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Abstract—The cyclopropyl chlorides (1 and 2) rearrange on heating to give stereospecifically the allyl
chlorides (3 and 4, respectively). In the presence of nucleophiles such as methoxide ion, the corresponding
allyl ethers (5 and 6, respectively) are formed. Analysis of the stereochemistry of these products indicates
that they are formed from the corresponding allyl chlorides (3 and 4), which are evidently the first-formed
products of the reaction even in the presence of strong nucleophiles. The reaction of the allyl chlorides
(3 and 4) with sodium phenylthioxide in aprotic non-polar solvents goes predominantly with retention of
configuration, but in methanol is normal in giving predominantly inversion of configuration.

WE DESCRIBED in a preliminary communication! our evidence that the rearrangement
of cyclopropyl chlorides to allyl chlorides is stereospecific. In particular, the cyclo-
propyl chlorides (1 and 2) gave, under a variety of conditions (Table), the same products
in the same ratio as the allyl chlorides (3 and 4 respectively). We concluded that all the
reactions proceeded by a stereospecific rearrangement of the cyclopropyl chlorides to
the allyl chlorides (1 — 3), and (2 — 4), followed by further reaction of the allyl
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chlorides. Thus, with sodium methoxide in methanol, both 1 and 3 gave largely the

cis-methyl ether (5), and both 2 and 4 gave largely the trans-methyl ether (6).

In this, the full paper on our work, we record the synthesis of the starting materials
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and the proof of configuration for all the compounds involved, and we somewhat
amplify our earlier discussion.

SYNTHESIS OF STARTING MATERIALS

anti-6,6-Dichloro-3-methoxybicyclo[3,1,0]hexane (1) was the major product
from the reaction of sodium methoxide and ethyl trichloroacetate with 4-methoxy-
cyclopentene.? It was freed from the small amount of the syn-isomer by preparative
GLC. The syn-isomer (2) was prepared by a short sequence starting from the tetra-
hydropyranyl ether (7) of 4-hydroxycyclopentene. With chloroform and potassium t-
butoxide, this ether gave a mixture of the syn and anti isomers, consisting largely of the
anti-isomer (8). The mixture was hydrolysed and then oxidised to give the crystalline
ketone (9) which was reduced with lithium aluminium hydride, to give, stereoselec-
tively,® the syn alcohol. Methylation of this alcohol gave the ether (2).
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When 1 and 2 were heated alone at 160° for 4 hr, a mixture of ti*e allyl chlorides
(3 and 4) was obtained in each case (Table). This was a simple synthssis of the allyl
chlorides; but it was not possible to separate them from each other by gas chroma-
tography because, under all the conditions that we tried, they were partially inter-
converted on the column. We therefore prepared the pure isomers by a different route.

The mixture of dichlorocyclopropanes (1 and 2) was treated with silver perchlorate
in aqueous acetone® to give a mixture of the allylic alcohols (10 and 11) in approxi-
mately 50:50 ratio. These were separated from each other by column chromatography
and then separately treated with triphenylphosphine dichloride.” The cis-alcohol (10)
gave the trans-chloride (3), and the trans-alcohol (11) gave the cis-chloride (4). In each
case the purity of the chlorides was judged by NMR spectroscopy, using the Eu(DPM),
shift reagent® to separate the signals, otherwise almost coincident, of the methoxy

groups.
MeO a MeO Cl
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PROOF OF CONFIGURATION

The configuration of the 6,6-dichloro-3-methoxy-bicyclo[ 3,1,0]hexanes (1 and 2)
was established by reduction with sodium in liquid ammonia to the 3-methoxy-
bicyclo[3,1,0]hexanes of known configuration.? Methylation of the separated
alcohols (10 and 11) gave the methyl ethers (5 and 6), hydrogenation of which gave
the dimethyl ethers of the cyclohexan-1,3-diols. Authentic samples of these ethers were
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prepared from the cis- and trans-cyclohexan-1,3-diols of known configuration.’
This established the configuration of the alcohols (10 and 11) and of the ethers (S and 6).

On the basis of the known stereochemistry of substitutions using triphenylphosphine
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dihalide,*® the cis-alcohol (10) was expected to give the trans-chloride (3) and the
trans-alcohol (11) to give the cis-chloride (4). This enables us to assign configurations
to the chlorides (3 and 4), and our assignment was supported by the aisplacement of
the chlorine of 3 and 4, again with inversion, to give the ethers (5 and 6 respectively),
the configuration of which we had already established unambiguously. Finally, the
alcohols (10 and 11) were treated with thionyl chloride; this time, the products were
predominantly the opposite allyl chlorides (4 and 3 respectively) from those obtained
with the triphenylphosphine dichloride reagent. This is exactly what we expected
from the well-known® SNi' pathway for the reaction of thionyl chloride with allyl
alcohols. The reaction with thionyl chloride was not used for the preparation of the
chlorides (3 and 4), because it was not quite so cleanly stereospecific as the reaction
with triphenylphosphine dichloride.

The only products the stereochemistry of which was not rigorously established
were the thioethers (12 and 13). These could not be separated from each other, but it
was possible to identify and distinguish them by their NMR spectra using the Eu(DPM),

shift reagent.
MecQ, cl MeQ a
SPh H
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The isomer to which we assign the structure (12) showed features in its NMR
spectrum similar to those in the NMR spectra of the corresponding chloride (4),
ether (5), and alcohol (10); and the isomer to which we assign structure (13) showed
features in its NMR spectrum similar to those in the NMR spectra of the chloride (3),
the ether (6), and the alcohol (11). In particular, the width of the signal due to the
allylic hydrogen next to the heteroatom is greater for the cis isomers (12, 4, 5, and 10)
than for the trans isomers (13, 3, 6, and 11), as one would expect for a pseudoaxial
altylic hydrogen.'® The shapes of the signals are also similar within each series, the
former having a simple broad hump, but the latter having in each case a broadened
overlapping triplet. The signal of the vinyl hydrogen is also diagnostic: in the trans iso-
mers it appears as a double doublet, but in the cis isomers, as a result of extra (allylic)
coupling,!! it appears as a broad hump.

The likely conformation of these isomers deserves some comment. The trans
isomers (13, 3, and 6) are almost certainly in the conformation illustrated because it is
well-established!? that most allylic groups preferentially adopt the pseudoaxial
position. The cis isomers (12, 4, and 5), on the other hand, may not find the conforma-
tion shown especially favourable; thus they may well be in conformational equilibrium
with other conformations. In agreement with this possibility, and further supporting
our assignment for 12 and 13, is the observation that the Eu(DPM),-induced shifts of
the signals from the methoxy groups in the trans-thioether (13) and in the trans-
chloride (3) are greater than they are in the cis isomers (12 and 4). It is known'? that
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equatorial methoxy groups are generally shifted more than axial methoxy groups.

The cis-thioether (12) is kinetically less stable to heat and to base than is the trans
isomer (13). This too is in line with the relative reactivities of the chlorides (4 and 3),
as far as thermal stability is concerned, and with the ethers (5 and 6), as far as sensitivity
to base is concerned (see below). Finally, the stereochemistry of the substitution in
methanol is the one more likely to give inversion of configuration, and this is what our
assignment is consistent with. It then follows that retention of configuration occurs
with sodium phenylthioxide in diglyme.

THE STEREOSPECIFIC REARRANGEMENT OF THE CYCLOPROPYL
CHLORIDES TO THE ALLYL CHLORIDES

When the cyclopropyl chlorides (! and 2) were heated in sealed tubes at 160° for
4 hr, the allyl chlorides (3 and 4) were obtained (Table). Under these conditions, however,
the allyl chlorides (3 and 4) are slowly interconverting, so that the proportion of each
detected underestimates the degree of stereospecificity. Thus, in our preliminary work!
we relied on circumstantial evidence to support our claim that the rearrangement was
at least 95 % stereospecific. By taking the reaction to lower conversion, we have now
found directly that. in each case. the first-formed allyl chloride is the result of a highly
stereospecific reaction. By extrapolation of several runs back to zero conversion we
observe that the syn isomer (2) is rearranging with 100 + 39/ stereospecificity, and the
anti isomer (1) with about 95+ 3% stereospecificity.

The rearrangement, which we have now shown to be stereospecific in the neat
liquid and in solution in polar and non-polar solvents, could bea concerted [02s + 02a]
process (as it is sometimes represented '), or it could be an ion-pair process (as reports'*
of kinetic studies have usually considered it). The latter mechanism is supported by
analogy with the gas phase chemistry of many alkyl halides.'® What we have now
shown is that, if ion-pairs are involved, they must remain intimate enough to preserve
the distinction between the upper and lower surfaces of the six-membered ring, in
which case the distinction between the two mechanisms is not necessarily a clear one.
That some charge separation is involved is, however, not in doubt: the reaction in
methanol is a good deal faster than the reaction in non-polar solvents, and it is also
known, for example, that cyclopropyl bromides in general open faster than corres-
ponding chlorides.!” That the initial reaction in methanol is a stereospecific rearrange-
ment followed by solvolysis is further supported by our observation that at 100° for
six hrs, when the reaction is incomplete, the allyl chlorides (3 from 1, and 4 from 2)
were present in addition to the ethers (5 and 6). This observation is in line with some
results of Skell'®, who found kinetic evidence for the intermediacy of allyl bromides in
the solvolysis of 6,6-dibromobicyclo[3,1,0]hexane in aqueous methanol.

In spite of our having used powerful nucleophiles such as phenylthioxide ion in
aprotic solvents, we have been unable to persuade a nucleophile to participate directly

eCl
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TABLE. PRODUCT DISTRIBUTIONS IN THE REACTIONS OF 1, 2, 3 AND 4
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Reaction®

3 4*
160° 1 95 91 9
4 hrscde 3 — 94 6
2 100 14 86
4 — 19 81
160° 1 74 95 5
2:S hrsf 2 92 18 82
160° 1 45 89 11
1-12 hrs ¢ 2 77 5 95
160° 1 26 95 5
0S5 hrs* 2 59 2 98
PhCl* & [
1 N NaOMe in 1 62 41 s1 8
MeOH at 100°«* 3 100 37 57 6
6 hr.for1and 2. . 2 37 69 s 26
15 min. for 3 and 4 4/ 100 n 4 24
MeOH<** 1 100 0 53 47
140° 3 100 0 54 46
6 hr. 2 100 0 23 77
4 100 0 25 75
1 N AgClO, in 1 100 0 60 40
MeOH 3 100 0 62 38
68° 2 90 0 41 59
1 hr. 4/ 100 0 46 54
12 13*
0-23 N PhSNa in 1 100 86 14
MeQH¢ 4« ) 3 100 90 10
120° 2 100 5 95
5 hr. 4 100 96
PhSNa suspended in 1 100 12 88
diglyme at 161° 3 100 11 89
35hrfor1and2* y 2 100 65 3s
5 min. for 3and 4 4/ 100 65 35

¢ Estimated from the amount of recovered starting material. ® Estimated by NMR. © The reactions were
performed in a sealed tube. 4 The results are reproducible to +4 9. ¢ The results are the average of two or
more runs. 7 The results are corrected for about 4% of 3 in the starting material. * Estimated by GLC.
* The results are reprodubible to +3%. ! Corrected for about 4%, decomposition of this isomer under the
reaction conditions; the product of the decomposition was anisole (see text). / This reaction gives about
10% of Sand 6, as well as 12 and 13.* A small amourfPof 1-chloro-4-methoxy-2-phenylthiocyclohexene
was formed in this reaction, the amount was usually less than 5%.
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(14, arrows) in the opening of the cyclopropane ring. Evidently, the chloride ion stays
closely attached to the rest of the molecule until it is in a position to be displaced by a
nucleophile. Our evidence that direct participation (14) does not occur is both
stereochemical and kinetic: the stereochemistry observed is always the same as that
obtained from the corresponding allyl chloride (Table), and the rate of the reaction is
not markedly affected by the addition of sodium methoxide or sodium phenylthioxide
to the methanol.

The close association of the chloride ion with the rest of the molecule may be main-
tained even in the presence of silver ions, where, once again, the same proportion
of products is obtained from the cyclopropyl chlorides (1 and 2) as from the allyl
chlorides (3 and 4). The closeness of this association may also explain the most unusual
observation of an allylic bromide product in a silver-ion catalysed opening of a cyclo-
propyl bromide.*®

Although direct nucleophilic participation in the ring opening was what we originally
set out to find, its absence is perhaps not surprising. In the compounds (15), the rate
of ring opening?? is only ten times faster when R = Ph than when R = H; thus, not
much positive charge is developed at C-1 in the transition state of this reaction. With
other compounds, though, the reaction is made much easier by the presence of
groups which help to delocalise the developing positive charge. Thus the adducts of
dihalocarbenes with indene,?' with cyclopentadiene!®, with 4,5-dihydrofuran’®,
and with methoxy -2? and ethoxy-23 cyclohexene, all rearrange very readily, most of
them at about 60°. One of our compounds too, namely the ketone (9), rearranges with
very great ease (room temperature for 3 hr) in the presence of base to give p-chloro-
phenol. In this case, presumably the enol or enolate (16) is the reactive intermediate,
and we note that in this compound the assisted and concerted breaking of two sigma
bonds (16, arrows) takes place in spite of an appallingly bad arrangement of orbitals
for continuous overlap. With these analogies in mind, we are still hopeful that it may
be possible to find nucleophilic participation in a ring-opening reaction of this kind,
perhaps by incorporating an internal nucleophile into the molecule. A nucleophilic
displacement with inversion has been observed?* with a carbon atom leaving group
in the case of the cyclopropane (17). Certainly we expected to observe inversion in our
compounds had a direct nucleophilic substitution (as in 14) been possible. We expected
it because such a process is, in essence, the reverse of the cyclopropanone-forming
step in the Favorskii reaction, a step which is known?* to go with inversion of configura-
tion in non-polar solvents.

C cl
Ar “Nal

Ph CN
R
_/l; CO;Me
Nu
15 16 17

The low degree of stereoselectivity in the silver-ion catalysed reactions of 1 and 2
(Table)is in contrast to the highly stereoselective process which has been observed*:!-2¢
in the silver-ion catalysed opening of s@®eral cyclopropyl halides in which the cyclo-
propane ring is fused to a medium sized ring. Thus, Reese and Shaw?® obtained only
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one diastereoisomer of the trans-cyclononadiene (19) from the silver-ion catalysed
reaction of the cyclopropyl bromide (18). In the light of our results, it seems likely that
the stereoselectivity in this medium-sized ring series results from a preferred formation
of one diastereoisomer rather than from an inherent demand for inversion of con-
figuration at the carbon atom which accepts the nucleophile?’. In other words, it is a
stereoselective reaction and not a stereospecific one—using the distinction between

these words suggested by Zimmerman?®, and here found to be exceptionally useful.

Br
H
X_ Br Ag*/MeOH H
%, Br III’OMC
H
18 19

An unexpected result was the observation that anisole, in addition to the expected
chlorobenzene, was a product from the reaction of the cyclopropyl chlorides (1 and 2)
with sodium methoxide. It was found that chlorobenzene was stable under the reaction
conditions, and that the anisole was produced by partial decomposition of the cis-
methyl ether (5). The reaction took place only in the presence of sodium methoxide.

We did one experiment to identify the pathway for the formation of the anisole from
the methyl ether (5). "When the directly prepared mixture of cyclopropyl chlorides (1
and 2, with 1 predominating) was heated with NaOCD, in CD,OD for 6 hr at 120°,
conversion to anisole was observed. The anisole was isolated and found by NMR
spectroscopy to be fully deuterated in the methoxy group but not detectably deuterated
in the ring. We suggest that a base-catalysed allylic rearrangement takes place (of
the kind Cram and his co-workers?® have found does not involve extensive exchange
with solvent deuterons), followed by dehydrochlorination and loss of methanol.

Cl Cl H
OCD CD. OCD
-0CD, * ~ocp, > _ua ® _CH,0H CD,
CD,0D
OCH, OCH, OCH,

THE **SN2 PRODUCTS"

There remain the anomalous results with sodium phenylthioxide in non-polar
solvents. As usual, the results with the cyclopropyl chlorides and the corresponding
allyl chlorides are the same. The anomaly comes in the stereochemistry observed in the
displacement of the allyl chlorides. Whereas inversion of configuration is the pre-
dominant result in methanol (3 — 12 and 4 — 13), the displacement in diglyme (and in
DMEand benzene) proceeds mainly with retention of configuration(3 - 13and4 — 12).
This result is exactly what would be expected if an SN2’ process predominates in the
non-polar solvent®®. It is for reactions in non-polar solvents that SN2’ processes are
most often claimed. However, the reaction is possibly heterogeneous, and. of course, we
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have not proved that the nucleophile has bonded to a different carbon atom from the
one which the chloride ion left. Indeed, this would be difficult to prove because of the
very great ease of allylic rearrangement we can expect® for the allylic chlorides. So we
do not claim, in the present climate of opinion3!:32, that we certainly have a con-
certed SN2 reaction. What we do have is an unusually clear case of synfacial®?
displacement of an allylic chloride in non-polar aprotic solvents and an apofacial®?
displacement in a polar protic solvent.

IR spectra were taken as films or nujol mulls. Light petroleum refers to the faction b.p. 40-60". GLC was
carried out with the following columns:

1. A Perkin-Elmer F11 hot-wire chromatograph fitted with an LAC-1R-296 column, 6 ft x 0-125 in,
20% on 60-80 mesh chromosorp P (column 1). 2. A Perkin-Elmer F21 flame ionization chromatograph
fitted with a glass column packed with LAC-IR-296, 3 ft x 0-375 ins, 209, on 60-80 mesh chromosorp P
(column 2). 3. An F. and M 720 chromatograph fitted with a diethylene glycol adipate column, 6 ft x 0-25in,
10% on 60-80 mesh chromosorp W (column 3).

4-Methoxycyclopentene. 4-Hydroxycyclopentene®? (17 g) was added dropwise to a stirred suspension of
sodium hydride (15 g of the 50°; dispersion) in anhydrous ether (200 ml) under N,. After 2 hr at room
temp, an excess of Mel was added and the mixture stirred for 48 hr. Water (100 ml) was then added, the
ether layer dried (MgSO,) and the ether distilled off through a Vigreux column and the residue distilled to
give 4-methoxycyclopentene (155 g. 80%). b.p. 99°/760 mm. (Found: C, 73-6; H, 10-4. C;H, O requires:
C,73-4; H, 10:3%). 1 4-3-45 (2H, M, olefinic CH), 5-8-6:2 (1H, m, CH on C-4), 6-8 (3H. s, OMe), and 7-4-7-8
(4H,m,2 x CH,).

anti-6,6-Dichloro-3-methoxybicyclo[ 3,1,0]hexane (1). NaOMe (from 13-5 g Na, dried at 100°/02 mm
for 3 hr) was suspended in hexane (150 ml) and 4-methoxycyclopentene (15 g) added. The mixture was
stirred at 0° under N, as ethyl trichloroacetate (90 g) was added cautiously over 30 min.>* After a further
12 hr water was added, the ether layers dried (MgSO,). the solvent evaporated and the residue distilled
(25:3 g, 91%), b.p. 59-61°/0-4 mm. GLC (column 1, oven 150°) showed two components (A and B} in the
ratio of 7:1 with retention times of 3-3 and 4-5 min respectively. The component (A) was separated (column
2, oven 140°) to give anti-6,6-dichloro-3-methox ybicyclo [3,1,0] hexane (1). (Found: C, 46:4; H, 5-7; C, 39-1.
C,H,,0Cl, requires: C, 46-4; H, 5:6; Cl, 39-1%), v_,.. 3040 w, 2860 m, 2830 m, and 1100scm ™', 1 6:1-6'5
(1H, m, CH on C-3), 6-88 (3H, s, OMe), and 7-6-8-3 (6H, m). The minor component (B) was also collected
10 give syn-6,6-dichloro-3-methoxybicyclo[ 3,1,0Jhexane(2). (Found: C, 46:7; H 5:5%), v, 3040 w, 2870 m,
2830 mand 1120 cm ™', 1 58-6-2 (1H, m), 6-84 (3H, s), 7-4-7-8 (2H, m), 7-9-8:15 (2H, m cyclopropyl H), and
8-25-8:6 (2H, m).

Proof of configuration of anti- and syn-6,6-dichloro-3-methoxybicyclo[3,1,0]hexanes (1 and 2). The isomer
(A) (100 mg), described in the preparation above, in ether (0-5 ml) was added to a soln of Na (150 mg)
in liquid ammonia (6 ml) and stirred for 1 hr. Only one product was detected by GLC (column 3), and this
proved to be identical (NMR, GLC) to anti-3-methoxybicyclo[ 3,1,0]hexane, sec below. The minor isomer
(B), actually obtained from the longer route described below, was reduced in the same way and gave only
one product identical (IR, NMR, GLC with syn-3-methoxybicyclo[ 3.1,0]hexane, see below.

Authentic anti- and syn-3-methoxybicyclo[ 3,1,0]hexanes. The syn-methyl ether was prepared by methyla-
tion of syn-hydroxybicyclo[3,1,0]hexane? using the procedure described above for 3-methoxycyclopentene.
It isa known compound.*®

The anti-methyl ether was prepared by similarly methylating the mixture of syn- and anti-alcohols ob-
tained by Meerwein-Ponndorf reduction? of bicyclo [3,1,0]hexan-3-one, and separating the anti-product
from the syn-product (column 3) to give pure anti-3-methoxybicyclo[3.1.0]hexane. (Found: C, 75-1;: H, 11-0.
C¢H,,0 requires: C, 749; H, 10-8 %) 1 66 (1H, m, CH on C-3), 6:86 (3H, w), 79 (2H, m), 8-2-8-5 (2H, m),
8:65-8-95(2H, m), 9:5-9-9 (1H, m), and 10-0-10-2 (1H, m).

4-Hydroxycyclopentene tetrahydropyrany! ether (7). This ether was made by the method of Paihiam and
Anderson.>® The crude product was redistilled through a short vigreux column to give 4-hvdroxycyclo-
pentene tetrahydropyranyl ether (19 %), b.p. 89-93 /9 mm. (Found: C, 71:6: H, 95. C, H, O, requires:
C,71:4;H,96%),v,,, 3060 w, 2870 m, and 2850 m cm ™ ! 14-2-4-4 (2H, m, olefinic protons), 5:0-56 (2H, m),
59-6-3 (1H, m), 6467 (1H, m), 7°0-7-8 (4H, m), and 7-9-8-6 (6H, m).
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syn- and anti-6,6-Dichlorobicyclo{3,1,0]hexan-3-ol tetrahydropyranyl ether. Potassium t-butoxide (from
36 g K) was suspended in light petroleum (600 ml) and 7 (31 g, 0-2 mole) added. The mixture was stirred at
0° under dry N, for 10 min before chloroform (122 g, 094 mole) was added dropwise over a period of 3 hr.
The mixture was stirred for a further 12 hr at room temp and then distilled water was added. The organic
layers were dried (MgSO,), the ether was removed and the product fractionally distilled to give recovered
7 (12:6 g), b.p. 44-48°/0-25 mm and a mixture of syn and anti-6,6-dichlorobicyclo[3,1,0]hexan-3-ol tetra-
hydropyranyl ethers (24 g, 86% allowing for recovered starting material), b.p. 95-97°/0-25 mm. (Found:
C.529:H.63;Cl, 280.C, H,O,Cl, requires: C, 52:6: H, 6:4: C, 28:2%), v,_,, 3040 w, 2870 m, and 2850
cm™ ', v 50-60 (2H, m), 6:0-6-5 (1H, m), 6:5-6:8 (1H, m), 7-2-8-2 (5H, m), and 8-2-88 (6H, m),

syn- and anti-6,6-Dichlorobicyclo[3,1.0]hexan-3-ol. A mixture of syn- and anti-6,6-dichlorobicyclo[3,1,0]-
hexan-3-ol tetrahydropyranyl ethers (20 g, 0-08 mole) and toluene -p-sulphonic acid (2-1 g) were refluxed in
cthanol (600 ml) for ! hr, cooled, diluted with water, and extracted into ether. The ether extracts were washed
with dilute sodium hydroxide, water, and dried (MgSO,). The ether was removed and the product
distilled to give a mixture of syn- and anti-6,6-dichlorobicyclo[ 3,1.0]hexan-3-0l (11-6 g, 88 %), b.p. 64—68°/0-2
mm, v 3350s and 1080s cm ™ ' 1 54-59 (1H, m, CH on C-3), 6:2-65 (1H, broad s, —OH), and 7-0-8-3
(6H, m). A satisfactory analysis could not be obtained for this mixture, but methylation of a small portion
using the procedure described above for the methylation of 4-hydroxycyclopentene gave syn- and anti-
6,6-dichloro-3-methoxybicyclo[ 3.1,0]hexane (1 and 2) identical with authentic samples (GLC, column 1,
oven 150°), in the ratio syn:anti = 1:10.

6.6-Dichlorobicyclof 3,1,0]hexan-3-one (9). A soln of CrO; (8:0 g) in H,SO, (7-0 ml) and water (to make up
to 30 ml) was added over a period of 5 min to the mixture of syn- and anti-6.6-dichlorobicyclo[3,1,0]hexan-
3-0l (3-0g) in acetone (400 ml, distilled off KMnO, and deoxygenated). The mixture was stirred for a
further 5 min before MeOH (20 ml) was added. The green soln was then decanted off the Cr salts, which
were washed with acetone: the acetone extracts were combined and the acetone removed. The residue was
dissolved in ether and the ethereal soln washed 3 times with sat NaClag, dried (MgSO,) and the ether
removed. The crude product crystallized on cooling and was recrystallized from ether-light petroleum to
give 6,6-dichlorobicyclo[ 3,1,0]hexan-3-one (9: 56 g, 62%), m.p. 56-565° (Found: C, 440: H, 3-9: Cl, 43-1.
CsH¢OClI, requires: C, 43-7: H, 3.7: C), 43-0%), v,p,, 3065w and 1740s cm ", 1 7-4-79 (m).

syn-6,6-Dichlorobicyclo[3,1,0]hexan-3-0l. 6,6-Dichlorobicycio] 3,1,0]hexan-3-one (56 g) in dry ether
(20 ml) was added to a suspension of LAH (0-65 g,) in dry ether (100 ml) at room temp under dry N,. The
mixture was stirred for 40 min at room temp and then refluxed for a further 90 min.

Aqueous work-up using sat NH,Cl aq (50 ml) gave an organic residue, which was distilled, giving syn-
6,6-dichlorobicyclo[3.1.0]hexan-3-ol (47 g, 84 %), b.p. 69-70°/0:15 mm. (Found: C, 42-8; H, 4-7; Cl, 42-2.
C,H;OCI, requires: C, 43-1; H, 48; Cl. 42:5%), v__ 3330s, 3040w, and 1070s cm !, 7 56 (1H, quartet,
J = 8Hz CH on C-3), 716 (1H, s, —“OH), 7:3-7-75 (2H. m), 7-9-8-15 (2H, m, cyclopropyl protons), and 8-25-
86 (2H, m). The colourless liquid crystallized on standing to give prisms, m.p. 35-39°.

syn-6.6-Dichloro-3-methox ybicycio[3,1,0]hexane (2). syn-6,6-Dichlorobicyclo[3,1,0]hexan-3-0l (46 g,
was methylated using the procedure described for the methylation of 4-hydroxycyclopentene to give 2
(1-7 8,37%), b.p. 99-100°/14 mm, identical (GLC, NMR) with the minor isomer (B) obtained by the addition
of dichlorocarbene to 4-methoxycyclopentene.

cis and trans-2-Chloro-5-methoxycyclohex-2-enol (10 and 11) A mixture of 1 and 2 (10 g, syn:anti = 1:7)
was refluxed in aqueous acetone (200 ml, acetone:water = 95:5) with AgClO, (41-4 g,) for 2 hr. The ppt was
filtered off and the soln diluted with water and extracted into ether. The extracts were dried (MgSO,), and
the ether removed leaving a pale yellow oil. Two components, A and B, were detected both by GLC (column
1, oven 180°, retention times 5-8 and 6-0 min, respectively, in the ratio 1:1) and by TLC (silica gel, 4% EtOH
in CHCI,). They were separated on a silica column (Mallinkrodt CC-7, eluting with CHCI,). The separated
products were dissolved in ether, the solns washed twice with sat NaCl aq and once with distilled water,
dried (MgSO,). and the ether removed under vacuum. A, the faster on TLC (2-7 g) was cis-2-chloro-5-
methoxycyclohex-2-enol (10). (Found: C, 51-4; H, 67. C,H,,0,Cl requires: C, 51-7; H, 6:8 %), v, 3400s,
3040w, 2830m, and 1650m cm ™', 1 4-32 (1H, t, J = 4 Hz, olefinic proton), 5-95-6-15 (1H, m, CH on C-3),
6:25-6:42 (1H, quintet, J = 4 Hz, CH on C-5), 6:7 (3H, s,—OMe), 6:97 (1H, broad s, —OH ), 7:6-7'8 (2H, m,
—CH,), and 7-84-8:02 (2H, m, CH,). The cis configuration was assigned by correlation, see below, with
cis-cyclohexan-1,3-diol and is consistent with this isomer being the faster on TLC. B, the slower on TLC
(27 g) was identified as 11, but a satisfactory analysis could not be obtained; Vs 33705, 3040w, 2830m,
and 1650 cm ™', t 4.15-4-32 (1H, m, olefinic proton), 5-74-5:92 (1H, m, CH on C-3), 6-2-6-5 (2H, m, CH on
C-5and —OH), 67 (3H, s, —OMe), and 7-3-9-4 (4H, m, 2xCH,). The trans configuration was assigned by
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correlation with trans-cyclohexan-1,3-diol and is consistent with this isomer being the slower on TLC. A
mixed fraction (09 g) was also obtained (total yield 6-3 g, 68 %).

cis- and trans-1,6-Dichloro-4-methoxycyclohexene (3 and 4). When mixtures of the chlorides (3 and 4)
were required they were prepared by heating mixtures of the syn- and anti-dichlorocyclopropanes (1 and 2)
in a scaled tube at 170° for 6 hr; the products were purified (not separated) down a column of silica (Mallin-
krodt CC-7, eluted with CH,Cl,); yields were usually about 80 %.

For the pure, separated allyl chlorides, the following procedure was used. Chlorine was bubbled through
a soln of triphenylphosphine (40 g,) in CCl, (100 m], AR) until a permanent yellow colour was formed in
the mixture. The CCl, was then removed under vacuum leaving triphenylphosphine dichloride as a white
solid, which was dried at room temp under vacuum (02 mm). The triphenylphosphine dichloride was
dissolved in dry acetonitrile (100 ml) and 10 or 11 (1 g. 0-006 mole) added to the soln under N, at room
temp. The mixture was stirred at room temp for 90 min, then diluted with Na,CO,aq and extracted
into light petroleum. The light petroleum extracts were dried (MgSO,) and the solvent removed. The
crude allyl chlorides were freed from triphenylphosphine oxide by chromatography on silica (Mallinkrodt
CC-7, 100 g). Using this technique, 10 was converted into 3, which contained less than 1% of the cis isomer
(4), and trans-11 was converted into cis<4 which contained 4%, of the trans-isomer (3). Yields were greater
than 90%. The trans-isomer (3) showed v ., 3060w, 2840m, and 1650m cm "~ !t 4:10-4-25 (1H, m, olefinic
CH), 54-56 (1H, m, half-height width 10Hz, CH on C-3), 6-1-6-5 (1H, m, CH on C-5), 6:70 (3H, s, OMe),
and 7-2-8-2 (4H, m, 2CH,): there was no allylic coupling detectable by spin decoupling. The cis-isomer (4)
showed v, 3060w, 2840m, and 1650 cm ™ !, 1405425 (1H, m), 54-5-7 (1H, m, half-height width 20 Hz),
6-5-68 (1H, m), 6-72 (3H, s) and 7-2-8-2 (4H, m); a small allylic coupling ( ~ | Hz) was detectable by spin
decoupling.

The compositions of mixtures of the allyl chlorides (3 and 4) could not be measured by GLC (the allyl
chlorides decomposed extensively in the injection port of the analytical chromatograph), instead they were
measured by NMR in the presence of Eu(DPM),® which shifted all the peaks downfield and separated those
of each isomer. The peaks from the frans-isomer (3} were shifted downfield more than the corresponding
peaks from the cis isomer (4). A graph was plotted of the shift of the methoxy singlet from the trans-isomer
(3) against the shift of the methoxy singlet of the cis-isomer (4). It was a straight line, slope 1-18, and was
used to detect small impurities of one of the isomers in the other.

The allyl chlorides were also obtained in a less pure state from 10 and 11 using thionyl chloride in ether.
Thionyl chloride (120 mg, purified by fractional distillation twice through a 10 in packed column off tri-
phenyl phosphite) in dry ether (5 ml) was added to 10 or 11 (100 mg) under a dry atmosphere and the
mixture stirred at room temp for 24 hr before being diluted with ether and washed with Na,CO, aq and
water. The ethereal soli was dried (MgSO,) and the ether removed leaving 3 and 4. Using this technique,
11 was converted to trans-3 containing less than 59 of the cis isomer (4) and 10 was converted into cis4
containing about 25% of the trans-isomer (3). These reactions were repeated several times using different
reaction times and temps but the stereospecificities could not be improved upon.
cis- and trans-1-Chloro-4,6-dimethoxycyclohexene (S and 6)

Preparation 1. A mixture of 1 and 2 (2 g, syn:anti = 1:7) was heated in a sealed tube for 6 hr at 140° in
MeOH (20 ml). The soln was then diluted with water and extracted into ether. The ether extracts were
combined, dried (MgSO,) and the ether removed. The residue (approx 20 g) was examined by GLC (column
1, oven 150°) which detected two products A and B, relative retention times 3-5 and 5-0 min, respectively,
ratio approx 1:1, which were separated by preparative GLC (column 2, oven 140°). A was identified as
trans-1-chlorod,6-dimethoxycyclohexene (6). (Found: C, 54-5: H, 7-3; Cl, 20-3. C,H,,0,Cl requires:
C,54:5.H,74;CL 201%). v_,, 3060w, 2840m, and 1655 cm "~ !, 1 415-4:35 (1H, m, olefinic proton), 6-2-6-4
(1H, m, CH on C-3), 6:3-6-8 (IH, m, CH on C-5), 6-75 (3H, s, —OMe), 6:80 (3H, s, —OMze), and 7-3-8-65
(4H, m, 2xCH,). B was identified as cis-1-chloro-4,6-dimethoxycyclohexene (5). (Found: C, 54-4; H, 7-3;
Cl, 20:3%), v, 3060w, 2840m, and 1655m cm "~ !t 415-4-35 (1H, m, olefinic proton), 6:0-6:4 (1H, m,
CH on C-3). 6:5-7'1 (1H, m, CH on C-5), 6:69 (3H, s, —OMe), 6:76 (3H, s, —OCH,), and 7-4-8:6 (4H. m,
2xCH,).

Pre:mraxion 11. Small portions of 10 and 11 were methylated separately using the procedure described
above for the methylation of 4-hydroxycyclopentene. The cis-alcohol (10) gave cis-§ identical with an
authentic sample (GLC, NMR, IR), and the trans-alcohol (11) gave trans-6 identical with an authentic sample
(GLC, NMR, IR).
cis- and trans-1,3-Dimethoxycyclohexane

Preparation I. cis- and trans-§ and 6 (100 mg) were separately dissolved in absolute EtOH (1:5 ml)
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containing KOH (100 mg) and 5% Pd-C (50 mg) and the mixtures stirred under H;, at room temp for 2 hr,
after which time the absorption of H, had stopped. The mixtures were diluted with water and extracted
into ether, and the ether extracts combined, dried (CaCl,) and the ether removed by careful distillation
through a packed column. The products were examined and isolated by GLC (columns 1 and 3). cis-S gave
cis-1,3-dimethox ycyclohexane identical with a sample prepared by methylation of cis-cyclohexane-1,3-diol.
(Found: C, 66'8; H, 11-1. C4H, O, requires: 66-6; H, 11-2), v, 2870m, 2830m, and 110s cm™ ', r 6:3-7-2
(2H, m, CH on C-1 and C-3), 6:78 (6H, s, 2x-OMe}), 7-5-7-85 (1H, m), 7-9-8-4 (3H, m), and 8:6-9-2 (4H, m).
trans-6 gave trans-13-dimethoxycyclohexane identical with a sample prepared by methylation of trans-
cyclohexane-1,3-diol (Found: C, 66:6; H, 11-2%), v,,, 2870m, 2830m, and 1100 cm~*, r 6:3-70 (2H, m,
CH on C-1 and C-3), 6-8 (6H, s, 2x-OMe), and 8-1-89 (8H, m, 4xCH,). No trans-1,3-dimethoxycyciohexane
was detected in the product mixture from the cis-allyl ether (8) (GLC), nor was any cis-1,3-dimethoxy-
cyclohexane detected in the product mixture from the trans-allyl ether (6).

Preparation 11. Dimethyl sulphate (0-4 ml), then NaOH (2 ml of 40% soln in water), and then more
Me,SO, (06 ml) were added to a soln of cis- or trans-cyclohexane-1,3-diol3” (100 mg) in the minimum
amount of water. The mixtures were stirred and refluxed for 4 hr, cooled and extracted into ether. The ether
extracts were combined, dried (MgSO,), and the ether was removed by careful distillation through a packed
column. The products were examined and isolated by GLC (column 3} as described above.

cis- and trans-1-Chloro-4-methoxy-6-(phenylthio)cyclohexene (12 and 13). Mixtures of 1 and 2 (0-54 g,
syn:anti = 1:7) were heated in MeOH, or dimethoxyethane, or dimethyl sulphoxide (15 ml) with sodium
phenylthioxide (109, excess in MeOH; 1009, excess in dimethoxyethane and dimethyl sulphoxide) for
several hr (S hr at 120° in MeOH;; 3 hr at 160° in dimethoxyethane; and 1 hr at 133° in dimethyl sulphoxide).
The mixtures were then diluted with water and extracted into light petroleum. The light petroleum extracts
were combined, dried (anhyd MgSO,) and the solvent removed under vacuum. The residues were then
examined by TLC (silica gel, eluting with 209, ether in light petroleum).

The residues from the reactions in MeOH showed three components on TLC, A, B, and C, and these
were separated by column chromatography on silica (Mallinkrodt CC-7, 50 g). A, the fastest component on
TLC, was identified as dipheny] disulphide by comparison (TLC, m.p.) with an authentic sample. B was
identified as a mixture of cis- and trans-1-chloro-4-methoxy-6-{phenylthio)cyclohexene (12 and 13) (045 g,
60 %), in the ratio cis:trans = 73:27.(Found: C, 61-0; H, 5-7; Cl, 14-2. C,,H,,0CIS requires: C,61:3; H, 5:9;
ClL 139%), v,,,, 3065m, 3060w, 2830m, 1645m, 1587m, 1576m, 1484m, and 1110s cm ™', 1 2:4-2:9 (5H, m,
aromatic protons), 4-1-4-4 (1H, m, olefinic protons), 6:1-6:9 (2H, m, CH on C-3 and CH on C-5), 6-78 (3H, s,
—OMe), and 7-3-8'5 (4H, m, 2xCH,). C, the slowest component on TLC was identified as a mixture of cis-
and trans-§ and 6 (01 g) by comparison (NMR) with the authentic materials.

The residues from the reactions in dimethoxyethane showed two main components on TLC, A and B,
and these were separated by chromatography on silica (Mallinkrodt CC-7 50 g). A, the fastest component
was identified as diphenyl disulphide by comparison (TLC, m.p.) with an authentic sample. B, the slower
component, was identified as a mixture of cis and trans-12 and 13, cis:trans = 16:84. (Found: C, 614;
H, 59; C| 141%), v_,, 3070m, 3060m, 3020w, 2830m, 1650m, 1590m, 1580m, 1487m, and 1100 cm ",
t 2:4-29 (5H, m, aromatic protons), 4-1-4-4 (1H, m, olefinic protons), 6:1-69 (2H, m, CH on C-3 and CH
and CH on C-5), 6-78 (3H, s, — OMe), and 7-3-8'5 (4H, m, 2xCH,).

The residues from the reactions in dimethyl sulphoxide showed two major components on TLC which
were separated and shown to be diphenyl disulphide and a mixture of cis- and trans-12 and 13, in the ratio
of cis:trans = 73:27.

Mixtures of the allyl thioethers (12 and 13) were analysed by NMR in the presence of En(DPM), which
shifted all the peaks downfield and separated those due to each isomer. The peaks from the trans-thioether
(13) were shifted more than those from the cis-thioether (12). A graph was plotted of the shift of the methoxy
singlet from the zrans-isomer (13) against the shift of the methoxy singlet of the cis-isomer (12). It had a
straight line, slope 1-61, and was used to check the line assignments made in later spectra. The methoxy
singlets were used in the quantitative analysis of the allyl thioether mixtures.

Thermal rearrangements in the absence of solvent. Portions (30 mg) of syn- and anti-6,6-dichloro-3-
methoxybicyclo[3,1,0]hexane (1 and 2) were heated separately in scaled tubes immersed in an oil bath
maintained at 160° (+ 1°). The crude product mixtures were shown by NMR to consist of cis- and trans-3
and 4, together with unchanged starting material and a small amount of aromatic (elimination ?) product.
Stability tests on samples of cis- and trans-3 and 4 (20 mg portions) were also carried out using this technique,

Rearrangements of syn- and anti-,6-dichloro-3-methoxybicyclo[3,1,0]hexane (1 and 2) in solutions of
sodium methoxide in methanol. syn- and anti-1 and 2 and cis- and trans-3 and 4 (40 mg portions) were heated
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separately in solns of NaOMe in McOH (2 ml 1N) in sealed tubes immersed in an oil bath at the required
temp. The reactions were worked up by the addition of distilled water (10 ml) and extraction into light
petroleum (3 x 10 ml). The light petroleum extracts were combined, dried (MgSO,) and the solvent
removed by slow distillation through a packed column. The product mixtures were analysed by GLC
(column 1; oven 80° for the climination products, and 150° for the substitution products), the products
being identified by co-injection with authentic materials. The composition of a mixture of chlorobenzene,
anisole, starting dichlorocyclopropanes, and product allyl ethers did not change when the mixtute was
dissolved in MeOH and put through the extraction procedure. The results were corrected for relative res-
ponse factors and for the decomposition of the cis-methyl cthcr (5). The absolute GLC response was deter-
mined before and after each ann!ysis and hence ther TSCovVery in each ¢ unyuluucul estimated. The errors in
these estimations were quite large, but the results did show that more than 80%; of the starting materials
could usually be accounted for.

Rearrangements of 6,6-dichlorobicyclo[3,1,0]kexan-3-one (9). 6,6-Dichlorobicyclo[3,1,0]hexan-3-one
(50 mg) was dissolved in MeOH (1 ml)and a soln of NaOMe in MeOH (1 mL 1N) was added. The mixture was
stirred under dry N, for 3 hr at room temp, after which time no starting material was left (TLC, eluting with
4% EtOH in CHC),). The soln was then diluted with water, acidified, extracted into ether, and the ether
extracts combined, dried (MgSO,), and the ether removed. One product was detected and purified by TLC
and shown to be p-chlorophenol by comparison (NMR, TLC, IR) with an authentic sample. No reaction
took place under these conditions in the absence of NaOMe.

Rearrangements in methanol alone. Portions (40 mg) of syn- and anti-1 and 2 and cis- and trans-3 and 4
were heated separately in MeOH (2 ml) in sealed tubes at 100° and 140°. The product mixtures were worked
up and analysed as described above, the products being identified by co-injection with the authentic
materials.

The dichlorocyclopropane reactions performed at 100° were incomplete after 6 hr heating, and the
intermediate allyl chlorides (3 and 4) could be detected in the product mixtures (GLC, NMR). In the product
mixture from the anti-1 no cis-allyl chloride (4) could be detected (GLC) although some trans-allyl chloride
(3) was present (NMR). In the product mixture from the syn-2, cis-allyl chloride (4) could be detected
(GLC) but the absence of the trans-allyl chloride (3) could not be unambiguously established. (GLC was
unsuitable because both 5 and 4 have the same retention time; NMR was unsuitable because of the com-
plexity of the mixture and the presence of the cis-allyl chloride).

Rearrangements in methanol in the presence of silver perchlorate. syn and anti-1 and 2 and cis- and trans-3
and 4 (40 mg portions) were added separately to solns of silver perchlorate in MeOH (2 ml, IN) and the
mixtures refluxed (usually for 1 hr). The product mixtures were filtered and then worked up and analysed
as described above.

Rearrangements in the presence of sodium phenylthioxide. syn and anti-1 and 2 and cis- and trans-3 and 4
(36 mg portions) were dissolved separately in the solvent (1 ml of methanol, dimethoxyethane, or diglyme)
together with sodium phenylthioxide (30 mg. 129 excess, dissolved in MeOH 53 mg, 1007, excess,
suspended in dimethoxyethane or diglyme) and the mixtures heated in tubes sealed under N, for the MeOH
and dimethoxyethane runs, and refluxed under dry N, for the diglyme runs. The mixtures were then cooled,
added to distilled water (10 ml) and extracted into light petroleum. The light petroleum extracts were com-
bined, dried (MgSO,) and the solvent removed. The crude products were examined by TLC (eluting with
20% ether in light petroleum) which showed the presence of diphenyl disulphide and the expected 12 and 13.
The cis- and trans-12 and 13 could not be separated by TLC. They were isolated together by preparative
TLC and analysed by NMR in the presence of Eu(DPM),.

Checks on the stability of the allyl thio-ethers (12 and 13). Mixtures of cis- and trans-12 and 13 (30 mg
portions) were heated in the solvent (1 ml, methanol or demethoxyethane, or 2 ml diglyme), in some cases
in the presence of sodium phenylthioxide (30 mg in MeOH; 53 mg in dimethoxyethane or diglyme) or
NaOMe (normal soln in MeOH)for several hr. The mixtures were then worked up and analysed as described
above. The results showed that 12 and 13 isomerised only in the presence of base, to 2a compound to which we
assign the structure 1-chloro-4-methoxy-2-(phenylthio)cyclohexene (Found: C, 61-4, H, 59. C,,H,,OCIS
requires: C, 61-3: H, 59 %), v_, 3080m, 2910m. 1630m, 1590m, cm ™', r 24-3-0 (5H, m, aromatic protons),
6468 (1H, m, CH on C-4), 685 (3H, s, OCH,), 72-7-7 2H, m, —CH, —), 7-7-795 (2H, —CH,—) and
7-95-8-4 (2H, m, —CH,—). However this isomerisation did not occur extensively during the quantitative
investigations of the rearrangement reactions.
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