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ABSTRACT: A dynamic NMR study of the tautomerism of 2,2'-bisbenzimidazolyl in DMSO-d6 and a mechanistic
interpretation of the process, based on a stepwise, single-proton transfer and formation of a zwitterionic intermediate,
are presented. This interpretation is substantiated by semi-empirical calculations of the postulated intermediate and
transition state, that yield results which are compared with previous studies on related aliphatic systems. 1998 John
Wiley & Sons, Ltd.
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INTRODUCTION

The tautomerism of nitrogen-containing heterocycles via
proton transfer has been the subject of a variety of
publications. Investigated systems include porphyrins,1

azophenine2 and oxalamidines.3–5 From kinetic isotope
effects and dynamic NMR studies a common mechanism
for the interconversion of these tautomeric species has
emerged, based on a stepwise, single-proton transfer with
formation of zwitterionic intermediates. The rate of these
processes depends to some extent on the solvent, but
mainly on the structure of the nitrogen-containing
heterocycle. Thus, for the series of oxalamidines
bisimidazolyl (1), 2,2'-bis(4,5-dihydro-1,3-diazole) (2),
2,2'-bis(3,4,5,6-tetrahydro-1,3-diazine) (3) and 2,2'-
bis(4,5,6,7-tetrahydro-1,3-diazepine) (4) only for the
latter compound was an intramolecular double proton
transfer detected atca350 K. By contrast,2, for example,
did not exhibit any tautomerism arising from an intra- or
intermolecular proton-transfer processes in the tempera-
ture range 280 – 410 K.5 This difference in behaviour was
rationalized by the influence of heavy-atom reorganiza-
tion processes during the single-proton shift, which
contributed to varying extents to the energy barriers of
tautomerism for each substrate.

In this paper we present a dynamic NMR study of the
tautomerism of 2,2'-bisbenzimidazolyl (5) in DMSO-d6.

The choice of this system was motivated by the hope that,
in contrast to the bisimidazolyl1, compound5 might
prove a more convenient substrate for tautomeric studies.
We hoped that the greater acidity of the protons-in-flight
in 5 might compensate for the large, unfavourable
energetic barrier due to the heavy-atom reorganization
involved in the tautomeric process. Our results are
rationalized theoretically by a semi-empirical study of
the postulated intermediate and transition state, employ-
ing the PM3 hamiltonian. We therefore test the hypoth-
esis of a stepwise, single-proton transfer as a probable
mechanism for the tautomerism of5, in agreement with
all previous reports on related oxalamidines. In addition,
although our theoretical calculations lead to values of
energy barriers which differ substantially from the
experimental results, an observation which was also true
for systems1–4,4 they allow a direct comparison of5
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with the aliphatic heterocyclic systemsstudied pre-
viously by thesamemethod.

EXPERIMENTAL

The2,2'-bisbenzimidazolyl(5) waspreparedby reaction
of o-phenylenediamineandhexachloracetone.6

The13C and1H NMR spectraof 5 wererecordedwith a
Bruker AC 200MHz spectrometer,employing tetra-
methylsilaneasinternalstandard.

Semi-empiricalcalculationswereperformedwith the
MOPAC 6.0 package,7 utilizing the PM3 hamiltonian.
Heatsof formationfor 5, thetransitionstate(TS) andthe
zwitterionic intermediate(I ) were determinedafter full
geometrical optimizations, employing the PRECISE
mode as a criterion for convergence.Optimization of
the transitionstatewasattainedfollowing the eigenvec-
tor-following routine, calculating the hessian matrix
everyfive stepsin the optimization(MOPAC keywords
TSandRECALC= 5).Theoptimizationstartedfrom two
differentgeometries,onesymmetricalandtheothernon-
symmetrical, both of which yielded the same end
structure. The confirmation that the stationary point
obtained was a transition state was achieved by

subjectingthe structureto a force calculation(keyword
FORCE), which yielded one and only one negative
vibration frequency,associatedwith the N—H bond of
theproton-in-flight.Thealternativeactivationenergyfor
ahypotheticalconcertedprocesswasestimatedthrougha
single-pointcalculationon the symmetricalstructureS,
obtainedasdescribedin theDiscussion.

RESULTS AND DISCUSSION

The 1H NMR spectrumof 2,2'-bisbenzimidazolyl(5) in
DMSO-d6 at 20°C is shownin Fig. 1. Figure2 showsthe
13CNMR spectrumof 5 underthesameconditions.

As canbeseenfrom the1H NMR spectrum,therateof
tautomerismof 5 by protontransferof theNH hydrogens
is smallenoughat 20°C to yield a clearnon-equivalence
of thearomaticprotonsortho to thenitrogenatoms.

Theseprotons(Hc andHd) appearastwo doubletsat �
7.85and7.63,coupledto theneighbouringhydrogensHb

and Hb' with a coupling constantJ = 6 Hz. Theselatter
hydrogens,being further away from the NH groups,
appearalmostequivalent,asanAB systemat � 7.30.

The13C NMR spectrumof 5 at20°C showsevenmore

Figure 1. 1H NMR spectrum of 5 in DMSO-d6 at 20°C
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clearly theabsenceof anydetectabletautomerismat this
temperature.The signals,correspondingto sevennon-
equivalentcarbon atoms, are easily assignableto the
more deshieldedC-1/C-1' (143.9ppm) and C-5/C-5'
(143.6ppm),andto theotherbenzocarbonatomsC-4/C-
4' (134.9ppm), C-9/C-9' (123.7ppm), C-8/C-8'
(122.3ppm), C-7/C-7' (119.3ppm) and C-6/C-6'
(112.2ppm).

Figure 3 shows the 1H NMR spectra of 2,2'-
bisbenzimidazolyl at 50, 80, 110 and 130°C. Two
featuresare clearly discernible as the temperatureis
raised:theNH singletaround13.7ppmat20°C becomes
gradually broader, until it practically disappearsat
110°C, and the two doublets at 7.85 and 7.63ppm,
coalesceto a broad signal at 50°C, becomingsharper
againasa doubletof doubletsat 110°C.

The correspondinguncoupled13C NMR spectraof 5
are shown in Fig. 4. As the temperatureis raised,the
signalscorrespondingto thesevennon-equivalentcarbon
atomsof 2,2'-bisbenzimidazolylgraduallycoalesceand
disappear,andthespectrumis simplifiedat130°C to four
signals,two quaternarycarbonsat 143.2(C-1/C-1') and
138.7ppm (C-4/C-4' and C-5/C-5'), and two tertiary
carbonsat 121.9(C-8/C-8' andC-9/C-9') and114.8ppm
(C-6/C-6' andC-7/C-7').

Thespectrashownin Figs3 and4 allow usto estimate
the free energyof activationfor the tautomericprocess,
by theequation

�G6� � 1:914� 10ÿ2Tc�9:972� logTc=��c� �1�

which relatesthis energyto thecoalescencetemperature

Figure 2. 13C NMR spectrum of 5 in DMSO-d6 at 20°C

Scheme 2.
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Tc of two given signals absorbingwith a frequency
differenceD�c.

8

Applicationof thisequationto thetwo protondoublets
at 7.85and7.63ppm,which areassumedto coalesceat
323K (Fig. 2), yieldsa freeenergyof activationof 67 kJ

molÿ1. Estimatesbasedonthe13C NMR spectrain Fig. 4
yield similar values.As anexample,thesignalsat 112.2
and119.3ppm,which areassumedto coalesceat 383K,
yield anactivationenergyof 69 kJ molÿ1. Our estimated
activationenergyof 67–69kJ molÿ1 may be compared
with that of systems3 (>90 kJ molÿ1), 4 (56–58 kJ
molÿ1)5 and6 (43.0kJ molÿ1).9

Scheme 3.

Figure 3. 1H NMR spectra of 5 in DMSO-d6 at 50, 80, 110 and 130°C

Scheme 4.
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It is seen that the proton transfer in the 2,2'-
bisbenzimidazolylsystem(5) takes place at an inter-
mediateratebetweenthatof systems4 – 6 andthatof the
aliphaticmolecule3.

It hasbeenproposedthatsystems1 – 4 andcompound
6 do not tautomerize via a concerted,symmetrical
process,but through a stepwise,single-protontransfer
mechanism,with the formation of a zwitterionic inter-
mediate.3–5 It seemsreasonableto assumea similar
mechanismfor the tautomerismof 2,2'-bisbenzimidazo-
lyl (5). A theoreticalinvestigationof the two possible

mechanisticalternativesfor 5 might corroboratethis
assumption,in additionto sheddinglight on the relative
behaviourof our system,as comparedwith the other
previouslystudiedoxalamidines.

We therefore decided to perform semi-empirical
calculationsat the PM3 level on the 2,2'-bisbenzimida-
zolyl moleculeandto compareour resultswith thosefor
othersimilarly studiedsystems.

Theoptimizationof a transitionstatefor thetautomer-
ism of 5 was carried out starting from two different
geometries.The first wasa symmetricalone,wherethe
ground-statebisbenzimidazolylhadtwo protons-in-flight
at an equaldistancefrom the two nitrogentermini, in a
geometrical arrangementfairly close to an eventual
transitionstateof a concertedprocess.Thesecondinitial
arrangementassumedan asymmetric transition state,
with a single-protontransferfrom onenitrogenatom(N-
2) to another(N-3'). Both initial geometriesconvergedto
the same transition state structure TS depicted here,
shown with some pertinent bond lengths, anglesand
chargeson the H atoms.In order to confirm that this
stationary point was indeed a transition state we
performed a force calculation on this structure and
determinedits vibrationalfrequencies.As expectedfor a
transitionstate,we obtainedoneandonly oneimaginary
frequency,correspondingto the NH vibration involving
theproton-in-flight.This resultconfirmedtheassumption

Figure 4. 13C NMR spectra of (5) in DMSO-d6 at 50,80, 110 and 130°C

Scheme 5.
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of a stepwise,single-protontransferfor the tautomerism
of 5.

As for compound2 studied previously,4 the proton
transferin 5 is accompaniedby aheavy-atomreorganiza-
tion of thewholemolecule.Thetwo N atomsinvolvedin
thesingle-protontransferapproacheachotherandreduce
their distancefrom 3.0Å in thestablebisbenzimidazolyl
molecule to 2.45Å in the transition state.This is the
resultof anangulardeformationbetweenthetwo initially
symmetrical benzimidazolyl moieties, which has the
effectof pushingtheothertwo nitrogenatomsapart,from
a distanceof 3.0Å in thestablemoleculeto 3.4Å in the
transitionstate.Relaxationof thetransitionstatewith full
proton transfer to the N-3' leads to the zwitterionic
intermediateI , shownherewith thecalculatedchargeson
all nitrogenatoms.

We next proceededto compare the two possible
pathways,by estimating the activation energy for a
hypotheticalsymmetricaltransitionstate,takingplacein
a concertedway.

As statedbefore,in oursearchfor a transitionstateour

calculations never convergedto any stationary point
which might correspondto a concertedtransitionstate.
However,in order to rule out the possibility of sucha
mechanism, we decided to perform a single-point
calculationon a hypotheticalsymmetricalstructureand
compareit with ourobtainedtransitionstatestructureTS.
Sinceour choiceof this hypotheticalstructurehadto be
arbitrary,we startedfrom theoptimizedgeometryof the
dianionof 5. Wethenaddedtwo protonsto thisstructure,
one at the bottom and the other at the top, positioning
themat variabledistancesfrom it, alongthe C2v axis of
thesymmetricaldianion.Weassumedfor all single-point
calculationsa constantbonddistanceof 1.45Å between
the two rings (a meanvalue betweenthe distancesof
1.44Å, calculatedfor bisbenzimidazolyl,and 1.46Å ,
calculatedfor its dianion),and a C-1—N-2 distanceof
1.38Å, a meanof the valuesfor the calculatedC—N
(1.41Å ) andC=N (1.35Å ) bondsof bisbenzimidazo-
lyl. Employing these parameters,we arrived at the
structureS as the best symmetricalarrangement(with
minimum energy)of the two protons-in-flight.

Our calculations predicted for this hypothetical
symmetricaltransitionstatean activationenergyof 592

Scheme 6.

Figure 5. Energy pro®le for the tautomeric interconversion
of the equivalent bisbenzimidazolyl forms B and B', through
intermediate I and the equivalent transition states TS and
TS'. The position of a hypothetical symmetrical concerted
transition state S is also shown (the drawings are not to scale)

Scheme 7.

Table 1. Activation energies for the tautomerism of systems 2±6

Compound Ea (exp.) (kJ molÿ1) Eo
a (calc.) (kJ molÿ1) Ei

a (calc.) (kJ molÿ1)

2a — 220 102
3a >90 172 112
4a 56.2 123 118
5 67–69 189 84
6a 43.0 143 114

a Experimentalandcalculatedvaluesfrom Ref. 4.
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kJ molÿ1, well above the value of 189 kJ molÿ1

calculated for the stepwise, single-proton transfer
mechanism. A graphical comparison of these two
processesis given in Fig. 5.

Table 1 comparesthe calculatedactivation energies
Eo

a andEi
a for 5 with thoseof systems2–4 and6.4

In all casesthe calculatedactivationenergiesEo
a are

muchlargerthanthe experimentalvalues.Nevertheless,
the calculatedvaluesreproducethe experimentaltrends
reasonablywell. Thus,thebisbenzimidazolylsystem5 is
expectedto tautomerizemore easily than the bisimida-
zolyl system 2, for which this processcould not be
detected,5 but lessreadily than systems4 and 6. Also,
formation of the zwitterionic intermediateI from the
transitionstateTS is leastexergonicfor the bisbenzimi-
dazolylcompound5.Thevalueof Ei

a in theseriesclosest
to thatof thearomaticcompound5 (84kJmolÿ1) is of the
analogous,equallyaromaticbisimidazolylsystem2 (102
kJ molÿ1), which is intermediatebetweenthat of 5 and
thenon-aromaticoxalamidines3, 4 and6.

Although we may find somecorrelationbetweenthe
theoreticaland experimentalenergyvaluesin Table 1,
the above analysis is in many respectslimited. For
example,the theoreticalactivation energyfor 3 would
predict it to tautomerizemoreeasily than5. In fact, no
proton-transferprocesswasdetectedfor 3 between280
and410K,5 in contrastto 5, for which this processcould
already be observedby 330K. Solvent effects may
possiblyaccountfor suchdiscrepancies.

In fact, in all our precedingdiscussionwe assumed
only intramolecularpathwaysfor thetautomericprocess.
Wefollowedin ourdiscussionthethoroughapproachand
theresultingconclusionsonsystems2–4 thatprovidedus
with asolidgrounduponwhichto build ourownanalysis.
However, the exclusion of solvent-assistedintermol-
ecular pathwaysin the tautomerismof 3 in an inert
solventsuchas methylcyclohexane5 seemsmuch more
reasonablethanin ourcase,wheretautomerismof 5 takes
placein DMSO. In this morepolarmilieu therole of the
solvent should not be negligible, with the result that
theoreticalcalculations,which apply to a hypothetical
processin the gasphase,may divert significantly from
theexperimentalobservations.

Both intramolecularandsolvent-assistedintermolecu-
lar processesmay takeplacein the tautomerismof 5 in
DMSO.

In the first case,we would expectthe polar solventto
favour the stepwise mechanism, which involves a
zwitterionic intermediateI , rather than the concerted
pathway. Increasedstabilization of species I by the
solvent,comparedwith the bisbenzimidazolylsubstrate,
wouldreducethevaluesof bothEo

a andEi
a in Fig.5.This

could well explain the fact that 5 tautomerizesmore
easilyin DMSOthan3 in methylcyclohexane,in spiteof
exhibitingahighercalculatedactivationenergyin thegas
phase(189kJ molÿ1) than3 (172kJ molÿ1).

A solvent-assistedintermolecularprotontransferin the

tautomerismof 5 shouldalso be facilitated in DMSO.
The strong donor solvent might reasonablyact as a
generalbasecatalystin this process,helpingto abstracta
protonfrom theimidazolicNH. Thelow-field shift of this
hydrogenatomin DMSOis indicativeof somedegreeof
hydrogenbondingwith thesolvent,a factwhichpointsin
that direction.

Therefore, neither the spectroscopicdata nor the
theoreticalcalculationspresentedin this work allow us
to decidesafelybetweenan intramolecularor a solvent-
assisted intermolecular tautomeric process for the
bisbenzimidazolylmoleculein DMSO. The fact that the
experimentalactivationenergyreportedby usfalls in the
rangeof theEa valuesobtainedfor systems3, 4 and6 in
an inert medium,wherethis choiceseemsmorecertain,
suggeststhat 5 also tautomerizesvia an intramolecular
stepwiseprocess.However, we cannot rule out some
degreeof solventparticipationin this tautomerism,and
even the existenceof a parallel intermolecularproton
transfer, facilitated by the basic DMSO solvating
molecules.

In conclusion, 1H and 13C NMR spectra of 2,2'-
bisbenzimidazolylin DMSO-d6, recordedin a rangeof
temperaturesbetween293and383K, wereusedto study
thetautomerismof this compound.An activationenergy
of 67–69kJ molÿ1 was estimatedfor the process.The
experimentaldata do not allow us to decide safely
betweenan intramolecularand a solvent-assistedinter-
molecularpathwayfor thetautomerization.Nevertheless,
our activationenergyfalls in the rangeof valuesfor the
tautomerizationof other oxalamidines,where the in-
tramolecular mechanism seems more certain. This
suggeststhat a similar mechanism should also be
operatingfor 5 in DMSO, which would tautomerizevia
astepwise,single-protontransfer,with theformationof a
zwitterionic intermediate.Semi-empiricalcalculationsat
the PM3 level reinforcedthis assumption,showingthat
therate-determiningprotontransferis accompaniedby a
deformationof the whole molecule, thus bringing the
nitrogen termini of the N—H���N proton-transferring
groupcloserin the transitionstate.
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