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Spin delocalization in a paramagnetic substance can 
be studied by e.p.r. if the electronic relaxation time is 
long or by n.m.r. if the effective electronic relaxation 
time is short.’ The recent e.p.r. studies of the radical 
anions formed from 4-nitropyridine 1-oxide2 and benzo- 
nitrile3 prompt the present note on the n.m.r. spectra of 
octahedral nickel complexes containing these same lig- 
ands. Octahedrally coordinated nickel(I1) is mag- 
netically isotropic and for such complexes the observed 
isotropic n.m.r. shifts (Avi = Yobserved - Vdiarnagnetio) 

are due only to the Fermi contact interaction. These 
contact shifts, like the e.p.r. hyperfine coupling con- 
stants, can be correlated with the electronic spin den- 
sity a t  a given nucleus. 

Experimental Results 
A red solution of a complex of 4-nitropyridine 1- 

oxide with nickel acetylacetonate [Ni(AAA)z] was pre- 
pared by the addition of small amounts of Ni(AA)2 to a 
deuteriochloroform solution saturated with 4-nitro- 
pyridine 1-oxide. The near-infrared and visible spec- 
trum showed an absorption a t  8760 cm.-l. A second 
d-d transition normally found a t  15,500 cm.-l was ob- 
scured by the beginning of a very strong absorption. 
Earlier work indicates such solutions involve mixtures 
of 2 :  1 and 1: 1 ligand:Ni(AA)Z c~niplexes.~ N.m.r. 
studies on the uncoordinated ligand show that its pro- 
ton resonances form an A2Bz system which, when 
analyzed, yields chemical shifts of -8.13 and -8.27 
p.p.m. All shifts were recorded using a Varian A-60 
spectrometer and tetramethylsilane as an internal 
standard. The -5.13 p.p.m. shift was assigned to the 
3 proton and the -8.27 p.p.m. shift to the 2 proton. 
Upon incremental addition of Ni(AL4)2 the peaks first 
coalesced and then moved away from each other. 
The peak shifted upfield was broadened more than the 
peak shifted downfield and was assigned to the 2 proton, 
which due to its proximity to the metal atom has a 
significantly shorter nuclear relaxation time. Although 
the absolute position of the peaks is dependent on the 
metal concentration, the ratio of the isotropic shifts is 
independent of concentration. A typical set of iso- 
tropic shifts (Avi) is given in Table I. 

Benzonitrile does not coordinate strongly with Ni- 
(1) Recent articles which contain more detailed discussion and leading 

references on this subject are (a) G. N. LaMar, W. D. Horrocks, Ji-., and L. C. 
Allen, J .  Chem. P h y s . ,  41, 2126 (1964); (h) R .  B. Wayland and I<. S. Ilrago, 
J .  A m .  Chem. Soc., 81, 2372 (1963). 

(2) J. M. Fritsch, T. P. Layloff, and R.  3. Adams, ib id . ,  87, 1721 (lQ65).  
(3) P. H .  Rieger, I. Bernal, W. H. Reinmuth, and G. K. Fraenkel, i b i d . ,  

(4) I<. W. Kluiber and W. 11. Hoirocks, Jr., ibid. ,  87, 5350 (ltl65). 
85, 683 (1963). 

TABLE I 
SPIS DESSITIES AND MAGNETIC RESONAXCE DAra 

Posi- 
Ligand tiona Ai” J ” , C  p 7r * d  p 7r‘: 

4-NO2CsH&O 2 1.28f S0.95 0.010‘/ 0.087 
4-NOaCsH4NO 3 3.38’ -0.68 0.098 0.008” 
CGH~CN 2 3 . 6 3  -5.63h 0.107 0.094 
C6HsChT 3 0.30 i-0.83” 0.0450 0.057” 
C6HeChT 4 8 .42  -3.75h 0.243 0.267 

a See structures I and I1 for numbering. * E.p.r. hyperfine cou- 
pling constant for radical anion, in gauss. c 3.m.r .  isotropic 
shifts, in p.p.m., for Si(I1)  complexes. M.O. spin density for 
lowest aritiboridirig orbital. M.O. spin density for liigliest 
bonding orbital. Values of 3.58 and 1.58 gauss have been as- 
signed t o  the 2 and 3 protons by comparison with M.O. calcula- 
tions for 4-nitropyridine: M. I t o ,  T. Okamoto, and S. Xagakura, 
Bull. Clzeriz. SOC. Japan, 36, 1665 (1963). 0 These values may 
become negative by spin correlation. ’l Data obtained a t  -40”. 

(AA)% and isotropic shifts, if present, are too small to 
be measured satisfactorily in this system. However, 
using the method by which Wickenden and Krause’ 
prepared hexakis(acetonitrile)nickel(II) perchlorate (ni- 
trile + Ni(C104)243H20 dehydrated with Pz05) a blue 
or blue-green solution of what is presumed to be hexa- 
kis(benzonitrilejnickel(I1) perchlorate in deuterio- 
chloroform containing excess benzonitrile was obtained. 
This has near-infrared and visible absorption peaks a t  
10,200 and 17,500 cm.-l and a shoulder at 13,900 cm.-l 
in agreement with an octahedral structure.5 The 
n.m.r. spectrum of the uncoordinated ligand in dcu- 
teriochloroform forms an XBzCz system. Based on 
literature data as well as the present experiments the 
2, 3,  and 4 (ortho, meta, and para) proton chemical 
shifts were assigned as - 7.58, -7.42, and -7 55 p.psn. 
The complex with excess benzonitrile showed three 
n.m.r. absorptions a t  room temperature. The broad 
peak farthest downfield was assigned to the ortho pro- 
ton, a second peak, half as intense and less broad, up- 
field from the first was assigned to the para proton, 
and the peak upfield from the diamagnetic position, of 
intensity comparable to the first peak but again not as 
broad, was assigned to the meta proton. At low tem- 
perature (-40’) the solution turns violet and four 
peaks are observed. The fourth resonaiice is a sonie- 
what broadened peak a t  the diamagnetic position indj- 
cating that exchange between the coordinated and 
uncoordinated ligands is slow at this temperature. 
At 0’ a broad intermediate spectrum is obtained. 
The ratios of the shifts are independent of concentra- 
tion and are reproducible. As an excess of benzonitrile 
is added at ambient temperatures, the peaks coalesce 
t o  a single resonance a t  -7.60 p,p,m. a t  high benzoni- 
trile to nickel(I1) ratios. 

Discussion 
In a metal complex electron spin density can be 

transferred from the metal to the ligand either through 
T or CT orbitals. The nature of the isotopic shifts ob- 
served in the present work is in qualitative agree- 
ment with a T delocalization mechanism for both 

( 5 )  A. E. Wickenden a n d  I<, d. Krause, 1110,~g. C h e h ~ . ,  4 ,  -10-I (1965) 
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ligands.0 The expected shifts can be pictorialized using 
structures I and I1 for T del~cat ion.~ Here the a! 

spin (a  or + spin signifies an electron spin vector 
parallel to that of the unpaired electrons on the metal 
atom) which is introduced onto the atom bonded to the 
metal distributes itself throughout the ligand in an 
alternating pattern due to electron correlation which 
puts p spin on the alternate atoms. This qualitative 
picture is in agreement with the observed signs of the 
n.m.r. contact shifts. 

O+  
I 

I 
I1 

A more quantitative approach has been used with 
some success in the study of radical anions. In these 
systems the odd electron is assumed to be in a H anti- 
bonding molecular orbital. Spin density distributions 
can be estimated for such orbitals using any of several 
semi-empirical calculations and some electron correla- 
tion can also be introduced.8 E.p.r. hyperfine coupling 
constants including those for nitrogen atoms have been 
correlated with these calculations. E.p.r. data, how- 
ever, give only the magnitude of the coupling constant 
and do not indicate its sign. Thus n.m.r. data provide 
valuable additional information and moderate success 
has been reported in the correlation of both the sign 
and magnitude of isotropic shifts with spin densities 
calculated by the valence bond or molecular orbital 
methods. 

Table I includes, in addition to the reported e.p.r. 
hyperfine coupling constants and the presently ob- 
served n.m.r. contact shifts, calculated spin densities 
for the highest filled H bonding and lowest vacant H 

antibonding orbitals. The spin density data for 4- 
nitropyridine 1-oxide are Hiickel calculations of Fritsch, 
Layloff, and Adams,lo and those for benzonitrile are the 
squares of the atomic orbital coefficients reported for the 
S.C.F. orbitals of the neutral species by Peacock and 
Wilkinson. l1 Corrections for spin correlation are not 
included in these tabulated values but presumably the 
smallest values could become negative when spin cor- 
relation is introduced. Moderate agreement of the 
e.p.r. data with the calculated spin densities was re- 
ported for the lowest antibonding orbital corrected for 
spin correlation.2ra 

It has been stated that in compounds such as octa- 

(6) See also footnote 23 in ref. lb .  
(7) W. D. Horrocks, Jr., R. C. Taylor, and G. N. LaMar,  J .  A m .  Chem. 

( 8 )  P. H. Rieger and G. K. Fraenkel, J .  Chem. Phys., 37,2795 (1962). 
(9) (a) D. R. Eaton, A. D. Josey, R. E. Benson, W. D. Phillips, and T. L. 

Cairns, J .  A m .  Chem. SOC., 84, 4100 (1962); (b) R. H. Holm, A. Chakra- 
vorty, and G. 0. Dudek, ib id . ,  86, 379 (1964); (c) D. K. Eaton, ibid., 87, 
3097 (1965). 

(10) These data are found in the supplement to  ref. 2 .  The cation radical 
data were appended by Dr. Fiitsch. 

(11) T. E. Peacock and P. T. Wilkinson, PYOC. Phys. SOC. (London), 79, 
105 (1962). 

SOC., 86, 3031 (1964). 

hedral nickel complexes, delocalization of spin into 
either a ligand H bonding or H antibonding orbital 
introduces excess CY spin onto the ligand.$? Based on 
this premise, the n.m.r. data indicate that spin de- 
localization in 4-nitropyridine l-oxide occurs by dona- 
tion of a p spin electron from the ligand to the metal. 
Depending on the amount of spin correlationi2 intro- 
duced into the Hiickel spin densities moderately good 
agreement of observed n.m.r. contact shift ratios to 
calculated spin density ratios can be obtained. 

For benzonitrile the n.m.r. isotropic shifts are not in 
agreement with the calculated spin densities for either 
the H bonding or antibonding orbitals. Furthermore, 
it  is not possible to bring the absolute magnitudes of 
isotropic shifts into good agreement with the calculated 
spin densities by any simple procedure such as including 
some u spin delocalization using the spin density ratios 
found for u spin delocalization in pyridine,13 although 
the experimentally observed magnitudes 2 > 4 > 3 
can be corrected to the calculated order 4 > 2 > 3 by 
this process. If the calculated spin densities are a t  
least qualitatively correct for the metal complex the 
signs of the isotropic shifts are in agreement with the 
calculated data only if an excess of /3 spin is present on 
the ligand. This would indicate the transfer of p 
spin from the metal to the ligand H antibonding orbital 
as the alternate donation of a! spin from the ligand to 
vacant metal orbitals is energetically unfavorable. 
Unfortunately, the experimental spin densities a t  the 1 
position and on the cyano group necessary for confirm- 
ing this hypothesis are not known. 

Exact agreement between the reported e.p.r. hyper- 
fine coupling constants or the observed n.m.r. contact 
shifts and the calculated M.O. spin densities cannot be 
expected. Perturbations due to the coordinated metal 
atom, differences in solvents, and errors inherent in the 
e.p.r. and n.m.r. measurements (for the n.m.r. measure- 
ments : uncertainty in the diamagnetic positions and 
centers of gravity of broad peaks, etc.) all contribute 
to the discrepancies. Of greater importance are the 
approximate nature of the semi-empirical calculations 
and the uncertainties in the spin delocalization mecha- 
nism. Thus although for radical anions spin density 
is apparently distributed in the lowest antibonding 
orbital, in metal complexes spin density can be dis- 
tributed using u, H ,  or T* orbitals or some combination 
of these. For 4-nitropyridine 1-oxide the results ap- 
pear to be in semiquantitative agreement with de- 
localization of spin in the highest filled bonding ligand H 

orbital. However, the presence of only 2 protons cer- 
tainly does not provide a stringent test of the calcula- 
tions. For benzonitrile the relative magnitudes for the 
n.m.r. shifts 2 > 4 > 3 are similar to those observed for 
the isomeric phenylisocyanide7 and in qualitative agree- 
ment with a valence bond calculation for the radical 
anion14 but not in agreement with the reported e.p.r. or 

(12) A. D. McLachlan, MOL. Phys., 3, 233 (1960); C. S. Johnson and H S. 

(13) J. A. Happe and R. L. Ward, ibid. ,  39, 1211 (1963). 
(14) J. C. Schug, T. H. Brown, and M. Karplus, ibid., 37, 330 (1962). 

Gutowsky, J. Chem. Phys. ,  39, 58 (1963). 
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M.O. data spin density magnitudes which decrease in 
the order 4 > 2 > 3 .  
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The recent interest in the donor properties of the 
sulfur and nitrogen ends of the thiocyanate 
toward metal ions prompts us t o  report the thermo- 
dynamics of 1:l adduct formation of CH,NCS and 
CH3SCN with the acids iodine and phenol. This 
investigation was undertaken to determine the in- 
herent donor properties of the sulfur and nitrogen 
ends of the thiocyanate group in a neutral environ- 
ment. The neutral bases methyl thiocyanate and 
methyl isothiocyanate were studied, for they, respec- 
tively, have only the nitrogen or sulfur end of thio- 
cyanate available for complex formation. 

The thermodynamic properties of 1 : 1 adduct fornia- 
tion of these bases with I2 have been determined by a 
spectrophotometric method. The shift in the phenol 
0-H stretching frequency upon complex formation 
has been used as a measure of the donor properties 
toward the hydrogen-bonding acid phenol. 

Experimental Section 
Reagents and Solutions.-Reagent grade iodine was sublimed 

before use. Reagent grade phenol was distilled and sublimed 
once. The  bases were obtained in reagent grade from Fisher. 
They were further purified by  vacuum distillation. Fisher 
Spectroanalyzed carbon tetrachloride was uscd without furthcr 
purification. All solutions xere prepared and used within a 1-hr. 
period. No change in the electronic spectra of the solutions was 
observed over a 24-hr. period. 

Apparatus .-Spectroscopic measurements were made with a 
Beckman DB spectrophotometer with a fluid-thermostated cell 
compartment. The  temperature was measured by inserting a 
thermocouple directly into the cell. The temperature was 
maintained constant within 10.1 ' .  The solution concentra- 
tions were corrected for volume changes due to changing the 
temperature. 

The  phenol 0-H frequency shifts were measured on a Perkin- 
Elmer 521 infrared spectrometer. 

(1) F. Basolo, J ,  L. Burmeister, and A. J .  Poe, J .  A m  Chem. Soc., 86, 1700 
(1963). 

( 2 )  A. Turco and C. P e d e ,  Xature, 191, 66 (1961). 
(3) J .  L. Burmeister and F. Basolo, I?soi,g. C h e m . ,  3, 1587 (1R64). 
(4) D. Forster and D. iX 1,. Goodgame, ibid., 4, 823 (1965). 

TABLE I 

ASD CH3SCK WITH IODISE ( T  = 25.0", X 450 m p )  
EQUILIBRIUX COXSTANTS FOR 1 : 1 XDDUC.TS OF CHjP\'CS 

Cu, Jd lOZC.k, Ad A - A' e~ - <>L K ,  M -1 

CHaSCX-I2 
0.142 0.40'7 0 .201  
0.177 0.407 0.250 1824 0 . 1 7 f 0 . 0 2  
0.710 0.407 0.920 

0,145 0.486 0.220 
0.181 0.486 0.270 1806 
0.361 0.486 0.526 
0.722 0.486 0.990 

0 .18  i: 0.02  

0 074 
0 148 
0 185 
0 371 
0 742 

0.075 
0 149 
0 186 
0 373 
0.746 

0 314 
0.314 
0.314 
0 314 
0 314 

0 ,354  
0.354 
0.354 
0.354 
0.354 

CHaKCS-I2 
0 166 
0.318 
0 387 1066 
0.690 
1 .14  

0.185 
0.353 
0.430 1044 
0.770 
1.270 

0 .71  10.01 

0.71 =k 0.01 

TABLE I1 
EQUILIBRIUM C O N s T A N T S  FOR 1 1 ADDUCTS O F  CHaNCS 
AND CHiSCS WITH I O D I N E  BT ELEVATED TEMPERATURE 

( A  450 mp) 
CB, ~ % f  ~O*CA,  hi' A - A' cc - SA I<, M-' 

CHaSCN-12 ( T  = 41.7') 
0.144 0.486 0.1'76 
0.181 0.486 0.218 1820 0 .14  i 0.01  
0.361 0.486 0.426 
0.722 0.486 0.810 

CHZSCS-12 ( T  = 39.5") 
0,074 0,314 0.127 1050 0.54 i. 0 . 0 1  
0.148 0.314 0.245 
0 .185  0.314 0 ,304  
0 .371  0.314 0 .  5iil 
0.742 0.314 0 ,952  

Procedure.-The equilibrium constants a t  25.0' (Table I )  
were obtaiued by a least-squares fit of thc absorbance data to a 
modified Ketelaar5s6 equation 

where C A  is the initial acid concenttation, CB is the iuitial base 
concentration, il - A0 is the difference in the absorbance of a 
solution of acid a t  concentration Ck and a solution of acid and 
base a t  concentrations CA and CB, and EC - e.4 is the difference 
in molar absorptivity betmeeii the complex (C)  and acid ( A ) .  
The intercept and slope of the least-squares straight line were 
utilized, respectively, in the evaluation of EC - EA and K .  The 
error limits are reported a t  the 95yo confidence level. The addi- 
tional measurement of the equilibrium constants a t  an clevatcd 
temperature (Table 11) was uscd to demonstrate that  cc - E A  

a t  450 mH was temperature independent over thc range of tcm- 
peratures studied. 

The enthalpy measurements were made from the temperature 
dependence of the equilibrium constants. A single solution 
technique that utilizes the Rose-Drago equation was used in the 
enthalpy calculations.G 

( 5 )  J .  A. A. Ketelaar, C. Van de Stolpe, A. Goudsmit, and W. Dzcubas, 

(6) I<. L. Carlson and 12. S. Dragu, J .  Am.  Chewz. SOC., 84, 2820 (l9ti2). 
RPC.  t ~ n u .  chiva., 71, 1104 (1952). 


