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Abstract: 1-Cyclobutenyl nonaflate (16) and the series of 2- and 3-methyl- and aryl-substituted cyclobutenyl nonaflates 17, 18,
19, 21, and 22 were synthesized by treatment of either the corresponding cyclobutanones directly with nonafluorobutanesul-
fonic acid anhydride or using the lithium enolates (c.g., 30a, 30b) as starting compounds for a reaction with the anhydride. The
solvolysis reactions of the cyclobutenyl nonaflates were studied in various solvents. All cyclobutenyl nonaflates solvolyze via
a vinyl cation mechanism leading to rearranged cyclopropyl and homopropargyl compounds, the product composition being
dependent upon the substituents in the 2 and 3 position. The same products as are formed in the solvolysis of the cyclobutenyl
nonaflates are also found in the solvolysis reactions of cyclopropylidene methyl (11) and homopropargyl derivatives (7),
pointing to the same cationic intermediates. The solvolysis products and the rates of the cyclobutenyl nonaflates are in agree-
ment with the formation of stabilized bridged t-cyclobutenyl cations (14, 55, 67).

Almost a decade has passed since vinyl cations were estab-
lished as definite intermediates in the solvolyses reactions of
many vinyl substrates.? In acyclic vinyl derivatives a variety
of substituent groups have been successfully used to stabilize
the cationic center formed during the solvolysis reactions.*
However. in cyclic systems, the ease of formation of cyclic viny!
cations is dependent upon ring size.> This is due to the fact that
the linear vinyl cation structure is energetically more favorable,
as found by theoretical calculations.® Hence it could be ex-
pected that the rates of solvolyses of cyclic vinyl derivatives,
e.g.. vinyl triflates, should increase with increasing ring size,
since the intermediate vinyl cation has the preferred linear
geometry available as the ring becomes larger. This has been
proven experimentally: I-cyclooctenyl! trifluoromethanesul-
fonate (2a), for example. solvolyzes 10* times faster than |-
cyclohexenyl triflate (1a) with the maximum reaction rate
being reached with |-cyclononenyl triflate.
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The same is true for the corresponding nonafluorobutane-
sulfonates (nonaflates):” I-cycloocteny! nonaflate (2b) sol-
volyzes 1.1 X 10% times faster than 1-cyclohexenyl nonaflate
(1b).7 1-Cyclopentenyl triflate (3a) or 1-cyclopentenyl nona-
flate (3b) solvolyzes with an even lower rate than the cyclo-
hexenyl derivatives 1a and 1b, but no longer via a vinyl cation
mechanism. In nucleophilic solvents like ethanol/water mix-
tures 3a and 3b solvolyze via a sulfur-oxygen cleavage.® thus
avoiding the formation of the highly strained nonlinear viny!
cation (4). The cyclopenteny! cation 4, which cannot be formed

X
O O
3a, X = OTf 4
b, X = ONf

via a solvolytic process, has been reported to form in a photo-
chemical reaction.® Therefore, the solvolytic behavior of the
next lower cyclic homologue, the cyclobutenyl triflate (5a, R
= H) or cyclobutenyl nonaflate (5b. R = H) should be espe-
cially interesting. In this case one should expect an even smaller
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tendency to form the corresponding vinyl cation (6, R = H).
Its formation seems unlikely, because a cyclobutenyl cation
(6. R = H) should be even more strained than the cyclopen-
tenyl cation 4.

Nevertheless our earlier work on the homopropargyl rear-
rangement!0 led us to propose a cyclic four-membered vinyl
cation intermediate in order to explain the formation of cy-
clobutanones. In this rearrangement reactive homopropargy!
derivatives 7 can be solvolyzed with formation of cyclopropy!
ketones 9 and cyclobutanones 10, as shown in Scheme |. The
rearrangement proceeds with participation of the triple bond
via an unsymmetrical SN2 transition state,!! leading to the
cyclopropylidenemethyl cation 8, which is in equilibrium with
the cyclobutenyl cation 6.

The high stability of cyclopropylidenemethyl cations 8 is well
documented by theoretical and experimental results.* e.g.,
through the extensive investigations on the reactivity of cy-
clopropylidenemethyl bromides (11).412

We have shown earlier that cyclopropylidenemethyl bro-
mides (11). in contrast to other vinyl bromides. are highly re-
active in solvolysis reactions, leading to products which are
similar to the products obtained in the homopropargy! rear-
rangement of 7. and thus pointing to the same intermediates.

Scheme |
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Schente 11

N
- l>—CH—R
= R—CH=CH—CH.~—CH"

p +
- ‘><C—R = R—(==(C—CH,—CH.
- 12 13

6

The high reactivity of cyclopropylidenemethy! bromides (11)
resembles the solvolytic reactivity of cyclopropylmethy! ha-
lides. Therefore the observed rearrangement reactions of cy-
clopropylidenemethyl bromides 11 were discussed in similar

S
Br
11, R = H. alkyl, arvl

+

R

terms according to Scheme I1. where the cyclopropylidene-
methyl (12), the cyclobutenyl (6), and the homopropargy!
cations (13) are in equilibrium with each other.#12

The proposed involvement of a cyclobutenyl cation (6) as
a stable intermediate in the homopropargy! rearrangement was
supported by MO calculations.!? The positive charge in the
cyclobuteny! cation was found to be delocalized over carbon
atoms 2 and 3 due to the overlap of the vacant.p orbital of the
cation with the C,-C; ¢ bond (14).

+
N CH —(C==CH,
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: 15

14

Recent ab initio calculations are also in agreement with a
nonclassical structure 14 for the cyclobutenyl cation.'* Ac-
cordingly C; in 14 acquires a bridging position with almost
equa! distances from C; and C,. The calculations show that
14 and the linear 2-propenyl cation (15) have comparable
stabilities.!* This result is consistent with the similar solvolysis
rates of I-cyclobutenyl and 2-propenyl derivatives.

The unusually high solvolysis rate of |-cyclobuteny! deriv-
atives reflecting the stabilization of the intermediate cyclo-
buteny! cation 14 is best demonstrated by a comparison of the
relative rates of a series of cyclic vinyl nonaflates. Going from
I-cyclohexenyl nonaflate (1b) to cyclobutenyl nonaflate (16)
one indeed observes a dramatic rate increase of 3723 as shown
in Table I.

In order to assess in more detail the behavior and nature of
such cyclobutenyl cations we report in this paper the syntheses
and solvolyses of a series of cyclobutenyl nonaflates and tri-
flates 16-23.

Synthesis of the 1-Cyclobutenyl Nonaflates. Viny! triflates
are usually prepared from the corresponding ketones by
treatment with trifluoromethanesulfonic acid anhydride and
a base to neutralize the triflic acid formed.® When this reaction
was applied to cyclobutanone (24) it gave only negligible
amounts of l-cyclobutenyl triflate and large amounts of
starting material and polymer. As the usual aqueous workup
gave no indication of the triflate product, this led us to suspect
that |-cyclobutenyl triflate once formed is very reactive and
solvolyzes to the ketone 24 during workup. A nonaqueous
workup also produced problems in that the triflic anhydride
itself is low boiling and therefore could not be easily removed
from the reaction mixture without affecting the volatile 1-
cyclobutenyl triflate. Therefore the homologous nonaflates
were prepared.

Table I. Rate Constants for Cyclic Vinyl Nonaflates in 50% Ethanol

at 100 °C7.15
nonaflate kos™! kel
cyclobutenyl (16) 35X 1073 3723
cyclohexenyl (1b) 9.4 x 1077 |
cyclooctenyl (2b) 10.5 X 103 11170
ONf H,C ONf Ph ONf
16 17 18
An ONf OTf
19 20
HC Ph An
ONYt ONf ONf
21 22 23

Nonafluorobutanesulfonic acid anhydride is higher boiling
than triflic anhydride” and therefore we could pump out the
cyclobutenyl nonaflate 16 formed from the polymeric reaction
mixture and excess anhydride. This method worked well for
all low-boiling cyclobutanones such as 24, 25, and 26. The yield

H.C

jniw
0 HC 0O _K()

24 25 26

of nonaflates 16 and 17 was 15% in the case of 24 and 285, re-
spectively, and much less (ca. 5%) for 26 to form the 3-meth-
ylcyclobutenyl nonaflate (21). For the syntheses of nonaflates
18 and 19 2-phenylcyclobutanone (29a) and 2-anisylcyclo-
butanone (29b) were required. Both ketones were prepared
according to the method of Salaiin and Conia.'® In this method
the cyclopropylidenemethanes 27a and 27b, which we syn-
thesized earlier,!7-18 were treated with p-nitroperbenzoic acid
in methylene chloride. The thereby formed intermediate ep-
oxides 28a and 28b rearranged quantitatively with formation
of the ketones 29a and 29b, respectively.

The same method. which was applied to prepare the nona-
flates 16 and 17, namely. reacting the ketones with nonafluo-
robutanesulfonic acid anhydride in the presence of a base,
could not be applied to the synthesis of noraflates 18 and 19;
only products not containing the four-membered ring and
polymers were isolated.

The reaction of cyclobutanones with ¢ither triflic anhydride
or nonafluorobutanesulfonic acid anhydride to form the vinyl
triflates or nonaflates has not been studied from a mechanistic
point of view. It is not clear whether or not reaction of the cy-
clobutanone with anhydride proceeds via an enolization of the
ketone with subsequent formation of the sulfonate or via direct
O-acylation of the cyclobutanone generating a positive charge
on the carbonyl carbon and subsequent deprotonation to give
the cyclobuteny! sulfonate according to Scheme I11.

In the latter case 2 substituents with a high stabilizing ability
on a positive charge. like pheny! or anisyl. would induce a re-
arrangement reaction instead of the necessary deprotonation,
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leading to the required cyclobuteny! sulfonate.!® To avoid re-
arrangement reactions of this type the ketones 29a and 29b
were first converted with lithium diisopropylamine in glyme
to the corresponding lithium enolates 30a and 30b, which were

(>=C<R (),N—@-CO,H 0 R

H H
27a, R = Ph 28a, R = Ph
b, R = An b, R = An
LiN(-Pr),
—_— —_—
R \O R OLi
29a, R = Ph 30a, R = Ph
b,R = An b,R = An
N£,0
—=k
R/ ONf
18,19

subsequently treated with the anhydride. The nonaflates 18
and 19 could be isolated using this method in yields of 40~
50%.

As starting material for the preparation of the 2-cyclopro-
pylcyclobutenyl triflate (20) again the corresponding ketone
33 was chosen. For the synthesis of 2-cyclopropyleyclobuta-
none 33 the method of Trost was applied.?® Cyclopropyldi-
phenylsulfonium tetrafluoroborate (31) was reacted with cy-
clopropylcarboxaldehyde (32) for 5 min under basic conditions
forming 2-cyclopropylcyclobutanone (33). Despite the fact that

.
[ >—sPnBFR D—CHO
31 32

NaOH/Me,S50 0
ettt Y

H
33

aldehyde 32 was used in excess, the desired ketone 33 could not
be isolated in yields higher than 40% based upon the sulfonium
salt 31 used. This is due to the low stability of the cyclopro-
panecarboxaldehyde (32) under the strongly basic conditions.
Increasing yields up to 55% were obtained with an inverse
addition technique (see Experimental Section).

All attempts to prepare the 2-cyclopropylcyclobutenyl
nonaflate using the above-mentioned method via the lithium
enolate were unsuccessful: only unidentified and polymeric
products were isolated.

In contrast to the nonaflate the 2-cyclopropylcyclobuteny!
triflate (20) was synthesized in low yield by treating ketone 33

[;./‘ESO LCF,

- A

OTf

33 20

Scheme IV
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with potassium hydride?! and trifluoromethanesulfonic acid
imidazolide?? with very short reaction times. Triflate 20 is not
very stable; it decomposes within 24 h even at lower tempera-
tures,

To study the influence of 3 substituents on the formation of
a cyclobutenyl cation, attempts were made to synthesize the
phenyl- and anisyl-substituted nonaflates 22 and 23. For the
synthesis of 3-phenylcyclobutenyl nonaflate (22) the prereq-
uisite, 3-phenylcyclobutanone (37), was prepared according
to the sequence in Scheme IV. This differs from the syntheses
described in the literature,®? containing fewer and experi-
mentally less demanding steps.

As shown in Scheme 1V first the 2,2-dichloro-3-phenylcy-
clobutanone (36) is prepared from styrene (34) and dichloro-
ketene (35).24 Ketone 36 can be reduced either by triphenyltin
hydride or zinc powder in acetic acid in very high yields. The
latter procedure was used.

The synthesis of 3-phenylcyclobutenyl nonaflate (22) from
ketone 37 turned out to be very difficult. All reactions with
ketone 37 can only be done at room temperature or even better
at 0 °C. Heating the ketone, for example, with trimethyl-
chlorosilane in triethylamine, in an attempt to prepare the
corresponding enol trimethylsilyl ether.2® gave the thermally
rearranged product 38. Attempts to enolize ketone 37 by using

Ph \C=C/H
n~ c—CH

38

lithium diisopropylamine in glvme at 0 °C followed by reaction
with either nonafluorobutanesulfonic imidazolide or nona-
fluorobutanesulfony! chloride gave only very small amounts
of the nonaflate 22 along with unidentified polymers. Also,
the reaction of 37 with sodium hydride in glyme at room tem-
perature, followed by treatment with nonafluorobutanesul-
fony! fluoride, did not yield the required nonaflate 22. Finally
3-phenylcyclobutanone (37) was reacted with nonafluorobu-
tanesulfonic acid anhydride in methylene chloride in the
presence of sodium carbonate at 0 °C, using the original
method of preparing nonaflates and triflates.’ Careful chro-
matographic purification allowed the isolation of 22 in low
yield.

Scheme V shows the synthesis of 3-anisylcyclobutanone (40),
which was prepared from the dichlorocarbene adduct 39. The
nonaflate 23 could not be obtained in pure state despite many
attempts.

Results and Discussion
The high solvolytic reactivity of 1-cyclobutenyl nonaflate
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Tabte II. Solvolysis Rates of Cyclobutenyl Nonaflates in Aqueous
Ethanol Mixtures

Table III, Rate Constants for 16 at Different pH in 50% EtOH-H,0O
at522°C

AH¥,
nona- temp, keal/
flate solvent °C k.s™! kel mol

16 50% EtOH 512 257X 1073 1 23.6
+ 0.021
50% EtOH 74.8 3.27 X 1074
+ 0.08
80% EtOH 748 3.23 X 1073
+ 0.04
17 50% EtOH  28.8 3.01 X 10~4 130 20.2
+ 0.08
50% EtOH  50.8 320X 1073
+0.06
80% EtOH 288 2.38 X {075
+0.1
80% EtOH  50.8 3.50X 10~4
+ 0.04
18 50% EtOH 51.8 2.61 X 1075 1 25.3
+ 0.04
50% EtOH  75.2 390 X 10~4
+ 0.02
80% EtOH 752 6.10 X 10-°
+ 0.1
19 50% EtOH 51.8 9.50 X 1075 3.7 22.4
+ 0.33
50% EtOH  75.2 1.01 x 10-3
+ 0.1
80% EtOH 752 348X 1074
+ 0.0}
21 50% EtOH 50.5 592X 1073 2.3 23.2
+0.09
50% EtOH  75.0 7.60 X {0~4
+ 0.1
80% EtOH 750 1.54 x 1074
+0.08
Scheme V
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(16) with respect to other cyclic vinyl nonaflates (vide supra)
points to a stabilized intermediate vinyl cation. Cyclobutanone
(24). the major solvolysis product in 50% ethanol/water,
however, could also have been formed by an alternate mech-
anism, e.g.. a sulfur-oxygen cleavage of the nonaflate. The
main task therefore was to prove a vinyl cation mechanism in
the solvolysis of 16 and to exclude other competing mecha-
nisms.3

Cyclobutenyl nonaflate (16) was solvolyzed in solvents of
different nucleophilicity and ionizing power, the resulting re-
action products were identified, and the solvolysis rates were
measured. The solvolysis of 16 in 50% ethanol/water con-
taining triethylamine as a base at 100 °C gave cyclobutanone
{24) as the main product, thus leading mostly to a nonrear-

+ H—C==CCH.CH,OH

EtOH/H,0
TE
—d A
AN 41

ONf 0
16 24

pH kX 105,571 pH kX 1055714
3.2 2.66 7.2 2.74

4.2 2.55 8.2 2.86

5.2 2.69 9.2 2.83

6.2 2.57

9 Average error 1.7%.

ranged compound. Of the expected rearranged products,
namely, cyclopropanecarboxaldehyde (32) and 3-butyn-|-ol
(41), only 3-butyn-1-ol (41) was detected. The product com-
position therefore is in accordance with the results obtained
in the solvolysis of the two other “homopropargyl isomers”,
leading to the vinyl cations given in Scheme I1I: cyclopropyli-
denemethyl bromide (11, R = H) in 50% aqueous methanol
solvolyzes with complete rearrangement to form cyclobutanone
(24).12 The solvolysis of 3-butyn-1-yl triflate (7, R = H) in
trifluoroacetic acid yields exclusively cyclobutanone (10, R
= H, in Scheme I).

The predominant formation of cyclobutanone from these
three diverse precursors is in agreement with recent ab initio
calculations about the relative stabilities of the unsubstituted
cyclopropylidenemethyl cation 12 (R = H) (Scheme I1) vs. the
cyclobutenyl cation 6 (R = H). According to these calculations
one can safely predict that the cyclobutenyl cation (12, R =
H)' is more stable than the cyclopropylidenemethyl cation
(6, R = H).

Table [ lists the solvolysis rates of cyclobutenyl nonaflates
in different aqueous ethanol mixtures,

To exclude an addition-elimination mechanism in the sol-
volysis of 16, the rate of 16 was measured at different pH. As
the data in Table II1 show the solvolysis rate was constant in
the pH range of 3.2-9.2 in 50% ethanol, ruling out an elec-
trophilic addition to the double bond of 16.3

Toobtain further insight into the mechanism of the solvol-
ysis of 16 an attempt was made to capture the intermediate
cyclobutenyl cation by use of other solvents. Reaction of the
nonaflate 16 in absolute trifluoroethanol (TFE). buffered with
triethylamine (TEA), at 75 °C for 10 days gave cyclobuten-
I-yl trifluoroethy! ether (42) and ketal 43 in a ratio of 10:1. The

abs TFE
—_ +
—_— TEA —_—
. OCH.CF
ONf OCH.CF. OCH.CF.
16 42 43

formation of the enol ether 42 can be explained only by post-
ulating an intermediate cyclobuten- |-yl cation. The ketal 43
is formed by the addition of TFE to the enol ether 42. An ad-
dition-elimination mechanism for the solvolysis of cyclobutenyl
nonaflate (16) in TFE was excluded by carrying out the reac-
tion in absolute CF3CH>OD under the conditions mentioned
above. The enol ether 42 obtained did not contain any deute-
rium, thus unequivocally ruling out such a mechanism.2¢
Conclusive evidence for the intermediate formation of a
four-membered cyclic vinyl cation was obtained by solvolyzing
16 in absolute TFE buffered with TEA containing a tenfold
excess of tetracthylammonium bromide at 75 °C for 10 days.
The product analysis showed that cyclobuten-1-yl bromide
(44) and cyclopropylidenemethyl bromide (45) were formed
in a ratio of 85:15 along with enol ether 42 and ketal 43.
The formation of the cyclobutenyl bromide 44 and the
rearranged cyclopropylidenemethy! bromide 45 along with 42
and 43 could be explained via ion pairs as shown in Scheme V1.
In the solvolysis reaction the solvation of the leaving group
leads to the solvent separated ion pair 46. The enol ether 42 and
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Scheme VI
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the intermediate ion pair 47 are formed from the ion pair 46.
The rearrangement to form the cyclopropylidenemethyl bro-
mide 45 occurs in the solvent separated ion pair 46. The ad-
dition of excess tetraecthylammonium bromide made the special
salt effect possible and the cation 46 had enough time to
rearrange and capture the more nucleophilic bromide.2

These results are in agreement with our earlier work on the
solvolysis reactions of other substituted cyclopropylidene-
methyl bromides and homopropargy! sulfonates. The bromides
44 and 45 are stable under the conditions of solvolysis (75 °C).
To bring them to solvolysis, higher temperatures than 75 °C
are required.'?

2-Methylcyclobutenyl nonaflate (17) was found to solvolyze
130 times faster than the parent compound in 50% EtOH
(Table 1).27 The Winstein-Grunwald m value was found to be
m = 0.67 (at 29 °C), which is in good agreement with a vinyl
cation mechanism.?

The solvolysis products obtained were mostly formed
without rearrangement and consisted of 90% 2-methylcyclo-
butanone (48), 4% enol ether 49, and 5% of 3-pentyn-1-ol (51).

50% EtOH
R —
—_— TEA
HC ONf HC o
17 48
+ . + {>—<ﬁ-—cn
HC OCH, 0
49 50
+ H,CC=CCH,CH,0H

51

Only a small amount (1%) of the rearranged cyclopropy!
methyl ketone (50) was found in the product mixture. There-
with the product composition is again qualitatively the same
as obtained in the solvolysis of the corresponding cyclopropy-
lidenemethyl bromide 11 (R = CH3)!? and the homopropargyl
derivatives 7, R = CH3: X = OTs, OTf.28 Solvolysis of 17 in
absolute TFE gave the corresponding enol ether 52 and the
ketal 53 and a small amount of the propargyl ether (54), as
expected for a vinyl cation mechanism. 83 is formed from the
eno!l ether 52 by addition of TFE to the double bond.

The higher reaction rate of 2-methylcyclobutenyl nonaflate
(17) compared to the parent cyclobutenyl nonaflate (16) is
another indication for the formation of a bridged vinyl cation
(85, R = CH3) which is additionally stabilized by the methyl
group in the 2 position.

abs TFE
—_—
_ TEA —
HC ONf HC OCH,CF,
17 5
+ + H,CC=CCH,CH,OCH,CF,
OCH,CF, 54
H.C OCH.CF,
53
3:{‘ N
R
55

When one compares the rate of 2-methylcyclohexeny! tri-
flate (56) with the rate of cyclohexenyl triflate (57) under the

: :O'I‘f OTf
CH,

56 57

same conditions the former solvolyzes only ten times faster
than the latter.® Relief of steric strain in the transition state
can therefore only in part be made responsible for the high
increase in the rate of 2-methylcyclobuteny! nonaflate (17)
over cyclobutenyl nonaflate (16).

As shown in Table I1. 2-phenylcyclobutenyl nonaflate (18)
in contrast to the 2-methyl derivative 17 solvolyzes approxi-
mately at the same rate as the parent compound 16. To exclude
an addition-elimination mechanism? for the solvolysis of 2-
phenylcyclobuteny] nonaflate (18) the solvolysis rates were
measured in a pH range of 4-10. As shown in Table IV the
reaction rates are practically independent of the pH, which
establishes that the solvolysis does not proceed via an addi-
tion-elimination process to the double bond. The m value for
this system was found to be 0.49, which is low, but still indic-
ative for a S process for vinyl derivatives.?

2-Anisylcyclobuteny! nonaflate (19), as shown in Table 11,
also does not show a large rate acceleration. It only reacts 3.7
times faster than cyclobutenyl nonaflate (16).

The small influence of the phenyl and the anisyl group in the
2 position of the cyclobutenyl system on the solvolysis rate in
comparison with the methyl group in 17 can be explained with
the negative inductive effect of the aryl groups. A mesomeric
stabilization of the intermediate bridged vinyl cation 55 (R =
Ph) would require a rotation of the phenyl group. In the
starting nonaflates 18 and 19 the phenyl group is in the same
plane as the cyclobutenyl ring. thus allowing maximum con-
jugation with the double bond.

The solvolysis products of 18 and 19 in 50 and 80% aqueous
ethanol were formed with rearrangement. Thereby a viny!
cation mechanism and the influence of the substituent in the
2 position on the product composition according to Scheme 11
is demonstrated. The solvolysis of 2-phenylcyclobutenyl
nonaflate (18) in 50% EtOH yields pheny! cyclopropyl ketone
(58). 2-phenylbutanone (59), and the homopropargyl deriv-

50% EtOH Ph—C

[ TEA "

Ph ONf 0

18 58 (319)
+ + PhC==CCH,CH,OR
60a, R = H (34%)
Ph 0 b. R = Et (18%)
59 (179)
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Table IV. Solvolysis Ratcs of 2-Phenylcyclobutenyl Nonaflate (18)
in 50% EtOH at Different pH Values, 75.2 °C

pH kX 104 s7! pH kX 104 s7!
4 3.92 £0.06 8 3.86 £ 0.06
5 3.84 £ 0.01 9 3.82 £0.06
6 3.89 £0.04 10 3.88 £0.04
7 390 £0.02

atives 60a and 60b. In 80% EtOH the product composition is
only slightly different.

In the solvolysis of 2-anisylcyclobutenyl nonaflate (19) in
809% aqueous ethanol (buffered with TEA) anisyl cyclopropy!
ketone (61) and 2-anisylcyclobutanone (62) were found in a
ratio of 1.3:1.

. — An—ﬁ% +
0 An

An ONf
19 61 62

The products formed in the solvolysis of 18 and 19 compare
well with the solvolysis products of cyclopropylidenemethyl
bromides (11, R = Ph, An)!"!3 under the same conditions. In
both cases the cyclopropy! ketones 58 and 61, respectively, were
formed in comparatively high yield demonstrating the stabi-
lizing effect of a phenyl and anisy! group, respectively, on the
corresponding cyclopropylidenemethyl cations 12 (Scheme
I1). The vinyl! cations 12 can be formed either directly from the
cyclopropylidenemethy! bromides (11, R = Ph and R = An)
or by rearrangement according to Scheme Il from the cyclo-
butenyl nonaflates 18 and 19, respectively, via the cyclobutenyl
cations 6 (Scheme I1).

As shown earlier the stabilizing effect of a cyclopropane ring
on a vinyl cation is especially large. Cyclopropylcyclopropyl-
idenemethy! bromide (11, R = cyclopropyl) is one of the fastest
solvolyzing vinyl bromides. Depending upon the solvent,
nonrearranged products like dicyclopropyl ketone (63) via the
highly stabilized cyclopropylcyclopropylidenemethyl cation
(12, R = cyclopropy!) (Scheme I1) are formed.!*> As expected
therefore in the solvolysis of 2-cyclopropylcyclobutenyl triflate
{20)in 80% EtOH dicyclopropy! ketone (63) was found to be
the main product (86%) beside small amounts of the homo-
propargy! alcohol 64a, the ether 64b, and two unidentified
products.

2-Cyclopropyleyclobutenyl triflate (20) gave on solvolysis
in absolute TFE major amounts (67%) of the rearranged ketal
(65) besides the enol ether (66, 7%). the homopropargy! ether

i~
63

“+
[>——CEC—CH_,—CH_,OR

64a. R = H (4%)
b, R = Et (4%)

o

80% EtOH
—_—_—
—_— TEA

\OTf

TEA | abs TFE

OCH.CF,
RO” TOR

65 66

+64a + 64c (R = CH,CF,)
(6dc, R = CH,CF;. 11%), and the alcohol (64a, 1%). Ketal
65 was formed by addition of TFE to the initially obtained
trifluoroethyl enol ether of 63.28

The effect of a methyl group in the 3 position of the cyclo-
butenyl system is comparatively small. 3-Methylcyclobutenyl
nonaflate (21) only solvolyzes 2.3 times faster than the parent
compound, but this still indicates a rate enhancement and
therefore a stabilizing effect of the 3-methyl group on the
positive charge in the bridged cyclobutenyl cation 67 (R =
CH3).

Owing to the difficulties in synthesizing the 3-methylcy-
clobutenyl nonaflate (21) only the major solvolysis products
of 21 in 50% aqueous ethanol were identified. Beside minor
unidentified products, 3-methylcyclobutanone (26) and the
secondary homopropargyl alcohol (68) were formed, demon-

HC HC

T -

ONf (0] OH
21 26 68

strating a vinyl cation mechanism. As described above for the
2-substituted cyclobutenyl derivatives, also in the case of 3-
methyleyclobuteny! triflate (21) the solvolysis products can
be generated, starting with the corresponding two other “ho-
mopropargy! isomers’": 3-methylcyclobutanone (26) as well
as |-pentyn-4-ol (68) are found in the solvolysis of the stere-
oisomeric 2-methylcyclopropylidenemethyl bromides (69)°
(50% EtOH). 3-Methylcyclobutanone (26) and the alcohol
68 are formed in the trifluoroacetolysis of 1-pentyn-4-y! p-
nitrobenzenesulfonate (70).3° The results are in agreement
with the generation of the same cationic intermediates, starting
either from 21, 69, or 70.

H

HC
/H HC==CCH,CHCH,
‘ >=__ |
Br OSO_,—< >—NO_,

69 70

The solvolysis of 3-phenylcyclobutenyl nonaflate (22) fol-
lowed a more complicated reaction path and was mostly con-
trolled not by a solvolvsis reaction but by a thermal rear-
rangement to form open-chain compounds. In spite of the fact
that strongly ionizing solvents like TFE and hexafluoro-2-
propanol (HFIP) were used. the rate of thermal ring opening
of 22 was faster than the solvolysis rate.

In 50% aqueous ethanol at 34 °C (buffered with TEA) 22
was completely rearranged after 53 h with formation of 71, 72,
and 73.

+ HC==CCH.CHCH,

Ph
Ph H
50% EtOH
. DEEOR, e
H o~
ONF ?, CH,
22
71
OH
Ph H
_ -
+ PhCHCH.C==CH + C=C H
~ e
72 H (=C
7 H
OEt
73

The formation of the homopropargy! alcohol 72 is an indi-
cation for a solvolytic process in which the 3-phenylcyclobu-
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tenyl cation (67, R = Ph), as one should expect, rearranges to
the more stable secondary homopropargy! cation 74, stabilized
by the neighboring pheny! group. However, 72 is formed only
in low yields, the ratio of 71 and 73 to 72 being 14:1, as shown
by gas chromatography.

PhC+*HCH,C=CH
74

We surmised that at the employed reaction temperature of
54 °C most of the 3-phenylcyclobutenyl nonaflate (22) rear-
ranged to the open-chain nonaflate 75, which then subse-

Ph
Ph
2, \C=C/H H
—_— H/’ \C=C/
ONf / ~
ONf H
22 75

quently solvolyzed to 71 and 73. In fact the thermal rea:-
rangement of 22 was followed by NMR spectroscopy in CCly
solution with cyclohexane as an internal standard at 54 °C.
After 30 h the starting nonaflate 22 was no longer detectable
and a compound which was assigned structure 75 was the only
product (other than cyclohexane) in the spectrum. The half-life
of the rearrangement 22 — 75 (54 °C) was 10 h, giving a rate
constant of 2.0 X 1073 s~ 1, and therewith quite close to the rate
of the thermal rearrangement of 3-phenylcyclobutene.?!

To avoid the thermal rearrangement, two alternatives were
tried, lowering the reaction temperature and changing the
solvent to one with greater ionizing power. When compound
22 was solvolyzed in 20% aqueous EtOH for 109 h at 30 °C,
beside a very small amount of the homopropargy! alcohol 72
only unreacted nonaflate 22 and ketone 71 were observed in
aratioof 3:1, When using either TFE or HFIP as a solvent at
room temperature 3-phenylcyclobutenyl nonaflate (22) was
recovered in both cases unchanged after 13 days. Therefore
the temperature was raised again and 22 solvolyzed in 97%
HFIP at 48 °C for 29 h.

In principle the product composition did not change in
comparison with the results obtained in 50% EtOH: 71 and 72
were formed in a ratio of 2:1 beside the ether 76.

Ph

Ph H

HFIP ™~ —c H
_ Na,co, '\C=C/
; e ™~
ONf 0% H

22 76

+ 71 + 72
X = CH{CF,;)

The results of the solvolysis reactions of the perfluorosul-
fonates 16-21 are summarized as follows. 1-Cyclobutenyl
nonaflates (and triflates) solvolyze in aqueous ethanol/water,
aqueous trifluoroethanol, and absolute trifluoroethanol via a
vinyl cation mechanism. In spite of their small ring size the
I-cyclobutenyl nonaflates solvolyze with rates which are in the
same range as that of the fast-reacting |-cyclooctenyl nonaflate
{2b) and 10? times faster than the I-cyclohexenyl nonaflate
{1b) though the energetically favorable linear arrangement for
a vinyl cation cannot be reached in a |-cyclobutenyl system.

To explain the high solvolytic reactivity of the 1-cyclobu-
tenyl nonaflates stabilized bridged cyclobuteny! cations, e.g..
14, 55, or 67, are proposed as intermediates. 1-Cyclobutenyl!
nonaflates substituted in the 2 and 3 positions show charac-
teristic substituent effects on the solvolysis rate, e.g.. 2-meth-
ylcyclobutenyl nonaflate (17) solvolyzes 130 times faster than
the parent 1-cyclobutenyl nonaflate (16), thereby also pointing
to the charge delocalization in the 1-cyclobutenyl cations.

The vinyl cation mechanism for 1-cyclobutenyl nonaflates
is also proven by its rearrangement reactions during solvolysis:
all I-cyclobutenyl nonaflates solvolyze with formation of cy-
clobutenyl, cyclopropylidenemethyl, and homopropargyl de-
rivatives, the exact product composition being dependent upon
the substituent pattern in the starting I-cyclobutenyl nona-
flates. The rearrangement products are formed via the cyclo-
butenyl. cyclopropylidenemethyl, and homopropargyl cations
according to Scheme 11.

The same solvolysis products which are obtained from |-
cyclobuteny! nonaflates and triflates are also formed in the
solvolysis of either cyclopropylidenemethyl (11) or homopro-
pargyl derivatives (7). thereby indicating that the solvolysis
of 11 and 7 proceeds through the same intermediate vinyl
cations as those generated from the l-cyclobutenyl nona-
flates.

Experimental Section

General. The boiling points given are all uncorrected. Infrared
spectra were obtained from films on NaCl plates using Beckman IR
4, Perkin-Elmer Model 21, or PYE Unicam SP 1000 spectropho-
tometers. 'TH NMR spectra were recorded on Varian A-60, Varian
EM 360. and Bruker HX 90 instruments with pulse Fourier transform
mode and chemical shifts are reported in parts per million downfield
from internal MesSi. 13C and 'F NMR spectra were taken on a
Bruker HX 90 instrument with Me4Si and CFCl; as internal standard,
respectively. Mass spectra were obtained from a Varian MAT 311
and MS9 of AEl Manchester. GC-MS were recorded ona LK B 900
instrument.

Analytical GC was carried out on Hewlett-Packard 5750 and 5720
instruments with flame ionization detector. Preparative GC was
performed on a Varian P90 and Hewlett-Packard 5750 and 5720
equipped with a thermal conductivity detector and using helium as
carrier gas. The columns mostly used are (A) 4 mm X 3 m copper
column packed with 1% DEGS on Chromosorb P (60/80 mesh): (B)
2mm X 3 m steel column packed with 10% Carbowax 20M-TPA on
Varaport (80/100 mesh); (C) 4 mm X 3 m glass column packed with
10% Carbowax 20M on Chromosorb P (80/100 mesh).

A. Synthesis of Cyclobutanones (25, 26, 29a, 29b, 33, 37, and 40).
The syntheses of 2- and 3-methylcyclobutanones (25 and 26) were
carried out according to the multistep procedure of Conia.’2 The
physical and spectral properties were identical with the reported
data.3?

2-Phenyl- and 2-anisylcyclobutanone (29a and 29b) were prepared
by the epoxidation of the corresponding (aryleyclopropylidene)-
methanes.'® The physical and spectral properties of 2-phenyleyclo-
butanone were similar to those of the one prepared by Trost.?? The
experimental details are demonstrated below for the example of 2-
anisvicyclobutanone.

2-Anisylcyclobutanone (29b). To a stirred suspension of p-nitro-
perbenzoic acid (15 g. 82 mmol) in CH,Cl; (40 mL) cooled in anice
bath was added (p-anisylcyclopropylidene)methane!® (7 g, 44 mmol)
dissolved in CH»Cly (40 mL) slowly. After | h the reaction mixture
was filtered, and the CH,Cls layer was washed twice with sodium
hydroxide solution (1 mol) and three times with water and dried over
MgSO,. Evaporation of CH»Cl; and column chromatography over
silica gel (benzene-hexane, 1:10) gave | g (13%) of ketone 29b: bp
80 °C (bath temperature) (0.006 Torr); IR 1790 cm~!; 'H NMR
(CCly) 61.85-2.75(m, 2 H), 2.9-3.35(m. 2 H), 3.7 (s, 3 H). 4.3 (m,
I H), 6.9 (m,4 H). Anal. (C;1H,0;) C. H.

2-Cyclopropylcyciobutanone (33). To a mixture of 1.8 g (30 mmol)
of cyclopropylcarboxaldehyde and 8.0 g (25 mmol) of cyelopropyl-
diphenylsulfonium tetrafluoroborate?? in 150 mL of absolute Me,SO
was added 2.0 g (50 mmol) of finely powdered NaOH in 0.3-g portions
within 30 min at room temperature and under N atmosphere. The
clear, pale orange solution was treated with | mL of acetic acid. The
reaction mixture was then poured into water, saturated with N H4Cl,
and extracted several times with ether-benzene (1:1). After ncu-
tralization of the organic phase with saturated NaHCOj and drying
over Na,SQOy. the solvent was distilled off and the product chroma-
tographed over silica gel (eluant ether-methylene chloride, 2:1) to
give 1.45 g (54% based on the sulfonium salt) of the ketone 33: bp 168
°C (690 Torr); IR 3070, 1787, 1020, 815 cm~!; '"H NMR (CCly) 6
0.17-0.6 (m, 4 H),0.6-1.15(m, 1 H), 1.34-2.43 (m, 2 H), 2.7-3.38
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{(m. 3 H): mass spectrum n/e (rel intensity) 110 (molecular ion, ab-
sent), 82 (14), 68 (86), 67 (100). Anal. (CsH,p,0) C. H.

3-Phenyl- and 3-anisylcyclobutanone (37, 40) were obtained by the
dichloroketene addition?* to styrene and p-methoxystyrene and
subsequent dechlorination with Zn-HOAc.3* The spectral properties
of 3-phenylcyclobutanone were identical with the reported values.?4
3-Anisyleyclobutanone (40): bp 96-99 °C (0.005 Torr); IR 1780
e~ TH NMR (CCly) §3.23 (m, 4 H), 3.52 (m, t H), 3.7 (s.3 H).
6.93 (q.4 H.J = 4 Hz).

B. Preparation of Cyclobutenyl Nonaflates. Cyclobuteny! Nonaflate
(16). A mixture of cyclobutanone (1.75 g, 25 mmot) and tri-n-butyl-
amine (9.25 g, 50 mmol) was added to nonafluorobutanesulfonic acid
anhydride (17.5 g. 30 mmol) cooled in an ice-salt bath while stirring
under nitrogen atmosphere. After the reaction mixture was allowed
to conie to room temperature overnight it was stirred for 24 h. The
nonaflate formed was then condensed into a cold trap at =78 °C at
0.1 Torr. The condensate (stench!) consisting of two layers was
chromatographed over silica gel with petroleum ether (bp 40-60 °C)
as cluant. Afier the petroleumn ether was distilled off. the residuc was
purified by short-path distillation to give 1.3-1.7 g (13-17%) of pure
16: bp 82-88 °C (bath temperature, 22 Torr): IR 1645, 1440, 1250,
F150em™ 1 ' HNMR (CCly) 62.25(m. 4 H), 2.95(m. 4 H), 5.4 (m,
I H); 13C NMR (CDCl;) 138.3, 116.7, 34.08, 21.3 ppm; 19F NMR
(CDCly internal standard CECL) ® 81.6, 11038, 121,87, 126.6: iass
spectrum mi/e (rel intensity) 352 (molecular ion, 6), 219 (7), 69 (88),

2-Methylcyclobuteny! Nonaflate (17). This nonaflate was also
prepared in a similar-way to yield 10-12% of a liquid. 17: bp 90-.95
°C (bath temperature, 18 Torr); IR 1640, 1250, 1215, 1150 cm™*;
'"H NMR (CClg) 6 1.8 (m, 3 H), 2.2 (m. 2 H), 2.8 (m. 2 H). Anal.
(CoH7S0;Fq) C, H.

3-Methyicyclobutenyl nonaflate (21) was also prepared in analogous
nianuer. 21: IR 1630, 1250, 1210, 1150 cm~1: 'H NMR (CCly) 6 1.2
(d.3 H),2.2-3.4 (m,3H).5.5(brs. 1 H).

2-Phenylicyclobutenyl Nonaflate (18). Because the normal procedure
of treating the ketone with anhydride in CH,Cl; in the presence of
Nua,COj; vielded only traces of nonaflate, the following modification
was uscd in this case. Methyllithium (2 M solution in ether, 3.4 mi.,
6.8 mmol) was stripped of ether and glyme (15 mL) was added. The
flask was cooled in an ice bath and diisopropylamine (0.84 ml.. 6.0
inmol) was added under N,. The mixture was stirred at ice bath
temperature for 40 min. Then the flask was cooled in a dry ice-
methanol bath and a solution of 2-phenylcyclobutanone (0.66 g, 4.52
mmol) in glyme (5 mL) was injected into the flask very slowly. The
reaction mixture was then stirred at =78 °C for 1.5 hand in anice
bath for another 10 min. Then the flask was cooled to =78 °C and
nonafluorobutanesulfonic acid anhydride (3.5 g, 6.0 mmol) was added
very slowly. After the addition, the reaction mixture was stirred while
the dry ice in the bath gradually melted (about 2 h) and then at am-
bient temperature for 14 h. After the solvent was removed on a rotary
evaporator, the residual yellow liquid was chromatographed over silica
gel and eluted with petroleum ether (bp 40-60 °C)-benzene (12:1)
mixture. The first 200 mL of eluate contained the required nonaflate
18: bp 90-95 °C (bath temperature) (0.001 Torr): 0.748 g (38.6%):
IR 1265, 1175em~1:'H NMR (CCly) 6 2.5 (t.2 H,J = 3 Hz), 3.04
(t.2 H. J = 3 Hz), 7.38 (m, 5 H). Anal. (C14HsSO3Fy) C. H. S,
F.

2-Anisylcyclobutenyl Nonaflate (19). This was prepared by the same
method as for 18, vield 24%. 19: '"H NMR (CCly) 6 2.46 (m, 2 H), 3.0
(m, 2 H).3.75 (s, 3 H), 7.06 (m, 4 H).

2-Cyclopropylcyclobutenyl Triflate (20). KH (330 mg, 25% in
mineral oil, 8.5 mmol) was washed with THF to remove the mineral
oil and suspended in 5 mL of absolute THF. This suspension was
cooled 1o 0 °C and treated with 550 mg of cyclopropylcyclobutanone
(5.5 mmol). The reaction mixture was cooled to —75 °C and imida-
zolide triflate2? (1.15 g, 6 mmol) was added. 1t was then allowed to
come to room temperature and stirred for 2 days. Pentane (15 mL)
was added. 1he mixture filtered. and the solvent removed. Chroma-
tography over silica gel with benzene-ether gave the triflate (30 mg,
29%). 20: IR 1430, 1235, 1215, 1150, 1016, 820 cm~': 'H NMR
(CCly) 6 0.5-1.05 (m, 5 H), 1.96 (t, 2 H, J = 2.8 Hz), 2.78 (1, 2
H).

3-Phenylcyclobutenyl Nonaflate (22). To a cooled (ice bath) and
stirred suspension of nonafluorobutanesulfonic acid anhydride (9.9
g, 17 mmol) and dry Na>CO3 (4 g, 37.7 mmol) in CH»Cl, (25 mL)
was added 3-phenylcyclobutanone (2.0 g, 13.7 mmol) in 5 mL of
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CH>Cl, under N,. The reaction mixture was stirred at room tem-
perature for 45 h after the ice was allowed to melt away. It was then
filtered and the solvent removed. Two phases were formed: the lower
phase consisting of excess anhydride was removed and the upper layer
chromatographed over silica gel. Elution with petroleum cther (bp
40-60 °C)-benzene in the ratio of 12:1 gave a liquid which was dis-
tilled to give 83 mg (1.4% yield) of the required nonaflate. More than
909 of the starting material was recovered from the column by elution
with benzene. 22: (83 mg. 1.4%): bp 90 °C (bath temperature, 0.001
Torr): IR 1610. 1430, 1245, 1175 cm~: '"H NMR (CCls) 6 2.5-3.9
(m,3 H).5.68 (brs. I H),7.25(m, 5 H).

3-Anisylcyclobutenyl Nonaflate (23). This nonaflate was prepared
in the same way as 22, 64 mg (impure, 1.4%). 23: bp 100 °C (bath
temperature, 0.005 Torr): '"H NMR (CCly) 5 2.0-3.0 (m, 3 H), 3.74
(s, 3 H).5.05 (brs, I H), 698 (q. 4 H).

C. Kinetics. The rates of solvolysis of the sulfonate esters were
measured by a continuous automatic titration method using a com-
bititrator as described previously.35 The rate of reaction was evaluated
from the curve by the Guggenheim method and by a least-squares
computer program for first-order reactions. The rates of reaction are
given in Table 11,

D. Product Analysis. The nonaflates were solvolyzed in appropriate
solvents (30-40 fold) containing triethylamine as buffer (one- to
twolold) at the given temperziure in a seated ampule with stirring,
They were then directly analyzed by GC or worked up as described
for individual cases.

Cyclobuteny! Nonaflate (16). A. 50% EtOH, 100 °C, 2 Days. Only
cyclobutanone was detected by GC using column A. With column B
butyn-1-ol (41) was detected to an extent of 30%.

B. Absolute TFE, 75 °C, 10 Days. The enol ether (42) and the ketal
(43) were detected by GC (column B, 90 °C) in 82 and 8.3% yield,
respectively, besides 9.7% of cyclobutanone. They were separated by
preparative GC using coluin B.

42: 'H NMR (CDCl3) 6 2.15 (m, 2 H), 2.64 (m, 2 H), 4.13 (g. 2
H.J = 4 Hz), 4.61 (s, | H); mass spectrum n1/e {rel intensity) 153
(5.5). 152 (61.4, M*), 53 (74.3, cyclobutenium ion). 39 (base peak,
cyclopropeninm ion).

43: IR (CClg) 1072, 1140, 1170, 1280 cm™%; '"H NMR (CCly) 6
1.6-2.5 (m, 6 H), 3.78 (q, 4 H): mass spectrum mi/e (rel intensity) 240
(32), 224 (81), 153 (55), 57 (100), 53 (50).

C. Absolute TFE with Tenfold Excess of Tetramethylammonium
Bromide, 75 °C, 10 Days. The enol ether (42, 34%), the ketal (43,
0.9%). cyclobutenyl bromide (44, 45%), cyclopropylidenemethyl
bromide (45, 8.3%). and cyclobutanone (11.8%) were detected by GC
(column B, 60 °C) dircetly after the solvolysis. For separating the
components, the solvolysis mixture was extracted with ether. Most
of the ether was distilled off and the residue was used for preparative
GC (column B). The spectral properties of the separated bromides
were identical with the literature values.!” They were also identified
by combined GC/MS technique.

D. 80% TFE with Tenfold Excess of Tetramethylammonium Bro-
mide, 75 °C, 10 Days. The following products were identified by GC
(column B. 60 °C, 90 °C), the enol ether (42, 19%), cyclobutenyl
bromide (44, 39%), cyclopropylidenemethyl bromide (45, 6.5%).
cyclobutanone (25.5%), and butyn-1-ol (41, 10%).

E. Absolute CF3CH>0D, 75 °C, 10 Days. Similar product distri-
bution as in the case of CF;CH,OH was found. The enol ether ob-
tained was separated by preparative GC (column B, 90 °C) and an-
alyzed by NMR. Careful integration showed no incorporation of
deuterium in the enol ether (42) obtained from the solvolysis. More-
over, mass spectra of the enol ether obtained also indicated that no
deuterium was incorporated.

F. 50% EtOH-H;!%0 (6.25% Enriched in !80), 100 °C, 2 Days. The
cyclobutanone obtained was analyzed by GC/MS, which indicated
the presence of '%O. From a control experiment it was observed that
cyclobutanone itself underwent the isotope exchange reaction.

2-Methylcyclobutenyl Nonaflate (17). A. 50% EtOH, 50 °C, 62 h.
After the reaction mixture was cooled, it was saturated with NaCl and
extracted several times with smalt portions of ether. The ether phase
was dried over CaCl, and the solvent distilled. The residue was in-
vestigated by GC (3 m X 4 mm 10% Carbowax 20M on Chromosorb
P. acid washed, 60-80 mesh. oven temperature 90 °C) whereby 94.5%
of 2-methylcyclobutanone (48) and 1% of methy! cyclopropyl ketone
(50) were identified. A third peak which was present to an extent of
4.5% disappeared on treatment with I mL of 1 N HClI for 24 h. This
peak is therefore assigned to the enol ether (49). On repetition of the
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solvolysis at 75 °C for 3 days and analyzing the solvolysis mixture by
GC using column B and a higher oven temperature (130 °C), an ad-
ditional product, the 3-pentyn-1-ol (51, 5%), could also be detect-
ed.

B. Absolute TFE, 80 °C, 10 Days. The mixture obtained was ana-
lyzed by GC using column B (90 °C) and column C (100 °C). The
fotlowing products were identified by comparing with authentic
specimens: 2% the enol ether (52, 48%), the ketal (53, 47%). and 3-
pentyn-1-trifluoroethyl ether (54, 5%). 52 and 53 were also separated
by preparative GC and identified uncquivocally by TH NMR spec-
tra.

2-Phenylcyclobutenyl Nonaflate (18). A. 50% EtOH, 75 °C, 6 h.
After solvolysis the ethanol was removed by a rotary evaporator and
the product was extracted with ether and dried over MgSOy4. The
residue after removing the ether was separated into two fractions by
preparative TLC (silica gel, benzene). One fraction was identified as
the homopropargyl alcohol (60a, 34%). 60a: IR 2240 cm~!; 'H NMR
(CCly) 2.6 (m, 2 H), 3.02 (s, | H), 3.72 (m, 2 H), 7.3 (m, 5 H).

The second portion was separated by preparative GC and identified
as the ether (60b, 18%) [IR 2240 cm~!; 'H NMR (CCly) 6 1.2 (m,
3H), 2,62 (m.2H),3.5(m. 4 H), 7.3 (m, 5 H)]. phenylcyclopropy!
ketone (58, 31%), and 2-phenylcyclobutanone (59, 17%).

B. 80% EtOH. 75 °C, 6 h. The solvolysis product was worked up as
given above for the 30% EtOH solvolysis and the following compounds
were separated by preparative TLC and GC and identified: 58, 26%:
59, 14%: 60a, 13%; 60b, 47%.

2-Anisylcyclobutenyl Nonaflate (19). 80% EtOH, 75 °C, 6 h. The
products could not be separated by preparative TLC and GC. From
the IR and NMR spectra of the mixture two products were identified,
anisyl cyclopropyl ketone (61, 57%) IR 1670 cm=': 'H NMR (CCly)
$0.6-1.5(m, 4 H),386 (s, 3 H). 4.6 (m, | H). 7.5 (m.4 H) and 2-
anisylcyclobutanone (62, 43%).

2-Cyclopropylcyclobuteny! Triflate (20). A. 80% EtOH, 70 °C. 1
Day. After the solvolysis the reaction products were identified by
comparison with authentic samples?® in GC (column C). Dicyclo-
propyl ketone (63, 86%), the homopropargyl alcohol (64a, 4%). and
the corresponding ether (64b, 4%) were found.

B. Absolute TFE, 70 °C, 1 Day. Here the known products were
identified by comparing with authentic samples in GC and the new
products were separated by preparative GC and identified by their
spectral properties. The ketal (65, 67%): '"H NMR (90 MHz, CDCl;)
$0.42-0.71 (m,8 H),0.84-1.11 (m,2H),3.97 (q.4 H,J = 8.6 Hz):
mass spectrum /e (rel intensity) 292 (1), 264 (40), 251 (100). 193
(S1), 181 (21). 165 (20), 153 (16), 139 (24),83 (44), 81 (26), 77 (26),
69 (39). The enol ether (66, 7%): 'H NMR (90 MHz, CCl4~-CDCls)
0.42-0.73 (m, 4 H), 0.8-1.11 {m. 1 H), 1.73-1.87 (m, 2 H), 2.37-2.51
(m, 2 H), 4.2 (q. 2 H.J = 8 Hz); mass spectrum m/e (rel intensity)
192 (molecular ion), 191 (8). 177 (100). 109 (17). 93 (27). 79 (83).
Dicyclopropyl ketone (10%), the homopropargyl ether (64¢, R =
CH,CFs. 119%). and the alcohol (64a. 19%) were also obtained.

3-Methylcyclobuteny! Nonaflate (21). 50% EtOH, 75 °C, 4 Days.
From the solvolysis product 3-methyleyelobutanone (42%) and the
secondary homopropargyl alcohol (68, 58%) were identified by
comparing with authentic specimens?? in GC (column B).

3-Phenylcyclobutenyl Nonaflate (22). 50% EtOH, 54 °C, 53 h. From
the reaction mixture the homopropargyl alcohol (72) and the ring-
opened products 71 and 73 were identified by GC (column C, 180 °C)
by comparing the retention times with those of authentic samples.
Solvolysis at lower temperature (30-34 °C) in 20% EtOH with
Na,COj; as buffer gave the starting nonaflate and the ketone (71 in
3:1 ratio. In 97% hexafluoro-2-propanol at room temperature for 13
days noreaction occurred. But at 48 °C, the products 71, 72, and 76
werc detected by GC (column C, 180 °C), the compounds 71 and 72
being present in the ratio of 2:1.

Thermal Rearrangement of 22. A solution of 3-phenylcyclobutenyl
nonaflate in CCl, with cyclohexane as an internal standard was put

in a tightly capped NMR tube and heated in an oil bath maintained
at 34 °C, The thermal rearrangement was followed by NMR. After
30 h, peaks due to the starting material were no longer detectable and
a compound which was assigned structure 75 was the only product
other than the cyclohexane in the spectrum: 'H NMR 6 3.23 (¢, 2 H,
J =32Hz).6.77(q.2H.J = 16 Hz), 7.37 (m, 5 H). The half-life of
this rearrangement was estimated to be 10 h, the rate constant for the
thermal rearrangement being 2.0 X 107571,
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