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Salem�s correlation diagram for hydrogen abstraction by
n,p* excited chromophores,[1] most often depicted for the
reaction between formaldehyde and methane, has become the
classic textbook example for a theoretical rationalization of
photochemical reactivity and for the contrast between the
reactivity of singlet and triplet states. According to this
diagram the hydrogen abstraction by triplet states proceeds
smoothly and with unit efficiency, whereas for singlet states
the system is predicted to ªpauseº at an avoided crossing and
then to proceed either to the products or back to the
reactants; this reduces the efficiency to below unity.[1,2] While
the triplet reaction has received considerable experimental
and theoretical attention, the distinct singlet mechanism has
not been examined in detail.[3±6]

The intermolecular hydrogen abstraction of the n,p* ex-
cited singlet states of ketones is difficult to examine owing to
short lifetimes and efficient intersystem crossing. This limi-
tation warrants the choice of an alternative n,p* chromo-
phore. The azoalkane 2,3-diazabicyclo[2.2.2]oct-2-ene (DBO)
appeared to be the predestined experimental test case, since
excited singlet DBO is very long-lived (up to 1 ms) and
undergoes neither intersystem crossing[7] nor efficient photo-
decomposition (only about 2 %).[8] Moreover, excited singlet
azoalkanes are efficiently quenched by CÿH and OÿH bonds
of poor hydrogen donors such as chloroform or methanol.[9±11]

This provides a fascinating case of a singlet hydrogen
abstraction [Eq. (1)], which we have now elucidated in
mechanistic detail. An unexpectedly low activation barrier
and a large deuterium isotope effect are observed for
chloroform as hydrogen donor. These findings are rational-
ized in terms of a thermally activated rather than a tunneling
process.

1: M.p.>3008C; IR (Nujol): nÄ� 1261, 1208, 1191, 1101, 1020, 974, 839, 800, 721,
686 cmÿ1; 1H NMR (400 MHz, C6D6): d�ÿ 0.42 (18H, s, AlCH3), 1.08 (54H, d,
J� 17.4 Hz, C(CH3)3); 31P NMR (162 MHz, C6D6): d� 13.4; MS (EI, 70 eV):
m/z� 1053 ([M�ÿMe], 100%); elemental analysis calcd for C30H72Al6O18P6

(1068.6): C 33.74, H 6.80, P 17.40; found: C 33.64, H 6.74, P 17.86.

2 : M.p. 192 ± 195 8C; IR (Nujol): nÄ� 1261, 1208, 1190, 1097, 1021, 870, 801,
722, 688 cmÿ1; 1H NMR (200 MHz, C6D6): d�ÿ 0.31 (12 H, s, AlCH3), 1.03
(36 H, d, J� 17.5 Hz, C(CH3)3); 31P NMR (101 MHz, C6D6): d� 17.5; MS
(EI, 70 eV): m/z� 697 ([M�ÿMe], 100 %); elemental analysis calcd for
C20H48Al4O12P4 (712.4): C 33.74, H 6.80; found: C 33.42, H 6.88.
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Most importantly, the computed reaction pathway for
hydrogen abstraction from CÿH bonds by excited singlet
azoalkanes involves decay at a conical intersection (i. e. , a real
surface crossing)[12,13] of the excited- and ground-state energy
sheets (Figure 1) rather than the previously implicated

Figure 1. Energy profile along the S1-(n,p*) reaction coordinate 1 [bohr
(amu)1/2] describing the hydrogen abstraction in the pyrazoline/CH2Cl2

system (see ref. [18] for computational details). Open and filled squares and
the associated dashed lines indicate the relative CAS(8,7) energies of the S1

and S0 (CI values) states, respectively. Open circles and the solid line
present the more accurate CAS(12,10)/PT2F energy profile for the S1 state.
The structures of MIN, TS, and LP [CAS(12,10) and (in parentheses)
CAS(8,7) geometrical parameters in �] document the geometrical pro-
gression along the reaction path. The LP point (S1 ± S0 energy gap about
4 kcal molÿ1) is taken as representative of the conical intersection.

avoided crossing. The data lead us to propose a mechanism in
which the deactivation of n,p* excited singlet azoalkanes is
triggered by partial H abstraction from a solvent molecule
loosely bound to a nitrogen center. In fact, the hydrogen
abstraction on the excited-state surface is aborted at the
conical intersection,[13] at which point the system must decay
efficiently to the ground-state surface. The radiationless decay
is experimentally manifested in low reaction quantum yields.

The decay rate of excited singlet DBO (1/t) can be
analyzed as a composite of the rates of fluorescence (kf),
intramolecular radiationless deactivation (kd), and intermo-
lecular (solvent-induced) quenching (kq)Ðthat is, 1/t�
kf�kd�kq. The gas-phase fluorescence lifetime[14,15] at ambient
temperature (t0(DBO)� (930� 30) ns) is characteristic for
conditions under which the latter process is absent (1/t0�
kf�kd). In all common solvents, however, the fluorescence

lifetime of DBO is shortened, whereas deuterated solvents
display a smaller effect. Consequently, solvent-induced quen-
ching (kq) must be considered (1/t� 1/t0�kq).

As previously corroborated by means of decomposition
quantum yields,[9] most solvent-induced quenching of azoal-
kanes is chemically unproductive and results in radiationless
deactivation; for DBO in nonprotic solvents the chemical
reaction contributes less than 5 %. Nevertheless, from the
involvement of CÿH bonds in the quenching process and the
deuterium isotope effects we conclude that the solvent-
induced deactivation must occur along the reaction coordi-
nate for hydrogen abstraction, thus providing an example of
an ªabortedº hydrogen abstraction. This mechanistic inter-
pretation of the experimental data is corroborated by our
theoretical results (see Figure 1).

Chloroform as solvent was examined in experimental
detail, since the observed quenching and isotope effects are
amongst the largest (Table 1). The fluorescence lifetimes at

ambient temperature (22 ± 25 8C) were measured by three
techniques (laser flash photolysis, single-photon counting, and
streak camera detection) in different laboratories, and con-
sistent results were obtained. The fluorescence quantum
yields (Table 1) follow the same trend as the fluorescence
lifetimes, and their ratio suggest a natural fluorescence
lifetime (tn) of (1500� 300) ns, which is not significantly
different from that in the gas phase (tn� (1700� 300) ns).[14]

Most striking is that the fluorescence lifetime in chloroform is
only (13� 1) ns, that is, nearly two orders of magnitude
shorter than under conditions for which no intermolecular
quenching applies (t0� 930 ns). The use of the deuterated
solvent (CDCl3) increases the fluorescence lifetime by nearly
one order of magnitude ((110� 5) ns). The calculated pseudo-
unimolecular quenching rate constants kq (Table 1) substan-
tiate a deuterium isotope effect kq(H)/kq(D) of 8 ± 11 at
ambient temperature. This value exceeds the kinetic isotope
effect expected from energy differences in CÿH and CÿD
stretching vibrations alone (ca. 6), but lies at the upper limit
when allowance for bending mode contributions is made
(10).[16] This is the largest primary CÿH/D isotope effect
ever observed for an intermolecular photochemical
hydrogen abstraction. For comparison, the isotope effects in
the hydrogen abstraction by n,p* excited ketones range from
1 ± 5.[3,4]

Table 1. Fluorescence lifetimes t and quantum yields F for 2,3-diazabicy-
clo[2.2.2]oct-2-ene (DBO) as well as rate constants kq and activation
parameters for fluorescence quenching.

Gas phase CHCl3 CDCl3

t/ns 930� 30 (� t0) 13� 1 110� 5
F 0.56� 0.10[a] � 0.01 0.075� 0.008
tn/ns[b] 1700� 300 � 1300 1500� 250
kq/106 sÿ1 76� 6 8.0� 0.4
A/109 sÿ1 2.3� 0.3 1.6� 0.3
EA/kcal molÿ1 2.05� 0.07 3.15� 0.09
DS=/cal Kÿ1 molÿ1 ÿ 17.6� 2.4 ÿ 18.3� 3.4
DH=/kcal molÿ1 1.50� 0.05 2.60� 0.07

[a] From ref. [14]. [b] Natural fluorescence lifetime (tn� t/F).
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The fluorescence lifetimes of DBO in CHCl3 and CDCl3

increase at lower temperatures and decrease upon heating,
indicating a thermally activated process. The temperature de-
pendence of the solvent-induced quenching (kq� 1/tÿ 1/t0)[17]

was measured from ÿ 30 to � 50 8C by single-photon count-
ing. The corresponding Arrhenius (Figure 2) or Eyring

Figure 2. Arrhenius plots for the fluorescence quenching of DBO by
CHCl3 and CDCl3 as solvents.

plots, which were linear in the examined temperature range
(r2> 0.99), provide the activation parameters in Table 1. Most
importantly, differences in the activation entropy (DS=) were
insignificant, whereas the activation enthalpy (DH=) increased
from 1.5 to 2.6 kcal molÿ1 upon deuteration. This behavior
suggests a classical kinetic isotope effect due to differences in
the zero-point energy (ZPE).

The reaction pathway for the intermolecular hydrogen
abstraction of an n,p* excited singlet azoalkane was estab-
lished by ab initio methods.[18] A simpler model reaction,
namely that between 1,2-diazacyclopent-1-ene (pyrazoline)
and dichloromethane, was selected to allow the use of
accurate but expensive computational methodology.
It comprises the MCSCF calculation[19] and multi-
reference Mùller ± Plesset perturbation theory
(PT2F),[20] which provides excellent data when
tested for other photochemical parameters of
azoalkanes (Table 2), namely the 0 ± 0 singlet ex-
citation energy (GS MIN) and the activation energy
for a-CÿN bond cleavage (TSa). The same level of
theory successfully predicted virtually all experi-
mental aspects of the solvent-induced deactivation
of singlet excited azoalkanes, namely the low
activation barriers, the isotope effects, and the high
efficiency of radiationless deactivation at the ex-
pense of product formation.

The computed reaction pathway (see Figure 1)
initiates at a loosly bound excited state complex
(MIN) in which one of the two dichloromethane
CÿH bonds lies in the pyrazoline plane and points
towards the nitrogen atom containing the ªequato-
rialº unpaired electron; in this complex the geom-
etry of pyrazoline corresponds to that of the

isolated n,p* state. The reaction coordinate is initially domi-
nated by the intermolecular distance. After shortening of the
HÿN distance from 2.5 to 1.6 � the hydrogen transfer (i. e.,
simultaneous expansion of the CÿH and contraction of the
HÿN distances) becomes important. Such motion is accom-
panied by expansion of the NÿN bond and shortening of both
CÿN bonds of pyrazoline. After the transition state (TS) the
energy decreases very rapidly. Remarkably, the reaction path
does not end at a stationary point (as expected if the
previously postulated avoided crossing took place)[1,9] but at
a conical intersection (i.e. , a singularity) between the excited-
(S1) and ground-state (S0) potential energy surfaces. This
intersection is located near the last calculated point (LP)[18]

and about 6 kcal molÿ1 below the initial complex and provides
an extremely efficient channel for radiationless decay. Con-
ceptually, the aborted hydrogen abstraction in Figure 1
presents an example of the minimum!transition state
!conical intersection topology, which was documented for
intramolecular photoreactions in polyenes and benzene.[13] In
this particular topology, access to the radiationless decay
channel is thermally controlled.

The energies (Table 2) and vibrational frequencies of the
n,p* loosely bound complex and transition state provide a
direct comparison of the computed (for the pyrazoline/
CH2Cl2 model system) and experimentally measured (for
DBO/CHCl3) activation parameters. The computed activa-
tion enthalpy is 6.4 kcal molÿ1 but becomes 2.9 kcal molÿ1

when the ZPE correction is taken into account, and, thus,
falls within 1.4 kcal molÿ1 of the DH= observed for the DBO/
CHCl3 system. The calculated activation enthalpy for mono-
deuterated dichloromethane is 0.95 kcal molÿ1 higher as a
consequence of ZPE differences, which is in good agreement
with the experimental difference for chloroform (about
1.1 kcal molÿ1). Since the experimental and computed isotope
effects are only manifested in enthalpic differences, tunneling
does not seem to contribute significantly in the examined
temperature range. Consequently, the photochemical hydro-
gen abstraction of excited singlet azoalkanes can be mecha-

Table 2. Calculated[a] and experimental energies for photochemical reactions of the
S1-(n,p*) state of pyrazoline/CH2Cl2, pyrazoline, and DBO.

System Structure[b] E [Hartree][c] DEcalcd
[d] DEexp.

[e]

pyrazoline/CH2Cl2 MIN (S1) ÿ 1184.97785 (0.73) � 0.0 � 0.0
TS (S1) ÿ 1184.96769 (0.73) 6.4 [2.9] 1.5 ± 2.6[f]

LP (S1)[g] ÿ 1184.98824 (0.73) ÿ 6.5
pyrazoline GS MIN ÿ 226.67300 (0.84) ÿ 84.0 [ÿ 82.7] ÿ 82[h]

MIN (S1) ÿ 226.53910 (0.82) � 0.0 � 0.0
TSa (S1) ÿ 226.52694 (0.82) 7.6 [6.4] 6 ± 9[i]

DBO GS MIN ÿ 343.01729 (0.75) ÿ 73.7 ÿ 76[h]

MIN (S1) ÿ 342.89980 (0.74) � 0.0 � 0.0
TSa (S1) ÿ 342.88167 (0.74) 11.4 8.6 ± 10.2[j]

[a] The multireference Mùller ± Plesset (PT2F) level of theory was employed; see
ref. [10] for details. [b] For the abbreviations MIN, TS, and LP see Figure 1; GS MIN:
0 ± 0 singlet excitation energy, TSa : activation energy for a-CÿN bond cleavage.
[c] Calculated absolute energy. The weight of the MCSCF reference function (zeroth-
order function) in the first-order function is given in parentheses. [d] Calculated values
in kcal molÿ1. ZPE-corrected values are given in square brackets. [e] Experimental
values in kcal molÿ1. [f] Values for the DBO/CHCl3 and DBO/CDCl3 system
determined in this work. [g] Last optimized point along the S1 reaction coordinate.
[h] From ref. [7]. [i] Value for a pyrazoline derivative.[22, 23] [j] Values for DBO
derivatives.[8,11]
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Catalytic, Highly Regio- and Chemoselective
Generation of Radicals from Epoxides:
Titanocene Dichloride as an Electron Transfer
Catalyst in Transition Metal Catalyzed Radical
Reactions**
Andreas Gansäuer,* Marianna Pierobon, and
Harald Bluhm

During the last two decades the development of efficient
chain reactions has led to an explosive growth in free radical
chemistry.[1] Although the understanding of how substrate
control determines the stereo- and chemoselectivity of these
reactions has reached a high level,[2] to the best of our
knowledge little is known about reagent-controlled, catalytic
transformations of radicals not proceeding as chain reac-
tions.[3] The advantage of this type of reaction is broader
application because the influence of the substrate on the
chemo- and stereoselectivity can ideally be overruled and the
course of the reaction determined solely by the reagent in
catalytic amounts. Therefore a reagent-controlled catalytic
reaction would extend the synthetic utility of free radicals
even further.

nistically viewed as a thermally activated process, as previ-
ously established for many triplet ketones.[4,21]

In conclusion, the combined experimental and theoretical
data for the solvent-induced quenching of n,p* excited singlet
azoalkanes support a hydrogen abstraction in which a
transition state is followed by a conical intersection as the
reaction coordinate. This photochemical reaction mechanism
should be general for n,p* singlet excited chromophores and
provides an important rationale for their reactivity and
efficiency in hydrogen abstractions.
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