
Kinetic and Mechanistic Insight into the Thermodynamic
Degradation of Saxagliptin
G. Scott Jones,* Scott A. Savage, Sabrina Ivy, Patrick L. Benitez,† and Antonio Ramirez

Chemical Development, Bristol−Myers Squibb Company, One Squibb Drive, New Brunswick, New Jersey 08903, United States

*S Supporting Information

ABSTRACT: The dipeptidyl peptidase-IV inhibitor saxagliptin (Onglyza)
can undergo a thermodynamically favored cyclization to form the
corresponding cyclic amidine. The kinetics and mechanism of this conversion
were examined to develop a commercial synthesis that afforded saxagliptin
with only trace levels of this key byproduct. Important findings of this work
are the identification of a profound solvent effect and the determination of an
autocatalytic pathway. Both of these phenomena result from transition
structures involving proton transfer.

Dipeptidyl peptidase-IV (DPP-IV) inhibitors are an
important new class of oral hyperglycemic medications.

2-Cyano pyrrolidine derivatives such as saxagliptin1 (1) have
been studied extensively for activity as DPP-IV inhibitors
because of the enzyme’s specificity for substrates with an
amino-terminal proline. However, many members of this
chemotype suffer from chemical instability, rendering them
impractical for drug development because of an inherent
inability to be synthesized or formulated at the scales required
for commercial pharmaceutical manufacturing.2 As demon-
strated in Scheme 1, these compounds are prone to undergo
cyclization, whereby the N-terminal amine attacks the nitrile,
forming inactive cyclic amidines or their diketopiperazine
hydrolysis products.
In the case of saxagliptin, substantially increased stability was

designed into the molecule via side-chain bulk with an
adamantyl group as well as by addition of the methano-bridge
on the proline moiety.3 Although these structural modifications
address the cyclization issue effectively from a physiological
perspective,4 minimizing the formation of the cyclic amidine 3
impurity remained the primary challenge of designing a process
to synthesize pure 1 on a commercial manufacturing scale.5

This paper discusses the roles of protic solvents and
autocatalysis in the cyclization of 1 to 3 and the related
development of a kinetic model that was utilized to guide
process development.
The cyclization reactions were monitored by HPLC analysis

of reaction streams, and the concentration of species 1, 3, and 4
was determined by direct comparison to fully characterized
samples prepared independently. Unless otherwise noted, all
experiments utilized pure 1, containing <0.1% of amidine 3 and
no diketopiperazine 4. As saxagliptin is isolated as the
crystalline monohydrate,5 a molar equivalent of water was
present in all solutions, and thus the relatively slow hydrolysis
of 3 to 4 was observed during reactions. The reported rate
constants and activation energies were regressed from the
concentration profiles of species 1, 3, and 4 using the
commercially available software, DynoChem.

With regards to cyclic amidines 2 and 3, it is worth noting
that standard solution reaction conditions afford exlusively
epimer 3. The body of evidence supports Scheme 1, namely,
that rate-limiting cyclization occurs first, followed by rapid
epimerization. First, monitoring the reaction in the solid state,
where the rate of epimerization of 2 is reduced, revealed the
transient presence of intermediate 2, which subsequently
converted to epimer 3.6 Second, the nitrile epimer of 1 was
observed to cyclize to 3 at a rate that was indistinguishable from
the rate of saxagliptin (1) cyclization.7 Finally, the proton alpha
to the amidine in 3 readily exchanges with deuterium in D2O
solutions, whereas a similar exchange does not occur at this
position for solutions of saxagliptin (1) in D2O. Together, these
data support the proposed mechanism in Scheme 1 and serve
as evidence against an alternative mechanism, in which rate-
limiting epimerization of saxagliptin (1) is followed by rapid
cyclization to amidine 3. The hydrolysis of amidine 3 to
diketopiperazine 4 occurs in the presence of water and is not
critical to understanding the mechanism and kinetics of the
cyclization but is presented here for completeness.
The initial rates for the formation of 3 were monitored in the

process solvents isopropanol (i-PrOH), dichloromethane, and
ethyl acetate at 40 °C and [1] = 0.04 M. Under these
conditions, the cyclization displays a clean first-order depend-
ence on saxagliptin concentration. The studies showed that the
cyclizations in i-PrOH were 5-fold faster than the cyclizations in
ethyl acetate and 3-fold faster when compared to dichloro-
methane. Further examination revealed that the rates correlated
well with the solvent’s propensity to participate in proton
transfer reactions, namely, (a) the solvent’s pKs, where Ks is the
autoprotolysis equilibrium constant of the protic or protogenic
solvent, and (b) the solvent’s proton affinity, which represents
the solvent’s absolute gas phase basicity (Figure 1).8
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To ascertain the participation of i-PrOH in the reaction
coordinate and its role in the manufacturing process, we carried
out proton inventory studies by monitoring the kinetic isotope
effect, kn/k0, as a function of the mole fraction of i-PrOD in i-
PrOH, n, at 40 °C and [1] = 0.04 M. The Gross−Butler
equation was employed for purposes of evaluating the results
(eq 1).9 The polynomial fit of the experimental data to a
derived form of eq 110 (Figure 2) reveals a number of insights
about the reaction of interest. First, a normal kinetic isotope
effect kH/kD ∼ 3 indicates that a proton transfer involving i-
PrOH is indeed rate limiting. Second, the curvature of the line
that fits the data (solid line in Figure 2) provides insight into
the number of protons involved in the transition state.9,11 If
only a proton from the amine group in 1 was transferred in the

transition state, the rates would vary linearly with deuterium
content (dashed line in Figure 2). The fact that the data are
best fit with a quadratic implies that two protons are moving in
the transition state. Solving the quadratic equation that best fits
the data in Figure 2 gives two fractionation factors Φ1

TS ∼ Φ2
TS

∼ 0.55. The Φi
TS values and the overall kinetic isotope effect

reported here are in line with proton inventories reported by
others for two simultaneous proton transfers.9,11

(1)

The simplest and most general transition state that is
consistent with the experimental observations is transition

Scheme 1. Undesirable Conversion of Saxagliptin to Amidine and Diketopiperazine Byproducts

Figure 1.Measured rate constant versus solvent’s (a) pKs, where Ks is the autoprotolysis equilibrium constant of the protic or protogenic solvent and
(b) proton affinity.

Figure 2. Plot of relative rate versus deuterium atom fraction.
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structure 5a. A search for transition structures with DFT
calculations at the B3LYP/6-31+G(d)/PCM12 level using
MeOH instead of i-PrOH and a model substrate (R = t-Bu)
for simplification afforded stucture 5b, which displays a double
proton transfer between the alcohol solvent and the 2-cyano
pyrrolidine with concomitant N−CN bond formation. The
calculations overestimate the ΔG‡

298 value for 5b (149 kJ/mol)
relative to the experimental results shown in Table 2 but are in
qualitative agreement with the higher stabilization imparted by
the autocatalytic pathway (vide infra).13

Interestingly, monitoring the formation of 3 at higher
temperatures and concentrations of 1 in i-PrOH (i.e., 75 °C
and [1] = 0.85 M) afforded a sigmoidal profile instead of the
exponential shape expected for a first-order dependence in
substrate. The sigmoidal profile suggested the existence of
autocatalysis, which was supported by kinetic modeling
demonstrating that the best fit required an autocatalytic
component in amidine 3 (Figure 3a). The simple three-
reaction model is shown in Table 1. At the maximum
concentration of amidine 3, the rate of the autocatalytic
pathway is approximately 20-fold greater than the unimolecular
conversion of 1 to 3. To further support the autocatalysis
hypothesis, a series of reactions was conducted, in which
increasing amounts of cyclic amidine 3 were spiked into a 0.375
M solution of 1 in i-PrOH at 75 °C. Analysis of the initial rates
from these reactions confirmed that the cyclization rates are
directly proportional to the initial concentrations of amidine 3
(Figure 3b). Taken together, these data unequivocally
demonstrate autocatalysis as a key factor in the decomposition
of 1 at high concentrations and temperatures.

Two hypotheses were considered as possible explanations for
the autocatalysis. First, a simple change in the concentration of
basic species during the reaction might be responsible for the
increasing rates of cyclization.14 Alternatively, amidine 3 could
promote a double proton transfer transition state such as 6a
analogous to transition state 5a. Similar complexes have been
proposed in the 2-pyridone catalyzed mutarotation of
tetramethyl glucose,15 the lactim−lactam tautomerism of 2-
pyridone,16 and the reactions of various amidines.17

To investigate the two scenarios, we examined the effect of
additives morpholine (7) and 2-aminothiazoline (8) upon the
cyclization rates. The pKa values for the conjugated acids of 7
and 8, 8.3 and 8.7 respectively, are similar to that of amidine 3
(8.3),18 but 7 and 8 differ in their capacity to mediate proton
transfer-based transition states akin to 6a. Interestingly,
addition of 0.1 equiv morpholine (7) resulted in rates
comparable to those measured in the absence of additive,
whereas addition of 0.1 equiv 2-amino-2-thiazoline (8) afforded
faster rates that reproduced those measured in the presence of
0.1 equiv amidine 3 (Figure 4). The excellent agreement
between the amidine- and thiazoline-spiked experiments and
the absence of any effect in the morpholine-spiked reaction

Figure 3. (a) Representative concentration profiles for the cyclization of saxagliptin ([1] = 0.85 M in i-PrOH at 75 °C). (b) Plot of initial cyclization
rates versus concentration of amidine 3 ([1] = 0.375 M in i-PrOH at 75 °C).

Table 1. Rate Equations Corresponding to Figure 3a

reaction rate expression rate constant

1 → 3 k [1] 0.002 1/h
1 + 3 → 3 + 3 k [1] [3] 0.158 L/mol·h
3 + H2O → 4 + NH3 k [3] [H2O] 0.068 L/mol·h
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support the participation of the amidine functionality as
proposed in transition structure 6a. A simplified transition
structure 6b (R = t-Bu) could be located using DFT
computations at the B3LYP/6-31G+(d)/PCM level.12 6b
displays a double proton transfer between the 2-cyano
pyrrolidine and the amidine with simultaneous formation of
the incipient N−CN bond. The calculations predict a ΔG‡

298
value of 96 kJ/mol for the autocatalytic transition state 6b,
which is fairly close to the experimental estimate of 82 kJ/mol
presented in the following section.

The goal of this work was to improve our ability to control
the undesired formation of 3 during the synthesis of saxagliptin.
It is worth noting that even in i-PrOH, the rate of the undesired
conversion is rather slow. However, within the context of the
long processing times encountered in commercial manufactur-
ing and the stringent purity requirements of an active
pharmaceutical ingredient, even such relatively slow con-
versions require detailed understanding. The cyclization kinetic
studies represent ideal systems, using very pure starting
materials and single-solvent reaction matrices that did not
change in time. Despite the fact that these conditions are
somewhat removed from those encountered in the commercial
manufacturing process, the knowledge gained in these studies
formed the foundation of a kinetic model for the commercial
process.
In the commercial process, the unit operation that required

the greatest understanding to minimize the cyclization was the
distillation, or concentration, that took place following the
formation of 1. This operation was of particular interest
because a number of parameters with potential to influence
cyclization kinetics (i.e., temperature, solvent composition, and
concentration) change in time as the operation proceeds. A set
of experiments was undertaken to determine the influence of
these parameters on the rate of cyclization during the
concentration. Samples of the processing stream were taken
at the beginning, middle, and end of the concentration,
representing discrete conditions encountered in the manufac-
turing process. Each stream was further subdivided and held at
different temperatures in order to monitor the cyclization rate

and obtain activation energies from the rate constants.19 The
experimental data across these conditions and in time were well
represented by the two simple rate expressions shown in Table

2. Consistent with transition states 5 and 6, both rate
expressions involve bimolecular interactions between 1 and i-
PrOH20 or between 1 and 3, respectively. As demonstrated by
the parity plot shown in Figure 5, the simple model based on
the mechanistic studies described here does an excellent job of
predicting reaction performance in the commercial manufactur-
ing process.
In summary, amidine 3 was the key impurity that required

control during process development of the DPP-IV inhibitor
saxagliptin. Amidine 3 is formed by a cyclization of saxagliptin
that involves a double proton transfer. Hydrogen bonding and
proton transfer in the transition state are important aspects of
both the uncatalyzed and the autocatalytic routes to amidine 3.
Detailed understanding of these factors played an essential role
during the development of a robust commercial manufacturing
process for saxagliptin.

■ EXPERIMENTAL SECTION
(1aS,4S,6aR,7aS)-4-((1R,3R,5R,7S)-3-Hydroxyadamantan-1-

yl)-6-iminohexahydro-1H-cyclopropa[4,5]pyrrolo[1,2-a]-
pyrazin-3(1aH)-one (3). A mixture of saxagliptin (1, 66.6 g, 200
mmol) and n-BuOH (250 mL) was stirred at 90 °C. Then, n-BuOAc
(350 mL) was added to the resulting suspension, and the mixture was
heated to reflux until a pale yellow solution was obtained. To remove
water from the mixture, 120 mL of n-BuOH/n-BuOAc azeotrope were
collected and discarded. After 3 h at reflux, the amidine 3 started to
precipitate out. The suspension was refluxed for 5 h, cooled to rt, and
stirred for 16 h at rt. The mixture was filtered, and the filter cake was
washed with EtOAc (200 mL) and dried with suction. The crude
material (44.6 g) was dissolved in i-PrOH (900 mL) at reflux, and the
solution was polish filtered hot. The solution was concentrated at
atmospheric pressure to ca. 300 mL to afford a suspension that was
cooled to rt and filtered with suction. The solid was washed with i-
PrOH (150 mL) and dried under vacuum (∼3 mmHg, 55−60 °C) to
constant weight for 1 h to yield the desired amidine 3 as white crystals
(24.2 g, 38.4%): mp > 209.7 °C; 1H NMR (300 MHz, MeOH-d4) δ

Figure 4. Molar conversion versus time for spiking experiments comparing additives: amidine 3, thiazoline 8, morpholine 7, with a control
experiment with no additive.

Table 2. Rate Equations Corresponding to Figure 5

rate expression Ea (kJ/mol) ΔG‡
298 (kJ/mol)

k [1] [i-PrOH] 60 98
k [1] [3] 49 82
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0.77 (m, 1H), 0.83 (dd, J = 10.5, 6.0 Hz, 1H), 1.47−1.70 (m, 11H),
2.03 (m, 1H), 2.16 (br s, 2H), 2.52 (m, 1H), 3.56 (br s, 1H), 3.89 (br
t, J = 7.5 Hz, 1H), 4.08 (ddd, J = 6.0, 6.0, 3.0 Hz, 1H); 13C NMR (75
MHz, CDCl3) δ 7.9, 12.1, 31.8, 32.3, 35.2, 36.5, 39.1, 45.0, 45.2, 47.4,
53.7, 69.2, 70.9, 160.9, 168.9; HRMS calculated for C18H26N3O2 [M +
H+] 316.2025, found 316.2029.
Isolation of (1aS,4S,6aS,7aS)-4-[(1R,3R,5R,7S)-3-Hydroxyada-

mantan-1-yl]-6-iminohexa-hydro-1H-cyclopropa[4,5]pyrrolo-
[1,2-a]pyrazin-3(1aH)-one (2). A series of saxagliptin (1) tablets
stressed at 50 °C in a stability study were crushed and extracted with
0.1 N HCl. The resulting extract was lyophilized, and amidine 9 was
isolated using semipreparative HPLC: 1H NMR (400 MHz, DMSO-
d6) δ 0.42 (ddd, J = 5.0, 5.0, 2.5 Hz, 1H), 1.06 (ddd, J = 8.3, 5.0, 5.0
Hz, 1H), 1.45−1.70 (m, 10H), 1.60−2.00 (m, 2H), 1.77 (m, 1H), 1.96
(ddd, J = 13.3, 8.7, 2.0 Hz, 1H), 2.12 (br s, 2H), 2.76 (ddd, J = 13.3,
7.9, 7.9 Hz, 1H), 3.35 (m, 1H), 3.74 (br s, 1H), 5.20 (t, J = 7.9 Hz,
1H), 8.62 (s, 1H), 9.18 (s, 1H), 9.38 (s, 1H); 13C NMR (100 MHz,
CDCl3) δ 14.8, 21.0, 31.2, 36.3, 60.7, 61.3, 66.4, 163.5, 164.6; HRMS
calculated for C18H26N3O2 [M + H+] 316.2025, found 316.2035.
(1aS,4R,6aR,7aS)-4-[(1S,3S,5R)-3-Hydroxyadamantan-1-yl]-

tetrahydro-1H-cyclopropa-[4,5]pyrrolo[1,2-a]pyrazine-3,6-
(1aH,6aH)-dione (4). A suspension of amidine 3 (12.5 g, 40 mmol)
in water (125 mL) was stirred at 85 °C in a flask equipped with a
bubbler to allow the escape of ammonia formed by the reaction. After
heating the mixture for 1 h, additional water (50 mL) was added. The
suspension was heated for 18 h, at which time LC−MS analysis
indicated that the mixture contained approximately equal proportions
of amidine 3 and diketopiperazine 4. The suspension was then cooled
to rt and filtered. The filtrate containing 4 was evaporated, and the
residue was azeotroped with i-PrOH (1 L). The residue was dissolved
in MeOH (300 mL) and decolorized with 3 g of charcoal. The
resulting suspension was filtered through Celite, and the solvent was
evaporated at reduced pressure to give an off-white solid that was then
dissolved in i-PrOH (350 mL). The solvent was switched at normal
pressure from i-PrOH to EtOAc, and a total of 2 L of distillate was
collected. Diketopiperazine 4 precipitated during the distillation, which
was stopped when the final volume of the suspension reached ca. 300
mL. The mixture was cooled to rt, and the solid was filtered and
washed with EtOAc (50 mL). The collected white solid was dried
under vacuum (2 mmHg, 60 °C) to constant weight for 1 h to afford
the desired diketopiperazine 4 (6.2 g, 50%): mp 260−261 °C; 1H
NMR (300 MHz, MeOH-d4) δ 0.79 (m, 1H), 0.84 (dd, J = 9.0, 6.0 Hz,
1H), 1.45−1.72 (m, 11H), 2.16 (m, 1H), 2.21 (br s, 2H), 2.42 (dd, J =
13.5, 7.5 Hz, 1H), 3.48 (br s, 1H), 4.01 (m, 2H); 13C NMR (75 MHz,
CDCl3) δ 8.4, 12.6, 31.6, 36.1, 38.6, 44.2, 45.0, 47.0, 55.6, 67.2, 69.0,
165.4, 171.7; HRMS calculated for C18H25N2O3 [M + H+] 317.1865,
found 317.1865.
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