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Photosensitized Reactions of/3-Methylallyl Chloride1 

Stanley J. Cristol,* Randall J. Daughenbaugh, and Robert J. Opitz 

Contribution from the Department of Chemistry, University of Colorado, 
Boulder, Colorado 80309. Received January 31, 1977 

Abstract: Photochemical reactions and reactivities of /?-methylallyl chloride, sensitized by acetone and by benzene, have been 
studied. The principal products were an isomer, 1-chloro-l-methylcyclopropane, and a dimer, 5-chloro-4-chloromethyl-2,4-
dimethyl-1-pentene. Smaller amounts of other Cs products were also found. The ratio of isomerization to dimerization was 
markedly dependent upon sensitizer and upon the concentration of methylallyl chloride. In acetonitrile solvent, with either sen­
sitizer, the quantum yield of the chlorocyclopropane reached a limiting value as the concentration of allylic chloride was in­
creased, while that of the dimer increased linearly with concentration of substrate. The results are discussed mechanistically. 

The direct irradiation of allyl chloride as a neat liquid or 
as a solid has been shown to lead to products that can be ra­
tionalized as resulting from initial homolytic cleavage of the 
allylic carbon-chlorine bond.2 Sensitized irradiation of allyl 
chloride and of a wide variety of substituted allylic chlorides 
in solution, on the other hand, has been reported to induce a 
1,2-chlorine migration-cyclization reaction to yield cyclo-
propyl chloride or substituted cyclopropyl chlorides.3 

We now report an example of sensitized irradiations of an 
allylic chloride where the photocyclization is accompanied by 
products resulting from homolytic cleavage of the carbon-
chlorine bond, and a study of some of the factors affecting the 
distribution of the several products. 

Earlier work in this laboratory3 has shown that the ace­
tone-photosensitized rearrangement of )3-methylallyl chloride 
(1) in acetonitrile gives 1-chloro-l-methylcyclopropane (2) 

CH1 

I 
CH2=CCH2Cl 

1 
tx CH:i 

Cl 

CH2Cl 

I 
CH3C-CH2C=CHo 

CH2Cl CH3 

3 

CH..C1 CHoCl 

20% acetone in acetonitrile (sensitizer/solvent) were irradiated, 
three products, in addition to 2, were produced. They were 
readily separated by gas chromatography. The most abundant 
of these was identified by 1H NMR and mass spectra as 5-
chloro-4-chloromethyl-2,4-dimethyl-l -pentene (3), the known5 

dimer of 1. Found in substantially lesser amounts than 3 were 
two other Cs compounds, 2,5-dimethyl-l,5-hexadiene (4) and 
1,4-dichloro-2,3-bis(chloromethyl)-2,3-dimethylbutane (5). 
The latter two compounds represented about 4% of the total 
of C§ compounds. 4 was identified by spectral comparisons 
with a sample prepared by magnesium-induced coupling of 1. 
5 was identified by its mass and 1H NMR spectra. 

It seems obvious that these dimeric products are the result 
of radical processes involving homolysis of the carbon-chlorine 
bond in 1, and their production may be interpreted (in part, 
at least) in a fashion similar to that for the direct irradiation 
of liquid and of solid allyl chloride with 254-nm light.2 Volman 
and Phillips observed that, in the pure liquid, allyl chloride gave 
the dimer 6 in 0.13 quantum yield and 1,5-hexadiene in 0.04 
quantum yield, along with a large number of other products. 
Thus in the simplest sense one may write the reactions in 
Scheme I as leading to 3, 4, and 5 from 1. 

Scheme I 
1 + 3S *1 + 0S (1) 

CH 2 =CCHOCHOO=CH 2 CH1C-

CH1 CH, 
4 

CHoCl 

-CH, 

CHoCl CH2Cl 
5 

ClCH2CHCH2CH=CHo 
6 

in good yield. While we were working out synthetic procedures 
for this and for other 1-chloro-l-alkylcyclopropanes,4 we ob­
served a curious inverse relationship between the chemical yield 
of 2 and the initial concentration of 1; this led to the study 
described herein. 

When moderately concentrated solutions of 1 dissolved in 

*1 CH,-C—CH, + Cl- (2) 

CH, 

7 

Cl- + CHo=CCHoCl —* 

CH;, 

7 + 7 — - 4 

7 + 8 — • 3 

8 + 8 —»- S 

CHoCl 
I 
I 

CH;C-

CHoCl 
8 

(3) 

(4) 

(5) 

(6) 
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Figure 1. Quantum yields for acetone sensitization of /3-methylallyl chloride reactions in acetonitrile to give l-chloro-l-methylcyclopropane (A) and dimer 
3(O). 

The large excess of 3 over 4 and 5 is, however, not consistent 
with the free-radical concept in Scheme I, which must be 
modified, as in the allyl chloride case,2 by the assumption that 
the reaction of the chlorine atom with methylallyl chloride 
to give 8 generally occurs while it is still paired with the 
methylallyl radical (7), so that a geminate 7-8 radical pair is 
formed which gives product 3 more often than the radical pairs 
7-Cl or 7-8 diffuse apart. Separation leads to 3, 4, or 5, per­
haps in statistical fashion.6 With benzene solvent and irra­
diation by a Hanovia lamp or a 2537 A Rayonet photoreactor 
through quartz, the ratio of 3:5 is about 6:1, rather than about 
40:1 as in acetone-acetonitrile. This is consistent with the 
known8'9 complexation of chlorine atoms by benzene and the 
lessening of reactivity attendant upon it, so that the 7-Cl 
radical pair might diffuse apart before capture of chlorine 
atoms by 1 in the benzene system. It is plausible to assume that 
benzene might favor diffusional separation of the 7-8 pair as 
well.9 

While earlier papers3 on sensitized reactions have not fo­
cused attention on radicals involved in such reactions, it has 
been noted that the acetone-sensitized photoreaction of allyl 
chloride in cyclohexane gives only small amounts of chloro-
cyclopropane and that the principal product is allylcyclohex-
ane, derived by combination of allyl radicals and cyclohexyl 
radicals, the latter presumably having been produced by re­
action of cyclohexane with chlorine atoms. 

In benzene, which served both as solvent and as sensitizer, 
1 again gave 2, 3,4, and 5, although (see below) yields of the 
radical products,10 relative to that of 2, were substantially 
higher than those in acetone-acetonitrile. 

The effect of initial concentrations of 1 upon chemical yields 
and quantum yields of 2 and 3 was investigated in some detail. 
The quantum yield results for acetone sensitization in aceto­
nitrile are given in Figure 1 (as 2 and 3 are the only substantial 
products in this system, chemical yields4 may be deduced from 
Figure 1 as well). We attribute the initial curvature in the 
quantum yield plots at low methallyl chloride concentration 
to the relatively slow excitation transfer from triplet acetone 
to 1. A possible alternative explanation is that singlet, rather 
than triplet, acetone is the sensitizer for the photoreactions. 
However, the results seem inconsistent with any reasonable 
rates of reaction with singlet acetone, considering its short 
lifetime." It has been reported that the fluorescence of excited 
singlets of ketones is quenched only by 50% with 1-10 M 
diene,'' •'2 and is less well quenched by monoolefins.'2 As has 
been reported3b for similar photorearrangements, the ace­
tone-sensitized formation of 2 from 1 is, on the other hand, 

readily quenched by small quantities of piperylene. Figure 2 
shows plots of <po/4>q vs- piperylene concentration for two such 
experiments. 

The slopes of such plots are concentration dependent, such 
that the product of the slope and [ 1 ] ~ 100. Thus the slope of 
line (a) in Figure 2 is about 200, while that of line (b) is about 
75. An experiment with 0.1 M 1 (not shown in Figure 2) had 
a slope of 930. The interpretation of such plots for sensitized 
reactions has apparently not been discussed in detail, as far as 
we know, but, as will be clarified in the following paragraphs, 
clearly means, for the 1 -»• 2 case, that the quenching of 2 
formation is largely due to piperylene quenching of triplet 
acetone, with only minor quenching of triplet 1 species. 

Consider the mechanism outlined in Scheme II for a triplet 

Scheme II 
0S + A v - 1 S - ^ 3 S 

3S + R i ! ^ 3 R 

3 S + Q - ^ - 0 S + Q 

3 S ^ O S 

3R 

(7) 

(8) 

(9) 

(10) 

( H ) 

^Rd 3R —'•*- 0R + other products, if any (12) 

3R + Q — 0R + other products, if any -I- Q (13) 

sensitized process involving sensitizer S, reactant R, and 
quencher Q to give a particular product P. In this idealized 
process, all of the light is absorbed by sensitizer, 3R may be the 
triplet of R or may be a triplet excited state complex between 
R and S, and both 3R and 3S are assumed to be quenchable by 
Q. 

The quantum yield 0o for the formation of P in the absence 
of quencher is given by eq 14, while that in the presence of 
quencher (<pq) is given by eq 15 

*>-*4* "™l\ lfrrV-1 (14) 

L&SR[R] + &sdJ Lkp + kRdl 
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£SR[R] 
_*SR[R] + ^Sd + W Q ] ] 

r ** 1 
Up + *Rd + M Q ] J 

(15) 

and therefore 

00 
L A:SR[R] + kSd] L kp + kRd]

 K ' 

In the limiting case where &SR[R] » ^Sd, that is, when little 
sensitizer remains unquenched by R (or Q), eq 16 reduces 
to 

^q L A: S R [R]JL ^p + >tRdJ 
Inspection of eq 17 shows the quadratic nature of the rela­

tionship between 0o/</>q and [Q], so that a straight line plot 
when the Stern-Volmer treatment14 is applied would not or­
dinarily be anticipated. However, linear relationships will result 
under certain conditions. One of these will be when /CSQ[Q] « 
ksR [R], so that the first term on the right-hand side of eq 17 
is reduced to one. The physical significance of this is that ex­
citation transfer from sensitizer to quencher is unimportant 
compared with that from sensitizer to reactant. This should 
be observed when ksR ~ ksQ and [R] » [Q]. Under such 
circumstances eq 17 is transformed to the normal Stern-Vol­
mer relationship, eq 18, where \/(kp + &Rd) is replaced by the 
lifetime of 3R, that is, to T3R. Obviously such a situation would 
result in Stern-Volmer lines whose slopes would be indepen­
dent of [R]. 

^ = 1 + 1 M I 2 U 1 + * 
kp + A:Rd 

R Q " R [ Q ] (18) 

Straight-line plots will also result when the second term on 
the right-hand side of eq 17 reduces to one. This will occur 
when &RQ[Q] « {kp + /cRci), that is, when the rate of 
quenching of 3R by Q (away from product P, see eq 13) is small 
compared with the rates of the other modes of decay of 3R (i.e., 
by eq 11 and 12). In such a case, all of the involvement of Q is 
in the quenching of sensitizer. This will be approximately ob­
served when the lifetime of 3R is very small'5 or the excitation 
transfer rate constant from 3R to Q is small (or both), and then 
eq 17 reduces to 

* o = t i *SQ[Q] 

4>q *SR[R] 
(19) 

From eq 19, it can be seen that plots of <f>o/<j>q vs. [Q] will give 
lines whose slopes are inversely dependent on [R]. When the 
data are collected over extents of reaction such that the con­
centration of R in a given experiment is constant, the plots 
should be linear and the slopes multiplied by [R] should equal 
ksQ/ksR- This approximately obtains in the experiments de­
scribed above, where the products are 93, 100, and 112, aver­
aging about 100, for &SQ/^SR- AS ksQ (triplet acetone 
quenching by piperylene) is18 approximately 5 X 109L/ 
mol-s, a value for the excitation transfer rate constant from 
triplet acetone to 1 of approximately 5X10 7 L/mol-s is de­
rived. This value seems to be typical for allylic chlo­
rides.16'19 

Although the triplet energy of 1 is not known, it seems likely 
that it has a higher triplet energy than acetone.20 The slow 
excitation transfer rate we observe is consistent with the work 
of Rebbert and Ausloos21 and of that of Schmidt and Lee,20 

who have shown that the gas-phase quenching of acetone by 
many olefins has rate constants much smaller (by 104 to 10s) 
than that of diffusion control. In the liquid phase, collision is 
thus apparently more fruitful than in the gas phase, perhaps 
due to solvent cage effects or to complex formation.22 Our rate 

»0/»Q 

0.010 0.01S 

[Piperylene] , M 

Figure 2. Quenching of the acetone-sensitized rearrangement of/3-meth-
ylallyl chloride (1) to 1-chloro-l-methylcyclopropane in acetonitrile by 
piperylene. Initial [1] (a) 0.50 M; (b) 1.49 M. 

constants are similar to those of Kochevar and Wagner22a on 
olefin quenching of butyrophenone. 

At concentrations of 1 above about 0.1 M, excitation 
transfer from sensitizer to 1 becomes close to unity23 in effi­
ciency, and, with such concentrations, the quantum yield of 
formation of the cyclopropane 2 has a zero-order dependence 
on methylallyl chloride concentration, remaining at a value 
of 0.10 over the range studied (up to 1.5 M 1). On the other 
hand, the quantum yield of the dimer 3, after efficient exci­
tation transfer conditions are reached, increases linearly, its 
value being first order in [1] over the range studied. The values 
of 4> for the processes are such that 2 is the principal product 
of the photoreaction in acetone/acetonitrile up to concentra­
tions in the range 0.5 M, beyond which 3 becomes the principal 
product (see Figure 1). 

The dimeric products are similar to those reported by VoI-
man2 as the principal ones of the direct irradiation of allylic 
halides, a procedure which apparently does not lead to chlo-
rocyclopropane in measurable yield from allyl chloride. It 
therefore seemed plausible to consider that the formations of 
3,4, and 5 are singlet reactions, the result of either direct ab­
sorption of light by 1 or of singlet sensitization by acetone. The 
first explanation is not possible, because allylic chlorides are 
transparent to 300-nm light, and because no reaction occurs 
in the absence of sensitizer. The possibility that singlet 
quenching by /3-methylallyl chloride is much faster than that 
by dienes or by other olefins must also be considered. The data 
of Figure 1 would be consistent with such a model, if the singlet 
quenching led efficiently to 3, so that, over the range studied, 
the diminution in quantum yield of 2 by capture of acetone 
singlets by 1 might well be within our limits of error in quantum 
yield measurement. Such a process would, of course, reproduce 
the line for the quantum yield of 3. However, like the formation 
of 2, the formation of 3 is quenched by traces of piperylene; the 
quenching of 3 formation is somewhat steeper than that of 2 
formation. Our data, which are not as reproducible as those 
for 2 formation, indicate approximately 50% quenching of 3 
formation in the 1.5 M 1 experiment at ~0.010 M piperylene 
and 50% quenching in the 0.5 M experiment at ~0.0025 M 
piperylene. The amount of quenching is inconsistent with the 
known " •'2 reactivities of singlet acetone with dienes and ole­
fins, and is consistent only with the idea that quenching of 
triplet acetone (plus some chemical or physical quenching of 
homolytic product intermediates) is involved here as well. Thus 
we conclude that both processes involve triplet acetone sensi­
tization. 

The fact that the chemical yields of 2 and 3 total close to 
100% when the reactions are carried out in acetonitrile, over 
the whole range of [1] studied, means that the process outlined 
in Scheme I for the formation of 3 and its congeners requires 

Cristol, Daughenbaugh, Opitz / Photosensitized Reactions of 0-Methylallyl Chloride 



6350 

modification. That fact, plus the other data, requires that the 
reactive intermediate leading to 3 is either captured by a 
ground-state molecule of 1 (ultimately giving dimer) or reverts 
to unexcited 1. That the product ratios are sensitizer dependent 
(see below and ref 24) suggests that the excited intermediate 
or intermediates are complexes between sensitizer and sub­
strate rather than free triplets of 1. We now may write Scheme 
III as the most simple possible alternative mechanism. 

Scheme III 

3 S + 1 
*si 

•*1-S (20) 

(21) 

(22) 

(23) 

(24) 

The kinetic laws derived from this mechanism have the 
forms of eq 25 and 26, assuming an intersystem crossing effi­
ciency for acetone of one.25 

3S 

*1-S-

*1-S-

*1-S -I- 1 

^Sd 

k*d 

k± 

*dim 

>-

-S 

1 + S 

2 + S 

— 3, 

, _ fcs,[l] 
fa ^Sl[I] + ^Sd k*d + ^A + *dim[l] 

&dim[l] , _ *Sl[lI fa 

(25) 

(26) 
^Sl[I] + ^Sd k*d + fcA + &dim[l] 

Equations 25 and 26 both indicate a dependence of 0 upon 
the concentration of 1 at low concentrations, where ksd £ 
#si[l]- However, the effect of [1] on fa becomes negligible at 
intermediate concentrations of 1 where &si[l] » k^d. Thus, 
under these conditions, eq 25 reduces to 

fa = k*d + kA + /cdim[l] 

and then to 

fa = 
k± 

k*d + k± 

(27) 

(28) 

when the further approximation is made that (k*a + /cA) » 
^dJm[I]. In our experiments, fa does not exceed ~0.10, so that 
the latter assumption is reasonable. 

The quantum yield for the formation of 3 (eq 26) at inter­
mediate concentrations of [1] is expressed by eq 29 in the first 
approximation and by eq 30 in the second. 

k Hm[I] 
fa = 

k*d + kA + fcdimtl] 

kdimjl] 
<t>3 

k*i + k± 

(29) 

(30) 

Equations 28 and 30 reproduce the data in Figure 1 at [1] 
concentrations greater than ca. 0.1 M. 

The data also permit, but do not require, two separate in­
termediates, one leading to 2, and the other to dimers. These 
may be produced by decay of *1-S or may be produced at the 
time of interaction of 1 with sensitizer, which of course makes 
*1-S (of Scheme II) into a transition state, allowing for sen­
sitizer and/or solvent3,24 contributions to relative product 
yields. Again, however, there is the requirement that the in­
termediate leading to 3 reverts to ground-state 1, if not cap­
tured by 1. A reasonable model for the intermediate leading 
to 3 is the methylallyl radical-chlorine atom geminate pair, 
similar to that proposed by Volman2 in his work on allyl 
chloride. This assumption requires very efficient geminate 

recombination to give 1, in the absence of a second molecule 
of methylallyl chloride. Geminate recombination is, of course, 
a normal reaction for radical pairs,26 although a serious dif­
ficulty with this mechanism is the large amount of such re­
combination (or similar secondary recombination) required. 
It might be expected that the radical pairs would diffuse apart 
more often and thus give other (nonobserved) side products. 

With appropriately substituted allyl chlorides, such ,as a-
methylallyl chloride, and cis- and fran.s-7-methylallyl (crotyl) 
chlorides, one notes, besides the cyclization-rearrangement 
to give 2-chloro-l-methylcyclopropanes, both cis-trans (or vice 
versa) and allylic (1,3-sigmatropic) rearrangements.3'19 These 
reactions are "hidden" with ^-methylallyl chloride (1), as they 
are degenerate rearrangements. It is possible, however, that 
the dimer intermediate, if it is a radical pair which reverts to 
1, may in fact revert with geometric or allylic isomerization, 
and thus be the intermediate (or one of the intermediates, if 
several modes are possible) in these reactions as well. 

An alternative to the radical pair hypothesis is the idea that 
the dimer intermediate is a molecule that may undergo 
"molecule-induced" 27 homolysis. This assumes that the species 
is a high-energy "isomer" of I which is a potential chlorine-
atom donor, or which can relax to 1 in the absence of chemical 
reaction. Thus we would have a process leading to dimeric 
products without the presence of chlorine atoms (free or 
paired), and one in which the step which had to be considered 
revertible in the other mechanisms is replaced by a simple 
deactivation step. Molecule-induced homolysis was demon­
strated first in the thermally initiated polymerization of sty-
rene,28 where two styrene molecules give a 1,4 biradical. Later 
examples include the reaction of iodine with styrene, which is 
postulated29 to give two radicals in a dark reaction, that of 
chlorine and cyclohexene,30 that of ?err-butyl hypochlorite or 
hypobromite with styrene or with acetylenes,31 and that of 
bromine with 1,4,9-trimethylanthracene.32 In each case there 
are two products, one a radical resulting from halogen atom 
transfer to the olefin (or other unsaturate) and the other, the 
radical which remains after the atom-transfer reaction. 

If molecule-induced homolysis occurs between unsaturated 
compounds and unactivated radical-producing and atom-
transferring species, it is reasonable to assume that a similar 
reaction may occur readily with an excited species. An inter­
esting speculation, if one assumes that this intermediate is the 
progenitor, not only of the dimer from 1, but also of the hidden 
cis-trans and allylic rearrangement, is that it has a diradical 
structure 9 (sensitizer component, if any, not shown). Exper-

CH3 

I 

H^ V Ĥ 
9 

iments with isotopically labeled methylallyl chloride could be 
designed to test this. 

Data similar to those for acetone sensitization are given in 
Figure 3 for benzene sensitization of the reaction of 1 in ace-
tonitrile to give 2 and 3. The data indicate that excitation 
transfer from benzene to give 2 is complete even at the lowest 
concentration of 1 used (0.0125 M). With benzene, the pho-
tocyclization of 1 to 2 is substantially less efficient than is that 
in acetone, having a quantum yield of only 0.008 over the range 
of [1] studied. The dimerization, which, like that with acetone, 
has a quantum yield first order in [1], becomes more efficient 
than that of photocyclization at [1] somewhat below 0.05 M, 
so that 3 is the principal product at much lower concentrations 
of 1 than is the case with acetone. 

The benzene sensitization is more difficult to define in terms 
of multiplicity. In view of the relatively long singlet lifetime33 
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Table I. Benzene Fluorescence from Acetonitrile Solutions of 
Benzene and /3-Methylallyl Chloride 

[I]. 
M 

0.0000 
0.0024 
0.0048 
0.012 
0.024 
0.048 
0.072 
0.096 
0.19 
0.29 

Fluorescence 
intensity 

scale reading 

52 
50 
52 
51 
47 
43 
40 
38 
29 
24 

hi I 
obsd 

1.00* 
1.04 
1.00 
1.02 
1.11 
1.21 
1.30 
1.37 
1.79 
2.17 

hi I 
calcd0 

1.00 
1.01 
1.02 
1.05 
1.09 
1.18 
1.27 
1.36 
1.72 
2.10 

" Calculated from equation I0/I = (CB[C6H6] + «i[l])/eB[C6H6], 
where [C6H6] = 0.0013 M, «B = 200, and «i = 1.0, i.e., /0/7 = 1 + 
3.9[I]. * Reference solution. 

of benzene, the data in Figure 3 for the dimer formation can 
be fit to the idea that it is largely the result of singlet quenching, 
assuming that the product of such excitation transfer, unlike 
that in the triplet acetone system, gives dimer by a process 
which does not have an additional rate dependence upon [ I ] . 
With these assumptions, the data would give rise to a reason­
able quenching rate constant. The data for production of 2, on 
the other hand, require a quenching rate constant approaching 
diffusion control, which seems a good deal less likely, although 
it has been reported34 that energy transfer from 1,4-di-
methoxybenzene to allyl chloride is very fast. 

We have therefore studied the fluorescence quenching of 
benzene by 1 to see whether the singlet quenching possibility 
exists. A carefully purified sample of 1 was observed to have 
a molar extinction coefficient of 1.0 at 256 nm in acetonitrile, 
while benzene had an extinction coefficient of 200. The data 
obtained are given in Table I, where it may be noted that the 
amount of fluorescence quenching is, within experimental 
error, equivalent to that anticipated for direct absorption of 
light by 1 in the fluorescence experiment. Put another way, the 
slopes of the plots of values of Io/I vs. [1] are 4.1 (observed) 
and 3.9 L/mol (calculated from absorptivity data). Thus we 
conclude that fluorescence quenching of benzene by excitation 
transfer to 1 is unimportant. 

These results may be contrasted with those reported35 for 
the quenching of singlet benzene in cyclohexane by carbon 
tetrachloride, which has a molar absorptivity of about 0.2.36 

This compound gives a plot of IQ/I vs. [CCl4] with a slope of 
120 L/mol (we have now done a similar experiment in aceto­
nitrile and get a value of ~110 L/mol). This then is clearly a 
Stern-Volmer quenching experiment with ICQT ~ 120. As the 
lifetime of singlet benzene is about 30 ns, the rate constant for 
quenching of singlet benzene by carbon tetrachloride is about 
4 X 1 0 9 L/mol-s-, about 20% that of diffusion control. 

The relatively rapid excitation transfer from benzene to 1, 
compared with that from acetone, is consistent with the larger 
value of the triplet energy of benzene (which may be higher 
than that of 1) and with Lee's observation20 that ethylene 
quenches benzene in the gas phase 103 times more rapidly than 
it quenches acetone. Benzene triplets in cyclohexane solution 
have recently been reported37 to have lifetimes of the order of 
10~8 s. This low value is not consistent with our rearrangement 
data, assuming triplets are involved, or with other measure­
ments38 of triplet lifetimes, where values from 10 - 6 to 4 X 10 - 6 

s are reported. 

Experimental Section 

Proton magnetic resonance spectra were obtained with a Varian 
A-60A spectrometer. Mass spectra were obtained on a Varian MAT 
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Figure 3. Quantum yields for benzene sensitization of /3-methylallyl 
chloride reactions in acetonitrile to give 1-chloro-l-methylcyclopropane 
(A) and dimer 3 (O). 

Model CH-7 spectrometer. Analytical work was done on a Hewlett-
Packard 5754B gas chromatograph (GC) using flame ionization de­
tectors and temperature programmed operation. Peak areas were 
measured with an Autolab 6300 digital integrator. The sample tubes, 
Pyrex or Vycor, were degassed on a mercury-free vacuum line with 
four to five freeze-pump-thaw cycles and sealed with high vacuum 
stopcocks at less than 10-5 mmHg. The sealed tubes were irradiated 
in parallel with cyclopentanone actinometers39 in a merry-go-round 
photolysis apparatus using a Rayonet RPR-208 photochemical reactor 
equipped with 300 or 254 nm lamps (The New England Ultraviolet 
Co., Middletown, Conn.). 

Irradiation of jS-Methylallyl Chloride in Benzene. Isolation and 
Identification of Products. Distilled /3-methylallyl chloride (1, 35 mL) 
was mixed with 700 mL of reagent-grade benzene and placed in a 
reaction flask fitted with a quartz immersion well and a 450-W Ha-
novia lamp. The reaction flask was fitted with a reflux condenser, a 
nitrogen bubbler, and a magnetic stirrer. Irradiation for 5 days (ni­
trogen bubbling) resulted in disappearance of most of the I. 

The first distillation fraction (to 73 0C) was about 30 mL and, in 
addition to benzene, contained 1, l-chloro-2-methylpropene (which 
had been present in starting material) (1H NMR & 5.78 (m, 1 H), 1.79 
(m, 6 H)) and 1-chloro-l-methylcyclopropane (2): 1H NMR c! 1.63 
(s, 3 H), and 4 H in a complex A2B2 pattern centered at 5 0.87 with 
most peaks at 0.72 and 1.02; bp 42-48 0C; mass spectrum m/e (rel 
intensity) 92 (12.8), 90 (31), 55 (100), 53 (23.5), 41 (53.6), 40 (30.8), 
39 (44). The last benzene-containing fraction, bp 75 0C (625 mm)-80 
0C (160 mm), contained 2,5-dimethyl-l,5-hexadiene (4) identified 
by 1H NMR and GC comparison with an authentic sample.40 

Vacuum distillation gave a fraction up to ca. 50 0C (ca. 1 mm) that 
was ca. 50% l,4-dichloro-2,3-bis(chloromethyl)-2,3-dimethylbutane 
(5) (1HNMR 5 3.81 (d, 8 H, this apparent doublet is part of an AB 
pattern which results from the diastereotopic protons), 1.74 (s, 6 H); 
mol wt 252.02 (or 250, 252, 254, 256, 258); mass spectrum m/e (rel 
intensity based on m/e 201) no M+ peak, 201 (100), 203 (92), 205 
(29), 207 (5), with major peaks at 165, 132, 131, 117, 115, and 91) 
and ~50% 5-chloro-4-chloromethy 1-2,4-dimethyl-1-pentene (3) (' H 
NMR 5 5.00 (m, 1 H), 4.87 (m, 1 H), 3.49 (s, 4 H), 2.19 (s, 2 H), 1.84 
(m, 3 H), 1.10 (s, 3 H); mass spectrum m/e (rel intensity based on m/e 
180), 180 (100), 182 (74), 184 (12), with major peaks at 144, 124, and 
89). The highest boiling fraction was almost pure 3. 

The relative peak areas of the Cg compounds, before distillation, 
by GC analysis on a 15% Carbowax column at 115 0C, for 4:5:3 were 
1:1.26:11.9, respectively, on a thermal conductivity detector. All three 
compounds were purified by preparative GC under similar conditions 
for spectral analysis and characterization. 

Also separated from the photolysis mixture by preparative GC was 
2-methyl-3-phenylpropene which appeared in the GC trace between 
5 and 4. This compound, which amounted to ca. 10% of the products, 
was identified on the basis of its 1H NMR spectrum: S 7.21 (s, 5 H), 
4.78 (broad m, 2 H), 3.30 (s, with fine splitting, 2 H), 1.68 (s, with 
fine splitting, 3 H). 
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Table II. Effect of Concentration of 1 upon Relative Response 
Ratios Due to 2 and 3, on Irradiation of 1 in Acetonitrile with 
Benzene Sensitization 

[I]0, M 2/K-C6Hi4 3/K-C6Hi4 

0.800 0.053 1.51 
0.400 0.048 0.64 
0.200 0.073 0.34 
0.0500 0.048 0.020 
0.0250 0.056 0.043 
0.0125 0.049 

Also formed in a very small amount in the photolysis mixture was 
a compound with a very short GC retention time. This substance may 
be assumed to be isobutylene. 

Unidentified products include some trace materials which appeared 
in the GC analysis after 3 and had 1H NMR spectra of a 3.60, 2.35, 
and 1.36 integrating 3:1:2, respectively, and 3.60, 2.50, and ! ^ i n ­
tegrating 7:2:5, respectively, and products that appeared to be poly­
mers of 1. These (10 g) were residues after distillation, and were not 
seen in the acetonitrile experiments described below. The 'H NMR 
spectra of fractions of a small amount of this material eluted from a 
column of alumina by petroleum ether or benzene showed broad ab­
sorptions at 8 1.1, 1.7,2.2, 3.5, and 4.7. 

Concentration Study. Acetone Sensitization. "Solvent" was prepared 
by mixing 20 mL of acetone, 80 mL of acetonitrile, and 0.11 mL of 
n-dodecane. An 0.992 M solution of 1 was prepared by diluting 0.8981 
g of 1 to 10.00 mL with solvent. Solutions of other concentrations were 
prepared by successive 1:1 dilutions. Samples for irradiation were 
prepared by placing 3 mL of each of the above solutions in a Pyrex 
sample tube. All of the tubes were degassed and irradiated in parallel 
for 11.5 hat 300 nm. 

Analysis, by GC on a Vs in. X 4 m 5% Carbowax 20M column 
programmed at 90 0C for 13 min, increasing at 8 °C/min to Tmax = 
235 0C for 5 min, gave the following ratios41 of 1-chloro-l-methyl-
cyclopropane (2) to «-dodecane and ratios of 5-chloro-4-chloro-
methyl-2,4-dimethyl-l-pentene (3) to «-dodecane at the indicated 
initial 1 concentration: 0.992 M, 0.137,0.232; 0.496 M, 0.140, 0.146; 
0.248 M, 0.122, 0.072; 0.124 M, 0.124, 0.065; 0.0620 M, 0.134, ca. 
0.042; 0.0310 M, 0.0922, ca. 0.035; 0.0155 M, 0.091, ca. 0.013; and 
0.00775 M, 0.080, ca. 0.003. The ratios for the more concentrated 
solutions have been corrected for dilution of the internal standard, 
tt-dodecane. The 0.992 M solution had gone to about 0.75% reaction 
while in the 0.00775 M solution reaction was about 20%. 

Concentration Study. Benzene Sensitization. "Solvent" was pre­
pared by mixing 0.200 mL of n-hexane, 0.250 mL of benzene, and 50 
mL of acetonitrile. An 0.800 M 1 solution was prepared by diluting 
0.725 g of 1 to 10 mL with solvent. Six other concentrations were 
prepared by successive dilutions. Seven Vycor sample tubes were 
prepared with 3 mL of each of the above solutions. The tubes were 
degassed and irradiated in parallel for 47.42 h at 254 nm. Table II 
shows the results of GC analysis. 

Quantum Yields. Benzene Sensitization. An 0.75 M solution of 1 
was prepared by diluting 1.70 g of 1 to 25.0 mL with spectroquality 
acetonitrile. A second solution was prepared by dissolving 0.100 mL 
each of «-nonane, «-decane, and «-dodecane in warm spectroquality 
acetonitrile. When the hydrocarbons had dissolved the solution was 
cooled and diluted to 10.0 mL with spectroquality acetonitrile. 

Two Vycor sample tubes were each charged with 2.0 mL of the 0.75 
M 1 solution, 1.0 mL of the hydrocarbon solution, and 0.015 mL of 
spectroquality benzene. These tubes were degassed and irradiated in 
parallel with two cyclopentanone actinometer39 tubes at 254 nm. The 
quantum yield for 2 was 0.0076. 

Quantum Yields. Acetone Sensitization. A 3.39-g sample of 1 and 
0.200 mL of n-dodecane were diluted to 50.0 mL with spectroquality 
acetonitrile to give a 0.75 M solution of 1. Two Pyrex sample tubes 
each received 2.0 mL of the 0.75 M 1, 0.60 mL of spectroquality ac­
etone, and 0.40 mL of spectroquality acetonitrile. The tubes were 
degassed and irradiated in parallel with cyclopentanone actinometer39 

tubes at 300 nm. The quantum yield was 0.094 for 2. 
Fluorescence Quenching of Benzene by /3-Methylallyl Chloride. 

Benzene and acetonitrile were spectrograde materials. /3-Methylally! 
chloride (1) was purified by gas chromatography through a 10 ft X 
% in. 10% TCEP on Chromosorb P column at 50 0C, followed by a 

bulb-to-bulb distillation. It had the following UV data: Xmax 222 nm, 
molar absorptivity emax 59, e256 LO. The fluorescence studies were 
carried out in a Perkin-Elmer MPF-2A fluorescence spectrometer. 
The excitation wavelength was 256 nm, where benzene has c 200, and 
the emission wavelength was 279 nm. Samples were prepared with 
benzene concentrations of 0.0013 M and [1] varying from 0.0024 to 
0.29 M in acetonitrile. The solutions were placed in quartz fluores­
cence cells and degassed by a freeze-pump-thaw method in vacuo, 
and fluorescence intensities were measured while still under vacuum. 
Results are given in Table I. 

Fluorescence Quenching of Benzene by Carbon Tetrachloride. 
Carbon tetrachloride (spectral grade) was used, with conditions 
similar to those described above, and [CCl4] varying from 0.0004 to 
0.016 M in acetonitrile. Data obtained for Io/I are as follows (two 
runs) for indicated [CCl4]s: 0.0004 M, —, 1.02; 0.0008 M, 1.09,1.05; 
0.002 M, 1.33,1.11; 0.004 M, 1.46,1.38; 0.006 M, —, 1.63; 0.008 M, 
1.74, 1.77; 0.010 M, —, 2.14; 0.016 M, 2.65, 2.14. The two runs give 
calculated quenching constants of 101 and 113 L/mol. 

Acknowledgments. This investigation was supported in part 
by Grant CAl3199, awarded by the National Cancer Institute, 
DHEW, and by Grant CHE74-24348 awarded by the Na­
tional Science Foundation. The authors further wish to ac­
knowledge some preliminary work on methylallyl chloride 
photochemistry by Dr. G. A. Lee and Dr. J. E. Rodgers, and 
a helpful discussion of this problem with Dr. Paul Margare-
tha. 

References and Notes 

(1) Part 18: S. J. Cristol, L. Tenud, and R. J. Daughenbaugh, Tetrahedron Lett., 
1099(1977). 

(2) (a) R. W. Phillips and D. H. Volman, J. Am. Chem. Soc, 91, 3418 (1969); 
(b) T. Richerzhagen, P. Svejda and D. H. Volman, J. Phys. Chem., 77,1819 
(1973). 

(3) (a) S. J. Cristol and G. A. Lee, J. Am. Chem. Soc, 91, 7554 (1969); (b) S. 
J. Cristol, G. A. Lee, and A. L. Noreen, ibid., 95, 7067 (1973). 

(4) S. J. Cristol and R. J. Daughenbaugh, "Organic Photochemical Syntheses", 
Vol. 2, R. Srinivasin, Ed., Wiley, New York, N.Y., 1976, pp 23-24. 

(5) K. E. Wilzbach, F. R. Mayo, and R. Van Meter, J. Am. Chem. Soc, 70, 4069 
(1948). 

(6) Polarity effects7 may contribute to some of the 3 preponderance. 
(7) W. A. Pryor, "Free Radicals", McGraw-Hill, New York, N.Y., 1966, p 

315. 
(8) G. A. Russell, J. Am. Chem. Soc, 79, 2977 (1957); 80, 4987 (1958). 
(9) D. C. Nonhebel and J. C. Walton, "Free Radical Chemistry", Cambridge 

University Press, Cambridge, England, 1974, Chapter 6. 
(10) Wilzbach, Mayo, and Van Meter * who observed the dimerization of 1 to 

form 3 upon irradiation of a solution of 0.5 M tetraethyllead in 1 for 5 days 
at 80 0C, presumed a radical-chain mechanism for their results, and this 
seems unequivocal. In our experiments, however, the formation of 4 and 
5, in addition to that of 3, and the fact that quantum yields for the production 
of 3 are reproducible under our conditions, indicate that a chain process 
is not involved. 

(11) F. S. Wettack, G. D. Renkes, M. G. Rockley, N. J. Turro, and J. C. Dalton, 
J. Am. Chem. Soc, 92, 1793 (1970). 

(12) N. C. Yang, M. H. Hui, and L. A. Bellard, J. Am. Chem. Soc, 93, 4056 
(1971). 

(13) For relatively long-lived sensitizers, and with modestly high excitation 
transfer rates, this inequality may be reached at modest concentrations 
of R. Inspection of Figure 1 indicates that almost all of the triplet acetone 
is quenched by 1 at 0.05-0.1 M. 

(14) P. J. Wagner in A. A. Lamola, "Creation and Detection of the Excited State", 
Vol. 1, Part A, Marcel Dekker, New York, N.Y., 1971, Chapter 4. 

(15) We have recently'6 reported a method of transformation of eq 17 and 
collection of quenching data under special conditions, by which the lifetime 
of triplet 1 is shown to be in the nanosecond range. As the lifetime of triplet 
acetone is in the millisecond range,17 it is clear that use of 1 will give a test 
of the reduction of the general eq 17 to the limiting eq 19. 

(16) C. S. Ilenda, R. J. Daughenbaugh, and S. J. Cristol, MoI. Photochem., 7, 
287(1976). 

(17) N. J. Turro, H.-C. Steinmetzer, and A. Yetka, J. Am. Chem. Soc, 95, 6468 
(1973). 

(18) (a) N. J. Turro, N. E. Schore, H.-C. Steinmetzer, and A. Yetka, J. Am. Chem. 
Soc, 96, 1936 (1974); (b) G. Porter, R. W. Yip, J. M. Dunston, A. J. Cessna 
and S. E. Sugamori, Trans. Faraday Soc, 67, 3149 (1971). 

(19) S. J. Cristol and R. P. Michell, unpublished work. 
(20) M. W. Schmidt and E. K. C. Lee, J. Am. Chem. Soc, 92, 3579 (1970). 
(21) R. E. Rebbert and P. Ausloos, J. Am. Chem. Soc, 87, 5569 (1965). 
(22) (a) I. E. Kochevar and P. J. Wagner, J. Am. Chem. Soc, 94, 3859 (1972); 

(b) R. A. Caldwell, G. W. Sovocool, and R. P. Gajewski, ibid., 95, 2549 
(1973), and references cited therein. 

(23) This is true whether or not the excitation transfer is reversible. 
(24) R. J. Daughenbaugh, Ph.D. Thesis, University of Colorado, 1975. 
(25) S. Murov, "Handbook of Photochemistry", Marcel Dekker, New York, N.Y., 

1973, p 49. 
(26) Reference 9, p 205 ff. 

Journal of the American Chemical Society / 99:19 / September 14, 1977 



6353 

(27) J. C. Martin and E. H. Drew, J. Am. Chem. Soc, 83, 1232 (1961). 
(28) C. Walling, "Free Radicals in Solution", Wiley, New York, N.Y., 1957, p 

180 ff. 
(29) G. Fraenkel and P. D. Bartlett, J. Am. Chem. Soc, 81, 5582 (1959). 
(30) M. L. Poutsma, J. Am. Chem. Soc, 85, 3511 (1963). 
(31) C. Walling, L. Heaton, and D. D. Tanner. J. Am. Chem. Soc, 87, 1715 

(1965). 
(32) J. Flood, A. D. Mosraim, and D. C. Nonhebel, Chem. Commun., 761 

(1970). 
(33) Reference 25, p 3. 
(34) F. A. Carroll, M. T. McCaII, and G. S. Hammond, J. Am. Chem. Soc, 95, 

315(1973). 
(35) J. Yguerabide, J. Chem. Phys., 49, 1026 (1968). 
(36) This is a measured value, calculated from an absorption spectrum of an 

The self-association of organic solutes in water, via 
"stacking" in a sandwichlike array, is a well-substantiated, 
experimentally observable phenomenon.4 Because of the 
proximity caused by such preassociation, one expects that these 
aggregates could play a significant role in photodimerization; 
such is the case for dimethylthymine (DMT),5'6 thymine,7 and 
dimethyluracil (DMU)8 in water, and other unrecognized 
examples undoubtedly exist.9 

The possible involvement of such aggregates in photodi­
merization in nonaqueous media has generally been ignored, 
because "stacking" is commonly attributed to "hydrophobic" 
interactions unique to an aqueous environment,4 and is not 
thought of as being of import in organic media.10 However, the 
mechanism of "stacking" does, at least in part, involve at­
tractive van der Waals forces between the monomers,4 which 
may lead to small, but physically undetectable, amounts of 
aggregates in organic solvents. Thus inefficient photodimeri­
zation could result from an efficient reaction of trace aggre­
gates, and we have suggested50 that several features of the 
photodimerization of DMT in nonaqueous solvents can be so 
rationalized.11_33 In fact, a little-noted report14a has demon­
strated that the extent of intramolecular cycloaddition for 
thymidylyl-(3' -» 5')-thymidine (TPT) in a number of non­
aqueous solvents varies as a linear function of the (negative) 
changes in free energy which occur when TPT assumes the 
"stacked" conformation having parallel, adjacent bases.14b 

In order to study the effects of structural changes on 
aggregation vis-a-vis photodimerization, and to explore further 
the potential role of trace aggregates in nonaqueous solvents, 
we undertook a study of the photochemistry of 1,3,5,6-
tetramethyluracil (TMU). This molecule was chosen because 
(1) it was known that increased methylation of purines en-

0.45 M solution in acetonitrile. 
(37) R. B. Cundall, G. B. Evans, P. A. Griffiths, and J. P. Keane, J. Phys. Chem., 

72, 3871 (1968); R. B. Cundall and D. A. Robinson, J. Chem. Soc, Faraday 
Trans. 2, 1145(1972). 

(38) (a) S. Lipsky, J. Chem. Phys., 38, 2786 (1963); (b) K. Sandros, Acta Chem. 
Scand., 23, 2815 (1969); (c) H. Lutz and G. Stein, J. Phys. Chem., 78, 1909 
(1974). 

(39) P. Dunion and C. N. Trumbore, J. Am. Chem. Soc, 87, 4211 (1965). 
(40) A. L. Henne, H. Chanan, and A. Turk, J. Am. Chem. Soc, 63, 3474 

(1941). 
(41) The flame ionization responses of 2 and 3 are identical on a per unit weight 

basis.42 

(42) D. J. David, "Gas Chromatographic Detectors", Wiley, New York, N.Y., 
1974. 

hances their stacking ability in water (presumably a conse­
quence of the increased polarizability of CH3 vs. H)15 and (2) 
the increased extent of singlet involvement in the photodi­
merization of DMT, by comparison with DMU, in organic 
media (see below), seemed to correlate with the ability of these 
substrates to associate in water. 

Results 
A. Preparation of Tetramethyluracil. The title compound 

was synthesized by methylation of 5,6-dimethyluracil; puri­
fication by chromatography provided a sample which was pure 
by TLC and melted some 8 0C higher than the literature 
value.16 

B. Vapor Pressure Osmometry. The apparent molecular 
weights for the series DMU, DMT, and TMU were measured 

O 

0 A N ^\ R 

CH1 

DMU, R1 = R2 = H 
DMT, R1 = CH3; R2 = H 
TMU, R1 = R2 = CH3 

in aqueous solution, as a function of concentration, using os­
mometry. The data are best fit to 

which is valid for association to dim?rs.17a Plots of the data, 
according to this equation, are shown in Figure 1, and associ-
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Abstract: The photolysis of tetramethyluracil (TMU), in water and organic media, affords the cis-anti and trans-anti dimers as 
the major photoproducts, with the product distribution essentially independent of solvent. Quantum yields (0DF) are 0.015 in 
water and 0.004-0.007 in organic solvents. Quenching and sensitization studies indicate that the products are singlet derived, 
though the TMU triplet is detectable by energy transfer and can be cycloadded to vinyl acetate. The progressively increasing 
(stacking) association constants (thermal osmometry) for dimethyluracil (DMU), dimethylthymine (DMT), and TMU in 
water parallel the increasing degree of excited singlet state involvement in the photodimerization of these substrates in organic 
solvents. The role of trace aggregates in organic media is discussed. 
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