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We recently reported that a cell-free preparation from the 
fungus Pseudeurotium ovalis can catalyze the conversion of 
famesyl pyrophosphate (FPP, 1) to the bicyclic sesquiterpene 
hydrocarbon /8-fra/w-bergamotene (2) and further that the cy-
clization proceeded with net retention of configuration at C-I of 
FPP.1 The latter conclusion was based upon the reasonable 
assumption that (-)-|8-bergamotene, which we have isolated from 
mycelial extracts of P. ovalis,2 has the (lS,55,7/?)-configuration 
illustrated, talcing into account the demonstrated conversion of 
/3-bergamotene to ovalicin (3),4 a metabolite of known absolute 
configuration,5 and assuming that the introduction of oxygen at 
C-I of ovalicin has proceeded with retention of configuration.6 

We now report results that establish the absolute configuration 
of (-)-#-bergamotene based on a novel combination of enzymatic 
and NMR spectroscopic techniques. 

The approach we chose was to prepare samples of chirally 
deuterated FPP, of known absolute configuration, which would 
be labeled at a site, C-4, that would be unaffected by the enzymatic 
cyclization. Incubation of the deuterated FPP with bergamotene 
synthase and analysis of the resulting bergamotene by 2H NMR 
would establish the relative configuration of deuterium label in 
the product, leading to the unambiguous assignment of the absolute 
configuration of 2. A combination of 1H-1H COSY and 1HI13C) 
heteronuclear shift correlation was used to identify the signals 
corresponding to the relevant protons attached to C-3 of berga
motene. Irradiation of the H-14 methyl protons then gave rise 
to a 0.6% NOE enhancement of the signal at d 2.24, which was 
therefore assigned to H-3exo. In confirmation of this assignment, 
irradiation at 6 1.43, previously assigned to H^010,

1 resulted in 
a 2.6% enhancement of the H-3endo signal at 2.55. 

To prepare the requisite labeled samples of (45)- and (4R)-
(4-2H)FPP, (4E)- and (4Z)-4-bromoisopentenol7a (4a and 4b) 
were each metalated by an adaptation of the method of Ogura8 

(J-BuLi, Et20,1.5 h, -90 0C). Quenching of the individual lithio 
anions with CF3CO2D gave (4E)- and (4Z)-[4-2H]isopentenol 
(5a and 5b), which were each converted to the corresponding 
isopentenyl pyrophosphate (IPP) esters 6a and 6b by tosylation 
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(TsCl, Py, 1 h, 25 0C) and displacement with tris(tetra-«-
butylammonium)pyrophosphate (CH3CN, 12 h, 25 0C).9 Prenyl 
transferase10 mediated coupling of 6a and 6b, containing [4-14C]-
IPP as internal standard, with [l-3H]geranyl pyrophosphate (GPP, 
7) gave (4S)- and (4/?)-[4-2H,5-3H,4-14C]FPP (la and lb).7-11 

Incubation of 1.05 ,umol of (45)-[4-2H] FPP (la) with 250 mL 
of a cell-free preparation from P. ovalis containing bergamotene 
synthase1 for 4 h at 30 0C gave 599 nmol of /S-bergamotene (2a) 
which was analyzed by 61.4 MHz 2H NMR spectroscopy after 
being mixed with 5 mg of synthetic (±)-bergamotene14 and pu
rified by SiO2 column chromatography. The 2H NMR spectrum 
of 2a displayed a single peak at 5 2.53 corresponding to deuterium 
in the H-S601J0 (H-3si) position. Similarly, incubation of 2.25 fimol 
of (4R)-[4-2H]FPP (lb) with bergamotene synthase yielded 1.2 
junol of /8-bergamotene (2b), which gave rise to a 2H NMR signal 
at 6 2.24 corresponding to deuterium in the complementary H-3ao 
(H-3re) position. Since the configuration at the deuterated carbon 
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is not perturbed by the enzymatic cyclization, the enzymatically 
generated product is shown to be (lS,5S,7/?)-/S-r/-ans-berga-
motene.15 
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The organocopper "ate" complexes such as homocuprates1 and 
mixed cuprates2 have been known to perform the alkylative ring 
opening of oxiranes, whereas such competing pathways as rear
rangement and halohydrin formation occur during the reaction 
of oxiranes with other organometallic compounds, particularly 
Grignard reagents.3 In this investigation, we have found that 
methylmetal compounds react with oxiranes in the presence of 
the copper(I)-phosphine complex to afford the reductive ring 
opening. The reduction of oxiranes to alcohols has been known 
to be attained by a variety of reducing agents including metal 
hydrides. However, the preferential reduction of the epoxide over 
such readily reducible functionalities as a carbonyl group has, up 
to now, been difficult.4 

Our results are indicated in Table I. Cyclohexene oxide in 
ether was added dropwise to an equimolar amount of methyl-
magnesium iodide in an ether solution containing 10 mol % of 
CuBr(PBu3)2 at 0 0C under nitrogen. The reaction was stopped 
after 2 h by the addition of aqueous NH4Cl to give cyclohexanol 
in 73% yield. The reaction of 1,2-epoxybutane with methyl-
magnesium iodide led to halohydrin formation as the main 
pathway (67%), and butanols were obtained only as minor products 
(2-butanol, 14%; 1-butanol, 4%). The addition of an equimolar 
amount of CuBr(PBu3)2 enhanced the reduction reaction (2-bu
tanol, 16%; 1-butanol, 8%). However, the use of methyllithium 
instead of the Grignard reagent afforded 2-butanol as the sole 
volatile product in 86% yield. Carbonyl, carbalkoxy, and cyano 
functionalities were compatible with these reaction conditions, i.e., 
acetophone, cyclohexanone, 4-heptanone, ethyl benzoate, methyl 
propionate, and benzonitrile were recovered intact after treatment 
with methylmagnesium iodide or methyllithium in the presence 
of CuBr(PBu3)2. Thus, when oxiranes containing a carbonyl or 
carbalkoxy functionality elsewhere in the molecule, such as iso-
phorone oxide, carvone oxide, 5,6-epoxy-2-hexanone, and ethyl 
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Table I. Reactions of Epoxides with (RM)CuBr(PBu3), Complexes 

epoxide 

O 
AA 

i 
i 

i 
i 

O 

RM 

MeMgI 

MeMgI 

MeMgI 
n-BuMgl 

(-BuMgCl 
MeLi 
MeLi 

RM/ 
CuBr/PBu3 

molar ratio 

1/0.1/0.2 

1/0.1/0.2 

1/1/2 
1/0.1/0.2 

1/0.1/0.2 
1/1/2 
1/1/2 

temp, 
0C 

0 

0 

0 
0 

0 
-50 
-50 

product (yield," %) 

C-C6H11OH (73) 

2-BuOH (2) (14), 
1-BuOH (3) (4), 
EtCH(OH)CH2I 
(4) (67) 

2 (16), 3 (8), 4 (60) 
3 (8), 3-octanol (30), 

EtCH(OH)CH2Br 
(22) 

-
2(86) 

O 

A-Vi 

MeLi 

MeLi 

1/1/2 

1/1/2 

-50 

-50 

CL 
L ^ ^ C O O E , 

5 

5 

°L>^0H 

MeLi 

MeMgI 

MeMgI 

MeLic 

1/1/2 

1/1/2 

1/1/1 

1/1/1 

-50 

0 

0 

-50 

^ V z > 1 

PhCH=CH2 (6) 
(14), 
PhCH(OH)Et (7) 
(42), 
PhCH2CH(OH)-
Me (8) (30) 

6 (25), 
PhCH2CH2OH 
(48), 
8(8) 

MeCH(OH)CH2OH 
(85) 

"Determined by VPC analysis unless stated otherwise. 'Yield after iso
lation by silica gel column chromatography. cTwo equivalents of methyl
lithium was used. 

4,5-epoxypentanoate, were subjected to the reaction with me
thyllithium in the presence of CuBr(PBu3)2, the products based 
on the chemoselective reduction of the epoxy ring were obtained. 
While the reaction of styrene oxide with methylmagnesium iodide 
in the presence of CuBr(PBu3)2 gave preferentially the methyl 
addition products (7, 42%; 8, 30%) and styrene (which was 
probably formed by the dehydration of 1- and/or 2-phenylethyl 
alcohol, the primary reduction product) as the minor product 
(14%), the use of CuBrPBu3 instead of CuBr(PBu3)2 resulted in 
the preferential formation of the reduction products (styrene, 25%; 
2-phenylethyl alcohol, 48%). The methylmetal seems to be more 
effective for the reduction of oxiranes than other alkylmetals as 
revealed by the observation that, in the reaction with 1,2-ep
oxybutane in the presence of 10 mol % of CuBr(PBu3)2, the 
methyl, n-butyl, and terr-butyl Grignard reagents gave 18, 8,5 and 
0% of butanols, respectively. 

With respect to the mechanism for this reduction reaction of 
oxiranes, a pathway via the intermediary generation of the me-
thylcopper-phosphine complex may be first envisaged since it has 
been well-known that the reaction of alkylmetals with cuprous 
halides generates the alkylcopper species. However, the me-

(5) It is interesting that the n-butyl Grignard reagent gave only 1-BuOH 
as the reduction product, whereas the methyl Grignard reagent afforded a 
mixture of 2- and 1-butanols, the former being major and the latter being 
minor. 
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