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ABBREVIATIONS *

acac acetylacetonate

ADP adenosine diphosphate

ag agueous

ATP adenosine triphosphate

CoA coenzyme A

CPK Corey—Pauling—Koltun

DNA deoxyribonucleic acid

DFPPH 2,2-diphenyi-1-picrythydrazyl
DTBN di-(tert-butyl)nitroxyl

en ethylenediamine

EPR electron paramagnetic resonance
hfac hexafluoroacetylacetonate
hipip high potential iron protein
MISP model iron sulfur protein
porph porphyrin

tfac trifluoroacetylacetonate
tRNA transfer ribonucleic acid
VBiz vitamin B-12 reduced form

A. INTRODUCTION

The electron paramagnetic resonance (EPR) spectrum of a nitroxyi radical
{spin label) attached to biological macromolecules serves as a probe of the struc-
ture and dynamics of the biological molecule. For example, such probes are being
used to study allosteric interactions in proteins, and molecular dynamics and
organization in membranes {1—20]. In most such applications, the spin label
is the only paramagnetic species present, and interpretation of the lineshape
can be made in terms of the orientation and motion of the spin label [1—20].
In application of the nitroxyl spin label technique to bioclogical systems which
contain a paramagnetic metal, interaction of the nitroxyl unpaired electron
with the metal unpaired electron{s) can contribute to the lineshape of the
nitroxyl EPR spectrum [5,6,20—23].

Transition metal—nitroxyl radical species also provide a means to study
interactions between non-equivalent unpaired electrons, i.e., electrons with
different g values, coupling constants and/or relaxation times. Thus the com-
pounds surveyed in this review are potentially of interest to specialists in bio-
chemistry, inorganic chemistry and magnetic resonance. An attempt has been
made in this review to pull together cbservations from a wide variety of
sources published through July 1977 {with a few later papers added after the

* Nitroxyl, nitroxide, spin label, or spin probe are used in various contexts to denote a
free radical species containing the ”N--0 moiety.
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basic review was written) which relate to the problem of interpreting the EPR
spectrum of a nitroxyl radical (or other organic free radical) in the presence
of a paramagnetic transition metal. .

The review includes some studies involving systems containing both a
nitroxyl radical and a paramagnetic metal even though the original paper did
not discuss metal-—nitroxyl interactions. Thus an attempt has been made to
cover the literature of metal—nitroxyl interactions thoroughly. However, in
spite of systematic searches using Chemical Abstracts and Science Citation
Index, many important papers were located serendipitously, so thoroughness
surely has eluded us.

There is a large literature on EPR lineshapes and relaxation phenomena
which is certainly relevant to the topic of metal-nitroxyl interactions, but
coverage of that literature is beyond the scope of this review.

The theoretical analysis of lineshapes and relaxation times in systems com-
posed of interacting nonequivalent paramagnetic centers is in its infancy.
There are few theoretical predictions with which the experimental data can be
compared. The dipolar interaction model of Leigh [21,22] has been used
extensively in the biochemical literature and will be mentioned frequently in
this review. Smith and Pilbrow [24] recently reviewed the status of the theory
of EPR spectra of interacting dissimilar transition metal ions, and Buettner
and Coffman [25] have treated in some detail the interaction between Co(II)
and a free radical in a coenzyme B-12—enzyme reaction. However, treatments
of this type have not been applied to metal—nitroxyl interactions. Because of
the lack of essential quantitative EPR spectra, the experimental results pre-
sented in many papers are in as rudimentary a stage of development as the
theoretical interpretation.

The first spin label experiments, reported by Ohnishi and McConnell in
1965, used the cation radical of chloropromazine to probe the intercalation
of aromatic molecules in DNA [26]. Subsequent reports used nitroxyl radi-
cals, which were more stable than chloropromazine and had simpler, more
easily interpretable EPR spectra [1]. Rozantsev and co-workers had shown
that standard organic functional group reactions can be effected in molecules
containing nitroxyl radicals without destroying the nitroxyl radical [27]}. This
observation has led to the development of a wide range of nitroxyl radicals
bearing functional groups that facilitate selective covalent labeling of specific
locations in biomolecules [2~5,7,9,10,16,19,20,28—33]. A large number of
nitroxyl-containing analogs of steroids, fatty acids and phospholipids have
been prepared and used to study molecular association and motion in mem-
branes and model membrane systems [13-—19]. The information on molecular
motion and orientation which can be obtained from the lineshape of the
nitroxyl EPR spectrum has been discussed in detail [1,2,6,16,19,20,34—36}.

In the following survey of the literature, spin-labeled heme proteins will be
discussed first, followed by other classes of biological macromolecules. The
numerous examples of the interpretation of Mn(II)—mnitroxyl interactions in
spin-labeled enzymes using Leigh’s formula [21,22] are treated as a unit,
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followed by similar studies involving other metals. The more “inorganic®”
studies involving discrete transition metal complexes containing nitroxyl radi-
cals and studies of collisions between paramagnetic metals and nitroxyl radi-
cals are given separate treatment. Finally, a few papers are surveyed in which
paramagnetic transition metals interact with radicals other than nitroxyl radi-
cals.

B. SPIN-LABELED HEME PROTEINS
fi} Hemoglobin

Most spin label studies of hemoglobin have involved attachment of a nitro-
¥yl radical to the $-93 sulfhydryl group or to the reactive sites on the peri-
phery of the porphyrin ring of the heme group. The first published suggestion
that there could be ohservable interaction between a nitroxyl spin label and a
paramagnetic transition metal in a spin-labeled molecule was made by Symons
in the discussion of a paper by McConnell and Boeyens [37]. At that time no
interaction had been detected [37], but a search was instituted [38]. Subse-
quently a large number of papers reported changes in the nitroxyl EPR spec-
trum upon changing the oxidation state and/or spin state of the iron in spin-
labeled hemoglobin, and attributed the changes entirely to allosteric effects.
Many of the papers did not mention the possibility of metal-—nitroxyl! inter-
action. Ogawa and McConnell [39] concluded that the spin label spectral
changes did not result from spin—spin interactions between the iron and the
nitroxyl because {a) there was no evidence of significant line broadening in
deoxyhemoglobin, and (b) the nitroxyl EPR spectrum was unchanged when
the oxyhemoglobin {iron spin S = 0) was converted to methemoglobin azide
or cyanide (S = 1/2). It was argued that the relaxation times of the iron atoms
in these molecules “must be so different” from those in deoxyhemoglobin as to
make a spin—spin interaction model inconsistent with the observed spectra
[39]. They concluded that the spin label was more than 15—20 A away from
the iron, but did not indicate how this estimate was obtained. Later workers
used the low spin cyano heme complex as a “diamagnetic control” [40].

Likhtenshtein and coworkers described lineshape changes in spin-labeled
hemoglobin upon changes in the oxidation state and spin state of the iron
[41—43]. They concluded that the lineshape changes were not due to iron—
nitroxyl spin—spin interactions “since the effects do not correlate with the
number of unpaired iron electrons’™ [41,43]. When they labeled hemoglobin
with both a nitroxyl radical and a copper complex the nitroxyl EPR spectrum
was decreased in amplitude and broadened [42]. Comparison of the EPR spec-
tra of doubly labeled hemoglobin in solution and in a solid matrix with EPR
spectra of frozen solutions of mixtures of the nitroxyl radicals and the copper
complexes led to the conclusion that the lineshape changes were due io
exchange broadening upon collision of the nitroxyl with a copper complex
bound sufficiently close. Static dipole—dipole interaction was excluded {42]).
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The solid water—glycerine matrix studies were interpreted as indicating that
dipole——dipale and exchange interactions between the Cu{Il} and the nitroxyl
are not, observed at distances greater than 12—15 A [42]. Broadening of the
nitroxyl spectra was observed when various paramagnetic ions were added to
solutions containing spin-labeled hemoglobin, serum albumin or lysozyme.
The results were interpreted as indicating that the spin labels were located on
the protein surface {44].

In a series of papers beginning in 1969, Asakura and co-workers have demon-
strated interaction between heme iron and nitroxyl spin labels {40,45—52).
Chronoclogically, it is important at this point to note that Leigh’s dipolar
interpretation of manganese—nitroxyl interactions {discussed below) was
first published in 1969 [21] and influenced the post-1969 papers cited in this
survey. Leigh’s analysis of the effect of metal—nitroxy! interaction on the
nitroxyl EPR spectrum predicts that in a rigid lattice there will be orientation-
dependent line broadening proportional to p37r % where y, is the metal mag-
netic moment, 7 is the metal electron relaxation time and r is the distance
between the metal and nitroxyl electron spins. Leigh points out that in cer-
tain cases the effect is manifested as a decrease in nitroxyl EPR spectrum am-
plitude without apparent change in lineshape [21,22]. Pre-1969 papers did not
discuss explicitly the absolute amplitude of the spin label EPR signal. Asakura
and coworkers observed that when spin lahels were attached to the propionic
acid side chains of the heme group in hemoproteins, changes in the spin state
of the iron (in addition to conformational changes) caused changes in the
amplitude of the nitroxyl EPR spectrum [40,46,52]. Interpretation as dipolar
interaction effects in accordance with Leigh’s treatment [21,22]} resulted in
estimates of the distance between the iron and the nitroxyl of 12.5 A for
hemogliobin, 12.0 A for myoglobin, 9.0 A for horseradish peroxidase and
~14 A for cytochrome ¢ peroxidase. The details of the analysis involve an
estimate of 20° as the angle between the nitroxyl p, orbital and the nitroxyl—
iron vector, based on the shape of the nitroxyl EFR spectrum. Asakura et al.
did not present a physical model consistent with bott. the distance and angle
estimates, and none is obvious. Based on inspection of CPK molecular models
the estimate of ~12.5 A is reasonable for the iron—nitroxyl distance in the
spin-labeled heme which Asakura et al. used. The iron—nifroxyl distances in
hemoglobin were subsequently corrected to ~11.5—11.8 A with the difference
attributed to an impurity in the earlier study [ 50]. It is not clear, however,
how with the same spin-labeled heme the iron—nitroxyl distance in eytochrome
c peroxidase can he too large to show “significant interaction® — estimated
as 14 A, Asakura observed that the change in amplitude of the spin label EPR
signal was greater for the change from oxyhemoglobin (magnetic moment
# = ) to deoxyhemoglobin (g = 4.9 BM} than for the change from oxyhemo-
globin to acid methemoglobin {(u = 5.92 BM). Since the opposite would be
expected based on the magnetic moments according to Leigh’s treatment
[22] the effect was attributed to either a change in distance or in metal relaxa-
tion time [49]. Subsequently an estimate that the iron electron spin relaxa-
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tion time in non-spin-labeled deoxyhemogiobin was longer than that in methe-
moglobin provided consistent rationalization, using Leigh’s formula, for these
differences. Although Asakura used the iron EPR signals to estimnate the elec-
tron relaxation time for the iron in some hemogiobins [40,49], no mention
was made of the iron EPR signal in the spin-labeled hemoglobin. Similar spin
state dependent nitroxyl EPR spectral changes were observed when the spin-
labeled heme was studied free in solution instead of bound in hemoglobin
[50]). The tumbling rate estimated from the shape of the EPR spectrum was
~10° 5!, which is too fast to be consistent with the rigid-lattice assumptions
of Leigh's analysis [ 22,5Q]. Nevertheless, based on a personal communication
from Leigh it was assumed that the calculation would give the average distance
between the metal and the nitroxyl for systems moving in solution {50Q]. The
temperature dependence of the nitroxyl EPR spectra observed in this study
[50] possibly results in part from changes in intermolecular collision rates and
changes in modulation of spectral densities due to inframoelecular (conforma-
tional)} motions. Unfortunately integrated intensities of the EPR peaks were
not reported.

Although, as described above, clear evidence for iron—nitroxy! interaction
was observed for side-chain spin-labeled hemoglobin, no quantitative evidence
for interaction of iron with a spin label attached to the §-93 sulfhydryl group
was reported until 1972 [53]. Kokorin et al. ochserved that the ratio of the
sum of the heights of high- and low-field lines to the height of the center line
of the 3 line nitroxyl pattern at 77 K (d,/d) was greater for spin-labeled
methemoglobin than for spin-laheled oxyhemoglobin. Based on a correlation
between d,;/d and the concentration of I in glycerine—water at 77 K, the
values of d, /d for the spin-labeled hemogiobins were attributed to dipolar
interaction between the nitroxyl label and the iron [53].

HO Q'—o

i

Another study using this lineshape correlation multiplied the values of the
distances obtained by 0.7 to convert from the random distribution of radicals
inherent in the experimental correlation to isolated pairs of radicals [54].

Kulikov described a method for obtaining the heme iron—mnitroxy! distance
from the power saturation curve of the nitroxyl! radical. “Good agreement”
was found for iron—nitroxy! distances in spin-labeled hemoglobin calculated
by various methads, but significant uncertainty exists in measurement of
relaxation times and in methods of accaunting for angular dependence of the
interactions (551

Subsequently Kulikov and Likhtenshtein [56] provided additional details
on these results, Using four different spin labels good agreement on nitroxyl—
iron distances in the range ~14 to ~20 A was obtained using five methods of
estimating the distance. In addition to the lineshape parameter d, /d used in
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TABLE 1
Metal—nitroxyl distances estimated from changes in nitroxy! relaxation times {56}

Metal-containing species Metal—nitroxyl distance (&) Method *
Hemoglobin, with varicus spin labels I {=196 a
o 13.7T* 0.4 b
< 215.2 ¢

1 H ¥ - =13,
— s [alalrle] N=-O

~c ”Q ° q i 17.0%1.1 a
151 +1.2 b
o e 159+ 0.8 e
o wv{ 152%1.1 a
15.2+1.2 b
| N N-0O Cl—-Hg—@— =N NI O 165.2 £ 0.8 c
O v 16.561 20 a
< 15112 b
o v 15.8% 1.1 c
Myosin/spin label II/Mn3* 470+ 2 a
Myosin/spin-labeled ATP/Mn?* 42.0 a

*a, AT kb, AT, ); e, A(LIT,) X A{LT,)

{53), and the Leigh formula [22], three methods based on measuring changes
in T'; and T'; for the nitroxyl were used {see Table 1},

Kulikov and Likhtenshtein have emphasized the importance of relaxation
studies for investigation of metal—nitroxy! interactions [55-—571. For a nitro-
xyl, experimentally

1 1
< Tg ts
where 73, T3 are the relaxation times in the absence of metal, The authors
then assert that dipole—dipole interaction gives approximately identical incre-
ments Ay, A,

1 1

“ﬁzﬁ*'A: (2)
1_1
T, =78t ®

from which it is evident that T'; is more sensitive than 7. Consequently satura-
tion curves are more sensitive indicators of metal—nitroxyl interaction than
are nitroxyl line shapes {56,57]. It was found that the order of effectiveness

in changing T; of nitroxyl radicals was Ni** < Fe(CN)Z~ = Co?** < Mn?*. The
microwave intensity, H7, at which the amplitude of the EPR spectrum is
equal to one-half of the maximum amplitude, was used to characterize the
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effect of the metal on the nitroxyl. The HY value was noticeably changed at
mean Mn**--nitroxyl distances of 100 A, whereas the shape of the nitroxy}
EPR spectrum is not changed even at a mean Mn?*—nitroxyl distance which
results in an increase in HY by a factor of 10 [56].

Expressions for T, and T, considering the total Hamiltonian of the dipole—
dipole interaction in solid matrices were presented

E"l; z% + -‘16?%3[{1 — 3 cos?8)? 1';—(0—.,{‘_3“("33‘2?? "‘%Si“: 291_3-_'3?-2
980 s =+ A0 4)
’T’l;- = F]; + f‘g%f [2(1 — 3 cos*8)’r; + %sin’ 26 T_,—_—:-ﬁ—‘z-}-g
+ %(1 — 3 cos?8)? 1—%{2-@;)2?3 + % sin® 26 3¢ 2’1‘}
. g_ %6 0 :zw,-)zr%} (5)

where w is the nitroxyl resonance frequency, w); is the metal resonance fre-
quency, r is the distance between the spins, 8 is the angle between the

external field and the vector between the spins, u is the magnetic moment of
the metal, 7| is the metal longitudinal relaxation time and r; is the metal trans-
verse relaxation time. The superscript “0" denotes nitroxyl relaxation times

in the absence of metal. These formulas were stated to be valid if u?y*7?/r¢

<< 1, L.e., when the metal relaxation time is short {for short enough relaxa-
tion, r; = r; = 7). If the further condition that {w — w;}*1* >> 1 is met, inte-
gration over all angles yields

)
A_lzpw[ 4 24 12} (6)

T, 6r°7 (B{w —wn)? * Bl{w + )t * bt
1 _ 4 gy’
T:z 15 ?‘b (7)

from which it can also be seen that r can be calculated from the product
A(1/T) X A(1/T.) which does not depend on 7 [58]. It was pointed out that
the Leigh formula [22] differs from the first term of the expression for 1/T,
only by a numerical factor [56]. (In the above expressions some typographi-
cal errors in the original have been corrected.)

It was noted that when dipolar relaxation is dominant HY is more sensitive
than lineshape to the presence of the metal, but that in the case of spin-
labeled nitrogenase (Section C) the lineshape changed markedly while H}
increased relatively little. These observations contradict the assumption of
dominant dipolar interaction and require that exchange interactions be taken
into account [56]. However, Dr. J.H. Hyde has pointed out in a personal com-
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munication that it is important to recognize that this conclusion is valid only
for certain values of 1,. Hyde further recognized that exchange with a rapidly
relaxing metal {(short r,) is an effective “apparent” T, mechanism for the
nitroxide. Thus if 7, is short enough an observation that H} changes relatively
little is proof that exchange is insignificant.

The addition of Cu(il} to hemoglohin, spin-labeled at the 3-82 suifhydeyl
group, caused a decrease in the amplitude of the nitroxyl signal, which was
interpreted, using Leigh’s formula, as indicating a copper-nitroxide distance
of 13 A [58]. The observed broadening of the nitroxyl spectrum was attrib-
uted to conformational changes, not copper—nitroxyl interaction. Microwave
power saturation curves showed that T, for the nitroxyl decreased upon addi-
tion of Cu{Il) I58). Unfortunately, no information about the EPR spectrum
of the Cufll) was given in this paper. Prior work demonstrated that Cu(Il)
bound to hemoglobin exhibits well-resolved hyperfine structure interpreted as
interaction with four nitrogens [ 59]. It would appear that the Cu{IT} EPR
spectrum is potentially important to the interpretation of the copper—nitroxyl
interaction in this system.

A tecent paper by Artyukh et al. reported broadening of the high-field
(N, = 1} nitroxyl EPR line in spin-labeled hemoglobin {60}1. One ‘‘possibie”
explanation they suggested was spin—spin interaction with the iron of the
heme [60]. Preferential broadening of one line is not consistent with spin—
spin interaction. Unfortunately, this paper makes no rzference to prior work
in the area and does not provide sufficiently clear data to permit its use to am-
plify prior results at this time.

Finally it should be noted that many of the papers concerning spin-labeled
hemoglobin emphasized in the spectra selected for the figures the “isoshestic
peints' in the nitroxyl EPR. spectra. As Griffith has pointed out [49,61] these
“isosbestic” points are actually only points of equal slope in the absorption
curve, and cannot be used in the same way as isosbestic points in the absorp-
tion curve. Consequently many of the earlier papers on spin-labeled hemo-
globin need reinterpretation.

{if) Cytochrome

The studies of spin-labeled porphyrins by Asakura, Drott and co-workers
discussed in Section B(i}), also included cytochrome ¢ reconstituted with the
spin-labeled porphyrin {45]. It was concluded that the distance between the
iron and the nitroxyl was too large to permit observable dipole—dipole inter-
action hetween them. In this case both the iron and the nitroxyl resonances
were ohserved {45].

Two analogs of metyrapone, VI and VI, have been used as spin labels
which bind to the heme of cytochrome P-450 {62--64]. Griffin and co-workers
[62,63] ascertained that VI coordinates through its pyridine nitrogen to the
heme iron of cytochrome P-450. Addition of cytochrome P-450 to a solution
of 1abel VI substantially reduced the concentration of unbound label
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(K, = 4 X 10° M"!) and yielded a new, broad signal. Analysis using Leigh’s
formula yielded an estimate of 6.7 A as the distance between the iron and the
nitroxide. Some line broadening of the bound nitroxide relative to a reference
sample of nitroxide VI in glycerol was observed. Taking this broadening into
account increases the distance estimate to ~ 8.8 A [62,63]. The iron EPR
signal was ‘“‘quite complicated” but certain features were identified as a
resolved doublet due to splitting of the iron by the nitroxyl [62,68].

Nitroxyl VII was also judged to bind to the cytochrome P-450 via a pyri-
dine nitrogen [64]. Use of the Leigh formula yielded an estimate of 11+ 1 A
for the iron to nitroxy! distance. It was argued that exchange interactions
could be ignored at distances >8 A. The same type of analysis was used to
estimmate a distance of >8 A between nitroxide VII bound to cytochrome
P-450 and Fe{CN):™ added to the solution {measurements were made on
frozen solutions). In this case it was recognized that the condition, in Leigh’s
treatment, that 7wy’ >> 1 was not met. It was concluded that in this case
Leigh’s approach underestimates the dipolar coupling [64]. Ruf and
Nastainezyk also demonstrated that the spin labels bound to eytochrome
P-450 did not saturate as readily as free spin label and attributed the difference
to enhanced relaxation of the nitroxyl by interaction with iron. It is note-
worthy that the double integrail of the nitroxy! VII bound to cytochrome
P-450 was found to be smaller than the double integral of the free nitroxyl
[64] and the ratio of the amplitudes of the bound and free signals was 63 * 8%.
This result is potentially significant, since the area under the spectrum predicted
by Leigh’s analysis should remain constant.

Ruf and Nastainczyk [64]} also note, without details, that they found strong
iron—nitroxyl interaction when VIII was bound to the heme of cytochrome

o— :}N=C

um
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P-450, although Reichman * et al. [65] did not report any magnetic interac-
tion between this spin label and the ferric heme, Raikhman et al. applied the
broadening effect of Fe(CN);~ on spin labels to a study of cytochrome P-450
[66,67]. During this study visible spectral changes indicated a spin state
change for the iron in cytochrome P-450, but there was no comment on any
effect of the iron spin state on the spin label EPR spectrum [66,67].

A series of spin-labeled n-alkyl amines were bound to cytochrome P-450 in
a recent study by Pirwitz et al. {211]. The observed broadening of the nitroxyi
EPR spectrum for the shorter alkyl side chain spin labels was attributed to
dipole—dipole interactions between the nitroxy! and nearby heme iron [211].
Estimation of the distance between the iron and the nitroxyl was deferred to
a later paper.

C. SPIN-LABELED NON-HEME IRON PROTEINS

Sulfhydryl groups of a model iron—sulfur protein (MISP) were labeled with
nitroxy! radicals in order to determine whether the iron aloms were clustered
or dispersed [68]. The results were interpreted as indicatirg no interaction
between the nitroxyl radical and the high-spin Fe(III) atoms in the MISP, even
though the spin labels reacted with cysteine residues at the iron clusters.

Most of the spin labels on each molecule were close enough together to exhibit
exchange interactions yielding a single broad line, but 1 to 2 labels per mole-
cule did not interact, with other nitroxyis. These “non-interacting” nitroxyls
vielded a triplet signal which was broadened beyond detection {(note that it
was superimposed on the broad signal due to the other nitroxyls) when
Fe(CN):~ was added to the solution [68].

A closely related study was conducted on nitrogenase with a variety of spin
labels to probe the ATPase center and the iron-containing center [62]. The
EPR spectrum of V changed upon labeling nitrogenase. Analysis of changes in
lineshape and relaxation times did not fit an assumption of dipole—dipoie
interaction between the nitroxyl and the iron in nitrogenase. However, based
on comparison with model experiments, it was concluded that iron—nitroxyi
spin exchange interaction makes an appreciable contribution to the parameters
of the nitroxyl EPR spectrum [69]. A distance of 12—14 A between the iron
and the SH group of the ATPase center to which the spin label was bound was
estimated based on the assumption that exchange is manifested only when the
iron and the nitroxyl are within several A [69]. The label IX apparently bonded

el
3]
%

C
jr.8

* This author’s name is variously transliterated Reichman or Raikhman.
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to a cluster cf iron atoms at the ATPase center vielding a single 18G-wide line
consistent with exchange among a cluster of seven nitroxyls {69].

Spin-labeled derivatives of malonate have been used as the anion in ternary
Fe—transferrin—anion complexes, The EPR signal of the spin label in the com-
plex is “broadened beyond detectability . Addition of bicarbonate, which
binds more tightly, displaces the spin-labeled malonate. Calculation, using
Leigh’s equation, (8). indicated that the iron—nitroxyl distance in the complex
was about 11 A [195,196]).

D. SPIN-LABELED BIOMOLECULES CONTAINING Mn{il}

Taylor, Leigh and Cohn [21] observed that when Mn** and ADP were added
to creatine kinase which had been spin-iabeled with a nitroxy! radical, the am-
plitude of the nitroxyl radical EPR spectrum decreased without apparent
change in lineshape {21,22,70). A detailed treatment of the effect of Mn** on
the nitroxy! EPR spectrum was developed by Leigh [22] using Redfield theory
for the case of the nitroxyl and metal fixed in a rigid lattice with relaxation
times such that T, >71 > «jy! where T, is the spin—spin relaxation time, 7 is
assumed to be equal {o the spin—lattice relaxation time T of the metal inter-
acting with the nitroxyl and ), is the microwave frequency. The effect was
assumed to be due to the secular part of the dipolar interaction, with the
nitroxy! relaxation caused by the fluctuating magnetic field due to the dipole
of the unpaired electrons on the metal. The essential features of the resuit are
summarized in the expression for the linewidth of the nitroxyl radical 6/

SH = C(1 — 3 cos®0p) + 8H, (8)
C= (gB)uud 777 )

where 0}, is the angle between the applied magnetic field and the line joining the
two electron spins, £ is the electron g-factor, § is the Bohr magneton, u is the
magnetic moment, 7 is the metal relaxation time, r is the distance between the
electron spins, 8H,, is the nitroxyl linewidth in the absence of paramagnetic metals,
1 denotes nitroxyl and 2 denotes metal. Sample computed nitroxyl spectra for
various values of the above parameters were published {21,22). By comparing
observed spectra with computed spectra an estimate of distance between the
nitroxyl and the metal was obtained [21,22]. In creatine kinase the distance
between the Mn?* and the nitroxy! was estimated initially to be 7—10 A [21,71},
and later separate distances for the ternary complexes with ADP were estimated
as8A [22]and 7.5+ 1.5 A [72] and with ATPas 13A {22]and 11.5+ 0.6 A [72].
Apparently no significant impact of the nitroxy! spin on the Mn** EPR spec-
trum was observed since no mention of the Mn>* spectrum was made except
to note that the superimposed spectrum of the Mn?* was subtracted digitally
to obtain the nitroxyl spectrum [21,72]. It should be noted that in the cases
for which concentrations were published, the Mn?* is present in much higher
{~10-fold greater) concentration than the nitroxyl [21,72]. At a “saturating
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TABLE 2

Manganese(I!y—nitroxyl distances estimated using Leigh’s formula

System @ Distance {A) Reference
Creatine kinase/Mn®'/ATP 11.5% 0.6 21, 22, 71, 72b
Creatine kinase/Mn?*/ADP 75%1.5 21, 22, 71, 72
Myosin/Mn?*ATP >13—15 73
Phosphorylase b/Mn?* 16 74,75b, 76
Phosphofructickinase/MnZ* 12 77,78
Mitochondrial membrane/Mn?*JATP 1825 T9
Mitochondrial memhbrane/Mn?*/ATP ~20, >36 8Q

Myosin/Ni?* or Mn2*/with or without ADP >15 81

Myosin subfragment 1/Mn?*/ADP >20 52

ActinfMn®* - 83

tRNA/Mn2* <10—~25 84 ¢

ATP{Mn?* 1316 85

2 The biological macromalecule is spin-labeled. ® Value quoted is from .his reference.
¢ Did not use the Leigh formula,

concentration of Mn ADP”’ the amplitude of the nitroxyl EPR spectrum-
decreased about 95% [21}. The measured dissociation constants for the ter-
nary complexes are consistent with the conclusion that the major effect on the
nitroxyl EPR spectrum was due to Mn?* bound in the ternary Mn—ADP-spin-
labeled enzyme complex {72]. In another study double integration of the
nitroxyl spectrum showed an apparent loss of 20% of the spin in the presence
of a 77-fold excess of MnADP {72]. Spectra illustrating reduction in amplitude
of the nitroxyl EPR spectra of spin-labeled creatine kinase in ternary com-
plexes with CoADP and NiADP similar to but smaller than that caused by Mn
ADP were published [21,70] but not interpreted beyond a statement that the
value of C in egn. {8) “falls in the order Mn > Co > N1’ [21]. It seems unlikely
that the relaxation time for Ni** would be long enough to satisfy the assump-
tion that 7 > «Jj3'. How critical this assumption is cannot be ascertained with-
out further work, which is in progress.

Since the observed and calculated spectra for the Mn?* interaction with
spin-labeled creatine kinase were ‘“‘gratifyingly similar’ [21], the Leigh theory
was used to interpret other systems containing both a metal and a nitroxy}
radical. Indeed it has stimulated, and provided a framework for interpreting
a large number of investigations into metal—nitroxy!l distances in spin-labeled
biological molecules, and has also been applied to other metal—radical and
metal—metal interactions. The Mn(Il}—nitroxyl distances that have been cal-
culated using the Leigh formula are summarized in Table 2. Each paper is
briefly mentioned in the following paragraphs. References to Tables and
graphs useful for application of the Leigh formula are compiled in Table 3.

The nitroxy! EPR spectrum of spin-labeled myosin changes upon adding
ATP and the bivalent ions Mg?*, Ca?*, or Mn?* to form a ternary complex



220

TABLE 3
Tabulated data regarding the Leigh formula
Item Reference
1. Crleulated spectra for various values of € {denoted IJ in ref, 21} 21, 22
2, Calculated spectra for various values of &g, @ 22
4. Plot of relative amplitude vs. £/5H, 22
4. Plot of relative linewidth vs, C/§ g 22
5. Plot of MnZ"—nitroxyl distance, r, vs. relative amplitude of center
peak for various values of the correlation time, 7 72
6. Plot of relative amplitude vs. C 75
7. Plot of distance vs. relative amplitude of the center peak for various
valuesof T 79, 197

[73]. Mg?*, Ca*’ and Mn?* all have about the same effect on the nitroxyl
radical EPR spectrum [73]. Using the Leigh theory the magnitude of the spec-
tral changes indicated a lower limit of 13—15 A between the Mn?* and the
nitroxyl [ 73]. It is not obvious how to interpret these spectral changes, since
the spectra illustrated in the article and the tabulated parameters indicate
differerices between the spectra of the spin-labeled myosin samples prior to
adding the metal ions in each case. From the text of the paper it would seem
that these values should all be the same, Apparently the uncertainties in the
results of this paper are as large as some of the results, In a separate series of
experiments reported in this paper Fe(CN)3™ and {C,H;),Cr' were added to
solutions of the spin-labeled myosin and to solutions of various small nitroxyl
radicals [73]. The broadening observed was attributed to exchange relaxation
[[73]. The charged metal ion compiexes apparently were attracted to charged
sites near the spin label on the myosin, resulting in more effective broadening
of the bound spin label than of a neutral small nitroxy! radical in solution
[73]. Other papers dealing with collision broadening are surveyed in Section
H. It should be notfed that the possibility of charge-accentuated effects of
excess cations {e.g. Mn?*) in solution should be investigated in studies of the
type considered in this survey.

Cooke and Duke prepared a spin-labeled analog of ATP and observed that
the EPR spectrum of a 10 M solution decreased in amplitude and broadened
when the solution was also made 107° M in Mn?** [85]. Interpretation using the
Leigh theory provided an estimate of 13—16 A between the Mn** and the
nitroxyi, as expected for Mn?* bound {o the triphosphate moiety of ATP [85].
This agreement may be misleading. Two major assumptions of Leigh’s theory
are not met by Cooke and Duke’s system: {a) Leigh assumes a fixed angular
orientation of the metal and the nitroxyl, but the spectra presented are charac-
teristic of rapid isotropic tumbling, and (b) Leigh assumes 2 fixed distance
between the metal and the nitroxyl, but Cooke and Duke state that the dist-
ance batween the two spins is not a constant in the case of their nitroxyl—Mn?*
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complex. It is possible that at least part of the lineshape changes observed in
this case are due to exchange effects, as in the collision complex studies dis-

cussed in Section H, rather than purely dipolar effects as assumed by Leigh’s
theory.

Dwek and co-workers studied spin-labeled phosphorylase & in the presence
of Mn?*, which had been shown to bind specifically to phosphorylase b [74—
76,86]. Addition of a 10-fold molar ratio of Mn®* to the spin-labeled enzyme
led to an 18% reduction in the amplitude of the nitroxyl EPR signal [{74,75].
Using Leigh’s theory a distance of 16 A [75] between the Mn?* and the nitro-
xyl was estimated. These authors recognized that the Leigh theory assumed a
rigid lattice but that the nitroxyl in their system was reorienting rather rapidly
{7 = 3 X 10°® s). They concluded that although “‘the validity of such a calcula-
fion is difficult to assess”, the value calculated for the metal-nitroxy} distance
“will be an upper limit” {75,76]. They also reported that the EPR spectrum
has a broad background due to Mn** superimposed on the nitroxyl spectrum
[75], but did not interpret the Mn?** EPR spectrum.

Dwek and co-workers also observed interactions between Mn?* and the
nitroxyl in spin-labeled phosphofructokinase {77,781. From the decrease in
amplitude of the nitroxyl EPR spectruim a metal-—nitroxyl distance of 12 A
was estimated using Leigh’s theory [77,78]. The rapid motion of the nitroxyl
radical {7 = 5 X 107% s) was stated to decrease the dipolar interactions leading
to an overestimate of the metal—nitroxy! distance {78}]. However, since there
are two MnATP binding sites and interaction with only one Mn{Il) was assurmned
in the calculation, the mean distance to the two Mn(1l) sites may be greater
than 12 A [78). Since the measurements were made in the presence of excess
Mn?*, the effect of MnATP in solution on the amplitude of the EPR signal of
free and bound nitroxyl was investigated and concluded to be small {78].
However, the details of the data presented indicate that the effect described
as “small” may be greater than 10%.

MnATP also interacts with nitroxyl spin label bound to mitochondrial mem-
brane fragments, causing a decrease of 30% in the amplitude of the nitroxyl
EPR spectrum, which correspeonds to a Mn**—-nitroxyl distance of 18—25 A,
according to the Leigh theory [79]. The major uncertainty cited was a need to
guess the electron spin relaxation time for Mn?* in the membrane {79]. A
broad signal due to the large excess of Mn?** present was subtracted.

Ether extraction of buffered aqueocus solutions of mitochondrial membrane
fragments to which MnATP was bound increased the distance between the
nitroxyl and the MhnATP from about 20 A to more than 35 A, as estimated
from the Leigh theory [BO].

Sleigh and Burley spin-labeled actin with succinyl{N-imidazole]-[N-(4-amino-
1-0xy-2,2,6,6-tetramethylpiperidine)} and with N-(1-oxy-2,2,6,6-tetramethy!-
4-piperidinyl)maleimide [87,88]. When F-actin was spin-labeled with the
succinyl reagent and converted to G-actin, addition of Mn?" caused a 20%
reduction in the amplitude of the nitroxyl EPR signal. Use of the Leigh equa-
tion suggested that the Mn?* and nitroxyl “are a considerable distance apart”
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[87]. They expressed doubt about the applicability of the Leigh equation to a
system involving a relatively mobile label [87]. Sleigh and Burley observed a
decrease of about 50% in the amplitude of the nitroxyl! EPR spectrum of actin
spin-labeled using the maleimide reagent with no observable change in line-
shape when coordinated Mg?* or Ca* was replaced by Mn?**. Depending on the
electron relaxation time assumed for Mn**, the Leigh theory yields Mn?**—
nitroxyl distances of 16—23 A [88).

The Leigh theory was used to place an upper limit of 18 A on the distance
between Mn?* and the nitroxyl radical of spin-labeled adenylate kinase in the
presence of MnATP {89]. It was reported that Mn*" had no effect on the
nitroxyl EPR spectrum in the absence of ATP [89].

As part of the study of spin-labeled nitrogenase discussed in Section C,
Mn?* was added [69]. The line shape parameter 4,/d was unchanged, but the
nitroxyl relaxation time was greatly influenced [69]. Based on a calibration
curve obtained from model experiments it was estimated that the Mn?** binds
to nitrogenase ~50 A away from the spin label [69].

Addition of Ni?* or Mn?*"* to spin-labeled myosin did not change the nitroxy!
EPR spectra, so it was concluded that the metal binding site was >>15 & from
the nitroxyl radical {81].

Mpyosin-dependent changes in the interaction between Mn?* and a nitroxyl
spin label, as evidenced by nitroxyl EPR ampiitude changes, were used to moni-
tor conformational changes in actin {83]. In the same system, when the nitro-
xyl and Mn?®* were bound to the myosin rather than the actin, no interaction
between the Mn?* and the nitroxyl was observed, leading to the conclusion
that in myosin subfragment 1 the Mn?*—nitroxy! distance is at least 20 A
[82].

Additional results for myosin are given in Table 1 {56].

Conformational transitions were observed in spin-labeled tRNA as increas-
ing numbers of Mn?* ions coordinated to the tRNA [84}. The initial Mn?*
added caused conformational changes which resulted in increased mobility
(narrower EPR lines) of the spin label. Also, the conformational changes
caused by addition of Mn?* appeared to produce new coordination sites for
Mn?*. The Mn?* binding sites were estimated to be at distances from <10 A
to about 25 A from the spin label [84]. The distance estimates were made by
considering the broadening of the nitroxyl EPR spectrum due to dipolar inter-
action with the Mn?*, according to the formula [84]

2
AR =TT (10)

where AH is the broadening of a hyperfine component of the nitroxy! EPR,
v is the electron magnetogyric ratio,  is the magnetic moment of the Mn?",
r is the Mn?**—nitroxyl distance and 7. is the correlation time of the dipole—~
dipole coupling. The formula is stated to be valid if

(wp — wg)’r? << 1; Wi rI>>1
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where w; is the Larmor frequency of the nitroxyl and wyg is the Larmor {re-
quency of the Mn?*. Thus, in this paper, which did not cite Leigh’s paper

{22} or related work, the decrease in amplitude of the nitroxyt EPR, spectrum
is considered to be related to the square of the line width. Angular dependence
of the interaction is not inveked. The observed spectra are thus interpreted to
be the net result of {a) changes in mobility resulting from conformational
changes in the tRNA, and (b) broadening of some of the nitroxyl spectra as a
function of the distance between the nitroxyl and various coordinated Mn?2*
tons {84].

E. SPIN-LARELED BIOMOLECULES CONTAINING METALS OTHER THAN IRON OR
MANGANESE

Calculated distances are summarized in Table 4.
{i) Vitﬂmin-Blz

Quite a different use of the interaction between paramagnetic metals and
nitroxy! radicals was made by Wood and co-workers {94,95]. A nitroxyl radi-
cal was coordinated to the Co(IIl} in an alkylcobinamide. Ethanolamine—
ammonia—lyase apoenzyme was reconstitued with this spin-labeled cobinamide
and freated with ethanolamine. The nitroxyl EPR spectrum disappeared during
the reaction, and reappeared when alcohol dehydrogenase was added to remove
the spin-labeled cobhinamide from the lyase. This sequence of observations
was interpreted as meaning that homolysis of the Co—C bond occurs yielding
low-spin Co(11} [95]. The disappearance of the nitroxyl EPR signal was-postu-
lated to be due to *“*weak exchange interaction between the spins which
decreases the relaxation time such that the nitroxyl signal is too broad to
detect” [95]. The Co(Il) EPR spectrum, however, is “very sirnilar™ to that
previously observed for Co(Il} in VB, [95]. Unfortunately, irreversible side
reactions prevented the type of quantitative EPR data needed to interpret this

TABLE 4

Metal 2—nitroxide distances estimated using the Leigh formula

Systemb Distance (A) Reference

Glyceraldehyde-3-phosphate dehydrn::gcz-mase;"Gd3+ I1—14,18—23 as

Liver alcohol dehydrogenase/Co”* 5.8 £ 0.3, 90
7.4*0.4

Myeloma protein MOPC 315 fragment F,/Gd>* 12d 91, 92¢

Transcarboxylase/Co®* =9 93

2 This table includes metals other than manganese. Table 3 gives manganese—nitroxide
distances. b The biclogical macromolecule is spin-labeled or interacting with a spin-labeled
substrate. © Value quoted is from this reference. 4 ‘Tentative, see text.
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system fully being obtained — e.g., whether the area under the EPR curve is
equivalent to one or two unpaired electrons.

(ii} Cu(Il }—~nitroxyl: lysozyme and aspartate aminotransferase

Lysozymme was spin-labeled at histidine-15 with X and at a nearby {5—8 A
H
<t N N
Tor QL
Y %o
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x

away) lysine e-NH,; with XI. Upon adding the Cu(I1) label, the intensity of
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NACOR S
Cyg
@:Nmu N')\?)\Cl
H
m »

the central peak of the nitroxyl EPR spectrum decreased to only a few per-
cent of the intensity prior to adding the Cu{II). The decrease in intensity was
attributed to strong broadening “for example, by the mechanism of exchange
relaxation™ [143}

Copper—nitroxyl interactions were also observed when Cu?* was added to
spin-labeled aspartate aminotransferase {AAT). At a Cu®* fAAT ratioof 8:1
there was a 25% decrease in intensity of the nitroxyl! EPR signal, which was
interpreted using the Leigh theory as indicating a lower limit of 19 A for the
Cu®*—nitroxyl! distance [169].

(iii) Co(II} —nitroxyi: carbonic anhydrase and alcohol dehydrogenase

When a spin-labeled suifonamide was bound to Co®* ar 2n*" derivatives
of carbonic anhydrase, the nitroxyl EPR spectra were “almost identical”
[97,98]. It is known from X-ray diffraction data that the sulfonamide group
lies within the coordination sphere of the Zn’?* jon and that Co?* occupies
the sarne site as the Zn?* ion [98]. Based on molecular models direct coordina-
tion of the spin-labeled sulfonamide to the Co®* would provide a Co?*—-nitro-
xyl distance of ~10—12 A, Taylor et al., envisage a binding mode (not deline-
ated) which would provide a distance of 15—20 A and thus rationalize the
Iack of interaction between the Co** and the nitroxyl [97]). Another paper
dealing with a spin-labeled enzyme containing Co** did observe Co** interac-
tion with the nitroxy! [90]. Drott et al., used the Leigh theory to estimate

* The formula of XI is given as in ref. 143 since not enough characterization data were pre-
sented to ascertain the copper coordination environment.
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that the Co?* in cobalt-substituted spin-labeled liver alcohol dehydrogenase is
5.8+0.3 A and 7.4 + 0.4 A from the nitroxy! in two preparations with differ-
ent degrees of substitution of Co for Zn {90]. The spectra reproduced in the
paper indicate a roughly 60% decrease in the amplitude of the nitroxy! EPR
spectrum in the presence of Co** relative to Zn** {90].

If the sulfonamide were coordinated to the Co?* in the study by Coleman
and coworkers [97,98], and all other parameters were the same as for the
Drott et al. calculation {90], the Leigh formula would predict at least a 10%
reduction in the ampiitude of the nitroxyl EPR spectrum upon changing from
Zn'* to Co?*. :

(iv) Gd(III)—nitroxy! interactions

Dwek and co-workers have explored the interaction of GA{1II} with nitroxyl
spin labels as a means of estimating distances in proteins {91,92,96,197].

Spin-labeled glyceraldehyde-3-phosphate dehydrogenase exhibits nitroxyl
EPR spectra typical of two different degrees of immobilization of the label
[96]. Addition of Gd**, which binds in the active site, reduces the amplitude
of the EPR spectrum of the more mobile label to a greater extent than that of
the less mobile label. Using the Leigh formula it was calculated that the mobile
fabe] is 11—14 A from the Gd?* and the immobilized label is 18—238 A from
the Gd3* {96].

The interaction of myeloma protein MOPC 315 fragment Fv with the spin-
labeled haptens XII—XV was studied with and without addition of Gd(I1I},
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La(III) and Eu(III), which bind to the Fv fragment. As Gd(II1) was added to

a solution of the Fv fragment in the presence of spin-labeled hapten, changes
in the intensity of the EPR signal of both bound and free hapien occurred.
After accounting for dispiacernent equilibrium effects, the [irniting relative am-
plitude of the bound nitroxy! EPR signals in the presence of various lanthanides
was La(1I1} (diarmagnetic), 0.65; Gd(I11), 0.4; EuII1), 0.5. Thus it was concluded
that a significant amount of the decrease in the nitroxyl EPR spectrum ampli-
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tude was due to a mechanism other than interaction with the paramagnetism of
the lanthanide ions { 92]. Furthermore, it was noted that the Leigh theory sug-
gests that Eu(III) should have a much smaller relative effect than was observed.
It wassuggested that there may be some mechanism of quenching nitroxyl EPR
spectra by paramagnetic ions with very short relaxation times which is not
accounted for by the Leigh theory [92]. Thus the estimate based on the Leigh
theory that Gd(IIT) was 12 A from the nitroxyl of the spin-labeled hapten was
considered tentative [92].

The free nitroxyl EPR spectrum initially increased in amplitude due to dis-
placement as Gd{III) was added, and then decreased again. The decrease was
attributed to dipolar interactions between the two paramagnetic species free
in solution, and was also observed in a controi solution containing no protein
[az2l.

In a recent paper Dwek and co-workers have examined in more detail the
effect of GA(III} and La(III} on spin-labeled dinitropheny! haptens bound to
immunoglobulin A (IgA) myeloma protein MOPC 315 [197]. The intensity
of the bound spin label nitroxy! EPR signal is decreased by both GA(II1) and
La(IIT}. It was judged that the main effect of La{IIl} was displacement of
bound spin label. The percent decrease of the bound spin label EPR signal of,
e.g. XXI, was 70 + 2% in the presence of GJ(III) and 45 + 2% in the presence
of La(Ill}). For XIII the comparabie values are Gd(III}, 95—100%, La(IH),
70~80%. The preater effect of Gd(III} compared with La(III} was atiributed
to the phenomena described by Leigh’s theory, and distances between nitroxyl
and Gd(III} calculated accordingly. Depending on the correlation times
assumed for the calculation, Gd{IlI)—nitroxyl distances of <8 to <12, and
12.0+ 0.05 to 17.5 + 0.05 A were estimated for various spin labels. A caution
was added that for spin labels undergoing motion the calculated distances
can only be considered an upper limit [197].

(v) Lipoamine dehydrogenase

Treatment of spin-labeled lipoamine dehydrogenase with Cu** “did not
give any unique results® [99]. Apparently the distance between the Cu®*
binding site and the spin-labeled site is not known. Very littie information was
reported beyond a statement that “both EPR species were present” {99].
When the distance between the siles can be estimated the study of this system
could be important for understanding metal-—nitroxyl interactions because
Cu{iI) usually has an easily observed EPR spectrum.

{vi) Transcarbozylase

Spin-labeled CoA (XVI) bound {o transcarboxylase exhibited no depend-
Q
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ence of nitroxyl EPR. amplitude or width (£7%} on the relative amounts of
Zn{I1), Co{Il} and Cu(Il) contained in the transcarboxylase [93]. The Leigh
formula estimates that the nitroxide is 9.0 A from the Co(II} {93}]. NMR
relaxation measurements estimate the distance from the Co(II) at the active
site to the nitroxide label as ~10 A {931

F. DISCRETE COORDINATION COMPLEXES QF PARAMAGNETIC METALS WITH
LIGANDS CONTAINING NITROXYL RADICALS

Credit for the first coordination ecomplex formed by a paramagnetic metal
with a ligand containing a nitroxy! radical goes to Krinitskaya and Dobryakov
[100]}, who in 1966 reported in a half-page communication that compound
XVII does not give an EPR signal in the solid state. This observation has not
yet been explained.

The second report was by Rassat and Rey who prepared copper and zine
complexes of the amino acid derivatives XVIII and XIX {101]. The solution
EPR spectra were described as “‘comparable’ to other nitroxyls and the spec-
tra of the solid complexes were described as characteristic powder spectra
[101].
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Three groups independently prepared salicylaldimine-type Schiff base
lipands containing nitroxy! radicals and obtained EPR spectra of their com-
plexes with paramagnetic metals [102—105]. Medshidov et al. suggested that
the EPR spectrum of XX could be interpreted in terms of a “weak exchange
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pattern observed was attributed to nitroxyl radicals *“which do not participate
in the exchange” [103]. They also prepared Fe(Ill}, Co(I1} and Ni{II) com-
plexes, but EPR data were given only for the Cu(Il) complexes f102].
Schwartzhans and coworkers also obtained spectra of XX and the related
Co(II) and Ni(11) complexes and judged that there was no interdction between
the metal and the nitroxyl [104]. Independently, we studied the EPR of the
same compound and the related Cof{II), Co(III}, Ni(II} and Zn(II} complexes
and concluded that measurement of line intensities as well as lineshapes
wouid have to be obtained fo elucidate the interactions in these spin systems
[105]. Substantial metal—nitroxy] interactions are evident in the complexes
with paramagnetic metals. For example, the Cu{Il} complex, XX, is an
example of strong eleciron—electron exchange with resolved nuclear hyper-
fine structure. '

No EPR spectrum was observed at 20°C for a crystalline sample of the
Co({11) analog of XX, but non-Curie magnetic susceptibility data were inter-
preted as indicating weak electron exchange {213]. The X-ray diffraction
crystal structure of the amino analog of XX has been reported [106].

Compound XXI is diamagnetic in the solid state, as is the analogous com-
pound, XXII, prepared from 2-hydroxy-naphthaldehyde [102,103,107]. It
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was suggested that the diamagnetism results from the formation of dimeric
species in which bonds are formed between the copper and the nitroxyl such
that all spins are paired [102,103]. It is not obvious how this can be achieved
in view of the steric requirements of the molecules. The elemental analysis of
XXII leads to a proposal sketched in ref. 107, for a species with two copper
atoms and two nitraxyl-containing ligands in a molecular species such that the
nitroxyl groups are bonded to the copper atoms. It would appear that a poly-
meric chain-type structure with nitroxyl bridges between dimeric units
would offend fewer steric arguments. Another report of a diamagnetic
complex of copper with a related ligand has appeared. In this case the
aldehyde used to form the Schiff base was 3-formyl-5-methyl-salicylaldehyde
[212]. These results are unique among metal--nitroxyl complexes and need
to be reinvestigated. Tt is possible that some of these compounds are examples
of internal redox yvielding diamagnetic copper and diamagnetic ligand.
Another interesting feature of XXI is that it yields an EPR spectrum in
CH, (), solution which at 295 K is an apparent superposition of a *“‘normal”
four-line Cu(Il} spectrum and a three-line nitroxyl spectrum, but at 77 K the
hvperfine structure disappears [103}]. These ohservations were attributed to
dissociation of dimeric or polymeric compounds [103]. The related complex
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XXII is transformed in GHCI; solution into a complex identified as XXIII
[107].

Schwarzhans and coworkers reported Ni(II) and Cu(Il} complexes of XXIV
and concluded in this case also that there was no metal--nitroxyl interaction
[104].

The complex XXV yields an EPR spectrum in CHC], solution very similar
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to that given by XX with g and (a) values a weighted average of those for
copper and nitroxyl, indicating exchange interaction between the copper and
the two nitroxyls [107]. The exchange was envisioned to be made possible
by a structure in which the oxygen atoms of the nitroxyl approach the copper
closely enough to permit slight overlap of orbitals [107]. Subsequently, a
single crystal X-ray diffraction structure determination demonstrated that in
the solid phase the nitroxyl oxygens are 6.53 and 6.80 A from the copper
{1081]. The closest nitroxyl—copper contacts in the crystal are intermolecular.
The temperature dependence of the magnetic susceptibility and EPR of the
solid in the liquid helium temperature range were interpreted in terms of an
intermolecular three spin system with exchange energy =10 cm™' [108].

The related compound XXVa exhibited an EPR spectrum described as a
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superposition of the exchange-free spectra of Cu(II) and the nitroxyl radical
[213]. However the published spectrum and values of g and {a} are fully con-
sistent with an interpretation as strong exchange between Cu(Il} and two
nitroxyls. Note that this is also the interpretation given to the spectrum of
XXV by a group including one of the same authors five years earlier [107].
Sagdeev et al. prepared the complexes XXVI—XXVIII in which the nitroxyl
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is very close to the metal {109,110]. The EPR spectrum of the Cu?* complex,
XXVI, was interpreted as a case of strong exchange between the metal and the
N—OH

—==N

ju
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EXIX

nitrexyl, but it was only possible (o estimate the magnitude of the coupling
parameter J as 0,057 cm™' < J < 67 em™* {109,110]). Limits on the range of
values for JJ consistent with the data were estimated as follows: (a) g and (a}
values were weighted averages of normal copper and nitroxyl values, as
expected for the strong exchange limit, which requires J >> v, Ag/g. Since
dg = 0.1 and »p = 3.5 X 10'? Hz {R-band), J >> 1.7 X 10% Hz (0.057 cm™);
{b} the EPR signal intensity corresponded to three uncoupled spins ai 77 K,
which indicates that

RT
..J'<"1

hence, J << 2 X 10'? Hz (66.7 cmm™ ).

An energy level diagram for a strong exchange three spin system and pre-
dicted X- and &-band frozen solution spectra are given in { 110]. The authors pre-
sumed that they did not detect the predicted outer lines because they were
too broad {110]. The relative intensities of the EPR signal expected for various
coupling schemes (three independent 8 = 1/2, or § = 1/2, 3/2 from coupling of
3 spins) as given in ref. 110 are in error. The published results could have been
obtained by ignoring terms in M, in the matrix elements invelving the ladder
operators. The correct ratios in the order of the coupling schemes given above
are: 1:1/3:10/3. This paper bases a comparison of the Cu**, Ni** and CrCI**
complexes (XX VI[—-XXVIII} on the erroneous statement that planar Ni** has
“unpaired d_2 2 electrons™. If there are unpaired d electrons on Ni** the
complex must be non-planar. The paper does not contain the magnetic sus-
ceptibility information necessary to judge the spin state of the nickel, but it
is not unreasonable that the molecule could be pseudo-tetrahedral and thus
contain paramagnetic nickel. No EPR spectrum was observable for the Ni**
complex. The EPR spectrum of the CrCI** complex was observable at &-band
but not at X-pand [109,110]. These papers make the important contribution
of pointing out that intramolecular spin exchange between an organic free
radical and a paramagnetic metal with short spin lattice relaxation fime can
average the electron spin states of the free radical rapidly enough to facilitate
observation of the NMR spectrum of the radical. NMR spectra of these com-
plexes are presented. The NMR linewidths of the Ni** and CrCI** complexes
are independent of concentration but the linewidths of the Cu®* complex
decrease with increasing concentration because of the long electron spin
relaxation of the Cu** [109,110].
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Larionov et al. claim that XXIX forms complexes with Ni**, Cu?*, Pd**,
*and ions of certain other metals”, but the paper presents information on
only the Pd?* complex [111]. The structural similarity of XXIX to the ligand
used in the complexes XXVI—XXVIII makes the paramagnetic metal com-
plexes of XXIX important for comparison with the properties of XXVI—
XXVIIL

Schwarzhans and coworkers recently published [112,113] an extension of
their work cited above [ 103]. Some of the intriguing results reported in this
paper are given in tabular form below. The values given under each ligand are
the 296 K EPR linewidths for a polycrystalline sample of the complex with
the metal listed on the left. There does not seem to be any pattern to this
data, and no explanation is offered in the paper {113]. The copper complex
of XXXI is reported to have the formula Cu(XXXI),H,0 [113]. This may be
the same compound as XVII, which was reported as the anhydrous analog.
The discrepancy between the relatively narrow EFR lines reported by
Weissgerber and Schwarzhans [113] and the lack of an EPR signal in the sam-
ple prepa.ted by Kxinitskaya and Dobryakov [100] remains unresolved.
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Indeed, Weissgerber and Schwarzhans did not reference the work by
Krinitskaya and Dobryakov. The complex XXXII is particularly interesting

H x
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because the EPR signal is 1000 G wide at room temperature, while a zinc
complex of the same ligand exhibits a 10.5 G wide line {113]. Apparently
interaction between the cobalt and the nitroxyl has substantially altered
relaxation times in this complex. Unfortunately, EPR spectral intensities were
not reported so it is not possible to ascertain whether the Co** contributes to
the observed EPR spectrum. Schwarzhans and co-workers conclude that
metal nitroxyl interaction is not observed in solution for any of their com-
plexes but that in certain cases EPR linewidth changes reveal interactions in
polyerystalline samples [112,113].

Studies of the amino acid nitroxy! II continue [101,112,114], most
recently with emphasis on understanding the solution equilibria and complexa-
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tion with Co?* and Mn?* preparatory to analyzing magnetic interactions [114}].
Veyret and Blaise tested several models of magnetic interaction against the

solid state magnetic susceptibility data for nitroxy! radicals and biradicals

[115]. The magnetic susceptibility of the Cu®* complex of XXXIII was fitted

to an expression involving copper—nitroxyl and nitroxyl—nitroxyl exchange
interactions of 9.99 cm™' and 0.0139 cm™, respectively [115]. This copper—
nitroxyl exchange energy falls within the range estimated by Sagdeev et al.
for XXVI [109,110]. No information on the EPR spectrum of the copper
complex of XXXIII was reported by Veyret and Blaise [116].
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Recently Brier, Rassat, and Rey reported the EPR spectrum of XXXIII a
and b [216]. The observed g and (g} values of XXXIIla are as expected for
strong exchange [216]. As in the case of, e.g., XX and XXVa, the copper
hyperfine was approximately one-third the value observed for the analogous
copper complex with diamagnetic ligand (XXXIIIb, in this case). The
authors of ref. 216 (as well as the authors of refs. 198 and 215) claimed the
first example of such hyperfine, apparently having overlooked the earlier
work cited above. Many spectra of copper complexes of nitroxyl-containing
ligands, including the spectra of XXXIlIa, have contained the three line
pattern with {(a) =~ 15 G that is characteristic of nitroxyl radicals. The uncer-
tainty expressed as to whether the *“‘non-interacting” or “isolated” nitroxyl
should be attributed to an impurity in the sample, decomposition in solution,
or reversible dissociation is answerable by the proper sequence of measure-
ments checking reproducibility and the reversibility of concentration depend-
ence. It should be noted that due to linewidth differences, these very promi-
nent signals may be due to only 1% or so of the sample and may reveal aspects
of the chemistry not easily studied by other methods.

Recent results from our laboratory include several examples of metal—
nitroxyl interactions which may be described as displaying high resolution
electron—electron spin—spin splitting in EPR gpectra analogous to the well
known nuclear spin—spin splitting in NMR. Sorae of the compounds we have



233

TABLE 5

Cu complexes exhibiting metal—nitroxyl exchange interactions in solution

Complex J2(em™t) Reference

£ w\
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& The values given are solvent dependent and are subject to future refinement, b CCl,
soln, © CHCl; soln. 4 THF soln.

studied are listed in Table 5 together with an estimate of the magnitude of the
metal—nitroxy! exchange interaction (J). The cases listed all involve a single
nitroxy! radical in 2 d* (spin 1/2} Cu(I1} complex. Thus we are dealing with
the interaction of two spin 1/2 species, and a treatment parallel to that com-
monly used in high resolution NMR {121] is appropriate, yielding “AB” type
four-line patterns. This approach has also been recognized by others [122—
124]. Since the °5-*3Cu and **N (both for the nitroxyl nitrogen and nitrogens
in the copper coordination sphere) nuclear hyperfine interactions must also
be included in the analysis of the spin system, it is of the ABMXY, type.
Furthermore, since the EPR experiment is done at constant frequency, the
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formulae available in the NMR literature which assume constant magnetic
field can give only a rough approximation to J. The values of J given in Table
5 are interim results obtained from compufer simulation of the spectra using
a program which is still evolving. Thus they should only be constdered indica-
tive of the range of values exhibited by these complexes. Qur work is continu-
ing on a wide range of compounds with studies designed to ascertain the rela-
tive contributions of dipolar and exchange interactions to the EPR spectra.
The EPR spectrum of XXXIIIc exhibits an 8-line pattern with g- and {a)-
values the average of the nitroxyl and vanadyl starting materials, as expected
for strong exchange. Due to partial dissociation, the EPR spectra of the reac-
tants superimpose on those of the complex, The temperature dependence of
the area of the EPR spectrum is consistent with a singlet ground state with a
singlet—triplet sp]itti.ng (2J) of —386 cm™ . Line broadening was attributed to
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incompletely averaged electron—electron dipolar interaction [198]. The com-
plexes of Cu(hfac), with XXXIIId and XXX]1lIe similarly yielded spectra
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indicative of strong exchange (—2J = 310 + 50 cm™ and 299 * 10 cm™, respec-
tively}, and the temperature dependence of the EPR signal area showed that
the ground state is a singlet [215]. Partial dissociation was observed in solution,
The related complex of Cu{hfac}), with XLIV, the ortho pyridine isomer, was
diamagnetic and exhibited no EPR signal. This was accounted for by suggest-
ing charge transfer to form Cu(III} and anionic lgand {215].

Except for the work described in this Section, exchange has been invoked
to explain metal nitroxyl EPR spectra in fluid solution only in the case of
collision interactions since it is generally assumed that exchange interactions
are important only when the distance hetween spins is less than a few A [56].
Note, however, that Zamaraev et al. found that spin exchange between Cu®*-
(aq} and Mn?*(aqg) or VO?*(aq) was effective even when the distance between

individual cations is greater than 12 & [125].
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Wagner and coworkers have studied the dynamic nuclear polarization of
solvent malecules in the presence of XX and the Co(Il} and Ni{Il) analogs but
the tesults have not yet been published [126].

G. COMPLEXES OF TR.ANSITION METALS IN WHICH THE NITROXYL GROUP
FUNCTIONS AS A LEWIS BASE

This section covers discrete complexes which have been isolated as solids.
Studies which involve interactions between nitroxyls and metal ions or com-
plexes dissolved in the same solution are considered in Section H.

Shortly after the characterization of di-tert-hutylnitroxide {DTBN},

XXXIV, was published, Beck et al. prepared cobalt compiexes in which
XXXIV functions as a Lewis base, Co{DTBN),X, (X = Cl, By, [} {127]. The
polycrystalline samples exhibited EPR spectra described by g-values between
2.3 and 2.7. In solution a three-line EPR spectrum characteristic of a nitraxyl
radical was observed. The relative intensity of the three line spectrum increased
with dilution, indicating extensive dissociation in solution [127].
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Other reports of isolated crystalline complexes in which nitroxyls act as
Lewis bases toward paramagunetic metal ions include cobalt and copper com-
plexes of XXXV [112] and the DTBN (XXXIV) complex of copper bis{hexa-
fluoroacetylacetonate), Cu(hfac),(DTBN) {128,128]. Magnetic susceptibility
measurements indicate that Cu(hfac),{DTBN) has a singlet ground state and a
triplet excited state 6485 cm™! higher in energy {128]. Labes and coworkers
formed complexes between XXXV and Mn?”, Fe?*, Co®*, Cu?** and Zn** and
interpreted their, and prior, results as indicating that in nitroxide “‘complexes
of d” metal ions the metal in the complex is effectively 7' {130]. This is a
curious interpretation and does not appear to be consistent with the proper-
ties of any of the compounds whose descriptions have been published in
enough detail to permit judgement. The Cu(Il} complex of XXXV is unstable
f1301.

Drago and co-workers [131] re-examined the magnetic properties of Co-
{DTBN),Br,, and concluded that {he magnetic moment was 4.23 BM, not-

2.7 BM as reported by Beck et al. [127]). The magnetic data did not distinguish
between 3 and 5 unpaired spins in the molecule, but the overal. judgement
was that the molecule consisis of tetrahedral Co’H with independent radn:al
ligands [1311.

The copper bis(hexafluoroacetylacetonate} complex of XXXV was found
to be antiferromagneticaily coupled (f = 736 e’ at 298 K) and to dissociate
slightly in CCl, solution, based on magnetic susceptihility and EPR measure-
ments [132].

- Transition metal perchlorate compléxes of XXXV have magnetic suscepti-
bilities in the solid state somewhat lower than expected hased on independent
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spins for the nitroxyl and the metal [133]. Co(II) and Ni(Il) perchlorates
yielded 1 : 1 complexes with XXXV, while Fe(II) and Zn{II) perchlorates -
yielded 1 : 2 complexes [133]. Polycrystailine samples exhibited g-value aniso-
tropy too large for simple nitroxyls, and dissolved samples gave a three-line
EPR spectrum “‘very similar’ to uncomplexed nitroxyl radicals {133]. This
paper claims that interaction with transition metals broadens and enhances
the intensity of the nitroxyl EPR spectrum. Nothing in the literature supports
this claim. Presumably it is a proof-reading error.

H. COLLISION INTERACTION BETWEEN NITROXYLS AND PARAMAGNETIC
METAL IONS IN SOLUTION

Many examples have been reported of interactions via collisions between
nitroxyl radicals and paramagnetic transition metal ions in solution.

It is well known that EPR lines are broadened when the concentration of
the observed (or some other} paramagnetic species is increased. In some of
the papers cited below the investigators assumed that the broadening was due
to exchange interactions. In other papers it was assumed that the broadening
arises from dipolar interactions. A few of the studies were designed to deter-
mine the relative contributions of exchange and dipolar interactions to the
broadening. There appears to be no chronological correlation between the
papers of the latter type and the assumptions made by the remainder of the
papers.

Much of the work in this area has been published in the Russian literature.
The results in these papers are typically stated to be consistent with a simple
formula which is presented without derivation. Sometimes the formulae are
empirical and sometimes they are stated to be theoretical predictions. Dis-
cussion of assumptions which led to the simple formula, or of the range of
parameters to wilich the data analysis could be applicable, is conspicucusly
ahsent in this literature.

Not all of the interaction pairs reported in each paper are discussed in the
text below, but a comprehensive list of metals used is included in Table 6.

The first study of collision interactions between nitroxyl radicals and para-
magnetic transition metal ions was by Pearson and Buch in 1962 [139]). The
foilowing is a brief outline of the theory presented in their paper. Consider a
paramagnetic ion A, in this case the nitroxide XXXVI known as Fremy's radi-
“045 503
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cal, in a collision with another paramagnetic ion B, in this case various first
transition series ions or lanthanides. As a consequence of the collision B will
provide a relaxation mechanism for A through dipole and/or exchange inter-
actions. The lifetime of A will thereby be reduced, resulting in a broadening
of the EPR spectrum of A. The nature of the broadening of A will depend on

two characteristic times: Thg — the spin relaxation time of A in the complex



237

TABLE 61
Collisions of niiroxyls with paramagnetic metals

Metal ion Observation Interpretation Reference
VQ(acac}y B D, E 134
VO(acac), B E 135
VO50,(ag) B E 136
VO(porph)® B B 137
VO{Cl0z)2 B E 125
Cr{H,0)3* B D, E 138
Cr({H, O3 B D 139
Cr{acac}; B DE 134
Cr{acach B E 135
Cr{NQ3)afaq) B D, E 140
CrCli{ag) B E 136
CrCli(pyridine) B E 136
[Cr{NH;)sCI]?* B D 139
[Cren {Cz:04021 B D 139
{Cr(en)z{NCS),}* B D 139
[Cr(en)31%* B D 139
Cr(CN)¥~ | B D 139
Cr(CsHg )z B E 44, 54, 73, 141143
Mn2* R — 57
Mn?* R D 69
Mn®* Q D 78
Mn?* B E 144
[Mn(H; 0} 1** B D,E 138
Mn(NO;3)a2(aq) B D, E 125, 140
Mnf{acac)s B B 1356
Mn{acac}, B D,E 134
MnATP complex Q D 78
MnCl;{aq} B E 136
MnCla{pyridine} B E 136
Mn(CNS)2(picoline), B E 136
FeCla(ag} B B 136
Fe(NO;)3(aq) B E 136
FeS8Q,(aq) B B 140
Fe(acac)s B D.E 134
Fea(acac)y B E 44,141
Fe(acac}y B E 135
Fe{III)(!:orph) b B E 137
Fe(CN)3~ R - 57
Fe{CN)}~ R D 69
Fe{CNY"~ B E 44, 54, 6468,
78, 141-143, 148a,
165, 200, 201,
208210
Co?* D 69
Co(H;0%" B D 139
Co(H20}" B D, E 138
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TABLE 6 (caontinued}

Meta] ion Observation Interpretation Relerence
Co{H,01:(C104)2 B E 145
Collsy{aq) B E 136, 202
CO{NOa)g(aq) B E 140
Co(CHaOH)6(C10,)2 B E 145
Co(C,H,0H)6{C10,4)2 B E 145
CO{C;H?OH}SCIQ B E 145, 202
Co{DMS0){C10,), B E 145
Co{acetone}s (Cl0O4)2 B E 145
{Co(acac)s }a B DE 134
Co(acae):(pyridine) B E 135
CoClz{pyridine} B E 136
Co{CNS),{picoline}, B E 136

Ni?* R — 57, 203
Nt R E 69
Ni(H,0)3* B D 139
NiClz{ag) B D 146—148, 149
NiCly{aq} B E 136
NiClz(aqg) B — 148a
Ni{(NO3):(aq) B E 140
NiCiy(pyridine)} B E 136

Ni tris e {aqg} B D 156
Ni(acac}); B E 135
Ni{acac);{(aniline}a B E 145
Ni(acac)s{pyridine}, B E 145
Ni{CNS)z{picoline},; B E 136
[Nien):(H,0), 1 B D, E 138
Cu**(aq) Q — 100
[Cu{H,0), I*" B D 139
Cu(NO;3)2(aq) B E 125, 151, 152
CuS50,{aq} B E 140
Cufacac), B E 135
Cufacac): B D, E 134
Cu(tfac), 19F NMR E 128, 129
Cufhfac), 19F NMR E 128, 129
[Cu(en);(H;0}. }** B D.E 138
Cu({porph}b B E 137

Cu complex XI B E 143

Cu complex XXX VNI B E 42
Ce3*{aq) B D 139
Pr¥*(aq) B D 139
Nd¥*{ag} B D 189
Gd**(aq) Q D 92
{Gd({H,0)e I** B D 139

a 'This table contains references to articles which reparted interaction between nitroxyls
and transition metals under conditions such that it is believed that the interaction was via
collision encounters. Notation: B, broadening; R, relaxation time changed; &, “quenching™
{peak height decreased); E, exchange; D, dipole—dipole interaction. ¥ A variety of subst;-
tuted porphyrins was used. © Tris = tris(hydroxymethyl}laminomethane.
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formed between A and B; g — the lifetime of the state in which A and B are
close enough for the spin interactions to be effective in relaxing A. It is
assumed that in ion pairs exchange is minor and magnetic dipole forces domi-
nate. The relaxation of A due to dipole—dipole interaction between the spins
on A and B is given as

1 _ (44 i%)
TZB - (3 hz ?b'_ Tc (11}
where y; are the magnetic moments, r is the distance between the unpaired
electrons and

T =Tt At e+ (12)
where

_ 4manr?
T T 3kT 13)

in which r is the hydrodynamic radius, 7 is the viscosity and 7, is the shorter
of the spin state lifetime for A or B. The kinetic expressions for ion pair for-
mation are combined with the form of the Bloch equations appropriate to
chemical exchange effects to yield expressions for 7'; of the nitroxyl for
several limiting cases. If relaxation of the spins in the complex is rate deter-
mining for nitroxyl relaxation, the increase of the linewidth of the EPR spec-
trum of A over that of free A is proportional to the concentration of B for
low concentrations of B and levels off at high concentrations of B. The limit-
ing value should be proportional to u. If the lifetime of the complex is rate
determining for nitroxyl relaxation the effect of metal ions should be inde-
pendent of tg but should depend on the ionic charge. The effects of ion
charge are considered in detzail [139].

It was found that for various cations of Cr, Co, Ni, Cu and Gd (see Table 6}
interacting with XXXVI the kinetics of complexation was rate-determining
for relaxation of A. At low concentrations the broadening of A was linearly
dependent on concentration of B with the effect being dependent on the
charge (+3, +2, +1)} of B. For the lanthanides (except Gd>*} broadening was
much less than for the ions listed above, and it was concluded that relaxation
in the complex was rate determining for nitroxyl relaxation.

It is of interest to note that the formula for T,g, upon evaluating the
numerical constants for the case of u, = 1.73 BM (one unpaired electron as .
in the nitroxyl radicals) and using the linewidth expression

i _4
(AR = 5 (14)

HBT,
yields AH = 1.74 X 10** ;‘r" (15)
with g in BM, 7, in s and r in cm. Recall that Leigh’s formula (Section D)
upon similar numerical substitution becomes

2
AH = 1.51 X 10'5(1 — 3 cos?6%) 2:; s (16)
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Pearson’s formula was derived for rapid isotropic tumbling in aqueous soiu-
tion and Leigh's formula was derived for the case of a rigid lattice,

Molin and coworkers {135,138,140,153] studied the effect on the EPR
spectrum of XXXVII of collisions with various paramagnetic transition metal
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complexes. Some of the equations used in these studies to analyze exchange
interactions were introduced in a paper concerning collisions between metal
complexes and between DPPH and metal complexes [154]. A molecule with
a readily observable EPR, spectrum, such as DPPH, is used as an “indicator™

of the collisions. The frequency, v., of exchange interaction of the “indicator”
with the metal complex was obtained from the formula

v, = 1.52 X 107 AH,, (17)
where AH,, is the peak-to-peak broadening of the EPR spectrum of the “indi-
cator™ in gauss. The bimolecular rate constant for exchange interaction, Keyan,

15
1.52 X 107 AH,
4 m {18)

Kexch = ﬁ N

where N is the concentration in mol 1"'. To measure the effectiveness of an
individual collision, F, correction is made for the viscosity, i, of the solvent
with the formula

Kexch = K TT';F (19)
When each collision is eifective, K should be close to 1 [154]1. Derivation of
these expressions was not given, but they were stated to be based on the work
of Anderson {1565} and Pake and Tuttle {1561,

In another paper [90], Molin presents formulae for the estimation of
dipoie—dipole broadening, based on the development in Abragam’'s book
[157]. For ions with long electron relaxation times (Cr{III), Mn(II} and Cu(1I}),
the correlation time for dipole—dipole interaction is determined by diffusion
times, and the dipolar breadening is given by

_ 1287 2 YR 9162
AH= 553 M KT G, +an) (20)
where g; and a, are the effective {*Stokes’) radii of the metal ion and the
indicator molecule, For ions with short electron spin relaxation times (Fe(Il)},
Co{(1I), Ni(I1}) the correlation time for dipole—dipole interaction is deter-
mined by the electron spin relaxation times of the ion, and the broadening is
given by

-920 ppa g 1
AH"' 9\/3 N# 'Yg {ﬂl +a1)3 (21)
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where 8 represents the metal electron spin relaxation time (usually denoted
T,). The calculated dipole—dipole broadening for collision of XXXVII with
various metal ions in aqueous solutions is the following percentage of the ob-
served broadening: Cr**, 57%; Mn?*, T7%; Fe?*, <22%; Co**, <8%; Ni?*,
<6%; Cu?*, 11% [140]. Thus the dipolar contribution to the broadening of
XXXVIH was deemed to be inconsequential except when interacting with
Cr{1I) and Mn(1I) [140}]. Hyde and Sarna criticized this paper for using the
formula originally derived for nuclear relaxation because the assumption that
wr << 1 is not satisfied for the EPR situation to which it was applied [158].

To relate the exchange rate constant K (called K__ . in ref. 154) to the
exchange integral J, a version of a formula derived by Currin [159, formula
3.5] was introduced

kT 1)
K=A T Tvuny

where A ~ 1 is a dimensionless constant and 7, is the time of exchange, assurned
to be the collision lifetime. Thus the exchange constant K is predicted to be
independent of the value of the exchange integral if Jr, > 1 [140].

A subsequent paper examined in more detail the effect of metal electron
spin relaxation time on the effectiveness of a collision for broadening the
nitroxyl EPR spectrum [135]. For the cases chosen, metal acetylacetonates
interacting with I, DPPH and bis-diphenylchromium cation, it was estimated
that dipole—dipole interactions contributed only ~20% of the line broadening.
Consequently the analysis was conducted entirely in terms of exchange inter-
actions. The notation in this paper differs from that in the previous papers
by the same authors, as follows (a) ref. 135 uses I instead of J to denote the
exchange integral; we convert it to J in the formulas we quote from the paper,
(b) ref. 135 uses 7. rather than 7, for the collision time, {c) a parameter p, the
effectiveness of an individual collision is introduced in ref. 135, apparently
the same as Pake and Tuttle’s parameter p [156]. The previously [140,154]
defined factor F is stated to be ‘“‘close to ** p. For the cases of interest several
different sets of inequalities were considered:

(W if Ty > 1od?> 8 and J2T7 > 1 where 8 is the difference between the
resonance frequencies of the two spins, 7, is the collision time within which
the interaction occurs and 7, is “some average correlation time for the
exchange interaction during a collision” [159], it is found that

(22)

-1 _ﬂ‘z’__ (23)
21«12
(2yifr.> Tyand J*Ty7. < 1
1 _JSEs+1) ( T, )

l;hen_T2 5 Tit T 5o 5777 (24)

_J2S(S + )T ( 1 )

= e (1 + 25)
p 5 1+ 57 (
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(3)if S* < 8% and 0 T2 > 1

case () if *T¢< 1and T; < 7.
- ﬁgﬁs (26)

case (b) if °T¥> land 7, < T,
then p = 2 sin? “—g—"- (27)

case (¢} if °Ti> 1 and 7, > T}
thenp =1 {28)

The major conclusion is that if T is sufficiently small, the exchange broaden-
ing should decrease with a decrease in T, {135}. It was found that the effec-
tiveness of the collisions was low in the cases in which the metal T, is <107 s,
which is also estimated to be the value af 1,. This was concluded to be confir-
mation of the theoretical treatment. The prediction cited above, that for weak
exchange with T, < 7. the effectiveness of a collision is proportional to J* 7.
was contrasted with the prediction of Currin’s treatment that p = J272/1 + %2
[135]).

Anisimov et al. [138) noted that {a} it was known from nuclear magnetism
[157} that dipole—dipole conttibutions to line broadening increase as the fac-
tor n/T increases and {b} Currin {159} had shown that the contribution of
exchange interactions in collisions decreases as n/T increases. They defined a
broadening caoefficient, 4,

AH=AH,+A-n (29)
A=A +Aa g (30)
where AH is the nitroxy} EPR linewidth, AH, is the concentration indepen-
dent contribution to the nitroxyl} linewidth, n is the concentration of the
broadening agent, A, is the broadening due to exchange interactions and
Aa_qis the broadening dve to dipolar interactions. For slow or fast T, for-
mulae were presented for the dipolar contribution to the linewidth, denoted
as AH in [138] but for internal consistency in notation it is apparent that Aq_a
- n is intended:

(a)if 7, > 1077 s, AH(=AH-n)=-3\/——'gp-n (31)

where u i= the magnetic moment of the metal ion,

(b} if Ty < 10729 5, AH(= Agq - n) = 22— YT~ (32)
3 Tmin

where r;, is the distance of closest approach between the metal and the “indi-
cator” {nitroxyl), Experimental results for Cr(I1l), Mn(Il}, Co(II}, Ni{II} and
Cu(Il} complexes were presented. The line hroadening caused by the Ni(1l)
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and Co(II) complexes, which have T, < 107'% s, i5 in good agreement with the
theoretical prediction. This is expressed as a *strong neutralization of the
dipole interactions by spin lattice relaxation’’. The self-broadening of XXXVI{
provides an example of T, > 1077 5, in which relaxation does not Iead to
neutralization of the dipole—dipole interactions. Mn(II} and Cr(III) have

T; = 107% s, which constitutes an intermediate case for which neither case (a)
nor {b} is expected to predict the results, in agreement with experiment

{138]. However, the authors cite T, = 2.7 X 107? s for the Cu(1I) complex,
but make no comment about the fact that the experimental linewidth agrees
well with that calculated for case (a). At viscosities <1 ¢P the broadening of
an EPR line is concluded to be determined primarily by exchange interac-
tions. The relative contribution of dipole—dipole broadening is particularly
small for ions with short relaxation times. At viscosities >> 50 cP the dipole—
dipole interactions are not being neutralized by translational motion, and
dipole broadening may be comparable in magnitude with exchange broadening
for species with long T, [138].

A more detailed study of exchange broadening using the kinetic equation
for density matrices was conducted by Salikhov et al. {144,153]. For a spin
1/2 species (S) (e.g., a nitroxyl} interacting with a second spin 1/2 species
(S2) in the limiting case of W1 >> {61, 161 1, << 1, the exchange broadening,
Acw, of the nitroxyl is given by

1 J*r?
AAS) = 508 T+ re

where 14(S;} is the average time between {wo successive collisions of §; with
8, particles, § is the difference in resonance frequencies and 7. is the duration
of an individual collision. The theory was also appilied to the case oF a nitroxyl
(S = 1/2) colliding with Mn{II} (S, = 5/2) yielding
2.2
_28:(S: ¥+ 1) JP7i 35 1 Jre
AW(S1) = 3T Sy 149752 6 To(S1) 1+ Jir (34)
A _28uS + 1) _ I8 1.1 7
WS =375 1+9J572  27o82) 1 + 4212

The spin exchange rate constants obtained from the linewidths of the nitroxyl
and the Mn(Il) differed, as predicted; the experimental ratio being 9 £ 3 com-
pared with the predicted ratio of 11.7. The results were generalized to arbi-
trary S.. An important insight stimulated by these relationships is that when
the interacting spins are different the concept of excharge frequency loses
the physical picture of the “flip—flop™ model {144].

For the case of very short metal electron spin relaxation time, T << 1,
and with JT; << 1, the exchange broadening of a nitroxy! EPR spectrum line
was given as

(33)

i

a

(35)

__2_ J252(Sz + I)Tﬂ'c
314 %J"SZ(S, + 1)Tire

Awe, (1}=2 {36)
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where Z, is the frequency of collisions of a nitroxyl with metal complexes.

Thus T', for the metal strongly influences the nitroxyl linewidth under these

conditions [153]. . ) ’

An extended outline of the density matrix treatment [153] examines a
number of limiting cases and identifies conditions that must be met for the
simplified expressions to be valid. Among the interesting conclusions not
covered above is that for complexes with short relaxation times T3(2) (1 = nitro-
xyl, 2 = complex) the EPR spectra do not reveal exchange narrowing effects
when max(Z,p,, Z,p;) << T2(2)"! even though the condition § << max(Z;p;,
Z2D,) is satisfied. Here, Z, is the mean frequency of collisions of a spin §,
with all the spins S,; & is the difference between the resonance frequencies of
1 and 2; p;.p1 characterize the efficiency of phase variation processes during
collisions. This result is explained by the fact that when T is short enough
complete relaxation can occur between collisions so that phases of spins in
two subsequent collisions are not correlated. This paper summarizes experi-
mental data from several prior papers [135,138,144,154].

In summary, by measuring the effect of viscosity on the interaction and
comparing the results with the contributions calculated for exchange and
dipolar interactions, the following conclusions were reached in this series of
papers by Molin et al.:

(1) The calculated dipole—dipole broadening for collision of XXXVII with
various metal ions was important for Cr(I1I} and Mn(II), but not for
Fe(1I), Co(1I), Ni(II} and Cu(II) {140}

(2) Dipole—dipole interaction accounts for about 20% of the broadening of I
by metal acetylacetonates in CHCI; solution [135]).

(3) If the electron relaxation time, T, for the metal is less than the colliston
lifetime, exchange broadening of the EPR line should decrease with T';.
This is claimed to be the case for Mn**, Co** and Ni** [135]. However,
the T, values used were for the aquo complexes, and no explicit recognition
was made of the variety of solution structures for the acetylacetonates,
except that Co{acac), was used in pyridine to dissociate polymers.

(4) At low viscosities the broadening of an EPR line is determined primarily
by spin exchange interactions [138].

(5) The relative contribution of dipole—dipole broadening is particularly
small for ions with short relaxation times [138}.

(6) For species with long relaxation times the contributions to broadening
from exchange and dipole—dipole interactions could be comparable under
certain circumstances {138].

(7) Broadening decreases with increased viscosity due fo a decrease in the fre-
quency of collisions [153].

{8) At high viscosity the linewidth reaches a limit equal to the dipole—dipole
contribution [153}.

(9) For collisions of nitroxyls with metal complexes both strong exchange and
weak exchange situations can occur [153].

In a series of papers Likhtenshtein and coworkers have explored the broaden-
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ing of free nitroxyl radicals and nitroxyl labels on proteins in the presence
of paramagnetic metal ions in solution {44,136,143]. The broadening

of the EPR spectrum of XXXVII upon collision in solution with metal
complexes was found to be linearly related to the the number of unpaired
electrons on the metal {136]. The broadening upon collision also depended
on the geometry of the metal compiex and on the unpaired spin density on
the periphery of the molecule accessibie to the nitroxyi in coilisions [1361.

, Collision of dibenzene chromium cation, (C¢Hs);Cr", with nitroxyl radicals
in spin-labeled lysozyme caused broadening of the nitroxy! EPR lines “with-
out a change of the integral intensity of the signal and shape of the line™
[143]. The broadening was interpreted as an exchange interaction, and the
rate constant for exchange relaxation, K, was calculated using the formuta

2.6 X 10" AH
K= C

where AH is the broadening (G) and C is the concentration (mol I"*). This
formula differs in the numerical coefficient from others used by Likhtenshtein.
Interaction of the Cu(il) compliex XXXVIII with nitroxyl radicals IV and

8 R <
RALSUCOCN

Ly

1 mol™* sec™! {(37)

XXXV
V in aqueous solution resulted in broadening of the nitroxy! EPR spectra in
accardance with the formula {42]

2.8 X 16° SAH (38)

m
where K is the collision rate constant, p is the effectiveness of exchange rela-
xation during collision, 8 AH is the broadening due to exchange interaction
and m is the concentration. A very similar study used the formula (441

¥

K = 1.52 X (]50 AH, {39)
where K = rate constant of exchange relaxation, AH, = broadening
of the central component of the EPR spectrum and C = molar cancentration
of the paramagnetic complex. The broadening was estimated both from the
change in the peak-to-peak width and from the decrease in intensity (h} assum-
ing the proportionality h(AH)?. The similar dependence of width on concen-
tration using both methods indicated that the EPR signal changes were entirely
exchange broadening due to collisions [44]. Actually there are some non-
linearities in some of the plots of data, but since there is no indication of

K.p:

* The formula of XXX VTIIIis given as in ref, 42 since not enough characterization data were
presented to ascertain the copper coordination environment.
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experimental uncertainty the significance, if any, of the non-linearities cannot
be judged. It was also pointed out that spin labels on the surface of proteins
can move such that the nitroxyl describes a figure of fairly large volume — in
one case estimated to be a sphere of 16—18 A diameter — and collide with
paramagnetic ions in solution almost as freely as unbound nitroxyl [44].

By using charged and neutral metal complexes, Fe(CN)Z~, Fe(acac); and
(C¢Hs).Cr", the existence of charged groups near (<1012 A) a spin-labeled
site on a protein can be shown [141]. Collision broadening was demonstrated
to be more effective, at the same concentrations, between species of opposite
charge in solution and thus, by inference, on the protein [141]. Addition of
Fe{CN)i" to spin-labeled myosin broadened the initially sharp EPR spectrum
due to a weakly immobilized spin label while not significantly affecting a
strongly immobilized spin label EPR spectrum [160]. This was interpreted as
indicating that collisions occurred more readily between the Fe(CN};~ and
the weakly immobilized label than the strongly immobilized label [160].

The rate constants for spin exchange between XXXVTII and a series of sub-
stituted porphyrin complexes of Fe(III), Cu{ll}, Ni{II) and VO(II) were
measured {137]. The Fe, Cu and V complexes all had ane unpaired electron,
but there was no obvious overall patterm to the rate constant data. Comparison
of the rate constants for these porphyrin complexes with simnilar experiments
involving hemoglobin indicated that the heme group in hemoglobin was not
readily accessible to the nitroxy! [137].

In contrast to the exchange interpretation of Likhtenshtein, Rozantsev
and coworkers, Oakes assumed that Mn** broadened nitroxyl EPR spectra in
micellar solutions by a dipole—dipole interaction mechanism [161]. The spin
exchange term was stated to be negligible in this system [161}.

A density matrix treatment of the effects of exchange among several
species on the EPR spectra was performed by Parmon et al. [151]. Data for
broadening of XXXVII by Cu®* in aqueous solution fit the calculated predic-
tions only for a set of equations which do not assume that the broadening
effects are additive [151]. The contributions to the linewidth due to exchange
are additive when calculated only to terms first order in concentration, but
are not additive when calculated to second order in concentration. The second
order corrections can be subsiantial if the collision frequency is comparable
to the hyperfine splitting constant. Furthermore, the change in nifroxyi line-
width for a given change in metal concentration depends on the conceniration
of the nitroxyl. This effect is appreciable when nitroxyl-nitroxyl exchange
leads to overlap of the hyperfine components of the nitroxyl. The calculations
assuming additivity of exchange broadening contributions agreed with experi-
ment up to 0.03 M nitroxyl, but deviated substantially at 0.05 M nitroxyl.
However, at 0.05 and 0.06 M nitroxyl the formula assuming non-additivity
did agree with experiment [151].

The problem of ascertaining metal—nitroxyl collision rates in the high con-
cenfration region where non-additivity of exchange broadening contributions
must be considered was examined in a subsequent paper [152]. In the absence
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of paramagnetic complexes, the effect of self-exchange of the nitroxyl on 15
is given by the expression

~]-‘-=gk C 1_%1 40

TZ_ 3 Lgvi 1 . 3(0(1} )2 ( )
' ki1Cy

rather than

1. af 2

ﬁ‘= 97 +1°7¢ (= "3*kuC1 (41)

which ignores the effects discussed in ref. 151, In these expressions 1/T; =
V' 38BAH,,/2h where AH},, is the peak-to-peak linewidth, C; is the nitroxyl
concentration, g%*? is the nitroxy! hyperfine splitting constant and &, is the
spin exchange constant related to the exchange frequency vé!'!? by the
expression p{'?? = k. ,C,. (In subsequent expressions 2 denotes a metal com-
plex in obvious extensions of these symbols.} It is seen that the correction
in brackets in the expression for T, becomes significant when a'** = k,,C;.
This is also the condition under which the coefficient f in the expression for
the metal—nitroxyl spin exchange rate constant, K,, differs from /3/2 (as
it would be for a Lorentzian line).

S(AH,,
K-8 o (42)

Here §(AH;} is the increase in nitroxyl linewidth due to an increase §C; in
the metal concentration. In this case f depends on K,C,/a‘*?, (1/a*}1/T1)o
and 5. {1/T4), is the Iinewidth of the nitroxyl at infinite dilution. Thus the
estimation of K4 depends on calculation of f. Graphical presentation of cer-
tain results is given in ref. {1521, |

Skubnevskaya and Molin investigated the possibility of using the tempera-
ture dependence of the line broadening to distinguish between weak and
strong spin exchange in collisions {145]). They present formulas showing that
{a) strong exchange is characterized by a diffusional activation energy for
the spin exchange constant X, and by the absence of any temperature depen-
dence for F, F = K _{Kp, where Ky, is the bimolecular diffusion constant for
collisions of the radical with the complex

_8RT
Kp=3 p {43)
(b) weak exchange is characterized by a negative activation energy for K, and
F. Dipole—dipole broadening was considered insignificant in the systems
examined since T, was short. They conclude that Co(C,H,OH),Cl, interacting
with XXXVH in C;H,0H solution corresponds to the strong exchange case,
Similarly CoCl; (aq)} exhibits strong exchange with XXXVII. However, Co-
{C10,), collisions with XXXVTI in propancl, methanol, dimethylsulfoxide
and acetone are all weak exchange cases, Ni(acac},L, collisions with XXXVH
in CHCI, solution are an interesting case, being strong when L is aniline and
weak when L is pyridine {145b].
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Hyde and Sarna have measured T and T: for nitroxyls colliding with
Cu(1I}, Gd(1il) and other lanthanides [158]. They concluded that the interac-
tion between Cu{Il) and nitroxyl is predominantly Heisenberg exchange, but
that dipole—dipole spin relaxation is the major contribution to broadening of
nitroxyl in collisions with Gd{III) [158}. Exchange between a fast relaxing
metal and a slow relaxing radical {e.g., nitroxyl) contributes equally to 73!
and T7! of the radical [158]. In all of the lanthanide—nitroxyl experiments
dipole—dipole contributions were judged to dominate T7! [158]. Hyde and
Sarna [158] and Kulikov and Likhtenshtein [66] emphasize that when T,
for the metal is short enough, interaction of a nitroxyl with the metal pro-
vides an efficient equilibration of the nitroxy! spin with the lattice.

The radical XXXIX in the presence of Cu(hfac); exhibited EPR spectral

. =0
O"“‘N
=0

EEXTX

changes which were interpreted in terms of m-complex formation between
the radical and the Cu(hfac), with some orbital mixing between the radical
and the copper [162]. This proposal is surprising in view of the claim that
the copper EPR spectrum was not changed significantly by interaction with
the radical [162]. However, no indication is given of what “significantly”
means.

In a paper which became the subject of debate because of its conclusion
that cellular protoplasm has a viscosity several times that of water, Keith and
Snipes used the broadening effect of Ni** on nitroxyl radicals in solution to
eliminate the interfering signals from nitroxyl radicals outside the cell [146,
163, 164]. {The technique of broadening nitroxyl EPR signals via collisions
with paramagnetic metal species has also been used by Likhtenshtein [44,141],
Oakes [161] and Rozantsev [66,67]1.) Keith and Snipes assumed that broaden-
ing was due to dipolar interactions, but presented no substantiation for the
assumption that exchange effects did not contribute {146]. Broadening of the
spectra of nitroxyls outside cells or vesicles by NiCl, has found utility in several
studies [147—149]1. The Ni(II) complex of tris(hydroxymethyl)aminomethane
has been used for the same purpose [150]. K Fe{CN};, also has been proposed
as a broadening agent for extracellular nitroxyl radicals. It is stated to be effec-
tive at 8 X 1072 M and to have advantages relative to Ni{II) for biological
systems [165]. K;Fe{CN), has also been added to these systeins to prevent
bioreduction of the nitroxyl [147,149].

Zelonka and Baird obtained NMR spectra of acetylacetonate-type com-
plexes of VO?*, Cr’*, Fe’*, Ru®* and Cu?* in the presence of DTBN (XXXIV)
[128,129]. They found little or no narrowing of lines in the NMR specira
except in certain Cu complexes, and concluded that spin exchange, if any,
was not sufficient to shorten the metal electron spin relaxation time significant-
ly for any of the complexes except copper bis(thexaflucroacetylacetonate}, Cu-
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(hfac), ,and copper bis(trifluoroacetylacetonate), Cu(tfac), {128,1291.

Wilbur and Kreilick also examined the broadening of the EPR spectra of I
and XXXIV upon collision with metal acetylacetonates [134]. They concluded
that the variations they ohserved in the broadenings “may be due to differen-
ces in either the dipolar or exchange terms’ [134]. They predicted that ex-
change interaction would be enhanced by a longer metal electron relaxation
time [134].

7 . 2
M
"O)N %
XL

Cazianis and Eaton [166] noted changes in the EPR spectrum of the spin-
labeled ligand XI. when coordinated to the metal complexes Ni{hfac}), and
Co{hfac);. A change in coupling constant and linewidth was observed, with
the lines broader in the Co complex than in the Ni complex [166].

I. RELATED STUDIES ON INTERACTIONS BETWEEN PARAMAGNETIC METALS
AND RADICALS OTHER THAN NITROXYL RADICALS

In this section brief mention will be made of studies which involve free
radicals other than nitroxyls in proximity to paramagnetic metals, These
examples were selected because the interpretations given in the papers are
relevant to the analysis of metal—nitroxyl interactions.

(i) Coenzyme B-12

EPR studies of coenzyme B-12-enzyme reactions reveal the presence of
two lines of unequal intensity separated by about 70 to 150 G in the g = 2
region of frozen solution spectra [25,122,167,168]. Two papers [167,168]
suggested that the Leigh theory might be applicable to certain details of the
EPR spectra. It is important to note that the Leigh formula does not imply
a reduction in the integrated area of the EPR peaks as implied by these
papers [167,1681. Schepler et al. [122] proposed that the “doublet” EFR
spectrum results from a weak exchange interaction between an organic free
radical and low spin Co(Il}. The analysis was made in terms of an “AB”
splitting pattern for two spin 1/2 species by analogy with standard high-reso-
lution NMR spectral interpretation [122]. Buettner and Coffman showed that
both exchange interaction and magnetic dipole—dipole interaction are present
by performing an exact computation of the spectrum directly from the spin
Hamiltonian rather than using a perturbation method [25]. They also demon-
strated the importance of examining the spectra at more than one microwave
frequency [25].

(ii) Horseradish peroxidase

A weak EPR signal, whose intensity was proportional to the concentration
of Compound I, was observed in the reactions producing Compound I of horse-



260

radish peroxidase [170]. The g-value and width of the signal were consistent
with an organic free radical, but the short relaxation time was interpreted to
indicate interaction with iron [170]. It was also suggested that the Leigh
theory could account for the reduced intensity of the signal [170].

(iif) Sueccinate dehydrogenase

The treatment of Leigh was applied to the EPR spectrum of succinate dehy-
drogenase in beef heart mitochondria [171]. A distance of approximately 6 A
was estimated between the Hipip-type iron sulfur center, center S-3, and a
radical of ubiquinone [1717.

{iv) Photosystem IT

The relaxation time of signal IL,¢ in photosystem II of spinach chloroplasts
was decreased by the presence of NiCl, in solution and increased by removal
of Mn** [172]. These observations were stated to support the postulate that
the species giving rise to signal II,, is in close proximity to a transition metal
which relaxes it via a dipolar interaction mechanism [172].

(v) Irradiated DNA

The effect of metal ions on the EPR spectra of irradiated DNA was
examined by Riesz and coworkers [173,174]. They concluded that spin—spin
interaction as deseribed by Leigh did not account for the relative signal inten-
sities observed since the intensities did not correlate with the metal—radical
interaction as measured by the effect of the metal on the relaxation time of
the radical [173,174}. These papers contain references to related studies that
are beyond the scope of this review.

(vi) Melanin

Sama, Hyde and Swartz observed that the EPR signal of the natural free
radical in melanin is reduced in intensity by paramagnetic transition metal
and lanthanide ions [175). The results were interpreted as confirming that
the dipolar interaction theory of Leigh adequately describes the EPR signal -
intensity changes [175]. A large molar excess of the metal was required to
saturate all of the metal binding sites and, in one experiment, Cu®* in bulk
frozen solution was observed to decrease the free radical signal intensity [175].
They also examined the dependence of the melanin free radical relaxation
behavior on ihe relaxation time of the added metal and found agreement with
Bloembergen’s calculation of the effect of paramagnetic metals in solids on
the relaxation of nearby nuclei [175,176].

{vii) 8Oz
The SO;3 radical produced by dissociation of 5,031 in solution interacts
with Mn?* causing broadening of the EPR spectra. The equilibria in this
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systemn are fau'ly complicated, but the authors judge that the ma]or effect on
the Mn?* EPR is the formation of [Mn(H,0),S,0,] with distortion of the sym-
metry at Mn, and that the major effect on the SO; EPR is dipolar interaction
hetween the unpaired spins in an ion pair, Mn**(H;0)s - (SO3),, [193]. The
dipolar interaction was treated with the approach used by Pearson and Buch
{see eqn. (11), Section H},

J. INTERACTION OF NITROXYL RADICALS WITH DIAMAGNETIC METALS

Several papers have reported complexes of nitroxyl radicals with diamagnetic
metals. These papers are not discussed exhaustively here because they are of’!
importance to the present work primarily when they provide comparison data
for evaluation of results concerning a complex of the same ligand with a para-
magnetic metal. References to many of these papers are listed in Table 7.

TABLE ¢
Interaction of nitroxyl radicals with diamagnetic metals
Metal Nitroxyl Reference
LI} X11 177
Li(T) XLiI 177
Li(I} XLIO 177
Li{I} XLV 177
Li(T} XLV 177
LiI) XLVI 177
Ta{1) XxLvn 177
Li(I} XLVINl 177
BF, XXX1v 178,179
BF, XXXV 179
BCi, XEXIV 179
BCl4 XXXV 178
BDr, XXX1v 179
BBty XXXV 179
AlCi3 XXxyv 178182
AlCH, XXXV 1786, 179, 205
AlCH, XXXV 183, 184
AlBry XXXV 183, 184
All; XXXVII 183, 184
Ali-Bu)s XXXV 185
Alsilica alumina

surface} XXX1IV 186, 187
Al Oy XXXV 204207
SiF, XXXV 185
SiF4 XXXV 185
5iCls XXXV 185

SiClg XXXIV 181, 182, 185
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Metal

TiCl,
Ti{OPh)q

Co(II1)
Co(III)
Co(IIT)

Ni(I1}
Ni(II)

Cu(l)

Zn(Ih)

Zn(lL)

Zn(Il)

Zn(ll}

Zu(II)

Zn(11}

Zn(I1)

Zn(H)

Zn{IT)

Zn CI:

ZnBrg

Zn,
Zn{hfac),(H,0);
Zn{acac)}; H3 O
Zn(thiourea),Cly
Zn(¢NH, 1 Cly
Zn(¢pNH;, ); Br,
Zn{¢pNHz )12
Zn(py)aBra
Zn{py)2(8CN}2
Zn{py):(CNO);

GaCl3
GaBr,
Galg
GaBrsy
63103

GBC14
GeCl,

[Rb(tfa)],

PA(II)
PA(IL)
Pd(I1)
PdA{II)
Pd{II}

Nitroxyl Reference
XXXV 181,182, 185
XxXx1v 181, 182, 185
XL1X 105

L 188
LVvI 213

L 188
XLIx 213

LI 112
XV1il 101, 112
XI1x 101
XLIX 104, 105
LI 104
XXV 133

L1 113

XLI 189, 190
XLv 130

L 188

XL 166

XL 166

XL 186

XL 166

XL 166

XL 166

XL 166

XL 166

XL 166

XL 166

XL 166

XL 166
XXXV 183
AXXVIL 183
XXXV 183
XXXy 205
XXXV 205
XXxivy 181,182, 185
XXXV 185
XXXV 218
Xviol 112
XXIX 111
XXX 113
XXXy 113
XXXV 112
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TABLE 7 {continued)

Metal Nitroxyl Reference
Pa(I1) Lg 112
Pd(II) LI 112
P4{I1I} XLIX 113
PA(IT) LIV 191
PAd{NQ3)2 XL 166
Pd(tfac}, XL 166
Pd{hfac)z XL 166
[PACI(XXXIV)]}: XXXIV 192
{PABr{XXXIV)}]: XXXIV 192
PACI{XAXIV)-

(ylide), LV XXXIV 193
Ag(T} XLI 130
Ag(I) XL 180
Ag(I) XLII 190
Ag(T) XLV 190
cdn XL1 189, 190
Ca(In) XLV 120
Cdl, XL 166
InBr, XXXV 194
Inia XXXV 194
SnCl,y XXXIV 181, 182, 185
SnCl, XXXV 181,182, 185
SnBry XXXV 185
(CO)5-Cr-Sn(t-Bu), Xxxiv 182, 185
P{II) XVII 112
P{II} LX 113
Pt{IT} LIII 113, 214
P i 113
Hg(II) XL1 189, 190
Hg(1I) XLII 190
Hg(11} XLII 190
Hef{I1} XLV 190
Heg(1D) L 188
HgCl, XL 166
Hgl, XL 166
Ph{II} XEI 180
Phi{II} XVL 19Q
K SUMMARY

The experimental results summarized in this review indicate considerable
promise of significant application of metal—nitroxyl interactions to under-
standing a wide variety of phenomena, including:

{(a) distances in biological systems — the effect of a paramagnetic metal on
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the EPR spectrum of a nitroxyl spin label, both in specific locations in a bio-
logical macromolecule, has been used to estimate the distance between the
metal and the nitroxyl spin label.

{b) location of charged groups in biological systems — the effect of charged
metal complexes in solution on the EPR spectrum of a nitroxyl spin label can
be used to find out about the proximity of the spin label to charged groups
on the biological macromolecule or memhrane.

{c) heterogeneous environments — broadening of the EPR spectrum of a
nitroxyl upon collision with a paramagnetic metal complex in solution can be
used to differentiate between nitroxyls according to their accessibility to
collisions with the metal complex. Thus spin labels on the surface of a macro-
molecule can be distinguished from those **buried™ in a location less accessible
to the metal. Nitroxyls inside cells or membranes can be distinguished from
nitroxyls in the surrounding fluid.

(d) microviscosity — the viscosity dependence of metalnitroxyl interac-
tions can be used to probe the details of microviscosity as experienced by
molecules of various sizes, shapes, charges, etc.

{e) solution dynamics — fundamental information relating to the kinetics
of reactions is accessible via metal-nitroxyl interactions. This approach has
an advantage over more traditional studies of chemical kinetics for obtaining
certain information in that the reaction is studied at-equilibrium (in a macro-
scopic sense) and the ‘“‘reagents® are not chemically changed by the reaction.

{f) spin—=pin interactions — fundamental understanding of the interactions
between pairs of nonequivalent unpaired electrons is accessible via study of
metal--nitroxy} interactions. These studies may vield improved quantitative
results to be used in interpreting studies in areas {a}-«{e). It is also important
to recognize that the spin exchange interaction is the most elementary chemi-
cal reaction and thus is of inhexent interest in its own right.

At the present time it appears that lack of electron spin relaxation time
data is the most serious experimental impediment to interpretation of metal—
nitroxyl interaction results. Hopefully there will be increased emphasis on 7'
measurements in EPR.

Theoretical advances are also urgently needed. There does not exist a
general theory appropriate to interaction of nonequivalent spins (e.g., metal
and nitroxyl} in fluid solution. Some limiting cases L.ave been studied, but even
here more attention must be given to careful definition of the conditions un-
der which the simplified expressions are valid before they can be routinely
applied by the experimentalist.
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