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A variable temperature H NMR study of the [3.3](3,5)pyridinophane indicated that the syn(chair/chair) is
more stable than syn(chair/boat) by 0.2 kcal/mol in solution, whereas the trimethylene bridges show dis-
order even at �150 �C in the solid state. A transition state search by ab initio MO calculations suggested
two competitive conformational changes for syn(chair/chair)–syn(chair/boat) conversion via a bridge
wobble or a ring inversion in the [3.3](3,5)pyridinophane.

� 2009 Elsevier Ltd. All rights reserved.
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The conformational isomerism of the [3.3]metacyclophanes
(MCPs), which is partially amenable to study by the variable tem-
perature (VT) NMR method, is one of the most interesting phe-
nomena in [3.3]MCP chemistry. The stable isomers and their
relative thermodynamic stability as well as the energy barrier
for an isomerism can be estimated by this method. The data
based on the conformational analysis of the [3.3]MCPs have been
accumulated.1 Since the first synthesis of the parent [3.3]MCP 1
(Fig. 1),2 we have synthesized various types of [3.3]MCPs3 and
examined their conformational processes in solution by the VT
1H NMR method and MO calculations.3a–c Semmelhack et al. ob-
served the syn(chair/chair) conformer in the low temperature
1H NMR spectrum of the [3.3]MCP, and suggested that the ther-
modynamic stability order of syn(chair/chair) (Scc) > syn(chair/
boat) (Scb) > syn(boat/boat) (Sbb) is based on the molecular me-
chanic calculations.4 They postulated that the conformational
process with energy barrier of ca. 11 kcal/mol was ascribed to a
bridge wobble (BW). We then proposed that the benzene ring
inversion (RI) should exist in solution based on the racemization
experiment of the chiral [3.3]MCP-Cr(CO)3 complexes.3b Mitchell
reported the detailed conformational changes in the 2,11-
dithia[3.3]MCP by the VT NMR method and MO calculations,
and suggested the pathway from Scc to Scb through anti con-
formers for the Scc–Scb conversion.5

Furthermore, the conformational study of the [3.3](2,6)pyridi-
nophane 2 ([3.3](2,6)PyP) has been examined6 to propose the pres-
ence of a weak attractive interaction via intramolecular hydrogen
bonds between the pyridyl nitrogen lone pair electrons and the ax-
ll rights reserved.

(M.S.), tel.: +81 92 642 2720;

hibahara), shinmyo@ms.ifoc.
ial hydrogen atoms (Hax) on the central carbon atoms of the bridge
in the Sbb form.3f Then, we reported the conformational analysis of
the 2,11-diaza[3.3](3,5)PyP 4a (N2[3.3](3,5)PyP)6 and formation of
the doubledecker type 2:2 complexes of 4b with Cu2+ or Pd2+.7

Tsuge et al. also reported the formation of the 2:2 macrocycles be-
tween the S2[3.3](3,5)PyP 5 and the cis-Pd complex.8 Quite lately,
Zhou Ming et al. prepared the Ag(I) complexes of 5 showing quite
interesting structural properties.9 We now report the conforma-
tional analysis of the [3.3](3,5)PyP 3, which is the parent com-
pound of the 2,11-dihetero-substituted [3.3](3,5)PyPs, by the 1H
VT NMR spectra, X-ray structural analysis, and ab initio MO
calculations.

In a previous paper, we reported the synthesis of the two- to
four-layered [3.3](3,5)PyPs.10 The [3.3](3,5)PyP 3 was synthesized
by the p-(tolylsulfonyl)methyl isocyanide (TosMIC) method in the
syn(boat/boat)

N2[3.3](3,5)PyP
4a; R = H
4b; R = CH3

syn(chair/boat)

S2[3.3](3,5)PyP 5 [3.3](3,5)PyP-dione 6
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Figure 1. [3.3]Metacyclophane 1, [3.3](2,6)pyridinophane 2, and [3.3](3,5)pyridi-
nophanes 3–6.
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Scheme 1. Synthetic route to 3-d4.
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Scheme 2. Possible syn conformers of 3-d4 in CD2Cl2.
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coupling reaction between 3,5-bis(chloromethyl)pyridine and its
TosMIC adduct, followed by the Wolff–Kishner reduction of the
resultant [3.3](3,5)PyP-2,11-dione 4.

The [3.3](3,5)PyP 3 shows a significant temperature-depen-
dent 1H NMR spectrum as observed for the [3.3]MCP 1,3a–c

[3.3](2,6)PyP 2,3f and N2[3.3](3,5)PyP 4a.6 In order to simplify
the signals of the trimethylene bridge protons of 3, four deuteri-
ums were introduced into the 2,11-positions (Scheme 1). The
dione 6 was converted into the dithioacetal 7 (59%),11 and sub-
sequent hydrogenolysis with n-Bu3SnD in the presence of AIBN
produced 3-d4 (46%).12

Figures 2A and B show the aromatic and benzylic proton signals
of the 1H NMR spectra (600 MHz, CD2Cl2) of 3-d4 at various tem-
peratures. The preferred syn geometry of 3 is supported by the
deshielded aromatic proton signal (Ha: d 7.13, CDCl3) compared
to the corresponding proton of the dione 6 (Ha: d 6.07, CDCl3) with
the anti geometry.10 The sharp singlets of the aromatic proton (Ha:
d 7.22; Hb: d 7.84) and benzylic proton (d 2.75) signals at 20 �C sug-
gest a rapid conformational isomerism on the NMR time scale, that
is, wobbling of the bridge and ring inversion of the pyridine ring. As
the temperature is lowered, both the aromatic and benzylic proton
signals broaden, and each aromatic proton signal was resolved into
two signals (Ha: d 7.19 and 7.28; Hb: d 7.64 and 7.80). Similarly,
the benzylic proton signal is resolved into three pairs of double
doublets at �95 �C (Fig. 2C), indicating the presence of two syn
conformers at this temperature. Our conformational study of the
Figure 2. VT 1H NMR spectra of the aromatic protons (A), benzylic protons (B), and expa
MHz).
[3.3]MCPs3a,b showed the following results: (1) the aromatic
proton Ha is slightly deshielded in the boat form due to the steric
compression effect and (2) the magnitude of the geminal coupling
constant Jgem of the benzylic protons depends on the conformation
of the trimethylene bridges (chair or boat), and the Jgem values are
14.6 and 13.8 Hz for the boat and chair conformations, respec-
tively. As described above, the Jgem value of the chair conformation
is smaller than that of the boat conformation in the benzylic proton
signals of [3.3]MCPs. Thus, the Jgem values of 13.9 and 15.2 Hz can
be assigned to the chair and boat conformations, respectively. Pres-
ence of only two kinds of aromatic proton signals (Ha1: d 7.19; Hb1:
d 7.80) and a pair of double doublets with the Jgem values of 13.9 Hz
for the benzylic proton signals suggests the major conformer of 3-
d4 to be Scc (Scheme 2).The minor conformer is ascribed to Scb
based on the presence of three kinds of the aromatic protons
[Ha2: d 7.28; Hb10: d 7.80 (overlapped with Hb1); Hb2: d 7.64] and
two pairs of benzylic proton signals with the geminal coupling
constants of 13.9 Hz and 15.2 Hz [Hax0: overlapped with Hax; Heq0:
d 2.99 (d, J = 13.9 Hz); Hax00: d 2.34 (d, J = 15.2 Hz); Heq00: d 2.92 (d,
J = 15.2 Hz)]. The population of Scc and Scb at �95 �C in CD2Cl2

was estimated to be 1.8:1.0 on the basis of the integral of the aro-
matic proton signals Ha (Ha1:Ha2), which suggested that Scc is more
stable than Scb by 0.2 kcal/mol.13
nded 1H NMR spectrum of the benzylic protons at �95 �C (C) of 3-d4 in CD2Cl2 (600



Table 1
Relative thermodynamic stability of 3 (kcal/mol, 25 �C)

RHF/6-31G(d) 0 1.43 2.83
B3LYP/6-31G(d) 0 0.97 2.18
B3LYP/6-311G(d) 0 1.02 2.28
MP2/6-31G(d) 0 0.56 1.00

RHF/6-31G(d) 3.82 4.63 2.58
B3LYP/6-31G(d) 3.55 4.18 2.51
B3LYP/6-311G(d) 3.35 3.90 2.25
MP2/6-31G(d) 3.48 5.57 1.88
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The observed energy barrier in 3-d4 between Scc and Scb is esti-
mated to be 10.9 kcal/mol (Tc = �30 �C),14 which is comparable to
that of [3.3]MCP 1 (11.6 kcal/mol3b). In order to estimate the rela-
tive thermodynamic stability of 3, we examined the ab initio MO
calculations for the syn and anti conformers. Table 1 shows the rel-
ative thermodynamic stability of the possible conformers based on
the RHF, DFT, and MP2 calculations (GAUSSIAN 0315). All the calcula-
tions predicted the following stability order: Scc > Scb > Sbb, and
the relative stability between Scc and Scb (0.2 kcal/mol) was well
regenerated by the MP2 method.

In contrast to the most stable conformer Scc in solution, the tri-
methylene bridges of 3 show disorder even at �150 �C in the solid
state (Fig. 3).16 The two pyridine rings tilt 20.7� and the twist angle
is 1.9�. The tilt and twist angles of N2[3.3](3,5)PyP 4a6 and
S2[3.3](3,5)PyP 58 are reported to be 23.5� and 16.8� as well as 0�
and 4.3�, respectively. The transannular distance of 3 between C9
and C18 (2.980 Å) is longer than that of the diaza analogue 4a
(2.925 Å), but shorter than that of the dithia analogue 5
(3.096 Å), while the distance between N1 and N2 of 3 is in the
opposite order (3.906 Å for 3, 4.001 Å for 4a, and 3.868 Å for 5).

In the crystal-packing of the N2[3.3](3,5)PyP 4a, two kinds of
intermolecular hydrogen bonds are formed between the bridging
amine nitrogen atom and the amine hydrogen atoms, in which the
one bridging amine is participated in three hydrogen bonds, while
the other one only interacts with an amine hydrogen atom. This
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Figure 3. Molecular structures of 3 (�150 �C); top (A) and side (B) views. Hydrogen
atoms are omitted for clarity.
hydrogen bonding may stabilize Scc and Scb in the solid state of
4a.6 Similarly, in the S2[3.3](3,5)PyP 5, only one bridging sulfur atom
participates in intermolecular hydrogen bond, and 5 assumes Scb in
the solid state.8 In the crystal-packing diagrams of 3 (Fig. 4), weak
intermolecular CH/p-type interactions are expected between C9-
H13B and H13C as well as C18-H4B and H4C on the bc-plane because
of the short mean value of 2.8 Å (Fig. 4A), and this is in contrast to
those of 4a and 5, in which the major crystal-packing force is con-
sisted by intermolecular hydrogen bonding network. Hydrogen
bonds between N1–H9 and N2–H18 (both 2.578 Å) along the c-axis
are also observed (Fig. 4B), which is much shorter than the sum of
van der Waals radii17 of hydrogen and nitrogen atoms (2.70 Å).
Figure 4. Short contacts of 3; CH/p-type interactions on the bc-plane (A) and
hydrogen bonds between N1AH9 and N2AH18 along the c-axis (B).
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We performed a transition state (TS) search for the conforma-
tional isomerism of 3 and obtained a detailed potential energy dia-
gram based on the RHF/6-31G(d) calculations (Fig. 5). We also
carried out a similar search for the 2,11-dithia[3.3]MCP as a refer-
ence (Supplementary data). All the transition states except for the
TS (Scc to Scb) were obtained in such a way, starting from the local
minimum structure and walking uphill to the potential energy sur-
face to the saddle point. For TS (Scc to Scb), an estimate of the
geometry of the TS was used as the initial structure. From the po-
tential energy diagram, we can describe the entire process of the
conformational isomerism, especially the conversion between the
Scc and Scb. For the 2,11-dithia[3.3]MCP, the conversion seems
to occur through the anti(chair/chair) Acc conformer, as pointed
out by Mitchell.5 However, the situation is slightly different for 3.
Two competitive routes can be observed for the forward process
(Scc to Scb); that is, a BW (Scc to Scb) and a RI (Scc to Acc to Actwb
to Acb to Scb) with comparable activation energies, 14.5 kcal/mol
(Scc to Scb) and 14.8 (Scc to Acc), respectively. The lower energy
process could be altered depending on the basis set and model
chemistry. For example, with RHF/6-311++G(d,p), the activation
energy of the TS (Scc to Acc; 14.37 kcal/mol) becomes slightly low-
er than those of TS (Scc to Scb; 14.39 kcal/mol). On the other hand,
the backward process (Scb to Scc) would exclusively proceed
through Acc, since the interconversion energies between the anti
conformers and the activation energy of TS (Acc to Scc) are sub-
stantially lower than that of TS (Scb to Scc). This energetic view
is also applicable to the backward process of 2,11-dithia[3.3]MCP
(Scb to Scc).

In conclusion, this study indicates that the stable conformer is
different in solution and in the solid state because of the severe inter-
molecular interactions in the latter. The VT 1H NMR study shows that
the Scc is more stable than Scb by 0.2 kcal/mol, and the MP2 method
well regenerates the results. A theoretical simulation of the confor-
mational change of the [3.3](3,5)PyP 3 suggests two competitive
routes for the forward process (Scc to Scb); that is, a BW (Scc to
Scb) and a RI (Scc to Acc to Actwb to Acb to Scb). The preferable back-
ward process (Scb to Scc) is expected to occur through Acc. By a sim-
ilar approach, the conformational analysis of the [3.3]MCP 1 has
been re-examined and the result will be reported elsewhere.
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