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Sesquiterpene synthetases catalyze the cyclization of farnesyl 
pyrophosphate (FPP, 1), the universal biosynthetic precursor of 
the sesquiterpenes.1 Ionization of the allylic pyrophosphate and 
intramolecular attack on the central or distal double bond, followed 
by further cyclization or rearrangement and elimination or capture 
of the carbocation by nucleophiles, gives rise to over 200 ses
quiterpenes.1 

The sesquiterpene /3-/ra«s-bergamotene (2) is the parent hy
drocarbon of the ovalicin2 and the fumagillin3 family of antibiotics. 
Rearrangement of FPP to the tertiary allylic isomer nerolidyl 
pyrophosphate (3) and cyclization will give the bisabolyl cation 
4, which is proposed to undergo further cyclization and elimination 
to form the pinene type skeleton of 2. We now report the iden
tification of a new sesquiterpene cyclase, bergamotene synthetase, 
from a cell free preparation of Pseudeurotium ovalis, which 
catalyzes the cyclization of FPP to /3-bergamotene. We have also 
shown that the cyclization proceeds with net retention of con
figuration at C-I of FPP based on deuterium NMR analysis of 
/3-bergamotene derived from both (1.R)- and (15)-[1-2H]FPP. 

Incubation of 2.02 Aimol of [ 1 2 , 1 3 - 1 4 C ] F P P ( S A 1 M , 5.1 X 105 

dpm/;umol)4 with 190 mL of a cell-free extract from P. ovalis* 
and 210 mL of 50 mM, pH 7.2, phosphate buffer containing 1 
mM EDTA, 10% glycerol, and 5 mM dithioerythritol (DTE) for 
4 h at 30 0C followed by quenching with 100 mL of ethanol and 
extraction with pentane gave labeled bergamotene which was 
purified by flash chromatography after dilution with 5 mg of 
synthetic (±)-/3-bergamotene.7 The activity of the recovered 
bergamotene (1.18 X 105 dpm) corresponded to a turnover of 232 
nmol of FPP. 

To determine the location of the 14C activity, the labeled 
bergamotene was diluted with additional carrier to a total of 245 
mg and converted in 60% overall yield to the diastereomeric 
mixture of 10,11-diols 5 (Scheme I) by selective epoxidation with 
m-chloroperbenzoic acid, followed by treatment with 3% HClO4. 
A portion of the diol mixture was derivatized as the corresponding 
bis-dinitrobenzoate ester 6 which was recrystallized from ethanol 
to constant specific activity (8.84 X 104 dpm/mmol). Cleavage 
of remaining 5 with NaIO4 gave inactive aldehyde 78 and acetone 
trapped as the semicarbazone derivative 8. Recrystallization of 
8 to constant specific activity (8.40 X 104 dpm/mmol) from 85% 
ethanol revealed that all the radioactivity resided in the terminal 
methyl groups as expected. 
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Figure 1. Deuterium NMR spectra (61.4 MHz) of/3-bergamotene de
rived from (A) [1,1-2H2]FPP (la), (B) (IS)-[I-2H]FPP (lb), and (C) 
(1.R)-[I-2H]FPP (Ic). Shifts are relative to natural abundance CHCl3 

at & 7.26. 
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Having established the viability of the /3-bergamotene synthetase 
preparation, we next examined the stereochemistry of the cycli
zation of FPP. The critical assignment of the 1H NMR signals 
corresponding to the H-6 protons of 2 was achieved by a com
bination of 1H-1H COSY, 13C-1H heteronuclear shift correlation 
and NOE experiments. The signals at 8 2.31 (ddd, J = 5.5, 5.5, 
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Scheme II 
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10 Hz) and 6 1.43 (d, J = 10 Hz) were assigned to H-6endo and 
H-6ex0, respectively, based on the reported magnetic anisotropy 
of the puckered cyclobutane ring of the pinene skeleton.9 In 
support of these assignments was the absence of vicinal coupling 
between H-6M0 and either H-I or H-5, consistent with the 100° 
dihedral angle between the neighboring protons.10 The assign
ments were confirmed unambiguously by the observed NOE en
hancement of the 5 2.31 signal (H-6endo) upon irradiation of the 
H-8 protons of the proximal side chain. 

Incubation of [1,1-2H2]FPP ( l a ) " with crude bergamotene 
synthetase at 4 0C for 48 h yielded 110 nmol of 0-bergamotene 
(2a, Scheme II) which, after dilution with 5 mg of (±)-/3-ber-
gamotene as carrier and purification by column chromatography, 
was analyzed by 61.4 MHz 2H NMR revealing the expected 
signals at 8 1.41 and 2.30 (Figure IA). Incubation of (IS)-[I-
2H1]FPP (lb)11 at 30 0C for 4 h with bergamotene synthetase 
yielded 92 nmol of /3-bergamotene (2b). 2H NMR analysis showed 
deuterium enrichment only in the H-6ei0 position at 8 1.41 (Figure 
IB). Finally, two incubations of (1^)-[I-2H1]FPP (Ic)11 yielded 
146 nmol of /3-bergamotene (2c) which showed deuterium en
richment only in the complimentary H-6end0 position at 8 2.30 
(Figure IC). 

The above results clearly demonstrate that FPP can be con
verted into /3-bergamotene by a cell-free preparation from Pseu-
deurotium ovalis, mediated by a new sesquiterpene cyclase, 
bergamotene synthetase. Further, the results show that this cy-
clization occurs with net retention of configuration of C-I of FPP.12 

Similar results have also been obtained for the cyclization of FPP 
to the sequiterpene hydrocarbon trichodiene.16 Since cyclization 
of FPP to form 6-membered rings requires initial isomerization 
to nerolidyl pyrophosphate (NPP, 3) to avoid formation of a ring 
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demonstrated conversion of ff-trans-bergamotene to ovalicin,2b and the ex
pectation that the introduction of oxygen at C-I of ovalicin proceeds with 
retention of configuration.'5 The absolute configuration of /3-rra«s-berga-
motene is currently under investigation. 

(13) (a) McCorkindale, N. J.; Sime, J. G. Proc. Chem. Soc. 1961, 331. 
(b) Turner, J. R.; Tarbell, D. S. Proc. Natl. Acad. Sci. U.S.A. 1962, 48, 733. 

(14) Sigg, H. P.; Weber, H. P. HeIv. Chim. Acta 1968, 51, 1395. 
(15) Hayaishi, O. Oxygenases: Academic Press: New York, 1962. 

Gautier, A. E. Diss. ETH (Zurich) Nr. 6583, 1980, and references cited 
therein. 

(16) Cane, D. E.; Ha, H. J.; Pargellis, C; Waldmeier, F.; Swanson, S.; 
Murthy, P. P. N. Bioorg. Chem. 1985, 13, 246. 

with a trans double bond,1 present work is directed toward in
vestigating the intermediacy of NPP in the cyclization of FPP 
to /3-?ra«5-bergamotene. 
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Metal hydride complexes are central to many catalytic pro
cesses, and their reactivity is of interest in its own right.1 Metal 
carbon dioxide complexes and metallocarboxylates are often in
termediates in CO2 reduction and water-gas shift systems.2 

Despite the importance of these complexes, few thermodynamic 
and kinetic data for their formation exist. Here we report the 
results of pulse-radiolysis experiments yielding equilibrium and 
kinetic data for the binding of H+,3 CO2,

4'5 and CO to the low-spin 
d8 macrocyclic6 cobalt(I) complex7 CoL+ in aqueous solutions. 
In the CoL+ system (which has found application in both the 
photoreduction of water8 to H2 and electroreduction9 of CO2 to 
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