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Photolysis of phthaloyl peroxide through Pyrex yields benzyne. The intermediate generated undergoes a 
stereospecific 2 + 4 and nonstereospecific 2 + 2 cycloaddition and is thus identical in symmetry properties 
with that formed by conventional decomposition of benzenediazonium-2-carboxylate. Reaction with low- 
boiling compounds is facilitated by this method and higher yields of products often are obtained. Benzyne 
reacts with methylacetylene, allene, and cyclopropane in ene fashion to give phenylallene, benzylacetylene, and 
allylbenzene, respectively. 

Remarkable indeed is the relative absence from the 
chemical literature of references to the photochemical 
generation of benzyne. Flash photolysis of benzene- 
diazonium-2-carboxylate by Berry and coworkers has 
been reported3-6 and a variety of precursors has been 
briefly mentioned in Hoffmann's book.' It is notable, 
however, that only two-three pages are required for a 
description of the "Generation of Dehydrobenzene by 
Photolytic Methods." Of the 155 Diels-Alder reac- 
tions tabulated in ref 7, only three involve photochem- 
ically generated benzyne. 

We were drawn to find a photochemical source of 
benzyne for several reasons. First, we hoped to detect 
reactions of either the excited singlet or triplet state 
and, second, it seemed to us that a photochemical 
method of generating benzyne would facilitate the 
investigation of reactions with low-boiling hydrocar- 
bons. We hoped both to achieve better yields in the 
few reactions that had been done and to  find new reac- 
tions. 

gas-liquid partition chromatography (glpc) on a 2-m, 
10% DC-710 silicone oil column gave, in addition to 
dimers, oligomers, and polymers of the dichloroethyl- 
enes, cis- and trans-1,2-dichlorobenzocyclobutene in 
18-35% yield, depending upon the concentration of 
olefin and length of irradiation (Table I). After some 
hours of irradiation, glpc analysis revealed that, even 
though phthaloyl peroxide remained, the only reaction 
taking place was dimerization of the dichloroethylene. 

TABLE I 
STEREOCHEMISTRY OF THE 2 + 2 CYCLOADD~TION OF BENZYNE 

% cia % trans 
Modea Olefin adduct adduct 

A trans 19 81 
A cis 68 32 
hv trans 17" 83 
hr cis 69* 31 

a Thermal source was benzenediazonium-2-carboxylate hydro- 
Independent of choice of acetone or tetrahydrofuran chloride.10 

as solvent. 

Here we amplify earlier  report'^^,^ on the photolysis of 
phthaloyl peroxide. (Caution-see Experimental Sec- 
tion.) The main difficult'y in this reaction is the in- 
solubility of phthaloyl peroxide in most' hydrocarbon 
solvents. Wittig and Ebelg used benzene as solvent 
but were able to isolate only a 7.4% yield of Diels- 
Alder adduct from tetracyclone. We find that' the 
use of acetone or tet'rahydrofuran allows formation of 
homogeneous solutions of phthaloyl peroxide in hydro- 
carbons. Using this modification of the earlier pro- 
cedurelg reasonable yields can usually be achieved. 

Stereochemical Studies. -We chose first to examine 
the 2 + 2 cycloaddition reaction. For the same reasons 
given earlier'o (largely lack of ene reactmion),* the sub- 
strate used was cis- or trans-1,2-dichloroethylene. 
Irradiation, followed by analytical and preparative 
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The stereochemistry of the 2 + 4 reaction was also 
tested, and here too agreement with earlier worklo was 
found. Irradiation of phthaloyl peroxide in trans,- 
trans-hexadiene-2,4 gave, as nearly as we can tell, the 
single dimethyldihydronaphthalene previously identi- 
fied as cis.l0 The cis and trans isomers do not separate 
on glpc, but time-average scans of the vinyl region of 
the nmr spectrum allow the detection of very small 
amounts of the trans isomer. Under conditions where 
2% of the trans material would be detected with ease, 
me see none. The combination of a nonstereospecific 
(and therefore very probably nonconcerted) 2 + 2 
reaction with a stereospecific (and thus probably con- 
certed) 4 + 2 reaction makes the intermediacy of the 
same, symmetric singlet state found in the thermal 
reaction highly probable. The question is, what is such 

31 

a species doing in a photochemical reaction? 
answers to  this question are possible. 

Several 
Perhaps the 
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reactions of S1 and SO benzyne are the same, or we are 
gaining entry to SO directly or through internal con- 
version from s'. The first of these possibilities appears 
unlikely to  us, as the control of orbital symmetry over 
the stereochemical details of reactions seems sufficiently 
well establishedll to warrant confidence in the proposi- 
tion that the excited and ground states will differ in 
their addition reactions. We have not observed an 
excited state of benzyne. 

Other Known Reactions.-In this section we would 
like to demonstrate the utility of the photolytic reac- 
tion. When phthaloyl peroxide rather than a more 
conventional benzyne precursor is used, higher yields 
of products often can be obtained. Sometimes the 
increased yields allow the isolation of new products. 
For instance, butadiene was found to give a Diels- 
Alder adduct in 10% yield.12 A later article reported 
9y0,13,13a and some years ago traces were probably ob- 
tained through photolysis of benzenediasonium-2- 
~arboxyla te .~  Photolysis of phthaloyl peroxide in 
butadiene gives a 20% yieldI4 of two products in the 
ratio of 4 : l .  We isolate, in addition to the Diels- 
Alder adduct, the product of the 2 + 2 cycloaddition. 
1,4-Dihydronaphthalene is known12 but l-vinylbenzo- 
cyclobutene was not. Mass spectral analysis confirmed 
the elemental composition as CIOHIO, and examination 
of the nmr and uv spectra left no doubt as to  the de- 
tailed structure. The crucial features of the nmr spec- 
trum are the signals for the vinyl group at  T 3.70-4.25 
(1 H) and 4.68-5.17 ( 2  H), a doubly allylic proton at  
5.80-6.17 (1 H), and a multilined pattern at  6.45-7.35 
( 2  H). The uv spectrum [ h ~ ~ ~ h e x a n e  272, 266, 261, 253 
(sh) nm 1 is most similar to  that of the vinylbenzocyclo- 
butene isolated by Wittig and Diirr'2 from the 2 + 2 
cycloaddition of benzyne and 2,3-dimethylbutadiene 
(272, 266, 260 nm). 

The ene reactionl6 is very common in benzyne chem- 
istry and we have discovered several, including some 
new types, on photolysis of phthaloyl peroxide. cis- 
Butene-2 gives a single major product, 3-phenylbutene-1 
in ca. 9% yield.14 The yield is not spectacularly high 
but should be compared with 4% reported for reaction 

with isobutylene12 and 13% for 2,3-dimethy1butene-2.l6 
Similarly, propylene gives ca. 10% of the ene product, 
allylbensene. 

Previously Unknown Reactions. -While all of the 
examples mentioned above are known, many (but not 
all) are significantly easier to run using the photo- 
chemical method than the thermal. In  this section 
we describe some new reactions with low-boiling hydro- 
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carbons. We suspect that they have not previously 
been reported a t  least partially because of the incon- 
venience of the usual thermal sources of benzyne. 

Perhaps our first example, the reaction with methyl- 
acetylene, does not really qualify as new, since a sim- 
ilar reaction is mentioned in Hoff mann's book. l7 No de- 
tails have appeared, however, and our yield is substan- 
tially greater. We find a 16% yield14 of phenylallene 

on irradiation of phthaloyl peroxide in methylacetylene 
Identification was by comparison with an authentic 
sample, and the mechanism of formation presumably 
involves an ene reaction. 

A different kind of ene reaction appears in the reac- 
tion with allene. Again a single major product, ben- 
zylacetylene, is formed in 15% yield.14 An ene reaction 
is implicated, but it is not of the usual sort. The or- 

bitals involved are well aligned for such a reaction, al- 
though proof of concertedness is lacking. No evidence 

could be found for the product of a 2 + 2 cycloaddition, 
although Wasserman and Fernandezl8 have postulated 
such a process in the reaction of benzyne with phenyl- 
ethoxyallene, generated in situ from 1-ethoxypropyne 
and benzyne. laa 

Although a number of reactions with single bonds of 
strained hydrocarbons have been r e p ~ r t e d , l ~ - ~ l  the 
parent of these, the reaction with cyclopropane, has 
escaped detection. We find that benzyne adds in ene 
fashion to  cyclopropane to give, along with a large 
amount of polymer, 3-4% of allylbensene. Indan was 
specifically sought and not found. 
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I n  summary, photolysis of phthaloyl peroxide yields a 
benzyne with the same symmetry properties as those 
generated in more conventional ways.l0 Reactions 
with low-boiling hydrocarbons are easy to  run and often 
give higher yields than those of thermally generated 
benzyne. New reactions of benzyne with methylacet- 
ylene, allene, and cyclopropane are described. We 
hope in the future to report on their mechanisms. 

Experimental Section 
General.-Nuclear magnetic resonance spectra were recorded 

at  60 MHz on a Varian A-60A spectrometer. Nmr data of all 
products trapped from the vpc were obtained in capillary tubes 
with CC1, as solvent and tetramethylsilane added as an internal 
standard. Samples are collected directly from the gas chromato- 
graph in Pyrex tubes slightly smaller than an ordinary melting 
point capillary. Solvent is added and the sealed tube mounted 
in a sawed-off nrnr tube. AIounting techniques vary, but a 
current favorite involves wiapping the capillary in Scotch tape 
until it just fits the nmr tube. We heartily recommend the micro- 
tube technique as it allows analysis of samples as small as 1 mg. 
Mass spectra were measured on an AEI MS-9 mass spectrom- 
eter.22 Uv spectra were run on a Cary 14 recording spectro- 
photometer. Gas chromatographic analyses and collections were 
performed on an Aerograph A90P chromatograph with the 
following columns: (A) 2 m,  10% DC-710on 60-80 mesh Chromo- 
sorb W; (B) 1 m, 10% DC-550 on 60-80 mesh Chromosorb P. 
Yields were determined gas chromatographically and were not 
corrected for thermal conductivities. All photolyses were carried 
out with a Hanovia 450-W medium-pressure mercury arc shielded 
with Pyrex filters. 

Phthaloyl Peroxide.-(Caution-see below.) Phthaloyl per- 
oxide (PPO) was prepared in 407, yield by a slight modification 
of the method of Russell.28 To an ice-chilled solution of 16 g 
each of KzHPOa and KH2P04 in 400 ml of water was added 8.3 g 
(0.11 ilf) of Na202. This solution was stirred vigorously in an 
ice bath during the addition of a chilled solution of 20.3 g (0.1 
M )  of o-phthaloyl dichloride in 300 ml of chloroform. The two- 
phase system was stirred for 15 min in an ice bath. The layers 
were separated and the organic portion dried over AIgSOI and 
evaporated to dryness a t  the water pump. The white solid which 
remained was collected and washed repeatedly with hexane. 
After drying in vacuo overnight, the yield of white powder Imp 
124.5-125" dec (lit.23 126")] was 6-7 g. The product was not 
recrystallized and was stored in the freezer until use. 

Warning. Upon melting a small sample of the peroxide in a 
capillary tube, there was a sharp, explosive report at 123". 
PPO could also be detonated by striking with a hammer or by 
ignition. We experienced no trouble with phthaloyl peroxide 
during ordinary laboratory operations, but as with any peroxide 
it should be handled with utmost respect. 

Photolysis of PPO in trans-Dichloroethylene (TDCE) and cis- 
Dichloroethy1ene.-PPO (300 mg) was dissolved in 5 ml of 
acetone and a large excess (ca. 10 ml) of TDCE. Irradiation in 
a Pyrex tube for 5 hr provided two products in the ratio 1 : 5 in 
addition to a number of olefinic photoproducts. The course of 
the photolysis was monitored by gas chromatography on column 
A at  150". After ca. 3 hr the increase in cycloaddition products 
was negligible, although unreacted peroxide remained; cis- and 
trans-dichlorobenzocyclobutene were isolated by preparative 
gas chromatograph on column A with retention times of 16.5 and 
7 min, respectively. They were identified by comparison with 
authentic samples, The overall yield of cycloaddition products 
ranged from 18 to 3570 as determined by gas chromatography 
through addition of biphenylene as an internal standard. 

The irradiation of PPO was also performed in cis-dichloro- 
ethylene (CDCE). PPO (320 mg) was dissolved in 10 ml of 
CDCE and 5 ml of acetone and irradiated for 6 hr in a Pyrex 
tube. Monitoring the progress of the reaction by gas chromatog- 
raphy indicated the rate of cycloaddition was very slow relative 
to the reaction in the trans olefin. The two cycloaddition 
products were obtained in a 7:3 ratio in very low yield. 

(22) We thank the Kational Science Foundation for providing funds for 
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Photolysis of trans-Dichlorobenzocyc1obutene.-A sample of 
this material in TCDE was irradiated for 2 hr in an nmr tube 
and no isomerization could be observed. 

Photolysis of PPO in trans,trans-Hexadiene-Z,4.-PPO (300 
mg) was dissolved in 5 ml of acetone and a 20-fold excess of 
trans,trans-hexadiene-2,4 (Chem Samples Co.) and sealed under 
nitrogen in a Pyrex tube. The solution was irradiated for 6.5 
hr, after which it was concentrated and injected into the gas 
chromatograph (column B). I n  addition to a multitude of 
higher boiling products (retention times up to 30 min at  B O ' ) ,  
cis-l,4-dimethyl-1,4-dihydronaphthalene was isolated by pre- 
parative gas chromatography (retention time 4.5 min at 130') 
and identified by comparison with a known sample. The vinyl 
region of the spectrum was swept 60 times with a Varian Asso- 
ciates C-1024 Computer of Average Transients. No trans-1,4- 
dirnethyl-l,4-dihydronaphthalene could be detected by the 
peak due to its vinyl protons, which appear ca. 15 Hz upfield 
from the peak for the vinyl hydrogens of the cis compound. 
Two per cent could easily have been seen under these conditions. 
This analytical method was made necessary because the two 
isomers were inseparable by gas chromatography in our 
hands. 

Photolysis of PPO in cis-Butene.-Into a solution of 292 mg 
of PPO in 5 ml of acetone in a thick-walled Pyrex tube cooled 
to -78" was condensed 15 ml of cis-butene. The tube was 
carefully sealed under nitrogen and irradiated at  room tempera- 
ture for 10 hr. After irradiation the yellow solution was concen- 
trated and injected into the gas chromatograph. 3-Phenyl-l- 
butene was isolated by preparative gas chromatography (reten- 
tion time 4.5 min at looo, column R ) .  The yield was estimated 
to be 8.57, using gas chromatography with amylbenzene as an 
internal standard. 

Photolysis of PPO in Propylene.-Into a thick-walled Pyrex 
tube cooled to -78" containing a solution of 300 mg of PPO in 
5 ml of acetone was condensed 20 ml of propylene. The tube 
was carefully sealed under nitrogen and irradiated for 10 hr at 
room temperature. The yellow solution was filtered, concen- 
trated, and analyzed by gas chromatography on column B at  
85". A single large product was isolated (retention time 4 min) 
and shown to be allylbenzene by comparison with an authentic 
sample. 

Photolysis of PPO in Butadiene-l,J.-Into a solution of 295 
mg of PPO in 5 ml of acetone in a thick-walled Pyrex tube cooled 
to -78" was condensed 15 ml of butadiene. The tube was 
sealed carefully under nitrogen and irradiated at room tempera- 
ture for 8 hr. The yellow solution was concentrated and analyzed 
by gas chromatography. Two products in the ratio 4 : l  were 
collected and identified as 1,4-dihydronaphthalene (retention time 
13 min, go", column B) and 1-vinylbenzocyclobutene (retention 
time 5.5 rnin). The precise mass measurement for l-vinylbenzo- 
cyclobutene was found to be 130.19243 (calcd for CloHlo, 
130.19126). 

Using amylbenzene as an internal standard, the yield of cyclo- 
addition products was found to be 207, by gas chromatography. 
The irradiation was run identically using tetrahydrofuran in place 
of acetone as the solvent. The same two products were observed 
in 4: 1 ratio, in addition to the product of reaction of benzyne 
and tetrahydrofuran. 

Photolysis of PPO in Al1ene.-Into a thick-walled Pyrex tube, 
cooled to -78", containing a solution of PPO in 5 ml of acetone 
was condensed 15 ml of allene. The tube was carefully sealed 
under nitrogen and irradiated for 8 hr at room temperature. 
The yellow solution was concentrated and analyzed by gas 
chromatography. 3-Phenylpropyne (retention time 7 rnin at 86", 
column B) was isolated by preparative gas chromatography and 
identified by comparison with an authentic sample. Using amyl- 
benzene as an internal standard the yield was determined to 
be 15%. 

Photolysis of PPO in Propyne .-Into a thick-walled Pyrex 
tube cooled to -78" containing 290 mg of PPO in 5 ml of 
acetone was condensed 15 ml of propyne. The tube was 
carefully sealed under nitrogen and irradiated for 10 hr at room 
temperature. The yellow solution was concentrated and ana- 
lyzed by gas chromatography. The major component (retention 
time 8 min at  go", column B) was identified as phenylallene by 
comparison with an authentic sample. The yield was determined 
to be 16% using amylbenzene as an internal standard. An esti- 
mated 20'33 PPO remained. 

Photolysis of PPO in Cyclopropane,-Into a thick-walled 
Pyrex tube, cooled to -78", containing a solution of 290 mg of 
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PPO in acetone was condensed a large excess of cyclopropane. 
The tube was carefully sealed under nitrogen and irradiated for 
10 hr at room temperature. There was a large amount of polymer 
so the yellow solution was filtered before concentration and analy- 
sis by gas chromatography. Two products in the ratio -4: 1 
(retention times 4 and 9 min at  85”, colum B) were observed in 
addition to several higher boiling components. The major com- 

ponent was identified as allylbenzene by comparison with an 
authentic sample. It was obtained in 3-47, yield, as determined 
by using tert-butylbenzene as an internal standard. The minor 
product has not been isolated in sufficient quantity for identifica- 
tion, although it has been established that it is not indan. 

Registry No. -BenzYne, 462-80-6; ppo, 4733-52-2. 
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The relationships between the octanol-water partitioning system and 20 others are examined from the view- 
point of the relative contribution of both hydrophobic bonding and hydrogen bonding forces. A classification 
of solute functional groups according to relative hydrogen-bond donating and accepting ability is presented. 
Fifty-eight new values for log P octanol-water are reported. 

Information on how organic solutes are distributed 
between water and an immiscible solvent has been of 
primary interest to chemists working in two different 
fields: the physical chemist can use the data to help 
define the intramolecular forces acting between the 
solute and each of the solvents, and the biochemist can 
employ it in an approach to structure-activity relation- 
ships.2 I n  this paper, the relationships between 21 
partitioning systems are examined and discussed in 
reference to their application t o  both the physical and 
biological disciplines. 

Since, in essence, partition coefficients are equilib- 
rium constants, it should not be surprising that one 
can find extrathermodynamic relationships3 between 
partition coefficients measured in different solvent 
systems. Certainly such an assumption was implicit 
in the work of Meyer4 and Overton6 who used oil-water 
partition coefficients to correlate narcotic action of 
drugs. Later, Smith6 discussed the possibility of such 
relationships between two solvent systems if the solute 
sets chosen were not too dissimilar. Collander’ was 
the first to express the relationship clearly in formal 
terms. Collander showed that a good linear relation- 

(1) 

ship existed between partition coefficients in one system 
(Pl) and those in a second system (P2)  if the polar phase 
was water and the nonpolar phases contained the same 
functional group. In  particular, he showed that eq 1 
held between the systems isobutyl alcohol-water, 
isopentyl alcohol-water, octanol-water, and oleyl 
alcohol-water. 

Hansch,8 using Smith’s data, later extended the 
comparison of relatively nonpolar systems using CHC18- 
water as PI and the following systems for Pz: CCl,, 
xylene, benzene, and isoamyl acetate. 

While eq 1 allows any partitioning system to be com- 
pared with any other, the most useful relationships 

log Ps = a log PI + b 
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(4) H. Meyer, Arch. Esp. Pathol. Pharmakol., 42, 109 (1899). 
( 5 )  E. Overton, “Studien uber die Narkose,” Fischer, Jena, Germany, 

1901. 
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for the study of solute-solvent interactions are obtained 
if each system is compared t o  a standard reference 
system; that is to  say, a reference system should be 
chosen and made the independent variable P1 in a set 
of equations of the form of eq 1. 

Of course, objections can be raised to the choice of 
any of the systems for use as a reference standard. 
We have chosen the octanol-water system for a num- 
ber of practical reasons: first, it is the system with the 
largest number of measured values, and it also contains 
the widest selection of solute functional groups; second, 
most of these values have been determined in a single 
laboratory and therefore they are more self-consistent 
than the values from any other system; and third, the 
usefulness of the octanol-water system as a model for 
describing the binding forces between small molecules 
and macromolecules has already been establishede2 

One might argue that the organic phase in the refer- 
ence system should be as free of polar binding forces as 
possible. While in principle a hydrocarbon solvent such 
as cyclohexane or heptane might make a better reference 
system than octanol, there are several practical reasons 
why such a system cannot be constructed at the present 
time. Of the almost 500 values available in the cyclo- 
hexane-water system, a large fraction are for unusual 
molecules not reported in other systems. Only about 
200 values are available in the heptane-water system 
and these are heavily weighted toward the nonpolar 
solutes. Furthermore, a basic disadvantage in using a 
hydrocarbon-water system is that in these solvents di- 
merization of the solute is maximized. While in princi- 
ple this factor can be taken into account by measuring 
the variation of the apparent coefficient with concen- 
tration, many of the values reported in the early litera- 
ture have not been corrected in this manner. Besides 
it being much more laborious to obtain true partition 
coefficients in hydrocarbons in which association occurs, 
the very limited solubility of many polar molecules in 
these solvents often sets an impossible requirement on 
the sensitivity of the analytical techniques available. 

Another interesting feature of octanol which enhances 
its value as a partition reference solvent is that, while 
water is very soluble in it (see Table I), it is very in- 
soluble in water (4.5 X fu). Thus, in comparison 
with many of the solvents in Tables I and 11, it has 
relatively little effect on the aqueous phase. 


