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LIGAND ABBREVIATIONS

bipy 2,2-bipyridine
2.3-bn 2,3-butanediamine
1,3-bn 1,3-butanediamine

2-bu'-tn  2-tert-butyi-1,3-propanediamine
2-Cl-tn 2-chioro-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 I,2-ethanediamine

2-Et-tn 2-ethyl-1,3-propanediamine
2-Me-dmitn 1,3-bis{methylamino)-2-methylpropane

men N-methyl-1,2-ethanediamine

2,2-Me,-tn 2,2-dimethyl-1,3-propanediamine

mpn N'-methyl-( $)-1,2-propanediamine

mpin 2-methyl-2 4-pentanediamine

mitn N-methyi-1,3-propanediamine

2-OH-tn  2-hydroxy-1.3-propanediamine

pen 1-phenyl-1,2-ethanediamine

pn 1,2-propanediamine

pin 2,4-pentanediamine

tmen N, N, N’ N'-tetramethyi-1,2-ethanediamine
tmpn N, N N’ N'-tetramethyl-1,2-propanediamine
tn 1,3-propanediamine

A. INTRODUCTION

The early apphcations of NMR to the conformational analysis of tris(1,2-
c¢thanediamine} complexes {I}, paramagnetic nickelII} complexes [21, 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 *C, 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 sierecchemical 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 /iy 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, /iy,
e ous and Yo, to the Karplus relationship, the most useful form of
which for conformational analysis is that given in eqns. {1} and (2} {4], where
D is the dihedral angle XCCY (Fig. 1). The constants, A; and A4, are known
to vary from system to sysiem depending, for example, on the electronegativ-
ity of substituents {5,6], but the ratio 4, /4,(a), which is the ratio of the
coupling constants for ® = 180° and ® = 0°, is thought to be less sensitive to
these factors {7] although it does depend on the two interacting nuclei.

3y =A,cos’® 0° <P <90° {1)
gy =4, cos?®  90° < P < 180° (2)

Equation (3) is a more exact relationship between the vicinal coupling
constant aad the dihedral angle with 4 ~4Hz, B~ —0.5 Hz. and C ~ 4.5 Hz
for X=Y=H [8], but a new set of constants 4, B and C are required for each
closely related family of compounds and this makes it difficult to apply. The
fact that B is generatly negative means that */,, for ® = 180° is larger than
for ® =0°, and that « is greater than 1. For /. Karplus’ valence-bond
calculations gave 4 =422, B— —0.5, C=4.5 [8] which vields a,,;, = i.12.
Gopinathan and Narasimhan {9} have compared results from three different
MO treatments. The values of ayyy calculated from their results are as
follows: extended Hiickel theory [10], 1.62; finite perturbation method using
CNDO/2 wavefunctions, 1.31; finite perturbation method using INDO
wavefunctions, 1.44.

Jyy =A + Bcos @+ Ccos’® (3)

A number of different values of «,,;; have been used for conformational
analysis of chelate nng systems. Sudmeier and Blackmer [7] estimated that
A inst Toquche 15 €qual to 3.5, ie. ayy = 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 ‘trans ™ protons were exclusively at 180° and the

X

Sy

Fig. i. Dihedral angle, XCCY, for five-membercd chclate rings.
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‘gauche’ 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. [11] have used
ayy — 111 taken [rom work by Slessor and Tracey [i2). Hawkins and
Peachey [13] estimated &y, to be 1.208 from an analysis of the 3/, values
for [Co{CN),(dmbn}]~ (where dmbn is 3,3-dimethyl-1,2-butanediamine) in
which the tert-butyl group occupies an equatornal position. In this review
dealing with similar chelate ring systems, a,;; has been given the value 1.2.

Various equations have also been derived for the relationship beiween
>Jr and @ by theoretical calculations [9,14] and from observed coupling
constants [6,15]. The values of a,, vary between 1.4 and 2.2. Cullen et al.
[11] 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
aye (see p. 28). Although other vicinal coupling canstants have been used for
the study of chelate ring conformations, for example /o, and 3/, ¢, values
of « are not currently known.

Proton chemical shift data have also been used [or the quantitative
confoniaational analysis of diamagnetic chelate ring systems [1]. However,
long-range anisotropic diamagnetic shielding of the protons by substituents
introduces a major error into these calculations [13]. On the other hand, for
paramagnetic systems, where these diamagnetic shielding terms are not of
great significance, the chemical-shift method is appropriate [2]. For *C and
other nuclei for example, **Co, where orbital paramagnetic effects have a
strong influence on the chemical shift, it is possible to determine conforma-
tional preferences from § values for diamagnetic systems. A number of
examples of the use of chemical shiit data is given in this review.

This review has been resiricied 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 structuresi or II. The molecuiar structures wiil be

b c b
a a a O
| i
>c——é\/ >c—c/
X Y x Nor
I 1}

given by X, Y, and where necessary, by a, b, ¢ 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, A and 8 (Fig. 2). The interconversion between these two
structures is rapid, and proceeds via an envelope conformation {16]. Carbo-
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Fig. 2. Puckered and cnvelope conformations of five-membered chelate 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 &), or a flattened puckered conformation, e.g. a-aminocarboxylates
[17). For the puckered and envelope conformations substituenis 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 (*Jy4)

For.a ligand with no substituents on the ring carbons that adopts the §
and A 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.

Joa = 1x{Sag ) T 15(Jaad s (4)
‘I.xc=”)\(‘]nc).'\+"5(‘fac)ﬁ {5)
Jua = 1a{Jpadn + 16{Joads (6)
oo = nalJoeIn + 15{Juc)s (7}

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

n, +ng,=1 (8)
R
X R X
M=—_. M— .
Ao )\a

Fig. 3. Substituent orientation for puckered five-membered chelate ngs.
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Fig. 4. Conformational interconversion for five-membered chelate mings.
the three vicinal couplings can be expressed as
T4 = ::,\[A2 cos? (8 + w,) — A, cos?(8; — ws)}] + 4, cos?(8; — w;) {9)
I =Joq =n,( 4, cos’w, — A, cos’wy) + 4, cos’w, (10)

Jo. = ml 4, cos?(8, — w,) — 4, cos?(8, + ws)] + A4, cos?(8; + w,) {(1t)

If it is assumed that 8, =8, = 120", and that, for these systems where there
is no substituent on the ring carbons, «, = «; = w, and putting 4, /4, — a,
Joa /e =X, and J /T, =Y, eqns. (9)-(11) yield the following expressions
for n,

"y =[Xcoszw — cos?(120 — w)]/[a: cos? {120 + w) — cos?(120 — w)] {(12)
n, :[Ycoszm — a cos?(120 + w)]/[cosz(l20 —w) —acos (120 + m)] {13)

As X and Y can be determined experimentaily, and the value of « is
avatlable, 1t is possible to solve eqns. (12) and {13) for n, and w. This is only
possible for systems where the rapid A = & interconversion does not make the
four protons magnetically equivalent or where the A and 8 conformations are
not equally populated.

If b is replaced by a substituent, «, and w; may not be identical and the
more genera! equation, eqn. {14} is required.

1y = | X cos2ws — cos2(120 — ws)] /o cos2(120 + w, ) — cos2(120 — w;)
— X{cos%w, — cosw; )] (14)

Values of w; and w, are required before n, can be determined. Alternatively,
if n, is known to be 1.0, w, can be determined from

[cos2(120 + w, )] fcoswy = X/a (15)



(ii) Chemical-shift method

Because the conformations interconvert rapidly, the observed chemical
shifts of ¢ and d are weighted averages of their values in the frozen A and &
conformations. If it is assumed that when ¢ and d are axial or equatorial they
have chemical shiits typical of the axial {8,) or equatorial (8,) orientations.
the observed chemical shifts can be expressed by egns. (16) and (17).

8. =nd. +(1—n,)8, {16)
8, =md, + {1 —n,) 8, (17)

The observed chemical shift differences A8 between ¢ and d is given by
A8 =2n,(8, —8,) — (8, —8,) (18)
Putting {8, — 8,) = A8'" and rearranging, #, can be expressed as

n, = 0.5[1 + A8 /A8 (19)

if, for a diamagnetic complex, A5'™ is known by measuring the spectrum at
sufficiently low temperature to obtain the frozen conformation. it would be
possible, for some systems, to determine n, using eqn. {19). Long range
anisotropic shieldings prevent the use of substituents such as teri-butyl
groups to freeze the conformation because A8°™ for such systems depends
on the substituent, and cannot be used as A§'™ for other substituents that do
not enforce n, = 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 A§™ can be determined and applied to other related
systems {18].

(a} Diamines

Five-membered diamine chelate rings exist in the A, 8 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 [16). The
barrier has been determined by NMR methods for complexes of
N,N,N’, N'-tetramethyl-1,2-ethanediamine (p. 21) [19-21].

1,2-Ethanediamine, X = Y= NH,. Due to rapid A = § interconversion [16]
and the fact that n, = n, the four CH protons become magnetically equiva-
lent in complexes of the type [MX (en}]"* and trans-{MX,(en),]"" . This
equivalence is reflected in the Curie behaviour of the resonances for
[Ni(OH, ) (en)j?* [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 8 and A conformations are the same [23]. If for, say, the
A distribution of chelate rings (Fig. 5) the A conformation predonunates, as 1s
predicted to happen from energy-minimization calculations [16,24], the
spectrum is weighted towards the A conformation and an AA’BB’ specirum
would be expected. This has been observed for [Ru(en),1?* [25], [Rh{en),]**
[7), and [Co(en);)** [26], and the vicinal coupling constanis have been
derived. From eqns. {12) and{13) it is possible to calculate the mole fractions
of the & and A conformations and the NCCN (w) dihedral angles [13]). The
results are given in Table I. Estimates of the free energy differences between
the four A configurations, AAA, AAS, AS8d and 8488 are also included. These
were obtained from eqns. {20), (21) and (22} where AG,°, AG,° and AG,® are
the free energies of the A-AA8, A-A88 and A-8848 configurations relative to the
A-AAX configuration, and where it is assumed that the free energy change for
each A — & interconversion is constant {AG®°) except for the statistical
entropy term.

AG,° =AG®° — RTIn 3 (20)
AG,° =2AG° —RTIn 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 atiow the determination of
enthalpy and entropy differences. It has been predicted that, as M-N
increases, n, will decrease and « will increase [16]. The results in Table 1 are
consistent with this because the M-N bond lengihs are about 200 [27], 205
{28,29], and 215 pm [30] for Co(IIl}, Rh(I1l) and Ru{ll}, respectively. The
results alsc are consistent with the proposal that the PO,*>" ion stabilizes the
A-AAXX conliguration [31,32]. The reiative (rece energies for the various
configurations of A-[Co(en);1*~ {AAX, 0; AXS, —0.6; A88, 1.4; 888, 6.1 kJ
mol ') are in excellent agreement with the results of Sargeson and co-workers

r ™ ~ ~

K« K

— — (- _/
N a A a

Fig. 5. Configurations of tris and ¢is-bis bidentate chelate rings.
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[33] {AAX, 0; AAXS, —0.4; A88, 1.7; 888, 6.7 kJ mol ~') which were obtained
by an indirect method [33-35] based on the concentrations of the various
isomers of [Cof{(R})-pn},{(S)pn};_,1>*. which had been prepared under
equilibrium conditions and separated chromatographically. The values of w
calculated for [Co(en),]>* are in the range of the values found recently in
crystals by X-ray analysis: { +)-[Co(en);]JCl; - H,O, 54.5°, 55.6°, 55.6° [36];
{+)-[Colen); KNQO,);, 51.9°, 51.6°, 45.7° [37]: (=)-[Co(en); (SCN},, 49.2°,
50.4°, 52.4° [38]; (=}[Co(en);]Cl; - 2.8 H,O, 50.6° {39); (=x)-
[Colen);],(HPQO,);-9H,O, 52.4° {40]. The values of « calculated for
[Rh{en),}** also approximate the values that have been determined by X-ray
structure analysis: (=)-[Rh(en);]Cl,;-3 H,0, 55.8° [28]; (+)[Cr(en);]{ +)}-
[Rh(en),]Cl, - 6 H,O, 54.5° [29]. Strain-energy minimization calculations
have predicted w = 55° for Co(III} {M-N = 200 pm) [16,24] and w = 56.5°
for Rh({(II}) {(M_N =205 pm) [16].

The 'H NMR spectrum of [Ni{en);]** has been measured in various
solvents, in the presence of a number of anions, and over a temperature
range [18,41-45]. Due to the preference for the A conformation when the
distribution of chelate rings is A, separate resonances are observed for the
protons that are weighted in favour of axial and equatorial positions.
Because of a shift in the A =2§ equilibrium with temperature, these reso-
nances do not obey the Curie Law. The 5, value can be determined from
eqn. (19). A value of 159.6 for A6 at 300 K was determined from the Ni(II)
complex of 3,3-dimethyl-1,2-butanediamine in which the tert-butyl group
stereospecifically adopts the equatorial orientation {18]. The #, values for
[Ni{en),}** were in the range 0.60-0.80 at about 300 K depending on anion,
concentration and solvent [18]. For example, {Ni(en),]CI, in water at a
concentration of 0.4 M and at 301.5 K where appropriate has the following
parameters: n, 0.62, AH 1.3 kJ mol™', AS 0.3 JK™! mol™!, AG 1.2 kJ
mol ™!, AG, —1.5kJ mol™!, AG, —0.3 kJ mol™ !, AG,+ 3.6 kJ mol~'[18]. In
dimethy! sulfoxide, the values are n, 0.79, AH 4.2 kJ mol™!, AS 3.0 JK™!
mol~!, AG 3.3 kJ mol~', AG, + 0.6 kJ mol~!, AG,+ 3.9 k] mol™ !, AG, + 9.9
kJ mol™! [18]. Chloride and nitrate were found to increase the A-A confor-
mation through ion-association {18]. Similarly, strong donor solvents such as
dimethy! sulfoxide increase A§°** and hence n, [18]. In fact the r, values
follow the donor number [46] of the solvent: for the tetraphenylborate salt,
MeCN, D.N. 14.1, n, 0.60; Me,CQO, D.N. 17.0, n, 0.66; thf, D.N. 20.0, n,
0.66; HCONMe,, D.N. 24.7, n, 0.72; Me, SO, D.N. 29.8, n, 0.78 [18]. These
changes in n, with solvent have been rationalized in terms of the stronger
hydrogen-bonding between the NH, protons and the solvents in the A-A
conformation than in the A-8 conformation [18].

Above 340 K the rate at which the two resonances deviate from the Curie
Law increases until the two lines coalesce at approximately 373 K. This is



duc 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 [18,24] and for a Me,SO solution by
using eqn. (23} [47)

k= (a2 ){av} g —ar3)

where Ay, is the frequency separation in the absence of inversion and Ar
is the observed frequency separation ai temperature 7, both expressed in Hz.
From these rates, the enthalpies and entropies of activation have been
calculated from a plot of —R In(k,h/kT) against T~' according to the
Eyring equation

~RIn{k,h/kTYy=AH™T ' —AS™ {24)

The data obtained are as follows: in water, AG ™ (374 K). 65.7 kJ mot 7! [42]:
in 1.6 M NaCl, AH™ 48,1 =62 kI mol . AS~ —41.2+=17.3 JK ' mol ¢,
AG™ (374K) 63.5 kJ mol ™'; in Me,SO. AH™ 503+60 &J mol™'. AS~
—41.3+ i5.9JK "' mol ™!, AG™ (374 K) 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 [48,49].

1/2 (23)

{R)-3,3-Dimethyl-1,2-butanediamine, 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-1,2-butanediamine
forms chelate rings with the tert-butyl group exclusively in the equatorial
orientation: the axial conformer is more than i2 kJ mol™! higher in energy
[50]. The high degree of stercoselectivity was confirmed by the strict ob-
servance of Curie behaviour by the three C-'H resonances in the mono
Ni(11} complex [18]. Two of these resonances in the 'H NMR spectrum of
[Ni(OH,) (dmbn)}** are for the CH-CH, fragment corresponding to the
equatorial [1H, 8° (300 K) 171.4] and axial {2 H, §* (300 K) 11.8} protons.
For the tris Ni(II) complex [Ni(dmbn);]**, the equatorial protons are
observed to resonate at §*° (301.5K) 169.2 (cf. §° (301.5K) 170.9 for
[Ni(OH,),(dmbn)}**) but the resonance for the axial protons is hidden
under the C(CH,), peak [18]. Because of the similarity in the positions of the
equatortal resonances for the mono and tris complexes, it has been assumed
that (8, —8,) is the same for the two complexes [18]. Further, since the
chelate rings have n, = 1, (8, — 8,) has been equated to A8'™ for the Ni(Il)
complexes with primary diamines. At 300 K the value is A§™ 159.6 [18].
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 pucker

A, = B, + B, cos>®, {25)

where 4, is the hyperfine coupling constant, B, and B, are constants, and ®
is the dihedral angle between the NiNC and NCH pianes. Experimental
evidence for radicals with rigid geometries has led to the conclusion that By
is much tess than B, [51]. This allows the approximation

A, = B, cos’ @, {26)
and the formulation of the equation
8. /82" == cos*{(120 — @) /cos* (120 + @) (27)

where @ is defined in Fig. 6. From the above values of the isotropic shifts, @
is calculated to be 44° [18] which is in good agreement with the value of 42°
found in the solid state for [Ni(en);}(MeCO,), -2 H,0 [52]).

The vicinal coupling constants /,,,; (Table 2) for [Co{CN),{(dmbn)] ~ have
been used to determine a, the ratio of the Karplus coefficients 4, and A4,
{egns. 1 and 2) {13]. 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, =n,
= 1, « can be calculated from eqn. (15). A value of 55° was chosen for w,
based on results of strain-energy minimization calculations [50]. The re-
sultant vaiue of «, 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 fogether. For the longer M—N bond length,

Fig. 6. Dihedral angle, MXCC, for five-membered chelate rings.
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w, should be larger [16]. A value of 60.4° was determined for
[Mof{CO) (tmpn)] which has n, = 1/0. Strain-energy calculations suggest w;
is 2.5° less than w,. If these angles are used for [Mo{CO},(dmbn)] in eqn.
(14) with X=12.22/2.99 or 402, n_is 0.8 [13]. li, however, the w value
appropriate for dmbn differs from that for the tmpn system because the
tmpn has different intra-ligand interactions, and it is assumed that n, is in
fact I. then « can be calculated from eqn. (15) to be 57°. An X-ray structure
of a simple bidentate diamine molybdenum(0) complex would facilitaie an
evaluation of these two alternatives.

The 'H NMR specira of the square-planar complexes, [Pt{NH;},-
(dmbn)}** and [Pt(bipy)(dmbn)]?* . have been analysed [55], and the cou-
pling constants are given in Table 2. If w is given the value 52.5° determined
from [Pi(bipy)(men)]?*, n_ is calculated to be 1.16 = 0.07, and 1.27 = 0.02.
respectively. A value of 56° is required for « to reduce n_, 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 1t was also found necessary to use a larger
value of w for the dmbn complexes.

The conclusion that n, is approximately 1.0 for the square-planar Py(II)
complexes is supporied by tbe 3/, coupling constants. One proton has a
very large value for *Jp;, 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 tn the A, conformation and the
PtNCH,, dihedral angle is close to 90°, thus making Jle very small. For the
1,2- ethanediamine complexes of P(il), [PI(NHJ),(en)]Z"' , [Puen),]?*
[Pt(bipy)(en)]**, [Pt(dpen){en)]*", in which the Jp,; values for the ring
protons would be the average for the axial and equatorial protons the values
obtained for *J,; are 41.5 {59], 41 [59], 40 [57}, and 38.8 [60], respectively. Ii
Vo, is close to 0, Vp, would be approximately 80 Hz [57], the value
obtained for the dmbn complexes.

{R)-1,2-Propanediamine, X—Y—=NH, b= CH, For the paramagnetic
mono Ni(II) complex, [Ni{OH,),(pn)]** the '"H NMR spectrum at 329.2K
has three peaks at §*° 18.0, 21.0, and 148.3 with an intensity ratio of 3:2:1
[18). 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. 4c). The methyl group prefers the equatornial 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 A 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 A8°™ gave AH 8.1 =0.3 kJ mol™* and AS +2.0*0.7 JK!
mol ™}, with AG (300K) 7.5 +0.5 kJ mol ™' [18].

For the diamagnetic { R)-1,2-propanediamine complexes, the mole frac-
tion of A, coniormation can be determined from eqn. (14). Values for w, and
wg are required for this calculation. For the cobal{IH} octahedral complexes,
w, was taken to be 51°. This value was based on the value of 51.1°
determined by X-ray analysis for [Co{NH;),(pn)i(5,0;),; s [61], on the aver-
age value fo 51.7° 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,),(men)}** and
[Co(CN),(men)]~ {[6i]. Conformational-encrgy minimization calcuiations
show that the 8§, chelate ring is slightly fatiened due to the unfavourable
non-bonded interactions of the axial methyl group in an octahedral complex
and that the value of w is about 2.5° less than for the equatorial conforma-
tion [3]. For the square-planar Pt(II) and Pd(H) diamine complexes where
M-N is about 204 pm the average value of « determined by X-ray analysis
is about 52° (Table 3). Analysis of the coupling constants of
[Pi(bipy)(men)]** yields a value of 52.5° for « [61]. Energy-minimization
calculations for the square-planar complexes conclude that the w values for
the axial and equatonial conformations are the same. In the absence of a
crystal structure of a simple melybdenum{Q) diamine complex or other
evidence, w, was assumed to be 57°, the value found for [Mo{(CO} (dmbn)]
with n_= 1.0 and «w; was given a value 2.5° less. Using the above values of
w, and w; for the ( R)-pn complexes of Co(lIl), Py(11), Pd(1I), and Mo(0), n,
has been calculated from eqn. (14) and presented in Table 2.

For the octahedral Co{lIl} complexes, the A_ conformation is almost
exclusively popuiated as had been found for the paramagnetic Ni(II) com-
plex, but in the square-planar complexes and in the octahedral complexes
with long M—-N bonds, n, is only of the order of 6.6-0.7. The conclusion
that in the latter complexes the axial conformation is significantly populated
is supported by the values of *Jp,y, e, and 8(*CH,). For the Pt(dmbn)
complexes where n_ is 1.0, B‘IPIHc is found to be about 82 Hz [55]. For
[PyNH,),(pn))>*, the ring proton which is predominantly equatorial has a
3/ value of 64 Hz and the axial proton about 10 Hz [60), consistent with
approximately 20% population of the axial conformer.

The °J, values for the methyl group in the (smeso-2,3-butane-
diamine}platinum{iI) complexes, [Pt{NH,),{(meso-2,3-bn))?* and
[Pt(bipy}{ meso-2,3-bn)}** , 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

Struciural parameters for square-planar P{II) and Pd{li) compiexes of diamines with bond
iengths in pm and angles in deg

Compilex M-N* NMN o G- MNCCH, Ref.
[Pd(en),]Ci, 203.7 83.6 542 41.0 62
fPt{en), jlart 2042 336 521 38.8 63
204.4 82.2 53.3 41.5
[Ft{{R¥-pn},]Ci,-2 H,O 205.5 829 52 171{eq) 64
204.5 829 50 87(ax)
204.5 80.9 49 167(eq)
204.5 83.6 52 93{ax)
[PACL . mese-2.3-bn)] 202.9 83.6 53.3 ai.1 162.0{eq) 65
78.3¢(ax)
[P1{{ R }-pn)dmen)][Sb,- 206.0 819 50.3 372 173.2 66
tarnt,)]-2 H,O 2055 842 538 41.5
[P{NH,;),(mpn}][Sbytart,]- H,O 204 84.1 5t4 392 169.5 67
(Pt{nrpn}Cl,] 2021 83.1 51.4 39.6 159.8 68
Averape 2043 83.1 519 40.0 167.1(eq)
86.2{ax)

* Average value for each chefate ring.

related complexes with the racemic isomer of 2,3-hutanediamine have *Jp
values of 49.8 [69] and 51 Hz [57)], respectively. In these complexes the
chelate ring is largely in the di-equatorial conformation. For [Pi(bipy)}pn)]**
and [PYNH,),(pn))?>* the *J, 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 C chemical shifts for the CH, group for the
1,2-propanediamine complexes are also approximately midway between the
values for the meso- and racemic-2,3-butanediamine complexes. For the
[Pt(bipy)(diamine}]** complexes, the & values are 17.05, 14.40 and 18.44,
respectively [57], and for [Pt{NH,),{diamine}]**, 16.8 [67], 13.8 and 18.0
[69), respectively. The circular dichroism spectra of (1,2-
propanediamine)platinum{il) 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 methy! {64].

(R)-1-Phenyi-1,2-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-parallei 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-1,2-ethanediamine chelate ring. it
can be seen that in the equatorial-parallel orientation the pheayl group's
non-bonded interactions with the rest of the molecule are significantly less
than in the equatorial-perpendicular orieuntation and the two axial structures.
The axial-parallel conformation is destabilized by an interaction between
one ortho-hydrogen of the phenyl and the metal ion. whereas the axial-
perpendicular conformation is destabilized by the interactions of one ortho-
hydrogen and its adjacent N-H_, and the other ortho-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-paraliel structure but not the axial-perpendicular structure, and
from Dreiding models it would appear that this unsymmetric chelate confor-
mation would make the axial-parailel conformation more stable than axiai-
perpendicuiar conformation for square-planar structures. However, in oc-
tahedral complexes the axial-paraliel structure is markedly destabilized by an
interaction between an ortho-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)-1-
phenyl-1,2-ethanediamine are summarized in Table 2. For the square-planar
Pi(II) complex, [Pt{pen),]**, the equatorial conformation predominates but
there is stll a significant population (n, = 0.16) of the axial conformer. This

- \,....c‘/, \,,A.L
/_“‘.J,""l’ >/f, \ ?
Ch \ |
{a) (b

(c}) ' {d}

Fig. 7. Conformations of { R)-1-phenyl-1,2-ethanediamine: {a) equatorial-parailel: (b} equa-
toriai-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(0) complex in which the long metal-ligand
bonds reduce the repulsions between the axial phenyl and the apical ligand.
For the octahedral Co(IIl} 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 A conformation has
the methyl group equatorial. The 'H NMR spectrum of [Ni{OH, ),(men)]**
in water has four peaks, which at 300 K are positioned at §'* 59.2 (ZH)},
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 [18}. The conformer populations were calculated by eqn. (19) to be n
0.71, n, 0.29 [18]. A variable temperature_study of the chemical shifts gave
AH21x0.1kImol 'and AS —0.3x0.3 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, averaged 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 10* s! from eqn. (23) [18].

For the above calculations of the conformer populations, the A§°% value
was taken from the § values for the CH,NH, protons and used in conjunc-
tion with A5 from the dmbn system. Using these results and A8°" for the
CH,NHCH, protons it was possible to calculate A8*™ for the secondary
amine group. This yielded A8 196.2 at 300 K for aqueous solutions [18]. In
methanol and dimethyl suifoxade the values were 207.4 and 212.2, respec-
tively [18].

For diamagnetic complexes, >y, values for the CH,CH, grouping can be
ntilized in conjunction with egns. (12) and (13) to give vaiues for @ and the
mole fractions of the equatonal and axial conformations. Strain-energy
minimization calculations show that for both square-planar and octahedral
complexes of this ligand, the w, and «, values are the same [50].

Coupling constants and calculated values of n, and « are given in Table4
for JCo(NH,)(men)]*>*, [Co(CN),(men)] , and [Pt(bipy)}(men)]’*. The
population of the equatorial conformation for the men chelate is very
dependent on the othér 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(Il) complex the protons in the 6 and 6’ positions of the
aromatic ligand interact severely with the equatorially-oriented N—-CH,
group. From the /., 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 », 1s 0.58 [67].

N,N’-Dimethyl-1,2-ethanediamine, X=Y = NHCH,. Chelaies of N, N’-di-
methyl-1,2-ethanediamine have both nitrogens asymmetric which gives rise
to a racemic and a smeso form as shown in Fig. 8. In the racemic form, the
two methyl groups are either boith axial or both equatorial, whereas in the
meso form both conformations have one equatorial and one axial methyi
group.

In water at 301.5 K, the paramagnetic [Ni{OH,),(dmen)}?* has five peaks
in its 'H NMR spectrum at 8§ 40.0, 86.7, 129.1, 133.8, and 156.3 with the
broad peak at § 86.7 consisting of two poorly resclved peaks. These have
been assigned to the axial methylene protons for the racemic ligand, the four
methylene protons of the meso ligand. the meso ligand’s methyl protons, the
racemic ligand’s methy! protons, and the equatorial methylene protons for
the racemic ligand, respectively [18,22]. At 301.5 K the ratio of the total areas
of the methylene peaks for the racemic and meso isomers was 1.3:1. From
eqn. {19}, n, was calculated to be (.80 and from a temperaiure dependence
study of the chemical shifts, A if was calculated to be 2.2 >~0.1 kJ mol™! and
AS —3.9=+0.2 JK ! mol ' [18]. Values were also obtained for methanol and
dimethyl sulfoxide solutions of the complex [18].

" 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 370K to be 9.0 X 103 s~ [18].

Based on », for the racemic isomer and the racemic: meso isomer ratio,
the relative populations have been calculated for the coniormations with two

\]“&‘?j:js

Brac
h mesp bmeso

Fig. 8. Chelate rings for ¥, N’-dimethyl-1,2-ethanediamine [i8] {reproduced with permission
from Acta Chem. Scand.}.
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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 walter.
1:0.56:0.22 in methanol, and 1:0.72:0.22 in dimethyl sulfoxide [18). Taking
into account the probability entropy term favouring the /meso 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 lor
the men complex.

The racemic: meso ratios for a number of diamagnetic complexes of dmen
have been estimaied from the 'H NMR specira by determining the relative
band areas for specific resonances for the two isomers: [PYNH,),L]*"
1.0: 1 [72); [PA(NH;),L}?* . 1.0:1 [73]; [Mo(CO),L] 1.5:1 [74). Other values
arc 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(Il} {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'-Tetramethyl-1,2-ethanediamine, X =Y = N(CH,},. The & and A
conformations of N,N,N’, N'-tetramethyl-1,2-ethanediamine chelate rings
are equaily 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 iow temperatore. Slow exchange 'H NMR
spectra have been reported for the tetrahedral complexes [Co(NO),(tmen}]™
and [ZnCl,{tmen)} [20], for the ecight-coordinate complex [Pr{{Hg]fod);(t-
men})]-[21], and for the octahedral complexes [Cr{CQ),(tmen)], [Mo{CQO),{1-
men)] and {W{CO),(tmen)] [19,75]. Approximate values of the barrniers 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 ' (235K) for the praseodymium compiex [21). A
band-shape analysis has been reported for the low temperature 67.89 MHz
3C spectra for the three octahedral complexes. The activation parameiers
for the 8 = A inversion are as follows: AH™ ,Cr394+=12 Mcd4l.5%19 W
380+0.8 kJmot™"; AS™, Cr, 5762, Mo 89~9.1, W —44+38 JK™'
mol™!; and AG™ (300K), Cr 37.7=3.1, Mo 388+3.7, W 393%19 kJ
mol ~ ! [19].

N?_-methyl-(S})-1,2-propanediamine, X = NH,, Y = NHCH,;, a= CH,. There
are two diastereoisomers of chelated N'-methyl-( §$)-1,2-propanediamine with
the coordinated secondary amine possessing the { R) or (§) configuration
(Fig. 9). Bosnich and Sullivan [77] used the relative intensities of the N-CH,
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Fig. 9. The four possible conformers of {Py{NH;),(mpn)]?™ [67] {reproduced with permission
from Bull. Chem. Soc. Jpn.}.

'H NMR resonances for the two isomers in a number of Pt{l1l} complexes to
determine the relative populations of the isomers. For the diammine, ethyl-
enediamine and acetylacetonato complexes the ratios were approximately
equal to 1. However, for the 1,10-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 1,10-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 § and A conformations for each di-
astereoisomer have been studied for the diammine complex [67]. Nakayama
et al. [67} measured the Y/, . values for the C-CH; group: { R)-N configura-
tion 43 Hz and ($)-N configuration 35 Hz. Using the values of Erickson et
al. {57} of 50 Hz for an equatorial CH, aad 0 Hz for an axial CH;, values of
0.86 and 0.70, respectively, were calculated for n, for the two isomers [67].

NI N'_Dimethyl-(R}-1,2-propanediamine, X = NH,, Y=N(CH,),, b= CH,.
Erickson et al. {57] noted that the 3/p, value for the C-"*CHj; group in
[Pt(bipyX N, N'-( R)-dmpn)}2*, 43 Hz, was larger than for the analogous
( R)-pn complex suggesting a larger n1,, value. The */,;;; values determined by
these authors for the CH,CH group of the diamine give n, 0.93 (Table2). In
the & conformation there is an unfavourable 1,3-diaxial interaction between
one N—CH, and the C-CH, group.
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the observed J’HH values for the CHCH, group give the following values for
w,: Cr{0) in pyridine and acetone, 59.1°; Mo{{(} in pyridine, 60.5°; Mo{(0) in

acetone, 60.2° (Table 2).

(b} Amino alcohols

Amino aicohol cheiate rings can exist in A and § conformations. The main
difference between these chelates and the diamines is that the M—O bond 1s
about 10 pm shorter than the M—N bond [78]. An axial substituent on ithe
carbon adjacent to the oxygen would interact more strongly with apical
figands in an octahedrai compiex 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(I1I) complexes by the %/,,,, method [79]. A
value of 53° was determined for «, from eqn. {15) using the observed
coup!mg constants for [Co(NH,),{{ R)-Bu' CH(OH)CH,NH,}}’" and as-
suming n, is 1.0. Using thus value for w,, 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 Table 5.



24

TABLE 5

Coupling constants (Hz) and values of n, for tetraamminecobali({IIT) compiexes of amino
alcohols with the ( R) absolute configuration {79}

Amino alcohol Jog Iy Jed ny

MeCH(NH, YCH ,OH 12.01 3.73 —1i.14 0.63=0.02
EtCH{NH,)CH,0H 1.47 5.38 —10.78 0.64=0.02
MeCH{OHYCH,NH, 12.01 3.59 —13.36 1.00==0.08
PhCH(OH)CH,NH, 12.46 3.68 —13.39 1.00==0.08
PhCH{O)CH,NH, 11.95 353 —1194 1.00==0.08

But CH(OH)CH,NH, 12.74 3.91 ~13.05 1.00

For the complex [Ni{(OH, ),(NH,CH,CH,OCH;}}"* the axial and equa-
torial orientations of the OCH, group are equally populated as the NCH,
proions give a sharp singie line with approximately the same contact shift as
the unsubstituted ligand (80). The OCH, protons are not degeneraie due 1o
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) Amino acids

Strain-energy minimization calculations of chelate rings formed by a-
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 pilanar
structures which occupy a shallow energy mimimum in the conformational
energy surface [17]. 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(11) complexes with N- and C-substituted amino acids in
which coupling constant data are analysed in terms of conformational
preferences [B1-83). Their analyses were based on a comparison of the
observed Yy, (NHCH), ¥puy. “Jpys. and 2p,c 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 3/, method of analysis
which was used for the diamine and amino alcohol systems.
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Fig. 10. Chiral envelope conformation of a-amino acid cheiate rings [3] (reproduced with
permission from Wiley-Interscience).

Some of the conclusi. s reached are as follows. In {PtCl.{sar)]” the
N-CHj; 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 trans-N-methylalaninaio complex both methyls prefer
the axial orientation. The gauche 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 rrans: cis isomers.

{d) Diarsenes

I -Trimethylsilyl - 1,2 - bis(dimethylarsenojethane, X =Y = As(CH,},, b=
SifCH,);. The large trimethylsilyl group has been assumed by Cullen et al.
to adopt the equatorial orientation in tetracarbonyl compiexes of the group
VIB metals Cr, Mo and W with the ligand, 1-trimethylstlyl-1.2-
bis(dimethylarseno)ethane {11,84,85). The !.3-diaxial interactions between
the trimethyisilyl and the As-CH, groups are obviously severe from an
inspection of Dreiding models and, in addition, the axial orientation of the
trimethylisilyt group is destabilized by interactions with the apical CO ligand.

If it is assumed that n, is equal to 1.0, w, 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 calcutated for the Cr, Mo and
W complexes are 51.8 0.8, 54.5=0.5, and 54.3 = 0.1 respectively. X-ray
analysis of some Cr{0) and Mo(0} tetracarbonyl complexes of fluorine
substituted 1,2-bis(dimethylarseno) ethanes found values of « of about 50°,
with Cr—-As = 243 pwm arid Mo-As = 258 pm [86]. The individual values of w
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TABLE &

Coupiing consiants (Hz) and conformational parameters for compiexes of substituted 1,2-
bis{dimethylarsero)ethanes

Complex Solvent Ju o Joa wideg} o

=

{u} n_ is assumed to be 1.0
(i} i-trimethylsilyl

[Cr(COY, L1 C,H,NO, 159 5.2 —12.7 515
C.H, 5.9 5.1 —12.7 52.0
CHCl, 16.1 5.2 —123 519
CH,Cl, 15.9 5.3 —1238 S1.1
(CD,),CO 16.1 5.0 —1238 526

[Mo{CO,L1" C, H, 15.7 4.5 —13.0 54.2
CHCt, 15.9 4.5 —13.0 54.4
(CD;,),CO 16.0 4.4 —12.9 55.0

[W{CQ),Li" C,H, i5.9 45 —13.0 54.4
CHCl, 16.0 4.6 —12.9 54.2
(CD;),CO 16.0 4.5 —13.1 54.5

(i) 1-trichlorosiiyl

[CHCOY,LI? C.H, 5.5 4.8 —12.5 52.6
CHCl, 15.4 5.3 —12.8 50.5
CH,Cl, 15.5 5.2 —12.9 51.1

() Using average w values from {a) ©
{i) l-cyano

[Cr¢COy, LY CHCI, it4 5.8 —124 0.59
CH.Ci, 1.1 6.0 —13.1 0.54
(CD,),CO 10.2 6.1 —129 0.48
C H NO, ¢ 10.2 6.1 —13.0 048

[(Mo{CO),L]"® CHCl, 10.1 5.4 —13.0 0.45
(CD,),CO 10.1 5.4 —-133 0.45

[W(CO),L])® CHCI, 11.8 5.4 —136 0.56
(CD;),CO 9.8 5.7 —13.2 0.41

(ii} f-chloro

[Cr(CO),L}® C,H, 7.5 5.2 —13.2 0.39
CHCl, 7.2 48 —134 0.39
CH.Cl, 7.2 4.9 —-136 042
(CD,),CO 6.5 4.8 —13.6 0.36
C,H;NO, 6.7 50 —135 0.36

® Coupling constants from ref. 84, ® Coupling constants from ref. 1§. Average w values: Cr,
51.8°; Mo, 54.5°%; and W, 54.3°. 9 J values varied by < 0.2 Hz between 307 and 373 K.

were not quoted, but based on calculations for anaiogous 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 [11]. Aiso, although
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the W-As bond length is not known, it is expected to be similar to that of
Mo-As [11], because the atomic radn of molybdenum and tungsien are
almost identical [87]. Hence the w values would be expected to be similar, as
is indeed found.

1-Trichlorosilyl-1,2-bis(dimethylarseno)ethane, X =Y = As{CH,),, b= SiCl,.
Tetracarbonyl( 1-trichlorosilyl-1,2-bis(dimethylarseno)ethane}chromium(0)
has 3/, values simiiar to the analogous trimethylsilyl derivative [84]. If it is
assumed that the bulky trichlorosilyl group enforces the equatorial conlor-
mation, the dihedral angle, @ can be calculated from egn. (15). The resuits
for a number of solvents are in Table 6. The value of 51.4 = 1.2 for w is not
significantly different to that calculated for the analogous trimethylsilyl
derivative (51.8 = 0.8).

1-Cyano-1,2-bis(dimethylarseno)ethune, X = Y = As(CH;),, b= CN. The
cyano group is far less bulky than the trimethylsilyl and trichlorosilyl groups
and from an inspection of Dreiding models of the tetracarbony! metal
complexes of 1-cyano-1,2-bis(dimethylarsencjethane 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 >/,
values {Table 6) support this. The mole fraction of the eguatorial conforma-
tion, n_, can be caiculated from eqn. (14} if it is assumed that w_ = w, and
that the value of » caiculated for the analogous trimethylsilyl derivatives is
applicable. The resuits for the Cr(0), Mo{(}) and W{0) complexes in a number
of solvents, which are given in Table6, show that n,=0.5=0.1. The
coupling constants were found to vary significantiy with temperature {85]
which would be expected if there is little preference for either conlormer.

1-Chloro-1,2-bis{dimethylarseno)ethane, X=Y =As(CH,),, b=ClL 1If the
e 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 n_ that are obtained are about 0.4
showing a slight preference for the axial orientation for the chioro group. An
axial chlorine has also been found to be preferred in 5-chloro-1,3-dioxane
[88], and in diammine(2-chloro-1,3-propanediamine)platinum{{I) {89].

1-Fluoro-1,2-bis(dimethylarseno)ethane, X = Y = As(CH,;),, b= F. The fact
that, for the tetracarbonyichromium(0) and -molybdenum(0) complexes of
1-fluoro-1,2-bis(dimethylarseno)ethane, the values for J, and J,. are similar
whereas J.- is about 3times the size of J,z (Tabie€) led Cullen et al. to
conclude that the fluorine substituent strongily prefers the axial orientation
[11,84,85,90]). Here, the mole fraction of the equatorial conformation was
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calculated from the %/, values using eqn. (14) and the above assumptions
regarding « (Tabie 6). For the Cr(0} and Mo{0) complexes, n_ was calculated
for a number of solvents to be 0.25=x=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 & = 1.5 [11], based
on molecular orbital calculations of Govil {14]. If this vatue of a is used in
conjunction with eqn. (14), z_ is calculated to be 0.21 and 0.25 for the Cr(0)
and Mo{0) complexes, respectively, in reasonable agreement with the values
calculated from >/, Values of a 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 3/, and those from 3/ is optimized with a value of ay,: of
about 1.6 (Table 7). This value will be used in subsequent caiculations 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].

1,1-Difluoro-1,2-bistdimethylarseno)ethane, X = Y = As(CH;),, a=b=F. In
the tetracarbonylchromium{0), -molybdenum{(} and -tungsten{0) complexes
of 1,1-diflucro-1,2-bis(dimethylarseno)ethane, rapid conformational inter-
conversion between the equienergetic conformers completely averages the
3J .r values and conformational information. The sums of the Jy values for
the three complexes are 72, 73 and 72 Hz, respectively {11} The analogous
tricarbonylhalomanganese(l) complex has an average value for =%/, of 72.0
Hz [91]. From Fig. 11, it can be appreciated that the two conformations in
this complex need not be of equat energy, and that complete averaging of the

TABLE 7

Coupling constants (Hz)* and conformationai parameters for complexes of I-fluoro-1.2-
bis{(dimethylarseno)ethane

Complex Solvent Foa e n,. Je y - n,® n.©
[CH CO}, L1 CeH, 3.6 3.4 0.25 a8.7 15.7 0.22 0.27
CHCI, 3.6 34 0.25 48.3 {55 0.21 0.26
CH,Ci, 36 34 025 488 158 022 027
{CD,)}3,CO 35 3.2 0.27 50.8 16.2 0.21 0.26
C,H,NO, 34 33 024 496 159 021 026
[Mo(CO),L]  CHCl, 45 29 034 482 140 025 030
(CD;),CO 4.1 29 Q.30 492 14.2 024 030

2 From ref. 84. ® Using a=1.5. © Using a = 1.6.
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Fig. 11. Conformations of [Mn{CO}, X {(CH,}. AsCF,CH, As{(CH ).}l

J e values is not expected. Expressions for the average coupling constants
assuming that @ = 120° and the « values for the two conformers are the
same, are given in eqns. (28)—~(30).

I =n{A;c0s’(120 + w) — A, cos*(120 — w}} + A4, cos?(120 — w) (28)
Ja=n{A, cos*(120 — 0} — A, cos*(120 + w}} + 4, cos?(120 + )} (29)
J.=A,cos?w=d,, (30)

The two constants J,. and J,, should be equal irrespective of the conformer
population. This equality should still exist if «, is not equal to w,,. Accord-
ing to the data in the literature the two constants are markedly different [91].
For example, for the chioro complex in chloroform J,. = 6.7 Hz and J,, =
12.7 Hz. This observed inequality could result from one or more of the 8
values being significantly different from 120°.

1,2- Difluoro-1,2-bis(dimethylarsenojethane, 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 %/, and the premise that, since the value of
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, %/, is given by A4, cos’w [85].
whereas i is in fact given by 4, cos® (120 — w).

The size of the averaged >Jy;, {11,85.91), and the observation that *Jy,,
decreased on heating {85] suggest that the conformation with the two
fluorines equatorial ts preferred to an unknown but not marked degree.

1,1,2-Trifluoro-1,2-bis(dimethylarsencjethane, X = Y=As(CH,),, a=b=c=
F. The two conformations of the chelate ring formed by 1,1,2-trifluoro-1,2-



30

bis(dimethylarseno)ethane have either two equatorial and one axial, {cea) or
I equatorial and two axial {eaa) fluorines. In principle the conformer
populations can be determined {rom the 3/ values using eqn. (14). How-
ever. a definiie conclusion cannot be reached because of difficulties in the
unambiguous assignment of the geminal fluorines {11]). Results for the two
alternative assignments are given in Table8. For the tricarbonyi{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 [911.

One assignment for a and b gives n__,=0.0. If this is the correct
assignment the conformer with one equatorial and iwo axial [luorines is
exclusively populated. The other assignment is consistent with both con-
formers being populated with a preference for the conformer with two
equatorial and one axial fluorine. The n,., values are solvent and tempera-
ture dependent, becoming larger with increasing dielectric constant and with
decreasing temperature. For [MnCI(CO);L] n,., approaches 1.0 below 261 K.

The */gp values could also in theory be used to study conformer popula-
tions. However, the dihedral angle dependence of /¢ 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 1,1,2-trifluoro-1,2-
bis{dimethylarseno)ethane at 307 K

Complex Solvent S ud L
([CHCOY,L}® C.H, 15.1 5.5 0.64
CHCl, 14.8 5.3 0.65
CH,Ci, 5.0 5.3 0.66
(CD,),CO 17.3 56 0.73
C,H,NO, 16.0 5.4 0.73
[Mo(CO),L] ¢ CHCI, 16.1 47 0.72
(CD;),CO 19.1 5.3 0.76
[MaCl{CO), L}" CHClL, 26.4 7.2 0.88
CHCl,® 270 67 0.98
{MnBr{CO),L}' CHCl, 26.2 7.3 0.86
(CD,;).CO 248 7.9 0.74
[MnI{CO),;L) ¢ CHCi, 25.2 7.5 0.80

* Reverse assignment of a and b yield n,, =0.0. ® Coupling constants from ref. 84. ©
Coupling constants from ref. 11. ? Coupling constants from ref. 85. ¢ A1 261 K. T Coupling
constants from ref. 91.
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(e} Thio ethers

1,2-Bis(alkylthio)ethane, X = Y — alkyl-S. The inversion of configuration at
sulfur has been studied by 'H NMR spectroscopy for unidentate [93-96]
and chelate ligands [97-101]. 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 mese and chiral isomers of 1,2-bis(alkyi-
thio)ethane chelates have been observed, [97,99-101] and from these, the
relative populations of these isomers can be determined. The results for the
benzyl denivative coordinated to tetracarbonylchromium{0), -molybdenum{0),
and -tungsten{0) are in Table 9 [97]. A band shape analysis of the spectra for
these compiexes has also given the barriers for inversion which are included
in Table9.

Signals from four diastercoisomers of {1,2-bis(irifluoromethylthio)-
propane}dichloropiatinum(il} have been observed with the intensity ratio
1:1:2:8. There are asymmetric centres at S1, C2 and 52 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 A = 8§ interconversion. The four sets
of signals come from the following four equilibria: §-S1{(a)C2(¢e)S2(e) = A-
Si(e)C2(a)S2(a), a meso isomer with the configuration SI{S)C2(S)S2( R);
8-Si(e)C2(e)SZ{a) = A-S1{a)C2(a)S2(e), a meso isomer with the configuration
SI(RYC2AS)S2(S); 86-Si(e)C2{e)S2(e) = A-S1(a)C2(a)S2(a), a chiral isomer

TABLE 9

Conformational energy differences (kJ mol™') between the meso and chiral isomers of the
thio and seleno ether complexes and the free enesgies of activation (kJ mol™}) for the
chiral — meso isomerisation at 3 K

Complex Solvent AG AG”

(i) L=C,H,CH,SCH.CH,SCH.C,H,*

[CH{CO),L) CDClI, 261=0.13 51.9=3.1
[Mo{CO), L] CDCl, 2.880.14 a58+=3.8
(W{CO), L} CDCl, 2.35>0.13 529=2.0
(i} L =(CH,),CHSeCH,CH,SeCH(CH,},®

{PdCl, L} C,H;NO, 0.81=0.10 79.5=1.7
[PdBr, L] C,H;NO, 0.59+0.08 82.0+2.5
{CHCO),L] CDCl, 1.22=0.10 63.9+04
(Mo(CO),L) CDCl, 1.11+0.10 60.2+0.8
[W(CO),L} CDCl, 1.44=0.10 66.5=0.4

2 From ref. 97. * From ref. 106.
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with the configuration SI{R)YC2(S5)S2(R); and 3§-S1(e)C2(a)S2(e) = A-
S1¢a)C2{e)S2(a), a chiral 1somer with the configuration SI1{ RYC2( 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
YF_F coupling, and these isomers are thought to be the two meso isomers
with the tnfluoromethyl groups syn 10 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 S1(S)C2(S)S2(R) configuration with the §-S1(a)C2(e)S2(e)
conformation [98,102]. The chelate ring’s dihedral angles in the crystal were
as follows: S1C1C282 = 47°, PtS1CI1C2 = 37°, C1C2S2Pt = 33° [102].

The structure of bis{1,2-bis{methyithio)ethane}copper(ll} tetrafluoro-
borate [103]. bis{1,2-bis(ethylthio)ethane}copper(l) tetraflunoroborate [103],
{ 1,2-bis{ethylthio)ethane} tetracarbonylchromium(0) [104], and bis{1,2-
bis{carboxymethylthio)ethane}copper(l) [105], 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.

{f) Seleno ethers

1,2-Bis(isopropyiselenc)ethane, X =Y = (CH,),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 meso
and chiral isomers. The & and A conformations of the meso 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)-
ethanedichloropalladivm(lI) and its dibromo- analog [106], but in the tetra-
carbonylchromium{0), molybdenum{0), and tungsten(®) complexes of this
ligand, the gem protons have a chemical shift difference of 17.3 0.9 Hz
[106].

One conformer of the chiral isomer has the two alkyl groups equatorial:
for the (R, R) isomer the & 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 dihedrai angle «w
can be determined from eqns. (12) and (13). In 1,2-bis(isopropylseleno)-
ethanedichloropaliadium(iI}), the spectrum of the CH,CH, portion of the
chiral chelate was analysed to give S, =187, J, =76, J =J,, =47 Hz
[106]. These values yield n,, 0.65, AG3,, = 1.65 kJ mol ~}, and w = 54.7°. In
the crystalline state the meso isomer has « 51.4° [108). The moie fraction of
niese isomer was determmined from the relative intensitics 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 n,, =04, n,, =02 and n,, = 0.4. The meso and the diequatorial
chiral isomer are approximately equally populated in solution, with the
daxial chiral isomer present in half their concentrations. The stability of the
meso relative to the diequatonal isomer is enhanced by the probability factor
inherent in such isomers of about .7 kJ mol ~ !, and if this is removed, it is
seen that the steric interactions f{avour the diequatorial isomer. The nieso
isomer crystallizes from solution, and its structure has been determined by
X-ray analysis [108]. Activation parameters for the inversion of the selenium
donors were determined by band-shape analysis at clevated temperatures
[106]. The data are accumulated in Table .

C. SiIX-MEMBERED CHELATE RINGS

There are three basic types of conformation of six-miembered chelale
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 8§ and A

d
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Fig. 12. Conformations of six-membered chelatc rings.
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Fig. 13. Dihedral angles, XCI1C2C3 and CIC2C3Y, 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 conformatlons which in
some systems are identical.

Chair to chair interconversion for diamine chelates generally has a lower
barrier than for cyciohexane {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 #C are in the plane [109). 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
{19,50]). 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 [19].

The geometric parameters that are important for the conformational
analysis include the dihedral angles XC1C2C3 (w) (Fig. 13), and MXCI1C2
{®). Two other parameters, D),, the acute angie between the planes MXY
and XCIC3Y, and D,, the acute angle between the planes XCIC3Y and
CiC2C3, have been used as indices of the degree of puckering of the chair
conformations [110,111}

(i} Coupling-constant method (Jy;;,)

The application of the Karplus equation to >/, for six-membered chelates
is based on the dihedral arrangement in Fig. 13. The dihedral angles w, and
w, 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 (+ }-{Cofmeso-
ptn);JICo(CN),}- 5 H,O has this structure with w, 65 == 4° [114). Assuming
Ch_, is exclusively populated in solution, «, was calculated from J ; and J,,
using eqn. (31) for the complexes in Table 10.

X=J,/J. =acos* (120 + w_) /cosw, 31)

For five octahedral complexes, and for square-planar [P¢NH,),(meso-
ptn)]** w, was calculated to be 61 = 3°, Lower values were obtained for
[P{NH,},Cli,{meso-ptn)1** and for [Pt{bipy)(mese-ptn}}>* . For the first of
these the accuracy in the coupling constants was not high and this could
account for the lower value. The secoi.d complex contains the rigid 2,2'-
bipyridine. Its C6-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 «_, (56.9°). These unfavourable interactions could also yield a
concentration of the SB,, conformation.

TABLE 10

Coupling constant and conformational data for complexes of nteso-ptn and 2-bu'-tn

Complex " g w_

L =meso-2,4-pentanedianiine

[Co(NH,),L)?* 11.72 1.91 63.8
[Co{CN),L] ® 11.49 2.06 62.4
[P¥NH,),Cl,Lj2* ¢ 10.5 2.5 57.6
[P{NH;},Br,L]>* © il.0 2.0 62.1
[PL{NH,).(OH),L]** © 110 25 58.4
[PKNH,),(OH,),L]¢* © 1.0 2.3 59.8
[Pl(NH:,)z]__]2+ b 11.5 2.1 62.1
[Pibipy)L)?+ b 1064 20 54.4
10.87 " 2.72 56.9
(PdL, 1%t~ 110 25 584
[Pl ]2t e 11.0 23 59.8
L = 2-tert-buryi-1,3-propanediamine
{Pubipy)L]Z* f 10.9 3.5 52.0
[Pd(bipy)L]** ¢ 11.0 3.13 54.4
[PiL,J2" ! 1125 29 56.2
[PAL,})?* f 12 29 56.1

°

* Calculated from eqn. (31) assuming 100% Ch. ® Coupling constants from rel. 74.
Coupling constants from ref. 115. ¢ Coupling constants from ref. £16. © Coupling constants
from vef. 59. f 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) i1somer, the 8-SB conformation has two axial methyls, whereas the
A-SB has two equatorial methyls. The X-ray determined structures of A-
{Co{( R, R)-ptn},]JCl, - 2 H,O [118], A{Co{R, R)-ptn};ICl;- H,O [1i9], eis-
[Co(NH;),{( R, R)-ptn},]Cl; - H,O {120}, and [Co(NH,).{()ptn}],(S,0,),
-4 H,0 [121] have the chelate ring in the SB,,. conformation, consistent with
the predictions of conformational-energy minimizat'~ _ calculations
[112,113,117,121]. In contrast in the square-planar cor * _ [Pt{(S.S)-
pin}, JCl, - H,O, the rings are in the Ch_, conformation [122}].

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 [121]; [CofCN),Li~. 7.0 [121]; A-{Co{{ R.R)-
L}.17. 8.7 {121} A{Co{(R,R)-L},I’", 8.4 [121}; {Mo(CO),L}, 6.3 [12i}:
[PUNH;),Cl,L}*Y . 7.0 [115); [PYNH,),(OH),L}**. 7.5 {[115};
[Pt{NH,),{(OH,),L}*" . 7.5 [115]; {PtNH,),L]**, 5.5 [59]; [P{OH,),L}>",
5.3 [59]; {Pibipy)L]*F. 5.9 Hz [12}]. This A,B, pattern is consistent 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 A, B, pattern of two 1:2:1 triplets which is
observed for the {(=)-pin chelates. It has been shown that, for the octahedral
complex {Co(NH;),L{*", the 'H NMR spectrum is consistent with the
skew-boat conformation [121). A value of 33° for w, found from the X-ray
determined structure was used to calculated the coupling constants J,, (8.78
Hz) and J,_ (6.46 Hz) from the Karplus relationships given in eqns. (32) and
(33) {1211

Joa =J = A5 cos* (120 + ) (32)
Jo =Jy = A4, cos’w (33)

The observed coupling constant is the average of J,, and J,.. The 'H NMR
spectrum was shown to be inconsistent with an exclusive chair conformation
[121]. It should be noted that the cobalt(III) complex of { R. R)-pentane-
diaminetetraacetate, in which the ligand is sexaden:ate and the diamine
chelate ring fixed in a skew-boat structure, has a2 t. 2 signal for the 8-CH,
group, with J about 8 Hz [123].

The 'H NMR spectra of the other octahedral complexes of (==)-ptn can
also be shown to be consistent with a skew-boat comformation with an
average dihedral angle of 33°. The following values for the coupling con-
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stants J, and J,, have been calculated from eqmns. (32) and (33):
[Co(CN), L), 8.09 and 5.97 Hz; A-fCo{(R,R)-L};1**, 10.00 and 7.38 Hz:
A-[Co{{R,R}-L)};1?*, 9.66 and 7.14 Hz; [Mo(CO),L}], 8.65 and 5.35 Hz;
[Py(NH,),C1,L]*", 8.05 and 5.95 Hz; [P{(NH,},(OH),L])**. 7.63 and 6.37
Hz; {Pt{NH,),(OH,),L]**, 7.63 and 6.37 Hz.

1 it is assumed that the conformation exists totally as SB,, with «(SB,,) =
33°, and that the 4, and 4, values from the corresponding nieso-ptn complex
apply, the calculated values for J .  are: [Co(NH;),L}**, 81 Hz;
[Co(CN),L]. 7.9 Hz; [P{NH;),L)2™", 7.9 Hz; [P{bipy)L]*", 7.5 Hz. The
results for the CofIlI) complexes are in reasonable agreement with the
observed coupling constants, with the smaller values of J . 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, J,,, results from the average

of J,, and J_, that are, in turn, each averaged over the two equiencrgetic chair
conformations

Joa = 0.5{ A,005%(120 + w,) + A4,c0s*(120 — )} (34)
Joe =0.5{ 4, cos®w, + A, cos’w,’) (35)
Jobs = 0'5(‘].'.1!:! + J.:L) (36)

where w, —w, and W =, (Fig. 13). Eqn. (34) applies where w,” 2 30°;
otherwise eqn. (37) applies.

Joa = 0.5{ 4, cos(120 + w,) + 4, cos*(120 — w,’}} (37)

Again, if A, and A4, are calculated from the data for the analogous
meso-ptn complexes, it is possible, in theory, to derive values of w,” and w,
necessary to account for J,,,. For [PYNH,),L}*™, if the chairs are symmet-
ric, J, . can be accounted for if w, =w,/=33°, te. a very flattened chair
conformation. On the other hand, a number of unsymmetric structures with
w,” about 24° and w, about 60° are consistent with the data [74]. For the
bipy complex, «,” = 10° and «, = 60° is a solution {74]. These results are
surprising, considering the relatively undistorted chair conformation found
for [Pt{(S,S)-ptn},|Cl, - H,0 [122]. However, if it is assumed that the chair
conformation is undistorted with ¢, = ,” = 60°, then J; and J,. are calcu-
lated to be 6.96 and 2.40 Hz, giving J_,_ as 4.68 Hz for {PYNH,),L]**, and
6.59 and 2.28 Hz, giving J,,, as 4.44 Hz for [Pt(bipy)L]** . The higher values
found for J,, for the square-planar Pt(II) complexes can be accounted for by

the existence of both the chair and SB, conformations, and the mole
fractions of each conformation can be calculated from eqms. {(38)-(40} {74}.
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Ju: 1s the average of J 4 and J,, and »(Ch) is the mole fraction of the two

interconverting, equienergetic chair conformations.

Joa = n{Ch) J,4,(Ch) + n(SB,. ) J,4(SB..) (38)
Joo = n(Ch) J,(Ch) + n(SB,.) J,(SB.) (39)
#(Ch) +n{SB,,} =1 {40)

For [Pt(NH,),L]*" and [Pi(bipy)L]?* n(Ch) is calculated to be 0.75 and
0.54 respectively assuming the angles wgg = 33° and w, = w,” = 60°. The free
energy difference between the skew-boat and chair conformations at 300K s
2.7 kJ mol™! for [Pt(NH,),L]** and 0.4 kJ mol~! for [Pi(bipy)L]**. This
marked increase in the population of the chair conformations in the square-
planar complexes compared with that for the Co(I1l) complexes where the
skew-boat conformation was preferred, resuits from the reduced unfavoura-
ble non-bonded interactions of the chair’s axial méthyl group in these Pt{II)
complexes. As was suggested for the meso-pin 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 meoelecuies orientied 1n the fifth and sixth coordination
positions which would lead to a preference for the substituent to be equa-
torial [124].

1,3-Butanediamine, X=Y=NH,, = CH,. Since the X-ray structure of
[PL{(S,S})-pin},ICl, - H,O shows that the chair conformation with one
methyl axial is not significantly distoried in square-pianar complexes [122], 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 */y;y. as can the alternative assumption that the predominant equi-
librium is between Ch, and SB,.

Coupling constant data are available for [Pi(bipy)(1,3-bn)]**: J_ = 3.3,
Jy. =92, J,=94, J =33, J,.=63, and S, = 3.5 [116]. These values
were obtained by first-order approximation. If it is assumed that Ch, is
solely populated, J_, /J._ (eqn. 31), J,. /J_ (eqn. 41} and S, /S, {eqn. 42)
yield values of 49.7, 50.0 and 66.7 for w,. The lack of consistency between
these values shows that another conformation must be considered.

Sy /e = @ cos* {120 + w,) /cos’w, (av)
Joe /Hea = c0s2{120 — ) /cos’ew, (42)
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If it is assurmed that the other conformation is SB__, the mole fraction of
Ch,, n{Ch,), can be calculated from eqns. {43)—(45), where X =J,./J...
Y=J4/Fpeand Z=J,_/J,,. For wgg < 30°, the coefficient & must be used in
conjunction with cos®(120 — wgg) in eqn. (44).

n(Ch,} = a cos?(120 + wg ) — X cosiwgy/ X[cos’w, — cos’wep)

—afcos?(120 + w,) — cos* (120 + weg)] {43)
n{Ch,}) = cos®(120 — wgp) ~ ¥ cos’wgp/ Y]cos’w, — coswgy)
—a c0s?(120 + w_) + cos3{(120 — weg) {44)

n{Ch,) = a cos?(120 + wgy) — Z cos’wgy/ Z[cosw, — costwgg]
—cos*{120 — w_} + @ cos> {120 + wgy) (45)

A value of 56.9° has been taken for w, for [PYbipy)(1.3-bn)}*™* as this is the
value found for the analogous meso-ptn complex. A reliable value for wgy, ts
not known. X-Ray structural studies have lound values in the order of
30-35° [111,118,i21]. The three equations yield markediy different values
for n{Ch_} for wgg values between 25 and 40° and therefore it can be
concluded that the Ch,= S$B, equilibrium does not predominate. If it is
assumed that the predominant equilibrium is between Ch_ and Ch_. #(Ch,)
can be calculated from eqns. {(46)—{48).

n{Ch,) = X cos’w, — cos?(120 — w, } /& cos?(120 + w, }

—cos2(120 — w, ) — X{cos™w, — coszwa) {46}
n#{Ch,) = ¥ cos’w,” — c05*(120 — w,") /&x c05*{120 + <, }

~08*{120 — w,") — Y{cos’w, — cos’w,’) (47)
n(Ch_ } = Z cos’w,” — a cos” {120 + w,’) /cos* (120 — w,)

—a c052(120 + w,") — Z(cos’w, — cos?w,’) (48)

where «,_ is the dihedral angle C1C2C3Y, and «,” is XCIC2(C3. If the values
w, = 60° and «,”=10° that were calculated for Ch, for [Pubipy}{(=)-
ptn}]2+ are used for [PYbipy)(1,3-bn)]?* with w, 56.9°, n(Ch_} calculated
from eqn. (48) differs markedly from the values calculated from eqn. (46)
and eqn. (47). However, il it is assumed that w, = w, = w,” = 56.9, #n{(Ch,) is
calculated to be 0.65=0.01 from these three equations. The agreement
shows that the equilibrium Ch, = Ch, can expilain the observed coupling
constants. It wouid appear that in [Pi(bipy){(1.3-bn}]** the chair conforma-
tion with the axial methy! is not distorted by the presence of the axial methyl
as was indeed found for [Pt{(S,5)-pin},ICi,- H,O [122]. The [ree energy
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difference beiween Ch, and Ch, at the probe temperature of about 300K is
1.5 kJ mol™ L.

For the octahedral complex, [Co(NH;),(1,3-bn))**, the following cou-
pling constants were obtained: J_, 2.11; J,,, 11.7%; J 4, 12.94; J  2.17; J, .,
3.02; and J,,, 3.27 Hz {74]. If it assumed that Ch, is solely populated, values
of w_ 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. Rehliable values for the coupling constants are not
availlable for other 1.3-bn complexes.

2-Methpi-2,4-pentanediamine, 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)[[ZnCl1,]Cl and [Py(bipy)(mptn}}NO,),-0.5 H,0. respec-
uvely [61]. If one conformation is exclusively populated. the torsional angle
XCIC2C3 (w,) can be determined from eqn. {31) and the vicinal proton—
proton couphng constants, J,, and J,.. The observed vaiues for J, and J,,
and the calculated o, values are as follows: [Co(NH,),-
(mptn)]’* . 11.46, 1.33 Hz, 68.3°; [Co{CN),{(mptn)] ~, 11.30, 1.28 Hz, 68.6°;
[P{bipy)(mptn)]>*, 11.41. 1.97 Hz, 62.9° {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(NH,),(mptn)]**, chair 68.1°, boat 79.6°; [Pybipy)}mptn)}*>* chair,
57.3°. boat 76.8° [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 wg, is the torsional angle for the boat
conformation, and the values of « adopted for the chair and boat conforma-
tion are those determincd by the conformational-energy minimization calcu-
lations. The calculated s, values are 0.97, 0.94 and 0.63 for the complexes
[Co(NH; ) (mptn))**, [Co(CN),(mptn)] ~, and [P(bipy}mptn))>* {74].

2-Tert-butyi-1,3-propanediamine, X =Y =NH,, ¢=bu'. The teri-butyl
group 1s 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



4l

exclusively, the dihedral angle w, can be calculated using eqn. (49). Data are
in Table 10. The values of «, are about 5° less than those for the analogous
meso-ptn compiexes. This could be due to a ring distortion resulting from
some interaction of the equaiorial tert-butyl group or it could be due to the
axial conformation being populated. If it is assumed that w, = w, and that
the values of w, for the meso-ptn complexes are appropriate, n{(Ch )} can be
calculated: for [Pt(bipy}2-bu‘-tn)]>* it is 0.74, and for {P¢(2-bu‘-tn),]**
0.76.

Jou /g = @ cos?(120 + )} /cos’e, {49)

2-Hydroxy-1,3-propanediamine, X =Y = NH,, ¢=OH. The spectra ol
[PYNH,)(2-OH-tn)]>*, (P1(2-OH-tn),]>*, and {P{(NH;),Cl,(2-OH-tn)]**
have been analysed by Appleton and Hall [125]. For [PYNH),(2-OH-tn)]?*,
J.4 = 5.2 and J, 4 = 0.8 Hz which is consistent with the OH group being axial

&

with w, = 74° calculated from eqn. (50).
Joa /Toa = €052 (120 — w, } /cos7w, (50}

The other two complexes have similar coupling constants. In hydroxy-
cyclohexane, the OH group prefers the equatorial ortentation [126], but tn
some heterocyclic systems the axial structure is stabilized by H-bonding
interactions [127]. For the above complex., Appleton and Hall proposed that
the axial conformation is stabilized by H-bonding to the N-H,  protons
[125]. This interaction is optimized if D, and concomitantly w, are increased.

2-Chloro-1,3-propanediamine, X=Y =NH,, ¢=ClL A chlorine atom sub-
stituted at C2 also appears to stabilize Ch,. The vicinal coupling constants
for [PYNH,),(2-Cl-tn)}** are J,, = 5.0 and J,, = 2.6 Hz [125]). If the chelate
ring has n, =1, w, is equal to 65° {eqn. 50). The axial orientation is
stabilized by N-H_ - - - Cl inleractions.

1,3-Bis(methylamino)propane, X =Y =NHCH, When this ligand is coordi-
nated, there are three diastereomers possible: {R.S). (R.R) and (8.8}
Appleton and Hall have shown from the 'H NMR spectrum of
[Pt{NH,),(dmtn}}**, that the ratio of concentrations of the meso and chiral
forms is 28:1 [128], whereas for [Pt(bipy}dmtn)]?* only one isomer was
detected and that was concluded to be the meso isomer [116].

The 270 MHz spectrum of [Pt(NH:,)z(dmtn)]2+ was analyzed for the neso
isomer to give J,,=J,, =132, and J =S, =Sy =S.=Sy=Jy=2.6 Hz
[128]. When the ratio J, /J,_ is substituted into eqn. (31), the dihedral angle
w is calculated to be 60.8°. From the equality J, . =.J, =Jy,, it can be
concluded that w equals 60° .in agreement with the result from J,,// .
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Therefore, as far as the XC1C2C3Y fragment is concerned, there is little
distortion from the ideal torsional geometry. The above result 1s consistent
with one chair conformation predominating, probably Ch,, with both N-CH;
groups equatorial.

For [Pt{bipy){dmtn}]2* the corresponding coupling constants to the above
are 12 and 3 Hz, respectively [116). From J,,/J,. and eqgn. (31),  can be
calculated to be 56.7°, similar to that found for [Pt{bipy)(meso-ptn)]*™.
However, the equality J,,=J,.=J,, 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 bipyridine 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
3., data whether Ch, or Ch_, predominates. However, from the results for
iPt(bipy}{2-Me-dmtn)}*™ it appears that Ch,, would be preferred.

1.3 - Bismethylamino)-2 -methylpropane, X =Y = NHCH, ¢=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)(2-Me-
dmtn)]** is consistent with one isomer being dominant with J , =J, = 12.5
Hz and J,, =J,, =2 Hz [116]. These constants are consistent with C-CH,
being equatorial in a chair conformation with «_ = 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 stabie isomer is
uniikely 1o have the axial-equatorial configuration. The coupling constants
between a and NH, and b and NH were determined: J,,; —4Hz and
Jonu =0 Hz [116]. 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 aCINH and bCINH are of the
order of 40-50° and 70-80°, respectively [116]. In contrast, if the two
N-CH, groups were both equatorial the dihedral angles would be about
180° and 607, respectively and the associated coupling constants would both
be targer than were observed. it wouid 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} Diarsenes

1,3-Bis(dimethylarseno)propane, X =Y =As(CH,},. The Cl-d, compound
was used by Cullen et al. to study the conformations formed by 13-
bis(dimethylarseno)propane and its 2-tert-butyl derivative [129]. For
IM(CO),L] complexes where M is Cr{0}), Mo(0) and W(0), 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 [130] and Buys [131,132] to calcuiate «w from egn. (51).

R=J, . /], =3—2cos’w/4cos’w (51)

o 5

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

Joa/Tpa =@ c0s?(120 + @) + cos*(120 — w}] /2 cos’w (52)

Using the data in Table 11, « was found toc be between 65 and 66° for the
three complexes.

TABLE 1i
Coupling constant {3/, in Hz) and conformational data for complexes of arsenic chelates

Complex o Foe S I «

L = 1,3-bis{dimethplarsenc)propane

[CHCO), L} * 9.7 22 65.3
[Mo(COj, L]+ 9.7 2.1 65.9
fW{CO),L]*® 9.7 2.1 65.9
[(MnCKCO),L}" 134 6.4 2.2 2.2 65.6
(MnB«{CO),L)* 13.4 5.0 20 2.6 64.9¢
{Mni(CO),L}® 136 59 1.9 2.8 64.7°
L = {,3-bistdimethylarseno)-2-tert-biutyipropane

[C(COyL]1* L7 1.3 68.3
(Mo(CO), L) i3 0.8 73.5
[W(CO},L]? 1.5 0.5 774
(Ni(CO),Lj* 11.7 09 72.7
[Ni(PFP)L ¢ 12,3 1.2 70.2
[Mn(CO),CIL]® (isomer A) 126° vl 75.5
[Mn{CO),BrL] " (isomer A} 110' 22° 60.6
[Mn(CO),IL}® (isomer A) 12! 2.1° 61.7
[Mn{CQ);BrL] ® (isomer B) t16f 2.1°F 62.1

2 J values from ref. 129. ® J values from ref. 133. ° J values from ref. 135. ¥ PFP is
~ OC(CF,;),C(CF,),0~. © Calcvlated from average of J,y and J,.. ' Errors larger than for
other complexes because spectra are deceptively simple.



For [MnX(CO),L] where X is Cl, Br and 1, ABCD patterns were obtained
for the deuterium decoupled spectra {133]. This was interpreted by Cullen et
al. as evidence of the chelate ring being ‘locked’, not undergoing the
Ch = 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 [MnCKCO);L] had shown structure {A)}
in Fig. 14 to be present in the crystalline state [134], Cullen et al. [135]
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 n, is the mole fraction of one of the conformations, if it is
assumed that o has the same valve in the two chair conformations.

Joa /o = m{acos?(120 + w) — cos?(120 —~ w)} +cos?(120 — w) /cosw
(53)

e /e = 1y {cos?{(120 — w) — & cos?(120 + w) } + a cos?(120 + w) /cos’w
(54)

For the chloro derivative. #, and « were calculated to be 0.82 and 65.6°,
respectively. The X-ray analysis found « = 70--71° with D, = 31° [134]. For
the bromo and iodo complexes, J,. and J,, were found to have different
values. This result is inconsistent with a Ch = Ch equilibrium or a Ch — 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 n, values to that obtained for the chloro compound are calculated
with lower values of w: 64.9° for the bromo, and 64.7° for ihe iodo
compound.

e b R
x / co /
N N 4 N
@ \.,,,»\ o T

<o Me x Me

A 8

Fig. 14. Chair conformations of [Mna(CO); XL]. L is either 1,3-bis{dimethylarsenojpropane
{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(CH ).
Vicinal coupling constants for complexes of the 2-tert-butyl derivative of
1,3-bis(dimethylarseno)propane are given in Table 11. All are consistent with
one chair predominating. In fact, irom 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, «,, has been calculated from eqn. {49). The data are
in Table i1.

For 1,3-bis{(dimethylarseno)propane the Cr{(}), and W(0) complexes were
found to have similar values of « in the range 65 to 66°. For the tert-butyt
derivative, however, there is a significant increase in w compared to the
unsubstituted ligand. This probably resuits from the need to reduce repulsive
interactions between the tert-butyl group and Ci-H, and C3-H_. The
increased puckering of the ring would be [acilitated 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 {NiPFP)L] where PFP is ~ OC(CF; },({CF;),0 ™
also show relatively large values of w.

In {MnX(CO),L], 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 [133). The spectra for both isomers A and B are ABX. but are
deceptively simple “and therefore have a large probabaility for error in the
values” of J,, and J,,. Whether this is the reason for the large difference in
the « values, is not known.

(c} Seleno ethers

1,3 - Bis{methylseleno)-2,2 -dimethylpropane, X =Y = SeCH,, ¢=d=CH,.
The meso isomer of the ligand forms two chair chelate rings, 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 1n 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 },3-diaxial interaction of the latter group with
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(C-CH;), would markedly destabilize both chair conformations.In one
skew-boat conformation (SB,.) the two SeCH; groups would be equatorial,
in the other axial, (SB,,). Further, in both SB_, and SB,, neither C-CH,
would be axial.

The 'H NMR spectra of [M{(CO),L] where M is Cr{0), Mo{0) and W(0}
have been recorded at low temperature, and the changes in the spectra with
temperature are consistent with the freezing out of two exchanging confor-
mations at below about 240 K [136]. The activation parameters for the
exchange reaction were calculated by band-shape analysis and the data are
collected in Table 12.

Both species have an AB pattera for “*CH,. The different SeCH, signals
are not resolved, but the most populated species has a single peak for the
C-CH, groups whereas the other species has two peaks. It was claimed that
the exchange was between the two unequally populated meso-chair confor-
mations and not between two configurations of the donor groups mainly
because the AS ™ wvalues were inconsistent with Se inversion. However, it is
uniikely that Ch_, would be popuiated significantly. From the inspection of
Dreiding models, it would appear that the two most favoured conformations
are Ch_, and SB,.. The spectra are indeed consistent with Ch__ (meso) =SB,
{chiral). For Ch_,, two C-CH, signals would be expected for the axial and
equatorial groups, whereas for SB,, only one signal would be obtained and
both conformations would have AB patterns for the methylenes as was in
fact found. This equilibrium involves both conformational interconversion

TABLE 12
Complexes of 1.3-bis(methylseleno}-2,2-dimethylpropane in CDCl,*

Complex T(K) n(Ch)"® n{SB)® — AG, _sa
(i) Conformutional energy data (AG in kJ mol™ ')

[{CHCOY, L] 240 0.46 0.54 0.3
[Mo(CO), L) 210 0.31 0.69 1.4
[W(CO),L} 250 0.40 0.60 0.8

(if} Activatian parameters at 300 K (AG™ and AH™ inklmol™, AST inJ K"t mol™h

QG * oo QH ¢ AS L
{Cr(CO), L] 61.6=0.5 502=4.2 —39.0+=12.0
(Mo({CO), L] 55.9x=05 493+29 —22.0x14.0
[W(CO), L] 62.6=0.5 66.5=3.5 —13.0=14.0

* Data from ref. 136. * =0.02. © Ch_, {meso}— SB,, (chiral).
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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.

(i) '®Pt coupling constants

Appleton and Hall first applied °J,,; and “J,,;, to the conformational
analysis of six-membered diamine chelates {59,115). Table 13 contains a
summary of the available data for */p, and also for 2/, and g c.

Square-planar Pt?* complexes of 2-substituted diamines that exist pre-
dominantly in one chair conformation such as [P{NH,),(2-Cil-tn)]** have
Jpas. and Jp, values of the order of 20 and 65 Hz, respectively, consistent
with the gauché and rrans relationship for these nuclei. From the investiga-
tion of *Jyy, the chioro and hydroxo derivatives are known to have the
substituent axial, and *CH, is proton b which has the smaller value for *J,4.
whereas for the tert-butyl derivative, the substituent is mainly equatorial and
therefore “CH , is proton a:

TABLE 13

195t coupling constants with 'H and ¥C (Hz)

3 3 z 3 3
Complex S T Jorc Tere Jren,

(PY{NH,){tn)i>* 439

[Pi(tn),]** 43®

[P bipy){tn))2™ 42° 25 40.0°

{Pe(bipy)(1,3-bn))>™ 23,23 35 kYR

(PH{NH, ) meso-ptn)]** 15¢ 225 15.6 46.9¢

[Pt{bipy){ mesa-ptn)}%* 20.5 337 g

[Pi{NH,),{(R.R)- 25 21 31e
ptn})?*

[PL{(R,R}-ptn},}** 385°

[Pi(bipy}{(R,R)- ne 220 20.5 3524
pin}}**

[Pt{bipy}mptn)]*+ 2057, 1768 26.4 2341, 220,

41.884

[Pu{2-bu'-tn); ]2+ 22 e2b

{P{bipy){2-bu'-tn)} >+ 30.5 545"

[Pt{NH,},(2-OH-tn))>* 66.4 211

[Pt{(2-OH-tn),]>* 63.3 2231

[Pt{NH,);(2-Cl-tn}) %+ 65.2 1821

[P¥{NH;),Cl,(2-OH- 46.2 9.6¢
tﬂ)]2+

* Ref. 59.° Ref. 116. ¢ Ref. 115. 9 Ref. 74. © Ref. 122. T C2. & C4. * Ref. 135. ' Ref. 125.
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If it is assumed that a« = 1.2 applies and that the 2-chloro and 2-hydroxy
compounds are exclusively in the Ch, conformation, the dihedral angle
® = PNCIC2, can be calculated from

Ve / To, = o cos’(120 + &) /cos? (120 — @) {55}

From the data in Table 13, ® is calculated to be 65.3° lor [Pi(NH,),(2-Cl-
n)]**, 68.8° for [PYNH,),(2-OH-tn)1**, 70° for [P(2-OH-tn}),]**, and
60° for [P{NH,),Cl,(2-OH-tn))?*. The f,,, coupling constants for the
2-bu'-tn complexes were consistent with #{(CH_)=0.74 and 0.76 for
[Pi{bipy)}2-bu'-in)]** and [Pt(2-bu'-tn),1>", respectively. Using these values
and eqn. (56) where X =", /¥py, © is calculated to be 64° and 42°,
respectively.

#{CH,) = X cos?(120 + @} — cos?(120 — @)/ (1 +X)
X {a cos?(120 + @) — cos?(120 — ©)} (56)

The value for [Pt(2-bu‘-tn),]** seems low by comparison 1o the other values
of ® and could result from #2{CH,) being in fact higher than 0.76. If #n(CH_)
is 1, @ would be 70°,

For [Pt(meso)-ptn),]>*, in which the “C protons would be axial, 3/, was
found to be 15 Hz [115], consistent with the gaiche angular relationship. The
average value of Yy, and py for the P> complexes of 2-substituted
higands in Table 13 is 42.6, in agreement with the values of /,,; lound for
the tn complexes (43 Hz), in which the rapid chair = chair equilibration
would average the coupling constants. Appleton and Hatl used an average
value of 40 Hz, found from the value of /g of 41 Hz for [Pt{(NH,),(en)]?*
{115] but for this complex, the different value of ® compared with that for
the six-membered ring complexes would probably vield different values of
3 3
o, and Jpy, -

If *Jp,y_ is taken to be 15 Hz as found for the nieso-ptn complex, oy, I8
calculated to be 71 Hz, using the value of 43 Hz for the averaged coupling
constants. For {Pt{(R,R)-ptn},]** if it is assumed that both SB_. and
Ch,_, = Ch_. conformations exist in the same ratio as calculated for
[PYNH;),{(=)-ptn}])>" using Sy (n{Ch) =0.75), then the expected value
of °fp,y is calculated to be 36 Hz, in reasonable agreement with the observed
value of 38.5 Hz. A similar calculation for [Pl(bipy){(—"_‘)—ptn}]“ yiclds a
value of *J,,; of 30 Hz which agrees well with the value of 31 Hz found for
this complex.

The Jp,; value for an e-substituted methyl is maximized when CH, is
equatorial because, in this orientation, the optimum angular relationship
occurs [115]. The following values were obtained: [Pt(NH,},(1,3-bn)}?**, 3.5;
[Pt(NH;),(OH,),(1,3-bn)]** , 6.5; [PYNH,),Ci,(1,3-bn)]2*, 5.2;
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[P{NH,).( meso-ptn}]>* , 6.5; [PYNH,}.,{OH,},(meso-ptm)}** . 6.5;
[PYNH,),Cl,{ meso-ptn)]** , 5.0; [PUNH,),{(R,R)-ptn}])** . <2
[Pt(NH,),(OH,),{( R, R)-ptn}]**, 3.8; and [PUNH,),Cl,{(R.R)-ptn}]?*.
2.5 Hz [115). Comparison of “Jp for ac_cy for the analogous meso-ptn and
1,3-bn complexes shows that in the square-planar complex [Pt{NH,),{1.3-
bn))2* #{Ch,) is less than 1 as was found {rom the 3/,,,, method. but in the
octahedral complexes #{Ch,) is in fact 1. again as was found from “/,;,. For
the (+)-ptn complexes, *Jp,; values are much smaller than those for the
analogous rmreso-ptn complexes consistent with a large population of the
chair conformations.

Coupling constants between *°Pt and #C, “Jpc. and between 'SPt and
“C-CH,, 3JP£CH are dependent on the dihedral angle PINICIC2 ().
Erickson et al. state that for six-membered diamine Pt(11) complexes, Jp s
is consistently observed to be 30 to 40 Hz [137], in line with values of @ 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)-pin complexes. The value for [PyNH,)},(meso-ptn)}**
appears surprisingly low, but based on the observations of Erickson et al. for
the complex [Pi{bipy)( cis-I.3-cyclohexanediamine)j>* [137}. a value of 15.6
Hz for *Jpuc would be obtained for a @ value of 66°. assuming a dual
coupling path to #C. The average value of ® for [P1{(S.S)-ptn},}Ci,- H,O
where the conformation found for the ptn chelate ring i1s a relatively
undistoried chair [122], as is expected for meso-ptn chelate rings. i1s 64.4°.
With a small variation in @ in the range 50-70° producing a large vanation
in the coupling constant due to the cos? relationship, it is not surprising that
complexes expected to have conformational similarities show considerable
variation in */psc. The difference in the */p s values and therefore in the
MXCC dihedral angle for the diammine and bipy complexes of meso-pin
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, *Jp ac is not considered as a useful
probe in the conformaticonal analysis of these systems.

The coupling constant *fpcy, provides more useful information, as the
axial and equatorial orientations of the methyl group have PINCCH,
dihedrai angles of ca. 90° and ca. 180°, respectively, leading to large
differences in 2Jg,~,, and J’Plcu“

If it is assumed that Yecn,, is 0 and JP(C,, is 47 Hz, based on the value
found for [Pt{NH,),{meso- ptn)]“ 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
[Pe(NH,},{(R,R)-ptn}]?* and [Pbipy){{ R,R)-ptn}}** are not consistent
with symmetric chair conformations, but are consistent with values of #(Ch)
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for the two complexes of 0.67 and 0.50 respectively, in reasonabile agreement
with the values of 0.75 and 0.54 found using the *J,,, method.

The value of n{Ch,} of 0.68 calculated for {Pt(bipy)(l 3-bn)]** using tbe
above values of 0 and 47 Hz and ¥y and thCH is also in good
agreement with the value calculated by the 3y i Method (0 65).

The low value found for [Pt(bipy)} meso-ptn)]2* (38.1 Hz) could be due to
structural changes necessary to overcome unfavourabie non-bonding interac-
tions of the bipy C6—H and C6'—-H protons and the N-H_ protons of the
ptn chelate nng, which coutd yield a concentration of the SB,, conformation.

The values of *Jp,¢y, for [Pt(bipy}(mptn)}** (C4, 41.8 Hz; C2, 234 and
22.0 Hz [74)) are consistent with the conclusion from the °J,; 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 frans to
the metal in both conformations, whereas the C2 methyls exchange between
axial and equatorial orientations with MNCC torsionai angles of 90 and
160° on conformational interconversion.

(iii) 13C Chemical shifts

Dalling and Grant have analysed the 'C chemical shifts of methyl
substituted cyclohexanes in terms of the effects of equatorial and axial
methyl groups on, for example, §°C, §#C, and 8"C. 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( meso-ptn)

8°C=48"C(tn) + a, + v, (57)

87C =87C(in) +3B, (58)
For octahedral complexes of 1,3-bn

5C1=8°C{tn) + v, (59)

8C3=8C(tn) + a, (60)

8C2=8%C(tn) + B. (61)

The values of y, + «, and B, 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 Pi(bipy)
square-pianar complexes (8.0 and 7.4, cf. 13.8 and 7.0) because n(Ch_) is not
equal to 1 for [Pi(bipyX}.3-bn)]>+
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TABLE 14

B Chemical shift data? for six-membered diamine chejates

Complex *C BC CH,
[Co(NH,) (tn)}]*F 2 38.8 25.6
[Co(CN) (tn}}~ * 412 26.5
[Pt(bipy)(tn))2*+ * 42.2 28.1
[Cc{:n);]"" a 38.5 25.2
1Cof{NH,),(1.3-bm))?+ » 46.9, 39.5 32.8 23.1
[Pi{bipy)(},3-bn)]3* ¥ 49.8, 41.6 35.1 224
[Co{NH , )} meso-ptn)]>* 2 47.8 40.3 23.1
[CHCN) (meso-pin)]~ * 49.7 41.4 24.6
{Ptébipy) meso-ptn)) >+ © 50.2 428 226
cis {Co{NH 3}, meso- 48.2.48.1.479.47.6 a0.0 23.6
pin), it
cis(C; }HCo{CO; }{ meso- 48.5. 48.2. 47.7 422.41.2 237
ptn), ] ¢
cis(C, }-spn-[CoH{CO, ) nieso- 48.2. 47.3 415 23.6, 23.1
ptn),])" ¢
¢is(C, y-anti-jCo{CO, X meso- 48.1, 47.8 42.1 235
ptn),|* <
¢is(C M Co(C,0, ) meso- 48.2. 47.9, 47.5. 47.4 40.9 23.2
ptn);]* <
cis(C; ) Co(C,0,4 ) meso- 48.6. 47.5 41.4 23,5, 23.1
ptn),}* ©
[Co({NH ;). {(R,R)-ptn}}** * 441 37.8 23.6
[COolCN{(R.R)}ptn}i™ *® 45.1 38.8 241
[PYNH,),{(R,R)-ptn}]2* ¢ 46.6 40.6 219
[Pt{(R,R}-ptn},]**+ 4 46.8 40.7 218
[PUbipy}{(R.R)-ptn}]*" * 46.9 40.3 217
trans-fCo{NH,),{{ R, R)- 44.1 37.8 23.9
ptn}2]3+ <
A-cis{Co{NH; ),{{ R, R)- 45.1. 44.3 37.8 241,239
ptn}, > ©
A-cis{Co{NH,),{{ R,R)- 44,6, 44.1 37.6 24.0, 23.8
ptn }213-!- ¢
A{Co{(R,R)-ptn};1>* 2 45.0 37.9 24.1
A{Cof(R,R)-ptn},]3+ 2 44.6 37.9 24.1
{Co{NH,)(mptn)}>* ¢ 51.3, 43.2 45.2 328,232 267
[Co{CN) {mptn)]~ * 51.2,44.4 46.2 33.5, 26.2. 24.8
{P{NH,),(mptn)j?* ? 52.7, 46.5 45.0 28.9, 26.3.22.8
[Pbipy}mptn}]2* 2 54.8, 47.0 47.8 30.6. 27.6, 22.4

* Ref. 74.% Ref. 116.° Ref. 140. ¢ Ref 122 ¢ 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)]**.



Lh
%]

fiv} Isotropic proton chemical shifts

Nickel{I1) complexes of 1,3-diamines have been studied by Sarneski and
Reilley {143) and the spectira of the complexes are summarized in Fig. 15.
The B protons are shielded relative to the chemical shifts of these protons in
analogous diamagnetic complexes. In [Ni{OH,)(tn)}?* where there is rapid
chair = chair interconverston that renders the two 8 protons equivalent, one
B resonance is observed. One resonance is also observed for the (=)-ptn
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Fig. 15, Schematic representation of NMR spectra of nickei(II) complexes of 1.3-diamine
ligands in D,0: {A) Ni{tn)**; (B) Ni¢1.3-bn)2*; (C) Ni(mtn)?>*; (D) Ni{2-Et-tn)}**; (E)
Ni(2,2-Me,-tn}"*; (F) Ni(meso-ptn)**; (G) Ni{{=}-ptn}**; (H) Nif(=)-ptn}3*. 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 = chair = skew-boat interconversion is present. How-
ever, in the 1,3-bn, N-methyl-1,3-propanediamine and meso-ptn complexes,
two B proton resonances are observed consistent with the predominance of
one chair conformation. The isotropic shift for the 8 protons of (*}-ptn 1s
approximately equal to the average of the shifis for the two 8 protons of
meso-ptn. The two resonances for the min complex are close together
showing that the preference for one chair conlformation is slight, whereas the
separation for 1,3-bn is similar to that for mese-ptn showing that one chair
predominates in the 1,3-bn complex. For the complex with 2-ethyl-1.3-
diaminopropane {2-Et-tn) the single 8 resonance was observed close to the
less shielded resonance for meso-ptn. One chair predominates but not o the
exclusion of the other chair.

The «-H and «-CH,; resonances were shifted to less shielded positions
relative to the analogous diamagnetic resonances. The isotropic shifts for
a-H protons are dependent on the dihedral angle NiNI1CIC2 (@) (Fig. 6).
An equatorial proton has an approximate zruns retationship with the metal
and hence has a large isotropic shift. An axial proton has a gauche relation-
ship with the metal and has a much smaller chemical shift. The ratio of the
isotropic shifis for the axial and equatorial protons in a fixed conformation
provides a means of calculating @ using eqn. (27).

The a proton in {Ni(OH,)(meso-ptn))>* has an isotropic shift of 36.8
ppm which obeys Curie Law. This is consistent with the chelate adopting the
Ch,, struciure exclusively. The « proton in [Ni(OH,) {{=)-ptn}]*~ has an
isotropic shift of 114 ppm but this resonance does not obey Curie Law
because a plot of 87 against 7 has a non-zero slope showing that the chelate
1s 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 [143] determined this from the spectrum of the nickel(11)
complex of cis, cis-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 [144). However, this multidentate chelate has a
rigid structure and it is uniikely that the geometry of its six-membered
chelate rings is the same as that for simple bidentaie chelates. Neverthetess,
it provides an approximate value for the equatorial a-proton. Here. the
equatonial 1sotropic shift was determined from the average of the axial and
equatorial shifts which was assumed to be the value for [Ni{OH, ) (tn)}*™ .
175 ppm. The averages for the other compounds approximated this value. If
36.8 ppm 1s 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,
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the dihedral angie, @, is calculated to be about 50° (cf.
[Ni(OH.),{tn), ¥NO;),, ® = 53.3° [145], [NI{OH, }.(tn), (CIO,)},, & = 59.9°
[146].

The position of the a-proton resonance for [Ni{OH,),{(=)-ptn}}]**, 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 ® 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 = 3000 ppm K for 87 for this proton based on the
proposition that the dihedral angle NiN1Cla would be similar for the chair
and skew-boat conformations and hence the isotropic shift for the axial
a-proton, a, in the skew-boat would be similar to that in the chair {143]. This
proposition is not supported by evidence from X-ray structural data nor
from conformational-energy minimization data. From the X-ray studies, ® is
of the order of 46-65° for the chair and 61-71° for the skew-boat.
Conformational analysis of {Co(NH;),{( R,R)-ptn}}’* gave an average ®
value of 53° for the minimum-cnergy chair and a value of 72.5° for the
skew-boat [121]. If these two values were taken as being applicable to the
nickel(1I} 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 ppin, very similar to the vatue found for [Ni(OH, ), {( R, R)-ptn}]**. We
would 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 .46
(143].

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 B-protons
[143]. However, as pointed out above, there is some doubt concerning the
value used for the intnnsic isotropic shift of the axial «-proton in a
skew-boat conformation.

From the spectrum of [Ni{OH,),(mtn)]?* 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,)(2-Et-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 ol conformation are
very similar. The fact that two resonances are observed separated by 149
ppm shows -that one conformer predominates so that the a-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 {raction ratio. #(Ch,)}/n(Ch, ) =0.77 /0.23, but the
Curie Law behaviour would require that the conformer distribution does not
anise 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 @ 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 «
protons. Qur interpretation of the results for this ligand is that the Ch,
conformation predominates and that @ is about 70°. In support of this the
B-proton resonates at a similar position to the axial B-proion in
[Ni{OH, ) ,( meso-ptn)1** [143].

The temperature dependence of 87 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 10 be 58.6 kJ
mol ! at 345K {141).

(v) *°Co chemical shifts

Cobalt-59 has a chemical shift range of 13.000 ppm [147]). The shift 1s
particularly sensitive to factors controlling its orbital paramagnetism [148].
Cobalt(li) has a 'A,, ground state in its octahedral complexes. This gains a
magnetic moment through the mixing in of the ’1"‘,5 excited state, and the
magnitude of the moment the ground state acquires is related to the energy
difference between the '4;, and 'T,, energy levels and hence to the energy of
the first spin-allowed absorption band. It 1s also necessary to consider the
nephelauxetic effect [147].

The sensitivity of §°°Co to electronic effects makes it a good nucleus for
conformational analysis. The spectra of a series of tetraamminecobali{li{)
compiexes of six-membered diamine chelates and of three tris{diamine)-
cobalt{(IIl}) have been measured {74]. The chemical shifts relative to
[Co(NH,)]*" are as follows: for [Co{NH,),L]** with tn 28.2: 1,3-bn, 21.2;
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meso-ptn, +18.2; (R,R)-ptn, —39.5; mpin, 100.3 ppm; for [CoL;]** 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-ba and mese-ptn in
which the chair conformation is expected to predominate have §3°Co =22.3
= 5.3 ppm. The mptn complex which has an axial methyl has §°°Co = 100.3
ppm. The (R, R)-ptn complex which has the SB_, conformations has §°Co
= —39.5 ppm, 139.8 ppm away ifrom 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)-pin};]°" 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 [113). In contrast, [Co(in);}?* 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 mol~'. The **Co resonance for
the tris complexes of (R, R)-ptn are more shielded than the [Co(tn),])**
resonance with the A configuration showing the major difierence. The resutis
for the mono and tris complexes support the conclusions from the 3/,
values that the cobal({ill} complexes of (R, R)-ptn have the skew-boat
conformation predominating in sofution.

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 */,,,, 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 1s 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 3/, /5.y and *Jp ¢, also have been
successiully applied to this problem, and have the same limitations. Isotropic
chemical shifts within nickel(II}) complexes have been used for conforma-
ttonal analysis.

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 coupiing constants by second order analysis, and make use of good
quality molecular models when considering the conformational possibilities.
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