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for the ratio kr/kd. It is tempting to postulate that 
energy transfer takes place to an upper vibrational 
level of I so as to allow a vertical Franck-Condon tran- 
sition to the excited triplet state. Since the diene sys- 
tem of I is t w i ~ t e d , ~ ~ ~  flattening of the molecule cor- 
responds to an increase in the ground-state potential 
energy. The nmr spectrum of I indicates that the 
a-hydrogens are equivalent a t  room temperature; i.e. , 
ring flipping is rapid on the nmr time scale at room 
temperature. The efficiency of energy transfer would 
be related to the population of the vibrational levels 
only if decay of sensitizer triplets competes with energy 
transfer to vibrationally excited ground states of I. 
Clearly, much more data are necessary to establish 
whether such an effect can operate in this or other sys- 
tems. An alternative possibility is that low-energy 
triplet sensitizers are inducing reaction by a Schenck 
mechani~m'~ involving initial bond formation to I. 
Such a mechanism has been invoked for sensitized olefin 
isomerization induced by donors with lowest n, T* triplet 
states.20 

Since the earlier publication,* a preliminary value for 
the quantum yield of the direct photodecarbonylation 
of I has been measured at  313 nm and found to be 0.31 
for disappearance of I. Since intersystem crossing from 
the excited singlet is clearly ~ n i m p o r t a n t , ~  the ineffi- 
ciency of the reaction must be attributed either to rapid 
radiationless decay of the singlet or to reversible forma- 
tion of an intermediate formed by a cleavage on one 
aide of the double bond.21f22 Decarbonylation might 
proceed from such a diradical intermediate, in com- 
petition with return to  starting material I, or might be 
the result of a concerted reaction of the excited singlet 
which competes with a cleavage. Further experiments 
are necessary to decide between these alternatives. It 
is certain, however, that all pathways for singlet-state 
deactivation and reaction are much faster than inter- 
system crossing to the triplet,* although this does not 
appear to be the case with some unsaturated ketones of 
comparable symmetry. 23 

Experimental Section 

Materials.-cis,cis-3,5-Cycloheptadienone was prepared as de- 
scribed previo~s ly .~  Solvents, reagents, and sensitizers were 
purified by distillation or recrystallization before use. 

Photolysis Procedure.-Photolyses of I at  room temperature, 
sensitized and unsensitized, were carried out as described pre- 
v i o u ~ l y . ~  Photolyses a t  liquid nitrogen (- 196') temperatures 
were carried out in a Pyrex tube immersed in liquid nitrogen in 
a Iarge dewar attached a t  one end to a quartz glass tube. The 
dewar was placed inside a Rayonet reactor and irradiated with 
3650-A lamps for 4.5 hr. Photolyses a t  -70" were carried out 
by immersing a Hanovia immersion cell containing a 450-W 
high-pressure mercury lamp in a large dewar containing Dry Ice 
and ethanol. There was an insulating air space around the 
immersion well provided by a large reaction cell so that water 
could be circulated within the immersion well without freezing. 
Samples were in solution in Pyrex tubes surrounding the immer- 
sion well outside the insulation but within the dewar. Typical 
runs involved 40-60 mg of dienone I in 35 ml of ether containing 
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exclude a two-step nonconoerted decarbonylation mechanism; see especially 
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(23) P.  5.  Engel and H.  Ziffer, Tetrahedron Lett., 69, 5181 (1969). 

enough sensitizer to absorb >99% of the incident light. In 
some runs, Corning 7380 filters were placed between the lamp 
and the sampIe tube to restrict the incident light t o  >340 nm. 
The progress of the reaction was followed by glpc analysis4 on a 
4-ft column of 5y0 SE-30 silicone on Chromosorb G. 

For the controlled-temperature irradiations between 0 and 
-70", the degassed solutions of I, sensitizer, and internal stan- 
dard were sealed in a 3- or 4-mm Pyrex tube, which was irradiated 
externally with a Hanovia 450-W lamp inside a Pyrex immersion 
well through a Corning 7380 filter. The temperature within the 
tube was maintained using the cooling apparatus for the esr 
spectrometer, in which a stream of nitrogen at  a set temperature 
was passed around the outside of the sample tube. The heat 
exchanger for the cooling gas was a Dry Ice-acetone bath. Ex- 
periments a t  lower temperatures with a liquid nitrogen bath for 
cooling the gas were less reproducible. Analysis by glpc was 
carried out as above. 

Quantum yields for disappearance of I were determined as 
described earlier,Z4 using a Bausch and Lomb high-intensity 
grating monochromator and ferrioxalate actinometry. 

Registry No.-I, 25090-28-2; 111, 25090-29-3. 
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There are a number of examples of photochemical 
rearrangements of aryl ethers, e.g., the rearrangements 
of aryl phenyl ethers to arylphenols,la,b that of phen- 
oxycarboxylic acids to hydroxyphenylcarboxylic acids, 
and that of allyl phenyl ether to allylphenoLs They 
may be initiated by homolytic fission of phenoxy- 
carbon bonds in electronically excited ether molecules, 
since phenol is detected in the products. Among 
them, the photochemical rearrangement of allyl phenyl 
ether, or Claisen rearrangement, is important since it 
can be discussed in view of the orbital ~ymrnet ry .~  

The rearrangement of a-benzyloxystyrene to P- 
phenylpropionphenone catalyzed by azobisisobutyro- 
nitrile (AIBN) has been known to be intermolecular 
radical-chain reaction, where - CHzPh acts as a chain 
carrier.5a The rearrangement also occurs on heating 
at ea. 200" in the absence of AIBN. In this case, 
orbital symmetry arguments may suggest that the shift 
of 1J-benzyl radical with continuous overlap is not 
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feasible. 
thermal rearrangement. 

This means the intermolecular nature of the 
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la 2a 
A 

AIBN -+ MezCCN + NZ 
l a  + MezCCN + PhCCHzC(CN)Mez --+ 

AcHzPh 
PhCOCHzC (CN)Mez+ PhCHz. 

PhCHz.+ l a  -3 PhCCH2CHzPh + 2a + .CHzPh 

hCHzPh 

In  contrast, if the similar rearrangement occurs 
photochemically, the orbital symmetry arguments sug- 
gest that the 1,3-benzyl shift should be feasible and 
hence the rearrangement is intramolecular. In  fact, 
the rearrangement of la  easily occurs on uv irradiation 
in n-hexane a t  room temperature, resulting in a high 
yield (91%) of 2a. 

1 I 

2 
a, R, R' = H 
b. R = H: R' = Me 
c,' R = Me; R' = Me 
d , R  = C1; R' = H 
e, R = MeO; R' = H 

The present paper describes results of our study on 
the nature of this photorearrangement including the 
effects of a heavy atom solvent and various substit- 
uents to discuss a probable mechanism. 

A n-hexane solution of 0.32 mM of a-benzyloxystyrene 
(la) was irradiated in a sealed quartz cell. The uv 
spectra a t  intervals of 30 min are shown in Figure 1. 
After 1.5 hr irradiation the spectrum becomes iden- 
tical with that of authentic 6-phenylpropiophenone 
@a), and the yield was estimated uv spectrophoto- 
metrically to be 91%. Passing oxygen through the 
solution before irradiation gave lower yield (35%) of 2a, 
while passing oxygen during irradiation gave no photo 
ketone but an autoxidation product, benzoic acid. 

This rearrangement was further confirmed by the 
following experiments. For the isolation of the photo 
ketone, a 12-hexane solution of la  (1 g) was irradiated a t  
28" for 11 hr, Nz gas being bubbled into the mixture 
during irradiation. After irradiation, the reaction 
mixture was chromatographed on silicic acid column to 
isolate the photo ketone (0.2 g) which was identified as 
2a by direct comparison of mp 69.5-70.0" (lit.5a 70.0- 
71.0') and uv and ir spectra with the authentic sample. 
The lower yield on the preparative scale might be 
caused by deposit of photoproducts on the wall of the 
reaction vessel during irradiation. 

The quantum yields for the formation of photo 
ketones are listed in Table I. Accuracy is within 
-10.01. The order of reactivity by these para substit- 
uents in styrene residue is Me > H > Me0 > C1, al- 
though the substituent effect is small. The effect of 
p-methyl group in benzyl residue is negligibly small. 

Figure 1.-Absorption spectra for l a  in n-hexane as a function 
of irradiation time (hr) at 25-28", 

TABLE I 
QUANTUM YIELDS, #, FOR THE FORMATION of 
PHOTO KETONES (2) IN  HEXANE AT 20-23' 

Compd R R' 9 
2a H H 0.11 
2b H Me 0.12 
2c Me Me 0 .15  
2d c1 H 0.04 
2e Me0  H 0.07 

For the estimation of intramolecularity of rearrange- 
ment, an equimolar mixture of la  ($ = 0.11) and l c 5 b  

($ = 0.15) was irradiated in n-hexane, the product 
being chromatographed on a silicic acid column to iso- 
late photo ketones. The resulting mixture of photo 
ketones was then subjected to glpc analysis. Thus 
92% intramolecularity was observed for the rearrange- 
ment by comparing the areas of peaks. The results of 
crossed reaction indicate that an intramolecular mech- 
anism is predominating as has been observed in other 
photochemical rearrangements such as the rearrange- 
ments of aryl esters6 and sulfonamides.7 

The absorption spoectra of 1 are relatively simple and 
Am,, in 2470-2610 A are shown in Table 11. The ir- 
radiation with 2400-2700 light probably populates 
the n , ~ *  states of 1. As described above, the rearrange- 
ment is quenched by oxygen. Hence, it seems likely 
that a triplet state rather than a singlet state is in- 
volved in the rearrangement in spite of the low effi- 
ciency of intersystem crossing of most conjugated ole- 
fins.s An increase of quantum yield for the formation 
of 2a to 0.47 in n-propyl chloride as a heavy atom 
solvent confirms the above conclusion. The result 

(6) (a) V. I. Stenberg, "Organic Photochemistry," 0. L. Chapman, 
Ed., Marcel Dekker, New York, N. Y., 1967, p 127; (b) D.  V. Rao and V. 
Lambert, J. Org. Chem., 83, 2896 (1967); ( 0 )  M. R. Sandner and D .  J. 
Trecker, J .  Amer. Chem. SOC., 89, 5725 (1967). 

(7) H. Nosaki, 8. Okada, Y. Noyori, and 8. Kawanishi, Tetrahedron, 88, 
2177 (1966). 
(8) D. F. Evans, J .  Cham. SOC., 1735 (1960). 
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TABLE I1 
ULTRAVIOLET ABSORPTION SPECTRA OF 

1 AND 2 IN  HEXANE 

la  2470 (3.75) 2a 2392 (4.22), 2650 (2.89), 
Compd Amax, !i (log e) Compd Amax, A (log 6 )  

2685 (2.94), 2790 (2.94), 
2870 (2.82), 3240 (1 -78) 

2685 (2,99), 2744 (3.02), 
2875 (2,71), 3260 (1.84) 

3210 (1.99) 

2873 (2.60), 3250 (1.79) 

3180 (2.06) 

lb  2470 (3.84) 2b 2370 (3.87), 2656 (2.98), 

IC 2500 (3.50) 2c 2755 (3.12), 2890 (2.70), 

Id 2490 (4.01) 2d 2515 (4.19), 2740 (2.94), 

l e  2610 (4.13) 2e 2650 (4.18), 2770 (4.00), 

may be explained by assuming an increased yield of 
intersystem crossing, $ST, by the heavy atom. 

5 6  

Calculations of the electron densities in the lowest 
excited states originating from T,T* transitions of para- 
substituted styrenes in place of 1 were performed by 
means of HMO method using the values of a, I ,  and 
X reported by Hatano, Tamura, and Kambara.'O The 
electron densities at 8 and 9 positions are summarized 
in Table 111. As shown in Table 111, it seems that 

TABLE I11 
ELECTRON DENSITIES AT 8 AND 9 POSITIONS 

IN THE LOWEST EXCITED parU-SUBSTlTUTED STYRENES 

,--Electron density---- 
R cs CS 

H 0.3105 0.5095 
Me 0.2109 0.5139 
c1 0.2213 0.5346 
M e 0  0.1077 0.3244 

the quantum yield, +, depends on the electron 
density in the lowest excited state a t  the 9 position ex- 
cept in Id. The lower yield of 2d may be explained 
by assuming a shorter lifetime of the triplet state of 
Id by the presence of a halogen at0m.l' 

As described above, the orbital symmetry arguments 
suggest that the 1,3-benzyl shift, that is, a sigmatropic 
reaction of order [1,3], should be feasible photochemi- 
cally, and hence the photochemical rearrangement 
should be intramolecular. However, our results on the 
crossed reaction indicated the presence of 8% cross- 
over products. This could be explained by a noncon- 
certed reaction involving competition between cage 

(9) N. J. Turro, "Molecular Photochemistry," W. A. Benjamin, New 

(10) M.  Hatano, N. Tamura, and S. Kambara, Kogyo Kagaku Zasahi, 

(11) D. €3. McClure, J. Chem. Phys., 17, 905 (1949). 

York, N. Y . ,  1965, p 57. 

70, 2016 (1967). 

recombination and diffusion out of the solvent cage. 
Therefore, the mechanism may be as follows. 

6 S T  
1 -  

I a nonconcerted 1,3 shift 
f of benzyl radical 

triplet photo ketone 

a concerted 1,3 shift (?) 

Experimental Section 

Materials.-a-Benzyloxystyrene (la) was prepared from sty- 
rene and benzyl alcohol according to the known procedure,5* bp 
133-134' (2 mm), n Z 5 ~  1.5835 (lit!& 1.5850). Authentic 
p-phenylpropiophenone (2a) was prepared by azobisisobutyro- 
nitrile (AIBN) catalyzed rearrangement6" of l a  followed by 
duplicate recrystallizations from n-hexane, mp 70.0-70.5' 
(lit.5a 70.0-71 .O'). a-p-Methylbenzyloxy-p-methylstyrene (IC),  
bp 156-159' (1 mm), was similarly prepared from p-methyl- 
styrene, bp 66.0-66.5' (22 mm), and p-methylbenzyl alcohol, 
mp 60' (lit.12 61'), which was obtained by direct hydrolysis of 
w-bromo-p-xylene in the presence of an emulsifier. Authentic 
p-p-tolylethyl p-tolyl ketone (2c) was prepared by the similar 
catalytic rearrangement of IC followed by recrystallization from 
n-hexane, mp 65.0-65.6'. 

Anal. Calcd for Ct7H180: C, 85.67; H, 7.61. Found: C, 
85.10; H, 7.61. 

p-Tolyl p-phenylethyl ketone (2f) was prepared by Grignard 
synthesis from p-bromotoluene and  inna am aldehyde,'^ mp 68.5- 
69.0' (lit.l3 69'). 

Other substituted benzyloxystyrenes were similarly prepared 
from substituted styrenes and benzyl alcohols. They were 
identified by means of ir and uv spectra and melting points of the 
corresponding ketones obtained by their AIBN-catalyzed re- 
arrangements: a-p-methylbenzyloxystyrene (Ib), bp 150-154' 
(1 mm), p-p-tolylpropiophenone (Zb), its oxime, mp 84-85' 
(lit.18 85-86'), a-benzyloxy-p-chlorostyrene (Id), bp 166-168 ' 
(2.5 mm), p-chlorophenyl P-phenylethyl ketone (2d), mp 77.8- 
78.3' (lit.13 78'), a-benzyloxy-p-methoxystyrene ( le ) ,  bp 148- 
151' (2.5 mm), p-anisyl p-phenylethyl ketone (2e), mp 96.0- 
96.2' (lit.'4 97"). 

n-Hexane (first grade) was passed through a silica gel column 
followed by distillation, bp 67.5-68.0'. n-Propyl chloride was 
prepared by the reaction of n-propyl alcohol with concentrated 
hydrogen chloride,16 bp 44-45'. 

The ir spectra were measured by a Perkin-Elmer Model 337 
grating instrument and uv spectra were recorded by a Shimadzu 
type SV-SOA spectrophotometer. A Yanagimoto Model GCG- 
220 gas chromatograph was used for glpc. 

Irradiation of la.-A solution of 0.32 mM l a  in n-hexane 
was placed in a quartz square cell (path length 1 cm), and it was 
sealed after bubbling a slow stream of dry N2 through the mix- 
ture. A Halos 3tW low-pressure Hg lamp, which emits almost 
exclusively 2537-A light, was used as a light source. The cell 
was placed at the distance of 25 cm from the light source and 
irradiation was carried out at 32-35'. The uv spectra of the 
reaction mixture were recorded at  intervals of 30 min for 1.5 hr. 

Isolation of 2a.-A solution of la (1 g) in n-hexane (400 ml) 
was placed in a reaction vessel equipped with a NZ gas Inlet, a 

(12) D. Davideon and M. Weiss, "Organic Syntheses," Coll. Vol. 11, 

(13) H .  Burton and C. K. Ingold, J .  Chem. Soc., 904 (1928). 
(14) P. Pfeiffer and P. A. Negreanu, Ber., 60, 1465 (1917). 
(15) J. E. Copenhaver and A. M. Whaley, "Organic Syntheses," COIL 

Wiley, New York, N. Y.. 1948, p 590. 

Vol. I, Wiley, New York, N. Y . ,  1946, p 142. 
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thermometer, and a condenser. The Halos 30W low-pressure 
Hg lamp was immersed in the reaction mixture. The solution 
was irradiated under Nz at  28' for 11 hr. After irradiation, the 
reaction mixture was carefully condensed and introduced into a 
silicic acid column (diam 1 cm, height 20 cm) for chromatog- 
raphy. Elution with n-hexane gave 2a (0.2 g) and elution with 
a mixed solvent of 50% ethanol and 50% n-hexane gave un- 
reacted l a  (0.5 g). 

Crossed Reaction of la and IC.-A solution of la (1.1 g) and 
IC (1.2 g)  in n-hexane (800 ml) was irradiated similarly at 28-35" 
for 54 hr. The irradiated solution was carefully condensed and 
chromatographed on silicic acid column. Elution with n-hexane 
gave a mixture of photo ketones. Analysis of the mixture was 
done by means of glpc, employing a Yanagimoto Model GCG-220 
operated with a 1 X 4 mm column packed with 10% PEG 20M 
on 40-60 mesh Fire Brick C-22 with a He flow of 60 ml/min a t  
241'. The similarity of the retention times of the peaks of 
authentic materials with those of the samples established their 
identity. 

Determination of Quantum Yields for Formation of Photo 
Ketones.-The quantum yields were determined by means of a 
liquid phase chemical actinometer using potassium ferrioxalate 
a t  20-23". A Halos 30W low-pressure Hg lamp without filter 
was used as a Light source, and produced photo ketones were 
determined by uv spectrophotometry. A general procedure is as 
follows. A solution of 0.1-0.2 mM la in n-hexane was placed 
in a square quartz cell (path length 1 cm), and it was sealed 
under Nz atmosphere. A solution of 6 mM potassium ferri- 
oxalate in 0.1 N HzSOl was placed in an actinometer cell (path 
length 5 cm). Irradiation was started by opening a shutter and 
continued for 1 hr. The number of molecules of produced 2a in 
a cell was determined spectrophotometrically. The light in- 
tensity absorbed by the reactant was determined by the procedure 
reported by Parker and Hatchard.16 The quantum yield was 
calculated from these data. 

Registry No.-la, 25109-98-2; lb ,  25186-49-6; IC, 
25186-50-9; Id, 25186-51-0; le, 25150-08-7; 2a, 1083- 

2e, 5739-38-8. 
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Reactive sulfonate esters are especially useful be- 
cause of their synthetic versatility and ability to 
initiate carbonium ion reactions. The usual Tipson 
procedure4 is not suited for the synthesis of reactive 
sulfonate esters owing to facile alkylation of the sol- 
vent, pyridine, by the products.6 For the synthesis of 
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propargyl brosylates and tosylates, this side reaction 
has been suppressed by the use of excess 2,6-lutidine in 
methylene chloride solution,6 and, in the case of benzyl 
tosylates, by reaction of tosyl chloride with the appro- 
priate lithium' or sodium5 alkoxide. Although very 
reactive species may be prepared by these procedures, 
the relatively long reaction times (days) of the former 
and the strongly basic conditions of the latter seem to 
limit both procedures to products which are stable to 
elimination. Another successful procedure for the 
preparation of reactive tosylates is reaction of the cor- 
responding alkyl iodide with silver tosylate.* Both 
benzyl and branched chain tosylates may be prepared 
by this method; however, the stereochemistry of the 
product is uncertain. Recently Coates and Chen have 
published a synthesis of reactive tosylates which in- 
volves oxidation of the corresponding sulfinates with 
m-chloroperbenzoic acid in methylene chloride solu- 
tion.9 This method appears to have general applicabil- 
ity, although, from the corresponding alcohol, two 
synthetic steps are required. The method also seems 
to be restricted to molecules not containing easily 
oxidized functionality. 

For some time we have synthesized methanesulfonate 
esters (mesylates) from the corresponding alcohols us- 
ing a procedure based on the mechanistic studies of 
Truce.lo We wish to report the experimental details of 
this procedure which is extraordinarily simple and rapid 
and appears to be of diverse applicability. Table I 
lists some of the mesylates prepared by this procedure. 
Repetitive integration of the 60-MHz 'H nmr spectra 
showed that in each case the product was over 95% 
esterified. No by-products were observed. Our pro- 
cedure deviates from the usual Tipson procedure4 by 
the use of triethylamine as base and methylene chloride 
as solvent. I n  the light of recent evidence" it is ap- 
parent that the mechanistic course of the reaction has 
been changed from the usual nucleophilic addition of 
the alcohol to the sulfonyl group to addition of the 
alcohol to the sulfene12 derived from mesyl chloride by 
E2 elimination of hydrogen ch1oride.l' The facile es- 
terification of a number of tertiary and neopentyl sgs- 
tems (Table I) indicates that the reagent has a small 
steric requirement. The nucleophilicity of the alcohol 
is unimportant as shown by the ready esterification of 
2,2,2-trifluoroethanol and 1,1,1,3,3,3-hexafluoro-2-pro- 
panol. Furthermore, conditions are sufficiently mild 
that even very reactive systems such as l-methylcyclo- 
butylls and a-phenethyl may be esterified. Indeed, in 
our experience, all alcohols are esterified by this proce- 
dure; the limiting factor seems to be the stability of the 
product.14 
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