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Copper-Catalyzed 1,4-Addition of Organoboronates to Alkylidene
Cyanoacetates: Mechanistic Insight and Application to Asymmetric

Catalysis**

Keishi Takatsu, Ryo Shintani,* and Tamio Hayashi*

The copper-catalyzed 1,4-addition of organometallic reagents
to a,p-unsaturated compounds is a powerful method for the
efficient construction of carbon—carbon bonds.!l Highly
reactive nucleophiles such as Grignard reagents,'**? dior-
ganozinc compounds,'*>? and triorganoaluminum com-
pounds™*4 are widely employed in these reactions, but the
use of milder nucleophiles has been much less studied; in fact
there has been only one such study reported, wherein Lee and
Hoveyda used organo(trifluoro)silanes as nucleophiles in the
presence of a fluoride additive.” In contrast, although the use
of organoboronic acids and their derivatives would be highly
attractive in view of their availability, stability, and ease of
handling, there has been no such report to date as far as we
are aware.l”® In this context, we herein describe a 14-
addition of aryl boronic acid esters to alkylidene cyanoace-
tates catalyzed by a copper/N-heterocyclic carbene complex.
We also describe the mechanistic details of the reaction and
also demonstrate that the use of a chiral N-heterocyclic
carbene ligand leads to an effective asymmetric variant of this
process.”!

In an initial investigation we attempted a reaction of tert-
butyl cinnamate (1a) with phenylboronic acid neopentylgly-
col ester (2) in the presence of [Cu(OrBu)(IPr)]! (5 mol %)
and KOrBu (2.0 equiv) in dioxane at 30°C, but no 14-
addition product was observed under these conditions
(Table 1, entry 1). The use of cinnamonitrile (1b) was also
unproductive (Table 1, entry 2), but more-electron-deficient
substrates such as di-tert-butyl benzylidenemalonate (1¢) and
benzylidenemalononitrile (1d) led to the formation of 1,4-
adducts in moderate yield (30 % yield and 67 % yield; Table 1,
entries 3 and 4, respectively). We subsequently found that
tert-butyl benzylidenecyanoacetate (le) reacted more
smoothly under the same conditions to give 1,4-adduct 3e in
92% yield after aqueous workup (Table1, entry5). A
similarly high yield was achieved for the reaction in THF
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Table 1: Copper-catalyzed 1,4-addition of phenylboronate 2 to electron-
deficient olefins 1.

71 o [Cu(OtBu)(IPr)] Ph
Ph/\(z * Ph_Bi :><Me KOthi (mZO(I)/;Luiv) Ph
z 0 Me dioxane, 30 °C, 20 h; z
1 2 (1.5 equiv) then HO 3
IPr= N}_/N
Entry Substrate (Z', Z%) Product Yield [9%]
1 1a (CO,tBu, H) 3a o®!
2 1b (CN, H) 3b o®!
3 1c (CO,tBu, CO,tBu) 3c 308!
4 1d (CN, CN) 3d 67
5 Te (CO,tBu, CN) 3e 92
619 le 3e 89
71 Te 3e 8tl

[a] Yield of isolated product. [b] Determined by '"H NMR spectroscopy
with an internal standard (MeNO,). [c] The reaction was conducted in
THF. [d] The reaction was conducted in the absence of KOtBu.

(Table 1, entry 6), but the reaction became very sluggish in
the absence of KOrBu (Table 1, entry 7).

A series of stoichiometric reactions were then conducted
to gain some insight into the catalytic cycle for the reaction of
substrate 1e with phenylboronate 2 described above:[***l The
reaction of [Cu(OfBu)(IPr)] with 2 proceeded smoothly in
dioxane at 30°C to give [CuPh(IPr)] (4) in 64 % yield after
recrystallization [Eq. (1) and Figure 1a]. Complex 4 thus
obtained underwent insertion of 1e in [Dg]THF at 30°C to
give copper enolate 5 almost quantitatively [Eq. (2) and
Figure 1b]. The identity of 5 was confirmed by 'H and
BC NMR spectroscopy as well as by HRMS.['! Protonolysis
of 5 produced 1,4-adduct 3e cleanly in 84 % yield of the
isolated product. To the best of our knowledge, this represents
the first example of the direct observation of a copper enolate
in the context of a 1,4-addition of an organocopper species to
an electron-deficient olefin.'”! Treatment of compound 5 with
1.0 equivalent of KOrBu in [Dg]THF at 30°C gave a clean
"H NMR spectrum consisting of signals that correspond to
[Cu(OrBu)(IPr)] and potassium enolate 6 [Eq. (3) and Fig-
ure 1c]. The signals assigned to compound 6 matched with the
ones that formed on treatment of the isolated compound 3e
with 1.0 equivalent of KOrBu in [Dg] THF, thereby confirming
its identity as a potassium enolate of the 1,4-adduct. In
addition to these stoichiometric reactions, we also made the
following observations: Copper enolate 5 remained intact and
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Figure 1. "H NMR spectra in [Dg]THF of: a) [CuPh(IPr)] (4), b) copper e
and potassium enolate 6 obtained from the reaction of 5 with KOtBu.

did not undergo direct transmetalation with phenylboronate 2
in [Dg]THF at 30°C; phenylcopper complex 4 did not show
any detectable interactions with KOrBu or phenylboronate 2
in [Dg]THF at 30°C; and the rate of reaction of 1le with
phenylcopper 4 was unaffected by the addition of KOfBu and/
or phenylboronate 2.

2 (1.0 equiv) [CuPh(IPY)]
_—
dioxane !

30°C,05h 4: 64% yield
full conversion (after recrystallization)

[Cu(OtBU)(IPY)] m

(0.1 ™)

_Cu(IPr)
CuPh(P 1e (1.0 equiv) ph O @
[CuPh(PA] 5 ThF Ph OtBu
4(0.6m) 30°C,3h CN 5

95% conversion

Angew. Chem. Int. Ed. 2011, 50, 5548 —5552 © 201 Wiley-VCH

nolate 5 obtained from the reaction of 4 with 1e, and c) [Cu(OtBu)(IPr)]

[Cu(OtBu)(IPT)]

Ph O,Cu(IPr) (1KooethJ:V)
. Ph  OK 3)
Ph OtBu [Dg]THF
CN 5 30°C,05h  ph OtBu
(0.1 ™) full conversion CN 6

On the basis of these results, a proposed catalytic cycle for
the reaction depicted in Table 1, entry 5 is illustrated in
Scheme 1.1 Thus, [Cu(O¢Bu)(IPr)] undergoes transmetala-
tion with phenylboronate 2 to give phenylcopper species 4.
Insertion of le into 4 then gives copper enolate S, which
reacts with KOrBu to regenerate [Cu(OrBu)(IPr)] along with
potassium enolate 6. The final product 3 e is obtained from 6
after aqueous workup. This proposed mechanism involving
only copper(I) species throughout the cycle is in stark contrast
to the reported reaction mechanisms for the copper-catalyzed
1,4-addition of organomagnesium or organozinc reagents to
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Scheme 1. Proposed catalytic cycle for the copper-catalyzed 1,4-addi-
tion of phenylboronate 2 to Te ([Cu]=Cu(IPr)).

a,p-unsaturated carbonyl compounds. In these latter cases,
the active organocopper(I) species is tightly associated with
magnesium or zinc salts to facilitate the oxidative addition of
a,p-unsaturated compounds. The resulting copper(III) inter-
mediate then undergoes reductive elimination with formation
of a carbon—carbon bond.!'*!

Having established the viability of the copper-catalyzed
1,4-addition of organoboronates to alkylidene cyanoacetates,
we turned our attention to the development of its asymmetric
variant by employing chiral N-heterocyclic carbene (NHC)
ligands.!" ' As a starting point, we carried out the reaction of
tert-butyl 4-chlorobenzylidenecyanoacetate (1 f) with phenyl-
boronate 2 in the presence of CuCl (5 mol %) and the chiral
NHC salt (S)-7a,/°!7 which has a tert-leucinol-derived tether
(5.5 mol %), in dioxane at 30°C. Under these conditions, 1,4-
adduct 3 f was obtained in 85 % yield, but the enantioselec-
tivity was only moderate (47 % ee; Table 2, entry 1). Chang-
ing the substitutent on the ligand tether from fert-butyl to
isopropyl ((S)-7b, 62% ee; Table 2, entry 2) or phenyl ((S)-
7c¢, 65% ee; Table 2, entry 3) gave somewhat higher enantio-
selectivity, and further improvement was observed by using a

Table 2: Copper-catalyzed asymmetric 1,4-addition of phenylboronate 2

to 1f: Ligand effect.
CuCl (5 mol%) Ph

Ar/\/COZIBu . Ph—B/o:><Me ligand salt (5.5 mol%) N CO,tBU
M KOtBu (2.0 i
CN o Me dioxan:, (30 °8?lél('\Jl)h; CN

1f (Ar = 4-CICgH,) 2 (1.5 equiv) then H0 3t (dr. = 1:1)
Entry Ligand salt Yield [96]" ee [%]"
1 (5)-7a 85 47 (R)
2 (S)-7b 85 62 (R)
3 (S)-7¢ 34 65 (R)
4 (S.R)-7d 81 68 (R)
5 (5,5)-7e 86 76 (R)
6 (5,5)-7fF 82 38 (R)
7¢ (59)-7f 86 92 (R)

[a] Yield of isolated product. [b] Determined by HPLC on a chiral
stationary phase (Chiralpak AD-H column) with hexane/2-propanol =
95:5 after de-esterification. [c] The reaction was conducted with CuBr
instead of CuCl.

o oo 3 0a
R : NN
Pt Py e
- 24 - -
Me HO™ PFg Me L PR 0 HO™ PFg
(S)-7a: R' = tBu (S,R)-7d: R2=H, R®= OH (5,9)-7f
(S)-7b: R! = iPr (5.5)-7e: R2 = OH, R®=H
(S)-7¢: R'=Ph
www.angewandte.org
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tether derived from 1-amino-2-indanols ((S,R)-7d, 68 % ee
and (§,5)-7e, 76 % ee; Table 2, entries 4 and 5, respectively).
We subsequently found that changing the 2,6-dimethylphenyl
group on the other nitrogen atom of (§,5)-7e for a 9-anthryl
group ((S,5)-7f) led to the formation of 3f with 88% ee
(Table 2, entry 6), and the use of CuBr instead of CuCl as a
catalyst precursor turned out to be optimal (92 % ee; Table 2,
entry 7). The absolute configuration at the [} position of 3f
thus obtained was determined to be R by X-ray crystallo-
graphic analysis after de-esterification.['¥

A combination of CuBr and (S,S)-7f resulted in the
triethylmethyl ester 8a giving a slightly higher enantioselec-
tivity than zert-butyl ester 1f (Table 3, entry 1 versus Table 2,

Table 3: Copper-catalyzed asymmetric 1,4-addition of organoboronates
to 8: Scope.

CuBr (5 mol%) R
R/\(COZCEtS . R'—Bp:><M9 (S,5)-7f (5.5 mo.l%) CO,CEty
CN o Me KOtBu (2.0 equiv)
dioxane, 30 °C, 20 h; CN
8 1.5 equiv then H,O 9 (d.r. = 1:1)

8a:R=4-ClC¢H; 8d: R=4-MeOCgH;s B8g: R = 3-thienyl

8b: R =4-NCCgH; 8e: R = 3-MeCgHy4 8h: R = 1-cyclohexenyl

8¢c: R =4-MeCgHs 8f: R=2-MeCgH4 8i: R=Ph
Entry 8 R Product  Yield [%]?  ee [%]"
1 8a Ph (R)-9a 93 94
2 8b Ph (R)-9b 92 87
3 8c Ph (R)-9¢ 88 91
4 8d Ph (R)-9d 82 92
5 8e Ph (R)-9e 87 88
6 8f Ph (R)-9f 79 91
7 8g Ph (R)-9g 78 94
8l 8h Ph (S)-9h 57 90
9 8i 4-CIC¢H, (5)-9a 84 88
10 8i 4-MeC¢H, (5)-9¢ 87 94
11 8i 4-MeOC¢H, (5)-9d 81 92
12 8i 3-MeCg¢H, (5)-9e 87 91
13 8i 2-naphthyl (5)-9i 95 89
14 8i 1-cyclohexenyl (R)-9h 88 73
150 8i Me (5)-9j 701! 77
16 8a 4-MeC¢H, (R)-9k 91 95

[a] Yield of isolated product. [b] Determined by HPLC on a chiral
stationary phase with hexane/2-propanol after de-esterification. [c] The
reaction was conducted with 3.0 equiv of the organoboronate and
3.0 equiv of KOtBu in the presence of 10 mol % catalyst. [d] Determined
by 'H NMR spectroscopy after chromatographic purification on silica

gel.

entry 7).!] Furthermore, not only 8a but also several other
aryl-, heteroaryl-, and alkenyl-substituted methylidenecya-
noacetates (8b-h) can be used in the reaction with phenyl-
boronate to give 1,4-adducts 9 with high enantioselectivity
(57-93 % vyield, 87-94 % ee; Table 3, entries 1-8). Various aryl
groups can be incorporated effectively from the nucleophilic
component into benzylidenecyanoacetate 8i with a similarly
high efficiency (81-95 % yield, 88-94 % ee; Table 3, entries 9—
13). In addition to these aryl boronates, 1-cyclohexenyl- and
methylboronates can also be used, although the ee values
become somewhat lower (70 and 88 % yield, 73 and 77 % ee;
Table 3, entries 14 and 15, respectively). Furthermore, 1,1-
diaryl methylcyanoacetates having substituents on both of the

Angew. Chem. Int. Ed. 2011, 50, 5548 —5552
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aryl groups can be prepared in a highly enantioselective
fashion (91 % yield, 95 % ee; Table 3, entry 16).

The utility of the present asymmetric catalysis is high-
lighted in the stereoselective and straightforward synthesis of
enantioenriched 3-(3,4-dichlorophenyl)-3-phenylpropio-
nitrile (10; Scheme 2), which is a key intermediate in the
synthesis of the potent psychoactive (4)-indatraline.?*2!

Clj@/\/COZCEh
al CN

CuBr (5 mol%) Ph

(5,5)-7f (5.5 mol%)  Cl CO,CEtg
2 (1.5 equiv)
KOtBu (2.0 equiv) ¢ CN

8j ! o . )
dloxa?ﬁér??—h% 20h; 91:87% yield (d.r. = 1:1)
:NHMe-HCI
1. TsOH-H0 (7 mol%) A Ref. [20] O’

toluene, 125°C,2h ()
2.DMF,155°C, 1 h N CN

10: 94% yield, 89% ee

.

Cl Cl
Indatraline

Scheme 2. Asymmetric synthesis of compound 10, an intermediate for
(+)-indatraline. Ts =toluene-4-sulfonyl.

In summary, we have developed a 1,4-addition of organo-
boronates to alkylidene cyanoacetates catalyzed by a copper/
N-heterocyclic carbene under mild conditions. The catalytic
cycle consisting of transmetalation/insertion/ligand exchange
has been proposed on the basis of a series of stoichiometric
reactions. Furthermore, an effective asymmetric variant has
also been achieved through the use of a newly synthesized
chiral N-heterocyclic carbene ligand.
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