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Density functional theory was employed to investigate the radicals that have been proposed to be formed
upon irradiation of glycine crystals. The present theoretical study suggests that the radicals are R1:
*NH3C'HCOO™; R2: *CH,COOH; R3: NHC'HCOOH; and R4: NHCH,COCHCOOH. AC; structure for

R1, obtained using the Onsager model, gives hyperfine coupling constants in agreement with experiment.
Hyperfine coupling constants computed for R2 are in agreement with the unassigned experimental data of
Teslenko, V. V. et al.Nlol. Phys 1975 30, 425). The computed hyperfine coupling constants for R4 are in
good agreement with the experimental data assigned to the zwitterionicfdHgCH,COCHCOO". It is

shown that the structure of R3 is influenced significantly by the glycine crystal environment. Protonation of
R3 gives rise to hyperfine couplings similar to the experimental values assigned to one conformer of R3.

Introduction mental and theoretical results. The glycine-derived radicals
observed in irradiated glycine crystals at 280 K are shown in
Figure 1.

In the gas-phase chemistry of amino acids, extensive G2-
(MP2) calculations of thermochemical properties have been
performed on glycine-derived radicals by Yu ef&lhe ESR
features of the glycine radical, ;NC"HCOOH, have been
studied previously at various levels of thedfy}8 However, in
the crystalline state and in solution, glycine exists as a
zwitterionic species. The zwitterionic isomers of amino acids
have been a challenge for theoretical chemistry. Ab initio
calculations on glycin€ and its radic&?2! have shown that
their zwitterionic structures do not correspond to energy minima
in the gas phase. Environmental effects on the structure of R1
have previously been considered by performing a constrained
geometry optimizatio® or by use of the conductor-like polariz-
able continuum model (CPCM}.Previously, calculatior?$ on
the isolated structure of R1 have shown that the isotropic HFCCs
are not significantly influenced by the crystalline environment.
In addition, it has been showhthat the Onsager mod&l2*
using the dielectric constant of water, yields the zwitterionic
structure of the alanine radicaNH;C*CH3;COO™ and that the
resulting HFCCs are in good agreement with experiments.

Density functional theory has been shown to yield very
accurate hyperfine coupling constants with great computational
advantage$?2% Extensive DFT studies on the radicals formed
in irradiated DNA bases and the sugar moiety have shown the
success of DFT for biological syste®fdn particular, promising
DFT results on the alanine radical systé¥ have prompted
us to carry out a systematic study on glycine-derived radical
species in order to obtain greater insight into the properties of
irradiated amino acids.

Recently, there has been a dramatic increase in interest in
the functionality of protein radicaflsHowever, elucidating the
reaction mechanisms of radical-containing proteins or under-
standing radiation damage to a protein requires a detailed
knowledge of the chemistry and properties of amino acid
radicals. Glycine, the simplest amino acid, is often used as an
experimental model system® in studies of oxidation and
reduction reactions of irradiated amino acids.

In 1964, after some years of controversy, Motfdantatively
proposed that the end oxidation and reduction products of
glycine were "NH;C*'HCOO™ (R1) and *CH,COO~ (R2),
respectively. It was later showtthat the species observed was
*CH,COOH (R2) rather than the radical anit®dH,COO . In
1997, Brustolon et dlassigned three newly observed hyperfine
coupling tensors to radical Ni@*H,. In 1998, Sanderud et al.
showed this to be incorrect and proposed that the radical was
NH,C*HCOOH (R3). In addition, they assigned three more
observed hyperfine couplings to another conformer oLGH
HCOOH. The two experimentally observed conformers of
NH,C*HCOOH are denoted hereafter as*Rid R3*. In the
paper of Sanderud et &lthey correspond to Radical IV and
Radical Ill, respectively. The Hisotropic hyperfine coupling
constants (HFCCs) of K3—30.15 MHz) and R3* {24.62
MHz) differ significantly. Based on the McConnell relatidn
and the Gordy-Bernhateimethod, the smaller absolute isotropic
HFCC in the proposed R3* was ascribed to nonplanarity of the
radical center in the glycine crystal. Furthermore, experimental
dat# was used to suggest a twist angle of 24b2tween the
OCO and CCN planes in R3*. This is an example for which
experimental studies can only provide indirect information about
the distortion of a radical in a specific environment. The
assignment of complicated ESR spectra often requires S'mU|a'Computationa| Methods
tions based on several assumptions. Hence, theoretical calcula-
tions of the HFCCs of amino acid radiation products can provide  All geometry optimizations were performed with the B3LYP
valuable assistance. The present study shows that correchybrid density functional in conjunction with the 6-8G(d,p)
identification of some radiation products of glycine-derived basis set using the GAUSSIAN ¥8suite of programs. The
radicals can only be achieved through comparison of experi- B3LYP functional is a combination of Becke’s three-parameter
hybrid exchange function®3! and the Lee Yang—Parr cor-
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Figure 1. Schematic illustration of the structures of glycine and related H, " o, H,
radicals generated upon X-ray irradiation of glycine crystals at 280 K. [ose “\Zm lm\c Laso CAosx IH
. - - . Hom 129 ?uwélﬁsol H, 'O:ﬁ C‘/mz‘; 'a\‘gzﬁgf%x
As noted previously, in solution and the crystalline state 11{ ) P \'n fi26
glycine is in its zwitterionic form, that isNH3CH,COO™. At ‘v > B Rax .
the above level of theory, it is not computationally feasible to o, W, o, H,
explicitly include the effects of the crytalline environment. PN . '23§\qﬂ Srs
However, one is able to obtain zwitterionic structures of glycine ™ ,.I,,mmgc/lf,; o N RIS A NT_o,
radicals using the standard Onsager model with a dielectric l;j”‘N* Cn [ W: e {H 1359
constant for water of 78.39. This approach, as noted in the H O H f;%H
Introduction, has been successfully used previously for alanine- . el )
derived radicald? Y e Hogee
Al stationary points were confirmed to be local minima by H o /czﬂ_cf\é,;5 e 7)' Jrse
; H ; ; 1527 L2 0, [l N
harmonic vibrational frequency calculations at the same level —,/n2¥¢/ G 2 i N\C‘@» Cougr oG o
of theory. Relative energies of all conformers of R2, R3, and \"n o 13 5 IC 0,
R4 were obtained by performing single-point calculations at the t M . H,
B3LYP level in conjunction with the 6-311G(2df,p) basis set i ey
using the above optimized geometries and with inclusion of the H, o o, H, o, Of}H‘
appropriate zero-point vibrational energy correction (scaled by ﬂezN/'\i L C . i s [
0.96149), that is, B3LYP/6-311G(2df,p)//B3LYP/6-31G(d,p) i ‘9/ TN T ’\03@‘?* I G Ny,
+ ZPVE. HH L L [voe
Isotropic and anisotropic hyperfine coupling constant calcula- R4-VI Revn e

tlons.were performgd u_SIng the deMon progr%"mhe’ PWP86 Figure 2. Optimized structures of R1, R2, R3, and R4 (bond lengths
functional, a combination of Perdew and Wang's exchange i, angstroms).

functional (PWY° and Perdew’s nonlocal correlation functional

(P86)2% in conjunction with the 6-311G(2d,p) basis set was o H,
employed. The (5,4;5,4) family of auxiliary basis sets was used o o s C/“msm o;
to fit the charge density and the exchange correlation potential. Hingon e, H, msfz/'“ o T
This functional and basis set combination has been shown to SCHC, X Lsie He
give accurate hyperfine coupling constants in studies of ala- Hz/ o, /E’_ Ch.. 0,
nine?2? histidine?” and modelz-radicals3® R H oy, i

Many assessments of methods for accurate calculation of R4
hyperfine coupling constants have been previously pub- H, cii - .
lished?>26:3%Hence, they shall not be reviewed here. However, H ./ . Cz{as.%léﬁ‘i_o(;)
it should be noted that accurate isotropic HFCCs require both H;*NQ_C‘/ o T
a good description of electron correlation and a suitable basis q | H,
set, whereas satisfactory anisotropic HFCCs are obtained at H
fairly low levels of theory, provided that the structure is R4-1I

qualitatively correct. Thus, comparison of anisotropic hyperfine Figure 3. Optimized structures of R2and R4 (bond lengths in
tensors can be used as a reliable guide to identify radicals when2ngstroms).
less satisfactory agreement is obtained for the isotropic coupling
constants.

B3LYP/6-31+G(d,p) optimized geometries in Cartesian
coordinates and total energies of all species described in this
study are presented in Table S1 of the Supporting Information.

R1 (Figure 2) was obtained using the Onsager model with an
estimated radius of 3.24 A. It possess&ssymmetry with a
planar radical center. Thus, R1 is a typicalradical. The
computed full hyperfine tensors of R1, as well as the experi-
mental values and other previously calculated values, are
listed in Table 1. The Hisotropic HFCC is in good agreement
with the experimental value. Similarly, the anisotropic com-

The optimized geometries of R1, R2, R3, and R4 are shown ponents agree well with the experimental values, although
schematically in Figure 2, whereas those of the experimentally the sign ofTyy differs from T,,®® due to its small value. In
proposed radicals R4(*NH3CH,COCHCOO") and R2 addition, comparison of the calculated45.0,—60.4,—21.5)
(*CH,COOQO") are shown schematically in Figure 3. and the experimentaH97.5, —61.9, —31.8) principal com-

Geometry and Hyperfine Couplings of R1 ponents shows that only tha&,, component is difficult to
("NH3C*HCOO™). The optimized zwitterionic structure of  reproduce.

Results and Discussion
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TABLE 1: PWP86/6-311G(2d,p) Calculated and Experimental HFCCs (MHz) of R1
tensor Aiso Txx Tyy Tzz AisoeXp TxxeXp TnyXp zzexp Aisoe
Hq —58.96 —36.06 —1.46 37.51 —63.72 —33.8¢ 1.8%3 31.94 —60.3
H; 2.33 —-5.39 —4.66 10.05 38 -7.2 -1 9.2
H- 77.06 —5.47 —4.52 9.99 62.H9 —6.60% —4.0” 10.66
Hs 77.06 —5.47 —4.52 9.99 83.05 —5.868 —4.80 10.63
Have 52.15 —5.44 —4.57 10.01 49.07 —2.93 —2.08 497 52.1
Cy 98.73 —76.29 —74.57 150.87 126¢7 —90.C¢ —36.F 126.8 95.3
N —6.96 —0.43 0.20 0.22 —-8.72 —0.9¢ -0.7¢ 171 —-9.0
aRef 2.5 Ref 11.¢Ref 12.9 Ref 10.¢ Ref 21 (B3LYP/EPR-2 calculated values).
120 TABLE 2: PWP86/6-311G(2d,p) Calculated and
1o ] Experimental2 HFCCs (MHz) of R2-1, R2-Il, and R2' and
o Calculateck Relative Energies (kJ mot?) of R2-1 and R2-II
70 1 exptl
80 A
g il tensor HFCC  R2- R2-1l R2 140K 77K
: ol Hy Aso  —57.23 —57.71 —47.2 —-58.9 —59.5
Q9 10 Tux —33.30 —33.79 —329 -—-331 -34.0
T 0 e Ty —2.06 —207 04 0.4 0.4
-20 A —nN Tz 35.36 35.86 33.3 32.7 33.6
o] _— H,  As  —55.76 —57.24 —466 -558 —58.6
-50 - —H Tox —34.66 —3459 —-33.0 —339 -—-33.9
ol D Ty -1.28 -168 —04 1.2 1.7
-80 ——————— : 72 35.94 36.28 33.3 32.6 32.2
9 30 60 90 120 150 180 210 240 270 300 330 360 Hx Aiso —1.69 —4.09 0.48
Rotational angle (deg.) Tx —3.97 —2.78 —6.48
Figure 4. Variation of H,, Hi, Hp, Hs, C,, and N isotropic HFCCs of ?Y _282 _254119 _56737
R1 with rotation of the amino group. AE z 23'4 0'0 :

The anisotropic components of the hyperfine tensors of the .
three amino hydrogens gHHo, and H) are in good agreement Ref 8b.> B3LYP/6-311G(2df,p)//B3LYP/6-3+G(d,p) + ZPVE.
with the experimental values. The isotropic HFCCs af Hy, noted that the difference in amplitude of the variation of the
and H; are of similar magnitude as experimental values, with HFCC of H; and those of Hand H; is due to the fact that the
the largest differences of 14.15 and 5.99 MHz being observed geometrical parameters of the amino group have been con-
for H, and H;, respectively. The isotropic HFCC and anisotropic strained during rotation.
components of the nitrogen are in good agreement with the  When the amino group is rotated by approximately the
experimental values. It can be seen that the calculaiddRCC isotropic HFCCs of Hand H; are in good agreement with the
at the PWP86/6311(2d,p) level is in fair agreement with the experimental values 62.91 and 83.05 MHz at 100 K, whereas
experimental value and slightly better than a previous B3LYP/ the isotropic HFCC of Hlis still less than 5 MHz. These results
EPR-2 calculated valu#.The B3LYP/EPR-2 study has shown support the faétthat only the hyperfine splittings of two of the
that the deviation of ¢ HFCC based on the optimized three constrained amino protons are easily observed, whereas
zwitterionic structure can be significantly corrected by including the third remains too small to be distinguished from the many
the effect of vibrational averaging. The HFCCs of Bhd N, lines observed in the ENDOR spectra. Thus, from the HFCC
however, are not sensitive to vibrational averaging. Experimen- calculations for the isolated R1, it can be concluded that the
tally, the sign of the N hyperfine coupling has not been crystalline environment has little direct effect on the ESR spectra
determined; however, it has been suggested to be ne&aRAsd of R1, similar to the conclusion of a previous stidy.
This is supported by previous theoretical stuéfidsand by the Geometry and Hyperfine Structure of R2 (CH,COOH).
present results. In addition, an investigaffior the analogous In 1964, MortoR? concluded that the second radical observed
alanine radicalfNH3C*CH;COO™, obtained a negative sign for  in irradiated glycine crystals was the radical ani@t,COO~
the N HFCC. (R2 in Figure 3) with only one K hyperfine coupling due to

The average (52.15 MHz) of the isotropic HFCCs of the three two equivalent hydrogens. However, Teslenko éPagported
amino protons is in good agreement with the experimentally that two forms of CH,COOH (R2 in Figure 2) were observed:
observed value of 49.07 MHz at 280 K, suggesting that the one at 77 K, the other at 140 K. Three inequivalent hyperfine
amino group rotates freely at 280 K. Furthermore, it also couplings were observed for the conformer at 77 K, whereas
suggests that at 100 K, the orientation of the amino group in two were observed for the conformer at 140 K. Recently, similar
glycine crystals is constrained, giving rise to the three specific hyperfine structures were obseréed 100 K with the ambigu-
HFCC tensors of amino protons. Therefore, a detailed investiga-ous conclusion that the radical may be eith@H,COO~ or
tion was undertaken on the effects on the isotropic HFCCs of *CH,COOH. To clarify this ambiguity, calculations were
Hi, Hz, Hs, Hq, Co, and N of rotating the amino group about performed on both species. The optimized structures of R2 and
the N—C, bond of R1. The variation of the isotropic HFCCs RZ2 are shown in Figures 2 and 3, respectively. Two conformers

as a function of the rotational angle is shown in Figure 4. The
rotation of the amino group was carried out by incrementally
increasing the dihedral angléH;NC,C by 3, starting from
OH;NC,C = 0°. From Figure 4, it can be seen that the isotropic
HFCCs of H, H, and H change dramatically, similar to that
observed in the zwitterionic radical of alaniffe-However, the
isotropic couplings of i, C,, and N are almost constant. It is

of *CH,COOH, R2-I and R2-1I (Figure 2), were found. R2-l is
almost planar, whereas R2-11 is planar. Due to the existence of
intramolecular hydrogen bonding, R2-1l lies 23.4 kJ mdbwer

in energy than R2-l (see Table 2). Interestingly, it was found
that R2 is not planar; both oxygen atoms lie out of theGH,
plane. However, R2vas found to posse$® symmetry with a
planar radical center.
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TABLE 3: PWP86/6-311G(2d,p) Calculated HFCCs (MHz)
of R3-I, R3-Il, R3-lll, R3-1V, the Experimental 2 Values of
R3* and R3*, and Calculated® Relative Energies (kJ mof?)
of R3-I, R3-1l, R3-lll and R3-IV

exptl

tensor HFCC R3-1 R3-l R3-ll R3-IV (R§ (R3%)

Hoe Aso —40.41 —36.10 —38.03 —37.61 —30.15 —24.62
T  —24.95 —22.26 —22.36 —23.47 —17.24 —16.22
Ty —2.04 —-214 -206 -138 -0.19 -1.54
Tz 26.99 2440 2442 2485 17.48 17.77
Hi  Aso 25.04 —17.01 —16.39 —16.02 —18.05 —16.87
Tw —12.60 —16.08 —15.81 —14.96 —16.00 —17.25
Ty —552 —-6.45 -504 574 —-418 -—-4.37
22 18.12 2253 20.85 20.70 20.28 21.62
Ho  Aso —12.78 —14.27 —14.78 —10.70 —16.79 —15.46
T —13.99 —19.26 —17.60 —18.02 —15.39 —16.42
Ty —4.83 —542 —-454 —-465 —-294 -3.99
2z 18.82 2467 2215 22.67 18.34 20.40
AE 43.0 0.0 5.8 234

aRef 2.b B3LYP/6-311G(2df,p)//B3LYP/6-3+G(d,p) + ZPVE.

The calculated and experimental hydrogen HFCC tensors of

R2, R2-I, and R2-II are listed in Table 2. For R2-I and R2-II,
the isotropic HFCCs and anisotropic components pahid H
in R2-1 are closest to the experimental vakied the conformer

observed at 140 K, whereas the isotropic HFCCs and anisotropic

components of idand H in R2-11 are in closest agreement with
the experimental valu&sof the conformer observed at 77 K
(Table 2). The isotropic coupling and anisotropic components
of Hy in both R2-1 and R2-1l are in reasonable agreement with
the experimental values for the conformer observed at 77 K. In
the case of R2 the anisotropic components of; ldnd H of

R2 are in good agreement with the experimental values of both
observed conformations. However, the isotropic HFCCs pf H
and H of R2 differ significantly from the experimental HFCCs
of both conformers at 77 and 140 K. Thus, it can be concluded
that neither of the conformations observed at 77 and 140 K is
R2 but instead are either R2-1 or R2-ll. However, as the
calculated H and H hyperfine tensors of R2-1 and R2-II are

J. Phys. Chem. A, Vol. 104, No. 21, 2008083

From careful comparison of the calculated HFCCs for the
four conformers of R3, they can be divided into two groups,
with R3-I in one group and the rest in a second group. The
isotropic HFCCs of K in R3-Il, R3-1ll, and R3-IV are all in
similar agreement with the experimental value of RBffering
by 6—-8 MHz; however, they differ significantly from the
experimental value of R3* by at least 12 MHz. The anisotropic
components of the HHFCC tensor for the above conformers
are in similar agreement with the experimental values of both
R3* and R3*. Except for the isotropic HFCC of;th R3-1V,
the isotropic HFCCs and anisotropic components of the two
amino protons of R3-1l, R3-lll, and R3-IV are in good
agreement with the corresponding experimental values of both
R3* and R3* which are themselves very similar. Larger
deviations were found between the calculated isotropic and
anisotropic HFCCs of Fand the experimental values of R3
or R3* in R3-I than in R3-Il to R3-IV. It was found that the
computed amino-proton isotropic;HHFCCs (25.03 MHz) in
R3-1 and the experimental values R@nd R3* (-18.05 and
—16.87 MHz, respectively) are of the same magnitude; however,
their signs are opposite. In addition, the anisotropic components
of H, in R3-I are in less agreement with the experimental values
than those of Hlin the second group. Thus, R3-I could be neither
R3* nor R3*. Although the above calculations using gas-phase
optimized structures of R3 could not distinguish betweefi R3
and R3* we conclude that R3Zan be one conformer or a
mixture of R3-1l, R3-lll, and R3-IV. This is supported by the
fact that R3-I is at least 20 kJ mdlhigher in energy than the
other three conformers of R3.

We note that the calculated,Hsotropic HFCCs of R3-Il,
R3-Ill, and R3-1V are in closer agreement with the experimental
isotropic HFCC (33.0 MHz) of R3 in solutichHence, the
deviation of the calculated Hsotropic HFCCs of R3-Il to R3-

IV from the experimental values of R likely due to crystal-
packing effects, which are not taken into account by the above
calculation.

An experimentally suggestédwist angle of 24.2 between

too close to be definitively assigned, more elaborate theoretical i, NG,C: and QC10; planes in R3* implies that the two amino

studies incorporating specific crystal and temperature effects,
beyond the scope of the present study, will be required in order
to make more definitive assignments.

Geometry and Hyperfine Couplings of RS3
(NH,C*HCOOH). The four optimized conformers of Ni@*-
HCOOH (denoted as R3-1, R3-Il, R3-1ll, and R3-1V) are shown
in Figure 2. The backbones of R3-1l, R3-1ll, and R3-1V are
almost planar, with all hydrogen atoms close to th€{DI plane.

Due to the significant repulsion between Bind H, R3-I is
more distorted, with the two oxygen atoms being out of the
C1CyN plane by more than 7°7whereas Hlis distorted out of
the GCyN plane by 36.3. Accordingly, the radical centers in
R3-1l, R3-1ll, and R3-IV are less pyramidal than in R3-I. The
relative energies in Table 3 show that R3-Il and R3-Ill, with

protons and the two carboxylic oxygens are constrained by
intermolecular hydrogen bonding. The effect of the two-plane
twist on the H, H;, and B HFCCs of R3 was investigated by
re-optimizing only H, related geometrical parameters, that is,
Ho—Cy, OHCoC1, and[OH,C,CiN in R3-Il, R3-Ill, and R3-
IV. The twisting of the NGC; plane with respect to the 6,0,
plane was carried out by incrementally increasing the absolute
value of 0O,C,C,N by 10° from 0°. The variation of the
isotropic HFCCs of K, H;, and H with respect to the twist
angle is shown in Figure 5.

It can be seen that the three plots exhibit the same pattern.
The absolute isotropic HFCC ofHlecreases as the twist angle
increases in R3-1, R3-1ll, and R3-1V. The isotropic HFCC of

intramolecular hydrogen bonding, are more stable than R3-I andone amino proton (kj increases as the isotropic HFCC of the

R3-1V.

The computed HFCC tensors in R3-1, R3-Il, R3-Ill, and R3-
IV and the experimental HFCC tensors of'RBid R3* are listed
in Table 3. It is noted that the calculated isotropic HFCCs of
the amino protons of R3-11 differ significantly from previously
calculated value¥ This difference is most probably due to
differences in the DFT optimized geometries used for the HFCC
calculations. The optimized geometry obtained as part of this
study is in closer agreement with higher-level ab initio calcula-

other amino proton (b decreases in R3-1l, R3-IIl, and R3-IV.
As the isotropic HFCCs of Hand H become equal (see Figure
5), the average (H*'9 of the isotropic HFCCs of Hand H
decreases slightly. However, the #"®values are all very close

to the average of the experimental &d H isotropic couplings

in R3* (16.16 MHz). It should be noted that by varying the
twist angle, one is able to produce changes in the calculated
Hq and H A® HFCCs, similar to the experimentally observed
differences between Rand R3* (see Table 3). Thus, although

tions, suggesting that the presently calculated HFCCs shouldthe calculations are unable to determine the conformation of

be more reliable.

R3*, they do support the experimental conclusion that R3* is
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Figure 5. (a) Variation of H,, Hi, Hz, and H "¢ isotropic HFCCs in
R3-II with the twist angleZJO,C,C.N. (b) Variation of H,, Hi, Ha,
and H A¢isotropic HFCCs in R3-11I with the twist anglé O,C;C,N.
(c) Variation of H,, H1, Hz, and H #*¢isotropic HFCCs in R3-1V with

the twist anglel]O,C,CyN.

only a twisted configuration of R3fixed by intermolecular

hydrogen bonding in glycine crystals.

Protonation Effects on HFCCs in R3. To complete the
theoretical studies of Rand R3*, the corresponding protonated
radical cation NHC*HC(OH),* (R3") was investigated. Opti-
mized structures for conformers of Ra8re shown in Figure 6.
In RF-I and R3-11I, the protonated carboxylic group is distorted
slightly due to the repulsion between Bind He; however, the
radical centers are almost planar.”PRBis planar. In R3-IV,
whereas the two oxygen atoms are distorted out of &S
plane slightly by 2.7, the rest, including the radical centeg,C
remains planar. Comparison of the geometries df Wigh R3
suggests that protonation of R3 tends to make both thand
N centers more planar. However, the repulsion betwegand
Hy. for a specific orientation can distort the planarity slightly.

Ban et al.
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Figure 6. Optimized structures of R3bond lengths in angstroms).

TABLE 4. PWP86/6-311G(2d,p) Calculated HFCCs (MHz)
of R3P Experimental® Values of R3*, and Calculated
Relative Energies (kJ mot?) of R3P-I, R3P-Il, R3P-IIl and
R3P-IV

tensor HFCC R3I R3P-II  R3PII  R3P-IV  exptl R3*

Ha Aso —22.88 —22.89 —23.37 —21.74 —24.62
Tx —1355 —13.12 —-14.70 —-12.32 -—16.22
Ty —4.19 —3.73 —3.84 —4.04 —1.54
Tz 17.73 16.85 18.54 16.36 17.77

Hi Aso —19.68 —24.09 —20.05 —22.87 —15.46
Tux —17.38 —17.81 —17.50 —-16.81 -—16.42
Tyy —5.42 —591 —-540 —5.73 —3.99
Tz 22.80 23.71 22.90 22.54 20.40

H> Aso —23.32 —25.04 —2458 —-24.17 -—-16.87
Tux —19.27 —-20.93 —19.36 —20.00 —17.25

T,  —4850 -502 -483 -474 —437
T, 2412 2595 2410 2474 2162
AE 22.1 00 382 101

aRef 2.° B3LYP/6-311G(2df,p)//B3LYP/6-3:G(d,p) + ZPVE.

The computed hyperfine coupling tensors inPR3R3-I,
R3-IIl, and R3-1V are shown in Table 4. The isotropic HFCC
and anisotropic components of,Hnh each conformer are in
agreement with the corresponding experimental values of R3*.
However, the isotropic HFCCs of the two amino protons if--R3
[, R3-Il, R3P-1ll, and RF-IV are slightly larger than the
experimental isotropic HFCCs. Interestingly, the anisotropic
components of the two amino protons in each conformer are in
good agreement with the experimental values of R3*. The
calculations suggest that to exclude the possibility thdt iR3
R3*, experimental studies of the carboxylic proton are required.

Enhanced Captodative Effects from Protonation on R3.

It was postulate® that the complementary electron-withdrawing
(capto) and electron-donating (dative) effect in R3 will enhance
its stablization by delocalization of spin density and charge. It
can be seen that Ralso has an electron-donating grouplH;

and an electron-withdrawing groupC(OH),*. To identify how

the spin density delocalizes in captodative-type radicals, the spin
density on the C, N, and O atoms of R3 and’R@&re compared
(see Table 5). It can be seen that more than 50% of the total
spin is localized on ¢ in R3, whereas the rest is mainly
localized on the N and carbonyl O. It can be concluded that
this type of spin distribution is due mainly to the effect of the
spin polarization of the unpaired electron at @ the lone-
pair electrons of the N and electrons of the CO double bond

of the carboxylic group. In R3 more than 80% of the spin
density is almost equally shared between the W, &d G
atoms, whereas the rest is shared by the two O atoms. Thus,
the spin distribution in RBis significantly different from that

From the relative energies listed in Table 4, it can be seen thatseen in R3. The spin densi§C,) > p(C1) > p(O), (i = 1, 2),
R3-Il is the most stable conformer.

in RF can be explained by the spin induction along the chemical



Radiation Products of Glycine

TABLE 5. PWP86/6-311G(2d,p) Calculated Spin Density on

C, N, and O Atoms of R3 and R3

system G N C O, (o7} 01+ 0

R3-1 0.614 0.210 0.018 0.187 0.013 0.200
R3-11 0.507 0.291 0.079 0.033 0.146 0.179
R3-111 0.540 0.267 0.05 0.18 0.021 0.201
R3-1IV 0.556 0.277 0.048 0.036 0.141 0.177
R3™I 0.313 0.315 0.239 0.115 0.067 0.182
R3-II 0.291 0.345 0.243 0.094 0.081 0.175
R3-III 0.351 0.322 0.213 0.107 0.063 0.170
R¥F-IVv  0.268 0.329 0.272 0.103 0.077 0.180

TABLE 6: PWP86/6-311G(2d,p) Calculated HFCCs of R4
and R4 with Experimental? Values and Calculated Relative
Energies (kJ mol?)

system Aiso Txx Tyy Tz AE
R4-I —-12.15 —12.89 —4.38 17.27

R4'-11 —20.34 —-12.79 —-1.99 14.77

R4-| —41.39 —24.82 —-2.25 27.08 29.6
R4-II —42.03 —24.65 —-2.47 27.13 7.0
R4-111 —42.31 —23.76 —2.84 26.60 13.4
R4-1V —41.37 —-23.91 —3.26 27.17 42.1
R4-V —-41.72 —24.70 —2.47 27.17 0.0
R4-VI —42.92 —26.46 —1.86 28.32 21.3
R4-VII —42.27 —25.28 —2.32 27.60 18.8
exptl —47.99 —25.03 1.29 23.73

aRef 2.b B3LYP/6-311G(2df,p)//B3LYP/6-3+G(d,p) + ZPVE.

bonds by the positive charge efC(OH),*. Furthermore, the
strong electron-withdrawing capability 6fC(OH)" in R3?
significantly enhances the spin polarization of the lone-pair
electrons of the N atom. Hence, approximately 30% of the spin
density resides on the N. Thus, spin induction and spin
polarization together explain the spin distributip(C,) ~ p-
(N) > p(Ce) = p(C1) = p(O1) ~ p(Qy) in RS

Geometry and Hyperfine Coupling of R4
(NH,CH,COC*HCOOH). The detection of R4 is a new
finding? in the radiation chemistry of glycine crystals at room
temperature. Experimertsonfidently showed that there is only
one H, coupling tensor in R4 without any other andj3-proton
couplings. This fact prompted Sanderud et &b. propose a
zwitterionic structure (R% for the dimeric-type radical and to
propose a mechanism for the formation of Rém the reaction
of zwitterionic glycine with R2 We consider that an assignment
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carbon atoms in R4-1 to R4-1V form cis structures, whereas the
four carbon atoms in R4-V to R4-VII form trans structures. The
main difference among R4-I, R4-11, R4-11l, and R4-1V, as well
as among R4-V, R4-VI, and R4-VII, is the bonding position
and orientation of K The radical center in R4-I, R4-II, R4-Ill,
R4-V, R4-VI, and R4-VIl is almost planar, whereas the radical
center in R4-IV (OH,C,C3C, = —172.6) is distorted by
approximately 8 due to repulsion betweentdnd the hydrogen
on G. In addition, Q and Q in R4-1V lie out of the GCyH,
plane by 29.4.

The calculated HFCC tensors of bh R4-I to R4-VII are
listed in Table 6. It can be seen that both the isotropic HFCC
and anisotropic components of thg ténsor in R4-I to R4-VII
are in close agreement with the corresponding experimental
values. Thus, it can be concluded that the experimentally
observed radical must be R4 and not.RZorrespondingly, R4
should be formed from the reaction of the zwitterionic form of
glycine with R2 rather than with R2Thus, a deprotonation of
the amino group in the zwitterionic form of glycine must be
involved. However, to determine the conformation of R4 and
the mechanism by which it is formed, more experimental and
theoretical investigations of the radical are required.

Conclusions

The geometries and hyperfine couplings of the four observed
radicals generated from irradiated glycine crystals were com-
puted using density functional theory. The calculated HFCCs
were compared with experimental values obtained at 295, 100,
and 77 K.

A zwitterionic structure of R1 withCs symmetry was
predicted using the Onsager model. Thgdduplings and the
average HFCC of the three amino protons are in good agreement
with the experimental values, supporting the observation that
the amino group in glycine rotates freely at room temperature.
A detailed study of the effect of rotating the amino group on
the proton HFCCs showed that at 100 K, the amino group of
R1 is constrained by intermolecular hydrogen bonding to be
approximately 3 away from the optimized structure. The small
value of the H isotropic HFCC when the rotational angle i 5
supports the fact that the HFCC of one of the three amino
protons is too small to be distinguished by the ENDOR

of the observed couplings to the correct radiation products is technique at 100 K. In addition, the rotation of the amino group
essential for further mechanistic studies. The optimized struc- Was found to have little effect on the HFCCs of HC,, and N

tures of two possible conformers of Rébtained using the

Onsager model with an estimated radius of 4.16 A, are shown

schematically in Figure 3.

The carbons and nitrogen in R4form an almost planar
skeleton with an almost planar radical center. Howeverai
O3 lie out of the mean molecular plane by approximately.25
In R4-Il, the carbons, N, and Qare coplanar. However, the
0,C303 plane is almost perpendicular to the plane of the
molecular skeleton.

The calculated hyperfine coupling tensors qfiH R4'-I and
R4-11, as well as the experimental values, are listed in Table 6.

in R1.

Two conformers of CH,COOH (R2-1 and R2-11) were found,
which are able to account for the two forms of R2 observed
experimentally, one at 77 K and the other at 140 K. The
hyperfine coupling constants of the alternatively suggested
radical R2 ("CH,COQ") differ significantly from those observed
experimentally. However, the present calculations are unable
to unambiguously assign R2-I or R2-I to either experimentally
observed conformer.

The HFCCs of three of the four possible conformations of
R3 account for the experimental values offRHowever, the

It can be seen that both the isotropic HFCC and anisotropic deviation of the calculated isotropic HFCC of; ffom experi-

components of KHin R4'-I and R4-11 differ significantly from

ments suggests that the crystal packing in glycine has a

the corresponding experimental values. Thus, it is unlikely that significant effect on the KHhyperfine coupling constant of R3

R4 is the radical experimentally observed. However, it is quite
possible that R4is in fact not in its zwitterionic form. Hence,
the neutral radical N\CH,COCHCOOH (R4) was also inves-

HFCC calculations on the re-optimized structures of R3, with
appropriate geometrical constraints, support the experimental
postulate that the major difference between the two conforma-

tigated. Seven conformers of R4 were located; their optimized tions of R3 is the twist between the GO, and GCyN planes.

structures are shown schematically in Figure 2.

HFCC calculations on the experimentally proposed zwitte-

There are significant skeletal differences between the struc- rionic structure of R4obtained with the Onsager model differ

tures of R4-I to R4-1V and those of R4-V to R4-VII. The four

significantly from the experimental values, showing that R4
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could not be the radical observed. However, the seven conform-

Ban et al.

(17) Barone, V.; Adamo, C.; Grand, A.; Jolibois, F.; Brunel, Y.; Subra,

ers of R4 all give HFCCs in good agreement with the R-J-Am.Chem. Sod995 117 12618.

experimental values. Hence, it is more likely that the radical
observed experimentally is R4 (ie., nonzwitterionic form). Thus,

when it is formed from the reaction of the zwitterionic form of

(18) Himo, F.; Eriksson, L. AJ. Chem. Soc., Perkin Trans.1®98
305.

(19) Ding, Y.; Krogh-Jespersen, KChem. Phys. Lettl992 199 261.
(20) Barone, V.; Adamo, C.; Grand, A.; Subra, ®hem. Phys. Lett

glycine with R2, a deprotonation of the amino group in the 1995 242 351.

zwitterionic form of glycine must be involved.

With respect to the theoretical methods employed, it can be

(21) Rega, N.; Cossi, M.; Barone, \J. Am. Chem. Socd 998 120,
5723.

(22) Ban, F.; Wetmore, S. D.; Boyd, R.Jl.Phys. ChemA 1999 103

seen again that density functional theory is successful in 4303,

predicting the magnetic properties of amino acids. Furthermore,
the Onsager model is found to work as equally well for the

glycine radical in its zwitterionic form as previously found for

the alanine radical system, resulting in structures capable of

reproducing the experimental hyperfine coupling constants.
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