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Synthesis of organometallic compounds
containing bonds between different metals:
peculiarities of the mechanism"

A. V. Piskounov, S. V. Maslennikov, I|. V. Spirina* and V. P. Maslennikov
Chemistry Research Institute, Nizhny Novgorod State University, Gagarin av. 23/5, 603600 Nizhny

Novgorod, Russian Federation

The possibility synthesizing compounds of the
type (°—CsHs)M(CO)sM'Cl (M =Mo, W; M ' =
Mg, Zn, Cd) by direct metal interaction with
chlorides of cyclopentadienyltricarbonylmolyb-
denum and tungsten was demonstrated. In the
case of magnesium derivatives of the type 4
—CsH5)M(CO)3],Mg were observed also. The
kinetics of magnesium, zinc and cadmium
oxidation by PhsSnCl, (n°—CsHs)Mo(CO)sCl
and (n°—CsHs)W(CO)4Cl in tetrahydrofuran
and N,N-dimethylformamide was investigated.
Rate constants and activation energy were
determined. For the process of oxidation a

Langmuir—Hinshelwood scheme was proposed.

The kinetic data obtained make it possible to
calculate the equilibrium constants, enthalpy
and entropy of adsorption of the oxidant and co-
ordinating solvent on metal surface. Copyright
© 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

The oxidation of magnesium, zinc and cadmium by
hydrocarbon halides is used extensively for pre-
paration of the corresponding organometallic
compounds. However, this method is rarely useq?n
for obtaining organic compounds containing a.
bond between different metals. The first report
concerning oxidation of magnesium by triphenyltin
chloride () to give bis(triphenyltin)magnesium
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Nizhny Novgorod, Russian Federation.
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was made by Tamborsky and co-workérShe
same interaction of zinc withleads to formation of
Ph,Sn, metallic tin and phenylzinc chlorideA
number of polynuclear organometallic compounds
have been obtained by reaction ofBX,, (E = Sié
Ge, Sn;n, m=1-3) with rare-earth elements’
There have been some examples of the formation of
organobimetallic comgounds by oxidation of mag-
nesiunf and mercury® with halides of cyclopen-
tadienylcarbonylmetal derivatives. The kinetics and
mechanism of these processes have not been
investigated.

Here we report that the compounds containing
M-M" bonds (where M = Sn, Mo, W; M= Mg, Zn,
Cd) can be obtained by oxidation of metallic
magnesium by PsnCl, and of magnesium, zinc
and cadmium by CpMo(CQEl (II) and CpW
(COXCI (') (Cp=n>-CsHs) in tetrahydrofuran
(THF) andN,N-dimethylformamide (DMFA). The
kinetics of these processes is described and some
thermodynamic parameters of the adsorption of the
reagents on metal surface are presented.

EXPERIMENTAL

All operations were carried out in an argon
atmosphere or in vacuum. Organic solvents were
purified and dried according to the literatrBure
olvents were used for preparation of organobi-
etallic compounds. The kinetic measurements
involved mixtures of coordinating solvent (THF or
DMFA) with benzene.

Compoundd, Ph,SnSnPR(1V),* 11 ** and il *2
were synthesized by the respective techniques (see
the references indicated). The content of the basic
substance in the compounds received was not less
than 99%. The purity ol-Ill was estimated by
elemental analysis and from melting points:

T Presented at the Xlllith FECHEM Conference on Organometallic
Chemistry, held 29 August-3 September 1999, Lisbon, Portugal. I: Found: C 55.4, H 3.8, Sn 30.6, Cl 9.4; (Calcd: C

Copyright© 2000 John Wiley & Sons, Ltd.
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56.0,H 3.9,Sn30.8,Cl 9.3%).M.p. 105.5°C (lit.*°
m.p. 105-106°C)

II: Found:C 34.0,H 2.0,Mo0 34.4,Cl 12.5;(Calcd:
C 34.2,H 1.8,Mo 34.2,Cl 12.6%).M.p. 144.5°C
dec. (lit.** m.p. 145°C dec.)

lll: Found:C26.3,H1.3,W 49.6,Cl9.5;(Calcd:C
26.1éH 1.3,W 49.9, Cl 9.6%). M.p. 159°C dec.
(lit.** m.p. 160°C dec.).

CompoundlV was analysedby iodine titration,
elementalanalysis and melting point. Found: C
61.4,H 4.4, Sn 33.8; (Calcd: C 61.7,H 4.3, Sn
34.0%).M.p. 238°C (lit.*° m.p. 238°C)

Magnesiumzinc andcadmiumusedfor kinetics
weretakenaswires (diameter0.5mm) with purity
99.9%. Rieke magnesiumwas synthesizedby a
commonmethod® involving interaction of mag-
nesiumchloride with metallic potassiumin THF.
Kinetic measurementswere carried out by a
resistometric method* modified for use of an
argonatmosphere.

The quantity of (PhSnhMg was determined
after treatmentof the reaction mixture with 1,4-
dioxan (to separateMgCl, as a precipitaté®
accordingto the Schlenkequilibrium), by evalu-
ating the volume of ethylene %enerated after
reaction with 1,2-dibromoethae® The gas was
analysedqualitatively and quantitatively by GC
(Tsvet-104 chromatograph;column 1000mm x
5mm with activated charcoal; temperature of
column and catarometerl10°C; helium flow rate
40ml min~t; retentiontime 250s).

Reaction of CpM(CO)CI (M = Mo,W)
with magnesium

A solution of 0.42g CpMo(COXCI (or 0.553g

CpW(COXCI) in 5ml of THF at 20°C wasadded
to 0.144g of magnesiumturnings. The reaction
finished within 6 h. The brown solution and fine

light precipitate were separatedfrom unreacted
magnesium.The precipitate was separatedirom

solutionby decantatiorandwashedwith THF.

(@) The brown solution was evaporated, then
hydrolysed with degassedwater, which led
to the formation of a yellow precipitatewhich
was separatedby filtration and purified by
sublimation. We obtained 0.27g of CpMo
(COXH (yield 75%) from the CpMo(COXCI,
and0.29g of CpW(CO)H (yield 58%)from the
CpW(COXCI. The melting points of the
hydridescorrespondedb literaturedata’’

Copyright© 2000JohnWiley & Sons,Ltd.

(b) The precipitatewas hydrolysedwith degassed
water, which led to the formation of a yellow
precipitate,which was separatedoy filtration
andpurifiedby sublimation We obtained).03g
of CpMo(COXxH (yield 9%) from the CpMo
(COXCI and 0.06g of CpW(COXxH (yield
12%) from the CpW(COXCI. The melting
points of hydrides correspondedo literature
datal’

(c) The brown solution was treatedwith 0.422g
HgCl,, thenthe reactionmixture was evapor-
ated. The yellow residuewas extractedwith
acetoneand recrystallizedfrom ethanol. This
resultedin formationof 0.6g of yellow CpMo
(COXHgCI crystals(yield 84%) in the caseof
CpMo(COXCI and 0.61g of CpW(COxHgCI
(yield 78%)in the caseof CpW(COXCI.

Reaction of CpM(CO)sCI (M = Mo,W)
with zinc

A solution of 0.42g CpMo(COXCI [or 0.553g
CpW(COXCI] in 5ml of DMFA at 20°C was
addedto 0.39g of zinc turnings. The reaction
finishedwithin threedays.The brown solutionwas
filtrated from unreactedmetal and treated with
0.422g HgCl,, then the reaction mixture was
evaporatedThe yellow residuewasextractedwith
acetonandrecrystallizedrom ethanolyesultingin
formation of 0.69g of yellow crystalsof CpMo
(COXHgCI (yield 96%) in the case of CpMo
(CO)Cland0.66g of CpW(COXHgCI (yield 85%)
in the caseof CpW(COXCI.

Reaction of CpM(CO)sCI (M = Mo,W)
with cadmium

The solution of 0.42g CpMo(COXCI [or 0.553g
CpW(COXCI] in 5ml of DMFA at 20°C was
addedto 0.73g of cadmiumturnings.The reaction
finishedwithin threedays.The brown solutionwas
filtered from the unreactednetal and treatedwith
0.422g HgCl,, then the reaction mixture was
evaporatedA yellow residuewas extractedwith
acetonaandrecrystallizedrom ethanolyesultingin
formation of 0.67g of yellow crystalsof CpMo
(COXHgCI (yield 95%) in the case of CpMo
(CO)Cland0.62g of CpW(COXHgClI (yield 80%)
in the caseof CpW(COXCI.
ThemeltingpointsandIR spectreof themercur

derivatives correspondedo the literature datat
All yieldswerecalculatedwith respecto theinitial
quantity of CpMo(COXCl or CpW(COXCI.

Appl. Organometal Chem.14, 590-597(2000)



592 A. V. PISKOUNOV,S. V. MASLENNIKQV, I. V. SPIRINAAND V. P. MASLENNIKOV

C(THF) (mol I")
4 8

8 L | | | ' |
2 L
6 — 1
= T
g r g
4 E
@ ? 2
& 18
e x
— 3 _—
2 —
i 4
o= L0
0.0 02 04 06 08 1.0
Coy (mol 1)

Figure 1 Magnesiunmoxidationratein (1, 4) PheSnCI-THF—
benzeneand (2, 3) CpMo(CO}CI-THF-benzenesystems.
Curve 1, C(THF)=12moll~, 303K; curve 2, C(THF)=
12mol 171, 293K; curve 3, C(CpMo(COXCl) =0.3mol 172,
293K; curve4, C(Ph;SnCl)=0.1mol I %, 303K.

RESULTS AND DISCUSSION

The rate of magnesiunoxidationby | is maximal
in THF. Thelinear dependencef the procesgate
on THF concentration(Fig. 1) providesevidence
that the adsorptionequilibrium constantof this
ligand on a magnesiumsurfaceis closeto zero.
The influence of the oxidant concentrationupon
reaction rate (Fig. 1} is analogousto that of
alkyl andaryl halides®?° The dependencef the
magnesium oxidation rate upon the PhSnCI
concentrationhas two points of inflection. In
the rangeOmol |1 < Coy < 0.3mol I~ it corre-
spondsto the Langmuir isotherm. Therefore,the
oxidation of magnesium in benzene in the
presenceof THF is carried out accordingto a
schemeby which the molecule I adsorbedon
magnesiumsurface is attacked by a molecule
of ligand from the bulk of the solution?* Thus
in the caseof constantligand concentrationthe
rate of the processs expressedby Eqn[1], where
ki =kKK_C., C_ andCpy arethe concentration®f
the ligand and oxidant respectively,K_ and Koy
are the adsorption constantsof the ligand and
oxidant, k =kS,, k is the rate constantof the
process and & is the concentration of the
adsorptioncentreson the metal surface.

Copyright© 2000JohnWiley & Sons,Ltd.

k1KoxCox

= 1

1 + KOxCOx [ }
The transformationof Eqn [1] in coordinatesl/V,
1/C allows calculationof the equilibrium constant
of adsorptionof | on the magnesiumsurface.
Given thesevalues at different temperaturesijt
was possibleto calculatethe adsorptionenthalpy
and entropy. The data obtained are given in
Tablel.

Curve 1 on Fig. 1 hastwo points of inflection.
One possible explanationis that at low oxidant
concentratior(lessthan0.3mol %) a moleculeof
oxidant adsorbedon a magnesiumsurfacereacts
with the metal,forming an analogueof a Grignard
reagentwhich reactsfurtherwith excesf | (Eqns
[2] and[3]).

PhSnCl+ Mg — PhsSnMgCl 2]

I
PhSnMgCl+ PhsSnCl — PhsSnSnPh+ MgCl,
I v [3]

Raising the oxidant concentrationincreasesthe
probability of IV formationby meansof attackof
the moleculeof | adsorbedn an active centreon
the magnesiunsurfaceby an analogousmolecule
from the bulk of the solution(Eqn [4]).

Ph,Sn--Cl
\ / + Ph,SnClI

777Me777 [4]
Ph,SnSnPh, + MgCl,
This procesds describedoy Eqn[5].

V= koKoxC3x
1+ KoxCox

Therateof magnesiunoxidationwill beexpressed
by Egn[6], which is the sumof Eqns[1] and[5].

_ kiKoxCox + koKoxC3,
1 + KOxCOx

Coefficientsk; andk, weredeterminedy theleast-
squaresnethodwith respecto Ko, obtainedfrom
the solutionof Egn [1]. Equation[6] givesa good
approximationto experimentadata(Fig. 2).
ThecompoundV formedin reactiong3] and[4]

precipitatespartially from a reactionmixture asa
voluminouswhite deposit.Furtherreactionof IV
with magnesiumin THF at 20°C leadsto the
formation of bis(triphenyltinymagnesium(V).}

5]

\Y

(6]

Appl. Organometal Chem.14, 590-597(2000)
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Figure 2 Magnesium oxidation rate in PhSnCI-THF-
benzeneystemC(THF) = 12mol | %, 313K. W, Experimental
data;[], calculateddata.

Analysis of the reaction mixture at the moment
whenV beginsto form hasshownthatthe yield of

hexaphenylditinis 0.26mol per mol of the initial

compound. Theyield of V in thereactionproducts
after the processends (24h after mixing the
reagents)s 0.425mol per mol of | introducedto

thereaction.

It should be notedthat the addition of MgCl,,
MgBr, or Mgl, in amountsfrom 0.2 to 1 mol per
mol of organotincompoundto aninitial mixture of
IV with magnesiumin THF, did not lead to
oxidation of the metal during at least 200h at
20°C. Ontheotherhand,theinteractionof IV with
magnesiuntouldbe stimulatedoy theintroduction
of 1,2-dibromoethae (1 mol permol of IV) to the
initial reaction mixture. The final product of
reactionis the compoundV, of which theyield is
about0.42mol permol of initial IV (Eqn[7]). The
interactionof hexaphenylditinwith Rieke magne-
sium*3in THF is alsoaccompaniedy formationof
V in 24%yield. Thisconfirmsthefactthatactivated
magnesiumis capableof cleavingthe Sn—Snbond
of hexaphenylditin,

PhsSnSnPh+ Mg — PhSnMgSnPh  [7]

v A\
The interactionof magnesiunwith Il andlll was
investigatedin order to synthesizeorganopoly-

metallic compoundsy direct metaloxidation.The
reactionproceedsn THF andDMFA.

Copyright© 2000JohnWiley & Sons,Ltd.

Exothermicreactionof Il or Il with anexces®f
magnesiumturningsin THF at 20°C is finished
within 6 h after mixing the reagentsAt the endof
theprocesghereactionmixture consistof abrown
solution and light precipitate.The loss of magne-
sium weight showsthat 1 mol of metalper mol of
initial oxidanthasenteredhereaction.Thesolution
at the end of the processcontainsthe elementsin
the proportion Mo Mg Cl =1:1.05:1.09(or W Mg
Cl=1:1.1:1.2);in the precipitatesthe elementratio
is Mo(W) Mg =2:1.

Analysisof areactionmixture aftertheendof the
processand some reactions of the compounds
obtained(Schemel, below) have shownthat the
solution contains CpM(COxMgCI, and that a
precipitateis [CpM(CO)]Mg (M =Mo, W). A
depositof [CpM(CO)].Mg was separatedrom a
solution by decantationwith subsequentepeated
washingwith THF. The compoundsobtainedare
white powdersthat begin to decomposewithout
melting at 160 and 185°C for M =Mo andW
respectively.Theseobservationsare in agreement
with known literaturedata®22%3

Contraryto reaction[3], derivativesof the type
[CPM(CO)],> (M =Mo, W) are not found during
the interaction of Il or Il with magnesium.
Therefore the most probable route to [CpM
(COX],Mg formation is via reaction[8] and the
equilibrium[9]

CpM(CO)CI + Mg—CpM(CO)MgCl  [§]
11, IT1

2 CpM(CO)%MgCI = [CpM(CO)],Mg+
MgCl, [9]

The addition of the MgCl, solutionin THF to the
insoluble compound [CpM(CO)]-Mg (M = Mo,
W) causedissolutionof a precipitateand forma-
tion of a Grignardreagentanalogue Attemptsto
separatethe latter in an individual form failed.
Evacuatingthe reactionmixture in vacuumgives
only adarkoil.

In orderto proveof the natureof the compounds
obtaineda numberof reactionswere carried out
(Schemel).

The organopolymetallic compounds are not
found in productsof reactionof Il or Il with
magnesiumin DMFA, probably becauseof their
interactionwith the solvent?’

The dependencef the reactionrate of magne-
siumwith Il orlll onTHF concentratioris closeto
linear (Fig. 1), which is further evidenceof a low
value of the adsorptionequilibrium constantof the

Appl. Organometal Chem.14, 590-597(2000)
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CPM(CO)sMCI + Mg

Hp0

CpM(CO)gH + Mg(OH)CI

[CpM(CO)sloMg

— = CPM(CO)MgCI

HgCl,

CpM(CO)3HgC! + MgCl,

Schemel

ligand on a magnesiumsurface.The dependence
V=f(Cox) is quite a good approximationof the
Langmuir isotherm over the whole interval of
oxidant concentration(Fig. 1). This fact provides
the evidencethat a reactionanalogougo [4] does
notoccurin thecaseof Il andlll . Theoxidationof
magnesiurmby compoundll or lll in THF canbe
describedby the samemodel asin the caseof |
(0moll™* < Coyx < 0.3mol Y.

In DMFA the dependencef magnesiunoxida-
tion rate on ligand or oxidant concentrationis a
curvewith saturatiorfor bothll andlll (Fig.3).To
discover the characterof the adsorptionof the
reagentsthe dependenceurvesVIVyax =f(Coy)
(Fig. 4) were constructed.Since the curves at

C(DMFA) (mol I)
4 8 12

5 1 | 1 ! L | )

Vx 10° (gm”? min™)

02 04

06
Coy (mol 1)

0.8 1.0

Figure 3 Magnesiunoxidationratein (1, 2) CpMo(COX%Cl—
DMFA-benzeneand (3, 4) CpW(COxCI-DMFA-benzene
systems. Curve 1, C(CpMo(COXCl)=0.3moll~%, 313K;
curve2, C(DMFA) = 13mol 7%, 293K; curve3, C(CpW(CO)
Cly=0.5moll~*, 293K; curve 4, C(DMFA)=13moll*,
293K.

Copyright© 2000JohnWiley & Sons,Ltd.

various initial ligand concentrationslo not coin-

cide, it is possibleo concludethatthe adsorptiorof

reagentsoccurson reactioncentresof the surface
that are of an identical native. In this casethe

procesganbedescribedy the Langmuir-Hinshel-
wood schemé! (Eqns[10]-[12], where Ox is the

oxidant,L is aligand, S is an active centreof the

metal surface, and OxS and LS are adsorbed
moleculesof oxidantandligand respectively.

KOx
Ox+ S = OxS

10

KL
L+S=1LS [11]
OXS+LS - products [12]

The reactionrate can be expressedy Eqn [13],
where K =kS?% S = concentrationof the active

1.0+

0.8+

0.6 —

py/V max

04— *

024 /

OO T I T l T ] T I T |
0.0 02 04 086 08 1.0
Coy (Mol 1)

Figure 4 Dependenc®/Vmax=f(Coy) for magnesiunoxida-
tion in the CpW(CO}CI-DMFA-benzenesystemat 293K. W,
C(DMFA) =8mol|~; @ C(DMFA) =13moll~%,

Appl. Organometal Chem.14, 590-597(2000)
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Figure 5 Metal oxidationrate in (2, 3) Zn—CpMo(CO}CI-
DMFA-benzenand(1,4) Cd—CpMo(CO)CI-DMFA-benzene
systemsat 293K. Curve 1, C(CpMo(COXCI) =0.2moll~%;
curve2, C(CpMo(COXCI) = 0.3mol1~%; curve3, C(DMFA) =
0.25mol~%; curve4, C(DMFA) =0.5mol | %,

centreson a surface; k =rate constant;Kg, and
K. =equilibrium constantsof adsorption of an
oxidantandligand respectively.

(1+ KoxCox + KLCL)?

The transformationof experimentalcurvesto the
coordinategCo,/V)Y*=f(Co,) at C, = constaniand
(CLIV)Y%=f(C,) at Cox = constantwith the subse-
guentjoint solutionof the equationsobtained,has
allowed calculationof effectiverate constantsand
equilibrium constantsof adsorption.From their
temperaturedependencethe effective energiesof
activation, enthalpyand entropyof adsorptionfor
both reagentson a magnesium surface were
calculated(Table1).

The interaction of zinc and cadmium with
compoundlIl or Ill in DMFA is complete in
approximatelythreedaysandresultsin formation
of a yellow—brown solution. The equilibrium
similarto [9] in thecaseof Zn andCdis completely
shifted to the left.>*?® Thereforeonly compounds
of the type CpM(CORM'CI (where M =Mo, W;
M’'=Zn, Cd) are formed in the reaction of
CpM(COXCI with Zn or Cd in DMFA. Yields
were 96% (M =Mo M’'=2Zn), 95% (M =Mo M’

Copyright© 2000JohnWiley & Sons,Ltd.

=Cd),85% (M =W M’ =Zn) and80% (M =W M’
= Cd). We wereunableto isolatethesecompounds
in theindividual stateasin the caseof magnesium.
However, addition of the toluene solution of the
2,2-bipyridine (2,2-bipy) to the reactionmixture
afterthe endof the zinc oxidationwith compounds
Il and lll gives complexesCpM(CO)%ZnCl-2,2-
bipy as yellow precipitatesof which the melting
points and IR spectra correspondto literature
data®® Also, the interaction of the solutions of
CpM(COxM’'CI obtainedwith HgCl, leadsto the
respective mercury derivatives in quantitative
yields (Eqn[14]; M =Mo, W; M’ =Zn,Cd).

CpM(COXM’'CI + HgCl,—CpM(CO)MHgCI +
M'Cl, (14]

The dependenceof the interaction rate in the
CpMo(COXxCl-Zn(Cd)-DMFA-benzene system
upon concentrationof both oxidant and ligand is

shown in Fig. 5. In each casea curve with a
maximumis obtained.The processof oxidationis

well described by the Langmuir—Hinshelwod

modelwith the adsorptionof reagenton identical
centresof a surfacé* (Eqns[10]-[13]). Calculated
thermodynami@ndkinetic parametersregivenin

Table1l.

CONCLUSIONS

Compoundscontaining bonds between Group 2
metalsandSn, Mo or W wereobtainedby reaction
of themetals(Mg, Zn andCd) with organometallic
halides such as PhSnCl, Cp(COxMoCl or
Cp(COXWCI in coordinatingsolvents.The prob-
able mechanismsof these processeshave been
proposedon the basis of kinetic measurements.
Effective rate constantsand the energyof activa-
tion, equilibriumconstantsenthalpyandentropyof
adsorptiorof organometallidalidesandligandson
a metal surfacehavebeendetermined.
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