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Procedures for classifying, enumerating, and representing topologically the steric courses of chemical

reactions which interconvert symmetric molecules are presented. Reactions are defined in terms of permutation
operations, and the symmetry of reactant and product configurations is then used to define classes of symmetry-

equivalent reactions.
tional stereochemical concepts.

The resulting classification schemes are shown to be readily interpretable in terms of tradi-
Topological representations of reaction pathways are discussed, and procedures

for calculating various properties are provided. Finally, some examples are treated which demonstrate the utility of

this approach.

he steric course of a chemical reaction is defined by

the stereochemical relationship between reactants
products. Once this relationship is established, mech-
anistic information is obtained in that certain mech-
anisms are ruled out. Traditionally, mechanistic
studies of tetrahedral substitution reactions have relied
heavily on the stereochemical relationship between re-
actants and products. Since there exist only 3!/3 =
2 permutational isomers of a ‘“‘tetrahedral’” C;, mole-
cule R;MY, the substitution reaction

R:MX + Y —> R;MY + X

may proceed either with “inversion of configuration”
or “retention of configuration.” No other distinct
possibility exists, assuming that both reactant and
product have the same symmetry. For more complex
systems, the situation is far less clear. Consider for
example the case of octahedral substitution. Although
there exist 5!/4 = 30 permutational isomers of Cy,
“octahedral” molecule R;MY, one might expect 30
distinct steric courses for the reaction

R:MX + Y —> RMY + X

assuming both reactant and product have the same
symmetry. It will be shown below, however, that this
number is too large.

This paper addresses the problem of defining, clas-
sifying, enumerating, and representing all distinct
changes of stereochemistry which may accompany the
reactions of symmetric molecules. In the first section,
the concept of configuration is generalized and reac-
tions are defined in terms of stereochemical change.
Then two simple exchange reactions are examined
closely in order to clarify the physical significance of
these definitions. In the next section, the relationship
between reaction mechanism and steric course is dis-
cussed. Finally, three examples are treated.

I. Definitions

When symmetric molecules undergo chemical reac-
tions, the steric course is not uniquely defined by the
stereochemical relationship between reactants and
products unless labeling techniques are employed.
This is because permutational isomers of molecules are
not physically distinguishable unless chemically iden-
tical ligands are labeled. Labeling may be achieved by
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nuclear spin states, isotopic substitution, or chemical
substitution such that the effect of the labels on the
chemical properties of a molecule is negligible. We say
that the ligands are chemically identical but distin-
guishable by labels. Accordingly, the point group of
a molecule is defined by neglecting the labeling of
chemically identical ligands and considering only the
symmetry of the unlabeled molecule. Molecules which
are identical when labeling is ignored are called chem-
ically identical molecules even though the labeled mole-
cules may in fact be distinguishable by physical tech-
niques.

Consider for example Figure la, which may represent
permutational isomerization of the C;, molecule (CHj;),-
NPF,. Mathematically, the chemically identical F
ligands are distinguishable by the indexed labels B,, B,
B,, and B;. Physically, the steric course of the reaction
has been studied by nmr spectroscopy using the spin
states of the “F nuclei as labels.? Figure 1b may
represent the cis-trans isomerization of Ru(PRj):H,.?
Here again, the steric course might be studied by nmr
spectroscopy using the 3'P and 'H nuclear spin states
as labels. Figure 1b may also represent the cis-trans
isomerization of Ru(CO)(SiCl;),.4 The steric course
of this reaction might be studied using isotopic labeling,
i.e., 13CO and !2CO as labeled ligands.

The dynamic stereochemistry of isomerization reac-
tions has been investigated in detail.*~® Reactions are
defined by permutation operations, and sets of sym-
metry equivalent reactions, reactions formally non-
differentiable in a chiral environment, are defined such
that the steric course of equivalent reactions is identical.
Thus the number of classes of symmetry equivalent re-
actions is the number of theoretically measurable
changes in stereochemistry which might accompany a
given isomerization. Different definitions of symmetry
equivalent reactions are necessary since the nature of
the environment and the nature of the experimental
measuring techniques used determine whether or not
certain changes in stereochemistry may be differentiated.

Figure lc-f may represent reactions of Mn(CO);X
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+ CO,? Pt(NH,),Cl* + CI-,*® PCl; + Cl,,!! and SF,
+ SF,,!2 respectively. The types of reactions shown
in Figure 1 are closely related. Two successive ex-
change reactions shown in (¢) may result in permuta-
tional isomerization. In (d), forward reaction followed
by reverse reaction may also result in permutational
isomerization. Similarly, association followed by dis-
sociation as in (e), (f), or (g) may result in a net exchange
reaction. If the dissociation reaction shown in (f) is
followed by association according to (g), polytopal
isomerization reactions result. The purpose of this
section is to express the relationship between these reac-
tions in mathematical terms. Then the techniques
already used to treat isomerization reactions may be
applied to more complicated sequences of reactions.
We begin by generalizing the definitions of concepts
used in the treatment of isomerization reactions.

A. Configurations and Their Symmetry. A con-
figuration is defined here as a set of labeled ligands which
have been assigned to labeled sites called skeletal posi-
tions. Assume that a set of # (unidentate) ligands con-
tains m; ligands of a given chemical identity, #, ligands
of another chemical identity, and nj; ligands of a third
chemical identity. Thus, n = n, + n, + n;. These
ligands are assigned labels from the set L = {A,,
AZ: ey Anu Bn1+ls Bn1+2: R Bm+nzs Cm+n2+1! Cm+nz+2g

., C,} such that the letter indicates the chemical
identity of each ligand and the integral subscript pro-
vides a unique index for each ligand. The skeletal
positions of a configuration are assigned labels from
the set S¥ = {5V, 5%, ..., 5,%} such that ligands of
types A, B, and C occupy skeletal positions labeled by
{Slws SZWs s Smw}s {Sn1+1W9 Sn1+2ws ERRE Sn1+nzw}9 and
{Smitnee1™s Snbner2™s . - - 5,7}, respectively. Here, the
superscript W identifies the geometry of the configura-
tion, while the integral subscript provides a unique in-
dex for each skeletal position.

Chemically speaking, a configuration is a set of
labeled, rigid molecules having a definite orientation in
space. Mathematically, a configuration is conveniently
described by a 2 X n matrix

<1> v <123. . .n>w

s/ Jjkp...q

where ligand indices are listed in the top row, and below
each ligand index is written the index of the skeletal
position which that ligand occupies. The superscript
W identifies the geometry of the configuration, and the

subscript i is an integral label for each matrix. The
reference configuration is defined by

<l> v <123. . .n>“’

s/e 123. . .n

Examples of this nomenclature are shown in Figure 2.
Although a configuration is defined in terms of

oriented molecules, we shall be concerned here with

molecules which are free to rotate and translate in space.

Therefore, different configurations having the same

geometry may be equivalent in that they represent the
same set of labeled molecules oriented differently in
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Figure 1. Some representative types of chemical reactions inter-
converting symmetric molecules.

space. Such is the case in Figure 2 for the pairs of con-
figurations shown in (b), (f), (j), (1), and (n). Equiva-
lence between two configurations (¢);% and (),¥ may be
defined by a permutation operation which represents
translation and/or rotation of molecules in the con-
figuration. By “translation’ we mean permutation of
chemically identical molecules. Since the indices of
the skeletal positions serve as “ligand coordinates,” we
let the permutation operations act on these indices.
Thus the permutation represents a ‘‘coordinate trans-
formation.” For example, the equivalence of con-
figurations ()2 and (}),? shown in Figure 2a is expressed

by the relation
AN I\ Q
= g2
<S>e ql <S>1

where ¢ ,92= (1)(24)(35)99, acting on the indices of the
skeletal positions, represents a twofold rotation opera-
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Figure 2. Six pairs of configurations having different geometries
are shown in the two columns on the right. To the left of each pair
is shown the indexing of skeletal positions which allows definition
of the appropriate (%) matrices.

tion. When ¢,22 acts on the bottom row of (1),Q, the
bottom row of (}).Q is generated

12345\Q 12345\Q
<12345> = (DEHEse <14523>

Mathematically, the permutation operation (1)(24)(35)
means “leave 1 fixed, replace 2 with 4, replace 4 with 2,
replace 3 with 5, and replace 5 with 3.”” Chemically
speaking, the operation (1)(24)(35)22 means ‘‘the ligand
in position 5,2 is left fixed, the ligand in position s, is
moved to position 5,9, the ligand in position s,Q
is moved to position s,°, the ligand in position
532 is moved to position s;2, and the ligand in posi-
tion 552 is moved to position s;2.”

All the operations w,;"W which represent rotation
and/or translation of molecules in a configuration
having geometry W form a group WWW called the
proper configurational symmetry group. Note that the

same letter is used to identify this group and the geom-
etry of the configurations which the group acts on.
Since WWW represents rotations and/or translations of
molecules, we now seek a more precise definition of
W¥W¥ in terms of permutation group representations of
the rotational point groups of the molecules in a con-
figuration.

If a configuration contains only one molecule, then
the proper configurational symmetry group is a permu-
tation group representation of that molecule’s rotational
point group which acts on the indices of the skeletal
positions. The rotational point group of the molecules
in configurations shown in Figure 2f is C,. It contains
two operations: the identity operation %, and a two-
fold rotation operation ;. When #; and u, act on the
indices of the skeletal positions shown in Figure 2e, the
operations % VY = (1)) 3)4)S)N6XTXB)YY and u,VV
= (I8)27X¥36)(4)5)VC are generated. These two
operations form the group UVV, and we say UV =
C,UY.

If a configuration having geometry W contains m
chemically nonidentical molecules, and R; is the rota-
tional point group of the ith molecule, then W%V ig
generated by letting all possible combinations of per-
mutations in R%%, R,"W, ..., and R,%V operate.
Letting |4| denote the number of elements in an arbi-
trary set A, we have |WWV¥|=|RYV|.|R¥W| - .. -
R,¥%|. Formally, the proper configurational symmetry
group is defined by

WWW — Zm R¥W
i=1

where the summation implies direct sums.!* For the
configurations shown in Figure 21, R, = C; and R, =
D.. C,YY contains the operations (1)2)(3)¥Y, (123)¥Y,
and (132)YY, while D.YY contains the operations
(4)(5)YY and (45)YY, Thus YYY = C;¥Y + D.YY con-
tains |C,YY|.| D.YY| = six operations.

n¥¥ = (HERGHEY

»¥¥ = (H)BY45)¥Y
ya¥¥ = (123)H)¥Y
ya¥¥ = (123)(45)¥Y

ys¥¥ = (132)(H)(5)*Y
ye¥Y = (132)(45)¥Y

Assume a configuration having geometry W contains
m molecules and all m molecules are chemically iden-
tical. Therefore all these molecules have the same
rotational point group R, and the group WW¥W will con-
tain |[R¥W|™ operations representing all possible com-
binations of proper rotations of molecules in the con-
figuration. In addition, however, there will be m!
operations in WW¥ which represent all possible per-
mutations of the m chemically identical molecules.
Since any combination of rotations can be combined
with any one of the m! permutations of entire mole-
cules, the group WWW will contain a total of m!|R¥WV|™
operations. Using standard notation, WW¥W =
SH.[R"¥], the composition of S, around RWW, 13
where S,, is the symmetric permutation group degree m

(13) For a rigorous definition of this operation see: R. W. Robin-

son, J. Combinatorial Theory, 4, 184 (1968), or F. Harary, “Graph
Theory,” Addison-Wesley, Reading, Mass,, 1969, pp 163-164.
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which contains all m! possible permutations of the m
chemically identical molecules. The configurations
shown in Figure 2n contain two chemically identical
molecules having rotational point groups C,. Here,
m = 2 and R = C,. Thus Z%22 = §,[C,%%] contains
m!-|R%Z|"™ = 2!.2? = 8§ operations.

z%% = (D@)B)H(5)6)(T)(8)?*
2% = (13)(24)(SN6X(T)(8)%%
25?2 = (1)(2)(3)(4X5T)(68) 2%
222 = (13)(24)(57)(68)2%

z;22 = (15)26)(37)(48)%

222 = (1735)(2846)22

22 = (1537)(2648)2%

722 = (17)(28)(35)(46)%%

The first four operations represent rotations of the
molecules in the configuration, while the last four rep-
resent rotations combined with permutation of the two
chemically identical molecules, i.e., rotations combined
with translations.

In the most general case, a configuration having ge-
ometry W will contain m molecules having different
chemical identities and m, molecules of chemical iden-
tity i having rotational point group R;. Thus Z,_,"m;
equals the number of molecules in the configuration.
Applying the definitions given in the preceding para-
graphs, the proper configurational symmetry group is de-
fined by

WWwWwW — ; Sm;[ Riw\\'] (1)
and the number of operations in this group is
| Www| = III myl| RV [ ®)

Two configurations (), and (}),” having the same lig-
and set and the same geometry W are defined to be

equivalent if
w W
wkww<l> = <l> (3)
S/ S/

for some w,"W ¢ WWW_  These configurations are non-
equivalent if eq 3 does not hold.

Another useful permutation group may be generated
which represents the operations in the full point groups
of molecules in a configuration. The full configura-
tional symmetry group 1'WVW is defined by

WY = 30 Su[RSV] @
i=1
where R, is the full point group of molecules in the con-
figuration having chemical identity i. The number of
operations in TFWV jg

ITwvw| = l[ myl | B W] m 5)
i=1
Clearly, WW¥ is a subgroup of T|'WW
If wWW e WYV, we say w"V represents rotation of
configuration. If ;"% ¢ 7WWW¥_then @w,"" may repre-
sent improper rotation (and possibly translation) of
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one or more molecules in the configuration. If @,7VW
represents improper rotation (and possibly translation)
of all molecules in the configuration, we say @,%V rep-
resents inversion of configuration. Accordingly, two
nonequivalent configurations (});% and ()," are de-
fined to be enantiomeric if eq 6 holds for some @,%W
e TWWW which represents inversion of configuration.

O == () ©

If eq 6 does not hold, then nonequivalent configura-
tions (}),% and (),¥ are diastereomeric.

Two examples should make the physical significance
of these definitions clear. For the configurations
shown in Figure 2d, the operation T = (18)(27)-
(36)(45)TT represents inversion of configuration. Since
()T ="737C)T and ()T % £FTC)T for any #/7T e T7T,
the configurations (}).T and (), are enantiomeric. For
the configurations shown in Figure 2j, the operation
5% = (1)2)(34)(5)*X represents inversion of configura-
tion, here, reflection operations acting on both mole-
cules.'* However, the operation (1)(2)(34)(5)X*X also
represents rotation of configuration. Thus the con-
figurations (})X and (\).* = %XX(\),X are equivalent con-
figurations. Whenever all molecules in a configura-
tion are planar, operations which represent rotation of
configuration also represent inversion of configuration.

B. Reactions and Their Symmetry. A reaction is
defined here as a transformation which converts one
configuration into another configuration such that
stereochemical change occurs. Mathematically, this
transformation is defined by an operation #,;%V which
transforms (%),V, the reactant configuration, into (%)%, the
product configuration, by letting the permutation opera-
tion A, act on the indices of the skeletal positions listed
in the bottom row of (}),¥ and replacing the super-
script V by W.15 The reactant and product configura-
tions may have the same geometry, i.e., the case V =
W is allowed. The only restriction is that reactant
and product configurations must have the same ligand
set.

The reactant and product configurations of the reac-
tion shown in Figure la both have the same geometry.
Using the indexing of skeletal positions defined in
Figure 2a, the reactant configuration is defined by

INe _ [/12345\Q
s/, \12345

and the product configuration is defined by

<l> Q@ [12345\Q
s/e  \13452
The reaction is defined by A,2° = (1)(2345)2° since

322 is generated when k; acts on the indices of the
indices of the skeletal positions listed in the bottom row

of (5)e2
12345\9 12345\Q
QQ =
(12343) <12345> <13452>
Chemically speaking, (1)(2345)%° means ‘‘the ligand in

(14) It is assumed that ligands may be represented by points and
therefore must have reflection symmetry, i.e., be achiral.

(15) In common usage, the word “‘reaction’ may refer collectively to
a set of “‘reactions,” i.e., permutations, as defined here. The intended
meaning of the word should be clear from context.
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position s;? is left fixed, the ligand in position §,° is
moved to position s;°, the ligand in position s;? is moved
to position s,°, the ligand in position 5,2 is moved to
position s;2, and the ligand in position s;° is moved
to position s,2.”

In Figure 1d, the reactant configuration is defined by

1> V. /12345\V
s).  \12345

and the product configuration by

<1> X [12345\%
s/1 12435
if skeletal positions are labeled as in Figure 2g and i,

respectively. The reaction is defined by AXV =
(1X(2)(34)(5)XV since

(12345\¥ 12345\
<1x2x34x4>XV<12345> = <12435>

We describe the reaction AXV = (1)2)(34)5)XV by
saying ‘“‘the ligand in position s,¥ is moved to position
si%, the ligand in position s,V is moved to position s,%,
the ligand in position s;V is moved to position s,X, the
ligand in position s,V is moved to position s;%, and the
ligand in position s;V is moved to position s:%.”

The reader may verify that the reactions shown in
Figure 1f and g are defined by (12)(3)(456)(7)(8)V% and
(12564)3)(7)(8)TZ, respectively, if skeletal positions are
labeled as shown in Figure 2.

Given the set of n ligands labeled by L = {A,,
AZ:- BRE) Am: Bn1+19 Bn1+29- e Bm+n29 Cn1+m+ls Cn1+n2+29

.., C,} as above, we define a permutation group H,
the group of allowed permutations, which acts on the set
of numbers {1, 2,..., n}. Operations in H permute
the numbers in the sets {1, 2,..., m}, {m + 1, m +
2, .,m+mland {m +m+ L,m+n+2,...,n}
among themselves in all possible ways. H therefore
contains m!n!n;! operations. Formally, H is defined
by

H= Sy + Su+ Sy

where S, is the symmetric group degree n, and the sums
imply direct sums.

The set of all possible reactions #;%V which transform
configurations having geometry V into configurations
having geometry W is defined by the permutation opera-
tions in H, the group of allowed permutations. This
set is called HWV, the superscript indicating the geom-
etry of product and reactant configurations. Unless
V = W, products of the type A,%V-h,%V are undefined,

since
I \2 l w
hiWV_ thV< - h1WV< >
Sk S/

and A%V by definition may only act on configurations
having geometry V. Thus AWV is not a group. The
inverse of AWV, called the reverse reaction of h,WV, is
defined by

(hiVV\')- 1 = (hi_ l)V“'
The product of A%V and A,YV is defined by
hi“'V, hj\"“' = (hz . h]_)“"“'

and indicates reaction A,YW followed by reaction #,%V.

H™W is a group with a product operation defined by
h-iWWthW = (hi'hj)ww. HWW ContainS WWW and
WWW as subgroups. If each operation in H¥W acts on
)"

[wal = nl!ng!nal

different configurations are generated, and this set of
configurations contains all possible configurations
having geometry W. There is therefore a one-to-one
correspondence between configurations having geom-
etry W and operations in the group H¥%. Two con-
figurations A,%%(}),¥ and #,%V(),V are equivalent if

hiWW <1> W = Wk\VW _hJWW<l> W = (Wk .hj)WVV<I> W
5/, 5/, s/,

for some w,"W ¢ WWW, A complete set of equivalent
configurations therefore contains | WWW| configurations.
The group HWW can be partitioned into disjoint sets of
operations WWWh,WW such that each set corresponds
to a complete set of equivalent configurations. The
set of permutations WWWh,WVW ig called a right coset of
WWW in HVW, If we select one element from each
right coset of WWW in H¥W, we form a set of coset
representatives C%. Each ¢,% e CV thus uniquely
specifies a complete set of equivalent configurations,
and the set CV represents a complete set of nonequiva-
lent configurations having geometry W. Since a com-
plete set of equivalent configurations contains |[WWW
operations, if we let I be the total number of non-
equivalent configurations having geometry W, then
Iy |WWW| = [HYV] = m!nlng!. Accordingly, we
define I, to be the configuration count and
I {HWW[ nl!ng!na!

v = ] = R Q)
‘ H m,! [wawiml'

i=1

using eq 2 to calculate |WWW|. Equation 7 may be
rigorously derived noting that Iy = |C¥| and following
well-known procedures outlined in ref 6.

Since reactions are defined in terms of oriented mole-
cules but reactant and product molecules are assumed
here to be free to rotate and translate in space, different
reactions may in fact represent the same change in
stereochemistry. For example, let

o070
§/4 S/x

and
w v
mw() =<@ ©
S/» /¢
If
()T o
S/ S/p
and

() o
S/ $/q

then 4,YW and 4,Y"V represent the same change in stereo-
chemistry since the reactant configuratons as well as
product configurations in eq 8 and 9 are equivalent.
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Mathematically, we substitute eq 10 and 11 into eq 8

hi"w-wrw“’<l> . vzw<l> '
S/v S/q
This implies

CAM R AL WTWW<1> v =
s p

N
@t hewy (1) 7 -
s p

and comparing with eq 9
hVW = (vl—1,hi_w7)vw

In general, #,¥W and A;Y"V are defined to be nondiffer-
entiable in a chiral environment if eq 12 holds for some
0¥V e VVVand wWW e WV,

hy = v hew (12)
The reactions A;YW and A;YVY are differentiable in a
chiral environment if eq 12 does not hold. In less pre-
cise chemical terms, reactions which are nondiffer-
entiable in a chiral environment represent the same
stereochemical change, i.e., have the same steric course.

Just as the concept of equivalent configurations im-
plies the concept of reactions differentiable in a chiral
environment, the concept of enantiomeric configura-
tions implies a corresponding relationship between re-
actions. Let ());% and ),V as well as (});V and (}),¥
be enantiomeric configurations. Thus

<1> w _ ﬂ,pWW<1> w (1%
S/ $/4

where @,%W represents inversion of configuration, and

Ol o
S/k S/o

where 7,VV represents inversion of configuration. If

l v VW, I w

() =), 03
Y —eAN
<5>o =k “<5>7 (18

then reactions formally nondifferentiable from A,VW
and ;YWY occur with equal probability in an achiral en-
vironment. Substituting eq 13 and 14 into eq 15 we

obtain
3,vv NV YV, INW
S/o s/;

AN vy - AN
<> = (quV)-l.hTV\\_wp“W<> =
5/o s/;

w
({)q_] ' hr ) W17)"W<I>
S/
Comparing this result with eq 16

hsVW = (;q— 1, hr . W,,)‘iw

and

Accordingly, a “mirror image” h,"V of a reaction
h¥W is defined by eq 17, where 4,YV and @,%V both
represent inversion of configuration. If #,Y% and

385
h, = 0;-h,-@, a7

h,Y¥% are also differentiable in a chiral environment,
they are defined to be enantiomeric reactions or simply
enantiomeric. We then say that 4,YV (or 4,Y%) is a
chiral reaction. If h,VW is nondifferentiable from its
“mirror images” in a chiral environment, then A4,VW
is an achiral reaction. If two reactions are differ-
entiable in a chiral environment and are not enantio-
meric, they are defined to be diastereomeric reactions
or simply diastereomeric.

One further type of symmetry equivalence between
reactions is of interest. Two reactions A,;YV and h,VW
are nondifferentiable in a totally symmetric environment
if eq 18 holds for some 7'V ¢ VY and some @,%V ¢
T7ww,_ If eq 18 does not hold, #;YV and A,V are

hy = by, (18)

differentiable in a totally symmetric environment. Note
that eq 17 and 18 differ in that 9,V and @,% W both rep-
resent inversion of configuration, while 7,VV and @YW
are arbitrary operations in VY and 17TWV, respectively.

As was discussed above, the set HYW contains all
possible reactions which interconvert configurations
having geometries V and W. Since we are concerned
here with the steric course of reactions, we are inter-
ested primarily in different sets of reactions nondiffer-
entiable in a chiral environment as defined by eq 12.
The number of these disjoint sets contained in HVW is
called the number of reactions differentiable in a chiral
environment. A complete set of reactions differentiable
in a chiral environment is generated by selecting one
reaction from each set of reactions nondifferentiable in
a chiral environment. A complete set of reactions
differentiable in a totally symmetric environment and
a complete set of diastereomeric reactions may be sim-
ilarly generated.

It is often a great help when dealing with complex
problems in dynamic stereochemistry to determine the
number of diastereomeric reactions or reactions differ-
entiable in a chiral or totally symmetric environment
before actually identifying the reactions. Accordingly,
formulas are provided here which enumerate these re-
actions. These formulas will not be discussed in detail
at this point. Their application and significance will
be explained later in the context of specific examples.

First, we define the generalized cyclic type (j1, jo. - -,
Jny K Kooy knyy by by, 1) of a permutation A, €
H. Recall that elements in H permute numbers in the
sets {1,2,...,m}, {m + L, m + 2,...,n + n}, and
{m 4+ ne+ 1, m + ne+ 2,..., m + ne + n} among
themselves. The array (ji, jos. - -5 Jus K1y Koye o oy Ko
L, b,. .., I,,) indicates that the permutation /4, contains
j» cycles of length p which permute the numbers {I,
2,..., m} among themselves, k, cycles of length g which
permute the numbers {m + 1, m + 2,..., m + ny}
among themselves, and /, cycles of length » which per-
mute the numbers {n1 +n+l,m+n+2,...,m+
ny + nz} among themselves.

To count the number of reactions #;"V in the set
HVW (differentiable in a chiral environment, eq 19 is
used if V = W, i.e., the reactant and product configura-
tions have different geometries. !

(16) Equations 19-21 may be derived following procedures outlined
inref 5, 7, and 8. Equation 22 is derived in the Appendix.
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1
WS T o

(hwfljl--:Jnl-klkb..knz,h“:”lnj) X
H1 o) 11 ktes [ ¢ty (19)
p= g=1 r=1

Here, Dy is the number of reactions differentiable in a
chiral environment, the summation extends over all gen-
eralized cyclic types of permutations in ¥VV and WWW,
and AV gy kit ny. .1, AN hwmz...fnl.klkz...knz.tlzz...tn,
are the numbers of operations in V¥V and WWW,
respectively, having cyclic type (ji, jo, ..., Jus K,
k29- BEE) knz: lls 129~ BRE) lm)-

If reactant and product configurations have the same
geometry W, the number of reactions differentiable in
a chiral environment is D'y

D'ww = Dyw — 1 (20)

where Dy is calculated using eq 19.
To count the number of reactions #,YV ¢ HVV differ-
entiable in a totally symmetric environment, eq 21 is

Dyw =

1 -
P, gy 2, B gt mptin) X

TVV, WWW

v
Dy, (BY jiae gmpi ki dengy i 1ag) X

(07 .

dnpekik2e . kngy lilz. . l,.,) X

H G 11 ke TT @ty @
g=1 r=1
used if reactant and product configurations have differ-
ent geometries. In eq 21, Dy is the number of reac-
tions differentiable in a totally symmetric environment,
and all other symbols were defined above for eq 19.
When reactant and product configurations have the
same geometry W, Dy is given by eq 21 if TI'WW 5
WYY and D'z = D'y if ITWVW = WWW
If reactant and product configurations have different
geometries, eq 22 is used to count the number of dia-
stereomeric reactions in the set HVW, Here, Dyy is

Dyryr =
1
VW] - [V [ VVV_WW“';ZWVV,W'WW
{(hvju‘z,,,jnl_kll\z..J\‘nz.lllZ---lua)(hwjljl---:nl-kll.‘z--~kn2.lllz...ln3) +
(hv'y'xfz---fnl.km Kage iy 2. lns)(hw/:‘u'z sInpskiKzeRagulilzes zn,)} X

{ H (»'p%) 1[ (k! g) ]I (!rie )} (22)

g=1 r=1

X

the number of diasteromeric reactions; |V’VY| and
| W'%¥| are the number of operations in PV¥ and 7 ww,
respectively, which represent inversion of conﬁguratlon
the summation extends over all generalized cyclic types
of operatlons in 7 and 1" which represent rotation and/
or inversion of configuration; AV';,. . . k. kg it iy
and A%’ ;5. g kike. . kg, ia. .. 1o, T€ the numbers of operations
in 7 and 11" , Tespectively, having cyclic type (ji, Jos- oo
Jus Ky Koy kg Ly by .., ) Which represent inver-
sion of configuration; and all other symbols were de-
fined above for eq 19. When reactant and product con-
figurations have the same geometry, D'yyipr = Dy
—1 is the number of diastereomeric reactions.

From the symmetry of eq 19, 21, and 22, it is clear
that Dyy = Dyw, Dy = Dyw, and Dy = Dyryr.

Table I. Definitions Relating the Structural Stereochemistry
of Configurations and the Dynamic Stereochemistry of Reactions

Configurations®: Reactions®.<

I. Equivalent I. Nondifferentiable in a Chiral
Environment
( ) WW( ) thW = UkVV.thW.whWW
I. Nonequivalent II. Differentiable in a Chiral

Environment

AN v .
( =~ w;,WW( AW s YV g VWL WW
s/ S/

A. Enantiomeric

Y _ goww I)W
S/ S/;

B. Diasteromeric

(=),
S/ /i

e ()% and ),V are two configurations having the same geom-
etry W, >w,%W and v,V are elements in the proper configura-
tional symmetry groups WW¥W and VVV, respectively, @,%W and
7YY are operation in the full configurational symmetry groups
WWW and 7VY, respectively, which represent inversion of configura-
tion. </h,YW and 4,YV are reactions in the set HVW.

A. Enantiomeric

YW = DV YW WW

B. Diastereomeric

hpvw = ,-)mVV . thW D YW

C. Summary. Table I summarizes the more im-
portant definitions provided in this section. The
definitions relating the structural stereochemistry of
configurations retain the physical significance of the
words equivalent, nonequivalent, enantiomeric, and
diastereomeric as conventionally used to describe the
stereoisomeric relationships between molecules or
groups in molecules.’” Equivalent configurations are
physically indistinguishable if molecules in the con-
figuration are free to rotate and translate in space, while
nonequivalent configurations are in theory distinguish-
able. Within a set of nonequivalent configurations,
however, certain pairs of configurations are physically
indistinguishable in an achiral environment. These
configurations are called enantiomeric. Diastereo-
meric configurations are nonequivalent configurations
which are in theory physically distinguishable in an
achiral environment.

The definitions relating the dynamic stereochemistry
of reactions are based on the same physical criteria, as
shall be made clear in the next section. Reactions
nondifferentiable in a chiral environment are precisely
those reactions which are physically indistinguishable
if reactant and product molecules are free to rotate and
translate in space. Reactions differentiable in a chiral
environment are in theory distinguishable by physical
methods and may be described as representing differ-
ent steric courses. Within a set of reactions differ-
entiable in a chiral environment, certain pairs of reac-
tions are physically indistinguishable in an achiral en-
vironment in that they must occur with equal probabil-
ity. These reactions are called enantiomeric. Dia-
stereomeric reactions are reactions differentiable in a
chiral environment which are in theory physically dis-
tinguishable in an achiral environment.

II. Discussion
In this section we shall examine the steric courses of
some very simple exchange reactions in order to dem-

(17) K. Mislow, “Introduction to Stereochemistry,” W, A. Beujamin,
New York, N. Y., 1965.
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onstrate the physical significance of the definitions
given above.

We consider first the exchange reactions intercon-
verting configurations having the geometry shown in
Figure 3a. Here, the ligands are labeled by L = {A,,
As, As, By, Bs} and the skeletal positions are indexed as
shown in Figure 3b. The proper configurational sym-
metry group is WWW = C;WVW 4 R;WW 18 and the full
configurational symmetry group is "%V = C3, %V 4+
R;;WW.18 These groups are representations of the
permutation groups W and Tl defined by the following
operations.

wi = @ = (1)(2)3)4)5)
we = @ = (123)(4)(5)

wy = @3 = (132)(4)(5)
B, = (12)(3)4)(5)
s = (13)(2)(H)

By = (1)(23)(4)5)

Operations w;%%, w,"%, and w,"V represent rotation
of configuration, while @,%%, @;%%, and %;VV repre-
sent inversion of configuration. The group of allowed
permutations H = S; + S; contains 3!-2! = 12 opera-
tions. Three of the 12 operationsin HW" represent rota-
tion of configuration and the remaining nine operations
represent exchange reactions and permutational isom-
erization reactions. The configuration count Iy
equals 3!-2!/3 = 4 (see eq 7). A complete set of four
nonequivalent configurations is shown in Figure lc.
Note that a complete set of nonequivalent configura-
tions is not uniquely defined, but represents an arbi-
trary choice of one configuration from each of the Iy
sets of equivalent configurations.

The number of reactions differentiable in a chiral
environment, D'y, equals Dyy — 1 (see eq 20). To
calculate Dy using eq 19, we need the generalized
cyclic types of operations in WYV for wi%V, (1, j,
Jss ki, ko) = (3,0, 0; 2, 0) and for w,™W¥ and w;WW,
(jl,jg, _]3, kl, kg) = (0, 0, 1, 2, 0) Therefore hwgoo_gc =
1 and #%oo1,0 = 2. Substituting in eq 19

Dww = {1/3-3)}{1-1-31-15.21. 12 +
2.2.11-31.21-12) = 4

and therefore D'ww = 3. Since we are only interested
in exchange reactions, not permutational isomerization
reactions, we calculate D', = 1, the number of per-
mutational isomerization reactions differentiable in a
chiral environment” which interconvert the permuta-
tional isomers of the C;, molecule in the configuration.
HYW therefore contains only D'y — D'gye, = 2 ex-
change reactions differentiable in a chiral environment.
Figure 3d shows a complete set of exchange reactions
differentiable in a chiral environment. Note that a
complete set of reactions differentiable in a chiral en-
vironment is not uniquely defined, but represents an
arbitrary choice of one reaction from each set of reac-
tions nondifferentiable in a chiral environment. The
arrows drawn in Figure 3d connecting ligands in the
reactant configurations do not represent mechanistic

(18) Rs; is the infinite point group consisting of all proper rotations,
all reflections and inversion at a point. Rj is the subgroup of Rs; which
contains only proper rotations.

387

(o) N 16}

A3

By

(e} ‘ By . Bs

(- (1z219)" (- 23)

-8 BT

Az A3

)y (O (232)"

By

\\‘ ¥ xaiaica st

T4l “Bs « By

A3

Bg

\\ n‘"z'w-(lz)(sms)ww
By ————————

£

A3

Figure 3. Configurations and reactions defining the stereochemis-
try of exchange reactions discussed in the text.

pathways but merely provide a convenient description
of the stereochemical change involved. We see that
AYY implies “retention of configuration” while A,%W
implies “inversion of configuration.”

For completeness’ sake, we note that both 2,%% and
h%W are achiral since

w4VVW,h1\VW_.w4\VW = hl\VW
ﬂ““’“"_ hZ\V\V_ﬂ) 4\\'“’ = h2\\'\\"
Thus 2, %W and AWV are diastereomeric reactions and
form a complete set of diastereomeric exchange re-
actions. We verify this by calculating the number of
diastereomeric reactions in HYW%, D'y = Dwrw —
1, and calculating D'¢yey = Deyer — 1, the nun}ber
of diastereomeric permutational isomerization reactions
in H¥W. Then D'wwyw — D’cyoy must equal two.
From eq 22,
Dy = {1/(3-3 + 3-3)H}{(1-1 4+ 0-0)-3!-13.2!- 12 4
(22 +0:-0)-11.38.21.12 4
(0-0 4+ 3-3)-11.11.11.21.21.12} = 4
Deyey = 2
and therefore

Dyiwr — D'eyey =3 — 1 =12
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‘B,

Figure 4. Association—-dissociation reactions implying exchange
reactions shown in Figure 3.

The number of reactions differentiable in a totally
symmetric environment equals Dy since 1T7WW 5=
WWW, From eq 21

Dy = {1)(6-6)}{1-1-31.15.21.12 +
22103020012 4 3.3 101011212112 =
1/36{12 + 24 + 36} = 2

The number of permutational isomerization reactions
differentiable in a totally symmetric environment,’
D¢y, is one. Hence, Dy — Deye, = 1, and all
exchange reactions are nondifferentiable in a totally
symmetric environment. The reactions ;%W and #,"W
are since @,V MWW = m,WW¥.  In general, reactions
nondifferentiable in a totally symmetric environment
are those which cannot be distinguished by physical
techniques incapable of discerning enantiomeric mole-
cules. Thus the steric course of two reactions non-
differentiable in a totally symmetric environment may
be different, but this difference will not be measurable
by certain physical techniques.

It is well known in carbon chemistry that “tetrahedral”
exchange reactions of the type being discussed may pro-
ceed with “‘inversion” (A,%W) or ‘“‘racemization” (a
combination of /%W and 4,"W) depending on whether
the mechanism is associative or dissociative. To show
the formal relationship between association-dissociation
reactions and exchange reactions, we will discuss these
two possibilities in detail.

Consider first the sets of reactions HYW and HWY
which interconvert configurations having geometries
W and U shown in Figure 4a. Skeletal positions are
indexed in Figures 3b and 4c. UV = D,UU 4 S,
[RsUU] and therefore [UUYY| = |[D,VY[.2!.|R,UY|2=
6:2 = 12. Also, I, = |HVVU|JUYY|=3!-21/12 = 1.
This implies that D¥' = DVW must equal one and all
reactions /,'% ¢ H'W are nondifferentiable in a chiral
environment. Discussion may therefore proceed in
terms of the achiral dissociation reaction h;VW =
(M(2)3)4)(5)VY and association reaction (#;"%)-1 =
(hs=H%Y = (D2X3)4)(5)VV shown in Figure 4a. Of

interest here is the set of operations generated when the
reaction 439V is followed by the reaction #;%V. If the
molecules in the configuration having geometry U are
assumed to be free to rotate and translate in space,
this set of operations is defined by A;VVUUUA,UW =
(hsUh)WW = UV, The permutation group U, defined
by the representation UVY, contains these operations.

= (D@)EHH(G)
uy = (123)(4)(5)
us = (132)(4)(5)
ug = (1)(2)(3)(45)
us = (123)(495)

us = (132)(45)

ur = (12)(3)(45)
ug = (13)(2)(45)
us = (1)(23)(45)
(12)3X4X5)
13)2XDG)
un = (IX23)H(G)

We now examine the set of operations U¥W. This set
contains operations in WWY as well as reactions in
HWW, Three operations are identical with the three
operations in WWW: 4, WW = w,WW 3, WW — w,"W¥ and
us"W = w;"W, There are in addition three sets of opera-
tions, each set containing three reactions nondifferenti-
able in a chiral environment, namely: u,"%, 4;%V, and
w5 u W, usV W, and ugW Wy wo" v, un™v, and u,V v,
Each of these sets may be represented by a reaction in
HYV je, u%V = bW¥%, ;%W = bWV and up,WVW =
hWW%.  We thus partition UVV into four sets, each con-
This result is summarized

Uio

Un

taining three operations.
in the relationship

TIV((hy= )75 hT) = 36V W o 30TV 4 34TV 4
3 hZWW (23)

Here ¥WY((h;~Y)WU; h,UW) represents the unique parti-
tion of (A= )WVUVVA,UW into sets containing operations
in W¥W or reactions in H%W W which are nondifferentiable
in a chiral environment.

Let us consider the situation where the configurations
having geometry U represent metastable reaction
intermediates and the ligands occupying skeletal posi-
tions s,U and s;U are present in equal concentrations.
Since the coefficients of the terms in ¥YWW((A;— 1)WY,
hsUW) are identical, each of the following possibilities
will occur with equal probability every time dissociation
is followed by association: (i) operations in WW¥ (no
net reaction), (i) reactions nondifferentiable from #,V%
in a chiral environment (permutational isomerization
reactions), (iii) reactions nondifferentiable from /% ¥ in
a chiral environment (exchange reactions with “reten-
tion of configuration”), (iv) reactions nondifferentiable
from A%W in a chiral environment (exchange reactions
with “inversion of configuration”). If the ratios of the
coefficients of the terms in YWV ((4;,~HWV; A,UW) do not
represent the actual probablilities, i.e., do not have
physical signifiance, we say that ‘“memory effects” are
present. Crudely, this means that a molecule remem-
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bers its past history and because of this it is more likely
to follow one reaction path than another. The most usual
type of memory effect for dissociation-association re-
actions is incomplete dissociation. Here, the molecules
in the configurations having geometry U are not free
to rotate and translate in space and therefore the proper
configurational symmetry group UUU is not physically
meaningful.

We now turn to the association-dissociation reactions
of the type shown in Figure 4b. The skeletal positions
of the configurations shown in Figure 4b are indexed
as shown in Figures 3b and 4d. We examine only the
operations implied by the achiral association reaction
hYVW = (D2)B)YEXS)YW followed by the reverse re-
action (4~ H)VY = (DQ)BGYB)OIWWY = AWV, i.e., the set
of operations A;WVVVVA;VW = PWW. The permutation
group V, defined by the representation VVV = D;VV,
contains these operations.

0 = (D)
v = (123)(4)(5)
vs = (132)(4)(5)
va = (1)(23)(45)
vs = (12)(3)(45)
ve = (13)(2)(45)

Following the procedure used above, we find
\IJWVV((ha-— l)WV; h3VW) = 3eWW + 3h2WW (24)

This means that if association is followed by dissociation
as shown in Figure 4b, the only stereochemical change
possible is that implied by A,%V, i.e., “inversion of con-
figuration.” Permutational isomerization and exchange
with “retention of configuration’ are ruled out.

A slightly more complicated example should clarify
the physical signifiance of enantiomeric reastions. For
configurations having the geometry shown in Figure Sa,
the configurational symmetry group XXX = C*¥X 4
RyXX contains but one operation, x,¥X = (1)(2)(3)(4)-
(5), %% and X*X = CXX 4+ R,*X contains two opera-
tions, %*¥X = x*X and XX = (DHQ)BH(5)*X, if
skeletal positions are indexed as in Figure 5b. The
ligand setis labeled by L= { A}, By, C;, Cy, Cs} and there-
fore the group of allowed permutations H = Sy + S; +
S; contains m!axlng! = 1!-11.3! = 6 operations.
Since X*X contains only one operation, Iy = |HXX|/
| XXXl = 6. D'yxx = 5, D'cic, = 1, and therefore HXX
contains only four exchange reactions differentiable in
a chiral environment. A complete set of exchange re-
actions differentiable in a chiral environment is shown
in Figure Sc. If we choose to view ‘“tetrahedral” ex-
change reactions in terms of “inversion or retention of
configuration,” #**X and A, XX both represent ‘“‘reten-
tion” while A:XX and A XX both represent “inversion.”
Reactions #7,; XX and 7,XX as well as #:XX and h XX never-
theless represent different changes in stereochemistry
(steric courses) since ligands in skeletal positions
53X and s,X are enantiotopic and are therefore not
equivalent in a chiral environment. Chiral catalysts or
enzymes may provide a chiral environment which
allows preferential substitution of one of the enantio-
topic ligands.!?

(19) Cf. K. Mislow and M. Raban, Top, Stereochem., 4, 127 (1969).
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Figure 5. Configurations and reactions defining the stereochemis-
try of exchange reactions discussed in the text.

The operation £,*X represents inversion of configura-
tion and

hoXX = g XX g XX XX = (g, by £)XX
hXX = g XX g XX 2 XX = (%, £)XX

Thus A, XX and A.XX as well as 7;X*¥ and A,XX are enan-
tiomeric reactions. As was pointed out above, enan-
tiomeric reactions have equal probabilities of occurring
in an achiral environment and are physically indistin-
guishable. We see that in the case at hand, this fact is
related to the enantiotopic relationship between ligands
occupying positions s;¥ and s.X.

As in the previous example, we now examine the re-
actions implied by dissociation followed by association.
Consider the configurations shown in Figure 6a. If
skeletal positions are labeled as in Figures 5b and 6b,
the groups XXX, XXX YYY and ¥YY are representations
of the groups X, X, Y, and ¥ defined by the following
operations.

x =& = (DR)BAHG)
% = (DBHG)

=5 = (HEREHEG)

Yo = 5 = (1X2)(3)(45)
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Figure 6. Dissociation-association reactions implying exchange
reactions shown in Figure 5.

x XX, y1YY, and y,YY represent rotation of configuration,
while £XX, $,YY, and #YY represent inversion of con-
figuration. Usingeq 19

Dxy = Dyx = {1)(1-2)}{1-1-11. 1011113113} = 3

is the number of reactions differentiable in a chiral
environment. Complete sets of reactions differentiable
in a chiral environment are shown in Figure 6¢c. Using
eq 22, we find Dx'y» = Dyxr = 2. The reader may
verify that AsYX and 4;YX as well as #:XY and ;XY are
enantiomeric reactions, while 4;¥X and /#,XY are achiral.
The fact that 7YX and A;Y* are enantiomeric again re-
flects the enantiotopic relationship between ligands
occupying positions s;¥ and s.X, while the fact that
he*¥ and ;XY are enantiomeric reflects the enantiotopic
relationship between the two faces of the three-co-
ordinate molecule in the configuration having geometry
Y.IQ

Assuming that the reactions take place in an achiral
environment, we examine the reactions implied by the
dissociation reaction As¥¥ followed by the reverse re-
action h¢*Y. Since 4:YX and h,YX as well as heXY and
h:*Y must occur with equal probability in an achiral
environment, the set of operations (he YAe)XX, (hs Yh;)XX,
(hsYh:)XX, and (h;Yhe)** is implied by dissociation

followed by association. These operations are
(he- y1-he)** = (IBYHGYX = x**
(he 2 he)** = (1)(2)(3)(45Y* = h*X
(he- yr-hsy*X = (DQ)B4)5)** = hXX
(he: yo-hs)*X = (1)(2)(354YF = hXX
(hs- y1-hs X = (DQB@GYX = x XX
(s yo hs)*X = (D2)(35)A*X = h*X
(hs- y1-hey** = (DQ)BA(I** =
(hs: yo- hel* = (1)2)(345)** = hs*X

and therefore

WEX((hy= )XY 1y ¥X) = 2eWW 4 24, WW Ly WW L WW

haww + h4WW

III. Reaction Mechanism and Steric Course

h5XX

A chemical reaction mechanism is usually defined in
terms of a potential energy surface in multidimensional
space which indicates the potential energy of every pos-
sible geometric arrangement of the atoms comprising the
system in question. “Low regions” on this surface
correspond to stable or metastable configurations, and
the mechanistic pathways are defined by ‘“‘paths” on
this surface which interconnect the low regions. It is
possible that these ‘‘paths” are ‘“‘forked” and there
exist ‘‘junctions’ at which more than two paths meet.
Instead of actually considering the relevant parts of the
potential energy surface and defining reaction mecha-
nisms in terms of “paths’ and “junctions,” it is more
convenient from a stereochemical point of view to
represent reaction mechanisms topologically by con-
structing a graph where points represent junctions, and
lines represent the ‘‘paths” which interconnect them.
These lines may be further subdivided by points which
represent other configurations of interest.

Such topological representations®-2! may be de-
scribed in terms of the formalisms developed above.
Consider the topological representation of a simple
system where each point represents equivalent con-
figurations having geometry V, W, or X. These points
are labeled by coset representatives from the sets CV,
CV, and C%, and the total number of points thus equals
I, + Iw + Iy. Assume that lines connect points
representing configurations having geometry V and W
as well as points representing configurations having W
and X, but no (single) lines connect points representing
configurations having geometries V and X. Such a
graph represents the case where reactant configurations,
intermediate configurations, and product configurations
have geometry V, W, and X, respectively. If only one
mechanism interconvelts reactant and intermediate
configurations, and only one mechanism interconverts
intermediate and product configurations, then two re-
actions, #,%" and /2 X", define the lines of the topologi-
cal representation: points ¢;¥ and c¢,;¥ are connected
by a line if and only if

hi\\'V . vm\'\' . CiV = Wk\’V\V . cj\\' (25)
holds for some v,VV ¢ VvV, some w,*WV ¢ WWW, and
h%V ¢ HVY where h,"YV = h,%VV if h,%Vis achiral and

(20) E. L. Muetterties, J. Amer. Chem. Soc., 91, 1636 (1969).

(21) For a recent review, see: M. Gielen, Ind. Chim. Belge, 36, 815
(1971).
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AV = h,WVY or a “mirror image” of AWV if A%V is
chiral. Points ¢;% and ¢,X are connected by a line if and
only if

th\V . wm\VW . cj“" = xiXXckX (26)

holds for some w,"W ¢ WWW¥, some x XX ¢ XXX, and
hXW e HXV where A5V = XV if 4 XV is achiral and
hEY = hXV or a “mirror image” of AXW if A XV is
chiral.

As was shown in ref 6 for the case of permutational
isomerization reactions, eq 25 and 26 define topological
representations such that two reactions are represented
topologically in an identical fashion if the following
conditions exist. (a) The reactions are nondifferentiable
in a chiral environment. Reactions nondifferentiable
in a chiral environment must occur with equal prob-
ability if molecules rotate and translate freely in their
environment. (b) One reaction and the reverse reaction
of the other reaction are nondifferentiable in a chiral
environment. If a given reaction occurs in an equilib-
rium situation, the principle of microscopic reversibility
demands that its reverse reaction also occur. (c) Any
“mirror image’’ of one reaction is nondifferentiable from
the other reaction or its reverse reaction in a chiral
environment. When reactions occur in an achiral
environment, a reaction and its “mirror images” must
occur with equal probability.

The connectivity 8, of a point ¢,V is defined as the
total number of lines which meet at that point. The
number of these (single) lines which connect different
points representing configurations having geometry W
to the point ¢;¥ is denoted 6wy and thus for the case
under discussion, 8, = dwy. For the connectivity 8y,
however, 8 = dyy + Oxw, since ¢,V is connected by
single lines to points representing configurations having
geometry V as well as points representing configurations
having geometry X. Also, §x = dwx. Connectivities
may be calculated using formulas derived elsewhere.8
If 2,%V is achiral

14
= 2
Swv VN h,~'Wh,)| @7
and if A,V is chiral
2y
= ——5l 2
v = AR, Wh| (28)

Here, V! is the number of operations in the group V
and |V Nh,~'Wh,| is the number of operations which
the groups V and A,”'Wh, have in common. Note
that in general, §yy 2= Swy. If AWV represents the
transformation of configurations having geometry V
into configurations having geometry W, then by
microscopic reversibility, (#,%Y)"! = (h,~)'V repre-
sents the transformation of configurations having
geometry W into configurations having geometry V.
If (h,~Y)VW is achiral

L4
WO h,Vh,

Syw =

and comparing with eq 27, 8y does not necessarily
equal Sy .

In eq 23 and 24 we provided means of expressing the
steric course of exchange reactions which proceeded
via intermediate configurations having connectivities
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greater than two. If we wish to express the net stereo-
chemical changes implied by the sequence #,%V fol-
lowed by A XV discussed above, we define

Dxy
\I,XV(thW; hpw\‘) = Z aihixv (29)
=
Here, Dy is the number of reactions in HXV differentia-
ble in a chiral environment, and a; is the relative
probability of reactions nondifferentiable from #AXV
occurring if these reactions occur vig intermediate con-
figurations having geometry W. Note thatif X = V as
in eq 23 and 24, ¥XX(hXAY; A,%X) includes an extra
term a,eX¥ which indicates the relative probability of no
net reaction occurring each time the sequence A,"*
followed by AXY occurs. If “memory effects” are
ruled out, ¥XV(A XY, h,%V) may be calculated as fol-
lows. (i) Assuming A, XY and A,"V are both achiral,
the set of | W| reactions A XY WYWA, WY = (h,Wh,)XV is
partitioned into subsets of reactions nondifferentiable
in a chiral environment. Then g, is the number of
reactions in the subset containing reactions nondifferen-
tiable from 4, XV in a chiral environment. (i) If #,X% is
achiral but 4,V is chiral, the coefficients a, are derived
by partitioning the set of 2|W| reactions in (h,Wh,)*V
and (A, Wh)XV where A% is a “mirror image” of
AWV, (iii) If A,V is achiral, but 2,V is chiral and
hXY is a “mirror image"’ of 4,XV, then the coefficients a,
are derived from the set of 2| W/ reactions in (h,Wh,)XV
and (A Wh,)*¥. (iv) If both A,%V and A#,X"Y are chiral,
A%V is a “mirror image’” of A,%", and A,XV is a *“‘mirror
image” of £, X", then the coefficients a; are derived from
the set of 4|W| reactions in (h,Wh))V", (h,Wh)X",
(h, Wh)X¥, and (h,Whe)XV.
To consider more complicated sequences of 1eactions,
e.g., h,UT followed by 2,V . ., followed by A, XV
Dxr

L BYU AT = 3 a kT

=1

\I,XT(th\V |

may be derived in a similar fashion.

IV. Examples

A. Trigonal-Bipyramidal Substitution. This exam-
ple concerns reactions of the type shown in Figure 7a,
where reactant configurations have geometry V and
product configurations have geometry X. Skeletal
positions are indexed in Figure 7b and ¢. The proper
configurational symmetry groups are defined by VvV =
CVV 4+ R;¥V and XXX = CXX 4 R&X, while 7'V =
Co,"Y + RV and XXX = Cp*X + Ry*X. The
groups ¥, 7, X, and X contain the following operations

no=0 = x =& = (H2)CHG)6)
vy =0 = x2 = % = (14)(23)(5X6)
7 = & = (14)2)(3)(5X6)
9 = &, = (1)23)H(5)(6)

The group of allowed permutations H = Sy + S + S
contains 4!-1!-1! = 24 operations. Configuration
counts [, and Ix both equal 24/2 = 12.

The number of reactions differentiable in a chiral
environment, Dy, is calculated using eq 19

Dxy = {1/2-2)}{1-1-41 1411 101111 +
1.1.20.22. 001111} = 8
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Figure 7. Configurations and reactions defining the stereochemis-
try of “trigonal bipyramidal” substitution reactons discussed in the
text.

Eight appropriate reactions are most easily derived
following a procedure justified elsewhere:® the set of
12 operations which convert (}),V into the 12 non-
equivalent configurations having geometry X must
contain a complete set of reactions differentiable in a

Al
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g ——
ncs
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3

(a)

A

Ar
A2
LA

(b) cg 4 - By
‘Cg A

3

As

w
Al
PRl Az
(0 B < Leg ——————
5 (]
\‘3
Ag
(€3] By
Figure 8. Dissociation and association reactions implying substi-

tution reactions shown in Figure 7.

chiral environment. Eight differentiable reactions se-
lected from this set of 12 reactions are shown in Figure
7d. The arrows drawn in the reactant configuration
connecting the ligand labels crudely represent the per-
mutation of ligands which each reaction implies. Since
the reactant and product configurations have different
geometries, these arrows are somewhat ill-defined from
a mathematical and physical point of view, but they are
very useful for quickly identifying the stereochemical
relationships between various reactions. For example,
they indicate the enantiomeric relationship between
h:XV and heXV as well as ;XY and 42XV, which is verified
by the fact that

hXV = % XX, pXV. 5, VY
and
hXV = %, XX pXV.g XV
Using eq 22
Dyryr =
{2.—2_:_——2'2}{(1-1 F0-0)- 411511101117 +

(1-1 + 0-0)-21-22. 1111 1111 +
(0-0 4 2.2)- 11121120 11111111 = 6

and therefore the reactions mXV, hXY, AXY, hXY, XY,
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and #XY form a complete set of diasteromeric reac-
tions.

We now examine the steric course of substitution
reactions for two cases where intermediate configura-
tions have a connectivity greater than two.

First, consider the sequence of reactions shown in
Figure 8a and b. If the skeletal positions of the reac-
tant, intermediate, and product configurations are
indexed as shown in Figures 7b, 8¢, and 7c, respec-
tively, the dissociation reaction is described by %V =
(MBHBHGHOYY, while m*V = (1I)2)BNDHGNE*Y
describes the subsequent association reaction. The
groups WW¥%¥ = DWW 4 R,WW 4+ R;WW and WWW =
D)%% A+ RyWW 4 Ry WV are representations of the
groups W and W defined by the operations

w = @ = (1)(2)3)4)(5)6)
wp = @, = (1243)(5)(6)

ws = @3 = (1342)(5)(6)
wy = @, = (14)(23)(5)(6)
ws = @; = (1)(23)4)5X6)
we = @s = (14)(2)(3)(5)(6)

wr = @ = (12)(34)(5)(6)
ws = @g = (13)(24)(5)(6)

Since |WWVW| = 8, I, = 24/8 = 3. Reactions "V
and XV are achiral since VYV = @;%W. A WV.5,YV and

Y = XXX XV, WV, From eq 27
dwy = [_V—[F]K[IV[ =22=1
byw = [—%[V—[ =382=4
S
bwx = [_X—[r/]Y_[W[=2/2=1

and consequently, éy = Sy = 1, 6 = Syw + dxw = 8,
and 8x = éwx = 1. These results may be checked
using a relation derived elsewhere,® Iéywv = Iydyw and
I 6wx = Iwbxw. Theisomer counts and connectivities
just calculated are of great help in constructing a topo-
logical representation. We shall however determine
the steric course of this reaction sequence using the
techniques presented in the previous section. The sub-
stitution reactions implied by 2,"V followed by #,XV are
contained in the set of reactions A XW. WWW.pWVV —
WXV, Consulting Figure 7d, we note that wXV =
MEV, WXV = B XV.p XV XV = p XV XV = pXV.
0V, WXV = hXV, WXV = pXV.p,VV XV = pXV and
weX¥ = h;-0,YV, and therefore

\I,XV(thVV; hp\VV) = thXV + thXV + 2h3XV + 2h4XV

Note that the implicit assumption has been made that
the reaction sequence is ““irreversible,” i.e., dissociation
always leads to substitution.

Now consider an alternative reaction sequence shown
in Figure 8¢ and f. Here, the skeletal positions of
reactant, intermediate, and product configurations are
indexed as shown in Figures 7b, 8d, and 7¢, respectively.
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Figure 9. Configurations and reactions defining the stereochemis-
try of ““octahedral’’ substitution reactions discussed in the text.
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(ol Ay

Figure 10. Dissociation and association reactions implying substi-
tution reactions shown in Figure 9.

The dissociation reaction is described by MYV =
(D(2)(3)(4)(5)(6)YV and the subsequent association re-
action by XY = (I)2)3X4)(5)6)XY. The proper
configurational symmetry group of the intermediate
configuration is YYY = T¥Y 4+ R,;YY 4+ R;¥YY, Follow-
ing the procedure used in treating the reaction sequence
examined in the preceding paragraphs, the reader may
verfy that

VXYY YY) = 2%V 4 28XV 4 XY+ 4hXY

B. Octahedral Substitution. The type of “octa-
hedral” substitution reactions considered here is shown
in Figure 9a. Skeletal positions are labeled as in
Figure 9b and ¢. The group of allowed permutations,
H = S; + 81 + S, contains 5!-1!-1! = 120 opera-
tions. The groups V¥V = C,VV 4+ R;VY, XXX =
C XX 4 RXX, 7V = Ci,"V + R;.YY and XXX — C, XX
4+ Ry XX are representations of the groups V, X, V,
and X defined by

51

=

I
N
S
I

x1 = &1 = (DHR)GHHENEXT)

D=0y = xp = & = (1245)3)(6)T)

vy = G5 = x; = % = (1542)3)(6)7)

0= = x5 = & = (14)(25)3N6XT)
9 = & = (15)24)3)6)(7)
s = %o = (12)AU45)6X(T)

7= & = (149Q2Q)3)(EH6XT)

¥ = & = (1)2HEN6XT)

Thus configuration counts Iy and Ix both equal 120/4
= 30.

Dxy, the number of reactions differentiable in a
chiral environment, is calculated using eq 19

Dxy = {1(&-&}{1-1-50. 1511121111 +
2.2 104010 10 110 110 +
1-1:20- 22 1010 10101011} = 9

A complete set of reactions differentiable in a chiral
environment may be derived using the procedure fol-

<

(e)

Figure 11.
II'Ha(PRa)a.

Configurations describing isomerization reactions of

lowed in the previous example. Such a set is shown in
Figure 9d. The number of diastereomeric reactions,
Dx’v’, is

Dxryr = {1)(4-4 + 4-4)}{(1-1 + 0-0)-
51510101110 4 (2.2 4+ 0-0)- 114111
TLAL TN A (1] 4 2:2)20-220 101 3L 11T
104 (0-0 4 2:2)31- 131120 11 11 1 = 7

As the arrows drawn in Figure 9d suggest, #:XV and
XY as well as #XY and hgXV are enantiomeric. The
seven reactions Mm%V, XV, hXV, b XV, bXV, heXV, and
hsXV thus form a complete set of diastereomeric re-
actions.

We now determine the stereochemical implications of
substitution which proceeds by dissociation as shown in
Figure 10a followed by association as shown in Figure
10b. The skeletal positions are indexed as shown in
Figures 9b, 10c, and 9¢, and therefore 2,%V = (1)(2)(3)-
@)5X)6)(T)VV describes the dissociation reaction, while
hEW = (D2)BEYA(S)6)T)XW describes the association
reaction, The group WWW = DWW | RWW 4
R;%V is a representation of the group W defined by the
operations

wi = (D2)B)HEXOXT)
wy = (134)(2)(5)(6)7)
ws = (143)(2)(5N6)(T)
wy = (1)(25)(34)(6)(7)
ws = (14)(3)(25)(6)(7)
we = (13)(4)(25)(6)7)

Both 4,%V and A, XV are achiral, and the steric course of
this reaction sequence is therefore derived from the set
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of six reactions, AXVW¥Vh,WV = WXV, Consulting
Figure 9d, we note that w,X¥ = AXY, wXV = xXX.
hSXV,vZ\'V’ WaXV = XZXX.h:)X\"_vaV\" W4XV = xaxx_haxv_
va\'\" WSX\' = hIXV_UA\'V’ and WGX\' = xZXX_hSXV_sz'V
Consequently

\I,X\"(th\V’ hp\\"\") = thXV + 4h5XV

C. Polytopal Isomerization of IrH;(PR;);. Certain
phosphino iridium hydrides of the type IrHs(PR;); exist
in two polytopal forms, facial (see Figure lla and
meridial (see Figure 11b).22  Upon heating in solution,
the facial isomer rearranges to the meridial isomer,
and Muetterties??® has suggested that this process may
proceed via five-coordinate intermediates, IrH3(PRj)..
We shall examine the possibility of checking the validity
of this mechanism using labeling techniques.

Hydride ligands are labeled A;, A, and A; and phos-
phine ligands are labeled B, B;, and Bs. The skeletal
positions are indexed in Figure 11c and d. Assuming
that the isomers have C;, and C,, symmetry, VVV =
C;VV and XXX = (XX, The groups ¥V and X contain
the operations

o1 = ()2)3)4)(5)(6)
vy = (123)(456)

vy = (132)(465)
x1 = (1)(2)3)(4)(5)6)
xp = (1)(23)(45)(6)

The final step of Muetterties’ proposed mechanism
is shown in Figure lle, and the skeletal positions of
the postulated intermediate configuration are indexed
in Figure 1. Thus WW% = D%W 4+ R,"W and W
is defined by

wi

(DDBN4(5)6)
wy = (123)(4)(5)(6)
wa = (132)(4)(5)(6)
wy = (1)(23)(45)(6)
ws = (13)(2)(45)(6)
we = (12)(3)(45)(6)

Neglecting any further intermediate configurations,
we examine the reactions in HWVW to ascertain the pos-
sible changes in stereochemistry which might accom-
pany transformations of the reactant configurations
into intermediate configurations having geometry W.
Usingeq 19 and 22

Dyy = {1/(3-6)}{1-1:3!-1%.31.13} = 2
Dyryr = 11/(3-6 4 3-6)] X
{(1-1 4+ 0-0)3!-13.31 .13} = 1

Thus regardless of the mechanistic pathway connecting
the reactant and the postulated intermediate configura-
tions, only two steric courses exist, and in an achiral
environment they will be indistinguishable. Ligands
will become completely ‘‘scrambled,” and should
the postulated intermediate exist, the net isomeriza-
tion reaction will completely lack stereospecificity.

(22) I. Chatt, R. W. Coffey, and B. L. Shaw, J. Chem. Soc., 7391
(1965).
(23) E.L. Muetterties, Accounts Chem. Res., 3, 266 (1970).
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Appendix

In this section eq 22, which enumerates diastereomeric
reactions, is derived. A similar result has been de-
rived by Ruch, Hisselbarth, and Richter.2¢ The
derivation provided here is analogous to the proofs of
theorems given in the Appendices of ref 5 and 7 which
provide formulas which enumerate differentiable per-
mutational isomerization reactions. Familiarity with
these proofs should aid in understanding the present
derivation. Although eq 22 is a general result, the
following derivation ddes not allow for the case where
all operations in VY and TV"W which represent in-
version of configuration also represent rotation of
configuration. In this case, two reactions are diastereo-
meric if and only if they are differentiable in a chiral
environment, and the limitation is therefore of no con-
sequence.

We shall assume that the group of allowed permuta-
tions is defined by

!
H= Y S,
=1

I < 3, but the case for an arbitrary / > 3 may be treated
in the same fashion. Before proceding with the deriva-
tion, we must express the relationship between dia-
stereomeric reactions in a mathematically concise
manner. If reactions in the set HVW are to be enumer-
ated, ¥ and W are the permutation groups whose
representations VVV and WYY are proper configura-
tional symmetry groups. We define the sets V'’ and
W’ to be subsets of the groups ¥ and 11", respectively,
such that v;" ¢ V' and w,’ ¢ W’ if and only if v,V"¥ and
w;’WW represent inversion of configuration. Next, we
define a permutation group II'(V, TF), II'(3,, %) ¢ I1'(7,
1), whose elements permute elements 4,YV in HYW
according to

/5,y @by = 5, by @y~

where 7; ¢ 7 and @, ¢ 77" must either both be elements in
V and W, respectively, or both be elements in ¥’ and
W', respectively. Thus

(7, 1) = Vilw | + [v]iw| (AD)

The reader may verify that II(7, 17") is a well defined
group with a product operation defined by

'@y @) W@, @) = (00, @;-0))
The group I’(V, 17) may be used to rigorously

define diastereomeric reactions; A.YV and A,V are
diastereomeric reactions if and only if

18, @;)h; 5 h,

for all IL'(#,, @,) ¢ II'(V, 1T). The number of diastero-
meric reactions, Dy, is the number of equivalency
classes generated in H if ki, h, ¢ H are equivalent when

H’(ﬁi, ﬂ)j)hk = hz
for some I'(%,, @;) e II'(V, 3'). The number Dy p

(24) E. Ruch, W. Hisselbarth, aud B. Richter, Theor. Chim. Acta, 19,
288 (1970); E. Ruch and W, Hisselbarth, private communication.
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may be calculated using Burnside’s Lemma?
1

L (7, W)[ I (3, w,-)ZeH'(I'/_VT/)

where x(7,, @;) is the number of 4; in H which I1'(7,, ®,)
leaves fixed, i.e., the number of 4, in H for which

Dy x(@:s @) (A2)

hy = W (B, @)y = 9, by ;7
or equivalently
v, = hyw; byl
Accordingly, x(5;, @,) = 0 unless 9, and @, have identical
generalized cyclic type, and if 9, and @, both have

generalized cyclic type (i1, jos - - -, jms Kis Koo ooy Kngs
L, b, ..., 1), then

%@ m) = I Gotr) IT ko T ey (a3)
7=1 2=1 F=1

(25) F. Harary, “Graph Theory,” Addison-Wesley, Reading, Mass.,
1969, p 181,

Since x(9;, ®,) is dependent only on the generalized
cyclic type of 9; and @, and x(;, ®;) # 0 if and only if
7; and ®; have identical generalized cyclic type, the
summation in eq A2 may be changed to one over
the generalized cyclic types of the operations in
V: Ws V’s and W', Let hvjljz..vjm|7(11\'2.-.kn2-1112<..lﬂzﬁ
hv,]ljz...jul.klkz..qug.lllz~~~lu;9 hwﬂ'uz...jnl.klkz...kug.hlz...lua’ and
B g i hikn. g i 1, D€ the number of operations
in V, V', W, and W', respectively, having generalized
cyclic type (i1, jo, - s Jns ks koo ooy kngy by boy o0y Lng).
Then by substituting eq Al and A3 into eq A2 and using
the new summation extending over all generalized
cyclic types of permutations in ¥V, W, V’, and W', we
obtain eq 22.

During the course of this derivation we have as-
sumed that all elements in HYY represent reactions.
For the case V = W, some elements in HYY do not
represent reactions but represent rotation of con-
figuration, and therefore the number of diastereomeric
reactionsis Dy — 1.

Effects of Additional Ring Fusions and Binding to Metal
Atoms upon the Cyclooctatriene—Bicyclooctadiene

Equilibrium’

F. A. Cotton*? and G. Deganello?

Contribution from the Department of Chemistry,
Massachusetts Institute of Technology, Cambridge, Massachusetts
Received May 22, 1972

02139,

Abstract: The hydrocarbons bicyclo[6.3.0lundeca-2,4,6-triene (1) and bicyclo[6.4.0]dodeca-2,4,6-triene (3) have
been prepared by reaction of dilithiocyclooctatetraene with 1,3-dibromopropane and 1,4-dibromobutane, re-
spectively. 1 and 3 could not be isolated pure, but instead 1 was obtained mixed with its tautomer tricyclo-
[6.3.0.027Jundeca-3,5-diene (2) and 3 was obtained mixed with its tautomer tricyclo[6.4.0.027]dodeca-3,5-diene
(4). The kinetics and equilibrium of the 1 — 2 conversion have been studied. The rate constant at 20° (extrapo-
lated from measurements at 34 and 58°)is 1.6 X 10-5sec™!. Assuming a frequency factor of 102 the Arrhenius
activation energy is 24 =+ 1 kcal/mol. At 58° the equilibrium constant, K = [2]/[1], is ~33. The equilibrium
molar ratio 3 :4 at 114° is approximately unity. From pmr spectra and other considerations the probable molecu-
lar structures and ring conformations are deduced. The systems 1-2 and 3-4 react with Fe.(CO), and Mo(CO)s-
(NCCH3); to form a variety of crystalline derivatives, all of which have been characterized as to gross structure

(i.e., connexity of bonds but not conformational details) by ir and pmr spectra.
suitable for X-ray crystallographic studies of structural details, are the following:
()Mo(CO);, (4)Fe(CO)3, (4):M0(CO);, (3)Fex(CO)s, (3)Mo(CO);.

These derivatives, which will be
(Z)FC(CO)a. (2)2MO(CO)2,
Yields of the various derivatives run parallel

to the intrinsic relative stabilities of the tautomers in each of the pairs, 1-2 and 34,

t was nearly 20 years ago that Cope and coworkers*
first studied an equilibrium of the type

a b

(1) Supported in part by the National Science Foundation.

(2) Address correspondence to this author at the Department of
Chemistry, The Texas A&M University, College Station, Texas
77843,

(3) On leave from Centro di Chimica e Tecnologia dei Composti
Metallorganici degli Elementi di Transizione del C.N.R., Bologna,
Italy.

(4) A. C. Cope, A. C. Haven, F. L. Ramp, and E. R. Trumbull,
J. Amer. Chem. Soc., 74, 4876 (1952).

for the case where X = X’ = CH,, i.e., for cycloocta-
triene and its tautomer bicyclooctadiene. They re-
ported that the equilibrium ratio a/b is ~6 at 80-100°.
More recently, Huisgen and coworkers® reinvestigated
this system (for which they found a ratio of ~8 at
60°) and 11 others with a variety of X and X’ groups.
Variations in X and X’ were found to influence the
ratio greatly, changing it over a range of ~10%  Huis-
gen and coworkers considered several factors which
might be expected to influence the position of equilib-
rium, but concluded that no entirely satisfactory expla-
nation for the observed facts could be found within the
framework of their considerations.

(5) R. Huisgen, G. Boche, A. Dahmen, and W. Hechtl, Tetrahedron
Lett,, 5215 (1968).
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