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Rhodium(I) Catalysis of Vinylcyclopropane
Epimerization and Ring Cleavage Rearrangements
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Abstract; Vinylcyclopropanes undergo a novel epimerization reaction in the presence of dicarbonyl rhodium(I) chloride dimer
as catalyst. Studies with stereospecifically deuterium-labeled vinylcyclopropanes demonstrate that epimerization is coupled
with trans—cis isomerization about the C-C = bond. Zero-order kinetics are observed for rhodium(I) catalyzed ring cleavage
rearrangement of 1,1-dimethyl-2-vinylcyclopropane (21) and anti-7-vinylbicyclo[4.1.0]heptane (32). Though vinylcyclopro-
panes generally give 1,3- and 1,4-dienes by ring cleavage, 32 does not give any 1,3-dienes. These observations support a mecha-
nism for ring cleavage involving initial coordination of the vinyl group with rhodium(I) and stereospecific cis-3-hydride elimi-
nation from a subsequent metallocyclic allylrhodium(Il1) alkyl intermediate. A key cyclic »'-allylrhodium(11I) alkyl species
also readily accounts for the unique coupling of epimerization with isomerization.

The potential synthetic utility of metal promoted reac-
tions of vinylcyclopropanes is exemplified by rhodium cata-
lyzed rearrangements to give cyclopentenes (eq 1).! Trans-
formation of vinylcylopropanes into cyclopentenes has at-
tracted considerable recent interest in novel synthetic proce-
dures.2 However, these rearrangements require harsh condi-
tions of high temperature. Catalysis could ameliorate the re-
action conditions. Furthermore, rearrangements of vinylcy-
clopropanes may give completely different products in the
presence or absence of transition metals. Thus, in the absence
of transition metals, endo-7-vinylbicyclo[3.1.0Jhex-2-ene gives
bicyclo[3.2.1]-octa-2,6-diene by a [3.3] sigmatropic rear-
rangement (eq 2).> However, a stoichiometric rhodium(I)
complex of the same vinylcyclopropane rearranges to the
rhodium(I) complex of bicyclo[3.3.0]octa-2,6-diene,* the
product of a net vinylcyclopropane to cyclopentene conversion

(eq 3).
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L, = hexafluoroacetylacetonate

In many cases, rhodium(I) catalyzés cleavage of vinylcy-
clopropanes to give dienes (vide infra) under milder conditions
than required for similar thermal transformations (e.g., 1,5-
homodienyl hydrogen shift: eq 4).° Nickel complexes and iron
pentacarbonyl also catalyze ring cleavage isomerizations of
vinylcyclopropanes to give dienes.b In some cases, iron pen-
tacarbonyl transforms vinylcyclopropanes into cyclohexenones,
in which the carbonyl group is derived from carbon monoxide

(eq 5).7
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In the present study, rhodium(I) catalysis of vinylcyclo-
propane rearrangements, including a novel epimerization re-

action, is explored. The types and reactivities of transient or-
ganometallic species involved are characterized in order to
provide a rational basis for development of new applications
of homogeneous transition metal catalyzed rearrangements
to organic synthesis.

Results

A. Syntheses of Rearrangement Substrates and Products.
syn- and anti-3-Vinyl-exo-tricyclo[3.2.1.024]octane. The
syn- and anti-vinylcyclopropanes 1 and 2 were conveniently
prepared in 25% yield as a 37:63 mixture by the reaction of
vinyldiazomethane with norbornylene in the presence of cupric
trifluoromethane sulfonate.® The structural assignments were
confirmed by an independent multistep synthesis (Scheme I)

Scheme I
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commencing with the reaction of ethyl diazoacetate with
norbornylene to give the syn and anti isomers of ethyl exo-
tricyclo[3.2.1.0%4]octane-3-carboxylate, which have been
described previously.® These were reduced with lithium alu-
minum hydride. Oxidation of the resulting diols with chro-
mium trioxide in pyridine gave the corresponding aldehydes.
The major aldehyde was identical with exo-tricyclo-
[3.2.1.02#]octane-anti-carboxyaldehyde, which has been de-
scribed previously.® The minor aldehyde is, therefore, exo-
tricyclo[3.2.1.024]octane-syn-carboxaldehyde. The aldehydes
were converted to the corresponding vinylcyclopropanes via
Wittig olefination.

Stereospecifically Deuterated 7-Vinylbicyclo[4.1.0]heptanes.
exo-T-(trans-B-Deuteriovinyl)bicyclo[4.1.0]heptane (10) was
prepared by hydroalumination-deuteriolysis'? of exo-7-eth-
ynylbicyclo[4.1.0]heptane (8) (Scheme II). The latter was
obtained from exo-7-carboethoxynorcarane (3) by sequential
reduction with lithium aluminum hydride to give 4 and oxi-
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dation with chromium trioxide in pyridine to give §, Wittig
olefination with dibromomethylene triphenylphosphorane,
reaction of the resulting vinyl dibromide 6 with n-butyllithium,
and protonation with water of the lithium acetylide 7 to give
8.!! Deuteration of 7 with deuterium oxide gave the corre-
sponding deuterated acetylene (9), which gave exo-7-(cis-
B-deuteriovinyl)bicyclo[4.1.0)heptane (11) upon hydroalu-
mination protolysis. endo-7-(trans-8-Deuteriovinyl)bi-
cyclo[4.1.0]heptane (14) was prepared analogously via
endo-T-ethynylbicyclo[4.1.0]heptane (13) from 7-carboe-
thoxynorcarane (12).

B. Rhodium Catalyzed Rearrangements. Bicyclo[6.1.0]-
non-2-ene (15). For comparison with the rhodium(I) catalyzed
rearrangement of bicyclo[6.1.0]nona-2,4,6-triene reported
previously,! the monoolefin 15 was heated in refluxing benzene
in the presence of dicarbonylrhodium(I) chloride dimer (16).
cis,cis-1,4-Cyclononadiene (17) was obtained (68%) as the sole

©> [RH(COXCI];
———

15 17

volatile product. The same rearrangement proceeded much
more slowly with tris(triphenylphosphine)chlororhodium(T)
as catalyst. No reaction occurred under similar conditions with
silver fluoroborate, iron nonacarbonyl, tetrakis(triphenyl
phosphite)nickel(0), chromium hexacarbonyl, cupric hexa-
fluoroacetylacetonate, mercuric trifluoroacetate, bis(benzo-
nitrile)dichloropalladium(II), norbornadienerhodium(I)
chloride dimer, or rhodium(III) trichloride. It is especially
noteworthy that unlike 18, which gives 19 exclusively, 15 does
not give any of the corresponding cyclopentene 20. The same

> & O

18 19 20

products, i.e., 17 from 15 and 19 from 18, are obtained from
the uncatalyzed thermal rearrangements of these vinylcyclo-
propyl derivatives.’ The 15 to 17 rearrangement is formally
a 1,5-homodienyl hydrogen shift.5f
1,1-Dimethyl-2-vinylcyclopropane (21). If the ring cleavage
rearrangement of 18 involved rhodium catalysis of an orbital
symmetry allowed 1,5-homodienyl hydrogen shift, then 1,1-
dimethyl-2-vinylcyclopropane (21) should yield cis-2-
methyl-1,4-hexadiene (22) in a similar catalyzed reaction. In

&~

21 22

fact, in the presence of dicarbonylrhodium(I) chloride dimer
(10 mol %), 21 gives not only 22 (29%), but also trans-2-
methyl-1,4-hexadiene (23) (5%), trans-2-methyl-2,4-hexa-
diene (24) (45%), and cis-2-methyl-2,4-hexadiene (25) (21%)
in 73% overall yield after 2 days at 80 °C. The products were
isolated and identified by 'H NMR spectral comparison with
authentic samples. No intermediates were detected by gas
liquid phase chromatographic (GLC) analysis during the re-
arrangement. Zero-order kinetics were observed for both
product appearance and for disappearance of the starting
vinylcyclopropane 21 (Figure 1).

Ri(I)
e +
21 22 23
+ \K\/\ + Y\)
24 25

Importantly, control experiments with authentic samples
of the rearrangement products showed that they are stable and
not interconverted under the reaction conditions. Furthermore,
other isomers, 2-methyl-1,3-hexadiene (26) and 2-methyl-
3,5-hexadiene (27), also yielded no 22, 23, 24, or 25 under the
reaction conditions. Thus the latter are all primary products
of the rhodium(I) catalyzed rearrangement of 21.

/J\/“Czﬂs /l\/\/

26 27

1-Phenyl-2-vinylcyclopropane. Thermal rearrangement of
1-phenyl-2-vinylcyclopropane!? gives 4-phenylcyclopentene. !’
In the presence of dicarbonylrhodium(I) chloride dimer (8 mol
%), however, no vinylcyclopropane to cyclopentene rear-
rangement occurs. Rather, ring cleavage is again observed with
formation of trans,trans- and trans.cis-1-phenyl-1,3-penta-
diene in 50-60% overall yield after 24 h at 80 °C. The cata-
lyzed rearrangement was retarded, but not stopped, in
the presence of sodium carbonate or 1,8-bis(dimethylamino)-
naphthalene. '

Ph/A\/% > Y

A novel rhodium(I) catalyzed epimerization was discovered
during the rearrangement of cis-1-phenyl-2-vinylcyclopro-
pane (28). Thus, the trans isomer (29) was rapidly formed as
an intermediate in the rearrangement of 28, building up to a
maximum of 50% of the mixture of products and vinylcyclo-
propanes (Figure 2).

Ph Ph

Qe o

28
29

1-Carboethoxy-2-vinylcyclopropane (30). Similar ring
cleavage to give ethyl zrans,cis-2,4-pentadienoate and ethyl
trans,trans-2,4-pentadienoate (1:8 ratio) and cis-trans epi-
merization was observed in the rearrangement of cis- and
trans-1-carboethoxy-2-vinylcyclopropanes. However, the
overall reaction proceeded very slowly even in the presence of
a relatively large mole percent of catalyst.

s C00EE [ C00R:
EtOOC/A/= -
30
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Figure 1. Rearrangement of 1,1-dimethyl-2-vinylcyclopropane (21) in the
presence of dicarbonylrhodium(l) chloride dimer (16).
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Figure 2. Rearrangement of cis-1-phenyl-2-vinylcyclopropane (28) in the
presence of dicarbonylrhodium(l) chloride dimer (16).

7-Vinylbicyclo[4.1.0]heptane. Both syn- (31) and anti-7-
vinylbicyclo[4.1.0]heptane (32) undergo rearrangement with
cleavage of the cyclopropane ring in the presence of dicar-
bonylrhodium(I) chloride dimer. The syn isomer (31) gives
3-allylcyclohexene (33), 3-(trans-propenyl)cyclohexene (34),
and 3-(cis-propenyl)cyclohexene (35) in overall yields of 40,
21, and 199%, respectively. The anti isomer (32) gave the same
products in overall yields of 56, 39, and 4%, respectively. These
products are stable and not interconverted under the reaction
conditions. Other isomeric dienes trans-propenyl-1-cyclo-

S ot OO SUROV

3L syn
32, anti

hexene (36), cis-propenyl-1-cyclohexene (37), 1-allylcyclo-
hexene (38), and propenylidenecyclohexane (39), are not
produced. The dienes 37, 38, and 39 are slowly converted into
36 under the conditions for rearrangement of vinylcyclopro-
panes 31 and 32. However, 36, 37, 38, and 39 are not trans-
formed into 33, 34, or 35 under these conditions.

36 37 38 39

The rate of disappearance of the anti isomer (32) is about
eight times that of the syn isomer (31). Also, a novel epimeri-
zation of 31 into 32 was detected by careful monitoring of the
reaction mixture composition (Figure 3), and 32 was isolated
from the rearrangement of 31. The rearrangement of 32 fol-
lows zero-order kinetics for at least 2 half-lives (Figure 4), and
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Figure 3. Rearrangement of 31 at 78 °C in benzene solution in the presence
of 4.5 mol % of 16.
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Figure 4. Rearrangement of 32 at 78 °C in benzene solution in the presence
of 2.2 (0, ®) and 4.5 (®) mol % of 16.

doubling the catalyst concentration doubles the rate of rear-
rangement. The rearrangements of 31 and 32 are not signifi-
cantly affected by the presence of anhydrous sodium carbonate
in the reaction mixture. No rearrangement occurs with p-
toluenesulfonic acid as catalyst in the absence of rhodium(I).
As expected, syn-7-vinylbicyclo[4.1.0]heptane (31) gave 3-
(cis-propenyl)cyclohexene (35) at 375 °C in a vapor-phase
flow pyrolysis.® Since a cyclic 1,5-homodienyl hydrogen shift
is geometrically precluded for the anti isomer 32, the latter did
not give ring-cleaved diene under the same conditions. How-
ever, at 490 °C, 32 rearranged cleanly to a single product,
3s.

Stereospecifically Deuterium-Labeled 7-Vinylbicyclo-
[4.1.0Theptanes. A mechanism (see Discussion) which we fa-
vored for the catalyzed rearrangement of vinylcyclopropanes
into ring-cleaved dienes reported above could also account for
the catalyzed epimerization and predicts that epimerization
is coupled with cis-trans isomerization about the vinyl = bond.
In order to test this prediction, endo-7-(trans-B-deuterio-
vinyl)bicyclo[4.1.0] heptane (14) was rearranged in the presence
of 16. The vinyl proton region of the 'TH NMR spectrum of the
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Figure 5. '"H NMR spectra (60 MHz, CDCl; solutions).

deuterium-labeled exo-7-vinylbicyclo[4.1.0]heptane (P)
produced by epimerization is presented in Figure 5 together
with spectra of authentic samples of endo-7-(trans-g-deuter-
iovinyl)bicyclo[4.1.0]heptane (14), exo-7-(trans-S-deuter-
iovinyl)bicyclo[4.1.0}heptane (10), and exo-7-(cis-S-deu-
teriovinyl)bicyclo[4.1.0]heptane (11). The spectrum of the
product (P) of epimerization is identical with that of 11. Thus,
endo-exo epimerization is coupled with trans-cis isomerization
about the vinyl C-C = bond.

14 1

syn- and anti-3-Vinyl-exo-tricyclo[3.2.1.024Joctane. For
comparison with the structurally related vinylbicycloheptanes
31 and 32, the vinyltricyclooctanes 1 and 2 were heated in the
presence of dicarbonylrhodium(I) chloride dimer (16). The
syn isomer 1 gives the anti isomer 2 (849%) as the sole volatile
product. No trace of ring-cleaved products is formed. The
vinylcyclopropane 2 is consumed upon prolonged heating in
the presence of 16. However, no volatile isomers were pro-
duced.

== H

H Ri(I)
—_—

Discussion

A. Ring Cleavage Rearrangement. Catalysis by dicar-
bonylrhodium(I) chloride (16) of a vinylcyclopropane rear-
rangement was first observed in the quantitative conversion

of bicyclo[6.1.0]nonatriene (40) into cis-8,9-dihydroindene
(41) in 2 h at 35 °C.! The results of the present study demon-
strate that this synthetically interesting catalysis of vinylcy-
clopropane to cyclopentene rearrangements by 16 is not gen-
eral. Rather, 16 generally catalyzes a rearrangement of vin-
ylcyclopropanes involving cleavage of the three-membered ring
to give 1,3-, 1,4- and 1,5-dienes.!> Moreover, it is possible that
the 49 to 41 rearrangement is not simply a rhodium(I) cata-
lyzed vinylcyclopropene to cyclopentene rearrangement.
Rather, the reaction may involve a rhodium(I) catalyzed ring
cleavage rearrangement to give 1,3,5,7-cyclononatetraene,
followed by an uncatalyzed electrocyclic rearrangement of the
latter to give 41.16

Q = ©:>
A

40 41

The ring cleavage rearrangements cannot be accounted for
by a mechanism involving rhodium(I) catalysis of orbital
symmetry allowed 1,5-homodienyl hydrogen shifts followed
in some cases by allylic rearrangements of initially formed
1,4-dienes. Thus, we have shown that the 1,3-dienes 24 and 25
are primary rearrangement products formed directly from 21,
and not by secondary rhodium(I) catalyzed rearrangements
of 22, the expected product of a 1,5-homodienyl hydrogen shift.

RKI)
>A>—’ | -—#—*\K\/\+ A
22 24 25
21

Similarly, we have shown that the 1,5-diene 33 is formed di-
rectly from syn- and anti-7-vinylbicyclo[4.1.0]heptane, and
not by a secondary rhodium(I) catalyzed rearrangement of 35,
the exclusive product of thermal 1,5-homodienyl hydrogen
shift. Moreover, the anti epimer (32) is geometrically pre-
cluded from undergoing a concerted cyclic 1,5-homodienyl
hydrogen shift. Thus, the thermal rearrangement of 32 to 35

0_\ Q/J -
33

31, syn 35
32, anti

occurs at considerably higher temperatures than needed for
the 31 to 35 rearrangement, presumably via initial epimeri-
zation to give 31.332: In contrast, the rhodium(I) catalyzed
rearrangement of 32 is eight times faster than that of the syn
isomer 31.

Conjugated 1,3-dienes are generally produced in ring
cleavage rearrangements of vinylcyclopropanes catalyzed by
rhodium(I).!* The complete absence of such products in the
rearrangements of 31 and 32 is thus interesting and significant.
This novel product selectivity is readily explained (Scheme III)
by a stringent cis stereochemical requirement for 8-hydride
elimination,!” giving allylrhodium(IIT) hydride!? interme-
diates 47 and 48 from metallocyclic allylrhodium(III) alkyl
intermediates 44, 45, or 46. The latter arise by oxidative ad-
dition to rhodium(I) of a strained C-C ¢ bond of the cyclo-
propyl ring.!® The alternative rhodium hydrides 49 and 50,
which would be the progenitors of 36, 37, 38, and 39, are not
formed, since the tertiary hydrogen in 44-46 is geometrically
precluded!® from attaining the syn periplanar relationship to
rhodium(II1) required for 8-hydride elimination. Furthermore,
this simple mechanism, which involves well-precedented in-
termediates, explains all known rhodium catalyzed rear-
rangements of vinylcyclopropanes. The distribution of isomeric
products from 42 and 43 is not identical. Thus, the syn and anti
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isomers of 44 (cf. Scheme VI) derived from 42 and 43, re-
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spectively, must not be fully equilibrated (vide infra), and lead
to different amounts of the isomeric allylrhodium(III) hydrides
47 and 48.

Oxidative cleavage of a cyclopropyl ¢ bond occurs in stoi-
chiometric reactions of cyclopropanes with palladium or
platinum complexes, which yield ring-opened transition metal
complexes.20 Practical use of this reaction has been made in
palladium catalyzed hydrogenation of cyclopropanes?! and
aqueous oxidation of substituted cyclopropanes22 to give ring
opened ketones. Rhodium chloride dicarbonyl dimer (16)
reacts with cyclopropane, giving the rhodiocyclopentanone
51.8

Cl

/\ + [Ruco)c, 25 [:';R}Q

(0]
51

There are few reports of catalytic reactions of transition
metals with cyclopropanes to give olefins. Powell and
McQuillin mention some minor olefin products along with ring
insertion products in the reactions of a variety of aryl and alkyl
cyclopropanes with rhodium.!82 Strain facilitates reaction of

Ph/[l;Ko Me
/N
Cl )
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cyclopropanes with transition metals.2* The ring opening re-
actions of bicyclobutanes have been extensively studied in the
past few years.2> Rhodium complexes are very active catalysts
for this reaction. Quadricyclane (52) gives norbornadiene (53)
upon treatment with catalytic amounts of rhodium(I) com-
plexes,26 and product (54) containing rhodium and carbonyl
has been isolated from the reaction of 52 with a stoichiometric
quantity of 16.26b

Rh(I)
catalytic [Rh(CO),C1],
amt 1 equiv
—— —_—
53 52 Rh
NN
oC Cl
54

The metallocyclic structures of intermediates such as 44,
45, or 46 (Scheme III) readily account for the regiospecificity
observed for 8-hydride elimination and the coupling of trans-
cis isomerization with syn-anti epimerization of 31 to give 32
(vide infra). Mechanisms involving acyclic intermediates such
as 58 or 60 were suggested previously to account for rhodi-
um(I) catalyzed ring cleavage rearrangements of vinyl cy-
clopropanes.!5b¢ However, the complete absence of 39 as well
as 36, 37, and 38 from the reaction product mixture is not
readily explained by such mechanisms. For example, 58 is
expected to give 39 via 59, and 60 is expected to give 39 via 61
(Scheme IV). Different mechanisms, which have been pro-
posed for rearrangements of vinylcyclopropanes induced by
metals other than rhodium, are similarly inadequate. An in-
termediate analogous to 45 was postulated for the rearrange-
ment of vinylcyclopropanes induced by iron carbonyls.?”
However, the postulated subsequent hydrogen shift toward the
terminal carbon atom, o-bonded to the metal, would be ex-
pected to yield 39, which is not observed. Such a mechanism

g+ -

is therefore improbable in the rhodium catalyzed rearrange-
ments. In nickel catalyzed rearrangements of vinylcyclopro-
panes, initial 1,2-addition of a nickel hydride to yield a cyclo-
propylcarbinyl nickel intermediate is followed by isomerization
to an allyl carbinyl nickel intermediate, which eliminates nickel
hydride to give dienes.5¢ Applied to the rearrangement of 31
or 32, such a mechanism cannot account for the direct for-
mation of 33, the major product.

The greater reactivity observed for 32 compared to 31 in-
dicates that the rhodium catalyst coordinates initially with the
C-C = bond rather than inserting directly into the strained
C-C ¢ bond of the cyclopropyl ring (Scheme III). Thus, one
face of the cyclopropyl ring in 31 is unsubstituted. Direct in-
sertion by rhodium approaching the cyclopropane from this
sterically uncongested face of 31 should occur more readily
than direct insertion into the more sterically congested cyclo-
propane in 32. Yet 32 reacts significantly faster than 31.
Coordination of rhodium by the C-C = bond of 32 prior to
oxidative insertion is also supported by the zero-order kinetics
at constant catalyst concentration and by the proportionality
of rate to total catalyst concentration observed for the disap-
pearance of 32. Formation of the complex 43 is not rate de-
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termining. The rate of reaction depends only on the concen-
tration of olefin-rhodium = complex 43, which is constant and
is equal to the total catalyst concentration. The reaction
products apparently do not compete effectively for coordination
sites of the catalyst for at least several half-lives. Though fur-
ther evidence is clearly warranted, this behavior might be
construed to indicate a significant enhancement by a cyclo-
propyl substituent of the coordinating ability of an olefin.
The presence of remote unsaturation in the molecule ap-
parently provides bonding sites which facilitate cyclopropyl
ring opening. Thus, palladium complexes isomerize bi-
cyclo[6.1.0]non-4-ene (55) to 1,5-cyclononadiene (56).28 The
reaction proceeds by addition of PdCl across the cyclopropyl
bond followed by 1,2-hydrogen migration and elimination of
PdCl. In a careful series of studies,?® Katz examined the ring

(el
O-Ch-O
55 Pd o

opening of 57 catalyzed by rhodium complexes and found ev-
idence for a rhodiocyclobutane intermediate and for the in-
volvement of a rhodium(IIT) hydride intermediate in the hy-
drogen migration. Several other structurally very similar hy-

RK(D)
—_—

e s

drocarbon rearrangements have been studied.3°

Since no syn periplanar elimination of rhodium and hydride
is geometrically feasible for the allylrhodium(I1I) alkyl (62)
derived from 2,'° no ring-cleaved dienes were observed from
2. On the other hand, the rearrangement of 1,1-dimethyl-2-

éﬁ\ﬁ“—ﬁﬂﬁ?
2 62

vinylcyclopropane (21) gives a mixture of products resulting
from elimination of hydrogens both from the methyl group and
from the cyclopropyl methylene. Since all products were stable
under reaction conditions, the mixture of isomers formed is
an accurate depiction of the reaction pathway. This is the only
case which allows direct comparison of the two modes of hy-
drogen loss: from exocyclic or endocyclic positions. As shown
in Scheme V, the 1,4-diene products (33%) all arise from
exocyclic elimination of H,, while all the 1,3-diene products
(67%) arise from endocyclic elimination of Hy. These results,
contrasted with the complete absence of endocyclic 8-hydride
elimination during rhodium(I) catalyzed cleavage of 31 and
32, support the proposed operation of a special constraint, i.e.,
syn periplanar 8 elimination, in these rearrangements.

The ring cleavage rearrangements of 1-carboethoxy-2-
vinylcyclopropane and 1-phenyl-2-vinylcyclopropane give
similar products. 1,5-Homodienyl hydrogen migrations are
not possible for any of these vinylcyclopropanes, but rear-
rangement still proceeds, particularly readily in the phenyl
case. The rearrangement products all have a 1,3-diene conju-
gated with the substituent, indicating that hydride is ultimately
delivered at the terminal position of the intermediate allyl
complex.

Scheme V
/™ Rh
.lv/\ +Rh(D)
21
H,
H,
RhH, I\&-r' RhH,
| ——
RL/
\
H,

—Rh()
S * A AT+ do
23 22 25 24

Under certain conditions, acid is generated during the re-
action of bicyclobutanes with rhodium(I) complexes. It was
shown that different products may be obtained under these
conditions in comparison with reactions observed under scru-
pulously nonacidic conditions.?! In the present study the
presence of acid scavangers or added acid does not significantly
affect the reaction rate or products.

B. Epimerization. Epimerization of vinylcyclopropanes
is an unprecedented reaction in transition metal catalysis.
Base-catalyzed epimerization of certain cyclopropanes is
known, although strenuous conditions are required.'232 Ring
deuterated vinylcyclopropane undergoes a thermal epimeri-
zation reaction at 360 °C for which diradical intermediates
were suggested.?32> Similarly, 1-phenyl-2-vinylcyclopropane
undergoes epimerization at lower temperatures (150 °C) than
required for rearrangement to 4-phenylcyclopentene.33¢d The
thermal rearrangement of 32 in a flow system presumably
involves preliminary epimerization to give 31 at 490 °C, fol-
lowed by conversion of 31 to the 1,4-diene 35, which occurs
readily in the same flow system at lower temperatures (375

Ao ier.

32 31 35

—Rh(I)

A mechanism which can account for the epimerization of
vinylcyclopropanes which is catalyzed by rhodium(I) is out-
lined in Scheme V1. Thus, the metallocyclic allylrhodium(11T)
intermediates such as 44, 45, and 46 postulated above for the
ring cleavage rearrangements of vinylcyclopropanes can pro-
vide a pathway for epimerization. The key intermediate for this
epimerization mechanism is a 7n'-allylrhodium(I¥I) alkyl
metallocycle 46. This rhodiocyclohexene derivative can adopt
either a folded conformation 46f or an extended conformation
46e. The 5'- and -allylrhodium(III) alkyls 44f and 45f de-
rived from 14 are in equilibrium with 46f, while the n'- and
n3-allylrhodium(IIT) alkyls 44e and 45e, which lead to 11, are
in equilibrium with 46e. Thus the conformational reorgani-
zation of 46f to 46e provides a link between 14 and 11. During
the conformational change a rotation occurs about the C-C
bond between the monodeuterated methylene and vinyl car-
bons in 46f and 46e. This rotation provides a pathway for
trans-cis isomerization about the vinyl C-C = bond, which is
thus coupled with epimerization.

The intermediacy of #3-allylrhodium(I1T) derivatives such
as 45 in rhodium(I) catalyzed ring cleavage rearrangement
and epimerization reactions of vinylcyclopropanes is strongly
supported by the recent isolation of the n*-allylrhodium-
(IT1) complex (64) from a reaction of exo-6-vinyl-
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Scheme VI
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bicyclo[3.1.0]hex-2-ene (63) with bisethylenerhodium(I)
chloride and thallium cyclopentadienide.3*

35 33

H
63

It is important to note that the #3- to #!-allyl change de-
creases the coordinative saturation of the rhodium(III) alkyl.
Thus, 44 and 46 are coordinatively unsaturated. There is
mounting evidence that coordinative saturation discourages
B-hydride elimination for metal alkyls.332b In other words,
coordinative unsaturation may be a prerequisite for facile 8-
hydride elimination, which leads to ring-cleaved dienes (vide
infra). It is thus noteworthy that while formation of the coor-
dinatively unsaturated intermediates 44 or 46 is likely to pre-
cede and facilitate §-hydride elimination and subsequent
formation of ring-cleaved dienes, these intermediates do not
always undergo $-hydride elimination. There is apparently a
delicate balance between 8-hydride elimination and reductive
elimination of rhodium to give a vinylcyclopropane. This is
most remarkable when it is recognized that re-formation of a
highly strained three-membered ring is a thermodynamically
unfavorable process. Clearly kinetic factors, such as the re-
quirement of a syn periplanar geometry for 8-hydride elimi-
nation, are crucial for the successful competition to form an
epimerized vinylcyclopropane instead of ring-cleaved
dienes.

The vinylcyclopropane to cyclopentene rearrangement
which occurs with the stoichiometric complex 65 is unusual?
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(Scheme VII). The rhodium(III) complex 66, proposed as an
intermediate in the 65 to 67 rearrangement,* possesses a geo-
metrically suitable 8-hydrogen for syn periplanar 8-hydride
elimination to form complex 68, the precursor of ring-cleaved
products 69, 70, or 71. It should be noted that one of the ligand

Scheme VII

G-
GSLQRh :#{ 66 67
g gg

68 69 70 71

C-C = bonds is not coordinated to Rh in complex 68, since the
complex as indicated is coordinatively saturated. Thus, -
hydride elimination is accompanied by dissociation of a two-
electron ligand. Similarly, rearrangement of the olefin complex
43 derived from 32 to the complex 48 must be accompanied
by dissociation of a ligand (either CO or the C-C = bond of a
second olefin molecule) (Scheme VIII). If it is assumed that

Scheme VIII

L
45 a8
v
C§J+<§T+C§J
34 35 33

these dissociations of a two-electron ligand must precede S-
hydride elimination, then the anomalous reluctance of 66 to
undergo 8-hydride elimination is readily explained. The C-C
7 bond in 66 which must dissociate is part of a chelating ligand.
This militates against the formation of the required coordi-
natively unsaturated intermediate such as 72. On the other

LRh LRh LEh
$H-0- 5
66 72 68

L, = hexafluoroacetylacetonate

hand, loss of a ligand from 45 is not similarly obstructed.
Stability of alkyl derivatives of other metals towards 8-hydride
elimination has been similarly ascribed to the inaccessibility
of coordinatively unsaturated intermediates.3**® Coordinative
unsaturation was kinetically shown to be a prerequisite for
facile 8-hydride elimination of platinum35¢ and palladium33d
alkyls. The vacant coordination site evidently assists in cleaving
the 8-C-H bond by accepting electron density from it, even-
tually leading to a new M-H bond. Simultaneously, the
o-M-C bond is replaced by a n2-olefin-metal interaction.

Conclusions
Epimerization of vinylcyclopropanes and rearrangement
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to ring-cleaved dienes are catalyzed by rhodium(I). These
transformations are both accounted for by initial reversible
formation of an allylrhodium(III) alkyl intermediate through
oxidative addition to rhodium(I) of a strained C-C ¢ bond of
the three-membered ring. The n'-allyl form of this interme-
diate, a rhodiocyclohexene, must have sufficient lifetime to
allow conformational reorganization, which gives epimerized
vinylcyclopropane through reductive elimination of rhodi-
um(I). The allylrhodium(III) intermediate may alternatively
undergo stereospecific cis-8-hydride elimination, leading to
ring-cleaved dienes via allylrhodium(IIT) hydrides.

Experimental Section

General. All IR spectra are neat films, and all NMR spectra (re-
ported in & units) were performed in carbon tetrachloride unless oth-
erwise noted. Benzene and tetrahydrofuran were distilled from sodium
benzophenone ketyl prior to use. Analytical vapor-phase chroma-
tography was done on a Varian 1400 instrument, and preparative work
was done on a Varian 202 instrument. VPC columns used: A, 10 ft X
% in. 20% FFAP on 80/100 Chromosorb P; B, 5 ft X Y in. 20% FFAP
on 60/80 Chromosorb P; C, 3 ft X Y, in. 40% saturated silver nitrate
in glycerine on 30/60 Chromosorb P; D, 15 ft X ! in. 20% Apiezon
L on 60/80 Chromosorb W; E, 10 ft X Y in. 20% FFAP on 60/80
Chromosorb P; F, 15 ft X % in. 20% Carbowax 1540.0n 60/80
Chromosorb P; G, 15 ft X ! in. 20% SE 30 on 60/80 Chromosorb P;
H, 15 ft X Y in. 15% FFAP on 60/80 Chromosorb P (NAW); I, 13
ft X '% in. 20% FFAP on 80/100 Chromosorb P.

A. Synthesis of Rearrangement Substrates and Products. 3-Vinyl-
tricyclo[3.2.1.024joctanes (1 and 2). A solution of vinyldiazomethane
(0.16 mol) in pentane (1.2 1.) was added to a suspension of cupric
triflouromethane sulfonate (0.5 g) in a solution of norbornylene (0.47
mol) in pentane (200 ml).8 The addition rate was adjusted so that the
red diazo compound was consumed as it was added. After the com-
pletion of the addition, nitrogen evolution ceased and the reaction
mixture was a light yellow clear solution. The solution was decanted
from the catalyst and solvent was removed by rotary evaporation.
Distillation of the residual oil under reduced pressure through a 20-cm
vacuum-jacketed Vigreux column gave the title compound as a 1:2
mixture of syn (1) and anti (2) isomers, respectively, bp 83-88 °C (20
mm) (4.9 g, 23%). The isomers were separated by liquid phase chro-
matography on column F at 150 °C. Relative retention times were
1.00 and 1.11 for the syn and anti isomers, respectively.

The assignment of structures of these isomers was confirmed by
an independent multistep synthesis starting with the addition of ethyl
diazoacetate to norbornene. The procedure of Sauers et al. was em-
ployed except that cupric trifluoromethane sulfonate was employed
as a catalyst, and the ratio of syn to anti isomers obtained was 3:7
rather than 1:9 obtained with CuCN as catalyst.® The ester mixture
was reduced with lithium aluminum hydride as described previously.
The resulting diols were oxidized by the general procedure of Ratcliffe
and Rodehorst3 to give a 3:7 mixture of aldehydes (71%). The major
isomer exhibited a '"H NMR spectrum identical with that reported
previously for exo-tricyclo[3.2.1.024]octane-3-anti-carboxalde-
hyde.® The minor product is therefore the syn isomer exo-tricyclo-
[3.2.1.024]octane-3-syn-carboxaldehyde: NMR (CDCl;) 6 0.6-1.7
(7H), 257 (1 H,s, C-1,5),9.90 (1 H, m, aldehyde).

Treatment of these aldehydes with methylene triphenylphosphorane
in tetrahydrofuran gave the respective vinyl tricyclooctanes in
agreement with the structures assigned above.

syn-3-Vinyl-exo-tricyclo[3.2.1.0>4]octane (1): NMR (CDCl3) §
0.5-1.6 (9H),2.37 (2 H,s,C-1,5),4.8-5.3 (2 H, m, vinyl-CH>), 5.95
(1 H,ddd, J = 4, 10, 17 Hz, vinyl-CH). Anal. Caled for CyoH4: C,
89.49; H, 10.51. Found: C, 89.43; H, 10.45.

anti-3-Vinyl-exo-tricyclo[3.2.1.024]octane (2): NMR (CDCl3) &
0.5-1.2(4H),1.2-1.7 (5H),2.28 (2 H,s,C-1,5),4.78 (1 H,dd, J =
3, 9 Hz, terminal vinyl), 4.9-5.6 (2 H, m, vinyl). Anal. Calcd for
CioH)4: C, 89.49; H, 10.51. Found: C, 89.52; H, 10.60.

7-Carboethoxybicyclo{4.1.0]Jheptane.3” To a 2-1. flask equipped with
magnetic stirring bar, condenser, 250-ml dropping funnel, and con-
taining cyclohexene (250 g, 6.1 mol) and cupric triflate (0.2 g) was
added a solution of ethyl diazoacetate (100 g, 0.96 mol) in cyclohexene
(250 g). A 25-m] portion of this solution was added toinitiate the re-
action, after which the solution was added dropwise to maintain a

gentle reaction (exothermic with gas evolution). The addition takes
5-6 h with vigorous stirring continued overnight. Before workup,
additional triflate was added to ensure complete destruction of the
diazoacetate. Excess crude product was distilled through a 15-cm
Vigreux column, bp 60-70 °C (1-2 mm), and redistilled to give the
product as a mixture of endo-exo isomers 12 and 3, respectively (138
g, 87%), bp 63-71 °C (1.5 mm). Spinning band distillation gave a
fraction enriched in the endo isomer (80:20) as analyzed by VPC
(column G, 195 °C), relative retention endo-exo = 0.92:1.00, and a
fraction consisting of pure exo isomer 3: NMR (CDCl;) § 1.1-2.1 (14
H, ring protons and ester CH3), 4.11 (4 H, q, J = 7 Hz, ester
CH,).

7-Hydroxymethylnorcarane (4). To a dry 3-1. three-necked flask,
equipped with reflux condenser, dropping funnel, and mechanical
stirrer was added lithium aluminum hydride (16 g, 0.42 mol) and
anhydrous ether (300 ml). The esters 12 and 3 (vide supra) (99 g, 0.59
mol) in ether (300 ml) were added dropwise under N, at a rate to
maintain gentle reflux (1-2 h). The resulting mixture was then re-
fluxed for an additional 2 h and quenched by the cautious addition
of H,O (16 ml), 15% NaOH (16 ml) and H,O (30 ml). The salts were
filtered and washed with ether (three 150-ml portions). The ether was
removed by rotary evaporation and the material distilled through a
15-cm Vigreux column to give a mixture of endo-exo isomers (30:70),
bp 84-86 °C (4.5 mm) (63 g, 85%), VPC relative retention exo-endo
= 1.00:1.24 (column G, 195 °C).

Spinning band distillation provided fractions of enriched endo
(>75%) and exo (>90%) isomers: NMR (CDCl;) exo (4), 6 0.78 (2
H, t, cyclopropyl), 1.0-2.2 (9 H, ring protons), 2.94 (1 H, s, hydroxyl),
3.41 (2H,d,J = 6 Hz, hydroxyl CH>); endo, 3.75 (2 H, d, hydroxyl
CHa).

7-Norcaranecarboxaldehyde (5). Chromium trioxide (48.0 g, 480
mmol) was added slowly in small portions to a mechanically stirred
solution of pyridine (76 g, 960 mmol) in CH,Cl; (1 1. distilled from
P,0s) in a dry 2-1. three-necked flask. The burgundy colored solution
was then stirred an additional 30 min.3¢

The above alcohol (10.1 g, 80 mmol) in CH,Cl, (20 ml) was added
in one portion via an addition funnel under an atmosphere of dry N».
After the addition, the funnel was rinsed with CH,Cl; (5 ml). Im-
mediately on addition, the solution turned a black color and a blackish
tar accumulated on the bottom. After 30 min, the mixture was de-
canted into a 2-1. flask and the tarry residue extracted (triturated) with
boiling ether (six 100-ml portions). The reaction mixture and extracts
were combined and filtered. The solution was washed with 4% NaOH
(three 100-ml portions), saturated aqueous CuSO4 (two 100-ml
portions), H,O (100 ml), saturated aqueous NaCl (two 100-ml por-
tions), and dried (Na>S0O,). Solvent removal and distillation through
a 15-cm Vigreux column afforded the product as a mixture of endo-
exo isomers (20:80), bp 68-70 °C (4.5 mm) (7.5 g, 75%).

Oxidation of the 90+9% exo alcohol gave a 68% yield: NMR
(CDCl;) exo (5),6 1.0-2.3 (11 H, ring protons), 9.90 (1 H,d, J =5
Hz, CHO); endo, 1.1-2.4 (11 H, ring protons), 10.53 (1 H,d,J =5
Hz, CHO).

B,8-Dibromo-7-ethenylnorcarane (6).'! Triphenylphosphine (31.2
g, 118 mmol) was slowly added to a magnetically stirred solution of
carbon tetrabromide (39.8 g, 118 mol) and dry CH,Cl; (300 ml) in
a 500-m! flask with condenser. To the resulting orange solution, zinc
(7.8 g, 118 mmol) is added slowly with cooling. Addition of the zinc
generates first a green colored solution which then turns to a light tan
color after stirring 48 h. The aldehyde (7.3 g, 59 mmol) in CH,Cl,
(30 ml) is added dropwise to this ylide and after 15 min, the resulting
solution turns black. After 1-2 h, to the reaction mixture, transferred
to a 2-1. Erlenmeyer flask, is added 1000 ml of pentane. The resulting
precipitate is filtered via a sintered glass funnel. The insoluble tarry
residue is reworked three more times by CH,Cl; extraction (100 ml)
and pentane (400 ml) to remove all the olefinic product. The solvent
was removed from the combined extracts and the residue distilled, bp
75-77°C (1.3 mm) (14.2 g, 86%). The 90% exo isomer and 76% endo
isomer gave yields of 86 and 60%, respectively: NMR (CDCl;) exo
(6),60.95-2.3 (11 H, ring protons), 5.80 (1 H,d,J = 8 Hz, vinyl CH);
endo, 0.95-2.3 (11 H, ring proton), 6.30 (1 H, d, J = 5 Hz, vinyl
CH).

exo-7-(Deuterio-7-ethynyl)norcarane (9).!' The vinyl dibromide
(5.0 g, 117.8 mmol) and dry THF (85 ml) in a 250-ml flask was cooled
to =78 °C and under an atmosphere of N> was slowly treated with
a solution of #-BuLi in hexane (1.67 N, 23.4 ml, 39 mol). The clear
yellowish solution was stirred 1 hat =78 °C and 1 h at 25 °C. The
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resulting lithio alkyne was then quenched with DO (2 ml, 100 mmol,
99.8% d). The added D,0 gave a cloudy solution, which was allowed
to stir 2-3 h. Pentane (100 ml) was added and the solution washed with
H,0 (50 ml) and saturated aqueous NaCl (two 50-ml portions), dried
(Na,S0,), and the solvent removed via rotary evaporation, Short path
distillation provided the deuterated alkyne (9), bp 44-46 °C (5.5 mm)
(1.1 g, 61%). Reaction of the 76% endo isomer (4.0 g, 14.3 mol) and
the 90% exo isomer (14.0 g, 50 mol) gave yields of 77 and 67%, re-
spectively: IR (neat film, mixture) 2600 (=CD) and 1990 cm™!
(C=C), no absorptions at 3300 or 2100 cm™! (vide infra).

7-Ethynylnorcarane (8 and 13). The same procedure was utilized
in preparing the undeuterated analogues except that the intermediate
lithio alkynes were quenched with distilled H>O. Hence the endo-vinyl
dibromide (76% endo, 4.0 g, 14.3 mol) and #-BuLi (21.0 ml, 35 mmol)
in THF (80 ml) was quenched with distilled H,O (2 ml, 100 mmol)
to yield the endo-alkyne (13) on workup (1.3 g, 77%). The exo-vinyl
dibromide (90% exo, 14.0 g, 50 mmol), n-BuLi (72 ml, 120 mmol),
THF (150 ml), and H-O (3 ml, 150 mol) yielded the corresponding
exo-T-ethynylnorcarane (8) (4.0 g, 67%): IR (neat film, mixture) 3300
(=CH) and 2100 cm~—' (C=C); NMR (CDCl;) exo (8), 6§ 1.79 (1
H, d,J = 2 Hz, acetylenic); endo (13), 2.02 (1 H,d, J = 2 Hz, acet-
ylenic).

7-(cis-B-Deuteriovinyl)bicyclo{4.1.0Jheptane (11).!° To a dry 100-ml
flask containing the deuterated alkyne 9 0.93 g, 7.7 mol) and dry
hexane (30 ml) under N, was slowly added neat diisobutylaluminum
hydride (DIBAL) (1.10 g, 7.7 mol) via a dry preweighed syringe. The
solution was kept below 40 °C during the addition, stirred for 30 min
afterward, and finally heated at 50 °C for 3 h.

The reaction was quenched by cautious addition of distilled H,O
(600 ul), (32 mmol) and vigorous stirring. The resulting reaction gelled
solidly in most cases, but was transformed to a milky slurry by adding
extra hexane (20 ml). The mixture was vacuum filtered after stirring
2 h and the filter cake washed with pentane (three 50-ml portions).
The crude product was dried (Na;SO4) and concentrated via rotary
evaporation to give the cis-deuterated endo-exo isomers. The endo-exo
isomers of the crude cis-deuterated vinylcyclopropanes were easily
separated and purified via VPC (column F, 130°), relative retention
exo-endo = 1.00:1.29. Exo (11): NMR (CDCl;) § 0.75-1.08 (2 H,
cyclopropyl), 1.08-2.3 (9 H, ring proton), 4.77 (1 H,d,J = 10 Hz,
B-vinyl CH) 5.20-5.67 (1 H, m, J = 2.5 Hz, a-vinyl CH).

7 trans-f-Deuteriovinyl)bicyclo{4.1.0]heptane (10 and 14). A similar
procedure was used on the corresponding undeuterated alkyne except
that the resultant alkane generated from the alkyne (2.4 g, 20 mmol)
in hexane (60 ml) and DIBAL (3.0 g, 21 mmol) was hydrolyzed with
D>0 (2.0 ml, 75 mmol, 99.8% 4). This hydroalumination-deuteriolysis
provided the corresponding trans-deuterated endo-exo isomers, which
were subsequently separated and purified via VPC (column F, 130°),
Exo (10): NMR (CDCl;) 6 0.75-1.08 (2 H, cyclopropyl), 1.08-2.3
(9 H, ring protons), 4.90 (1 H,d,J = 17 H, 8-vinyl CH), 5.44 (1 H,
dd, J = 17, 8 Hz, a-vinyl CH). Endo (14): NMR (CDCl;) §0.7-2.2
(11 H, ring protons), 5.17 (1 H, d, J = 17 Hz, 8-vinyl CH), 5.77 (1
H, complex dd, J = 17, 8 Hz, a-vinyl CH).

cis- and trans-3-Propenylcyclohexene.’® A stock solution of 1-
propenylmagnesium bromide was prepared from 1-propenyl bromide
(36.3 g, 300 mmol, mixture of isomers) and magnesium turnings (6.8
g, 280 mmol) in THF (70 ml). THF was added after the reaction was
complete to make the total volume 100 ml (2.8 M). To a slurry of
anhydrous Cul (6.6 g, 35 mmol) in THF (30 ml) under N, was added
a solution of the above stock solution (25 ml) in THF (30 ml) at 0 °C.
After stirring 1 h to effect formation of the cuprate, a solution of 3-
bromocyclohexene (3.0 g, 18.6 mmol) in THF (25 ml) was added
dropwise at 0 °C. After vigorous stirring overnight at room temper-
ature, the product was isolated by careful addition of H,O and ex-
traction with pentane. The extracts were washed with H,O and sat-
urated aqueous NaCl, dried (Na>SQOy), concentrated, and distilled.
The product (1.9 g, 83%) was shown by NMR to be a 60:40 mixture
of cis (35) and trans (34) isomers, bp 65-80 °C (20 mm): NMR (34),
61.05-2.34 (9 H, m), 2.47-2.92 (1 H,m), 4.94-5.83 (4 H, m); (35),
1.13-2.40 (9 H, m), 2.76-3.33 (1 H, m), 4.93-5.83 (4 H, m). The
products were collected by preparative VPC (column C, 70 °C).

cis- and trans-1-Propenylcyclohexene (36 and 37). Cyclohexanone
(0.05 mol) in ether (40 ml) was added rapidly dropwise with stirring
and cooling (ice water bath) to a solution of 1-propenylmagnesium
bromide (0.05 mol) in tetrahydrofuran (50 ml). The mixture was al-
lowed to stand at room temperature 4 h and then poured into ice cold
dilute HCI. The alcohol product was extracted with ether (100 ml)
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and the extracts were washed with water (three 100-ml portions) and
the solvent removed. The residue was distilled under nitrogen in the
presence of p-toluenesulfonic acid (100 mg) to yield the diene and
water. The distillate was dissolved in pentane (20 ml), dried (MgSO,),
and redistilled to give a mixture of cis- and trans-1-propenylcyclo-
hexene (4.1 g, 67%). The products are readily separable by preparative
VPC on column B (110 °C) and identified by comparison of their
NMR spectra with those published.3?

Bicyclo[6.1.0Jnon-2-ene (15). 9,9-Dibromobicyclo{6.1.0]non-2-ene
was prepared from 1,3-cyclooctadiene by the literature procedure.*®
Lithium (2 g, 0.28 mol) was added to a solution of dibromo compound
(10 g, 0.036 mol) and dry zert-butyl alcohol (10.5 g, 0.14 mol, distilled
from sodium) in anhydrous ether (100 ml) under nitrogen. After 0.5
h of stirring, the reaction started and spontaneously refluxed. After
the reaction subsided, the mixture was stirred under reflux for 3 days
(shorter reaction times led to recovery of considerable amounts of
starting material). The solution was cooled, filtered with suction, and
the solid washed with ether. The filtrate was washed with water (100
ml) and saturated salt solution (100 ml). The organic layer was dried
(MgSO0,), concentrated at atmospheric pressure, and distilled (bp
65-70 °C (20 mm)) to yield 3 g (68%) of final product 15: NMR 4
-0.03to —=0.31 (1 H, m), 0.47-1.11 (2 H, m), 1.11-2.86 (9 H, m),
5.42 (1 H,d,J = 11 Hz), 5.52-5.87 (1 H, m).

cis- and trans-1-Phenyl-2-vinylcyclopropane (28 and 29). The
phenylcyclopropanes were prepared by the zinc chloride catalyzed
addition of phenyldiazomethane to butadiene.!? Separation of the
isomers proved difficult, as VPC chromatography on QF-1 (13 X 1
in. 135 °C) (the column used by Closs'2) gave ring opening. After a
considerable search, column D at 150 °C was found to give adequate
separation and no rearrangement. cis-1-Phenyl-2-vinylcyclopropane
(28) had a shorter retention time on this column.

cis- and trans-2-Methylhexa-1,4-diene (22 and 23). 2-Methyl-4-
hydroxyhexene (Chemical Samples, 0.105 mol, 12 g), dimethylaniline
(14.6 g, 0.15 mol), and ether (25 ml) were heated to reflux. The source
of heat was removed and acetyl chloride (10.2 g, 0.13 mol) was added
with stirring dropwise over 30 min. The reaction became cloudy after
half addition, and solid slowly precipitated. The solution was heated
under reflux for 2 h, cooled, and water (25 ml) added. The ether layer
was separated and washed with 10% sulfuric acid (six 25-ml portions),
saturated NaHCOj; (25 ml), and water (25 ml). The organic layer was
dried (MgSO,), the solvent removed, and the product distilled, bp
50-53°C (~ 10 mm) (13.5 g, 83%).

The acetate (5.4 g) was added dropwise at a rate of 1 drop/2 s via
syringe through a quartz pyrolysis column (22-cm length, packed with
quartz chips) heated at 470 °C. The nitrogen flow through the column
was 1 ml/s. The product was collected in a dry ice-acetone cooled
receiver. The crude product, containing acetic acid, was washed with
saturated NayCOj to remove the acid, dried (MgS0y,), and distilled,
bp 90-110 °C (1.84 g, 52%). The product was examined by VPC
(column E, 40 °C). The product was a mixture of five components
identified by NMR and IR: cis-2-methylhexa-1,4-diene4'2 (13%, IR
cis double bond 10.3), trans-2-methylhexa-1,4-diene?'c (4%, 10.3 IR
band absent), trans-2-methylhexa-1,3-diene (66%), cis-2-methyl-
hexa-2,4-diene (25) (13%), and trans-2-methylhexa-2,4-diene (24)
(4%); NMR cis-1,4, 6 1.68 (6 H, narrow m), 2.53-2.83 (2H, brd,J
= 5 Hz),4.72 (2 H, narrow m), 5.23-5.58 (2 H, m); trans 1,4, 1.67
(6 H, narrow m), 2.50-2.87 (2 H, m), 4.69 (2 H, narrow m), 5.30-5.57
(2 H, finely split m); irans-2-methylhexa-1,3-diene, 1.03 3 H, t, J
=7 Hz), 1.80 (3 H, slightly split s), 2.15 (2 H, quintet, J = 7 Hz), 4.86
(2 H, slightly broadened s), 5.63 (1 H,dt,J = 16,6 Hz), 6.18 (1 H,
d, J = 16 Hz, trans olefin).

cis- and trans-2-methylhexa-2,4-diene (25 and 24). The title com-
pounds were prepared by pyrolysis of the acetate (obtained from 2-
methyl-3-hydroxyhex-4-ene—Chemical Samples) as in the synthesis
above.4'® The products were examined by VPC (column E, 40 °C),
the mixture consisting of 2-methylhexa-3,5-diene (60%), trans-2-
methylhexa-2,4-diene (24) (25%), and cis-2-methylhexa-2,4-diene
(25) (15%).

The trans compound was also made by the Wittig reaction of
trans-2-butenal with isopropylide:*'® NMR 2-methylhexa-3,5-diene,
61.0(6 H,d,J =7 Hz), 2.27 (1 H, heptet with fine splitting, J = 7
Hz), 4.6-5.25 (2 H, m), 5.25-6.56 (3 H, m).

B. Rhodium Catalyzed Rearrangements. General Rearrangement
Procedure. In a dry round-bottom flask fitted with a condenser and
magnetic stirring bar was placed the vinylcyclopropane, VPC internal
standard, and dry solvent (normally benzene). The solution was heated
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to reflux under nitrogen and the catalyst added. Periodically, aliquots
were removed and analyzed by VPC. In preparative scale reactions,
when rearrangement was complete, the mixture was cooled and
washed with dilute aqueous ammonia until the aqueous washes were
colorless. The organic layer was dried, the solvent removed, and the
residue distilled. The products were separated by preparative VPC.

Attempted Rearrangements of 15. The general procedure was fol-
lowed using 15 (20 mg), benzene (5 ml), and various catalysts (3 mg).
The reactions were followed on VPC column A (85 °C). No reaction
was observed with tetrakis(triphenyl phosphite)nickel, norbornadiene
rhodium chloride dimer, diiron nonacarbonyl, chromium hexacar-
bonyl, bis(benzonitrile)palladium dichloride, silver fluoroborate,
molybdenum hexacarbonyl, rhodium trichloride dihydrate, palladium
chloride, mercuric trifluoroacetate, cupric hexafluoroacetylacetonate,
ferrocene, bis(cyclopentadiene)titanium dichloride, or bis(cyclo-
pentadiene)vanadium dichloride. Tris(triphenylphosphine)rhodium
chloride after 2 days gave 10% reaction to a new product (1,4-cyclo-
nonadiene). A preparative scale reaction was done with this catalyst
(60 mg) and 15 (500 mg) in toluene (100 ml), The reaction was
stopped after 1 month reflux. VPC analysis (column B, 110 °C) in-
dicated the presence of three compounds, relative retention time 1
(70%), 1.16 (15%), and 1.35 (15%). All products were collected by
preparative VPC on column B and analyzed by NMR. The major
product was starting material, the second 1,5-cyclononadiene,*? and
the third, 1,4-cyclononadiene (17). Pyrolysis of 15 at 165 °C for 3 days
in the liquid phase gave an authentic sample of 1,4-cyclononadiene.32
The 1,5-cyclononadiene is a secondary product arising from 1,4-
cyclononadiene and rhodium over extended reaction times:*3® NMR
1,4-cyclononadiene, § 1.33-1.80 (4 H, m), 2.00-2.50 (4 H, m), 2.80
(2 H, t with fine splitting, J = 7 Hz), 5.16-5.70 (4 H, m). A yield
(76%) was obtained after 29 h of reflux using [RhCI(CO);],** (12
mg), 15 (8.87 mg, 0.72 mmol), and benzene (3 ml) with tetradecane
as an internal VPC standard. The sole product in this case was 1,4-
cyclononadiene.

Rearrangement of 7-Vinylbicyclof4.1.0Jheptane (31 and 32). Syn
31 and anti 32 were prepared by the literature procedure.® A mixture
of the isomers (ca. 1:1) (7 mg) in refluxing benzene (2 ml) was treated
with various catalysts (1 mg). No products were observed by VPC
(column A, 75 °C) after several days with bis(benzonitrile)palladium
dichloride, tetrakis(triphenylphosphite)nickel, dirhodium tetraacetate
dimethanol, pyridine (1 drop), pyridinium hydrochloride, rhodium
trichloride dihydrate, diiron nonacarbonyl, cupric hexafluoroacet-
ylacetonate dihydrate, or bis(diphenylmethylphosphine)platinum
dibromide. After 2 days of reflux, rearrangement (disappearance of
starting materials) was 99% complete with [RhCI(CO),],, 60%
complete with tris(triphenylphosphine)rhodium chloride, and 10%
complete with norbornadiene rhodium chloride dimer. By VPC, the
same products were also obtained using THF or cyclohexane as the
reaction solvent. A preparative reaction was done with a mixture of
31 and 32 (500 mg), [Rh(CO),Cl]2 (20 mg), and anhydrous benzene
(125 ml). Rearrangement was complete by VPC after 6 days of reflux.
The products were isolated by preparative VPC on column C (70 °C).
Three products were isolated: 34 (relative retention time 1); 35 (rel-
ative retention time 3.4); and 3345 (relative retention time 5.6). The
products were identified by comparison with independently made
samples (see above). Pure 31 and pure 32 were also rearranged to
obtain yields and product compositions using ¢/s-decalin as an internal
standard and analyzing on both column A and column C. Relative
retention times of isomers on column A are 33 (1), 34 and 35 (1.07),
32 (1.33), cis-2-propenylcyclohexene (1.6), 31 and allylidene cyclo-
hexane (1.8), cis-decalin (2.05), and trans-2-propenylcyclohexene
(2.4). From 32 99% yield of 34:35:33 0.68:0.065:1, and from 31 80%
yield of 34:35:33 0.52:0.48:1 was obtained.

The kinetic studies were carried out in refluxing benzene with in-
ternal standard cis-decalin under nitrogen with stirring. Small (0.2
ml) samples were removed periodically and examined by VPC (col-
umn A and C). The amounts of the various starting materials and
products were determined by peak weighing relative to the standard.
For the kinetic runs, 0.5-1 mg of catalyst was used with 6-15 mg of
starting material in 3-7 ml of benzene.

Isolation of Intermediate from the Rearrangement of Syn 31. Syn
31 (200 mg) and [RhCI(CO);], (15.5 mg) in benzene (80 ml) were
heated under reflux and the reaction progress was followed by VPC
on column A (85 °C). After 4 h, the intermediate had built up to a
maximum. The reaction was then quenched by shaking with dilute
aqueous ammonia and worked up by the general procedure. Prepar-

ative VPC of the intermediate (column B, 110°) gave pure anti 32,
identified by the NMR spectrum.

Thermal Rearrangement of Syn 31 and Anti 32. A 10:1 solution of
pentane-mixture of 31 and 32 was passed through a 10-in. heated
quartz tube (filled with quartz chips) dropwise at a rate of 1 drop/s
with a nitrogen flow of 2 ml/s. The temperature was slowly raised and
the extent of reaction was followed by analytical VPC (column A, 90
°C). No rearrangement occurred below 250 °C. At 375 °C syn 31 is
completely rearranged, but anti 32 is rearranged very little. At 490
°C anti 32 is 90% rearranged. Two preparative scale rearrangements
were done on 100 mg of starting material, one at 340 °C and the other
at 540 °C. The products from both rearrangemetts were collected by
preparative VPC (column B, 110 °C) and shown by NMR to be
identical with 35 obtained from the rhodium catalyzed rearrangement
above. Cis double bond stereochemistry was assigned to 35 because
a cis product is expected in the thermal rearrangement (compare with
the thermal rearrangement of 1,1-dimethyl-2-vinylcyclopropane,
which gives a cis product),*!2 and because 35 has a longer retention
time*> on the silver nitrate VPC column than 34, which is assigned
the trans stereochemistry.

Control Reactions for the 31 and 32 Reaction Series. All reactions
were analyzed on column A (90 °C). Relative retention times are given
above.

A. 3-Allylcyclohexene (33) was prepared by the literature proce-
dure.46 A benzene solution (6 ml) of 3-allylcyclohexene (24 mg),
cis-decalin (VPC standard, 24 mg), and [RhC1(CO)2]> (2 mg) was
heated under reflux for 41 h. No new products formed.

B. Allylidenecyclohexene?” (11.5 mg), [RhCI(CO),]2 (1.5 mg), and
cis-decalin (10.5 mg) in benzene (2.5 ml) were heated under reflux
2 days. No 34, 35, or 33 was formed. There was a yield of 91% starting
material and 9% trans-1-propenylcyclohexene (the latter identified
by NMR after preparative VPC on column B, 110 °C, on a large scale
reaction). A mixture of 31 and 32 (20 mg) was added to the reaction
mixture along with an additional 2 mg of catalyst. After 3 days, al-
though 31 and 32 had completely rearranged, the starting material
and trans-1-propenylcyclohexene remained in 100% yield.

C. trans-1-Propenylcyclohexene (21.8 mg), prepared as described
above, catalyst (2 mg), and cis-decalin (25.8 mg) were heated under
reflux in benzene (6 ml) for 2 days. No new products were formed,
87% of the starting material remained. A mixture of 31 and 32 (20
mg) and additional catalyst (2 mg) was added and the mixture was
heated another 4 days. At this time, rearrangement of 31 and 32 was
complete, but the trans-1-propenylcyclohexene remained (70%).

D. cis-1-Propenylcyclohexene (8.2 mg), prepared as described
above, catalyst (1 mg), and cis-decalin (10 mg) were heated under
reflux in benzene (3 ml) for 2 days. At this time, some rearrangement
to trans-1-propenylcyclohexene (25%) occurred, but no other products
formed. A mixture of 31 and 32 (10 mg) and additional catalyst (1
mg) was added and the mixture refluxed another 4 days. Only further
cis to trans rearrangement of cis-1-propenylcyclohexene occurred,
even though rearrangement of 31 and 32 was complete.

E. 1-Allylcyclohexene (Chemical Samples, 21.8 mg), catalyst (2
mg), and cis-decalin (21.2 mg) were heated under reflux in benzene
(6 ml) for 27 h, yielding 83% starting material and 10% trans-1-pro-
penylcyclohexene (the latter identified by NMR after preparative
VPC of a large scale reaction).

F. cis-3-Propenylcyclohexene (34) (20 mg, prepared by thermolysis
of 31 and 32), catalyst (3 mg), and cis-decalin (24.6 mg) were heated
under reflux in benzene (6 ml) for 4 days. VPC analysis on both col-
umn A and C (70 °C) indicated that 81% starting material was
present, with no additional products being formed.

G. trans-3-Propenylcyclohexene (35) (21 mg), catalyst (2.5 mg),
and cis-decalin (26 mg) were heated under reflux in benzene (5 ml)
for 3 days. Most of the starting material remained (87%), but another
product was formed whose retention time on column C corresponded
to 34 (this possibly could have arisen from one of the impurities in the
starting material, which was only 75% pure).

H. Effect of Na2COj3 on the Rearrangement of 31 and 32. Pulverized
anhydrous sodium carbonate (110 mg), 31 and 32 (10.2 mg), catalyst
(1 mg), and cis-decalin (10.2 mg) were heated under reflux. The re-
arrangement still proceeded readily, reaching completion in 6 h. The
same products were obtained, 33 (48%), 34 (27%), and 35 (25%).

I. Effect of Acid on the Rearrangement of 31 and 32. p-Toluene-
sulfonic acid (2 mg), 31 and 32 (17.2 mg), cis-decalin (20.6 mg), and
benzene (5 ml) gave no rearrangement after 2 days of reflux. If cat-
alyst (2 mg) is added to the above mixture, the rearrangement pro-
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ceeds rapidly at a rate roughly 1.2 times rearrangement in the absence
of acid. .

Rearrangement of cis- and trans-1-Phenyl-2-vinylcyclopropane (28
and 29). A mixture of cis- and trans-1-phenyl-2-vinylcyclopropane
(2 8), and [RhCI(CO),], (50 mg) was heated under reflux in benzene
(250 ml) for 4 days. VPC analysis (column A, 135 °C) showed starting
materials still present (25%), but a new product (75%) of longer re-
tention time also present. The products were collected by preparative
VPC on column B (205 °C). By NMR comparison with independently
made authentic samples,*3 the product is a mixture of trans,cis-1-
phenylpenta-1,3-diene and trans,trans-1-phenylpenta-1,3-diene, with
the trans,trans compound predominating. No reaction occurs in the
absence of catalyst, although the reaction proceeds readily in the
absence of solvent.

The kinetic analyses of the rearrangement of pure 28 and 29 were
carried out on the same scale and with similar amounts as described
above for 31 and 32 above. Hexadecane was used as an internal
standard, and the relative retention time of the compounds are
tetradecane (1), cis 28 (1.22), trans 29 (1.31), and trans,cis- and
trans,trans-1-phenylpenta-1,3-diene (3.1). Trans 29 gave a 78% yield
after 85% completion. In the rearrangement of cis 28, trans 29 built
up to a maximum of 51%. Trans 29 was isolated from cis 28 in a large
scale reaction carried out to partial completion (monitored by VPC
as in the isolation of the intermediate from syn 31).

Control Reactions with Cis 28 and Trans 29. A mixture of cis 28 and
trans 29 (19.8 mg), rhodium catalyst (1 mg), and hexadecane (18.2
mg, VPC standard) in benzene (4 ml) was heated under reflux in the
absence and in the presence of either pulverized anhydrous sodium
carbonate (100 mg) or “proton sponge” (50 mg, Aldrich, 1,8-bis(di-
methylamino)naphthalene). The reaction done in the absence of base
was five times as fast as the proton sponge reaction, and two times as
fast as the sodium carbonate reaction, although all reactions gave both
cis-trans isomerization and the ring opening reactions.

Rearrangement of 1,1-Dimethyl-2-vinylcyclopropane (21). Com-
pound 21 (300 mg), prepared as described in the literature,® and
[RhCI(CO),]> (30 mg) in dry m-xylene (distilled from sodium, 50
ml) were heated at 80 °C in an oil bath under nitrogen. The reaction
was monitored by VPC (column A, 35 °C). After 3 days, rearrange-
ment was complete, and the products were worked up as usual, except
that the products (and some xylene) were distilled away from the
higher boiling solvent at atmospheric pressure. Preparative VPC (75
°C, column E) gave two peaks, both of which were collected. Each
peak was a mixture of two compounds (cis-trans isomers) whose
composition could be analyzed for on column B (40 °C). By NMR,
the first peak was 2-methylhexa-1,4-diene, and the second was 2-
methylhexa-2 4-diene. All of the possible isomers of the 1,4- and
2,4-dienes were independently synthesized (see above), and their
NMR and VPC retention times compared with the products obtained
in the rearrangement. A yield for the rearrangement was obtained with
cyclooctane as an internal VPC standard: 21 (10.4 mg), the catalyst
(2.1 mg), and cyclooctane (10 mg) were dissolved in m-xylene (1 ml),
and 50-ul samples were sealed in tubes and placed in an oil bath at 80
°C. Rearrangement was complete in 48 h. The relative retention times
(column A, 35 °C) for the various isomers were 21 (1), trans-2-me-
thylhexa-1,4-diene (1.06), trans-2-methylhexa-3,5-diene (1.09),
cis-2-methylhexa-1,4-diene (1.14), trans-2-methylhexa-1,3-diene
(1.4), trans-2-methylhexa-2,4-diene (1.72), cis-2-methylhexa-2,4-
diene (1.83), and cyclooctane (2.66).

For the kinetic study, the reaction was carried out with stirring in
a screw top vial (to avoid evaporation of starting material or products),
since rearrangements in the sealed tubes gave inconsistent results
(probably because they were not stirred or heated at exactly the same
temperature). Thus, for the kinetic run, 21 (20.8 mg), catalyst (20
mg), and cyclooctane (20 mg) were heated at 78 °C in dry m-xylene
(4 ml), samples being removed periodically for analysis.

Control Experiments in the 1,1-Dimethyl-2-vinylcyclopropane Se-
ries. A. cis-2-Methylhexa-1,4-diene (22) (14.6 g), rhodium catalyst
(10.2 g), and cyclooctane VPC standard (11.9 mg) in m-xylene (an-
hydrous, 2 ml) were heated at 85 °C for 48 h with stirring in a screw
top vial. No 23, 24, or 25 was formed. Starting material (75%) re-
mained along with a new product X (25%) of longer retention time
than 25. This unknown compound formed in many of the controls (see
below), but its formation was not reproducible.

B. trans- and cis-2-Methythexa-1,4-diene (23 and 22). A 7:3 mixture
of 23:22 was treated with rhodium as in A above. After 48 h, the
mixture consisted of 26% 23, 14% 22, and 60% X.
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C. trans-2-Methylhexa-2,4-diene (24) was treated with rhodium
as in A above. After 48 h, the mixture was composed of 24 (58%) and
X (2%).

D. cis- and trans-2-Methylhexa-2,4-diene (25 and 24). A mixture
of 25 (53%) and 24 (47%) was treated with rhodium as in A above.
After 48 h, the mixture consisted of 25 (46%) and 24 (41%).

E. trans-2-Methylhexa-1,3-diene was treated with rhodium as in
A above. After 48 h, the mixture consisted of starting material (87%)
and X (6%).

F. 2-Methylhexa-3,5-diene was treated with rhodium as in A above.
After 48 h, the mixture consisted of starting material (36%), a new
product whose retention time corresponds to cis-2-methylhexa-1,4-
diene (7%), and X (11%).

cis- and trans-1-Carboethoxy-2-vinylcyclopropane (30). The title
compounds were prepared by the addition of ethyl diazoacetate* to
butadiene catalyzed by cupric triflate.” Obtained was a mixture of
trans (60%) and cis (40%) cyclopropanes? which were separable on
column E (110 °C), the trans compound having the shorter retention
time. Treatment of the isomer mixture (200 mg) with the dicarbonyl
rhodium chloride dimer (24 mg) in refluxing benzene (anhydrous, 30
ml) for 7 days gave partial (ca. 50%) rearrangement to two new
products, C and D (1:3). Compared to trans starting material, C had
a relative retention time of 2.0, and D of 2.3. Both products were
collected by preparative VPC and identified by comparison of their
NMR with those published.’! C is trans,cis-ethylhexa-2,4-dienoic
acid, and D is trans,trans-ethylhexa-2,4-dienoic acid.

Experiments conducted with pure cis-1-carboethoxy-2-vinylcy-
clopropane with internal standard bicyclohexyl indicated that cis-
trans isomerization was occurring, but the reaction was very sluggish,
requiring large amounts of catalyst.

Rearrangement of endo-7-(trans-g-deuteriovinyl)bicyclo{4.1.0]-
heptane (14). The endo isomer 14 (215 mg, 1.745 mmol) and
[Rh(CO),Cl] catalyst (17.1 mg, 0.088 mmol) were rearranged under
the usual conditions in refluxing benzene (80 ml). The olefin was thrice
purified via preparative VPC (column F or H, 130 °C), and the
composition analyzed to be 99.924% endo and 0.076% exo isomers.

The reaction progress was followed by VPC during the course of

60 min, at which time the intermediate exo isomer had rearranged to
a maximum amount. The reaction was then worked up by washing
successively with 9% aqueous ammonia (four 30-ml portions), H,O
(50 ml), saturated aqueous NaCl, and then dried (Na,SO,). The
solvent was removed by careful rotary evaporation and the resulting
solution of endo-exo isomers was easily purified and isolated via VPC.
Both isolated isomers were then reanalyzed as to their purity (column
E, 90 °C). NMR analysis of the endo fraction showed no change from
the original endo-trans-deuterated material; however the exo fraction
was identical with the spectrum of authentic exo-cis-deuterated ma-
terial 11, but seemed to contain a small amount (5%) of what appeared
to be the exo-trans-deuterated isomer.
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