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Finally, the two colored Zn(II)-TX complexes have,

. undoubtedly, unusual structures. The yellow Zn(II)
complex involves bidentate TX ligands (vide supra)
and may be either polynuclear with bridging TX groups
in the chair conformation or monomeric with chelating
TX ligands in the boat conformation; distinction be-
tween the chair and boat conformation of TX is rather
unlikely because of their low basic symmetry (C;).
1t is, however, noteworthy that in the only yellow Zn(II)
complex with DX the ligand is in the boat conforma-
tion.!'* A white polymeric analog of this compound, in-
volving bridging DX groups has also been reported.?:?
1t is, thus, possible that the yellow Zn(II) complex in-
volves a monomeric complex cation involving two chelat-
ing TX groups in the boat conformation and two aquo
groups and coordination number six for the Zn(II) ion.
In the rest of the TX and in the DX complexes reported,
the ligands apparently retain the more stable chair
conformation. The formation of an intensely red colored
complex of Zn(II) with a colorless ligand® was quite
unexpected. The limited solubility of this complex in

(36) J. Barrett and M. J. Hitch, Specirochim. Acta, Part A, 28, 407 (1969).
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nitromethane may be indicative of a polymeric struc-
ture, In addition, the fact that the red compound
forms colorless solutions in organic solvents demon-
strated that the structure responsible for the red color
is stable only in the solid state. An analogous case
reported in the literature is the red polymeric complex
of Sn(IV), formed during reduction of benzene-1,2-
disulfonyl chloride with tin and hydrochloric acid.¥ 1In
fact, this polynuclear compound, which involves
bridging S ligands, exhibits a visible spectrum similar
to that of the red Zn(II) complex (Table III, Figure 3)
and forms colorless solutions in the organic solvents in
which it is soluble.¥ Further, monomeric Sn(IV)
complexes with analogous sulfur ligands are colorless.¥
The assignment of a bi- or polynuclear structure in-
volving both terminal and bridging monodentate TX
groups acting exclusively as S ligands (vide supra) to
the red Zn(II) complex is justified from the above dis-
cussion. The yellow Zn(II) compound is, therefore,
formulated as [Zn(TX):(0OH.),;](ClOy); and the red
complex as [Zn(TX)s(OH,); ],(ClOy)s, (n = 2 or higher).

(37) R. C. Poller, Proc. Chem. Soc., 312 (1963), and references therein,
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The types or modes of rearrangement of an octahedral complex are examined in detail.

The behavior of tris-chelate com-

plexes under each of these modes is considered and recent nmr experiments on M(AB); complexes are interpreted in terms

of split modes.
racemization and one which does not.

1. Introduction

Intramolecular rearrangements in octahedral com-
plexes have been of interest since the time of Werner!?
and recent experiments,?~!? mainly using nmr, have
prompted the analysis of some of the possible mech-
anisms involved.!»!3-% There has, however, been no
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It is pointed out that the experiments cannot distinguish between a mode of rearrangement which involves

general description in the literature of all the theo-
retically possible rearrangements® so that no unam-
biguous analysis of the experiments could be carried
out.

The present article is concerned with an enumeration
of all the physically distinguishable intramolecular re-
arrangements of an arbitrary octahedral complex in
which the nature of the individual ligands is assumed
to be of secondary importance. The argument follows
precisely the argument given previously'? for trigonal-
bipyramidal molecules and is based on the description
of intramolecular rearrangements of molecules with
skeletons possessing any symmetry whatsoever in
terms of sets of like processes or “modes of rearrange-
ment.”” A mode of rearrangement refers to a class of
stereoisomerizations in which the relative orientation
of a certain subset of all the ligands changes. Thus
each mode of rearrangement can be defined as a class
of rearrangements in which x ligands retain their rela-

(16) After. this article was completed, we received from Professor M.
Gielen a copy of his study which gives such an analysis although it does not
discuss any of the experimental results. This analysis has not been referred
to in any of the aforementioned experimental analyses. We are grateful
to Professor Gielen for his kindness in calling this to our attention and also
for having sent a preprint of his review article scheduled to appear in “Graph
Theory,”” A Balaban, Ed., Academic Press, New York, N. V., 1972, [M.
Gielen and N. Vanlauten, Bull, Soc. Chim. Belg., 79, 679 (1970).]

(17) J. 1. Musher, J. Amer. Chem. Soc., 84, 5662 (1872).
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tive configuration (e.g., their relative locations on an
octahedral skeleton) while 6 — x ligands rearrange in
some unique and well-specified manner. The various
sigmatropic shifts in organic chemistry taken as classes,
each independent of the organic substituents along the
chain, are examples of modes of rearrangements in the
sense used here.

Perhaps the simplest example of a mode of rearrange-
ment is the racemization which occurs about a tetra-
hedral carbon atom as there are only two distinguish-
able isomers of CR:R;R3Rs. If the tetrahedral skele-
ton is considered fixed in space as in 1, then there are
4! = 24 unique ways of assigning the ligands to skeletal

1 2 4
A T e A
27y AT )
1 2 3

sites and thus 24 “operations’ including the identity
which can permute these indices and 24 apparent
isomers. Of course, these 24 apparent isomers are
12-fold redundant due to the 4 X 3 = 12-fold rotational
degeneracy of the tetrahedral skeleton. As we are
concerned with the unigue set of (two) chemical iso-
mers, we simply group together all operations which
take 1 into itself which we call the identity mode, M,,
and group together all operations which take 1 into 2
or into any of its 12 rotationally equivalent structures
which we call the racemization mode, M;. We can
write this symbolically as

Mo(l) = I, Zss, lzXZQa
Mi(1) = 55, I,

where [, indicates an n-cycle (e.g., the permutation
(12) which takes 1 into 2 is a 2-cycle), /2 X/, indicates
the disjoint product of 2-cycles, I indicates the identity,
the superscript indicates the number of times the cycle
occurs to give the same rotationally indistinguishable
isomer, and the ones in parentheses mean that rear-
rangement according to each mode gives only one
isomer. Thus, for example, the 4-cycle (1234) takes
1 into 3 which is seen to be equivalent to 2 by rotating
it about the C-R; axis.

The mathematical structure underlying this analysis
is that of doubie cosets and can be found in the descrip-
tions of Ruch, et al.,’® and of Klein, et al.'* For our
problem, in which only six ligands are involved, the
nonmathematical ‘‘brute force” derivation used here
is, however, sufficiently simple to be the most practi-
cable.

In the next section we describe the five different
modes of rearrangement for octahedral molecules which
are each best remembered in terms of one of their per-
mutations. These modes are thus M,(1), the identity,
M;(12) a cis exchange, My(1) a trans exchange, M;(8)
a trigonal twist, and M.(8) a concerted triple of cis ex-
changes. The special case of rearrangements in tris-
chelated complexes, which has provided the most ex-
tensive experimental investigations, is examined in the
following section where it is pointed out that nmr evi-
dence alone cannot always distinguish the mode un-
ambiguously.

(18) E. Ruch, W. Hasselbarth, and R. Richter, Theor. Chim. Acla, 19, 288
(1970).

(19) D. J. Klein, C. H. Carlisle, and F. A. Matsen, Advan. Quanium
Chem., B, 219 (1970).
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The goal of this type of analysis is to ascertain the
exact stereochemistry of an observed rearrangement,
for which the discussion of modes of rearrangements is
only a preliminary step. When the actual stereo-
chemistry of the rearrangement can be established as
has not yet been done in the literature for a single ex-
ample, it will be necessary to go still further and ana-
lyze the possible mechanisms giving rise to the observed
stereochemistry.

2. Theory

We consider the number of distinguishable ways that
the labeled ligands of an octahedral molecule 4 can be
rearranged among themselves. These will be divided

into sets or modes of rearrangements each of which re-
tains the relative configuration among a certain number
of the ligands, where of course all rearrangements
which give rise to rotationally indistinguishable prod-
ucts are associated with the same mode. We assume
for simplicity that the energetics of the motionsinvolved
are essentially independent of the nature of the ligands
and depend principally on the relative orientations.
This is a reasonable hypothesis which serves to define
the problem and which is later easily relaxed as in the
following sections.

The procedure for constructing all the modes is the
following. First we write out the 6! = 720 permuta-
tions of the indices of 4; second we collect together the
24 permutations which give indistinguishable isomers
when rotations of the skeleton are permitted; and
third we observe which of the 30 resultant sets of per-
mutations contain individual permutations corre-
sponding to physically similar processes, e.g., trigonal
twists,¢ and call the sets of such sets modes of rearrange-
ment. Actually the structure of the results is such
that the complete description of the modes can be
worked out by hand in 1 hr without having to write out
all 720 permutations. Thus, for example, it is easily
seen that there are 12 permutations of two ligands cis
to each other each of which gives a different, distin-
guishable isomer. It is therefore necessary to write
out only the 24 rotationally indistinguishable isomers
of one of these rather than the 24 such isomers for all
12 cis-exchange products.

If we denote the permutation of two ligands cis to
each other by cc, the permutation of two ligands trans
to each other by tt, the permutations of three ligands
on the corners of the T-shaped structure formed from
two collinear bonds plus a third by cct, etc., then we
can specify the resultant five modes, including the
identity by the 24 equivalent permutations as

Mo(l) = 1, eeeef, tt X tt3, con-cceXcec?, ceXee X tté

Mi(12) = cc, cct?, ceXtt, ctet, ttXceet?, ceXceeet, ¢s?, ceXeeet?,
tt X ctet, ccecct?

Ma(l) = tt3, eeXeef, tt X ccec?, tt X ttX tt, sym-ce

M;(8) = ccc?, ccec?, cetetd, ceXecectb, dis-ceeXcee, ccXceec?,
ccteet®

My(8) = ccXec? ceetf, cecetf, ceXceeXcee, cetXectd, ctetet?,
nonsym-cg?
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The number of different isomers which can be con-
structed according to each mode is given in parentheses
and the number of identical isomers which can be made
from the same process is given as a superscript. The
notation M;(12) indicates that 12 distinct isomers can
be made from 4 by a cis exchange, e.g,, 5 made by the
permutation (12); M;(1) indicates that a unique iso-

4

5 5 6
6 2 5 5
2—7’44 17‘4-4 316 27*43
1 6 1 1
3 3 2
5 6

4
7 8

mer can be made from 4 by a trans exchange, e.g., 6
made by (26), equivalent to the results of the other tt
processes (14) and (35); M;(8) indicates that eight
distinct isomers can be made from 4 by the eight differ-
ent disrotatory cccXcec processes (note that both the
trigonal twist, ccc, and the generalization of the Ray-
Dutt twist,!® ccee, do not give unique isomers, there
being 16 of the former and 24 of the latter, so that these
“mechanisms’’ are less useful in denumerating isomers),
e.g., 7 made by (123)(456); and M,(8) indicates the
eight distinct isomers that can be made from 4 by the
eight different concerted triples of cis exchanges, ccX
ceXee, e.g., 8 made by (12)(34)(56). The total num-
ber of processes for each mode is 24 (counting, for ex-
ample, tt? as three) while the total number of distin-
guishable isomers is 61/24 = 30. The few operations in
the listing which would otherwise appear ambiguous
are indicated as follows: the four-ligand all-cis per-
mutations are separated into those in which all four
ligands are in an equatorial plane, eeee and eeXee,
and those in which they are not, ccce and ceXce.
The con and dis in the two cccXcce permutations
refer to the conrotatory and disrotatory senses of the
two threefold rotations; and the sym and nonsym in
the two cg = cccece permutations refer to the sym-
metric and nonsymmetric ordering of the apical pairs,
an example of each being (654231) and (563421), re-
spectively, operating on 4.

The listing of all the processes for a given mode might
look like a useless excercise since it contains unneces-
sary information when molecular rotations are allowed.
The listing does, however, serve to provide a series of
exactly equivalent rearrangements each of which can
be (arbitrarily) used as a model for visualizing the
actual physical mechanisms.?” Thus, for example,
the M, rearrangement which was described as a pair-
wise cis exchange (12) giving 5 could equally well be
described as the five-ligand permutation (12543) giving
the rotated identical isomer 9. If the permutations

are visualized as mechanisms for the rearrangements,
then (12) describes a process which looks to be of
higher energy than that of the concerted motions of
five ligands described by (12543). Of course, these
modes are defined to describe stereochemical changes
which are, at least in principle, observable so that they
are in a sense independent of mechanism; thus they do
not distinguish among any of these mechanisms, nor for
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that matter do they distinguish between bond-rupture
and non-bond-rupture intramolecular mechanisms in
chelate complexes.

We should note that this consideration of modes
rests on the rather plausible assumption that the steric
effects which govern the rearrangement pathways are
dominated by the motions of the six arbitrary ligands
moving about the central atom. The more specific
steric effects due to the nature of the ligands are as-
sumed to be secondary in their contribution except
when they are polydentate and absolutely exclude cer-
tain isomers. All of our ideas of stereochemistry are
in accord with the validity of such a postulate and this
permits us to assume some order considering the (30 X
20)/2 = 435 different rearrangements of an octahedral
complex with all different ligands which, however, in
no way introduces any restrictions to the conclusions
to be drawn. The overall situation is simple enough
when chelating constraints are involved or when any of
the ligands are identical. In the next section all the
rearrangements are easily considered explicitly (ex-
cept for chelate conformations?).

We do consider it reasonable to assume that the
activation energies for stereospecific rearrangements
among isomers of an octahedral complex cluster, to
some extent, together according to their modes of re-
arrangement, and the spread of most of the energies
within a mode can often be smaller than the differences
in energies between modes. The mode or modes which
correspond to the most energetically favorable mech-
anism may, of course, be different for different metal
atoms, oxidation states, chelate ring sizes, etc., as
different mechanisms can be relatively favored or
hindered depending on the explicit nature of the com-
plex. Furthermore, it should not be forgotten that we
never make the assumption that two distinct rearrange-
ments belonging to the same mode have the same en-
ergetics. ‘

3. Tris-Chelated Complexes

The study of tris-chelated complexes is greatly fa-
cilitated by having a complete listing of all possible
isomerizations and particularly by having such a listing
according to modes. Of the 30 possible isomers of an
arbitrary octahedral complex, 14 are excluded in tris
chelates when trans rings are excluded. The remaining
16 isomers are divided into A—A pairs! according to the
helicity of the chelating rings. Rearrangements under
each of the modes will affect the molecular asymmetry
in a unique way—for example, a A or A configuration
will be retained under M, rearrangements—and the
analysis is presented in Table I.

When the chelating rings are identical nonsymmetric
bidentate ligands in structures denoted as M(AB)s,
there are only four distinguishable isomers which occur
in A-A and in cis-trans pairs when conformational
preferences within the chelating rings themselves™ are
neglected. The behavior of these isomers under a
single-step rearrangement belonging to each mode is
easily worked out from the description above and the
results are surnmarized in Table I.

Rearrangements in M; provide all the mechanisms
not involving bond rupture generally considered!* for
octahedral complexes and all involve taking a A or a

(20) E. J. Corey and J. C. Bailar, Jr., J. Amer. Chem. Soc., 81, 2620
(1959).



2338 Inorganic Chemistry, Vol. 11, No. 10, 1972

JereMy I. MUSHER

TaABLE I
REARRANGEMENTS OF TR1S-CHELATE COMPLEXES
No. of Unique Chelate
Mode Split mode isomers description® asymmetry M(AB)s geometrical confign
M; 6 ce
M,/ 3 cye-ce Racemate Cis — trans; trans — [%/; trans, !/; cis)
M 3 noncyc-cc
M. 1 tt X tt X tt Enantiomer Retained
M; 4 dis-cce X cce Enantiomer Statistical
M;'(r-Cs/p-Cy)? 1 noncye-cec Enantiomer Retained
M;''(i-Cy)? 3 cyc-ce Enantiomer Cis — trans; trans — [?/; trans, 1/; cis]
My 4 ceXceeXcee Retained Statistical
My’ 1 (cye-ce)? Retained Retained
M, 3 (cyc-ce)t Retained Cis — trans; trans — [%/; trans, !/; cis]

¢ The cyc-cc in the split modes descriptions refers to two cis ligands being in the same cycle. See also the description in the text.
® The r-C3/p-Cy and i-C; refer to the real, pseudo, and imaginary C; axes of M(AB); complexes in the notation of Springer and Sievers.

A molecule into its corresponding A or A diastereomer
while taking a pure cis or pure trans isomer into the
statistical distribution of trans:cis = 3:1. The re-
arrangement in M, also gives the diastereomer with an
enantiomeric chelate skeleton (called “‘enantiomer’ for
simplicity) but preserves the geometrical configuration.
On the other hand, rearrangements in M, preserve the
A or A configuration of the chelating rings while also
giving the statistical trans:cis distribution. M; also
gives the statistical distribution of cis and trans isomers
except that this is done in a stereospecific way, e.g., a
cis molecule will rearrange solely to a trans molecule, so
that the apparent rate of equilibration is not the rate
for a single-step process. Similarly, the relative rate of
enantiomerization of M; will be half that of M, and M;
since it takes a sample of pure optically active dissym-
metric molecules into a racemic mixture in one step, half
of the products retaining the original helicity and half
becoming enantiomers. (By a step we mean a single
forward reaction in which only products are obtained
while, of course, the actual reaction permits the reac-
tants to be obtained in equal probability. The argument
should be easier to follow in the present complicated
problem with this definition.)

The nature of the constraints imposed by the chelat-
ing rings is such that we can classify structure within
the modes. Thus, for example, rearrangements in M,
can be divided into two groups which we refer to as
submodes or split modes. The first of these, M;’, re-
quires the three ligands in each threefold twist of dis-
cceXceece to belong to different rings; there is one such
twist, the permutation (163)(245), which takes 10 into
11, and for M(AB)s systems this corresponds to rota-
tions about real C; and pseudo C; axes for the cis and
trans isomers in the notation of Springer and Sievers.!*

4
) 3 6 1 6 1
7%4 3% EQA
2 5 2 3 2
3 6 4
10 1 12

The second of these, M;’/, has two of the ligands in
each twist belonging to a single chelate ring; there are
three rearrangements of this split model, an example of
which is (243)(163) which takes 10 into 12, and all of
these are rotations about imaginary C; axes.

In the same way, M, can be divided into split modes,
the first of which, M,’, takes all three cc twists of ceX
ceXcee to be within individual rings, z.e., (12)(34)(56)

which takes 10 into 13 the enantiomer of 11, The
second of these split modes, My'/, has three rearrange-
ments in all of which only one cc twist is within a single
ring, e.g., (12)(54)(36) which takes 10 into 14 the enantio-
mer of 12. The rearrangements of a frans-M(AB);

6 4
27B% 27535
h

4 Lg

13 14

complex wiz the two different split modes M," and M,’
to enantiomers with retention of the trans configuration
is shown in Figure 1 and further details are given in
Table I. From the figure it can be appreciated that only
nmr experiments which can measure directly changes
in molecular chirality are capable of differentiating be-
tween the two types of processes.

It should be noted here that by excluding from con-
sideration the trans-linked chelate rings at the beginning
of this section we had already, in effect, split the modes.
Thus we might have described Table I as incorporating
two levels of mode splitting: the first in which all
trans chelates are excluded and the second in which
the cycle structure of the cis-chelate rings is taken into
account.

We consider now the recent experiments of Holm,
Pignolet, and coworkers™111% on rearrangements in tris-
chelated complexes. Temperature-dependent nmr
studies have been carried out in organic solvents on
the M(AB); complexes tris(a-isopropenyltropolonato)-
cobalt(IIT) (Co(a-CsH;T)s),!* tris(a-isopropenyltropo-
lonato)aluminum (I1I),"! and tris(V-methyl-NV-phenyl-
dithiocarbamato)iron(III)  (Fe(Me,Ph-dtc);).??  In
all of these experiments two rearrangements were ob-
served: a low-temperature process (LTP) which
equilibrated two out of the three peaks in the trans
isomers while not affecting the single cis-isomer peak
and a high-temperature process (HTP) which equili-
brated cis and trans isomers. The experiment can be
interpreted by associating the LTP with the M, re-
arrangement!'™!? which retains cis and trans configura-
tions and by associating the HTP with the M,'’ re-
arrangements which cause equilibration among cis and
trans isomers; itis not unreasonable to suppose that the
activation energies for the two M; processes be relatively
similar but not equal. However, as the HTP is not
stereospecific, this interpretation is conjectural and
merely a possible alternative to the rotation about the
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Figure 1.—Rearrangements of frans-tris(/N-methyl-N-phenyl-
dithiocarbamato)iron(111) according to split modes Mj;’ and
M.’ to give enantiomers. Notice how both rearrangemments
preserve the trans orientation of the methyl groups as indicated
by the boldface line and keep the starred methyl groups in identi-
cal magnetic environments.

C-N bond proposed previously and observed in other
systems. The LTP of My’ is shown in Figure 1 where
bold lines indicate the bonds to the three like ligands.
It can be seen that the starred methyl group is not
equilibrated by the rearrangement in that it remains in
a plane perpendicular to the plane of the boldface'“T”
in both isomers, whereas the other two methyls do
equilibrate among themselves. The analogous figure
for the cis isomer is not necessary as all the substitu-
ents dre equivalent in the first place.

It can be seen, however, that all thé sare experimen-
tal data can be interpreted by the analogous split-
mode rearrangements in My in which enantiomerization
of the chelate ring structure does not occur. Tlis can
be recognized by examining the split-mode M,’ re-
arrangement indicated in Figure 1 wherein dgain the
starred methyl remains unique while the other two
equilibrate between themselves. The nmr spectra of
these planar chelate ring systenmis cennot differentiate
between rearrangements dccording to the two split
modes M;’ and M, so that there exists an ambiguity
which only the simuiltaneous observation of a change in
chirality can resolve. A similar ambiguity has already
been noted? with reference to the nmr spectra of
(CH;).NPF, which are consistent with fwo stereo-

chemically different réarrangements due to the mag-.

netic equivalence of thie fluorine atoms in pairs. - The
same ambrgurty occurs in the very recent experrment
of Meakin, et al.,° on the ¢i5-FeH; [P(OCH:);]s com-
plex.

Unfortunately all the experxments in which enantio-
merization of the chelate skeleton is observed directly,
i.e., on tris(5-methylhexane-2,4-dionato)cobalt(III)*
and on the tris(acetylacetonates) of Co(I1I), Cr(III),
Ru(III), and Rh(III),’ involve much slower processes
that are best interpreted in terms of nonstereospecific
bond-rupture mechanisms so that the observed enantio-
merizations do not bear useful analogy to the non-
bond-breaking rearrangements studied by nmr. The
much faster rates observed for the intramolecular re-
arrangements in Co(a-CsHsT); and Fe(Me,Ph-dte)s
could be due to the relative favoring of entirely differ-
ent mechanisms. For example, certain mechanisms
to intramolecular reafrangement without bond breaking
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might have prohibitively high barriers in the six-
tnembered rings which could be reduced to the observed
~15 keal/mol iti the four- and five-membered rings by
the strain involved.

The experiments of Fortman and Sievers® on the
equilibrations of Al(AA)(BB); compounds, with AA,
BB = 2,2,6,6-tetramethyl-3,5-heptanedione and 2,4-
pentanedione, are also subject to the same ambiguity.
Molecule 15 can rearrange to 16 via M; which exchanges
B and B* proton resonances while racemizing, but it
can also rearrange to 17 via M, which exchanges B and

!
VB VB — B%A A
M, B
B*

B* without racEmlzrng. The same argument applies
to the studies of LaMar® on (4,7-dimethyl-1,10-
phenanthroline)bis(acetylacetonato)cobalt(1I), to those
of Hutchison, ef al.,® on tris(1-phenyl-5-methylhexane-
2,4-dionato)aluminum (III) and -gallium(III); and to
those of Muettetties and Alegranti?? on tris(a-isopropyl-
troponato)aluminum(III).?® Furthermore, we have
not even demonstrated the stereochemistry-retaining
character of the M(AB); rearrangements; they can also

‘occur via mode M; which exchanges B and B* directly.

The studies of Jurado and Springer,® on the other
hand, do prove racemization as the compound Al(acac)s-
(dibm), with dibm = 2,6-dimethylheptane-3,5-dion-
ato, contains two diastereotopic methyl groups on
each of the 1sopropy1 functionalities. These can then
equrhbrate only in a process involving enantiomeriza-
tion. However, again here we know nothing of the
stereochemistry-retaining character of the rearrange-
ment; any of the modes M;j, M, and M; which give
racemization could be involved. »

This discussion should serve to emphasize the unique
character of the trans-M(AB); chelates studied whose
LTP equ111bratron provides a demonstration of stereo-
specificity which is otherwise highly elusive when spin-
less nuclei such as O and 32§ are directly bonded to
the metal atom. Clearly the proper type of system to
study would. combine the #rans-M(AB); system with
the diastereotopic isopropyl groups of Jurado and
Springer, an example of which for four-membered
chelating rings is tris(NV-a- deuterrolsopropyl -N-phenyl-
dithiocarbamato)iron(IIT).2%:2¢ It is worth noting that
it is not trivial to design the analogous éxperiment to
establish definitively the mode of rearrangement in
trigenal-bipyramidal molecules since, in the absence
of a highly doped 3C species, the phosphorares are
either achiral or, due to small 3Jpg’s, effectively
achiral.

The understariding of the behavior of the rearrange-

‘ments indicated in Table I can, however, serve to ex-

(21) G. N. LaMar, J. Amer. Chem, Soc., 92; 1806 (1870).

(22) E. L. Muetterties and C. W. Alegranti, ¢bid., 91, 4420 (1969).

(28) The trrs(a-rsopropyltroponato)alummum(III) of ref 22 has been
restudied by Holm and Muetterties (personal communication from R. H.
Holm) and.their results are in accord with the original assumption that
enantromenzatlon occurs during the rearrangement, Thus the rearrange-
ment occurs via M;ss, and not vie the configuration-retaining Mss, which
could not be excluded experimentally by the earlier data.

(24) NoTE ADDED IN PROOF.—A related compound, although of iron(IV),
has been studied recently by D. H. Duffy and L, H. Pignolet (to be pub-
lished). . This shows the rearrangment to take place véa My’ in the case of
the positive ion. The author is grateful to Dr. Pignolet for having sent
him a preptint of this work.
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plain the observation of an apparent lower activation
energy for “‘enantiomerization’ in the last two of these
compounds®?? that is observed for the cis—trans isomer-
ization. A set of unsplit or weakly split M; or M, pro-
cesses will give statistical isomers in one step, but will
equilibrate the two A sites (i.e., racemize in M;) in half
a step, so that the apparent rates can differ by a factor
of 2. However, further studies are required on these
systems to ascertain if there is really any stereospecific
character to justify such an interpretation.

The experiments of Pignolet, Lewis, and Holm’ on
Fe(NIe,Ph(dtC))2<tfd), where tid = -8 [Cz(CFz)z]S—,
can also be interpreted as either of the split-mode
processes M;" or M.’. Similar to the case of the tris
chelates discussed above the HTP could be speculatively
associated with an intramolecular rearrangement of
split modes M;’’ or M,’’ as an alternative to the C-N
bond rotation.

In concluding this section we would note that the
present discussion has been limited to a consideration
of the modes of rearrangement and to the explicit re-
arrangement within the modes; individual mechanisms
that can produce the various stereocheiistries have
not been considered at all. The problem of ahalyzing
mechanisms is highly complex as can be seen by the
discussion of Holm and coworkers® for some mechanisms
in M, alone. Without extensive further research we
could clearly not do justice to the various conceivable
mechanisms for the remaihing modes. Such an analysis
we leave for a future study after which one might be
able to make a comparison of the energetics for the most
favorable mechanisins which give tise to other stereo-
chemistries for different metal atoms and different types
of substituents.

4, Conclusions
We have demonstrated here the different modes of
rearrangement which ah octahedral complex can un-
dergo. The theory has been applied to the special case
of tris-chelate complexes and has permitted a complete
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analysis of the recent experimental results. It would
have been most convenient were all octahedral mole-
cules to undergo intramolecular rearrangements accord-
ing to the same preferred mode or modes, such that the
variation in metal atoms or ligands would not signifi-
cantly change the ordering of the energetics of the dif-
ferent preferred pathways which give the stereochemis-
try of each of the modes. Unfortunately there is no
reason to expect that such would be the case, and a
comparison of the results of section 3 with those for
H, ML, complexes!® which rearrange according to a
split M; miode—although, as mentioned above, these
authors are unable to distinguish between fwo stereo-
chemically different arrangements—provides a counter
example to such an argument. . In the present article
we have provided a framework within which all ex-
periments can be analyzed without concern that possible
types of processes have been overlooked.

For those who believe in the efficacy of nonempirical
or semiempirical molecular calculations it would be a
worthwhile task to search the multidimensional con-
figuration space for some six-coordinate complex, or
even a metal hexahydride. The unbelievably many
possible pathways might be effectively reduced without
much loss of information by starting off the rearrange-
ment along the direction of the various different per-
mutations corresponding to any given mode. It is in
this sense that the different permutations can serve as
aids in visualizing the actual mechanism which gives
the rearrangement. It should not be forgotten, of
course; that the mechanism may well go through an
intermediate or transition state which makes more than
one mode possible. The limiting case of this would
give all isomers in equal probability  and would be a
complete scrambler of all relative configurations.
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A series of bridged diphosphinothioyl bidentate ligands has been synthesized and several have been found to form stable

complexes with a number of “‘class b’ metal halides.

phorodithioate complexes.

Introduction

There has been considerable interest in studying
metal complexes with bidentate chelating ligands con-
taining donor thiophosphoryl grotups. Tetraalkyldi-
phosphine disulfides have been reported to form five-
membered chelate ring complexes with a variety of

(1) Financial support from the Petroleum Research Fund, administered

by the American Chemical Society under Grant No. 1363-G3, is gratefully
acknowledged.

The infrared spectra indicate that the ligands form six-membered ring
chelates by coordination vi¢ bothi thiophosphoryl donor sites.

The sulfur-bridged ligands undergo cleavage to yield phos-

metals.2~® Complexes with anionic ‘“‘imidodiphos-
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