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ABSTRACT: Chiral nitriles are valuable molecules in modern organic synthesis and drug discovery. Selectively differentiating
the two nitrile groups of widely available malononitrile derivatives is a straightforward yet underdeveloped route to
construct enantioenriched nitriles. Here we report an enantioselective nickel-catalyzed desymmetrization of malononitriles
for the generation of nitrile-containing all-carbon quaternary stereocenters. This protocol involves a nickel-catalyzed
addition of aryl boronic acids to alkynes followed by a selective nitrile insertion, providing unprecedented access to
enantioenriched 5-7-membered a-cyano cycloenones with a fully substituted olefin from a broad range of substrates. The
synthetic utility of these nitrile products is demonstrated by gram-scale synthesis and conversion to several useful functional

groups.

As an important pharmacophore, the nitrile unit plays an
efficacious role in medicines.’> The biocompatible and
metabolically stable nitrile functionality facilitates polar
interactions, accentuates hydrogen bonding properties, and
improves the toxicology profiles of molecules.? Indeed,
nitrile-containing motifs are increasingly found in
pharmaceuticals and active clinical candidates.!? Of special
importance are those bioactive compounds with the nitrile
group contained within an all-carbon quaternary
stereocenter (Scheme 1, top), which prevents oxidation at
the a-carbon of the nitrile avoiding toxic cyanide release.?
Moreover, the nitrile is among the most useful functional
groups in organic synthesis and can be easily converted to
versatile functionalities, such as carboxylic acid, aldehyde,
amine, oxazoline, and piperidine, etc.* Consequently,
elegant catalytic protocols including electrophilic
functionalization of a-cyanocarbonyls® (Scheme 1a) and
ketene imines® (Scheme 1b), and a-cyanation of 3-
dicarbonyls’ among others® (Scheme 1c), have been
reported for the synthesis of enantioenriched all-carbon
quaternary stereocenter-containing nitriles.’

Desymmetrization reactions have been developed as a
powerful tool for accessing all-carbon quaternary centers.!?
Given the readily availability of disubstituted
malononitriles, desymmetrization of the two nitriles is a
straightforward, cyanide-free yet underdeveloped route to
construct  enantioenriched nitriles.  Stereoselective
differentiation of malononitriles is challenging probably
due to their coordinating affinity to transition metals!! and
the minuscule steric size'? of the nitrile group. Moreover,
decyanative decomposition of malononitriles in the

Scheme 1. Selected Examples of Drugs with a Nitrile-
Containing Quaternary Center Subunit (Top) and
Asymmetric Catalytic Synthetic Strategies (Bottom)
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presence of transition-metal catalysts or organometallic
reagents would be problematic.!? Although enantioselective
enzymatic hydrolysis of dinitriles has been known for
decades,'* only two examples for chemical catalytic
desymmetrization of malononitriles were revealed to date,
namely, rhodium-catalyzed [2+2+2] cycloaddition by the
Tanaka group (Scheme 1d)'? and ruthenium-catalyzed
hydration reaction by the Ikariya group.’>® However, these
reports presented limited substrates, resulted in poor
enantioselectivities, and necessitated precious transition
metal catalyst, further highlighting the challenges
associated with the desymmetrization of the two nitrile
groups.

In light of these impediments and inspired by the
transition-metal-catalyzed  alkyne insertion/addition
chemistry reported recently by Lam group and others,'® we
envisaged that an intermolecular addition of alkynes and
intramolecular cyclization cascade strategy could facilitate
the desymmetrization of malononitriles to access the
nitrile-containing quaternary centers (Scheme 1e). In this
communication, we  report a  nickel-catalyzed
desymmetrization of alkyne-tethered malononitriles 1 with
aryl boronic acids 2 under base-free conditions. All-carbon
quaternary carbon substituted nitriles 3 were successfully
assembled in synthetically useful enantioselectivities and
yields.

Table 1. Selected Results of Reaction Optimization
NC CN Ni(OTf), (10 mol %)
+ PhB(OH),

o
(S)-L1 (12 mol %) Ph .?C:n
/\)<Bn toluene, 100 °C, 14 h
Ph H,0 (4 equiv) Ph

1a 2a (2 equiv) 3aa

) b
wuf H
R > "Bu N Po
N S e N, °
(S)-L1: R=H, Ar=Ph; _ By \— N\ .
PAr, (S)-L2: R = OMe, Ar = Ph; N p” N N~ g,
A

(S)-L3: R = CF3, Ar = 4-CF3-CgHy;

(S)-L4: R = CF;, Ar = 35-(CFa)y-CgHy;  (RR)-Quinoxp* Me (S)-PyOx
entry? variation conv (%) er¢
1 none >95 (93)4 94:6
2 L2 instead of L1 91 94:6
3 L3 instead of L1 69 91:9
4 L4 instead of L1 43 77:23
5 QuinoxP* instead of L1 49 68:32
6 PyOx instead of L1 28 53:47
7 80 °C instead of 100 °C 92 (89)4 95:5
(standard conditions)
8 without H,0 N.R. -

@Reactions conducted on a 0.1 mmol scale. 'NMR yields using
1,3,5-trimethoxybenzene as an internal standard. ‘Determined
by HPLC. 9Isolated yield. N.R. = No reaction.

Outlined in Table 1 are the representative results of the
condition optimization (also see Tables S1-S6 in the
Supporting Information for details). We were able to access
the desired product 3aa by desymmetrization of
malononitrile 1a in 93% yield with 94:6 er using
Ni(OTf),/phosphinooxazoline (phox, L1) as the catalyst
(entry 1). Electron-rich phox ligand L2 performed equally
well compared with L1 (entry 2), whereas electron-poor

phox ligands L3 and L4 exhibited diminished reactivity and
enantioselectivity (entries 3 and 4). Poor yields and er were
obtained with the examined bisphosphine or dinitrogen
ligands (entries 5 and 6). Finally, lowering the temperature
to 80 °C furnished 89% isolated yield and slightly increased
enantioselectivity (95:5 er), which was identified as the
optimal conditions (entry 7). It should be noted that the
addition of water was found crucial with no reaction
occurring in its absence (entry 8 and Table S6 in the SI).

The scope of aryl boronic acids was investigated (Table
2a). Electron-donating groups including methyl and
methoxy afforded the corresponding products 3ab and 3ac
in 80-86% yields with 94:6-95:5 er. Aryl boronic acids
bearing -F (3ad), -Cl (3ae), and -Br (3af) provided 67-
82% yields and 91:9-95:5 er. Gratifyingly, diversity
functional groups, such as trifluoromethyl (3ag),
trifluoromethoxy (3ah), cyano (3ai), aldehyde (3aj), acetyl
(3ak), ester (3al), and amide (3am), all delivered the
desired quaternary center-containing products with
moderate to good er. A meta-ester substituted substrate
(2n) was a viable reaction partner as well, providing
excellent yield and er (3an, 91% yield and 97:3 er). A
terminal alkene-bearing phenyl boronic acid was
compatible as well delivering addition product 3ao with
excellent er (96:4) albeit in a reduced yield. Notably,
heteroaryl nucleophiles, such as 3-furyl and 3-thienyl
boronic acids provided the corresponding products 3ap
and 3aq in good yields with slightly lower
enantioselectivities.

Next, a panel of malononitriles with substituted alkynes
were explored (Table 2b). Various substituted (R?) alkynes
including electron-donating (-Me, -OMe) and -withdrawing
(-Br, -CF3, -CO;Me) groups containing aromatics were well
tolerated and afforded the corresponding products 3ba-
3fa in 63-81% yields with 94:6-97:3 er. In general, the
reactions of electron-deficient aryl substituted alkynes
were sluggish at 80 °C but synthetically useful yields were
achieved at an elevated temperature (100 °C). Naphthyl
alkyne-derived product 3ga was obtained in 70% yield with
94:6 er. Remarkably, heteroaryl (thienyl, 1h) and alkenyl
(1i) substituted alkynes were also compatible substrates,
providing 3ha and 3ia in 63-81% yields, albeit with
diminished er (88:12-91:9). Changing the substituent R to
a methyl group provided a mixture of isomers 3ja and 3ja’.
Furthermore, we examined the influence of various groups
(R?) at the a-position of the malononitriles (Table 2c). 4-
Bromobenzyl (3ka), 1-naphthalenylmethyl (3la), and 2-
furylmethyl (3ma) groups were well tolerated resulting in
66-98% yields with 93.5:6.5-97:3 er. The absolute
configuration of 3ka (>99:1 er) was assigned by X-ray
analysis after recrystallization. Importantly, allylic (3na
and 3o0a) and 3-oxobutyl (3pa), useful functional groups
allowing for downstream versatile transformations, were
endured as well. Finally, 3ga (cyclohexylmethyl), and 3ra
(methyl) are additional examples of aliphatic a-substituted
malononitriles, whereas 3sa (phenyl) represents an aryl-
substituted product.
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1 Table 2. Substrate Scope®
2
3 NC CN Ni(OTf), (10 mol %) X CN 'f°,'13::'_"§sfzo
(S)-L1 (12 mol %) £ ofor 3ta:
@—B H or 3ta:
4 =7 n * (OH)2 H,0 (4 equiv), toluene, 80 °C n n=0;X=0
5 g 1 2 «for 4a;—;ah;\‘ "
n=2X=
6 a. Scoj
b pe of Ar
7 R = Me: 3ab R =Br: 3af R = CHO: 3aj o]
80% yield, 95:5 er 67% yield, 93:7 er 72% yield, 97:3 er $CN
8 R = OMe: 3ac R = CF5: 3ag R = C(O)Me: 3ak —=Bn
86% yield, 946 o 80%yield, 89:11er  84% yield, 93.5:6.5 er Me0OC
9 R=F: 3ad R = OCFy: 3ah R = CO,Me: 3al %= 0:3ap
10 80% yield, 95:5 er  56% yield, 90.5:9.5er  92% yield, 96.5:3.5 er X— 70% yield, 85:15 er
R = Cl: 3ae R =CN: 3ai R = CONMe,: 3am 3an 3ao X =8:3aq
'| '| 82% yield, 91:9 er 80% yield, 92.5:7.5 er 63% yield, 9%:3 er 91% yield, 97:3 er 39% yield, 96:4 er 86% yield, 91:9 er
12
13 R = Me: 3ba, 80% yield, 94.5:5.5 er . from1j o N " o
14 R = OMe: 3ca, 81% yield, 94:6 er Me S Bn q ~ .~‘CN
15 R = Br: 3da, 63% yield, 97:3 er ' ph ~Bn
- CF.: 3625 78% yi . Ph
16 R = CFy:30a, 76% yield, 95.5:4.5 er Ar = 2-naphthyl: 3ga 3ha 3ia 3ja 3ja’
R = CO,Me: 3fa,” 80% yield, 96:4 er 70% yield, 94:6 er 81% yield, 88:12 er 63% yield, 91:9 er 28% yield, 91.5:8.5 er 41% yield, 51:49 er
17
18
Ar' = 4-Br-CgH,: 3ka ® on ® on ® on 2 on - N
19 o 77% yield, 96.5:3.5er  Ph 5 Ph 5 Ph 5 Ph : Ph Ph s
20 Ph ‘::N Ar' = 1-naphthyl: 3la
| 98% yield, 97:3 er Ph Ph Ph Ph Ph Ph
21 Ar' = 2-furyl: 3ma 3na 3o0a 3pa 3qa 3ra 3sa
22 Ph 66% yield, 93.5:6.5 er 87% yield, 93:7 er 49% yield, 93.5:6.5 er 41% yield, 91.5:8.5 er 61% yield, 94:6 er  73% yield, 91.5:8.5 er 62% yield, 85.5:14.5 er
23 \ hydrolysis of imine to ketone
NH H
CN R = 3-Me: 4ac R=4-Cl: 4af .
24 N standard  ph M en Ph T Bn 66%yield, 99:1 er 62% yield, 99:1 er ' Ph oN
25 Ph ZBn NG N _conditions _ =B s R=4-OMe:4ad R =4-Br: dag 4 3M Hel B
26 z 3 “Bn PhB(OH), pp ! 70% yield, 99:1 er 61% yield, 99:1 er E(ngaer) THF 0°C Ph
Ph 3ta Ph 1u 2 4aa : R = 4-Me: 4ab R=4-F:4ae  R=4-CO,Me: 4ah ' 4aa’
27 52% yield, 86.5:13.5 er 72% yield, 99:1 er ! 68% yield, 99:1 er  58% yield, 99:1 er 48% yield, 99:1 er ! 78% yield, 99.5:0.5 er
28 :
29 . o . .
30 @Reactions conducted under the conditions of entry 7, Table 1. Percentages represent isolated yields. 100 °C.
31 . .
32 Table 3. Reactivity of Aryl Boronic Precursors®
33 The reaction scope for the asymmetric synthesis of other standard
34 ring size analogs was also conducted (Table 2d and 2e). ta o PNBl —dions %@
35 Reactmg or?e-carbf)n truncated 1t gave cyclop.entenone 3ta —— (PhEO), PHBFK PhBpin
36 in 52% yield with 86.5:13.5 er. Interestingly, seven- 2a (2 equiv) 5a (0.7 equiv) 5b (2 equiv) 5¢ (2 equiv)
37 membered imines 4, stable enough for chromatography 89% yield, 95:5er  91% yield, 95:5er  87% yield, 94.5:55er  N.R. (at 100 °C)
isolation, were formed in good yields with excellent
38 enantioselectivities (991 er) in general. Treatment of aReactions conducted on a 0.1 mmol scale with isolated
39 malononitrile 1u and phenyl boronic acid 2a under the yields represented.
40 standard conditions delivered cyclohept-2-en-1-imine 4aa Oth b . ISo int ted with
. . : . . r ar roni rces were also interrogated wi
41 in 72% yield with 99:1 er. Pleasantly, aryl boronic acids €r aryl boronic sources were aiso Interrogate .
42 substituted with both electron-donating (~-Me, ~OMe, 4ab- malononitrile 1a to further examine the feasibility of this
) ) . . .
43 4ad) and electron-withdrawing (-F, -Cl, -Br, -CO,Me, 4ae- stratte.:gy (Tal?ii 3).t Be}?ldeslbphen.yl b051'0n1C afjld 2;’;; th(i
. . . . reaction i riphen roxin n n
44 4ah) groups were compatible in this transformation te.z;]c 0 b Wt 5h p l'f dy' oro llent a d a d 'dp f_ yl
45 delivering the corresponding products with excellent Tl ugro fri_e_t, re‘;’_;l edin ex;EBer.l y15e san fl _Tndlcta
. - nanti ivities. wever in w. i
46 enantioselectivities (4ab-4ag, 99:1 er for all). The imine ena ?[S,e tec th gs . (()1 € 3’ " pb blc d ast al ed. E
47 was readily hydrolyzed to the corresponding ketone (4aa’) Eonver 'lcnlot' € e(silreb prof uct, prg_t? y 17ue 0 sluggls
48 upon treatment with 3M HCl at 0 °C without loss of the er. rahsmetalation under base-iree conditions.
49 Attempts to synthesize 8-membered analogs failed, Scheme 2. Gram-scale Synthesis and Products
resulting in a complex mixture. It is also worth noting that Derivatization
50 pyridine-substituted alkynyl malononitrile (1v), aryl
51 boronic acids bearing functional groups such as acidic acid
52 (2r), free-amide (2s), ortho-methyl ester (2t), unprotected
53 indole- and pyridine-derived boronic acids (2u and 2v), and
54 phenylethenyl boronic acid (2w), are not compatible with
55 this desymmetrization process (see Scheme S1 for details).
56
57
58
59
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(o]

NC_CN Ph SN

standard “aBn

+ ABOH, —— >

FZ Bn conditions

Ph' 1a 21 Ar =4-CO,Me-CgHy  Ar 3al
86% yield (1.23 g), 96:4 er

92% yield, 2.5:1 dr 88% yield, 1 4 1dr

; o

. \

Py, ® b cN Bn

g ¥ ' s

v ‘j_ 0y Ph ﬁ,_R @ Ph jiﬂ.,ﬂcozNH2
2GR — -

=B Ph 8

Ph
for (a)—(d): 62% yield
OHc with 3aa (R = Bn) NC

Ph :NBn (b) for (e): with 3pa (e) fo)
U
Ph

(R=CH,CH,C(O)Me) —
6b PH Ph 9

88% vyield, 3.8:1 dr 50% yield

Conditions: (a) Et;AICI (1.5 equiv), toluene, 0 °C-rt, 14 h; (b)
NaBH, (2 equiv), THF/MeOH (1:1), rt, 6 h; (c) HCCMgBr (2
equiv), THF, 0 °C-rt, 8 h; (d) Ni(ClO4)2¢6H,0 (20 mol %),
bipyridine (24 mol %), AcOH (10 equiv), toluene, 140 °C, 24 h;
(e) AcOH (30 mol %), pyrrolidine (30 mol %), MTBE, 60 °C, 2 h.

The synthetic utility of this methodology was then
demonstrated as depicted in Scheme 2. The gram-scale
reaction with 3.4 mmol of 1a furnished the corresponding
product 3aa (1.23 g) smoothly without loss of efficiency
(86% yield, 96:4 er). Selective synthesis of trans (6a) and cis
(6b) diols were achieved by judicious choice of reductants.
The addition of ethynylmagnesium bromide to the ketone
group of 3aa formed alcohol 7 with two continuous
stereogenic centers. Hydrolysis of the sterically
encumbered nitrile group of 3aa produced amide 8 in 62%
yield. With a methylketone-bearing nitrile 3pa, an aldol
condensation furnished bicyclic product 9 with a y-
quaternary center in moderate yield.

Scheme 3. Postulated Catalytic Cycle

ArB(OH); (2)
PN +H;0

H,0 + malononitrile (1)

product 3
rR' PN
( . R? ArfL )-L1
hn mn

R = CR%(CN),

N|(II)

R'
Ar
n II

hydrolysis

p

Furthermore, a number of experiments were carried out
to get insights into the possible mechanistic scenarios (see
SI for details). First, the reaction with electron-rich aryl
boronic acid (2c) is slightly faster than with the electron-
deficient one (21, Scheme S2a).!® Second, competition
experiments with methoxy (1c) and ester (1f) substituted
aryl alkynes under the standard conditions showed that the
electron-rich alkyne reacts faster (Scheme S2b). Third,
parallel experiments with H,0 and D,0 were performed

employing (PhBO); to avoid the proton scrambling between
the phenyl boronic acid and D,0. Both reactions resulted in
similar yields with no obvious kinetic isotopic effect (KIE)
observed (Scheme S2¢).° Additionally, 13C KIE studies?® of
the substrate 1a at natural abundance were carried out. A
significant nitrile carbon 2C KIE was observed by
comparing the changes in '3C isotopic composition of the
recovered 1a to the original starting material 1a (Scheme
S2d). A reaction with stoichiometric amount of catalyst was
conducted without the addition of water resulted in no
product formation (Scheme S3). 3P NMR studies indicated
that water may play a role in promoting the transmetalation
between the in situ formed nickel complex with aryl boronic
acids (Figure S1). Combined with previous mechanistic
studies on nickel-catalyzed cross-coupling and addition
reactions,®?! a putative catalytic cycle was proposed as
depicted in Scheme 3. Transmetalation of nickel complex I
with aryl boronic acid generates aryl-nickel species II with
the alkyne coordinated in the presence of substrate 1.
Insertion of the alkyne into the C-Ni bond generates cis-
alkenyl-nickel III.  Then a reversible cis/trans
isomerization?? provides trans-alkenyl-nickel species IV.
Addition of IV to one of the nitrile groups delivers the
iminyl-nickel complex V, which is the enantiodifferentiating
step in the catalytic cycle. Finally, protonation of V releases
the active nickel catalyst together with the imine which is
further hydrolyzed to yield the cycloenone product 3.

In conclusion, we have developed a regioselective and
enantioselective nickel-catalyzed alkyne addition and
cyclization cascade reaction for the synthesis of
cycloenones bearing a nitrile-containing all-carbon
quaternary center. Utilizing a catalyst derived from
commercially available Ni(OTf), and phox ligand (L1), the
desymmetrization of the two nitrile groups of
malononitriles was achieved in good yields with moderate
to good enantioselectivities. The reaction is scalable and
proceeds with a broad range of substrates. Ongoing
explorations in our laboratory include investigating the
mechanism underlying and utilizing malononitriles as
precursors for other value-added molecules their synthetic
applications.
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