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The structure of 2-chloro-1-(f-p-ribofuranosyl)benzimidazole has been determined from 1058 reflections
measured on a diffractometer. The compound crystallizes in the space group P2, with two molecules
per unit cell of dimensions: a=10-973 (2), 5=9-257 (2), ¢=6:763 () A, and B=11533 (2°), dum=
1:521 g cm™3, dobs=1-523 g cm~3, Z=2. The complete structure was determined by tangent refinement
of starting phases based on the coordinates of the benzimidazole fragment derived from a sharpened
E?—1 Patterson function. The final R value after least-squares refinement is 0-054. The molecule is in
the syn conformation with respect to the glycosyl torsional angle; ycn=242-7°. The ribose assumes a
C(2)'-endo-C(1')-exo pucker (*T;) and the conformation about C(4)-C(5’) is gauche-gauche. Each
molecule is involved in three hydrogen bonds to neighboring molecules, one of which is relatively un-
common in that the ribose ring oxygen acts as an acceptor. The chlorine atom is not involved in hydro-
gen bonding. The molecular packing consists of well defined hydrophilic and hydrophobic regions

provided by the ribose and benzimidazole moieties respectively. Base stacking is very limited.

Introduction

The crystal structure of 2-chloro-1-(§-p-ribofuranosyl)-
benzimidazole (Fig. 1) has been determined as part
of a continuing investigation of the conformational
aspects of nucleoside analogs in this laboratory. This
compound represents a new class of nucleoside analogs
in which a benzimidazole ring replaces the base. Its na-
tural counterpart is the a-D-5,6-dimethyl benzimidazole
ribonucleoside moiety found in vitamin B,,. Previous
investigation of C(8) bromo-substituted purine nucleo-
side analogs point to the tendency of these compounds
to assume the syn conformation in the crystalline state
(Tavale & Sobell, 1970). It is expected that a chloro
substitution would produce the same effect. There is
also much evidence to indicate that halogen substitu-
tion of the base increases the tendency towards vertical
stacking both in solution (Ts’0, 1968) and in the solid
state (Bugg, Thomas, Sundaralingam & Rao, 1971).
Therefore, the effect of chloro substitution on the mo-
lecular packing of this benzimidazole ribonucleoside
is of interest.

Experimental

A crystal measuring 0-08 x 0:15 x 0-46 mm was chosen
from a sample supplied by Dr L. B. Towndsend. Pre-
liminary oscillation and Weissenberg photographs re-
vealed systematic absences on 0k0O, where k=2n+1.
The presence of asymmetric centers in the molecule
constrains the space group to P2,. The cell constants
were determined from medium- and low-angle reflec-
tions on a Picker four-circle diffractometer with Ni-

* To whom to address correspondence.

filtered Cu K« radiation; they are: a=10-973 (2), b=
9:257 (2), ¢=6763 (2) A, and f=115-33 (2)°. The
density calculated for two molecules of C,,H,;N,0,Cl
per unit cell is 1:521 g cm~3 which is consistent with a
value of 1-523 g cm~3 obtained in a cyclohexane—
chloroform mixture.

Three-dimensional intensity data were collected us-
ing the 6-260 scan mode at a rate of 2°/min with a scan
rarge of 3-0° to a 26 limit of 129°, Background counts
of 10 s were taken on either side of each reflection
maximum. Three standard reflections were checked at
an interval of every 50 reflections and they showed
fluctuations of +7-0%. After prolonged exposure to
the X-ray beam, the crystal, originally achromic, ac-
quired an amber coloration. 1058 unique reflections
were collected, of which 1048 were considered ob-
served using the criterion /> 1-5¢. The data were sub-
jected to the usual Lorentz and polarization correc-
tions, but no absorption corrections were made (u=
23-5 cm~! for Cu K« radiation) because the main pur-
pose of this study was to obtain information on the
molecular conformation.

Structure determination

The positions of the chlorine and all atoms of the ben-
zimidazole ring were derived from a sharpened three-
dimensional E?—1 Patterson synthesis. These atomic
positions were then used as an initial phasing model
to refine the phases of 185 normalized structure factors
with £> 1-3 using the tangent formula (Karle & Haupt-
mann, 1956). A three-dimensional £ map subsequently
computed revealed all atomic positions in the molecule.
A structure-factor calculation yielded an agreement
index, R=J||F,|—|F.||/Z|F,, of 0-24.
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Structure refinement

The atomic parameters of all 19 non-hydrogen atoms
were subjected to two cycles of isotropic full-matrix
least-squares refinement using the program of Busing,
Martin & Levy (1962). A Hughes (1941) type weight-
ing scheme of the form

1/yw=1 for F,<40-48
1]/ w=40-48/F, for F,>40-48

was applied in the refinements. The nonhydrogen
atoms were then subjected to two cycles of refinement

Cl

CH,OH
0
H/H

OH OH

Fig. 1. Structural formula of 2-chloro-1-(f-p-ribofuranosyl)-
benzimidazole.
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with anisotropic temperature factors which reduced
R t0 0-059. A difference Fourier synthesis computed at
this point revealed the positions of all 13 hydrogen
atoms. Isotropic refinement of the hydrogzn atoms fol-
lowed by anisotropic refinement of the nonhydrogen
atoms reduced R to 0-054 for the 1048 observed reflec-
tions. The final shift/c was less than 0-16 for all non-
hydrogen atom parameters. A number of hydrogen
atoms refined to positions that displayed abnormal
C-H bond lengths. These hydrogen atoms were redeter-
mined from a difference Fourier map and assigned the
isotropic thermal parameters of the heavy atom to
which they are attached. The peaks attributed to hydro-
gen atoms varied from less than one to two times the
strongest background peak. The scattering factors for
Cl, O, N, C used throughout the analysis were those of
Cromer & Waber (1965), while that of H was from
Stewart, Davidson & Simpson (1965).

Results

The observed and calculated structure factor ampli-
tudes are given in Table 1. The final positional and
thermal parameters for nonhydrogen atoms and hy-
drogen atoms are given in Table 2. An ORTEP draw-
ing (Johnson, 1965) showing the thermal ellipsoids of

Table 1. Observed and calculated structure amplitudes

Columns 1, 2 and 3 represent 4, 10|F,| and 10| F,| respectively. Reflections less than 1-5¢ are marked with U, and these were

included in the refinement.
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Table 2. Positional and thermal parameters of all atoms

Positional parameters of nonhydrogen atoms have been multiplied by 10%. Positional parameters of hydrogen atoms have been
multiplied by 10°. Anisotropic thermal parameters have been multiplied by 10%. Anisotropic temperature factor is of the form
exp [—(Buh?+ ... +2B:hk + .. ). Standard deviations in parentheses refer to the least significant digits. The standard deviations
of the hydrogen positional parameters are 0-3 A; for the hydrogen isotropic thermal parameters, 0-5 A2,

X y z B B> Bss B2 bis Bas
Cl 1715 (1) 5000 (0) —5402 (2) 71 (2) 101 (2) 179 (3) -5 47(2) —61(2)
N(1) 1570 (5) 6573 (6) —2061 (7) 73 (5) 75 (6) 206 (12) -7 47(1 —-12(7N)
C(2) 894 (6) 5766 (7)  —3903 (9) 73 (6) 83 (7) 180 (14) —2(5) 43(7) =279
N@3) —374 (5) 5587 (6) —4422 (8) 68 (5) 90 (6) 223 (13) —6(5) 35(6) —16(8)
C(4) —1760 (6) 6395(7) —2524 (11) 77 (7) 76 (7) 316 (19) —12(6) 44 (9) —-18(10)
C(5) — 1727 (6) 7099 (9) =711 (12) 75 (6) 115 (8) 363 (20) -6 (6) 93 (10) —-15(2)
C(6) —499 (7) 7713 (9) 822 (13) 85 (7) 116 (9) 373(23) -—-22(7) 112 (10) —53(13)
C(7) 688 (6) 7633 (8) 550 (10) 66 (6) 103 (D) 229 (15) —8(6) 53(38) -—28(10)
C(8) 602 (6) 6995 (7Y  —1327 (10) 60 (6) 79 (D 218 (15) 1.(5) 37 (8) -2(9)
C(9) —578 (6) 6283 (7) —2797 (10) 68 (8) 79 (6) 238 (16) -6 (5 34 (8) 2909
C(1") 2948 (6) 7033 (7) —1199 (9) 67 (6) 76 (7) 193 (14) 5(5) 43 (8) -2 (8
o) 3703 (4) 6436 (5) 895 (7 76 (4) 75 (5) 225 (10) —4(4) 40 (6) 10 (8)
C(2) 3171 (5) 8687 (6) —855(9) 65 (6) 56 (8) 216 (15) 3(5 59 (8) 6 (8)
02" 2897 (4) 3432 (6) —2805 (6) 77 (4) 109 (5) 210 (10) 21 (4) 42 (5) 36 (7)
C(3) 4655 (6) 8718 (1) 681 (8) 81 (6) 66 (8) 198 (14) 5(5) 53(@8) —11(8
o@3) 5476 (4) 8549 (5) —455(7) 63 (4) 100 (6) 298 (12) 04) 78 (6) 9 (7
Cc@4") 4854 (5) 7390 (7) 2131 (9) 64 (6) 86 (7) 181 (14) 9 (5) 30 (7) 6 (8)
C(5) 4895 (6) 7687 (9) 4337 (9) 78 (6) 131 (9) 199 (16) 30 (7) 41 (9) 30 (10)
o(5") 3827 (5) 9633 (7) 4096 (7) 92 (5) 162 (8) 243 (12) 33 (6) 53(6) —16(9)
Table 2 (cont.) Sugar puckering
X y 2 B The ribose assumes the C(2")-endo mode of pucker-

ing and is in the twist conformation 27, (for details

H(4) —264 594 —371 3-1 Rk R

H(5) —260 721 —48 49 of the abbreviated nomenclature see Sundaralingam,
H(6) —62 840 197 33 1972) in which C(2") and C(1") are displaced 0-249 and
gg)) ;gz 2;2 _;gg g?l 0-221 A, respectively, on opposite sides of the furanose
H(2) 265 894 0 3-8 five-atom least-squares plane. In terms of the pseudo-
H(02") 187 952 —360 29 rotation model (Altona & Sundaralingam, 1972), the
HG") 519 977 199 4-6 maximum amplitude of puckering, 7, is 41-42° and
EES;’) ggg gg? ";(7)? ‘312 the phase angle of pseudorotation, P, is 154-23°.
H()1 594 813 —487 4-4

H(5)2 505 664 —469 50

H(O5") 359 882 549 3-8

vibration with 50% probability surfaces for all non-
hydrogen atoms and the atomic numbering are shown
in Fig. 2. The bond distances and angles of the non-
hydrogen atoms are shown in Fig. 3 and those involv-
ing the hydrogen atoms are in the normal range found
in X-ray determinations and are not given.

Discussion
Molecular conformation
The glycosyl bond

The glycosyl torsional angle, ycn, defined as O(1')-
C(1)-N(1)-C(2) (Sundaralingam, 1969) is 242-7°, thus
placing it in the syn range. Although purine nucleosides
with C(2")-endo puckering (discussed below) appear to
show about equal preference for both syr and anti con-
formations (Sundaralingam, 1972), the presence of a
chlorine substituent at C(2) sterically constrains ycy
to the syn range, as found in the C(8) bromine sub-
stituted purine nucleosides (Tavale & Sobell, 1970).

Some pertinent. t(?rsion angles.in ZTChloro-(l-ﬂD-ribO- Fig. 2. The thermal ellipsoid plot (Johnson, 1965) showing the
furanosyl)benzimidazole are given in Table 3. anisotropic vibration of the nonhydrogen atoms.




S. SPRANG AND M. SUNDARALINGAM

Table 3. Torsion angles of 2-chloro-1-(§-D-ribofur-

anosyl)benzimidazole
Conformation
x* O(1)-C(1)-N(1)-C(2)t 2427 (6)° syn
To C(@)-0(1)-C(1")-C(2) —29-2(6) T
T O(1")-C(1")-C(2")-C(3") 40-7 (6)
T2 C(1)-C(2")-C(3")-C(4") —364(6)
T3 C(2)-C(3")-C(4")-0(1") 20-6 (6)
Ts C(3)-C(4)-0(1")-C(1") 5-7 (6)
W C(3)-C(4")-C(5")-0(5") 45-8(7)  gauche-gauche

* The nomenclature used here is identical to that used earlier
(Sundaralingam, 1969). It may be noted that the torsion angles
x and w are designated as positive angles (0 to 360°), while the
ring torsion angles (z’s) are positive (0 to 180°) or negative
(180 to 360°). The right hand convention for the torsion angles
is used throughout.

T N(1) and C(2) are labeled N(9) and C(8) respectively in
the purine convention.

A survey of ring conformations for the syn nucleo-
sides indicates that, in all cases, the sugar pucker lies
between P=145 and 181°, i.e. between 2T, and 2Ts.
It is particularly noteworthy that the C(2) [or C(8)]
substituted benzimidazole (or purine) nucleosides oc-
cupy the region between 2E and 2T, (Fig. 4).

The conformation about the C(4')-C(5') bond is
gauche-gauche, as is also the case with the 8-bromo
substituted adenosine and guanosine. In the benzimi-
dazole base a carbon atom in the seven position sub-
stitutes for the ring nitrogen N(3) of the purine base.

139 5C4)
N(3) L137200) 108 55

104 4@) (o))
M0 XS)

1212(5)

1374(7)
12201)

1250(4)
433(8)
()

Fig. 3. The bond lengths and valence bond angles for the non-
hydrogen atoms of the ribosyl (@) and the benzimidazole (b)
portions of the molecule.
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Fig. 4. A pseudorotation diagram (Altona & Sundaralingam,
1972) showing the pseudorotation phase angles for syn f-
purine nucleosides. Phase angles for ideal C(2")-endo-C(3’)-
exo, C(2")-endo and C(2')-endo-C(1')-exo conformations are
180, 162 and 144° respectively. The glycosyl torsion angles
followed by the phase angle of pseudorotation, P, of the
above compounds are given in parentheses. (a) Formycin
monohydrate (109-8, 148-3) (Prusiner et al., 1973); (b) 2-thio-
1-( B-p-ribofuranosyl)-3 H-benzimidazole (250, 152-1) (Pru-
siner & Sundaralingam, 1973); (¢) 8-bromoguanosine (230,
153-8) (Bugg & Thewalt, 1969); (d) 2-chloro-1-(-p-ribofu-
ranosyl)benzimidazole (242-7, 154-2); (e) 3’-O-acetyladeno-
sine (227, 154-5) (Rao & Sundaralingam, 1970); (f) 6-thio-
inosine, molecule 2 (216, 159-6) (Shefter, 1968); (g) 8-bro-
moadenosine (240, 163-8) (Tavale & Sobell 1970); (k)
6-thioinosine, molecule 1 (215, 163:6) (Shefter, 1968); (i)
deoxyguanosine (211, 165-1) (Haschemeyer & Sobell, 1965);
(j) N*-dimethylguanosine (256, 173-7) (Brennan ef al., 1972);
(k) 5’-methylammonium-5’-deoxyadenosine (209, 180-8)
(Saenger, 1971). The crystal structure of a syn conformer
of inosine has recently been determined (Subramanian, Mad-
den & Bugg, 1973). ycn is 283-1° and the ribose confor-
mation is C(2')-endo. Pseudorotation values are not available.

It would appear that contacts between the hydrogen
atom attached to C(7) and O(5’) of the ribose would
affect the stability of the gauche-gauche conformation
about C(4")-C(5"). However, it turns out that this con-
formation is allowed. The distance between C(7) and
O(5")is 3-78 A, and between C(7) and O(1")is 3-401 A
while that between H(7) and O(5) is 2-:37 A. The latter
distance is slightly less than the van der Waals contact
distance (Pauling, 1960) for the respective atoms, and
may represent a weak attractive C-H- - - O interaction.

The benzimidazole ring

The benzimidazole ring is pianar with a r.m.s. devia-
tion of the fitted atoms from the plane of 0-048 A.
The Cl and C(1') atoms deviate 0-099 (6) and 0-071 (6)
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A respectively, on opposite sides of the benzimidazole
plane. The dihedral angle between the least-squares
plane of the base and that of the ribose is 89°.

Hydrogen tording and molecular packing

The intermolecular hydrogen-bonding scheme is
shown by broken or dctted lines in Figs. 5 and 6 and
by sclid single lires in the stereoscopic packing dia-
gram, Fig. 7. Each molecule of 2-chloro-1-(f-D-ribo-
furanosyl)benzimidazole is involved in three hydro-
gen bonds to neighboring molecules. The only hydro-
gen bond to the base is O(2'-H(02")- - - N(3) and those
to the ribose are O(3)-H(O3")---O(1") and O(5')-
H(OS5)- - - O(2'). The hydrogen-bonding scheme is sum-
marized in Table 5.

One of the more interesting aspects of this structure
is the involvement of the ribose ring O(1") as an ac-
ceptor in the moderately strong hydrogen bond to
H(O3’). Participation of O(1’) in hydrogen bonding is
relatively uncommon, and is known to be generally
weak in the several cases in which it occurs (Table 4).
The strong hydrogen-bonded interactions of O(1’) with
N(3) in 6-azauridine (Schwalbe & Saenger, 1971) and
with O(3) in ethyl-1-thio-f-p-glucofuranoside (Partha-
sarathy & Davis, 1967) (the latter is not a nucleoside)
are exceptional. The occurrence of O(1’) interactions
does not appear to depend on the glycosyl torsion
angle, ycn, or the nature of the base. The same in-
ference may be made of correlation with the mode
of sugar puckering. Of the cases listed in Table 4, two
lie in the higher anti region, e.g. virazole 1 (Prusiner &
Sundaralingam, 1973a) and formycin (Prusiner, Bren-
nan & Sundaralingam, 1973) and the other in the low
anti, e.g. azauridine (Schwalbe & Saenger, 1971). Only

2-CHLORO-1-(f-D-RIBOFURANOSYL)BENZIMIDAZOLE

the 2-chloro benzimidazole furanoside is syn. From
these observations it appears that O(1") can participate
in hydrogen-bonded interaction in the nucleic acids.

The molecular packing is such that there are well
defined hydrophobic and hydrophilic regions in the
cell, consisting of a linear array of benzimidazole and
ribose moieties aligned parallel to the b axis (Fig. 5).
This requires a head-to-tail packing of screw-related
benzimidazole bases, thereby allowing the Cl sub-
stituents to direct themselves toward the ribose of the
adjacent screw-related molecules. The plane of the ben-
zimidazole ring is tilted approximately 30° from the
h0! plane (Figs. 6 and 7). There is little base stacking
evident between screw-related benzimidazole rings, the
dihedral angle between them being 64°. The closest
contact between screw-related benzimidazole moieties
is that between C(6) and N(3) of 3-45 A. The benzimi-
dazole ring planes of molecules in adjacent unit cells
are /ieparated by a perpendicular distance of about
31 A.

It has been observed that halogen substitution mar-
kedly increases the tendency towards vertical stacking
of the base moieties (Bugg et al., 1971; Ts’o, 1968;
Ts’o & Chan, 1964). In the case of the two 8-bromo
substituted purine nucleosides (Bugg & Thewalt, 1969;
Tavale & Sobell, 1970), the bromine is positioned over
the N(7) of the adjacent purine. This type of interac-
tion is not found in the present structure, and the
chlorine is involved in only one contact within van der
Waals limits, viz. to the C(7) (3-47 A) of the molecule
related by a translation along ¢ (shown with dashed
lines in Fig. 6). It is possible that the proximity of the
Cl- - - C(7) contact between c-translation related bases
prevents direct vertical interactions.

N,

Fig. 5. A projection along the b axis. Hydrogen-bonded contacts are shown by broken lines.
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Table 4. O(1") hydrogen bonding in nucleosides and relate d compounds

Correlation with selected conformational parameters.

Donor

Compound atom
6-Azauridine, molecule B* N(3)
Virazole® C(8)
Formycin® N(6)
a-D-2’-Amino-2’-deoxyadenosine
monohydrate? O(water)
Ethyl-1-thio-¢-D-glucofuranoside® 0(3)

Donor-
Angle at acceptor Ribose
hydrogen (°) distance (A) conformation xc-n (®)

164 2-837 3T, 82-7
176 3-28 T 110-0
131 2-99 T 109-5
131 3-044 3T, 298
165 2:77 — —

(a) Data for molecule A4, which also exhibits N(3)-H(3)- - - O(1’) hydrogen bonding, are not given because of an apparent error
in the positional parameter C(4’), Schwalbe & Saenger (1971); (6) Prusiner & Sundaralingam (1973a); (c) Prusiner et al. (1973);
(d) Rohrer & Sundaralingam (1970); (e¢) Parthasarthy & Davis (1967).

Fig. 6. A projection down the a axis. Hydrogen-bonded con-
tacts are shown with dotted lines and the 3:47 A van der
Waals contact between Cl and C(7) with broken lines. The
0(3")- - -O(1") hydrogen bond is not shown here (see Fig. 5).

Conclusion

2-Chloro-1-(S-p-ribofuranosyl) benzimidazole con-
forms with the general trend towards the syn confor-
mation and C(2')-endo ribose puckering displayed by
C(8) substituted purine nucleosides. It is exceptional,
however, in that it exhibits hydrogen-bonded interac-
tions to the ribose ring O(1’) and it lacks pronounced
base stacking in the lattice.
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The title compound crystallizes in space group P2,2,2, with a=3-802 (2), b=7-712 (3), c=22-213 (8) A,
Z=4. Data were collected on an automatic diffractometer with Cu Ka radiation. The structure was
solved by the symbolic addition procedure in the 0k/ projection. Refinement was by full-matrix least-
squares methods to an R of 0-036 based on 654 observed reflexions corrected for secondary extinction.
The molecules show only small deviations from planarity. The triazine ring has an N(1)-N(2) double
bond of 1:274 (3) A and the hydrogen atom is bonded to N(3). The molecules are bonded together by
almost linear N-H- - -O hydrogen bonds into polymers around screw axes in the x direction. The
N---O distance is 2:828 (3) A and the H- - -O distance is 1-86 3) A.

Introduction

Derivatives of the three possible ring systems 1,3,5-
triazine (or s-triazine), 1,2,4-triazine and 1,2,3-triazine
(or v-triazine) are known. 1,3,5-Triazine has been
extensively studied by both X-ray diffraction (Wheatley,
1955; Coppens, 1967) and neutron diffraction (Coppens,
1967). The parent 1,2,4- and 1,2,3-triazines have never
been prepared but 1,2,3-benzotriazine can readily be

obtained as first described by Weddige & Finger (1887).
Numerous derivatives of this bicyclic system are known
[see reviews by Erickson (1956) or Modest (1961)]. Sub-
stituted 1,2,3-benzotriazin-4-ones have potential phar-
macological applications (Zaika & Joullié, 1966). The
structure of 1,2,3-benzotriazin-4-one is usually drawn
as in Fig. 1, but it has a tautomer with the hydrogen
atom at N(1) instead of N(3). It was one of the purposes
of this investigation to locate this hydrogen. The struc-



