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Summary: Ruthenium(IV)-allyl complexes (Cs;Meg)-
RuCl,(n®-allyl) are easily prepared from a Ru(I1I) com-
plex, [(CsMes)RuCl,],, by treatment with allylic halides,
alcohol, ethers, acetate, or sulfides. Treatment of the
resulting dichlororuthenium(IV) complex with aqueous HBr
or HI solution resulted in smooth halogen-exchange re-
actions.

In a previous paper we have reported a preparation of
ruthenium(IV)-allyl complexes (C;Rs)RuX,(n*-allyl) (R =
H, Me; X = Cl, Br) by oxidative addition of allylic halides
to several Ru(II) precursors.® Although these allyl com-
plexes are attractive starting points for exploring the
chemical properties of high-valent ruthenium species, the
procedure starting with Ru(II) frequently requires the use
of an excess of allylic substrate at elevated temperature
to attain high yields of the ruthenium(IV)-allyl complex.
Thermally labile allylic halides such as 1-bromo-2-
phenyl-2-propene often decompose, and the formation of
the Ru(IV) complexes is compromised. We report here a
solution to this problem, namely, an extremely mild and
convenient route to Ru(IV) complexes having the CsMe;
ligand from a Ru(IIl) precursor.

A CH,CI, solution containing [(CsMe;)RuCl,], (1)* (1
mmol), allyl chloride (2 mmol), and 95% ethanol (50
mmol) was stirred at 40 °C for 2 h under nitrogen to give
a clear brown solution. After concentration, the residue
was purified by chromatography (silica gel, hexane-ethyl
acetate) to provide (C;Mes)RuCly(n*-C3H;) (2a) as orange
crystals. As shown in Table I, Ru(IV) complexes having
various n°-allyl ligands were efficiently prepared by similar
treatment of 1 with methallyl chloride, 1,2-dichloro-2-
propene, or 1-chloro-2-phenyl-2-propene. The overall
equation should be expressed as eq 1.°

Treatment of 1 with allyl alcohol, allyl acetate, allyl
benzy! ether, allyl pheny! ether, or allylamine resulted in
C-0 or C-N bond cleavage and oxidation of alcohol solvent
to provide another preparative route to the dichloro-
ruthenium(IV)—allyl complex 2a although the reaction was
slower than that with the allylic chlorides. Allyl phenyl
sulfide also was a source of the allylic component to 1. The
reaction was rapid and afforded 2a or 2b in quantitative
yield even at 0 °C within 1 h in the absence of an alcohol
component, with dimerization of the PhS moiety to give
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Table I

entry R X temp, °C time, h product yield, %

1 H Ci 40 1.5 2a 94

2 H Cl 20 3 2a 92

3 CH; Cl 40 3.5 2b 86

4 CgHy Cl 40 6 2c 84

5 Cl Cl 40 7 2d 91

6 H OH ’ 40 7 2a 80

7 CH; OR 40 48 2b 80

8§ H OAc 40 7 2a 88

9 H OCH,Ph 40 26 2a 83
10 H OPh 40 26 2a 79
11 H NH, 40 16 2a 42
126 H SPh 0 1 2a 100
13* CH, SPh 0 1 2b 100
¢ All reactions were carried out as described in the text. ?An

equimolar amount of the sulfide to 1 was used.

PhSSPh (eq 2). All results are summarized in Table 1.
[(CsMes)RuCly], + CH,=CH(R)CH,X +
1

l/zR/chOH -
(CsMes)RuCly(n*-CH,CH(R)CH,) + !/,R’,C=0 + HX
2

(1

X = Cl, OH, OAc, OCH,Ph, OPh, NH,;
R =H, Me, Ph, Cl
[(C5M65)RUC12]n + CH2=CH(R)CstPh had
1

(C5Me5)RuClz(n32-CHQCH(R)CH2)+ PhSSPh (2)

The reaction of 1 with allyl bromide proceeded as rapidly
as that with allyl phenyl sulfide to give 2a and its halo-
gen-exchange products (CsMeg)RuBrCl(4°-C;H;) (3) and
(CsMez)RuBry(n*-C;H;) (4) (eq 3). Monitoring the reaction
by TLC indicated that 2a was initially formed. The con-
tent of 3 and 4 slowly increased with reaction time. We
have found that HBr, which should be produced in forming
2a according to the overall equation, resulted in the hal-
ogen exchange of 2a to 3 and 4. In fact, 2a was treated
with agueous 47% HBr in CH,Cl, at 40 °C to afford 3 and
4. With a 6 M excess of aqueous HBr heating the solution
for 5 h provided selective formation of 4. Similarly,
treatment of 2a with aqueous HI gave the diiodo complex
5 (eq 4).

1+ CH,=CHCH,Br — 2a + (C,Me,)RuBrCl(n*-C,H,) +

3
(C;Me;)RuBr,(n*-C,H;) (3)
4
% yield 2a, 8, 4
at -78 °C, 10 h 13,0,0
at —40 °C, 10 h 25,7,0
at 0°%1.5h 42,86, 3
at 40°C,1h 46, 33,12

(5) Aqueous ethanol acts as hydrogen donor. Other primary or sec-
ondary alcohols such as methanol, isopropyl alcohol, and cyclohexanol
could be used instead of ethanol. Aqueous alcohol gave 2 in somewhat
higher yields than anhydrous alcohol. It was confirmed from the ex-
periments using 4-tert-butyleyclohexanol as the hydrogen donor that an
approximately half-molar amount of the alcohol was oxidized to 4-tert-
butylcyclohexanone. Treatment of 1 with allyl chloride (2 equiv) and
4-tert-butylcyclohexanol (1 equiv) in CH,Cl; at 40 °C for 2 h resulted in
formation of 2a in 73% yield. From the reaction medium, 4-tert-bu-
tylcyclohexanone was isolated in 31% yield by chromatographic purifi-
cation. Since the alcohol is a two hydrogen donor per mole, the oxidation
of Ru(Ill) to Ru(IV) approximately accompanies the oxidation of one
hydrogen of the alcohol. Use of allyl acetate instead of allyl chloride gave
2a and 4-tert-butylcyclohexanone in 72 and 36% yields, respectively. In
the absence of alcohol, 2 was formed lower than 50% yield using either
allyl chloride or allyl acetate as the allylation reagent. In these cases, a
considerable amount of intractable materials was also obtained.
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2a + HX —— (C5Me5)RuX2(n .C.H) (@)
90-95%

X =Br, 1

The above results show that the Ru(IV) complexes 2 can
be conveniently prepared from 1 by treatment with several
allylic substrates. Furthermore, facile halogen exchange
of 2 with HBr or HI provides a convenient preparation of
4 and 5, which contain more reactive leaving groups and
are useful in the syntheses of alkyl derivatives.® Since the
starting Ru(III) complex 1 can be prepared simply by
treating hydrated RuCl; with C;Me;H,* the present pro-
cedure has established a highly convenient and economical
preparation of these ruthenium(IV)-allyl complexes.

The present reaction also generates keen mechanistic
questions regarding the cleavage of C-Cl, C-Br, C-0, C-N,
and C-S bonds by a Ru(IIl) precursor. As previously
reported, the Ru(III) complex 1 undergoes reduction by
alcohols in the presence of several phosphines or dienes
to give Ru(Il) complexes (CsMes)RuL,Cl (6).* Further-
more, we have already found that 6 (L. = CO, PPh;) reacts
with allylic chlorides to give 2.2 One explanation for the
present route from 1 to 2 is the reduction of 1 to Ru(II)
species by the alcohol, followed by the oxidative addition
of the allylic compounds to the Ru(II) center. However,
there are no known examples of oxidative addition of allylic
alcohol derivatives, allylamine, or allyl sulfide to Ru(II)
complexes. In all cases where C-0, C-N, and C-S bond
cleavage occurs, Ru—0, Ru-N, or Ru-S bond formation
never was observed. In the reaction with allyl bromide,
the dichloro complex was 2a formed mainly at the early
stages of the reaction at lower temperature and the halogen
exchange to 3 and 4 seemed the secondary reaction. The
reaction with allyl phenyl sulfide was not accompanied by
any oxidation of alcohol solvents; the reaction proceeded
smoothly even in anhydrous CH,Cl, and a quantitative
formation of PhSSPh. All of these findings indicate an
alternative mechanism that the reaction of 1 to 2 takes
place with retention of the Ru(IIl) framework “(CsMes)-
RuClL,”, which abstracts the allylic component homolyti-
cally from the allylic compounds. The resulting halo,
hydroxy, thiyl, etc. radicals will abstract hydrogen from
the alcohol solvent or will undergo dimerization. We are
seeking experimental support for this homolytic pathway.’
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Summary: The complex [CpFeS,], IA (Cp = CgHs),
which Is the reported product of the photolytic reaction
of elemental sulfur with [CpFe(CO),],, has been charac-
terized by an X-ray diffraction study. The complex crys-
tallizes in space group Pbca with a = 7.286 (1) A, b =
17.468 (5) A, and ¢ = 19.472 (6) A. The metal ions in
IA are bridged by two mutually perpendicular disulfide
ligands. In solution, IA is in equilibrium with a second
isomer. The equilibrium mixture reacts with electrophiles
such as methyl iodide and hexafluorobutyne. The reac-
tion with the latter reagent results in two products,
(CpFeS),S,C,(CF;),, III, and (CpFe)y(S,Cx(CF3)s)s, IV.
Single crystals of IV crystallize in space group C2/¢ with
a = 16.429 (3) A, b = 10.134 (2) A, c = 14.591 (2) A,
and 8 = 114.67 (2)°. Each butenedithiolate ligand in IV
is bidentate with one bridging and one terminally coordi-
nated sulfur donor.

Molybdenum dimers of oxidation states, V, IV, and III,
which have in common the Cp,M,S, core, have been found
to display unusual sulfur ligand-based reactivity.?* Both
the structure and reactivity of the MyS, unit have been
found to vary as a function of molybdenum ion oxidation
state.® A variation in metal ion is an alternate way of
changing the electronic and structural characteristics of
the dimers. A comparison of the known complexes of
chromium, molybdenum, tungsten, and vanadium with the
Cp,M,S, formulation®® (where Cp = R,CsH; ,,n =0, 1,
or 5) reveal four different structural types in which the
reactivities of the sulfur ligands vary significantly.
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