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ABSTRACT: A one-pot protocol for the cyanomethylation
of aryl halides through a palladium-catalyzed reaction with
isoxazole-4-boronic acid pinacol ester was developed. Me-
chanistically, the reaction proceeds through (1) Suzuki
coupling, (2) base-induced fragmentation, and (3) defor-
mylation as shown by characterization of all postulated
intermediates. Under optimized conditions (PdCLdppf,
KF, DMSO/H,0, 130 °C) a broad spectrum of aryl
bromides could be converted into arylacetonitriles with up
to 88% yield.

he arylacetonitrile unit is found as a structural motif in

several important drugs, including the calcium channel
blocker verapamil, the antitussive drug isoaminile, the aromatase
inhibitor anastrozole, or the phosphodiesterase-4 inhibitor
cilomilast." Due to the versatile reactivity of both the cyano and
the adjacent ®-methylene group, arylacetonitriles also represent
valuable intermediates for the synthesis of other relevant mol-
ecules such as monoamine neurotransmitters,” arylpropionic
acids® (or amides), or various heterocycles.”*

Arylacetonitriles are commonly prepared from side-chain-
substituted arenes by functional group interconversion.” Other
methods require drastic or rather specialized conditions.® In
principle, the transition-metal-catalyzed coupling of an aryl halide
with an acetonitrile anion equivalent represents a particularly
appealing approach to arylacetonitriles.” In 1984, Migita reported
the Pd- catal;rzed coupling of bromoarenes with o-tributylstannyl-
acetonitrile.” Later, Frejd described the N1 catalyzed coupling of
aryl-zinc reagents with bromoacetonitrile.”” More recently, Hart-
wig reported a (Zn-mediated) Pd-catalyzed method for the
coupling of aryl bromides with TMS- acetonitrile,”® which rapidly
found application in drug research.”*#

In the course of our medicinal chemistry program we recently
attempted to attach a 4-isoxazolyl substituent to different arenes
by means of Pd-catalyzed Suzuki coupling® starting from aryl
bromides and isoxazole-4-boronic acid pinacol ester (1). How-
ever, in all cases rather complex mixtures were obtained which
contained the corresponding arylacetonitriles as the main pro-
ducts in 16 to 28% isolated yield (for a typical example see
Scheme 1).

This surprising finding prompted us to investigate the reaction
in more detail in order to understand the mechanism and to
possibly improve the yield of the valuable arylacetonitrile pro-
ducts. Here, we disclose the results of this study, which has
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Scheme 1. Cyanomethylation of 2-Naphthyl Bromide (2) by
Pd-Catalyzed Reaction with the 4-Isoxazolyl Boronate 1
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indeed led to the development of an efficient and general new
protocol for the cyanomethylation of bromoarenes and related
substrates.

As a standard system for the initial optimization of reaction
parameters we selected the reaction of 2-naphthyl bromide (2)
with boronate 1 to (2-naphthyl)acetonitrile (3) (Scheme 1 and
Table 1).” Under typical Suzuki conditions (using n-propanol or
DMF as a solvent, PACL,(PPh;), as a catalyst, and aqueous
Na,COj3 as a base) a complex mixture was obtained from which 3
could be isolated in an about 40% yield, under both microwave-
assisted (130 °C, 30 min) or simple thermal conditions (90 °C,
16 h) (Table 1, entries 1 and 2). Using PdClL,dppf as a catalyst,
DMF was identified as a suitable solvent, which in combination
with potassium fluoride (as one of several bases tested) afforded
the cyanomethylated product 3 in a respectable isolated yield of
86% (Table 1, entry 11).

While a rather clean and high-yielding transformation was also
observed with Cs,CO5 or CsOH as a base, the use of NaOH led
to the increased formation of two more polar side products,
which were identified as the amide and the carboxylic acid
corresponding to 3 (formed by nitrile hydrolysis). Obviously,
KF is an ideal (mild) base, which efficiently mediates the desired
transformation without inducing the hydrolysis of the product 3.
This base (KF) also proved to be superior to other fluorides such
as LiF, CsF, or TBAF (Table 1, entries 11 to 14).

Applying the best conditions found so far (KF, DMF, 90 °C)
we next tested a set of different Pd-catalysts, most of which were
generated in situ from a Pd-source and a promlslng ligand such as
2-(di-tert- butylphosphlno) -biphenyl (4),'° DavePhos (5),'° the
Beller ligand (6),"" or X-Phos (7)'* (Figure 1). However, as the
results given in Table 1 (entries 15—22) demonstrate, none of
these catalysts surpassed PdCl,dppf. While Pd(t-BuP3),"* and
the combinations of 4-PdCl,, 5-Pd(OAc),, and 6-Pd(OAc),
proved to be quite active (to give 3 in 68 to 76% yield)
significantly lower yields (conversions) were observed for
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Table 1. Variation of Reaction Conditions in the Cyano-
methylation of (2-Naphthyl)bromide (2) According to
Scheme 1"

Entry Pd Base Solvent T (°C)  Yield® (%)

1 PdCL(PPh;), Na,CO;  n-propanol 130° 42

2 PdCL(PPh;), Na,CO;  n-propanol 90 38

3 PdCL(PPh;), Na,CO; DMF 90 39
4 PdCl,dppf Na,CO;  n-propanol 90 <!
5 PdCLdppf Na,CO; DMF 90 42

6 PdClL,dppf Na,CO; THF 90 29

7 PdCLdppf Cs,CO; DMF 90 71

8 PdCl,dppf CsOH  DMF 90 68

9 PdCLdppf NaOH  DMF 90 50
10 PdCLdppf KO,  DMF 90 35
11 PdCldppf KF DMF 90 86
12 PdCldppf LiF DMF 90 <5
13 PdCl,dppf CsF DMF 90 35
14 PdCldppf TBAF  DMF 90 53
1S Pd(tBusP), KF DMF 90 69
16  Pd(OAc), 4  KF DMF 90 59
17 Pd(OAc), S  KF DMF 90 69
18 Pd(OAc), 6  KF DMF 90 76
19 PdClL, 4 KF DMF 90 68
20  PdCL, 6 KF DMF 90 15¢
21 Pd(dba),, 6 KF DMF 90 427
22 Pd(dba), 7 KF DMF 90 29%
23 PdCl,dppf KF DMF 130 70
24 PdClLdppf KF DMSO 90 56
25 PdClLdppf KF DMSO 130 88
26  PdCldppf KF DMSO 130° 77
27 PdCldppf KF DMSO 130 79

“ Conditions: 1 (1.2 equiv), 2 (1.0 equiv), base (3 equiv, 1 M in water),
Pd-cat./L (10 mol %), 0.1 M solution in solvent, 16 h. * Isolated yield.
“Reaction was irradiated in a microwave reactor for 30 min. ¢ Yield of 3
determined by UPLC.  In this case, unreacted 2 was detected by UPLC:
48% (entry 12),9% (entry 13), 2% (entry 22).” Isoxazole-4-boronic acid
(1.2 equiv) was used instead of 1. The structures of ligands 4 to 7 are
shown in Figure 1.
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Figure 1. Some of the ligands tested (see Table 1).

4-Pd(OAc),-, 6-PdCl,-, and the Pd(dba),-derived complexes of
6and 7.

Finally, we probed whether the cyanomethylation reaction
could be performed (under the optimized conditions) at even
higher temperatures. However, running the reaction at 130 °Cin
DMEF afforded the nitrile 3 in only 70% yield (compare entries 11
and 23 in Table 1), possibly due to DMF activation at this
temperature resulting in dehalogenation.'* We were then pleased
to identify DMSO as a particularly suitable solvent. At 130 °C a
remarkably clean transformation was observed yielding the
product in 88% isolated yield (Table 1, entry 25). Lower yields

Scheme 2. Proposed Mechanism for the Formation of 3
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Scheme 3. Synthesis and Interconversion of Proposed Re-
action Intermediates and Products of the Cyanomethylation
Process

cat. PdClydppf F Q ! 1.0MF, POCI,, 70°C COH
KF, 50°C, 3 h N 1 2.NH,0H, 80°C
v — = )i OO
75% : 78%
8 i 10
L NaOH, i
: W) 82% |DMFH,0
' pEs) 23°C, 16 h
H 4~ (
: ! HN_ N
; CHO z m
! MeOH/H,0 1 HCONH, SN
[soas songt Hoe
' — —_
1 99% ! 39%
i

3 9 | 11

NaH, HCO,Et
50°C, 1h

60%

of 3 were obtained under microwave irradiation or when
isoxazole-4-boronic acid was used instead of the pinacol ester 1
(Table 1, entries 26 and 27).

As a mechanistic rationale for the observed formation of 3 we
assumed a base-induced fragmentation of the primary cross
coupling product, i.e. the isoxazole 8, to give the 0-formyl-nitrile
9, which in turn is converted to 3 by a retro-Claisen-type process
(Scheme 2).

To shed light on the proposed reaction mechanism (and to
investigate the influence of the reaction parameters on the
individual steps of the sequence) we synthesized and character-
ized all the proposed intermediates (Scheme 3).

A pure reference sample of 8, prepared in two steps from (2-
naphthyl)acetic acid (10),'* allowed us to identify this com-
pound as an intermediate always appearing in small quantities
during the cyanomethylation process (UPLC analysis). When
the Suzuki coupling was performed under milder conditions (cat.
PdCl,dppf, KF, DMF/H,0, 50 °C, 1 h) it was possible to
suppress the fragmentation and to isolate 8 in 75% yield. On
heating to 90 °C in the presence of an aqueous base, 8 effectively
underwent fragmentation to afford 3.'° By variation of condi-
tions (Table 2) we could show that heat, base, and water are
required for this process. CsF or NaOH were less effective (some
nitrile hydrolysis was observed with NaOH). In the presence of
KF the fragmentation proceeded also smoothly in methanol as a
solvent.

An authentic sample of the aldehyde 9 as a proposed inter-
mediate of the fragmentation process (generated through de-
protonation at the 3-position of the isoxazole 8)'” was prepared
by Claisen condensation®® of 3 with ethyl formate (Scheme 3).
This compound proved to be identical with an intermediate
regularly appearing in the UPLC chromatograms of the cyano-
methylation reaction mixtures (as a characteristic double peak,
probably resulting from tautomerization). 9 could also be
obtained from 8 in 82% yield by treatment with aqueous NaOH
at room temperature. As the NMR spectra of 9 are quite complex
(tautomeric mixture of E- and Z-enol forms) its identity was
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Table 2. Fragmentation of 4-(2-Naphthyl)-isoxazole 8 to
Nitrile 3°

Entry Base Solvent T (°C) Yield” (%)
1 — DMF 90 0
2 KF DMF 23 3
3 KF DMEF 90 96 (95)°
4 KF DMF 90 <5
S CsF DMF 90 S3
6 NaOH DMF 90 69
7 KF MeOH 90 97

“ Conditions: 8, base (3 equiv, 1 M in water), 1 h. ®Yield of 3 determined
by UPLC. “Isolated yield. Nonaqueous conditions.

Table 3. Cyanomethylation of Various Substrates”

Entry Ar-X Ar-CH,-CN Yield® (%)
Cl CN .
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Br
16 @ACN 81
F F
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? Conditions: Ar—X (1 equiv), 2 (1.2 equiv), KF (3 equiv, 1 M in water),
PdCl,dppf (10 mol %), DMSO (0.1 M sol), 130 °C, 16 h.
? Isolated yield. ¢ Conversion determined by UPLC.

Scheme 4. A Short Synthesis of Dopamine (14)
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additionally corroborated by conversion into the 4-aminopyr-
imidine derivative 11** (Scheme 3). The transformation of 8 to 9
at room temperature demonstrates the crucial role of heat for the
second step (9 to 3) of the one-pot fragmentation of 8 to 3, and
the results summarized in Table 2 also confirm the particular role
of potassium fluoride for the optimized cyanomethylation pro-
tocol. This base is strong enough to promote the Suzuki coupling
and to induce the fragmentation of 8 to 3 at elevated tempera-
tures while it does not catalyze the formation of byproducts
resulting from nitrile hydrolysis.

Applying the optimized conditions, we then demonstrated the
scope of the cyanomethylation protocol employing a broad range
of substrates (Table 3). Not unexpectedly, the yields obtained
with different 2-naphthyl halides and the triflate reflect the rate
order for the initial oxidative addition step (I~ Br > OTf> Cl).*
Interestingly, no significant differences were observed in the
reactivity of various aryl bromides carrying either electron-with-
drawing or -donating substituents. In all cases investigated, the
product was obtained in good yield (64—86%), the only excep-
tion being 4-nitrophenyl-acetonitrile (49%).

To demonstrate the usefulness of the cyanomethylation
protocol developed, we finally applied the methodology in a
short synthesis of the naturally occurring neurotransmitter
dopamine (14) (Scheme 4). Starting from 3,4-dimethoxy-bro-
mobenzene (12) the cyanomethylated product 13 was obtained
in 84% yield (Table 3, entry 9). Conversion of the nitrile function
to the corresponding amine'® using borane as a reducing agent
and subsequent cleavage of the methylethers by prolonged
heating with aqueous hydrochloric acid" then afforded dopa-
mine-hydrochloride (14) in 64% overall yield from 12
(Scheme 4).

In conclusion, we have discovered, optimized, and applied a novel
methodology for the cyanomethylation of aryl halides. Using
commercially available isoxazole-4-boronic acid pinacol ester as a
reagent (acetonitrile anion equivalent) the process exploits a Suzuki
cross-coupling with subsequent base-induced isoxazole fragmenta-
tion and opens an efficient access to a broad spectrum of arylace-
tonitriles in an operationally simple and reliable fashion.
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