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Abstract: Dichloro[bis{1-(dicyclohexyl-
phosphanyl)piperidine}]palladium

[(P{(NCsH,0)(CeHi),}),PdCL] (1) is a
highly active and generally applicable
C—C cross-coupling catalyst. Apart
from its high catalytic activity in
Suzuki, Heck, and Negishi reactions,
compound 1 also efficiently converted
various electronically activated, non-
activated, and deactivated aryl bro-
mides, which may contain fluoride
atoms, trifluoromethane groups, ni-
triles, acetals, ketones, aldehydes,
ethers, esters, amides, as well as hetero-
cyclic aryl bromides, such as pyridines
and their derivatives, or thiophenes

that excess cyanide efficiently affected
the molecular mechanisms as well as
inhibited the catalysis when nanoparti-
cles were involved, owing to the forma-
tion of inactive cyanide complexes,
such as [Pd(CN),*, [(CN);Pd(H)]*",
and [(CN);Pd(Ar)]*". Thus, the choice
of cyanating agent is crucial for the
success of the reaction because there is
a sharp balance between the rate of cy-
anide production, efficient product for-
mation, and catalyst poisoning. For ex-
ample, whereas no product formation
was obtained when cyanation reactions
were examined with Zn(CN), as the
cyanating agent, aromatic nitriles were

smoothly formed when hexacyanofer-
rate(II) was used instead. The reason
for this striking difference in reactivity
was due to the higher stability of hexa-
cyanoferrate(II), which led to a lower
rate of cyanide production, and hence,
prevented catalyst-deactivation pro-
cesses. This pathway was confirmed by
the colorimetric detection of cyanides:
whereas the conversion of (3-solvato-a-
cyanocobyrinic acid heptamethyl ester
into dicyanocobyrinic acid heptamethyl
ester indicated that the cyanide pro-
duction of Zn(CN), proceeded at 25°C
in NMP, reaction temperatures of
>100°C were required for cyanide

into their respective aromatic nitriles
with K,[Fe(CN)4] as a cyanating agent
within 24h in NMP at 140°C in the
presence of only 0.05mol% catalyst.

. palladium
Catalyst-deactivation processes showed

Introduction

Aromatic nitriles are of great importance in organic and me-
dicinal chemistry as they are integral moieties in various
natural products, pharmacologically and biologically active
compounds, herbicides, agrochemicals, and dyes."?’ More-
over, they also have applications as synthetic intermediates
that can be converted into various other functional groups,
such as aldehydes, amines, nitrogen-containing heterocycles,
benzoic-acid derivatives, etc.>' Thus, benzonitriles are
highly valuable synthetic targets. Classical synthetic methods
for their preparation include the Rosenmund von Braun re-
action,” the diazotization of anilines followed by the Sand-
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production with K [Fe(CN)y]. Mecha-
nistic investigations demonstrate that
palladium nanoparticles were the cata-
lytically active form of compound 1.

meyer reaction, and the ammoxidation of toluene (and its
derivatives).'>'¥ However, these methods suffer from major
drawbacks, such as the generation of equimolar amounts of
heavy-metal waste and the need for very high reaction tem-
peratures. Therefore, the transition-metal-catalyzed cyana-
tion of aryl halides (Scheme 1) offers an efficient and power-
ful alternative for the high-yielding synthesis of aromatic ni-
triles under relatively mild reaction conditions, and thus has
applications in process and medicinal chemistry as well as in
ligand synthesis.!”]

Pd catalyst
—_—

Ar-Br + CN™ Ar-CN + Br-

Scheme 1. Palladium-catalyzed cyanation of aryl bromides.

Besides nickel- and copper-catalyzed cyanation reac-
tions,"*!” palladium, for which molecular mechanisms (Pd"/
Pd™) as well as catalytic cycles that involve nanoparticles
have been proposed, is still the metal of choice for this
transformation.">?!! Even though recent developments have
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considerably increased the activity of cyanation catalysts to
the point at which some tolerate the reaction of sterically
hindered substrates or nonactivated aryl chlorides,"”* even
at temperatures below 100°C,l'** a typical reaction proce-
dure still requires prolonged reaction times (up to 18 h),
high reaction temperatures (140 or 160°C), and catalyst
loadings of up to 10 mol % for efficient product formation.
Moreover, modified reaction conditions (catalyst loadings
and reaction temperatures) are often required for different
substrates. In addition, most catalysts suffer from low func-
tional-group tolerance and/or from an unpredictable re-
activity pattern. Therefore, the development of new, stable,
and easy accessible cyanation catalysts that efficiently and
reliably operate under uniform reaction conditions and also
widen the scope of this reaction is of great importance for
both academic and industrial applications.

Herein, we report the catalytic performance of dichloro-
[bis{1-(dicyclohexylphosphanyl)piperidine}]palladium
[(P{(NCsH,y)(CsH1),}),PdCL,] (1), a universally applicable
C—C cross-coupling catalyst, in the cyanation of (heterocy-
clic) aryl bromides with K,[Fe(CN)], which, apart from its
environmental advantages, is cheap and—in contrast to all
other sources of cyanide—nontoxic.’” Furthermore, investi-
gations into catalyst-deactivation processes have shown that
excess cyanide affects both the molecular mechanisms at
every step of the cycle as well as catalytic cycles where
nanoparticles are involved. Moreover, colorimetric cyanide
detection has shown that cyanide production with hexacya-
noferrate(Il) requires reaction temperatures of >100°C (in
contrast to, for example, Zn(CN),, where cyanides are al-
ready produced at 25°C) and thus, provides a simple explan-
ation for the high catalytic activity of compound 1 in the cy-
anation of aryl bromides with K,[Fe(CN)] as the cyanation
agent, whilst almost no product formation was observed
when Zn(CN), was applied.

Results and Discussion

Catalyst synthesis: [(P{(NCsH,,)(CsHy,),}),PdCL] (1) was
quantitatively formed within a few minutes by the treatment
of a suspension of commercially available [PdCl,(cod)]
(cod=cycloocta-1,5-diene) in toluene with two equivalents
of 1-(dicyclohexylphosphanyl)piperidine at 25°C under a N,
atmosphere (Scheme 2).%*! Compound 1 was assumed to be
the ideal cyanation catalyst because it has been demonstrat-
ed to efficiently promote both molecular (Pd’/Pd") mecha-
nisms and catalytic cycles involving nanoparticles.”"!

2 P(Cy)2(NCsH1q)

—_—

[PdCly(cod)] [(P{(NCsH10)(CgH11)2})2PdCl2]

toluene, 10 min, RT

Scheme 2. Synthesis of dichloro[bis{1-(dicyclohexylphosphanyl)piperidi-
ne}]palladium (1).
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Whereas palladium nanoparticles were demonstrated to
be the catalytically active form of compound 1 in Suzuki
and Heck reactions,”***! a homogeneous Pd’/Pd" mechanism
was found to be operative in the Negishi reaction.?*! How-
ever, mechanistic investigations demonstrated that palladi-
um nanoparticles were the catalytically active form of com-
pound 1 in the cyanation of aryl bromides.

Reaction conditions: To establish the most-efficient reaction
conditions for the cyanation of aryl bromides with com-
pound 1, the reaction temperature, solvent, and base were
varied, using 1-bromo-4-methoxybenzene as the aryl bro-
mide (Table 1). The cyanating agent, potassium hexacyano-
ferrate(IT) was not varied in these optimization experiments
because all other cyanide sources tested, such as NaCN,
KCN, and Zn(CN), were found to be inferior.

Table 1. Initial optimization experiments for the cyanation of 1-bromo-4-
methoxybenzene with K,[Fe(CN),], catalyzed by 1 under N,-atmo-
sphere

Entry Base Solvent Cat. Equiv. Conv.
[mol%] K,[Fe(CN)¢] [%]™
1 Na,CO; NMP 0.05 0.25 97
2 K,CO; NMP 0.05 0.25 47
3 NaOAc NMP 0.05 0.25 30
4 K;PO, NMP 0.05 0.25 1
5 K;PO,xH,O NMP 0.05 0.25 0
6 NaOH NMP 0.05 0.25 3
7 tBuOK NMP 0.05 0.25 0
8 tBuONa NMP 0.05 0.25 0
9 NEt; NMP 0.05 0.25 0
10 lutidine NMP 0.05 0.25 0
11 Na,CO; DMAc 0.05 0.25 89
12 Na,CO; DMF 0.05 0.25 76
13 Na,CO; 1-hexanol 0.05 0.25 5
14 Na,CO; ethylene glycol  0.05 0.25 3
15 Na,CO; DMSO 0.05 0.25 0
16 Na,CO; p-xylene 0.05 0.25 0
17 Na,CO; NMP (2 mL) 0.05 0.25 100
18 Na,CO; NMP (8 mL) 0.05 0.25 241l
19 Na,CO; NMP 0.05 0.167 78
20 Na,CO; NMP 0.05 0.333 100
21 Na,CO; NMP 0.05 0.5 99
22 Na,CO; NMP 0.05 1.0 56
23 Na,CO; NMP 0.5 0.25 27
24 Na,CO; NMP 0.2 0.25 93
25 Na,CO; NMP 0.01 0.25 3
[a] Reaction  conditions:  1-bromo-4-methoxybenzene (1.0 mmol),

K4[Fe(CN)4], base (1.0 mmol), solvent (4.0 mL total, unless otherwise
stated), 140°C, 6 h. [b] Determined by GCMS, based on the aryl halide.
[c] Conversion obtained after 18 h.

Interestingly, whilst comparable conversion rates and
yields were obtained for compound 1 at 140 and 120°C,”*! a
dramatic drop in activity was noticed when the reaction
temperature was 100°C; no catalytic activity was obtained
when the reaction temperature was lowered further. Dra-
matic effects were also noticed when changing the solvent
or base: For example, whereas 1-bromo-4-methoxybenzene
was almost quantitatively converted into 4-methoxybenzoni-

www.chemeurj.org — 2979


www.chemeurj.org

CHEMISTRY

C. M. Frech et al.

A EUROPEAN JOURNAL

trile within 6 h in N-methylpyrrolidone (NMP, 4 mL total) at
140°C with Na,CO; as the base (0.05mol% catalyst and
0.25 equiv K,[Fe(CN)] relative to the aryl bromide), only
47% and 30% of the benzonitrile was obtained when
K,CO; and NaOAc were used as the base, respectively
(Table 1, entries 1-3). Only trace amounts (<3%) of
4-methoxybenzonitrile were detected when NaOH,
tBuONa, BuOK, K;PO, or its hydrate were employed in-
stead (Table 1, entries 4-8). By analogy, the use of amines,
such as NEt; or lutidine, were also not appropriate because
they efficiently inhibited the catalysis (Table 1, entries 9 and
10).

Similar effects were noticed by changing the solvent:
whilst comparable performances were obtained for NMP
and N,N-dimethylacetamide (DMAc), replacing these sol-
vents with DMF led to a drop in activity (Table 1, entries 11
and 12). Notably, product formation of up to 5% was found
when protic solvents, such as 1-hexanol and ethylene glycol,
were used (Table 1, entries 13 and 14).*°*! However, no
product formation was observed at all when the cyanation
reactions were performed in DMSO or p-xylene (Table 1,
entries 15 and 16). Moreover, the amount of solvent also
strongly influenced the catalytic performance of compound
1, according to the expected trend: the smaller the solvent/
substrate ratio, the higher the conversion rate (Table 1, en-
tries 1, 17, and 18; Figure 1). The amount of cyanating agent
also had an influence on the rate of conversion and on prod-
uct yields: whereas a successive increase in activity was ob-
served when the amount of K, Fe(CN),] was raised from
0.167 to 0.25 equivalents (relative to the aryl bromide), es-
sentially the same level of activity was found within the
range 0.25-0.5 equivalents. However, when the amount of
cyanating agent was increased further, a successive drop in
activity was noticed (Table 1, entries 19-22). For example,
whereas almost-quantitative  product formation was
achieved within 6 h when 1-bromo-4-methoxybenzene was
coupled with 0.25equiv of K,[Fe(CN)¢] (NMP, 140°C,
Na,CO;, 0.05 mol% catalyst), only
56 % yield was achieved when the
cyanation reaction was performed
with an equimolar amount of M
K,[Fe(CN)¢]. The same trend was
noted by changing the amount of
catalyst. Whereas the best results
were achieved with 0.05 mol % compound 1, decreased con-
version rates and yields were noted when the amount of cat-
alyst was lowered. The same observations were made when
the reaction was performed with increased amounts of cata-
lyst, presumably owing to the formation of palladium black
(Table 1, entries 23-25).

Catalyst-deactivation processes and colorimetric cyanide de-
tection: The decreased catalytic activity of compound 1 in
the presence of a large excess of cyanating agent was as-
sumed to be a result of the higher concentration of “free”
cyanide ions in solution, and hence, (partial) catalyst deacti-
vation owing to the formation of (catalytically inactive) pal-
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Figure 1. Kinetics of the cyanation of 1-bromo-4-methoxybenzene
(1.0 mmol) with K,[Fe(CN)4] (0.25 mmol) in the presence and absence of
additives, catalyzed by 0.05mol% of dichloro[bis{1-(dicyclohexylphos-
phanyl)piperidine}]palladium (1) at 140°C in NMP (2.0 mL).

ladium(IT)-cyano  complexes, such as [Pd(CN),]*,
[(CN);Pd(H)]*", and [(CN);Pd(Ar)]>"* Indeed, when an
excess (about 5equiv) of [Bu,N]"*CN (0=161.7 ppm) was
added to a solution of compound 1 in NMP, [Pd(**CN),]*
(0=126.4 ppm) was instantly and quantitatively formed at
25°C [Eq. (1)]. Similarly, [Pd(*CN),]*~ was detected when
an excess (about 20 equiv relative to Pd) of [Bu,N]”CN was
added to a suspension of palladium on charcoal (5%) in
NMP and stirred for 18 h at 25°C [Eq. (2)]. Furthermore,
when an excess (about 20 equiv) of [Bu,N]*CN was added
to a solution of [(P{(NCsH,,)(C¢H,),}),Pd]* in NMP at
25°C, [(*CN),Pd(H)]>" ("H NMR: 6 =—10.8 ppm (dt, Joy =
64.9 and 2.6 Hz), “C{'H} NMR: 6=148.2 and 137.8 ppm)
was smoothly and quantitatively formed at 25°C when trace
amounts of water were present.”” Subsequent heating
(140°C) of these reaction mixtures induced their complete
conversion into [Pd(**CN),]*~ within 18 h [Eq. (1)].

[NBugCN N N
~———— [Pd%PRy),] (1)
NMP/H,0, 25°C

[(CN)5P(H) el

NMP/H,0, 140°C

—H,, NBusOH -2 PR3, NBusOH
[NBu,ICN Kq[Fe(CN)g]
PdIC (5%) ———— [Pd"(CN)jJ* <——— Pd/C (5%) 2)

NMP/H,0, 25°C

Fy, Z2KoH NMP/H,0, 140°C

Even though [(CN);Pd(Ar)]*” may be considered as an in-
termediate in both molecular mechanisms and in catalytic
cycles where palladium nanoparticles are involved, reductive
elimination of the respective benzonitrile was recently
shown to occur from tricoordinate [(CN),Pd(Ar)]~, and
therefore required the predissociation of one of the cyanide
groups from [(CN);Pd(Ar)]>~."” However, cyanide dissocia-
tion from [(CN);Pd(Ar)]*" is known to be efficiently inhibit-
ed in the presence of even small quantities of cyanide in so-
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lution: whereas reductive elimination of benzonitrile was
observed at 25°C when up to 3equivalents of cyanide
([BuyN]JCN) were added to a solution of [(P{(NCsH,,)-
(C6H11),)),Pd(Br)(Ph)] in NMP,**? the formation of the aro-
matic nitrile was not detectable when 4 equivalents (or
more) of [Bu,N]CN were present.’” Consequently, the pres-
ence of cyanide inhibits catalysis, independent of the charac-
ter of the catalytically active species of compound 1, and
hence, independent of an operative molecular mechanism or
a catalytic cycle where palladium nanoparticles are involved.
The addition of an excess (about 10 equiv relative to the cat-
alyst) of [Bu,N]"”CN to the cyanation reaction catalyzed by
compound 1 efficiently inhibited catalysis owing to the for-
mation of [Pd(**CN),]*~ and [Pd(**CN),] (6 =116.2 ppm), as
confirmed by NMR spectroscopy of the reaction mixtures.
The same was true for KCN or Zn(CN),, which demonstrat-
ed the crucial role of the cyanating agent in the successful
cyanation of aryl halides and illustrated the sharp balance
between the rate of cyanide generation, efficient product
formation, and catalyst deactivation owing to excess cya-
nide. Indeed, whereas, for example, the generation of cya-
nide in a solution of Zn(CN), in NMP was indicated by its
colorimetric detection with the

corrin-based chemosensor

FULL PAPER

excess in the reaction mixture, and hence affect molecular
catalytic mechanisms as well as inhibit catalysis when nano-
particles were involved.’” Indeed, whereas no reaction was
observed when about 20 equivalents of K,[Fe(**CN)q] were
added to a solution of compound 1 in NMP and stirred for
48 h at 25°C, slow cyanide transfer, and thus the stepwise
transformation of compound 1 into [Pd(**CN),] and
[PA(*CN),]*~, was observed at 140°C. Complete conversion
of compound 1 into [Pd(**CN),]*~ was achieved after 48 h.
Similarly, [Pd("*CN),]*>~ was quantitatively formed at 140°C
within 18 h when an excess (about 20equiv) of
K, [Fe(®CN)s] was added to a solution of [(P{(NCsH,)-
(C4H;),)),Pd]?*! in NMP [Eq. (3)]. On the other hand, pal-
ladium—cyano complexes were not detected when suspen-
sions of palladium on charcoal (5%) in NMP were thermal-
ly treated in the presence of a large excess of K,[Fe("*CN),]
for 24 h [Eq. (2)]. Thus, this result indicates that catalyst de-
activation with hexacyanoferrate(II) as the cyanating agent
was too slow (if observable at all) to be relevant for the cat-
alytic performance of compound 1, in particular when palla-
dium nanoparticles were its catalytically active form.

.. . K4[Fe(CN)g] K4[Fe(CN)g] K4[Fe(CN)g]
B'SOlVatO-a-CyanOCObyrlnlC acid [PdO(PR3)2] [Pd”(CN)4]2_ [Pd"(CN)zl [(PR3)2Pd”C|2] (3)
heptamethyl ester (Scheme 3) NMP/H,0, 140°C NMP, 140°C NMP, 140°C (1)

-2 PR3, Hy, 2 KOH -2 PR3, 2KCI

at 25°C (the reaction of f-sol-

MeOOC
COOMe
MeOOC
«CH3
Hae™ "INC
o COOMe
I —
MeOOC CHs NMP/H,0  MeOOC
G2 Chs
COOMe COOMe COOMe COOMe

a-solvato-B-cyanocobyrinic acid dicyanocobyrinic acid
heptamethy| ester heptamethyl ester
(orange) (violet)

Scheme 3. Colorimetric detection of cyanide in NMP solutions of
K,[Fe(CN),] (at 140°C) and Zn(CN), (at 25°C) with the corrin-based
chemosensor f3-solvato-a-cyanocobyrinic acid heptamethyl ester.

vato-a-cyanocobyrinic acid heptamethyl ester with cyanide
yielded the dicyanocobyrinic acid heptamethyl ester and
was accompanied by a characteristic color change from
orange to violet, with the absorption maxima for the a-band
at Amax=>587 nm),F'l thermal treatment (>100°C) was re-
quired to induce cyanide production with hexacyanoferra-
te(IT), and hence its colorimetric detection.

Consequently, the (main) reason for the successful cyana-
tion of aryl bromides with K,[Fe(CN),] as the cyanating
agent (with catalyst 1) was the high stability of hexacyano-
ferrate(IT), and thus the slow (optimal) rate of cyanide pro-
duction under the reaction conditions used. Even though
slow cyanide production may also have a retarding effect on
catalysis, too fast cyanide production would lead to its

Chem. Eur. J. 2012, 18, 2978 -2986
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Catalysis: Complex 1 is a highly active, reliable, and versa-
tile cyanation catalyst that efficiently and cleanly converts
electronically activated, nonactivated, and deactivated, as
well as heterocyclic aryl bromides into their respective ben-
zonitriles (140°C, NMP solvent, Na,CO; base, 0.05 mol %
catalyst, 0.25 equiv K,[Fe(CN),] relative to the aryl bromide,
under a N, atmosphere) within 6-8 h in typically good to ex-
cellent yields (Table 2). For example, the cyanation of elec-
tronically activated aryl bromides, such as 4-bromobenzoni-
trile, 4-bromobenzaldehyde, 1-(4-bromophenyl)ethanone,
methyl-4-bromobenzoate, 4-bromobenzophenone or 3-bro-
mobenzaldehyde, 3-bromobenzaldehyde diacetal, and
methyl-3-bromobenzoate afforded their respective benzoni-
triles within 6 h in almost quantitative yields. The same
yields but slightly lower conversion rates were noticed when
fluorinated aryl bromides, such as 1-bromo-4-(trifluorome-
thyl)benzene, 1-bromo-3-(trifluoromethyl)benzene, and
1-bromo-4-fluorobenzene were applied. High conversions
were also achieved after 6 h when nonactivated aryl bro-
mides, such as phenyl bromide, 1-bromo-3-methylbenzene,
4-bromobiphenyl, and 1-(4-bromobiphenyl-4-yl)ethanone
were applied. The same yield but a retarded conversion was
noticed for 4-bromoacetanilide. Further retardation was ob-
tained for 4’-bromobiphenyl-4-yl acetate, for which a moder-
ate yield of 67% was achieved after 14 h. This result was in
contrast to electronically deactivated aryl bromides, such as
1-bromo-4-methoxybenzene,  1-bromo-4-phenoxybenzene,
1-(benzyloxy)-4-bromobenzene, and 1-bromo-3,5-dimethox-

2981
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ybenzene, for which full conversions into their re-
spective benzonitriles were typically achieved
within only 6-8 h. On the other hand, when nitro-
gen-containing substrates, such as 5-bromo-1-
methyl-1H-indole and 4-(4-bromophenyl)morpho-
line were applied, the same yields but retarded
conversions were noticed. For example, whereas
the quantitative formation of 4-morpholin-4-yl-
benzonitrile into 4-(4-bromophenyl)morpholine
was achieved within 8 h, 12h were required to
fully convert 5-bromo-1-methyl-2,3-dihydro-1H-
indole into 1-methyl-2,3-dihydro-1H-indole-5-car-
bonitrile. Further retardation was found in the cy-
anation of 4-bromo-N,N-dimethylbenzene: 75%
conversion into 4-(dimethylamino)benzonitrile
was obtained after 14 h. Whereas similar rates of
conversion and yields were obtained when (nonac-
tivated, sterically hindered) 1-bromonaphthalene
and 2-bromotoluene were applied, a drop in activ-
ity was noted when using 2-bromobenzonitrile as
a substrate (46% conversion after 24 h). Further
retardation and even lower product yields (about
30%) were obtained when ortho-substituted aryl
bromides with increased electron density, such as
1-bromo-4-methoxy-2-methylbenzene or 1-bromo-
2-methoxybenzene, were applied. Almost no cata-
lytic activity was noticed when 2,6-di-substituted
aryl bromides, such as 2-bromo-1,3-dimethylben-
zene, were applied. Notably, protic substrates,
such as phenols, alcohols, carboxylic acids, acetic
acids, and primary and secondary amines were not
tolerated, most probably owing to HCN forma-
tion, and thus afforded their respective benzoni-
triles in typically <25 % yield.”!

On the other hand, an impressive level of activi-
ty was typically obtained when cyanation re-
actions were performed with heterocyclic aryl bro-
mides. For example, whereas quantitative product
formation was observed in 14-18 h when 3-bromo-
pyridine, 3-bromoquinoline, and 2-bromothio-
phene were used as substrates, 24 h was required
to achieve conversions of 60-90 % when 3-bromo-
thiophene, 3-bromo-1-benzothiophene, 2-bromo-
3-methylthiophene, and 2-bromo-5-methylthio-
phene were applied. No product formation was
observed when 2-bromopyridine was used. How-
ever, this result was in striking contrast to
6-bromo-N-ethyl-N-phenylpyridin-2-amine and 1-
(6-bromopyridin-2-yl)-4-methylpiperazine, two
randomly chosen 6-bromopyridine-2-amines,***!
for which quantitative conversion into 6-[ethyl-
(phenyl)amino]pyridine-2-carbonitrile and 6-(4-
methylpiperazin-1-yl)pyridine-2-carbonitrile ~ was
achieved after 24 h, respectively.*]
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Catalytic performance: Dichloro[bis{1-(dicyclo-
hexylphosphanyl)piperidine}]palladium (1) is a

based on the aryl bromide; yields of isolated products are given in brackets. [b] Reactions were performed in the presence of Na,CO; (2.0 mmol). [c] Reactions were performed in the presence of

[a] Reaction conditions: aryl bromide (1.0 mmol), K,[Fe(CN);] (0.25 mmol), Na,CO; (1.0 mmol), NMP (2.0 mL), catalyst (0.05 mol %, as a solution in NMP), 140°C; conversions determined by GCMS
0.1 mol % catalyst.

Table 2. Cyanation of aryl bromides with K,[Fe(CN)g], catalyzed by 1.1

NC NC
OMe
Nc” :
100% (98%), 6h
N
]
O
100% (88%),[1 14h

100% (93%), 14h
100% (93%), 6h

NC

N
\O
)
\S}
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highly active, versatile, easy accessible, and convenient pal-
ladium-based cyanation catalyst that was able to convert a
large variety of substituted aryl bromides, containing fluo-
ride atoms, trifluoromethane groups, nitriles, acetals, ke-
tones, aldehydes, ethers, esters, amides, as well as heterocy-
clic aryl bromides, such as pyridines and their derivatives, or
thiophenes into their respective aromatic nitriles with
K,[Fe(CN),] as the cyanating agent (0.25 equiv) at 140°C in
NMP solvent, with Na,CO; as the base and 0.05 mol % cata-
lyst (or 0.1 mol % when heterocyclic substrates were used).
Comparisons with the literature data of other catalysts are
difficult to draw because almost every cyanation catalyst op-
erates under different reaction conditions (solvent, reaction
temperature, base, catalyst loading, cyanating agent, addi-
tive, etc.), which are crucial for their successful application.
Therefore, a comparative study was performed between
compound 1, [Pd(OAc),],"* and [Pd(OAc),]/dppf (dppf=
1,1'-bis(diphenylphosphino)ferrocene)™  (Table 3),  for
which similar reaction conditions were applied. This study
demonstrated that the aminophosphine-based system was

Table 3. Comparison of compound 1, [Pd(OAc),], and [Pd(OAc),]/dppt
in the cyanation of aryl bromides with K,[Fe(CN)¢] under a N, atmos-
phere. !

Entry Cyanation Catalyst Conv. t
product [% ]! [h]
0 1 100
1 /@* [Pd(OAC),] 33 6
[Pd(OAC),]/dppt 96
NC
CFs 1 100
2 /@ [PA(OAC),] 9% 14
NG [PA(OAcC),)/dppf 83
1 100
[Pd(OAC),] 98 6

[PA(OAc),|/dppf 100

%

OMe 1 100

4 /©/ [Pd(OAC),] 68 6
NC [Pd(OAC),)/dppf 100
7 1 100

ke k [Pd(OAC),] 56 18
NC [Pd(OAc),]/dppf 100
N 1 100

6l @ [Pd(OAc),] 100 14
Ne [Pd(OAc),]/dppf 100
~n 1 100

il Q N SN [Pd(OAC),] 40 24
| [Pd(OAc),)/dppf 53

F

\ 1 60

8lel | o [Pd(OAc),] 10 18
Ne [Pd(OAc),)/dppt 23
\ 1 76

ol | [Pd(OAc),] 57 18
ne” 7S [Pd(OAc),)/dppf 100
= 1 67

10 QS [Pd(OAc),] 7 24
NC [Pd(OAc),)/dppf 20

[a] Reaction conditions: aryl bromide (1.0 mmol), K,[Fe(CN)]

(0.25 mmol), base (1.0 mmol), NMP (4.0 mL total), catalyst (0.05 mol %),
140°C. [b] Determined by GCMS based on the aryl halide. [c] Reactions
were performed in the presence of 0.1 mol % catalyst.

Chem. Eur. J. 2012, 18, 2978 -2986

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

indeed one of the most-active cyanation catalysts. For exam-
ple, whereas conversions of >95% for 4-bromobiphenyl or
3-bromoquinoline were observed with all of the catalysts
tested (Table 3, entries 3 and 6, respectively), significantly
lower conversions of 33, 68, and 56 % were achieved with
palladium acetate in the cyanation of 1-(4-bromophenyl)-
ethanone, 1-bromo-4-methoxybenzene or 3-bromopyridine,
respectively (Table 3, entries1, 4, and 5). On the other
hand, whereas excellent performance was noted for com-
pound 1 and [Pd(OAc),] when 1-bromo-4-(trifluoromethyl)-
benzene and 3-bromothiophene were used as the substrates
(Table 3, entries 2 and 12), lower conversions were observed
with [Pd(OAc),]/dppf. Moreover, significantly improved cat-
alytic activity was found for catalyst 1 when compared to
both [Pd(OAc),] and [Pd(OAc),]/dppf in the cyanation of
1-(6-bromopyridin-2-yl)-4-methylpiperazine and 2-bromo-5-
methylthiophene (Table 3, entries7 and 8, respectively):
whilst 6-(4-methylpiperazin-1-yl)pyridine-2-carbonitrile was
almost quantitatively formed with compound 1, conversions
of 40 and 53% were achieved with palladium acetate and
[PA(OACc),]/dppf, respectively. Similarly, whilst a conversion
of 60% into S5-methylthiophene-2-carbonitrile was achieved
with compound 1, only 10 and 23 % of the reaction product
was achieved with [Pd(OAc),] and [Pd(OAc),]/dppf, respec-
tively. Slightly lower catalytic activity of compound 1 (com-
pared to [Pd(OAc),]/dppf) was noticed with 2-bromo-3-
methylthiophene as the substrate. Overall, the catalytic ac-
tivity of compound 1 was superior to [Pd(OAc),] and com-
parable to [Pd(OAc),]/dppf. Therefore, the aminophos-
phine-based system is one of the most-active cyanation cata-
lysts reported to date. The improved catalytic activity of the
aminophosphine-based system in cyanation reactions when
compared to other pre-catalysts (see mechanistic investiga-
tions below), such as [Pd(OAc),], was attributed to the slow
and controllable heat-induced degradation of catalyst 1 by
hydroxide anions (involving the cleavage of the P—N bond),
which resulted in the formation of palladium nanoparticles.
Consequently, Na,COj is an excellent promoter for the mild
and controlled formation of nanoparticles from dichloro-
bis(aminophosphine) complexes of palladium, because hy-
droxide anions are slowly generated from the equilibrium
between HCO;~, OH™, and CO,.””! Thus, the formation of
small, highly active nanoparticles (the ratio between palladi-
um on the outer rim and palladium on the inside of the par-
ticles increased favorable with decreasing particle size) was
a direct consequence of the slow release of palladium from
catalyst 1, promoted by hydroxide anions generated by
Na,CO,.5%

Mechanistic investigations: The following experimental ob-
servations indicated that compound 1 was indeed a pre-cata-
lyst, which transformed into palladium nanoparticles:*”)
1) The addition of a large excess of metallic mercury to the
reaction mixture of an aryl bromide, K,[Fe(CN)], a base,
and a catalyst efficiently stopped the catalysis process. Con-
sequently, no product formation was observed when Hg’
was added at the beginning of the reaction (Figure 1). The
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same observations were also made when poly(4-vinylpyri-
dine) (PVPy; 2% cross-linked with divinylbenzene) was
used.’®*! 2) Sigmoidal-shaped kinetics with induction peri-
ods, which is characteristic for metal-particle formation, and
autocatalytic surface growth that can lead to soluble mono-
disperse nanoclusters (or insoluble bulk-metal formation),
were observed in all of the reactions examined.[*! 3) Whilst
the presence of 0.1 equivalent of CS, or triphenylphosphine
(relative to the catalyst) efficiently inhibited the catalysis,
only slightly lowered conversion rates and yields were no-
ticed in the presence of about 20 mol % NBu,Br (relative to
the aryl bromide)."! 4) The UV/Vis spectrum of the reac-
tion mixtures exhibited a continuous absorption, with a
steep rise in absorbance at shorter wavelengths. This obser-
vation was a clear indication of the presence of palladium
nanoparticles (Figure 2).*? 5) Lastly, catalyst loadings
>0.2 mol % led to significantly lower conversions, most prob-
ably owing to the formation of inactive palladium black.[*’]

104,
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c '
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Figure 2. UV/Vis spectra for diluted reaction mixtures of the cyanation of

1-bromo-4-methoxybenzene, recorded after 2h: a)with K,[Fe(CN)4]

(0.25 equiv relative to the aryl bromide), catalyzed by 0.1 mol % of com-

pound 1; b) with K,[Fe(CN),] (0.25 equiv relative to the aryl bromide) in

the absence of compound 1; and c) in the absence of both K,[Fe(CN)q]
and compound 1.

Conclusion

Dichloro[bis{1-(dicyclohexylphosphanyl)piperidine}]palladi-
um [(P{(NCsH,,)(C¢H;),}),PdCl,] (1) is a highly active and
generally applicable C—C cross-coupling catalyst that, apart
from successfully catalyzing the Suzuki, Heck, and Negishi
reactions, also efficiently converts various electronically acti-
vated, nonactivated, and deactivated as well as heterocyclic
aryl bromides into their respective benzonitriles in high
yields. A comparison study with [Pd(OAc),] and
[PA(OAC),]/dppf showed that the catalytic activity of the
aminophosphine-based system was superior to [Pd(OAc),]
and comparable to [Pd(OAc),]/dppf under the reaction con-
ditions applied. Catalyst-deactivation processes were studied
and excess cyanide was found to efficiently affect the molec-
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ular catalytic mechanisms as well as inhibit the catalysis
when nanoparticles were involved (owing to the formation
of [Pd(CN),]*", [(CN),Pd(H)]*, and [(CN);Pd(Ar)]*).
Even though slow cyanide production may retard catalysis,
too fast cyanide production led to excess cyanide in the re-
action mixtures, thereby affecting the molecular catalytic
mechanisms at every step of the cycle as well as inhibiting
the catalysis when nanoparticles were involved. Consequent-
ly, the choice of cyanating agent is crucial for the successful
cyanation of aryl halides. Therefore, the (main) reason for
the successful cyanation of aryl bromides with K,[Fe(CN)g]
as the cyanating agent (at least with catalyst 1) was its high
stability and hence the optimal (slow) rate of cyanide pro-
duction (at least under the reaction conditions applied). Col-
orimetric cyanide detection involving the conversion of
[-solvato-a-cyanocobyrinic acid heptamethyl ester into di-
cyanocobyrinic acid heptamethyl ester in NMP indicated
that cyanide production with hexacyanoferrate(II) started at
reaction temperatures >100°C. Mechanistic investigations
demonstrated that palladium nanoparticles were the catalyt-
ically active form of compound 1.

Experimental Section

General procedure for the cyanation reactions: In a Young Schlenk tube
(10 mL) were added dried K [Fe(CN)4] (0.25 mmol), K,CO; (1.0 mmol),
anhydrous 1-methyl-2-pyrrolidinone (NMP, 2.0mL), aryl bromide
(1.0 mmol), and an appropriate amount of catalyst (dissolved in NMP)
under a N, atmosphere. The mixture was vigorously stirred at 140°C.
Samples were periodically taken from the reaction mixture, quenched
with H,O (or with sat. NH,Cl when pyridines were used as substrates),
extracted with EtOAc, and analyzed by GCMS. At the end of reaction,
the mixtures were allowed to cool to RT, quenched with H,O (or sat.
NH,CI), and extracted with EtOAc (3x15mL). The combined extracts
were dried (MgSO,) and evaporated to remove the solvent. The crude
material was purified by column chromatography on silica gel as necessa-
Iy.
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