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Protein-based radicals play crucial roles in some of the
greatest biosynthetic challenges in nature, including photo-
synthesis and substrate oxidation.[1] Radical centers have
been located on aromatic and sulfur-containing amino acid
residues, as well as glycine residues.[1a] Invariably these
charged or neutral radical species are generated through
involvement of an adjacent metal cofactor. The positions of
charge and spin in the radical cations are paramount for
reactivity modulation and proton-coupled electron transfer,
but obtaining structural details is difficult even for the
simplest models.[1b, 2] Experiments in vacuo permit the inves-
tigation of intrinsic properties of radical cations in the
absence of a reactivity-modulating environment. Radical
cations of amino acids and peptides have been produced
in vacuo by one-electron transfer in collision-induced disso-
ciations (CIDs) of a ternary complex system comprising
copper(II), an auxiliary ligand, and the amino acid or peptide.
Such ternary complexes are efficiently generated by electro-
spray ionization,[3] and probed downstream by using mass
spectrometry (MS). Under appropriate conditions, CID of the
complex yields the radical cation of the amino acid or peptide
that can be isolated and trapped for spectroscopic inter-
rogation.[4] Herein, we report the first infrared multiple
photon dissociation (IRMPD) spectroscopic experiments on
a prototypical amino acid radical cation, HisC+, and its ternary
complex ion.

In a recent article, Ke et al.[5] showed that, by judicious
choice of the auxiliary ligand, HisC+ of different stabilities are
formed through CID of the ternary complex ion. In particular,
the use of 2,2’:6’,2’’-terpyridine (tpy) as the ligand leads

primarily to a HisC+ that is stable on the MS timescale and can
be isolated and fragmented at a subsequent MS stage; by
contrast, employing acetone as the ligand results in a
metastable HisC+ and only its fragment ions are observed.
Furthermore, the former, relatively stable HisC+ fragments by
losing a water molecule to give [b1-H]C+ and then CO to give
[a1-H]C+, whereas the latter, metastable HisC+ dissociates
spontaneously by losing first CO2 to give the 4-ethanimino-
imidazole radical cation, which then loses methanimine to
give the 4-methyleneimidazole radical cation. Density func-
tional theory (DFT) calculations at the (unrestricted)
UB3LYP/6-311 + + G(d,p) level of theory predicted five
low-energy HisC+ structures. Scheme 1 shows these structures
with additional, new information on the barriers against their
interconversions (see Figures S2 and S3 in the Supporting
Information for details). Ke et al.[5] postulated that the stable
and metastable HisC+ are His5 (the structure at the global
minimum) and His2, respectively. His5 is a captodative[6] a-
radical ion that differs from the canonical His1 structure in
having the a-CH hydrogen migrated to the imino nitrogen of
the imidazole ring; His2 is best described as a 4-ethaniminoi-
midazole radical cation solvated by CO2. His2–His5 are all
unconventional structures, and experimental verification of
the HisC+ structure is highly desirable for confirmation of the
key roles played by spin and charge delocalization in HisC+

stabilization.
Figure 1 compares the experimental IRMPD spectrum

collected for HisC+ with the DFT-predicted IR spectra of
His1–His5. It is apparent that only one predicted IR
spectrum, that of His5, resembles the measured IRMPD
spectrum. In particular, His5 is the only isomer predicted to
exhibit two bands, 1596 and 1653 cm�1, which are assigned as
NH2 scissoring and C=O stretching, respectively, that match
the 1606 and 1666 cm�1 bands in the IRMPD spectrum. The
lack of a strong band at around 1780–1790 cm�1 in the
IRMPD spectrum rules out the presence of a significant
fraction of His3 and His4. Similarly, His1 can be ruled out by
the presence of the doublet, 1606 and 1666 cm�1, and the
absence of spectroscopic details in the region of 1077–
1320 cm�1. His2 can be eliminated by the absence of peaks
at around 810–820 cm�1 and by the low endothermicity
against loss of the solvating CO2 (5 kcalmol�1).[5]

We interpret the excellent match between the experimen-
tal IRMPD spectrum and the predicted IR spectrum of His5
to indicate that His5 is the only abundant species present. This
degree of selectivity is feasible as His5 is positioned at the
bottom of a deep well on the potential-energy surface of HisC+.
The barriers against His5 converting into the other His
isomers and dissociating into [b1-H]C+ are high (Scheme 1),
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thereby “trapping” HisC+ in this isomeric structure once it has
fallen into the potential energy well.

His5 is a captodative radical ion[7] that formally has its
unpaired electron at the a carbon and its charge on the
protonated imidazole ring. The NH2 group is a powerful
electron-donating (dative) group and the C=Od+····H-imida-
zole+ is a strong electron-withdrawing (captor) group; these
features account for the extraordinary stability of His5
(Scheme 1). His5 can be readily formed from canonical
His1 because of a low energy barrier of 8.4 kcal mol�1,[5] which
can easily be overcome in dissociation of the precursor
complex ion, [CuII(tpy)(His)]C2+, to give HisC+.

Histidine can exist in the precursor com-
plex in two forms—canonical or zwitter-
ionic—thereby resulting in a charge-solvated
(CS) or salt-bridged (SB) complex. The struc-
tures and predicted IR spectra of the lowest-
energy isomers of the CS and SB complexes
are shown in Figure 2, along with the IRMPD
spectrum. (Please note: according to DFT
calculations using UB3LYP, CS is lower in
enthalpy than SB-1 by only 0.1 kcal mol�1.[5] It
has, however, been argued that the DFT
method UBMK may be more accurate than
UB3LYP in energy calculations for radical
ions;[8] using UBMK increases the difference
to 1.9 kcalmol�1 (and to 1.3 kcal mol�1 in free
energy, see Figure S1 in the Supporting Infor-
mation)). It is readily apparent that the
IRMPD spectrum resembles much more
closely the predicted IR spectrum of CS ;
however, the high wavenumber shoulder of
the intense IRMPD peak at 1660 cm�1 and the
low intensity band at 917 cm�1 may indicate
the presence of a minor fraction of SB-1 (the
bands being assigned as the C=O stretching

and the imidazole N�H out-of-plane bending at 1653 and
921 cm�1, respectively). An estimate, using the C=O stretch-
ing band for CS at 1762 cm�1 and SB-1 at 1653 cm�1 as gauges
for comparison with the IRMPD spectrum, puts the presence
of the SB form at a maximum of 20%. Although the grounds
for this intensity comparison are debatable, the result is in

Figure 1. IRMPD spectrum of HisC+ and theoretical IR spectra of His1–
His5 calculated at the UB3LYP/6-311+ +G(d,p) level of theory.

Scheme 1. Isomerization and dissociation of HisC+. Relative enthalpies at 0 K, DH80/
kcalmol�1, are evaluated at the UB3LYP/6-311 ++ G(d,p) level of theory (UBMK/6-
311+ + G(d,p) values). TS = transition structure (kcalmol�1).

Figure 2. IRMPD spectrum and calculated IR spectra of the charge-
solvated (CS) and salt-bridged (SB) coordination mode of [CuII(tpy)-
(His)]C2+. Bands marked by * are assigned to the auxiliary ligand tpy.
Relative energies are evaluated at the UB3LYP (UBMK) levels of theory
by using the 6-311+ +G(d,p) basis set.[5]
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accordance with that of Ke et al.,[5] which gave the SB form at
about 14% based on tandem MS results. The absence of
strong bands at 1687 and 1352 cm�1 in the IRMPD spectrum
indicates the absence of SB-2, the salt-bridged complex in
which the zwitterionic histidine is in an enolate form (see
Figure S1 in the Supporting Information).

Thus all results point to a canonical His structure within
the precursor CS complex that dissociates to give His1, which
then isomerizes to His5. This study provides the first direct
evidence of the captodative structure for the radical ion of an
amino acid and confirms deductions based on DFT calcu-
lations and tandem MS experiments.[5] Presumably IRMPD
spectroscopy will also be invaluable in shedding light on the
structures of peptide radical ions, which tend to have a large
number of low-lying isomers separated by relatively high
energy barriers. This knowledge is fundamental to investiga-
tions of intrinsic properties of these ions and understanding
some of the most challenging and important biochemical
processes.

Experimental Section
IRMPD spectroscopy was performed at the FOM-Institute for
Plasma Physics “Rijnhuizen” in Nieuwegein (The Netherlands) by
using the Free Electron Laser for Infrared eXperiments (FELIX)
facility.[4,9] Metal complexes were prepared in 1:1 water/methanol
solutions by mixing copper(II) perchlorate, tpy, and histidine (Sigma–
Aldrich, Zwijndrecht, The Netherlands) to a final concentration of
1 mm [CuII(tpy)(His)]C2+. A laboratory-built Fourier transform ion
cyclotron resonance mass spectrometer equipped with a Z-spray
(Micromass UK Ltd.) electrospray ionization source and an octopole
ion guide was used to generate and isolate the precursor ion,
[CuII(tpy)(His)]C2+, by using a stored waveform inverse Fourier-
transform (SWIFT) pulse. In this setup, collisional heating of ions
during transfer into the ICR cell was avoided by applying a potential
switch on the octopole ion guide.[10a] HisC+ was generated by exposing
the precursor ion to a SORI pulse.[10b,c] The spectra shown in Figure 1
and 2 have been power corrected for the leveling off of laser intensity
in the high wavenumber range. Geometry optimizations and har-
monic vibrational frequencies were calculated using the Gaussian 03
suite of programs[11] at the UB3LYP/6-311 + + G(d,p) level of theory.
A scaling factor of 0.976, known to be appropriate for DFT
comparisons with IRMPD spectra, was applied.[12] Band wavenum-
bers were convoluted by using Gaussian profiles with a full-width-at-
half-maximum of 30 cm�1. See the Supporting Information for further
experimental details.
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