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Reactions of Metal Carbonyl Derivatives. Part Xll.: The Synthesis of
Some Cationic Bridged Halogeno-derivatives of Ruthenium and their
Reactivity towards Certain Nucleophiles 2

By R. J. Haines," Research and Process Development Department, South African lron and Steel Industrial
Corporation Limited, P.O. Box 450, Pretoria, Republic of South Africa
A. L. du Preez, Department of Inorganic and Analytical Chemistry, University of Pretoria, Pretoria, Republic
of South Africa

A study of the halogenation of [{Ru(w-CsH;)(CO),},] has revealed that while neutral [Ru(w-CsHg)(CO)X]
(X=CI. Br. or 1) is formed in solvents such as dichloromethane and chloroform, salts of the cation [{Ru(=-
CsH5) (CO),}.X]* separate from those reactions performed in benzene or toluene and in the presence of large coun-
terions such as PFg=. It is shown that the cationic species [{Ru(m-CgHjz)(CO).},X]t is readily susceptible to
attack by halides and pseudo-halides to yield products according to the scheme

[{Ru(m-C5Hg) (CO)o}eX]* + Y= —3 [Ru(m-CsHs) (CO)gX] + [Ru(m-CsHs) (CO),Y]

The mechanism of formation of [Ru(m-C;H;)(CO),X] from [{Ru(m-CzH;)(CO),},] is discussed in terms of this
scheme. The cations [{Ru(=-CsH;)(CO);}.X1* (X = Cl and Br) also react readily with the anion.BPh,~. Fission
of a boron—carbon bond in BPh,~ and transfer of a phenyl group to a ruthenium atom is effected, to yield [Ru(=-
C;sH;5) (CO),Ph] and [Ru(=-CsH;)(CO),X]. The cyanide and not a phenyl group is extracted from BPh;CN- on
reaction with [{Ru(m-CsH;)(CO),}.X]* (X = Cl or Br) in acetone under reflux to give [Ru(w-C;zH;)(CO),CN]

and [Ru(#-CzH;)(CO),X]: the zwitterionic species [Ru+*(m-CzH;)(CO),NCB-Ph,] is shown to be an inter-

mediate in the reaction.

THE first reported synthesis of the bridged halogeno-
derivatives [{Fe(r-C;H;)(CO),},X]Anion (X = Cl, Br, or
I; Anion = BF, or PYy) involved the treatment of the
neutral iron complexes [Fe(r-C;H;)(CO),X] with strong
Lewis acids such as AlBr, and BF;OEt,35 These
cationic species, [{Fe(r-C,H;)(CO),},X]*, were shown to
be very susceptible to nucleophilic attack. For instance
the reactions of [{Fe(r-C,H;)(CO),},Br]PF, with C;H;N,
CeH;CN, and C;H;NH, in solution at room temperature
readily afforded [Fe(n-CjH;){CO),C,H,N|PF,, [Fe(n-

1 Part XI, J. A. de Beer and R. J. Haines, J. Organometallic
Chem., in the press.

2 Preliminary communication, R. J. Haines and A. L. du
Preez, J. Amer. Chem. Soc., 1971, 93, 2820.

C;H;)(CO),CeH,CNPF,, and [Fe(r-C;H;) (CO),CaHsNH, -
PF respectively, according to the scheme: ¢

[{Fe(m-CsH,)(CO)g}eX ]+ + Ligand —»

[Fe(r-C;H;)(CO),Ligand]* + [Fe(r-C5H;)(CO),X]
(X = halogen)

It has subsequently been established that the bridged
species [{Fe(n-C;H;)(CO),},X]* (X = Cl, Br, and I) are
intermediates in the halogenation of [{Fe(rn-C;H;)}(CO)q}s]

3 E. O. Fischer and E. Moser, Z. Naturforsch., 1965, 20b,

184.

4 E. O. Fischer and E. Moser, J. Organowmetallic Chem., 1965,

3, 16.

5 E. O. Fischer and E. Moser, Z. anorg. Chem., 1966, 342, 156.
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to give [Fe(r-C;H;)(CO),X] and that under the appro-
priate experimental conditions they may be isolated from
the reaction mixtures.%% The mechanism proposed for
the formation of [Fe(n-CzH;){CO),X] from [{Fe(n-
C;H;)(CO),},] involves the bridged carbonyl isomers %13
of the latter (I), and (III), as precursors.®8 The non-
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bridged isomer (II) was eliminated as a precursor for this
reaction on the basis of certain experimental evidence.%8
The relative amount of this isomer in solution is very
small however (<19,) 14 and this might account for its
inability to influence the overall reaction path. In
contrast more than half of the ruthenium derivative
[{Ru(r-CzH;)(CO),},] is present in solution as the non-
bridged isomer.4

A study of the halogenation of [{Ru(r-C;H;)(CO)s}s]
has thus been initiated to establish whether, as a result
of the non-bridged isomer being present in solution in
considerable quantity, the course of this reaction is
different to that previously found for [{Fe(r-C;H;)-
(CO)y}s]. The results of this study and those relating
to a study of the reactions of [{Ru(r-C;H;)(CO)y},X]*
(X = Cl, Br, or I) with certain nucleophiles, are reported
here.

RESULTS AND DISCUSSION

Treatment of [{Ru(r-CsH;)(CO),},] with the halogens
X, (X = (], Br, and 1) in dichloromethane or chloro-
form at room temperature was found to afford the
neutral halogeno-derivatives [Ru(=x-C;H;)(CO),X] as the
sole products. This observation contrasts with the
previous finding that the cationic species [Fe(rx-C Hy)-
(CO)3]*, as well as [Fe(r-C;H,)(CO),X], is formed in the
corresponding bromination and chlorination reactions
involving [{Fe(n-C;H;)(CO),},].58 Ionic products were
found to be formed in high yield when toluene or
benzene was utilised as solvent in the reactions of

% R. J. Haines and A. L. du Preez, J. Amer. Chem. Soc., 1969,
91, 769.

? D. A. Brown, A, R. Manning, and D. J. Thornhill, Chem.
Comm., 1969, 338.

8 R. J. Haines and A. L. du Preez, J. Chem. Soc. (4), 1970,
2341.

® F. A. Cotton and G. Yagupsky, I'norg. Chem., 1967, 8, 15.
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[{Ru(n-CgH,){CO),}s] with halogens. The cations of
these species, which were isolated as the yellow tetra-
phenylborate or hexafluorophosphate salts by performing
these latter reactions at room temperature in the
presence of NaBPh, or NH,PF, and enough methanol to
ensure dissolution of the latter, were characterised as
[{Ru(m-C;H)(CO)o}, X1 (X =Cl, Br,orI). Significantly
if the reactions of [{Ru(rz-C;H;)(CO),},] with bromine and
chlorine in toluene in the presence of NH,PFy are
performed at —78°, green and not yellow products as
obtained in the room-temperature reactions discussed
above, are observed to separate from solution. These
derivatives revert rapidly to yellow [{Ru(x-C;H;)-
(CO)y},X]PF, (X = Cl or Br) in solution and attempts
to crystallise them were, as a consequence, unsuccessfal.
They were obtained in impure form by rapid precipitation
from dichloromethane solutions at low temperatures.
The latter analysed approximately for [{Ru(x-C;H;)-
{CO)o}oX]PF, (X = Cl or Br) and gave infrared spectra
identical to those of yellow [{Ru(r-CsH;)(CO),},X]PFg
(X = Cl or Br). It is thus suggested that these green
derivatives are a second isomeric form of [{Ru(=-
C;H;)(CO),},X]PF, (X = Clor Br). Green tetraphenyl-
borate products were also found to be formed in the
chlorination and bromination reactions of [{Ru(x-C;H;)-
{CO),}o] in toluene at —78° in the presence of NaBPh,
but they proved to be even more unstable than their
hexafluorophosphate analogues. Green products were
not detected in any of the reactions of [{Ru(x-C;Hj)-
(CO),}s) with iodine in solution at —78° however.

The bridged halogeno-derivatives [{Ru(rx-CzHj;)-
(CO)p}eX]JAnion (X =Cl, Br, or I; Anion = PFg or
BPh,), similar to their iron analogues, are very sus-
ceptible to nucleophilic attack and were found to react
readily with the corresponding halide ions X~ to yield
[Ru(=-C;H;)(CO),X]. This observation suggests that
the cationic species [{Ru(r-CsH;)(CO),},X]" are inter-
mediates in the formation of [Ru(r-C H;)(CO),X] by
halogenation of [{Ru(x-C;H)(CO)s},]. Confirmation
that they are indeed intermediates was achieved by
monitoring a reaction of [{Ru(r-C;H;)(CO),},] with
iodine in dichloromethane at room temperature by
means of infrared spectroscopy; CO stretching bands
which correspond to the cation [{Ru(r-CzH;)(CO)y},11*
were initially observed but these were found to decrease
in intensity with increase in intensity of peaks corre-
sponding to [Ru(x-C,H;)(CO),I1.

It is apparent from the above results that apart from
their inability to yield [Ru(x-CsH;)(CO);]*, the halogen-
ation reactions of [{Ru(r-C;H;)(CO),},) are very similar
to the corresponding reactions involving [{Fe(r-C Hj;)-
(CO)y},1.58 A mechanism analogous to that previously

10 R. D. Fischer, A. Vogler, and K. Noack, J. Organometallic
Chem., 1967, 7, 135.

1 A. R. Manning, J. Chem. Soc. (4), 1968, 1319.

12 J. G. Bullitt, F. A. Cotton, and T. J. Marks, J. Amer. Chem.
Soc., 1970, 92, 2155.

13 P. McArdle and A. R. Manning, J. Ckem. Soc. (4), 1970,
2128.

1 K. Noack, J. Organometallic Chem., 1967, 7, 151.
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proposed for the formation of [Fe(r-C;H,)(CO),X] in the
reactions of [{Fe(r-CiH;)(CO),},] with halogens$8 is
thus proposed for these halogenations (see Scheme 1).
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ScHEME 1

The non-bridged isomer of [{Ru(r-C;Hg)(CO),},] was
eliminated as a precursor for these reactions on the basis
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(COYg},X]PFg (X = Cl and Br) react readily with the
pseudo-halides Y~ = SCN~ and CN~ in solution to yield
products according to the scheme

[{Ru(r-CsHg)(CO)p}pX]* + Y™ —p
[Ru(r-CsH;)(CO),X] -+ [Ru(r-CsH;)(CO), Y]

The presence of a weak peak at 697 cm™ and assigned to
v(C-S) in the infrared spectrum of [Ru(r-C;H;)(CO),SCN]
is consistent with the SCN group in this derivative being
bonded to the ruthenium through the sulphur atom.1s
{Ru(r-CH;)(CO),}, X1+ (X = Cl or Br) is also readily
attacked by azide ions but the expected product
[Ru(r-C;H,)(CO),N3] could not be isolated in pure form.

Treatment of yellow or green [{Ru(r-CH;){(CO),},X]-
PF; (X =Cl or Br) with an excess of sodium tetra-
phenylborate in solution readily effected the fission of a
boron—carbon bond in the BPh,~ anion and the formation
of products characterised by elemental analysis and i.r.
and n.m.r. spectroscopy as [Ru(x-C;H;)(CO),Ph] and
[Ru(=-CgH;)(CO),X]. This BPh,~ attack accounts for
the inability to obtain the yellow tetraphenylborate salts
of [{Ru(n-C;H;)(CO),},X]* (X = Cland Br) in pure form
in high yield. Although mercury salts are known to
cleave boron-carbon bonds, reactions involving the
transfer of a phenyl group from boron to a transition-
metal atom are not well documented. Isolated examples
include the slow formation of trans-[Pt(PEt,),Ph,] from
cis-[Pt(PEt,),Cly] and NaBPh, in tetrahydrofuran under
reflux 16 and the reaction of [Pt(PMe,Ph),(MeOH)Me]*
with NaBPh, in solution to give trans-[Pt(PMe,Ph),Ph,].17
The decomposition of [Ni(n-C;H;)(PPhy),]BPh, to
[Ni(r-C;H;)(PPh,)Ph] in refluxing tetrahydrofuran has
also been proposed to involve the transfer of a phenyl
group from the tetraphenylborate anion.!8

TABLE 1

Colours and conductivity and analytical data

Analyses (%)

Conductivities ¢ Found Calculated
Q1 cm? p A p A
Compound Colour mol-?) C H Others C H Others
[{Ru(m-CsHy) (CO),}3,Cl}SbF, Yellow 133 233 18 4.9 (Cl); 16-1 (F) 2356 14 50 (Cl}; 159 (F)
[{Ru(m-CsH;)(CO),},Br]PF, Yellow 139 253 1.5 121 (B r) 45 (P) 251 1-6  11-9 (Br); 4-6 (P)
[{Ru(r-C4H,)(CO),},Br]BPh,  Yellow 95 549 36 93 (Br) 541 36 95 (Br)
[{Ru(m-CsH;)(CO) 4}, I11PF, Yellow 132 236 1.5 179 (I) 236 14 17-7(I)
{Ru{m-CsH{)(CO),},1]1BPh, Yellow 94 5144 34 144 (D) 51-3 34 143 (1)
[Ru{m=-C4H;)(CO),Cl] Yellow 0-1 32.8 21 137 (Cl 326 20 13-8 (Cl)
[Ru(w-C;H;)(CO),Br] Yellow 0-1 277 1.6  26-4 (Br) 27-8 17 265 (Br)
[Ru(#-CzH;) (CO),I] Orange 01 240 1.4 364 (I) 241 14 36-3 (I)
[{Ru{m-CzH;) (CO),CN] ‘White 01 389 22 55 (N) 387 20 56 (N)
[Ru(x-CyH;)(CO),SCN] Yellow 01 342 1.8 51 (N) 343 1-8 50 (N)
[Ru(n-C;H;)(CO),Ph] Orange 0-1 521 34 10-8 (O) 52-2 34 107 (0)
{Ru(n-C;H;) (CO)yNCBPh,] ‘White 0-1 636 41 2-9 (N); 2-1 (B) 637 41 2-9 (N); 2-2 (B)
4 For ca. 103M-solutions in acetone.

of the arguments used to eliminate the non-bridged

isomer of [{Fe(r-C;H;)(CO),},] as a precursor for the

corresponding reactionsinvolving [{Fe(r-CgH;) (CO), )] %8.
The yellow and the green isomers of [{Ru(n-C Hj)-
1 T, E. Sloan and A. Wojcicki, Inorg. Chem., 1968, 7, 1268.

18 H. C. Clark and K. R. Dixon, J. 4mer. Chem. Soc., 1969,
91, 596.

The cyanide and not a phenyl group is extracted from
BPhyCN~ on reaction with [{Ru(z-CzH)(CO)p},X]
(X =Cl or Br) in acetone or tetrahydrofuran under
reflux and the products [Ru(=-C;H;)(CO),CN] and

17 H. C. Clark and J. D. Ruddick, Inorg. Chem., 1970, 9, 1226.

18 P. M. Treichel and R. L. Shubkin, Inorg. Chim. Acta, 1968,
2, 485.
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[Ru(n-C;H,)(CO),X] obtained. The corresponding room-
temperature reaction did not afford [Ru(=x-C;H;)(CO),CN]
but gave together with [Ru(n-C;H;)(CO),X], a com-
pound whose infrared spectrum exhibited peaks of
frequency ca. 20 cm™ higher than the corresponding
bands in the spectrum of [Ru(n-C;H;)(CO),CN]. At-
tempts to separate this compound from [Ru(z-CgHj)-
(CO),X] by means of column chromatography resulted
in its decomposition to [Ru(rn-C;H;)(CO),CN]. It was
isolated in high yield from the reaction of BPhyCN~ with
[Ru(n-C;H;)(CO),(Me,CO)J* however. The latter was
synthesised by addition of Ag* ions to [{Ru(r-CsHjy)-
(CO)y},] in acetone. The n.m.r. spectrum of this
derivative was shown to contain as well as a sharp
cyclopentadienyl resonance, peaks readily assigned to
phenyl protons and of relative intensity 3 : 1 with respect
to the former. Conductivity data were consistent with
the compound being a non-electrolyte in acetone while
the elemental analyses corresponded with the stoicheio-
metry CosHpO,NBRu. On the basis of the above results
it is apparent that the compound is the zwitterionic
species  [Ru*(n-CzH;)(CO),NCB™Phg].  The  fre-
quency of the C-N stretching mode observed in its
infrared spectrum is very similar to the corresponding
bands found in the spectra of derivatives containing the
cyanotrihydridoboron anion as ligand.}®»2 It is thus
proposed that the BPh,CN~ anion is bonded to the

+
cs% C/5H5
X
re”” Ry + BPhY™
7\ /\
of G o S
CsTs
Ru + [Ru(TFCH,) (CO)X]
C/| \Y-BPh3
° 5

[Ru(TT—CsHS)(CO)zY] + BPh3
{X=CL or Br; Y=Ph or CN)
SCHEME 2

ruthenium in [Rut(x-C;H,)(CO),NCB~Ph,] through the
nitrogen atom. [Ru*(n-CyH;)(CO),NCB~Ph;] decom-
poses to [Ru(r-CyH;)(CO),CN] on heating in solution
suggesting that it is an intermediate in the formation of
the latter from [{Ru(r-C;H;)(CO),},X]" (X = Cl or Br).

19 S, J. Lippard and P. S. Welcker, Chem. Comm., 1970, 515.
20 P, C. Ford, Chem, Comm., 1971, 7.
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The mechanism outlined in Scheme 2 is thus proposed
for the reactions of [{Ru(rn-C;H;)(CO),.},X]* (X = Cland
Br) with BPh,~ and BPh,CN~ in solution.

The o-phenyl derivative [Ru(rx-C;H;)(CO),Ph] is also
formed on treatment of [Ru(rn-C;H;)(CO),Cl] with
BPh,~ in alcohol under reflux. A previous study has
revealed that donor ligands L readily displace the
chloro-group in [Ru(n-C;H;)(CO),Cl] to give [Ru(z-
CgH;)(CO),L]* when alcohol is employed as solvent.2!
The above reaction involving [Ru(r-C;H;)(CO),Cl] and
BPh," is thus readily explained in terms of this chloride
displacement and the mechanism depicted in Scheme 2.

TABLE 2
I.r. and n.m.r. spectroscopic data

C—O Stretching C;H; Proton
frequencies resonances
Compound (cm™1) (=)
[{Ru(7-CsH;) (CO),},ClJSbF, 2073s,b, 2026s 4-05¢
[{Ru(7-C;H;) (CO),},Br]PF, 2067s,b, 2021s 4-13¢
[{Ru(m-CH,) (CO),},Br]BPh, 2067s,b, 2024s 4-24°
[{Ru(m-CsH;) (CO) o}, IJPF, 2062s,b, 2017s 4-05°¢
[{Ru(m-C4H,){(CO),},IIBPh, 2064s,b, 2021s 4-10°¢
[Ru(#-C;H;) (CO),Cl] 2069s, 2008s 4-484
[Ru(=-CzH,)(CO),Br} 2066s, 2005s 4-574
[Ru(w-CyHj) (CO),I] 2048s, 1997s 4-464
[Ru(m-C4Hy) (CO),CN] 2061s, 2014s° 4-504
[Ru(#-CsH;) (CO),SCN] 2061s, 2012s/ 4504
[Ru(w-CzH,)(CO),Ph] 2029s, 1963s 4-6749
[Ru(m-CzH;) (CO),NCBPh,] 2080s, 2036s ¢ 4.08°

@ Measured in dichloromethane. ® Abbreviations: s, strong;
b, broad. ¢ Measured in [*Hglacetone. ¢ Measured in
deuteriochloroform. ¢ v(C—N) = 2125 cm™.  f y(C—N) =
2118 cm™; v(C-S) = 697 cm™! (nujol). ¢ v(C—N) = 2203
cm™l,

EXPERIMENTAL

The compound [{Ru(r-C;H;)(CO),};] was synthesised
according to a method previously reported.? All experi-
ments were performed under a nitrogen atmosphere. The
chromatographic separations were effected on an alumina
column (50 X 1-5 cm; Merck acid-washed alumina, activity
IIT). Ir. and n.m.r. spectra were recorded on a Perkin-
Elmer model 21 spectrophotometer and on the Varian
A60A and HA100 instruments respectively. Conductivities
were determined using a Metrohm E365B conductoscope.
The elemental analyses were obtained by the Alfred Bern-
hardt Microanalytical Laboratory, Elbach-iiber-Engel-
skirchen, West Germany.

Reactions of [{Ru(n-C;H,;)(CO),}.].—(a) With halogens in
dichlovomethane. An equimolar amount of the halogen
(chlorine, bromine, or iodine) in carbon tetrachloride (ca.
5 ml) or dichloromethane (ca. 30 ml) was added dropwise
to a stirred solution of [{Ru(r-CzH;)(CO),},] (0-50 g, 1-1
mmol) in dichloromethane (ca. 60 ml) at room temperature
and the resultant solution was stirred for 30 min. The
solvent was removed under reduced pressure and the
product, [Ru(rn-C;H;)(CO),X] (X =Cl, Br, or I) was
crystallised from dichloromethane-light petroleum; yield
70—809%,.

(b) With halogens in toluene at 0° in the presence of large
counterions. An equimolar amount of the halogen (chlorine,
bromine, or iodine) in carbon tetrachloride (ca. 10 ml) or

21 A, L. du Preez, unpublished results.

22 T. Blackmore, M. I. Bruce, and F. G. A. Stone, J. Chkem.
Soc. (A4), 1968, 2158.
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toluene (ca. 30 ml) was added dropwise to a stirred solution
of [{Ru(n-CyH;)(CO),},] (0-50 g, 1-1 mmol) and NaBPh, or
NH,PFy (2-2 mmol) in toluene (ca. 60 ml) and methanol
{ca. 5—10 ml) at 0°. The yellow (orange) product which
separated from solution was crystallised from either di-
chloromethane-light petroleum or acetone-light petroleum.
Yields varied between 25 and 759% depending on the
compound.

The bridged chloro-species was best isolated as the
hexafluoroantimonate salt synthesised by addition of
[Ru(r-CzH,) (CO),(Me,CO)1SbF, to an equimolar amount of
[Ru(n-CsH)(CO),Cl]. The acetone complex was prepared
in situ from [{Ru(n-CsH)(CO),},] and AgSbF,,.

Treatment of [{Ru(n-C;H;)(CO),},] with halogens by the
procedure described in (b) but at a temperature of —78°
resulted in the separation of deep green products.
Attempts to purify these derivatives proved unsuccessful.

Reaction of [{Ru(rn-C;H;)(CO),},X]PF, (X = Cl or Br)
with Y~ = CN~, SCN~, BPh,~, and BPh,CN~—.—A slight
excess of KCN, NH,SCN, NaBPh,, or NaBPh,CN in
acetone (ca. 30 ml) was added to a solution of [{Ru(r-
C;H;)(CO),},X]PFg (X = Cl or Br) (1-0 mmol) in dichloro-
methane (ca. 40 ml) and the resultant solution was stirred
for 16 h. Separation of the two products which formed was
effected by means of column chromatography. [Ru*(rn-
C,H;)(CO),NCB~Ph;] decomposed rapidly to [Ru{rn-C,H,)-
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(CO),CN] on the column however and the latter compound
was thus isolated. [Ru(n-CiH;)(CO),CN] and [Ru(n-
CyH,)(CO),SCN] were crystallised from dichloromethane—
light petroleum and benzene-light petroleum respectively
while [Ru(r-CH,)(CO),Ph] was isolated as a yellow oil;
yields ca. 60%,.

[Ru(n-CgH;) (CO),CN] and [Ru(n-C;H;)(CO),Ph] were also
obtained by refluxing a methanol solution of [Ru(r-C;Hj;)-
(CO),C1] and KCN and an alcohol solution of [Ru(n-C;Hj)-
(CO),Cl] and NaBPh, respectively.

Synthesis of [Rut(r-CyH;)(CO),NCB~Phy].—[Ru(n-C;Hy)-
(CO),(Me,COYICIO, (3-4 mmol) in acetone (ca. 40 ml) was
added dropwise to a stirred solution of NaBPh,CN (1-0 g,
3-4 mmol) in acetone (ca. 60 ml) and the resultant solution
was stirred for § min. The solvent was removed under
reduced pressure and the residue was crystallised from
acetone-light petroleum; yield ca. 55%,.
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