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ABSTRACT: We determine the presence of four open-form configurational
isomers for an unsubstituted metastable-state photoacid (mPAH) of the
tricyanofuran (TCF) type in solution, at room temperature, via 2D NMR
experiments. Electronic structure calculations are carried out to predict the
relative stability of the isomers found experimentally and their isomerization
barriers. According to the calculated rate constants for isomerization, the
molecule can freely interconvert between the open-form isomers, thereby
providing a thermal pathway between the isomers that might be better suited to
access the cyclized closed-form configuration and those that are not. In
establishing the open form isomeric makeup of the TCF mPAH under study, this
work establishes the need to consider the four isomers in further studies on the
thermal and excited-state isomerization processes and substituent effect thereon.

1. INTRODUCTION

Molecular switches provide control over a variety of chemical
parameters through external stimuli, such as temperature, light,
and pH.1−3 By providing control over a specific parameter,
molecular switches play an important role in diverse
applications, such as fluorescence modulation,4−7 ion detec-
tion,8,9 and polymer functionalization.10−13 Metastable-state
photoacids (mPAHs), first reported in 2011 by Shi et al.,14 are
a family of spiro-style molecular switches capable of reversibly
modulating absorbance profiles, polarities, and hydrogen ion
concentrations by irradiation with visible light.15 The colored
open form of mPAHs reversibly photocyclisizes into a
noncolored, anionic closed form, releasing its hydroxyl proton.
Figure 1 illustrates this process for a generic tricyanofuran-type
metastable-state photoacid (TCF mPAH),16 a particular type
of mPAH, and makes a contrast with the analogous process in
traditional spiro compounds.
The use of mPAHs as molecular switches, as opposed to

conventional spiro compounds, like spiropyrans and spiroox-
azines, has two major advantages. First, photoisomerization is
controlled with visible light, as opposed to UV light. As a
result, mPAHs are more amenable for use in biological
applications and may fare better in regards to photo-
degradation.14 Second, mPAHs can modulate pH without
the need for prior acidification, as is the case for traditional
spiro compounds.17,18 Prior acidification, like UV light, is a
complication for biological applications because it introduces
the possibility of damaging the biological environment with the
acidifying agent.

The potential of TCF mPAHs as molecular switches,
particularly in biological applications, warrants the study of
their structure and reactivity. Nonetheless, from a mechanistic
point of view, the isomerization processes that mPAHs
undergo make such studies complex. As with any spiro
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Figure 1. Tricyanofuran-type metastable-state photoacids (top)
compared to traditional spiro compounds (bottom).
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compound, an understanding of the full picture of the thermal
and excited state processes requires the study of both the
ground state electronic surface and also excited state surfaces
featuring bond breaking and formation and, possibly, conical
intersection.19−21 A labile proton presents, in addition to those
of traditional spiro compounds, one additional degree of
complexity resulting, all mechanistic features considered, in a
formidable challenge to both theory and experiment. As such,
any mechanistic study on TCF mPAHs, like those carried out
for traditional spiropyrans19,21−23 and, very recently, for a
related merocyanine-type (mer)-mPAH,24 strongly profits
from constraints given by the answer to a simple yet nontrivial
question: what configurational isomers are actually present in
solution? Experimental evidence on the presence of specific
isomers under standard conditions (in other words, at room
temperature and in the absence of exciting radiation) informs
mechanistic studies by providing the initial structures to be
considered in any cyclization pathway, whether it be on an
excited or the ground state surface. Given the size and
complexity of TCF mPAHs, a number of different configura-
tional isomers arising from bond rotations and the attachment
of the labile proton with the different heteroatoms of the
molecule, are conceivable. The objective of this paper is to
identify the existence of the isomers of an unsubstituted TCF
mPHA (R1 = R2 = R3 = H),16 referred to as TCF1 from here
on.

2. RESULTS AND DISCUSSION
The experimental 1H NMR spectra (Table S1 and Figure S1 in
the Supporting Information (SI)) reveals seven distinctive
signals with clear splitting patternssix out of the signals
integrate to 1. The last one, with a chemical shift of σm = 1.77
ppm, and integrating to 6, is the signal coming from the six
methyl hydrogens in the molecule. The signals coming from
the two vinyl hydrogens (σ1v = 7.42 ppm and σ2v = 8.17 ppm)
in the central CC double bond can be singled out based on
their distinctive splitting pattern: they are doublets with a J-
splitting of 16.4 Hza value well within the range for vinyl
hydrogens. There is a broad signal at σ = 10.84 ppm likely
arising from a strongly deshielded hydrogen. The obvious
candidate corresponds to a hydrogen attached to one of the
heteroatoms in the molecule and the fact that there is a single
signal that integrates to one suggests that only one tautomer is
presentFigure S6 in the SI displays the possible locations for
the labile proton aside from the phenol hydroxyl group. The
remaining four signals can confidently be assigned to the four
aromatic hydrogens in the molecule, based on the chemical
shielding and splitting patterns. As is the case for phenol,25,26 it
is unlikely that keto−enol tautomerism that places the labile
proton in the conjugated carbon atoms, as shown in Figure S6
in the SI, makes a significant contribution to the population for
TCF1. Furthermore, such a scenario would be incompatible
with the splitting patterns observed experimentally. So far, the
1H NMR is consistent with the general structure proposed for
these types of molecules, and the only uncertainty that remains
is the location of the labile protonoften presumed to be
attached to the phenolic oxygen.
To find experimental evidence for the location of the labile

proton, we recorded a 13C NMR spectra and carried out
heteronuclear single-quantum coherence (HSQC) and hetero-
nuclear multiple bond correlation (HMBC) experiments2D
NMR experiments that give information about the connectivity
of the protons with the carbons in the molecule. The raw

spectra (Figures S2 and S3 in the SI) and tabulated data
(Tables S2 and S3 in the SI) are provided in the SI. On the
basis of the information we have about the structure by having
made a fraction of the 1H assignments unambiguously, it is
possible to use the HSQC and HMBC spectra to assign most
of the signals in the 13C NMR. The signals arising from the
cyano carbons can still be identified because they are the only
closely spaced signals within the range normally associated
with cyano carbons, that do not give rise to any HSQC signals.
From the HSQC spectra, it is clear that the labile proton is not
directly bound to a carbon atom, ruling out the possibility of
tautomers where the proton is not attached to a heteroatom in
the molecule. No interaction between the methyl hydrogens
and the labile proton is present in the HMBC, which rules out
the possibility of the proton being attached to the oxygen in
the tricyano furan moiety. The HMBC spectra also shows no
correlations between the cyano carbons and the labile proton,
which rules out the possibility of the proton being attached to
the nitrogen atoms in the molecule. The only clear interaction
in the HMBC is that of the labile proton with the aromatic
carbons, which unambiguously indicates the presence of the
tautomer with the proton attached to the phenolic oxygen.
We mention in passing that the presence of the

deprotonated open form is ruled out on the basis of UV−vis
measurements. The lowest-energy feature in the spectra of
mPAHs is red-shifted upon removal of the phenyl hydrogen
and prior to cyclization. For example, in the original study on
mer-mPAHs, this feature shifts from 424 nm to roughly 550
nm.14 Only the feature associated with TCF1 with its hydroxyl
hydrogen attached, as assigned by predicted UV−vis spectra
(Figures S9−S13 in the SI) and in consistency with the
original report of the molecule,16 is observed under the
experimental conditions employed throughout the study.
Allowing for rotation about the three C−C bonds that

connect the tricyanofuran and phenol moieties (labeled α, β,
and γ) in the open form tautomer consistent with the NMR
experiments yields a set of eight possible cis−trans configura-
tional isomers. Following standard convention, we denote each
of the isomers in question by a label ABC, where A, B, C = T
(trans) or C (cis) refers to the configuration about the α, β,
and γ bonds, respectively. Spiro compounds are proposed to
exist in the cis or, more fittingly, cisoid configuration about the
β bond only under forcing conditions22 or as intermediates in
the isomerization between the open and the closed forms.21,23

The reluctance of spiro compounds to adopt said cis
configuration is attributed to the steric hindrance and ensuing
nonplanarity of the conjugated system, resulting in a

Figure 2. 1H and 13C NMR chemical shifts, as assigned by the HSQC
and HMBC experiment.
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preferential population of the mostly planar trans config-
urations. The four TCF1 configurations trans about the β bond
are shown in Figure 3.

The answer to which configurational isomers of TCF1
should be present is readily addressed by computing a partition
function

Q e E∑=
ν

β− ν

(1)

where ν designates a particular configuration of the TCF1
molecule. To obtain the energies required to calculate the
partition function we carried out density functional theory
(DFT) calculations. We chose a dispersion corrected global
hybrid GGA (B3LYP-D3)27−29 based on Mardirossian and
Head-Gordons thorough benchmark, which found it to have a
root-mean-squared-deviation of 0.47 kcal/mol in predicting
isomerization energies.30 All calculations were carried out with
the Gaussian 09 suite of packages.31 Figure S7 provides images
of the optimized structures; it is clear that they deviate close to
nothing from nonplanarity, in contrast to that observed for two
mer-mPAHs by Aldaz et al., which feature phenyl and indazole
moieties as the donor groups (mer-phenylhydroxy-mPAH and
mer-indazole-mPAH, respectively).24 The distribution result-
ing from the calculated energies at room temperature (T =
298.25 K) is shown in Figure 3 and Table S5 (SI). DFT
predicts the probability of finding a TCF1 molecule in any of
the four configuration trans about the β bond

P
e

Q

E
=ν

β− ν

(2)

to be roughly on the same order of magnitude. That is, the
ratio Pν/PCTT remains on the order of 10−1 for the states ν
other than the most stable isomer. This homogeneous
distribution, in terms of order of magnitude, differs from
calculations carried out for other spiro compounds, where the
probabilities of one or two isomers, as calculated by eq 2,
dominates over the remaining (Pν/Pmoststable < 10−1).21,23,32

The two isomers with the largest fraction of the population are
the CTT and CTC isomers, which is interestingly the opposite
of both mer-phenylhydroxy-mPAH and mer-indazole-mPAH,
where the predominant isomers are the TTT and TTC.)24 All

the isomers with a cisoid configuration about the β bond were
calculated to be too high in energy to make any substantial
contribution to the partition function at room temperature
(Table S5, SI).
It is clear from Figure 4 that only the cisoid configurations

associated with the CTC and the TTC isomers by rotation

about the β bond, namely, the TCC and CCC isomers, would
place the oxygen in the correct position for a nucleophilic
attack on the spiro carbon. According to the Boltzmann
distribution presented in Figure 3, slightly less than half of the
population would be in a configuration that is amenable to
cyclization by being one bond rotation away from a cisoid
configuration with a direct pathway toward the required
nucleophilic attack. If it were the case the CTT and TTT
isomers are unable to easily interconvert into either the CTC
or TTC isomers by rotations about the γ bond or via a hula
twist,24 it could potentially render a significant fraction of the
population unable to reach the closed form, thereby hindering
the utility of TCF mPAH as a molecular switch. We note in
passing that, in case the CTT and TTT isomers were unable to
easily access the CTC and TTC isomers in the ground state, a
saving grace for them could be the changes in the different
isomerization barriers upon promotion into an excited state
surface, removal of the phenolic proton, or both.
To study the possibility of interconversion between the four

open form isomers, trans about the β bond, we sought to
calculate the reaction rate constants for rotations about the α
and γ bonds for each isomer. Transition state theory allows us
to compute the rates of rotation k, up to a constant κ (often
taken to be 1), by

k k T
h

e G RTB /

κ
= −Δ ⧧

(3)

where the rotational barrier ΔG⧧ is defined as the difference in
free energy between a transition state and the most stable of
the two conformers that it connects. Once again, DFT is able
to provide the free energies required to compute ΔG⧧. We
decided to use the same functional as we used for the
isomerization energies, both for consistency and based on the
results of the BHROT27 benchmark, which found B3LYP-D3
to have a root-mean-squared deviation of 0.56 kcal/mol in
predicting rotational barriers in a variety of organic
molecules.33 The missing geometries (those of the transition
states describing the rotation of the α and γ bonds) were
obtained via the Synchronous Transit-Guided Quasi-Newton

Figure 3. Four open TCF1 isomers with the trans conformation
about the β bond, their calculated Boltzmann distribution, and the
calculated rate constants of interconversion. The relevant, unique
NOE interactions are shown in different colors.

Figure 4. Optimized structures for the four open TCF1 isomers with
the cis conformation about the β bond (methyl groups omitted for
clarity).
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procedure at the B3LYP-D3/6-311++G(2d, p) level. The free
energies of the open form isomers and the transition states
were obtained from SPE-calculated energies at the B3LYP/6-
311++G(3df, 3pd) level, corrected for entropic contributions
at room temperature (T = 298.25 K) calculated at the B3LYP-
D3/6-311++G(2d, p) level.
The resulting rate constants at room temperature are shown

in Figure 3 and Table S6 (SI). All rate constants are on the
order of 105−106 (κ s)−1. For reference, the rate constants, as
calculated by eq 3 based on G2-calculated free energies at
room temperature, for the C2−C3 rotation in n-butane are
1.12 × 108 for rotations proceeding via the anti−syn (methyl)
and the anti−syn (hydrogen) transition states, respectively.34

We can, therefore, claim that the four open form isomers, trans
about the β bond, interconvert between one another via
rotations about the α and γ bonds. The α and γ bonds rotate at
rates that, although slower than freely rotating alkane bonds by
about a factor of 100, are high enough to prevent the TCF1
molecules from getting stuck in one particular isomer, thereby
ensuring that even the CTT and TTT isomers are able to
access the closed forms through the CTC and TTC isomers.
Note that alternative possibility for the CTT and TTT to
access the closed form could be to first rotate into their cisoid
partners, CCT and TCT, and then rotate about the α bond
resulting in the target CCC and TCC isomers or the hula twist
that Aldaz et al. reference.24

We found three studies providing experimental evidence for
the open form isomeric makeup for spironapthooxazines.35−37

These studies found the TTC and possibly the CTC isomer to
be present, in agreement with electronic structure calculations
predicting only these isomers to make a substantial
contribution to the partition function.23 In line with these
studies and to find experimental evidence for the cis−trans
isomers we zoned in on, we carried out a nuclear Overhausser
effect (NOE) experiment. The NOE interactions characteristic
to each of the four isomers are shown in Figure 3 (the raw
spectrum is presented in Figures S4 and S5, SI.) They are
those involving interactions between the two vinyl hydrogens
in the β bond (σ1v = 7.42 ppm and σ2v= 8.17 ppm) and the
methyl hydrogens (σm = 1.77 ppm), the aromatic hydrogen
ortho to the γ bond (σa = 7.84 ppm) and the hydroxyl
hydrogen (σp = 10.84 ppm.) Note that every unique
interaction, denoted with a different color, is present in two
isomers.
Table 1 compiles all the information acquired from the

NOESY experiment, with the relevant signals color-coded to
those depicted in Figure 3. The signal at (σ1v, σm) represents an

NOE interaction between the methyl hydrogens and the vinyl
hydrogen closest to the tricyanofuran core and requires an
isomer with the trans configuration about the α bond to be
present. However, this is not the only configuration about the
α bond implied in this spectra: the signal at (σ2v, σm) requires
an isomer with the cis configuration about this bond to also be
present. In a similar manner, the signals at (σ1v, σa) and (σ2v,
σp) require the presence of an isomer T about the γ bond, and
the signals at (σ1v, σp) and (σ2v, σa) require the presence of an
isomer C about the γ bond. At this point, we would like to note
that no signal was found at (σ1v, σ2v), representing the absence
of an NOE interaction between the vinyl hydrogens.
Furthermore, the 16.4 Hz J-coupling constant between the
vinyl hydrogens lies in the range associated with trans vinyl
hydrogens, as opposed to cis vinyl hydrogens. These two
observations rule out the presence of the β-cisoid isomers. The
three scenarios that can account for the signals observed in the
NOE spectra are that (1) the TTC and the CTT isomers are
present, (2) the TTT and the CTC isomers are present, and
(3) all four isomers are present. In light of our computational
work, we believe explanation 3 to be the most plausible. This
deviation from the open form isomeric makeup in
spironapthooxazines may be due, in part, to the steric
hindrance placed by the aromatic hydrogen on the sole
hydrogen in the β bond in said molecules. Spiro compounds
without the additional aromatic ring in the donor moiety, such
as spirooxazines, spiropyrans, and TCF 1, are free of such
hindrance.

3. CONCLUSION

This study provides unambiguous experimental evidence from
1D and 2D NMR experiments for the open form isomeric
makeup in solution for TCF 1, in deviance from traditional
spiro compounds, to consist of the four configurations trans
about the β bond, with the labile hydrogen placed on the
phenolic oxygen. The presence of all other prototropy
tautomers have been ruled out on the basis of our experimental
NMR results. Contributions of the dominant configurations to
the population, as computed from density functional theory
calculations, appear to be roughly on the same order of
magnitude. This could possibly compromise the photo-
chromism of the molecule, since some open forms are unable
to access the closed form directly by simple bond rotations. In
the present case, TCF 1 circumvents this adversity by a viable
pathway for interconversion in between the four configurations
at room temperature. A solid understanding of the configura-
tional profile for TCF1 clears the path for further studies on
the complicated isomerization processes of this molecule: the
thermal ring-closing/opening and the excited-state ring-
closing. In a sense, these consist of richer mechanistic
problems than those carried out previously for traditional
spiro compounds because of the additional degree of
complexity imposed by the proton transfer.24 Progress on
the understanding of these complicated isomerization
processes will lead to improvements on the design of effective
molecular switches.

4. METHODS

Details regarding the synthesis and NMR spectra of TCF can
be found in sections 1 and 2 of the SI. For theoretical results,
the energies of the eight open form configurations were
calculated at the B3LYP-D3/6-311++G(3df,3pd) level, with a

Table 1. NOE Spectra for TCF1 in DMSOa

aBoth axes correspond to 1H NMR shieldings and relevant NOE
signals are color-coded to Figure 3.
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zero point energy (ZPE) correction at the B3LYP-D3/6-311+
+G(2d,p) level. These energies were calculated from B3LYP-
D3/6311++G(2d,p) geometries. Dimethyl sulfoxide (DMSO)
was used as the Polarizable Continumm Model (PCM) of
solvation (for these and all subsquent calculations) for
comparison with experimental NMR results. Additional
technical details can be found in section 3 of the SI.
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