Joumal of Organometallic Cliemistry 531 (1997) 165-170

Ruthenium butterfly boride clusters with ( m*-arene) ligands

Jane R. Galsworthy *, Catherine E. Housecroft ®*, Dorn M. Nixon *, Amold L. Rheingold ©
* University Chemicel Laboratory, lzn.\;ﬁeld Road, Cambridge CBI 2EW, UK

Insumt fiir A

ische Chemie, Sp

51, CH-4056 Basel, Swirzerland

¢ Dep 11 of Chemisiry, Uni

ity of Del

Newark, DE 19716, USA

Received 11 July 1596

Abstract

The ruthenaborane anions [Ru;(CO)yBH, ]~ und [Ru J(CO).,B H;]™ can be used as buildi

g blocks to bl h

butterfly clusters incorporating a wingtip Ru(n>Ar) fragment in place of lhe isolobal Rn(CO), fragment present in the previously

reported compound [Ru,H(CO),,BH,]. The synth and

of [Ru,H(n*-ArXCO)BH,] (Ar = C¢Hq,

CoHMe, MeC‘,H,A-CHMe,) are reported. A single cryslzl structure determination of [Ru4H(1| —C(,H Me)(CO),BHzl confirms the

location of the m°-arene ligand in a wingtip site but reveals that the butterfly k is

Ru(CO), to Ru(n®-Ar) cluster fragment.

ly unperturbed in going from an
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1. Introduction

Work from our group concerning low oxidation state
transition metal clusters containing interstitial and
semi-interstitial boron atoms has focused on clusters
with carbonyl or m’-cyclopentadienyl ligands and, most
significantly, on clusters containing Ru(CO), or Rh(u -
CsMe,) fr {1,2]. Perturbation of the el
structure of a cluster and thus its chemistry can be
achleved by chnnges in the lngands or by gomg from a

allic to a h tallic fr: k. We have
addressed both these issues, firstly with the substitution
of phosphine for carbonyl ligands [1,3] and secondly in
a comparison of some aspects of the chemistries of the
isoelectronic clusters [Ru,H(CO),,BH,} 1 and
[RhRu,H(7’-CsMe;XCO),BH, ] {1,4].

Of the boride clusters studied, we have found, per-
haps not surprisingly, that it is the semi-interstitial
environment that best lends itself to participation in
chemical transformations and compound 1 has been a
key precursor in our work. In this paper we report the
incorporation of one Ru(m‘-arene) unit in place of a
wingtip Ru(CO), unit in 1, and thereby illustrate the
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formation of a new group of clusters containing a
semi-interstitial boron atom.
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2. Experimental section
2.1. General

Fourier form NMR sp were ded on a

Bruker WM 250 spectrometer; 'H shifts are reported
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with respect to & 0 for Me,Si; ''B NMR with respect
to 8 O for F,B - OEt,; downfield chemical shifts are
positive. Solution infrared spectra were recorded on a
Perkin-Elmer FT 1710 spectrophotometer, and fast atom
bombardment (FAB) mass spectra using Kratos instru-
ments (3-NBA matrix = 3-nitrobenzyl alcohol).

All reactions were carried out under argon by using
standard Schlenk methods. Solvents were pre-dried and
distilled under N,. Separations were achieved by using
thin layer plate chromatography with Kieselgel 60-PF-
254 (Merck). The compounds [{Ru(CO),Cl,},] and
[{Ru(5-MeC4H ,4-CHMe,)Cl,},] were used as re-
ceived (Aldrich) and [(Ph,P),NJ[Ru,(CO),BH,]
[5], [(Ph;P),NJRu,(CO),B,H;] [6], [{Ru(n‘-Ar)-
Cl,},] (Ar=CgHy or CH;Me) and [Ru(n®-
C¢HgXMeCN),IBF, ], [7] were prepared according to
published procedures. [Ru(n‘-CeHG)(PhCN)SIIBF‘]&,
[Ru(n®-C,H Me)MeCN);I[BF,], and [Ru(n°-
C¢H;MeXMeCN), JIPF;], were prepared in a similar
manner to [Ru(n’-C4HgX(MeCN); IBE, ], [7]. Yields are
with respect to the starting clusters [(Ph,P),N}-
[Ru,(CO),BH,] or [(Ph,P),N][Ru,(CO)sB, H,].

2.2. Preparation of [Ru,H(CO),, BH,]

A solution of the compound [{Ru(CO),Cl,},]1(50 mg,
0.1 mmol) in CH,Cl, (10cm®) was added to a solution
of [(Ph;P),NiRu;(CO);BH,] (111 mg, 0.1 mmol) in
CH,Cl, (10cm®). The solution was stirred for 1 h, and
then solvent was removed in vacuo and products were

parated by TLC, eluting with hexane. The known
cluster [Ru,H(CO),,BH, ] was obtained in 90% yield
and was characterized by comparison of the IR, 'H and
"B NMR spectroscopic and mass spectrometric data
with those in the literature [8,9].

2.3. Preparation of [Ru,H(n°-C;H,)(CO),BH, ] 2

Method 1. A solution of the compound
[(Ph,P),NJRu,(CO),B,H;] (44 mg, 0.04 mmol) in
CH,Cl, (5cm®) was added to solid [Ru(n®-
C4H XPhCN);I[BF, ], (52mg, 0.08 mmol). The brown
solution was stirred for 1h and the reaction was moni-
tored by IR spectroscopy. After removal of solvent, the
products were separated by TLC, eluting with
hexane /CH,Cl, (2:1). The first fraction (yellow) con-
sisted of [Ru,H,(CO),,] [10] and [Ru,H(CO),B,H;]
[11] in trace amounts. The second fraction (orange,
45%) was identified as {Ru,H(v*-C,H XCO),BH,] 2.
Intractable material remained on the baseline. For 2:
NMR (CDCl,, 298K): 'H (400MHz), & +5.58 (s,
Cg¢H,), —9.7 (br, B-H-Ru), —20.96 (s, Ru~H-Ru);
"B (128MH2), 6 +102 (1, Jy, 60H2); IR (hexane,
cm™') vy, 208ls, 2045vs, 2017s, 1997m, 1987m,
1982s; FAB mass spectrum: m/z 748 (M*) with 7 CO
losses (calc. for 2C,5'H,"'B'°0,'"' Ru, 748).

Method I11. A solution of [Ru(n®-C¢Hg)-
(MeCN),JIPE;], (118 mg, 0.2mmol) CH,CI, (10cm®)
was added to a solution of [(Ph,P),N]-
[Ru,{CO),BH,] (110 mg, 0.1 mmol) in CH,CI,
(10cm®). After stirring for 1h, the yellow solution had
become orange. Solvent was removed in vacuo and the
prod parated by TLC, eluting with h Initial
yellow fractions consisted of [Ru,(CO);BH;] [12],
{Ru,H(CO),B,H,] [11] and [Ru,H(C0),,BH,] [8.9],
and the fourth fraction (orange, 20%) was identified as
compound 2. The baseline on the TLC plate was further
eluted with CH,Cl,/hexane (2:1), and three fractions
were collected. The first (yellow) band consisted of a
mixture of boron-containing products (by ''‘B NMR
spectroscopy) but was not separated further due to the
small quantities of material. The second (major) fraction
was [(Ph,P),NJ[Ruc(CO),,B] [6,13,14] and the third
was identified as [(Ph,P),NJH,Ru(CO),,(11,-COH)]
(5%) [15].

Method III. In a reaction similar to Method II, the
compound [{Ru(n®-C¢H)Cl,),] (I:1 ratio with
[(Ph,P),N]Ru,(CO),BH,]D can be used in place of
[Ru(n®-C¢HgXMeCN),IPF;],. Compound 2 is ob-
tained in approximately 20% yield.

2.4. Preparations of [Ru,H(n°®-C4H;Me)(CO),BH, ] 3
and [Ru, H(n®MeC, H,4-CHMe, {CO), BH, ] 4

Compounds 3 and 4 can be prepared in approxi-
mately 15% and 10% yields respectively by using
Methods I or HI above, with the appropriate m°-arene
ligand. Compound 3 was also prepared by Method I
(but yields were poor) or by the reaction of
[(Ph,P),NJ[Ru,(CO), B, H,] with [{Ru(n*-C4H)Cl,},]
in a manner analogous to Method III above. The addi-
tion of less than an equivalent of thallium(I) hexafluo-
rophosphate aids chloride abstraction. Yields of com-
pound 3 from this route were typically around 10%.

For 3: NMR (CDCl;, 298K): 'H (400MHz), 8
+5.74 (d, Jyy 5.8Hz, 2H), +5.51(t, Jyy 5.9Hz, 2H),
+5.42 (1, Jyy 5.8Hz, 1H) (for assignments, sce text),
+2.34 (s, 3H, Me), —9.6 (br, B-H~Ru), —20.88 (s,
Ru-H-Ru); "B (128MHz), 6 +101 (¢, Jyy 55Hz);
IR (hexane, cm™!) v, 2108w, 2081s, 2066w, 2055w,
2045vs, 2040m, 2016s, 1997m, 1988m, 1981s; FAB
mass spectrum: m/z 763 (M*) with 4 CO losses (calc.
for *C,¢'H,,''B'°0,""'Ru, 762).

For 4 NMR (CDCl,, 298K): 'H (400MHz), &
+5.53(d, Jyy 5.9Hz, 2H), +547 (1, Jyy, 5.9Hz, 2H),
+2.12 (s, Me), +1.26 (d, Jy,, 7Hz, CHMe), —9.7
(br, B-H-Ru), —20.89 (s, Ru-H-Ru); ''B (128MHz),
8 +101; IR (CH,Cl,, cm™') v, 2077m, 2040vs,
2008w, 1980s; FAB mass spectrum: m(z 804 (M*)
with 3 CO losses (calc. for >C,'H,;"'B'*0,""'Ru,
804).
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Table 1
Crystallographic data for 3
formula CgH,,BOsRu,
formula weight 7623
crystal system moneclinic
space group P2, /n
a,b,c(A) 9.213(2), 12.4903), 19.301(5)
B (deg) 101.79(2)
volume (A*) 2174.2(8)
z 4
D, (gem™) 2329
w(Mo Ka)(cm™') 27.7
T(K) 242
diffractometer Siemens P4
(graphite monochromator)
20 range (deg) 4-55(+h, +k D
reflections (collected. 7846, 4377, 3705 (5o F,)
independent, observed)
R(F), R(wF)* (%) 2.08,3.16
R(F), R(WF)® (%, all data) ~ 2.85.3.65
GOF 1.05
N, /N, 130

*R(F)=34/3F), R(wF)=3[aw'2/[Fw'/?]; A

Flw™'=0%F)+ gF2.

2.5. X-ray structural determination

Crystallographic data for pound 3 are
in Table 1. Deep red block crystals were photographi-
cally characterized and determined to belong to the
monoclinic crystal sy . Systematic absences in the
diffraction data uniquely determined the space group.
An empirical jion for absorption was applied to
the diffraction data (7,,,, /min = 1.5). The structure was
solved by direct methods, completed from Fourier dif-
ference maps, and refined with anisotropic thermal pa-
rameters for all non-hydrogen atoms. Hydrogen atoms
were idealized except for H(1), H(2) and H(3) which
were located and refined.

All computations used SHELXTL-PLUS v4.2 software
[16]. Atomic coordinates for 3 are given in Table 2.
Supplementary data [atomic coordinates, bond parame-
ters, anisotropic thermal parameters and idealized H-
atom coordinates (5 pages) and structure factors (16
pages)] are available from the authors {A.LR.).

1, A

3. Results and discussion

3.1. Syntheses and spectroscopic characterizations of

Clusters containing arene ligands are now well estab-
lished [17] and the ligand can be introduced either as an
organic entity or an organometallic fragment. An exam-
ple of the former method is seen in the preparation of
[Ru;(CO)y(py:m*:m2:m?-CHg)] in which the benzene
ligand caps the trimetal framework [17,18). Examples of
the second strategy include the reaction of the dianion
[08(CO)(RC,R)F~ (R or R = H, Me, Et, Ph) with
[Ru(n®-CgH XMeCN),F* to yield the heterometallic
compound [Os;Ru(n°®-C¢H XCO)RC,R)] in which
the (Ru(n®-C¢H))** fragment caps the open Os,C,
face of the anionic precursor [19). We have previously
reported [5] that, on photolysis, [Ru;(CO);BH;] under-
goes cluster expansion to form a mixture of
[Ru,H(CO),,BH, ] and [Ru H(CO),,B], and we have
made extensive use of the anion [Ru;(CO);BH,]” as a
building block in the syntheses of heterometallic butter-
fly clusters containing Ru;MB cores [1,2). A natural
progression of these i is the of
[Ru,(CO);BH,]” with sources of the (Ru(n’-An}**
(Ar = arene) fragment to give unsymmetrical but ho-
mometallic boron-containing clusters as shown in Fig.
1. An alternative precursor is [Ru;(CO)yB,H ]~ which
we have already reported can give hetcrometallic clus-
ters containing only one boron atom [11].

Before attempting to synthesise the arene-substituted
clusters, we tested the reaction between [Ru,-

Table 2

Atomic coordinates (X 10°) for 13 compounds 2 10 4
Atom X ¥y 2z

Ru(l) 2065(1) 3822(1) 7765(1)
Ru(2) —450(1) 3987(1) 8422(1)
Ru(3) 174(1) 1956(1) 9082(1)
Ru(4) 239%(1) 3561(1) 9268(1)
B(1) 1180(5) 2741(3) 8331(2)
o1) —2324(4) 3264(3) 70222)
o) -326(4) 6362(2) 8050(2)
003) -3070(3) 4128(3) 9168(2)
0(4) —2685(4) 7824) 8443(2)
os) —955(5) 2705(3) 10387(2)
0o(6) 1993(5) 1153) 9860(2)
on 2652(4) 3369(3) 10865(2)
o8) 5020(4) 2094(3) 9251(2)
o9) 3961(4) 5728(3) 9320(2)
() —1640(5) 3527(3) 7547(2)
2 —-377(4) 5478(3) 8178(2)
c(3) —2065(5) 4068(3) 8912(2)
c@ —1634(6) 1218(4) 8694(3)
C(5) -518(5) 2445(4) 9902(2)
C(6) 1304(5) 804(4) 9573(2)
on 2516(5) 3439(3) 10271(2)
C(8) 405%(5) 2650(3) 9263(2)
(9 3420(5) 490%(4) 9293(2)
c(10) 1570(5) 5184(3) 7009%2)
cin 2730(5) 5483(3) 7580(2)
c(12) 4018(5) 4857(4) 77413)
«13) 4156(5) 3929(4) 7361(3)
c(14) 298%(5) 3620(3) 6806(2)
c(15) 1681(5) 4247(4) 6612(2)
C(16) 470(7) 3910(5) 5995(3)
H(1) 773(56) 4298(40) 925%(26)
H(Q2) 1013(57) 1702(44) 8498(27)
HB) 1655(51) 2610(40) 7807(24)

(CO).,BH o] and [{Ru(CQ;)Cl,},] to confirm that clus-

to the known compound 1 was feasible.
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Fig. 1. Schematic representation of the reaction between the anion
[Ru (CO),BH, ] and an {Ru(n®-arene))** fragment to yield products
of the type [Ru,H(n’-areneXCO),BH,]. Note that in solution the
cluster-bound H atoms in {Ru;(CO);BH ]~ appear to be involved in
a fluxional process [5).

We observed that this reaction proceeds smoothly to
give 1 in > 90% yield.

The reaction of [Ruy(CO);BH,]~ and [Ru(n’-
C¢H XMeCN),J** produced compound 2 in about 20%
yield. Self-cluster condensation from [Ru,(CO),BH,]~
to [Ruy(CO),,B]” competed with the formation of 2.
Increased yields of compound 2 were obtained from the
reaction of [Ru;(CO);B,H,;]” with [Ru(nf-
CH¢XPhCN),J**. Compound 2 exhibited a triplet ( Jy,,
60 Hz) in the '' B NMR spectrum at 8 + 102, character-
istic of a BH, unit residing in an Ru, butterfly frame-
work. The chemical shift of the signal was at signifi-
cantly lower field compared to that of the starting
cluster, and the shift indicated that the boron atom in
the product possessed additional boron-metal bonding
interactions [20,21]. The coupling constant of 60 Hz is
characteristic o1 attachment to B~-H-M bridging pro-
tons and is similar to that observed in [Ru, H(CO),,BH, }
[8,9]. The parent ion in the mass spectrum of compound
2 and its isotopic distribution were consistent with a
formulation of [Ru,H(n*-C(H XCO),BH,]. In the 'H
NMR spectrum, a singlet at & +5.58 was assigned to
the benzene protons and a singlet at § —20.96 was
consi with the presence of an Ru-H~Ru bridging
proton. The proposed structure (Fig. 1) places the two
B-H-Ru bridging protons in different environments but
only one broad resonance (8 —9.7) was observed at
298K. On cooling to 183K, the only change to the
spectrum was a sharpening of this signal due to the
effects of thermal decoupling of the ''B and 'H spins.
Although these 'H NMR spectroscopic data indicated
the possibility of the Ru(n>-C,H,) unit residing in a
hinge rather than a wingtip site, we favoured the wingtip
site on the grounds of our previous experience [5,11,22].
Attempts to grow crystals of compound 2 were unsuc-
cessful, and we turned our attention to the syntheses of
the derivatives [Ru,H(n*-CH;MeXCO),BH,] 3 and
[Ru,H(n-MeC, H ,-4-CHMe, XCO),BH, ] 4.

The reaction of [Ru,(CO),B,H,]” with [Ru(n®-
C¢H XPhCN),J** produced compound 3 is low yield.
Improved yields (although still < 20%) were obtained
from the reactions of [Ru,(CO),B,H;]” or
[Ru,(CO),BH,]~ with [{Ru(n-C,H)CI,},]. Com-

pound 4 was prepared by treating [Ru,(CO),BH,]”
with [Ru(n®-C H XPhCN),** or [{(Ru(q®-
C¢H()Cl,},]. The infrared spectra in the carbonyl re-
gion of compounds 3 and 4 were very similar, and also
resembled that of 2, indicating that the three clusters
were structurally related. Compound 3 exhibited a triplet
in the "' B NMR spectrum at § + 101 (J,,, 55Hz), and
in the '"H NMR a broad resonance at & —9.6 was
assigned to B-H-Ru bridging protons. The "'B NMR
spectrum of compound 4 also showed a signal at &
+ 101 but no coupling was resolved; a broad resonance
at 8§ —9.7 was c with the p of B-H-Ru
bridging protons. For each of compounds 3 and 4,
singlets at 8 —20.9 were assigned to an Ru-H-Ru
bridging hydride.

Thus, although spectroscopic and mass spectrometric
data were consistent with the formulation of products
2-4 as the family of compounds [Ru,H(n®-
Af{CO),BH,] (Ar=C,H,. CH,Me, MeC H 4
CHMe, ), they did not permit an unambiguous assign-
ment of the proposed structure shown in Fig. 1.

3.2. Crystal structure of [Ru, H(n®-C4H;Me)-
(CO),BH, 1 3

Crystals of [Ru,H(n*-C,H;Me}CO),BH,] 3 were
grown from a dichloromethane solution layered with
hexane. The molecular structure of compound 3 is
shown in Fig. 2 and selected bond distances and angles
are listed in Table 3. The structural determination con-
firmed that 3 contains an Ru, buuterfly skeleton contain-
ing a semi-interstitial boron atom and that, in the solid
state, the {Ru(n®-C,H;Me)} fragment occupied a
wingtip site. The Ru~Ru bond distances to the {Ru(x°-
C4HMe)} unit in 3 are somewhat lengthened compared
t0 the Rugg—Rugg edges in 3 and the non-hydrogen

CH3)

Fig. 2. Molecular structure of [Ru H(n’-C, H;MeXCO),BH,]3.
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Table 3
Selected bond distances and angles for 3
(a) Bond distances (A)
Ru(1)-Ru(2) 2.868(1) Ru(1)-Ru(4) 2.87X1)
Ru(2)-Ru(3) 2.844(1) Ru(2)-Ru(4) 2.845(1)
Ru(3)-Ru(4) 2.83%1) Ru(1)-B(1) 2.0114)
Ru(2)-B(1) 2.196(4) Ru(3)-B(1) 2.115(5)
Ru(4)-B(1) 2.181(4) Ru(1)-H(3) 1.57(5)
B(1)-H(3) 1.19(5) B(1)~H(2) 1.35(6)
Ru(3)-H(2) 1.53(6) Ru(2)-H(1) 1.81(5)
Ru(4)-H(1) 1.76(5) Centroid-Ru(1) 1.718(3)
(b) Bond angles (deg)
Ru(1)-Ru(2)-Ru(4) 60.4(1) Ru(1)-Ru(4)-Ru(2) 60.2(1)
Ru(3)-Ru(2)-Ru(4) 59.8(D Ru(2)-Ru(4)-Ru(3) 60.1(1)
Ru(2)--Ru(1)-Ru(4) 59.4(1) Ru(2)-Ru(3)-Ru(4) 60.1(1)
Ru(D)-B(1)-Ru(3) 165.1(2) Ru(2)-B(1)-Ru(4) 8L.1(1)
Ru(1)-H(3)-B(1) 92.6(30) Ru(3)-H(2)-B(1) 94.4(32)
Ru(2)-H(1)-Ru(4) 105.7(27) Centroid—Ru(1)-Ru(2) 137.6(1)
Centruid—Ru(1)-Ru(4) 138.2(1) Centroid-Ru(1)-B(1) 169.7(3)
Centroid-Ru(1)-H(1) 133(1)

bridged Ru-Ru edges in cluster 1 [8]. The internal
dihedral angle of the Ru, butterfly in 3 is 111° com-
pared to 118° in compound 1. The boron atom forms a
shorter bonding contact with atom Ru(1) (2.011(4)A)
than with the carbonyl assocjated atoms Ru(2), Ru(3)
and Ru(4) (average 2.164(5) A). The cluster bound hy-
drogen atoms were crystallographically located and cor-
responded to bridging sites analogous to those in com-
pound 1.

If the crystallographically determined structure is
representative of the bulk sample, and the solid state
structure is retained in sotution, then the appearance of
a single resonance for the two B-H-Ru bridges sug-
gests either a fluxional process or a coincidence of
signals. Since the variable temperature 'H NMR spec-
trum of [Ru,H(n®-C H¥CO),BH, ] showed no indica-
tion of fluxional behaviour, we favour the second expla-
nation.

4. Conclusion

The use of the triruthenaborane cluster [Ru-
(CO),BH,]” as a building block for homo- and het-
erometallic butterfly clusters containing a semi-intersti-
tial boron atom has been extended to produce ho-
mometallic species with an Ru(+-zrene) unit in place
of a wingtip Ru(CO), fragment. Although [Ru;(CO),;-
B,H;]™ may also be used as a precursor, it appears
favourable for the reaction to proceed with extrusion of
one boron atom. Intra-skeleton structural differences
between the all-carbonyl cluster 1 and the arene-sub-
stituted cluster 3 are small, and it will now be of interest
to see whether reactivity patteras of the arene-sub-

stituted cluster parallel that of the all-carbonyl com-
pound.
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