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L INTRODUCTION

The investigation of organometallic compounds is very
important for solving of many theoretical organic chem-
istry problems. For example, the concept of valence has
been developed in the studies of alkyl derivatives of
various metals (Frankland). The existence of free radi-
cals in the gas phase has been proved unambiguously for
the first time by pyrolysis of organolead compounds
(Paneth). The clucidation of tautomerism and multiple
reactivity has been realized mainly by using the
organometallic models (Nesmeyanov).

In the present Report we will discuss the results of an
investigation by means of organometallics of the sub-
stitution reaction mechanisms at carbon atoms in the
various valence states.

The conclusions are of major interest for the
development of general theoretical concepts concerning
clectrophilic and homolytic (in part) substitution at
saturated, olefinic or aromatic carbons.

From the viewpoint of the problems under discussion
the organic derivatives of nontransition metals have been
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various organic derivatives of mercury because of the
advantages of organomercurials as model compounds for
these studies. First of all, they are stable under normal

conditions but have sufficiently high reactivity. Secondly,
the synthetic methods for organomercurials are well
developed and a wide range of these compounds are
available. Finally, the optically active organic derivatives
of mercury (Hg atom is attached to an asymmetric C
atom) makes possible the simbltaneous study of kinetics
and stereochemistry of the model reactions.

2 HMOLECULAR TLECTROPEILIC
REACTIONS AT SATURATED CARBON

The main regularities of electrophilic substitution at a

"saturated C atom were formulated through the employ-

ment of organometallic and predominantly organomer-
cury compounds. Nowadays, various organometallic
compounds, including organic derivatives of transition
metals come within the scope of these studies.

phenylmercary bromide with mercuric
bromide in pyridine were reported by Nefedov et al. The
authors proposed a two-step mechanism, involving the
formation of a symmetrical organomercury compound
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2828
and its subsequent exchange with the inorganic salt:'
2RHgX == R.Hg + HgX,,
R.Hg + igX, = RHgX + RigX.

Further investigation by Reutov ef al. and by Ingold et
al. showed that the reaction occurs as a result of direct

0. A. Reurov

The stereochemistry of the electrophilic substitution,
has been studied at a saturated C atom in the isotope
exchange of cis- and trans - 2 - methoxycyclohexyl-
mercury chloride.” The reactions were conducted in
dioxan, acetone, and isobutanol. Retention of the starting
configuration was observed in every case:

exchange between the reagents, without preliminary +HClz e +HqClz
symmetrization: .
- - CHis0 HgCl CH50 HgCt
RHgX + HgX, == RHgX + HgX
(one-alkyl isotope exchange)
The effects of structure were investigated in the elec- .
trophilic substitution at a saturated carbon in the isotope +HeCl, ———= +HgCl,
exchange between organomercury compounds and A
mercuric halides.>* HgCl HqCl
0
C4HsCHCOOC Hy CoHGHCOOC oHyg
HoBr HgBr
HgBr
i il ]
0
HgBr HgBr HgCl
v \' vi
HgBr CH,CH:?HCH; HgCl
N ¢
OCHjy
vil Vil X

It was found that the a-mercurated oxo-compounds
undergo isotope exchange with **Hg-labelled mercuric
halide under mild conditions (25°, orgamc solvents). 1-
Chlommmuncamphenyione (VD) is an exception. The
remaining organomercuries requirc more enemeuc
conditions (60-120°). The reactivity decreases in the
order: I>IV>T>T> V> VLVILVILIX.

The reactions of the a-mercurated oxo-compounds are
catalyzed by acids and bases. The action of the acids is
evidently due to an interaction between the protons and
the CO oxygens, resulting in a weakening of the C-Hg
bonds:

AN co e H—
/ig:—f-mm:a>cp——-?ﬁ) H—A

'Ihcbasesawelemtemercacuonsbysolvaﬁngthel{x

atoms of the organomercury compounds, which
weakens the C-Hg linkages.

2.1.1 Isotope exchange of the ethyl esters of a -
bromomercuriarylacetic  acids ~ with  mercuric
bromide. Detailed kinetic studies of one-alkyl isotope
exchanges were carried out on the reactions of ethyl a-
bromomercmphenylweme and some derivatives with
mercuric bromide.*"°

Y— © — CH (HgBr)COOE? +HgBr,
Y -@— CH(FigBrICOOEt +HgBry

Thesesystemsallowasmdyofthehnencmﬂmnceof
strucnmlhcmandncompansonottmsmﬂuencewnh
thatobamedmotherreocﬂons,e.g.msymmemmon
{see Section 3.1.1). However, attention was focussed
mainly on the effects exerted on the mechanism and on
the reaction rate by the solvent. The solvents with the
smallest effect on the organomercury compounds were

[ —
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Some aspects of organometaliic chemistry of nontransition metals

of the greatest interest. A solvent of this kind should
have a low polarity and should have no free electron
pairs and no electron deficit. Unfortunately, the above
reactions could not be studied in inert hydrocarbons
which do not have w-electrons (hexane, cyclohexane),
because the reactants are practically insoluble in such
solvents. For this reason the authors limited themselves
tobenm,whichiuweakelectmndonorowingtoits
aromatic w-system. On the other hand, it was also inter-
estmx to perform the reaction in strongly polar, strongly
ionizing media, and in strong complex-formers having a
basic character. The limitation in the choice of the
solvents, specific to this model, is due to the high sensi-
tivity of a-mercurated esters to even weak acids.

The following solvents were finally tried: pyridine,
dimethyformamide, aqueous dioxan, nitromethane,
benzene, aqueous ethanol, and dimethyl sulphoxide.

In pyridine, DMF, aqueous ethanol, and benzene the
reaction was bimolecular. The values of k. obtained at
60 and the activation parameters found from the
temperature coefficient of the reaction rate between S0°
and 80° are listed in Table 1.

The kinetic effects of some substituents Y were stu-
died in pyridine. It was found that halogen substituents
accelerate, and alkyl substituents retard, the above reac-
tion: Br>F>H>CH, > t-CH,.

It is not very probable that in this case HgBr: or
HgBr* is a directly acting agent. It is known that pyri-
dine complexes are formed very readily with various
metal halides, particularly mercuric saits, by means of a
dative bond directed from the nitrogen to the metal atom.
There can hardly be any doubt that in the presence of an
excess of pyridine at elevated temperatures the mercuric
bromide exists in the form of a pyridine complex, which
is an electrophilic agent. It is also natural to assume that
the organomercury compound too is solvated by pyridine
molecules. Such solvation should facilitate fission of the
C-Hg bond and increase the nucleophilic character of
the attacked carbon atom.

SC-M + CsNgN: ——= D€ —1 M — —=: NC4 H,

The positive effect of the solvation of mercuric bromide
is less easy to interpret. It is known that additions of
pyridine to other solvents, for example dioxan, will ac-
celerate the exchange. This can only be explained by
coordination of a bromine from a molecule of HgBr: to
the Hg atom in the organomercury compound, i.c. by
formation of a closed transition state:

(Se2i)

>c/ \( ~Br
3.0

B r/ \\28

where B is a solvating base, in this example pyridine.
Inthncasenmybeposmmndthatdmme
clectrophilic power of mercuric bromide in the pyridine
complexureduced,thcacuvnyofmercmbromdeas
a reagent increases owing to polarization of the Hg-Br
bond, which facilitates nucleophilic coordination of a

22

Table L. Vﬁmdk;mmmmfwtbe
umemwummuawmmmm,

k. % 107 E AS®
Solvent (/mole min) (Kcal/mole) {e.u)
idi 6.60 16.30 -255
DMF .41 16.1 -29.2
80% aq ethanol 6.18 251 +7.6
Benzene 0.79(709)

bromine to the Hg atoms in the substrate (see also 7):
R—Hg—8r

3+ L
p—— Br

CaHgN---Hg~"
Br

Itshouldbenotedthattherepresenmﬁonofthetmm
sition state is necessarily schematic, and does not
pretendtoreﬂecttheacmalstolchlometrywnhrespectto
the component B. If a certain number of molecules of B
are bound more strongly than others, we should observe
& precise kinetic order with respect to B.

Otherwise we may expect that at sufficiently small
concentrations of B the reaction rate will increase with
increasing concentration of this reagent. This problem
was the subject of discussion between Ingold and
Hu;hes“"ononende andSwam"supponedby
W’mstem, on the other. So far, the question remains

Direct confirmation of the formation of a complex
between HgBr. and an electron-donating solvent, and
confirmation of the fact that this complex is more reac-
tive than the original mercuric bromide, was obtained by
studying the isotope exchange in DMF.**

2.1.2 Exchanges between alkylmercury derivatives and

momank mercuric salts. The isotope exchanges reactions
in ethanol:

AIkHgX + FigX, = AlfIgX + HgX,

where

Alk=Me; X=Br, NO;, OAc
AIK =sec-Bu; X=0Ac, NO,

was studied by Ingold et al.'*"*

Kinetic studies showed that the isotope exchange oc-
curs in all cases in a single step by direct interaction
between the reagents. With overall second order, the
order with respect to each component was equal to 1.

From stereochemical studies of the process, carried
out on the optically active s-butylmercury acetate
subsequently converted into bromide, it was found the

Table 2. Rate constants and relative rates of isotope exchange in

MeHgX-HgX, system
b 4 Br 1 OAc NOs
Rel. rate 1 19 1000 240000
K;x 10° 005(60°C) 10,1100  50(60)  169(0"
(/molesec)  1.28(100°C)
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optical activity of the organomercury remains constant,
i.c. that the configuration is fully retained.

On the basis of studies of the isotope exchange in
various systems McHgX-HgX, attempts were made to
solve the problem whether the transition state is open
(Sg2 mechanism) or cyclic (Sk2i):

Y

H

9 / q\\
\

N o
g

I—X

e
R

“H
,I( Se2 >|< Seal

It was found that the reaction rate rises sharply with
mcreasmgnomcchanctcrofthel{g—XbMLe on
passing from halides to acetates and nitrates (Table 2).

The following parameters of the Arrhenius equation
were determined from these data for the reaction of
methylmercury bromide: E=-—19.8kcal/mole and
log A=7.7. On the basis of the resuits the authors tend
to favour the non-cyclic form of the transition state (Sg2
mechanism) and reject the possibility of additional
coordination of the anion to mercury. However, it is
unclear why such coordination does not take place in
cases when it would be possible, e.g. with the halides.

WbentheMendwnlismphcedbys-Buthemmon
rate decreases by a factor of more than 10. The most
interesting results were obtained in the study of the
influence of salt effects on the rate of the reaction. It was
found that lithium nitrate exerted a “‘normal” salt effect,
and in two systems MeHgBr-HgBr, and s-BuHgOAc-
Hs(OAc),tbelogamhmofthemtecomtameed
linearly with the concentration of the lithium nitrate
added. The positive salt effect shows that in both reac-
uonstheu-ansmonstatclsmorepolarthanthestamng
one; the difference in polarity is smaller in the case of
the acetates, and the observed effect of the added salt is
correspondingly smaller in this system.

The authors believe that all these facts are easier to
reconcile with an open than with a closed transition
state.butitsbouldbenotedthatifthestrucmreofthe
transition state were in fact open, one should expect a
much stronger effect by addition of water than is actually
observed. Thus the addition of 10 vol % of water to the
ethanol accelerated the isotope exchange of methyl-
mercury bromide with mercury bromide by a factor of
only 1.8.

However, the effect caused by the addition of bromide
jons is fundamentally different from the usual sait effect,
and may be regarded as catalytic. For example, the
addmonofaneqmmobctﬂarconoemuonofhl!rto
the system MeHgBr-HgBr~EtOH resulted in almost
hundredfold acceleration.

The specific action of the alkali metal halides is
evidently due to the ability of halogen ions to coordinate
to the mercury. According to the author’s hypothesis,
complexes of two types—HgX, ™ and RHgX. —take part
mthereacuonmdmthemsmgmmonsmethe
halogen anions form a *bridge™ between two Hg atoms.
Dependmg on the relative concentration of the exchang-
ing reactants and the catalyst halide salt, the reacnon
mixture will contain only HgX,™ or both HgX,™ and
RHgX,", and either one or two anions will be present in
the transition state. On the basis of this, the authors put

0. A. Reutov

forward the idea of one-amion and two-anion
catalysis'*"* (see also Ref. 7).

Under the conditions of one-anion catalysis the tran-
sition state is formed by a molecule of the organomer-
cury compound and the anion HgX,™ (structure I), the
bromine forming a linkage between two atoms of Hg. In
twp-anioncatalysiathetramiﬁonstatcconsistsoftwo
amon;,ng,.‘andRHgX{(smmII),againwith
bromine forming a bridge between the Hg atoms.

_HgBr, Hgbr,
P ~ -, ~

\Hqu’; ~HgBry

In the authors’s opinion, the halogen anions are bound
more strongly in the transition state than in the starting
reactants, because they arc held not by one but by two
atoms of Hg. As a result of a gain in energy due to the
formation of a cyclic transition state under catalytic
gondiﬁom, the rate of the isotope exchange is sharply

However, this argument does not exclude the possi-
bility of a second hypothesis, namely that the reaction is
aecelemedowinctoaconsiderablepolarimﬁonofC-Ha
and Hg-Br bonds, which increases the nucleophilic

.character of the substrate and the tendency of the clec-

trophilic reagent towards nucleophilic coordination.

3.1 Two-alkyl exchanges
Exchanges between two organomercuries, of the type:

RHgX + RHgX — RilgX + RHgX

have so far been studied in a limited number of
examples.

Thus Reutov et al.® reported some results on the
exchange of **Hg-labelled phenylmercury bromide with
ethyl a-bromomercuriphenylacetate in pyridine:

C4H;HgBr + CsHsCH(HgBr)COOC,Hs =
CH;HgBr + CoHsCH(HgBrICOOC:H;

The reaction is of overall second order (first order with
respect to each component), with K=
44x1072)/molesec at 40°. The activation energy is
12 keal/mole.

Another example of this type of reaction is the ex-
change between phenylmercury chloride and p -
dimethylaminophenyimercury chloride in toluene at 30°.

]
RCH.HgCl + (CHs),NCeHHgCl =
RCSHLHgCl + (CHs):NCsH.HgCl.

The overall order is equal to 2, but the partial orders
on cach reactant are fractional, indicating a complex
character of the reaction. It should be noted that p-
dimethylaminophenylmercury chloride is very unstable
and decomposes spontaneously at a fairly rapid rate with
liberation of metallic mercury.

The nature of substituent in the para position of the
benzeneringmphenylmemxrychlondehsasuma
influence on the reaction rate. Thus if the substituent is a
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OMe group the equilibrium is established within an hour,
while in the case of the ethoxycarbonylsubstituted
compound the exchange proceeds to the extent of only
3% after 6 br. The effect of the substituents R on the rate
of exchange decreases in the order:

MeO>H > Cl>COOEt.

The nature of the anion was found to have a strong
influence: thus the half-period of the exchange was
320 min for the chlorides at 70°, and in the case of the
acetates the equilibrium was complete after less than
Smin at 20°. When the phenylmercury halide was
replaced by allylmercury halide, the isotopic equilibrium
was established almost mstantamously n

CH.—=CH—CH.HgX + MezNCeHAHSX =
L ]
CH;==CH—CH,HgX + Me,NCH HgX.

No other reports have as yet appeared on this type of
isotope exchange, probably owing mainly to the ap-
precmbledxﬁculm:nseparahonofthereactants The
reactions studied involved oranomercury compounds the
separation of which presented no particular difficulties.

Two-alkyl exchanges are interesting from the point of
view of the structure of the transition state. If we assume
that a closed 4-membered transition state appears in a
bimolecular reaction, we must choose between structures
Tand I

(]
o We "
X

Structure I, in which the halogen is coordinated to the
Hg atom, and which is postulated for one-alkyl ex-
changes, does not lead to the products of the exchange.
If, however, we assume a transition state with an alkyl
bridge (coordination R—Hg) we should expect reactions
of this type to occur with greater difficulty than one-alkyl
and three-alkyl exchanges. This problem must be studied
for a series of related compounds, i.c. we must compare,
for example, the rates of exchange in systems RHgX-
R'HgX and R,Hg-RHgX.

The two-alkyl exchanges include also the sym-
metrization of organomercury compounds,

2RHgX — R.Hg + HgX
and the reverse reactions (disproportionations):
R,Hg + HgX>—=2RHgX.

3.1.1 Symmetrizations of Organomercyry
compounds. The symmetrization of organomercury salts
under the influence of ammonia was the first Sg2 reac-
tion to be subjected to simultaneous kinetic and stereo-
chemical studies. >

IRRR"C—HgX ——» (RR'R'C):Hg + HgX2(NH; ).
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The stereochemistry was studied on the sym-
metrization of diastercoisomeric l-methyl a - bromo-
mercuriphenylacetates with ammonia in chloroform. = In
the symmetrization of diastereoisomer (I) with [a]B
-86°theprodnctutheonlyuomuofthesymmemcal
organomercury compound characterized by [a]b —
which is reconverted into the original diastereoisomer in
the presence of an equimolecular amount of HBr or
HgBr,. The symmetrization of diastereoisomer (II),
characterized by [a]ly = -49, leads to another—and
again the only possible one—symmetrical organomercury
compound with [a]} = —8°, which is reconverted into
the original diastereoisomer (II) under influence of HBr
or HSBl'z.

HBr

R NH(CHCI R R
R—C~HgBr ——————— R'—C—~Hg—C—R"
18 8 R"™
[«+86° HgBr, 14]-2°
0 ]
1
HBr
NH, (CHCly)
R
HgBr, R\ /R
R—C—HgBr «~——m— '— C—Hg—-C—R'
7 4 N
s 8 R
l4]-49° W) -8°
D ]
I

These results show that symmetrization of
organomercury salts which represent electrophilic
substitution at a saturated C atom, proceeds with reten-
nonoftheconﬁamnon It may also be concluded that
the reverse reaction, ie. the reaction of symmemeal
organomercury compounds with mercuric halides,
similarly proceeds with retention of configuration.

Kinetics of symmetrization were studied in the case of
ethyl and 1-menthyl a - bromomercuriphenylacetates by
a method based on nephelometry. It has been found that
the reaction reaches completion (in chloroform at 20°)
only in the presence of a large excess of ammonia (at
Jeast a tenfold excess), and is of second order with
respect to both the organomercury salt and ammonia.®

The kinetic and stereochemical results obtained in
studying the symmetrization of ethyl a-bromo-
mercuriarylacetates under the influence of ammonia thus
agree best with one of the two schemes: >

(a) RHgX + NHy 72 RHgX-NH,
(b) 2RHgX-NH;———» RHg + HgX:(NH:);
Scheme 1.

(a) RHgX +2NH; === RHgX(NH;),

(b) RHgX(NH,), + RHgX —— R,Hg + HgX,(NHs)>.
Scheme 2.
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In both schemes the step (b) is Sg2 reaction.

There is no experimental evidence on which to base a
choice between these two possibilities; both may in fact
occur together. It is easy to see, however, that the
transition state should in both cases by a 4-membered

ring of type A:**

This transition state is proposed on the following basis.
The reaction is bimolecular (of first order with respect to
each component and of overall second order) and pro-
ceeds with strict retention of the configuration (the in-
coming metal acquires the position of the leaving atom).
The open transition state of type B is not very probable
in solvents of low polarity (chloroform) because it would
lead to the intermediate ions X~ and HgX" (or rather
NHM or (NHJW)

X
o >.<
~ ~
2 ZC—HgXx— :C\ _x—= SC_ +Hgt x=
:‘,:9 \J Mo x—Fg-x
B
/TN M

The only difference between the transition states in
Schemes 1 and 2 is that, in the first one (A’) both
atoms are coordinated to molecules of NH,, while in the
second case (A", one of the Hg atoms is coordinated to
two ammonia molecules:

X X
I ANHS HSN:\ I ,—\.N Hs
HQ\
~ N > ( X
>c ) ( X ;c\)
~ \ci \c—
NH, \
A’ A"

Since the transition states A’ and A" do not differ
cssentially from the transition state A, the general
conclusions reached in examining A and without taking
into account the solvation and the coordination of the Hg

0. A. Revtov

atoms will be identical.”® The 4membered cyclic tran-
sition state A will therefore be used for simplification in
further discussion (“in the pure state”), but it should
always be borne in mind that either one or both Hg
atoms are solvated by ammonia molecules.

Tosmdytbeetfectofsu'ucmralfactorsontberateof
symmetrization, the anthors used numerous ethyl a-
bromomercuryarylacetates with various electron-accep-
tor and electron-donor substituents in the ortho-, meta
and para- posmonsofthebenunenng.”“”’!‘heeﬂectof
substituents in various positions was thus evaluated in
order to resolve their polar effect into components (in-
ductive effect and effect of conjugation). A further aim
was to elucidate the possibility of hyperconjugation in
the given system.

The values thus obtained for the second-order rate
constants of symmetrizations are listed in Table 3.

These rate constants show that the nature of the
substituents Y exerts a very strong influence on the rate
of symmetrization. Electron-acceptors (NO2, Hal) ac-
celerate and electron-donors (AIk) retard the reaction.
With Y = NO, the reaction was so fast that its rate could
not be measured. The substituent effect obeys Ham-
mett’s equation (Fig. 1) with p = 2.85.”

0l 02 03 040

Fig. 1. Application of Hammett's equation to kinetics of sym-
metrization of p-YCHCH(HgBr)COOC,Hs.

It should be noted that the effect of substituents in this
bimolecular reaction is anomalous from the viewpoint of
an Sg2 mechanism, and agrees instead with an Szl
mechanism, A similar relationship was later found in the
protolysis of alkylmercury iodides.”

These facts have been explained initially in such a way
that even in bimolecular substitutions, it is the rupture of
the old bond and not the formation of the new one that
may play the important part.*** By the way, it must

Table 3. Rate constants of symmetrizations

Y p-NO, p-1 p-Br m-Br o-Br pC1 p-F H
K)x 10 Very fast 6.7 54 14.45 4.26 4.7 148 11
(t/mole sec) anajt

Y p-CH; m<CH, o<CH; pLCHs p-iGCH, p+tCH,
K:x 10 0.34 0.71 0.407 0.32 0417 0.28
(/mole sec)

1The rate constant was calculated by applying Hammett's equation to the series of reactions.
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therefore be assumed that not only the rupture of the
C-Hg bond, but also the coordination of bromine to
mercury is important in transition state (explanation at
present see Section 8).

HQ
/
\Hg

_c_
|

Q

Y

\

Owing to the structure of this transition state, the
substituent Y plays a twofold part: thus, when it
promotes rupture of the C-Hg bond on the one hand, it
sumultaneously hampers the rupture of the Hg-Br bond
on the other, i.c. hinders the coordination of bromine of
the second molecule with mercury, and oice versa.
The best situation is therefore reached in the
“co-symmetrization” of such differently substituted
mercurated  esters  XCJH.CH(HgBr)COOEt  and
YCH.CH(HgBr)COOEt, in which the substituents X
and Y exert very different polar effects. This is because
in this case each substituent can fulfil a function that is
most favourable for the reaction. It has in fact been
shown that the rate of such reactions always exceeds
even that of the symmetrization of the fastest reaction
component.

YC¢HCH(HgBr)COOR + XCeH/CH(HgBr)COOR ==

ROOC\ “Br
Y £ +
~
M ”]"
ROOC—C —@—x
|

This type of “‘co-symmetrization” has been carried out
with”YandeeinsBrandH,HandMe.andBrand
Me,

Experiments with symmetrization of a mixture of two

differently substituted organomercury compounds, one.

of which was labelled with *°H,
aasumpuonthatthcmpmofthe&}lgbondmco-
symmetrization proceeds in the molecule with an elec-
tron-acceptor substituent.

If co-symmetrization indeed proceeds via transition
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state A then the co-symmetrization of two salts, one of
which is labelled with mercury, is expected to show no
statistical distribution of the activity between the resul-
ting RHgR' and HgBr.(NH,).. In fact, the activity was
predominantly (80%) exhibited by the second species in
the co-symmetrization of p - bromo - substituted and p -
methyl - substituted ethyl a - bromomercuriphenyl-
acetates, the first of which was labelled with **Hg.

The presence of activity in the precipitate may be
merely the result of rupture of the C-Hg bond in ethyl
a - bromomercuri - p - bromophenylacetate. This means
that the reaction occurs according to the following
schemes:

P-CHyCeH(CH(HgBr)COOEt
+ p-BrC¢H.CH(™HgBr)ICOOEt =3

Br
203 |

Hg\\
\ ~
—Br —CQ H‘—C\ ( Br
e
—(IZ—CGH.-CH;,

-—> BrC3H4(|ZH-Hq—CHC.H¢CH,

COOEt COOE?
203

+ HgBr, (NH;):

On the other hand, if the labelled atom is in the
molecule with the electron-donor substituent, as in the
co-symmetrization of p - i - CsH/,CHCH-
(*®HgBr)COOEt and p - BrCcH.CH(HgBr)COOE:,
then the activity remains predominantly (70.5%) in
RHgR'. Therefore, the character of the
cleavage of the C-Hg and Hg-Br bonds in the
transition state A depending on the electronic
character of the substituents X and Y can be regarded as
established.

3.1.2 Disproportionations of organomercury
compounds. The mechanism of disproportionations of
organomercury compounds RzHg+ng2—>2Rng
has been studied by several authors.>*

In all cases the disproportionations proceed as Sg2
reactions with retention of configuration. In two cases
the results were not in agreement with Sg2i
mechanism.”“° The distribution of the activity between
CsHsHgCl and C.HsHgC! molecules, determined by the
use of labelled HgCl,, was found to be uniform (50:50).
This anomaly was explained by a non-linear structure of
organomercury compounds, which makes possible the
formation of a 6-membered transition state in which the
two Hg atoms are equivalent.” It has been found in
similar experiments* on the disproportionation of n-
butylphenylmercury with labelled mercuric bromide that
all the activity is transferred to the butylmercury
bromide.

However, a repeat of these investigations*' revealed
that the reaction between arylalkylmercury and labelied
mercuric halide leads to the formation of inactive.
alkyimerciry halide and active arylmercury halide
carrying all the activity:

AtHGALK + HgX, —» ArHgX + AlkHgX
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where
Ak=Ft, Ar=CeHs, X=Br; Alk=Et,
Ar=CH,, X=CI;
Alk =Et, Ar=sym.~(CH;)sCeHs, X=Br
Ak=nBu, Ar=CH,;, X=Br.

The results of this work are in complete agreement
with the position of these groups in Kharasch’s elec-
tronegativity series, and make it unnecessary to search
for a new mechanism (more complicated than Sg2i) of
electrophilic substitution at the saturated C atom.

4.1 Three alky! exchanges

An example of a 3-alkyl exchange is the reaction
between organomcrcunes and organomercury salts.
These reactions may be used to prepare unsymmetrical
organomerciry compounds R'HgR.?

R,Hg+ R'HgX = R'HgR + RHgX
(R=CeHs; R'=COOCH;).

The 3-alkyl isotope exchange has so far been studied
only with organomercury compounds containing the
same radicals.*~*' The first work on the mechanism of
the 3-alky! isotope exchanges was concerned with the
exchange between bis - (2 - methylhexyl - 5) mercury
and 2 - methythexyl - 5 - mercury bromide in absolute
cthanol at 60°.*° The authors used simultancously two

“labels": an isotopic label (mercury) and a stereochemi-
cal label (the alkyl radical). Thus the rate of the process
could be observed by the transition of each label:

R°HgBr + R,Hg =2 RHgBr + RIgR".

The investigations showed that this reaction proceeds
with strict retention of configuration. The reaction is
accompanied by distribution of the optical activity be-
tween RHgX and R.Hg, and the rate of exchange of the
optically active for the inactive radical is the same as the
rate of exchange of the labelled Hg atom for the inactive
one.

The mechanism represented by the next scheme agrees
with the experimental data:

R.
R-H4]) (\b'dg—R' = RHgX+RH{R*
N4

~X

Kinetic studies* of this reaction have shown that the
process is of overall second order, being of first order
with respect to each component

(k:*" = 133 Umole h;
E=15.3.kcal/mole; AS™-31.6e.0.).

An analogous reaction has been investigated by Ingold
et al.®® also by the double-tabel method, (R = sec-Bu).
Kinetic and stereochemical studies of the reaction in
cthanol led to the same results as those obtained with
R = 2-methylhexyl.

3-Alkyl exchange is a form of electrophilic substitu-

0. A..Reutov

tion; it is bimolecular and proceeds with retention of the
configuration. The problem of choosing between Sg2 and
Se2i mechanism has been solved differently by the two
groups of workers for organomercury halides. In the
view of Ingold et al. definite preference is given to an
open transition state. The arguments in favor of this
structure are the increase in the rate with increasing ionic
character of the Hg-X bond, and the considerable posi-
tive salt effect, indicating that the transition state is more
polar than the initial state.

On other hand in some cases of 3-alkyl exchanges
definite preference should be given to a closed transition
state. Reaction of dibenzylmercury with organomercury
salts*

(CeHsCH.),Hg + RHgX —»
CeHsCH,HgR + C;HsCH,HgX.

(R = CF), CC];; X= CI, I. MS)

has second order in overall and first in respect to each
component.

The values of K. of these reactions are listed in Table
4

These rate constants show that the rate of reaction
depends not only on the electrophilicity of mercury in
CF;HgX but also on the nucleophilicity of X, ie. the
transition state of the reaction (at least for X=1I and
X = OCOCF;) has a cyclic structure

5.1 Four-alkyl exchanges
In the first work on an isotope exchange of this type

R.Hg + R,Hg == R,Hg + R.Hg

nappemthatthereactlonproceedsundermildcondl-
tions.”’ Thus, in the reaction of diphenylmercury and di -
p - anisylmercury with mercury - bis - acetaldehyde, the
isotopic equilibrium in acetone at room temperature is

established almost instantaneously.
(XCsH.):Hg + Hg(CH,CHO), —
(XCsH.);Hg + Hg(CH.CHO)>.
Table 4. Rate constants (K;x 10° /mol sec at 31°) of reaction
Bz,Hg + CF;HgX in different solvents
Rate constants
Solvent CF;HgOCOCF, CF;Hgl CFHgQl
Tetrachlorocthylene 720 210 1.70
Dichloromethane 537 0.062 0.035
DMS 61.2 0.082 0.032
DMF 98 0.119 0.023
Acetone 394 0.086 0.0086
Benzene 114 0.042 0.0065
Pyridine 0.65 0.002 0.0005.
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Isotope exchange has been observed between
diphenylmercwyandd:-p:chlorphenyhnemxryin
pyridine at 60°. The authors believe that this is not a free
radical reaction, since organomercury compounds prob-
ably do not form any free radicals under these condi-
tions.

In the course of general study of exchanges in systems
RzM-RzMDeesyaaL"embhshedthnbyhemngfon
long time at 65° in the system (CH,),Hg-(CD:),Hg the
unsymmetrical compound CD,HgCH, appears in the
reaction mixture. On this basis the preference was given
to a 4-membered cycle transition state compared with
octahedral transition state.

IS
\
\

N )

R—Hg Hg—R

\\‘\ R/

Recently an approach was developed which allows to
rationalize the structure effects on positions of redistri-
bution equilibria in different types of exchange reactions
of organometallic compounds (inchuding 4-alkyl ex-
changes). The approach is based on the comparison of
relative stabilities of anions corresponding to excbangmg
groups and - eomplexochemleal properties  of
organometallic cations in which exchange occurs' '™ (see
also Section 8.1).

6.1 Stereochemistry of bimolecular electrophilic substitu-
tion (Su2 rule)

In all cases of bimolecular elecu'gghilic substitution
which have been studied'®'**"5* (1.glkyl, 2-alkyl
and 3-alkyl exchanges) the strict retention of configura-
tion at saturated carbon was established.t

The question is: why retention always observed?

In the case of Sg2i mechanism a retention of con-
figuration is predestined by coordination of nucleophile Z
with the Hg atom in one- or two-step reactions:

" 1‘
<

\\Y/

In the case of an open transition state (Sg2) the
reasons also exist for preference of retention of
configuration.

In the case of two possible transition states, I (with
retention) and II (with inversion) it will be concluded that

+
Y--f-C-X--M
!

the transition state I should be more stable.”™ In this
transition state we have a cyclic system conasisting of a
three nucleus and two electrons. As it is known, such a

e
-8 !
-

1The only case of invertion of configuration observed for
bromation of S - (+) - sec - C.H,Sa(nepentyl),”wnfomdtobe
due to the steric effect of the leaving group.*

fast

Hg
E\z siow R el
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system really exists in some ions, for instance in Hy* and
CH,".

Thus the Sg2 reactions at saturated C atoms occur
with retenuon of stereochemical configuration (Sg2
rule).” The Sg2 rule applies not oaly to closed transition
states (Szi) but also to open transition states.

6.2 Bimolecular electrophilic substitution at olefinic
carbon of organometallic compounds

Among the three possible types of substitution at an
olefinic C atom the greatest attention from the point of
view of stereochemistry has been devoted to electro-
philic and homolytic substitutions. Starting with cis- and
trans-B-chlorovinyl organomercury compounds with
rigorously established configuration, Nesmeyanov and
Borisov studied the stereochemistry of numerous tran-
sitions of chlorovinyl radicals from one metal to ano-
ther* and finally formulated a rule according to which
the geometrical configuration is preserved in electrophilic
and radical substitutions at an olefinic carbon.

The stereochemistry of one-alkyl electrophilic substi-
tution at an olefinic carbon was studied in the isotope
exchanges between cis- and trans - 8 - chlorovinyl-
mercury chlorides with radioactive mercuric chloride,’ in
acetone at room temperature. In both cases the isotope
equilibrium became established in less than S min, and
the geometrical configuration was strictly retained.

(o] H o] H
\. / . /
C=C +HHgCl, — /C-C +HgCl,
7/ N\ N,
H HgClI H HgCl
H\ /H H /H
c=C(C +HQCl, =—= C€=¢C +HgCI
/ N\ 2 .
cl HgCl ol \an
X
| X
Hq\ Hg.
/ \ slow / AN
R 2 ( R ) z
/ b) A% /
Y Y

Since the fast exchange did not permit a study of the
kinetics, the authors had insufficient grounds for formu-
lating its mechanism. However, the absence of bis - 8 -
chlorovinylmercury in the reaction mixture shows that
the exchange is due to a direct interaction between the
B - chiorovinylmercury chlorides and the mercuric
chlorides, so that the results are a direct confirmation of
the rule that the configuration at an olefinic carbon is
retained in electrophilic substitution.

The model reaction chosen for simultaneous kinetic
and stereochemical studies was the cleavage of the C-Hg
bond in isomers of B - chlorovinylmercury chioride and
styryhnewbmmdenndutheecﬁonofmdmemd

Theenthaswereabletocondncttheeereecuonsby
various mechanisms—electrophilic (mono- and bimole-
elﬂar)andfree-ndml—mdtolmdyd:ehneueemdthe
stereochemistry under these conditions. The in-
vestigations were carried out in a number of polar
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solvents (aqueous dioxan, DMF, methanol) in the
presence of Cdl; in the case of iodine and NHBr in the
case of bromine and later also in nonpolar solvents—
benzene, carbon tetrachloride.

poler solveats

Ch—CH=CH—HgCl + ,(CdJ,)
Cl—-CH==CH—1 + HgCII(CdI,)

Ph—CH=CH--HgBr + Br,(NH,Br) —
Ph—CH==CH—Br + HgBr2(NHBr)

The kinetics were followed spectrophotometrically at
various temperatures and various starting concentrations
ofthereactants.inthepmentofatenfoldexcmotﬂw
halide anion. Under these conditions the reaction in
all solvents was second order and had first partial
order.' The reaction proceeds with strict retention of
the geometrical configuration.

On the basis of stereochemical and kinetical data an
attempt can be made to formulate some ideas about the
mechanism of the studied reactions. It may be said that
the electrophilic reactions do not proceed via an inter-
mediate formation of a carbonium ion since the starting
geometrical configuration would then be lost.

=
s

~ /
ALl —t—cZa—t=¢ +BHga
Pl
N / N\
HgCl

HQCI A
. The participation of the I,” anion in the iodination
indicates that the reaction takes place through a tran-

sition state of type A without intermediate formation of a
= complex between the halogen and the olefin:

| ~,
:’C-C(Hqc: P _‘>C=?7— ?g—c1~;=c/\A
e
A

The formation of the final product through a cyclic
4-membered transition state occurs with retention of the
configuration similar to other Sg2 reactions.

This mechanism is in agreement with the fact that the
solvents exert the same effect on the reaction of iodine in
the presence of iodine ions in the case of benzylmercury
chloride and in the case of 8 - chlorovinylmercury
chloride.

7. NUCLEOPHILIC CATALYSES IN 8, REACTIONS

The added complexing agent (anions or neutral mole-
cules) can increase the rates of Sg reactions of
organometallic compounds by several powers of ten.
Nucleophilic catalysis was smdnedmdeuilu:m;one-
alkyl isotope exchange reaction of benzylmercuric
bromides with HgBr, in DMSO as s model* The reac-
tion was found to be strongly catalysed by anions (such
as halide ions) which are known to coordinate with
;w'cmcsalts The catalysed reaction is generally of the
orm:

Y—@—CH,—HqBr -H:lgBrz KBr (OMSO Y

0. A. Reurov

In the solvent dimethylsulphoxide, second order
kinetics are observed.

The acceleration in rate produced by added bromide
ions shows that the reaction is still an independent
proms,andnotacombmauonoftwostepsofﬂn
2-alkyl exchange, since the 2-alkyl exchnnae is known to

be strongly retarded by halide ions.*

The magnitude of the catalysis can be for instance
illustrated by the following data:*’
{KBr}, mole I 0 0.06 0.12 0.18
10 Kz, Imole™ b’ 37 148 1444 2139

If the two reactant concentrations are kept constant
((RHgBr] = [HgBr2] = 0.06), then the second order rate
constant, K, increases linearly with increasing bromine
ion concentration [Br~] up to the point where [Br]=
0.06. At this point there is a sharp change in gradient,
although the relationship between (Br'] and K:
continues to be linear. This change at [Br™}=0.06 in-
dicates that two types of catalysis are operative. No
further change in gradient is observed at [Br™]= 2 x0.06.

The observed catalysis is too large to be explained in
terms of a normal salt effect; it indicates the incursion of
a new mechanism in which one or more of the added
bromide ion are involved in the rate-determining step. At
fow concentrations of the added anion ([Br~]<0.06),
only one anion is involved in the rate-determining step.
These two forms of catalysis are distinguishable kinetic-
ally, and have been called by Insold 2 the “one-anion”
and “two-anion” catalysed reactions,"”

It is usually believed that the bromide anion complexes
strongly with HgBr., but only very weakly with RHgBr.
For the reaction under study, bowever, the halide ion
complexes strongly with HgX. in the initial state, but
even more strongly in the transition state where it acts as
a bridge between a partiaily formed HgX, molecule and a
partially formed HgX,™ ion. The overall result is a larger
increase in rate.

* -
Y—@—CH;-HgBr +HgBry &——
HqBrz
‘HqBrz

se2 [Br]

Y-@. CH,~HgBr + HgBry

When the concentration of added anion exceeds the
reactant concentration ([Br™]>0.06), & second anion is
involved in the rate-determining step. The suggested
transition state for this “two-anion™ catalysed reaction is
shown on the following page.

@—CH;—-ﬁqar +HgBr,

w—
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Y-@— CH,—-—HqBr;—- :4981'; = Y-@- CH,

In the reaction under study the two-anion catalysis is
stronger than the one-anion catalysis.t

The influence of the substituents Y on the rate of the
non-catalysed reaction and of the two-anion catalysed
reaction is different:

Y—@- CH, = HgBr +figBr, 2%
Y—@- CH, ~HgBr+HgBr,

Y = Alk > H > Hal
[Br~]1=2[RHgBr): Y=Hal>H>Alk

This inversion in the influence of the substituents can
be explained if we take into consideration that for the
first reaction the value of 8~ on the C atom is important

without [Br'}:

3+,
H gBr,

Y— @ CHr—HQBr

whereas for the two-anion catalysed reaction the ease of
formation of the anion RHgBr,™ is very important which
depends on the value of 8 on the Hg atom:

Seg2

is formed more sasily

H-©_.%_m;
/Br
Y - - CH,—"Mg
O- g

is formed with more difficulty

Tbcworkofsomeauthors"‘"”hasshowntlmtmthe
organomercury compounds a role of
considmblemmmdemplayedbytheoppommityfor
internal catalysis or nucleophilic assistance, c.g. preli-

) S¢ 2 [zar-]

L

tin general, it is not possible to predict whether the two-anion
wnlymismomwweakumntheone-muulym Infact
both types of behavior are observed."

TET Vol 34, No. 9-8

/Hqg’z
,Br
\Hiar

Y—@— CHy—HgBrs +HgBry

minary coordination of the Hg atom of the RHgX by the
nucleophilic part of the reacting molecule EN (inter-
mediate A). This results in the formation of a cyclic
transition state (A") in which nucleophilic attack on the
Hg atom and electrophilic attack on the C atom is carried
out simultancounsly by different parts of the attacking
agent. It is also possible that the nucleophilic attack on
the Hg atom precedes the rate-determining step.

R—HgX R—Hg— -—-Hq—x
E—N E-N
A '
Hg-
_'l .

The study of protolysis of organomercury compounds
by HCI in organic solvents showed that the rate of
reaction decreases with the increase in water content of
solvents. This means that the reacting agent is a non-
jonized molecule HC).'®>'*

R—HgX +H-Hd~R—Hq—X—°§?—Hg- X—=R Hg=X
A
H—-Hal H-—Hal H Hal

Reaction with HCIO, does not occur at all because of
the absence of the tendency of HCIO, towards coor-
dination with the Hg atom {nucleophilic assistance). The
alkylation of orpnommzlcompmmds with triaaryl-
bromomethane was studied'™ taking into consideration
the idea of nucleophilic assistance. It was previously
shown,”™ that depending on the nature of the solvent the
reaction of triphenylbromomethane and of its complex
with mercuric bromide with the ethyl ester of a-
bromomercuriphenylacetic acid takes place either ex-
clusively at the C atom (in dichloroethane) or practically
exclusively at the O atom, i.e. with transfer of the
reaction centre (in nitromethane):

Al’;,CBf'Hngz + YCs H‘_CIH“'COOC2H5

HgBr

CH, CI=CH, CI
YC g Ha ~CH—COOC 2 Hs

CAry
ArsCBr-HgBry + YC.H.-(‘:H - COO0C, Hg
HgBr

OCgHs
CH4NO, c/
s YCgHy—CH=

OCAr,
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Moreover, it was found that with either solvent, the
addition of mercuric bromide to the reactants leads to a
decrease in reaction rate,™ It is known that complexes of
alkyl halides with Lewis acids are more highly ionized
and are stronger alkyating agents than are alkyl halides
themselves. According to the data of Skoldinov and
Kosheshkov," organometallic compounds are no ex-
ception. Thus, alkylation and acylation of organomercury
and organotin compounds are greatly facilitated by the
presence of aluminium chloride. Therefore, the result
showing that the reaction is inhibited by mercuric
bromide is anomalous. In addition, it was found
that the reaction does not generally take place in the
presence of a stronger Lewis acid, such as stannic
chloride, which forms the ionized compound
[(CHs),C'LSnXs™  with triphenylbromomethane.
Neganve results were also obtained when the completely
jonized triphenyimethyl perchlorate was used.

0. A. Reurov

amounts of complex, but only of differences in the
strength of the bromine-mercury bond in the complexes.
Inthncue,themtc-detemmngfmuapparenﬂy
sclsnonoftheC-Hgbond and the mechanism in this
reaction is most probably Sgi (see Section 8). In any
case,nmafactthatthceﬁectofsubsmnemschams
under conditions favourable to nucleophilic coordination.

Since, however, the ethyl ester of a - bromo-
mercuriphenylacetic acid does not react with
(CsHs)sCClO4 or with (CeHs)yCBr-SnCls, it cannot be
assumed that in the case of (CsHs);CBr-HgBr, transition
state(l)representsanememecauofaeompletelyopen
system, since even an increase in the electrophilic pro-
perties of the reagent, under conditions such that coor-
dination at the mercury does not occur at all does not
make alkylation possible.

Different results were obtained in a study of the alk-
ylation of an aromatic system, oiz. phenylmercury

Y@—?H—COOR * PhyC—N — Y-©- (liH ~~ COOR + HgBrN

HqBr

[N'—'Br' Hgar;]

Hence, it follows that transition states of different
structures are formed with different alkylating agents,
the cyclic structure (II) is formed in the case of
triphenylbromomethane and the non-cyclic structure (I)
results in the case of its complex with mercuric bromide

{see Section 8).
\p-
O
]

ot 3=
Ph 3C - Hg&;

m
(Y = AIK < H > Hal > NOy)

These cases also differ kinetically. The reaction of the
organomercury compound with the complex
(CeHs);CBr-HgBr; is of the second order; in the case of
tribromomethane itself, a complex with a molecule of the
organomercury compound is formed before the rate-
determining step, and this complex then reacts in-
tramolecularly (see Section 8) in accord with a first order
rate law.”™ The effect of substituents in the molecule of
organomercury compound also differs in these two cases.
In reactions of the complex (C¢Hs»CBr-HgBr, with
substituted mercuriated esters, the order of the effect of
substituents is that usually observed in electrophilic
substitutions, specifically, clectron-donor substituents
promote the reaction, ebctron-acceptor
substituents retard.” The effect of substituents is
completely reversed in reactions with triphenyl-
bromomethane itself. It may be assumed that this fact is
associated with the effect of the substituents on the
strength of the Br-»Hg coordination in the resulting
complex. It should be mentioned that for all complexes
formed, the optical density of the solutions (obtained by
extrapolation of the kinetic curves d = f(r) to (r—0) is
the same at different concentrations regardless of the
pature of the substitutuent in the organomercury
compound. Therefore, we may not speak of different

CPhy

bromide.™ In contrast to cthyl esters of a - bromo-
mercuriphenylacetic acids, phenylmercury bromide does
not form a complex with triphenylbromomethane under
these conditions, and, therefore, alkylation reactions
with both reagents, (CsHs);CBr and (CsHs)sCBr-HgBr,,
are of the second order, while as in the case of the

3+
O
Ph,i-—-—ﬁr.’

an
(Y = NO, > Hal > H > Alk)

mercuriated ester, the reaction rate decreases on going to
the complex. However, the possibility that this is due to
the presence of excess mercuric bromide cannot be
ignored, since it has previously been shown® that
mercury bromide retards certain reactions of phenyl-
mercury bromide, for example, protolysis. It may be
presumed that the structure of the transition state is
close to the non-cyclic structure in phenylmercury
bromide reactions. This is confirmed by a study of the
effect of structural factors. The effects of substituents in
the phenylmercury bromide molecule on the reactions
with triphenylbromomethane and its complex with
mercuric bromide proved to be the same and charac-
teristic of electrophilic substitutions. The assumption of
8 non-cyclic structure for the transition state in alkyl-
auonotphenylmcrcmybmmdeunlsoconﬂmedbythe
fact that in this case reaction also occurs under the
influence of triphenylmethyl perchiorate. A rigorous
kinetic study of the reaction is impossibie, unfortunately,
owing to the retarding cffect of the mercuric bromide
liberated. Thus, our results do not contradict the data
reported,*” alithough the fact that the ethyl ester of a-
bromomercuriphenyl acetic acid and phenylmercury
bromide behave differently naturally requires explana-
tion.
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The inhibiting effect of mercuric bromide in reactions
of phenylmercury bromide is removed by the addition of
anexceuoftcu'ahnylammoniumiodidetothemcﬁon
mixture. In this case, the reaction rate is sharply in-
creased(byafactorof~lo’).whnchushownpu~
viously,” is apparently associated with the formation of
the complex CcHsHgBrI™. This may be considered as an
example of nucleophilic assistance. However, a further
mcreasemloduleeoncemtwnwnhmpecttoconeen-

trations of the reagents (on going from 1:10 to 1:20)
leads to a slight, but appreciable decrease in the rate of
the reaction. An analogous but more substantial decrease
in reaction rate in two-anion catalysis (i.c. under condi-
tions such that the formation of a complex with a charge
oftwoupoesible)hasbeenobservedwcendymothcr
reactions, and has been explained by hindrance to
nucleophilic assistance by the nucleophilic portion of the
molecule at the four-coordinated mercury. The slight
effect observed in the present case apparently suggests
that if mucleophilic coordination does exist, it is slight;
however, its complete absence cannot be assumed.

Whether it is possible for an electrophilic substitution
to occur in an organomercury compound depends on a
number of factors. With respect to the molecule of the
organomercury compound, one such factor is polariza-
tion of the Hg-C bond, i.c. primarily the presence of an
effective positive charge on the Hg atom, which deter-
mines whether nucleophilic assistance is possible. A no
less important factor is electronegativity of the radical at
which the electrophilic attack is carried out. In the
molecule of the attacking agent, another. factor is the
magnitude of the effective positive charge on the C atom
and of the effective negative charge on Br atom. Data on
the effect of substituents in the molecule of the attacking
agent illustrate the importance of both the nucleophilic
attack on the Hg atom and the electrophilic attack on
the C atom in alkylation reactions. On the one hand, tri(p-
nitropheayllbromomethane, in which the C-Br bond is
covalent so that nucleophilic assistance cannot occur,
cannotgenerallybeuseduthealkyhﬁonmt(p-ethyl—,
p-nitro-, andunsubsuunedethylethusofa bromo-
mercuriphenylacetic acid, benzylmercury bromide, and
p-tolylmercury bromide do not react). On the other hand,
adecreasemtheelectrophﬂlcltyofthealkyhungasent
leads to a decrease in the reaction rate, even under
conditions such that there is some increases in nucleo-
philic coordination. Thus, the rate of the reaction with
mercuriated esters decreases on going from triphenyl-
bromomethane to tri - p - tolylbromomethane.

Thus,thenecessrty of nucleophilic coordination is not
the sole requirement in a number of cases. Apparently,
an optimum situation is necessary: sufficient positive
charge on the C atom constituting the electrophilic
portion of the molecule and the possibility of nucleo-
philic assistance by the mucleophilic portion of the
molecule. These requirements are not satisfied by either
a covalent or a completely ionized alkylating compound,
butonlybyaeompotmdwnhabondofaeemmspeaﬂc
degree of ionic character.

Using the idea of the nucleophilic assistance it is
possible to explain many perculiarities of Sp-reactions.

For instance from this point of view the reactions in
which acceleration of isotope exchange by means of
bases has been observed can be explained by the next
scheme including nucleophilic assistance.

The unusual Sgreactions of the organomercury

. \
—\}C—Hg—x + Figx,B =. —/—rfg—x .
a-r?q—x,:a_
_’.Eg
X Hg— \ '
AT R
l;q—x —_— 'i‘g HgX,*B

compounds under action of nucleophilic reagent I,~ are
now easy to understand taking into consideration the

necessity of nucleophilic assistance:
—)c—mx +1; —
Al A

\ /;

raadirral Il

5 ot W
N—(I)——v?-AJ
—\):—l + HgXiz

Useofnudeophihccamlyusmaychangetbereacuon
mechanism; thus, it was shown that the reactions of
RH;Xwnhiodmeorbmmmeproceedbyahomolyuc
mechanism, but the mechanism changes to Sg2 in the
presence of some anions or neutral nucleophiles.

For instance the bromodemercuration reaction in
urbontemchlondesolunonmdayhghtplweedsasa
Sn-reaction with formation of racemic alkyl halide.*

—;I-ng + Brg-’,-iBr = /c—er + mXBr} Sw

rocemizati

In the presence of ROH or R;O this reaction becomes
Se2 and proceeds with strict retention of configuration.*

CCly

Yoo wa)as

—};—ng+8rz(ROH or Rzo)
retenfion

Taking into consideration the hypothesis of nucleo-
philic assistance it is possible to explain this change of
the mechanism because of a greater ability of complexes
like Br,-OR; to nucleophilic assistance compared to that
of Bl’z:

. F-—x
—pTHeX + g?—&_:ﬂo( L. %r—'B'.f’ =,
3* R R/ \R.
X ——tig—x
gr—Ler | — —c—8r + HpXBr + R—O0—F

R=R'==H, Me,Et,n—Pr,n—Bu
R=Me,E1,Me, CHMe T; R=H

R’b\R'
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Since in organometallic reactions of the Sz type the
role of the eleca'ophile can be played by negatively
charged entities (I,™, HgBrs™, etc) one may conclude that
(1) the controlling factor is not the electmphilmty of the
electrophilic agent, but its ability to enter into nucleo-
philic coordination with the metal atom, and (2) elec-
trophilic attack on 8 C atom proceeds only after nucleo-
philic coordination.*™

Nucleophilic catalysis has opened some new synthetic
pathways in organometallic chemistry. Thus, change
from the stronger electrophihc PhsCCIO, to the weaker
electrophile PhyCBr, which is capable of nucleophilic
coordination, enables alkylations to be carried out with a
series of organomercury compounds.”™ The catalytic
reuctmn of organomercury compounds with acy! halides
isa convemnt method for synthesis of unsymmetrical
ketones.” The reactions of RHgX or R,Hg (R = C¢Fs,
MeCOCH;, (CF3),CH, CCl,, PhCHCOOEY) with trini-
trobenzene in the presence of I, or of RSaMe, (R=
MeCOCHz, PhC=C, CYCb'CgHs, CgHs, etc.) in DMSO
{which act as nucleophilic catalysts) result in quantita-
tive yields of  Meisenheimer’s  complexes
CHa(NO,,R ™.

8. 551 (N) MECHANISM IN ORGANIC CHEMISTRY

The majerity of electrophilic substitution reactions in
organometallic compounds have an Sg2 mechanism, with
attack of the electrophile at the metal bonded C atom
being the most important reaction step. However, coor-
dination of the nucleophilic part (N) of an electrophilic
agent (E-N) with the metal atom is quite significant in
such reactions, and this coordination on occasions has an
important influence on the possibility of their occur-
rence. Such coordination is responsible for multicenter,
e.g. four-center, transition states (Sg2i mechanism).

Nucleophilic coordination with the metal atom occurs
simultaneously (a) with or (b) before electrophilic attack
at the C atom.

LEY ; H

{0} R—M + E—N — H
E~—N _J
.

nR-—-—M-

0. A. Revrov

Suchamechanumuusuallymdlmedbyﬂneﬂeaof
substituents on the reaction rate. In the particular
example mentioned above, the strongest acids were
found to be the least active. Thesymbol SxCi has been
proposed for this mechanism.””

There are very few reactions which may be considered
as exhibiting the “pure” Sg2 mechanism. Examples are
the cleavage of diphenylmercury in acetic acid with
perchioric acid and the reaction of Alk,Hg with mercury
nitrate. However, again in such cases, nucleophilic
coordination (although weak) with the metal atom cannot
be entirely ruled out.

Sel reactions known at present proceed via a
mechanism in which the rate-determining step involves
attack on the substrate by some nucleophile present in
sohmmthereacnonwnhtbedectmphihcmmoccur
ring as a fast step. If. the system shows no appropriate
nuclkophilic catalyst, the reaction usually does not occur
or it follows an Sx2 mechanism (when the nucleophilicity
of the group R and the electrophilicity of the attacking
agent are sufficiently high). Unimolecular electrophilic
substitution processes should therefore be classified as
Sgl(N) reactions. It is assumed that attack by the
nucleophile causes ionization of the C-M bond, which is
followed by a rapid shift of the equilibrium under the

influence of the electrophilic agent:
R—M+N ,“':“" R*...M**.. .Nl==
RMN* ——22%, RE + [MN]*
ion pair

(rate =k,[RM}[N], if k.»k_,; N=nuclophile, M=
metal).

The function of the nucleophile N may be discharged
by anions or neutral molecules, ¢.g. solvent molecules,
capable of coordinating to the metal atom in the
organometallic compound. Furthermore, the reactions

trate = k[RM] [EN])

- N =D Kaa Rt A_+R M
b) R—M + E—N 7= I,._; l l*']
| E—N| E~—N N

(rate = RM] [EN]; k¢ ko)

There is no kinetic difference between these two
mechanisms as with both mechanisms the total order is
second, being first order in each reagent. It follows from
the structure of the transition state of the limiting step
that both mechanisms may be classified as Sg2i.

In principle, however, the reaction may occur with
nucleophilic attack at the metal atom being the limiting
step:

k2> k-, (rate = k,[RM][EN])

where k, is the second order reaction rate constant.
Examples of such reactions are at present very few, but
the propolysis of triethylboron with carboxylic acids, as
studied by Dessy et al., may be cited as an example.**

mayoccmundereondiﬁonshwhichthemleo!tbe
nucleophilic catalyst is played byﬁzmieopwiﬂicpm_N
of an electrophilic agent EN. In this case the choice
between an Sl and Se2(Sgi) mechanism is very difficult,
since a kinetic order of 2 would apply in both cases.
The first evidence for Sgi mechanism came from the
study of mercuryisotope exchange of ethyl a - bromu'
mercuryphenylacetate with **HgBr, in DMSO:*™

PRCH(HgBr)COOR: + HgBr,
PhCH(FigBr)COOEL + HgBra.

The reaction is of first order in the organomercury
compound an zero order in mercury bromide. The first
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step involves ionization of the organomercury
compound, such jonization being facilitated by aprotic
dipolar solvents such as DMSO; in the second step the
ion pair so generated reacts rapidly with an electrophile
(ﬁgBr;). The degree of ionization in the transition state
is apparently influenced by the strength of the nucleo-
phileandthembﬂityofthewbanionintheionpah.
The relatively stable anion of phenylacetic ester (pK.~
lnbecomesphw and as a result racemization oc-
curs.*

Studies of the symmetrization reaction of substituted
cthyl a-bromomercuryphenylacetates with ammonia in
chloroform showed that the reaction was second order in
the organomercury compound and also second order in
ammonia,” however the observed effect

2XC5H4CH(HgBr)COOBt———»
(XCJLCHCOOEt)sz +HgBr(NHs),

of substituents NO,> Hal > H > alkyl (p =2.8) did ot
agree with the designation of the reaction as Sg2.2

Earlier this reaction had been assigned to the Sg2i
class.

It was assumed that the reaction proceeded through a
four-center type transition state in which the original
C-Hg bond cleaves before the new C-Hg bond is
formed. It was found aiso that when the substituents, X
and Y, had opposite polar effects the reaction rate in-
creased (“‘cosymmetrization effect”), and in the tran-
sition state the molecules are arranged in such a way so
as to facilitate both the coordination Br-Hg (Y is an
electron-releasing substituent and the cleavage of C-Hg

24

coordination properties of mercury. The retention of
stereochemical configuration in this Sz1(N) type reaction
arises from the necessary orientation of the reagents
associated with the Br— Hg coordination.

The observed formal second order kinetics and *‘ab-
normal” (in terms of Sg2 mechanism) substituent effects
in reactions of cthyl a - bmmomercm’yphenylaeeme
with I, p = 2.3 may be explained in a similar fashion.”

The I,~ anion behaves not only as an iodinating agent
in the reaction, but also as a nucleophilic catalyst
[Sel(Is") mechanism]. It is suggested that the complex,
RHgX'I,, is formed initially in this reaction, and that
further slow ionization occurs along the C-Hg bond;
such a pre-equilibrium step is always involved when the

solvent functions as a nucleophile.
N #

RHEBr + |y~ —— }Ha\ — Rl + Hebrl,
R* |

|/
(R==XCgH ,CHCOOQE®

Probably the best illustrative example of such reac-
tions is the reaction of ethyl « - bromomercuryphenyl-
acetate with triphenylbromomethane. This reacnon,
which, depending on the nature of the solvent gives
either C- or O-tritylation products,” involves as a fast
step the formation of the complex RHgX-PhsCBr. This
complex undergoes decomposition by a first order
process, and the effect of substituents Y in the Phenyl
group (NO,>Hal>H>alkyl) is in accord with the
assumptlonthntheC-Hgbondlonmnonlstheme
limiting step:™

Br

<= ]
Hg
Y CH(HOBACOOE! + PhyCBr o= Y@—CN/ Npr .

<O,

T
Rooc\cn/nq
XCeHe”™
CH—COOR
CeHaY
SelN)
L €

bond (X is an electron-withdrawing substituent).® All
tbesefactseannowbereadilyexplamedontheassump—
tion that the correct reaction mechanism is Sgl(N), with

the second reagent molecule bearing a coordinated am-
monia molecule behaving as a nucleophilic catalyst (or
asgistor this behaviour being in line with the known

Thus, triphenylbromomethane acts not only as an
electrophilic agent but also as a nucleophilic catalyst, and
the reaction may be assigned an Sgl(PhyCBr)
mechanism.

It is noteworthy that when this reaction is carried out
with the complex Ph,CBr-HgBr,, second order kinetics
are observed and the substituent effects agree with the
Sg2 mechaniam, i.e. alkyl > H > Hal > NO, (negative p).
It is evident that even with the complex Ph;CBr-HgBr.,
some Br-»lis coordination takes place (ie. Sgi
mechanism), since the stronger electrophilic agent,
Ph,CClO,, which is incapable of nucleophilic assistance,
is practically inactive in this reaction. It must thus be
concludedtlnttbeweakcoordmanonocmmnxmthe
reaction with the mercury bromide complex is
insufficient to cause C-Hg bond ionization, but such
coordination increases both the substrate nucleophilicity
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and the trityl bromide electrophilicity to an extent that is
sufficient to allow the Sgi reaction mechanism. This
reaction provides an illustration of the fact that there are *
many kinds of reaction, which are intermediate between
two extreme cases of “pure” Sgl and Sg2 mechanisms
and which, indeed, are of more common occurrence, and
which differ one from the other only in the degree of
carbon-metal bond ionization in in the transition state.
Mercury isotopic exchange in some substituted ben-
zylmercury bromides with **HgBr, in quinoline and
DMSO has been found to occur by the Sg2

mechanism.**' The only exception is p - nitrobenzyl-
mercury bromide, which reacts by the SgI(N)
mechanism in DMSO.*

. sow N+
P=ONCHOHMBr oiems-

O. A. Reurov

The following equilibrium in DMSO™ may be formally
regarded as involving Sz1 reactions:

PhyP—CH(COR)HgCl + CI~ == PhyP—CHCOR + HgChy'
1 14

In this case the ease of ionization of the C-Hg bond is

associated with formation of the stable carbanionic

center in the phosphorus ylid, IL The reactivity of
compound I has been discussed in Refs. (89-91).

8.1 The significance of pK, values in organometallic
chemistry
o-Organometallic compounds may be considered as

-

+
y Her
3—5(093

—— PONCHCHFighr + Hgir,

Thus, introducing a p-nitro group (or a - carboethoxy
group) into a molecule of benzylmercury bromide alters
the reaction mechanism. Undoubtedly, the explanation
for this behaviour lies in the fact that the electron-
withdrawing substituent increases both the carbanion
stability and the tendency of the metal to undergo
nucleophilic attack.

An unusually strong nitro group effect has been
observed™ in the reactions of a series of substituted
benzylmercury chloride with I,~, which are second
order. Substituent effects on the reaction rate are of the
usualpattemfortheng(orSd’)mchamsm viz. alkyl >
H > Hal, but the nitro group is an exception. Under the
reaction conditions, mu'ohenzyhnercm'y chloride
reacts instantaneously, and it is reasonable to suppose
that there is a change of mechanism in passing to the
nitro compound.

Interesting data have been obtained from a study of
the protolysis of a series of organomercury compounds,
R;Hg, by HCI in DMF as a solvent.™ The plot of Fig. 2
shows the dependence of the protolysis rate constants on
the pK. values of the corresponding carbon acids RH.

It is clear that the plot has two branches: in the case of
stable carbanions the R:Hg protolysis rate decreases
with decreasing acidity of RH, whereas for unstable
carbanions the rate increases with pK,. These results can
be explained if in the particular series of organomercury
compounds investigated the Sgl(N) mechanism is
assumed to change to Sg2.

The Szl mechamsmhubeenproposedforsevenl
other reactions.***

& 18 20 22 24 26 28 30 32 34 36 38
pK,
Fig. 2. Dependence of the protolysis rate constants on the pK,
values of the corresponding carbon acids, RH.

metal salts of hydrocarbons,andtherefm CH-acidity is
of apeml importance in understanding organometallic
reactivity.

One method for studying CH-acidity is based on
experimental determination of parameters of polaro-
graphic reduction of organomercury compounds,
R.Hg.”™ For the estimation of CH-acidities the redox
properties of organomercury compounds are used since
the R.Hg reduction potentials are very sensitive to
changes in the organic group structure. The relation
between pK, values of CH-acids, RH, and electroche-
mical properties of the respective organomercury
compounds, R.Hg, is given by eqn (1):

A(anEyp) = p X ApK, U

where ApK, is the difference between pK.,'s for a pair of
CH-acids, E,z the half-wave potential for R;Hg, « the
electrochemical transfer coefficient (which is, in a sense,
analogous to the Brdnsted coefficient) and n, is the
number of electrons in the potential-determining step.

This equation has been applied to a large series of
organomercury compounds, and, as a result, the
polarographic scale of CH-acidity was constructed.™**
This scale covers a more complex scale of pK.'s than
any other in the literature: it involves CH-acids with
pK’s from 0 to 60, such as alkanes, arenes, alkenes,™
haloforms,” carboranes, ™ heterocyclic aromatics,'®
etc. It has been shown that eqn (1) applies not only to
organomercury compounds but also to cobalt (III) and
pailadium (TI) complexes. ! The only parameter in eqn
(1) which is not accessible by theoretical calculation is
thepconmnt.'mscomtantmustbeemmated
experimentally from some representauve points.

pK. Values provide a quantitative measure of
carbanion stabilities.

The thermodynamic stability of carbanions in
organometallic compounds R-M may be defined by the
equilibrium constant Ky, of the reaction:

Xu
R—M+N==R"+MN*
where

Ko = RO
®—MMN)
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The greater is the value of K the more stabilized will be
the carbanion R™. The equilibrium constant X, is also a
messurc of the affinity of the carbanion to the metal
cation M. In the majority of cases values of Ky are
unknown (except for very stable carbanions of the type
CN"). Thus the relative stability of the carbanion is
generally judged from the acid dissociation constant
(Ka) of the corresponding hydrocarbon RH.™

RH+B=R-+HB".

In a previous study™ it was shown that there is a linear
dependence between the proton affinities (pK,) and
mercury cation affinities (pKu) of some O- and N-bases,
and these ideas were extended to similar dependences
for CH-acids:

L@Ku=AbgK.+B, or logKu=-ApK.+B. (2

other clements, i.e. that carbanion affinities towards both
the metal cation and the proton are related in a similar
fashion, one may use the pK, value to characterize the
carbanion ic stability in solutions. The
pK.'s of some CH-acids and the MSAD scale are listed
in Table 5.

Table 5. Expanded MSAD scale of acidities of CH-acids RH'?

RinRH pK. RiRH pK.
cyclo-CcHpy 45 (CR)CH 2
(CH;).CH 4 CHFCOOC:Hs 21
CaHs 42  m-carboranyl 21
CH, 40 CFs=CF 2
cyclo-CyH; 3 CHOmC 18.5
CeHs 37  CFRCQICO0CHs 18
CHy=CH 36.5 o-carboranyl 18
CHsCH, 35  CH(CFs)COOC:Hs 16
p-carboranyl 33 cyclo-CsHs 155
CeHsSOCH; 27 CCh 15
CF; 2.5 CPCF)CO0C:Hs 14
CF,COOC:H; 25 C(CF;)CO0C.H; 14
CH,COOCH; 45 CN 12
CsFs 23 CBn 9
(CF:).CF 25 (CFnC 7

The MSAD scale does not take into account solvent
effects upon the hydrocarbon acidities, but in a semi-
quantitative comparison these effects may be ignored.

For a detailed analysis of the influence of strucuture

upon hydrocarbon acidity the reader is referred to -

Cram's monograph'™ and reviews.”'™
The use of pK, values for elucidating the relation
between structure and reactivity of organometallic
compounds in Szl reactions is based on the Brdnsted
principle:
logki=alogKu+C 3
where k, is the dissociation rate constant of the

organometallic compound in the presence of a nucleo-
phile N, « is the Bronsted exponent (usually $<a <1),

tNonlinearity of the logk—pK, plot may also be due to a
change of & (eqn 2), as occurs when there is a sufficiently wide
change of the logKu range for a particular range of
organometallic compounds R-M. '
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and € is a constant. From eqns (2) and (3) it follows that:
logk: = — a ApK, + constant, L))

ie. a linear dependence should exist between the
logarithms of the dissociation rate constants of the
organometallic compounds, R-M, and the acidities of the
corresponding CH-acids, RH.

It should be noted, however, that the Szl mechanism
is not dissociative but ionizative in nature. Hence the
configuration of the cryptocarbanion in the ion pair may
be different from that of the free carbanion in solution.
For example, in the presence of « - substituents capable
of conjugation (NO;, COR, CN, etc.) the free carbanion
has a planar structure; with the ion pair, however,
because of cation effect the carbanion configuration may
be intermediate between an sp® and an initial sp* hybri-
dization in the organometallic compound. In such cases
the polar effects of a-substituents in the free carbanion
and in the ion pair may vary, (see for example the Hine
data’ for a-F and a-OCH; substituents), and the
dependence between the logarithms of the rate constants
for Sgl reactions and pK.'s (eqn 4) may be nonlinear or
nonexistent.}

In a number of cases one can predict the reactivity of
an organometallic compound, R.M, from the pK. of RH.
Thus organomercury compounds, R;Hg, involving a
group R which is capable of existence as a relatively
stable carbanion, R™, undergo hydrolysis in agueous
DMF in the presence of tetra-n-butylammonium iodide
as catalyst; the hydrolysis rate increases with decreasing
pK. of RH by linear interrelation'” (logk, = 0.17 pK. +
const.). The linear interrelation between log k; and pK, is
one of the criteria for assignment of the reaction to
Sel-type."™ .

Another example is the application of pK.’s to the
prediction of the equilibrium constants of redistribution
reactions involving a series of organomercury
compounds.'™ The approach is to consider the R,Hg
compounds as complexes of carbanions, R, with
cations, RiHg". In such an approach the equilibrium
constant for the “tetraalkyl” exchange may be written

as
K, = K®R'Hg, ROKR'Hg, R?)
KR'Hg, R)K(R'Hg, K
R'HgR + PHIR* == R'HgR*+ FHgR® (9

where K(R;Hg, R;) is the affinity of carbanion R~ for
cation R;Hg*. If the affinities of carbanions for
organomercury cations and for a proton are linearly
dependent,''® one can write for the reaction of eqn (5)
the following expression:

log K, = (A" - A”) x ApK.(R'H, R°H) ©)

where A' and A® are the slopes of plots in coordinates
log K(RHg", Ri")— pK.(RH) for the cations R'Hg* and

" respectively. Equation 6 applies well to most of

redistribution equilibria studied by us and other
authors. The conclusion may be drawn that the ther-
modynamically preferred state of the system § is that in
which both the Hg atoms differ least one from another.
Inotherwords.ifsz.va!nesforwbmionsinaeasein
the order: R' <R*<R*<R®, the equilibrium 5 will be
shifted in such a way that the Hg atom will be bonded to
the least and the most stable carbanions, R' and R*, in



2844

one organomercury compound, and with carbanions of
intermediate stabilities, R? and R?, in another.

R'HgR'+ R'HGR* > R'HgR" + RPHGR* -

R'HgR® + R*HgR".

The A values in eqn (6) characterize the hardness (or
softness) of organomercury cations relative to protons.
As a rule, a harder cation, RHg*, corresponds to a
stronger acid, RH.

An analogous approach may be used to explain redis-
tribution equilibria in other systems, e.g. in organometal-
lic compounds of Group IVB of the Mendeleev Periodic
system (see Ref. 110a).

8.2 Se1(N) reactions at sp*-carbon atoms

It has been found that both proto- and iodo-demer-
curations of trans - B - chlorovinylmercury chloride
have an Sg2 mechanism in dioxane, but the mechanism
changes in DMSO to SgI(N).%>!""!1

CICH=CH—HgCl ==+ CCH==CH' **'HgCl (@)

e » CICH=CH,

CICH==CICH™**"HgCl—— ’
L, CICHw=CHI

Since the stability of the carbanion CICH=CH™ is
relatively low (pK. 31.5), both Sg2 and Sgl(N)
mechanisms occur, DMSO acting as a nucleophile in the
latter case. With nucleophiles stronger than DMSO, e.g.
halide anions, elimination of acetylene takes place.'’ It
may be assumed that the transition state in this reaction
is similar to that of the Sg1(N) reaction, In this case the
carbanfon center is stabilized by chloride anion elimina-
tion from the S-position, and this leads to acetylene
formation.

0. A. Reurov

|

>c-c< + N &=
H HgCl
— —1—*

’-
cn\ /H ci-
/c‘—'-:c\ —+> HC==HC

H Waci HoCIN

L

It is interesting to note that not only Sg2 but also
SaI(N) reactions of 8 - chlorovinylmercury chlorides
proceed with retention of geometrical configuration, for
instance, see Scheme 3, below.

The isotopic ethanae of phenyimercury bromide with
™ HgBr, has an Sg2 mechanism in benzene, methanol,
DMF, DMSO and other solvents.'"*

Pentaﬂuoropbenylmercury bromide reacts with
HgBr, in DMSO by the Sg1(N) mechanism.**

CcFeHgBr+ HSBl'z = CGFSMI' + HgBr».

The reaction is of first order overall (first in
organometallic compound and zero in mercury bromide).

8.3 Sg1(N) reactions in purely carbonic systems

It is casy to understand that hydrogen isotopic ex-
change reactions of hydrocarbons catalyzed by bases
should not be used as models for investigating the
regularities of electrophilic substitution reactions
(bimolecular electrophilic substitution), since the limiting
step in such reactions proceeds through nucleophihc
attack of base at the hydroyn atom, while interactions
with the electrophile occurs in a subsequent fast step.
Such a mechanism is supported by a large isotopic effect,

- | e Cl /H
cl\c_c/ DMSO >°‘°\
H '
H/ \HgCI cl H
Lo . N
C=C

H/ \o

Se1(N) 1 '
H H N I S H\C_C/H
\c-c< —DMSO | c|/ \l
L u/ HgClI H H
DC! \c—c/

VAN

Scheme 3.
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the specificity of the exchange reactions making it
possible to employ the Brdnsted principle [logk;=
f(logK..)]tothesesystems,andthnsallowmgtheuseof
hydrogen motopnc exchange for determining hydrocarbon
kinetic acidities.'*

k
RH+B =R -~ DB)—>

RD+B~

£3. 08 _
I{B)—:;“(R e

(rate = k][RH][B”], if kz»k.q).

A similar mechanism has been proposed''” for metal-
lation of hydrocarbons:

=
8 —= R~M + 8BH
o

Thistyveofmechanismhasbeendescn’bedas“proto—

ic”,'"” and it may readily be seen that it is identical
with the Sgi(N) mechanism which has been discussed
above for the organometallic compounds.

Numerous studies of the stereochemistry of mtop:c
exchange, carried out by Cram et al.,'™ involving various
systems have established that varying the conditions of a
reaction (type of base and solvent) may substantially
alter the latter stereochemically. Thus the hydrogen iso-
topic exchange reaction of 2 - phenyl - 2D - butane in
t-BuOH-t-BuOK as a solvent proceeds with retention of
reactant configuration (80-90%), while in DMSO-t-
BuOK (involving negligible quantities of t-BuOH)
complete racemization occurs. Diethyleneglycol as
solvent causes partial inversion of the configuration.

These effects were attributed to the formation of
various intermediates i.e. ion pairs and free ions which
do not behave in a similar fashion during solvation by the
solvent.

Cram et al.' also undertook a detailed study of the
stereochemistry of electrophilic reaction at the carbanion
center (the carbanion resulting from C-C bond cleavage
by the base) in the system:

R-H + BM = R~

a R T "?'
b-(‘:—é—R-bBeﬂ-éb-C"‘C—RM
PR

[
[S]
R" R
\ 2
b~C D +% +HB+B
L3

{for example a = Ph, b= Me, ¢ =Et).

As in the case of isotopic exchange, the stereochemis-
try is found to vary from almost entire retention of
configuration in some cases to its substantial inversion in
other cases. It can be easily seen that the reaction
mechanism has much in common with the mechanism
proposed for hydrogen isotopic exchange reactions and
may be classified as of the SgI(N) type.

A number of reactions occur in the organic chemistry
in which formation of carbanions or cryptocarbanions at
a stationary concentration may be assumed as the limit-
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ing step.”’* Thus, the variety of carbonyl-methylene
condensations which occur during carbanion center
formation (as a result of a proton cleavage from the
methylene component) in the reaction with base may
involve such a mechanism:

X S
-~ x C=0
CH, + g —“.é HB + CH o .
\ -1
Y Y
/x
As N
o® Y

Since, with such a mechanism the rate = k, [CH,XY](B],
these reactions should also be assigned as SgI(N) type
reactions.

The classical reaction involving the bromination of
acetone in the presence of base may be cited as another
example'”

CHsCOCH, + on-écng—%-cm
&
By -
—22 , CH;COCH,Br + Br

together with similar reactions with bromide ion parti-
cipation which are known to possess virtually identical
rates of bromination and of hydmgen isotopic exchange
in reactions catatyzed by bases.'™
Finally a few words should be said about practical
conclusions which follow from the above discussion of
Sgl(N) reactions of organometallic compounds. It has
been mentioned that organometallic compounds with
organic groups having strong electron-attractive proper-
ties are less reactive in electrophilic bimolecular substi-
tution reactions (Sg2 and Sgi). Such compounds may
cleave, however, even with water, if the reaction mixture
contains a suitable nucleophilic catalyst (Sgi(N)
mechanism). Thus by the use of nucleophilic catalysts it
maybepouibletoeﬂectmcuonsoftheseoompoundsu
potenmlcabamondonmwlnchmbeemployedona
larger scale in practical organic synthesis. As an example
the recently discovered “Grignard” reaction of penta-
halwo:henylumethylsilane with benzaldehyde'* may be
ci
CeXsSiMes + PhCHO Ph—(fH—OSlMea
CeXs
(X=F or C]).

Another interesting example of the application of
Sel(N} reactions in organic syntheses is the use of
trihalomethyl organometallic compounds for the pre-
pnnﬁgll: o dihalocarbenes under relatively mild condi-
tions."*"~

From relative rates of R-M bond cleavage in a series
involving one type of metal derivative it is possible to
attempt an estimate of the order of reactivity of various
organic groups R, i.c. to arrange such groups in order of
their changing nucleophilicity. Spi reactions cannot serve

as a relative measure of R group nucleophilicity,
however, because the reactivity of an organometallic
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compound is affected by its ability to coordinate the
nucleophilic part of electrophilic agent and its tendency
towards solvation. Even qualitative attempts to a con-
struct “reactivity” series for various organic groups R
show numerous deviations. Thus for a series of
organomercury'®® and organotin*** compounds it may be
shown that effect of a change in R structure on the rates
of acidic cleavage do not coincide.

For this reason the reactivity sequence CHaCH>
CF=CF>Et obtained fro R.H, decomposition in
excess HCI'Z is probably more a consequence of the
fact that the compounds (CF=CF),Hg and CF:=CF-Hg-
C,H; are capable of exhibiting Sg1(N) mechanisms un-
der the reaction conditions empioyed than of any other
reason.

9. THE ROLE OF THE JON PAIR IN §; REACTIONS

Intbestndyofthemcnomofbalosen-andmmm
destannylation'®'*! it was found that in accordance
with Sg2 mechanism the reaction rate goes down in
transition from C¢HsSnMe; to CFsSnMe;; in the case of
organotin compounds with stronger electron withdrawing
groups (R = PhC=C, fluorenyl, indenyl) the reaction rate
sharply increased although the reaction followed the
second order:'™'®

RSn(CH)s + Ja————s RI+ (CHs)sSul

k.> I mole™" sec™

R=A CH, PhCwC CH=CHPh
23x107 9.6x10° 34x10° 620420
CH, CeFs
525 461

RSn(CH;)s + Bry—————— RBr+ (CH;)»SnBr
k.= I mole™ ! sec™
R=2GH, %-CH,C:Hs
12x10*  41x10*

Halogenation of RSnMe; where R = ¢-CsHs; MeCOCH,
and CN in DMSO was of the first order with zero order
by Hal,, i.c. Ss! mechanism took place.'”

Ph
1.35%10°

RSn(CHs)s + Iy ——— RI + (CH;)>Snl
R CN CH;COCH; ¢CsHs
k™ sec! 033 0.25 41t

In many reactions mentioned the rates were so high that
thesmdywaspossibleonlybythcstoppedﬁowtech
nique. Similar regularities in the substituent effect were
observed in the reactions of organogermanium
compounds.' Note that all the reactions considered
went only with cleavage of R-Sn(R-Ge) bond. It was
assumed that the increased reaction ability of organotin
mmpoundswﬁhwﬁmnﬂymmmm
groups is due to the participation of ionic pairs formed in
the pre-equilibrium stage rather than to covalent-struc-

1The rate constant for reaction with bromine in 1:1 DMP-
CC[‘.'”

0. A. Reurov

tured forms of an organometallic compound, ie. by
ion-pair Sg2 mechanism (Sg2ip).

k EN
Rsme,-:_,-é:n-*s::m,-;-’nm Me,SnN
H >4

In authors opinion, this mechanism must take place
when “nucleophility” of R is too low for the direct
clectrophilic attack by Sg2 mechanism while carbanion R
stability is insufficient for SzI(N) mechanism. In this
case the situation may arise when electrophilic attack at
ion pair in the rate-determining step will prove to be the
most effective.

The mechanism suggestedisinthedirectmlogywith
nucleophihc substiution where Sn2 ion pair mechanism
is proposed by Sneen as a “unified” nucleophilic substi-
tution mechanism.'* In the case of nucleophilic substi-
muonthumechamsmlsmosthkelytotakcplacefor
secondary structure while for primary and tertiary
derivatives it is supposed to represent the extreme cases,
ie. common Sn2 and SnI mechanisms. At present,
however, the arguments in favour of Sy2 ion pair
mechanism are nearly out-balanced by the arguments
against. No direct evidence of the existence of such
mechanism has been obtained,* ' aithough this
conceptdoesnotcontmdlctthetheorenealmlmlanons
and is generslly appealing.’” The essential feature of
Sneen's mechanism is the assumption of contact ion pair
formation in the pre-equilibrium stage with resulting
inversion of configuration at substitution. Sl
Mechanism wouki require the transition of contact ion
pair into solvent-separated ion pair or free ions in the
rate-determining step. Generally, however, this limitation
is unnecessary. The observed kinetic regularities may be
accounted for by the simple scheme in dependence on
the relation of k, and k, constants.

k1 »k[EN]  Koos= KK.[EN] (Sg2ip)
k-1 €k:[EN] ke =ki (Sel)

ic chemistry is a rewarding field for such
studies and for discernment of various mechanisms since
the ionicity of the R-M bond may vary over a wide range
due to the change in the natore of carbanion and metal,
not to mention the effect of solvent on ionization of
organometallic compounds.
Recendyxtwasqunennexpectedlyfoundthatthe
Intter factor strongly affected the state of organotin
eompoundsmwlunon.ltwushownthatwmofa-
bonded organoun compounds containing electron with-
dmvmg groups in sufficiently polar solvents are capable
of ionization or even dissociation.”® UV spectroscopy
and conductometry were employed. Electronic spectra
of 9-substituted fluorenyl and indenyl derivatives of tin
in heptane are close to the spectra of the corresponding
hydrocarbons which indicated their covalent form. The
spectrum of 9-CNC;HsS.Me, in HMPTA is, however,
identical to the spectrum of the corresponding cesium
salt. The position of maximums of adsorption (Amex 458,
432, 407 nm) and the ratio of extinction coefficients are
notchamdatdﬂnﬁonwhichpoimsatthefomaﬁonof
ﬁeenomoraolvem-aepamedlonpomumsohmomof
organotm compounds as spectral characteristics of these
species are practically identical. Conductometric studies
showed that free fons were formed since equivalent
conductivity remained unchanged over (2-8)107°M
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range of concentrations (A =1080)"" mole™' cm®). The
complete dissociation of 3-CNC,:HsSnMe, in HMPTA is
also confirmed by the closeness of rate constant values
ofalkyiahonof%ymoﬁmnyldcnvamaofmmm
k" =78x102M "sec™)'® and tin (k™ =3.1x
1072 M " sec™’). 9-CNCisHsSnMe; in acetonitryle and
pyridine may salso dissociate into free ions, aithough the
dissociation is. not complete. Thede?eeofdusocmuon
mMeCNuonlyll%atc=6.8xw’ M. Dissociation is
inhibited by the admixture of Me,SaBF, which forms
common ion Me,Sa*.

In Table 6 are given the values of dissociation
cs:tnsmnts for 9-CNC;sHsSnMe; in the pumber of

vents.

Table 6. Values of the dissociation constants for 9-
CNC3H,SnMe, in various solvents

DMF  MeCON Py HMPTA
K% moll”' —t @Bxhx107° (12-04x107° 3
DNao,'® 192 14.1 3.1 388
x 43 38 123 30

1Conductances of the solution and pure solvent are identical.
$Completely dissociated at concentrations lower than 1072 M.

These constants show that dissociation is determined
by the donor ability of the solvent characterized by the
Gutmann donor number'® rather than diclectric
constant, Besides, the ability of RSuMe, to dissociation
and ionization is determined by the nature of the R
group. Unsubstituted fluorenyl and indenyl derivatives of
tin in the studied conditions are not capable of ionization
abdd dissociation. In the general case the ability to dis-

_sociate (or ionize) is determined by carbanion R~
stability.

R CisHe  9-MeCiHyt CoH,
In RsoMe,
pk.RH*” 21.1 218 20.2
do ot dissociate

R 9-PhC,sHy 1-Me-3-PhCoHs 9-CNCi3Hy
"in RSnMe,
pKaRH" 18.6 16

complete dissociation

114

Some compounds, however, dissociate stronger than
mightbeexpectedfmmpl(avalm.’!‘hus;?-
phenylfiuorenyitrimethyltin dissociates completely al-
though indene and 9 - Phenylﬂuorene pKa in MSAD
scale' are identical which is likely to be connected with
the influence of steric factors and reduction of steric
tension in dissociation.

The results demonstrating the ability of organotin
compounds under study to ionization and dissociation is
a strong argument in favor of ion pair mechanism in
cases when jons and ion pairs are not detected in
measureable amounts. The direct proof of ion pair
fomaﬁoninsoluﬁonsofotsanoﬁncompomdswhen
their concentrations were stationary was obtained in
stereochemical studies. The opucalty active S-{(+)-(3-
methylindenyl)-trimethyitin ([a]i¥ +232°, CiHy, ¢ =2.4)
and (+) (1 - methyl - 3 - phenylindenyitrimethyitin
(fa)3+232°, CHs, c=44) were synthesised. The

tlonized (or dissocisted) by 29 at [RSnMe;]=8.5x 107 M.

347

syathesis was carried out by stannylation reaction of
opdedly active am under the acm of

Ylammome on (+) -1 - meth ene
([} + 189, CsH.,c-IZ)andR (~)-1- methyl 3.
phen;:hlndene (alB~-55°, CHs, ¢=22) in ben-
zene. W12

RsCH + Et;NSnMe; —» R;C—SaMe; + Et;NH.

The study of tempterature dependence of '*C NMR
spectrashowedthatalongwith(l-methy!-3-pbenyl~
indenyl)trimethyitin another isomer, (1 - pbenyl -3-
methyl indenyltrimethyltin was present in equilibriom
mixture at room temperature. Fast metalotropic trans-
formation between these isomers takes place.

Ph SnMaeg

= Oy

Metalotropic equilibrium is left-dispiaced and the part

of (1 - phenyl - 3 - methylindenyl)trimethyltin is 10-

15%.'* The retention of optical activity shows the in-
tramolecular character of migration.

Optically active indenyl derivatives of tin in low-polar
aprotic solvents (CsHs, dimetoxyethane) are sufficiently
stable stereochemically. They then are, however, quickly
meeunudmplmformormﬂMP’l’Asoluﬁou(fable?)

The racemization rate of the two studied organotin
compounds is in agreement with their ability to ‘ionize.
Thus, (1 - methyl - 3 - phenylindenyltrimethylitin which
nsmorehabletolonmexhibnsamarkedlydecreased
optical activity even in benzene (k™ =3.2x 107%sec™,
¢ = 0.2 M); racemization in CHCl, is still faster. Race-
mization of (3 - methylindenyl)trimethyltin under these
conditions is extremely slow.

Evidently loss of stereochemical configuration occurs
as the result of ionization (facilitated by the coordination
of tin atom with the solvent) with the formation of an ion
pair the return of which into the initial stage goes with
racemization,

Ms nMesy

Me Me
w——.
. - &
H SnMe3 H SnMey
Me
H SnMey

The nature of this ionic pair remains unknown. The
return from contact ionic pair in nucleophilic substitution
was found to go with retention of configuration. Yet, in
the case of carbanionic ion pairs nothing is known about
the character of cationic fragment migration around the
amomccenmmmpamofvaﬁoustypes The forma-
tion of solvent.separated jon pairs in the presence of
HMPTA seems more probable, their presence it benzene
being hardly conceivable.
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Table 7. Effect of added HMPTA oa racemization rate constants

forS-(+)-03- %‘y"lil‘“""‘u"y'uu"m"y}ﬁl‘l in DME at 18°

(RSnMe,)x 10 [HMPTAIX 10 7,,%X102  k,x10°
M M min sec”’
1 2 3 4
498 0 340 0.34¢
1.18 138 0.83
1.88 9.7 1.2
2.30 6.8 17
R 4% 19 60
.77 097 120
129 0.60 193
tin 1:5 DME-THF.

The ability of organotin compounds studied to ion-
ization and Sg2 ion pair pathway which accounts for
their increased reaction ability may be used for synthetic
purposes. To demonstrate this aspect of tbe problem 1o

a sanctiam Af coenm en  sesnemnanmeeenda ‘!
the reaction of wymﬁt‘m COMmpounas u\-uu\utuyl.

methylindenyl, indenyl, 9-cyanofluorenyl) was carried
out with alkylating agents (Mel, MeOTs, (Me0),SQ;) in
HMPTA and a mixture of tetrahydrofurane - ether (1:1)
at 20°. The reaction of alkyldestannylation is known to
be non-specific for organotin compounds. It has been
shown by gic that in excess of alkylating agent and the
sufficient time of the reaction yields of alkyldestannyl-
ation products were quantitative.
RSnMe; + CH;:X — R—CH, + XSnMes.

In their reaction ability organotin compounds in this
reaction form the series corresponding to the decrease in
clectronwithdrawing properties of the group.

9-CNC,3HsSnMe, » C,;H,SnMe,
> 3-CHsCoHSnMe; » CsHoSnMe,,

The reaction ability of methylating agents decreases in
the series Mel>MeOTs > Me,SO,. The effect of the
nature of leaving group is characteristic of the reaction
of nucleophilic substitution with the participation of

“soft™ nucleophilic agents.

10. 8; REACTIONS IN BENZYL ORGANOMETALLIC
COMPOUNDS
The reaction of BzHgCl with DCl in dioxane gives the
following  compounds under conditions of
pseudomonomolecularity: 0-DCsH,CH.HgCl (I), PhCH,
(I, PhCH,D (M), 0-DCeHCH.D (IV). In I and IV,
deuterium is found only in ortho positions, The followmg
mechanism has been proposed for this reaction.'*

(I:I
| —He
— C —HgCi ;C Cl
/
-0
21| [:f::r\“ .
| ~ /'
—C-D ~C (il
DCi
-—

0. A. Reurov

Thnsmechamamlsmaaeemntwnhmonrecemdata

e Boeadant MY __ 3 e _______.__ 130.151

on deuterio-"* ana acety}aemercuration.

A similar mechanism was proposed for deuteriode-
metalation of tribenzyltin chloride.'”

If the A isomeric form of toluene is indeed formed as
an intermediate product during protolysis of benzyl
organometallic , its aromatization may well
proceed not only under the action of H*(D*) but also in
the presence of other electrophiles, ¢.g. HgC); (reaction
©):

H

H—C—M

H*D*)
————t—
(a)

I
—C—H(D)

wtioh H(D)
e
N @)
H
HID)
|
A — C —HgClI
]
HoCly o

)

Indeed, addition of HgCl: to Bz,SaCl+ DCl reaction
mixture produces Bz-HgCl with deuterium in ortho
ition. Mercuri bromide also acts as a “electrophilic
trap” for the arene isomer.
Finally, it was shown that preliminarily prepared
methylenecyclohexadienes readily undergo *‘aromatiza-
tional metalation™.'

CHz H CH,
PhCHaMgCI [fi:f;5,+ﬂji]
H Et
CHgHgCl
CHpHgCI
HoCle 2Hg
B e
E1p0
Et
t
—C—HgqClI é —HgClI
D D
H -
(o)
+
l-HgCI b
N I
Ne” /C) hcl -~C-D
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The reaction of aromatizational metalation and in-
crease of the rate of BzHgCl devteroexchange in ortho-
position in the presence of HgCl., (as well as the absence
of deuterated BzHgCl when the reaction is run to 15-
20% of completion) suggests that “conservation” of the
metal-w'bonbondmthcgroeeaofnotopeemwhmem
muybeonlyillusory"" In this case the reaction
mechanism may be represented by an elimination-
addition scheme:t

—(I:—ch: /

The high reactivity of trienes of the exo - methylene-
cyclohexadiene type is revealed particularly in relation to
reagents for which metalation reactions were not consi-
dered typical. In the course of our investigation we
discovered the first instances of electrophilic addition of
unsymmetrical ic compounds,'*® dior-
ganodichjoro- and organotrichlorostannanes, triphenyl-
phosphine complexes of univalent gold'™ and of
germanium dichloride to unsaturated systems with
formation of metal-carbon o-bond.

ot
e
”~

Aromatization metalation, apparently, provides possi-
bilities for synthesis of new organometallic systems. This
is illustrated by the synthesis of previously unattainable
ortho and para - methol,(y - substituted benzyl deriva-
tives of mercury and tin'” (sec scheme on next page).

compounds by the reaction:
3 RaHg+ M'—s 2 Hg+ RM

(M= Li, Na, Be, Mg, Zn, Cd, Al Ga, In, Sn, Bi, Te)

is extensively used and frequently is the main method of

synthesis while for certain metals it is the only one.
The study of the mechanism of these reactions was for

a long time neglected.

CH,HgCH,Ph

@ 95%
CH 2—SnChLEt

@ 30%

Et

_-CH,Ph
Ha— Sn— CHgPh
cl

40%

Et - CH,Au-PPh;
80%

Et

These reactions confirm the general nature of the
discovered reaction as a new method of synthesis of

benzyl organometallic compounds.

The reaction mechanism is also discussed in papers.*”

We have examined two of the most simple model
reactions of this type:'*'“

R.Hg+ Hy==R.Hg+Hg
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CHy CH2 CH,OCH
H + MCI
CH,OCH;g “her
H CH,0CH l
20CH ?
CH,
M=HgCt, EtSnClp
and On the basis of the above-mentioned expenmcmal
. . data a cyclic transition state was proposed.”™
RHgX + Hg=—=RHgX + Hg. He
AY
Aromatic, beta-chlorovinyl organomercurials and al- A,/’ \Ar
pha-oxomercuric compounds readily enter into such iso- AN /
topic reactions (substitution at aromatic, olefinic or N Hg'

saturated carbon in the case of the latter compounds).
Reactions proceed in organic solvents in such mild
conditions that intermediate formation of free organic
radicals is excluded.

The reaction rate for aromatic compounds

<O ~)-x + e ==
- @-h-Q-ren

is considerably affected by the nature of X, increasing in
the sequence
0,N < COOR < Cl < H < Alk < OAIk.

Dsproportmhondmnotoccmmthereacuonsofun-
symmetrical compounds with radicactive mercury:'®

Ar—Hg—Ar' + Hg = Ar—Hg—Ar + Hg

(Al’zﬁl and Ar',ﬁg are not formed).

Beta-chlorovinyl compounds react with retention of
geometrical configuration'®
cu\ /H Cl\ /H

C=C + Ho—== C=C + Hg

H HgCI H/ \iqu
H H H

\c c/ . R \

Va \ ¢~ / + Hg
Ci HgCi HgC!

Similar reactions at a saturated C atom proceed with
complete retention of the stereochemical configuration, for
instance:*'®!

COOR COOR

I
Ar Ar

Subsequently, Pollard and Westwood'***** carried out
a detailed kinetic study of this heterogeneous reaction.
They confirmed the data mentioned above in the example
of p - tolylphenylmercury.

It was shown by means of paper chromatography that
only the initial compound is present after exchange, no
traces of diphenyl- and ditolylmercury were detected. By
carrying out the reactions in controlled conditions the
authors were able to achieve an approximately constant
degree of fractionation of metallic mercury (constancy of
surface) and high reproducibility of kinetic data. The
thermodynamic parameters of activation were deter-
mined for isotope exchange of 10 R,Hg-type compounds
with metallic mercury in benzene. The reaction rate is in
good agreement with the Hammett constant of the
substituent. For all compounds studied (including diben-
zyhnercury)anuokmeﬂcreh&umhxpuoburved (iso-

kinetic temperature —384°K). This can be considered as
an indication of a common mechanism. The effect of the
s}xbmtnentatthearomucrmgutypxcalofsamc

tions.

Taking into account changes of hybridization due to
substrate solvation and the fact that the reaction is
interfacial it was proposed to depict the transition state
as:

Sotv smv

\Hg

<<:>>/\©

The next stage in the study of the reactions under
consideration is connected with the application of elec-
trochemical methods. Using the pulse electrochemical
technique it was established that contact of R;Hg with

COOR COOR
|

ﬁ—('?‘——llg—('i‘—;-H+”Hg= H—C‘-—-—-———”Hc—(‘i‘——-ﬂ+ﬂl

|
Ar Ar
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the surface of metallic mercury leads to formation of
“organic calomels™:'*

RqHg + Hg==R.Hg.

“Organic calomels” are highly unstablet and their
life-ti:&e varies in the range of 1072~ 10™* sec depending
onR

They apparently are intermediates in the reactions of
isotope exchange; the mechanism being represented by
the following scheme:

2851
Pt R R’
p-CH;CH, Br
(p-CH,OCH,),.C=CH (I
CH;0COCH, Cl  Yield 50-80%
CH, Br
Pt R R
CsH, CeHs
CsHsFeC.H, Cl
Pd: R=CH,CcH, R=Cl

The reactions proceed readily in inert benzene-like

R—-Hg-R' o R~ JHg-R* {b} Hg{~-R*  slow
g —_— 2& . —_— ra—
Hg 9 R~

+*
Hg
! .
{c) , R~-Hig —R' d .,  R-Hg~R' +Hg

Using the galvanostatic method it was shown that the
reaction of trans-metalation

R.TI" + Hg— RHg+ 1"
proceeds via formation of intermetallic cation,
RTI"HgR'® which is an isoelectronic organic calomel.'™
The reaction is presumably similar to the above-
mentioned isotope exchange:

%

2+

{a}

R=TI*-R
(g

1|’I
R-Hg—R

For surveys of studies devoted to these exchange reac-
tions see Refs. 171,172,

It may be assumed from the above-described in-
vestigation of exchange reaction mechanisms that
R.MHgR-type intermediates are usually formed in reac-
tions of trans-metalation involving metallic mercury or
organomercuric compounds.

Proceeding from this assumption a new synthesis of
o-Pt and o-Pd organometallic compounds was
developed. The use of this method is apparently limited
only by the availability of the appropriate organomer-
curic compound, '™

L.M°+R—Hg—R'— L.M"(HgR')R + LM"(HgR)R'
+(n-2)L
——s LM'RR+ Hg’ + (0~ 2)L

ity
Pe—

tKreevoy and Walters'® proposed an oxidation-reduction
mechanism assuming intermediate formation of adsorbed organic
calomel, for example,
& gow ® *
RHgX + Hgv====2 Hg [RHgX]' + (RHgHgX)ose
* L
mfwém+m.
Actually, mercury is a reducing agent and not an oxidizer.'®

solvents at room temperature (under argon atmosphere).
An example of synthesis of an #-allyl complex:'™

CH;
LoPt*+ ClHg—CHr—CH==CH:— CH{(+ —PUL,CT
CH,

The possibility of intramolecular cyclization consider-

. stow

Ti
R—Hq'j

——— R-Hg-R+TI*

ably stimulates the formation of new carbon-transition
metal bonds.

The reaction under consideration turned out to be use-
ful for the synthesis of chelate metallocycles:'™

C. C
/
f \(|3 _.,L"P' < \? +Hg+ L
/Ho—N Pt—N
X L x

The followinig example illustrates the synthesis with
subsequent enantiomer resolution of 1,2 - disubstituted
ferrocene with planar chirality.

CHZN(C”S)Q i ——
N{CHy),

HgCl
Pd*® (DBA)g |
m——a——

CeHe

- di - palladinm (1),
Inthecauofasymmeu-icalmpnomercm_i
compound containing chelate-forming groups, a bis-
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chelate derivative with a “spirane”-type metal atom may
be produced as a result of double coordination with
¢limination of the labile tigand. This reaction was carried
out for several azoarenes and rendered with high yields
compounds which are difficult to synthesize in any other
way.

R=H,Me; M=Pd, Pt.

Zerovalent plaunum complexcs also react with
organolead compounds:"”
L;PtBrPh + [PhPbBr]

LsPt+ Ph;PbBr. ’—Br
rPbPh. %

2[PhPbBr]— Ph,PbBr; + Pb

Highly stable compounds with a Pt-Hg o-bond were
Syﬂmsm 174,177,178

Re—HgX + LyPt s Re—Hg—PtL,X; X=Hal Rg;
for instance,
(CF;).Hg + L,Pt— CF,Hg—PtL.CF; (86%).

The influence of steric hindrance on the stability of the
Pt-Hg bond is illustrated by the following sequence:'™

Hgocor,
c

LZPQOCF, L, P
L Prococr-'3 La P1C|

stability

0. A. Revrov

A characteristic reaction of acidolysis was found:'™

RFHg—PtL,—R" + CFsCOOH -—»
RFH+ Hg* + CF,COOPtL—R"
(L=PPhy; R"=CF;, CgFs).

Hence, complex L;Pt or the active species L,Pt® cor-
responding to it, act as a carbenoid, being incorporated at
the mercury-element bond. The cis-configuration of
CF;Hg-PtL.CF; i3 consistent with such an inter-
pretation. The L,Pt species acts as a nucleophilic
carbenoid since the reaction with (CeFs):Hg proceeds
more rapidly than with (CsHs),Hg."”*

Incorporation of (Ph,P);Pt and (Ph}P)de along Hg-
Ge and Hg-Sn bonds has been realized: '™

(CsFs)sM'—Hg—M'(CeFs)s + M(PPhy), —
(CsFs)M'—Hg—M(PPh;)y—M'(CeFs)s
(a) M=Pt, M'= Ge () M=Pd, M'=Ge;
{c) M=Pt, M'=5n.

Compounds with oligometallic chains are very stable
(they decompose only in boiling triffuoroacetic acid). A
stable compound with a Pd-Hg bond was obtained for
the first time.

Oligometallic chains containing cadmium or zinc were
also synthesised:'™

(Cst);M-—Cdether)si
(CsFs):M—Cd—L,Pt—M(CeFs)s

(Zn)

Both sigma-bonds were obtained for the first time (Cd-
Pt is stable, Zn-Pt is sensitive to oxygen).

. D. Nefedov, E. N. Sinotova and N. Ya. Frolov, Zb, Fiz.
Khim. 38, 2356 (1956); E. N. Sinotova, Zhr. Neorg. Khim. 2,
1205 (1957).

?0. A. Reutov, T. A. Smolina, U-Yang-Tsei and Yu. N. Bubnov,
Naschn. Dokl. Vysshel Shkoly 2, 324 (1958).

%0. A. Reutov, Izv. Akad. Nasuk SSSR, Ovd. Khim. 684 (1958).

“0. A. Reutov, Angew. Chem. 72, 198 (1960).

%0. A. Reutov, P. Knoll’ and U-Yang-Tsei, Dokl Akad. Naxk
SSSR 129, 1052 (1958).

%0. A. Reutov, V. 1. Sokolov and L P. Beletskaya, bid. 136, 631
(1960).

0. A. Reutov, V. L. Sokolov and L P. Beletskays, Jzv. Akad.
Nauk SSSR, Otd. Khim. Nauk 1213, 1217, 1427, 1561 (1961).

0. A. Reutov, V. 1. Sokolov, I. P. Beletskaya and Yu. S.
Ryabokobylko, Ibid. 965 (1963).

*0. A. Reutov, V. Praisnar, 1. P. Beletskaya and V. L. Sokolov,
Ibid. 970 (1963).

0. A. Reutov and V. 1. Sokolov, Dokl. Akad. Nauk SSSR 136,
366 (1960),

“E. D. Hugbes, C. K. Ingold, S. F. Mok, S. Patai and Y. Pocker,
J. Chem. Soc. 1220, 1238, 1265 (1957).

E, D. Hughes, C. K. Ingold, S. Patai and Y. Pocker; Ibid. 1230,

1256 (1957); Y. Pocker, Ibid. 1279 (1957).

BC. G. Swain, J. Am. Chem. Soc., 1119 (1948); C. G. Swain and
R. W. Eddy, Ibid. 79, 2989 (1948); C. G. Swain, Ibid. 72, 2194
(1950); C. G. Swain, W. P. Langsdoef Jr., Ibid. 73, 2813 (1951); C.
G. Swain and M. M. Kreevoy, fbid. 77, 1122 (1955); C. G. Swain
and R. B. Mosely, Ibid. 77,3727 (1955); C. G. Swain, R. B. Mosely
and D. E. Bown, Ibid. 77, 3731 (1955); C. G. Swain, Ibid 77,3737
(1955); C. G. Swain and E. E. Pegues, Ibid. 88, 812 (1958).

14S. Winstein, P. E. Klinedinst and G. C. Robinson, Ibid. 83, 885
(1961).

0. A. Reutov, V. 1. Sokolov and L P. Beletskays, Izv. Aked.
Naxk SSSR, Otd. Khim. Nauk 1217 (1961).



Some aspects of organometallic chemistry of nontransition metals

'E. D. Hughes, C. K. Ingold, F. G. Thorpe and H. C. Voiger, J.

).

Helv. Chim. Acta 47, 1191 (1964).

, Rec. Chem. Progr. 28, 145 (1964).

Reutov, Hu Hi Weng, T. A. Smolina and 1. P.
Beletskaya, Zkr. Flz. Khim. 38, 2424 (1961).

3T, A. Smolina, V. A. Kalyavin and O. A. Reutov, Lzv. Akad.
Nauk SSSR, Otd. Khim. Nauk 2235 (1963).

ZA, N. Nesmeyanov, O. A. Reutov and S. S. Poddubnaya, Dok!.
Akad. Nauk SSSR 88, 479 (1953).

30. A. Reutov, L. P. Beletskaya and R. E. Mardaleishvili, Zh.
Flz. Khim. 33, 152 (1959); 33, 1962 (1959).

0. A. Reutov and L P. Beletskaya, Dokl Akad. Naxk SSSR
131, 853 (1960).

30, A. Reutov, L. P. Beletskaya and R. E. Mardeleishvili, Ibid.
116, 617 (1957).

%0. A. Reutov, 1. P. Beletskaya and G. A. Artamkina, Zh.
Obshch. Khim. 34, 2817 (1964).

70. A. Reutov, Vestnik Akad. Nauk SSSR NS, 60 (1964).

20. A. Reutov, Dokl. Akad. Nauk SSSR 162, 909 (1965).

31, P. Beletskaya, O. A. Reutov and G. A. Artamkina, Zh.
Obshch. Khim. 32, 241 (1962).

%I, P. Beletskaya, G. A. Artamkina, E. A. Shevlyagina and O.
A. Reutov, Ibid. 74, 321 (1964).

310. A. Reutov, 1. P. Beletskaya and G. A. Artamkina, Zh. Fiz.
Khim. 36, 2582 (1962).

. P. Beletskaya, G. A. Artamkina and O. A. Reutov, Izv.
Akad. Nauk SSSR, Otd. Khim. Nauk 1737 (1964).

1. P. Beletskaya, G. A. Artamkina and O. A. Reutov, Dokl.
Akad. Nauk SSSR 149, 90 (1963).

0. A. Reatov, Angew. Chem. N6, 203 (1960).

¥S. Winstein, T. G. Traylor and C. Garner, J. Am. Chem. Soc.
77, 3741 (1959).

*H. B. Charman, E. D. Hughes and C. K. Ingold, J. Chem. Soc.
2530 (1959).

YR, R. Jensen, J. Am. Chem. Soc. 82, 2469 (1960).

®0. A. Reutov and E. V. Uglova, Izv. Akad. Nauk SSSR, Otd.
Khim. Nasuk 1691 (1959).

PR.E.Dessyand J. K. Lee, J. Am. Chem. Soc.82,689(1961); R.E.
Dessy, J. K. Lee and Gin-Yang-Kim, Ibid. 83, 1163 (1961).

“K. Brodersen and U. Schienker, Chem. Ber. 94, 3304
(1961).

“'Nic. A. Nesmeyanov and O. A. Reutov, Tetrahedron 28, 2803
(1964).

“3p. B. Paulik and R. E. Dessy, Chem. Ind. 1650 (1962).

“0. A. Reutov, T. P. Karpov, E. V. Uglova and V. A. Maly-
anov, Dokl. Akad. Nauk SSSR 134, 360 (1960); Tetrahedron
Letters No. 19, 6 (1960).

“T. P. Karpov, V. A. Malyanov, E. V. Uglova and O. A.
Reutov, Izv. Akad. Nauk SSSR, Otd. Khim. Nauk 1580 (1964).

“H, B. Charman, E. D. Hughes, C. K. Ingold and F. G. Thorpe,
J. Chem. Soc. 1121 (1961).

“V. S. Petrosyan, S. M. Sakembayeva, V. I. Bakhmutov and O.
A. Reutov, Dokl. Akad. Nauk SSSR 289, 1117 (1973).

“O.A.Ranov,T.A.SmoﬁmMHuHmWeu,lzv.Akad.
Nauk SSSR, Otd. Khim. 559 (1959).

.R.E.Dessy,F.Klphn,G.R.Coe.R.M.Slﬁmr,LAm.
Chem. Soc. 88, 191 (1963).

®A. N. Nesmeyanov, O. A. Reutov, U-Yang-Tsei and Lu-Tsing-
Chu, Izo. Akad. Nauk SSSR, Ser. Khim. 880 (1959).

%0, A. Maksimenko, I. P. Beletskaya and O. A. Reutov, Z. Org.
Khim. 2, 1137 (1966).

'L, P. Beletskaya, A. E. Myshkin and O. A. Reutov, Izv. Akad.
Nauk SSSR, Otd. Khim. Nauk 240 (1965).

L. H. Toporcer, R. E. Dessy and S. L Green, J. Am. Chem.

g D. Hughes and H. C. Voiger, J. Chem. Soc. 239 (1961).
“E_D. Hoghes, C. K. Ingold and R. M. G. Roberts, Ibid, 3900
(1964).

*R. R Jensen, D. D. Davis, J. Am. Chem. Soc. 93, 4048 (1971).

2853

istry, p. 191. Moxcow (1974); Appieton Century Crofts, p. 138.
New York (1967).

%0. A. Reutov, Elektrophile Substitutionen bei quecksilberor-
ganischen Verbindungen. Springer-Veriag, Fortschritte der
chemischen Forschung 8, 68 (1967).

#0. A. Reutov, Record of Chem. Progr. 22, N1, 3 (1961).

“A. N. Nesmeyanov, A. E. Borisov e al, Izv. Akad. Nauk
SSSR, Otd. Khim. Nauk 639 (1945); 647 (1946); 445 (1948); 570
(1949); 582 (1949); 402 (1951); 992 (1954); 1008 (1954); 1216
(1959); A. N. Nesmeyanov, A. E. Borisov and N. V. Novik-
ova, Dokl. Akad. Nask SSSR 119, 504 (1958),

1. P. Beletskaya, V. I. Karpov and O. A. Reutov, Izv. Akad.
Nauk SSSR, Otd. Khim. Nauk 1961, 2125, 2129 (1966).

], P. Beletskaya, V. 1. Karpov and O. A. Reutov, Izv. Akad.
Nauk SSSR, Ser. khim. 1135 (1966).

©L. P. Beletskaya, V. I. Karpov and O. A. Reutov, Ibid Ser.
khim. 963 (1966).

1. P. Beletskaya, V. I. Karpov and O. A. Reutov, Ibid 1707
(1964).

V. A. Kaliavin, T. A. Smolina and O. A. Reutov, Dokl. Akad.
Nauk SSSR 155, 596 (1964).

“R. E. Dessy, Y. K. Lee and Jin Youngkum, J. Am. Chem. Soc.
83, 1163 (1961).

“’K. Bonden, A. F. Cockerille and J. R. Gilbert, J. Chem. Soc.
179 (1970).

“0. A. Reutov, E. V. Uglova, 1. P. Beletskaya and T. B.
Svetlanova, Izv. Akad. Nauk SSSR, Ser. khim. 1383 (1964).

“1. P. Beletskaya, T. A. Asisijan and O. A. Reutov, Ibid. 1332
(1963).

™0. A. Reutov, V. L. Sokolov and I. P. Beletskaya, Ibid. 1213
(191),

'L P. Beletskaya, O. A. Maximenko and O. A. Reutov, Z. Org.
Khim. 2, 11377 (1966).

1. P. Beletskaya, V. B. Vol'eva and O. A. Reutov, Doki. Akad.
Nauk SSSR 206, 360 (1970); 204, 93 (1972). i

™1, P. Beletskaya, A. L. Kurz, I. A. Savchenko and O. A.
Reutov, J. Organometal. Chem. 17, p21 (1969).

™1, P. Beletskaya, G. A. Artamkina and O. A. Reutov, Ibid. 42,
C16 (1972).

M. H. Abraham and J. A. Hill, Ibid. 7, 11 (1967).

0. A. Reutov, V. 1. Sokolov and I. P. Beletskaya, Correlation
equations in organic chemistry Vol. 1, p. 342 Tartu (1962).

"L P. Beletskaya, G. A. Artamkina and O. A. Reutov, Dokl.
Akad. Nauk SSSR 153, 588 (1963).

™. P. Beletskaya, O. A. Maximenko and O. A. Reutov, Z. Org.
Khim. 2, 1129 (1966).

™1 P. Beletskaya, O. A. Maximenko, V. B. Vol'eva and O. A.
Reutov, Ibid. 2, 1132 (1966).

®y. A. Kalyavin, T. A. Smolina and O. A. Reutov, Dokl. Akad.
Nauk SSSR 188, 596 (1964).

91y, A. Kalyavin, T. A. Smolina and O. A. Reutov, Ibid. 156, 95
(1964).

21, P. Beletskaya, T. P. Fetisova and O. A. Reutov, Ibid. 158,
1095 (1964).

®], P. Beletskaya, K. P. Butin and O. A. Reutov, Organometal.
Chem. Rev, A7, 51-79 (1971). )

%J. R. Coad and M. D. Johnson, J. Chem. Soc. B, 633 (1967).

*D. Dodd and M. D. Johnson, Ibid. B, 1071 (1969).

%C. J. Cooksey, D. Dodd and M. D. Johnson, Ibid. B, 1380
(1971).

M. D. Johnson and N. Winternon, Ibid. A, 511 (1970).

®N. A. Nesmeyanov, S. T. Berman, L. D. Ashkinadze, L. A.
Kazitsina and O. A. Reutov, Z Org. Khim. 4, 1685

1

41”%.)' Nesmeyanov, V. M. Novikov and O. A. Reutov, J.
Organometal. Chem. 4, 202 (1965). :

®N. A. Nesmeyanov, A. V. Kalinin and O. A. Reutov, Z Org.
Khim. 8, 1508 (1969). .

"N. A. Nesmeyanov, A. V. Kalinin and O. A. Reutov, Dokl.
Akad. Nauk SSSR 195, 98 (1970).

K. P. Butin, L. P. Beletskaya and O. A. Reutov, Electrokhimia
2, 635 (1966).

®K. P. Butin, L. P. Beletskaya, A. N. Kashin and O. A. Reutov, -
Dokl. Akad. Nawk SSSR 178, 1055 (1967).



™K. P. Butin, L P. ys, A. N. Kishin and O. A. Reutov,
J. Organometal. . 10, 197 (1967).

0. A. Reutov, K. P. Butin and L P. Beletskaya, Bull. Inst,

Politeh. lasi. 26(20), 11, issue 3-4, 33 (1970).

*0. A. Reutov, K. P. Butin and L P. Beletskays, Usp. Khim. 43,
33 (1974).

¥K. P. Butin, A. N. Kashin, 1. P. Beletskaya, L. S. German and
VL R. Polishchuk, J. Organometal, Chem. 28, 11 (1970).

*V. I. Stanko, V. L. Bregadze, A. L Klimova, O. Yu. Okhlobis-
tin, A. A. Kashin, K. P. Butin and L. P. Beletskaya, Irv. Akad.
Nask SSSR, Ser. Khim. 421 (1968),

¥A. N. Kashin, K. P. Butin, V. L. Stanko and I. P. Beletskaya,
Ibid. 1917 (1969).

WOK. P. Butin, L. G. Yudin, A. L Paviuchenko, I. P. Belotskaya
and A. N. Kost, Z. Org. Khim. 7, 2586 (15T1).

2

WK P. Butin, A. N. Kashin, I. P. Beletskaya and O. A. Reutov,

J. Organometal. Chem. 16, 27 (1969).

203, A. Reutov, Ibid. 108, 224 (1975).

19D, Cram, Fundamentals of Carbanion Chemistry. Academic
Press, New York (1965).

45, Stretwieser and J. Hammons, Progress in Phys. Org. Chem.
8, 1{1966).

193} Hine, L. G. Mahone and C. L. Liotta, J. Am. Chem. Soc. 89,
5911 (1967).

WM. Bigen, Angew. Chem. Int. Ed. Engl. 3, 1 (1964).

¥, P. Beletskaya, K. P. Butin and O. A. Reutov, Izv. Akad.
Nauk SSSR, Ser. Khim. 1618 (1970).

"8 P. Beletskaya, K. P. Butin and O. A. Reutov, Organometal,
Chem. Rev. A1, 51-79 (1971).

®K. P. Butin, V. M. Shishkin, 1. P. Beletskays and O. A.
Reutov, Dokl. Akad. Nauk SSSR 218, 371 (1974).

K. P. Butin, I. P. Beletskaya and O. A. Reutov, J.
Organometal. Chem. 64, 323 (1974).

K20, A. Reutov, K. P. Butin, Rev. Roumaine de Chimie 22, 733
(1977; K. P. Butin, V. N. Shiskin, I. P, Beletskays and O. A.
Reutov, J. Organometal, Chem. 93, 139 (1975); 1. P. Belet-
skaya, K. P. Butin, V. N, Shishkin and O. A. Reutov, Ibid. 24,
31 (1970): L P. Beletskaya, K. P, Butin, V. N, Shishkin, V. F.
Gomziakov, 1. F. Gun'kin and Q. A. Reutov, J. Org. Khim. 1,
2009 (1974); 1. P. Belstskaya, K. P. Butin, V. N. Shishkin, I. F.
Gun'kin and O. A. Reutov, Ibid. 11, 2483 (1975).

"1 P, Beletskaya, V. I. Karpov, V. A. Moskalenko and O. A.
Reutov, Dokl. Akad. Nouk SSSR 162, 86 {1965).

20, A. Reutov, L. P. Beletskaya, V. S. Petrosyan and Z. V.
Savinyokh, Tetrahedron Letters, No. 4, 485 (1969).

134, N. Nesmeyanov, A. E. Borisov and I, S. Savel'eva, Izv.
Akad. Nauk SSSR, Ser. Khim. 286 (1968),

140, A. Reutov, L P. Beletskaya and 1. 1. Zakharicheva, Z Org.
Khim. 8, 793 (1969); 8, 798 (1969).

34 P, Beletskaya, L 1. Zakharicheva and O. A. Reutov, Dokl.
Akad. Nauk SSSR 198, 837 (1970).

Y64 1. Shatenshtein, Isotope Exchange and Substitution of
Hydrogen in Organic Compounds, Ird. Akad. Nauk SSSR,
Moscow (1960).

D), Bryce-Smith, J. Chem. Soc. 1079 (1954).

"'y, K. Airis, Karbanlony v Organicheskom Sinteze, Izd. “Khi-
mia", Moscow (1969),

YK, Leidler, Reaction Kinetics. Pergamon Press, London

(1963).

124, F. Webb, D. S. Sethi and H. Gilman, J. Organometal. Chem.
21, P63 (1970).

121y, Seyferth, M. E. Gordon, J. Yick-Pui Mui and J. M. Buritch,
J. Am. Chem, Soc. 8, 99 (1967).

127y, Seyferth, J. Yick-Pui Mui, L. J. Todd and K. V. Darragh, J.
Organometal. Chem. 8, 29 (1967).

1Dy, Seyterth, H. Dertouzos, R. Suyuki and J. Yick-Pui Mui, J,
Org. Chem. 32, 2980 (1967).

1947y, Seyferth, Y. Yick-Pui Mui, M. E. Grodon and J. M. Burlitch, J,
Am. Chem. Soc. 87, 681 (1965).

2p . E. Dessy and Sin-Young Kim. Ibid. £3, 1167 (1961.

%7y Seyferth, Ibid. 79, 2133 (1957).

R N, Sterlin, U. Wei-Gan and L. L. Kmmyants, Dokl. Adad.
Nauk SSSR 148, 137 (1961).

3 P. Beletskaya, A. N. Kashin, A. Z. Malhasyan and O. A.
Reutov, Z. Org. Khim. 9, 1089 (1973).

0. A. Reurov

31, P. Beletskays, A. N. Kashin, A. Z. Malhasyan and O. A.
Reutov, Ibid 9, 2215 (1973).

10y, P. Beletskaya, A. N. Kashin, A. Z. Malhasyan and O. A.
Reutov, Ibid. 18, 673 (1974).

WA, N. Kushin, V. A. Khatoryanskii, B. L. Fiskel'stein, 1.P.
Beletskays and O. A. Reutov, Z. Org. Chem. 13, 2049 (1976).

121 P. Beletskaya, A. N. Kashin, A. Z. Malhasysn, A. A.
%W.EU.WMO.A.W,ZM.MIO.

1974),

BA, N. Kashin, V. A. Khutoryanskii, I. P. Beletskaya and O. A,
Reutov, Vestn. Mosk. Univ. Khim. 447 (1976).

I¥R. S. Sneen, Accounts Chem. Res. 6, 46 (1973),

137 P. Beletskays, Usp. Khim. 44, 2205 (1979).

INT, W. Bentley and P. v. R. Schieyer, J. Am. Chem. Soc. 98,
7658 (1976).

175, 5. Dannenberg, Ibid. 98, 661 (1976). .

%1, P. Beletskaya, A. N. Kashin, V. A. Khutoryanskii and-Q: A.
Reutov, Izv. Akad. Nauk SSSR, Ser. Khim. 1674 (1976).

%A, A. Solovyanov, P. I. Demyanov, L P. Beletskaya and O. A.
Reutov, Dokl. Akad. Nauk SSSR 232, 343 (1977).

Wby, Gutmann, Coordination Chemistry in Non-Aqueoxs Soli-
tions. Springer-Verlag, Wien (1968). .
A N. Kashin, V. A. Kbutoryanakii, V. N. Bakunin, I P.
Beletskays and O, A. Reutov, J. Organometal, Chem. 125,359

(197).

124, N. Kashin, Yu. N. Lusikov, V. A. Khutoryanskii, V. N.
Bakunin, 1. P. Beleskaya, O. A. Reutov and Yu. A. Ustynuyk,
Izv. Akad. Naik SSSR, Ser. Khim. 2637 (1976). .

mA.N.Kuhin.V.A.Khmuﬁ.O.LumlhymLP.
Beletskaya and O. A. Reutov, Ibid. 2151 (1976).

*Yu. G. Bundel, N. D. Antonova and O. A. Reutov, Dokl. Akad.
Nauk SSSR 166, 1103 (1966). :

“SYu, G. Bundel, V. I. Rosenberg and O. A. Reutov, Iz0. Akad.
Nasik, Ser. Khim. 2316 (1969). :

“Yu, G. Bundel, V. 1. Rosenberg, 1. N. Krokhina and O. A.
Reutov, Z. Org. Khim. 6, 1519 (1970).

''Yu, G. Bundel, T. V. Gavrilova, V. L Rosenberg and 0. A
Reutov, Iz, Akad. Nauk SSSR, Ser. Khim. 1382 (1965).

¥Yu. G. Bundel, V. L. Rosenberg and O. A. Reutov, Izs. Akad
Nauk SSSR 918 (1970).

“yy. G. Bundel, V. I. Rosenberg, G. V. Gavrilova, E. A.
Arbuzova and O. A. Reutov, Ibid. 1155 (1970).

%Yu. G. Bundel, V. I. Rosenberg, A. L. Kurz, N. D. Antonova
snd O. A. Reutov, Dokl Akad. Naxk SSSR 187, 1290

{1968). ,

'Yy, G. Bundel, V. I. Rosenberg, A. L. Kurz, N. D. Antonova
and O. A. Reutov, J. Organometal. Ckem. 18, 209 (1969).

12Yu. G. Bundel, V. A. Nikanorov, M. Abazid and O. A. Reutov,
Izv. Akad. Nauk SSSR 233 (1973).

9y, A. Nikanorov, V. I. Rosenberg, R. L. Gorbacheva and O. A.
Reutov, 2v. Akad. Nauk SSSR, Ser. Kkim. 113 (1974).

154y, A. Nikanorov, V. L. Rozenberg, M. Abazeed, Yu. G. Bundel
and O. A. Reutov, J. Organometal. Chem. 108, 325 (1976).

18y 1. Rozenberg, V. A. Nikanorov, R. 1. Gorbacheva, Yu. G.
Bundel and O. A. Reutov, Dokl. Akad Nauxk SSSR 224, 833
(1975).

1%V, 1. Rozesberg, V. A. Nikanorov, V. L Salikova, Yu. G.
Bundel and 0. A. Reutov, Ibid. 223, 879 (1975).

V. 1. Rozenberg, V. A. Nikanorov, V. 1. Sakkova, Yu. G.
Bundel and O. A. Reutov, J. Organometal. Chem. 182, 7 (1975).

1%y. L Rozenberg. R. I Gorbachevs, E. L. Smislova, K. 1.
Granberg, V. A, Niksnorov, Yu. G. Bundel and 0. A. Reutov,
Dokl. Akad. Naxk SSSR 228, 1082 (1975).

1%y. A. Nikanorov, V. L. Rozeaberg, R. L Gorbacbeva, Yu. G.
Bundel and O. A. Reutov, Z. Org. Chem. 11, 2441 (1975).

140, A. Reutov and G. M. Ostapchuk, Dokl. Akad. Nask SSSR,
Ser. Khim. 117, 826 (1957).

%10, A. Reutov and Yang Taei U., Jbid. 117, 1003 (1957).

420, A. Reutov, G. M. Ostapchuk, Yang Teei U., T. A. Smolina
and P. Knaoll, Isotopes and Radiation in Chemistry (Edited by
USSR Acad. Sci), p. 32 (1958).

1GA, N. Nesmeyanov, O. A. Reutov and P. Kooll, Dokl. Aked.
Naxk SSSR 118, 99 (1958).

R, A. G. Marshall and D. R. Pollard, J. Organometal. Chem.
28, 287 (1970).



Some aspects of organometallic chemistry of nootransition metals

%D, P. Pollard and J. V. Westwood, J. Am. Chem. Soc. 87, 2809
(1965); 88, 1404 (1966).

14K. P. Butin, A. B. Ershier, V. V. Strelets, A. N. Kashin, I. P.
Beletskaya and O. A. Reutov, J. Organometal. Chem. 64, 171
(1974).

WM, M. Kreevoy and E. A. Walters, J. Am. Chem. Soc. 89, 2986
(1967).

184, N. Kashin, A. B. Ershler, V. V. Strelets, K. P. Butin, I. P.
Beletskaya and O. A. Reutov, I Organometal. Chem. 39, 237
(1972).

'¥X. P. Butin, L. F. Gunkin, 1. P. Beletskaya and O. A. Reutov,
Z. Org. Khim. 12, 2478 (1975).

™K. P. Butin, V. V. Strelets, L. P. Beletskaya and O. A. Reutov,
J. Organometal. Chem. 64, 189 (1974).

1710, A. Reutov and K. P. Butin, Ibid. 99, 171 (1975).

120, A. Reutov, Ibid. 108, 219 (1975).

17y, L. Sokolov, V. A. Bashilov, L. M. Anishchenko and O. A.
Reutov, Ibid. 71, C 41 (1974).

%y, 1. Sokolov, V. V. Bashilov and O. A. Reutov, Ibid. 97, 299
(1979).

1y, 1. Sokolov, L. L. Troitskaya, A. L. Granberg and O. A.
Reutov, Dokl. Akad. Naxk SSSR 228, 367 (1976).

2855

™y. L. Sokolov, L. L. Troitskaya O. A. Reutov, J. Organometal.
Chem. 93, C 11 (1975).

17y, 1. Sokolov, V. V. Bashilov and O. A. Reutov, Ibid. 111, C13
(1976). '

®y_ V. Bashilov, V. 1. Sokolov aad O. A. Reutov, Dokl. Akad.
Naxk SSSR 228, 603 (1976).

Py, L Sokolov, V. V. Bashilov, O. A. Reutov, M. M. Boch-
karev, L. P. Mayorova and G. A. Razuvaev, J. Organometal.
Chem. 112, C 47 (1976).

1R, E. Dessy and F. E. Paulik, J. Am. Chem Soc. 85, 1812
(1963).

W10, A. Reutov, I. P. Beletskaya and G. A. Artamkina, J. General
Chem. Russian 34, 2917 (1964).

1821 P. Beletskaya, O. A. Maximenko and O. A. Reutov, Dokl
Adad. Nauk SSSR 268, 333 (1966).

180, A. Reutov, 1. P. Beletskaya and M. 1. Aleinikova, Z Phys.
Khim. 3, 489 (1962).

IR, E. Dessy and F. Paulik, J. Chem. Educ. 40, 185 (1963).

WA, P. Skoldinov and K. A. Kocheshkov, J. General Chem.
Russian 12, 398 (1942).



