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In the alkyl addition reaction of aromatic nitriles using Grignard reagents, ketones are formed after
hydrolysis. However, this addition reaction is often slow compared to that using reactive organolithium(i)
reagents. In this study, we improved the reaction by using zinc(iates, which are generated in situ using
Grignard reagents and zinc chloride (ZnCly) as a catalyst. As a result, the corresponding ketones and

amines were obtained via hydrolysis and reduction, respectively, in good yields under mild reaction
Received 11th March 2024 diti Scale- ti so d trated. Int tinal ) talvti t of ZnCl
Accepted 29th April 2024 conditions. Scale-up reactions are also demonstrated. Interestingly, using a catalytic amount of ZnCl,
was more effective than using a stoichiometric amount of zinc(iates. Possible transition states are

DOI: 10.1039/d4sc01659 proposed on the basis of the active zinc(i)ate species, and DFT calculations were carried out to elucidate

Open Access Article. Published on 13 May 2024. Downloaded on 3/2/2026 5:59:10 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science a plausible reaction mechanism.

Introduction

Aromatic nitriles are versatile compounds that are widely used
in the synthesis of natural products, pharmaceuticals, agro-
chemicals, and industrial materials." Nitriles are not only
equivalents of carbonyl compounds, but also a valuable source
of nitrogen, and they are easily transformed into amines, ami-
dines, imino esters, triazines, amides, carboxylic acids, ketones,
and aldehydes. Due to the low reactivity of aromatic nitriles,
traditional organometallic reagents, such as highly reactive
organolithium(i) compounds,” have often been used for the
conversion of aromatic nitriles to alkylphenones. Although
organomagnesium(u) reagents, ie., Grignard reagents,® have
also been used for this purpose, reflux conditions are usually
required because Grignard reagents are much less reactive than
organolithium(i) reagents (Scheme 1a).* Moreover, a-deproto-
nation from imide intermediates to produce enamines often
results in byproducts during long reactions. In the quest for
more reactive alternatives to Grignard reagents, Cu(i) catalysts
were found to promote the reaction;®> however, heating condi-
tions are still required. Subsequently, innovative methods
involving solvent-free conditions,® aqueous conditions,” 2-
methyltetrahydrofuran,® and flow-system conditions have been
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investigated with respect to their potential to replace Cu(i)
catalyst systems. In this context, we have previously reported
a highly effective zinc chloride (ZnCl,)-catalyzed Grignard
addition reaction of ketones under mild reaction conditions
(Scheme 1c),>* which stands in contrast to the noncatalyzed
Grignard addition reactions of ketones that usually result in the
formation of byproducts and the recovery of starting materials
(Scheme 1b). Remarkably, since zinc(u)ates derived from ZnCl,
and Grignard reagents have stronger nucleophilicity than
basicity, alkyl transfer may proceed rather than the a-deproto-
nation of ketones that usually occurs when using Grignard
reagents alone. Accordingly, we envisioned that ZnCl, could
promote the Grignard addition reaction of aromatic nitriles
under mild reaction conditions (Scheme 1d). Considering that
Grignard reagents are relatively stable and commercially avail-
able, using Grignard reagents instead of relatively unstable
organolithium(i) reagents for the alkyl addition to aromatic
nitriles would be preferable both from a laboratory and indus-
trial perspective. Herein, we report the ZnCl,-promoted
Grignard addition reaction of aromatic nitriles, which affords
the corresponding ketones and amines.

Results and discussion

We started our investigation by examining the addition of n-
butyl lithium(i) (n-BuLi) and magnesium(u) reagents (1.1-3.3
equiv.) to benzonitrile 1a (1 equiv.) in the presence or absence of
ZnCl, (0-1.1 equiv.) in tetrahydrofuran (THF) (Table 1). In the
absence of ZnCl,, the reaction using n-BuLi was completed
within 1 h at —78 °C, and the corresponding ketone (3aa) was
obtained in >99% yield after routine hydrolysis with aqueous
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(a) Grignard addition reaction of aromatic nitriles

.MgX
R'CH,MgX (2) N H*/H,0 j\/
ArCN —— ’ + Byproducts
" Slow Ar Ar g yp
1 3
HH
Low yield
(b) Grignard addition reaction of ketones
O HO R!
0 HO R 2 O
RMgX (2) 1K2§/R
RAS(HZ RT&FP +R + RAK/R?
v H Strong basicity R?
Weak nucleophilicity 3°-Alcohol Aldol  Recovered SM

(c) ZnCl,-catalyzed Grignard addition reaction of ketones

ZnCl, (10-110mol%)  Ho R : oR ®
R—Zn\ MgClI
; R

o

%(RZ RMgX (2) (1.2-3.3 equiv) R1>Q/R2
R1 _— >

H H THF, 0°C 71~>99%

Without ZnCl,: <560% ave.

Zinc(ll)ate in situ
Strong nucleophilicity
Weak basicity

(d) This work: ZnCl,-catalyzed Grignard addition reaction of aromatic nitriles

ZnCl, (10-20 mol%) o
RMgX (2) (1.3-2.3 equiv)
ArCN ArJ\R or
1 THF, 25 °C 3
then H*/H,O

NH,

Arm 'R
3

High yields\ via reduction by NaBH,
instead of H*/H,O

Scheme 1 Alkyl addition to aromatic nitriles and ketones with
Grignard reagents.

HCI (entry 1). In contrast, the reaction using n-BuMgCl (2a),
which is much less reactive than n-BuLi, did not proceed at —78
°C (entry 2). Unexpectedly, the combined use of 2a (3.3 equiv.)
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and ZnCl, (1.1 equiv.), which can be expected to give the cor-
responding reactive zinc(un)ate (1.1 equiv.) in situ, did not
promote the reaction at —78 °C (entry 3). However, the reaction
proceeded at 25 °C to give 3aa in 77% yield after 3 h (entry 4).
Interestingly, reducing the amount of ZnCl, (0.2 equiv.,
20 mol%) was more effective than using a stoichiometric
amount of ZnCl, (1.1 equiv.), and 3aa was obtained in an
improved yield of 88% (entry 5). Furthermore, the amount of 2a
could be reduced from 3.3 to 2.3 equiv., affording almost the
same yield (87%; entry 6). Finally, by extending the reaction
time to 6 h, 3aa was obtained in 95% yield (entry 7). Using n-
BuMgBr (2a’) instead of 2a afforded 3aa in 93% yield (entry 8).
For practical use, commercially available 0.5 M ZnCl, in THF
and non-hygroscopic dichloro(N,N,N',N'-tetramethylethylene-
diamine)zinc(n) (ZnCl,(tmeda))** can be used in place of ZnCl,,
which provided 3aa in 91% and 87% yield, respectively (entries
9 and 10). In contrast to inexpensive ZnCl,, which is hygro-
scopic and requires melt-drying in vacuo before use, these forms
of zinc(u) species are very convenient because they can be used
without pre-treatment. We also examined the reactions of 1a
with 2a or 2a’ alone as control experiments under the optimized
conditions, which furnished 3aa in 18-55% yield (entries 11-
14). Overall, the addition of ZnCl, was found to effectively
promote the Grignard addition reaction of aromatic nitrile 1a.

With the optimized reaction conditions in hand, various
aromatic nitriles (1) and Grignard reagents (2) were investigated
in the presence of 20 mol% of ZnCl, catalyst (Scheme 2). The
primary alkyl Grignard reagents 2b (Me), 2¢ (Et), 2d (i-Bu), 2e
(Bn), 2f (BnCH,), and 2g (n-octyl) could be successfully applied
to the reaction of 1a, and the corresponding products (3ab-ag)
were obtained in improved yield compared with the reactions

Table 1 Optimization of the reaction conditions of the Grignard addition reaction of aromatic nitrile 1a“

ZnCl, (0-1.1 equiv) O
PhCN + n-BuMX
1a  (14-3.3equiv) THF HCIH,0 Ph” “n-Bu
(1 equiv) 3aa
Entry Reagents Conditions Yield (%) of 3aa”
1 n-BuLi (1.1 equiv.) -78°C,1h >99
2 n-BuMgCl (2a) (1.1 equiv.) —78°C,1h 0
3 2a (3.3 equiv.) + ZnCl, (1.1 equiv.) —78°C,1h 1
4 2a (3.3 equiv.) + ZnCl, (1.1 equiv.) 25°C,3h 77
5 2a (3.3 equiv.) + ZnCl, (0.2 equiv.) 25°C,3 h 88
6 2a (2.3 equiv.) + ZnCl, (0.2 equiv.) 25°C,3 h 87
7 2a (2.3 equiv.) + ZnCl, (0.2 equiv.) 25°C, 6 h 95
8 n-BuMgBr (2a’) (3.3 equiv.) + ZnCl, (0.2 equiv.) 25°C,6h 93
9° 2a (3.3 equiv.) + ZnCl, in THF (0.2 equiv.) 25°C, 6 h 91
107 2a (3.3 equiv.) + ZnCl,(tmdea) (0.2 equiv.) 25°C,6h 87
11 2a (1.1 equiv.) 25°C,3h 18
12 2a (2.3 equiv.) 25°C, 3 h 33
13 2a (2.3 equiv.) 25°C, 6 h 54
14 2a’ (2.3 equiv.) 25°C,6 h 55

“ The reaction was carried out using PhCN (1a; 2 mmol), n-BuMX (2.2-6.6 mmol), and ZnCl, (0-2.2 mmol) in THF at —78 °C or 25 °C for 1-6 h, unless
otherwise noted. ® Isolated yield. € 0.5 M ZnCl, in THF was used. ¢ Dichloro(N,N,N’,N'-tetramethylethylenediamine)zinc(u) was used instead of

ZnCl,.
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ZnCl; (10—20 mol%) 0}

ArCN + RMgCI
1 2
(1 equiv) (1.3-2.3 equiv)

THF, 25°C,3-9 h HCI/H,O  Ar R

Product and yield (reaction time)? [Result without ZnCl,]°

O o o} )OJ\)\
)J\ )]\Me Ph)J\ Et Ph

Ph n-Bu Ph
3aa 3ab 3ac 3ad
95% (6 h) 90% (3 h) >99% (3 h) 90% (6 h)
[54% (6 h)]? [81% (3 h)]? [68% (3 h)]P [10% (6 h)]?
o o]
o (0]
Ph Ph
Ph)J\/ e Ph)J\/\ Ph )J\O
3ae 3ah
90% (3 h) 70% (3 h)¢ 90% (3 h)¢ 83% (6 h)
[79% (3h)°  [16% (3 h)]? [24% (3h)¢  [19% (6 )]
O (0] (0]
/©)J\n—8u \©)J\n—8u ©/U\n—8u
3ba 3ca 3da
87% (9 h) 86% (6 h) 90% (6 h)
[37% (9 h)]? [44% (6 h)]? [21% (6 h)]?

(0] (0] (0]
/©)kn-8u /©)J\n-8u n-Bu
F3C MeO
3ea 3fa 3ga

99% (6 h)

>99% (3 h)
[15% (6 h)]?

90% (3 h)
[73% (3 h)]P

[21% (3 h)]?

Scheme 2 ZnCl,-catalyzed Grignard addition reaction of aromatic
nitriles. © The reaction was carried out using ArCN (1; 2 mmol), RMgCl
(2; 4.6 mmol), and ZnCl, (0.4 mmol, 20 mol%) in THF at 25 °C for 3—
9 h, unless otherwise noted. The isolated yield is shown. © Results
within brackets refer to the isolated yield of 3 in the absence of the
ZnCl, catalyst using 2.3 equiv. (4.6 mmol) of 2. € Isolated yield when
using 10 mol% of ZnCl, and 1.3 equiv. (2.6 mmol) of 2. ¢ Isolated yield
when using 1.3 equiv. (2.6 mmol) of 2.

without ZnCl, catalyst (for details, see brackets b in Scheme 2).
It is noteworthy that in the reactions giving 3af and 3ag, the
amount of ZnCl, could be reduced from 20 to 10 mol% and that
of the Grignard reagent could be reduced from 2.3 to 1.3 equiv.
In particular, 3ad, 3af, and 3ag were obtained in drastically
improved yield, since 2d, 2f, and 2g are less reactive than 2a-c
and 2e. A sterically hindered and therefore less reactive
secondary alkyl Grignard reagent (2h; c-pentyl), also furnished
the corresponding product (3ah) in improved yield (83%)
compared to the 19% yield obtained in the absence of ZnCl,.
Next, 1a was replaced with 1b-d in order to examine the effect of
a simple methyl substituent at the p-, m-, or o-position of the
benzonitrile. Even for the sterically demanding 1d, which
contains an o-Me substituent, the reactions proceeded smoothly
in the presence of ZnCl, catalyst to produce 3ba-da in 86-90%
yield. The electron-donating methyl substituent probably
decreases slightly the reactivity, and the yields of the reactions
in the absence of the ZnCl, catalyst were lower (21-44%) than in
the case of 1a (54%). In this context, the reactions of reactive 1e

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with an electron-withdrawing p-CF;-substituent and of less
reactive 1f with an electron-donating p-MeO-substituent gave
contrasting results; the noncatalyzed reaction with 2a alone
gave 3ea in 73% yield and 3fa in 15% yield, whereas 3ea and 3fa
were obtained in quantitative yields (>99%) in the presence of
ZnCl,. In addition, substrate 1g with a 2-naphthyl moiety, which
would be less favored than 1a due to steric and electronic
reasons, was suitable for the present catalytic reaction, and the
desired product (3ga) was obtained in 90% yield.

A ZnCl,-catalyzed double alkyl addition to isophthalonitrile
(1h) with 2a was also carried out (eqn (1)), which afforded the
desired double adduct (3ha’) in 92% yield; this stands in sharp
contrast to the noncatalyzed version of the reaction (28% yield).
Interestingly, the single alkyl adduct 3ha was not obtained when
using 2a alone. This implies that a coordinating reagent at the
adjacent imido group in pre-3ha would promote the alkyl
transfer even without Zn(u) activation; thus, pre-3ha would be
easily converted to pre-3ha’. For additional information,
aliphatic nitriles were investigated instead of aromatic nitriles.
However, even under ZnCl,-catalyzed conditions, a-deprotona-
tion of aliphatic nitriles occurred, resulting in almost complete
recovery of substrates and/or a-addition to another nitrile (e.g.,
aldol-type products). For example, the reaction of iso-
butyronitrile 1i with 2f afforded the desired product (3if) in
merely 20% yield, whereas the noncatalyzed reaction gave 3if in
11% yield (eqn (2)). In addition, using phenyl-magnesium(u)
reagent 2i instead of the alkylmagnesium(u) reagents in the
reaction with 4-chlorobenzonitrile (1j) (eqn (3)) afforded 3ji in
54% yield irrespective of the presence or absence of ZnCl,.
Although the reason is not clear at present, the failure to
generate the corresponding triphenyl-zinc(n)ate and/or its low
nucleophilicity could explain this result. Overall, the reactions
with aliphatic nitriles and arylmagnesium(u) reagents are
a limitation of the present ZnCl, catalysis.

NC CN
\©/ + n-BuMgCl

1h (1 equiv) 2a (4.6 equiv)
ZnCl, (20 mol%) ﬁn—Bu n~Bu)K©/kn—Bu
THF, 25°C,3 h
then HCI/H,0 (1)

0% 92%
[Result without ZnCl,: 0% 28%]

Cl

M
N\@, 9., -MgCl

S
¢ n-Bu

CN 0
HB( + PhCH,CH,MgCl W Ph
1i 2f THF, 25°C,6 h aif 2)
(1 equiv) (2.3 equiv) then HCI/H,O 0%
[cf. without ZnCl,: 11%]

ZnCl, (20 mol%)
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l¢]
ZnCl, (20 mol%)

o 0
+ PhMgBr O O
c THF, 25°C,3h Gl (3)

1j 2i 3ji
(1equiv)  (2.3equiv) then HCI/H,O 549%
[cf. without ZnCly: 54%]

Next, encouraged by the results of the reaction giving 3ah in
Scheme 2, the isopropyl addition to aromatic nitriles (1) with i-
PrMgCl (2j; 2.3 equiv.) in the presence of ZnCl, was examined,
since reactions of secondary alkyl Grignard reagents are often
sluggish due to steric effects (Scheme 3). For aryl or heteroaryl
nitriles, the ZnCl,-catalyzed reactions smoothly furnished the
desired i-Pr-adducts (3aj-fj and 3jj-mj) in 70-99% yield. These
results stand in sharp contrast to those obtained in the absence
of ZnCl, (see brackets b in Scheme 3).** It is also noteworthy that
the differences in yield in the presence or absence of ZnCl, are
larger than the difference in yield when using primary alkyl
Grignard reagents (Scheme 2). It should furthermore be noted
that halogen moieties are tolerated, and that 2-fluorobenzoni-
trile (1m) and 4-chlorobenzonitrile (1n) can be used. Unfortu-
nately, the reaction with 3-bromobenzonitrile (1n) did not
proceed well because a magnesium-halogen exchange reaction
occurred exclusively,” and the corresponding protonated
product PhCN (1a) was recovered in 96% yield.

ZnCl, (20 mol%) O
ArCN  + i-PrMgCl )J\
1 2j THF, 25 °C, 3-18 h HCI/H,O  Ar i-Pr
(1 equiv) (2.3 equiv) 3

Product and yield (reaction time)? [Result without ZnCl,]?

o) o) o) o)
Ph)ki—Pr /©)J\i—Pr \©)ki—Pr ﬁj/kmr
3aj 3bj 3cj 3dj

85% (6 h) 90% (6 h) 97% (6 h) 71% (18 h)
[37% (6 h)]? [14% (6 h)]? [21% (6 h)]P [3% (18 h)]?
(0] o} o (0}
) ) 0 . N .
FPr i-Pr i-Pr X i-Pr
FaC MeO
3ej 3fj 3kj 3lj
70% (3 h) 79% (9 h) >99% (3 h) >99% (3 h)
[16% (3 h)]° [12% (9 h)]P [79% (3h)]P  [>99% (3 h)]?
F O o] (o]
©)ki-Pr /©)ki—Pr Br\©)J\i—Pr
cl
>99% (3 h) 97% (3 h) 4% (3 h)®
[20% (3 h)]? [28% (3 h)]? [7% (3 h)]p-d

Scheme 3 ZnCl,-catalyzed Grignard addition reaction of aromatic
nitriles with i-PrMgClL @ The reaction was carried out using ArCN (1; 2
mmol), i-PrMgClL (2j; 4.6 mmol), and ZnCl, (0.4 mmol, 20 mol%) in THF
at 25 °C for 3-18 h, unless otherwise noted. The isolated yield is
shown. ? Results within brackets refer to the isolated yield of 3 in the
absence of ZnCl, using 2.3 equiv. (4.6 mmol) of 2j. € 1a was obtained in
96% yield. ¢ 1a was obtained in 92% yield.

8572 | Chem. Sci,, 2024, 15, 8569-8577

View Article Online

Edge Article

Next, we examined the synthesis of amines via reduction
using sodium borohydride (NaBH,) instead of the routine
hydrolysis under acidic conditions with aqueous HCI (Scheme
4). After alkylation of 1a with 2a in the presence of ZnCl,, MeOH
was added at 0 °C and the mixture was stirred for 10 min. Since
unprotected imine 4aa would be unstable, the residue obtained
after rapid extraction with diethyl ether and water followed by
concentration of the organic phase was treated with NaBH, in
MeOH at 60 °C for 1 h. As a result, a-n-butylbenzylamine 5aa
was obtained in 89% yield, together with a-n-butylbenzylalcohol
6aa in 3% yield as a byproduct. The reduction of hydrolysis
product 3aa derived from imine intermediate 4aa afforded 6aa.
Reaction products derived from 1a and 2b or 2j also provided
the corresponding amine 5ab in 75% yield or 5aj in 83% yield.
In addition, when p-, m-, or o-Me substituted benzonitriles 1b-
d were used with 2a instead of 1a, the corresponding amines
(5ba, 5ca, and 5da) were obtained in 83-94% yield.

To demonstrate the synthetic utility of this catalytic reaction,
some scale-up reactions were conducted (Scheme 5). The ZnCl,-
catalyzed reaction of 10 mmol (1.768 g) of 4-chlorobenzonitrile
(1j) with i-PrMgCl (2j) proceeded smoothly even when using
reduced amounts of both 2j (from the usual 2.3 to 1.3 equiv.)
and ZnCl, (from the usual 20 to 10 mol%), and the desired
ketone (3jj) was obtained in quantitative yield (1.826 g) (Scheme
5a). In addition, the ZnCl,-catalyzed reaction of 10 mmol (1.031
g) of PhCN (1a) with n-octylMgCl (2g; 1.3 equiv.) proceeded
smoothly in the presence of 10 mol% of ZnCl,. After a routine
workup procedure, the resulting ketone (3ag) was used without
purification for the subsequent ZnCl, (10 mol%)-catalyzed
alkylation reaction of 3ag with 2j (1.3 equiv.) (Scheme 5b). As
a result, the corresponding tertiary alcohol (7) was obtained in
98% yield (2.580 g) over two steps based on 1a. ZnCl, was very
effective in both steps shown in Scheme 5b, whereas the

ZnCl, NH
(20 mol%) MeOH
ACN + RMgCI PR
1 2 THF, 25°C,3-9h 0°C,1omin |AT R
(1 equiv) (2.3 equiv) 4 (unstable)
NaBH,, MeOH NH, OH
ok
60°C,1h Ar R Ar R
5 6

Product 5 and yield (yield of 6)

NH, NH, NH,

)\ )\Me Ph)\i—Pr

5aa, 89% (6h)  5ab 75% (3 h)
(6aa, 3%) (6ab, 25%)

5ba, 93% (9 h) 5ca, 94% (6 h) 5da, 83% (6 h)
(6ba, 7%) (6ca, 6%) (6da, 0%)

Ph n-Bu Ph

5aj, 83% (6 h)
(6aj 10%)

Scheme 4 Amine synthesis via reduction with NaBH4.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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o
@) CN FPMgCI (2)) (1.3 equiv)

/©/ ZnCl, (10 mol%) /©)ki-Pr

cIm THF,25°C,3h  HCIH,0 Cl n

1j 3jj
10 mmol >99%, 1.826 g

1376 g

n-OctylMgClI (2g) (1.3 equiv)

ZnCl, (10 mol%) )(J)\/\/\/\/
tommol  THE25°C,3h  HCIH,0 Ph
1.031 g [cf. without ZnCly: 24% yield] 3ag

(>99% in NMR)

-PrMgCl (2j) (1.3 equiv)

ZnCl, (10 mol%) HO i-Pr
THF,0°C, 3 h HCIH,0 PhM\/
[cf. without ZnCl,: 15% yield] 7

98% (2 steps), 2.580 g

Scheme 5 Scalable ZnCl,-catalyzed alkyl addition reactions of
aromatic nitriles and sequential alkyl addition to a ketone.

product yield was low in the absence of ZnCl, (see brackets in
Scheme 5; 24% and 15% yield, respectively).

Subsequently, we turned our attention to mechanistic
aspects, and a plausible reaction mechanism is proposed in
Fig. 1. In particular, Fig. 1a-d show the key results shown in
Table 1, entries 11, 12, 4, and 6. In the case of 1.1 equiv. of n-
BuMgCl (2a) alone (Fig. 1a), the nitrogen of the nitrile moiety
would coordinate to the Mg(u) center, and the alkyl group (R = n-
Bu) would attack the carbon atom of the nitrile moiety (TS-8).

(a) RMgCI (1.1 equiv)  (b) RMgCI (2.3 equiv) (c) Zn(Ilate (1.1 equiv)

RMgCI (1.1 equiv) RMgCI (2.3 equiv)

|

RMgCI (3.3 equiv) + ZnCl, (1.1 equiv)
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This would result in a slow reaction (18% yield) due to the rela-
tively large distance between the nucleophilic R carbon atom and
the electrophilic nitrile carbon atom. Meanwhile, in the case of
2.3 equiv. of 2a alone (Fig. 1b), two molecules of 2a would
disproportionate and dimerize (TS-9).*> As a result, the attack
distance would be shortened and the yield slightly improved
(33% yield). Furthermore, in the case of 3.3 equiv. of 2a and 1.1
equiv. of ZnCl,, which would produce 1.1 equiv. of the zinc(u)ate
in situ (Fig. 1c), the Mg(u) center could be positively ionized and
the Zn(u) center negatively ionized (TS-10).** This would greatly
enhance both the nucleophilicity of the R carbon atom and the
electrophilicity of the nitrile carbon atom, improving the yield in
the case of Fig. 1c (77% yield), albeit the attack distance would
not change compared to the case shown in Fig. 1b. Finally, in the
case of 2.3 equiv. of 2a and 20 mol% of ZnCl, (Fig. 1d), there
would be an excess of 2a given that the amount of zinc(u)ate
depends on the amount of ZnCl, (20 mol%), which would inte-
grate with the zinc(u)ate to form a trimer complex with two Mg(u)
and one Zn(u) centers, to which the nitrile moiety could coordi-
nate (TS-11). This trimeric structure can be also envisaged for the
possible structures shown in Fig. 1b and c. Again, it is worth
noting that the Mg(u) center would be positively ionized and the
Zn(un) center would be negatively ionized in this structure.
Moreover, the distance between the nucleophilic R carbon atom
and the electrophilic nitrile carbon atom would be shortened.
Therefore, despite using a catalytic amount of ZnCl,, the yield
was further improved (87% yield). After the alkyl transfer, the
trimer complex with two Mg(n) and one Zn(u) centers would be
regenerated in the presence of an excess of 2a, thus closing the
catalytic cycle.

(d) Catalytic Zn(ll)ate (20 mol%)

RMgCI (2.3 equiv) + ZnCl, (0.2 equiv = 20 mol%)

l

1a 1a [RsZn]"[MgCII*MgClol, (1.1equiv) | [ReZnIMgCII[MgClol, (0.2 equiv) + RMgCl (1.7 equiv)
! : l 1a E l 1a
Ccl. _R i | c. _R, _C | cl® .R_o_ R ;
- g/ : _ g/ Mg ! Mg S | Cl\'\?“\ R » _Cl
: | o | : ot | : ve M9 1a + RMgCl
-N : N R : N R : o - H
ool sl ; @yl ® : P ]
| : | | | Electrophilic | Nucleophilic | Sy, c’lZn\R
Ph E Ph i Ph ' | Electrophilic | R
. ! : PR B .
! ! ' Nucleophilic
188 || TS9 L TS-10 il TS-11
| J | ‘ | (z0)
: : R_ _Cl
N,MgCI : N,MgCI : N,MgCI : N,MgCI \Mg/
! + R-Mg—Cl ! g : :
Ph)J\R ! Ph)J\R 9 : Ph)J\R * R-Zn-R : Ph)J\R * ||2
After H/H,0, | Aiter H'/H,0, ; After H'/H,0, 5 After H'/H,0, n_
3aa: 18% yield | 3aa: 33% yield i 3aa: 77% yield ! 3aa: 87% yield R
(25°C,3h) | (25°C, 3 h) ; (25°C, 3 h) : (25°C, 3 h)

Fig. 1 Plausible reaction mechanism and the catalytic cycle (R = n-Bu).

(a) Stoichiometric reaction using RMgCl (1.1 equiv.). (b) Stoichiometric

reaction using RMgCl (2.3 equiv.). (c) Stoichiometric reaction using RMgCl (3.3 equiv.) and ZnCl, (1.1 equiv.) leading to 1.1 equiv. of zinc(i)ate. (d)
Catalytic reaction using RMgCl (2.3 equiv.) and ZnCl, (0.2 equiv. = 20 mol%) leading to 1.1 equiv. of zinc(iate.
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Fig. 2 Other possible transition states instead of TS-11.

As shown in Fig. 2, chloro-bridged TS-11' could also be
envisaged instead of TS-11. Moreover, an alternative geminal
pathway via TS-12 or a vicinal pathway via TS-11 or TS-11’
cannot be ruled out. Therefore, to gain more insight into the
reaction mechanism and to discriminate between the possible
transition states, DFT calculations were conducted for the
methyl addition to 1a with 2b using a catalytic amount of ZnCl,
in THF. In general, solutions of Grignard reagents contain
a variety of chemical molecules, such as MeMgCl, Me,Mg, and
MgCl,, under the Schlenk equilibrium (eqn (4)).

2MeM¢gCl = Me,Mg + MgCl, (4)

Therefore, the formal reactant MeMgCl is a condensed
representation of numerous mono-, di-, and polynuclear species
that coexist in the Schlenk equilibrium. The crystal structure
obtained by adding ZnCl, also suggests the formation of a more
complex structure.* In addition, two mechanistic possibilities,
i.e., nucleophilic polar and radical mechanisms, have long been
discussed (Fig. 3).** Although the mechanism of the Grignard
addition reaction of nitriles is difficult to elucidate in detail,
some theoretical studies on the mechanism of Grignard addi-
tion reactions of aldehydes and ketones have already been
reported.’*® In computational studies on the Schlenk equilib-
rium, one of the pioneering studies on the Grignard reactions of
carbonyl compounds with CH;MgCl suggested that dinuclear
species are more reactive than mononuclear species in a nucle-
ophilic polar addition process.” In this regard, in the nucleo-
philic polar mechanism, the interaction between the vicinal
Mg-CH; moiety and the C=0 moiety, i.e., a four-center inter-
action, facilitates the addition of the methyl group (Fig. 3a).

Moreover, in studies concerned with explicit solvent
models,*® molecular-dynamics simulations have shown that the
Mg(u) centers of mono- and dinuclear species of CH;MgCl can
accommodate a variable number of solvent molecules in their

(a) Polar mechanism (b) Radical mechanism

geminal-
vicinal- Me CH3MgCl e
CH3MgCl NT"’C'QM e .-~)CI<_M P
9o Mg w5~ vg
HBE)/ 0% oM \9
T CHj 1
1/\C 5+ L
R \ R .
R2

Fig. 3 Polar and radical mechanisms for the CHsMgCl addition
reaction of carbonyl compounds.
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first coordination spheres. In particular, for the Grignard
addition reactions of aldehydes and ketones in THF, the
possible pathways were examined on the basis of the Schlenk
equilibrium for the mono- and dinuclear species, which showed
that the conformational space including the explicit treatment
of THF was important.'® Indeed, THF molecules can effectively
and flexibly bind to Mg(u) centers, thus stabilizing the nucleo-
philic polar pathway by compensating for the lack of chemical
bonds on the Mg(u) centers. In addition, it has been noted that
the radical reaction cannot occur unless a substrate with a low-
lying ©* (C=O0) orbital, such as in fluorenone but not benzal-
dehyde, coordinates to the Mg(u) center.*®

According to these previous studies,'**® we comprehensively
examined in this study the ZnCl,-catalyzed Grignard addition
reaction between benzonitrile (1a) and CH;MgCl (2b) explicitly
including THF (eqn (5); for computational details, see Section
10 in the ESIt). Since the orbital energy of the m* orbital in
benzonitrile (—1.25 eV) is slightly higher than that of benzal-
dehyde (—1.52 eV), the radical reaction pathway can be
considered unlikely; instead, we focused on the nucleophilic
polar mechanism.

_-(CH3MgCl)»(THF)3
N~ _MgCI(THF),---(CH3MgCI(THF))
1! Formal N (5)
(o} + —_ [l
| “MeyZn” _C.
Ph Ph” “Me

Fig. 4 shows the reaction pathways examined for the model
Grignard addition reaction of benzonitrile (1a) with mono- and
dinuclear species of CH;MgCl (2b). In complex I, the mono-
nuclear Grignard species CH;MgCI(THF), is coordinated to 1a.
The methyl carbon atom in the Grignard species is 4.81 A away
from the nitrile carbon atom. A nucleophilic attack of the
methyl carbon atom on the nitrile carbon atom would give the
corresponding imine complex V via transition state TS(I-V)
(Fig. S41). The activation energy of TS(I-V) from I is relatively
high (21.77 kcal mol™"), although it is lower than that of the
transition state without any THF molecules, i.e., TS(I-V), (29.26
kcal mol™'; Fig. S21). This indicates that the coordination of
THF to the Grignard reagent plays an important role in this
reaction. The pathway via TS(I-V) corresponds to that via TS-8
shown in Fig. 1a.

Next, we examined the reaction with dinuclear Grignard
species in the presence of a large amount of Grignard reagents.
Addition of one more CH3;MgCI(THF) molecule to I gives
a dinuclear reactant species with a bridged structure, ie., I,
(AG = —1.25 keal mol ™) or I, (AG = —0.93 keal mol ™). In II,
two Mg(u) centers are bridged by one chloride ion and one THF
molecule. The distance between the carbon atom in the geminal
methyl group and the nitrile carbon atom is 3.76 A, which is
shorter than that in I (4.81 A). This suggests that the geminal
methyl group in II; is more prone to attack the nitrile group
than that in I It should also be noted here that the AG of the
transition state for the attack of the methyl group on the nitrile
carbon to afford VI, ie., TS(Il;-VI), is 16.75 kcal mol ™
(geminal pathway in Fig. 2), which is lower than that of TS(I-V)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Reaction pathways for the addition of a methyl group to 1a with 2b in the presence or absence of a catalytic amount of ZnCl, in THF. The

Gibbs free energy values (AG; kcal mol™) are given relative to that of

for the mononuclear Grignard species. Elimination of the
unreacted Grignard species CH;MgCI(THF) from VI, gives V.
Meanwhile, in II,, two Mg(u) centers are bridged by one chloride
ion and one methyl group. The bridging methyl group in II,
could easily migrate to the other Mg(u) center via transition
state TS(IL,—IL,) (AG = 1.67 keal mol ) to give II, (AG = 1.65
keal mol™1); thus, II, and II; are in equilibrium. From II,, the
attack of the vicinal methyl group on the nitrile carbon atom
would proceed via transition state TS(II,-VI,), where the
geminal methyl group transfers to the other Mg(n) center in
parallel via a four-center interaction, to give VI, (vicinal pathway
in Fig. 2). The AG of TS(I1,-VL,) is 18.32 kcal mol ", which is also
lower than that of TS(I-V) for the mononuclear Grignard
species. TS(II,-VI,) corresponds to TS-9 in Fig. 1b. The results
obtained using these dinuclear Mg(u) calculation models
support the experimental results, indicating that a large
amount of Grignard reagents facilitates the addition of the
methyl group.

Next, we examined the reaction pathways of the Zn(u)-cata-
lyzed system. Coordination of Me,Zn to I or II; would give
trimer complexes I, (AG = 0.86 kcal mol ') or I, (AG = —2.25
keal mol ), respectively. In IIl,, the Zn(u) center is coordinated
to the geminal methyl group. The distance between the carbon
atom in the methyl group of Me,Zn and the nitrile carbon atom
(3.52 A) is even shorter than that of Il (3.76 A). The methyl
group on the Zn(u) center could then attack the nitrile carbon
atom via a transition state in which the Zn(u) center exhibits

a trigonal-planar arrangement (TS(IIL;-1V,)), which corresponds

© 2024 The Author(s). Published by the Royal Society of Chemistry

reactant | at 298.15 K and are shown in parentheses.

to TS-12 in Fig. 2, to give IV, (geminal pathway in Fig. 4). In
TS(Il[-1V,), a four-center interaction between the Zn-Me
moiety and the C=N bond is observed. The AG of TS(Ill;-1V,)
(14.10 keal mol ") is lower than that of TS(IL-VI,) (16.75 keal
mol™'). In the pathway via TS(IIl-1V,), the methyl group
bonded to the Mg(u) center migrates to the Zn(u) center in
parallel with the attack of the methyl group. Subsequently,
elimination of both Me,Zn and CH;MgCI(THF) from IV, would
give V. In the case of III, the Zn(u) center is coordinated to the
vicinal methyl group. The attack of the methyl group on the
Zn(u) center on the nitrile carbon atom would afford IV, via
a transition state wherein the Zn(u) center adopts a tetrahedral
arrangement (TS(IIL,~IV,)), which corresponds to TS-11’ in Fig. 2
(vicinal pathway in Fig. 4). The AG of TS(II,-IV,) (15.12 kcal
mol ") is lower than that of TS(IL~VL). Since the last two
pathways via TS(Ill,-1V,) or TS(IIL-IV,) would correspond to the
Zn(u)-catalyzed reaction using a large amount of Grignard
reagents (TS-11 in Fig. 1d and TS-11’ and TS-12 in Fig. 2), the
computational results strongly support that the Zn(u)-catalyzed
system has higher reactivity than the noncatalytic version.

Conclusions

In summary, we have developed a ZnCl,-catalyzed Grignard
addition reaction of aromatic nitriles by virtue of the in situ
generation of reactive zinc(u)ate species. The corresponding
ketones and amines were successfully obtained via hydrolysis
and reduction, respectively, in good yield under mild reaction
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conditions. A scale-up reaction of a ketone and sequential
tertiary alcohol synthesis were also demonstrated by taking
advantage of the this ZnCl, catalysis. Furthermore, computa-
tional DFT calculations were performed to propose plausible
reaction mechanisms and transition states in order to investigate
the origin of the higher efficiency of a catalytic amount of ZnCl,
compared to the use of a stoichiometric amount of zinc(u)ates.
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