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Nitriles'!! constitute one of the most important classes of
organic compounds in both academic and industrial labora-
tories, and are found in a number of pharmaceuticals,
agrochemicals, and materials. Furthermore, they can serve
as synthetic scaffolds to a diverse array of building blocks such
as aldehydes, ketones, amides, carboxylic acids, and amines.
Because of their great importance in chemistry and biology,
the development of novel and efficient synthetic methods for
nitriles has been a major topic in synthetic organic chemis-
try.”l As a straightforward and atom-economical strategy to
access functionalized nitriles, the cyanofunctionalization
reactions of alkenes and alkynes have thus gained much
interest.”) Among them, the metal-catalyzed intramolecular
carbocyanation reactions of alkenes have received consider-
able attention,¥! because they address challenging issues such
as generating all-carbon quaternary centers and the efficiency
of C—C bond formation in synthetic organic chemistry.”!
Although significant achievements have been made over the
years, this type of transformation has been confined to a fixed
mode involving an initial metal-catalyzed cleavage of FG—CN
bonds (FG = functional group having a C(sp?) center) under
harsh reaction conditions and subsequent addition of both FG
and CN groups to an electron-rich C=C bond, having limited
functional-group compatibility, thus providing cyclic com-
pounds (Scheme la). An alternative approach involving
a different activation mode, and delivers complex and densely
functionalized nitriles by adding cyano as well as other
functional groups across a C=C bond simultaneously is rare,
despite the fact that nonmetal-catalyzed cyanofunctionaliza-
tion reactions of carbonyl compounds and imines have been
studied extensively in recent years.I! In addition, although
a range of metal-catalyzed intramolecular carbocyanation
reactions have been developed, intramolecular alkenylcya-
nation of alkenes has never been achieved. In this context, the
exploration of a conceptually novel intramolecular carbocya-
nation, having an alternative synthetic pathway, to access
a number of structurally diverse functionalized cyano-con-
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Scheme 1. Strategies for intramolecular carbocyanation of alkenes.
a) Metal-catalyzed processes. b) Catalytic metal-free transformations.
EWG = electron-withdrawing group.

taining building blocks with improved functional group
compatibility is needed.

Recently we reported a metal-free intramolecular acyl-
cyanation of electron-deficient alkenes and it relies on the
Lewis-base-mediated nucleophilic cyanation of activated
alkenes by cleavage of an ester C—O bond. The reaction
furnishes densely functionalized acyclic nitriles bearing {3-
quaternary carbon centers [Scheme 1b, Egs. (1) and (2)].[%

With the goal of developing efficient metal-free processes
to prepare a variety of functionalized nitriles incorporating
quaternary carbon centers,”! we became interested in the
possibility of utilizing this novel activation mode as a general
protocol to develop diverse carbocyanation reactions through
the cleavage of a relatively unreactive C—N bond in an
economical fashion [Scheme 1b, Eq. (3)]. Herein, we disclose
the first example of a catalytic metal-free intramolecular acyl-
and alkenylcyanation from readily available materials. The
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reaction undergoes the cleavage of a C—N bond and furnishes
functionalized nitriles with a quaternary carbon center
bearing a pendent N-heterocyclic motif under very mild
reaction conditions. An asymmetric version of the reaction is
also described.

Recently, our group reported a series of facile synthetic
methods to prepare functionalized a-amino nitriles.”*¢l We
envisioned that these a-amino nitriles, which are readily
manipulated at C1 and N2 [Scheme 1b, Eq. (3)] and prepared
from available materials, may serve as suitable scaffolds for
exploring acyl- and alkenylcyanation. To assess the feasibility
of this carbocyanation, the intramolecular acylcyanation of
the N-acetyl-protected Reissert compound 1a was investi-
gated in acetonitrile with a catalytic amount of a phosphine
catalyst, which was previously identified to be effective in
intramolecular acylcyanation of cyanohydrins (Table 1).08l
The reaction proceeded sluggishly and gave rise to the desired

Table 1: Optimization of reaction conditions.?!

X X
N.
CNCOMe cat. (20 mol %) 7N on
solvent
MeO,C MeO,C COMe
1a 2a
Entry Cat. Solvent T°C t[h] Yield [%6]"
1 PPhEt, CH,CN 30/60 24/48 24
2 PPh,Et CH,CN 30/60 24/48 14
3 PPh, CH,CN 60 48 0
4 PBu, CH,CN 30 3 71
5 DABCO CH,CN 30/60 24/48 0
6 DMAP CH,CN 30/60 24/48 0
7 DBU CH,CN 30/60 24/48 37
8 TBACN CH,CN 30 0.5 81
9 PBu, DMSO 30 2.5 74
104 PBu;, DMSO 30 3.5 88
1 TBACN DMF 30 0.5 85
12 TBACN DMF 30 0.5 73

[a] Reaction conditions: reaction was performed with 1 (0.1 mmol) and
catalyst (20 mol%) in CH;CN (1.0 mL). [b] Yield of isolated product.
[c] The catalyst loading was 10 mol %. DABCO =1, 4-diazobicyclo-
[2.2.2]octane, DBU =1,8-diazabicyclo[5.4.0]undec-7-ene, DMAP =4-
(N,N-dimethylamino) pyridine, DMF = N,N-dimethylformamide,

DMSO =dimethylsulfoxide.

product 2a in low conversion in the presence of PPhEt,
(20mol %), even at an elevated temperature (entry1).
PPh,Et gave the much lower conversion, whereas the reaction
did not occur in the presence of PPh; (entries2 and 3).
Gratifyingly, the increased yield was obtained by employing
the more-electron-rich PBu; and the reaction proceeded
smoothly under very mild reaction conditions (entry 4).
Tertiary amines, such as DMAP, DABCO, and DBU, were
also evaluated. No reaction occurred in the presence of
DABCO or DMAP, even at an elevated temperature,
however, DBU gave the desired product in low yield
(entries 5-7). In addition, according to the previous work in
which a catalytic amount TBACN (tetrabutylammonium
cyanide) promoted the intramolecular acylcyanation of
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cyanohydrins,"? the reaction was investigated with
TBACN (20mol%). To our delight, this transformation
worked very fast and furnished product in high yield, thus
suggesting that TBACN also can serve as a suitable catalyst
(entry 8). Further survey on solvents revealed that the
acylcyanation reaction worked well in polar solvents.'"! In
the presence of PBus, the reaction was completed in 2.5 hours
in DMSO, and reducing the loading of catalyst to 10 mol %
increased the yield of desired product markedly (entries 9 and
10). With regard to TBACN as the catalyst, an improved yield
was obtained in DMF (entry 11). The attempt to reduce the
amount of TBACN resulted in a slightly decreased yield
(entry 12).

With the optimized reaction conditions established,
a range of functionalized Reissert compounds (1), having
various N-acyl substituents, were readily prepared from
isoquinoline derivates and evaluated (Table 2). Other than
1a, the acylcyanation of the substrates 1 having various N-
alkylacyl groups performed well in the presence of either
PBu; or TBACN (2b-f). Generally, a catalytic amount of

Table 2: Scope of intramolecular acylcyanation of compound 1.9

XX X X
R4 R4
' N.. _, PBus(10 mol %) A _N
CNCOR or TBACN (20 mol % CN
conditions A or B .
R? R'OC” R2
1 2

1a-j: R? = CO,Me; 1k: R? = CO,Et; 1I: R? = CO,tBu; 1a-h, 1k,I: R* = H; 1i,j: R* = Br

A X A

N oy N oy N oy
MeOC™ CO,Me EtOC" 'CO,Me CO,Me
2a:R'=Me 2b: R = Et 2c:R'=nPr

conditions A: 3.5h, 88%
conditions B: 0.5h, 85%

%OzMe

2d R1 iPr
conditions Al°: 24h, 58%
conditions B: 24h, 70%

%OzMe

2g: R' = CH=C(CHa),
conditions AP} [°): 24h, 40%
conditions B: 48h, 56%

@i

MeOC CO,Me

2:R'=
conditions Al : 4 h, 87%
conditions B: 0.5 h, 84%

conditions A: 6h, 87%
conditions B: 3h, 84%

©§<02Me

2e:R'= (CHZ )2Ph
conditions A: 4h, 70%
conditions B: 3.5h, 80%

X
N oy
Et0,C~ "CO,Me

2h:R" = OEt
conditions AP%: 4.5h, 71%
conditions B: 4h, 74%

X
/NCN

MeOC” "CO,Et

2kl R" = Me
conditions A: 6h, 84%

conditions APk 4h, 62%
conditions B: 4h, 83%

@OzMe

2fl9: R = cyclohexyl
conditions AP): 24h, 44%
conditions B: 22h, 77%

Xy

MeOC COzMe
2i:R'=
conditions A: 5 h 87%
conditions B: 5 h, 85%

N
/NCN

MeoC” CO,tBu

211 R" = Me
conditions A: 8h, 77%

[a] Reaction conditions: conditions A: 1 (0.1 mmol) and PBu,
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(10 mol %) in DMSO (1.0 mL) at 30°C; conditions B: 1 (0.1 mmol) and
TBACN (20 mol %) in DMF (1.0 mL) at 30°C. Yields shown are those of
the isolated products. [b] Catalyst (20 mol %) was used. [c] The reactions
were carried out at 60°C. [d] The reactions were carried out at 40°C.
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PBu; can promote the reaction and provide the desired
nitriles 2 in good to high yield, and TBACN can serve as an
alternative catalyst to provide an improved outcome of the
transformation in some cases. For example, the acylcyanation
of N-cyclohexanecarbonyl-substituted compound proceeded
slowly and gave the corresponding product 2 fin 44 % yield by
using PBu; (20 mol %), and a better yield was obtained with
a catalytic amount of TBACN. An o,f-unsaturated acyl group
was also be inserted intramolecularly into a C=C bond and
gave the unsaturated ketone product 2g, albeit with
decreased yield. The acylcyanation of substrates with N-
arylacyl groups failed to give the desired products.'”) Per-
forming this reaction with an N-ethoxycarbonyl analogue
under optimal reaction conditions afforded the desired
product 2h in good yield. Reissert compounds substituted in
the 4- or 6-positions can also be employed and both 4-bromo-
and 6-bromo-substituted Reissert compounds provided the
desired products in good yields (2i and 2j). Moreover,
1 having different ester moieties were used and both ethyl and
tert-butyl ester analogues gave the desired products in good
yields (2k and 21).

Encouraged by these results, we next investigated the
challenging intramolecular alkenylcyanation which has not
yet been achieved (Table 3). The N-vinyl-substituted Reissert
compound 3a (R'=OEt) was exposed to the optimized
reaction conditions. To our delight, the intramolecular

Table 3: Intramolecular alkenylcyanation of compound 3.7
X

N CoR!  TBACN (10 mol %)

N >

4
CH4CN, 60 °C R'OC. ~
MeO,C MeOzC CN
X X
o ZN o _N
Eto” 7 &
MeO,C CN MeOzC MeO,C CN
4a:R' = OEt 4b: R' = OMe 4c:R'=jPr
6h,85% (15 h, 55 %) 5h,74 % 4h,80%

X
o N
=

MeO,C CN MeO,C

4d: R' = nPr 4e: R' = (CH,),Ph
4h,77% 4h,74%

X
o _N
¥
MeO,C CN

4f:R' = cyclohexyl
5h, 77 %

[a] Reaction conditions: 3 (0.1 mmol) and TBACN (10 mol %) in CH,CN
(1.0 mL) at 60°C. Yields shown are those of the isolated products.

[b] The reaction was performed with PBu, (10 mol %) in DMSO (1.0 mL)
at 30°C.

alkenylcyanation of 3a took place at 60°C in the presence
of PBu; (10mol%) and furnished the desired nitrile 4a,
bearing an a,B-unsaturated ester moiety, albeit with moderate
yield (55%). Further investigation revealed that TBACN
(10 mol %) can also promote this transformation, and a better
result was obtained.'”! Subsequently, a variety of N-electron-
deficient vinyl-substituted Reissert compounds (3) was sur-
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veyed to explore the generality of this unique transformation.
The results are summarized in Table 3. In addition to 3a, the
methoxy analogue can also provide the desired vy,0-unsatu-
rated-functionalized nitrile in good yield (4b). Substrates with
various vinyl alkyl ketone moieties were employed and the
corresponding alkenylcyanation reactions afforded the
nitriles bearing diverse a,p-unsaturated alkyl ketone moieties
in good yields, regardless of whether vinyl alkyl ketone
moieties are linear or branched (4 ¢—f).!'!

In the course of exploring the scope of this intramolecular
transformation, the carbocyanation of quinoline-derived
Reissert compounds (5) was investingated (Table4). In

Table 4: Development of intramolecular carbocyanation.?

X IR 1
RA- CO,Me TBACN (10mol %) pa i~ R
% TR AN CN
NN CHsCN,4AM.S. N
R1 60 °C COzMe
5 6

5a-1h, 5I: R* = H; 5i, 5k: R* = Me; 5j: R* = Br

OMe CI
A
N CN

COMe COzMe cone
6a I’k R = benzoyl 6b: R! = 4-methoxybenzoyl 6c!?: R" = 4-chlorobenzoyl
4h,90% (17 h, 60 %)< 17h, 62 % 2h,92%
o O
o )= ¢
X
N (@)
=z CN
N N/ CN
CO,Me CO,Me
2 2 CO,Me
6d [°l: R" = 2-bromobenzoy! 6e: R = 2-furoyl 6f [9: R" = 1-naphthoy!
3h,92% 3h,90 % 40,76 %
Me
(0] O Et
A A N O._Ph
N CN Nig CN N CN
COMe CO,Me CoMe
6g: R = acetyl 6h: R" = propiony! 6i: R! = benzoy!
16 h, 85 % 19h,81% 5h,78 %
Br " o pn CO,Et
e
N O._Ph X N P
P CN NG CN 2 CN
N CO,Me N
CO,Me 2 CO,Me
6j [9: R" = benzoyl 6k: R" = benzoyl 61: R' = CH=CHCO,Et (E)
5h,61% 5h, 76 % 6h,52%

[a] Reaction conditions: 5 (0.1 mmol), TBACN (10 mol9%) and 4 A M.S.
in CH;CN (1.0 mL) at 60°C. Yields shown are those of isolated products.
[b] TBACN (5 mol %) was used. [c] PBu; (10 mol %) was used. [d] The
reaction was carried out with TBACN (20 mol %). M.S.=molecular
sieves.

contrast to the acylcyanation of 1, a reaction which was
unable to give the desired product, Sa smoothly underwent
the intramolecular acylcyanation to give the 3-benzoyl nitrile
6ain 60 % yield by using PBu; (10 mol % ). An improved yield
(90%) of 6a can be obtained in the presence of TBACN
(5mol%) in CH;CN with 4 A molecular sieves. Substrates
bearing an N-arylacyl group with neutral or electron-with-
drawing substituents can be smoothly employed in the process
to furnish products in high yields by using only 5 mol%
TABCN (6a, 6¢, and 6d), whereas a substrate with an
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electron-donating substituent on the N-arylacyl group gave
6b in 62% yield after a prolonged reaction time with
10 mol % catalyst. These results indicate that the reactivity
of the carbonyl group of the N-arylacyl component influences
the chemical outcome of this transformation, and is in
accordance with the proposed mechanism (see Scheme 3).
N-naphthoyl- and heteroaromatic-subsititued Reissert com-
pounds (5) can also serve as good substrates and provide the
desired products in comparably good yields (6e and 6f).
Similar to the isoquinoline analogues, quinoline-derived
substrates with N-alkylacyl components also can take part
in the reaction and provide the desired products in high yields
(6g and 6h). Substituents at either the 4- or 6-positions of the
1, 2-dihydroquinoline ring can be tolerated and give products
in good yields (6i and 6k), whereas a 5-bromo-substituted
substrate afforded the product 6j in relatively low yield. In
addition, quinoline-derived Reissert compounds with an N-
electron-deficient vinyl substituent could also be utilized to
participate in the intramolecular alkenylcyanation transfor-
mation, as exemplified by the synthesis of the desired v,0-
unsaturated nitrile 61 in moderate yield from the correspond-
ing substrate.

The demonstration of an asymmetric carbocyanation
transformation was carried out with the enantioenriched
isoquinoline-derived Reissert compound 1a. As illustrated in
Scheme 2, the enantioenriched substrate 1a was subjected to
the optimized reaction conditions and pleasingly provided the

A o A
 N—< N
o PBu; or TBACN (cat.) 7 CN
reaction condition %
MeO,C MeO,C COMe
1a, 91%ee 2a

conditions A: PBug (20 mol%), CH3CN, 30 °C,
71% yield, 88% es;

conditions B: TBACN (20 mol%), DMF, 0 °C,
87% yield, 99% es;

Scheme 2. Asymmetric carbocyanation transformation of compound
1a. es= (product ee/starting material ee) 100 %.

desired product 2a in 87% yield with excellent chirality
transfer (99 % es) in the presence of the catalytic amount of
TBACN. Moderate chirality transfer was obtained by using
PBu; as a catalyst.['”

On the basis of the above experiments and the previous
results™ a possible reaction pathway is proposed
(Scheme 3). We hypothesized that a conjugate addition of
the catalyst, such as a cyanide ion, to the activated terminal
alkene moiety of the Reissert compound A (1, 3, or 5)
proceeds with subsequent tandem intramolecular addition to
C=0 or C=C and cleavage of the C—N bond to afford the
product C (2, 4, or 6)."2 Moreover, the dihydro-Reissert
compound 1n did not undergo acylcyanation reaction in the
control experiment, thus indicating that the cleavage of the
C—-N bond as the driving force may stem from the rear-
omatization of dihydro-Reissert compound.™
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O
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2
1n 2n: 0% yield

Scheme 3. Mechanistic proposal and control experiment.

In summary, we have developed a novel metal-free
catalytic intramolecular carbocyanation (acyl- and alkenyl-
cyanation) reaction of activated alkenes by cleavage of a C—N
bond. The starting materials are readily available and this
protocol provides facile access to functionalized nitriles
incorporating quaternary carbon centers with a pendent N-
heterocyclic motif under neutral and mild reaction conditions.
The broad scope and versatility of the process were demon-
strated. Moreover, the asymmetric version of this trans-
formation has been accomplished and excellent chirality
transfer was obtained. Further studies on the asymmetic
synthesis as well as the synthetic applications of the reaction
are ongoing and will be reported in due course.
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