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ABSTRACT

A novel Pd-catalyzed coupling of Cbz-protected proline amide with 4-bromo-5-ethoxyfuran-2(5 H)-one was developed for the synthesis of the
P1−P2 unit (5) of VX-765. The process afforded quantitative coupling in the presence of water, providing a 1:1 mixture of 5 and its ethoxy
epimer epi -5. Compound 5 was isolated as a single diastereomer via fractional crystallization, which was stereoselectively converted to 17 via
hydrogenation, and subsequently transformed to VX-765. Nine examples of the Pd coupling are presented with yields ranging from 76 −98%.

Interleukin-1 (IL-1) is a pro-inflammatory and immunoregu-
latory protein which is involved in the pathogenesis of acute
and chronic inflammatory and autoimmune diseases.1 IL-
1â, one of two isoforms of IL-1, is converted into its
biologically active form by interleukin-1â converting enzyme
(ICE) and has been shown to be involved in apoptosis and
inflammation.2 Hence, ICE inhibitors represent a class of
compounds useful for the control of such events. VX-765 is
an inhibitor of ICE and has been developed for the treatment
of ICE-related diseases.3 VX-765 is a triamide containing

one proline (Pro) and onetert-Leu (Tle) residue, a 4-amino-
3-chlorobenzoic acid unit, and a tetrahydroethoxyfuranone
unit. Previous strategies for the synthesis of VX-765 focused
exclusively on amide bond formations, leading to the
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Scheme 1. Conventional Retrosynthesis of VX-765
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retrosynthetic analysis shown in Scheme 1. Although the Pro,
Tle, and the benzoic acid units are readily available starting
materials, preparation of aminotetrahydroethoxyfuranone4
remains difficult and impractical due to its instability and
proclivity for undesired side reactions under amide bond-
forming conditions. As such, and in order to circumvent the
problems associated with4, a new approach to VX-765 based
on the P1-P2 key intermediate5 was developed via the
disconnections shown in Scheme 2. The process relies on

formation of the crucial C-N bond of5 via coupling of the
amide Z-Pro-NH2 and bromoethoxyfuranone, a process that
has not been previously demonstrated. We present here a
novel target-oriented methodology for the synthesis of5 via
development of a Pd-catalyzedN-acyl vinylogous carbamate
synthetic methodology.

The coupling ofâ-halo enoates with amides to generate
N-acyl vinylogous carbamates is a new process and has been
demonstrated previously by Porco using allyl (E)-3-iodoacryl-
ates and (E)-3-iodoacrylamides in the presence of 1-5 mol
% of CuI2.4-6 In this case, iodides were required as the

substrate andN,N,N′,N′-tetramethyl-1,2-diaminocyclohexane
as the ligand. In our case, the practicality and ease of
accessibility of7 required a coupling method amenable to
(E)-3-bromoacrylates, substrates not conducive to Cu-cata-
lyzed conditions. Our initial investigations began with the
typical conditions used for Pd-catalyzed amide N-arylations
(eq 1). Under these conditions, Z-Pro-NH2 was coupled to
7 to give 5 and epi-5 in yields ranging from 58 to 78%,
capricious results at best. Control experiments showed the
irreproducibility arose from the instability of7 under basic
conditions.

To solve the instability problem, a series of experiments
were conducted to determine the best base, solvent, temper-
ature, and precatalyst combination to effect the desired
coupling reaction. A rapid evaluation of solvents (nonpolar
and polar aprotic solvents) and bases showed7 was stable
in the presence of K2CO3 or Cs2CO3 in toluene at 22-25
°C for 8 h and began to decompose (HPLC) at temperatures
of 45-50°C. Next, we turned our attention to determining
the best ligand and palladium source for the coupling.

Table 1 shows the results from evaluating two practical

palladium sources and several ligands. The reaction condi-
tions used high catalyst loadings (10 mol %) for rapid
coupling in order to minimize bromide decomposition. For
Pd(OAc)2, Xantphos, DPEPhos, and DPPF gave the best
conversions after 2 h at 60 °C (entries 1,3, and 6); Cy2P-
biphenyl andt-Bu2P-biphenyl gave less than 10% conversion
(entries 7 and 8), and BINAP gave only 21% conversion
(entry 2). Alkylidene diphenylphosphino ligands gave poor
results with DPPE and DPPB, providing 16 and 0%
conversion, respectively (entries 4 and 5). Replacing Pd-
(OAc)2 with Pd2dba3 gave comparable results: Xantphos,
DPEPhos, and DPPF were the best ligands (entries 1, 3, and
6). Interestingly, BINAP gave nearly identical results for
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Scheme 2. Retrosynthesis of VX-765 via Pd-Catalyzed
Coupling

Table 1. Ligand Evaluation for Coupling in Equation 1a

conversion (%)

entry ligand Pd(OAc)2 Pd2(dba)3

1 Xantphos >85 >85
2 BINAP 21 23
3 DPEPhos 47 72
4 DPPB 0.0 7.2
5 DPPE 16 7.4
6 DPPF 72 70
7 Cy2P-biphenyl 9.8 30
8 t-Bu2P-biphenyl 8.5 42

a Conditions: 1.1 equiv of7, 10 mol % of Pd source, 15 mol % of ligand,
Cs2CO3 (1.5 equiv), toluene, 60°C, 2 h.
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Pd2(dba)3 and Pd(OAc)2, but Cy2P-biphenyl andt-Bu2P-
biphenyl gave much higher conversions for Pd2(dba)3. From
the data, Xantphos was chosen as the best ligand.

In conjunction with optimization studies, the robustness
of the reaction was evaluated by performing the reaction on
100 g scale. Using Pd2(dba)3 (2.5%), Xantphos (7.5%), Cs2-
CO3 (2 equiv), and7 (1.1 equiv) in toluene, less than 70%
conversion was observed after 3 h of reaction time. Charging
an additional 0.5 equiv of7 and warming the reaction mixture
to 105°C for 8 h resulted in less than 80% conversion. HPLC
analysis of the reaction mixture showed the presence of large
amounts of7. The stability of7 under these conditions was
expressly contrary to our results from the stability study.
After cooling the reaction mixture to room temperature and
upon adding water for workup, copious amounts of gas
evolution (CO2) was observed, indicative of HBr quenching
with Cs2CO3. This observation led to the conclusion that the
poor solubility of the inorganic base in anhydrous toluene,
and possible coating of the base by CsBr generated during
the reaction, prevented neutralization of HBr, which conse-
quently inhibited the catalyst and provided the acidic
conditions necessary for7 to remain intact even at high
temperatures. The inability of the inorganic base to neutralize
HBr was addressed by investigating aqueous conditions.

Two scenarios were envisaged for successful development
of the Pd-catalyzed coupling under aqueous conditions. In
the first scenario, a 1:1 v/v toluene/water solvent mixture
was examined. Under these conditions, using 2.5 equiv of
K2CO3 as base, the precatalyst generated from Pd(OAc)2 (1
mol %) and Xantphos (1.5 mol %) provided 99% conversion
of 6 and7 to 5 andepi-5 at 50°C in 5.5-6 h. The use of
aqueous conditions resulted in a more rapid decomposition
of 7, which was obviated by slow addition of7 over 3-3.5
h. The use of Pd2(dba)3 gave inferior results. However, when
the 1:1 toluene/water mixture was replaced by 3 equiv of
water and 1 mol % of a phase transfer catalyst (PTC) in
toluene, the reaction performed better, giving a 99.5%
conversion of6 to 5 and epi-5 in 3.5-4 h. The use of 3
equiv of water, 1.5 equiv relative to K2CO3, was chosen
specifically to generate the sesquihydrate K2CO3(H2O)1.5.
Thus, enough water was present to fully wet the anhydrous

base, but not too much to allow for excess water in solution.
Additionally, the PTC was used to maintain efficient mass
transfer between phases. The superior features of this system
can be seen explicitly in Figure 1. After the addition of7
was complete (3 h), the coupling in the presence of 3 equiv
of water continued unabated until complete conversion was
obtained (circles). However, in the case of a 1:1 toluene/
water mixture, catalyst deactivation began soon after the
addition of7 was complete (diamonds). Although the reac-
tion proceeded to 99% completion, the data show that at
85-90% conversion the rate of reaction significantly de-
creased.

The success of the Pd-catalyzed coupling in the presence
of 3 equiv of water and PTC prompted further investigations
into the nature of the reaction. The optimized conditions for
the coupling are shown in eq 2, and the results from
monitoring the reaction progress are shown in Figure 2. Of

significant note is that, during the first 2 h of addition, the
concentration of5 and its ethoxy epimerepi-5 rose to 65%,
while the concentration of7 remained below 1%, indicating
that decomposition of7 was significantly slower than
coupling to6. After the addition of7 was complete, HPLC
analysis showed about 4% of7 in solution, signifying that
6% of 7 decomposed during the course of the reaction. If
the reaction mixture was allowed to stir at 50°C overnight,
7 was consumed. The conditions in eq 2 were further
validated by successfully performing the coupling on a 1 kg
scale.

The utility of this coupling process was extended to other
systems (Table 2). Coupling of arylamides and alkylamides
to bromoethoxyfuranone occurred readily (entries 1 and 2),
as well as the coupling of carbamates (entry 3). The reaction
also worked well for the coupling of amides, carbamates,
and heterocyclic amides toâ-bromoacrylates (entries 4 and

Figure 1. Effect of water content on reaction rate.

Figure 2. Mol % of components during the course of the reaction.

Org. Lett., Vol. 10, No. 2, 2008 187



5, respectively) and toâ-bromoacrylamides (entries 6-8).
The reactions were comparable in rates. The acrylate products
were susceptible to isomerization if allowed to remain at
elevated temperatures for extended periods after reaction
completion.

Having demonstrated an efficient coupling process, the
next task required isolation of the single diastereomer5 (from

its 1:1 mixture with ethoxy epimerepi-5) and stereoselective
reduction of the double bond to give17 (Scheme 3).

Gratifyingly, after a simple aqueous workup of the crude
reaction mixture and concentration,5 fractionally crystallized
from the reaction mixture in 37% isolated yield as a 93:7
mixture of diastereomers. After recrystallization from toluene
(90% recovery), diastereomerically pure5 was isolated as a
white solid. Subsequent hydrogenation effected stereoselec-
tive reduction of the double bond and concomitant removal
of the Cbz protecting group to give17. Compound17 was
transformed to VX-765 via coupling with Z-Tle-OH (to give
18), removal of the Cbz protecting grouping, and coupling
to benzoic acid1.

In conclusion, we have developed a novel Pd-catalyzed
coupling process for the conversion ofâ-bromoenoates to
â-amidoenoates within the context of a target-oriented
synthesis of the key intermediate of ICE inhibitor VX-765.
The process demonstrates the ability to perform the coupling
under conditions mild enough to allow efficient conversion
of base-sensitive bromides. Additionally, the methodology
was shown to be successful for the coupling of carbamates
and a range of amides toâ-bromoacrylates andâ-bro-
moacrylamides.
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Table 2. Pd-Catalyzed Coupling of Amides and Carbamates to
â-Bromoacrylates,â-Bromoacrylamides, and7a

a Conditions: 1.1 equiv of bromide, 1 mol % of Pd(OAc)2, 1.5 mol %
of Xantphos, K2CO3 (2 equiv), water (3 equiv), toluene, 60°C, 3-3.5 h.

Scheme 3. Stereoselective Hydrogenation of5 and Coupling
to Z-Tle-OH
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