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Abstract: Solutions of copper(II) trifluoroacetylacetonate and hexafluoroacetylacetonate, Cu(tfac)2 and Cu(hfac)2, 
in the liquid free radical di-tert-buty\ nitroxide exhibit 19F nmr spectra. Spin relaxation of the copper complexes 
is achieved by coordination of the nitroxide and rapid electron exchange between solute and solvent molecules. A 
dark green, labile mononitroxide adduct of Cu(hfac)2 has been isolated and characterized. It is antiferromagnetic, 
with a room-temperature magnetic moment of 1.05 BM and a singlet-triplet separation of approximately 645 cm-1. 

In the past decade, nuclear magnetic resonance (nmr) 
and electron spin resonance (esr) spectroscopy have 

been complementary techniques in the study of para
magnetic molecules.12 In cases where the electron 
spin relaxation times are long, well-resolved esr spectra 
can generally be obtained, but not nmr spectra. On the 
other hand, if the electron spin relaxation times can be 
shortened by, for instance, rapid electron exchange be
tween paramagnetic molecules, then nmr spectra can 
often be observed. In general, much smaller hyperfine 
interactions can be observed in nmr spectra than in esr 
spectra. Nmr spectroscopy also has the further ad
vantage that the sign of the coupling can be obtained. 

Although most organic radicals in dilute solutions 
have long electronic relaxation times and have been ex
tensively studied by esr spectroscopy,3 the relatively 
short electronic relaxation times of concentrated poly-
crystalline2 and liquid4'5 radicals are favorable for nmr 
studies, and a number of stable radicals have been 
studied by this technique. 

More recently, it has been reported6 that solutions of, 
for instance, phenoxy radicals in the stable liquid free 
radical d\-tert-buty\ nitroxide (DBNO) also exhibit nmr 
spectra. Spin exchange between solute and solvent 
molecules shortens the electronic relaxation times by 
averaging the electron spin levels of the solute mole
cules, and contact shifts can be observed which are not 
resolved by esr spectroscopy. This work suggested the 
use of DBNO as a solvent for nmr studies of transition 
metal compounds, particularly those of chromium(III), 
high-spin iron(III), and copper(II), which generally 
have relatively long electron spin relaxation times but 
which also have zero or small magnetic anisotropics. 
Thus, dipolar shifts should be negligible in the nmr 
spectra of coordination compounds of these ions, and 
the problems often associated7 with factoring out di
polar shifts can be avoided. While this work was in 
progress, Wilbur and Kreilick8 reported investigating 
the interactions of nitroxide radicals with a number of 

(1) D. R. Eaton and W. D. Phillips, Advan. Magn. Resonance, 1, 
103 (1965). 

(2) E. DeBoer and H. van Willigen, Progr. Nucl. Magn. Resonance 
Spectrosc, 2,111 (1967). 

(3) E. T. Kaiser and L. Kevan, "Radical Ions," Wiley-Interscience, 
New York, N. Y., 1968. 

(4) K. H. Hausser, H. Brunner, and J. C. Jochims, MoI. Phys., 10, 
253 (1966). 

(5) R. W. Kreilick, J. Chem. Phys., 46,4260(1967); 45,1922(1966). 
(6) R. W. Kreilick, J. Amer. Chem. Soc, 90, 2711 (1968). 
(7) R. E. DeSimone and R. S. Drago, ibid., 92, 2343 (1970). 
(8) D. Wilbur and R. W. Kreilick, J. Chem. Phys., 52,1643 (1970). 

paramagnetic transition metal-acetylacetonate com
plexes. Although the addition of the metal complexes 
to dilute solutions of the nitroxides did cause broad
ening of the esr spectra of the nitroxides, it was not 
possible to distinguish between dipolar or exchange 
mechanisms. 

We have similarly studied the interactions of several 
paramagnetic acetylacetonates with chloroform solu
tions of DNBO and have found little or no narrowing of 
lines in the nmr spectra of the acetylacetonates VO-
(acac)2, Cr(acac)3, Fe(acac)3, Ru(acac)2, and Cu(acac)2 

and the acetylacetonate derivatives VO(dibenzoyl-
methanato)2, Fe(dibenzoylmethanato)3, Cu(dibenzoyl-
methanato)2, and Cu(ethyl acetoacetate)2. Apparently 
electron exchange, if any, is not sufficient to shorten the 
electronic relaxation times significantly. 

As reported in a preliminary communication,9 we 
have, however, found that solutions of Cu(trifiuoro-
acetylacetonate)2,Cu(tfac)2, and Cu(hexafluoroacetylace-
tonate)2, Cu(hfac)2, in neat DNBO do exhibit 19F nmr 
spectra. Our results appeared to be consistent with an 
electron spin exchange mechanism between nitroxide 
molecule and copper ion, and we now report details of 
our investigations into this system. 

Experimental Section 

Chemicals. DBNO was prepared by the method of Hoffman, 
et al.10 Most of the metal acetylacetonates and substituted acetyl
acetonates were prepared by standard methods,11 while Cu(tfac)2 
and Cu(hfac)2-H20 were purchased from Peninsular Chemresearch 
Inc. The pyridine and quinoline adducts of Cu(tfac)2 and Cu-
(hfac)2 were prepared by methods described in the literature,12.13 

as were the compounds Zn(tfac)2
14 and Zn(hfac)2 • 2H20.15 Re-

crystallization of the latter two compounds from anhydrous ace
tone gave crystalline materials which, from their infrared spectra, 
appeared to be anhydrous Zn(tfac)2 and Zn(hfac)2. 

Nmr Spectra. Proton nmr spectra of solutions of Cu(acac)2 
and Cu(ethyl acetoacetate)2 in CDCl3 exhibited broad (width at 
half-height, AH/,, ~100 HZ) bands at approximately T 9.1 and 
7.0, respectively. The spectra of Cu(tfac)2 and Cu(hfac)2-H20 
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similarly contained broad absorptions at approximately r 8.2 
and 11.1 (intensity ratio 1:3) and at r 7.1, respectively. No 19F 
nmr spectra could be detected for the latter two complexes. The 
compounds Zn(acac)2, Zn(tfac)2, and Zn(hfac)2 exhibited CH res
onances at r 4.53, 4.47, and 4.35, respectively; the first two ex
hibited CH3 resonances at r 8.00 and 8.02, respectively. 

Unlike Cu(acac)2, both Cu(tfac)2 and Cu(hfac)2 • H2O dissolved 
readily in neat DBNO, yielding dark green solutions. Although 
the intense, broad nitroxide resonance masked the proton nmr 
spectra of the complexes, the 19F nmr spectra at room temperature 
exhibited single, broad absorptions at approximately —102 and 
— 80 ppm (i.e., downfield from internal C6F6), respectively. The 
chemical shifts and line widths were strongly temperature de
pendent and are listed for the temperature ranges attainable in 
Table I. The solvent begins to solidify at temperatures below 

Table I. Line Widths (Avi/j, ppm) and 19F Chemical Shifts (ppm 
downfield from internal C6F6) at Various Temperatures 

Temp, Cu(tfac)2 Cu(hfac)2-H20 
0K Chemical shift AJ>I/S Chemical shift An/. 

345 
335 
325 
315 
305 
295 
285 
275 

-104.6 
-104.0 
-103.8 
-103.5 
-102.7 
-102.2 
-100.0 
-97.7 

a 
a 
82.3 
81.6 
81.1 
80.4 
79.5 
77.9 

a 
a 
a 

2.66 
3.29 
3.92 
4.61 
4.81 

° Measurement was made difficult because of decomposition. 

2750K, while decomposition of the Cu(tfac)2 and Cu(hfac)2• H2O 
solutions begins at approximately 340 and 32O0K, respectively. 

The chemical shifts are also strongly dependent both on the 
nitroxide concentration and on the presence of other potential 
ligands. In 4:1 DBNO-tetrahydrofuran solutions, the resonances 
were broadened by approximately 15% and in 1:1 DBNO-THF 
solutions, the resonances were too broad to be observed. There 
was also a noticeable downfield shift of the resonances as the con
centration of DBNO decreases. 

In order to further investigate the nature of the interactions 
between DBNO and the copper complexes, the pyridine and quino-
line adducts of Cu(tfac)2 and Cu(hfac)2 were prepared. As ex
pected, none of these compounds exhibited a 19F nmr spectrum in 
tetrahydrofuran solutions. Of the four adducts, only the quinoline 
adduct of Cu(tfac)2 was insoluble in neat DBNO. Solutions of the 
other three complexes in DBNO all exhibited single 19F resonances 
which were broader than and shifted downfield from the nonadduct 
positions. Equimolar solutions of the three adducts and either 
Cu(tfac)2 or Cu(hfac)2-H20 in DBNO similarly showed only one 
resonance in their 19F nmr spectra rather than the two expected 
for two different species. The chemical shift in each case was inter
mediate between that of the amino adduct and that of the none or 
aquo adduct. 

DBNO solutions of Zn(tfac)2 and Zn(hfac)2 at room temperature 
exhibited 19F resonances at —74.8 and —71.4 ppm, respectively; 
the corresponding chemical shifts in acetone were — 87.8 and — 87.0 
ppm. 

Esr Spectra. Room-temperature esr spectra of chloroform 
solutions of Cu(acac)2, Cu(tfac)2, and Cu(hfac)2 • H2O all exhibited 
the four-line pattern typical16 of copper(II)-^-diketonate complexes. 
The addition of 10~2 M DBNO to lO"3 M solutions of Cu(tfac)2 

and Cu(hfac)2 • H2O in chloroform caused severe broadening, with 
the result that the copper hyperfine structure was completely lost. 

Preparation of Cu(hfac)2 • DBNO. DBNO (0.19 g, 1.26 X 
10~3 mol) was added dropwise to a solution of Cu(hfac)2 (0.40 g, 
8.4 X 10~4 mol) in cyclohexane, yielding a deep green solution 
which was filtered and dried over anhydrous magnesium sulfate to 
remove any traces of water which might have been present. The 
solution was again filtered and the solvent was removed under 

(16) H. R. Gersmann and J. D. Swalen, / . Chem. Phys., 36, 3221 
(1962). 

reduced pressure at room temperature to give a viscous, dark green 
oil which, on standing for a few minutes, formed needle-like crystals 
of the product. The crystals were collected and dried in vacuo 
at room temperature for 1 hr (mp 62-63°). Anal. Calcd for 
C18H20CuF12NO6: C, 34.76; H, 3.24; N, 2.25; mol wt, 622. 
Found: C, 34.36; H, 3.08; N, 2.24; mol wt, 425 (37° in chloro
form). 

The compound is soluble and stable in most common organic 
solvents at room temperature. The nitroxide ligand seems to be 
rather loosely bonded, and crystals always have a slight odor of 
free nitroxide. Perhaps because of partial dissociation of DBNO, 
solutions at elevated temperatures are not stable and the adduct 
has not been successfully recrystallized. The solution used for the 
molecular weight determination decomposed within a few hours at 
37°, although solutions in the same solvent at ambient temperatures 
appeared to be stable for several days at least. 

In agreement with the apparently low stability of the copper-
nitroxide bond, the mass spectrum of the adduct at 70 eV did not 
show a parent ion. In contrast to the published17-18 mass spec
trum of Cu(hfac)2, however, the lines corresponding to the ions 
[Cu(hfac)2]

+, [Cu(hfac)2-CF3]+, [Cu(hfac)2-2CF3]+, and [Cu(hfac)2-
4CFs]+ were more intense than the CF3

+ , hfac-CF3
+, and hfac+ 

lines. Apparently, the energy of the ionizing electrons was largely 
dissipated in breaking the copper-nitroxide bond, thus leaving the 
remainder of the molecule relatively intact. A weak line which 
could be assigned to the [(CH3)3C]2NO+ ion was also observed 
in the spectrum. 

The infrared spectrum of Cu(hfac)2 • DBNO (Nujol and hexa-
chlorobutadiene mulls) in the region 4000-300 cm - 1 was essentially 
a superposition of the spectra of Cu(hfac)2 and DBNO, with only 
one exception. The band at about 1345 cm - 1 in the spectrum of 
the free nitroxide, which has been assigned to the N-O stretching 
mode,19 had disappeared and a new, strong band at 1212 cm - 1 

had appeared. Assignment of the latter band to the N-O stretching 
mode of the adduct is tentative because of the strong hfac bands 
which also appear in this region. However, it does seem reasonable 
that the N-O stretching mode of DBNO should decrease on co
ordination, and we assign the band at 1212 cm - 1 to this vibrational 
mode. 

Although the 19F nmr spectrum of a chloroform solution showed 
a broad (An/2 ~ 11 ppm) resonance at —90.3 ppm, the X-band 
esr spectrum of polycrystalline Cu(hfac)2-DBNO at 77 0K showed 
no absorptions over the range 0-10,000 G. Similarly, the esr 
spectrum of a 10~2 M solution of the complex in carbon tetrachlo
ride at room temperature could also not be detected. In the latter 
case, only weak lines attributable to dissociated nitroxide and 
Cu(hfac)2 could be detected. On adding 4 X 10~2 M pyridine to 
the solution of Cu(hfac)2 • DBNO, the nitroxide lines grow rapidly 
in intensity. A broad copper(II) resonance, presumably attrib
utable to the bispyridine adduct of Cu(hfac)2,20 also developed, but 
was not analyzed. 

The optical spectra of carbon tetrachloride solutions of Cu-
(hfac)2, DBNO, and Cu(hfac)2-DBNO in the range 250-800 mix 
are shown in Figures 1 and 2. As mentioned above, addition of 
DBNO to a pale green solution of Cu(hfac)2 • H2O or anhydrous 
Cu(hfac)2 resulted in the immediate development of a deep green 
color. This deepening of the color was a result of the approxi
mately eightfold increase in intensity of the low-energy band en
velope in the visible region of the spectrum, and has also been 
noted in the Cu(hfac)2-pyridine system.20 The only other major 
change occuring on the combination of the two components is the 
growth of a low-intensity band at about 370 m/j. 

Magnetic susceptibilities were determined in solution using the 
Evans method21 and magnetic moments were calculated using the 
formula 

Mes = 2 .84[ (X M - Na)T]1^ 

where XM is the molar susceptibility corrected for the diamagnetic 
susceptibilities of the ligands and Na is the temperature-independent 
paramagnetism of copper(II), about 60 X 1O-6 cgs/mol.22 

(17) S. Sasaki, Y. Itagaki, T. Kurokawa, K. Nakanishi, and A. 
Kasahara, Bull. Chem. Soc. Jap., 40, 76 (1967). 

(18) C. Reichert, J. B. Westmore, and H. D. Gesser, Chem. Commun., 
782 (1967). 

(19) A. K. Hoffman and A. T. Henderson, J. Amer. Chem. Soc, 83, 
4671 (1961). 

(20) L. L. Funck and T. R. Ortolano, Inorg. Chem., 7, 567 (1968). 
(21) D. F. Evans, / . Chem. Soc, 2003 (1959). 
(22) B. N. Figgis and J. Lewis, Progr. Inorg. Chem., 6, 37 (1964). 
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Figure 1. Optical spectra of Cu(hfac)2 ( ), DBNO ( ), and 
Cu(hfac)2-DBNO( ). 
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Figure 2. Optical spectra of Cu(hfac)2 ( ), DBNO ( ), and 
Cu(hfac)2 • DBNO ( ). 

While the room-temperature magnetic moment of Cu(hfac)2-H20 
in chloroform solution is 1.88 BM, very close to the spin-only value, 
the magnetic moment of Cu(hfac)a • DBNO is very low at room 
temperature (1.05 BM) and is temperature dependent (see Figure 3). 
The compound appears to be antiferromagnetic, suggesting that the 
electronic structure involves a singlet ground state and a thermally 
accessible triplet excited state. The equation 

XM — Npy 
ZkT |_3 -t- exp(-J/kT). + Na 

has been derived22 to explain the magnetic properties of individual 
copper ions in a number of copper acetate dimers, where two 
copper(II) ions, each with a spin of V*, interact to form a complex 
with a singlet ground state and a thermally accessible triplet ex
cited state. This equation cannot be applied directly to Cu(hfac)2 • 
DBNO, since it would only give the magnetic susceptibility of half 
the molecule. However, using an average g value (2.14) for copper-
(II) complexes16 in the modified equation 

X M " ~3kf- .3 + exp(-J/kT)_ 
+ Na 

we calculate a singlet-triplet separation, -J, of 645 ± 20 cm-1. 
Instrumentation. Nmr spectra were run on a Bruker HX-60 

spectrometer with internal lock, esr spectra on a Varian V450Z 
spectrometer with auxiliary equipment, infrared spectra on a Beck-
man IR-10 infrared spectrometer, mass spectra on a Jeolco JMS-
OISC high-resolution mass spectrometer, and optical spectra on a 
Unicam SP820 spectrophotometer. Melting points were deter-

Figure 3. Temperature dependence of the magnetic moment of 
Cu(hfac)2 • DBNO (O) and theoretical temperature dependence for 
J = -645 cm"1 ( ). 

mined using a Gallenkamp melting point apparatus and molecular 
weights using a Hewlett-Packard Model 302B vapor pressure os
mometer. 

Discussion 
In the previous section, it was shown that addition of 

10-2 M DBNO to a 10"3 M chloroform solution of Cu-
(hfac)2 causes severe broadening of the esr signal of the 
copper complex accompanied by loss of the copper hy-
perfine splitting. Furthermore, although 19F nmr 
spectra of Cu(tfac)2 and Cu(hfac)2 • H2O in chloroform 
solution cannot be detected, solutions of the complexes 
in neat DBNO do exhibit 19F resonances. The chem
ical shifts of Cu(tfac)2 and Cu(hfac)2 • H2O are approxi
mately proportional to the temperature, and extrapola
tion to T = oo yields limiting chemical shifts of approxi
mately — 119 and —103 ppm, respectively. 

The line widths are also temperature dependent, in
creasing with decreasing temperature. Furthermore, 
on dilution of or addition to the solutions of oxygen- or 
nitrogen-containing compounds which can coordinate 
to the copper, the resonances of both copper compounds 
broaden and shift to lower field. 

Our results appear to be consistent with a rapid elec
tron exchange between DBNO and the copper complexes 
similar to the exchange between nitroxides and organic 
radicals observed by Kreilick.6 Certainly rapid ex
change of electrons between nitroxide and copper(II) 
ion should cause loss of the copper hyperfine splitting in 
the esr spectrum. It is also reasonable that dilution of 
DBNO solutions with tetrahydrofuran would have the 
effect of slowing the exchange, with the result that the 
electron spin levels of the copper complexes are not 
effectively averaged and the nmr lines are broadened. 
Without going into the exchange mechanism at this 
point, it is likely that the added nitrogen donors would 
coordinate the axial positions of the copper /3-dike-
tonates. Thus the nitroxide would possibly be pre
vented from approaching the copper atom very closely, 
and electron exchange would again be hindered. 

Difficulty does arise, however, in attempting to ex
plain the temperature dependence of the chemical 

Journal of the American Chemical Society / 93:23 / November 17, 1971 



6069 

shifts. According to the presently accepted theory,1'2 

contact and dipolar shifts should be inversely propor
tional to temperature and should approach the dia-
magnetic positions at high temperatures. As is indi
cated in Table I, the chemical shifts of Cu(tfac)2 and Cu-
(hfac)2 do not approach the diamagnetic positions 
(taken as —74.8 and —71.4 ppm for Cu(tfac)2 and Cu-
(hfac)2, respectively); in fact, they diverge from these 
positions to extrapolated values of —119 and —103 
ppm, respectively. An explanation for this apparently 
anomalous behavior is offered below. 

In their earlier work, Wilbur and Kreilick8 found that 
the interactions of nitroxides with Cu(acac)2 and VO-
(acac)2 appeared to be stronger than those with a 
number of six-coordinate acetylacetonates. They 
pointed out that the four- and five-coordinate com
plexes have open coordination sites which could lead 
to "a smaller interaction distance of a greater exchange 
coupling." 

Our finding that the strength of the copper-ni-
troxide interactions (as shown by the line-width studies) 
decreases in the order Cu(hfac)2, Cu(tfac)2 > Cu(acac)2 

is completely in accord with this view. The compounds 
Cu(hfac)2 and Cu(tfac)2 are known28 to be better Lewis 
acids than is Cu(acac)2, presumably because of the in
ductive effect of the fluorine atoms. It is also likely 
that Cu(hfac)2 is a better Lewis acid than is Cu(tfac)2. 

Nitroxides may be considered as derivatives of the 
inorganic radical nitric oxide, and their structures can be 
rationalized in terms of the resonance hybrids19 

\ • N + 

N - O *-»- ,N=O 
R / R 

A B 

The combination of bond length data, dipole mo
ments, and infrared and esr spectra has been inter
preted in terms of a nitrogen-oxygen bond order greater 
than one24 and, in any case, both structures A and B are 
potential oxygen donor ligands. 

There have been several examples reported in the 
literature of nitroxides behaving as Lewis bases. Ra-
zuvaev, et a/.,26 treated benzene solutions of aluminum 
and gallium trihalides with the stable nitroxide 2,2,6,6-
tetramethyl-4-piperidone 1-oxide. They found that the 
original triplet in the esr spectrum of the nitroxide dis
appeared and was replaced by complex signals which 
were interpreted in terms of hyperfine splittings of both 
the nitrogen and the metal atoms. Wood and co
workers26 similarly treated cobalt(III) corrinoids with 
the same radical and obtained materials which, from 
their esr spectra, appeared to be 1:1 adducts. 

Apparently, the only well-characterized nitroxide 
complexes which are known are the cobalt(II)27 and 
palladium(I)28 compounds reported by Beck and co-

(23) W. Partenheimer and R. Drago, Inorg. Chem., 9, 47 (1970). 
(24) A. R. Forrester, J. M. Hay, and R. H. Thomson, "Organic 

Chemistry of Stable Free Radicals," Academic Press, New York, N. Y., 
1968, Chapter 5. 

(25) G. A. Abakumov, V. D. Tikhonov, and G. A. Razuvaev, DoA:/. 
Chem., 187, 561 (1969). 

(26) T. Buckman, F. S. Kennedy, and J. M. Wood, Biochemistry, 8, 
4437 (1969). 

(27) W. Beck, K. Schmidtner, and H. J. Keller, Chem. Ber., 100, 
503 (1967). 

workers. The cobalt compounds appear to be tetra-
hedral 2:1 di-tert-buty\ nitroxide complexes of stoi-
chiometry CoX2(DBNO)2 (X = Cl, Br, I). They have 
magnetic moments which obey the Curie-Weiss law 
and which suggest the presence of only one unpaired 
electron per molecule. Thus there appears to be com
plete coupling of the two odd electrons of the nitroxides 
with two of the normally (in high-spin cobalt(II) com
plexes) unpaired electrons of the metal ion. The esr 
spectrum of the polycrystalhne compounds were typical 
for S = V2 species; in benzene solution, the compounds 
tended to dissociate slightly and weak lines for the free 
nitroxide were observed. 

The palladium complexes were diamagnetic and were 
of the general formula [XPdDBNO]2 (X = Cl, Br). 
Their infrared spectra suggested the presence of bridging 
halogens, but the structures are otherwise not known. 

Aside from an unstable, uncharacterized adduct of 
copper(II) perchlorate with 2,2,6,6-tetramethylpi-
peridine nitroxide,29 no other nitroxide coordination 
compounds have been prepared. In none of the above 
cases is the mode of coordination of the nitroxide 
known, although both O bonding and IT bonding have 
been suggested, i.e. 

iN — U 

Although both modes of bonding are possible and 
may exist in different systems, the observation that the 
nitrogen hyperfine splittings in the esr spectra of ni
troxide radicals coordinated to diamagnetic metal ions 
are increased relative to the splittings of the free radicals 
suggests that structure C is a more valid representation 
of the bonding. Coordination by the oxygen would 
increase the importance of resonance hybrid B, thus 
increasing the unpaired electron spin density on the ni
trogen atom and hence the nitrogen hyperfine splitting. 

Attempts to prepare DBNO coordination compounds 
with Cu(tfac)2 and Cu(hfac)2 were successful only in the 
latter case. Deep green crystals of Cu(hfac)2 • DBNO 
are easily obtained from cyclohexane if the anhydrous 
copper complex is used. Preparations using the hy
drate Cu(hfac)2 • H2O yielded a deep green material 
which crystallized less readily. Although the latter prod
uct has an infrared spectrum identical with that of Cu-
(hfac)2 • DBNO, it also has a weak esr spectrum in the 
solid state which is characteristic of a spin = V2 species. 
Although we have not investigated the possibility, it is 
quite possible that water can attack the coordinated 
DBNO, yielding a complex containing copper(II) and a 
diamagnetic ligand which would exhibit an esr spec
trum. 

Conclusive evidence that the complex Cu(hfac)2-
DBNO does exist as written and is not a rearranged prod
uct of a reaction between the nitroxide and the copper 
complex is given both by the observation of the Cu-
(hfac)2

+ ion in the mass spectrum and by the fact that the 

(28) W. Beck and K. Schmidtner, ibid., 100, 3363 (1967). 
(29) C. M. Paleos, N. M. Karayannis, and M. M. Labes, Chem. 

Commun., 195 (1970). 
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Figure 4. Plot of uncorrected molar susceptibility of Cu(hfac)2 

DBNO vs. 19F chemical shifts. 

nitroxide can be displaced from the adduct and detected 
by esr. The optical spectrum of Cu(hfac)2 • DBNO, 
shown in Figures 1 and 2, is typical of the spectra of 
monoadducts of Cu(hfac)2. The approximately eight
fold increase in the intensity of the low-energy d-d tran
sition band envelope (Figure 2), for instance, is remi
niscent of the similar increase on formation of the pyr
idine adduct.20 The apparent decrease in fNo in the 
infrared spectrum of Cu(hfac)2 • DBNO provides fur
ther evidence, albeit somewhat ambiguous, that the com
plex does contain a coordinated nitroxide molecule. 

The antiferromagnetism of Cu(hfac)2 • DBNO sug
gests considerable electron exchange between DBNO 
and the copper ion. As outlined in the Experimental 
Section, the magnetic properties can be interpreted in 
terms of a singlet ground state and a thermally acces
sible triplet excited state, the singlet-triplet separation 
being 645 cm"1. The exchange interaction is more than 
twice that of the copper acetate dimer (260 cm -1).22 al
though it is considerably less than the apparently com
plete electron pairing in the cobalt(II) complexes, CoX2-
(DBNO)2." It is possible that the strong exchange 
interaction would give rise to both a short spin-lattice 
relaxation time and a large zero-field splitting, either of 
which could account for the lack of an esr spectrum in 
the solid state. 

Since only averaged 19F resonances were observed in 
the nmr spectra of mixtures containing Cu(hfac)2 • H2O 
(or Cu(tfac)2), DBNO, and pyridine, exchange between 
free and complexed DBNO is rapid on the nmr time 
scale. We have also shown that a strong electron ex
change interaction exists when the nitroxide is co
ordinated to a copper atom. Thus, in solutions of 
Cu(hfac)2 or Cu(tfac)2 in DBNO, the appropriate con
ditions for the observation of nmr spectra quite clearly 
exist, i.e., rapid electron exchange between solute and 
solvent with the concomitant shortening of the electron 
spin-lattice relaxation times of the former. 

The antiferromagnetism of Cu(hfac)2 • DBNO pro
vides an explanation for the anomalous temperature 
dependence of the 19F isotropic shifts. Since only the 

paramagnetic triplet state can cause contact and dipolar 
shifts, the isotropic shifts should be proportional to the 
population of the triplet state, i.e., to the magnetic sus
ceptibility of the complex.30 A plot of molar suscep
tibility of Cu(hfac)2 • DBNO (uncorrected for the dia-
magnetic susceptibility of the ligands) vs. isotropic shift 
over the temperature range 275-3250K is indeed linear 
(Figure 4) and extrapolates to a chemical shift of —71.5 
ppm at a molar susceptibility corresponding to the tem
perature-independent paramagnetism of copper(II), 
60 X 1O-6 cgs/mol.22 This agrees surprisingly well with 
the chemical shift of —71.4 ppm for Zn(hfac)2. 

Similar temperature dependences of isotropic shifts 
have been observed in the proton nmr spectra of a series 
of substituted iron(III)-dithiocarbonate complexes.31 

The magnetic properties of these complexes have been 
interpreted in terms of a 2T2 ground state and a ther
mally accessible 6Ai excited state. A very fast rate of 
conversion between the two states exists, giving rise to 
very effective electronic relaxation and hence to well-
resolved nmr spectra. Interpretation of the isotropic 
shifts in these iron systems is complicated by the fact 
that both of the thermally populated states are para
magnetic. 

Although dipolar contributions to the 19F nmr spectra 
are probably negligible because of the small magnetic 
anisotropics of copper(II) complexes,32 quantitative 
estimations of spin densities from the observed dipolar 
shifts would be very difficult. Qualitatively, it is seen 
that the 19F contact shifts are much larger than the 
proton contact shifts of Cu(acac)2 and Cu(tfac)2, as is 
expected if the fluorine atoms exert a significant induc
tive effect on the copper. The greater shifts and line 
broadening with Cu(tfac)2 than with Cu(hfac)2 can be 
explained if a decreased electronic exchange interaction 
between the nitroxide and Cu(tfac)2 is assumed. The 
singlet-triplet separation would be decreased, the 
triplet state would be more highly populated, and the 
molar susceptibility would be higher. The assumption 
seems reasonable, since Cu(hfac)2 should be a better 
Lewis acid than Cu(tfac)2. 

It seems likely that the use of paramagnetic solvents 
to study the nmr of transition metal complexes will 
prove to be generally useful in systems where the solvent 
can coordinate directly to the metal ion. The use of 
more basic stable free radicals, containing nitrogen 
donor atoms for instance, may prove more fruitful than 
will the use of nitroxides. 
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(30) To state the case differently, both magnetic susceptibility and 
isotropic shifts are theoretically inversely proportional to temperature 
and thus should be proportional to each other. 
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