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Abstract: Two new palladium-catalyzed procedures for the arylation of nitriles under less basic conditions
than previously reported have been developed. The selective monoarylation of acetonitrile and primary
nitriles has been achieved using o-silyl nitriles in the presence of ZnF,. This procedure is compatible with
a variety of functional groups, including cyano, keto, nitro, and ester groups, on the aryl bromide. The
arylation of secondary nitriles occurred in high yield by conducting reactions with zinc cyanoalkyl reagents.
These reaction conditions tolerated base-sensitive functional groups, such as ketones and esters. The
combination of these two methods, one with a-silyl nitriles and one with zinc cyanoalkyl reagents, provides
a catalytic route to a variety of benzylic nitriles, which have not only biological significance but utility as
synthetic intermediates. The utility of these new coupling reactions has been demonstrated by a synthesis
of verapamil, a clinically used drug for the treatment of heart disease, by a three-step route from commercial
materials that allows convenient variation of the aryl group.

Introduction amides!® However, selective halogenation to form the benzylic
halide is challenging in many cases, and the use of cyanide can
be undesirable in some settings. Frieg€fafts reactions have
limited functional group tolerance, and the use of amides diverts
the synthetic problem to the synthesiscofiryl amides. Thus,
alternative routes ta-aryl nitriles have been sought; 16 and

a-Aryl nitriles can possess biological activity and are useful
synthetic intermediates. For example, ariflo (cilomildstand
verapamil 22 are used in the clinic for chronic obstructive
pulmonary disease (COPD) and hypertensi@Aryl nitriles
lead toa-aryl amides and carboxylic acids by hydrolysis, and ) . . .
this hydrolysis is part of a commercial route to Ibuprotérhey a general, catalytic coupling of cyanoalkyl anions with aryl
can also generatg-arylamines by reductid® and can serve halides would be gvaluable method. .
as precursors to ketones by addition of Grignard reagents and Although palladium-catalyzed-arylation of carbonyl com-
hydrolysis of the resulting imina-Arylnitriles are also useful ~ Pounds has been established as a general method for the
in the synthesis of heterocycles, such as thiozoles, oxazolines Synthesis ofa-aryl ketone$™ 1% and o-aryl esters?>* the
tetrazoles, imidazoles, and triazoles. coupling of nitriles has only been partially addres3e#2°

The coupling of nitriles with aryl halides has proven to be

COOH challenging for several reasons. First, nitriles are only weakly
o acidic. Therefore, strong bases must be used to generate the
D“ on | cyanoalkyl anions, and the resulting anions may react faster with
MeO MeO N OMe (10) Narsaiah, A. V.; Nagaiah, KAdv. Synth. Catal2004 346, 1271.
Ariflo 1 CN (11) Semmelhack, M. F.; Chlonov, Alop. Organomet. Chen2004 7, 43.
MeO OMe (12) Loupy, A.; Philippon, N.; Pigeon, P.; Sansoulet, J.; GalonsS¥hth.
. Commun.199Q 20, 2855.
Verapamil 2 (13) Sommer, M. B.; Begtrup, M.; Bogeso, K.P.Org. Chem199Q 55, 4817.
(14) Zhang, Z.; Yang, D.; Liu, YJ. Org. Chem1993 58.
L. . . (15) Makosza, M.; Podraza, R.; Kwast, A.Org. Chem1994 59, 6796.
o-Aryl nitriles are traditionally prepared by cyanation of a (16) Caron, S.; Vazquez, E.; Wojcik, J. Nl. Am. Chem. So@00Q 122, 712.
i R P ; P (17) Hamann, B. C.; Hartwig, J. B. Am. Chem. S0d.997 119 12382.
benzylic halide® Friedel-Crafts reaction8,or dehydration of (18) Kawatsura, M.. Hartwig 3. KL Am. Chem. S0d.999 121 1473,
(19) Fox, J. M.; Huang, X.; Chieffi, A.; Buchwald, S. . Am. Chem. Soc.
(1) Jeffery, P.Pulm. Pharmacol. Ther2005 18, 9. 200Q 122 1360.
(2) Prisant, L. M.Heart Dis. 2001, 3, 55. (20) Lee, S.; Beare, N. A.; Hartwig, J. B. Am. Chem. So2001, 123 8410.
(3) Kukushkin, V. Y.; Pombeiro, A. J. Unorg. Chim. Acta2005 358, 1. (21) Beare, N. A.; Hartwig, J. K. Org. Chem2002 67, 541.
(4) Trivedi, B. K.; Holmes, A.; Stoeber, T. L.; Blankey, C. J.; Roark, W. H.;  (22) Jorgensen, M.; Lee, S.; Liu, X.; Wolkowski, J. P.; Hartwig, JJFAm.
Picard, J. A.; Shaw, M. K.; Essenburg, A. D.; Stanfield, R. L.; Krause, B. Chem. Soc2002 124, 12557.
R. J. Med. Chem1993 36, 3300. (23) Goossen, L. Them. Commur2001, 669.
(5) Xi, F.; Kamal, F.; Schenerman, M. Aetrahedron Lett2002 43. (24) Lloyd-Jones, G. CAngew. Chem., Int. EQ002 41, 953.
(6) Weiberth, F. J.; Hall, S. Sl. Org. Chem1987, 52, 3901. (25) Stauffer, S. R.; Beare, N. A.; Stambuli, J. P.; Hartwig, JJ.FAm. Chem.
(7) Friedrich, K.; Wallenfels, KThe Chemistry of the Cyano Groug/iley- So0c.2001, 123 4641.
Interscience: New York, 1970. (26) Culkin, D. A.; Hartwig, J. FJ. Am. Chem. So@002 124, 9330.
(8) Soli, E. D.; Manoso, A. S.; Patterson, M. C.; Deshong, P.; Favor, D. A.; (27) You, J.; Verkade, J. GAngew. Chem., Int. E®003 42, 5051.
Hirschmann, R.; Smith, A. BJ. Org. Chem1999 64, 3171. (28) You, J.; Verkade, J. Gl. Org. Chem2003 68, 8003.
(9) Kurz, M. E.; Lapin, S. C.; Mariam, A.; Hagen, T. J.; Qian, X. D.Org. (29) Satoh, T. 1., J.; Kawamura, Y.; Kawamura, Y.; Miura, M.; Nomura, M.

Chem.1984 49, 2728. Bull. Chem. Soc. Jpri99§ 71, 2239.
15824 m J. AM. CHEM. SOC. 2005, 127, 15824—15832 10.1021/ja053027x CCC: $30.25 © 2005 American Chemical Society
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auxiliary functionality than they react in the catalytic process. MeSI” ™ CN + ArB Pd,dbas, Ligand o~
Thus, the current procedures involving the reactions of nitriles easl = ZnF3, DMF Ar” CN
with strong base limit Fhe functionall group tolerance, and Vield  Selectivity for Monoarylation
products from the arylation that contain arproton undergo 100
racemization under the strongly basic reaction conditions. This 5, 90 |
racemization would prevent any future development of enan- & gg :
tioselective couplings to form secondary nitriles. j:; 60 |
Second, nitriles are Lewis bases and can form insolubleg 50 |
oligomeric compounds when combined with main group =2 ;g | |:I
reagents. This property limits the use of some less basic main';: 20 |
group reagents of nitriles. Third, complexes of nitrile anions * 10 |
undergo slower reductive elimination than complexes of eno- F e rCrFrFCcCc R -
M (5] B % | B =] -l w > = FS a 4_; a E;

lates. The strong inductive effect of the cyano substituent retards
reductive elimination, and the nitrile anion can bind to the
transition metal through nitrogen, through carbon, or in a Bl
bridging mode to form stable dinuclear structures. The slow  P®Bu% G O nBuPBuz - PhPBu, Pz[*&fgh BuPBu;

reductive elimination allows side reactions to compete with the PPh;  PPhy Ph

desired coupling. Fourth, reactions of acetonitrile and primary L1 L2 L3 L4 L5 Le
nitriles generate products from diarylation. These products are

observed because th&pvalues of benzylic nitriles are closer

to the range that leads to full deprotonation in the presence of O O PR,

bases that are compatible with the palladium catalyst. Thus, the [x:f“k © /N:/l %_Pnz :
- <
3

)
% AdPBu
2

a-arylation of nitriles from a catalytic reaction of aryl halide, @ b
nitrile, and base can be conducted, but the reactions have limited
.. . L7 L8 R=Ph L1o L11

scope and poor selectivity for the monoarylation prodéét. 2 L8 R=tBu

Perhaps for these reasons, studies on the scope of the couplin Ge
of main group reagents with aryl halides, such as Nedfs#?, Q/Lpﬂuz PPh, PPhg
Suzuki-Miyaura32 Stille 3 and Hiyama coupling® have not Fo "PCyp =~ MuPCy AdPBL, pPh, PhP”
addressed the problem of coupling aryl halides at the position < OQ
o to a nitrile. Based on our recent success in broadening the Liz Li3 Li4 Lis Lis

scope of coupling processes with main group enotéfésind Figure 1. Yields and selectivities for monoarylation from the coupling of
a desire to avoid organostannanes reagents for reasons Ofrimethylsilyl-acetonitrile with bromobenzene catalyzed by(Biday and
toxicity, we sought to develop the coupling of aryl halides with a series of phosphine ligands.

zinc and silicon cyanoalkyl reagents. These reagents are less . . . ) )
basic than alkali metal cyanoalkyl reagents, and this lower focused on reactions of commercially available trimethylsilyl-

basicity should lead to greater functional group tolerance. acetonitrile 3. With this reagent, we sought to conduct the
We report thex-arylation of nitriles with two new methods monoarylation of acetonitrile. Such a monoarylation reaction

the combination of which leads to mild reactions that encompassWOUld contrast with the less desirable diarylation of acetonitrile
the coupling of aceto, primary, and secondary nitriles with aryl that formed from palladium-catalyzed reactions of aryl halides
halides. By one process, the couplingeosilyl nitriles occurs with the combination of acetonitrile and base. We evaluated

with added zinc fluoride and selectively generates the productsthe coupling o3 W'_th paratgrt—butylbromoben;ene Ina variety
from monoarylation of aceto and primary nitriles. By a second of solvents and with a.varle:\ty of metal fluoride add|t|yes. We
process, zinc cyanoalkyl reagents generated from secondar;FondUCted thesg reactions in the presence of_ catalytic amounts
nitriles react with a substrate scope that is broad and encom-Of the comblna_tlon of Palibg; (dba= d|benzyl|deneacet_one)
passes reactions of zinc reagents generated from hinderecdNd P(Bu)e‘l'BWh'Ch v;/e havt_a shown to catalyze thearylation
secondary nitriles. As one demonstration of the utility of this of ketones® esters?? and silyl ketene acetafS.

coupling, the arylation of a hindered primary nitrile by this latter b Thebreactlon_ ofhtnmethylsnylaceton|tzle with Mt'bu:yl
method creates a short, flexible synthesis of Verapamil. romobenzene in the presence ofdti and PBu); as catalyst
and zinc fluoride as additive generated the monoarylation

Results and Discussion product in 80% yield. No reaction between trimethylsilylaceto-
nitrile and 4tert-butyl bromobenzene with Rdbag and P{Bu);

as catalyst was observed without any Lewis basic additive, and
the same reaction conducted with more basic fluorides, such as
CsF or KF, formed exclusively the product from diarylation.
(30) Knochel, P.: Singer, R. IChem. Re. 1993 93, 2117. We presume that the diarylation products were formed when

(31) 2385’5"53 ﬁzﬁfomm, L. O.; Lotz, M.; Knochel, Angew. Chem., Int. Ed. reactions were run with these additives because the alkali metal

A. Coupling of a-Silyl Nitriles. 1. Coupling of Aryl Halides
with Silyl Acetonitrile Derivatives. Our initial studies of the
coupling of aryl halides with main group cyanoalkyl reagents

(32) Lessene, GAust. J. Chem2004 57, 107. cyanoalkyl reagent is generated from the silylacetonitrile in the

(33) Miyaura, N.Top. Curr. Chem2002 219 11. i i i i i

(34) Fugam, K.. Kosugh. MTop. Curr. Chem32002 219, 87. presence of the strongly basic fI.uorldes (vide infra). Reactions

(35) Hiyama, T.; Shirakawa, E.op. Curr. Chem2002, 219, 61. conducted with added CyFwhich has been used for the

(36) Liu, X.; Hartwig, J. FJ. Am. Chem. So@004 126, 5182. ; i ; ;

(37) Haima, T - Liu, %. Culkin, D. A.: Hartwig, J. Fl. Am. Chem. So@003 coupling of silyl enol ether& did _not Ieaql to the formation of
125, 11176. any coupled product. Thus, the zinc fluoride appears to be strong

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15825
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Table 1. Palladium-Catalyzed Coupling of Trimethylsilylacetonitrile?

2% PdIL, 0.5 ZnF,
ABr + NCTSiMes ———————— Ar” CN

DMF, 90 °C
Entry  Product Condition Time Yield Entry Product Condition Time Yield
(h)y (%) (h) (%)
1 /@ACN A 18 87 10 CN A s 9
By Ph
o}
CN CN
2 A 18 64 1 A 8 84
MeO EtO,C
CN
3 /@ACN c 18 83 | 12 \’(EjA A s 78
Me2N
o}
CN
4 A 18 74 13 /@ACN A 8 8l
NC
CN
5 A 18 78 14 @CON B 2% 08
o” "o
_/
6 CN A 18 87 | 15 /@\ACN B 2478
MeO
7 /©/\ CN A 18 79 16 CN B 24 69
F
8 /©/\CN A 18 78 17 CN B 2471
F3C
9 /@ACN A 8 68 18 @i\CN B 24 84
O,N

aConditions A: 2 mol % Pghiba, 2 mol % Xantphos, 0.5 equiv of ZaFDMF, 90°C. B: 2 mol % Pddbas, 4 mol % P{-Bu)s, 0.5 equiv of Znk, DMF,
90 °C. C: 2 mol % Pedba;, 4 mol % PhP{Bu),, 0.5 equiv of Znk, DMF, 90 °C.

enough to generate a hypervalent silicon species that is activatedf palladium to ligand did not significantly affect yield or

for transmetalation, but it is not so strong that it prematurely selectivity. Changing the metal-to-ligand ratio from 1:2 to 1:1
cleaves the SiC bond or deprotonates the monoarylated increased the yield only slightly.

product. Stoichiometric amounts of fluoride were essential for  The scope of the coupling of aryl bromides with trimethyl-

this reaction. Reactions with 0.25 equiv of Znéccurred in - sjlylacetonitrile is summarized in Table 1. Three ligands were

only 61% yield, but reaction with 0.5 equiv of ZpBccurred  ysed in combination with R(tbal; in the reactions reported in

in 88% yield. A polar solvent was also needed to observe high this taple. Reactions of the unhindered aryl halides were

yields. The coupling of nitriled occurred in the highest yields  -onducted with Xantphos as ligand; reactions atho-

in DMF and NMP, and no product was formed in nonpolar g stituted aryl halides were conducted wittB®@{s as ligand,

solvents, such as ether and toluene. _ _and one example of the most electron-rich aryl halide was most
Although our initial experiments to develop reaction condi- successfully conducted with PHB(@),. Both electron-rich

tions were conducted with #u)s as ligand, palladium com- gnries 1-6) and electron-poor aryl bromides (entries T3)
plexes ligated by _bOth monode_ntate _and bldenta_te I_|gands participated in this reaction. The aryl bromides with electron-
catalyzed the coupling of aryl halides with the combination of -\ i qrawing substituents were somewhat more reactive than the

Ir_"tr'led?’ and ZnE.dA; va;:_ety of Ir_nonodentate a':jd hbldentallte faryl bromides with electron-donating substituents. The coupling
Igands were tested for this coupling process, and the results of oy +tigns with electron poor substrates occurred to completion

ti:ese exfperlmtetr:"[('js a;etd||§pla):jedd|lré Flgturet 1| Alt:}?th c?m- and in high yield in 8 h, whereas reactions of electron-rich aryl
plexes of most bidentate ligands did not catalyze the reaction, | .o \vere complete after 18 h.

high yields were observed from reactions catalyzed by com- Thi ) q flly in th ¢
plexes of Xantphos, which contains a large bite angle. The ratio IS reactlor? occurred successfully in the presence ol a
variety of functional groups. For example, the reaction of the

(38) Agnelli, F.; Sulikowski, G. ATetrahedron Lett1998 39, 8807. aryl halide in entry 9, which contains a nitro group, the reaction

15826 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005
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Table 2. Palladium-Catalyzed Coupling of o-Trimethylsilylpropionitrile@

ArBr + )\ 2% Pd/L, 0.5 ZnF, J\

NC 4 SiMe3 DMF, 90 °C NC Ar

Entry Product Condition Time Yield Entry Product Condition Time Yield
M %) ) (%)
| /@J\CN A 18 77 6 /©)\CN A 8 82
Bu NC
) /@J\CN A 18 7| 5 @5\ CN B 24 71
MeO
3 CN A 18 98 | g CN B 24 60
MeO
4 CN A 8 87 | o CN B 24 64
PhOC
CN
5 A 8 84
EtO,C

aConditions A: 2 mol % Pghiba;, 2 mol % Xantphos, 0.5 equiv of ZaFDMF, 90°C. B: 2 mol % Pddbas, 4 mol % P{-Bu)s, 0.5 equiv of Znk, DMF,
90 °C.

of the aryl bromide in entry 10, which contains a keto group, addition of an alkylzinc reagent to ang-unsaturated nitrile in
and the reaction of the aryl bromide in entry 11, which contains the presence of trimethylsilyl chloricfé.
ester functionality, all gave the desired products in high yields.  The reaction conditions developed for the arylation of
Moreover, the reaction of the aryl bromide in entry 12, which acetonitrile were extended successfully to the coupling of the
contains enolizable hydrogens, afforded the coupled product in osjlyl derivatives of priopionitrile. These results are sum-
78% yield. marized in Table 2. Like the reaction of silylacetonitr@gthe

The reaction also occurred with aryl halides bearing ortho reaction of silylpropionitrile4 occurred with electron-rich
substituents. In this case, the coupling reaction with the catalyst (entries +3) and electron-poor aryl halides (entries-@).
generated from RBu); was faster than that from Xantphos. Further, this reaction tolerated functionality that reacts with the
The reactions ofortho-substituted aryl halides occurred to  alkali metal cyanoalkyl reagents derived from propionitrile. For
completion in 24 h in the presence of catalysts generated fromexample, aryl halides containing a ketone (entry 4), ester (entry
P(-Bu)s, whereas the reactions of these substrates were sluggislg), and cyano (entry 6) functionality coupled with the silyl
in the presence of catalysts generated from Xantphos, and lowreagent to give the arylated nitriles in 87%, 84%, and 82%
conversions were observed even after 2 d. yields, respectively. The coupling of thesilyl propionitrile

2. Coupling of Aryl Halides with Silyl Derivatives of also occurred with an aryl halide containing an ortho methyl
Primary Nitriles. Having developed procedures to conduct the group, although less readily than did the coupling of trimeth-
monoarylation of acetonitrile, we sought conditions for the ylsilylacetonitrile3. The reaction ofx-silyl propionitrile 4 with
monoarylation of primary nitriles. Thet-silyl propionitrile aryl halides containing more sterically demanding ortho iso-
derivatives that would be required to conduct reactions analo- propyl and ortho cyclohexyl substituents also afforded the
gous to those with silylacetonitril@ were prepared by several products, albeit in moderate yields (entries 8 and 9).
methods. The-silyl propionitrile was synthesized in 6070% Nitriles that contained other silyl substituents, such as
by the reaction of the nitrile Reformasky reagent with chloro-  ethy|dimethylsilylacetonitrile and diphenylmethylsilylacetoni-
trimethylsilane®® The nitrile Reformatsy reagent was prepared trije, were less reactive in this coupling process. The coupling
by known proceduré$ from the a-chloronitrile and com- ot 4tert-butyl bromobenzene with ethyldimethylsilyl propioni-
mercially available granular zinc. Alternatively, thesilyl trile was much slower than the analogous reactions with the
propionitriles were prepared by the hydrosilylation of acrylo- - trimethylsilyl reagent. Further, coupling with diphenylmethyl-
nitrile with Wilkinson’s catalyst? Dimethylethylsilyl propio-  jiy|-priopionitrile did not occur under the conditions that led

nitrile and diphenylmethylsilyl propionitrile analogues were 15 selective reactions of trimethylsilyl-acetonitrile.
prepared by this hydrosilylation in 68% and 73% yield. These

nitrile derivatives have also been prepared in the past by Michael 3. Coupling of Aryl Halides with Silyl Derivatives of

Secondary Nitriles. The conditions for the coupling of aryl
(39) Constantieux, T.; Picard, J. Bynth. Commuri997, 27, 3895 bromides with the combination of Zafando-silyl nitriles did
(40) Ojima, I.; Kumagai, M.; Nagai, YTetrahedron Lett1974 46, 4005. not extend to the coupling of aryl halides with hindered

J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005 15827
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Table 3. Palladium-Catalyzed Coupling of
o-Trimethylsilylcyclohexanecarbonitrile?

CN oL kF /Q
ABr + TMS DMF, 90 °C  Ar
CN

Time Yields
) (%)

Entry Product

68
CN

24h 62

CN

H%

Bu

24h 77

CN
MeO

CN 24h 84

5%

EtO,C

aConditions: 2 mol % Pgiba, 2 mol % Xantphos, 1.0 equiv of KF,
DMF, 90 °C.

secondary nitriles. Presumably, the more hindered pentacoor-;

dinate silyl species is not reactive enough to undergo trans-
metalation or is not present in high enough concentration. To
overcome this problem, we first conducted reactions with the
stronger Lewis base KF.

In the presence of this stronger bagesilyl cyclohexylcar-
bonitrile 5 reacted with aryl bromides to form tlearyl nitriles.

These results are summarized in Table 3. For example, the

coupling with electron-poor aryl halides, such as the ester in
entry 4, occurred in a high 84% yield. However, these reactions
were more limited in scope than reactions of thesilyl
derivatives of aceto and primary nitriles, and the reactions with
electron-neutral and electron-rich aryl halides occurred in
somewhat lower yields than reactions with electron-poor aryl
halides. For example, reaction with 4-bronest-butylbenzene
formed the coupled product in 62% yield, and the reactions of
the more electron-rich 4-bromoveratrole generated a mixture
of products from which the desired product was isolated in low
yield (<10%). The reaction of thet-silyl derivative of the
secondary nitrile was also severely limited by steric effects. The
coupling of ortho-substituted aryl bromides with the combination
of KF and silylnitrile 5 did not occur. Thus, the reactions of
silyl derivatives of acetonitrile and primary nitriles provide a
mild, general method to prepasearyl nitriles, but the analogous
reactions ofr-silyl secondary nitriles are useful only in specific
cases.

B. Coupling of Zinc Cyanoalkyl Reagents.To address the
limited scope of the coupling of silyl reagents of secondary
nitriles, we investigated the coupling of zinc reagents. The zinc
reagents of the anion of acetonitrile were insoluble in most
solvents. Further, their reactions with aryl bromides only

afforded diarylated products, and these diarylated products were

formed in low yields £50%). However, we observed that the

zinc reagents of secondary nitriles are more soluble than that

of acetonitrile, and we considered that this greater solubility
15828 J. AM. CHEM. SOC. = VOL. 127, NO. 45, 2005

could give rise to faster reactions with the zinc reagents of
secondary nitriles than were observed with the zinc reagent of
acetonitrile. In addition, diarylation cannot occur with the zinc
reagent of a secondary nitrile.

The zinc reagents of secondary nitriles can be prepared by
two methods. They can be prepared by generating a Refor-
matsky-type reagent from the corresponding 2-bromontrife
or by quenching an alkali metal cyanoalkyl anion with zinc
halide. We investigated reactions of the zinc reagents generated
by quenching of alkali metal cyanoalkyls in situ because this
procedure would provide a synthetic method that would be more
convenient than one starting with tlkebromonitrile.

To avoid formation of any product from-€N bond formation
(vide infra), LDA was used to generate the lithium reagent. The
diisopropylamine product from the deprotonation was removed
under vacuum, and 1 equiv of zinc chloride was added to the
system to generate the zinc cyanoalkyl halide reagent. Reaction
of the resulting zinc reagent with the aryl bromide in the
presence of the combination oftB(); and Pd(OAc) as catalyst
then generated the product fromarylation of the nitrile in
good yield.

Reactions in which we attempted to generate the zinc reagent
by treatment of the nitrile with lithium hexamethyldisilyl azide
(LIHMDS) followed by quenching with zinc halide generated,
in the presence of 2% Pd(OAcand P{-Bu)z as catalyst, the
products from coupling of the aryl bromide with LIHMDS
instead of the nitrile (eq 1). Thus, the reaction is best conducted
with a hindered dialkylamide base. However, the amine should
be removed prior to the coupling chemistry. Reactions with
LiINCy, as base gave the coupled product, along Wthryl
dicyclohexylamine product§. Because of these observations,
we used the lithium amide of a volatile amine and evaporated
the amine prior to conducting the coupling of the zinc reagent.

MeO
MeO Br .
SR g
MeO LHMDS/znCl, e
— Pd/L, Toluene SiMe, ™
80 °C N
‘SiMe3
NC

MeO.
Meoj©/
An evaluation of several reaction parameters showed that the
solvent is important for the success of this coupling reaction,
but the identity of the zinc halide was less important. Reactions
in THF and dioxane occurred in higher yields than reactions in
hydrocarbon solvents. Reactions conducted with both zinc
bromide and zinc chloride occurred, even at room temperature.
Results from reactions with a variety of monophosphine and
bisphosphine ligands are illustrated in Figure 2. Among the
ligands tested for this reaction, those that are monodentate,
bulky, and electron rich generated the most active catalysts. For
example, the reaction of 4-bromoveratrole with nitfleyave
the coupled product in 7988% vyield with catalysts derived
from Pd(dba}, and either BBus, AdPtBu,, or Ad,PtBu. Reac-
tions conducted with the less sterically bullBuPBu, occurred

(41) Goasdoue, N.; Gaudemar, M. Organomet. Cheni972 39, 17.

(42) Fleming, F. F.; Zhang, Z.; Knochel, Prg. Lett.2004 6, 501.

(43) This product more likely forms from addition of the amine to a benzyne
intermediate than by palladium-catalyzed coupling.
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MeQO Br .
NC ZnCl,, THF CN

MeQ
6 MeQ
100 1 g"‘PPhg
:g W Li7= Fe POv
3 60 gLPfBuz
> 501 Lig= Fe FPho
g |

L S
=

Figure 2. Yields from coupling of 4-bromoveratrole with nitrile For structures of the ligands, see Figure 1.

Table 4. Palladium-Catalyzed Coupling of Zinc Cyanoalkyl

in a yield of only 15%. Similar trends were observed for the re- poagents of Secondary Nitriles?

actions ofp-Bu'CgH4Br, p-PhC(O)GH4Br, andp-EtCO,CsH,4Br. P Oy By Produt A ch
The scope of the coupling of the zinc reagents of secondary

nitriles in the presence of palladium and-B(); was evaluated, 1 Meojij:g/\/\/ 68(72) 11 Q/p 72

and the results are shown in Table 4. Unlike the coupling of MeO CN MeO CN

the a-silyl secondary nitrile, which was limited to reactions of

electron-poor aryl bromides, the scope of the reactions of the , /@25/\/\/ 72 12 O/p 82

zinc cyanoalkyl reagents from secondary nitriles encompassed ~ M© N

. . . |
reactions of both electron-rich (entries-8) and electron-poor
(entries 6 and 7) aryl bromides. In addition, the conditions for , N 59 13 I 85
MeoN

coupling of these zinc reagents were compatible with various

functional groups. For example, reactions of the zinc reagent ‘
derived from acyclic nitrilés occurred with aryl halides bearing N 85 14 OO on e

alkoxo (entries 1 and 2), dialkylamino (entry 3), phenacyl (entry

/
z

5), and ester groups (entry 6). In contrast, reactions of this zinc

reagent with aryl halides containing ketones with enolizable OO i 81 15 71

hydrogens or free protic functionality did not occur, and the Meo NC o

reaction with 4-bromobenzonitrile occurred in a yield of only

about 20%. 6 CN 78 16 Ph CN 75
The reaction was also tested with cyclic secondary nitriles. Pnoe 0

The reactions of aryl bromides with the zinc reagent generated

in situ from cyclohexanecarbonitrile occurred at room temper- 7 ewo N 475 17 FEO CN 63

ature with both electron-rich (entries-114) and electron-poor 0 o

(entries 15-17) aryl halides. This reaction even occurred with o

aryl halides bearing ortho substituents (entries 28). Again, 8 ph N 86(77) 18 C§7® 87

this reaction also occurred with aryl halides bearing alkoxo o NC

containing a cyano substituent (entry 15).

Me! °
C. Application of the a-Arylation to the Synthesis of o
Verapamil. Considering the clinical use of racemic Verapamil 10 N OJ 76(80) 20 O ‘ 91
for hypertensiorf,we sought to investigate the-arylation of B O CN
the nitrile by a route that would provide a short synthesis that ~ 2Pd(OAc} (2 mol %), RBus (4 mol %), ZnCh (1.2 equiv), THF
installs the aryl group from a simple aryl halide reagent after sii Igg";‘“rg;;‘i’onr‘lst?,v”i‘tﬁe;%t(“%;'zdfng} %fgﬁ%‘igigﬁjg“ﬂ:gIe(,goged
generation of the core nitrile. This route would provide a catalyst.
versatile synthesis for studies of structure reactivity relationships
because the aryl group could be drawn from many of the instead of the first, the route involving-arylation is more
commercially available aryl halides. A more conventional convenient for the synthesis of derivatives with varied aryl
synthesis would begin with the benzylic nitrile. Because more substituents.
aryl halides are commercially available than benzylic nitriles  This short synthesis is shown in Scheme 1. From the
and because the aryl group is introduced in the second stepcommercially available nitril& and alkyl halide8, the secondary

(entry 11), dialkylamino (entry 12), phenacyl (entry 16), and oo o
ester groups (entry 17). It also occurred with an aryl halide o N N 82 19 91
o) NC
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Scheme 1
1. LDA, THF, -78 °C 1. LDA, ether, 23 °C
YCN 2. THF. 8, 23 °C. NG O_ 2. Pd/P(tBu)y/ZnCl,, THF, 23 °C
bromoveratrole
9,85% O
I\Ille
J 11, HCO,H, Paic | MeO NV\C[OMe
TEtOH, 100 °C
MeO CN OMe
10, 82%

MeHN oM Verapamil (1), 82%
Br. 0. € e
\/\(\7 M= V\@i

o OMe

nitrile 9 was prepared. The development of the coupling of a it does argue strongly against complete transfer of the nitrile
hindered zinc cyanoalkyl group with electron-rich aryl bromides anion from silicon to zinc in the catalytic reaction.
allowed the coupling of nitril® with bromoveratrol to generate 2. Reactions of the Silylnitriles and Fluoride Additives
the tertiary nitrilel0. Simultaneous conversion of the acetal to with Isolated Palladium Complexes.To begin to identify the
the aldehyde and reductive amination by conducting the palladium species that undergoes transmetalation with the
reduction with formic acid and palladium on carbon led to the a-silylnitrile reagents, we conducted stoichiometric reactions
Verapamill in 57% overall yield. of the silylnitriles with isolated arylpalladium halide complexes
D. Mechanistic Studies of the Reactions of Trimethylsi- ligated by P{-Bu); in the presence of zinc fluoride. The
lylnitriles. 1. Studies of the Reactions of Silylnitriles with phenylpalladium halide complex PdfFgu)s](Ph)(Br)] (12),
Fluoride Additives. To begin to understand the role of fluoride containing a single tBus ligand, was synthesized by previously
in the coupling process, we investigated the reactions of KF published method¥!: This complex was allowed to react with
and ZnF, with the silyl nitriles. The diarylation of trimethylsi- 20 equiv of trimethylsilylacetonitrile in the presence of 20 equiv
lylacetonitrile with aryl halides and KF implied that KF cleaved of zinc fluoride at 70°C (eq 4). The reaction was complete in
this silyl nitrile to form the potassium cyanoalkyl derivative. about 60 min (determined 5P NMR spectroscopy) and gave
However, the successful couplings of aryl halides bearing base-the coupled product in 66% yield (determined by GC), along
sensitive functionality with the combination of the secondary with some biphenyl (32%).
nitrile and KF implied that the combination of secondary nitrile
and KF did not cleave the-€Si bond of the secondaxy-silyl
nitrile. To evaluate these hypotheses, we heated the acetonitrile + MesSi” “CN + ZnF,
and secondary alkyl nitrile derivatives in DME- at the {BuP—Pd—Br
temperatures and times of the catalytic process. Consistent with

cleavage of the silylacetonitrile reagent by the most basic CN @
fluoride additives, heating of KF with trimethylsilylacetonitrile

DMF
70°C

in DMF-d; at 90 °C for 18 h completely consumed the 66% 329,
silylnitrile, as determined byH NMR spectroscopy (eq 2). In
contrast, heating of a mixture of the-silyl derivative of Because the arylpalladium bromide complexes ligated by P(

cyclohexanecarbonitrile for the same time at the same temper-Bu); are somewhat unstable, decomposition of this complex

ature did not lead to any change in th& NMR spectrum (eq occurs in parallel with the reactions with the silylnitrile. Heating

3). of 12in DMF at 70°C in the absence of any reagents generated
about 55% biphenyl after 1.5 h. Thus, the yield of coupled

KF @ product from reaction o2 with the silylnitrile and zinc fluoride

S)
N S
MegSi™ "CN K [FMe3s' CN] is similar to that of the catalytic process (85%) with the same
KICHCN] + FSiMeg 2 reagents, but is slightly lower because of parallel decomposition
of 12,
CN KF__ @[ %NH Because the formation of biphenyl must be bimolecular, we
SiMes K SiMegF #— suggest that the slightly higher yield of coupled product from

the catalytic process is observed because the concentration of
CN . . . X .
K [O/ ] + FSiMe; @) thg ar.ylpallad.lum hahdg complex in the catalytic system is low
(vide infra). Differences in the amounts of coupled product from
reactions with different concentrations of the palladium complex
We also evaluated whether the reaction between zinc fluoride 12 were consistent with this hypothesis, although the differences
and either trimethylsilylacetonitrile or the secondary carbonitrile were small. Reaction of the silylnitrile and zinc fluoride with a
led to transmetalation from silicon to zinc. Heating of the 5-fold lower concentration of gave the coupled product in 73
mixture of Znk, and trimethylsilylacetonitrile in DMF; at 90 + 4% vyield, instead of 66 1% yield. Thus, the good yield of
°C for 18 h did not lead to any change in thé NMR spectrum. o-silyl nitrile from reaction of12 with the combination of the
Although this experiment does not rule out an equilibrium that o-silylnitrile and zinc fluoride, with consideration of the side
generates only small quantities of the zinc cyanoalkyl derivative, reactions, suggests that the catalytic reaction occurs through this
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Figure 3. The major complex present in reactions initiated with Pd(QAc)
and P{Bu)s.

arylpalladium halide complex. At the same time, further studies

methods provides a catalytic route to a variety of benzylic nitriles
that are not only biologically significant but serve as important
synthetic intermediates. As one example, a three-step synthesis
of Verapamil was developed in which the aryl group is installed
by thea-arylation of the zinc derivative of a hindered secondary
nitrile with commercially available aryl halides. Further mecha-
nistic studies are needed to understand the factors that control
the rate of transmetalation, but cleavage of the silylnitriles with

are required to cement this conclusion and to provide a detailedg strongly basic fluoride reagent erodes the selectivity for

picture of how the transmetalation process occurs.

3. ldentification of the Palladium Complexes in the
Catalytic System. The catalytic reaction was also monitored
by 3P NMR spectroscopy to determine the major palladium

complexes in the catalytic system. The reaction catalyzed by

the combination of Pdllbg and RBus contained several

monoarylation. Finally, the amount of active catalyst in this
system is small, and efforts to develop catalysts that are present
in higher concentrations in an active form will create even milder
reactions.

Experimental Section

phosphine-ligated palladium species, and a single major species General Methods.Reactions were conducted using standard drybox
was not present. However, the reactions catalyzed by thetechniques!H and'3C NMR spectra were recorded in CRQin a

combination of Pd(OAg) and P{Bu); contained one major
complex. This complex resonated in the upfield region of the
3P NMR spectrum at7.8 and is the cyclometalated complex

13in Figure 3. This complex has been disclosed in the patent

literature®> The reactivity of isolated and purified3 as a
catalyst for the arylation of the-silyl nitrile was tested. The
reaction ofp-tert-butyloromobenzene with trimethylsilylaceto-
nitrile in the presence of 2 mol % of compled was much
slower than the reaction initiated with Pd(OA@&nd RBu3 in

400 or 500 MHz spectrometer with tetramethylsilane or residual
protiated solvent used as a reference and coupling constants reported
in hertz (Hz). Chromatographic purifications were performed by flash
chromatography using silica gel (26@00 mesh) or an automated
chromatography system. The yields of the coupled products included
in all tables refer to isolated yields and are the average of two runs.
Products that had been reported previously were isolated in greater
than 95% purity, as determined byY41 NMR and capillary gas
chromatography (GC). ARC NMR spectra were proton decoupled.
GC analyses were obtained with a DB-1301 narrow bore column

a 1:2 ratio. However, the same reaction catalyzed by complex suitable for use with a fast temperature ramp (max 220nin).

13 with 1 equiv of added Bus per palladium occurred with
rates and yields that were similar to those of reactions initiated
with the combination of Pd(OAg)and RBus. Because palla-
dacycles such aE3 are typically catalyst precursotd}’because

an additional ligand is needed to observe high activity, and
because the arylpalladium halide complexwith a «1-P(tBu);
ligand reacts with the silylacetonitrile reagent to give the coupled

Representative Procedure for the Arylation of Trimethylsilylac-
etonitrile. 4-tert-Butylbenzylnitrile (Table 1, Entry 1). To a screw-
capped vial containing Xantphos (11.6 mg, 0.0200 mmol)(dtxh)

(9.1 mg, 0.010 mmol), and 4-brontert-butylbenzene (213 mg, 1.00
mmol) in DMF (1.0 mL) were added trimethylsilylacetonitrile (136
mg, 1.20 mmol), followed by Znf(62.0 mg, 0.600 mmol). The vial
was sealed with a cap containing a PTFE septum and removed from
the drybox. The heterogeneous reaction mixture was stirred &€90

product, we suggest that the catalytic process occurs with a smalkor 18 h, The crude reaction was then allowed to cool to room

fraction of the palladium present in the system in the form of

temperature and was diluted with,©t(50 mL). The resulting solution

the active catalyst and occurs by a conventional sequence ofwas washed with bD. The organic phase was dried over,8@;,

oxidative addition, transmetalation, and reductive elimination.
Conclusions

Two new procedures for the coupling of nitriles with aryl

filtered, and concentrated at reduced pressure. The residue was then
purified by chromatography on silica gel, eluting with hexane/ethyl
acetate (95:5) to provide the title compound (150 mg) in 87% yield.
IH NMR (CDCk): 6 7.39 (d,J = 8.0 Hz, 2H), 7.25 (dJ = 8.0 Hz,

halides in the presence of palladium catalysis under conditions 2H) 370 (s, 2H), 1.32 (s, 9H)J*C NMR (CDCl): 6 151.17, 127.73,

that are only mildly basic have been uncovered. Unlike reactions

of aryl halides with alkali metal cyanoalkyl reagents, the
coupling of aryl halides with-silyl nitriles in the presence of

ZnF, selectively generated products from monoarylation. This
procedure is compatible with various functional groups, such

127.02, 126.12, 118.17, 34.62, 31.35, 23.14.

Representative Procedure for thex-Arylation of Nitrile 7. 2-(3,4-
Dimethoxyphenyl)-2-isopropyl Octanenitrile (Table 4, Entry 1).To
a screw-capped vial containing HR (141 mg, 1.40 mmol) in ether
(1.0 mL) was added-BuLi (0.62 mL, 1.4 mmol). The reaction mixture
was allowed to stir at room temperature for 10 min, at which time

as cyano, keto, nitro, and ester substituents, on the aryl bromidenitrile 7 (234 mg, 1.40 mmol) in ether (1.0 mL) was added. After the

that would react with the alkali metal cyanoalkyl reagents that

mixture was stirred at room temperature for 2 h, the volatile materials

have been used for this chemistry in the past. In addition, a were removed under vacuum (0.1 Torr). The residue was redissolved

new protocol for the arylation of secondary nitriles at room

in THF (0.5 mL), and the solution was added to another screw-capped

temperature has been developed with zinc cyanoalkyl reagentsVial containing FBus (8.0 mg, 0.040 mmol), Rddba) (9.1 mg, 0.010
These reagents were simply generated by quenching the alkali™mol). ZnCb (191 mg, 1.40 mmol), and 4-bromoveratrole (217 mg,

metal cyanoalkyl with zinc halide. Like the reactions of the
silylnitriles, the coupling of the zinc reagents also tolerated many
base-sensitive functional groups. The combination of two new

(44) Stambuli, J. P.; Incarvito, C. D.; Buhl, M.; Hartwig, J. .Am. Chem.
S0c.2004 126, 1184.

(45) Geisseler, H.; Gross, P.; Guckes, B. German Patent GWXXBX 19647584,
1998; CAN 129:28078.

(46) Bedford, R. BChem. Commur2003 1787.

(47) Beletskaya, I. P.; Cheprakov, A. ¥. Organomet. Chen2004 689, 4055.

1.00 mmol) in THF (0.5 mL). The vial was sealed with a cap containing
a PTFE septum and removed from the drybox. The reaction mixture
was stirred at 23C for 12 h. The crude reaction was then allowed to
cool to room temperature and was diluted with@{(50 mL). The
resulting solution was washed with,®. The organic phase was dried
over NaSQ,, filtered, and concentrated at reduced pressure. The residue
was then purified by chromatography on silica gel, eluting with hexane/
ethyl acetate (95:5) to provide the title compound (203 mg) in 68%
yield. *H NMR (CDCly): 6 6.90 (dd,J = 9.0 Hz, 2.5 Hz, 1H), 6.84
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(d, J = 9.0 Hz, 1H), 6.83 (d,) = 2.5 Hz, 1H), 3.88 (s, 3H), 3.87 (s,  septum and removed from the drybox. The reaction mixture was stirred
3H), 2.11%-2.00 (m, 2H), 1.79-1.71 (m, 1H), 1.39-1.13 (m, 10H), at 90°C for 0.5 h. The mixture was then cooled to room temperature.
0.99-0.88 (m, 1H), 0.82 (tJ = 7.0 Hz, 3H), 0.78 (dJ = 6.5 Hz, The sample was analyzed vi? NMR spectroscopy and GC.

3H). 3C NMR (CDCk): ¢ 148.92, 148.17, 130.85, 121.59, 118.73,

111.00, 109.62, 55.99, 55.86, 53.43, 37.86 (big peak with-1@; Acknowledgment. We thank the NIH NIGMS (58108) for

on isopropyl), 31.47, 29.22, 25.48, 22.51, 18.93, 18.58, 13.99. Anal. support of this work. We also thank Johnson-Matthey for a gift
Calcd for GoHaoNO2: C, 75.21; H, 9.63; N, 4.62. Found: C, 75.16;  of palladium complexes.

H, 9.78; N, 4.63.
Representative Procedure for the Stoichiometric Reactions of Supporting Information Available: Detailed experimental
the SilyInitriles with Isolated Arylpalladium Halide Complexes. To procedures and full characterization of all reaction products.

a screw-capped vial were added palladium comp®% (4.6 mg, 0.010
mmol), trimethylsilylacetonitrile (23.0 mg, 0.200 mmol, 20 equiv), ZnF
(21.0 mg, 0.200 mmol, 20 equiv), and dodecane (10 mg) followed by
DMF (0.2 mL). The vial was sealed with a cap containing a PTFE JA053027X

This material is available free of charge via the Internet at
http://pubs.acs.org.
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