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This paper reports the photochemical reduction of bé&naibenzoir2 and the reduction &to hydrobenzoin

4 in deoxygenated solvents in the presence of triethylamine (TEA) and/arWiout TEA or TiQ, the
photolysis ofl resulted in very low yield &. The presence of TEA or Tihcreased the rate of disappearance

of 1 and the yield o2, which were further increased considerably by the presence of water. The photoreduction
of 1 to 2 proceeds through an electron transfet foom TEA or hole-scavenged excited pifllowed by
protonation. In the reaction medium of 88 : 7 : 2 : 3;CN/CH;OH/H,O/TEA with 2.5 mg/mL of TiQ, the

yield of 2 was as high as 85 % at 50 % conversich dhe photolysis 02 in homogeneous media resulted in
photo-cleavage to benzoyl and hydroxybenzyl radicals, which are mostly converted to benzaldehyde. The
reduction product is formed in low yield through the dimerization of hydroxybenzyl radicals. The addition of
TEA increased the conversion rate2aind the yield of} significantly. This was attributed to the scavenging
effect of TEA for benzoyl radical to produce N,N-diethylbenzamide and the photoreduction of benzaldehyde
in the presence of TEA. The ratio of (+) and meso isomefsobtained from the photochemical reaction is
about 1.1. This ratio is the same as that from the photochemical reduction of benzaldehyde in the presence of
TEA. In the TiQ-sensitized photochemical reduction Zf meso4 was obtained in moderate yield. The
reduction of2 to 4 proceeds through two consecutive electron/proton transfer processes on the surface of the
photocatalyst without involvement afcleavage. The radical initially formed from2 by one electron/proton
process can also combine with hydroxy methyl radical, which is generated after hole trapping of exgited TiO
by methanol, to produce 1,2-diphenylpropenone after dehydration reaction.
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Photochemistry of benzll, one of the typicad-dicarbon- H
yl compounds, has been an intriguing subject to many 1: benzil 2 benzoin
photochemists. The compoudds relatively photostable in ’ '
non-hydrogen-donating solvents, while it undergoes photo
reduction in hydrogen-donating solvents such as alcohols t o o
give benzoin2 and benzilpinacoB, together with a variety CoH b & on OHOH
of decomposition products The reported yield o by CGHs—C—é—CGHS CeHs~C~C~CeHs

615 iy “eTs H H

direct photochemical reaction bis below 20%. It was also
reported thal can undergo photochemical transformation in
the presence of triethylamine (TEA) through electron-trans 3: benzilpinacol 4: hydrobenzoin
fer pathway'®

Benzoin2 and its derivatives also undergo photochemicalbenzyl radical$? However, photochemical conversion af
a-cleavag€e:'? In the photolysis of in benzene, benzalde- or its derivatives to hydrobenzoior its derivatives without
hyde and benzoin benzoate were found as major and min@wolvement ofa-cleavage and recombination of the photo-
products, respectively.The photolysis of benzoin ethers fragments has not been reported.
and benzoin esters gives pinacol ethers and pinacol estersPhotochemical reactions mediated by semiconductors have
respectively, inca. 30% yields bya-cleavage followed by drawn a great amount of interest in transformation of organic
free radical recombination reactions of the substitutedunctional group$®*°solar energy conversion and stoatge,

and photochemical clean-up of organic pollutadh&tanium
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nitro-'* and nitroso-compountfsto amines, bis(2-dipyridyl)- Table 1 The Photochemical Reaction of Bendil Relative
disulfide to 2-mercaptopyridiné, and aldehydes to Disappearance Rate and the Yield of Ben2bin

alcohols® have been studied. Recently, we reported,-TiO , — Rel.  Yield (%)
sensitized photochemical reduction of 1,2-diketones, canftryMedium TQ  pate of2
phorqginone and 1-phenyl-1,2-propanedione, to th_e COITE~1 " cH.CN No 006 —
spondinga-hydroxyketones in moderate to good yields. CH,CNITEA (95/5) No 046 46
_Here, we report efficient photorgductlonldbz, and2to 4 3 CHiCN/TEA (95/5) Yes 018 56
in the presence of TEA and/or TiPhotocatalyst. 4 CHiCNICHOH(90/10) Yes 0.6 47
. . 5 CHs;OH No 1.00 trace
Results and Discussion 6 CH:OH Yes 042 48
. . . . 7 CHsOH/ HO (80/20) Yes 1.10 63
Phptochem_lcal Reaction of Benzill. Photochermcal 8 CHCN/CHOH/H,O (88/10/2) No  0.14 trace
reactions ofl in the presence and the absence of, Wére 9 CHiCNICHOH/HO (88/10/2) Yes  0.47 50

carried out in various deoxygenated soI\_/ents. In aII_cas.es, th<=10 CH:CN/CHOH/H,O/TEA
rate of disappearance dffollowed the first order kinetics (88/7/2/3)
(plots not shown) and the r_elative reaction rates are shown ng‘.ypical condition s 10 mNL (2 mg/mL) with 0 or 2.5 mg/mL of T
Table 1. The yields d, which were determined by hplc at in" nitrogen-purged solutions at Z&. "The vyield is based on the
ca. 50% conversion, are also included in Table 1: shise  consumed. at about 50% conversion.
also photolabile, the yield @& depends highly on the extent
of conversion of. observed in 2-proparfoland in CHOH. Benzil 1 forms
We first describe and discuss the results of direct photosomplexes with TEA in its excited tripfét’as well as in the
chemical reactions dfin the absence of Tiphotocatalyst. ground staté®’ It was suggested that the one-electron
As can be seen in Table 1, the disappearance rdtasof transfer from TEA to the excited triplet state bfgives
much slower inCHsCN than in CHOH (entries 1 and 5). benzil radical anion6.>* Okutsu et al. showed that the
This agrees well with the reports that the quantum yield foradical anion6 in the contact-ion pair witiEA* is proto-
disappearance dfdepends strongly on the hydrogen donat-nated to5 with rate constartf 1.5x 10° s in benzené.
ing ability of the solvent.The reaction could be rationalized They showed that the radic8lis also formed from the
with the pathways in Chart 1. ground-state complex dfwith TEA with quantum yield of
The photo-excitedl is cleaved into benzoyl radicals or about unity by the intracomplex excited-state hydrogen-
transformed to the radic&l by hydrogen atom abstraction atom transfer. Such facile formation Bfcan explain the
from solvent moleculé? In the non-hydrogen-donating observed fast disappearanceloin the presence of TEA.
solvent, the former pathway is dominating, and the benzoyHowever, one puzzling observation in the photochemical
radicals readily recombine and go backitdn hydrogen- reaction ofl in the presence of TEA was the low yield of
donating solvent, the latter pathway leadingbtbecomes  benzil pinacoB, which could be formed by the dimerization
important. The radicd@ can be transformed to benz@by reaction ofs. Bunbury and Chan explained this in terms of
further hydrogen-atom abstraction, or dimerize to benzikcomplexation ob with TEA yielding2 by hydrogen-atom
pinacol 3, or decompose to benzoyl radical and benz-transfer reaction while preventing the formatior33fThe
aldehydé:® In the reaction products in GBIH, we detected reaction scheme involving TEA could be presented as

Yes 1.8 85

only trace amounts & Chart 2.
The rate of disappearance bfand the yield of2 in )
CH:CN were greatly increased by the presence of triethyl hv 4 _TEA Q9 4
. CgHs—C—C—CgH5 /TEA
amine (TEA) (entry 2). Such effects of TEA were also .
6/TEAT
RH
hv .
1 1 1TEA hv HITEA] H-transfer 5 H™-transfer
] / |RH TEA | H-transfer
0
11 2
CGH5_C.
O OH Chart 2. The Scheme of Photochemical Reaction of Benizilthe

J >— CGH5—&—6—CeH5 _RA 2 Presence of TEA.
L

The disappearance rate bfwas greatly affected by the

CeHs—C—H Jdimerize presence of Ti@ In CHOH and CHCN/TEA media, the
rate was about 40% of that in the absence of TilCthe
3 corresponding media (compare entry 2 with 3, and entry 5

Chart 1. The Scheme of Direct Photochemical Reaction of Bénzil With 6 in Table 1). The rate retarding effect of Fi0r the
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reaction ofl is much less than that observed in the photo-explain the high yield a2 in the presence of TiO
chemical reaction of benzophenone (BP): the disappearanceThe addition of water to G®H speeded up the TiO
rate of BP was reduced to about one-tenth by the presence miediated photochemical conversion ratel @ind increased
TiO,. The large retardation for the reaction of BP can behe yield of2 significantly (compare entry 4 with 9, and
ascribed to the scattering and absorption of the irradiatedntry 6 with 7 in Table 1). This suggests that water might be
light by TiO,which does not behave as photocatalysBfeor a better hole-scavenger than 4L due to high affinity to
(see below). the TiQy surface. Water could also act as a protonating agent
In the presence of T most of the irradiated light is for the anion6é which is formed by initial electron transfer
absorbed by Tigand conduction electronTeand hole (F) reaction.
pair are generated. Alcohols, amines, and water (abbreviatedThe presence of TEA also speeded up the-m@diated
as DH) are good electron donors and trap holes givinghotochemical conversion rate bfand increased the yield
conduction band electron, Ti@"), and thus prevent the of 2. Similar to this, Shen and coworkers reported the
electron-hole recombinatidd:DH dissociates into surface- efficient photosensitized reductidnto 2 by TEA in the
bound D radical and adsorbed proton in the process. Theresence of anthracene dyes as photosensftiderse TiQ
oxidation potentialE°) of TiOx(e") in CH;CN is about -0.8  absorbs most of irradiated light, the photochemical reaction
V vs SCE# the value becomes more negative as pH ofpathways depicted in Chart 2 would contribute little to the
medium is highef*The reduction potential of BP in GEN reaction ofl in a medium containing T Two roles of
was estimated as -1.88 Vs SCE?* whereas the first TEA in TiO,-mediated photoreaction df to 2 can be
reduction potential of in DMF was found to bea. -1.0 V  suggested. One is scavenging the hole to make the conduc-
vs SCE? Exact estimation of the thermodynamic driving tion band electron available for the reductioriLdb 6. The
force for the electron transfer from conduction band ok TiO other is complexation with the radical which is formed
to BP orl is not possible at this moment due to complicatedrom 6 by protonation, and conversion2dyy intracomplex
nature of solvent reorganization energy and the effect ofiydrogen-atom transfer (see Chart 2). With the synergetic
surface charge t&,°. However, it appears that the electron effects of TiQ, water, and TEA, we were able to obtaiim
transfer reaction from Tige") to BP is not thermodynami- 85% yield with high quantum yieldle., with high reaction
cally favorable, but the electron transfer 1o occurs rate (entry 10 in Table 1).
efficiently. The single electron transfer from H©) to 1 Photochemical Reaction of Benzoin.Benzoin2, which
yields the radical anio, which gives5 after protonation. is a photoreduction product df, also undergoes photo-
The electron transfer from Ti®) to 1 is analogous to the chemical conversioh!! Table 2 summarizes the relative
electron transfer from TEA to the excitéd disappearance rates and the distribution of photoproducts of
! ) _ e 2 under various conditions: hydrobenzd@irshows no ap-
TiOz + hv — TO; (€, 1) (1) preciable photoreactivity under investigated conditions. The
TiO2 (€7, h") + DH - TiO, (€) + D' + H'(ad) (2) rate of disappearance & in CH;OH by direct photo-
TiO, (€) +1 - 6 +TiO, 3) chemical reaction was about 1.1 times of thal.oBenz-

Reduction potential of the radicalwas estimated to be
about -1.4 \#° Thus, the further electron transfer from

g o
CeHs—CreC—CoHs
H

hv

2 — 2

H-transfer 2 CeHsCHO

conduction electron of Tif2o the radicab producing anion 8
7 may also be thermodynamically feasible. The ardon J
might be finally transformed ®by proton transfer. This can
O OH
i ] RH
CeHs—Ce + oC—CoHs ————=  CoHsCHOH
¢ OH - y H
TiO,(¢) + 5 —> |CeHs—C—GCells | + Tio, (4) ‘ l
CgHsCHO
7 1 4
7 o+ H 2 (5) Chart 3. The Scheme for Photochemical Reaction of Bern2oir

Table 2 The Photochemical Reaction of Benz2irRelative Disappearance Rate and the Yield of Major Prdducts
Yield (%)°°

entry Medium TiQ Rel. Rate 4
9 10
* meso
1 CH3sCN/CH:;OH/H,0 (88/10/2) No 1.00 9 8 - <1
2 CHsCN/CH;OH/HO/TEA (88/7/2/3) No 1.28 11 9 20 <1
3 CH3CN/CH:;OH/H,O/TEA (88/7/2/3) Yes 0.73 trace 45 3 13

Typical condition is 20 mM benzil (4 mg/mL) with 0 or 2.5 mg/mL of FiDnitrogen-purged solutions at 25.The yield is based on the consumed
2. °4: hydrobenzoin9: N,N-diethylbenzamidetO: 1,2-diphenylpropenone.
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aldehyde was found as a major photoproduct and hydrdselieved to occuwia hydroxybenzyl radical formed by
benzoind was formed in about 10% yield. It is known tRat electron transfer followed by protonation reaction; the
undergoes photochemicadcleavage to form a benzoyl and radical is further reduced to benzyl alcohol by another
hydroxybenzyl radical pafr** Further reactions of these electron-proton transfer reaction or dimerizes 40To
radicals give various photoproducts (Chart 3). examine the structures df obtained from the reaction of
The rate of disappearance @fin a medium of 88:10:2 benzaldehyde, we carried out the photochemical reaction of
CH;CN/CH;OH/H,O was about half of that in GBH. benzaldehyde in 88:7:2:3 GEN/CH;OH/H,O/TEA medium
Such rate change is much smaller than that observed in tlie the presence and in the absence ob.Ti®the absence of
photolysis ofl, one-seventh, by the same solvent variationTiO,, the reaction producetlin ca. 20% yield and the ratio
(compare entries 5 and 8 in Table 1). This reflects the similanf (+)-4 to meso4 was about 1.1. However, in the presence
photochemical a-cleavage rates oR in CH;OH and of TiO, benzaldehyde was reduced mostly to benzyl alcohol
CHsCN.? The hydrogen-atom transfer reaction in the radicaland only trace amount df(unresolved) was found.
pair 8 yields benzaldehydg:such reaction pathway is not  The similarity of the composition &f obtained from the
possible in the reaction df. The radical pai8 can also reaction o2 in the absence of Tido that from the reaction
recombine back t@ or become separated into each radicalsof benzaldehyde strongly supports thas produced from
which then react with hydrogen donating solvent to producéhe a-cleaved product o2, i.e., dimerization of hydroxy-
benzaldehyde and benzyl alcohol. The dimerization obenzyl radicals. Hydroxybenzyl radicals could be also
hydroxybenzyl radicals gives hydrobenzdir(see below). produced from the other-cleaved product, benzoyl radical,
The yield of4 by direct photochemical reaction in the sameby transformation to benzaldehyde and then reduction. The
media was about 17% with the ratio of racemate to mesastriking difference in the structure a&f between TiQ
forminca 1.1. sensitized reduction product and the product from direct
Replacement of a portion of GBIH in the above solvent photochemical reaction & or benzaldehyde indicates that
mixture by TEA increased both the rate of photochemicathe TiQ-sensitized reduction of to 4 occurs without
reaction of2 and the yield off (compare entries 1 and 2 of involvement ofa-cleavage oP. The reaction might proceed
Table 2). The isomeric composition 4fwas almost the by two consecutive electron transfer/protonation reactions as
same as that obtained in the absence of TEA. We alssuggested in the reductionfo 2 (Chart 4): in the presence
observed the formation of N,N-diethylbenzamfJevhich  of TiO,, most of thea-cleaved products are believed to be
might be produced by the reaction of benzoyl radical withtransformed to benzyl alcohol, not4oClarification of the
TEA (Eq. 6). The scavenging of benzoyl radical by TEA origin of the stereoselectivity in the formationdfrom the
would prevent the recombination of the radical with TiOzsensitized reduction @ is beyond the scope of this
hydroxybenzyl radical to regenerafe and facilitate the work. However, it can be assumed that the stereoselectivity
dimerization of hydroxybenzyl radicals 4 Hydrobenzoin  reflects that the reduction reaction occurs on the surface of
4 is also formed from the photochemical reaction ofthe photocatalyst, notin solution.
benzaldehyde in the presence of TEAI¢ infrg). These can Formation of 1,2-diphenylpropenof® in the TiQ-sensi-
explain the observed effects of TEA on the direct phototized reaction oR supports the presence of the radithl

chemical reactions & Combination of the radicall with the hydroxymethyl
radical formed from methanol after donating an electron to
o 0 the hole of TiQ would yield 1,2,3-trihydroxy-1,2-diphenyl-
It I propane 12, which is converted tdlO via dehydration
—Ce+ — C4Hy—C—N(C,Hs), + C,Hs ® i
CoHs=C® + N(CoHs)y — CeHs= CoN(C,Hs)y + GoHls @ (6) reaction. (see Chart 4).
9
. . 0" OH
In the presence of 2.5 mg/mL T 88:7:2:3 CI:._iCN/ _ TI0,€) - 2 Cobm GG Cable
CHsOH/HO/TEA medium, the rate of photochemical dis- 4
appearance o2 was about 60% of that observed in the JH+
absence of Ti@ Again, the rate retarding effect of GO
for the reaction of2 is much less than that for benzo- OH OH OHOH
phenone, suggesting that Ti€ensitizes the photochemical Colte™y o Cofts L 2EMON ¢ 1o G- C-Catls
transformation of. Analysis of the photoproducts gadas Su H
mostly meso-form in 45% vyield® in 3% yield, benzyl 12 1
alcohol in 20 %, and 1,2-diphenylpropendiein ca. 13% l,zH o o
. 2 1) TiO, (&)
yield. _ _ o ) H*
One of the interesting observations is the stereochemici CoHs—C— = CaHlg
difference between hydrobenzo#h$ormed in the presence CH, 4
and in the absence of TiOJoyce-Pruderet al. reported 10

photochemical reduction of benzaldehyde to benzyl alcohCchart 4. Scheme of Ti@sensitized Photochemical Reductiol
and4 in the presence of Tin ethanol® the reduction is  Benzoin2.
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Conclusions reaction mixture was withdrawn at appropriate time intervals
with a syringe and diluted 50 times with 37%Q/3%
The photoirradiation of benzll in deoxygenated solvents methanol: for the reaction mixture with HGt was filtered
with triethylamine (TEA) or Ti@gives benzoir2 in mode-  through a 0.2um syringe filter. The diluted solution was
rate yield. The disappearance ratd aind the yield o are  analyzed with a Orom Vintage 2000 HPLC equipped with
increased considerably in the presence of water. The phot&®exchrom C18 column with eluent programming from 37%
reduction ofl to 2 proceeds through an electron transfet to  H,O/63% methanol to 100% methanol. The composition of
from TEA or hole-scavenged excited Fidollowed by  the reaction mixture was calculated from chromatograms by
proton transfer. The photolysis d in deoxygenated comparing a mixture of authentic samples. After irradiation,
CH;CN/CH;OH/H,0O (88:10:2) medium results im-cleav-  TiO, was removed by centrifugation and solvent was evapo-
age to benzoyl and hydroxybenzyl radicals, which are mostrated. The residue was dissolved in CH&id subjected to
ly converted to benzaldehyde by hydrogen atom transfer isilica-gel column chromatography (eluent: 5:1 CHCI
the contact-radical-pair. Hydrobenzoinis produced with  EtOAc) to isolate benzoin, which was confirmed by NMR
ca 20% yieldvia separation of the radical pair followed by and mp.
dimerization of the hydroxybenzyl radical. Replacement of a Photochemical Reaction of Benzoin.Zrhe reaction was
portion of CHOH with TEA increases the conversion rate of carried out and followed by the same manner employed for
2 and the yield of4, significantly. This is due to the the reaction of, using 0.200 g d2. N,N-Diethylbenzamide
scavenging effect of TEA for benzoyl radical to produce9, 1,2-diphenylpropenond0, unreacted benzoir2, and
N,N-diethylbenzamide and the photoreduction of benzaldemixture of (£) and meso-hydrobenzoihsvere isolated by
hyde to 4. The ratio of (x4 and meset from these silica-gel column chromatography of the residues by eluting
photochemical reactions is about 1.1, which is the same asith CHCL, CHCK/EtOAc (20 : 1), CHG/EtOAc (10: 1),
that obtained from the photoreduction of benzaldehyde irand then CHGIEtOAc (5 : 1). The compourn@was identi-
the presence of TEA. TiOsensitizes the photochemical fied by comparing with authentic sample obtained from the
reduction of2 to 4 and, in this case, the reduction product isreaction between benzoyl chloride and diethylarffirig2-
mostly meso-form. The Tigsensitized reduction & to 4 Diphenylpropenond0 was characterized 4 NMR, MS,
occurs through two consecutive electron/proton transfer praand elemental analysi#d NMR (CDCk) 85.65 (s, 1H, -C
cesses on the surface of the photocatalyst without involve=CHH), 6.07 (s, 1H, -C=CHHN 7.26-7.56 (m, 8H, aromatic),
ment ofa-cleavage oR. The radicalll formed by the first  7.93 (d, 2H,J = 7 Hz,0-H of Ph-CO); MS(EI) m/z 208 (I;
one electron/proton transfer process can also combindnal. Calcd for GsHq.,0: C, 86.51; H, 5.81. Found: C, 86.64;
hydroxymethyl radical, which is generated after hole trappH, 5.89.
ing of excited TiQ by methanol, and then produce 1,2- Analysis of Hydrobenzoin Isomers|t was carried out on

diphenylpropenon&0 via dehydration reaction. a capillary column GC with temperature programming from
100°C to 250°C. The isomers were identified and quantitiz-
Experimental Section ed by the comparison with authentic samples, and confirmed

by GC/MS data.

General. Benzil, benzoin, and (x)- and meso-hydroben- Photochemical Reduction of Benzaldehydeéd.4 mL of
zoins were obtained from Aldrich. Ti@P-25 anatase) was benzaldehyde was added to 73 mL efMrged 88:7:2: 3
obtained from Degussa Corp. All solvents were HPLC grad€CHsCN/CHsOH/water/TEA medium with or without 180
from Merck. All chemicals were used without further purifi- mg of TiG; in the photochemical reaction vessel and irradiat-
cation, except triethylamine which was distilled before useed. During the irradiation, Nourging was minimized to
'H NMR spectra were taken with a Bruker DPX-250 avoid the loss of benzaldehyde. After 200-300 min irradia-
spectrophotometer. GC analysis was carried out on a Hfon, the products were analyzed with GC and HPLC.

6890 Il series GC with a FID detector. GC-MS measure-

ments were carried out on a HP 6890 series Il GC with a Acknowledgment This work was supported by the Korea
Model 5971A mass spectrometer. Elemental analysis waScience and Engineering Foundation (97-05010-04-0103)
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