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Molecular switches based on photochemical E/Z isomeriza-
tion have been employed in different contexts to convert light
energy into “mechanical” motion at the molecular level.[1–3]

Switches based on azobenzene (Ab) have been used to
control ion complexation,[4,5] electronic properties,[6] and
catalysis[7] or to trigger the folding/unfolding of oligopeptide
chains.[8–13] A sophisticated application of the above principle
led to the preparation of chiral diarylidenes featuring a single
isomerizable bond. These systems constitute examples of

light-driven molecular rotors[14–17] where the chiral framework
imposes a preferential direction (either clockwise or counter-
clockwise) of isomerization.

The design and preparation of novel building blocks
differing from Ab in size, polarity, and photoisomerization
mechanism constitutes an attractive research target with the
aim of obtaining alternative molecular switches and, in turn,
novel materials. Herein we report the results of a multi-
disciplinary research effort where the methods of computa-
tional photochemistry and retrosynthetic analysis/synthesis
have contributed equally to prepare a switch (the indanyli-
dene pyrroline switch (Z)-1) that mimics various aspects of

the photoisomerization of rhodopsin (rhod), the visual pig-
ment of superior animals.

The retinal protonated Schiff base chromophores of
rhodopsin proteins,[18–20] a class of biological photoreceptors,
constitute examples of natural E/Z switches. Such molecules
undergo selective, unidirectional, and efficient photoisomeri-
zations that, ultimately, trigger a conformational change of
the protein framework. In rhod itself the p–p* excitation of
the 11-cis form of the chromophore (PSB11) yields exclu-

sively the all-trans form through a Z!E counterclockwise
twist of the C11=C12 bond and occurs with a quantum yield of
0.67.[21] The attractive properties of the protein-embedded
PSB11 (the isomerization selectivity, directionality, and
efficiency of retinal chromophores are lost when they are
irradiated in solution[19]) make it an excellent reference for
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the design of alternative light-driven switches. In other words,
while it has been established that the efficiency of the PSB11
reaction is enhanced by the complex protein environment,
one may always try to design a nonnatural protonated Schiff
base that, in solution, replicates the excited-state properties of
the protein-embedded chromophore. This is one of the
objectives of the present work.

As we will detail below, multiconfigurational quantum
chemical methods, when coupled with a molecular mechanics
force field, allow realistic modeling of the excited states of
both protein-embedded and solution-phase protonated and
N-alkylated Schiff bases (PSBs). Accordingly, these computa-
tional procedures have been used to achieve detailed
descriptions of the excited states (for example, the vertical
excitation energy, change in dipole moment, and magnitude
of the charge transfer) and photochemical reaction paths of
both synthetic and natural chromophores.

The ab initio (that is, first-principles) complete-active-
space self-consistent-field (CASSCF) method[22] is a multi-
configurational method offering maximum flexibility for an
unbiased description of the electronic and equilibrium
structure of a molecule (that is, with no empirically derived
parameters and avoiding single-reference wave functions).
Furthermore, the CASSCF wave function can be used for
subsequent multiconfigurational second-order perturbation
theory[23] computations (CASPT2) of the dynamic correlation
energy of each state, which ultimately lead to a quantitative
evaluation of the excitation energies and excited-state energy
differences.

Recently[24] we have implemented the ab initio CASPT2//
CASSCF protocol (where equilibrium geometries and elec-
tronic energies are determined at the CASSCF and CASPT2
levels, respectively) in a quantum-mechanics/molecular-
mechanics (QM/MM) scheme, thereby allowing the evalua-
tion of the excitation energy of chromophores (treated
quantum mechanically) embedded in protein and solution
environments (described by the AMBER force field) with
errors of a few kcalmol�1. Using such a CASPT2//CASSCF/
AMBER protocol, we were able to show[25] that the observed
absorption and fluorescence maxima of PSB11 in rhod and in
solution can be reproduced within a few kcalmol�1. The same
computations have also allowed the reproduction of the
difference between the absorption maxima (lamax) of rhod and
PSB11 in methanol solution (that is, the so-called opsin
shift[26]) with an error of less than 2 kcalmol�1, a result
indicating the consistency of the solution and protein model-
ing. The successful simulation of the excited-state properties
of PSB11 suggests that our QM/MM method could be
employed to search for synthetically accessible PSBs capable
of mimicking the excited-state character of PSB11 in rhod.

In a previous report[27] we concluded that the 4-(cyclo-
pent-2-enylidene)-3,4-dihydro-2H-pyrrolinium cation (CPP),
featuring a single exocyclic double bond that ensures isomer-
ization selectivity, provides the framework for the design of
novel biomimetic switches. Indeed, beside the rigid dipen-
tenylidene framework, it features a reduced PSB11-like
chromophore. In order to increase the extension of the
p system without increasing the number of torsional degrees
of freedom of the molecule, we reasoned on the possibility of

placing a third ring onto CPP. The indanylidene–pyrroline
skeleton seemed the logical synthesis target. However, the
impracticability of straightforward synthetic routes, like
condensation between 1-indanone and pyrroline or Wittig
olefination protocols, calls for an alternative synthetic route.

The salient feature of our strategy, retrosynthetically
depicted in Scheme 1, is the formation of the heterocyclic ring

in the last step by nitrilium ion cyclization onto an indanyl-
idene moiety, a protocol already employed to successfully
prepare 3-benzylidene–pyrroline derivatives.[28] We antici-
pated that a methoxy group on the aromatic moiety of 1-
indanone as well as the quaternarization of its C2’ carbon
atom would positively influence the key cyclization step: the
electron-donating group would stabilize the benzyl carbocat-
ion intermediate (see Scheme 1), the lack of hydrogen atoms
at C2’ would aid the correct installation of the desired
chromophoric unit onto the framework. In conclusion,
retrosynthetic analysis points to the unprotonated form of
(Z)-1 as a realistic synthesis target.

Ab initio CASPT2//CASSCF/AMBER computations[24,25]

have been used to determine the character of the excited
states of a chloride–1 ion pair in methanol solution. As a
prerequisite for the interpretation of the data, we recall that
in rhod[29] the (spectroscopically allowed) S1 state of PSB11
has a dominant charge-transfer character, as originally pro-
posed by Michl, Bonačić-Koutecký, et al.[30,31] Upon S0!S1

excitation, the positive charge, initially located on the N=C15
moiety, is translocated along the p skeleton (Figure 1a),
thereby leading to the observed large values of Dm (S0-rhod
entry in Table 1). The S2 state is located 28 kcalmol�1 higher
than S1 and has a dominant covalent character and lower Dm
value. For PSB11 in methanol solution (S0-PSB11 entry in
Table 1), S0!S1 charge translocation and Dm value are
reduced compared to S0-rhod. These differences are related
to the decreased energy gap (16 kcalmol�1) between the S1

and S2 states that favors state mixing.
The larger charge-transfer character of S0-rhod with

respect to S0-PSB11 has been rationalized[25] by evaluating
the effect of the protein electric field on the PSB11 cationic
chromophore. In rhod the negatively charged Glu113 residue
forms a salt bridge with the N=C15 Schiff base group and,

Scheme 1. Retrosynthetic analysis for production of the indanyliden-
3,4-dihydro-2H-pyrrolinium switch 1.
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thus, stabilizes the PSB11 positive charge in its S0 location
(that is, in the N=C15 region). However, the electrostatic
potential generated by the remaining opsin residues (exclud-
ing Glu113) stabilizes the positive charge in the “hydrocarbon
(b-ionone)” half (that is, roughly in the S1 location) and thus
significantly counterbalances the effect of the Glu113 anion.
This yields a larger Dq value and a reduced S0!S1 excitation
energy with respect to those in the solution environment as

the solvent seems to quench the counterion (Cl�) effect less
efficiently.

Figure 1b gives the charge distribution computed for the
ground-state equilibrium structure (S0-(Z)-1 in Figure 1c) of
the chloride–1 ion pair in methanol. The data suggest that the
electronic structure of S0-(Z)-1 is more similar to that of S0-
rhod than that of S0-PSB11. In fact (see Table 1), upon S0!S1

vertical excitation, S0-(Z)-1 has 33% charge transfer through
its reactive C1=C4’ bond (that is, from the pyrroline to the
indanone ring). This is closer in magnitude to the 34% charge
transfer through the C11=C12 reactive bond seen for S0-rhod
than to the 21% seen for S0-PSB11. A possible explanation
for this similarity is provided by the following observation.
Similar to S0-rhod, S0-(Z)-1 (S0-(E)-1) has the ability to
stabilize its positive charge in a region away from the
protonated N=C group by delocalizing the translocated
positive charge on the substituted phenyl ring (notice the
role played by the electron-releasing OMe group in such a
stabilization). In conclusion, in 1 the p-OMe-phenyl group
would “mimic” the effect of the protein residues. This
conclusion is confirmed by looking at the properties of the
(Z)-1 analogue that is missing the p-OMe electron-releasing
group (de-MeO-(Z)-1 in Table 1). If our hypothesis is correct,
the unsubstituted compound must feature, with respect to
(Z)-1, reduced Dq, Dm, and lmax values (due to an increased
S0–S1 energy gap) as there is no p-OMe group to stabilize the
positive charge on the phenyl ring. The values in Table 1 are in
line with this prediction.

As depicted in Figure 2a, for the chloride–1 ion pair we
have been able to locate two shallow S1 energy minima (S1-
(Z)-1 and S1-(E)-1) and a lower-lying S1/S0 conical intersec-
tion (CI-1). These structures appear to be analogues of the
excited-state minimum (S1-rhod) and conical intersection
(CI908-rhod) reported for rhod.[25] In S1-(Z)-1 and S1-rhod the
S1–S2 energy gap is consistently equal to or greater than
10 kcalmol�1 with a weak coupling between S1 and S2. In S1-
PSB11 the same gap decreases to 6 kcalmol�1, again, con-
sistently with a larger state mixing for PSB11 in solution.[25]

Comparison of Figure 2a and b suggests that 1 has, for
both the Z!E and E!Z reactions, a photoisomerization
mechanism similar to the one documented for rhodopsin. This
involves[25] 1) relaxation of the S0-rhod to a shallow energy
minimum (S1-rhod) mainly driven by double-bond expansion
and single-bond contraction but also featuring a �98 to �228
twisting of the C11=C12 reactive bond, 2) evolution along a
flat S1 energy surface towards the CI908-rhod conical inter-
section featuring an approximately 908 twisted bond, 3) S1!
S0 decay in the conical-intersection region, and 4) barrierless
relaxation along S0 to the primary ground-state intermediate
bathorhodopsin (S0-I). Such a (nearly barrierless) path is
consistent with the observed tiny fluorescence quantum yield
(0.9 H 10�5)[32] and subpicosecond excited-state lifetime of the
chromophore in rhod.[33]

Similar to rhod, upon excitation the S0-(Z)-1 (S0-(E)-1)
structure, which has a �118 (+ 88) twisted exocyclic C1’=C4
bond (see Figure 1c) relaxes to a S1-(Z)-1 (S1-(E)-1) structure
featuring an inverted p-bond order and a�238 (+ 148) twisted
C1’=C4 bond. Finally, the conical intersection CI-1 is approx-
imately 808 twisted and it is accessed through a substantially

Figure 1. a) Change in the charge distribution along the retinal back-
bone of S0-rhod upon vertical S0!S1 excitation. Partial charges are
given in atomic units. The dashed arrows indicate the energy gap and
charge translocation for chloride–PSB11 in methanol. b) The same
data for the chloride–(Z)-1 ion pair in methanol. c) CASSCF/AMBER
computed equilibrium structures of the chloride–(Z)-1 and chloride–
(E)-1 ion pairs embedded in a box (not shown) of methanol molecules.
The values in degrees refer to the C5’-C1’-C4-C5 torsional angle. Bond
lengths are given in M.

Table 1: CASPT2//CASSCF/AMBER absorption (lmax), change in dipole
moment (Dm), and charge translocation (Dq) values.

Structure Excitation lmax [nm] Dm [Debyes] Dq[a] [au]

S0-rhod
[b] S0!S1 479 11.0 �0.34

S0!S2 328 3.0 �0.14
S0-PSB11

[b] S0!S1 429 6.0 �0.21
S0!S2 342 3.9 �0.20

S0-(Z)-1
[c] S0!S1 377 8.3 �0.33

S0!S2 315 1.7 �0.06
S0!S3 246 1.0 0.00

S0-(E)-1
[c] S0!S1 373 10.5 �0.30

S0!S2 309 1.2 �0.03
S0!S3 242 1.3 �0.01

S1-(Z)-1
[c] S1!S0 446 6.7 �0.24

S2!S0 403 5.9 �0.21
S1-(E)-1

[c] S1!S0 410 10.0 �0.30
S2!S0 347 0.9 �0.06

de-MeO-S1-(Z)-1 S1!S0 343 7.8 �0.30
S2!S0 311 1.7 �0.06

[a] Charge transfer from the pyrroline to the indanone ring for 1 and from
the =C12�C13=C14�C15=NH to the remaining moiety for PSB11. [b] Data
from reference [25]. [c] Ion pair in MeOH with Cl� as the anion.
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barrierless path (the tiny barrier between S1-(Z)-1 and CI-1
could not be located and it is estimated to be less than
1 kcalmol�1). The barrierless path suggests that S1-(Z)-1 has a
short excited-state lifetime and, thus, a very weak fluores-
cence. Since no other ground-state structure could be located
upon relaxation from CI-1, we conclude that the primary
photoproduct is S0-(E)-1. This isomer has an excited-state
energy surface qualitatively similar to that of S0-(Z)-1, a fact
implying that both the Z!E and E!Z photoisomerizations
will occur on an ultrashort subpicosecond timescale.

The described similarities between certain electronic and
geometrical features of 1 and of PSB11 in rhod suggest that
the synthesis of the designed nonnatural PSB would provide
access to a prototype biomimetic switch. In turn, the avail-
ability of such a compound would allow the validation of our
computational procedure through comparison of the com-
puted and observed spectral data. Thus, by starting from 5-
methoxy-2,2-dimethyl-1-indanone, the free Schiff base of 1
was prepared (predominantly as the Z isomer) in good yield
through a seven-step protocol (see the Experimental and
Computational Section and the Supporting Information for
details). The neutral imine was protonated with HCl to yield
the switch (Z)-1 or was N-methylated with methyl triflate
prior to determination of its absorption spectra and photo-
chemical behavior in methanol. N-methylated forms with a
chloride counterion have also been prepared through ion-
exchange protocols.

As shown in Figure 3, the absorption spectra of (Z)-1 (or
more precisely of a 92:8 Z/E mixture as revealed by NMR
spectroscopic analysis of the starting material; see the
Experimental and Computational Section) in methanol
displays two bands absorbing above 250 nm. The data in
Table 1 can be used to assign these bands to a given electronic
transition. In fact, the computed S0!S1 absorption maximum
(lmax) falls within 20 nm of the intense band with lmax=

392 nm, which yields a computational error of less than
3 kcalmol�1 in excitation energy. Similarly, the observed
weaker band at lmax= 264 nm falls close to the computed S0!
S3 transition. Furthermore, the S0!S1 and S0!S3 values of the
oscillator strength f (0.55 and 0.07, respectively) are qual-
itatively consistent with the observed absorbance pattern. The
S0!S2 transition is predicted to correspond to a weak band
(f= 0.06), most probably hidden below the shoulder near
300 nm, as indicated in Figure 3.

Stationary fluorescence measurements have been carried
out for the N-methylated, rather than protonated, cation to
avoid the equilibrium between the protonated and unproto-
nated Schiff base observed for both (Z)-1 and (E)-1 in
methanol (see the Supporting Information). Comparison of
the absorption spectra for (Z)-1 (chloride) and Me-(Z)-1
(triflate) in Figure 3 demonstrates the invariance of the
electronic structure of 1 upon alkylation. The observation of a
2.8 H 10�4 fluorescence quantum yield for Me-(Z)-1 is con-
sistent with the existence of a short-lived S1 transient that we
assign to the N-methylated form of S1-(Z)-1. Indeed, this last
species is predicted (see Table 1) to display a fluorescence lmax

value only 1 nm red-shifted with respect to the 445-nm lmax

value observed for Me-(Z)-1. Thus, the experimental fluores-
cence data are consistent with the data in Figure 2a in
indicating a nearly barrierless Z!E photoisomerization path
and, in turn, a picosecond–subpicosecond reaction timescale.
This is consistent with the result of a 20-ns-resolution flash
photolysis experiment on (Z)-1 triflate, which showed no
transient upon 335 nm irradiation.

Figure 3. Room temperature absorption spectra of (Z)-1 (solid line)
and Me-(Z)-1 (dashed line) in methanol (0.05 mm (Z)-1 chloride and
0.027 mm Me-(Z)-1 triflate).

Figure 2. S0 (black line) and S1 (gray line) CASPT2//CASSCF/AMBER
energy profiles for a) the (Z)-1!CI-1!(E)-1!CI-1!(Z)-1 of Cl-(Z)-1
and b) the S0-rhod!CI!S0-I reaction path from reference [25]. The
energy values are relative to the ground state. The values in degrees
refer to the C5’-C1’-C4-C5 and C10-C11-C12-C13 torsional angles for 1
and PSB11, respectively. Bond lengths are given in M. Notice that the
9 kcalmol�1 difference between S0-(E)-1 and S0-(Z)-1 is approximate.
See Section 2.2 in the Supporting Information).
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The similarity between the reaction paths in Figure 2a and
b, together with simple considerations based on a Landau–
Zener model which expresses the quantum yield of a reaction
in terms of nuclear velocities (as previously applied to the
case of rhod)[34] for decay at CI-1, indicates that (Z)-1 and (E)-
1 could potentially display high p–p* photoisomerization
quantum yields. These quantities have indeed been measured
for Me-(Z)-1 chloride and were found to be 0.20 and 0.34 for
the Z!E and E!Z processes, respectively. Such values are
considerably lower than that observed for rhod. Clearly, the
factors controlling the photoisomerization efficiency (includ-
ing the fact that the sum of the Z!E and E!Z quantum
yields is less than 1) of the investigated compound remain to
be understood. This will be the subject of further studies in
our laboratories.

The validity of the energy profiles of Figure 2a can be
further supported on the basis of the prediction that S0-(Z)-1
and S0-(E)-1 can be photochemically interconverted with the
same mechanism. Since the absorption lmax value of these
species is close but not identical (see Table 1), it is predicted
that, upon continuous irradiation, a photostationary state will
be generated whose composition depends on the irradiation
wavelength. The S0-(E)-1 absorption spectrum was quantita-
tively determined as the difference between the spectrum of
the photostationary state and the S0-(Z)-1 absorption spec-
trum, once the composition of the photostationary state was
known.

Comparison of the (Z)-1 and (E)-1 spectra (see Sec-
tion 3.3 in the Supporting Information) suggests, consistently
with the computed lmax data, a decrease of the (Z)-1/(E)-1
ratio upon an increase in the wavelength. In fact, the S0!S1

band of (E)-1 appears to be slightly blue-shifted and more
intense than the corresponding (Z)-1 band. Thus irradiation
at a wavelength shorter than the (E)-1 lmax value is expected
to enrich the solution in Z form. By contrast, irradiation at
wavelengths longer than the (Z)-1 lmax value is expected to
enrich the solution in E form. As shown in Table 2, the

observed (Z)-1/(E)-1 ratios fulfil this expectation. In partic-
ular, at 440 nm, the E form becomes dominant. However, due
to a low E!Z thermal isomerization barrier, which could not
yet been measured or computed, the generated ratio returns
rapidly to the original 92:8 mixture (the composition of the
thermally equilibrated solution) when the irradiation is
interrupted at room temperature.

In conclusion, we have shown that the nonnatural
protonated Schiff base 1 constitutes a prototype for the
development of a novel class of light-driven biomimetic

switches featuring a rigid molecular framework and a fully
selective Z/E photoisomerization. Most importantly, these
molecules promise to expand the use of Z/E switches well
beyond the applications of the Ab switch. In fact, 1) our
switch is, in practice, an ion pair suitable for applications in
highly polar environments while Ab is neutral with limited
dipole-moment values, 2) the length of the indane–pyrroline
framework is shorter than that of Ab and may be more easily
integrated, for instance, in a peptide backbone, 3) the photo-
isomerization of 1 is controlled, exclusively, by the p–p*
excited state while Ab reacts through both the n–p* and p–p*
states, 4) the isomerization quantum yields measured in
methanol (0.20 and 0.34 for (Z)-1 and (E)-1, respectively)
are not far from the n–p* quantum yields (0.35 and 0.41)
observed for (Z)-Ab and (E)-Ab in water/ethanol, and in the
same solvent their p–p* quantum yields are lower, 5) the
isomerization mechanism of 1 only involves twisting about the
exocyclic double bond while Ab has both twisting and
inversion mechanisms that could dominate in different
contexts, and finally 6) the ab initio CASPT2//CASSCF/
AMBER modeling used in the present work is not applicable
to Ab (in the absence of molecular symmetry) due to the
excessive extension of its p system. We believe that these
distinctive properties make 1 an attractive alternative to Ab.

Experimental and Computational Section
An exhaustive a methylation of 2a following a reported protocol[35]

opened the synthetic sequence (step a in Scheme 2). In step b, the
Grignard addition reaction afforded, in 90% yield, the corresponding
1-cyclopropylindan-1-ol 3 which, by the action of 33% HBr in acetic
acid (step c), smoothly underwent the expected rearrangement
(79%).[36] The bromopropylidene derivative 4was a suitable substrate
to go on with the synthesis; in fact, as a 3:1 mixture of geometric
isomers, it was submitted to the three steps of sequence d to yield the
indanylidene compound 5 with a tethered acetamido group (63%
overall yield). In step e, trimethylsilylpolyphosphate (PPSE) pro-
moted dehydration of the secondary amide function to generate the

Table 2: Composition of the photostationary state (irradiation for 9 h) of
1 in methanol as a function of the irradiation wavelength.

l [nm] S0-(Z)-1 S0-(E)-1

360 1 0.28
393 1 0.34
420 1 0.74
430 1 0.90
440 1 1.44

Scheme 2. Synthesis of the free Schiff base (Z)-1: a) MeI, tBuOK,
tBuOH, Et2O, reflux, 7 h; b) Mg, cyclopropylbromide, THF, reflux, 3 h;
c) HBr, AcOH, 10 min; d) 1. NaN3, DMF, 70 8C, 2 h; 2. LiAlH4, Et2O,
reflux, 2 h; 3. CH3COCl, Et3N, CH2Cl2; e) P2O5, HMDS, CCl4, reflux, 2 h.
DMF=N,N-dimethylformamide, HMDS=1,1,1,3,3,3-hexamethyldisila-
zane.

Communications

418 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 414 –420

http://www.angewandte.org


pivotal nitrilium ion that, by quenching onto the exocyclic olefin
moiety, eventually yielded the target compound 6. Inspection of the
NMR spectrum showed a predominant (98:8) diastereomer whose
geometry appears to be Z on the basis of NOE experiments.
Experimental reaction conditions leading to the key synthetic
intermediate 1-(3-bromopropylidene)-5-methoxy-2,2-dimethylin-
dane 4 and to the final compound 4-(5-methoxy-2,2-dimethylindan-
1-ylidene)-5-methyl-3,4-dihydro-2H-pyrrole Schiff base 6, as well as
the spectroscopic characterization f these compounds, are reported in
the Supporting Information.

Spectroscopy and photochemistry: Photoisomerization was car-
ried out with a 900 W irradiator, f/3.4 monochromator (Applied
Photophysics) apparatus and was followed by 1H NMR spectroscopy
(Bruker AC 200 spectrometer at 200.13 MHz). The composition of
the photostationary state at different irradiation wavelengths was
evaluated from the area ratio of the signal of the aromatic proton in
the ortho position with respect to the exocyclic double bond (see
above and the Supporting Information. UV/Vis measurements were
performed by using a Hewlett Packard 8423 spectrophotometer. See
the Supporting Information for further details.

Computations: The model of theZ andE switches in solution was
constructed by placing the chromophore in a rectangular box of
methanol molecules positioned within 10 M from any given atom of
the chromophore by using the xleap module of the Amber package.[37]

To neutralize the system we added a chloride anion. The average
ground-state configuration of the methanol molecules (that is, the
solvent) was determined according to the following procedure. The
solvent (including the counterion) was minimized for 2000 steps by
using the steepest-descent method while keeping the chromophore
(that is, the solute) fixed in its gas-phase configuration. In this step the
partial charges of the chromophore atoms were determined with
Gaussian03,[38] by using a Restrained ElectroStatic Potential (RESP)
procedure at the HF/6-31G* level of theory. In the next step we
performed CASSCF/6-31G*/AMBER geometry optimization to
relax the coordinates of the QM chromophore, MM counterion,
and solvent molecules with any atom within less than 4.5 M from any
solute atom. The positions of the remaining solvent molecules, more
distant from the chromophore, were kept frozen. The QM calcula-
tions were based on a CASSCF/6-31G* level including an active space
of 12 electrons in 11 p orbitals (that is, the full p system of the solute).
The chosen 6-31G* basis set represented a cost/accuracy compromise
yielding an excitation energy error of less than 3 kcalmol�1 for rhod
and solution-phase PSB11.[25] CASSCF/6-31G*/AMBER geometry
optimization was carried out with Gaussian03[38] and TINKER 3.9.[39]

To account for a dynamical correlation energy, four root-state average
CASPT2 calculations were carried out by using the MOLCAS 5.4[40]

software.
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