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Photochemistry of a-Substituted Cyclohexanones. Chemistry of the 
Intermediate Type II Biradicals 

By Maria V. Encinas and Juan C. Scaiano,' Radiation Laboratory, University of Notre Dame, Notre Dame, 
Indiana 46556, U.S.A. 

U.V. irradiation of a-alkyl-substituted cyclohexanones bearing y-hydrogen atoms leads to the generation of 1,4- 
biradicals via the Norrish Type I1 reaction. Triplet derived biradicals are produced with rather low yields reflecting 
the occurrence of singlet state processes as well as competition with the Norrish Type I reaction. The biradicals 
are good electron donors and have lifetimes in the neighbourhood of 1-2 ps in wet acetonitrile. Intramolecular 
y- hydrogen abstraction in substituted cycloalkanones is considerably faster than in aliphatic ketones, reflecting 
lower entropy requirements in the former. A comparison of triplet and Type II biradical yields reveals that the main 
reaction path of the former is the formation of Type I biradicals. 

THE photoreactions of cycloalkanones have attracted 
the interest of photochemists for a number of years, 
reflecting the rather rich variety of types of behaviour 
observed.l-1° Non-substituted cycloalkanones can 
undergo a-cleavage (Norrish Type I reaction) or photo- 
reduction.l? 2$ g~ lo a-Methyl-substituted cyclohexanones 
and cyclopentanones undergo a-cleavage quite efficiently ; 
the reaction proceeds largely via a short-lived triplet 
state.2 When the cyclic ketone has a-substituents 
bearing more than two carbon atoms the Norrish Type I1 
process becomes an important reaction path.1*2*6 The 
Scheme illustrates the different types of reactions 
frequently observed. 

The asterisk denotes a triplet state, though we note 
that the Type I1 process, involving the y-hydrogens in 
the substituent, occurs from both singlet and triplet 
states. 

The evidence for the presence of biradical inter- 
mediates is quite strong. In the case of the Type I 
process they have been trapped with thiols4 and nitric 
oxide 7 and characterized using CIDNP techniques.1° 
In the Norrish Type I1 process there is no direct evidence 
in the case of substituted cycloalkanones, but the 
evidence in other types of ketones is c o n c l ~ s i v e . ~ ~ - ~ ~  

In principle, the triplet state can decay by any of the 
processes in the Scheme in addition to radiationless 
decay. In practice, ketones having a-substituents have 
very short triplet lifetimes; 1*2 as a result, radiationless 
decay and photoreduction cannot compete with the 
Type I and I1 decays. 

Quite frequently the reversal to the parent ketone is 
the main reaction path for BI and BIT. Quantum-yield 
techniques cannot differentiate between these two re- 
action paths; as a result studies of this type can only 
examine the combined behaviour of both, the excited 
state and the biradical. In other words, the quantum 
yields of biradical generation (BI and BIT) cannot be 
derived from product studies. 

In addition, there have not been any direct studies of 
biradical lifetimes or reactivities in the case of alkanones. 
The only reports in the literature refer to the trapping of 
biradicals from pentan-2-one l5 by hydrogen bromide in 
the gas phase and their interaction with oxygen for 
biradicals adsorbed on Vycor glass.16 In the case of 
valeraldehyde, we have recently examined the behaviour 

of the biradicals in s01ution.l~ While it would be 
interesting to use the techniques which we have recently 
developed 1 3 9  l 7  with simple alkanones (e.g. hexan-2-one) 
their absorption spectra does not allow the excitation 
with the more common laser sources (337.1 nm, nitrogen 
laser and 347.1 nm, frequency doubled ruby laser). In 
this paper we take advantage of the red shift of the 
carbonyl group in cyclohexanones to excite them with a 
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nitrogen laser. The aspects of the photochemistry 
examined include the quantum yields of photofragment- 
ation and intersystem crossing, the quantum yield of 
biradical (BII) generation, the triplet and biradical life- 
times and the rates of biradical trapping by 1,l'-di- 
met hyl-4,4'-bipyridylium dicat ions. 

The techniques used include laser flash-photolysis 
studies of electron-transfer reactions of Type I1 bi- 
radicals, quantum-yield studies, and sensitized isomeriz- 
ation of dienes, all methods which have been widely used 
in other systems. Four compounds (1)-(4) have been 
examined; their structures have been chosen so as to 

( 3 )  ( 4  1 

change the bond energy of the y-CH bonds, modify 
entropy parameters, and introdwe resonance stabiliz- 
ation in the y-position in BIT. 

RESULTS 

Steady-state PhotoZysis.-Quantum-yield studies of Type 
I1 photoproducts were carried out by monitoring the form- 
ation of cyclohexanone. Yields were measured at room 
temperature in acetonitrile, a 1 : 9 water-acetonitrile 
mixture, and cyclohexane; these values are given in 
Table 1. The contribution of the singlet and triplet states 

TABLE 1 
Type I1 quantum yields a 

Ketone Solvent 
(1) Acetonitrile 

Cyclohexane 
Acetonitrile-water 

(2) Acetonitrile 
Cyclohexane 
Acetonitrile-water 

(3) Acetonitrile 
Cyclohexane 
Acetonitrile-water 

(4) Acetonitrile-water n 

@I1 
0.04 
0.037 
0.038 
0.04 
0.04 
0.038 
0.006 
0.006 
0.005 

-0 

@IItriplet 

0.015 
0.014 
0.016 
0.014 
0.014 
0.015 
0.002 
0.002 
0.0015 

a118inglet 

0.025 
0.023 
0.022 
0.026 
0.026 
0.023 
0.004 
0.004 
0.0035 

a At room temperature, using 300-nm excitation. 9 : 1 (v/v). 

to the photofragmentation yields were determined from 
quenching plots and extrapolating the yields to high diene 
~oncent ra t ions .1~~1~ No cyclohexanone was detected even 
on prolonged irradiation of (4) ; this is not surprising, since 
the Norrish Type I1 photocleavage of (4) would lead to a 
cyclic allene. Consumption of (4) during irradiation in 
acetonitrile is low, with 

The triplet lifetimes were estimated from studies of the 
sensitized isomerization of cis-penta- 1,3-diene. Figure 1 
sl lows representative plots of @;:$ vei'szds [dienel-l from 
vhich k q q .  the product of the rate constant for quenching 

< 0.004. 

times the triplet lifetime, can be derived [equation (1) l4 
where tx is an arbitrary constant]. The values of k q 7 ~  

(1) 
1 1 1 +- - - 

a@,,, a@p,c a@Isc k q q  ' [diene] 

and the corresponding lifetimes obtained taking k ,  = 
1.1 x 1010 1 mol-l (wet acetonitrile) have been included in 
Table 2. 

TABLE 2 a  
Parameters for reactions of ketones (1)-(4) 

1 
-- - 1 

Para- 
meter Units (1) (2) (3) (4) 

kqTr 1 mol-l 10.3 7.1 1.2 

( p a )  2+ 

%C 0.39 0.21 (0.39) IJ G 
T~ (for ns 2 200 3 000 600 1 200 
BAI) 

@B 0.03 0.022 0.02 
kII S-1 7.7 x 107 1.5 x 108 ( 5  x 108)  
kI S-1 9 x 108 1.2 x 109 (9 x 109p 
P I 1  0.53 0.68 0.08 

<0.1 
(isom) 
kqTT 1 mol-l 5.6 

ns 1 0.7 0.1 <0.02 TT 

k T  lmol-l 3.6 x lo9 4.2 x log 5.5 x lo9 2.7 x log 
S-1 0.022 

a Based on k ,  = 1.1 x 10'0 1 mol-1 s-l for dienes in wet 
acetonitrile. bThe large error in QIsc renders rather un- 
reliable the values of kr and kII. Triplet lifetime too short to 
allow any estimation of QIsa Probability of fragmentation 
for the triplet-derived biradical. 

The quantum yields of intersystem crossing were obtained 
by comparison of the intercepts in Figure 1 with the 
corresponding intercept for cyclohexanone, used as a 
standard with = 1.0 (see Table 2) .  

1 2 3 4 
[d i ene I -'/ M -' 

FIGURE 1 Yield of cis-trans isoinerization of penta-1,3- 
diene according to equation (l) ,  for (3) (0)  and (1) (A) 

Laser Flash PlzotoZysis.-No transients were observed by 
337. l-nm irradiation of solutions of (1)-(4) in wet aceto- 
nitrile or n-heptane. Type I1 biradicals should not be 
detectable a t  the wavelengths examined ( A  > 350 nm) if 
their absorptions are similar to those of the monoradicals.20 
Type I biradicals were not detected; i t  seems likely that 
even if they have absorptions in the 500-nm region, similar 
to those of the acetyl radical,21 these would be very weak to 
be detectable under our experimental conditions. Experi- 
ments with 2,6-dimethylcyclohexanone were also un- 
successful. 

The results described in this section have been obtained 
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in time-resolved studies in which the Type I1 biradicals 
(5)-(8) were trapped with paraquat (l,l'-dimethyl-4,4'- 
bipyridylium, PQ2+) dications.l3S 22 

1 5 )  ( 6 )  

The technique has been described in considerable detail 
in earlier papers from this laboratory.13 Basically, the 
build up of the radical-cation PQ", produced by electron 
transfer from the biradical [illustrated in reaction (2) for 
(5 ) ]  follows pseudo-first-order kinetics and leads to the 
evaluation of an experimental rate constant kerp, which is 
related to the rate of trapping k~ and the biradical lifetime 
TB by equation (3).  

Kexp = TH-' + h,[PQ2"] (3) 

Figure 2 shows representative plots of kexp V e n u s  [PQZ']. 
The corresponding rate parameters have been included in 
Table 2. We note that the condition of TT < T ~ ,  required 
for the paraquat technique to be applicable, is met by all 
the systems under study. Further, Type I biradicals 
(produced from e .g .  2,6-dimethylcyclohexanone) do not 
reduce PQ2+, as expected from the lack of reactivity of acyl 
radicals. l7 

The signals observed were usually quite weak, with 
typical plateau absorbances in the neighbourhood of 0.01 ; 
these signals made the use of computer-averaging techniques 
essential. The weakest signals were observed in the case 
of (3), and as a result all the parameters relating to this 
ketone and derived from the laser experiments are subject 
to more error than those for ( I ) ,  ( Z ) ,  and (4). 

The quantum yields of Type I1 biradical formation can 
be obtained by comparison of the ' plateau ' (see insert in 
Figure 2) absorbances in the presence of PQ2' in the system 
under study and in the case of y-methylvalerophenone, 
where QljS, the quantum yield of biradical formation, is l.l8 
The value of @B given in Table 2 were obtained applying 
equation (4) to the data.* The superscript s refers to the 

diene yields KT,T from a conventional Stern-Volmer plot 
[equation ( 5 ) ] .  The values obtained in the case of (2) and 
(3) (see Table 2) were consistent with those obtained using 
the isomerization method, although the latter are subject to 
rather large errors. A," and A ,  are the plateau absorb- 

A,"/A,  = 1 + Kq~tr[diene] ( 5 )  

ances in the absence and presence of diene, respectively. 
The formation of the radical-ions PQ+. can be totally 

quenched by dienes, suggesting that all the biradicals 
trapped are triplet-derived. If biradicals are involved in 
the singlet state photofragmentation they must be extremely 
short-lived. 

5 c  
0 

10 '[pa *'I /M 

FIGURE 2 Dependence of kelp [equation (3)] upon the concentr- 
ation of paraquat dications, for (2) (a) and (4) .(A). Insert: 
typical build-up trace for PQz+ produced by reaction of (5) with 
0.000 21M-PQ2+ 

Finally, from our knowledge of @B, QP,,~,  and TT i t  is 
possible to calculate the rate of intramolecular hydrogen 
abstraction according to equation (6).  The values obtained 
have been included in Table 2. 

DISCUSSION 

Though clearly not unexpected, i t  is probably worth 
mentioning that our results are the first direct evidence 
for the intermediacy of Type I1 biradicals in the photo- 
chemistry of alkanones in solution. The lifetimes are 
substantially longer than those reported for alkyl aryl 
ketones (e.g. y-methyl~alerophenone).~3 Similar effects 
have been observed in the case of valeraldehyde in 
solution 1' and pentan-2-one in the gas phase.15 

The measurement of dlB allows the calculation of the 
rate of the hydrogen-abstraction step of the Type I1 
process from the lifetime. In  the examples considered 
herein the Type I1 reaction plays a relatively minor role 
in the triplet decay process, as shown by the comparison 
of and @1ec. Similar conclusions were obtained by 
Kossanyi et at?. in the case of 2-propyl-4,4-dimethylcyclo- 
hexanone where the value of (QB (for BIT) was estimated 
as 0.042. 

In  view of the short triplet lifetimes, i t  seems reason- 
able to assume that for (1)-(3) the rate constant for 
rx-cleavage, kr, will be given by equation (7). The 

reference standard, y-methylvalerophenone, and A , is the 
absorbance in the ' plateau ' region. 

Similarly, a study of the plateau absorbances a t  constant 
PQ2+ concentration and as a function of added penta-1,3- 

* Unless otherwise indicated the terms hiradical and % refer 
I t o  the Type I1 biradical. .* . - . . -  . .  
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corresponding values are given in Table 2. No value 
of kI has been estimated for (4) because of the rather 
large error limits for (DISC as well as the possibility of 

kI = TT-1 - k I I  (7) 

alternative triplet decay mechanisms. The uncertainty 
in (DISC is due to the fact that the short triplet lifetime 
makes the extrapolation to ' total quenching ' somewhat 
ambiguous. Radiationless decay from (4*) could also 
occur via reversible intramolecular cy~loaddi t ion.~~ In 
other words, the biradicals (8)-(10) could be expected 
as possible reaction intermediates. If (9) and (10) are 
formed at  all they must have as their main mode of 
decay the rearrangement to (4), while (8) does lead to 
unstable ~yclobutanols,~5 but according to our results 
the quantum yield must be quite low. 

Type Jl Type I Cycloaddit ion 

l,S-Shifts, which are common in the photochemistry of 
many py-unsaturated cycloalkanones * do not seem to 
occur with significant quantum yields in the case of (4). 
Quite clearly, the photochemistry of (4) is dominated by 
reactions which behave as modes of radiationless de- 
activation. 

We find that the values of PI1 (the probability of 
fragmentation) from BII for (5) and (6) are rather high, 
indicating that product formation is the main reaction 
path for those biradicals. In the case of (5) and (7), 
Fleming et have shown that the yields of cyclo- 
butanols exceed those of fragmentation products, 
supporting the conclusion that most biradicals proceed 
to products, the possible exception being (6). The 
combined inefficiency of the Type I and Type I1 processes 
should be attributed to the low yield of intersystem 
crossing and the high probability of regeneration of the 
parent ketone from the Type I (B,) biradical. The 
frequent suggestion that the inefficiency of the Type 11 
reaction was due to the requirement to form a high- 
energy conformation in the transition state is not 
necessary in the examples considered herein. We note 
that earlier conclusions regarding the values of kI and 
KII or probabilities that the biradicals will follow a 
certain reaction path cannot be regarded as quantitative 
since quantum-yield studies cannot differentiate between 
regeneration of the parent ketone via BI or BII. The 
absolute measurements of iDg reported in this paper 
overcome this problem. 

The rate constants for intramolecular hydrogen 
abstraction observed (Table 2) are in line with earlier 
reports on molecules of this t y p e . l ~ ~ . ~ ~  

Attempts to trap singlet-derived biradicals were 
systematically unsuccessful. In the case of triplet- 

derived biradicals from alkyl aryl ketones, we have 
proposed that their lifetimes are controlled by inter- 
system cr0~sing.l~ While the same ideas might apply 
here, the evidence is not conclusive and the long biradical 
lifetimes would make an extrapolation from the be- 
haviour in aromatic systems rather speculative. 

An alternative explanation for the difference in 
behaviour between singlet- and triplet-derived biradicals 
has been offered by Stephenson and Bra~man.~ '  Their 
explanation is based on the different initial energy 
content of the biradicals produced from the two states. 
We note that since the difference in y-bond energy 
between (1) and (4) exceeds the energy gap between the 
singlet and triplet levels a ' singlet-derived-biradical ' 
from (1) would have less excess energy than a ' triplet- 
derived-biradical ' from (4). Nonetheless, only triplet- 
derived biradicals could be trapped. We believe that 
the energetics of the intramolecular hydrogen abstraction 
does not play an important role in the solution behaviour 
of the resulting biradicals. 

The values of the Stern-Volmer slope (kq7T) obtained 
by both techniques, penta-1,3-diene isomerization, and 
' plateau ' quenching in the paraquat method agree 
reasonably well. Since the values of (DB are essentially 
based on the same ideas, the agreement mentioned above 
suggests that the biradical yields given in Table 2 should 
be fairly accurate. 

Conclusions.-Cyclohexanones bearing a substituents 
containing y-hydrogen atoms undergo rapid intra- 
molecular hydrogen abstraction, a process which com- 
petes with the major mode of decay, the Type I a- 
cleavage. Type I1 biradicals are produced with 
quantum yields in the neighbourhood of 0.025 and have 
lifetimes between 0.6 and 2.2 ps in wet acetonitrile a t  
room temperature. 

Quantum-yield studies show that product formation is 
the main reaction path for Type II biradicals and that 
the overall inefficiency of the photolysis of a-substituted 
cyclohexanones is largely clue to a low yield of inter- 
system crossing and a high probability of regeneration of 
the parent ketone by the Type I biradical. 

Type I1 biradicals are excellent electron donors : 
typical rate constants for electron transfer to paraquat 
dications are in the 2.5-6 x lo9 1 mol-1 s-1 range. 

EXPERIMENTAL 

Materials.-Ketones (1)-(3) (Aldrich) and (4) (Chemical 
Samples) were all distilled prior to use. Acetonitrile 
(Aldrich, Gold Label) was used as received. Paraquat 
dichloride (Aldrich) was purified as previously described.22 
cis-Penta-1,3-diene was from K and K. 

Steady-state PhotoZysis.-These experiments were carried 
out using a merry-go-round fitted in a Rayonet reactor and 
using sixteen RPR-3000 lamps. The samples (2 ml) were 
contained in tubes made of precision bore tubing (i.d. 
0.2500 f 0.0002 in; Corning 7740 glass; Lab. Crest 
Scientific); they were deaerated by argon bubbling when 
they did not contain pentadiene or by three freeze-pump- 
thaw cycles to a residual pressure of < loT4 Torr when they 
did. Product analysis were carried out on a Beckman 
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GC-5 instrument using an  Apiezon L or DC-11 Silicone oil 
column. cis : trans Ratios for penta-1,3-diene were meas- 
ured using a Varian 1700 chromatograph and a PP-oxidi- 
propiononitrile column. 

N.m.r. spectra, used to monitor ketone consumption in 
some experiments, were obtained with a Varian-AGO or 
XL- 100 instrument. 

Flash PhotoZysis.-The instrument makes use of a 
Molectron UV-400 nitrogen laser for excitation. Further 
details on the optical system have been given else- 

The small extinction coefficient of the cycloalkanones 
(1)-(4) at 337.1 nm, combined with low biradical yields 
usually led to very weak absorptions. Typical ' plateau ' 
values were in the 0.001-0.010 range, for PQ+' monitored 
at 398 nm. The signal from the photomultiplier was 
terminated into 93 ohm and into a Tektronix 7912 transient 
digitizer. They were then transmitted to a PDP11/55 
computer which controlled the experiment and allowed the 
averaging of signals in the nanosecond time scale. Typically 
between 30 and 100 shots were averaged to obtain each 
trace. 
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