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The many similarities which exist in the chemical
and physical properties of olefing and small carbocyeclic
rings have intrigued chemists for decades. In partic-
ular, eyclopropane, with 27.6 keal/mole of strain energy,

parallels propene in many of its chemical reactions.
Both undergo hydrogenation to give propane. Both
add hydrogen bromide. Both are protonated by strong
mineral acids. Moreover, the vinylic hydrogens of
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Figure 11. Gas chromatogram of methyl esters of fatty acids from the guillemot: Golay type R capillary column a t 168'.
Inset: Expanded region of the methyl esters from n-Ce to n-Clz a t 160" (H. Karlsson and G. Odham, unpublished).
As mentioned, the preen gland produces about 50
mg of wax per day, which compensates for the natural
loss, and the plumage usually contains a few grams of
preen gland wax. I t is obvious that it takes a very
long time for the bird to replace all the wax after clean-
ing. The species specificity and the sometimes very
complex nature of the wax, as exemplified above, makes
it essential to use a more simple composition for replace-
ment purposes.
I n connection with an accidental release of oil in the
harbor of Goteborg, attempts were made to clean 150
oiled swans with an emulsion of triolein in water
(Tremalon B). Synthetic wax (Pur-Cellin oil, Dragoco,
Holtzminden, Germany) was subsequently sprayed on
the plumage. I n practice the spraying technique was
not very satisfactory; overdoses were given, resulting
in a plumage with the same properties as the original
oiled plumage.
To overcome this problem a new cleaning agent,
Larodan 127,32 with which the waxing takes place during
cleaning (a method similar to that sometimes used in
cleaning cars), was formulated. The preparation con-
sists of a dispersion of hydrophilic lipid crystals in
water, made by a special procedure33 with the
commercially available synthetic wax mentioned above
included in the hydrophobic regions of the lipid crystal
matrix. The wax mainly contains the octadecyl ester
of 2-methylhexanoic acid and the hydrophilic lipid is
the 1-monoglyceride of dodecanoic acid. The propor-
tions of the three components, monoglyceride, wax,
and water, were adjusted on the basis of practical tests
so that the final product consisted of 20% mono-
glyceride and 2% wax in water. Larodan thus con-
tains two natural lipids.
Larodan has been used on a large scale in Scandi-
navia, in Gavle, for example, where about 75 birds
belonging to the family of Anatidae were successfully
cleaned and returned to their natural environment
within a fortnight.
(32) K. Larsson, English Patent 1,174,672 (1970).
(33) K. Larsson and G. Odham, Mar. Pollut. Bzill., 1, 122 (1970).


April 1971

propene are similar in acidity to the hydrogens of cyclo-
propane. It seems apparent that the correspondence
of the chemical properties of propene to those of cyclo-
propane is a function of the strain incorporated in the
three-membered ring, since larger rings, such as eyeclo-
pentane, bear little resemblance to cyclopropane in their
chemical behavior.

Since the strain inherent in a eyclopropyl ring causes
this system to have unique properties, any increase in
this strain due to the incorporation of the eyclopropyl
moiety into a bieyclic molecule would be expected to
magnify the unusual characteristics of the eyeclopropyl
ring. Thus, we would expect the bent ¢ bonds of
highly strained polycyelic molecules to be unusually
reactive and to have properties characteristic of carbon—
carbon double bonds. In certain circumstances we
might expect that strain effects could make a carbon-
carbon single bond more reactive than a normal carbon—
carbon double bond. It is the purpose of this Account
to review a type of reaction in which a carbon-carbon
single bond takes on the characteristics of a highly reac-
tive = bond: the thermal addition of carbon-carbon
multiple bonds to the ¢ bonds of highly strained carbo-
cyeclies.

Although olefin dimerizations have been known for
many years, it was only recently that examples of the
thermal addition of earbon-carbon multiple bonds to
strained carbocyclic ¢ bonds began to appear in the
literature. The first example of such a cycloaddition
was reported in 1965 by Gassman and Mansfield, who
noted that bicyelo[2.1.0]pentane (1) reacted spontane-
ously with dicyanoacetylene at room temperature to
produce a mixture of 2 and 3.! Early in 1966 Blan-

& + N==C—C==C—C=N —

1

chard and Cairncross published their independent dis-
covery of the addition of a variety of olefins of general
formula 4 to derivatives of bicyclo[1.1.0]butane typi-
fied by 5.2 These workers found that, at temperatures
in excess of 150°, 4 reacted with 5 to give “cycloaddi-
tion”” products® represented by 6 and ‘“‘ene-type’’ prod-

(1) P. G. Gassman and K. T. Mansfield, Chem. Commun., 391
(1965); P. G. Gassman and K. T. Mansfield, J. Amer. Chem. Soc.,
90, 1517 (1968).

(2) A. Cairncross and E. P. Blanchard, Jr., 1bid., 88, 496 (1966).

(8) For the remainder of this Account the term ‘“‘cycloaddition
products’”’ will refer to those products which can formally be con-
sidered to result from a metathesis involving four carbon centers.
In this transformation a earbon-carbon ¢ bond and a carbon—carbon
7 bond are destroyed and two new carbon—carbon ¢ bonds are
created. In current terminology this transformation could be
classified as a ¢2 + 2 cycloaddition.4

The term ‘‘ene-type product’ will refer to those products which re-
sult from the cleavage of the carbon-carbon ¢ bond and a carbon—
hydrogen o bond and the formation of a carbon-carbon ¢ bond and
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CN
Mﬁa + RCH=CHR —
4
5
CH, CN CN N "
R Rt ocm t ocn,
H H RCHCH,R RC=CHR
6 7 8

ucts® of general formulas 7 and 8. The complementary
efforts of the Du Pont group? and The Ohio State Uni-
versity group* have provided the basis for a critical eval-
uation of the scope and mechanism of this curious addi-
tion reaction.

Mechanism and Stereochemistry

Cairneross and Blanchard were the first to carry out
a thorough study of the addition of olefins to bicyclo-
[1.1.0]butanes.? They found that 3-methylbicyelo- .
[1.1.0]butanecarbonitrile (5) reacted with butadiene,
acrylonitrile, maleonitrile, fumaronitrile, ethylene, sty-
rene, p-methoxystyrene, and 1-(N,N-dimethylamino)-
cyclopentene to form 1:1 adducts. In all cases the
cycloaddition-type products were derivatives of 4-
methylbicyelo[2.1.1Thexane-1-carbonitrile (6). On the
basis of the observations that 5 reacted with acryloni-
trile to produce 9 and with fumaronitrile or maleonitrile

H;
CH, H

%&CN + CH=CHON — ¢
\CN

5 HH
9
" NC L NC C
B~ m
NC t oy
\ \
CN
10 1

to give a mixture of 10 and 11, these workers tentatively
suggested that the rate-determining step in the addition
of olefins to 5 was the formation of a diradical inter-
mediate. The validity of this hypothesis was con-
firmed by Gassman and coworkers (vide infra).
Certain characteristics of the addition of carbon-
carbon multiple bonds to strained carbocyclics merit
discussion prior to a detailed consideration of the mech-
anism. The oceurrence of this reaction is significantly
dependent on ring strain. Whereas derivatives of
bicyclo[1.1.0]Jbutane and bicyclo[2.1.0]pentane react

a carbon~hydrogen ¢ bond. In some cases a carbon—carbon = bond
is broken and a new carbon—carbon = bond is formed. In most, but
not all, cases this process results in the transfer of a hydrogen from
the strained ring system to the side chain of the ene-type product.
(4) For a detailed discussion of symmetry-allowed cycloaddition
reactions see R. B. Woodward and R. Hoffmann, Angew. Chem.,
Int. BEd. Engl., 8, 781 (1969). It should be noted at this point that
a ¢2s + 725 cycloaddition is a symmetry-forbidden thermal process.
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Table I

Relationship between Ring Strain and Rate of
Cycloaddition of Dicarbomethoxyacetylene

Strain energy

relief on
cleavage of Rate of
Compd central bond® reaction
A ~A41 Rapid
12
~A4T Rapid

CN

13

~32-34b No reaction

@ Kilocalories per mole. ? For recent discussions of strain in
polycyclic alkanes see: (a) R. B. Turner, P. Goebel, B. J. Mallon,
W. von E. Doering, J. F. Coburn, Jr., and M. Pomerantz, J.
Amer, Chem. Soc., 90, 4315 (1968); (b) N. C. Baird and M. J. 8.
Dewar, J. Chem. Phys., 50,1962 (1969); (c¢) P. v. R. Schleyer, J.
E. Williams, and K. R. Blanchard, J. Amer. Chem. Soc., 92, 2377
(1970); (d) 8. Chang, D. McNally, S. Shary-Tehrany, M. J.
Hickey, and R. H. Boyd, #bid., 92, 3109 (1970); and (e) N. C.
Baird, Tetrahedron, 26, 2185 (1970).

with dicyanoacetylene at room temperature, relatively
unstrained cyclopropanes such as are present in bicyelo-
[6.1.0]nonane require temperatures in the vicinity of
200° for reaction.® In terms of relief of ring strain,
Table I shows that bicyelo[1.1.0]butane (12) and bicy-
clo[2.1.0]pentane (1) react readily with dicarbome-
thoxyacetylene under conditions where bicyelo[3.1.0]-
hexane (13) fails to react. The relief of ring strain
which accompanies the cleavage of the central bond of
12 and 1 is probably ca. 7-15 keal/mole greater than
that for the similar cleavage of the central bond of 13.8
This indicates that the overall reaction is extremely sen-
sitive to the strain energy of the polycyelic alkane.

The occurrence of the addition reaction is also dra-
matically dependent on the electronic character of the
carbon-carbon multiple bond. Table II shows that
the rate of reaction of bicyclo[2.1.0]pentane (1) with
various acetylenes is dependent on the electron-with-
drawing power of the substituent on the acetylene!s’
As the electron-withdrawing power of the substituents
was decreased, the conditions required for reaction be-
came more vigorous, up to the point where diphenyl-
acetylene failed to react, even after several days at 160°.

In general, we can consider three possible mechanistic
routes for the addition of electron-deficient acetylenes
to strained carbocyclics: (a) a two-step process in-
volving initial formation of a zwitterionic intermediate
followed by either ring closure or proton transfer, (b)
competitive concerted ene-type and cycloaddition reac-
tions, and (¢) a two-step process involving formation of
a diradical followed by either ring closure or hydrogen
atom transfer. In order to distinguish among these
possibilities, a detailed study of the addition of electron-
deficient carbon-carbon multiple bonds to 1 was
made.” 8

(5) P. G. Gassman and J. Seter, unpublished work.

(6) See Table I, footnote b.

(7) P. G. Gassman and K. T. Mansfield, J. 4mer. Chem. Soc., 90,
1524 (1968).

(8) P. G. Gassman, K. T. Mansfield, and T. J. Murphy, 7bid., 90,
4746 (1968); 91, 1684 (1969).
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Table II

Temperatures Required for Comparable Rates of Reaction
of 1 with Acetylenes of the Type RC=CR’

Temp required,

R R’ °C
CN CN 30
CO.CHs CO,CH; 100
CO,CH.CH, H 135
CeH; CeH; No reaction after

prolonged
periods at 160°

An initial mechanistic investigation involved a study
of the effect of solvent polarity on the rate of the reac-
tion of 1 with dicarbomethoxyacetylene. The reaction
was cleanly first order in both bicyelo[2.1.0]pentane
and dicarbomethoxyacetylene. The second-order rate
constants listed in Table IIT show that there is a negli-
gible solvent effect on the rate of reaction. We ob-
served a rate change of only 1.27 in going from benzene
as the least polar solvent to acetonitrile as the most
polar solvent. These solvents differ by about 35 in di-
electric constant. If a zwitterionic intermediate, such
as 14, were involved in this reaction, a change of rate of
10% to 10% would be expected.® 1 The lack of a signifi-
cant solvent effect is strong evidence against the inter-
mediacy of a zwitterionic intermediate.

CO.CH,

C==C_
a0

14

CO,CH,

If the formation of cycloaddition and ene-type prod-
ucts from the reaction of 1 with dicarbomethoxyacety-
lene were to occeur via competing concerted reactions,
two different transition states would be required in the
rate-determining step, one for the formation of the cy-
cloadduct and one for the formation of the ene-type
product. The relative populations of these two transi-
tion states would then determine the product ratio. It
would be anticipated that there should be some solvent
effect and some temperature effect on the relative popu-
lations of these two transition states. However, the
ratio of ene product to eycloaddition product remained
unchanged within the limits of detection by vpe in the
three solvents used in the kinetic study and over a tem-
perature range of 65°. These findings provided a pre-
liminary indication that the two products observed
were not arising via two competing concerted reactions.

More definitive evidence against a mechanism involv-
ing concerted reactions was provided by a study of the
reactions of 1 with fumaronitrile and maleonitrile. As
shown in Chart I, 1 reacts with both fumaronitrile and
maleonitrile to give a mixture of seven products.® With
maleonitrile (15a) the ratio of 16:17:18 was 1:2:3.

(9) C. A, Stewart, Jr., ibid., 84, 117 (1962); J. K. Williams, D. W.
Wiley, and B. C. McKusick, ibid., 84, 2210 (1962); 8. Proskow,
H. E. Simons, and T. L. Cairns, ibid., 88, 5254 (1966).

(10) This prediction presumes that the formation of the inter-

mediate is the rate-determining step. The clean first-order de-
pendency on both reagents supports this assumption.
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Table I
Second-Order Rate Constants for the Reaction of
Bicyclo[2.1.0]pentane with Dicarbomethoxyacetylene
at 165.0 == 0.2°

Dielectric kX 104
Solvent constant 1. M~1gec™? krel
Benzene 2.27 1.08 = 0.03 1.46
Ethyl acetate 6.03 0.74 &= 0.02 1.00
Acetonitrile 37.5 1.37 = 0.03 1.85
Chart I
NC\ /X
+ /C=C\ —
H Y
1 15a, X =C==N; Y=H

b, X=H; Y =C==N

CN CN

H 4 ON
| \
H H

CN H
16 17
. NC__ ~_CHON
CH
\ H 4+ +
on N
18
NC__ _CHCN

With fumaronitrile (15b) the ratio was 22:1:1.3. Since
15a, 15b, 16, 17, and 18 were stable under the reaction
conditions, the formation of 16 from the reaction of 1
with 15a and the formation of 17 and 18 from the addi-
tion of 15b to 1 required the formation of a discrete in-
termediate in which rotation could occur about the bond
which originally was the olefinic linkage in 15a and 15b.
The existence of such an intermediate foregoes the
plausibility of competing concerted reactions.

The exclusion of the possibility of a zwitterionic inter-
mediate and the incompatibility of competing concerted

(11) Starting with the cis isomer, 15a, we observed ca. 17% rota-
tion in the formation of the dicyanonorbornanes, while with the
trans isomer, 15b, we observed ca. 109, rotation.® In a similar study
in the bicyclo[1.1.0]butane series Cairncross and Blanchard? ob-
served the loss of ca. 269, stereopurity in the products formed from
both 15a and 15b. This indicates to us that the closure of the inter-
mediate, leading to the bicyclo[2.2.1]heptane derivatives, in our
series occurs faster than the closure of the intermediate leading to
the bicyclo[2.1.1]hexane derivatives in the work of Cairncross and
Blanchard.? The decreased lifetime of our intermediate relative to
that of Cairncross and Blanchard is probably related to the smaller
strain energy which must be overcome in the formation of the
bicyeclo{2.2.1]heptane nucleus relative to that involved in the forma-
tion of the bicyeclo[2.1.1]hexane skeleton.
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Chart 11
HC=CCO,CH;
o\
1
H CO,C.H;
Ne—c . CO,C,H,
r -
20 H
21
2NN
H ' COCH, c/cozczm
c=c(_ c®
Y e (Y
22 23

reactions with the observed data indicated that an inter-
mediate other than a zwitterion must have been formed.
The logical candidate for such a role is a diradical. Di-
radicals have been firmly established as intermediates
in the additions of olefins such as 1,1-dichloro-2,2-di-
fluoroethylene to olefins and dienes.}? Diradical inter-
mediates appear to be equally well suited to explain the
addition of olefins and acetylenes to strained carbocyeclic
rings.

The role of a diradical intermediate is outlined for the
reaction of propiolic ester (19) with 1 in Chart II. The
addition of 19 to 1 should yield the diradical 20. Clo-
sure of the diradical would give the c¢ycloaddition prod-
uct 21 as indicated by process a. Two types of hydro-
gen-transfer processes can occur, as indicated by routes
b and ¢, to yield two different ene-type products.
Transfer of a hydrogen from the ring to the side chain
would give 22, while transfer of a hydrogen from the side
chain to the ring would produce 23.

The lack of solvent polarity and temperature effects
on the product ratio obtained in the reaction of 1 with
dicarbomethoxyacetylene is also readily explained on
the basis of the formation of a diradical in the rate-de-
termining step. A single transition state would be in-~
volved in the rate-determining formation of an inter-
mediate diradical.!®* In subsequent fast steps the di-
radical would partition itself between cycloadduct for-
mation (radical recombination) and formation of ene-
type product (intramolecular radical disproportiona-
tion). In simple cases the activation energies for radi-
cal combination and radical disproportionation have
been found to be comparable.’* This explains the for-
mation of both cycloadduct and ene-type products in
our reaction. Furthermore, Bartlett and coworkers!?

(12) For a discussion and leading references see P. D. Bartlett,
Sctence, 159, 833 (1968); P. D. Bartlett, Nucleus (Cambridge, Mass.),
251 (1966); and P. D. Bartlett and G. E, H. Wallbillich, J. Amer.
Chem. Soc., 91, 409 (1969).

(13) Bince diradical formation would involve little, if any, change
in the polarity of the reactants, the effect of solvent polarity on the
rate-determining step would be negligible.

( (14) J. Kraus and J. Calvert, J. Amer. Chem. Soc., 79, 5921
1957).



132 PauL G. GASSMAN

have shown that intramolecular combination of a di-
radical is competitive with rotation about a carbon-
carbon single bond (7.e., has a rate constant of ca. 10~10
sec—Y). Reactions which cccur at extremely fast rates,
such as competitive diradical combination and dispro-
portionation, should have such low activation energies
as to be relatively independent of the environment.
As a result, the ratio of eycloaddition to ene-type prod-
ucts obtained from the reaction of 1 with diearbome-
thoxyacetylene via a diradical intermediate should be
essentially unchanged by solvent polarity and tempera-
ture. Thus, our results appear to be uniguely consis-
tent with the initial formation of a diradical intermedi-
ate.

We have noted above that acetylenes which are elec-
tron deficient due to the presence of electron-withdraw-
ing substituents work best in our reaction. Since the
rate-determining step appears to involve the formation
of a diradical, it might be anticipated that the substitu-
ent on the acetylene should be both electron withdraw-
ing and capable of stabilizing an adjacent radical
through conjugation. The failure of perfluoro-2-
butyne (24) to react with 1 gave credence to this hy-
pothesis. The triflucromethyl groups of 24 are strongly
electron withdrawing and 24 is comparable to dicyano-
acetylene as a dienophile. The failure of 24 to react
with 1 demonstrated that the requirements of a “tany-
cyclophile’ s were quite different from those of a dieno-
phile. Additional evidence for the formation of a di-
radical intermediate in these reactions was provided by
the reaction of 1 with 1,1-dichloro-2,2-difluoroethylene
(25) to give 5% of 26 and 319 of 27.® The formation
of 27 and 26 could be readily accounted for if 28 were

F Cl
i o ]
N+ =<~ ool
F F O
1 25
(|31 I|<‘ F (|]1
1 =
Q/Cl F Q/lli‘ Cl

the initially formed intermediate. Chlorine is far
superior to fluorine as a radical-stabilizing substituent.'?
In this regard the absence of 29 and the formation of 27
indicated the intermediacy of the diradical 28, with the
radical center situated at the more stable position next
to the two chlorines.

The major mechanistic question which remains to be
discussed concerns the stereochemical approach of the

(15) In general the author is opposed to the needless coining of
trivial names. Unfortunately, he can think of no better way of
categorizing those carbon—carbon multiple bonds contammg com-~
pounds which attack strained rings than to call them “‘tanycyclo-
philes’’ (from the Greek for strained ring seeking).

(16) P. G. Gassman and K. T. Mansfield, unpublished work.
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reacting species to each other. Since bicyelo[2.1.0]pen-
tane has an envelope shape, the question is whether the
approach of the tanyeyclophile is from above or below
the flap of the envelope. The addition of maleic anhy-
dride (30) to exo,exo-2,3-dideuteriobicyclo({2.1.0}pen-
tane (31) provided a definitive answer to this stereo-
chemical question. When 31 and 30 were heated to-
gether at 120° for 2 days, 32 was obtained as one of four

D 0
H ‘el
D c + Mo 1
H
H H 0

D,, Pd/C
—

products.® None of the isomer with the two deuteriums
in the endo position could be detected. This required
that the attacking olefin approach 81 from the underside
of the flap, resulting in an inversion of this bridge rela-~
tive to the deuterium labels.'” The stereochemistry of
the isotopic label was firmly established »2a both nmr
spectroscopy and synthesis of an authentic sample by
reduction of 33.

The effect of steric hindrance to attack of derivatives
of both bicyclo[2.1.0Jpentanes and bicyclo[1.1.0]butane
by tanycyclophiles was elucidated by Gassman and
Richmond.!* The bicyclo{1.1.0]butane derivative, 34,
has the inside of the flap hindered by a trimethylene
bridge while the bicyclo[2.1.0]pentane derivative, 35,
has the inside of its flap unsymmetrically hindered by

-6
ébfs

an ethano bridge. The addition of benzyne to 34 oc-
curred readily to give a 619 yield of asingle 1:1 adduct
which was shown to be 36. Mechanistically, the forma-
tion of 36 could oceur via attack of benzyne on the inside
of the flap to form the diradical 87, followed by hydro-
gen atom transfer to give 38 and closure of the 1,3-dirad-

(17) W. R. Roth and M. Martin (Tetrahedron Lett., 4695 (1967))
have demonstrated that nitrogen—nitrogen double bonds also attack
derivatives of 1 from the underside of the flap. The attack of
carbon—carbon multiple bonds on the inside of the flap of bicyclo-
{1.1.0]butanes has also been postulated by Cairncross and Blan-
chard? and demonstrated by Pomerantz and coworkers,!®

(18) M. Pomerantz, G. W. Gruber, and R. N. Wilke, J. Amer.
Chem. Soc., 90, 5040 (1968).

19y P. G Gassman and G. D. Richmond, bid., 90, 5637 (1968);
P. G. Gassman and G. D. Richmond, Chem. Commun 1631 (1968);
P. G. Gassman and G, D, Richmond, J. Amer. Chem. Soc 92, 2090
(1970).



April 1971
CGH5
l l||
H
H
N\ /
36

38

ical 38 to yield 36.2¢ Similarly, 35 added dicyano-
acetylene to give the adduct 839. The formation of 39 is
readily explained in terms of the initial generation of
the diradical? 40 followed by hydrogen atom transfer to
give 41 and ring closure. It should be noted that at-
tack again occurred from the inside of the flap of 35 in

H
H

H
a
Nemm(CasCC=sN
b /C=C\
NC CN

35 39
H H
H ~h
C=(. C=C
Ne” NeN Ne” XN
40 a1

spite of the hindrance to approach provided by the
ethano bridge. However, the sensitivity of the reaction
to steric hindrance was indicated by the absence of prod-
uets derived from initial attack at position a of 35 which
was slightly more hindered than position b.

In terms of the overall mechanism, we view this reac-
tion as a displacement reaction in which the carbon-
carbon multiple bond initially attacks the back lobe of
the bent central carbon—carbon ¢ bond to displace an
orbital containing one electron (i.e., the displacement
of a carbon radical). The rapid appearance of dark
blue colors on the addition of dicyanoacetylene to 1 and

(20) A concerted 72 + ¢2 -+ 2 reaction could also be invoked as a
possible mechanism in this particular reaction: R. Hoffmann and
R. B. Woodward, J. Amer. Chem. Soc., 87, 2046 (1965).
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the observation of complex esr signals would seem to
support this hypothesis.

An approximate order of reactivity for tanycyelo-
philes was able to be constructed as a result of our
studies. This order in terms of declining tanycyeclo-
philicity is: dicyanoacetylene = tetracyanoethylene >
dicarbomethoxyacetylene > maleic anhydride =2 fuma-
ronitrile ¢ maleonitrile > 1,1-dichloro-2,2-difluoro-
ethylene > benzyne > perfluoro-2-butyne and di-
phenylacetylene. The last three reagents fail to react
with derivatives of 1 under normal reaction conditions.

Applications

Following the original reports of the addition of car-
bon-carbon multiple bonds to strained carboeyelics, 2
several groups of workers investigated applications of
this reaction. Pomerantz was the first to utilize the
concept of this reaction in his addition?! of benzyne to
bicyclo[1.1.0]butane to obtain a 6:1 mixture of 42 and
43. In an extension of this work it was reported that

(O -

H
oo -
42
43

44 failed to react with benzyne®® but did react with di-
carbomethoxyacetylene to give, among other products,
45.22 The formation of 45 can be explained in terms of

]
% CO,CH,

CO,CH;,

iHs
0 CH

oo /
N

CO,CH
CH, s

\COZCHa
47

attack on the inside of the flap of the bicyclo[1.1.0]-
butane portion of 44 to give the diradical 46. Loss of
carbon monoxide from 46 could give the allylic radical
47 which would give 48 on closure. An alternate possi-

(21) M. Pomerantz, 1bid., 88, 5349 (1966);
BE. W. Abrahamson, bid., 88, 3970 (1966).

(22) M. Pomerantz and R. N. Wilke, Tetrahedron Lett.,, 463
(1969).

M. Pomerantz and
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bility would be the direct formation of 48 from 46.
Valence isomerization of 48 would give 45.

In a related case, the reaction of 49 with benzyne®®
gave only 50. Similarly, Rifi found?® that 49 reacted
with maleic anhydride to give only 51. An obscure ex-

CH, CH,
%HS ¥ @ - WE]“%HS
CH,
49

50
O

0

v
CH,

0

CH, )
51

ample of a simple cycloaddition to a complex bieyclo-
[2.1.0]pentane derivative was recently described as the
“intramolecular trapping of a 1,3-diradical.”’?* On
close examination, this intramolecular addition of the
cyclobutene double bond of 52 to the central bond of
the bieyclo[2.1.0]pentane moiety of 52 appears to be
little more than another example of the well-established
addition of carbon-carbon multiple bonds to bent ¢

bonds. Although this cycloaddition might appear to
involve attack of the carbon—carbon multiple bond on
C:H, CeH;
CeH; CeHj
= e
CH, CH,
CH, / CH;
52 54
CoHs
CH,
53

the top side of the bicyeclo[2.1.0]pentane flap, it is the
opinion of this reviewer that insufficient data have been
presented for a determination of the direction of attack.
Flap inversion of bicyelo[2.1.0]pentane derivatives
fused to other rings at the 3,4 positions is known? % to
occur at temperatures as low as 40°. Thus, it seems

(23) M. R. Rifi, J. Amer. Chem. Soc., 89, 4442 (1967).

(24) L. A. Paquette and L. M. Leichter, 7bid., 92, 1765 (1970).

(25) K. Mackenzie, W. P. Lay, J. R. Telford, and D. L. Williams-
Smith, Chem. Commun., 761 (1969). )

(26) This inversion need not involve the intermediacy of a di-
radical. Although it has been generally suggested that breakage
of the central carbon-carbon bond ocecurs in the first step leading to
the inversion of the flap of the bicyeclo[2.1.0]pentane nucleus, the
author knows of no compelling evidence in support of this hypothesis.
In principle, this inversion could occur via a planar bieyclo[2.1.0]-
pentane in which the bridgehead carbons remain tetravalent, The
recent synthesis of molecules containing pyramidal carbon? 2 indi-
cates the feasibility of the inversion of highly strained polycyclics
via planar tetracoordinate carbon.29,30
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likely that rapid interconversion of 52 and 54 should
oceur at the temperatures used in this reaction. For-
mation of 53 could then occur via the expected attack of
the cyclobutene carbon—carbon multiple bond of 54 on
the backside of the bicyclo[2.1.0]pentane flap.

Related Thermal Cycloadditions

Smith reported an intriguing eycloaddition of a car-
bon-carbon multiple bond to the highly strained ¢ bond
of quadricyclane (55) in 1966.3* In this reaction, 55

R

'

/

!

R/

[*)}
w
H—
e
m/

! 56

\
g HCN
57

added dicyanoacetylene, dicarbomethoxyacetylene,
and methyl propiolate to give compounds of the general
formula 56. Similarly, 55 added tetracyanoethylene to

CH,CO H i i
+ CH,0C—C=C-—-COCH; —
58 (”)
CH;CO H
CO,CH;
7
CO,CH,

59

give 57 in high yield. The stereoselectivity of this reac-
tion was illustrated by the addition of dicarbomethoxy-
acetylene to 58 which produced greater than 95% of 59.
Several substituted quadricyclanes were subjected to
cycloaddition conditions by Prinzbach and coworkers.??
They found that quadricyclanes of the general formula
60 added electron-deficient acetylenes of the general
formula 61 to yield 62. The nature of X was varied sig-

27) K. B, Wiberg and G. J. Burgmaier, Tetrahedron Lett., 317
(1969); P. G. Gassman, J. Keller, and A. Topp, tbid., 1093 (1969);
K. B. Wiberg, unpublished work. We wish to thank Professor
Wiberg for informing us of his results prior to publication.

(28) The term “pyramidal carbon’” refers to a tetracovalent carbon
which is bonded to four nuclei, all of which are located on one side
of a plane passing through the tetravalent carbon.

(29) For a recent discussion of planar tetracoordinate carbon see
R. Hoffmann, R. W. Alder, and C. F. Wilcox, Jr., J. Amer. Chem.
Soc., 92, 4992 (1970),

(30) The author wishes to acknowledge stimulating discussions
with T. J. Atkins which led to the development of this concept.

(31) C. D. Smith, J. Amer. Chem. Soc., 88, 4373 (1966).

(32) H. Prinzbach and J. Rivier, Angew. Chem., Int. Ed. Engl., 6,
1069 (1967); H. Prinzbach, Pure Appl. Chem., 16, 17 (1968).
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nificantly from CH,, through C(CHj);, C=C(CHj),,
C=CHCGH5, and C‘———C (CeHs)z, to C=0.

In applying the Smith type of cycloaddition to 3-
oxaquadricyclanes and 3-azaquadricyclanes (63 and 64,
respectively), Prinzbach and coworkers found a new

R
CHOC & (|3
p-CHE
CH.0,C (|3
63 R
CH,0,C
0
CH0,C > R
R/
65
R
| R
cHoC N cl
S -
CH,0,C f
64 %
CHOC }f
N
CH,0,C R
R”
66

mode of addition in that the heterocyclic strained sys-
tems gave 65 and 66, respectively.®® This involves at-
tack of the acetylenes at the carbons adjacent to the
heteroatom in an overall 2 4+ 2 + 2 cycloaddition. In
an analogous reaction, 67 adds electron-deficient olefins,
as shown for the addition of tetracyanoethylene to give
68.3* The additions described by Smith, Prinzbach,
and LeGoff differ considerably from additions to simple
bicyclo[2.1.0]pentanes  and  bicyclo[1.1.0]butanes.
Whereas the latter are symmetry-forbidden thermal
processes, the former are symmetry-allowed thermal
2s + -2s + ,2s additions.

A unique addition of a carbon-carbon multiple bond

(33) H. Prinzbach, R. Fuchs, R. Kitzing, and H. Achenbach,

Angew. Chem., Int. Bd. Engl., 7,727 (1968).
(34) E. LeGoff and 8. Oka, J. Amer. Chem. Soc., 91, 5665 (1969).
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to a strained ¢ bond was described for paracyelophane
(69) which added either dimethyl fumarate or dimethyl
maleate to give a mixture of 70 and 71. The authors
suggested® that 69 underwent homolytic cleavage of
the strained carbon-carbon ¢ bond to form the p,p’-di-

methylenebibenzyl diradical. Addition of this diradi-
cal to the unsaturated ester would give a new diradieal,
at which stage rotation could occur followed by a radical
combination step to give a mixture of 70 and 71. It
has not been definitively established whether the unsat-
urated diester reacted directly with 69 to give the im-
mediate precursor of 70 and 71 or whether the p,p’-di-
methylenebibenzyl diradical is involved in the reaction
as suggested. ‘

Derivatives of the somewhat less strained tricyelo-
[3.2.1.02 ¢]Joct-6-ene skeleton undergo thermal intra-
molecular eycloaddition.®:3” The conversion of 72 into
73 was achieved at 190° in the case of 72a% and at 60°
for 72b.37.%  Similarly, 74 was postulated’ as an inter-

CsH5
/ CH, - Cels
R
R
CH; H
72a, R = C;H; 73

b,R=H

(85) H.J. Reich and D. J. Cram, 4bid., 89, 3078 (1967).

(36) H. Prinzbach and H.-D. Martin, Helv. Chim. Acta, 51, 438
(1968); H. Prinzbach, W. Eberbach, M. Klaus, and G. v. Veh,
Ber., 101, 4066 (1968).

(37) D. T. Longone and D. M. Stehouwer, Tetrahedron Leit., 1017
(1970).

(38) The stereochemistry of the cyclopropane ring (and of the
phenyl groups) was not specified for 72b.



136 ' Kerra YATES

mediate in the reaction of 75 with 76 to give 77. Pre-
sumably, the thermal intramolecular cycloaddition re-
quired for the conversion of 74 into 75 occurs at rela-
tively low temperatures.

CoH; CH, CeHs
+ u | £ CoH;
CSH5
75 76 CeH;

74

CeH;
CeH,

CH; H
77

Metal-Catalyzed Additions

Metal-catalyzed intermolecular additions of carbon~
carbon multiple bonds to strained carboeyeclics are yet
to be observed. However, intramolecular reactions of
this type are known. Rhodium on carbon and various
coordination complexes of rhodium readily transform
78 into 79.39% Some mechanistic details of this reac-
tion have been reported.?®

V=~

HH 79

78

(89) T. J. Katz and 8. A. Cerefice, J. Amer. Chem. Soc., 91, 2405
(1969); 91, 6519 (1969).
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A related curiosity involves the conversion of 1 into
80 in the presence of maleic anhydride and rhodium di-
carbonyl chloride dimer.#* Although it has been

H 0
Rh(CO),CI],,
1 H 0

H g 9
/. H H
+
U
0= o7 0 H o
80 81

found4! that 1 is rapidly isomerized to cyclopentene in
the presence of the catalyst and that cyclopentene re-
acts with maleic anhydride in the presence of the cata-
lyst to yield a mixture of 80 and 81, we have yet to es-
tablish all the details of this particular set of reactions.

Summary

The addition of electron-deficient carbon—carbon
multiple bonds to strained carbocyclics has been shown
to be a general reaction. Mechanistic evidence indi-
cates that the rate-determining step involves the forma-
tion of a diradical in the simple ,2 + ,2 additions.

I wish to thank the National Science Foundation for grants which
supported this work, and the Alfred P. Sloan Foundation for a
fellowship. I also wish to acknowledge the diligent efforts of my
collaborators mentioned in the references, who have contributed sig-
nificantly to our knowledge of cycloadditions to bent ¢ bonds.

(40) H. C. Volger, H. Hogeveen, and M. Gaasbeek, 2bid., 91, 218
(1969).

(41) P. G. Gassman, J. T. Lumb, and T. J. Atkins, unpublished
work.
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Kinetics of Ester Hydrolysis in Concentrated Acid
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Of the many organic reactions which are acid cata-
lyzed, ester hydrolysis has been one of the most fre-
quently studied. Many kinetic investigations have
dealt with the dilute acid region, where activity coef-
ficient variation of reaction species can be either ignored
or reasonably treated using Debye-Huckel-type ap-
proximations. However, in dilute acids, reactions often
proceed at inconveniently slow rates, and it is also
difficult to achieve much variation in the concentration
(or activity) of one important reaction species, water,
unless more concentrated acids are used.
On the other hand, in more concentrated solutions,
these difficulties are replaced by other serious problems,
which are largely concerned with the theoretical inter-
pretation of results. Some of these arise from the use
of acidity functions to represent variations in the acidity
of a reaction medium. Because of these difficulties
this field of reaction mechanisms has been in an uncer-
tain state for many years.’ The intent of this Account
is to illustrate and examine these difficulties, using
recent results on ester hydrolysis, in an attempt to show
that nonetheless valuable mechanistic information can
(1) R. P. Bell, “The Proton in Chemistry,” Cornel1 University
Press, Ithaca, N. Y . , 1959.
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Additions and Corrections

Volume 4, 1971 have shown that what appears to consist of a formal

symmetry-allowed thermal 2. + ,2; + .2, addition to
Paul G. Gassman: The Thermal Addition of Car- 67 is a stepwise process in which the tetracyancethylene
bon—-Carbon Multiple Bonds to Strained Carbocyeclics. is not involved in the rate-determining step: H. H.

Westberg, E. N. Cain, and S. Masamune, ¢bid., 91,
Page 135. Add to reference 34: ‘‘Recent studies 7512 (1969).”
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contribution but has relatively little effect on the mono-
photonic ejection. The rise of monophotonic current
contribution and the fall of relative fluorescence in-
dicate that channels for ejecting transition are available
above about 4.5 eV.
For the monophoton ejection the effective absorption
coefficient for free charge ejection, e’(X), can be ob-
tained from the observed current. Associating the
ratio of effective cross section to optical absorption
coefficient with yield allows q(X,T) to be estimated.
Reasonable fits of the observed data to a gaussian D ( R )
have been obtained, but must be more carefully ex-
amined. Some preliminary results are in Table V. The
calculated activation energy was obtained by consider-
ing all the temperature dependence to be in R,. Table V
also includes results obtained on ejection from ground
state of crystalline anthracene22 for which D(R) was
approximated by a 6 function.
Electrons ejected from donor molecules into dielec-
tric media with initial kinetic energy in th,e 0-2-V
range may travel to distances of 10 to 100 A before
thermalization is complete. The time required for
the thermalization is apparently only a few vibrational
periods. Following thermalization the electron exists
as a highly mobile entity suffering scattering from
density and dielectric fluctuations and after a time
becomes trapped as a solvated electron or specific
ionic species. The trapping time in hydrocarbon-like
media of high purity has been observed in the range
50-1000 nsec. I n aqueous media in which strong solva-
tion is mandatory the trapping time appears to be
in the picosecond rangez4 and to occur simultaneously
with thermalization; however, in these media the ther-
malization distance must approximate or exceed the
(24) M. J. Bronskill, R. K. Wolff, and J. W. Hunt, J . Chem. Phys.,
53, 4201, 4211 (1970).
Coulomb range and neither geminate nor free recom-
bination is as significant as in nonpolar fluids.
One may speculate that biolayer structures may exist
or thin film structures may be devised across which
electrons could be ejected. The recombination of the
trapped higher energy ions could then be forced to
seek alternate paths. Fluids which support electron
states of high mobility and containing suitable donor
solutes could lead to thin-layer liquid-state devices
of fast-switching characteristics.
Problems and Possibilities
Some monophotonic and biphotonic ionizations in
solids and fluids have been reviewed. Parallels between
ionization due to excited complex dissociation in both
solids and fluids as well as parallels due to electron
ejection in solids and fluids were noted. It seems
likely that photochemical reactions may be found which
involve the radical ions resulting from excited complex
dissociation. It is also clear that even in fluids of
low dielectric constant ionization by electron ejection
in the near-ultraviolet can be sufficiently efficient for
these processes to be considered as generators of reactive
intermediates.
There are no satisfactory theories for the thermaliza-
tion of low-energy electrons in fluids. Which modes
of vibration and rotations are significant and which
collective modes of the fluid are significant for inelastic
loss processes are j7et to be determined. The character
of the ejecting transition has also not been determined.
An even greater challenge lies in forming the mech-
anisms for photoliberation of charge and its transport
into controllable units which mimic the supramolecular
organization nature finds favorable for the control of
light stimuli.
T h e National Science Foundation, the Advanced Research Pro-
jects Agency, and the U . S. Atomic Energy Commission have sup-
ported portions of this work.
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