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Conversion of anR,R-dichloroester to the corresponding
R-keto acid was unexpectedly complicated by a novel 1,4-
homofragmentation. Investigation of the kinetics of this
reaction revealed a mechanism involving anR-lactone
intermediate, which can lead to both the desiredR-keto acid
and the 1,4-homofragmentation, with the product distribution
being dependent upon reaction conditions. This information
allowed development of a process that affords theR-keto
acid exclusively and should be generally applicable to the
preparation ofR-keto acids fromR,R-dichloroesters or acids.

Saxagliptin1 is a highly potent, long-acting dipeptidyl pep-
tidase IV inhibitor currently undergoing clinical trials for the
treatment of type 2 diabetes mellitus. In an improved process2

for the preparation of saxagliptin, the adamantylglycine fragment
is prepared by an enzyme-mediated, asymmetric reductive
amination ofR-keto acid1 (Scheme 1). The preparation of
substantial quantities of1 required the development of an
efficient, cost-effective, and scalable synthesis.

Lewis acid-mediatedR-tert alkylation of the tris-silylated
form of glycolic acid2 with 1-bromoadamantane, as reported
by Reetz and Heimbach,3 provides3, which could be used for
the synthesis of1 (Scheme 2). However, conversion of3 to 1
would require esterification, oxidation of the hydroxyl group,
hydroxylation of the adamantane ring, and finally, ester hy-

drolysis. Three of these four steps involve protection/deprotec-
tion or oxidation state manipulation, and thus this route was
considered inefficient for large-scale work. The ZnCl2-promoted
addition of 1,2-diethoxy-1,2-bis(trimethylsiloxy)ethylene to
tertiary alkyl halides4 provides a more direct route toR-keto
esters but, unfortunately, did not appear particularly suitable
for large-scale work.5 The hydrolysis ofR,R-dichloroesters or
acids to the correspondingR-keto acids has been reported in
several isolated examples and generally requires relatively harsh
conditions.6 Nevertheless, the recent report of Imashiro and
Kuroda7 on the preparation ofR,R-dichloroketene silyl acetal
4 from inexpensive starting materials [methyl trichloroacetate,
zinc powder, and chlorotrimethylsilane (TMSCl)] prompted our
investigation into the use of4 as a means to directly introduce
the side chain at the oxidation state of anR-keto ester. With
modifications8 of the literature procedure,4 was prepared and
could be used without distillation. Treatment of 1-bromoada-
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SCHEME 1

SCHEME 2 a

a Reagents and conditions: (a) ZnCl2 (0.1 equiv), CH2Cl2, rt (92%); (b)
(1) 10 N HNO3, concd H2SO4, 2 to ∼34 °C; (2) EtOAc, H2O, urea (99%
crude, 90% recrystallized); (c) (1) NaOH (1.35 equiv), H2O, MeOH, 5°C
to room temperature; (2) H2O, concd HCl (99%); (d) NaOH, H2O, THF,
65 °C.
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mantane with4 in dry CH2Cl2 in the presence of a catalytic
amount of ZnCl2 gave the desiredR,R-dichloroester5 in
excellent yield. Hydroxylation of the adamantane ring of5,
presumably via a nitronium ion mediated hydride abstraction,9

was readily accomplished by treatment with aqueous HNO3 in
concentrated H2SO4 followed by an aqueous workup containing
urea10 to afford6 in near-quantitative yield.11 Finally, treatment
of 6 with NaOH in aqueous THF at elevated temperature was
expected to afford the desiredR-keto acid1 by hydrolysis of
the ester with concomitant unmasking of the ketone functional-
ity. The desired transformation was accomplished; however, a
significant amount of a byproduct, identified as8, was also
formed.12 The formation of 8 can be viewed as a 1,4-
homofragmentation13 and, to the best of our knowledge, is the
first example of this type of fragmentation to involve an
adamantane ring system. Hydrolysis of5, under similar condi-
tions, gave9 as the sole product in near-quantitative yield and
therefore provides a more practical synthesis of this material.14

Hydrolysis of 6 at room temperature with NaOH in aqueous
MeOH followed by acidification allowed the direct isolation
of R,R-dichloroacid 7 in near-quantitative yield simply by
filtration.15 With 7 in hand, the unmasking of the ketone
functionality could now be investigated separately from the ester
hydrolysis.

Greater insight into the factors affecting the desired hydrolysis
and/or homofragmentation ofR,R-dichloroacid7 was revealed

by study of the effects of base concentration and temperature
in addition to the kinetics of the reaction. The product
distribution varied nonlinearly with base concentration; higher
concentrations resulted in increased amounts of homofragmen-
tation (Figure 1). In 1 N NaOH solution, increasing temperature
resulted in an increased amount of homofragmentation (Figure
2).

The kinetic measurements of the reaction were performed at
71.7 °C and constant ionic strength, obtained by addition of a
nonparticipating salt (NaClO4) as necessary, and followed the
disappearance of7 relative to an internal standard by HPLC
(Table 1). In all reactions, the disappearance of substrate
followed first-order behavior and the rate was independent (zero-
order) of base concentration, even when the product distribution
varied (0.25 vs 1 N NaOH). Addition of a participating salt
(NaCl) resulted in a slower reaction rate (vide infra).

The experimental data presented above are consistent with
the mechanism proposed in Scheme 3 for the hydrolysis of7
to R-keto acid1 and formation of homofragmentation product
8. Formation ofR-lactone11, as a common intermediate, from
sodium salt10 is the rate-determining step with the ultimate
fate of11 dependent upon the reaction conditions. Addition of
water (k2) or hydroxide (k3[NaOH]) to R-lactone11 would be
expected to afford12, which, upon subsequent loss of HCl,
would affordR-keto acid1. However, proton abstraction from
the hydroxyl group of11 by hydroxide (k4[NaOH]) can lead to

(8) In our hands, zinc dust, with or without activation, gave variable
induction periods with the potential for an uncontrollable reaction; however,
zinc flake (-325 mesh, Alfa Aesar), without activation, gave uniformly
reproducible and controllable reactions. We also found that slow addition
of a mixture of chlorotrimethylsilane and methyl trichloroacetate to the zinc
flake in THF allows for an addition-controlled reaction with less potential
for an uncontrollable reaction.
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FIGURE 1. Plot of product ratio (8/1) vs [NaOH] at 70°C. The curve
depicts the results of an unweighted least-squares fit to ratioobs )
a[NaOH]/(1 + b[NaOH]) (a ) k4/k2 ) 0.480, b ) k3/k2 ) 0.104;
Supporting Information).

FIGURE 2. Plot of product ratio (8/1) vs temperature in 1 N NaOH.

TABLE 1. Reaction Rates at 71.7°Ca

base additive k (× 10-4 s-1)

1 N NaOH (42 equiv) none 3.074
0.25 N NaOH (42 equiv) NaClO4 3.050
NaHCO3 (4 equiv) NaClO4 3.044
NaOH (4 equiv) NaCl 2.925

a All reactions were performed at constant ionic strength.
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the homofragmentation product8 as indicated. Under weakly
basic conditions in which this proton abstraction is unlikely,
the formation of 8 should not be observed. As expected,
treatment of7 with NaHCO3 (4 equiv) in water at elevated
temperature resulted in the exclusive formation of the desired
R-keto acid1, and at constant ionic strength, the reaction rate
was equivalent to that observed with a>10-fold amount of
NaOH. This observation obviates an alternative mechanism in
which 1 is formed from11 and8 is formed directly from10.
Thus, strong alkali is unnecessary for the hydrolysis of anR,R-
dichloroacid to anR-keto acid. The slower reaction rate observed
with the addition of NaCl is evidence of reversibility16 between
10 and 11. For the homofragmentation to take place, the
R-lactone must be in a suitable orientation and this is reflected
in the temperature dependency of the product distribution as
increasing temperature should increase the probability of the
orientation required for homofragmentation. From the temper-
ature dependence of reaction rate (kobs) in 1 N NaOH, the
activation enthalpy (∆Hq) and entropy (∆Sq) were calculated
to be 27.8( 0.2 kcal/mol and 5.9( 0.4 cal/mol‚K, respectively,
and these values can reasonably be attributed to the rate-
determining step (k1) of the reaction (Supporting Information).
The liberation of bromide ion from bromoacetic acid has been
shown to involve the formation of the correspondingR-lactone
as the reaction is zero-order with regard to base.17

The product distribution is determined by the steps with rate
constantk4, which yields homofragmentation product8, and rate
constantsk2 andk3, which yield R-keto acid1, in accordance
with eq 1. Thus, the nonlinear dependence of product distribution
versus base concentration (Figure 1) can be explained by
competing parallel reactions involving hydroxide.

With this mechanistic understanding, the hydrolysis of6 can
be performed in a single vessel with proper control of pHand
temperature to affordR-keto acid1 exclusively. Treatment of
6 with NaOH (1.35 equiv) in aqueous THF at ambient
temperature serves to selectively hydrolyze the ester. Subsequent
adjustment of the pH to∼7.4 with HCl and addition of NaHCO3

(2.5 equiv) followed by heating to∼85°C (4-6 h, with removal
of THF by distillation) serves to unmask the ketone moiety.
Acidification with concentrated HCl and extraction with EtOAc
gave the desiredR-keto acid1 in >99% yield. With modifica-
tions to facilitate processing on scale, this chemistry has been
used to prepare>600 kg of high-purityR-keto acid1.

R-Keto acids continue to be of interest for use in the
preparation of chiralR-hydroxy acids andR-amino acids.18 The
alkylation ofR,R-dichloroacetic acid or esters19 in concert with
a milder hydrolysis should allow the preparation of structurally
diverseR-keto acids. The relatively mild conditions described
herein for the conversion of anR,R-dichloroester or acid to an
R-keto acid may allow anR,R-dichloroester to serve as a
protected form of anR-keto acid in more structurally complex
molecules.

Experimental Section

(3-Hydroxytricyclo[3.3.1.13,7]decan-1-yl)oxoacetic Acid (1).To
a suspension of6 (15 g, 51.16 mmol) in THF (30 mL) and water
(30 mL) at room temperature was added 1 N NaOH (69 mL, 69
mmol) over 70 min. After being stirred for 16 h, the mixture was
adjusted to pH 7.4 by the addition of 6 N HCl (2.8 mL), followed
by the addition of NaHCO3 (11.2 g, 0.133 mol). The temperature
of the resulting mixture was slowly (2.5 h) raised to∼85 °C with
removal of THF by distillation. After being heated for 5 h, the
mixture was cooled and acidified to pH 0.2 by careful (CO2

evolution) addition of concentrated HCl (11 mL). The resulting
mixture was extracted with EtOAc while the aqueous phase was
maintained at∼pH 0.2. The organic fractions were combined, dried
(MgSO4), and concentrated in vacuo to give1 as a nearly colorless
granular solid (11.42 g, 99.5%). Recrystallization from water gave
1 as colorless needles: mp 164-165 °C; IR (KBr) 3399, 2933,
2861, 1712, 1689 cm-1; 1H NMR (DMSO-d6, 500 MHz) δ 14.2
(br s, 1H), 4.55 (br s, 1H), 2.16 (s, 2H), 1.74-1.42 (m 12H);13C
NMR (DMSO-d6, 125 MHz)δ 202.5 (C), 166.1 (C), 66.1 (C), 46.9
(C), 44.7 (CH2), 44.0 (CH2), 35.9 (CH2), 34.6 (CH2), 29.4 (CH).
Anal. Calcd for C12H16O4: C, 64.27; H, 7.19. Found: C, 64.42; H,
7.04.

Dichlorotricyclo[3.3.1.13,7]decan-1-ylacetic Acid Methyl Ester
(5). To a suspension of zinc flake (100.4 g, 1.54 mol) in anhydrous
THF (400 mL), cooled in an 18°C bath, was added a solution of
methyl trichloroacetate (136.7 g, 0.77 mol) and chlorotrimethylsi-
lane (120 mL, 0.946 mol) at a rate to keep the reaction temperature
<30 °C (1.75 h required). After being stirred for an additional 2 h,
the mixture was diluted with heptane (900 mL) and filtered (under
nitrogen) through Celite. The filter cake was washed with additional
heptane (500 mL). The combined filtrate was concentrated at
reduced pressure (∼15 mmHg) with a bath temperature (<25 °C)
to give 4 as an oil containing a small amount of solid (172 mL;
contains residual ZnCl2, which need not be removed since ZnCl2

is used to catalyze the next reaction). Quantitative1H NMR indicates
0.512 mol of4 (66.4%).

To a solution of crude4 in anhydrous CH2Cl2 (200 mL) was
added anhydrous ZnCl2 (2.5 g, 18.3 mmol). To this mixture,
maintained in an 18°C cooling bath, was added a solution of
1-bromoadamantane (76.0 g, 0.353 mol) in CH2Cl2 (40 mL) over
75 min. After being stirred for an additional 2.5 h, the mixture
was diluted with heptane (600 mL), brine (200 mL), and water

(16) Grunwald, E.; Winstein, S.J. Am. Chem. Soc.1948, 70, 841-846.
(17) Galli, C.; Illuminati, G.; Mandolini, L.; Tamborra, P.J. Am. Chem.

Soc.1977, 99, 2591-2597. Also see ref 16 and references therein.

(18) (a) Krix, G.; Bommarius, A. S.; Drauz, K.; Kottenhahn, M.;
Schwarm, M.; Kula, M.-R.J. Biotechnol.1997, 53, 29-39. (b) Patel, R.
N. Curr. Opin. Drug DiscoVery DeV. 2003, 6, 902-920. (c) For a review
on the synthesis and properties ofR-keto acids, see Cooper, A. J. L.; Ginos,
J. Z.; Meister, A.Chem. ReV. 1983, 83, 321-358.

(19) (a) Villieras, J.; Disnar, J. R.; Perriot, P.; Normant, J. F.Synthesis
1975, 524-525. (b) Coutrot, P.; El Gadi, A.Synthesis1984, 115-117. (c)
For additional examples, see ref 15b,c.

SCHEME 3

[8]

[1]
)

k4[NaOH]

k2 + k3[NaOH]
)

(k4/k2)[NaOH]

1 + (k3/k2)[NaOH]
)

a[NaOH]

1 + b[NaOH]
(1)
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(200 mL). The organic phase (upper layer) was washed with water/
brine (1:1), 1 N NaHCO3, and brine. After drying (MgSO4),
concentration in vacuo and recrystallization from methanol gave5
as a colorless solid (90.16 g, 92% based on 1-bromoadamantane):
mp 76-77 °C; IR (KBr) 2940, 2904, 2850, 1746, 1739, 1243 cm-1;
1H NMR (CDCl3, 500 MHz)δ 3.86 (s, 3H), 2.08 (br s, 3H), 1.88,
1.87 (2 s, 6H), 1.66 (ABq,J ) 12.1 Hz,∆νAB ) 33.6 Hz, 6H);13C
NMR (CDCl3, 125 MHz)δ 166.1 (C), 95.8 (C), 53.9 (CH3), 44.0
(C), 36.9 (CH2), 36.3 (CH2), 28.3 (CH). Anal. Calcd for C13H18-
Cl2O2: C, 56.33; H, 6.54; Cl, 25.58. Found: C, 56.41; H, 6.40;
Cl, 25.75.

Dichloro-(3-hydroxytricyclo[3.3.1.13,7]decan-1-yl)acetic Acid
Methyl Ester (6). To ice-cold concentrated H2SO4 (56 mL) was
added 10 N HNO3 (5.80 mL, 58.0 mmol) dropwise over 30 min.
The cold bath was removed and5 (15.0 g, 54.1 mmol) was added
portionwise (1.25 g every 10 min). During this addition, the reaction
mixture reached a temperature maximum of 34°C. The resulting
mixture was allowed to stir at room temperature for an additional
22 h. The reaction mixture was quenched by addition, over∼15
min, to an ice-cold, well-stirred mixture of EtOAc (230 mL), water
(250 mL), and urea (8.0 g, 0.133 mol). After 45 min of stirring,
the cold bath was removed and the mixture was allowed to warm
to room temperature. After the mixture was stirred for an additional
4 h, the aqueous phase was removed and extracted with EtOAc.
The organic fractions were combined and washed with water, 1 N
NaHCO3, and brine. After drying (MgSO4), concentration in vacuo
gave crude6 as a nearly colorless solid (15.67 g, 98.8%), which
can be used in the next reaction without further purification.
Recrystallization from aqueous CH3OH (91% recovery) gave6 as
a colorless, cottonlike solid: mp 114-115°C; IR (KBr) 3279, 2929,
2910, 2855, 1750, 1737, 1239 cm-1; 1H NMR (CDCl3 + CD3OD,
500 MHz) δ OH is exchanged, 3.87 (s, 3H), 2.30 (br s, 2H), 1.82
(s, 2H), 1.80 (s, 4H), 1.66 (ABq,J ) 11.5 Hz,∆νAB ) 24.3 Hz,
4H), 1.58-1.50 (m, 2H);13C NMR (CDCl3, 125 MHz) δ 165.9
(C), 94.2 (C), 68.9 (C), 54.1 (CH3), 47.5 (C), 44.5 (CH2), 44.0
(CH2), 35.7 (CH2), 34.8 (CH2), 30.1 (CH). Anal. Calcd for C13H18-
Cl2O3: C, 53.25; H, 6.18; Cl, 24.18. Found: C, 53.24; H, 6.24;
Cl, 24.31.

Dichloro-(3-hydroxytricyclo[3.3.1.13,7]decan-1-yl)acetic Acid
(7). A solution of methanol (370 mL) and 1 N NaOH (370 mL,
0.37 mol) was cooled to∼5 °C, followed by the addition of6 (80.0
g, 0.273 mol). The cold bath was removed and the resulting mixture
was stirred at room temperature for 20 h. The resulting solution
was diluted with water (1660 mL) followed by acidification by the
addition of concentrated HCl (75 mL) over 25 min while a

temperature of∼18 °C was maintained with cooling as necessary.
The resulting suspension was cooled in an ice bath and stirred gently
for 75 min. Stirring was discontinued and the mixture was allowed
to stand at∼0 °C for 3 h. The solid was collected by filtration,
washed with cold water, and dried in vacuo to give7 as a colorless
solid (73.33 g, 98.9%): mp 236-237°C (decomp); IR (KBr) 3461,
2933, 2911, 1717, 1275 cm-1; 1H NMR (CD3OD, 500 MHz) δ
OH and CO2H are exchanged, 4.88 (s, 3H), 2.26 (s, 2H), 1.86 (s,
6H), 1.65 (ABq,J ) 11.5 Hz,∆νAB ) 26.7 Hz, 4H), 1.59-1.52
(m 2H); 13C NMR (DMSO-d6, 125 MHz) δ 165.9 (C), 96.0 (C),
66.8 (C), 46.2 (C), 44.5 (CH2), 43.9 (CH2), 35.6 (CH2), 34.6 (CH2),
29.5 (CH). Anal. Calcd for C12H16Cl2O3: C, 51.63; H, 5.77; Cl,
25.40. Found: C, 51.61; H, 5.64; Cl, 25.33.

(1R*,1′r,2′S*,5S*)-2′-Chloro-7-oxospiro[bicyclo[3.3.1]nonane-
3,1′-cyclopropane]-2′-carboxylic Acid (8). A mixture of 7 (4.50
g, 16.12 mmol) and 4 N NaOH (100 mL, 0.40 mol) was heated at
∼70 °C for 7 h. The resulting mixture was cooled in an ice bath
and acidified by the addition of concentrated HCl (34 mL) to give
a white suspension that was diluted with water and extracted with
chloroform. The organic fractions were combined, washed with
water and brine, dried (MgSO4), and concentrated in vacuo to give
8 as a colorless solid (2.14 g, 54.6%): mp 205-208 °C (aqueous
methanol); IR (KBr) 2947, 1729, 1668 cm-1; 1H NMR (CDCl3,
500 MHz) δ 6.50 (br s, 1H), 2.64 (s, 1H), 2.59-2.43 (m, 3H),
2.41-2.30 (m, 2H), 2.16 (dd,J ) 13.7, 3.8 Hz, 1H), 1.97 (d,J )
13.2 Hz, 1H), 1.88 (dd,J ) 13.7, 3.8 Hz, 1H), 1.79 (m, 1H), 1.72
(d, J ) 6.6 Hz, 1H), 1.56 (dd,J ) 13.7, 1.6 Hz, 1H), 1.50 (dd,J
) 13.7, 2.2 Hz, 1H), 1.06 (d,J ) 6.6 Hz, 1H); 13C NMR
(p-dioxane-d8, 125 MHz) δ 208.7 (C), 169.7 (C), 49.2 (C), 47.2
(CH2), 39.3 (CH2), 35.9 (CH2), 33.0 (CH2), 32.4 (CH2), 32.3 (CH2),
32.2 (CH2), 27.5 (CH). Anal. Calcd for C12H15ClO3: C, 59.39; H,
6.23; Cl, 14.61. Found: C, 59.60; H, 6.44; Cl, 14.42.
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