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region tails to higher frequencies (Figure 3), suggesting 
the presence of two component bands with the same 
sign. The maximum of the observed circular dichroism 
band, which reflects the position of the major compo- 
nent, lies a t  a lower frequency (19,400 cm-l) than that  of 
the visible absorption band of (CO(NH&)~+.  Ac- 
cordingly i t  is concluded that (+) (Co(en)2sar) z+, 
which gives a positive dichroism band in the visible 
region, has the same absolute configuration of the 
chelate rings around the metal ion as ( + ) ( C ~ ( e n ) ~ ) ~ + ;  

that is, the mirror-image of the configuration shown in 
Figure 4a. I t  follows from the RD curve analysis that  
the (- ) (Co(NH~)dsar)~+ ion has the configuration 
for coordinated sarcosine given in Figure 1. 

The absolute configurations of both these ions are 
at present being determined also by an X-ray crystal- 
lographic analysis. 

Acknow1edg:nent.-The authors are indebted to Dr. 
J. Fildes for Ilie C, H,  and N microanalyses. 
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The magnetic susceptibility of a series of 5-substituted X-(2-hydroxyphenyl)salicylideneimine complexes of \-02+ (I) has 
been measured between 1.4 and 300’K. For R = H, R’ = H, CHa, C1, Br? SO2 and R = C1, R‘ = H, C1, the temperature 
dependence of the susceptibility is characteristic of magnetically isolated exchange coupled (antiferromagnetic) pairs. 
The complex is presumably dimeric, with a structure like that of the corresponding copper compounds. Infrared spectra were 
determined in the 800-1100-~m-~ region, and the YO stretching frequencies are assigned. In the R = H, R‘ = ?\TO2 complex, 
thcrc is cvidencc for a wcak intermolecular interaction betwccn vanadyl oxygen atoms and vanadium atoms. Exchange 
integrals are derived by fitting the susceptibilities to  the theoretical equation for coupled pairs. The results are inter- 
preted in terms of a direct c metal-metal interaction between unpaired spins in the adzy orbitals of the vanadium atoms. 
This is in contrast to  the analogous copper complexes, where spin coupling takes place by superexchange through the bridg- 
ing oxygen atoms 

Introduction 
Several 5-substituted N-(2-hydroxyphenyl)salicyli- 

deneimine complexes of copper(I1) have been shown to 
be magnetic dimers;l that is, the copper atoms are ar- 
ranged in the crystal lattice as magnetically isolated 
exchange coupled pairs. The corresponding vanadyl 
complexes 

H 
1 

with R = H, R’ = H, C1, Br and R = NO*, R’ = Br 
were reportedzr3 to have abnormally low magnetic 
moments (0.77-1.55 BM) a t  room temperature. I t  
seems likely that  these low moments result from anti- 
ferromagnetic exchange coupling between pairs of 
vanadyl ions, as suggested by Zelen t~ov.~  In order to 
establish whether or not this is correct, we have de- 
termined the temperature dependence of the magnetic 
susceptibility of complex I with R = H, R’ = H, 

( 1 )  P a r t  I1 of this  series: 
bek, J .  I m u g .  Nucl. Chem,  in press. 

(2)  V. V. Zelentsov, Dokl. A k a d .  Nazik SSSR ,  189, 1110 (1961). 
(3) V. V. Zelentsov, Rtrss J. I? iovg .  Chem., 7 ,  670 (1962). 

A. P. Ginsberg, R. C. Sherwood, and  E. Kou- 

CH3, Br, NOz; R = C1, R’ = H, C1; and R = NOz, 
R’ = H, N0214 between 1.4 and 300°K. With the ex- 
ception of the R = KO2, R’ = NOz, H compounds, the 
results are in good agreement with the theoretical equa- 
tion for exchange-coupled pairs. Presumably, the 
vanadyl complexes which show coupled-pair suscepti- 
bility have the same dimeric, oxygen-bridged structure 
as the copper complexes.1,6 

Although pairwise magnetic exchange is well known 
in d9 copper complexes6 (unpaired spin in an orbital 
derived from the eg set), our results represent the first 
demonstration of this phenomenon in a vanadyl com- 
plex (unpaired spin in an orbital derived from the t z g  
set). The exchange integrals calculated from the 
susceptibility data show a quite different dependence 
on the substituents R and R’ than do the exchange 
integrals for the analogous copper complexes. The 
results are interpreted in terms of direct metal-metal 
interaction between pairs of vanadium atoms. This 
is in contrast to the copper complexes, where spin 
coupling takes place by superexchange via the bridging 
oxygen atoms. 

(4) T h e  compounds with R = H, R’ = CH3, NOz; R = C1, R‘ = H, C1; 
and  R = NOS, I<’ = H, NOn do not  appear  tn have been prepared pre- 
viously. 

( 5 )  G. A. Rarclay and  B. F. Hoskins, J .  Chem. .Sot., 1979 (196.5). 
( 6 )  See t h e  references cited in ref 1. 
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TABLE I 
ANALYSES OF VANADYL-SCHIFF BASE COMPLEXES 

7-- Calcd ’%--7 __-- Found L&-------- 

Stoichiometry C H N V CQ H a  N a  V 

CiaHgN03V 56.1 3.24 5.03 18.3 56.3 3.37 4.74 18 .0  
C14Hi1r\T0317 57.6 3.79 4.79 17.4 57.7 3 .71  4.86 17 .5  

CI3HsBrNo3V 43.7 2 .23  3.92 14.3 43.6 2.20 3 .78  1 4 . 4  
CisHsNz06V 48.3 2.50 8 . 6 7  15 .8  48 .3  2.80 8 .76  16 .1  

Ci3HsN20~V 48 .3  2.50 8.67 1 5 . 8  49.3 3.26 7.91 15.2 

C13HiNa0iVb 42.4 2.17 11.4 13.8 42.3 2.96 10.4 13 .1  
CisH13ClN203V 55.3 3.35 7.16 1 0 . 8  55.5 3.52 6 .88  . . .  

CiaHsC1N03\’ 49.9 2.56 4.48 16.3 50.0 2.73 4.59 16.4 

CuHsClN03V 49.9 2.56 4.48 16.3 50.2 2 . 5 8  4.65 16.0 

C13H7Cl2KO3V 45.0 2.16 4.04 14.7 45.0 2.14 4.13 14.9 

a By Schwarzkopf Microanalytical Laboratory, Woodside, N. Y .  
10.5; V,  12.7. 

Experimental Section 
The ligands were prepared as described previously.’ The 

cohplexes were formed by allowing a saturated aqueous solution 
of VOClz (K & K Laboratories, shown by emission spectro- 
graphic analysis to be free of transition metal impurities) to 
react with about 10% less than the stoichiometric amount of 
ligand in ethanol. The mixture was refluxed for 3 hr, and then 
the brown, granular precipitate that had formed was filtered off, 
washed with hot ethanol, and dried a t  0.1 mm, 80’. A sample 
of the unsubstituted complex (R = R’ = H )  was also prepared 
under anhydrous conditions by refluxing anhydrous VOCl2? 
with the ligand in absolute ethanol. A pyridine adduct of the 
R = H, R’ = C1 complex was prepared by dissolving the complex 
in excess pyridine and precipitating with water. The product 
was dried over PzOi in an evacuated desiccator. Analytical 
results are summarized in Table I. Vanadium was determined 
by a standard procedures after decomposing the compound with 
a mixture of concentrated sulfuric acid and fuming nitric acid. 
The R = H, R’ = C1, Br compounds were analyzed for active 
hydrogen (Schwarzkopf Microanalytical Laboratory) by treating 
a benzyl ether solution of the complex with lithium aluminum 
hydride and measuring the H2 evolved. In both cases no active 
hydrogen was found. 

Infrared spectra of the complexes in pressed KBr disks and 
fluorocarbon oil mulls were measured with a Perkin-Elmer 
Model 337 grating spectrophotometer. Magnetic susceptibilities 
were measured between 1.4 and 300°K on a null-coil pendulum 
magnetometerg as described previously.’ All measurements 
were made a t  a field strength of 14,240 oersteds. 

Results 
Composition of the Complexes.-Zelentsov3 con- 

cluded, from analyses for vanadium and nitrogen, that  
the R = H I  R’ = H, C1, Br complexes form as mono- 
hydrates. However, our analytical results (Table I) 
for these compounds, as well as for the R = H I  R’ = 
CHa, NO2 and R = C1, R’ = HI  C1 compounds, are in 
good agreement with the anhydrous complex I formula- 
tion. The absence of water or alcohol was confirmed 
by the absence of absorption in the OH stretching 
region of the infrared spectra. For the R = H, 
R’ = C1, Br compounds, still further confirmation of 
the absence of hydroxylic solvent was provided by the 
negative results of analyses for active hydrogen. 

(7) Prepared as described in “Handbuch  der  Preparat iven Anorganischen 
Chemie,” VoI. 2, G. Brauer ,  E d . ,  2nd ed, Ferdinand Enke ,  S tu t tgar t ,  1962, p 
1105. 

(8) I. M. Kolthoff and  E. B. Sandell, “Textbook of Quant i ta t ive In-  
organic Analysis,” revised ed ,  T h e  Macmillan Co., New York ,  N. Y., 1943, p 
724. 

( 0 )  I<. M .  Bozorth,  H .  J. Williams, and  D. E. Walsh, Phys. Rev., 103, 572 
(1058). 

Calcd for ClaH1Na0.iV.0.5H*0.C2HsOH: C, 42.0; H, 2.77; N,  

Finally, the R = H, R’ = C1 compound was prepared 
under anhydrous conditions, and the product was iden- 
tical with that  obtained in the presence of water. The 
method of preparation differs from that of Zelentsov 
only in the use of ethanol instead of methanol as sol- 
vent and in refluxing the mixture before filtering off 
the product. 

Agreement between the analytical results for the 
R = NO%, R’ = H ,  NO2 compounds and the calculated 
values for anhydrous complex I is not so good as for 
the other compounds. The infrared spectrum of the 
R = NOz, R’ = NO2 compound has a band a t  -3300 
cm-l which may be attributed to v(0H) of water or 
alcohol in the molecule. To  account for the analytical 
results, i t  is necessary to assume that  both ethanol and 
water are present (cf. Table I). In the case of the R = 

NOz, R’ = H compound, the infrared spectrum does 
not show absorption in the Y(OH) region, the presence 
of water or alcohol is therefore excluded. We consider 
this substance to have the anhydrous complex I for- 
mula. 

The R = H, R’ = C1 complex reacts with pyridine 
to form a monopyridinate. The copper complex with 
N-(2-hydr~xyphenyl)salicylideneimine behaves in the 
same way.10 

VO Stretching Frequencies.-By comparing the 
infrared spectra of the vanadyl complexes with the 
spectra of the corresponding copper complexes, and 
of the free ligand, in the 800-1100-~m-~ region,ll i t  
was possible to identify the VO stretching frequencies. 
The assignments are given in Table 11. In  the case of 
the R = NOz, R’ = H complex, the assignment of 
v(V0) is ambiguous. Figure 1 shows the infrared 
spectrum of this compound between 880 and 1070 
cm-I; also shown are the spectra of the copper com- 
plex and of the free ligand. The bands a t  891 and 911 
cm-I may be attributed to the ligand in the complex. 
v(V0) must be one or more of the bands a t  971, 985, 
1030, and 1045 cm-’. All of the other complexes, 
including the monopyridinate with R = H, R’ = C1, 
have a VO stretching frequency in the range 990 =I= 

(10) M. Kishita,  Y .  RiIClto, and  M .  Kubo ,  Atisli.alian J .  Cheiit., 10, 386 

i l l )  In most vanadyl  complexes, the  V=O stretching band occurs be- 
J. Selbin, L. H. Holmes, and  S. P. McGlynn,  

(1957). 

tween 1035 and 035 cm-1: 
J .  Iizoug. Nucl. C h e m . ,  25, 1359 (1963) 
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TABLE I1 
YO SIREICHING FREQUENCIES IS 

YANADYL-SCHIFF BASE COMPLEXES‘ 

R R’ u(VO) ,  cm-1 

H H 990 b 
H CH3 993 s 
H c1 992 s 
H Br 991 s 
H SO2 1010 ni, 900 vs 
CI H 1000 s, 989 s 
SO2 H b 
c1 c1 983 s, 993 s 
NO2 SO2 999 s 
H C1 monopyridinate 978 s 

______ Complex I------ 

a Measured on samples in pressed KBr disks: s, strong, ni, 
medium; v, very * See Discussion in text. 

20 cm-l. The R = H, R’ = NO2 complex is unique 
in having a very strong absorption a t  900 cm-’. We 
assign this also as v(V0) because the copper complex 
and the free ligand absorb only weakly around 900 cm-l. 

Magnetic Susceptibilities.- The magnetic suscepti- 
bility measurements are summarized in Table 111. 
The susceptibility values XA’ are per gram-atom of 
vanadium and include a diamagnetic correction. The 
R = NOz, R’ = KO2 complex and the monopyridinate 
of the R = H, R’ = C1 complex are Curie-Weiss para- 
magnets over the entire temperature range studied. 
,A least-squares fit to the Curie-Weiss law 

1 1 0 
xa’ - =  - T + C  c 

gave the following values for the Weiss constant 0 and 
the effective magnetic moment pleif  = 2.839(C)’”: 
for the dinitro derivative, 0 = 1.41 f 2’ and p’,ff = 

1.62 * 0.01 B M ;  for the monopyridinate, 0 = 2.06 + 
5’ and = 1.75 + 0.03 BM. The uncertainties are 
99% confidence limits. The R = NOz, R’ = H com- 
plex shows only a weak temperature-independent para- 
magnetism. All of the other compounds in Table 111 
have XA’  increasing to a maximum and then decreasing 
with decreasing temperature until, at quite low tem- 
peratures (-20°K), XA’  passes through a minimum and 
then increases with decreasing temperature. Figure 
2 illustrates this behavior with a plot of xA’ vs. T for 
the R = H, R’ = Br complex. 

The lowtemperature rise in susceptibility of the 
vanadyl complexes, for which x.4’ passes through a 
maximum a t  higher temperatures, is very similar to the 
behavior of the dimeric copper complexes with the 
same ligands.’ As before,l we attribute this effect 
to the presence of small amounts of a paramagnetic 
impurity, probably a solvated monomer of complex 
I. The vanadyl coniplex which forms with the R = 
NOZ, R’ = NO2 ligand is an example of such a com- 
pound. If i t  is assumed that the susceptibility at 1.4”K 
is due entirely to an impurity with peff = 1.73 BM, 
then the percentage of impurity required to give the 
observed susceptibility is as shown in Table IV. 
Such relatively small amounts of the type of impurity 
postulated would not affect the analytical results. 

d 
?r 

1 1 
IO50 1000 950 900 

FREQUENCY (CM-I) 

Figure 1.-Infrared spectra from 880 to 1070 cni-’ of: (i\) 
complex I (R = SOa, R’ = H); (B) the corresponding Cu coni- 
plex, ( C )  the free ligand. 

In order to correct the measured susceptibilities 
for the impurity contribution and to determine Nci, 
the temperature-independent paramagnetism, the same 
procedure described earlier was used. The Nci values 
and the corrected susceptibilities, XA’(cor) ~ are given in 
Table 111. Figure 2 shon-s a plot of Xa’(cor) for the 
K = H, R’ = Br complex. The underlined values of 
X A ’  in Table 111 are the basis for the determination 
of 1\7cu and the impurity correction. Also listed in 
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TABLE I11 

MAGNETIC SUSCEPTIBILITIES~ (CGS/G-ATOM OF VANADIUM) AND EFFECTIVE MOMENTS (BM)b,C 

c d . 1  (11 n - n. n' - W: m . -0-6 
?, -1 1.4 4.2 15 20 23 25 28 33 36 45 50 55 60 65 70 'IS 80 85 90 95 1G1 105 Uo u 5  120 W 
lo4& 27.1 8.51 6.66 5.93 6.10 5.89 6.53 6.80 8.61 9.68 10.7 11.6 12.5 13.3 13.9 14.4 14.7 15.1 15.3 15.4 15.4 15.5 15.5 15.5 15.3 
lO'&(corr.) 0.19 0.20 0.20 0.31 0.39 0.99 1.30 2 . a  3\23 5.74 7.03 8.32 9.10 10.5 11.5 12.2 12.8 13.2 13.6 14.0 14.1 14.1 14.3 14.3 14.4 14.2 -- -- -- -- -- 0.13 0.16 0.25 0.9 0.45 0.53 0.60 0.67 0.74 0.80 0.85 0.90 0.9 0.99 1.03 1.06 1.08 1.12 1-14 1.17 1.19 htf 
T, -1 130 14 148 160 165 179 195 210 225 240 255 273 285 299 
lo4& 15.2 14.9 14.7 14.3 14.1 13.4 13.0 12.4 U.0 U.6 11.0 10.3 10.1 9.78 
104&(c-.) lb.2 14.0 13.8 13.5 13.3 11.7 12.4 ll.8 U . 4  U.1 10.5 9.84 9.63 9.34 
bn 1.21 1.24 1.27 1.31 1.32 1.34 1.9 1.40 1.42 1.45 1.46 1.46 1.47 1.48 

m.1 (11 n - I, n' - c%; m - 7 0 x 1 0 ~  

?, -1 1.4 4.2 10.5 23.2 9 . 8  46 61.5 R 9 107 ~3 138 153 1% 164 ins 201 224 239 269.5 294 
lo4& l U . 0  6.82 2.27 4.14 7.45 12.0 15.3 16.6 16.6 16.4 15.5 14.8 15.1 14.2 14.2 12.8 l2.0 l l . 4  10.5 9.77 
1O4X;(c-.) 0.65 0.n  0.70 0.95 3.25 6.77 U.5 lb.9 16.3 16.3 16.1 15.2 14.6 lb.9 11.0 10.4 9.66 
sn -- .- -- -- 0.27 0.47 0.73 0.54 1.09 1.16 1.18 1.27 1.31 1.32 1.33 1.36 1.39 1.42 1.43 1.45 1.46 

14.0 12.6 U.9 U.3 

m.1 (I) R - n, R' - a: m - i o ( ~ o ~  
T, *I 1.4 4.2 8.6 U.7 13.7 15.4 18.1 21 25 30 35 40 45 50 55 60 65 70 75 80 85 91 95 105 105 U O  
IO4& 9.04 5.15 4.31 3.72 3.83 5.95 5.60 8 . 9  10.9 13.8 15.9 17.9 19.3 20.6 21.6 22.1 21.8 22.1 21.7 21.5 21.4 21.5 21.2 21.0 
104x;(oorr.) 0.99 1.05 1.05 1.88 1.49 1.19 1.67 4.07 4.01 7.05 9.75 12.8 15.0 17.1 18.6 19.9 20.9 21,6 21.3 21.6 21.2 21.1 20.9 21.1 20.8 20.6 
sff -- -- -- -- -- -- -- 0.23 0.25 0.39 0.50 0.62 0.n 0.81 0.88 0.96 1.02 1.08 1.U 1.15 1.18 1 - 2 1  1.24 1.27 1.29 1.9 
?, 'I U 7  124 130 146 174 192 218 2% 2% 
IO4& 20.5 20.0 19.1 18.3 16.7 16.1 14.3 l2.5 11.0 
104xi(c0m.) 20.2 19.7 18.8 18.1 16.4 15.9 14.2 12.4 10.9 
hn 1.34 1.37 1.37 1.42 1.47 1.52 1.52 1.53 1-54 

C d e .  (1) R - W. R' - *I m - m o - 6  

1, -1 4.2 6.0 15 21 26 32 39 45 50 56 62 69 76 83 89 56 142 109 u 6  122 130 140 150 160 170 185 
lo'& 2.- 1.20 1.46 2.25 3.69 5.29 7.e 9.39 10.8 '12.3 14.0 15.1 15.9 16.2 16.5 16.8 16.7 16.6 16.4 16.2 15.7 15.1 14.8 14.3 13.6 
lo4&(corr.) 0.30 0.30 0.9 0.84 1.75 3.29 4.95 7.54 9.14 10.6 12.1 13.8 14.9 15.8 16.1 16.4 16.6 16.6 16.5 16.4 16.1 15.6 15.0 14.7 14.2 13.6 
ktt -- -- -- -- 0.17 0.28 0.38 0.51 0.60 0.68 0.77 0.87 0.95 1.a 1.06 1.U 1.16 1.20 1.23 1.26 1.29 1.Y 1.33 1.36 1.38 1 .41  
?, 'I 200 215 236 250 270 285 299 
lo4& 13.1 12.7 U.9 U.4 lo.? 10.3 9.72 
104&(corr.) 13.1 12.6 U.9 11.3 10.7 10.3 9.67 
kff 1.44 1.46 1.48 1.49 1.50 1.51 1-50 

w.1 (I) n - E, R' - 102; m - i0oxlod 

T, -1 1.4 4.2 9.0 16 20 24 28 y 36 40 45 50 55 60 TO 77 79 82 86 88 101 108 U6  U2 137 147 

lo'&(ccr.) 1.08 0.98 1 .03  0.m 0.82 0.85 0.p 2.w 1.16 0.89 1.29 1.56 2.13 2.47 3.01 3.32 4.26 k.32 4.31 4.42 5.76 6.24 6.80 7.87 8.06 8.40 

T, -1 150 162 168 178 188 1% 205 225 236 245 254 & 2n 278 285 2s 

lo$; 9 . 6  12.4 6.42 3.98 3.30 2.52 2.69 3.58 2.54 2.14 2.40 2.56 3.04 3.30 3.R 3.97 4.90 4.9 4.89 4,99 6.25 6.70 7.23 8.25 8.42 8.74 

brr -- -- -- -- -- -- -- -- -- -- 0.10 0.15 0.22 0.27 0.9 P . 4  0.46 0.47 0.48 0.49 0.62 0.68 0.74 0.86 0.88 0.9 

lo4& 9.05 9.19 9.45 9.27 9.39 9.43 9.41 9.29 9.Y 9.U 8 . g  8.80 8.59 8.49 8.28 8.23 8.18 
104&(corr.) 8.- 8.88 9.15 8.99 9.12 9.17 9.17 9.07 9.10 8.50 8.n 8.61 8.40 8.31 8.10 8.06 8.01 
kff 0.97 1.01 1.05 1.07 1.U 1.13 1.16 1.21 1.24 1.25 1.26 1.27 1.27 1.28 1.28 1.29 1.30 

m e .  (I) n - Q. n' - E; m - m o d  
T, -1 1.4 4.2 14 22.3 34.8 46.5 59.5 82 P 105 ll.l.5 123.5 140.5 183.5 a S2b 238.5 261 291 

1O4&(corr,) 0.51 0.50 0.50 0.87 3.49 6.76 10.6 14.8 15.6 15.8 15.7 15.5 15.0 13.3 U.2 U.5 l l .0  10.5 9.59 
ktf  -- -- -- -- 0.29 0.48 0.69 0.97 1.05 1.14 1.17 1.22 1.28 1-38 1.40 1141 1.42 1.45 1.47 

io'x; 22.8 9.46 3.40 2.n 4.68 7.66 u . 3  15.3 16.1 16.2 16.1 15.8 15.2 13.5 12.4 u . 7  u.2 10.7 9.73 

w.1 (I) n . 102, I' - tI 

T, *I 175 215 245 295 
4 10 x; 0.76 1.2 1.0 0.56 

c d . 1  (1) .I Q. n, I Q: m .%a04 
T, 'I 1.435 4.2 10.0 14.6 21.3 30.9 34.9 42 45.7 61 62 72 81.5 90 101 U U5 120 Up.5 124 124.5 149 150 170 185 
10'~; - 10.4 2.N 1.20 0.a 0.68 1.85 2.47 4.49 5.09 9.47 9.Y U.6 13.0 13.9 14.5 14.9 14.7 14.9 14.9 14.9 15.0 14.7 14.8 13.8 13.3 
1O4&(com.) -0.08 0.42 0.21 0.26 0.23 1.54 2.20 4.27 4.89 9.32 9.37 U.5 12.9 13.8 14.4 14.8 14.6 14.8 14.8 14.8 14.9 14.6 14.7 13.8 13.2 
kit -- -- -- -- -- 0.18 0.23 0.37 0.41 0,67 0.67 0.81 0.91 0.99 1.08 1.14 1.16 1.19 1.20 1.21 1.21 1.31 1.9 1.36 1.39 
T, '1 l& 215 217 251 254 275 276 297 
lobx; 13.2 12.1 12.2 ll.1 U.1 10.4 10.4 9.92 
104&(c0.r.) 13.2 12.1 12.1 U.0 ll.0 10.4 10.4 9.89 
rrn 1.39 1.43 1-44 1.48 1.48 1.50 1.50 1.52 

C 6 . 1  (I) R - 102, 1' . 102; iff. 1.62 

T, *I 1.46 4.2 7.05 8.3 14.2 15.1 20 27 33.4 41 50 51 62.5 63.5 R 83 9 lo6 115 139.5 140.5 L41 162 
lo4& 1813 721 478 4% 228 215 159 U6  91.8 73.8 59.7 60.5 50.3 50.4 45.5 39.6 35.2 3a.2 27.8 22.9 22.8 22.7 19.9 
T, *I 163 177 179 201 201.5 217 218 234 241.5 243 263 266 2gg 

lo4$ 19.9 18.1 18.1 16.0 15.9 14.8 14.8 14.0 13.4 13.3 12.3 U.2 l l .3  

ncm-iunau o t  Crrpl.1 (I) R - W. R' - Q; &r - 1.75 

?, *I 1.4 4.2 8.0 21 35 55 71 90 io5 w 151 161 185 203 215 234 254 2n 297 
1.0'~; 1435 807 517 373 97.0 59.9 48.3 39.3 36.0 30.1 24.2 23.1 20.0 18.4 17.6 16.3 15.0 14.1 12.6 

Corrected for the diamagnetism of all of the atoms in the molecule using corrections from P. W. Selwood, "Magnetochemistry," 
* The Nac values given in this table were obtained as described 

' Temperatures are accurate to  a t  least f0 .1 '  below 50°K and t o  10.5'' 
2nd ed, Interscience Publishers, Inc., New York, X. Y., 1956, pp 78, 92. 
earlier;' they may be in error by as much as 1 5 0  X 10P .  
a t  higher temperatures. 



Inorganic Chernisiry 

0 40 80 120 180 200 240 280 320 

TEMPERATURE ( O K )  

Figure 2.-Tetnperature depcndeiice of the magnetic suscepti- 
bility of complex I (R = H, R '  = Br):  0, XA' ;  SD, xl'(cor). 
The solid line is a least-squares fit t o  the equation for coupled 
pairs, g = 1.89, J = 115 cm-', ,\-a = 30 X lo-! 

TABLE I\  
PERCE\IAGE OF PARAMAGNETIC \ T ~ ~ ~ ~ ~ ~ .  I M P U R I T ~  

REQUIRED TO GIVE O B S E R V ~ D  x k '  AT 1 4'K" 
r-_- - Complex I----- 

K I< ' 
H H 
H CHa 
H Cl 
H Br 
H SO2 
c1 H 
Cl c1 

Yc paramagnetic impuri ty  

2 
0 . 5  
0 . 7  

1 
0 . 8 
0 . 4  

0 . 5" 

Based on the assurnption that the impurity fiCif = 1.73 BM 
and that  the  entire susceptibility a t  1.4"K is due to the impurity. 
* This sample was not measured at 1.4'K; the estimation of 
the paramagnetic impurity was made from the 4.2'K point. 

Table I11 are the effective magnetic moments a t  each 
temperature, calculated from the relation 

bcff = 2.839[(xA'(cor) - N a ) l ' ] l / '  

Discussion 
Application of the least-squares-fitting program 

described earlier' showed that, for the compounds listed 
in Table V, the Xa'(cor) vs. T curves can all be de- 

TABLE l' 

SUSCEPTIBILITY EQUATION FOR EXCHANGE-COUPLED PAIRS 
\ 'AKADlL COXPLEX I COXPOUSDS WHICH FOLLOIY 1 H E  

Compound 
K I< ' 

H H  

H Cl 
E1 Br 
H KO2 
CI H 
c1 c 1  

H CHj 

X'ariance 
of best 

fit x 1 0 ' 0  

8 . 7  
5 , 3  

6 . 3  
6 . 0  
3 . 1  
3 .5  

20 

6 

1.85Zr 0 . 1  
1 .86  i 0 . 1  
1.89i 0 . 1  
1 8 9 i O  1 
1.83 I 0 . 1  
1.86 =I= 0 . 1  
1.92 * 0 . 1  

J ,  cm-l  TI,,,,,, OK 

125 & 2 118 
118 & 2 106 
90 * 2 81 

115 =I= 2 104 
218 i 5 196 
120 =I= 2 108 
132 i 2 119 

scribed by the susceptibility equation12 for exchange- 
coupled pairs 

where J is the exchange integral, set equal to the singlet- 
triplet splitting, and g is the magnetic field splitting 
factor. The variance of each fit and the values of g 
and J are given in Table V ;  also listed is the tempera- 
ture at the maximum, obtained from the relation T,,,,,, 
N 5J /8k .  The calculated curve for the R = H, R' = 

Br complex is shown in Figure 2. 
The uncertainties given in Table V for g and J are 

estimates meant to reflect probable precision (as in- 
dicated by a duplicate determination on the R = H, 
R' = NOz compound) and also the effect of varying 
N a  between IO and 150 X 1W6. The results in Table 
V establish the following order for the exchange in- 
tegrals J(R,R') 
J(H,N02) > J(C1,Cl) - J (H,H)  - J(C1,H) - 

J(H,CH3) - J(H,Br)  > J(H,Cl) 

The vanadyl complexes which obey the susceptibility 
equation for coupled pairs are probably composed of 
dimeric molecules n-ith a structure analogous to that 
proposed for the corresponding copper complexes1,6 

'R 

One infrared-active VO stretching frequency is ex- 
pected for this structure, and this is what vias ob- 
served (Table 11) for the compounds with R = H, 
R' = H, CH3, C1, Br. However, for the compounds 
with R = H, R' = KO2 and R = C1, R'  = H, C1, 
two VO stretching frequencies were found. In the 
monochloro and dichloro derivatives the two bands are 
separated by only 10 cm-', so that the doubling of 
~(170) may be attributed to unit cell group splitting 
or to a crystal packing effect which causes the two 
vanadium atoms of the dimeric molecule to be non- 
eq~iva1ent . l~ In the R = H. R' = NOzcomplexthe 
two bands are separated by 110 cm-l. This is too 
large a separation to be caused by either unit cell group 
splitting or a crystal packing effect. Since one of the 
bands occurs a t  900 cm-I, much lower in energy than 
v(V0) in any of the other Schiff base complexes, we 
suggest that in the R = H, R' = NO2 complex, one of 
the vanadyl oxygen atoms in each dimer molecule 
interacts with a vanadium atom in a second molecule 
to form a tetramer or higher polymeric unit. Such a 
structure would have a susceptibility vs. temperature 
curve indistinguishable from the curve for isolated 
coupled pairs if the superexchange through the vanadyl 
oxygen atom is weak. 

(12) B. Bleaney and IC. 11. Rowel-s, P ~ o c .  Roy. Soc. (I,ond(m), A214, 151 
(1952). 

(13) A packing effect of this t y p e  has been observed in t h e  related ciiylier 
complex with N-(2-hydioxy~~l ienyl ) -2-ace ty l - l -methyl~~hyl idenc iminc ;  ~ C C  

rcf 5 .  
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Of the compounds studied, three did not obey the 
dimer susceptibility equation. Two of these, the R = 
NOz, R’ = NO2 complex and the monopyridinate of 
the R = H, R’ = C1 complex, are Curie-Weiss para- 
magnets with small values of 8. We suggest that these 
two compounds are five-coordinated monomers in 
which a molecule of water, ethanol, or pyridine occupies 
one of the coordination positions 

where R = NOz, R’ = NO%, L = HzO or CZH~OH;  R = 
H, R’ = C1, L = C5H5N. An analogous structure 
has been proposed14 for the paramagnetic monopyri- 
dinates of copper complexes with tridentate Schiff 
bases. Both of the paramagnetic vanadyl complexes 
have a single VO stretching frequency in the normal 
range for r(V=O). p’,rt for the monopyridinate is very 
close to the spin-only value and falls in the range 
(1.68-1.78 BM) usually observed for paramagnetic 
vanadyl complexes. pLleff for the dinitro complex is, 
for no evident reason, somewhat lower than expected. 

The R = NOz, R’ = H complex is the remaining com- 
pound which does not follow the singlet-triplet SUS- 

ceptibility curve; it has only a small temperature- 
independent paramagnetism. One possible interpre- 
tation of this result is that the compound has the same 
dimeric structure as the other complexes but that the 
exchange interaction is so strong that the spins are 
completely coupled a t  room temperature. However, 
in view of the rather small effects which tlie substit- 
uents have on the exchange interaction in the dimers, 
it seems more likely that the complete spin pairing 
in the R = NOz, R’ = H complex means that this 
compound has a different structure. The infrared 
spectra give no evidence for bridging through the 
vanadyl oxygen atom. 

The effect of the substituents R and R’ on the ex- 
change integrals for the vanadyl dimers is quite dif- 
ferent from their effect in the corresponding copper 
dimer5.l In particular, in the copper complexes, it 
was found that electron-withdrawing groups usually 
increase the exchange interaction if they are introduced 
a t  the R’ position, but decrease it if they are introduced 
a t  the R position. I n  the vanadyl complexes, how- 
ever, the exchange integrals are relatively unaffected 
by the substituents, except for J (H ,N02)  and J(H,CI) 
which are, respectively, considerably larger and some- 
what smaller than the other exchange integrals. The 
difference in behavior of the copper and vanadyl 
complexes may be attributed to a difference in the way 
in which exchange coupling takes place. 

In the copper complexes, spin coupling takes place 

(14) M. Kubo, Y .  Kuroda,  M. Kishita,  and Y .  IvIuto, Auslraliau J .  Chem., 
16, 7 (1963). 

by superexchange through the bridging oxygen atoms. 
The magnitude of the exchange integral depends on 
the overlap between the metal atom magnetic orbital 
(3d,2-12) and the orbitals of the bridging atoms.’ 
In the vanadyl complexes the situation is quite different. 
The coordination about the metal atom is assumed to 
be a distorted square pyramid. For square-pyramidal 
vanadyl complexes, the unpaired spin is expected to 
be in the 3d,, orbital.11315 This is especially true for 
the present complexes, because two of the base atoms 
of the square pyramid are bridging oxygen atoms which 
are also bound to carbon atoms of the ligand molecule. 
Both the px and p, orbitals of these oxygen atoms are 
involved in strong u bonding and therefore do not x- 
donate to the vanadium 3dx, orbitals (p, has x sym- 
metry with respect to d,, of one vanadium atom while 
pu has R symmetry with respect to d,, of the second 
vanadium atom of the dimer). The 3d,, orbital 
is therefore lowered in energy with respect to the 3d,, 
and 3d,, orbitals. In  the binuclear comp exes the 3d,, 
orbitals have appropriate symmetry to u bond with 
each other, and this u metal-metal interaction should 
be the principal path for spin coupling. 

Disregarding, for the moment, J(H,NOz) and J 
(H,Cl), we may now rationalize the relative inde- 
pendence of J(R,R’) on R and R’. We assume (as 
with the copper complexes) that the structure of the 
ligand fixes the metal-metal distance in the dimer 
independently of the nature of the substituents R and 
R’. Changing R and R’ does, however, alter the ef- 
fective charge on the metal atom. In the copper com- 
plex& this results in a change in J, because alteration 
of the effective charge changes the overlap between 
the copper atom magnetic orbital and the bridging 
oxygen atom orbitals, which is the critical factor in 
determining the strength of the exchange coupling. 
For the vanadyl complexes, however, the strength of 
the exchange coupling is primarily determined by the 
direct overlap between the 3d,, orbitals on the two 
vanadium atoms. The relative independence of J 
(R,R’) on R and R’ may then be interpreted as meaning 
that the overlap between the 3d,, orbitals is relatively 
independent of small changes in the effective charge 
on the vanadium atoms. This is reasonable since 
altering the effective charge produces two opposing 
effects on the overlap. For example, if the effective 
charge on the vanadium atoms is increased, by sub- 
stituting an electron-withdrawing group a t  R or R’, 
the 3d,, orbitals should contract, thus tending to de- 
crease the overlap, but the polarizing effect of each 
atom on its partner will be enhanced, thus tending to 
increase the overlap. Apparently, for most of the 
substituents studied, these two effects roughly cancel 
each other. 

J(H,CI) and J (H ,N02)  are exceptions to the above 
interpretation. The fact that J(H,NOZ) is consider- 
ably higher than the other exchange integrals may be 
explained in the following way. We have already seen 
that the infrared spectrum of the Ii = H, K’ = NO2 

(15) C. J. Ballhausen and H. B. Gray, Znorg Chsm., 1, 111 (1Y62). 
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complex indicates that  one of the vanadyl oxygen 
atoms in each molecule is interacting with a vanadium 
atom in another molecule. ,4 plausible arrangement is 

0 
I I  @v----.v @ 

ll 
0 0  

As a consequence of this interaction, the effective 
charge of one vanadium atom in each pair increases 
while that  of its partner decreases. The result should 
be an increase in the interaction between the paired 
vanadium atoms. 

We can offer no explanation for the fact that  J 
(H,CI) is somewhat lower than the other exchange 
integrals, except to suggest that i t  may result from a 
crystal packing effect which somehow causes an in- 
crease in the V-V distance. 
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Amides as Ligands. VI. Spectrochemical Studies of 
7-Thiobutyrolactam and N-Methyl-7- thiobutyrolactam Cobalt(I1) Complexes' 
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The syntheses, electronic absorption spectra, infrared spectra, magnetic susceptibilities, and conductance measurements of a 
series of cobalt(I1) complexes of the general formulas [Co(TBuL)a] (ClO&, [Co(NMTBuL)d] (ClO&, [Co(TBuL)&], and 
[Co(SMTBuL)&] (TBuL = ;-thiobutyrolactam, NMTBuL = N-methyl-y-thiobutyrolactam, and X = C1, Br, I, SCN, 
and SOS)  are described. The parame- 
ters indicate that these complexes are tetrahedral and sulfur coordinated. The ligands TBuL and NMTBuL are each 
assigned a position relative to the other sulfur-containing donors in the spectrochemical series. With ?jMTBuL, an induc- 
tive effect, rather than a steric effect, previously observed for some fully substituted amides3 and cyclic lactams,* is found to 
exist for the coordinated thiolactam. The [ Co(NMTBuL)2(NO3)2] complex seems to possess an octahedral stereochemistry, 
a conclusion based on the electronic spectra, infrared spectra, and magnetic moment. 

The usual ligand field parameters Dg, B' ,  and 0 are calculated for these complexes 

Introduction 
The spectral and donor characteristics of a series of 

lactams with the general formula I (when n = 3,  4, 
5 ivith R = H and CH8) have been recently ~ t u d i e d . ~ , ~  

I I1 

The spectral parameters Dq and have been measured 
for these lactams with nickel(I1) perchlorate and 
chromium(II1) perchlorate, in an octahedral field. 
However, the thiolactams6j7 of the general formula 
I1 (when n = 3 with K = H and CH3 or when n = 

5 with R = H) produce tetrahedral coordination for 
the cobalt(I1) ion. 

(1) Presented a t  t h e  152nd Sa t iona l  Meeting of t h e  American Chemical 
Society, X e w  York, S. Y . ,  Sept 14, 1966. 

( 2 )  Based in  p a r t  on a dissertation t o  he submit ted by hl. Sulich t o  t h e  
Graduate  School of t h e  S t a t e  University of S e w  York a t  Binghamton in 
partial fulfillment of t he  requirements for t h e  degree of Master  of Arts, 1966. 

Chem., 2, 124 (1963). 

(1965). 
( 5 )  8. K. llIudatl and H. H. Uenk, J .  Inorg.  S i c c l .  Chem., 27, 1049 (1965). 

(3) I<. S. Drago,  D. W. Meek,  M. D. Joeston, and L. LaIioche, Iizoia. 

(4) J. H .  Bright, R. S. Drago, D. M. H a r t ,  and  S. K. Madan ,  ibid., 4, 18 

(0)  S.  K. M a d a n  and C .  Goldstein, ibid., 28, 1261 (1966). 
(7 )  This  work. 

Pursuant to our interest in substituted amides as 
ligands and sulfur as a donor atom, we have synthesized 
a series of cobalt(I1) complexes with y-thiobutyro- 
lactam (TBuL) and N-methyl-y-thiobutyrolactam 
(NMTBuL) , We have measured the electronic param- 
eters characterizing TBuL and NMTBuL as ligands 
and have assigned each a position relative to the other 
sulfur-containing donors in the spectrochemical series, 
in a tetrahedral field.6j8-10 In addition, v e  have 
examined the effect on the Dg parameter of substituted 
and unsubstituted five-membered thiolactam coordi- 
nated to cobalt(I1) perchlorate in a tetrahedral field 

Experimental Section 
The N-methyl--,-buty- 

rolactam was purchased from Aldrich Chemicals and was purified 
by vacuum distillation, The middle fraction collected a t  80' (10 
mm) (torr) was used for the preparation of LTMTBuL. The y- 
butyrolactam was used in the synthesis of TBuL without further 
purification. Fisher spectral grade nitromethane was employed 
for the spectral and conductance measurements. Anhydrous 
cobalt(I1) iodide and cobalt(I1) thiocydnatc trihydrate were 
obtaiticd from Alfa Inorganics. 

Analytical Work.-Carbon, hydrogen, nitrogen, and sulfur 
analyses were performed by Weiler and Strauss, Microanalytical 

All materials used were reagent grade. 

(8) I<. I,. Carlin and  S. I<, H a l t ,  Inovp. Cliem., 2, 849 (1963). 
(Y )  F. A. Cotton,  0. D. Faut, and J. T. Mague,  ibid., 3, l i  (1964). 
(10) S. K. Madan and D. Mueller, J .  I N O Y , ~ .  Xzccl.  Chein., 28, l i 7  (11166). 




