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ABSTRACT: Biosynthetic 1,3-dipolar cycloadditions are rare.
! . . ) y hydrogen bonding

No enzymes have yet been identified whose function is to ’c_))
catalyze this class of reactions. Recently, however, a 1,3-dipolar Ve

cycloaddition was proposed as a key step in the biosynthesis of o] =
two Lycopodium alkaloids, lycojaponicumins A and B. The
lycojaponicumins’ fused bicyclic tetrahydroisoxazole ring
system was proposed to originate from a transannular 1,3-
dipolar cycloaddition between a nitrone and an enone in a
nine-membered macrocycle. We have used quantum mechanical calculations to predict whether this cycloaddition could
constitute a feasible step in a biosynthetic pathway. Our calculations define a general computational approach for analyzing
whether a putative biosynthetic reaction is likely to be enzyme-catalyzed. The quantum mechanically predicted rate of the
uncatalyzed reaction in water is compared with the rate enhancement theoretically achievable when the reaction is catalyzed by a
theozyme (theoretical enzyme). Density functional theory calculations (M06-2X) predict that the uncatalyzed transannular 1,3-
dipolar cycloaddition of the putative lycojaponicumin precursor in water is moderately facile (AG¥ = 21.5 keal/mol, k= 1073 s7})
and that an enzyme could accelerate the cycloaddition by placing hydrogen bond donors around the enone while maintaining an
otherwise nonpolar active site. The theoretical enzyme-catalyzed process has AG¥ & 17 kcal/mol, corresponding to a 2000-fold
rate enhancement, and the predicted k, (2 s™") is similar to those of known enzymes involved in secondary metabolic pathways.
Thus, theory predicts that the proposed transannular 1,3-dipolar cycloaddition is a plausible step in a biosynthetic pathway

putative biosynthetic
1,3-dipolar cycloaddition

Me

2000-fold theoretical
=N rate enhancement by
+>0  strategic hydrogen bonding
in an enzyme active site

leading to the lycojaponicumins and suggests that dipolar cycloadditions can be accelerated by enzyme catalysis.

B INTRODUCTION

The 1,3-dipolar cycloaddition is one of the most efficient ways
to synthesize heterocycles. Many 1,3-dipolar cycloadditions
(including the classic azide—alkyne coupling) have been
classified as “click reactions™ clean, high-yielding reactions
that assemble products with well-defined stereochemistry from
simple precursors in a modular fashion that mimics nature.'
Considering the utility of click dipolar cycloadditions in organic
synthesis, the dearth of 1,3-dipolar cycloadditions in nature is
perplexing. Only a handful of natural products have been
identified that can be speculatively traced to 1,3-dipolar
cycloadditions (involving nitrones,” * oxidopyrylium ions,~”
or azomethine ylides®), and little is known about how these
reactions might be facilitated in vivo. The scarcity of biological
1,3-dipolar cycloadditions contrasts dramatically with the
growing number of known biosynthetic Diels—Alder reac-
tions.” '

Recently, Yu and co-workers proposed'” an intriguing
biosynthetic mechanism, featuring a 1,3-dipolar cycloaddition,
for the newly discovered alkaloids, lycojaponicumins A and B
(Scheme 1). The lycojaponicumins were isolated from the club
moss Lycopodium japonicum and are surmised to derive from
fawcettimine. Yu et al. suggested that the unusual bicyclic
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tetrahydroisoxazole framework of the lycojaponicumins is
formed by the transannular nitrone—enone 1,3-dipolar cyclo-
addition 1 — 2. While the details of the lycojaponicumin
biosynthetic pathway still await elucidation, Yu’s proposed
mechanism represents an intriguing new lead in the search for
the first authentic*® 1,3-dipolar cycloaddition-ase. Prompted by
the potential significance of such an enzyme’s existence, we
have used quantum mechanical calculations to investigate the
teasibility of the proposed biosynthetic 1,3-dipolar cyclo-
addition of 1. Our calculations, reported here, represent a
general computational approach for analyzing whether a given
biosynthetic reaction is likely to require enzymatic catalysis.

B RESULTS AND DISCUSSION

The first stage of our investigation involved prediction of the
rate constant for the uncatalyzed transannular 1,3-dipolar
cycloaddition 1 — 2. Computations began with conformational
searches of the reactant and transition state at the M06-2X/6-
31+G(d,p) level, followed by single-point energy calculations
on the important conformers at the M06-2X/def2-TZVPP
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Scheme 1. Proposed Biosynthetic 1,3-Dipolar Cycloaddition
Pathway Leading to Lycojaponicumins A and B, As
Suggested by Yu and Co-workers'?
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level. The results of the gas-phase calculations are shown in
Figure 1. Macrocyclic nitrone 1 was found to have four low
energy conformers (la—d), the most stable of which is 1a. In
three conformers (la—c), the nine-membered ring adopts a
tublike geometry, with the nitrone moiety poised below the
enone C=C bond. These conformers are connected to the
cycloaddition transition states TS1a—c, respectively. The fourth
reactant conformer (1d) contains a chairlike nine-membered
ring. This conformer is not directly connected to a TS, since
the nine-membered ring must adopt the tub conformation
before the cycloaddition can take place. The chair conformer is
1.1 kecal/mol higher in energy than the tub (AG). Among the
transition states, TS1a is lowest in energy in the gas phase, with
an activation energy (AG¥) of 21.2 keal/mol; TS1c is 1 kecal/
mol higher in energy, and TS1b is 3.2 kcal/mol higher in
energy (than TSla).

To estimate the activation energy of the uncatalyzed
cycloaddition in water, we reoptimized the reactant and TS
in implicit solvent (IEFPCM), both in the absence and
presence of additional explicit water molecules (Figure 2).'*
Carbonyl groups are well-known to accept two strong hydrogen
bonds through the oxygen lone pairs;15 calculations on a
nitrone—alkene 1,3-dipolar transition state indicate that the
nitrone oxygen likewise accepts two hydrogen bonds. Thus, the
microsolvated transition state TS4 was constructed with four
explicit water molecules satisfying the hydrogen bonds around
the nitrone and enone.'®

Optimization of the transition states in implicit solvent
(TS1a’, TS1c") has only a minor effect on the transition state
geometries, but does affect the relative stabilities of the
transition states, such that TS1c’ is lowest in energy, 1.7
kcal/mol lower than TS1a’. The “c” transition-state conformer
has a larger dipole moment than the “a” conformer (11.7 D for
TS1c/, cf. 6.9 D for TS1a’) and as a result benefits from a
greater free energy of solvation, explaining why TS1c’ is more
stable than TSla’ in water. The most stable reactant
conformation in solution remains the “a” conformer. The
reaction will proceed primarily via the “c” transition state
provided that reactants a and c are in rapid equilibrium (via

TS1b
24.4 (23.3)

TS1c
222(21.1)

1a
AG (AH) = 0.0 (0.0)

-16.6 (-18.6)

Figure 1. Transannular nitrone—enone 1,3-dipolar cycloaddition of
the putative lycojaponicumin precursor 1 in the gas phase. (a) Selected
reactant geometries. (b) Transition state geometries. (c) Free energy
profiles for the transannular 1,3-dipolar cycloaddition in the gas phase.
Free energies (with enthalpies in parentheses) are reported at the
MO06-2X/def2-TZVPP//M06-2X/ 6-31+G(d,p) level of theory (kcal/

mol).

chair—chair interconversion of the cyclohexanone ring).
Coordination of two water molecules simultaneously to the
nitrone and the enone (TS2) appears destabilizing, raising AG*
by about 1 kcal/mol, but coordination of two water molecules
to the enone alone (TS3) lowers AG* by up to 3.7 kcal /mol.
Transition state TS4, which is the most accurate model for the
uncatalyzed cycloaddition in water, has AG* = 21.5 kcal/mol,
similar to the corresponding transition state with no explicit
waters (TS1c’). This value of AG* corresponds to a rate
constant of 1 X 107 s™" and a half'life of approximately 10 min
at room temperature.
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Figure 2. Prediction of the rate of the uncatalyzed transannular 1,3-
dipolar cycloaddition of 1 and the theoretical enzymatic rate
acceleration. (a) Transition states for the transannular 1,3-dipolar
cycloaddition of 1 optimized in implicit water without any additional
explicit water molecules. (b) Partially microsolvated transition states
modeling the effect of hydrogen bonding to the nitrone and/or enone.
(c) Transition state in which all hydrogen bonds around the nitrone
and enone oxygens are satisfied, modeling the uncatalyzed reaction in
water. (d) Theozyme model comprising strategic hydrogen bonding to
the enone within a nonpolar active site. All transition states except for
TSS were optimized in implicit water (IEFPCM) at the M06-2X/6-
31+G(d,p) level. TSS was optimized in implicit diethyl ether in order
to simulate the dielectric constant of the interior of an enzyme.
Subsequent single-point calculations at the MO06-2X/def2-TZVPP
level, in conjunction with the solution-optimized geometries, gave the
activation free energies (and enthalpies in parentheses) shown (kcal/
mol). The activation energies for TS2—TSS are computed relative to
the nearest conformer of the reactant complex, while the activation
energies for TS1a’ and TS1c’ are computed relative to the most stable
conformer of the reactant.

Theory therefore predicts that the uncatalyzed transannular
1,3-dipolar cycloaddition of 1 in water is moderately facile. The
nitrone 1, being a dialkyl-substituted nitrone, is potentially
quite susceptible to hydrolysis,"” but the macrocyclic structure
may be expected to suppress any hydrolytic degradation of
substrate. In principle, an enzyme could accelerate the
cycloaddition of 1 if it could capitalize on the stabilization
that can be derived from selective hydrogen bonding to the
enone (cf. TS3). The rate enhancement available through
hydrogen bonding to the enone within a typical dielectric
environment of an enzyme active site was modeled by
reoptimizing TS3 in implicit diethyl ether (¢ = 4.24). The
ether-optimized transition state is labeled TSS in Figure 3. TSS
represents a theozyme'®'? for the cycloaddition of 1: the two
water molecules mimic the role that hydrogen bond donors

such as Ser, Thr, or Tyr could play in an actual enzyme. The
theozyme-catalyzed cycloaddition of 1 has a predicted AG¥ of
17.1 kcal/mol. This value is 4.4 kcal/mol lower than that of the
uncatalyzed reaction and corresponds to a k., of about 2 s™".
Thus, the theozyme calculation suggests that by placing
hydrogen-bond donors strategically around the enone, an
enzyme could provide a rate enhancement of about 2000-fold,
allowing the cycloaddition of 1 to proceed with a half-life of
about 0.4 s at 25 °C.

Even in the absence of an enzyme catalyst, the proposed
cycloaddition of 1 appears to be a rather low energy process. In
comparison, the known intramolecular (but not transannular)
1,3-dipolar cycloadditions of C-alkenylnitrones 6 (Scheme 2a)
are reported””*' to occur over periods of hours to days at
temperatures between 0 °C and room temperature in Et,O or
CH,Cl,. These reactions, studied by Aurich, lead to 5,5-bicyclic
ring systems related to the 5,5,5-tricyclic ring system of the
lycojaponicumins. Comparable intermolecular nitrone—alkene
1,3-dipolar cycloadditions are much more sluggish: for example,
the cycloaddition of N-benzyl C-ethyl nitrone with ethyl
crotonate (Scheme 2b) was reported by Huisgen to have a
rate constant on the order of 107* L mol™ s™* at 100 °C in
toluene.

The factors leading to high reactivity in the cyclic substrate 1
were analyzed by examination of a series of nitrone cyclo-
additions involving the model substrates shown in Figure 3.
Starting with the reference intermolecular cycloaddition of the
parent nitrone with cis-butene (TS6), models of increasing
complexity were built up by incorporating, one at a time, the
structural features of tricyclic reactant 1. The intermolecular
reference reaction has a AG¥ (30.3 kcal/mol) 9 kcal/mol
higher than the proposed biogenetic dipolar cycloaddition. The
majority of this difference (6 kcal/mol) is captured in the first
step of the series (TS6 — TS7) and is the result of
incorporating the cycloaddends into the nine-membered ring.
The transannular transition state TS7 has an activation
enthalpy (AHY) that is 8.5 kcal/mol higher than that of the
intermolecular TS (TS6), but it has a tiny entropic term
(=TAS* = 1.7 keal/mol), which is 14.3 kcal/mol smaller than
the —TAS¥ of the intermolecular reaction TS6 and makes AG¥
overall smaller by 5.8 kcal/mol. This entropy compensation in
TS7 exceeds the typical effect of intramolecularity by a few
kcal/mol. Next, the fusion of the nine-membered ring into a
tricyclic system (TS7 — TS8) lowers AG* by 1.4 kcal/mol.
This decrease is mostly enthalpic and arises because the
tricyclic ring system predisposes the nine-membered ring to
adopt a more reactive conformation. As shown in the inset to
Figure 3, the parent nine-membered cyclic nitrone 7 prefers to
adopt a chairlike structure rather than the tub. In 1, on the
other hand, the chair (1d, Figure 1) is destabilized by
electrostatic repulsion between the nitrone and the cyclo-
hexanone carbonyl group. The absence of a low-lying chair
form in 1 preorganizes this reactant into a conformation closer
to the transition state, reducing the barrier to cycloaddition by
about 1 kcal/mol. Finally, a further 2 kcal/mol of activation is
derived from the a-carbonyl substituent on the dipolarophile
(TS8 — TS1a).

B CONCLUSION

Does nature click? Although the definitive answer to this
question will only come from experiment, our assessment of the
rate of the purported 1,3-dipolar cycloaddition of 1 suggests an
affirmative answer. Density functional theory calculations
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Figure 3. Analysis of the factors giving rise to the low barrier for transannular cycloaddition of 1.

Scheme 2. Related Intra- and Intermolecular Nitrone
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predict a kg, of about 1072 s7* for the uncatalyzed 1,3-dipolar
cycloaddition of the putative lycojaponicumin precursor 1,
suggesting that the reaction might even occur without the
assistance of an enzyme. The predicted k., for the enzyme-
catalyzed cycloaddition of 1, based on a theozyme model where
the TS is stabilized by coordination of two hydrogen-bond
donors to the enone, is about 2 s™'. The predicted k,, is small
compared to the catalytic constants of the most efficient known
enzymes, which are on the order of 10°—107 s71.** However,
such large catalytic constants are generally only observed for
highly evolved enzymes that are involved in primary
metabolism. Enzymes that are involved in secondary metabolic
pathways commonly display much smaller k_, values on the
order of 0.01—1 s'.** The predicted k, for the reaction 1 — 2
falls within this range. Thus, theory predicts that the reaction
could be spontaneous, but enzyme catalysis will be necessary to
bring the reaction rate into the realm generally occupied by
enzyme-catalyzed reactions involved in secondary metabolism.

B THEORETICAL CALCULATIONS

Quantum Mechanical Calculations. All quantum mechanical
calculations were performed using Gaussian 09.>° Geometry
optimizations were conducted with the hybrid meta-GGA density
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functional M06-2X>® and the 6-31+G(d,p) basis set. Normal mode
analysis was used to confirm that optimized reactants and products
were indeed minima and that transition states were first-order saddle
points. Geometry optimizations were followed by M06-2X single-point
calculations using the triple-{ def2-TZVPP?"*® basis set. The
enthalpies and free energies reported (at 25 °C) were determined
by adding the thermal and zero-point corrections determined at the
MO06-2X/6-31+G(d,p) level of theory to the M06-2X/def2-TZVPP
single point energies. A standard state of 1 mol L™ is used. Errors in
computed entropies, introduced by the treatment of low frequency
modes as harmonic motions, were minimized by use of Truhlar’s
approximation,29 in which all harmonic frequencies below 100 cm™
were raised to exactly 100 cm™ before evaluation of the vibrational
component of the thermal contribution to entropy. Several stationary
points were also optimized in implicit solvent (water or diethyl ether)
using the IEFPCM solvation model. > Subsequent M06-2X/def2-
TZVPP (gas-phase) single-point calculations were used in conjunction
with the IEFPCM solvation energy and vibrational corrections to
compute the solution-phase activation barriers. The “ultrafine”
numerical integration grid of Gaussian 09, consisting of 99 radial
shells and 590 angular points per shell, was used throughout.
Conformational Analysis. Conformational analyses of the
reacting macrocycles 1 and 7 were performed using the MMFF
force field in Macromodel 9.9.3' We utilized a newly implemented
search methodology that incorporates short molecular dynamics
simulations into a low mode/Monte Carlo search protocol optimized
for the conformational sampling of macrocycles. A total of 5000
simulation cycles and 5000 Monte Carlo steps were performed, using
the GB/SA model to simulate solvation in water. For 1, the search
yielded 15 distinct low energy conformers within 10 kcal/mol of the
lowest MMFF energy, while for 7 seven conformers were found. The
global minimum among each set of conformers was identified after
MO06-2X/6-31+G(d,p) reoptimizations of the MMFF structures.

B ASSOCIATED CONTENT
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Computational data and a complete citation for ref 25. This
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