
5148 J. Am. Chem. Soc. 1995,117, 5148-5153 

(2,4,6-Trimethylbenzoyl)diphenylphosphine Oxide 
Photochemistry. A Direct Time-Resolved Spectroscopic 
Study of Both Radical Fragments 

Gregory W. Sluggett,+ Claudia Turro,f Michael W. George,*'* 
Igor V. Koptyug,f'§ and Nicholas J. Turro*'f 

Contribution from the Department of Chemistry, Columbia University, 
New York, New York 10027, and Department of Chemistry, University of Nottingham, 
Nottingham, England NG7 2RD 

Received December 28, 1994® 

Abstract: The photochemistry of (2,4,6-trimethylbenzoyl)diphenylphosphine oxide (1) has been investigated using 
time-resolved infrared (TRIR) and time-resolved UV spectroscopy (laser flash photolysis (LFP)), in addition to 
conventional photochemical steady-state techniques and product analysis. Direct photolysis of 1 in dichloromethane 
(CH2Q2) or rc-heptane solution causes a-cleavage to afford the corresponding 2,4,6-trimethylbenzoyl (2) and 
diphenylphosphonyl (3) radicals. The 2,4,6-trimethylbenzoyl radical (2) is readily detected using TRIR spectroscopy, 
exhibiting carbonyl IR absorption maxima at 1805 and 1797 cm-1 in n-heptane and CH2CI2 solution, respectively. 
The diphenylphosphonyl radical (3) is readily detected by LFP, exhibiting a strong UV absorption in the 300—350 
nm region. Rate constants for the reactions of radicals 2 and 3 with bromotrichloromethane (B1CCI3), thiophenol 
(PhSH), and benzhydrol (Ph2CHOH) have been determined. Both radicals react with BrCCU and PhSH via atom 
abstraction with rate constants in the 107—108 M -1 s_1 range. Photolysis of 1 in the absence of a radical scavenger 
affords diphenyl[(2,4,6-trimethylbenzoyl)oxy]phosphine (9) in addition to the expected free radical-derived products. 
Compound 9 is also produced upon photolysis of 1 in the presence of 0.05 M BrCC^, indicating that it is formed 
mainly via cage recombination of radicals 2 and 3. The reactivity of radicals 2 and 3 is discussed. 

Introduction 

Benzoylphosphine oxides are an important class of polym­
erization photoinitiators.1-3 Photolysis of (2,4,6-trimefhylben-
zoyl)diphenylphosphine oxide (1) affords 2,4,6-trimethylbenzoyl 
(2) and diphenylphosphonyl (3) radicals (see eq 1) via a-cleav-

JJ^ 6 2.isc XX + S 
1 2 3 

age from a short-lived (r < 1 ns) triplet excited state.1-3 The 
high efficiency of the reaction (0 « 0.6),1 coupled with the 
strong absorption of 1 in the near UV and its stability toward 
hydrolysis, has led to its development as a commercial photo-
initator for curing of polymer resins.3 Phosphonyl radical 3 is 
1—2 orders of magnitude more reactive than the benzoyl radical 
2 toward unsaturated substrates.',2'4,5 Thus, numerous studies 
of the addition of the diphenylphosphonyl radical (3) to a variety 
of unsaturated compounds such as alkenes,1'2,4 dienes,5 nitrones,6 
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thiocarbonyls,7 quinones,8 oximes,9 and pyridines10 have been 
reported. Conversely, the reactivity of 2 has been incompletely 
documented. 

Laser flash photolysis (LFP) techniques have been employed 
to detect 3 directly in solution (2max = 330 nm) and to determine 
absolute bimolecular rate constants for its addition to a series 
of alkenes (k « 106 to 6 x 107 M"1 s-1).1-2 Rate constants for 
the reaction of 3 with alkenes and dienes have been measured 
using time-resolved electron spin resonance (TR-ESR) (see eq 
2).4-5 
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The 2,4,6-trimethylbenzoyl radical (2) has been detected 
directly by TR-ESR6'1112 in solution at room temperature and 
by UV-vis absorption spectroscopy in an organic matrix at 77 
K (Amax ^ 500 nm).13 The UV absorption spectrum of 2 in 
solution has not been reported; however, it is expected to be 
similar to that of the unsubstituted benzoyl radical (4) which 
exhibits a weak transient absorption at 368 nm (e « 150 M - ' 
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cm -1).14 Such a weak extinction carries with it a significant 
difficulty for characterization of benzoyl radicals in solution 
by time-resolved UV absorption spectroscopy. This difficulty 
has been recently overcome by the demonstration that time-
resolved infrared (TRIR) spectroscopy is a powerful technique 
for direct detection of benzoyl and aliphatic acyl radicals 5.15 

Rate constants for reaction of 4 with bromotrichloromethane, 

o 

J-

carbon tetrachloride, and thiophenol were readily determined 
by this technique.15 TRIR spectroscopy has also been fruitfully 
applied in studies of other organic reactive intermediates such 
as ynols,16 ketenes,17 cumyloxyl radicals,18 and didehy-
droazepines.19 

Although the addition of the diphenylphosphonyl radical (3) 
to unsaturated compounds has been well documented, there have 
been no investigations, to our knowledge, of the reactions of 3 
with hydrogen or halogen atom donors. Indeed, there is only 
a single report of the reaction of a related radical with a series 
of halocarbons (see eq 3).20 The rates for halogen atom 
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abstraction by the diethoxyphosphonyl radical were found to 
be highly dependent upon the halocarbon ranging from 3.7 x 
102 M - 1 s_1 for terf-butyl chloride to 1.2 x 106 M - 1 s_1 for 
benzyl bromide.20 

In this paper, we report the results of the study of the 
photochemistry of 1 by TRIR and LFP techniques. The 2,4,6-
trimethylbenzoyl radical (2) has been directly characterized by 
TRIR, and rate constants for its reactions with bromotrichlo­
romethane (BrCCl3), thiophenol (PhSH), and benzhydrol (Ph2-
CHOH) have been determined. The diphenylphosphonyl radical 
(3) has been directly characterized by LFP, and rate constants 
for its reactions with BrCCl3, PhSH, and Ph2CHOH have been 
determined. Steady-state product studies have been carried out 
to supplement the time-resolved experiments. 

Results and Discussion 

Time-Resolved Infrared Spectroscopy. Laser flash pho­
tolysis (355 nm excitation) of 0.02 M solutions of 1 in 
deoxygenated n-heptane or dichloromethane (CH2Cl2) affords 
readily detectable transient IR absorptions in the 1780—1820 
cm - 1 region. These signals are formed within the response time 
of the TRIR detection system (<50 ns) and decay on the 
microsecond time scale with clean second-order kinetics (TI/2 

« 4—8 fis). Figure 1 shows the time-resolved IR absorption 
spectrum in n-heptane recorded 1 ̂ s following the laser pulse. 
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Figure 1. Time-resolved IR spectrum recorded 1 ,as following laser 
flash photolysis (355 nm excitation) of a deoxygenated 0.02 M 
n-heptane solution of (2,4,6-trimethylbenzoyl)diphenylphosphine oxide 
(1) at 23 ± 2 0C. 
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Figure 2. (a) Transient decay trace recorded at 1805 cm-1 from a 
0.02 M solution of 1 in deoxygenated n-heptane. The inset shows the 
fit of the data according to eq 4. (b) Transient decay trace recorded at 
1811 cm-1 from a 0.02 M solution of 1 in deoxygenated n-heptane 
containing 0.005 M bromotrichloromethane. 

The spectrum is similar to those reported for the unsubstituted 
benzoyl radical (4) and a series of aliphatic acyl radicals 5,15 

all of which exhibit carbonyl IR absorption maxima in the range 
1825-1860 cm - 1 . The addition of BrCCl3, PhSH, or oxygen 
to solutions of 1 shortened the lifetime of the transient and lead 
to pseudo-first-order decay kinetics in each case. Representative 
decay traces recorded following laser flash photolysis of 
n-heptane solutions of 1 in the absence and presence of 0.005 
M BrCCl3 are shown in Figure 2. We assign the transient IR 
bands to the 2,4,6-trimethylbenzoyl radical (2) on the basis of 
its expected carbonyl stretching frequency,15 kinetic behavior 
and the identification of the reaction products (vide infra). 

The IR absorption maximum of 2 exhibits a significant and 
reproducible shift from 1805 cm"1 in n-heptane to 1797 cm - 1 
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Figure 3. Time-resolved IR spectra, recorded (•) 1 ^s and (O) 40 ̂ s 
following the laser pulse, from laser flash photolysis (355 nm excitation) 
of a 0.02 M solution of 1 in deoxygenated n-heptane containing 0.005 
M bromotrichloromethane. 

in CH2CI2. The origin of the spectral shift is not obvious. 
However, the difference in the IR absorption maximum is not 
simply related to solvent polarity since preliminary experiments 
indicate that the absorption maximum is centered at 1800 cm-1 

in a highly polar organic solvent such as acetonitrile. Further­
more, we note that the carbonyl IR absorption maximum of the 
acetyl radical 5 (R = CH3) exhibits a strong matrix depen­
dence.21 

The kinetic data for the decay of 2 in the absence of added 
quencher were analyzed by plotting (A(OD))-1 versus time (?) 
according to eq 4. The pseudo-first-order rate constant, &0bs, is 
related to the second-order decay rate constant (2&2) according 
to eq 5 where e is the extinction coefficient of the carbonyl 

(A(OD))-1 = kobst [4] 

feobs = Ik2Id [5] 

absorption and I is the IR cell path length (0.2 cm). The values 
of /fcobs are 8.1 x 107 and 5.4 x 107 s_1 in n-heptane and 
CH2CI2, respectively. We estimate the second-order decay rate 
constants (2fc2) to be near the diffusion-controlled limits for both 
solvents (~1010 M -1 s_1) on the basis of the assumption that 2 
has an e similar to that of the benzoyl radical 4 (~1300 M - ' 
cm-1).15 The small but reproducible difference in £0bs in 
n-heptane and CH2CI2 is assigned to a slight solvent dependence 
on the carbonyl IR absorption extinction coefficient since the 
two solvents have similar viscosities at room temperature.22 

The decay of 2 in n-heptane solutions containing BrCCh is 
accompanied by the concurrent growth of a signal centered at 
1802 cm-1, which is assigned to the carbonyl stretching 
frequency of 2,4,6-trimethylbenzoyl bromide (6) (see eq 6). 

Ar^ + BrCCI3 " ^ M fV^Br + .CCI3 [6] 

2 6 
1805 cm-1 1802 cm-1 

Figure 3 shows time-resolved IR spectra recorded 1 and 40 ,as 
following laser excitation (355 nm) of a 0.02 M solution of 1 
in deoxygenated n-heptane containing 0.005 M B1CCI3. The 
spectrum recorded 1 fis following the laser pulse is virtually 

(21) Jacox, M. E. J. Phys. Chem. Ref. Data 1984, 13, 945. Bennett, J. 
E.; Graham, S. C; Mile, B. Spectrochim. Acta 1973, 29A, 375. 

(22) Scaiano, J. C. In CRC Handbook of Organic Photochemistry; 
Scaiano, J. C, Ed.; CRC Press: Boca Raton, FL, 1989; Vol. 2, pp 344. 

Table 1. Rate Constants for Reaction of 2,4,6-Trimethylbenzoyl 
(2) and Diphenylphosphonyl (3) Radicals with 
Bromotrichloromethane (BrCCl3), Thiophenol (PhSH), and 
Benzhydrol (Ph2CHOH) in Alkane Solution at 23 ± 2 0C0 

reagent 

BrCCl3 
PhSH 
Ph2CHOH 

2 

1.7 
0.13 

<0.0054 

kq (10-8Ms) 

3 

8.3 
0.15 

<0.005" 

" Errors are ca. ±10%. ' Dichloromethane solution. 

identical to that recorded in the absence of BrCCh (see Figure 
1) while the spectrum recorded at later times (40 ,us) is similar 
to the reported carbonyl spectrum of 6.23 The decay trace 
recorded at 1811 cm-1 under these conditions demonstrates the 
pseudo-first-order decay of 2 and residual absorption attributable 
to 6 (see Figure 2b). 

Bimolecular rate constants for reaction of 2 with B1CCI3 and 
PhSH were determined from the pseudo-first-order decay rates 
in the presence of sufficient quencher to shorten the lifetime to 
~1 ,us. Table 1 lists rate constants for reaction of 2 with B1CCI3, 
PhSH, and Ph2CHOH. Radical 2 and the unsubstituted benzoyl 
radical (4) exhibit similar reactivities toward B1CCI3 and PhSH, 
indicating that methyl substitution has only a small effect on 
the rates of atom abstraction reactions of benzoyl radicals.15 

The rate constant for reaction of 2 with B1CCI3 in n-heptane 
solution is only slightly smaller than the corresponding rate of 
reaction of 4, while the rate constant for reaction of 2 with PhSH 
is a factor of 3 times smaller than that reported for 4.15 Due to 
the low solubility of Ph2CHOH in alkane solvents, the rate 
constant for reaction of 2 was determined in CH2Cl2 solution. 
The decay kinetics of 2 in CH2Cl2 were unaffected by the 
addition of 0.3 M Ph2CHOH, permitting an estimate of the upper 
limit on the rate constant for hydrogen abstraction (k < 5 x 
105 M -1 s_1). The rates of reaction of 2 with BrCCl3 in 
CH2Cl2 and n-heptane are identical within the experimental 
error. The lack of solvent dependence on the reaction rate 
indicates that bromine atom abstraction may occur via a 
nonpolar transition state. However, further experiments are 
required to elucidate the possible role of charge transfer 
processes in halogen atom abstractions of 2. 

Substitution on the phenyl ring of benzoyl radicals and 
benzoyl halides has a significant effect on their carbonyl IR 
maxima. The carbonyl IR absorption maximum of 2 in 
hydrocarbon solution (1805 cm-1) is red-shifted over 20 cm-1 

compared to that of the unsubstituted benzoyl radical (4) (1828 
cm"1).15 Conversely, the IR band of 6 (1802 cm-1) is blue-
shifted by ca. 20 cm-1 relative to that of benzoyl bromide (1780 
cm-1).15 

Time-Resolved UV Spectroscopy. Laser flash photolysis 
(355 nm excitation) of continuously flowing 0.001 M deoxy­
genated hexane or CH2Cl2 solutions of 1 affords a readily 
detectable transient absorption in the 300—350 nm region (see 
Figure 4) which is assigned to the diphenylphosphonyl radical 
(3).1 Although photoinduced intramolecular H atom abstraction 
leading to transient 1,4-biradicals and enols has been docu­
mented for several benzoylphosphine oxides,224 we have not 
obtained evidence for similar reactions of I.24 In the absence 
of added quenchers, 3 decays on the microsecond time scale 
with mixed first- and second-order kinetics (ri/2 « 10 ^s). The 
addition of BrCCl3, PhSH, or oxygen shortens the lifetime of 3 
and leads to clean pseudo-first-order decay in each case. 

(23) Kim, S.; Lee, J. I. J. Org. Chem. 1984, 49. 1712. 
(24) Sumiyoshi, T.; Schnabel, W.; Henne, A. J. Photochem. 1985, 30. 

63; 1986, 32, 119. 
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Figure 4. Transient UV absorption spectrum recorded 0.1 — 1.0 [is 
following laser flash photolysis (355 nm excitation) of a 0.001 M 
solution of 1 in deoxygenated hexane. The inset shows a transient decay 
measured at a monitoring wavelength of 330 nm. 

8x1O6 -

- 6 -
' ( O 

2 -

0 -

I l 

" 

• BrCCl3 

• PhSH 

I ^ 

r - i - T n - I - I i r 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

[Quencher] / M 

Figure 5. Pseudo-first-order decay rate fccay) of radical 3 versus 
quencher concentration for reaction with (•) bromotrichloromethane 
and (•) thiophenol. 

Bimolecular rate constants (kq) for reaction of 3 with BrCCb 
and PhSH were obtained from plots of the pseudo-first-order 
rate constants for decay of 3 (fcdecay) versus concentration of 
added quencher (see Figure 5) according to eq 7 and are listed 

^decay — % ' *"q[Q] [7] 

in Table 1. The term k0 represents the estimated first-order rate 
constant for decay of 3 in the absence of added quencher. The 
lifetime of 3 in CH2CI2 was unaffected by the addition of 0.1 
M Pr^CHOH, allowing us to estimate an upper limit of 5 x 
105 M -1 s_l for the quenching rate constant in this case. In 
the presence of PhSH, the decay of the diphenylphosphonyl 
radical (3) at 330 nm is accompanied by the growth of a transient 
absorption centered at 450 nm, which is assigned to the 
thiophenoxy radical (8; see eq 8).25 

Ph-P 
Ph 

3 
330 nm 

+ PhS-H 
hexane 

"tf'H 
7 

+ PhS-

450 nm 

[8] 

The two radicals 2 and 3 generated from photolysis of 1 
exhibit similar reactivities toward the atom donors employed 
in this study. The qualitative trend is for the rate constants to 
increase as the strength of the bond broken in the atom donors 
decreases: BrCCl3 (56 kcal/mol)26 > PhSH (75 kcal/mol)27 > 
Ph2CHOH (87 kcal/mol).28 In each case, the rate constants for 
reaction of 2 and 3 with a particular atom donor are within a 

(25) Ito, O.; Matsuda, M. J. Am. Chem. Soc. 1979, 101, 5732. 
(26) Mendenhall, G. D.; Golden, D. M.; Benson, S. W. J. Phys. Chem. 

1973, 77, 2707. 
(27) Fine, D. H.; Westmore, J. B. Can. J. Chem. 1970, 48, 395. 
(28) Poston, P. E.; Harris, J. M. J. Am. Chem. Soc. 1990, 112, 644. 

factor of 4 (see Table 1). The phosphorus-centered radical 3 
shows a slight rate enhancement toward BrCCl3 while 2 and 3 
react at almost the same rate with PhSH. The high reactivity 
of 2 and 3 toward atom donors is attributable to the fact that 
they are a radicals with a high degree of s-character and spin 
density localized on the carbonyl carbon and phosphorus atoms, 
respectively.1429 The similar reactivity of 2 and 3 toward atom 
abstraction in this case is notable, since the phosphonyl radical 
reacts with unsaturated compounds 10—100 times faster than 
the benzoyl radical.12,4'5 This implies that the transition states 
for additions of 2 and 3 to unsaturated compounds may be 
situated slightly further along the reaction coordinate than the 
transition states for atom abstraction reactions, and steric and 
electronic effects may play a larger role.30 

Product Studies. Steady-state product studies have been 
conducted to identify the products of reactions of radicals 2 
and 3 with BrCCl3 and PhSH. Photolysis (355 nm excitation) 
of a deoxygenated 0.005 M solution of 1 in n-heptane (or 
hexane) in the absence of an added radical trapping agent 
afforded the products shown in eq 9. Similar product distribu-

1 

Fh 
P-Ph nv (355 nm) 

heptane 
[91 

1 0 

12 

Ph 0 
^ , P - O - P - F h 

Ph 
13 

tions were obtained from photolysis of 1 in deoxygenated and 
dried CH2CI2.31 Diphenyl[(2,4,6-trimethylbenzoyl)oxy]phos-
phine (9), 2,4,6-trimethylbenzaldehyde (10), and mesitil (11) 
were the sole carbonyl-containing products identified, while the 
identified other products consisted of diphenylphosphine oxide 
(7) and two isomeric diphosphorus compounds (12,13). Com­
pounds 7, 9, and 10 were identified by comparison of the IR, 
NMR, and GC/MS analyses of the crude photolysates with 
authentic samples.32,33 Mesitil (11) was identified by steady-
state IR and GC/MS analysis of the crude photolysates. Com­
pounds 12 and 13 have been tentatively assigned by 31P NMR 
spectroscopy33 as they presumably decompose under our GC 
conditions. 

All of the products from photolysis of 1 in the absence of a 
radical trap are those expected from reactions of radicals 2 and 
3. Similar product distributions were obtained from photolysis 
of benzene solutions of 1 in the presence of 1,1-di-p-tolyleth-
ylene due to incomplete trapping of 2 and 3.34 2,4,6-Trimeth-
ylbenzaldehyde (10) and diphenylphosphine oxide (7) are most 

(29) Geoffrey, M.; Lucken, E. A. MoI. Phys. 1971, 22, 257. 
(30) Giese, B. Angew. Chem., Int. Ed. Engl. 1983, 22, 753. Giese, B.; 

Effort, U. Chem. Ber. 1983, 116, 1240. 
(31) Minor amounts of a-chloro-2,4,6-trimethylacetophenone and a-dichlo-

ro-2,4,6-trimethylacetophenone were also produced from photolysis of 1 
in dichloromethane. 

(32) Brierley, J.; Dickstein, J. I.; Trippett, S. Phosphorus Sulfur Relat. 
Elem. 1979, 7, 167. 

(33) Dietliker, K.; Kolczak, U.; Liegard, A.; Rist, G.; Wirz, J. The 
Photoinduced Alpha-Cleavage of Mono- and Bisacylphosphine Oxides. 
XVth IUPAC Symposium on Photochemistry, Prague, 1994; Poster No. 
322. See also Leppard, D.; Dietliker, K.; Hug, G.; Kaeser, R.; Koehler, 
M.; Kolczak, U.; Misev, L.; Rist, G.; Rutsch, W. Proceedings Radtech '94, 
North America; Orlando, 1994; Vol. 2., p 693. Rutsch, W.; Dietliker, K.; 
Leppard, D.; Koehler, M.; Misev, L.; Kolczak, U.; Rist, G. Proceedings of 
the XXth International Conference in Organic Coatings-Science and 
Technology, Athens, 1994; p 467. 
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Figure 6. Steady-state FTIR spectra recorded from photolysis (355 
nm excitation) of deoxygenated 0.005 M dichloromethane solutions 
of 1 (a) in the absence and (b) in the presence of 0.05 M bromo-
trichloromethane. 

likely formed by hydrogen atom abstraction from solvent by 2 
and 3, respectively. Mesitil (11) arises from dimerization of 
benzoyl radicals (2), while 9 is formed by recombination of 
radicals 2 and 3. Dimerization of diphenylphosphonyl radicals 
affords two isomeric products (12, 13). Similar dimerization 
modes have been reported for diethoxyphosphonyl radicals (see 
eq 1O).35 Although the addition of phosphonyl radicals to 1 

o 
2 R-^- -

R 

R = OEt, Ph 

J L P * R.P-C- P-c [10] 

has been reported,11 this reaction is expected to be unimportant 
at the low concentrations of substrate (0.005 M) employed in 
this study. 

Steady-state infrared spectroscopy proved particularly useful 
for the identification of the carbonyl-containing products. Figure 
6 shows the steady-state FTIR spectra recorded from photolysis 
of 1 in deoxygenated CH2CI2 in the absence and presence of 
0.05 M B1CCI3. Photolysis (355 nm excitation) of a deoxy­
genated 0.005 M solution of 1 in the absence of added radical 
trap leads to a decrease in the carbonyl absorption of 1 at 1668 
cm"1 and growth of two carbonyl bands at 1697 and 1738 cm - 1 

(Figure 6a). The 1697 cm - 1 band is assigned to overlapping 
absorptions of 10 and 11 while the band at 1738 cm - 1 is 

(34) Baxter, J. E.; Davidson, R. S.; Hageman, H. J.; Overeem, T. 
Makromol. Chem. 1988, 189, 2769. 

(35) Levin, Y. A.; Il'yasov, A. V.; Goldfarb, E. I.; Vorkunova, E. I. 
Org. Magn. Reson. 1973, 5, 487. 

assigned to 9 on the basis of its similarity to the literature 
value.32 The band centered at 1605 cm - 1 changes only slightly 
in intensity during photolysis, and is assigned to phenyl ring 
stretches of 1 and the photolysis products.36 Similar FTIR 
spectra were obtained from photolysis of 1 in deoxygenated 
n-heptane solution. 

Photolysis (355 nm excitation) of deoxygenated 0.005 M 
solutions of 1 in n-heptane or CH2CI2 in the presence of 0.05 
M B1CCI3 affords 2,4,6-trimethylbenzoyl bromide (6), di-
phenylphosphinic bromide (14), 9, and hexachloroethane (see 
eq 11). The steady-state FlTR spectra of the crude photolysates 

^cV hv (355 nm) 
heptane 

0.05 M BrCCI3 ' 

+ 

6 

1 l B - * 

9 

O 

14 

+ CI3C-

[11] 

are shown in Figure 6b. The complete suppression of 10 and 
11, and the clean formation of 6 (1802 cm - 1) demonstrates that 
2 was trapped quantitatively by BrCCl3. The persistent forma­
tion of 9 (1738 cm - 1) under these conditions indicates that it is 
formed mainly via cage recombination of radicals 2 and 3 or, 
alternatively, via excited-state rearrangement of 1. The carbonyl 
IR band assigned to 9 is formed within the response time of 
the TRIR detector (<50 ns) consistent with this conclusion. 
Furthermore, 31P CIDNP studies of 1 also indicate that 9 is 
formed by cage recombination of 2 and 3.33 Rapid geminate 
reaction of 2 and 3 may be facilitated by the large 31P hyperfine 
coupling constant (370 G) of the diphenylphosphonyl radical 
(3).5'12 

Finally, we have identified the products from photolysis of 

1 in the presence of PhSH. GC and GC/MS analysis of the 
crude photolysate obtained from photolysis (350 nm) of 
deoxygenated 0.005 M solutions of 1 in hexane in the presence 
of 0.2 M PhSH showed the formation of 7 and 10, the expected 
products of hydrogen atom abstraction from PhSH by radicals 
2 and 3. Phenyl disulfide (15) and diphenylphosphinic thiophe-
noxide (16) were also detected (see eq 12). (Benzoyloxy)-
phosphine 9 is presumably formed under these conditions but 
is not detected by GC techniques. 

Ph 
P-Ph 
Il 
O 

hv (350 nm) 
hexane 

0.2 M PhSH 10 

+ PhS-SPh 

15 

PhS 

V-Fh 
O 

7 

,Ph 
'P-Ph 
O 

16 

[12] 

Summary and Conclusions 

2,4,6-Trimethylbenzoyl (2) and diphenylphosphonyl (3) 
radicals, generated from photolysis of (2,4,6-trimethylbenzoyl)-
diphenylphosphine oxide (1), have been detected directly by 
TRIR and LFP, respectively. Rate constants for reaction of the 
two radicals with BrCCl3, PhSH, and Ph2CHOH have been 
determined. Radicals 2 and 3 exhibit strikingly similar reac­
tivities, with rate constants decreasing with increasing bond 
strength of the radical trap. Methyl substitution on the phenyl 
ring of the benzoyl radical causes a slight reduction in the rate 
of atom abstraction and a ca. 20 cm - 1 red shift in the carbonyl 

(36) Silverstein, R. M.; Bassler, G. C; Morrill, T. C. Spectrophotometric 
Identification of Organic Compounds; John Wiley & Sons, Inc.: New York, 
1991; Chapter 3. 
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IR absorption. Steady-state studies have confirmed that radicals 
2 and 3 react via atom abstraction from BrCCh and PhSH. In 
addition to the expected free radical-derived products, photolysis 
of 1 affords diphenyl[(2,4,6-trimethylbenzoyl)oxy]phosphine (9) 
via cage recombination of 2 and 3. Additional time-resolved 
spectroscopic studies of benzoyl and phosphonyl radicals are 
in progress. 

Experimental Section 
1H and 31P NMR spectra were recorded on a Bruker AF250 NMR 

spectrometer at 250 and 100 MHz, respectively. Gas chromatographic 
analyses were carried out using a Hewlett-Packard 5890 gas chromato-
graph equipped with a flame ionization detector, a Hewlett-Packard 
3392A integrator, and an HP-I capillary column (25 m x 0.2 mm; 
Hewlett-Packard, Inc.). GC/MS analyses were carried out using a 
Hewlett-Packard 5988A GC/MS system and a Hewlett-Packard 5890 
gas chromatograph equipped with an HP-I capillary column (25 m x 
0.2 mm; Hewlett-Packard, Inc.) and interfaced to a Hewlett-Packard 
9133 data station. Ultraviolet absorption spectra were recorded on a 
Hewlett-Packard HP8452A UV spectrometer. Conventional infrared 
spectra were recorded on a Perkin-Elmer 1620 FTIR spectrometer. 

Dichloromethane (Fisher) and rc-heptane (Fisher) were distilled from 
calcium chloride and calcium hydride, respectively, under argon 
immediately prior to use. Benzhydrol (Aldrich) was sublimed before 
use. Hexane (Fisher HPLC), 2,4,6-trimethylbenzaldehyde (Aldrich), 
diphenylphosphinic chloride (Aldrich), diphenylphosphine oxide (Al­
drich), bromotrichloromethane (Aldrich Gold Label), thiophenol (Al­
drich Gold Label), and phenyl disulfide (Eastman Kodak) were used 
as received. 

(2,4,6-Trimethylbenzoyl)diphenylphosphine oxide (1) obtained from 
BASF (Germany) was recrystallized from diethyl ether. Diphenyl-
[(2,4,6-trimethylbenzoyl)oxy]phosphine (9) was synthesized32 from 
2,4,6-trimethylbenzoic acid (Aldrich) and chlorodiphenylphosphine 
(Aldrich). 

Time-resolved infrared experiments employed the pulses from a 
Quanta-Ray Nd-YAG laser (355 nm, 30 mJ/pulse, 7 ns) as the excitation 
source. The IR probe consisted of a Miitek MDS 1100 diode laser 
fitted with a Mtttek MDS 1200 monochromator and sample chamber. 
Solutions were flowed continuously through a 2 mm path length gas 

tight IR cell fitted with calcium fluoride windows. The TRIR system 
has been described in detail elsewhere.37 

Laser flash photolysis experiments employed the pulses (355 nm, 
ca. 10 mJ/pulse, 6 ns) from a Quanta-Ray DCR II Nd-YAG laser and 
a computer-controlled system which has been described elsewhere.38 

The current instrument employs a Tektronix TDS320 (100 MHz, 500 
megasamples/s) digital oscilloscope in place of the Tektronix 7912 
transient digitizer. Solutions of 1 were prepared at concentrations 
(~0.001 M) such that the absorbance at the excitation wavelength (355 
nm) was ca. 0.3. Transient absorption spectra were recorded employing 
a flow system to ensure that a fresh volume of sample was irradiated 
by each laser pulse. Quenching rate constants were measured using 
argon-saturated static samples contained in 1 x 1 cm Suprasil quartz 
cells. Fresh solutions were prepared at each quencher concentration. 

Steady-state photolysis experiments were carried out in a Rayonet 
photochemical reactor equipped with two or four RPR-350 (350 nm) 
lamps or employed the pulses of the Nd-YAG laser (355 nm). 
Photolysis solutions were contained in 10 x 100 mm Pyrex test tubes 
which were sealed with rubber septa or in the gas tight calcium fluoride 
IR cell. The solutions were deoxygenated prior to photolysis with a 
stream of dry argon. Photoproducts were identified by GC/MS, IR, 
NMR, and/or comparison with authentic samples. 
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