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In Search of the Weak, Six-Membered Intramolecular Hydrogen Bond in the
Solution and Solid States of Guanidinobenzimidazole

Jing Chen,?! Peter G. Willis,!?! Sean Parkin,/?! and Arthur Cammers*!?!
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The chemical literature presents evidence for the nonexist-
ence of the intramolecular hydrogen bond in neutral 2-guan-
idinobenzimidazole, a result that defies chemical intuition. In
the current study, analyses of substituted 2-guanidinobenz-
imidazoles by dynamic 'H NMR, IR, and X-ray diffraction
unveiled the contribution of the intramolecular hydrogen
bond to the overall structure and conformational equilibria.
The presence of the intramolecular hydrogen bond in this
work and its absence in previous studies of the unsubstituted

parent compound is reconciled by the fact that intra-
molecular hydrogen bonds between the imidazole moieties
and guanidino NH, protons were weak. The intramolecular
hydrogen bonds were more apparent in derivatives with
guanidino NHR. The behavior of the latter indicated com-
petition between and coexistence of inter- and intra-
molecular hydrogen bonding.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Hydrogen bonding as an argument applies to many fields
in the chemical and biological sciences.!!l Although often
invoked in structural descriptions, the impact of intramol-
ecular hydrogen bonds on the energies and conformations
of molecules is difficult to quantify.>~® This statement
takes on more meaning when the intramolecular hydrogen
bond is energetically similar to competing intermolecular
interactions; these bonding environments are very different
from strong hydrogen bonds.”~?! Comparing the molecule
under study to an analogue without the intramolecular hy-
drogen bond should provide the means to measure the bond
strength. However, defining the molecule without the intra-
molecular hydrogen bond is difficult.’] In computational
studies this issue is less problematic because hydrogen
bonds can be defined in terms of atomic contributions.!'?]

Guanidinobenzimidazole (1) is a good candidate to study
the effect of weak intramolecular hydrogen bonds. The
chemical literature supports the N/0-dehydrotautomer of 1
drawn in Figure 1 versus NI/2- or NI3-dehydrotauto-
mers.['-12] The intramolecular hydrogen bond, S(6), Etter’s
notation,['*! in neutral 1 should be weak because of the
non-optimal relative positions of the hydrogen-bond donor
guanidine NH and the imidazole hydrogen-bond
acceptor.[14~18]

Examining X-ray crystal structures!'® 22! and performing
calculations!'>?3 led to the notion that S(6) in 2-guanidino-
benzimidazole 1 should hold all atoms coplanar. Contradic-
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tory N, 13C, and 'H dynamic nuclear magnetic resonance
spectrometry (DNMR)P-24-26] gtudies of 1 found no intra-
molecular hydrogen bond.l'>27-281 N12 and N13 exchange
rapidly, and the exchange rate between NI and N3 in 1
at the imidazole ring apparently correlates with the rate of
intermolecular exchange of protic 'H nuclei, because meth-
anol promotes NI/N3 exchange whereas DMSO does
not.[?81 Although hydrogen atom exchange of imidazole is
usually fast in [Dg]DMSO on the NMR time scale, the rate
of exchange varies when imidazole or benzimidazole is sub-
stituted at C2.[?°1 The S(6) in 1 is absent in 2-aminobenz-
imidazole, and 2-thiomethylbenzimidazole. However, 1 and
the two aforementioned molecules were found to have the
same kinetic barriers of tautomerization of the imidazole
rings in [D;]DMF.?7 Similar temperature dependences of
the imidazole NH 'H chemical shifts of 1 and 2-amino-
benzimidazole also indicate a weak or absent intramolecu-
lar hydrogen bond in 1 (AJ/AT: —2.1 and —2.8 ppb/K,
respectively).l?’]

These issues are reopened in the current study. X-ray dif-
fraction, computation, infrared spectrometry, and 'H
DNMR techniques were applied to derivatives of 1 to
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characterize the intramolecular hydrogen bond and to
appreciate its subtle role in the dynamic conformation and
molecular properties of 1.

Results and Discussion

This study began with non-chlorinated derivatives 2a and
3a. The chlorine was included in 2b and 3b to define kinetic
barriers more accurately by DNMR spectroscopy. A pair of
aromatic singlets is easier to model than an ABCD splitting
pattern in the regime of slow N1/N3 exchange. Qualitat-
ively, the DNMR behaviors of 2a and 2b; and 3a and 3b
were indistinguishable. We were also more comfortable in
drawing conclusions from the solid-state studies with the
structural redundancy provided by the chlorinated and non-
chlorinated derivatives.

Solid-State Studies

The tape motif is a favored solid-state arrangement of
hydrogen bonds in molecules possessing the imidazole moi-
ety.?% This motif connects atoms N1 and N3 by intermo-
lecular hydrogen bonds in a structurally diverse set of imi-
dazole derivatives.?”) However, in the derivatives of 1 stud-
ied in this work, some of the N1/N3 intermolecular hydro-
gen bonds were sacrificed in the solid states to allow for the
N1/N12 S(6). In the solid state, derivatives 3 sacrificed the
intermolecular hydrogen bond to preferentially establish
S(6); derivatives 2 bifurcated the S(6) with the imidazole
intermolecular hydrogen bond.

The subtle dependence of the S(6) on competing intermo-
lecular hydrogen bonding is made evident by the solid states
of 2b, 2¢ and 3b, presented as stereo structures in Figure 2.
N,N'-substituted 2b possessed the infinite tape hydrogen
bonding motif.*¥) The guanidino NH hydrogen-bond donor
in the S(6) of 2b bifurcated the intermolecular hydrogen
bond of the tape motif. When the methyl group capped N1
in 2¢, as in N'-methyl-2-guanidinobenzimidazole,l'! the in-
tramolecular hydrogen bond was established with all atoms
coplanar in the solid state. N,N-substituted 3b had four
symmetry-unrelated structures. Three of these possessed the
intramolecular hydrogen bond as in 2¢. In the fourth sym-
metry-unrelated molecule of the solid state of 3b, an inter-
molecular imidazole NH hydrogen-bond donor broke the
intramolecular hydrogen bond.

The chlorine atoms in 2b and 3b did not greatly impact
hydrogen bonding. The X-ray structure of 2a had the tape
structure analogous to 2b. Likewise, 3a (only one symmetry-
unrelated molecule) in the solid state was coplanar with
S(6) intact, analogous to three out of four of the symmetry-
unrelated molecules in the solid state of 3b. In summary,
S(6) appears to compete with the intermolecular hydrogen
bonds to a greater extent in N,N derivatives 3 than N,N’
derivatives 2. A relatively stable S(6) in 3 or relatively weak
intermolecular hydrogen bonding in 3 could explain these
solid states.

IR studies of derivatives of 1 revealed much similarity
between solid- and solution-state distributions of conform-
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Figure 2. Stereoviews of solid states of 2b, 2¢, and 3b are shown
above; structure 2b has the tape hydrogen bond motif with a bifur-
cated S(6); structure 2¢ has the intramolecular hydrogen bond in-
tact; four symmetry-unrelated molecules in the solid state of 3b
have three intramolecular hydrogen bonds intact and one broken
by contact with the NI hydrogen-bond donor of a nearest
neighbor; Cl atoms are labeled, and N atoms are hatched; for clar-
ity, the CH protons are omitted, and structure 3b is depth-cued

Figure 3. Molecules 4 and 5 were starting materials for the synth-
eses of structural families 2 and 3. Molecule 4 was also used as a
structural analogue of 2 in "TH DNMR studies

ers because material dispersed in solid KBr and CS, solu-
tions of 2b, 2¢ and 3b had virtually indistinguishable NH
bands. The stretching modes corresponding to NI12—H
were sharp in both media whereas the stretching modes cor-
responding to N3—H and N13—H were broad. The alkane
region in the IR spectra of solid KBr samples of 2b, 2¢, 3b,
4 and 5 were similar. In Figure 4 experimental and com-
puted (rhf/6—311 g) IR spectra were referenced internally
at the most intense point of the alkane region, band a. The
computed bands (¢ bands in Figure 4) for the NH hydro-
gen-bond donors at N3 and N13 did not correspond to the
experimental values presumably because of intermolecular
hydrogen bonding. However, in 2b, 2¢, and 3b the exper-
imental band (b bands in Figure 4) corresponding to the
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Figure 4. The experimental IR spectra (KBr, dilute) of 2b (left) and 3b (right) were compared with computed spectra (gray shadow) (rhf/
6—311 g). The calculated spectra were referenced to the experimental spectra at the tallest absorbance in regions A, the alkane stretching.
Bands B corresponded to the N12—H stretch of S(6). In 2b, 2¢ and 3b, its calculated shape and wavenumber corresponded well with the
experimental spectra. Regions C are the calculated gas phase guanidino NH hydrogen-bond stretches (3679, 3729 cm~! for 2b and 3b,
respectively) and the N3—H stretching bands (3647, 3680 cm™~! for 2b and 3b, respectively). These bands correspond to the broadened
and shifted bands in the experimental spectra between 3350—3050 cm ™!

stretching of the guanidino N—H group of S(6) approxi-
mated the calculated wavenumbers in value and mor-
phology after they were referenced to the experimental al-
kane region. This was strong evidence for protection of this
N—H group from intermolecular hydrogen-bond acceptors.
The bands in the NH regions of the IR spectra of 2b, 2¢,
3b, 4 and 5 shifted from 3350—3050 cm~! to 2500—2200
cm ™! after D/H exchange (not shown in the figure) upon
warming the material for hours in MeODP! followed by
recrystallization, thereby confirming their protic nature.

Extrapolating solid-state behavior to solution-state be-
havior is tenuous, but if a relationship exists in this case,
a few hypotheses can be proposed. 1) The intramolecular
hydrogen bond in 2¢ should be more stable than the one in
2b, because in 2¢ the intermolecular hydrogen bond should
compete less with the S(6). Likewise, the S(6) in 2b should
stabilize with dilution in noncompetitive solvents because
of less intermolecular competition. 2) The exchange of the
iPr-substituted nitrogen atoms in 4 should be more facile
than that in 2b and 2¢. Compound 4 lacks the intramolecu-
lar hydrogen bond but is otherwise structurally analogous
to family 2. 3) S(6) in 3 could be more stable than that
in 2 because structural family 3 conserves the S(6). 4) The
intermolecular hydrogen bonds in N,N' derivatives 2 could
be more stable than those in the N,N derivatives 3 because
the solid states of 2 always conserve the intermolecular hy-
drogen bonds. The solution-state studies below present evi-
dence regarding these four hypotheses.

Solution-State Studies

The mechanism of the exchanges observed must have
been a combination of rotation and hydrogen atom ex-
change. Even though inversion is promoted as the best
mechanism for exchange of substituents on two monosub-
stituted nitrogen atoms of guanidine and related
species,[3>734 inversion at N10 in 1 would have mechan-
istically united exchanges N1/N3 and N12/N13; however,
they are definitely separate events. In elegant experiment-
ation with 1, Webb et. al. showed that the N12/N13 ex-
change could be accelerated over the N1/N3 exchange; this
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result would have been impossible for inversion at N10.#]
Furthermore, the chemical literature has examples of ex-
change of neutral substituted guanidine derivatives inter-
preted as rotation.[33:33:36]

The kinetic barriers to exchange are pertinent to the sta-
bility imparted by S(6) because S(6) has to break for the
exchanges to occur.l’! In a hydrogen-bonding medium the
transition states of the rotations are not devoid of hydrogen
bonds. These two notions immediately offer two methods
by which S(6) in derivatives of 1 may be evaluated: 1) by
choosing a molecule analogous to 1 but lacking S(6) and
comparing the barriers to rotation in noncompetitive sol-
vents and 2) comparing the barriers to rotation of the struc-
tural families 2 or 3 in protic versus aprotic solvents.

Downfield chemical shifts and small temperature depen-
dencies are characteristic of intramolecular hydrogen bond-
ing. The S(6) separated the 'H chemical shifts of N12H and
N13H of 2a, 2b, and 2¢ by approximately 6 ppm at —40 °C
in CDCl; (Figure 5). In [D7]DMF from —50 to 0 °C, the
N12H--S(6) and N13H chemical shifts of 2b had tempera-
ture dependencies, A6/AT: —1.10+0.01 and —4.74=0.03
ppb/K, respectively. The corresponding numbers for 2¢ in
CDCl;s in the same temperature range were 2.11=0.05 and
—1.11%=0.08 ppb/K, respectively. In the latter case the two
peaks diverged. At 0 °C and above these two peaks con-
verged. These observations and the studies presented above
indicated an S(6) in derivatives 2.

In Figure 5, intermolecular association decreased upon
20 X dilution of 2b in CDCl; from 9.0 to 0.4 mMm (spectra
6—3 and 5—2) with concomitant broadening of proton A.
Imidazole NH proton A also broadened and moved upfield
as temperature increased (spectra 1—6). Guanidino NH
proton B was broadened greatly because of exchange with
proton E at temperatures above —20 °C.

Isochronous NH and CH methine signals in CDCl; made
line shape analysisB7-3%1 with these peaks unreliable (see Fig-
ure 5); however, line shape analysis of the iPr CH; '"H NMR
signals allowed determination of the N10C11 rotational
barrier, *AG = 12.7+0.3, 13.0+0.1, and 13.5%+0.2 kcal/mol
for 2b at 8.8 and 0.4 mm and 2c¢ at 5.7 mM, respectively.
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Figure 5. Stacked "H NMR spectra of 2b in CDCl; as a function
of concentration (spectra 1—3 are at 0.4 mM, spectra 4—6 are at
8.8 mm) and temperature (20, 10, and —40 °C from top to bottom);
pertinent proton signals are labeled A—G

Intermolecular hydrogen bonding tends to decrease with
decreasing concentration due to its bimolecular nature.
Likewise in 2b, methyl substitution obstructed intermolecu-
lar hydrogen bonding. Thus the barrier to rotation about
N10C11 increased as intermolecular association decreased,
indicating contributions from S(6). For the N10CI11 ro-
tation barrier, contributions from steric effects and S(6)
should both be important. If the steric parameter alone
were important, the N10C11 rotation would have acceler-
ated with decreased intermolecular association.

Line shape analysis of the '"H NMR signals in [D;]DMF
and [D4]MeOD resulted in solvent-dependent rates of bond
rotation about N10C11: for 2b, AG* for rotation about
NI10CI11 was 13.6£0.6 kcal/mol in [D;,]DMF and 11.0%0.5
kcal/mol in [D4]MeOH. The solvent-dependence follows the
hydrogen bond-dependent trend established above. Hypo-
thetically, the electron-donor solvent, [D;]DMF, hydrogen-
bonded with the imidazole NH of 2 and did not compete
strongly with S(6). However, the hydrogen-bond-donor sol-
vent ([D4]MeOH) strongly competed with S(6). The differ-
ence between these two values is 2.5+0.5 kcal/mol and
serves as an estimate of the stability of S(6) in 2b.

Another estimate of the stability of S(6) in 2 was available
with the comparison of the N10C11 rotation rate in 2b with
the analogous rotation rate in 4 (rate of /Pr exchange). Since
4 lacks an intramolecular hydrogen bond, but is otherwise
structurally analogous to 2, this difference in rates can be
ascribed to the stability of the intramolecular hydrogen
bond. Line shape analysis of the methine signals of 4 gave
11.2+0.1 kcal/mol for the *AG for rotation about N10C11.
This value differed from the corresponding rotation in 2b
(12.7+0.1 kcal/mol at 8.8 mm and 13.0x0.1 kcal/mol at
0.4 mm) by 1.5, and 1.8 kcal/mol. When compared to the
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corresponding rotation in 2¢ (13.5%0.2 kcal/mol) the differ-
ence is 2.3 kcal/mol. The latter value should best approxi-
mate the stability of the intramolecular hydrogen bond in
2, because the methyl blocks effects due to intermolecular
hydrogen bonding. The above arguments quantitatively
support qualitative hypotheses 1 and 2 offered at the end
of the section entitled Solid-State Studies.

Examination of the substitution patterns in 2 and 3 might
lead one to predict that N1 and N3 should have similar
exchange rates/ mechanisms. This exchange corresponds to
rotation/H-exchange about the N10C2 bond and must in-
volve breakage of S(6). However at approximately 9 mm in
CDCl; the N10C2 rotational/H-exchange barrier of 2 was
5 kcal/mol greater than the corresponding barrier in 3. This
barrier should have been dependent on the concentration
of adventitious moisture; however, this result was repeated
various times with normal precautions to exclude water.
The exchange rates for 3 were measured at —50 and —40 °C
(10.8 kcal/mol) whereas those of 2 were measured at 45 and
40 °C (16.2 kcal/mol). In [D4]MeOH the N10C2 rotational
barrier in 2 decreased (11.3 kcal/mol at —40 °C) corre-
sponding to the complete destruction of S(6), as discussed
above. This result demonstrates again that 2 possessed S(6)
whereas 3 did not. This could reflect differences in stability
of an NH, versus an NHR hydrogen-bond donor or inter-
molecular access to the hydrogen-bond functions in general.
Hypothesis 3, derived from the X-ray data, stated that the
S(6) in 3 might be more stable than the S(6) in 2. These
solution-state studies falsify hypothesis 3.

In CDCl; the chemical shift of the imidazole proton of
molecule 3 changed similarly with temperature and concen-
tration as the analogous proton in 2 (proton A, Figure 5).
However, the linewidths at half height of the signal in 2
were 11 and 78 Hz at —40 °C/8.8 mm and 20 °C/0.4 mm,
respectively, whereas the corresponding linewidths of 3 were
88 and approximately 798 Hz at the same temperatures and
concentrations (not shown). In the assumption that the
solid state reflects the solution state, hypothesis 4 (above)
posited that molecule 2 should associate more than mol-
ecule 3. The 'H NMR in a noncompetitive solvent certainly
supports this hypothesis.

Conclusion

These physical studies of derivatives of 1 found evidence
for a weak intramolecular hydrogen bond between N1 and
NI2 of 2b (2.3%0.5 kcal/mol) by two methods. When the
intramolecular hydrogen bond in parent molecule 1 was
measured against benchmarks dependent on intermolecular
interactions such as AJ/AT and tautomerization rates, no
stabilization from the intramolecular hydrogen bond was
found.””! This work questioned what should be learned
from the previous study. For example, can all S(6)-type hy-
drogen bonds involving nitrogen atoms be dismissed as neg-
ligible energetic contributions to molecular conformation?
The answer is no. In the current study, the N,N-dialkyl de-
rivatives 3 showed little evidence of an intramolecular hy-
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drogen bond, whereas the N,N’-dialkyl derivatives 2 showed
much evidence for a weak intramolecular hydrogen bond.
The parent molecule should reasonably behave like the
N,N-dialkyl derivatives if the —NH, guanidino hydrogen-
bond donor is more kinetically labile than the —NHR gu-
anidino hydrogen-bond donor, as indicated by this work.

Another plausible hypothesis for the stability of the hy-
drogen bonds finds a basis in solvent-accessible surface area
(SASA). Increased stability from buried hydrogen bonds in
proteins is a major argument in protein folding.[**~#! This
argument is most often framed in terms of SASA #2431 A
large difference between the two substitution patterns, 2
and 3, was the SASA of the protic groups of the guanidino
substituents. The dimers from the crystal structure coordi-
nates are depicted in Figure 6, which shows that the dimer
of 2b effectively hides the SASA associated with its S(6),
but 3b does not. The same conclusion can be reached by
considering the electrostatic potential of the SASA of en-
ergy-minimized single molecules of 2a and 3a. The proton
functionality in 3 is made more available by the fact that
the N13C11 bond rotates rather freely in 3 because of steric
destabilization of the planar conformation, whereas the
NI3Cl11 bond in 2 rests in the all-trans (triskelion) con-
former. Interesting steric effects on the nature of S(6) have
been reported previously.[*#31 If this SASA-based rational-
ization is correct, the S(6) in parent molecule 1 should pro-
vide even less stability to the overall structure than deriva-
tives 3 because the proton functionality in 1 is more ex-
posed than that in 3; this notion is in agreement with the
results of the previous study in which no S(6) was detected
in 1.7

Figure 6. Stereodiagrams of solvent accessible surface (probe ra-
dius: 1.5 A) of the dimers of 2b (above) and 3b (below). The dia-
grams show the electrostatic potential of the VW surface. The gu-
anidino NH is inaccessible to solvent in 2b but is readily accessible
in 3b. This figure was composed using atomic coordinates from the
crystal structures, imported into ViewerLite 5.0, Accelrys Inc. 2002
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Should the dashed bond in 1 be drawn in a realistic
representation of the behavior of the molecule? This is obvi-
ously not a simple answer; it is very humbling that such a
simple molecule gives rise to such complex dynamics.
Answer: draw the dashed bond, but bear in mind that re-
ality is more complex than the information encoded in the
static Lewis structure.

Experimental Section

Physical Studies: The NMR-derived exchange rates were calculated
by fitting calculated spectra to experimental spectra by full line
shape analysis implemented by gNMR™. Chemical exchange cal-
culations in gNMR use Liouville representations of dynamic spin
systems with fitting algorithms described by Binsch.384¢ Line
width parameters needed for the curve fitting were estimated from
residual solvent peaks (approximately 0.5 Hz). The experimental
data sets were Fourier transformed and phased under gNMR spec-
troscopy. In some cases baseline corrections and peak editing were
necessary. The rates were determined at more than one temperature
near the coalescence region to minimize error.l*”-38 Only cases sim-
ple enough to model with a two-states- related-by-one-rate process
were determined. For example, there were situations in which H4
and H7 were unequally broadened by a moderate hydrogen-atom
exchange at N1; such a situation was deemed beyond the scope
of this study. Usually the rates were determined over a range of
temperatures to check for linearity in the van’t Hoff equation. The
energy barriers were calculated by substituting the exchange rate,
k, into the Eyring equation, In(k) = In(kgT/h) — AG* RT. The error
in rate measurements near coalescence temperatures was approxi-
mately 2%. The concentration of the analyte was carefully con-
trolled, because some rates were dependant on proton availability.
Figure 7 shows the results of a full line-shape analysis. The line
shape is less than perfect because the residual solvent peak was
removed from the experimental spectrum prior to least-squares fit-
ting to a Lorentzian line shape. The log(k) of the H4/H7 exchange
of this spectrum is 1.68+0.04.

" 7.00

720

7.60

Figure 7. The results of a full line shape analysis of H4 and H7
of 2b at 45 °C. The calculated spectrum (gray) and experimental
spectrum (black) are overlaid; the arrow indicates a region of maxi-
mum error where the CHCl; solvent peak was edited from the ex-
perimental spectrum prior to line-shape fitting

The 5,6-dichlorobenzimidazole derivatives were used instead of the
unsubstituted benzimidazole derivatives to simplify the aromatic
splitting pattern. The patterns involving two singlets merging to
one singlet are much easier to model than ABCD spin systems
merging to AA'BB’ splitting patterns. Regardless, dynamic spectra
deemed too difficult to model were encountered in this study.

IR Studies: IR spectra were collected at room temperature on a
Nicolet Magna-IR560 spectrometer. For the solid-state studies, a
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sample (1.8 mg) was mortar ground with KBr (100 mg). Part of the
mixture was pressed into a thin wafer. For solution-state studies,
samples (20 mg) were dissolved in CS, (0.5 mL); three drops of
solution were placed between two NaCl disks. Deuterium exchange
was performed by evaporating CD;OD (1 mL X 2) from a sample
(10 mg). The solids were dissolved in CD3;0D (1 g) and refluxed
for 6 h before reduced-pressure evaporation. The exchanged sample
(1.8 mg) was mixed with KBr (100 mg) and was pressed wafer-thin.

X-ray Diffraction Studies: X-ray diffraction data were collected at
either 90.0(2) K (2b, 2¢, 3b, 4) or 173(1) K (2a, 3a) on a Nonius
Kappa CCD diffractometer with graphite-monochromated Mo-K,
X-rays on crystals mounted in paratone oil. Raw data were inte-
grated, scaled, merged and corrected for Lorentz polarization ef-
fects with the Denzo-SMN package.[*” The structures were solved
by direct methods using SHELXS-97 and completed by difference
Fourier in SHELXL-97.[81 Structure refinement was carried out
against F? by weighted full-matrix least-squares in SHELXL-97.
Hydrogen atoms were found in difference maps, but were sub-
sequently placed at calculated positions and refined using riding
models with isotropic displacement parameters derived from their
parent atoms. Non-hydrogen atoms were refined with anisotropic
displacement parameters. Atomic scattering factors were taken
from the International Tables for Crystallography vol. C.[*l Crystal
data and relevant details of the structure determinations are sum-
marized in Table 1. Structures 2a, 2¢, 3a and 4 posed no particular
problems although the data for 3a were weak, resulting in a rela-
tively high R-value for such a simple light-atom structure. Structure
3b was unusual in that it had four independent molecules in the
asymmetric unit, but the structure determination was otherwise un-
remarkable. The determination of 2b on the other hand was prob-
lematic. The crystals, all of which were twinned, contained two
molecules per asymmetric unit and had the symmetry of the un-
common space group P2/n. Refinement of the twin fraction was
performed against a two-component data set (HKLF 5 format in
SHELXL). They diffracted very weakly and required a severe
truncation of the high-resolution data to 42° in 26. This, in turn,
necessitated the use of similarity restraints (SAME in SHELXL)
between the two crystallographically nonequivalent molecules, and
of rigid-bond (DELU) and approximate-isotropicity (ISOR) re-
straints on the atomic displacement parameters. Despite these
problems, the molecular connectivity and packing within crystals
of 2b is unambiguous. Furthermore the molecular associations in
2b were very similar to those of its structural analogue 2a. The
determination of the atomic coordinates of 2a were straightfor-
ward.

Synthesis: 2-(V,/N'-diisopropylguanidino)benzimidazole (2a) was
synthesized analogously to 2b. '"H NMR (400 MHz; [D,JMeOH):
0= 7.20 (m, 2 H), 6.95 (m, 2 H), 4.02 (sept, J = 6 Hz, 2 H), 1.23
(d, J= 7Hz, 12 H) ppm. *C NMR (100 MHz; [D4,MeOH): 6 =
158.8, 155.2, 137.5, 120.1, 111.9, 42.6, 22.1 ppm. IR (KBr): vV =
3431, 2971, 1598, 1529, 1461, 1402, 1367, 1273, 1176, 736 cm™ .
EI-MS: m/z = 259 (=70%), 244 (20%), 159 (100%), 158 (45%), 134
(20%). Single-crystal X-ray diffraction analysis of material crys-
tallized from warm EtOAc confirmed connectivity.

2-(N,N'-Diisopropylguanidino)-5,6-dichlorobenzimidazole (2b):
N,N'-diisopropyl-N"’-cyanoguanidine (4) (606 mg, 3.6 mmol) was
added to a solution of 4,5-dichloro-1,2-phenylenediamine (531 mg,
3.0 mmol) in HCI (13 mL, 2 N aqueous solution). The reaction was
heated to 90 °C for 21 h. Na,COs (40 mL, 1 m) was added, and the
mixture was extracted with EtOAc (3 X 40 mL) that was washed
with brine and dried over MgSQO,. The organic phase was evapo-
rated and purified by flash silica gel chromatography (hexane/
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EtOAc, 3:1). Molecule 2b crystallized from the eluent in 49% yield
(484 mg). M.p. 184—186 °C. 'H NMR (400 MHz, CDCl;, 20 °C):
0=10.26 (s, | H), 9.90 (br. s, 1), 7.49 (s, 1 H), 7.17 (s, 1 H), 3.92
(br. s, 3 H), 1.30 (br. s, 12 H)ppm. '3C NMR (100 MHz,
[D4MeOH): 6 = 160.1, 155.3, 142.7, 131.4, 124.1, 123.0, 117.3,
109.8, 43.4, 23.4 ppm. MS (MALDI): m/z = 328 [MH™*]. Single-
crystal X-ray diffraction confirmed connectivity.

1-Methyl-2-(N, N’ -diisopropylguanidino)-5,6-dichlorobenzimidazole
(2¢):  N-(5,6-dichloro-1H-benzoimidazol-2-yl)-N',N''-diisopropyl-
guanidine (2b) (328.2mg, 1.0 mmol), potassium terz-butoxide
(112.2 mg, 1.0 mmol), and 18-crown-6 (13.2 mg, 0.05 mmol) were
dissolved in THF (7 mL) at 0 °C. Methyl iodide (1.0 mmol, 62.2 pL
in 2 mL THF) was added dropwise, and the mixture was kept at
room temperature for 17 h. The volume of THF was reduced in
vacuo, and the mixture was neutralized with NaHCOj5 (1 m). The
organic layer was extracted with EtOAc (3 X) that was washed with
brine. The organic phase was evaporated and purified by flash silica
gel chromatography (hexane/EtOAc, 3:1) to give 2¢ as light-yellow
crystals. Yield 44% (0.151¢g). M.p. 135—137°C. 'H NMR
(400 MHz, CDCl;, 20 °C): 0 = 9.77 (s, 1 H), 7.46 (s, 1 H), 7.13 (s,
1 H), 3.97 (b, 3 H), 3.56 (s, 3 H), 1.31 (d, J = 6 Hz, 12 H) ppm.
13C NMR (100 MHz, [Dg]DMSO): § = 159.2, 154.4, 141.2, 133.5,
121.9, 120.5, 115.6, 108.8, 42.1, 28.0, 22.8 ppm. MS (MALDI):
mlz = 342 [MH*]. Single-crystal X-ray diffraction analysis of mate-
rial crystallized from diethyl ether and hexane solution confirmed
connectivity.

2-(V,N-Diisopropylguanidino)benzimidazole (3a) was synthesized in
an analogous manner to 3b. Material 3a (232 mg, 0.894 mmol,
71% crude yield) was crystallized from hexane and EtOAc. 'H
NMR (300 MHz; [D4]MeOH): 6 = 7.99 (dd, J = 26, 7 Hz, 2 H),
7.61 (dt, J = 7, 2 Hz, 2 H), 4.21 (sept, J = 6.8 Hz, 2 H), 1.34 (d,
J = 7Hz, 12 H) ppm 3C NMR (75.3 MHz; CDCls): 6 = 156.7,
146.6, 131.3, 129.3, 59.0, 26.5, 22.4 ppm. IR (KBr pellet): Vv =
3493.6, 3393.2, 3120.11, 2973.0, 1626.2, 1606.8, 1516.2, 1486.3,
1457.9, 1388.6, 1272.1, 1215.2, 1136.2 cm ™. caled. C5,H, Ns: C
64.84, H 8.16, N 27.00; found C 64.76, H 8.06, N 26.92. Single-
crystal X-ray diffraction analysis confirmed connectivity.

2-(N,N-Diisopropylguanidino)-5,6-dichlorobenzimidazole (3b) was
synthesized in a manner analogous to 2b except that N,N-diisopro-
pyl-N"'-cyanoguanidine (5) (191.4 mg, 1.14 mmol) was used instead
of 4. Yield 59% (0.182 g). M.p. 164—166 °C. 'H NMR (400 MHz,
[DgJacetone): 0 = 10.47 (br. s, 1 H), 7.93 (br. s, 2 H), 7.33 (s, 2 H),
4.21 (sept, J = 6.7Hz, 2 H), 1.30 (d, J = 6.7 Hz, 12 H) ppm. 13C
NMR (100 MHz, [Dglacetone): 6 = 161.3, 157.9, 138.6, 123.0,
113.7, 46.9, 21.3 ppm. MS (MALDI): m/z = 328 [MH*]. Single-
crystal X-ray diffraction analysis of material crystallized from
CHClI; confirmed connectivity.

N,N'-Diisopropyl-N'’-cyanoguanidine (4): A mixture of cyanamide
(2.0g, 47.6mmol) and N,N'-diisopropylcarbodiimide (17 mL,
108.6 mmol) was stirred and heated to 110 °C for 15 h. Excess car-
bodiimide was evaporated under high vacuum. The resulting solid
was crystallized in ethanol (70 mL) to give 4 as white crystals. Yield
54% (4.3 g). M.p. 193—195 °C. '"H NMR (400 MHz, CDCls): § =
4.72 (s, 2 H), 3.81 (m, 2 H), 1.23 (d, J = 6.8 Hz, 12 H) ppm. 13C
NMR (100 MHz, [D4)MeOH): ¢ = 159.6, 120.5, 45.1, 22.9 ppm.
MS (MALDI): m/z = 169 [MH*]. Single-crystal X-ray diffraction
analysis of material crystallized from EtOH/ CH;CN confirmed
connectivity.

N,N-Diisopropyl-V'-cyanoguanidine ~ (5): Concentrated HCI
(2.0 mL) was added dropwise to the mixture of sodium dicyan-
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Table 1. Crystal data

FULL PAPER

molecule 2a

molecule 2b

molecule 2¢

formula C14H2|N5 C|4H19C12N5 C] 5H21C12N5

formula mass 259.36 328.24 342.27

crystal system monoclinic monoclinic monoclinic

space group P 2/c P2/n P2/c

a (A) 8.0810(3) 19.1251(11) 10.1050(4)

b (A) 21.1140(7) 9.8689(6) 10.6910(4)

c(A) 9.6270(3) 19.2477(11) 16.0700(7)

a (°) 90 90 90

B () 114.2021(14) 113.545(3) 95.777(3)

7 (%) 90 90 90

V (A3) 1498.21(9) 3330.4(3) 1727.27(12)

Z 4 8 4

D (calcd.) (Mg/m?) 1.150 1.309 1.316

T (K) 173(1) 90.0(2) 90.0(2)

crystal size (mm?) 0.26 X 0.25 X 0.20 0.25 X 0.10 X 0.10 0.40 X 0.38 X 0.32

F(000) 560 1376 720

abs. coeff. (mm~") 0.073 0.391 0.380

0 data collection range 1.93-27.49 1.94—-21.00 2.28—27.48

reflns. collected 11517 3578 7207

ind. reflns. 3457 3578 3944

data/restraints/parameters 3457/0/177 3578/411/388 3944/0/204

R, 0.0497 0.1052 0.0385

Ry 0.0784 0.1285 0.0545

goodness of fit on F? 1.032 1.324 1.056

largest diff (e:A~3) 0.294, —0.284 0.506, —0.422 0.290, —0.258
molecule 3a molecule 3b molecule 4

formula C14H21N5 C14H19C12N5 C3H16N4

formula mass 259.36 328.24 168.25

crystal system monoclinic triclinic monoclinic

spage group P2i/n Pl P2/c

a(A) 9.6450(5) 13.7180(2) 9.9030(4)

b (A) 7.7760(4) 14.1430(2) 8.9600(4)

¢ (A) 18.8740(10) 18.2470(3) 12.0710(6)

a (°) 90 81.3460(6) 90

£ () 95.559(3) 88.3960(7) 101.055(2)

7 (°) 90 69.6790(6) 90

V(A3 1408.88(13) 3280.91(9) 1051.20(8)

Z 4 8 4

D (caled.) (Mg/m?) 1.223 1.329 1.063

T (K) 173(1) 90.0(2) 90.0(2)

cryst size (mm?) 0.28 X 0.24 X 0.12 0.40 X 0.12 X 0.10 0.32 X 0.25 X 0.23

F(000) 560 1376 368

abs. coeff. (mm™") 0.077 0.397 0.069

0 data collection range 2.29-25.00 1.55-25.00 0.21-27.42

reflns. collected 9104 21854 7299

data/restraints/parameters 2479/48/176 11552/0/773 2391/0/114

R, 0.0678 0.0494 0.0469

R, 0.0872 0.0849 0.0647

goodness of fit on F? 1.097 1.026 1.040

largest diff (e:A~3) 0.294, —0.284 0.506, —0.422 0.290, —0.258

amide (2.2 g, 24.7 mmol) and diisopropylamine (2.4 g, 23.7 mmol)
in n-butyl alcohol (35 mL). The mixture was refluxed at 90 °C for
28 h. NaOH (20 mL, 2 N) and saturated NaCl,q, (30 mL) were ad-
ded. The resulting solution was extracted with EtOAc (3 X 50 mL).
The organic phase was washed with brine (50 mL). The organic
phases were evaporated under high vacuum. N,N-diisopropyldicy-
andiamide (5) was crystallized from the residue from EtOAc; these
crystals were not suitable for diffraction. Yield 19% (0.75 g,
4.5 mmol). M.p. 136—138 °C. 'H NMR (400 MHz, [Dg]acetone):
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0= 6.15(s, 2 H), 4.06 (sept, /= 7 Hz, 2 H), 1.30 (d, / = 7 Hz, 12
H) ppm. '3C NMR (100 MHz, [D¢lacetone): § = 161.0, 118.6, 47.9,
20.9 ppm. MS (MALDI): m/z = 169 [MH™"]. Single-crystal X-ray
diffraction analysis of material crystallized from CHCl; was inter-
esting due to ten symmetry-unrelated molecules in the unit cell.
The details of this crystal will be published elsewhere.

CCDC-243202 to -243207 contain the supplementary crystallo-
graphic data for this paper. (solid-state coordinates for 2a, 2b, 2c,
3a, 3b, and 4). These data can be obtained free of charge from The
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