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a b s t r a c t

Hydrogen transfer reactions at the ground and excited states of tert-butyl radical to form iso-butyl radical
have been investigated by means of ab initio calculation and electron spin resonance (ESR) spectroscopy.
It was found that tert-butyl radical irradiated with 254 nm ultraviolet light converts quite efficiently to
iso-butyl radical. Also, it was suggested that this conversion occurs as an intramolecular hydrogen trans-
fer from a methyl group of tert-butyl radical to a radical site (central carbon atom). The theoretical cal-
culations showed that barrier height of hydrogen transfer at the excited state is significantly lower than
that of ground state. The mechanism of internal hydrogen atom conversion from tert-butyl to iso-butyl
radicals was discussed.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The proton and hydrogen atom transfers between molecules are
the most fundamental processes in chemistry and in biochemistry
[1–3]. It is known that the proton transfer is caused by Coulomb
interaction, and the proton can transfer easily to anion at both
ground and excited states. Theoretical calculations of proton trans-
fer process shows that activation barrier exists for both ground and
excited states, but the barrier height at the excited state is remark-
ably lower than that of the ground state. This is due to the fact that
the magnitude of charge separation becomes bigger at the excited
state. This charge separation induced by the electronic excitation is
expressed by the reaction,

AAHdþ- --Bd�ðground stateÞ!hm AAHþ---B�ðexcited stateÞ

where H+, A–H and B mean a proton, proton donor and acceptor
molecules, respectively. The B molecule interacts with the proton
via a hydrogen bond (denoted by a dashed line). Therefore, a
long-range proton transfer is possible at the excited state. Thus,
the proton transfer reaction at the excited state is well-known in
several reaction systems [4–6].

Hydrogen atom transfer reactions at the excited state are also
investigated by several groups [7–9]. For example, it is known that
excited ketones, azoalkanes and organic radicals can abstract a

hydrogen atom from hydrogen donor molecules. Iwasaki and Tor-
iyama observed for the first time that the photo-induced hydrogen
atom transfer reaction in tert-butyl radical [10,11]. From electron
spin resonance (ESR) measurement, it was found that tert-butyl
radical (denoted hereafter by tert-Bu) is efficiently converted to
iso-butyl radical (denoted by iso-Bu) by UV-irradiation at 77 K.
This reaction takes place as an intramolecular hydrogen transfer
reaction,

tert-butyl radical ðIÞ!hm iso-butyl radical ðIIÞ

Also, it was found that the reverse reaction (II ? I) occurs by
day-time scale without UV-irradiation [10,11]. From the experi-
ment using deuterium substitution of hydrogen atoms of tert-Bu,
they pointed out that the tunneling effect is important in proceed-
ing of the hydrogen transfer at the excited state.

More recently, Takada et al. (one of the authors in the present
paper) have observed the hydrogen atom transfer at the excited
states in normal alkyl radicals [12–15]. They found that the deute-
rium substitution causes significant lowering of the reaction rate.
However, the reaction mechanism is still unclear.

In the present study, the intramolecular hydrogen atom transfer
reaction in tert-Bu at the ground and excited states are investi-
gated by means of ESR spectroscopy and density functional theory
(DFT) methods in order to shed light on the reaction mechanism on
the H-atom transfer at the excited states. The potential energy
curves (PECs) for both ground and excited states are calculated
by time-dependent (TD) DFT calculations. The model of the
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hydrogen transfer at the excited states is proposed on the basis of
theoretical results.

2. Methods

2.1. ESR measurement

Chemicals used were tert-butyl chloride, perdeuterated
methanol, and perdeuterated 2-propanol. Tert-butyl chloride was
supplied by Tokyo Kasei, while perdeuterated methanol and
perdeuterated 2-propanol were supplied by Aldrich. Tert-butyl
chloride was added to the mixture of 95 vol.% of perdeuterated
methanol and 5 vol.% of perdeuterated 2-propanol to make the
solution containing 2 vol.% tert-butyl chloride. The mixed sample
was frozen at 77 K and irradiated with c-ray with a dose of about
10 kGy using 60Co. The sample was then irradiated with 254 nm
ultraviolet light at 77 K using a low-pressure mercury lamp. It has
been reported that tert-Bu shows the 3p Rydberg absorption
around the wavelength of 254 nm [16]. EPR spectra of the sample
were recorded using an X-band EPR spectrometer (JEOL JES-TE200).

2.2. Theoretical calculations

The structures of tert-Bu, iso-Bu, and transition state of reaction
at ground and excited states were fully optimized at the B3LYP/6-
311++G(d,p) level of theory. Note that recent theoretical studies
showed that B3LYP calculation gives a reasonable energetics for
the radical conversion reaction [17] and several open-shell systems
[18–22]. The harmonic vibrational frequency analysis for the opti-
mized structures was also done at the same level. The potential en-
ergy curves along the reaction pathway between tert-Bu and iso-Bu
at the ground and first, second, third, fourth, fifth, and sixth doublet
excited states were calculated by ab initio and time-dependent den-
sity functional theory (TD-DFT) calculations at the 6-311++G(d,p)
level of theory. The potential energy curves were calculated along
the intrinsic reaction coordinate (IRC) from tert-Bu to iso-Bu. All cal-
culations were carried out using Gaussian 03 program package [23].

3. Results

3.1. ESR observation of photo-conversion of tert-Bu to iso-Bu radicals

ESR measurements of the tert-Bu and the product after UV-irra-
diation have been done to distinctly confirm if the photo-conver-
sion of tert-Bu to iso-Bu occurs by intramolecular hydrogen atom
transfer. Fig. 1 shows ESR spectra of c-irradiated perdeuterated
methanol glass containing 2 vol.% of tert-butyl chloride. Fig. 1
(upper) shows the spectra obtained after c-irradiation, while
Fig. 1 (lower) shows the spectra obtained after successive
254 nm UV-irradiation (30 min). Fig. 1 (upper) is the typical spec-
trum consisting of 10 lines generated by equivalent nine hydrogen
atoms of tert-butyl radical. The hyperfine coupling constant was
measured to be 2.3 mT. This result indicates that tert-Bu is formed
by C–Cl bond cleavage caused by dissociative electron capture:

tert-BuClþ e� ! ½tert-BuCl�� ! tert-Buþ Cl�

After UV-irradiation, the spectrum changed to 4 – line spectrum
generated by two hydrogen atoms of a-CH2 group and one hydro-
gen atom of b-CH group. The hyperfine coupling constants were
measured to be 2.30 mT (a-CH2 group) and 4.40 mT (b-CH group).
This spectrum shift strongly indicates that tert-Bu converts effi-
ciently to iso-Bu by the UV-irradiation. Under the experimental
condition employed in this study, only intramolecular hydrogen
atom transfer is possible; tert-Bu is fully isolated in the matrix,
so intermolecular hydrogen transfer does not occur.

3.2. Structures and energetics of tert-Bu, iso-Bu, and the transition
state

The structures of tert-Bu, iso-Bu, and the transition state be-
tween tert-Bu and iso-Bu were fully optimized at the B3LYP/6-
311++G(d,p) level of theory. The structures and geometrical
parameters are given in Fig. 2 and Table 1, respectively. The opti-
mized structures show that the carbon atoms of tert-Bu (C0) and
iso-Bu (C1) have planar structure due to sp2 hybrid orbital in the

Fig. 1. ESR spectra of c-irradiated 77 K perdeuterated methanol glass containing
2 vol.% of tert-butyl chloride: before UV-irradiation (upper); after 254 nm UV-
irradiation (lower).

Fig. 2. Optimized structures of tert-Bu, iso-Bu, and the transition state (TS)
calculated at the B3LYP/6-311++G(d,p) level.
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