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Abstract—Cycloaddition reaction of 2-vinylpyrrolidines with carbodiimides in the presence of palladium acetate and dpppentane affords
seven-membered ring cyclic arylguanidines in good yields and conversions. When 1-butyl-4-methyl-2-vinylpyrrolidine 1c was used as a
mixture of trans and cis isomers in a 4:1 ratio, and reacted with bis(2-chlorophenyl)carbodiimide 2a, high stereoselectivity was achieved and
only the trans seven-membered cyclic guanidine was obtained. A methyl group in the 4-position of the pyrrolidine ring and the chloro
substituent in the ortho position of the carbodiimide may be responsible for the enhanced product ratio in favor of the trans isomer.
q 2003 Published by Elsevier Ltd.

1. Introduction

Seven-membered ring heterocycles have recently attracted
attention due to their biologically activities, such as seven-
membered ring cyclic ureas DMP 323 and DMP 450, which
are notable members of a promising class of highly potent
HIV protease inhibitors.1 Recent reports have also shown
that cyclic cyanoguanidines2 and sulfamide3 analogues of
DMP 323 display high inhibitory activity. In initially
reported routes to DMP 323, DMP 450 and related
compounds, the urea moiety was formed by reaction of
highly toxic phosgene, or a phosgene derivative, with an
O-protected diaminediol.4 Recently, the utility of function-
alized 1,4-diamines, produced via a temporary phosphorus
tether (P-tethers)/ring-closing metathesis (RCM)/hydrolysis
sequence, was demonstrated in the synthesis of a number of
structurally diverse DMP 323 analogues, including the
seven-membered ring heterocyclic ureas and sulfamides.5

More recently, catalytic carbonylation of functionalized
diamines afforded the core structure of DMP 323 and DMP
450.6 However, there is still need for further development of
metal-catalyzed synthesis methodology, since the direct
metal-catalyzed synthesis of seven-membered ring hetero-
cycles could provide an attractive alternative to the multiple
step synthetic routes to prepare seven-membered ring ureas
and related compounds. There are examples of the reaction
of three- or four-membered ring heterocycles such as
thiiranes,7 aziridines,8 oxiranes,9 azetidines10 and
oxetanes11 with heterocumulenes to form five- or six-

membered ring heterocycles. Only a few successful metal-
catalyzed reactions are known for the preparation of seven-
membered cyclic compounds.12,13

We previously reported the first use of 2-vinylpyrrolidines
and aryl isocyanates for cycloaddition reactions catalyzed
by palladium complexes, thus affording 1, 3-diazepan-2-one
derivatives in high regioselectivity and good yields.14

Herein, we describe the first examples of the highly
regioselective palladium-catalyzed cyclization reaction
of 2-vinylpyrrolidines with carbodiimides for the
formation of arylguanidines derivatives. This reaction
provides a convenient entry to seven-membered ring cyclic
arylguanidines, analogues of 1, 3-diazepan-2-one deriva-
tives that are of interest in the pharmaceutical sector.
Moreover, an asymmetric catalytic synthesis of seven-
membered ring cyclic ureas and arylguanidines by adding
a chiral ligand to the reaction mixture is also described
herein.

2. Results and discussion

2.1. Cycloaddition reaction of 2-vinylpyrrolidines with
various carbodiimides

The reaction of N-butyl-2-vinylpyrrolidines 1a (0.2 mmol)
with bis(p-chlorophenyl)-carbodiimide 2c (0.4 mmol) was
first investigated by using reaction conditions similar to
those described for the reaction of 2-vinylpyrrolidines with
aryl isocyanates. These reaction conditions are not suitable
for the present reaction, that is reaction of 1a with 2c in the
presence of 15 mol% Pd(OAc)2 and 60 mol% PPh3 in 3 mL
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THF under argon, resulted in no conversion at room
temperature (Scheme 1). When the reaction temperature
was increased to 130 8C, only 10% conversion was achieved
with none of the expected product formed at all (Table 1,
entry 1). The bidentate phosphine ligand dppf, which has
similar basicity to PPh3, only gave the ring-opened product
4c in 35% yield and 100% conversion at 130 8C in 48 h,
accompanied by unidentified products (Table 1, entry 2).
The alkyl phosphine ligands dppp and dppb showed similar
selectivity, affording both the cyclic guanidine 3c and ring-
opened compound 4c, which can be separated by GC and
silica gel chromatography very well. The ring-opened
product 4c was usually formed as the major product
(Table 1, entries 3 and 4). We found that the more basic
bidentate phosphine dpppentane was the ligand of choice for
achieving higher regioselectivity. Under the same reaction
conditions as those described above, products 3c and 4c
were obtained in a 67:33 ratio and in 84% yield and 97%
conversion (Table 1, entry 5). This result is also consistent
with these we reported previously indicating that phosphine
ligands with higher basicity favor the formation of ring-
cyclized products.14

It is noteworthy that the amount of carbodiimide used has a
significant effect on the selectivity of the product formed.
When the number of equivalents of 2c to 1a was reduced
from 2 to 1.1 equiv., the ratio of 3c/4c (88:12) increased, but
the yield and conversion were lower (Table 1, entries 6 and
7). Use of 15 mol% of Pd2(dba)3·CHCl3 and 30 mol% of
dpppentane gave 3c/4c in a higher ratio (93/7), but in low

yield and conversion (28 and 33%, respectively, Table 1,
entry 8).

Based on the reaction conditions above, we concluded that
the catalytic system consisting of palladium acetate and
dpppentane is preferred for this reaction. Reaction of several
2-vinylpyrrolidines 1a–c and carbodiimides 2a– f was
investigated, and the results are summarized in Tables 2 and 3.

Note that in all the reactions of 2-vinylpyrrolidines 1a–c
with carbodiimides 2a–c (except 1a with 2c), greater
regioselectivity was obtained and the desired cyclic
arylguanidines 3 were formed exclusively. Only traces, if
any, of 4 was observed in these reactions (Table 2). For
example, when 1-butyl-2-vinylpyrrolidine 1a was used as
the substrate for reaction with 1.2 equiv. of bis(o-chloro-
phenyl)carbodiimide 2a and bis(m-chlorophenyl)carbodi-
imide 2b, in the presence of 10 mol% Pd(OAc)2 and
20 mol% dpppentane at 130 8C for 24 and 36 h, 3a and 3b
were isolated in 81 and 83% yields with 98 and 99%
conversions, respectively, and only a trace of 4a was
observed in both cases (Table 2, entries 1 and 2).

Due to steric effects, 1-cyclohexyl-2-vinylpyrrolidine 1b
exhibited less reactivity compared to 1a, and slightly higher,
and longer, reaction temperature and times, respectively, are
needed, affording products in moderate yields and conver-
sions. Reaction of 1b with 1.5 equiv. of 2a and 2b at 145 8C
for 48 h gave 3d and 3e in 45 and 51% yields, and in 51 and
60% conversions, respectively, (Table 2, entries 4 and 5).

Scheme 1.

Table 1. Optimized cyclization reaction of 1-butyl-2-vinylpyrrolidine 1a with bis(p-chlorophenyl)carbodiimide 2c catalyzed by palladiuma

Entry Equiv. (2c/1a) Palladium/ligand (mol%) Conv. (%)b Yields (%)c 3c, 4c (ratio)d

1 2 Pd(OAc)2/PPh3 (15:60) ,10 0
2 1.2 Pd(OAc)2/dppf (15:30) 100 0, 35
3 2 Pd(OAc)2/dppp (15:30) 75 14, 56 (20:80)
4 2 Pd(OAc)2/dppb (15:30) 65 11, 42 (21:79)
5 2 Pd(OAc)2/dpppentane (15:30) 97 56, 28 (67:33)
6 1.5 Pd(OAc)2/dpppentane (15:30) 95 70, 11 (86:14)
7 1.1 Pd(OAc)2/dpppentane (15:30) 51 39, 5 (88:12)
8 2 Pd2(dba)3·CHCl3/dpppentane (15:30)e 33 25, 3 (93/7)

a Pd(OAc)2 or Pd2(dba)3·CHCl3 and phosphine ligand were premixed for 30 min in 3.0 mL of dry, degassed THF followed by addition of 1a and 2c under 5 psi
at 130 8C in a glass autoclave.

b The conversion was determined from GC by using biphenyl as an internal standard or was calculated based on the crude 1H NMR of the mixture.
c Isolated yield based on the pyrrolidine 1a used.
d Based on the isolated yield of 3c and 4c, and in most cases 4c consisted a 1:1 ratio of trans and cis isomers.
e The reaction was conducted at 135 8C.
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When 2c was used as the reactant, however, the cyclo-
addition reaction gave 3f in a lower isolated yield of 23%
(Table 2, entry 6). The strength of the electron-withdrawing
substituent on an aryl carbodiimide significantly affects the
nature of the formed product. When bis(p-nitrophenyl)-
carbodiimide 2d was used in the reaction with 1a, the
substrate was nearly fully consumed in 48 h at a relatively
lower temperature of 110 8C but gave only traces of 3g with
the ring-opened product 4g isolated in 45% yield (Table 2,
entry 7). Some unknown products were obtained as well. No
reaction occurred between bisphenylcarbodiimide 2e and 1a
at 150 8C for 2 days (Table 2, entry 8). These results may be
understood based on the fact that an electron-withdrawing
group at the para-position of aryl carbodiimides generally
enhances the rate of the ring-opening reaction. Aryl

carbodiimides with an electron-donating group, or with no
substituent, make the electrophilic carbodiimide carbon
atom less reactive towards the nucleophilic nitrogen of the
(p-allyl)palladium intermediate generated by oxidative
addition of pyrrolidine to the palladium-(0) species.

We also investigated the stereoselectivity of the reaction by
using 1-butyl-4-methyl-2-vinylpyrrolidine 1c as the sub-
strate. The latter was a 4:1 mixture of trans and cis isomers
(inseparable by GC and TLC). Reaction of 1c with
bis(chlorophenyl)carbodiimides 2a – c were sluggish
possibly because of the steric hindrance caused by the
methyl group in 1c. Nevertheless, the products were isolated
in moderate to good yields (Table 3). Reaction of 1c with 2c
at 140 8C led to both trans and cis isomers in 31 and 8%

Table 2. Palladium catalyzed cyclization reactions of 2-vinylpyrrolidine 1 with carbodiimides 2 in THFa

Entry 1 2 (equiv.) Pd(OAc)2/dpppentane (mol%) Time (h) Conv. (%)b 3, Yield (%)c 4, Yield, %c (trans/cis)d

1 1a 2a (1.2) (10:20) 24 98 3a, 81 Trace
2 1a 2b (1.2) (10:20) 36 99 3b, 83 0
3 1a 2c (1.5) (15:30) 48 95 3c, 70 4c, 11 (50:50)
4 1b 2a (1.5) (15:30) 48 51 3d, 45 0
5 1b 2b (1.5) (15:30) 48 60 3e, 51 0
6 1b 2c (1.5) (15:30) 48 35 3f, 23 Trace
7 1a 2d (1.5) (15:30) 48 98 3g, trace 4g, 45 (70:30)
8 1a 2e (2) (15:30) 48 ,20 0 0

a Pd(OAc)2 and dpppentane were premixed for 30 min in 3.0 mL of dry, degassed THF followed by addition of 1 and 2 under 5 psi at the specified temperature
in a glass autoclave.

b The conversion was determined by GC using biphenyl as the internal standard or was calculated based on the crude 1H NMR of the mixture.
c Isolated yield based on the pyrrolidine 1 used.
d Based on 1H NMR.

Table 3. Cyclization reactions of 1-butyl-4-methyl-2-vinylpyrrolidine 1c with carbodiimides 2 catalyzed by Pd(OAc)2 and dpppentane in THFa

Entry 2 (1.5 equiv.) Conv.b (%) 3 (yield, %)c 30 (yield, %)c

1 2a 42 3h, 35 3h0, trace
2 2b 79 3i, 36 3i0, 35
3 2c 45 3j, 31 3j0, 8

a Pd(OAc)2 and dpppentane were premixed for 30 min in 3.0 mL of dry, degassed THF followed by addition of 1c and 2 under 5 psi N2 at 140–145 8C in a
glass autoclave.

b The conversion was determined by GC using biphenyl as the internal standard, or was calculated based on the crude 1H NMR of the mixture.
c Isolated yield based on the pyrrolidine 1c used.

H.-B. Zhou, H. Alper / Tetrahedron 60 (2004) 73–79 75



yields (45% conversion), respectively, (Table 3, entry 3).
When bis(m-chlorophenyl)carbodiimide 2b was used as the
reactant, the total yield of the products increased to 71%, but
in low stereoselectivity, and almost the same ratio of trans
and cis isomers was obtained. All the trans and cis isomers
obtained can be easily separated by means of GC and silica
gel columns (Table 3, entry 2). Under the same reaction
conditions, bis(o-chlorophenyl)carbodiimide 2a gave
greater stereoselectivity, with the trans product 3h obtained
in 35% yield and in 42% conversion, and only traces of the
ring-opened product was observed (Table 3, entry 1). The
higher selectivity may be due to steric hindrance by the
ortho substituents on the phenyl rings, and the methyl group
of the pyrrolidine ring. All the reactions may proceed via the
formation of a (p-allyl)palladium complex as described
previously.14

2.2. Asymmetric cyclization reactions of 2-vinyl-
pyrrolidines with aryl isocyanates and carbodiimides
using chiral phosphine ligands

The enantioselective variant of the reaction was next
investigated (Scheme 2), because this may be a more
convenient way to synthesize the biologically relevant
targets through one-pot asymmetric catalytic cyclization
reactions. To our knowledge, this report is the first example
of the asymmetric catalytic synthesis of seven-membered
ring diazepan-2-ones and arylguanidines. Several chiral
ligands were investigated for the cycloaddition reactions of
1-butyl-2-vinylpyrrolidines 1a and 1b with p-chlorophenyl
isocyanate 5b. The NORPHOS type ligand with Pd2(dba)3·
CHCl3 or Pd(OAc)2 is efficient for the cycloaddition
reaction.16

Scheme 2.

Figure 1. ORTEP view of 6d.
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The influence of the heterocumulenes on the stereo-
selectivity of the ring-expansion reaction of 1a was assessed
by using (R,R)-NORPHOS as the ligand (Table 4).
o-Chlorophenyl isocyanate 5a gave the diazepan-2-one 6a
in good yield and conversion, but in only 20% ee (Table 4,
entry 2). Reaction of 1a with 5b afforded 6b in 23% ee and
42% yield (Table 4, entry 1). p-Nitrophenyl isocyanate 5c
was less reactive and 1a was consumed completely in 24 h
with 6c formed in only 6% ee; a side product was obtained,
which, unfortunately, defied attempts to purify (Table 4,
entry 3). Substrate 1b was less reactive toward isocyanates,
while relatively higher enantioselectivities were obtained
compared to that of 1a. For example, when o-chlorophenyl
isocyanate 5a was used for the reaction, 6d was obtained in
26% enantiomeric excess and in 15% isolated yield (Table 4,
entry 4). Attempts to improve the product yield by
increasing the reaction temperature (50 8C, 5 psi) only led
to a decrease in the enantioselectivity (Table 4, entry 5). The
structure of 6d, obtained from racemates, was unam-
biguously established by X-ray diffraction (Fig. 1).15 In
the reaction of 1b with 5b, chiral 1-cyclohexyl-3-(p-
chlorophenyl)-4- vinyl-2H-1,3-diazepin-2-one 6e was iso-
lated in 11% yield and 39% ee (15% conversion) (Table 4,
entry 6). The ee value of 6e can be increased to 41% by
increasing the amount of the catalyst, but the yield and
conversion decreased significantly (Table 4, entry 7).
Further increase in the loading of the catalyst only led to
the decomposition of isocyanate, and no reaction occurred
at all. Use of Pd(OAc)2 instead of Pd2(dba)3·CHCl3 had
little impact on the enantioselectivity of the reaction. For
example, when 10 mol% Pd(OAc)2 and 20 mol% NOR-
PHOS were used for the reaction of 1b with 5b, the product
was obtained in 32% ee and in 21% yield and 28%
conversion (Table 4, entry 8). p-Nitrophenyl isocyanate 5c
gave the diazepan-2-one in 32% yield and 63% conversion,
however, only 7% ee was obtained (Table 4, entry 9). With
the increase in the bulkiness of the heterocumulene in going
from aryl isocyanate to carbodiimide, to our surprise, the
enantioselectivity was decreased dramatically to give chiral
3a–c in 6, 8 and 14% ee values, respectively, with some
ring-opened products also isolated in the cases of 2b and 2c

(Table 4, entries 10–12). This may be due to the fact that the
higher reaction temperature for the cycloaddition process
decreased the enantioselectivity. Higher ee values were
found in the reaction of carbodiimides with 2-vinyl-
thiiranes7 and -oxiranes9a,b systems compared with the
corresponded aryl isocyanate.

Reaction of 1-butyl-4-methyl-2-vinylpyrrolidine 1c with
p-chlorophenyl isocyanate 5b in the presence of 15 mol%
Pd(OAc)2 and 30 mol% NORPHOS at room temperature in
20 h, gave both the trans and cis isomers of 1:2 ratio in 25%
yield and 30% conversion. The trans and cis isomers were
obtained in 23 and 19% enantiomeric excess, respectively.

The poor enantioselectivity may be explained by a h3–h1–
h3 pathway involving intermediate 70 and 700, and this
interconversion may be faster than the intramolecular
nucleophilic attack of the nitrogen atom, which is a little

Table 4. Asymmetric cyclization reactions of 2-vinylpyrrolidine 1 with heterocumulenes catalyzed by palladium and (R,R)-NORPHOS in THFa

Entry 1 5 or 2 [Pd] Temp. (8C) Time (h) Conv. (%)b Product, yield (%)c ee (%)d

1 1a 5a Pd2(dba)3·CHCl3 rt 48 98 6a, 65 20
2 1a 5b Pd2(dba)3·CHCl3 rt 24 51 6b, 42 23
3 1a 5c Pd2(dba)3·CHCl3 50 (5 psi) 24 96 6c, 31 6
4 1b 5a Pd2(dba)3·CHCl3 rt 48 18 6d, 15 26
5 1b 5a Pd2(dba)3·CHCl3

e 50 (5 psi) 24 30 6d, 24 16
6 1b 5b Pd2(dba)3·CHCl3 rt 48 15 6e, 11 39
7 1b 5b Pd2(dba)3·CHCl3

f rt 48 8 6e, 6 41
8 1b 5b Pd (OAc)2 rt 48 28 6e, 21 32
9 1b 5c Pd2(dba)3·CHCl3 40 (5 psi) 24 63 6f, 32 7
10 1a 2a Pd (OAc)2 130 (5 psi) 48 58 3a, 44 6
11 1a 2b Pd (OAc)2 130 (5 psi) 48 55 3b, 32 g 8
12 1a 2c Pd (OAc)2 130 (5 psi) 48 41 3c, 22h 14

a Pd2(dba)3·CHCl3 or Pd(OAc)2 and chiral phospine ligands were premixed for 30 min in 3.0 mL of dry, degassed THF followed by addition of the
heterocumulene.

b The conversion was determined by GC using biphenyl as the internal standard, or was calculated based on the crude 1H NMR of the mixture.
c Isolated yield.
d The ee values were determined by chiral HPLC and the absolute configurations of the products were not determined.
e 5 mol% Pd2(dba)3·CHCl3 and 10 mol% (R,R)-NORPHOS were used.
f 15 mol% Pd2(dba)3·CHCl3 and 30 mol% (R,R)-NORPHOS were used.
g Ring-opened product 4b was isolated in 14% yield and in 1:2 ratio of trans and cis isomers.
h Ring-opened product 4c was isolated in 15% yield and in 1/1.5 ratio of trans and cis isomers.

Scheme 3.
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remote and flexible to C-3 of the (p-allyl)palladium
intermediate compared with that of the corresponding
three-membered ring system7,9a,b (Scheme 3).

In summary, we have successfully demonstrated the scope
of the ring expansion reaction of 2-vinylpyrrolidines with
carbodiimides, catalyzed by Pd(OAc)2 and dpppentane, for
the synthesis of seven-membered cyclic arylguanidines. The
products were usually isolated in high yields and conver-
sions. Chiral cyclic ureas and cyclic arylguanidines were
produced in up to 41% enantiomeric excess, and in
moderate yields from cycloaddition reactions of 2-vinyl-
pyrrolidines with heterocumulenes in the presence of
catalytic quantities of a palladium complex and (R,R)-
NORPHOS.

3. Experimental

All reactions and manipulations of chemicals were carried
out using standard Schlenk techniques under an atmosphere
of argon. 2-Vinylpyrrolidines17 and carbodiimides18 were
prepared according to the literature. THF was dried over Na/
benzophenone and distilled prior to use. All NMR spectra
were recorded using CDCl3 as the solvent with reference to
residual CHCl3 (1H at 7.24 ppm and 13C at 77.0 ppm).
Infrared spectra were recorded on a Fourier transform
spectrometer and are reported in wavenumbers (cm21).

Determination of % ee was achieved using a chiral HPLC
equipped with a chiralpak AS column (for compounds 6, in
which the 39% ee for compound 6e tR (minor)¼13.7 min,
tR¼16.5 min) or chiracel OD column (for compounds 3, in
which the 15% ee for compound 3c tR (minor)¼18.6 min,
tR¼20.4 min) with 99:1 or 99.5:0.5 n-hexanes: 2-propanol
as the mobile phase at a flow rate of 1 mL/min.

3.1. General procedure for the palladium-catalyzed
cycloaddition reaction of 2-vinylpyrrolidines (1a, 1b and
1c) with carbodiimides 2

Pd(OAc)2 (4.51 mg, 0.02 mmol, 10 mol% to 1) was
weighed into a Schlenk tube under a stream of argon,
3 mL dry THF was added, and the solution was degassed.
Dpppentane (17.6 mg, 20 mol%) was added, followed by
0.2 mmol of 1a, 1b, or 1c and then carbodiimide
(0.3 mmol), the mixture was stirred under 5 psi of N2, at a
given temperature. The progress of the reaction was
monitored by GC and the crude product was purified by
silica chromatography using pentane/ether 2:1 to 1:3 as
eluant to afford arylguanidines 3.

3.1.1. 1-Butyl-3-(3-chlorophenyl)-4-vinyl-2H-1,3-diaze-
pin-2-ylidene-(3-chlorophenyl)-amine (3b) (X5m-Cl,
R5n-Bu). 83% yield; colorless oil; IR (neat) n 3071,
2956, 2930, 2865, 1618, 1578, 1474, 1416, 1369, 1311,
1252, 1226 cm21; 1H NMR (300 MHz, CDCl3) d 0.97 (t,
3H, J¼7.3 Hz), 1.32–1.44 (m, 2H), 1.66–1.93 (m, 6H),
3.18–3.45 (m, 3H), 3.52–3.61 (m, 1H), 4.27 (br, 1H), 5.16
(d, 1H, J¼18.0 Hz), 5.21 (d, 1H, J¼11.0 Hz), 5.93 (br, 1H),
6.42 (d, 1H, J¼7.9 Hz), 6.57 (m, 2H), 6.67–6.70 (m, 3H),
6.80–6.98 (m, 2H); 13C NMR (75 MHz, CDCl3) d 151.3,
145.6, 137.2, 134.2, 133.2, 129.4, 128.8, 122.6, 121.0,

120.8, 120.6, 119.0, 117.3 (two carbons missing as a result
of overlap), 61.1, 50.1, 48.1, 30.1, 29.6, 22.9, 20.4, 14.0; MS
(m/e) 415 (Mþ), 417 (Mþþ2), 419 (Mþþ4); EIHRMS calcd
for C23H27N3Cl2 415.158195; found, 415.15815.

3.1.2. 1-Cyclohexyl-3-(3-chlorophenyl)-4-vinyl-2H-1,3-
diazepin-2-ylidene-(3-chlorophenyl)-amine (3e) (X5m-
Cl, R5Cy). 51% yield; colorless oil; IR (neat) n 3064,
2930, 2854, 1611, 1595, 1577, 1477, 1410, 1317, 1251,
1227 cm21; 1H NMR (300 MHz, CDCl3) d 1.09–1.15 (m,
1H), 1.39–1.43 (m, 4H), 1.60–2.10 (m, 9H), 3.08 (b, 1H),
3.32 (m, 1H), 4.19–4.32 (m, 2H), 5.15–5.25 (m, 2H), 6.08
(br, 1H), 6.44–6.68 (m, 6H), 6.84–6.92 (m, 2H); 13C NMR
(75 MHz, CDCl3) d 151.5, 145.8, 137.2, 134.3, 133.2,
129.6, 128.8, 122.7, 121.0, 120.3, 118.1, 117.2, 116.2 (two
carbons missing as a result of overlap), 61.0, 56.2, 42.3,
31.3, 29.9, 29.0, 25.8, 24.4; MS (m/e) 441 (Mþ), 443
(Mþþ2), 445 (Mþþ4); EIHRMS calcd for C25H29N3Cl2
441.173845; found, 441.17602.

3.1.3. (trans) 1-Butyl-6-methyl-3-(3-chlorophenyl)-4-
vinyl-2H-1,3-diazepin-2-ylidene-(3-chlorophenyl)-amine
(3i). 36% yield; colorless oil; IR (neat) n 3064, 2956, 2927,
2869, 1616, 1593, 1577, 1477, 1465, 1415, 1381, 1369,
1305, 1267, 1257, 1220, 1122, 1093 cm21; 1H NMR
(300 MHz, CDCl3) d 0.90 (d, 3H, J¼7.2 Hz), 0.96 (t, 3H,
J¼7.9 Hz), 1.25–1.83 (m, 6H), 1.97–2.09 (m, 1H), 3.03–
3.34 (m, 3H), 3.64 (br, 1H), 4.37 (br, 1H), 5.22 (d, 1H,
J¼16.7 Hz), 5.26 (d, 1H, J¼9.0 Hz), 6.09 (br, 1H), 6.42 (d,
1H, J¼7.5 Hz), 6.65–6.76 (m, 5H), 6.85 (t, 1H, J¼6.7 Hz),
6.96 (t, 1H, J¼9.2 Hz); 13C NMR (75 MHz, CDCl3) d
152.5, 150.0, 145.8, 138.1, 137.1, 134.3, 133.3, 129.6,
128.8, 122.5, 121.1, 120.8, 119.8, 117.5, 116.1, 60.7, 55.9,
50.8, 39.0, 30.2, 28.1, 20.4, 18.8, 14.0; MS (m/e) 429 (Mþ),
431 (Mþþ2), 433 (Mþþ4); EIHRMS calcd for
C24H29N3Cl2 429.173845; found, 429.17245.

3.1.4. (cis) 1-Butyl-6-methyl-3-(3-chlorophenyl)-4-vinyl-
2H-1,3-diazepin-2-ylidene-(3-chlorophenyl)-amine (3i0).
35% yield; colorless oil; IR (neat) n 3064, 2956, 2929, 2872,
1620, 1595, 1581, 1479, 1465, 1437, 1413, 1381, 1309,
1247, 1093 cm21; 1H NMR (300 MHz, CDCl3) d 0.96 (d,
3H, J¼7.3 Hz), 0.97 (t, 3H, J¼7.3 Hz), 1.33–1.45 (m, 2H),
1.56–1.72 (m, 3H), 1.91–1.95 (m, 2H), 2.77–3.45 (m, 3H),
3.60–4.13 (br, 2H), 5.02–5.11 (m, 2H), 5.65–5.80 (br, 1H),
6.55–6.82 (m, 6H), 6.96 (q, 2H, J¼9.0 Hz); 13C NMR
(75 MHz, CDCl3) d 152.5, 150.0, 145.8, 138.1, 137.1,
134.3, 133.3, 129.6, 128.8, 122.5, 121.1, 120.8, 119.8,
117.5, 116.1, 60.7, 55.9, 50.8, 39.0, 30.2, 28.1, 20.4, 18.8,
14.0; MS (m/e) 429 (Mþ), 431 (Mþþ2), 433 (Mþþ4);
EIHRMS calcd for C24H29N3Cl2 429.173845; found,
429.17432.

3.1.5. 4c (X5p-Cl, R5n-Bu). 11% yield; light yellow oil;
IR (neat) n 3391, 3089, 3053, 2958, 2929, 2872, 1643, 1633,
1614, 1585, 1415, 1398, 1309, 1246, 1091 cm21; 1H NMR
(300 MHz, CDCl3) d 0.87 (t, 3H, J¼7.3 Hz), 1.19–1.31 (m,
2H), 1.47–1.57 (m, 2H), 2.35–2.51 (m, 2H), 3.16 (t, 2H,
J¼6.8 Hz), 3.35 (t, 2H, J¼7.0 Hz), 5.01–5.20 (m, 2H), 5.40
(q, 0.5H, cis, J¼8.6 Hz), 5.60–5.71 (m, 0.5H, trans), 6.04–
6.19 (m, 1H), 6.29–6.36 (m, 0.5H, trans), 6.55–6.65 (m,
0.5H, cis), 6.74 (d, 4H,J¼8.1 Hz), 7.13 (d, 4H, J¼8.3 Hz);
13C NMR (75 MHz, CDCl3) d 150.3, 150.1, 136.8, 133.1,
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