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Abstract: To examine the mechanism of the cyclization reaction catalyzed by aphidicolan-16(-ol synthase
(ACS), which is a key enzyme in the biosynthesis of diterpene aphidicolin, a specific inhibitor of DNA
polymerase a, skeletal rearrangement of 2a and biomimetic cyclization of 4b were employed. The structures
of the reaction products, which reflect penultimate cation intermediates, allowed us to propose a detailed
reaction pathway for the Lewis acid-catalyzed cyclizations and rearrangements. Isolation of these products
in an aphidicolin-producing fungus led us to speculate that the mechanism of the ACS-catalyzed cyclization
reaction is the same as that of a nonenzymatic reaction. Ab initio calculations of the acid-catalyzed reaction
intermediates and the transition states indicate that the overall reaction catalyzed by ACS is an exothermic
process though the reaction proceeds via an energetically disfavored secondary cation-like transition state.
In conjunction with the solvent effect in the acid-catalyzed reactions, this indicates that the actual role of
ACS is to provide a template which enforces conformations of the intermediate cations leading to the
productive cyclization although it has been believed that the cation—x interaction between cation
intermediates and aromatic amino acid residues in the active site is important for the enzymatic catalysis.
This study provided important information on the role of various cationic species, especially secondary
cation-like structures, in both nonenzymatic and enzymatic reactions.

Introduction molecular skeleton has prompted numerous synthetic studies,
and to date, more than 10 groups have achieved the total
synthesis ofl.6

Recent studies on diterpene synthasedicated that a single
enzyme catalyzes conversion from geranylgeranyl diphosphate
(GGDP,3) to aphidicolan-18-ol (2a), which is a biosynthetic
intermediate ofl. The first cloning of a diterpene synthaset
kaurene synthase from the fundRisaeosphaeriap./2prompted
us to clone the cDNA encoding aphidicolangtél synthase
(ACS), a key enzyme in aphidicolin biosynthesis, from the

Aphidicolin (1) was isolated from a fungu€ephalosporium
aphidicola (Verticillium lecani), as an antiviral agent against
Herpes simplex type 1Later, it was found that is a specific
inhibitor of DNA polymerasex? and shows biological activity
such as phytotoxfcand antitumof. Recently, it has been re-
ported thatl specifically damages a fragile site of the mam-
malian genomé Besides its remarkable bioactivity, its unique
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pathogenic funguBhoma betagwhich produced together with
less oxidized intermediatésRecently, we have succeeded in
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Scheme 1. Proposed Biosynthetic Pathway of C9-Ethano-Bridged
Diterpenes
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Diterpenes possessing a unique bicyclooctane skeleton in the
C/D ring are divided into two classes, namely, C8-ethano-

Scheme 2. Proposed Biosynthetic Pathway of C8-Ethano-Bridged
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further supported the proposed biosynthetic pathway for CSEBD
(Scheme 2) although a number of attempts to convert bicyclic
or tricyclic intermediate analogues to C8EBD failédOn the
other hand, C9EBDs are proposed to be biosynthesizethia
Formation of4aas an intermediate is explained by a mechanism
whereby cyclization to the A/B ring proceeds via the chair
boat transition state &.17 Interestingly, all COEBDs possess a
hydroxy group at the position of the penultimate carbocation,
while most diterpene synthases produce oleffriEhe second
cyclization requires several carbocations sucl88s9", and
10", but details of this cyclization mechanism still remain to
be clarified.

Enzyme-catalyzed cationic cyclizations of linear polyenes in
the biosynthesis of terpenes is a fascinating process involving

bridged diterpene (CBEBD) and C9-ethano-bridged diterpene COMplex C-C bond formation in a highly stereocontrolled

(C9EBD). C9EBD included, stemodin §),1° stemarin €),11
and a potent antitumor agent, scopadulcic acid?B($cheme
1),2whereas C8EBD includes kaureri), beyerene, trachy-
robane, and atisirene (Schemée-2)n 1955, Wenkert proposed

manner® and they involve many reaction steps and mutiple
cationic intermediates. Among these cyclizations, there are cases
that involve energetically disfavored secondary cation interme-
diates in the reactions catalyzed by terpene synthases such as

that C8EBD is produced by a number of skeletal rearrangementsPornyl diphosphate synthase (monoterpéfigentalenene and

(Scheme 232 After this proposal, interconversiofi®f C8EBD

trichodiene synthases (sesquiterpefié}entkaurene and abi-

were extensively studied, and the observations in these studie€tadiene synthases (diterpef#}? and hopene and lanosterol
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Table 1. Acid Treatments of Tetracyclic Diterpenes in CH,Cl, at 0 °C

product yield® (%)

entry substrate acid 2b 2c 16a 16b 18 2a 17a 17b 19 25 26
1 2a BF3 67 3 5 3 3 5
2 2a BFs? 28 3 25 <1 <1 2
3 2a BF3? no reaction
4 2a BFs° 68 12 <1 <1 12
5 16a BFs 60 3 <1 5 5 <1
6 17a BF3 53 18 5 <1 <1 2
7 19 BF3 5 <1 <1 <1 73
8 2a SnCh 3 5 <1 2 10 5 37 35
9 2a TiCly 3 5 6 8 18 2 44 5
10 2a Yb(OTf)z2 no reaction
11 2a La(OTf)z2 no reaction
11 2a TsOHrd no reaction

aRoom temperature. —78 °C. ¢ In hexaned In dioxane-H,O (2:1).¢ Yields were calculated by peak areas in GC charts.

synthases (triterpenéy2 However, studies on the energy HMBC correlation
profiles of these biosynthetically important reactions are lim- Me
ited 26 For studying such issues, the second cyclization step in M

the biosynthesis of C8-ethano-bridged diterpene (L#&a to

12) and C9-ethano-bridged diterpene (i4a,to 2a) provides a

suitable system which is proposed to involve several secondary Me Me

cations,9", 10", 14", and15". 16a
Herein, we report a biomimetic conversion of a bicyclic Figure 1. NMR data for the productd6a and 17b obtained by Bk

intermediate analogudb, to tetracyclic diterpenes structurally ~ treatment.

related tol and isolation of the quenched products of plausible scheme 3. BF; Treatment of Aphidicolan-164-ol (2a)

intermediates, and propose a mechanism for the ACS-catalyzed

cyclization. The relationship between the biosynthetic pathway

and the nonenzymatic reaction is discussed in conjunction with

experimental results and data from ab initio calculations.

BF;°Et,0

CH,Cl,, 0°C
Results and Discussion

To examine the cationic rearrangement observed in the
biosynthesis of C9-ethano-bridged diterpene, aphidicolgh-16
ol (2a) was treated with various acids shown in Table 1.
Treatment oRa with BF3-Et,O (1.5 equiv) at CC for 10 min
afforded a number of productd,6a—19 (Scheme 3). The
reaction products were repeatedly separated with reversed-phase
HPLC to afford one major hydrocarboi6a (52%), minor
hydrocarbond6b (1%) and18 (3%), and alcohold7a(11%),
17b (12%), andl9 (3%). Interestingly, no starting material nor
simple dehydration productgb and 2c were detected under
these conditions.

Major productl6apossessed a trisubstituted olefin[4.95
(br s, 14-H);6¢ 138.5 (C13), 123.6 (C14)]. Its planar structure
was determined by extensive NMR analysis including COSY,
HSQC, and HMBC (Figure 1). Minor produitbb possessed a 1;3 525'.8':. ((11%7))
methylene y 4.31 (br s, 17-Ha), 4.37 (br s, 17-Hk); 154.2 °
(C13), 102.8 (C14)]. Alcohold7a and 17b have a tertiary
alcohol moiety [078) on 1.14 (s, 17-CH); 6c 72.8 (C13); L7b)
On 1.26 (s, 17-CH); dc 72.6 (C13)]. The structures of these
minor products were determined by NMR analysis and the
chemical correlation illustrated in Scheme 4. Treatmeeinofo
olefin 16awith AcOH—H,SO,—H,0 (87:3:10) afforded a 1.8:1
mixture of alcoholsl7aand17b. Acid treatment oexaisomer
16b under similar conditions provided essentially the same
products. Epoxidation af6aproceeded diastereoselectively to  give 20 as a single isomer. Reduction @0 with LiAIH 4
(24) Hoshino, T.: Abe, T.. Kouda, MJ. Chem. Soc., Chem. Comm@800 afforded a tertiary alcohol which is identical tb7a in all

441-442. respects. In the NOESY spectrum bfb, the observed NOE

(25) Corey, E. J.; Virgil, S. C.; Cheng, H. M.; Baker, C. H.; Matsuda, S. P. T ; correlation between 8-H and 17-Gldonfirmed the 13 con-

Singh, V.; Sarshar, Sl. Am. Chem. S0d.995 117, 11819-11820. . | . .
(26) Jenson, C.; Jorgensen, W.J.Am. Chem. Sod997, 119, 10846-10854. figuration (Figure 1). Thus, the stereochemistryl@a, 16b,

o 2b
w (o)
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Scheme 4 2 Scheme 6. SnCl, Treatment of 2a

C
17a+17b  =<——  16b
(1.8 :1)

aReagents and conditions: (@CPBA, CHCly, —20 °C; (b) LiAIH 4,
THF; (c) AcOH-H,S0O4—H,0 (87:3:10), room temperature.

Scheme 5. Rearrangement Similar to That in BF3 Treatment of 2a

(1.7:1)

and 17awas unambiguously assigned as shown in Scheme 3.
Compoundd 6b, 17a and17bwere also isolated from mycelia 25 (38%) 26 (20%)
of the aphidicolin-producing funguR. betae?” Since these had

not been reported before, we named this novel diterpene skeleton
betaerane.

In addition to betaerane diterpenes, two minor compounds,
18and19, were also isolated. Compared with the reported data,
their structures were determined as stemar-13%amed scop-
adulan-18-ol (demalonylthyrsiflorin &9), respectively (Scheme
3). The former is known as a biosynthetic intermediate of a
phytoalexin in ricé® and was recently isolated from betae®!
Interestingly, acid treatment oRa provided all diterpene
skeletons of C9-ethano-bridged diterpene except the stemodan
skeleton. Hanson et al. has reported an unusual skeleta
rearrangement of epoxid2l in CrO; oxidation to afford22

+ 2a, 2b, 2c, 163 16b,17a

ratio was essentially the same in toluene, whereas the ratios of
exaolefin 16b and secondary alcohdl9 were increased in
hexane.

The reaction products obtained were resubjected to the
reaction conditions. Betaer-13-enk66) afforded olefinsl6a
16b, and18 (60% + 3% + <1%) and alcohol4d.7a 17b, and
19 (5% + 5% + <1%), while betaeran-}2ol (178 was
é:onverted to the same products in similar ratios. Under the same
Iconditions, scopadulan-&3ol (19) slowly converted to olefins
16aand16b (<6%) and alcohold7aand17b (<2%). These
data indicated that there is equilibrium among the olefins and

and 23, the latter of which possesses the betaerane skeleton . iy
(Scheme 52 In this reaction, Cr@acted as both Lewis acid alcohols under the reaction conditions and that secondary alcohol
’ ’ ¢19 is more stable than the tertiary alcohdSa and 17b.

and oxidant. The cationic species corresponding to compoun . -
Interconversion of aphidicolane, stemodane, and stemarane

22 can be regarded as an intermediate in the skeletal rearrange-,. X . 3
ment from21 to 23. diterpenes was previously proposed by White etalve

BF; treatment oRawas carried out at different temperatures ex\p;er!mentall%l demonsttrattegl .thetf‘e cokn}/irsllons. ¢ of
(Table 1). At—20°C, the reaction proceeded in essentially the 2 arl?jutshau S vl\;ere es ﬁ int eTs ;e i rsarran%errlen 0
same way as at 0C, whereas no rearrangement product was a an € resulls are shown in table 1. No product was

detected at-78 °C, indicating that sufficient energy for the ?(it%:_ﬁd |ndtfl1_e ((:;:c,e '(I)'f pl’tOtIC ?Cg Tiﬁ:é;nd L;"SV'SC;‘C'dS
rearrangements is provided at ove20 °C. The reaction at room (OTf)sand La(OTf). Treatment oawith TiCls and Sn

temperature yielded a 1:1 mixture @6a and 18. Prolonged provided chlorinated compound$ and26 as major products

reaction caused decomposition of these products. These resultgIong with small amounts df6a 16b, and17a(Scheme 6).

show that a high-energy barrier exists in a 1,3-hydride shift from his rgsult was different from .other cases wherein the starting
C12 to C16. To examine the solvent effect in this reaction, the matgrlal 2_a and its de_hydraﬂon productzb_ and 2c were
obtained in these reactions. The molecular ion pealk 808)

id treatment ducted in | I Ivents. Th duct
acidfreatment was conducted in 1ess polar solvents. The produc and characteristic signals2lf) oy 3.84 (ddd, 13-H)p¢c 70.11

(27) Oikawa, H.; Toshima, H.; Kenmoku, H.; Sassa, T. Unpublished results. (C13); @6) on 3.98 (ddd, 12-H)pc 67.82 (C12)] of the major

O B eags Ta 1oy ks Montanar, V.; Prencipe, T.; Romed&L. products indicated that these are secondary chlorides. The
(29) Chamy, M. C.: Piovano, M.; Garbarino, J. A.; Miranda, C.; Gambaro, V.; Spectral pattern o5 was similar to that ofl9, whereas the

Rodriguez, M. L.; Ruiz-Perez, C.; Brito, Rhytochemistil 991, 30, 589 spectrum of26 was totally different from those of other com-
(30) Mohan, R. S.; Yee, N. K.; Coates, R. M.; Ren, Y. Y.; Stamenkovic, P.; pounds. Extensive NMR analysis of each compound established
Mendez, |.; West, C. Adrch. Biochem. Biophys.996 330 33-47. the structures as shown in Scheme 6. The relative stereochem-

(31) Oikawa, H.; Toshima, H.; Ohashi, S.; g, W. A.; Kenmoku, H.; Sassa,
T. Tetrahedron Lett2001, 42, 2329-2332.

(32) Hanson, J. R.; Hitchcock, P. B.; Jarvis, A. G.; Ratcliffe, A.JdChem. (33) White, J. D.; Manchand, P. S. Bioorganic Chemistryvan Tamlen, E.
Soc., Perkin Trans. 1992 1773-1778. E., Ed.; Academic Press: New York, 1978; Vol. II, pp 33360.
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Figure 2. NOE data for the produ@6 obtained by SnGltreatment.

Figure 3. GC charts of diterpene hydrocarbons: (a) reaction products from
fChF;‘mZ Zd Proposed Rearrangement Pathway Catalyzed by BF; treatment of4b; (b) metabolites isolated from. betae
ewis Acids

Scheme 8. BF3 Treatment of 4b

_/y\/OH

BF,°Et,0

CH,Cly, 0°C

30 a-methyl, B-vinyl
(10%)

31 B-methyl, a-vinyl
(8%)

16
o p +
26 ~—— 5&@ - . /Jig/ structure,9", triggered formation of carbocatio®8", which
™y * H provided the betaerane skeletonl&and17 via either proton
'9+ ;:+ elimination or water trapping. 1,3-Hydride shift from C16 to
C12 furnished a third secondary cation-like struct, which
| afforded the stemarane skeleton via cat®8i. Diastereose-
16a + 16b + 17a + 17b lective formation of alcohol9 and chloride25 suggested that
trapping of 27+ took place in a concerted manr#ér.
e + As mentioned above, numerous attempts to convert a bicyclic
7&@ }gﬁg/ alcohol such as+)-copalol (L1b) to C8-ethano-bridged diter-
wiH ~TH pene were unsuccessful. It was interesting to know whether
10+ 20+ similar cyclization ofsyncopalol @b)°35could take place. Thys,
| we performed this biomimetic cyclization @b to tetracyclic

diterpenes under the conditions as in the casafBF;

treatment of4b afforded a mixture of diterpenes (Scheme 8

istry of the chlorides was determined by NOE analysis (Figure and Figure 3). Comparison with the authentic saniltowed

2). The C12 stereochemistry @b is the same as that of the us to determine their structures as tricyclic pimaradienes

rearranged product reported previou#lgince these are derived  30—32 and tetracyclic compoundséa and 18, together with

from energetically disfavored cations and obtained as a single trace amounts of alcohol¥a, 17b, and19. To our knowledge,

isomer, they can be regarded as kinetic products. The stereo+his is the first example of biomimetic formation of C9-ethano-

chemistry of the chlorine-substituted carbons indicated that the bridged diterpene from a bicyclic intermediate analogue. Among

chloride ion attacked from the face opposite the breaking bond these diterpenes, f8imara-9(11),15-diene3@),3! which is

in an either inter- or intramolecular manner, suggesting that this presumably derived from the characteristic carboca@orin

reaction may proceed in a concerted manner (Scheme 6). the formation of C9-ethano-bridged diterpene, is especially
The experimental results of Lewis acid treatment can be noteworthy.

explained as shown in Scheme 7: tertiary catdn initially

18

formed was converted into secondary cation-like strucire (34) stereoselective capture of secondary cations in bicyclo[2.2.2]octane and

. . . - bicyclo[3.2.1]octane was reported. In the papers, the stereoselectivity was
which undergoes trapping with the nucleophilic oxygen of water explained by involvement of a nonclassical carbocation intermediate. See:
to give the scopadulane-type pI’OdL'I(Q. On the other hand, Goering, H. L.; Fickes, G. NJ. Am. Chem. Sod.968 90, 2848-2856.

i o Goering, H. L.; Fickes, G. NJ. Am. Chem. Sod.968 90, 2856-2862.
alternative rearrangement fro?d* to another unstable cationic  (35) Yee, N. K.; Coates, R. MI. Org. Chem1992 57, 4598-4608.
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Scheme 9. Proposed Cyclization Pathway Catalyzed by Aphidicolan-1645-ol Synthase and Pathway of Nonenzymatic Cationic

Rearrangements@

4aor 4db

30% ~—

—_—  32*

R t
2 ~f—
a@w

)

33* (~30.0)
| |

~p-H ~H :
35* (16.9 8* (11.6) 26 38 (11.3) 39* (18.3)
E L H':i T +: LT
% ~H & et X ~rH %
9* (12.9) 36" (18.4) 10* (12.3) 40* (1.7)

28* (0.9)

/i
/Q/ T 16a,16b*, 17a%, 17b*
S H

i i

stemodane-type

o,

~atH
29* (0)

aThe bold arrow indicates a major route of the enzymatic reaction. Asterisks indicate compounds isolatedfedae The values in parentheses are
relative energies (kcal/mol) obtained by ab initio calculations (B3LYP/6-31G(d,p)).

On the basis of the structures of the products, the mechanismas shown in Scheme 9 (bold arrows). Croteau et al. recently
of this reaction is proposed as shown in Scheme 9. Elimination reported that pseudomature abietadiene synthase produces

of the hydroxy group to give allyl catioB3", followed by
cyclization with anexamethylene, afford84+, which subse-
guently provides tertiary carbocati@ by a 1,2-hydride shift
from C9 to C8. Formation of the tricyclic pimaradieri#3—32
is readily explained by quenching of the catid%", 8", and
37*. The carbocatio8™ then cyclizes with the vinyl group to
give a secondary cation-like structure, eith@f or 35
Rearrangement &" or 35" provides tertiary cation4", 28",
and29", which afford various tetracyclic compound$a 173,
17b, 18, and19. The first cyclization step would also provide
the diastereomeric catidv*", which would undergo alternative
cyclization (via37*, 38", 10" or 39", and 29%) to yield the
stemarane skeletoh8. Isolation of these hydrocarbons and
alcohols provides direct support for the involvement of the
corresponding carbocation intermediates.

From the mycelial extracts ¢f. betaewe isolated a number
of diterpenes2a, 2b, 2c, 18, and30—32,3! and detected other
diterpenes16b, 17a and17b, by GC-MS analysis’ (Figure

3). These metabolites are expected to be derived from the

abietadienes and two minor pimaradief&ahich presumably
derived from the premature quenching of cation intermediates
similar to the ACS reaction. We are currently working on
improving the expression level of the ACS gene to support the
reaction mechanism proposed.

The smooth cyclization of the bicyclic compourth to
tetracyclic diterpenes was somewhat surprising, since the
rearrangements from tertiary catio8s and 38" to secondary
cation-like structure8* and10" are considered to be energeti-
cally disfavored processes, and effective stabilization of these
cations cannot be expected in the nonenzymatic cyclization.
Thus, we became interested in the energy profile of the
rearrangements in Scheme 9. To evaluate the energy levels of
the plausible cations, the relative energies of the cationic
stationary structures were calculated with ab initio density
functional calculation using GAUSSIAN98 (B3LYP/6-31G-
(d,p))3” The energy values calculated for the carbocations are
shown in Scheme 9.

It is clear that in the gas phase the conversion f&8h to

corresponding cation intermediates, and their structures are8* is exothermic with small barriers. Transformation fr@h
essentially the same as those of the reaction products in theto 24" does not involve any stable intermediate but proceeds
biomimetic cyclization. On the basis of these observations, it via a transition state35", and is an exothermic process by 8.0
is reasonable to assume that the fungal hydrocarbons andkcal/mol. In the cases of BfFtreatment of2a and 4b, the

alcohols are products of the ACS-catalyzed cyclizatfofhe

rearrangement fron24t and 28" involves an energetically

finding that the recombinant ACS did not produce a detectable disfavored process for the tertiary cati@dt to a secondary
amount of these diterpenes may be due to the low yields of cation-like structure9*. The gas-phase activation energy for
these minor products and to the low level of expression of the the conversion fron24" to 9% is 9.3 kcal/mol. The ab initio

ACS gene. Actually, the funguP. betaeproduced a trace
amount of the diterpene hydrocarbons and the alcokRd<06%

calculations show tha®™ is not an energy minimum and is
actually a transition state. Reflecting the energy difference (2.7

1). Thus, we propose that cyclization catalyzed by ACS proceeds kcal/mol),24" is converted t@8", predominantly affordingd.6a

9150 J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002
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16b, 178 and17b. The observation that this conversion occurred suggest that at least in reactions of the diterpene synthases
even in hexane suggests that solvation of the cation centers isaffording C9-ethano-bridged diterpene such interaction is not

not essential in the rearrangement. Formatioril®fin BF3 essential even when a secondary cation-like structure is involved.
treatment o#b suggests that there is a minor route 9a 24, Cyclization of4b and skeletal rearrangement2# provided
and27* to yield 19. important information on the various cationic intermediates,
Alternative cyclization of33" provides a diastereomeric  especially secondary cation-like structures in both nonenzymatic
carbocation37", which is converted into a tertially catiodQ*, and enzymatic reactions. Our study demonstrates that the minor

via 38" and39*. The relative energies &7+ and40" indicate constituents found in terpene-producing sources can provide
that this transformation is also an exothermic process by 8.3 information on carbocation species involved in the multistep
kcal/mol. Rearrangement 0" similar to that of24" afforded cyclization catalyzed by terpene synthases.

a tetracyclic diterpen€l8, via 10" and 29*.

: . . Experimental Section
Isolation of18in BF; treatment oRaindicates that the 1,3- P

hydride shift from9* to 10", which is more energetically General Methods. Unless otherwise noted, nonaqueous reactions
demanding than the rearrangement fra4 to 28t, took place were carried out under an argon atmosphere. Tetrahydrofuran (THF)
via transition stat@6+ at 0°C. The ratio of the products6a was distilled from sodium metal/benzophenone ketyl. Benzene, toluene,

hexane, and CiCl, were distilled from calcium hydride. All other

and18increased from 0.06 to 0.9 when the reaction temperature . h ) i i
reagents commercially supplied were used as received. Melting points

misirrlilrse?s(far%r? tgr(ri tgr;?l?rrg tsim pﬁer?n;ﬁ];i;g:t Sel';]gegres'[?otrh?;e are uncorrected. GEMS analysis was conducted with a Thermo Quest
P PP gy GCQ under the following conditions: a fused silica capillary column

hydride shift. The e_nergy change fr+09ﬁ to 3_6+ is 5.5 keall (DB-1, @ 0.25 mmx 30 m, J & W Scientific); temperature of the
mol, and the activation energy frob#" to 36" is calculated o jnjection port, 26(°C: initial temperature of the GC oven, 160G for

be 14.8 kcal/mol. The actual barrier could be smaller than the 2 min, followed by heating to 286C at 5°C/min and holding at the

value calculated due to stabilization by a counteranion. final temperature for 2 min.
Data obtained from the ab initio calculations agree well with ~ Computational Method. All of the geometries presented were fully
the experimental results. Nonenzymatic reactionaxdind4b optimized with density functional calculations (B3LYP) with 6-31G-

proceeded rapidly at lower temperature and even in a nonpolar(d'p) basis sets. Some of the structgres were calcul_ated at the R_HF/
solvent, indicating that solvation to stabilize intermediary 6-31G(d) and RHF/3-21G levels to estimate the potential energy profile.

- . . . i All of the quantum chemical calculations were performed using the
carbocations is not an essential factor in the cyclizations or N P g

. : . GAUSSIAN98 program packagé.
rearrangements. In conjunction with the result that most of the BFs-Catalyzed Rearrangement of 2aTo a solution of2a (43.6

rearrangt_ed products in the none_n_zym_atic react_ion were detecteqngi 0.150 mmol) in CkCl, (3 mL) was added BFOE% (29 uL,

in mycelial extracts of the aphidicolin-producing fungus, We g 259 mmol). After being stirred at T for 30 min, the mixture was
reasonably speculate that ACS catalyzes formation of an allylic quenched with saturated sodium bicarbonate solution and extracted with
cation and an exothermic process fr88t to 24+ by providing CH,Cl,. The combined organic extracts were washed with brine, dried
atemplate to enforce cyclization and rearrangen&ntd 24+). over anhydrous N&Q, filtered, and concentrated in vacuo. Purification
The solvent effects in the nonenzymatic reaction suggest thatby silica gel flash chromatography (100% hexane and then 100%
this enzymatic conversion does not require a significant CHCL) gave hydrocarbon and alcohol fractions. The fractions were
cation—z interaction with aromatic amino acid residues, which repeatedly separated with reversed-phase HPLC (100%CRHto

are proposed to stabilize the cationic intermed@&tasd which afford 16a(21.3 mg, 52.1%)16b (0.6 mg, 1.5%)18 (1.3 mg, 3.2%),

: . . nd alcoholsl7a (4.9 mg, 11.2%)19 (1.6 mg, 3.7%), and.7b (5.0
are abundant in the active sites of the terpene synthases. Wez]g’ 11.5%). Retention fimesx( min) of the products in GEMS

assume that other diterpene synthases yielding C9-ethano,, o Gic'\yere as follows18, 23:09;16a 23:15:16b, 23:37:174 26:

bridged diterpene and C8-ethano-bridged diterpene adopt thesg. 19 26:43:2a, 26:46:17b, 26:52.

same strategy on formation of tetracyclic ring systems. To date, paa for Betaer-13-ene (16a)colorless rods; mp 6869 °C (from

it has been believed that the catiem interaction between  ch.,cN); [a]p® +9.0° (c 1.14, CHCY): IR (film) 2931, 1447, 973,

aromatic amino acid residues and cation intermediates is 845 cnt%; 'H NMR (500 MHz, GDg) 6 4.92 (s, 1H, H14), 2.63 (br d,

important for the enzymatic catalysis.Our data, however, 1H,J = 11.8 Hz, H8), 2.14 (m, 1H, H12), 1.70 (m, 1H, H11la), 1.66

(s, 3H, 17-H), 1.64 (m, 1H, H2a), 1.53 (m, 1H, H6a), 1:51.71 (m,

(36) The mycelial extracts of another aphidicolin-producing fun@usaphidi- 2H, H16), 1.51 (m, 1H, H7a), 1.50 (m, 1H, H11b), 1.48 (m, 2H, H15),
cola, contains essentially the same hydrocarbons in a similar ratio. Using 1 45 (m, 1H, H2b), 1.42 (m, 1H, H7b), 1.40 (m, 1H, H3a), 1.34 (m,

the homology-based PCR used in cloning of the ACS gene, we failed to
clone cDNA encoding other terpene synthases which possibly provide the 2H, H1), 1.45 (m, 1H, H2b), 1.28 (m, 1H, H6b), 1.15 (dt, 1Hs 3.9,
hydrocarbons found irP. betae These results provided circumstantial 13.8 Hz, H3b), 1.05 (dd, 1H] = 3.0, 12.8 Hz, H5), 0.99 (s, 3H, 20-
evidence for the production of minor hydrocarbons by ACS. ~ -1

(37) Gaussian98, Revision A9: M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. Ha), 0.87 (s, 3H, 19-), 0.85 (s, 3H, 18-); °C NMR (125 MHz,
E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. CeDs) 0 138.5 (C13), 123.6 (C14), 51.3 (C9), 48.5 (Cb), 42.3 (C8),

Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, 42.3(C3), 41.8 (C12), 38.6 (C10), 36.2 (C15), 34.1 (C11), 33.5 (C18),

M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. 33.2 (C4)7 31.8 (Cl), 27.9 (C7)7 24.4 (C16), 22.0 (C17), 21.8 (C6),
3C?tirs/l-(\i‘IDGIRAbPelze[<sslgn’ E Y. ﬁ\y@"} g-FCUi‘ K. MOJrOél_Jm?, Dk'Kj 21.6 (C19), 18.8 (C2), 17.2 (C20); EI-M8z 272 (M', 34), 257 (100),
alick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. .
V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, 229 (16), 213 (16), 201 (16), 187 (32), 175 (23), 161 (41),105 (27);
I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al- EI-HR-MS nvz calcd for GoHs, 272.2506 (M) found m/z 272.2508.
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. _ _ il 25 _
Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M. Head- Data for B?taer 13(17)-ene (16b)colorless oil: blo 28.0 (c
Gordon, E. S. Replogle, and J. A. Pople, Gaussian, Inc., Pittsburgh, PA, 0.03, CHC}); *H NMR (500 MHz, CDC}) 6 4.45 (t, 1H,J = 2.0 Hz,
1998. ) L H17a), 4.38 (t, 1HJ = 2.0 Hz, H17b), 2.61 (t, 1H) = 4.9 Hz, H12),
(38) (a) Lesburg, C. A.; Zhai, G.; Cane, D. E.; Christianson, D.S#&fence
1997, 277, 1820-1824. (b) Wendt, K. U.; Poralla, K.; Schulz, G. &ience
1997 277, 1811-1815. (c) Starks, C. M.; Back, K.; Chappell, J.; Noel, J. ~ (39) Lesburg, C. A.; Caruthers, J. M.; Paschall, C. M.; Christianson, D. W.
P. Sciencel997 277, 1815-1820. Curr. Opin. Struct. Biol.1998 8, 695-703.
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2.14 (dd, 1HJ = 4.4, 13.9 Hz, H8), 0.951.85 (m, 19H), 0.99 (s, 3H,
20-Hg), 0.83 (s, 3H, 19-K), 0.81 (s, 3H, 18-k); *°C NMR (125 MHz,
CDCl;) 6 154.2 (C13), 102.8 (C17), 52.6 (C9), 48.6 (C5), 44.5 (C12),
42.3 (C3), 39.8 (Ch), 39.7 (C8), 38.8 (C10), 37.2 (C14), 33.7 (C18),
33.3 (C4), 32.5 (C1), 31.0 (G 30.7 (CH), 23.2 (C7), 22.2 (C6),
21.7 (C19), 18.9 (C2), 17.6 (C20); EI-M&z 272 (M, 96), 257 (56),
243 (24), 231 (94), 187 (100), 159 (58), 145 (42), 131 (28), 91 (36);
EI-HR-MS mvz calcd for GoHsz 272.2506 (M), found 272.2510.

Data for Stemar-13-ene (18):colorless oil; ip?® 45.3 (c 0.10,
CHCl) (lit. [a]p?® 55.9 (¢ 0.56, CHCH)).

Data for Betaeran-133-ol (17a): colorless oil; f]p?® —29.2 (c 0.13,
CHCL); *H NMR (500 MHz, CDC4) 6 1.98 (m, 1H, H8), 1.87 (br t,
1H,J = 4.9 Hz, H12), 1.68 (br d, 1H] = 11.8 Hz), 1.23-1.66 (m,
15H), 1.14 (s, 3H), 0.961.14 (m, 3H), 1.04 (s, 3H), 0.93 (dd, 184,
= 3.0, 12.8 Hz, H5), 0.818 (s, 3H), 0.812 (s, 3HC NMR (125 MHz,
CDCls) 6 72.8 (C), 51.5 (C), 48.5 (CH), 46.8 (CH), 42.3 (gH41.9
(CHy), 38.5 (C), 34.8 (CH), 33.6 (CH, 33.2 (C), 32.5 (Ch), 32.4
(CHy), 30.3 (CH), 28.6 (CH), 28.1 (CH), 22.1 (CH), 21.93 (CH),
21.86 (CH), 18.8 (CH), 17.6 (CH); EI-MS m/z 290 (M*, 29), 275
(20), 272 (43), 257 (26), 232 (31), 187 (100), 159 (43); EI-HR-MS
m/z calcd for GoHs40 290.2611 (M), found 290.2594.

Data for Betaeran-13x-ol (17b): colorless oil; f]p?® —9.8° (c 0.13,
CHCly); *H NMR (500 MHz, CDC}) 6 1.84 (br t, 1H,J = 4.9 Hz,
H12), 1.65-1.90 (m, 2H), 1.26-1.60 (m, 15H), 1.25 (s, 3H), 1.60
1.19 (m, 3H), 1.00 (s, 3H), 0.94 (dd, 18= 3.0, 12.8 Hz, H5), 0.82
(s, 3H), 0.81 (s, 3H)*C NMR (125 MHz, CDC4) 6 72.6 (C13), 52.1
(C9), 48.5 (Cb), 47.2 (C12), 43.0 (C14), 42.2 (C3), 38.5 (C10), 36.2
(C8), 35.0 (CH), 33.7 (C18), 33.2 (C4), 32.7 (C1), 30.5 (gH27.8
(C17), 26.1 (CH), 22.5 (CH), 22.2 (C19), 22.00 (Ch), 18.9 (C2),
17.6 (C20); EI-MSm/z 290 (M*, 83), 257 (100), 272 (36), 257 (40),
232 (77), 187 (70), 137 (33); EI-HR-M$&Vz calcd for GgH3sO
290.2611 (M), found 290.2596.

Data for Scopadulan-12c-ol (Demalonyl Thyrsiflorin A, 19):
colorless oil; pJp?® —46° (c 0.3, CHC}) (lit. [o]p®® —38 (c 1.0,
CHCl)).

138,14p-Epoxybetaerane (20)To a solution ofl6éa (1.4 mg, 3.68
mmol) in CHCl; (0.2 mL) was addedtchloroperbenzoic acid (50%,
5.1 mg, 0.015 mmol). After being stirred at20 °C for 70 min, the
mixture was quenched with 5% sodium thiosulfate solution and

ambient temperature. After being stirred for 6 h, the mixture was
extracted with hexane. The combined organic extracts were washed
with saturated sodium bicarbonate solution and then with brine. The
extracts were dried over anhydrous 88, filtered, and concen-
trated in vacuo. Purification by preparative TLC (hexanEtOAc,
3:1) gave alcohold7a (1.4 mg, 52.5%) and.7b (0.8 mg, 30.0%),
which were identical to the products of the Bfeatment with respect
to MS and'H NMR analysis. Compoundé6b (0.1 mg) was treated
under the same conditions to give a mixture of alcohols—®S
analysis of this mixture indicated that it containedaand17bin a
ratio of 1.6:1.

SnCl,-Catalyzed Rearrangement of 16aTo a solution ofl6a(10.0
mg, 0.037 mmol) in CKCI, (0.7 mL) was added Sng{10.4 mg, 0.056
mmol). After being stirred at ©C for 10 min, the mixture was quenched
with saturated sodium bicarbonate solution and extracted witfCGH
The combined organic extracts were washed with brine, dried over
anhydrous NgBO,, filtered, and concentrated in vacuo. Purification
by silica gel flash chromatography (100% hexane and then 100%
CHCIl;) gave chloride and alcohol fractions. The fractions were
repeatedly separated with reversed-phase HPLC (100%CRHto
afford chloride25 (4.3 mg, 37.7%)26 (2.3 mg, 20.2%), and a mixture
of hydrocarbons (0.9 mg, 9.6%) and alcohols (0.7 mg, 6.5%). Retention
times (r, min) of the products in GEMS analysis were as follows:
2b, 23:48;2c¢, 24:25;25, 28:37;26, 28:46.

Data for 13a-Chloroscopadulane (25)colorless oil; p]p?® —9.9°
(c 0.46, CHC}); *H NMR (500 MHz, CDC}) 6 3.84 (ddd, 1HJ =
1.7, 4.4, 10.3 Hz, H13), 2.02 (td, 1Hd,= 5.2, 13.3 Hz, H14a), 1.84
(m, 1H, H16a), 1.81 (m, 1H, H8), 1.75 (m, 1H, H15a), 1.64 (d, IH,
= 11.8 Hz, H11la), 1.55 (m, 1H, H2a), 1.51 (m, 1H, H7a), 1.48 (m,
1H, H6a), 1.46 (m, 1H, H15a), 1.43 (m, 1H, H2b), 1-3743 (m, 2H,
H1), 1.36 (m, 1H, H3a), 1.35 (m, 1H, H14b), 1.28 (m, 1H, H6b), 1.18
(m, 1H, H16b), 1.17 (m, 1H, H7b), 1.09 (m, 1H, H3b), 1.07 (s, 3H,
17-Hs), 1.04 (m, 1H, H11b), 0.96 (s, 3H, 205 0.89 (dd, 1HJ =
2.5, 12.3 Hz, H5), 0.81 (s, 3H, 185 0.80 (s, 3H, 19-h); *C NMR
(125 MHz, CDC}) 6 70.1 (C13), 52.5 (C9), 48.0 (C5), 46.1 (C11),
45.3 (C12), 42.2 (C3), 40.6 (C14), 39.2 (C8), 38.6 (C10), 33.7 (C18),
33.2 (C4), 32.6 (C1), 31.5 (C16), 29.9 (C7), 25.5 (C17), 24.5 (C15),
22.1 (C19), 21.8 (C6), 18.8 (C2), 17.4 (C20); EI-M¥z 308 (M,
87), 293 (77), 279 (82), 273 (83), 257 (100), 223 (36), 189 (42), 161

extracted with hexane. The combined organic extracts were washed(35),123 (69), 81 (31); EI-HR-M$wz calcd for GoHs3Cl 308.2273

with brine, dried over anhydrous B8O, filtered, and concentrated in
vacuo to give20 (1.5 mg, quantitative). The crude material thus ob-
tained was used without further purification: colorless oil; IR (KBr)
1252, 1203, 1112, 1072, 979, 856, 806 ¢m'H NMR (270 MHz,
CDCly) 6 2.37 (s, 1H), 2.23 (m, 1H), 2.13 (m, 1H), 0:92.81 (m,
17H), 1.29 (s, 3H), 0.93 (s, 3H), 0.83 (s, 3H), 0.80 (s, 3H); EI-W3
288 (M"); EI-HR-MS m/z calcd for GoH30 288.2454 (M), found
288.2432.

LiAIH 4 Reduction of 20.To a suspension of LiAlkl (9.3 mg,
0.245 mmol) in THF (0.5 mL) was added epoxide (1.5 mg, 3.68
mmol) at ambient temperature. After being stirred overnight, the mix-
ture was quenched wit2 M HCI and extracted with hexane. The
combined organic extracts were washed with brine, dried over
anhydrous NzB8O,, filtered, and concentrated in vacuo. Purification
by silica gel flash chromatography (100% hexane) gh¥a (1.1 mg,
72.8%).

BFs-Catalyzed Equilibration of 16a, 17a, and 19.To the com-
pound (ca. 100 mg, ca. 3.6 mmol) was added a solution gf BF,
(10uL, 0.079 mmol) in CHCI; (1 mL). After being stirred at OC for

30 min, the mixture was quenched with saturated sodium bicarbonate

solution and extracted with GiBl,. The combined organic extracts
were washed with brine, dried over anhydrous3@,;, filtered, and

(M™), found 308.2276.

Data for 120-Chloro-13-methyl-9a,13a-ethano-9a-podocarpane
(26): colorless oil; p]p?® +41° (¢ 0.23, CHCY); *H NMR (500 MHz,
CDCly) 6 3.98 (ddd, 1HJ = 2.5, 5.6, 9.9 Hz, H12), 2.14 (ddd, 14,
= 3.6, 10.2, 14.2 Hz, H11a), 1.89 (m, 1H, H6a), 1.82 (m, 1H, H16a),
1.76 (s, 1H, H8), 1.72 (dd, 1H} = 3.4, 14.5 Hz, H11b), 1.611.66
(m, 1H, H2a), 1.62 (m, 1H, H1a), 1.57 (m, 1H, H6b), 1.55 (m, 1H,
H14a), 1.50 (m, 1H, H15a), 1.41 (m, 1H, H2b), 1.36 (m, 1H, H3a),
1.33 (m, 1H, H5), 1.221.31 (m, 2H, H7), 1.23 (m, 1H, H1b), 1.18
(m, 1H, H15b), 1.16 (m, 1H, H16b), 1.09 (m, 1H, H3b), 0.99 (dd, 1H,
J=4.0, 13.2 Hz, H14b), 0.891 (s, 3H, 20-H3), 0.869 (s, 3H, 17-H3),
0.856 (s, 3H, 18-H3), 0.835 (s, 3H, 19-H3¥C NMR (125 MHz,
CDCl;) 0 67.8 (C12), 46.2 (C5), 42.42 (C14), 42.25 (C3), 40.0
(C11), 39.4 (C10), 39.0 (C9), 34.3 (C18), 33.5(C8), 33.3 (C13), 33.17
(C7), 33.14 (C4), 32.9 (C1), 27.9 (C16), 25.5 (C17), 22.5 (C15), 22.4
(C19), 21.1 (C6), 18.9 (C2), 15.8 (C20); EI-M&z 308 (M', 52),
273 (100), 257 (21), 224 (36), 223 (41), 189 (17), 161 (14), 133 (13),
105 (12); EI-HR-MSm/z calcd for GoH33Cl 308.2273 (M), found
308.2263.

BFs-Catalyzed Rearrangement of 4bTo a solution ofsyncopalol
(4b; 12.1 mg, 0.042 mmol) in C¥Cl, (1 mL) was added BFOE® (8
mL, 0.063 mmol). After being stirred at T for 10 min, the mixture

concentrated in vacuo. The reaction products were directly analyzed was quenched with saturated sodium bicarbonate solution and extracted

by GC-MS.
Hydrations of 16a and 16b.To compoundL6a(2.5 mg, 9.12mol)
was added a solution of AcOHH,SO,-H,O (83:7:10, 2.5 mL) at
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with CH.Cl,. The combined organic extracts were washed with brine,
dried over anhydrous N8O, filtered, and concentrated in vacuo.
Purification by silica gel flash chromatography (100% hexane and then
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100% CHCY) gave hydrocarbon and alcohol fractions. The fractions measurement of the NMR and MS spectra. This work was
were repeatedly separated with reversed-phase HPLC (100%8M)H  supported by a grant (13306009) from the Ministry of Education,

16a(0.9 mg, 7.9%)18 (0.8 mg, 7.0%), and a mixture of alcohols (1.3

mg, 10.7%) containind 7a, 17b, and19. Retention timestg, min) of Supporting Information Available: ~ Transition structures
the products in GEMS analysis were as follows31, 20:45;32, 21: optimized at B3LYP/6-31G(d,p) antH NMR and 3C NMR
03; 30, 21:07. spectra for compoundssa, 16b, 173 17b, 20 (only H NMR),

25, and26 (PDF). This material is available free of charge via
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