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The formulation of a general theory for the control of
photon energy disposal by interaction with an external
additive stands at the basis of the development of novel
fluorescence probes and other photoactive materials. We have
shown that the fluorescence quenching of n,p*-excited states
(X�Y*), like aliphatic azoalkanes and ketones, involves
hydrogen atom abstraction from the quencher (RÿH).[1±3] This
abstraction is not completed on the excited state surface but is
ªabortedº in the region of a conical intersection (CI)[4] funnel
that prompts immediate return to the ground state. This
mechanism has recently received support from femtosecond
time-resolved experiments in the gas phase.[5]

In this work, we employ high-level quantum chemical
computations[6±8] and spectroscopic studies of photochemical
intermediates to show that the same CI dominates a region of
the potential energy surface with exceptional electronic
properties, where hydrogen atom, electron, and proton trans-
fer events are interrelated in an uncommon way. In Salem�s
correlation diagram for hydrogen abstraction,[9] an n,p*-
excited state (ES) correlates with the radical pair (RP)
derived from hydrogen atom abstraction, and the ground state
(GS) correlates with the ion pair (IP) derived from proton
abstraction. Taking into account our previous results,[1] the
originally implicated avoided crossing should be replaced by a
CI. The state correlation diagram in Figure 1 is the result. The
diagram suggests, implicitly, that a mixture of the ES and GS
electronic configurations occurs near the CI where nonadia-
batic hops between the ES and GS energy surfaces (vertical
dashed arrow in Figure 1) or minute atomic movements on
the GS (or ES) energy surface (horizontal dashed arrow)
should be accompanied by a sudden change in the electronic
configuration from an ES/RP radical-type to a GS/IP
covalent/ionic-type wavefunction.

Figure 1. Modified state-correlation diagram of the n,p*-excited state (ES)
correlating with the radical pair (RP) derived from hydrogen atom
abstraction and the ground state (GS) correlating with the ion pair (IP)
derived from proton abstraction. Note the occurrence of a conical
intersection (CI).

The present work was once more performed for n,p*
singlet-excited azoalkanes, which are known to be quenched
by hydrogen donors such as chlorinated hydrocarbons and
alcohols.[1, 3] The advantage of azoalkanes is mainly an
experimental one, since these chromophores, unlike ketones,
do not undergo spontaneous intersystem crossing,[10] which
allows a clear-cut assignment of photoreactivity and photo-
products to the singlet-excited state, where CIs come into play
(in triplet reactions, the CI is replaced by a singlet ± triplet
crossing).[11] The pyrazoline/methylene chloride pair was
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employed as computational model and the 2,3-diazabicy-
clo[2.2.2]oct-2-ene (DBO)/chloroform as experimental one.
For the computations we have employed ab initio CASSCF,
CASPT2,[12] and MS-CASPT2[13] calculations to map the
minimum-energy paths describing the relaxation from the CI
structure and RP disproportionation.[13±18]

As shown in Figure 2, the CI structure features a 2.01 �
interfragment distance, an almost fully formed 1.02 � NÿH
bond, and a planar pyrazoline ring. The result of the wave-
function analysis at the CI shows that GS and ES correlate
with IP and RP configurations, respectively, as expected from
Figure 1. ES can be formally converted to IP by proton
abstraction and to RP by hydrogen atom abstraction. The next
efforts were devoted to the characterization of the two distinct
relaxation paths corresponding to the vertical and horizontal
arrows of Figure 1.

The first path corresponds to ªdirectº GS reconstitution
(light arrows in Figure 2). This involves first S1 decay by
partial hydrogen atom transfer. Upon approaching the CI this
process is ªabortedº through electron transfer to form a
transient ion-pair structure (IP=) with a positively charged
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azoalkane fragment (about 0.73 a.u.), 1.1 � NÿH bond,
1.93 � CHCl2 ´ ´ ´ H-N distance, and 1.29 � NÿN bond (for
example at 1 ÿ0.25 in Figure 2). From IP=, proton transfer
occurs to reconstitute GS (Scheme 1). Accordingly, the
reaction coordinate connecting CI with GS is dominated by
NÿH expansion and H ´´´ C and NÿN compression. In

contrast, the second path (full
arrows in Figure 2) is dominated
by a RP configuration and takes
place by a ªstepwiseº mecha-
nism: radical formation followed
by disproportionation to regen-
erate GS. The corresponding re-
action coordinate indicates that
RP formation involves an out-of-
plane distortion of the azoalkane
ring caused by -N-N- expansion
and twisting deformation and
increased pyramidalization of
the NÿH center. In detail, the
stepwise mechanism can be
viewed as a full hydrogen atom
transfer followed by a partial
hydrogen atom back transfer, an
electron transfer (near the CI
structure) and, finally, a proton
transfer to GS (Scheme 1).

The reaction coordinate for
the GS reconstitution by dispro-
portionation of RP has been
investigated via a transition-state
search on the S0 potential energy
surface. A transition structure
(TS) has been located in the
strict vicinity of the CI (see geo-
metrical parameters in Figure 2).
As reported in Table 1, TS is
located about 6 kcal molÿ1 below
the CI and only about
3.5 kcal molÿ1 (approximately
4.0 kcal molÿ1 after zero-point

energy correction) above RP. Thus RP disproportionation is
expected to be a fast process, competitive with diffusion in
solution, which is known to exhibit apparent activation
energies for solvent viscous flow around 1 ± 3 kcal molÿ1.[19]

The close vicinity of the CI and TS structures and the
modest S1 ± S0 energy gap at TS (around 20 kcal molÿ1) suggest
that the stepwise GS reconstitution involves a S0 intermolec-
ular electron transfer. The S0 species, namely the RP
intermediate, evolves towards a CI/TS region where an
electron jump takes place yielding the same IP= structure as
that generated by a direct surface hop at CI. Formally
speaking, radical disproportionation does not occur in a
simple hydrogen atom transfer step, that is, .NÿNH�

.R!N�N�HR or RP!GS, but
in a stepwise fashion through se-
quential electron ± proton transfer,
namely .NÿNH� .R![�NÿNH�
ÿR]=!N�N�HR or RP!IP=!
GS. This mechanism is consistent
with the well-known Polanyi�s har-
poon model,[20, 21] which is usually
applied to simple atom plus diatom
gas-phase reactions. In our case the
mechanism appears to operate

Figure 2. Energy profiles along the CI!GS (CASSCF, *; CASPT2, ^) and CI!RP (CASSCF, &; CASPT2, ~)
relaxation coordinates. The energy profiles of the reactant (CASSCF, &) and product (CASSCF, *) branches of
the RP!GS reaction coordinate are given together with the corresponding TS energy (CASSCF, ^ ; CASPT2,
�). The given bond lengths [�] illustrate the geometric changes occurring along the reaction coordinate 1

[bohr (amu)1/2] ; values in parenthesis refer to TS. The energy profile along the initial 1n,p*-path (- - - -) is from
ref. [1]; this path corresponds to a different reaction coordinate.

Scheme 1. Intermediates in the fluorescence quenching of n,p*-excited states (X�Y*) by hydrogen donors
(HÿR) classified according to their dominant electronic structure and the reaction step. The label= indicates
unstable transient entities.
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within a more complex organic RP, where the electron-
transfer harpoon triggers the following proton transfer. The
involvement of a ªharpoonº radical disproportionation in a
complex fluorescence quenching and the computational
manifestation of this mechanistic detail are unprecedented
findings, which may be of importance beyond photochemistry
in the field of radical chemistry.

To support this conjecture, we have investigated the
topological and electronic structure of the CI/TS region in
more detail (Figure 3). Figure 3 a provides a three-dimen-
sional representation of the energy profiles given in Figure 2.
It is evident that the two S0 relaxation paths starting at CI and
the two branches of the reaction path defined by TS develop
along the same energy valleys. This is demonstrated by the
resulting prompt convergence of the relaxation and reaction
path branches. Furthermore, vibrational frequency computa-
tions along the relaxation paths show that the frequencies
associated with the 3Nÿ 7 modes orthogonal to the path are
all real, thus demonstrating a valley-like structure. To inves-
tigate the nature of the S0 wavefunction in the same region, we
have computed the S1 ± S0 energy gap and fragment charges

along a small loop centered around CI (see dashed circle in
Figure 2) and lying along the plane defined by the two modes
that lift the S1/S0 energy degeneracy, namely, the branching
plane vectors. We start at w� 08 with a structure displaced
towards IP=. In Figure 3 b we show that the charge distribution
of the system undergoes two dramatic events. The first event
occurs at about 908 and corresponds to a sudden transfer of
one electron from the CHCl2 anion to the pyrazoline cation
yielding the RP configuration. The new charge distribution is
then maintained up to 2708 where a back electron transfer
occurs from the pyrazoline radical fragment to the CHCl2

radical. Notice that the wavefunction changes are associated
with the two minima in the energy gap diagram (Figure 3 c). It
is therefore clear that the S0 energy surface surrounding the
CI is divided in two distinct regions with the RP part going
from 908 to 2708. Structural analysis reveals that the optimized
TS lies on the 908 edge and thus must correspond to the lowest
energy critical structure (the bottleneck) for thermal inter-
molecular electron transfer.

In previous studies[1±3] on the photoreactivity and quench-
ing mechanism, the actual photoproducts and intermediates

Table 1. Calculated energies for the pyrazoline/methylene chloride chromophore/quencher system.

Structure[a] CASSCF CASPT2[b] CASPT2
E [hartree] E [hartree] DE [kcal molÿ1]

CI (S0) ÿ 1183.89476[d] ÿ 1185.03836 (0.73)[c] {ÿ 1185.04629} � 0.0
CI (S1) ÿ 1183.89316[d] ÿ 1185.03768 (0.72)[c] {ÿ 1185.02975} 0.7

GS (S0) ÿ 1183.08361 ÿ 1185.14977 (0.75)[c] ÿ 69.9
RP (S0) ÿ 1183.93902 [0.131][e] ÿ 1185.06053 (0.74)[c] ÿ 13.9
TS (S0) ÿ 1183.90418[d] [0.132][e] ÿ 1185.05491 (0.72)[c] {ÿ 1185.05503} ÿ 10.4
TS (S1) ÿ 1183.88268[d] ÿ 1185.02138 (0.72)[c] {ÿ 1185.02126} 10.7

[a] For abbreviations, see text, Scheme 1, and Figure 1. [b] The MS-CASPT2 energies (in curley brackets) indicate that the general shape of the energy
surfaces is not sensitive to wavefunction mixing. However, as reported for other systems,[28] a moderate (about 10 kcal molÿ1) energy splitting at CI arises due
to differences of the optimized MS-CASPT2 CI geometry. [c] The weight of the CASSCF reference function in the first-order function is given in parentheses.
[d] State-averaged value (see ref. [14]). [e] Zero-point vibrational energy in squared brackets.

Figure 3. a) Structure of the S1 and S0 potential energy surfaces in the CI/TS region (CI, *; TS, *). b) S0 fragment charges [a.u.] along a loop centered around
the CI (pyrazoline fragment, ~; hydrogen atom, &; CHCl2 fragment, *). c) CASSCF S1 ± S0 energy gap along the same loop.
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were not examined due to the very low photodecomposition
quantum yield. However, the above computational findings
on the involvement of a metastable RP and a (transient) IP
resulting from electron transfer have encouraged a more
detailed spectroscopic search for such intermediates. The
detection of radicals related to the RP intermediate has been
achieved through EPR spectroscopy.[22] A solution of DBO in
chloroform was irradiated at room temperature in the
presence of the spin-trap reagent N-tert-butyl-a-phenylni-
trone (PBN). PBN has a high affinity for chlorinated carbon
radicals, such as the .CCl3 radical generated by singlet-excited
DBO through hydrogen atom abstraction. The magnetic
parameters g (2.0061� 0.0001), AH (1.9� 0.1), and AN (14.3�
0.1) measured shortly after irradiation compare well with the
CCl3 ± PBN parameters reported in the literature (AH� 1.3 ±
2.9 and AN� 13.4 ± 15.5), thus supporting production of the
.CCl3 radical during photolysis.[23] This radical must derive
from hydrogen abstraction with the subsequent formation of
the RP intermediate. Although we have provided evidence
for the intervention of RP in the photoreaction, no quanti-
tative analysis is possible however, such that we cannot
determine to which degree the reconstitution of GS occurs
directly through a relaxation from the CI structure (vertical
arrow in Figure 1) or through disproportionation of the RP
intermediate (horizontal arrow in Figure 1).

In principle, the direct and stepwise pathways for GS
reconstitution (see Figure 3 a) lead to a common unstable IP=

structure, which regenerates the original GS pair through
proton transfer. In contrast to RP, the IP= structure resulting
from electron transfer is predicted to be unstable, as it
immediately accelerates along the proton transfer path. Such
a structure cannot be experimentally detected with conven-
tional means. However, our computation neglects the effect of
the solvent environment. Solvation could have a significant
effect on the shape of the energy surfaces corresponding to
the IP= state and slow the proton transfer to a degree that ion
separation with consequent reactions become competitive.

Circumstantial evidence for the photoinduced formation of
ions was indeed obtained. The photolysis of DBO in chloro-
form[22] gave rise to the formation of the protonated azoalkane
DBO-H� with a UV absorption at 344 nm [Eq. (1)],[24]

consistent with the elimination of HCl from the solvent.

This characteristic absorption due to DBO-H� could be
removed, with a concomitant increase in DBO absorption,
upon subsequent addition of triethylamine as a base. Control
experiments further revealed that HCl is not formed in the
direct photolysis of chloroform (or impurities therein), that is,
irradiation of this solvent with subsequent addition of DBO
did not produce the characteristic DBO-H� absorption. We
presume that the trichloromethyl anion serves as an initial

counterion of DBO-H�, a process corresponding to a formal
proton abstraction. This anion is known to undergo elimi-
nation of a chloride anion leading to the overall formation of
dichlorocarbene and HCl,[25] which protonates DBO. Un-
fortunately, a trapping agent that could intercept dichloro-
carbene without quenching the excited azoalkane could not
be found, and the complexity of the product mixture
prevented further analysis.

Various mechanisms can be invoked to account for the
formation of DBO-H�. One must recall that a direct proton
abstraction of DBO from chloroform is unlikely in view of its
negative pKa in the excited state[10] and is also in conflict with
the correlation diagram, which precludes a direct correlation
with an ionic state (Figure 1). Note also that we have
presented evidence by means of deuterium isotope effects[1±3]

and the study of quenchers with varying acidity,[2] that the
quenching is induced by an initial hydrogen atom, and not
proton, transfer. We therefore presume, based on the present
theoretical findings, that the protonated azoalkane is formed
through a sequential hydrogen atom and electron transfer.

In conclusion, the present computational and spectroscopic
studies have allowed a detailed mechanistic investigation of
the hydrogen abstraction reaction of n,p*-excited states and
the nature of the corresponding conical intersection (CI). This
turned out to be unexpectedly rich, since hydrogen atom,
electron, and proton transfer all contribute to the same,
apparently trivial, quenching process. Most importantly, the
disproportionation of the intermediary RP should be better
described as a sequential electron ± proton transfer (Polanyi�s
harpooning) in the region of the surface crossing rather than a
direct hydrogen transfer. This mechanism, which is inherently
related to a surface crossing, may play a role in other radical
reactions as well. Also important is the observation that the
investigation of electron transfer, which is usually difficult by
quantum chemical tools, may become feasible through the
investigation of photochemical reaction paths, where mixing
of radical- and covalent/ionic-type wavefunctions can be
explicitly considered. Recently we have reported examples
where different reaction paths for thermal intramolecular
electron transfer have been successfully mapped.[26, 27] In this
contribution we reported the reaction path mapping for both
photoinduced and thermal intermolecular electron transfer
(the two arrows in Figure 1). Remarkably, in all reported cases
electron transfer occurs in the strict vicinity of a CI that thus
appears to play a key role for both photochemical and thermal
electron transfer.
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In mammals, protein ± carbohydrate interactions play a
crucial role in mediating a variety of biological recognition
processes.[1] The enzymes responsible for the biosynthesis of
glycan chains are glycosyltransferases, and their malfunction
leads to a number of pathological disorders. So far, only
limited data are available for the three-dimensional structure
of mammalian glycosyltransferases.[2] Recently, an X-ray
structure was published of b-1,4-galactosyl-transferase
(b4Gal-T1, EC 2.4.1.90/38), a Golgi-resident membrane-
bound enzyme, in its free and substrate-bound form.[2c] This
transferase is responsible for the transfer of galactose from
UDP-Gal (uridine diphospho-d-galactose, Scheme 1) to b-d-
N-acetylglucosamine residues, furnishing poly-N-acetyllactos-
amine chains found in glycoproteins and glycosphingolipids.
The enzyme b4Gal-T1 cocrystallized with the donor substrate
UDP-Gal, but the electron density was not sufficient to
resolve the terminal galactose residue. Therefore, crucial
molecular details of the recognition reaction between b4Gal-
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