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1.1
Introduction

Modern processes are trending toward green and sustainable chemistries. The
incorporation of catalysis in synthesis is one of the principles of green chemistry
[1]; the use of a stoichiometric reagent can then be avoided and the result of this
substitution is often a reduction of cost. This chapter illustrates these concepts with
a Cu-catalyzed cyclization reaction.

When looking at routes to new targets, or a new route to an old target, luck can
play an important role. Familiar technology helps not only in the planning stage but
also in the implementation of the process, as timelines can be reduced with little or
no learning curve. An understanding of the technology reduces the risk of failure,
especially if a large number of examples are known. Of course, the luck element
can be reduced if many technologies are accessible, as too many choices can make
the selection of a specific process difficult [2].

The general concepts for route selection were applied to the synthesis of (S)-2-
indoline carboxylic acid (1), commonly called INDAC (Figure 1.1). This compound
is a component of angiotensin 1-converting enzyme (ACE) inhibitors indolapril (2)
and perindopril (3).

A new process was required, as the existing manufacturing route had seven steps
and involved a classic resolution with a maximum yield of 50% for this step
(Scheme 1.1) [3-6]. The approach was based on a Fisher indole synthesis. To
achieve an efficient resolution, some functional group modifications were required
that added steps to the synthesis. For example, the indole synthesis gives the ethyl
ester 6 that has to be hydrolyzed, while the nitrogen has to be acylated to stop it
from interfering in the resolution.

To increase the efficiency of the synthesis, a number of different strategies
can be envisioned for construction of the indole and the chiral center. Indeed,
other approaches had already been reported as well as different variations of
the route shown in Scheme 1.1. These include classical resolution of the
acid 1 [7-11] and enzymatic resolutions of esters derived from 1 [4,12-15].
Another approach uses a ring closure to prepare the five-membered ring in
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Figure 1.1  Structures of INDAC (1) and ACE inhibitors indolapril (2) and perindopril (3).
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Scheme 1.1 Resolution-based synthesis of INDAC (1).

which an aniline displaces an a-chlorocarboxylic acid, in turn derived from
an asymmetric reduction of the corresponding o-keto acid with sodium
borohydride in the presence of p-proline [16]. The use of a chiral base to
perform a kinetic resolution by acylation of a 2-substituted indole has also
been reported [17].

Some of the possible retrosynthetic disconnections are shown in Figure 1.2
[18]. In addition, a number of enzyme-based approaches can be used to access
the intermediate amino acid 14 (Figure 1.3). The formation of the aryl-
nitrogen bond is strategic in a number of these routes, and some of the
approaches require that the stereochemical integrity of the amine functionality
is retained during the N-arylation step. Other work on the preparation of
arylamines suggested that formation of the C-N bond was a viable option,
with a number of potential routes to the amino acid precursor 14 also being
available [19].

A rapid entry to INDAC (1) would be to prepare the corresponding indole
and then perform an asymmetric reduction. The hydrogenation of 2-
substituted indoles has been achieved with Rh in the presence of (R,R)-2,2"-
bis[(S)-1-(diphenylphosphino)ethyl]-1,1”-biferrocene ((S,S)-(R,R)-Ph-TRAP, 26)
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Figure 1.2 Representative examples for the retrosynthetic analysis of INDAC (1).

and Cs,CO; [20]. A 95% yield in 95% ee (by HPLC) was achieved with the
ester 24 (Figure 1.4) in IPA, at 60°C and 500 bar H,, but the substrate/catalyst
ratio was 100:1, which is not an economical proposition at scale [21]. In an
effort to reduce the cost of the ligand, (S)-(+)-(3,5-dioxa-4-phosphacyclohepta
[2,1-a;3,4-a"|dinaphthalen-4-yl)piperidine ((S)-PipPhos, 27) was found to be
effective in a Rh catalyst in CH,Cl, at 40°C and 25bar H,, but Cs,CO; was
still required and the ee of the product 25 was only 74% [22].
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Figure 1.4 Asymmetric hydrogenation catalysts and structures of substrate and product.

1.2
Synthesis of Amino Acid 14

Again, Figures 1.2 and 1.3 illustrate a variety of approaches to the amino acid 14 or
a simple derivative. Each approach has its advantages and disadvantages and, for
the current application, must be amenable to performing at scale [23,24].

1.2.1
Asymmetric Hydrogenation Approach

There are numerous catalyst and ligand systems available to prepare a-amino acids
and derivatives from enamide 17 [25]. Our in-house experience using monodentate
phosphoramidites such as 27 (Figure 1.4) and the low cost of these ligands led us to
pursue catalysts based on this class of ligands [26-28].
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The enamide substrate 17 for the asymmetric hydrogenation can be prepared
by an Erlenmeyer or azlactone synthesis (Figure 1.2). This has been used at
scale in the preparation of a number of unnatural amino acids [29-31]. The
starting material for this is the aldehyde 15. However, the yield of the enamide
is usually good rather than excellent. The alternative approach to 17 employs a
Heck coupling with the appropriate dehydroalanine 20 (Figure 1.2) [32].
Although Pd is used, the catalyst loading can be reduced to a very small amount
so that it is not a major cost contributor to the overall sequence and a ligand is
not required [33,34]. The other component for the Heck method is a 1,2-
dihalobenzene 19.

The drawback of using an asymmetric hydrogenation is the need for an
N-acyl group that then has to be hydrolyzed to provide the desired product 14.
This adds steps compared to the enzymatic method finally chosen. Further-
more, the cinnamic acid 23 needed for the enzymatic conversion is readily
available.

Although a potential option at the planning stage, the use of serine (12) as the
source of chirality (Figure 1.2) was not the subject of an in-depth laboratory study.
Competing reactions during the cyclization of 13, such as the elimination of water
to form a dehydroalanine derivative, were seen as potential problems.

1.2.2
Enzymatic Approaches

Three enzymatic methods are outlined in Figure 1.3. In addition, there are a
number of other alternatives, such as the use of an amidase to hydrolyze an
N-acyl group from just one enantiomer of the amino acid. The undesired
isomer can be racemized and submitted to the same reaction to increase the
overall yield [23,24], and a second enzyme, a racemase, can be introduced to
effect the interconversion of the enantiomers in the reaction vessel. The use
of a hydantoinase can circumvent this recycle problem as the epimerization
can be performed in situ. The hydantoin 21 is obtained by reaction of a
phenylacetaldehyde with cyanide and ammonium carbonate (the Bucherer—
Bergs reaction [35]). Phenylacetaldehyde derivatives, however, are not as readily
available as benzaldehyde derivatives. In addition, phenylacetaldehydes are not
particularly stable compounds, which results in low yields during their
synthesis as well as in subsequent reactions.

A similar problem exists for the use of an amino acid dehydrogenase; the
required a-keto acids 22 are often difficult to access. In addition, these reactions to
give the amino acids are in equilibria with a constant of ~1, so an appropriate
amino donor needs to be used to allow the by-product to be removed and drive the
reaction to completion [36].

In contrast, the phenylalanine ammonia lyase (PAL) uses a cinnamic acid 23 as
the substrate and it is available by a number of methods all employing cheap
starting materials [37]. This method became the one of choice to prepare the amino
acid 14 [18].
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1.3
Copper-Catalyzed Cyclization

The key step was the cyclization of the amino acid 14 to the desired product 1.
Some experience had already been obtained for the preparation of anilines from
aryl halides (see below).

1.3.1
C—N Bond Formation

The traditional reaction for the conversion of an aryl halide and amines to
anilines in the presence of a stoichiometric Cu catalyst at high temperature is
the Ullmann reaction [38-42]. The harsh conditions of the Ullmann reaction led
to the use of Pd-catalyzed reactions for the coupling of an aryl halide with an
amine to form an aniline or N-aryl product [43—45]. One of the major drawbacks
of Pd is the price of this metal. As a consequence, applications of catalytic Cu
have been investigated and found to be effective for the preparation of N-aryl
bonds [40,46-55]. Recent advances have been made that employ a variety of
ligands, which allow the amount of Cu to be reduced and lower temperatures
used [56,57].

The majority of the work in this area has used aryl iodides, a class of compounds
that is more expensive than the corresponding bromides or chlorides. With the less
reactive aryl bromides, the expensive base Cs,COj is typically required, and the
results are often inferior to those seen in the iodide series [58—66] unless the amine
is primary [67-69]. However, the use of diphenyl pyrrolidine-2-phosphonate does
provide good yields for reaction between secondary amines and aryl bromides [70].
The use of Cu,0 has been found to be effective for the N-arylation of a number of
simple amides and amines even with aryl chlorides [71], while ionic organic bases,
such as tetraalkylammonium and tetraalkylphosphonium carboxylates, have also
been advocated with Cul [72].

As N-arylation is a common reaction, we needed to find conditions to allow the use
of an aryl bromide or chloride as the substrate (Figure 1.5 and Table 1.1) [73,74]. The
initial results with acetylacetone (28a) were not very successful. However, moving to
the more lipophilic 2,2',6,6'-tetramethylheptane-2,5-dione (TMHD, 28b) gave reason-
able yields with aryl bromides (entries 1-5). TMHD had been used for Cu-catalyzed
aromatic etherifications [75].

O O
0 0 o o
R
A é/‘LR é/w
28a R =Me 29a R = Me 30aR = Me
28b R =t-Bu 29b R = Et 30bR =Et
28c R =Et 29¢c R = j-Pr 30c R =j-Pr

Figure 1.5 Ligands investigated for the copper N-arylation reaction.
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Table 1.1  Copper-catalyzed amination reactions with 1.3—1.5 equiv amine, 25 mol% ligand, and
1 M concentration of aryl halide (unless otherwise noted) [73].

R R2 CuCl (10 mol%) R! R?
+ H-
@’X H N‘R3 NMP, base, conditions @_N'Rs

Entry Ar-X Amine Ligand Base Temperature Time Yield
Q) (h) (%)
1 C(,HsBI' C6H5CH2NH2 28b CSZCO3 120 10 86
2 4-MeOCgzH,Br C¢HsCH,NH, 28b Cs,CO; 120 10 81
3 3,5-(Me),CeH3Br  C¢HsCH,NH, 28b Cs,CO; 120 10 84
4 4-C¢HsCgH4Br C¢HsCH,NH, 28b Cs,CO; 120 10 78
5 CeHsBr n-CeH3NH, 28b Cs,CO3 120 10 78
6 2-MeOC6H4Br C()HscHzNHZ 28b CSZCO3 120 10 11
7 CeHsBr C¢HsCH,NH, 28a Cs,CO3 130 18 41
8 CeHsBr C¢HsCH,NH, 28a Cs,CO; 130 18 46"
9 CgHsBr C¢HsCH,NH, 28a K,COs3 130 18 43
10 CeHsBr Ce¢HsCH,NH, 28a K,CO; 130 18 90"
11 CgH;sBr Imidazole 28a K,CO3 130 18 89
12 C¢HsBr Imidazole 28a K,CO; 130 18 99"
13 2-MeOCgH4Br Piperidine 28a K,CO;3 130 16 31
14 CeHsBr Piperidine 29a K,CO; 130 16 40
15 4-MeOCgH,Br Piperidine 29a K,CO3 130 16 40
16 C¢HsBr Piperidine 30a K,CO; 130 16 95”
17 CgH;sBr Piperidine 30c K,COs 130 16 95Y
18 4-MeOCgH,Br Piperidine 30a K,CO3 130 16 85
19 4-MeOCgH,Br Piperidine 30c K,CO;3 130 16 85"
20 2-MeOCgH,Br Piperidine 30b K,CO;3 130 16 36
21 CeHsBr Morpholine 30a K,CO; 130 16 659
22 CgHsBr Morpholine 30c K,CO; 130 16 50
23 C¢HsBr N-Me-pipera- 30a K,CO;3 130 16 889
zine

24 CgHsBr Aniline 30a K,CO3 130 16 80>
25 CegHsCl Piperidine 30c K,CO; 130 16 52

a) Yields by GC.
b) 5M concentration.
c) 5M concentration and 2 equiv of amine.

High-throughput experimentation (HTE) was used to screen the many
reaction parameters [76]. We found that the source of the copper was not
important and both Cu(l) and Cu(Il) salts gave similar results. When moving
from Cs,CO; to K,CO; to reduce the cost of the base, we observed that more
concentrated reactions gave higher yields (Table 1.1, entries 9-12). (This is where
luck played a role) In addition, switching to K,CO; allowed us to use the
inexpensive ligand 28a with better results (entry 10). This concentration effect was
also observed with heterocyclic amines, but to a lesser degree (entries 11-12).
However, the reactions of aniline and secondary amines were still in need of
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improvement. Thus, ligands 29a—c and 30a—c were also investigated and the
results showed that ligands 30a—c performed better than the other series. However,
ortho-substituted aryl bromides and aryl chlorides did not give high yields (entries
6, 13, 20, and 25).

The studies also showed that aminations could be observed in the absence of
a transition metal catalyst. These instances occurred when KOt-Bu was used as
the base at high temperature and a benzyne mechanism could operate [77,78|.
The other instances were when a strong electron-withdrawing group was ortho
or para to the bromide so that an SyAr mechanism could account for the
results.

These studies showed that aryl bromides could be used in amination reactions
and that the cheaper base K,CO3 could replace Cs,CO; [79]. In addition, other
ligands for Cu are still being developed [56], as are alternative bases [80).

13.2
INDAC (1) Synthesis

As the halogen in the amino acid substrate 14 is substituted by the amine in the
key step, the displaced halide becomes waste. The screening studies, therefore,
were limited to the use of Br and Cl as the halogen. Our key to success was the
ability to cyclize 14 to 1 without compromising the chirality already set.
Arylation of amino acids via Cu catalysis without racemization was already
precedented at the time of our study [43,46], whereas racemization in the
presence of Pd is well documented [81-83]. Cu-catalyzed ring closures were
known with simple amines [48,84-86] for the preparation of N-substituted
indoles [87,88].

The initial experiments were performed with (3-diketone ligands (see Section
1.3.1) [73]. However, it soon became apparent that a ligand was not required for our
amination to proceed, which was consistent with another study on the arylation of
amino acids via Cu catalysis [46]. In these cases, the assumption is that the amino
acid acts as a ligand [89].

The results of the screening studies are summarized in Table 1.2. The initial
experiment with amino acid 14b (X=Br) was run at 100°C in NMP and 1 was
formed in 93% yield with no loss of ee (entry 1). However, a longer reaction time
resulted in a lower yield and racemization (entry 2). With less catalyst and a lower
temperature, the reaction was essentially complete within 2h with no loss of
enantioselectivity (entry 3).

In our new INDAC (1) synthesis, the Cu-catalyzed cyclization follows an
enzymatic method to prepare the amino acid 14. To avoid a solvent switch, water
was tried as the solvent for the Cu reaction since others have observed that N-
arylations could be performed in this solvent [90,91]. The reaction was still fast (2 h)
and the stereochemistry was retained (entry 5). Even in the absence of Cu, the
desired reaction was observed (entries 6 and 7)! It must be assumed that trace
amounts of metal were present in the reaction as a low loading experiment (entry 8)
gave excellent results after just 5 h.



1.3 Copper-Catalyzed Cyclization |9

Table 1.2 Copper-catalyzed conversion of amino acid 14a—b to INDAC (1).

CO,H conditions mCOZH
X NH N

2 H
14a (X = Cl) 1
14b (X = Br)
Entry X  Solvent CuCl Temperature Time  Conversion  Yield ee (%)
(mol%)  (°C) ) (%) (%)
1 Br NMP 6 100 4 100 93 98.6
2 Br NMP 6 100 26 100 79 77.6
3 Br NMP 1 80 2 99 96 99.5
4 Br NMP 1 80 3.5 100 94 99.6
5 Br H,0 2 95 2 100 81 99.6
6 Br H,0 0 95 5 37 39 —
7 Br H,0 0 95 22 100 96 99.1
8 Br H,0 0.01 95 5 100 95 99.5
9 Cl H,0 0 95 19 0 0 —
10 Cl H,0 1 95 22 40 — —
11 Cl H,0 1 95 40 100 88 (76) 98.3
(99.0)
12 Cl H,0 4 95 2 100 95 99.0

a) Conversion of starting material as determined by HPLC.
b) HPLC yields but those in parentheses are for isolated product.
c) Values in parentheses are for isolated product.

With the chloro substrate 14a (entries 10-11), the cyclization reaction is
slower, and in this case, no reaction was observed in the absence of Cu
(entry 9). The use of 4 mol% of CuCl gave an excellent yield and stereochemical
retention after 2h with K,CO; as base (entry 12). The ready availability of the
chloro-substituted cinnamic acid made this the substrate of choice despite the
slower reaction. The copper salts were removed during the aqueous workup
[19], using standard methodologies [92].

Analysis of the amination mixture showed the presence of a dimeric compound
31 that was formed by the intermolecular N-arylation of the product 1 with 2-
chlorophenylalanine (Figure 1.6) [93].

Figure 1.6  Structure of dimeric impurity from the Cu-catalyzed cyclization.
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Table 1.3  Sustainability comparison between old and new processes for the synthesis of
INDAC (1).

Key parameters First- versus second-generation
processes (% reduction)

Sustainability

Process mass intensity 32

Carbon footprint 55
Eco-indicator 99 80
Economics

Manufacturing costs Significant
Capacity —16%

a) Thatis, an increase.

1.4
Sustainability

As noted in the introduction, sustainable and green chemistry is now playing an
important role in synthesis design and implementation. The old synthesis
comprising seven steps, which included a resolution, has now been replaced by a
two-step process where the stereochemistry is set by an enzymatic reaction and no
resolution is needed [93,94]. The environmental impact can be measured in a
variety of ways [95-97]. A comparison of the old and new processes is summarized
in Table 1.3.

The use of organic solvents was reduced significantly, as water is used as the
reaction medium for both steps. Process mass intensity (PMI) is an indicator of the
amount of material put into the reaction compared to the amount of desired
product generated. However, water is not ignored in the PMI, which leads to only a
modest reduction of this factor [98]. The carbon footprint, or life cycle analysis,
takes into account the starting materials and energy that give rise to CO, emission
[99], while the Eco-indicator 99 is an all-inclusive measure that covers human
health, impact on the ecosystem, and resource depletion [100].

1.5
Summary

An improved manufacturing process to INDAC (1) was developed building on
previous knowledge and expertise for the preparation of unnatural amino acids by
enzymatic processes and a Cu-catalyzed N-arylation method. The new process has
only two steps compared with the traditional route that had seven and both are run
in water. In addition to cost reduction, the new process is much more sustainable
illustrating that both can be achieved without compromising either. The PAL
enzyme and the Cu-catalyzed cyclization are currently being used on ton scale for
the preparation of INDAC (1) [18,19,101,102].
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