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LIGAND ABBREVIATIONS 

b&v 2,2’-bipyridine 
2,3-bn 2,3_butanediamine 
1,3-bn 1,3_butanediamine 
2-but-tn 2-tkt-butyl- 1,3-propanediamine 
2-Cl-tn 2-chloro- 1,3-propanediamine 
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dien diethylenetriamine 
dmbn 3,3-dimethyl- 1,2_butanediamine 
dmen N, N’-dimethyl-1,2_ethanediamine 
dmpn N, N-dimethyl- 1,2_propanediamine 
dmtn 1,3-bis(methylamino)propane 
dpen 1,2-diphenyl- 1,2-ethanediamine 
en 1 ,Zethanediamine 
2-Et-tn 2-ethyl- 1,3_propanediamine 
2-Me-dmtn 1,3-bis(methylamino)-2-methylpropane 
men N-methyl- 1,2_ethanediamine 
2,2-Me,-tn 2,2-dimethyl- 1,3_propanediamine 
mpn IV’-methyl-( S)- 1 ,Zpropanediamine 
mptn 2-methyl-2,4_pentanediamine 
mtn N-methyl- 1,3_propanediamine 
2-OH-tn 2-hydroxy- 1,3-propanediamine 

Pen 1 -phenyl- 1 ,Zethanediamine 

P” 1 ,Zpropanediamine 

Ptn 2,4-pentanediamine 
tmen N, N, N’, N’-tetramethyl- 1,2_ethanediamine 
tmpn N, N, N’, N’-tetramethyl- 1 ,Zpropanediamine 
tn 1,3_propanediamine 

A. INTRODUCTION 

The early applications of NMR to the conformational analysis of tris( 1,2- 
ethanediamine) complexes [I], paramagnetic nickel(I1) complexes 121, and 
chelates in general [3] have been reviewed previously. However, since those 
reviews were published, a considerable number of papers have appeared in 
the field dealing with a larger variety of ligand types, with the use of nuclei 
other than ‘H; for example 13C, with conformational interconversion, and 
with inversion of chiral donor atoms. In this review the data from these 
papers are presented with a consistent interpretation throughout. The treat- 
ment and interpretation of the data often differ from those in the literature_ 
In some cases the published stereochemical conclusions are ill-founded; for 
others, the differences between the results quoted in this review and the 
published data arise simply from differences in the choice of parameters_ 
Some 3Jm.i values in the literature have been obtained directly from the 
spectra by a ‘first order’ analysis_ In most of these cases the compounds were 
restudied and the coupling constants obtained by a complete computer 
analysis. 

Most of the quantitative analyses for diamagnetic complexes have been 
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based on the application of vicinal coupling constants of the type, 3Jm.r, 
3JHF 3J and 3Jp,c, to the Karplus relationship, the most useful form of 
whiih f&Hconformational analysis is that given in eqns. (1) and (2) [4], where 
@ is the dihedral angle XCCY (Fig. 1). The constants, A, and A, are known 
to vary from system to system depending, for example, on the electronegativ- 
ity of substituents [5,6], but the ratio A2/A,( a), which is the ratio of the 
coupling constants for @ = 180” and Q, = 0”, is thought to be less sensitive to 
these factors [7] although it does depend on the two interacting nuclei. 

3Jxu = A, c0s’f-D 0” Ccp<90” (1) 

3Jxu = A, co&D 90” ccpc 180° (2) 

Equation (3) is a more exact relationship between the vicinal coupling 
constant and the dihedral angle with A - 4 Hz, B - - 0.5 Hz. and C - 4.5 Hz 
for X=Y=H [S], but a new set of constants A, B and C are required for each 
closely related family of compounds and this makes it difficult to apply. The 
fact that B is generally negative means that 3Jxv for Q, = 180” is larger than 
for @ = 0”, and that a is greater than 1. For 3JHH, Karplus’ valence-bond 
calculations gave A = 4.22, B = -0.5, C = 4.5 [S] which yields aHH = l_ 12. 
Gopinathan and Narasimhan [9] have compared results from three different 
MO treatments. The values of Qnu calculated from their results are as 
follows: extended Htickel theory [lo], 1.62; finite perturbation method using 
CND0/2 wavefunctions, 1.3 1; finite perturbation method using INDO 
wavefunctions, 1.44. 

?Jxv = A +Bcos~+Ccos’d, (3) 

A number of different values of aHH have been used for conformational 
analysis of chelate ring systems. Sudmeier and Blackmer [7] estimated that 

3Jmms: 3J guuc,,e is equal to 3.5, i.e. (bud = 0.875, from the observed vicinal 
coupling constants of protons in trans-2,5_dimethylpiperazine and its two 
protonated forms, in alkali metal and Ca’+ salts of propylenediamine- 
tetraacetate and in the mono-protonated form of propylenediaminetetraace- 
tate. It was assumed that the ‘tram’ protons were exclusively at 180” and the 

X 

*Y 6 
Fig. 1. Dihedral angle, XCCY, for five-membered chelate rings. 



‘gultche’ at 60” [7]. These assumptions are probably invalid because of strain 
in the molecules, and because of the presence of a number of conformations 
with different dihedral angles for the protons. Cullen et al. [1 I] have used 

a nH = 1.11 taken from work by Slessor and Tracey [ 121. Hawkins and 
Peachey [ 131 estimated (Ann to be 1.208 from an analysis of the 3Jt.n, values 
for [Co(CN),(dmbn)] - (where dmbn is 3,3-dimethyl-l ,Zbutanediamine) in 
which the tert-butyl group occupies an equatorial position_ In this review 
dealing with similar chelate ring systems, anH has been given the value 1.2. 

Various equations have also been derived for the relationship between 

3JHF and Cp by theoretical calculations [9,14] and from observed coupling 
constants [6,15]. The values of (~nr vary between 1.4 and 2.2. Cullen et al. 
[ 1 I] chose to use a value of 1.5 for the conformational analysis of some 
chelate ring systems. In this review, a value of 1.6 has been determined for 
anF (see p. 28). Although other vicinal coupling constants have been used for 
the study of chelate ring conformations, for example 3Jp,t.t, and 3Jplc, values 
of QI are not currently known. 

Proton chemical shift data have also been used for the quantitative 
conforilrational analysis of diamagnetic chelate ring systems [ 11. However, 
long-range anisotropic diamagnetic shielding of the protons by substituents 
introduces a major error into these calculations [ 131. On the other hand, for 
paramagnetic systems, where these diamagnetic shielding terms are not of 
great significance, the chemical-shift method is appropriate 121. For r3C and 
other nuclei for example, 59Co, where orbital paramagnetic effects have a 
strong influence on the chemical shift, it is possible to determine conforma- 
tional preferences from 6 values for diamagnetic systems. A number of 
examples of the use of chemical shift data is given in this review. 

This review has been restricted to include only bidentate chelates. How- 
ever, the methods of analysis described can be applied to multidentates. 

B. FIVE-MEMBERED CHELATE RINGS 

The ligands have either structures I or II. The molecular structures will be 

I It 

given by X, Y, and where necessary, by a, b, c and d. 
There are basically three types of conformations for five-membered chelate 

rings. The most common one is the puckered ring which exists in two 
enantiomeric forms, h and 6 (Fig. 2). The interconversion between these two 
structures is rapid, and proceeds via an envelope conformation [ 161. Carbo- 
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MjX z7 c -x 
-Y M-Y 9eM =;A 

A envelope 6 

Fig. 2. Puckered and envelope conformations of five-membered chclatc rings. 

xylato ligands adopt a planar conformation, as in oxalate chelates, an 
unsymmetric envelope that can also exist in two enantiomeric chiral forms 
(A and S), or a flattened puckered conformation, e.g. a-aminocarboxylates 
[ 171. For the puckered and envelope conformations substituents can be either 
axial or equatorial (Fig. 3). Conformations that have axial or equatorial 
substituents are designated by a subscript a or e, respectively, e.g. A,. 

(i) Coupling-constant method (‘J,,,) 

For.a ligand with no substituents on the ring carbons that adopts the 6 
and h puckered conformations, rapid conformational interconversion results 
in the observed vicinal couplings of the four protons being weighted averages 
of the individual couplings for the two chiralities of the conformation. 

Jac, = dJa,), + d’d~ (4) 

Ja, = 4 J,A + %( Jxh (5) 

J,,=n,(J,,),+n,(J,,), (6) 
Jbc=“h(Jbc)X+“6(Jbc)6 (7) 

Using the Karplus relationships, eqns. (1) and (2), with the dihedral angles 
from Fig. 4, and eqn. (8) 

n,+ns=l (8) 

AAcx -7 R 

he 

R 

MGX 3 
ha 

Fig. 3. Substituent orientation for puckered five-membered chelate rings. 
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Fig. 4. Conformational interconversion for five-membered chelate ‘rings. 

the three vicinal couplings can be expressed as 

Jad =nA[Alcos’(8, +q) -A, cos’(8, -cc+)] +A, cos’(8, -o8) 

J,, = J,, = n,( A, CO&+ - A, co&+) + A, CO&~ 

Jbc = n&I, cos’(0, - WA) --A,cos”(8, +q)] +Alcos”(e, +c.+) 

(9) 

(10) 

(11) 

If it is assumed that 8, = 8, = 120”, and that, for these systems where there 
is no substituent on the ring carbons, wx = oS = o, and putting A, /A, = a, 

Jad/Jac = X, and Jbc/Jnc = Y, eqns. (9)-( 11) yield the following expressions 
for 11~ 

II?_ = [xcos’o-cos’(l20-GJ)]/[ CYc0s’(120+0) -c0s’(120-Uw)] (12) 

n x= [Ycos’o-cycos2(l2o+w)]/[ cos”(l2o-~) -~cos~(l2o+w)] (13) 

As X and Y can be determined experimentally, and the value of CY is 
available, it is possible to solve eqns. (12) and (13) for n, and o. This is only 
possible for systems where the rapid X G= 6 interconversion does not make the 
four protons magnetically equivalent or where the h and 6 conformations are 
not equally populated. 

If ,b is replaced by a substituent, ox and oS may not be identical and the 
more general equation, eqn. (14) is required. 

n,=[Xcos20,-cos2(120- ~+)]/[a cos2(120+oA) - cos2(120- 06) 

- x(cosSd, - cos%dJ (14 

Values of wS and wh are required before n, can be determined_ Alternatively, 
if nh is known to be 1.0, w,, can be determined from 

[cosZ( 120 + wx)]/cosLx = x/a (15) 



(ii) Chemical-shift method 

Because the conformations interconvert rapidly, the observed chemical 
shifts of c and d are weighted averages of their values in the frozen X and S 
conformations_ If it is assumed that when c and d are axial or equatorial they 
have chemical shifts typical of the axial (S,) or equatorial (S,) orientations. 
the observed chemical shifts can be expressed by eqns. ( 16) and ( 17). 

8, =tQc + (1 -nX) 6, (16) 

8, = n,S, + (1 - nA) iSc (17) 

The observed chemical shift differences ASob” between c and d is given by 

AS Ohs = 2nA(6, - 6,) - (8, - S,) (18) 
Putting (S, - S,) = AS’“’ and rearranging, nA can be expressed as 

nx = O.S[ 1 + ASobs/ASi”‘] (19) 

If, for a diamagnetic complex, AS’“’ is known by measuring the spectrum at 
sufficiently low temperature to obtain the frozen conformation. it would be 
possible, for some systems, to determine 12~ using eqn. (19). Long range 
anisotropic shieldings prevent the use of substituents such as tert-butyl 
groups to freeze the conformation because AS”‘” for such systems depends 
on the substituent, and cannot be used as ASint for other substituents that do 
not enforce tzh = 1. However, for paramagnetic systems where isotropic 
shifts are very large compared to the shifts due to long-range anisotropic 
diamagnetic shieldings, it is possible to use a tert-butyl group to freeze a 
conformation so that AS’“’ can be determined and applied to other related 
systems [ 181. 

(a) Diamines 
Five-membered diamine chelate rings exist in the X, S puckered conforma- 

tions that interconvert rapidly. The barriers for unsubstituted chelates with 
M-N bond lengths of 200 and 230 pm have been estimated by strain-energy 
minimization calculations to be 20 and 30 kJ mol- ‘, respectively [ 161. The 
barrier has been determined by NMR methods for complexes of 
IV,iV,iV’,N’-tetramethyl-1,2_ethanediamine (p_ 21) [ 19-211. 

I,2-Ethanediamine, X = Y = NH,. Due to rapid X = S interconversion [ 161 
and the fact that nA K ns, the four CH protons become magnetically equiva- 
lent in complexes of the type [MX4(en)]“+ and trans-[MX,(en)z]“+. This 
equivalence is reflected in the Curie behaviour of the resonances for 
[Ni(OH,),(en)12+ [18,22]. However, for cis-[MX,(en),]“+ and [M(en),]“+ 
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where A = A inversion is not rapid on the NMR time-scale, rapid conforma- 
tional interconversion will not make the four CH protons equivalent even if 
the mole fractions of 6 and X conformations are the same [23]. If for, say, the 
A distribution of chelate rings (Fig. 5) the X conformation predominates, as is 
predicted to happen from energy-minimization calculations [ 16,241, the 
spectrum is weighted towards the X conformation and an AA’BB’ spectrum 
would be expected_ This has been observed for [Ru(en),12+ [25], [Rh(en),13+ 
]71, and [Co(en),13’ WI, and the vicinal coupling constants have been 
derived. From eqns. ( 12) and( 13) it is possible to calculate the mole fractions 
of the 6 and X conformations and the NCCN (0) dihedral angles [ 131. The 
results are given in Table 1. Estimates of the free energy .differences between 
the four A configurations, XXh, hX6, h&Y and 666 are also included_ These 
were obtained from eqns. (20), (21) and (22) where AG,O, AG,O and AG,O are 
the free energies of the A-Ah& A-X68 and A-688 configurations relative to the 
A-XXX configuration, and where it is assumed that the free energy change for 
each h --, 6 interconversion is constant ( AGo) except for the statistical 
entropy term. 

AG,O = AC0 - RT In 3 (20) 

AG,” = 286” - RT In 3 (21) 

AG,” = 3AG” (22) 

Although the J values and the other parameters have been determined at 
different temperatures the errors are too large to allow the determination of 
enthalpy and entropy differences. It has been predicted that, as M-N 
increases, nx will decrease and o will increase [16]. The results in Table 1 are 
consistent with this because the M-N bond lengths are about 200 [27], 205 
[28,29], and 215 pm [30] for Co(III), Rh(II1) and Ru(II), respectively. The 
results also are consistent with the proposal that the POa3- ion stabilizes the 
A-hhh configuration [31,32]. The relative free energies for the various 
configurations of A-[Co(en),13- (XXX, 0; XXS, -0.6; X86, 1.4; SSS, 6.1 kJ 
mol-’ ) are in excellent agreement with the results of Sargeson and co-workers 

A a A 

Fig. 5. Configurations of tris and cis-bis bidentate chelate rings. 
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due to the rapid A = A configurational inversion of the complex [42]. 
Approximate rates for the inversion have been calculated for aqueous 
solutions with and without 1.6 M NaCl [ 18,241 and for a Me,SO solution by 
using eqn. (23) [47] 

(23) 

where AIJ,,.,~ is the frequency separation in the absence of inversion and Avr 
is the observed frequency separation at temperature T, both expressed in Hz. 
From these rates, the enthalpies and entropies of activation have been 
calculated from a plot of -R ln( k,h/kT) against T -’ according to the 
Eyring equation 

-R ln(k,h/kT) =AHTT-’ -AS- (24) 

The data obtained are as follows: in water, AC t (374 K), 65.7 kJ mol - I [42]; 
in 1.6M NaCl, AH F 48.1 k6.2 kJ mol-‘. AS* -41.2 * 17.3 JK-’ mol-‘, 
AG’ (374 K) 63.5 kJ mol -I: in Me,SO. AH ‘F 50.3 I+ 6.0 kJ mol -I_ AS L 
-41.3-l- 15.9 JK-’ mol-‘, AG’ (374K) 65.7 kJ mol-’ [18]. The agreement 
between the results from aqueous and Me,SO solutions is excellent and 
indicates that the same mechanism is occurring in both solvents, and that the 
solvent does not play a dominant role in the formation of the activated 
complex, consistent with the non-bond-rupture twist mechanism which is 
also supported by the large negative entropy of activation [48,4?]. 

(R)-3,3-Dinleth~l-j,L-butanediomine, X = Y = NH,, b = C(CH,),. Strain- 
energy minimization calculations have shown that. in octahedral complexes 
with M-N bond lengths of about 200 pm, 3,3-dimethyl-1,Zbutanediamine 
forms chelate rings with the tert-butyl group exclusively in the equatorial 
orientation: the axial conformer is more than 12 kJ mol-’ higher in energy 
[50]. The high degree of stereoselectivity was confirmed by the strict ob- 
servance of Curie behaviour by the three C-‘H resonances in the mono 
Ni(I1) complex [18]. Two of these reson&ces in the ‘H NMR spectrum of 
[Ni(OH,),(dmbn)12’ are for the CH-CH, fragment corresponding to the 
equatorial [IH, ais (300 K) 171.41 and axial [2 H, ai”” (300 K) 11.81 protons. 
For the tris Ni(I1) complex [Ni(dmbn),]‘+, the equatorial protons are 
observed to resonate at 6’” (301.5 K) 169.2 (cf. 6iso (30 1.5 K) 170.9 for 
[Ni(OH,),(dmbn)]‘+) but the resonance for the axial protons is hidden 
under the C(CH,), peak [ !8]. Because of the similarity in the positions of the 
equatorial resonances for the mono and tris complexes, it has been assumed 
that (8, - 8,) is the same for the two complexes [ 181. Further, since the 
chelate rings have ne = 1, (6, - 6,) has been equated to AS’“’ for the Ni(II) 
complexes with primary diamines. At 300 K the value is A8inr 159.6 [ 181. 

Zamaraev et al. [41] have proposed that a Karplus-type equation (eqn. 25) 
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could be applied to the proton contact shifts of diamine chelate rings to 
estimate the degree of ring p-ucker 

A, = B, + B, co&D, (25) 
where Ai is the hyperfine coupling constant, B, and B, are constants, and Q, 
is the dihedral angle between the NiNC and NCH planes. Experimental 
evidence for radicals with rigid geometries has led to the conclusion that B, 
is much iess than B, [51]. This allows the approximation 

A, = B, COS’@~ (26) 

and the formulation of the equation 
sp/,;t,o = cos’( 120 - Q)/cos’( 120 + (a) (27) 

where @ is defined in Fig. 6. From the above values of the isotropic shifts, 0 
is calculated to be 44” [ 181 which is in good agreement with the value of 42O 
found in the solid state for [Ni(en),](MeCO,). - 2 HZ0 [52]. 

The vicinal coupling constants 3Jnn (Table 2) for [Co(CN),(dmbn)] - have 
been used to determine (Y, the ratio of the Karplus coefficients A, and A, 
(eqns. 1 and 2) [ 131. The (R) configuration of the ligand has the tert-butyl 
group equatorial in the A conformation of the chelate ring, and, because this 
conformation is exclusively populated for octahedral complexes, i.e_ n, = tzA 
= 1, CY can be calculated from eqn. (15). A value of 55” was chosen for ox 
based on results of strain-energy minimization calculations [50]. The re- 
sultant value of cy, 1.2, lies within the range calculated by Karplus and others 
(see p. 3), and is very similar to a value previously determined for similar 
organic compounds [53]. 

For [Mo(CO),(dmbn)] where MO-N is about 230 pm based on the values 
found by X-ray analysis for [Mo(CO),(dien)] [54], the non-bonded interac- 
tions between the tert-butyl group in an axial orientation and other atoms in 
the molecule (especially the apical ligands) are considerably reduced over 
those experienced in ]Co(CN),(dmbn)]- where M-N is about 200 pm and 
the interacting groups are closer together. For the longer M-N bond length, 

Fig. 6. Dihedral angle, MXCC, for five-membered chelate rings. 
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ox should be larger [16]. A value of 60.4” was determined for 
[Mo(CO),(tmpn)] which has n, = 110. Strain-energy calculations suggest o8 
is 2.5” less than oh_ If these angles are used for [Mo(CO),(dmbn)] in eqn. 
( 14) with X = 12.22/2.99 or 4.02, 11, is 0.8 [13]. If, however, the o value 
appropriate for dmbn differs from that for the tmpn system because the 
tmpn has different intra-ligand interactions, and it is assumed that 12, is in 
fact 1. then o can be calculated from eqn. (15) to be 57”. An X-ray structure 
of a simple bidentate diamine molybdenum(O) complex would facilitate an 
evaluation of these two alternatives_ 

The ‘H NMR spectra of the square-planar complexes, [Pt(NH3)2- 
(dmbn)]‘+ and [Pt(bipy)(dmbn)]‘+ , have been analysed [55], and the cou- 
pling constants are given in Table2. If w is given the value 52.5” determined 
from [Pt(bipy)(men)]‘+ , II, is calculated to be l_ 16 * 0.07, and 1.27 f. 0.02. 
respectively_ A value of 56” is required for o to reduce tz, to 1.0. This 
suggests that the puckering of the chelate ring for dmbn complexes is greater 
than for other diamines, possibly due to the need to minimize unfavourable 
repulsions between the bulky tert-butyl group and other atoms in the 
chelate. For the cobalt complexes it was also found necessary to use a larger 
value of o for the dmbn complexes. 

The conclusion that tz, is approximately 1.0 for the square-planar Pt(II) 
complexes is supported by the 3Jptu coupling constants_ One proton has a 
very large value for 3Jpcu, 82.1 Hz, consistent with an equatorial orientation 
with a dihedral angle approaching 180° (probably in the range 160- 170”) 
[55]. The other two ring protons are axial in the X, conformation and the 
PtNCH, dihedral angle is close to 90”. thus making 3JplH, very small. For the 
1,2_ethanediamine complexes of Pt(II), [Pt(NH,),(en)]“+ , [Pt(en)J’+ , 
[Pt(bipyj(en)]‘+, [Pt(dpen)(en)lzi, in which the 3JplH values for the ring 
protons would be the average for the axial and equatorial protons the values 
obtained for 3JplH are 41.5 [59], 41 [59], 40 [57], and 38.8 [60], respectively. If 

3JPl” is close to 0, 3JpcH would be approximately 80 Hz [57], the value 
obtained for the dmbn cocmplexes. 

(R)-i,2-Propane&amine, X = Y = NH,, b = CH,. For the paramagnetic 
mono Ni(iI) complex, [Ni(OH,),(pn)12+ the ‘H NMR spectrum at 329.2 K 
has three peaks at a’= 18.0, 21 .O, and 148.3 with an intensity ratio of 3 : 2: 1 

[ 181. These have been assigned to the methyl group, the C-H protons that 
are largely axial (Fig.4, a and d), and the C-H proton that is. largely 
equatorial (Fig. 4~). The methyl group prefers the equatorial orientation. The 
observed separation of the resonances for the CH-CH, fragment, 127.3 
ppm, is less than that observed for the dmbn complex because the axial 
conformation, 8, is populated. The mole fraction of the X conformation at 
300 K in aqueous solution calculated from eqn. (19) is 0.95. The resonances 
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for the ‘equatorial’ and ‘axial’ protons showed negative and positive devia- 
tions from Curie Law, respectively, consistent with an increased population 
of the 8 conformation at higher temperature. Analysis of the temperature 
dependence of ASobs gave AH 8.1 2 0.3 kJ mol-’ and AS + 2.0 2 0.7 JK-’ 
mol-‘, with AG (300 K) 7.5 2 0.5 kJ mol-’ [ 181. 

For the diamagnetic (R)-1,Zpropanediamine complexes, the mole frac- 
tion of X, conformation can be determined from eqn. (14). Values for ox and 
wS are required for this calculation. For the cobalt(II1) octahedral complexes, 
wx was taken to be 5 1”. This value was based on the value of 5 1.1 o 
determined by X-ray analysis for [Co(NH,),(pn)](S,O,),., [61], on the aver- 
age value fo 51.7O for the Co(en) chelate ring from the X-ray analysis of tris 
complexes, (see above) and from the values of 50.2” and 50.4” determined 
from the analysis of the coupling constants for [Co(NH,),(tnen)J3+ and 

[WCNMmen)l- [6 I]. Conformational-energy minimization calculations 
show that the & chelate ring is slightly flattened due to the unfavourable 
non-bonded interactions of the axial methyl group in an octahedral complex 
and that the value of w is about 2.5O less than for the equatorial conforma- 
tion [3]. For the square-planar Pt(I1) and Pd(I1) diamine complexes where 
M-N is about 204 pm the average value of w determined by X-ray analysis 
is about 52” (Table 3). Analysis of the coupling constants of 
[ Pt( bipy)( men)] z+ yields a value of 52.5O for o 1611. Energy-minimization 
calculations for the square-planar complexes conclude that the o values for 
the axial and equatorial conformations are the same. In the absence of a 
crystal structure of a simple molybdenum(O) diamine complex or other 
evidence, wx was assumed to be 57O, the value found for [Mo(CO),(dmbn)] 
with nc= 1.0 and ws was given a value 2.5” less. Using the above values of 
w,, and oS for the (R)-pn complexes of Co(III), Pt(II), Pd(II), and MO(O), 12~ 
has been calculated from eqn. (14) and presented in Table 2. 

For the octahedral Co(II1) complexes, the A, conformation is almost 
exclusively populated as had been found for the paramagnetic Ni(I1) com- 
plex, but in the square-planar complexes and in the octahedral complexes 
with long M-N bonds, nx is only of the order of 0.6-0.7. The conclusion 
that in the latter complexes the axial conformation is significantly populated 
is supported by the values of 3JplH, 3Jpt,-, and 6(13CH3). For the Pt(dmbn) 
complexes where ne is 1.0, 3JprH is found to be about 82 Hz [55]. For 

~~WH,),(pn)l ‘+, the ring proton which is predominantly equatorial has a 
P,H value of 64 Hz and the axial proton about 10 Hz [60], consistent with 

approximately 20% population of the axial conformer. 
The 3Jp,c values for the methyl group in the (nzeso-2,3-butane- 

diamine)platinum(II) complexes, [Pt(NH3)2( rpzeso-2,3 - bn)]‘+ and 
[Pt(bipy)( me.s+2,3-bn)]2+, which are found to be 27.3 [69] and 26 Hz [57], 
respectively, are the average values for the axial and equatorial methyls. The 
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TABLE 3 

Structural parameters for square-planar Pt(I1) and Pd(l1) complexes of diamines with bond 
lengths in pm and angles in deg 

Complex M-N rl NMN w @” MNCCH, Ref. 

[ Pd(en), ICI z 
[Pt(en),]tart 

[I%{(R)-pn)JCI1-2 H,O 

[ PdCl?( rwro-2.3-bn)] 

203.7 83.6 54.2 41.0 
204.2 83.6 52.1 38.8 
204.4 82.2 53.3 41.5 
205.5 82.9 52 
204.5 82.9 50 
204.5 80.9 49 
204.5 83.6 52 
202.9 83.6 53.3 41.1 

[I’:(( R )-pn)(dmen)][Sbz- 206.0 81.9 50.3 31.2 
tart?]-2 Hz0 205.5 84.2 53.8 41.5 

[Pt(NH,)l(mpn)][Sb,tartz]*HzO 204 84.1 51.4 39.2 
[Pt(mpn)Cl,l 202.1 83.1 51.4 39.6 
Average 204.3 83.1 51.9 40.0 

62 
63 

17Neq) 
87( ax) 

1 Wed 

64 

93(ax) 
162.0(eq) 
78.5(ax) 

173.2 

65 

66 

169.5 
159.8 
167_1(eq) 
86_2(ax) 

67 
68 

J Average value for each chelate ring. 

related complexes with the racemic isomer of 2,3-butanediamine have 3Jp,c 
values of 49.8 [69] and 51 Hz [57], respectively_ In these complexes the 
chelate ring is largely in the di-equatorial conformation. For [Pt(bipy)(pn)]‘+ 
and [Pt(NH3),(pn)]zi the 3Jp,c values are 38 Hz [57,67], approximately 
midway between the values for the meso- and racemic-2,3-butanediamine 
complexes, again consistent with a mole fraction of the order of 0.25 for the 
axial conformation. The r3C chemical shifts for the CH, group for the 
1 ,Zpropanediamine complexes are also approximately midway between the 
values for the MZSO- and raceinic-2,3-butanediamine complexes. For the 
[Pt(bipy)(diamine)]‘+ complexes, the 6 values are 17.05, 14.40 and 18.44, 
respectively [57], and for [Pt(NH,),(diamine)12+, 16.8 [67j, 13.8 and 18,O 

1691, respectively. The circular dichroism spectra of (1,2- 
propanediamine)platinum(II) complexes are consistent with the axial confor- 
mation being present with a mole fraction of about 0.25 [70]. Finally, one 
chelate ring in [Pt{( R)-pn},]Cl, - 2 H,O has been shown by X-ray analysis 
to have an axial methyl [64]. 

(R)-I-Phenyi-I,2_ethanediamine, X = Y = NH,, b = C,H,. Strain-energy 
minimization calculations of phenylcyclohexane and related compounds 
have shown that the most favoured conformation has the phenyl group in an 
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equatorial-parallel orientation (Fig. 7) and this is 15.3 kJ mol- ’ more stable 
than the axial-perpendicular structure, the more favoured of the two axial 
conformations [71]. The terms ‘parallel’ and ‘perpendicular’ relate to the 
aromatic plane with respect to the C-H bond for the proton geminal to the 
phenyl. 

From Dreiding models of the I-phenyl-l.2-ethanediamine chelate ring. it 

can be seen that in the equatorial-parallel orientation the phenyl group’s 
non-bonded interactions with the rest of the molecule are significantly less 
than in the equatorial-perpendicular orieutation and the two axial structures_ 
The axial-parallel conformation is destabilized by an interaction between 
one or&-hydrogen of the phenyl and the metal ion, whereas the axial- 
perpendicular conformation is destabilized by the interactions of one or.flro- 
hydrogen and its adjacent N-H,, and the other o&o-hydrogen with its 
adjacent C-H,,. The adoption of an unsymmetric conformation with Cl 
closer to the NMN plane than C2 would markedly relieve the interaction for 
the axial-parallel structure but not the axial-perpendicular structure. and 
from Dreiding models it would appear that this unsymmetric chelate confor- 
mation would make the axial-parallel conformation more stable than axiai- 
perpendicular conformation for square-planar structures. However. in oc- 
tahedral complexes the axial-parallel structure is markedly destabilized by an 
interaction between an o&o-hydrogen of the phenyl and an apical ligand. 
even when the chelate ring adopts the above unsymmetric structure. 

Results of conformational analyses by ‘H NMR of complexes of ( R)-l- 
phenyl- 1,2-ethanediamine are summarized in Table 2. For the square-planar 
Pt(I1) complex, [Pt(pen)? I’+, the equatorial conformation predominates but 
there is still a significant population (jz, = 0.16) of the axial conformer. This 

I 

ia) (b) 

I (cl 1 (d) 

Fig. 7. Conformations of (R)-I-phenyl-1,2-ethanediamine: (a) equatorial-parallel: (b) equa- 
torial-perpendicular; (c) axial-parallel; (d) axial-perpendicular [58] (reproduced with permis- 
sion from Aust. J. Chem.). 
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is also true for the octahedral MO(O) complex in which the long metal-ligand 
bonds reduce the repulsions between the axial phenyl and the apical ligand. 
For the octahedral Co(II1) complexes the equatorial conformation is exclu- 
sively populated. 

N-Methyl-1,2_ethanediamine X = NHCH,, Y = NH,. When the coordinated 
secondary amine group has the (S) configuration, the h conformation has 
the methyl group equatorial. The ‘H NMR spectrum of [Ni(OH,),(men)12’ 
in water has four peaks, which at 300 K are positioned at siso 59.2 (2H), 
125.4, 133.9 and 140.6, and which have been assigned to the two axial 
protons, the equatorial proton adjacent to the primary amine group, the 
methyl resonance, and the equatorial proton adjacent to the secondary 

amine [ 181. The conformer populations were calculated by eqn. (19) to be n, 
0.71, 12, 0.29 [ 181. A variable temperature_ study of the chemical shifts gave 
AH 2.1 +O.l kJ mol-’ and AS -0.3?0.3 JK-’ mol-’ [18]. Above 340K in 
dimethyl sulfoxide, peaks for the axial and equatorial C-H resonances for 
[Ni(Me,SO).(men)]” converge at a greater rate than expected from confor- 
mational equilibrium until at 380 K the protons are completely averaged_ 
Above this temperature, averagecI peaks are observed for the two sets of 
protons. The averaging of the peaks is due to the inversion of the coordi- 
nated secondary nitrogen, and an approximate value for the rate of inversion 
has been calculated to be 6.4 X lo3 s-’ from eqn. (23) [18]. 

For the above calculations of the conformer populations, the ASobS value 
was taken from the S values for the CH,NH, protons and used in conjunc- 
tion with A,‘“’ from the dmbn system_ Using these results and ASobS for the 
CH,NHCH, protons it was possible to calculate AS’“’ for the secondary 
amine group. This yielded A.6’“’ 196.2 at 300 K for aqueous solutions [ 181. In 
methanol and dimethyl sulfoxide the values were 207.4 and 212.2, respec- 
tively [ 181. 

For diamagnetic complexes, 3Jun values for the CH,CH, grouping can be 
Iutilized in conjunction with eqns. (12) and (13) to give values for o and the 
mole fractions of the equatorial and axial conformations. Strain-energy 
minimization calculations show that for both square-planar and octahedral 
complexes of this ligand, the or and wa values are the same [50]. 

Coupling constants and calculated values of nx and w are given in Table4 
for [Co(NH3),(men)13’, [Co(CN),(men)]- , and [Pt(bipy)(men)]‘+ _ The 
population of the equatorial conformation for the men chelate is very 
dependent on the other ligands present, especially in the same plane as the 
men chelate. From Dreiding models it can be seen that for the (2,2’-bipyri- 
dine)platinum(II) complex the protons in the 6 and 6’ positions of the 
aromatic ligand interact severely with the equatorially-oriented N-CH, 
group. From the 3Jm_, values, one conformer was found to. be exclusively 
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populated. Because of the above unfavourable interaction of the equatorial 
N-CH,, it has been concluded that the preferred conformer has the N-CH, 
group axial [61]. For the corresponding diammine complex where this 
interaction is absent it has been estimated from a circular dichroism study 
that IT, is 0.58 [67]. 

1V,IV’-Din?etl~~l-I,2-ell?arrediu~?~i~~e, X = Y = NHCH,. Chelates of N, N’-di- 
methyl- 1 ,Zethanediamine have both nitrogens asymmetric which gives rise 
to a racemic and a r>ze.so form as shown in Fig. 8. In the racemic form, the 
two methyl groups are either both axial or both equatorial, whereas in the 
t?zeso form both conformations have one equatorial and one axial methyl 
group. 

In water at 301.5 K, the paramagnetic [Ni(OH2),(dmen)12+ has five peaks 
in its ‘H NMR spectrum at S 40.0, 86.7, 129.1, 133.8, and 156.3 with the 
broad peak at 6 86.7 consisting of two poorly resolved peaks. These have 
been assigned to the axial methylene protons for the racemic ligand, the four 
methylene protons of the nzeso ligand. the meso ligand’s methyl protons, the 
racemic ligand’s methyl protons, and the equatorial methylene protons for 
the racemic ligand, respectively [ 18,221. At 301.5 K the ratio of the total areas 
of the methylene peaks for the racemic and meso isomers was 1.3 : l_ From 
eqn. (1911, frx was calculated to be 0.80 and from a temperature dependence 
study of the chemical shifts, AH was calculated to be 2.2 -C 0.1 kJ mol- ’ and 
AS - 3.9 * 0.2 JK- ’ mol-’ [ 181. Values were also obtained for methanol and 
dimethyl sulfoxide solutions of the complex [ 181. 

In dimethyl sulfoxide above 360 K the methyl resonances, and also the 
methylene resonances were averaged due to inversion of the coordinated 
nitrogens. The rate of inversion was calculated from eqn. (23) at the 
coalescence temperature of 370 K to be 9.0 X lo3 s- ’ [ 181. 

Based on )I~ for the racemic isomer and the racemic: nreso isomer ratio, 
the relative populations have been calculated for the conformations with two 

Fig. 8. Chelate rings for N. N’-dimethyl-l,2-ethanediamine [ 181 (reproduced with permission 
from Acta Chem. Stand.). 
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equatorial methyls, one equatorial and one axial methyl, and two axial 
methyls. The ratios at 300 K were calculated to be 1 :0.96 : 0.25 in water. 
1: 0.56 : 0.22 in methanol, and 1: 0.72 : 0.22 in dimethyl sulfoxide [ 181. Taking 
into account the probability entropy term favouring the tneso equatorial-axial 
configuration relative to the di-equatorial configuration, these results show 
that the energy difference between an axial and an equatorial N-methyl 
group for dmen does not differ markedly from the corresponding energy for 
the men complex. 

The racemic: nzeso ratios for a number of diamagnetic complexes of dmen 
have been estimated from the ‘H NMR spectra by determining the relative 
band areas for specific resonances for the two isomers: [Pt(NH,)2L]” 

2+ 1.0: 1 [72]; [Pd(NH,),L] , _ 1 0: 1 [73]; [Mo(CO),L], 1.5: 1 [74]. Other values 
are in the literature [72,73] but it is not certain which of the two isomers 
predominates. For [ M( bipy)( dmen)] ‘+ one isomer clearly predominates with 
a ratio of 2: 1 for Pt(II) [72] and 4: 1 for Pd(II) [73]. Based on the severe 
interaction between an equatorial N-CH, group and the 6 and 6’ protons of 
the 2,2’-bipyridine, which was discussed above for the men complex, the 
diaxial racemic isomer is likely to predominate for these complexes. 

N,N,N’,N’-Tetrumethyl-1,2-ethanediamine, X = Y = N(CH,),. The S and X 
conformations of N, N, N’, N’-tetramethyl-1,Zethanediamine chelate rings 
are equally populated. However, they are of particular conformational 
interest because their barrier to ring inversion is sufficiently high to allow the 
inversion to be frozen out at low temperature_ Slow exchange ‘H NMR 
spectra have been reported for the tetrahedral complexes [Co(NO),(tmen)]+ 
and [ZnCl,( tmen)] [20], f or the eight-coordinate complex [Pr([ ‘Hg ]fod),( t- 
men)].[21], and for the octahedral complexes [Cr(CO),(tmen)], [Mo(CO),(t- 
men)] and [W(CO),( tmen)] [ 19,751. Approximate values of the barriers for 
conformational interconversion were estimated by the coalescence tempera- 
ture method [76] to be 37 kJ mol- ’ ( 183 K) for the tetrahedral complexes 
[20], and 42 kJ mol-’ (235 K) for the praseodymium complex [21]. A 
band-shape analysis has been reported for the low temperature 67.89 MHz 
r3C spectra for the three octahedral complexes. The activation parameters 
for theSeX inversion are as follows: AH+ , Cr 39.4 2 1.2, MO 41.5 -C 1.9, W 
38.0 * 0.8 kJ mol-‘; AS*, Cr, 5.7k6.2, MO 8.9k9.1, W -4.4-3.8 JK-’ 
mol-‘; and AG’ (300K), Cr 37.7k3.1, MO 38.8 k3.7, W 39.3 * 1.9 kJ 
mol-* [19]. 

N’-methyl-(S)-I,2-propanediamine, X = NH,, Y = NHCH,, a = CH,. There 
are two diastereoisomers of chelated N ‘-methyl-( S)- 1,Zpropanediamine with 
the coordinated secondary amine possessing the (R) or (S) configuration 
(Fig. 9). Bosnich and Sullivan [77] used the relative intensities of the N-CH, 
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I N(R) isomer II 

C’ III N(S) E.Omer Ip 

Fig. 9. The four possible conformers of [Pt(NH,),(mpn)]” [67] (reproduced with permission 
from Bull. Chem. Sot. Jpn.). 

‘H NMR resonances for the two isomers in a number of Pt(I1) complexes to 
determine the relative populations of the isomers_ For the diammine, ethyl- 
enediamine and acetylacetonato complexes the ratios were approximately 
equal to I. However, for the l,lO-phenanthroline complex only one N-CH, 
and also one C-CH, resonance were observed, consistent with one isomer 
having a mole fraction in excess of 0.9. The authors concluded that since the 
equatorial N-CH, group interacts unfavourably with the 2 and 9 protons of 
the I,lO-phenanthroline, the predominant isomer is most likely to have the 
(S) configuration for the nitrogen (isomer (III) Fig. 9) [77]. The alternative 
isomer with an axial N-CH, group has the C-CH, axial. This structure is 
destabilized by the 1,3-diaxial interactions of the methyl groups. 

The relative populations of the 6 and X conformations for each di- 
astereoisomer have been studied for the diammine complex [67]. Nakayama 
et al. [67] measured the 3JPlc values for the C-CH, group: (R)-N configura- 
tion 43 Hz and (S)-N configuration 35 Hz. Using the values of Erickson et 
al. !57] of 50 Hz for an equatorial CH, and 0 Hz for an axial CH,, values of 
0.86 and 0.70, respectively, were calculated for ne for the two isomers [67]. 

N’,Nt -Dimethyl-(R)-I,2_propanediamine, X = NH?, Y = N(CH,)?, b = CH,. 
Erickson et al. [57] noted that the 3JP,c value for the C-13CH, group in 
[Pt(bipy)( N’, N’-( R)-dmpn)]'+ , 43 Hz, was larger than for the analogous 
(R)-pn complex suggesting a larger nh value. The 3JHH values determined by 
these authors for the CH,CH group of the diamine give n, 0.93 (Table2). In 
the 6 conformation there is an unfavourable 1,3-diaxial interaction between 
one N-CH, and the C,CH, group. 
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N’,N’-Dimethyl-(R)-I,2-propanediumine, X = N(CH,),, Y = NH,. b = CH,. 
The gauche relationship between the equatorial C-CH, group and the two 
N-CH, groups in the X conformation of chelated NV’, N’-dimethyl-( R)- 1,2- 
propanediamine would destabilize this conformation with respect to the S 
conformation_ In square-planar_ complexes such as [Pt(bipy)( N ‘, ZV ‘-( R )- 

dmpn)12+, the NMR data are consistent with the & conformation being the 
dominant conformation_ The 3Jr.r,, values for the CH,CH group of the 
diamine give nh 0.22 (Table2). The coupling between ‘95Pt and C--13CH3 is 
small (20 Hz [57]). As the PtNCCH, dihedral angle is approximately 90” in 
the axial conformation (Table3), the 3Jp,c value is expected to be small if 
this conformation is more populated than the equatorial conformation. 

N,N,N’,N’-Tetrantetllyi-(R)-I,Z-propanediunline, X = Y = Ri(CH,),. b = CH,. 
When the ‘H NMR spectra of [Mo(CO),{( R)-tmpn}] and [Cr(CO),{( R)- 
tmpn}] were measured in acetone down to 173 K, no changes were observed 
that would have been attributed to the freezing out of the conformational 
interconversion [ 133, whereas the related N, N, N’N’-tetramethyl- 1 ,Zethane- 
diamine complexes exhibited spectra of the frozen conformations at temper- 
atures of about 188 K [19]. This probably results from the fact that one 
conformation is not sufficiently populated to give rise to line broadening. 
The 6 conformation is destabilized by 1,3-diaxial interactions between the 
C-CH, and one N-CH, group, and by interactions between the axial 
C-CH, group and an apical carbonyl Iigand. If it is assumed that u,, is 1.0, 
the observed 3J,.m values for the CHCH 1 group give the following values for 
wx: Cr(0) in pyridine and acetone, 59.1”; MO(O) in pyridine, 60.5”; MO(O) in 
acetone, 60.2“ (Table 2). 

(6) Amino alcohols 
Amino alcohol chelate rings can exist in X and 6 conformations. The main 

difference between these chelates and the diamines is that the M-O bond is 
about 10 pm shorter than the M-N bond [78]. An axial substituent on the 
carbon adjacent to the oxygen would interact more strongly with apical 
ligands in an octahedral complex than if the substitution was at the carbon 
adjacent to the nitrogen. This is borne out by the results of the conforma- 
tional analyses of a series of Co(II1) complexes by the ‘JJHH method [79]. A 
value of 53” was determined for wh from eqn. (15) using the observed 
coupling constants for [Co(NH,),{( R)-Bu’CH(OH)CH~NH~}]~+ and as- 
suming nh is 1.0. Using this value for ox, values of 1.0 were also obtained for 
other ligands with the (R)-configuration with substitution at the carbon 
adjacent to the oxygen. Methyl or ethyl substitution at the carbon adjacent 
to the. nitrogen, on the other hand, did not enforce the equatorial conforma- 
tion. The data are collected in Table5. 
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TABLE 5 

Coupling constants (Hz) and values of nx for tetraamminecobalt(II1) complexes of amino 
alcohols with the (R) absolute configuration (791 

Amino alcohol & J UC J cd 

MeCH(NH,)CH,OH 12.01 5.73 - 11.14 0.63 “0.02 
EtCH(NH,)CH,OH 11.47 5.38 - 10.78 0.642 0.02 
MeCH(OH)CH2NH, 12.01 3.59 - 13.36 1.00 2 0.08 
PhCH(OH)CH,NH, 12.46 3.68 - 13.39 1 .oo * 0.08 
PhCH(O)CH,NH, 11.95 3.53 - 11.94 1 .OO 2 0.08 
Bu’CH(OH)CH,NH, 12.74 3.91 - 13.05 1 .oo 

For the complex [Ni(OH,),(NH,CH,CH,OCI-I,)]‘+‘ the axial and equa- 
torial orientations of the OCH, group are equally populated as the NCHl 
protons give a sharp single line with approximately the same contact shift as 
the unsubstituted ligand [SO]. The OCH, protons are not degenerate due to 
the asymmetry at the oxygen. From the separation of the OCH, resonances 
it was concluded that the rate of inversion at the oxygen for this complex is 
slow (< 300 s- ‘)_ For the unsubstituted ligand the inversion at the oxygen 
was found to be considerably faster (> 6400 s- ’ ) due to an intermolecular 
proton exchange reaction involving hydrogen-bonded water molecules [80]. 

(c) Atnitto acids 
Strain-energy minimization calculations of chelate rings formed by (Y- 

amino acids have shown that, in contrast to the X-CH,CH,-Y systems, 
there are not simply two conformations of opposite chirality with well 
defined minima separated by a significant barrier to conformational inter- 
conversion, but instead a range of chiral envelope (Fig. 10) and planar 
structures which occupy a shallow energy minimum in the conformational 
energy surface [ 171. Because of this, it is only possible to discuss conforma- 
tional preferences in terms of ranges of conformations_ Reviews of some 
paramagnetic [2] and diamagnetic [3] systems have been published previ- 
ously. Since then, Erickson and his coworkers have published a series of 
papers on some Pt(I1) complexes with N- and C-substituted amino acids in 
which coupling constant data are analysed in terms of conformational 
preferences [81-831. Their analyses were based on a comparison of the 
observed 3Jr,n (NHCH), 3Jr,ln,.4.Jr,~n, and 3Jplc values with those calculated 
for the different conformational types. The lack of a CH,CH, grouping in 
the chelate rings prevents the application of the 3JHH method of analysis 
which was used for the diamine and amino alcohol svstems. 
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Fig. 10. Chiral envelope conformation of a-amino acid chelate rings [3] (reproduced with 
permission from Wiley-Interscience). 

Some of the conclusic_ls reached are as follows. In [PtCl,(sar)] - the 
N-CH, group has a slight preference for the axial orientation. In contrast, 
the C-CH, in [PtCl,(ala)] - prefers the equatorial orientation. These prefer- 
ences are again found in the cis-N-methylalaninato complex [PtCl,( cis- 
mala)] -, but in the frarzs-N-methylalaninato complex both methyls prefer 
the axial orientation. The guuclze orientation of the N-CH, and C-CH, 
groups has unfavourable steric interactions, which are absent in the di-axial 
structure, leading to an 8: 1 ratio for the frc~tzs: cis isomers. 

(a’) Diat-senes 

I - Trintethylsilyl- I,2 - bis(dinleth~dar-seno)ethune, X = Y = As( CH,), , b = 
Si(CH,),. The large trimethylsilyl group has been assumed by Cullen et al. 
to adopt the equatorial orientation in tetracarbonyl complexes of the group 
VIB metals Cr, MO and W with the l&and, 1 -trimethylsilyl- 1.2- 
bis(dimethylarseno)ethane [ 1.1,84,85]. The 1;3-diaxial interactions between 
the trimethylsilyl and the As-CH 3 groups are obviously severe from an 
inspection of Dreiding models and, in addition, the axial orientation of the 
trimethylsilyl group is destabilized by interactions with the apical CO ligand. 

If it is assumed that n, is equal to 1.0, o, can be calculated from eqn. ( 15). 
The coupling constant data and the w values are in Table6. The coupling 
constants do not vary significantly over the temperature range 307-363 K 
and are insensitive to solvent. The values of w calculated for the Cr, MO and 
W complexes. are 5 1.8 * 0.8, 54.5 * OS, and 54.3 * 0.1 respectively. X-ray 
analysis of some Cr(0) and MO(O) tetracarbonyl complexes of fluorine 
substituted 1,2-bis(dimethylarseno) ethanes found values of w of about 50°, 
with Cr-As = 243 pm arid MO-AS = 258 pm [86]. The individual values of w 
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TABLE 6 

Coupling constants (Hz) and conformational parameters for complexes of substituted 1,2- 

bis(dimethylarseno)ethanes 

Complex Solvent J nd JX Jcd w MegI ‘1, 

(u) a, is assumed to be 1.0 

(i) I-trimethylsilyl 

Kr(CWaLl J C,H,NO, 15.9 5.2 

C,H, 15.9 5.1 

CHCl, 16.1 5.2 

CH,C12 15.9 5.3 

(CD, ),CO 16.1 5.0 

C,H, 15.7 4.5 
CHCl, 15.9 4.5 

(CD, )aCO 16.0 4.4 

GH, 15.9 4.5 
CHCl, 16.0 4.6 

(CD, )PJ 16.0 4.5 

]Mo(CO), Ll h 

PWCO), Ll h 

(ii) 1-trichlorosilyl 
[Cr(CO), L] D C,Htl 15.5 4.8 

CHCI, 15.4 5.3 
CH,Cl, 15.5 5.2 

(6) Using average w values from (u) c 

(i) l-cyan0 

]Cr(CD),Ll J CHCl, 
CH,Cl, 

(CD,),CO 
C,H,NO, d 

[Mo(CO), L] h CHCI, 

(CD, )JO 

W(CO), Ll b CHCl, 

(CD, ),CO 
(ii) I-chloro 

[Cr(C% Ll ’ C,H, 
CHCI, 

CH,CI, 

(CD, ),CO 
C,H,NO, 

il.4 5.8 
11.1 6.0 
10.2 6.1 
10.2 6.1 
10.1 5.4 

10.1 5.4 

11.8 5.4 
9.8 5.7 

7.5 5.2 
7.2 4.8 
7.2 4.9 

6.5 4.8 
6.7 5.0 

- 12.7 
- 12.7 

- 12.8 
- 12.8 

- 12.8 

- 13.0 
- 13.0 

- 12.9 

- 13.0 
- 12.9 

- 13.1 

- 12.5 
- 12.8 
- 12.9 

- 12.4 
- 13.1 
- 12.9 

- 13.0 
- 13.0 

- 13.3 

- 13.6 
- 13.2 

- 13.2 
- 13.4 

- 13.6 
- 13.6 

- 13.5 

51.5 
52.0 

51.9 
51.1 

52.6 
54.2 
54.4 

55.0 

54.4 
54.2 
54.5 

52.6 

50.5 
51.1 

0.59 
0.54 
0.48 

0.48 
0.45 

0.45 

0.56 
0.4 1 

0.39 
0.39 
0.42 

0.36 

0.36 

p Coupling constants from ref. 84. b Coupling constants from ref. 11. c Average w values: Cr, 
51.8O; MO, 54.5O; and W. 54.3”. d J values varied by (0.2 Hz between 307 and 373 K. 

were not quoted, but based on calculations for analogous diamine systems 
[16], Cullen et al. estimated that, as a result of the difference in the M-As 
bond lengths, w for the MO complex should be about 2” larger than for the 
Cr complex, in excellent agreement with the above result [l 11. Also, although 
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the W-As bond length is not known, it is expected to be similar to that of 
MO-AS [ 111, because the atomic radii of molybdenum and tungsten are 
almost identical [87]. Hence the w values would be expected to be similar, as 
is indeed found. 

I-Trichlorosilyl-1,2-bis(dimethylarseno)ethane, X = Y = As(CH,),, b = Sic/,. 

Tetracarbonyl( I-trichlorosilyl-l,2-bis(dimethyIarseno)ethane)chromium(O) 
has 3Jr.,n values similar to the analogous trimethylsilyl derivative [84]. If it is 
assumed that the bulky trichlorosilyl group enforces the equatorial confor- 
mation, the dihedral angle, o can be calculated from eqn. (15). The results 
for a number of solvents are in Table6. The value of 5 1.4 2 1.2 for w is not 
significantly different to that calculated for the analogous trimethylsilyl 
derivative (5 1.8 * 0.8). 

I-Cyano-I,2-bis(dimethyiarseno)ethane, X = Y = As(CH,),, b = CN. The 
cyano group is far less bulky than the trimethylsilyl and trichlorosilyl groups 
and from an inspection of Drejding models of the tetracarbonyl metal 
complexes of I-cyano- 1,2-bis(dimethylarseno)ethane it would appear that 
there would not be a large energy difference between the conformations with 
equatorial and axial orientations of the cyano group. The observed 3JHH 
values (Table6) support this. The mole fraction of the equatorial conforma- 
tion, N,, can be calculated from eqn. (14) if it is assumed that w, = ox and 
that the value of o calculated for the analogous trimethylsilyl derivatives is 
applicable_ The results for the Cr(O), MO(O) and W(0) complexes in a number 
of solvents, which are given in Table6, show that )I, = 0.5 * 0.1. The 
coupling constants were found to vary significantly with temperature [85] 
which would be expected if there is little preference for either conformer. 

I-Chloro-1,2-bis(dimethylar.seno)ethane, X = Y = As(CH,),, b = CL If the 

3J”H values for the tetracarbonylchromium(0) complex of I-chloro- 1,2- 
bis(dimethylarseno)ethane are analysed in the same manner as for the 
analogous cyano derivative, the values of ne that are obtained are about 0.4 
showing a slight preference for the axial orientation for the chloro group. An 
axial chlorine has also been found to be preferred in 5-chloro-1,3-dioxane 
[88], and in diammine(2-chloro-I,3-propanediamine)platinum(II) [89]. 

I-Fluoro-l,2-bis(dimethylar.seno)ethane, X = Y = As(CH,),, b = F. The fact 
that, for the tetracarbonylchromium(0) and -molybdenum(O) complexes of 
I-fluoro-1,2-bis(dimethylarseno)ethane, the values for Jad and J,, are similar 
whereas JcF is about 3 times the size of JdF (TableO) led Cullen et al. to 
conclude that the fluorine substituent strongly prefers the axial orientation 
[11,84,85,90]. Here, the mole fraction of the equatorial conformation was 
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calculated from the 3J nH values using eqn. (14) and the above assumptions 
regarding o (Table6). For the Cr(0) and MO(O) complexes, n, was calculated 
for a number of solvents to be 0.25 -C 0.2 and 0.32 ? 0.2, respectively, 
supporting the proposition of Cullen et al. that the axial orientation is 
preferred. Cullen et al. also analysed the J,, values using (Y = 1.5 [ 1 I], based 
on molecular orbital calculations of Govil [ 141. If this value of (Y is used in 
conjunction with eqn. (14). 12, is calculated to be 0.21 and 0.25 for the Cr(0) 
and MO(O) complexes. respectively, in reasonable agreement with the values 
calculated from 3Jm.i_ Values of cy from about 1.4 to 2.0 have been estimated 
by other molecular orbital calculations and by experimental methods 
[6,9.14,15]. For the present systems the agreement between the n, values 
calculated from 3Jm~ and those from 3Jnr is optimized with a value of aHF of 
about 1.6 (Table 7). This value will be used in subsequent calculations in this 
paper. The axial orientation is more preferred by a fluoro substituent than a 
chloro group in these chelates as has been found in the 5-halo-1,3-dioxane 
system [88]. 

I, I -Dif7rroro-I,2-bis(clinletl?vlarserto)et/tane, X = Y = As(CH,),, a = b = F. In 
the tetracarbonylchromium(O), -molybdenum(O) and -tungsten(O) complexes 
of 1, I-diflucro- 1,2-bis(dimethylarseno)ethane, rapid conformational inter- 
conversion between the equienergetic conformers completely averages the 

3f”i= values and conformational information_ The sums of the 3JHF values for 
the three complexes are 72, 73 and 72 Hz, respectively [Ill. The analogous 
tricarbonylhalomanganese(1) complex has an average value for Z3J,, of 72.0 
Hz [91]. From Fig. 11, it can be appreciated that the two conformations in 
this complex need not be of equal energy, and that complete averaging of the 

TABLE 7 

Coupling constants (Hz) D and conformation4 parameters for complexes of I-fluoro-1.2- 

bis(dimethylarseno)ethane 

Complex Solvent J ad J ac )‘e J CF J dF ncb nr= 

[CrCCO>,Ll C,H, 3.6 3.4 0.25 48.7 15.7 0.22 0.27 

CHCl, 3.6 3.4 0.25 48.3 15.5 0.2 1 0.26 

CH,Cl, 3.6 3.4 0.25 48.8 15.8 0.22 0.27 

(CD&IO 3.5 3.2 0.27 50.8 16.2 0.21 0.26 

C,H,NO, 3.4 3.3 0.24 49.6 15.9 0.21 0.26 

Wo(CO), Ll CHCl, 4.5 2.9 0.34 48.2 14.0 0.25 0.30 

(CD&CO 4.1 2.9 0.30 49.2 14.2 0.24 0.30 

a From ref. 84. b Using a = 1.5. c Using a = 1.6. 
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C F 

CO, 
co/ 

Fig. 11. Conformations of [Mn(CO),X((CH,)IAsCF2CH,As(CH,)1)]. 

3JuF values is not expected. Expressions for the average coupling constants 
assuming that 6 = 120° and the o values for the two ‘conformers are the 
same, are given in eqns. (28)-(30). 

J,,=n,{A,c0s’(120+w)-/l,c0s’(120-&J)} +A,cos2(120-ClJ) (28) 

J~d=IZ,(A, cos2(120-~)-/12cos’(120+o)} +A2COS2(120fO) (29) 

&=A, cos2~=Jbd (30) 

The two constants Jac and Jbd should be equal irrespective of the conformer 
population. This equality should still exist if wt is not equal to at,_ Accord- 
ing to the data in the literature thetwo constants are markedly different [91]. 
For example, for the chioro complex in chloroform J=, = 6.7 Hz and Jbd = 

12.7 Hz. This observed inequality could result from one or more of the 8 
values being significantly different from 120”. 

I,2-Difluoro- I,2-bis(dimethylarseno)ethane, X = Y = As(CH,),, b = c = F. 

Without coupling constant data for a frozen conformation it is not possible 
to determine quantitative conformational information for the complexes of 
1,2-difluoro- 1,2-bis(dimethylarseno)ethane. An attempt is described in the 
literature based on 3Jun and the premise that, since the value of 3Jr.IFI 

decreases with increasing temperature, becoming invariant above 342 K, the 
two conformers, diaxial and diequatorial, are equally populated at that 
temperature and beyond [85]. This premise is false. In addition it was 
claimed that, when the two fluorines are axial, 3Jm.r is given by A, cos’w [85]. 

whereas 3JHH is in fact given by A, cos” (120 - 0). 
The size of the averaged 3Jt.ru [ 11,85,91], and the observation that ‘JHlr 

decreased on heating [85] suggest that the conformation with the two 
fluorines equatorial is preferred to an unknown but not marked degree. 

I,I,2-Trifluoro-I,2-bis(dimethylarse11o)ethane, X = Y = As(CH_<),, a = b = c = 

F. The two conformations-of the chelate ring formed by 1,1,2-trifluoro-1,2- 
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bis(dimethylarseno)ethane have either two equatorial and one axial, (eea) or 
1 equatorial and two axial (eaa) fluorines_ In principle the conformer 
populations can be determined from the 3Jt_ir values using eqn. (14). How- 
ever. a definite conclusion cannot be reached because of difficulties in the 
unambiguous assignment of the geminal fluorines [ 1 I]. Results for the two 
alternative assignments are given in Table8. For the tricarbonyl(halo)- 
manganese(I) complex, two isomers are possible for each configuration of 
the ligand due to the two different apical groups. However, only one isomer 
was detected in the NMR spectrum [91]. 

One assignment for a and b gives n, = 0.0. If this is the correct 
assignment the conformer with one equatorial and two axial fluorines is 
exclusively populated. Tlne other assignment is consistent with both con- 
formers being populated with a preference for the conformer with two 
equatorial and one axial fluorine. The nc_ values are solvent and tempera- 
ture dependent, becoming larger with increasing dielectric constant and with 
decreasing temperature. For [MnCl(CO),L] II,,, approaches 1 .O below 26 1 K. 

The 3JFr values could also in theory be used to study conformer popula- 
tions. However, the dihedral angle dependence of 3JFF has not been exten- 
sively researched. There is a report that it has a cos”(3@/2) dependence with 
maxima at 0” and 120”, and minima at 60” and 180” [92]. 

TABLE 8 

Coupling constants (Hz) and conformational parameters for complexes of 1, I .Ztrifluoro- 1,2- 
bis(dimethylarseno)ethane at 307 K 

Complex Solvent f ad J bd n = CCJ 

WC% J-1 b GH, 15.1 5.5 0.64 
CHCI, 14.8 5.3 0.65 

CH,CI, 15.0 5.3 0.66 

(CD, WO 17.3 5.6 0.73 
C,H,NO, 16.0 5.4 0.73 

PWCO), UC CHCI, 16.1 4.7 0.72 
(CD, )zCO 19.1 5.3 0.76 

[ MnCI(CO), L] * CHCI, 26.4 7.2 0.88 
CHCI, = 27.0 6.7 0.98 

[MnBr(CO), L] ’ CHCl, 26.2 7.3 0.86 
(CD, ),CO 24.8 7.9 0.74 

[MnI(CO),L] ’ CHCl, 25.2 7.5 0.80 

il Reverse assignment of a and b yield n_ =0-O. b Coupling constants from ref. 84. c 
Coupling constants from ref. 11. d Coupling constants from ref. 85. ’ At 261 K. ’ Coupling 
constants from ref. 91. 
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(e) Thio ethers 

I,2-Bis(alkylthio)ethane, X = Y = alkyd-S. The inversion of configuration at 
sulfur has been studied by ‘H NMR spectroscopy for unidentate [93-961 
and chelate ligands [97- IOI]. The barrier to inversion has been found to be 
more than 10 kJ mol-’ less for sulfur than the barrier for the analogous 
selenium compound [94,95]. Below the coalescence temperature associated 
with the inversion, signals for nzeso and chiral isomers of 1,2-bis(alkyl- 
thio)ethane chelates have been observed, [97,99-1011 and from these, the 
relative populations of these isomers can be determined_ The results for the 
benzyl derivative coordinated to tetracarbonylchromium(O), -molybdenum(O), 
and -tungsten(O) are in Table9 [97]. A band shape analysis of the spectra for 
these complexes has also given the barriers for inversion which are included 
in Table9. 

Signals from four diastereoisomers of { 1,2-bis(trifluoromethylthio)- 
propane}dichloroplatinum(II) have been observed with the intensity ratio 
1: 1: 2 : 8. There are asymmetric centres at S 1, C2 and S2 and these give rise 
to a total of eight diastereoisomers which yield only four sets of signals with 
slow inversion at sulfur because of rapid X = 6 interconversion. The four sets 
of signals come from the following four equilibria: &Sl(a)C2(e)S2(e) =X- 
Sl(e)C2(a)S2(a), a meso isomer with the configuration Sl( S)C2( S)S2( R); 
&Sl(e)C2(e)SZ(a) G= XSl(a)C2(a)S2(e), a )Tzeso isomer with the configuration 
Sl( R)C2( S)S2( S); &Sl(e)C2(e)S2(e) = XSl(a)C2(a)S2(a), a chiral isomer 

TABLE 9 

Conformational energy differences (kJ mol-‘) between the ,?ICSO and chiral isomers of the 
thio and seleno ether complexes and the free energies of activation (kJ mol-‘) for the 
chiral- meso isomerisation at 300 K 

Complex Solvent AG AG” 

(i) L = C, H, CH, SCH,CH, SCH,C, H, J. 
[CWW, t-1 CDCl, 2.61 kO.13 
PM=‘), r-1 CDCI, 2.88~0.14 

W(CO), f-1 CDCI, 2.35~0.13 

W&=~~H3),CHSeCH,CSeCH(CH,), b 

[PdBrzL] 
GW”O, 0.8l”o.lO 

C,H,NO, 0.59 ~0.08 

rCr(C% J-1 CDCl, 1.22~0.10 

PWCO), r-1 CDCl, 1.11*0.10 

[WC% LI CDCl, 1.44’0.10 

51.9”-3.1 
45.8 - 3.8 
52.9 i- 2.0 

79.5 2 1.7 
82.0 -t 2.5 
63.9 * 0.4 
60.2 * 0.8 
66.5 2 0.4 

J From ref. 97. b From ref. 106. 



32 

with the configuration Sl( R)C2( S)S2( R); and &Sl(e)C2(a)S2(e) = h- 
Sl(a)C2(e)S2(a), a chiral isomer with the configuration Sl( R)C2( R)S2( R). 
Each of these also has an enantiomeric configuration which, of course, 
cannot be distinguished from it by NMR. Two of the diastereoisomers show 
“F-19F coupling, and these isomers are thought to be the two nzeso isomers 
with the trifluoromethyl groups syn to one another [98]. One of these has the 
largest population in solution_ It was assumed that this isomer was the one 
that crystallized from solution [98], and which was found by X-ray analysis 
to have the Sl( S)C2(S)S2( R) configuration with the &Sl(a)C2(e)S2(e) 
conformation [98,102]. The chelate ring’s dihedral angles in the crystal were 
as follows: SlClC2S2 = 47O, PtSlClC2 = 37O, ClC2S2Pt = 33” [102]. 

The structure of bis( 1,2-bis(methylthio)ethane}copper(II) tetrafluoro- 
borate [ 1033, his{ 1.2-bis(ethylthio)ethane}copper(I) tetrafluoroborate [ 1031, 
{ 1,2- bis(ethylthio)ethane} tetracarbonylchromium(0) [ 1041, and bis{ 1,2- 
bis(carboxymethylthio)ethane}copper( I) [ 1051, have also been determined by 
X-ray analysis. In the first and last of these, the substituents are in axial, 
equatorial positions (meso) whereas for the other two complexes the sub- 
stituents are both axial. 

(fi Seleno ethers 

1,2-Bis(isopropylseleno)ethane, X = Y = (CH_3),CHSe_ At ambient tempera- 
tures inversion at selenium in its chiral compounds is slow on the NMR time 
scale [ 106,107]. 1,2-Bis(alkylseleno)ethane complexes, therefore, exist as n?eso 
and chiral isomers. The 6 and h conformations of the me.so isomer are 
equienergetic, but the gem methylene protons in theory never become 
equivalent on rapid conformational interconversion. For some complexes, 
the gem protons are degenerate, for example, in 1,2-bis(isopropylseleno)- 
ethanedichloropalladium(I1) and its dibromo- analog [106], but in the tetra- 
carbonylchromium(O), molybdenum(O), and tungsten(O) complexes of this 
ligand, the gem protons have a chemical shift difference of 17.3 +- 0.9 Hz 
[ 1061. 

One conformer of the chiral isomer has the two alkyl groups equatorial: 
for the (R,R) isomer the 6 conformation. The other conformer has the two 
alkyl groups axial. An energy difference will exist between these two confor- 
mations. The populations of the two conformations and the dihedral angle w 
can be determined from eqns. ( 12) and ( 13). In l,Zbis(isopropylseleno)- 
ethanedichloropalladium(II), the spectrum of the CH,CHz portion of the 
chiral chelate was analysed to give Jad = 11.7, Jbc = 7.6, J,, = Jbd = 4.7 Hz 
[ 1061. These values yield nee 0.65, AG320 = 1.65 kJ mol -I, and o = 54.7O. In 
the crystalline state the me.so isomer has w 51.4” [ 1081. The mole fraction of 
nzeso isomer was determined from the relative intensities of the meso and 
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chiral resonances to be 0.42 at 310 K. Hence the mole fractions of the three 
isomers are ncc = 0.4, nnn = 0.2 and )I,, = 0.4. The rneso and the diequatorial 
chiral isomer are approximately equally populated in solution, with the 
diaxial chiral isomer present in half their concentrations. The stability of the 
nzeso relative to the diequatorial isomer is enhanced by the probability factor 
inherent in such isomers of about 1.7 kJ mol - ‘, and if this is removed, it is 

seen that the steric interactions favour the diequatorial isomer. The lrzeso 
isomer crystallizes from solution, and its structure has been determined by 
X-ray analysis [ lOS]. Activation parameters for the inversion of the selenium 
donors were determined by band-shape analysis at elevated temperatures 
[ 1061. The data are accumulated in Table 9. 

C. SIX-MEMBERED CHELATE RINGS 

There are three basic types of conformatton of srx-membered chelate 
rings: chair (Ch), skew-boat (SB) and boat (Fig. 12). The boat is usually not 
significantly populated because of its unfavourable torsional arrangement 
and, in some complexes, severe non-bonded interactions involving sub- 
stituents on C2 [109]. The SB conformation is chiral and exists in 6 and X 

\ 
chair 

d 

boat 

Ii 
skew-boat 

Fig. 12. Conformations of six-membered chelatc rings. 
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w1 
X 

a e 

Fig. 13. Dihedral angles, XC 1 C2C3 and C 1 C2C3Y. for six-membered chelate rings. 

forms. It is very flexible and has the facility to adopt a range of unsymmetric 
conformations [109]. There are two achiral chair conformations, which in 
some systems are identical. 

Chair to chair interconversion for diamine chelates generally has a lower 
barrier than for cyclohexane [109]. The minimum energy pathway for 
complexes with metal-donor atom bond lengths of the order of 200 pm has 
as its transition state a conformation where one “C is out of the coordination 
plane and the other “C and pC are in the plane [ 1091. This pathway has the 
SB conformation as an intermediate. Two alternative pathways which pass 
through a symmetrical boat conformation, have transition-state structures 
with the XCCCY fragment coplanar, or with the CXMYC fragment coplanar 
[ 19,501. For metal-donor atom bond lengths of the order of 230 pm and 
longer, the pathway via the structure with the CXMYC fragment coplanar 
would appear to be most preferred of the three and to be of a relatively low 
energy [ 191. 

The geometric parameters that are important for the conformational 
analysis include the dihedral angles XClC2C3 (w) (Fig. 13), and MXC lC2 
(4?). Two other parameters, II,, the acute angle between the planes MXY 
and XClC3Y, and D,, the acute angle between the planes XClC3Y and 
ClC2C3, have been used as indices of the degree of puckering of the chair 
conformations [ 1 10,l 1 11. 

(i) Coupling-constanr method ( -“fI,,I) 

The application of the Karplus equation to 3JHH for six-membered chelates 
is based on the dihedral arrangement in Fig. 13. The dihedral angles o, and 
w2 are equal in some systems but in others they are not. 

(a) Diamines 

Meso-2,4-pentanediamine, X = Y = NH,, b = f = CH,. Energy-minimization 
calculations predicted that chelate rings formed by meso-ptn are exclusively 
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in the Ch,, conformation [ 112,113]. The X-ray structure of (+)-[Co( nzeso- 
ptn), J[Co(CN),] - 5 H,O has this structure with wc 65 3- 4” [ 1141. Assuming 
Ch,, is exclusively populated in solution, oc was calculated from JIld and J-,, 
using eqn. (31) for the complexes in Table 10. 

X= Jad/Jac = a cos’( 120 + we)/coszwc (31) 

For five octahedral complexes, 
ptn)J’+ 

and for square-planar [Pt(NH,)?( nzeso- 
oe was calculated to be 6 1 * 3”. Lower values were obtained for 

[Pt(NH,)&IJnzeso-ptn)]” and for [Pt(bipy)(meso-ptn)]“’ _ For the first of 
these the accuracy in the coupling constants was not high and this could 
account for the lower value. The second complex contains the rigid 2,2’- 
bipyridine. Its G-H and C6’-H protons interact with the N-H, protons on 
meso-ptn and the structural changes that follow could account for the lower 
value of oe (56.9”). These unfavourable interactions could also yield a 
concentration of the SB,, conformation. 

TABLE 10 

Coupling constant and conformational data for complexes of nwso-ptn and 2-bu’-tn 

Complex J J,C D 
nd WC 

L = meso -2,4-pentanediamine 

[Co(NH,),L13+ b 

ICo(CN), Ll- b 
[Pt(NH,),C1,L]Z+ = 

[Pt(NH,),Br,L]‘+ ’ 

[Pt(NH,),(OH),Ll’+ = 
IPt(NH,),(OH,),L14+ = 
[Pt(NH3)2L]2+ ’ 
[Pt(bipy)L]‘+ b.d 

[PdL,J’+ e 
[ptL,]Z+ c 

L = 2-tert-butyl-J.3-propanediamine 

[Pt(bipy)L]‘+ ’ 
[Pd(bipy)L]*’ ’ 
[ptL,]l+ ‘ 
[PdL212+ ’ 

11.72 1.91 63.8 
11.49 2.06 62.4 

10.5 2.5 57.6 

11.0 2.0 62.1 
11.0 2.5 58.4 
11.0 2.3 59.8 

11.5 2.1 62.1 
10.6 ’ 2.0 54.4 
10.87 h 2.72 56.9 

11.0 2.5 58.4 
11.0 2.3 59.8 

10.9 3.5 52.0 

11.0 3.13 54.4 
Il.25 2.9 56.2 
11.2 2.9 56.1 

n Calculated from eqn. (31) assuming 100% Ch. ’ Coupling constants from ref. 74. ’ 
Coupling constants from ref. 115. d Coupling constants from ref. 116. c Coupling constants 
from ref. 59. ’ Coupling constants from ref. 135. 
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Racemic-2,4_pentanediamine, X = Y = NH,, b = e = CH,. The two chair 
conformations of the chelate ring Formed by the chiral isomer of 2,4-penta- 
nediamine have one equatorial and one axial methyl group, i.e. Ch,. For the 
(R-R) isomer, the S-SB conformation has two axial methyls, whereas the 
X-SB has two equatorial methyls. The X-ray determined structures of A- 
[Co{( R, R)-ptn},]Cl, - 2 H,O [ 1181, A-[Co{ R, R)-ptn},]Cl, - H,O [ 1191, cis- 

[Co(NH,),{(R,R)-ptn},lCl,. H,O WI, and [Co(NH,),{(~)ptn}lz(Sz0,)3 
- 4 H,O [I211 have the chelate ring in the SB, conformation, consistent with 
the predictions of conformational-energy minimizat;- calculations 
[I 12,113,117,121]_ I n contrast in the square-planar car. z - [Pt((S,S)- 
ptn}$l, - H,O, the rings are in the Ch_ conformation [ 1221. 

The ‘H NMR spectra of all the (*)-ptn complexes have the common 
feature of two triplets for the ring protons when the CH, protons are 
decoupled from them. The difference lies in the size of the coupling con- 
stants: [Co(NH,),L]'+ , 7.6 [ 1211; [Co(CN),L] - , 7.0 [ 1211; A-[Co(( R. R)- 

J-M3’ 9 8.7 [ 1211; A-[Co{( R.R)-L},] 3+, 8.4 [121]; [Mo(CO),L], 6.3 [121]; 
[Pt(NH,),Cl,L]‘+ t 7.0 [115]; [Pt(NH,).(OH),LJ2+ . 7.5 [l 15); 
[Pt(NH3)l(OH,),L14’. 7.5 [115]; [Pt(NH3)IL]‘:‘, 5.5 [59]; [Pt(OH,),L]‘+, 
5.3 [59]; [Pt(bipy)Llzit 5.9 Hz [121]. This A,B, pattern is consist% with 
rapid interconversion between two chair conformations. For the skew-boat 
conformation, the SB, structure must be greatly preferred over the SB,,, and 
the spectrum should have an AA’BB’ pattern. Under certain circumstances, 
this pattern can approximate an A2B, pattern of two 1: 2: 1 triplets which is 
observed for the (*)-ptn chelates. It has been shown that, for the octahedral 
complex [CO(NH,),L]~~, the ‘H NMR spectrum is consistent with the 
skew-boat conformation [ 1211. A value of 33” for o, found from the X-ray 
determined structure was used to calculated the coupling constants Jad (8.78 
Hz) and f& (6.46 Hz) from the Karplus relationships given in eqns. (32) and 
(33) [ 1211. 

Jad = J,( =A, cos”(I20 + 0) (32) 

Jx = Jdf = A * cos20 (33) 

The observed coupling constant is the average of Jad and J,,. The ‘H NMR 
spectrum was shown to be inconsistent with an exclusive chair conformation 
[ 1211. It should be noted that the cobalt(II1) complex of (R. R)-pentane- 
diaminetetraacetate, in which the ligand is sexadentate and the diamine 
chelate ring fixed in a skew-boat structure, has a t. 3 signal for the /?-CH, 
group, with J about 8 Hz [ 1231. 

The ‘H NMR spectra of the other octahedral complexes of (*)-ptn can 
also be shown to be consistent with a skew-boat conformation with an 
average dihedral angle of 33O. The following values for the coupling con- 
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stants Jad and J,,, have been calculated from eqns. (32) and (33): 
[Co(CN),L]-, 8.09 and 5.97 Hz; A-[Co((R,R)-L},13+, 10.00 and 7.38 Hz: 
~-[Co{wwL},13+, 9.66 and 7.14 Hz; [Mo(CO),L], 8.65 and 5.35 Hz; 
U’t(NH~)&l~Ll”+, 8.05 and 5.95 Hz; [Pt(NH,),(OH),L]‘+, 7.63 and 6.37 
Hz; [Pt(NH,),(OH,),L14’, 7.63 and 6.37 Hz. 

If it is assumed that the conformation exists totally as SB,, with o(SB,,) = 
33O, and that the A, and A, values from the corresponding nzsso-ptn complex 

apply, the calculated values for Jobs are: [CO(NH,),L]~* , 8.1 Hz; 
[Co(CN),L]-, 7.9 Hz; [Pt(NH3)2L]2’, 7.9 Hz; [Pt(bipy)L]“+, 7.5 Hz. The 
results for the Co(II1) complexes are in reasonable agreement with the 
observed coupling constants, with the smaller values of Jc,,,s possibly being 
due to the presence of a small amount of the Ch,, conformation_ The 
square-planar Pt(I1) complexes obviously do not exist exclusively in the 
skew-boat conformation. If it is assumed that the chair conformations, and 
not the skew-boat conformation, are populated, Jobs results from the average 
of Jad and J,, that are, in turn, each averaged over the two equienergetic chair 
conformations 

Jad = 0.5{Azcos’ (120 + on) + A,cos’( 120 - a.:)} (34) 

J-,, = 0.5( A, cos2w, + A, cos2w,‘) (35) 

Jobs = O-5( Jad + Ja,,) (36) 

where Ok = or and aa’ = w2 (Fig. 13). Eqn. (34) applies where 03’ Z= 30”; 
otherwise eqn. (37) applies_ 

J,,=0.5{A,cos’(l20+o,) +A,cos”(l20- a,‘)} (37) 

Again, if A, and A, are calculated from the data for the analogous 
meso-ptn complexes, it is possible, in theory, to derive values of Ok’ and o, 
necessary to account for Jobs. For [Pt(NH,),Llzf , if the chairs are symmet- 
ric, Jobs can be accounted for if o, = GJ~’ = 33O, i.e. a very flattened chair 
conformation. On the other hand, a number of unsymmetric structures with 
0,’ about 24” and wa about 60” are consistent with the data [74]. For the 
bipy complex, on’ = 10” and Ok = 60” is a solution [74]. These results are 
surprising, considering the relatively undistorted chair conformation found 
for [Pt{( S,S)-ptn},]Cl, - H,O [122]. However, if it is assumed that the chair 
conformation is undistorted with w, = wa’ = 60”, then Jad and Jac are calcu- 
lated to be 6.96 and 2.40 Hz, giving Jobs as 4.68 Hz for [Pt(NH,)2L]“+, and 
6.59 and 2.28 Hz, giving Jobs as 4.44 Hz for [Pt(bipy)L12+. The higher values 
found for Jobs for the square-planar Pt(I1) complexes can be accounted for by 
the existence of both the chair and S-B, conformations, and the mole 
fractions of each conformation can be calculated from eqns. (38)-(40) [74]. 
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Jobs is the average of Jad and J,, and n(Ch) is the mole fraction of the two 
interconverting, equienergetic chair conformations. 

JIld = &h) J,,(Ch) + n(SB,) J&B,) (38) 

Jl,c = n (Ch) J&h) + @Be,) J,,(SB,) (39) 

zz(Ch) + n(SB,,) = 1 (40) 

For [Pt(NH,),L]‘+ and [Pt(bipy)L]” n(Ch) is calculated to be 0.75 and 
0.54 respectively assuming the angles aSB = 33” and w= = We’ = 60”. The free 
energy difference between the skew-boat and chair conformations at 300 K is 
2.7 kJ mol-’ for [Pt(NH,),L]‘+ and 0.4 kJ mol-’ for [Pt(bipy)L]‘+ _ This 
marked increase in the population of the chair conformations in the square- 
planar complexes compared with that for the Co(II1) complexes where the 
skew-boat conformation was preferred, results from the reduced unfavoura- 
ble non-bonded interactions of the chair’s axial methyl group in these Pt(II) 
complexes. As was suggested for the meso-ptn complexes of Pt(II), it is 
possible that the larger population of the skew-boat conformation for the 
bipy complex than the diammine complex could be due to unfavourable 
interactions between the bipy C6-H and C6’-H protons with the N-H, 
protons in the chair conformation_ That the skew-boat conformation exists 
at all for these square-planar complexes in solution is probably due to the 
presence of solvent molecules oriented in the fifth and sixth coordination 
positions which would lead to a preference for the substituent to be equa- 
torial [ 1241. 

1,3-Buranediantine, X= Y = NH,. f = CH3. Since the X-ray structure of 
[Pt{(S,Wptn},]Cl, - H,O shows that the chair conformation with one 
methyl axial is not significantly distorted in square-planar complexes [ 1221, it 
is probably correct to assume that for square-planar complexes of 1,3-bn, the 
predominant conformations are Ch, and Ch,. This assumption can be tested 
using 3JHH, as can the alternative assumption that the predominant equi- 
librium is between Ch, and SB,. 

Coupling constant data are available for [Pt(bipy)( 1,3-bn)J”+ : J,. = 3-3, 
Jdc = 9.2, Jad = 9.4, J,, = 3.3, Jbc = 6.3, and Jbd = 3.5 [116]. These values 
were obtained by first-order approximation. If it is assumed that Ch, is 
solely populated, Jad/Jac (eqn. 31), Jdc/Jc, (eqn. 41) and Jbc/Jbd (eqn. 42) 
yield values of 49.7, 50.0 and 66.7 for we_ The lack of consistency between 
these values shows that another conformation must be considered. 

J,,/J,. = a cos*( 120 + o,)/cos’o, (41) 

J,, /J,x, = cosy 120 - w,)/cos~o, (42) 
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If it is assumed that the other conformation is SB,.,., the mole fraction of 

Ch,, n(Ch,), can be calculated from eqns. (43)-(45) where X =f,,/J,,. 
Y = Ju,/Jac and Z = Jbc/Jbd. For asB -G 30°, the coefficient o! must be used in 
conjunction with cos’( 120 - wse) in eqn. (44). 

rz(Ch,) = (Y cos’( 120 + tisB) - X co~~ws~/X[cos’~~ - cos%~s~] 

-(Y[cos’( 120 + w,) - cos’( 120 + LI&)] (43) 

n(Ch,) = cos’( 120 - osrj) - Y cos%4.& Y[cos’w, - cosLs*] 

-(Y cosZ( 120 + 0,) + co?( 120 - WSB) (44) 

n(ChJ = LY cos’( 120 + use) - Z cos’wsa/Z[cos’w, - COS%J~~] 

-c0s2(120 - w,) + (Y cos2( 120 + ass) (45) 

A value of 56.9” has been taken for o, for [Pt(bipy)( 1.3-bn)]” as this is the 
value found for the analogous meso-ptn complex. A reliable value for wsu is 
not known. X-Ray structural studies have found values in the order of 
30-35O [ 11 I,1 18,12 11. The three equations yield markedly different values 
for n(Ch,) for aSB values between 25 and 40” and therefore it can be 

conchrded that the Ch,= SB, equilibrium does not predominate. If it is 
assumed that the predominant equilibrium is between Ch, and Ch,. n(Ch,) 
can be calculated from eqns. (46)-(48). 

&Ch,) = Xcos”w, - cos2(120 - W.&Y cos’( 120 + w,) 

-cos’( 120 - WJ - x(cos’w, - cosG.l,) 

,z(Ch,) = Y co&+’ - cos2( 120 - W,‘)/cy cos?( 120 + 0,) 

-cos”( 120 - 0,‘) - Y(cos’0, - cos’o,‘) 

n (Ch,) = 2 cos’o,’ - LY cos2( 120 + o.J/cos’( 120 - we) 

- (Y cosZ( 120 + w,‘) - z( cos’w, - COSLJ 

(46) 

(47) 

(48) 

where w, is the dihedral angle ClC2C3Y, and w,’ is XClC2C3. If the values 

% = 60” and GJ~‘= loo that were calculated for Ch, for [Pt(bipy){(=)- 
ptn)]z+ are used for [Pt(bipy)(l,3-bn)]“+ with Ok 56.9O, jz(Ch,) calculated 
from eqn_ (48) differs markedly from the values calculated from eqn. (46) 
and eqn. (47). However, if it is assumed that o, = We = w,’ = 56.9, n(Ch,) is 
calculated to be 0.65 i 0.01 from these three equations_ The agreement 
shows that the equilibrium Ch, =Ch, can explain the observed coupling 
constants_ It would appear that in [Pt(bipy)(l,3_bn)]‘* the chair conforma- 
tion with the axial methyl is not distorted by the presence of the axial methyl 
as was indeed found for [Pt{ (S, S)-ptn},]Cl, - H,O [ 1221. The free energy 
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difference between Ch, and Ch, at the probe temperature of about 300 K is 
1.5 kJ mol-‘. 

For the octahedral complex, [Co(NH,),( 1,3-bn)13+, the following cou- 
pling constants were obtained: J,,, 2.11; Jdc, 11.71; Jad, 12.94; Jac, 2.17; Jhc. 
3.02; and J,,, 3.27 Hz [74]. If it assumed that Ch, is solely populated, values 
of oc can be calculated from eqns. (31). (41) and (42). The values obtained 
(63.4”. 62.3” and 59.3”) support the assumption that the Ch, conformation 
is exclusively populated. Reliable values for the coupling constants are not 
available for other 1.3-bn complexes. 

3-Metllyl-2.J-petltuiledianlitre, X= Y=NH _’ * b = e = f = CH,. - Conforma- 
tional-energy minimization calculations show that only two conformations 
are populated for the mptn chelate ring, a flattened chair and an unsymmet- 
ric boat. both with two equatorial and one axial methyl groups [61]. These 
conformations have been found by X-ray -analysis for the complexes. 
[Co(NH,),(mptn)][ZnCl,]Cl and [Pt(bipy)(mptn)](NO,), - 0.5 H,O, respec- 
tively [61]. If one conformation is exclusively populated. the torsional angle 
XC1 C2C3 (w,) can be determined from eqn. (3 1) and the vicinal proton- 
proton coupling constants, Jird and J,,. The observed values for Jad and J,, 
and the calculated o, values are as follows: [Co(N H 3)4- 
(mptn)13+. 11.46, 1.33 Hz, 68.3”; [Co(CN),(mptn)]-, 11.30. 1.28 Hz, 68.6”; 
[Pt(bipy)(mptn)J’+ , 11.41. 1.97 Hz, 62.9O [74]. These values of w, are to be 
compared with the values 64.7” and 74.6” determined by crystal structure 
analysis for the chair and boat conformations of the above complexes, and 
with the following values calculated by the energy minimization technique: 
[Co(NH3),(mptn)]3i, chair 6&l”, boat 79.6O; [Pt(bipy)(mptn)]“+ chair, 
57.3O. boat 76.8O [61]. 

If it is assumed that both conformations are present in solution, the mole 
fractions of the chair, and hence the boat conformation, can be calculated 
from eqn. (43) where for this system us,* is the torsional angle for the boat 
conformation, and the values of o adopted for the chair and boat conforma- 
tion are those determined by the conformational-energy minimization calcu- 
lations_ The calculated nCh values are 0.97, 0.94 and 0.63 for the complexes 

tCoWW40qW13+ - [Co(CN),(mptn)] -, and [Pt(bipy)(mptn)]“+ [74]. 

2 - Tert -btrtyi- I,3 -propanediatnine, X = Y = NH,, c = brc’. The tert-butyl 
group is usually assumed to adopt an equatorial orientation exclusively_ In 
the six-membered diamine chelates, an axial tert-butyl group at C2 does not 
interact unfavourably with’ the metal or any apical ligand. The major 
destabilizing influence is a non-bonded interaction with the N-H, protons, 
which can be minimized by reducing D,. 

If it is assumed that the tert-butyl group enforces the Ch, conformation 
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exclusively, the dihedral angle oc can be calculated using eqn. (49). Data are 
in Table 10. The values of oc are about 5” less than those for the analogous 
meso-ptn complexes. This could be due to a ring distortion resulting from 
some interaction of the equatorial tert-butyl group or it could be due to the 
axial conformation being populated. If it is assumed that GJ~ = Ok and that 
the values of oc for the meso-ptn complexes are appropriate, n(Ch,) can be 
calculated: for [Pt(bipy)(2-bu’-tn)]‘+ it is 0.74, and for [Pt(2-bu’-tn)2]‘* 
0.76: 

fad/fbd = cy cos?( 120 + oJ/cos%+ (49) 

2-Hydroxy-I,3-propat~ediumit1e, X = Y = NH,, c = OH. The spectra of 
[Pt(NH,),(2-OH-tn)]“+, [Pt(2-OH-tn)l]‘i, and [Pt(NH,),C1,(2-OH-tn)]“i 
have been analysed by Appleton and Hall [ 1251. For [Pt(NH,),(2-OH-tn)]“+ , 
Jad = 5.2 and J,, = 0.8 Hz which is consistent with the OH group being axial 
with o, = 74O calculated from eqn. (50). 

fad /Jbd = co? ( 120 - 0, )/cosL, (50) 

The other two complexes have similar coupling constants. In hydroxy- 
cyclohexane, the OH group prefers the equatorial orientation [ 1261, but in 
some heterocyclic systems the axial structure is stabilized by H-bonding 
interactions [ 1271. For the above complex, Appleton and Hall proposed that 
the axial conformation is stabilized’by H-bonding to the N-H, protons 
[ 1251. This interaction is optimized if D1 and concomitantly o, are increased. 

2-Chloro-1,3-propunediamine, X = Y = NH,, c = Ci. A chlorine atom sub- 
stituted at C2 also appears to stabilize Ch,. The vicinal coupling constants 
for [Pt(NH,),(ZCl-tn)]“+ are Jad = 5.0 and J,, = 2.6 Hz [ 1251. If the chelate 
ring has tz, = 1, oa is equal to 65” (eqn. 50). The axial orientation is 
stabilized by N-H, - - - Cl interactions. 

1,3-Bis(methylamitto)propane, X = Y = NHCH,. When this ligand is coordi- 
nated, there are three diastereomers possible: (R,S). (R, R) and (S-S). 
Appleton and Hall have shown from the ‘H NMR spectrum of 
P’WH,),(dmtn)12’, that the ratio of concentrations of the meso and chiral 
forms is 28 : 1 [ 1281, whereas for [Pt(bipy)(dmtn)] ‘+ only one isomer was 
detected and that was concluded to be the meso isomer [ 1161. 

The 270 MHz spectrum of [Pt(NH,),(dmtn)]‘+ was analyzed for the nzeso 
isomer to give Jad - - Jde= 13.2, and f,,=fbc= Jbd =Jcr=Jcf=Jal= 2.6 Hz 
[ 1281. When the ratio Jad/Jac is substituted into eqn. (3 I), the dihedral angle 
w is calculated to be 60.8”. From the equality f,, = J, =fbd, it can be 
concluded that o equals 60° .in agreement with the result from Jad/Jac_ 
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Therefore, as far as the XClC2C3Y fragment is concerned, there is little 
distortion from the ideal torsional geometry. The above result is consistent 
with one chair conformation predominating, probably Ch,, with both N-CH, 
groups equatorial. 

For [Pt(bipy)(dmtn)]*’ the corresponding coupling constants to the above 
are 12 and 3 Hz, respectively [ 1161. From JJ,/Jac and eqn. (3 l), w can be 
calculated to be 56.7O, similar to that found for [Pt(bipy)( meso-ptn)]‘+. 
However, the equality J,, = J,, = Jbd suggests 60”. The precision of the 
coupling constant data is perhaps the reason for this discrepancy. The 
coupling constants are again consistent however, with one conformation 
predominating_ In the Ch,, structure the (N-CH,), groups would interact 
unfavourably with C6-H and C6’-H of the bipytidine ring and cause some 
distortion of the chelate ring. On the other hand, in Ch,, the 1,3-diaxial 
interactions of the (N-CH,) groups would destabilize the conformation_ 
This interaction could be decreased by reducing D,. It is not clear from the 
3J,,H data whether Ch,, or Ch, predominates_ However, from the results for 
[Pt(bipy)(2-Me-dmtn)]‘+ it appears that Ch,, would be preferred. 

1,3- Bis(methylamino)-2 -meth_vIpropane, X = Y = NHCH,, c = CH,. Al- 
though a number of configurations are possible for this chelate with meso 
and chiral isomers for the two donor groups and axial/equatorial orienta- 
tions of the C-CH, group, the ‘H NMR spectrum of [Pt(bipy)(ZMe- 
dmtn)] ‘+ is consistent with one isomer being dominant with Jad = Jdc = 12.5 
Hz and J,, = JdT = 2 Hz [116]. These constants are consistent with C-CH, 
being equatorial in a chair conformation with oc = 64” (eqn. 49). There are 
three possible configurations with C-CH, equatorial: one with one axial and 
one equatorial N-CH,, another with two equatorial N-CH, groups, and a 
third with two axial N-CH, groups. Under the conditions of the experiment, 
interconversions between these three structures were not possible. Since only 
one N-CH, resonance is observed even at 270 MHz, the stable isomer is 
unlikely to have the axial-equatorial configuration_ The coupling constants 
between a and NH, and b and NH were determined: JaNH = 4Hz and 
J bNH = 0 Hz [ 1161. These are consistent with the diaxial configuration for the 
N-CH, groups with D, reduced to remove the 1,3-diaxial interactions, 
because in this structure the dihedral angles aClNH and bClNH are of the 
order of 40-50” and 70-80”, respectively [ 1161. In contrast, if the two 
N-CH; groups were both equatorial the dihedral angles would be about 
180° and 60°, respectively and the associated coupling constants would both 
be larger than were observed. It would appear therefore that the interaction 
between the (N-CH,), groups and C6-H and C6’-H of bipy destabilizes 
that conformation relative to the diaxial structure_ 
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(b) Diarserzes 

1,3-Bis(dintethylarsetzo)propane, X = Y = As(CH,),. The Cl-d 1 compound 
was used by Cullen et al. to study the conformations formed by 1,3- 
bis(dimethylarseno)propane and its 2-tert-butyl derivative [129]. For 
[M(CO),L] complexes where M is Cr(O), MO(O) and W(O), the ‘H NMR 
spectra had a symmetric AA’BB’ pattern with deuterium decoupling which is 
consistent with a fast Ch= Ch equilibrium_ Cullen used the ‘R method’ of 
Lambert [ 1301 and Buys [ 13 I,1321 to calculate w from eqn. (5 1). 

R = JITu,,S/Jc,S = 3 - 2 cos”w/4 cos’o (51) 

The values of o for the three complexes were in the range 66-68O. Here, the 
dihedral angle is calculated by 

fad/Jbd = [a cos*( 120 + w) + cos’( 120 - a)]/2 cos’o (52) 

Using the data in Table 11, o was found to be between 65 and 66” for the 
three complexes_ 

TABLE 11 

Coupling constant ( 3Juu in Hz) and conformational data for complexes of arsenic chelates 

Complex J ;Id J bc J hJ J,, w 

L = I,3-bis(dimethylarseno)propane 

PW% LID 9.7 

[Mo(CO), U rl 9.7 

IWC% Ll= 9.7 
[ MnCI(CO), L] b 13.4 6.4 
[MnBr(CO),L] b 13.4 6.0 
[MnI(CO),L] b 13.6 5.9 

L = I,3-bis(dimethylarseno)-2-tert-bcct_vlpropane 

[WC% Ll a 11.7 

]Mo(CO), Ll = 11.3 

[WCO), Ll= 11.5 
[Ni(CO),L] c 11.7 
[Ni(PFP)L =ed 12.3 
[Mn(CO)3ClL] b (isomer A) 12.6 ’ 
[Mn(CO),BrL] b (isomer A) 11.0’ 
[Mn(CO),IL] b (isomer A) 11.2’ 
[Mn(CO),BrL] b (isomer B) 11.6’ 

2.2 65.3 

2.1 65.9 

2.1 65.9 

2.2 2.2 65.6 

2.0 2.6 64.9 cz 

1.9 2.8 64.7 ’ 

1.3 68.8 
0.8 73.5 
0.5 77.4 
0.9 72.7 
1.2 70.2 
27’ 75.5 
2.2 f 60.6 
2.1 f 61.7 
2.1 f 62.1 

a J values from ref. 129. b J values from ref. 133. c J values from ref. 135. d PFP is 
- OC(CF,),C(CF,),O-. ’ Calculated from average of J, and J,=_ ’ Errors larger than for 
other complexes because spectra are deceptively simple. 
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For [MnX(C0)3L] h w ere X is Cl. Br and I, ABCD patterns were obtained 
for the deuterium decoupled spectra [ 1331. This was interpreted by Cullen et 
al. as evidence of the chelate ring being ‘locked’, not undergoing the 
Ch G= Ch equilibrium. The two chair conformations need not necessarily be 
of the same energy for these complexes because of the different interactions 
between the apical ligands, X and CO, and the atoms in the chelate ring 
(Fig. 14). Since an X-ray analysis of [MnCl(CO),L] had shown structure (A) 
in Fig. 14 to be present in the crystalline state [ 1341, Cullen et al. [ 1351 
concluded that this structure predominates in solution_ The degrees of 
preference and the dihedral angle, w, can be determined from eqns. (53) and 
(54) where tr, is the mole fraction of one of the conformations, if it is 
assumed that w has the same value in the two chair conformations. 

Jc,d /J,x, = ‘11 {a cos2( 120 + 0) - cos?( 120 - GJ)} + cos)( 120 - o)/cos%J 

(53) 

J,, /Jac = )I, { cos’(120-cd) - cuc0s’(120+0)) + o[ cos)( 120 + w)/cos~o 

(54) 

For the chloro derivative. tz, and o were calculated to be 0.82 and 65.6O, 
respectively. The X-ray analysis found w = 70-71° with D, = 3 1” [ 1341. For 

the bromo and iodo complexes, Ja, and J,, were found to have different 
values. This result is inconsistent with a Ch Z= Ch equilibrium or a Ch Z= SB 
equilibrium, and possibly results from an incorrect analysis of the spectra. If 
the averages of the two constants are taken (i.e. for Br, 2.3 and for I, 2.35), 
similar tz, values to that obtained for the chloro compound are calculated 
with lower values of w: 64.9” for the bromo, and 64.7” for the iodo 
compound. 

Fig. 14. Chair conformations of [Mn(CO),XL]. L is either 1,3-bis(dimethylarseno)propane 
(R= H) or 1,3-bis(dimethylarseno)-2-tert-butylpropane, (R=C(CH,),). 
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1,3-Bis(dimethylarseno)-2-tert-butylpropane, X= Y = As(CH,),, c = C(CH,),. 

Vicinal coupling constants for complexes of the 2-tert-butyl derivative of 
1,3-bis(dimethylarseno)propane are given in Table Il. All are consistent with 
one chair predominating. In fact, from an examination of Dreiding models it 
is clear that the 1,3-diaxial interactions between the two axial methyls and 
the tert-butyl group are so great that Ch, would not be populated. The 
AsCCC dihedral angle, wc, has been calculated from eqn. (49). The data are 
in Table 11. 

For 1,3-bis(dimethylarseno)propane the Cr(0). and W(0) complexes were 
found to have similar values of o in the range 65 to 66”. For the tert-butyl 
derivative, however, there is a significant increase in o compared to the 
unsubstituted ligand. This probably results from the need to reduce repulsive 
interactions between the tert-butyl group and Cl-H, and C3-H,. The 
increased puckering of the ring would be facilitated by an increase in M-As, 
and hence the values of w are in the order W > MO > Cr. The nickel 
complexes [Ni(CO), L] and [Ni(PFP)L] where PFP is -OC(CF,),C(CF,)IO - 
also show relatively large values of w. 

In [MnX(C0)3L], there are four possible chair structures, two of which 
have an axial tert-butyl group and are therefore not significantly populated. 
The remaining two, isomers A and B, are shown in Fig. 14. Cullen et al. 
assigned the structures as shown because isomer A is more thermally stable 
than isomer B [ 1331. The spectra for both isomers A and B are ABX, but are 
deceptively simple “and therefore have a large probability for error in the 
values” of Jad and J,,. .Whether this is the reason for the large difference in 
the o values, is not known. 

(c) Seleno ethers 

I,3-Bis(methylseleno)-2,2-dimethyfpropane, X = Y = SeCH_<, c = d = CH,. 

The nreso isomer of the ligand forms two chair chelate tings, one with the 
two SeCH, groups equatorial (Ch,,) and the other with the two SeCH, 
groups axial (Ch,,). In both, the gem methyls at C2 occupy equatorial and 
axial positions. From Dreiding models it is apparent that the two 1,3-diaxial 
interactions between the SeCH, and CCH, groups in Ch,, renders the 
conformation energetically unfavourable. In Ch,,, the axial C-CH, group 
would also destabilize the conformation to some degree due to repulsive 
interactions with other atoms in the chelate. In both skew-boat conforma- 
tions, one SeCH, group would be axial and one equatorial. The repulsions 
experienced by the axial group would increase further the energy of this 
structure compared to Ch,,. 

Both chair conformations for the chiral isomer have one equatorial and 
one axial SeCH, and the 1,3-diaxial interaction of the latter group with 
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and Se inversion, and therefore the AS’ values are not inconsistent with 
this. The relative populations of the conformations and the free energy 
differences are included in Table 12. 

(ii) ’ ‘-‘Pt coupling constants 

Appleton and Hall first applied 3.1t,u.t and ‘JPtH to the conformational 
analysis of six-membered diamine chelates [59,115]. Table 13 contains a 
summary of the available data for 3Jp,n and also for 'JJp,= and 3Jplc. 

Square-planar Pt2+ complexes of 2-substituted diamines that exist pre- 
dominantly in one chair conformation such as [Pt(NH3)1(2-C1-tn)]‘+ have 

3JPtH and 3Jptr.r values of the order of 20 and 65 Hz, respectively, consistent 
with=the garcch; and tt-ms relationship for these nuclei. From the investiga- 
tion of 3JHH, the chloro and hydroxo derivatives are known to have the 
substituent axial, and “CH, is proton b which has the smaller value for 3JptH, 
whereas for the tert-butyl derivative, the substituent is mainly equatorial and 
therefore “CH, is proton a: 

TABLE 13 

19’Pt cobpling constants with ‘H and 13C (Hz) 

Complex 

lWNH3MW12+ 
[Pt(tn),]‘+ 

tPt(bipy)(tn)12+ 
[Pt(bipy)( 1,3-bn)12’ 
[Pt(NH,),(meso-ptn)]‘+ 
[ Pt(bipy)( meso-ptn)] 2-t 

[Pt(NH,),{(KR)- 
ptnI12+ 

IPt{(R,R)-ptn},l’+ 

[Pt(bipy)((KR)- 
prn)12+ 

[PrWpy>(mpW12 

[Pt(2-bu’-tn),12+ 
[Pt(bipy)(Z-bu’-tn)]‘+ 
[Pt(NH,),(2-OH-tn)]” 
[Pt(2-OH-tn),12+ 
[Pt(NH,),(2-Cl-tn)]” 
[Pt(NH,),C1,(2-OH- 

tn)]‘+ 

43 = 
43 = 
42 b 

15= 

38.5 = 
31 h 

22 . 62 h 
30.5 54.5 h 
66.4 22.1 i 
63.3 22.3 i 
65.2 18.2 i 
46.2 9.6 i 

25 40.0 h 
23. 23 35 32 ’ 
22.5 15.6 46.9 ’ 
20.5 33.7 38.1 ‘I 
2s 21 31 e 

22.0 20.5 35.2 ’ 

20.5 r. 17.6 g 26.4 23.4 ‘, 22.0 ‘. 
41.8 gel 

n Ref. 59. b Ref. 116. c Ref. 115. d Ref. 74. c Ref. 122. ’ C2. 8 C4. h Ref. 135. i Ref. 125. 
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If it is assumed that QI = 1.2 applies and that the 2-chloro and 2-hydroxy 
compounds are excfusively in the Ch, conformation, the dihedral angle 
@ = PtNClC2, can be calculated from 

3Jfwc/3JFw~ = a cosq 120 -i- @)/coG( 120 - @) (55) 

From the data in Table 13, Q is calculated to be 65.3” for [Pt(NH,),(2-CI- 
tn)] ‘+ , 68.8O for [Pt(NH,)2(2-OH-tn)]‘f, 70” for [Pt(2-OH-tn), I’+, and 
60” for [Pt(NH,)&12(2-OH-tn)]*+. The 3JHH coupling constants for the 
2-but-tn complexes were consistent with IZ(CH,) = 0.74 and 0.76 for 
[Pt(bipy)(Zbu’-tn)]‘+ and [Pt(2-bu’-tn),lZt , respectively_ Using these values 
and eqn. (56) where X=3Jpu,/3Jp~u J’ Q is calculated to be 64O and 42O, 
respectively. 

/r(CH,) = [ XLY cos’( 120 + @) - cos2( 120 - @)I/( 1 + x) 

X {(Y c0s2(120 + @) - cos’(l20 - @)) (56) 

The value for [Pt(2-but-tn),]‘+ seems low by comparison to the other values 
of cf, and could result from rz(CH,) being in fact higher than 0.76. If /z(CH,) 
is 1, Q, would be 70”. 

For [Pt( nze.ro)-ptn)z]“, in which the “C protons would be axial, 3Jpur was 
found to be 15 Hz [ 1151, consistent with the grrztche angular relationship. The 
average value of 3JPrH and 3JplH for the Pt’+ complexes of 2-substituted 
iigands in Table 13 is “42.6, in agceement with the values of 3JptH found for 
the tn complexes (43 Hz), in which the rapid chair G= chair equilibration 
would average the coupling constants. Appleton and Hall used an average 
value of 40 Hz, found from the value of ‘JPtH of 41 Hz for [Pt(NH3)z(en)J2+ 
[ 1151 but for this complex, the different value of @ compared with that for 
the six-membered ring complexes would probably yield different values of 

3JPtH and 3JplH _ 
If c3J,,, is ta’ken to be 15 Hz as found for the ,?ze.so-ptn complex, 3J,,lH is 

cakulated to be 71 Hz, using the value of 43 Hz for the averaged couplmg 
constants. For [Pt(( R, R)-ptn}2]2f if it is assumed that both SB, and 

conformations exist in the same ratio as calculated for 
~&G~t-$t)-ptn)]‘i using 3JHH (n(Ch) = 0.75), then the expected value 
of 3.1Ptzi is-cakulated to be 36 Hz, in reasonable agreement with the observed 
value of 38.5 Hz. A similar cakulation for [Pt(bipy){(f)-ptn}]“+ yields a 
value of 3Jr,n of 30 Hz which agrees well with the value of 31 Hz found for 
this complex. 

The 4.J,,,u value for an a-substituted methyl is maximized when CH, is 
equatorial because, in this orientation, the optimum angular relationship 
occurs [ 1151. The following values were obtained: [Pt(NH3)2( 1,3-bn)lZf, 3.5; 

[Pt(NH3)2(OH2),(l,3-bn)]4+ , 6.5; [Pt(NHj)zC12(1,3-bn)]2+ , 5.2; 
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[Pt(NH,)2( meso-ptn)]‘+ , 6.5; [Pt(NH,)?(OH ,),( meso-ptn)14’ . 6.5; 
[Pt(NH,),Cl,(meso-ptn)]‘+ , 5.0; [Pt(NH,)z{(R,R)-ptn}]” . -c 2; 
[Pt(NH,),(OH2)2{(R,R)-ptn}14t, 3.8; and [Pt(NH,)zC12{( R. R)-ptn}]‘+ . 
2.5 Hz [ 1151. Comparison of 4Jp,H for ac_c., for the analogous nze.so-ptn and 
1,3-b” complexes shows that in the square-planar complex [Pt(NH,),( 1.3- 
bn)] 2+ lz(Ch,) is less than 1 as was found from the 3Juu method. but in the 
octahedral complexes ,t(Ch,) is in fact 1, again as was found from 3JHfI. For 
the (-t)-ptn complexes, 4JplH values are much smaller than those for the 
analogous meso-ptn complexes consistent with a large population of the 
chair conformations. 

Coupling constants between ‘95Pt and pC, 3Jp,,8c, and between *95Pt and 
“C-CH,, 3Jptc,,.,, are dependent on the dihedral angle PtNlClC2 (a)_ 
Erickson et al. state that for six-membered diamine Pt(II) complexes, 3Jp,~tc 
is consistently observed to be 30 to 40 Hz [ 1371, in line with values of CD in 
the range 50 to 60” which would be expected from X-ray data. However. 
values outside this range have been observed, with values around 20 Hz 
reported for ( R. R)-ptn complexes_ The value for [ Pt( N H3)J nzeso-ptn)] ‘+ 
appears surprisingly low, but based on the observations of Erickson et al. for 
the complex [Pt(bipy)( cis- 1.3-cyclohexanediamine)]“’ [ 1371. a value of 15.6 
Hz for 3Jpl:Fc would be obtained for a @ value of 66”. assuming a dual 
coupling path to pC. The average value of Q, for [Pt{(S,S)-ptn},]Cl, - H,O 
where the conformation found for the ptn chelate ring is a relatively 
undistorted chair [122], as is expected for meso-ptn chelate rings. is 64.4”. 
With a small variation in @ in the range 50-70” producing a large variation 
in the coupling constant due to the cos’ relationship, it is not surprising that 
complexes expected to have conformational similarities show considerable 
variation in 3Jpt~c_ The difference in the 3Jpt~c values and therefore in the 
MXCC dihedral angle for the diammine and bipy complexes of nreso-ptn 
could be due to distortions in the ring which are necessary to overcome the 
unfavourable interactions between the bipy C6-H and C6’-H protons and 
N-H, protons of the ptn ring. Therefore, 3Jpt~c is not considered as a useful 
probe in the conformational analysis of these systems. 

The coupling constant 3Jpt,-H, p rovides more useful information, as the 
axial and equatorial orientations of the methyl group have PtNCCH, 
dihedral angles of ca. 90” and ca. 180“, respectively, leading to large 
differences in 3Jp,CHj, and 3J,,,CH,c_ 

If it is assumed that 3JptCH,, IS 0 and 3Jpt,-h, is 47 Hz, based on the value 
found for [Pt(NH,),( meso-ptn)12+, then the value expected for the (.R. R)- 
ptn complexes, assuming only the CH,, = CH,, interconversion is occurring. 
is around 23 Hz. The values of 31 Hz and 35.2 Hz found for 
]Pt(NH,),{(R,R)-ptn]l’+ and [Pt(bipy){( R, R)-ptn} J2+ are not consistent 
with symmetric chair conformations, but are consistent with values of n(Ch) 
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for the two complexes of 0.67 and 0.50 respectively, in reasonable agreement 
with the values of 0.75 and 0.54 found using the 3Jr.rn method. 

The value of n(Ch,) of 0.68 calculated for [Pt(bipy)(l,3-bn)]‘+ using the 
above values of 0 and 47 Hz and 3Jt,lcH and 3Jp,,-- is also in good 
agreement with the value calculated by the “Ii,, method (k65). 

The low value found for [Pt(bipy)(me.so-ptn)]‘+ (38.1 Hz) could be due to 
structural changes necessary to overcome unfavourable non-bonding interac- 
tions of the bipy C6-H and C6’-H protons and the N-H, protons of the 
ptn chelate ring, which could yield a concentration of the SB,, conformation. 

The values of 3JpcI~cH, for [Pt(bipy)(mptn)12’ (C4, 41.8 Hz; C2, 23.4 and 
22.0 Hz [74]) are consistent with the conclusion from the 3Jnn method that 
the chair and unsymmetric boat conformations have mole fractions of 0.63 
and 0.37, respectively. The C4 methyl is in an equatorial orientation tram to 
the metal in both conformations, whereas the C2 methyls exchange between 
axial and equatorial orientations with MNCC torsional angles of 90 and 
160” on conformational interconversion_ 

(iii) i3C Chemical shifts 

Dalling and Grant have analysed the 13C chemical shifts of methyl 
substituted cyclohexanes in terms of the effects of equatorial and axial 
methyl groups on, for example, 6”C, @C, and 6YC. This has allowed the 
prediction of whether a methyl group is largely axial or equatorial [ 138,139]. 
A similar analysis is possible for diamine metal chelates. Chemical shift data 
for six-membered diamine chelates are given in Table 14. The shift parame- 
ters are derived as follows: 

For M( rneso-ptn) 

6°C = s”C(tn) ‘+ a, + yc (57) 

(58) 

For octahedral complexes of 1,3-bn 

6Cl = saC(tn) + y, 

SC3 = s=C(tn) + ff, 

SC2 = @C(tn) + & 

(59) 

(60) 

(61) 

The values of yc + a, and & calculated from the above equations for the 
tetraammine complexes of meso-ptn(9.0 and 7.4) and 1,3-bn (8.8 and 7.2) are 
in good agreement, but the same agreement was not found for the Pt(bipy) 
square-planar complexes (8.0 and 7.4, cf. 13.8 and 7.0) because n(Ch,) is not 
equal to 1 for [Pt(bipy)( 1,3-bn)]‘+ _ 
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TABLE 14 

13C Chemical shift data ’ for six-membered diamine chelates 

Complex “C “C CH3 

tWNH,Mtn)13+ LI 
[C~CNMWl- a 
[Pt(bipy)(tn)12’ ’ 

W4W313+ a 
[Co(NH3),(l.3-bn)]3+ a 
[Pt(bipy)( 1,3-bn)]‘+ ’ 
[Co(NH3),(meso-ptn)]3+ a 
[Co(CN),( #wso-ptn)]- a 
[Pt(bipy)(meso-ptn)12+ a 
cis-[CO(NH,)~( nzeso- 

ptn),13+ il 
cis(C,)-[Co(C03)( tneso- 

rWz I+ C 
cis(C2)-syn-[Co(CO,)( meso- 

ptn),l+ C 
cis(C2)-anri-[Co(CO,)( meso- 

Ptn121+ ’ 
cis(C ,)-[Co(C,O,)( nzeso- 

W%l+ ’ 
cis(C,)-[Co(C,O,)( meso- 

r-W21+ C 
[Co(NH3),{(R,R)-ptn}13’ a 
lCo(CN),{( R,R I-ptn}l- a 
IPt(NH3)2{(R,R)-ptn}12+ ’ 
[Pt{(R,R)-ptn}2]‘Cd 
[Pt(bipy){( R.R)-ptn}]“’ il 
rruns-[Cc-(NH,),(( R, R)- 

Pw213+ = 
h-cis-[Co(NH3)2(( R, R)- 

ptn}z13+ c 
A-c~s-[C~(NH~)~(( R, R)- 

ptn}z]3+ ’ 
A-[Co{( R. R)-ptn),13’ J 
A-[Co{(R,R)-ptn},13+ D 
[Co(NH3),(mptn)J3+ il 

[Co(CN),(mptn)]- n 
[Pt(NH3)2(mptn)]2f ’ 
[Pt(bipy)(mptn)]‘+ ’ 

38.8 25.6 
41.2 26.5 
42.2 28.1 
38.5 25.2 
46.9, 39.5 32.8 
49.8. 41.6 35.1 
47.8 40.3 
49.7 41.4 
50.2 42.8 
48.2. 48.1. 47.9. 47.6 40.0 

23.1 
22.4 
23.1 
24.6 
22.6 
23.6 

48.5. 48.2. 47.7 42.2. 4 I .2 23.7 

48.2. 47.3 41.5 23.6, 23.1 

48.1. 47.8 42.1 23.5 

48.2. 47.9, 47.5. 47.4 40.9 

48.6. 47.5 41.4 

33 -J __ _- 

23.5. 23.1 

44.1 37.8 23.6 
45.1 38.8 24.1 

46.6 40.6 21.9 
46.8 40.7 21.8 
46.9 40.3 21.7 

44.1 37.8 23.9 

45.1.44.3 37.8 24.1. 23.9 

44.6, 44.1 37.6 24.0. 23.8 

45.0 37.9 24.1 

44.6 37.9 24.1 
5 1.3. 43.2 45.2 32.8. 23.2. 26.7 
5 1.2, 44.4 46.2 33.5, 26.2. 24.8 
52.7, 46.5 45.0 28.9. 26.3. 22.8 

54.8, 47.0 47.8 30.6. 27.6, 22.4 

a Ref. 74. b Ref. 116. ’ Ref. 140. d Ref. 122. c Ref. 142. ’ Using dioxane (67.4 ppm) as ref. 

Distortions in some systems, coupled with the problem that one particular 
conformation is not preferred make a similar analysis impractical for other 
compounds, for example in [Pt(bipy)(mptn)]'+ . 
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(iv) Isotropic proton chemical shifts 

Nickel(iI) complexes of 1,3-diamines have been studied by Sarneski and 
Reilley [143] and the spectra of the c&mplexes are summarized in Fig. 15. 
The /I protons are shielded relative to the chemical shifts of these protons in 
analogous diamagnetic complexes. In [Ni(OH,),(tn)J”C where there is rapid 
chair G= chair interconversion that renders the two p protons equivalent, one 
p resonance is observed. One resonance is also observed for the (*)-ptn 
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Fig. 15. Schematic representation of NMR spectra of nickel(H) complexes of 1.3-diamine 
ligands in D,O: (A) Ni(tn)*‘; (B) Ni(1,3-bn)*+; (C) Ni(mtn)*+; (D) Ni(2-Et-tn)*+; (E) 
Ni(2,2-Me,-tn)‘+; (F) Ni(me.ro-ptn)2+; (G) Ni{(*)-ptn}*+; (H) Ni((*)-ptn)f+. Chair= 
chair (a) and skew-boat= skew-boat (b) equilibria are shown [143]. (Reproduced with 
permission from Inorg. Chem.. copyright 1974 American Chemical Society.) 
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complex where chair G= chair = skew-boat interconversion is present. How- 
ever, in the 1,3-bn, R’-methyl-1,3_propanediamine and nzeso-ptn complexes, 
two /I proton resonances are observed consistent with the predominance of 
one chair conformation_ The isotropic shift for the p protons of ( r )-ptn is 
approximately equal to the average of the shifts for the two fl protons of 
nzeso-ptn. The two resonances for the mtn complex are close together 
showing that the preference for one chair conformation is slight, whereas the 
separation for 1,3-bn is similar to that for ,Jreso-ptn showing that one chair 
predominates in the 1,3-bn complex. For the complex with 2-ethyl-1.3- 
diaminopropane (ZEt-tn) the singlep resonance was observed close to the 
less shielded resonance for nreso-ptn. One chair predominates but not to the 
exclusion of the other chair. 

The a-H and (u-CH, resonances were shifted to less shielded positions 
relative to the analogous diamagnetic resonances_ The isotropic shifts for 
CY-H protons are dependent on the dihedral angle NiN lClC2 (@) (Fig. 6). 
An equatorial proton has an approximate trurzs relationship with the metal 
and hence has a large isotropic shift. An axial proton has a gudre relation- 

ship with the metal and has a much smaller chemical shift. The ratio of the 
isotropic shifts for the axial and equatorial protons in a fixed conformation 
provides a means of calculating 0 using eqn. (27). 

The cy proton in [Ni(OH,),(nre.so-ptn)]‘+ has an isotropic shift of 36.8 
ppm which obeys Curie Law. This is consistent with the chelate adopting the 
Ch, structure exclusively_ The a proton in [Ni(OH,),{(*)-ptn}]” has an 
isotropic shift of 114 ppm but this resonance does not obey Curie Law 
because a plot of 6T against T has a non-zero slope showing that the chelate 
is not exclusively in one conformation or solely in the interconverting chair 
conformations. The skew-boat conformation must be populated. 

Before it is possible to calculate the mole fraction of skew-boat conforma- 
tion, the isotropic shift of an equatorial proton in a chair must be known. 
Sarneski and Reilley [ 1431 determined this from the spectrum of the nickel( 11) 
complex of cis, ci.s-1,3,5-triaminocyclohexane which is a terdentate chelate 
locked in a conformation with the a-proton equatorial. It possesses an 
isotropic shift of 324 ppm [ 1441. However, this multidentate chelate has a 
rigid structure and it is unlikely that the geometry of its six-membered 
chelate rings is the same as that for simple bidentate chelates. Nevertheless, 
it provides an approximate value for the equatorial cr-proton. Here. the 
equatorial isotropic shift was determined from the average of the axial and 
equatorial shifts which was assumed to be the value for [Ni(OHz),(tn)jZi. 
175 ppm. The averages for the other compounds approximated this value. If 
36.8 ppm is taken as the value for an axial a-proton, then the equatorial 
proton would have an isotropic shift of 313.2 ppm which is very similar to 
the value used by Sarneski andReilley [143]. From the ratio of the two shifts, 



the dihedral angle, @, is calculated to be about 50” (cf. 
[Ni(OH,),(tn),](NO,),, Cp = 53.3O [ 1451, [Ni(OH,),(tn)l](CIO,),, Cp = 59.9” 
[ 1461. 

The position of the a-proton resonance for [Ni(OH,),(( ‘)-ptn}12+, 114 
ppm, does not correspond to the averaged value for the axial and equatorial 
a-protons, 175 ppm. If the sole equilibrium was between the two Ch,, 
conformations. agreement would have been expected if the presence of an 
axial methyl did not significantly change the Cp value. As noted above, the 
fact that the a-proton resonance did not obey Curie Law shows that there is 
an equilibrium between the chair and skew-boat conformations. The skew- 
boat conformation that would be present would be SB,,, in which the 
a-proton is in an axial orientation. In order to calculate the mole fraction of 
SB,, that is present it is necessary to know the intrinsic value of the isotropic 
shift for the axial a-proton in this conformation_ Sarneski and Reilley 
assumed a value of 15000 -t 3000 ppm K for ST for this proton based on the 
proposition that the dihedral angle NiNlCla would be similar for the chair 
and skew-boat conformations and hence the isotropic shift for the axial 
ar-proton, a. in the skew-boat would be similar to that in the chair [ 1431. This 
proposition is not supported by evidence from X-ray structural data nor 
from conformational-energy minimization data. From the X-ray studies, Cp is 
of the order of 46-65O for the chair and 61-71 O for the skew-boat_ 
Conformational analysis of [Co(NH,),(( R,R)-ptn}J3+ gave an average @ 
value of 53” for the minimum-energy chair and a value of 72.5” for the 

skew-boat [131]_ If these two values were taken as being applicable to the 
nickel(II) system, the ratio of isotropic shifts of the axial a-proton in the 
skew-boat and chair conformations would be 3.0, and hence the isotropic 
shift for the axial a-proton in the skew-boat conformation would be about 
110 ppm, very similar to the value found for [Ni(OH,),{( R, R)-ptn}]‘+ . We 
wouId conclude, therefore, that the mole fraction of the skew-boat confor- 
mation is very high, probably in excess of 0.9. Sarneski and Reilley, on the 
other hand, calculated that the skew-boat has a mole fraction of only 0.46 
[ 1431. 

For [Ni(OH,),( 1,3-bn)]“+ , three conformations are likely to be present, 
Ch,, SB, and Ch,. Using the data derived from the (R.R)-ptn complex, 
Sarneski and Reilley calculated mole fractions of 0.88, 0.08, and 0.04 for’the 
above three conformations from the isotropic shifts of the a-protons, and a 
value of 0.83 for (n(Ch,) - n(Ch.)) from the isotropic shifts of the P-protons 
[143]. However, as pointed out ab.ove, there is some doubt concerning the 
value used for the intrinsic isotropic shift of the axial a-proton in a 
skew-boat conformation. 

From the spectrum of [Ni(OH,),(mtn)lZC it is apparent that one con- 
former predominates, but the preference for that conformation is much less 
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than the preference for the preferred conformation in [Ni(OH,),( 1.3-bn)]“. 
It is not clear whether the preferred conformation has the N-methyl group 
axial or equatorial. 

The spectrum for [Ni(OH,),(ZEt-tn)]‘+ is particularly interesting be- 
cause the various resonances approximate Curie Law behaviour. suggesting 
either one conformer is exclusively present, or two conformers of equal 
energy are present, or isotropic shifts for the two types of conformation are 
very similar. The fact that two resonances are observed separated by 149 
ppm shows that one conformer predominates so that the cu-protons have 
unequal axial and equatorial character. The isotropic shifts (107 and 256 
ppm) are inconsistent with one chair being exclusively populated: they are 
consistent with a mole fraction ratio. iz(Ch,)/rt(Ch,) = 0.77/0.23, but the 
Curie Law behaviour would require that the conformer distribution does not 
arise from enthalpy factors which would appear to be untenable [143]. 
However, the isotropic shifts are consistent with the exclusive population of 
a conformer with @ = 70”. The skew-boat conformation has a Q, value of this 
order of magnitude but, for this ligand, there are two equienergetic skew-boat 
conformations and an averaged resonance could be expected for the (Y 
protons. Our interpretation of the results for this ligand is that the Ch, 
conformation predominates and that Q is about 70°. In support of this the 
P-proton resonates at a similar position to the axial P-proton in 
[Ni(OH2)4( nzeso-ptn)]‘+ [ 1431. 

The temperature dependence of ST for the a-proton resonance of 
[Ni( tn),]‘+ was analysed in terms of the racemization of the complex and 
the free energy of activation for this reaction was calculated to be 58.6 kJ 
mol-’ at 345 K [ 1411. 

(v) “‘Co chemical shifts 

Cobalt-59 has a chemical shift range of 13.000 ppm [147]. The shift is 
particularly sensitive to factors controlling its orbital paramagnetism [ 1481. 
Cobalt(II1) has a ‘Alp ground state in its octahedral complexes. This gains a 
magnetic moment through the mixing in of the ‘T,p excited state. and the 
magnitude of the moment the ground state acquires is related to the energy 
difference between the ‘A,, and ‘T,s energy levels and hence to the energy of 
the first spin-allowed absorption band. It is also necessary to consider the 
nephelauxetic effect [ 1471. 

The sensitivity of 65’Co to electronic effects makes it a good nucleus for 
conformational analysis. The spectra of a series of tetraamminecobalt(Ii1) 
complexes of six-membered diamine chelates and of three tris(diamine)- 
cobalt(II1) have been measured [74]. The chemical shifts relative to 

[WNH,h,13+ are as follows: for [Co(N’H,),L13+ with tn 28.2; 1,3-bn, 21.2; 
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nzeso-ptn, + 18.2; ( R, R)-ptn, -39.5; mptn, 100.3 ppm; for [CoL,13+ with 
tn. 157.1; ( R, R)-ptn (A configuration), - 34.8, and (R, R)-ptn (A config- 
uration). +85.5 ppm. For each series there is a range of chemical shift in 
excess of 100 ppm. The mono complexes with tn, 1,3-bn and nzeso-ptn in 
which the chair conformation is expected to predominate have 659Co = 22.3 
* 5.3 ppm. The mptn complex which has an axial methyl has 659Co = 100.3 
ppm. The (R,R)-ptn complex which has the SB= conformations has S”Co 
= - 39.5 ppm, 139.8 ppm away from the resonance for the mptn complex 
with a chair conformation possessing an axial methyl. For the tris complexes, 
X-ray structural studies have shown that in the crystalline state. A and 
A-[Co{( R, R)-ptn}3]3t have skew-boat conformations with the methyl 
groups equatorial [ 118,119]. Conformational-energy minimization calcu- 
lations predict the skew-boat conformations would be almost exclusively 
populated for both configurations [ 1131. In contrast, [Co(tn),13’ has chair 
conformations in the solid state [ 149,150] and is predicted by conforma- 
tional-energy minimization calculations [ 109,113] to have the chair confor- 
mation predominating with AG about 3.5 kJ mo!-‘. The 59Co resonance for 
the tris complexes of (R,R)-ptn are more shielded than the [Co(tn),13+ 
resonance with the A configuration showing the major difference. The results 
for the mono and tris complexes support the conclusions from the 3./nn 
values that the cobalt(II1) complexes of (R,R)-ptn have the skew-boat 
conformation predominating in solution. 

D. CONCLUSIONS 

Coupling constant and chemical shift data from NMR spectra of chelate 
complexes can provide structural information about the chelate ring, the 
populations of conformations, and the barrier to conformation or configura- 
tion interconversion_ The most powerful technique is based on the applica- 
tion of 3Jmr values to the Karplus equation_ Analysis of the coupling within 
a CH,-CH, unit can provide the torsional angles within the unit, and the 
populations of the conformations_ For systems with CH(R)CH, one of these 
pieces of information is required before the second can be determined. There 
are three sources for the torsional angle data, X-ray structures, conforma- 
tional-energy minimization calculations, and coupling constant analyses for 
related CH,-CH, fragments or for related CH(R)CH, fragments in chelates 
where the conformational populations are known. 

Other coupling constants, for example 3Jnr, 3JPlt_i and 3JP,c, also have been 
successfully applied to this problem, and have the same limitations. Isotropic 
chemical shifts within nickel(H) complexes have been used for conforma- 
tional ana!ysis. 

The methods applied in this review to bidentate chelates can be applied to 
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multidentate chelates. It is recommended that researchers in this area de- 
termine coupling constants by second order analysis, and make use of good 
quality molecular models when considering the conformational possibilities. 
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