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Atropisomerism of a,b-Unsaturated Amidines:
Stereoselective Synthesis by Catalytic Cascade Reaction and Optical Resolution

Naoya Shindoh, Yoshiji Takemoto,* and Kiyosei Takasu*[a]

Atropisomerism, a stereochemical property resulting from
restricted rotation around a single bond where the steric
strain barrier is high enough, has been the subject of much
attention in organic chemistry. Well-studied biaryls, along
with several classes of atropisomeric compounds including
ortho-substituted anilides, N-arylimides, and diaryl ethers
have been identified and their stereoselective synthesis has
been explored.[1,2] In particular, axially chiral biaryls have
been well studied because they provide an effective chiral
environment for asymmetric reaction when they act as
chiral ligands of metal catalysts or organocatalysts. More-
over, axially chiral anilides are utilized as useful chiral build-
ing blocks for N-heterocycles with axial-to-center chirality
transfer.[3] In contrast to the above atropisomers whose rota-
tionally-restricted single bond is directly connected to one
or two aryl group(s), atropisomerism in acyclic p-systems
such as 1,3-dienes[4] and a,b-unsaturated carbonyl deriva-
tives have rarely been studied. To the best of our knowl-
edge, there is only one example of the optical resolution of
a,b-unsaturated carboxylic acid derivatives. Mannschreck
and his co-workers reported the optical property of atropoi-
someric thioamide derivatives of acrylic acid.[5] However,
atropisomerism of a,b-unsaturated amidine derivatives,
which would be potential synthetic precursors for heterocy-
clic compounds, is unexplored. We envisioned that highly
substituted amidines 1 would provide a comparable stable
atropisomer on axial chirality around a C2�C3 single bond
(Figure 1). Herein, we report the optical resolution of atro-
pisomeric a,b-unsaturated amidines and a novel stereoselec-
tive synthetic method of a,b-unsaturated amidines with
bulky substituents.

At the outset of this study, we considered the preparation
of steric hindered a,b-unsaturated amidines. We thought
that efficient synthesis of 1 by a coupling reaction to make a
C2�C3 single bond or direct addition or substitution reac-
tion to introduce a bulky substituent would be difficult. To
achieve stereoselective synthesis of a,b-unsaturated ami-
dines, we focused on the cascade reaction, consisting of
[2+2] cycloaddition and successive electrocyclic ring-open-
ing reaction (cycloreversion) of nitrogen-substituted alkynes
and imines (Scheme 1).[6] The cascade reaction corresponds
to formal aza–enyne metathesis. In the [2+2] cycloaddition,
the repulsive steric interaction of bulky substituents on both
substrates would decrease owing to the linear geometry of
the alkyne substrate. We expected that cycloreversion of the
resulting azetine intermediate 2 would proceed in a geomet-
rical selective manner. As a related study, cycloreversion of
cyclobutenes has been well explored to give the correspond-
ing 1,3-butadienes.[7,8] In the thermal cycloreversion of four-
membered rings, the geometry of the product is ruled out by
conrotatory rotation of the s-orbital of the central single
bond and torquoselectivity (inward vs outward rotation in
the conrotatory rotation). The torquoselectivity of 2-amino-
2-azetines 2 can be controlled by the bulkiness of the sub-
stituent at the 3-position (Scheme 1). That is, when the R4

group at the C(3) position is comparatively small, outward
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Figure 1. Representative atropisomers (biaryls, anilides and 1,3-dienes)
and putative atoropisomeric a,b-unsaturated amidines 1.
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rotation would favorably result in anti-1 (relative configura-
tion of amidine against R5 group) to avoid steric repulsion
between the R5 group and the resulting produced amidine
moiety. By contrast, when the R4 group is sufficiently large,
a steric repulsion between the R4 and the R5 groups would
result in inward selective cycloreversion to afford syn-1. The
R5 group directed toward the amidine moiety would signifi-
cantly increase the rotation barrier around the C2�C3 axis.

Our initial exploration of the formal aza–enyne metathe-
sis of nitrogen-substituted alkynes with imines indicated that
ynamides 3 bearing a sulfonyl moiety and N,C-diarylaldi-
mines 4 are suitable substrates, owing to the chemical yields
of the products and easy handling of both substrates.[9]

Moreover, the reaction was effectively catalyzed by triflic
imide (Tf2NH).[10] The results of the reaction are summar-
ized in Table 1. The reaction proceeded smoothly at ambient
temperature to 60 8C to give a,b-unsaturated amidines in
moderate to excellent yield. In all cases, no azetine 2, a reac-
tion intermediate, was detected. This result indicates that
the electrocyclic ring-opening step is much faster than the
initial [2+2] cycloaddition.

Compounds 1 aa and 1 ba, which were synthesized from
terminal alkyne 3 a and phenylalkyne 3 b, respectively, were
obtained as a single geometrical isomer in which the p-tolyl
substituent on the C(3) position and the amidine moiety are
on opposite sides of the double bond (entries 1 and 2 in
Table 1). Their configuration was assigned by 1H NMR and
X-ray crystallography (see Supporting Information). On the
other hand, to our delight, when the terminal ynamide was
substituted with the bulky triisopropylsilyl (TIPS) group, we
found that the geometrical selectivity was completely re-
versed. Thus, the reaction of ynamide 3 c with 4 a gave exclu-
sively syn-1 ca ; its configuration was confirmed by X-ray
analysis (entry 3). Only the E configuration of the amidine
C=N double bond was observed in all cases. The 1,3-allylic
strain of the amidine moiety (N=C�N) caused the stereose-
lection.

The 1H NMR spectrum of 1 ca in [D6]DMSO at 30 8C re-
vealed that protons of two methyl substituents on the benzo-
sultam are observed as two independent singlet signals.
Thus, the two methyl substituents are diastereotopic and a
significant chirality on the NMR time scale exists at this
temperature (Figure 2). The observed chirality would, as ex-
pected, be derived from the rotation barrier around the C2�
C3 bond, since the crystal structure[11] of 1 cb indicates a
highly hindered environment around this axis (Figure 3) and
the dihedral angle of two double bonds is 90.28. Dynamic
NMR study revealed the coalescence temperature (Tc) of
two methyl peaks to be 74 8C, and DG�

748C was calculated to
be 17.6 kcal mol�1 (entry 3). In contrast, no atropisomers of
anti-1 aa and anti-1 ba were detected even at �90 8C.

Next, we investigated the effects of the Ar1 and the Ar2

groups, which are substituents on amidine nitrogen and b-
carbon, respectively, on the rotation barrier (Table 1, en-
tries 3–12). Steric bulkiness of the Ar1 group affects the
atropisomerism. Namely, the coalescence temperature in-
creased 7 8C when the para-CF3 group was moved to the
meta-position (entries 4 and 5). Furthermore, introduction
of a substituent on the ortho-position of Ar1 significantly in-
fluences the rotational barrier of a,b-unsaturated amidine
(entries 6 and 7). In contrast, the substituent effect of Ar2 is
not so simple. Introduction of a bulky substituent on the
ortho-position apparently decreases the rotational barrier;
replacement of the phenyl group in 1 cb with 1-naphthyl
group lowers Tc as much as 20 8C (entry 8). Comparison of
the X-ray structures of 1 cb and 1 cf revealed that, while the
phenyl ring seems to conjugate olefin and both p-systems
appear planar in 1 cb, the naphthyl ring is skewed from the
olefin plane in 1 cf (Figure 3). Interestingly, the electron den-
sity of the Ar2 group is rather important. Introduction of an
electron-donating substituent on the Ar2 group afforded
higher Tc than that of an electron withdrawing CF3 or NO2

substituent (entries 3 vs 4, 9 vs 10). These observations indi-
cate that conjugation of olefin with the Ar2 group would be
important. Finally, we found that the five- membered heter-
oaromatic ring as a R2 group significantly hindered the rota-
tion of the axis (entries 11 and 12).

Although a,b-unsaturated amidines 1 ca–cj (Table 1) dis-
play axial chirality within the NMR time scale, it was impos-
sible to separate their enantiomers by chiral HPLC under
any conditions tested. As far as molecular modeling based
on the obtained conformation from the X-ray crystallogra-
phy, the rotation of the C2�C3 axis might be completely
suppressed owing to the bulky substituents. We considered
that rapid racemization of 1 would be caused by the E/Z iso-
merization about the amidine C=N double bond. In the
ground state E configuration of the C=N double bond, the
C2-C3 axis seems to be “locked” by the E-oriented N2-aryl
group. However, the N2-aryl group can be partially “un-
locked” by isomerization of the amidine moiety (Scheme 2).

We considered that large ortho-substituents on the N2-
aryl group would prevent this “unlocking” by steric repul-
sion between the N1-benzosultam group. To synthesize
more atropisomerically stable a,b-unsaturated amidines,

Scheme 1. Our synthetic strategy toward a,b-unsaturated amidine 1: A
proposed torquoselectivity in thermal cycloreversion of 2.
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protection of the ortho-hydrox-
yl group of 1 cd by a bulky
group was investigated. After
several attempts, we found de-
protonation of the hydroxyl
group with NaH followed by
treatment with TIPSOTf
smoothly afforded amidine 6
(Scheme 3). Amidines 7 and 8
were also synthesized from the
corresponding hydroxy-substi-
tuted amidines. Dynamic NMR
study of 6–8 revealed that two
methyl substituents on the ben-
zosultam moiety were observed
as two independent singlet
peaks even at 150 8C in
[D6]DMSO (Tc > 150 8C).

Finally, we successfully sepa-
rated each atropisomer of 6–8
by chiral HPLC using a CHIR-
ALPAK AD-H column at 10 8C
(see Supporting Information).
The CD spectra clearly demon-
strate that two separated frac-
tions contain pure enantiomers
(Figure 4). Time-course CD
measurement of 7 a (90% ee) at
�10 8C revealed that the race-
mization half-life of 7 at this
temperature was 3 h, and
DG�

�10 8C was calculated to be
20.8 kcal mol�1.

In conclusion, we prepared
enantiomers of axially chiral
a,b-unsaturated amidines and
examined their dynamic chirali-
ty. We also developed a novel
synthetic method of a,b-unsatu-
rated amidines by catalytic cas-
cade reaction of ynamides and
imines, consisting of [2+2] cy-
cloaddition and thermal cyclo-
reversion, in a stereoselective
manner. a,b-Unsaturated ami-
dines would be a useful build-
ing block for biologically active
heterocyclic compounds via in-
tramolecular cyclization.[10] The
atropisomers would be applica-
ble in asymmetric synthesis
with axial-to-center chirality
transfer. Further studies on
asymmetric synthesis of a,b-un-
saturated amidines and their

Table 1. Formal aza–enyne metathesis of ynamides 3 and imines 4.[a]

Entry Ynamide
(R)

Imine (X, Ar) Product Yield
[%][b]

Tc

[8C][c,d]
DGc

�

[kcal mol�1][e]

1[f] 3 a
(H)

4 a
(p-CF3, p-
MeC6H4)

1aa 78 <�90[g] –

2[f] 3 bACHTUNGTRENNUNG(C6H5)
4 a 1ba 93 <�90[g] –

3 3 cACHTUNGTRENNUNG(TIPS)
4 a 1ca 77 74 17.6

4 3 c 4 b
(p-CF3, C6H5)

1cb 71 70 17.4

5 3 c 4 c
(m-CF3, C6H5)

1cc 75 77 17.9

6 3 c 4 d
(o-OH, p-
MeC6H4)

1cd 49 100 18.1

7 3 c 4 e
(o-I, p-MeC6H4)

1ce 73 130 19.3

8 3 c 4 f
(p-CF3, 1-naph-
thyl)

1cf 57 50 15.9

9 3 c 4 g
(p-CF3, p-
NO2C6H4)

1cg 41 62 17.2

10 3 c 4 h
(p-CF3, p-
MeOC6H4)

1ch 81 76 17.9

11 3 c 4 i
(p-CF3, 2-furyl)

1ci 76 86 18.2

12 3 c 4 j
(p-CF3, 2-benzo-
furyl)

1cj 98 92 18.8

[a] All reactions were performed using 0.24 mmol of 3 and 0.2 mmol of 4. [b] Isolated yield. [c] Tc means coa-
lescence temperature. [d] Tc was measured in [D6]DMSO. [e] DG�

c means racemisation energy at the coales-
cence temperature. [f] Reaction was performed at ambient temperature. [g] Tc was measured in CDCl3.

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 7026 – 70307028

N. Shindoh, Y. Takemoto, K. Takasu

www.chemeurj.org


synthetic utilization as a chiral building block are ongoing in
our laboratory.

Experimental Section

Typical procedure for Tf2NH-catalyzed formal aza–eneyne metathesis
(reaction of 3 b and 4a): To a stirred solution of imine 4a (52.9 mg,
0.201 mmol) and ynamide 3 b (76.9 mg, 0.247 mmol) in 1,2-dichloroethane
(0.4 mL) was added Tf2NH (0.4 m solution in 1,2-dichloroethane, 50 mL,
20 mmol, 10 mol %) at ambient temperature. After being stirred for
15 min, the mixture was diluted with CHCl3, quenched with saturated
aqueous solution of NaHCO3, and the aqueous phase was extracted twice
with CHCl3. The combined organic layers were washed with brine, dried
over MgSO4, filtered, and concentrated in vacuo. The crude mixture was
purified by flash column chromatography (AcOEt/hexane 1:8) to afford
amidine 1ba (108 mg, 93%) as a white solid. M.p. 217–218 8C; 1H NMR
(400 MHz, CDCl3, TMS): d =7.65 (d, J =8.1 Hz, 1 H), 7.36 (dd, J =8.1,
0.7 Hz, 1 H), 7.31–7.27 (m, 2 H), 7.08–7.03 (m, 4 H), 6.99, (d, J =8.1 Hz,
2H), 6.98–6.92 (m, 4H), 6.59 (d, J =8.3 Hz, 2H), 2.52 (s, 3 H), 2.25 (s,
3H), 2.09 ppm (s, 6 H); 13C NMR (125 MHz, CDCl3, TMS): d=154.8,
151.4, 144.9, 143.7, 138.0, 136.8, 136.3, 132.0, 130.7, 130.3, 129.9, 129.8,
129.4, 128.9, 127.8, 127.3, 125.2 (q, 3JC,F = 3.6 Hz), 124.5 (q, 2JC,F =

32.4 Hz), 124.4 (q, 1JC,F = 271.1 Hz), 122.9, 121.1, 121.0, 67.1, 27.0, 22.0,
21.2 ppm; IR (KBr): ñ=1642, 1608, 1323, 1170, 1114 cm�1; LRMS (FAB):
m/z : 575 [M+ H+]. An analytical sample for X-ray crystallography was
prepared by recrystallization from methanol as pillars. Crystal data for
1ba.[11] C33H29F3N2O2S, monoclinic, space group P21/c, a= 10.5560(2), b=

15.3653(3), c =36.3764(7) �, b =90.288(1)8, V=5900.0(2) �3, Z=8,
1calcd =1.294 gcm�3, R =0.068, Rw =0.103, GOF =0.995.
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Figure 2. Dynamic 1H NMR (highlighted methyl peaks) of 1ca in
[D6]DMSO.

Figure 3. X-ray structures of 1cb and 1 cf. Dihedral angles of olefin and
aromatic planes f C(3)-C(4)-C(6)-C(7) are 1.4 and 39.78 for 1cb and 1cf,
respectively.

Scheme 2. A possible racemization pathway of a,b-unsaturated amidines.

Scheme 3. Preparation of ortho-silyloxy substituted amidines 6–8.

Figure 4. Chiral HPLC using AD-H (detected by CD) and CD spectra of
7 at �10 8C.
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