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Cyclic voltammetry was applied as a useful tool for the detection and semiquantitative assessment of hydrogen
bonding in phthalimidoalkyl and aryl carboxylic acids in solution. Both intra- and intermolecular hydrogen bonding
could be detected and were assigned on the basis of base (DBU), acid (trifluoromethanesulfonic acid), solvent
(MeCN vs. DMF), concentration and scan rate effects, as well as multisweep experiments. The observation of
intramolecular hydrogen bonding neatly correlates with the reactivity pattern of the corresponding phthalimido
carboxylic acids in photodecarboxylation reactions.

Introduction
Due to its unique importance in biology and chemistry 2

hydrogen bonding has been intensively studied by a broad
variety of techniques. Among the well-established methods are,
for example, IR spectroscopy,3 calorimetry,4 and NMR spec-
troscopy.5 Recently, cyclic voltammetry (CV) was established
as a powerful technique for the observation of intermolecular
hydrogen bonding in solution.6 During our ongoing study on
the photochemical decarboxylation (PDC) of phthalimido
alkyl carboxylates,7,8 we have applied this technique for the
analysis of intramolecular hydrogen bonds activating the imide
electrophore/chromophore. Generally speaking, photochemical
reactions can be influenced by hydrogen bonding,9 which leads
to either activation or deactivation of the photochemical step.
The one-way photoisomerization of 2�-hydroxychalcone 10 can
be seen as a representative example of the latter case, whereas
hydrogen bond activation is assumed in case of the effective
α-decarboxylation of phthaloyl amino acids.11 Although the
photochemistry 12 and electrochemistry 13 of phthalimides have
been intensively investigated over the last decades, a direct
correlation of photo- and electrochemical properties has not
been reported so far.

Results and discussion
Three groups of phthalimido carboxylic acids were selected for
CV measurements (Chart 1) differing in distance and flexibility
of the linker separating the electrophore and carboxylic group:
aliphatic (1–7), aromatic (8–11) and heteroatom substituted
phthalimido carboxylic acids (12 and 13). The electrochemical
properties of the sulfur-containing compounds 12 and 13 have
recently been described,14 and we will now present a detailed
comparative study. For comparison, the methyl ester 14 and
N-methylphthalimide 15 were additionally chosen.

† Electronic supplementary information (ESI) available: X-ray crystal-
lographic data and cyclic voltammograms. See http://www.rsc.org/
suppdata/p2/b1/b105860f/

The starting materials 1–11 were synthesized from phthalic
anhydride and the corresponding amino acids by literature
procedures.15 The sulfur-containing derivatives 12 and 13 were
prepared by a method described by Gong and Iwasawa,16 com-
pound 14 by methylation of the corresponding free acid 1.17 CV
measurements were performed in acetonitrile for compounds
1–15 and additionally in DMF for 1–4, 8, 9, 12 and 13. In
addition to the partial reversible reduction waves (correspond-
ing to electron transfer to the radical anions) characterized by
E½, additional anodically shifted pre-waves Epc (peak cathodic)
were detected which can be related to hydrogen-bonded species.
Due to the entailing partial protonation of the carbonyl group
its acceptor strength is increased, and as result, an anodic shift
of the corresponding wave was observed. Additional hydrogen
bonding at the second carbonyl group of the phthalimide leads
to an even more pronounced anodic shift.18

The observed pre-waves can be correlated with three limiting
aggregation modes (Chart 2; shown prior to reduction): (A)
intermolecular, (B) intramolecular and (C) a combination of
intra- and intermolecular bonding, the latter accompanying B
in non-polar and polar aprotic solvents.‡ The well-known
dimerization of carboxylic groups 19 is still assumed to be an
important intermolecular interaction but since the electrophore
is not involved in this terminal hydrogen-bonded aggregation
these dimers will behave electrochemically similarly to D.

Evidence for the involvement of the depicted structures
resulted from (a) the addition of base (DBU) and acid (trifluoro-
methanesulfonic acid, TFMSA), respectively. The pre-waves
assigned to intermolecular hydrogen bonding (as in A and partly
in C) decreased when DBU was added, whereas the addition of
acid resulted in an increase in current height of wave C and a
decrease of waves B and D due to the additional protonation of
the free carbonyl functions.

(b) A similar dependence was found upon changing the
solvent from acetonitrile to DMF. According to the hydrogen

‡ Additional types of aggregation with the electrophore (e.g. trimeriz-
ation similar to C) might be involved but we assume that these aggre-
gates are only populated in minor amounts.
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Chart 1

bond basicity scale,20 DMF has about twice the hydrogen bond
acceptor capabilities of MeCN. Hence, weaker intermolecular
and intramolecular hydrogen bonds were suppressed in DMF
due to stronger interactions with the solvent.

(c) A further assignment of the inter- and intramolecular
nature of the pre-waves was obtained by variation of the
substrate concentration and the scan rate during the CV meas-
urements. Only the intermolecular pre-waves were influenced
by these two parameters. Theoretical investigations by Savéant
and Vianello have shown that the potentials of electroactive
substrates in dimerization reactions (following a CrevE mech-
anism) depend strongly on the substrate concentrations and
the scan rate during the CV measurement whereas the current
heights are not influenced by the equilibrium of the dimeriz-
ation.21

(d ) Multisweep cyclic voltammograms, combined with
digital simulations allow an insight into the reactions following
the primary reduction of the phthalimido electrophore. With
an increasing number of cycles, the reaction products are
enriched in the diffusion layer of the electrode which influences
the experimental curve.

A qualitative assessment of the strength of the intramolecular
hydrogen bonding can be made by judging the difference with
respect to the reversible E½ wave (∆E = E½ � Epc). To account
for the scan rate dependence of the irreversible peak potentials

Chart 2

Epc on the rate of follow-up reaction, i.e. protonation of the
phthalimide radical anions, we have to assume similar proton-
ation rates which is rather plausible because of the small
structural variations at the phthalimide core.

Aliphatic phthalimido carboxylic acids (1–7), methyl ester 14 and
N-methylphthalimide 15

The aliphatic carboxylic acid derivatives 1–6 differ solely in
the length of the carbon chain linking the electrophore and
the carboxylic acid, thus allowing the study of the distance
dependence of the intramolecular hydrogen bonding. Substrate
7 incorporates a trans 1,4-disubstituted cyclohexane as a spacer
and is less conformationally flexible than the pentamethylene
analogue 5. The results of the CV measurements are shown in
Fig. 1 and summarized in Table 1. §

The phthalimido carboxylic acids 1–3 showed two pre-waves
upon reduction in acetonitrile which can be assigned to
hydrogen bonding of type C and B, respectively. The differences
(∆E ) between these pre-waves and the reduction potentials
E½ already indicated that the strength of hydrogen bonding
decreases with increasing distance and consequently, intra-
molecular interactions were no longer observed for 4–7.
Evidence for this assignment came from the addition of DBU
since the first pre-waves of 1–3 (assigned to C) and of 4–7
(assigned to A) vanished upon addition of base, whereas only
a slight cathodic shift of pre-wave B of 1–3 was observed. For
the methyl ester 14 or N-methylphthalimide 15 the hydrogen
bonding sites were blocked or vanished, respectively, and
consequently, solely the reversible reduction waves of the
free electrophores were found at E½ = �1.84 and �1.89 V
(Fig. 1h, i).

A strong and tight intramolecular hydrogen bond between the
phthalimide carbonyl group and the carboxylic proton was
postulated for the glycine derivative 1. Although this structural
element was not found in its solid state structure (or in other
phthaloyl α-amino acids),22 it was proved for related naphth-
alenecarboximides of glycine in solution by fluorescence meas-
urements.11a The addition of 0.5 equivalents of base during the
CV spectroscopy in MeCN entailed a significant decrease of

§ The reduction potential of 1–6 is increasingly shifted towards more
anodic potential. This trend is counter-intuitive and equally not in line
with AM1 calculated adiabatic and vertical electron affinities. Hence, it
should arise from a solvation effect: with increasing methylene chain
length the negative charge of the radical anion becomes more and more
localized, allowing a stronger differential solvation (DMF > MeCN).
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Table 1 Reduction potentials for 1–7, 14 and 15 a

Compound Epc(1)/VFc Ipc(1)/I½ Epc(2)/VFc Ipc(2)/I½ E½/VFc

1 �1.40 (br, C) 0.35 �1.82 (B) 0.60 �2.01 (D)
1 b �1.52 (C) 0.70   �2.10 (D)
2 �1.40 (br, C) 0.35 �1.86 (B) c �1.94 (D)
2 b �1.90 (B) c   �1.96 (D)
3 �1.70 (br, C) 0.32 �1.86 (B) c �1.93 (D)
3 b �1.88 (B) c   �1.93 (D)
4 �1.45 (br, A) 0.26   �1.90 (D)
4 b     �1.91 (D)
5 �1.55 (br, A) 0.35   �1.90 (D)
6 �1.50 (br, A) 0.25   �1.89 (D)
7 �1.44 (br, A) 0.27   �1.83 (D)

14     �1.84 (D)
15     �1.89 (D)

a V vs. ferrocene/ferrocenium (Fc) couple in MeCN; ca. 4 mM; scan rate ν = 100 mV s�1; supporting electrolyte: n-tetrabutylammonium hexafluoro-
phosphate; br, broad. b In DMF. c As shoulders, affected by the E½ wave. 

Fig. 1 Cyclic voltammograms for 1–7, 14 and 15 in MeCN at ν = 100 mV s�1.

both, Epc(C) and Ipc(C), leading to the disappearance of the
wave after the addition of one equivalent (Fig. 2). Additionally,
sharpening of wave B and a slight cathodic shift [∆Epc(B) =
�0.04 V] were found upon addition of less than one equivalent
of DBU. Even the addition of two equivalents of base did not
decrease Epc(B) significantly. Obviously, one of the carbonyl
groups remains involved in a tight intramolecular interaction
prior to reduction whereas all of the intermolecular hydrogen
bonds have been disconnected.

While DBU is a strong base in water (pKa = 12.9 of
DBU�H�) 23 with respect to an aliphatic carboxylic acid, it
behaves differently in acetonitrile. In the latter solvent, the pKa

of free DBU�H� (23.9 24 respectively 24.1 25) is so close to those

of acetic acid (22.3 26) and butyric acid (22.7 26), respectively,
that apparently the small driving force for deprotonation
cannot overcome the stabilizing effect of the hydrogen bond.
Thus, the DBU salt of 1 can be described as a hydrogen-bonded
1 : 1 complex between the substrate and DBU in which the
carboxylic acid, its proton and the electrophore adopt a three-
center hydrogen bond geometry (Scheme 1).27

In agreement with the model, the stepwise addition of
TFMSA to 1 in acetonitrile led to an increase in the current
height for Epc(C) due to protonation by the acid (Fig. 3).

By lowering the concentration, however, both reduction
waves showed a slight (ca. 20%) decrease in peak current ratio
Ipc/I½ along with broadening of the wave but with no clear
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cathodic shift.21 This relative change is in line with an increased
population of the free phthalimide structure D.

Further proof came from the analysis of the solvent depend-
ency. In DMF, phthaloyl glycine 1 showed a single, strong
pre-wave at Epc = �1.52 VFc (Fig. 4). In our previous report,1 we
have assigned this pre-wave to structure B, since in this strong
hydrogen bond accepting solvent, intermolecular hydrogen
bonds (as partly in structure C) might be suppressed due to
interactions with the solvent molecules. Due to the large ∆E,
the effect of base-addition and by comparison with compounds
2, 3 and 8 (vide infra), we now assign it to the combined intra-
and intermolecular hydrogen-bonded structure C. A dimeris-
ation, including intra- and intermolecular hydrogen bonding,
takes place due to a cooperative effect favoring structure C over
B. Following this interpretation, no pure intramolecular pre-
wave B was, however, observed in the cyclic voltammogram, but
on stepwise addition of DBU, the intermolecular part in
C became disrupted. Consequently, the intensity of the wave C
dropped steadily, and a new pre-wave for pure B rose instead.
After the addition of one equivalent of base only the intra-
molecular pre-wave remained at Epc = �1.83 VFc (Fig. 4c).
Similar to the results obtained in acetonitrile, the formation of
a DBU complex (Scheme 1) is likely due to the (most probably)
comparable pKa values of DBU and the carboxylic acid
function.

Further evidence came from multisweep experiments as
in both solvents the current heights dropped faster for the
pre-waves than for the reversible E½ (Fig. 5). This observation
can be rationalized by a mechanism described by Leedy and
Muck for the comparable reduction of N-methylphthalimide in
the presence of phenol as a proton source.13c After reduction of
the phthalimide to its radical anion, hydrogen bonds are
involved in the protonation to the corresponding 3-hydroxy-
phthalimidine (Scheme 2; the dashed line between the electro-
phore and the carboxylic group represents intra- as well as
intermolecular hydrogen bonds). As most of the negative charge
of the delocalized radical anion resides at the carbonyl oxygen
atoms (as shown in Scheme 2 for one carbonyl group),28 the

Fig. 2 CV of 1 in MeCN at ν = 100 mV s�1 (a) prior to and after the
addition of (b) 0.5 equiv. and (c) 1 equiv. of DBU.

Scheme 1

hydrogen bonds should become much stronger. Proton transfer
will eventually follow to give the corresponding neutral
hydroxyalkyl radical, which is more readily reduced than the
phthalimide itself. The anion is finally protonated to afford
3-hydroxyphthalimidine. With an increasing number of cycles,
the continuous consumption of protons near the electrode
increases the pH and leads to the rapid disappearance of
pre-waves B and C.

Compounds 2 and 3 also exhibited two pre-waves in
acetonitrile which were assigned (in analogy to the glycine
derivative 1) as Epc(C) and Epc(B), respectively (Figs. 1b and c).

Fig. 3 CV of 1 in MeCN at ν = 100 mV s�1 (a) prior and (b) after the
addition of 0.5 equiv. of TFMSA.

Fig. 4 CV of 1 at ν = 100 mV s�1 (a) in DMF and after the addition of
(b) 0.5 equiv. and (c) 1 equiv. of DBU.

Scheme 2
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Fig. 5 Multisweep CV of 1 at ν = 100 mV s�1 (a) in MeCN and (b) in DMF.

For N-phthaloyl-β-alanine 2, addition of one equivalent of
DBU resulted in complete disappearance of Epc(C), whereas the
second, much sharper Epc(B) remained but was slightly shifted.
In the case of the γ-aminobutyric acid 3, both pre-waves were
affected by DBU and finally only the E½ wave was recorded
(Fig. 6). The different sensitivity towards base for 1–3 indicates

that the strength of intramolecular hydrogen bonding decreases
on going from the methylene (as for 1) to the propylene (as for
3) linker.

In DMF, only single pre-waves, in addition to the reversible
reduction wave E½, were detected for 2 and 3 but in com-
parison to 1 their ∆E values were drastically decreased. This
result accounts for a change from the inter- and intramolecular
hydrogen-bonded species C (for 1) to a solely intramolecular
bonded structure B for 2 and 3, caused by a thermodynamically
less favoured dimer formation for the benefit of intermolecular
hydrogen bonding with DMF and further indicates the decrease
of hydrogen bonding strength with increasing distance. Add-
ition of DBU in DMF led to the total disappearance of the
wave B for 2 and 3 without formation of new pre-waves in line
with the behavior of the intermolecular bonds in acetonitrile. In
the course of the multisweep experiments for 2 and 3 in DMF,
the pre-waves decreased faster than the reversible E½ waves
showing that proton transfer through intramolecular hydrogen
bonds is involved in further reduction steps (Scheme 2).

With further elongated linker chains (Figs. 1d–g) only single
intermolecular pre-waves assigned to type A could be observed
for 4–7, which disappeared totally upon addition of one equiv-
alent of DBU in all cases. For compounds 4 and 5, the Epc(A)
pre-waves are more pronounced than for 6 indicating that the
increased flexibility due to the longer carbon chain prevents
aggregation.29 After the addition of one equivalent of TFMSA
to 6 in MeCN only Epc(A) was detectable. When the concen-
tration (Fig. 7) and scan rate dependence was measured for

Fig. 6 CV of 3 in MeCN at ν = 100 mV s�1 (a) prior to and (b) after the
addition of 1 equiv. of DBU.

substrate 7, the amount of Ipc in comparison to I½ decreased
upon dilution or at higher scan rates presenting another hint for
the intermolecular aggregation of 7.21

The distance dependence of hydrogen bonding also became
obvious from the differences between Epc and the reversible E½

wave. For 1–3, ∆E = E½ � Epc(B) dropped slightly in both
solvents on changing from the methylene to the ethylene or
propylene linker. For 4–7 in MeCN, ∆E = E½ � Epc(A)
remained almost constant showing that the intermolecular
interaction is influenced less by structural differences. Espe-
cially interesting in this context is a comparison with the
photochemical behavior of the phthalimido carboxylic acids
1–7. Compound 1 undergoes clean and efficient α-photo-
decarboxylation (PDC) when irradiated in several organic
solvents.11,30 This correlates nicely with a tight intramolecular
hydrogen bond observed in the cyclic voltammograms recorded
both in acetonitrile and DMF, and accounts for an excited
state proton transfer (ESPT) 31 mechanism (Scheme 3). Further
evidence came from related naphthalene carboximides of
glycine, as these compounds showed an enhancement of their
fluorescence efficiencies 11a indicating hydrogen bonding
between the side chain carboxy and imide carbonyl groups 32

(1 itself shows only very weak fluorescence 33). The photo-
chemical reactivity of the β-alanine derivative 2 reported in
literature is, however, contradictory. Yoon et al. recently
described the formation of decarboxylation products in
moderate yields during the photolysis of 2 in acetonitrile 34

whereas no reactivity was described for irradiation in acetone.8d

This different behavior can be explained by a higher solvent
sensitivity of the intramolecular hydrogen bonding for com-
pound 2. Indeed, in comparison with 1, the corresponding
pre-wave of 2 is less pronounced in acetonitrile and further
weakened in hydrogen bonding accepting solvents like DMF
(CV) or acetone (photolysis). Thus, β-decarboxylation is (at
least) partly observable in MeCN but not in acetone.

Fig. 7 Concentration dependence for 7 in MeCN at ν = 100 mV s�1,
(a) 8.4 µM, (b) 4.2 µM and (c) 2.8 µM.
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Table 2 Reduction potentials for 8–11 a

Compound Epc(1)/VFc Ipc(1)/I½ Epc(2)/VFc Ipc(2)/I½ E½/VFc

8 �1.40 (br, C) 0.35 �1.81 (B) 0.60 �2.02 (D)
8 b �1.77 (br, C) 0.50 �1.95 (B) 0.45 �2.16 (D)
9  �1.40 to �1.50 (br, A) c  0.30 �1.88 (D)
9 b �1.80 (B) d   �1.96 (D)

10 �1.50 (br, A) 0.30   �1.84 (D)
11 e  �1.55 (br, A) c  0.80 �1.86 (D)

a V vs. ferrocene/ferrocenium (Fc) couple in MeCN; ca. 4 mM; scan rate ν = 100 mV s�1; supporting electrolyte: n-tetrabutylammonium hexafluoro-
phosphate; br, broad. b In DMF. c Overlapping of several pre-waves. d As shoulders, affected by the E½ wave. e Low solubility. 

The butyric acid derivative 3 is photostable upon photolysis
in acetone 11 but undergoes C–H activation reactions in
acetonitrile.34 Obviously, further elongation of the carbon
linker decreases the efficiency for photochemical decarboxyl-
ation reactions and favors alternative reaction channels or
deactivation processes. An explanation is the weak or missing
hydrogen bond for efficient ESPT. Consequently, the phthal-
imides 4–6 are photochemically inert but can be activated for
PDC by transformation into the corresponding potassium
carboxylates.8 As an explanation for the high efficiency and
selectivity of this activating process a potassium cation
mediated preorientation was postulated in the ground and
excited states independent of the distance.35

Phthalimidoarenecarboxylic acids (8–11)

In the aromatic carboxylic acid derivatives 8–10 the carboxylic
acid group is attached at different positions relative to the
electrophore. Due to the low flexibility and the preferred
twisted orientation of phthalimide and the phenyl ring 36 this
arrangement is expected to cause different CV behavior if
compared with the conformationally more flexible compounds
2–4, 12 and 13 (vide infra). Additionally, the stiff geometry
should allow the formation of smaller aggregates. Substrate 11
carries a second carboxylic acid group in the meta-position and
was expected to show an even more pronounced hydrogen bond
activity. The results of the CV measurements are shown in Fig. 8
and summarized in Table 2.

At low scan rates (>20 mV s�1) in acetonitrile, compounds 8–
11 showed reversible reduction waves and additional anodically
shifted pre-waves due to hydrogen bonding.

In the case of phthaloylanthranilic acid 8 two pre-waves were
detected indicating a strong tendency for the formation of
intramolecular hydrogen bonds (Fig. 8a). In the multisweep
experiment the ratio of current height Ipc/I½ (for both C and B)
decreased significantly after a few cycles due to the consump-
tion of protons in further reactions of the generated radical
anion (similar to Scheme 2). The addition of DBU led to a
reduction of Ipc(C) which disappeared completely after one
equivalent (Fig. 9). In contrast, the Epc(B) wave was not affected
in intensity but shifted slightly (∆E = �0.11 V), in line with

Scheme 3

a strong intramolecular interaction in 8 (as shown for 1 in
Scheme 1). ¶

The concentration dependence confirmed this hypothesis.
Upon dilution, the first wave Epc(C) showed a cathodic shift and
decreased whereas the potential of the second wave Epc(B)
remained unchanged (Fig. 10).

Compared to its aliphatic analogue 2 the intramolecular
hydrogen bond B appears to be much stronger in 8 which can be
seen from ∆E of the corresponding pre-waves. Judging from the
values of ∆E and Ipc/I½ the strength of the hydrogen bonding
of 8 is similar to that of the glycine derivative 1. Obviously, the
aromatic ring and the ortho-substitution lead to an optimal
alignment of the electrophore and the carboxylic acid for tight
hydrogen bonding. On basis of IR-spectroscopic measure-
ments, intramolecular hydrogen bonding between the carbonyl
group and carboxylic acid has also been reported for 8 and its
transition metal complexes in the solid state.37 In contrast to
1 (vide supra), two pre-waves were also observed in DMF
(Fig. 12). Obviously, a change in the solvent does not affect the
ability of 8 to form both hydrogen-bonded species B and C. A
reasonable explanation might be the optimal geometry of
phthaloylanthranilic acid for bifurcated (three-center) hydrogen
bonds 38 and π-stacking,39 which allows aggregation in solution.
Support of this argumentation came from the X-ray structural
analysis of 8 (Fig. 11), || as the molecules form hydrogen bonds
between the carboxylic acid and the carbonyl groups (indicated
by an arrow). The hydrogen atom is situated in one plane
with the carboxylic function. This whole arrangement spans an
angle of 28.8� with the isoindole plane of the next molecule.

Similar to the results obtained in acetonitrile, stepwise add-
ition of base led to the total disappearance of the first pre-wave
C whereas the intramolecular wave B shifted slightly towards
Epc(B) = �2.00 VFc. This (compared to 2) different behavior in
DMF could originate from the fixed geometry of electrophore
and carboxylic group in 8 caused by the ortho-substituted arene.
This arrangement allows only small changes in distance via
rotation about the N–C bond. In terms of solvent mediated
intramolecular electron transfer (ET) of U-shaped donor–
acceptor systems, the term “bite size” was recently applied,40

and adopting this model the “jaws” of the electrophore–
carboxylic acid system open up in the order 8, 1 and 2.

The meta-linked substrate 9 showed a very broad pre-wave
between Epc = �1.4 and �1.5 VFc (Fig. 8b) assigned to structure
A. Addition of one equivalent of base led to a significant
decrease in height but even two equivalents did not cause its
total disappearance. Since intramolecular hydrogen bonds are
geometrically unlikely, this finding indicates that compound
9 can populate stable aggregates, e.g. via dimerization. Upon
dilution, the pre-wave showed further broadening which

¶ Although benzoic acid (pKa = 20.1) is a stronger acid in acetonitrile
than acetic acid (22.3).26

|| Crystal data: 8, C15H9NO4 (from acetone, mp 216–218 �C), M =
267.23, monoclinic, space group P21/n, a = 12.528(1), b = 7.897(1),
c = 12.892(1) Å, β = 103.19(1)�; Mo-Kα radiation, 5224 reflections
measured, R1 = 0.0369, wR2 = 0.0920 for 1982 reflections with I > 2σ(I ).
CCDC reference number 166845. See http://www.rsc.org/suppdata/p2/
b1/b105860f/ for crystallographic files in .cif or other electronic format.
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Fig. 8 Cyclic voltammograms for 8–11 in MeCN at ν = 100 mV s�1.

complicated the observation of a clear cathodic shift (similar to
that found for 1). In DMF, a weak pre-wave was found at Epc =
�1.8 VFc, which disappeared totally upon addition of DBU

Fig. 9 CV of 8 in MeCN at ν = 100 mV s�1 (a) prior to and (b) after the
addition of 1 equiv. of DBU.

Fig. 10 Concentration dependence for 8 in MeCN at ν = 100 mV s�1,
(a) 10.0 µM, (b) 5.3 µM and (c) 3.5 µM.

Fig. 11 Hydrogen bonding in 8 (X-ray).

Fig. 12 CV for 8 at ν = 100 mV s�1 in DMF (a) prior to and after the
addition of (b) 0.5 equiv. and (c) 1 equiv. of DBU.
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Scheme 4

Fig. 13 Cyclic voltammograms for (a) 12 and (b) 13 in MeCN at ν = 100 mV s�1.

or in the multisweep experiment. As expected, interactions
with the solvent DMF prevent the formation of stable
aggregates of 9.

The para-substituted derivative 10 gave only one broad
pre-wave (Fig. 8c) which was totally suppressed by the addition
of one equivalent of DBU. Based on its stiff geometry, this
result indicates the Epc(A) nature of the pre-wave. On lowering
the concentration or increasing the scan rate a characteristic
cathodic shift was detected.

Upon addition of TFMSA, the current height of the
pre-wave increased and a second wave appeared at Epc = �0.8
VFc. Due to the large anodic shift of ca. �1 V, it is assigned
to a higher aggregated species with both carbonyl groups
involved. In the multisweep experiment the pre-wave disap-
peared totally after a few cycles whereas its E½ stayed almost
constant. After the reduction of the phthalimide to the corre-
sponding radical anion the intermolecular hydrogen bond is
involved in a further reduction reaction to the corresponding
3-hydroxyphthalimidine (as shown via a CrevEEC-mechanism
in Scheme 4).

Due to the consumption of protons during the reduction the
pH in the diffusion layer at the electrode increases with each
cycle. Consequently, after a few cycles a pre-wave for an inter-
molecular hydrogen bond was no longer observed. A digital
simulation of the multisweep cyclic voltammogram based on
this CrevEEC-mechanism showed reasonable agreement with
the experimental trace.

The dicarboxylic acid derivative 11 showed solely a very
broad pre-wave centered at ca. �1.55 VFc (Fig. 8d). The
enlarged height of this pre-wave may in fact indicate that the
additional carboxylic group leads to an increased population
of hydrogen-bonded structures, and indeed, compared to the
monoacid 9 the ratio of peak current Ipc/I½ was almost
doubled. Although the low solubility of this compound in
acetonitrile prevented further studies, a similar behavior to that
of 9 is expected.

The photodecarboxylation of the free aromatic acids is
energetically disfavored, and therefore, photochemical studies
have been described solely for the potassium salts of 8 and 10,
respectively. Whereas 8 showed efficient decarboxylation when
irradiated in aqueous acetone as its potassium carboxylate,41

the potassium salt of 10 remained photostable.42 This different
reactivity correlates convincingly with the results from the
cyclic voltammetry study, as only compound 8 showed strong
intramolecular hydrogen bonding as its free acid and DBU
complex.

Phthalimidoalkylsulfanyl carboxylic acids (12, 13)

The sulfur-containing phthalimido carboxylic acids 12 and 13
differ only in the number of methylene groups separating the
terminal carboxylic group and the heteroatom. We have shown
that this different arrangement of the sulfur atom strongly
influences the photochemical behavior of both compounds.14

The electrochemical properties of substrates 12 and 13 were
therefore investigated and the results of the CV measurements
are summarized in Fig. 13 and Table 3.

Both mercaptocarboxylic acids showed partially reversible
reduction waves even at low scan rates (>50 mV s�1). Addition-
ally, in acetonitrile two broad anodically shifted pre-waves
could be detected, which account for intra- (B) and inter-
molecular (C) hydrogen bonding between the phthalimide and
the carboxylic proton (Fig. 13a and b). The behavior is different
on changing to DMF. Only 12 shows a single pre-wave, whereas
for 13 none is detected. Independent of the solvent for both
compounds the pre-waves disappeared completely when one
equivalent of DBU was added.

Furthermore, the addition of TFMSA resulted in an increase
of the current height of the first pre-wave C, and after the
addition of more than two equivalents of acid only the Epc(C)
wave could be detected in both cases. Final proof for the
assignment of the inter- and intramolecular nature of the pre-
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Table 3 Reduction and oxidation potentials for 12 and 13 a

Compound Epc(1) [VFc] Ipc(1)/I1/2 Epc(2) [VFc] Ipc(2)/I1/2 E½ [VFc] Epa [VFc]

12 �1.50 (br, C) 0.36 �1.74 (B) b �1.87 (D) �1.94
12 c   �1.77 (B) b �1.87 (D) — d

13 �1.23 (br, C) 0.31 �1.50 (B) b �1.77 (D) �1.86
13 c     �1.83 (D) — d

a V vs. ferrocene/ferrocenium (Fc) couple in MeCN; ca. 4 mM; scan rate ν = 100 mV s�1; supporting electrolyte: n-tetrabutylammonium hexafluoro-
phosphate; br, broad. b As shoulders, affected by the E½ wave. c In DMF. d Potential higher than the potential window of the solvent. 

waves was obtained by varying the substrate concentration
and the scan rate in the CV measurements. Only the first
pre-wave Epc(C) depended on these two parameters, as at
lower concentrations and higher scan rates, a cathodic shift of
Epc(C) was observed, whereas the potential of Epc(B) did
not change.

This observation agrees with the observed photodecarboxyl-
ative activity of the mercaptoacetic acid 12. Compared to the
carboxylate (in MeCN: Epa � �2.0 VFc) the thioether fragment
is preferentially oxidized due to its lower lying oxidation
potential (Table 3). Even at very high scan rates (up to 20000 V
s�1) only irreversible oxidation waves could be obtained for both
compounds 12 and 13, respectively. This finding accounts for
fast follow-up reactions of the sulfur radical cation after the
electron transfer step. For mercaptoacetic acid derivatives like
12 decarboxylation products were found in moderate to good
yields besides the photoproducts arising from sulfur oxidation
and α-proton rearrangement.43 A reasonable explanation is the
formation of an intramolecular hydrogen bond which assists
proton transfer from the terminal carboxylic acid prior to
effective sulfur-assisted α-decarboxylation (Scheme 5).44 On the

other hand, compound 13 showed much lower photoactivity
even after transformation into its potassium salt.14 The sulfur
radical cation of the mercaptopropionic acid 13 cannot directly
eliminate carbon dioxide and thus, is mainly deactivated by
back electron transfer.

Remarkably, ∆E for both pre-waves is larger for substrate 13
than for 12, which may be explained by assuming that in the
case of 13 the sulfur is involved in the hydrogen bonding
with formation of two six-membered rings (Chart 3). Such a

Scheme 5

Chart 3

structure is more unlikely for the shorter derivative 12 and
therefore, the missing influence of the sulfur atom leads to a less
pronounced ∆E-shift.

Conclusions
We investigated the electrochemical behavior of several
aliphatic, as well as aromatic, phthalimido carboxylic acids by
cyclic voltammetry. Focusing on the influence of hydrogen
bonding between the phthalimido and the carboxylic moiety on
the reduction potential of the electrophore, it was possible to
estimate the strength and the origin of the hydrogen bonds.
Depending on the interactions present, pre-waves emerged in
the cyclic voltammogram shifted anodically with regard to
the reduction wave of the free phthalimido carboxylic acid.
Pre-waves caused by inter- and intramolecular hydrogen
bonding could be identified by scan rate, concentration and
solvent-dependent CV experiments, as well as by the addition
of base or acid. The obtained results from these electrochemical
measurements correlate with the photochemical behavior of the
substrates, showing that hydrogen bonding strongly influences
the reactivity pattern in the photodecarboxylation reaction of
phthalimido carboxylic acids.

Experimental

Syntheses

Compounds 1–11 were synthesized by literature procedures
from phthalic anhydride and the corresponding amino acids,15

and have been described elsewhere.8 The ester 14 was syn-
thesized from 1 by methylation in MeOH and in the presence of
catalytic amounts of sulfuric acid.17 Compounds 12 and 13
were prepared from N-hydroxymethylphthalimide and the
corresponding mercaptocarboxylic acid following the method
of Gong and Iwasawa,16 and have been described independ-
ently.14 N-Methylphthalimide 15 was purchased from Aldrich.

Cyclic voltammetry 45

Acetonitrile and DMF, both of HPLC grade, were distilled
from CaH2 under an inert atmosphere and filtered through
basic alumina (ICN). The supporting electrolyte tetrabutyl-
ammonium hexafluorophosphate (purris. electrochemical
grade, Fluka) was used without further purification. Benzoic
acid and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were pur-
chased from Aldrich, trifluoromethanesulfonic acid from
Fluka.

A Princeton Applied Research Model 362 potentiostat
with a Philips model PM 8271 XYt-recorder was used for scan
rates <1 V s�1. For fast scan cyclic voltammetry a Hewlett
Packard Model 331A4 Function Generator was used connected
to a three-electrode potentiostat developed by Amatore et al.46

Data were recorded using an HP 54510 A digitizing oscillo-
scope linked to a 486DX33 computer using the HP data
transfer program Scopelink. The ratios Ipc/Ipa were determined
according to the equation of Nicholson.47 All potentials were
referenced to internal ferrocene.48
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Digital simulation

Computer simulation of the redox chemistry of compound
10 was carried out using the Crank–Nicholson technique 49 and
the program DigiSim.50 The simulation of a full-cycle voltam-
mogram consisted of 1000 data points, allowing an acceptable
resolution of the cyclic voltammogram. All chemical reaction
steps were assumed to be reversible except for the ET steps. The
rate constants for the chemical reaction steps were varied using
a standard heterogeneous electron transfer constant of k�het. =
1 cm s�1 and a standard diffusion coefficient of D = 10�5 cm2

s�1. This allows the achievement of the best possible agreement
with the experimental curves.
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