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KUNDALIKA M. MORE, GARETH R. EATON, and SANDRA S. EATON. Can. J. Chem. 60, 1392 (1982). 
A series of spin-labeled copper porphyrins has been prepared in which nitroxyl radicals are attached toa  porphyrin pyrrole ring by 

propionamide and propionate ester linkages. The solution epr spectra at room temperature indicate that the values of the electron . . 

spin-electron spin-coipling constant, J ,  for these compounds are in the range 4 to 18 G, dependingon the solvent and the size of the 
nitroxyl ring. Below -45°C two isomers with different values of J were observed in the epr spectra of two of the compounds. 
Variable temperature epr spectra were also analyzed for analogous spin-labeled copper porphyrins which have cis and trans acrylic 
ester and acrylamide linkages between the porphyrin and the nitroxyl ring. Comparison of the values of J for the complexes with 
saturated and unsaturated linkages suggests that o-bonding pathways dominate the copper-nitroxyl interaction in these 
compounds. 

KUNDALIKA M. MORE, GARETH R. EATON et SANDRA S. EATON. Can. J. Chem. 60, 1392 (1982). 
On a prkpark une skrie de  phorphyrines de cuivre, contenant un marqueur de spin, dans lesquelles les radicaux nitroxyles sont 

attaches h la portion porphyrine du cycle pyrrole par des amides et des esters propioniques. Les spectres de  rpe, en solution et h la 
tempkrature ambiante, indique que les constantes de couplage spin klectron - spin klectron dans ces composks varient de 4 h 18 G 
selon le solvant et la taille du cycle nitroxyle. A des tempkratures infkrieures h -45"C, on a observk, dans les spectres de rpe de  deux 
de  ces composks, la prksence d e  deux isomkres ayant des valeurs diffkrentes de  J .  On a igalement analysk les spectres de rpe i 
tempkrature variable des porphyrines de cuivre analogues contenant un marqueur de  spin dans lesquelles on a intercalk entre le 
cycle nitroxyle et la portion porphyrine, des amides ou des esters acryliques avec des isomeres cis et trans. La comparaison des 
valeurs de  J de ces complexes avec celles des produits saturks indique que I'interaction cuivre-nitroxyle induite dans ces composks 
se  transmet principalement par les liaisons o. 

[Traduit par le journal] 

Introduction 
Interactions between unpaired electrons may be 

observed via a variety of physical measurements. 
Of particular interest in biological systems are the 
interactions observable by electron paramagnetic 
resonance (epr) among various pairs or clusters of 
paramagnetic transition metals and/or organic free 
radicals (1). These paramagnetic centers may be a 
natural component of the biological system or they 
may be species purposely added as probes or labels 
(2). Interactions between these centers may affect 
the epr spectra enough to invalidate the usual 
interpretations. For example, a spin-labeled bio- 
molecule may yield an epr spectrum which is not 
validly interpreted in terms of the motion of the 
label if a paramagnetic metal is present. If, how- 
ever, the effect of the metal on the nitroxyl epr 
spectrum were understood in detail, additional 
information could be obtained from the epr spec- 
trum. For example, an assessment was made 
several years ago of the effect of dipolar interac- 
tions between a metal and a nitroxyl radical on the 

'To whom all correspondence should be addressed. 

epr lineshape of the nitroxyl in a rigid matrix (3). 
This approach has been used by many investigators 
to obtain metrical information on spin-labeled 
biomolecules (1). Others have studied the closely 
related problem of metal - organic radical interac- 
tions in vitamin BI2-dependent enzyme reactions 
also seeking metrical information (4, 5). 

There is promise of achieving considerable in- 
sight into the metric and dynamic features of 
complicated systems, such as enzymes and mem- 
branes, by theoretical analysis and experimental 
calibration of the impact on their epr spectra and 
relaxation properties of interaction between un- 
paired electrons. substantial confusion can result, 
however, if proper attention is not given to relevant 
features of the interaction regime. For example, 
one must consider relative motion of the two 
species, whether this motion is correlated or not, 
the nature of the interaction pathway, environment 
effects such as specific solvation, and potential 
nonstatistical effects such as specific ion pair or 
acidlbase interactions. Consideration must also be 
given to relative values of the various characteristic 
times of the system, such as tumbling or collisional 
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MORE ET AL. 1393 

correlation times, electron spin relaxation times, 
nuclear spin relaxation times, reciprocal of the 
microwave frequency, and modulation frequency, 
etc. In some cases the electron-electron interac- 

I tion can be observed in the lineshape of the normal 
continuous wave (CW) epr spectrum, and in other 

I cases the interaction is observed only via a non- 
: linear technique (such as CW saturation studies) or 

time domain (pulsed) epr. 
Most work on interacting spin systems has been 

conducted either in low viscosity fluid solutions or 
in essentially rigid matrices such as frozen solu- 
tions or very slowly tumbling biomolecules. Still to 
be explored are intermediate tumbling regimes, 

liquid crystals, phase boundaries (e.g., membrane 
surfaces), and single crystals. 

In this paper we briefly survey the range of 
phenomena which have been observed in low 
viscosity fluid solutions of paramagnetic transition 
metal complexes containing nitroxyl radicals, and 
mention some preliminary results from work in 
progress. Detailed description is given of a series of 
copper(I1) porphyrin complexes I-IX in which a 
nitroxyl is observed to exhibit exchange interaction 
with the copper through a variety of metal-nitroxyl 
linkages, including a saturated -CH2-CH2- 
chain. 

C-C linkage 

\ / \ / 
R cis C=C trans C=C saturated -CH2-CH2- 

/ \ / \ 

VII 

VIII 

Experimental section 
Infrared spectra were obtained in Nujol mulls on a Perkin- 

Elmer 337 grating spectrometer. Electronic spectra were ob- 
tained in chloroform solution on a Beckman Acta V spectrom- 
eter. Data are given below with wavelengths in nm and log E in 
parentheses. X-band epr spectra were obtained on a Varian E-9 
spectrometer as previously described (6). Electron paramagnet- 
ic resonance spectra were run on degassed samples in dried 

purified solvents with concentrations about M. All spectra 
were obtained with power levels well below saturation. g -  
Values were measured relative to DPPH (g = 2.0036). Electron 
paramagnetic resonance spectra are shown in the figures with 
the magnetic field increasing to the right. All coupling constants 
are given in G. High resolution mass spectra were obtained at 
the Midwest Centerfor Mass Spectrometry. Elemental analyses 
were performed by Spang Microanalytical Laboratory. 
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Preparation of compounds 
Spin-labeled copper pophyrins I-VI were prepared as pre- 

viously reported (7). meso-Tetraphenyl-1-[2-ethoxycarbonyl- 
ethyllporphyrin, X, was prepared by the method of Momenteau 
et a l .  (8). The presence of the propionate ester was confirmed by 
a high resolution mass spectrum. M+/e observed: 714.3051 _f 

0.0126. Calcd. for C4,H38N402: 714.2995. 

Coppetf l l )  meso-tetraphenyl-I-[2-ethoxycarbonylerhy 
porphyrin, XI 

Cupric chloride (0.2g, 1.2 mmol) was refluxed with porphyrin 
X (0.72g, 1 mmol) in DMF (100 mL) until the visible spectra 
indicated complete conversion to the metalloporphyrin. Water 
(100 mL) was added to the cooled reaction mixture and the 
precipitate was collected by filtration. The product was chrom- 
atographed on silica gel in CHCI, solution and the first red band 
was collected. The product was recrystallized from CHCl,/hep- 
tane. Yield: 90%. ir: vco 1720 cm-I; vis: 570(sh, 3.50), 539(4.29), 
416 (5.66). 

Coppetfll) meso-tetraphenyl-I-[3-propionic acid]porphyrin, 
XII 

KOH methanol in (7.5 mL, 2 N )  was added to 100 mg of XI in 
30 mL of pyridine. The solution was stirred for 24h at room 
temperature. The solvent was removed and the residue was 
neutralized with aqueous HCI. The product was extracted into 
CHCI, and the solution was dried over Na2S0,. The volume of 
the solution was reduced to 30 mL before putting it on a silica gel 
column. Unreacted XI  was eluted with CHCI,. The product was 
eluted with 2% ethanol in CHCI, and recrystallized from 
CHCl,/heptane. The acid appears to decompose when heated 
for prolonged periods in vacuum. Yield: 67%; ir: vco 1685 cm-I; 
vis: 570 (sh, 3.62). 539 (4.42), 416 (5.81). 

Copper(l1) meso-rerraphenyl-I-[3-(N-(2,2,6,&reaamethyl- 
piperidinyl-I-oxy))propionatnido]porphyrin, VII 

Oxalyl chloride (1.1 g, 10 mmol) was added to a solution ofXII 
(0.15g, 0.2 mmol) in 50 mL of dry benzene. The solution was 
stirred for 2 h a t  room temperature. The solvent was removed in 
vacuum and the residue was kept under vacuum for 2 h before 
dissolving it in 75 mL dry THF and 1 mL dry pyridine. 
4-Amino-2,2,6,6-tetramethylpiperidinyl-1-oxy (0.034g, 0.2 
mmol) in 2 mL dry THF was added dropwise under nitrogen. 
After refluxing the solution for 6h ,  the solvent was removed in 
vacuum and the residue was chromatographed on silica gel in 
CHCI, solution. The first red band was collected. The product 
was recrystallized from CHCl,/heptane. Yield: 61%; ir: v o  1655 
cm-I, v,, 3300 cm-'; vis: 570 (sh, 3.65), 539 (4.48). 416 (5.86). 
Anal. calcd. for C56H4,CuN602: C 74.60, H 5.48, N 9.32; found: 
C 74.81, H 5.59; N 9.47. 

Copper(l1) meso-tetraphenyl-I-[3-(0-(2,2,6,&tetramethyl- 
piperidinyl-I-oxy))propionic esterlporphyrin, VIII 

The ester was prepared from copper porphyrin XI1 and 
4-hydroxy-2,2,6,6-tetramethyl-piperidiny-1-oxy by the same 
procedure as described for VII. Yield: 55%. ir: vco 1725 cm-I; 
vis: 570 (sh, 3.64). 539 (4.51), 416 (5.89). Anal. calcd. for 
C56H,8CuN503: C 74.52, H 5.36, N 7.76; found: C 74.24, H 5.23, 
N 7.57. 

Copper(l1) meso-tetraphenyl-I-[3-(N-(2,2,5,5-tetramethyl- 
pyrrolidinyl-I-oxy))propionamido]porphyrin, IX 

The amide was prepared from copper porphyrin XI1 and 
3-amino-2,2,5,5-tetramethylpyrrolidinyl-1-oxy by the same pro- 
cedure as described for VII. Yield: 67%; ir: ve-,, 1650 cm-I, v,, 
3320cm-I; vis: 570(sh, 3.47), 539 (4.28), 416(5.66). Anal. calcd. 
for CS5H,,CuN6O2: C 74.43, H 5.34, N 9.47; found: C 74.27, H 
5.21. N 9.28. 

Computer simulations 
The interaction between two spins can be ex- 

pressed in terms of dipolar and exchange compo- 
nents. The main distinguishing feature of dipolar 
interactions relative to exchange interactions is the 
angular and distance dependence of the dipolar 
interactions. It can be shown that expansion of the 
exchange and dipolar parts of the spin-spin inter- 
action both lead to linear combinations of the same 
set of nine components of the interaction dyadic 
(5). The exchange and dipolar components differ 
only in the scalar coefficients of the dyads (which 
are bilinear in the spin operators). An epr experi- 
ment can yield the values of the coefficients, but 
their interpretation in terms of exchange and/or 
dipolar contribution is not unambiguous without 
additional information such as the geometry of the 
interaction. The exchange interaction can be written 
as the sum of three matrices: isotropic exchange, 
antisymmetric exchange, and symmetric aniso- 
tropic exchange. The symmetric anisotropic ex- 
change matrix has precisely the same formal struc- 
ture as the dipole-dipole interaction matrix, i.e., it 
is anisotropic but symmetrical about the main 
diagonal. In rigid media all of these terms have to be 
considered. However, in rapidly tumbling mole- 
cules with the normally encountered g-values and 
distances, it can be estimated that terms other than 
isotropic exchange average to nearly zero, i.e., less 
than the linewidths due to other effects. In this 
case, to which we shall restrict our attention in the 
rest of the discussion, the isotropic exchange can 
be treated as a scalar J. 

It has sometimes been assumed that spin-spin 
exchange interactions are negligible for distances 
greater than about 6 A (9, 10). However, proton- 
proton spin-spin coupling attributable to exchange 
interactions has been observed through five bonds 
in saturated systems and through nine bonds in 
conjugated hydrocarbons (1 1). Coupling to distant 
protons has also been observed in ENDOR spectra 
(12). Since the electron magnetic moment is much 
larger than the proton magnetic moment, it is 
reasonable to expect even longer range spin-spin 
interactions between two electrons than between 
two protons or between a proton and an electron. 
Orbital interactions through six bonds have also 
been found to be sufficiently large to alter chemical 
reactivity (13). 

A few years ago we reported the first examples of 
high resolution electron spin - electron spin split- 
ting in epr spectra (14, 15). These spectra can be 
interpreted in terms of the Hamiltonian [I]. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
O

R
T

H
E

A
ST

E
R

N
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/1
1/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



MORE ET AL. 

where g ,  and g2  ar? the g +values of the metal and 
nitroxyl electrons; S ,  and S2 refer to the metal and 
nitoxyl electron spins, respectively; J is the elec- 
tron-electron coupling constant in Hertz; I , ,  I,, 
and I, refer to the metal nuclear spin, the nuclear 
spin of the coordinated nitrogens, and the nuclear 
spin of the nitroxyl nitrogen, respectively; A M  is the 
metal electron - metal nuclear coupling constant in 
Hertz; A N  is the coupling constant in Hertz be- 
tween the metal electron and the nuclear spins of 
the coordinated nitrogens; A N ,  is the coupling 
constant in Hertz between the nitroxyl electron and 
the nuclear spin of the nitroxyl nitrogen; and all 
other symbols are defined as in ref. 16. The first 
seven terms in the Hamiltonian were treated exact- 
ly and the last four were treated as a perturbation to 
second order for the transition energies and to first 
order for the transition probabilities. To facilitate 
visual comparison with the field-swept experimen- 
tal spectra the values of J, A M ,  A N ,  and ANt are 
discussed below in units of G with the conversion 
between Hertz and Gauss given by eqs. [2]-[4]. 
The conversion factor for A N  is the same as for A M .  
Only the absolute value of J can be determined 
from these calculations. 

The simulation of epr spectra using Hamiltonian 
[I] has been reported in detail (16). The computer 
program CUNO described in ref. 16 has been 
extended to handle any nuclear spin and to allow 
more flexibility in siinulating linewidths. The es- 
sential feature of the calculation can be seen with a 
simple "stick" diagram (Fig. 1). Each copper 
transition interacts with each nitroxyl transition 
producing an "AB quartet" of four lines, analo- 
gous to the well-known AB patterns of 'H nmr. The 

FIG. 1. Schematic representation of two of the AB patterns 
resultingfrom interaction of a copper electron (Acu = 86G) with 
a nitroxyl electron (A, = 15G) for a value of J of 200'3. The 
stick spectrum labeled a arises from coupling between the In, = 
312 copper line (lowest field copper line) and them, = 0 nitroxyl 
line. The stick spectrum labeled b arises from coupling between 
them, = -312 copper line (highest field copper line) and them, 
= 0 nitroxyl line. 

lines in the spectra are referred to as copper or 
nitroxyl depending on the nature of the transition as 
J approaches zero. The intensities of the inner and 
outer lines of the quartet are dependent on the 
magnetic field separation between the original 
copper and nitroxyl lines that are interacting and 
the magnitude of J. Figure 1 illustrates this for two 
different cases. The rn, = +3/2 Cu line and the m, 
= 0 line of the nitroxyl are sufficiently far apart that 
with a J of 200G, a clear four-line pattern is 
produced in which the outer lines have significant 
intensity (Fig. 1, stick spectrum a ) .  The Cu -312 
line and the nitroxyl 0 line are so close together, 
though, that with a J of 200G the inner copper and 
nitroxyl lines are almost superimposed, and the 
outer lines have little intensity and may in practice 
not be observable if the linewidths are large (Fig. 1, 
stick spectrum b). Thus, even within a single 
compound a wide range of ratios of J to the 
metal-nitroxyl energy separations may occur. 

Figure 2 shows observed and calculated room 
temperature epr spectra for spin-labeled copper 
porphyrins VIII, XI11 (15, 17), and XIV (18). When 
J is small, as in Fig. 2A, the nitroxyl region of the 
spectrum is an overlapping doublet of triplets and 
the copper lines only appear to be broadened. In 
Fig. 2 8  the value of J (78G) is close to the copper 
nuclear hyperline coupling (86G) so the copper 
signal is an apparent five-line pattern partially 
obscured by the sharper nitroxyl lines. The nitroxyl 
lines are a clearly resolved doublet of triplets. 
When J is 800G, as in Fig. 2C, the copper and 
nitroxyl inner lines are nearly coincident, the 
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OBSERVED CALCULATED 

FIG. 2. X-band epr spectra of three spin-labeled copper porphyrins at room temperature and computer simulations to demonstrate 
the effect of the value of J on the appearance of the spectra. The three spectra are 800G scans centered at 3025 G. A ,  The spectrum of 
VIII in toluene solution was obtained with 0.63 G modulation amplitude and 4.0 mW power. The computer simulated spectrum was 
obtained with J = 14.5G. B,  The spectrum of XI11 in CHCI, solution was obtained with 0.8G modulation amplitude and 20 mW 
power. The value of J in the simulated spectrum is 78G. C, The spectrum of XIV in toluene solution was obtained with 2G 
modulation amplitude and 15 mW power. The value of J in the simulated spectrum is 800G. 

apparent copper hypefine splitting is one-half A,, 
(112 x 86G) and the outer lines of the AB pattern 
are not observed. Overall there is good agreement 
between the observed and calculated spectra. There 
is, however, some discrepancy for the lowest field 
copper lines due to incomplete motional averaging 
of g- and A-anisotropy which is not included in the 
computer simulations. 

Results and discussion 
Details are given in the Experimental section for 

the preparation and characterization of the nitroxyl 

spin labeled copper porphyrin complexes VII-IX. 
In this section we describe the epr spectra of these 
compounds and compare them with the spectra of 
the closely related compounds I-VI for which the 
room temperature epr spectra have previously 
been reported (7). This series of compounds was 
designed to compare spin-spin interaction through 
saturated and unsaturated C-C linkages, keeping 
everything else as similar as is possible in a series of 
different compounds. 

In a variety of solvents at room temperature the 
value of J for spin-labeled copper porphyrin W 
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XIII 

ranged from 9 to 17 G (cf. Table 1). Similar values 
of J were observed for VIII which contains an ester 
linkage instead of an amide linkage. The epr 
spectra of VIII in CHCl, solution (Fig. 2A)  are 
typical of the spectra observed for both VII and 
VIII at room temperature. The values of J for VII 
and VIII are smaller than those previously ob- 
served for IV and V (19-26G, cf. Table 1) which 
have a trans olefinic linkage between the porphyrin 
and the nitroxyl(7). For the analogous cis isomers 
1-111 in noncoordinating solvents the values of J 
are strongly dependent on solvent and temperature 
which was attributed to an interaction between the 
carbonyl oxygen and the porphyrin n-system or the 
copper (7). This interaction is blocked by pyridine 
coordination, so all comparisons in this paper 
involving the cis isomers will be based on spectra 
taken in the presence of coordinating solvents. 
Under these conditions the values of J for I and I1 
are smaller than for VII and VIII, indicating that 
exchange interactions through the C-C linkages at 
room temperature increase in the order 

\ / \ / 
cis C=C < saturated < rrans C=C 
/ \ / \ 

The values of J for 111, VI, and IX which contain the 
pyrrolidine nitroxyl are so small for all three link- 
ages that trends are difficult to ascertain. 

We had previously observed that at room temp- 
erature in CHCl, solution two species were ob- 
served in the epr spectrum of V (7) with values of J 
of 15.5 and 26.OG. When the solution is cooled, the 
lines in the spectrum sharpen and at -40°C the 
values of J are 13 and 38G. At room temperature in 
2: 1 toluene: pyridine solution and in other solvents 
tested, a single value of J is observed for V. 
However, when a solution of V in 2:l toluene: 
pyridine is cooled, two species are observed in the 
epr spectra at 10°C and below (cf. Fig. 3). The 
values of J for the two isomers at -60°C are 11 and 
38 G. We previously reported that nmr studies 
indicated a specific interaction between haloge- 
nated solvents and spin-labeled copper porphyrin V 
(7). It appears that this interaction raises the barrier 

CH3 
XIV 

to interconversion of the two isomers such that two 
species are observable at room temperature in 
halogenated solvents but reduced temperatures are 
required to observe separate signals for the two 

FIG. 3. A ,  100 G scan of the nitroxyl region of the X-band epr 
spectrum of V at -2YC in 2:l to1uene:pyridine solution 
obtained with 0.4G modulation amplitude and 20 mW power. B ,  
Computer simulated spectrum with two isomers, J = 34 G (60%) 
and J = 10.3 (40%). C, Contribution to the simulated spectrum 
from isomer with J = 34G. D, Contribution to the simulated 
spectrum from isomer with J = 10.3G. 
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FIG. 4. A ,  IOOG scan of the nitroxyl region of the X-band epr 
spectrum of VIII at  -5YC in 1:l toluene:CH,CI, solution 
obtained with 0.4G modulation amplitude and 10 mW power. B ,  
Computer simulated spectrum with two isomers J = 29G (65%), 
and J = 6.3 G (35%). C ,  Contribution to the simulated spectrum 
from isomer with J = 29G. D, Contribution to the simulated 
spectrum from isomer with J = 6.3G. 

isomers in other solvents. Only a single isomer was 
observed in the epr spectra of the amides with trans 
olefin linkages, IV and VI. 

When solutions of VIII in 1: 1 toluene:CH,CI, or 
2: 1 to1uene:pyridine were cooled, two isomers 
were observed in the epr spectra at temperatures 
below -45°C. As shown in Fig. 4 the spectra in 1: 1 
toluene:CH2C1, at -59°C could be simulated with 
J = 6 and 30G. Similarly at temperatures below 
-45°C two isomers were observed in the epr 
spectra of W. At -60°C in 1: 1 toluene:CH,Cl, the 
values of J are 4 and 25G. Low temperature 
spectra of 1-111 and IX were also examined, but the 
values of J are sufficiently small and the low 
temperature linewidths sufficiently broad that it is 
difficult to determine whether more than one iso- 
mer is present. 

Conformational equilibria 
Wojcik and Witanowski have studied halogenated 

acrylamides and concluded that for the trans olefin 
there is a single conformer XV (X = C1, Br, I) (19) 
with a Z conformation (20) around the C,C, 
bond. The barrier to rotation about the amide 
C-N bond in acrylamides has been observed to be 
12-16 kcallmol, depending on the substituents on 
the olefin (21) so the rotation about the C-N bond 
in IV would be expected to be slow on the epr time 
scale at room temperature. By analogy with poly- 
peptide amide linkages it would be expected that 
the piperidine ring would be oriented cis to the 
carbonyl group (22). These analogies suggest that 
XVI (Y = NH) is the conformation of IV, that other 

xv XVI 

isomers are unlikely, and that the structure is rigid 
on the epr time scale. The observation of a single 
isomer of IV with relatively narrow lines over a 
wide temperature range is consistent with the 
prediction of structural rigidity. Conformation XVI 
(Y = NH) gives a zig-zag or "extended W plan" 
orientation of the bonds between the porphyrin and 
nitroxyl ring. This bond geometry has frequently 
been observed to give rise to large long-range 
couplings in o-bonded systems in both nmr and epr 
studies (1 1, 23). 

For the two isomers of the trans ester V at low 
temperature the values of J are 11-13 G and 38 G. 
The similarity of the larger value of J to that 
observed for amide IV suggests that the isomer 
with the larger value of J has conformation XVI (Y 
= 0) .  The smaller value o fJ  could then be due to an 
isomer which does not exhibit a zig-zag conforma- 
tion. Most carboxylic esters have been observed to 
adopt conformation XVII (24,25). Oki and Nakashi 
observed that formate esters exist exclusively in 
conformation XVII (R' = H) 

XVII XVIII 

unless R is sterically demanding (26). When R is 
t-butyl or 3-ethylpentyl7-9% of the ester exists in 
conformation XVIII at temperatures below - 100°C 
(26). Since the two isomers of V have approximate- 
ly equal populations and the piperidine ring is less 
sterically demanding than a t-butyl group, it appears 
that rotation around the C-0 bond is not the 
source of the isomerism in V. Wennerbeck and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

N
O

R
T

H
E

A
ST

E
R

N
 U

N
IV

E
R

SI
T

Y
 o

n 
11

/1
1/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 



MORE ET AL. 1399 

Me2N, ,&02Me 

Me2N /c=cc&&Me 
XIX 

Sandstrom have observed that the barrier to rotation 
about the C,Cb bond in XIX is 8.1 kcallmol(27). 
In this "push-pull" ethylene the formal C=C 
bond is weaker than a usual C-C double bond and 
the C,Cb bond stronger than in a typical acrylic 
ester (27). Thus 8.1 kcallmol should be substanti- 
ally greater than the barrier to rotation around the 
analogous bond in V. Based on a coalescence 
temperature of 293 K and an energy separation of 
20G the AG* for interconversion of the two 
isomers of V is 6.3 kcal/mol(28). This would appear 
to be a reasonable barrier for rotation about the 
olefin to carbonyl bond in V and suggests that the Z 
and E conformers about this bond, XVI (Y=O) and 
XX, are the two isomers which are observable 
below room temperature. 

In the spin-labeled complexes with CH, linkages 
between the porphyrin and the amide or ester 
linkage, VII and VIII, two isomers were observed 
in the epr spectra at temperatures below -45°C. 
With a coalescence temperature of about 228 K and 
an energy separation of 25 G (cf. Table 1) the AG* 
for interconversion of the isomers is about 5 
kcallmol. This barrier to rotation is sufficiently low 
that it is difficult to determine which bonds are 
involved. However, the larger of the two values of 
J observed for both VII and VIII, 25 and 30G, 
respectively, is sufficiently similar to that observed 
for conformation XVI of IV and V to suggest that a 
zig-zag conformation may also occur for VII and 
VIII. In the cis isomers I and I1 the conformation 
around the olefin linkage precludes a zig-zag con- 
formation consistent with the observation that J is 
small at all temperatures for I and 11. The order cis 
< saturated < trans observed at room temperature 
is consistent with rapid rotation in the complexes 
with saturated linkages between zig-zag con- 
formers like those of the trans isomers in which J 
can be relatively large and conformers like those of 
the cis isomers in which J is small. It appears that 
variations in the values of J for I, 11, IV, V, VII, and 

VIII are consistent with explanations in terms of 
the stereochemistry around the bonds in the link- 
age between the porphyrin and nitroxyl rings. 
Although solvent effects shift the equilibria and the 
observed activation energies the similarity of 
behavior in a variety of solvents suggests that the 
differences in J are not due primarily to solvation 
effects. The similarity in the values of J for the 
saturated and unsaturated linkages indicates that in 
these compounds the metal-nitroxyl interaction is 
likely dominated by o-bonding interactions. 

Comparison with other results 
In the perspective of the epr background avail- 

able at the time these studies were initiated, the 
observation of high resolution electron spin - 
electron spin coupling over a distance of about 12 
A, including a saturated carbon pathway, could be 
considered surprising. However, such an observa- 
tion is not out of line with nuclear spin coupling 
data when the differences between nuclear and 
electron properties are considered. Over the past 
five years our studies have shown that AB patterns 
in epr spectra can be observed due to interaction of 
a nitroxyl unpaired electron with Cu(II), Ag(I1) 
(29), and vanadyl(30) unpaired electrons. Since the 
electron-electron interaction is so sensitive to the 
orbital overlaps in the intervening bonds, it is 
proving to be a useful technique for detection of 
isomers which cannot readily be studied by other 
physical methods (17,30-34). It is also not surpris- 
ing that in some cases the values of J have been 
found to be strongly dependent on both solvent and 
temperature (6, 17, 18). 

The present study emphasizes the importance of 
o-bonding pathways for metal-nitroxyl interac- 
tions. In a study of spin-labeled pyridine adducts of 
Cu(hfac),, VO( t fa~)~ ,  and VO(hfac), it was ob- 
served that spin-delocalization into the pyridine 
orbitals was dominated by o-bonding pathways for 
Cu(I1) but x-bonding pathways were also impor- 
tant for the vanadyl complexes (30). In the same 
series of compounds it was also observed that 
interactions through ester, amide, and Schiff base 
linkages between the pyridine and nitroxyl rings 
appeared to correlate with the extent of x bonding 
(27). In a series of spin-labeled metalloporphyrins 
the magnitude of the metal-nitroxyl exchange 
interaction increases in the order VO(IV) < Cu(I1) 
< Ag(II), which parallels other indications of the 
extent of delocalization of the metal unpaired 
electron into the porphyrin orbitals (29). It can be 
anticipated that long range exchange interactions 
through o as well as x pathways may be a general 
feature affecting nitroxyl epr spectra. Unless the 
possibility of exchange interactions affecting the 
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TABLE 1. Values of the spin-spin coupling constant, J ,  for spin-labeled copper porphyrins I-IXa 

Linkage 

transb Saturated cis 
\ / \ / 

R Solvent C=C -CHI-CHI- C=C 
/ \ / \ 

1 v  VII I 
CHCI, 19.9 9.3 -0 

Toluene 17.5 
H 1: 1 Toluene:CH2CI2 { 2 (-mot) 

2: 1 To1uene:pyridine 25.6 14.0 3.5 

2: I T01uene:pyridine 32 (-60°C) { 2i (-mot) 6 (-60°C) 

Pyridine 25.6 13.5 3.5 

CHCI, { :::: 15.5 -0 

CHCI, { !,: (-40°C) 

Toluene 23.5 14.5 

1: 1 Toluene:CH2CI2 { 3 3 - a 0 c )  

2: 1 To1uene:pyridine 20 13 - 4 
1 1  6 2:1 ~oluene:pyridine{ (-60°C) { 26 (-55.C) 4 (-50°C) 

Pyridine 20.5 14 

v 1  IX  111 
H CHCI, 3 5 550' 

Toluene 4.5 --+go 2:1 To1uene:pyridine 5 5.5 -8 
2: 1 To1uene:pyridine 5 (-60°C) 4 (-50°C) 10 (-50°C) 

Pyridine 5.2 6.6 5.9 

"The designations Rand linkage refer to the structural diagram for I-IX. Values of J are in G for solutions at room temperature 
(20-2PC) unless a different lemperature is noted in parentheses after the value of J .  

"ome of the room temperalure values in this column were taken from ref. 7. 
'The large value of J for I11 in noncwrdinating solvents is discussed in ref. 7. 

results is somehow excluded, caution should be 
exercised in applying calculations which assume 
only dipolar interactions. 

The observation of metal-nitroxyl interactions 
is not limited to lineshape changes of "normal" epr 
spectra. The interaction also changes the nitroxyl 
relaxation times. For an accurate measure of this 
change in relaxation time, time domain (pulsed) epr 
spectroscopy is needed. However, significant rela- 
tive measurements can be made using non-linear 
CW epr, such as a power saturation curve (signal 
amplitude vs. square root of power) and simulation 
of saturated spectra. In all of the AB spectra we 
have obtained, the relaxation times of the nitroxyl 
signals are substantially altered, such that it is often 
impossible to saturate the nitroxyl signals at room 
temperature whereas free nitroxyl spectra gener- 
ally show effects of saturation above 1-5 mW at 

the same concentration. In work not yet complete 
we have also observed nitroxyl relaxation time 
changes in spin-labeled complexes of NiCII), Mn(II), 
Mn(III), and Fe(II1). In some cases the unsaturated 
epr spectrum is almost indistinguishable from a 
spectrum of the same nitroxyl in the absence of 
metal, but the power saturation curves clearly 
reveal the metal-nitroxyl interaction. In these 
studies it is critically important to distinguish 
between inter- and intra-molecular interactions. 

Beyond the answers these studies are providing 
to the interpretation of epr in biological systems, 
and to fundamental magnetic interactions, they 
also are of importance as measures of the electronic 
structure and stereochemistry of molecules. 
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