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The 1-hydroxy-14-methyl)aminoethyl radicallj represents a simple model system for hydrogen atom adducts

to the amide bond in gas-phase peptide and protein ions relevant to electron capture dissociation (ECD).
Radicall was generated in the rarefied gas phase by femtosecond electron transfer to the stable cation prepared
by selective O-protonation df-methylacetamide. The main dissociationslofvere loss of the hydroxyl
hydrogen atom and thi-methyl group in a 1.7:1 ratio, as deduced from product analysis and deuterium
labeling. The dissociations that occur on the 4.1 microsecond time scale are driven by large-Bamd&n

effects on collisional electron transfer that deposit283 kJ mot? in the nascent radicals. Detailed analysis

of the potential energy surface for dissociationslafevealed several conformers and isomeric transition
states for dissociations of the-® and N-CHj; bonds. The experimental branching ratio is in quantitative
agreement with RRKM calculations within the accuracy of the G2 potential energy surface and favors cleavage
of the O—H bond in1 and loss of H. This finding contrasts previously reported results, as discussed in the

paper.

Introduction SCHEME 1
Reactions of amino acids, peptides, and proteins with radicals *{H
generated in solution typically involve H atom abstraction H/g

followed by fragmentations, rearrangements, dimerization, and &)
disproportionation of the transient reactive intermediafEsese 0O R
chemical processes are of importance to areas ranging from H

medicine (aging, radiation damage, and oxidative stfess) o N

nuclear waste storageAnalogous unimolecular dissociations R 0
have been observed for gas-phase peptide radical cations that

undergo backbone cleavages and side-chain fragmentations upon

collisional activatiort. A different and unique type of reactivity HH
has been reported for multiply protonated gas-phase peptide and ‘N
protein cations that were partially reduced by capturing a thermal

electron. This process, called electron capture dissociation

H M
7
(ECD);? results inter alia in backbone cleavage of the peptide |, o 0 H Q N R
. . . . . . . N + . .
ion that is of potential use for determining the amino acid \(KNH -~ ﬁ)\ﬁ @
R O R 0]

sequence. A mechanism has been suggested (Scheme 1)

consisting of electron capture by a charged group in the peptide

cation, e.g., thec-ammonium group of a protonated lysine c-series z-series

residue or the protonated guanidine group of an arginine residue, ~ "ement fragment

to form a transient radical. This primary intermediate is expected . ) . . .

to dissociate rapidly and exothermically by loss of a hydrogen and the ensuing muIt|t_ude_of dlssomat!on path_vvays. In addition,

atom that is captured by an adjacent amide bond to form an ECD studies of peptide ions sometimes fail to account for

isomeric G.—C*(OH)—NH—C, radical. A radical-induced complementary dissociation fr_agments ofd’mdz!qn series,

N—C, bond cleavage in the latter results in fragmentation that SO that the postulated mechanisms cannot be verified by product

yields structurally significant products belonging to thendz analysis. Thus, it is _advantageou_s to study S|rr_1pler models_that

series of sequence idhgScheme 1). are anje_nable to h|ghjlevel ab mmo_calculatlons to prowdeT
Although Scheme 1 provides a plausible explanation of some dlssomat_lon and transition state energies and that can be stgdled

of the dissociations observed in ECD, the nature of the amide PY €xperimental methods that allow complete analysis of radical

radical intermediates, their dissociation energetics, and kineticsdissociation products. In their early ECD stutiyZubarev et

are virtually impossible to investigate with large peptide or al. reported density functional theory calculations of dissocia-

protein ions because of the multitude of ion structures involved tions of & hydrogen atom adductibmethylacetamidel) which
was used as a model system. They concluded that although

*To whom correspondence should be addressed. Phone: (206) 685-dissociation of the ©H bond in1 should predominate at low
2041. Fax: (206) 685-3478. E-mail turecek@chem.washington.edu. excitation energies, at higher vibrational excitations the radical
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SCHEME 2
bl,IH
J\ _CHs H i %-CHy
CHi™ N —>  CHj I;J:Ea
2 1

S

)J\ _CHg .
+

x
CHy” ONH  + CH, o N
dissociation should be dominated by-lH; bond cleavage
analogous to dissociation leadingd@andz ion series in larger
peptide ions (Scheme 2).

We now report a combined experimental and computational
study of 1, several of its isomers, and dissociation products.

Radical 1 and its deuterium-labeled analoguéa—1le are

generated specifically by femtosecond electron transfer in the

Syrstad et al.

using ammonia and acetone as the Cl reagent gas. Similarly,
selective protonation or deuteronationZeind2a with acetone

and acetonek yielded cationsla™—1c". Cationsld™ andle"

were generated via protonation2if and2c, respectively, with
ammonia. In all cases, Cl reagent gas pressure was maintained
between 0.5 and 2.6 107 Torr as read on an ionization gauge
near the diffusion pump intake. Typical ionization conditions
were as follows: electron energy,8710 eV; emission current,

1 mA; and temperature, 18227 °C. Cation-radical™ was
generated in a standard electron ionization (El) source. Typical
ionization conditions were as follows: electron energy, 70 eV;
emission current, 500A; and temperature, 173265°C. Stable
precursor ions were passed through a quadrupole mass filter
operated in the radio frequency-only mode, accelerated to a total
kinetic energy of 8250 eV, and neutralized in the collision cell
floated at—8170 V. Dimethyl disulfide (DMDS) was introduced
into the differentially pumped collision cell at a pressure that
resulted in 70% transmittance of the precursor ion beam. The
ions and neutrals were allowed to drift to a four segment
conduit? where the ions were reflected by the first segment
floated at+250 V. Neutralization-collisional activation-reion-

gas phase, and their unimolecular dissociations are investigated?ation (NCR) experiments were performed by introducing

by neutralizatior-reionization mass spectrometipat provides
detailed product analysis. We also report dissociation an
transition state energies, obtained at high levels of ab initio
theory, that are further used for RicRamspergerKasset-
Marcus (RRKM) calculations of unimolecular dissociation rate
constants. We wish to point out that, despite its structural
simplicity, 1 represents an intrinsically interesting system that
shows a complex potential energy surface for unimolecular

helium as a collision gas into the conduit, at a pressure resulting

g in 50% transmittance of the precursor ion beam. The neutral

flight times in standard neutralizatiemeionization mass spec-
trometry (NRMS) measurements were 44. The fast neutral
species were reionized in the second collision cell with oxygen
at a pressure that resulted in 70% transmittance of the precursor
ion beam. The ions formed in the second collision cell were
decelerated, energy filtered, and analyzed by a second quadru-

dissociations. In particular, we wish to compare the results of Pole mass filter operated at unit mass resolution. The instrument

our high-level study with those of Zubarev et>&lregarding
radical 1 reactivity.
Experimental Section

Materials. N-methylacetamide?) (Aldrich), acetone (Fisher,
99.8%), dimethyl disulfide (DMDS, Aldrich), ammonia (Scott

Specialty Gases), and oxygen (Air Products) were used as

received. Deuterium-labeled reagentand acetones (both

Cambridge Isotope Laboratories, 99.9% D) were also used as

received.

N-Methylacetamide-N-d (2a). N-methylacetamide (1.27 mL,
16.7 mmol) was stirred in 37.0 mL ofJD at room temperature
for 61 h, and the solvent was evaporated in vacuo.

N-Methylacetamide-2,2,2€3 (2b). Neat (CQ3CO)O (5 g,
0.046 mol, Aldrich, 99% D) was added dropwise under stirring
to a 40% aqueous solution of methylamine (25 mL, 0.322 mol)
that was cooled to €C. After addition, the solution was allowed
to warm to room temperature and stirred for 2 h. The solution

was tuned daily to maximize the ion current of reionized €S
Typical spectra consisted of 3%5 accumulated repetitive
scans.

Collisionally activated dissociation (CAD) and metastable ion
(MI) spectra were measured on a JEOL HX-110 double-focusing
mass spectrometer of forward geometry (the electrostatic sector
E precedes the magnet B). Collisions with air were monitored
in the first field-free region at pressures resulting in 70% and
50% transmittance of the ion beam at 10 keV. The spectra were
obtained by scanning E and B simultaneously while maintaining
a constant B/E ratio (B/E-linked scan).

Calculations. Standard ab initio and density functional theory
calculations were performed using the Gaussian 98 suite of
programst? Geometries were initially optimized using Becke’s
hybrid functional (B3LYP)! and the 6-3%G(d,p) basis set and
reoptimized at 6-31+G(2d,p). Spin-unrestricted calculations
(UB3LYP) were used for open-shell systems. In the UB3LYP
calculations[S?operator expectation values ranged from 0.753

was saturated with ammonium sulfate and the product wasto 0.757 and 0.753 to 0.770 for local minima and transition

extracted in chloroform (5< 20 mL). The chloroform extract
was dried over anhydrous Mg3Qhe solvent was distilled off
through a 20 cm Vigreux column, and @CONHCH; was
distilled, bp 116-115°C/15 Torr. Yield: 2.7 g, 77%.
N-(Methyl-ds)acetamide (2c) Methyl-d; ammonium hydro-
chloride (5 g, 67 mmol, Aldrich, 99% D) was added slowly at
0 °C to 35 mL of 4 M NaOH aqueous solution. After 10 min,

state structures, respectively, indicating negligible spin con-
tamination. Optimized structures were characterized by harmonic
frequency analysis as local minima (all frequencies real) or first-
order saddle points (one imaginary frequency). Zero-point
vibrational energies (ZPVE) were calculated from B3LYP/6-
311+G(2d,p) frequencies, which were scaled by 0.963 (ref 12).
The rigid-rotor harmonic oscillator approximation was used in

7 g (69 mmol) of neat acetic anhydride was added dropwise atall thermochemical calculations. Single-point energies were

0 °C. After 1 h, the reaction mixture was worked up as above
and distilled at 15 Torr to give 3.6 g (71%) of GEEONHCD:.
Methods. Measurements were performed on a tandem
quadrupole acceleratierdeceleration mass spectrometer de-
scribed previously.Cation1™ was generated in a tight chemical
ionization (CI) source via selective protonation at oxygei of

calculated at two levels of theory. Composite G2(MP2) ener-
gies were determined for all structures and transition states
from MP2/6-311G(3df,2p) and quadratic configuration inter-
action calculations, QCISD(T)/6-311G(d,}4).MP4(SDTQ)
energies were calculated using an expanding basis set (6-311G-
(d,p), 6-311G(d,p), and 6-311G(2df,p)) and used to determine
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SCHEME 3
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G2 energie®® for several radicals, cations, and transition states  The labeled cations and radicals were generated by combining
of interest. Spin contamination in the UMP2, UMP4(SDTQ), selective protonation and deuteronation under H/D exchanging
and UQCISD(T) calculations was small for local minima, as or nonexchanging conditions. Thus, catiba"™ was prepared
shown by spin expectation valugthat ranged from 0.759  from 2 by selective deuteronation with (GRCOD". This
to 0.796. However$?[values ranged from 0.798 to 0.967 for reagent ion was generated by self-deuteronation of acetpne-
transition states. Spin annihilation using Schlegel’s projection which provides an essentially nonprototropic medium in the gas
method® (PMP2}§ reduced thef®?[lvalues t0<0.76 for all phase, such that the N-proton2rdoes not undergo exchange
structures. for D. Collisional reduction ofla™ with DMDS produced radical
Franck-Condon energies in vertical neutralization and reion- 1la. Likewise, selective protonation of the carbonyl oxygen in
ization were taken as absolute differences between the total G2the N-D labeled compoun@b to form 1b™ was achieved by
(PMP2) energies of fully optimized ion or neutral structures reaction with (CH),COH",??followed by collisional reduction
and those in which an electron has been added to an optimizedof the cation to produce radicab. Radicallc was generated
cation structure or subtracted from an optimized neutral from amide2b by deuteronation with (C§,COD" forming1c',
structure. No zero-point corrections were applied to the calcu- followed by collisional reduction of the cation. Radicaldand

lated Franck-Condon energies. le containing the label in nonexchangeable positions were
RRKM calculations used Hase’s progréithat was recom- generated by NEt/NH3 protonation of methyl-labeled\N-

piled for MS-DOS and run under Windows N¥ Vibrational methylacetamide®d and 2e, respectively, followed by colli-

state densities were obtained by direct count of quantum statessional electron transfer.

in 2 kJ mof* steps for internal energies up to 26510 kJ mof* In addition to selective protonation with NHand (CH)-

above the threshold. The rotational states were treated adiabatiCOH", we also used stronger gas-phase acids G+

cally,!® and the microscopic rate constantgH,J,K)] were (PA(CH30H) = 754 kJ mot?),2021H,0* (PA(H,0) = 691 kJ
Boltzmann-averaged over the thermal distribution of rotational mol-1),202tand CH* (PA(CHs) = 544 kJ mot1)2021that should

J andK states pertaining to the ion source temperature. be able to protonat2 at N and O nonselectively and produce
_ _ mixtures of cation isomers. Collisional neutralization of cations
Results and Discussion produced by nonselective protonation was also studied, as
Formation of 1—1e. Radicalsl—1e were generated in two ~ discussed below. -
steps, as shown foll in Scheme 3. In the first step- Precursor lon Structures and Dissociations Because the
methylacetamide2) was selectively protonated at the oxygen structures of the |n_C|p|ent_rad|cals—leare deFermlned b_y those
atom with a gas-phase acid (BHto yield cation1*. The of the corresponding cations, we deemed it worthwhile to also

protonation selectivity was ensured by the choice of the gas- investigate the properties of the precursor cations. Moreover,
phase acid and relied on the substantial difference in the topicalcollisional reionization of neutral intermediates produces cations
proton affinities of the carbonyl oxygefPA = 893 kJ mot?) whose dissociations need to be deconvoluted from those of the

and the nitrogen atomP@ = 833 kJ mot?) in 2 that were radicals and molecules. Thus, some basic understanding of ion
obtained by G2 calculations. Thus, only the more basic carbonyl structures, energies, and dissociation mechanisms is necessary.
oxygen can be protonated exothermically with a mild gas-phase Four local minima were found fdt*, viz trans-anti1™", cis-

acid such as Nkt (PA(NH3) = 853 kJ mot?),20-21 whereas anti-1*, trans-synlt, andcis-synrl™ where cis and trans refer
endothermic protonation of the N-atom could not compete. In to the configuration of the amide group and syn and anti refer
the next step, ionlt was accelerated to 146 400 ntls to the conformation of the OH group (Figure 2)Of the ion
corresponding to 8228 eV kinetic energy and discharged by isomerstrans-anti1™ was the most stable conformer, followed
collisional electron transfer from gaseous dimethyl disulfide. by cis-anti1", trans-syrl™, andcis-syn1™ (Table 2). However,
Because of the short duration of the electron-transfer collision, the small energy differences betweesns-anti1™ andcis-ant
estimated a7 x 10715s from the collision kinematics, radical 1™ (AHo = 9 kJ mol?) andtrans-syrl™ (AHq = 10 kJ mol™?)

1 is formed by vertical electron transfer with the bond indicate that these two less stable conformers are also populated
connectivity and geometry of the precursor cation. in the gas phase at 47523 K, corresponding to the range of
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0,;CN-Co=-0.1
H,-Co-N-C, = 167.2
Hy-Co-N,-C, = 47.5
Hg-Co-N,-C, =731

HNoC,-C,= 358
H,-05CC,= 246
H,yC,-CyNy= 02
HyyCoCyrN, = 121.0
Hy-C,-Cy-N,=-120.6

trans-anti-1*

1.082
CCN,C,= 170.6
0,-C,-N,-C,=-54.1
HCeNoC, = 177.8
Hy-Co-N,C, = 61,0
Hy-CoN-C, = 69.7

H,y-N,-C,-C, = 37.3
Hy-05-C,-C, = -58.6
H.p-Cy-Cy-N, = 52.8
H,y-C,-CyN,=67.9
HyCy-CyrN, = -172.1

trans-anti-1

CyCoN,C=
0,-Cy-N-Cy=-179.3
H-CoN-Co =
He-CoN,-C, =-1121
Hg-C-N,-C, = 1285

C,-CyN,C,=-55.9
OyCyNCs=
HCoNCp =
Hy-Cy-N,-C. = -55.1

HeyCoNC, =-176.0

01 HyrNCorG, = -179.9
H,-05-C,-C,= 1.0

8.9 Hy-C-C-N, = 48,7

cis-anti-1*

168.9
66.5

HyyC-CoN, = 169.5
Hy-Ci-C,N, = -70.8

Hyg-N-C,-C, = 172.0
Hy-05-C-C, = 53.7
Hyz-C-CoN, = 56.0
HywCy-CyN, = 175.0
Hyu-Cy-CyoN, = -65.1

cis-anti-1

C-CyN,Cy=-174.0
0-C-N,-C,= 52.4
Hy-CoN,-C,y = 174.8
Hg-Co-N,-C, = -68.1
Hy-Ce-N-C, = 53.9
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HeCrN, -G, =615

C-CrNeCy=-D7  HyNgoCypCo=-178.8
HiyCrrCyN,=121.7 OyCN-C,= 1796 H,-0,C,C,=-178.9
HrCeNC, =242  Hy-Cy-CpN,=-292

Hy-Cy-N,-C, = -87.2
Hy-CoN,-C, = 1432

cis-syn-1*

HyyCyCyN, = 172.5
HyCCrN, =219

trans-syn-1* (Cg)

1,082
L 107.0

HyeN,-Cy-Cy= 43.4
H,;-05-C,-C, = 166.5
HpCy-CyN, = 49.4

Hys-Cy-Cy-N, = 169.2
HyprCyrCyN, = -71.0

trans-syn-1

C,-Cy-N-Cy= 401
0,C,N,C= 1705
H-Cy-N,-C, = -66.2
Hy-Cq-N,-C, = 65.4
HyCe-N,-C, = -176.9

HypN,-Cy-C=-171.7
H,,-0:-C,-C, = -101.4
HyyC CyN, = 675
HyyCy-CyrN, = 177.4
Hy\-C,-Cy-N, = -83.9

cis-syn-1

Figure 1. B3LYP/6-311G(2d,p)-optimized structures @fans-antt, cis-antk, trans-syn, andcis-synd and 4*. Bond lengths are in angstroms,
and bond and dihedral angles are in degrees.

TABLE 1: Collisionally Activated Dissociation Spectra of lons 1*, 1a*—1et Relative Intensity?

mz 1t la* 1b* 1ct 1d* let mz 1t la’ 1b* 1ct 1d* let
76 4.33 4.83 40 12 1.6 1.6 13 0.9 1.9
75 23. 74 2.0 2.3 39 0.7 0.8 14 12
74 27.01 6.101 2.1p3 38.5 15 17
73 5.93 1.1 1.3 38 0.6 0.9 1.2 15 5.6 13
72 0.4 1.0 0.0 37.5 1.0 17 3.6 2.9
62 0.7 1.5 37 12 3.1 4.2 0.8

61 1.6 2.8 36.5 5.7 0.8 14

60 1.0 1.6 1.3 1.2 36 0.7

59 1.2 14 2.9 17 32 3.4 355 0.5

58 2.8 1.2 1.7 3.1 1.2 35 44
57 0.7 2.6 1.2 0.9 11 34 36 09 2.2
56 2.64 0.84 2.164 2.8 0.9 1.3 33 38% 483 295 512 28
55 0.7 1.0 14 11 32 68 3.0 3.6 4.4 3.8 5.9
54 11 0.7 15 31 4.3 4.3 7.1 3.6 5.3 2.0
53 11 30 9.4 4.1 25 2.1 4.0 2.6
52 0.6 0.8 13 0.7 29 15 2.0 4.4 3.9 2.7 4.3
51 0.5 0.7 - 28 55 4.9 2.9 2.3 4.9 2.6
50.5 1.2 27 15 14 2.2 15 11 14
48 1.2 14 26 0.8 12 0.7 13
a7 1.2 1.2 13 25 0.5

46 1.0 2.0 3.8 250 1.0 19 15
45 1.4 2.7 3.8 2.4 4.9 15 18 1.8 2.0
44 5.4 3.4 2.7 2.7 6.5 57 17 0.9

43.5 13 16 0.8

43 27.84 14.42  20.22 18.72 1.8 18.01 15 1.8 1.8 25 1.7 11 2.0
42 4.2 3.2 4.3 3.1 11 4.3 14 0.7

41 1.8 1.9 1.8 15 0.8 2.3

2 Relative to the sum of CAD ion intensitie€sDominant products of metastable ion dissociations, relative abundarcg % ...

ion source temperatures used in our experiments, and canMIl and CAD process yielding C¥CO" atm/z 43 from1* and
participate in ion dissociations. By comparison, -gians
isomers of2 differ by 10-12 kJ mot? in favor of the trans

isomer24

CD3CO" atm/z 46 from1d*. The other important dissociations
are loss of Hifyz 73), CH; (m/z 58), H,O (Mm/z56), and ketene
(m/z 32) and formation of CB#=NH," (nVz 30). Deuterium

Metastable-ion (MI) and collisionally activated dissociations labeling inlc* reveals that the loss of H involves mainly (92%)
(CAD) of 1t and its labeled isotopomefia™—1e" are sum-
marized in Table 1. Elimination of methylamine is the dominant product cation-radicals correspond to a mixture of ldn

hydrogen atoms from the methyl groups (Table 1). Hence, the
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TABLE 2: lon Relative Energies

relative energy

species/reaction G2(MP2) G2 exp. (298 Ky
trans-anti1* 0 0
cis-anti1* 9 9
trans-synl™ 11 10
cis-syni* 20 20
trans-anti1™ (VI)d 137
cis-anti1* (VI)d 140
trans-synl* (VI)d 127
cis-syni™ (VI)¢ 141
trans-anti1™ — trans2 + H* 887 (893} 886 (893} 889
cis-antilt — cis2 + H* 888 (893) 887 (892
trans-synlt — trans2 + H* 876 (883} 876 (883}
cis-synit — cis2 + H* 877 (883) 876 (882
CH3C=(O)NH,CHz" — trans2 + H* 827 (833§ 826 (832)
trans-anti1™ — CH;—N=C—CHjs" + H,0 113
trans-anti1™ — CHzNHs- - -CH,=C=0" 115
trans-anti1™ — CH,=C=0 + CHzNH3" 155 160
trans-anti1™ — CH3NH, + CH;—C=0" 228 240
trans-anti1™ — HO=C=NH" + C,H¢ 259
trans-anti1™ — CH;C=(O)NH,™ + CHgz 439 450
trans-anti4™ — CH3C(OH)=NH** + CHy* 485
trans-anti4* —HO=C=NH" + 2 CHy" 627

a|n units of kilojoules per mole at 0 K. From spin-projected MP2 energies wherever it appli@xperimental reaction enthalpies are based on
thermochemical data from ref 21 unless stated other#iBeergy difference in kilojoules per mole between the vertically ionized cation and the
optimized cation structuré.Topical proton affinities of2 at 298 K. Based onAHs e (CH;=C=0) = —54 kJ mof?, see ref 319 Based on
AHs 298 (CH3C=0") = 657 kJ mot?, see ref 32.

methylacetamide enol, GHC(OH)—NHCHs"*, and the dis- 28 &\
tonic ion, CHCT(OH)—NH—CH". Elimination of methane a ” HC_C/'O
selectively involves the acetyl methyl group, but the hydrogen : N—CH
atom is transferred nonselectively from the NH and OH groups. 30 e :
Elimination of water proceeds by specific transfer of the NH
proton onto the hydroxyl group ith*. 15 “
The energetics of the dissociations observed in the Ml and / T4
CAD spectra were obtained by G2(MP2) calculations as 58

summarized in Table 2. Elimination of water is the lowest-
energy dissociation which is 113 kJ mélendothermic at the

0 K thermochemical threshold. Elimination of ketene forming
CH3NH3™ was the second most favorable dissociation that was
calculated to require a threshold energy/dflno = 155 kJ
mol~! (Table 2). Note that the elimination of ketene necessitates
a rearrangement by transfer of two protons and may involve a
hydrogen-bonded ionamolecule complex, &C=CHy:-
H*---H,N—CHs;, as an intermediate which is 115 kJ mbl
higher in energy thatrans-anti1™ (Table 2). Elimination of
methylamine was another low-energy dissociation of 228 kJ
mol~! threshold energy. In contrast, losses of methyl by
dissociations of the €C or N—C bonds are calculated to have
>400 kJ mot? threshold energies (Table 2). It should be noted
that the low-energy dissociations bf involve rearrangements

A

30 3 40 45 50 55 60 65 70 75
m/z
28
42 /
H3C—C/
N—CHs
30 H/

73

ol |

30 3 40 45 50 55 60 65 70
m/z

28

by hydrogen transfer that are likely to have activation barriers
that may exceed the threshold energies.

Radical Dissociations.The stability and dissociations of ‘
radicalsl—1ewere studied by NRMS. Collisional neutralization 15
of 17 produced a small fraction of stable radicals (0.5% of the 30 || Iir.... |l
sum of NR ion intensities), which were detected following AT B
reionization as survivor ions a¥'z 74 in the NR mass spectrum J}\N 58 73
(Figure 2a). The primary unimolecular dissociations observed A \
upon NR were loss of H(m/z 73) and loss of Ckt (m/z 59). 10 15 20 25 30 35 40 45 50 55 60 65 70
Other dissociations proceeded in a consecutive fashion through miz
the [Gs,N,O,H;] and [C,H4N,0] molecules formed by the Figure 2. Neutralization (CHSSCH, 70% transmittance)reionization

primary dissociations, as discussed below. (O, 70% transmittance) mass spectra of (d) and (b) 2*. (c)

. . Neutralization (CHSSCH, 70% transmittance)-collisional activation
The loss of H from neutral was distinguished from the (e 500 transmittance)-reionization 4070% transmittance) mass

analogous dissociation of reioniz&d by comparing the CAD  spectrum of2*. Inset shows the difference spectrum from subtracting
and NR mass spectra of the isotopomers. NR of the OD-labeledfrom (a) a weighed average of (b) and (c).
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28 D
42 %
/
a HyC—Ce
/N—CH3
31 H
15 45
72 73 74 75
60 75
10 15 20 25 30 35 40 45 50 55 60 65 70 75
m/z
29 42 H\
0
b Hoc—o
31 3 N
N—CH3
/
D
15 45 - 75
10 15 20 25 30 35 40 45 50 55 60 65 70 75
m/z
29 42 D\
0
/
C 32 HsC—Ce
N—CH
D/ ’
15
46
73 74 75 76
76
59
10 15 20 25 30 35 40 45 50 55 60 6570 75

m/z

Figure 3. Neutralization (CHSSCH, 70% transmittance)reionization
(02, 70% transmittance) mass spectra ofXaj, (b) 1b*, and (c)1c'.

ion 1a* showed 45% loss of H and 55% loss of D (Figure 3a,
inset), whereas CAD ofa" showed predominant (96%) loss
of H (Table 1). Similarly, NRMS of N-CDjs labeledle™ showed

no measurable loss of D (Figure 4b), whereas CADLef
showed 33% loss of D and 67% loss of H. The combined
evidence from all our labeling experiments pointed to loss of
the H atom primarily from the OH group and to a lesser extent
from the acetyl CHgroup in dissociations of radical Hence,
the main product ol dissociations isN-methylacetamide?].
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Figure 4. Neutralization (CHSSCH, 70% transmittance)reionization
(02, 70% transmittance) mass spectra of 1dj and (b)1le".

70-eV electror-ionization mass spectra that show identical
major fragments at similar relative intensities.

A product in the NR spectrum df that cannot be accounted
for by consecutive? dissociations appears etz 44 (Figure
2a). Deuterium labeling shows unambiguously that this fragment
is formed by loss of both methyl groups Inand corresponds
to HO—C=NH*. Comparison of the NR and CAD spectra of
1t—1e" further shows that the combined loss of two methyl
groups is not due to contributions from dissociations of reionized
1t—1et. For example, the peak atVz 44 shifts almost
completely tanz 45 in the NR spectra dfa” and1b™, whereas
in the corresponding CAD spectra there are substantial peaks
remaining atw/z 44 (Table 1). An intermediate for the loss of
the first methyl appears as a very weak peaknéat 59 that
shows the expected mass shifti¥z 60 in 1a and1b because
of the presence of OD and ND, respectively, ananla 61 in
1c. Deuterium labeling of the methyl groups shows loss of the
N—CHs; methyl (wz 62 in 1d) but negligible loss of the acetyl
methyl from 1e, where the peak atvVz 62 is within the noise
level. This points to an acetimino enol structure for the primary

The origin of the other fragments in the NR mass spectrum dissociation product atvz 59, CHC(OH)=NH (6).

of 1 was investigated in light of the formation Bfas the primary

O—H/N—CH3 Branching Ratio. To quantify the amounts

dissociation product. To this end, we obtained the NR mass of 2 and6 formed by dissociation of, we used the reference

spectrum of 2** (Figure 2b) that contained most of the
dissociation products also present in the NR spectrufn dhe
similarity becomes even greater upon collisional activation of
neutral2, followed by collisional reionization (NCR spectrum,
Figure 2c), that yielded products in th#z 15—73 mass region
that had very similar relative intensities to those in the NR
spectrum ofl (Figure 2a). Becaus® is a stable molecule in

NR and NCR spectra o2 that were weighted, mixed, and
subtracted from the NR spectrum bbuch as to annihilate the
survivor peak o2 at m/z 73. The difference spectrum (Figure
2c, inset) showed virtually no negative peaks and was assigned
to represent reionize@l Note also that the difference spectrum
shows no illogical losses that would be incompatible with
structure6. The total NR ion currents in the weighted spectra

the gas-phase, it is safe to conclude that the dissociationsof 2 and the difference spectrum férwere further scaled by

observed in its NR mass spectrum occur following collisional

the corresponding ratio of ionization cross sectiofB)/o(2)

reionization and not in the stage of the neutral molecule. This = 0.78 that was estimated from the FiteBauter additivity
conclusion is supported by the similarity of the NR and standard scheme?® This yielded a2/6 branching ratio of 1.7.
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Figure 5. Neutralization (CHSSCH, 70% transmittance)reionization
(02, 70% transmittance) mass spectrd dffollowing protonation with
(a, top) CHOH", (b, middle) HO™, and (c, bottom) CEkf.

Note that, becausé is an unstable tautomer of acetamide,
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In summarizing NR ofl, loss of H from the OH group and
loss of theN-methyl are the principal dissociations of radidal
that occur in a 1.7:1 ratio.

Radical Structures and Energetics. Four local energy
minima for radicall conformers were initially found by high-
level ab initio calculations (Figure 1), e.drans-antid, cis-
anti-1, trans-synl, and cis-synl that were analogous to the
corresponding ion structures. The energy differences among the
radical conformers were extremely small,@s-anti1, trans-
syn1, andcis-synl were only 1.9, 3.1, and 3.4 kJ mdlless
stable thantrans-anti, respectively. Interconversion of the
radical isomers occurred through a combination gf O3 and
C,—Ny4 bond rotations. The B3LYP/6-3#iG(2d,p) potential
energy surface (PES) was investigated for-Ojz rotation in
the most favoredrans-anti< radical, which had a dihedral angle
N4—C,—03—H;; = 166.2. Through G—0s rotation, two
additional local minima were found. These rotamers had G2-
(MP2) energies of 1.5 and 3.2 kJ md| corresponding to
dihedral angles IN-C,—03—H;; = —26.3 and+-60.0, respec-
tively. Energy barriers of 3.0, 2.8, and 3.7 kJ mlat dihedral
angles N—C,—03—Hj; = —127.1,+25.0, and+98.2, respec-
tively, connected these radical rotamers to each other and to
trans-anti-l. Interestingly, the PES for £-O5 rotation did not
include thetrans-syni rotamer, as the pyramidal arrangement
of Cy, O3, and N, around G was inverted between this radical
andtrans-antid, and this conformation was retained throughout
the bond rotation.

Similar analysis of the PES for, €Ny rotation fromtrans-
anti-1 found yet two more local minima, of dihedral angles-C
C—N;—Cs = —43.6 and+55.9, at 9.0 and 2.0 kJ mot
relative totrans-antid, respectively. Transition states connecting
these rotamers, at dihedral angles-C,—N;,—Cs = —113.3
and+88.7, had relative energies of 17.8 and 23.5 kJ Thol
respectively. A true transition state (one imaginary frequency)
was not found to connect the two above-mentioned local
minima, because of a discontinuity in the B3LYP potential
energy surface between a dihedral angle of 15 andl 25
However, this transition state was estimated to be, at most, 10
12 kJ mof? relative totrans-anti4, so that rotamer intercon-
version would not be slowed at this energy barrier relative to
the other two. Potential energy surfaces farOs; and G—Ny
rotations starting from the other three known local minima were

the corresponding catierradical cannot be generated by direct Not determined, but it was clear that additional local minima
ionization. Attempts were made to generate the reference ionlikely existed. Franck Condon energies were calculated by G2
6" by alkene elimination from N-alkyl acetamide precursors, for the vertical neutralization ot* to 1 as 93 kJ mol* for

but dissociative ionization produced only low yields2f.
Radicals from High-Energy Protonation of 2. Radicals

trans-anti-1* — trans-antil, 98 kJ mot? for cis-anti1* —
cis-anti-1, 99 kJ mot for trans-syni™ — trans-syn1, and 103

formed by neutralization of cations produced by highly exo- KJ mol*for cis-syn1l* — cis-syn1. This pointed to substantial

thermic protonation with CkOH,™, H;O*, and CH* gave NR

vibrational excitation in the ground electronic sta#¥)(of 1

spectra that were similar to those shown in Figure 2. In formed by vertical electron transfer.

particular, the spectra showed low-intensity survivor ionsvat

Radical Dissociation EnergeticsTransition state geometries

74 and fragment ion relative intensities that pointed to dominant for the loss of H from both O and N, as well as for loss ofCH
loss of the hydroxyl hydrogen and formation »fs a neutral ~ from N, in 1 were determined at the UB3LYP/6-3tG(2d,p)
intermediate (Figure 5). Interestingly, the ion relative intensities level of theory (Figure 7). Potential energy surfaces along the

resembled those in the NR spectrum2sf without collisional

activation and indicated that the intermediateas less excited.

This may be due to a more efficient cooling bf in the ion
source by collisions with CgOH, H,O, and CH than in the

dissociation coordinates were investigated for reaction pathways
for O—H, N—H, and N-CHjs cleavages by a PES-mapping
method described previousiy Briefly, the appropriate bonds
were stretched by 0.02 A increments, whereas the remaining

case of the acetone gas. The NR spectra in Figure 5 did notinternal degrees of freedom were fully optimized, and each point

show an increased relative abundance o§&H, (m/z 31) and

near the transition state was treated with G2(MP2) single-point

its dissociation products that would indicate formation of the calculations, providing corrected PES profiles. Corrected saddle
unstable CHCO—NH2—CHjs radical by neutralization of N- points were determined from polynomial fitting of these profiles

protonated acetamide. GEO—NH,*—CHs; was calculated to and were used for G2 single-point energy calculations. These
dissociate spontaneously to gD and methylamine. showed shortening of the transition state bond lengths from the
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Figure 6. B3LYP/6-311G(2d,p)-optimized structures giS1—TS9.

UB3LYP-optimized saddle points, especially for-K bond summarized in the potential energy diagram shown in Figure
dissociation (Table 4). Dissociations of the—® bonds 7.

encountered energy barriers that were identical for pairs of  Five other [G,Hg,N,O] isomers were found to be local energy
starting radicals having the same conformation of methyl groups minima (Figure 8). The thermodynamically favored 2-hydroxy-
around the amide bond. Starting from thyn-or anti- methyl propane-2-aminyl isomesy/n andanti-3 represented potential
conformations TS1andTS2, 84 and 90 kJ mott, respectively), intermediates for methyl scrambling in radidabut this process
these mirror-image, nearly planar saddle point geometries was associated with a substantial energy barrier of 214 k3'mol
differed only in the orientation of the ©©H bond being out of (TS9, Figure 6). This indicated that methyl loss frdnshould
plane in either direction. Thusrans-anti-andtrans-syni, and proceed unambiguously, with no methyl scrambling. The
cis-anti- and cis-syni, converged toenergetically but not 1-hydroxyethane-1N-methyl)aminyl isomersyn- and anti-4
structurally, identical transition states. Accordingly, the four (or and the 1-4-methyl)aminoethoxyl isomes were found by G2
more) starting isomers df produced just two unique dissocia- to be 7, 14, and 53 kJ mol less stable thand, respectively
tion products ¢is- andtrans-2 and H) from dissociation of ©H. (Table 3). As in the simpler amino(hydroxy)methyl syst&m,
However, N-H cleavage resulted in four distinct dissociation these radical stabilities follow the relative order of typical bond
products, requiring a separate transition state connecting to eaclissociation energies, BDE(H) > BDE(N—H) > BDE(Cspz—
starting rotamer{S5—TS8; 118, 132, 116, and 109 kJ mé| H).27

respectively). In addition, transition states were found for  The PES calculations pointed to the following conclusions.
N—CHjs dissociation leading to the two (presumably) most The conformers of are nearly isoenergetic and can interconvert
favored productstrans-syni — TS4 (84 kJ mol?), andcis- at internal energies that are way below the lowest dissociation
anti-1 — TS3 (93 kJ mot). All pertinent relative energies are  threshold. Thus, any of the conformers can be available as a
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Figure 7. Potential energy diagram for dissociationslof

reactant for a particular dissociation pathway. The transition result is to be expected from RRKM theory for competitive
states for loss of the ©H hydrogen atom and the NCH3; dissociations through nearly isoenergetic but nonequivalent
methyl group have very similar energies when starting from transition states. In this special case, the ratio of rate constants
the samesyn-or anti-O—H conformers. However, dissociations is given by eq 1

starting from thetransamide conformers show slightly but

significantly lower TS energies for loss of H and @iHan those K(O:+-H)/k(N+++CHj,) ~ W*(O---H)/\N*(N---CH3) (1)
starting from the cis conformers.

Dissociation Kinetics.To quantify the product formation by ~ where W{(O---H) and WH(N-+-CHjz) are the quantum state counts
radical dissociations, we used the G2 energy barriers andin the transition states for the corresponding bond dissociatfons.
UB3LYP/6-31H-G(2d,p) harmonic frequencies and moments Hence, at sufficiently high internal energies where the nuances
of inertia to calculate RRKM rate constants. The results of thesein quantum state combinations and small differences in the
calculations are shown in Figure 9. This figure provides a direct potential energy barriers become irrelevant, the different
comparison of rate constants for competitive &, N—H, and vibrational frequencies for the stretching mode€—H) >
N—CHjs dissociations, with each calculated from the starting »(N—CHz), cause that the transition state for the-® bond
radical corresponding to the lowest energy barrier (see Figurecleavage that preserves the softer GHjz stretching vibration
7). As discussed above, this comparison relied on the assumptiorcan be realized in a greater number of quantum states and will
that rotamer interconversion occurred much faster than any of allow faster dissociation, as shown in Figure 10.
the bond dissociations, producing an equilibrium mixture of  Dissociation Mechanisms Relevant to NRMS of 1The
starting radicals. The largest calculated barrier to isomerization competitive dissociations df by loss of H and Chlthat are
was ~24 kJ mot?, substantially lower than the most favored triggered by femtosecond electron transfer depend on the internal
bond cleavage. The calculations indicated that, for the range ofenergy imparted in the radical. The internal energy of vertically
internal energies investigated (dissociation threshold to 390 kJformed1 contains contributions from the internal energy of the
mol~1), loss of H from1 should occur predominately from the  precursor ion Eion), the Franck-Condon energy gained upon
OH group. Unimolecular rate constants for8 and N-H bond electron transferHgc), and the excitation energy of the particular
dissociations differed from each other by 2 orders of magnitude electronic state/Eeyx). We have shown previousiythat the
at about 150 kJ mot internal energy and converged to 1 order maost probable internal enerdl[Jof radicals produced by NR
of magnitude at 265 kJ mol. However, G-H and N-CHjs in the ground electronic statéEexc = 0) can be expressed as
bond dissociations were predicted to be very competitive at all a simple sum of two terms, e.dEin[= Ejon + Erc. Of these,
energies, as expected by their identical energy barriers. InErcin 1 was obtained by G2 calculations as 93 kJ MoEis,
contrast to the previous report of Zubarev efabur calcula- was estimated as 999 kJ moi! from the thermal energy of
tions indicate that the dissociation of the-8&l bond becomes 2 at the typical ion source temperature {38 kJ mot* at 460-
faster at very high excitations of the radical (Figure 10). This 500 K) and arr80% fraction of protonation exothermicity (65
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TABLE 3: Radical Relative Energies

Syrstad et al.

CrCoNHyy =618
Hy;-C-C,-N,= 545
H,+C-CyN, = -66.9
Hy-C-C-N, = 173.0
syn-3 (Cs)

Cy-CyrNy-Hyp=-118.6
HypC-CyrNy = -58.7

H,;-C,-C,-N,=-178.8
HyC-Co-Ny=-118.8

anti-3 (Cg)

relative
energy
species/reaction G2(MP2G2
trans-antil 0 0
cis-anti1 2 2
trans-synl 3 3
cis-syni 3 3
trans-anti-L (VN)¢ 93 93
cis-anti1 (VN)¢ 96 96
trans-syni (VN)© 96 96
cis-syni (VN)© 100 100
syn3 -16 -—16
anti-3 -11 -9
syn4 7 7
anti-4 14 14
5 54 53
trans-anti1 — trans2 + H* 31 31
cis-antil— cis-2 + H* 39 39
trans-synl — trans2 + H° 28 28
cis-syni— cis2 + H* 37 37
trans-anti1 — trans-anti-CH;C(OH)=NCH; + H* 95 95
cis-anti1l — cis-anti-CH;C(OH=NCH; + H* 111 111
trans-synl — transsyn-CH;C(OH)=NCH; + H* 88 88
cis-syni — cis-syn€CH;C(OH=NCH; + H° 84 84
trans-anti1 — trans-anti-CH,=C(OH)NHCH; + H* 146 146
cis-anti1 — cis-anti-CH,=C(OH)NHCH; + H° 135 135
trans-antil — trans-anti-CH;C(OH)NHCH, + H* 285 -
cis-anti1 — cis-anti-CH;C(OH)NHCH, + H* 284 -
cis-anti1 — anti-CH3;C(OH)=NH + CHsz’ 23 22
trans-synl — syn<CH;C(OH=NH + CHg* 7 7
trans-anti1 — C(OH)NHCH; + CHy 172 172
cis-anti1 — C(OH)NHCH; + CHg* 160 160
trans-anti1 — C(OH=NH"+ 2 CHz 439 -
trans-anti1 — C(OH)=NH+ C,Hs 71 70
TS1 86 84
TS2 93 90
TS3 95 93
TS4 85 84
TS5 119 118
TS6 133 132
TS7 117 116
TS8 109 109
TS9 214 214

a|n units of kilojoules per mole at 0 K. From spin-projected MP2
energies wherever it appliesEnergy difference in kilojoules per mole
between the vertically neutralized radical and the optimized radical
structures.

TABLE 4: Transition State Bond Lengths

d(X—Y)ab
species B3LYP G2(MP2y
TS1 1.424 1.383
TS2 1.442 1.392
TS3 2.018 1.990
TS4 1.993 1.980
TS5 1.700 1.580
TS6 1.780 1.629
TS7 1.680 1.560
TS8 1.670 1.587

a|n units of angstrom® X = O, N; Y = H, CHs. ¢UB3LYP/6-
311+G(2d,p) saddle point G2(MP2) corrected saddle point; from
spin-projected MP2 energies.

kJ mol1).3% These energy contributions were calculated for

C-CN-C,=65.3
0,C,N,-C5=-174.0

HypCyN,-C,=-55.5
Hy,0,-CyC= 10.3

C,-Cy-N-Cy=-142.0
0,CN,C.=-16.8

Hyp-CoN,-Co= 101.1
Hyy-0,-C,-C, = -176.4

Hyp-Cy-NoC, =353  H,,-C,-C,-N,=-66.6 Hp-Cy-NC, =614  H.-C,-Co-N,=65.1

He-Co-N,C; = -84.5 Hyg-Cy-Cp-N, = 173.7 He-Cg-NeC;=-561  H,-C,-C-N,=-1746

HyCsM,-C, = 1582 H,-C,-CoN, = 55.0 HyCs-MC, = 1771 H,,-C\-Cy-N, = -54.7
syn-4 anti-4

1.083
C-CyN-C,= 1624
0,CN,-Cy=-75.9
Hy-Cy-N,-C, = 638
HyCyN,C, = -57.5
HyCsN,C, = -175.1

Hy-NC,-C, =664
HyyCyrNoCy= 416
H,-C-C-N, = 56.0
Hy-C -GN, = 1747
HypC,-CN, = 652

5

Figure 8. B3LYP/6-311G(2d,p)-optimized structures alyn- and
anti-3, -4, and5.

and N-CHs; bonds, which all require lower energies in the
corresponding transition states.

Regarding competitive dissociations of-@l and N-H bonds
in 1, RRKM rate constants obtained f&(0= 190 kJ mot*
predict branching ratios to BldO—H)/k(N—H) ~ 25 (Figure
9), in qualitative agreement with experimental observations. In
addition, branching ratidg X —D)/k(X—H) (X = O and N) were
determined experimentally and computationally for loss of (H,D)
from the most favored starting isomer in-@ labeledla* and
N—D labeled 1b". NR of l1a" shows a branching ratio
k(O—D)/k(N—H) = 1.21, compared to a value of 13.0 predicted
from RRKM data (Figure 9). Iib*, the NR spectrum indicates
a branching ratickk(N—D)/k(O—H) = 0, compared to a value
of 0.013 predicted by RRKM calculations. Clearly, however,
the peaks for ©H and N-H dissociation products in the NR
spectra contained possible contributions from ionieHCbond
cleavage. In addition, consecutive dissociations, mostly follow-

trans-antil, as the precursor cation equilibrium should favor ing reionization, likely depleted the [MD] and [M—H] NR
this isomer, similar to the preference that has been determinedsjgnals disproportionately, somewhat compromising quantitative

for protonated formamide catioA$From the energy terms for
Eion and Erc one obtaindE, (0= 188-192 kJ mot? in trans-
anti-1. This is sufficient to drive dissociation of the-<, N—H,

comparisons.
Regarding competitive dissociations of the-B and N-CHjs
bonds, RRKM calculations predict the energy-dependent branch-
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for neutral dissociation (4.4s). P(E) is given by eq 3° where
the parametergy, and W were set to 73 and 117 kJ malto
give the mean internal enerdf= 190 kJ mof? (vide supra)

4E-Ey o 2E—EQW

12

1

P(E) = @)

while allowing for 0.5% relative abundance of undissocidted

to reproduce the NR spectrum (cf. Figure 2a). The experimental
ratio [2]/[6] = 1.7 is matched by lowering the G2 value for
Ean from 81.2 to 78.7 kJ mol. Note that a 2.5 kJ mot
adjustment is well within the accuracy of G2 energy calculations
(4 kJ mol1).1315 Hence, theory and experiment are in near
perfect quantitative agreement.

log k

CH3-C-(0- - -H)-NH-CH3 .
CH3-C-(O- - -H)-ND-CH3 Conclusions

CHg-C-(OH)-NH. - -CH3 The 1-hydroxy-144-methyl)aminoethyl radical is both ther-
CH3-C-(O- - -D)-NH-CH3 : . . .
CH3-C-(OH)-N- - -H-CH3 modynamically and kinetically stable in the gas phase. When
CH3-C-(OD)-N- - -H-CH3 formed by fast electron transfer to O-protonated acetamide, the
CHyC-ORN---D-CHy radical acquires ca. 100 kJ mélinternal energy through
3l ° 7 Franck-Condon effects that drive dissociations of the-@
, - . . . . and N-CHjz bonds. The experimental branching ratio of 1.7:1
100 150 200 25 300 350 400 that prefers the ©H bond dissociation is reproduced by RRKM
Energy (kJ mol-1) calculations of the unimolecular rate constants within the
Figure 9. RRKM unimolecular rate constants (log, s for dissocia- accuracy of the G2 potential energy surface. This study shows
tions of 1. that radicals derived fromi-methylacetamide do not represent
the best model for electron capture dissociation, whereéCN
bond dissociations leading to backbone fragmentation predomi-
nate. More sophisticated models that mimic the electronic
properties of peptide radicals and dissociation products are
needed for elucidating ECD mechanisms.
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