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Scheme 1. Reductive coupling of aliphatic imides with benzophenones by Zn–TiCl4.
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The reductive coupling of aliphatic cyclic imides with benzophenones by Zn–TiCl4 in THF gave two- and
four-electron reduced products selectively by controlling the reaction conditions. Although cyclic and
acyclic products were formed as mixtures in most cases, cyclic dehydrated products could be selectively
obtained by heating the product mixtures in the presence of cat. p-TsOH.

� 2013 Elsevier Ltd. All rights reserved.
Cross McMurry coupling is a powerful tool for the reductive
coupling of two different carbonyl compounds because of its
versatility, convenience, and economical efficiency.1,2 Recently,
we reported the reductive coupling of uracils3a and N-methoxycar-
bonyl lactams3b with benzophenones by low-valent titanium. In
this context, we report herein the reductive coupling of aliphatic
cyclic imides, such as succinimides and glutarimides, with benz-
ophenones by low-valent titanium generated from Zn–TiCl4

(Scheme 1). We found that two- and four-electron reduced adducts
could be selectively obtained by controlling the reaction condi-
tions. In each case, cyclic and acyclic products were formed
depending on the substrates and the conditions of workup after
the reductive coupling. In most cases, the products converged on
cyclic dehydrated products by reflux of the product mixtures in
benzene or toluene in the presence of cat. p-TsOH. Therefore, this
method provides a synthetic route to a new class of five- and
six-membered nitrogen heterocycles, 5-(diarylmethylene)-1H-pyr-
rol-2(5H)-ones, 6-diarylmethylpyridin-2(1H)-ones, and their
hydrogenated analogs.4 The reaction mechanisms of the reductive
coupling and following reactions are also discussed.
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Table 1
Reductive coupling of 1a,b with 2a by Zn–TiCl4
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7a: R = Me
7b: R = H
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OH

Run 1 TiCl4
a (mmol) Temp (�C) Workupb Yieldc (%)

3 4 5 6 7 8

1 1a 2 0 a a 18 13 20 32 — —
2 1a 2 0 ad a — — 73 10 — —
3 1a 2 0 b a — — 80 — — —
4 1a 2 0 c a 18 — — 61 — —
5 1a 4 30 a a — — 14 — 31 28
6 1a 4 30 b a — — 12 — 54 —
7 1b 2 0 a b 10 9 7 30 — —
8 1b 2 0 b b — — 53 — — —
9 1b 2 0 c b 5 10 — 42 — —

10 1b 4 30 a b — — 7 — 36 13
11 1b 4 30 b b — — 5 — 47 —

a Zn/TiCl4 = 2/1.
b (a) 1 M HCl, 25 �C, 15 min; (b) crude product mixture obtained by workup with 1 M HCl (workup a) was refluxed in benzene in the presence of cat. p-TsOH for 30 min; (c)

satd NaHCO3 aq, 25 �C, 3 h.
c Isolated yields.
d 1 M HCl, 25 �C, 3 h.
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Scheme 2. Mutual transformation between 5a,b and 7a,b.

Table 2
Reductive coupling of 1a,b with 2b,c,d by Zn–TiCl4
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Run 1 2 TiCl4
a (mmol) Temp (�C)

1 1a 2b 2 0
2 1a 2b 2 0
3 1a 2b 4 30
4 1a 2c 2 �10
5 1a 2c 2 �10
6 1a 2c 4 30
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The reaction conditions of the reductive coupling were sur-
veyed with N-methylsuccinimide (1a) and benzophenone (2a) as
the substrates and the results are summarized in Table 1.5 The mo-
lar ratio of Zn/TiCl4 was fixed to 2/1. First, the reduction was car-
ried out with the ratio of 1a/2a/TiCl4 as 1/2/2 in THF at 0 �C for
12 h (runs 1–4). After usual workup with 1 M HCl at 25 �C for
15 min, four cross-coupled products 3a–6a were formed as
two-electron reduced products (run 1). When the workup time
Ar
OH

Ar

OH

Ar

Ar

RHNOC
Ar

O

Ar

N
R

O
Ar

Ar

5 6

3-7c: R = Me; Ar = p-FC6H4
3-7d: R = Me; Ar = p-MeOC6H4
3-7e: R = H; Ar = p-FC6H4
3-7f: R = H; Ar = p-MeOC6H4

3-7g: R = H; Ar2 =

OH

Workupb Yieldc (%)

3 5 6 7

b c — 81 — —
c c — — 71 —
b c — 10 — 61
b d — 73d — —
c d 22 — 57 —
b d — 17 — 58

(continued on next page)
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Table 2 (continued)

Run 1 2 TiCl4
a (mmol) Temp (�C) Workupb Yieldc (%)

3 5 6 7

7 1b 2b 2 0 b e — 53 — 4
8 1b 2b 4 30 b e — 9 — 44
9 1b 2c 2 0 b f — 49 — 8

10 1b 2c 4 30 b f — 4 — 43
11 1b 2d 2 �10 be g — 48 — 6
12 1b 2d 4 30 be g — Trace — 52

a Zn/TiCl4 = 2/1.
b (b) Crude product mixture obtained by workup with 1 M HCl was refluxed in benzene in the presence of cat. p-TsOH for 30 min; (c) satd NaHCO3 aq, 25 �C, 3 h.
c Isolated yields.
d Obtained with 9 (8%).
e Crude product mixture was refluxed in toluene for 2 h.

Table 3
Reductive coupling of 10a,b with 2a–d by Zn–TiCl4
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Run 10 2 TiCl4
a (mmol) Temp (�C) W

1 10a 2a 2 0 a
2 10a 2a 4 30 a
3 10b 2a 2 0 a
4 10b 2a 2 0 b
5 10b 2a 2 30 a
6 10b 2a 4 30 b
7 10b 2b 2 0 a
8 10b 2b 2 0 b
9 10b 2b 4 30 a

10 10b 2b 4 30 b
11 10b 2c 2 0 a
12 10b 2c 4 30 a
13 10b 2c 4 30 b
14 10b 2d 2 0 a
15 10b 2d 4 30 a
16 10b 2d 4 30 b

a Zn/TiCl4 = 2/1.
b (a) 1 M HCl, 25 �C, 15 min; (b) Crude product mixture obtained by workup with 1 M
c Isolated yields.
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for stirring with 1 M HCl was prolonged to 3 h, the cyclic product
5a was obtained as the major product (73%) with a small amount
of the acyclic product 6a (run 2). Therefore, the crude product mix-
ture obtained from run 1 was refluxed in the presence of catalytic
amount of p-TsOH in benzene for 30 min to give 5a (80%) as the
sole product (run 3). In contrast, 6a was formed mainly (61%) after
workup with satd NaHCO3 aq at 25 �C for 3 h (run 4). Next, the
reduction was performed with the ratio of 1a/2a/TiCl4 as 1/2/4 in
THF at 30 �C for 12 h (runs 5 and 6). After workup with 1 M HCl
at 25 �C for 15 min, cyclic product 7a and acyclic product 8a were
formed as four-electron reduced products (run 5). As expected, 7a
was obtained as the major product (54%) after reflux of the product
mixture in benzene similarly to run 3 (run 6). Instead of 1a, succin-
imide (1b) was employed as the substrate and afforded similar re-
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11 12 13 14 15

a — — 76 — —
a — — — — 64
b 33 — 51 — —
b — 78 — — —
b — — — 12 60
b — — — 72 —
c 54 — 30 — —
c — 78 — — —
c — — — 16 55
c — — — 68 —
d — — 77 6 —
d — — — 15 56
d — — — 70 —
e 70 — 11 — —
e — — — 13 64
e — — — 75 —

HCl (workup a) was refluxed in toluene in the presence of cat. p-TsOH for 2 h.
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sults (runs 7–11). Although the yields were moderate, cyclic dehy-
drated products 5b (53%) and 7b (47%) could selectively be ob-
tained (runs 8 and 11). While the two-electron reduced products
5a,b were formed exclusively after reflux in benzene (runs 3 and
8), the four-electron reduced products 7a,b were obtained as mix-
tures with small amounts of 5a,b (runs 6 and 11). Incidentally,
these two cyclic products could readily be transformed to each
other by reduction with L-Selectride and oxidation with DDQ
(Scheme 2). All of the products were determined by spectroscopic6

and X-ray crystallographic analyses.7

The reductive coupling of 1a,b with benzophenone derivatives
2b–d was carried out under the same conditions as those in Table 1
(Table 2). The reaction mixtures obtained from the reductive cou-
pling were refluxed in benzene as described above and cyclic dehy-
drated products 5 and 7 were obtained selectively in all cases. In
the reaction of 1a with 4,40-dimethoxybenzophenone (2c), a small
amount of six-membered cyclized product 9 (8%) was obtained
with major five-membered cyclized product 5d (73%) (run 4). It
was confirmed that 9 was selectively produced by reflux in ben-
zene from acyclic product 6d (Scheme 3); 6d was prepared by
workup with satd NaHCO3 aq after the reductive coupling (run
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5). In the reaction of 1b with dibenzosuberone (2d), the reaction
mixtures were refluxed in toluene for 2 h to give 5g and 7g, since
the cyclization of acyclic products was slow in refluxing benzene
(runs 11 and 12).

This reductive coupling was also effective for glutarimides
10a,b in place of 1a,b (Table 3). The reductive coupling of N-meth-
ylglutarimide (10a) with 2a was carried out under the same condi-
tions as above (runs 1 and 2). After workup with 1 M HCl, acyclic
product 13a (76%) and its deoxygenated product 15a (64%) were
formed exclusively. Since cyclization of these acyclic products
was slow, a prolonged reaction time was needed even in refluxing
toluene (Scheme 4). In the reaction of glutarimide (10b) with 2a
(runs 3–6), mixtures of cyclic and acyclic products were formed
after workup with 1 M HCl (runs 3 and 5). Reflux of the reaction
mixtures in toluene for 2 h gave cyclic dehydrated products 12b
(78%) and 14b (72%), respectively (runs 4 and 6). The reactions of
10b with other benzophenones 2b–d also selectively afforded cyc-
lic products 12c and 14c–e in moderate to good yields (runs 8, 10,
13, and 16). Acyclic product 13d (77%) and cyclic product 11e (70%)
were formed from 2c and 2d, respectively, after workup with 1 M
HCl (runs 11 and 14). Unfortunately, the corresponding cyclic
dehydrated products 12d and 12e could not be obtained, since
the heating of 13d and 11e in cat. p-TsOH/toluene resulted in com-
plex mixtures.

The presumed mechanism of the reductive coupling of 1a with
2a is illustrated in Scheme 5. Initially, dianion intermediate A is
generated by two-electron transfer from low-valent titanium to
2a. The major by-products are the homo-coupled pinacol and its
further reduced McMurry-type alkene, 1,1,2,2-tetraphenylethene.
For the cross coupling, the nucleophilic attack of A on 1a forms ad-
duct B. The adduct B is stable at 0 �C and, therefore, the workup of
B with water affords diol 3a. During workup, the dehydration of 3a
is catalyzed under acidic conditions to give 4a and 5a, while the
ring-opening of 3a is promoted under basic conditions to lead 6a.
The ring-closing of 6a to 3a and subsequent dehydration of 3a to
5a through 4a are effected by reflux in benzene in the presence
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of cat. amount of p-TsOH to give 5a as the sole product eventually.
This result suggests that 5a is thermodynamically the most stable
of the four products 3a–6a. The DFT calculations8 at the B3LYP/6-
311+G(2d,p) level of the four products also support this result;
the relative energies in benzene (PCM) at 353 K are 3a: 11.6 kcal/
mol; 4a+H2O: 1.6 kcal/mol; 5a+2H2O: �20.1 kcal/mol; 6a: 0 kcal/
mol. On the contrary, the reductive b-elimination of the adduct B
by low valent titanium is promoted at 30 �C to give 7a. Alterna-
tively at the elevated temperature, acyclic product 8a is formed
by the ring-opening of B, subsequent reduction of resulting C to
D, and then work up of D with water. The ring-closing of 8a and
following dehydration to 7a are also effected by reflux in cat. p-
TsOH/benzene. DFT calculations8 exhibit that 7a is more stable
than 8a; the relative energies in benzene (PCM) at 353 K are
7a+H2O: �3.5 kcal/mol; 8a: 0 kcal/mol.

In summary, the reductive coupling of succinimides 1a,b and
glutarimides 10a,b with benzophenones 2a–d by Zn–TiCl4 gave
two- and four-electron reduced products as cyclic and acyclic
products. The two- and four-electron reduced products could be
prepared selectively by controlling the reaction conditions. The
product selectivity of cyclic and acyclic products depends on the
employed substrates and the conditions of workup. In most cases,
all products were transformed to the corresponding cyclic dehy-
drated products by heating in the presence of cat. p-TsOH. Conse-
quently, five-(5 and 7) and six-membered cyclized products (12
and 14) were synthesized selectively by this method. The applica-
tion of these compounds is an issue in the future.

Supplementary data

Supplementary data (experimental procedures, characteriza-
tion data for products, 1H and 13C NMR spectra of products, X-
ray crystallographic structures, and results of DFT calculations)
associated with this article can be found, in the online version, at
http://dx.doi.org/10.1016/j.tetlet.2013.10.053.
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