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To obtain insight into how the cyclization pathway is controlled, the mechanism of diterpene synthase reactions (the
putative phomactatriene synthase and taxadiene synthases) involving the same intermediate was investigated in
detail. The mechanism of the initial transformation of GGDP to verticillen-12-yl cation (A*) was proposed based on
the labelling pattern of phomactatriene (9a) obtained in the feeding experiments with *C-labelled acetates. To obtain
information on the reaction pathway of A* to 9a and taxadiene (10), reactions of verticillol (5) with various acids
were conducted. Structural determination of products 9b, 9¢, 13a, 13b and 14 allowed us to propose a reaction
pathway via cations A*, D*, E*, F* and G*. Identification of hydrocarbons 6, 9b, 13a and 13b in mycelial extracts of
phomactin-producing fungus supported the proposed reaction mechanism. Based on the results of ab initio
calculations for highly flexible cation intermediates, a mechanism is proposed.

Introduction

Bicyclic diterpene phomactins represented by phomactin B (2,
Fig. 1) are known to be potent platelet-activating factor (PAF)
antagonists." PAF is a mediator of anaphylaxis released by
a number of stimulated cells and causes platelet aggregation,
chemotaxis, smooth muscle contraction and hypotension. Since
PAF is proposed to be involved in inflammatory respiratory
and cardiovascular diseases,? specific antagonist phomactins
could be attractive agents for preventing these allergic and non-
allergic inflammatory diseases. To date, eleven phomactins have
been isolated from a marine fungus, Phoma sp.! Phomactins,

1 Electronic supplementary information (ESI) available: computational
results for carbocations (energies and structures of conformers found by
CONFLEX search), "H NMR and C NMR spectra for compounds
9b,9¢,13a,13b and 14. See http://dx.doi.org/10.1039/b506411b

phomactin B (2)

verticillol (5)

verticilla-4(20),7,11-triene (6)

including the recently found phomactin H (4)%, possess a
structurally unique bicyclo[9.3.1]pentadecane ring system. This
unique structure and the pharmacological interest prompted
the synthetic study of phomactins. The first total synthesis of
the most potent PAF antagonist phomactin, phomactin D (3),
was achieved by Miyaoka et al.* Recently, the total synthesis of
the most structurally complex phomactin, phomactin A (1), was
completed independently by two groups.®

Diterpenes with a bicyclo[9.3.1]pentadecane skeleton are
found in various sources, but are relatively rare in nature.
Verticillol (5) was isolated from a constituent of the evergreen
wood of the conifer Sciadopitys vertilillata.’ Tts enantiomer
and the corresponding hydrocarbons were found in Japanese
liverwort Jackiella javanica.” The essential oil of Boswellia
carterii contains verticilla-4(20),7,11-triene (6).* Recently, the
cytotoxic diterpene cespitularin A (7) was found in the formosan
soft coral, Cespitularia hypotentaculata.® Cleomeolide (8) from

CHO O

phomactin D (3)

OH
H

cesupitularin A (7)

phomactin H (4)

cleomeolide (8)

Fig. 1 Phomactins and other diterpenes with a bicyclo[9.3.1]pentadecane skeleton.
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Scheme 1 Proposed cyclization pathways of phomactane and taxane diterpenes via a common intermediate (A™).

Cleome icosandra Linn. is the sole example possessing the same
molecular skeleton as those of phomactins although the absolute
configuration of 8 is enantiomeric to that of phomactins.*

Considering the carbon framework of phomacta-1(14),3,7-
triene (9a), a plausible precursor of phomactins, we proposed
the cyclization pathway of 9a from geranyl geranyl diphosphate
(GGDP) involving the verticillen-12-yl cation intermediate (A*)
as shown in Scheme 1. A similar biogenetic proposal was made
by Pattenden and co-workers.”? Croteau and co-workers have
investigated a detailed enzymatic cyclization pathway of taxa-
4(5),11(12)-diene (10), a precursor of the antitumor agent taxol
(11)."*"« They proposed that 10 was formed via A* by an unusual
intramolecular 1,5-proton transfer and further cyclization in a
reaction with taxadiene synthase.* Since the same intermediate
A* is involved in the biosynthesis of phomactin and taxol, we
became interested in how key enzymes responsible for construct-
ing these molecular skeletons control the reaction pathways
to give individual products via intermediates having a highly
flexible 12-membered ring. Recently, we suggested a detailed
cyclization mechanism for the formation of phomactatriene
(9a) via A*."* Herein we propose the cyclization mechanism of
GGDP toward diterpene hydrocarbons based on experimental
data from incorporation of isotopically labelled precursors,
non-enzymatic reactions of verticillol (5) via A* and ab initio
calculations of carbocation intermediates.

Results

Mechanism of enzymatic cyclization of GGDP to
verticillen-12-yl cation

We isolated phomacta-1(14),3,7-triene (9a) from Phoma sp.
and determined the relative configuration by NOE experiments
(Fig. 2)."* Chu et al. previously reported Sch 49026 which is the
epimer of 9a at C15.% Since the structure was proposed without
any experimental data and the spectral data are consistent with
those of 9a, the structure of Sch 49026 should be identical to that
of 9a. To investigate the stereochemical course in the formation
of 9a from GGDP, incorporation experiments were performed
with Phoma sp. using [1-*C]- and [1,2-°C,Jacetates."! The *C
NMR analysis of labelled 9a exhibited typical labelling patterns
for the isoprene unit derived from the mevalonate pathway as
summarized in Table 1 and Fig. 3.2 In the "C-NMR spectra
derived from [1,2-3C,Jacetate, the coupled signal at 37.69 ppm
(C15) was observed as shown in Fig. 4. These results established
that 11-Me migrated from C15 without loss of *C-3C coupling,
indicating that 11-Me originated from a in the corresponding
dimethylallyl diphosphate (Scheme 2). No significant decrease
in the intensity of the coupled signal at 37.69 ppm (C15) was
observed on comparison with that at 41.60 ppm (C12) in the
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Fig.2 NOE correlations of phomacta-1(14),3,7-triene (9a).

BC-NMR spectrum (Fig. 4). This finding indicated that the free
rotation of the C1-C15 bond, e.g. from B* to C* (Scheme 2), is
restricted by the prefixed conformation in the active site of the
plausible terpene synthase, phomactatriene synthase (PMTS).

9a

Fig. 3 Incorporation of [1,2-"*C,]-acetate into 9a.
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Fig. 4 Part of the *C NMR spectrum of 9a from feeding with
[1,2-13C,]-acetate.
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Table1 C NMR data of 1 derived from *C-labelled acetates®
[1,2-3C,]Acetate
[1-3C]Acetate
dc/ppm  enrichment® Enrichment® Jcc/Hz
1 139.08 — 3.0 71
2 35.44 19.8 1.6 43
3 127.21 — 2.6 43
4 136.10 20.8 24 42
5 40.27 — 2.2 —
6 25.07 19.1 3.0 45
7 123.08 — 2.6 45
8 134.07 14.9 4.2 42
9 33.79 — 2.5 —
10 34.34 15.8 2.6 35
11 38.86 — 3.0 35
12 41.60 11.7 2.7 36
13 31.63 — 2.4 —
14 121.58 19.2 2.7 71
15 37.87 13.9 2.6 35
4-Me 15.64 — 35 42
8-Me 17.18 — 4.0 42
11-Me 22.32 — 2.2 —
12-Me 17.74 — 3.1 36
15-Me 14.11 — 2.8 35

“The signals were assigned by NMR analyses including HMQC and
HMBC." ® The values for enrichments were determined by comparison
of the relative peak intensities of the corresponding carbons in labelled
and unlabelled spectra.

Only two biosynthetic pathways are possible which result
in coupled signals at C15 and 15-Me (Scheme 2). Two-step
cyclization of GGDP can occur via boat- and chair-like tran-
sition states (TS1 and TS2, respectively). Since 1,2-shifts would
occur in a stepwise manner, and be possible from both the
a- and B-faces, the stereochemistry of the product is simply
determined by the stereogenic centers attached to the migrating
groups. The first C—C bond formation in path A affords a 1.5-
configuration. The subsequent migration of 11-H, followed by
a 1,2-rearrangement of 158-Me/13-H and deprotonation of 14-
H afford phomactatriene (9a). On the other hand, similar C—
C bond formation in path B gives 1R-configuration, and the

sequential rearrangements including 150-Me/1a-H provide 12,
a diastereomer of 9a. Since the correct configuration of the
product9ais 118, 12R, 158, the actual biosynthetic route should
be path A via a boat-like transition state.

The detailed cyclization mechanism of the taxadiene synthase
(TXDS) reaction was investigated with a partially purified
enzyme using various deuterium-labelled GGDP.'* ' However,
the stereochemical course from GGDP to cationic intermediate
A* was not reported. Based on successful conversion of verti-
cillol (5) to taxadiene (10) described later, we assume that the
proposed cyclization mechanism in the reaction of the plausible
phomactatriene synthase can be applied to that of the taxadiene
synthase reaction.

Lewis acid-mediated rearrangements of verticillol

To explore the enzymatic reaction mechanism of PMTS and
TXDS via intermediate A*, we next investigated biomimetic
reactions of verticillol (5) with various acids. The results are
summarized in Table 2. Treatment of 5 with BF;-OEt, at —78 °C
for 10 min afforded three products, 9b, 13a and 13b, in the
ratio 37 : 32 : 31 (Scheme 3). No starting material was detected
under these conditions. Two of the isomeric compounds, 13a
and 13b, were identified as exo- and endo-dehydration products
which were reported as synthetic hydrocarbons derived from
acid treatment of 5.7 Enantiomers of verticillenes (13a and
13b) were also found as constituents of the Japanese liverwort.'®
Isolation of 13a and 13b strongly suggested formation of a key
cationic intermediate A* in this reaction. An NMR spectrum of
the hydrocarbon 9b was closely related to that of phomactatriene
(9a) except for the presence of a tetrasubstituted olefin [0 138.5
(C13), 123.6 (C14)]. Its planar structure was determined to be
phomacta-1(15),3,7-triene by extensive NMR analysis including
COSY, HSQC and HMBC. The stereochemistry of 9b was
determined by NOESY data as shown in Fig. 5. The structure of
9b was further confirmed by isomerization of 9a isolated from
Phoma sp. into 9b with BF;-OEt, at —30 °C (Table 2, entry 8).
The isomerization did not proceed at —78 °C.

Non-enzymatic reactions with other protic (CH;CO,H,
CF;CO,H, TsOH, HBF,) and Lewis acids (Me; B, Me;Al, SnCl,,
TiCl,, TiClL,(OiPr),, Cu(OTf);, Zn(OTf);, Sn(OTf);, Yb(OTT);)
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Table 2 Acid treatment of 5 and other diterpenes in CH,Cl,

Product yield®(%)
Verticillenes Phomactatrienes
Entry Substrate Acid Temp./°C 13a 13b 9a 9b 9c 14 Others®
1 5 BF;-OEt, —78 32 31 — 37 — — —
2 5 BF;-OEt, -30 2 36 — 62 — —
3 5 BF;-OEt, -20 <1 — 25 — 46 6 22
4 13a BF;-OEt, -78 no reaction — — — — — —
5 13a BF;-OEt, -30 3 32 — — 65 — —
6 13b BF;-OEt, -78 — no reaction — — — — —
7 13b BF;-OEt, -30 — 83 — 17 — — —
8 9a BF;-OEt, -30 — — 63 37 — — —
9 9b BF;-OEt, -78 — — — no reaction — — —
10 9b BF;-OEt, -30 — — — 97 3 — —
11 9b BF;-OEt, -20 — — 74 8 — 18
12 5 HBF, —~78 <1 — 44 — — 37
13 5 p-TsOH 25 12 — — — — —
14 5 La(OTf);* 40 — — — — 35 — 654
15 5 TiCl, -95 — — — — — 10 90¢

“In (CH,CI),. ®Yields were calculated by peak areas in the GC chart. ¢ Diterpene products. ¢ Containing 32% of alcohols. ¢ Containing 8% of

chlorides.

Fig.5 NOE correlations of 9b, 9¢c and 14. The relative stereochemistry
of 14 at C3 and C7 has not been determined.

gave essentially the same results as those with BF; (Table 2).
However, in the treatment of verticillol (5) with La(OTf);, the
novel hydrocarbon 9¢ was obtained as a major constituent of
the reaction mixture. Since its NMR data were essentially same
as those of phomacta-1(15),3,7-triene (9b), it is suggested that
9c¢ is an isomeric form of 9b. This was confirmed by the BF;-
catalyzed conversion of 9b to a product which showed the same
retention time and spectra to those of 9¢ in GC-MS analysis.
The structure of 9¢ including the relative stereochemistry was
determined by extensive NMR analysis (Fig. 5).

Treatment of 5 with TiCl, afforded a novel diterpene hydrocar-
bon 14 as a major constituent with a number of minor diterpene
chlorides which were not isolated in sufficient amounts to allow
structure elucidation. This hydrocarbon 14 showed a different
NMR pattern to those of other 12-membered hydrocarbons
obtained in the reaction of 5. In the UV spectra, absorption
at 259.7 nm showed the presence of a conjugated diene. In the
'"H-NMR spectrum, olefin protons at 6.20 and 6.28 ppm had
a relatively small coupling constant (5.2 Hz) for the cis-double
bond, indicating that the double bond was in a five-membered
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ring. The structure of 14 including its partial stereochemistry was
determined by extensive NMR analysis (Fig. 4). The proposed
structure was further supported by the observation that the
characteristic fragment ion peaks at m/z 148 (M* — C;;H¢) and
161 (M* - C,,H,,) were detected in the MS spectrum (Scheme 4).
Transformation of 5 to 14 requires complex rearrangements
including six- to five-membered ring conversion and opening of
a 12-membered ring. The possible reaction mechanism affording
14 is shown in Scheme 4.

Treatment of verticillol 5 with BF; was conducted at various
temperatures to examine the effect of reaction temperature,
and the results are shown in Table 2. Predominant formation
of phomacta-1(15),3,7-triene (9b) accompanied by a decrease
of verticillenes (13a, 13b) was observed when the reaction
temperature was raised from —78 °C to —20 °C. A new
product which was identical to phomacta-1(15),4,8-triene (9c¢)
produced in the reaction with La(OTf); was observed to be
formed at —20 °C, and the amount of 9¢ further increased at
0 °C. At temperatures above —20 °C, many minor diterpene
hydrocarbons were formed and the amounts of these products
increased when the reaction was done at room temperature.
Although the data obtained were inconclusive, the isolation
of ring-opened product 14 suggested that various ring-opening
reactions of the 12-membered ring of cation intermediates could
occur affording a complex mixture of hydrocarbons in the BF;
treatments at higher temperature.

Isolated hydrocarbons 9b, 13a and 13b were resubjected to
the BF; treatments to evaluate their thermodynamic stability.
Exo-isomer 13a was efficiently converted into 9b and 13b at
—30 °C while conversion of endo-isomer 13b into 9b was less
effective. These results indicated that equilibrium existed among
13a, 13b and 9b, and the predominant formation of 9b showed
that this is the most thermodynamically stable isomer below
—30 °C. Most of the reactions took place on the six-membered
ring at below —30 °C. On the other hand, isomerization of
the double bonds in the macrocycle of 9b occurred at above
—20 °C to give 9¢, probably via cation intermediates as shown
in Scheme 3. Although isomerization of the 3,4- and 7,8-olefins
occurred on the 12-membered ring in the reaction at —20 °C, no
further reaction took place at these positions.

Pattenden and co-workers reported that all their efforts
to transform verticillene and its derivatives into taxadiene
derivatives with Lewis acid treatments failed.'” To re-examine the
possibility for the conversion of verticillol (5) to taxadiene (10),
we tried to detect 10 in Lewis acid treatments of 5 under various



9c 14
Scheme 3

conditions. Among the complex mixtures obtained in the BF;
treatment of 5 at room temperature, we identified a very small

b iz 161 (b%)

amount of 10 (0.004%) after repeated HPLC (Fig. 6). This was
confirmed by a GC co-injection experiment with an authentic
sample. Taxadiene was not observed in any other experiments
which we have undertaken.

Diterpene hydrocarbons from Phoma sp.

It is common for terpene synthases to produce a small
amounts of minor products which are derived from carbocation
intermediates."” For example, abietadiene synthase gives pimara-
8(4),15-diene, sandaracopimaradiene and palustradiene,® and
taxadiene synthase affords taxa-4(20),11,12-diene and verticilla-
3(4),7(8),11(12)-triene.** During our studies on aphidicolan-
16B-ol synthase (ACS), we found that the aphidicolin-producing
fungus yielded various diterpene hydrocarbons which we pro-
posed as minor products of the ACS reaction.* This observation
prompted us to explore identification of the minor hydrocarbon
constituents from the phomactin-producing fungus Phoma sp.
From the mycelial acetone extracts, we identified phomacta-
triene (9a) and four other components by HPLC and GC-MS
(Fig. 6). On comparison of MS spectral data with those of
materials synthesized in the acid treatments of verticillol (5),
three of them were identified as the 12-membered hydrocarbons
9b, 13a and 13b. The mass spectrum of the remaining compound,
which was not obtained by the acid treatments of 5, was identical
to that of verticilla-4(20),7,11-triene (6)® from the essential oil
of Boswellia carterii. GC co-injection experiments with the
authentic samples 6, 9b, 13a and 13b confirmed their structures
(Fig. 7). Since all diterpene hydrocarbons from Phoma sp. have a
12-membered ring similar to verticillane, these can be regarded
as minor reaction products of the putative phomactatriene
synthase. Interestingly, the acid treatments of verticillol (5)
provided most of the diterpenes found in the extract of Phoma sp.

With authentic samples available, absolute configurations of
the isolated hydrocarbons were examined. Since the yields of
these compounds were limited (ca. 20-50 pg from 1 L culture
broth), optical rotations did not give reliable data. On the other
hand, CD-spectra of natural hydrocarbons 9b, 13a and 13b
were identical to those of synthetic samples, determining their
absolute configurations as shown in Scheme 5.}

1 Our conclusion on the absolute configurations of 9b, 13a and 13b
contradicted that reported for verticillol (5). The proposed absolute
configurations (ref. 15) of phomactins A (1) and D (3) have been
established unambiguously by their total synthesis (refs. 4, 5). Thus,
the absolute configuration of phomactatriene (9a) is proposed as shown
in Scheme 5. On the other hand, the absolute configuration of 5 was
determined by the CD data of a derivative of 5 applying the empirical
octant rule (ref. 6). Since the asymmetric total synthesis of S has not
been achieved yet, the absolute configuration is possibly opposite to
that originally proposed.

H

Scheme 4
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Fig. 6 (A) Reverse-phase HPLC chromatogram of products in the
BF;-OEt,-catalyzed reaction of 5 at room temperature; the area in the
frame is the fraction containing taxadiene. (B) GC-MS analysis: (a)
chromatogram of 10 purified repeatedly by HPLC; (b) chromatogram of
the same sample as (a) co-injected with authentic 10; (c) chromatogram
of authentic 10; (d) MS spectrum of the peak (zx 6 : 39) in the
chromatogram (a); (e) MS spectrum of authentic 10.

Possible cyclization pathways of verticillane, phomactane and
taxane diterpenes

There are several biosynthetic cyclization pathways to generate
verticillane, phomactane and taxane diterpenes as shown in
Scheme 5. Considering the stereochemistry of these diterpenes,
we can propose that all such compounds are derived by macro-
cyclization of GGDP to verticillen-12-yl cation (A*) via a boat-
like transition state as proposed in the case of phomactatriene
(9a). From cation A*, simple deprotonation or capture of H,O
would give verticillenes (13a,13b) or verticillol (5). In the case
of taxadiene synthase, Croteau established that an unusual
intramolecular 1,5-proton transfer from C11 to C7 in A* to give
the verticillen-8-yl cation D* which further cyclized to afford

2718

Org. Biomol. Chem., 2005, 3, 2713-2722

(A)

ic 13a+13b (|<9a

\ 9b
N
T e e T T B 2
(B)
9a+9b~
400
?é 6+13b

200 13a \

NS

{4 min

Fig.7 GC-MS (A) and HPLC (B) analyses of diterpene hydrocarbons
isolated from Phoma sp.

taxadiene (10).'* In the most stable conformer of A* (described
later), the H11 extrudes inside the 12-membered ring, and this
proton is located close to both 3,4- and 7,8-double bonds.
Thus, alternative 1,5-proton transfer from C11 to C3 would give
verticillen-4-yl cation E* and deprotonation of H,O from E*
would afford verticillatriene (6). In the reaction of the putative
PMTS, sequential 1,2-shifts of A* could afford phomactan-15-
yl cation F* which is converted either to phomacta-1(15),3,7-
triene (9b) or to core skeleton 9d of cleomeolide (8) by
deprotonation at 15-CH; or at HI1. A hydride shift of H1
from F* and the subsequent deprotonation of H14 would
yield 9a.

ADb initio calculations on the carbocationic intermediates

In order to evaluate the energy levels of the plausible cations,
the relative energies of the cationic stationary structures
were estimated by ab initio calculation®>** using GAUSSIAN
03.2 For this purpose, conformational searches on flexible
bicyclo[9.3.1]pentadecane cation intermediates were necessary.
Thus, conformational searches of the cations A*, D*, E*, F*,
G* were performed by using the CONFLEXS5 program* with
the MMFF94 force field* as the structural optimizer. The top
five stable conformers of each cation found by CONFLEX
were subjected to re-optimization at the HF/6-31G(d) level of
ab initio molecular orbital theory.®® Ab initio energies for the
most stable conformers of carbocations are shown in Table 3.2
The theoretical results show that the most stable cation is F*,
and energy differences for the conversions from A* to G*, and
G* to F* are 0.06 and —3.17 kcal/mol, respectively, which
explain most of our experimental results of acid treatments for
verticillol (5) at various temperatures (see Table 2). Large energy
differences between A* and F* strongly support the extremely
facile transformation from verticillol 5 to phomacta-1(15),3,7-
triene (9b) in the BF; treatment of 5 at —78 °C, and also the
smooth conversion from verticillenes (13a and 13b) to 9b on
increasing the reaction temperature. Additionally, theoretical
prediction that the conversions from A* to D* and to E* require
higher energies, about 2.3 and 3.3 kcal mol™', respectively, than
the conversion energy of A* to G* (0.06 kcal mol "), satisfactorily
explains the inefficient conversion from 5 to taxadiene (10) in
the BF; treatment at room temperature.

Table 3 A4b initio (HF/6-31G(d)) calculations of the most stable
conformers of five cations

A* D+ E* F* G*
E*“ —=776.2916 —776.2877 —776.2862 —776.2965 —776.2915
AE® —0.06 2.34 3.31 —3.17 0.00

“In au. ® In kcal mol~'.
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Scheme 5 Proposed enzymatic and non-enzymatic reactions of verticillene-12-yl cation (A*); the bold arrow indicates a route in the plausible

enzymatic reaction.

Discussion

From the series of experimental results described above, we
proposed a detailed cyclization mechanism of a plausible
phomactatriene synthase (PMTS) as shown in Scheme 5.
The results of feeding experiments with *C-labelled acetates
suggested that PMTS incorporates GGDP and stabilizes it as a
suitable boat-like transition state in which the terminal allylic
pyrophosphate group and two olefins are located at proper
positions for cyclization. Enzyme-assisted ionization of the
diphosphate group and production of the resultant allylic cation
trigger sequential C—C bond formations to give verticillen-12-
yl cation (A*). Based on the incorporation study with *C-
labelled acetate, these reactions proceed in a highly restricted
space of the active site. Recently, experimental evidence has
been accumulated on the preorganization of a polyene substrate

in the active site of terpene synthases. Crystal structures of
bornyl diphosphate synthase” and squalene-hopene cyclase®
complexed with aza analogues of cation intermediates have been
reported. In the active sites of these enzymes, highly flexible
intermediates adopt suitable orientations and conformations for
cyclization by a number of hydrophobic contacts with amino
acid residues.

Experimental results on the acid treatment of verticillol (5)
provide useful information on the reactivity of carbocationic
intermediates and on the reaction pathways forming diterpene
hydrocarbons. The result that BF; treatment of 5 at room tem-
perature gave a number of products suggests the high reactivity
of the initial intermediate A* under standard conditions for the
enzymatic reaction, and the existence of many reaction pathways
yielding diterpene hydrocarbons. This suggests that the plausible
PMTS freezes the conformation of cation A* as the most stable

Org. Biomol. Chem., 2005, 3, 2713-2722
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one to avoid premature quenching to the products 13a and
13b. Facile transformation of 5 to phomacta-1(15),3,7-triene
(9b) under mild conditions (BF;-OEt, at —78 °C) implies that
conversion from the most stable conformer A* to phomactadien-
15-yl cation (F*) would proceed in a non-enzymatic manner.
Since phomacta-1(14),3,7-triene (9a) was not obtained in the
BF;-treatment, the H1-hydride shift of F* is an energy-requiring
process which needs enzyme catalysis.

The transformation of A* to G* requires a conformational
change from chair to boat (Scheme 6). Data on both non-
enzymatic reactions and ab initio calculations suggested that
this conversion is slightly endothermic with a very small barrier.
Based on these results, we assume that the conformation of A*
derived from enzymatic cyclization of GGDP would be similar
to a transition state in the rearrangement of A* to G*.

Isolation of 9b, 13a and 13b from mycelial extracts of
phomactin-producing fungus strongly suggests involvement of
the two distinct intermediates A* and F* in the enzymatic
reaction with PMTS. Thus, in the complex transformation of
GGDP to 9a, the role of PMTS appears rather straightforward.
Apart from the formation and termination of carbocation
intermediates, this enzyme may control conformations of in-
termediates and chaperon these short-lived intermediates with
rich aromatic amino acid residues at the active site to prevent
premature quenching. The inefficiency of 1,5-proton transfer in
the production of taxadiene (10) indicates that conversion from
A* to D* requires an enzyme-assisted conformational change
and this is a key branching point between PMTS and TXDS. It
should be noted that PMTS possibly promotes an alternative
endothermic 1,5-proton transfer to provide verticillatriene (6),
suggesting that the ability for 1,5-proton transfer may be
attributed to a minute differences in the active site of the
diterpene cyclases. This suggests that a mutation changing the
volume of the active site could alter the reaction pathway of
these diterpene synthases from 9a to 6 or 10. Cane and co-
workers have reported the importance of active site volume in
a sesquiterpene synthase for specific product formation on the
basis of X-ray crystallographic analysis of mutants affording
aberrant products.”

In conclusion, we have proposed a plausible cyclization
mechanism for phomactatriene synthase based on the results
of feeding experiments with *C-labelled acetates and an acid-
catalyzed biomimetic reaction with verticillol (5). This proposal
is supported by the isolation of minor products from the mycelial
extracts of phomactatriene-producing fungus and the stability of
carbocation intermediates estimated by ab initio calculation. The
simple experiments described in this report provide information
on enzyme catalysis. Although the computational approach for
elucidating the reaction mechanism of terpene cyclases has been
limited to model cationic intermediates (lanosterol synthase)*
and the conformationally rigid intermediates (aphidicolan-16§-
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ol synthase),? we showed that the ab initio calculations con-
sidering possible conformations of highly flexible intermediates
provide useful information for discussion of an enzymatic
terpene cyclization.

Experimental
General

Unless otherwise noted, nonaqueous reactions were carried
out under an argon atmosphere. Dichloromethane (CH,Cl,)
and 1,2-dichloroethane were distilled from calcium hydride.
Sodium [1-*C]-(99 atom% "C) and [1,2-"*C,]-acetates (99
atom% "C) were purchased from the Cambridge Isotope Lab.
All other commercially supplied reagents were used as received.
Optical rotations were recorded on a JASCO DIP-360 digital
polarimeter. NMR spectra were obtained on a JEOL ECP-300,
Alpha-400 and a Bruker AM-500 spectrometer for solutions of
CDCI, and C¢Ds. 'H and "*C chemical shifts were referenced
to the solvent signals: 7.26 and 77.0 ppm for CDCl;, 7.15 and
128.0 ppm for C,D;. Resolution of the *C spectra is 1.01 Hz
point™'. GC-MS analysis was conducted with a HP5890 gas
chromatograph and a JMS-600H mass spectrometer (JEOL)
under the following conditions: a fused silica capillary column
(DB-1, 30 m x 0.25 mm id.; J & W Scientific); injection port
temperature, 280 °C; initial temperature of the GC oven, 100 °C
for 2 min, followed by heating to 280 °C at 30 °C min™'
and holding at the final temperature for 2 min. GC analysis
was conducted with a Shimadzu GC-17A gas chromatograph
equipped with a flame ionization detector (FID) and the
amounts of products were determined by injecting with methyl
stearate as an internal standard.

Computational method

Conformation searches of five carbocations with CONFLEXS5
Revision A.2** were performed as follows: the bicyclic ring-
atoms were subject to perturbations with both “corner flap”
and “bond flip” to generate new ring conformers,*** and the
MMFF9% force field* was used as a structural optimizer. The
chirality of the asymmetric carbon atoms was maintained during
the conformation search. Restrictions were imposed to keep
the starting configurations about the double bonds. A gradual
increase to a search limit of 15.0 kcal mol™' determined the
energy range from which the initial structures for the search
were selected. The default values for the other options were
used. Finally, 20, 30, 26, 18, 26 conformers of A*, D*, E*, F*, G,
respectively, were found within relative energies from the each
global minimum of less than 10.0 kcal mol .

Ab initio molecular orbital calculations with Gaussian03
Revision B.4% were performed as follows: five of the most stable
conformers of each of the carbocations were optimized using the



HF/6-31G(d) level molecular orbital theory. Their optimized
structures were also subject to vibrational frequency analyses to
examine their existence at the stationary points on the potential
energy hypersuface (energy minima).

General procedure of acid-catalyzed rearrangement of
verticillol (5)

To a solution of 5 (100 ug, 0.345 pumol) in CH,Cl, (1 ml)
was added acid (80 pmol). After stirring for 10 min, the re-
action mixture was quenched with saturated aqueous NaHCO;
(2 ml) and the aqueous layer was extracted with hexane. The
combined organic layers were washed with brine, dried over
anhydrous Na,SO,, filtered and concentrated in vacuo. The
reaction products were directly analyzed by GC and GC-MS.

BF;-OEt,-catalyzed rearrangement of 5

To a solution of 5 (5.1 mg, 19 pmol) in CH,Cl, (I ml)
was added a solution of BF;-OEt, (10 pl, 80 umol) in CH,Cl,
(1 ml) at —78 °C. After stirring for 10 min, the reaction mixture
was worked up in a similar way to that described in the general
procedure. The reaction products were separated by reverse-
phase HPLC (Inertsil ODS-2, ¢ 4.6 x 250 mm, GL Science;
eluent, 100% CH,CN; flow rate, 0.5 ml min~'; UV 195 nm) to
afford 9b (660 pg, 14%), 13a (245 pg, 5.7%), and 13b (507 ug,
11%).

Data for phomacta-1(15)-3,7-triene (9b). Colorless oil; [a]?
+259° (¢ 0.25, CHCI;); CD (CH;CN) /o 218.0 nm (Ae +1.7);
'"H-NMR (500 MHz, CDCl;) ¢ 5.00 (1H, d, J = 12.0 Hz, H3),
4.79 (1H, d, J = 10.3 Hz, H7), 3.06 (1H, t, J = 12.0 Hz, H2a),
2.38-2.28 (2H, m, H6a, H14a), 2.13 (1H, dd, J = 12.2, 13.8 Hz,
H9a), 2.02-1.94 (4H, m, H2b, H5, H6D), 1.84-1.74 (3H, m, H9D,
H12,H14b), 1.65(1H, dd, J =12.2,15.0 Hz, H10a), 1.61 (3H, s,
4Me), 1.54 (3H, s, 8Me), 1.45-1.40 (2H, m, H13), 1.30 (1H,
H10b), 1.30 (3H, s, 15Me), 0.80 (3H, d, J = 6.9 Hz, 12Me),
0.74 (3H, s, 11Me); “C-NMR (125 MHz, CDCl;) 6 133.7 (C15),
133.1 (C8), 131.6 (C1), 130.8 (C4), 127.0 (C7), 124.4 (C3), 41.0
(Cl11), 38.5 (C5), 34.5 (C9), 34.3 (C2), 33.3 (C12), 32.5 (C14),
30.9 (C10),27.6 (C13),26.6 (C6),21.8 (11Me), 16.4 (12Me), 16.1
(4Me), 15.6 (8Me), 15.0 (15Me); EI-HR-MS calcd. for CyHs,
272.2504 (M*), found m/z 272.2501.

Data for 13a.  Colorless oil; [o]5 +206° (¢ 0.27, CHCL;); CD
(CH,CN) Ay 206.6 nm (Ae +33.4); 'H-NMR (300 MHz, CDCl,)
0 5.61 (1H, brd), 4.81 (1H, q, / = 1.9 Hz), 4.70 (1H, br d), 4.53
(1H, q, J = 1.6 Hz), 2.89 (1H, d, J = 9.6 Hz), 2.72 (1H, m), 2.43
(1H, m), 2.32-2.17 (2H, m), 2.10-1.25 (17H, m), 0.85 (3H, s),
0.73 (3H, s); *C-NMR (100 MHz, CDCl;) § 149.6, 133.9, 132.9,
128.4,127.4,105.2, 44.8, 42.6, 41.3, 37.8, 37.7, 36.1, 33.5, 30.3,
27.3,26.4, 24.4, 19.4, 15.6, 15.0; EI-HR-MS calcd. for C, Hs,
272.2504 (M*), found m/z 272.2504.

Data for 13b. Colorless oil; [a]Z +235° (¢ 0.17, CHCL;); CD
(CH;CN) A, 206.8 nm (A¢ +25.9); 'H-NMR (300 MHz, CDCl;)
05.39(1H, br), 5.28 (1H, brd, J=11.8 Hz),4.82 (1H, brd, J =
9.1 Hz), 2.95 (1H, br), 2.64 (1H, ddd, J = 14.9, 12.0, 4.5 Hz),
2.52-2.38 (3H, m), 2.17-1.25 (9H, m), 1.76 (3H, s), 1.58 (3H,
s), 1.50 (3H, s), 0.80 (3H, s), 0.74 (3H, s); "C-NMR (100 MHz,
CDCl;3) 0 135.9,132.9,132.7,29.8, 124.8, 121.6,42.4, 40.9, 39.6,
38.1,35.7,34.1,30.7,27.1, 26.7, 23.7, 23.0, 21.4, 15.7, 15.2; EI-
HR-MS calcd. for C,0Hs, 272.2504 (M*), found mi/z 272.2455.

La(OTf);-catalyzed rearrangement of 5

To a suspension of La(OTf); (50.1 mg, 85.4 pumol) in 1,2-
dichloroethane (0.5 ml) was added a solution of 5 (1.7 mg,
6.3 umol) in 1,2-dichloroethane (0.5 ml) at 28 °C. The reaction
mixture was stirred at 28 °C for 10 min, and worked up in a simi-
lar way to that described in the general procedure. The resultant
residue was purified by reverse-phase HPLC under the same
conditions described above to afford 9¢ (246 pg, 14%). The

amount of 9¢ was calculated from the integration of "H NMR
signals for H9 and C¢DsH (2.4% in 90 pl of C¢Dy). 9c: colorless
oil; [0 —321° (¢ 0.11, CHCL;); 'H-NMR (500 MHz, C;Dy) 0
5.01 (1H, t, J = 8.1 Hz, H9), 4.76 (1H, d, J = 10.3 Hz, HY),
2.59 (1H, dt, J = 2.4, 13.2 Hz, H2a), 2.28 (1H, m, H6a), 2.14-
2.06 (3H, m, H3a, H7a, Hl14a), 2.03 (2H, d, J = 8.1 Hz, H10),
2.00-1.98 (3H, m, H3b, H6b, H7b), 1.64-1.62 (3H, m, H2b,
H12, H14b), 1.56 (3H, s, 4Me), 1.52 (3H, s, 8Me), 1.41 (3H, s,
15Me), 1.38 (2H, m, H13), 0.91 (3H, d, J = 6.9 Hz, 12Me),
0.89 (3H, s,11Me); "C-NMR (125 MHz, C;D) ¢ 133.3 (C15),
132.9 (C8), 132.1 (C4), 131.2 (C1), 128.0 (C5), 123.5 (C9), 43.2
(C11), 38.9 (C7), 37.9 (C3), 34.6 (C12), 34.3 (C10), 32.8 (C2),
31.3(Cl14), 27.9 (C13), 25.6 (C6), 20.0 (11Me), 17.3 (12Me), 16.9
(8Me), 16.3 (4Me), 14.5 (15Me); EI-HR-MS calcd. for CyHs,
272.2504 (M*), found m/z 272.2492.

TiCl,-catalyzed rearrangement of 5

To a solution of 5 (6.3 mg, 22 umol) in CH,Cl, (1 ml) was
added a solution of TiCl, (10 pl, 91 pmol) in CH,Cl, (1 ml)
at —90 °C. After stirring for 10 min, the reaction mixture was
worked up in a similar way to that described in the general
procedure. The resultant residue was purified by reverse-phase
HPLC under the same conditions described above to afford
14 (176 pg, 2.9%). The amount of 14 was calculated from the
integration of "H NMR signals of H1 and C,DsH (2.4% in 90 ul
of C4Dy). 14: colorless oil; [0] 0° (¢ 0.10, CHCL;); UV (CH;CN)
Jmax 259.7 nm (Ae 2675); "TH-NMR (500 MHz, CsDy) 0 6.28 (1H,
d,J =5.2Hz HI),6.20 (1H, d, J = 5.2 Hz, H2), 3.12 (1H, dq,
J =174,74 Hz, HT), 241 (1H, dd, J = 13.5, 5.1 Hz, H10a),
2.13 (1H, dd, J = 13.5, 8.4 Hz, H10b), 1.88 (1H, br d, J =
13.2 Hz, H4), 1.78 (1H, m, H15), 1.72 (1H, m, H11), 1.60 (1H,
br H6), 1.45-1.30 (2H, m, H14), 1.35 (2H, m, H5), 1.30 (1H,
m, H6), 1.27 (1H, m, H15), 1.19 (3H, s, 3Me), 1.18 3H, d, J =
7.4 Hz, TMe), 1.10 (1H, m, H12), 1.08 (1H, ddd, J = 13.8,
13.2, 3.4 Hz, H4), 0.85 (3H, d, J = 6.9 Hz, 12Me), 0.96 (3H, s,
13Mep), 0.74 (3H, s, 13Mea); *C-NMR (125 MHz, C,Dy)
150.08 (C8), 145.64 (C2), 134.12 (C9), 131.04 (C1), 53.83 (C3),
50.49 (C12), 45.90 (C11), 41.47 (C13), 40.51 (C14), 37.04 (C4),
34.57 (C6), 33.06 (C10), 30.16 (C5), 29.96 (C7), 29.56 (C15),
28.72 (13MeB), 22.64 (13Mew), 20.71 (3Me), 18.40 (TMe), 13.27
(12Me); EI-LR-MS m/z 272 (M*, 32), 161 (88), 148 (100); EI-
HR-MS calcd. for C, Hs, 272.2504 (M*), found m/z 272.2509,
caled. for C,H,; 161.1330, found m/z 161.1343, calcd. for C,,H,¢
148.1252, found m/z 148.1334.

BF;-OEt,-catalyzed reaction of 5 to taxa-4(5),11(12)-diene (10)

To a solution of 5 (5.8 mg, 20 umol) in CH,Cl, (1 ml) was
added a solution of BF;-OEt, (20 ul, 160 pmol) in CH,Cl, (1 ml)
at 25 °C. After stirring for 10 min, the reaction mixture was
worked up in a similar way to that described in the general
procedure. The resultant residue was fractionated by reverse-
phase HPLC. The fraction containing taxadiene was purified
by normal-phase HPLC (LiChrosorb Si60, # 10 x 250 mm,
Merck; eluent, 100% hexane; flow rate, 1.5 mlmin~"; UV 195 nm)
affording taxa-4(5),11(12)-diene (223 ng, 0.004%) estimated by
GC-MS analysis.

Isolation of diterpenes from Phoma sp.

Fermentation of Phoma sp. was carried out at 24 °C on a rotary
shaker at 180 rpm for 14 days in five 500 ml Erlenmeyer flasks
containing 100 ml of a medium which consisted of sucrose
2.0%, peptone 1.0%, and K,HPO, 0.5% (pH 8.5). Mycelium was
collected by filtration and extracted with acetone. The extract
was concentrated in vacuo, and the residual aqueous layer was
extracted with ethyl acetate. The organic layers were dried over
anhydrous Na,SO,, and concentrated in vacuo. The residue was
purified by silica gel column chromatography, and the hexane
fractions gave the mixture of hydrocarbon products (1.4 mg).
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This mixture was further separated by reverse- and normal-
phase HPLC under the same conditions described above. The
amounts of products were determined by GC (FID) analysis; 6
(15 pg), 9a (596 pg), 9b (13 ng), 13a (11 pg), and 13b (26 pg).
Retention times (min) of products in GC-MS analysis were
as follows: 6, 6:40; 13a and 13b, 6:41; 9b, 6:49; 9a, 6:54. CD
(CH;CN): 6, A 226.4 nm (Ag +3.2); 9b, A 216.8 nm (A¢ +3.9);
13a, A, 207.2 nm (Ae +21.9); 13b, A, 210.8 nm (Ae +11.3).

Feeding experiments with isotopically labelled compounds

On the second day after inoculation, the aqueous solution
(8.8 mL) of 400 mg of isotopically labelled compounds filtered
through sterilized microfilter (0.2 um) was equally distributed
into four 500 mL flasks. After further incubation for 14 days, 9a
was isolated as described above. The yield of 9a was 1.0 mg for
sodium [1-"*CJ-acetate and 1.6 mg for sodium [1,2-"*C,]-acetate.

Acknowledgements

We are grateful to Prof. T. Norin of the Royal Institute of
Technology in Sweden for supplying a generous amount of
natural verticillol, and to Prof. R. Croteau of the Washington
State University for an authentic sample of taxa-4(5),11(12)-
diene and to Prof. W. A. Konig of the Universitit Hamburg
for an authentic sample of verticilla-4(20),7,11-triene and MS
spectra. This work was supported by grants (No. 13306009
and 14360061) from the Ministry of Education, Science, Sports
and Culture of Japan and, in part, from the Yamada Science
Foundation.

References

1 (a) M. Sugano, A. Sato, Y. Iijima, T. Oshima, K. Furuya, H. Kuwano,
T. Hata and H. Hanzawa, J. Am. Chem. Soc., 1991, 113, 5463; (b) M.
Sugano, A. Sato, Y. lijima, K. Furuya, H. Haruyama, K. Yoda and
T. Hata, J Org. Chem., 1994, 59, 564; (¢) M. Sugano, A. Sato, Y.
Iijima, K. Furuya, H. Kuwano and T. Hata, J. Antibiot., 1995, 48,
1188; (d) M. Sugano, A. Sato, K. Saito, S. Takaishi, Y. Matsushita
and Y. lijima, J. Med. Chem., 1996, 39, 5281.

2 P. Braquet, L. Touqui, T. Y. Shen and B. B. Vargaftig, Pharm. Rev.,
1987, 39, 97.

3 K. Koyama, M. Ishino, K. Takatori, T. Sugita, K. Kinoshita and K.
Takahashi, Tetrahedron Lett., 2004, 45, 6947.

4 H. Miyaoka, Y. Saka, S. Miura and Y. Yamada, Tetrahedron Lett.,
1996, 37, 7107.

5 (a) W. P. D. Goldring and G. Pattenden, Chem. Commun., 2002,
1736; (b) P. J. Mohr and R. L. Halcomb, J Am. Chem. Soc., 2003,
125, 1712.

6 B. Karlsson, A.-M. Pilotti, A.-C. S6derholm, T. Norin, S. Sundin
and M. Sumimoto, Tetrahedron, 1978, 34, 2349.

7 F.Nagashima, A. Tamada, N. Fujii and Y. Asakawa, Phytochemistry,
1997, 46, 1203.

8 S. Basar, A. Koch and W. A. Konig, Flavour Fragance J., 2001, 16,
315.

9 C. Y. Duh, A. A. H. El-Gamal, S. K. Wang and C. F. Dai, J Nat.
Prod., 2002, 65, 1429.

10 S. B. Mahato, B. C. Pal, T. Kawasaki, K. Miyahara, O. Tanaka and
K. Yamasaki, J Am. Chem. Soc., 1979, 101, 4720.

11 T. Tokiwano, E. Fukushi, T. Endo and H. Oikawa, Chem. Commun.,
2004, 1324.

12 K. M. Foote, C. J. Hayes, M. P. John and G. Pattenden, Org. Biomol.
Chem., 2003, 1, 3917.

2722

Org. Biomol. Chem., 2005, 3, 2713-2722

13 (a) M. R. Wildung and R. Croteau, J. Biol. Chem., 1996, 271, 9201;
(b) X. Y. Lin, M. Hezari, A. E. Koepp, H. G. Floss and R. Croteau,
Biochemistry, 1996, 35, 2968.

14 (a) D. C. Williams, M. R. Wildung, A. Q. W. Jin, D. Dalal, J. S. Oliver,
R. M. Coates and R. Croteau, Arch. Biochem. Biophys., 2000, 379,
137; (b) D. C. Williams, B. J. Carroll, A. W. Jin, C. D. Rithner, S. R.
Lenger, H. G. Floss, R. M. Coates, R. M. Williams and R. Croteau,
Chem. Biol., 2000, 7, 969.

15 M. Chu, I. Truumees, I. Gunnarsson, W. R. Bishop, W. Kreutner,
A. C. Horan, M. G. Patel, V. P. Gullo and M. S. Puar, J. Antibiot.,
1993, 46, 554.

16 (a) D. E. Cane, Biosynthesis of Isoprenoid Compounds, ed. J. W. Porter
and S. L. Spurgeon, Wiley, New York, 1981, 1, pp. 283-374; (b) D. E.
Cane, Chem. Rev., 1990, 90, 1089.

17 M. J. Begley, C. B. Jackson and G. Pattenden, Tetrahedron, 1990, 46,
4907.

18 Y. Asakawa, Progress in the Chemistry of Organic Natural Products,
ed. W. Herz, G. W. Kirby, R. E. Moore, W. Steglich, and C. Tamm,
Springer Verlag, Vienna, 1995, 16, pp 278-280.

19 J. Bohlmann, G. Meyer-Gauen and R. Croteau, Proc. Natl. Acad.
Sci. USA, 1998, 95, 4126.

20 R. J. Peters, J. E. Flory, R. Jetter, M. M. Ravn, H.-J. Lee, R. M.
Coates and R. B. Croteau, Biochemistry, 2000, 39, 15592.

21 (a) H. Oikawa, H. Toshima, S. Ohashi, W. A. Koénig, H. Kenmoku
and T. Sassa, Tetrahedron Lett., 2001, 42, 2329; (b) H. Oikawa, T.
Toyomasu, H. Toshima, S. Ohashi, H. Kawaide, H. Kamiya, M.
Ohtsuka, S. Shinoda, W. Mitsuhashi and T. Sassa, J. Am. Chem.
Soc., 2001, 123, 5154; (c¢) H. Oikawa, K. Nakamura, H. Toshima, T.
Toyomasu and T. Sassa, J. Am. Chem. Soc., 2002, 124, 9145.

22 (a) C. Jenson and W. L. Jorgensen, J. Am. Chem. Soc., 1997, 119,
10846; (b) B. A. Hess, J. Am. Chem. Soc., 2002, 124, 10286.

23 G. W. T. M. J. Frisch, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin,
J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B.
Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H.
Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa,
M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X.
Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth,
P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul,
S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P.
Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A.
Pople, Gaussian 03, Revision B.04, Gaussian, Inc., Pittsburgh, PA,
2003.

24 (a) H. Goto, S. Obata, T. Kamakura, N. Nakayama, and K. Ohta,
CONFLEXS, Revision A.2, Conflex Corp., Tokyo, 2005; (b) H. Goto
and E. Osawa, J. Am. Chem. Soc., 1989, 111, 8950; (¢) H. Goto and
E. Osawa, J. Mol. Struct. (THEOCHEM ), 1993, 285, 157; (d) H.
Goto and E. Osawa, J. Chem. Soc., Perkin Trans. 2, 1993, 187.

25 (a) T. A. Halgren, J. Comput. Chem., 1996, 17, 490; (b) T. A. Halgren,
J. Comput. Chem., 1996, 17, 520; (¢) T. A. Halgren, J. Comput. Chem.,
1996, 17, 553.

26 Computational results of carbocations (energies and structures of
conformers found by CONFLEX search) are summarized in the
electronic supplementary information (ESI)t.

27 D. A. Whittington, M. L. Wise, M. Urbansky, R. M. Coates, R. B.
Croteau and D. W. Christianson, Proc. Natl. Acad. Sci. USA, 2002,
99, 15375.

28 D. J. Reinert, G. Balliano and G. E. Schulz, Chem. Biol., 2004, 11,
121.

29 M. J. Rynkiewicz, D. E. Cane and D. W. Christianson, Biochemistry,
2002, 41, 1732.



