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Nuclear Magnetic Resonance Investigations of Configurational Non- 
rigidity in Dinuclear Platinum(iv) Complexes. Part 1. Ring Reversal, 
Pyramidal Inversion, and Novel Fluxional Rearrangements in [( PtXMe&- 
(MeECHREMe)] (E = S or Se) Complexes 

By Edward W. Abel, A. Rauf Khan, Kenneth Kite, Keith G. Orrell," and Vladimir gik, Department of 
Chemistry, University of Exeter, Exeter EX4 4QD 

Dinuclear complexes of the type DL-[ (P~XM~,) , (M~ECHREM~)]  (E = S or Se; X = CI, Br, or I; R = H or Me) 
have been isolated for the first time and shown by lH n.m.r. spectroscopy to exhibit a remarkable variety of intra- 
molecular dynamic processes. Accurate n.m.r. band-shape fittings have enabled barrier energies for up to four 
distinct dynamic processes to be separately determined. These processes involve six-membered ligand ring 
reversal, pyramidal inversion of the S or Se atoms, S or Se atom switching between Pt atom pairs, and a random 
cleavage of halogen- bridge bonds allowing rotations which cause scrambling of the Pt-Me environments. 

As part of an extensive study of pyramidal inversion of 
clialcogen atoms, we have prepared a variety of plati- 
num(r1) l-3 and platinum(1v) 495  complexes with uni- and 
bi-dentate sulphur and selenium ligands. We have 
shown 4,5 that both mononuclear and dinuclear com- 
plexes of P t I V  may be isolated depending on the nature of 
the ligand. Thus mononuclear complexes of type 
[PtXMe,(L-L)] (X = C1, Br, or I) are obtained when the 
bidentate ligand L-L is MeE(CH,).EMe (E = S or Se; 
1.2. = 2 or 3). The ligand is here acting in a manner 
analogous to ethylenediamine and 2,2'-bip~ridyl.~ In 
contrast, when the ligands L-L are of the type MeE- 
(CHR),EMe (E = S or Se; R = H or Me; n = 0 or 1) 
novel dinuclear complexes of type [ (PtXMe,),( L-L)] 
involving pairs of halogen-bridge bonds are formed. 

Our previous studies have shown that, in the cases of 
platinum(r1) complexes with various sulphur and 
selenium ligands ld3 and mononuclear platinum( ~ v )  com- 
plexes of the type described a b ~ v e , ~ ~ ~ . '  pyramidal inver- 
sion of the S or Se atoms is the single dominant process 
detected by variable-temperature n.m.r. studies. In 
contrast, the dinuclear platinum(1v) complexes exhibit 
a t  least four distinct internal dynamic processes. I t  is 
the purpose of this paper to show how n.m.r. measure- 
ments can separately distinguish all these processes in the 
complexes [I (PtXMe,),(MeECHREMe)] . The succeeding 
paper will deal specifically with analogous studies on 
[(PtXMe,),(MeEEMe)] complexes and will also include a 
discussion on the possible inversion mechanisms for pairs 
of pyramidal atoms that is relevant to both the above 
classes of complex. 

EXPERIMENTAL 

All the dinuclear compleses discussed here werc pre- 
pared by the general method described in an earlier coni- 
niuiiicntion.~ The coiiiplexes were dissolved in  CS,-CD,Cl, 
solvent mixtures for 1i.ni.r. studies a.t low temperatures 
where the ring reversal and pyramidal inversion processes 
were in  evidence. Deuteriochloroform (> 99.8% U) was 
used as the n.ti1.r. solvent for temperatures above ambient. 
where the fluxional processes were observed. N.m .r. spectra 
were obtained with either JEOL MH-100 or PS/PFT-100 
spectrometers, both operating at  100 MHz for lH measure- 

ments. A standard variable-temperature accessory was 
used to control the n.1n.r. probe temperature. Measure- 
ments of temperature were made with a precisely calibrated 
copper-constantan therinocouple and are considered ac- 
curate to 6 1 "C. 

The n.m .r. band-shape fittings were achieved with a 
modified version 2. of the I)NMK program of Ickier and 
Binsch.*p 

RESULTS 

1.ow-tenzperatuve Studies on [(PtXMe,),(MeECH,EMe)] 
CoinpZexes.-The studies performed on [(PtBrMeJJMeS- 
CH,SMe)] will be taken as representative of the manner in 
which the dynamic stereochemistry of these complexes was 
investigated . 

Hydrogen- 1 spectra of [ (PtBrMe,),(MeSCH,SMe)] recorded 
in the low-temperature range -105 to -43 "C (Figure 1)  
show that a t  the lowest temperatures the methylene region 
comprises a somewhat ill-resolved AB quartet with la5Pt 
satellite lines, and the methyl region displays eight chemic- 
ally shifted signals. On raising the temperature, the 
methylene absorption pattern changes to a quintet of lines 
of approsirnate intensity ratio 1 : 8 : 18 : 8 : 1 which is 
attributable to the pair of chemical shift-averaged methylene 
protms exhibiting equivalent coupling to the pair of Pt 
atorns.l0 A t  higher temperatures the eight methyl signals 
change into three chemical shift-averaged signals of intensity 
ratio 1 : 1 : 2, each with l@5Pt satellites. These signals 
which appear in order of increasing applied field may be 
assigned to the sulphur methyls, the axial platinum methyls 
(trans to sulphur), and the equatorial platinum methyls 
(trans to bromine), respectively. We will show that the 
changes displayed in these variable-temperature spectra 
can be most plausibly explained on the basis that a t  the 
lowest temperatures the complex possesses the structure 
shown in Figure 2. Such a structure, where the S-Me groups 
are mutually trans, represents the DL isomer of three possible 
isomers (namely DL and two distinct ineso forms) (Figure 3).  
N o  spectral evidence for these mem isomers was obtained. 
Furthermore, the structure shown in Figure 2 was con- 
formationally rigid from the n.m.r. viewpoint at  tempera- 
tures ca. - 100 "C. This implies that the possible ring 
reversal of the -S-CH,-S- portion of the six-membered 

!&CH2-S--Pt-Br-$t ring and the pyramidal inversion of the 
sulphur atoms are both slow a t  these lowest temperatures. 
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This conclusion was reached only after careful consideration 
of the following possible assumptions about the rates of 
these dynamic processes a t  the lowest temperatures. 

(a)  Fast ring reversal and slow pyramidal inversion. Under 
such conditions, the six-membered ring of the complex 
would be effectively planar and only two distinct structures 

8, /'C 

- 105 

B ---- 
FIGURE 1 Hydrogen-1 spectra of [(PtBrMe,),(MeSCH,SMe)] in 

the low-temperature range - 105 to - 43 "C showing the effects 
of the ring reversal and sulphur inversion processes 

would be possible, namely those with the -SMe groups 
mutually C ~ S  or trans. If both invertomers were present in 
equal abundance two equal intensity bands would be 
expected for the two equatorial platinum methyls, two for 
the axial platinum methyls, and a singlet plus an A B  
quartet for the methylene protons. At  high temperatures, 
when independent inversion at  both S atoms becomes rapid, 
single bands would be expected for each of these three 
types of methyl environment and for the methylene protons. 
Although this in fact is what was observed, the line-shape 

Me Me 

Me 
R 

FIGURE 2 Stereochemical structure of the 
[(PtXMe,) ,(MeECHREMe)] complexes 

changes of the equatorial platinum methyl region ould not 
be satisfactorily fitted in the intermediate temperature 
range, thus invalidating the assumption of fast ring reversal 
and slow sulphur inversion at  the lowest temperatures. 

A simultaneous inversion of both sulphur atoms rather 
than independent inversion of either atom cannot satis- 
factorily account for the observed spectral changes since 
such a mechanism would give two equatorial platinum 
methyl signals and two sulphur methyl signals at  high 
temperatures since no cis-tvans interconversion of inverto- 
mers would occur. 

Under 
such conditions three isomers (Figure 3) are now possible for 
which a total of four bands for sulphur methyls, eight bands 
for equatorial platinum methyls, four hands for axial plati- 
num methyls, and three AB quartets for niethylene protons 

(b) Slow ring reversal and slow pyramidal imersion. 

DL 

c c 

meso - 1 

meso - 2 
FIGURE 3 Possible isomers of [(F%XMe,),(MeECHREMe)] 
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are expected. In fact only half these numbers of lines were 
observed in each case. Clearly, eillzer only the DL isomer 
was present in a detectable amount or only the two meso 
forms, in exactly equal abundances, were present. How- 
ever, the two meso isomers would give two bands for the 
equatorial platinnm methyls a t  high teiiilwa tures rather 

were incompatible with this description and therefore this 
case may be discounted. 

The observed spectra therefore appear to be most com- 
patible with the assumptions of case ( h ) ,  namely that a t  tem- 
peratures cn. -100 "C, these dinuclear platinuni(rv) com- 
plexes are preclominantly represented by the I)L isomer 

Me Me Me 

Me Me Me Me 

R R 
FIGURE 4 The effects of ring reversal and sulphur pyramidal inversion on the environments of the equatorial PtMe and SMe groups 

than the observed single band; thus the spectral evidence 
points strongly to the DL form being the only detectable 
structural form. 

In  
this case, the low-temperature spectrum would consist of 
one signal for the single averaged sulphur methyl environ- 
ments, two signals for the equatorial platinum methyls, and 
one signal due to the axial platinum methyls. Increasing 
the rate of ring reversal would lead to coalescence of the two 
equatorial platinum methyl signals. The observecl spectra 

( c )  Slow ring reversal nnd fast p j ~ a m i d a l  inversion. 

structure (Figure 2), and furthermore this structure appears 
configurationally rigid from the n.m.r. viewpoint. On 
warming the complex, the rates of the ring reversal and 
pyramidal inversion processes increase until a t  cn. -40 "C 
both are fast on the n.1n.r. time scale. Although reversal 
of six-membered heterocyclic rings involving S or Se 
heteroatonis is normally a more rapid process than pyramidal 
inversion of these atoms when they are bonded to transition 
metals,11*12 in the present complexes the two processes 
cannot difler very greatly in energy since they both con- 

TABLE 1 
Static parameters used in the calculation of ring reversal and pyramidal inversion energies in [(PtXMe,),( MeECHRMe)] 

complexes. T,* is the effective transverse relaxation time 

Complex 
(PtClMe,) ,(MeSCH,SMe)] 
( PtBrMe,) , (MeSCH,SMe)] 
(PtClMe,) ,(MeSCHMeSMe)] 
(PtBrMe,) ,(MeSCHMeSMe)] 
(PtClMe,) ,(MeSeCH,SeMe)] 
( PtRrMe,) ,(MeSeCH,SeMe)] 
(PtClMe,),(MeSeCHMeSeMe)] 
(PtRrMe,) ,( MeSeCHMeSeMe)] 

Equatorial Pt-Me E-Me 

HZ HZ 

A r * 
' V o  .rcx vB J~~ vA . T * ~  uD J ~ ) ~  ~ , + b  YE J~~ vF JFX T,*$ 

94.3 76.6 80.8 76.9 79.5 72.8 76.4 77.2 0.159 262.2 11.7 229.5 13.3 0.159 
106.0 76.7 93.5 76.3 90.3 75.2 83.6 76.6 0.159 267.9 12.2 229.9 13.9 0.159 
94.6 76.8 80.8 76.6 78.0 '76.0 72.2 77.4 0.159 253.1 12.2 224.5 14.2 0.159 

104.8 75.4 92.3 76.0 87.9 74.5 82.1 76.6 0.159 257.6 12.5 225.4 14.5 0.159 
90.Sb 76.6 80.Ob 77.4 90.@ 76.6 80.0b 77.4 0.265 236.Eib 10.2 236.5b 10.2 0.265 

100.6b 76.0 90.Gb 76.8 I00.tib 76.0 90.5b 76.8 0.354 238.8b 10.2 238.8b 10.2 0.354 
98.6 76.6 84.4 77.1 79.8 76.3 72.6 77.2 0.318 247.3 9.6 214.6 10.7 0.318 

109.7 75.7 96.7 70.3 90.0 75.8 88.2 76.6 0.227 251.0 9.9 213.5 11.3 0.199 
Shifts measured at low temperatures (ca. -90 "C) relative to SiMe,. Solvent was CS2-CD,C1, mixture. Averaged shifts since 

ring reversal process is rapid at the lowest temperatures. 
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tribute to tlie observed line shapes of the sulphur 
methyl arid platinuni methyl resonances for an appreciable 
portion of the low-temperature range. On warming the 
complexes, the ring reversal process causes the two SMe and 

( k ,  + k ,  1 k - I  ecioc 

-I 
50 Hz E- 

F~C;LJIZE 6 Expcrimental and computer-simulateci spectra of the 
SMe region 01 [ (PtRrMe,),(R-leSCli,SMe)] in the teinperaturc 
rangc -888 to -60 "C 

four PtMe environments to be averaged to one and two en- 
vironmen ts respectively. However, before this rate process 
becornes fast on the n.1n.r. time scale, inversion of the 
sulphur atvms starts to affect the SMe and PtMe line shapes. 

A D C  B C B A  D 

In  the SMe region the result is simply to enhance the 
exchange rate of the two SMe environments. The band 
shape of this region is therefore dependent on the total rate 
constant k,, which is equal to k ,  + A,, k ,  referring to the ring 
reversal process and K, to the S inversion process. Since 

k r  
A B C D  C D A B  

kr  
O C B A  -ZF== B A D C  

k r 
SCHEME 1 

h, and k ,  are not separable in this region of the spectruni 
the energy barriers for the two processes are likewise not 
separable. 

However, from the equatorial PtMe line-shape changes 
both A, and h, can be sepavately calculated since the two 
processes cause different averagings of the four equatorial 
PtMe signals (see above) (Figure 4). 

The changes in the SMe region of the spectra were 

A S C  AX * cx  

It I t  + 11 
D I B  D X  BX 

66.3% 3 3 '7 Ole 

SCHEME 2 

straightforwardly computed as they were due to exchange 
between two uncoupled, equally populated sites. I t  was 
of course necessary to also include the lg5Pt satellite spectra 
in the computations. The experimental and computer- 
simulated spectra of [ (PtBrMe,) ,(MeSCH,SMe)] are shown 

SCHEME 3 

in 1Ggiu-e 5. 'llie l95Pt lines are just detectable in tlie -85  
"C and - G O  "C spectra. The static parameters used in these 
and other line-shape fittings are given in Table 1. 

The Arrhenius and Eyring plots of these fittings were non- 
linear as expected for two rate processes with different 
activation energies. I t  was therefore not possible to obtain 

D A B  C 8 C D  A 

SCHEME 4 
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, -- r - r -r----&-"-z--7J--~ - ,-- 7 - 1  - ~ 

B- 
FIGURE 6 Experinieiital and computer-simulated spectra of the equatorial PtMe region of [(PtBrMe,),(MeSCH,SMe)] in the temp- 

The sharp additional line in the experimental spectra shown here and also in Figures 7 and 8 is erature range - 85 to - 60 "C. 
a lo6Pt satellite of the axial Pt-Me groups 
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separate ring reversal and sulphur inversion energies from 
this region of the spectrum. However, the ' best fit ' values 
of the total rate constant kb were utilised in the simulation of 
the equatorial PtMe region of the spectrum. 

Here the ring reversal process causes the methyl averag- 
ings A --L,C and B -D  whereas inversion of both 
sulphur atoms causes the exchanges A =i== r) and B + C 
(Figure 4). Accordingly the spin system for the exchanging 
equatorial platinuiii methyls may be presented by Scheme 1. 

2213 
sist of four signals. There are three possible ways in which 
the rate constants K, caii be related to different exchanging 
pairs of four signals. These ,?re depicted in Fiqure 7 
together with their associated computer siinulations. It 
will be clear that the experimental spectra were coinpatible 
only with the case where exchange occurred between the 
first and third, and between the second and fourth signals. 

Above ca. --SO "C the sulphur atoms begin inverting with 
rates k ,  which affect the observed line shapes. There arc 

1 2 3  4 

I 4l I 
I~IGURE 7 The experimental spcctrum at - 85 "C of the equatorial Pthle region of [( l'tBrhle,),(PvleSCH,SMe)] compared with the  

theoretical spectra. for the three possible cases of exchange arising from the six-membered ring reversal 

Since no spin-coupling interactions were detected between 
any of these iiiethyl groups the spin problem can be reduced 
to that of a single spin exchanging between four chemical 
configurations, namely Scheme 2. It should be noted that 
this treatment necessarily assumes that the ring reversal 
and pyramidal inversion processes are uncorrelated and also 
that no meso isomers were present, in accordance with 
experimental findings. 

Figure 6 shows the experimental and theoretical spectra 
of the equatorial PtMe region. The fittings were based on 
the fact that the sum of the individual h ,  and h,rate-constant 
vaIues must equal the ' best fit ' values of h ,  obtained from 
the SMe region fittings. It will be seen in Figure 6 that from 
ca. - 100 to ca. -80 O C ,  the k, values were effectively zero 
so that the line shapes were sensitive only to the rate of ring 
reversal h,. The spectra in this low-temperature range con- 

two possible ways in which this inversion process can bring 
about averaging of the four equatorial PtMe signals, namely 
Scheme 3. Only case (i) was found to give acceptable fits 
with the experimental spectra. In the temperature range 
-75 to -60 "C the latter became exceedingly sensitive to 
thc values of k ,  as is illustrated in Figure 8 for the tempera- 
ture of -67  "C. This strengthens the reliability that can 
be placed on the individual h, and h,  values for each tem- 
perature recorded in this range. 

The assignment of the four equatorial YtMe signals to the 
methyls in the comples is not obvious, but i t  is not essential 
to the validity of the line-shape fitting procedure. How- 
ever, some consideration was given to this problem and it  is 
thought most likely that the PtMe group directly above the 
SMe (i.e. methyl D in Figure 4) is the most highly shielded 
group. Accordingly, of the four possible exchanges (shown 
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above in Scheme 4), case (b)  is considered to be the most 
probable. Thus, we have shown that a careful treatment 
of the equatorial PtMe region enables the variation of both 
k, and K, with temperature to be separately determined. 
This in turn provides separate barrier-energy parameters for 
the two processes (Table 2). 

159 \ 16 B- 

I \  157 

FIGURE 8 The experimental spectrum at - 67 "C of the equator- 
ial PtMe region of [(PtBrMe,),(MeSCH,SMe)] matched with 
various theoretical spectra (with the same kt value) showing the 
sensitivity of the band shapes to the individual k, and k ,  values 

The analogous chloro-complex was treated in the same 
way and yielded similar results to those described above. 
In contrast the selenium complexes [(PtXMe,),(MeSeCH,- 
SeMe)] (X = C1 or Br) exhibited lH spectra which were 
sensitive only to the pyramidal inversion process, the ring 
reversal process presumably being too fast for detection in 
the temperature range examined. 

Low-tempevature Studies 0% [(PtXMe,),(MeECHMeEMe) J 

to the pair of axial PtMe signals, the four equatorial PtRle 
signals, and the pair oi sulphur or selenium methyl signals 
collapsing into one, two, and one signal(s) respectively. 
The various assumptions about the relative rates of ring 
reversal and pyramidal inversion processes were tested 
against these experimental observations in the same way 
as for the other series of complexes. We conclude that the 
spectral changes are fully compatible with the following 
assumptions. (i) Only one of two non-degenerate DL 
isomers is present to any appreciable extent, (ii) the DL 
isomer with the -CHMe methyl trans to  the Pt-E bonds is 
the predominant form, (iii) the S or Se inversion is slow at  
low temperatures (<ca. -80 "C), and (iv) the spectra are 
not sensitive to the ring reversal process since the other DL 
isomer (with the -CHMe methyl cis to the Pt-E bonds) is 
not thermodynamically favoured. Support for this last 
assumption comes from the failure to isolate the dinuclear 
complex with the ligand MeSCMe,SMe and also from the 
observed1, high population of the conformer with the 
methyl group in the equatorial position in rPt(2-methyl- 
propane-1 ,3-diamine)]X2 complexes. It is quite probable 
that replacement of one of the methylene protons by methyl 
will slightly increase the six-membered ring reversal 
barrier, as has been found in a variety of carbocyclic and 
heterocyclic systems.ll The ring reversal barrier in the 
present complexes should then be well within the range of 
the n.m.r. technique and would be detected if the populations 
of the two DL isomers were less dissimilar. 

The line-shape fittings of the chalcogen methyl and 
equatorial Pt-Me regions were performed in the usual way. 
The best fits resulted using the same rate constant for both 
regions, confirming that the same rate process was respon- 
sible for both sets of spectral changes. For certain tem- 
peratures the changes of the axial PtMe region (without 
195Pt satellites) were also simulated. In all such cases the 
' best fit ' values of the rate constant corresponded to the 
values used for the other regions of the spectrum. Activ- 
ation-energy parameters for the sulphur or selenium in- 
versions are collected in Table 2. 

Hzgh-temperature Studies on [(PtXMe,),(MeECHREMe)] 
CowzpZexes.-These studies were restricted to the R = CH, 
complexes but the structural phenomena observed are 
thought to be equally applicable to the R = H complexes. 

A t  temperatures well above those at  which the ring 
reversal and pyramidal inversion processes became fast, the 

TABLE 2 

Energy barriers for ring reversal and pyramidal inversion processes 
Process 

Ring reversal 
Sulphur inversion 
Ring reversal 
Sulphur inversion 
Sulphur inversion 
Sulphur inversion 
Selenium inversion 
Selenium inversion 
Selenium inversion 
Selenium inversion 

EJkJ mol-1 
30.4 f 1.2 
40.6 f 3.1 
38.0 f 1.5 
48.9 f 2.4 
60.2 f 3.1 
45.5 f 1.6 
62.0 f 2.7 
55.9 f 3.0 
67.2 f 2.0 
60.9 1.8 

log10 A 
10.2 f 0.3 
11.4 f 0.8 
11.9 f 0.4 
13.5 f 0.6 
14.0 k 0.8 
13.1 f 0.4 
13.8 f 0.6 
12.6 f 0.6 
13.1 f 3.9 
13.7 f 0.4 

AGr/k J inol-l 
44.8 f 3.1 
48.5 f 7.8 
43.0 f 3.6 
44.6 f 5.9 
43.3 & 7.5 
43.5 f 3.9 
56.3 f 5.8 
57.7 f 6.4 
55.6 f 4.3 
55.5 f 3.9 

AHt/kJ mol-l 
28.9 f 1.2 
38.9 & 3.1 
36.3 f 1.5 
47.2 f 2.4 
48.4 & 3.1 
43.8 f 1.6 
59.9 f 2.7 
53.8 f 3.0 
55.0 f 2.0 
58.6 f 1.9 

AS*/J K-l mol-1 
-63.4 f 6.3 
-32.0 f 15.6 
-22.4 f 7.3 

8.7 & 11.8 
17.0 & 14.7 
0.9 f 7.7 

11.9 f 10.5 
-10.9 f 11.5 

-2.0 f 7.6 
10.6 f 7.0 

CowzpZexes.-Both the sulphur (E = S; X = C1 or Rr) and 
selenium (E = Se; X = C1 or Br) complexes exhibit eight 
methyl signals in their low-temperature (ca. -90 "C) 1H 
spectra. However, in the approximate temperature ranges 
-80 to -45 "C (for E = S) and -80 to 19 "C (for E = Se) 
only single coalescence phenomena were detected. This led 

platinum methyl and chalcogen Inethyl absorptions showed 
independent and quite unexpected changes. These changes 
which were studied in the approximate range 0 to 90 "C, 
were perfectly reversible with temperature and were without 
doubt the result of new intramolecular rearrangements since 
the l95Pt-H spin coupling was retained at all times, and the 
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spectra were essentially solvent independent. The changes 
in the spectra of [( PtClMe,),(MeSCHMeSMe) J are illustrated 
in Figure 9. It will be observed that the SMe signal 
changes from a triplet (1 : 4 : 1) to a quintet (1 : 7.8 : 17.5 : 
7.8 : 1) with a concomitant approximate halving of the 

e ,m 

7 

36 

-.-- 

4 3  I 
! 

Interinetallic Ligand Switching.-The rate of such a 
process will be expected to increase with temperature until 
i t  becomes fast on the n.m.r. time scale, at which stage the 
couplings 3J(Pt1-H), 3J(Pt2-H), sJ(YtLH), and 6J(Pt2-H) 
will become averaged. The process can be visualised in 

I % / O C  

56 

I 

65 

75 

101 

FIWJRE 9 Abovc-ambient temperature spectra of [( PtCIMe,),(MeSCHMcShe)] showing the effects of the ligand switching and 
methyl scrambling processes 

1°6Pt-H coupling. This is shown more clearly in Figure 10. terms of the E atom lone-pair electrons undergoing an 
Such a change can be explained by some type of ligand inter- rather than the usual intru-atomic inversion 
switching process in which either E atom is co-ordinated switching. 
alternately to either of the Pt atoms (Figure 11) .  In view of the novelty of this process a major effort was 
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put into measuring its barrier energy. This entailed a 
careful analysis of the way in which the lB5Pt satellite 
spectrum of the EMe signal changed over this high-tempera- 
ture range. 

The total absorption line shape of the EMe region at  any 

k / s-' 

6 . 5  

a.. - 

16 

30 

\- 

60 

I 
20 Hz 

€ l c / O C  

44 

\ 

48 

1 

5 7  

'\ 

65  

L 
75 

e- 
FIGURE 10 Experiniental and theoretical spectra of the SMe 

region of [(PtClMe,),(MeSCHMeSMe)] showing the effects of 
the ligand switching process on the 1P6Pt satellite spectra 

temperature in this above-ambient range represents the 
summation of three exchanging sub-spectra corresponding 
to the cases when (i) both Pt atoms are spin inactive 
( I  = 0 ) ,  (ii) one Pt is spin active ( I  = +) and the other is 
spin inactive, and (iii) both Pt atoms are spin active. 

In spin system (z), both methyls (A,A') are isochronous 

and all J(Pt-Me) values are zero. Since the population of 
Pt(I = 0) is 66.3%, the abundance of this subspectrum is 
(0.663)2 = 0.44. In spin system (ii), the methyls (A,R) 
are strictly anisochronous but in fact no chemical-shift 
difference was evident in the spectra. The system is there- 

FIGURE 11 Representation of the proposed ligand switching 
process 

fore of the type A B X Y  RAXY where X and Y refer to 
the spin active and spin inactive Pt atoms respectively. In 
computing this system 3 J A ~  was equal to 12.4 Hz [complex 
(3)] or 9.8 Hz [complex (7)], and "~nx and 6 J ~ B  were taken 
as zero. The population of this sub-spectrum is Z(0.337 x 
0.663) = 0.447. 

Spin system ( i i i )  where both methyls are exactly iso- 
chronous is represented by AA'XX' A'AXX'. In this 
case 3 J ~ ~  = 3JA'xr =; 12.4 Hz [complex (3)] or 9.8 Hz 
[complex (7)j and 6 J A y  = J ~ s x  = JAA* = 2 J ~ ~ #  cu. 0 Hz. 
The abundance of this sub-spectrum is (0.337)2 = 0.114. 

On the basis of the above analysis the SMe absorption 
line shapes were simulated for a variety of rate constant 
values. The ' best fit ' spectra are shown alongside the 
experimental spectra in Figure 10. The agreement is re- 
markably good considering the approximations made in the 
computations and the subtlety of the line-shape changes. 

While the changes in the EMe region can be very satis- 
factorily explained on the basis of an intermetallic com- 
mutation of the pair of donor atoms on the ligands such an 
explanation totally fails to account for the line-shape changes 
of the PtMe region in this high-temperature range. In the 
case of [(PtCIMe,),(MeSCHMeSMe)] (Figure 0) a t  ca. 10 "C 
the PtMe region consists of three equal intensity bands, the 
band at  lowest applied field being attributed to the axial 
platinum methyls and the two high-field bands to the non- 
equivalent equatorial platinum methyls. On increasing the 
temperature these three bands start broadening and 
eventually coalesce at  cu. 75 "C. Above this temperature 
the band starts to sharpen and by ca. 100 "C is sharp enough 
to reveal 1@6Pt satellite lines on either side. This change 
can only arise from some fluxional process which causes a 
scrambling of the axial and equatorial PtMe environments. 

Intramobculav €%Me Scvawb/ing.--The most likely 

A e B  A X  BX 

L L A  

6 6 * 3 "lo 33*7"10 
SCHEME 5 

meehanisin would involve a random cleavage of individual 
halogen-bridge bonds to give a short-lived five-co-ordinate 
species like that postulated in the reductive elimination 
reactions of the complexes PtXMe,L, where L. is PMe,Ph or 
AsMe,Ph. Our suggested mechanism is depicted in Figure 
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12. Scrambling of the PtMe environments in these five-co- 
ordinate intermediates will be a very facile process. This 
mechanism would be completely reversible with temperature 
as was indeed found and would not involve any PtMe bond 
breaking, so that the lD6Pt-H couplings are retained. 

Rand-shape fittings on the PtMe region of the spec.tra 
were carried out assuming exchange between three distinct 
chemical configura.tions in a closed loop, Scheme 5. The 
static parameters are given in Table 3. Very acceptable 
fits were obtained between experimental and theoretical 
spectra. I t  was found that the ‘ best fit ’ rate constants 
were very similar (but generally measurably different) to 
those used in the fittings of the SMe region. This fact 
indicates that the ligand switching and methyl scrambling 
processes have very similar activation energies. 

these dinuclear complexes of P t I V .  
of these processes will now be discussed. 

The calculated energies 

DISCUSSION 

The activation parameters associated with the 
Arrhenius and Eyring equations are listed in Table 2. 
The energy barrier for the six-inembered ring reversal 
process could be measured only for the complexes 
[(PtXhle,),(MeSCH,SMe)] (X = C1 or Br). The values 
have been compared with barriers previously measured 
for various six-membered heterocyclic ring systems 
(Table 4). The ring reversal of 1,3-dithiane is most 
closely related to the ring reversal of the above plati- 
num(1v) complexes and a comparison of the relevant 

FIGURE 12 Random cleavage of the Pt-X bridge bonds with consequent scrambling of the Pt-Me environments 

L i p n d  Pissociation-Recombination.-Further heating of AGI values in Tables 2 and 4 reveals a very close 
the complexes above 100 “C caused further sharpening of similarity. Table 4 also shows that the selenium 
the coalesced PtMe signal but broadened the SMe signal heterocycles possess energy barriers (as expressed by 
with eventual loss of the ls5Pt satellite lines. The latter A G , ~ )  of between 4 and 10 k J mol-i lower magnitude tharz 

those of the corresponding sulphur heterocycles. This change clearly showed the onset of ligand dissociation- 
recombination, a conclusion further substantiated by the 
onset of marked concentration dependence of the spectra. depelldence Of ring energy in six-me1nbered 
Such an observation also gives added confirmation to the heterocyclic rings on the nature of the heteroatom X is 
intramolecular nature of the other four rate processes. well known l5 and depends directly on the magnitude 

We have thus shown how dynamic 1i.m.r. methods have Of the c-x torsional energy barrier. 
enabled five distinct dynamic processes to be discovered in In  the cases of the complexes where both ring reversal 

TABLE 3 
Static parameters used in calculating the platinum methyl scrambling energy barriers in [(PtCIMe,),(MeECMMeEMe)] 

Equatorial Pt-Me Axial Pt-Me 
A A r- > r \ 

I? VA’ * /HZ J A ’ x I H ~  vB*/HZ Jn’xIHZ Jc’xlHz T,* I S  v O ~ / H Z  

S 86.7 77.1 97.5 76.8 160.5 71.3 0.367 
S C  85.1 77.0 98.7 77.2 165.1 70.8 0.275 

* Shifts measured at ambient temperatures relative to SiMe,. Solvent was CDCl,. All shifts quoted represent averaged values 
YA’ represents the average of vA and V D  values, and Vg’ the average of VB and vc values (Table 1). due to rapid S or Se inversion. 

Note the appreciable temperature dependence of these shifts. 
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and chalcogen inversion barriers have been measured it 
will be seen that the latter are ca. 10 kJ mol-l higher in 
energy than the former. The selenium inversion energies 
are invariably greater than the sulphur inversion 
energies in the analogous complexes in accord with the 
usual dependence 192*16,17 on the atomic mass of the 
inverting atom. However, the magnitude of this S-Se 
inversion energy difference varies appreciably in no 
clearly defined manner. All these inversion energies in 
question are, however, very substantially less than those 
of sulphoxides and sulphoniurn ions, as was noted 
previously,lS2*l2 which points to appreciable stabilisation 

TABLE 4 

Ring reversal barriers for six-membered heterocyclic 
rings 

Compound 
I-- AG,t/k J m o P  
SCH,SCH,CH,CH, 43.1 

Ref. 
a 

b 
I I  
SeCH,SeCH,CH,CH, 34.3 f 0.4 
I------- 1 

SCH,CH,CH,CH,CH, 39.3 C 

!3eCH,CH,CH,CHiCH2 34.3 c 
I---------- 
TeCH,CH,CH,CH,kH, 30.5 c 
I---- 
SCH,CH,OCH;CH, 46.0 f 1.3 d 

36.4 f 1.2 e 
I- 

1- 
SSCH,CH,CH,CH, ca. 48.5 

SeCH,CH,OCH,CH, 42.6 f 1.3 d 

f 
0 H. Friebolin, H. G. Schmid, S. Kabuss, and W. Faisst, 

Org. hIagn. Reson., 1969, 1, 67. b A. Gecns, G. Swaelens, and 
M. Anteunjs, Chem. Comm., 1969, 439. J. B. Lambert, C. B. 
Mixan, and D. H. Johnson, J .  Amer. Chem. Soc., 1973, 95, 4634. * J.  C. Barnes, G. Hunter, and M. W. Lown, J.C.S .  Perkin 11, 
1975, 1354. 8 F. R. Jensen and R .  A. Neese, J .  Amer. Chem. Soc., 
1975, 97, 4922. f G. Claeson, G. M. Androes, and M. Calvin, J .  
Amer. Chem. SOC., 1960, 82, 4428. 

of the transition-state structures of these invertomers by 
effective p,,-d,, orbital overlap. Additionally, however, 
these barriers are substantially lower (by ca. 10-25 k J 
mol-l) than those measured for the unidentate com- 
plexes l6 trans-[MX,(EEt,),] (E = S, Se, or Te) and the 

I 

as has been noted in the complexes tram-[MX,(ER- 
(CH,SiMe,))].2 However, a small but seemingly real cis 
influence of halogens has been observed recently in the 
complexes trans-[MX,(S(CH,),),] (n = 3-5) where the 
sulphur inversion barriers decreased in the order X = 
C1 > Br > I. Nevertheless, this dependence is still 
very small compared to that found in cis complexes 
where the chalcogen atoms experience the well known 
trans influence of the halogens.21*22 

The values of AGt: in Table 2 reveal a small but con- 
sistent effect of methyl substitution of one of the ligand 
methylene protons on the pyramidal inversion barrier. 
For instance, the AGX values for the complexes [(PtX- 
Me,),(MeECHMeEMe)] are 1-5 kJ mol-l lower than 
those of the unsubstituted analogues. A similar trend 
has recently been reported in the complexes trans- 

[PdX,(SCH,CR,CH,)] (X = C1 or Br) . Comparison of 
the sulphur inversion barriers of the unsubstituted 
(R = H) complexes with the p-methylene substituted 
(12 = Me) complexes reveals a lowering of the AGt 
values of ca. 1 kJ mol-l in both cases studied. 

For the complexes [(PtClMe,),(MeECHMeEMe)] the 
barrier energies of the ligand switching and methyl 
scrambling processes were computed in addition to the 
pyramidal inversion energies. The energies of these two 
fluxional processes were separable as described earlier but 
have very similar magnitudes (Table 5). The observ- 
ation of these processes at temperatures well above 
ambient is consistent with associated energy barriers ca. 
20 k J mol-l higher than those of the pyramidal inversion 
process. Despite the very close similarity in the 
energies of these two high-temperature fluxions we are 
confident that they represent distinctly different pro- 
cesses since the spectral appearances of the EMe and 
PtMe, regions at  any temperature cannot in general be 
accounted for with the same rate parameter. For both 
processes the AGI values in the sulphur ligand complex 
are slightly lower than in the selenium ligand complex. 
Both values represent high-energy processes but as no 

I 7  

TABLE 6 
Activation parameters for ligand switching and platinum-methyl Scrambling processes in [( PtCIMe,),(MeECHMeEMe)] 

E Process EJkJ  mo1-I log10 A AGt/k J mol-l AHt/k  J mol-1 AS$/ J K-l niol-' 
S Ligand switching 73.0 f 2.2 13.1 f 0.4 71.5 f 4.2 70.2 & 2.2 -4.2 f 6.6 

Se Ligand switching 70.8 f 7.8 12.5 f 1.2 72.6 f 14.8 68.0 f 7.8 -15.6 f 23.5 
Methyl scrambling 71.5 f 3.5 12.6 f 0.6 72.8 f 6.6 68.7 f 3.5 -14.0 f 10.3 

Methyl scrambling 70.8 f 3.9 12.7 f 0.6 71.6 f 7.4 67.9 f 3.9 -12.2 f 11.5 

chelate complexes [MX,(REC,H,ER)] . 7 9 1 6 9  l* This dif- 
ference may be explained in terms of the weakness of the 
Pt-E bonds in these dinuclear complexes. An X-ray 
structural analysis of [(PtBrMe,),(MeSeSeMe)] l9 shows 
significant lengthening of the metal-selenium bonds 
compared to those found in [PdCl,(PriSeC,H,SePri)] .20 

The data in Table 2 do not reveal any obvious de- 
pendence of the inversion barriers on the nature of the 
halogen. This is not unexpected as the halogens are in 
the cis position relative to the S or Se atoms and any cis 
influence of halogens is expected to be negligibly small 

comparable fluxional processes have been reported in the 
literature to our knowledge there are no comparable 
energy data. If the mechanism of the platinum methyl 
scrambling process does, as we have earlier suggested, 
involve breaking the halogen-bridge bonds and forming 
a highly flultional five-co-ordinate species, the mech- 
anism can only occur easily once the rate of ligand 
switching has become appreciable. In this sense the 
two processes are not totally uncorrelated, as the ligand 
switching process apparently initiates the methyl 
scrambling. 

http://dx.doi.org/10.1039/DT9800002208


1980 2219 
The closest comparison that can be made to the 

scrambling of the PtMe groups in [(PtMe,(a~ac))~](acac 
= acetylacetonate) .= This happens when the dimeric 
structure of this complex is broken down by rupture of 
the Pt-y-C bonds, producing a pair of five co-ordinate 
activated complexes. The Arrhenius activation energy 
for this process is 61.5 kJ mol-l. A related phenomenon 
has been reported% for [PtMe,(bipy) (OH,)]+ (bipy = 2,Z'- 
bipyridyl) where ligand ( H20) exchange leads again to 
averaging of the PtMe environments with an estimated 
Arrhenius energy of 78 k J mol-l. 

Above ca. 100 "C ligand dissociation of the dinuclear 
complexes is apparent from the gradual loss of lg5Pt 
satellite lines of the averaged PtMe signal. This process 
was not studied in detail but clearly the AGt values 
associated with the energy barriers will be >ca. 75 kJ 
mol-l. Such high values account for the generally high 
stability of these platinum(1v) complexes in organic 
solvents. 

[9/1821 Received, 14th November, 19791 
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