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EPR and ENDOR Studies of'H and 1“N Hyperfine and Quadrupolar Couplings in Crystals
of L-O-Serine Phosphate after X-Irradiation at 295 K

Audun Sanderud* and Einar Sagstuen
Department of Physics, Umrsity of Oslo, P.O. Box 1048 Blindern, N-0316 Oslo, Norway
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Single crystals of-O-serine phosphate, (HOOC)CH(NHCH,OPQ;"H, were X-irradiated at 295 K and
studied using EPR, ENDOR, and FSE techniques. At this temperature, three carbon-centered radicals were
identified. Radical, the deamination product (HOOOWTH,OPQ; H, is shown to have undergone a major
molecular reorientation upon formation. Raditals identified to be the product (HOOC)CH(NHCHOPQ H.

This species exhibits a nonplanar site for the lone electron density. This deviation from planarity is ascribed
to electrostatic interaction between the lone electron orbital and lone pairs centered on the neighboring oxygen
atom. Hyperfine interaction with th@-nitrogen of the amino group is observed. Both ¢ hyperfine and
guadrupole coupling tensors are determined and the signs of the hyperfine coupling tensor principal values
are deduced from interpretation of the quadrupole tensor employing the TeWadsy approach. Thg“N

isotropic interaction is well described by a Heller and McConnell typé @asile. The results found in the
present work, together with other recent observations, yield estimated values of the cdBstarit® MHz

andB, = 34.5 MHz. Radicalll exhibits the structure (HOOC)CH(NK)CH,, formed by scission of the
phosphate-ester bond at the carbon side. W8N coupling is observed for this radical due to a dihedral
angle close to 90 Possible mechanistic routes for the formation of these radicals are discussed in comparison
with previously published data on serine and other alkyl phosphate derivatives.

1. Introduction Sgrneset al® have investigated room-temperature radical
The mechanisms leading to radiation-induced breaks of the formation by X-irradiation of aminoethyl hydrogen sulfate
phosphodiester bond in DNA has been subject to numerous(AES), where the phosphate group of PEA has been replaced
investigations, in part by EPR and ENDOR spectroscopy. by the slightly more eIectronegatNe _sulfate group. The studies
Radiation damage by direct effects to DNA has been shown réveal the presence of a sulfite radical, while cleavage of the

mainly to produce primary ionization of the aromatic bases, but (NHs")CH.CH,—OSQ;™ oxygen-ethyl bond is not observed.
phosphate radicals have not been observed in irradiated NA, This difference between AES and PEA is mainly ascribed to
There is, however, experimental evidence that the primary ionic the increased electron affinity of sulfur as compared to
sites on DNA are precursors to strand brezksThe mecha-  Phosphorus.
nisms by which base damage is transferred to the sugar  L-O-Serine phosphate (SP), (HOOC)CH(NHCH,OPQH,
phosphate region of DNA resulting in breakage of the sugar ~consists of the PEA system with a carboxyl group added.
phosphate bonds are still largely unknown. It is believed that From previous studies of amino acids, the carboxyl group is
radical transfer to the £position of the deoxyribose moiety is ~ known to be an electron sink just as efficient as the aromatic
involved, but few details about this process are knédwn. bases in DNA. Our recent experiments have shown that, as in
Several model systems have been investigated to elucidate®NA, no phosphate-centered radicals are observed if IEP.
the influence of various substituents to alkyl phosphate deriva- Was of interest to see if net dephosphorylation still occurs,
tives on the release of inorganic phosphate or phosphate-centere@nd in fact, the present work shows the cleavage of the
radicals>8 Bungumet al5 studied X-irradiated disodium and ~ (HOOC)CH(NH")CH,—OPQ;"H phosphate ester bond takes
dipotassium salts of glucose-1-phosphate, finding evidence for Place. Thus, it seem that the presence of an electron scavenger
secondary loss of phosphoryl radicals, probatitya carbon- in the system prevents the formation of phosphate-centered
centered radical precursor. The same products were faond ~ radicals, but not cleavage of the phosphate ester bond at the
the barium salt of glucose-6-phosphate and the disodium saltcarbon side.
of p-glycerol phosphate. However, in X-irradiated disodium  In the present paper three carbon-centered radicals formed
and barium salts of ribose_s_phosphate, the disodium salt of by X-irradiation in SP at room temperature are identified. The
a-glycerol phosphate, and the monosodium salt of glucose-6- corresponding radicals are observed in sefifeand it is
phosphate, phosphoryl radicals were not detected. suggested that similar radical reactions lead to the observed
In X-irradiated O-phosphorylethanolamine (PEA), (NH- room-temperature radicals in the two compounds.
CH,CH,OPQ;~H, Fouseet al.” have reported the presence of ) .
secondary phosphoryl radicals, resulting from cleavage of the 2. Experimental Section
(NH;")CH,CH,O0—PO;"H phosphate ester bond. Dissociative  single crystals of-O-serine phosphate (SP) were grown from
electron capture at the bond is the assumed mechanism. In th§yarm (40°C) saturated aqueous solutions by slow cooling.
same system Fouset al” reports possible cleavage of the  partially deuterated samples were similarly prepared by repeated
(NH3")CH,CH,—OPQ;"H bond, resulting in a carbon-centered  recrystallization from 99.8 g/100 g purity deuterium oxide

radical. The concentration of the two radicals is equal. solutions. The crystal structure of SP has been analyzed by
* Author to whom all correspondence should be addressed. Sundaralingam and Putkéy. The unit cell is orthorhombic with
® Abstract published iAdvance ACS Abstractdfay 1, 1996. space groupr2;2,2; andZ = 4.
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The crystals were irradiated at 280 K using X-rays from a c)— "\“"}“”J“l\; /'\‘/‘\\V\r‘""'“" ""-“‘.H\J‘Mww -
tungsten target tube operated at 60 kV and 50 mA, such that “P il ! 1\1
each sample received a total dose of 50 kGy at about 30 kGy/

h. Th | i d al h I hi 7" Figure 1. First derivative EPR spectra (width 20.0 mT, centereg.at
: e crystals were aligned along each crystallographic axis 2.0023) ofL-O-serine phosphate single crystals, X-irradiated at 280

using a Weissenberg X-ray diffraction camera and subsequentlyk and then measured at room temperature. The spectra in part a are
transferred to a quartz sample holder without loss of axis recorded using crystals grown in water, in part b the spectra are recorded
alignment. First-derivative room-temperature data were col- using partially deuterated crystals, and in part c they are recorded using
lected at X-band microwave frequencies with a Bruker ER-200 crystals grown in water stored for 4 months after X-irradiation. The
D-SRC spectrometer with and EN-200 ENDOR unit equipped spectra are measured with the external magnetic field along the indicated
with a 100 W ENI rf-amplifier, in 5 intervals through more crystal axes.

P T

than 90 in each plane. At each orientation the ENDOR #8+ #9+
frequency was swept from 1 to 75 MHz in 10 or 50 MHz = #7- #5- #5+ #4- #6- #6+ #7;1 #4;2 e e
intervals. / ’ \ i

The proton hyperfine coupling (hfc) tensors were determined J \

quadrupolar coupling (ngc) tensors were found using the
program NQENDFIT In both cases isotropig-tensors were

| /\pwwMJWMMJLH e
assumed (see below).

3. Results b) W\/JW VWAMW ,,,,, m]\» WWM

using the program MAGREZ®, while the 1“N hyperfine and
a)WMM/\VﬁJ‘

3.1. EPR Spectroscopy.Figure 1 shows the EPR spectra
obtained with the magnetic field directed along each of the ]
crystallographic axes. The spectra in Figure 1a are from crystals 10 20 30 40 50
grown in aqueous solution, while spectra in Figure 1b are from Endor Frequency (MHz)
partially deuterated samples. There are only small differencesFigure 2. First derivative ENDOR spectra atO-serine phosphate
between the spectra from the two kinds of crystals, indicating single crystals freshly X-irradiated at 280 K and measured at room
that the major hyperfine couplings are due to interaction with temperature. The spectra are recorded with the external magnetic field
carbon-bonded protons or the nitrogen atom. When the crystalseriented along the crystallograptbeaxis. Spectrum ais from a crystal
were stored at room temperature fer8months, the resonance _?_LOWH_IH water, while b is obtained from a partially deut_e_rated crystal.

A . - e high-branch ) and low-branch ) ENDOR transitions from
shown in Figure 1a disappeared and the spectra shown in Figuré,nich hic or nqc tensors were calculated are indicated by numericals.
1c were observed. The ENDOR experiments show that the Line #1+ is not visible in part b because the spectrum has a slightly
resonance is present initially, but hidden under the far more shorter range than the spectrum in part a.
intense resonance depicted in Figure la.

Since the EPR spectra contain contributions from several easily exchangeable protons. For one of these exchangeable
radicals, they were difficult to analyze. The ENDOR analyses, couplings (designated #6) the hfc tensor was determined
however, gave good results, and radical structures were deter{Table 2).
mined without further use of the EPR results other than  Hyperfine coupling tensors based on data from rotations
establishing that the resonances exhibit virtually isotropic around three orthogonal axis leave an ambiguity in the signs of
g-tensors. the off-diagonal tensor elements. Schonf@mbinted out that

3.2. ENDOR Spectroscopy.The ENDOR spectra revealed this could be resolved by investigating a plane of data using a
eight hyperfine couplings which could be followed through all skewed axis of rotation. This has been done for most of the
three rotation planes. The angular variations of these couplingstensors obtained in this work. Figure 3 shows typical results
are shown in Figures 4, 5, and 8. From these data seven protorfrom a skewed axis rotation plan@ € 45°, ¢ = 90°) displaying
hfc tensors and on&N hfc tensor with an ngc tensor were results for hfc tensor #4. Here, the fully drawn and stipled
determined. FSE (field-swept ENDOR) experiments showed curves are calculated from the two different hfc tensors given
that these couplings could be ascribed to three different by the Schonland ambiguity. It is clear that only one of the
radicals: one major radical (radicBl and two less abundant  two tensor alternatives reproduces the experimental result. This

species (radicald andlll ). method was used for tensors #1, #3, #4, #8, and #9 in this work.
Figure 2 shows the ENDOR spectra obtained with the For the other tensors, the differences between the two tensor
magnetic field along the crystallographig-axis both for alternatives were too small and indirect arguments were used

protiated (Figure 2a) and for partially deuterated crystals (Figure to settle on those chosen in Table 1 (see below).

2b). The spectrum in Figure 2a contains resonance lines from 3.3. Radical I. FSE was used to assign the ENDOR lines
couplings for which the hfc tensors could not be determined in Figure 2 to three different radicals. Radidais the major
because of difficulties following the resonance lines through species. As described above, the EPR due to this radical slowly
all three rotation planes. In the spectrum from the deuterated disappeared upon storage at room temperature. Three proton
crystal (Figure 2b) some of the lines present in Figure 2a are ENDOR resonance lines (#1, #2, and #3) were assigned to this
missing. These resonance lines are thus due to couplings withradical, as demonstrated in Figure 4. These ENDOR lines were
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Figure 3. Calculated and observed ENDOR frequency variation
through the skew axis rotation plane for hfc tensor #4 fref-serine

phosphate single crystals freshly X-irradiated at 280 K. This plot allows ¢ ~.
the determination of the signs of the off-diagonal elements of the hfc  t T e AN
1 L

o

tensor. The axis of rotation is given by the polar angles 45° and

@ = 90°. The fully drawn and the dotted lines represent the calculated ‘ \ . ‘

variations for the two different sets of sign alternatives obtained from ~ o 10 20 30 40 50 70
the tensor given in Table 2. The filled and open circles represent %“ Frequency (% \
experimental data for the two different molecular sites.
TABLE 1. Hyperfine Coupling Tensors for Radical | in M M M
Single Crystals ofL-O-Serine Phosphate X-Irradiated at 280

Ke #1 #2 #3

prinlcipal isotrlopic direction cosines Figure 4. Angular variations of the high-branch+] ENDOR
values value transitions from the proton couplings #1, #2, and #3 of radical

o

tensor (MHz) (MHz) (a0 (b0 [er] L-O-serine phosphate single crystals freshly X-irradiated at 280 K. The
oH —86.5 —54.2 0.559 -0.819 —0.130 FSE spectra (width 11.8 mT, centered abgu#= 2.0023) connecting
(#1) -50.9 0.829 0.549 0.102 these couplings to one radical are shown. The solid curves represent
—25.2 0.012 0.164 —0.986 the angular variations calculated from the coupling tensors listed in
BH 1115 1043 0063 -0936  0.349 Table 1.
(#2) 102.3 0.786 0.261 0.561
99.0 0616 —0.237 —0.752 # # # #4

pH 65.5 57.4 0.773 -—-0.617 —0.150

#3) 53.5 0633 0767  0.107 JN\N
53.2 0049 -0177  0.983

2The errors involved in the principal values and eigenvectors are
about+0.2 MHz and+3°, respectively. b

o

all characterized by fading upon storage at room temperature.
The hfc tensors for these three couplings are given in Table 1. , : &

The three proton hfc tensors were used to simulate the EPR | : e
absorption spectra measured along the crystallographand i
b-axes. These simulated spectra were compared with the
experimental FSE spectra at these orientations, and the three
proton couplings fully reproduce the splitting pattern in the FSE
spectra.

3.4. Radical Il. After the disappearance of radidalthe > o 2 0
dominant radical responsible for the spectra in Figure 1c is Endor Frequerioy (MHz)

o

radicalll. The FSE spectra were used to assign two proton

5\\
hfc’s (#4, #6) and thé&N coupling (#5) to this radical, as shown
in Figure 5. Coupling #6 is to a proton which is exchanged “J}W\k W//\/WVH
#5

with deuterium in the deuterated crystals. The proton and
nitrogen hfc tensors are given in Table 2.

The FSE spectrum from the high-frequency ENDOR line of
coupling #4 at thes-axis orientation clearly shows seven lines. j% /)}\/\AL
A stick diagram was constructed from the hfc tensors of radical
Il, Table 2. To account for this FSE spectrum, it was necessary #5 #5
to include one extra proton coupling. This additional coupling Figure 5. Angular variations of the ENDOR transitions from proton
was calculated from the FSE spectra to be 0.62 mT at this couplings #4 and #6 and tHéN coupling #5 of radicall in L-O-
orientation of the crystal. In the same way it was necessary to serine phosphate single crystals X-irradiated at 280 K. The FSE spec-
include an extra coupling to explain the FSE along the other tra (width 11.8 mT, centered abogt = 2.0023) connecting these
two axes,a andb. At these orientations, the extra coupling SCUPlings to one radical are shown. The solid curves represent the

. angular variations calculated from the coupling tensors listed in
was calculated to be 1.39 and 0.63 mT, respectively. For the 1 pie 2.
b-axis orientation this corresponds to ENDOR lines at 5.8 and
23 MHz. In Figure 2 there clearly are ENDOR lines present an estimate for the coupling was obtained. This estimated tensor
which fit these expectations. It was not possible to obtain a is included in Table 2 (#7). The coupling is nonexchangeable
full hfc tensor for this coupling, but from a few observations and assumed to be @ftype.
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TABLE 2: Hyperfine Coupling Tensors and the ENDOR
Quadrupolar Coupling Tensor of the “N Coupling for
Radical 1l in Single Crystals of L-O-Serine Phosphate
X-Irradiated at 280 K 4 EsR \J
— - - 3) N
principal  isotropic o )
values value direction cosines 1) 2)  3)
tensor (MHz) (MHz) F1| O e
oH —85.5 -51.0 0799 -0.177 0581
(#4) —47.2 0.107 0.982 0.153 1)
—20.3 0.598 0.059 -0.799 R /1 N
BN(#5) 17.95 15.89  0.613 0.411 0.675 ﬁ
hfc 15.62 0.738 0.007 —0.675
14.07 0.282 —-0.911 0.299 | | { .
BN(#5) 0.904 0.529 0.378 0.760 335 340 345 350 2)
ngc —0.281 0.078 —0.913 0.400 Magnetic Field (mT) B
—0.623 0.845 —-0.152 —0.512
yH 16.0 59 0773 —0.617 —0.150 S SRR ISPROR OO PP
(#6) 1.8 0.633 0767  0.107 6 o 10
0.1 0.049 —-0.177 0.983 Endor Frequency (MHz)
BH 39 25 ~a-axis Figure 6. EPR/ENDOR test. To the left the first derivative EPR
(#7) 18 ~b-axis spectrum from.-O-serine phosphate single crystals X-irradiated at 280
17 ~c-axis K is shown. The magnetic field is directed along the crystallographic

2The errors involved in the principal values and eigenvectors are C-axis. The field positions 1, 2, and 3 where the magnetic field has
about+0.2 MHz and+3°, respectively, for the proton tensors. For 0Deen locked during the recording of the ENDOR spectra 1, 2, and 3 to

the N coupling tensors the corresponding errors-26e01 MHz and the right are indicated. In spectrum 2, recorded off the central position
+1°, respectively. of the EPR spectrum, all four ENDOR lines are present, while in

spectrum 1 only the two inner ENDOR transitions and in spectrum 3

. only the two outer ENDOR transitions are present. This experiment
3.5. The ENDOR/FSE Test. The FSE spectra obtained by shows that the signs of the hyperfine and quadrupolar coupling are the

monitoring the ENDOR lines due to th&\ coupling show only  same at this orientation of the crystal. The ENDOR line at 7.18 MHz
six lines at thec-axis orientation, while the FSE spectra obtained is due to an unidentified coupling.

by monitoring the ENDOR lines due to the proton couplings

of the same radical show seven lines. This is due to the fact FSE

that1“N has nuclear spih = 1. Some of the EPR transitions

. . 1)
are therefore not present in the FSE spectra, dependent on which
ENDOR transitions are monitored and upon the relative signs

of the quadrupole and the hyperfine coupling'#f . For the ENDOR

same reason, some ENDOR transitions are not present depend- 1 2) 3) 4

ing on which EPR transitions of tHéN manifold are monitored. / /
’ 1I0

2)
)
This was discussed in detail in a previous paper by Sgehes \ 3) M
al8
Figure 6 shows ENDOR spectra obtained by monitoring
different EPR lines with different*N spin quantum numbers 4 M

(positions 1 and 3 correspond to, = +1, and position 2 . ’ 8
corresponds ton, = 0, +£1), and Figure 7 shows FSE spectra Endor Frequency (MHz)

obtained by monitoring different ENDOR transitions. Both 5)M
these experiments lead to the conclusion that the quadrupolar

and hyperfine couplings must have different signs at this WOy
orientation. The analysis of the nqc tensor given below suggests -

that the nitrogen hfc is positive. Together, this yields the hfc o

. 338 340 342 344
and ngc tensors presented in Table 2. Magnetic Field (mT)

3.6. Radical Ill. The two last proton hfc's for which 0, 2 ENDOR/FSE test. In the ENDOR spectrum to the left the
coupling tensors were determined (#8 and #9) exhibit ENDOR qgjtions 1, 2, 3, and 4 indicate the monitoring frequencies used while
lines which easily were followed through the three planes of recording the FSE spectra 1, 2, 3, and 4 to the right. For reference,
rotation. The FSE spectra were characteristic, as shown inspectrum 5 is the entire FSE spectrum recorded off the high-frequency
Figure 8, and unambiguously connect the two ENDOR lines to ENDOR line of coupling #4. In the FSE spectra 2 and 3, recorded off
the resonance of one radical. The hfc tensors obtained, assigneé® inner N ENDOR transitions, the high-field line of the FSE
to radicallll , are given in Table 3. spectrum is missing, while in the FSE spectra 1 and 4 the low-field

. line is missing. This shows, similarly to the results in Figure 6, that
T_h(_e '_:SE_ spectra recordeq an_ng, for example, lifeis the signs of tghe hyperfine and quad}r/upolar coupling aregthe same at
exhibit five lines. To accomplish this, at least three proton hfc’s his orientation. The different lines in the stick diagram represent
are needed. Consequently, one further coupling must bedifferent m quantum numbers, and for a positive nitrogen hyperfine
associated with radicdl , which has not been possible to obtain  coupling the solid lines represeni = +1; the dotted linesm = 0;
from the ENDOR data. The FSE spectrum along Ithaxis and the stippled linesp = —1.
was reconstructed by adding either one additional proton
coupling of 2.55 mT or &*N coupling of 1.28 mT. Both these  splitting is neglected) give ENDOR lines at 19.0 and 21.2 MHz.
alternatives yield a satisfactory reconstruction of the FSE spectra.ln Figure 2 there is an ENDOR line 21 MHz, but it has not
The proton coupling should give rise to ENDOR lines at 50.3 been possible to follow this line through the three rotation
and 21.1 MHz, and thé*N coupling should (if quadrupolar  planes so that a tensor could be calculated. However, it is
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#8 #9 TABLE 4: Crystallographic Directions As Determined by
Sundaralingam and Putkey© between C2 and H2, H3, H4,
and N in Single Crystals ofL-O-Serine Phosphate

experimental difference
/ / direction crystallographic #3 #2 #3 #2
b C2-H2 0.800 0.773 0.043 2.88 51.2
—0.590 —-0.617 —0.938
0.111 0.150 0.345
a C2-H3 0.897 0.7773 0.043 261 66.9
0.241 0.617 0.938
0.370 0.150 0.345
C2-H4 —0.442 —0.012 26.9
c —0.276 —0.164
0.853 0.986
C2—-N 0.418 0.829 445
b 0.530 0.549
0 0.738 0.102

@ These directions are compared with corresponding experimental
eigenvectors for the hfc tensors of raditalln each case, the signs of
the direction cosine elements of the eigenvectors are chosen so as to
minimize the angular deviation.

#9 #3 Upon deamination of SP, the C2 atom is assumed to

Figure 8. Angular variations of the high-branch+] ENDOR rehybridize to a planar 8gonfiguration, mostly by reorientation

transitions from the proton couplings #8 and #9 of raditialin L-O- indicati i i ati
serine phosphate single crystals X-irradiated at 280 K. The FSE spectraOf H4. An indication of the degree of rehybridization may be

(width 11.8 mT, centered abogt = 2.0023) connecting these couplings ob.talned .by comparison of two .methods for finding the* 2p

to one radical are shown. The solid curves represent the angularSPIN density at C2 from the-coupling tensor #1. One method

variations calculated from the coupling tensors listed in Table 3. consists of using the isotropic valugs, = —54.2 MHz, in the
McConnell relatio* with QF,, = —73.4 MHZS5 for a planar

TABLE 3: Hyperfine Coupling Tensors for Radical Il in 0.738. The other

Single Crystals ofL-O-Serine Phosphate X-Irradiated at

sp? configuration'® This gave pg, =

280 Ka method consists of using the dipolar part of theoupling
principal _isotropic " . tensor #1 ind.the GordyBernhard mgth.oélfl giving g, =
values value direction cosines 0.749 with QS® = 38.7 MHz. The similarity of these two
tensor  (MHz) (MHz) @an O [e0 values confirms spconfiguration at C2.
oH —69.1 —471 0.829 0.114 0.548 The dihedral angle§, and3 of the two3-protons (tensors
(#8) —48.6 0.254 0.795 —0.550 #2 and #3) with respect to the LEO are found by the Heller
—235 0.499 —0.595 —0.630 McConnell relatiof8
aH ~75.4 —-50.8 0.812 —0.475 —0.338
(#9) -50.3 0.214 0.782 —0.586 ag, = p"(B, + B, co< 0) Q)
—26.6 0.543 0.404 0.736

2The errors involved in the principal values and eigenvectors are

about+0.2 MHz and+3°, respectively.

For aliphatic systems the constafds and B, in this relation
are given by aBy betweent+14 MHz andB, ~ 126 MHz!®

The isotropic value of coupling #2 is very large, and to obtain
6, = 0° with a spin density as found abov8; must be set to
13.3 MHz. This in turn gives the dihedral angle for coupling
#3,03; = 135.2. The C3 atom is expected to maintain its near
sp® hybridization configuration, and the difference between the
two dihedral angle#, ands; should therefore be 120 Using
this as a constraint, the 2gpin density at C2 according to the
Heller—McConnell relation should be as large as 0.782, and

clear that one extra coupling in addition to the two found by
ENDOR is required. This will be discussed further below
(section 4.4).

4. Discussion of Radical Structure

4.1. Radical I. Three hfc tensors, designated #1, #2, and
#3 in Table 1, have been shown to be associated with raldical
Tensor #1 exhibits principal values with typicatcharacter, ~ the corresponding dihedral angles becofiae= 13.3 and 65
while tensors #2 and #3 are typigatype tensors. All couplings = 133.3. This probably implies thaB; is somewhat under-
are clearly due to protons which are not exchanged with estimated, but nevertheless gives a useful estimate of the dihedral
deuterons in the partially deuterated crystal. In SP the only angles.
nonexchangeable protons are H2, H3, and H4. Therefore, the The crystallographic unit cell space groB@:2:2; with Z =
only possible location for the main density of the lone electron 4 implies that each of the four possible unique combinations of
orbital, LEO, is C2. Furthermore since moenitrogen hfc is  signs of each direction cosine element of an eigenvé¢tonn),
observed, it is assumed that radidalis formed by a net  (ILm-n), (I,-mn), and (,-m,-n)} corresponds to one of the four
deamination process and exhibits the structure molecular sites in the crystal. For a structural discussion, it is
important to be certain that the set of eigenvectors used for all
hfc tensors of a given radical are referred to the same molecular
site. In the absence of more detailed experimental observations,
the sets of eigenvectors to be chosen are obtained by comparison
with specific crystallographic directions. The guidelines used
are that the eigenvector for ttee-proton minimum principal
value corresponds to the-&, bond direction, the eigenvector

HsOs H, H,0,4

C;—C,—C;—0—P=0,

J 1 I
O H, H, Oé
Radical 1



9550 J. Phys. Chem., Vol. 100, No. 22, 1996

Figure 9. Structure of the O6C1-C2—N fragment inL-O-serine
phosphate single crystals. The left side illustrates that the 06, C1,
C2, and N atoms are situated in the same plane and highlights the
2p, orbitals of 06 and C1. Upon deamination forming radicathe

right side shows how the LEO will tend to get parallel with the
two 2p, orbitals so as to increase the conjugation between C2 and
C1-06.

for the intermediate principal value for tleeproton corresponds
to the direction of the LEO, and the eigenvector for the
maximum principal value for g-proton nearly corresponds to
the G--Hg direction. In Table 4 the crystallographic direction
for the C2-H2 bond and the crystallographic €3, C2—
H4, and the C2N directions are compared with experimental

Sanderud and Sagstuen

TABLE 5: Mutual Angles between the Directions from C2
to H2, H3, and C3 for Single Crystals ofL-O-Serine
Phosphate, As Determined from the Crystallographic Work
of Sundaralingam and Putkey'® and from the Experimental
Eigenvectors for the hfc Tensors of Radical |

H4—-C2-C3=12C

angle crystallographic experimental difference
H2—-C2-H3 51.9 48.5° 3.&
H2—-C2-C3 27.7 23.9 #2 3.8
H3—-C2-C3 30.9 25.4 #3 5.5

The new C2-C3 bond direction found from the hfc tensors
of radicall makes it possible to calculate the expected dihedral
angles of theg-protons H2 and H3. This calculation yiel@s
= 6.7¢ and 63 = 141.6. The agreement with the values
estimated on the basis of the hfc isotropic values above is
satisfactory.

4.2. Radical Il. From the FSE experiments, three of the
ENDOR determined hfc tensors have been ascribed to radical
Il. Tensor #4 represents a coupling to a nonexchangeable
proton and is clearly ofi-type. Combined with the observation

eigenvectors. In each case the sign of each direction cosine isthat theg-tensor is virtually isotropic, this requires that the LEO

chosen so as to minimize the calculated angle of deviation. The
crystallographic directions (except ERI4) are expected to be
conserved in the radical if reorientation of raditas restricted

to rehybridization at C2.

Except for the case of tensor #3 and the-GR direction,
all other crystallographic directions fit poorly with the experi-
mental eigenvectors. A more extensive molecular reorientation
must therefore be assumed to occur upon radical formation to
explain the hfc tensors. A larger reorientation has also been
observed for the corresponding radical in single crystals of
serinet®

This reorientation can be explained from the hydrogen-
bonding pattern in the SP crystal. The crystal structure shows
five unique hydrogen bon#s(hb’s), so that every SP molecule
is involved with 10 hb’s. Three of these are associated with
the amino group, five with the phosphate group, and two with
the carboxyl group. The amino group is therefore important
as an anchor, holding the molecule fixed in the crystalline lattice.
When this group is lost, as in radicgla displacement of the
C2 atom becomes possible.

A close examination of the structure of SP reveals that a
reorientation is not only possible but also highly likely. The
atoms of the fragment NC2—C1—-06 are situated almost in
the same plane (the torsion angle between plane€XN-C1
and C2-C1-0 is only 2.6), and one of the bonds between
06 and C1 is a 2pbond, as shown in Figure 9a). When the
amino group is lost, the resulting LEO at C2 will tend to become
parallel with the two 2p orbitals and increase the conjugation
with C1—-06, as illustrated in Figure 9b.

If this reorientation occurs with the remaining hb’s intact, it
must take place by torsion about the-®1 and the O+C3
bonds and rotation about the ©81 bond. The spconfigu-
ration of C3 will by this be preserved and thereby also the angles
between C2 and the protons H2 and H3. This constraint is thus

is located at one of the carbon atoms C2 or C3.

The exchangeable proton responsible for the hfc coupling
#6 must be one of the amino protons, but the coupling tensor
does not, at first look, give an answer if this igaor y-type
hfc. Also, the nitrogen hfc tensor #5 does not directly indi-
cate the localization of the LEO. However, knowledge of the
relative signs of thé““N hyperfine and quadrupolar tensors,
combined with an estimate of the absolute sign of the quadru-
polar tensor, yields the sign of th#N hfc tensor, which in turn
tells if it is an a- or B-type tensor. This will be done below
(section 4.3).

Regardless of the localization of the LEO, the spin density
at the central atom can be calculated from tensor #4. Using
the McConnell relatiol with QF, = —73.4 MHz5 the
isotropic valueas, = —51.0 MHz givesp;, = 0.695. The
McConnell relation is valid only if the C atom has rehybridized
to a planar spconfigurationt® The Gordy-Bernhard method
gives,of,ip = 0.793 from the dipolar tensor, which is 14% larger
than pi5,. This indicates that the configuration of the central
atom deviates from pure 3pybridization and thapyg, is the
better estimate for the LEO spin density.

Firstly, assume that the LEO is located at C2. In addition to
the hfc tensors #4, #5, and #6, the FSE spectra show that at
least one more coupling, almost undetectable in ENDOR, must
be present. If it is just one significant coupling, this interaction
must have tensor elements close to those of tensor #7 in Table
2, which is af-type coupling to a nonexchangeable proton.
Tensor #7 hasas, = 25 MHz, a value, however, with
considerable uncertainty. With a spin densitypdf= 0.793,
the Helle-McConnell relatiof® gives a dihedral angle df =
68.1° with By = +14.0 MHz andB, = 126 MHz!® (For the
present discussion, nonplanarity of the radical center is not
taken into account for the discussion of prot8rcoupling
interactions.) If the LEO is localized on C2, the #7 coupling

used to determine the choice of signs of eigenvector componentamust be a coupling with either H3 or H2. The difference

for the three hfc tensors involved (Table 1). In Table 5 the
resulting angles are shown, together with those calculated from
crystallographic data. The experimental angles are calculated
on the basis that C2 exhibits a perfect spnfiguration with
0C3—C2—H4 = 12C°. It should be noted that these results
predict a fairly large reorientation of a part of the SP molecule
upon radical formation. The new and the old-€23 bond
directions differ by 52.8 whereas the new and the old €2

C1 bond directions differ by 3621

between the dihedral angles of these two protons iS.1Zgom

the direction of the LEO, assumed to be parallel to the
eigenvector for the intermediate principal value of tensor #4, it
is found that the dihedral angles of H2 and H3 (using the
crystallographic bond directions) are 1.8nd 129.0 (51.0°).

A S-coupling with dihedral angle close to® @vould give a
large coupling which easily should be observed in the FSE
spectra. The failure to do so argues against the LEO being
localized on C2.
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Figure 10. C2—C3-01 fragment inL-O-serine phosphate single
crystals as seen along the €31 bond. (a) The projection of the lone
pairs (1p, straight arrows) at O1 into the plane of the paper, together
with the vectorn, the normal to the plane spanned by-€23—01,

and the C3-H2 and C3-H3 bonds before radical formation. (b) The
same situation in radicdl with H2 removed and replaced by LEO
rotated into its stable orientation.

Figure 11. Geometry around the nitrogen atom.k®O-serine phosphate
with the reference coordinate systery(z) and the definition of the
anglese, 6, andn used for the discussion of quadrupolar couplings in
radicalll .

pair (Ip) orbitals at the neighboring oxygen atom which interact
with the LEO by electrostatic repulsion. In Figure 10a the
If the LEO is localized at C3, the LEO direction from tensor situation in SP as seen along the-G31 bond is illustrated.
#4 and the crystallographic data show that the dihedral angle One of the Ip’s of O1 is oriented between the perpendicular to
of H4 is 59.7, which is in reasonable agreement with the the C2-C3—01 plane and the broken-€¢4 bond and thereby
calculated value, 681 for tensor #7. The FSE spectra also prohibits the LEO from attaining the 3gonfiguration. The
show that the maximum value of this coupling occurs close to result is a pyramidal structure as visualized in Figure 10b, which
the a-axis. The H4-C3 direction is only 21 from this axis. is the situation in radicdl . This argument is valid only if it
The eigenvector of the intermediate principal value of tensor is the H2-C3 bond that breaks upon radical formation. This
#4 defines the direction of the LE® . The angle between this ~ appears to be so from the following argument.
direction and the direction perpendicular to the plane defined Radicalll is the result of removing one of the H atoms
by C2-C3—-01 is 19.8. If the configuration of C3 was pure  bonded to C3. It is assumed that the LEO is closest to the
s, these two directions should have been parallel. If the LEO direction of the G-H bond from which it originates. The H2
is localized at C3, the radical must have been formed upon C3 bond direction and the LEO form an angle of 200hile
abstraction of either H2 or H3. It is assumed that when the the corresponding angle between the LEO and thel€3bond
C—H bond is broken, the initially sghybridized C3 atom will  direction is 44.4. It therefore seems reasonable that radical
try to attain an spconfiguration by rotation of the LEO in the s formed by the net loss of H2 from SP.
plane defined by H2C3—H3. This is consistent with the fact 4.3. Thel¥N Hyperfine and Quadrupolar Coupling. The

that the LEO and the eigenvector of the smallest principal 1o nesDailey approximatiof? yields a method to estimate
value of tensor #4 are both almost in this plane (the angles the quadrupolar tensor. For the nitrogen atom, only the 2p

with th‘? perpendicular to the pla_ne are 83.8nd 87.8, 2py, and 2p orbitals are to be considered in the Town&siley
respectively). Upon further discussion it is assumed and con- approximation. With a basis as shown in Figure 11{t&er
firmed that the LEO is localized at C3 and that raditaxhibits et al23 (Sprneset al® have called attention to some errors

the structure in ref 23, which are corrected in eq 2) defined the bonding
orbitals of the nitrogen atom and thereby the tensor elements

+

H; to be
HsOs  HgN-Hg H,0,
) | €0 P P
c—C—C—0—P=0 =~ 4 [-1/2si —1/2si
AR ] 2 Q= " a1 — ppcdl “e
Os Hy Hs 0; B3 sirt & — 1)0,5 + 1/2 sirf y(3 cog (e/2)
Radical 11

Sinf 57 = 1)(0y7 + 01g)]

It seems clear that C3 does not exhibit a puré @mfigu- 2

. . o . _ eQ i?
ration. Thus, the radical center is slightly pyramidal and the Qy= — m@‘o[—l/2 sirf oo —
LEO exhibits a small 2s orbital character. Incomplete rehy- 0
bridization is not unusual in carbon-centered radicals with
oxygen atoms as nearest neighbors. Dobbsl.162° have 2
observed this in oxy-substituted alkyl radicals and have re- Q = __ €
ported smaller than expected numerical values for isotropic 4req2l(21 — 1)h

values fora-couplings. This was explained by a 2s orbital 1)0,s — 1/2 sirf y(co(e/2) coé 5 + 1)(0,7 + Oue)]
contribution to the LEO because of the deviation from planar He A He

1/2 sirf Boye + 112 sirf y(3 sirf (e/2) — 1)(047 + Opg)]

ay[sin® oo — 1/2 sirf f(cos o +

hybridization. The same radical structure as that suggested for (2)
radicalll observed in this work was observed by Sgreeal.? e2Q 2

in AES. =——F—""<——3,[—3/4sirf y sin

" Q=" @ — pnodl v sing

Worth and Richardd have explained this effect b initio

molecular-orbital calculations with the presence of the lone- sin€(oy; — o)
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eZQ ] yieldson7 = b —0.067 antrg = b + 0.062. (TheQ,y andQy,
Q.= _mao[_3/4 sirf y cosy elements of eq 4 give different answers for the difference
0 ) betweernoy; andopg: —0.089 and—-0.1743. The mean value
sine(0; — 0] is used in this work.) These differences are both small and
0 indeed possible, considering the variations in bond lengths and
_ € . : _ hydrogen bonding. The diagonal elements of eq 4 give an
Qo= e 2121 — 1)ha°[3/4 sw?ﬁ Sin 20,46 estimate for the differences in electron population in theNC

bonding orbital. Withoc = @, the results ara — b = —0.276
for Qu, @ — b= —0.236 forQ,y, a — b = —0.256 forQ,, and
the mean ia — b = —0.256.

The result thab is greater tham is explained by taking into
account that the electron distribution in a bond depends on the
electronegativity of the different atoms constituting this b&nd.
The electronegativity is for N 3.0, for C 2.5, and for H 271.
This results in the carbon atom taking more of the electrons in

cosf + 1) the C=N bond than the protons in the-HN bonds, and thus
tafo = — ————% the electron populations in the bonding orbitals of N to H

3/4 sirf y sin 27 cog(e/2)(01y; + 0]

where ok denotes the valence orbital coefficient (electron
population) in the bonding molecular orbital modeling ke
bond (assuming a RHF model), the anglg$, andy are defined

in Figure 11, and the angles, 3, and y are obtained by
orthogonality requirements to be

cosy cosd become greater than that in the orbital of N to C. This confirms
cosy the sign of the quadrupolar tensor used in Table 2. Furthermore,
tarf § = — 050 + 17) Coso 3) this confirms the positive isotropic value of the nitrogen hfc
g and consequently the localization of the LEO to C3.
cosd The dihedral angle of the N atom with respect to the direction
tarf y = — of the LEO is found to béy = 42.1°, using the crystallographic

cos + 1) cosy 0052(6/2) data combined with the experimental direction of the LEO. In

The factor—[€2Q/4me21 (21 — 1)h)]ag has a value between5.0 the same way as for the HelleMcConnell relation for
and—4.0 MHz24 In this work —4.5 MHz has been used. B-protons (eq 1 above) this value should be associated with the
In a perfectly tetrahedral amino groupand ¢ are 109.47 nitrogen isotropic value ofi, = 15.89 MHz. While the
andy is 125.26. Equation 2 then gives an axially symmetric ~constants3, andB, are well-known fors-protons, they are far
quadrupolar tensor which only depends on differences in the 1SS known fog3-nitrogen couplings, although some theoretical
electron populations of the bonding orbitals at the nitrogen atom. €stimates using INDO calculations have been done by Glbse
However, deviation from tetrahedral structure will also make al.?* The corresponding values observed in an equivalent radical
actual populations significant variables and axial symmetry may in AESis Oy’ = 10.5’, aisg = 26.3 MHz, ando'ajp = 0.765. If
disappear. amodel as simple &, = By cog 0p™ is used, the two systems
Sgmest al have observed an axially symmetric quadrupolar 9ive the constants, = 36.4 MHz andB,’ = 35.6 MHz. Ifa
coupling for the nitrogen atom of the amino group in AES. The constanBoo™ is added to the model, as in the HetidvicConnell
asymmetry parametep was only 0.095. (The asymmetry relation (eq 1), the two systems together gBe= 1.0 MHz
parameter is defined by McDowell and N&f@s Qaa — Qob)/ andB; = 34.5 MHz. Due to the nonplanar nature of the radical
Qcc With |Qaal = |Qusl = |Qed.) In the present work, Table 2 center, a first-order term is expectédo contribute in the
shows thaty = 0.379, far too large to categorize the quadrupolar €xpression, which then will take the form
tensor as axially symmetric. In glycine Deigeh al2% have _ox
found a quadrupolar tensor for the amino group with an even 8so = P (By + B, cOSO + B, cos 0) ®)
larger asymmetry. Several reasons for this behavior may beThe present data combined with those for Akfeld only two
suggested and tested. One possibility is that the amino groupparameters of this equation. SinBgis expected to be small,
has rehybridized to $pupon deprotonation. A deprotonation it is arbitrarily set to zero. The calculations then yield estimated
can also occur without any rehybridization since the hydrogen values of the constan®; = 2.6 MHz andB, = 32.9 MHz.
bonding in the amino group could conserve thé mfigura- The dipolar tensor of th&N coupling (2.06-0.27,—1.82)
tion. In both cases a lone-pair orbital is formed which will be  MHz deviates from axial symmetry with an asymmetry param-
the dominating direction and remove the axial symmetry of the eter of;; = 0.752. In addition, the directions of the €8I
quadrupolar tensor. Both models have been tested withouthond and the eigenvector for the largest principal value of the
obtaining convincing agreement with the experimental data. 14N hfc tensor deviate by 21°8 The explanation must be that
Another possible reason for the nonaxial symmetry of the the dipolar coupling to an N atom as a part of an amino group
quadrupolar tensor is a deviation from tetrahedral configuration cannot necessarily be compared with the dipolar coupling to
of the amino group by differences in the electronic populations an H atom. This is illustrated by the following attempt to
of three H-N bonds. If the quadrupolar tensor is rotated to a reconstruct the dipolar coupling tensor.
basis as shown in Figure 11, the following result is obtained: e spin at C3 contributes to an axially symmeffitype
tensor with principal elements (0.620.31,—0.31) MHz. This
—0.469 —0.174 0.00 is calculated from the LEO spin density of 0.793, using the

P=1-0.174 —0.390 —0.240 (4) point-dipole model for protofi-couplings suggested by Zeldes
0.004 —0.240 0.85 et al®® and scaled with a factor 0.87according to the ratio of
This tensor has an asymmetry parameter of onkg 0.092. the nucleag-factors of N and H.

With values ofe, ¢, andy corresponding to a perfect tetrahedral The spin localized in the 2p orbitals of the nitrogen will also
structure, eq 2 shows that the nondiagonal elements of thecontribute to the dipolar tensor. The spin density in these 2p
quadrupolar tensor only depend on differences in the electronorbitals is calculated as follows. From the isotropic value 15.89
population of the H-N bonds. With a value ofiys = b in eq MHz the nitrogen 2s population is obtained by scaling with the
2, the expression for the nondiagonal element$oh eq 4 constant 1811 MHZ and becomes 0.008 77. The s/p ratios
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for the valence orbitals are obtained from the model Gt&weer tensor #8 the corresponding angle with-32 is 56.F. If

et al. (eq 2) and give 2p spin densities of 0.0332 for the-GR2 minimum reorientation of the molecule upon radical formation
bond and 0.0250, 0.0265, and 0.0265 for the-#E H7—N, is assumed, tensor #8 must represent the interaction with H2,
and H8-N bonds, respectively. With unit spin density in a 2p while tensor #9 represents the interaction with H3.

orbital the dipolar tensor is (95.6;47.8,—47.8) MHZ2 with

the symmetry axis along the 2p orbital direction. In the H;
laboratory frame of reference, the complete dipolar tensor H.O H=N-H H
composed of all nitrogen 2p orbital contributions above then 3 5\ 8 ' 6 2
becomes
C,—C,—C;,
0.164 0.730 0.26 // | \
0.730 —0.004  0.05 (6) Os H, H,
0.267 0.055 -0.165 Radical III

Taken together with the contribution from the carbon atom this
gives a diagonalized dipolar tensor with principal values of
(1.36,—0.41,—0.95) MHz. This tensor has principal values

about half of those for the experimental ones. Furthermore,

the eigenvector of the largest value deviates from the observed . L o '
direction by 30. dipolar tensor, which is close tpy, and confirms the $p

However, by varying the spin densities in the-N bonds configuration. Using the experimental direction for the LEO
it is found’ that with 0.0175. 0.0186. and 0.0106 asl 2p and crystallographic data for the coordinates of H4, the dihedral

contributions in the H&N, H7—N, and H8-N bonds a dipolar ~ andle of H4 isf = 33.5. By the Heller-McConnell relation
tensor of (2.61—0.66, —1.95) MHz is obtained, with eigen- (€4 1) withp™ =0.690,Bo = 0, B, = 126 MHz, and) = 33.5
vectors which deviated from the observed ones by only,1.6 &N ex_pected isotropic value of 7_3.0_ MHz_ is calculated for the
1.8, and 3.2, respectively. This shows that small variations coupling to H4. The expecteq principal @po!ar tensor elgments
in the 2p spin densities induced by the environment can give a 2'® (3%3'3’_6'6’ —6.6) MHz using the point-dipole approxima-
dipolar tensor which reproduces that observed. tion.30 If the extra _coupllng, missing in the ENI_Z)OR spectra
4.4. Radical Ill. From the FSE experiments, two of the but clearly present in the FSE spectra, is a coupling to a proton,

ENDOR determined hfc tensors were associated with radical it Should be 71.4 MHz for thé-axis orientation, which fits

Il . Both couplings are due to nonexchangeable protons of the Micely with the above calculations for the expecgedoupling
a-type. In addition the FSE spectra reveal that at least one moret© H4- On the other hand, the dihedral angle of N is 84a8d
coupling contributes to the resonance. The mwoouplings 27 Significant coupling to this atom is not expected. This
are similar and of a magnitude such that the responsible protond©2ds to the conclusion that the missing coupling in the FSE

both must be bonded to the same carbon atom. It is conse-SPectra from radicall is af-coupling to H4.  Itis interesting
quently assumed that the LEO is localized at C3. that also in radicall the §-coupling to H4 was difficult to

Radicallll is suggested to be the result of scission of either observe by ENDOR. This probably reflects particularly favor-

the C3-O1 bond or the C2C3 bond. This will, in both cases, ~ 2PIe relaxation properties due to a particular environment of
lead to rehybridization at C3 from an®dp an sp configuration. S nucleus, which may be probed by studies at lower
The LEO will be perpendicular to the plane defined by the sp €mperature.
hybrid orbitals. The eigenvectors for the intermediate principal
values of the twao-tensors, which represent the direction of
the LEO, deviate only 3°3rom each other. This confirms that All three radicals are localized at the serine part of SP, and
the two protons are bonded to the same atom. In the following the equivalent species have been observed in irradiated single
discussion, the eigenvector for the intermediate principal value crystals of serin€1° This indicates that the phosphate group
of tensor #8 is taken to denote the direction of the LEO. in SP does not significantly affect the radiation chemistry of
As mentioned above, radicdll may be formed by the  serine. This must be ascribed to the presence of the carboxyl
scission of either the C2C3 bond or the C301 bond. In the group which apparently acts as an effective electron, as well as
case of breakage of the €Z3 bond, the angle between LEO hole, scavenger. The formation mechanisms of the correspond-
and C3-01 should be close to 90f the geometry of the C3 ing radicals in serine have been thoroughly investig&f€éand
O—PG; H fragment is preserved. However, this angle (which there are no experimental indications that the mechanisms are
depends upon the signs of the eigenvectors used) can not baot essentially the same in SP. Thus, the radicals observed

From the radical structure, couplings to the amino group and
to H4 are expected. The McConnell relation and the isotropic
value of hfc tensor #8 give a spin density at C3@f = 0.690.
The Gordy-Bernhard method gives pg, = 0.672 from the

5. Mechanistic Aspects

smaller than 1224 On the other hand, breakage of the-G31 in the present work are suggested to be formed as outlined
bond gives the corresponding angle between the LEO and thebelow.
C2—-C3 bond as small as 96.3 The eigenvectors for the 5.1. Radical I. A radical with structure equivalent to that

smallest principal values of the-tensors are expected to be of radicall in SP was found in serine by Lebedev and Almanov
along the directions of the -€H bonds. From this, the angle at 300 K? This was later conformed by Castleman and
between the €H direction of tensor #8 and the crystallographic Moulton1® These authors used temperature variation experi-
C3—C2 bond direction is 124% the corresponding angle for ments to show that this radical is a secondary product of
tensor #9 is 119% and finally, the angle between the twe-€&l the primary reduction species. On the basis of this, the
directions given by #8 and #9 is 118.7The sum of these three  formation mechanism of radichlis suggested to be as shown
angles is 359.9 which confirms the spconfiguration at C3. in Figure 12.

These considerations all lead to the conclusion that radical 5.2. Radical Il. A radical of structure equivalent to radical
Il is a result of the cleavage of the €®1 bond. The angle 1l in SP was observed in serine by Castleman and Modfon.
between the eigenvector of the smallest principal value of tensorin serine this species is believed to be formed both as a
#9 and the crystallographic €H3 direction is 17.3, and for secondary product of the equivalent of radicalvhich decays
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Figure 14. Proposed mechanism of formation of radidal.
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Figure 12. Proposed mechanism of formation of radital

HO NH; H HO

\ |2 | irradiation and observation at 77 K. Thus, this eventually
/C— C-C-0—-P=0 formed phosphoranyl radical must be unstable and must decay
O/ ||—| |i| ('7 prior to observation at 77 K by phosphate elimination. Ac-
cording to this model, a formation mechanism as that shown in
l*hV Figure 14 is suggested. This model should be tested by low-
+ temperature experiments.
HO NHg H HO
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