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ABSTRACT: Experimental and computational studies of the
unexpected racemization of enantiopure fused cyclopropyl
isoxazolines are reported. These studies offer insights into the
mechanism of racemization, quantify the position of the
transition state on the dipolar−diradical continuum, and
establish a relationship between the structure and stability of
this class of compounds. Experimental and computed energy
barriers for racemization are also presented.

Since the discovery that aspartyl protease BACE was shown
to lead to the increased formation of β-secretase cleavage

products,1 the pursuit of a BACE inhibitor compound has been
an important area of research over the past decades as a
potential treatment for Alzheimer’s disease.2 AMG 978 (4)
emerged as a lead compound from our BACE program, with
the key step in the synthetic sequence being the
diastereoselective addition of aryl lithium compound 2 to
cyclopropyl fused isoxazoline 1, as shown in Figure 1.3 This

reaction typically proceeds in good yield producing 3 in high
diastereomeric ratio (dr) and enantiomeric excess (ee). Having
access to enantiopure cyclopropane 1 is essential for being able
to ultimately deliver 4 with the required chemical and optical
purity. However, during our process development efforts for
this reaction, we observed an erosion of ee in various lots of
AMG 978 over several batches, and, eventually, only racemic 4

was obtained. After conducting a series of control experiments,
it was discovered that batches of enantiopure cyclopropane 1
had, in fact, completely racemized upon being stored as
solutions in toluene under ambient conditions at room
temperature.
There have been several reports describing the synthesis of

fused cyclopropyl isoxazolines,4 including enantioenriched
variants,5 and, to the best of our knowledge, the susceptibility
of these compounds to racemization has not been reported.
We considered the fragmentation of the central carbon−
carbon bond of the cyclopropane as the most likely source for
this mode of racemization, as shown in Figure 2.
We envisioned that the racemization could potentially occur

through a dipolar, zwitterionic pathway (Figure 2, top),
involving heterolytic cleavage of the cyclopropane carbon−
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Figure 1. Reaction and racemization of cyclopropane 1.

Figure 2. Possible zwitterionic or diradical pathways for racemization
of 1 to rac-1.
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carbon bond, proceeding through transition structure zwit-
TS-5 with or without the presence of an intermediate along the
potential surface. An alternative pathway (Figure 2, bottom)
would involve homolytic opening of the cyclopropane through
a diradicaloid TS to form diradical intermediate dirad-int-6
and subsequent ring closure. Note that rearrangement of the
all-carbon bicyclo[3.1.0]hex-2-ene substrate has been studied
experimentally6 by the Baldwin and Doering groups, and, more
recently, computationally by Houk,7 establishing the diradical
pathway as the dominant mode of isomerization.
Given the overall structural similarity, yet potential

electronic differences between our fused cyclopropyl isoxazo-
lines and the parent hydrocarbon, a series of control
experiments and computational investigations were conducted.
Key experimental findings were as follows: (i) the rate of
racemization was increased at higher temperatures; (ii) the rate
of racemization was increased as the solvent dielectric constant
increased; (iii) the presence of oxygen or light had no effect on
the rate of racemization; and (iv) the inclusion of radical
inhibitors such as BHT had no effect on the rate of
racemization. While dipolar intermediates such as zwit-TS-5
are known to react with dipolarophiles,8 the addition of species
such as styrene or methyl acrylate did not allow for the
trapping of any adducts arising from dipolar cycloadditions. In
fact, throughout all of our control experiments, no side
products were observed whatsoever.
Our initial computational imperative was to characterize the

structural and electronic nature (zwitterionic versus diradical,
presence of intermediates, etc.) of the racemization process
depicted in Figure 2. All calculations were performed using the
Gaussian 16 program.9 To begin, CASSCF(4,4)/6-31+G*
calculations with an active space analogous to the previously
studied hydrocarbon (CN π/π* and cyclopropyl-like σ/σ*)
were utilized to locate a TS for the racemization of 1. This TS
is structurally characterized by a flattening of the out-of-plane
methylene with concomitant lengthening of the breaking C−C
σ-bond, along with the equalization of the C=N and C−C ring
bonds constituting the “aza-allyl” moiety at the TS, versus the
corresponding distances in the reactant. IRC calculations
originating from this transition structure progress smoothly to
product or reactant without the presence of intermediates
along the reaction path.
In contrast to the bicyclo[3.1.0]hex-2-ene archetype, the

(4,4) CAS occupancies of the transition state for the
racemization of 1 were found to be 1.92, 1.68, 0.32, and
0.08,10 descriptive of a process possessing a small amount of
diradical character but predominantly closed-shell in nature.
Furthermore, geometry optimization and stability calculations
utilizing single-reference density functional theory (DFT)
(RωB97x-D/6-311+G(d,p); vide infra) resulted in a TS
geometry with a stable closed-shell DFT solution. Finally,
while a stable intermediate on the triplet diradical surface
corresponding to dirad-int-6 was located by DFT calculations,
this species was found to be ∼10 kcal/mol higher in energy
than the analogous, closed-shell singlet TS at the same level of
theory. Taken together, these data suggest that the
racemization of 1 is best described as proceeding through a
predominantly zwitterionic mechanism devoid of intermedi-
ates.
Having established the suitability of this system for study by

single-reference methods, we then investigated the effect of
implicit solvent on the description of reaction energetics, while
also evaluating DFT functionals (selected based on the ability

to reproduce pericyclic reaction barrier heights in recent
benchmarks11−13) to determine which functional best models
the experimental data. As discussed below, the ωB97x-D/6-
311+G(d,p) model chemistry was ultimately utilized through-
out the study. For 1, the calculated barrier for racemization is
found to diminish with increasing solvent dielectric (see Figure
3), in accord with experimental results (vide infra). Increasing

solvent dielectric was observed to stabilize the formation of a
dipole at the transition state (as gauged by dipole moment
magnitude relative to reactant, see the Supporting Information
for details), as would be expected for a zwitterionic reaction
mechanism.14 The electrostatic potential-derived charges
exhibit clear differences between substrate 1 and its transition
structure for racemization (Figure 4). In particular, the buildup

of a partial positive charge at the oxocarbenium-like oxygen
atom and increased negative charge at the terminal C and N
atoms of the aza-allyl-like moiety is readily evident.
We reasoned that the energetics of the reaction could be

modulated by varying the functional group at the position of
the difluoromethane unit present in cyclopropane 1. As
expected, electron-withdrawing groups that stabilize the
nascent accumulation of overall negative partial charge at the
aza-allyl moiety of the TS were predicted to lower the barrier
for racemization, compared to those bearing substituents that

Figure 3. Computed geometric parameters (gas phase) and relative
free energies of activation at 45 °C in various solvents for the
racemization of 1 at the IEFPCM-ωB97x-D/6-311+G(d,p) level of
theory. Semitransparent atoms at the transition structure illustrate
motion along the imaginary frequency vibrational mode (see the
Supporting Information for an animated graphic).

Figure 4. Electrostatic potential (a.u.) mapped onto the total electron
density (0.001 a.u. contour level) with selected heavy atom Merz−
Kollman atomic charges (electrons, fit to dipole moment; Debye) of
substrate and TS of 1 (ε = 1) illustrating the shift in charge
distribution. ωB97x-D/6-311+G(d,p). Image rendered with
PyMOL15
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are more electron-donating. Utilizing the compounds shown in
Figure 5, we set out to experimentally determine ΔG⧧ values
and perform further studies on the racemization of these
compounds.16,17

We began by studying the racemization of cyclopropane 1 in
MTBE, acetone, and acetonitrile. The racemization rate is
slowest in MTBE and occurs most rapidly in acetonitrile. This
is consistent with our earlier observations and computational
predictions that the rate of racemization increases as the
solvent polarity increases. A comparison of the experimentally
determined18 and computationally predicted ΔG⧧ values for
the racemization of cyclopropane 1 in those solvents is shown
in Table 1. There is excellent agreement in the solvent trends
between the experimental and computational data.

Having explored the effects of solvent on cyclopropane 1, we
then set out to determine experimental ΔG⧧ values for each
substrate shown in Figure 5, in order to compare to the
computationally predicted value. For this study, with
acetonitrile as the solvent of choice, temperatures of either
30 °C or 70 °C were selected, depending on the stability of the
substrate. Experiments for substrates with lower barriers of
racemization were conducted at 30 °C, and those with higher
barriers were performed at 70 °C. All of the tested DFT
functionals showed good correlation with experiment, giving
free-energy R2 values of >0.95 (see the Supporting
Information) but systematically underestimated or over-
estimated the barrier height by 2−5 kcal/mol, compared to
experiment. CCSD(T)/aug-cc-pVTZ single-point calculations
on cyclopropane 1 were performed using the ωB97x-D/6-
311+G(d,p) geometries. The difference between the DFT
barrier and the CCSD(T) barrier was approximately equal to
the systematic error observed in the DFT calculations, relative
to the experiment (see the Supporting Information for further
discussion). Among the functionals tested, IEFPCM-ωB97x-
D/6-311+G(d,p) gave the best combination of relative and
absolute agreement with experiment and are used throughout
this work. (R2 = 0.96, slope = 1.10, 2.7 kcal/mol MUE, where
MUE denotes mean unsigned error). The experimental and

calculated barrier heights are presented in Table 2, with the
correlation highlighted in Figure 6.

The difluoromethane, benzothiazole, and pivalate substrates
(entries 1, 2, and 3, respectively, in Table 2) possess
experimentally measured ΔG⧧ values of 25.6, 26.4, and 27.8
kcal/mol at 30 °C. The (comparatively less electron-with-
drawing) methyl- and aryl-substituted compounds proved to
be significantly more stable. Thus, the racemization of these
compounds was performed at 70 °C in order to achieve
reasonable rates. The p-CN phenyl substrate exhibited the
most facile racemization of this group, with an experimentally

Figure 5. Cyclopropane substrates for racemization studies.

Table 1. Experimental and Computational ΔG⧧ Values for
Racemization of Cyclopropane 1 in Various Solvents at 30
°Ca

aNote the following footnotes cited in this table: 1calculated using
IEFPCM-ωB97x-D/6-311+G(d,p); and 2includes a correction of
−2.7 kcal/mol, to account for observed systematic mean signed error
in the DFT calculations.

Table 2. Experimental and Computational ΔG⧧ Values for
Cyclopropane Substrates in Acetonitrile at 30 or 70 °Ca

aNote the following footnotes cited in this table: 1ΔG⧧ values
reported in units of kcal/mol. 2IEFPCM-ωB97x-D/6-311+G(d,p);
3values shifted by −2.7 kcal/mol for observed systematic error;
4measured and calculated at 30 °C.; and 5measured and calculated at
70 °C.

Figure 6. Comparison between experimental and calculated ΔG⧧

values for the eight cyclopropane substrates in acetonitrile.
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determined ΔG⧧ value of 28.5 kcal/mol (Table 2, entry 4)
followed by the p-Cl substrate (Table 2, entry 5) at 29.0 kcal/
mol. The methyl and phenyl substrates had almost identical
stabilities, with both compounds having a measured ΔG⧧ value
of ∼29.5 kcal/mol (Table 2, entries 6 and 7). Finally, the p-
OMe phenyl substrate proved to be the most stable substrate
investigated, with an experimental racemization energy barrier
of 29.8 kcal/mol (Table 2, entry 8). All experimentally
determined ΔG⧧ values demonstrate an excellent correlation
with computationally determined ΔG⧧ values, as highlighted in
Table 2 and Figure 6.
To further support the proposed dipolar mechanism, a

Hammett plot was constructed from data collected for the p-
OMe phenyl, phenyl, p-Cl phenyl, and p-CN phenyl
substituted cyclopropane compounds, as shown in Figure
7.19 The slope of the Hammett plot is consistent with buildup

of a negative charge (i.e., the existence of a partial aza-allyl-like
anion moiety) in the transition state for racemization. The
highly linear nature of the plot is supportive of a consistent
mode of racemization over a range of electronically diverse
substrates.
In conclusion, we have performed both experimental and

computational studies on the unexpected racemization of
enantiopure cyclopropyl fused isoxazoline compounds. Both
the experimental and computational data are consistent with
the racemization proceeding primarily through a transition
state possessing predominantly dipolar character. The stability
of these compounds can be significantly modulated by
temperature, choice of solvent, and substituents.
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