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Tris-(2'-methylbenzimidazol-1'-yl)methane (TMBM) presents an interesting example of pro-
peller-like chirality, which is discussed according to Mislow's and Dunitz's descriptions.
Fortunately, the two most stable isomers (the three methyl groups "up”, i.e. on the same
side of the methine proton, and two methyl groups "up” and the third one "down") were pre-
sent in the solid state, thus allowing the determination of their molecular structure by_1
X~-ray crystallography. The activation barrier which separates both isomers (9.8 kcal.mol )
was determined by dynamic 'H n.m.r., whereas that corresponding to enantiomers (28.5 kcal.
mol~1)} was determined kinetically by racemization, after pure enantiomers were resolved
by chromatography on microcrystalline triacetyl cellulose. Both the racemic TMBM and its
enantiomers crystallize with a larger number of water molecules, six and seven respective-
ly. forming cyclic structures.

INTRODUCTION

Isomeric Forms and Nomenclature.- Tris-(2'-methylbenzimidazol-1'-yl)methane

(TMBM) is a chemical system able to show stereoisomerism and, in particular,
enantiomerism, due to restricted internal rotations. Moreover, it is a mole-
cule which is able to adopt the so called "propeller" conformations: it has
three fused ring systems, which can act as blades, attached to a methine
group, thus producing a frame with D, symmetry.

This kind of system has been studied by Mislow et 31.1_3 Following their
description, isomerism in this molecule arises from the sterically hinde-
red rotation of the fused rings about the C(1)-N(jl) frame bond, and is mea-

sured by the torsion angles $; = H(1)-C(1)-N(j1)-C(j2). Regarding the chi-
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rality elements used by Mislow et al., in the case of TMBM there is no "chi
rality center" since the three substituents are equal.

The relative position of the fused rings with regard to the plane of chira-
lity, taking as + the side where H(l){is located, may be described, in term
of the torsion angles, as +,x — ($,4,4}, +,a—(d*v,4,¢), and so on, ¢ ha-
ving any value. Finally, the helical chirality, measured with regard to the
C(1)-H(1l) axis as zero position, is described by the sign of the ¢ value.
In this description in terms of torsion angles, the "propeller" like forms
have all N values alike (modulo =) (the other forms being called "nonheli-
cal” ones), and the enantiomer of a given conformation (¢1,¢2,¢3) is (—¢1,
—¢3,—¢2), both having a pseudo Cy symmetry.

Thus, one enantiomer is not obtained by changing the signs corresponding

to all elements of chirality, as Mislow prOposed2 (see Figure 1). Moreover,
as Figure 1 clearly shows, the three elements require an external referen-
ce for the determination of the sign. Other approaches for describing this
kind of isomerism are equally valid, as pointed out by Mislow,2 the choice
depending on each particular work. In our case, we are of the opinion that
the torsion angle approach, as used by Dunitz et al. for the description

of interconversion paths between isomers,4 is easier to handle and to un-
derstand.

The TMBM molecule, with three identical linked rings that have no internal
C, symmetry axis, has eight possible isomers with propeller conformation
represented in Figure 2. They are characterized by the torsion angles (mo-
dulo 2u): A3 = (¢,¢,9), to which corresponds B3 = (dta,¢tn,dtn) by x-planar
chirality transformation, and, by a, b or c-planar transformations, AzB =
(d,9,9%m) oOr A825(¢,¢1m¢1n), plus their enantiomeric forms changing the he-
licity, that is, the sign of ¢.



Complete energy profile of a chiral propeller compound 67

Fig. 1. Mislow's notation in the case of the TMBM molecule and the problem of enantiomerism

a) A TMBM molecule in the (-+-)x conformation, as
seen from H(1), according to Mislow. The sense ABC
defines the first sign; x corresponds to all 2-me-
thyl substituents on the same side of the N(jl) pla-
ne; the secénd sign means that they are on the H(1)
side; the third sign stands for anticlockwise rota-
tion of all three fused rings from the zero posi-

tion (when perpendicular to the N(ji)'s plane).

b) The enantiomer of the molecule shown in a). It
can be seen that the senses of rotation are oppo-
site; the three rings are still above the N(jl)'s
plane and on the same side as H(1); finally, the
rotation of the three fused rings about C(1)-N(j1)
bonds is the opposite as in a). Thus, it must be

described as (+++)x.

c) The same as a) but in the conformation descri-
bed by Mislow as the enantiomer, with all signs

reversed, i.e. (+-+)x.

The crystals we have studied contain examples of A3, 33, A2B and AZB' grou-
ped in two structures: A3.A3 and A3.AZB. We have verified that the enantio-
mer A3.A2B is crystallographically isomorphous to A3.Kzﬁ. We have not found
samples corresponding to the other four forms.

Interconversion paths between isomers. Stereoisomerization between three
bladed propeller forms of a molecule has also been studied by Mislow et
33.1-3 Leaving aside the inversion mechanism along the C(1)-H(1l) line, not
possible in the case of TMBM, these interconversion paths are interpreted

by the Kurland "flip" mechanisms,5 where zero, one, two or the three rings
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Fig. 2. a) The eight propeller isomers of the TMBM

molecule (modulo 2u); b) Torsion angle definition

along C1-N(j1) with regard to C(j2)

rotate through a torsion value of 0 or n, while the other rings go through
tv/2. In both, O-ring flip and 3-ring £flip, the relative sense of rotation
of the three rings is the same, while in 1- or 2-ring f£lip, two rings rota-
te in a sense and the other in the reverse. In all flips the helicity chan-
ges. The rotation of one ring is geared with the remaining ones, resulting
in a coupling in their movements which has been called "correlated rotati-
ons". The presence of steric hindrance make some of the flips more likely
to occur than others.

Dunitz et g;.4’6
by the Structure-Correlation method.
ge number of structures in the solid state, they developed conformational

have approached the study of these interconversion paths

7,8 From the geometries found in a lar-

maps which represent the low energy portions of the reaction coordinate
profile. In the case of triphenylphosphine oxides, they result in an appro-
ximate two-ring flip path.

As rotation is a periodic phenomenon, the conformational maps of three bla-
ded propellers could be discussed with the same model as that employed for
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crystal structures, using the torsion angles ¢ instead of atomic coordina-
tes. The ¢y torsion angles (i = 1,2,3) follow a clockwise sequence, 3as

seen from the top of the central atom. When referred to a central sp~ fra-
me, with local C3v symmetry, this symmetry provides the equivalent confor-
mations set, which, in this case, corresponds to those described by the
Symmetry Space Group R32 (D;, no 155 of reference 9), both symmetry and po-
sitions referred to the conformational map, not to the actual molecular geo-
metry. Since in TMBM molecules the blades (the berizimidazole rings) have not
internal C, symmetry along the bond of rotation, C(1)-N(jl), the "transla-
tions" with » components, corresponding to the rotor group, have to be eli-
minated, leaving a formal unit cell rombohedral with axis 2s in length. In
the better suited hexagonal axis description, the torsion angles $; are
transformed into hexagonal coordinates given by:

3xy = 207705743, 3¥y = 61%977243, 3z = 4y teyteg

(all in rad. or deg., modulo 2 or 3600, or in fractions of axis, when divi-
ded by their modulo, see Fig. 3).

Fig. 3. Representation of the symmetry elements in the conformational map, as seen perpen-
dicular to the threefold rotation axis. Arrows with signs stand for the signs of the 01,
¢2 and ¢3 rotations respectively. (+++) is along oz*. Symmetry operations are, in frac-

tional coordinates, *{(0,0,0), (1/3,2/3,2/3), (2/3,1/3,1/3)} as R lattice translations,

{(x.y,2), (¥,%x~y,2), (y-x,%,2)} due to the 3fold axis at (0,0,0) and {(y,x,%), (X,y-x,2},
(x-y,¥,2) )} related to the previous one by the 2fold axis along either OX or OY. The heli-
cal forms are situated along the lines parallel to the 0Z axis and passing through points
marked as Q, P and symmetry related like Q', Q", P', P" and so on.
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It is worth to notice that enantiomeric geometries are related by two-
fold axis in the conformational map: (x,y,z) — (X,y-%,2). In this re-
presentation, the eight helical isomers have the following coordinates
(plus the enantiomeric ones among all the equivalent conformations rela-

ted by symmetry) :

Form Angles (rad) Fractional coor.(z=¢/2n) Fractional with ¢ = 45o
A3 0,0,¢ 0,0,z 0,0,1/8

B3 0,0,¢-7 0,0,z-1/2 0,0,-3/8

AzB n/3,2n/3,¢-u/3 1/6,1/3,2-1/6 1/6,1/3,-1/24

A82 2n/3,0/3,¢6-21/3 1/3,1/6,z-1/3 1/3,1/6,-5/24

They are represented along the two independent lines, through P and Q (see,
Fig. 3) on Fig. 4. Non helical forms, those with ¢i with different values
(modulo n), such as AZK, BZE, Azﬁ, BZK, AAB, BBA, AAB, BBA, and their enan-

tiomers, do not have simple map positions.

a3 A3 83 ®3 A3 A3
A TR Rl ERRRR REL S Elbid ---'-I--O--l»---~‘-----I--0--I—'---I-----I——0--I~--<—,~-—--I--04-|-—-<>
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Fig. 4. Distribution of helical forms along the 0z line and through the parallel one
through Q. Along these parallel lines, through P' and P", we have the same distribution
of forms as that through P, but translated by *1/3 respectively. The same relation holds
for those lines through Q' and Q", with regard to the line through Q.

In the TMBM molecule, and among what are probably the most stable forms
(A3, AzB, X3, Kzﬁ), the isomerization may be produced along the following
paths (and those symmetry related, see Fig. 5):

i) Aj(d,4,4) :%%%: 53(513,3)- A three-ring flip (3RF) way, through the
(0,0,0) transition point (TS), hindered by the three H(j7) atoms and, to a
less extent, by the methyl (j8) groups. This flip is stopped, in both sen-
ses, by the bumping of the methyl groups against the phenyl rings and by
the H(j7) atoms against the imidazole rings.

11) Ag(4,0,4) 352 K,B(5,%,F+1) or BA;(3,4,8) F=5 AB(4,4,¢-1) in 2RF

ways, through the (0,0,tn/2) TS's. These ways are hindered still by two
H(j7) atoms, but they are geared by a methyl group against the proton in

the rotating blade, and by one H(j7) pulling the phenyl ring of that blade.
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Thus, this path is favored with regard to the first way. This second way is

stopped in analogous form as in i).

111) A,B(6,4,9-1) ZZ== A,B(4,8,9-1) or KB (3,8, 9%n) == AB(4,4,4+0)
in 3RF path, through (0,0,n) as TS. It is hindered by a methyl group against
two H(j7) and it is stopped in the usual way.

. = = = - e e = = + 4=

iv) A,B(¢,¢,0+7) = Aj(8,8,4+2n) or K,B(9,0,¢-n) =5 Ay(é.0,¢4-27)
similar to the second path.

Of course, the actual path does not need to follow the straight lines drawn
in Fig. 5. Close circuits may be followed through conformations on P lines,
at z = 0 or *1 levels. They are connected through conformations along lines
at P', Q" and P" (see Figs. 3 and 5).
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Fig. 5. Joint distribution of the forms most likely to occur at the lines parallel to 0Z
through: a) P, Q and P', along (+++)/(---) and (4--)/(-++) directions. b) P, Q' and P" ,
along (+++)/(---) and (++-)/(--+) directions. c) P', Q" and P", along (+++)/(-—-) and
(-+-)/(+-+) directions. The figure shows the 3RF and 2RF interconversion paths (wavy

segments) .
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RESULTS AND DISCUSSION

Our interest in polyazolylmethanes,10—19 encouraged us to synthesize a de-

rivative in which resolution and racemization experiments together with
dynamic n.m.r. (DNMR) studies could be carried out. After an unsuccessful

attempt with tris—(3',5'—dimethylpyrazol—1'-yl)methane,19

we decided to pre-
pare tris-(2'-methylbenzimidazol-1'-yl)methane, TMBM. This compound was cho-
sen for two main reasons: the lack of isomerism of position, since both ni-
trogens are equivalent, and a reasonable steric crowding enough for both
enantiomers to be stable at room temperature but, at the same time, allo-
wing the DNMR studies.

Chemistry.- TMBM was prepared using the general synthetic procedure for

trisazolylmethanes.14

3a

N
N\>rCH3 CH

N PTC s
>—CH3+HCCl3 =]

N

\ 3

Ta
|

H

TMBM

Characterization of TMBM.- The compound was characterized by its 1H and 13C

n.m.r. spectra (Table 1). All signals were assigned unambiguously by means
of 2D experiments, both 1H—IH and 1H-13c.

If both enantiomers of TMBM are separated by a racemization barrier high
enough for the process to be "slow" in the n.m.r. time scale, addition of

a chiral reagent should split some of its signals. A first attempt using
Eu(tfc)3 failed (only shifting and broadening of all signals were observed).
Better results were obtained using Pirkle's alcohol, R(-)-2,2,2-trifluoro-
1-(9-anthryl)ethanol (for details, see Experimental Part). When adding Pir-
kle's alcohol to a CDCl3 solution of TMBM, the signals of the 2-methyl
group and of the sp3 C-H, split off into two singlets of the same intensity.
For a larger concentration of the chiral alcohol, the multiplet of H4 pro-
ton also splits. Thus, TMBM is a mixture of two slowly interconverting enan-
tiomers.

A NOESY experiment (see Experimental Part) on TMBM clearly shows a correla-
tion between the methyl and methine protons and a much less intense spot
corresponding to the interaction between H7 and the methine proton. This
shows that in solution, the averaged conformation of TMBM has the methyl
group on the same side than the CH(l), but that minor conformations exist
where the benzimidazole H7 and the CH(1l) are on the same side, that is,

a mixture of A, and AZB (Fig. 2) with the former predominating.

3
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Table 1. Chemical shifts (§) and coupling constants (Hz) of TMBM

Solvent H4 H5 H6 H7 CH (1) CH,
cpCly 7.80 7.29 7.02 6.10 8.57 2.35
(345=8.2) (J56=7.5) (J4c=1.0) (I ,=8.2)
(Jg,=1.1)
DMSO-d, 7.73 7.23 6.96 5.84 9.12 2.34
CD,0D 7.94 7.50 7.18 6.09 9,23 2.60
Solvent c¢2 C3a c4 cs c6 c? C7a CH CH3
cocl, ;50.1 ;42.3 120.4 :23.7 124.7 :()9.6 133.4  74.5  14.5
J=6.5 ~J=5.9 J=163.2 'J-161.7 '3=162.8 la=164.7 33=8.0 '3=166.0 lg=129.7
3528.9  33=8.0 J3=7.6 a=7.8 Ji=8.4 3i-8.0
CD,0D  153.5  143.2 121.1 125.5  126.1 1.5 1348 76.4%  14.3
solid 151.5° 144.3°  117.5° 121.3%  127.8°  109.5° 132.69 74.3% 13.9°
State 151.0° 142.3€ 118.1°  123.4° 126.0° 111.4P 15.2¢
141.7% 119,97 124.0°

140.7°  120.5"

a
At 223 K this signal splits into 76.2

d
Broad signal.

Besides, the 13C CP/MAS spectrum of

(strong) and 76.5 (small): bstrong; CSmall;

racemic TMBM in the solid state (Table

1) was very complex. Some signals were broad, some splitted into two and

even into four lines, indicating th
conformations or, at least, of seve
ring in one TMBM molecule.

Resolution of TMBM.- Resolution of

e existence in the crystal of several

ral positions for each benzimidazole

TMBM was performed by chromatography on

microcrystalline cellulose triacetate (MCT)20 a method which we had already

used in polyazolylalkanes (separati
chiral central sp3 carbon atom).17

on of classical enantiomers having a
There is no example in the literature

of resolution of helical enantiomers using MCT.

With the apparatus and conditions described in the experimental part, two
fractions of TMBM were obtained. The first eluted fraction had a rotatory

power [u],‘36

= 334 in 95% ethanol and it was enantiomerically pure, at least

in the presence of Pirkle's alcohol only one methyl signal was observed
(less than 3% of the other enantiomer). The second fraction contained the

(-)TMBM (same absolute value of [a]

). Suitable crystals were obtained from

the racemic and from both enantiomers (solvent, water-~ethanol).

73
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X-Ray Crystallography

Structure and Constitution.- The main characteristics of the molecular geo-

metries are presented in table 2, where 1 is the enantiomer ¢’ and 2 is the
racemic C+/_.

N3
[l na
“r? 0wl
5]
LS
Table 2 . Selected geometrical parameters ( R,° )
1 2 1 2
Holecule Undashed Dashed Molecule Undashed  Dashed
C1-N1 1.452(6) 1.467(8) 1.441(5) Cl-N11 1.437(8) 1.441(8) 1.458(4)
c1-N21 1.436(6) 1.460(8)  1.455(4) C1-H1 0.94(6)  0.97(5) 1.00(3)
n-c2 1.381(8) 1.3780(8)  1.396(5) N1-C7A 1.392(8) 1.384(8) 1.401(4)
€2-13 1.289(9) 1.015(9)  1.294(5) c2-ce 1.492(11) 1.467(10)  1.481(6)
R3-CIA 1.388(9) 1.371(9)  1.390(4) CIA-CTA 1.408(9) 1.407(9) 1.404(5)
w11-Ci2 1.382(9) 1.379(9)  1.374(5) N11-C17A 1.396(8) 1.412(8) 1.405¢4)
€12-¥1) 1.300(10) 1.301(9)  1.314(4) c12-c18 1.495(11) 1.486(11)  L.474(6)
W13-C13A 1.376(9) 1.388(9)  1.)87(S) CLIA-CITA 1.364(9) 1.385(9) 1.402(5)
n21-C22 1.397(8) 1.384(8) 1.389(4) N21-C27A 1.394¢8) 1.388(8) 1.404(0)
C22-N2) 1.299(8) 1.299(® 1.299(5) C22-C28 1.473(11) 1.497(10) 1.490(6)
¥23-C23A 1.380¢8) 1.381(9)  1.393(4) C2IA-C27A 1.402(9) 1.376(3) 1.398(4)
n21-Cl-Hl 108(4)  108(3) 106(2) N11-C1-H1 108¢4)  106()) 107(2)
N1-C1-H1 105(4)  108(3) 108(2) W11-C1-N21  112.0(3) 113.0(5) 111.5¢3)
N1-C1-u21 112.3(1) 110.9(5)  111.7(3) N1-CL-¥11 111.8(3)  111,1(5) 112.2¢3)
CL-N1-CTA 128.9(5) 131.1(5)  130.1(3) c1-N1-c2 123.6(5) 121.2(5) 122.4(3)
€2-N1-CTA 107.5(5) 107.7(5)  106.6(3) w1-C2-C8 122.1(6) 122.0(6) 122.3(4)
N1-C2-W3 112.3(6) 110.9(6) 111.9(0 N}-C2-cB 125.6(6) 127.0(6) 125.8¢4)
€2-N3-C3A 106.4(6) 107.2(5)  107.0(3) N3-CIA-CTA  110.1(6) 109.5(6) 109.7¢1)
N1-CTA-C3A 103.9(5) 104.8(5) 104.8(3) C1-811-C17A 130.8¢(4) 130.6(5) 129.3(3)
C1-Ni1-C12  12).1(5) 122.5(5)  123.1(3) C12-N11-C17A  105.7(5) 106.8(5) 107.5(3)
N11-C12-C18  122.7(7) 122.76)  123.4(3) NII-CI2-N1)  112.5(6) 111.9(5) 112.3¢)
N13-CI2-C18  124.8(7) 125.4(6)  124.3(3) C12-N13-C1JA 106.1(6) 106.5(6) 105.4(3)
N13-C13A-C17A 110.4(6) 110.4(6)  111.1(D) NL1-C17A-CLIA 105.4(5) 104.4(S) 103.6(3)
C1-N21-C2TA  130.3(S) 120.1(5)  130.4(2) C1-¥21-C22  124.1(5) 132.8(5) 122.5(3)
€22-N21-C27A  105.5(5) 107.1(5)  106.8(2) N21-C22-C28  121.6{6) 125.5(6) 122.5(3)
N21-C22-N2) 113.5(6) 111.2(6) 112.3(3) N23-C22-C28 124.9(6) 123.3(6) 125.2(»H
€22-M23-C23A 105.2(5) 106.4(6) 106.1(3) N23-C23A-C27A 110.9(5) 110.5(6) 110.4
N21-C27A-C23A 104.9(5) 104.8(S) 104.4¢3)
H1-C1-N1-C2 430 -4 +/-38(2) H1-C1-N11-C12 40(0) ~36(3) +/-31(2)
H1-C1-N21-C22 41(4) 139()) +/-42(2)
+/- . . . ;
The structure of C is formed by two enantiomeric types of TMBM, which

surround

a six-membered ring system of water molecules in a

centrosymme-—
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tric arrangement. The independent TMBM molecule has an approximate C3 symme-—
try, with C-N distances ranging from 1.441(5) to 1.458(4) &, and H~C-N an-
gles between 107(2) and 108(3)°.

In the C+ structure, there are two crystallographically independent TMBM
molecules which are chemically isomeric (see below), and seven water mole-
cules. The central part of both types of molecules have an approximate C3v
frame, with C-N distances from 1.436(6) to 1.467(8) A and H-C-N angles from
105(4) to 108(4)°. It is worth to notice the change in the angular values
C1'-N21'-C27A' = 120.1(5)° vs. C1'=N21'-C22"' = 132.8(5)°, while in the
other heterocycles the equivalent angular values are such as C-N-CA > C-N-C,

even in compound 2.

Conformational chirality.- No attempts to determine the absolute chirality

of C+ have been done. The relative conformation of the TMBM molecules, in
both structures, has been analyzed in terms of the torsion angles ¢i = Hl-
Cl1-Njl1-Cj2 (j = 0,1,2) (see Table 2).

The independent molecules in C+/—, and the undashed one in C+, have a chi-
ral propeller conformation of approximate C3 symmetry. The values of the ¢s
torsion angles, all near !400, situate that conformation in the so-called
three-fold axis cluster,6 formed by the most frequent conformations found
in the triphenylphosphine oxides and related molecules.

In C+ there is another independent TMBM molecule, isomer of the first one,

with two ¢ torsion angles near -40° and the third one 180° apart.

The Cambridge Structural Database,21 was searched for molecules capable of

reaching a C3 propeller conformation and with blades without C, internal

symmetry. We used conectivity and names, excluding metal containing com-
pounds, triphenylphosphine derivatives and compounds with the blades inter-
connected in some way,22 finally we were left with:

i) Tris—(3',5'-dimethy1pyrazol—1'—yl)methane23 (see also ref. 19). It
is a le/n crystal, with four crystallographic independent molecules. The
H-C-N-C torsion angles have values, for each molecule, of (38.1,59.0,-160.9),
(37.9,61.2,-161.6), (27.6,57.3,-160.4) and (26.8,66.0,-162.7°) which corres-
pond to a distorted AZB = (¢,¢,¢-7) conformation.

ii) Tri-o-tolyl-phosphine oxide, -phosphine-sulphide and -phosphine-
selenide.24 All compounds crystallize in centrosymmetric structures with
two, three, two and one crystallographically independent molecules, respec-
tively. The torsion angles are: a) :-P-C~C(Me linked): (39.4,45.5,43.2) and
(35.9,47.0,41.9), thus it is an A3 form. b) 0-P-C-C(Me linked): (50.7,43.0,
44.4), (44.6,51.9,42.2) and (49.9,48.9,38.0), again an A3 conformation. c)
$-P~C-~C(Me linked): (52.7,59.3,-172.9) and (56.6,56.5,-162.9) in an approxi-

mate AZB conformation. d) Se-P-C-C(Me linked): (53.9,59.5,—167.70) as in c).
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iii) Tri-m-tolyl-phosphine, -phosphine-sulphide and phosphine-seleni-
de.25 All of them crystallize in the Pbca group, with just one independent

molecule and with corresponding torsion angles of: a) :~P-C-C(nearest to the
substituent): (36.3,46.0,-128.0), which belongs to an AZB form. b) S-P-C-C
{(nearest to the substituent): (15.2,-120.6,-155.0), which corresponds to an
approximate AB, = (¢,4~7,¢~7) but quite near to (0,-27/3,n). c) Se-P-C-C

(nearest to the substituent): (13.8,—119.1,—155.90), like in b).

iv) There is a modification of iiia), tris-m-trifluoromethylphenyl-
phosphine—selenide,26 which maintains the Pbca symmetry group. The only in-
dependent molecule has torsion angles of (—22.2,5.9,96.90), in this case
near (0,0,w/2).

In conclusion, concerning the molecular structure of TMBM we have found two
kinds of conformations, namely A3 (¢,¢,¢)(¢i = 140%) ana KZE (¢,¢,¢—n)(¢i =
1400), both previously found, but never for the same compound.

The near C3 symmetry of the racemic, C+/_, does not seem to be in agreement
with the IJC n.m.r. spectrum of the solid sample (Table 1) which appears
most consistent with an 525 structure. The observed splitting of signals
does not correspond to an 1\3/1\.3 mixture, since the signal that splits at

low temperature is that of C(1l) and not the methyl nor the aromatic carbons.

Packing.- The molecules of TMBM pack in the crystals through a remarkable

network of hydrogen bonds (see Figs. 6 and 7} involving all the water mole-
cules and the acceptor nitrogen atoms, N(j3). In compound 1 = C+, the water
moleggles form chains, along the ¢ axis, with a six-membered heterodromic

ring linked by an isolated water molecule. In compound 2 = C*/_, no such

+ +/-
Fig. 6. The packing of 1 = C Fig. 7. The packing of 2 = C /



water molecule is present and the rings are
networks is given in Tables 3 and 4. In the

an envelope conformation,

cules:

flapping at 0(4),
those involved in four interactions,
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isolated. The g&ometry of these
case of 1, the water ring has

with three types of water mole-
0(1) and 0(21),

that involved

just in two interactions, 0(3), and the remaining ones involved in three

hydrogen-bonds. In compound 2, there are two water molecules, with two,
three and four contacts [0(3), 0(2) and O(l), respectively, and symmetry
related] forming a six-membered ring with chair conformation. The ring is

centered in a crystallographic inversion point, the internal hydrogen inter-

actions being also heterodromic.

Tabie 3

HE .
Packing characteristics ( A,° )it

Table 4. Packing characteristics ¢ R,° 112

a.- Water chain

2.952(9)
2.741(1)
2.941010)
3.038(15%5)
04..01..05 104.6(3)
01..05..0) 129.6(8)
05..03..02 116.6())
02..07..0¢ 115.1(4)
05..06..07¢ 140.1(5)
04..07..0641 139.6(5)
01..05..0)..02 -8.9(7)
03,.02..07..0¢ 43.3(5)
07..04..01..05 $7.9(4)
b.- Other hydrogen bonds
OLl...Ndi41 2.884(B)
02...N3'v 2.889(8)
04...823vi 3.082(11)
Ol-HIA 0.92(1))
02-H2A 0.99(9)
03-HIA 1.29(8)
O8-HiA 0.99(30)
05-H5A 0.99(~)
06-H6A 1.01(-)
01-HIA 0.99(-)
HIA...W3iid 2.06(1%)
HiB...Nl3iv 1.86(1))
H2A... 134t 1.88(8)
H2B...M3'v 1.91(19)
1.87(8)
1.98(9)
2.01(27)
2.21(21)
1.96(-)
1.78(-)
B 1.81(~)
H6B., W23 'vii 1.92(-)
H7A...02iid 1.91(-)
HY8...08111 2.00(-)
Symmetry code :
i = =, ¥, lez
iil= x, ¥ z
v = 1-x, 1/2+y, -2
vile 1-x, -1/2+y, l-z

01..05.
03..05.
03..02.
o7..04.
02..07.

05..03.
02..07.
04¢..01.

.06
.06
.07
01
L0611

.02..07
.04..01
.05..03

ot...N1Mv
02...M13°11
06...N23'vii

Ol1-H1B
02-H28
03-K3®
04-HID
05-HSH
06-16D
07-HB
Ol-tlA.
OL-H1B.
02-H2A.

02-H2D. .

03-HIA.
03-HIB.
O4-H4A.
O4-HeD,
O05-HSA,

05-HS3..

06-HSA,
06-HED .
07-HIA.
Q7-HBA,

ii= x,
ive -x,
vi= =,

. N3t
+ N1y
LoNLI'HL
MY
..05011
..02141
..01i11
«oN2IVL
<0111
06441
.01
«H23'vL
..02114
Y3831

Y.
/24y,
1+y,

Figs. 8 and 9. The arrangement of

crystal,

in 1: A_.A_B.7H

372

2.808(10)
2.71111)
2.895(11)
2.826(18)

111.%)
116.4(8)
108.4(3)
102.9(4)
104.3(0)

-LS)
=77.3(%)
-23.4(6)

a12(8)
858(3)
860(11)
0s(13)
04(19)
.96(9)
.97(21)
.99(-)
1.18¢-)
1.03(~)
149(11)
149(11)
169(7)
155(14)
140(6)
175(7)
136(21)
138(16)
179¢-)
179(-)
179¢~)
L1
179(-)
180(-)

COoOoOmmNNN

a.- Water ring

0l....02
02....03¢(1)

01..02..03(1)
02..01..03

03..01..02..03(4)
01..03..02(1)..01({)

2.805(5)
2.878(7)

100.6(2)
98.3(2)

-61.2(2)
=75.1¢2)

b.- Other hydrogen bonds

ol...N3
02...N13¢(111)
Ql-HlB

HI1B..N23(ii)
Ol-H1P..N23(ii)

Symmetry code:

L = -x, 1-y, 1-z

2.809(5)
2.966(5)
0.75(B)
2.13(8)
172¢(1)

tit= 1-x, y+1/2, 1/2-2

0l....03 2.995(7)
01..03..02(1) 116.2(2)
02..01..03..02(1) 73.7(2)
Ol...N23(if) 2.888(4)
O1-HI1A 0.91(7)
HlA..N} 1.90t7)
O1-H1A..N3 176(6)

it = 1-x, y-1/2, 1/2-2

Fig. 8

L%*f}%*f

" A

o

ke
¢

Fig. 9

the water molecules; seven, forming chains all along the

20; and in centrosymmetric chair rings in 2: A

3.A3.6H20.

There are nine possible ways to arrange six water molecules in a hydrogen-

bonding network forming a pseudo six-membered ring (Fig. 10).
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oS
i i Y R

Fig. 10. The nine possible ways of arranging six water molecules in a ring with different

2

e 3

donor-acceptor situations.

In TMBM structures, C+ presents a 2c¢c type network while that of C+/- is 2d
type. Both are almost the same, except that the water molecules correspon-
ding to 05 and O3 in c® have interchanged, in C+/-, with 03-02'.

NIy _»N3 N3 N23
L0620 N23 ol
w ow Pt 4
N23 0s 04 + 03 02 +/-
C ‘ | C
¢ U
03\0 /O‘I Nﬁ/ 02\01‘,03
Ve 2\ TN
N13 N3 N23 N3

/- and c¥, the extent of the cavities hol-
ding the water molecules, the similarities of the inclusion systems to form
the crystal structure and, also, the differences due to the seventh water
molecule and the 7-¢ ring twist. The channel in C+ becomes cavities in C+/-
both bound by the acceptors N's of the TMBM. For unit cell volumes of 2425.
4 and 2482.7 53 for C+/— and C+, respectively, the TMBM molecules occupy
1401.6 and 1409.0 33 (the difference is due to the different conformations),
while adding the smoothing of the LGALrolling sphere these volumes become
2012.8 and 1983.1 A3

Figs. 11 and 12 compare, for ct

r

(Fig. 11b and 12b).

Flg. 1:
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Fig. 12:

a b c

Figs. 11 and 12. Sections Y,Z (X = Constant) across the centroids of the water ring sys-

/-

tems for C+ (Fig. 11} and C+ (FFig. 12), showing the holes (b) inside which are included
the water molecules (c}, to give the hydrated structure (a). A 0.2 R grid was used for the
drawings and a rolling sphere of 1.60 A was used for smoothly filling the molecular clefts.
Dark field indicate atomic van der Waals sections, surrounded by surface points (full

account of the method will be published elsewhere).
Dynamic Studies

Racemization.- The racemization experiment was carried out as already des-
cribed (see Experimental Part) at 343.15 K using 1,2-dimethoxyethane as sol-
vent. The results correspond to a first-order kinetics with tl/z(min) =

115742, krot(sec_l) = 4.99+0.01.10" %, ana ac¥,., = 28.47+0.04 kcal.mo1™}.

£

343
iﬂ n.m.r. study at low temperature (DNMR}.- When a deuteromethanolic solu-
tion of racemic TMBM is cooled down at 175 K, the signals of a 86%-14%

(Keq = 6.1) mixture of A; and 525 isomers are observed. An analysis of the
six spectra obtained between 298 and 175 K allows to determine the inter-
conversion barrier between both isomers, AG*(A3-——§2§) = 9.810.1 kcal.mol_{
The analysis, carried out by Professor Jan Sandstrdm (University of Lund,
Sweden) used both the methine proton (two signals) and the methyl group
(four signals). The calculated value for the activation energy is the same
using one or the other signal.

The spectrum at 175 K leaves no doubt of the structure of the minor isomer;
3v symmetry (CH3 at 6 2.72, CH at & 9.39), the

minor one shows the methine proton at 9.67 and the 2-methyl substituent as

whereas the major one has a C

three broad signals of the same intensity at 6 2.93, 2.7 (under the signal
belonging to A3) and 2.02. The last signal belongs to the methyl "down" of
the A2B isomer (Fig. 2) shielded by the ring currents of the benzene rings.
The methyl groups "up" (A2 part) are anisochronous since this isomer lacks
all symmetry elements. Isochrony of methyl "up" signals would correspond,

B == A.B

either to the (0,0,n) conformation (Cs symmetry) or to a rapid 52 2
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interconversion through it. Both possibilities can be ruled out, since

the (0,0,n) conformation is just the highest transition state (TSZ) in

TMBM dynamics (see later on).

CONCLUSIONS

Assuming some simplifications, we have obtained, for the first time, a com-

plete energy profile for a three-blade propeller of the characteristics of

TMBM (sp3 central atom without inversion and "assymetric" blades) (Fig. 13).

TS,

1
~N
<

~n
[+3

- Keal. mol~1 - 2

0 r ‘ ﬂzé . : AzB

Fig. 13. Energy profile of TMBM interconversions

The difference in energy between both isomers has been estimated from the
value of the equilibrium constant (Ke = 6.1) determined in methanol at 175
K. Assuming that the equilibrium constant is the same at 343 K, AG = 1.2

1

kcal.mol ~. The barrier through Ts1 resulted also from the DNMR experiment,

9.8 kcal.mol—l, going from the most stable isomer, A

3

to the less stable
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one, Kzﬁ. Finally, the barrier through TS, (28.5 kcal.mol_l) was obtained

from the racemization experiment. .
The profile of Fig. 13 corresponds to Mislow's type graph™ of Fig. 14.

TS, (0,0,0)
A, (0,4,6) hdubulefaguibdababaiapbunn A, (4,9,9)
3 3RF 3
TS TS!

1 2RF 2RF 1
(olol"/z) (0101-7'/2)
TS, (G,0,n)

A,B (9,0,8-m) > R,B (6, ¢, 4+n)

3RF

Fig. 14. Reaction graph of TMBM isomerizations

With Figures 13 and 14 it is possible to understand all the observed pheno-
mena of TMBM we have previously reported:

i) Isomers A3 and AZB being of similar energy arc both found in crys-
tals. There is no encrgctic reason why AZB(AZB) should not be present in
the racemic. It seems that two molecules of TMBM, together with solvation
water, are necessary to form a stable crystal structure. In the case of the
racemic, the solution to this problem is an A3.K3 mixture, whereas in the
case of pure enantiomers, the solution is an A3.Ké§ (KB‘AZB) mixture.

ii) The measured rotatory power corresponds to a mixture (about 80%-
20%) of K3 and Kéﬁ isomers (or K3 and A,B) in rapid equilibrium.

iii) The splitting of H n.m.r. signals in the presence of Pirkle's
alcohol corresponds to both sides of the graph (Fig. 14) with regard to TSZ’
whereas the splitting at low temperatures corresponds to both sides with
1 (TSi).

iv) Nothing is known about the highest energy path through TS3. Exami-

regard to TS

nation of CPK models indicate that this is certainly a much higher transi-
tion state due to close contacts between Hj7 atoms.

v) The non observed isomers, B3 and AB2 (§3 and Kﬁz) correspond to
highly strained situations.

vi) The A3—-Kzﬁ-¢~A2B-‘-K3 and backwards path can be described as be-
ginning with an oscillation around the A3 equilibrium position; when these
oscillations couple with methyl rotations, and the system has enough energy,
a geared rotation of two rings is observed (A3'“’Ké§)- I1f much more energy
is provided to the system, then a new three ring flip occurs, also in a ge-
ared way (K2§~—>A28).
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EXPERIMENTAL SECTION

General Experimental Procedures.- Melting points were determined in a capi-

llary tube with a Biichi 530 apparatus and are uncorrected. 1H n.m.r. (200.
13 MHz) and l3C n.m.r. {50.32 MHz} spectra were obtained with Bruker AM-200
(Faculty of Sciences, Université& d'Aix-Marseille III, France) and Bruker
AC-200 (Faculty of Sciences, UNED, Spain) instruments. Chemical shifts (§)

in ppm and coupling constants (J) in Hz were measured in 10% (w/v) s8lu-
tions with Me4Si as internal standard. The 1H and 13

accurate to 0.01 and 0.1 ppm, respectively. Coupling constants are accura-

C chemical shifts are

ted to 0.2 Hz for 1H n.m.r. and 0.5 Hz for the 13C n.m.r. The mass spectrum
was recorded on a VG-12-250 spectrometer operating at 70 eV.

Synthesis of Tris-(2'-methylbenzimidazol~-1l'~yl)methane.- A mixture of 2-me-

thylbenzimidazole, 22.7 mmols, 114 mmols of anhydrous potassium carbonate
and 1.2 mmols of tetrabutylammonium bromide was vigorously stirred and re-
fluxed in dry chloroform (30 ml) for 8 h. The mixture was filtered and the
residue washed with hot chloroform (3 x 25 ml). The organic solution was
evaporated and the crude product purified by column chromatography on sili-
ca gel Merck 60 {70-230 mesh, ASTM) with ethyl acetate-methanol (9:1) as

eluent, Ry = 0.19. Yield, 43%, m.p. 214-5°C (EtOH-H,0). Mass spectrum, M’
= 406.
Anal. Calcd. for C25H22N6.3H20: C, 65.20; H, 6.13; N, 18.25. Found: C,

66.36; H, 6.51; N, 18.63.

The compound was sublimated, m.p. 118% (Lit. m.p. IIOOC).14

Anal. Calcd. for C25H22N6: C, 73.87; H, 5.46; N, 20.67. Found: C, 74.17:
H, 5.50; N, 20.70.

COSY and NOESY n.m.r. Experiments.- These 2D-experiments were run on the

Bruker AM-200 spectrometer according to the following data acquisition pa-
rameters: i) for the. 2D-COSY experiment, Fl domain (SI1, 1K; SWl, 958 Hz;
D1, 1s), F, domain (SI2, 2K; SW2, 1916 Hz), NS, 16; DS, 2. ii) for the 2D-
NOESY experiment, F, domain (SIl, 1K; SW1l, 958 Hz; D1, 1s), F2 domain

(S12, 2K; SW2, 1916 Hz), NS (number of transients per FID), 96; DS (num-
ber of preparatory dummy transients per FID), 2. All the 2D experiments we-

re processed with a sine bell window (WDW1 = WDW2 = S, SSB1 = SSB2 = 0).28

DNMR Experiments.- The IH n.m.r. spectra of TMBM were recorded at 298, 220,
200, 190, 180 and 175 K in CD3OD using the Bruker AC200 instrument. The
temperature calibration was performed using the methanol signal and a de-

lay of 15 min was used before registering the n.m.r. spectra at each tem-
perature.
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Separation by Liquid Chromatography on Microcrystalline Cellulose Triace-

tate (MCT).- The technique and apparatus for separation of enantiomers on

MCT have been described elsewhere.”'29

A solution of 15 mg of racemic
TMBM in 4 ml 95% ethanol is injected in one column of 20 cm length with an
internal diameter of 2.5 cm; phase, MCT 15-25 microns from Merck; flow rate,
92 ml/h; pressure drop, 1.6 bar; temperature, 20°¢. Using 1,3,5~-tri-tert-
butylbenzene as reference (v0 = 14.45 cm), a LKB 2138 UVICORD S detector

(A = 254 nm), a 241 MC Perkin Elmer polarimeter (2 = 436 nm) for the detec-
tion of the compounds and after four cyclic passages of the enriched frac-
tions, the (+) enantiomer (V = 16.90 cm, k'(+) = 0.29), m.p. 109—11°C and
the (-) enantiomer (V = 18.70 cm, k'(-) = 0.17), m.p. 114—16°C, were sepa-
rated (& = 1.70).

The enantiomeric purity was checked by 1H n.m.r. in deuterochloroform in
the presence of R(-)-2,2,2-trifluoro-1-(9-anthryl)ethanol (Pirkle's alco-
hol) in a 4 molar excess with respect to the cnantiomer. The IH chemical

shifts for each enantiomer are gathered in Table 5.

Table 5. ]H chemical shifts of the enantiomers in the presence of Pirkle's

alcohol.

Compound 14 1) e n7 CH (1) CH,
Enantiomer (+) 7.63 7.21 6.94 5.91 8.23 2.00
Enantiomer(-) 7.61 7.21 6.94 5.91 8.18 1.94
AS =8H(+)-8H(-) 0.02 0 0 0 0.05 0.06

The purity of enantiomers was also checked by circular dichroism. The ro-
tatory power was measured in 95% ethanol at the concentration of 2.1()_3

g.ml_1 using the 241 Perkin Elmer polarimeter (temperature, 25%%).

Racemization.- 1 ml of a solution of enriched (-)TMBM (4 mg) in 1,2-dime-
thoxyethane (1 ml) was introduced in a thermostated polarimeter cell at
70°C with an initial o value of -1.095. The rotatory power was measured
each 15 min and after 540 min an o of -0.795 was obtained. The data were
processed using the RACEM program.30

X-Ray Crystallography.- The parameters describing the crystallographic ana-
lysis are given in Table 6, for crystals 1 = C+ and 2 = C+/_. Final atomic
coordinates are given in Tables 7 and 8, according to the numbering scheme
already presnted. Figs. 11 and 12 were drawn with the program "Holes 1989"
(Martinez-Ripoll, M.; Foces-Foces, C.; Hern&ndez Cano, F. unpublished re-
sults). Atomic coordinates for the hydrogen atoms and anisotropic thermal
parameters for non-hydrogen atoms, are available from the Director of the
Cambridge Crystallographic Data Centre, University Chemical Laboratory,

Lensfield Road, Cambridge CB2 1EW. Any request should be accompanied by
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the full literature citation.

TABLE 6. Crystal analysis parametr: s at room temperature

Crystal data 1 2
rormula 2 (Ca5¥22¥g). 7 H0 CaghizzNg. 3H30
Crystal habit Transparent plate Transparent, plate
Crystal size (wm) 0.27 % 0.20 x 0.13 0,33 x 0.23 x 0.20
Symmetry Honoclinic, P23 Moncclinic, P2y/c
Unit cell determination: Least-squares fit from 72 Least-squares fit from 88
reflections (0 < 45°) reflexions ( & < ¢5° )
Unit cell dimensions 16.6252(30), 13.3981(15), 9.9500(8)k 10.0364(5), 13.3774(7), 18,0879(1)R
90, 90.853(9), 9%0° 90, 92.904(6), 90 °
Packing: vk r Z 2482.7(5), 2 2425.4(2), ¢
De(g.cm™?), M, F(000) 1.256, 939.08, 996 1.261, 460.54, 976
ulcm™l) 6.68 6.59

Experimental data

Technique Four circle diffractometer
Bisecting geometry
Graphite oriented monochromator: Cuk,
w/20 scans, scan width: 1.6"
Detector apertures 1.0x1.0°

Total measurements Up to 65° in o
Speed 1 min./reflec.
Number of reflections:
Independent 445t 442
Observed 3375 [3a(1) criterion] 2367 (3Ia(1))
Standard reflections: 2 reflections every 90 minutes. 2 relflexiones every 90 minutes
Overall decay: B% No variation

Solution and refjinement

Solutjon Direct methods Direct Methods
Ref inement L.S. on Fopg, 5 blocks L.S. on Pobs with 1 block
Parameters:

Number of variables 829 ( 24 hydrogen parameters fixed ) 403

Degrees of freedom 2546 1963

Ratio of freedom 4.1 5.9
H atoms Diflecence synthesis Diffecence Synthesis (ngt located those
Final shift/ecrcor 0.48 0.07 02 and. 03 atams)
Welgthing scheme Empirical as to give no trends in <walF>

vs.<lFobs|> or <Sin e/3>
Max. thermal value Uy1(05]1=0,191(9)42 U33(03)=0.188(5)A2
Pinal AF pesks 0.38 e.k7? 0.35 eA”
Final R and R, 0.067, 0.078 0.053, 0.061
Computer and programs vaxll/750, XRAY76  , MULTAN8O
Scattering factors Int. Tables for X-Ray Ctystallography9
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TARLF 7 .FINAL ATOMIC COOPDINATES: 1
e,

Atom »‘a y/b z/c Atom x’a y/b zic
c1 0.9401C 3  0.1000 0.31960 6 cr 0.5532¢ 3)  0.6190C 5}  0.3651( 6)
N1 0.080 N 0.17191¢ &) 0.2%531 %) LI 0.5%04( 3 0.5368c 4} 0.2082¢( §5)
c2 0.05MC 3 0.2738¢ 5) 0.2323 6) c2' 0.5%62( 4) 0.4478( 5 0.27114¢ M
N3 0.09%4¢ 3) 0.3302¢ &) a.1712¢ &) ' 0.598%¢ ) 0.3866¢ 4 0.2057¢ $)
(1 0.1596¢ &) 0.2131( %) 6.1522¢ 6) c31a 0.6621C &) 0.4351( 5 0.1867( 6)
(o] 0.2233( &) 0.29838( &) 0.0918( 1) ce’ 0.72)5C &) 0.4032( 6! 0.1230( M)
cs 0.215) & 0.2 1) 0.0852( &) cs’ 0.71826( &) 0.4662( 6} 0.1206¢ 7)
cs 0.2660( &)  0.1342( 6}  0.1392( 1) cs* 0.7787C 4)  0.5598( 6)  0.1818( 8)
c? 0.2041( N 0.10%4( S) 0.2009¢ 1) cr 0.7184C &) 0.5949¢ 5) 0.2446( 6)
Cm 0.149%¢ 3} 0.1765( $S) 0.2047¢ &) CT'A 0.6589t N 0.5308( 4) 0.2468: 6)
cs -0.0199¢ &) 0.30)9%¢ 6) 0.27157(C 9 ce’ 0. 488} ) 0.4258¢ 6) 0.32114 8>
w1 0.0133C 3} 0.1166( &) 0.4613¢ $) N1 0.5418( 3  0.5968¢ 4) 0.5049( 5)-
c12 -0.022)( & 0.071771  S) 0.5363t 1) 2’ 0.4054( O 0.6363( %) 0.5756( 7
13 -0.0215¢ ) 0.1103¢ %) 0.6%93¢ &) N13° 0.4839¢ 2 0.6026( 5) 0.6981( 6)
ClIA 0.0356( N 0.1750( $) 0.6693( 6) C13'A 0.5401C J) 0.5351( %) 0.7108( &)
C14 0.0581( &) 0.201% ©&) 0.7792( &) cuer 0.5590( 4 0.4755¢ 6) 0.6199( 7)
€15 0.1181¢ &) 0.2915¢ $) 0.7647( @) Cc15° 0.6161( &) 0.4122¢ 6) 0.8041( 7)
c16 0.1534( &) 0.2934¢ %) 0.6441¢ ®) C16° 0.6540( & 0.4091( 6) 0.6869( 9
c1? 0.1327¢ 3 0.23719( %) 0.9328( 6) car 0.6379¢( ) 0.4680( $) 0.5759( 7)
ci7a 0.0713¢ 3 0.1798¢ §¢) 0.5485( 6) Ci7'A 0.57810 ) 0.5302¢ $)  0.5924( §)
c1s -0.0763( &) 0.0061( 7) 0.4793 10) cie’ 0.4320( &) 0.70%6( 1) 0.514L( 8)
w21 0.0685( 3) 0.0028( 4) 0.2906¢( %) n21' 0.5907¢ J) 0.713)C &) 0.307¢ 5)
€22 0.0609( & -0.0451( S) 0.1666( 1) c22’ 0.6351C 1) 0.7702¢ ) 0.4265¢ 6)
"23 0.092)( 3) -0.1316( &) 0.1624¢ 6) N23° 0.6551( ) 0.8514( 5) 0.3660¢ 6)
C23a 0.1240¢ M) -0.1835¢ S) 0.2876( N C23°A 0.6242¢( ¥ 0.8485¢ 5) 0.239%0¢ )
c24 0.1631( & -0.2260( S) 0.3388¢ 9) cae 0.6296( &) 0.9181(¢ 5} 0.1345( &)
c2% 0.1891( &) -~0.2197( %) 0.46%0( B c2%* 0.5934¢ o 0.8956( 6} 0.0189¢ 9
c26 o.118( 4) -0.1370¢ &) 0.5408¢ ) c26’ 0.5509( &) 0.8090¢ 6) 0.0045¢ 8)
€2 o.1)85¢ &) -0.0558( %) 0.5005{ ) (20 0.54857¢ 4 0.7411¢ 5} a.1a72¢ 1)
C27a 0.1101( 3 -0.0611¢ &) 0.3101¢ 6) [« 200 } 0.5843C 1) 0.7628( 5) 0.2225¢ &)
ca8 0.0188¢ 5) -0.0006( §6) 0.0553C ) cin’ 0.6593 © 0.7432( &) 0.5660( 1)
o1 0.1250¢ 3 0.54200 &) 0.1593 8§ 0% 0.2713¢ 4) 0.5480( 9} 0.2775¢ 8)
02 03811 3 0.6840¢ S5} -0.11041 6} 086 0.2687( ) 0.5268( 7) 0.5513( 8)
o) 0.39371(¢ & 0.6228( 6) 01133 ®) o7 0.2445¢ §) 0.6414¢ 8 -0.2151¢ 1)
04 0.12290 6 0.6970( T) -0.0)06( 6)
TABLE B .FINAL ATOMIC COORDINATES:2
Atom x’a /b z/c Atom x/a ¥/b z/c
ci 0.6815¢ 1 0.5010¢ 2) 0.20715¢ ) 16 0.4439( %) 0.2664¢ 1) 0.0699( 2)
Nl 0.5 N 0.5211( ) 0.2113¢ c1? 0.4958(C & 0.3500¢ ) 0.1077¢ 2)
c2 0.4770¢ 0.4804¢ 2) 0.2170¢ Ci? a 0.8250( 3) 0.3446( 2) 0.1348¢( 2)
LR} 0.3543¢C 1) 0.5098( ) 0.27103( cis 0.9468( $5) 0.4072¢ &) 0.228)¢ 1)
€l A 0.1313( &) 0.5718¢ 2) 0.2185( 2) w1 0.7368( 0 0.5875¢ 2) 0.1645¢ 1)
Cs 0.21871( &) 0.6268( 1) 0.1975¢ 2) <22 0.7638( &) 0.6816( 2) 0.1941( )
cs 0.2210¢ 4 0.6855¢ 1) 0.1348¢ ) N2) 0.8249( O 0.7389( ) 0.1487¢C
cé 0.3354C 1) 0.689¢( ) 0.09¢6¢( 2) C2) A 0.8010¢ 3 0.6821( 2) 0.0852( 2)
[ 0.4492¢ & 0.6383( 2) 0.1146( ) c2¢ 0.9003¢ &) 0.7094¢ O 0.0208¢ 2)
C? A 0.48712¢ N 0.5818¢ ) 0.1786( ) €25 0.9003¢ &) 0.6402(¢ 2 -0.0358(
ca 0.54521 6) 0.4119t & 0.330%0 3 C26 0.8435¢ $5) 0.5463¢ 1) -0.0281¢ 2)
N1l 0.7100¢ D 0.4394t 23 0.1761¢ 1Y c27 0.71888¢ O 0.5176( 2} 0.0381( 2)
c12 0.8014¢ © 0.36261 2) 0.186)c 2 c2? A 0.7852¢ 3 0.5871( 2) 0.0930¢ 2)
N1} 0.8)28( 3) 0.2142¢ 2v 0.1547¢ 2y c28 0.7231¢ &) 0.7115¢ 3 0.2690¢C N
C13 A 0.7052¢ 0.2609¢ 2} 0.1230r 2 o1 0.17%2¢« & 0.4494¢ 2} 0.3841¢ 2
cle 0.6529¢ 51 0.1780¢ 2} 0.08430 2 02 0.0146r & 0.67180 v 0.3623¢
c1s 0.5230¢ 5) a.1819¢ 3y ©6.0595( 2) o) 0.2231+ &) 0.4108¢ St 0.5481¢ 1
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