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Abstract: Dissociations of aminoketyl radicals and cation radicals derived from S-alanine N-methylamide,
N-acetyl-1,2-diaminoethane, N-acetyl lysine amide, and N-glycyl glycine amide are investigated by
combined density functional theory and Mgller—Plesset perturbational calculations with the goal of elucidating
the mechanism of electron capture dissociation (ECD) of larger peptide and protein ions. The activation
energies for dissociations of N—C bonds in aminoketyl radicals decrease in the series N—CH3; > N—CH,-
CH2NH; > N—CH,CONH, ~ N—CH(CONH,)(CH,)sNH,. Transition state theory rate constants for
dissociations of N—C, bonds in aminoketyl radicals and cation-radicals indicate an extremely facile reaction
that occurs with unimolecular rate constants >10° s~* in species thermalized at 298 K in the gas phase.
In neutral aminoketyl radicals the N—C, bond cleavage results in fast dissociation. In contrast, N—C, bond
cleavage in aminoketyl cation-radicals results in isomerization to ion—molecule complexes that are held
together by strong hydrogen bonds. The facile N—C, bond dissociation in thermalized ions indicates that
it is unnecessary to invoke the hypothesis of non-ergodic behavior for ECD intermediates.

cell.” Upon exposure to thermal electrons, a fraction of ions
) ) o ) are reduced to cation-radicals that in part dissociate by cleavage
Homolytic bond dissociation energies of small molecules ¢ ihe N-C, bonds of the peptide backbohe&,—alkyl side
represent one of the fundamental sets of chemical thermo-chain hondg, or cystine S-S bonds
dynamic datawhich have also served as a testing ground for A reaction mechanism has been suggested that involves initial
refining experimental and computational methods with the goal g|ectron capture by a charge site in the ion, typically a protonated
of improving accuracy. In contrast to stable molecules, for which Arg or Lys residue, or the terminal amino group. Reduction of
extensive data are aVaiIable, much less is known about bondthe guanidinium or ammonium groups is thought to produce
dissociation energies in more complex systems of biological ynstable radicals that dissociate by-N bond cleavage. The
relevance. This is especially true for transient intermediates of departing hydrogen atom is transferred to or recaptured by a
biological reactions, such as radicals that are produced by nearby amide carbonyl to form a transient aminoketyl radical.
radiative damagé oxidative stres$,or other interactions with  Because of the substantial exothermicity of electron capture by
highly reactive speciesRecently, protein and peptide radical- the peptide cation, the aminoketyl radical can be highly excited
cations have been generated transiently in the gas phase bynd dissociate by cleavage of the-8, bond to form an amine-
electron capture reduction of multiply charged cati®rishe terminus peptide fragment with an enolimine groojty(pe ion
cations are generated by electrospray ionizatimansferred to series}! and a carboxylate-terminus peptide fragment that has
the vacuum system of a mass spectrometer, and trapped byan a-radical site ¢-type ion series) (Scheme 1). This process,
electrostatic and magnetic fields in an ion-cyclotron resonance which has been termed electron capture dissociation (ECD),
holds promise as an efficient method of peptide sequencing by
mass spectrometry. In addition, it was suggested that the
aminoketyl radical dissociation occurs before the reactant
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undergoes internal redistribution of vibrational energy, and the common feature of these systems was that H atom transfer from
dissociation was postulated to be non-ergddi. the ammonium group to the amide carbonyl oxygen was 60
Interestingly, there are very few examples of non-ergodic 80 kJ mot?! exothermic and proceeded with rate constants
dissociations of polyatomic gas-phase ions, the propen-2-ol/ ranging from 18°to 102 s % in both thermalized and isolated
acetone system having being studied the mosipnd the radicals. The H atom transfer was found to compete withHN
energetics and dynamics of its dissociations appear to be wellbond dissociation followed by recapture of a translationally hot
understood. In contrast, virtually nothing is presently known H atom by an adjacent amide carbonyl. Thus, both mechanisms
about the energetics and kinetics of dissociations of gas-phaseappear to be viable for the formation of aminoketyl radical
peptide and protein cation-radicals occurring in ECD. The non- intermediates in peptidés.
ergodic hypothesis for peptide cation-radical dissociations was The present paper follows up on the previous study and
based in part on density functional theory calculations in a model addresses the energetics and kinetics efQy bond dissocia-
aminokety! radical corresponding to a hydrogen atom adduct tions in aminoketyl radicals derived frofiralanineN-methyl-
to N-methylacetamide, where NCH3z bond dissociation was  amide N-acetyl-1,2-diaminoethanbl,-acetyl lysine amide, and

predicted to dominate at high internal enerdiéslowever, Nq-glycylglycine amide. These model systems accommodate
recent experimental and high-level ab initio studies of ami- various types of N-C, bonds and allow one to study the effects
noketyl radicals derived from formamitfeandN-methylaceta- of noncovalent interactions by hydrogen bonds in the reactants,

mide!® found O-H bond cleavages to predominate. In particular, transition states, intermediates, and products.
the branching ratio for ©H and N-C, bond cleavage in the
N-methylacetamide radical was predicted by RRKM calculations
to increase at high excitations, in quantitative agreement with  Standard ab initio and density functional theory calculations were
experiment® These results have cast doubt on one of the performed with the Gaussian 98 suite of program©ptimized
premises for non-ergodic dissociations in larger systems; geometries were obtained with density functional theory calculations
however, it was not clear whether the results from the small Using Becke's hybrid functional, B3LY,and the 6-3%+G(d,p) or

neutral radicals could be extrapolated to much larger peptlde6 31++G(d,p) basis sets. Harmonic frequencies were calculated to
and protein cation-radicalé characterize stationary states as local minima (all real frequencies) and

In a previous communication we have addressed the mech-ﬂrSt orde_r saddle points (one i |mag|nar3_/ frequency)_. Complete loptlmlzed
. e ~~ " geometries and uncorrected harmonic frequencies are available from
anism Of.H atom transfer and.recapture. in five modellamlde the author upon request. Single-point energies were obtained with
and peptide systems, e.@-alanine $-alanineN-methylamide
isomers, N-acetyl-1,2-diaminoethane, anb,-glycylglycine (16) Turéek, F.; Syrstad, E. AJ. Am. Chem. So@003 125, 3353-3369.
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B3LYP and MollerPlesset perturbational calculatiéhgruncated at
second order, MP2, with frozen core and valence electron only
excitations. The basis sets in the single-point calculations were =
6-31H+G(2df,p) for S-alanine N-methylamide andN-acetyl-1,2- Figure 1. Atomic spin densities and singly occupied molecular orbita§29
diaminoethane radicals and 6-31-+G(2d,p) forN,-acetyl lysine amide in la

and Na-glycylglycin(_e amic_le radicals. The single-point energies from ... 1 Bond Dissociation and Activation Energies in

the B3LYP and spin-projected MP2 calculations were averaged and g-Alanine-N-methylamide Radicals and Cation-Radicals

used to calculate B3-PMP2 relative energies that are discussed
throughout. This empirical proceddfenas been shown to result in

relative energy?

efficient cancellation of errors inherent to the B3LYP and MP2 species/reaction B3LYP® B3-PMP2*
formalisms and to provide relative and activation energies that in la— 1b+ CHg 34 30
accuracy compare favorably with high-level composite Gaussian 2 or —TSlab 91 95
Gaussian 2(MP2) calculations, as reported for several ion and radical — le+ CHNH2 70 72
systems! For selected reactions we also performed single-point Za: -'Z-Eiang 1%;’ 11156
calculations with quadratic configuration interaction including single, —TS2ab 81 85
double, and perturbational triple excitatic3sQCISD(T)/6-3H+G- 2¢— 2d + CHy' 22 19
(d,p). These energies were extended to the larger basis set using a linear — TS2cd 80 85
energy relationshif{ QCISD(T)/6-311-+G(2df,p} ~ E{ QCISD(T)/ — 2e+ CHoNH® 37 39
6-31++G(d,p} + E{MP2/6-31+G(2df,p} — E{MP2/6-31+G- 19:_1:5223? 1022 10:;1
(d,p)}. Transition state theory (TST) calculations were performed using 1g'* — 1h* + CHy 50 47
the standard formula. Rotational and vibrational partition functions for —TS1gh 97 102
reactants and transition states that were used in TST calculations were 2g™ — TS1gH 95 99
obtained from B3LYP/6-31G(d,p) moments of inertia and scaled
harmonic frequencies, respectively. aIn units of kJ mot! at 0 K.P Calculations with the 6-3t+G(d,p)
basis set® From averaged B3LYP and PMP2 single-point energies calcu-
Results lated with the 6-31%+G(2df,p) basis sef Dissociations ofLg** and2g*

converge to the same transition state.
p-Alanine N-Methylamide Radicals. Four aminoketyl radi-
cals derived fromp-alanineN-methyl amide were obtained as

stable conformerslé, 2a, 1c, and 2¢, Chart 1). Radicalda electron occupied an antibondingorbital (2%), which was

and 2a that have an intramolecular H-bond between the OH delocalized among the C (major), N, and O (minor) atoms of
and amine groups and differ in the methyl group orientation the aminoketyl group, and the out-of-plane hydrogen atoms of
are practically isoenergetic, while being-224 kJ mot® more the CH and CH groups. The calculated atomic spin densities
stable than the open-chain isomdrsand 2, respectively: indicate predominant spin localization at the ketyl carbon atom,
The electronic structure dfa, 1c, 2a, and2c was elucidated ~ @S shown forla (Figure 1). The unpaired electron can be

by Mulliken population analysis, which showed that the unpaired €xpected to destabilize bonds at atoms adjacent to the ketyl
carbon, e.g., the ©H, N—H, N—CHjs, and G,—Cg bonds in

(19) Maller, C.; Plesset, M. Rhys. Re. 1934 46, 618-622. la—2c. Of these, N-H bond dissociations require substantial
8(1)3 (TaL;rS‘vEBITkthJJ.P KL, 13, A Cherm, 800996 121, 6010601, activation energies, as calculated for other systértfsThe other
(b) Wolken, J. K.; Turéek, F.J. Phys. Chem. A999 103 6268-6281. relevant bond dissociation (BDE) and transition state (TS)

00 s e, e a5 Pt M o 5 A Chem- 39 energies referringot0 K and including zero-point corrections

éooqtlzzz%sololifﬁlzo% Egcyyflk(?)nfl Kk T#ZmMF'J' SAm- tSor%2 %%SS are summarized in Table 1. The BDEs show very low endot-
pectrom , . ureek, F.J. Mass Spectro Y.
35, 1351-1359. (g) Wolken, J. K.. Syrstad, E. A.: Vivekananda, S.. hermicities for the loss of methyl (BDE 15-30 kJ mot ™)

Ture@k, F.J. Am. Chem. So001, 123 5804-5805. (h) Vivekananda, i i iati
S Turdek. F.. Poliek. M. J. Mass Spectron003 37, 829-835. () and somewhat more endoth?rmm dissociations of the @
Ture®k, F.; Vivekananda, S.; Sadilek, M. P&&, M. J. Am. Chem. Soc. bonds (BDE: 39-72 kJ mof ). However, the N-CH3; bond

2002 124, 13282-13289. ; o . . .
(22) Pople, J. A: Head-Gordon, M.; Raghavachari,JKChem. Phys1987, gllssomatlons must overcome substantial potential energy barriers
87, 5968-5975. in the pertinent TS (Table 1). These show thatGH; bond
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dissociation is most favorable iba, where it requires 85 kJ
mol~! in TS2abto yield the enolimine2b, whereas the same
dissociation inla requires 95 kJ molt in TS1ab (Scheme 2).
An N—CHjz bond dissociation in the open-chain radicd
proceeds throughS2cdto yield enolimine2d (Scheme 2) and
requires 85 kJ mol relative to2c, which is 105 kJ moi?
relative to the most stable conformga (Table 1). It may be
noted that the dissociation energeticslia and 2a are very
similar to that inN-methylacetamide radicals, wheEgs = 85—

95 kJ mot1.15 This suggests that the hydrogen bond between

Table 2. Bond Dissociation and Activation Energies in
N-Acetyl-1,2-diaminoethane Radicals

relative energy?

species/reaction B3LYP? B3-PMP2° QCISD(T)¢

3a—3b 21 19

— TS3ab 24 22

— 3¢+ *CH,CHuoNH>» 24 27 38

— TS3ac 64 69 76
3b—3d+ H* 38 19

— TS3bd 70 67
3et*—3f+3 g™ 73 76 85

— 3h** —-33 —-32

— TS3eh 62 66

—3it+H 36 17 21

— TS3ei 86 85

aln units of kJ mot?! at 0 K. Calculations with the 6-3&+G(d,p)
basis set® From averaged B3LYP and PMP2 single-point energies calcu-
lated with the 6-31%+G(2df,p) basis set From effective QCISD(T)/
6-311-+G(2df,p) single-point energies.

and2g'™ are practically isoenergetic at the present level of theory
and are predicted to exist inrre50/50 thermal equilibrium. The
N—CHs bond dissociation in cation-radicalg™ and2g™ yields

a single protonated enolimirien™ (Scheme 4) and requires 47
and 44 kJ mol! from 1g™ and 2g*, respectively (Table 1).
The effect of the adjacent positive charge manifests itself by a
slightly increased barrier for cleavage of the-NH; bond,
which requires 102 kJ mot from 1g™ to TS1gh Interestingly,

the N—CHjz bond dissociations idg™ and 2g** converge to
the same transition statdf$lgh Scheme 4) in which the
departing methyl is perpendicular to the plane of the forming
enolimine group.

N-Acetyl-1,2-diaminoethane Radicals and Cation-Radi-
cals The properties of ketyl radicals derived froNacetyl-
1,2-diaminoethane were studied for two hydrogen-bonded
conformers3a and3b (Scheme 5), of which the former is 19
kJ mol~! more stable (Table 2). Conforme8a and 3b are
separated by a small energy barrier for-B bond rotation in
TS3ah, Ers = 22 kJ mot! relative to3a (Table 2). An N-CH,
bond dissociation iBais 27 kJ mot* endothermic (38 kJ mot
by QCISD(T)) and overcomes a 69 kJ mbenergy barrier in
TS3ac to form acetamidenolimine3¢) and a°*CH;CHNH;
radical. By comparison, dissociation of the-8& bond is 38 kJ
mol~! endothermic (41 kJ mot by QCISD(T)) in3a. The loss
of H proceeds by ©H bond rotation that isomerize&ato 3b
and the latter then eliminates the H atom throi§@8bd, which
is 67 kJ mof! above3b and 86 kJ moi' above3a The
calculated TS energies and mechanisms strongly indicate that
cleavage of the NCH, bond should be the kinetically favored
dissociation of radicaBa.

Protonation of3aforming cation-radicaBe™ has a dramatic

the ketyl OH group and the amine group has a negligible effect effect on the mechanism of NCH, bond dissociation in the

on the N-CHj3 bond dissociation.

Dissociation of the —Cs bond in 1a and 2c produces a
CH;NH; radical and enoliminese and2e respectively (Scheme
3) and requiresErs = 116 and 104 kJ mol above the

latter. This bond cleavage proceeds throd@B8eh which is

66 kJ mot?! above 3e*, but does not result in overall
dissociation (Scheme 6). Instead, the incipient products, aceta-
mide enolimine 3f) and theCH,CH,NH3" distonic ion Bg*),

respective reactants (Table 1). In summarizing the calculatedremain engaged in an ietmolecule complex3h**), which is

BDE and TS energies, loss of GlthroughTS2ab should be
the preferred dissociation of radicala—2c.

p-Alanine N-Methylamide Cation-Radicals. The effect of
charging an adjacent groupfhalanineN-methylamide radicals
was studied with cation-radicalbg™ and 2g™ that can be
thought of as protonated radicdla and2a (Scheme 4)1g*™

32 kJ mot! more stable thar8e™. The thermochemical
threshold for dissociation ddh™ to 3f and 3g* is at 108 kJ
mol~%, which is 10 kJ moi! above TS3eh These energies
suggest that a fraction @e** can isomerize to the more stable
3h** without dissociation. In addition, the very stable complex
3h** can function as a kinetic trap in dissociatiorSef, having

J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003 5957
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internal energies above the threshold for the formation of amide and aminoketyl radicals, only those arising by electron

CH3C(OH=NH and*CH,CH,NH3". This model system indi-  capture of the most stable internally solvated catiéas and

cates that iormolecule complexes analogous3io™ may play 5at were of interest here. Ammonium radicdla and5a have

an important role in ECD where substantial fractions of weak hydrogen bonds between the respective ammonium proton

nondissociating cation-radicals are observed in the mass spectraand the carbonyl oxygen atom, as indicated by tleCz:-H

As a further note, @H bond dissociation ir8e** to form ion distances, which are 1.770 and 1.920 A in trans- and cis-

3it is 17 kJ mof?! endothermic and requires 85 kJ mbin amide, respectively, and are substantially longer than those in

TS3ei(Scheme 6). Hence, the-€H bond dissociation energies  the corresponding ammonium cations (Scheme 7). tfdes-

are very similar in3e™ and3b (Table 2) and appear not to be ammonium radica#tais 35 kJ mot! more stable than theis-

much affected by hydrogen bonding of the oxygen atom to the isomer5a (Table 3).

amine or ammonium groups. Hydrogen transfer from the lysineammonium group onto
Nq-Acetyl Lysine Amide Radicals.Radicals derived from  the amide carbonyl is 6390 kJ moi'! exothermic depending

Nq-acetyl lysine amide represent models for H atom transfer on the amide bond configuration in the reactant. Note that the

from a remote donor ammonium group to the acceptor carbonyl ketyl radicals4b and5b differ by only 7 kJ mot? in favor of

oxygen, followed by dissociation of the tertiaryXC,H bond. thetransisomer4b. N—C,H bond dissociations idb and5b

The structures of thB,-acetyl lysine-derived-ammonium and are slightly exothermic, making the ketyl radicals metastable

ketyl radicals are sketched in Schemes 7 and 8. Although therewith respect to the dissociation products, which are the

are a multitude of side-chain conformers of thens-andcis- 6-aminohexanamide-2-yl radicdt and acetamide enolimines

5958 J. AM. CHEM. SOC. = VOL. 125, NO. 19, 2003
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3cand5c (Scheme 8). The transition states for the ©, bond The most favorable of these is the-I&, bond cleavage through
dissociation idb and5b were found to occur at similarNC, TS6ag which requires only 37 kJ mot above6aand is overall

bond lengths, 1.812 and 1.828 A S4bc and TS5bg nearly thermoneutralAHxno = —1 kJ mol?, Table 4). In
respectively, but showed different TS energies. Interestingly, contrast, simple NC, bond cleavage i6d to yield acetamide
dissociation of the more stable conforn#dy requires only 42 enol 7b as az-type fragment and a glycine amidyl radical-H
kJ mol® in TS4bg indicating a very facile reaction. Dissocia- NCH,CONH, as ac-type fragment is predicted not to occur.

tion of the cis-conformer5b requires 51 kJ molt in TS5bc Radical HNCH,CONH is unbound and dissociates spontane-
Nq-Glycylglycine Amide Radicals. Four isomers6a, 6b, ously to*CH,NH; and HNCO (Scheme 10). The overall reaction
6c, and 6d, were found as local energy minima fo,- enthalpy for this dissociationAHno = 84 kJ mot?, is

glycylglycine ketyl radicals. These isomers are close in energy prohibitively high, and the system prefers to dissociate through
and are likely to readily interconvert by rotations about the single alternative pathways. The most favorable one involves a proton
N—C bonds. ConformerBa, 6b, and6c can dissociate by simple  transfef® between the ketyl and carbonyl groups, which is
bond cleavage to produce the respective glycine enolimine coupled with cleavage of the NC, bond to yield glycine
isomers6e—g and a-acetamide radicala (Scheme 9). The  enolimine isomer6g and radical7a as the respective- and

N—C, bond dissociations proceed th_rough distinct TSQae (23) The calculated atomic charge densities indicate substantial positive charge
TS6bf, andTS6cg Scheme 9) that differ in energy (Table 4). on the migrating hydrogen atom, which is therefore denoted as a proton.
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Scheme 8 Table 4. Bond Dissociation and Activation Energies in
Hy Nu-Gly-Gly-NH, Radicals and Cation-Radicals
1.968 . N relative energy?
O/H‘ species/reaction B3LYP® B3-PMP2°
4 — J\ 6a— 6b -9 -8
HaC N-- % —6C 4 2
3 | — 6d -6 -9
H/ ~o¢ —6e+ 7a -3 -1
1812 — TS6ae 32 37
2 — Gly-Gly-NH; + H* 65 48
TS4bc 6b— 6f + 7a 7 11
— TS6bf 68 71
H N 6c— 6g+ 7a 6 9
o~ — TS6cg 39 46
/k 6d—6g+ 7a 16 20
Ho SN — TS6dg 36 42
s J/ g — *CH,NH;, + HN=C=0 + 7b 89 84
3¢ H J N 6ht*— 6j" + 7a 60 67
¢ > e e 2O —6l"+7a 83 89
H — TSé6hi 33 40
o 4c NH, —6it* —13 -8
— 6f + 7bt* 120 121
/l\ _H — 6kt +7b 196 202
H;C N _J
5¢ \ H a|n units of kJ mot?! at 0 K. Calculations with the 6-3&+G(d,p)
E,H basis set® From averaged B3LYP and PMP2 single-point energies with
A the 6-311-+G(2d,p) basis set.

o
5b —_— /& H
HC™ N\

1818 .-N

the N—C, bond in6h**, the Gly-2 ketyl proton migrates to the
Gly-1 carbonyl inTS6hi while remaining H-bonded to the Gly-2

1808 A ° oxygen atom. The latter develops a strong H-bond to one of
H the ammonium protons iMS6hi at an H--O distance of 1.637
TS5b N, A (Scheme 11). Upon further stretching the-, bond in

[

Table 3. Bond Dissociation and Activation Energies in Ny-Acetyl

Lysine Amide Radicals

relative energy®

TS6hi, the ketyl proton migrates back to the Gly-2 oxygen atom,
and the reacting cation-radical rearranges to ar-ianlecule
complex @i™) which is 8 kJ mof! more stablethan 6h™.
Dissociation of6i™ to protonated acetamide enolimingj¥)
and radical 7a requires 75 kJ molt and proceeds as a

species/reaction B3LYPP B3-PMP2¢ ) . A T

" " continuously endothermic process without an additional energy
4at — ba 28 22 C L oa .
4a— 5a 40 35 barrier>* The reason for the ping-pong hydrogen transfer
4b— 5b 9 7 accompanying the NC, bond cleavage i®h** is most likely
ga_’ gg *‘71‘51 *gg due to the reaction energetics, as bond dissociations yielding
43_, 3c+ 4c _18 e either6f and7b* or 6k* and7b as the respective- andz-type
4b— TS4bc 33 42 fragments (Scheme 11) are highly endothermic, requiring 121
5b—5¢c+4c —27 —12 and 202 kJ mol!, respectively, at their thermochemical
5b— TS5hc 45 51

thresholds relative t6h**, to be compared to 67 kJ mdlfor
the competing channel formirgj™ (Table 4).

a|n units of kJ mot?! at 0 K. Calculations with the 6-3&+G(d,p)
basis set® From averaged B3LYP and PMP2 single-point energies with

Discussion of Dissociation and Transition State Energies.
the 6-31H1-G(2d,p) basis set.

The calculated dissociation and transition state energies show
that in neutral ketyl radicals the NC, bond dissociation
energies depend on the nature of the leaving radical group. The
BDEs decrease in the seriesIl8H; > N—CH,CH,NH, >
N—CH,CONH, > N—CH(CONH,)(CH,)4sNH, which inversely
correlates with the radical stabilization enerdgie$his suggests
that the stability of the radical product is the determining factor.
The BDEs in conformational isomers show only small differ-
ences depending on the relative stabilities of the reactant and
product conformations. For example, tbis-amide radicaka

has a lower BDE than thegans-amide radicalla, due to the
lower stability of the former. Likewise, the NC, bond
dissociation in thecisamide radical5b is 7 kJ mot! more

ztype fragments (Scheme 10). Although this dissociation is
mildly endothermic, AHno = 20 kJ mof?, the very low TS
energy for this pathwayfrs = 42 kJ mof? relative to6d,
should make it competitive with the NC, bond cleavage in
the Gly-2 ketyl radicaba

Nq-Glycylglycine Amide Cation-Radicals An interesting
proton shuffling is calculated to accompany the dissociation of
cation-radicals derived from Gly-Gly-NH A single isomer
(6h™*) with an internal (Gly-2) ketyl group was found as a local
energy minimum, whereas an isomer with the terminal (Gly-1)
ketyl radical group isomerized spontaneously6&io™ upon
geometry optimization. Cation-radic&h™ shows strong hy-
drogen bonding of the OH proton which is chelated between (24) This followed from an examination by B3LYP/6-8%G(d,p) calculations
the amide carbonyl oxygens, and another H-bond between the,. ., of the potential energy surface along the &, coordinate.

. . (25) (a) Leroy, G.; Sana, M.; Wilante, CTHEOCHEM 1991, 74, 37—45. (b)
ammonium group and the Gly-2 ketyl oxygen. Upon stretching Leroy, G.; Sana, M.; Wilante, CTHEOCHEM 1991, 80, 303-328.
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Scheme 9
0.976 2.60
0.983 1.822
o= 2162 7SO H He.. 0.986 1y 1.767
2 | HoN. . F N/ P 5 (\)
N E NH2 ? N/\,/NHZ \/Q _‘%)\ NH,
ez | 2] »
M ea = 6b = H 6c
1.004 _1.663 0.976 H2.729 1.002 . 1676
% Q 2152 7/ O | -
\ K NH; pesH
N . NHa HoN & ,.-.un.... ‘\ a)\ \\\
TN N 1750 S . Sy TN
HoN-._ [ 1:809 | | 18
2323 H A H
TS6ae TS6bf TS6cg
_H
o]
+ )k ,r'H\O }-l ''''' O/H
Ny H2N'\)\ + 7a H—"N\/I\ + 7a
HoC NH
| 2 SN SN
H2N -------- H 7a | |
6e 6f M 6g
Scheme 10
2.341 1.810 0.982
H-- T-H . H-
/ 0" ~0 /H ______ o o
H/N\/k E ® H/N ’: ; NH2
- NH RN .
‘N AN N-----"
; !
6d TS6dg
Y l
H— H--.. H
THQ ﬁ 0 | -0 o}
+ +
"Gz ﬁ )\ H——N\/K ' °)k
NH H2C NHz T HoC NH,
exothermic than in théransamide radicaldb, again due to A substantially different situation is encountered with the
different reactant relative energies. dissociations of cation radicage™ and 6ht**. Dissociation of

The TS energies for the NC,, bond cleavage follow atrend  the N-C, bonds in the cation-radicals in general requires
that is similar to that for the BDEs in that the weaker bonds activation energies that are only slightly higher than those in
require lowerErs, for example Ers(N—CHz) > Erg(N—CH;- neutral radicals, which applies tag™ and 2g™ as well.
CH;NH,) > Erg(N—CH,CONH,) ~ Erg[N—CH(CONH,)(CH,)s- However, thez-type fragments containing polar groups are
NH_]. This indicates that radical site stabilization by the leaving tightly bound to the enolimine-type fragments by hydrogen
group affects the TS energy. These effects are qualitatively bonds, so that the resulting-bonded complexes are lower in
understandable from the TS electronic structures that showenergy than the reactantsand the overall isomerization is
~50% of total spin density at the,Gtom of thez-type moiety exothermic. The proton location in the complexes depends on
in the transition state, so that it develops a substantial radical the topical proton affinities of the constituent molecules3dr,
character in the course of-NC, bond dissociation. Conforma- the 2-aminoethyl radical is the more basic moiety and is
tional effects on the TS energies are relatively smallldn2a, protonated. In6h™*, the glycine enolimine is more basic than
and 2c the TS energies are closely similar, so that the most the acetamide radical and retains the protoljin A further
stable conformefla has the highest activation energy for loss dissociation of the complexes mandates breaking the hydrogen
of methyl. In the lysine radical conformedd and5b, it is the bond, which requires substantially greater energies than the
less stabléb that has the higher activation energy for-IS, N—C, bond cleavage in the aminoketyl radical-cations. Hence,
bond cleavage (Table 3). This implies that the nonbonding breaking the hydrogen bond, not the-I8, bond cleaage,
interactions that destabiliZ$h agains#éb are slightly amplified represents the rate-determining step
in the TS of the dissociation. The fact that dissociation energies for single hydrogen bonds
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Scheme 11
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on the order of 6776 kJ moi™ are obtained for relatively small ®
systems suggests that very stable complexes should exist in
larger peptide cation-radicals, where bonding can be mediated 8 1
by several H-bonds. Hence, the extraordinary stability of peptide
cation-radicals formed by electron capture can be ascribed to 7
strong H-bonds that do not allow tlegype andz-type fragments
to separate in the gas phase. This interpretation is consistent 6 -
with recent experimental data on ECD of gas-phase protein ions
where additional excitation by heating or collisional activation 5 -
was necessary to achieve slow dissociation of partially neutral- x
ized cationg® It should also be noted that the attractive forces 84

due to multiple hydrogen bonding are to some extent counter-
balanced by Coulombic repulsion in multiply charged protein 3 |
ions in the gas phase.

Dissociation Kinetics. The mechanism suggested in the

present work is further corroborated by the kinetics of®), 2

bond dissociations in aminoketyl radicals and cation-radicals. 1

The rate constants depend on the reaction conditions that |

determine the energy transfer between the reactants and 0] I
|

environment. For isolated ions, the rate constants can be treated

by the RRKM model, while under thermal conditions, the 180 260 22‘0 2“‘0 2('50 250 3(‘)0 32'0 3“‘0 360

unimolecular rate constants can be expressed by transition state

theory (TST) and plotted as a function of temperature. Figure TK

2 shows the lod values calculated by TST using the B3-PMP2 Figure 2. Thermal unimolecular rate constants for 8, bond dissociations
L . . . ) in 3a (0), 4b (@), 6a(v), and6d (V).

activation energies. The NC, bond dissociations idb, 6a,

and6d that producex-amino acid radicals are fast so that

10P <1 at 208 K energy with the cell walls by radiative heat transfeso that
s at . . they can have near thermal internal energies, which scale with
When extrapolating these calculated reaction rate constants) . the number of internal degrees of freedom and cell

LO d'SSOC'atIOZS of Ledu_ced-_chargel lons producgd by EC_:D’ Onletemperaturé? For example, a doubly charged (phenylalanipe)
asd_t(_) conhS| Zr t € on hmterna_ energy aT Pexpenmer_lta ion consisting of N = 205 atoms is estimated to have
conditions that determine the reaction time scale. Precursor 'Onsapproximately 0.18 (3N — B)RT = 273 kJ mot? internal

are typically trapped for seconds in an ion cyclotron resonance
cell prior to electron capture. During this time, the ions exchange

(27) (a) Dunbar, R. C.; McMahon, T. BciencgWashington, D.C.1998 279,
194-197. (b) Ryzhov, V.; Dumbar, R. Ant. J. Mass Spectrom. lon

(26) (a) Horn, D. M.; Ge, Y.; McLafferty, F. WAnal. Chem200Q 72, 4778~ Processed 997 167/168 627—-635. (c) Ryzhov, V.; Yang, Y.-C.; Klip-
4784, (b) Horn, D. M.; Breuker, K.; Frank, A. J.; McLafferty, F. \. penstein, S. J.; Dunbar, R. @. Phys. Chem. A998 102, 8865-8870.
Am. Chem. So2001, 123 9792-9799. (28) Tureek, F.Org. Mass Spectronl991, 26, 1074-1081.
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energy at 300 K8 Electron capture proceeds through a series of the transition state and the reacta@t/Q;, and are dominated
of Rydberg states in which the recombination energy (RE) can by the energy-dependent exponential term. This implies that
be either converted nonradiatively into vibrational energy of the results from the current model systems are practically size-
the reduced-charge ion or lost by photon emission. The independent and can be extrapolated to larger peptide and protein
recombination energy of a peptide ion forming an ammonium radicals, as long as the activation energies remain similar. The
radical in its ground electronic state depends on the precursorprevious interpretation of ECD dissociation mechanisms pos-
ion charge state; for example, a doubly charged ion is estimatedtulated fast non-ergodic dissociation ofH€, bonds due to a
to have RE~ 3.3+ 0.8= 4.1 eV or 396 kJ moi.16 Hence, large excitation energy provided by electron capture by am-
full internal conversion of recombination energy would cause monium groups and exothermic rearrangement to ketyl radi-
a substantial increase of temperature in a medium-size reducedeals®8 It was presumed that at such high excitatiors@ bond
charge ion (e.g., foN = 205) and will result in accelerated dissociation occurs with rates that are faster than intramolecular
dissociation. With much large™N(> 2000) multiply charged vibrational relaxation. The present calculations suggest that,
protein ions studied by ECD, the energy gain by RE is unless supported by evidence, the non-ergodic hypothesis is
proportionately less important when compared with the precursor unnecessary. At reaction times observed in ECD studieGN
ion thermal energy. However, because the aminoketylCy bond cleavage does not require such excitation and is complete
bonds are extremely weak, they will rapidly dissociate even in even in thermal peptide aminoketyl radicals.
thermal reduced-charge ions on a time scale that is orders of
magnitude shorter than the observation time in ECD measure-
ments. The energy to thermalize the trapped reduced-charge ions This computational study shows thatd€, bond cleavage
and drive their dissociation can be provided by radiative heating is extremely facile in model peptide ketyl radicals and cation-
by which large ions attain thermal equilibrium on a time scale radicals. In the absence of hydrogen bonding, peptide ketyl
of <1 s2° From the comparison of the rates for radiative radicals dissociate with rate constartsd(®® s* at 298 K. The
heating® and N-C, bond dissociation, it appears that the former rate-determining step in cation-radical dissociations is cleavage
is the rate-determining process. of hydrogen bonds that hold together thendz-type fragments
It is important to note that the TST rate constants depend in stable ion-molecule complexes.
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