Corroborating
evidence is obtained first by establishing the multiplicity of the
excited state precursor and the competing reactivity of the
acetaldehyde generated during the reaction. Finally, it is
possible to investigate independently the reactions of both
correlated pairs.

The energy separations between the singlet (S;) states and
the triplet (Tp) states of pyruvic acid!®2¢ and naphthalene?®
ensure that triplet energy transfer from pyruvic acid to naph-
thalene will proceed at a rate approaching the diffusion-con-
trolled limit,?” while singlet quenching will be an extremely
low probability process.?® Under experimental conditions in
which a minimum of 98% of the absorbed radiation excites
pyruvic acid, very efficient quenching of the nuclear spin po-
larization is observed. This result clearly reaffirms the in-
volvement of triplet state pyruvic acid in hydrogen abstraction
from ethanol.3:6d:h

The observation of strongly polarized 2-hydroxy-2-meth-
ylacetoacetic acid (8, eq 7a) during photolysis of equimolar
solutions of pyruvic acid and ethanol is surprising. Fully cog-
nizant of the selectivity of zerz-butoxy radicals toward hy-
drogen abstraction from aldehydes over alcohols?? and the
analogies drawn between the abstraction reactivities of alkoxy
radicals and n,z* triplet state ketones,? we did not anticipate
that the low concentrations of acetaldehyde formed in the
initial stages of reaction could compete so effectively for ex-
cited state pyruvic acid. The extent of this process is further
demonstrated by the fact that 8 constitutes approximately 30%
of the final product mixture. Evaluation of this reaction was
complicated additionally by the observation that irradiation
of pyruvic acid (0.10 M) in acetonitrile-d; also gives rise to
polarized 8, albeit much less efficiently (vide infra). Two in-
dependent modes of inquiry were pursued to clarify this mat-
ter.

The intensities of both the emissive and absorptive polar-
izations assigned to 8 were measured as a function of the initial
ethanol concentration (0-0.5 M). The pyruvic acid concen-
tration was fixed at 0.10 M. Both resonances attain a maxi-
mum intensity at approximately 0.15 M ethanol, decreasing
smoothly at higher alcohol concentrations. These results are
consistent with the postulated reaction of pyruvic acid with
acetaldehyde. At the higher concentrations of alcohol the al-
dehyde would compete less successfully for the triplet state
ketone, and the intensities of polarized 8 would be reduced.

The above reasoning is carried to its extreme by employing
ethanol as the solvent. Continuous wave mode NMR experi-
ments on solutions of pyruvic acid (0.20 M) in ethanol (20%
CsDs as lock) exhibit no polarizations corresponding to 8.
Suppression of this latter component of the mechanism permits
direct observation of that component attributable solely to the
reaction of pyruvic acid with ethanol. The polarizations ob-
served for acetaldehyde are A + EA for the methyl protons and
E + EA for the aldehydic proton—those phases predicted for
the formation of acetaldehyde as an escape product (eq 8,
Table I).
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Figure 3. Proton noise decoupled 22.631-MHz '3C FT NMR spectra
during irradiation of 0.50 M CH3COCOOH in the presence of selected
additives: (A) CH3;CHO; (B) CH3CH,OH; (C) CD;CD,0D. S = solvent
(CH3CN and/or CD3CN); consult footnote 31 for discussion of X;.

Photolysis of pyruvic acid and ethanol-de mixtures allows
the acid methyl group to be traced through the reaction scheme
unencumbered by other signals. Photooxidation of ethanol-dg
must afford acetaldehyde-d4 and its subsequent reaction with
pyruvic acid requires incorporation of the CD3CO moiety into
8. Thus, the proton emission derived from 8 is predicted to
vanish while the enhanced absorption should be unaffected.
When the appropriate experiments were conducted the results
clearly demonstrate that while the emission is strongly di-
minished in intensity, relative to the enhanced absorption, it
does not vanish. Obviously there remains a residual contri-
bution to the polarization from the acid condensation reaction
previously noted.

Measurements of the proton-decoupled !3C nuclear spin
polarizations within this system are instructive. Irradiation of
pyruvic acid (0.50 M) in acetonitrile yields no discernible po-
larization. When ethanol (0.50 M) is added to the reaction
mixture, strong polarizations attributable to 8 and consistent
with eq 7a are observed (Figure 3). Both carbons of the acetyl
group are predicted to be in strong emission: the hyperfine
interactions to both atoms are large and of the same sign (+)
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Figure 4. 90-MHz 'H FT NMR spectra of 0.10 M CH3COCOOH and
CH3;CHO in CD3CN: (A) during irradiation; (B) following irradiation.
Assignments are summarized in Table I; consult footnote 31 for discussion
of X; and X3; S = solvent.

because of the o character of the acetyl radical.?®> Within =
radicals the spin densities upon carbon atoms adjacent to the
radical center are small and only the carboxylate carbon is
observed because of its long spin-lattice relaxation time. The
spectral assignments are readily confirmed by comparison to
the 1°C CIDNP spectrum (Figure 3) obtained upon photolysis
of mixtures of pyruvic acid and acetaldehyde. Exploitation of
ethanol-de again yields explicit predictions. Introduction of
the CD3CO function now requires the high-field emission to
become a septet and the carbonyl emission to be somewhat
diminished in apparent intensity because of line broadening
arising from long-range carbon-deuterium coupling. These
expectations are fully borne out by experiment (Figure 3), and
definitively establish that abstraction from acetaldehyde fol-
lowed by geminate combination constitutes the predominant
route to polarized 8.

Clearly, the above mechanism may now be considered as
some weighted combination resulting from two parallel pri-
mary processes. Dissection of the individual components is
readily accomplished by model systems. The alcohol reaction
may be verified by employing 2-propanol as the reductive
substrate. The similarities of the rates of abstraction by triplet
pyruvic acid from both alcohols®¢! and of the magnetic pa-
rameters of the corresponding a-hydroxy radicals (Table II)
ensure an unambiguous comparison. Furthermore, product
acetone cannot suffer competitive abstraction.

Photolysis of mixtures of pyruvic acid (0.10 M) and 2-pro-
panol (0.10 M) in acetonitrile-d5 yields strong proton polar-
izations. The reactions involved are exactly analogous to those
previously described for ethanol. All four geminate processes
equivalent to eq Sa-d are observed with the predicted polar-
ization phases (Table I). Most notably, pyruvic acid is un-
ambiguously obtained in enhanced absorption as anticipated
(eq 5d). Acetone is also found in enhanced absorption, re-
confirming the conclusions of the CW mode experiments
employing ethanol solvent as to the major path to oxidized
alcohol (eq 8). Acetone (51%) and meso- and d/-dimethyl-
tartaric acids (eq 10, 49%) are the sole detectable products.

The reaction of pyruvic acid with acetaldehyde is of course
directly testable, and 'H NMR spectra obtained during and
following irradiation are illustrated in Figure 4. These results
are in total accord with the prior mechanism (eq 6, 7, 9-11).
The coupling product, 8, is obtained in approximately 74%
yield, thus allowing facile isolation and characterization of the
methyl ester derivative. meso- and dl-dimethyltartaric acids
comprise the remainder of the product mixture. Only trace
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Figure 5. 90-MHz !H FT NMR spectra of 0.10 M CH3COCOOH in
D,0: (A) following irradiation; (B) during irradiation; (C) during irra-
diation in the presence of CH3;CHO. Assignments are summarized in
Table I1I.

quantities of biacetyl are detected by gas-liquid partition
chromatography.

The totality of these results leads to the interesting conclu-
sion that within the pyruvic acid-ethanol system the dominant
polarization of both pyruvic acid and acetaldehyde arises from
escape exchange reactions between the appropriate polarized
radicals and ground-state pyruvic acid (eq 8 and 9).

Photoinitiated Decarboxylation of Pyruvic Acid. 'H and 13C
NMR spectra obtained during and subsequent to photolysis
(A >310 nm) of aqueous solutions (D,0) of pyruvic acid are
represented in Figures S and 6, respectively. Polarized spectra
measured in the presence of added acetaldehyde are depicted
for comparative purposes. Table IIT summarizes the spectral
assignments and polarization phases.3!

These spectra are obviously complicated by the equilibrium
hydration of pyruvic acid and acetaldehyde.?® This situation
was aggravated within the product spectra, and interpretation
was made even more difficult by expected incorporation of
deuterium upon carbon. However, it is certain that no products
corresponding to the polarized species are observed. Gas-liquid
partition chromatography indicates acetoin to be the major
organic reaction product in accord with prior investigations.22<
Minor amounts of biacetyl are detected, and formation of small
quantities of meso- and dl-dimethyltartaric acids is presumed.
The latter conclusion is consistent with 'H and 13C NMR
analyses of the product mixtures. Evolution of carbon dioxide
was readily monitored by chemical trapping with Ascarite.
Analogous experiments conducted upon aqueous solutions of
sodium pyruvate showed neither nuclear spin polarization nor
detectable depletion of substrate.2e3 The presence of conjugate
base does not influence the photodecarboxylation of pyruvie
acid.

Irradiation of pyruvic acid (0.10 M) in acetonitrile-d3 or
acetone-dg also yields proton polarization. The former system
is illustrated in Figure 7 and results with acetaldehyde additive
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Figure 6. Proton noise decoupled 22.631-MHz !3C FT NMR spectra of

1.0 M CH3COCOOH in D30: (A) following irradiation; (B) during ir-
radiation; (C) during irradiation in the presence of CH3CHO. Consult
footnote 3! regarding X;.

Table ITII. 'H NMR Spectral Assignments and Polarization
Phases: Pyruvic Acid in Deuterium Oxide or Acetonitrile-d;

Polarization phase

Spectral assignment? Code no. Obsd Predicted (eq)
CH3;COCOOH 1 E E(14)
CH;C(OH),COOH 10
CH3CHPO 6a Eb E (7b,7¢)

6b A% A (7b,7c)
CH3CH®(OH); 11a
11b
CH3COC(OH)CH} 8a E E@3)
OOH 8b A A(13)

2 Nuclear superscripts refer to code subclassifications. # Observed
only in acetonitrile-d; containing acetaldehyde additive.

are again included for direct comparison (Table III). In both
solvents conversion of pyruvic acid to products is quite ineffi-
cient, and quenching of the polarization upon addition of
naphthalene indicates involvement of triplet state pyruvic acid.
Experiments employing benzene-dg and dimethyl-d¢ sulfoxide
solvents afford neither CIDNP nor discernible consumption
of pyruvic acid. The latter instance presumably results from
quenching of the excited state because no polarization is ob-
served even in the presence of ethanol.

Scrutiny of Figures 5-7 indicates conclusively the identity
of the polarizations observed with and without added acetal-
dehyde. The enhanced intensities of the polarizations in the
presence of acetaldehyde confirm that the pyruvic acid-acet-
aldehyde reaction effectively contributes to the polarization.

3,F

O OH 0
I
CHC: -CCH, -— CH.CC(OH)CH* (13)
COOH COOH
8
0 ?H OH ﬁ
|
CH.CCOOH + - CCH* === CH.C:- + CH,CCOOH* (14)

| | 1
COOH COOH
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Figure 7. 90-MHz 'H FT NMR spectra of 0.10 M CH3COCOOH in
CD3CN: (A) following irradiation, vertical scale = 16K; (B) during ir-
radiation, vertical scale = 16K; (C) during irradiation in the presence of

CH;3;CHO, vertical scale = 65K. Assignments are summarized in Table
I11; consult footnote 3! regarding X»: S = solvent.

With prior knowledge of the results reported above, these ex-
periments prove definitively that the nuclear spin polarizations
observed upon photolysis of pyruvic acid in nonreducing en-
vironments arise from the radical pair composed of acetyl and
pyruvic acid ketyl radicals. The genesis of that pair is less ob-
vious: polarizations induced by the random encounters of un-
correlated radicals (F reactions) are qualitatively indistin-
guishable from those generated by triplet geminate pairs (vide
infra).2? Equations 13 and 14 reiterate the combination and
escape exchange reactions affording polarized diamagnetic
products. CIDNP phases required by the mechanism are in
agreement with experiment (Table III). Attempts to prepare
2-hydroxy-2-methylacetoacetic acid (8) by an independent
route and to measure its 13C NMR spectrum in aqueous so-
lution met with failure: the obtained spectrum was that of
acetoin! Ethyl 2-hydroxy-2-methylacetoacetate provides an
excellent spectral model for the parent acid in aqueous solution
and supports the fortuitous degeneracy of the protons in en-
hanced absorption (8b) with the methyl group of hydrated
pyruvic acid (10, Figure 5).
2-Hydroxy-2-methylacetoacetic acid has been the subject
of various prior investigations,!”# and it is well known that
the molecule undergoes rapid acid-catalyzed hydrolysis to
acetoin. The intermediacy of the obvious enediol has been
postulated,'82 but the precise mechanism of this transformation
is merely tangential to the present discussion. It only need be
noted that in acetonitrile solution 8 is photochemically inert
under the present experimental conditions. The conclusion is
evident: acetoin is not a primary photoproduct of pyruvic acid
in aqueous solution, but results from facile hydrolysis of 8!
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Digressing for the moment, it is conceivable that acetoin is
also formed via a parallel primary photochemical pathway
unique to aqueous solution that would not generate nuclear
spin polarization. Plausible mechanisms elude us. While the
carbene reaction previously offered (eq 2)° would indeed not
afford CIDNP, such dimerizations are exceedingly suspect
under steady-state photolysis conditions. The example in hand
is further obviated by the expectation that the carbene would
be highly prone to intramolecular rearrangement and/or in-
sertion into the solvent to afford acetaldehyde or its hydrate.
Flash photolytic investigations of pyruvic acid in aqueous en-
vironments have detected a transient absorption spectrum, but
it was assigned to the acetyl radical.’” The alternate possibility
that the carbene abstracts hydrogen from the carboxylic acid
function of ground-state pyruvic acid!? would necessitate po-
larized acetoin in clear contradiction to experiment. These
arguments, coupled with the efficient formation (in the pres-
ence of acetaldehyde) and stability of 8 in acetonitrile, lead to
the rejection of such possibilities.

Three mechanisms qualitatively consistent with experiment
may rationalize the photochemical transformation of pyruvic
acid to 2-hydroxy-2-methylacetoacetic acid (8): all share the
photophysical features, and radical pair (RP-2) reactions re-
sponsible for polarized coupling product (8*) represented by
eq 15 and 16, respectively. Schemes I-11I describe the potential
pathways yielding RP-2. Assuming that decarboxylation

lky
¥
0 44]0
Iz “ kisc -
CH,CCOOH + kb -2 'CH,CCOOH "CH,CCOOH  (15)
t |
3kr
WP oE o 0
I
CHC- -CCH, —> CHC(OH)CCH/X
COOH COOH
RP-2 8*
0
1/T,
—— CH,C(OH)CCH, (18)
COOH
8
Scheme I
0 0 3 ?H 0
| k I
‘CHCCOOH + CH,CCOOH —> CHC- ‘OCCCH, (17)
COOH
RP-1
=5H O
" l
RP-1 — CHC- CCH, + (O, (18)
COOH
RP-2

within RP-1 (eq 18, Scheme I) is rapid, and that reactions 19
(Scheme I1)38 and 23 (Scheme I1I) are rate determining, all
three mechanisms afford identical polarization patterns and
product distributions. In the stationary state the fate of RP-2
(eq 16) is independent of its mode of formation. The sequences
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Scheme 1I
0 3=
l ks l
sCH,CCOOH —> CHC: -COOH (19)
RP-3
0
CH,CCOOH* (20a)
RP-3 ﬁ
CH,CH* + Co, (20b)
0 OH
l k.
CH,CCOOH + ‘COOH — CHC: + CO, (2D
COOH
F——r —
OH 0 OH O
l “ kq “
CHC- + CCH, == CH,C - -CCH, (22)
COOH COOH
RP-2
Scheme III
0 0
I k, [
CH,CCOOH + A —> CH,CH + CO, (23)
3
0] 0 OH o
I Ik, Il
‘CH,CCOOH + CHCH — CH,C- -OCH, (24)
COOH
RP-2

differ dramatically, however, in their kinetic interpretation
characterizing generation of polarized 8.

Application of the steady-state approximation to RP-1 and
RP-2 of Scheme I yields the following expression for the time
(t) and concentration (¢) dependence of the polarized signal
intensity, Int*:

Int*(t,c) = <

k{[CH;COCOOH] )
3k, + k,[CH;COCOOH]
X (1 — e~4T)o I, T\PK (25)

where T is the spin-lattice relaxation time of the nuclei in
question, ¢ is the quantum efficiency of intersystem crossing
kise/(kisc + 'k\), I, is the intensity of absorbed light, P is the
enhancement factor,*! and X includes all instrumental factors.
Scheme II provides a corresponding expression (eq 26) dif-
fering from eq 25 only in the concentration dependence
term.

r

Both Schemes I and II therefore predict generation of the
polarization according to (1 — e ~%71) with characteristic time
constant 7.%2 Scheme III necessitates slower development of
the polarization because of the rate-limiting formation of ac-
etaldehyde. All three mechanisms require time-dependent
decay of the polarization with T by definition.*3

Time constants describing the generation and decay of both
the emissive and the absorptive polarizations arising from 8
upon photolysis of pyruvic acid (0.10 M) in acetonitrile-d;
solution were measured by the light(t)-7-7/2 method delin-
eated in the Experimental Section. The inefficiency of the re-

>(1-—e‘”n)¢QTHPK' (26)
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Table IV, Time Constants Defining Generation and Decay of Resonance Intensities from Polarized 8 in Acetonitrile-d3 Solution

Time constant, s¢

Emission (8a) Enhanced absorption (8b)

Experiment Generation Decay Generation Decay
0.10 M CH;COCOOH 6.96 £ 1.114 7.27 £0.49 2.94 £ 0.70 4.00£0.16
0.10 M CH;COCOOH + 0.10 M CH3CH,0H 17.78 £ 1.46 8.36 £ 0.39 6.73 £ 0.06 3.80 £ 0.94
Static T 7.62 +£0.56 232+£0.12

@ Average result of a minimum of three determinations. # Standard deviation.
GENERATION DECAY 2,00 mmrmr = - I
¢
] LU l | | : e
b = _
L’JL\JL‘J Jh/‘“\ wﬁf’”/‘/‘"J : JLJL»JLAJ Jﬁ L/,AN,LJ, *\ 1,50 —
= / .
= 2 .
5 % 4 0/
z x|\
g g \ ‘ /
o4 a4 i
3 5 00 P -
Q = i
Z T=2.74 SEC ~ T=3.95 SEC i |
> > !
Z & \ | -
2 / 2 ‘ 05 .10 5 20
= =5 10% [Nophiholene] (M)
[T B B ! | Figure 9. Relative effect of naphthalene concentration upon the intensity
2 4 6 8 10 2 of the proton emission from polarized 8a during irradiation of 0.10 M
TIME (SEC) TIME (SEC) CH3COCOOH in CD;CN.

Figure 8. Time-dependent generation and decay of the proton enhanced
absorption of polarized 8b during light(t)-r-=/2 irradiation of 0.10 M
CH3COCOOH in CD3CN: (top) experimental signal intensities in arbi-
trary units, individual plot widths are 10 Hz; (bottom) computer fits of
experimental intensities to the requisite theoretical exponential functions.®
Calculated time constants (7) are indicated.

action precludes corrections to eq 25 and 26 for product for-
mation. Representative results for the enhanced absorption
(8b) are illustrated in Figure 8 along with computer fits of the
data to the appropriate theoretical exponential functions
predicted by eq 25 and 26.% Identical experiments were con-
ducted upon samples of pyruvic acid (0.10 M) and ethanol
(0.10 M) in acetonitrile-d3. Based upon steady-state intensities
of polarized 8 and the extent of conversion of pyruvic acid to
products, the rate of formation of acetaldehyde within this
system must exceed that of Scheme III. Assessment of these
time constants thus provide minimum deviations from the 7';'s
that may be expected if Scheme III were operative. Decay
constants must of course again follow T. Finally, in situ
preparation of 8 by photolysis of sealed samples of pyruvic acid
and acetaldehyde in acetonitrile-d5 allowed static measure-
ments of the desired 7';’s by conventional inversion-recovery
methods. Table IV summarizes the data. Despite the variations
of some of the reported values,** the aggregate results are
conclusive. Time constants describing the development of
polarized 8 during photolysis of pyruvic acid are experimen-
tally indistinguishable from the corresponding T',’s as required
by either Scheme I (eq 25) or Scheme II (eq 26). In contrast,
generation time constants obtained in the presence of ethanol
additive are significantly greater than 27;. Scheme III is
therefore excluded as a contributing primary process. While
the large dynamic decay constants for 8b are not readily ra-
tionalized,*5 they in no way compromise the present inter-
pretation.

Inspection of eq 25 and 26 indicates that Schemes I and 11
may be differentiated by determining the kinetic order of the

Table V. Slopes of the Stern-Volmer Quenching Plots for Various
Concentrations of Pyruvic Acid

Slope? X 1074
[CH;COCOOH], Emission Enhanced
M (8a) absorption (8b)
0.052 0.41 £ 0.03% 0.39 £ 0.02%
0.100 0.40 £ 0.02 0.42 £ 0.04
0.204 0.46 £+ 0.01 0.45+0.08

@ Calculated by computer fit of the averaged data from four ex-
periments. ¥ Standard deviation.

reaction with respect to pyruvic acid. The influence of varied
pyruvic acid concentration upon the polarized signal intensities
of 8 is most expeditiously examined by means of Stern-Volmer
type quenching experiments. The advantage of such an ap-
proach is the fact that the analysis is not complicated by an
explicit dependence upon the intensity of absorbed radiation.
For a given substrate concentration, Scheme I (eq 25) predicts
the following dependence upon quencher concentration,

[Ql:

Inty* kQ[Q]
=1+ 27
Int* 3k, + k[CH;COCOOH] 27

in which Into* is the intensity in the absence of quencher and
kq is the quenching rate coefficient. The slope of Intg* /Int*
plotted as a function of [Q] would be kq/(3k, + k[CH;CO-
COOH]). Assuming 3k, to be comparable to k1[CH;CO-
COOH], Scheme I requires that the slope decrease with in-
creasing pyruvic acid concentration. Scheme II (eq 26) ob-
viously demands a zero-order dependence upon the substrate
concentration, the slope being given by kq/(Ck, + k3).

The requisite experiments were conducted in acetonitrile-d3
solution employing naphthalene as quencher. Figure 9 illus-
trates representative data for quenching of the emission from
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Figure 10. Proton noise decoupled 22.631-MHz !3C FT NMR spectra of 0.10 M CH3COCOOH-2,3- 13C, in D,0: (A) following irradiation; (B) during
irradiation; (C) simulated CIDNP spectra of 8-13C, and 12-13C4,* intensities are normalized to the experimental spectrum assuming a line width

of 3 Hz. Assignments are summarized in Table VI.

Table VI. 13C NMR Spectral Assignments and Polarization
Phases: Pyruvic Acid-2,3-13C5 in Deuterjum Oxide

Polarization phase

Predicted
Spectral Code Scheme Scheme
assignment? no. Obsd 11 |
LI 3
H;C+CAOCOOH la  EA EA
13 E+EA E+EA E
k%
H;C«C#(OH),COOH 10 EA b b
106 E+EA b b
® ok * *
H3C“C5027(OH)C‘H3 8 b.c b,c b,
OOH
% % * *
H3C“25(OH) (OH)CH; 12 b,c b,c b.c
OOH :COOH

9 Nuclear superscripts refer to code subclassifications, and a su-
perior asterisk denotes !3C. ¥ Consult text. ¢ Consult experimental
and simulated spectra in Figure 10.

8a as a function of naphthalene concentration. Table V sum-
marizes the measured slopes of the quenching plots as a
function of pyruvic acid concentration. The identity, within
experimental uncertainty, of the observed slopes provides direct
evidence in support of Scheme I1. Furthermore, if it is assumed
that k3 ~ 3k, and that energy transfer quenching is a diffu-
sion-controlled process,?’ the rate coefficient for a-cleavage,
k3, may be estimated to be on the order of 1 X 10%s~!in ace-
tonitrile solution.

A detailed analysis of Schemes I and II provides an addi-
tional, independent criterion by which the mechanistic possi-
bilities might be distinguished. Scheme II contains an unique
radical pair—the triplet geminate pair produced via the pri-
mary a-cleavage step (RP-3, eq 19). It is reasonable to antic-
ipate that competitive with the designated escape processes,

RP-3 would be susceptible to geminate recombination (eq 20a)
and/or disproportionation (eq 20b) thereby yielding polarized
pyruvic acid and/or acetaldehyde. The essential feature is the
virtual coincidence of the g factors of the radicals involved
(Table IT). That is, RP-3 can induce only multiplet effect po-
larizations.?? With judicious manipulation of the experimental
conditions Scheme I can rationalize formation of pyruvic acid
exhibiting only net effect polarizations.

Pyruvic acid-2,3-13C, was chosen for investigation, the
additional spins serving to lift the degeneracies within the
pyruvic acid spectrum as required for the observation of mul-
tiplet effects. The double label maximized the number of ex-
perimental degrees of freedom permitting study of spin systems
ranging from AX to A3X to A;MX. The AX case was obtained
by observing 13C under conditions of 'H noise decoupling.
Discussion shall be limited to this single example as it is the
most readily interpreted and is sufficiently defined to furnish
all the required mechanistic information.

The predictions are straightforward. Equation 20a (Scheme
IT) demands EA multiplet phases for both the carbonyl and
methyl carbons of pyruvic acid. The hyperfines on both carbons
of the acetyl o radical are large2® and of the same sign (+), and
Jcc is well known to be positive.4” In contrast, Scheme I gen-
erates pyruvic acid only via reaction 14 involving the pyruvic
acid ketyl radical which derives its polarization from RP-2. The
methyl carbon of this = radical carries negligible hyperfine,
and therefore the methyl carbon of pyruvic acid would not be
polarized. Furthermore, because the carbonyl carbon is cou-
pled only to a nuclear spin having no hyperfine, it can manifest
only net polarization predicted to be emissive.*® Reaction 14
is of course common to both mechanisms and a net emission
superimposed upon the carbonyl EA multiplet is to be expected
from Scheme II. The methyl carbon must retain its pure
multiplet effect polarization.

Figure 10 illustrates the 13C NMR spectra obtained during
and subsequent to irradiation of aqueous (D,O) solutions of
pyruvic acid-2,3-13C; (0.10 M), and Table VI summarizes the
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spectral assignments. The multiplet effects observed for both
the carbonyl and methyl carbons of pyruvic acid are immedi-
ately evident, and a net emission within the carbonyl multiplet
is discernible. The correspondence with the predictions derived
from Scheme I1 is exact! This additional evidence conclusively
substantiates a-cleavage to be the primary photochemical
process in decarboxylation of pyruvic acid.

Several remaining features of the spectrum represented in
Figure 10B merit attention. The broadening of the pyruvic acid
carbonyl carbon (883) resonance is ascribed to a heating effect
during sample irradiation. Independent variable temperature
measurements are consistent with this rationale. The obser-
vation of CIDNP within the hydrated form of pyruvic acid (10)
is not surprising. The polarization is merely carried over from
pyruvic acid by the hydration process thus necessitating that
the phases be identical with those of the respective nuclei of
pyruvic acid (Table VI). The sole requirement is that hydration
occur upon a time scale comparable to the spin-lattice relax-
ation times of the nuclei in question, that is, seconds.3¢ The lack
of polarized acetaldehyde (eq 20b) is noteworthy.

The qualitative phase rules?? are ineffectual for analysis of
the complicated '3C spin coupled systems of 2-hydroxy-2-
methylacetoacetic acid (8, ABMX) and dimethyltartaric acid
(12, AA’BB’). For this reason CIDNP spectra were calculated
assuming that both products were derived from F-pair di-
merizations of the requisite radicals (eq 13 and 10, respec-
tively).*® Direct comparison of the experimental and theo-
retical spectra (Figure 10) demonstrates that they are in rea-
sonable agreement.

Conclusions

It is our opinion that elucidation of the mechanisms of
photoreduction and photodecarboxylation of pyruvic acid
demonstrates how powerful a tool CIDNP can be in mecha-
nistic photochemistry. Many of the key reactions such as the
hydrogen exchange reactions (eq 8 and 9) cannot be observed
by conventional photochemical techniques. Similarly inter-
mediates such as enol 7 and 8-keto acid 8 will escape detection
by product analysis because of their short lifetimes. However,
it should also be pointed out that CIDNP, like any other
mechanistic tool, has to be interpreted with caution. Concen-
tration studies, general kinetic analyses, and product investi-
gations are necessary before a reaction mechanism can be
accepted. Given the complexity of the reaction sequences of
the photoreduction of pyruvic acid, the interpretations of a
previous study>? of the same reaction under different conditions
must be considered poorly supported. Thus, in our work on the
photoreduction of pyruvic acid with the above-mentioned
hydrogen donors and with lactic acid5! there is no evidence for
the operation of a triplet mechanism?32 for nuclear spin polar-
ization. All observations are well explained with the radical
pair mechanism, once the chemistry is understood.
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Abstract: The intramolecular photocycloaddition reactions of a number of 0-allyloxypheny! substituted 2H-azirines have been
examined in mechanistic detail. Upon irradiation with ultraviolet light, these systems undergo intramolecular 1,1- and/or ,3-
cycloaddition depending on the substituent groups attached to the 2 position of the azirine ring. The internal cycloaddition re-
actions have been shown to proceed through transient nitrile ylide intermediates. A kinetic investigation involving Stern-Vol-
mer plots shows that the rate of internal 1,3-cycloaddition is three times faster than that of 1,1-cycloaddition. Inspection of mo-
lecular models of these o-allyloxypheny! substituted nitrile ylides shows that two paths for cycloaddition are possible depend-
ing on the geometry of the nitrile ylide. The parallel plane approach of addends produces a 1,3 cycloadduct and occurs when
the dipole possesses linear geometry. The alternate 1,1-cycloaddition process occurs when the dipole possesses bent geometry.
Since the energy difference between the nonplanar bent and linear forms is very small, the preferred mode of cycloaddition will
depend on the nature of the substituent groups attached to the nitrile ylide. According to recent MO calculations, methy! or
other electron-releasing substituents on the 3 carbon of the ylide will increase the preference for the bent geometry and favor
the 1,1-cycloaddition process. Placing electron-withdrawing groups at C-3 (i.e., CF3, H, C¢H4NO3) favors linearization of the
nitrile ylide, thereby promoting 1,3-cycloaddition. The results show that when the energy difference between the nonplanar
bent and linear forms is small, substituent effects can play an extremely important role in determining the course of the intra-
molecular cycloaddition reactions of nitrile ylides.

The monumental work of Huisgen and co-workers in the Over the years this reaction has developed into a generally

early 1960s led to the general concept of 1,3-dipolar cycload- useful method of five-membered heterocyclic ring synthesis,
dition.2-7 Few reactions rival this process in the number of  since many 1,3-dipolar species are readily available and react
bonds that undergo transformation during the reaction, pro- with a wide variety of dipolarophiles.® Perturbation theory®-16
ducing products considerably more complex than the reactants. has recently been shown to provide a powerful but simple
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