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Theoretical Interpretation of the Fragments Generated from a Glycine Radical Cation
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By applying the CCSD(T)//B3LYP method with 6-315(d,p) basis sets, this work presents possible
mechanisms of various fragmentation products found in the glycine mass spectrum. Imposing the criterion of
low fragmentation energy enabled tméz 17, 28, 29, 30, 31, 39, 41, 44, 45, and 74 fragments to be identified

as NH™, HNCH', HoNCH™, H,NCH, ', H3NCH,*, NCCH", H,NCCH", NH,CO", COOH', and CHCO,HT,
respectively. This result indicates that the dominant fragmentation process arises fipnCeacl@avage by
abstracting COOH, which corresponds to th 30 peak (NHCH,*). This interpretation is consistent with
experimental observations. The neutral species oftz28 (HCNH") peak is CH(OH) rather than [CHO+

H,0] because the corresponding critical energy of the latter is higher than that of the former. The intermediates
in the reaction pathway by which NCCtand HNCH™ fragments are formed reveal that water may participate

in the reaction and stabilize the intermediates.

1. Introduction threshold energy of the tautomerization between these two forms
H’s substantial, disabling facile interconversidit is well known

that the glycine radical cation in its enol form is thermodynami-
cally more stable than in its keto form and that Marino et al.
used the enol cation radical as starting species to study the
potential energy surfacé.The keto and enol forms of glycine
radical cation can be generated by direct electron ionization (EI)
of glycine and dissociative El of isoleucine (McLafferty

The past decade has seen a rapid increase in interest i
oxidative damage to proteins, and its relevance to pathological
disorders and agingAlthough oxidation can have drastic effects
on proteins as a whole, the most important reactions occur in
the amino acids. A detailed investigation of the properties of
amino acid and peptide radicals should be performed to

understand the mechanism of the formation of this damage. : : .
Apart from its theoretical tractability, radicals derived from ré&rangement), respectivéfyThe experimental observatiéh

glycine have attracted much interésts especially in relation  indicates that the bond cleavage behavior of the glycine radical
to biology; for example, glycine residues are common in proteins ¢ation in enol form is different from that in keto form, for
with a substantigh sheet, such as silk fibroins. Because glycine €xample, the main peak of the metastable ion (M) and
has the seconC—H bond that is exposed, it is susceptible to ~ collisionally activated dissociation (CAD) spectra of the glycine
oxidative damage. Moreover, among residues in an antiparalle| "adical cation and the corresponding enol radical catiomréze
B sheet, only glycine is susceptible to damage by weak oxidants30 and 57, respectively. The fragmentrofz 30, considered to
such as thiyl radicals and superoxienother example is that ~ be immonium CHNH,", is also found in the experimental
one of the products of radiating glycine in solution or the stable Study?® Besides the main peakvz 30, the femtosecond
glycyl cation [NHLCHCOOH]" can be obtained by the dis- photoionization mass spectfaof ion-desorbed glycine also
sociating ionization of various amino aciéi$dence, glycine  detectedwz 17, 24, 27, 28, 29, 31, 39, 41, 44, and 74, and the
radicals can serve as a model for predicting the probable CAD and neutralizatiorreionization (NR) spectfd of the
reactions of the other amino acid and peptide radicals. In glycine radical cation both detected the signalsnif 17, 28,
addition, the glycyl radical have some effectsBscherichia 29, 30, 45, and 57 but with different fragment ion abundances
coli pyruvate formate lyase (PFEJ28 E. coli anaerobic and two additional peaks at 44 and 74 in the latter spectrum.
RNR2%31 and bacteriophage T4 anaerobic RRRS For The fragmentation of the enol form of the glycine radical cation
example, in PFL, the glycyl radical catalyses the entire reaction has been suggested to forrs®and aminoketene radical cation
mechanism of the cleavage of pyruvate to form formate and [NH,—HCCOT"; its reaction mechanism has been studied by
acetyl-CoA, which are subsequently used in the Krebs cd/cle. Marino and Russé* There are several theoretical studies related
Studies of glycine radicals have concentrated on the C- to the glycine radical cation in the keto form appearing in the
centered glycyl radical [N\CHCOOHFE1° and protonated literature recently. Simon et &t.calculated several fragmenta-
glycine!®8and some studies have addressed the glycine radicaltion reactions of a glycine radical cation by breaking the C
cation [NH,CH,COOH]".2%-26 The latter can be considered to  bond and found the abstractions of COOH, H, and,Nite
be a precursor of variously derived radicals. Two isomers of easier that those of COOHH*, and NH*, respectively. As
glycine radical cation exist, the keto and enol forms, and the an extension to the above study, our previous work located the
c . - I —— — related transition states with the corresponding activation
* Corresponding  authors. —E-malil: u@pub.ilams.sinica.edu.tw  energies for the fragmentation reactions of theb@nd breaking
(HF. L) and fengbd@ncnu.edu.tw (F-Y. L). from the glycine radical catioff. Both Simon et af* and our

T Academia Sinica. i . .
* National Chi Nan Univerisity. pervious worké found that the dominate fragment is the
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TABLE 1: Fragmentation Energies of Glycine Radical 3. Results and Discussion

Cation at the CCSD(T)//B3LYP Level (in kcal/mol)

Including the Zero Point Energy The mass spectrum of the glycine radical cation in the keto

reactions 6-3++G(d,pp 6-31+G(d,pp form shows that the CHNH,* (m/z 30) cation was the major

NH,CH,COOH" — NH,+CH,COOH" 736 736 fragment ion, with minor amounts of the several cations such

NH2CH,COOH" — H+NH,CHCOOH" 27.1 274 asm'z of 17, 24, 27, 28, 29, 31, 39, 41, 44, and ?4The

NH2CH,COOH! — COOHHCH,NH;* 62.3 62.3 criterion of low formation energy was applied to determine that

NH2CH,COOH" — COOH+CH,NH,* 16.1 16.0 them/z 17, 28, 29, 30, 31, 39, 41, and 44 peaks correspond to
aValues taken from Figure 3 of ref 25 with the zero point energy NHz*, HNCH", HoNCH*, HoNCH, ', HsNCH,t, NCCH', Hy-

corrected? Values obtained herein. NCCH*, and NHCO", respectively. We failed to find the

reaction mechanisms of/z 24 and 27 with low fragmentation
immonium ion CHNH" by abstracting the COOH, which is  energy; however, thenwz 45, which is suggested to be the
consist with the experimental resutfs?® Rodriguez-Santiago  COOH cation, has been observed in the CAD, neutral fragment
et al?2 focused only on fragmentation reaction pathways reionization (NR), and NR spectré Therefore, we investigated
involving intramolecular proton transfers. In this study, we tried the reaction mechanisms generating various fragment cations
to cover the more probable fragmentation channels found in such as NH", HNCH", H,NCHt, H,NCH,*, HsNCH,",
experimental studié$24to understand the plausible fragmenta- NCCH?, H,NCCH', NH,CO", and COOH from the glycine
tion reaction mechanisms of the glycine radical cation in the cation radical in the keto form along with their relationship to

keto form. the energy profiles at the same time. The critical energy is
defined as the minimum energy needed to observe the particular
2. Methods fragmentation, as described in ref 16.

3.1 Forming [CH,NH,™ (m/z30) + COOH], and [CH 2NH,

+ COOHT (m/z 45)]. Figure 1 shows the potential energy
rofile of the dissociation of the glycine cation to form [&H
H,"(m/z 30) + COOH], [CHNH, + COOH"(nVz 45)], [NH,-

CHCOOH"(m/z 74) + H], [CHNH,COf(mV/z 58) + OH],

[CH2NH;T + CO + OH], and [CHCOOH"(m/z 59) + NH_].

Figure 2 presents the corresponding mechanisms, structures, and

some geometry parameters. The structures in parentheses with

double daggers represent the transition states. This formality is
followed in the rest of this study except where explicitly stated.

Our calculations reveal that the energy barrier of the reaction

involved in abstracting COOH is 8.5 kcal/mol and that an

intermediate KIB—CO2H) is present in the reaction pathway

All molecular geometries and harmonic vibrational frequen-
cies, including those of various glycine cation conformers,
transition states, and fragments, are herein obtained using th
(U)B3LYP method with 6-3%G(d,p) basis sets. With either
6-31+G(d,p) or 6-31%+G(d,p) and 6-311G(d,p) basis sets,
the structural parameters of the resulting molecular geometries
are very similar to corresponding glycine radical cation con-
formers of previously obtained theoretical vald3>34 This
implies that the 6-31G(d,p) basis sets are sufficient to
determine the optimized molecular geometries without the use
of diffuse functions for hydrogen or the use of trigleralence
representation on all atoms. Rodriguez-Santiago & falund
that the B3LYP method failed to estimate the relative energy . . +
between conformelt( +) andV/(+) of the glycine radical cation ~ Petween the parent cation and its fragments, 0" +
and their intramolecular proton-transfer energy barrier when COOH] or [CHNH, + COO_HF]' This |ntt_ermed|ate IS a
compared with results done with CCSD(T). Thus, several hydrogen-bonded complex with a Shfrt distance (1.721 A)
fragmentation energies of the glycine radical cation, obtained P&tween the amino hydrogen in @kH,™ and the oxygen in
by the CCSD(T)/B3LYP method, including the zero point the carbox_yl radical. With a formation energy that is only 1.6
energy, are highly consistent with those found in ref 25, as kcal/mol higher than t.hat of the parent cation, the hydrogen-
indicated in Table 1. Therefore, to obtain the reaction energies Ponded complex requires 14.4 kcal/mol to separate completely
and the corresponding energy barriers of the fragmentation iNto [CH:NH,"(mvz 30) + COOH] fragments and 58.7 kcal/
reactions, we employed CCSD(T)//B3LYP with 6-8&(d,p) mol, into [CHNH; + COOH'(m/z 45)] fragments. Obviously,

basis sets. All calculations were performed using the Gaussianthe dominant fragment is [G#IH,"™ + COOH]; its critical
98 packagé® energy is 16.0 kcal/mol, which is close to the experimental

| threshold energy of 13.9 kcal/m®® Thenvz 45 signal has been

The general procedure of this study is as follows. First, al ; X
g P . 1S SICY 1S @S WS. HIrs suggested to be the COOH cation by Polce &t al.the CAD

possible cation radicals and their relative neutral counterparts . . . . .
were considered according to thez values, and then their spectrum of the glycine radical cation. The major fragmentation

structures were optimized, separately. The low fragmentation re_zactio_n of pr‘?tor‘?‘ted glycine+cati0n,@CHZCOOH)W,l?_I??
energy criterion was applied to identify the fragmentation Yi€lds immonium ion, CHNH,™, by losing CO and B,
radicals in the mass spectrum of the glycine radical cation. The @nd the threshold energy of the corresponding collision-induced
corresponding mechanisms of fragmentation reactions were therflissociation (CID) is 44.4 kcal/mét. The theoretical St”d}’ of
investigated by searching the potential energy surfaces for thethlls7fragmentatlon_ mechanism has been reported by O’Hair et
reaction-activated complexes, for example, possible candidates?"’ and Rogalewicz et & The former found that the critical

of m/z 30 cations are CHNH+, CHNHz*, and CHNH,". The enthalpy (the minimum energy required to observe this kind of
results indicate that C#\H,", with COOH as its neutral partner, ~ fragmentation) is 39.1 kcal/mol using the B3LYP/6-31G*
is more stable than the other two cations, #8H* and method, and the latter reported that the fragmentation of lowest
CHNHs*, whose energies relative to that of @H,* are 95.1 critical energy is 36.6 kcal/mol using. the MP2(FC)/6-313-

and 98.4 kcal/mol, respectively, calculated by the B3LYP/6- (2d,2p)//MP2(FC)/6-31G* method with ZPVE corrected. Our
31+G** method without ZPVE correction. Usually, the genera- results indicate that the critical energy can be as low as 16.0
tion of fragments requires a multistep reaction, in which kcal/mol from the glycine radical cation.

intermediates are involved before they dissociate. Sometimes 3.2 Forming [NH,CHCOOH™* (m/z 74) + H]. Removing

the mechanism is determined backward, that is, from products,an a-H from the glycine radical cation requires overcoming a
to find possible fragmentation precursors. 30.1 kcal/mol energy barrier to generate tirglycyl radical
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Figure 1. Potential energy profile for the fragmentation reactions of glycine cation radijdal {form [CH,NH," + COOH], [NH,CHCOOH"+H],
[CH2NH2"+CO&OH], [CH,COOH"+NH;], and [HCNHf+H+CO+H,0] using CCSD(T)//B3LYP method with 6-31G(d,p) basis sets. Energies
are in kcal/mol and are relative to glycine cation radid¢aldonformer.
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Figure 2. Mechanisms of glycine cation radic4) o form [CH,NH,"+COOQOH], [CHNH,+COOH"], [NH,CHCOOH"+H], [CH,NH,t+CO&OH],
and [CHCOOH+NH,].

(I—=H), which hasCs symmetry, with all atoms coplanar. This 3.3 Forming [CH,COOH™(m/z 59) + NH;]. The glycine
does not concur with the results calculated by Rega ®tising radical cation can also undergo a directi® bond cleavage
the B3LYP/6-31G** method because that their calculated result reaction. With a 66.8 kcal/mol energy barrier, the abstraction
shows that there are three H atoms ((M)}hd (C)H) of the of NH; from the parent cation is much more difficult than the
glycyl radical that are out of the plane, but the geometrical abstraction of COOH and-H. An intermediate IB—NH>) is
parameters of our calculated result are similar to the results also involved in the reaction pathway, with a short distance
calculated by O’Hair et d.using the MP2(FC)/6-3tG* (1.955 A) between the methyl hydrogen and the amino nitrogen.
method. Thex-glycyl cation can undergo further fragmentation This cation-radical complex can be a hydrogen-bonded com-
reaction8 7 to yield HCNH ™(m/z 28) and some other frag-  plex, which can be broken apart with 13.1 kcal/mol. The critical
ments with low intensity. Our results show that th& 28 signal energy to yield CHCO,H™ (m/z 59) by losing NH from the
that was observed in ref 20 may originate the fragmentation of glycine radical cation is 73.6 kcal/mol, and th#z 59 signal

the glycyl cation, and we will discuss this kind of fragmentation was not found in the work of Vorsa el &2 but was detected

in section 3.10. by the NR spectr&? suggesting that the fragment is generated
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Figure 3. Potential energy diagram for the fragmentation reactions of glycine cation radlical form [CH,NH3;"+CGO;], [NH3t+CH,CO;],
[NH,CO*"+CH,0OH], and [HCNH"+CH(O)OH] using the CCSD(T)//B3LYP method with 6-BG(d,p) basis sets. Energies are in kcal/mol and

are relative to glycine cation radicdl) (conformer.

by losing an O atom. The fragmentation energy of forming
[O+NH,CH,OH™] is 141.8 kcal/mol, which is higher than the
fragmentation energy of forming [NH-CH,COOH'], 75.5
kcal/mol using the (U)B3LYP/6-3tG** method with ZPVE
corrected. From this result, we suggest i 59 is formed by
the loss of NH from the glycine radical cation.

3.4 Forming [CHNH,CO™ (m/z 58) + OH], [CH ;NH ™
+ CO + OH]. When undergoing direct €0 bond cleavage,
the glycine radical cation can generate the,RH,CO cation
(m/z 58) with the activation energy, 45.0 kcal/mol, to abstract
the OH. This cation was detected byRNspectrun?® but no
signal was found in the work of Vorsa et#lWe found that
the fragment, CbNH,CO'"(mv/z 58), is an iom-molecule
complex with a distance of 2.945 A between the methyl
hydrogen and the carbonyl carbon. It can be broken easily into
CH;NH;* and CO, requiring only 2.8 kcal/mol of energy.
Maybe, it is a reason that the signal did not appear in the high-
energy mass spectrut? This type of bond breakage is similar
to that observed in recent theoretical stutfie’$:*”on protonated
glycine. The glycine that is protonated on the hydroxyl oxygen,
[NH,CH,C(O)-0OH] ", also forms an iordipole complex,
from which CO can be easily detached after the water molecule
is abstracted. The bond lengthes of 8, C—C, and C-O of
the NH,CH,C(O) cation in our calculated results are 1.282,
2.945, and 1.132 A, respectively, and are similar to those found
by Rogalewicz et al5 (1.28, 2.93, and 1.15 A, respectively)
using the MP2(FC)/6-31G* method. The corresponding dis-
sociation energy reported by Rogalewicz et%is 4.1 kcal/
mol, a little bit larger than our calculated result, which is 2.8
kcal/mol.

3.5 Forming [CHoNH3t (m/z 31) + CO,] and [NH 3™ (m/z
17)+ CH,COg]. The fragmentation precursor to [GNH3" +
CQO;] and [NH;™ + CH,CO;,] should be conformelV, which
is generated by transferring the hydroxyl hydrogen to the amino

conformerlV, and there are two different routes that can generat
conformerll .

TS-1-11

Path 1: |

TSI TS -=1v

I v

Path 2: -

In Path 1, the hydroxyl hydrogen is transferred to the carbonyl
oxygen to generate conformér, but in Path 2, conformelt

can be generated by simply rotating the Cbond of conformer

I. The energy barrier of Path 2 is 5.3 kcal/mol, and that of Path
1 is 45.3 kcal/mol. This newly formed hydroxyl group rotates
to the other side to forrtl , and then its hydroxyl hydrogen is
transferred to the amine group.

Abstracting CQ from conformerlV requires an energy
barrier of 5.2 kcal/mol to generate GNHz* (m/z 31). The
relative energy off S-IV-NH 3 (57.0 kcal/mol) is lower than
the fragmentation energy (60.6 kcal/mol) required to abstract
CH,CO; from conformerlV to generate Ngi™ (m/z 17). This
result implies the present of an intermediate betweerT®e
IV-NH 3 and [NHs+ + CH,CO,] fragments, which we failed to
identify in this study.

From the 195-nm photoionization mass specfiffmnd NR
spectrurd® of the glycine radical cation, by taking GNH,™,
the most abundant ion, as a reference (100%), we foun@1
amounts to be 13.3 and 25%, respectively. Somehownrie
31 signal failed to appear in Ml and CAD spectfeur results
indicate that the critical energy required to generate the-NH
CH; and NH,CH; cations is 18.4 and 16.0 kcal/mol, respec-
tively. Found in the 195-nm photoionization mass spectfim
and the CAD and NR specfof the glycine radical cation,
the m/z 17 is suggested to be the OH cation by Polce &8 al.
This suggestion is supported by the detection ofrtte18 in
the CAD of perdeuteroglycine radical catidhHowever, the

nitrogen. The potential energy profile of the above fragmentation intensity ofm/z 20, which might be NB", also increases from
reactions from a glycine radical cation is shown in Figure 3, 0 to 9 if the intensity of/z 34 is set to be 100.23. Therefore,
and Figure 4 presents the corresponding reaction mechanismsthe identity ofrm/z 17 still remains unsolved by the perdeutero-
Conformer Il must be generated before the formation of glycine radical cation experimeftHowever, from our results,
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Figure 4. Mechanisms of glycine cation radicdl) (o form [CH,NH3z*+CGQ,] and [NHst+CH,CQO;].

all of the fragmentation energies of yielding OHwith various
combinations of the neutral 8OH, species, are higher than
that yielding NH* and CHCO, fragments. Therefore, we  mol. When thea-H forms a three-center bond with the two
suggest the signal afvz 17 should be the Nglcation. The carbons, the corresponding transition stais-{/11-VIll ) might
intramolecular proton-transfer energy barrier and relative energy imply that thea-H transfers to the other carbon accompanied
from Il to IV found in ref 22 are 5.8 and 4.8 kcal/mol using by the oxygen transfer, resulting in the spontaneous formation
CCSD(T) with D95++(d,p) basis set, and our results are 5.5 of the final products, N6CO" and CHOH. A search of the
and 2.7 kcal/mol, respectively thus, it is sufficient to use CCSD- potential surface using the intrinsic reaction coordinate (IRC)

The energy barrier for transferring the carbonyl oxygen of
conformerVI to thea-C, forming conformew!Il , is 14.3 kcal/

(T)//B3LYP with the 6-31%#G(d,p) basis set.

3.6 Forming [NH,CO™ (m/z44)+ CH,0H] and [HCNH "
(m/z 29) + CH(O)OH]. NH,COt, with CH,OH as the neutral
counterpart, is determined herein to be probably rifie 44

technique reveals that this is not the case, another structural
rearrangement should be involved. The final structural rear-
rangement proceeds by a reaction from conforkfiérto VIII .

It involves the transfer of a proton from the proton of (C)H in

species. Generating the above fragments from the confdrmer the CHNH, to the hydroxyl methylene group (CHOH) and two
involves three intramolecular rearrangements; it is obtained by simultaneous reactions, the breakage of theGobond in the

transferring the twax-H atoms to the carbon of the carboxyl

NH,CHO—-CHOH and the formation of a bond between the

group and by transferring the oxygen atom of the carbonyl group two carbon atoms. The energy barrier is 28.0 kcal/mol. The

to the o-C. The transfer of oxygen must be preceded by the C—C bond in conformewVIlil

can be broken rather easily,

transfer of one proton and a rotation reaction because one ofrequiring that an energy barrier of only 11.0 kcal/mol be
the two methylene hydrogens transferred to the carboxyl carbonovercome. A possible prefragmentation intermediéiéy is

can increase the sp3 hybridization characteristics of the carbonylalso found. Notably, conformeiN2 is a hydrogen-bonded
oxygen, reducing the activation energy for the oxygen transfer complex with a rather short distance (1.395 A) between one of
and because the hydroxyl hydrogen transferred to the carbonylthe two protons in the N)CO and the oxygen of the GBH.
carbon can change the nearly coplanar geometry of the originalIN2 is more stable than its fragmentation products .88 and
carbonyl oxygen and amino group, which would otherwise CH,OH, and the energy difference is 10.7 kcal/mol.

hinder the transfer of oxygen

AE,=418  AE,=35

Path 3: | \% Vi

AE,=5.3

3 AE,=38.4
Path 4: | I

In the fragmentation reaction between HCNtand CH(O)-
OH, the primary subreaction is the breakage of the3bond,
and conformersV and VI are the probable precursors. The
dominant pathway of this reaction is through conforivehe
energy barriers to the reaction of conforméto generate the
final products is lower (17.3 kcal/mol) than that of the reaction

Thus, two different pathways, Paths 3 and 4, are identified with conformer VI (20.6 kcal/mol). The pathway through
according to the order of the two aforementioned reactions by conformerV has fewer steps than that through conforrer

which this oxygen transfer precursor (conforrvé) is formed.

Notably, conformeNI is an intermediate in the formation of

Path 3 refers the initial transfer the methylene hydrogen followed [HCNH;" + CH(O)OH] and [NHCO" + CH,OH].

by a simple C-C bond rotation whereas the transfer in Path 4

3.7 Forming [HCCN™(m/z 39)+2H,0]. In the formation of

is in the opposite order. Figure 5 depicts these mechanisms.HCCN', two amino hydrogen atoms and the taeHs in the
Figure 3 shows the corresponding energy profile. Path 4 is the conformerl must be transferred to another atom before two
dominant reaction pathway because the critical energy andwater molecules are abstracted from the cation. Figure 6 shows

activation energy of Path 4 are lower than those of Path 3.

the corresponding energy profiles, and Figure 7 presents the
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probable reaction mechanisms. As shown in Figure 7, two  The third hydrogen transfer might proceed in one of two ways
pathways, Paths 5 and 6, describe the transfer of two hydrogenby either transferring a proton from the amino or the methylene

atoms, one from the amino group and the other from methylene group. The product of the transfer of the methylene hydrogen
will have a linear H-N—C—C structure, making the last transfer

group, both to the carbonyl group.
_ B of hydrogen rather difficult, that is, with high energy barriers
AE,=418  AE,=28.0 . . .
Path 5 | \Vi IX and more reaction steps. The pathway by which hydrogen is
transferred from the amino group is, in fact, favored. Hence,

this study addresses only the former reaction, which requires

AE,=10.4 AE,=3938
the transfer of an amino hydrogen atom to a hydroxyl group.

Path 6: — Va
The primary difference between these two pathways is the orderConformerXI is formed by hydrogen transfer, and interestingly,
in which the hydrogen atoms are transferred; both lead to the this conformer is a catioAwater complex with a short €0

formation of conformeX . The activated complexes suggest distance (1.663 A) between the cation and the water. Separating
this catior-water complex requires 14.4 kcal/mol. Further

that Path 6 is the preferred pathway by which conforiXeis
formed. reactions involve dissociating the water molecule and two proton
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Figure 7. Mechanism of glycine cation radical conformieandV to form HCCN and 2HO.

transfers, which are hydrogen transfers from th€ to the XIV involves many consecutive proton transfers as described
carbonyl carbon and from the carbonyl carbon to the hydroxyl in the preceding section. Among the possible combinations of
oxygen. proton-transfer sequences that generate confodihér, four

These reactions can proceed with or without (dashed line) pathways have energy barriers below the photodissociation
the dissociation of the water molecule formed in the preceding energy. These are Paths X0. Figure 8 and Figure 6 show their
step, and their reaction mechanisms are quite similar, but theymechanisms and energy profiles, respectively.

have different reaction energies, which are shown in Figure 6.
AE_,=4138 AE,=28.0 AE_,=0.8 AE,=53.4

In the reactions of conformeXl-w to form Xlll-w with the Path 7: I— Vv X — X XIV
dissociation of water molecule, the corresponding energy barriers
of the two proton transfers and the abstraction of another water | AE,=104 AE,=398  AE=08 = AE=534
molecule are 36.4, 23.1, and 39.3 kcal/mol, respectively. Another Path 8: 1 Va IX X XIV
20.8 kcal/mol is required to break apart the water molecule AE,=10.4 AE,=343 AE =712
completely because an intermedidte3-w) is formed, having Path 9: | Va IXa XV
a very short distance (1.434 A) between the oxygen in the water

. . AE,=37.9 AE,=85 AE, =712
molecule and the hydrogen in the cation. Path 10: — Vb — IXa — XV

However, the energy barriers of the previous reactions with
water molecule attached are 36.3, 8.5 ,and 59.9 kcal/mol, butThe critical energy TS-X-XIV, 82.7 kcal/mol) of Paths 7 and
the relative energy of the transition state complexes (TS) are 8 is higher than that of Paths 9 and ItB¢1Xa-XIV , 54.5 kcal/
lower than those without the water molecule attached. The TS mol). Because of the low critical energy and the fewer reaction
of the latter are higher than the TS of the former about 14.4, steps involved, Paths 9 and 10 are clearly more likely reaction
33.2, and 14.6 kcal/mol, respectively. Not only are the relative pathways than Paths 7 and 8. However, the rate-determining
energies of the TSs low, but the energies of the correspondingstep of formation of NHCCH?' is the final step, that is, to
intermediates are also low. Therefore, thgOHmolecules can separate (OH)from conformerXIV, with a corresponding
stabilize both the reaction intermediates and the transition statesenergy barrier of 73.0 kcal/mol. Intrinsic reaction coordinates
The search of the potential energy surface (near or ardiNg]) (IRC) are used to identify the transition staleS(XIV —(OH) )
which is an intermediate present before the cation radical is in the dissociation of the (OH)molecule fromXIV , andIN4
completely separated into fragments, reveals an interestingis observed. Notably, the relative energyl§ is lower than
finding. IN3 can further be broken into NEI™ (nvz 39) and that of TS-XIV —(OH),, as determined by B3LYP level, but
(H20),, which were detected in ref 20 but with a rather low the single point energy calculated using the CCSD(T) level is
intensity. With reference to the formation of the HCCBbhtion around 1.2 kcal/mol higher than the energy of this transition
radical, the order of proton transfer is very important, and the state.
cation’s neutral counter-water molecules may participate in It is interesting that then/'z 41 HGNH, cation is generated
reactions that stabilize activated complexes and intermediatesthroughlXa, which is one of the fragments of the glycine radical

3.8 Forming [HCCNH* (m/z41) + (OH),]. The fragmen- cation in the enol form, with the same structurelasound by
tation precursor in the formation of HCCNHcan be something Marino and Russé* and them/z 41 also has been observed in
similar to conformeiXIV , which is the product of two proton-  NR spectrum, which indicates that the pNIH, cation may be
transfer reactions, in which one proton is transferred to the generated through the enol form of the glycine radical cation.
carbonyl oxygen and the other is transferred to the carboxyl It requires a critical energy of 54.6 kcal/mol (the energy
carbon to weaken the-€0 bonds. The formation of conformer  difference ofIXa and TS-I-Va) from IXa to I, and it shows



9240 J. Phys. Chem. A, Vol. 108, No. 42, 2004 Lu et al.
1107 A — _ 1_1642 1313 A "
1240 A (I" rzﬂ 1617 &
100377 L45TA X » . 3t g
1287 A oh .=’
1_3?3 {
HCCNH,' (OH), TS-X-XIV =
I
LY
TS-XIV-(OH), ‘ .
310694 -— 1382 % 1,530 .
2761 139947 &—
s .103.:"' . -
i B . o oF 13110
- 1288 A 12404 1.073 A XIV
el Uf-‘A M 14034 fIl.smA 1530A © i.g‘g;;\ +
Vg —= 1.29] —_— 1332 A, b 1.325A —_— . &h
1418 & : , ki ' v 1413 ,‘.—:—‘-
: ~ o=@z e s F
I 7 1204 N 1181 Hy AL
e 133,40 1343A
'L TS-Va-IXa IXa TS-IXa-XTV
13144 < 12974 . rac2p) ) .1.45?5:?:‘6;&
.li:'w“%[_“% | 1_455A.!| leD‘ a." . 1433 T;:‘”\. 1263 A
| » — A g . oy
: .. _.I?E% \ t ]I.\.ﬁ,.
¥ : o
2134 127.5° 13565 1214 A
TS-1-Vb Vb TS-Vb-IXa

Figure 8. Mechanism of glycine cation radical conformerva, andX to form HGNH;" and HO;.

that the enol form of the glycine radical cation is difficult to pathways differ considerably; for example, in Path 11, the first
isomerize to the keto form. Therefore, one can observe thetwo proton transfers are all from the methylene group to the
different patterns of mass spectra between the enol and ketocarbonyl group and the final proton transfer is from the amine
forms of the glycine cation radical. It is consistent with the group to the origina&-C. However, in Path 12, the first proton

results found by Polce and WesdemidfisThe previous is transferred from the amine group to the carbonyl group, the
studied®24also indicate that the enol form of the glycine cation second is transferred from the methylene group to the carbonyl
radical favors losing water and generating an aminoketene group, and the last is transferred from the hydroxyl group to

radical cation, but there is no meaningful signalofz 41
observed in the spectrum of study of Vorsa efCal.
3.9 Forming [HCNH* (m/z 28) + CHO + H,0] and

the original carbonyl carbon to generate the CHO group. Apart
from the differences associated with the transfers of protons,
the primary difference between these two pathways is in the

[HCNH* (m/z 28) + CH(OH)2]. The formation of HCNH, structure of the cationwater complex formed. In Path 11, the
CHO, and HO from conformer requires at least the transfer  water molecule is near the proton in the CHO group, but in
of two protons into the carboxyl acid group, that is, one from path 12, the water molecule moves from the CHO side toward
the amine group and the other from the methylene group, asthe HCNH side. Notably, this motion stabilizes the transition
well as the breakage of the-C bond. This fragmentation  state in the CHO detachment because HCNH exhibits more
reaction includes the detachment of a single water molecule, cation characteristics than CHO. The total electronic energy of
therefore, the reaction pathways can be differentiated by whetherts_x|1a-CHO is below that of its reaction precursoxli(a),

the cation-water complex is generated during the overall pyt that ofXlla is 1 kcal/mol higher than that 6FS-Xlla-
reaction. As explained in section 3.7, the water molecule can cHo just after ZPVE correction. Two intermediate specibis,
stabilize both the transition states and the intermediates by anq |N5a, are also found during the abstraction of the CHO
generating a catioawater complex. Only those pathways that  radical, but somehow, the CHO radical does not separate
involve cation-water complex are considered below. Searching completely. The dominate mechanism to HCNKCHO, and

all types of the order of the proton transfers shows two reaction 4,5 is path 11 because the critical energy is lower than it is in
pathways with lower energies. They are Paths 11 and 12. Path 12.

The precursor of the formation of HCNHand CH(OHj)

AE,=52.7 AE,=53.4 AE,=105
Path 11: V XVI XVII INS should be conformeliX. From the fact that the bond length of
i C—C of IX is 1.945 A, the fragmentation &X to form HCNH*
AE,=53.4 AE,=47.7 AE, = little . .
Path 12: Va——— XVla — XVlla — IN5a and CH(OHj) fragments is rather easy. The energy profile and

mechanism are presented in Figure 9 and Figure 11, respectively.
Figures 9 and 10 present their energy profiles and correspondingThe energy barrier of this reaction is only 3.3 kcal/mol, and
mechanisms, respectively. These two pathways have manythere exists an intermediatéNG). Unfortunately, the H atom
shared features. First, they involve the transfer of three protons,that also can transfer from the hydroxyl group to the NH group
two of which precede the formation of the catiewater is following the breakage of €C bond inlX. We found that
complex. Second, the-&C bond breaks immediately following N and O ofIN6 share this H atom, but the distance of ¥
the final proton transfer and involves a high energy barrier. (1.101 A) is shorter than the distance of-@® (1.486 A). The
Third, an intermediate is formed before the CHO fragment energy requirement dN6 to form the fragments of [HCNH
detaches. Despite these commonalities, the details of these twand CH(OH)] and [HCNH," and CH(O)OH] are 44.3 and 18.2
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kcal/mol, respectively. It is evident that the dominant fragments The critical energy of forming HCNHand CH(OH) fragments
are HCNH*' and CH(O)OH fromNG, but it can probably apply is 58.1 kcal/mol, lower than that of forming HCNi{ CHO,
a low energy channel to yield HCNHand CH(OH) fragments. and HO fragments froml (85.3 kcal/mol), although the
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TABLE 2: Summary of the Fragment Cation Species along with Their Corresponding Neutral Species, Critical Energies, and

the Relative Intensity of the Signals Observed in Experimerif

corresponding critical observed
m'z fragment ion neutral species energied intensity’
30 NH,CH;* COOH 16.0 100
31 NH;CH,* CG, 18.4 13.3
74 NH,CHCOH* H 30.1 4
29 HCNH* CHOH 41.8 4
44 NH,CO" CH,OH 54.4 6.7
28 HCNH" CH(CH), 58.1 4
17 NH*™ CHxCO;, 60.6 4
45° COOH* NH,CH, 62.3
28 HCNH" CO+H0 67.7 4
28 HCNH" CHO+ H0O 85.3 4
5 CH,COH* NH, 73.6
41 HGNH,* (OH), 113.3 4
39 HCCN' (H20), 115.7 4

aThe critical energy is defined as the minimum energy needed to
intensity of signals reported in ref 20, by setting intensityréd 30 as 100¢
experiments in ref 23! The m/z 59 signal was not found in the work of

fragmentation energy of the former is higher than the fragmen-
tation energy of the latter. It is because that, in the latter
fragmentation, there is a high-energy barrier betw¥®h and
XVII in the reaction mechanism

3.10 Forming [HCNH* (m/z 28) + CO + H,QO] from the
Glycyl Radical. The formation of HCNH from conformerl
requires at least 85.3 kcal/mol, higher than the internal energy
of 83 kcal/mof® (the rest of the energy after absorbing two 195-
nm photons and ionizing one electron (the IP of glycine is 8.8
eV)). The main peak of the glycyl radicalng/z 28 5-7 and our

study also indicates that it is easy to abstract the hydrogen atom.

observe the particular fragmentation, as described®ifhefritive
This signal is not observed in ref 20 but appears in CAD and NR MS
Vorsa el al. in ref 20 but was detected byRepéctra in ref 23.

CH,COH", and NHCHCOH*, respectively. Their corre-
sponding critical energy requirements are 60.6, 58.1, 41.8, 16.0,
18.4, 115.7, 113.3, 54.4, 60.6, 73.6, and 30.1 in kcal/mol,
respectively. The formation of the NCCHand HNCCH"
fragments requires very high energy, suggesting that other
fragmental components can be involved. The obtained results
indicate that the dominant fragmentation process is the cleavage
of C,—C by abstracting COOH, corresponding to tiné& 30
peak (NHCH,"), which is consistent with experimental obser-
vations. Interestingly, thevz 59 peak does not appear in the
experiment. The neutral species ofz 28 (HCNH") peak is

Apart from the mechanism suggested in Scheme 2 of Polce andCH(OH), rather than [CHOF H,O] because the corresponding

Wesdemioti$, our results indicate that the first step is to rotate
C—C bond to formll —H, CO is then abstracted, and the
HCNH-H,O complex is formed with the hydrogen of MH
group interacting with hydroxyl group. Excluding,@ from

the HCNHH,O complex requires 29.1 kcal/mol. Although we
thought that there was an intermediate before forming
[HCNH_H,O+CQ], we failed to determine this intermediate.
The potential energy profile has been shown in Figure 1, and
the corresponding mechanism is presented in Figure 12. Our
results imply that the HCNHn{/z 28) cation can be formed
from the refragmentation of the glycyl radical. The relative
energy of HCNH, H,0, and CO fragments with respect to that
of the glycyl cation is 40.3 kcal/mol, which is close to the 41.8
kcal/mol found in ref 6 using the G2(MP2) method. It also
indicates that the CCSD(T)/6-315**//B3LYP/6-31+G** with
ZPVE corrected method is sufficient to estimate the fragmenta-
tion energies of the glycine cation radical.

4. Conclusions

The criterion of low fragmentation energy has been applied

critical energy of the latter is higher than that of the former.
The signal ofim/z 28 may originate from the fragmentation of
the glycyl radical. The water molecule is also found to
participate in stabilizing the intermediates and transition states
in some fragmentation processes, such as the formation of
HCCN' and HCNH' fragments. Thirteen different fragmenta-
tion conformers of the glycine radical cation are identified.
Among all of them, théXa conformer, NHCHC(OHY), is the
most stable one because its unpaired electron is shared between
two carbon atoms. Seven catioH,O complexes XI, XlI ,

Xl , XVI, XVla, XVII , andXVlla) are found. Two of them
(XVla and XI) use the oxygen atom of water to bind to the
a-C. XIlI has the lowest energy of all of the catioH,O
complexes. Eight intermediatedl 8 —NH,, HB—CO,H, IN2,

IN3, IN4, IN5a, IN5b, andIN6) were found before the glycine
cation radical is completely fragmented. Of thdbts andIN5a,
differ in the positions at which water is bound; the water is
found to favor bonding to the side with more cationic character.
Four catior-neutral complexesfiB—NH,, HB—CO,H, IN2,
andIN4) were identified Most of them require>10 kcal/mol

to find the possible fragments of the glycine radical cation, and t© completely separate their cationic component from their
them/z = 17, 28, 29, 30, 31, 39, 41, 44, 45, 59, and 74 peaks Neutral parts.

are proposed to result from NH, HNCH", HoNCH™, NH,- On the basis of the experimental results of Vorsa etal.,
CH,", H3NCH,*", NCCH', H,NCCH", NH,CO", COOH", we presented the probable fragmentation reaction mechanisms
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of the glycine radical cation in the keto form. Exceptz 30,

J. Phys. Chem. A, Vol. 108, No. 42, 2008243

(17) O’Hair, R. A. J.; Broughton, P. S.; Styles, M. L.; Frink, B. T.;

the intensities of the other channels are rather small. Our Hadad, C. M.J. Am. Soc. Mass Spectro00Q 11, 687.

(18) Balta, B.; Basma, M.; Aviyento, V.; Zhu, C.; Lifshitz, Gt. J.

calculated results are summarized in Table 2 with comparison y;as< Spectron200q 201 69,

to the experimental findings. The reaction network and the

(19) Depke, G.; Heinrich, N.; Schwarz, tht. J. Mass Spectrom. lon

activated energies of the related fragmentation reaction can beProcessed984 62, 99.

considered to determine the distribution of the fragments and

(20) (a) Vorsa, V.; Kono, T.; Willey, K. F.; Winograd, N.. Phys. Chem.
B 1999 103 7889. (b) Junk, G.; Svec, H.. Am. Chem. Sod.963 85,

the relative intensities of the peaks observed in related massggq

spectrum experiments. Soon, we will use the RRKM theory with
the information obtained in this study to estimate the intensity
of related fragments.
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