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A new approach to the synthesis of phenylacetic acids and
esters has been developed via the palladium-catalyzed
deoxygenation of mandelate esters.

Aryl acetic acids and derivatives are an important class of
organic molecules that are prevalent in both pharmaceuticals
and natural products. They show a broad range of biological
activities1 including antibacterial, analgesic, and antiviral and
are one of the main classes of nonsteroidal anti-inflammatory
drugs. During a recent development program, we required an
efficient route to the advanced intermediate 4 (Scheme 1).2

After reviewing the relevant literature methods3,4 we became
interested in the reduction of mandelic acids as a convenient route
to this moiety. Mandelic acids are easily synthesized5 and a large

number of them are commercially available. We envisioned that
4-hydroxy-3-methoxymandelic acid 2 (commonly used for the
synthesis of homovanillic acid) could be elaborated to intermediate
3 and reduced to afford 4. Attempts at a global reduction by metal-
catalyzed hydrogenation resulted in exclusive nitro reduction
without any evidence of C-O bond cleavage.6 As a result, we
investigated several alternative reduction protocols to effect this
transformation. Herein, we report the development and application
of a new approach to the synthesis of phenylacetic acids and esters
from mandelate esters which involves activation of the R-hydroxy
group as the phosphate ester and subsequent palladium-catalyzed
deoxygenation.

Our initial investigation utilized methyl mandelate 5 as a
model substrate for the deoxygenation reaction. The phosphate
6 was prepared in situ (Scheme 2) and the crude reaction mixture
was directly subjected to a screen of metal-catalyzed reduction
conditions.7 A variety of metal catalysts (Pd, Ni, Cu, and Fe)
were examined with NaBH4 as the reducing agent and only Pd
catalysts afforded significant amounts of product (Table 1,
entries 2-6). Various Pd/ligand combinations were examined
(entries 10-14). Pd(ACN)2Cl2/BINAP was identified as a
particularly active catalyst system (entry 8) and was shown to
be effective at loadings of 0.5% Pd (Table 1, entry 9).

The effects of solvent, temperature, and reducing agent were
subsequently examined. It was shown that although the reaction
could proceed in THF (Table 2, entry 3), slightly higher yields
were obtained in the presence (ca. 35-40%) of a cosolvent
(Table 2, entry 1-2). Use of other solvents such as MTBE,
PhMe, and DMF for both the phosphate formation and deoxy-
genation gave lower yields of the desired phenylacetate (Table
2, entries 4-6). At room temperature, the reaction provided 75%
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yield of the desired product 7. However, an increase in the
reaction temperature to just 40 °C improved the conversion to
afford 7 in 97% yield (Table 2, entries 7 and 8). Interestingly,
the reaction is not limited to the use of NaBH4, which can be
replaced by either Et3N/formic acid or ammonium formate as
the reducing agent (Table 2, entries 9 and 10). In addition, it is
worth noting that while all reaction optimization was performed
under an inert atmosphere, 94% of 7 could be obtained by using
2% Pd without the exclusion of air.

With the optimal conditions in hand, we next examined the scope
of the method. A range of mandelate esters were subjected to the
deoxygenation procedure and the phenylacetic acid/ester products
were obtained in yields ranging from 73% to 99%. As shown in
Table 3, examples include substrates with both electron-rich and
-poor substituents on the aromatic ring. It is noteworthy that the
deoxygenation of methyl 2-(4-chlorophenyl)-2-hydroxyacetate
(entry 4) proceeds without concomitant cleavage of the C-Cl bond.
In addition, the benzyl group remained intact when benzyl

2-hydroxy-2-phenylacetate was subjected to our deoxygenation
protocol despite the lability of these groups under other Pd-
catalyzed reduction conditions8 (entry 5). Furthermore, this method
tolerates steric hindrance at the R-position and can be applied to
the synthesis of phenyl propanoic acids (entry 7). Despite the
additional steric bulk, C-O cleavage to the desired product was
achieved in 85% yield. The success of this tertiary alcohol example
is noteworthy since the olefin side product from the possible
competing �-hydride elimination pathway was not observed.
Employing similar benzylic phosphates containing �-hydrogens in
Pd-catalyzed cross-coupling reactions has shown �-hydride elimi-
nation to dominate.9,10

To gain further insight, we examined the deoxygenation of
(S)-methyl 2-hydroxy-2-phenylpropanoate (100% ee). The
phosphate was prepared without loss of chiral purity. However,
since the deoxygenation step presumably proceeds via a Pd
enolate, partial racemization was observed, regardless of whether
rac- or (S)-BINAP was employed (Scheme 3).

Encouraged by the scope of our method we returned our focus
to the synthesis of 4. Fortunately, subjection of phosphate 10
to our Pd-catalyzed reduction conditions concomitantly reduced
both the C-O and nitro groups11 to directly provide the target
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TABLE 1. Deoxygenation of Methyl Mandelate Catalyst
Optimization

catalyst yield (%)b

1 none 0
2 20 mol % Ni(acac)2 16
3 20 mol % Ni(dppf)Cl2 14
4 10 mol % CuI/1,10-phenanthroline 8
5 20 mol % Fe(acac)3 0
6 2 mol % Pd(dippf)Cl2 95
7 2 mol % Pd(ACN)2Cl2 /no ligand 27
8 2 mol % Pd(ACN)2Cl2/BINAP 100
9 0.5 mol % Pd(ACN)2Cl2/BINAP 94
10 2 mol % Pd(OAc)2/BINAP 87
11 2 mol % Pd(OAc)2/Cy-JohnPhos 88
12 2 mol % Pd(OAc)2 /XantPhos 49
13 2 mol % Pd(OAc)2/t-Bu3P 29
14 2 mol % Pd(OAc)2/n-Bu3P 28

a All phosphates prepared in THF. b hplc assay yield. c dippf )
1,1′-bis(di-isopropylphosphino)ferrocene; Cy-JohnPhos) 2-(dicyclohexyl-
phosphino)biphenyl.

TABLE 2. Deoxygenation of Methyl Mandelate Reaction
Optimizationa

reductant solvent T (°C) yield (%)b

1 NaBH4 THF/diglyme 75 100
2 NaBH4 THF/DME 75 95
3 NaBH4 THF 75 88
4 NaBH4 PhMe 75 55
5 NaBH4 MTBE 75 76
6 NaBH4 DMF 75 20
7 NaBH4 THF/DME 40 97
8 NaBH4 THF/DME rt 75
9 Et3N/HCO2H THF/DME 75 95
10 HCO2NH4 THF/DME 75 95

a All phosphates prepared in THF except entries 4, 5, and 6. In these
cases phosphate was prepared in solvent stated in table b hplc assay
yield.

TABLE 3. Substrate Scope

a Yields on 5 mmol scale. b Isolated after hydrolysis to the acid.
c Phosphate prepared at 45 °C, using 1 equiv of DMAP.
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4 (Scheme 4). Interestingly, in this case, diglyme cosolvent was
necessary to obtain a moderate yield (61%). Reactions conducted
solely in THF gave 66% conversion of phosphate 10, affording
only 2% of the desired product 4. The main product in this
case was the nitro methyl ester, a result of selective C-O
cleavage of the phosphate. At lower temperatures and catalyst
loadings inferior yields were obtained.

Several mechanistic scenarios can be envisioned for the
described transformation. Our optimized protocol involved using
solutions of phosphate that were prepared in situ and directly
subjected to the reduction conditions. To our surprise, when
the phosphate 6 was isolated by aqueous workup and subjected
to the reaction conditions only 15% of the desired product was
observed. Interestingly, when repeated with the addition of 2
equiv of LiCl or Et3NHCl (a byproduct from the phosphate
formation), 68% and 99% yield of the phenylacetate 7 was
obtained, respectively. To explain this observation we envisioned
that the reaction could proceed via two plausible pathways as
depicted in Scheme 5. Path A involves intermediacy of the
chloro compound 11, which could form by substitution of the
phosphate group with a chloride. In support of this theory, it
was shown that when ethyl R-chlorophenylacetate was treated
under the deoxygenation conditions, ethyl phenylacetate was

obtained in 70% yield. However, 11 was not readily formed
under the reaction conditions.12 Therefore, we suggest that the
most likely rationale is described by path B. In this case, the
role of the chloride is to replace the phosphate as a ligand on
Pd, forming the Pd(II)Cl complex, which is capable of undergo-
ing transmetalation/reduction. There is much precedent that the
presence of chloride ion has a positive effect on the Pd-catalyzed
couplings of aryl and vinyl triflates.13 Similarly, LiCl has been
employed to facilitate the cross-coupling reactions of
phosphates.13d

In summary, we have demonstrated a new procedure for the
synthesis of phenylacetic acids and esters from methyl mande-
lates. This approach required activation of the R-hydroxyl by
the preparation of an intermediate phosphate, which was reduced
with sodium borohydride by using a Pd catalyst. The ready
availability of mandelate esters should make this an attractive
method. The generality and functional group compatibility of
this deoxygenation was demonstrated by using a variety of
substrates.

Experimental Section

Methyl 2-(4-(2-Amino-4-(butylcarbamoyl)phenoxy)-3-meth-
oxyphenyl)acetate (4). Methyl 2-(4-(4-(butylcarbamoyl)-2-nitro-
phenoxy)-3-methoxyphenyl)-2-hydroxyacetate (1 g, 2.3 mmol, 1
equiv) and DMAP (11 mg, 0.09 mmol, 4%) were dissolved in THF
(10 mL) in a vial sealed with a rubber septum. Triethylamine (0.64
mL, 6.4 mmol, 2 equiv) was added dropwise followed by diphenyl
phosphoryl chloride (0.60 mL, 2.88 mmol, 1.25 equiv). The reaction
was stirred at rt until 100% complete (checked by hplc).

Pd(ACN)2Cl2 (30 mg, 5 mol %) and BINAP (72 mg, 5 mol %)
were weighed into a glass vial and sealed with a rubber septum.
The vial was evacuated and filled with N2 three times. The
phosphate reaction mixture was transferred by syringe with THF
(2 mL) wash. NaBH4 (9.2 mL, 0.5 M solution in diglyme, 2 equiv)
was added dropwise with a syringe. The reaction was heated to 75
°C until complete (checked by hplc). The resulting crude reaction
was filtered, concentrated, and purified by column chromatography
(silica, eluent heptane:EtOAc 20:1 to 1:1) to yield solid methyl
2-(4-(2-amino-4-(butylcarbamoyl)phenoxy)-3-methoxyphenyl)ac-
etate (0.546 g, 1.4 mmol, 61%); mp 108.3-109.5 °C; 1H NMR
(400 MHz, DMSO-d6) δ ppm 8.13 (t, J ) 5.5 Hz, 1H), 7.24 (s,
1H), 7.07 (s, 1H), 6.93 (dd, J ) 8.1, 2.0 Hz, 1H), 6.85 (m, 2H),
6.44 (d, J ) 8.5 Hz, 1H), 5.04 (s, 2H), 3.76 (s, 3H), 3.68 (s, 2H),
3.63 (s, 3H), 3.20 (q, J ) 6.5 Hz, 2H), 1.47 (m, 2H), 1.30 (m, 2H),
0.89 (t, J ) 7.5 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) δ ppm
171.6, 166.3, 150.5, 146.0, 143.1, 138.4, 131.0, 130.0, 121.8, 120.0,
115.1, 114.5, 114.4, 55.7, 51.7, 38.7, 31.3, 19.6, 13.7; IR (neat)
3443, 3364, 3293, 1737, 1631; HRMS calcd for C21H27N2O5 [M
+ H]+ 387.1914, found 387.1904
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