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Tris-(2'-methylbenzimidazol-1 '-yljmethane (TMBM) presents a" interesting example of pro- 
peller-like chirality, which is discussed according to Misluw'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 cne "down") were pre- 
sent in the solid stat", thus allowing the determination OE their molecular structure by_l 
X-ray crystallography. The activation barrier which separates both isomers (9.8 kcal.mol 1 
was determined by dynamic 1H n.m.r., whereas that corresponding to enantiomers (20.5 kcal. 
1~1-1) was determined kinetically by racemization, after pure enantiomers were resolved 
by chromatography on microcrystalline triacetyl cellulose. Roth the raccmic TMBM and its 
enantiomcrs crystallize with a larger number of water molecules, six and sewn respective- 
ly, forming Fyclic structures. 

INTRODUCTION 

Isomeric Forms and Nomenclature.- Tris-(2 -- '-methylbenzimidazol-l'-yljmethane 

(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 D3 symmetry. 

This kind of system has been studied by Mislow et al 1-3 
--. Following their 

description, isomerism in this molecule arises from the sterically hinde- 

red rotation of the fused rings about the C(l)-N(j 1) frame bond, and is mea- 

sured by the torsion angles +i E tl(l)-C(l)-N(jl)-C(j2). Regarding the chi- 
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0 =CH3 (8,18,28) 

i=jtl 

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 tllc? fuzcd rings will11 rcgartl to the ;>lanc! of chjra- 

lity, taking as + the side whcrc H(l) 'is located, may be dcscribcd, in term! 

of the torsion angles, as +,x - (+,+,$), +,a--c(+!l~,$,+), and so on, 4 ha- 

ving any value. Finally, the helical chirality, measured with regard to the 

C(l)-H(1) axis as zero position, is described by the sign of the 4, value. 

In this description in terms of torsion angles, the "propeller" like forms 

have all $i values alike (modulo n) (the other forms being called "nonheli- 

calW ones), and the enantiomer of a given conformation (+1,+2,$3) is (-$,, 

-$-4,), both having a pseudo C3 symmetry. 

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

to all elements of chirality, as Mislow proposed' (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 

C2 symmetry axis, has eight possible isomers with propeller conEormation 

represented in Figure 2. They are characterized by the torsion angles (mo- 

dulo 20): A3 I ($,$,+), to which corresponds B3 _= (+~II,$~-II,+!II) by x-planar 

chirality transformation, and, by a, b or c-planar transEormations, A2B I 

(+,+,+?m) or AD~P($,,+!II,+~II), plus their cnantiomeric forms changing the he- 

licity, that is, the sign of I$. 
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Fig. 1. Mislow's notation in the case of the TMEU4 molecule and the problem of enantiomerism 

UP 

a) A TMBM molecule in the (-t-)x conformation, as 

seen from H(l), according to Mislow. The sense ABC 

defines the first sign; x corresponds to all 2-me- 

thy1 substituents on the same side of the N(jl) pla- 

nc; the secdnd 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(jl)'s plane). 

UP 

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 nidc as H(1); finally, the 

rotation of the three fused rings about C(l)-N(jl) 

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 Hislow as the enantiomer, with all signs 

reversed, L.c. (+-+)x. 

The crystals we have studied contain examples of A3, ii,, A2B and x2B, grou- 

ped in two structures: A3.$ and A3.x2E. We have verified that the enantio- 

mer a3.A2B is crystallographically isomorphous to A3.8,E. 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 - 
al l-3 Leaving aside the inversion mechanism along the C(l)-H(1) 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 (module 2~); b) Torsion angle definition 

along Cl-N(ji) with regard to CCj2) 

rotate through a torsion value of 0 or 'II, while the other rings go through 

*n/z. In both, O-ring flip and 3-ring flip, the relative sense of rotation 

of the three rings is the sane,while in l- or Z-ring flip, 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. 

Dunits et al. 4,6 -- have approached the study of these interconversion paths 

by the Structure-Correlation method.'lt8 From the geometries found in a lar- 

ge number of structures in the solid state, they developed conformational 

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 oi torsion angles (i = 1,2,3) follow a clockwise sequence, as 

seen from the top of the central atom. When referred to a central sp3 fra- 

mer 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 benzimidazole rings) have not 

internal C2 symmetry along the bond of rotation, C(l)-N(jl), the "transla- 

tions" with II components, corresponding to the rotor group, have to be eli- 

minated, leaving a formal unit cell rombohedral with axis 211 in length. In 

the better suited hexagonal axis description, the torsion angles bi are 

transformed into hexagonal coordinates given by: 

3xH = 2$1-$2-+3, 3YtI = 01++2-203, 3rA = 41+42+43 

(all in rad. or deg., modulo 271 or 360°, 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 4,, 

42 and 43 rotations respectively. (+++) is along M+. Symmetry operations are, in frac- 

tional coordinates, ?{(O,O,O), (l/3,2/3,2/3), (2/3,1/3.1/3)) as R lattice translations, 

((X.Y.?.), (jJ,x-y,s). (y-x,X,z)] due to the 3fold axis at (0.0.0) and f(y,x,z), (%,y-x,z), 

(x-y,$,L) 1 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 Oz axis and passing through points 

marked as Q, P and symmetry related like Q', Q", P', P" and so on. 



70 c. FkxxeocEs et al. 

It is worth to notice that enantiomeric geometries are related by two- 

fold axis in the conformational map: (x,y,z) ----r(X,y-x,Z). 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=4/2n) Fractional with 4 = 45O 

A3 O,O*O O,O,s 0,0,1/8 

B3 0,0,+-n 0,0,2-l/2 010, -3/B 

A2B 
n/3,2n/3,$-n/3 1/6,1/3,.z-l/6 l/6,1/3,-1/24 

AB2 
2n/3,r/3,+-2n/3 l/3,1/6,2-l/3 l/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 0. with different values 

(modulo n), such as A2ii, B2i, A2B, 
1 

B,n, AAB, BEA. AAH, iiBA, and their enan- 

tiomers, do not have simple map positions. 

Fig. 4. Distribution of helical forms along the OZ 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, A2B, x3, x2%, the isomerization may be produced along the following 

paths (and those symmetry related, see Fig. 5): 

i) A3(dr0,0) s A,Gb,S). A three-ring flip 

(O,O,O) transition point (TS), hindered by the three 

less extent, by the methyl (j8) groups. This flip is 

ses, by the bumping of the methyl groups against the 

the H(j7) atoms against the imidazole rings. 

(3RF) way, through the 

H(j7) atoms and, to a 

stopped, in both sen- 

phenyl rings and by 

ii) A~($,+,+) s A2E(b,?,a+n) or Ti,(a,s,<) e A2H(9,+,+-n) in 2RF 

ways, through the (O,O,+n/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 

stopped in analogous form as in i). 

iii) A2B($,0,d-n) z 
----- 
A2B(0,Q,9-n) 

in 3RF path, through (O,O,l) as TS. It is 

the first way. This second way is 

----- 
or A 0(+,6,$1cn) 

+++ 
2 

zzz _-_ A2B($,+,d+n) 

hindered by a methyl group against 

two H(j7) and it is stopped in the usual way. 

iv) A2B($,+,0+n) -f+- 
L=L A3(a,T,Yj+2n) or X2EtjY,T,q-n) s A3(+,6r+-2n) 

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 2 = 0 or +1 levels. They are connected through conformations along lines 

at P', Q" and P" (see Figs. 3 and 5). 

+l-- 

‘2 -- 

‘f _ 

+$ 
+a ” 

o-- 

_$-- 

-;_ 

-9-- 
‘I 

. . 
. 

Fig. 5. Joint distribution of the forms most likely to occur at the lines parallel to 02 

through: a) P, Q and P', along (t++)/(---) and (+--I/(-++) directions. b) P, Q' and P" , 

along (+++)/(---I and (++-)/(--+I directions. c) P', Q" and P", along (+++I/(---) and 

(-t-)/(+-t) directions. The figure shows the 3RF and ZRF 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-l'-yl)methane, 19 
we decided to pre. 

pare tris-(2'-methylbenzimidazol-l'-yljmethane, 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 

H 
TMBM 

Characterization of TMBM.- The compound was characterized by its - 'H and 13C -- 
n.m.r. spectra (Table 1). All signals were assigned unambiguously by means 

of 2D experiments, both lH-lH 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 shoutisplit some of its signals. A first attempt using 

Eu(tfcj3 failed (only shifting and broadening of all signals were observed). 

Better results were obtained using Pirkle's alcohol, R(-)-2,2,2-trifluoro- 

I-(9-anthryl)ethanol (for details, see Experimental Part). When adding Pir- 

kle's alcohol to a CDC13 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 117 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 117 and the CH(ll are on the same side, that is, 

a mixture of A3 and A2B (Fig. 2) with the former predominating. 
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Table 1. Chemical shifts (6) and coupling constants (Hz) of TMBM 

Solvent H4 H5 H6 H7 CH(1) CH3 

CDC13 7.80 7.29 7.02 6.10 8.57 2.35 

(J45=8.2) (556-7.5) (J46=1.0) (Js7=8.2) 

(J57=1.1) 

DMSO-d6 7.73 7.23 6.96 5.84 9.12 2.34 

CD30D 7.94 7.50 7.18 6.09 9.23 2.60 

Solvent c2 c3a c4 C5 C6 C7 c7a Cl1 CH 
3 

CDC13 150.1 142.3 120.4 123.7 124.7 109.6 133.4 74.5 14.5 
2 
J=6.5 

3 
J=5.9 'J=163.2 'J=lG1.7 'J=162.8 'J=164.7 3J=8.0 lJ=166.0 'J=129.7 

3J=8.9 
3 
J=B.O 3J=7.6 3J=7.8 3J=8.4 3J=8.0 

CD30D l-53.5 143.2 121.1 125.5 126.1 111.5 134.8 76.4a 14.3 

Solid 151.sb 144.3= 117.sc 121.3b 127.eb 109.5= 132.6' 74.3 
d 

13.7b 

State 151.0c 142.3' 118.1C 123.4= 12G.0C 111.4b 15.2' 

141.7L) 119.7b 124.rF 

140.7b 120.5b 

a At 223 K this signal splits into 76.2 (stronq) and 76.5 (small); b 

d 
strong; Csmall; 

Broad signal. 

Besides, the 
13 C CP/MAS spectrum of racemic TME3M in the solid state (Table 

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

even into four lines, indicating the existence in the crystal of several 

conformations or, at least, of several positions for each benzimidazole 

ring in one TMBM molecule. 

Resolution of TMBM.- Resolution of TMBM was performed by chromatography on -- 

microcrystalline cellulose triacetate (MCTj2' a method which we had already 

used in polyazolylalkanes (separation of classical enantiomers having a 

chiral central sp 
3 

carbon atom). 
17 

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 

fractions2zf TMBM were obtained. The first eluted fraction had a rotatory 

power 1a3 436= 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). 
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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 C ' and 2 is the 

racemic C+'-. 

“l-C2 
CI-“3 
I,-cm 
IIll-Cl2 
Cl*-*11 
"I,-CllA 
12*-c** 
c**-"2, 
IZJ-C211 

“PL-Cl-“, 10(1(0 
,I,-Cl-HI 105(0 
“I-Cl-“2, llZ.,(,, 
a-“I-C7A 120.9~s~ 
c*-*1-c,* ,07.5(S) 
WI-c*-“, II*.,,61 
c*-Ill-CIA m6.4~6, 
“I-cm-cm 103.915, 
Cl-Yll-Cl2 *2,.*<5, 
"II-c**-Cl8 1**.70, 
Ml,-C12-Cl8 124.00, 
WI,-C,,L-CIII llO.b(O 
Cl-Y21-C271 1,O.,t5) 
c22-"*1-c*7A lOS.S(S, 
W*l-C*Z-Y23 11,.5,6, 
c22-1*,-c*,* *0*.2,5, 
*21-c*,k-c*,A LO4.9,5, 

122.5,51 
122.7,6, 
125.4(6, 
1,0.‘(6, 
**0.*0, 
107.1,5, 
111.2(6, 
106.4,61 
10‘.11,5, 

HI-C1-"l-C2 43,‘) -44(,, 
“1-CI-“*l-c** 41,o 1J90, 

1.,7,(5, 
L.314~0 
1.,07(51 
1.389(0 
L.299(5, 
,.,9,(0 

,06(Z) 
10112, 
111.7,,, 
I,O.l,,, 
106.6~3, 
LL1.9(,, 
107.0~3, 
104.8(,, 
123.10, 
123.,(31 
L2,.,(3, 
111.1(3, 
1,0.4,2) 
106.8(2, 
112.30, 
106.1,,, 
104.,0, 

+/-,ec*, 
*/-4*(Z) 

Cl-“,, 1.07,.9, I.,,I,l,, 
Cl-HI 0.94,f.l 0.97,s) 
WI-C7A 1.,97,1), L.,84(0 
CI-C8 1.492(,,, L.467(10, 
CM-CIA 1.408,9, 1.407(9) 
WII-CI7A 1.,96,0, ,.4,2(8, 
a*-CM 1.491(11, 1.406~11, 
CllA-CIIA ,.,14(9, 1.,05,9, 
**1-C271 ,.,94(8, 1.,08(1) 
c22-C28 L.O,(ll, 1.,97(10, 
C2,L-C21A ,.402(9, 1.1760, 

“I,-CI-HI 1oc.t 4 I 106(,, 
“II-Cl-**, 11*.0(J) 11,.0(5, 
“I-CI-“II 11*.*t,, 1*1.1,5, 
CL-*,-C* **,.6~5, 1ZL.2~51 
“I-c*-CI) 1**.*(6, 1**.0,0 
*,-c*-cll ,*s.f.,f,, 127.0(0 
Y,-cm-C7A 110.1(61 109.5,6, 
CL-“II-CI,A 1,0.8(4, 1,0.6(5, 
cl2-Wl1-Cl7A 105.7(5, 106.11(5, 
"II-C**-*,, 112.5(6, 111.9(6) 
CIZ-Wl,-Cl,A 106.1(U) 106.5(6, 
Wll-C17A-CIJA 105.4(S) 104.,(S) 
CL-"2,-c** 12,.L(5) 1,2.0(5, 
"21-c**-c21 121.6l6, 1ZS.S(6, 
*2,-c**-c21 L2,.9,6) ,2,.,(6, 
I*,-C2,L-c*7* 110.9,5, LLO.5(6, 

“*-C,-“,,-cL* 40(0 -MO, 

107(2) 
111.50, 
112.*<,, 
1*2.,0, 
L22.,(0 
125.wo 
109.7(,) 
*29.,t,, 
107.X,, 
,I*.,(,) 
105.40, 
10,.6(,, 
122.50, 
,**.50, 
**5.*t,, 
LLO..(,, 

+I-,7(Z) 

The structure of C+'- is formed by two enantiomeric types of TMBM, which 

surround a six-membered ring system of water molecules in a centrosynune- 
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tric arrangement. The independent TMBM molecule has an approx.imate C3 symme- 

try, with C-N distances ranging from 1.441(S) to 1.458(4) A, and H-C-N an- 

gles between 107(2) and 108(3)O. 

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(E) i and H-C-N angles from 

105(4) to 108(4)O. It is worth to notice the change in the angular values 

cl'-~21'-C27A' = 120.1(5)O vs. Cl'-N21'-C22' = 132.8(5)O, while in the 

other heterocycles the equivalent angular values are such as C-N-CA 7C-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- 

Cl-Njl-Cj2 (j = 0,1,2)(see Table 2). 

The independent molcculcs in c +/- 
+ , nnd tl~c ur~clo!~hccl one in C , llilve a chi- 

ral propeller conformation of approximate C3 symmetry. The values of the 6. 

torsion angles, all near t40°, 
1 

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 C2 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'-dimethylpyrazol-l'-yllmethane 
23 

(see also ref. 19). It 

is a P21,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,-161.61, (27.6,57.3,-160.4) and (26.8,66.0,-162.7O) which corres- 

pond to a distorted A2B = ($,$,$-n) conformation. 

ii) Tri-o-tolyl-phosphine oxide, 
24 - 

-phosphine-sulphide and -phosphine- 

selenide. 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) 

S-P-C-C(Me linked): (52.7,59.3,-172.9) and (56.6,56. 5,-162.9) in an approxi- 

mate A2B conformation. d) Se-P-C-C(Me linked): (53.9,59.5,-167.7O) 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 A2B form. b) S-P-C-C 

(nearest to the substituent): (15.2,-120.6,-155-O), which corresponds to an 

approximate AB2 E ($,.#-l,+-n) but quite near to (O,-21/3,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), 
26 

tris-_m-trifluoromethylphenyl- 

phosphine-selenide, which maintains the Pbca symmetry group. The only in- 

dependent molecule has torsion angles of (-22.2,5.9,96.9O), in this case 

near (O,O,n/2). 

In conclusion, concerning tile molecular structure of TMBM we have found two 

kinds of conformations, namely A3 i4,$,$) (41~ 

?40°), 

= t40°) and n,E (9,4,+-11)(4~ = 

both previously found, but never for the same compound. 

The near C 
3 

symmetry of the racemic, C +/- , does not seem to be in agreement 
with the "C n.m.r. spectrum of the solid sample (Table 1) which appears 

-_ 
most consistent with an A B structure. 

2 The observed splitting of signals 

does not correspond to an A3/R3 mixture. since the signal that splits at 

low temperature is that of C(1) 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 E C , the water 

molecules form chains, along the c axis, with a six-membered heterodromic 

ring 27 linked by an isolated water molecule. In compound 2 = C +/- , no such 

Fig. G. The packing of 1 = C+ Fig. 7. The packing of 2 = Ct’- 
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water molecule is present and the rings are isolated. The geometry of these 

networks is given in Tables 3 and 4. In the case of 1, the water ring has 

an envelope conformation, flapping at O(4), with three types of water mole- 

cules: those involved in four interactions, O(1) and O(211, that involved 

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

hydrogen-bonds. In compound 2, there are two water molecules, with two, 

three and four contacts [O(3), O(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. 

Tab,* d Packing CharaE’Cr‘ltLC, t i.* 1:1 

o,....o* 2.000(‘0) 
03....05 2.71‘,‘1, 
0*....07 2.095,11) 
06....011 2.826,‘O 

01..05..06 111.%1) 
o,..os..o6 II6.4(0 

ii- ., Y, 1-z 
iv- -., v2.y. I-* 
“‘- s, IV. 7. 

Fig. 8 Fig. 9 

Figs. 8 and 9. The arrangement of the water molecules; seven, forming chains all along the 

crystal, in I: A3.A2B.71f20; ancl in centrosymmetric chair rings in 2: A,.~,.61120. 

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

donor-acceptor situations. 

In TMBM structures, C+ presents a 2c type network while that of C +/- is 2d - - 

type. Both are almost the same, except that the water molecules correspon- 

ding to 05 and 03 in C+ have interchanged, in C+'- , with 03-02'. 

N3._ yN13 
/06,, ,Ol,,_ /N23 

N3, ,N23 

N23 OS OL 
/Ol, PN13 

f f 
03 02 

c 
t c+/- 

03\ JO' /!21 Jr 

J02\ N13 
JO’\ 

N13 N3 N23 ti3 

Figs. 11 and 12 compare, for C+'- 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 T-@ 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 2402.7 A3 for c +/- t 
and C , respectively, the TMBM molecules occupy 

1401.6 and 1409.0 i3 (the difference is due to the different conformations), 

while adding the smoothing of the 1.6i rolling sphere these volumes become 

2012.8 and 1983.1 A3 (Fig. lib and 12b). 

Fig. 11: 

.- ,..,.a 
. . . . . I 0.m . . I._, .I. . . . . ..“?A 

I _. , .._a. I-8 . . . .- 
*,.. .._.... . . . . . . . . . . . . ..-........- _..._. 
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interconversion through it. Both possibilities can be ruled out, since 

the (O,O,rr) conformation is just the highest transition state (TS2) in 

TMRM 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). 

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 

kcal.mol-'. The barrier through TS1 resulted also from the DNMR experiment, 

9.8 kcal.mol-', going from the most stable isomer, A3 to the less stable 
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-- 
one, A2B. Finally, the barrier through TS2 (28.5 kcal.mol -I) was obtained 

from the racemization experiment. 

The profile of Fig. 13 corresponds to Mislow's type graph' of Fig. 14. 

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 rcportcd: 

i) Isomers A 3 and A2U being of similar cncrgy arc botll found in crys- 
-- 

tals. There is no energetic reason why A2B(A2B) 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.A3 mixture, whereas in the 

case of pure enantiomers, the solution is an A3.ii2g (x3.A2B) mixture. 

ii) The measured rotatory power corresponds to a mixture (about 80%- 

20%) of A-3 and x2E isomers (or x 
3 

and A2BJ in rapid equilibrium. 

iii) The splitting of lH n.m.r. signals in the presence of Pirkle's 

alcohol corresponds to both sides of the graph (Fig. 14) with regard to TS2, 

whereas the splitting at low temperatures corresponds to both sides with 

regard to TSl (TS;). 

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

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, B 
3 

and AB2 6, and ii21 correspond to 

highly strained situations. 
-_ 

vi) The A --A B-A B-cA 
3 2 2 3 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--n2'3). If much more energy 

is provided to the system, then a new three ring flip occurs, also in a ge- 

ared way (A2g--A2B). 
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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. 1 
H n.m.r. (200. 

13 MHz) and 13C n.m.r. (50.32 MHz) spectra were obtained with Bruker AM-200 

(Faculty of Sciences, Universite d'Aix-Marseille III, France) and Bruker 

AC-200 (Faculty of Sciences, UNED, Spain) instruments. Chemical shifts (6) 

in ppm and coupling constants (J) in Hz were measured in 10% (w/v) s61u- 

tions with Me4Si as internal standard. The 1H and l3 C chemical shifts are 

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

ted to 0.2 Hz for 
1 
H n.m.r. and 0.5 Hz for the 

13 
C n.m.r. The mass spectrum 

was recorded on a VG-12-250 spectrometer operating at 70 eV. 

Synthesis of Tris-(2'-methylbenzimidazol-l'-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 chloro1orm (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 GO (70-230 mesh, ASTM) with ethyl acetate-methanol (9:l) as 

eluent, Rf = 0.19. Yield, 43%. m.p. 214-5OC (EtOH-H20). 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. 118OC (Lit. m.p. llO°C). 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 ZD-experiments were run on the 

Bruker AM-200 spectrometer according to the following data acquisition pa- 

rameters: i) for the.ZD-COSY experiment, F1 domain (SIl, 1K; SWl, 958 Hz: 

Dl, Is), F2 domain (SI2, 2K; SW2, 1916 Hz), NS, 16; DS, 2. ii) for the 2D- 

NOESY experiment, F1 domain (SIl, 1K; SWl, 958 Hz: Dl, Is), F2 domain 

(SI2, 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 (WDWl = WDW2 = S, SSBl = SSB2 = 0). 28 

DNMR Experiments.- The 
1 
H n.m.r. spectra of TMBM were recorded at 298, 220, 

200, 190, 180 and 175 K in CD30D 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. 
17,29 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°C. Using 1,3,5-tri-tert- 

butylbenzene as reference (V. = 14.45 cm), a LKB 2138 UVICORD S detector 

(X = 254 nm), a 241 MC Perkin Elmer polarimeter (X = 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'(+) = 0.291, m.p. 109-ll°C and 

the (-1 enantiomer (V = 18.70 cm, k'(-) = 0.171, m.p. 114-16°C, were sepa- 

rated (c( 21.70). 

The enantiomeric purity was checked by 
1 
H n.m.r. in deuterochloroform in 

the presence of R(-)-2,2,2-trifluoro-l-(9-anthryljethanol (Pirkle's alco- 

hol) in a 4 molar excess with respect to the cnantiomcr. The 
1 
B chemical 

shifts Eor each enantiomcr are gatllcred in Tnb1.e 5. 

Table 5. 
1 II cllcmical shifts of the cnantiomcrs in 1-11~ ('rcscnco of Pirkle's 

alcohol. 

Compound ii4 115 I16 II7 CII (1) CB3 

Enantiomer(t) 7.63 7.21 6.94 5.91 8.23 2.00 

Enantiomer(-1 7.61 7.21 6.94 5.91 8.18 1.94 

A6 =6H(t)-AH(-) 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 2.10w3 

g.ml 
-1 

using the 241 Perkin Elmer polarimeter (temperature, 25OC). 

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 (I of -0.795 was obtained. The data were 

processed using the RACEM program. 30 

X-Ray Crystallography.- The parameters describing the 

lysis are given in Table 6, for crystals 1 E C+ and 2 

coordinates are given in Tables 7 and 8, according to 

already presnted. Figs. 11 and 12 were drawn with the 

crystallographic ana- 

z C +/- . Final atomic 

the numbering scheme 

program "Holes 1989" 

(Martinez-Ripoll, M.; Faces-Faces, C.; Hernandez 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 



C. Foc@.%Foc~s et al. 

the full literature Citation. 

TAOLIZ 6. Crystal anslyslr parameter 1 .t room taparature 

mru1a 
Crystal habit 
Crystal alla (nl) 
S-w 
Unit cell determIMtlon: 

Unit cell dimensions 

Packing: VCR’ 
1r = lag.cm- ). n. F’(OO0) 

“(cm-l) 

Lxpcrinntal data 

Technique 

solution and rcfinment 

solution 
Nefinenmt 
Paranetcrr: 

Number OK variables 
uegrecr or crcedon 
btL0 or lrcedom 

H rtmr 
Plnal rhlft/crror 
W~lgthlng schanc 

War. thcrral value 
?lnal 6, pcsk, 
?l”al R and I?, 
conpurer .nd prograns 
Scattsrlng factors 

2 tc25”22tf,9. ? “20 
Transparent p1*tr 
0.27 s 0.20 x 0.13 
nonacllnlc. P2I 
La66t-6quaras c1t rrom 72 
rcfl6ctIo”¶ (6 .z 650) 
16.6252(30), 13.3961(15), 9. 
90, 90.653(9), 900 
2462.7(51. 2 
1.256, 939.06, 996 
6.66 

c2SHZZ”6. 3HZo 
*ranspnrcnt. plate 
0.33 x 0.23 R 0.20 
monoc11nic, PZl/C 
Lca*t-6quercl fit rrom 66 
rcflcrio”J ( 6 ‘ 65’ ) 

.95[)0(631 10.0364(S), 13.37740). 16.0679(ll)t 
90. 92.906(6). 90 o 
24i5.4c2,, 6 
1.26L. 660.56, 976 
6.59 

Pour circle dlffractaneter 
lllsectlng geometry 
Graphite oriented lPn..xhr-toe: Cult, 
r/26 scans, scan width: 1.6” 
Detector apertures 1.0n1.0” 

VP to 65’ In 6 

1 mln./reflec. 

Direct methods 
L.S. MI Fob,, S blocks 

029 ( 24 hydrogen parameters fired , 
2566 
4.1 
Oltfercncc synthesis 
0..6 

tnplrica1 as t0 9lve 

2367 130(I)) 
2 rrllexlones every 90 m1nuter 
HO “arlatlon 

direct Methods 
L.S. on Fobs with 1 block 

403 
1964 

,,tfCere”cc synthsris (not locatsd thOSC 

:9tr..d, In CWA~P> 02ad03atoms) 
0.07 

_ I V6.clFc.bsl~ or <Sin e/z> 
u33(03).o.166(5~x2 
0.35 clt-3 

0.067, 0.016 0.053. 0.061 
Vsx11/750, XRAY16 31 , MULTM60 32 

fnt. Table6 for X-Ray Crystallography9 
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