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Abstract—Three mechanistic possibilities for the formation of the oxetane (D ring) of Taxol were examined at
various levels of theory [B3LYP/6-31+G(d,p), mPW1PW91/6-31+G(d,p), and MP2/6-31+G(d,p)] including
one mechanism involving an unusual oxabicyclobutonium ion intermediate. The mechanisms examined differ
considerably in terms of their predicted inherent activation barriers, and the requirements for acceleration of
each by an enzyme active site are outlined. Our calculations provide an important starting point for future
studies in this area. Also examined were previously published calculations on simple oxabicyclobutonium ions,
as well as the all-carbon analog of the pathway involving the oxabicyclobutonium ion.

DOI: 10.1134/S1070363208040336

INTRODUCTION

Since the first reports over 40 years ago [1], Taxol
has achieved vast popularity among researchers due to
its unusual structure and its success as a therapeutic
agent for fighting various cancers. Given the enormity
of the research on this molecule concerning its
structure [2], biosynthesis [3], laboratory synthesis [4—
6], industrial supply [7, 8],and biological activity [9], it
is perhaps surprising that this drug still holds on to a
number of secrets.

723

Of particular interest to us is the biosynthesis of the
D ring of Taxol (1). While this oxetane ring, or a very
close analog, is recognized as a necessary feature for
microtubule binding in structure-activity studies [10],
the enzyme that catalyzes its formation in Nature
remains a mystery and its construction in the
laboratory often provides a challenging hurdle for
synthetic chemists [11]. Several groups have made
chemically sound mechanistic proposals for the
biosynthesis of the oxetanyl ester substructure [12—14]
but the literature remains light on calculations that
address the feasibility of such proposals [15]. We hope
that the theoretical investigation described herein will
provide a useful resource for further studies (both
theoretical and experimental) on this subject.

METHODS

The structures reported herein (images generated
with Ball & Stick 4.0a12 [16]) were optimized in the
gas phase using the Gaussian 03 suite of programs [17]
utilizing either the Becke three-parameter hybrid
functional combined with the Lee—Yang—Parr
correlation functional [18-21], second-order Meoller—
Plesset perturbation theory [22],or the Barone and
Adamo one parameter functional using modified
Perdew—Wang exchange and Perdew—Wang 91
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Fig. 1. Three investigated mechanistic pathways of oxetane
ring formation. Path A: neutral, concerted, path B:
stepwise, acid-catalyzed, and path C: dissociative.

correlation [23]. The 6-31+G(d,p) basis set was used in
each case. These levels of theory are referred to
throughout as B3LYP/6-31+G(d,p), MP2/6-31+G(d,p),
and mPWI1PW91/6-31+G(d,p), respectively. Hartree-
Fock with the 6-31G(d) basis set [24][referred to
throughout as HF/6-31G(d)] was used to reproduce
geometries from Swindell and Francl (vide infra) [15].
Structures labeled with a single number, X, are minima
and structures labeled with two numbers, TSXtoY, are
first-order saddle points (i.e. transition state structures)
connecting minima X and Y. When animations
associated with imaginary frequencies, from
vibrational frequency analysis on stationary points,
were ambiguous, saddle points were connected to
minima using intrinsic reaction coordinate [25, 26]
searches (see Supporting Information for details).
Energy values reported are in kcal mol™' and include
zero-point energy corrections (with no scaling factors
applied) unless noted otherwise.

RESULTS AND DISCUSSION

Our study began by identifying mechanistic
proposals in the literature that were suitable for study
with  quantum-chemical calculations. Figure 1
summarizes the three mechanistic possibilities we
explored, all of which involve epoxy ester precursors.
The model system used for our calculations includes
the carbon framework of the C and D rings of Taxol

with methyl groups added where the B ring connects to
the C ring (highlighted in red for 1).

Neutral Pathway (Path A)

The neutral epoxy ester (path A, Fig. 1, center) can
undergo a one step (i.e. concerted) rearrangement from
2 to the desired product 3 (Fig. 2). The transition state
structure TS2to3, with only a 0.10 A difference in
length between breaking (2.18 A) and forming (2.28 A)
C-O bonds of the migrating oxygen, and a 0.13 A
difference in length between breaking (1.74 A) and
forming (1.61 A) C-O bonds of the migrating ester
corresponds to a rearrangement that is synchronous as
well as concerted. The magnitude of the barrier for this
rearrangement, 48.3 kcal mol’', is not surprising
considering the nature of the gas-phase calculations
and the significant charge separation in the transition
state structure, which can be thought of as containing
alkoxide and dioxacarbenium substructures. The
electrostatic potential surfaces in Fig. 2 nicely illustrate
this point; there is clearly more separation of charge in
the transition state TS2to3 than either reactant 2 or
product 3. One can imagine that if an enzyme were to
utilize this mechanism, it would need to selectively
stabilize this distribution of charge in order to
significantly lower the barrier [27].

This reaction is similar to the dyotropic rearrange-
ments described by Reetz [27] in that two groups
migrate past each other in a concerted process.
However, in this case, one of the groups (the acetate
unit) utilizes different atoms to bond to the carbon
framework in the reactant and product and is therefore
more like a hybrid of [1,2] and [2,3] sigmatropic shifts
rather than of two [1,7] shifts.

Attempts to find a zwitterionic dioxacarbenium/
alkoxide intermediate 4 (Fig. 3)—the sort of inter-
mediate that might be expected for a stepwise
rearrangement of the neutral system—were unsucces-
sful; starting geometries consistently rearranged to 2,
3, or ortho ester 5 during the geometry optimization
procedure. Ortho ester 5 is 3.4 kcal mol™ higher in
energy than 2, making it essentially energetically
equivalent to 3. One might envision an enzyme active
site involved in catalyzing mechanism A that could
discourage formation of the ortho ester product by
exploiting the different geometric requirements to go
from 2 to either 3 or 5 [28].

Giner and Faraldos [28] have investigated the
possibility that ortho esters (like 5), epoxy esters (like

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008
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TS2to3
43.28

Fig. 2. (Top) B3LYP/6-31+G(d,p) geometries of neutral epoxy ester 2 rearranging to oxetanyl ester 3 through the transition state
structure TS2to3 [reaction path (a)]. (Bottom) Electrostatic potential surfaces for roughly the same orientation. Distances are

reported in A and energies in kcal mol™ relative to 2.

2), and oxetanyl esters (like 3) in Taxol and related
structures might function as latent electrophiles in
biological systems. They suggest that these strained
and reactive functional groups could, under biological
conditions, rearrange and react with proteins in order
to form covalent ligand—enzyme bonds in situations
unrelated to microtubule binding events. Microtubule
binding of Taxol has been shown to be a non-covalent
interaction [29].

Protonated Pathway (Path B)

Adding a proton to the mix converts the concerted
rearrangement of path A to a stepwise one (path B;
Fig. 1, top) by providing significant stabilization to 4;
the resultant dioxacarbenium ion intermediate 7 (Fig. 4)
is the lowest energy structure that we located along
path B. The essentially barrierless (computed barriers
of —0.3 kcal mol ' with zero-point energy correction
(ZPC), and 0.1 kcal mol ' without) conversion of
6 to 7 (Figs. 1 and 4) correlates with the small

geometric difference between epoxonium ion 6 and the
transition structure TS6to7; the breaking C—O bond
elongates by a mere 0.05 A (from 1.68 to 1.73 A) and
the oxygen of the ether moves only 0.19 A closer

Fig. 3. Attempts to locate zwitterion 4 resulted in 2, 3 or
ortho ester 5 (B3LYP/6-31+G(d,p) geometry shown with
distances in A).

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008
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Fig. 4. B3LYP/6-31+G(d,p) geometries of epoxonim ion 6 rearranging to dioxacarbenium ion intermediate 7 through transition
state structure TS6t07, and continuing to oxetanium ion 8 through the transition state structure TS7to8. Distances are reported in A
and energies in kcal mol™ relative to 6, (normal) with and (italics) without ZPC.

(from 3.06 A to 2.87 A) to the more electrophilic
carbon of the epoxide. The small energetic and
geometric changes associated with moving from 6 to
TS6to7 characterize TS6to7 as a very early transition
structure. Having the proton on the other face of the
epoxide ring leads to analogous structures, which are
trivially higher (on the order of half a kcal mol ') in
energy (see Supporting information for details).
Moving from 7 to 8 (Figs. 1 and 4) involves a
significant barrier of 25.6 kcal mol ' (26.9 kcal mol ™'
without ZPC). With an enzyme to influence the
reaction, such a barrier might be overcome, however,
and likely byproducts stemming from intermediate 7
could be avoided.

One strategy for selectively stabilizing TS7to8, for
example, would be to orient a hydrogen-bond donor
near to the O of the breaking C—O bond. Interestingly,
structure 8 includes an intramolecular hydrogen bond,
which helps to stabilize the oxetanium ion product but
not the transition state for its formation. A rotamer of 8
with the ester rotated to prevent such an interaction is
13.0 kcal mol ' higher in energy than 8 so the ener-
getics of such an interaction are almost certainly exag-
gerated by the nature of the gas-phase calculations.

Dissociative Pathway (Path C)

Path C, originally proposed by Swindell [12],
involves an unusual oxabicyclobutonium ion inter-

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008
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TS9to10
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6.41%
7.36%

TS10to11 2‘}27 A
4.68 _28.17
4.38 _30.88
7.26

[0.00]

Fig. 5. B3LYP/6-31+G(d,p) geometries of 9 to 11 and 12 (path C). Distances are reported in A and energies in kcal mol™ relative to
9 at three levels of theory: (normal) B3LYP/6-31+G(d,p) with ZPC; (italics) mPW1PW91/6-31+G(d,p) with no ZPC; and (bold)
MP2/6-31+G(d,p) with no ZPC. (*) Energies from single-point calculations at the respective level of theory using the B3LYP/6-

31+G(d,p) geometry.

mediate 10 (Figs. 1 and 5). With such an unusual
structure, we thought it prudent to examine this
pathway with several levels of theory. While stationary
points for 10, TS10to11, and 11 were located at all
three levels of theory used (B3LYP, mPW1PWO91, and
MP2, all with the 6-31+G(d,p) basis set), we were only
able to locate 9 and TS9to10 with B3LYP/6-31+G
(d,p), despite vigorous efforts. All attempts using
mPWI1PW91 and MP2 to locate these structures
resulted in 10 or 12 (an apparent dead-end as far as
taxol biosynthesis is concerned) during the geometry
optimization procedure (single point calculations using
the B3LYP/6-31+G(d,p) geometry provide a
reasonable estimate for the energetics of structures 9
and TS9to10, and such values are shown in Figure 4).

It should be noted that Swindell found evidence for
intermediates resembling 12 in an analogous system
under some experimental conditions, and given that
this structure is 24.8 kcal mol™' lower in energy than 9,
this is no surprise. The computed energies and geo-
metries match reasonably well across all three levels of
theory. Moving from 9 to 10, the barriers range from
5.8 keal mol’ [B3LYP/631+G(dp)] to 74 kcal mol™
[MP2/6-31+G(d,p) single point], and intermediate 10
is relatively close in energy to 9 in each case, ranging
from —2.3 kcal mol”' [mPWI1PW91/6-31+G(d,p)] to
1.2 kcal mol™ [B3LYP/6-31+G(d,p)]. The longest of
the three C—O bonds in 10, the one breaking in TS10-
toll, ranges from 1.59 A [mMPWI1PW91/6-31+G(d,p)
and MP2/6-31+G(d,p)] to 1.62 A [B3LYP/6-31+

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008
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G(d,p)], well within the range one might expect for a
C-0O bond in strained epoxonium ions [30]. The energies
for TS10to11 are 4.68 [B3LYP/6-31+G(d,p)], 4.38
[mMPWI1PW91/6-31+G(d,p)] and 7.26 [MP2/6-31+
G(d,p)], slightly lower than the TS9to10 energies in
each case. The structure of 11 is most sensitive to the
level of theory used. At the MP2 level, 11 shows much
stronger hyperconjugation with the C—C bond of the
cyclohexane ring versus the other two levels of theory,
as this bond is elongated from 1.68 A [mPW1PW91/6-
31+G(d,p)] to 1.83 A [MP2/6-31+G(d,p)]. The ad-
jacent C—C" bond follows the same trend and while
very similar at all three levels of theory, it is 0.03 A
shorter at MP2/6-31+G(d,p) versus both B3LYP/6-

31+G(d,p) and mPW1PW91/6-31+G(d,p). In any case,
11 is primed for attack by a carboxylate ion leading to
the taxol-like product. It is certainly possible that this
carboxylate ion would be the same one that would
have been initially lost to generate 9. With no
overwhelming barriers to contend with, there is no
doubt that this type of rearrangement is feasible,
though an enzyme may be needed to prevent
competing rearrangements and other side reactions
(through structures such as 12, for example) [12].

Previous work from Francl and Swindell [15]
provided experimental and theoretical support for
rearrangements of the Path C type. Their model

15
-4.58
-2.65
-4.96
- —4.59
1:45 1.45 @
149 145
149 147
E
1238
152 1.28
1.50 1.29
1583 125
149
17
-39.58
-39.15
-44.32
-44.30

Fig. 6. B3LYP/6-31+G(d,p) geometries of 13 to 17 [31]. Distances are reported in A and energies in kcal/mol with ZPC relative to
13 at four levels of theory: (normal) B3LYP/6-31+G(d,p); (italics) mPWI1PW91/6-31+G(d,p); (bold) MP2/6-31+G(d,p); and
(underlined) HF/6-31G(d). Structure 16 was only found at the HF level.

The following structure, a geometric isomer of those in Fig. 5, where the methyl group is on the center carbon shows expected
elongation of the center C-O bond; the analogous structure for the Taxol rearrangement would be a combination between 13 and the

one below:

= —2.15
-2.19
—2.04
—2.01
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TS18to19
4.28

TS19t020
322
3.73

2.35
3.03

353

Fig. 7. B3LYP/6-31+G(d,p) geometries of 18 to 20 and transitions states TS18to19 and TS19t020. Distances are reported in A and
energies in kcal mol™ relative to 18 (normal) with and (italics) without ZPC.

system, structures 13—16 (Fig. 6), was originally op-
timized with HF/6-31G(d) and energies were deter-
mined from single-point calculations with MP2/6-31G(d).
Our optimizations with higher levels of theory and
larger basis sets resulted in similar geometries to those
originally reported, with the exception of secondary
cation 16, which was only located with HF/6-31G(d).
All attempts to locate 16 at other levels of theory
resulted in 17 (the product of a 1,2-H shift) during the
optimization procedure; this is not surprising,
considering that 17 is >55 kcal mol ' lower in energy
than 16 at the HF/6-31G(d) level. While HF energies
are consistent with those from higher levels of theory
(probably a result of fortuitous cancellation of errors),
the geometric differences are significant enough to
affect single point energies computed at higher levels
of theory.

We are particularly interested in the structures of
unusual carbocations [31-36] and their relationships to
heterosubstituted analogs, so we also calculated struc-
tures 18—20 (Fig. 7) of all-carbon analogs of 9—11.

Starting with the a-cyclopropyl cation 18, a fairly
small barrier (4.3 kcal mol' with ZPC) leads to the
non-classical bicyclobutonium ion 19. The C-C bonds
of the bicyclobutonium moiety, 1.58 A, 1.64 A, and
1.86 A, range from long to very long, but clearly this
structure contains a bridging methylene group (contrast
with the classical cation 20). An essentially barrierless
drop from 19 to 20 liberates just over 1 kcal mol™
(1.3 kcal mol™' with ZPC). At this level of theory, the
overall process is endothermic by 2.4 kcal mol ' with
ZPC. Although the same transformation with oxygen
(Fig. 5) is overall slightly exothermic at the same level
of theory and has slightly higher barriers, both
transformations are comparable energetically.

CONCLUSIONS

While our gas-phase calculations do not distinguish
which one of mechanisms A—C is more likely to
predominate in the nature (since no enzyme that
produces the D ring has yet been described), we have
defined the inherent reactivity preferences that an

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 78 No. 4 2008
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enzyme could enhance or overcome for such systems.
For example, for path A to be followed, an enzyme
will likely have to provide an environment that will
significantly and selectively stabilize the charge

distribution of TS2to3.

We look forward to the

discovery of an enzyme that catalyzes D ring
formation so that the enzyme—substrate interactions
that differentiate between the possible mechanisms can
be elucidated. The calculations reported herein provide
a starting point for such future studies.
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