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TERPENES—VI!
ELECTROPHILIC ADDITIONS TO BICYCLOJ[3.1.0]JHEX-3-EN-2-ONES?'3
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Abstract—The initial reaction of ( — )-umbellulone (1) with N-bromosuccinimide in water and in methanol,
N-hlorosuccinimide in water, and hydrogen chioride, hydrogen bromide and bromine in carbon tetra-
chloride is an electrophilic addition to the C=C double bond followed by attack of a nucleophile at C-4
leading in general to a mixture of two compounds, epimeric at C-4. These compounds are thermally un-
stable and could not be separated. Structural and configurational assignments were made on the basis of
the IR and NMR spectra and the decomposition products of the mixtures. Chlorine also reacts with
(—)-umbellulone (1) in carbon tetrachloride, but the configuration of the single product, a 3,4-dichloro-
dihydroumbellulone, could not be deduced from its spectral properties. The compounds with an OH or
a McO group or a Cl atom at C-4 easily lose the elements of water, methanol or hydrogen chloride to form
the respective bicyclo{3.1.0)hex-3-en-2-one, (— )}-umbellulone (1), (— )}-a-bromoumbeliulone (2) or (— )-a-
chloroumbellulone (12). When a Br atom is situated at C-4, deep-seated rearrangements occur at room
temperature which on heating finally lead to 2-cyclopenten-1-ones, separated by distillation of the respec-
tive reaction mixtures. Mechanisms for these rearrangements were suggested by examination of the
NMR spectra of the respective hydrobromination and bromination reaction mixtures as the reactions
proceeded.

IN PREVIOUS papers'’ ¢ we have reported the ORD curves and preferred conformations
of a number of bicyclo[3.1.0]hexan-2-ones, bicyclo[3.1.0]hex-3-en-2-ones and 2-
cyclopenten-1-ones. Among these compounds were (—)-umbellulone’-6-% (1),
(—)-a-bromoumbellulone’® (2) and (—)-umbellulone dibromide® ? (3). The latter
two ketones were prepared from 1.

87T
LR=H 3
2,R =Br

(—)-a-Bromoumbellulone (2) is formed by the addition of bromine to (—)-um-
bellulone (1) in carbon tetrachloride followed by treatment of the cold reaction
product with piperidine.® If instead of the piperidine treatment, the solyent is removed
at room temperature, and the almost colorless residue is slowly heated there is a
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1 Signs in parentheses always refer to rotatory powers observed with sodium D-light and methanol as
the solvent.
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copious evolution of hydrogen bromide followed by the distillation of two distinct
compounds, an unsaturated bromo ketone, C,,H, ,BrO, isomeric with but different
from 2,% 8 and (— )}-umbellulone dibromide (3).5’

Although the identity of the unsaturated bromo ketone and the mechanism by
which (—)-umbellulone (1) is converted to (~)-umbellulone dibromide (3) has re-
mained unknown, some possibilities for the latter have been discussed.® !° It seems
likely that the initial reaction is an electrophilic addition of bromine to the C—C
double bond of 1. The addition would be mechanistically similar to the acid-catalyzed
hydrolysis of (—){3S)-epoxyumbeilulone*? (4), which leads to (—)<3S,4S)-34-
dihydroxydihydroumbellulone* (5) and (—)«3S,4R)-3,4-dihydroxydihydroumbellu-
lone*-8 (6), isolated in 9/ and 38 %/, respectively. This suggested that there are, in the
hydrolysis of 4, additional products analogous to the unsaturated bromo ketone
and (—)-umbellulone dibromide (3).

We now wish to report a re-examination of the acid-catalyzed hydrolysis of (—)-
(3S)epoxyumbellulone (4), a detailed investigation of the reaction of a number of
electrophiles, including bromine, with (—)-umbellulone (1), and the identification
of the unsaturated bromo ketone discussed above.

RESULTS
Hydrolysis and methanolysis of (— H3S)-epoxyumbellulone (4)

As outlined earlier,* 4 was subjected to hydrolysis in water using a catalytic amount
of sulfuric acid. The crude reaction mixture was isolated and examined by NMR.
Only signals assigned to the keto diols § and 6 in the ratio 1:19, respectively, were
detected. These spectra are summarized in Table 1.* These two keto diols then
comprise at least 95% of the total hydrolysis product.

In a similar experiment, the NMR spectrum of the crude reaction product from the
acid-catalyzed methanolysis of 4 revealed the presence of only one compound,

S:R'=CH,; R*=OH
6:R!=OH; R2?=CH,
7:R! = OCH,; R? = CH,

(—H3S,4R)-3-hydroxy-4-methoxydihydroumbellulone (7), (Table 1). No other
product could be detected by TLC or column chromatography using silica gel.

The structure and configuration of 7 are assigned on the basis of its spectral proper-
ties and of the reaction leading to its formation. The electron-withdrawing effect of the

* Although therc can be no doubt concerning the chemical shift assignments for the respective protons
in § and 6, the chemical shifts and coupling patterns for the C-5 and C-6 protons could not be assigned due
to the complexity of their signal patterns. Hence, the conclusion that in 5 and 6 the proton at C-3 is coupled
to that at C-5 rather than to a C-6 proton is not completely certain. The same lack of certainty pertains to
the assigned coupling of the C-3 protons in all of the other spectra summarized in Table 1.
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carbonyl group is expected to favor the back-side attack of methanol on the proton-
ated oxirane ring at C-4.!! The ORD curve of 7 is very similar to that of 6,* both
compounds showing a positive Cotton effect associated with the n-n* transition
near 284 my. For this same transition, the Cotton effect shown by § is negative.*

Reactions of N-halosuccinimides with (— }Fumbellulone (1)

Both N-bromosuccinimide (NBS) and N-chlorosuccinimide (NCS), electrophilic
reagents in polar solvents,’?~16 react smoothly with 1 suspended in water at room
temperature. In each case, the crude reaction mixture was isolated and examined
by IR and NMR. The latter revealed the presence in each of two halohydrins in the
ratio of 1:3. In the NBS reaction, these were identified as (35,45)-3-bromo-4-hydroxy-
dihydroumbellulone (8) and (3S,4R)-3-bromo-4-hydroxydihydroumbellulone (9),
respectively (Chart 1 and Table 1); with NCS, (35,45)-3-chloro-4-hydroxydihydro-
umbellulone (10) and (35,4R)-3-chloro-4-hydroxydihydroumbellulone (11), respec-
tively (Chart 1 and Table 1).

Attempts to isolate each of these compounds were not successful. Heating the crude
reaction mixture of 8 and 9 and of 10 and 11 resulted in the elimination of water from
each of the four compounds and the respective formation of (—)-a-bromoumbellu-
lone* 7:8 (2) and (—)-a-chloroumbellulone! (12).

CHART ]

10

H. @ NBS or NCS$
: in
6 \ N0 H,0 or CH,0H

8/7\9
1 8:R'=H; R?=Br 9:R!'=H; R?=Br
10:R'=H; R?= Cl 11:R! = H; R?= Cl
14:R! = CH,;R?* = 15:R! = CH,; R? =

Heal /
(.H,

In 8-11, the (3S) configuration is assigned assuming the addition of the entering
nucleophile to a bridged chloronium or bromonium ion'” at C-4. The (4R) configura-
tion is assigned to 9 and 11, the major product in the respective reactions, assuming a
preferential trans addition of the entering nucleophile to the bridged ions.!” In each
of the latter, the halogen atom is trans to the cyclopropyl ring. The NMR spectra of
8-11 are compatible with these assignments.
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NBS also reacts with 1 in boiling methanol. After isolation, the NMR spectrum
of the crude reaction mixture indicated the presence of three methoxy bromo ketones
in the ratio 1:3:6, all identified as 3-bromo-4-methoxydihydroumbellulones (13-15,
respectively). Among other signals in the NMR spectrum (Table 1) of the crude
mixture, there are observed three distinct MeO group singlets and three doublets
corresponding to the respective C-3 protons.

A separation of the major component, 15, from the others was accomplished by
column chromatography on silica gel. Final purification of this compound, however,
could not be accomplished because of its thermal instability. Standing at room
temperature or heating resulted in demethanolation and the formation of (—)-a-
bromoumbellulone (2). The other two components, 13 and 14, were not separated
from each other by chromatography on silica gel. GLC of the latter mixture as well
as of the mixture of three components resulted in the formation of 2.

The (35,4S) and (35,4R) configurations are assigned to 14 and 15, respectively,
in analogy with the steric course of the reaction of NBS and NCS in water with 1.

CHART 2

H.. (1) HBr or Br, B R
(2) Heat, —HBr *
! A
A
1 17:R=H
3:R=Br
Zn/HOAc
or
H,/Pd-C
Lo
i CH,ONa/CH,OH H,/Pd-C
Or et ———
O HBr/CHCl,
8”7 9
19 20
CH,ONa/
CH,0D

D

D

D O
21
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The very minor product 13, for which the total configuration is unassigned, may
arise by way of an enolization of 14 or 15.

Reaction of hydrogen halides with (— )-umbellulone (1)

Hydrogen bromide reacts smoothly with 1 in ice-cold carbon tetrachloride. After
removal of the solvent at room temperature, the NMR spectrum of the fuming,
colorless oil indicated that a gross change in the carbon skeleton had occurred. On
heating this oil at reduced pressure, a substantial quantity of hydrogen bromide is
evoived, foillowed by the distiilation of two distinct compounds. The lower boiling
substance and larger fraction (71%) is identified as (4 )-5-isopropyl-3-methyl-4-
methylene-2-cyclopenten-1-one (16) and the higher boiling_substance (18Y%;), as
(— HR)-5-(bromomethyl)-5-isopropyl-3-methyl-2-cyclopenten-1-one (17), the latter
characterized earlier.!

The IR spectrum of 16 shows a CO band at 1690 cm ™! and two olefinic stretching
bands at 1590 and 1635 cm ™', Its NMR spectrum (Table 2) shows an i-Pr group as a
doublet of doublets indicating the attachment of this group to a center of asymmetry.'8
There are also complicated signals for three vinylic protons and a broad signal for a
methine proton. Although there is some ambiguity regarding the chemical shift
assignments for the C-2 and C-6(H,) vinylic protons, the complex splitting pattern
was deduced through spin—spin decoupling experiments. The long-range coupling
ofthe C-5 proton to those at C-10 through five o bonds is unusual, but similar couplings
have been reported.'® The UV spectrum of 16 (Table 3) also confirms its assigned

TABLE 3. SUMMARY OF UV ABSORPTION DATA FOR SOME 2-CYCLOPENTEN-]1-ONES IN METHANOL

RZ
4
R 0

H
Substituents 16 18 19 29

R! H H CH(CH,), H

R? H H

R CH, CH, CH, } CHBr
R* CH(CH,), CH(CH,), H CH(CH,),

4, mp(e)
325 (100) 308 (57) 306 (58) 330 (190)

267(14,000) 228 (14,000)  236(14,000) 279 (11,000)

structure. By adding a 15 my increment for the Me group at C-3' and 35 mp for the
exocyclic double bond?° to the base value of 214 mp for 2-cyclopenten-1-one,2° the
calculated absorption max for the short wavelength transition of 16 is 264 + 5 my,
in good agreement with that found (Table 3). Finally, although 16 contains an asym-
metric center, the isolated sample was optically inactive from 280 to 600 mp, and
hence the material is racemic.
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The reduction of 16 with zinc in acetic acid affords a mixture of two compounds,
(+)-cis or trans-3,4-dimethyl-5-isopropyl-2-cyclopenten-1-one (18) and (1)34-
dimethyl-2-isopropyl-2-cyclopenten-1-one (19) in a ratio of 2:3, respectively. The
two compounds were separated by chromatography on silica gel. Reduction of 16
with hydrogen using 10%, Pd-C gives only 18. The NMR (Table 2) and UV spectra
(Table 3) for 18 and 19 are compatible with their assigned structures. For the latter
spectra, the expected absorption maxima for the short wavelength transitions are
224 + 5 and 236 + 5 my, respectively.?® The ketone 18 was further reduced with
hydrogen using a 10%, Pd-C catalyst. This reduction gives a single substance or a
mixture of geometrical isomers with the 3,4-dimethyl-2-isopropylcyclopentanone
structure (20). As expected for a cyclopentanone, this oil has an UV absorption
spectrum with a max at 292 my (¢ 25) and only end absorption at 210 mp. Its NMR
spectrum integrates for Me protons (0-8—-1-3 ppm) and methylene-methine protons
(1-4-2-8 ppm) in the ratio of 2:1, respectively. After treatment with sodium metho-
oxide in MeOD, the oil has an NMR spectrum with unchanged Me signals but
with reduced methylene-methine signals. These signals now integrate in the ratio
of 4:1, respectively, showing the formation of 3,4-dimethyl-2-isopropylcyclopentan-
one-2,5,5-d, (21). Also, since the complex coupling pattern of the Me groups remains
unchanged, the attachment of the Me groups must be at C-3, C4 and C-7, thus
eliminating structurally isomeric 2-cyclopenten-1-ones as possibilities for 18. Finally,
under both basic and acidic conditions 18 is isomerized to 19. Compound 19 probably
arises in the zinc-acetic acid reduction of 16 by way of isomerization of 18.

A comparable reaction of hydrogen chloride with (—)}umbellulone (1) in ice-cold
carbon tetrachloride was examined. If the ice-cold reaction mixture is examined
with NMR before removal of the solvent, the spectrum clearly shows the formation of
two 4-chlorodihydroumbellulones (22 and 23) (Chart 3), of which the respective
configurations at C-4 are unassigned. Although the amount of 22 is larger than that of
23 the exact ratio could not be determined since the assigned NMR signals for each
compound were overlapped. As the carbon tetrachloride solution stands at room
temperature the NMR signals assigned to 22 and 23 are slowly replaced by those
assigned to 1. Also treatment of the solution with piperidine results in the rapid
formation of 1.

The reaction of hydrogen bromide with (—)-umbellulone (1) in ice-cold carbon
tetrachloride was similarly examined. The immediate NMR spectrum of the reaction
mixture shows the presence of (4R)-4-bromodihydroumbellulone (24) and (4S)-
4-bromodihydroumbellulone (25) in the ratio of 2:3 (Table 1). It is assumed that the
addition of hydrogen bromide to 1 proceeds largely by way of attack of the bromide
ion on a n-complex,!” the proton being co-ordinated to the C=C double bond of 1
on the side remote from the cyclopropyl ring. The bromide ion then adds trans to the
co-ordinated proton,2! and the predominant product of the hydrobromination
reaction is assigned the (45) configuration (25). That the assignment of these configura-
tions to 24 and 25 is correct is considerably strengthened by the fact that, as discussed
below, these are those respective configurations which are used in the most reasonable
mechanisms to explain both the major and minor products eventually obtained in
the hydrobromination reaction.

In the NMR spectrum, the signals assigned to 24 and 25 almost immediately begin
to disappear, and after six hours at room temperature, the original spectrum has been
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CHART 3
H,
" HCL, HBr or Bry/
o CcCl,
/\

1 220r23:R'=Cl; R2=H 20r23:R!'=Cl; R2=H
24:R!=Br; R2=H 25:R!' = Br; R*=H
30:R!'=Br; R*=Br 31:R!=Br; R?=Br

(R! = Br) l (R’ = Br)
Br
R R R
Br .—H;_ Br
Piperidine
H or H
AN heat N
17:R=H 26:R=H 2Z1:R=H
3:R=Br 34:R=Br 32:R=Br
Br /
HX s R
Piperidine
.or
heat/ O
—HBr
16:R=H 28:R=H
29:R =Br 33:R=1Br

replaced by another. Easily distinguished are signals due to a trace of (—)R)-
5-(bromomethyl)-5-isopropyl-3-methyl-2-cyclopenten-1-one (17) (Table 2). The other
complex group of signals is assigned to a mixture of equal parts of 26 and 27 (Table 2).
As the mixture stands at room temperature, this group of signals is replaced by a
simpler one assigned to 28. After four weeks at room temperature only signals assigned
to 28 and to a trace of 17 were seen. During this time the solution had darkened and
carbon tetrachloride insoluble material had formed. The spectrum remained un-
changed for at least three more weeks. No signal assigned to 16 was observed.
When the reaction mixture in ice-cold carbon tetrachloride with NMR signals due
to 24 and 25 is treated with piperidine, there is an immediate precipitation of piperidine
hydrobromide. The other product from the reaction is (— )}-umbellulone (1). Treat-
ment of a similar mixture showing only a trace of 17 and about equivalent amounts of
26 and 27 also gave piperidine hydrobromide and 16 and 17 in a ratio of about 3 :2.
These results indicate that 24 rearranges at room temperature to 26 which on treat-
ment with piperidine or heat isomerizes to 17. Likewise, 25 rearranges to 27 which
then isomerizes to 28. On treatment with heat or piperidine the latter loses hydrogen
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bromide to form 16. Since the NMR signals assigned to 26 disappear with the forma-
tion of only a trace of 17, 26 must also decompose at room temperature to carbon
tetrachloride insoluble material.

Reaction of halogens with (—)-umbellulone (1)

Addition of bromine to 1 in ice-cold carbon tetrachloride and evaporation of the
solvent at room temperature gives a fuming, light yellow oil which on heating evolves
hydrogen bromide and then on distillation affords two compounds. The lower boiling
and larger fraction (61%) reported earlier® and discussed above as the unsaturated
bromo ketone is now identified as (+)-trans-4-(bromomethylene)-S-isopropyl-3-
methyl-2-cyclopenten-1-one (29) (Chart 2). The higher boiling substance (169%) is
(—)-umbellulone dibromide® (3).

The IR spectrum of 29, similar to that of 16, shows CO absorption at 1715 cm™!
and two.olefinic stretching bands at 1590 and 1640 cm ™ !. The NMR spectrum (Table
2) displays a doublet for a vinylic Me group, signals for an i-Pr group attached to an
asymmetric center,'® two doublets for two vinylic protons and a broad multiplet in
the methine proton region. The complex coupling pattern (Table 2) was elucidated
by spin-spin decoupling experiments. The two vinylic protons are not mutually
coupled thus locating the Br atom at C-6. Although the configuration of the C-4 to
C-6 double bond could not be deduced unambiguously, it is tentatively assigned as
shown in 29 on the basis that the C-6 proton is not coupled to those at C-10. The
UV spectrum of 29 confirms its assigned structure. Adding increments of 15,' 352° and
17 mp! for the C-3 Me group, the exocyclic double bond at C-4 and the Br atom at
C-6, respectively, to the base balue of 214 my for 2-cyclopenten-1-one, the calculated
absorption max is 281 + 5 my, in good agreement with that found (Table 3). Finally,
the isolated sample of 29 showed only a residual optical activity from 290 to 600 mp.
This small optical activity is accounted for by assuming a 0-5%, contamination with
(—)-a-bromoumbellulone (2).

The reduction of 29 with zinc in acetic acid, paralleling that of 16, gives the same
ratio (2:3) of (+)-cis or trans-3,4-dimethyl-5-isopropyl-2cyclopenten-1-one (18)
and ( +)-3,4-dimethyl-2-isopropyl-2-cyclopenten-1-one (19).

The NMR spectrum, obtained immediately after the addition of bromine to (- )-
umbellulone (1) in ice-cold carbon tetrachloride reveals the presence of two adducts.
The NMR spectrum (Table 1) shows singlets for two Me groups and two doublets
at 457 and 4-77 ppm. The latter two are assigned to the réspective C-3 protons of
(3R,45)-3,4-dibromodihydroumbellulone (30) and (3R4R)-3,4-dibromodihydro-
umbellulone (31) (Chart 3). The amount of the latter compound is the larger, but the
exact ratio of the two could not be determined. Both 30 and 31 are assigned the (3R)
configuration on the basis that the initial addition of a bromonium ion or its equivalent
to 1 is expected to occur from the side remote from the cyclopropyl ring. Since the
second stage of the bromination reaction should give rise to two bromo ketones with
the trans dibromide predominating, the (4S) and (4R) configurations are assigned to
30 and 31, respectively. The NMR spectra of 30 and 31 are compatible with these
configurational assignments.

As the solution of 30 and 31 in carbon tetrachloride stands at room temperature,
the NMR signals assigned to these compounds are slowly replaced by others. In this
new spectrum can be seen signals due to a small amount of (— }-umbellulone dibromide
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(3), but due to the complexity of the spectrum the other signals could not be assigned.
However, in analogy to the hydrobromination reaction of 1 and because there were
no signals for vinylic protons in the spectrum, it is assumed that the observed signals
are due to a mixture of 32 and 33. It is also assumed that the signals for 30 disappear
as a result of rearrangement to 34, which immediately isomerizes to a trace of 3 and
decomposes to carbon tetrachloride insolublesmaterial. As this mixture remains at
room temperature, the complex set of signals begins slowly to diminish and another
set, assigned earlier to ( +)-trans-4-(bromomethylene)-5-isopropyl-3-methyl-2cyclo-
penten-1-one (29), begins to appear. After several weeks, only signals for 29 and a
small amount of 3 were visible.

Chlorine also reacts with (-~ )-umbellulone (1) in carbon tetrachloride and forms,
on the basis of its NMR spectrum, a single 3,4-dichlorodihydroumbellulone (35).
The configuration of this compound could not be assigned from its NMR spectrum
and indeed may arise by a free radical process.?? On standing at room temperature or
on treatment with piperidine, the adduct loses hydrogen chloride and forms (—)-a-
chloroumbellulone (12).

CONCLUSIONS

The initial reaction of N-bromo- and N-chlorosuccinimide in polar solvents and
hydrogen chloride, hydrogen bromide and bromine in carbon tetrachloride with
(— )umbellulone (1) is an electrophilic addition at the C-3 double bond followed by
the attack of a nucleophile at C-4 leading to two products, epimeric at C-4. The
stabilities of these compounds are quite varied. The two keto diols 5§ and 6 and
the methoxy derivative 7 are stable at room temperature and during their isolation
each was heated to at least 50°. The others on heating and those with chlorine or
bromine at C-4 at room temperature undergo further reaction. Those with an OH
group, a MeO group or a Cl atom at C-4 (8-11, 13-15, 22, 23 and 35) lose the elements
of water, methanol or hydrogen chloride and form the respective bicylo[3.1.0]hex-3-
en-2-one (1, 2 and 12). These reactions presumably proceed by way of an ElcB mech-
anism or by way of a concerted E2 mechanism.?® The dehydrohalogenation of
22-25, 30, 31 and 35 with piperidine also proceeds similarly.
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When a Br atom is situated at C-4 (24, 28, 30 and 31) deep-seated rearrangements
occur which lead finally to 2-cyclopenten-1-ones (3, 16, 17 and 29). This marked
difference is ascribed to the relative ease of displacement of the substituents at C-4
which have the order Br > Cl > OH = OCH,?* and to the effectiveness of bromide
as a neighboring group.2®

Thus 24 and 30 react by way of a carbonium ion (36), the formation of which results
from a back-side displacement of the bromide ion (Chart 4) by participation of the
cyclopropyl ring.2® This carbonium ion may be a set of equilibrating, essentially
classical cations (36a-36¢) or a non-classical ion (36d).27- 28 Attack of a bromide ion
at C-6 (36b or 36d) leads to 26 and 34 which then isomerize to 3 and 17.

The reactions of 25 and 31 are possible accounted for by another process, a 1,3-
shift of a bromide ion from C-4 to C-6, rupture of the C-1 to C-6 bond and a hydride
transfer from C-5 to C-4 leading to 27 and 32.

EXPERIMENTAL

M.ps were taken in capillary tubes and are corrected. B.ps are not corrected. Optical rotations at the
sodium D-line were measured using 1-dm tubes, and unless otherwise noted, MeOH was the solvent.
Elemental analyses were done by Galbraith Laboratories, Knoxville, Tennessee. Evaporations of solvents
were done at reduced pressure without heating. IR spectra were obtained using a Beckman IR-10 spectro-
photometer and were measured using KBr pellets (viy,) or as capilary films (v,,,) between KBr plates.
UV spectra were measured in MeOH with a Cary Model 14 spectrophotometer using 1-cm cells. ORD
curves were obtained with a Rudolph automatic recording spectropolarimeter, Model 260/658/850/810-
614,* using the same conditions as outlined earlier.! The solvent was MeOH and the curves are reported as
before.*

NMR spectra were measured with a Varian ModelA-60 spectrometert operating at 60 MHz. Unless
noted otherwise, the spectra were measured as approximately 309 solns in CDCl,, chemical shifts are
reported in ppm downfield from TMS = 0, and coupling constants were estimated to +0-5 Hz. Product
ratios were determined by the careful integration of the respective spectra.

In order to use NMR in analyzing the reaction of HCl, HBr, Br, and Cl, with (—)-umbellulone (1) in
CCl,, the solns were prepared as outlined below for the reaction of Br, with 1.

Br, was added dropwise to an ice-cold soln of 0-5 g (0003 mole) of 1 in 1 m} of CCl, until a brown color
persisted. The soln was immediately washed with dil NaHSO, aq and H,O. It was dried (MgSO,) and
transferred to a chilled NMR tube. By keeping the tube in ice until immediately before measurement, the
NMR spectrum of the initial bromination product could be obtained. Following measurement of this first
spectrum, the tube was kept capped at room temperature, and the spectrum of the soln measured periodic-
ally.

(—)-Umbellulone (1)t had b.p. 52° (09 mm), n2* 1-4825, a3® —367° (neat, 1 dm), [a]3® — 32° (c 1-14)
[lit.” [«]3® — 39-4° (neat)].

(—)a-Bromoumbellulone (2) had m.p. 33-34°, [a]3® — 137° (¢ 1-55) [lit. b.p. 120-125° (12 mm), m.p.
33-34°, [a)2° — 137° (c 1:55, MeOH)].

{(—H(3S)y-Epoxyumbellulone (4) had m.p. 27-28°, [a]3® — 19° (c 1-01) [lit.* m.p. 25-26°, a3® — 204°
(neat, 1 dm)]

(—3438,4R)-3-Hydroxy-4-methoxydihydroumbellulone (7). A mixture of 2:91 g (0-0175 mole) of (4) and six
drops of conc H,SO, in 30 ml of dry MeOH was boiled for 30 min. The cooled soln was diluted with 20 ml
of H,O and thoroughly extracted with cther. The ethereal soln was dried (MgSO,) and evaporation of the
ether left 275 g of 7 (79%) as a yellow oil of at least 95% purity (NMR). The oil was chromatographed on

* We wish to thank the Department of Microbiology, Vanderbilt University, for the use of its spectro-
polarimeter, purchased with a grant (AI-06191) from the U.S. Public Health Service.

t We acknowledge the generosity of the National Science Foundation for a grant (GP-1683) to the
Department of Chemistry for purchase of this instrument.

1 We are grateful to Professor Richard H. Eastman, Stanford University, for a generous gift of this
compound.
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silica gel using hexane, benzene and CHC, as eluants. The major fraction, & colorless oil, was eluted with
CHCl,. Molecular distillation of this material at 70° (2 mm) gave 1-62 g of 7 (47% based on 4) as & colorless
oil, n3® 1-4758, [a]3® — 49° (c 104), IR: v 1730 (C=0), 2930 (OMg¢), 3450 cm ™! (OH); UV: £533a, 34,
NMR : Table 1, ORD: (¢ 107) [$]s00 — H°. [B]580 — 95° [#Jaoo — 115°:(c 0-213) [¢]a00 —170° [#]3ss
+0° [@laos +2090° (pk), [$laes 10° [@lass —SBTO° (tr), [@];55 —5800° (pk), [¢)240 —6140°. (Found:
C.6692; H, 943. C,,H,,0, requires: C, 66:64; H, 9-15%).

(3S,4S)-3-Bromo-4-hydroxydihydroumbellulone (8) and (3S,4R)-3-bromo-4-hydroxydikydroumbellulone (9).
A hererogeneous mixture of 4-47 g (010298 mole) of 1, 150 g (0-0843 mole) of NBS and 60 mi of H,0 was
stirred at room temp for 15 hr. The excess NBS was destroyed by the addition of dil NaHSO, aq and the
aq soln thoroughly extracted with ether. The ethereal soln was washed with H,O and dried (MgSO,).
Evaporation of the solvent gave 574 g of a 1:3 mixture of 8 and 9 (79%) as & pale yellow oil of at least
95% purity (NMR), IR: v22 1740 (C=0]}, 3480 cm ™! (OH); NMR: Table L.

Heating of 3-63 g (0-:0140'motle) of the 1:3 mixture of 8 and 9 at reduced press (4 mm) resulted in the
complete dehydration of 8 and 9 and the distillation of 209 g of 2 (62%) as a pale yellow oil, b.p. 115-117°
{4 mm), [a]3* —92° (c 1-71), contaminated with a small amount of succinimide (NMR). The IR and NMR
spectra of this material were essentially identical to those of the authentic sample of 2 described above.

As described above, a sample of a 1 :3 mixture of 8 and 9 was prepared directly from 1. Passage of a 509
ethereal soln of this mixture through a GLC column (10-ft column of 302/ silicone gum rubber SE 30
on Chromasorb W inlet port temp, 270°; column temp, 200°) gave, aside from H,0O, only 2 in at least
959 purity (GLC). The latter substance was collected and was obtained as a colorless oil which crystallized
on standing as white needles, m.p. 30-31°, [«]3® —138° (c 0-97). The IR and NMR spectra of this material
were identical to those of the authentic sample of 2 described above.

(3S,4S)-3-Chloro-4-hydroxydihydroumbellulone (10) and (3S,4R)-3-chioro-4&-hydroxydikydroumbellulone
(11). A heterogeneous mixture of 3-03 g (00202 mole) of 1, 10-5 g (0-079 mole) of freshly recrystallized NCS
and 35 m! of H,O was stirred at room temp for 20 hr. The excess NCS was destroyed by the addition
of dil NaHSO,aq and the aq soln thoroughly extracted with ether. The ethereal soln was washed with
H,0 and dried (MgSO,). Evaporation of the ether left 2-69 g of a 1:3 mixture of 10 and 11 (66%) as a pale
yellow oil of at least 95 purity (NMR), IR : vZaX 1740 (C=0), 3440 cm ™! (OH): NMR: Table 1.

Heating of this mixture of 10 and 11 at reduced press (8 mumn) resulted in the incomplete dehydration of
10 and 11 and the distillation of a mixture of 10, 11 and 12, b.p. 135-140° (8 mm). Strong heating of this
latter mixture at 190° followed by molecular distillation at 50° (:3 mm) gave 12 as a yellow oil, [«]3* —86°
{c 1-01). The IR and NMR spectra of this material were identical to those of the authentic sample of 12
described below.

(—)a-Chloroumbellulone (12) had b.p. 68-70° (1-5 mm), n3*® 1-5002, [«]3* — 115° (c 2-49) [lit.* b.p. 68-70°
(1-5 mm), [«]3® —115° (c 249, McOH)].

3-Bromo-4-methoxvdihvdroumbellulone (13}, (35.4S)-3-bromo-4-methoxydikydroumbellulone (14} and
{38.4R)-3-bromo-4-methoxydihydroumbellulone (15). A mixture of 1-96 g (0-0130 mole) of 1. 70 g (0-039 mole}
of NBS and 25 ml dry MeOH was boiled for one hr. The excess NBS was destroyed by the addition of dil
NaHSO, aq. The mixture was diluted with H,O and thoroughly extracted with ether. The ethereal soln
was washed with H,0O and dried (MgSO,). Evaporation of the ether left 3-18 g of a 1:3:6 mixture of 13,
14 and 15(93 %) as a pale yellow oil of at least 95/, purity (NMR), IR : v 1740 (C==0), 2855 cm ™ ! (OMe).
A 2-95 g sample of this mixture was chromatographed on silica gel using hexane, benzene and CHCI, as
eluting solvents. First eluted using benzene was (-857 g of 2 (29%) of at least 95%, purity (NMR) and next,
using benzene-CHCl,. 0954 g of 15 (28%)) as a pale yellow, unstable oil of at least 959 purity and un-
contaminated with 13 or 14 (NMR), IR: v 1740 (C==0), 2845 cm ™' (OMe); UV: 37hm, 190, 3130,
400; NMR: Table 1. In the chromatogram, using CHCI, as the cluting solvent, there was finally obtained
0-935 g of a 1:3 mixture of 13 and 14 (27%) as a pale yellow oil of at least 95%, purity (NMR), IR : v3311750
{C=0), 2850 cm~* (OMe), NMR: Table 1.

A 1:3:6 mixture of 13, 14 and 15 was prepared from 1 as described above. Passage of a 507 ethereal
soln of the mixture through a GLC column (20-ft column of 307 silicone gum rubber SE 30 on Chroma-
sorb W ; inlet port temp, 285°; column temp, 235°) gave, aside from MeOH, only 2 in at least 95% purity
(NMR). This latter substance was collected and was a colorless oil which crustallized on standing, m.p.
29-30°, [a]3® —127° (c 1-67). The IR and NMR spectra of this material were identical to those of the
authentic sample of 2 described above.

GLC of a 50%, ethereal soln of 15 or a 1:3 mixture of 13 and 14 using the same column and conditions
as described above resulted in demethanolation to 2, identified by its spectral properties.
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(£ )-5-Isopropyl-3-methyl-4-methylene-2-cyclopenten-1-one (16) and ( — HR)-5-{bromomethyl)-5-isopropyl-
3-methyl-2-cyclopenten-1-one (17). As reported earlier,' HBr was passed for 5 min through a stirred, ice-
cold soln of 141 g (0-0939 mole) of 1 in 100 ml CCl,. The pale brown soln was washed with 50 ml of H,O
and dried (MgSO,). Evaporation of the solvent left a fuming, brown oil. On heating of this oil at reduced
press (1-7 mm), first there was evolved a substantial amount of HBr followed by the distillation of two distinct
fractions, A and B.

Fraction A was 100 g of 16(71 %) as a colourless oil, b.p. 74-75° (1-7 mm), n}® 1-5070, [a)3® +0-3° (c 325),
IR: V& 1590 (C=C), 1635 (C=C), 1690 cm~' (C=0); UV: Table 3, NMR: Table 2, ORD: (c 1-25)
[#lsoe £12° [@)ses £12° [@)aso £12°; (c 0125) [¢]ss0 £120° [¢)280 +120°. (Found: C, 79-74;

H, 941 . C, H,,0 requires: C, 79-95; H, 9:39%),

Fraction B was 392 g of a pale yellow oil (18%, based on pure 17), b.p. 80-91° (1-7 mm), which partially
crystallized on cooling. Recrystallization of this latter material from pet ether (b.p. 40-60°) and sublimation
at 60° (0-3 mm) gave 1-51 g of 17 (70%), m.p. 85-86°, [«]3* —40° (c 1-40), NMR: Table 2, characterized
carlier.!

(t)-is or trans-3,4-Dimethyl-5-isopropyl-2-cyclopenten-1-one (18) and (+)-3,4-dimethyl-2-isopropyl-2-
cyclopenten-1-one (19). A mixture of 2-21 g (00147 mole) of 16, 120 g (0-183 g-atom) Zn dust, and 50 ml
glacial HOAc was heated on a steam plate for 12 hr. The hot soln was filtered, and the filtrate diluted with
50 ml H,0. The aq soln was made neutral by the addition of solid NaHCO, and then the soln thoroughly
extracted with ether. The ethereal soln was washed with NaHCO,aq, then with H,0 and finally dired
(MgS0,). Evaporation of the ether left 1:38 g of a 2:3 mixture of 18 and 19 (629,) as a pale yellow oil of
at least 959, purity (NMR). Separation of this mixture was achieved by column chromatography on silica
gel with hexane, benzene and CHCI, as eluting solvents. With benzene, 19 was eluted. Evaporation of the
solvent left 0-421 g (19%) of residue. Molecular distillation of this residue at 60° (1 mm) gave 19 as a color-
less oil n3* 1-4741, IR: vag 1640 (C=C), 1700 cm~' (C=0); UV: Table 3, NMR: Table 2 (Found: C,
78-48; H, 10-30. C,oH, (O requires: C, 78-89; H, 10-59%).

With CHCl,, 18 was eluted. Evaporation of the solvent left 0-366 g (16%,) of residue. Molecular distilla-
tion of this residue at 70° (1 mm) gave 18 as a colorless oil, IR: v 1630 (C=C), 1700 cm™! (C=0);
UV: Table 3, NMR: Table 2. (Found: C, 79-21; H, 10-81. C,,H, O requires: C, 78-89; H, 10-59%).

A soln 0f 0992 g (6-60 mmoles) of 16 in 50 ml dry MeOH was reduced with H, over 0-764 g of 109, Pd=C.
After uptake of one equiv of H, (163 ml at 25° and 1 atm) was complete, the mixture was filtered. Evapora-
tion of the solvent gave 0-920 g of 18 (929) as a colorless oil of at least 95% purity (NMR). The IR and
NMR spectra of this material were identical to those of 18 characterized above.

A soln of 0-207 g (1-36 mmoles) of 18 in 3-5 ml MeOH containing 0-103 g (1-91 mmoles) NaOMe was
boiled for 3 hr. The purple soln was then diluted with 5 ml of H,0O and thoroughly extracted with ether.
The cthereal soln was dried (MgSO,). Evaporation of the ether left 0-190 g of 19 as a pale yellow oil of
at least 959 purity (NMR). The trace of 18 detected in the NMR spectrum of this oil was removed by
column chromatography on silica gel. Elution with benzene and removal of the solvent left pure 19, the
IR and NMR spectra of which were identical to those of 19 characterized above.

In a similar way a soln of 18 in MeOH was saturated with HBr. The purple soln was then diluted with
water and thoroughly extracted with ether. The ethereal soin was dried (MgSO,). Evaporation of the ether
gave a good return of 19 as a pale yellow oil of at least 95 9 purity (NMR). The IR and NMR spectra of this
oil were identical to those of 19 characterized above.

(1 )-3,4-Dimethyl-2-isopropylcyclopentanone (20). A soln of 0-222 g (1-46 mmoles) of 18 in 50 ml dry
MeOH was reduced with H, over 0:159 g of 109, Pd=C. When one equiv of H, (30 ml at 25° and 1 atm)
had reacted, the mixture was filtered. Evaporation of the solvent left 0203 g of 20 (90 ) as a colorless oil
of at least 95 9; purity (NMR). Molecular distillation of this oil at 50° (0-4 mm) gave pure 20 as a colorless
oil, IR: v 1740 cm™1 (C=0): UV: 553, 25, £5550, 84; NMR: 0-8-1-3 (12H; C-6, C-8, C-9 and C-10
protons), 1-4-2-8 ppm (6H; C-2, C-3, C4, C-5 and C-7 protons). (Found: C, 7792; H, 11-94. C,,H,,0
requires: C, 77-86; H, 11-76 %).

(2 )-3,4-Dimethyi-2-isopropyicyclopentanone-2,5,5-d; (21). A soln of 0-120 g (0-778 mmole) of 20 in 10 ml
MeOD containing 0-100 g (1-85 mmoles) NaOMe was boiled for 15 hr. The mixture was diluted with §
ml D,0 and extracted with ether. The ethereal soln was dried (MgSO,). Evaporation of the ether left 21
as a colorless oil of at least 95% purity (NMR), NMR: 0-8-1-3 (12H: C-6, C-8, C-9 and C-10 protons),
1:4-2-4 ppm (3H; C-3, C4 and C-7 protons).

4-Chlorodihydroumbellulones (22 and 23). HC] was passed for 3 min into an ice-cold soln of 0-510 g
(3-40 mmoles) of 1 in 2 ml CCl,. The soln was washed with H,O and dried (MgSO,), IR: v3&, 1740 cm™?
(C=0); NMR (CCl,): Table 1, indicating that addition had occurred to form 22 and 23.
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As the soln above stood at room temp, the NMR spectrum of 22 and 23 was slowly replaced by that of 1.

When a portion of the above soln was treated with piperidine, a white crystalline solid immediately
precipitated. The mixture was stirred for 1 hr, then acidified with dil HClaqg. The organic layer was separ-
ated and dried (MgSO,). The NMR spectrum of this soln showed only signals previously assigned to 1.

(—)Umbellulone dibromide (3) and (1t )-trans-4-(bromomethylene)-5-isopropyl-3-methyi-2-cyclopenten-
1-one (29). To a stirred soln of 5:86 g (00390 mole) of 1 in 80 ml CCl, at —10° was slowly added 8-00 g
(0-050 mole) of Br,. The soln was washed with dil NaHSO;aq and H,O and then dried (MgSO,), IR:
v&s, 1740 cm ™! (C=0), no absorption 1465 to 1740 cm~*. Evaporation of the solvent left 1145 g of a
fuming, brown oil. On heating of this oil at reduced press (0-6 mm) there was a vigorous evolution of HBr
and then the distillation of two fractions A and B. A black residue, 1-36 g, remained in the distillation pot.

Fraction A was 5-49 g of 29.(61 %), a pale yellow oil, b.p. 89-91¢ (0-6 mm), [«]3* —3-5(c 7-0), IR ; via* 1590
(C=C), 1640 (C=C), 1715 em~'{C=0); UV: Table 3, NMR: Table 2, ORD: (c 70) [¢]s00 —~8°, [#]ss9
—8°, [¢)ses £0° [$]as1 +40° (k) [@]337 10°% [b]304 —320° (tr), [¢)200 —250° [lit.° b.p. 140-145°
{20 mm)]. [Found: mol wt, 238 (osmometric in benzene). C,,H,,BrO requires: mol wt, 229-12].

Fraction B was 1-97 g of 3(16 %), b.p. 95-96 (05 mm), which at first was a pale yellow oil but which solidi-
fied on standing. Recrystallization of this material from cyclohexane gave 1-44 g of 3 (12 %) as white needles,
m.p. 120-121°, [¢]3® —6° (c 102), [«]3* +60° (c 30, CHCl,) [lit. m.p. 119-119-5°, [x]p +6'4° (¢ 21,
CHCl,)], NMR: Table 2.

A mixture of 2-78 g (00121 mole) of 29, 120 g (0-183 g-atom) Zn dust and 50 ml glacial HOAc was
heated on a steam bath for 12 hr. Isolation of the product as outlined above for a similar reduction of 16
gave 1-45 g of a 2:3 mixture of 18 and 19 (79%;) of at least 95% purity (NMR). The pure components, 18
and 19, were separated by column chromatography on silica gel as outlined above and were identical in all
respects to 18 and 19 characterized above.

3,4-Dichlorodihydroumbellulone (38). C1, was passed for 5 min into a stirred, ice~cold soln of 3-44 g
(00229 mole) of 1 in 40 m! of CCl,. The light yellow soln was washed with dil NaHSO, aq, then with H,O
and dried (MgSO,). Evaporation of the solvent at room temp left 4-48 g of 35 (88%) as a light yellow oil
of at least 95% purity (NMR), IR: v 1750 cm ™! (C=0), NMR: Table 1. Heating of 3-76 g of this oil
at reduced pressure (0-3 mm) resuited in some dehydrochlorination and distillation of 2-88 g of a mixture
of 35 and 12, b.p. 60-80° (0-3 mm), identified by NMR.

As described above, a sample of 35 was prepared directly from L Passage of a 509, ethereal soln of the
compound through a GLC column (20-ft column of 30% silicone gum rubber SE 30 on Chromasorb W:
inlet port temperature, 275°; column temp, 250°) gave aside from HCL, only 12 in at least 959 purity
(GLC and NMR). The substance was collected and was a colorless oil, n3* 1:5008, [«]2* —109° (c 0-85).
The IR and NMR spectra of this material were identical to those of the authentic sample of 12 characterized
above.
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