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The reaction pathway is known in terms of the chemical 
steps which occur in dilute solution and those steps 
which produce excited states. It is of particular undergo simple one-electron-transfer reactions. 
interest that  a t  least two reactions in the systems 
produce excited states. Although simple thermo- 
dynamic considerations indicate the production of an 

the complex reaction mechaIlism such calculations are 

for using thermodynamic calculations only in those 
situations where both the oxidant and the reductant 
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During the development of nuclear magnetic reso- 
nance as a spectroscopic tool for structure determina- 
tion, attempts to observe the nmr spectra of para- 
magnetic species in solution under high-resolution 
conditions were occasionally unsuccessful, or a t  best 
gave broad featureless signals whose line widths rather 
than chemical shifts were the important characteristics. 
Such observations were no doubt responsible for 
numerous cases in the literature in which the nmr 
spectra of metal complexes were not recorded for the 
reason, stated or implied, that the complexes were 
paramagnetic. Although the proton resonance spectra 
of several paramagnetic complexes in solution had been 
reported' and the sources of the observed paramagnetic 
or isotropic shifts were fully realized earlier,2 the poten- 
tial utility of the spectra of such species did not become 
evident until 1960-1962, when Eaton, Phillips, and co- 
workers presented a detailed analysis of the lH and 
'QF spectra of a wide variety of substituted nickel(I1) 
aminotroponiminates . 3  

The spectra of these complexes, which are fully 
tetrahedral or are involved in rapid planar e tetra- 
hedral structural equilibria in noncoordinating solvents, 
revealed the isotropic shift phenomenon in the form of 

(1) H. M. McConnell and C. H. Holm, J .  Chem. Phys. ,  27, 314 
(1957); 28, 749 (1958); W. D. Phillips, C. E. Looney, and C. K. 
Ikeda, ibid., 27, 1435 (1957); A. Forman, J. N. Murrell, and L. E. 
Orgel, ibid. ,  31, 1129 (1959). 

(2) For a discussion of isotropic shifts and a review of the nmr 
spectra of paramagnetic species, cf. D. R. Eaton and W. D. Phillips, 
Advan. Magnetic Resonance, 1, 103 (1965); E. de Boer and H. van 
Willigen, Progr. Nucl. Magn. Resonance Spectrosc., 2, 111 (1967). 

(3) (a) W'. D. Phillips and R. E. Benson, J .  Chem. Phys., 33, 607 
(1960); (b) R. E. Benson, D. It. Eaton, A. D. Josey, and W. D. 
Phillips, J .  Am. Chem. Soc., 83, 3714 (1961); (c) D. R. Eaton, A. D. 
Josey, W. D. Phillips, and R. E. Benson, J .  Chem. Phys., 37, 347 
(1962); (d) D. R. Eaton, A. D. .Josey, W. D. Phillips, and R. E. 
Benson, Discussions Faraday Soc., 34, 77 (1962); (e) D. R. Eaton, 
A.  D. Josey, W. D. Phillips, and R. E. Benson, Mol. Phys., 5 ,  407 
(1962); ( f )  D. R. Eaton, A. D. Josey, R. E. Benson, W. D. Phillips, 
and T. L. Cairns, J .  Am. Chem. Soc.,  84,4100 (1962). 

large displacements of resonance frequencies upfield 
and downfield from their nominal diamagnetic posi- 
tions, with retention of narrow line widths. For proton 
signals a t  ambient temperature these displacements, 
Le., isotropic shifts, cover in some cases a 310-ppm 
range, from -170 (downfield) to +140 ppm (upfield). 
Perspicacious interpretation of these spectra has pro- 
vided a new and exceedingly sensitive technique for 
detecting delocalization of unpaired electrons, in- 
vestigating pathways of spin delocalization, and ob- 
taining accurate values of the thermodynamic param- 
eters characterizing the structural equilibria. The 
aminotroponiminates provided the first practical ex- 
amples of the utility of nmr spectra of paramagnetic 
complexes in solution, and the use of isotropic shifts in 
the investigation of structural and electronic properties 
of complexes of nickel(I1) and other metal ions with 
favorably short electronic relaxation times has become 
more widespread since the first major publication20 
of the Du Pont group. 

The total isotropic shift of the ith nucleus in a 
paramagnetic species is defined as 

( A H t / H ~ ) t o t a l  = (AHi/HO)obsd - (AHi /Ho)dia  (1) 
in which (AHt/Ho)obsd is the observed shift and 
(AH,/Ho)dia the shift in the absence of the paramagnetic 
effect. Both are measured with respect to the same 
internal standard to avoid bulk susceptibility correc- 
tions. For paramagnetic metal complexes values of the 
latter shift are generally taken from the spectra of free 
ligands or structurally related, diamagnetic complexes 
such as those of zinc(I1) and cobalt(II1). The total 
isotropic shift (eq 2) is a sum of contributions from the 
scalar (or Fermi) isotropic hyperfine contact interaction, 
which arises from electron spin delocalization or spin 
polarization, and the nuclear-electron dipolar inter- 
action, Derivations of equations appropriate to these 
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two types of isotropic shifts have been given e l ~ e w h e r e . ~ ~ ~  

(ANt/Ho)total = ( A H i / H o ) c o n t a c t  (ANi/HO)ciipolar (2) 

The contact shift is expressed by eq 3, in which a, 
is the electron-nuclear coupling constant in gauss, g is 

the average value of the principal components of the g 
tensor, X is the total electron spin, and ye and y n  are 
the gyromagnetic ratios of the electron and the nucleus 
whose resonance is observed, respectively. Equation 3 
holds only for those species which obey the Curie law.5 
When this equation applies, the coupling constants may 
be evaluated from measurement of contact shifts at  a 
given temperature or better, a t  a series of temperatures. 
If the proton contact shifts occur as a consequence of 
spin delocalization in a ligand T orbital, the hyperfine 
coupling constant from eq 3 is related to the ?r spin 
density, pc,, of the i th carbon atom by 

ai = Q X P C , / 2 S  (4) 
in which QX is a proportionality constant for the 
appropriate structural fragment (Le., C,-Ha, C,-CH(,p). 
Because the magnitude and sign of a given ai can be 
obtained from contact shift measurements, the sign of 
p c ,  can be determined. In  an esr experiment the sign 
of the coiipling constant and, hence, of the spin density 
is undetermined. 

Dipolar shifts occur in magnetically anisotropic 
complexes, where the dipolar interaction between the 
nuclear magnetic moment and the electron spin magne- 
tization on the metal cannot average to zero in a rapidly 
tumbling complex in solution. The shifts for axially 
symmetric systems are in general expressible by eq 5,  
in which the bracketed term is the geometric factor 
dependent upon the angle X, between the vector of 

length Rt joining the metal and the i th nucleus and the 
principal molecular axis; F(g) is some function of the 
diagonal components of the g tensor appropriate to the 
moIecular symmetry and the relative magnitudes of 
the tumbling time of the species in solution and the 
electron spin relaxation time, TleS4 

The principal distinguishing features of contact and 
dipolar shifts are evident from the forms of eq 3 and 5.  
Contact shifts result either from spin delocalization 

(4) H. M. McConnell and D. B. Chesnut, J .  Chem. Phys., 28,  107 
(1958); H. M. McConnell and R. E. Robertson, ibid. ,  29,  1361 
(1958); G. N. LaMar, W. D. Horrocks, Jr., and L. E. Allen, ibid., 
41, 2126 (1964); G. N. LaMar, ibid. ,  43, 1085 (1965); J. P. Jesson, 
ibid., 47, 579 (1967). 

(5) Curie dependence of contact shifts is a special case and may not 
strictly hold if, among other reasons, the ground state is split by spin- 
orbit coupling. For derivation of the temperature dependence of 
contact shifts of octahedral complexes with nonzero spin-orbit 
matrix elements within the ground-state manifold, cf. R. M. Golding, 
Mol.  Phgs., 8 ,  561 (1964). Another source of departure of contact 
shifts from eq 3 is the existence of species with different ground-state 
spin multiplicities over which the contact shifts are averaged; such 
cases are considered in a following section. 

effected by symmetry-allowed mixing of ligand orbitals 
with spin-containing metal orbitals or by polarization 
of metal-ligand bonding orbitals by unpaired spin in 
metal orbitals of a different symmetry. In  either case 
a scalar coupling between nuclear and electron spins 
results producing a contact shift which, from eq 3, 
has no explicit dependence upon molecular geometry. 
Dipolar shifts, or "pseudocontact shifts," arise from 
dipolar coupling a t  a distance and depend upon geom- 
etry, but require no covalent metal-ligand interac- 
tions or spin polarization effects. 

At the present time isotropic shifts are being ex- 
ploited in the investigation of four important aspects of 
the structural and electronic properties of paramagnetic 
metal complexes : (i) mechanisms of metal-ligand spin 
transfer and delocalization of spin in saturated and 
conjugated ligand systems; (ii) solvation behavior; 
(iii) ion-pair formation and structures; (iv) stereo- 
chemistry and structural equilibria. The investiga- 
tion of any of these properties is feasible only if the 
nmr signals are not excessively broadened, for it is the 
isotropic shifts themselves, and in many instances the 
resolution of signals whose separations are unobserva- 
ble in the absence of isotropic interactions, rather than 
line widths, which are the important spectral features. 
As a first approximation, line widths are dependent 
upon the 2'1, value of the coordinated metal ion, and 
well-resolved spectra are obtained only in those cases in 
which the electronic relaxation times are very short. 
The factors effecting short 2'1, values are not well under- 
stood, and a consideration of them2 falls outside the pur- 
view of this report. Suffice to say that nmr spectra of 
complexes containing those ions (e.g., VIVO, sextet 
Aln(I1) and Fe(III), Cu(I1)) whose T1,'s are relatively 
long, thereby permitting observation of their electron 
paramagnetic resonance at  room temperature, are in gen- 
eral very poorly resolved or undetectable. Conversely, 
the spectra of complexes derived from V(III), Cr(II), 
Co(II), and Ni(II), in particular, with short Tie's 
are gensrally well resolved. 

Our purpose in this Account is to examine the in- 
formation relevant to aspect iv above, stereochemistry 
and structural equilibria of metal complexes, which is 
obtainable from isotropic shift studies. The single 
most important benefit from contact and dipolar inter- 
actions is that they produce, in effect, a nonlinearly 
expanded chemical shift scale permitting resolution of 
signals which are barely resolvable, or not resolvable at  
all, in analogous diamagnetic systems examined at  100 
MHz. I n  certain of the examples considered, the rela- 
tive contributions from contact and dipolar interac- 
tions are not of direct importance, although it has been 
established that the former are principally responsible 
for the observed isotropic shifts. Nost of the results 
considered derive from our own investigations and are 
primarily concerned with complexes of nickel(II), 
whose stereochemical complexities are matters of con- 
tinuing interest,6 and whose proton resonance line 
widths are frequently less than 10 Hz. 

(6) L. Sacconi, Transition Metal Chem., 4, 199 (1968). 
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cis-trans Isomerism in Tris-Chelate Complexes 
Tris-chelate complexes containing symmetrical 

chelate rings possess idealized D3 symmetry, in which 
case those substituents of the same type and having 
the same location in each ring are equivalent, as in 
V ( a c a ~ ) ~ '  and Co(acac)a. However, if the chelate 
rings are unsymmetrical, cis or facial (1) and trans or 
meridional (2) isomers, each of which is enantio- 
morphous, are possible; in 1 and 2 A and B convey the 
ring asymmetry. Separation and subsequent identifica- 
tion of these isomers are not trivial matters, their 
electronic and vibrational spectra being very similar 

1, &A 2, trans4 

and not structurally diagnostic, and the relatively 
time-consuming determination of dipole moments is 
the most reliable of the older physical methods for 
establishing structures. However, identification of 
isomers and measurement of their equilibrium concen- 
trations are readily accomplished by nmr provided the 
two isomers are not rapidly interconverting. The cis 
isomer possesses a C3 axis whereas the trans isomer has 
no symmetry a t  all, with the consequence that in prin- 
ciple a given substituent on each chelate ring in 2 
will produce a separate resonance whereas in 1 only a 
single resonance will occur. This procedure has been 
applied to diamagnetic P-diketone,* Schiff base,g amino 
acid,lO and other9&'l1 complexes, principally those of 
cobalt(II1). The differences in chemical shifts of a t  
least one substituent in the trans form are usually 
resolvable, allowing in favorable cases detection of this 
form alone or in the presence of the cis isomer. 

The isotropic shift effect in vanadium(II1) complexes 
of P-diketones,12 P-keto amines,13 ~alicylaldehydes,~~ 
and ~alicylaldimines~~ greatly amplifies these intrinsic 
chemical differences in the trans form and between 
cis and trans forms, permitting unambiguous detection 
of both isomers and in some instances measurement of 
their relative amounts. As an example, consider the 

(7) Abbreviations employed for P-diketonate anions: acac, 
acetylacetonate; tfac, trifluoroacetylacetonate. 
(8) R. C. Fay and T. S. Piper, J.  Am. Chem. Soc., 84, 2303 (1962); 

(b) R. C. Fay and T. S. Piper, ibid., 85,500 (1963); (c) R. A. Palmer, 
R. C. Fay, and T. S. Piper, Inorg. Chem., 3,875 (1964). 
(9) A. Chakravorty and R. H. Holm, ibid. ,  3, 1521 (1964); (b) 

A. Chakravorty and K. C. Kalia, ibid., 6, 690 (1967); (c) A. Chakra- 
vorty and B. Behera, ibid. ,  6, 1812 (1967). 

(10) R. G. Denning and T. S. Piper, ibid., 5, 1066 (1966). 
(11) A. Chakravorty, B. Behera, and P. S. Zacharias, Inmg. 

Chim. Acta, 2, 85 (1968); K. C. Kalia and A. Chakravorty, ibid., 
2, 154 (1968). 
(12) F. Rohrscheid, R. E. Ernst, and R. H. Holm, Inorg. Chem., 

6, 1315 (1967). 
(13) F. Rohrscheid, R. E. Ernst, and R. H. Holm, ibid. ,  6, 1607 

(1967). 
(14) F. Rohrscheid, R. E. Emst, and R. H. Holm, J. Am. Chem. 

Soc.,  89,6472 (1967). 

Figure 1. Nmr spectra of V(tfac)r in CDCL a t  room tempera- 
ture: bottom, pmr spectrum; insert, 1QF spectrum. Frequencies 
(cps) are the chemical shifts relative to TMS. 

spectrum of V(tfac)312 (3, M = V) (Figure 1). The 

multiplicity of signals reveals the presence of both cis 
and t ram isomers. The 19F spectrum consists of four 
signals of relative intensity 1:1:1:0.5 with that at 
+2011 cps beingdue to the cis form. The cis: t ram ratio 
obtained from the relative intensities is 1 : 6, somewhat 
less than the statistical value of 1 : 3. This information 
permits assignment of all signals in the pmr spectrum, 
as shown in Figure 1. Amplification of chemical shift 
differences owing to isotropic interactions is clearly 
illustrated by comparison of the pmr spectra of V(tfac)a 
and C ~ ( t f a c ) ~ ,  whose signals have been identified by 
chromatographic separation of the isomers.8b I n  
CDC13 solution a t  ambient temperature the total spread 
of the pmr spectrum of Co(tfac)3 is 3.68 ppm, whereas 
for V(tfac)3 i t  is 45.52 ppm. Further, the spread in 
signals of a given ring substituent for Co(tfac)3 and 
V ( t f a ~ ) ~ ,  respectively, in their trans forms is as follows: 
a-CH3, 0.05, 16.73 ppm; @-H, 0.05, 32.99 ppm; y-CF3, 
0.18, 15.4 ppm. Because of the isotropic shift effect 
it is possible to resolve all signals of a given substituent 
in the cis and trans forms of a variety of tris-chelate 
vanadium(II1) complexes, such as 412 (R, # R,), 
5,l3 6,l4 7,14 and S,13 whose structures are indicated. 

4, cis and trans 5, trans 6, trans 
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The exclusive population of the trans isomers of 5,  7, 
and 8 derives from strongly destabilizing steric inter- 
actions among nitrogen substituents larger than H in 
the cis is0mers.9~ The source of the relative instability 
of the cis form of 6 is unknown. 

The structural sensitivity of chemical shifts of 
vanadium(II1) complexes has recently been employed 
to investigate the comparative stereochemical effects 
of oxygen and sulfur donor atoms in tris-chelate 
species.15 The tris(P-thioketonato)cobalt(III) com- 
plexes 9 (hi1 = Co; R = CH3, C6H6, CH(CH3)2, 
C(CH3)a) exhibit one a-CH3 or P-H signal, consistent 
with exclusive population of the cis (C3 or CSv) isomer. 

9 

Similarly, only the cis form is detectable in an analogous 
series of vanadium(II1) complexes. Chemical shift 
data for a typical pair of tris(P-thioketonates) (R = 
C6H6) are the following: a-CHa, -1.41, -41.93 ppm; 
P-H, -5.95, -35.07 ppm (Co(III), V(III), tetra- 
methylsilane reference). Equilibrium constants for 
the trans e cis reaction of tris(6-diketonato)metal(III) 
complexes are usually less than statistical,*a~b~*6 in- 
dicating preferential stability of the trans form. The 
generally rapid substitutional lability of vanadium(II1) 
complexes ensures equilibrium isomer distribution, and 
the large contact shifts minimize the possibility of 
accidental chemical shift degeneracy and an incorrect 
structural assignment. Thus the cis isomers of the 
vanadium(II1) complexes 9, and presumably of the 
cobalt(II1) complexes as well, are the thermodynami- 
cally more stable structures, an unanticipated inversion 
of isomer stabilities compared to the corresponding 
tris(P-diketonates), The source and generality of the 
preferential stability of the cis isomers of complexes of 
general type 9 are being further investigated."j 

An additional and important complexity in stereo- 
chemistry is introduced when the ligands in structures 
1 and 2 are themselves dissymmetric. If each ligand 
has the same absolute configuration, denoted by (+), 
there are two pairs of diastereoisomers, cis-A( + + +), 
cis-h(+++), and trans-A(+++), trans-A(+++), or 
a total of four species, which are in principle distinguish- 
able by nmr. Cases in point are the tris((+)-3-acetyl- 
camphorat0)- (10, R = CH3, (+)-atc) and tris((+)- 
3-hydroxymethylenecamphorato)metal(III) (10, R = 
H, (+)-hmc) systems of Isomer de- 
tection by classical means involves chromatography of 

(15) R. H. Holm, D. H. Gerlach, J. G. Gordon, 11, and M. G. 

(16) J. G. Gordon, 11, and R. H. Holm, unpublished results. 
(17) J. H. Dunlap, R. D. Gillard, and R. Ugo, J .  Chem. Soc., A ,  

(18) Y .  T. Chen and G. W. Everett, Jr., J .  Am. Chem. Soc., 90, 

McNamee, J .  Am. Chem. Soc., 90, 4184 (1968). 

1540 (1966). 

6660 (1968). 

rl 
10 

reaction mixtures, which when performed on the non- 
labile Rh( ( +)-hmc)3 complexes yielded two isomers 
concluded to possess enantiomeric configurations a t  the 
metal from their ORD spectra, but to be the same 
geometrical isomer." From their pmr spectra, which 
exhibit four methyl signals of unequal intensity, the 
isomers were established to be trans, with trans-A 
more abundant than trans-A.l7 No evidence for dis- 
tinction between these diastereoisomers by pmr was 
given. I n  a similar manner, the two chromatographi- 
callyseparable isomers of Co (( +)-hm~)~were  found to be 
trans-A (more abundant) and C ~ S - A . ~ ~ " ~  Isomers of 
the vanadium(II1) complexes V(( + ) - h m ~ ) ~  and V((+)- 
atc)3 are not amenable to chromatographic separation 
because of their lability and oxidative instability in 
solution. However, their large isotropic shifts, to- 
gether with the established fact that stereoselective 
interactions of (+)-hmc and (+)-ate ligands in their 
respective complexes preferentially stabilize the A 
absolute configuration,17 permit an effective isomer 
assay by nmr. In  V((+)-atc), the acetyl methyl 
resonance occurs as six resolvable signals with negative 
isotropic shifts having a total separation of 17.3 ppm. 
Three of these, with the intensity ratio 1 : 2:  1 and shifts 
of -31.0, -38.4, and -45.7 ppm, arise from an essen- 
tially statistical mixture of trans-12 and cis-A. The 
remaining three signals, which are of equal intensity 
and have shifts of -31.7, -33.6, and -48.3 ppm, 
must then be assigned to trans-A. Further, the ratio 
trans-A:trans-A = 0.31 (29') CDC1,) has been obtained 
from signal integration. A similar isomer distribution 
appears to hold with V ( ( + ) - h m ~ ) ~ . ' ~  

Structural Equilibria of Bis-Chelate Complexes 
The idealized limiting stereochemistries of four- 

coordinate complexes are planar and tetrahedral. 
Clearly the most fundamental structural rearrangement 
of such species is interconversion between these geom- 
etries. For enantiomeric chelate complexes this 
process may or may riot be accompanied by racemiza- 
tion of the absolute configuration a t  the metal in the 
tetrahedral form. I t  is now well recognized that a wide 
variety of suitably constituted nicliel(I1) chelate 
complexes6~19 and a smaller number of cobalt(I1) com- 
plexes20 may be prepared for which the free-energy 
differences between the two stereoisomers are sufi- 

(19) R. H. Holm, G. W. Everett, Jr., and A. Chakravorty, Progr. 
Inorg. Chem., 7 ,  83 (1966); E. K. Barefield, D. H. Busch, and 5.  M. 
Nelson, Quart. Rev. (London), 22, 457 (1968). 

(20) (a) G. W. Everett, Jr., and R. H. Holm, J .  Am. Chem. Soc., 
88, 2442 (1966); (b) G. W. Everett, Jr., and R. H. Holm, Inorg. 
Chem., 7, 776 (1968). 
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ciently small that both are measurably populated in 
noncoordinating solvents a t  or near room temperature. 
I n  the case of nickel(I1) complexes the structural 
equilibrium is (6), which involves planar diamagnetic 
and tetrahedral paramagnetic species. This equilib- 

planar (S = 0) e tetrahedral (S = 1) (6) 

rium was first demonstrated in detail for the bis(salicy1- 
aldimino) complexes 11 21 by optical spectral, magnetic 
suspectibility, and molecular weight measurements. 
The important properties of equilibrium 6 are the ligand 

k 
11, Ni(X-R-sal)p 

structural features which promote its existence and 
affect its position, and the attendant thermodynamic 
quantities AG, AH, and AS.  While the latter can be 
determined by measurement of the temperature de- 
pendence of ligand field band intensities or magnetic 
susceptibilities, they are obtained much more easily 
and accurately by measurements of isotropic shifts 
over a temperature range coupled with measurements 
of magnetic moments when necessary. 

The basis for the thermodynamic characterization of 
equilibrium 6 by the isotropic shift method is the rapid 
interconversion on the nmr time scale between the 
two isomers such that the observed chemical shifts are 
averaged over both. The isotropic components of 
these shifts, which arise only in the tetrahedral forms, 
have been shown in a number of casesZ2--24 to derive 
mainly, if not exclusively, from contact rather than 
dipolar interactions. Correspondingly, eq 3 is em- 
ployed in the slightly modified form (7),25 in which the 
bracketed term is readily shown to be the mole fraction 

Ye gBs(s + l)[exp(AG/RT) + 11-1 (2) = 3kT 

(7) 
of tetrahedral form, N t .  AG = -RT In K,, and K,, = 
N t / N , ,  with N ,  the mole fraction of the planar isomer. 
Values of AG can be obtained from eq 7 by measure- 
ment of the contact shifts provided g and at are known. 
g values are readily evaluated from magnetic moments 
using the relation g = peff[S(S + 1)]-"* and values of 
Peff obtained from measurements on t,he solid para- 
magnetic form, which in a number of cases crystallizes 

(21) (a) R. H. Holm and K. Swaminathan, Inorg. Chem., 2 ,  181 
(1963); (b) L. Sacconi, P. Paoletti, and M. Ciampolini, J. Am. Chem. 
SOC.. 85 ,  411 (1963); (0) L. Sacconi, M. Ciampolini, and N. Nardi, 
ibid., 86, 819 (1964). 

(22) (a) D. R. Eaton, A. D. Josey, W. D. Phillips, and R. E. Ben- 
son. J .  Chem. Phus., 37, 347 (1962); (b) D. R. Eaton and W. D. 
Phillips, ibid., 43, 392 (1965). 

Xoc., 86, 379 (1964). 
(23) R. H. Holm, A. Chakravorty, and G. 0. Dudek, J. Am. C h m .  

(24) J .  E. Parks and R. H. Holm, Inorg. Chem., 7 ,  1408 (1968). 
(25) W. D. Horrocks, Jr., J. Am. Chem. Soc., 87, 3779 (1965). 

from the equilibrium solutions. Otherwise, a suitable, 
structurally analogous paramagnetic complex must be 
used. Independent measurement of a, and AG can be 
achieved only if it  is possible to reach both the non- 
Curie ( N t  < 1) and Curie (Nt  s 1) regions of contact 
shift dependence within the experimentally accessible 
temperature range. I n  the latter situation the contact 
shifts have the dependence of eq 3, thereby allowing 
accurate determination of coupling constants from 
contact shift measurements alone. These values may 
then be applied in the non-Curie region, represented 
by eq 7, and the temperature dependence of AG can be 
calculated from measured shifts. I n  most instances 
the stereochemical populations of complexes involved 
in equilibrium 6 are not sufficiently temperature sensi- 
tive that both Curie and non-Curie regions are demon- 
strably obtained within the usual experimental range of 
ca. -50 to 100". Alternative procedures are required 
which involve, within a series of structurally related 
complexes, transferral of a given coupling constant a( 
from a complex with N t  = 1 in solution (eq 3) to one 
whose contact shifts obey eq 7, or separate evaluation 
of AG at  a given temperature from magnetic moment 
measurements on the equilibrium solution. In  the 
latter case values of N t  and, thereafter, AG may be 
obtained from eq 8, in which Pobsd and ,ut are the ob- 
served magnetic moment of the equilibrium mixture 

Nt = /-bbsd2/Pt2 = [exp(AG/RT) + 11-l (8) 
and the moment of the tetrahedral isomer, respec- 
tively. From eq 7 a, values may be calculated, the 
temperature dependence of AG determined, and the 
standard enthalpy and entropy changes evaluated by a 
least-squares fit of the data to the equation AG = 
AH - TAX. Using these procedures a large body of 
thermodynamic data has been obtained for extensive 
classes of bis-chelate nickel(I1) c o m p l e x e ~ , ~ ~ - ~ ~  including 
the salicylaldimines 11,23,27-29 aminotroponimines l 2 , 3 0  

pyrrole-Zaldimines 1 3 , 3 1  0-keto amines 14,20b32*t32333 
and 0-thio amines 15.33 

Several important conclusions relevant to the struc- 
tural dynamics and equilibria of the complexes 11-15 
emerge from the contact shift and thermodynamic 
results. First, all known members of each class 
demonstrably involved in equilibrium 6 by virtue of 

(26) Note that in several ~ a s e ~ * ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  32 eq 7 with a 3 in place of 
1 in the bracketed term has been used to interpret contact shifts of 
complexes involved in equilibrium 6. That equation improperly 
takes into account electron spin degeneracy such that the free energy 
changes calculated from it are too large by RT In 3 and the entropy 
changes too low by R In 3. Coupling constants and A H  vaIues are 
unaffected. Therefore, due corrections should be applied when 
comparing data obtained from it and eq 7. 

(27) A. Chakravorty and R. H. Holm, Inorg. Chem., 3 ,  1010 
(1964). 

(28) R. E. Emst, M. J. O'Connor, and R. H. Holm, J. Am. Chem. 
Soc., 89,6104 (1967). 

(29) M. J. O'Connor, R. E. Ernst, and R. H. Holm, ibid., 90, 
4561 (1968). 

(30) D. R. Eaton, W. D. Phillips, and D. J. Caldwell, ibid., 85, 
397 (1963). 

(31) R. H. Holm, A. Chakravorty, and L. J. Theriot, Inorg. Chem., 
5 ,  625 (1966). 

(32) G. W. Everett, Jr., and R. H. Holm, J. Am. Chem. Xoc., 87,  
2117 (1965). 

(33) D. H. Gerlach and R. H. Holm, ibid., 91,3467 (1969). 
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12 13 14, Ni(R-RyHR& 

RU R 
15, Ni(R-SRrHRa), 

their non-Curie contact shift dependence interconvert 
rapidly on the pmr time scale (at temperatures as low 
-SOo), as required for application of eq 7. An upper 
limit on the lifetime of either stereoisomer mag7 be 
estimated as ca. 10-3-10-4 sec, inasmuch as equilibrium 
between the two different spin states is established in 
a time short compared to the reciprocal of the contact 
shifts in hertz, and a lower limit may Le estimated as 
ca. 10-12-10-13 sec since both forms are detectable in 
the electronic spectra. Second, within each group the 
stereochemical populations are primarily a function 
of the steric properties of the nitrogen substituent R 
and the nature of the donor atom set. The basis for 
this conclusion can be seen from some representative 
data for complexes 14 and 15, which are collected in 
Table I. The key structural feature of R which 
promotes the relative stability of the tetrahedral isomer 
is branching of the alkyl chain a t  the QI carbon. This 
effect surely arises from steric interactions between R 
and the adjacent chelate ring which may be alleviated 
by torsional distortion around the coordinated metal 
to produce the tetrahedral form. For the complexes 
11 and 13-15 the population of the tetrahedral 
isomer as a function of R increases in the order 
t-butyl 2 a-branched alkyl > n-alkyl > aryl 2 
CH3 >>> H at ordinary temperatures. The en- 
thalpy changes for the planar -+ tetrahedral conversion 
are, with only a few exceptions,21~~28~33 endothermic and, 
consequently, equilibrium 6 is displaced to the right 
with increasing temperature. Effects of the donor 

atom set on the equilibrium position can a t  present be 
assessed meaningfully only by comparisons of thermo- 
dynamic data for pairs of complexes 14-15 (cf. Table I) 
which are identical except for replacement of oxygen 
with sulfur. Analysis of thermodynamic data for 
eight such pairs which have N t  < 1 in chloroform or 
carbon tetrachloride solution has shown that, within 
the interval -40 to 70°, (i) AGs - AGO = AAG > 0, 
demonstrating that sulfur effects greater stabilization 
of planar stereochemistry than oxygen, and (ii) IAAHJ > 
1 TAASI, indicating that inequalities in stereochemical 
populations are due to enthalpy rather than entropy 
effects.33 On the basis of arguments developed else- 
where, 20b differences in metal-ligand bonding in the 
two stereoisomers are considered principally responsible, 
with an appreciable extent of T bonding in the planar 
thio complexes a plausible source of the stability 
differences. 

The preceding examples together with the indicated 
references are cited in order to demonstrate the efficacy 
of the isotropic shift method in carrying out a detailed 
analysis of structural equilibrium 6. The same general 
procedure can be applied to any rapid isomerization 
reaction involving species with different magnetic 
ground states provided that electron spin relaxation 
in the paramagnetic species is sufficiently fast and that, 
ideally, the isotropic shifts of these species are wholly 
contact or dipolar in origin. Finally, the extreme 
sensitivity of the isotropic shift method should be 
pointed out. As an example, note that Ni(CH3- 
SCH3HCH3), has Nt323 = 0.04 (Table I). This small 
amount of tetrahedral isomer is readily detected by the 
contact shift of -1 ppm but is not detectable by elec- 
tronic spectral or bulk susceptibility measurements. 
Likewise, because no contact shifts of 14 and 15 with 
R = H are observable, it  is safely estimated that a t  
300°K K,, < 0.01 and AG > 2.8 kcal/mole, placing 
hydrogen a t  the end of the above series of nitrogen 
substituents which affect population of the tetrahedral 
isomer. 

Diastereoisomeric Complexes 
If a tetrahedral complex AI(A-B)? possesses two 

positionally equivalent asymmetric ligand centers in 
addition to its intrinsic dissymmetry at the metal, 
the following diastereoisomers, shown together with 

Table I 
Representative Stereochemical Data for Bis-Chelate Nickel(I1) Complexes 14 and 15 in CDC13 Solutionsa 

Complex 

Ni( (CHa)3C-C6H,HH)~ 
Ni ( (C~HS)ZCH-C~H,HH )Z 

rVi((CH3)&HCH&,H,HH)z 
Ni( (CHS)~C-SC~H~HH)Z 
Ni ( (C~HS)ZCH-SC~HEHH)~ 
rV;i(n-C3H1-CgHEHCH3)2 
Ni(CHa-CRgHCH3)t 
Ni(CH3-SCHaHCHa)z 

p-H contact 
shift, ppm 

(309  

1 9 7 . 1 3  
$86.77 
+1 .53  

+76.55 
f16.44 
$20.42 
+4.70 
$1.08  

A H ,  koa1 
mole-1 

0.06 
4.98 

4 .28  
2 .99  
3 .62  
5 .37  

AG323, kcal 
A S ,  eu mole-' 

3 .74  -1.15 
8.19 +2 .33  

1 1 . 7  +0.51 
7.57 $0.54 
6 .28  +1 .60  

1 0 . 1  +2.10 

NtaQa 

1 . 0  
0.86 
0.03 
1 .0  
0 .31  
0.30 
0.08 
0.04 

a Data from ref 33. 
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preparation of the active isomer using resolved amphet- 
amine. This species shows only one p-H and CH 
signal, labeled “act.” in Figure 3, thereby demonstrat- 
ing that the missing signals arise from the meso isomer, 
which cannot be prepared separately. Equivalent 
observations have been made for the complexes ll,23e28 
13,31 14,28 and 15,33 which possess asymmetric R groups 
and are involved in equilibrium 6. The failure to 
observe three signals arises from rapid racemization of 
the A and A configurations accompanying the struc- 
tural change, as illustrated by the interconversion 
sequence 16 17 e 18 for Ni-02N2 complexes. Figure 2. Absolute configurations of a bis-chelate complex 

viewed down the Cg axis: A, right-handed, A, left-handed helicity 
along principal axis. A and B convey the chelate ring asym- 
metry. 

Ph TMS 

8-H CH 

17, trans-planar 18, A 

The source of the chemical shift difference between 
the diastereoisomers is a matter of considerable im- 
portance. Spectra of diastereoisomeric mixtures of 
tetrahedral, diamagnetic zinc(I1) complexes with the 
same ligands reveal unresolvable or extremely small84 
chemical shift differences between isomers, demonstrat- 
ing that it is the contact shifts of the nickel(I1) iso- 
mers which differ. Differences between these shifts 
are largest when both planar and tetrahedral forms of 
each diastereoisomer are present to a measurable ex- 
tent. This point is illustrated by the spectrum of the 
diastereoisomeric mixture of N ~ ( A ~ ~ - C C H ~ H C H ~ ) ~ ~ ~  
shown in Figure 4. This complex varies from that in 
Figure 3 by replacement of a-H with a-CHs, the only 
important effect of which is to displace the structural 
equilibrium essentially completely toward the tetra- 
hedral form such that the isotropic shifts exhibit the 
Curie dependence of eq 3 whereas those of Ni(Amp- 
CeNsHH)2 can be interpreted in terms of eq 7. In- 
spection of eq 7 reveals that the contact shift differences 
between diastereoisomers will arise from intrinsic 
inequalities of their ai and AG values. The failure to 
resolve the p-H isotropic shifts of the isomers of Ni- 
(Amp-C6HsHCH3)2, which have no free energy depen- 
dence, together with the clear structural and electronic 
similarities of the paramagnetic forms of this complex 
and N ~ ( A ~ ~ C C H S H H ) ~ ,  has led to  the conclusion that 
significant inequalities in the AG values for the struc- 
tural change of the individual diastereoisomers are 

Figure 3. Pmr spectrum (100 MHz) of a mixture of active and 
meso forms of Ni(Amp-CsHbHH)z in CDC13 solution a t  ~ 3 0 ” .  
Frequencies (cps) are the chemical shifts. 

their enantiomers, are possible. A and A are the two 

A ( + , + )  = A ( - , - )  active 
A(+ ,+)  = A ( - , - )  1 
A ( + , - )  = A ( + , - )  meso 

absolute configurations at  the metal which have been 
arbitrarily defined to possess right- and left-handed 
helicity with respect to the twofold axis (cf. Figure 2). 
I n  the event that all three dissymmetric molecular 
sites are stable on the nmr time scale of measurement, 
i t  is possible in principle to observe separate signals 
from the three diastereoisomers. As a case in point, 
consider the pmr spectrum of Ni(Amp-CaH5HH)22* 
(Amp 5 CHaCHCH,CQHs) shown in Figure 3. This 
complex is derived from the racemic condensation 
product of benzoylacetaldehyde and amphetamine and 
has S 0.85 in chloroform solution. It exists as a 
mixture of planar and tetrahedral diastereoisomers in 
rapid equilibrium. The features of interest in the 
spectrum are the splittings of the p-H and CH signals 
by 3.10 and 5.15 ppm, respectively. The origin of the 
doubled signals can be unequivocally demonstrated 
to arise from (+,+) (-,-) and (+,-) isomers by 

(34) M. J. O’Connor, R. E. Ernst, J. E. Sohoenborn, and R. H. 
Holm, J .  Amer. Chem. Soc., 90, 1744 (1968). 
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Figure 4. Pmr spectrum (100 MHz) of a mixture of active and 
meso forms of Ni(Amp-CeHsHMe)z in CDC& solution a t  -30". 
Frequencies (cps) are the chemical shifts. 

principally responsible for the large contact shift 
differences.22 Further, i t  has been concluded that the 
inequality in AG values for a given diastereoisomeric 
pair derives from a real difference in the free energies 
of the tetrahedral, paramagnetic active and meso 
forms. The stable planar forms are undoubtedly 
trans, thereby reducing to a minimum mutual inter- 
action of R groups. In  the tetrahedral form these 
groups are in close proximity, with the consequence 
that the nonbonded interactions (+)-(+) (or (-)- 
(-)) and (+)-(-) will differ to a much greater 
extent than in the planar isomers. More detailed 
considerations and demonstrations of the origin of 
contact shift differences between diastereoisomers are 
given elsewhere.2s) 33  9 3 5  

The foregoing conclusions indicate that the maximum 
contact shift resolution between diastereoisomeric bis- 
chelate nickel(I1) complexes will occur when these 
shifts are averaged over planar and tetrahedral forms. 
T o  examine further the sensitivity of the isotropic 
shift method to the detection of diastereoisomers, a 
series of salicylaldimine complexes of general type 19 
has been ~repared.~b These complexes are involved in 
equilibrium 6 and contain four asymmetric ligand 
centers introduced as two inequivalent pairs of groups R 

19 

and 3-X, so located that they can mutually interact 
in the tetrahedral stereoisomers. There are 16 possible 
combinations of asymmetric centers, of which ten are 
unique and six are diastereoisomers; these are labeled 
I-VI in Table 11. A complete tabulation of various 

(35) R. E. Ernst, M. J. O'Connor, and R. H. Holm, J. Am. Chem. 
Soc., 90, 6736 (1968). 

Table I1 
Partial Representation of the Diastereoisomers of a Complex with 

Two Inequivalent Pairs of Ligand Asymmetric Centers" 

isomer RI XI Rz XZ shift, ppm N p a  

I + + + + -23.90 0.577 
I1 + + +  - -23.35 0.569 
111 + - + - -22.98 0.560 
Iv -k + - + -27.90 0.726 

-28.17 0.734 
VI $. - - + -27.52 0.715 

Diastereo- Chemical 

V + + -  - 
a 4-H chemical shifts of Ni(3-sec-C,H9-Amp-sal)t and tetra- 

hedral mole fractions of Ni(3-sec-C~H9,5CHa-Amp-~al)~ (CDC18 
solution, -30"); data are from ref 35. 

degenerate representations of the diastereoisomers is 
given elsewhere.35 The pmr spectra of Xi(3-sec-C4Hg- 
Amp-sal)2 and its 5-CH3 variant have been analyzed 
in greatest detaiL35 The spectrum of the 4-H region 
of the former compound, prepared from racemic ligand 
components, is shown in Figure 5a. Six 4-H signals 
are clearly resolvable. The use of (+)-3-sec-butyl- 
salicylaldehyde and (+)- and (-)-amine in the ligand 
preparation has permitted the synthesis of isomers 
I and 111. Their spectra in conjunction with those of 
isomeric mixtures generated by the facile ligand ex- 
change reactions of paramagnetic nickel(I1) salicylaldi- 
mines2E#aa leads to an unambiguous assignment of each 
signal to a particular diastereoisomer.35 The assign- 
ments and the procedure by which they were obtained 
are given in Figure 5.  These same assignments extend 
to the diastereoisomers of Ni(3-sec-CkHe,5CHB-Amp- 
sal)z, whose sharp 5-CH3 sign&ls are readily followed 
over a temperature range. Each diastereoisomer is 
found to possess a characteristic temperature depend- 
ence of its isotropic shifts from which the thermody- 
namic values of the planar f tetrahedral structural 
change can be obtained with the assumption that the 
values of a5-CHa are negligibly different for the six iso- 
mem35 Chemical shift data and tetrahedral mole frac- 
tions of the isomers are given in Table I1 in order to 
indicate the sensitivity of the method. 

As a final example of the extreme sensitivity of iso- 
tropic shifts to subtle structural differences, consider 
the complexes LM(X-sal)pbmp (20, Y = CH3) derived 
from the condensation of 2,2'-diamino-6,6'-dimethyl- 
biphenyl with substituted ~alicylaldehydes.~~ The 
Schiff base ligand has the significant structural con- 
sequences of (;) disposing itself in a nearly strainless 

20 

(36) A. Chskravorty and R. H. Holm, ib id , ,  86, 3999 (1964). 
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Figure 6. Correlation of the absolute configurations of biphenyl- 
2,2'-diamines (Y = H, CHa) with those of the complexes M(X- 
sa1)zbp (Y = H) and M(X-sal)*bmp (Y = CHI) in their tetra- 
hedral forms. 

Figure 5.  Pmr spectra (60 MHz) of the 4-H region of Ni- 
(3-sec-C4Hs-Ampsal)z in CDCls solution a t  -27": (a) total 
mixture containing diastereoisomers I-VI ; (b) mixture of Ni- 
(3-sec-C4He-( - )-Amp-sal)z complexes, enriched in isomers I, 
11, and 111; (c) Ni(3-(+)-sec-C4H~-(+)-Amp-sal)~, isomer I ;  
(d) Ni(3-(+)-sec-C4H~( - )-Amp-sal)z, isomer 111; (e) equi- 
librium mixture resulting from the ligand exchange reaction 
I + I1 e 2IV; ( f )  equilibrium mixture resulting from theligand 
exchange reaction 41 + [I + I1 + 1111 4V + 4IV. Fre- 
quencies (cps) are the chemical shifts. For a more detailed rep- 
resentation of the ligand exchange reactions, consult eq 2 and 3 
and Table IV of ref 35. 

manner to form an OzNz tetrahedron; (ii) forming 
complexes resistant to racemization of the absolute 
configuration (A ,h )  a t  the metal due to the high 
activation energy (45 kcal/mole) for racemization of 
the parent diamine ; (iii) producing tetrahedral com- 
plexes of known absolute configuration because the 
chirality of the complex is necessarily that of the 
diamine. The correlation of the known absolute con- 
figurations of the diamine28v37 with those of the com- 
plexes illustrated in Figure 6 has recently been further 
confirmed by the X-ray structural determination of 
Co(sal)2-R-bmp, which has the predicted A configura- 
tion.@ The nickel(I1) complexes investigated have the 

(37) F. A. McGinn, A. K. Lazarus, M. Siegel, J. E. Ricci, and K. 

(38) L. H. Pignolet, R. P. Taylor, and W. D. Horrocks, Jr., Chem. 
Mislow, J .  Am. Chem. Soc., 80,476 (1958). 

Commun., 1443 (1968). 
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Figure 7. Complete 60-MHz pmr spectrum of a mixture of 
active and meso diastereoisomers of Ni(3-se~-C,H9,5CH~-sal)~- 
bmp in CDCla solution a t  -27". Frequencies (cps) are the 
chemical shifts. 

favorable property of Nt  = 0.06-0.15 in chloroform 
solution and contain X = 3-sec-C4Hg groups in order 
to produce the three possible tetrahedral diastereo- 
isomers specified above. The spectrum of Ni(3-sec- 
C4Hg,5-CHa-sal)zbmp, prepared from racemic ligand 
components, is shown in Figure 7. Three 5-CH3 and 
azomethine signals are well resolved. The origin of 
these signals has been proven for the closely related 
complex Ni(3-se~-C~Hg-sal)~bmp through the synthesis 
of the separate diastereoisomers, as set out in Figure 8. 
Each diastereoisomer shows a separate temperature 
dependence of its isotropic shifts. At all tempera- 
tures up to go", the upper limit of measurement, there 
is no evidence of broadening of the A(+,+)  and 
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GH3 

Figure 8. Pmr spectra (60 M H z )  of Ni(3-sec-CJI9-sal)zbmp 
in t h e  azomethine region demonstrating t h e  signal assignments 
for t h e  diastereoisomers: (a) total mix ture;  (b) N i ( 3 - ( f ) - s e c -  
C,He-sal)z-RS-bmp; ( e )  Ni(3-(  f)-sec-C4H~-sal)&-bmp; ( d )  
Ni(3-(  + )-sec-CrHg-sal)z-R-bmp. 

A(+ ,+)  signals due to the onset of the A $ A inter- 
conversion. Hence, the complexes exhibit the stereo- 
chemical integrity anticipated, a t  least up to 90". 
Because their contact shifts are decidedly non-Curie 
in behavior, equilibrium 6 obtains and structural 

rearrangment occurs without racemization at the metal. 
The interconversion sequence 21 @ 22 @ 21, for ex- 
ample, is to be contrasted with 16 * 17 $ 18, which 
invariably occurs with bis-chelate complexes and 
produces structural rearrangement and racemization. 
The complete set of thermodynamic and contact shift 
data for -nickel(II) complexes of type 20 is available 

21, A 22, "planar" 

elsewhere. 
The foregoing examples have been considered in 

order to provide at least a partial indication of the 
extreme sensitivity of isotropic shifts to subtle struc- 
tural differences and their consequent utility in the 
study of the stereochemistry and structural equilibria 
of paramagnetic metal complexes. Use of the isotropic 
shift method in the investigation of structural and 
electronic properties of transition metal complexes is 
very rapidly increasing, and it may be safely anticipated 
that significant and new applications of the method 
will be forthcoming in the near future. 

I wish to acknowledge support of a portion of the work described 
herein by the National Science Foundation and the iYationa1 Inst i -  
tutes of Health and the valuable contributions of my coworkers whose 
names are to be found in the references. 
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I n  1841 the French chemist Langlois heated a satu- 
rated solution of potassium bisulfite with elemental 
sulfur for a long time and obtained a salt which differed 
in properties from salts of sulfur acids known a t  that  
time. Unlike the expected product, thiosulfate, this 
salt did not decompose in dilute acids and gave no 
precipitate with barium salts. Analysis showed it to 
have the composition K2S306. By treating it with 
HC104, which precipitated the potassium ion as IIC104, 

Langlois obtained in solution the first polythionic acid, 
the trithionic. Langlois studied the decomposition 
of the new acid and found that upon warming it pro- 
duced sulfuric acid, sulfur dioxide, and elemental 
sulfur. 

A year later Fordos and Gelis discovered the tetra- 
thionic acid H2S406, obtained by oxidation of thiosulfate 
with iodine-a reaction now familiar to every chemist. 
They obtained crystalline sodium and barium tetra- 
thionates and from the latter, after precipitation of 
barium with sulfuric acid, solutions of tetrathionic acid. 
I ts  properties proved to be like those of Langlois' (1) Chemical Abstracts sometimes cites the author as I. V. Yanitskii, 

German sources as J. Janitzki. 


