
Structural, CV and IR Spectroscopic
Evidences for Preorientation in
PET-Active Phthalimido Carboxylic
Acids
Michael Oelgemo1 ller,† Axel G. Griesbeck,*,‡ Johann Lex,‡ Andreas Haeuseler,§
Michael Schmittel,*,§ Makiko Niki,† Dusan Hesek,† and Yoshihisa Inoue†

Inoue Photochirogenesis Project, ERATO, JST, 4-6-3 Kamishinden, Toyonaka-shi,
Osaka 565-0085, Japan, Institute of Organic Chemistry, UniVersity of Cologne,
Greinstrasse 4, D-50939 Ko¨ ln, Germany, and FB 8-OC I (Chemie-Biologie),
UniVersity of Siegen, Adolf-Reichwein-Strasse 2, D-57068 Siegen, Germany

griesbeck@uni-koeln.de

Received January 19, 2001

ABSTRACT

Hydrogen bond and potassium cation mediated preorientation were detected for phthalimido acetic acid and the corresponding acetate. Evidence
for these phenomena came from X-ray structure analysis as well as cyclic voltammetric and IR spectroscopic measurements. These interactions
rationalize the photoinduced electron transfer (PET) reactivity of the substrates in photodecarboxylation reactions.

Hydrogen bonding1 and template formation with coordinating
metals2 play an important role in reactivity and selectivity
control in organic chemistry. Also, photochemical transfor-
mations are often influenced by these interactions,3 which
can either activate the desired photochemical reaction or lead
to unwanted deactivation or side reactions. During our study
on the photophysical4 and photochemical properties5 of

phthalimides, we developed the photochemical decarboxy-
lation of alkyl carboxylic acids6 and carboxylates (Scheme
1),7 respectively. As a simple rationale for the high efficiency

and selectivity of the intramolecular version,preorientation
was postulated in the ground and excited8 states. The
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templating potassium cation can act as “anchor” and stabilize
the donor-acceptor couple in the right geometry for electron
transfer and C-C bond formation. Ionic structures have also
been assumed to explain solvent and base effects for
analogous anilinium carboxylates.9 Detailed studies by us
concerning the structure of the base also supported this
assumption: group I and group II metal cations favored the
formation of cyclization or decarboxylation products, whereas
organic bases did not show sufficient activation.7 Neverthe-
less, a convincing proof for the depicted model was missing.

Attempts to detect thesepreorientatedconformations by
NMR failed in the case of the potassium salts, possibly due
to the low population of the templated form in the polar,
protic NMR solvents. We therefore focused on simple
representative model systems, and following this strategy,
we solved the X-ray structure for the potassium salt of
phthaloyl glycine10 1-K (Figure 1).11

The structure of1-K is remarkable, exhibiting bothintra-
(as shown) andintermolecularpotassium bridges between
the carbonyl group of the phthalimide and the terminal
carboxylate. Each potassium cation has a (distorted) pen-
tagonal bipyramidal environment and is coordinated with
distances in the range of 2.67-3.00 Å to two water
molecules, three carboxylic O atoms, and two carbonyl O
atoms, respectively. For the free acid1 or its corresponding
silver salt1-Ag, only intermolecularaggregation exists in

the solid state,12 but similarintramolecularinteractions were
postulated for phthaloyl anthranilic acid and its transition
metal complexes.13

The efficientR-decarboxylation of phthaloyl amino acids
(Scheme 2)14 is assumed to proceed via excited state proton

transfer,15 facilitated by hydrogen bonding. Consequently,
remote carboxylic acid groups were photochemically inert
and had to be activated via transformation into the corre-
sponding potassium salts. On the other hand, hydrogen
bonding activity of specific linker groups can also deactivate
the photochemical decarboxylation.7

Cyclic voltammetry (CV) has recently been used as a
powerful tool to observe hydrogen bonding in solution,16 and
we have applied this technique to rationalize the formation
of decarboxylative cyclization products during the photolyses
of phthalimidoalkylsulfanyl carboxylic acids.17 This meth-
odology was now applied to phthaloyl glycine1, its
potassium salt1-K, and its methyl ester2. At low scan rates
(>50 mV s-1), 1 showed a reversible reduction wave (A) at
E1/2 ) -2.01 V (in MeCN) and-2.10 V (in DMF),
respectively, leading to its corresponding radical anion.
Additionally, anodically shiftedpre-waves were detected
(Figures 2a,b, Table 1), which can be assigned to structures
with hydrogen bonds between the carbonyl function of the
phthalimide and the carboxylic proton (as shown in the CVs
in Figure 2). Because of the partial protonation of the
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Figure 1. X-ray structure of1-K (Schakal plot) and coordination
sphere ofK x (selected bond lengths in Å).

Figure 2. Cyclic voltammograms of (a)1 in MeCN, (b)1 in DMF,
(c) 1-K in DMF (s saltbridge), and (d)2 in MeCN.
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carbonyl group, its acceptor strength is increased and
therefore an anodic shift of the corresponding waves was
observed. As described below, the origin of thepre-waves
can be (B)intramolecularor (C) a combination ofintra-
and intermolecularbonding mode, the latter accompanying
the first type in nonpolar or aprotic solvents and showing
an even more pronounced anodic shift.16d The assignment
of thepre-waves was made on the basis of solvent polarity
effects, base (DBU) or acid (trifluoromethanesulfonic acid,
TFMSA) concentration, scan rate effects, and multisweep
experiments.

In acetonitrile, twopre-waves were observed for1 at Epc

) -1.40 V (C) and-1.82 V (B), respectively, whereas only
one strongpre-wave was found in DMF atEpc ) -1.52 V
(Figures 2a,b). Obviously,intermolecularhydrogen bonding
(as shown partialy in structure C) is suppressed in DMF due
to interactions with the solvent. The stepwise addition of
base to a solution of1 in MeCN led to a decrease of the
wave C, which finally disappeared completely with 1 equiv
of DBU (Figure 3). In contrast, even 2 equiv of base did not

decreaseIpc(B), but a slight cathodic shift was found upon
addition of less than 1 equiv of base (∆Epc(B) ) 0.04 V)

due to the formation of a weakly hydrogen bonded complex
between the base, the electrophore, and the carboxylic
proton.18

Stepwise addition of TFMSA to1 in MeCN led to an
increase of current height forEpc(C) due to protonation of
the free carbonyl functions of the phthalimide (Figure 4a).

Additionally, a newpre-wave appeared at ca.-0.9 V, which
is assigned to an aggregate with one or both carbonyl groups
protonated (similar to structure C). Lowering of the concen-
tration slightly decreased the current heightsIpc of bothpre-
waves (B and C), but broadening of the signals, however,
prevented the observation of the expected, clear cathodic shift
for Epc(C).19 Final evidence came from the multisweep
experiments: in both solvents the current heights dropped
faster for thepre-waves than for the reversible waves,
respectively (Figure 4b). This observation can be rationalized
by considering a further reaction of the primary phthalimide
radical anion as described in the literature for other proton
donors.20 Accordingly, after reduction, the protonation to the
3-hydroxy phthalimidine consumes protons near the elec-
trode. The pH gradient thus generated leads to a rapid
disappearance ofpre-waves C and B.

The electrochemical behavior of1-K in DMF was remark-
able. At low scan rates (>20 mV s-1) a reversible wave at
E1/2(As) ) -1.76 V (Figure 2c) dominated the CV. Appar-
ently, the potential is anodically shifted with regard to that
of the freephthalimide (E1/2(A) ) -2.10 V) because of the
intramolecular CdO‚‚‚K+‚‚‚-O2C interaction (as found in
the X-ray structure). Additionally, a small reduction wave
of the free phthalimide was found. Evidence for this
assignment came from the addition of acid (upon which the
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Table 1. Reduction Potentials for1, 1-K, and2a

compd solvent Epc(C) Epc(B) E1/2(A)

1 MeCN -1.40 (br) -1.82 -2.01
1 DMF -1.52 -2.10
1-K DMFb -1.76c -2.10c

2 MeCN -1.84

a In V vs ferrocene; ca. 4 mM; scan rateV ) 100 mV s-1; supporting
electrolyten-tetrabutylammonium hexafluorophosphate; br) broad.b In-
soluble in MeCN.c See text.

Figure 3. Addition of (a) 0.5 and (b) 1 equiv of DBU to1 in
MeCN.

Figure 4. Addition of (a) 0.5 equiv of TFMSA to1 and (b)
multisweep experiment of1 in MeCN.
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potassium salt1-K is transferred into its acid form1). With
ca. 0.5 equiv, the characteristicintramolecularlybasedpre-
wave of 1 was observed atEpc(Ba) ) -1.55 V, which
disappeared totally in the multisweep experiment (Figure 5).

In agreement with the depicted model, the reduction wave
of 1-K at E1/2(As) ) -1.76 V decreased, whereas the
reduction wave of thefree phthalimide increased signifi-
cantly. After further addition (ca. 1 equiv), the CV is
characterized by a crisp reduction wave forfree1 at E1/2 )
-2.05 V, whereas the other waves (i.e., that of1-K and the
intramolecular pre-wave of1) were additionally broadened.
For the methyl ester2, the hydrogen bonding site is blocked
and, consequently, solely the reversible reduction wave of
the free electrophore was found atE1/2 ) -1.84 V (Figure
2d).

The results obtained from the CV measurements were
compared to those obtained from IR spectroscopy, which is
a well-established technique for the observation of hydrogen
bonding.21 The strong and broad bands attributed toν CdO
of the phthalimide (Figure 6) were found at 1724 cm-1 (1
and2) and 1712 cm-1 (1-K) in the solid state, respectively.
1-K additionally showed the characteristicν CdO band of
the carboxylate at 1616 cm-1. The slight red shift for the
potassium salt1-K clearly confirms the participation of the
carbonyl group in aggregation processes, whereas compounds
1 and2 showed similar values asN-methyl phthalimide (νj
) 1721 cm-1)22 indicating the lacking hydrogen bond. For
1, this observation is in accord with the solid state structure
for which only intramolecularinteractions were reported.12

In summary, we could show that preorientation exists for
1 only in solution via hydrogen bonding and for1-K in
solution and in the solid state via metal templation. These
observations neatly correlate with the reactivity pattern in
photodecarboxylation reactions: hydrogen bonding is an
activation mode forR-decarboxylation only, whereas metal
templation leads to efficientω-decarboxylation independent
of the distance (as seen from the photoreactions). The
structural as well as CV and IR spectroscopic information
described herein for PET-active phthalimides is also in accord
with recent results on acceleration of photoinduced electron
transfer reactions by proton as well as Lewis acid catalysis.23

Detailed studies concerning the correlation of photodecar-
boxylative ability and the CV and fluorescence behavior of
other phthalimidoω-carboxylic acids are currently under
investigation.
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Figure 6. IR spectral data for1, 1-K, and2 showing theν CdO
region in the solid state (KBr disk).

Figure 5. Addition of (a) ca.0.5 equiv of TFMSA to1-K in DMF
(a acid, s salt) and (b) multisweep experiment with (a).
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