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Ab initio electronic structure methods, including stabilization method tools for handling electronically metastable
states, are used to treat a model system designed to probe the electron-transfer event characterizing electron-
transfer dissociation (ETD) mass spectroscopic studies of peptides. The model system consists of a cation
H3C—(C=0)NH—-CH,—CH,—NHj3", containing a protonated amine site and an amide site, that undergoes
collisions with a CH™ anion. Cross-sections for electron transfer fromsCté the protonated amine site are

shown to exceed those for transfer to the Coulomb-stabilized amide site by 2 orders of magnitude. Moreover,

it is shown that the fates of the amine-attached and amide-attached species are similar in that both eventually
lead to the same carbon-centered radical speci€s-KIC—OH)NH—CH,—CH,—NHy, although the reaction
pathways by which the two species produce this radical are somewhat different. The implications for
understanding peptide fragmentation patterns under ETD conditions are also discussed in light of this work’s

findings.

I. Introduction SCHEME 1

In electron capture dissociatibECD) or electron-transfer H\ _sH H
dissociatioR (ETD) mass spectroscopy experiments, low energy H/f“"‘” H\
electrons are believed to first attach (primarily) to positively — H'e
charged sites within the gas-phase sample. These sites include S e Mi}é,mw
for example, protonated amine or guanidinium groups on side ~S<g
chains as well as protonated amide units along the backbone.
When a side-chain positive group is proximal to (e.g., as when l
involved in hydrogen bonding) either the oxygen atom of an

amide unit or a disulfide bond, the nascent hypervalent radical
formed when an electron attaches can subsequently transfer al

H
H M "\ S
H atom to either the carbonyl oxygen or a sulfur atom to produce N
the radical species shown in Schemes 1 and 2 where the side }lzzww s }jWWWEW\MM
chain is assumed to contain a protonated amine. /S' s ~U0S

Once the G-H or S—H bond is formed, subsequent cleavage

of either the N-C, or S-S bond can occur to produce the ECD-  the absence of any stabilizing Coulomb effects is endothermic
characteristic fragmentation products shown as the final speciespy ca. 1.0 eV. However, we showed that the presence of any
in Schemes 1 and 2. The very selective CIeaVage of these tWOnearby positive|y Charge group (e.g.’_NHs‘F unit or a sodiated
kinds of bonds observed in ECD and ETD spectra are very gnalogue—NH,Na") can differentially stabilize the SS o*
positive attributes of these two probes of primary sequence. Onegjectron-attached state by an amount 14.4RetWat can be

of the N-C, bond cleavage’s driving forces is the formation  estimated by knowing the distan&e(A) from the S-S bond
of the C=N z bond to form the closed-shell species labeled ¢ tg the positive site.

in Scheme 2, after which rearrangement to form-t#&=0O(— In the study of ref 3, we used48~ as a model electron-

NH_) species can occur. _ _ transfer agent because

In an earlier study,we investigated an alternative pathway  (j) it is a small enough anion to allow us to carry out good
by which S-S bonds could be cleaved in peptides. In particular, quality ab initio calculations,
following our studie$™7 of how proximal positive charges can (ii) its center of negative charge is localized enough for us

render exothermic direct electron attachment to antibonding confidently measure the distance X between it and-tNeis*+
orbitals, we considered the possibility that electron transfer (or gjte and

attachment) could take place directly into anrS$o* orbital.

Of course, it is knowhthat direct attachment to this orbital in (iiiy it has a small electron binding energy (ca. 0.1 eV) so

results obtained on it may also apply to the ECD case (i.e.,
ECD may be thought of as equivalent to electron transfer from

T Part of the special issue “William Hase Festschrift”. an anion of zero binding energy).
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has the nitrogen atom ca. 4.8 A from the midpoint of theSS
bond. Such a positive charge generate® eV of stabilizing

Coulomb potential at the SS bond site, thus rendering direct

attachment of an electron to the-S o* orbital exothermic by
> 2 eV.

The assumptions underlying our earlier simulations were as

follows:

1. We had to treat three distinct electronic states:

(a) An “ion-pair state” involving Me-SS—-CH,—CH,—NH3z"
and CH~, whose energy varies approximately as 14.4XV/
whereX is the distance from the nitrogen atom to the methyl
anion’s carbon.

(b) A second state involving the hypervalent species-Me
SS-CH,—CH,—NHj3; (with the electron transferred to the
—NH3* site) and neutral Cilwhose energy is quite independent
of X for large X.

(c) A third in which an electron has transferred from the
methyl anion to the SS ¢* orbital to give the neutral Me
SS —CH,—CH,—NHs" and neutral Cht again, the energy of
this state is relatively independent Xffor large X.
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Figure 1. Energies of the ion-pair state (top at large the S-S o*
attached state (middle), and hypervalent state (bottom) as functions of
the distanceX between the methyl anion’s carbon atom and the nitrogen
atom.

hypervalent-attached states were then computed as

o= aX>P 2)

for which we obtained ~ 10714—10716 cn? for the hypervalent

site ando ~ 10716—10717 cn? for the SSo* site.? It is worth

noting that although the crossing of thsite occurs at larger

X (which tends to enhance its cross-section viaXgéfactor

of eq 2), the splitting matrix element;, for this site is

sufficiently smaller than that for the hypervalent site to more

than offset theXc? factor.H; » is smaller for thes* site because

the overlap between the GHanion’s valence orbital and the

S—So* orbital is quite small aX = 8.2. In contrast, the overlap

of the CH;~ and—NHj3* orbitals atXc = 3.6 A is much larger.
These data allowed us to suggest that electron transfer (from

CHs™, and, by extrapolation, from free electrons as in ECD) to

2. A resonant electron-transfer mechanism could be used to@ Protonated amine site is 000 times as likely to occur as

compute the rates and cross-sections for transfer front @i
form either the hypervalent species or the So* attached
species.

3. We could use LandatZener theory to estimate these rates
once we found the geometries (i.e., values<pfat which the

potential curves of the first and second or first and third states

described above cross.

These curve crossings appropriate to theS$ond cleavage
case are depicted qualitatively in Figure 1.

In ref 3 we found the curve crossing positions by carrying

to an S-S o* site that is Coulomb stabilized to the extent that
attachmentto it is ca. 2 eV exothermic. If the protonated amine
group were more distant from the-S bond, the SS ¢* orbital
would have a smaller EA and thus the corresponding crossing
would occur at even largeX values. This likely (because the
Hi 2 value would probably be even smaller than that for our
model compound) would produce an even smaller cross-section
for electron attachment. In contrast, if the positive site were
closer to the SS bond than the 4.8 A in our compound, the
cross-section for attachment to this bond would be larger.

put ab initio calpulatlons on the three electronic stayes character-”_ Goals of This Work
ized above. Pairs of energy curves at the two crossings we found

are shown in Figure 2 where we also see the minimum-energy

splitting between the curves.

Knowing the splittingH1 > as well as the difference in slopes
AF for each curve crossing as well as the relative velociof
the Me-SS-CH,—CH,—NH3" + CHs;™ ion pair as they enter
the crossing, we used the Land&tener probability expression

)

to compute the probability that such a collision would lead to
electron transfer. The cross-sections for forming afie and

P=1— exp(-27H, ,/(hAFv))

In the present effort, we extend our earlier study efSSbond
attachment to consider the relative rates at which electron
transfer occurs to a protonated amine site or to a Coulomb-
stabilized amide (OCN) bond site in the model compound shown
in Scheme 3. This cation is similar to that used in our study of
S—S bond cleavage and has an amide unit in place of th® S
fragment of the compound discussed in the preceding section.

As in our earlier study, the primary goal of this portion of
the work is to determine the relative cross-sections for producing
amine-attached or amide-attached species, both of which are
expected to subsequently produce-G bond cleavage. The
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When considering such processes, one needs to search for
crossings of the energies of the ion-pair state shown on the right
in Scheme 4 and the hypervalent state shown on the left as a
=116 function of the amine-amide distance.

-1.144 ==

Relative Energy [eV]

-1.184 I1l. Methods

150 The geometries of the species studied in this work were
e optimized either at the Hartreé€-ock self-consistent field (SCF)
level or at the second-order MgltePlesset (MP2) level using
12— - — 6-31+G(d) basis set¥ In the following section where we
127 128 129 130 131 132 133 present our results, we specify whether SCF or MP2 treatments
R [A] apply. To generate the energy profiles through the potential
energy surfaces of the various species examined here, we kept
-2 8+ one geometrical variable (the distance between two atoms)
frozen while relaxing the other degrees of freedom to minimize
the electronic energy. Because the methods we used are based
on an unrestricted Hartred-ock (UHF) starting point, it is
important to make sure that little, if any, artificial spin
-3.24 contamination enters into the final wave functions. We computed
1 the expectation valuB®for species studied in this work and
-3.44 found values not exceeding 0.77 (after annihilation) in all open-
shell doublet neutral cases. For three cases (specified in section
IV when discussed), we had to make use of a stabilization
procedure described elsewhErbecause the electronic states
/5193 cnt’ of these species are unstable with respect to electron autode-
-3.84 tachment. The Gaussian 03 suite of progrgmeas used to
1 perform all of the calculations, and the Molden visualization
-4.04 progrant®was employed to examine the molecular orbitals and
to construct some of the molecular structures shown.

-3.04

-3.64

Relative Energy [eV]

34 36 38 40 42 44 46
R [AJ IV. Results

Figure 2. SCF-level energies of the ion-pair awd-attached (top) A. Electron-Transfer Cross-Sections.First, we examined
states and of the ion-pair and hypervalent-attached (bottom) statesthe processes in which an electron is transferred from g CH
obtained in ref 3. In the bottom plot, the distariRés measured from anion to either the protonated amine site or the Coulomb-
the nitrogen atom to the carbon of gHIn the top plot,R measures stabilized* amide site of our model cations8—(C=0)NH—

the _dispance from}g\he carbon o_f GHto the midpoint of the SS bond CH,—CH,—NHs*. In Figure 3, we show the energies of the
(which is ca. 4.8 A from the nitrogen atom). ion-pair state HC—(C=0)NH—CHy—CHy—NHz*++-CHs~ (rep-
SCHEME 3 resenting the initial state in the ETD collision), the amide bond-
o H attached state 3€—(C—0O")NH—CH,—CH,—NHz™++-CHs, and
/U\ H, '8 the amine-attached Rydberg stateCH(C=0O)NH—CH,—
0 , HOH / HyC N/Cxc/N‘“H CH,—NHgz++-CHjs as functions of the distand® between the
)K _c N4 CH, H H, carbon atom in Cki" and the amine nitrogen atom. In these
HiC N 52 * \ calculations, when the GH ion is far away, the BHC—(C=
0 n, HoH O)NH—CH,—CH,—NHj3" cation adopts an equilibrium geom-
)\&./Ci\ /NL\H etry with the protonated amine group in close proxiritio
HC N H the oxygen atom of the amide site, as also shown in Figure 3.

As the CH™ ion approaches, it is attracted by the strong
Coulomb force toward the positive NH3*t site, as expected.

hypervalent species does so by first transferring an H atom to When computing the energy of the amide-attached state, we

}2%5?;%322_ ?ﬁggﬁ:‘iJg_gg;;:g;eszgggogogzr;tgrg;trr:r?;;::r;shad to use the stabilization process described in ref 4 (for all

’ . . *MNGalues ofR). We also had to use the stabilization method to
a proton from the-NH;" group t(.) the amide oxygen generating compute the energies of the amine-attached state for distances
the same carbon-centered radical. R < 3.9 A where this state lies above the ion-pair state.

In addition, we have considered here whether it is possible C|ear|y, the energy prof”e of the ion-pair state follows the
(and, if so, at what rates) for an electron initially captured at expected 14.4 e Coulomb behavior, and the other two states
the hypervalent site to transfer to the amide site (or vice versa) have energies that are very independenRantil significant
as the distance between the amine nitrogen and amide carborverlap of the-NH3z and CH~ valence orbitals develops (e.g.,
atoms varies (e.g., due to thermal motions). Such intramolecularnearR = 10 A). The relative velocitié§ v and slope differences
electron-transfer events are illustrated in Scheme 4. AF needed to compute the probabilities (see eq 1) for hopping
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Figure 3. SCF-level energies of $€—(C=0O)NH—CH,—CH,— R[A]

teee - i —(C—0O— — — — Feoe
NHs":-CHs™ (circles), HC—(C~O7NH—CH,—~CH,—NH,":-CH Figure 4. Plots of the SCF energies of the ion-pair and amide-attached

(triangles), and BC—(C=0O)NH—CH,—CH,—NHj3:--CHs (squares) as states (to . ; i -
; : . . p), the ion-pair and amine-attached states (below) showing
functions of the CH™ carbon to amine nitrogen distanBe The zero the splittings (closest-approach energy).

of energy is taken as the energy of thgOH(C=0)NH—CH,—CH,—
NHs™+-CH;~ species atR = 50 A. The bottom figure shows the SCHEME 5
structure of the KC—(C=0)NH—CH,—CH,—NH3" cation when the

CHs;™ anion is far away. OL H H O’H H
- Ha 47 B
. . . . c N —_— * N
from the ion-pair state to either the amide-bound or Rydberg- ch/ku/ “‘ﬁ/f““ HSCANH HQC“‘C/ ~H
2 HZ

bound state can easily be obtained from the data represented ir.
Figure 3. ca. 25% of the values quoted in eq 3, but their relative sizes
To obtain the coupling matrix elemenits » appropriate to remain essentially unchanged.
each of the surface transitions we wish to examine, we computed \We concludé&® from these data that direct electron transfer
the energies of the pairs of states undergoing crossings in theto the amide site will occur at a rate approximately 100 times
regions neaR =4 A andR= 8 A. In Figure 4, we show these  |ess than that for transfer to the protonated amine site. Therefore,
curves in these regions where they actually undergo avoidedit js likely that N—C, bond cleavage, as illustrated in Scheme
crossings; it is from their distances of cllogest approach (splitting) 2, will be initiated by electron attachment to the positiviiHs*
that we extract the values of1, as splitting/2= Hj ». ~_ site. Only when this site is not in close proximity (and thus not
We also computed the splittings at the MP2 level and, similar gpje to transfer an H atom to the amide’s oxygen atom as shown
to what we found in our study of-SS bond cleavage, they are i, scheme 2), is bond cleavage more likely to begin with
each ca. 50% smaller than at the SCF level. electron attachment at the amide site. As we discuss later, if an
_ Using the SCF-leveH,, and v, and AF data from our @b gjactron were to attach to the amide site: G, bond cleavage
initio_energy surfaces, we computed, using eqs 1 and 2, .an geeur by a process shown in Scheme 5 in which a proton
probabilities and cross-sections for the ion-pair to amlde-at'[achedmigrates from the protonated amine site to the negative oxygen
and ion-pair to amine-attached Rydberg transitions and obtained:cen,[er after or during which the-NC,, bond cleaves.

B. Fates of the Amide- and Amine-Attached SpeciedVe

_ —4
Pamige= 9-5x 10 (3a) also considered what is likely to happen once an electron is
transferred either to the protonated amine site or to the Coulomb-
Prydberg= 4-6 x 1073 (3b) stabilized amide site. In particular, we examined the energy
profiles for
. 340 (a) the process shown in Scheme 4 in which the attached
Oamige™ 3-2 % 10 A (30) electron can transfer from one site to the other as the distance

between the two sites undergoes dynamical fluctuations (e.g.,
ORydberg— 2+ 7 X 10t A? (3d) through thermal excitation);
(b) a process in which an H atom is transferred from the
Using the Hi, matrix elements obtained from MP2-level nascent-NH3z Rydberg species to the proximal amide oxygen
calculations, each of these cross-sections are predicted to betom; and
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20 25 30 3.5 4.0 45 50 Figure 6. MP2-level energy profile for proton transfer from the
RIA protonated amine site of the amide-attached specis-KC—0O")-
[A] NH—CH,—CH,—NH3" to generate the carbon-centered radicgCH
(‘C—OH)NH—CH,—CH,—NH.
+ _H
H——T(H We also examined a pathway along which the amide-attached
R H ion-pair state of the original model compoung@+(C—0O7)-
NH—CH,—CH,—NH3" could undergo intramolecular proton
@) H transfer to generate the carbon-centered radiggH{*C—OH)-
(|: 3 j-'H NH—-CH,—CH,—NH,. We computed the energy of this state
H/ \N/ ~H along a sequence of geometries in which we varied the amide
|| carbon to amine nitrogen distance and (at each such distance)
H calculated the energy required to displace a proton from the

Figure 5. The top figure shows the SCF-level energies of the amide- amine site to the carbonyl oxygen (while minimizing the energy
attached (top) and amine-attached (bottom) states of the model systemvith respect to all other geometrical parameters). Figure 6 shows
shown in the lower figure as functions of the N-to-O distafRce how the energy of this state varies as functions of these two
displacements.

SCH(E)ME 6 These data suggest that once the amide-attached species

/K- H, H H H3C—(C—O")NH—CH,—CH,—NH3z" is formed and accesses
HyC /CHC/T‘NH o’H H its equilibrium geometry (at which the amine nitrogen to amide

H H, ){ gz o carbon distance is 2.9 A), a barrier of only ca. 3 kcal Thol
0 H H = HsC ~Y~c” H must be overcome to transfer a proton to the amide oxygen site

)\ gz b Yl H H, to generate the carbon-centered radicgCH(*C—OH)NH—

H,C H/ "“ﬁ/ ~H CH,—CH,—NHo>. Even if the C--N distance is compressed (e.qg.,
2

by thermal motions) to near 2.7 A (which requires ca. 6 kcal
mol-1) or to near 2.6 A (where the proton spontaneously
migrates to the carbonyl oxygen), at least 3 kcalthi needed

The latter two processes are illustrated in Scheme 6. to effect the proton transfer and generatCH(C—OH)NH—

To examine the intramolecular electron transfer process CH?_CHZ_NHZ' . . _
illustrated in Scheme 4, we used a model system composed of Finally, we also examined a pathway along which the amine-
the two fragments shown in Figure 5. We chose to use this attached state of the original model compourgCH(C=0)-
system to allow the amide and amine sites to approach as closelyNH—CHz—CH,—NHjz could undergo intramolecular H atom
as possible by eliminating all bond-strain effects that would arise transfer to generate the same carbon-centered radiCat¢C—
had we used the intact fragment of Scheme 6. The energies ofOH)NH—CH,—CH,—NH,. In particular, we varied the amide
the amide-attached and amine-attached states of this compoun@Xygen to amine nitrogen distance and calculated the energy
as functions of the distand@ between the amine nitrogen and required to displace an H atom from the amine site to the
the amide oxygen atoms are also shown in Figure 5. In @mide’s carbonyl oxygen (while minimizing the energy with
computing the energy of the amide-attached ion-pair state, werespect to all other geometrical parameters). Figure 7 shows
had to employ the stabilization method as discussed in the how the energy of this state varies as functions of these two
Methods. displacements.

These data show that there is no interfragment distance at These data suggest that once the amine-attached species
which the amide-attached and amine-attached surfaces intersecti:C—(C=0)NH—CH,—CH,—NHjs is formed and accesses its
The amide-attached state indeed decreases in enerdy as equilibrium geometry (at which the amine nitrogen to amide
decreases, as expected on the basis of its ion-pair characteroxygen distance is 3.0 A), a barrier of ca. 11 kcal Mahust
However, it appears that repulsions between the amide andbe overcome to transfer an H to the amide oxygen site to
amine groups arise before the curves can cross. This suggestgenerate the carbon-centered radicgaCH(*C—OH)NH—CH,—
that once an electron transfers from £Heither to the CH,—NH.. If the N---O distance is compressed (e.g., by thermal
protonated amine site or to a Coulomb-stabilized amide site, it motions) to near 2.4 A (which requires ca. 8 kcal nipl an
will remain on that site rather than undergo a subsequent additional 12 kcal moti! is needed to effect the H atom transfer
intramolecular transfer to the other site. and generate }C—("C—OH)NH—CH,—CH,—NH,. Thus, it

(c) a process in which a proton is transferred from-tiéHz™
site to the nascent amide-attached site.
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Figure 7. MP2-level energy of the amine-attached species as a function

of the amine nitrogen to amide oxygen distance showing the energy

profile along paths involving migrating an H atom from the amine site
to the carbonyl oxygen.

appears that the amine-attached species can generate the carbog-zé

centered radical but must pass over a barrier of ca. 11 kcal'mol
to do so.

V. Summary

The primary findings of this work can be summarized as
follows:

1. Electron transfer from an anion such assCid.e., a small
ion with a small electron binding energy) to the protonated
amine site of HC—(C=0)NH—CH,—CH,—NH3z" occurs with
a cross-sections ~ 10°! A2 approximately 2 orders of
magnitude larger than direct electron transfer to this cation’s
the Coulomb-stabilized amide site for whiehw 1073 A2

2. Once an electron is bound to either the amide site or the
protonated amine site, it is not likely that thermal motions
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