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Abstract - The o-alkyl 0-oxoesters 1. undergo type Il photo- 
reactions. The process of back hydrogen transfer in the 1.4- 
blradlcal intermediate to revert to the atartlng ester is 
suppressed because of the intramolecular hydrogen bondlng 
between the hydroxyl and carboalkoxyl groups in the blradlcal 
intermediate. The hydrogen bonding determines the stereo- 
chemistry of 1,4-blradlcal cycllzatlon. The cyclobutanols 
having the hydroxyl group cis to the carboalkoxyl group are 
formed exclusively from the a-alkyl E-oxoesters 1. The enol 
form of the type II ellmlnntlon product, the benz%ylacetate 2, 
acts as an effective Internal filter for the photoreaction 
cf the o-alkyl B-oxoester I. - 

The type II photoprocesses of phenyl ketones have been the subject of extensive 

lnvestlgatlons. The intermediacy of a 1.4-blradical 1s now well established.’ The 

1,4-blradlcal cleaves, cycllzes. or dlsproportlonates back to the ground state 

ketone. 
2 

Solvatlon of the blradlcal in polar solvents enhances the type C quantum 

yields. 
3 

Stcrlcally repulslve interaction between the phenyl group and the Q- or 

y-substltuent in the transltlon state for 1,4-blradlcal cycllzatlon enhances the 

formatlon of the ?rar!s-cyclobutanol. 3.4 We report here that the process of back 

hydrogen. transfer In the blradlcal Intermediate is suppressed in the type II 

reaction of the a-alkyl a-oxoester i because of an Intramolecular hydrogen bondlng 

between the hydroxyl and carboalkoxyl groups in the 1.4-blradlcal lntcrmedlate. and 

that the intramolecular hydrogen bonding determines the stereochemistry of 1.4- 

blradlcal cycllzatton. The type II ellmlnatlon of the o-alkyl B-oxoestcr 1 gives 

the benroylacetate 2 which exhlblts the keto-enol tautomerlsm. We also report here 

that the enol form of the benzoylacetatc 2 acts as an effective internal filter for 

the photorcactlon of the o-alkyl a-oxoester 1. 

Irradlatlon of methyl 2-benzoyl-4-methylvalerate (la) in benzene under nitrogen - 
with a 450 W high-pressure mercury lamp through a Pyrex filter gave methyl benzoyl- 

acetate (2~). - methyl c-2-hydroxy-3.3-dlmethyl-2-phenyl-r-l-cyclobutanecarboxylate 

c*:, and methyl 4-benzoyl-4-methylvalerate (4a) in 83. 8. and 1 % ylelde. respec- - 
tlvely. The structure and the configuration of the cyclobutanol 3a were elucidated - 
by spectral data and elemental analyals. The lr spectrum of a dilute solution of 

38 ln carbon tetrachlorlde showed the characteristic hydroxy and carbonyl absorp- 
-1 tlons ot 3480 and 1715 cm , respectively. Rather lower frequency at 1715 cm-l 

lndlcatcs that the ester carbonyl group 1s located so that the carbonyl oxygen forms 

a hydrogen bondlng to the adJacent hydroxyl group. Similar lrradlatlon of ethyl 
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2-benzoyl-4-methylvalerate :s) gave ethyl benzoylacetate (2b) and ethyl ?-2- - 
hydroxy-3.3-dlmethyl-2-phenyl-r-l-cyclobutar.ccarboxylate (3b) in 87 and 9 % yields, - 
respectively. A trace of ethyl 4-benzoyl-4-methylvalerate (4b) could also be de- - 
tee ted. The lr absorption of the carbor.yl group In 3b appeared at 1710 cm 

-I , lndl- - 
catlng that the hydroxyl group 1s located tie toward the carboethoxyl group. No 

lsomeric cyclobutanols (2: which have the hydroxyl group ~PCXO to the carboalkoxyl 

group could be obtnlned in photolyses of la and lb. On the other hand, lrradlatlon - - 
of ethyl 4-benzoyl-4-methylvalerate 4b under the same condltlons gave the cyclo- - 

butanol i5b) and lsobutyrophenone (5) in 26 and 35 I yields. respectively. 
5 

The lr - 

spectrum of 2 in carbon tetrachlorldc showed the characterlstlc absorptlons for the 

free ester carbonyl group and the free 
-1 

hydroxyl group at 1730 and 3600 cm , 

respectively. In the nmr spectrum in hexadeuterlobenzene. the hydroxyllc proton of 

z appeared at 5 2.40 in 0.090 M solution and b 2.30 in 0.025 or 0.012 M solution. 

whereas that of 3a or 3b appeared at b 3.08 or 3.35, respectlvcly. regardless of Con- - - 

centratlons. These results suggest that the hydroxyllc proton of Sb forms an lnter- - 

molecular hydrogen bonding at higher concentrations and that the hydroxyllc proton of 

3a or 3b forms an :ntramolccular hydrogen bonding to the carboalkoxy! group, lndlca- - - 

tlng that the hydroxyl group is !r3na in Sb and cre ln 3a or 2 with respect to the - - 

carboalkoxyl grcup. The nmr spectrum cf 3b showed two slnglets at b 0.67 and I.28 - 

attrlbutablc to the C3-methyl groups. The C3-methyl groups in the cyclobutanol z 

appeared at 5 0.55 and 1.18 as slnglets. The foliowlng chemical evidence substantl- 

ates the assignment of the stereochemistry of 3b and 5b. The cyclobutanol 3b rear- - - - 

ranged easlly and quantltatlvely to the J-oxoester 4b by heating In benzene. On the - 

other hand, the cyc lobutano: Sb was hardly ccnverted to the b-oxoester under the same - 

conditions. The cyclobutanol Sb rearranged quantitatively to the b-oxoester 4b by - - 

refluxlng ?n benzene containing ocetlc acid. The ease of the rearrangement of 3b 1s - 

Interpreted by reference to a slx-membered cyclic transition state which Is achieved 

by the cis-relationship between the hydroxy! group and the carbcethoxyl group. 

Formation of the benzoylacetate 2 and the cyclobutanol 2 can be explalned in 

terms of type II ellnlnatlon and cycllzatlon of the a-alkyl B-oxoester 1. Formation 

of the E-oxoester 4 can be explained in terms of thermal rearrangement of the cyclo- 

Ph 
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butanol 2. The formation of 1, 3, and 4 from la and lb was effectively quenched by - - 

1,3-pentadlene, suggestlng that the reaction takes place from the triplet state. 

Irradlatlon of ethyl E-benzoylvalerate (&) gave ethyl benzoylacetate (%I, ethyl 

c-2-hydroxy-3-methyl-2-phenyl-r-l-cyclobutanecarboxylate (1:l mixture of the cis-3- 

methyl isomer 3c and the Crank-3-methyl isomer 3c’ with respect to the phenyl) , and - - 
ethyl 4-benzoylvalerate (4~1 In 82, 10. and 3 95 yields. respectively. The cyclo- - 
butanol 3c which has the C 3-methyl group ris to the phenyl group could be separated - 
from the mixture of 3c and 3c’ - - by repeated column chromatography. However, the 

cyclobltanol 3c’ - which has the C3-methyl group Lr~lr.8 to the phenyl group could not bc 

isolated. The cyclobutanol 3c’ - 1s probably so unstable as to be converted to the b- 

oxoester 4c during the repeated chromatography. The mixture of 3c and 3c’ as we1 1 a: - - - 

3c was convcrtcd quantitatively to the 5-oxocster 4c by heating in benzene. Both 3c - - - 

and the mlxture of 3c and 3~’ showed the carbonyl absorption at 1710 cm 
-1 

In their 11 - - 
spectra in carbcn tetrachlorlde. In the nmr spectrum of C, the hydroxyllc proton 

appeared at 5 3.W regardless of concentration. Substraction of the nmr spectrum. of 

3c from that cf thr m!x:ure of 3c and 3c’ - - - gives the spectrum of 3c’ which :s - 

consistent with the proposed structure and geometry. The nmr spectrum of 3c showed - 

a doublet at b 0.55 attributable to the C3-methyl group. The C3-methyl group in &’ 

In the nnr spectrum obtained by the operation as desrrlbed above appeared at 6 1.11. 

In the cyclobutanois, the methyl group cis to the phenyl group appears at higher 

field than the (ran8 methyl group. 
4 

Irradiatlon of ethyl 2-benzoylbutyrate (Id1 - 
gave ethyl benzoylacetatc (2b) and ethyl 4-benzoylbutyrate (4d) in 87 and 10 % - - 
yields. respectively. In this case. the cyclobutanol 3d could not be obtained. The - 
cyclobutancl 3d 1s probably so unstable under experimental conditions as to be - 

converted to the 5-oxoester 4d. - 
T!!e rate of rearrangement of the cyclf:butanol 3 to the 5-oxoester 4 Is affected - 

by the C3-Why: group. The cyc:obutnnol 3b was converted quantitatlvcly to the - 
5-oxoestcr 4b by heatlng !n benzer.c w:th the rate constant of 6.8 = 10 -6 

set -i (at - 
on\ 6C .., . The cyclobutanols 3c and 3~’ were converted to the 5-oxoestcr 4c with the 

rate constants of 8.8 = 1C -r 
- 

-; 
set and 5.7 = lOwA wc-I. respectively. The C3- 

methyl grcup c-8 to the phenyl group obvlous:y prevents the opening of the cyclo- 

butane r!ng. The C3-methyl effect can hc explalned :n terms of the electronic 

stablllzatlon of the transltlon state for ring opening of the cyclobutanol 2 by the 

ccnJugatlon of the C.-C? Q bond with the phenyl group. 6 
The* c-p overlapplng :s 

maximun when p-orhitais In the phcrnyl group are parallel to the C.-C2 Q bond as 

shown :r. A. and n:nlmum when the p-orbltals arc crthogonal to the Cl-C2 Q bond as 

shown In B !Ftgure 1). Thcs conformaticn A 1s not favored In the cyclobutanol having 

the C3-ncthy: group cio to the phenyl group because of the sterlcal ly repulsive 

:ntcractlcn. 

fast 
b-OxOeSter 4 

(A) (B) 

Figure 1. F.ffect of phenyl s-orbltals on cyclobutane rltw opening. 
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The stereospecific formation of cyclobutanola having the hydroxyl group tie to 

the carboalkoxyl group can be explained in terms of the neighboring group effect on 

1 .4-blradlcal cycllzatlon. The hydroxyl group in the 1.4-blradlcal intermediate 1s 

expected to be located so that the proton forms an intramolecular hydrogen bonding 

to the carbonyl oxygen of the carboalkoxyl group. The hydrogen bonding 1s expected 

to affect the stereochemistry of 1.4-blradlcal cycllzatlon. 
2 

Evidence for the 

formation of the intramolecular hydrogen bonding could be obtained by the following 

experiment. Reverse transfer of the hydroxyllc hydrogen 

to the r-radical site to give the ground state ketone 1s H . . . . . . () 

one of the possible processes of the 1.4-blradlcal 

Intermediate. 
2 

An added alcohcl such as rert-butyl 
0’ 

alcohol solvates the blradlcal so as to suppress reverse 

hydrogen transfer, and enhances the quantum yields for Ph 

type II reactlons.2’3’7 The quantum yield for disappearance 

of the starting ester was measured. Degassed benzene 
5 

OR3 

R’ 

R2 
solutions of lb were irradiated with 313 nm light for - 

various periods. The quantum yield decreased dlth 

increasing conversion (Figure 2). The decrease of the quantum yield with increasing 

conversion can be attributed to the internal filter effect of the enol form of the 

product benzoylacetate. In the photoreaction of the d-oxoamlde. its enol form acts 

as an Internal filter. ’ The 

lnterccpt in Figure 2 yields 

the true quantum yleld for 

disappearance of lJ. the 

value of which 1s unity 

indicating the complete 

absence of revere hydrogen 

transfer and hence the 

presence of the lntra- 

molecular hydrogen bonding 

in the 1 .4-blradlcal. 

Examlnation of the 

dependence of the rate of 

disappearance of i on 

lrradlatlon time provides 

evidence for 100 % effective 

lnternal fllter1r.g by the 

enol form of the product 

bcnzoylacetate 2. Equation 

describes the dependence of 

the amount of disappeared 

1 
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* 
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)\ 

L 
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Figure 2. Dependence of quantum yield for dlsap- 
prarance of lb in benzene on conversion. 

nnd c@’ are absorptlor. coefflclents for the Starting 

ester x on time t. where [Kl 

1s the lnltlol concentrotlon 

of the starting ester, y 1s 

the chemical yleld of the 

product bcnzoylacetate. C, c ’ , 

ester, the keto and cnol forms of the benzoylacctate in benzene at 313 nm. respcc- 

tlvely, c 1s the enol content of the bentoylacetate ln benzene. * is the true 

quantum yleld for disappearance of the startlng ester, and I 1s the absorbed light 

lntenslty. The cnol content e could be determined to be 0.37 by nmr analysls of 

ethyl benzoylacetate in benzene-d6. The UV absorption coefflclents of the o-alkyl B- 

oxoester lb and ethyl benzoylacetate In benzer.e at 313 nm are 230 and 1920, respec- - 
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diK-x 1 c(K-x! l c’lxly(l-e) 
_-. *I 

dt <[K-X] + c*[xjy(l-e) + c*@Ixlye 

c”ye cc”ye[K! c-c ‘y( 1-e) 
*It = !I - 11x1 - 2lnIl - [xl, ‘.. (1) 

c - ‘ ‘y(l-e) (c - r’y(l-e)) c[Kl 

tlvely. The absorption coefflclent of non-enollzable ethyl 2,2-dlmethylbentoyl- 

acetate in benzene at 313 nm 1s 80. The absorption coefflclent of the keto form of 

benzoylacetone la reported to be ~(1. 50 at 310 nm. 
9 Therefore, we can estimate the 

absorptlon coefflclent of the keto form of ethyl benzoylacetate in benzene at 313 nm 

as maximum 80. Using this value, the coefficient of the enol form of ethyl benzoyl- 

acetate can be calculated to be 5050. The lrradlatlon tlmes were corrected for 

varying lntensltles by uslng the valerophenone actlnometer. The solid llne in Flgure 

3 obtained from the Equat:on 1 indicates the expected dlsappcarance on conversion 

0.010, 

- _ 0.008, 
n 

: c) 
111 0.006. 

: L 
?a 
u 
g 0.004. 

: 

c - 

0.002. 

t, hours 

Figure 3. Rate of disappearance of 0.05 M ethyl P-benzoyl- 
4-rethylvalerate lb as a function of tlme. Solid line 1s 
the rate predicted by equation 1 for complete internal fll- 
terlng by the enol form of ethyl benzoylacetate product; dashed 
llne lndlcates the expected rate without internal filtering; 
0, observed values. 

when the enol form of ethyl benzoylacetate 1s a 100 % effective internal filter. 

The dashed line in Figure 3 indicates the expected rate for starting ester dlsappear- 

ante without lnternal filter. The falr agreement of the experlmental data with the 

solid ?lne in Figure 3 lndlcates that the enol form of the benzoylacetate acts as a 

100 96 effective lnternal fllter In the photoreactlon of the o-alkyl 0-oxoester r. 

In the type Il reaction of valerophenone. product acetophenone doea not act as an 

effective internal filter and the type II quantum yield in benzene 1s constant. 
7 

Thls 

suggests that the kcto form of the product benzoylacetate does not act effectively as 

an lntemal filter. 

:n conclusion, the a-alkyl fl-oxoeeters 1 undergo type Il photoreactlons from the 

triplet state. The reverse hydrogen transfer process In the 1.4-blradlcal lnter- 
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mediate 1s suppressed because of the intramolecular hydrogen bondlnR between the 

hydroxyl and carbOalkoxy1 groups in the blrndlcal lntermedlate. The intramolecular 

hydrogen bonding determines the stereochemistry of I.4-b:radlcal cycl:zatlon. The 

en01 form of the type 2 photoclimlnatlon product, tbc benzcylacetate. acts as an 

effective internal filter. The real quantun yleld for dlsappcarnncr of the starting 

ester 1s unity. The observed quantum yield decreases from unlty with increasing 

conversion because of lr.ternal fl1terir.g by the product. 

EXPERIMENTAL 

Mcltlng points were uncorrected. :R spectra were recorded on a JASCO A-3 spec- 
trometer in carbon tetrachlorlde dilute solution. UV spectra were recorded on a 
JASCO HUM-790 spectroncter. ‘H NMR spectra were recorded on a JEOL FX-900 spec- 
trometer :r. hexadeuterlobenzene using tetranethyls1lar.e as an lr.ternal standard. 
“C NUR spectra were recorded on a JEOL FX-9OQ spectrometer in deuterochloroform. 
Irrad?otlons were carried out with an Ushlo 450 W high-pressure mercury lamp. 

Chrr.lcals. The o-alkyl 8-oxoesters la-d were prepared according to the 
reported methods. ” 

-- 

Photolysis of 1. A typlcn; procedure Is described. A solution of t:~. 7 mnol 
of 1 In 50 cm’ cf 3enzcne was irradiated for ~‘2. 
filter. After remova: 

3 hr under pltrogen uslng a PyrcX 
cf the solvent ir: VQC~: at below 70 C. the residue was 

flash-chromatographcd” or: sil:ca gel. El;tlon with a rr.lxture of benzene and ethyl 
acetate gave benzoylacetate 1, cyclobutanol 2, and 6-oxoester j. The benzoylacetatr 
1 and the 5-oxoester 4 were ldentlfled by d:rect comparison w!th the nuthcntlc 
samp1cs. ” Physlca; propert:es of ai1 new products are shown below. 

Methyl r-7-hydroxy-3.3-dlmethyl-2-phenyl-r-l-cyclobutanc:carboxylate (3a): mp 85- 
86 ‘C: IR 34RO and 1715 cm-‘; ‘H NMR C 0.61 (3H. s. CH.). 1.27 (31i. Y. CK). 1.66 
(IH. d of d. J-8.8 and 10.8 Hz, 4-Hi, 2.4% (1H. d of d. J=9.5 and 10.8 Hz. 4-H). 
3.08 (1H. bs. OH). 3.30 (3H. s. COOCH,:, 3.60 (iH. d of d. J=8.8 and 9.5 Hz. 1-H:. 
nr.d 7.1-7.5 (SH, rr, nromatlc:. Found: C, 71.78; H. .I.77 96. C;llcd for C,.H,,O,: C. 
71.77; Il. 7.74 %. 

Ethyl ~-2-t~ydroxy-3,3-dimethyl-7-phrnyl-~-1-cyc’1obutnnccarboxylate (3b): mp 42- 
43 C; IR 3480 and 1710 cm-‘; ‘H NMR 5 0.62 (3H. Y. CH,), 0.91 (3H, t. s-7.: HZ. 
CH,CH,). 1.28 (3H. s, CH,). 1.72 (1H. d of d. Jy8.8 and i0.6 Hz. 4-f+), 7.45 ;lH. 
d oc d. J:9.5 and 10.6 HZ. 4-H). 3.35 (Ifi, bs, Off). 3.61 !lfi. d OC d. J-8.8 and 9.5 
HZ. 1-H). 3.91 (7H, q. J=7.1 Hz. CH,CH,:. and 7.1-7.4 (5H. m. aromatic!; “C NKR 6 
14.18 (q). 31.92 (q), 26.08 (q:, 34.15 :t:. 40.71 cd:. 41.75 :s). 60.48 (t:. 83.07 
(s), 125.97 (Zd). 127.33 (d), 128.CS (Id). 142.88 (s). and 173.18 (s:. Found : 
C, 72.51; H, 8.15 %. Calcd for C,,HnO,: C, 72.55; H. 8.17 %. 

Ethyl r-2-hydroxy-t-3-rr.ethyl-2-pher.yl-r-l-cyc!cbutanecarboxylate (3c)l: IR 3480 
and 1710 cm-‘; ‘H MiR C 0.55 (3fi. d. J-6.8 Hz. CH,), 0.94 :3!i, t, J-73 Hz. CH,CH,). 
I.?-‘..6 (lfi. m. 4-H). 1.4-2.0 :7H. m. 3-H and 4-H:. 3.50 ;lH. bs. Ofi!. 3.5.) (!H.- 
d of d. J-5.4 and 9.0 Hz. I-H). 3.93 (2H. q, J-.).3 Hz. CH,CH,), and 7.0-7.5 :5H. fr.. 
aromatic:. 

Ethyl r-7-hydroxy-c-3-methyl-2-phenyl-r-l -cyc!c:butanccarboxy!atc (3~’ !*: IRW 
3480 and 1710 cm-‘; ‘H NMRVt C 0.90 (3H, t, J-7.0 HZ. Ctr,CE,), 1.11 (3H. 3. J-6.8 HZ, 
CH,), 7.0-2.3 !1H. m. 4-H), 2.4-2.9 (2H, m. 3-fi and 4-fi:. 3.4-3.6 (1H. rp. 1-H:. 3.50 
(1H. Cfi), 3.88 (2H. q, J=7.C Hz. CH,CH,). and 6.q-7.2 (SH, m, aromatic!. 

Photolysls of 4b. A solutlor. of 7 sn.01 of 4b ln 50 cm’of benzene was 
lrradlated under ztrogen us1r.g a Pyrex fllter. Gcatnent of the lrrudlatlon 
mlxturc by the similar manner to the case of 1 gave the cyclobutanol Sb and lso- - 
butyrophcnone 5. 

Ethyl ? -2-hydroxy-3.3-dlmethyl-?-p~cnyl-r-l-cyc!cbutanecarboxyIate (5b)t: IR 
3600 and 1730 cm-‘; ‘H NMR 6 0.55 i3H. s, CH,). 0.72 ;3H. t, 527.2 Hz. G,Clj,:. 1.18 
(311. s, CH,), I.74 (1H. d of d. J=9.7 and il.2 Hz. 4-H), 2.16 (111. d cf cl. J-9.7 and 
11.2 Hz. 4-H). 7.30 (1H. bs, OH :n dilute solution;. 3.34 (lH, t. J=9.7 Hz, 1-H). 
3.82 (2H. o. J=7.2 Hz. CH.CH.:. and 7.0-7.6 (5H. m. aromntlc!; “C NMR E :3.86 (4). 
24.39‘(qj,‘P4.85 (q:,-3lT61 itj, 42.i4 !s). 50.40 id). 60.10 (t!. 82.1’1 (~1. 125..38 
(2d). 126.88 (d). 127.72 (2d). 147.10 (3). and 172.90 :s). 

Determination of Quantum Yield for Dlsappeorancc of lb. The degassed 0.05 M 
solution of lb was lrradlated on a merry-go-rcund apparetus using a potassium 
chromate flltcr sclutior. to isolate 313 nm light. Reactant coficentrntlor. WAS 
meosured nt regular time lntervuls on a Shlmazu CC-4B gas chromntogroph. 

*The cyclobutanol 3c and 5b are llquld. Complete purlflcatlon of them could not bc 
nchicvrd because tsse cyzobutancls changed quantitatively to b-oxoesters dUr1r.g 
vacuum dlstllntlon. 
eThe cyclobutanol 3c’ was obtained as a mixture with 3c. 
mThese spectra aredrrlved by substractlng the spectrTof 3c from those cf the - 
mixture of 3c and 3~‘. - - 
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Detennlnatlon of Rate Constant for Thermal Rearrangement of 2 to 4. The 
cyclobutanol 2 in benzene-d, was sealed in an NUR tube and was heated at 60 'C. 
Ccncentratlons of 3 and the product b-oxoester 4 were measured at regular time 
Intervals on a 'H NMR spectrometer. Prolonged heating resulted in the quantitative 
formatIon of the b-oxoester. The rate constant for the thermal rearrangement of 3c' 
to 4c can bc dctermlncd by using the mixture of 3c and 3c' since the nmr peaks of%' 
&reTharoctcrized by substracting the nmr peaks z 3c from those of the mixture of-2 - 
and 3~'. - 
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