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Electron4ectron coupling constants, J, have been obtained from solution EPR spectra for a series of spin-labeled pyridines 
coordinated to vanadyl bis(trifluoroacetylacetonate), vanadyl bis(hexafluoroacetylacetonate), and copper bis(hexafluor0- 
acetylacetonate). The value of J was larger for a ligand with a urea linkage between the pyridine ring and the nitroxyl 
ring than for a ligand with an amide linkage. The addition of a CH2 group between the pyridine ring and the amide or 
urea linkage led to a decrease in the value of J. The impact of the additional CH2 group was greater for the urea linkage 
than for the amide linkage and was greater for the 4-substituted pyridine ligands than for the 3-substituted pyridine ligands. 
The observed dependence of J on linkage is attributed to a winteraction pathway in the urea ligands. 

Introduction 
Electron-nuclear hyperfine coupling constants are widely 

used to determine electron spin density distributions in para- 
magnetic species.' However, because of the line widths 
typically observed in EPR spectra and the multiplicity of lines 
in complex spectra, resolved hyperfine coupling can only be 
obtained for positions with relatively large spin density.' 
ENDOR spectra can be used to measure smaller electron- 
nuclear coupling constants but ENDOR spectra can only be 
obtained on systems in which the electron spin relaxation time 
is sufficiently long to permit saturation., N M R  of para- 
magnetic molecules can also be used to measure small elec- 
tron-nuclear coupling constants, but it is limited to systems 
in which the electron spin relaxation time is sufficiently short 
that an averaged signal is observed for the two electron spin 
states on the N M R  time scalea3 Recent results from our 
laboratories have shown that electron-electron spin-spin 
coupling constants can provide information concerning spin 
delocalization that complements that which can be obtained 
by other  method^.^-^ Since the electron magnetic moment 
is much larger than nuclear magnetic moments, electron- 
electron coupling can be observed for much smaller spin 
densities than electron-nuclear coupling. Furthermore, 
electron-electron spin-spin coupling can be observed in the 
EPR spectra when the electron spin relaxation time is too short 
for ENDOR measurements and too long for paramagnetic 
NMR. We have used the changes in electron-electron cou- 
pling constants, J ,  to monitor changes in electron spin delo- 
calization due to changes in metal i0n,~9~ changes in metal- 
nitroxyl  linkage^,^^ and changes in ligand c~nformation.~-* 

In this paper we examine the effect on electron-electron 
spin-spin coupling when a CHI or N H  group is used to 
lengthen the bonding pathway between a paramagnetic tran- 
sition metal and a nitroxyl radical. We have analyzed the EPR 
spectra of a series of spin-labeled pyridines coordinated to 
vanadyl bis(hexafluoroacetylacetonate), VO(hfac),, vanadyl 
bis(trifluoroacetylacetonate), VO(tfac),, and copper bis(hex- 
afluoroacetylacetonate), Cu(hfac),. We had previously re- 
ported results for ligands I and II.5 We have now examined 
ligands 111-VII, in which an additional CH2, NH,  or (CH,), 
group has been added between the pyridine and nitroxyl rings. 
Experimental Section 

Physical Measurements. Infrared spectra were obtained in halo- 
carbon or Nujol mulls on a Perkin-Elmer 337 grating spectrometer. 
X-Band EPR spectra were obtained on a Varian E-9 spectrometer'0 
with use of deoxygenated solutions. Solution concentrations were 1 
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X lo-' to 5 X lo-' M. g values were measured relative to DPPH 
(2.0036). All coupling constants are given in gauss (1 G = 0.1 mT) 
to facilitate comparison with the field-swept experimental spectra. 
Elemental analyses were performed by Spang Microanalytical Lab- 
oratory. 

Preparation of Compounds. All starting materials were com- 
mercially available and were used as received unless specified otherwise. 
The following compounds were prepared by literature methods: 
Cu(hfac),," VO(tfac)2,'2 and VO(hfac),.'' 
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44 (( (2,2,5,5-Tetramethyl-l-oxypyrrolin-3-yl)carbonyl)amino)- 
methylbyridme (III). The acid chloride of 3-carboxy-2,2,5,5-tetra- 
methylpyrrolin-3-yl-l-o~y'~ (1.1 g) was treated with the dry THF 
(75 mL), pyridine (2 mL) and 4-(aminomethy1)pyridine (0.45 g). The 
reaction mixture was refluxed overnight, and the solvent was removed 
under vacuum. The residue was dissolved in CHCI3 (75 mL). The 
CHC1, solution was washed several times with 0.1 N NaOH (total 
volume ca. 200 mL), washed once with water, and dried over an- 
hydrous Na2S04 The solvent was removed under vacuum. The 
residue was dissolved in CHCl3 and put on a silica gel column. 
Impurities were eluted with CHC13. The product eluted with 2% 
methanol in CHCI, as a slow-moving yellow band and was recrys- 
tallized from benzene/hexane: yield 40%; mp 110 OC. IR: uc0 1660, 
uNH 3300 cm-'. EPR (CH2C12): g = 2.0059, AN = 14.6 G. Anal. 
Calcd for CI5HmN3O2: C, 65.67; H, 7.35; N, 15.32. Found: C, 65.50; 
H, 7.25; N, 15.33. 
3-[ ( ( (2,2,5,5-Tetramethyl-l-oxypyrrolin-3-yl)carbonyl)amino)- 

methylbyridine (IV). The amide was prepared from the acid chloride 
of 3-carboxy-2,2,5,5-tetramethylpyrrolin-3-yl- 1 -0xyl4 and 3-(ami- 
nomethy1)pyridine as reported for 111: yield 50%; mp 124 OC. IR: 
uco 1670, uNH 3250 cm-I. EPR (CH2C12): g = 2.0059, AN = 14.6 
G. Anal. Calcd for CISHmN3O2: C, 65.67; H, 7.35; N, 15.32. Found: 
C, 65.55; H, 7.35; N, 15.39. 

4-[ ( ( (2,2,5,5-Tetrametbyl-l-oxypyrrolin-3-yl)carbonyl)amino)- 
ethyllpyridine (V). The amide was prepared from the acid chloride 
of 3-carboxy-2,2,5,5-tetramethylpyrrolin-3-yl- 1-oxy and 4-(amino- 
ethy1)pyridine as reported for 111: yield 60%; mp 95 OC. IR: uc0 

Anal. Calcd for CI6Hz2N3O2: C, 66.64; H, 7.69; N, 14.57. Found: 
C, 66.75; H, 7.58; N, 14.58. 

44 ( ( (2,2,5,5-Tetrametbyl-l-oxypyrrolin-3-yl)amino)carbonyl)- 
aminolpyridine (VI). 3-Isocyanato-2,2,5,5-tetramethylpyrrolin-3- 
y l - l - o ~ y ' ~  (1.83 g) was added to a solution of 4-aminopyridine (0.94 
g) in THF (75 mL). The reaction mixture was refluxed overnight, 
and then the solvent was removed in vacuum. The residue was 
dissolved in CHCll and chromatographed on a silica gel column. 
Impurities were eluted with CHC1,. The product eluted with 2% 
methanol in CHCI, as a slow-moving yellow band and was recrys- 
tallized from CH2C12/hexane: yield 40%; mp 167 OC. IR: um 1710, 
u N H  3300 cm-I. EPR (CH2CI2): g = 2.0060, AN = 14.6 G. Anal. 
Calcd for CI4Hl9N4O2: C, 61 07; H, 6.96; N, 20.35. Found: C, 60.99; 
H, 6.89; N, 20.27. 
4-[ (( (( 2,2,5,5-Tetramethyl- 1-oxypyrrolin-3-yl)amino)carbonyl)- 

amino)methyl]pyridine (VII). The urea was prepared by reaction of 
3-isocyanato-2,2,5,5-tetramethylpyrrolin-3-yl-l-o~y~~ with 4-(ami- 
nomethy1)pyridine as reported for VI: yield 50%; mp 146 OC. IR: 
uco 1700, uNH 3375 cm-l. EPR (CH2Cl2): g = 2.0060, AN = 14.6 
G. Anal. Calcd for CI5HZ1N4O2: C, 62.26; H, 7.32; N, 19.36. Found: 
C, 62.19; H, 7.22; N, 19.41. 

Computer Simulations 

EPR spectra. 

coupled electrons would be 

1660, uNH 3200 cm-'. EPR (CH2C12): g = 2.0059, A N  = 14.6 G. 

T h e  computer program C U N O ~ ~ ' ~  was used to simulate the 

In the absence of nuclear spins the Hamiltonian for two 

(1) 

Expansion in terms of s+, k., and sz and inclusion of nuclear 
spins gives eq 2, the Hamiltonian used in the program, where 

% = giPI@iZ + g2QH$2z + ~ J $ I Z $ ~ C  + 

7t = PG(glS1 + g2SZ) + hJS,*S2 

(hJ/2)(Sl+S2- + S132+) + hAMSlZ!,Z + hANsIZj2Z + 
h A ~ t s 2 ~ 1 3 z  + (h -4~ /2 ) (31+11-  + sidi+> - gMPNHT1Z - 

gl and g2 are  the g values of the metal and nitroxyl electrons, 
S1 and S2 refer to  the metal and nitroxyl electron spins, re- 
spectively, J is the electron-electron coupling constant in hertz; 

gN@NHz2Z - gN'PNHz3Z ( 2 )  

More e t  al. 

(14) Rozantsev, E. G. "Free Nitroxyl Radicals"; translated by B. J. Hazzard; 
Plenum Press: New York, 1970; p 209. 

(15) DuBois, D. L.; Eaton, G.  R.; Eaton, S. S. J .  Am. Chem. Soc. 1978,100, 

(16) Eaton, S. S.; DuBois, D. L.; Eaton, G. R. J .  Mum. Reson. 1978, 32, 
251-263. 

2686-2689. 

Table I. Electron-Electron Coupling Constants, J" 
L VO(tfac),.L VO(hfac),.L Cu(hfac),.L 

160b (22) 

I1 94b (22) 95b (22) 60b (22) 

I 400b (22) 375b (22) 
175b (-25) 

85b (-40) 180b (-25) 

24 (-60) 16 (-60) 

475 

111 30 (22) 21 (22) 2 (22) 

29 
Iv 8' (22) "5c (22) -16c (22) 

23 (-60) 27 (-40) 

<2 (-60) <3 (-60) 

565 300 (-40) 

V <4 (22) <4 (22) <2 (22) 

VI 485 (22) 550 (22) 227 (22) 

VI1 2.5 (22) 4 (22) <2 (22) 
7.4 (-60) <2 (22) 

Values are given in gauss for spectra taken at X band. The 
temperature at which each value was obtained is given in parenthe- 
ses CC). For ligands I and I1 spectra were taken in CHCl,-, 
CH,Cl,-, or C,HCl,/toluene solution. For ligands 111-VI1 all spec- 
tra were taken in CH,Cl,. 
lines make the value of J uncertain. 

Value taken from ref 5.  Broad 

I , ,  12, and I3 refer to  the metal nuclear spin, the nuclear spin 
of the coordinated nitrogens, and the nuclear spin of the ni- 
troxyl nitrogen, respectively, AM is the metal electron-metal 
nuclear coupling constant in hertz, AN is the coupling constant 
in hertz between the metal electron and the nuclear spins of 
the coordinated nitrogens, AN! 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 
exactly, and the last four were treated as a perturbation to 
second order for the transition energies and to first order for 
the transition probabilities. 

So that visual comparison with the field-swept experimental 
spectra could be facilitated, the values of J, AM,  AN, and A N ,  
are discussed in units of gauss with the conversion between 
hertz and gauss given by eq 3-5. T h e  conversion factor for 
A N  is the same as for AM. Only the absolute value of J can 
be determined from these experiments. 

J (G)  = [ J  (Hz)]- - + - ,nBCI i2) 
(4) 

The electron-electron coupling results in AB patterns in the 
EPR spectra. The lines in the spectra are referred to as metal 
or nitroxyl depending on the nature of the transitions as J - 
0. When J is small relative to  the g-value difference between 
the metal and nitroxyl electrons, each of the metal and nitroxyl 
lines is split into a doublet. As J becomes larger, the intensity 
of the outer lines of the AB pattern goes to  zero and the 
positions of the inner metal and inner nitroxyl lines become 
equal. 

The EPR parameters for VO(tfac),.py ( g  = 1.968 f 0.001, 
AV = 107.0 f 0.5 G), VO(hfac),.py ( g  = 1.968 f 0.001, Av 
= 108.0 f 0.5 G), and C ~ ( h f a c ) ~ . p y  ( g  = 2.149 f 0.001, Acu 
= 52.0 f 1.0 G) were used as  starting parameters in the  
simulations of the spectra of the analogous complexes with 
paramagnetic ligands. Best fit to  the spectra in all cases 
required changes of 1 .O G or less in AM and 0.002 or  less in 
the g value. T h e  nitroxyl parameters were g = 2.0059 f 
0.0002 and AN = 14.3-15.0 G, depending on solvent and 
temperature. The  values of J obtained from the  simulations 
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Table 11. Parameters Used in Simulations of EPR Spectra 
line width parametersb 

figure componenta J ,  G KM KNO A M , G  A N O ,  G assignt A B C 

1A VO(tfac),.VII (85%) 4.5 1.970 

VI1 (15%) 
1B VO(tfac),.VII (88%) 6.7 1.970 

2 
VI1 (12%) 
VO(hfac);VI (90%) 550 1.969 

VO(hfac), (10%) 1.969 
VI (7%) 

3 Cu(hfac),.VI (78%) 227 2.1548 

Cu(hfac), (15%) 
VI (13%) 
dimer (7%) 

2.139 

2.141 

2.0059 

2.0060 
2.0059 

2.0060 
2.0059 

2.0058 
2.0059 

2.0060 

106.5 14.8 

14.7 
C 14.8 

14.1 
108.0 14.5 

109.5 
14.5 

52.0 14.5 

70 

54.0 
14.5 

V 
NO(i)d 
N O ( O ) ~  

V 
NO(i)d 
N O ( O ) ~  

v(oIe 
V(i)e 
NO(i)e 
NO(O)~ 

Cu(o)e 
Cu(i)e 
NO(i)e 
NO(O)~ 

c 
3.5 -0.2 0.0 
3.5 0.0 0.0 
2.2 -0.1 0.0 

3.2 -0.2 0.0 
3.0 0.0 0.0 
1.7 0.0 0.0 

25.8 0.45 0.27 
12.8 1.50 0.75 

22.7 -1.39 0.70 
16.6 0.62 0.74 
2.0 0.0 0.0 

36.3 10.1 3.1 
30.6 11.0 2.0 
13 0 0 
16 0 0 
30.5 5.0 0.0 

2.0 0.0 0.0 
32.0 7.5 0.0 

C 

12.4 0.36 -0.23 

Percentages are based on initial concentrations of metal complex. A, B, and Care the coefficients in the equation line width = A  t 
BmI + Cm12 where rnI is the metal or nitroxyl nitrogen nuclear spin. Inner and outer lines of the AB patterns are denoted by (i) and (o), 
respectively. 
of the nitroxyl nitrogen. e rnI is the nuclear spin of the metal. 

Incomplete motional averaging causes substantial uncertainty in the parameters for the metal lines. mI is the nuclear spin 

are given in Table I. The values of the parameters used to 
obtain the simulations shown in Figures 1-3 are given in Table 
11. These values are typical of the ones used in all of the 
simulations. 
Results and Discussion 

Solution Equilibria. Pyridine derivatives coordinate to 
VO(tfac), and VO(hfac), to give six-coordinate adducts. Our 
previous results indicate that these complexes have the geom- 
etry VI11 in which the pyridine nitrogen is cis to the V=O 

VI11 

bond.s When a nitroxyl oxygen binds to VO(tfac), or VO- 
(hfac)*, there is strong spin coupling between the vanadyl and 
nitroxyl unpaired electrons and there is no EPR signal for the 
nitroxyl or vanadyl electrons at room temperature." Thus, 
the presence of nitroxyl oxygen bonded species in the equi- 
librium mixture does not cause difficulties in interpreting the 
EPR spectra. With ligands I-VI1 there is also some formation 
of dimeric species in which the pyridine nitrogen coordinates 
to one vanadyl bis(&diketonate) and the nitroxyl oxygen co- 
ordinates to a second vanadyl bis(&diketonate). The coupling 
between the nitroxyl unpaired electron and the vanadyl un- 
paired electron reduces the three-spin system to a one-spin 
system. The vanadyl coordinated to the pyridine end of the 
ligand gives the same eight-line spectrum as observed for 
VO(tfac),.py or VO(hfac),.py, which have slightly smaller 
values of Av than in the free vanadyl complexes. In solutions 
containing approximately equimolar vanadyl bis(P-diketonate) 
and ligand, complex VI11 is the predominant species and dimer 
formation has little impact on the EPR spectra. However, 
when excess metal complex is added, there is a substantial 
increase in dimer formation. Since traces of water in the 
solvent result in competing equilibria, no attempt was made 

(17) Sawant, B. M.; Eaton, G. R.; Eaton, S. S. J .  Magn. Reson. 1981, 45, 
162-169. 

to measure the equilibrium constants. 
The coordination equilibria involving Cu(hfac), and spin- 

labeled pyridines have been examined in The 
predominant species in solutions containing a 1:1 Cu- 
(hfac),:ligand ratio is the 5-coordinate N-bonded pyridine 
adduct.18J9 

EPR Spectra of the Vanadyl Complexes. When the elec- 
tron-electron coupling constant, J ,  is smaller than the EPR 
line widths, it does not cause resolved splitting of the lines. 
The EPR spectrum then consists of a superposition of the 
typical eight-line pattern for the vanadyl unpaired electron and 
the three-line pattern for the nitroxyl unpaired electron. Such 
spectra were obtained for VO(tfac),.V and VO(hfac),.V. The 
value of J for VO(tfac),.VII is also small at room temperature 
but increases as the temperature is decreased. Since the ni- 
troxyl line widths are narrower than the vanadyl line widths, 
small coupling constants are more readily resolved for the 
nitroxyl lines than for the vanadyl lines. Figure 1 shows the 
EPR spectra of the nitroxyl lines for VO(tfac),.VII in CH2C12 
solution at 0 and -42 "C. The small sharp three-line pattern 
is due to the spin-labeled ligand VII, which is not coordinated 
to VO(tfac),. At 0 "C the value of J is so small that resolved 
splitting is not observed, but the computer simulations indi- 
cated that a J of 4.5 G was needed to fit the observed line 
shape. However, at -42 "C the value of J is sufficiently large 
(6.7 G) that the nitroxyl signal is split into a doublet of triplets. 

When J is greater than about 8 G at room temperature, 
splitting can be observed in both the vanadyl lines and the 
nitroxyl lines. For a J of about 20-30 G as observed for the 
vanadyl complexes of ligands I11 and IV, the vanadyl lines are 
a doublet of octets and the nitroxyl lines are a doublet of 
triplets. The spectra are similar to those shown in Figure 1 
of ref 5. 

The EPR spectrum of VO(hfac),.VI is shown in Figure 2. 
The computer-simulated spectrum was obtained with J = 550 
G. When J is this large, there is substantial overlap of the 
vanadyl and nitroxyl regions of the spectrum and the outer 

(18) Boymel, P. M.; Eaton, G. R.; Eaton, S.  S. Inorg. Chem. 1980, 19, 
727-735. 

(19) Boymel, P. M.; Braden, G. A,; Eaton, G. R.; Eaton, S.  S .  Inorg. Chem. 
1980, 19, 135-139. 
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observed calculated 

I 
3245 

Figure 1. X-Band (9.108 GHz) EPR of the nitroxyl region of the spectra of VO(tfac),-VII in CHzC12 and computer simulations: (A) 0 "C,  
100-G scan obtained with 2-mW power and 0.25-G modulation amplitude; (B) -42 O C ,  100-G scan obtained with 5-mW power and 0.32-G 
modulation amplitude. Values of J are in gauss. 

lines of the AB patterns are significantly less intense than the 
inner lines. The assignments of the lines in the spectrum are 
shown below the computer-simulated spectrum. The assign- 
ments are based on the assumption that AV is negative,20 but 
the analysis of the spectra does not depend on this assumption. 
The sharp three-line pattern centered at 3245 G is due to free 
ligand VI (7%). Free V O ( h f a ~ ) ~  (10%) contributes eight lines 
to the spectrum. Each vanadyl line couples to each nitroxyl 
signal to give an AB pattern, which is labeled with the vanadyl 
nuclear spin state. Since the nitrogen hyperfine splitting of 
the nitroxyl lines is well resolved in the experimental spectrum, 
it is included in the assignment scheme. The splitting of the 
metal lines by the nitroxyl nitrogen spin is not resolved in the 
experimental spectrum, and so it is not included in the as- 
signment scheme, although it was included in the simulations. 
The patterns centered at  about 2570 and 4000 G are due to 
the vanadyl outer lines. The nitroxyl outer lines are centered 
at  2800 and 3750 G. The low-field set of nitroxyl outer lines 
was partially obscured by the mI = -7/2 line of V O ( h f a ~ ) ~ ,  
and the high-field set of nitroxyl outer lines was almost com- 
pletely obscured by the mI = +7/2 line of V O ( h f a ~ ) ~ .  Since 
the vanadyl-0.5 line overlaps the nitroxyl triplet, there is very 
little intensity in the outer lines for these three AB patterns 
and there are both metal and nitroxyl outer lines in both the 
low-field and the high-field regions for these AB patterns. 

The EPR spectra of VO(tfac),.VI show two isomers with 
J = 485 and 565 G. These are assigned to the isomers IX and 
X as previously discussed for VO( t f a~)~ .1 .~  Similarly for 
VO(tfac),-III, two isomers were observed at  -60 "C. 

0 
c y ,  !,L CF O,!,L 

CF3 o 'po  CH 3H I '0 
0) 0' 

I X  X 

(20) Wilson, R.; Kivclson, D. J.  Chem. Phys. 1966, 44, 154-168. 

The values of J for the V O ( t f a ~ ) ~  and VO(hfac), adducts 
with ligands 111-VI1 in CH,Cl, solution are summarized in 
Table I. Values of J for the adducts of ligands I and IIs are 
included for comparison. Results from spectra obtained at  
low temperature are also included. The g and A anisotropy 
of the vanadyl electron results in severe line broadening of the 
vanadyl signals at temperatures below about 0 "C. Thus, the 
temperature dependence of J for the spin-labeled vanadyl 
complexes was based on the nitroxyl lines as a function of 
temperature. For ligands I and VI all the lines in the spectra 
of the vanadyl complexes are broad at  low temperature, and 
so studies were limited to room-temperature spectra. 

The EPR spectra of the VO(tfac), adducts of ligands 111, 
IV, and VI1 were more strongly temperature dependent than 
was previously observed for other spin-labeled pyridine adducts 
of V O ( t f a ~ ) ~ . ~  In each case the value of J increased and the 
line widths decreased as the temperature was decreased. The 
line width changes as a function of temperature were greater 
than those for other complexes, which indicates that the 
narrowing was due to intramolecular processes rather than a 
decrease in collision broadening. Each of these ligands has 
a CH2 group between the pyridine ring and the amide or urea 
linkage to the nitroxyl ring. At room temperature there may 
be considerable conformational mobility around the CH2 
carbon, which could result in an uncertainty in J and a 
broadening of the l i n e ~ . ~ s ~ - ~  This motion would be expected 
to decrease at lower temperature, consistent with the observed 
narrowing of the lines. The substantially larger values of J 
at low temperature than those at  high temperature suggest 
that the preferred conformations of the ligand permit greater 
spin delocalization than the higher energy conformations. 
EPR Spectra of the Copper Complexes. The interpretation 

of the EPR spectra of Cu(hfac), adducts of spin-labeled 
pyridines has been rep~r ted . l** '~  The EPR spectra of the 
adducts with ligands 111-VI1 have been analyzed analogously. 
The values of J in CH2C12 are summarized in Table I. 

The EPR spectrum of Cu(hfac),.VI at  room temperature 
is shown in Figure 3. The simulated spectrum was obtained 
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A 

’ “‘I n , n  lill 
7 t 

2570 2800 

t 
3245 
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Figure 2. X-Band (9.108 GHz) EPR spectra of VO(hfac)2.VI in CH2C12 solution at room temperature. (A) 1000-G scan of the inner lines 
of the AB pattern obtained with 40-mW power and 0.63 G modulation amplitude. The inserts show the outer lines of the AB pattern, which 
were obtained by time averaging 10 scans with the product of modulation amplitude, gain, and square root of power 31 times (low field) or 
39 times (high field) greater than for the center lines of the spectrum. (B) Computer-simulated spectra calculated with J = 550 G. The assignments 
for the lines are given below the spectrum; see text for details. 

with J = 227 G. The assignments of the lines marked on the 
simulated spectrum are given in the figure caption. On the 
basis of the total copper concentration, the relative contribu- 
tions are as follows: C~(hfac)~.VI,  78%; C ~ ( h f a c ) ~ ,  15%; free 
VI, 13%; Cu(hfa~),.VICu(hfac)~ dimer, 7%. 

The values of J for the copper complexes are temperature 
dependent. We have noted previously that the range of ge- 
ometries available to the five-coordinate adducts results in 
substantial temperature dependence of J.5 It is difficult to 
separate the effects of the changes at  the metal center from 
the effects of mobility around the CH2 group. However, it 
is apparent that comparisons of the values of J should be made 
at low temDerature, wherever solubilities and line widths 

on ester, amide, and Schiff base linkages indicated that the 
values of J correlated with the double-bond character of the 
C-N bond or C - 0  bond in the pyridine-nitroxyl linkage.s 

NMR studies of N,N’-disubstituted ureas have found that 
the barrier to rotation about the C-N bond is about half that 
observed for 13C and 15N chemical shifts indicate 
that there is less delocalization of the nitrogen lone pair in 
ureas than in amides.25 Both of these results indicate less 
double-bond character for the urea C-N bond than for an 
amide C-N bond. Thus, it is apparent that the larger values 
of J for ligand VI than for ligand I does not result from 
increased C-N double-bond character. 

(21) Stewart, W. E.; Siddall, T. H. Chem. Rev. 1970, 70, 517-551. 
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(23) Hobson, R. F.; Reeves, L. W.; Shaw, K. N. J .  Phys. Chem. 1973, 77, 

1228-1232. 
(24) Martin, G. J.; Gouesnard, J. P.; Dore, J.; Rabiller, C.; Martin, M. L. 

J .  Am. Chem. SOC. 1977, 99, 1381-1384. 
(25) Sibi, M. P.; Lichter, R. L. J.  Org. Chem. 1979, 44, 3017-3022. 

permit. 
Effect of an Additional NH Group on the Value of J *  

Comparison of the values of J for the 4-substituted ligands 
I and indicates that the NH group (urea ”* 

amide linkage) causes a small increase in the value of J for 
both the vanadyl and the copper adducts. Our prior results 
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on the two nitrogens, carbon, and oxygen. In both this orbital 
and its C-N antibonding counterpart, the contributions from 
the nitrogen lone pairs are in phase. Since the N-N distance 
is only slightly greater than the C-N distance, it seems 
plausible that there could be significant electron delocalization 
via interaction between the two nitrogen lone pairs. Thus, the 
increase in J for complexes of VI relative to that for I in spite 
of the extension of the bond pathway by one more atom can 
be viewed as the result of significant N-N interaction in ad- 
dition to the N-C-N delocalization pathway in the urea 
complexes. 

Effect of an Additional CH2 Group on the Value of J .  
Comparison of the values of J for the 4-substituted urea ligands 
VI and VI1 indicates that the additional CHz group reduces 
J by about a factor of 100 for the vanadyl complex and by 
at least a factor of 100 for the copper complexes. Comparison 
of the 4-substituted amide ligands I, 111, and V indicates that 
the first CH2 reduces J by factors of about 20 and 10 for 
copper and vanadyl, respectively, and the second CHI group 
reduces the value of J by at least another factor of 5-10. For 
the 3-substituted amides I1 and IV, the additional CHz group 
reduces the value of J by factors of about 4 and 7 for vanadyl 
and copper, respectively. Thus, for the amide ligands the 
impact of a CH2 group decreases in the order vanadyl complex 
of a 4-substituted pyridine > copper complex of a 4-substituted 
ligand = copper complex of a 3-substituted ligand > vanadyl 
complex of a 3-substituted ligand. 

Previous studies of these types of complexes indicate delo- 
calization of the metal unpaired electron involves the pyridine 
a *  LUMO in the vanadyl complexes and metal-ligand u 
bonding in the copper complexes, although significant u-a 
mixing occurs in both cases.5 The pyridine a *  LUMO has 
a much larger contribution at the 4-position than at the 3- 
position of the ring. On the basis of these results, we would 
expect the unpaired spin density in the vanadyl complexes to 
be greater at the 4-position than at the 3-position and expect 
the unpaired 7r-electron spin density at the 4-position to be 
greater for the vanadyl complexes than for the copper com- 
plexes. As discussed above, the impact of a CH2 group is 
greater for the vanadyl complexes of the 4-substituted pyridine 
ligand than for a 3-substituted ligand, and for the 4-substituted 
pyridine ligands, it is greater for the vanadyl complexes than 
for the copper complexes. It therefore appears that the impact 
of the CH2 group correlates with the magnitude of the a 
contribution to the spin delocalization. The largest impact of 
the CH, group was observed for the urea ligand VII, which 
suggests that a delocalization is particularly important for this 
ligand, consistent with the proposal above that interaction 
between the nitrogen lone pairs makes a significant contri- 
bution to the delocalization pathway. 
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Figure 3. X-Band (9.107 GHz) EPR spectrum of Cu(hfac)2.VI in 
CH2CI2 solution at room temperature: (A) 1000-G scan obtained 
with 2-mW power and 1.6-G modulation amplitude; (B) comput- 
er-simulated spectra calculated with J = 227 G. The lines in the 
spectra are assigned to the following: a, copper outer lines; b, copper 
inner lines; c, range for nitroxyl inner lines; d, free nitroxyl e, range 
for nitroxyl outer lines; f, free C~(h fac )~ ;  g, dimer. 

A neutron diffraction study of urea showed that the mole- 
cule, including the hydrogens, was planar.z6 X-ray crystal- 
lographic studies of monosubstituted u r e a ~ ~ ' ~ ~ *  and N,N'-di- 
substituted u r e a ~ ~ ~ - ~ '  have shown that the urea linkage is 
planar and has a trans,trans conformation (XI). NMR,31 

H H 

X I  X I 1  

IR,3z733 and dielectric constantz2 measurements indicate that 
conformation XI is retained in solution. CNDO calculations 
have been performed for urea with the assumption of a planar 
geometry and are in good agreement with photoelectron 
spectra.34 These calculations show that C-N double-bond 
character is due to the a3 MO, XII, which has approximately 
equal, in-phase contributions from the a-bonding p orbitals 
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