Volume 20
Number 8

August 1981

Inorganic Chemistry

© Copyright 1981 by the American Chemical Society

Contribution from the Research School of Chemistry,

The Australian National University, Canberra, A.C.T., Australia 2600

Protonation of Arene Cyclooctatetraene Complexes of Zerovalent Ruthenium.
Single-Crystal X-ray Study of the Isomeric Cyclooctatrienyl Complexes
[Ru(1-5-9-CgHg)(1,3,5-C¢H;Me;) [PF and [Ru(1-3:6-7-1-CgH,) (1,3,5-C¢HsMe;) |PF;
M. A. BENNETT,* T. W. MATHESON, G. B. ROBERTSON, A. K. SMITH, and P. A. TUCKER

Received April 29, 1980

Protonation (HPFg, HBF,, CF;CO,H) of Ru(arene)(COT) (arene = mesitylene, hexamethylbenzene, or tert-butylbenzene;
COT = cyclooctatetraene) gives [Ru(1-5-1-CyH,)(arene)]* cations which can be isolated as PF, or BF, salts. The mesitylene
and hexamethylbenzene species isomerize almost completely on warming in organic solvents to [Ru(1-3:6-7-n-CzH,)(arene)]*
cations, but in the presence of CF;CO,H isomerization is incomplete. 'H and '*C NMR data for the isomeric CgHy complexes
are reported and discussed. In contrast with the behavior of Fe(CO),(COT), there is no evidence for the formation of
2-6-n-bicyclo[5.1.0]octadienyl species on protonation either of Ru(arene)(COT) (arene = C¢H3;Me;, CgMeg) or of Ru-
(CO);(COT). The tert-butylbenzene-containing cation [Ru(1-5-n-CgHg)(C¢Hjs-2-Bu)]* isomerizes in solution to an inseparable
mixture of starting material and an unidentified cation, whereas the benzene species [Ru(CgH;)(C4Hg) PF, obtained from
Ru(C4H¢)(COT) and HPF; rapidly decomposes in organic solvents. In the monodeuterio complexes [Ru(1-5--
C¢HgD)(arene)]* (arene = CsMeg, C4Hs-1-Bu) obtained from Ru(arene)(COT) and CF,CO,D, the entering deuteron is
probably exo to the metal atom and it does not shift during the subsequent isomerization. The salt [Ru(1-5-»-
CgH,)(C4H;Me;)]PFg (1) crystallizes in space group C/2¢, with a = 37.137 (5) A, b = 7.3343 (6) A, ¢ = 15.634 (2) A,
B8 = 121.63 (2)°, and Z = 8; [Ru(1-3:6-7-n-CsHo)(C,H;Me,)]PF, (2) crystallizes in space group Pn2,a or Pnma, with
a=7843(1)A,b=9.014 (1) A, and ¢ = 25.367 (3) A. The structures were solved by heavy-atom methods and refined
by least-squares methods to R = 0.034 for 4017 reflections (1) and to R = 0.046 for 1329 reflections (2 in Pn2,a). In
1 the n®-mesitylene ring carbon atoms eclipse an approximately planar 1-5-7-CgH, pentadienyl unit. The Ru—C(pentadienyl)
bond lengths are not equal, the terminal distances [Ru~C(4) 2.175 (4) A, Ru—C(8) 2.202 (3) A] and the central distance
[Ru=C(2) 2.172 (4) A] being greater than the other two [Ru-C(1) 2.135 (4) A, Ru~C(3) 2.144 (4) A]. In 2 the CgH,
group is bound to ruthenium via an asymmetric n-allylic unit and a symmetric n*olefinic bond. In the allylic bond, one
of the Ru-C(terminal) distances [Ru-C(14) 2.345 (14) Al is ca. 0.1 A longer than either the central bond [Ru-C(15)
2.244 (15) A] or the other terminal bond [Ru-C(16) 2.233 (6) A], whereas the Ru—C distances to the coordinated olefin
do not differ significantly [mean value 2.211 (14) A]. The mesitylene ligand in 1 is slightly nonplanar and has a twist-boat
conformation, with Ru~C(arene) distances ranging from 2.224 to 2.257 A. Relief of strain in the eight-membered ring

may provide the driving force for isomerization of the 1-5-5- to the 1-3:6-7-n-CgH,y complexes.

Introduction

Cyclooctatetraene (COT) complexes of transition metals
in low oxidation states can often be protonated by strong acids
to give complexes containing the CgHy* ion, but the structure
of the product and the mode of protonation depend on the
metal, the bonding mode of COT, and the nature of the acid.
Structures I-VI which have been proposed for various CgHy
complexes formed by protonation are shown in Figure 1.
Protonation of Fe(CO)4(1-4-9-COT) with HSOsF at -120 °C
proceeds in exo fashion to give the 1-5-p-cyclooctatrienyl
complex I [X = Fe(CO),]! which undergoes ring closure above
—60 °C to give the stable 2—6-5-bicyclo[5.1.0]octadienyl cation
II [X = Fe(CO);].2 In concentrated H,SO, or in HBF,/
(CH,;C0),0, Ru(CO);(1-4--COT) is reported to give ini-
tially the bicyclic 2-6-n-species II [X = Ru(CO),], but in
contrast to the iron system this isomerizes to a stable cation
formulated either as a 1-4:7-p-cyclooctatrienyl I1II or a 1-
3:6-7-n-cyclooctatrienyl IV [X = Ru(CO),], which can also

(1) Brookhart, M.; Davis, E. R.; Harris, D. L. J. Am. Chem. Soc. 1972, 94,
7853-7858.

(2) Davison, A.; McFarlane, W.; Pratt, L.; Wilkinson, G. J. Chem. Soc.,
1962, 4821-4829.

be isolated by treatment of Ru(CO);(1-4-n-COT) in ether
with aqueous HPFg;? no evidence for the 1-5-n-cyclooctatrienyl
complex I [X = Ru(CO),] has been reported. Different be-
havior is observed if the acid contains a strongly coordinating
anion. Hydrogen chloride reacts with M(CO);(1-4-3-COT)
(M = Fe, Ru) to give 1-3-n-cyclooctatrienyl complexes IV
[X = MCI(CO);].# The d® complexes M(CsR)(COT) (M
= Co, Rh, Ir; R = H, CH,) differ from the isoelectronic
M(CO);(COT) (M = Fe, Ru) compounds in that the ther-
modynamically stable isomer contains 1-2:5-6-9-COT, al-
though the 1-4-n isomer can sometimes be detected or iso-
lated.%¢ Treatment of M(CsH;)(1-2:5-6-7-COT) (M = Co,
Rh) with an excess of CF;CO,H gives initially 2—-6-n-bicy-
clo[5.1.0]octadienyl cations II [X = CoCsHg, RhCsHs] which
isomerize completely and irreversibly to 1-3:6-7-p-cyclo-

(3) Cooke, M.; Draggett, P. T.; Green, M.,; Johnson, B, F. G.; Lewis, J.;
Yarrow, D. J. J. Chem. Soc., Chem. Commun. 1971, 621-622.

(4) Charles, A. D.; Diversi, P.; Johnson, B. F. G.; Lewis, J. J. Organomet.
Chem. 1976, 116, C25-C28.

(5) Smith, A. K.; Maitlis, P. M. J. Chem. Soc., Dalton Trans. 1976,
1773-1771.

(6) Moraczewzski, J.; Geiger, W. E., Jt. J. Am. Chem. Soc. 1979, 101,
3407-3408.
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Figure 1. Bonding modes for CgH,.

octatrienyl cations IV.” Use of CF,CO,D establishes that in
these cases the proton enters endo with respect to the metal.
Low-temperature protonation of Ir(CsHs)(1-2:5-6--COT)
gives a detectable hydridodiene cation [IrH(CsH)(COT)]*,
which, on warming to room temperature, isomerizes to a
mixture of the 2-6-n-bicyclo[S.1.0]octadienyl II and 1-3:6-
7-n-cyclooctatrienyl IV [X = IrCsH,)].” An isomeric mixture
of IT and IV [X = RhC;sMejs] is also obtained by treatment
of Rh(CsMe;)(1-4-9-COT) with CF,CO,H at low tempera-
ture, but the ratio (3:2) differs from that obtained by similar
treatment of the corresponding, more stable isomer Rh-
(CsMes)(1-2:5-6-9-COT) (4:1). Moreover, the stereochemistry
of protonation is exo in the case of the 1~4-p-isomer and endo
in the case of the 1,2,5,6-n isomer.” Finally, protonation of
the d® complex Mo(COQ);(1-6-3-COT) occurs endo to give a
complex thought to contain the 1-7-p-cyclooctatrienyl or
homotropylium cation VI [X = Mo(CO),].}

The structural assignments in this bewildering array of
results have been based solely on necessarily complex NMR
spectra and have not been supported by definitive X-ray
structural analysis. We have studied the protonation of Ru-
(arene)(COT) complexes® for comparison with the behavior
of the isoelectronic Ru{CQ), and RhCsH; complexes and have
characterized the products by X-ray crystallography.

Experimental Section

'H NMR spectra were recorded at 34 °C on Varian HA-100 or
Jeolco MH-100 instruments with the use of (CH3),Si as internal
reference. !3C NMR spectra were obtained on a Jeolco FX-60 in-
strument operating at 15.04 MHz. IR spectra were measured as Nujol
mulls on a PE 457 spectrometer. Analyses were carried out in the
microanalytical laboratories of the Australian National University;
those for the arene complexes are given in Table . 'H and *C NMR
data are listed in Tables II-V. The complexes Ru(arene)(COT)

(7) Evans, J.; Johnson, B. F. G.; Lewis, J.; Yarrow, D. J. J. Chem. Soc.,
Dalton Trans. 1974, 2375-2380.

(8) Winstein, S.; Kaesz, H. D.; Kreiter, C. G.; Friedrich, E. C. J. Am.
Chem. Soc. 1965, 87, 3267-3269.

(9) Bennett, M. A.; Matheson, T. W.; Robertson, G. B.; Smith, A, K,;
Tucker, P. A. Inorg. Chem. 1980, 19, 1014,
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Table I. Analytical Data for [Ru(arene)(C H,)]Y Complexes

calcd found
arene Y % C % H % C % H
1-5n-CH,
C,Me, PF, 468 53 467 55
C Me, BF, 528 59 527 5.8
C H,Me, PF, 433 45 431 48
C,H,-t-Bu PF, 444 47 444 48
C,H,-t-Bu BF, 506 54 504 56
C,H, PF, 392 35 391 37
1-3:6-7-0-C,H,

C Me 9 PF, 468 53 466 5.1
C,H,Me,b PT, 433 45 430 4.6
C,H,t-Bu¢ PP, 444 47 444 438
CH,+-Bu¢ BF, 506 54 507 5.4

@ Anal. Calcd for [Ru(1-3:6-7-n-C;H,D)(C,Me,)IPF,: C, 46.7;
H, 5.3. Found: C,46.9;H,54. b Anal. Caled for [Ru(1-3:6-
Tm-C,H,Me,)]PF,: C, 43.2;H,4.5. Found: C,42.9;H,4.5.
¢ [someric mixture (see text).

(arene = C¢Hg, C¢Hs-t-Bu, 1,3,5-C¢H;Mes, or CMe;)? and Ru-
(CO)5(COT)!%! were prepared as described previously.

Protonations. (1-5-n-Cyclooctatrienyl) (n°-hexamethylbenzene)-
ruthenium(IT) Hexafluorophosphate ([Ru(1-5-2-CgHg)(CMeg) JPF).
A solution of 60% aqueous HPFj in ice-cold propionic anhydride was
added dropwise under nitrogen to a solution of Ru(CsMeg)(COT)
(0.10 g, 0.27 mmol) in degassed ether (10 mL). A reddish oily solid
formed immediately. When further addition of acid caused no more
precipitation, the mixture was stirred at room temperature for 30 min.
The supernatant liquid was removed by decantation and, after being
washed with ether, the residue was dissolved in acetone (10 mL),
Addition of ether (5 mL) to the cold, filtered solution initially gave
oily brown material which was removed by filtration. Addition of
more ether gave pale yellow crystals of [Ru(1-5-7-CgHo)(C¢Meg) ] PF;
(0.105 g, 76%). The corresponding BF, salt was prepared similarly
with use of 40% aqueous HBF, in propionic anhydride.

(1-3:6-7-n-Cyclooctatrienyl) (n°-hexamethylbenzene) ruthenium (IT)
Hexafluorophosphate ([Ru(1-3:6-7-1-CHo)(CsMeg)[PFg). A solution
of [Ru(1-5-n-CgHg)(C¢Meg)]PF, (0.17 g, 0.33 mmol) in acetone (10
mL) was heated at ca. 50 °C for 6 h. After this period conversion
into the 1-3:6-7-n isomer was almost complete, as shown by 'H NMR
spectroscopy. Solvent was removed in vacuo, and the residue was
recrystallized from acetone/ether or dichloromethane/ether to give
yellow crystals of [Ru(1-3:6-7-n-C3Hg)(CsMeg)]PFg (0.09 g, 53%).
After 4 days in CD,Cl, containing a few drops of CF;CO,H, this salt
had partly reverted to the 1-5-7-CgHy isomer, the proportion of the
latter at equilibrium being 20-30% as estimated by the relative in-
tensities of the CsMeg methyl singlets.

The salts [Ru(1-5-y-CgHy)(arene)]Y (arene = mesitylene or
tert-butylbenzene; Y = PFg¢ or BF,;) and [Ru(1-3:6-7-9-CgHy)-
(1,3,5-C,HsMey)]Y (Y = PF; or BF,) were prepared similarly to the
corresponding hexamethylbenzene salts. In their IR spectra (Nujol
mulls) the 1-5-7-C4Hj salts showed a weak band at ca. 1675 cm™,
tentatively assigned to the C=C stretching mode of the uncoordinated
double bond. In the 1-3:6-7-n-CgH, salts a weak band at ca. 1650
cm™! was similarly assigned. Isomerization of the tert-butylbenzene
salts [Ru(1-5-n-CgHy)(CsHs-1-Bu)]Y (Y = PF, or BF,) did not
proceed to completion under the conditions described above, and
attempts to separate the isomers by fractional crystallization were
unsuccessful.

Addition of 60% aqueous HPF, to an ether solution of Ru(Ce-
H,)(CyHs) gave an off-white precipitate which analyzed satisfactorily
for [Ru(CgHy)(CeHg)]PFj (yield ca. 40%). The sale decomposed on
attempted recrystallization or isomerization, and 'H NMR spectra
could not be obtained.

Deuteration Reactions. To a solution of the Ru(arene)(COT)
complex in CDCl, was added dropwise deuteriotrifluoroacetic acid,

(10) Bruce, M. L.; Cooke, M.; Green, M. J. Organomet. Chem. 1968, 13,
227-234,
(11) Cotton, F. A.; Hunter, D. L. J. Am. Chem. Soc. 1976, 98, 1413~1417.
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'H NMR Spectra of 1-51-Cyclooctatrienyl Complexes [Ru(l—S—n-Caliq)(arene)]*“'b

Table II.

others
2.29 (s, C4Mey)
2.24 (s, C Me,)
2.22 (s, C,Mey)

H(8)(exo0)

1.70 (*/AB q,J o
1.74 (/,AB q,J
1.71 (*/,AB q.¢

H(8)(endo)

H(1), H(5)

3.86 (m)

H(2), H(4)
4.72 (m)

H(6), H(T)

H(3)

solvent
(CD,),CO
Cb,Cl,

species
[Ru(C H )(C Me)IPF
|Ru(C,H ) (C Me)]PF

Ru(C,Me,)(COT)

2.31 (s, C;H Me ),

=22)
AB— 24)
"AB = 22)

=24)

1.80 (1/,AB q,JAp

2.33¢
2.42¢
2.33¢
2.48¢

3.72 (app Q)
3.68 (app Q)

4.28 (m)

4.52 (app q)
4.42 (app Q)

5.13 (m)

5.50 (m)
5.52 (m)
5.50 (m)
5.57 (m)

I
X333
NSNS
o

7
a=6)
)]
7

CDCL/CF,CO,H
(CD,),CO

{Ru(C,H,)(C,H,Me,)|PI",

6.28 (s, C,H,Me,)
2.28 (s, C,H Me )

22)

1.80 (*/,AB q,J pp

5.07 (appq@)  4.16 (m) 2.42¢

5.55 (m)

=7

=t

6.18 (127,

CD,Cl,

[Ru(C,H,)(C, H,Mec,)]PF,

e;)

6.05 (s, C,H M
1.37 (s, +-Bu), 6.28,7

20) 1.82(/;ABq,Jag=20)

2.44 (1/,AB q,J op

4.80 (m)

5.26 (m)

5.59 (m)

6.28 (m)°

(€D,),CO

[Ru(C,H,)(C, H,--Bu)| PF,

6.60 (m, C,H,)
1.31 (s, t-Bu), 6.20

(m, C,H)f

22) L.73 (1/,AB q8 Jop=122)

2.39 ('/2AB q",AB

4.66 (m)

5.09 (app @)

5.54 (m)

6.20 (m)®

CDCL/CF,CO,H

Ru(C,H,-#-Bu)(COT)

b Protons numbered according to attached car-

@ Chemical shifts 5 (+0.05) (multiplicity and coupling constants J (+0.5 Hz), in parentheses, measured at 100 MHz) at 32 °C; app q = apparent quartet.

bon atoms

f Overlaps with multiplet due to

¢ Qverlaps with arene multiplet.

d Absent from spectrum in CDCL,/CIF,CO,D.

€ Peak partly obscured by arene methyl singlet; 5 calculated from 8(Hg, ) and Jp g.

H(3).
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CF,CO,D, which had been freshly prepared from trifluoroacetic
anhydride and D,0. Solvents were removed in vacuo, and the oily
residue was dissolved in the minimum volume of acetone. The
[Ru(CgHgD)(arene)]PF; salt was precipitated as a yellow solid by
addition of a saturated aqueous solution of NH,PF; and was re-
crystallized from acetone/ether.

Protonation of Ru(CO);(1-4-9-COT). Addition of 60% aqueous
HPF; to an ether solution of Ru(CO);(COT) (ca. 0.1 g) precipitated
the salt [Ru(1-3:6-7-9-CgH;)(CO);]PF,, the 'H NMR spectrum of
which agreed with that reported in ref 3. Anal. Calced for
C, H,FO,PRu: C, 30.3; H, 2.1. Found: C, 30.6; H, 2.5.

Addition of HBF,/(CH;CO),0 to solid Ru(CO),(COT) gave a
clear solution from which a solid [Ru(C3gHg)(CO),]BF, salt was
precipitated by dilution eith ether. Anal. Calcd for C;;HsBFO3Ru:
C, 35.0; H, 2.4. Found: C, 35.3; H, 2.2. The '"H NMR spectrum
of this salt showed it to contain 1-3:6-7-n-CsH, and, contrary to the
statement in ref 3, there was no evidence for a bicyclo[5.1.0]octadienyl
species, even when the salt was precipitated ca. 15 s after addition
of HBF,/(CH;C0),0. The 'H NMR spectra of [Ru(1-3:6-7-1-
CsH,)(CO);]* salts in CD,CN underwent irreversible change with
time indicative of reaction with the solvent, so that the spectrum
reported? for the supposed bicyclo[5.1.0]octadienyl species in CD;CN
is suspect.

Collection and Reduction of X-ray Intensity Data. Single crystals
of [Ru(1-5-9-CsHg)(C4H;sMe;)]PFs (1) and [Ru(1-3:6-7-%-
C3H,)(C4¢H3Mey) |PF, (2) were obtained from acetone/ether and from
chloroform, respectively.

Crystal Data, 1: C;H,; F¢PRu, fw 471.4, space group C2/c, a
=37.137 (5) A, b= 73343 (6) A, c = 15.634 (2) A, g = 121.63
(2)°, Vegroa = 36257 A%, Z =8

2. C;H, F¢PRu, fw 471.4, space group Pn2,a or Pnma, a = 7.843
(DA, b=9.014(1)A, c=25367(3) A, Vs = 1793.4 A3, Z =
4

Unit cell dimensions of single crystals of the hexamethylbenzene
salts [Ru(1-5-97-C3Hg)(C¢Meg)]Y and [Ru(1-3:6-7-7-
CsH)(CgMeg)]Y (Y = PFg, BF,) are listed in Table XII. The
structure of [Ru(1-5--C4Hy)(CsMeg)1BF, was determined (mono-
clinic, Cc or C2/¢,, 1781 independent data, R = 0.085), but very large
thermal motions (or static disorder) were apparent. Structural details
have been deposited as supplementary material. Crystals of the
hexamethylbenzene adducts were uniformly less satisfactory for
structure analysis than those of the mesitylene adducts 1 and 2.

Intensity data for 1 and 2 were measured on a Picker FACS-I
automatic four-circle diffractometer. Details of the data collection
are given in Table VI. For each isomer, monitoring of “standard”
reflections indicated a small isotropic linear decrease in intensity with
time. The intensities were corrected accordingly, assuming decom-
position to be independent of 26. A redetermination of cell dimensions
showed that these quantities had not changed over the period of data
collection. Reflection intensities were corrected for absorption and
reduced to |F,).'? Equivalent reflections were averaged and the unique
“observed” data sets sorted.

Solution and Refinement of the Structure, Atomic scattering factors
and corrections for the anomalous scattering of Ru and P were taken
from ref 13, The position of the ruthenium atom was located, in
each case, from a three-dimensional Patterson synthesis. The re-
maining nonhydrogen atoms were located from subsequent difference
Fourier syntheses. The structures were refined initially by block-
diagonal and finally by full-matrix least-squares calculations. The
function minimized in each case was Y w(|F,| — |F|)?, where the
weights w were given by o(F,)%!? At the end of the refinements,
the quantity w(|F,| - |F|)* was approximately independent of |F,| and

(12) Quantities referred to are defined by: Lp (Lorentz—polarization factor)
= (cos? 28 + cos? 26,,)/[(sin 28)(1 + cos?/28,)]; I (peak intensity) =
[CT - (,/2t,)(B; + By)], where CT is the total peak count in ¢, s, and
B; are the background counts each in 1y s; |[Fo| = (IT/Lp)'/?, where T
is the transmission factor as calculated by the method of J. de Meule-
naer and H. Tompa EActa Crystallogr. 1965, 19, 1014]; o() = [CT +
(1p/215)X(By + By)]V* and o(Fo) = ([o(D)/Lp] + p|Fol*)/?/2F ), where
p, the instrumental “uncertainty” factor = 0.002; o,(F,) (the standard
deviation from counting statistics alone) = [a(Q SZLp|F°|)]; R=3||F)|
“|Fll/ZIFol; Ry = [Zw(IFo| = |F)2/ ZwIF*]'7% the standard devia-
tion of an observation of unit weight = (L w(|F,| = |F)2/(n - m)]'/?,
where m is the number of parameters and # the number of observations.
(13) “International Tables for X-Ray Crystallography”; Kynoch Press:
Birmingham, England, 1974; Vol. IV: (a) pp 99-101; (b) pp 149-150.
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Table VI. Details of X-ray Data Collection for the Isomers [Ru(C,H;)(C,H,Me,)]PF,

1-5-0-C,H, (1)

1-3:6-Tn-C,H, (2)

radiation (A, A)
monochromator (26, deg)
tube takeoff angle, deg
scan speed, deg/min

scan technique

scan half-width,? deg 0.75

limits of collectn, deg 3<20<60

bkgd counting time? (), s 10

“std reflctns™ € 32,0,0
281
0,0,~12

data collected hkl, hkl

total no. of intens measured 5684

no. of independent “obsd” reflctns ()¢ 4017

RS 0.019

temp during collectn, °C 23+ 1

crystal faces with their perpendicular
distances (cm) to an arbitrary point 1
in the crystal (in parentheses) 212 (0.0200)

(Mo Ka), cm™! 9.9

crystal stability 4% isotropic decay

100 (0.0038), 100 (0.0038), 10T (0.0400),
101 (0.0238), 051 (0.0100), 05T (0.0100),

Mo Ka (0.7107)

graphite (12.16)

3.0

2

9-20

0.85

3<20<55

10

0,24,0

015

600

hkl, hkl

4874

1329

0.027

23+ 1 _

001 (0.0025), 001 (0.0025), 100 (0.0198),
100 (0.0198), 010 (0.0038), 010 (0.0038)

9.9
8% isotropic decay

¢ The scan, in 29, is from the half-scan-width below the Mo Ko, maximum to the half-scan-width above the Mo Ka, maximum for each re-
flection. ? Two stationary background counts were made on each side of the peak scan. € “Standard reflections” were monitored every 97
reflections of the period of data collection. @ Reflections were regarded as observed if / > 30(/) and the individual background counts (8;)
differed by less than 100(B;). € Rg (the statistical R factor) = Sog(F,)/ T IF,l.

Figure 2. Molecular structure of [Ru(1-5-n-CgH)(CsH;Me3) ]+ (1).
Hydrogen atom numbering foliows that of the attached carbon atoms.

(sin 8) /). No extinction effects were evident so no extinction cor-
rections were applied.

Isomer 1. The geometry of and atom numbering for the cation,
which lies in a general position, are shown in Figure 2. One of the
two independent anions is on an inversion center at !/,, '/,, 0, the
other is on a twofold axis at 0, y, '/4. The packing of cations and
anions in the unit cell is illustrated in Figure 3. An initial difference
Fourier synthesis indicated the second PFg ion to be disordered in a
plane containing the diad axis (Figure 3). On the basis of the existence
of eight distinct electron density maxima around the phosphorus atom
in this plane, we consider the disorder to be best described by the half
occupancy of two PF; octahedra, the second being rotated approxi-
mately 45° about the P(2)-F(21) axis relative to the first (Figure
3). After initial least-squares refinement, a difference Fourier synthesis
allowed the hydrogen atoms to be located. The mesitylene hydrogen
atoms were fixed at positions optimized'* with respect to the molecular

(14) The hydrogen atom positions were computed assuming either sp? or sp’
hybridization of the appropriate carbon atom. The C-H bond length
was assumed to be 0.95 A, The methyl hydrogen atomic positions were
calculated by finding, from the observed residual electron density, the
optimal value of & such that the three C-C~C~H torsion angles were
a, a + 120, and « + 240°, For 1, o was in each case 90 (£5)° and for
2 « was 90 (£5)° for C(1) and 30 (£5)° for C(5) and C(8).

geometry every two cycles. Coordinates of all hydrogen atoms except
H(3) and H(4) of the CgH, ring were refined in the least-squares
calculations. Possibly because of the large thermal motions of the
attached carbon atoms C(3) and C(4), hydrogen atoms H(3) and H(4)
did not refine to reasonable positions and were therefore included in
the structure factor calculations at fixed positions determined from
a difference map. All hydrogen atoms were given temperature factors
of B =7 A% Full-matrix least-squares analysis, including the re-
finement of anisotropic temperature factors for the nonhydrogen atoms,
converged with R = 0.034 (R,, = 0.046) for the 4017 reflections. The
maximum shift in the final cycle was <0.1¢. A difference synthesis
computed at the end of the refinement showed no features with
absolute height greater than 0.4 ¢ A™3. The standard deviation of
an observation of unit weight'? was 1.46. Final atomic coordinates
with estimated standard deviations are listed in Table VII. Listings
of anisotropic thermal parameters, interionic contacts, and observed
and calculated structure factors are available (see paragraph con-
cerning supplementary material).

Isomer 2. Systematic absences (0k/, k + 1 =2n+ 1; hk0, h =
2n + 1) indicate space group Pn2,a (nonstandard setting of Pna2,)
or Pnma. The position of the ruthenium atom, located from the
Patterson synthesis, at y = !/, imposes a mirror plane on the initial
difference Fourier synthesis. Subsequent difference Fourier syntheses
showed that, with the possible exception of atoms C(12) through C(15)
(Figure 2), the cation and anion do seem to obey the crystallographic
mirror symmetry imposed upon them in space group Pnma. In the
region of C(13) and C(14), however, two pairs of mirror-related peaks
were evident, one pair being within bonding distance of ruthenium.
The conclusion is that the complex contains 1-3:6-7-n-CsHg which,
of course, cannot have m symmetry. It remained to decide which of
the two space groups, Pn2,a or Pnma, to adopt. If the former were
correct, only atoms C(13) and C(14) break the (now noncrystallo-
graphic) mirror symmetry to any extent, whereas for space group Prnma
a statistically disordered structure is implied.

We proceeded with full-matrix least-squares refinement based on
the first hypothesis. Parameters related by the pseudo-mirror plane
were treated as parameters related by crystallographic symmetry in
space group Pnma. Anisotropic thermal parameters were specified
for all nonhydrogen atoms except for C(12) through C(15) which,
because of high correlations between, in particular, 8,, parameters,
were refined with an isotropic temperature factor.

Initially, no hydrogen atoms were included in the scatterini model,
but a difference synthesis exhibited peaks of ca. 0.3-0.5 ¢ A2 at or
close to expected hydrogen atom positions. Contributions from hy-
drogen atoms, at positions computed from the carbon coordinates,
were therefore included in all subsequent scattering models. The
hydrogen thermal parameters were set equal to the equivalent isotropic
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Figure 3. Packing diagram for [Ru(1-5-7-C3H,)(CgH;Me;)]PF; (1).

values for the attached carbons and were recomputed along with the
atom coordinates every two cycles. At convergence (parameter
shift-to-esd ratio < 0.2) R = 0.0469 and R, = 0.0532 for 1329
independent reflections (I 2 3¢(/)) and 122 parameters. For the
alternate absolute configuration of Pn2;a (y = -y), convergence values
were R = 0.0472, R, = 0.0539: the R, ratio is significant at the 0.5%
level.'® Next, we tested the centrosymmetric arrangement, space
group Pnma, with statistical disordering (equal occupancy) of mirror
related molecules. Structure factor agreement for this model, with
R =0.0469 and R, = 0.0527, was slightly but significantly better
(0.5% level)!® than for either hand of the ordered noncentrosymmetric
model. These data suggest that the packing is close to (but not exactly)
centrosymmetric and contains, predominantly, molecules having the
first described (R, = 0.0532) Pn2,a absolute configuration. Ac-
cordingly, the scattering model was further modified to comprise an
admixture of the two mirror related Pn2,a configurations in unequal
proportion (equal proportion results in the Pnma model described
above). As expected the structure factor agreement was significantly
better (0.5% level)'S than for any previous model [R = 0.0467, R,
= (0.0524; composition, 0.7 (1) of configuration 1, 0.3 (1) of con-
figuration 2]. Structural parameters from all the refinements are very
similar, Tabulated values are those for the last discussed (disordered
Pn2,a) model. Residual electron densities in a final difference Fourier
map did not exceed %0.7 ¢ A, The standard deviation of an ob-
servation of unit weight!? was 1.99.

The final atomic coordinates are listed Table VII, and the geometry
and atom numbering of the cation are illustrated in Figure 4. The
packing of cations and anions in the unit cell is shown in Figure 5,
and the structures of the cations in 1 and 2 are compared in Figure
6. Listings of anisotropic thermal parameters, interionic contacts,
and calculated structure factors have been deposited as supplementary
material.

Computer Programs, Those programs used were part of a package
collected and assembled by Dr. D. Taylor and Dr. P. O. Whimp and
individually described elsewhere.’ All calculations were performed
on the Univac 1100/42 of the Australian National University Com-
puter Services Centre.

Results and Discussion

Pale yellow crystalline salts of formula [Ru{1-5-%-
CsHy)(arene)]Y (arene = CsMeq, 1,3,5-CsHsMey, C¢Hs-1-Bu;
Y = PF,, BF,) are obtained in good yield from reaction of
aqueous HPF; or HBF, in propionic anhydride with ether

(15) Hamilton, W. C. Acta Crystallogr. 1968, 18, 502-510.
(16) Greco, A.; Carbonaro, A.; Cambisi, F.; Dall’Asta, G. Chim. Ind.
(Milan) 1970, 52, 877-880.
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Figure 4. Molecular structure of [Ru(1-3:6-7-7-CH)(CsH;Mey)1*
(2). Hydrogen atom numbering follows that of the attached carbon
atoms.

solutions of the ruthenium(0) complexes Ru(arene)(COT).
The 1-5-n-bonding mode has been established by single-crystal
X-ray study of the mesitylene complex [Ru(l-5-9-
C3Hy)(CsH3Me,) |PF (1) (see below). The 'H NMR spectra
of these salts in the region & 4-7 (Table II and Figure 7) are
essentially the same as those of solutions obtained by treatment
of Ru(arene)(COT) in CDCl; with a slight excess of tri-
fluoroacetic acid, either at room temperature or at =70 °C,
In acetone, chloroform, or dichloromethane over ca. 6 h at
40-60 °C, the hexamethylbenzene and mesitylene complexes
isomerize almost completely to the corresponding 1-3:6-7-5-
CgH, salts, which can be isolated in 50-60% yield. The
analogous monodeuterio complexes containing 1-5-7-CgHgD
and 1-3:6-7-n-CgH;D are obtained by using CF;CO,D in place
of CF,;CO,H. The presence of 1-3:6-7-n-CgHj has also been
confirmed by X-ray study of the mesitylene complex [Ru(1-
3:6-7-1-CgHo)(C¢H;3Me,) 1PF, (2) (see below). The tert-bu-
tylbenzene salts [Ru(1-5-n-CgHg)(CsHq-2-Bu)]Y (Y = PF,,
BF,) isomerize to an equilibrium mixture of isomers containing
ca. 30% of the 1-5-n species which could not be separated by
repeated fractional crystallization. Addition of CF,CO,H to
a solution of [Ru(1-3:6-7-n-CsHg)(CsMe)]PF¢ caused slow
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Figure 6. Comparison of 1-5--CgHy (1) and 1-3:6-7-n-CgH, (2)
structures.

reversal of the initial isomerization to give an equilibrium
mixture containing ca. 20~30% of the 1-5-7-CgH,q isomer,
Although the benzene complex Ru(C¢H)(COT) is rapidly
decomposed by trifluoroacetic acid, the salt [Ru(CgHy)(Cs-
Hg)]PF; is precipitated when 60% aqueous HPFy is added
dropwise to Ru(C4¢Hg)(COT) in ether. Its 'H NMR spectrum
could not be recorded owing to rapid decomposition in solution,
so the mode of binding of CgHj in this case is unknown.
NMR Spectra. The 'H NMR spectra of [Ru(arene)(1-5-
7-CgHo)]* (arene = CiMe,, CiH3Me;, CgHs-2-Bu) are sum-
marized in Table II, and some representative spectra are shown
in Figure 7, together with the atom labeling. Resonances have
been assigned by proton-decoupling experiments and by com-
parison with the spectra of related cyclic 1-5-n-pentadienyl
complexes, e.g., [Fe(1-5-1-C3sHg)(CO)4]*,! Fe(CsHs)(1-5-n-
CsHy),'¢ [Fe(1-5-7-CgHgCPh;)(CO),] """ [Fe(1-5-9-

Inorganic Chemistry, Vol. 20, No. 8, 1981 2359

He Hy
H
o Hs ’ °
& He
He™ o H,
{arene)RU b N
3
A 2
Hy Hg,Hy Ha,Ha HiHg
B
Hs He,Hz7 Ha,Hq Hi,Hg
P
| ! !
8 60 50 40
C D
Hy' Hg
|

He: b b
I
3 20

Figure 7. 'H NMR spectra of [Ru(i—5-n-CgHg)(arene)]*. A: arene
= C¢H;Mejs, in acetone-dg; methyl and methylene regions are not
shown. Signal labeled “a” is due to aromatic protons of mesitylene.
B: arene = CsMe, in acetone-dg; methyl and methylene regions are
not shown. C: arene, C¢Hs-t-Bu, in CDCl;/CF,CO,H, showing
methylene resonance of 1-5-n-C3H,. D: arene = C¢Hs-1-Bu, in
CDCl,/CF;CO;,D, in methylene region; signals labeled “‘b” result from
incomplete deuteration and correspond to much less than one proton.

B 20

CgH,,)(CO)4]*,18 M(1-5-9-C;H;)(1-5-n-C;Hg) (M = Fe,
Ru),!%%® Mn(1-5-7-C;Hs)(CO)s,2 and [Fe(1-5--C,Hs)-
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Table VII
(a) Atom Coordinates and Isotropic Thermal (b) Atom Coordinates and Isotropic Thermal
Parameters for the 1-5-n-C H, Isomer (1) Parameters for the 1-3:6-7-n-C,H, Isomer (2)
ATOM X/A Y/6 27¢ B(A®®2) ATOMm XIA Y/e 1rc B(An*2)
Ry 0.0547¢1) 0.25 0.1199(1) .
RU Ne1243301 0.09%611¢3) 0.08010¢2} .
o 0.4717013) 0.25 0.1539(4) .
cily C.0907(2) De34961(51) N 0udst3) .
ci2 £.127113) N.3872105) 040499 t4) . ¢ 0-2899€10) 0.25 0.1493(3 *
ce3) 0.167512) 0,32471(7) N.118716) . e 0.2002¢7) 0. 11717 0.1781(2) ¢
Ci4) nN.1802¢11 04221316} 0.208714) . cee 8.0275(7) 0 111 0.1936¢2) :
s . 1825(2) 0.2608(8) B 70683 . cesy -0.0615(9) -0.0316(8) 0.2031(2) .
ey ATLETEY) C.362416) 0.3020(3) . cee =0.0563011) 0.25 0.z010(3 .
ciTy n.108812) 0.3529(5) N.2291t4} . e 0.0275(7) 0.3859(7) 0.1936(2) *
i n.a982(1) 02702152 0.12930%) . cea) ~0.0615(9) 0,5316(8) 0.2031¢2) .
cioy A.988701) ~0.153104) 7.0497(3) . s 0.2002(7> 0.3829¢7) 0.1781(2) .
chm n127001 01937040 n.1200023 . 1y -0.2301(8) 0.1790¢8) 0.0612(2) .
ciiny a189111) 0. 1632080 0.096712) ) JEEE ~0.1040(9) 0,0931(8) 0,0726(2) .
i N leT6t1s 00860 (4 0.0037¢ 1) ) ci1e) -0.1040(9) 0.4069(8) 0.0726(2) .
o n1as3e1 0.0T61(u) 0.re592) . TE2) -0.2301(8) 0,3210¢8) 0.0412(2) .
Ctly n.0745¢1) =0.07111W) -n.nulof2y . PeD -0.0017(3) 0.75 0.3811(1) ¢
cis) rns1oG 0157816 9.072003) ) FO1) 0.0219(6) 0.6240(7) 0.3396(2) .
(AT fe2Cu101) -7,2139(%) 0.169613} . Fe2 0.0219(6) 0.8760¢7) 0.3396(2) *
ciim n.09%s(2) 5.9559 (61 otesTeny ) 13} -0,0249(8) 0,6252(6) 0.4217(2) .
U 025 9. 25 . ) Fo) -0.0249(8) 0.8743(6) 0.4217¢(2) .
. oo G wesilize 0.2 . F(S) 0.1987(8) 0.75 0.3884(2) .
Fiil 002973010 D.2740151 0.0852(2) . Fee) -0.2002¢9) 0.7% 0.3728(3) *
a1 0.083(2) 0.103¢2) c.052¢1) L83
o Jezezmn) geizesta) g.o7203) : c12n 0.083(2) 0.397(2) 0.052(1) L85
Fl13y 2236401 0.4229(4) 9.0354(3) .
F(211 7.049411) 9.46931(51) 0.323712) . cun 0.132(2) 0.206(1) 0.010¢1 6,05
221 Nunese (1) 03148 0LT) 51879 (8) ) ce13n 0.132¢2) 0.296(1) 0.010(1) 6.0¢3)
flzn e.5C6s () B.6177(18) o 1952091 ) TEDS) 0,178(2> 0.339(2) 0.042¢1) 5.7(3)
Ce16%) 0.178(2) 0.161(2) 04062(1) 5.7(3)
F(24) P.3C3Bt 3 C.4758126) 0.1547(7) .
25 coa 0.2668417) 0,25 : c13) 0.052(2) 0abtt(2) 0.064¢1) 5,0(3)
fire) - 56768123 0.2 . 15 0.052¢2) 0.056¢2> 0.064C1) 5.0¢3)
HOD) 0.258 0,025 0.173 [
Hil) ~LOSTIELY C.36015) -N0,N3013) 7.0 H(8) -0.173 0.25 04211 4.2
Ht2) Tal2901) Ted42(9} -C.022(3) 7.0 H(9) 0.2%8 04475 0,173 4ok
HI51} Te206t1) 0e377¢5) 0.%2513) 7.0 HE10) 5,112 0.127 0.021 602
msa felszen Oeluszcel Te34603) 7.0 KET1) -0.136 0,037 0.103 5.9
KA 1541 Do 36(5}) 0.2621(3) T.0 HET1%) 0134 0.46% 0.103 5.9
H{7) 7.,091¢1) 0439915} D+2413) 7.0 H(12) 0.168 0.040 0.067 .8
Hes) Eefsutl) 0.22915) f.10643) Ten HE12%) 0,168 0,480 0,067 w8
s "ens -0.320 £.ns0 7.0 K13 0.227 0.169 0,009 5.9
s frdel 0192 D.143 7.0 HET31) 0.227 0.331 -0.009 5.9
sy £eer SEells Q.08 7.0 H(132) 0,040 0,223 -0.013 5.9
o £o136 -0.238 0.186 .0 K132 0.040 0,277 -0.013 5.9
Hatery 7.2 -G.338 9,159 7.0 KO16) 0,294 0,359 0.047 5.6
Hilezs Te22s S0.137 D164 7.0 HETat) 0.294 04141 0,047 5.6
HE163) ner11 -0.207 0.238 7.0 h1S) 0.088 0.541 0.073 .8
12 rale0 “D.Ce4 -0.012 1.0 HE1S) 0.088 -0.041 0.073 .8
M nenee -0.039 -0.216 7.0 H(16) <0.147 0.4k2 0.108 5.9
HaT2 .07 0.138 0,185 1.0 HE16 %) -0.147 0,058 0,105 5.9
SRR KRR 0.128 =0.157 7.0 HOTT) -0.312 0,373 0.021 6.2
Hilw n.0ue -0.038 -c.nee .0 HO101) 0,541 0.25 0.185 7.0
Hew L.2 = 0.18 0.223 7.0 H(102) 0,496 0.163 0,134 7.0
Hex 0415% 0.295% 0.1 % 7.0 HE103) 0,496 0,337 0.134 7.0
H(S01) -0,179 -0, 021 0.195 61
H(502) -0.,013 -0.106 0.181 601
H(503) -0,048 -0.060 0.239 61
HEBO) -0.179 0.521 0.195 6.1
H(802) -0.048 0,560 0,239 601
H(BOD) -0.013 0606 0.181 601

(CO)3]*.2223  Thus the triplet at lowest field is assigned to
the central allylic proton H(3), which is coupled to the two-

(17) Johnson, B. F. G.; Lewis, J.; Quail, J. W. J. Chem. Soc., Dalton Trans.
19758, 1252-1257.

(18) McFarlane, W.; Pratt, L.; Wilkinson, G. J. Chem. Soc. 1963,
2162-2166.

(19) Blackborow, J. R.; Grubbs, R. H.; Hildenbrand, K.; Koerner von
Gustorf, E. A.; Miyashita, A.; Scrivanti, A. J. Chem. Soc., Dalton
Trans. 1977, 2205-2209.

(20) Miiller, J.; Kreiter, C. G.; Mertschenk, B.; Schmitt, S. Chem. Ber. 1975,
108, 273-282.

(21) Haque, F; Miller, J.; Pauson, P. L,; Tripathi, J. B. P., J. Chem. Soc.
C 1971, 743-747. Foreman, M. 1; Haque, F. J. Chem. Soc. B 1971,
418-421.

(22) Johnson, B. F. G.; Lewis, J.; McArdle, P.; Randall, G. L. P. J. Chem.
Soc., Dalton Trans. 1972, 456-462.

proton multiplet at & ca. 4.7 (H(2), H(4)). The multiplet at
d ca. 5.5 is therefore assigned to the protons (H(6), H(7)) on
the uncoordinated double bond and the resonance at & ca. 4.0
to the outer dienyl protons H(1), H(5). The methylene proton
signals are partially obscured by the arene methyl resonances
in the mesitylene and hexamethylbenzene complexes, but in
the tert-butylbenzene complex they appear as an AB quartet
(with small superimposed couplings), so the chemical shifts
of the obscured resonances in [Ru(1-5-4-CgHs)(arene)]*
(arene = CgMeg, CsHyMe,) can be calculated. A similar AB
pattern is observed for the methylene protons in Fe(CsHs)-
(1-59-C4H,),'® whereas in [Fe(1-5-9-CgH;)(CO),]* ! and its

(23) Brookhart, M.; Karel, K. J.; Nance, L. E. J. Organomet. Chem. 1977,
140, 203-210.
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derivatives,!” the chemical shifts of the exo- and endo-CH,
protons are almost the same. In the 'H NMR spectra of the
monodeuterio complexes, the highest field CH, resonance (&
ca. 1.70) disappears and, in the case of the rerr-butylbenzene
complex, the remaining half of the AB quartet at lower field
becomes a single broad peak (Figure 7). In the case of exo-
and endo-substituted cycloheptatriene chromium tricarbonyls,
it has been shown?* that the exo-methylene proton resonance
occurs at higher field than that of the endo proton. Assuming
the same to be true in the present instances, the experiment
with CF;CO,D establishes that protonatlon must occur €xo
with respect to the metal, as is also the case for Rh-
(CsMes)(1-4-9-COT),5 Fe(CO)4(1-4-1-COT),!"* Ru-
(CO)3(1—4-17-COT),3 and Fe(CO);(1-4-n-C;Hg) (C;Hg =
cycloheptatriene).?#?* It should be noted that in bicyclo-
[5.1.0]octadienyl complexes (I1)>7 and in the 1-7-n-cyclo-
octatrienyl complexes (VI),? the exo-methylene protons reso-
nate at lower field than the endo, and in 1-3-7-CgHg com-
plexes, conflicting assignments have been given.“»?"27

13C NMR data for the [Ru(1-5-4-CsHg)(arene)]* com-
plexes are given in Table III. ‘Assignments have been made
by analogy with those given for [Fe(1-5-3-CgHg)(CO);]* 2
and its triphenylmethyl derivatives.!” The two sigrials at'lowest
field are due to carbon atoms C(6), C(7) of the uncoordinated
double bond, and the signal at § ca. 25, which is a triplet in
the 'H-coupled spectrum, is readily assigned to the methylene
carbon atom C(8). The remaining five signals are upfield from
the normal olefinic region and arise from the dienyl carbon
atoms. The two most shielded signals are a551gned to the
terminal carbon atoms C(1), C(5), the next pair to the inner
carbon atoms C(2), C(4), and the resonance at lowest field
to the central carbon atom C(3). This ordering is not general
for 1-59-dienyl complexes, and examples are known where the
central carbon atom of a coordinated dienyl fragment appears
at higher field than some of the other carbon atoms e.g.
[Fe(1~5-1-C¢H,)(CO),]*. 3" This difference may be related
to the differing pattern of metal—carbon bond lengths observed
in our 1-5-7-CgH, complexes compared with those in typical
1-5-9- cyclohexadlenyl compelxes (see below). The methylene
carbon resonance is not observed in the spectra of thie mono-
deuterated cations [Ru(1-5-n-CgHgD)(arene)]*, confirming
that a >CHD group has been generated.

The 'H NMR spectra of [Ru(1-3:6-7-n-CsH,)(arene)]*
(arene = C¢Meg, CsH3Me;) are listed in Table IV and shown
in Figure 8. Assignments have been made with the aid of
proton-decoupling experiments. In the hexamethylbenzene
complex, the lowest field signal at § 5.31, which corresponds
to two protons, is assigned to protons H(4), H(S) on the un-
coordinated double bond. This resonance is coupled (J = 1.0,
1.5 Hz, respectively) to the doublets at 4 4.42 and 4.14 which
correspond to H(3) and H(6). We suggest that the lower field
doublet be assigned to H(3) since H(3) is likely to be more
affected by the positive charge than H(6). H(3) is coupled
to H(2) (J = 7 Hz), which appears as a triplet at § 3.34
overlapping with another multiplet (see below), and H(6) is
coupled (J = 7 Hz) with H(7) at § 2.93. The highest field
multiplet at § 2.62 is absent from the spectrum of the mono-

(24) Pauson, P. L.; Smith, G. H.; Valentine, J. H. J. Chem. Soc. C 1967,
1061-1065.

(25) Hunt, D. F; Farrant, G. C.; Rodeheaver, G. T. J. Organomet. Chem.
1972, 38, 349-365.

(26) Aumann, R. J. Organomet. Chem. 1974, 78, C31-C34.

(27) Miiller, J.; Stihler, H~O.; Huttner, G; Scherzer K. Chem. Ber. 1976,
109, 1211-1221.

(28) Olah, G. A,; Liang, G.; Yu, S. J. Org Chem. 1977, 42, 4262-4265.

(29) Olah,G.A.; Yu,S. H,; Ilang,G J. Org. Chem. 1976, 41, 2383-2386.

(30) Birch, A, J.; Westerman, P. W.; Pearson, A. J. Aust, J. Chem. 1976,
29, 1671-1677.

(31) Dobosh, P. A.; Gresham, D. G.; Kowalski, D. J,; Lillya, C. P.; Maygar,
E. S. Inorg. Chem. 1978, 17, 1775-781.
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Figure 8. 'H NMR spectra of [Ru(l—3:6-7-7,-C,,H9)(arene)]+ (arene
= C¢H;Me; (A), C¢Me, (B)] in acetone-ds. Arene resonances are
not shown. Signal labeled “a” is due to impurity.
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deuterio complex and is assigned to the exo-methylene protons
H(8), as in most earlier work®’ (see, however, ref 32). The
overlapping multiplet at § 3.34 loses some of its couplings and
becomes broadened in the spectrum of the monodeuterio
complex and is assigned to the endo-methylene proton H(8"),
while the remaining multiplet at 6 3.78 is assigned to H(1).
The resonances due to H(1) and H(7) also show changes in
pattern in the spectrum of [Ru(1-3:6-7-3-CsHsD)(CeMeg)]*,
which confirms their assignment to protons adjacent to the
methylene protons. The 'H NMR spectrum of the mesitylene
complex [Ru(1-3:6-7-5-CsHg)(CsH;Me;)]* is apparently
simpler than that of the analogous hexamethylbenzene com-
plex, largely as a consequence of downfield shifts of the res-
onances due to H(1), H(2), H(6), and H(7), leading to for-
tuitous overlap of the following pairs of signals: H(3)/H(6),
H(1)/H(2), and H(7)/H(8"). Not surprisingly, these bear
little resemblance to those reported for other complexes con-
taining 1-3:6-7-9-CgH,, e.g., [Ru(CgHy)(CO);1*,3 [M-
(CsH;)(CgHy)]*,” [M(CsMes)(CgHy)[* (M = R, Ir),’ and
Co(CsHs)(1-4-9-COT),* and the structure certainly could
not have been deduced solely on the basis of NMR spec-
troscopy. The 'H NMR spectrum of the isomer formed in-
completely from [Ru(C¢H;s-t-Bu)(1-5-n-CgHy)]* differs from
those of the C¢Meg and 1,3,5-CsH;Me; complexes and has not
yet been analyzed successfully; X-ray structural analysis of
the product is in progress.

BC NMR data for the [Ru(1-3:6-7-n-CgHg)(arene)]*
complexes are given in Table V, together with those of the

(32) The reverse assignment has been given for the compound Co(1-3:6-7-
n-CgHyg)(1-4-n-COT): Rinze, P. V. J. Organomet. Chem. 1975, 90,
343-351. This compound was originally formulated as a 1-5-9-CgHg
complex: Greco, A.; Green, M.; Stone, F. G. A. J. Chem. Soc. A 1971,
285-288.
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analogous tricarbonyl, which have not been reported previously.
The spectra of the areneruthenium species closely resemble
that given for [Rh(CsHs)(1-3:6-7-1-CgHg)1* 7 and have been
assigned by analogy. The two signals at lowest field are due
to carbon atoms C(4), C(5) of the uncomplexed double bond
and the signal at é ca. 20, which is coupled to two protons,
arises from the methylene carbon atom C(8). The last signal
is absent from the spectrum of the monodeuterio complex,
which is consistent with the assignment. The remaining CgH,
resonances are assigned, in order of increasing field, to C(3),
C(2), C(6), C(1), and C(7), the central allylic carbon atom
being at higher field than one of the outer allylic carbon atoms.
Although, as noted earlier, this is not unprecedented, the
assignment of C(3) and C(6) must be regarded as tentative.
It is worth noting that there is disagreement on the assignment
of the 1*C NMR spectrum of butadieneiron tricarbonyl in
FSO;H/S0,, which is considerably simpler than the spectra
reported here. 33

Structure of [Ru(1-5-9-CsH,) (CsH;Me;)JPF, (1). The
geometry of the cation is shown in Figure 2 and compared with
that of the 1-3:6-7-n-isomer in Figure 6. The atom labeling
used to describe these structures is not the same as that used
for the NMR spectra. Bond lengths and angles with standard
deviations estimated from the full variance/covariance matrix
are listed in Table VIII. The results of some best plane
calculations and selected torsion angles are collected in Table
IX. The carbon atoms of the CgHy group have markedly
anisotropic thermal parameters. The major vibration axes are
roughly tangential to the ring (Figure 2), suggesting that the
CgH, group librates about an axis perpendicular to the n°-
pentadienyl plane. A simple analysis based on this model, with
the axis passing through the metal atom, gives an upper limit
of 11.7 (23)° for the root-mean-square amplitude of libration.
The resulting increases in Ru-C and C-C bond lengths’ are
at most 0.03 A, and the bond lengths in Table VIII have not
been corrected.

The cation contains #°-mesitylene and 1-5-y-CgH, attached
to a ruthenium atom, the ring carbon atoms being eclipsed.
The pentadienyl carbon atoms are only approximately planar
(Table IX), the mean plane being inclined at 6.1° to the arene
mean plane. Atoms C(8), C(1), C(3), and C(4) form a slightly
better plane, C(2) being displaced 0.09 A from it away from
the ruthenium atom, which lies 1.54 A from the pentadienyl
mean plane. The Ru—-C(pentadienyl) bond lengths are not
equal, the terminal distances [Ru—C(4) 2.175 (4), Ru-C(8)
2.202 (3) Al and the central distance [Ru—C(2) 2.172 (4) A]
being greater than the other two [Ru—C(1) 2.135 (4), Ru—-C(3)
2.144 (4) A]. Although the longer bonds are to the carbon
atoms which eclipse methyl-bearing carbon atoms of the
mesitylene ring, this is unlikely to be responsible for the
variation in bond lengths because there are no short intra-
molecular nonbonded contacts between the n°-pentadienyl
carbon (or hydrogen) atoms and the mesitylene methyl groups.
A similar trend in M—C distances is evident for the #°-cyclo-
heptatrienyl ring in the complexes M(7°-C;H;)(#’-C;H;) (M

(33) Brookhart, M.; Whitesides, T. H.; Crockett, J. M. Inorg. Chem. 1976,
15, 1550-1554.

(34) Olah, G. A.; Liang, G.; Yu, S. H. J. Org. Chem. 1976, 41, 2227-2228.

(35) The anisotropic temperature factors were transformed to local orthog-
onal axes with x parallel to the perpendicular from the r-pentadienyl
plane and passing through the carbon atom; y was defined by the normal
to the vector formed by the perpendicular to the r-pentadieny! plane
through the ruthenium, passing through the carbon atom. The maxi-
mum effect of the librational model was gauged by assuming that Uss
minus the lesser of U;, and U,; was due solely to rigid body libration.
The root-mean-square amplitude of libration was computed to be 11.7
(23)°. Bond lengths (A) corrected for this libration are as follows:
Ru—C(1) 2.162; Ru—C(2) 2.200; Ru—-C(3) 2.171; Ru-C(4) 2.199; Ru-
C(8) 2.221; C(1)-C(2) 1.402; C(1)-C(8) 1.425; C(2)-C(3) 1.417;
C(3)-C(4) 1.473; C(4)-C(5) 1.535; C(5)~C(6) 1.441; C(6)~C(7) 1.304;
C(T)-C(8) 1.474.

Bennett et al.

Table VIII. Bond Lengths (A) and Angles (Deg) with Estimated
Standard Deviations (in Parentheses) for the
1-5n-CgH, Isomer (1)

Ru-C(8) 2.202(3)  C(N-C®)-C(D) 124.5 (4)
Ru-C(1) 2.135(4)  C(8)-C(1)-C(2) 1233 (4)
Ru-C(2) 2.172(4) C(1)-CQ)-C(3) 127.1 (4)
Ru-C(3) 2.144 (4)  C(2)-C(3)-C(4) 126.6 (4)
Ru-C(4) 2.175(4)  C(3)-C(4)-C(3) 129.2 (4)
C(4)-C(5)-C(6) 121.1 (4)
EE:SE% %%ﬁ; 8; C(8)-C(6)-C(T) 125.8 (4)
Ru-C(11) 22503 CO-CMN-C®) 130.8 (4)
Ru-C(10) 2.222(3)  C(9H-CU10)-C(11)  121.0 (3)
Ru-C(9) 2.266 (3) C0)-C(11)-C(12) 119.2(3)
Ru-C(14) 2.222(3)  C(1D-C(12)-C(13) 121.2(3)
C(12)-C(13)-C(14) 118.0 (3)
gg?;ﬁg; 3% Eg; CUNCANCO) 1221 (3)
C(-C(3) 1389 (8) CUH-C(9H-C(10)  118.4(3)
C(3)-C(4) 1.442(9)  C(14)-C(9)-C(15)  120.9(3)
C(4)-C(5) 1.524 (7)  C(10)-C(9)-C(15)  120.7 (3)
C(5)-C(6) 1.417(6)  C(10)-C(11)-C(16) 120.7 (3)
C(6)-C(7) 1.280(6)  C(12)-C(11)-C(16) 120.1 (3)
C(7)-C(8) 1.466 (5)  C(12)-C(13)-C(17) 120.6 (4)
C(13)-C(12) 14155) CUHCUH-CAT 1214 (3)
C(12)-C(11) 1.402(5)  H(1)-C(1)-C(2) 119 (2)
C(11)=C(10) 1.414(4)  H(1)-C(1)-C(8) 117 (2)
C(10)-C(9) 1.412(4) HQ)-CQ)-C(1) 125 (2)
C(9-C(14)  1.397(5)  H(2)-C(2)-C(3) 106 (2)
C(14)-C(13) 1.416 (5) H®-C(3)-C(2) 127
_ H(3)-C(3)-C4) 102
SRS i ocrinc B
C9-C15) 1503 (5) HA-C@-CE) 112
H( 1)-C(5)-C(4) 96 (3)
C(6)-H(6) 0.99 4) H(51)-C(5)-C(6) 110 (2)
C(7)-H(7) 0.86 (4) H(52)-C(5)-C(4) 98 (2)
C(8)-H(8) 0.89 (4) H(52)-C(5)-C(6) 113 (2)
C(1)-H(1) 1.20 (4) H(6)-C(6)-C(5) 116 (2)
C(2)-H(2) 1.22 (4) H(6)-C(6)-C(7) 118 (2)
C(3)-H(3) 1.17 H(7)-C(7)-C(6) 115(2)
C(4)-H(4) 0.98 H(7)-C(7)-C(8) 114 (3)
C(5)-H(51) 1.04 (4) H(8)-C(8)-C(7) 107 (3)
C(5)~-H(52) 1.15(4) H(8)-C(8)-C(1) 113 (3)
P(D)-I(11)  1.561(3)  F(11)-P(1)-F(13) 91.9 (2)
P(1)-F(12) 1.568 (3)  F(1D)-P(1)-F(12) 89.6 (2)
P(1)~F(13) 1.575 (3)  F(13)-P(1)-F(12) 90.1(2)
P(2)-F(21)  1.573(2)  F(21)-P(2)-F(22) 88.6 (4)
P(2)-F(22)  1.569(8)  I'(21)-P(2)-I'(23) 87.5(5)
P(2)-F(23) 1.532(9)  F(2D-P2)-F(24) 92.6 (3)
P(2)-I'(24)  1.569(8)  [(21)-P(2)-F(25) 90.3 (2)
P(2)-F(25)  1.477(13) F(21)-P(2)-F(26) 89.7 (2)
P(2)-F(26) 1.530(17)  1:(24)-P(2)-F(25) 92.1(7)
F(24)-P(2)-F(26) 87.9 (7)
F(24)-P(2)-F(22) 91.5 (5)

= Fe, Ru),36%" whereas in n°-cyclohexadienyl complexes such
as Mn(n>-C¢H;)(CO);*® and trans-Mn,(CO)¢(azulene)® there
is a general tendency for the M-C distances to decrease from
the terminal carbon atoms toward the central carbon atom.
This difference may be related to greater ring strain in the
7°-C;H; and n°-CgH, systems. The difference in Ru~C(4) and
Ru~-C(8) bond lengths may be due to the asymmetry of the
1-5-n-CsHy ligand since there is a small difference between
the C(1)-C(8) and C(3)-C(4) torsion angles (Table IX),
suggestive of differing interactions of C(4) and C(8) with the
metal. However, significantly different Ru—C(terminal)
distances [2.219 (5), 2.186 (5) A] are also observed to the
n*-cycloheptadienyl ligand in Ru(n’-C,H,)(n’-C;Hg),” in
which similar asymmetry is absent.

(36) Blackborow, J. R.; Hildenbrand, K.; Koerner von Gustorf, E.; Scrivanti,
A.; Eady, C. R.; Ehntolt, D.; Krtger, C. J. Chem. Soc., Chem. Com-
mun. 1976, 16-17.

(37) Schmid, H.; Ziegler, M. L. Chem. Ber. 1976, 109, 125-131.

(38) Churchill, M. R.; Scholer, F. R. Inorg. Chem. 1969, 8, 1950-1955.

(39) Churchill, M. R.; Bird, P. H. Inorg. Chem. 1968, 7, 1793~1801.
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Table IX
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Mean Planes and Distances (A) of Atoms from Those Planes for Isomer 1

plane atoms defining plane

distances (in square brackets)

a C(9),C(10),C(11),C(12),C(13), C(14)

C(9) [0.02], C(10) [-0.02], C(11) [0.00], C(12) [0.02], C(13) [-0.02], C(14) [0.00],

C(15) [0.10], C(16) [0.02], C(17) [-0.06], Ru [~1.74], H(8) [--2.92], H(1)
[~2.99], H(2) [-3.39], H(3) [~3.01], H(4) [-2.73], C(8) [--3.27], C(1) [-3.31],
C(2) [-3.47], C(3) [-3.36], C(4) [-3.18]

b C(8),C(l), C(2),C(3), C(4) C(8) [—0.04], C(1) [0.07],C(2) [--0.04], C(3) [0.00],C(4) [0.02], H(8) [0.30], H(1)
[0.46], H(2) [0.16], H(3) [0.39], H(4) [0.46], C(5) [-1.07],C(7) [- 1.24]
¢ C(8),C(7N), C(6), C(5) C(8) [0.01], C(7) [-0.01], C(6) [0.01], C(5) [-0.0L], H(7) [-0.08], H(6) [0.09]
d C(8),C(1),C(7), H(8) C(8) [-0.21],C(1) [0.06], C(7) [0.06], H(8) [0.09]
e C(1),C(8), C(2), H(1) C(1) [-0.05],C(8) [0.02], C(2) [0.02], H(1) [0.02]
£ C(2), C(l), C(3), H(2) C(2) [-0.09], C(1) [0.03], C(3) [0.03], H(2) [0.03]
g C(3),C(2),C(4),H(3) C(3) [-0.10], C(2) [0.04], C(4) [0.03], H(3) [0.04]
h  C(4), C(3),C(5), H(4) C(4) [-0.19], C(3) [0.06], C(5) [0.06], H(4) [0.07]
Dihedral Angles between Planes (Deg)
aand b 6.1 bandc¢ 126.3
Torsion Angles (Deg) of the C;H, Ring Bonds
C(8)-C(1) 62.2 C(1)-C(2) 13.4 C(2)-C(3) --6.4 C(3)-C(4) -68.4
C(4)-C(5) 52.6 C(5)-C(6) 19.2 C(6)-C(7) -4.1 C(7)~C(8) -78.4

Although poorly determined (see above), the pentadienyl
hydrogen atoms are all bent toward the ruthenium atom, the
distortion being largest for the terminal carbon atoms.
Nonhydrogen substituents in n*-pentadienyl complexes show
similar behavior.® The distances from the pentadienyl carbon
atoms to the arene plane (3.18~3.46 A) may be short enough
to allow some ligand-ligand overlap. Such overlap has been
postulated*® to account for the observed eclipsed configuration
of the rings in bis(6-rert-butyl-1,3,5-trimethylcyclo-
hexadienyl)iron(II), in which the iron atom is 1.57 A from
the mean n*-pentadienyl plane. However, in the [Ru(ar-
ene)(1-5-n-CsH,)]* complexes, the relative orientations of the
two rings are probably determined largely by crystal packing
forces because in [Ru(1-5-1-CgHg)(CeMeg)]PF (supple-
mentary material) the ring carbon atoms are staggered
whereas in the present mesitylene complex they are eclipsed.

The C-C bond lengths in the »’-pentadienyl unit [1.369
g)—1.442 (9) A] and the C(4)-C(5) bond length [1.524 (7)

] are unexceptional. However, C(6)-C(5) [1.417 (6) A] is
much shorter than the last value, and the discrepancy seems
too large to be accounted for solely on the basis of libration
effects (see above). The C(6)-C(7) bond length [1.280 (6)
A] is also shorter than expected for a free double bond (cf.
1.335 A for ethylene),*! and although the difference here may
arise in part from libration error, the shortening is in keeping
with the remarkably high C=C stretching frequency (1675
cm!) observed in the IR spectra of the 1-5-3-CgH, complexes
(see Experimental Section). The C(7)-C(8) bond length
[1.466 (5) A] is very close to the C—C single-bond length in
cyclooctatetraene (1.478 A).#2 1t is clear from the C(8)-C(7)
torsion angle (-78.4°) that thete can be no significant inter-
action of the localized C(6)—C(7) double bond with the #°*-
pentadienyl system.

The mesitylene ligand has a twist-boat conformation similar
to that observed for coordinated benzene in Ru{C4Hg)(1,5-
COD).* Deviations from the mean ring plane are small and
follow the twistboat pattern of the six-membered ring, Var-
iations in the Ru—-C(arene) distances can be related to the
distortion from planarity, as is also the case for Ru(C¢Hg)-
(1,5-COD).** The mean distance from ruthenium to C(10)
and C(13), those carbon atoms furthest from the mean ring

plane and on the same side as the metal atom, is 2.224 A,
whereas the corresponding mean distance to C(9) and C(12),
the carbon atoms furthest from the mean plane on the opposite
side to it from the metal atom, is 2.257 A. The remaining two
distances might have been expected to lie between these two
values. In fact, one is long [Ru-C(11) 2.250 (3) A] and the
other is short [Ru-C(14) 2.222 (3) A], reflecting a small
displacement of the projection of the ruthenium atom on the
mean ring plane from the centroid of the projected C(11)-
C(i4) vector toward C(14). The perpendicular distance of
the metal from the arene mean plane is 1.74 A, cf. Ru-
(CeMeg)(COT) (1.70 A),° Ru(CﬁH(,)g, -COD) (1.76 &),
and Ru(n5-C Meg)(n*-CeMeg) (1.75 A).#M

The ring angles at the methyl-substituted carbon atoms are
significantly smaller (mean 118.5°) than those at the other
three (mean 121.4°). This distortion is unrelated to the
nonplanarity of the ring and is also observed in the arene ring
of [Ru(C¢H;Me;)(1-3:6-7-n-CgHy)]PF, (see below). It is
probably characteristic of methyl-substituted benzenes since
in free 1,2,4,5-tetramethylbenzene the angles at the methyl-
substituted carbon atoms are smaller than the other two ring
angles.*

The crystal packing (Figure 3) shows close contacts between
cations related by translation along y, the ¢ glide, the inversion
center at 0, 0, 0, and the 2; axis at ' /4x, !/,z. There are no
close contacts between anions. The shorter interatomic dis-
tances associated with cation—cation and cation—anion contacts
are listed in Supplementary Table III.

Structure of [Ru(1--3:6-7-n-CgHy)(CsH;Me;) [PF, (2). The
geometry and atom numbering for the cation are shown in
Figure 4. Bond lengths and angles with standard deviations
estimated from the full variance/covariance matrix are listed
in Table X. The results of some best plane calculations and
selected torsion angles are collected in Table XI. As noted
in the Experimental Section, the anion and cation (except for
atoms C(12) through C(15)) are assumed to have exact m
symmetry, and equivalent quantities are marked as such in
Table X.

Within experimental error, bond lengths and angles in the
mesitylene ligand in 2 are equal to those in 1. The difference
in Ru-C(3) and Ru—C(4) bond lengths [2.218 (6), 2.246 (5)

(40) Mathew, M.; Palenik, G. J. Inorg. Chem. 1972, 11, 2809-2812.

(41) Allen, H. C,, Jr; Plyler, E. K. J. Am. Chem. Soc. 1958, 80, 2673~-2676.
Bartell, L. S.; Bonham, R. A. J. Chem. Phys. 1957, 27, 1414-1415.

(42) Traetteberg, M. Acta Chem. Scand. 1966, 20, 1724-1725.

(43) Schmid, H.; Ziegler, M. L. Chem. Ber. 1976, 109, 132-138.

(44) Huttner, G.; Lange, S. Acta Crystallogr., Sect. B 1972, B28,
2049-2060.

(45) Stam, C. H. Acta Crysiallogr., Sect. B 1972, B28, 2630-2632. Prince,
E.; Schroeder, L. W_; Rush, J. J. Ibid. 1973, 29, 184-19]1. Baudour,
J.-L.; Sanquer, M. Ibid. 1974, 30, 2371-2378.
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Table X. Bond Lengths (A) and Angles (Deg) with Estimated
Standard Deviations (in Parentheses) for the
1-3:6-7-1-C H, Isomer 2

Ru-C(2) 2231 (8)  C(1)-C(2)-C(3) }121 6 4)
Ru-C(3) }2 286 CD-CRCO) :
Ru-C(9) : C(3)-C(2)-C(9) 116.8 (6)
Ru-C(4) C(2)-C(3)-C(4)
R }2.246 ) oo }1227 6)
Ru-C(6) 2235(7)  C(3)-C(4)-C(6) }113 1 6)
RuCL1) C(9)-C(7)~C(6) :
Ru-C(16) 22300 c3)-C)<C0s) }1204 6)
Ru-C(12) 2.192(15) COLCMN-L®)
Ru-C(14) 2.345 (14) CELCH-LCS) } 121.5 (6)
Ru-C(15) 2244 (15)  SE-CNC(®)
o a5 (1 C(4)-C(6)~C(7) 121.7 (1)
C(4)_C(5; : CU0-CI1)-C(12) 1144 (7)
Ccs st can<cav<ay 122102
C(12)<C(13)-C(14)  101.1 (11)
C(2)-C(3) }1 41y COHCAHC) 1243 (13)
C(2)-C(9 ' C(14)-C(15)~C(16) 122.0(13)
C(3)-C(4) ety CU9LCAOLAD  1330(8)
C(H-C(D ’ C(16)-C(17)~C(10) }121 4(6)
C(4)-C(6) 1.40 (1 C(17)-C(10)~C(11) :
C(N-Ce6) 40
F(1)-P(1)-F(2) 93.4 (3)
gﬁgifi? 1.28(1)  F(3)-P(1)-F(4) 94.2 (3)
(11) F(1)-P(1)-F(3)
C(16)-C(17) } 143 (1) F(2)-P(1)-F(4) }86'2 3
C(11)-C(12) 1.56 (2) F(1)-P(1)~F(6) }91 53
C(12)-C(13) 1.44 (2) F(2)-P(1)-F(6) o
C(13)-C(14)  1.50(2)  F(3)-P(1)-F(6) }sss ]
CUH-C15) 148D Fi4)-p(1)-F(6) S @
C(15)-C(16) 1.29(2) F(1)~P(1)-F(5) }87 8 (3)
P(1)-F F(2)-P(1)-F(5) '
(1)-F(1) }1560 6 F
_ S60(6)  F(3)-P(1)-F(5)
P(1)-F(2) : }92.3 (3)
P(I-F F(4)-P(1)-F(5)
(1)-F(3) b 1535 6)
P(1)-F(4) '
P(1)-F(5) 1.582 (6)
P(1)-F(6) 1.571 (7)
Table XI

Mean Planes and Distances (&) of
Atoms from Those Planes for Isomer 2

atoms
plane defining plane distances (in square brackets)

a C()through  C(1) [-0.02], C(2) [+0.01], C(3)
C(9) [0.00], C(4) [0.01], C(5) [-0.02],
C(6) [0.02], C(7) [0.01], C(8)
[-0.02], C(9) [0.00], Ru [1.74],
C(11) [3.25],C(12) [3.34],C(14)
[3.36], C(15) [3.09], C(16) [3.25]

b C(10), C(11),

C(17),C(16)
C(10), C(11),
C(12), C(13)

C(14), C(1%),
C(16)

C11), C(12),
C(14), C(15),

C(10) [0.00}, C(11) [0.00], C(17)
(0.00], C(16) [0.00]

C(10) [0.01], C(11) [-0.01], C(12)
[0.07], C(13) [-0.03], Ru
[~2.01]

C(14) [0.00], C(15) [0.00], C(16)
[0.00], Ru [~1.84], C(13) [0.44],
2(17) [0.73)

¢ 11) [-0.01], C(12) [0.03], C(14)
[0.00], C(15) [~0.16], C(16)

C(16) [0.03], Ru [-1.52], C(10) [1.07],
C(13) [0.91], C(17) [1.08]

Dihedral Angles between Planes (Deg)

aande 2.0 band¢ 65.9
cand d 68.6 bandd 55.5

A, respectively] is probably not significant, and the mean
Ru-C(arene) distances in 1 and 2 (2.239, 2.232 A, respec-
tively) and the perpendicular metal-arene distances (1.74, 1.74
A, respectively) do not differ significantly, The conformation
of the eight-membered ring and the metal-carbon distances
to the ring are consistent only with 1-3:6-7-n bonding, not with
the alternative 1-4:7-y mode, i.e., IV rather than III in Figure

Bennett et al.

Table XII. Cell Constants for
[Ru(CyH,)(C,Me/)]Y (Y = PF,, BF,)

empirical CoH,,FsPRu C,H,,F,BRu
formula

anion PF, BF,

isomer 1-5-n° 1-3:6-7mb 1-5qb¢  1-3:6-792b

recrystallizn CH,CL,/ sec-butyl CH,Cl,/ CHCL,/
solvent C.H, alcohol/  ether ethanol

pentane

a, A 19.70 (3)% 15.89 (1)4 16.668 (9)° 20.34 (3)4

b, A 16.77(3) 8.67(1) 16626 (7) 7.83(2)

c, A 7.88(2) 15.53(1) 14.716 (9) 11.97 (2

a, deg 90 90 90 90

g, deg 99.3(5) 90 104.31 (3) 90

v, deg 90 90 90 90

V, A3 2571 2140 3951.6 1906

VA f 4 8 4

Pra{}}! C2fcor Ce Praf}!

@ Only poor quality single crystals could be obtained. ? Rapid
fadeoff of intensity for reflections with 28 > ca. 35° (Mo Ka).
€ Intensity data were measured, and the structure was solved. Re-
finement was unsatisfactory (final R = 0.085). Very large thermal
motion is apparent. Details of the structural analysis are included
in the supplementary material but are not discussed further.

From uncalibrated precession and Weissenberg photographs re-
corded with use of Mo Ker; and Cu Ke radiation, respectively.
¢ From a least-squares fit to the four angles optimized for each of
the 12 high-angle reflections (26 > 29°) on a Picker FACS-I dif-
fractometer using Mo Ke, radiation. 7 The cell volume in rela-
tion to the 1-3:6-7- isomer suggests four molecules per unit cell,
probably with solvent molecules (benzene) in the crystal lattice.

space group P2./n

1. Detailed comparison with the structures of the related
1-3:6-7-p-cyclooctadienyl complexes Ru(7%-C¢HsBR;)(CgH,,)
(R = Ph, F)* and [IrCI(CgH,,)(C(CF;)=CH(CF;))],*" is
not possible owing to the fairly high standard deviations, but
equivalent quantities for comparable parts of the eight-mem-
bered rings are generally fairly similar. The Ru—-C(11) and
Ru-C(12) distances do not differ significantly, the mean value
[2.212 (16) A] being comparable with the mean Ru—C(olefin)
distance of 2.181 i observed in octahedral ruthenium(II)
complexes of the general type RuCl, (diene)(amine), (diene
= NBD, amine = aniline® or piperidine;* diene = 1,5-COD,
amine = hexylamine*’) and with the corresponding distance
of 2.17 A in Ru(n%-C¢HsBPh;)(CgH,,).# The esd of the bond
length of the coordinated olefin [C(11)-C(12) 1.55 A] is
almost certainly underestimated owing to the assumption that
C(11) and C(16) are related by a mirror plane. In the n-allyl
moiety, one of the Ru—C(terminal) distances [Ru—C(14) 2.345
(14) A] is longer by about 0.1 A than both the Ru-C(15)
(central) distance [2.244 (15) A] and Ru-C(16)(terminal)
distance [2.233 (6) A], which do not differ significantly from
each other. Differences of a similar order of magnitude have
been observed in the structures of Ru(n’-2-methylallyl),[P-
(OMe);],% and Ru,(CO)s(6,6-diphenylpentafulvene),’! but
in the presence case there is no obvious reason for the asym-
metry (e.g., different substituents or trans ligands). Marked
asymmetry is also apparent in the Ru~C distances of the
7-allyl moieties of Ru(#%-C¢HsBR3)(CsH;;) (R = Ph, F) %
Because the esd of the C(16)—C(15) bond length [1.29 (2) A]
is probably underestimated, we cannot say whether it is sig-
nificantly less than the C(15)-C(14) bond length [1.48 (2)

(46) Ashworth, T. V.; Nolte, M. J.; Reimann, R. H,; Singleton, E. J. Chem.
Soc., Chem. Commun. 1977, 937-939,

(47) Russell, D. R,; Tucker, P. A. J. Organomet. Chem. 1977, 125, 303-312.

(48) Manoli, J.-M.; Gaughan, A. P.; Ibers, J. A. J. Organomet. Chem. 1974,
72, 247-259,

(49) Potvin, C.; Manoli, J.-M.; Pannetier, G.; Chevalier, R.; Platzer, N. J.
Organomet. Chem. 1976, 113, 273-292.

(50) Marsh, R. E.; Howard, J.; Woodward, P. J. Chem. Soc., Dalton Trans.
1973, 778-783.

(51) Behrens, U.; Weiss, E. J. Organomet. Chem. 1973, 73, C67-C68.



Arene Cyclooctatetraene Complexes of Ru®

Figure 9. Protonation of 1-4-n-COT metal complexes [X = Fe(CO),,
Ru(CO);, Rh(CsMes), Ru(arene)].

A]. Similarly the esd’s of the interbond angles involving C(11)
and C(16) are likely to be underestimated. Other bond lengths
and angles in the eight-membered ring are unexceptional. In
general, ring angles in 2 show much smaller deviations from
ideal values than those in 1, indicative of greater strain in
1-5-n-CgHj relative to 1-3:6-7-5-CgHy. This is clearly because
the latter can be bent easily in two places [about the C-
(14)-C(12) and C(11)-C(16) vectors], whereas the former
can only be bent easily about the C(8)-C(4) vector.
Conclusions

The behavior of Ru(arene)(1-4-1-COT) on protonation
provides an interesting comparison with that of other d® 1-
4-7-COT complexes, in particular, M(CO),(1-4-y-COT) (M
= Fe,!2, Ru®) and Rh(CsMe;)(1-4-n-COT).> A general
scheme is shown in Figure 9. In all cases studied, the proton
appears to add at one of the uncoordinated double bonds from
the site opposite the metal, this exo approach being the least
sterically hindered. The resulting 1-5-7-CgH, cation I appears
to be thermodynamically the least stable of the various pos-
sibilities and can undergo two potentially competing trans-
formations: ring closure to give the 2—-6-n-bicyclo[5.1.0]oc-
tadienyl cation II or 1,2-hydride shift accompanied by partial
decomplexation of the metal leading to the 1-3:6-7-n-cation
IV. In the case of Fe(CO);(1-4-n-COT) the first alternative
prevails,! whereas in the case of Ru(arene)(1-4-1-COT) only
the second pathway is observed. The two alternatives must

Inorganic Chemistry, Vol. 20, No. 8, 1981 2365

compete in the protonation of Rh(CsMes)(1-4--COT) since
both II and IV are observed at low temperature.’ Although
isomer I has not been detected in this case, its presence in
equilibrium with IV is required to account for the isomerization
of I to IV as the temperature is increased. The arene—ru-
thenium system thus seems to be unique in that ring closure
does not effectively compete with isomerization from I to IV,
though the tricarbonyl ruthenium system may be similar. A
low-temperature study of the protonation of Ru(COQ),;(1-4-
7-COT) analogous to that carried out on Fe(CO),;(1-4-5-
COT)! might be informative.

The fact that [Ru(1-3:6-7-1-CsHg)(CeMeg)]* partly reverts
to the 1-5-7-CgHj isomer in the presence of acid indicates that
the energy difference between the isomers must be small,
although it is not clear why protons should affect the position
of equilibrium. The crystal structures suggest that relief of
strain in the eight-membered ring may be an important factor
favoring 1-3:6-7-n-coordination, although it is clearly insuf-
ficient to disfavor n’-pentadienyl bonding in the iron tri-
carbonyl system. This can probably be correlated with two
other general observations: (1) the Fe(COQ); group shows a
remarkable preference for binding to conjugated rather than
unconjugated dienes;*>** (2) s-alkyl and 5?-olefin complexes
of 4d- and 5d transition elements are generally more stable
than their counterparts in the 3d series.
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