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Intrusion of charge-transfer bands into the visible 
region rendeis the study of d-d transitions difficult. 
The  most sa tisfactory reflectance spectrum was pro- 
vided by VO(ebas)z, and this can be attributed to 
the fact that  the charge-transfer bands begin some 
3-4 kK higher than do those in VO(bas):! and VO- 
(dbrns)z. It seems clear tha t  bands occurring a t  fre- 
quencies lower than 16.5 kK can be attributed to d-d 
transitions. Such bands are found in the reflectance 
spectra of VO(ebas)e, VO(bas)*, and VO(dbms)e a t  
15.4, IG.3, and 14. i ,  kK, respectively, and in solutions 
of 1,2-dibromoethane a t  l i .3  kK for VO(ebas)z and 
16.7 kK (shoulder) for VO(bas):!. The  corresponding 
band for VO(dbms)2 in 1.2-dibromoethane is totally 
obscured by a charge-transfer "tail." The reason tha t  
the bands are shifted to slightly higher energies in 
1,2-dibrornoethane is not clear, but  it is not uncommon 
to find small differences between reflectance spectra 
and those measured in noncoordinating solvents. l4  An 
additional absorption is seen as a very poorly defined 
shoulder in 1,2-dibromoethane a t  approximately 10.5, 
12.1, and 11.1 kK in the ebas, bas, and dbms complexes, 
respectively. Thus, the spectra are qualitatively simi- 
lar to those of @-diketone complexes in the 10-20-kK 
region, except that only two bands are observable. Pro- 
visionally, the shoulders a t  10.5-12.1 kK are assigned 
to transition I while the bands a t  14.i-17.3 kK are 
assigned to transition 11. It is possible, of course, 
tha t  these assignments should be reversed, as has 
been proposed for other cases,3,14 and i t  is unfortunate 

that the poor resolution of the bands does not permit 
more detailed study. Transition 111 may be barely 
discernible as a shoulder a t  ca. 21 kK in the reflectance 
spectrum of VO(ebas)2. 

Spectra measured in the coordinating solvents di- 
methyl sulfoxide and pyridine (Figure 3) show a band 
a t  about I6  kK that  corresponds well with the band 
assigned above to transition 11. The resolution of 
the band was satisfactory in all solvents studied only 
in the case of VO(ebas):!, and in this case a red shift 
was observed in the coordinating solvents. The  shoul- 
ders found at 10.5-12.1 kK in 1,2-dibromoethane are 
shifted to the blue in coordinating solvents. The mag- 
nitude of the shift is very difficult to ascertain owing 
to the broadness of the shoulders, but  it may be as 
much as 2 kK. The observed red and blue shifts 
are so poorly defined that  conclusions about the spectral 
assignments are perilous ; however, i t  should be pointed 
out tha t  similar shifts have been observed by Selbin 
and  coworker^'^ for several P-diketone complexes in 
which the lon-energy shoulder was assigned as transi- 
tion 11. The  spectral shifts observed in coordinating 
solvents do support the view tha t  the complexes can 
add a sixth ligand. 
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The proton nmr spectra of the Cr(II) ,  Fe(II1). Co(II) ,  and Si(I1) tris chelates with a series of unsymmetrically methyl- 
substituted o-phenanthrolines have been observed. set of four equally intense resonance peaks for a given ligand proton 
indicates that  the two possible geometrical isomers, cis and trans, are formed in statistical amounts for all complexes. The 
extent of magnetic dissymmetry for a given metal ion was found to depend on the position(s) of methyl substitution, with 
the greatest effect noted for methyl groups at the 4 position. Analysis of the isotropic shifts for the Cr(I1) and Fe(II1) 
clielatcs suggests that  the x-contact iiitcractioii is more sensitive to uiisyiiiiiictrical rnethyl substitution than citlicr t l ic g- 

coiitact iiiteraction or the dipolar iiiteractioii. For tlic Co(11) coitipleses: the niagiietic dissyiiiriictry is concluded to arinc 
priiiiarilg froin the dipolar interaction. 

Introduction 
A recent analysis' of the ligand contact shifts for 

tris o-phenanthroline (phen) and a,  a'-bipyridine 
(bipy) chelates with Cr(  IT) has indicated that, although 
metal-ligand 7r bonding is present, i t  plays a relatively 
minor role in the spin-delocalization mechanism, in 
spite of the fact that these ligands had been previously 

(1) G, S. La 3 I a ~  and G. l<, T a n  Hecke. J .  A ~ J ? .  C / ? e m .  S o c . .  91, 9142 
(1969). 

considered very good ?r acceptors. It was therefore 
suggested tha t  the anomalous "spin-only" magnetic 
moments2 for these Cr(1I) chelates result from a 
strong trigonal distortion3 rather than from delocaliza- 
tion4 of the magnetic electrons. 

('21 A. Earnsnaw, I. F. Larkworthy K .  C .  Patel, K S. Patel .  K .  I.. Carlin. 

(:3) Y .  11. Cdachin and 11. E. I>yatkina,  J .  S l r ~ ~ c l .  C/WJ,~. (CSSI<), 8 ,  3 2 3  

(4) E. 0. Terezak i s  a n d  I<. I.. Cal-lin. i ~ i o i g .  C ' h u i i z . .  6 ,  2125 (l!ltii).  

;inil IS. C:. 'l'errzakis, J .  ( , ' / l<>Jtl ,  Soc . ,  A ,  611 (Iwli). 

( 1 9 6 i ) ;  Zh .  S!ritk/, K h i ~ . ,  8 ,  368 (1867). 
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For the Cr(1I) complexes, although we were able to 
demonstrate' the presence of some n-spin density; a t  
the 3,4,7,8 positions in phen (A), i t  was not possible 

3(&&8 

1 10 

A 

to identify which ligand T molecular orbital (MO) 
contained the unpaired spin. It was suggested' that 
perhaps some indirect spin polarization mechanism is 
also operative in the T system. 

In order to determine if our limited understanding of 
the possible mechanisms of spin delocalization in these 
complexes can be improved, our proton nmr investiga- 
tions have been extended to the tris Cr(I1) chelates of 
a series of unsymmetrically methyl-substituted phen 
ligands. The analogous chelates with the metal ions 
Fe(III),6-s C O ( I I ) , ~  and Ni(II)g are included for com- 
parison. 

For tris chelates of unsymmetrical bidentate ligands, 
designated XY, two geometrical isomers may be formed, 
the cis (B) and the trans (C) forms. In the former 

X? 

Y J  
B C 

isomer, all three ligands are equivalent, and i t  possesses 
C3 symmetry; in the trans isomer, the three ligands are 
nonequivalent, the symmetry being only C1. In a 
statistical mixture of these two isomers in solution, 
four equally intense peaks per ligand position are 
expected. In diamagnetic complexes, the magnetic 
nonequivalence of the ligand protons in the two isomers 
or within the trans isomer is often below the resolving 
power of the spectrometer or is obscured by natural 
line widths (-1 Hz), making detection of the isomers 
impossible by nmr. However, i t  has been recently 
shown that due to the nonlinear expansion of the proton 
nmr chemical shift scale in the presence of unpaired 
electrons in a complex, the two isomers can be readily 
detected and their relative distribution determined by 
nmr.lo 

It is not anticipated that simple unsymmetrical 
methyl substitution of the ligands would upset the 
expected statistical mixture of isomers; thus four 
equally intense peaks per ligand proton should be 
observed if the proton-electron interaction is sufficiently 
sensitive to the reduced molecular symmetry. How- 

( 5 )  I). l<. I h t m  a n d  W. I ) .  l'hillif)s, A h u i i ,  M , i n r t .  Rrsonnii6P, l ,  1 0 3  
1 rrti0) 

(6 )  U. W. Larsen and A. C .  Wahl, J ,  C'ham. Phys., 41, 908 (1064). 
(7)  R. E. DeSimone and R. S. Drago, J .  A m .  Chem. Soc., sa, 2343 (1970). 
(8) T h e  Fe(II1) chelates are par t  of a well-characterized series of com- 

plexes: 
(9) h l .  Wichi,las and I < ,  S. l)vago, Abstracts, 166th National Meatinr: of 

the Amei-ican Chemical Society, Atlantic City, N. J , ,  Sept 8-13, 1968, No. 
INOR 123. 

(10) (a) F. Rorscheid. I<. E. Ernst, and R. H. Holm,I i iovg.  Chein., 6, 1315 
(1967); (b) i b i d . ,  6, 1607 (1967):  ( c )  J .  A m .  Chein. .Soc.. 89, 6472 (1967). 

W. W. Brant and  G. F. Smith, Anal .  Chem., '21, 1313 (1949). 

ever, the ability to introduce ligand asymmetry by 
such as small perturbation as a single methyl group, 
coupled with the ability to vary the position(s) of the 
methyl substituent(s), presents a unique opportunity 
to test the sensitivity of the nmr technique for detecting 
the geometrical isomers and to determine for which 
ligand position the methyl substitution produces the 
largest magnetic dissymmetry. 

Last, since the shifts for these various complexes 
involve both contact interactions with delocalized u 
as well as n electrons and dipolar shifts due to magnetic 
anisotropy,j i t  is of interest to determine which of 
these three distinct types of proton-electron coupling 
mechanisms are most affected by the reduction in 
molecular symmetry due to unsymmetrical methyl 
substitution. 

Experimental Section 
Complexes.--Xll reactions and handling of the Cr(I1) chelates 

were performed under an Nz atmosphere using degassed solvents. 
The Cr(I1) and Fe(II1) complexes were prepared in the same way 
as were the chelates with symmetric The metal salts 
were obtained from Alfa Inorganics, Inc., and the ligands from 
G. F. Smith Chemical Co. The tris complexes of CoC12 and 
NiCll were prepared in a similar fashion. The parent complexes 
of symmetric ligands have all been well characterized, and for 
Fe(II1) all unsymmetrically substituted complexes have also 
been reported? Analyses for the new Cr(I1) complexes and 
some of the Co(I1) and Ni(I1) complexes are given in Table I. 

CARBON A K D  

Complex 

(4-phen)aCrCl1, H 2 0  
(4-phen):3CoClp. 2H20 
( 4 - ~ h e n ) ~ N i C l ~ .  2Hz0 
(5-phen)aCrClp. H2O 
(3,4-phen)sCrCl2. HsO 
(3,4-phen)aCoC12. 2H20 
(4,5-phen)aCrClz. H20 
(4,6-phen)aCrClz. I3?0 
(4,6-p11en):~CoCI~. H 2 0  

TABLE I 
HYDROGEN AXALYSES 

Anal, yo------- 
---Calcd--- ----Found---. 

C H C H 

_._______ 

64.6 4 .4  64 .5  4 . 5  
63.6 4 . 7  63.1 .5.0 
63.6 4 . 7  62 .6  4 . 7  
64.6 4.4 6 5 . 8  4 . 5  
65.6 5 . 5  66.0 5 . 1  
63.9 6 . 0  62.2 4 . 6  
65.6 5 . 5  6 4 . 1  5.1 
65.6 5 .5  65.4 5 . 0  
65.1 5 . 5  65.8  5 . 2  

The nmr samples were prepared by dissolving the Cr(I1) in 
methanol-& (Diaprep, Inc.) and sealing under Np. The Fe(II1) 
samples were prepared by bubbling chlorine gas through a DzO 
(Bio-Rad Laboratories, Inc.) solution of the ferrous chelate in the 
absence of light.B'll The Co(I1) and Ni(I1) samples were dis- 
solved in methanol44 under X?, and the tubes were simply 
capped. 

For the sake of brevity, o-phenantliroline will be referred to 
as phen, and the position(s) of methyl substitution will be simply 
designated by number as in A .  Thus, 3,4-dimethyl-o-plienan- 
throline is represented by 3,4-plien. 

(11) Although the Fe(I1I) chelates produced by this technique0 are rela- 
tively unstable a t  3O0, their nmi- spectra remain invariant over several hours 
a t  0 ' .  Even when dect,mposition is noted by a slight color change to  ired, 
the Ve(l I I )  rt~inplex peak puhitims rernaiii f i xed ,  thc,ugh their line widths 
iiic~rasr am1 iotciisities drumsr. Alsu. the paiaiiiayiirtic shifts Cui all prakh 
a i r  proportiorid to  the amount oE Clr psesent until complete oxidation is ef- 
fected, indicating tha t  only one species is present. Thus the previous nmr 
data1.e must be characteristic of these chelates in D20. Furthermore, the 
present observation of the  four peaks per ligand position for the isomer mix 
tuir resultiug from asyrnnrctric ligaud substitution confirms that  we have 
ti-is chelates which are nonlabile on the  nmr time scale. On the other hand,  
the possibility of a weak equilibrium involving ligand protonation or ligand 
acid attack in sti-ongly acidic solution (I)?SOP used in  ref 7 )  has not yet been 
satisfactorily ruled out .  



1548 GERU N. LA MAR AND GERALD I<. VAN HECKE 

7 

3,8-H 

Inorganic Chemistry 

6-CH3 4-CH3 

FFTl in 

\ 
CH3OH 

H, -- 
I I 1 1 , I I I 1 I 1 I I I 

-100 -80 -60 -40 -20 0 -140 -120 

Shifts In ppm, from TMS 

Figure 1.-Proton nmr trace of (4.6-phen)aCoC12 in methanol. 

Nmr Spectra.-The proton nmr spectra were recorded on a 
Varian HR-100 spectrometer, modified to operate with variable- 
modulating frequency and employing conventional audio-side- 
band techniques for calibration. Unless otherwise specified, the 
solution temperature was maintained at 33".  The internal cali- 
brants were TMS for the methanol solutions and sodium 3-(tri- 
methylsily1)-1-(propanesulfonate) for the D20 solutions. The 
proton spectra for all 4-CHs-substituted Cr(I1) chelates were 
recorded at -5' iiitervals between -40 and +SO". 

The isotropic shifts are referenced against t h e  diamagnetic 
ligand. Inasmuch as only very qualitative use will be made 
of the observed shifts, the small differences between the ligand 
shifts and the diamagnetic Fe(1I) chelates (less than 60 Hz for 
any position) are insignificant. XI1 shifts are reported in ppm, 
and line widths are cited in hertz at 100 MHz. The isotropic 
shifts for proton peaks which are not directly observable a t  33" 
due to  overlap with other peaks are obtained by extrapolating 
the straight line of the observed shifts us. temperature at  higher 
or lower temperatures to 33". 

Results and Discussion 
The reduction of the ligand symmetry upon un- 

symmetrical methyl substitution can (for any given 
ligand) a t  most cause a doubling of any of the four 
peaks arising from the symmetrically equivalent ring 
positions. Thus the fact tha t  considerably more than 
just eight peaks are observed for most complexes 
indicates that the ligands in the ti;-o isomers have 
significaiitly different isotrupic shifts. 

Assignment of Peaks.-The difficulty in obtaining 
unambiguous assignments depends greatly on the 
metal ion involved. The assignments for the Co(I1) 
chelates are trivial, since the unsymmetrical substitution 
results in only a small splitting of the widely separated 

peaks observed in the complex of the analog-ous sym- 
metric ligand. The simplicity of the Co(I1) nmr spec- 
t ra  is illustrated in Figure 1 for (4,(i-phen);jCoC12 for 
which 31 of the theoretical 32 peaks are resolved. The 
complete listing of all complexes is given in Table 11. 
It is not possible to differentiate among the eight lines 
arising from the paired positions 2,9-H, 8,,Y-H, 4,7-H, 
or 5,B-H unless one of the two is methyl substituted. 

Assignments for the Fe(II1) chelates are reached in a 
manner similar to that  used for the Co(I1) compounds, 
since the methyl substitution in general produced 
splittings of the peak for the symmetric ligand which 
are small compared to  the average isotropic shift, 
thereby allowing assignment by analogy to the com- 
plexes of symmetric ligands. Only the sets of peaks 
arising from 3,8-H and 5,B-H overlapped, but here a 
ready distinction could be made since the ,3,8-H lines 
are -1.5 times broader' than the 5,GH lines. For the 
3-phen and 5-phen complexes, low solubility prevented 
an accurate determination of the relative peak areas 
and line widths. The consistency of the shifts for 
these two complexes with the other complexes, however, 
supports their assignments. 9 complete listing of 
shifts appears in Table 111. 

The Cr(I1) nnir spectra are considcrably morc coni- 
plex, sirice iiiterfereiice or overlap occurs for almost all 
sets of resonances except the 2,9-H peaks. T ~ L E  the 
resonance spread of the four peaks arising from a 
given ligand position is often much greater than the 
isotropic shift for the proton in the complex with the 
analogous symmetric ligand, particularly for the 
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TABLE XI 
ISOTROPIC SHIFTS FOR (X-phenj8CoClp 

phenh 

-96.50 

-39.95 

-7.28 
[+3.381 

- 23.03 

8-phen 

-99.50 
-97.60 
-95.00 (2) 
-93.50(4) 

[ - 0.481 
[-0.61] 
[ -0.951 
[ -1.171 
-42.05 
-41.75 
-41.20 ( 2 )  

-7.21 
-7.32 
-7.48 
-7.89 
-8.41 (2) 
-8.66 
-8.95 

-24.02 (4) 
-24.86 (4) 

4-phen 

-109.30 
- 103.50 
-101.90 

-98.10 
-96.10 
-92.60 
-90.75 
-85.05 

-36.60 (2)  
-40.80 (2)  
-41.17 (2)  
-45.30 (2) 

[+3.171 
[ + Z .  141 
[+1.331 
[ + O .  171 

- 5 . 8 7  
-6.87 
-8.67 
-9.74 

-22.90 
-23.95 
-24.65 
-25.10 
-25.68 
-26.18 
-26.75 
-27.83 

5-phen 

-96.60 
-95.40 (3)C 
-92.70 (3) 
-90.30 

-41.25 (4) 
-42.20 (4) 

-8.10 
-8 .21  
-8.64 (4)  
-9 .15 
-9 .24  

[-5.56] (2) 
[-5.761 ( 2 )  

-23.60 
-23.45(2) 
-23.30 

3,4-ghen 

-102.7 
-97.70 
--96.00 (3) 
-93.80 
-89.70 
-88.60 

[ - 2.521 
[ - 2.061 
[ -0.771 
[ -0.611 
-37.35 
-37.65 
-40.45 (2)  

[ + 2 ,841 
[ + 2  001 
[+ 1.501 
[+0.771 
-6.12 
-7.40 
-8.60 
-9.63 

-23.45 
-24.68 
-24.95 
-25 .28  
-26.22 
-26.38 
-26.70 
-27.85 

4,B-phen 

-94.80 ( 2 )  
-93.60 (2) 
-91.30 (2) 
-89.90 (2) 

-37.17 
-37.52 
-39.23 
-39.57 
-42.02 
-42.35 
-44.05 
-44.40 
[ $3.561 
[+2.991 
[ +2.67] 
[+2.091 
-7.25 
-8.06 
-8.94 
-9.73 

[-7.00] 
[ -6.561 
[ -6.131 
[ - 5.681 
-21.42 
-22.24 
-22.85 
-23.68 

4,6-pheIl 

-111.3 
-103.5 
- 100.4 
- 97, 20 
-93.70 
-89.65 
-87.60 
-79.90 
-36.75 ( 2 )  
-40.42 
-41.48 
-41.65 
-41,75 
-46.28 
-46.50 

[+3.33] 
[+1.87! 
[ - t o .  851 
[ -0 .G7] 
-5.66 
-6.18 
-8.39 
-9.56 

-23.58 
-25.05 
-25.65 
-26.80 
[ -4,201 
[-4.62] 
[ - 5,801 
[ - 6.291 

Shifts in ppm, a t  33O, in CDJOD solution, referenced against diamagnetic ligand. * The shifts for the unsubstituted complex are 
The number of overlapping included for comparison. 

peaks is given in parentheses. 
The methyl shifts a t  any position in a symmetric ligand are given in brackets.0 

The methyl shifts are given in brackets. 

TABLE 111 
CONTACT SHIFTS FOR (X-phen)pFeC18" 

y i d  

+56.02 

+10.52 
[+1.83j  

-0.46 

1-13.491 

+6.53 
1+1.401 

3-phen 

+55.90 (8)c 

[+2.11]  (2)  
[+2.17] (2)  

$10.15 (2) 
+7.48 (2)  

+2.50 (8) 

I 

+6.68 (2) 
t 6 . 3 7  (2) 
+ 3 . 7 5  (2) 
+ 3 , 2 5  (2)  

4-phen 

+59.95 (2 j 
+55.04 (4) 
-I-49.20 (2) 
+13.07 
+12.31 
f11.86 
+11.15 
+ 9 .ti3 
+8.94 
+8.30 
t 7 . 3 8  

-14.481 
-15.771 
-18.441 
- 20.101 

+2.64 (4) 

+ti.93 
+6.08 
+S.89 
+3.81 
+1.72 (2) 
+1.50 
+1.18 

5-phen 

+58.35 ( 8 )  

+IO.M ('4) 
+10.60 14) 

4-2.09 (8) 

[+1.93]  (2)  
[+0.911 

1-5.08 (4) 

3,4-phen 

+60.20 (2)  
+55.35 (4) 
+49.50 (2) 
[ 1-2 t 501 
lf1.851 (2) 
[+1.131 

+ 14.03 
+ 13.00 
+10.55 

f9.00 
[ - 15.571 
[ - 16. 781 
[ -20.531 
[-22.131 

+2.22 (4) 

( -1-6.84 
+H.18 ! +4.46 

1 +3.91 
+3.56 (2) 
1-2.22 
f 1 . 2 9  

See footnote a in Table 11, except that  DzO solutions were used. * Sce footnote b in Table 11 
footnoted in Table XI. 

4,5-phen 

+57.60 (2)  
+54.80 14) 
+51.70 (2) 
+12.41 
+11.99 
f11 .32  ( 2 )  
+ 10.08 

4-9.59 
+8.89 
+7.(i l  

--14.621 
-15.481 
- 117.631 

+1.66 
+2 .15  

-- 18,791 

? 
? 

4,6-ghen 

+59.15(2)  

+48.55 (2)  
+13.28 
+12.46 
+12.so 
$11.13 

+9 50 
+8.'iCJ 
1 '7 .93  
+6.88 

-14.861 
- 16.221 

[ - 19.201 
[ - 21.031 

$3.32 
+2.57 
+".45 
4-1.78 
i 6.39 

+54.75(4)  

1-2.851 ( 4 )  +5.53 
+3.98 
+3.20 

+6.67 
+6.31 I-1.081 (?)  
+4.96 
+4.40 

' See footnote c in Table 11. See 



CH,OH 

~r'(11j/3 

in CD,OD,  30" 

5,6-H - 

8- H 

# 
4,7-H 

m r l  
H O  - 

Inorgunic C'hemisisy 

3-CH3 

I- 

1 -  I 
-20 -16 -12 -8  - 4 3 4 d 

Shifts i n  ppm, from TMS 

I 

Figure %.-Proton nnir trace of (3-phen),CrC12 in methanol a t  30" (2,9-H peak not shown). 

4-CH3-substituted chelates. However, unambiguous 
and self-consistent assignments for all peaks is feasible 
with the aid of relative line widths, areas, and the 
temperature dependence of the isotropic shifts. 

For the :j-phen and 5-phen chelates, only very small 
splittings are observed, so that assignments are readily 
made by comparison with the phen chelate. The 
expected four resonances per ligand proton are realized 
only for 4,T-H and for %CHa in 3-phen a t  lo\\- tempera- 
ture as shown in Figure 2. For the remaining con-  
plexes, the most serious overlap occurs between methyl 
and aromatic protons, as illustrated in Figures 3 and 4. 
However, since the methyl and aromatic protons have 
diamagnetic resonances differing by -5 ppm, the two 
types of protons will have significantly different tempera- 
ture dependences. Thus recording the proton spectra 
a t  -5" intervals between -30 and 43" allows one to 
observe, for example, each of the eight 5,fi-H and eight 
3,s-H peaks unobscured over some range of tenipera- 
ture. Four such proton traces are reproduced in 
Figure 3 ,  which locates each of  the expected 2-1 :3,4,5,(i,- 
7,F-H peak\ a t  at lea5t mt' teiriprrnture. 111 fact, 
two 3,g-H rrsoriances, c and d iii Figure 3, are aceidell- 
tally degenerate a t  all temperatures, so that, although 
all 24 peaks are accounted for3 orily ??I separate reso- 
nances are observed. 'I'he inetliyl peaks are easily 
located by their intensities. The two sets of eight 
cqually intense and equally broad peaks assigned to the 

3,s-H and 5,G-H can again be differentiated because 
the 3,s-H lines are 50yo wider than the 5,(j-H peaks.' 
The four farthest downfield aromatic peaks must arise 
from the i - H  on the basis that  only four peaks appear 
in that  set, as expected, and that the 4,T-H resonates 
farthest downfield in both 3-phen and 5-phen and in all 
symmetric ligand complexes. The assignment is 
confirmed by effect of an additional methyl substituent 
a t  either the 3 ,  5, or (j positions, as shown in Table IV. 

Comparison of the data in Table IV for the 4-CHa- 
substituted complexes demonstrates that the spread of 
the four peaks per ligand proton is more or less in- 
sensitive to the position of or even the presence of the 
second substituent. Comparison of the 4-phen and 
3,4-phen complexes, shown in Figures 3 and 4, illus- 
trates that  the addition of the 3-CHa in Figure 4 has 
primarily the effect of eliminating the 3,s-H peaks 
e-h, in Figure 3 : the remaining resonance positions are 
essentially unaffected. This not only serves to confirm 
the assignment of the set of eight peaks to 3,s-H in the 
4-plien coinplex but allows :L tiistinction to hc iiiade 
Iwtweeir the  ij-1.T aii(1 h-.Il ~ w a k s  i l l  t l i t .  1 . -1 )1 i i a i i  coiiil)lex, 
lvith a -d belurigirig L o  S-H arid e 11 t u  :j-H, This 
distirictiori is again confirriled in  thr 4,;S-pheII and 4,(G 
pheri c.i)iiiplrxes. Siiirilar c.oiiif)arisoris t w t i v r r i i  tht, 
4-phctl cornplex a11d each ol the 4,5-phe1i a ~ ~ d  -L,(i-~)lle~i 
chelates serves to distinguish bet\\-een the 5-H and 
6-H peaks in all 4-CH3-substituted complexes. 
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phen' 

+30. 'IO 

-4.77 

[ + 10.02j  

-10.53 
[+6.83] 

$3.57 
[+0 ,351 

3-phen 

+".Os (8)'. 

[+9.69] ( 2 )  
[+9.25jl ( 2 )  

- 3 . 6 8 ( 2 )  
-3.47 ( 2 )  

[ -5.47 

j -8.08 

~ -10.83 

1 -6 .28  
l -7.68 

, - 10, 06 

1-12.63 
1-12.89 

+3.99 ( 2 )  

t3.52 ( 2 )  

i 

i +3.33 ( 2 )  

TABLE IT- 
CoslAcT SHIFTS FOR (X-p!ien)aCrCla" 

4-phen 

+44.02 ( 2 )  
+3i. 55 (4)  
+27.  00 ( 2 )  

-8.07 
-7.61 
-6 .62  
- 5 .  90 
-4.08 ( 2 )  
- 1 . 5 4  
-0 .58 

i+4.19] 
[ + 2 . 2 7 ]  
[ -9.381 

[ - 13,741 
-8.70 
-15.56 
- 29.95 
- 3 3 ,  90 
+7.80 
+7.05 
+ 5 . 4 3  
+4.4; 
-+:2.62 
~ 1 . 3 8  
+0.03 
- 0 , 3 2  

5-phen 3,S-phen 4,n-phen 1,6 phen 

+-41.70 ( ? )  +42,10 ( ? )  +47.60 ( ? )  
$33.56: ( 8 )  1-30.30 (?I +32.1O ( ? )  +33.40 ( ? )  

[+16.21:d -9.14 - 9 . 2 7  
[$- 13,891 -7.50 -7.10 
[+ 13,141 -6.43 -6.30 

-5.23 (4)  
-5.56 (4) 

-6 .78  
-7 .44  
-8.61 
-9 .27  
-10.87 
- 11.50 
- 1" 
-13.42 

[+0.36] ( 2 )  
[+0.21] ( 2 )  

+ 3 .  71 (4) 

[+11.31] 
-4.00 ( 2 )  
-0.10 
+0.60 

[ $ 2 . 7 0 ]  
[+2.17] 
[ - 9.05; 

[ -- 14.641 
-6.93 

-15.65 

-35.10 
+8.10 
-7.80 
+5.30 
f4 .75  
1 2 . 6 4  
+ l . 5 2  
4-0.62 
-0.57 

-32. 50 

-5.43 
-5.38 
- 4 . 8 7  
-2 .66  
-1.6' 

[+(I. 601 
3 

[ - 12,431 
[ - 16.301 

-7.34 
-14.74 
-29.67 
-33.52 
1-3.361 
[ - 2,961 

? 

+"35 
+ l . 5 6  
-0.39 
-0.74 

.J 

-5.72 
-4.10 ( 2 )  
-1.95 
-0.69 

[ + 2 . 9 2 ]  
[+0.70] 

[ - 1" 231 
[-17.431 
-8.47 

-16.97 
--33.l.i 
-38.40 
t7.10 
~ 6 , 5 5  
f 5 . 6 2  
+4.;5 

[+3.19]  
[+"3:,] 
[+1.771 
[ +o ,551 

iL Shifts in ppin, a t  33', i n  CD30D solution, referenced against diamagnetic lisand. * See footnote b in Table 11. See footnote c in 
Table 11. See footnoted in Table 11. 

ever, for contact shifts greater than -15 ppm, the 
hyperfine exchange relaxation mechanism becomes 
important for 4,i-H and makes significant contributions 
to the line width,I2 leading to a line width proportional 
to the square of the shift.I3 

Stereochemistry and Magnetic Dissymmetry.--The 
fact that  for each complex studied, with the exception of 
( 3 - ~ h e n ) ~ F e C l ~  and (5-phen)3FeC13, four equally intense 
peaks are observed for a t  least one ligand proton 
demonstrates that  both the cis and trans isomers are 
present in the statistical ratio of 1:3. Neither the 
metal ion nor the position(s) of methyl substitution 
affect(s) the isomer distribution. For the 3-phen and 
5-phen chelates of Fe3+, i t  is only possible to state that  
both isomers must be present, since the 8-H in the 
former and the S-CH1 in the latter complex each dis- 
play two equally intense lines. The cis isomer alone 
can result in only one line for each position, while for 
the trans isomer, when only two peaks are observed, the 
intensity ratio must be 2 :  1. These two sets of two 
peaks are consistent with the statistical isomer ratio 
if one of the trans peaks and the cis peak, and the two 
remaining trans peaks, are each accidentally degenerate. 

The proton nmr traces of the spin-paired Fe(I1) 
chelatess are similar to those for the free ligand, with 
no indications of peak splitrings, so that  no evidence for 

(12)  1. Bloembergenand I-. 0. AIorgan, J .  Chein. Phys. ,  34, 842 (1961). 
(13) The  proton line width conti-ibutions from the di 

relaxation mechanisms, in the  limit of fast motion, are 1 
'/~'g2P2,'15;.6]nr f [S(S + l ) A > / 3 h * ] c r .  For- 4,7-H, y-6 = -2 .5  X 1 0 - 4 8  

cm -11, such tha t  [ ] I )  %!I X 101'. For a contact shift of -15 ppm,  [It, - 9 X 
1011. 'l'hui. for  c Intact shift i  gmrter t h a n  13 ~ iprn .  the  c.lntact exchange 
mechanism is dominant, while for cJntact shifts less than 13 ppm. the  di- 
polar term is dominant. 

the isomer distribution can be obtained in a diamagnetic 
complex. The fact that  the two isomerscan be so 
readily detected in a paramagnetic complex, in spite of 
the minute perturbation of ligand or complex structure 
anticipated from simple methyl substitution, serves to 
illustrate the extreme sensitivity of this nmr technique. 

The facility to detect unambiguously the presence of 
the two geometrical isomers in solution by nmr depends 
on the position of substitutLon. For monosubstituted 
ligands, the extent of magnetic dissymmetry, as mea- 
sured by the relative spread1* of the four resonances 
from a ligand proton, varies as 4-phen >> 3-phen - 
5-phen, for all the metal ions. The ordering of the 
effects of substituent position on magnetic dissymmetry 
is similar to the relative perturbations on the ligand 
basicity15 or on the half-wave potential for the Fez+ 
Fe3+ coupleS for the tris chelate of that ligand, where the 
4-CH3 affects the average nitrogen lone-pair electron 
energies more than the 3-CH3 or S-CH:I. However, the 
present nnir results show that the two ligand nitrogens 
are affected very differently. It is to be remembered 
that, upon symmetric methyl substitution of the 
ligands, no significant or systematic effect of substitu- 
tion position on spin delocalization or bonding could 
be gleaned from the nmr contact shifts.'s8 A major 
difference therefore exists between our nnir data and the 

(14) The  spread o f  the four peaks from a ligand position 4ii1iiId only be 
compai-ed in different complexes when the two protons which were equiv- 
alent in the symmetric ligand can be differentiated; otherwise the spread of 
the  e i g h t  resonances will include effects arising purely init o f  ligand aiym 
inetry as well as t he  magnetic dissymmetry which results 1 1 ~ ~ 1 1  c ~ > i i i l ~ l e x  
foi-mation 

(15) I ) .  11. Perrin. "Dissociation Constants of Oyganic Bases in Aqueuus 
St>lution," Butterworths and  Co.  1,td.. I,ondon, 196h. 
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data on ligand basicities and Fe(I1)-Fe(II1) half-wave 
potentials.lfi The latter data have shown that  multiple 
substitution produces additive effects;l5Pl6 the nmr 
data demonstrate conclusively that this is not the case 
if comparison is made between chelates with symmetric 
and asymmetric ligands. 

From the data available, it is not possible to specify 
which one of the four resonances for a ligand position 
belongs to the cis isomer. However, for the 4-CH3- 
substituted Cr(I1) chelates, where the four 4-CH3 and 
7-H peaks experience widely differing chemical shifts, 
it  is apparent in Table IV that  one 4-CH3 (-3-4 ppm) 
and one 7-H peak (--15 ppm) appear approximately 
a t  the same position as in the complex of the related 
symmetric ligand, while the remaining three resonances 
are shifted, some considerably. Since both the cis 
isomer and the complexes with symmetric ligands have 
trigonal symmetry, the close resemblance between the 
two unshifted 4-CH3 and 7-H peaks suggests they 
belong to the cis isomer. This tentative assignment 
is strongly supported17 by the detailed analysis of the 
anomalous temperature dependence of the contact 
shifts in these Cr(I1) chelates. 

Origin of Isotropic Shifts.-The origin of the ob- 
served isotropic shifts for the complexes of the three 
metal ions is analyzed primarily for the purpose of com- 
parison with the chelates of the analogous symmetric 
ligands. In particular, it  would be useful to know 
which of the three possible contributions to the isotropic 
shifts-cr contact shifts, a contact shifts, or dipolar 
shifts-are the most sensitive to the reduction in 
molecular symmetry. The relative spread in resonance 
position of the four peaks14 belonging to a given proton 
can be considered a reasonable index of the sensitivity 
of the particular interaction which dominates that  
isotropic shift. 

Cr(I1) Complexes.--Analysis of the complexes with 
symmetric ligands' has shown that a t  least the 3,4,7,8 
positions are dominated by a-spin density and that 
dipolar shifts1* are essentially negligible a t  these 
positions. These conclusions1 were based on the 
observation that the proton and methyl shifts a t  a 
position were of comparable magnitude but of opposite 
sign, as predicted for a-spin density, and that these 
shifts were in strong disagreement with dipolar shifts, 
which predict1 proton and methyl shifts with the same 
direction, with the latter much smaller than the former. 
The 2,9-H, 5,6-H, and 5,6-CH3 shifts were shown1 
to be inconsistent with either 7-spin density or only 
dipolar shifts. This inability to account for the 
anomalous upfield shifts a t  the 2,9 and 5,6 positions by 

(16) P. Day and K. Sanders, J.  C h e m  Soc., A ,  1530 (1967). 
(17) G. N.La Mar and G. R.VanHecke,J .  Am. Chen.  Soc., 92,3021(1970). 

(For these CrtII)  chelates, the relative magnitudes of the observed 4-CH3 
and 7-H shifts result in part not from different extents of covalency for the 
thi-ee ligands in the trans isomer but from a difference in the availability of 
unpaired spin in the proper metal d orbital. However, the different signs 
of the three trans-isomer 4-CHa shifts must arise from different ir-delocaliza- 
tion mechanisms.) 

(18) Attempts to  directly determine the magnetic anisotropy for (phenh- 
CrClz failed. A dilute methanol glass a t  77" produced no observable esr 
signal between -800 G (g 0.5) and -5800 G (g = 3.5),  using a Varian 
X-band esr spectrometer. 

the dipolar interaction led us to postulate the delocaliza- 
tion of negative (p)  u-spin densityIg (vide infra).  

Inspection of Figures 2 and 3 and the data in Table 
IV demonstrates that the largest change in shifts upon 
methyl substitution occur for the 4,7 protons and 
methyl groups. Inasmuch as the geometric factors, 
which determine the relative dipolar shifts, decrease' 
in the order 2,9-H > 3,8-H - 5,6-H > 4,7-H, while the 
observed trend in the magnitude of the splittings is 
4,7-H > 2,9-H N 3,8-H - 5.6-H, it can be concluded 
that the a-contact interaction is more sensitive to the 
reduced ligand symmetry than either the delocalized 
u-spin density or the dipolar interaction. 

It has been shown that in the trans isomer of the 
tris chelates of other unsymmetrical bidentate lig- 
ands,Io the a-contact shifts for the three nonequivalent 
ligands display slightly different patterns. Thus there 
is not only a simple difference in the amount of spin 
delocalization into the three ligands, but the spin 
delocalization conforms to the full molecular symmetry 
(or lack of it) in the trans isomer. Io 

For the present complexes, a simple 4-CH3 sub- 
stitution, which is not expected to perturb the ligand 
MO's significantly, results in sizable variation in 
magnitudes for both 4-CH3 and 7-H shifts and a change 
of sign for the 4-CH3 shifts; two of the four 4-CH3 
shifts are negative, in contrast to complexes with 
symmetric methyl substituents.17 2u Thus for the 
trans isomer, two ligands have spin density of different 
sign a t  Cq than the third ligand. I t  is considered 
highly improbable that  the metal spins interact with 
totally different ligand a MO's in each ligand, so that  
the possibility of an indirect w-delocalization mechanism 
in addition to direct delocalization may have to be 
considered. 

The sizable increase in the magnitudes of some of the 
4-CH3 and 7-H shifts in the chelates with asymmetric 
ligands does bring up the possibility that the sur- 
prisingly small x-contact shifts observed' for the 
chelates with symmetric ligands do not necessarily 
reflect lack of extensive a delocalization1 and rather 
may result from a fortuitous near cancellation of spin 
densities of opposite signs in different orbitals. Thus 
the reduction in ligand symmetry may cause an im- 
balance of the competing mechanism and, hence, 
considerably larger a-contact shifts. This possibility 
is being currently investigated. 

(19) This mechanism has been discussed by L. E. Orgel, Discussions Fara- 
day Soc., 26, 92 (1958); J. Chem. Phys . ,  SO, 1617 (lY5g), who specifically 
postulated that  for the u lone-pair ligand electrons donated to a metal ion 
with no electrons in u-bonding (e,) d orbitals. but unpaired spins in the tlg set, 
there will be a distinct energetic preference for the donation of positive (a) 
spin over negative (8) spin, due t o  the more favorable exchange interaction 
with the t n g  spins. Since the ligand lone-pair electrons must be paired over 
the MO, the preference of donating positive spin to the metal results in a net 
?tegativc u-spin density in the ligand. Although the extent of unpairing of 
the lone-pair electrons by the tig spins may be considerably smaller than for a 
similar unpairing of a filled d orbital by some unpaired d electrons, due to the 
larger energy difference in the former interaction, the fact tha t  the net nega- 
tive u-spin density ends up  in an  MO which is primarily ligand in character 
should allow i t  to be detected by nmr. 

(20) A Hiickel spin-density calculation of 4-phen. using a methyl inductive 
parameter of ac4 = a + 0.58, leads to  only a -25% difference in spin den- 
sity between C4 and ' 27 .  In addition, a similar difference is predicted for 
both 3-phen and 5-phen, contrary to  the significant difference in magnetic 
dissymmetcy between 4-phen and 5-phen or 3-phen. 
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This inability to characterize the spin-containing 
7r 510 on the basis of a-contact shifts a t  two ligand 
positions indicates the danger in overemphasizing the 
assignment of the mode of spin delocalization into 
ligands where only one position experiences primarily 
Ti.-spin density. 

Fe(II1) Complexes.-In a previous report' we postu- 
lated that the dominant spin-delocalization mechanism 
in the tris chelates with symmetric ligands involved 
negative u-spin density due to exchange polarization 
between the nitrogen lone pair and the metal unpaired 
tlg electronslg and that direct a delocalization was only 
modest and apparent only a t  the 4 , i  position. A 
recent esr analysis7 of some of these Fe(II1) chelates 
has demonstrated that the g tensors are highly aniso- 
tropic, with resultant large dipolar shifts for some 
ligand protons. These esr results' lead the authors to 
claim that our qualitative analysis of the observed 
shifts in terms of negative u-spin delocalization was 
therefore totally invalid because we failed properly to 
assess magnetic anisotropy. lVe do not question the 
validity of the esr data nor the claim that our ignoring- 
dipolar shifts in the Fe(II1) chelates was not warranted. 
However, our conclusions as to the dominant delocaliza- 
tion mechanism n-e reached in  spite of possible dipolar 
shifts are not negated by the esr data, so that we dispute 
only the applicability of the esr data in disproving nega- 
tive g-spin delocalization. 

First, we did consider the possible consequences of 
dipolar shift on our interpretation ; l  it was explicitly 
stated that a test calculation based on the maximum 
possible anisotropy would yield a 2,9-H dipolar shift of 
only f 2 i  ppm (which is less that the experimentally 
observed value), which could account for only half of 
the sizable upfield 2,9-H shift, and the remaining +27 
ppm 2,R-H contact contribution would still be incon- 
sistent with ~ i .  delocalization, since this position will 
have the smallest n-spin density in orbitals likely to 
interact n-ith the metal. Hence, we postulated' 
negative u-spin density to be present. 

Second, the authors did not include7 the extensive 
nmr data on the methyl-substituted phenanthroline 
chelates," whose analysis in terms of the reported g 
values, given in Table V, not only serves to disprove 
their claim that the contiict contributions to the observed 
shifts are completely consistent with n-spin density 
but also can be considered support for the postulated 
negative u-spin density mechanism. Therefore, as the 
data in Table V illustrate, even after subtracting the 
calculated dipolar contributions, the proton contact 
shifts are all upfield (though M O  calculations predict 
both positive and negative spin density'), and, although 
there is indeed a sign reversal between proton and 
methyl shifts a t  the 3,s and 4 , i  positions (suggesting 
r-spin density, as also observed for Cr(I1) chelates'), 
the shifts for the 5,6-H and 5,B-CHa are both zipfield. 
This inconsistency for the 5,6 shifts is outside the error 
introduced by the assumed geometric factor and does 
not depend on the exact magnitude of the dipolar 
shift, such that using the g values for the phen chelate' 

~. 
IAHLE:  1 

SEPARATIOS UP IIIPOLAR A T D  e 0 N T A C . r  SHIF1S 

FOR SCBSTITUTED (phen)3Fe3 COXPLEXEY 
Re1 geometric Calcd dipolar Contact 

Position Obsd shiftb factorsC shiftd shlft 

",%H s 5 5 . 0  +1.000 +%,4 +29.6 
3.8-H +10.8 +o .  14 +3.G + T . 2  
4,7-H -0 .6  -0.068 -1.7 + l . l  
5,6-H c5.0 -0.16 -4.1 +9 .1  
3,8-CH8 11.8 s o . 1 1  1 2 . 8  -1.0 
4,i-C€I., - 14.'i - 0 ,  044 -1 .1  - 1 2 . 9  
c5,tj-C14;{ + l . O  - 0. 10 - 2 . 5  +:3,  -5 
', X11 shifts in ppm, a t  23",  taken from ref f j .  ' j  Shifts are typical 

for each position, having been observed in a t  least two different 
complexes. Relative geometric factors are taken from ref 1 
and differ insignificantly from those given in ref 7. Calculated 
dipolar shifts based on esr data in ref 7. 

is valid. This inconsistency of the 5,6- and 2,R-H 
shifts with any combination of only n-spin density and 
dipolar shifts was specifically noted' for both Cr(I1) 
and Fe(II1) chelates. Thus a mechanism other than 
7r-spin density and a dipolar interaction must be 
operative. Since the anomalous interaction produced 
zipjield shifts and lowspin Cr(I1) or Fe(II1) possesses 
no unpaired u-bonding electrons, the indirect polariza- 
tion mechanism seems the most plausible. The re- 
sulting contact shifts from Table V (based on the Larsen- 
Wahl data6) follow the order 2,9-H > 3,8-H < 5,6-H, 
which, although inconsistent with n-spin density, 
are qualitatively in line with the expectations for u 

delocalization, in that the order is 2,9-H > 3,X-H, 
3,6-H. If the (phen)aFe3f data of DeSimone and 
Drago are used, the ordering of shifts is identical with 
that of the Ni(I1) chelates, 2,R-H > 3,X-H > 5,6-H. 
Quantitative agreement bettveen the relative h-i(II) 
shifts and the contact shifts of the Fe(II1) chelates 
cannot be expected since some T delocalization is 
present in both systems. 

These observations for the Fe(II1) and Cr(I1) 
chelates, together with the observations that similar, 
very large upfield shifts have been reported" for 
V(II1) chelates (which contain no eg electrons), a t  the 
precise ligand positions where large doanfield o shifts 
have been reported for the Ni(I1) chelate2' with the 
same ligand. lead us to conclude that delocalization 
of negative u-spin densitylg cannot be discounted. 

that the dipolar 
shifts at the 4 , i  positions are more than an order of 
magnitude smaller than for 2,9-H, the fact that the 
observed spread of the 4-CHa resonances is comparable 
to that  for 2,9-H (Table 111) can be taken as strong 
evidence that the differences in the four 4-CH3 shifts 
arises primarily from differences in the Ti.-contact 
interaction. In particular, the dipolar interaction is 

Thus, since it has been 

(21)  The la?-ge downfield shifts for a series of Si(I1) chelates, a t  certain 
ligand positions, are inconsistent with only 7-delocalization and dipolar 
shifts, and are attributed t o  direct o delocalization: I<. H .  Holm, A.  Chakra- 
vorty, and G. 0. Dudek, J .  Am.  Chem. Soc., 86, 37s (1864); G. W. Eveiett 
and K.  H. Holm, i b i d . ,  87, 2117 (1965); K.  H. Holm, A. Chakravorty and 
L. J. Theriot, I i i w g .  Chem., 5, 6'25 11966;. The same ligand protons in 
V(II1) complexes, with vacant er orbitals, but unpaired t 2 p  spins, produce 
large upfield shifts which are inconsistent with only 7-?pin density or dipolar 
shifts: F. Kohrscheid, K. E. Ernst, and R. H. Holm, ibid., 6,  1607 (1967); 
J .  Atit. Chcm. Soc., 89, 6472 (1967). 
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totally incapable of accounting for the 7-9-ppm spread 
o f  the 4-CHiI peaks, while the four 7-H peaks are not 
split a t  all. Thus w e  coiiclude that the rr-contact 
interaction i s  again more scrisitive to the reduced 
molecular symmetry thaii citlicr tlic u-spiu delocaliza- 
tioli or the dipolar interaction. 

Co(I1) Complexes.-A detailed analysis of the iso- 
tropic shifts for the tris chelates with symmetric ligands 
has not been reported yet.Y Before the effects of un- 
symmetrical ligand substitution can be discussed, a 
qualitative picture of the origin of the isotropic shifts is 
required. 

For the 4,7 position, the downfield 4,7-H and upfield 
4,7-CH3 shifts must reflect a-spin density, which may or 
may not be related to any a-spin .delocalization. The 
shifts for the remaining protons are qualitatively consis- 
tent with a direct delocalization of u-spin density, inas- 
much as the order of shifts is 2,9-H > 3,s-H > 5,6-H ;also, 
methyl substitution a t  the 3;s and 5,6 positions results 
in shift attenuation without sign reversal. 

Distorted octahedral Co(I1) complexes are known to 
possess significant magnetic anisotropy. The presence 
of sizable dipolar shifts in the (phen)3Coz+ complex can 
be demonstrated by comparing2* its isotropic shifts with 
those of the analogous Ni(I1) chelatejZ3 which are given 
in Table VI.  For the Ni(1I) chelate, the shifts for all 

T A B L E  V I  
COXTACT SHIFTS FOR (X-phen)aNiClf 

phenb 4-phen 3,4-phen 

2. 9 -146 I 15 --150 i. 15 . . .  
[ -6.121 ( 4 ) d  

-40.10 (4) { -41.65 { -40.2 (8)< 
8 
4 1 -8.95 [+11.22)] (4) I t12 .461  (4) 

{ -17.10(8) .5 1 -16.64 - 17.10 (4) 
1-18.30 (4) 6 \ I-0.951 

Footnote n in Table 11. Data taken from ref 9. The 
methyl shifts in the symmetric ligand are given in brackets. 
c Footnote c in Table 11. 

- 
i [ + 11. ‘751 -9.15(4) -8.90 (4) 

Footnoted in Table IT. 

but  the 4,7 substituents result primarily from direct 
a-spin delocalization. Since the u MO in phen should 
be relatively unaffected by a change in the metal ion, 
the same relative u contact shifts should be observed22 
in the Co(I1) and Ni(I1) complexes for 2,9-H, 3,8-H, 
and 5,6-H. Comparing these data in Tables I1 and 
VI,  respectively, reveals that in fact there is a difference 
in the relative shifts, with the former complex experi- 
encing a sizable upfield bias for the 2,9-H shift, a 
moderate upfield bias for the 3,8-H shift, and a mod- 
erate downfield bias for the 5,G-H shift. The relative 
magnitudes and directions of these differences in 
observed relative shifts are consistent with the relative 
geometric factors for the three sets of protons, which 
have been reported previously. We conclude that the 
Co(I1) complex shows evidence of a sizable dipolar 
shift similar to that shown to be present for the related 

(22) G. N. La Mar,  W. 1). Horrocks, Jr . .  and  L. C. Allen, J. Chem. Phys . ,  
W. 11. Horn-ocks, Jr . ,  R .  C. Taylor, and G: N. La Mar, 41, 2126 (1964); 

J. A m .  Chem. Soc., 86, 3031 (1964). 
(23) M. Wicholas and I<. S. Drago, ibid.  90, 6964 (1968). 

complexes with b i p ~ r i d i n e . ~ ~  An estimate of -+60 
ppm for the 2,0-H dipolar shift is obtained by factoring22 
the dipolar and contact shifts on the basis of the above 
assumptions, leading to calculated contact shifts for the 
Co(11) complex of -157, -48, - :3 ,  and -1:3 ppm for 
2,9-H, ;Z,S-H, 4,7-H, and 5,6-H, respectively. This 
estimate of the dipolar contribution is very similar to 
that  obtained for the analogous bipyridine chelate of 

This factoring procedurezz for separating the dipolar 
and contact contributions to observed shifts for Co(11) 
complexes by comparison with Ni(I1) contact shifts, 
assuming the same relative contact shifts in the Co(I1) 
and Ni(I1) complexes, has been criticized recently. 2:) 

However? we feel that this technique can have some 
qualitative significance when applied judiciously. In 
the present case, for example, the separation of dipolar 
and contact contributions can have qualitative validity 
if similar ratios of ligand u-contact shifts are assumed 
only for the 2,9, 3,8, and 5,6 positions, where u-spin 
density is dominant. The assumption of similar 
shift ratios between any of these ligand positions and the 
4,7 shifts, where a-spin density dominates, cannot be 
justified. The detailed a n a l y ~ i s ’ ~  of the temperature 
dependence of the shifts for these Co(I1) chelates 
serves to confirm the qualitative validity of our factor- 
ing procedure in this particular case. 

Since the isotropic shift patterns for the Co(I1) 
complexes of unsymmetrically substituted ligands 
closely resemble those of the symmetric ligands, the 
same interactions must be responsible for their shifts. 
The resonance spread of a set of four peaks from a 
ligand proton is rather small compared to the average 
isotropic shift for each ligand position, except for 
4-CH3 and 7-H, where rr-contact shifts dominate. 

For the remaining ligand protons, where both u-con- 
tact and dipolar interactions are operative, the reso- 
nance spread generally has the order 2,9-H > 3,8-H - 5,6-H, which is consistent with the relative mag- 
nitudes of both the u-contact and the dipolar inter- 
actions a t  those positions. That  the magnetic in- 
equivalence of the eight 2,9-H, 3,8-H, and 5,6-H peaks 
is more likely to arise from differences in the dipolar 
interaction than in the 0-contact interaction is strongly 
supported by a comparison with the analogous 
Ni(I1) chelates, whose contact shifts for the 4-phen 
and 3,4-phen ligand are also included in Table VI. 
Thus for the magnetically isotropic Ni(I1) compounds, 
no splittings are observed for the 3,8-H, while the 
Co(I1) chelate showed a spread of 8.7 ppm. The 
-450-Hz (at 100 MHz) 3,8-H line width for Ni(I1) 
is nearly identical with that  of the symmetric ligand; 
thus the inherent line width cannot mask splittings 
greater than -1-2 ppm. For 5,6-H, (4-phen)aNiz+ 
does display two peaks, separated by 1.2 ppm, but this 
splitting is much smaller than for the analogous Co(I1) 
chelate (4.93 ppm) and can arise from the inequivalence 
of the 5-H and 6-H in the uncoordinated ligand. The 

CO(II) . 2 4  

(24) W. D. Horrocks, Jr., Inoug. Chem., 9, 690 (1970). 
(25) M .  Wicholas and  R. S. Drago, J. A m .  Chem. Soc., 90, 2196 (1968). 
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2,S-H line width in the Ni(I1) complex is too great 
(>lo00 Hz a t  100 MHz) to  yield useful information on 
magnetic dissymmetry. It is therefore concluded that 
the direct u delocalization is fairly insensitive to the 
molecular dissymmetry. 

Even for the n-dominated 4-CH3 and '7-H shifts in the 
Ni(I1) chelates, where the line widths are only -8C) 
and -100 Hz, respectively, no evidence for splittings 
of the resonances is found between --GO and 100". 
I t  is not even possible to obtain direct evidence for the 
presence of both isomers from the nmr data, although 
it is considered unlikely that  the statistical mixture is 
not formed for the Ni(I1) complexes. Furthermore, 
fast cis -t trans isomerization can be discounted, 
inasmuch as it has been shown that  optical racemization 
of (phen)RNi2+ is very with k = sec-I. 

I t  is therefore concluded that, since the direct a-con- 
tact interaction in the Ni(I1) chelates is insensitive 
to the molecular dissymmetry, the sizable magnetic 
dissymmetry experienced by the ligand protons in the 
Co(I1) complexes in all likelihood arises from differences 
in the dipolar interaction. I t  is not difficult to envisage 
the dipolar interaction affecting differently the three 
ligands in the t rans  isomer, inasmuch as the trtrns 
isomer will possess only a rhombic g tensor,Z2 whose 
axes are very unlikely to coincide with those of the 
parent trigonal complex. This shift of the g-tensor 
axes away from the molecular symmetry axes will 
alter the geometric factors of a given ligand proton 
differently in the three ligands, without necessarily 
altering the relative orientations of the ligand protons. 27 

Last, an interpretation of the anomalous temperature 
dependence of the isotropic shifts and of the magnitude 
of the resonance spread for a ligand proton in the Co(II) 
complexes is consistent with a dipolar origin for the 
differences in isotropic shifts between the isomers and 
between the different ligands within the trans isomer. l7 

r-Spin Delocalization.-The lack of any splittings 
of the presumably n-contact shifts for 4-CH3 and 7-H 
in (4-phen)3Ni2+ and (3,4-phen)3Ni2+ is unexpected, 
since for each of the other metal ions, the T shifts were 
the most sensitive to the molecular dissymmetry. This 
apparent anomaly could arise from the fact that the 
4,7 T shifts do not arise from Ni-ligand n delocalization, 
which would not be surprising, since octahedral Ni(II), 
unlike the other metal ions of interest here, does not 
possess any unpaired t2, n-bonding d electrons. Al- 
though in lower than cubic symmetry the a-bonding 
eg orbitals are capable of interacting directly with 
ligand n orbitals, it is not known whether the overlap 
is sufficient to  produce observable n-contact shifts in 
the ligand. 

(20) F. P. Dwyer and E. C. Gyaifas, J .  Pvoc. Roy .  Sac. X. S. Wales. 83, 
232 (1949). 

(27) A simple test calculation shows that  the axial geometric factor, 
(3  cos2 x - l )r-3,  for 2,9-H, changes by -25% if the magnetic axis is shifted 
only 5' from the Cs axis, which could readily account for the magnitudes of 
the observed 2,9-H resonance spread in the 4,6-phen complex, for example. 
The rhombic geometric factor, sing x cos 2 n / v a 3  has approximately the same 
magnitude as  the axial geometric factor, depending on the location of the 
rhombic axes. Thus a rhombic g-tensor anisotropy of only 10-l.5~c of the 
axial anisotropy could also produce the observed resonance spread due to  
different dipolar shifts. 

The downfield 4-H and upfield 4-CH3 r-contact 
shifts are observed for both the phen and bipy chelates 
of I%i(II).23 These two ligands are structurally very 
similar, arid the energics of their highest bonding (HRO) 
and lowest antibolitliiig (LAO) urbital:, are also similar, ' 
such that, (1 pr ior i ,  spin delocalization into ligand T 

hfO's of similar energies are expected for both ligands. 
The great similarity of the two ligands is exemplified by 
the fact that the a-contact shifts for similarly situated 
protons are nearly the same1g,23 in bipy and phen. 
However, Huckel A30  calculations, incorporating 
correlation by the method of hlcLachlanjZ8 have shown 
that the C4 spin density for the HBO in phen is positive, 
while the HBO C4 spin density in bipy is negative. 
Thus only the bipy complex is consistent with delocali- 
zation into the HBO. 

An additional. more concrete illustration of the 
anomalous origin of n-spin density in pyridine-type 
ligands attached to nickel is found in the secondary n 
shifts a t  the 4 position in octahedral Ni(I1) complexes 
containing pyridine.29 The observed downfield 4-H 
and upfield 4-CH3 contact shifts in all cases indicate a 
negative C4 n-spin density, as in the bipy2j and pheng 
chelates. The calculated Huckel spin densities30 for 
pyridine are given in Table VII,  which clearly show 

TABLE VI1 
H ~ C K E L  SPIN DESSITIES FOR PYRIDINE' 

*1 *Q *8 *a*  *s* *6* 
(2 .10 ip )b  (1.1678) (mop) ( -0 .811~)  (-1,nop) (-1.9;jAp) 

N1 0.2705 0.3255 0.000 0.2975 0,000 0.1042 
C2 0,1753 0.0363 0.250 0.1340 0.250 0,1544 
Ca 0.1303 0.1217 0.250 0.0567 0.250 0.1910 
C4 0.1175 0.3570 0.000 0,3200 0,000 0,2039 

a = ~ l g  + 0.5p;  BCI = p.  Orbital energies are given in 
parentheses. 

that  the negative Cq spin density could be rationalized 
by direct delocalization only into $3 (HBO) or one of 
the high-energy vacant MO's, $6, since only for those 
orbitals can correlation effects induce the required 
negative Cq spin density. However, inasmuch as both 

have nodes through the bonding nitrogen, 
neither orbital has a component on the nitrogen, and 
thus both orbitals are incapable of directly or in- 
directly accepting spin density by virtue of symmetry 
considerations. Thus the 4-position r shifts in pyridine 
must arise from some indirect polarization mechanism, 
and due to the similarity of the n shifts in all three 
heterocyclic ligands of interest here, it is possible that 
the same indirect mechanism is operative in all these 
Ni(I1) complexes. 

Two polarization mechanisms can be considered as 
likely sources of the anomalous "n" spin density. In 
one case, the relatively large unpaired spin density in 
the nitrogen 2s orbital (as a result of u bonding) could 
cause unpairing of a filled n M O  by exchange polariza- 

and 

(28) A.  D. McLachlan, M o l .  Phys., S,  233 (1960). 
(29) J. A. Happe and R. L. Ward, J .  Cizern. Phys. ,  39, 1211 (1963); I<. H. 

Holm, G. W. Everett,  Jr., and W. D. Horrocks, Jr.,  J .  A m .  Chmn. Soc. ,  88, 
1071 (1966); D. Forster, K. Xoedritzer, and J. R. Van Wazer, Z n o i g .  Chem., 
7, 1138 (1068). 

(30) The  Huckel parameters used are a~ = a 4- 0.50 and PCN = 0. 
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tion in the same manner as the mechanism usually 
invoked to explain nitrogen hyperfine splittings in the 
esr spectra of aromatic free radicals. 31 Alternatively, 
an exchange polarization interaction between the 
unpaired e6 spins and the filled t P z  electrons’$ could 
cause some unpairing which must lead to a delocaliza- 
tion of a net negative spin density into the ligand K 
system. In view of the lack of sensitivity of the 
observed4s7 ‘‘T” shifts to the reduced ligand symmetry, 
although the K shifts in the Cr(I1) and Fe(II1) chelates 
were the most sensitive to methyl substitution, the 
former mechanism may be dominant, since this does 
not necessitate postulating any metal-ligand K bonding 
a t  

(31) A. Carrington and A. D. McLachlan, “Introduct im to Magnetic 
Resonance,” Harper and Row, New York, N. Y., 1967, Chapter 6. 

(32) KOTE ADDED I N  PROOF.-Recent theoretical considerations (R. J. 
Kurland and B. R.  McGarvey, J .  Magn.  Riso?tance, in press) have shown 
tha t  the dipolar shift is related to  the magnetic susceptibility anisotropy and 

Acknowledgments.-We are indebted to Dr. E. E. 
Genser for attempting to obtain esr spectra of some of 
the Cr(I1) chelates. 
is thus independent of the signs of the components of the g tensor. Thus  
DeSimone and Drag07 overestimated the dipolar shifts for their Fe(II1)  
chelates by 5570 using the wrong signs. The correct calculation reduced the 
dipolar contribution so tha t  the contact shifts a t  only the 4,4’ position ex- 
hibit the sign reversal between proton and methyl group; these contact shifts 
are therefore inconsistent with r-spin density alone. Similarly, the dipolar 
shifts in our Table V are also reduced by 55Y0 and are  thus secondary to 
contact shifts a t  all positions. Moreover, as pointed out  by Horrocks24 and 
McGarvey (private communication), second-order Zeeman, SOZ, contribu- 
tions to  the dipolar shift must also be included since they are of comparable 
magnitude, though perhaps of opposite sign, t o  the first-order terms, on 
which basis eq 9 in ref 7 is based. Thus Horrocks (private communication) 
has shown that  for the isoelectronic dS Fe(CN)63- chromophore, inclusion of 
SO2 terms reduces the calculated dipolar shifts to  one-fifth their value 
obtained on the basis of eq 9 in ref 7. This same situation is very likely t o  
obtain in the present db. Fe(II1)-bipy chelates.7 Pending a more detailed 
and correct analysis of thp dipolar shifts in these Fe(II1) chelates, DeSimone 
and Drago’s conclusions on the relative importance of dipolar shifts and the 
unimportance of u-spin delocalization cannot be considered even qualita- 
tively valid. On the other hand, a possible overestimation of the dipolar 
shifts for the Fe(II1) chelates does not affect the necessarily qualitative con- 
clusions of the present article. 
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Equilibrium constants are determined for the protonation and metal complexation of N,N-bis(2-aminoethyl)-1,3-propanedj- 
amine (2,3,2-tet) and N-(2-aminoethyl)-1,3-propanediamine (2,3-tri). In the 1 : 1 complexes the 5,6,5-membered chelate 
ring system forms more stable complexes than 5,5,5-membered rings by factors of 103’8, 1O2.O, and loo 7 for Cu(II) ,  hTi(II), 
and Zn(II) ,  respectively. The 5,6-membered chelate ring system forms 1 : 1 complexes with nickel of the same stability as 
5,j-membered rings. The log K values for the protonation constants are 10.25, 9.50, 7.28, and 6.02 for 2,3,2-tet and are 
10.03, 9.11, and 6.18 for 2,3-tri (25.0’ and p = 0.5 M ) .  The formation constants for the complexes M(2,3,2-tet)2f (M = 
Xi, Cu, Zn) are log K = 16.4, 23.9, and 12.8, respectively. Nickel also forms a complex Ni(2,3,2-tet)z2+ with log p2 = 20.1. 
The formation constants for the nickel complexes of 2,3-tri are log KI = 10.7 and log p2 = 17.8. 

Introduction 

Recently a number of  investigator^^-^ have reported 
complexes of the quadridentate ligand N,N’-bis-(2- 
aminoethyl)-l,3-propanediamine (2,3,2-tet = NH2- 
(CH2)2NH(CH2)3NH(CH2)&JH2). The complexes of 
this ligand with metal ions exhibit striking differences 
in properties compared to the well-known trien, H2N- 
(CH&JYH(CH&NH(CH&NHz, complexes. These 
differences have been attributed to steric constraints 
in the three linked 5-membered rings of trien which are 
relieved by the presence of a 6-membered ring in the 
2,3,2-tet complexes. It was of interest to  see how the 
balance between the relief of ring strain and the un- 
favorable effects due to the presence of n 6-membered 

(1) Address correspondence to  this author. 
( 2 )  B. Bosnich, K. D. Gillard, E.  D. McKenzie, and G. A. Webb, J. Chem. 

Soc., A ,  1331 (1966). 
(3)  H. G. Hamilton and  M. D. Alexander, J .  A m .  Chem. Soc., 89, 5065 

(1967). 
(4) A. T. Philip, Ph.D. Thesis, University of Sydney, 1964, p 34. 

ring would be reflected in the stability constants of 
the 2,3,2-tet complexes. 

In the present work the formation constants of the 
2,3,2-tet complexes of Ni(II) ,  Cu(II) ,  and Zn(I1) and 
the N-(2-aminoethyl)-l,3-propanediamine (2,3-tri), 
H2N(CH2)2NH(CH2)3NH2, complexes of Ni(1I) were 
measured. The 2,3,2-tet complexes are more stable 
than the corresponding trien complexes and the 1 : 1 
2,3-tri complex has the same stability as the 1 : 1 dien, 
H2N(CH2)2NH(CH2)2NH2, complex, but the 2 : 1 com- 
plex is less stable than the corresponding dien complex. 

Experimental Section 
Reagents.-Nickel sulfate [reagent grade) was recrystallized 

twice from water and standardized by the addition of excess 
ti.ans-l,2-diaminocyclohexane-N,N,N‘,N’- tetraacetate and back- 
titration with standard calcium chloride solution using methyl 
thymol blue indicator. Copper perchlorate was prepared from 
copper carbonate and perchloric acid and was recrystallized 
before use. Zinc perchlorate was recrystallized three times 
from water and standardized by EDTA titration using Erio- 




