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Abdrac-hradiation at 254 MI of the bichromophoric molecule methyl (t)-C&mcthylmandelate ((t)-3) in methanol 
has bacn found to lead to photodecomposition and photoraccmization. The major monomeric product isolated, 
methyl phenylacctate (lb), is shown to arise by a mechanism totally ditferent from that responstble for raccmization. 
The high Cmcicncy of the diit irradiation, the very short singlet lifetime of 3 (co 1 nscc), and tbc inability to 
sensitize the formation of lb with acetone bipkts implicate the singlet state of 3 as the reactive species. Mechanistic 
models to account for tbc products are discussed. 

The photolyses of phenylacetic acid (la),’ esters 
(lb-ld),” and sodium salts (le, If),“” have been reported. 
Direct irradiation of the acid or its methyl ester’ yield 
products derived almost exclusively from homolytic 
cleavage of the carboxylate-methylene bonds. The benxyl 
esters of a- and @taphthylacetate, by contract, are 
extremely stable to 254 nm irradiation.’ Sodium 
phenylacetate and sodium (nitrophenyl)acetates yield 
sign&ant quantities of toluenes, products of heterolytic 
cleavage.” When esters in which the B-carbon is 
substituted with at least one hydrogen are irradiated, 
Norrish Type II processes are observed.” Recently, 
t-k--k~x~B~l~=5’~~~ 52) WV phot* 

whch the 
benxyli~~ylat~ bond did not p~tcipat~.~~ 

t(-)-Mandelic acid has been reported to be raccmized during 
r-hadiolysi!i.‘~ 

*From the optical rotations at 0 per cent and 69 per cent 
conversion of 3, the 96 raccmiration of 3 is =(123-&3)/123 = 
30.6% (i.e., 15.3 per cent of the remaining 3 is (S) at cu. 70 per cent 
conversion). Afthough 4 is a constant, &, the quantum yield for 
production of (9-3 from (R)-3 is a function of the relative 

concentrations of (R) and (S) since back rcactiou. (S):(R), 
occurs. In fac& au at 0 per cent conversion of (R) to (s) is the 
quantity sought. By defhtition, Q,=(d[3]/dt)/f and a,., = (df(S)- 
3j/dt)/I when I is the intensity of the absorbed light. Then, &. 
JQS = (4(S)-3]/dt)/(dt3]/dt). The 15.3 per cent of ($3 calculated 
above at 69 per cent conversion of 3 cannot be used in this 
cquath siocc d((s)_J]/dt is a non-linear function. However, 
corrcctioa for back reaction can be made by the. methcd of 
Lamola and Hammond.” 

B = 2.303 a log [a/(a -B’)] 

where a is the fraction of (S) present at the photostathary state. 
j3’ is the measured fractional conversion of (R) to (S). and /I is the 
fraction of (S) present were no back reaction to have occurred. 
Theo. 

B = 2.303.0.5 b [0~5/(0+0~153)] = 18.3% 

and &_,a (0-183D6Wp.17 = 0445. Sicc @.,_ = 2@,, 
@ -, = @O!I 

To determine if recombination of bcnxyl radicals with 
their carbomethoxy radical partners is an important 
energy wasting step, to further elucidate the photo- 
chemistry of arylacetates, and as an extension of our 
interest in photoracemization of benxylic tins,” we 
have irradiated methyl (+)Qmethyhnandelate ((+)-3) at 
254 nm. Since the tunxyhnethoxy radical from (+>3 
should be planar or be racemixed very rapidly at room 
temperature, the appearance of (-k3 would offer good 
evidence for recombination pdded that racemimtion 
does not ahe via mne other process. Herein, we report 
that photoracemixation and photodecomposition of (+)-3 
do occur and that radical recombination is almost 
certainly the source of racemic 3.t 

The major monomeric product from photolyses at 254 
nm of 3 in methanol, cyclohexane, or t-butyl alcohol is 
methyl phenylacetate (lb), identical in all respects to an 
authentic sample. No analyses for formaldehyde, another 
probable product, were conducted. At low conversions, 
no evidence for tohrene, benzaldehyde, acetophenone, 
benxyl methyl ether, or methyl a-phenetbyl ether (4) was 
found. Both the rate of disappearance of 3 and 
appeamnce of lb arc ZATO order in 3 (for O.D. 23) and 
exhibit @, = 0.17 f 20% and @* = 0.084 + 25% in 10m2 M 
solutions of deoxygenated methanol (Table 1). In addi- 
tion, after 6% disappearance of (+)-3, [nF+ 123” 
(MeOH), the recovered star& material exhibited [ag + 
85.3” (MeOH) or 31% photoracemixation. From this, 
lower limits of @,-Q,, = 0.09 for race&&ion of 3 
and diradical recombination, respectively, can be 
calculated.$ The correction for back reaction (i.e., 

(R)& (S)) by the method of Lamola and Hammond” is 
made assumiw Ub is constant to 7096 conversion. 
obviously, the rate of conversion of 3 decreases with time 
as competitive absorption of light by products increases. 
However, we have noted that the rate of reaction of 3 is 
nearly linear to 69% conversion due to its high 
absorptivity as compared with other simple phenylated 
molecules (Fii 1). By contrast, methyl (+>a-phenethyl 
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Table 1. Quantum yields for photolyscs of 3 and related compounds 

Concn. 
Compound MXW Solvent @SO CD,.. @d, 

3 144 t&OH 0.17 
144 MeOH, C& (Pll EE 
1.34 t-BuOH 0.12 - 0403 
I44 cyclo- 0.21 O*OSS 

bcxane 
I.27 1:7: co.04 < O$OS”’ 

acetone: 
cyclo- 
hexanc 

4 MeOH < 0.02 
la’ MeOH 0.131 
lb’ MeOH 0.099 
IC’ MeOH 0.12 

‘Errors are estimated to be 20% for diappearancc of 3 and 25% for 
appearance of lb. 

‘No lb was detected. 
Y&my yield represents &ma&d limit of detection. 

‘Ref: 6: 

f &N-Ph 

B a3 
H 

Q 
++, Co2Me 

0 , 

oo+ 

t-l-2 

Na 

CHzPh 

ether (f+>(r) had 45 = CO.02 in methanol ~~0~ it, too, 
slowly underwent partiai photoracemization. Under simi- 
lar conditions, Grdsstieiner ef aI.3 determined the 
quantum yield for disappearance of lb to be O@?!X 

An excited singlet of 3 appears to be the reactive 
species since oxygen suppressed by less than half the 
destruction of 3 and appearance of lb. A partial reason 
for this was found in the iifetime of the sin&et state: 
B&man’s method“ yielded a 7, for 3 of ca. 1 nsec (vs 34 
nsec for toluene”). In addition, it was not possible to 
photosensitize the production of lb with acetone triplets. 
These results do not rigorously exclude a triplet reaction 

‘A referee has pointed .out that rev&&k k~ole~~ 
a&action of the bcnxylic hydrogen of ground state 3 by excited 3 
is another possible route to racemization. The very short sin&t 
lifetime of 3 and the diitc cooccotratioo employed in the 
experiment where racemizatioo was observed (ca. IO-’ hf) require 
that the abstracting agent not be the excited singlet of 3. If such a 
mccbanism were important, we would have expcctcd @, to have 
been much greater than 044 in the acetone sensitized irradiation 
since acetooe triplets arc etecknt hydrogen abstracters. 

especially since energy transfer from acetone triplets 
(Er = 78 kcal) to 3 may be sIightly endo~e~ic. However, 
they, in combination with data for photolyses of other 
arylacetates,* strongly implicate the singlet state as 
being responsible. 

The presence of flee radicals during irradiation of 3 was 
demonstrated by the production of bicyclohexyl with 
cycIohex&ne solvent. A careful search for CXDNP signak 
by Brs. Angelo Lamola and Heinz Roth at Bell Labs was 
unsuccessful.” 

Various reasonable mechanisms can be envisioned for 
the production of lb and racemization of (+)-3. Since 
benzylic, rather than phenyl-carbon, bonds are usually 
cleaved photochemical!y,‘O*“*” photoracemization most 
Iikely arises via scission of the benzylic bonds to 
hydrogen, methoxyl, or carboxyl (Scheme 1). Homolysis 
of the methoxyl-benzyl bond foltowed by recombination 
or intracage disproportionation (mechansim 1) offers one 
alternative. Another attractive explanation for racemiza- 
tion involves tautomerization of the benzylic-hydrogen 
bond to yield the enol of 3 (mechanism 2). Ihe mechanism 
appeared plausible in view of the observations t&t 
ace~phenone forms an en01 when irradiated in the 
presence of phenol,‘& and acetone forms an enol when 
irradiated in isopropyl alcohol.“* A reversible Norrish 
Type I process, homolysis of the &~~ylic-carboxyl bohd 
followed by radical recombination (mechanism 3), also 
accounts for the photoracemizatiou of .3.* 

To test these hypotheses, we irradiated 3 in methanol- 
&j. Were mechanism 1 occurring, no deuterium should 
appear in lb or recovered 3 after prolonged irradiation. 
Mechanism 2 predicts that deuterium should appear at the 
benzylic carbon of 3. The opposite should be found if 
mechanism 3 is operative. When a 0.61 M solution of 3 in 
methanol-O-~ was irradiated to 35 per cent conversion, 
reisolated starting material contained no discernible 
deute~~ by NMR analyses+he phot~noi~tion 
mechanism is clearly eliminaied, Hiiwever, the product lb 
contained cu. one deuterium per molecule at the benzylic 
carbon (NMR analysis). Irradiation of lb in methanol-(rci 
under conditions similar to those employed with 3 did not 
result in detectable deuterium incorporation. Thus, 
deuteration occurs after excitation of 3 but before 
fo~ation of lb: mech~sm 1 of Scheme 1 is not 
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Scheme 1. Possibk mechanisms for the photoracemization of (+>3. 

operative, also, and mechanism 3 appears to be responsi- 
ble for photoracemization. Although none of the mechan- 
isms of Scheme 1 accounts for the deuteration of 3 
derived lb, the result is accommodated very well by a 
Norrish Type II like abstraction of hydrogen from the 
ether methyl of 3. The biradical intermediate should lose 
formaldehyde rapidly to form the enol of lb. 
Proton-deuteron exchange followed by tautomerization 
will yield lb deuterated at the benzylic position. At no 
point along this reaction path would deuteration of 3 be 
expected. 

If mechanism 3 of Scheme 1 and Norrish Type II 
abstraction are the only photolysis processes, it is obvious 
that ca 50% of the radical pairs do not recombine and the 
quantum yield for cleavage is @a - mU + @,, = 0.18. The 
other paths responsible for destruction of 3 probably 
involve decomposition of the carbomethoxy radical (to 
Ca and methyl) and difTusion of the radical pair out of its 
solvent cage. If this analysis is correct, recombination is at 
least as fast as decarboxylation and escape from the 
solvent cage. 

When compared with the absorption spectrum of lb or 
4, the spectrum of 3 has significantly higher molecular 
extin@on coefficients at all wavelengths and its second 
transition extends much farther toward the red.* Purther- 
more, spectra of dilute solutions of methyl acetate and 
toluene are additive (indicating no intermolecular ground 

*On the basis of analyses of the CD spectrum of 3 and related 
mokcules, this band has been assigned to a carboxyl absorption.” 

200 

. 
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Fig. 1. W spectra of some related aromatic mokcules in 
cyclohexane. 

+ H,CO 

state interaction between the phenyl and carboxyl 
chromophores). All of these data are compatible with the 
chromophores of 3 behaving independently (but being 
perturbed by auxochromes) or interacting strongly in the 
ground state. 

It is apparent from the fluorescence spectrum of 3 that 
those singlets which do emit are essentially excited benzyl 
chromophores: the maxima for emission and excitation 
for 3 are A., 282 nm and A,, 268 nm in cyclohexane and 
A., 284 nm and A.. 270 nm in methanol; A., of toluene in 
cyclohexane is 284 nm.” This indicates that at least some 
of the time (or in some of the excited J), virtually all of the 
excitation energy resides in the phenyl chromophore. 

These results compare well with those obtained by 
Brainard and Morrison’ with lc, whose fluorescence 
spectrum is very similar in shape to that of toluene and 
which also undergoes a Norrish Type II cleavage. The 7, 
for lc, as determined by Berlman’s method, was reported 
to be 12 nsec. That T. of 3 is ca. 1 nsec indicates that the 
role of its methoxy is not just to serve as a source of 
hydrogen radicals for the excited carboxyl: since T, = 
““k, (where kc is the rate constant for fluorescence and 

f; ki is the sum of the unimolecular rate constants 

responsible for the disapvce of the singlets of 3) and 
T, of anisole is 8.3 nsec,’ there must be ki of 3 which are 
not available to or much slower in lb. It may be that 
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Scheme 2. Photochemical formation of lb. 
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methoxyl, by decreasing the energy required for homolyt- 
ically cleaving the benzykarboxylate bond, increases the 
rate of mechanism 3 over that observed when lb is the 
substance. The fact that the quantum yield for disappear- 
ance of lb is about the same as (if not greater than) 
a, - alb argues against this explanation. 

Another attractive explanation for the short T, of 3 is 
that the methoxyl alters the conformational preference of 
3 to one in which phenyl and carboxy interact strongly. 
The enhanced absorption of 3 over lb certainly is in 
accord with this hypothesis. Whether deactivation of the 
phenyl is concurrent with excitation of the carboxyl and 
vice oersa (i.e. intramolecular energy transfer), leads to 
enhanced intersystem crossing and internal conversion, or 
is responsible for formation of an intramolecular “excip 
lex” cannot be answered with the information in hand.* 

It is quite possible that a detailed study of the 
photochemistry of 3 at various wavelengths and tempera- 
tures would resolve these uncertainties.t 

-AL 

UV spectra were recorded on a Gary 14 spec@ophotometer. 
Emission spectra were determined with a Perk&Elmer MPF-2 
spectrofluorometer equipped with a xenon lamp. Gas-liquid hase 
chromatography was conducted on a Varian Aerograph 1 8&s 
cbromatograph equipped with flame ionization detectors and using 
a5ftx~in3pcrcentSE52on~meshVaraport30coIumnat800. 
Quantitative data were obtained by weighing peaks and comparing 
them to the peak weights for a standard. Irradiations were 
performed on- samples- in quartz tubes using PCQ-XI and 
Pen-Ray UV Products low uressure HR lamos. 

MeOh (Carlos Erba, pn, &dysi) w&dried over 3A molecular 
sieves and distilled before use. Cyclohexane was puritied by the 
method of Murray and Keller.” t-BuOH (Aldrich, 99.5 per cent) 
and acetone (Merck, spectrograde) were used as received. 

Methyl phenylacetate (lb), b.p. 78” (1 mm) fit:‘b b.p. 78” (1 
mm)], was prepared from phenylacetic acid by a standard 
method.” Compound (+)-4, b.p. 60” (12 mm) and [a]?+ 141.5” 
(cyclohexane), was prepared horn the corresponding alcohol by 
treating it sequentially with NaH and Mel in anhvd ether. 
Compound (ti3, b. p: 79X (1 mm), [a]g 123” (Me&I), and 
[a]::+8679 (acetone) [ref:” b.p. 79-88” (I mm), [a]: 88.7 
(acetone)] was synthesized from (t)-mandelic acid (Norse 
Chemical Co., [a]g + 148.1” (MeOH)) by the method of Banner?’ 
Racemic 3 was synthesized from racemic acid using the same 
procedure. 

Irradiations of methyl 0-methylmandelafe (3) 
(A) Argon was bubbled through a refluxing soln of 165 mg 

(1.15. lo-’ M) of methyl (+)-OmcthyImandeIate and a drop of 
ndecane (as glpc standard) in 8 ml MeOH for IO min. The quartz 
tube was capped rapidly with a rubber septum and argon bubbling 
was continued via a needle inserted through the septum until the 
soln had returned to ambient temp. Constant volumes were 
maintained by adding solvent as needed. Irradiation with a bank of 
4 PCQ-XI lamps was continued to 69.4 per cent conversion of 3. 
Aliquots were removed periodically via syringe and were 
compared by glpc with the “zero”-time chromatogram. Unreacted 
mandelate, 34 mg. reisolated by preparative thin layer chromatog- 
raphy (silica HF) by eluting with a 6:4 mixture of 
b&z&&lorofo~, was distilled twice pot-to-pot under vac- 
uum. It was found to exhibit [a 6 + 85.3” (MeOH). A samole of .- 
lb, isolated as above, was shown to be ide&d to’independently 
synthesized lb by NMR, IR and GLPC analyses. At least four 
other minor products were detected by GLPC. 

*For another discussion of this problem (see Ref. 6). 
tAn analysis of the conformational preferences of 3 based on IR 

absorption3 has been made. ‘“In acetonitriie, the most stable 
conformation of phenylacetaldehyde has the phenyl and cdxyl 
eclipsed.aDb 

(II) NZ was bubbled for 5 mio &rough two soIns of 223 mg of 
racemic 3 and 12 mg of ndecane in 2 ml of I&OH-w (Baker). 
Their tubes were capped and one soln was irradiated as before 
whik the other was kept in the dark. After 8 hr, the irradiated and 
dark tube displayed 35 per cent and 0 per cent conversions, 
respectively, by GLPC. Unreacted 3 and product lb from the 
irradiated tube and 3 from the dark tube were isolated by 
TLC. NMR spectra of the samples of 3 were identical to each 
other and to that of unreacted 3. The NMR specaum of the lb 
from the irradiated tube in CDCI, displayed singlets at 8 7.27 ppm 
(Ph) and at 3.67 ppm (Me). The methykne singIet normally at 3.6 
ppm (Methylene) was replaced by a broad, unresolved multiplet 
centered at 3-6 ppm. 

Irradiation of mefhyl pheny&cet& (lb) in methanol-04. 
Argon was bubbled through a soln of 200 mg of lb in 10 ml MeGH- 
0-d for 10 min. The sample was capped, irradiated, and analyzed 
as before. After 6 hr of irradiation, the remaining 46 per cent of lb 
was reisolated by TLC. Its NMR spectrum was identical to that of 
an unreacted sample. 
Irrad&ztion of methyl (t)-a-phenethyl ether ((+>4). A soIn of 

14.7 mg of (t)4 in 10 ml MeOH was refluxed for 30 min. The soln 
was capped with a rubber septam and argon was bubbled through 
until the liquid returned to ambient temp. Irrediation for 1 hr 
resulted in 10.3 per cent conversion. An ord spectrum in MeOH of 
reisolated 4 was similar in shape to, but less intense than an ORD 
spectrum of non-uradiated material. Due to the presence of smaU 
amounts of optically active impurities, it was not possible to 
determine quantitatively the degree of racetition: absolute 
rotation3 of non-irradiated (+)4 were 13 per cent greater at 2800 A 
and 3 I per cent greater at 2650 A than those of irradiated material. 

Quuntlrm yields and octinometry. FerrioxaIate actinometry by 
the method of Parker and Hat&a@ was performed at the 
bcghyline and end of sample irradiation periods on a Pen-Ray 
lamp placed in the center of a “merry-g*round” apparatus.” The 
intensity of its 2537 A emission was calculated by subtracting the 
actinometer conversion in Pyrex tubes from that in quartz tubes. 

Tubes with racemic 3 and (+)-4 were prepared as noted above 
and in Table 1 and were irradiated on the “merry-~round”. Ihe 
oxygenated methanol soln of 3 was prepared by bubbling 01 
through for 10 min. Analyses were performed by GLPC using 
ndecane as reference. Quantum yields reported in Table 1 
represent values extrapolated to zero conversion. 
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