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Abstract

The synthesis of the new cyclopentadiene, CsMe4(hex)H is described and its reaction with Ruz(CO),, to yield (CsMeshex),Ru,(CO),
(hex = n-hexyl) is reported. The X-ray crystal structure of the dimer confirms the structure with bridging and terminal CO groups. Reac-
tions of the dimer to yield (CsMeghex)Ru(CO),X (X = Cl, Br, I) are reported. IR, NMR and mass spectra are reported for all new com-
pounds. The solubility of the dimer is found to be 10 times greater than that for (CsMes),Ru,(CO),.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Our initial reason to synthesise the compound
(CsMeghex),Ru,(CO)y, (2) was to try and solubilise this
type of dimeric complex in saturated hydrocarbon solvents
for further study [1]. Since there have been many structural
studies already carried out on complexes of the type
Cp>Ruy(CO),; (where Cp”* = substituted cyclopentadienyl
ligand) [2], this was an ideal opportunity to investigate
how changing the substituents on the cyclopentadienyl
ligand might affect the overall structure of the dimers. This
sort of study is particularly pertinent in light of the remark-
able change in chemistry in going from (CsMes),ZrCl, to
(CsMey4H),ZrCl,. Thus, the pentamethylcyclopentadienyl
compound is reduced under N, to give an end-on dinitro-
gen bridged dimer (CsMes)sZr(p-N»)(N>), whereas the tet-
ramethyl cyclopentadienyl compound gives a side-on
dinitrogen bridged dimer (CsMe4H)sZro(p-N»>) and it is
the latter dimer that reacts further with hydrogen to yield
ammonia [3,4].
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Thus, small changes in the ligands can have a big influ-
ence on the chemistry of their complexes.

2. Results and discussion
2.1. Preparation of CsMey(hex)H (1)

Synthesis of the new ligand 1 is an adaptation of the
method used by Schumann et al. [5] for a similar pent-4-
enyl derivative. Nucleophilic attack of hexyllithium on
2,3,4,5-tetramethylcyclopent-2-enone ligand gave the crude
compound 1 as a dark yellow oil. Purification of the ligand
was accomplished by column chromatography. Further
purification was achieved by vacuum distillation in which
two fractions were obtained. The first fraction was col-
lected at 72 °C (0.7 mmHg) and the second fraction was
collected in the range of 98-100 °C (0.6 mmHg). The frac-
tion (b.p. 72 °C at 0.7 mmHg) was identified by NMR spec-
troscopy as the pure product. Adding 1.5 molar excess of
the hexyllithium reagent and increasing the reaction time
by stirring overnight instead of 2h as reported for the
pent-4-enyl derivative gives much better yields and no
starting ketone and/or intermediate alcohol is identified
in the final product. In this case, no fraction distillation
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is required as the product can be dried under vacuum to
remove solvent.

2.2. Preparation of (CsMehex),Ru,(CO)y

Refluxing a mixture of Ru3(CO);, and CsMey(hex)H (1)
in decane for 4 h resulted in formation of the dimer (2) (see
Scheme 1).

The attachment of a hexyl chain on to the cyclopenta-
dienyl ring improves the solubility of the ruthenium dimer
as compared to the pentamethylcyclopentadienyl analog
[6]. Purification by recrystallisation using hydrocarbon sol-
vents is not possible due to the high solubility of the dimer
in such solvents. DCM/MeOH was found to be the best
solvent system for purification, though these crystals were
not suitable for X-ray crystallography. Slow evaporation
of the solvent from the complex in hexane solution gave
single crystals suitable for X-ray crystallography.

RU3(CO)12 +

2.3. Preparation of (CsMeshex)Ru(CO),X (X =CIl, Br, I)

The halide complexes were prepared according to the
methods described for the pentamethylcyclopentadienyl
analogs [7,8]. The reaction times for the preparation of
the new chloro, bromo and iodo complexes are 30, 15
and 10 min, respectively. Also, the melting points of the
new halide derivatives are much lower and the solubility
higher than for the pentamethylcyclopentadienyl analogs.

2.4. Crystal Structure of (CsMehex),Ru>(CO)y

The crystal structure of the dimer 2 (Fig. 1) reveals that
the compound has a trans conformation with two bridging
carbonyl ligands. Selected interatomic distances and angles
are given in Table 1. The Ru-Ru distance in 2 is 2.74 A’and
the Ru-Cp centroid is 1.91 A" These distances are compa-
rable to those found in other substituted cyclopentadienyl
ruthenium di-carbonyl dimers [2].

i) CCly, 30 min, reflux;
ii) CBry4, 15 min, 95°C;
iii) I,, CHCI3, 10 min, RT

\Ru —X

[\

oCcC CO

X = CI (3), Br (4), | (5)

Scheme 1.
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Fig. 1. Molecular structure and atom labelling scheme for of compound 2.

As is seen from Fig. 2, the (CsMezhex),Ru,(CO)4 mole-
cules are aligned so that their Ru—Ru vectors form parallel
arrays and their hexyl groups are interleaved, the
HC(16)H- - -HC(16)H separations between the interlocking
tails of the hexyl groups being 2.49 A’ The shortest inter-
molecular contact (2.24 A) is, however, between H atoms
of methyl groups on adjacent cyclopentadienyl rings.
Through these contacts the molecules are linked to form
chains parallel to the ¢ axis. There is an additional short
contact of 2.47 A’ between H atoms of methyl groups on
neighbouring cyclopentadienyl rings. The shortest intermo-
lecular distance involving a carbonyl oxygen (2.79 A) is
between a hexyl hydrogen, on C(13), and the oxygen of
the bridging carbonyl.

Table 1
Selected interatomic distances (A) and angles (°) for (CsMeghex),-
Ru,(CO),

Ru(1)-C(1) 1.847(5) Ru(1)-C(3) 2.261(4)
Ru(1)-C(2) 2.023(5) Ru(1)-C(4) 2.283(4)
Ru(1)-C(2) 2.048(4) Ru(1)-C(5) 2.296(4)
C(1)-0(1) 1.151(5) Ru(1)-C(6) 2.246(3)
C(1)-0(2) 1.166(5) Ru(1)-C(7) 2.225(4)
Ru(1)-Ru(1’) 274298)  Ru(l)...X 1.9128(4)
Ru(1)-C(1)-0(1) 175.9(4) C(3)-C(4)-C(5) 108.4(4)
Ru(1)-C(2)-0(2) 138.7(3) C(4)-C(5)-C(6) 107.9(4)
Ru(1)-C(2)-0(2) 136.6(3) C(5)-C(6)-C(7) 109.9(4)
Ru(1)-C(2)-Ru(1%) 84.7(2) C(6)-C(7)-C(3) 106.3(4)
C(1)-Ru(1)-C(2) 93.6(2) C(7)-C(3)-C(4) 107.5(4)
C(1)-Ru(1)-C(2)) 92.3(2) C(2)-Ru(1)-C(2}) 95.3(2)
C(1)-Ru(l)... X 126.9(1) C2)-Ru(l)...X  120.3(1)
C(2)-Ru(l)...X 120.5(1)

Symmetry code: (i): —x+ 1, —y+1, —z+1 (X is the centroid of the
cyclopentadienyl ring).

In Cp5Ru,(CO)4, [9] the methyl groups are also involved
in the shortest intermolecular Me(H)- - - contact (2.69 A)
but here to a carbon atom of a neighbouring cyclopentadie-
nyl ring. The shortest intermolecular contact in the ethyl
analogue (EtCsMey),Ru,(CO)4 [10] involves the tail of
the ethyl group and the oxygen of a terminal carbonyl
group, i.e. (CH,CH,)H:--O-C =2.7 A Similar contacts
appear to dominate in other substituted Cp* counterparts
[2] as well as in Cp,Ru,(CO),4 [11,12], the shortest intermo-
lecular contacts thus involving hydrogen atoms of the
cyclopentadienyl ring or of substituents on these rings
and oxygen atoms of either terminal or bridging carbonyl
groups. These contacts are of the order of 2.6-2.7 A
[2,11] with 2.52 A’ observed in a low temperature study of
CpaRuy(CO)y4 [12]

The packing pattern most similar to that found in the
present structure is, perhaps, that in a compound in which
Cp5Ru,(CO), co-crystallises with (Cp*RuAs,S), [13].
Despite the presence of (Cp*RuAs,S),, the Cp5Ru,(CO)4
molecules have their shortest intermolecular contacts solely
with each other, namely, 2.35 A" between H atoms of
methyl groups on adjacent cyclopentadienyl rings. As in
(CsMeghex),Ru,(CO)y4, the Ru—Ru vectors form parallel
arrays and the short contact between methyl groups leads
to chain formation.

The conformational disorder associated with the hexyl
chain is similar, but less pronounced, to that found in di-
p-chloro-dichloro-bis[n’(perfluorohexyl)tetramethylcyclo-
pentadienyl]dirhodium(I1I) [14]. In the latter complex the
two perfluoroalkyl chains exhibit different conformations:
one all anti (straight) and the other gauche—anti-gauche—
anti (bent). Disorder is caused by the presence of a small
number of molecules with two straight chains in the crystal.
In (CsMeghex),Ru,(CO),, the slight differences in confor-
mation of the chains are manifested in two split positions
for C(14) of almost equal occupancy [0.58(4) and 0.42(4),
respectively] [14].
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Fig. 2. Packing diagram of compound 2.

3. Conclusions

Comparing the range of structures that have been deter-
mined for complexes of the type Cp>Ru,(CO),, we find that
the same overall structure with two bridging and two termi-
nal CO groups is found in all compounds. We also see that
the Cp” ligands are trans in the dimeric structures in the
solid state. Changing the substituents has only a small
effect on the Ru—Ru bond length as well as on the Ru-
CO(bridge) bond lengths. There are also only small
changes in the bond angles. Comparing the solubility dif-
ferences between CpsRuy(CO); and (CsMeshex)s,.
Ru,(CO)y, we find an approx. 10-fold increase in
solubility of the CsMeshex compound in hexane. Similarly,
the solubility of (CsMezhex)Ru(CO),X, [where X = Cl (3),
Br (4), I (5)] was also increased.

4. Experimental

All manipulations were carried out using standard
Schlenk techniques in an inert atmosphere. Solvents were
purified by distillation from Na (decane), Na/benzophe-
none (diethyl ether), Mg/I, (methanol), CaH, (dichloro-
methane, hexane). 1,2,3,4,5-pentamethylcyclopentadiene,
2,3,4,5-tetramethylcyclopentenone, carbon tetrachloride
and carbon tetrabromide were purchased from Sigma-—
Aldrich Chemicals. n-Hexyllithium (33% v/v in hexane)
was purchased from Acros Organics. Column chromatog-
raphy was carried out on silica gel (Merck) using dichloro-
methane and hexane as a mobile phase.

'"H and '>C NMR spectra were recorded on Varian
Unity 400 MHz. Chemical shifts were reported in ppm rel-
ative to tetramethylsilane as the internal standard in deu-
terated dichloromethane. IR spectra were recorded in
dichloromethane solution on a Perkin Elmer 1000 FT-IR
spectrometer. C, H analysis was obtained from the Heraeus
rapid combination analyzer. The melting points were
recorded on a Kofler hostage microscope (Reichart
Thermovar).

4.1. 1-Hexyl-2,3,4,5-tetramethylcyclopentadiene (1)

2,3,4,5-Tetramethylcyclopentenone (5.0 ml, 33.50 mmol)
in 10 ml diethyl ether was syringed dropwise into a 1.5
molar excess solution of #n-hexyllithium (21.80 ml,
50.25 mmol) over 15 min. The exothermic reaction mixture
gradually turned yellow during addition after which the
solution was stirred at room temperature for 2 h. The solu-
tion was then diluted with ice and 15 ml of conc. HCI were
added and further stirred until all the ice dissolved. Separa-
tion of the aqueous phase from the organic phase was fol-
lowed by extraction of the aqueous phase with ether
(2 x 25 ml). The combined organic phases were washed
four times with 10% NaHCO; (4 x 40 ml) followed by
washing with a saturated brine solution (2 x 25 ml). The
organic phase was dried over anhydrous MgSQ,. A yellow
oily residue was obtained by filtration and solvent removal
was carried out on a rotary evaporator. Column chroma-
tography was carried out on the oil residue with dichloro-
methane/hexane (1:1) as a mobile phase. The yellow band
eluted first was collected and the solvent was removed to
yield a light yellow oily residue. Distillation of the oil gave
the pure product (1.65 g, 32%), which was characterized
spectroscopically. '"H NMR: (300 MHz, CDCl5) 6 2.171
(1H, m, CsMesH), 1.841 (12H, d, *Jyy=11Hz,
Cs(CH3)4), 1.297 (8H, s, CsMesHCH,(CH,)4CH3), 1.01
(2H, d, *Jyu=7.5Hz, Cs Me;HCH(CH,),CH;, 0.87
(3H, m, CHs); *C NMR: (300 MHz, CDCl3)d 142.9
(CsMey), 138.9 (C(CHj)sMe), 138.0 (CsMey), 31.83,
30.61, 29.42, 26.29, 22.69 (CH,), 14.06 ((CH,)sCHj),
11.57, 11.03 (Cs(CHs3)s).

4.2. [n’-CsMehexyl)Ru(CO),]5 (2)

Ru3(CO),(0.63 g, 1.00 mmol) was reacted with an excess
of the ligand 1-hexyl-2,3,4,5-tetramethylcyclopentadiene 1
inn-decane (12 mL). A gentle 4 h reflux and subsequent cool-
ing precipitated orange needle-like crystals out of solution
together with black decomposition material. Recrystalliza-
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tion from DCM/MeOH gave a pure compound (0.63 g,
59%). M.p. 133-135 °C. Anal. Calc. for C33H5004Ru,: C,
56.35; H, 6.95. Found: C, 55.73; H, 6.51%. vya/cm ™! (hex-
ane) 1934 s (terminal CO), 1763 s (bridging CO). '"H NMR
(300 MHz, CDCly) 6 229 (2H, t, *Jyz=7.5Hz,
C5MC4CH2(CH2)4M€), 1.85 (6H, S, C5(CH3)2), 1.786 (6H,
s, Cs(CHs),), 1.276 (8H, s, CH,(CH>);Me), 0.88 (3H, t,
3Ty = 6.6 (CH,)sCHs); '*C NMR (300 MHz, CDCl3) ¢
105.2 (C(CH,)s), 101.8, 100.7 (CsMey), 31.63, 30.37, 29.39,
24,63, 22.59 (CH,), 14.03 ((CH,)sCH;), 9.221, 9.09
(Cs(CH3)s). m/z 725 [M "], 697 [MT—CO], 668 [M"—2CO],
638 [M"—3CO0], 608 [M"—4CO], 303 [CsMe4(CH,)sMe]".

4.3. ’-CsMe hexyl) Ru(CO),Cl (3)

The ruthenium dimer 2 (0.050 g, 0.07 mmol) in toluene
(5 mL) was reacted with CCl, (1 ml). The clear orange solu-
tion was refluxed gently for 30 min and allowed to cool to
room temperature. The solvent was removed in vacuo leaving
an oily residue. Extraction with hexane gave an almost quan-
titative yield 0.053 g, 97%. Anal. Calc. for C;7H,5CIO,Ru:
C, 51.31; H, 6.33. Found: C, 51.42; H, 6.42%, vpay/cm ™'
(hexane) 2035 s, 1985 s, (CO). "H NMR (400 MHz, CDCls)
8 2.00 (2H, t, *Jyy = 6.8 Hz, CsMe,CH,(CH,)4Me), 1.51
(8H, d, *Jyu=1.6Hz, Cs(CHs)), 1.11-1.21 (12H, m,
CH,(CH,);Me), 0.87 (3H, t, *Jyy = 6.8 Hz, CH;); *C
NMR (400 MHz, CDCl;)o 199 (CO), 102.7 (C(CH,)sMe),
101.2, 100.2 (CsMey), 31.5, 30.4, 29.3, 25.1, 22.5 (CH,),
14.0 ((CH;)sCH3), 10.0-9.78 (Cs(CH3)4.

4.4. ’-CsMehexyl) Ru(CO)>Br (4)

Similarly to the synthesis of 3, the ruthenium dimer 2
[0.15g, 0.207 mmol] and CBry were reacted in toluene
(10 ml). The homogenous mixture was stirred for 15 min
at 94 °C. The resultant clear brown orange solution was
allowed to cool to room temperature. Removal of solvent
in vacuo gave a dark orange oily residue. The oil was
extracted with hexane and allowed to crystallize at 4 °C.
Compound 4 was obtained as dark yellow crystals
(0.17g, 94%). M.p. 40-44°C. Anal. Calc. for
C7H,sBrO;Ru: C, 46.16; H, 5.70. Found: C, 46.65; H,
5.24%. vax/cm ! (hexane) 2033 s, 1986 s (CO). '"H NMR
(400 MHz, CDCl;)d 230 (2H, t, °*Jyy=6.8 Hz,
CsMe,CH,(CH,)4Me), 1.965-1.968 (12H, d,
3Ty =2.4Hz, Cs(CHs),), 1.31 (8H, t, CHx(CH,)sMe),
0.89 (3H, t, CH3); >*C NMR (400 MHz, CDCl;) ¢ 198.4
(CO), 102.8 (C(CH,)sMe), 100.9-100.0 (CsMey), 31.51,
30.53, 29.30, 25.22, 25.52 (CH,;), 13.98 ((CH,)sCHz),
10.2, 10.18, 10.04, 10.01 (Cs(CHs),. m/z 444 [M"], 416
[MT—CO], 386 [M"—2CO], 304 [RuCsMes(CH,)5-
Me-¥'Br]", 298 [RuCsMe4(CH,)sMe-"’Br]".

4.5. ’-CsMeyhexyl) Ru(CO)-I (5)

The ruthenium dimer 2 (0.06 g, 0.08 mmol) was reacted
with excess I, (0.03 g, 0.12 mmol) in 5 ml of chloroform.

The light orange solution was stirred at room temperature
for 10 min. The solution was then washed with 10% sodium
thiosulphate (2 x 5 ml). The organic layers were combined
and the solvent was removed to give a dark orange oily res-
idue. Extraction with hexane and slow evaporation of the
solvent with a stream of N, in an ice bath gave dark orange
flat crystal plates (0.074 g, 91%). M.p. 42-45 °C. vyax/cm !
(hexane) 2031 s, 1985 s (CO). Anal. Calc. for
C7H,sI0,Ru: C, 41.72; H, 5.15. Found: C, 41.64; H,
5.22%. 'H NMR (400 MHz, CDCl;) & 2.11 (2H, t,
Jpyw=68Hz, CsMesCH,(CH,)4Me), 1.69 (8H, d,
Juw=16Hz, Cs(CHs),), 1.13-124 (12H, m,
CH,(CH,);Me), 0.89 (3H, t, *J,;=6.8 Hz, CHs); °C
NMR (400 MHz, CDCIl;) 6 198.6 (CO), 109.1
(C(CHy)sMe), 103.0, 100.4 (CsMey), 31.54, 30.9, 29.3,
25.7, 25.5 (CHa,), 14.0 ((CH,)sCH3), 10.7-10.8, (C5(CHj3),.

5. X-ray crystallography
5.1. Crystallographic data

CysHsoRu,, M, =7249, triclinic, space group PI,
a=8.5902(6) A, b =10.1394(5) A’, ¢ = 11.3288(11) A, o =
72.413)°, B =79.37(4)°, 7=63.093)°, U=837.4(1)A>,
Z=1,D.,=144gcem>, 1 =0935mm™".

5.2. Crystal structure determination

An orange prism of (CsMegzhex),Ru,(CO)y, 0.2 x 0.2 %
0.2 mm, was mounted in a glass capillary and transferred
to a Rigaku R-AXIS Ilc image plate system. Diffracted
intensities were measured at ambient temperature,
293(2) K, using graphite-monochromated Mo Ko radia-
tion (4 = 0.71073 A) from a RU-H,R rotating anode oper-
ated at 50 kV and 90 mA. Ninety oscillation photographs
with a rotation angle of 2° were collected and processed
using the CrystalClear software package. Cell constants
were determined by refinement based on all the reflections
measured. Empirical corrections were applied for the
effects of absorption using the REQAB program under
CrystalClear. Of the 6480 reflections measure, 3297 were
unique (Rj, = 0.059). The structure was solved by direct
methods [15] and refined using full-matrix least-squares
calculations ofn F? (SHELXL-97) [16] on all reflections, both
programs operating under the WinGX program package.
Anisotropic thermal displacement parameters were refined
for all non-hydrogen atoms and hydrogen atoms were
included using riding model. C(14) of the hexyl ring was
refined in the split positions C(14a) and C(14b) with the
occupancies 0.58(4) and 0.42(4), respectively. A total of
192 parameters gave R; =0.040 and wR, = 0.082 for the
2374 reflections for which 7>2g(/), R;=0.050 and
wR, = 0.083 for all 3297 reflections; maximum and mini-
mum residual electron density: 0.39-0.54 ¢ A, Structural
illustrations have been drawn with orTEP-3 for Windows
[18] and pLuTON [19] under wiNGx [17].
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6. Supplementary material

CCDC 272447 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Cen-
tre via www.ccde.cam.ac.uk/data_request/cif.
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