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Abstract: Cyanoformate esters add across 1,2-dienes in the presence of a nickel/PMe,Ph catalyst to afford
pB-cyano-a-methylenealkanoates regioselectively, which are kinetically favored and readily isomerize to
thermodynamically favored a-cyanomethyl-o,3-unsaturated carboxylates at high temperature under the
nickel catalysis, possibly through oxidative addition of the C—CN bond. Similar cyanoesterification products
are produced from chloroformate esters, trimethylsilyl cyanide, and 1,2-dienes in the presence of a nickel/
dppp catalyst. The resulting cyanoesterification products have a structure of allylic cyanide and thus undergo
further allyl cyanation reaction across alkynes with the aid of a nickel/P(4-CF3;—CgH,); catalyst to afford

highly substituted acrylonitrile derivatives.

Introduction

Transition metal catalyzed direct insertion of unsaturated
bonds into C—C bonds should be an ultimately ideal
transformation in view of atom economy, because it is not
necessary to prefunctionalize substrates and no byproducts
are formed.'”® However, the scope of such reactions is
severely limited. In this regard, we have demonstrated nickel
or nickel/Lewis acid catalyzed addition of nitriles across
alkynes, namely a carbocyanation reaction.*”’” The carbocya-
nation reaction of alkynes allows introduction of cyano and
other various organic groups simultaneously through direct
cleavage of C—CN bonds followed by insertion of alkynes
to give highly substituted acrylonitriles with high regio- and
stereoselectivities. Various nitriles such as acyl,* aryl,>’
allyl,® alkenyl,” alkynyl,® and alkyl cyanides’ participate in
the reaction successfully. The carbocyanation of alkenes
should also be an attractive method for preparation of various
alkanenitriles. However, the alkene functionalization suffers
from reluctant reductive elimination of C(sp*)—CN bonds and
competes with B-hydride elimination.” Accordingly, examples

(1) For ring expansion of three-membered compounds, see:(a) Noyori,
R.; Odagi, T.; Takaya, H. J. Am. Chem. Soc. 1970, 92, 5780-5781.
(b) Noyori, R.; Kumagai, Y.; Umeda, 1.; Takaya, H. J. Am. Chem.
Soc. 1972, 94, 4018-4020. (c) Baba, A.; Ohshiro, Y.; Agawa, T. J.
Organomet. Chem. 1976, 110, 121-127. (d) Kondo, T.; Kaneko, Y.;
Taguchi, Y.; Nakamura, A.; Okada, T.; Shiotsuki, M.; Ura, Y.; Wada,
K.; Mitsudo, T.-a, J. Am. Chem. Soc. 2002, 124, 6824-6825.

(2) For ring expansion of four-membered compounds, see:(a) Huffman,
M. A.; Liebeskind, L. S. J. Am. Chem. Soc. 1991, 113, 2771-2772.
(b) Murakami, M.; Itahashi, T.; Ito, Y. J. Am. Chem. Soc. 2002, 124,
13976-13977. (c¢) Miiller, C.; Lachicotte, R. J.; Jones, W. D.
Organometallics 2002, 21, 1975-1981. (d) Matsuda, T.; Fujimoto, A.;
Ishibashi, M.; Murakami, M. Chem. Lett. 2004, 33, 876-877. (e)
Kondo, T.; Taguchi, Y.; Kaneko, Y.; Niimi, M.; Mitsudo, T.-a. Angew.
Chem., Int. Ed. 2004, 43, 5369-5372. (f) Murakami, M.; Ashida, S.;
Matsuda, T. J. Am. Chem. Soc. 2005, 127, 6932-6933. (g) Murakami,
M.; Ashida, S.; Matsuda, T. J. Am. Chem. Soc. 2006, 128, 2166—
2167. (h) Murakami, M.; Ashida, S.; Matsuda, T. Tetrahedron 2006,
62, 7540-7546. (i) Murakami, M.; Ashida, S. Chem. Commun. 2006,
4599-4601. (j) Ashida, S.; Murakami, M. Bull. Chem. Soc. Jpn. 2008,
81, 885-893.
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of this transformation involve intramolecular reactions'®:!!

and intermolecular reactions across strained alkenes such as
9,12 . . . . .
norbornene, "~ all relying on alkylnickel intermediates having

(3) For reactions of nonstrained C—C bonds, see:(a) Guyot, M.; Molho,
D. Tetrahedron Lett. 1973, 14, 3433-3436. (b) Shair, M. D.; Yoon,
T. Y.; Mosny, K. K.; Chou, T. C.; Danishefsky, S. J. J. Am. Chem.
Soc. 1996, 118, 9509-9525. (c) Kita, Y.; Higuchi, K.; Yoshida, Y.;
Tio, K.; Kitagaki, S.; Ueda, K.; Akai, S.; Fujioka, H. J. Am. Chem.
Soc. 2001, 123, 3214-3222. (d) Nair, V.; Pillai, A. N.; Menon, R. S.;
Suresh, E. Org. Lett. 2005, 7, 1189-1191. (e) Tambar, U. K.; Stoltz,
B. M. J. Am. Chem. Soc. 2005, 127, 5340-5341. (f) Yoshida, H.;

‘Watanabe, M.; Ohshita, J.; Kunai, A. Chem. Commun. 2005, 3292—

3294. (g) Yoshida, H.; Watanabe, M.; Ohshita, J.; Kunai, A.

Tetrahedron Lett. 2005, 46, 6729-6731. (h) Kuninobu, Y.; Kawata,

A.; Takai, K. J. Am. Chem. Soc. 2006, 128, 11368-11369. (i) Yoshida,

H.; Watanabe, M.; Morishita, T.; Ohshita, J.; Kunai, A. Chem.

Commun. 2007, 1505-1507. (j) Pillai, A. N.; Suresh, C. H.; Nair, V.

Chem.—Eur. J. 2008, 14, 5851-5860. (k) Kuninobu, Y.; Kawata, A.;

Nishi, M.; Takata, H.; Takai, K. Chem. Commun. 2008, 6360—6362.

(1) Dreis, A. M.; Douglas, C. J. J. Am. Chem. Soc. 2009, 131, 412—

413.

For palladium-catalyzed benzoylcyanation of alkynes, see:(a) Nozaki,

K.; Sato, N.; Takaya, H. J. Org. Chem. 1994, 59, 2679-2681. (b)

Nozaki, K.; Sato, N.; Takaya, H. Bull. Chem. Soc. Jpn. 1996, 69, 1629—

1637.

(5) (a) Nakao, Y.; Oda, S.; Hiyama, T. J. Am. Chem. Soc. 2004, 126,
13904-13905. (b) Nakao, Y.; Oda, S.; Yada, A.; Hiyama, T.
Tetrahedron 2006, 62, 7567-7576.

(6) Nakao, Y.; Yukawa, T.; Hirata, Y.; Oda, S.; Satoh, J.; Hiyama, T.
J. Am. Chem. Soc. 2006, 128, 7116-7117.

(7) Nakao, Y.; Yada, A.; Ebata, S.; Hiyama, T. J. Am. Chem. Soc. 2007,
129, 2428-2429.

(8) (a) Nakao, Y.; Hirata, Y.; Tanaka, M.; Hiyama, T. Angew. Chem.,
Int. Ed. 2008, 47, 385-387. (b) Hirata, Y.; Tanaka, M.; Yada, A.;
Nakao, Y.; Hiyama, T. Tetrahedron, in press (DOI: 10.1016/j.tet.
2009.03.079).

(9) Nakao, Y.; Yada, A.; Satoh, J.; Ebata, S.; Oda, S.; Hiyama, T. Chem.
Lett. 2006, 35, 790-791.

(10) (a) Watson, M. P.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130,
12594-12595. (b) Nakao, Y.; Ebata, S.; Yada, A.; Hiyama, T.; Ikawa,
M.; Ogoshi, S. J. Am. Chem. Soc. 2008, 130, 12874-12875.

(11) (a) Kobayashi, Y.; Kamisaki, H.; Yanada, R.; Takemoto, Y. Org. Lett.
2006, 8, 2711-2713. (b) Kobayashi, Y.; Kamisaki, H.; Takeda, H.;
Yasui, Y.; Yanada, R.; Takemoto, Y. Tetrahedron 2007, 63, 2978—
2989. (¢) Yasui, Y.; Kamisaki, H.; Takemoto, Y. Org. Lett. 2008, 10,
3303-3306.
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Table 1. Cyanoesterification of 5-Phenyl-1,2-pentadiene (2a) Using Ethyl Cyanoformate (1a)®

O

X

Et0” "CN Ni(cod), (10 mol %)

1a (1.2mmol)  ligand (20 mol %)
+

== Ph solvent, 50 °C, 5 h

2a (1.0 mmol)

EtO

0o ¢ Ph
=

O CN Ph
*+ EtO

NC
3aa 4aa

entry ligand solvent yield of 3aa (%)° yield of 4aa (%) (E/2)°
1 PMe; toluene 0 0

2 PBu; toluene 0 0

3 PCy; toluene 0 0

4 Pr-Bus toluene 0 0

5 PMe,Ph toluene 774 104 (5:>95)°
6 PMePh, toluene 73 5(5:>95)
7 PPh; toluene 7 2 (50:50)

8 dppp© toluene 18 3 (64:36)

9 PMe,Ph DMF 11 2 (5:>95)
10 PMe,Ph 1,4-dioxane 23 4 (5:>95)
1 PMe,Ph toluene <5 78 (83:17)¢

“ All the reaction was carried out using 1a (1.20 mmol), 2a (1.00 mmol), Ni(cod), (0.100 mmol), and a ligand (0.20 mmol) in toluene (2.0 mL) at 50
°C. » Estimated by GC using tetradecane as an internal standard. ¢ 1,3-Bis(diphenylphosphino)propane (dppp) (0.100 mmol) was used. ¢ Isolated yield.
¢ Estimated by 'H NMR analysis of an isolated product. / The reaction was carried out using 1a (1.00 mmol) and 2a (1.20 mmol) at 50 °C for 3 h and

then at 100 °C for 24 h.

no chance for B-hydride elimination. We therefore envisioned
the use of 1,2-dienes as an alkene surrogate. Insertion of the
double bond of 1,2-dienes into C—M bonds often results in
m-allylmetal intermediates, which are reluctant to undergo
B-hydride elimination.®'? We report herein a full account of
the carbocyanation of 1,2-dienes with cyanoformate esters
to afford variously substituted [-cyano-a-methyleneal-
kanoates.'* We demonstrate that initially formed kinetic
adducts isomerize to thermodynamically favored adducts
through oxidative addition of the C—CN bonds and perform
regiocontrol by simply changing the molar ratio of nitriles
to 1,2-dienes and the reaction temperature. Also shown is
that 1,2-diene-cyanoesterification products bearing various
alkoxycarbonyl groups can be synthesized alternatively by a
nickel-catalyzed three-component coupling reaction of chlo-
roformate esters, 1,2-dienes, and trimethylsilyl cyanide.
Synthetic transformations of the resulting f3-cyano-a-meth-
ylenealkanoates including an allylcyanation reaction of
alkynes are also demonstrated briefly.

Results and Discussion

Nickel-Catalyzed Cyanoesterification of 1,2-Dienes. We first
examined the reaction of ethyl cyanoformate (1a, 1.2 mmol)
with 5-phenyl-1,2-pentadiene (2a, 1.0 mmol) in toluene at
50 °C in the presence of a catalyst prepared in situ from
Ni(cod), (0.10 mmol) and various phosphine ligands (Table
1). Oligomerization of 2a was predominant, when trialky-
Iphosphine ligands such as PMes; PBus, PCys, or Pr-Bu; were
employed (entries 1—4). After thorough screening, PMe,Ph
was found to be the most effective for the desired cyanoes-
terification reaction to give ethyl 3-cyano-2-methylene-5-
phenylpentanoate (3aa) and (Z)-ethyl 2-(cyanomethyl)-5-
phenylpent-2-enoate [(Z)-4aa] in 77% and 10% yield,

(12) (a) Nishihara, Y.; Inoue, Y.; Itazaki, M.; Takagi, K. Org. Lett. 2005,
7,2639-2641. (b) Nishihara, Y.; Inoue, Y.; Izawa, S.; Miyasaka, M.;
Tanemura, K.; Nakajima, K.; Takagi, K. Tetrahedron 2006, 62, 9872—
9882. (c) Nishihara, Y.; Miyasaka, M.; Inoue, Y.; Yamaguchi, T.;
Kojima, M.; Takagi, K. Organometallics 2007, 26, 4054-4060.

respectively (entry 5). Comparable yields of 3aa and 4aa
were also obtained by use of PMePh, (entry 6), whereas use
of PPhs, dppp, and such polar solvents as DMF and 1,4-
dioxane retarded the reaction (entries 7—10). While the ratio
of 3aa to 4aa did not change after a prolonged reaction time
and/or at a higher temperature, it was reversed by changing
the molar ratio of 1a:2a to 1.0:1.2 and by the running reaction
at 50 °C for 3 h and then at 100 °C for 24 h to afford a
stereoisomeric mixture of 4aa as a major product (entry 11).
These data provide mechanistic insights including the re-
versibility of reductive elimination and relative thermody-
namic stability of 3aa and 4aa. Pd(PPh;),, a catalyst of choice
for the cyanoesterification of norbornene and norbornadiene, '
was completely ineffective for the reaction across 1,2-dienes.

With the optimized catalyst in hand, we next examined the
scope of 1,2-dienes using ethyl cyanoformate (1a) (Table 2).
While the addition reaction across allene (2b) was sluggish due
to rapid oligomerization of 2b under the present reaction
conditions (entry 1), the reactions with monosubstituted allenes
having primary, secondary, and tertiary alkyl groups all
proceeded with good yields and regioselectivity (entries 2—4).
Higher regioselectivity was observed with a bulkier alkyl group.
Substituents such as protected hydroxy, cyano, N-phthalimidoyl,
ester, and a terminal double bond were tolerant under the
reaction conditions to give highly functionalized S-cyanom-
ethylacrylate esters (entries 5—10). Diastereoselectivity observed
with 4-siloxy-1,2-pentadiene 2h was modest (80:20) (entry 7).
To our surprise, the reaction with 1,2-diene derived from diethyl
malonate 2k showed low regioselectivity (entry 10). Benzyl
cyanoformate (1b) also participated in the reaction with 2a in
an acceptable yield under similar conditions (entry 11). Disub-
stituted allenes such as 3-methyl-1,2-butadiene (2I) and 5,6-

(13) (a) Zimmer, R.; Dinesh, C. U.; Nandanan, E.; Khan, F. A. Chem. Reuv.
2000, 700, 3067-3126. (b) Krause, N.; Hashmi, A. S. K. Modern
Allene Chemistry; Wiley-VCH: Weinheim, 2004; Vol. 2, Chapter 16.

(14) For preliminary communication, see:(a) Nakao, Y.; Hirata, Y.; Hiyama,
T. J. Am. Chem. Soc. 2006, 128, 7420-7421.

(15) Bianchini, C.; Masi, D.; Meli, A.; Sabat, M. Organometallics 1986,
5, 1670-1675.
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Table 2. Nickel-Catalyzed Cyanoesterification of 1,2-Dienes?

X
EtO” “CN  Ni(cod), (10 mol %) 0O R
1a (1.2mmol)  PMe,Ph (20 mol %) G CN
+ + =
_r ; EtO R EtO
==e== toluene, 50 °C
R NC
2 (1.0 mmol) 3 4
entry 2 time (h)  product(s) (E/Z of 4) yield (%)° 3:4)°
0 CN
d —.— EtO
1 b 9 17 (—)
3ab
o oN o) Hex
2 T Hex 5 EIOW\Hex * EtOJj) 84 (891 1)
2¢ NC '
3ac, (£)-4ac (5:>95)
—.—, 0] CN
., o
3 b 5 Eto)m E0” 93 (90:10)
2d NC
3ad, (Z)-4ad (5:>95)
4 % 6 Eto)ﬁ(* 70 (>95:5)
2e 3ae
o CN o OTHP
== OTHP + Z
5 N\ 4 E'OJWH\L B0 75 (83:17)
2f OTHP NC
3af, (2)-4af (5:>95)
e os o N 0 osi
N\ EtO * E0” Y
6 Si=SiMe,t-Bu 5 78 (82:18)
2g OSi NC
3ag, (£)-4ag (5:>95)
o o on JMe._Osi
; osi, -
7 W 24 Eto)ljﬁ\Mr Eto)ﬁj 74 (86%:14)
2h © NC
3ah, (Z)-4ah (5:>95)
O CN o
—— CN + = CN
8 . 5 E‘OMCN E’O)‘jp 79 (81:19)
2i NC
3ai, (Z)-4ai (5:>95)
o CN o) /j
—— . P
9 y [V Ve 4 EtOMPhth EtON/b) N 91 (84:16)
3aj, 4aj (10:90)
—.—_ CO,Et
CO,Et o
10 j_\(—\ 9 J\H/K)j Jj))j 59 (51:49)
2k E= COgEt
3ak, 4ak (58: 42)f
CN
118 2a 18 B”OW\L " Bro 61 (84:16)
3ba, 4ba (9 91)f
Me Q M
—e: e +
12 e 9  EO E‘O% 61 (84:16)
2 3al, 4al (1)
o o CN
=,
13 =\, 4 B0 By 45 (—)
2m Bu
3am

“ All the reaction was carried out using 1a (1.20 mmol), 2 (1.00 mmol), Ni(cod), (0.100 mmol), and PMe,Ph (0.20 mmol) in toluene (2.0 mL) at 50

°C. " Isolated yield. “ Calculated based on yields of isolated products. ¢ The reaction was carried out under an atmosphere of 2b (1 atm).

¢dr = 80:20 as

estimated by 'H NMR analysis of an isolated product. Relative stereochemistry has not been identified. / Estimated by 'H NMR analysis of an isolated
product. ¢ The reaction was carried out using benzyl cyanoformate (1b, 1.00 mmol) instead of 1a.
6626 J. AM. CHEM. SOC. = VOL. 131, NO. 18, 2009



Cyanoesterification of 1,2-Dienes Catalyzed by Ni

ARTICLES

Scheme 1. Plausible Mechanism for the Nickel-Catalyzed Cyanoesterification of 1,2-Dienes

o
Eto)YR +P—Ni0-P Q CN
g coAor e s
(B)-4 3 EtO” “CN
I P% P-Ni°-P \k\ 1a
0
R Rp . Q R eN L on
Et0 Mo ed NP BI0", NN,
9 8 5 —
it A2
R P = PMe,Ph
0 (—Ni'P P
Et0 N QN
10 Ni—P
“ EtO /! \H
41
o R EtO._0Q, SR e
Eto)j/ +P-Ni%-P ;/\Ni'CN o, CN
P Ni—P
(-4 7 A
=
R
.

undecadiene (2m) also underwent the reaction albeit in modest
yields (entries 12 and 13).

In a manner similar to other carbocyanation reactions, the
cyanoesterification reaction should be initiated by oxidative
addition of an EtOC(O)—CN bond to nickel(0) (Scheme 1).'>!°
The sterically less hindered terminal double bond of a 1,2-diene
coordinates to the nickel center,'>'® and then the ethoxycarbonyl
group migrates to a cumulative carbon of the coordinating 1,2-
diene to give o-allylnickel intermediate 7, which isomerizes
rapidly to sr-allylnickel complex 8. Reductive elimination finally
produces 3 to regenerate nickel(0). Regioisomer 4 would be
formed through coordination of 1,2-dienes in an opposite
direction as shown in 6 followed by similar steps involving
m-allylnickel intermediates 9 or 10 under kinetically controlled
conditions. Since 3 has an allyl cyanide substructure and
oxidative addition of allyl cyanides to nickel(0) is feasible,"”
the reductive elimination, the product-forming step, would be
reversible. Thus, under thermodynamically controlled conditions
(entry 11 of Table 1), 3 undergoes further oxidative addition to
nickel(0), isomerizaton of the resulting sr-allylnickel 8 to 9 or
10, and then reductive elimination to give (E)- or (Z)-4, which
would be in equilibrium with 3. Treatment of an isolated sample
of 3aa with Ni(cod), (10 mol %) and PMe,Ph (10 mol %) in

(16) Wu, M.-S.; Rayabarapu, D. K.; Cheng, C.-H. J. Am. Chem. Soc. 2003,
125, 12426-124217.

(17) (a) McKinney, R. J. In Homogeneous Catalyst; Parshall, G. W., Ed.;
Wiley: New York, 1992; pp 42—50. (b) Chaumonnot, A.; Lamy, F.;
Sabo-Etienne, S.; Donnadieu, B.; Chaudret, B.; Barthelat, J.-C.;
Galland, J.-C. Organometallics 2004, 23, 3363-3365. (c) Brunkan,
N. M.; Brestensky, D. M.; Jones, W. D. J. Am. Chem. Soc. 2004,
126, 3627-3641. (d) van der Vlugt, J. I.; Hewat, A. C.; Neto, S.;
Sablong, R.; Mills, A. M.; Lutz, M.; Spek, A. L.; Miiller, C.; Vogt,
D. Adv. Synth. Catal. 2004, 346, 993-1003. (e) Wilting, J.; Miiller,
C.; Hewat, A. C.; Ellis, D. D.; Tooke, D. M.; Spek, A. L.; Vogt, D.
Organometallics 2005, 24, 13-15. (f) Acosta-Ramirez, A.; Flores-
Gaspar, A.; Mufioz-Herndndez, M.; Arévalo, A.; Jones, W. D.; Garcia,
J. 1. Organometallics 2007, 26, 1712—1720. (g) Acosta-Ramirez, A.;
Mufioz-Hernéndez, M.; Jones, W. D.; Garcia, J. J. Organometallics
2007, 26, 5766-5769. (h) Acosta-Ramirez, A.; Flores-Alamo, M.;
Jones, W. D.; Garcia, J. J. Organometallics 2008, 27, 1834—1840. (i)
Swartz, B. D.; Reinartz, N. M.; Brennessel, W. W.; Garcia, J. J.; Jones,
W. D. J. Am. Chem. Soc. 2008, 130, 8548-8554.

toluene at 100 °C indeed caused the isomerization to a
stereoisomeric mixture of 4aa, whereas that with cyanide sources
such as KCN, Et;NCN, and Me;SiCN in the presence of PMe,Ph
(20 mol %) in toluene at 100 °C resulted in decomposition of
3aa to give an oligomeric product.'® These results would support
the proposed isomerization pathway. The equilibrium should
lead to (E)-4 over 3 and (Z)-4 after a longer reaction time at
higher temperature, according to the relative order of their
thermodynamic stability. Nevertheless, the presence of 1a in
excess (entry 5 of Table 1) would inhibit the oxidative addition
of 3 because of the higher reactivity of la than 3 toward
oxidative addition of a C—CN bond to reduce the chance of 3
to isomerize even at elevated temperature.

Nickel-Catalyzed Cyanoesterification of 1,2-Dienes by
Three-Component Coupling. Cyanoformate esters are often
synthesized from the corresponding chloroformate esters and
metal cyanides such as KCN, NaCN, CuCN, and Me;SiCN. "
Therefore, a three-component coupling reaction of chloroformate
esters, metal cyanides, and 1,2-dienes would be a practically
straightforward way for the cyanoesterification of 1,2-dienes."®
To realize this alternative protocol, we first examined the
reaction of 2a with ethyl chloroformate (11a) and trimethylsilyl
cyanide (12a) in toluene in the presence of Ni(cod), (10 mol%)
and PMe,Ph (20 mol%) (entry 1 of Table 3) to observe
formation of 3aa and 4aa in only a small amount. Because a
mechanistic scenario for the three-component approach was
possibly different from that for the direct cyanoesterfication
initiated by the oxidative addition of cyanoformate esters, we
briefly examined the effect of other phosphine ligands and found
that nickel/dppp effectively catalyzed the three-component
reaction to give 3aa and a stereoisomeric mixture of 4aa (entry
3). Other bidentate phosphine ligands with a different bite angle,
dppe and dppb, showed inferior catalytic activity (entries 2 and

(18) For phosphine-catalyzed nucleophilic substitution reactions of allylic
acetates derived from Morita—Baylis—Hillman adducts, see:(a) Cho,
C.-W.; Krische, M. J. Angew. Chem., Int. Ed. 2004, 43, 6689-6691.
(b) Cho, C.-W.; Kong, J.-R.; Krische, M. J. Org. Lett. 2004, 6, 1337—
1339.

(19) Childs, M. E.; Weber, W. P. J. Org. Chem. 1976, 41, 3486-3487.
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Table 3. Nickel-Catalyzed Cyanoesterification of 2a by Three-Component Coupling Reaction?

0]

A

EtO” “CI

11a (1.1 mmol) Ni(cod), (10 mol %)

* ligand (10 mol %) Q CN Fh i
m-CN + EtO z Ph
12 (1.1 mmol) solvent, 60°C, 24h  EtO )ﬁﬂw
+ NC
2a (1.0 mmol) 3aa 4aa
PhoP NP2 Mep e,
dppe (n=1) dmpp
dppp (n=2)
dppb (n = 3)
entry 12 ligand solvent  yield of 3aa (%) yield of 4aa (%) (E/Z)°
1 Me;SiCN (12a) PMe,Ph* toluene 1 5(87:13)
2 12a dppe toluene 56 26 (76:27)
3 12a dppp toluene 78¢ 219(62:38)°
4 12a dppb toluene 9 11 (82:18)
5 12a dmpp toluene 0 0
6 12a L PPh, toluene 0 0
PPhy
7 12a AN toluene 0 0
PPh,
8 12a e toluene 0 0
9 KCN (12b) dppp toluene 0 0
10 12b dppp DMF 0 0
118 12b dppp DMF 0 0
12" 12 dppp DMF 0 0
13 CuCN (12¢) dppp toluene 0 0
14 12¢ dppp DMF 0 0
15 Zn(CN), (12d) dppp toluene 0 0
16 12d dppp DMF 0 0

“ All the reaction was carried out using 11a (1.10 mmol), 12 (1.10 mmol), 2a (1.00 mmol), Ni(cod), (0.100 mmol), and a ligand (0.100 mmol) in
toluene (0.67 mL). ® Estimated by GC using tetradecane as an internal standard. © PMe,Ph (0.20 mmol) was used.  Isolated yield. ¢ Calculated based on
yields of isolated products. / Reaction run with a 0.30 mmol-scale. ¢ 18-crown-6 (1.10 mmol) was used. ” Buy;NBr (1.10 mmol) was used.

4). An electron-donating variant having dimethylphosphino
groups completely retarded the reaction (entry 5). Chiral
analogues of dppp and dppe were not effective unfortunately
(entries 6—8). Other metal cyanides such as KCN, CuCN, and
Zn(CN), were not effective in toluene or DMF even in the
presence of a crown ether or a phase-transfer catalyst (entries
9—16).

With the nickel/dppp catalyst, we next examined the scope
of the three-component cyanoesterification of 2a and found that
those having an internal triple bond, methoxyethyl, chloroethyl,
and (—)-mentyl all participated in the three-component reaction
(Table 4). To our regret, however, no diastereoselection (50:
50) was attained with optically pure chloroformate ester 11e
(entry 4).

The scope of 1,2-dienes for the three-component strategy was found
to be broad as is demonstrated in Table 5. Ethyl chloroformate (11a)
and trimethylsilyl cyanide (12a) reacted with primary, secondary, and
tertiary alkyl-substituted allenes in yields and with regioselectivity both
comparable to the direct cyanoesterification (entries 1—3). Similar
functional group tolerance was also observed (entries 4—8). The
reaction with 2h showed the diastereoselectivity similar to that observed
with the reaction using ethyl cyanoformate (entry 5). On the other
hand, 1,2-dienes 2l and 2n—2p showed reversed regioselectivities
(entries 9—12). Phenylallene (20) and chiral N-allenyloxazolidinone
2p were applicable to this three-component reaction to give linear
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adducts 4, while no trace amount of adducts was obtained in the direct
cyanoesterification of these 1,2-dienes (entries 10 and 11). No trace
amount of adduct, however, was obtained with 5,6-dodecadiene (2m).

The following experiments were performed to gain a mecha-
nistic insight into the three-component coupling reaction.
Reaction of ethyl cyanoformate (1a) with 2a in the presence of
trimethylsilyl chloride did not proceed at all (eq 1). This together
with the observed poor activity of nickel/dppp for the reaction
of 1a with 2a (entry 8 of Table 1) excludes a reaction path that
goes through in situ generation of 1a from 11a and 12a and its
subsequent addition across 1,2-dienes. An alternative pathway
involving chloroesterification of 1,2-dienes®° with 11a followed
by cyanation of the resulting substituted allylic chloride is
unlikely based on the fact that no chloroesterification products
were obtained by the reaction of 11a with 2a under the nickel/
dppp catalysis (eq 2), though ethyl [-chloromethylacrylate
underwent a cross-coupling reaction with 12a in the presence
of the nickel/dppp catalyst to give 3ab in 71% yield (eq 3).
Finally, a reaction sequence may involve nickel-catalyzed
silylcyanation of 2a*' with 12a followed by cross-coupling of
the resulting alkenylsilanes with chloroformate esters. Because

(20) Hua, R.; Tanaka, M. Tetrahedron Lett. 2004, 45, 2367-2370.
(21) Chatani, N.; Takeyasu, T.; Hanafusa, T. Tetrahedron Lett. 1986, 27,
1841-1844.
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Table 4. Nickel-Catalyzed Cyanoesterification of 2a by Three-Component Coupling Reaction: Scope of Chloroformate Esters?

O
ROJ\CI
11 (1.1 mmol)  Ni(cod), (10 mol %)
+ dppp (10 mol %)
MezSi—CN
12a (1.1 mmol) toluene, 60 °C, 24 h
+

2a (1.0 mmol)

13 14

entry 11

products (E/Z of 14)°

vield (%)° (13:14)

Me

Me [¢] Ph
Me O CN Ph
o N \/\
N
1 \/\OJ]\CI \/\OW * O)lj/m')
NC

11b

13ba, 14ba (75:25)

o o oNoen
eO._~ y
) Moo~ A, MeO\/\OW . O)ﬁ/ﬁ\)

1
¢ 13ca, 14ca (65:35)

o o oN Pn o
\/\
3 CI\/\OJ\Q CI\/\OW + o)‘jﬁd

13da, 14da (72:28)

Ry O/’P{) oN P
4 Lo Me 'o

11d

Me"'

1
¢ 13ea, 14ea (67:33)

72 (61:39)
(0] Ph
g 69 (83:17)
Ph
g 96 (81:19)
'Pb Ph
W 75 (84%:16)

“ All the reaction was carried out using 11 (1.10 mmol), 12a (1.10 mmol), 2a (1.00 mmol), Ni(cod), (0.100 mmol), and dppp (0.100 mmol) in
toluene (0.67 mL). ” Calculated based on isolated yields of (E)- and (Z2)-14. ¢ Isolated yield of 13 and 14. “dr = 50:50 as estimated by 'H NMR

analysis of an isolated product.

no silylcyanation of 2a was observed with the nickel/dppp
catalyst (eq 4), this possibility can also be ruled out.

Me3SiCl (1.1 equiv)
Ni(cod), (10 mol %)

d 10 mol %
tar2a 2PPRI ‘) g+ EO (1)
toluene, 60 °C, 24 h

4aa
= (CHy),Ph
Ni(cod), (10 mol %)
d 10 mol %
Ma+2a PRl ?) g * EO @)
toluene, 60 °C, 24 h
o cl = (CHy) 2Ph
EtOW Ni(cod), (10 mol %)
dppp (10 mol %) Q ON
¥ ®)
12a toluene, 60 °C, 24 h EtO

3ab
71%

Ni(cod), (10 mol %) .
dppp (10 mol %) ) CN - MesSi ZMR
12a + 2a Me;Si + (4)
toluene, 60 °C, 24 h R
NC
= (CHy),Ph

Based on these results, two reaction pathways (path A and
path B) are suggested in Scheme 2. In each cycle, catalysis
should be initiated by oxidative addition of a C—ClI bond in 11
to nickel(0) to give 15. Subsequent coordination of 1,2-dienes
to the nickel center in 15 would give 16 rather than 19 due to
the sterics. Migratory insertion of the alkoxycarbonyl group on
nickel affords s-allylnickel chloride intermediate 17, which
undergoes transmetalation with 12a to give s-allylnickel cyanide

18. Reductive elimination of 18 gives 3 and regenerates
nickel(0)/dppp (path A). Alternatively, transmetalation may
precede migratory insertion to give 20, which then undergoes
coordination of 1,2-dienes followed by migratory insertion of
the coordinating 1,2-dienes and reductive elimination (path B).
Formation of regioisomer 4 would be derived from such
coordination of 1,2-dienes in an opposite direction as depicted
in 19 or m-allylnickel intermediate 22, both intermediates
suffering from steric repulsion between R? and diphenylphos-
phino groups.

In cases of 1,2-dienes 2k and 2n—2p, reductive elimination
from os-allylnickel intermediate 18 may be hampered by
intramolecular coordination of carbonyl or phenyl groups
(Scheme 3) to allow o—m—o isomerization to s-allynickel
intermediates 22b, which reductively eliminate 4 as a major
product with these particular 1,2-dienes.

In the case of 21, the nickel center of 1,2-diene-nickel species
23 coordinated by two diphenylphosphino groups of dppp
(Scheme 4) would suffer from a greater steric bulk compared
with related intermediate 6 having a monophosphine ligand
(Scheme 1). Therefore, migratory insertion followed by reduc-
tive elimination of 4al from intermediate 24 would be favored
rather than formation of sz-allylnickel intermediate 25, which
would be responsible for formation of 3al.

Transformations of 1,2-Diene-Cyanoesterification Products.
The cyanoesterification products thus obtained have both o,(-
unsaturated ester and allylic cyanide functionalities, which can be
transformed orthogonally (Scheme 5). Cyanoesterification product 3al

(22) Yamamoto, Y.; Maruyama, K. J. Am. Chem. Soc. 1978, 100, 3240-
3241.
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Table 5. Nickel-Catalyzed Cyanoesterification of 1,2-Dienes by Three-Component Coupling?

(6]
ElOJJ\CI
11a (1.1 mmol) Ni(cod), (10 mol %
S+ c dp(pp (120(mol %) ) o CN 9
i— +
12’\29(31 1I mmNo|) toluene, 60 °C, 24 h ElO)YR Eto)ﬁﬁR
+ NC
2 (1.0 mmol) 3 4
entry 2 product(s) (E/Z of 4)° yield (%) (3:4)
1 2¢ 3ac, 4ac (60:40) 84 (88:12)
2 2d 3ad, 4ad (75:25) 84 (86:14)
3 2e 3ae, 4ae (87:13) 77 (99:1)
4 2g 3ag, 4ag (57:43) 81 (83:17)
5 2h 3ah, 4ah (72:28) 84 (69%:31)
6 2i 3ai, 4ai (50:50) 91 (80:20)
7 2j 3aj, 4aj (60:40) 84 (85:15)
8 2k 3ak, 4ak (>95:5) 82 (49:51)
9 21 3al, 4al (—) 84 (17:83)
0O CN E Q
=.=\_<C02Et o WE + Eton/j\
10 CO,Et NeT EVE 80 (49:51)
2n E = COEt
3an, 4an (66:34)
o o oN Q
T Eto)H(L - EtOJj/ Ph )
11 2 " 54 (13:87)
3ao, 4a0 (87:13)
== \(o i /,23
N Eto)‘j%N o )
12 pr—{_0 NS o P, 28 (5:>95)

2p (E)-dap (>95:5)

“ All the reaction was carried out using 11a (1.10 mmol), 12a (1.10 mmol), a 1,2-diene (1.00 mmol), Ni(cod), (0.100 mmol), and dppp (0.100 mmol)
in toluene (0.67 mL). ” Calculated based on isolated yields of 4. ¢ Isolated yield of 3 and 4. “dr = 81:19 as estimated by 'H NMR analysis of an
isolated product.

Scheme 2. Plausible Mechanism of Cyanoesterification of 1,2-Dienes by Three-Component Coupling

o}
i e
RY EtO CN
O>_<\/R X 3 N e
R'0 )' PP 'L" NT\P
X =Cl (22a) 0 i
/N
CN (22b) 18 CN
/ R1O>—%R2 MegSiCl
\§Me3SiCN
% \C 0 12a
i/ -
,// 21 P

/N
"2 K Cl

)\ path B path A //17
2 N\
P WP /—\
OYNl\CN
) \ o
10 Yo NN i /(’ ° ﬁ”
20 MesSiCl 12 Cl OR1l
R1o : Il
15 2 R2 X = Clor CN
19

underwent 1,4-addition reactions with butylcopper/BFs+OEL>* or to aminomethyl followed by lactamization.®
sodiomalonate to give the corresponding 5-cyano esters 26a and 26b,
respectively. Subsequent treatment of 26a with NaBH, in the presence

of CoCl, afforded y-lactam 27 through reduction of the cyano group

The allylic cyanide moiety can participate in the carbocyanation
reaction across alkynes. For example, cyanoesterification product 3aa
added across 4-octyne in the presence of a nickel/P(4-CF;—C¢Hy)s
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Scheme 3. Plausible Mechanism for the Formation of 4 from 2k and 2n—2p

EtO

0
EtO%CN

R
3

EtO,C
R1

EtOZC—<wwm . .(()7:0"5@

0 oy = PR N CN
\(,o Et0,C—\

7
Ni:: 1P
= Q  ~[RCN
-
EtO
22b

Scheme 4. Plausible Mechanism for the Formation of 4al from 2l through the Three-Component Coupling

O CN
X=CN
> EtO
favored |
P WP PP M M
YU T '
EtO ¥ o
,// | P\
Me* = [ 0 CN
Me Me Me o) Ni. P
23 24 — / \X =, EtowMe
X =CN or Cl disfavored £ I\7e< Me
Me 3al
25

catalyst to regioselectively give trisubstituted acrylonitrile 28 in 81%

Scheme 5. Transformations of the Cyanoesterification Products?

yield as a mixture of stereoisomers (eq 5).6 O CN HN
a Me c 0 Me
—> EtO —_—
oo 82% Me  64% Me
Etow Ph o o CN Bu Bu
38 (1.0 mimol) Ni(cod), (10 mol %) Me | 26a 27
: P(4-CF3—CgHa)3 (20 mol %)  EtO” & Ph EtO
N Pt br 5) Me o CN
Pr——pr CH4CN, 80°C, 8 h | 3al X o Me
(1.5 mmol) Pr CN L » Me
0,
28, 81%, E£/Z = 83:17 74% EtOL
EtO,C
Conclusion 26b

Cyanoformates are demonstrated to add across 1,2-dienes regio-
and stereoselectively in the presence of a nickel/PMe,Ph catalyst.
Accordingly, preparation of variously functionalized [-cyano-ot-
methylene alkanoates is achieved regioselectively. Cyanoesterification
of 1,2-dienes has been attained also by the three-component coupling
of chloroformate esters, trimethylsilyl cyanide, and 1,2-dienes with a
nickel/dppp catalyst as an alternative and convenient protocol to
introduce various alkoxycarbonyl and cyano groups to 1,2-dienes in
a single operation. The resulting cyanoesterification products would
serve as synthetically useful building blocks for y-aminobutyric acid,
B-amino acids,** and 1,2-dicarboxylic acid derivatives.

(23) Satoh, T.; Suzuki, S.; Suzuki, Y.; Miyaji, Y.; Imai, Z. Tetrahedron
Lett. 1969, 10, 4555-4558.

(24) For examples, see:(a) Sammis, G. M.; Jacobsen, E. N. J. Am. Chem.
Soc. 2003, 125, 4442-4443. (b) Mita, T.; Fujimori, I.; Wada, R.; Wen,
J.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 11252—
11253.

“ Reagents and Conditions: (a) BuLi, Cul, BF;+OEt,, Et,0, —70 °C to
rt, 5 h; (b) NaCH(CO,Et),, THF, 0 °C to rt, 1 h; (c) NaBH,, CoCl,, EtOH,
0°Ctort,9h.
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