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In this work, we report the first CASPT2//CASSCF study of the mechanism of the photodecarboxylation of N-phthaloylglycine. 
The charge transfer excited state SCT(1*) is initially populated upon irradiation at 266 nm. As a result of a fast internal con-
version to the lowest excited singlet state SCT-N(1*), this state becomes a favorable precursor state for proton transfer, which 
triggers decarboxylation. Actually, the excited state intramolecular proton transfer (ESIPT) and decarboxylation processes 
proceed in an asynchronous concerted way. The ESIPT process is accomplished in the SCT-N(1*) state, but the CO2 molecule 
is finally formed in the ground state via the SCT/S0 conical intersection. Azomethine ylide is formed in the ground state as a 
complex with CO2. A barrier of ~15 kcal/mol indicates that azomethine ylide is stable in the ground state, which is consistent 
with the experimental findings. This work provides mechanistic details about the formation of azomethine ylide by photoreac-
tion of N-phthaloylglycine. 

N-phthaloylglycine, photodecarboxylation, excited state intramolecular proton transfer, CASPT2//CASSCF method 

 

 

 

1  Introduction 

The primary α-photodecarboxylation of N-phthalimido- 
amino acids and the subsequent reactions with dipolaro-
philes have been extensively investigated over the past three 
decades [110]. The reason for this is that the 1,3-dipolar 
cycloaddition reaction of azomethine ylides with dipolaro-
philes is an efficient and versatile method for the construc-
tion of five-membered heterocycles, especially, the use of 
alkenes as dipolarophiles for the synthesis of pyrrolidine- 
containing molecules of biological or materials science in-
terest. As the simplest N-phthalimido-amino acid, N-phthaloyl- 
glycine (N-PG) can generate N-alkylphthalimide (N-AA) 
when irradiated in organic solvents, which undergoes clean 
and efficient α-photodecarboxylation. This process is sum-
marized in Scheme 1.  

In earlier investigations, laser flash photolysis and fluo- 
rescence spectroscopy have been employed to investigate  

 

Scheme 1  Photo-induced decarboxylation of N-phthaloylglycine. 

the mechanistic details of the α-photodecarboxylation and 
related excited state processes. The results of the previous 
work suggest that azomethine ylides are the key reactive 
intermediates in these processes. In addition, the investiga-
tions provided information about the dynamics of several 
ylide decay pathways and the nature of the excited states 
responsible for the ylide formation and decarboxylation 
reactions. An excited state proton transfer (ESPT) mecha-
nism was postulated for the decarboxylation reaction in 
early experimental studies [15], and this is coupled with 
electron transfer leading to the N-AA product. The mecha-
nistic studies by Yoon and co-workers suggested that this 
α-photodecarboxylation process was initiated by hydrogen 
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atom abstraction and further proceeds via an azomethine 
ylide intermediate resulting in formation of the N-AA 
product [49]. The intramolecular H-bond formation in the 
ground and excited states of N-phthaloylglycine (N-PG), 
which facilitates proton transfer, was evidenced by X-ray 
structure analysis, cyclic voltammetry, and IR spectroscopic 
measurements in photoinduced-electron-transfer-active 
phthalimido carboxylic acids [11], together with a signifi-
cant enhancement of fluorescence efficiencies [10, 12, 13], 
but with very weak fluorescence of the phthalimide chro-
mophore itself [1217]. Meantime, the azomethine ylide 
intermediate was trapped by cycloaddition with carbonyl or 
alkene dipolarophiles. In addition, the azomethine ylide 
intermediate was characterized by observation of a 
392-nm-absorbing transient in laser flash photolysis studies 

[46]. However, how azomethine ylides are produced upon 
irradiation of N-phthalimido-amino acids in organic sol-
vents, which is the key issue, remains unsolved up to now. 

The phthalimide group is a very useful chromophore and 
shows the typical reactivity of excited state carbonyl chro-
mophores. In addition, the phthalimide chromophore is 
characterized by a high oxidation potential of its first excit-
ed singlet state and excited triplet states. The ylide for-
mation photoreactions are an appealing route in synthetic 
organic photochemistry because they can serve as the foun-
dation for preparing interestingly structured and functional-
ized N-heterocyclic products [8, 9]. Because of the versatile 
photochemical reactivity of phthalimides and their applica-
bility in synthesis, the photochemistry of phthalimides is 
still a subject of widespread interest.  

The photophysical properties of phthalimides have been 
intensively studied during the last two decades [6–9]. 
Phthalimides show relatively unstructured UV absorption 
spectra with absorption maxima around 220 and 295 nm. In 
ethanol or acetonitrile at room temperature, N-alkylphthali- 
mides exhibit weak fluorescence with low quantum yields. 
The fluorescence properties are sensitive to solvent polarity 
and, in protic solvents, also to hydrogen bonding. In general, 
phthalimides show a broad structureless phosphorescence 
centered around 450 nm with a long triplet lifetime at room 
temperature in the absence of oxygen. However, the order 
of the excited states for phthalimides remains controversial. 
In addition, there is a general lack of the information about 
the excited state nature responsible for ylide formation from 
N-PG [1017].  

In this work, we report the first theoretical study of the 
nature of the excited state that is responsible for the ylide 
formation by using combined complete-active-space self- 
consistent-field (CASSCF) and multireference perturbation 
treatment to the second order (CASPT2) methods with 
N-PG as a representative molecule. The decarboxylation 
process was found to be triggered by a proton transfer in the 
lower singlet excited state SCT-N(1*) which was reached 
via charge redistribution from the bright charge transfer 

singlet excited state SCT(1*). The conical intersection of 
SCT(1*)/S0 is an efficient decay channel to the ground 
state with ylide character and has a suitable orientation for 
reverse proton transfer. Subsequent electron transfer and 
proton transfer in the ground state lead to the final products. 

2  Computational details 

The CASSCF wave function has sufficient flexibility to 
model the changes in electronic structure upon electronic 
excitation, and was used to optimize the stationary struc-
tures of N-PG in several low-lying electronic states. The 
conical intersection structure was determined by the state- 
averaged CASSCF method. To consider dynamical correla-
tion, the single-point energy was calculated with the se-
cond-order perturbation method (CASPT2) on the basis of 
the CASSCF reference wave function. The CASPT2 ener-
gies were calculated using five-root state-averaging with 
equal weights. The 6-31G* basis set was used for both 
CASSCF and CASPT2 calculations. All calculations were 
performed by using Molcas 7.1 [18] and Gaussian 03 [19] 
program packages. 

In principle, all of the valence electrons and orbitals of a 
system should be included in the active space for the 
CASSCF calculations. However, because of the limited 
computational capability, the complete active space formal-
ism contains a certain amount of ambiguity in terms of 
which particular electrons and orbitals are chosen for inclu-
sion in practice. For this reason, selection of the active 
space becomes a crucial step in CASSCF calculations. In 
this study, to describe the reaction of proton transfer, O–H σ 
and σ* orbitals and the oxygen non-bonding orbital of the 
carbonyl group should be included in the active space. Since 
electronic excitation from the aromatic ring to the acetyl 
group is involved in the charge transfer (CT) state, at least 
the aromatic  and acetyl * orbitals are very important for 
the CT state. The five relevant orbitals are shown in Figure 1.  

 

 

Figure 1  Selected active orbitals that are closely related to charge trans-
fer in the excited state and proton transfer. 
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In order to treat electronic correlation well, some  and * 
orbitals were also included in the active space. Finally, the 
CASSCF and CASPT2 calculations were performed with an 
active space of 14 electrons in 11 orbitals, referred to as 
CAS(14,11) hereafter.  

3  Results and discussion 

3.1  Low-lying electronic states 

Electronic and geometric structures of excited states are 
basic, but very important, parameters for photochemical and 
photophysical processes. Before discussing the photode-
carboxylation, we pay attention to excited state nature of 
N-PG. Besides the ground state (S0), the three low-lying 
singlet excited states were optimized at the CAS(14,11)/6- 
31G* level. The resulting structures are shown in Figure 2, 
where the key bond parameters are given with the atom 
numbering in the S0 structure. The first excited singlet state 
in the Franck–Condon (FC) region was found to originate 
from an electronic transition from n(C=O) to *(C=O) and is the 
1n* state, referred to as SCO(1n*) hereafter. As a result of 
the n(C=O)→*(C=O) transition, the C15–O14 bond length is 
significantly increased on going from S0 to SCO(1n*). The 
second excited singlet state in the FC region comes from the 
local excitation at the phenyl ring and is assigned as the * 
singlet state of SPh(

1*). In comparison with the S0 struc-
ture, the C–C bond lengths are elongated by about 0.3 Å in 
the SPh(

1*) structure. 
A high-energy excited singlet state in the FC region, re-

ferred to as SCT-N(1*), was found to involve a transition 
from the  orbital of the aromatic ring to the * orbital of 
the carbonyl group, which is of charge transfer character.  

When the system relaxes to the SCT-N(1*) minimum 
energy structure, charge is redistributed through the  con-
jugation system. The CAS(14,11)/6-31G* calculations show 
that the Mulliken charges on the N8 and O14 atoms are 
–0.91 and –0.52 respectively in the S0 equilibrium structure, 
while they become –0.42 and –0.75 in the SCT-N(1*) 
structure. The (aromatic ring)→*(C=O) transition and the sub-
sequent charge redistribution are summarized in Figure 3. 
The larger amount of negative charge localized on the O14 
atom suggests that proton transfer takes place easily in the 
SCT-N(1*) state. This is consistent with the optimized 
SCT-N(1*) structure, where the O14···H13 hydrogen bond 
is much shorter than that in the S0 structure.  

With respect to the S0 zero-level, the relative energies of 
SCO(1nπ*), SPh(

1*), and SCT-N(1*) were calculated at the 
CASPT2 level on the CAS(14,11) optimized structures. The 
adiabatic excitation energies (Eadia) from S0 to SCO(1n*), 
SPh(

1*), and SCT-N(1*) were predicted to be 90.3, 92.9, 
and 82.4 kcal/mol, respectively. SCT-N(1*) becomes the 
lowest excited singlet state in view of its adiabatic excita-
tion energy, although the SCT-N(1*) state is high in energy 
in the FC region, as can be seen from the CASPT2 calcu-
lated energies listed in Table 1. It should be pointed out that  

 

 

Figure 3  Schematic electronic excitation (blue arrow) and the subsequent 
redistribution (green arrow) through the  conjugation system.   

 

 

Figure 2  Schematic stationary and intersection structures along with the key bond parameters and atom numbering in the S0 structure.  



2092 Fang Q, et al.   Sci China Chem   October (2012) Vol.55 No.10 

a clear charge transfer excited state of SCT(1*) was deter-
mined to exist in the FC region by CASPT2 calculations, 
which is similar to the SCT-N(1*) state in nature. All at-
tempts to optimize the SCT(1*) minimum lead to the 
SCT-N(1*) minimum energy structure. As listed in Table 1, 
the SCT(1*) state has the largest oscillation strength and is 
the bright state (labeled as SCT-B(1*) in Figure 4).  

3.2  Decarboxylation triggered by proton transfer 

The decarboxylation reaction was observed to occur upon 
irradiation of N-phthaloylglycine in N2-saturated MeCN 
solution at 266 and 305 nm [10], which corresponds to the 
vertical excitation energies of 107.5 and 93.7 kcal/mol, re-
spectively. It should be pointed out that our CASPT2 calcu-
lations may overestimate the relative energy of the excited 
singlet state, as compared with the excitation wavelength 
used in the experiments, since the solvent effect is not in-
cluded in the calculations. Based on the CASPT2 calculated 
excitation energies and oscillation strengths listed in Table  
2, the SCT(1*) state is initially populated at 266 nm. As 
pointed out before, the SCT(1*) state is unstable and re-
laxes to the SCT-N(1*) minimum very easily. It might be 
possible that the SPh(

1*) state is initially populated upon 
photoexcitation at 305 nm. The SPh(

1*) state involves a 
local excitation in the aromatic ring and is unreactive with 
respect to hydrogen or proton transfer [20, 21].  

Once the SCO(1n*) state is populated by photoexcitation 
and the subsequent relaxation, the H13 transfer from O12 to  

Table 1  The CASPT2//CAS(14,11)/6-31G* calculated vertical excitation 
energies (Ever, kcal/mol), dipole moment (μ, Debye), oscillator strength (f), 
and adiabatic excitation energies (Eadia, kcal/mol) for the SCO(n*), 
SPh(*), SN(*), and SCT(*) states 

State Ever  f Eadia 

S0 0.0 7.3  0.0 

SCO(1n*) 95.1 7.5 0.0 90.3 

SPh(
1*) 100.4 8.2 0.03 94.9 

SCT-N(1*) 102.9 5.8 0.01 82.4 

SCT(1*) 115.5 11.4 0.13 

Table 2  The CASPT2//CAS(14,11)/6-31G* calculated energies and 
relative energies, dipole moment (μ, Debye), oscillator strength (f), and 
adiabatic excitation energies (Eadia, kcal/mol) for the hydrogen transfer in 
the SCO(n*)state 

H13–O12 (Å) E (a.u.)  f E (kcal/mol) 

1.05 –738.70295 7.5 0.0 0.0 

1.15 –738.68464 8.4 0.0 11.5 

1.25 –738.66954 8.6 0.0 21.0 

1.35 –738.65032 8.9 0.0 33.0 

1.45 –738.63127 9.2 0.0 45.0 

1.55 –738.61186 9.5 0.0 57.2 

1.65 –738.60237 7.8 0.0 63.1 

O14 can take place easily; this is generally referred to as a 
Norrish type II reaction [20, 21]. The O12–H13 distance 
was selected as the reaction coordinate, and the potential 
energy profile was scanned for the H13 transfer in the 
SCO(1n*) state. The calculated energies are listed in Table  
2, which shows that the hydrogen transfer and the decar-
boxylation occur at the SCO(1n*) state with only low prob-
ability. According to Kasha’s rule [22], photochemical reac-
tions generally occur from the lowest excited singlet state 
regardless of the initial excited state populated by photoex-
citation. Quantitative calculations and qualitative analysis 
indicate that SCT-N(1*) functions as the most favorable 
precursor state for proton transfer, which will be discussed 
below. 

The reaction pathway for the SCT-N(1*) state was first 
determined by the state-averaged CAS(14,11)/6-31G* 
stepwise optimization with the O12–H13 distance fixed at 
different values and other bond parameters relaxed fully. 
Then, the potential energy profile for the proton transfer and 
subsequent processes were characterized by the CASPT2 
calculations on the basis of the CAS(14,11)/6-31G* opti-
mized structures, as shown in Figure 4. The first observa-
tion is that the C9–C10 distance becomes remarkably elon-
gated with the evolvement of proton transfer in the 
SCT-N(1*) state, leading to a partial breakage of the 
C9–C10 bond with a distance of 1.65 Å at the transition 
state (TS) of the proton transfer. In addition, the O11–C10– 
O12 angle is gradually increased to 138.4 in the TS struc-
ture. These changes in structure reveal that the decarboxyla-
tion is triggered by the excited state intramolecular proton 
transfer (ESIPT). Actually, the ESIPT and decarboxylation 
processes occur in an asynchronous concerted way. The 
proton is transferred from O12 to O14, which might pro-
duce a SCT-N(1*)-E structure. But the SCT-N(1*)-E min-
imum energy structure is not found on the * singlet state 
by the CAS(14,11)/6-31G* optimizations. With respect with 
the SCT-N(*) minimum, the proton transfer reaction has a  

 

 

Figure 4  Schematic potential energy profiles for the proton transfer and 
subsequent reactions, along with the relative energies (kcal/mol) of some 
critical structures.  
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barrier of 17.0 kcal/mol at the CASPT2//CAS(14,11)/ 
6-31G* level. 

The conical intersection of the SCT-N(1*) and S0 sur-
faces, referred to as CI(SCT/S0) hereafter, was determined 
using the state-averaged CAS(14,11)/6-31G* optimization. 
The CI(SCT/S0) conical intersection was found to be 10.2 
kcal/mol lower than SCT-N(1*) in energy at the CASPT2// 
CAS(14,11) level. The C9–C10 bond is broken in the 
CI(SCT/S0) structure with the C9–C10 distance of 3.469 Å 
and the O11–C10–O12 moiety of the CI(SCT/S0) structure 
exhibiting the structural characteristics of CO2. There is a 
sharp turning point of charge translocation at the CI(SCT/S0) 
structure. Once the system passes through the CI(SCT/S0) 
conical intersection, electron transfer occurs from the CO2 
group to the remaining moiety. The azomethine ylide is 
formed in the ground state. Since a Coulomb interaction 
exists between azomethine ylide and CO2 formed initially, a 
complex of azomethine ylide with CO2 is obtained as the 
intermediate of IM-S0.  

The isomerization pathway of the IM-S0 intermediate to 
the final product (P) was traced and a transition state was 
determined on the S0 pathway. The barrier height was pre-
dicted to be 15.1 kcal/mol at the CASPT2//CASSCF level. 
After the system decays to the ground state via the 
CI(SCT/S0) intersection region, the system is left with suffi-
cient internal energy to overcome the barrier, achieving  
reverse proton transfer in the ground state and yielding the 
final product. A 392-nm-absorbing transient arising from 
photolysis of N-PG was observed in the MeCN solution [4, 
10], which probably comes from the azomethine ylide in-
termediate. The relatively high barrier (~15 kcal/mol) on the 
S0 pathway from IM-S0 to the final product indicates that 
the azomethine ylide is stable, which is consistent with the 
experimental findings.  

4  Conclusions 

We report the first CASPT2//CASSCF study of the mecha-
nistic photochemistry of N-phthaloylglycine. Upon irradia-
tion at 266 and 305 nm, the N-phthaloylglycine molecule 
may be initially excited to the SCT(1*) state, which exhib-
its clear charge transfer character from the aromatic ring to 
the carbonyl group. Redistribution of intramolecular charg-
es results in internal conversion to the lowest excited singlet 
state SCT-N(1*). From this state, an intramolecular proton 
transfer occurs, which triggers decarboxylation. Actually, 
the ESIPT and decarboxylation processes proceed in an 
asynchronous concerted way. The ESIPT process is accom-
plished in the SCT-N(1*) state, but the CO2 molecule is 
finally formed in the ground state via the CI(SCT/S0) conical 
intersection. In addition, electron transfer and the reverse 
proton transfer in the ground state play an important role in 
the formation of the final products. Azomethine ylide is 
formed in the ground state as a complex with CO2, due to  

 

Scheme 2  Mechanistic details for the formation of azomethine ylide by 
photoreaction of N-phthaloylglycine at 266 and 305 nm. 

Coulomb interactions. The relatively high barrier on the S0 
pathway to the final product indicates that the azomethine 
ylide is stable, which is consistent with the experimental 
findings. This work provides mechanistic details of the 
formation of azomethine ylide by photoreaction of 
N-phthaloylglycine, which are summarized in Scheme 2. It 
is to be expected that the formation of azomethine ylide 
could be a common phenomenon for different types of 
N-phthalimido-amino acids and related compounds, which 
may stimulate further research interest in the fields of laser 
spectroscopy and photochemistry. 
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