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Proton transfers in the ground and excited state continue to
draw interest from many branches of chemistry.4 In particular,
the photochemistry and photophysics of indigo (1) (Scheme 1)
and its derivatives have been a matter of long-standing interest.5

In this paper we show by dynamic NMR that its isoelectronic
nitrogen analog indigodiimine (2) adopts a highly fluxional
structure even in its electronic ground state.
For indigo in the electronic ground state only the centrosym-

metrictrans-structure1a, characterized by atransconfiguration
with respect to the central double bond and two intramolecular
(CdO‚‚‚H-N) hydrogen bonds, has been observed.5,6 Semiem-
pirical quantum-mechanical calculations7 have confirmed that
the degenerate forms1band1b′ have substantially higher energy
than1a, and1c higher energy than1b and1b′. However, as
acid-base properties are often significantly altered in electronic
excited states8 phototautomerization of1a to 1c has been
postulated as a radiationless pathway which effectively quenches
fluorescence of1.9 By contrast, the quantum-mechanical
calculations7 indicate preferential formation of1b over 1c in
the excited state. An extremely weak fluorescence in1 has since
been detected and a combination of fluorescence and infrared
studies indicates the absence of proton transfers in the first
excited state of1.10
By contrast, IR measurements of the NH-stretching band of

2 and its15N-labeled isotopomers indicate that indigodiimine
adopts the tautomeric form2b.11 This implies a possible rapid
intra- or intermolecular tautomerization to the degenerate form
2b′, either as stepwise single proton transfers via2aor 2cor as
a concerted double proton transfer. Additionally,2b may be
subject to an internal rotation of the NH2 group. The combina-
tion of proton tautomerization and NH2 group rotation leads
potentially to eight interconverting molecular states according
to Scheme 2. By performing variable-temperature1H NMR
experiments on indigodiimine (2)12 in a mixed freon solvent,13

we were able to confirm Scheme 2 and report preliminary rate
constants for both processes.
Some typical superposed experimental and calculated spectra

are shown in Figure 1. The predominance of2b is verified by
four singlets atν1 ) 10.7,ν2 ) 9.8,ν3 ) 7.1 (partly obscured
by aromatic proton signals), andν4 ) 5.1 ppm. The signal
assignment was obtained by15N-labeling at the exocyclic
nitrogen sites and by inference from changes in the line shape.
As temperature is increased from 140 K the two high-field
signals first broaden and then coalesce to a broadened singlet
at (ν3 + ν4)/2 ) 6.1 ppm from which the value ofν3 could be
inferred. The rate constantkr ≈ 1010.2(0.5 exp(-5.0( 0.3 kcal
mol-1/RT), 140 Ke T e 190 K, for the NH2 rotation14 could
be obtained by fitting the theoretical to the experimental
spectra.15 As the temperature is further increased all remaining
three singlets broaden and coalesce into a single line at 8.1 ppm,
indicating the onset of the tautomerization between2b and2b′.
The associated rate constantkpt≈ 109.6(0.4 exp(-5.8( 0.3 kcal
mol-1/RT), 160 Ke Te 270 K, for this double proton transfer16

was obtained again by line shape analysis. The aromatic proton
signals also exhibit temperature-dependent changes that confirm
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this analysis and the fluxionality of indigodiimine expressed
by Scheme 2. The values of the frequency factors of both
kinetic processes are of the order expected for intramolecular
proton transfers,17 whereas the lower values characteristic of
intermolecular exchange pathways involving a catalyst or a
second indigodiimine molecule are not observed.
Why does the asymmetric form predominate so strongly?

Indigodiimine2b is a vinylogousN-arylamidine and it is well
established that the amino form ofN-arylamidines is favored
over the imino form because of inductive and resonance
effects.18 Furthermore,2b exhibits a canonical form which
contains an aromatic indole ring which is absent in the
symmetric structure2a. We have performed preliminary
semiempirical AM1 calculations which show that2b is more
stable than2a by 2.1 kcal mol-1 (Hf(2b) ) 138.4 kcal mol-1

and Hf(2a) ) 140.5 kcal mol-1, respectively), although the
calculated difference may not be large enough to support these
conclusions.
In the future we will try to measure the kinetic HH/HD/DD

isotope effects on the double proton transfer.14 Such studies
are potentially able to provide information about the question
whether the reaction path involves a consecutive stepwise or a
synchronous transfer of both protons, as well as whether proton
tunneling is involved. Finally, the effects of solvent and solid

state environment on the structure and dynamics are also under
investigation.
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(15) Indigodiimine involves proton exchange between four sites, for
which the matrix,Mo, is given by
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The line widths were estimated from the low-temperature spectrum:Wo1
) 13 Hz,Wo2 ) 11 Hz,Wo3 ) 12 Hz,Wo4 ) 12 Hz. The chemical shifts,
ν, were taken to be temperature independent. For details see ref 17a.
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Figure 1. Variable-temperature1H NMR spectra of indigodiimine in
a freon mixture (1:5:5 CDCl3/CDFCl2/CDF2Cl).
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