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ABSTRACT: The synthesis of a key intermediate in the preparation of oral

antidiabetic drug Saxagliptin is discussed with an emphasis on the challenges
posed by the cyclopropanation of a dihydropyrrole. Kinetic studies on the
cyclopropanation show an induction period that is consistent with a change in

- Zn(CH,l
O N n(CHal), O N
t-BuO t-BuO
(@) NH-ZnR (o) NH-ZnR

the structure of the carbenoid reagent during the course of the reaction. This

mechanistic transition is associated with an underlying Schlenk equilibrium that favors the formation of monoalkylzinc carbenoid
1ZnCH,] relative to dialkylzinc carbenoid Zn(CH,I),, which is responsible for the initiation of the cyclopropanation. The factors
influencing reaction rates and diastereoselectivities are discussed with the aid of DFT computational studies. The rate
accelerations observed in the presence of Bronsted acid-type additives correlate with the minimization of the undesired induction

period and offer insights for the development of a robust process.

B INTRODUCTION

Over the past two decades, 4,5-methanoprolines have evolved
from peptidomimetic components of academic interest to
privileged structures of relevance to the pharmaceutical
industry. Following primary investigations by Urbach,'
Pellicciari,”> and Hanessian,> dozens of patents have covered
the invention, development and uses of 4,5-methanoproline
derivatives with diverse biological activities.* Approaches to the
installation of the methano bridge exploit the cyclopropanation
of dihydropyrrole precursors with halomethylzinc carbenoids.
However, despite the proven utility of zinc carbenoid-mediated
cyclopropanations and the extraordinary progress on the
mechanistic understanding of these reactions, the implementa-
tion of these processes in an industrial setting is challenging.
The notorious penchant of organozinc compounds for self-
aggregation and equilibration, and for reacting with acidic
substrates causes highly media- and substrate-dependent
reactions. At the process development level, these attributes
defy the application of unified mechanistic rationales to
improve their outcome. On large scale, the common need of
excess carbenoid to maximize conversion® and the limited
reproducibility of the reactions® are often at odds with waste
reduction objectives and stringent requirements on reproduci-
bility, yield and purity.

Herein, we report mechanistic studies on the diastereose-
lective cyclopropanation of dihydropyrrole 1a with Zn(CH,I),’
to give L-cis-4,5-methanoprolinamide 2,% an intermediate in the
preparation of the dipeptidyl peptidase IV inhibitor Saxagliptin
(3, Scheme 1).9 Kinetic studies demonstrate the existence of a
detrimental induction period consistent with changes in the
structure of the cyclopropanating reagent during the course of
the reaction.'® DFT computations based on experimental
observations support a substrate-directed cyclopropanation
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Scheme 1. Cyclopropanation of Dihydropyrrole 1a en Route
to Saxagliptin
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with participation of the carboxamide moiety in la. Notably,
efforts toward process optimization revealed that the addition
of substoichiometric amounts of TFA and water accelerates the
cyclopropanation and enables the delivery of a reproducible,
high-yielding process.

B RESULTS AND DISCUSSION

Synthesis of Dihydropyrrole 1a. We preface the studies
on the cyclopropanation with a brief description of efforts made
to reduce the environmental impact and cost of the procedure
to prepare dihydropyrrole 1a."" The synthesis of 1a transforms
the commercially available ester 4'> into the corresponding
carboxamide. It was essential to preserve the configuration of 4
and to generate crystalline intermediates that would upgrade
purity and facilitate plant scale operations. The original
procedure (Route A, Scheme 2)" starts with the basic
hydrolysis of ester 4 followed by neutralization and isolation
of its corresponding dicyclohexylammonium (DCHA) salt Sa.
Activation of the carboxylate with 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM)"
and amidation with aqueous ammonia affords dihydropyrrole
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Scheme 2. Two Procedures for the Synthesis of
Dihydropyrrole 1a
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1a in 43% overall yield. Despite the satisfactory performance of
these transformations, two noticeable aspects prompted a
revision of the original route: (i) the molecular weight of
DCHA in salt Sa, and (ii) the expensive coupling reagent
DMT-MM. A combination of salt screening and solvent
optimization led to the identification of a crystalline form of the
lithium carboxylate Sb. Likewise, the examination of a variety of
coupling reagents and reaction conditions enabled the
substitution of DMT-MM with 1,1’-carbonyldiimidazole
(CDI). These changes resulted in a superior yield for the
two-step sequence, leading to dihydropyrrole 1a from Sb (49%
overall yield; Route B, Scheme 2). Details for the conversion of
ester 4 into dihydropyrrole 1a are given in the Experimental
Section.

Cyclopropanation of Dihydropyrrole 1a with Zn-
(CH,)),: General Aspects. Next, we investigated the cyclo-
propanation of dlhydropyrrole la with halomethylzinc reagents
conveniently generated in situ'® by adding variable amounts of
Et,Zn and CH,], to a solution of 1a in AcOEt."® The sequential
treatment of la with 1 equiv of Et,Zn and 1 equiv of CH,I,
resulted in very low yields (ca. $%) of the cyclopropanated
product 2 after extended reaction times (ca. 18 h at 20 °C).
Increasing the Et,Zn charge to 2 equiv and adding 1 equiv of
CH,I, gave the desired product in slightly higher, but still poor,
yields (ca. 20%). Gratifyingly, the reaction proceeded with 2
equiv of Et,Zn and 2 equiv of CH,I, to afford 4,5-
methanoprolinamide 2 in 72% yield and 40:1 dr. The excellent
diastereoselectivity of the cyclopropanation is consistent with a
syn delivery of the carbenoid by the carboxamide group.'” On
the basis of these results, we assumed that the first equivalent of
Et,Zn reacts with la to afford zinc amidate 7a, and that the
addition of 2 equiv of CH,I, to this mixture was required to
generate the cyclopropanating reagent (Scheme 3). Consider-
ing the various alkylzinc species present, a number of possible
reagents could be envisioned: (i) Zn(CH,I), (Wittig reagent,
Path A in Scheme 3), (ii) a mixture of iodomethylzinc amidate
8a and EtZnCH,I (Furukawa reagent, Path B in Scheme 3),'®
and (iii) combinations of Zn(CH,I),, amidate 8a, and
EtZnCH,I that could result from the coexistence of paths A
and B or from the dynamic alkyl group. exchange between the
different Zn-bearing species in solution."” The formation of 7a
upon treatment of 1a with 1 equiv of Et,Zn was evidenced by
(i) gas evolution during the addition of the first equiv of EtZZn
that subsided throughout the charge of further equivalents,”
(ii) the diagnostic shift of the carboxamide IR band of la to
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Scheme 3. Plausible Reactions of Dihydropyrrole 1a with 2
equiv of Et,Zn and CH,I,
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lower frequency® (from 1685 to 1580 cm™), and (iii) the
downfield migration of the carboxamide *C NMR signal of 1a
(from 174.6 to 181.6 ppm).>> The addition of 1 equiv of Et,Zn
to 1a also caused partial changes in the original IR band of the
tert-butyl carbamate (from 1710 cm™ to bands coexisting at
1710 and 1620 cm™"), which could be traced to coordination of
the carbamate to the Zn atom in a chelated version of 7a (vide
infra). The IR frequencies and *C NMR chemical shifts of 7a
were insensitive to the charge of a second equiv of Et,Zn or the
addition of Zn(CH,I),.

To understand the marked dependence of the cyclo-
propanation yields on the relative stoichiometries of Et,Zn,
CH,1, and 1a, we explored the reaction between CH,1, and the
saturated zinc amidate 7b, an unreactive surrogate for amidate
7a generated from pyrrolidine 1b (eq 1)."* Cursory '"H NMR

NH-Zn-| Et NH-Zn-CHj,l
1b

EtyZn
1 equw Boc—

CHZIZ
equlv

analyses of samples containing (i) 1 equiv of Et,Zn and 2 equiv
of CH,], as the control reaction, or (ii) 1 equiv of amidate 7b
and 2 equiv of CH,l,, revealed the exclusive formation of EtI in
the control experiment containing Et,Zn.** To gain further
insight, we examined the consumption of CH,I, through its
deuterated analogue CD,I, using in situ ReactIR; the effect of
isotopic substitution enabled a clear inspection of the C—D
bond stretches corresponding to CD,I, (2310 and 2190
ecm™)** and the associated Zn carbenoids (2160 cm™).
Monitoring the absorbance of CD,l, at 2310 cm™" confirmed
the unanticipated stability of CH,I, in the presence of amidate
7b: whereas 2 equiv of CD,I, were immediately consumed by 1
equiv of Et,Zn under the control conditions, 2 equiv of CD,l,
remained unchanged upon their treatment with 1 equiv of 7b
(eq 1). These observations suggest that the failure of the direct
cyclopropanation of 7a with CH,I, stems from the inability of
the ethyl zinc amidate to form an active cyclopropanating
reagent (Scheme 3). 28

Next, we examined the reaction of CH,I, with 1:1 mixtures
of amidate 7b and Et,Zn (eq 2). 'H NMR and ReactIR
spectroscopic studies revealed that, in contrast to the lack of
reactivity observed for 7b alone, solutions containing equimolar
amounts of 7b and Et,Zn react with 1 or 2 equiv of CH,I, as
demonstrated by the presence of EtI in the 'H NMR spectra
and the rapid decay of the CD,I, absorbance on the ReactIR in
the deuterated series. Interestingly, addition of a third
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equivalent of CD,], did not cause further spectroscopic changes
after the consumption of the first 2 equiv. These results suggest
that the differences between the cyclopropanation of 1:1
mixtures of 7a and Et,Zn with 1 equiv of CH,I, versus 2 equiv
of CH,l, arise from the limited reactivity of the cyclo-
propanating species that were formed under the reaction
conditions. In addition, the reluctance displayed by 1:1:2
combinations of 7b, Et,Zn and CH,], to react with a third
equivalent of CH,I, suggests that 7b cannot react with CH,I,
or participate in exchange with the iodomethyl groups of
Zn(CH,I), (eq 3).° 3C NMR spectra of 1:1:1 mixtures of 7b,

CHyl,
Boc— ??? _ Boc— 1 equiv, Boc—N
2 - 2 - Etl ;
O~ "NH-ZnEt [e] NH-ZnCH,l (0] NH-ZnCH,l
7b 8b 8b
+ + +
Zn(CHl), EtZnCH,l Zn(CHal), 3

Et,Zn, and "*CH,], exhibited a complex array of broad signals
indicative of the coexistence of several iodomethylzinc
species.”® In contrast, >C NMR spectra of 1:1:2 mixtures of
7b, Et,Zn, and CH,l, displayed a single broad resonance in
the ZnCH,I region (§ —16.6 ppm) consistent with the
formation of Zn(CH,I),.>’

The tendency of organozinc compounds to self-aggregate
adds an additional layer of complexity to the analysis of the
reaction. Literature precedents document that zinc-based
cyclopropanating reagents have a propensity to exist as
monomers,">*® whereas zinc amidates are particularly prone
to form higher structural ensembles.”” 'H and *C NMR
spectra of samples containing 7a displayed broad signals that
pointed toward the likely aggregation of the zinc amidate
species. IR spectra of samples with varying concentrations of 7a
revealed marked differences in the relative intensities of the IR
bands, consistent with the existence of more than one aggregate
of 7a in solution (Figure 1).** Unfortunately, our efforts to
ascertain the aggregation state of amidate 7a by cryoscopic
methods were repeatedly thwarted by its poor solubility and

stability. The existence of 7a as a reactive mixture of aggregates
will resurface as a source of mechanistic complexity in the
context of the kinetic studies discussed below.

Building on spectroscopic and reactivity observations, we
turned to DFT calculations to evaluate the structure of 7a in
the presence of Zn(CH,I), using the B3LYP method and the 6-
311+G(2d,2p) basis set for all the atoms except iodine.*”
Combinations of plausible conformers and solvation numbers
were tested, and the optimized structures were submitted to
single point calculations using the same basis set and
incorporating PCM corrections for AcOEt as the solvent.
Relevant structures and relative energies obtained from
balanced equilibria are summarized in Figure 2, where §

o} t-BuO, -
N N
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t-BuO o}
0 NH Et—Z"-N" "0
Zn\ n H
Et” s,
9a; (n=0;1.1) 10 (n = 0; 0.0)
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9c; (n=2; 24.5)
t-BuO>//N t-BuO>//N
Q Q
~Zn-0” NH Zn.
R/ N AN 0. R2
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R? Z‘n Et /Zn
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11; R'=R2= Et (22.7)
12; R' = R?= CH,l (11.8)
13; R' =1, R?= CH,l (3.4)

14; R'=R2=Et (8.1)
15; R' = R?= CH,l (6.4)
16; R' =1, R?= CH,l (2.1)

Figure 2. Plausible structures for monomeric zinc amidate 7a and its
complexes with Et,Zn, Zn(CH,I),, and IZnCH,I. The calculated
relative energies (AG¥, kcal-mol™") are given in parentheses.

represents the coordinating solvent AcOEt, and n defines the
solvation number.*® The calculations on the most stable
monomeric forms of 7a (ie, 9 and 10) suggest that the 7-
membered chelate in 10 is marginally stabilizing relative to the
17*-complexed monomer 9a (~1 kcal/mol) and that solvation is
destabilizing despite the three-coordinate zinc atom present in
the unsolvated species.”* Moreover, in agreement with the
resilience demonstrated by the IR and '*C NMR spectra of zinc
amidate 7a in the presence of Et,Zn or Zn(CH,l),, the
calculations predict that complexation of the carbenoid reagents
to zinc amidates 9 or 10 is unfavorable. Coordination of the
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Figure 1. (a) Representative IR spectra of 7a recorded at different concentrations using [AcOEt] = 5.5 M in toluene at 20 °C: [7a] = 0.35 M (blue);
[7a] = 026 M (red); [7a] = 0.09 M (green). (b) Plot of the intensity ratios for the IR bands A (1710 cm™) and B (1620 cm™) versus [7a].>*
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Figure 3. (a) Plot of conversion versus time for the cyclopropanation of 7a (0.24 M) with Zn(CH,I), (0.26 M) at 20 °C in the presence of various
amounts of Znl,: (A) no ZnL,; (B) 0.10 equiv Znl,; (C) 0.15 equiv ZnL; (D) 0.20 equiv Znl,. (b) Plots of the syn/anti diastereomeric ratios versus

time for the reactions in panel a.
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Figure 4. (a) Plots of kg for the cyclopropanation of 7a by Zn(CH,I), at 0 °C versus (a) [7a], (b) [Zn(CH,l),]. Rate dependencies on
[Zn(CH,I),] and [7a] were measured using [AcOEt] = 5.2 M in toluene. Rate dependencies on [Zn(CH,I),] were measured using [7a] = 0.048 M.
Rate dependencies on [7a] were measured using [Zn(CH,I),] = 0.465 M.

most Lewis acidic species IZnCH,I to give structure 16 is
favored over complexation of Zn(CH,I), or ZnEt, to give
structures 15 and 14, respectively.

Cyclopropanation of Dihydropyrrole 1a with Zn-
(CH,l),: Rate Studies. Monitoring the cyclopropanation of
7a with Zn(CH,I), at 20 °C by HPLC analysis revealed the
presence of an induction period (Figure 3a, curve A)
reminiscent of the autocatalytic profile observed by Denmark
and co-workers in the cyclopropanation of allylic alcohols.'*>3
In their work, the source of this behavior was elegantly traced
back to the occurrence of a Schlenk equilibrium between
Zn(CH,I), and IZnCH,I (Simmons-Smith reagent, eq 4)
promoted by the Znl, that is formed during the cyclo-
propanation (eqs S and 6). The authors concluded that the
equilibrium favors the IZnCH,I species, which in turn is the
most active cyclopropanating reagent. To corroborate the
influence of the Schlenk equilibrium in the cyclopropanation of
7a with Zn(CH,I),, we monitored the reaction in the presence
of Znl,. Adding Znl, to a mixture of equimolar amounts of 7a
and Zn(CH,I), eliminated the induction period and promoted
a faster conversion (e.g,, the initial rates analysis of curves A and
D in Figure 3a affords a k, ~ 30). The addition of increasing
amounts of Znl, further enhanced the rate of the process (cf.
curves B and C in Figure 3a).>

1 1
—7Zn(CH,I), + —Znl, = 1ZnCH,]I
3 ( 2 )2 2 2 2 (4)
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olefin + Zn(CH,I), — cyclopropane + 1ZnCH,I (5)
(e.g., 7a)
olefin + IZnCH,I — cyclopropane + Znl, (6)

Plotting the syn/anti diastereomeric ratios of the cyclo-
propanated product 2 versus time reveals an improvement of
the diastereoselectivity as the reaction progresses. For example,
in the absence of added Znl,, the diastereomeric ratio at 15%
conversion is approximately 15:1, whereas at 90%, conversion
the diastereomeric ratio grows to ~40:1. Interestingly, the
lowest diastereoselectivities correspond to the cyclopropanation
mediated by Zn(CH,I), (dr ~ 40:1, Figure 3b, curve A), and
addition of Znl, leads to enhanced diastereomeric ratios (dr ~
60:1, Figure 3b, curve D). These observations are consistent
with the concurrence of mechanisms described by eqs 4—6, and
suggest that the improvement of the diastereoselectivities
derives from the cyclopropanation mediated by IZnCH,L.

To gain further insight into the induction period, we carried
out kinetic studies on the cyclopro;)anation of zinc amidate 7a
using the method of initial rates.*” Stock solutions of 7a and
Zn(CH,I), were combined at 0 °C and the formation of 2
monitored relative to an internal standard by HPLC. The
reactions displayed a clean decay of dihydropyrrole 1a and the
simultaneous formation of the cyclopropanated product 2.
Monitoring the growth of 2 over a range of zinc amidate 7a and
Zn(CH,I), concentrations provided a complex dependence on

dx.doi.org/10.1021/j0500966m | J. Org. Chem. 2014, 79, 6233—6243



The Journal of Organic Chemistry

the concentration of 7a and a first-order dependence on the
concentration of Zn(CH,I), (Figure 4).* The complex rate
dependence on the concentration of 7a most likely reflects the
existence of a changeable, concentration-dependent distribution
of amidate aggregates that can undergo cyclopropanation
(Figure 1). A plausible mechanism is represented by the general
rate-determining steps in eqs 7 and 8, where m denotes
aggregate numbers for productive forms of 7a, and n defines
aggregate fractions that react via a coexisting pathway.

(7a), + Zn(CH,I), — [(7a), Zn(CH,I),T* 7)

~(7a), + Za(CHLD, = [(7),, Zn(CHALT

The initial rates and the concentration dependence on Znl,
depict two components of a changing mechanistic scenario
guided by the formation of Znl, during the reaction. At the
onset, Zn(CH,I), engages in a slow cyclopropanation and the
Schlenk equilibrium described in eq 4 has a low impact. As the
levels of Znl, increase, the Schlenk equilibrium plays an active
role and opens a new cyclopropanation pathway dominated by
IZnCH,], the most reactive cyclopropanating species. In the
absence of structural data on the aggregation states of zinc
amide 7a, however, eqs 5—8 represent elementary pathways
rather than actual mechanisms.

Evaluation of the Reaction Pathways: DFT Calcula-
tions. We explored plausible transition structures for the
cyclopropanation of 7a using DFT calculations. A series of
geometries were examined for both reactants and transition
structures, saddle points were confirmed by the occurrence of a
single imaginary frequency, and intrinsic reaction coordinate
calculations (IRC) were performed from the transition states to
confirm the lowest energy reaction pathways that connect the
corresponding minima. Transition structures are represented in
Figure S. Additional data are included in Supporting

TS1a-syn TS1b-syn TS1c-anti
342 30.4 31.6
H L
Hﬁ1l“""‘2n—|
t-BuO>//N
O\
/Zn.N (0]
Et" H
TS2a-syn TS2b-syn TS2c-anti
30.0 28.4 31.8

Figure S. Plausible transition structures TS1 and TS2. The calculated
relative energies (AG¥, kcal-mol™) are also given.

Information. Free energies of activation (AGH#, keal/mol) are
arbitrarily related to structure 10 (n = 0, Figure 2). TSI and
TS2 denote transition structures featuring Zn(CH,I), and
IZnCH,I as the cyclopropanating reagents, respectively. Syn
cyclopropanations are classified into two series depending on
whether the EtZnNH group of amidate 7a coordinates to the
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zinc carbenoid (series a) or is engaged in a 7-membered ring
(series b); anti cyclopropanations are represented by series c.
The discussion will focus on three aspects: (i) the nature of the
rate-determining transition structures, (i) the differences
between Zn(CH,I), and IZnCH,I as cyclopropanating
reagents, and (jii) the origins of diastereoselectivity. All the
transition structures display geometries that correspond to a
methylene transfer mechanism rather than a carbometalation.®
In general, the cyclopropanation occurs via an asynchronous
process in which the position C4 of the amidate 7a displaces
the iodine atom of the iodomethylene moiety while the
carbenoid center dissociates from the Zn atom to form the
products. The iodine substitution takes place via a Sy2-like
arrangement with C—C—I angles >160°. The higher activation
barriers calculated for the Zn(CH,I),-based cyclopropanations
(ie., TS1) relative to those mediated by IZnCH,I (i.e., TS2)
are consistent with the rate accelerations experimentally
observed under conditions that favor the formation of
IZnCH,L. Inspection of the geometries associated with TS1b
and TS2b suggest that the superiority of IZnCH,I correlates
with angle strain (Figure 6). Whereas the Zn center bound to a

-H2C-Zn-CH2|
150.6°

-HyC-Zn-I
138.0°

TS1b-syn TS2b-syn

Figure 6. Transition structures for the syn cyclopropanations
calculated with DFT.

single alkyl group in TS2b may comfortably adopt a tetrahedral
hybridization by coordinating the amidate moiety and two
iodine atoms, the Zn connected to two alkyl groups in TS1b
suffers a destabilizing deviation from the 180° R—Zn—R bond
angle believed to be optimal for dialkylzinc reagents*® upon
coordination to the amidate group. In addition, the
computations corroborate a preference for syn cyclopropana-
tion: structures TS1b and TS2b with the amidate moiety
bound to the cyclopropanating reagent are more stable than
their anti analogues TS1c and TS2c. Among the syn structures,
those involving the EtZnNH group in a 7-membered chelate
are preferred (series b). The differences between the activation
energies calculated for the syn and anti IZnCH,I-based
cyclopropanations (i.e, TS2b versus TS2¢, AG* = 1.6 kcal/
mol) compared with the differences calculated for the syn and
anti cyclopropanations promoted by Zn(CH,I), (ie, TS1b
versus TS1c, AG* = 1.2 kcal/mol) are in qualitative agreement
with the enhanced diastereoselectivity offered by IZnCH,I. The
superior selectivity of IZnCH,I is presumably due to a
strengthened C=0—Znl interaction associated with the higher
Lewis acidity of the Zn center of IZnCH,I and the concomitant
stabilization of the leaving Znl, in the emerging RNHZn—IZnl
substructure.

A Search for Alternative Additives to Znl,. With the aim
of circumventing the incomplete conversions observed in the
absence of Znl, (curve A, Figure 3a) and finding an economical
alternative to Znl)," we investigated the use of acyloxy-
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substituted carbenoids (i.e, RCO,ZnCH,I)** by treating
equimolar mixtures of zinc amidate 7a and Zn(CH,I), with
Bronsted acids AcOH or TFA. The enhanced reactivity of
acyloxy-substituted carbenoids and the ease of preparation in
situ*> made the use of these additives an attractive option for
implementation on scale. The results are summarized in Table
1 and Figure 7. We were pleased to find that with

Table 1. Effect of Brensted Acid-Type Additives on the
Cyclopropanation of Dihydropyrrole 1a with Zn(CH,I),

dr
entry additive™® equiv  conv (18 h) yield (%)  (syn/ anti)?

1 - - 88% 72% 40:1
2 AcOH 0.2 93% 75% 40:1
3 TFA 0.2 100% 86% 40:1
4 water 0.2 97% 88% 50:1
S AcOH/water 0.5/0.2 100% 88% 45:1
6 TFA/water 0.5/0.2 100% 95% 45:1

“Water (0.2 equiv) was added to a solution of 1a (1.0 equiv) in AcOEt
and the resulting mixture was sequentially treated with Et,Zn (2.1
equiv) and CH,I, (2.0 equiv) under the conditions indicated in the
Experimental Section. “Additives other than water were introduced
following the in situ formation of zinc amidate 7a and Zn(CH,I),.
“Yields determined by HPLC analysis versus a calibrated internal
standard. “Diastereomeric ratios (dr) determined by HPLC analysis at
the end of the reaction. Value not determined.

substoichiometric amounts of AcOH or TFA cyclopropana-
tions were faster and achieved a higher level of conversion
relative to the reactions carried out in the absence of additives
(entries 2 and 3, Table 1; curve A, Figure 7a). Plots of the
reaction progress versus time revealed profiles that could not be
fit to a second-order kinetics and contained initial curvatures
with a minor sigmoidal component (curves B—C, Figure 7a).
Moreover, diastereomeric ratios changed during the process
affording values similar to those observed for the cyclo-
propanation without additives (dr ~ 40:1 at completion, Figure
7b). These results suggested the existence of a complex
mechanism that could minimize the distinct induction period
observed in the absence of additives.

To investigate the role of the acidic additives, we turned to
IR and "*C NMR spectroscopy. Adding 0.2 equiv of AcOH or
TFA to solutions containing 1 equiv of surrogate 7b and 1
equiv of Zn(CD,I), (1 equiv of Zn(**CH,I), for the NMR

studies) occurred with gas evolution and simultaneous changes
on the IR and *C NMR signals diagnostic of the zinc amidate
group (1580 cm™ and 181.6 ppm, respectively). Contrary to
our expectations, the IR and *C NMR signals of the carbenoid
(2160 cm™ and —16.6 ppm, respectively) remained unchanged
and 'H NMR spectra demonstrated the absence of resonances
corresponding to Mel. The spectroscopic studies implied the
reaction of the acids with the EtZn-amidate moiety of 7a rather
than the Zn(CH,l), carbenoid to give RCO,Zn-amidates
represented by 8a in eq 9. We deduce that changes to the

_ Path B _ Path A _
Boc— RCOZH Boc’N RCOZH Boc’N
0.5 equiv 0.5 equiv
[¢] NH-Zn-Et 76 O~ "NH-Zn-Et O~ "NH-Zn-0,CR
7a - Mel 7a -EtH 8a

+ RCO,ZnCH,! *+ Zn(CHal), *+ Zn(CHal), 9)

nature of the directing group or the aggregation state of the
zinc amidate account for the changes observed in the
performance of the reaction (egs 10 and 11).

8a + Zn(CH,I), — cyclopropane + IZnCH,]I (10)
8a + IZnCH,I — cyclopropane + Znl, (11)

In the course of these studies, we also discovered a noticeable
increase of the initial rates and diastereoselectivities when the
AcOEt solvent was marginally wet. Varying levels of moisture
appeared to correlate with a lack of reproducibility suggesting
that the reaction of Et,Zn with water during the formation of
zinc amidate 7a influenced the outcome of the cyclo-
propanation. A study of the tolerance of the cyclopropanation
for moisture indicated that, in the reaction with 2.1 equiv of
Et,Zn and 2.1 equiv of CH,I,, the rates improved within a
range of 0.05—0.2 equiv of water, leveled off at ca. 0.2 equiv,
and decreased slightly with 0.4 equiv of water. The acceleration
of reactions mediated by Et,Zn in the presence of catalytic
amounts of water has been attributed to the formation of ZnO
complexes**> that can transform the structure of the
reactants,***$catalyze the cyclopropanation acting as Lewis
acids,”®**” or both. We obtained indirect support for the
catalytic capacity of related Lewis acidic species by monitoring
the cyclopropanation rates in the presence of ZnO. Although
the poor solubility of ZnO in the reaction medium prevents a
rigorous analysis of the kinetic profile, its presence eliminated
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Figure 7. (a) Plot of conversion versus time for the cyclopropanation of 7a (0.24 M) with Zn(CH,I), (0.26 M) at 20 °C in the presence of various
additives: (A) no additive; (B) 0.2 equiv AcOH; (C) 0.2 equiv TEA; (D) 0.2 equiv H,O; (E) 0.2 equiv TFA and 0.2 equiv H,O. (b) Plots of the syn/
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the induction period to afford rates that were superior to those
observed with AcOH, TFA, or water (curve C, Figure 8a). In
addition, the diastereoselectivities changed with the course of
the reaction and reached the highest values measured for the
cyclopropanation (dr ~ 60:1, curve C, Figure 7b). The results
are in reasonable accord with the catalytic properties of ZnO**
and can offer an explanation to the accelerating effect of water
as far as Et,Zn forms related ZnO complexes under the reaction
conditions. Clearly, however, the superior rates measured in the
presence of ZnO (e.g., the initial rates analysis of curves A and
C in Figure 8a provides a k,q ~ 10) and the limited window of
benefit observed within a range of water equivalents forewarn
of mechanistic complexity.

Given the improved kinetic profiles and conversions
obtained with the introduction of acidic additives and water,
further screening of acid and water loadings identified optimal
conditions that resulted in the use of 0.2 equiv of water prior to
the addition of Et,Zn and 0.5 equiv of TFA after the formation
of the Zn(CH,I), carbenoid (entry 6, Table 1). These
conditions curbed the induction period, afforded high yields
and selectivities, and provided levels of reproducibility that
could not be accomplished in the absence of the additives. As a
result, they were chosen to implement the cyclopropanation of
1a on scale (Scheme 4, see Experimental Section).

Scheme 4. Optimized Cyclopropanation of Dihydropyrrole
1a

1. H,0O (0.2 equiv)
CHal, (2.1 equiv)

-10°C
2. Et;Zn (2.1 equiv)
- 0°C 70%
Boc— ———— BocN isolated yield
3. TFA (0.5 equiv) >99:1 dr
O NH2 _10 OC to 16 OC O NH2
1a 2

H CONCLUSION

The development of a scalable route to prepare L-cis-4,S-
methanoprolinamide (2) resulted in the formulation of a robust
process that delivered superior yields and diastereoselection.
Early steps were revised to preserve the configuration of the
stereochemically labile starting material 4, and facilitate the
manufacturing process by introducing a sustainable crystalline
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form of carboxylate 5 (Scheme 2). Of central importance to the
process was the mechanistic evaluation of the cyclopropanation
of dihydropyrrole 1a, which identified the need to circumvent a
problematic induction period. Kinetic and structural studies
supported a scenario characterized by the coexistence of at least
two reaction pathways. At the onset, Zn(CH,I), is the major
cyclopropanating species and promotes a slow reaction with
moderate diastereoselectivity. As the reaction proceeds, the
reaction becomes faster and more diastereoselective. The
mechanistic transition is associated with an underlying Schlenk
equilibrium that favors the more reactive cyclopropanating
reagent IZnCH,I. Computational studies depicted a methylene
transfer characterized by the Sy2-like attack of the alkene to the
carbenoid followed by ring closure and departure of the IZnR
group (R = —CH,I or —I). Faster and more diastereoselective
cyclopropanations mediated by IZnCH,I originate from a
selective stabilization of the syn transition structures relative to
the corresponding ground states. Presumably, simultaneous
coordination of the Lewis basic zinc amidate to the Lewis acid
IZnCH,] reagent and the Znl, leaving species in the transition
state is favored relative to the coordination of the zinc amide to
the Zn(CH,I), reagent and the IZnCH,] leaving group.
Experiments originally intended to study the consequences
of modifying the structure of the Zn(CH,I), carbenoid by
adding Bronsted acids revealed even greater levels of
complexity. In particular, the addition of TFA and water
provided a practical acceleration by modifying the structure of
the zinc amidate and forming zinc oxo-complexes, respectively.
In a research area infused with new zinc carbenoid-based
reagents, these results indicate that changes in the structure of
the substrate or the nature of the organozinc components can
also lead to sizable improvements. Structural evidence for the
aggregation of zinc amidate 7a in solution as well as kinetic
support for the occurrence of an aggregate-based cyclo-
propanation suggest plausible scenarios in which the addition
of Lewis acidic zinc salts may not only catalyze the putative
cyclopropanation transition states but also affect Schlenk-type
equilibria and aggregation pathways at the ground state level.
More than 50 years after the seminal reports by Simmons
and Smith on the diastereoselective cyclopropanation of allylic
alcohols,* advances in mechanistic understanding continue to
expose the complexities of a substrate-controlled reaction that
is moisture-sensitive and has a propensity for ligand exchange,
aggregation, and equilibration effects. Although studies on the
substrate-directed cyclopropanation of allylic amines and
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amides are less common, the general trends exhibited by allylic
alcohols seem to apply: rates and selectivities arise from a
diverse array of competing mechanisms that are strongly
influenced by reaction conversion. The uncertainty lurking in
the background of these processes contributes to the challenges
encountered in their scaleup and demands greater diligence in a
manufacturing setting where process robustness is compulsory.
The studies reported herein provided a foundation to improve
the performance and reproducibility of a zinc carbenoid-
mediated cyclopropanation. Perhaps more importantly, these
studies underscore the need to gain fundamental understanding
of even the most generic transformations if robustness and high
reproducibility is our goal.

B EXPERIMENTAL SECTION

General Information. AcOEt and toluene >99.8% pure by GC
analysis were dried over molecular sieves and their water contents
determined by coulometric Karl Fischer titration (H,O <0.005%).
Et,Zn stock solutions in toluene were titrated for active base using
literature methods.*® CH,I, and CD,I, >99.0% pure were filtered
through carbon a pad (zeta pad R30SPG60) and used immediately. All
the materials were manipulated under nitrogen using standard vacuum
line and syringe techniques.”" All reactions were performed under an
inert atmosphere of dry nitrogen in 20 mL oven-dried vials fitted with
TFE septa. Gas-tight syringes were used to transfer moisture-sensitive
solutions. Reaction samples quenched with 0.05% TFA in ACN were
analyzed on a HPLC system equipped with a C18 column (4.6 X 150
mm) and a SPD-20A/20AV UV-VIS detector. '"H NMR and *C NMR
spectra were recorded on a 400 MHz spectrometer in CDCI; unless
stated otherwise. Chemical shifts for 'H and *C NMR spectra are
reported in parts per million downfield from TMS. NMR data are
represented as follows: chemical shift (5, ppm), multiplicity (s =
singlet, d = doublet, t = triplet, m = multiplet, bs = broad signal),
coupling constants (J, Hz), and integration. Infrared spectra were
obtained in CH,Cl, using a ReactIR fitted with a Sentinel probe within
a spectral range of 4000—650 cm™".

Preparation of Lithium (25)-1-(tert-Butoxycarbonyl)-2,3-
dihydro-1H-pyrrole-2-carboxylate (5b). A solution of ester 4"
(6.0 g, 24.8 mmol) in i-PrOH (24 mL) and 4 N aqueous LiOH (6.6
mL) was heated to 50 °C for 3 h. After cooling the mixture to rt, it was
filtered and concentrated via vacuum distillation to 23.0 mL while
maintaining the temperature below 45 °C. Toluene (50 mL) and i-
PrOH (9 mL) were added, and the mixture was concentrated to 35
mL following the same protocol as before. i-PrOH (6.5 mL) and water
(0.4 mL) were added to the resulting slury, and the mixture was aged
for 1 h at 40 °C. The mixture was then diluted with n-heptane (20
mL), cooled to 0—S5 °C over 2 h, and aged for 2 h at the same
temperature. The precipitate formed was collected, washed with a
mixture consisting of i-PrOH and n-heptane (1:8, vol/vol), and dried
in vacuo to provide a white solid (3.54 g, 65%); mp 117 °C (DSC); IR
(DMSO) 1698, 1625 (C=0) cm™'; '"H NMR (400 MHz, DMSO-dj;
major rotamer) 5: 6.44 (bs, 1H), 4.83 (bs, 1H), 4.12 (dd, ] = 12.5, 5.3
Hz, 1H), 2.81 (m, 1H), 2.60 (m, 1H), 1.39 (s, 9H); *C NMR (400
MHz, DMSO-d; mixture of rotamers) &: 175.4, 152.2, 150.9, 129.8,
106.1, 105.7, 78.8, 78.5, 60.2, 59.8, 35.7, 34.6, 28.1. Anal. Calcd for
C1oH,,LINO,-H,0: C, 50.64; H, 6.80; Li, 2.93; N, 5.91. Found: C,
5031; H, 7.05; Li, 3.17; N, 6.24.

Preparation of (25)-2-Carbamoyl-2,3-dihydropyrrole-1-car-
boxylic Acid tert-Butylester (1a). Lithium carboxylate Sb (2.7 g,
12.5 mmol), CDI (5.1 g 31.2 mmol), and AcOEt (27 mL) were
charged to a round bottomed flask under nitrogen. The resulting
mixture was cooled to 8 °C and stirred at the same temperature for 15
min. At this point, TFA (1.4 g, 12.5 mmol) was charged over 1 h
keeping the temperature below 12 °C to minimize racemization and
control CO, evolution. After aging for 1 h at 8 °C, formation of the
intermediate acyl imidazole 6b was confirmed by HPLC. The light
brown mixture was cooled to 0—5 °C and an aqueous solution of
NH,OH (28 wt %, 2.4 g, 18.7 mmol) was added in less than 10 min

6240

while maintaining the reaction temperature at 0—20 °C. Thirty
minutes after the addition of NH,OH, the mixture was cooled to —5—
0 °C and an aqueous solution of citric acid (56.2 mmol) was charged
maintaining the temperature below 10 °C. After stirring for 15 min at
10 °C, the layers were separated, the aqueous layer was extracted with
AcOEt, and the organic layers were combined. The combined organic
extract was sequentially washed with citric acid in water (6.2 mmol),
TMEDA (18.7 mmol), aqueous NaOH (0.5 N, 2 vol), and aqueous
NaCl (25 wt %, 4 vol). The organic layer was distilled (ca. 25—30 °C,
100 mbar) to a volume of ca. 10 mL, filtered through a G-60 charcoal
cartridge and further distilled to ca. 4.6 mL. Crystallization by addition
of antisolvent cyclohexane in 2 portions of 7.8 g and seeding at 25 °C
afforded a slurry that was cooled to 0—5 °C and held for 4 h. The
slurry was filtered and rinsed with a mixture of AcOEt in cyclohexane
(10 vol %) to afford dihydropyrrole la as a tan solid (1.75 g, 70%
yield, 99% ee). IR (DMSO) 3500 (NH,), 1702, 1675 (C=0) cm™;
'"H NMR (400 MHz, DMSO-dg; major rotamer) &: 7.38 (s, 1H,
H,NCO), 6.98 (s, 1H, H,NCO), 6.51 (bs, 1H, 5-H), 4.96 (bs, 1H, 4-
H), 4.37 (dd, J = 11.5, 5.0 Hz, 1H, 2-H), 2.93 (m, 1H, 3-H), 2.44 (m,
1H, 3-H), 1.38 (s, 9H, (CH,);0CO); *C NMR (400 MHz, DMSO-
d; mixture of rotamers) &: 173.4, 173.0, 151.2, 150.8, 129.9, 129.8,
105.8, 79.7, 79.5, $8.5, 582, 35.9, 34.7, 28.0, 27.9; HRMS (ESI-
QTOEF) calculated for C;H;;N,0; [M + H'] 213.1239; found
213.124S.

Preparation of (1S, 3S, 55)-3-(Aminocarbonyl)-2-azabicyclo-
[3.1.0]hexane-2-carboxylic tert-butylester (2). Dihydropyrrole 1a
(12.0 g, 56.6 mmol) was dissolved in AcOEt (120 mL) in a round
bottomed flask purged with nitrogen. CH,1, (31.8 g, 119 mmol) was
charged to the flask followed by water (0.18 g, 10.0 mmol) and the
resulting mixture was cooled to —10 °C. Et,Zn (15 wt % in toluene,
97.8 g, 119 mmol) was slowly added over 1 h while maintaining the
temperature between 0 and —10 °C, and the reaction was held with
agitation between 0 and —10 °C for 45 min. Then, a solution of TFA
(322 g, 0.5 equiv) in toluene (10 g) was added over 10 min while
maintaining the batch temperature between 0 and —10 °C. The
reaction was warmed to 16 °C over 1 h and held for at least 30 min
prior to quenching. A quench slurry consisting of disodium EDTA (31
g) in water (180 g) was prepared in a second flask at 15 °C and the
reaction was transferred into the quench solution maintaining the
internal temperature below 23 °C. Following the quench, the pH of
the solution was brought to 6—6.5 by dosing 1 N NaOH. The
quenched reaction was then heated to 50 °C, the agitation was
stopped, and the solution was allowed to settle over 30 min before the
bottom layer was removed. The aqueous layer was extracted with
AcOEt (119 mL) and combined with the rich organic layer. Water (12
g) was added to the combined organic layers followed by TMEDA
(3.3 g). The resulting biphasic solution was agitated for 15 min prior
to separating the bottom layer to waste. An aqueous solution of NaOH
(0.5 N, 11 g) was added to the mixture and agitated for 15 min prior
to the addition of aqueous NaCl (25 wt %%, 11 g). The mixture was
agitated for 15 min, allowed to settle for at least 30 min, and the
bottom layer was separated to waste. The reaction was then distilled
under vacuum to 72 mL, and i-PrOH (82 g) and water (54 g) were
added to the reactor. The mixture was concentrated to 72 mL under
vacuum, and the resulting slurry was heated to 65 °C for 30 min
followed by a 2 h cooling ramp to 20 °C. After holding for 60 min at
20 °C, the batch was then cooled to 0—5 °C over 2 h and held for at
least 6 h. The slurry was filtered, and the cake was washed with a
mixture of i-PrOH (3.4 g) and water (24 g) kept at 0—5 °C. The cake
was washed with +-BuOMe (12 g X 2) at the same temperature and
dried under vacuum at S0 °C with a nitrogen sweep to afford L-cis-4,5-
methanoprolinamide 2 as a white solid (9.0 g, 70% yield, >99.8% ee).

IR Experiments. IR spectra were recorded using a ReactIR
spectrometer fitted with an 18-bounce silicon-tipped probe. The IR
probe was inserted through a nylon adapter and TFE O-ring seal into a
Schlenk flask fitted with a magnetic stir bar. After the flask was heated
under vacuum and flushed with nitrogen, background and solvent
reference spectra were recorded at 0 °C. The solvent was removed via
syringe, the flask was heated and dried under vacuum, and a solution of
dihydropyrrole 1a in dry AcOEt was transferred via syringe to the IR
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vessel and cooled to 0 °C in a thermostated bath for 30 min. Following
an initial period of signal stabilization, spectra were recorded every 30 s
at a gain of 1 and a resolution of 4 cm™ over the course of the
reactions with Et,Zn (1.1 M in toluene) or Zn(CH,I), (0.64 M in
AcOEt-toluene).

Kinetics. A solution of zinc amidate 7a containing anhydrous o-
xylene (0.041 M) as an HPLC standard was charged to an oven-dried,
nitrogen-flushed 20 mL reaction vial fitted with a TFE septum and a
stir bar. The vial was brought to the desired temperature using a
thermostated bath (+£0.2 °C), and the reaction was initiated by rapid
injection of a stock solution of Zn(CH,I), (0.64 M in AcOEt-toluene)
under a positive pressure of nitrogen.51 Aliquot portions (0.1 mL)
were periodically taken and quenched with 1:1 H,0-ACN (1 mL) at
intervals chosen to ensure an adequate sampling of the first 0—15%
conversion, and analyzed using HPLC. The reactions were monitored
by following the decay of the substrates and the formation of products
relative to the internal o-xylene standard. Following the formation of
the products afforded initial rates that were equivalent to those
obtained by monitoring substrate decays within +10%. The rates
depicted in Figure 4 represent the average of two runs as determined
using nonlinear least-squares analysis. The rates were reproducible
within +10%, and the errors reported in Supporting Information
correspond to one standard deviation.
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