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Abstract: An nmr investigation has been carried out for a class of cationic ML5 complexes (M = Co, Rh, Ir, Ni, 
Pd, and Pt, and L = phosphite). More than 20 complexes were studied, all of which are stereochemically nonrigid 
at ambient temperatures and stereochemically rigid on the nmr time scale at low temperatures. The rearrange
ments are shown to be intramolecular by observation of retention of metal-phosphorus coupling in the high tem
perature limit for the A2B3X spin systems and by observing the invariance of the spectra to excess ligand for the 
A2B3 spin systems. A series of complete density matrix calculations for intramolecular exchange have been car
ried out, and the permutational nature of the exchange has been established for specific complexes of Pd(Il), Ni(II), 
Co(I), and Rh(I); in all cases the rearrangements involve simultaneous exchange of the axial ligands with a pair of 
equatorial ligands in the trigonal bipyramidal ground state structure and are therefore consistent with the Berry 
process. Barriers lie within the range 5-12 kcal mol-1 and increase with increasing steric bulk of the phosphite 
ligand up to the point where the bulk is too great for ML5 complexes to be formed (i.e., where the ligand dissocia
tion equilibrium ML5 ?± ML4 + L lies well to the right). For a given ligand, barriers are relatively insensitive to 
variation of the central metal although the ordering Co > Ir ~ Ni > Rh > Pt > Pd can be established; thus se
quences Co > Rh < Ir and Ni > Pd < Pt apply and the members of the first triad have uniformly higher barriers 
than those of the corresponding members of the second triad. 

I n earlier papers in this series, we have presented the 
first evidence for the stereochemical rigidity of 

ML5 species in solution.1-4 In the present paper, we 
describe an nmr study of the intramolecular exchange 
processes in ML3 cations for the six metals (Co, Rh, 
Ir, Ni, Pd, Pt). At low temperatures they all show 
A2B3 or A2B3X

 31Pj1Hj nmr patterns. As the tem
perature is raised, the spectra broaden and coalesce into 
a single line (A5 spectrum) or a doublet (A part of A5X 
spectrum). Maintenance of A-X coupling (A6X cases) 
and invariance to added ligand (A5 cases) show that the 
rearrangements are intramolecular. The variation of 
chemical shift with temperature noted in some species12 

and thought possibly to arise from ion pairing effects is 
found not to be a general feature of the spectra of these 
complexes. Concentration, solvent, and anion varia
tion studies eliminate ion pairing as an important factor 
in the dynamic behavior of the cations. 

Activation parameters for rearrangements have 
been determined for the majority of the complexes and 
mechanistic studies have been carried out for Co[P-
(OCHs)1CCH8J6

+ and Ni[P(OCH2)3CC2H6]-,
2+ using a 

complete density matrix treatment; the results show the 
same basic permutational behavior established for 
Rh[P(OCH3)3]5

+ earlier2 and exclude any physical 
mechanisms which involve single axial-equatorial ex
changes. They are consistent with the Berry process6 as 
well as some other proposed mechanisms such as the 
turnstile rotation.6 
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Chem. Soc, 95, 7272 (1973). 
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Chem. Soc, 96, 5751(1974). 
(5) R. S. Berry, J. Chem.Phys., 32; 933 (1960). 

The barriers to rearrangement range from 6 to 12 kcal 
mol - 1 and increase with increasing ligand steric bulk for 
a given metal; the relationships Co > Rh < Ir and 
Ni > Pd < Pt are established for variation of the 
central metal for a given ligand, with the members of the 
cobalt triad having uniformly higher barriers than the 
corresponding members of the nickel triad. 

Experimental Section 

The preparation and initial studies of the intermolecular ex
change behavior of the complexes investigated in this study have 
been described.4 In a number of cases it proved convenient to pre
pare complexes in situ in nmr tubes. 

The 31Pj1Hj and 13Cj1H! nmr spectra were obtained using a 
Bruker HFX 90-Digilab FTS/NMR-3 system as previously de
scribed.2 

The line shape calculations use density matrix methods7.8 cou
pled with group theoretical methods of permutational analysis and 
computer techniques for symmetry factoring. 2^'0 

Results 

Low temperature limit nmr spectral parameters for 
all compounds considered in this section are given in the 
preceding publication.4 

A. Rhodium. The low temperature limit spectra 
are A2B3X patterns showing that the complexes have 
D3n symmetry (configuration 1) on the nmr time 
scale.24 Detailed analyses of the temperature de
pendence of the 31Pj 1H) spectra for a range of RhL5

+ 

complexes have been presented earlier. Data for one 

(6) I. Ugi, D. Marguarding, H. Klusacek, P. Gillespie, and F. Rami
rez, Accounts Chem. Res., 4,288 (1971). 

(7) J. I. Kaplan, J. Chem.Phys., 28,278(1958); 29,462(1958). 
(8) S. Alexander, J. Chem. Phys., 37, 967, 974 (1962); 38, 1787 

(1963); 40,2741(1964). 
(9) P. Meakin, E. L. Muetterties, F. N. Tebbe, and P. J. Jesson, J. 

Amer. Chem. Soc, 93, 4701 (1971). 
(10) J. P. Jesson and P. Meakin, Accounts Chem. Res., 6,269 (1973). 
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additional RhL5
+ compound have been obtained since 

the original publication and these are described below. 
(i) Rh(phosphoradamantane)5+B(C6Hs)4-. This 

complex (phosphoradamantane = 2,8,9-trioxaphos-
phaadamantane (configuration 2)) was prepared in situ 

Ui 
2 

in the nmr tube.4 The temperature dependence of the 
chemical shift separation is quite small but larger than 
for complexes with the more rigid sterically less bulky 
ligands of the type P(OCH2)3CR. For Rh(phosphor-
adamantane)6

+B(C6H5)4_ the spin system is more tightly 
coupled (|/AB|/|5A — 5B| is larger) than for other RhL5

+ 

cations which we have investigated2 giving rise to a less 
easily recognized A2B3X spectrum.4 

From an nmr line shape analysis a rate of 75 sec -1 

is obtained at —64° corresponding to a free energy of 
activation of 10.25 kcal mol - 1 at this temperature. An 
exchange process involving simultaneous exchange of 
the two axial ligands with two of the equatorial ligands 
was assumed. 

B. Cobalt, (i) Co[P(OC2H5)S]6
+Cl-.11 The tem

perature dependence of 31Pj1H] nmr spectra of Co-
[P(OC2Hs)3]S

+Cl- in CHClF2 solution is shown in 
Figure 1, together with a set of calculated spectra. The 
calculated spectra were obtained using an A2B3 model 
in which the only parameter varied was the chemical 
shift separation between the A and B nuclei. It can be 
seen that the calculations give excellent agreement with 
the experimental data. Superficially the observed 
temperature-dependent spectra appear to correspond 
to a classical line shape variation normally associated 
with chemical exchange (broadening of a sharp, com
plex, low temperature spectrum with increasing tem
perature and finally, at higher temperatures, collapse 
into a single line) but the simulation is obtained without 
assuming exchange. This is a fortuitous case in which 
the chemical shift variation with temperature is large 
and the magnitude of the shift goes from an easily 
measurable value to a very small value over the tem
perature range studied. The example indicates the 
danger of assuming the presence of an exchange process 
on the basis of qualitative line shape effects; the good 
agreement with calculation indicates that the cation has 
D3h symmetry on the nmr time scale over essentially 
the whole temperature range shown in Figure 1. Ex
change almost certainly occurs when the temperature is 
raised still further (it would be difficult to detect with 
the almost zero chemical shift separation) but there is 
no clear evidence for exchange on the basis of the data in 
Figure 1. In obtaining the calculated spectra the AB 

(11) We are indebted to Dr. L. W. Gosser for a sample of this com
plex. 

-82* / I 0.6 PPM 

Figure 1. The temperature-dependent Fourier mode 31Pj 1H) nmr 
spectra for a solution of Co[P(OC2H 5)3]o

+Cl- in CHClF2. The only 
parameter varied to obtain the corresponding calculated spectra was 
the chemical shift difference between the axial and equatorial phos
phorus sites. This chemical shift separation is given with the 
simulated spectra. 

coupling constant was kept fixed at 148 Hz (the value 
obtained by fitting the —138° spectrum) and the AB 
chemical shift separation was varied to give a good fit 
to the observed spectra. A case similar to the one dis
cussed above, where qualitatively there is ambiguity as 
to whether chemical shift variation or exchange be
havior accounts for the spectral variation with tempera
ture, is discussed in the section dealing with iridium 
complexes; for the iridium species Ir[P(OCH2)3CCH3]5

+ 

the calculations show that in this case exchange processes 
account for the line shape behavior. 

Before considering other cobalt complexes, one addi
tional feature in Figure 1 deserves mention; in the lower 
temperature range there is some disagreement between 
the observed and calculated spectra. This arises 
because in the experimental spectrum the lines largely 
associated with the equatorial phosphorus nuclei (low 
field section of spectrum) are broader than those largely 
associated with the axial phosphorus nuclei. Effects 
of this type were observed only for the CoL5

+ complexes 
and are attributed to partial decoupling of the 31P-69Co 
spin-spin coupling resulting from the rapid quadrupole 
relaxation of the 69Co nucleus with spin / = 7A- At 
low temperature (—138°) the quadrupole relaxation is 
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Co[P(OCH8)JCCH3]* B(C6H,); 

Figure 2. Low temperature limit Fourier mode 31Pj 1Hj nmr spec
trum for a solution of Co[P(OCHj)3CCHs]5

+B(C6HiOr in chloro-
difluoromethane. The calculated spectrum was obtained using an 
A2B3 model. 

very effective (the rotational correlation times are long 
because of the relatively high viscosity and low tem
perature); as a result, the decoupling is almost com
plete and the line width variations across the spectrum 
are small. As the temperature is raised the line shape 
effects due to quadrupole relaxation become more 
pronounced. The lines to low field are broader because 
JFRCO > /PACO (configuration 1). Above the temperature 
range shown in Figure 1, the spectrum broadens again 
as the viscosity of the solution decreases and the 
quadrupole decoupling of the 
coupling becomes less effective. 

(ii) Co[P(OCH3)3]5+B(C6H6)4-. 
dependent 31Pj1Hj nmr spectra 
chlorodifiuoromethane over the 
— 140 to —70° are very similar 
Figure 1 except that now the chemical shift associated 
with the equatorial phosphorus nuclei is upfield. 

The 31P(1Hj spectrum at —138° is almost a mirror 
image of the low temperature limit spectrum for Co[P-

i ip_5s>Co spin-spin 

The temperature-
of this complex in 
temperature range 
to those shown in 

(OC2H5)S]5
+ (Figure 1). Again, the chemical shift dif

ference decreases in magnitude as the temperature is 
increased and the spectrum coalesces into a single line; 
there is no evidence for an intramolecular exchange 
process in these spectra. The lines to the upfield side of 
the spectrum are broader than those to the downfield 
side indicating (see section B (i)) that, as for Co[P-
(OC2H5)3]5+, .Zp11Co > P̂ACO (configuration 1). 

(iii) Co[P(OCH2)3CCH3]5 +B(C6Hs)4-. The low 
temperature limit (—122°) 31Pj 1Hj nmr spectrum for a 
solution of this complex in chlorodifiuoromethane is 
shown in Figure 2 together with a spectrum simulated 
using an A2B3 model. The chemical shift of the 
equatorial phosphorus nuclei is to high field and the 
chemical shift difference is almost temperature in
dependent. The relatively large chemical shift dif
ference is an additional advantage in establishing intra
molecular exchange. As the temperature is raised, two 
types of line shape effects can be observed (Figure 3): 
(a) the quadrupole relaxation of the 59Co nucleus be
comes less effective and the upfield side of the spectrum 
begins to broaden more than the downfield side (again 
•/PHCO > /pAct>; M = Co, configuration 1); (b) simul-

Figure 3. Temperature-dependent Fourier mode 31Pf1H) nmr 
spectra for a solution of Co[P(OCH2)3CCH3]5+B(C6H5)4- in chloro
difiuoromethane. The calculated spectra were obtained using 
permutational mechanism A. 

taneously, line shape effects can be observed that are a 
result of a mutual exchange process. Figure 3 com
pares the observed temperature dependence of the nmr 
spectrum with that simulated using a complete density 
matrix line shape analysis. In the simulations a per
mutational mechanism, A, which simultaneously 
switches the two axial ligands with two of the equatorial 
ligands was used. This gives a better fit to the observed 
spectra than the other possible permutational mecha
nism, B, which involves single axial equatorial switches 
(see the Discussion section). The spectra in Figure 3 
(8/J = 5.1) are very similar to those observed for Ni-
[P(OCH2)3CC2H5]5

2+(BF4-)2 (5/7 = 4.74); for the latter 
molecule a detailed comparison has been made between 
the observed spectra and those simulated for both A and 
B permutational exchanges (vide infra). A comparison 
of these simulations with the spectra of Co[P(OCH2)3-
CCH3]S+B(C6Hs)4

- shown in Figure 3, and with other 
experimental spectra not shown, clearly indicates that 
the simultaneous exchange mechanism must predomi
nate for both the Ni2+ and the Co+ complexes. Due to 
the quadrupolar relaxation effects the fit obtained be
tween the observed and calculated spectra shown in 
Figure 3 is not as good as for the other ML6

+ systems 
we have analyzed. 

The rate data are presented in the form of an Ar-
rhenius plot in Figure 4; the straight line corresponding 
to the rate expression 

rate(J) = IO 1 5 -^- 1 2 ' 5 0 0 / - 8 7 " 

The activation parameters at 200°K are given in Table 
II. The apparent entropy of activation is rather large 
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Figure 4. Arrhenius plot for CO[P(OCH2)SCCHS]5
+B(C6HO)4-. 

for a simple intramolecular process. This is probably a 
result of experimental error arising from the limited 
temperature range over which the measurements were 
made (the solvent boils at —40°) and the errors in
troduced by the quadrupole relaxation of the 59Co 
nucleus. 

In a separate experiment the 31Pj1Hj spectra of a 
solution of CO[P(OCH 2 )SCCHS] 6

+ B(C 6 HS) 4 - with ligand 
added were recorded over the temperature range —140 
to —20° in chlorodifluoromethane. The line shapes of 
the spectrum assigned to the complex were invariant to 
added ligand, and the ligand resonance remained a 
sharp single line at all temperatures showing that the 
exchange process is intramolecular in the —140 to 
- 2 0 ° range. 

C. Iridium, (i) Ir[P(OCH3)S]6+B(C6Hs)4-. The 
temperature-dependent 31P(1Hj nmr spectrum for a 
solution of Ir[P(OCH3)S]6

+B(C6Hs)4- in CHClF2 is 
shown in Figure 5. The simulated spectra shown in 
this figure were obtained using an A2B3 model assuming 
mechanism A. Since the spectra are almost first 
order, no distinction can be made in practice between 
mechanisms A and B. (This distinction could be made 
by observing the spectra at a lower field such that higher 
order effects are present in the slow exchange spectrum.) 

The chemical shift difference is quite strongly tem
perature dependent (approximately —5.0 Hz deg - 1 or 
—0.15 ppm deg - 1 over the temperature range —100 to 
— 150°). Consequently an extrapolation of the tem
perature dependence of the shift difference into the 
temperature range where the shift cannot be measured 
directly was used to obtain some of the simulated 
spectra shown in Figure 5. The large shift difference 
makes the percentage error introduced by the extrapola
tion small, and accurate exchange rates can still be ob
tained even with a rather poor extrapolation. The 
spectra are invariant to added ligand over the tempera
ture range shown in Figure 5; the ligand resonance 
remains a sharp single line. This observation is taken 
to indicate that dissociative processes are slow at these 
temperatures and that the observed line shape effects 
can be attributed to an intramolecular process. 

From an Arrhenius plot of the data shown in Figure 5 
the rate expression 

rate(r) = loi3-2
e-

850°/flr sec"1 

IL_ 
Figure 5. The temperature-dependent Fourier mode 31Pf 1H) nmr 
spectra for a solution of Ir[P(OCH3)3]5

+B(C6Hn)r in CHClF2 to
gether with spectra simulated using an A2B3 model and the density 
matrix formalism. 

was obtained. The activation parameters are given in 
Table II. 

(ii) Ir[P(OC2H6)S]6
+B(C6Hs)4-. From a complete 

line shape analysis, we obtained an exchange rate of 75 
sec -1 at —60°. Substituted into the Eyring equation 
this result gives a free energy of activation (AG*) of 
10.4 kcal mol-1. 

(iii) Ir[P(0-n-C4H9)3]6+B(C6H6),-. The exchange 
rate at —42° is 60 sec-1. This corresponds to a free 
energy of activation of 11.5 kcal moh 1 at this tempera
ture. 

(iv) Ir[P(OCH2)3CCH3]6
+B(C6H5)4-. The tempera

ture-dependent 31Pj 1H j nmr spectrum for a solution of 
this complex in chlorodifluoromethane is shown in 
Figure 6. In this case, the chemical shift difference at 
low temperatures (slow exchange rates) is essentially 
temperature independent. In Figure 6 the observed 
spectra (center of figure) are compared with spectra 
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Figure 6. Temperature-dependent Fourier mode 31Pj1H) nmr 
spectrum for a solution of Ir[P(OCH2)3CCH3]5

+B(C6Ho)r in chloro-
difluoromethane. The observed spectra are in the middle column. 
The simulated spectra on the left-hand side were obtained by vary
ing the chemical shift separation only and those on the right-hand 
side by varying the exchange rate only with the high resolution nmr 
parameters fixed at their values obtained by fitting the —130° spec
trum. 

simulated for a temperature-dependent chemical shift 
(left-hand side of figure) and for an exchange process in 
which the two axial Iigands are simultaneously ex
changed with two of the equatorial Iigands (right-hand 
side of figure). In both sets of simulations the coupling 
constant was held fixed at 59 Hz. Figure 6 shows that 
the temperature dependence of the spectra results from 
an exchange process, rather than from a temperature-
dependent shift in the temperature range — 110 to 
— 60°. These results should be compared to those dis
cussed for Co[P(OC2H6)S]6

+Cl- (section B (i)) and Co-
[P(OCH3)3]6

+ (section B (ii)). In all three cases the 
low temperature limit spectra are quite similar but the 
temperature dependence of the 31P spectra for the two 
Co(I) species can be explained in terms of temperature 
variations of the chemical shift without invoking ex
change, whereas the data for the Ir(I) complex can only 
be interpreted in terms of chemical exchange. 

The rate data obtained from the line shape analysis 
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Figure 7. Observed and calculated low temperature limit proton 
decoupled 31P nmr spectrum for a solution of Ni[P(OCH3)3]5

2+-
(SbF6~)2 in chlorodifluoromethane. An A2B3 model was used to 
compute the simulated spectrum. 

correspond to the Arrhenius expression 

rate(r) = l013 '6e -920°/Br 

The Eyring activation parameters are given in Table II. 
D. Nickel, (i) Ni[P(OCH3)3]5

2+(X-)2. Figure 7 
shows the low temperature limit (—120°) 31Pj 1H) nmr 
spectrum for a solution of Ni[P(OCHs)3]=

2+(SbF6-)2 in 
chlorodifluoromethane together with a spectrum cal
culated using an A2B3 model. As the temperature is 
raised, the spectrum coalesces into a sharp single line. 
The low temperature limit spectrum is poorly resolved 
because of the small P-P chemical shift difference. 
There is no mechanistic information contained in the 
line shapes and it is not possible to separate the effects 
of mutual exchange from the effects produced by the 
temperature dependence of the chemical shift difference. 

A number of Ni[P(OCH3)3]5
2+ complexes with dif

ferent anions (B(C6H6)^, PF 6
- , SbF6

- , AsF6
- , and 

BF4
-) were prepared; their temperature-dependent 

31Pj1Hj spectra were invariant to the nature of the 
anion. These spectra were taken to see whether ion-
pairing effects are an important factor in determining the 
magnitude of the barrier to mutual exchange; these re
sults are inconclusive because of the difficulties en
countered in interpreting the temperature dependence 
although it was demonstrated that the counterion had 
no effect on the appearance of the low temperature limit 
spectra (more conclusive anion variation data were 
presented in a previous paper2). 

(ii) Ni[P(OCH2)sCC2H5]5
2+(BF4

-)2. The low tempera
ture limit (— 125°) 31P{ 1H) nmr spectrum of a solution 
of this complex in chlorodifluoromethane is shown in 
Figure 8 together with a computer simulation obtained 
using an A2B3 model (|/AB| = 119.5 Hz 5A — 6B = 
15.54 ppm; the axial resonances being to low field). 

As the temperature is raised the spectrum at first 
broadens and then coalesces into a sharp single line. 
These line shape effects are attributed to an exchange 
process since the chemical shift separation for the two 
types of phosphorus is almost temperature independent. 
The spectra are invariant to added ligand at all tem
peratures in the range —125 to 30°, and the added 
ligand resonance remains a sharp single line. Thus, 
intermolecular exchange processes are not important at 
these low temperatures. 

Figure 9 shows the observed spectrum recorded at 

:, 1974 
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Ni[P(OCH2I3CC2H5] * *2BF , " N i [P (OCH 2 I 3 CC 2 H 5 ] 5 * * ZBF4-

Figure 8. Low temperature limit 36.43 MHz Fourier mode 31Pj 1H} 
nmr spectrum for a solution of Ni[P(OCH2)3CC2H6]5

2+(BF4-)2 in 
chlorodifiuoromethane. The calculated spectrum was obtained 
using an A2B3 model with the parameters given in the text. 

N i [ P ( O C H 2 I 3 C C 2 

Figure 9. A comparison of the observed proton noise decoupled 
31P nmr spectrum of Ni[P(OCHi)3CC2HJ5

8+(BFr)2 at -109° with 
complete density matrix line shape calculations for the two basic 
permutational sets A and B. The two important features which 
permit a choice to be made in favor of basic set A are underlined. 

Figure 10. A comparison between the observed 31Pj 1H J spectra for 
Ni[P(OCH2)3CC2H5]5

2+(BF4-)2 at -102° and the spectra calculated 
using basic permutational sets A and B defined in the text. Again a 
better fit is given by set A. The two important regions of the 
spectrum which allow this choice to be made are underlined. 

—109° with spectra simulated for the two possible basic 
permutational sets A and B for a £>3„ ML5 system (see 
Discussion section). The two simulated spectra were 
obtained by varying the exchange rate for each set to 
give the best visual agreement with the observed spec
trum. Both permutational mechanisms give a good fit 
to the observed spectrum, but it is clear that the fit for 
set A is significantly better. The behavior of the two 
well-resolved doublets at each end of that part of the 
spectrum associated mainly with the axial phosphorus 
nuclei (underlined in Figure 9) is critical in dif
ferentiating between A and B. Figure 10 shows another 
set of observed and calculated spectra at a somewhat 
higher temperature (faster exchange rate). The main 
difference between the two simulated spectra is again 
found in the two doublets described above and the best 

Figure 11. This figure compares the observed proton noise de
coupled 31P nmr spectra for a solution of Ni[P(OCHi)3CC2H3I0

2+-
(BFr)2 in chlorodifiuoromethane at —96.5 ° with spectra simulated 
using the two basic sets A and B. Basic set A still gives the best 
fit but in this case the choice does not depend on the features under
lined in Figures 9 and 10. 

fit is again obtained using basic set A. Figure 11 shows 
a comparison between the observed and simulated 
spectra at a still higher temperature (exchange rate). 
Here the distinction between A and B rests on the 
behavior of the high field part of the spectrum. At 
higher temperatures (exchange rates) the spectra simu
lated using basic sets A and B become more similar, 
and both give good fits to the observed spectra with set 
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Figure 12. Observed and calculated 36.43-MHz Fourier mode 
proton noise decoupled 31P nmr spectra for a solution of Ni[P-
(OCH8)SCC2H6Ia

2+(BFr)2 in chlorodifluoromethane at temperatures 
too high for mechanistic information to be obtained. Basic set A 
was used in these simulations. 
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Figure 13. Arrhenius plot for Ni[P(OCH2)SCC2Hs]5
2+(BFr)2 in 

chlorodifluoromethane. 

B giving the same result as set A at half the exchange 
rate. Figure 12 compares the observed spectra for Ni-
[P(OCH2)3CC2H6]6

2+(BF4-)2 at several temperatures 
above 95° with those calculated using set A. 

The rate data are presented in the form of an Ar
rhenius plot in Figure 13 and may be described by the 
equation 

rate(r) = l012-9e-86W)/Br 

The activation parameters are given in Table II. 

Figure 14. Observed and calculated Fourier mode proton de
coupled 31P nmr spectra for a solution of Pd[P(OC2H6)S]5

2+(B(C6-
Hs)r)2 in chlorodifluoromethane. Permutational mechanism A was 
used in the calculations. 

(iii) Ni[P(OCH2)3CCH3]6
2+(BF4-)2. The spectra as

signed to this complex are almost identical with those 
for Ni[P(OCH2)3CC2H6]5

2+(BF4-)2 at all temperatures in 
chlorodifluoromethane. The barrier height (free ener
gies of activation) for the exchange process is equal 
within experimental error to that for the P(OCH2)3CC2H5 
complex. All observations for Ni[P(OCH2)3CC2H6]6

2+-
(BF4

_)2 in section D (ii) apply to the methyl cage complex 
considered here. 

(iv) Ni(phosphoradamantane)5
2+(BF4-)2. As in the 

case for the corresponding Rh(I) complex (section A (i)) 
the temperature dependence of the chemical shift 
separation is quite small. From a complete density 
matrix line shape analysis, an exchange rate of 60 sec-1 

at —54° was obtained giving a free energy of activation 
of 10.9 kcal mol-1. 

E. Palladium, (i) Pd[P(OCH3)3]6
2+(B(C6H6)4-)2. A 

comparison between the observed spectrum at —135° 
and spectra simulated for basic set A shows that the 
exchange rate at this temperature is 450 sec-1 corre
sponding to a free energy of activation of 6.2 kcal mol-1. 

(ii) Pd[P(OC2H6)3]5
2+(B(C6H6)4-)2. The temperature-

dependent 31P(1Hj nmr spectra for a solution of this 
complex in chlorodifluoromethane are shown on the 
left-hand side of Figure 14, calculated spectra (set A) 
are shown on the right. The temperature dependence 
of the chemical shift difference is relatively small (0.012 
ppm deg-1 or 0.45 Hz deg-1 at 36.43 MHz). Basic set 
A gives a slightly better fit than set B. The spectra at 
the lower temperatures in the exchanging region are in
variant to added ligand. However, near the fast ex
change limit, the spectra broaden on adding ligand 
indicating that an intermolecular exchange process is 
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also taking place. Fortunately, the two processes are 
almost completely separable. The rate data give the 
Arrhenius expression 

rate(7") = lOu-*e-,,miBT sec"1 

The activation parameters are given in Table II. 
(iii) Pd[P(OCH2)3CCH3]6

2+(B(C6H6)4-)2. A compari
son between the observed spectrum at —146° and a 
density matrix simulation gives an exchange rate of 480 
sec -1 corresponding to a free energy of activation AG* 
= 5.7 kcal mol -1 . This is the lowest barrier we have 
found for an ML5 cation. 

F. Platinum, (i) Pt[P(OCH3)S]5
2+(B(C6Hs)4-),. The 

temperature-dependent 31Pj1Hj nmr spectrum for a 
solution of this complex in chlorodifluoromethane is 
shown in Figure 15. Retention of the " P - i ^ p t 
coupling in the high temperature limit (Figure 15) 
demonstrates that the exchange process is intra
molecular. A line shape analysis for the A2B3 pattern 
corresponding to the 66.3 % of molecules with Pt having 
zero spin gives an exchange rate at —130° of 300 sec -1 

and a free energy of activation AG*i43 = 6.5 kcal 
mol - 1 . 

(ii) Pt[P(OC2Hs)3]S
2+(B(C6Hs)4-^. The low tempera

ture limit 31P(1Hj nmr spectrum for this complex is 
quite similar to that shown for Pt[P(OCH3)3]5

2+(B-
(C6Hs)4^)2 in Figure 15. As the temperature is raised the 
spectrum changes in a similar way to that shown in 
Figure 15 and the sip_i9spt coupling is retained in the 
high temperature limit. Calculations give an exchange 
rate of 300 sec-1 at - 7 4 ° with AG*W9 = 9.2 kcal mol-1. 

(iii) Pt[P(OCH2)sCCHs]s2+(B(C6Hs)4-)2. For this 
complex and the other Pt and Rh complexes, the 
analysis of the low temperature limit and of the tem
perature dependence of the spectra indicate that the 
couplings of the phosphorus nuclei to the metal nucleus 
have the same sign for the axial and equatorial phos
phorus environments. 

Analysis of the line shapes give a rate of 102 sec -1 

at —126° and a free energy of activation AG* = 7.0 
kcal mol -1 . 

Discussion 

A. The Permutational Analyses. It has been widely 
assumed that d8 ML5 species have trigonal bipyramidal 
stereochemistry (Dah symmetry) in solution. However, 
since all previous studies of ML5 species in general, and 
d8 complexes of group VIII transition metals in par
ticular,112-14 have failed to show inequivalence of nmr 
ligand resonances even at low temperatures, it was 
necessary to postulate that the rearrangement barriers 
were very low « 5 kcal mol -1). The present studies1-4 

have demonstrated clearly for the first time that a 
variety of ML5 species do indeed have D3n stereo
chemistry in solution. 

Before discussing the merits of the various possible 
physical pathways for rearrangement which are con
sistent with the experimental results for the D3n ML5 

species described above, we outline what can, and what 
cannot, be deduced from the permutational analysis 
and the density matrix calculations.10 

(12) F. A. Cotton, A. Danti, J. S. Waugh, and R. W. Fessenden, 
/ . Chem.Phys., 29,1427(1958). 

(13) R. Bramley, B. M. Figgis, and R. S. Nyholm, Trans. Faraday 
Soc, 58,1893(1962). 

(14) P. Meakin, E. L. Muetterties, and J. P. Jesson, / . Amer. Chem. 
Soc, 94, 5271(1972). 

Pt[P(0CH3)3]*
+ 2B(C6H5I4

-

Figure 15. Temperature dependence of the Fourier mode proton 
decoupled 31P nmr spectrum assigned to Pt[P(OCH3)3]5

2+(B(C6-
H5)r)2 in chlorodifluoromethane. 

The nmr data are analyzed on the basis of a "jump" 
model and therefore only give information concerning 
the permutations which relate the initial labeled nuclear 
configuration to the configuration after rearrangement. 
No direct mechanistic information is obtained to indi
cate the actual physical path involved. All routes lead
ing to the correct types of permutational change are 
equally acceptable, and one must appeal to other chemi
cal information to decide between the possibilities.10 

The possible permutations which convert the initial 
labeled configuration 3 into all other possible labeled 

P4 

P 1 - M ^ 

D3n configurations comprise a group P of order 5! = 
120. These 120 permutations correspond to 120 con
figurations, many of which are equivalent in the sense 
that they are related by the operations of the point 
group of the molecule. Using the numbering in con
figuration 3 the 12 operations of the D3h point group 
may be written as ^1 = E = (1)(2)(3)(4)(5), g2 = C3

1 

= (132), g3 = Cs2 = (123), gi = C2(I) = (23)(45),gs = 
C2(2) = (13X45), ge = C2(3) = (12)(45)5 g7 = ffh = 
(45), gi = 5s1 = (45)(132), g9 = 53

2 = (45)(123), *,„ 
= <r/(l) = (23), gn = <r„2(2) = (13), and ^12 = crr

3(3) 
= (12). 

It can be seen that the 12 operations of D3h give rise 
to 12 different permutations using 3 as a basis. Since 
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the nmr spin Hamiltonian is invariant to the operations 
of G (G is the permutational group generated by the 
point group of the molecule with elements gt, i = 1-12) 
all of the permutations of P related by eq 1 for some 

Pi = glPjgm (1) 

ghgm in G would, if they could occur alone, give the 
same temperature-dependent nmr line shapes.10 

At the same time permutations of P related by eq 2 

Pi = gkPsgh (2) 

for some gk in G must by symmetry occur at the same 
rate. We call a set of all of the permutations related by 
eq 2 a basic permutational set.9il° Clearly, all members 
of a basic permutational set must be included together 
in the line shape calculations for that set; additionally, 
all such sets comprised of elements related by eq 1 
will give the same calculated line shapes and are said to 
be equivalent basic permutational sets (the line shapes 
will, however, be different from those calculated for 
any of the individual permutations).10 Linear combina
tions of the equivalent basic permutational sets will also 
give the same calculated line shapes, 

In establishing the basic permutational sets and equiv
alent basic permutational sets for ML5 species, we 
adopt a computational procedure which differs slightly 
from that described originally for H2ML4 molecules with 
C21, symmetry.9 The modifications are neccessitated by 
the fact that D3n, unlike C2t,, is not an Abelian group 
and we must therefore take explicit account of the class 
structure (Abelian groups have only one operation per 
class). The procedures outlined here will give the cor
rect sets of basic permutations and equivalent permuta
tions for all groups, Abelian and non-Abelian alike. 

The difference between the two procedures lies in the 
order in which the conditions eq 1 and 2 are applied. 
For non-Abelian groups eq 1 must be applied first and 
the permutations so generated, grouped into basic per
mutational sets using eq 2; for Abelian groups the 
order of application is unimportant, as may readily be 
shown by the following considerations. If we apply 
eq 2 first, and attempt to generate an equivalent set 
using eq 1 the following relationship must hold for 

J^glgkPjgk lgm 
k = l 

some permutation pQ. 
For an Abelian group 

2^/gnPqgn 

gk grn gmgk 

so that we may rewrite eq 3 as 

12 
J2gk(glPjgm)gk 

fc = l 

1 2 

Zg nPqgn 
7 1 = 1 

(3) 

(4) 

(5) 

noting th.a.1 giPjgm is an element of P (say pq) establishing 
that the order of application of eq 1 and 2 in deriving 
the basic permutational sets is unimportant for Abelian 
groups. Equation 4 is not true for non-Abelian groups 
so that, in the present case (D3n), we must proceed as 
follows. Choose a permutation of P (say ^1) and find 
all the permutations et related to gi by eq 1. The set of 
all et (E) clearly consists of the permutations gi-gu, 
the operations of the point group G. Now select a 
member of £ (say g\ again) and find a basic set of per

mutations (£(1)) related by eq 2. In this case the basic 
set contains only one member (gi). Equivalent basic 
sets are generated in the same manner by applying eq 2 
to another of the e{ not yet used (say gi) producing the 
set £(2) = g2,gs and repeating the process until all the 
et are exhausted. This gives the following equivalent 
basic sets £(/) 

E(I) = gi = (1)(2)(3)(4)(5) = £ 

£(2) = 

£(3) = 

£(4) = 

£(5) = 

£(6) = 

[gt 
Ua 

U. 
Ue 
gi 

[gi 
\g9 

UlO 
Un 
Ul2 

= (132) 
= (123) 

= (23)(45) 
= (13)(45) 
= (12)(45) 

= (45) 

= (45)(132) 
= (45)(123) 

= (23) 
= (13) 
= (12) 

= C s i 

= C8
2 

= C2(I) 
= C2(I) 
= C2(3) 

= (Th 

= S3
1 

= S3
2 

= <r,(l) 
= <r,(2) 
= <r,(3) 

Unlike the Abelian case, the equivalent sets do not 
contain the same number of permutations; the identity 
set £(l)-£(6) is just the group D3n collected into its 
classes (as would be expected from the manner of its 
generation). 

We now select another permutation from P which has 
not already been used (say (15)(24)) and repeat the 
procedure described in the previous paragraph gen
erating first a set A of permutations a{ satisfying eq 1 
(36 permutations) and then the basic sets A(j) satisfying 
eq 2. The remaining permutations o f f are exhausted 
with one more application of the procedure to give the 
final group of equivalent basic permutational sets B(k). 
Thus we have demonstrated that there are only two pos
sible types of line shape behavior with temperature 
(other than invariance, basic sets E(i)) and these cor
respond to the basic sets A(j) and B(k) (j = 1-4; k = 
1-8). The overall results generated by a computer 
program are given in Table I. As with the £ sets, the 
equivalent sets in A and in B do not all contain the same 
number of permutations (the number is 6 or 12 for both 
A and B). Also the numbers of equivalent sets in E, A, 
and B are different (six, four, and eight, respectively). 

We may look at Table I from two other points of 
view, (a) The first is based on the number of dis
tinguishable "isomers" that are possible for a D3n ML5 

molecule in which the nuclei are labeled. This is 
given by the total number of possible labeled con
figurations (the 120 configurations generated from a 
given starting configuration by the 120 permutations in 
the table) divided by the order of the rotational sub
group of the point group of the molecule (the rotational 
subgroup of D3n is D3 and is of order 6 [E + 2C3 + 
3C2]). We thus obtain the well-known result that there 
are 120/6 = 20 "isomers" or labeled configurations 
which are not superposable by rotation. 

The permutations contained in the identity sets £(1>-
£(3) are all the elements of a permutation group R 
generated by the subgroup of proper rotations D3; 
they therefore generate just one isomer 1(1) from 3. 
Similarly £(4)-£(6) contain the permutations corre
sponding to the remaining operations of the full point 
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1 
i 

1 
EXO 2 

3 

j 
1 
2 
3 
4 
5 

AJj) 6 
7 
8 
9 

10 
11 
12 

H 

k 
1 
2 
3 
4 
5 

Sn(A:) 6 
7 
8 
9 

10 
11 
12 

1 
(1X2X3X4X5) 

1 
(15)(24) 
(14)(25) 
(14)(35) 
(15X34) 
(25)(34) 
(24)(35) 

1 
(25) 
(15) 
(14) 
(35) 
(34) 
(24) 

2 
(132) 
(123) 

2 
(1425) 
(1524) 
(1534) 
(1435) 
(2435) 
(2534) 

2 
(13)(245) 
(23)(145) 
(23)(154) 
(12)(345) 
(12X354) 
(13X254) 

3 
(23)(45) 
(13X45) 
(12X45) 

3 
(25)(143) 
(14X253) 
(15X243) 
(24X153) 
(15X234) 
(34)(152) 
(14X235) 
(35)(142) 
(24)(135) 
(25X134) 
(35)(124) 
(34)(125) 

3 
(1325) 
(1253) 
(1523) 
(1532) 
(1423) 
(1432) 
(1235) 
(1352) 
(1342) 
(1234) 
(1324) 
(1243) 

4 
(45) 

4 
(15243) 
(15324) 
(14325) 
(14253) 
(14235) 
(14352) 
(15234) 
(15342) 
(13425) 
(13524) 
(12534) 
(12435) 

4 
(1245) 
(2453) 
(1452) 
(1453) 
(1542) 
(1543) 
(2345) 
(1345) 
(1354) 
(2354) 
(1254) 
(2543) 

5 
(45)(132) 
(45X123) 

5 
(13)(25) 
(15)(23) 
(14)(23) 
(12)(35) 
(12X34) 
(13)(24) 

6 
(23) 
(13) 
(12) 

6 
(245) 
(145) 
(154) 
(345) 
(354) 
(254) 

7 
(125) 
(253) 
(152) 
(153) 
(142) 
(143) 
(135) 
(235) 
(234) 
(134) 
(124) 
(243) 

8 
(13245) 
(12453) 
(14523) 
(14532) 
(15423) 
(15432) 
(13452) 
(12345) 
(12354) 
(13542) 
(13254) 
(12543) 

Chart I 

Ei(O = = //(1){0- = 1; / = 1)0 = 2; / = 1, 2)0 = 3; / = 1-3)} 
\ / (2)(0 = 4; / = 1)0 = 5; / = 1, 2)0 = 6; / = 1-3)} 

AvXf) = 

PA =\ 

BrXk) • 

Id)[U • 
/ ( 4 ) 1 ( 7 •• 
/(5MG 
1(6) KJ 
/(7)!(./ ' 

1/(8)IO • 

(1(9) Hk 
KlO)Kk 
/(H)I(A: 
KU) {(k 
/(13)(0c 
/(14){(A: 
/(15M(A: 
/(16) ((A: 
/(17)|(A: 
/(18){(A: 
/(19) ((A-
/(2O))(A 

= 1; m = 
= 1; m = 
= 1; m = 
= 2; m = 
= 2; m = 
= 2; m = 

= 1; n = 

= 1; « = 
= 5; n = 
= 5; n = 
= 5; it = 
= 5; n = 
= 5; n = 
= 5; it = 

1, 2)0 - 4; 
3, 4 )0 = 4; 
5, 6)0' = 4; 
1, 2)0 = 3; 
3,4)(; = 3; 
5, 6)0 = 3; 

D(A: = 2; 
= 2)(k = 2 
= 3)0c = 2 
= 4)(k = 2. 

5)(* = 2. 
6)0c = 2. 
I)(A- = 6 
2)(k = 6 
3)0fc = 6 
4)(k = 6 
S)(k = 6 
6)(A- = 6 

m = 1-4)} 
m = 5-8)} 
in = 9-12)} 
m = 1-4)} 
m = 5-8)} 
/Ti = 9-12)} 

n = I)(A- = 3; 
n = 2)(/t = 3 
n = 3)(/t = 3 
n = 4)(A = 3 
n = 5)(A- = 3 
n = 6)(Ar = 3 
„ = I)(A- = 7 
n = 2)(A; = 7 
,i = 3)(A: = 7 
H = 4)(A- = 7 
« = 5)(* = 7 
« = 6)(/t = 7 

H = l,2)(/fc = 4; K = 1,2)} 
„ = 3,4)(A- = 4; it = 3,4)} 
n = 5, 6)(A- = 4 ; n = 5,6)} 
n = 7, 8)(A- = 4 ; « = 7, 8)} 
H = 9, 1O)(A- = 4; « = 9, 10)} 
« = 11, 12)(/fc = 4; n = 11, 12)} 
n = l,2)(/fc = 8; « = 1,2)} 
n = 3,4)(A- = 8; n = 3,4)} 
/i = 5, 6)(A- = 8; n = 5,6)} 
« = 7,8)(A- = 8; n = 7,8)} 
n = 9, 1O)(A: = 8; n = 9, 10)} 
« = 11,12)(A- = 8; n = 11, 12)} 

group DSh and these six permutations generate a second 
isomer 7(2) from 3. In general, we may associate six 
permutations with each isomer; all of the permutations 
PnTs = Psi, (s = 1-6), where ph is a permutation which 
generates isomer 1(h) from 3 and rs is an element of 
R, will generate the same isomer 1(h) from 3. The 
overall breakdown in terms of "isomers" 1(h) Qi — 
1-20) (using the notation in Table I) is shown in Chart I. 
(b) A second way of looking at Table I is based on the 
number of different nmr spin Hamiltonians for a D3n 

ML5 molecule in which the nuclei are labeled. This is 
given by the total number of permutations in the table 
(120) divided by the number of permutations which cor
respond to elements of the effective permutational group 
of the high resolution nmr Hamiltonian which in this 
case is isomorphic with the molecular point group Dih. 

These are of course the 12 elements of the identity sets 
E(i). There are therefore 120/12 = 10 independent spin 
Hamiltonians, H (this is just half the number of "iso
mers" considered above since the spin Hamiltonian is 
invariant to ah which is not a proper rotation). Each 
of the ten independent spin Hamiltonians can be 
generated from the spin Hamiltonian corresponding to 
3 by 12 permutations so that we can associate 12 per
mutations with each spin Hamiltonian. All of the 
permutations p,gt (t = 1-12), where pt is a permutation 
which generates the spin Hamiltonian H(q) from the 
spin Hamiltonian for 3 and qt is an element of the ef
fective permutational group of the high resolution nmr 
Hamiltonian, will generate the same spin Hamiltonian 
H(q). 

We can then associate 12 of the permutations p, 

Jesson, Meakin / Stereochemical Rigidity in ML<, Complexes 



5770 

Figure 16. Pictorial representation of the site exchanges effected 
by the basic permutational sets A(J), j = 1-4. 

(Table I) with each of the ten Hamiltonians by the fol
lowing relationship 

Pu = Pigt{q = l- io, t = 1-12} (6) 

Using the previous isomer notation for conciseness we 
have: 77(1) = /(1), 1(2); H(I) = 1(3), 1(6); 77(3) = 
7(4), 7(7); 77(4) = 7(5), 7(8); 77(5) == 7(9), 7(15); 77(6) 
= 7(10), 7(16); 77(7) = 7(11), 7(17); 77(8) = 7(12), 
7(18); 77(9) == 7(13), 7(19); 77(10) = 7(14), 7(20). 

This detailed permutational analysis is not necessary 
to demonstrate that there are only two types of line 
shape change with temperature (A or B) but it does sys
tematically group all 120 permutations in P and allow 
one to select the simplest permutational sets for actually 
carrying out the line shape calculations. Since there 
are only ten independent spin Hamiltonians one would 
expect that basic sets could be chosen such that a total 
of only ten permutations are involved. Although 
Table I appears to suggest that a minimum of 13 is 
required (one for E, six for A, and six for B) the analysis 
given above shows that three permutations of the six 
permutation A sets are redundant. The simplest set of 
ten is 

77(1) = E = (1)(2)(3)(4)(5) 

H(I) 
77(3) 
77(4) 

77(5) 
77(6) 
77(7) 
77(8) 
H(9) 
77(10) 

. - „ - < 

*> R I 

(15)(24) 
(14)(35) 

[(25)(34) 

((25) 
(15) 
(14) 
(35) 
(34) 

1(24) 
The line shape analysis establishes that the equivalent 
sets A(I)-A(A), linear combinations of the sets A(I)-
A(A), or linear combinations of the sets A(X)-A(A) with 
E(\)-E(6) are the ones which give calculated spectra in 
agreement with experiment. Of the physical processes 
considered to date5615 only those corresponding to sets 
A or B alone are likely to have reasonably low barriers. 
The processes corresponding to E alone are either 
proper rotations for the molecule or processes which 
we would expect to have a high activation energy. The 
only process which has been considered so far which in
volves a linear combination of sets (A + B + 3E)li 

requires a Doft reaction16 intermediate. This process 
would also appear to require a very large activation 
energy. 

Denoting an axial site as "a" and an equatorial site 

(15) E. L. Muetterties,/. Amer. Chem. Soc, 91,1636, 4115 (1969). 

as " e " the sets A(I)-A(A) may be written as16 A(I) = 
(ae) X (ae), A(I) = (aeae), ,4(3) = (ae) X (aee), and 
A(A) = (aeaee) and pictorially as in Figure 16 (the 
figure represents the overall permutational changes only, 
it does not imply any particular physical motions ef
fecting the changes). 

The detailed line shape analyses described in the 
first part of the paper have shown for Rh(I), Co(I), 
Ni(II), and Pd(II) that the permutational nature of the 
rearrangement is consistent with the A(j) {j - 1-4} (or 
any linear combination of them with the E(i) (i = 1-6)) 
and that mechanisms corresponding to the TJ(Zc) alone 
are unambiguously ruled out. It seems reasonable to 
assume that the same permutational behavior applies 
to all the compounds prepared. 

B. The Rearrangement Barriers. The free energies 
of activation for rearrangement in the compounds 
studied in this paper are collected in Table II together 

Table II. Activation Parameters for Intramolecular 
Rearrangement in ds ML5 Cations 

Complex 

A G * , 
kcal 

mol-1 

AH*, 
kcal 

mol -1 

AS*, cal 
mol-1 

deg-1 
Temp, 

Co+ 

Temperature dependent shift -*• 0 (see text) 

12.1 10.5 

P(OCHs)3 \ 
P(OC2HOs/ 
P(OCHOsCCHs 

P(OCHs)3 
P(OCHOsCCHs 
P(OCHOSCC2HS 
P(OQH1Os 
P(OCH)s(CH2)3 

P(O-«-C4H0s 

P(OCHs)3 
P(OCHOsCCHs 
P(OQHOs 
P(O-«-QH0s 

P(OCHs)3 \ 
P(OC2Hs)3/ 
P(OCHOsCCHs 
P(OCHOSCC2HS 
P(OCH)s(CHOs 

P(OCHOsCCHs 
P(OCHs)3 
P(OQHs)3 

P(OCHs)3 
P(OCHOsCCHs 
P(OQHs)3 

Rh+ 

Ir+ 

10.0 

7.5 
7.8 
7.8 
9.9 

10.3 
11.1 

8.0 
8.4 

10.4 
11.5 

Ni2+ 

Chemical shift 

~8 .3 
8.3 

10.9 

6.3 -6.0 

0.5 
2.0 

-0 (see text) 

-8.2 
8.2 

-0.5 
-0.5 

Pd2+ 

5.7 
6.2 
8.0 

6.5 
7.0 
9.2 

7.0 - 5 . 0 

p t 2+ 

200 

200 
153 
150 
208 
210 
228 

200 
200 
215 
231 

200 
200 
220 

127 
138 
200 

143 
147 
199 

with those for Rh(I) species from an earlier publica
tion.2 The entropies of activation (with the one ex
ception of Co[P(OCH2)3CCH3]5

+ where the line shape 
analysis is complicated by the effects of the 59Co 
quadrupolar relaxation and the fact that the temperature 
range over which accurate rate data can be obtained is 
relatively small) lie in the range —6 to + 2 cal mol - 1 

deg -1. Small entropies of activation such as these are 
consistent with a simple intramolecular rearrangement 
process and the values in Table II are considered to be 

(16) J. I. Musher, J. Amer. Chem. Soc., 94, 5662 (1972). 
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Table III. Barrier Trends for Varying Central Metals with the Same Ligand 

Co[P(OCH2)3CCHs]5
+ Rh[P(OCH2)3CCH3]5

+ Ir[P(OCH2)3CCHs]5
+ 

(10.0 > 7.8 < 8.4 
AG*, kcalmol-^ V V V 

{ 8.3 > 5.7 < 7.0 
Ni[P(OCH2)3CCH3]5

2+ Pd[P(OCH2)3CCH8]5
2+ Pt[P(OCHj)3CCHs]5

2+ 

equal within experimental error. The AG* values are 
accurate to ca. ±0.2 kcal mol - 1 so that the following 
meaningful trends can be established from the data. 

(i) There is a steady increase in the barrier with in
creasing steric bulk of the ligand. This is best exempli
fied by the Rh(I) and Ir(I) series but is consistent also 
with the data on Pd(II) and Pt(II). The result suggests 
steric crowding in the transition state relative to the 
ground state as a principal factor in determining the 
barrier height. Support for this concept of steric 
crowding is obtained from the synthetic work4 which 
shows that for sufficiently bulky ligands the Dih ground 
state can become so unstable that ligand dissociation 
according to eq 7 occurs to the point where the equilib-

ML5 TT-^ ML4 + L (7) 

rium is far to the right. Using the ligand cone angle 
concept17 as a measure of steric bulk, it appears to be 
difficult to make ML6 complexes with sizes of the order 
OfP(OC6Hs)3 (cone angle 128°) or bigger. 

(ii) For fixed ligand, the central member of a vertical 
triad has a lower barrier than the upper or lower mem
bers and Co(I) > Ir(I) > Rh(I); Ni(II) > Pt(II) > 
Pd(II) (see Table III). The data in Table III represent 
the only complete set, but the trend is supported by 
other cross comparisons which can be made in Table II 
and is different from that observed in hydrides of the 
form HM(PF3)4 where there is a steady increase of bar
rier on going down a triad.14 

The trend in barriers down a triad may be tentatively 
interpreted in terms of a stronger tendency to four vs. 
five coordination for the central member; the lower 
barrier would then reflect a weaker metal to phosphorus 
bond either in terms of a lower bending force constant 
or a longer M-P bond or both; these factors would 
render the intramolecular rearrangement more facile. 
This basic picture is supported by preliminary data on 
intermolecular exchange which suggests that the AG ;* 
for intramolecular exchange may correlate directly with 
AG4* for intermolecular exchange. It is tempting to 
speculate that for fixed ligand AG t* is smaller for 
smaller AG ;* and that for fixed metal AG t*is smaller 
for larger AGi *• The intermolecular exchange studies 
are not straightforward, and more work is required to 
definitively establish these suggested trends. 

(iii) There is a decrease in barrier on going from a 
metal of the cobalt triad to the corresponding member of 
the nickel triad for a given ligand (see Table III). 
Again, this is opposite to the trend observed for HM-
(PF3)4 species on passing from the iron to the cobalt 
triad (in fact our initial studies of ML5 species were 
partially directed by the assumption, based on the HM-
(PF3)4 results, that increasing positive charge on the 
central metal would increase the barrier). These re
sults for ML5 species may, however, be rationalized in a 
similar manner to the results in (ii). 

(17) C. A. Tolman, J. Amer. Chem. Soc, 92, 2956 (1970). 

Figure 17. Tetrahedral jump mechanism previously proposed for 
HML4 species.14 

C. A Comparison between ML6 and HML4 Rear
rangement Barriers. There are only a few cases where 
direct comparison can be made (Table IV), but they are 

Table IV. Comparison of Barriers for HML4 
and ML5 Compounds 

HML4 

HFe(PFa)4-
HRu(PFj)4-
HOs(PFs)4-
HCo(PFs)4 

HCo[P(OC2H5)s]4 

HRh(PFs)4 

HRh[P(OC2H5)s]4 

HIr(PFs)4 

HIr[P(OQH5)s]4 

HNi[P(OC2H5)3]4
+ 

Fe < Ru < Os 
A A A 

Co < Rh < Ir 
Overall electronic 

A G * 

< 5 
7 
8 
5.5/ 

<5 f 
9.0/ 
7.3S 

1 0 7 0 ( 

< 5 

ML6 

Fe(PFs)5 

Ru(PFs)5 

Os(PFs)5 

Co[P(OC2H5)3]5
+ 

Rh[P(OC2H5)3]5
+ 

Ir[P(OC2H5)J5
+ 

Ni[P(OC2H5)s]5
J+ 

Co > Rh < Ir 

V V V 
Ni > Pd < Pt 
Overall steric 

AG* 

< 5 
< 5 
<5 

>10 

9.9 

10.4 

~ 1 0 

control control 

sufficient to allow some tentative conclusions to be 
drawn. (The limits on the barriers for Co[P(OC2-
H5)3]6+ and Ni[P(OC2H6)3]6

2+, which could not be 
measured directly because of chemical shift separations 
that were too small or strongly temperature dependent, 
have been estimated on the basis of the trends in section 
B.) The barriers for HML4 species are taken from 
reference 14. 

It can be seen that the barriers for the HML4 phos
phite species are uniformly lower than those for the 
corresponding ML6 species. However, this may not be 
true for other ligands and metals which cannot presently 
be compared. Thus on going from Rh[P(OC2H5)6]6

+ 

to Rh[P(OCH3)3]5
+ the barrier decreases from 9.9 to 

7.5 kcal mol - 1 ; if we accept the tetrahedral jump model 
(Figure 17), which has been proposed for the rearrange
ment mechanism in HML4 species,14 it might be ex
pected that the barrier in HRh[P(OCH3)3]4 (not yet 
measured) would be greater than the value of 7.3 found 
for HRh[P(OC2H5)3]4 simply on the grounds that for the 
latter the smaller size of trimethyl phosphite would lead 
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Figure 18. The turnstile mechanism: the triad (e"e'a') rotates 
against the (ae) pair. The ambiguity in the permutational repre
sentation arises in deciding how the initial and final configurations 
are superposed since they do not superpose in a natural way. Super
imposing with e' in its starting position and a having been replaced 
by e, we get a permutation of the (aeae) type. A different super
position choice could lead to an (ae) X (aee) type. 

to a phosphorus framework which was further from a 
regular tetrahedron than the phosphorus skeleton of the 
triethyl phosphite species. 

In contrast to the phosphite complexes, those involv
ing trifluorophosphine have barriers that are uniformly 
lower for the ML5 complexes than for the HML4 com
pounds. 

The differing trends and relative barriers from ML3 

to HMLi cases are almost certainly a reflection of the 
fact that their ground state geometries are completely 
different (D3n in one case and approaching pseudo-7^ in 
the other) resulting in quite different dependencies of the 
reaction coordinate from the ground state to the transi
tion state on steric and electronic factors. In fact, if 
we assume that in the HML, series the MP1 substructure 
will approach more closely a regular tetrahedron for 
smaller central metal size (increased ligand-ligand steric 
interactions), greater formal negative charge on the 
ligands (increased electrostatic repulsions), and larger 
steric bulk, these trends will tend to reduce the barrier for 
the tetrahedral j ump . u Additionally, since there are 
only four phosphorus ligands in these molecules the 
steric factors probably play a secondary role. Thus, a 
consistent picture can be obtained by postulating that 
differences in electronic contributions (as opposed to 
steric) between the ground state and the transition state 
(Figure 17) are the major factors which determine the 
barrier for the hydrides. Hence, even though PF3 is 
smaller in a steric sense than P(OC2H5)3, the barrier for 
HRh(PF3)4 is greater than that for HRh[P(OC2H5)SJ4. 

The barrier trends for ML5 species as noted above 
lead to exactly the opposite conclusion, namely that 
steric effects play a dominant role in determining the 
energy difference beteeen the ground state and the 
transition state. The suggestion that barriers in the two 
types of complex are controlled by qualitatively differ
ent factors is supported by the considerations in section 
B (ii) of the discussion. 

D. The Rearrangement Mechanism. In an earlier 
paper we discussed briefly the assignment of postulated 
physical mechanisms to basic permutational sets for 
five-coordinate trigonal bipyramidal molecules of the 
form MX5 (D3h), MX4Y (C30), MX4Y (C2,), MX3Y2 

(C2J1), and MX3Y2 (C5). In this section of the discussion 
we undertake a more detailed examination of the MX5 

case. 
Specific physical mechanisms which have been con

sidered in the literature for five-coordinate species 
are5'6,15 (i) equatorial-equatorial exchange, (ii) axial-
equatorial exchange, (iii) two equatorial-one axial ex
change, (iv) two axial-one equatorial exchange, (v) D-oh 

reaction intermediate, (vi) Berry mechanism, (vii) turn
stile mechanism, and (viii) anti-Berry mechanism. This 
list is somewhat arbitrary and also contains nomen
clatures which are primarily permutational in character 
(e.g., equatorial-equatorial exchange) and others which 
we associate immediately with particular physical path
ways (e.g., Berry process). For the ML5 species, the first 
five need not be considered further since they give rise 
to permutational behavior inconsistent with our experi
mental results. We now proceed to a more systematic 
investigation of the problem using the results of section 
C. 

Even if we confine ourselves to overall permutational 
effects, without inquiring into the actual physical path
way, and omit linear combinations of basic sets, there 
appear to be 18 possibilities corresponding to the 18 
blocks in Table I. (These are in fact reduced to six by 
the conditions imposed by the possibility of overall rota
tion of the molecule (vide infra).) We could attach 
names to these possibilities in a similar fashion to those 
already described in the literature. However, since the 
results presented in the earlier portion of the paper rule 
out any physical processes corresponding exclusively to 
sets E(i) and B(k) and since linear combinations are 
ruled out unless they are almost exclusively A (mecha
nism v, can for instance be ruled out) or combinations of 
A and E, we shall confine our attention to just the sets 
A(J)(J = 1-4): Ai, axial-equatorial, axial-equatorial 
exchange; A2, axial-equatorial-axial-equatorial-axial 
exchange; A1, axial-equatorial, axial-equatorial-equa
torial-axial exchange; A4, equatorial-axial-equatorial-
axial-equatorial-equatorial exchange. 

The descriptions given above for the sets Ax-A4 simply 
state in words the overall permutational effect for each 
of the sets, no physical mechanism being implied. In 
assigning a phyiscal mechanism we appeal to other 
chemical information and, in the absence of evidence to 
the contrary, choose the mechanism which is the simplest 
chemically most reasonable process consistent with the 
facts. This approach is applied to each of the A(J) below. 

(A(I), A(2)) Care has to be exercised in deciding ex
actly what we mean when we attempt to associate a given 
physical mechanism with a particular basic permuta
tional set; in fact we shall show that there are really 
only two different types of permutational behavior in 
the A(j) set, the division into four sets coming simply 
from additional possibilities of overall rotation of the 
molecule. Consider for example the turnstile mecha
nism shown in Figure 18; the drawing is made in such a 
manner that there is no single well defined way of super
imposing the initial and final configurations to write 
down an unambiguous permutation. Superimposing 
with e' in its starting position and e replacing a gives an 
(aeae), A(I) type permutation. The reader may readily 
convince himself that if we impose the restriction that e' 
remain in its starting position we always end up with an 
(aeae) type permutation, and, on the other hand, if we 
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we require e ' not to be in its starting position we always 
end up with an (ae) X (aee), A(3) type permutation. 
This relationship can also readily be seen from the 
breakdown into isomers given in section A: A(T) and 
A(3) permutations correspond in pairs to the same 
isomer. 

Similar considerations apply to the Berry mechanism 
shown in Figure 19. This is perhaps slightly less ob
vious because of the tendency to talk in terms of the 
"pivotal" ligand e which induces one to superimpose 
the ligand which remains equatorial when in fact this is 
an arbitrary choice. In fact, the exchange is of the 
(aeae) A(2) and (ae) X (aee) ,4(3) type (exactly the same 
as the turnstile). Attempts to associate (aeae) with the 
Berry and (ae) X (aee) with the turnstile, although they 
may be conceptually appealing, are analytically mis
guided. 

04(1), A(A)) From the isomer table we see that these 
two sets group in the same manner as A(T) and A(3) dis
cussed above. A simple (ae) X (ae) A(I) pairwise ex
change mechanism directly analogous to the permuta-
tional representation appears intuitively to be a high 
energy process as has been pointed out by Musher.16 

However, (eaeae) A(A) is an equally viable choice and is 
energetically more appealing in that it could possibly 
proceed in an overall concerted fashion similar to that 
shown in Figure 16. The transition state is apparently 
of low symmetry and difficult to visualize. 

As we have seen the A(j) set gives just two types 
of behavior. Looking at the isomer table (section A) 
it can be seen that the E(i) give just two types as do the 
B(k); these types have been referred to as modes by 
Musher.16 

Conclusion 

We have examined the permutational and mechanistic 
consequences of the spectral data for ML6 cations in a 
comprehensive fashion. Clearly, any physical mecha
nism which corresponds to the mode A(T), A(3) or to 
the mode ,4(1), A(A) is consistent with the experimental 
results. However, applying our criteria of additional 
chemical evidence and conceptual simplicity it appears 
that the Berry process is by far the most promising 
candidate for the molecules we are considering. 

The Berry mechanism takes specific account of the 
close relationship of the two most common stereochem
istries in five-coordination: the trigonal bipyramid 
and the square pyramid. A bending mode of a trigonal 
bipyramidal molecule that involves the two axial and 
two equatorial bonds leads to a square-pyramidal transi
tion state from which it may return to the original con
figuration or give a new configuration wherein the permu
tation of two axial for two equatorial nuclei has been 
achieved. It is well known that in the solid state square 
pyramidal forms of five-coordinate species (the transition 
state in the Berry process) can be established and that 
geometries intermediate between D3h and Civ can also be 
found. Crystal packing energies are probably com
parable to the rearrangement barrier energies we have 
measured. 

The Berry mechanism has been used to interpret a 
large body of exchange data for five-coordinate mole
cules and reaction intermediates, and it can, in conjunc
tion with simple stereochemical rules, be used in a pre
dictive sense. 

> >\ * M 

M^ \ _ : e M^ = I;»" 

Figure 19. A schematic representation of the Berry mechanism. 
The two axial ligands exchange positions with two of the equatorial 
ligands in a single step. The equatorial ligand e which remains 
equatorial is called the pivotal ligand. The overall permutation is 
(aeae) = A(T). However, (ae) X (aee) is an equally good repre
sentation. 

We conclude with the simple statement that we be
lieve that, for ML5 species with Di)t equilibrium stereo
chemistry, the evidence is strongly in favor of the Berry 
process as the physical mechanism involved in the re
arrangement process and that speculation with regard to 
alternative mechanisms for this class of compounds is 
inappropriate in the absence of new experimental or 
theoretical work which might favor some other physical 
pathway. 
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Appendix 

An Approximation for Nmr Line Shape Analysis. 
In a recent paper we discussed two approximations for 
nmr line shape analysis in complex spin systems.2 These 
approximations are (A) omission of lines of low in
tensity and (B) neglect of the off-diagonal elements of 
(R + JC — (Lo(a>)) where R is the relaxation matrix, % 
is the exchange matrix (in Liouville space), and L0 is the 
Liouville operator. In this appendix we consider a 
third approach in which the matrix (R + & — L0(w)) is 
approximately factored. In our calculations this ap
proximate factoring is carried out at the same time as 
the X factoring and symmetry factoring.9 In the nu
merical factoring procedure9 two transitions i and j 
are considered to be connected by the exchange term 
X if and only if 

|xtf| > Ciw,- - Uj\ (8) 

where co* and U1 are the frequencies of the two transi
tions (in angular frequency units) and C is a suitably 
small constant. This factoring procedure is equivalent 
to setting to zero all of the off-diagonal elements of 
(R + JC ~~ L0(o>)) which do not satisfy condition 8 and 
rearranging this matrix into block diagonal form ( M - is 
also appropriately rearranged). After the block diagon-
alization the elements in the diagonal blocks which were 
set equal to zero because they did not satisfy eq 8 are 
restored to their original values. If C is set to a very 
large value then only degenerate transitions which are 
connected by JJ will remain connected after the approx
imate factoring and this approximation will reduce to 
approximation B discussed previously (neglect of all of-
diagonal elements), except that the degenerate transi
tions remain connected and spin systems with extensive 
degeneraries may be treated with confidence at slow 
exchange rates. However, degenerate transitions may 
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Figure 20. Comparison of line shapes calculated using the approxi
mation described in the Appendix with those calculated using a 
complete calculation. The dimension of the largest complex non-
Hermitian matrix which must be diagonalized in the approximate 
calculations is indicated in parentheses. For the complete calcula
tion this dimension is 30 X 30. 

be treated using approximation B by making an appro
priate correction to the diagonal elements of the ex
change matrix %. The corrected diagonal elements are 
given by 

r\ /Mr (Xd«)oorr = JCd* + (Jl'UiMi ) / 

In the above equation the subscript d indicates that the 
indices vary only over those corresponding to a set of 
degenerate transitions and the prime on the summation 
symbol indicates that the term jcd«Mr is excluded. If 
C is set to a very small value no approximate factoring 
is found. 

For intermediate values of C the degree of factoring 
will depend on the exchange rate(s). At slow rates the 
approximation will be equal to approximation B (in
cluding corrections for degenerate transitions). As the 
exchange rate is increased, the degree of factoring will 
decrease until at large exchange rates no approximate 
factoring will be found, and the complete calculation 
must be carried out. Figure 20 compares the results 
of exact and approximate simulation of the nmr line 
shapes for a trigonal bipyramidal A2B3X system in 
which the two axial spins (A) are simultaneously ex
changing with two of the equatorial spins (B). In this 
particular case the constant C was chosen to have the 
value 1/20. The slow exchange limit nmr parameters 
were the same as those used previously (JAB = 67.5 
Hz, 5AB = 527 Hz, / A x = 207 Hz, JBx = 142 Hz). 
In the present case the approximate calculation using the 
method outlined above gives better results than approx
imation B (neglect of all off-diagonal elements). How
ever, the improvement is not dramatic. The utility of 
this approximation will depend on the nature of the 
exchange process and the spin system; the example given 
above probably does not represent a favorable case but 
was used here for comparison with the two other ap
proximations described previously. Also, it represents 
a typical A2B3X spin system of the type with which this 
paper is concerned. The approximation described 
above and the approximation of neglect of all off-
diagonal elements of (R + JJ — z'L0(w)) may be used in 
combination with omission of lines of very low intensity 
to reduce computation time still further. 
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Abstract: Heats of transfer of a variety of salts from water to solutions of hexadecyltrimethylammonium bromide 
(CTAB), dodecyltrimethylammonium bromide (DTAB), and sodium dodecyl sulfate (NaLS) were measured. Lyo
tropic series for both cations and anions were observed for all soaps, the series for the two cationic soaps being 
almost identical. Linear plots of heats of transfer vs. the hydrated radius of the added counterion were observed. 
Using specific ion electrodes, the competition of tosylate, nitrate, and hydroxide with bromide ion for binding sites 
on the surface of CTAB micelles was studied. Both tosylate and nitrate bind to the micelle displacing bromide; 
AG, AH, and AS for the binding are reported. While addition of hydroxide decreases the amount of bromide 
bound to the micelle, no binding of hydroxide was observed. 

The use of micelles to alter the rates of organic reac
tions has been vigorously explored by several 

workers.2 There are several factors which affect the 
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271 (1970), and references contained therein; (b) "Reaction Kinetics 

size (number of monomers) and shape of micelles and 
hence their effectiveness in altering organic reaction 
rates. It is known that addition of salts lower the 

in Micelles," E. H. Cordes, Ed., Plenum Press, New York, N. Y., 1973, 
and references contained therein; (c) L. J. Magid, Ph.D. Dissertation, 
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