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NMR Study of Equilibrium Intermolecular Exchange Processes Involving
Univalent Organometallic Groups of the Type R, M, Containing an Atom
of a Heavy Non-transition Metal from Periods V and VI

L.A.Fedorov, A.S.Peregudov, and D.N.Kravtsov

The results of NMR studies of intermolecular exchange reactions accompanied by the rupture of a metal - carbon or metal -
heteroatom bond for the case where the role of the metal is played by a univalent organometallic group containing a heavy
non-transition metal as central atom have been systematised. The bibliography contains 146 references.
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I. INTRODUCTION

Exchange reactions of type (1) represent one of the
most widely encountered types of chemical transformation,
characteristic of inorganic, organic, and organometallic
com pounds :

AX 4+ BY = BX 4-AY . (1)

In the field of organic compounds, the exchange reac-
tions include replacement at a carbon atom, and hydrogen
exchange'™. 1In the field of inorganic compounds,
exchange reactions include ligand exchange at a metal or
non-metal atom, where the ligands may be anions or neu-
tral molecules®. A specific feature of exchange reactions
in inorganic compounds is that, since many metal com-
pounds are insoluble in aprotic organic solvents, ligand
exchange is studied in an aqueous medium, and the mate-
rials studied have been mainly complex compounds®™®,
Finally, for organometallic compounds of non-transition
and transition metals, exchange reactions (1) involve chiefly
intermolecular transfer of the organometallic groups from
one ligand to another with the rupture of metal-carbon or
metal-heteroatom 0- or (7-) bonds.

The present review deals chiefly with exchange reac-
tions of the type:

R,MX 4 R M*Y Z R,M*X 4+ R MY , (2)

where RnM and RjM are univalent organometallic groups.

The choice of this process is determined by the follow-
ing considerations. Exchange reactions of type (2) in
organometallic derivatives of EH-acids (where the anionic
residue E contains as connecting atom the elements C, N,
0, S, etc.) formally resemble hydrogen exchange in the
EH-acids themselves:

HX -+ H*Y 2 H*X 4-HY . (3)

In both cases there is intermolecular exchange of
species of cationic type. The specific feature of this
exchange is that both RnpM and H are able to act as
unshared electron pair acceptors, exhibiting a greater or
lesser coordinating power, depending on the nature of the
partner. The lability of M ~X bonds usually decreases

with decrease in their polarity. It is therefore appropri-
ate to determine the specific features of the migrating
power of organometallic groups compared with the hydro-
gen atom with the minimum difference in the polarity of
the corresponding bonds. This condition is satisfied to
the greatest extent by the heavy non-transition metals of
periods V and VI. Unlike the metals of periods OI-1V, the
heavy non-transition metals form bonds of low polarity,
and the electronegativity differences between them and the
hydrogen atom are appreciably smaller than those between
the hydrogen atom and the metals of the higher periods.

In this connection, the present review deals with the
intermolecular exchange of univalent particles of cationic
type, containing heavy non-transition metals of periods V
and VI,

In the analysis of reactions of type (2) it is possible to
concentrate attention on the dynamics of either the anionic
or the cationic groups. In the first case, the exchange
reactions (2) and (3) can be divided into three types '°:

metal-metal M -M*) exchange;

metal-proton (M ~-H) exchange,

proton—proton (H-H*) exchange.

In the second case, reactions (2) can be classified as
follows:

exchange of the carbon-carbon type (C,C-exchange of
organometallic groups);

het eroatom —heteroatom exchange (N,N-, O0-, S S-,
etc. exchange);

carbon-heteroatom exchange (CN-, C,0-, CS-, etc.
exchange).

The chief method of studying exchange processes in
many cases is by NMR ™", which makes it possible to
obtain the quantitative characteristics of exchange reactions
and to analyse the mechanism by which they take place.

The “popularity” of NMR is related to the fact that exchange
reactions of the type being considered often take place at
rates commensurate with the time scale of this method.
Even in those cases where the rate of exchange is low on
the NMR time scale, the method makes it possible to deter-
mine the composition of the reaction mixture without
resorting to preparative isolation of the components.
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In recent years, NMR has been widely used to study the
migrating power of organometallic groups in exchange
reactions of type (2), and in particular to study exchange
in which RnpM = R/M. In this case the NMR method
makes it possible to study exchange reactions both for non-
degenerate exchange (X # Y) and for degenerate exchange
(X =Y). Inthe case of non-degenerate exchange (2),
evidence of the process may be provided by the changes in
the shielding of the groups R of RpM, which should in
principle bedifferent. Inthestudy ofdegenerate exchange,
the shielding of the groups of the group R will not change
in the course of the exchange. If however the metal con-
tains isotopes having half-integral spin, and the substituent
contains indicator atoms or groups of atoms, it is possible
to reach conclusions regarding the characteristic features
of the exchange (2) from the presence or absence of spin-
spin coupling between them and the nucleus of the metal
atom.

Most discussion in the literature has dealt with the
spin-spin coupling of the nuclei of the metal with a proton
in the fragment M-E-C-H (where E = O, §, N) in organo-
metallic derivatives in which the M —E bond is the most
labile part of this fragment. However, although the
existence of spin—spin coupling in this fragment makes it
possible to conclude that intermolecular exchange is slow
(on the NMR time scale), the absence of this type of inter-
action in the NMR spectrum (without special search for it
under conditions of slow exchange) is not a strict indication
of a fast reaction.

I. INTERMOLE CULAR EXCHANGE OF THE METAL -
METAL TYPE TAKING PLACE WITH THE RUPTURE OF
METAL-CARBON BONDS (C,C-EXCHANGE OF ORGANO-
METALLIC GROUPS)

Intermolecular exchange processes accompanied by
the rupture of an RpM —C bond and the formation of a new
bond of this type have been most widely studied for
M = Cd™ % and T1®®' and to a lesser extent for
M =Hg?*™*. For other metals, only fragmentary data
are available.

1. Exchange in Derivatives of Metals of Group IIb

In a series of organic compounds of the group IIb metals,
the exchange reactions being considered can be represented
in general form as follows: )

RM,—R’ - RM;—R" 2 RM,~R’ + RM,—R’ . (4)

Degenerate intermolecular exchange M;#M,, R’ =R""),
accompanied by the rupture of M~C bonds, has been most
widely studied for the methyl derivatives of cadmium
(reaction (4), M; =M, = Cd and R =R’ =R" = CH;)'*"**
21,2436-3% 1t has been shown that under certain conditions
(medium, temperature, concentration) the exchange reac-
tion (4) in (CH;)2Cd takes place at rates comparable with
the NMR time scale, that this reaction shows second-order
kinetics (in ether), and that its activation energy is
15.6—17.0 kcal mole™" (in toluene) or 5.6-7.0 kcal mole™*
(in THF, triethylamine, ether). The reaction rate
increases considerably when basic compounds are added to
solutions of (CHs);Cd in inert media.

A study of the '"H NMR spectra of diethyl- and di-iso-
butylcadmium in toluene and pyridine ™ revealed '**1**Cq
satellites, which became slightly broader with increase in
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temperature, again possibly indicating that the exchange
reaction {4) takes place in these compounds.

In contrast to the case of the dialkyl compounds of cad-
mium, the 'H NMR spectrum of (H.C=CH),Cd, because of
rapid exchange, does not show **'**Cd~C~"H spin-spin
coupling in ether and hydrocarbon media®?, At the same
time, 1Y1°Cd-C-'°F satellites are observed for solutions
of (CF3).Cd in THF, indicating fairly slow exchange (4) in
this compound <.

In contrast to the cadmium compounds, the complete
organometallic mercury compounds R;Hg and RHgR ' show
¥9Ho_C-'H (R = CHs, C:Hs, CeHsCH,, H.C=CH, etc.)* ™,
99Hg-%C,*™ and “*Hg~-C-"F (R = CFs, C;Fs, F,C=CF,
etc.)*®* spin—spin coupling over a wide range of condi-
tions. This feature is evidently related to the high sta-
bility of the Hg—C bonds with respect to exchange in these
compounds.

The Hg—-C bond is activated by including, in symmetri-
cal organo-mercury compounds, multiple bonds in the S-
position relative to the Hg—C bond®?, A 'H NMR study of
(CsHs)2Hg at room temperature and lower temperatures in
weakly solvating solvents revealed rapid intermolecular
exchange of CsHsHg groups from one CsHs group toanother *°,
The rate of the process increases sharply with increase in
temperature and (or) increase in the solvating power of the
solvent:

CeHs < R20 < CsHsN <DMF < DMSO .

The earliest studies of non-degenerate exchange reac-
tions in organic derivatives of group IIb metals by NMR
were carried out by Allred and M cCoy **’"" for various
mixtures of the type (4) M1 = Cd, M2 =Zn or Hg, R=R'=
R'' = CHs). These and subsequent studiesg !®:2°122,2452
revealed the main characteristics of these non-degenerate
C,C-exchanges of organometallic groups. It was sug-
gested '*’"7 that the averaging of the shielding of the methyl
groups, observed in mixtures of dimethylcadmium and
dimethylzinc, is due to the rapid exchange of CHsM groups
from one methyl group to another. The order of this
reaction in all solvents except ethyl ether is 1.7 + 0.3, and
its rate is independent of the dielectric constant of the sol-
vent, but depends on its dor»r power. This indicated that
ionisation is not the rate-determining stage of the exchange
reaction (4). When one of the components of the system is
dimeth_;zlm ercury, the exchange is slow on the NMR time
scale!"18,

Thus in alkyl derivatives of the group IIb metals, the
reactivity of the M-C bonds in intermolecular exchange
increases in the order: Hg-C < Cd-C < Zn-C.

Another illustration supporting this conclusion is pro-
vided by data for RzM + R{M mixtures M = Cd and Hg).
Thus a "*Cd NMR study of an equimolar (CHs).Cd +
(CH3CH,),Cd mixture showed ® that the spectrum contains
three 'Cd {'H/ signals with intensity ratio 1:2:1; the
central signal corresponds to the mixed derivative
CH3;CdCzHs. This indicates that the rupture of the Cd-C
bond is slow on the NMR time scale.

The NMR data for R;Hg + Rs'Hg mixtures (R'= C¢HsCH,
R" = CHs or CéHls; R’ = CHs, R" = CsH; or CFs, etc.)
indicate that the exchange leading to the formation of the
compounds R"HgR "’ can take place only when the corre-
sponding mixtures are heated for a long time at a high tem-
perature®.

The dependence of the reactivity of the Cd-C bond in
non-degenerate exchange (4) on the nature of R has been
studied®, Thus forM; = Cd, M; =Zn, andR =R’ =R''=
CH, = CH, the M-CH=CH; 0-bond is more labile than the
M-CHs bond. A similar conclusion follows from the
study of this reaction for M; =M, = Cd and R = R’ = CHs;
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R" = CH,=CH; orR =R’ =H,C=CH; R" = CHs.

2. Exchange in Derivatives of Group III Metals

Exchange reactions in organic derivatives of group III
metals can be represented in general form as follows

(5)

R:M—R -+ RyM%—R* = R,M—R* +4- R;M*—R

Degenerate exchange in compounds of this type has been
studied in most detail for trimethylthallium *%", At low
temperatures the '"H NMR spectra of solutions of (CHs)sT1
in CH:Cl; or C¢DsCD3 show two signals of equal intensity,
due to the splitting of the methyl protons on the thallium
isotopes. With increase in temperature these signals
become broader and merge, indicating that T1-C bond
rupture is fairly frequent on the time scale of the method.
The reaction is of approximately second order, and its
activation energy is 6 + 1 kcal mole™" in CH»Cl; and 6.3 *
0.5 kcal mole™ in CeDsCDs. When C¢DsCD; is replaced
by the solvating solvents (CHs):O and (CHs)sN, the rate of
exchange decreases slightly®. It is suggested ¥ that the
mechanism of this intermolecular exchange involves the
formation of a dimeric transition state.

Reaction (5) was also studied by ‘H NMR for (CzHs)sT1
and (CeHs)sT1.#’¥  For (CeHs)sT1, the following order of
decrease in the exchange rate with increase in the solvating
power of the medium was established:

CH.Cly > CgDe, (CHy); 0 > (CHg)y N,

Non-degenerate C,C-exchange involving groups con-
taining indium or thallium has been comparatively little
studied. Thus the formation of compounds of the type
R.TIR’ and RTIRZ in RsT1 and R4 T1 mixtures has been
detected by 'H NMR for R = CH; and R’ = C;Hs. At room
temperature, the exchange is rapid on the NMR time
scale, whereas at low temperatures in CH2Clz the indivi-
dual spectra of all possible compounds are observed®.
NMR data have also been obtained for the exchange of
groups in the system (CHs)T1+ (CHs):T1(HC=CHz) +
CHsT1(HC=CH;);.¥ The study of the last process estab-
lished that the exchange of vinyl groups is more rapid than
that of methyl groups.

NMR data ** ' make it possible to reach conclusions
regarding the limits of stability of T1-C bonds in exchange
reactions. Thus the 'H NMR spectra of R:TIX, where X
represents electronegative substituents, at room tempera-
ture in different media show ®*/25T1-C-'H, ®*/25T]-C-~
C'H, and ®*/®>T1-°C splitting, indicating that the T1-C
bond is stable under these conditions. This was con-
firmed ® by a study of (CHs);TIX + (C,H;)TIX mixtures,
which showed that the system does not contain mixed deri-
vatives (CHs)(C.Hs)TIX.

Exchange with rupture of T1-C bonds is not observed
in various compounds of the type (CHs):T1-R, where
R = C=CCeHs or CsHs.*®”! There are few data on exchange
reactions in derivatives of other group IIIl metals. The
intermolecular exchange (5) for M, = In and M; = Ga
(R =R’ =R'" = CHs) is rapid on the NMR time scale even
at —65° in toluene®®. A study of exchange in a (CHs)sIn +
(CHs)sAl; mixture in toluene® showed that the rate of this
process depends on the reagent ratio but is independent of
the concentration. This indicates that the reaction is not
bimolecular, and that the exchange is preceded by the con-
version of the (CHg)gAl dimers into monomers, which
limits the overall process.
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3. Exchange in Mixtures of Derivatives of theMetals of
Groups II and III

C,C-exchange of organometallic groups in mixtures of
the alkyl derivatives of metals of groups IIb and III by NMR
was first studied by M cCoy and Allred . In mixtures of
(CHs)2Cd and (CHs)sAl in benzene at room temperature,
methyl groups are exchanged (reaction (6), M: = Cd,
M:=Al, R =R’'=R"= CHs):

RM;—R’ 4 R,;M;—R" Z RM;~R"+RM;—R’ |

(6)

Important kinetic and thermodynamic data were
obtained®® for the case where R = R'=R'’ = CHs,
M, = Cd, and M, = In or Ga. In most cases the reaction
is bimolecular, and (CHs),Cd exchanges with (CHs)sIn more
slowly than with (CHs)sGa. ForR =R'=R" = CHj and
M; = Cd, M, = Ga or M; = Zn, M; = In,® the rate of
exchange decreases with increase in the coordinating power
of the solvent.

4, Exchange in Derivatives of Group IVb Metals

M-C bonds, where M = Sn and Pb, are much more
stable than the bonds formed by these metals with hetero-
atoms. Intermolecular C,C-exchange of organometallic
groups in a series of organotin and organolead compounds
has been detected by NMR only under catalytic conditions .

Under ordinary conditions, the NMR spectra of organo-
tin and organolead compounds show *M~C -'H (*M = '°gn®"~
67 and Z)7Pb’68,69) *M_13C (119Sn,70—72 Z)7Pb 704,73 ,’74)’ *M“C"
YF (1°Sn,® #"Ph ™), etc. spin-spin coupling, indicating
that the M—C bonds are stable on the NMR time scale.

One example of exchange accompanied by the rupture of
an Sn-C bond is known, however: broadening of the sig-
nals of the ''""''*Sn satellites is observed’® when
(CH3)sSnC=CCFs is dissolved in hexamethylphosphortri-
amide.

5. Mechanism of Intermolecular C ,C-Exchange

The available data on exchange reactions accompanied
by the rupture of metal-carbon bonds and subsequent
intermolecular C,C-exchange of organometallic groups
from one group to another can be summarised briefly as
follows (Table 1).

1. All C,C-exchange reactions studied are bimolecular
for derivatives of metals in groups IIb and OI and for mix-
tures of group b and OI derivatives /107182222533 = mpe
only exception is exchange in the (CHs)sIn + (CHs)sAl, sys-
tem, in which one of the reagents is a dimer 2,

2. C C-exchange takes place in derivatives of metals
of groupsITb (Cd) and III (In, T1) and is practically unknownfor
metals of group IVb (Sn, Pb). For isostructural com-
pounds in non-solvating solvents, the reaction rate is
greatest for group III derivatives and lowest for deriva-
tives of group IIb metals, and is intermediate in mixtures
of compounds of metals of groups b and IOI. =

3. The rate of C ,C-exchange is increased by solvating
solvents of basic character in the case of group IIb metals
(Cd) and decreased for group III metals (In,T1) or mixtures
containing a group III meta] 18721242077
,/H’\\

» SR o

- N Cs e e ~
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4. For organometallic derivatives of metals of groups
IIb and IOI with identical groups- but different metals, the
rate of C ,C-exchange decreases on going from compounds
of metals of period V (Cd or In) to compounds of metals of
period VI (Hg or T1)!""#22:2°  Ror derivatives with
identical metals but different groups, the rate of C,C-
exchange increases on gomg to groups with more nucleo-
philic carbon atoms #

Table 1. Data on the intermolecular C ,C-exchange of
organometallic groups in a series of methyl derivatives of
non-transition metals of periods V and VI: (CHa)p-;M{CHs+
(CH3)m-:MLCHs = (CHa)n- M,CHs + (CHs)m-1M$CHs.

M M n m Solven Ea. A%, l 57,

* ' t kcal mole-lkcal molel e.u. Refs.
Cd Cd 2 2 —_ 15.7 — —9.8) 2t
Cd Cd 2 2 THF 6.8 —_ —28.3] 2
G | cd 2 | 2 | (CHa)N 6.9 - i I
G |{cd 2 | 2 | (G0 5.6 — 3 | 2
G {zn 2 | 2 | cyclo-CoHyuCH, 17.0 | 16.4 |—3 20
Cd Ga 2 3 cyclo- C;H;4 6.7 8.1 |—17 20
Cd | Ga 2 | 3 | cHCl 7.3 6.7 |—19 |
Cd Ga 2 3 toluene 7.0 6.4 [—-23 20
Cd In 2 3 CHyClg 8.4 7.8 |—14 20
Zn In 2 3 | CHCl, 5 — — 24
Zn  {In 2 | 3 | (GH)NO 9.4 85 |—14 | 2
Zn | In 2 3 | (CiHy)s 16.3 15.7 |42 |
In Ga 3 3 5 — — 62
Tl Tl 3 3 CH,Cly 6 — — 27
Tl TI 3 3 | toluene -a-dy 6.3 — — 27

The basic hypothesis regarding the mechanism of
intermolecular C,C-exchange in the reactions being con-
sidered usually assumes that the transition state has a
four-unit structure 17 ?'8:2 22:2,27,35

Evidence in support of this suggestlon is provided by

~ the bimolecular character of all reactions for which the
concentration dependence has been studied, and also by
the negative entrgpy of activation of most exchange reac-
tions (Table 1)®

The ease of formatlon of a cyclic transition state with
delocalised bonds should be influenced significantly by the
coordinating power of the metal atom and in particular by
its ability to form cyclic assocmtes This is due to the
fact that the organic groups R’ and R" and the non-transi-
tion metals M, and M;, following Henold and coworkers
can be regarded as Lewis bases and acids. On the other
hand, a cyclic transition state is a structure intermediate
between real or hypothetical cyclic associates:

R R\

/ /M, M'\R"’ M,
Exchange between them must involve the overcoming of an
energy barrier, the height of which determines the ease of
formation of a cyclic transition state with delocalised
bonds. For hydrogen-bonded associates, increase in the
energy of the hydrogen bonds is accompanied by a decrease
in the height of the barrier, and the state of the system
approaches a state with delocalised bonds ™", An ana-
logous phenomenon should be observed for organometalhc
associates with increase in the intensity of coordination
interactions. Thus the stable dimer of trimethylaluminium
corresponds structurally to a cyclic transition state with
delocalised bonds for exchange between two trimethylalu-
minium molecules ™®
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It may therefore be expected that the ease of formation
of the transition states (I)-(III) and the rate of exchange
reactions will increase with increase in the coordinating
power of the metal atom and the donor power of the groups
R, including the case where assocxates are not formed in
the solution of the compound RmM."' Thus for example
the order of change in the rate of exchange:

Zn+-Cd>Cd 4 Cd > Zn+-Hg, Cd + Hg, Hg+ Hg:
In+Zn>In+4 Cd;
Ga+In>TI4 Tl

in methyl derivatives (CHs)mM (m = 2 or 3) corresponds to
the decrease in the acidity of the non-transition metals in
isostructural compounds with increase in the period num-
ber #7% and also to the decrease in the ability of the struc-
ture to change from the normal configuration to that
realised in the transition state The increase in the
rate of exchange on going from methyl to vinyl compounds
M = Cd? or T17) is due to the greater ease of formation
of transition states in the case of vinyl compounds due to
the participation of the 7-electrons of the vinyl group.

The available data on the influence of the medium on the
rate of exchange reactions can also be explained if account
is taken of the fact that in solvating media the compounds
R:M (M = Cd, Hg) and RsM (M = In, T1) are in the sol-
vated state. The fundamental differences found in the
analysis of C,C-exchange between compounds of the metals
of groups ITb and II are evidently related to the following
feature.

As a result of solvation (B is 2 unidentate solvent of
basic character)

RM+ 2B RM - B+ BRM- 2B
RsM+BZRM-B

derivatives of group IIb metals, which have two vacant
orbitals, form solvates of two types, whereas compounds
of group III metals with one vacant orbital form only one.
The solvates R;M.2B and R;M.B with completely blocked
vacant metal orbitals evidently cannot undergo exchange
reactions because of the negligibly low acid strength of the
metalst. At the same time the solvate R:M.B* may be
more reactive than R2M, since solvation leads to an
increase in the basic strength of the group R,® and in
addition the vacant metal orbital required for the formation
of the transition state (IV) is preserved:

R‘\ /9 <‘ /R
/ \B"/ \

v)

1"

Thus in solvating media the rate of exchange is limited
by the formation of the transition state (IV) in the case of
RzM, and by the decomposition of the solvated species
RaM.B in the case of RsM. This last feature also applies
to exchange in mixtures of derivatives of the metals of
groups IIb and I, where the rate decreases in solvating
solvents #

tAn example is provided by the complex (CHs)Cd.

[(C2Hs):NCHCH2N(C2Hs)2], in which both vacant orbitals
of cadmium are blocked, and which, because of its sta-
bility, can be isolated in the crystallme state®. These
features explain why the 'H NMR spectrum of a solution of
(CHs)Cd in tetramethylethylenediamme clearly shows
satellites due to '*""***Cd-C~H spin-spin couplmg, indi-
cating slow exchange of the methyl groups
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Io. INTERMOLECULAR EXCHANGE OF ORGANOMETAL-
LIC GROUPS TAKING PLACE WITH METAL-HETERO-
ATOM BOND RUPTURE

1. N,N-Exchange of Organometallic Groups

10 587 ,88 89-94

For most metals except mercury and tin s
there are comparatively few published data on the NMR
spectra of compounds containing the fragment RyM-N<
which might give an indication of the range of lability of
these bonds in exchange reactions of the type

R,M—NR'R" 4- R,M*—N*R'R" =~ R,M—N*R'R" + R, M*—NR'R" , (7)

For mercury derivatives, there were until recently only
fragmentary data on N,N-exchange of organomercury
groups. Thus for CHsHgN(CFs)z, “*Hg—N-C -'°F spin-
spin coupling was not detected, and this can be attributed
to exchange of methylmercury groups between different
N(CF;), groups &,

Exchange reactions have been studied  in organomer-
cury derivatives of substituted N-methylbenzenesulphon-
amides. In these compounds there is relatively rapid
N,N-exchange of arylmercury groups (7) (RnM = ArHg,
NR'R" = N(CH3)80:Ar’). The reaction rate increases
considerably with increase in the concentration of the
organomercury derivative and decreases slightly when the
solvent chloroform or chlorobenzene is replaced by the
solvating pyridine,

Electron-accepting substituents in the arylmercury
group increase the rate of the N,N-exchange of the aryl-
mercury groups, and electron-donating substituents
decrease it:

4-(CHy), NCoH <2 2/4.5-(CHy)y CoH, << 4-CHOC,H, < CoHly < 4-CICsH, < 34,5-CliCotly.

These results indicate'’ that in sufficiently inert media,
the mechanism of the N,N-exchange of arylmercury groups
(7) is associative in character and is accompanied by the
formation of a cyclic transition state (structure (V),

RnM = ArHg, R’ = CHs, R" = SOAT’).

R R"
P
>
R,.M\ /MP\,l :
N
R''<? \R'
V)

In the 'H NMR spectra of various compounds of the type
R.TIN(CHa)z, the N(CHas)z group corresponds to a triplet
signal, indicating splitting of the methyl protons not on
one but simultaneously on two equivalent thallium nuclei®™**,
This proves that this compound is dimeric in solution
(structure (V), RnM = R.T1, R’ = CHs) and that the T1-N
bonds are stable on the 'H NMR time scale.

The N,N-exchange of organometallic groups has been
studied to a slightly greater extent in organotin derivatives.
A study of the "H NMR spectra of 20% solutions of organo-
tin derivatives of diethylamine RsSnN(C:Hs)2 in CCls at room
temperature revealed spin—spin coupling of the !/1%p
nuclei with the CH: protons in the diethylamino-group,
indicating that the Sn—N bond has a fairly long lifetime
It was later found, however, that the '"H NMR spectrum of
(CHs)sSnN(CHs)z, studied in the absence of solvent, does
not show /1% _N-C - 'H spin-spin coupling either at
room temperature or at —=50°** (or even at —68°°¥). The
most acceptable explanation of these results is that there
is rapid exchange of the organotin groups between the
dimethylamino-groups (reaction (7), RpM = (CHi)Sn,

89,90
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NR'R" = N(CHs);). '*"/*%§n-N-C-'H spin-spin coupling
was subsequently observed® in the '"H NMR spectra of 20%
solutions of RsSnN(CHs)z in benzene.

The temperature dependence of the form of the signals
due to /18y - N—-C-'H coupling has been studied*2.
Comparison of the temperatures at which the signals of the
tin satellites merge for different compounds revealed the
influence of the nature of the organic group, attached to the
tin atom, on the rate of exchange:

(C4Hy)s SnN (CHy), << (CoHg)s SnN (CHg)p <C (CHs)y SnN (CHg)y &

In the compounds (CHs)SnN(CHz)n with heterocyclic
N(CHz)n groups, *Sn—-N-"C spin-spin coupling was
observed™ only for # = 5 or 6, but not for # = 2-4, indi-
cating that the Sn~N bonds have a comparatively short
lifetime.

In a discussion of the mechanism of exchange accom-
panied by the rupture of Sn-N bonds *, it was suggested
that this exchange is a bimolecular process, involving the
formation of intermediates of type (V) (RnM = RsSn).
Evidence in support of this is provided, for example, by
the dimeric structure of the compound (CHs):SnN(CHz), in
solution %,

2. 0,0-, S8-, and O,S-Exchange of Organometallic
Groups

Reactions of this type in the series of compounds being
considered can be expressed as follows (E =0 or S):

R,M—ER’+ R, M*— E*R' 2. R M~ E*R’'- R M*— LR’ (8)

They have been studied in most detail for organotin com-
pounds *°** 7*°2 and less fully for derivatives of mercury 3~
105 , thallium 28,96 ,106—108, and lead 10211095110
Thus a study of solutions of the compounds CsHsHgOR '

did not detect *’Hg~O~C —'H spin-spin coupling in any
case'®®, indicating that in CH,C), at 33.5°, 0,0-exchange
of phenylmercury groups from one OR' group to another is
fairly rapid on the 'H NMR time scale (reaction (8),
RnM = C¢HsHg, E = O). It was suggested that the reac-
tion mechanism involves an associative scheme with the
intermediate formation of dimers of type (VI), where
E = 0 and RhM = C¢HsHg.

R

|

B
R,,M\E OMR,
)]

A 'H NMR study of the phenylmercury derivative of
toluene-w-thiol '°* showed that the spectrum of solutions
of this compound does not show **Hg—S-C -'H spin-spin
coupling at —~40° (in chlorobenzene or pyridine) or even at
—~110° (in a CHxCl, + CHCls mixture), indicating fairly
rapid S,S-exchange of the phenylmercury groups (reaction
(8), RnM = CeHsHg, ER’ = SCH:CeHs). Similar results
were obtained in a study of the S S-exchange of organomer-
cury groups in mixtures of the compounds t-C4HsHgSCHs +
t-C4HoHgSCH(CH3)CeHs. '™ In this case the rate of the
S S-exchange of the organomercury groups in relatively
inert media is so great that the rate of this bimolecular
process can be decreased only at ~ -140°,

Data on the 0,0~ and 8§ ,S—exchan§e of organothallium
groups R2T1 have been published#®/*"%7%8 " At room
temperature the 'H NMR spectra of many compounds of the
type (R2TIX); (structure (VI), RnM = R;T1), the signals due
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to the spin—spin coupling of the protons of the R groups
with *T1 and #*®T1 nuclei are broadened considerably and
often are not resolved.

With decrease in the temperature of a solution of
[(CHs)-TIOCHs ] in C¢DsCDg, %/ the '"H NMR spectrum shows
broadening of the signals of the CHaT1 groups. With
further cooling of the solution below —10°, however, the
signals of the methyl protons again become narrow and at
—-60° acquire the same form and width as at room tempera-
ture. A characteristic feature is that the ®*'2*T1-C-'H
spin—-spin coupling constant is the same at +39° and at
—-60°. Inthe discussion of this phenomenon, the authors
of Refs. 96 and 103 examined several possible associative
exchange mechanisms, which reduce to the same form of
exchange between the dimeric and monomeric state of the
derivative being analysed.

For the compounds RsMER' (M = Pb, Sn; E =0, S) the
exchange reactions with the rupture of M-O bonds have
been least studied for the lead derivatives. Thus the
'H NMR spectra of solutions of RsPbOR' in CCly **° do not
show ®"Pb-O-C~'H spin-spin coupling. Similar results
were obtained in Ref,110. Davies and Puddephat '*° sug-
gested that this phenomenon is related to rapid exchange of
organometallic groups from one OR' group to another.

A study of the '"H NMR spectra of organotin alkoxides
of the type RsSnOR ' in CCL at room temperature® did not
detect "/11%Sn-0-C~'H spin-spin coupling. It was sug-
gested that this result is due not to exchange but to the
ionic character of the Sn-O bonds. Subsequent tempera-
ture studies of the '"H NMR spectra of a number of organo-
tin compounds containing an Sn-O bond**”'*! made it
possible to observe this spin—spin coupling and hence to
establish that the absence of "'"""''*Sn satellites from the
NMR spectra of RsSnOR' derivatives in a number of cases
is due not to the ionic character of the Sn—-O bond but to the
rapid exchange of the organotin groups from one oxygen
atom to another (reaction (8), RnM =RsSn, E =0). The
rate of exchange increases in the order ®**:

CH,C (CHy), CH (CgHy)a, CH (CHy)y << CHyCoHs << CoHy << CHa.

It was suggested that the exchange involves a bridged
dimer (VI) (RpM = RsSn, E = O).

The influence of a number of factors on the mechanism
of exchange accompanied by the rupture of Sn—O bonds has
been studied ®®. A study was made of the exchange reac-
tions in compounds (VII); in solutions of these compounds
in benzene, exchange of OR' groups may be accompanied
by inversion of the configuration of the tin atom **

CH, CH,
c,H,-—(':—CHz—s]n—oR'

H, CoHy
R=CHj, -C3H7, t-C4Hg, CgHs

(vi)

The rate of exchange of OR' groups is not equal to the rate
of inversion, that is not every exchange act is accompanied
by inversion of the configuration of the metal atom. The
nature of the group R' has a greater influence on the rate
of exchange than on the rate of inversion. A probable
transition state for both processes may be the dimeric
cyclic intermediate (VII), the formation and decomposition
of which take place with preservation of the configuration of
the metal atom.
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A study of the 'H NMR spectra of the compound
(CH3):SnSCH; in chloroform '*' showed that the signals due
to *'Sn-S—C-"H and "*Sn-S-C-'H spin—spin coupling are
not resolved. Abel and Brady 2, in a study of this com-
pound in a 30% solution in CCly, on the contrary, observed
these signals separately; when even very small quantities
of impurity (such as, for example, acids and thiols) are
present in the solutions, however, the '"’Sn and *°Sn satel-
lites are not resolved; this is due to the catalysis of
reaction (8) RpnM = (CH3)%Sn, E =8, R’ = CHs) by the
impurities.

A number of subsequent })apers give data on the values
of *J(***Sn-8-C-"H)** and %J(*'*Sn-S-"C)™ in RsSnSR’
compounds; the very fact that these data were obtained
indicates that the Sn—N bonds in them have a fairly long
lifetime. In particular, the study of the 'H NMR spectra
of the individual compounds RnMSCH:CeHs or their mix-
tures in chlorobenzene and pyridine at different tempera-
tures (RnM = (CsHs):Pb or (Ce¢Hs)sSn) did not detect any
signs of exchange reactions of type (8).'°% Available data
on the lability of the bonds M--O and M-S are too fragmen-
tary to permit a comparison of the mobility of univalent
organometallic groups with different metals for a fixed
element E or to estimate the influence of the nature of the
element E on the mobility of the organometallic groups of
each type. A systematic examination of this problem was
begun only recently 110214717,

Thus the dependence of the lability of the M—S bonds
in thiophenol derivatives on the nature of the organometal-
lic group has been studied °?'"*’'* for the reactions

R R R R
p o >\ J—
e TN s TN e p e 2N Mgt TN
RM—S—_ SRM-S < RS SR M-S <>
CH, CH, cH, CH, (9)
R R
N S
RM—S—¢ %4 RM—SCH, = RM—S—C S R M—sCiH,
Za S
CH, CH,
R'=H or CHy R,M= R,MR M and R,M*-CHHg,
(CsHs) Pb, (CeHlg)y Sn, (CoHy)y Sb, (CeHly)y Sb (10)

The data '°®**'* on the §,S-exchange of organometallic
groups in these mixtures established the following regular
features: a) the rate of the S,S-exchange increases when
chlorobenzene is replaced by pyridine; b) the increase in
the steric hindrance when a proton as R’ is replaced by a
methyl group is accompanied by a decrease in the rate of
exchange; c) the ability of organometallic groups to under-
go intermolecular exchange in chlorobenzene increases in
the order:

(Cst5)s Sn < (CoHg)g Sb ~ (CeHi)a Pb < CoHgHg < (Coty), Sb +

These regularfeatures arefor themost part preserved*"’
for O,0-exchange of organometallic groups in substituted
phenols:

R,M—OAr + R,M*—O*Ar 22 R, M—O*Ar - R, M*—OAr
RM+#R,Mm; RMand R,M*=C,H,Hg, (C;H;);Pb,

(CeHy)g Sn, (CgHg) Sn . (1 1 )

As in the case of thiophenols, the CsHsHg group has the
highest mobility, and the (C¢Hs)sSn group the lowest mobil-
ity in the exchange reaction (11). The rate of the process
increases both with increase in the electron-acceptor
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properties of the group Ar and when chloroform as solvent
is replaced by pyridine. Steric hindrance, and also the
presence, in the ortho-positions, of substances capable of
intramolecular coordination interaction with the metal, on
the other hand, decrease the rate of the 0,0- exchange
Data obtamed by Kravtsov and coworkers % were inter-
preted on the basis of an associative exchange mechanism
with the intermediate formation of cyclic four-unit transi-
tion states with delocalised bonds:
//R"M\\
S mM> T

3. Exchange of Organometallic Groups Between Halogen
Atoms

In the study of dynamic processes accompanied by the
rupture of metal—-halogen bonds, it is only in the case of
Hal = F that it is possible to use NMR, which can be used
successfully for derivatives of the type M~ER where
E=0orS, and M-NR'R", where E = N or P (analysis of
the form of the signals correspondmg to the spin- spm
coupling *M-*E, *M-E-C- H *M-E-"C, *M-E-'H,
etc.). Thus in a study of the H NMR of the compounds
RsSnF (R = CHs, C.Hs) in methanol solution *®, "H-C ~Sn—
’9F spin~-spin coupling was not reported, although its value

in [CsHsCH(CH; ).CHLESnF, measured later ', was fairly
h1gh (~ 5Hz). The absence of splitting can be attributed
to F,F-exchange of organotin groups:

R,M—X - R,M*—Y = R, M*—X — R M—Y

(12)

In this connection, in the study of halogen exchange in
series of organometallic compounds, extensive use is
made of the examination of the non-degenerate exchange of
organometallic groups in mixtures of compounds with
different halo en atoms (reactlon (12), X # Y = Hal,
RpM = RHg *##9:127122 oy R.Sp 23"28). Another method
makes it possible to study degenerate exchange in the case
where the compound being studied contains a chiral (or
prochiral) atom, inversion at which, detected by NMR, can
in principle be related to reactlon (12) (X = Y = Hal,

RpM = RgSn ete, 1B 21207134y

In the 'H NMR spectra of solutions of individual com-
pounds of the type RHgl and RHgBr (R = CH, 12543
CeHsCHz, * H,C=CH,'® etc.), the satellites due to **Hg—
C-'H spin- spm co ghng are either broadened or com-
pletely abs ent *2 To explain this phenomenon it was
first suggeste that in solutions of these compounds,
fast exchange with rupture of C-Hg bonds takes place.
Subsequent studies showed, however, that there is insuf-
ficient evidence for these suggestions. In particular, it
has been found®® that the C-Hg bond in alkyl derivatives of
mercury is fairly stable and that exchange accompanied by
1ts\rupture cannot take place in fractions of a second.

The study of compounds RHgI *27'29'% ghows that the
broadening in the NMR spectra of mercury satellites is due
not to exchange but to relaxation effectsi. Thus in later

R,M:= [CH,CH (CH,); CHyy Sn, X-=Y=F ,

423120
d y‘:

i The broadenmg of the mercury satellites in CH3HgSCN
has been shown ** to be due to the presence of traces of
CH,Hgl, used*® to prepare methylmercury thiocyanate.

The 'H NMR spectrum of the compound CHsHgSCN,
obtained from methylmercury chloride, did not contain any
sign of broadening of the mercury satelhtes
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studies '?!'?% of exchange in organomercury layers, the

results were interpreted in terms of halogen exchange.

Thus Hatton and coworkers *2, in a study of the 'H NMR
spectra of an equimolar mixture of methylmercury halides
(X =C1, Y =1) in pyridine at room temperature observed
an averaged picture. Similar results were obtained in a
study of the NMR spectra of ternary mixtures (RHgC1 +
RHgBr + RHgl; R = CHs or C¢HsCH,).*® In mixtures of
type (12) for RyM = CHsHg, X = Clor Br, and Y =1 in
DMF, exchange is rapid even at —71°,'%#

The reactivity of organotin compounds R3SnX in halogen
exchange reactions has been studied fairly frequently in
recent years. In discussion relating to the interpretation
of NMR data on halogen exchange in a series of organotin
derivatives, many aspects of the problem became evident—
the complexity of this reaction, and also a number of
characteristic features of the compounds RsSnX, which
distinguish them from other derivatives RnhMX. Up to the
present, however, there is still lack of agreement
regarding the mechanism of this process.

A number of studies of the degenerate exchange of
organotin groups between halogen atoms have been carried
out for compounds of the type R'R’'R*SnHal, in which the
tin atom is chiral (R’ # R” # R*) and the carbon group R*
has a prochiral centre containing groups suitable for NMR
StudngCHs ch C5H5(CH3)3CCH2, CsHsCHa, (CHs)zCHCHz,
etc BLI192 - For these compounds in solution there is
ready rapid 1nversion of the geometric configuration of the
tin atom. There may be several reasons for this inver-
sion: intermolecular exchange of organotin groups between
halogen atoms is the most probable, but not the only
explanation (reaction (12), RpM = R’'R"R*Sn, X = Y = Hal).

The conclusion that the observed phenomenon is of
intermolecular origin is confirmed by the fact that in all
cases, increase in concentration is accompanied by an
increase in the rate of the process. The exchange
involves the tin—halogen bond, since when the halogen atom
in R'R""R*SnHal is replaced by a carbon %roup the dynamics
are no longer recorded by NMR 130,131,137~

Direct proof has been obtained ! for the relationship
between the inversion of the tin atom and the exchange of
the halogen atom in the compounds R'R"R*SnHal. The
NMR study of the compounds (Hal = Cl and I, R* = CeHs.
.(CHa)zccHz, R' = CHs and R” = CsHsCHz) showed that the
rates of intermolecular exchange are exactly equal to the
rates of inversion at the tin atom, and these two processes
possibly take place by the same mechanism.

In a more detailed discussion of the associative mecha-
nism of the exchange of halogens in the compound
R’'R"R*SnHal, accompanied by racemisation of the asym-
metric tin atom two versions were considered **!, with
one or two br1dg1ng halogen atoms:

2

! R” *
RN, R R ‘R
\Tln/ ’l ‘}; - -
! -
Rl T“ EJ/’T/ 1 _a
W3- -
Ri—'{" |‘:\éu
Hal R

which agree with the bimolecular character of the process.

The non-degenerate exchange of anionic residues in the
compounds RiSnX (reaction (12), X # Y, RhM = RsSn)
including the case where at least one of the substituents X
or Y is a halogen atom, has been studied by NMR chiefly
for systems with R = CHs. '@ 250 A NMR study of
mixtures of these compounds (Y = Cl, Br, I) 2 showed
that the rate of reaction (12) for the organotm halides
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changes in the order:
Cl+1<Br41<Cl-+Br ,

Subsequently, several groups of workers made more
detailed studies of the exchange reaction (12) in trimethyl-~
tin derivatives *®7'®*, Thus Redl and Winokur'*, in a
study of this reaction in cyclohexane (X = Cl, Y = I) found
that with increase in temperature from 33° to 95°, the
apparent rate constant of the reaction does not increase,
but decreases8. Moreover, the order of the reaction with
respect to each of the components is different, is not inte-
gral, and changes considerably with change in temperature,.
These results '* indicate that in mixtures of organotin
compounds, the kinetics of reaction (12) are complex.
authors cited believe that different types of associative
equilibria, preceding the actual exchange, may be estab-
lished in the solution:

The

K
2 (CH,),SoBr = [(CH;);SnBrl,

(CH;)3Sn*1 -+ [(CH;),SnBrls = (CH,)ySn*Br 4 (CH,)3SnBr -+ (CHy),Snl » (13)
The rate of exchange is given by the expression:
v= ko [(CHy)sSnl] [(CHy)3SnBr]? = kK [(CHg)gSnl] - [(CHy),SuBr]* (14)

app
Since the experimentally determined order of the reaction
with respect to (CHz)SSnBr is 2.6, it is possible that the
exchange act is preceded by the formation of not only
dimers but also associates with a larger number of units.
Increase in temperature on the one hand should increase
the rate of exchange by increasing #, but on the other hand
will lead to a decrease in the concentration of associates
(decrease in K in Eqn.[14]). If the absolute magnitude of
the last effect is greater than that of the first, the overall
rate of the reaction should decrease with increase in tem-
perature.

Later, a 'H NMR study for RnM = (CH;3)Sn, X = CI, and
Y =1 in toluene ‘* showed that the overall order of reaction
(12) at 27° is approximately three, again indicating a
possible associative mechanism, although the rate of this
reaction in the range from -70° to 30° does not decrease
with increase in temperature, as shown in Ref. 124, but
increases, At higher temperatures, however, the 'H
NMR spectrum did not show temperature reproducibility.
The rate of exchange increases considerably on going from
toluene to pyridine, whereas when Y = I is replaced by
Y = SCeéHs or C=CCeHs, the rate of exchange decreases.
Reaction (12) was subsequently studied for the case where
one of the anionic groups contains a sulphur atom
(Y = SCH: '¥ and SCeHs "),

When X = Cl and Y = SCHs,'¥ the exchange reaction (12)
in methylene chloride is rapid not only on the 'H NMR time
scale but also on the '®Sn NMR time scale, and with
decrease in the temperature of the solution there is only a
slight broadening of the 'H NMR signal. Unfortunately,
the concentrations of the compounds studied were not
reported*?, so that the results cannot be compared with
earlier '® and later (X = C1, Y = SC¢Hs) *°"**! data.

A study of the regular features of the exchange reac-
tion (12) for RyM = (CHs)sSn, X = C1, and Y = SCeHs *!
gave additional information on the mechanism of exchange
reactions involving organotin halides., When the reaction
was carried out in toluene, the “inverse” temperature

§As already noted, a similar phenomenon was
observed *® in a study of exchange reactions in the com-
poundS (RaT 10R ! )2.
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dependence of the rate of exchange was observed, and the
activation energy had a negative value (-2.3 kcal mole™").
The calculated orders of the reaction (2.8 with respect to
(CH3):SnC1 and 1.0 with respect to (CHs)sSnSCeHs) do not
depend significantly on temperature; the entropy of acti-
vation of the process has a high negative value (-62.0 kecal
mole™" K~!). These results indicated that in relatively
inert media the reaction takes place by an associative
mechanism with the intermediate formation of cyclic tran-
sition states:

\’ég/ >én-—--cl\
. ? (:.l (;l §n<
B S 4
P N N AN
‘ AN
(1X) (X)

Since the decisive factor determining the characteristic
features of the associative mechanism of exchange is the
ability of the compounds R3SnX to undergo association in
inert media, a cardinal change might be expected when the
reaction is studied in solvating solvents. In this case the
elementary act of the reaction may involve solvated organo-
tin molecules:

X1

These considerations explain the sharp increase in the rate
of the exchange reaction (12) (RpM = (CH:):Sn, X = Cl, and
Y = I) in pyridine'®, for which the transition state (XX)
was proposed.

The mechanism of the exchange (12) may be even more
complex in solvents of medium solvating power. In this
case the equilibrium RsSnX + B = RsSnX.B may not be dis-
placed very far to the right, and the elementary act may
involve both solvated and non-solvated molecules. This
apparently explains the two-stage character of the changes
observed on going from toluene to tetrahydrofuran for the
exchange reaction (12) withX = Cland Y = SCeHs (RhM =
(CHs)sSn); in THF the rate of the reaction decreases below
-30° and increases at higher temperatures °,

The associative mechanism has been assumed to be the
most probable mechanism of the exchange reaction (12) for
organotin compounds '*"'®,  Two recent papers %2
dealing with exchange reactions (12) (RpnM = (CHj):Sn;

X, Y = Hal, X # Y) explain the results by assuming a dis-
sociative mechanism, including preliminary dissociation
of the organotin halide and subsequent attack by the halide
anion on an undissociated molecule:

. (CHy)gSnX 2 (CHy),Sn+ + X~

(CH,)ySnY ~- X~ = (CHy)ySnX + Y~ (15)

Reaction (12) has been studied in toluene!®., Unfortu-
nately, a detailed kinetic analysis was not carried out, and
the conclusion that mechanism (15) is preferred is based
only on the fact that when small quantities (~ 2 X 10~* M)
of molecular iodine are added to the solutions being studied
a decrease in the rate of exchange is observed, and the
pseudo-first-order rate constant is linearly dependent on
[L]72. It is assumed'® that molecular iodine binds the
halide ions formed on dissociation (15), thus decreasing
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their effective concentration in the solution and hence
lowering the rate of the exchange reaction (the greater
inhibiting action of I on the exchar;ging systems containing
(CHs)Snl, in the authors' opinion '®*, agrees with the
increase in the stability constants of the ionic complexes
[I2X]" in the order I# > LBr™ > LC17).

Ladd and Glasberg'*®, who studied reaction (12) in
chloroform and methylene chloride, favour the ionic mech-
anism on the basis of the fact that with increase in the
polarity of the medium there is an increase in the pseudo-
first-order rate constant. In their opinion, within the
framework of the associative mechanism of exchange,
change in the polarity of the medium should not have such
a marked influence. Various thermodynamic characteris-
tics of this reaction have also been determined'®. In
particular, it has been shown that the exchange has a large
negative entropy-of activation and fairly low activation
energies. Moreover, the quantity TA‘ is linearly depen-
dent on the square of the concentration of the components
of the reaction. This last fact was interpreted as indi-
cating that the exchange is of second order not only in the
cases which they studied but also for system (12) for
X =Cland Y = I, the overall order of this reaction was
found to be three'®,

It may be suggested, however, that the discrepancy in
the conclusions in Refs. 124, 125 and Refs. 126, 128 is due
to misunderstanding and is related to the fact that the
authors of Refs. 126 and 128 used pseudo-first-order rate
constants in the kinetic calculations. Simple analysis¥
shows that detection of a linear relationship between 7 A‘

and [A P by NMR spectroscopy unavoidably leads to the
conclusion that the reaction being studied is of third order,
as confirmed experimentally ',

Proceeding to the discussion of the observations
used as arguments in support of the ionic mechanism of the
exchange reactions (12), it should be noted that these
observations also agree with an associative mechanism for
these reactions. Thus for example the reason for the
inhibiting action of small quantities of molecular iodine
may be that the I molecules, by coordinating to the organo-
tin halides, prevent the formation of associates of type
(IX) and (X). As far as the influence of large quantities of
molecular iodine are concerned, they will act as ordinary
basic additives.

The observed'®® effect of increase in the exchange rate
in the study of the reaction in more polar media, within the
framework of the associative mechanism, can be attri-
buted to an increase in the polarity of the Sn—X bond. In
this case there is an increase in the electrophilic charac-
ter of the metal atom and the nucleophilic character of the
anionic residue and hence an increase in the ability of the
molecules of the organometallic halide to form associates
(IX) and (X). Thus the apparent rate of exchange should

136,138

TThe rate of an exchange reaction involving both mole-
cules of reagent A and molecules of reagent B is given by
the equation: d[A]/dt =Ek[ATBJ™. The lifetime of the
exchanging particle in position A (74) in turn is related to
the reaction rate by the expression#2: d[A]/dt = Tl[A].
Thus 73" = k[AP-'[B]™. Similarly, for 7Tg: g =
R[A]P{B™-!. Thus the experimental determination of the
values of 7o and TR for different values of [A] and [B]
makes it possible to find the values of m and n. For the
case where [A] = [B], it is possible to determine only the
overall order of the reaction m + n: 7' = k[A M-l
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increase in z}polar media. It should be emphasised that the
suggested1 ionisation of organotin halides is unlikely in
inert media. Finally, the ionic mechanism does not
explain either the high and non-integral orders observed

in a number of cases for the reaction being considered or
the inverse temperature dependence of the apparent reac-
tion rate '***

Thus the available facts indicate that an associative
mechanism is more probable for reaction (12) for organo-
tin compounds. It is clear, however, that more rigorous
confirmation of this suggestion requires additional studies,
in particular for the case where the anionic residues X and
Y are halogens.

IV. C,E-EXCHANGE OF ORGANOMETALLIC GROUPS

A number of papers describe the study of the exchange
of organometallic groups between anionic residues 3
including both carbon (R) and heteroatom groups #7134,

R,M*—R'+R,M—X 2 R,M*—X 4-R,M—R’ , (16)

Thus the '"H NMR spectrum of an equimolar mixture of
diphenylmercury and phenylmercury bromide R =R’ =
CeHs, M = Hg, X = Br) in dimethyl sulphoxide® even at
34° shows broadening of the signals of the o7tho- and
me ta-protons corresponding to both compounds, and also
of the signals due to vicinal **Hg-C~C~'H spin—spin
coupling. Since this effect is not observed in the study of
either of these compounds individually, it was concluded
that it is due to fairly intensive C,Br-exchange of phenyl-
mercury groups in the solution.

In a number of organocadmium compounds, reactions of
type (16) can be assumed on the basis of familiar results
of the study of two types of compound—aryl and methyl.

In particular, data on reaction (16) were obtained ** by

F NMR for perfluoroaryl derivatives of Cd (R = R’ = C¢Fs,
X =1). The study of this reaction in various solvating
solvents (DMSO, DMF, etc.) showed that its rate depends
on the nature of the medium.

In connection with the discovery that the rate of
exchange of methyl groups in dimethylcadmium is
increased catalytic quantities of CH;CdOCHs and in general
CH3CdOR", " reaction (16) for R =R' = CH; and X = OR"
was studied by 'H NMR *#7, It was found, however, that
the mechanism is extremely complex and that the tetra-
meric molecules CHsCdOR" **° exert practically no cata-
Iytic influencef. It was suggested®”" that this exchange
process is catalysed not by tetrameric CHsCdOR'' mole-
cules but by small quantities of dimeric or monomeric
molecules. The rate of the process in the presence of
added CHsCdOR" increases in the order®: CgHs0, C:HsO >
CHs0 > iso-CsH;0.

The problem of the dual character of the possible reac-
tion mechanism also arises in the analysis of the NMR
spectroscopic data obtained™® for cyclopentadienyl deriva-
tives of mercury. The data®® indicated that in a mixture
of the compounds (CsHs)-Hg and CsHsHgC1 there is intensive
intermolecular exchange. In view of the familiar lability

T Evidence in support of this is provided, in particular,
by the detection, in the 'H NMR spectrum of a (CHs).Cd +
CH3CdOCHj; mixt/ure, of satellites of the signal of the OCHs
group, due to WABed-0~C~'H vicinal spin—spin coup-
ling™".
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of the CsHsHg bond, however, there are at least two funda-
mentally different processes which satisfactorily explain
the observed results:

C,Clexchange , “ CSH“\ ] q

E—— CsHng\ /HngHs
NV

(C4H;),Hg +- CHyHgCl— - (CsHy),He +

-+ C;HgHgCl

C.Hye,
L |cH, <l

C,C-exchange [ Hg\*C5H5;l ¢ }
In the system studied, C ,Cl-exchange evidently takes place.
The specific features of CsHs—Hg 0-bonds suggest, how-
ever, that the corresponding C C-exchange takes place
simultaneously in the system*®,

For R = CN, the exchange in mixtures (16) is of the
C,E-type only from formal indications. However, since
in the organic derivatives of the transition metals being
considered the RnM-CN bond is appreciably covalent, it is
also appropriate to examine C ,E-exchange for R = CN in
this section also.

The C ,E-exchange of the groups RnM = CH3Hg [see
Eqn. (16)] has been studied ™™ "'?? for R’ = CN and X = Hal
or SR". Inthe case where X = Hal, the systems studied
can be arranged in the following order of increasing rate
of exchange with change in the halogen atom: I < C1 < Br.
A study of the concentration dependence of the rate of this
exchange for X = C1 '#% or SR'' "''°* in DMF showed that
the reaction is bimolecular and of first order with respect
to each of the components. The reaction rate also
increases sharply when DMF as solvent is replaced by
pyridine '#,

Reaction (16) for RnyM = CH3Hg was also studied in
aqueous solutions for R’ = CN and anionic residues X with
different properties *'. Kinetic NMR measurements
showed that for X = OH (at pH > 9), C1, SO3™, and S;057, a
mechanism of anion attack is possible

CH,HECN +- X® = CHHegX 4 CN~ (7

whereas for exchange in the systems with X = OH (at
pH < 9) and CH3sCOO ", the direct exchange reaction (16)
apparently takes place.

From the data obtained, two fundamentally different
routes for the exchange reaction (16) for RnhM = CHsHg
were examined ™. The first assumes the formation of
a cyclic transition state (XI) (RyM = CHzHg, R’ = CN):

X
RM MR
g/
XII

n

whereas the second assumes that the reaction involves pre-
exchange equilibria, in which ions or ion pairs separated
by solvent are formed. The question of the mechanism
was examined in a quantitative study ' of exchange in
system (16) (RnM = CHsHg, R’'= CN) in DMF for a wide
range of substituents X. The observed order of change in
the rate of exchange:

Cl< OCOOH,;<Br< SCN< SCH,< SCoHy < SCgH4Cl-p < SC (CHa)s

does not coincide with the familiar order of increase in the
ionic character of the bonds Hg-X (RS < CN < Br <SCN <
C1 <OCOCHi). Moreover, it was found that the rate con-
stants of the exchange reactions, calculated from the
ionisation constants of the compounds RHgX, are appreci-
ably smaller than the experimental values, particularly for
the case of compounds in which the Hg-S bond is highly
covalent.
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Thus the most probable mechanism of exchange in the
compounds CHsHgX in aprotic solvents is an associative
mechanism, accompanied by the intermediate formation of
cyclic transition states (XII). When both X and R' in (XII)
are substituents containing unshared pairs of electrons
(Hal, SCN, SR''), the rate of exchange is too high to be
observed on the NMR time scale. The replacement of one
anionic group R’ by the SCN group, which is sufficiently
polar but which has less tendency to coordinate to the metal
atom, is accompanied by a decrease in the reaction rate
constant by at least four orders of magnitude, so that the
study of exchange in these systems becomes possible on the
'H NMR time scale. When the second anionic group is
replaced by the SCN group, however, the exchange reaction
becomes slow on the same scale.

V. EXCHANGE BETWEEN ORGANOMETALLIC GROUPS
AND A PROTON, TAKING PLACE WITH RUPTURE OF A
CATIONIC PARTICLE-HETEROATOM BOND (E E-
EXCHANGE WITHIN THE FRAMEWORK OF EXCHANGE
OF THE METAL-PROTON TYPE)

Among the different types of intermolecular dynamics,
the least extensively studied is non-degenerate E ,E-exchange,
in which there is equilibrium exchange of a proton and an
organometallic group:

R,M—ER,, + H—ER,, & R,M—E"R,, +H—ER, (18)

Dynamics of this kind were apparently first observed by
Alcock and Timms ®, when the existence of reaction (18),
rapid on the PMR time scale, was assumed on the basis of
an NMR study of mixtures of acetic acid and organotin or
organolead acetates. It was also pointed out "5 that the
replacement of phenyl groups in RnM = RsSn by cyclohexyl
and isopropyl groups is accompanied by a decrease in the
rate of exchange.

Analysis of published data shows few examples of the
observation of reaction (18) by NMR. For example, the
'H NMR spectrum of a CH;CdOCH; + HOCH3 mixture did
not show two separate OCH; group signals corresponding
to the individual compounds, and this result was inter-
preted as indicating that there is intermolecular exchange
of the OCH; groups .

It should be noted that special NMR study of exchange
processes of the metal—-proton type in mixtures of EH-
acids and their organometallic derivatives began relatively
recently, and these reactions have been studied chiefly in
a comparison with proton—proton reactions in EH-acids
and metal-metal reactions in their organometallic deriva-
tives.

In particular, a comparison of this kind, which made it
possible to estimate the relative mobility of the hydrogen
atom and organometallic groups for the case where E = N
and M = Hg was carried out *° for the case of N-methylben-
zenesulphonamides and their N-phenylmercury derivatives:

M;—N—R + M;—N"-R 2 M;—N*~R+ M,—N-R
(IZHQ CH, CH, tn,
R=YCgH,SO;: Y=ip-Cl, p-NHy; p-NO,, p-CeH;, 0-Cl;

a) M; = Mz = H, proton-proton exchange;

b) M; = Mz = C¢HsHg, metal-metal exchange;

c¢) My = H, M = C¢HsHg, metal-proton exchange.

Analysis of the results showed that in a mixture of
pyridine solutions of these NH-acids and their N-phenyl-
mercury derivatives, the degenerate exchange (19a) and
(19b) characteristic of the individual compounds is accom-
panied by another type of exchange involving the mutual

(19)
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exchange of hydrogen atoms and phenylmercury groups
between the same sulphonamide residues (reaction 19c¢).
The rate of this exchange is extremely sensitive to the
nature of the substituent in the benzenesulphonamide group;
the rate of exchange (19c) increases in the order:

0-Cl< p-CgHy< p-NH,y<lp- NO,<p-Cl

For the system with Y = p-C1 it was found that this
exchange is slightly slower in nitromethane than in pyri-
dine, and much slower in chloroform than in pyridine and
mtromethane It was established' that under certain
conditions the HgCsHs group is more mobile in intermolec-
ular exchange than the hydrogen atom.

A quantitative study of metal-proton exchange accom-
panied by the exchange of an arylmercury group by a
hydrogen atom was carried out'*® for benzenesulphonani-
lides and their N-arylmercury derivatives in a pyridine-
chlorobenzene (2 : 3) mixture:

Y, Y,
N TN - _
ArHg 1;1 & n+H '\J \ / Y, &
R Y/z R v
S
/TN N
@ AN < )i+ H—r\l—> P (20)
R4, R,
R = CsHsSOz;
a) Y2 =CHs; Ar=C¢Hs; Ys =H,; Y, =H, Br, NO,,
N(CHjs)z;
b) Y2 = Ys = CHs; Ar =C¢Hs; Y:; = Br;

¢) ¥s = CHs; Ar =Ce¢Hs; Y = Y2 = Br;
d) Y- =CHs;, Ys =H; Y, =Br; Ar =p-XCgH,,
X = OCHs C1, N(CHy),-

The results show that the rate of reaction (20a) is
increased by electron-acceptor substituents in the aryl
group Y. on the nitrogen atom and is decreased by electron-
donor substituents. At the same time, both electron-
acceptor and electron-donor substituents in the arylmer-
cury group increase the rate of this exchange process. It
was shown for system (20b)*'® that reaction (20) is of first
order with respect to each reagent, and its activation
energy is 11.3 + 1.3 kcal mole™!. It was also demonstrated
that steric hindrance, which increases on going from reac-
tion (20a) to reaction (20b), and to a greater extent intra-
molecular coordination [possible on going from reaction
{(20b) to reaction (20c)], increase the rate of metal-metal
exchange.

All the results indicated that the exchange reaction (19)
is bimolecular and involves the intermediate formation of
the cyclic transition state (XII):

o 0
/N\
Ar——Hg// oH
Rv' AN

(XIIT)

R

‘In a study of exchange between organometallic groups
and a proton, accompanied by the rupture and redistribution
of the bonds M-S and H-S, toluene-w-thiol 2 or substituted
thiophenols and the correspondmg organometallic deriva-
tives 1°21":!1% were used as model systems:

CoHiCH,S*MR,, + CoH,CH,SH 22 CoHSCH,S*H + C;H,CH,SMR,, (21)
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S—H S*~H S—MR,

S*—MR, 3
R \/l\/c”“ N ]\“/ Hy R\ /\/ R'\/'W/CHa (22)
0T U0
S—MR, S—H S—H s—Mr, (23)
(1\1 + Rv\rl \‘/ o /lj R'\/\” CH,
N /‘J \\/’ k/] ‘\/
R'=H, CH, «

It was found that exchange (21) is slow on the NMR time
scale. This feature, and also the fact that the degenerate
exchange of PhHg groups in solutions of CeHsCHSHgPh in
chlorobenzene (8) is rapid, indicate that, as in the case of
compounds containing N—H and N~Hg bonds, the PhHg
group has a greater ability to undergo intermolecular
exchange than the hydrogen atom.

The PMR spectra of the mixtures (22) in chlorobenzene
showed ' that metal-proton exchange is rapid only for
RnM = SbPhy, In all other systems, reaction (22) is slow
on the classical NMR time scale even at high temperatures.
The PMR spectra of the mixtures (23) in chlorobenzene
showed that the organometallic groups and the proton can
be arranged in the following order of increasing ability of
these cationic groups to undergo intermolecular exchange:

PhySa<H<Pin,Pb = Ph,Sb<PhHg<Ph,Sb.

The concentration dependence of the rate of reaction (23)
(RnM = SnPhs;, R' = H) showed that it is of first order with
respect to each component. In addition, the steric hin-
drance arising on going from 2-methylthiophenol and its
derivatives to 2,6-dimethylthiophenol and its derivatives
decreases the rate of exchange. A study of the effect on
the rate of reaction (23) of various factors which influence
radical reactions (ultraviolet radiation, atmospheric oxy-
gen, the addition of phenothiazine as inhibitor) showed
fairly conclusively that this reaction does not take place
by a radical mechanism, It was suggested that metal~
proton exchange takes place by an associative mechanism
including the formation of a cyclic transition state with
delocalised bonds.

//ll\\
s -

SR
The change from solutions of systems (22) and (23) in the
relatively inert chlorobenzene to solutions of the same sys-
tems in pyridine leads to an increase in the rate of metal~
proton exchange (22) only in one case, namely for R' = H,
RpM = PhHg. In all other systems, the reaction remains
slow on the PMR time scale. Thus in pyridine also, the
PhHg group is more mobile than the PhsSn, PhsPb, and
PhSb groups. The effect of an increase in the rate of
metal-proton exchange under the influence of pyridine in
the case of other RpM groups was shown for the case of
reaction (23) (RnM = PhsSn or PhsPb).

Metal-proton exchange taking place with the rupture of

M-0O and H-O bonds was studied for mixtures of substi-
tuted phenols and their organometallic derivatives ''":

ArO*—H -+ AtO—MR,, 2 ArO*—MR, + ArO—H
Ar=2,6-(CH,)y-4-BrCoH,, 2-CH,-4-BrCoH,
9-CHy-4,6-BryCoH,,

2,6-(CHy)y-4-NOCgH,. (24)

Reaction (24) showed the following principal characteristic
features at 33°: a) the PhHg group is the most mobile, and
the PhsSn group the least mobile in intermolecular exchange
both in chloroform and in pyridine; b) increase in the
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electron-acceptor properties of Ar leads to an increase in
the rate of exchange; and c) the change from solutions of
the corresponding systems in chloroform to solutions in
pyridine also increases the rate of reaction (24).

The common features in these relationships and those

previously obtained for M—N and H-N bonds on the one
hand and M-S and H-S bonds on the other suggested that
in the case of M—O and H-O bonds also, metal-proton

exchange takes place by an associative mechanism with the

formation of cyclic transition states with delocalised
bonds, although additional quantitative data are required
for a more detailed study of the mechanism of this reac-

tion.
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