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The variable temperature (298-178 K) '"H NMR spectra of tetrahydro-1,4-benzothiazepines 1-10 are described and
discussed. Compounds 2-10 exist as two puckered mirror-image (enantiomorphic) conformers, with benzothiazepine
ring chair-to-chair interconversion barriers of ca. 10 kcal mol™" in CD,Cl, solution. A similar interconversion was
detected for compound 1, of lower symmetry. The ground state conformations of 1-10 were assigned on the basis of
the magnitudes of '"H-'H vicinal coupling constants. The "H and 3C NMR spectral assignments were determined by
'H-'H COSY, HETCOR, and NOESY experiments. The stereochemistry and conformation of compound 1 was

further confirmed by a single crystal X-ray structure determination.

Introduction

1,4-Benzothiazepine derivatives are of considerable interest
from both the synthetic,’ and pharmacological view
points. 2=

A search of the 2001 version of the Cambridge Crystallo-
graphic Database for 2,3,4,5-tetrahydro-1,4-benzothiazepines
located a 2-phenylbenzothiazepin-5-one as the only entry;*
the nearest heteroanalogue was 7-acetyl-2,3,4,5-tetrahydro-5 H-
1,4-benzoxazepine.** Despite the enormous chemical and
pharmacological interest in compounds bearing substituents
at positions 2, 3, and/or 5 in the 1,4-benzothiazepine ring,
there have been few studies concerning their conformational
behaviour.'! The conformations of 2,3,4,5-tetrahydro-
1,4-benzothiazepines bearing a substituent on nitrogen in
the seven membered ring have not previously been discussed.
In a continuation of our previous synthetic study,® we
now report a 'H and C NMR conformational investi-
gation of ten N-substituted 2,3,4,5-tetrahydro-1,4-benzothia-
zepines.

The conformations of seven membered ring heterocycles
having two heteroatoms in positions 1,3-(0,0); 1,5-(0, 0); 2,4-
(0, 0),°2,4-(S, §),% 1,5-(S, S),* 1,5-(S, N),¥™* 1,4-(N,N)>
and 1,5-(N,N)>" have been studied extensively. Such compounds
show conformational behaviour significantly different from
analogues containing a single heteroatom.***%% The addi-
tional heteroatom influences the conformational equilibria,
mainly by electrostatic interactions and intramolecular
H-bonding.® In the above mentioned literature data, it was also
established that conformational properties of mono-
heteroanalogues of benzocycloheptene depend on the position
of the heteroatom and also on the polarity of the substituents
in the seven membered ring. Di-heteroanalogues of benzo-
cycloheptene showed three seven-membered ring geometries:

T Electronic supplementary information (ESI) available: crystal data,
structure refinement and a perspective view of the X-ray crystal
structure of 1. See http://www.rsc.org/suppdata/p2/b2/b205768a/
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the chair (C), boat (B) and twist-boat (TB) conformations, as
derivatives of benzocycloheptene’ (Scheme 1).
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Scheme 1

In the present work we report a conformational study of
N-substituted 1,4-benzothiazepines 1-10 (Scheme 2). The
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energy barriers (AG*, kcal mol™") for the conformational inver-
sion of tetrahydro-1,4-benzothiazepines (2-10) were deter-
mined in CD,Cl, solution. It was established that N-substituted
1,4-benzothiazepines 2-10 display only two enantiomorphic
chair conformations, which exchange through a ring inversion
(Scheme 3), in the same manner as benzocycloheptene itself.”
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Results and discussion

The assignments of the proton spectra for compounds of 1-10
(Scheme 2) are based on the 'H-'H COSY, NOE difference and
NOESY experiments. The spectral data for 1-10 are reported in
Table 1.

Assignment of the '"H NMR spectra of compounds 1-10 and
conformations of the seven-membered rings

Room temperature spectra. In the '"H NMR spectra of 2-10,
the singlet signals in the region 4.09-4.26 ppm (see Table 1) can
easily be assigned to H-5 due to the deshielding effect of the
electronegative nitrogen atom. In a similar manner, the multi-

H3ey
H3ax

H5ax H5eq

plet signals (AA'XX’ type spectra) in regions 3.21-3.45 and
2.71-2.87 ppm belong to H-3 and H-2, respectively.

Proton—proton connectivities, deduced from selective irradi-
ation or COSY experiments, allowed the assignment of all the
N-substituent proton signals (see Table 1). At room temper-
ature, the averaging of C-5 proton signals indicates the presence
of two mirror images, puckered configurational isomers, which
rapidly interconvert on the NMR time scale. This fast exchange
renders equivalent the protons on either a or B faces for posi-
tions 2, 3, and 5. For all compounds 1-10, proton signals of
H-6 of the fused benzene ring were upfield in comparison to
H-9 (see Table 1). The proton H-6 was assigned from the NOE
difference effect that was observed when the H-5 proton signal
of the seven membered ring was irradiated.

For compound 1, containing the N(CH;)BH,; fragment,
the protons on the o and  faces are non-equivalent. The
assignment of the doublet at 4.11 ppm (H5eq) of 1 is supported
by the mutual NOE difference experiments. The H5 doublet at
4.11 ppm displayed a larger NOE with H-6 at 7.25 ppm, there-
fore the doublet at 4.11 ppm was assigned to the equatorial
position (H5eq). The proton spectrum of 1 (Fig. 1) at —93 °C
displays sharp lines of H5ax at 4.50 ppm. However, at temper-
atures between 50 °C and —20 °C the peak H-5ax broadened
but became sharp again at temperatures around —93 °C. Simi-
larly, the proton (H5eq, 4.11ppm) broadened at room temper-
ature but sharpened again at low temperature (—93 °C). These
features can be explained as follows: at low temperatures only
one conformer is present in appreciable concentration but as
the temperature increases, a second minor conformer also exists
in equilibrium with the first and the rate of conformational
exchange is comparable to the frequency separation of the
isochronous sites. However, at higher temperatures, the con-
formational equilibrium is fast on the NMR time-scale, and the
averaged spectrum has narrow lines.

Compound 1 is observed to exist predominantly in the chair
conformation, having the BH; group in the equatorial position
and the methyl group in the axial position. The BH; preference
for the equatorial position in 1 is deduced from the 'H, *C and

H2eq

BH;
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Aliphatic portion of temperature dependent 'H NMR spectra of 1 in CD,Cl, (x denotes an impurity).
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Table 1 The 'H NMR chemical shifts (6/ppm), multiplicity, and coupling constants (J/Hz) of seven-membered ring and alkyl chain (H-4") protons
for compounds 1-10“ in CD,Cl,

Comp T/°C H-2 H-3 H-5 H-4'
1° +25 2.92-3.12 (m) 3.31-3.43 (m) 4.52 (br d, H5ax) 2.42 (s)
4.11 (d, HSeq)
-93 2.94 (t, H2ax) 3.21 (brd) Jap =141 2.24 (s)
2.72 (d, H2eq) Jap=14.4 4.50 (d, H5ax)
Jap=152 3.32-3.42 (m) 4.11 (d, H5eq)
3 Jetzax, H3ax = 11.8 H3ax + H3eq Jap=14.2
2¢ +25 2.73-2.77 (m) 3.28-3.31 (m) 4.11 (s) 2.44 (quartet)
-93 2.89 (t, H2ax) 3.18 (t, H3ax) 4.25 (d, HSax) 2.31 (dq, A part of H-4")
2.40 (d, H2eq) 3.39(d, H3eq) 3.94 (d, H5eq) 2.19 (dq, B part of H-4")
Jap=142 Jap=139 Jap =141 Jap=12.2
SJHZax, Hiax = 11.5 SJHSax, Hoax = 11.5 37 H-4, CH3 = 6.9
3¢ +25 2.72-2.75 (m) 3.27-3.30 (m) 4.09 (s) 2.31-2.36 (m)
-92 2.91 (t, H2ax) 3.18 (t, H3ax) 4.25 (d, H5ax) 2.25(dq, A part of H-4")
2.40 (d, H2eq) 3.38 (d, H3eq) 3.91 (d, H5eq) 2.11 (dq, B part of H-4")
Jag=14.5 Jap=13.8 Jap=14.4 Jap=12.2
3Jmax, H3ax = 11.8 3JH33x, H2ax = 11.8 3-’1—1—4'. cn3=6.9
4¢ +25 2.76-2.79 (m) 3.26-3.29 (m) 4.09 (s) 3.48 (s)
-90 2.98 (t, H-2ax) 3.16 (t, H-3ax) 4.28 (d, HSax) 3.46 (d, A part of H-4")
2.45 (d, H-2eq) 3.28 (d, H-3eq) 3.85 (d, HS5eq) 3.29 (d, B part of H-4")
Jap =145 Jap=13.6 Jap=144 Jap=13.6
3Jl-lZalx, H3ax — 11.6 3Jl—lSax, H2ax — 11.6
5/ +25 2.76-2.80 (m) 3.21-3.24 (m) 4.09 (s) 3.52(s)
=92 2.87 (t, H2ax) 3.12 (t, H3ax) 4.30 (d, H5ax) 3.52(d, A part of H-4")
2.52(d, H2eq) 3.27 (d, H3eq) 3.87 (d, H5eq) 3.28 (d, B part of H-4")
Jap =143 Jap=14.8 Jap=143 Jap=12.6
3JHZax, H3ax — 114 3JH33X, H2ax — 114
6% +25 2.77-2.81 (m) 3.29-3.33 (m) 4.09 (s) 3.53(s)
-93 2.95 (t, H2ax) 3.22 (t, H3ax) 4.26 (d, HSax) 3.46 (d, A part of H-4")
2.46 (d, H2eq) 3.32(d, H3eq) 3.78 (d, H5eq) 3.33 (d, B part of H-4")
Jap =145 Jap =143 Jap=14.4 Jap=13.1
3Jl-lZalx, H3ax — 11.8 3Jl—lSax, H2ax — 11.8
7" +25 2.76-2.79 (m) 3.32-3.35 (m) 4.17 (s) 3.23 (nonresolved)
-93 3.00 (t, H2ax) 3.27 (nonresolved) 4.37 (d, HS5ax)
2.47 (d, H2eq) 3.46 (d, H3eq) 4.00 (d, H5eq)
Jap =143 Jap=12.8 Jap=14.6
3JHZax, H3ax — 114
8 +25 2.84-2.87 (m) 3.39-3.42 (m) 4.20 (s) 5.42 (s)
-93 2.89 (t, H2ax) 3.10 (t, H3ax) 4.14 (d, HSax) 5.54 (d, A part of H-4")
2.70 (d, H2eq) 3.54 (d, H3eq) 4.02 (d, H5eq) 5.27 (d, B part of H-4")
Jap =148 Jap=14.1 Jap=14.5 Jap=13.8
3Jl-lZalx, H3ax — 11.8 3Jl—lSax, H2ax — 11.8
9/ +25 2.82-2.85 (m) 3.38-3.41 (m) 4.21(s) 3.44 (brs)
-93 2.88 (t, H2ax) 3.25 (t, H3ax) 4.28 (d, H5ax) (nonresolved)
2.61 (d, H2eq) 3.46 (d, H3eq) 4.06 (d, HSeq)
Jap=14.4 Jap=14.8 Jap=14.5
3JHZax, H3ax — 115 3JH33X, H2ax — 115
10 +25 2.71-2.74 (m) 3.41-3.45 (m) 4.26 (s) 2.72(d)
-93 2.43-2.87 (H-2 + H-4") 3.33 (t, H3ax) 4.35 (d, H5ax) e 3p = 10.8
(nonresolved) 3.50 (d, H3eq) 4.06 (d, HS5eq) 2.43-2.87 (H-4' + H-2)
Jap=14.5 Jap=14.7 (nonresolved)

3Jl—lSax, H2ax — 1 ] 3

“ Additional signals: ® 1.73 (3H, br q, J 94, BH;) at 25 °C, 1.70 (3H, br s, BH;) at —93 °C; aromatic protons: 7.48-7.54 (1H, m, H-9), 7.26-7.31 (3H, m,
H-6 + H-7 +H-8) . 1.08 (3H, t, J 7.1, CH;) at 25 °C, 0.98 (3H, t, J 7.1, CH;) at —93 °C, aromatic protons: 7.25 (1H, dd, J 7.0 and 1.7, H-6), 7.13-7.24
(2H, m, H-7 + H-8), 7.53 (1H, dd, J 6.9 and 1.8, H-9). 0.89 (3H, s, J 7.0, CH}), 1.18-1.38 (4H, m, 2/H-6' + 2/H-7"), 1.48 (2H, quintet, J 7.3, H-5") at
25°C,0.79 (3H, s, J 7.0, CH;), 1.07 (2H, m, 2/H-7"), 1.19 (2H, sextet, J 7.1, 2/H-6"), 1.38 (2H, br quintet, J 7.3, 2/H-5") at —93 °C, aromatic protons:
7.12-7.22 (2H, m, H-7 + H-8), 7.24 (1H, dd, J 7.2 and 1.8, H-6), 7.52 (1H, dd, J 7.1 and 1.7, H-9) .¢ 3.79 (3H, s, OCHj;), 7.00-7.03 (1H, m, H-6), 7.16—
7.19 (2H, m, H-7 + H-8), 7.54-7.57 (1H, m, H-9), 6.87 (2H, d, J 8.7, m-Ph), 7.20 (2H, d, J 8.7, 0-Ph) at 25 °C, 3.75 (3H, s, OCH,) at —90 °C.”/2.49
(3H, s, 9-CH,), 3.81 (3H, s, OCH,), 6.87 (3H, m, m-Ph + H-6), 7.23 (2H, d, J 8.7, 0-Ph), 7.12 (1H, ddd, J 7.6, 1.7 and 0.7, H-8), 7.05 (1H, t, J 7.4, H-7)
at 25 °C, 2.42 (3H, s, 9-CH,), 3.76 (3H, s, OCHj;) at —92 °C. £ 6.96-7.03 (1H, m, H-6), 7.54-7.60 (1H, m, H-9); 7.15-7.21 (2H, m, H-7 + H-8), 7.26
(2H, d, J 8.7, 0-Ph), 7.32 (2H, d, J 8.7, m-Ph) " 2.84 (2H, t, J 7.3, H-5"), 7.14-7.24 (2H, m, H-7 + H-8), 7.28 (1H, dd, J 7.1 and 1.8, H-6), 7.54 (1H,
dd, J 7.1 and 1.8, H-9), 7.45-7.51 (2H, m, meta/Ph), 7.58-7.61 (1H, m, p-Ph), 7.93-7.96 (2H, m, o-Ph) at 25 °C, 3.23 (2H, br s, 2/H-4’, not resolv.),
2.67 (2H, br's, 2/H-5', not resolv.) at —93 °C."7.56 (1H, dd, J 7.7 and 1.8, H-9), 7.17-7.28 (3H, m, H-6 + H-7 + H-8), 7.40 (1H, ddd, J 8.3, 6.9 and
0.9, Bt-1), 7.52 (1H, ddd, J 8.3, 6.9 and 0.9, Bt-1), 7.68 (1H, dt, J 8.3 and 0.9, Bt-1), 8.05 (1H, dt, J 8.3 and 0.9, Bt-1)./ 7.15-7.25 2H, m, H-7 + H-8),
7.31-7.35 (3H, m, m-Ph + p-Ph + H-6), 7.42-7.46 (2H, m, 0-Ph); 7.53 (1H, dd, J 7.2 and 1.7, H-9) ¥ 4.06-4.16 (4H, m, 2/OCH,), 1.31 (6H, t, J 7.2, 2/
CH,), 7.14-7.25 (2H, m, H-7 + H-8), 7.33 (1H, dd, J 7.2 and 1.7, H-6), 7.54 (1H, dd, J 7.2 and 1.7, H-9).

"B NMR chemical shifts, as explained below. The application
of 'H, C and "B NMR chemical shifts has been previously
used for the identification of the preferred conformation of six-
membered heterocycles containing the NCH;-BH, structural
fragment.3

The axial (CH;) or equatorial (BH;) preference in 1 was sup-
ported by NOESY experiments. The NOE of CH, with H2ax
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indicates that compound 1 adopts a chair conformation in
which the CHj; is axial. These conclusions were confirmed by
an X-ray crystal structure determination of 1. Fig. 2 shows a
perspective view of the molecule, which crystallizes in the tri-
clinic space group P-1. The X-ray structure of 1 demonstrates a
similar conformation in the solid state. Comparison with
related structures in the Cambridge Crystallographic Database



Fig. 2 Perspective view of the X-ray crystal structure of 1.

showed that the B-N bond length (1.649(2) A) in 1 is unusually
long.’

Low temperature spectra. The "H-'H COSY experiment at
low temperature revealed the vicinal and geminal couplings of
the protons in positions 2-5, and the geminal couplings were
identified in the 'H-*C HETCOR spectrum, yielding a
sequence of two methylene groups. The most deshielded
methylene CH, was assigned to C-5 in the seven membered
ring. The axial protons in positions 2 and 3 were identified by
two large couplings (ca. 10-15 Hz), one geminal and one
axial-axial. The 'H chemical shifts and coupling constants of
compounds 1-10 are given in Table 1.

In contrast to cyclohexane,' for which the axial protons
appear at high field, the axial protons of the parent benzo-
cycloheptene ring system appear at lower field.” The irregular
relationship dgs,, > dgseq ' is due to the anisotropy of one of the
lone pairs on the sulfur atom to H5ax. At low temperatures, in

the "H NMR spectra of 2-10, each signal of the seven member
ring (H-2, H-3, H-5) and side chain H-4' broadens to give AB
type spectra due to the existence of a single chair (C) conform-
ation in which the individual methylene protons (H-2, H-3, H-5
and H-4') have different environments. As room temperature is
approached, the rate of conformational interchange between
the two protons of each methylene group of the benzazepine
ring increases, resulting in conformationally averaged spectra.
The low temperature 'H NMR spectra of 2-10 show the same
dynamic process with a different rate constant (k, s') for ring
inversion (see Table 3).

As representative examples of this series of compounds 2-10,
variable temperature dependent 'H NMR spectra for com-
pounds 3 (Fig. 3) and 6 (Fig. 4) are shown.

Determination of the thermodynamic parameters (T, k., AG")
for the conformational ring inversion for compounds 2-10

Using the Eyring equation,' the free energy of activation AG*
(Table 2) for the chair-to-chair conformational inversion for
compounds 2-10 was estimated from the observed coalescence
temperature (7).

Tetrahydrobenzothiazepines 2-10, as di-heteroanalogues of
benzocycloheptene, exhibit higher energy barriers, by ca. 2 kcal
mol ™!, for conformational ring inversion as compared to that of
substituted cycloheptanes (AG* = 7.8 kcal mol !),’*!* because
the pseudorotation in 2-10 is blocked by the presence of the
double bond of the fused benzene ring, and ring inversion is
considerably slower.

On comparing the values of free energy of activation of
benzocycloheptene (10-11 kcal mol™')** with N-substituent-2-
benzothiazepines 2-10, it was observed that the introduction of
a heteroatom (nitrogen) to the benzocycloheptene ring did not
significantly change the magnitude of the barrier.

H5ax HSe
4 H3ax H2eq 4 H-5'
H3eq
.
T}IYI\ TTTTTTTTT WITT] II\II’\II IV"II!T \\1\[ YIT]II\\}\TI]I\I\K‘ T]W]I\VIl\IIW!TITTTTT
44 42 40 38 34 32 30 238 26 24 22 20 13 16 10
-75°
1KIIIIYI\\15‘YTII]\I‘I‘IIYTI\IWI‘I\\I,\I T‘TT]lI [IV\\] TVIWT!\l‘\}\!]l\\!l\fll]T TTTrT
24
-62° m/
_.——/
Il‘lTY\]III]TI\!‘IY]\lYTll[ITII\II\IITTI]I\I!]IIT!I\Il!lllT[llTilII\II\II\‘ITTT{I\TI'II
44 42 40 38 36 34 32 18
s MJWL M
Il]]]\l|WI\III’\WIITIY’II1]‘TITTI]\IWITIT’|||\l}TTI\‘I]lT]TII\!\lIITI\\'IYYI]TIII]\II\‘YT
44 42 40 38 36 34 32 3.0 28 26 24 22 20 18 16 14 12 10
lly\TTT‘IIITiTIII‘iITITTI\ IlllTIlINlTTI\\IT\TTIlTITII]I!IVITT]I!!I‘ITI\‘IYTI]]TIIIII
44 42 4.0 38 36 34 32 3.0 28 26 24 22 20 18 16 14 12 10
H-5
H-3 H-4' H-6'
H-5' H-7'
i i M JM
Tll’lll TTTTTTTTT IT]]]I]YI{YI]T]I ITI\IITlllTlllll IWII] Y‘TI!I]T!\\[I\YV]\IIIlY]]TI—VT
44 42 40 38 36 34 32 3.0 28 26 24 22 20 18 L6 14 12 10
Fig. 3 'H NMR variable temperature spectra of 3 in CD,Cl,.
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Table 2 Coalescence temperatures (7 /°C), methylene shift positions (6/ppm), geminal coupling constant (J/Hz), rate constant of inversion (k/s~'?)
and free energies of activation (AG*, kcal mol™'“) for the conformational inversion of N-substitued-1,4-benzothiazepines (2-10) in CD,Cl,

Compound Proton Oa On ov/Hz 2] z/Hz T J°C kefs™! AG*/kcal mol ™!

2 H-2 2.89 2.40 147 14.2 —67 3354 9.5
H-5 4.25 3.94 93 14.1 —67 110.8 9.7

3 Proton — — — — — — —
H-2 291 2.40 153 14.5 -57 348.7 10.0
H-5 4.25 391 102 14.4 -6l 239.6 10.0

4 Proton — — — — — — —
H-2 2.98 2.45 159 14.5 -52 361.7 10.2
H-3 3.28 3.16 36 14.5 —61 112.3 10.4
H-5 4.28 3.85 129 14.4 -53 296.9 10.3
H-4' 3.46 3.29 51 13.6 —-60 135.2 10.3

5 Proton — — — — — — —
H-2 2.87 2.52 105 14.3 —41 245.7 11.0
H-5 4.30 3.87 129 14.3 -39 296.7 10.9

6 Proton — — — — — — —
H-2 2.95 2.46 147 14.5 =51 335.7 10.3
H-5 4.26 3.78 144 14.4 -5l 329.1 10.3

7 Proton — — — — — — —
H-2 3.00 247 159 14.3 —48 361.4 10.4
H-3 3.46 3.27 57 12.8 —58 144.4 10.5
H-5 4.37 4.00 111 14.6 —54 258.9 10.3

8 Proton — — — — — — —
H-2 2.89 2.70 57 14.8 —-63 150.0 10.1
H-3 3.54 3.10 132 14.1 -59 302.9 10.2
H-5 4.14 4.02 36 14.5 —65 112.3 10.2
H-4' 5.54 5.27 81 13.8 —63 194.9 10.0

9 Proton — — — — — — —
H-2 2.88 2.61 81 14.4 —63 196.1 10.0
H-3 3.46 3.25 63 14.8 —-63 161.3 10.1
H-5 4.28 4.06 66 14.5 —62 166.4 10.1

10 Proton — — — — — — —
H-3 3.50 3.33 51 14.5 —54 138.0 10.6
H-5 4.35 4.06 87 14.7 -5l 209.0 10.5

TAG*=19.14 T (9.97 + logT o/dv) I mol ™! (1cal = 4.18 J) * Keyuesconce = & (AV? + 6,52 1(217)

H-4'
H5ax H5eq H3eq H3ax H2ax H2eq
-93°
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Fig.4 'H NMR variable temperature spectra of 6 in CD,Cl, (aliphatic region).

The rate of inversion at the coalescence temperature was from the methylene protons, and J is the coupling constant.'®
calculated from the expression K.pyescence = T (A + The rate constants (k, s~') of inversion of benzothiazepines ring
6J,5%)"2/(21), where Av = v, — vy (in Hz) is the difference in at the corresponding coalescence temperature (7)) are given in
chemical shift between the centers of the two doublets arising Table 2.
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Table 3 *C NMR spectral data of N-substituted-2-benzothiazepines* 1-10 in CD,Cl,

Comp T/°C C-2 C-3 C-5 Cc-4' C-5a C-6 C-7 C-8 C-9 C-9a
1° 25 28.6 63.8 65.9 46.4 136.4 132.7 129.8 128.4 133.3 137.6
-93 28.3 64.4 65.2 44.1 136.3 132.1 128.7 127.9 132.7 132.1

2° 25 30.8 58.3 59.6 47.0 137.6 131.0 127.7 127.6 132.6 143.7
-93 28.2 57.3 57.8 44.0 136.2 130.5 126.9 126.8 131.8 142.6

3¢ 25 29.1 57.8 59.2 52.1 136.9 130.8 127.3 127.2 132.1 143.1
—40 29.2 57.8 58.9 514 136.5 130.7 127.3 127.2 132.1 142.7

4° 25 31.1 58.4 59.8 56.8 137.9 131.5 127.7 127.7 132.7 144.0
-93 28.9 56.8 58.6 54.2 136.6 130.9 127.7 127.7 131.9 143.1

5/ 25 31.4 57.9 60.2 57.4 137.8 131.7 129.4 129.3 140.1 144.2
-92 28.9 56.8 58.6 54.2 136.8 1304 128.7 128.6 140.0 143.5

6° 25 31.1 58.7 59.7 56.5 138.4 131.3 127.8 127.8 132.9 143.8
-93 29.9 57.9 58.9 552 137.7 131.0 127.4 127.4 1324 143.2

7" 25 30.1 58.2 59.5 47.0 137.6 131.2 129.2 128.5 132.9 143.7
8 25 322 57.2 58.5 67.1 136.4 130.7 127.6 127.4 132.3 142.3
9/ 25 31.9 45.1 58.6 60.1 137.8 131.3 128.0 127.9 132.8 143.3
-93 30.3 433 57.6 58.7 136.6 130.8 127.3 127.2 132.0 142.4

10* 25 30.8 60.2 61.1 47.9 137.9 131.9 128.0 127.9 132.9 143.1
-93 29.4 59.3 62.1 455 137.0 131.7 127.6 127.5 132.5 142.1

Additional signals (6/ppm and J/Hz): ¢ Positions numbering is given in Schemes 2 and 4. * —; < CH,-13.1 at 25 °C, CH; —12.3 at —93 °C; “ C-5"-27.0,
C-6'-29.5, C-7'-22.6, CH;-14.1 at 25 °C, C-5'- 26.9, C-6' —29.2, C-7'-22.6, CH; —14.1 at —40 °C; *'C-131.4, °C-130.4, "C-114.1, CH;0-55.7 at 25 °C,
iC-130.0, °C-129.8, "C-112.9, CH;0-54.9 at —93 °C; /'C-130.4, °C-127.0, "C-114.1, CH;-22.3; 55.7 (CH;0) at 25 °C, 'C-129.7, °C-126.4, "C-112.9,
CH;-22.2, 54.9 (CH;0) at —92 °C; ¢'C-137.8, °C-128.8, "C-128.5, 7C-130.7 at 25 °C, 'C-137.1, °C-128.4, "C-130.3, ”C-132.2 37.5 (C-5"), at —93 °C;
"iC-137.7;°C-128.0, "C-128.5,7C-133.6, CO-199.1 at 25 °C; 1 'C-145.3, °C-119.1, "C-123.8,"'C-127.2, °C-110.3, "C-132.5 (Benzotriazol-1-yl ) at 25 °C;
7iC-123.6,°C-132.1,"C-128.8,7C-123.6 at 25 °C, 'C-122.2,°C-131.2,"C-128.1,7C-122.2, 86.5 (C=C-CH, ), 85.1 (C=C-CH, ) at 25 °C, 85.0 (C=C-CH,),
83.8 (C=C-CH,) at —93°C; ¥ 62.6 (d, J 6.8, OCH,CHj) at 25 °C, 60.6 (d, J 6.8, OCH,CH;) at —93 °C; 60.2 (d, J 9.0, OCH,CH,); 47.9 (d, J 167.8,

CH,P).

3C NMR chemical shifts assignments of 1-10

The “C NMR spectra of 2-10 in CD,Cl, solution are
unchanged in the temperature range +25 °C to —93 °C (see
Table 3), which confirms that there is only chair to chair
exchange between mirror-image conformers. The spectral
assignments of carbon signals are based on 2D HETCOR and
HETCOR-LR and are reported in Table 3. At +25 °C to
—93°C, the *C NMR spectra of 2-10 (see Table 2) show signals
for C-4’ of the N-alkyl group in the range of 44-48 ppm for
compounds 1, 2, 7, and 10 and in the range of 51-67 ppm for
compounds 3, 4,5, 6,8 and 9.

As a representative example of the HETCOR-LR spectra of
1-10 we have illustrated by arrows in Scheme 4 the typical long-

Scheme 4 Arrows represent typical C—H long range correlations
through three bonds (J = 10 Hz) observed in the HETCOR-LR.

range correlations through two or three bonds (J = 10 Hz) in 6.
The long-range shift correlation HETCOR-LR experiment,
which was optimized at 10 Hz, was used to unambiguously
distinguish two quaternary carbons (C-5a and C-9a).

As a representative example of the low temperature two-
dimensional “*C-'H correlated NMR spectra of 1-10, we have
included the contour plot (Fig. 5) of compound 2, in which a
cross peak was observed between a geminal pair of H-2 (2.40/
2.89 ppm) and C-2/28 ppm, H-3 (3.18/3.39 ppm) and C-3/57.3
ppm, and between H-5 (3.94/4.25 ppm) and C-5/57.8 ppm.

Experimental

The 'H and C NMR spectra were acquired on a Varian
GEMINI 300 spectrometer. Data were obtained from solution
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Fig. 5 HETCOR spectrum of 2 in CD,Cl, (=93 °C).

in CD,Cl, and the 'H and *C NMR chemical shifts () in ppm
are referenced to the solvent peaks at 5.32 and 54.0 ppm,
respectively. All two-dimensional experiments were acquired
using standard Varian software. 'B NMR spectrum were
acquired on a VXR-300 MHz spectrometer operating at an
observation frequency for ''B (I = 3/2) of 96.2 MHz. The chem-
ical shift scale was referenced to external BF;-O(C,Hs),. The
temperature was calibrated using a methanol and ethylene
glycol standard for low and high temperatures, respectively.
The temperature was accurate to *0.5 °C. Compounds 1-10
were synthesized by known procedures.*

X-Ray crystallography

Data were collected with a Siemens SMART CCD area
detector, using graphite monochromatized Mo-Ka radiation
(2 = 0.71073 A). The structure was solved by direct methods
using SHELXS' and refined on F?, using all data, by full-
matrix least-squares procedures using SHELXL." Hydrogen
atoms were included in calculated positions, with isotropic dis-
placement parameters 1.2 times the isotropic equivalent of their
carrier atoms.

Crystal data for 1: C;,H;,BNS, MW 193.11, triclinic, P-1,a=
7.128(2), b = 9.196(3), ¢ = 9.506(3) A, a = 62.984(3), fi =
87.519(4), y=75.878(4)°, V'=536.73) A3, Z=2, T = —105°C,
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F(000) = 208, (MoKa) = 0.255 mm ™!, Deq = 1.195 g.om™,
20max 50° (CCD area detector, 99% completeness), wR(F?) =
0.0908 (all 1874 data), R = 0.0328 (1784 data with I > 201).
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