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In the laser-jet mode (argon ion laser) the excited hydroxy- 
diphenylmethyl radical (3*) underwent H expulsion in inert 
solvents (benzene, acetonitrile) to produce benzophenone 
(two-photon product), besides dimerization of its ground state 
3 to benzpinacol (one-photon product). In ethanol, the laser- 
jet photolysis of benzophenone afforded as new products (two- 
photon chemistry) benzhydrol, 4-(1-hydroxyethyl)benzophen- 
one (l), together with benzpinacol and l,l-diphenyl-1,2-pro- 
pandiol (4), which are also observed in low-intensity photo- 

lyses (one-photon chemistry). Benzhydrol is formed through H 
abstraction from the excited radical 3* and ketone 1 possibly 
by coupling of an excited radical 3* at its para position (high- 
est spin density) with a transient 1-hydroxyethyl radical. Pho- 
tolysis of a-phenylbenzoin (2) produced benzpinacol, benzo- 
phenone, pinacol 4, benzhydrol, ketone 1, and the benzoyl- 
derived products benzil and benzaldehyde. Also benzhydrol 
was observed as a two-photon product. 

The product distribution in the photoreduction of ben- 
zophenone in aliphatic alcohols has been found to depend 
on the light intensity used[',']. This suggests that short-lived 
intermediates suffered photolysis. Indeed, the intermediary 
hydroxydiphenylmethyl radical[" (3) has a strong absorp- 
tion at h = 515 and below 350 nmr4] and can also be excited 
by triplet ~ensitization[~]. The fluorescence emission of the 
excited radical 3* has a maximum at h = 575 nmC6], and its 
lifetime has been determined to be 2-4 ns[6-81. 
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Scheme 1. Photochemical generation and transformations of the 
hydroxydiphenylmethyl radical (3) 

Laser excitation in the visible region resulted in irrevers- 
ible bleaching['l, in which the excited radical 3" undergoes 

chemical transformation instead of deactivation to the 
ground-state radical 3. This reaction has been shown in 
nonpolar solvents['] to be H-atom expulsion and in polar 
solvents also electron ejection (ca. 2O%)[']. Both intramo- 
lecular reactions of the excited radical 3" yield benzophe- 
none as the final product. 

Also intermolecular reactions of the excited radical 3* 
have been observed. Quenching experiments with electron 
acceptors and methyl methacrylate have been carried out r6,81, 
which confirm that the excited state 3* is more reactive than 
its ground state 3. The most prominent increase in rate oc- 
curred in the methyl methacrylate quenchingc8], in which an 
acceleration by a factor of lo5 was observed. 

Despite the abundance of spectroscopic and kinetic data, 
product studies on the photochemistry of radical 3 are 

This happenstance derives from the fact that 
pulsed lasers are optimal tools for time-resolved spectro- 
scopic and kinetic studies but not particularly suited for 
preparative work. Of advantage for the latter is to use the 
continuous high-light intensity of the argon ion laser which 
can be maintained for long periods of time (hours). For this 
purpose the laser-jet technique was developed as a valuable 
tool"'], which permits accumulation of enough material for 
the isolation and characterization or identification of the 
two-photon products. Presently, we report the results of our 
investigations on the photolysis of the hydroxydiphenyl- 
methyl radical in the laser-jet mode. 

Results 

Three different ways were used to generate the hydroxy- 
diphenylmethyl radical (3). In the inert solvents benzene and 
acetonitrile, H abstraction from benzhydrol by triplet ben- 
zophenone yielded radical 3 (2 mol) and from ethanol, be- 
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Table 1. Product studies of the laser-jet (LJ) and Rayonet photolyses of benzophenone and benzhydrol in inert solvents 

Starting mixturela.bl Composition [mmol] of the Conc. of [mmol] product mixture[a'E1 Rel. PhzCO changerd' (Yo) 
PhzCHOH PhzCO Benz- Entry Mode Solvent PhzCHOH Ph2CHOH Ph2C0 

pinacol [loz M] 

1 Ra onetlel C6H6 0.97 1 .00 1.12 0.43 0.50 0.62 - 55 

3 LJ[Q CH3CN 1.01 1 .00 1.02 0.80 1.04 0.05 +2 
4 LJ[Q CH3CN 5.08 1 .OO 0.14 0.85 0.17 0.03 + 21 

2 LJz C6H6 0.97 1 .oo 1.12 0.70 1.10 0.09 -2 

Absolute values, detected by HPLC, error +5% of stated value. - [bl Normalized to 1 mmol of Ph,CHOH. - ['I Mass balance better 
Rayonet photoreactor, 350-nm lamps, than 90%. - Id] Amount of Ph,CO converted devided by the initial amount of Ph2C0 used. - 

1 h irradiation. - [n Argon-ion laser, continuous operation, 3.6-W all-UV lines (h = 334, 351, 364 nm), 100-pm capillary, 23 cycles. 

sides radical 3 also the 1-hydroxyethyl radical. An alterna- 
tive access to radical 3 was the Norrish-type I cleavage of 
ketone 2. 

Upon photolysis of a mixture of benzophenone and benz,- 
hydro1 in benzene and acetonitrile, only benzpinacol was 
formed as a photoproduct. The consumption of benzhydrol 
and benzophenone varied with the light intensity; the latter 
constitutes a valuable mechanistic probe for two-photon 
chemistry. The amounts of all compounds before and after 
photolyses are listed in Table 1. The absolute values and 
the relative changes of benzophenone are given instead of 
conversions ('YO), because in this reaction benzophenone is 
starting material and at higher light intensities also 
product ['I. 

Upon photolysis at low intensities (Rayonet; Table 1, en- 
try 1) benzhydrol and benzophenone were consumed in 
nearly equal amounts (0.57 vs. 0.62 mmol). On the other 
hand, at high intensities of the laser-jet reaction (Table 1, 
entry 2), benzhydrol was consumed to a large extent (30%), 
whereas benzophenone decreased only slightly (0.02 mmol, 
2% of its initial amount). In this reaction also a small 
amount of biphenyl was detected. 

These differences in the consumption of benzophenone 
under low- and high-intensity conditions were also found in 
the more polar solvent acetonitrile. Thus, in the laser-jet 
mode (Table 1, entry 3) 0.20 mmol of benzhydrol was con- 
sumed, but the amount of benzophenone even increased 
slightly (2%, 0.02 mmol). To test whether benzophenone was 
indeed a product in the laser-jet photolyses, benzhydrol was 
used in large excess (Table 1, entry 4). The amount of ben- 

zophenone grew significantly (from 0.14 mmol initially to 
0.17 mmol finally), i.e. ca. 20% over its initial value, which 
confirms unequivocally that it is formed in the laser-jet pho- 
tolyses. 

In ethanol, benzophenone was photoreduced to benzpi- 
nacol and the unsymmetric pinacol 4, but also the para- 
coupling product ketone 1 and the H-abstraction product 
benzhydrol (Table 2) were formed. Thus, upon irradiation 
in the Rayonet (Table 2, entry I), both pinacols were the 
major products (97%), benzhydrol and ketone 1 the minor 
(together 3%). In the laser-jet mode (Table 2, entry 2), the 
amount of ketone 1 and benzhydrol grew substantially (to- 
gether 34%) at the expense of benzpinacol and the unsym- 
metric pinacol 4 (together 66%). The product distribution 
varied as well in this case with the laser-light intensity. 

The photolysis of ketone 2 in ethanol afforded the same 
products, but also benzaldehyde and benzil. The amounts 
of the latter two are not included in Table 2 because, instead 
of being derived from the hydroxydiphenylmethyl radical 
(3), they are products of the partner benzoyl radical. The 
Rayonet photolysis (Table 2, entry 3) of ketone 2 yielded 
mainly benzophenone, benzpinacol, and some unsymmetric 
pinacol4 (together 98%) and traces (together ca. 2%) of the 
ethanol-derived products benzhydrol and ketone 1. Under 
laser-jet conditions (Table 2, entry 4), while the amounts of 
the two solvent-derived products 1 and 4 remained nearly 
constant, the yield of benzophenone and benzhydrol (to- 
gether 57%) increased by 17%, predominantly at the ex- 
pense of benzpinacol, the yield of which dropped from 55% 
to 37%. 

Table 2. Product studies of the laser-jet (LJ) and Rayonet photolyses of benzophenone and benzhydryl phenyl ketone (2) in ethanol 

Product 
Benz- 4 PhzCO PhzCHOH 1 

pinacol 
~ ~ _ _ _ _ _ _ _ _  

1 Ph2CO['] Ra onetCd1 15 min 81 80 47 50 2 1 
2 PhzCO['] LJz ca. 50 ps 41 70 20 46 Iel 16 18 
3 2 Ra onetLhl 30 min 52 90 55 4 39 1 1 
4 2 191 LJK ca. 50 ps 28 80 37 5 51 6 1 

region of the argon-ion laser, 3.5-3.6 W all-UV lines (h = 334, 351, 364 nm), 100-pm capillary. - [gl 1.04 x 10- 1: M in . g  EtOH; in these 

la] Detected by HPLC, error +5% of stated value; MB stands for mass balance. - lbl Normalized to loo%, relative to Ph,C'OH (3). - 
['I 8.77 x Substrate. - Iq Single assa e through focal 

reactions PhCHO (16% in the LJ, 63% in the Rayonet) and PhCOCOPh (84% in the LJ, 37% in the Rayonet) were also detected. - 
[hl Irradiation for 30 min with 350-nm lamps. 

M solution in EtOH. - Id] Irradiation for 15 min with 300-nm lamps. - 
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Discussion portionation should also take place in the low-intensity ir- 

In inert solvents, the ground-state reaction of the radical 
3 is dimerization to benzpinacol (Scheme 1). By using benz- 
hydrol as hydrogen donor, two radicals 3 are generated by 
one benzophenone triplet. This pair of radicals dimerizes 
subsequently, so that under low-intensity conditions benz- 
hydrol and benzophenone are consumed in equal amounts 
(Table 1, entry 1). It is known that upon excitation of the 
radical 3 to its excited state 3*, it fragments into an H atom 
and benzophen~ne[~.~]. 

This fragmentation is also achieved in the laser-jet mode 
and competes with the ground-state dimerization. The pho- 
tolytic regeneration of benzophenone results in nearly un- 
changed amounts of this starting material, but appreciable 
consumption of the benzhydrol. Thus, benzhydrol is oxi- 
datively dimerized to benzpinacol by the help of benzophe- 
none. The fragmentation of the radical 3" becomes more 
evident when catalytic amounts of benzophenone are used 
(Table 1, entry 4), conditions which lead to substantial 
growth of benzophenone. 

The expelled hydrogen atoms form molecular hydrogen, 
which has been confirmed by Raman spectroscopy[7a1. In the 
laser-jet experiment gaseous products cannot be detected 
since the reaction is performed in an open system. For this 
reason the quantification of the amount of molecular hy- 
drogen formed is for experimental reasons difficult; however, 
the small amounts of biphenyl suggest the intervention of 
H atoms, which were trapped by benzene. In a control ex- 
periment, benzophenone alone was photolysed in benzene 
in the laser jet, and no biphenyl was formed under these 
conditions, which indicates that H abstraction by triplet 
benzophenone from benzene[7b1 to generate phenyl radicals 
is not an effective pathway in the laser-jet photolysis. 
Thereby we have established that excitation of the radical 
3 by the continuous-wave argon-ion laser is feasible under 
the laser-jet photolysis conditions. 

In ethanol, a more complex situation prevails in that the 
solvent-derived I-hydroxyethyl radical is produced through 
H abstraction by triplet benzophenone or the excited 
Ph2C' -OH radical (3*). The I-hydroxyethyl radical can 
couple with the radical 3 to form pinacol 4 and ketone 1. 
The ratio of the unsymmetric pinacol 4 to benzpinacol de- 
pends on the alcohol used as solvent, e.g. in 2-propanol 
mainly benzpinacol is formed whereas in ethanol and meth- 
anol the unsymmetric pinacol dominates"]. 

Ketone 1 and benzhydrol are formed in increased 
amounts when the irradiations are conducted in the laser- 
jet mode, which indicates that these products are generated 
by a two-photon process. A similar increase in benzhydrol 
as product was observed in the Rayonet versus laser-jet 
irradiations in which the radical 3 was generated indepen- 
dently by CI cleavage of ketone 2 in ethanol. 

Benzhydrol is formed by H abstraction of radical 3 from 
a second radical 3 or from ethanol as possible H donors. 
The first possibility, namely disproportionation of two 
Ph2C' -OH radicals, a feasible process at high concentra- 
tions, cannot be a significant pathway because such dispro- 

radiations. For example, in the Rayonet (low intensity) the 
intermolecular reaction of two radicals 3 is exclusive di- 
merization to benzpinacol. In the laser-jet mode higher con- 
centrations of radicals 3 are obtained, but this cannot influ- 
ence their selectivity. 

The second possibility, the H abstraction from ethanol, is 
at least 7 kcal/mol endothermic for the ground-state 
Ph2C' -OH radical, as estimated from Benson's AH: 
increments["]. The necessary energy for this thermal uphill 
process is presumably available in the electronically excited 
radical 3* to effect hydrogen-atom abstraction. Further- 
more, in its excited state the Ph2C' - OH radical may be a 
more electrophilic radical and possess a higher propensity 
for abstracting an a-hydrogen atom from ethanol. 

In the formation of the ketone 1 four possible reaction 
partners have to be considered for the I-hydroxyethyl rad- 
ical, namely benzophenone and radical 3 in their ground 
and excited states. The attack of the 1-hydroxyethyl radical 
on benzpinacol to form radical 3 and the precursor of ketone 
1 was according to Benson's increments"'] estimated to be 
ca. 97 kcal/mol, and this strongly endothermic process can 
therefore be neglected. First, the radical 3 and benzophenone 
will be considered in their ground states. Ground-state rad- 
ical 3 couples with a 1-hydroxyethyl radical to the unsym- 
metric pinacol 4. Thus, the cross-coupled pinacol 4 is the 
main product in the low-intensity photolysis. Again, at 
higher concentrations of both radicals it is unreasonable to 
presume that their selectivities are altered, and consequently 
it is unlikely that the ground-state radical 3 is the precursor 
to the para-coupling product 1. Moreover, under the low- 
intensity conditions only traces of this ketone 1 were ob- 
served, so that the ground-state benzophenone can hardly 
be the substrate for the formation of the para-coupling prod- 
uct 1. The predominance of the solvent-derived products 
pinacol 4 and ketone 1 in the laser-jet can be rationalized 
in terms of the higher concentrations of the intermediary 
radicals 3 and I-hydroxyethyl radicals, which favor cross 
coupling to pinacol4 and ketone 1 over self-termination to 
benzpinacol. 

As the remaining reaction partners for the 1-hydroxyethyl 
radical to form ketone 1 we consider the excited states of 
either benzophenone or the radical 3. Since triplet benzo- 
phenone should be deactivated quickly by H abstraction 
from ethanol (the solvent) before coupling with a l-hydroxy- 
ethyl radical, it seems most reasonable that the latter couples 
with an excited radical 3". This is likely in view of the fact 
that the excited radical 3" is long-lived enough (4 nsL7]) to 
allow intermolecular reactions. 

Furthermore, AM1 calculations['21 suggest that the spin 
density for the ground-state radical 3 is highest at the hy- 
droxy-bearing carbon atom, whereas in the first excited state 
3* it is highest at the para position. These theoretical results 
provide a rationale for the preference in pinacol4 formation 
from the ground state and the para-coupling product 1 from 
the excited state of the Ph2C' -OH radical. After coupling 
in its para position, the aromaticity is regained by dehy- 
drogenation to ketone 1. 
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The para-coupling product 1 is only formed to a signifi- 
cant extent in the laser-jet reaction of benzophenone in eth- 
anol. Thus, when radical 3 was generated by CI cleavage from 
ketone 2, no increase of para-coupling product 1 was found 
in the laser-jet mode, over and beyond that obtained in the 
Rayonet irradiation. This is due to the low 1-hydroxyethyl 
radical concentration under these photolysis conditions, be- 
cause the bimolecular reaction of an excited radical 3" and 
a I-hydroxyethyl radical requires sufficiently high concen- 
trations (at least micromolar) of such short-lived transients. 
It is also for this reason why in the low-intensity irradiation 
of benzophenone (Table 2, entry 1) only traces of ketone 1 
are formed. 

Thus, the concentration of 1-hydroxyethyl radicals is suf- 
ficiently high to form the unsymmetric pinacol4 (main prod- 
uct) with abundantly available ground-state Ph2C' - OH 
radical, but not high enough to encounter the sparingly 
present excited Ph2C' -OH* species to generate the para- 
coupling product 1. Only in the laser-jet photolysis of ben- 
zophenone in ethanol are the concentrations of both tran- 
sients high enough (at least micromolar) to form the two- 
photon product 1. 

With the help of the laser-jet technique we have aquired 
valuable results on the two-photon chemistry of the 
Ph,C' -OH radical by conducting detailed product studies. 
In inert solvents the excited species Ph2C' -OH* exhibits 
an intramolecular reaction (H expulsion), while in the H- 
donating solvent ethanol also intermolecular chemistry of 
the excited transient 3" was observed. Thus, the excited 
Ph2C' -OH* radical readily abstracts H from ethanol to 
form benzhydrol. Additionally, Ph2C' -OH* couples at its 
para position with the transient I-hydroxyethyl radical to 
form ketone 1. This unprecedented result implies an unusual 
case of intermolecular chemistry of a short-lived radical 
transient with an electronically excited radical. 

We thank the Deutsche Forschungsgemeinschaft and the Fonds 
der Chemischen Industrie for generous financial support. 

Experimental 
Materials and General Techniques: Benzophenone and benzhy- 

drol were recrystallized twice from ethanol before use. Ketone 2 
was prepared and purified according to the l i t e ra t~re~ '~] .  The HPLC 
analyses were carried out on a Kontron analytical system (T-414 
pumps, Uvikon 720LC spectrometer, and an Anacomp 220 inte- 
grator), equipped with an RP-8 reversed-phase column by using 
ternary solvent mixtures of water (40%), MeOH (40%) and CH3CN 
(20%) as eluent. Detection of the products was performed at h = 
215 nm. The Uvikon spectrometer was also used for the determi- 
nation of the spectra by HPLC/UV. GC: Carlo Erba HRGC, 
equipped with an SE54 or an OV1 fused-silica column, both 30 m 
in length. NMR: Bruker AC 250. 

Low-Zntensity Photolyses: Irradiations were carried out in 
Schlenk tubes. The solutions were degassed by purging with a slow 
stream of dry argon for 20 min and irradiated in a Rayonet Pho- 
tochemical Reactor [RPR (75 W, 110 V)] of the Southern UV 

Company, equipped either with 300- or 350-nm lamps. The 5-ml 
samples were irradiated for the time stated in the tables. 

High-Intensity Photolyses: The experimental setup is described in 
recent publicationsLio1. The beam of the INNOVA 100 argon-ion 
laser was focussed by means of a quartz lens If = 80 mm) onto a 
free-falling liquid stream of the photolysis solution, which was gen- 
erated by passing the solution through a 100-lm capillary with the 
help of a Bischoff 2200 HPLC pump and maintained therewith. 
The samples were degassed by purging with a slow stream of dry 
argon for 20 min. The irradiation chamber was kept under a pos- 
itive argon pressure. In the continuous mode (multiple cycles), the 
substrate solution was pumped by drawing from and returning to 
the same reservoir. When the substrate solutions were passed only 
once through the focal point (single cycle), fresh stock solution was 
drawn from an external reservoir. For HPLC analysis, aliquots of 
the photolysate were drawn from the collecting vessel. 

Product Studies: Quantitative product studies were performed by 
HPLC with the help of 1,2-dicyanobenzene as internal standard. 
The unsymmetric pinacol 4"l was isolated from an irradiated so- 
lution of benzophenone in ethanol and identified by its 'H- and 
"C-NMR spectra. Ketone 1 was synthesized according to a stan- 
dard Grignard reaction between 2-(4-bromophenyl)-2-phenyldioxo- 
lane[''] and acetaldehyde; its 'H-NMR spectrum was identical to 
that reported in literature['51. All other products were identified by 
coinjection and comparison of their UV spectra with authentic 
materials. Biphenyl was detected by capillary GC, for which SE54 
and OV1 fused-silica columns were used, both 30 m in length. 

[11 M. B. Rubin, Tetrahedron Lett. 1982, 23, 4615-4618. 
['I Preliminary results on the laser-jet chemistry of the 2-propanol/ 

benzophenone system have been reported by: R. M. Wilson, K. 
Hannemann, W. Adam, Proceedings - ZUPAC Symp. Photo- 
chem. l l t h ,  Lisboa, 1986, Abstract 2ST-3. 

I3] In the l i t e ra t~re[~-~I  the radical 3 is called the ketyl radical, but 
this is misleading because this name should be reserved for the 
radical anion Ph;CO'-. 

[41 V. Narraraian, R. W. Fessenden. Chem. Phvs. Lett. 1984. 112. - ,  I ,  

207 - fl1. 
['I K. Razi Naqvi, H. Staerk, T. Gillro, Chem. Phys. Lett. 1977, 49, 

16] H. Baumann, C. Merckel, H.-J. Timpe, A. Graness, J. Klein- 
Schmidt, I. R. Gould, N. J. Turro, Chem. Phys. Lett. 1984, 103, 

['I L. J. Johnston, D. J. Lougnot, V. Wint ens, J. C. Scaiano, J. 

Is] H. Baumann, K. P. Schumacher, H.-J. Timpe, V. Rehak, Chem. 

19] R. W. Redmond, J. C. Scaiano, L. J. Johnston, J. Am. Chem. 

[lo] "Oal R. M. Wilson, W. Adam, R. Schulte Oestrich, Spectrum 1991, 
4, 8 - 17; available from the Center of Photochemical Sciences, 
Bowling Green State University, Bowling Green, Ohio 43 403, 
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M. Ho, H. R. Memarian, A. Azadnia, A. R. Pinhas, T. M. Figley, 
Spectrochim. Acta, Part A 1990, 46A, 551 - 558. 

["I S .  W. Benson, Thermochemical Kinetics, 2nd ed., Wiley, New 
York, 1976, p. 73. 
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data were obtained by using the configuration interaction pro- 
cedure and allowing geometric relaxation of the excited state. 

[I3' S. F. Acree, Ber. Dtsch. Chem. Ges. 1904, 37, 2753-2764. 
H. Masuhara, Y. Maeda, H. Nakajo, N. Mataga, K. Tomita, H. 
Tatemitsu, Y. Sakata, S .  Misumi, J.  Am. Chem. SOC. 1981, 103, 

[''I K. Soai, M. Watanabe, M. Koyano, Bull. Chem. SOC. Jpn. 1989, 
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Am. Chem. SOC. 1988,110, 518-524. - E W. G. McGimpsey, 
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