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Carbene Complexes. Part 14.! The Synthesis and Steric and Electronic
Effects in Electron-rich Olefin-derived Bis-, Tris-, and Tetrakis-(carbene)-
ruthenium(n) and a Tetrakis(carbene)osmium(in) Complex; the Crystal
and Molecular Structure of trans-Dichlorotetrakis(1,3-diethylimidazo-
lidin-2-ylidene)ruthenium(n) t

By Peter B. Hitchcock, Michael F. Lappert,” and Peter L. Pye, School of Molecular Sciences, University of
Sussex, Brighton BN1 9QJ

——
The reaction of [RuCly(PPhj) ;] with [CN(R)CHzCHgf\IlR]z(L“z: R = Me, Et, or CH,Ph) affords trans-[RuCly(L®),]
[R = Me (1), Et (2), or CHyPh (3)]. The instability and reactivity of these complexes increases in the order
(3) < (1) < (2). Thusin CH,CI, complex (2) readily loses L to give [RuCly(LE);] (13). but (1) requires pro-
longed heating for similar L™ |oss, affording [RuCly(L®¢),] (12), and (3) does not react. Complex (1) (/) loses
LMe on reaction with Nal to form [Rul,(LM®),] (4), (/i) reacts with excess of P(OMe), to give [RuCI(LM®),-
{P(OMe)4}5]1Cl (14), and (jii) reacts with CzH;N in the presence of CO to give trans-[Ru(CO) CI(L™),(NCsH5),]CI
(16). Carbon monoxide displaces Ci- from complex (1) to give trans-[Ru(CO)CI(L¥),]CI (9), but (2)
preferentially eliminates L®, forming zrans-[Ru(CO)Cl,(LE),] (7) which isomerises in CHCI; or CH,Cl, to the
cis isomer (8), and the benzyl derivative (3) does not react. With PF,;, complex (1) forms trans-[RuCI(L¥®),-
(PF3)1CI (10) which exhibits severe steric crowding and restricted rotation of the carbene ligands, as is also shown
for the tris- or tetrakis-(carbene)ruthenium(il) complexes derived from LE* or LH."" |igands, by analysis of their
IH and 13C n.m.r. spectra. The complex mer-[0sCl;(PBu®,Ph),;] and the olefin LM%, give trans-[OsCl,y(L¥e),].
An X-ray crystal structure determination of the title complex (as its 0.50Bu", solvate) has been refined to R 0.055
(A’ 0.087) for 2 641 independent reflections measured with Mo-K,, radiation: the molecule has nearly D, sym-
metry, with regular octahedral co-ordination about the metal, trans-chlorine atoms, and the four carbene ligands in a
propeller arrangement in the equatorial plane; each almost planar imidazolidine ring is arranged at an angle of
ca. 45° to the RuC, equatorial plane. The Ru—C,,, distanceis 2.105(5) A and Ru—Clis 2.459(4) A. Crystals are
monoclinic with @ = 19.076(2), b = 13.409(1), ¢ = 14.952(2) A, 8 = 102.85(6)°, Z = 4, and space group P2,/c
(No. 14), :

SEVERAL examples of carbeneruthenium(ir) species have

been reported (e.g. refs. 2—6). They were synthesised

by oxidative addition [equations (1)3 or (2) 2], alkylation

[equation (3)],% or modification of a co-ordinated iso-
t No reprints available.

1 Part 13, A. J. Hartshorn, M. F. Lappert, and K. W. Turner,
J.C.S. Dalton, 1978, 348.

2 Part 12, M. F. Lappert and P. L. Pye, J.C.S. Dalton, 1977,
2172.

3 C. H. Game, M. Green, J. R. Moss, and F. G. A. Stone, J.C.S.
Dalton, 1974, 351.

cyanide [equation (4)].5 However, little attention has
been given to their chemistry.
Because of the observed similarity of the electron-rich

|
olefin [:CN(R)CH,CH,NR], (LE,; R =Me, Et, or

4 M. L. H. Green, L. C. Metchard, and M. G. Swanwick, J.
Chem. Soc. (4), 1971, 794.

5 D. J. Doonan and A. L. Balch, Inorg. Chem., 1974, 18, 921.

¢ D. F. Christian and W. R. Roper, J. Organometallic Chem.,
1974, 80, C35.
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CH,Ph) to PPh, in its complex-forming ability,”8
usually affording complexes containing one or more

trans - [0sCL(LY) 2
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given in Table 1.
appeared.?

A preliminary publication has

trans — [Ru(CO)CL(LR) (NCgHg),1CL

(15) R =Me (16) R =Me
J
(e)
[RuCL(LR);]
(13) R =Et only [0sCly(PBU";Ph)3] (n)
(k) (m  [RuzClLLM3(PPhy),] [RuL(LR),]
(5) R=Me (4) R=Me
R R ﬁ) (e) (f)
() N N- (g)
trans - [RUCL(LR),] —=—2— [ >:< :l ) o trans - [RUC(LR),]  —Lm  [RUCL(LR);)
(2) R=Et NN (1) R=Me (12) R=Me
(3) R=CH,Ph (LRZ)

(6)

(c)

—

trans —[RU(CO)CL (LR,

(7) R=Et only (8) R=Et

trans - [Ru(CO)CU(LR),ICt
(9) R = Me only

cis - [Ru(COICL,(LT),)

[RuCL(L™),{P(OMe) iCt
(14) R=Me

(h)

\)
trans -[RUCL(LR)(PF3)1CL
(10) R =Me only

l(i)

trans ~ [RuCL(LR),(PF,) I(BF ]
(11) R=Me

ScHEME Synthesis and reactions of oligocarbeneruthenium(11) complexes and an osmium(11) complex. (a) [RuCly(PPhy),], CgH,;,Me,
100 °C; (b) CO, C¢H,Me, or toluene, 100 °C; (¢)CHCI,, 25 °C; (d) [RuCl,(PPhy),], xylene, 130—140 °C; (e) LMe,, xylene, 130—
140 °C; (f) Nal, acetone, 25 °C; (g) CH,Cl,, sealed tube, 60—80 °C; (%) PF,, CHCl,, 50—55 °C; (i) Na[BF,], acetone, 25 °C; (j) CO,
CHC,, 50—55 °C, or toluene, 110 °C; (k) CH,Cl,, 25 °C; () P(OMe),;, CHCl;, 50—55 °C; (m) [OsCly(PBur,Ph),], xylene, 25 °C; (n)

C;H;N, CO, 60 °C, 6 h

T 1
carbene ligands .CN(R)CH,CH,NR (L®), and its ability
to displace PPh, from the metal co-ordination sphere, we
now report on the interaction of L%, and [RuCl,(PPhy),].

[Ru(7-CH,) (CO),]~ + CICH,CH,CH,COCl —»
| |
[Ru(n-CsH;) (CO){C(O)CH,CH,CH,}CL (1)

[Ru(CO)s(PPhy),] + [NMey(CHCI)]Cl —m
[Ru{CH(NMe,)}(CO)Cly(PPh;),] (2)

The synthesis and chemistry of the resulting oligo-
carbeneruthenium(ir) complexes is summarised in the
Scheme. Data for the characterised new complexes are

7 Part 10, M. F. Lappert and P. L. Pye, J.C.S. Dalton, 1977,
1283.

8 M. F. Lappert, J. Organowmetallic Chem., 1975, 100, 139.

% P. B. Hitchcock, M. F. Lappert, and P. L. Pye, J.C.S. Chem.
Comm., 1976, 644.

10 P, W. Armit, A. S. F. Boyd, and T. A. Stephenson, J.C.S.
Dalton, 1975, 1663.

11 B. R. James and L. D. Markham, Inorg. Chem., 1974, 13, 97.

RESULTS AND DISCUSSION

The lability of the phosphine ligands in [RuCl,-
(PPh,),] is well known®11 The versatility and re-
activity of L, is now clearly demonstrated by the ease
with which the neutral tetrakis(carbene)ruthenium(1i)
complexes trans-[RuClL,(L®),] [R = Me (1), Et (2), or

[Ru(%-C5H) (CO{C(O)MeH{ P(CgH y)a}] +
[OEt,][BF,] —[Ru(n-C;H;)(CO)-
{C(OEt)Me}H{P(CgHyy)a}][BF,]  (3)

[Ru(CNMe)g)2* + 2NH,Me —»
[Ru{C(NHMe),}o(CNMe) J2*  (4)

CH,Ph (3)] were formed. Generally, stable complexes
containing three or more carbenoid ligands are mono-
or di-cationic (e.g. refs. 5 and 12—14), and often contain

12 B. Cetinkaya, P. Dixneuf, and M. F. Lappert, J.C.S. Dalton,
1974, 1827.

13 D. J. Cardin, B. Cetinkaya, and M. F. Lappert, Chem. Rev.,
1972, 72, 545.

1 F. A. Cotton and C. M. Lukehart, Progr. Inorg. Chem., 1972,
16, 487.
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good w-acceptor ligands %% in order to relieve build-up of
excessive electron density at the metal. Presumably
for complexes (1)—(3) the strongly electronegative
chloride ligands assist stabilisation. Additional evidence
for this is provided by reaction of (1) with Nal; displace-
ment of Cl~ by the less electronegative iodide was
accompanied by elimination of one carbene ligand,
forming [Ruly(LMe),] (4).

The reactions of (1)—(3) with the small good =-
acceptor ligands CO or PI7; are of interest. Unexpected
differences were found in reactivity, dependent on the

J.C.S. Dalton

with a large excess of P(OMe),, [RuCl(LM¢),{P(OMe),},]-
Cl was formed; heating in pyridine in the presence of
CO also resulted in displacement of two L¥e fragments
forming the salt frans-[Ru(CO)Cl(LMe),(NC;H;,),]Cl (16).
These observations suggest the possibility that, under
pressure, reactions of (1), (2), or (3) with CO or PF,
might provide further L®* displacement. The N-
benzyl-substituted electron-rich olefin, L¢HPh, has a
reactivity comparable to LMe, or LEt,;715 but when
LOHPh js attached to a metal this carbene fragment
serves to reduce reactivity at the metal in solution; thus,

TABLE 1

Oligocarbene-ruthenium(11) and -osmium(1r) complexes and their characterisation ¢

Yield M.p.
Complex (%) (6,/°C)
(1)  tramns-[RuCl,(LMe),] ¢ 90 236
(decomp.)
(2) trans-[RuCly(LEt),] 50 149
(decomp.)
(3) trans-[RuCl,(LCHPhy ] 60 168
(4) [Rul,(LMe),] 85 202
(5) [Ru,Cl,(LMs)y(PPhy),] 4 60  235—237
(6) cis-[Ru(CO),Cly{LMe),] 20 279
(7)  trans-[Ru(CO)Cly(LEt);] 95 175
(8) cis-[Ru(CO)CI,(LE),] 75 e
(9) trans-[Ru(CO)Cl(LMe),1Cl 80 278
(decomp.)
(10)  trans-[RuCl(LMe) ,(PT)]Cl 60 130
(11) trans-[ RuCl{L¥¢),(PF,)][BF,] 90 214
(12) [RuCly(LMe) 4] 100 » e
(13) [RuCl,(LEY,] 100 * e
(14) [RuCl(LMe),{P(OMe),}]Cl 60 e
(15)  trans-[OsCly(LMe),] 95 256
(decomp.)
(16) trans-[Ru(CO)Cl(LMe),(NC;H;),]Cl 40 318

Analysis (%) ®

Is ~

Colour C H N
Yellow 43.1 (42.5) 7.1(7.1) 19.4 (19.8)
Orange-yellow 49.8 (49.7) 8.4 (8.3) 16.3 (16.5)
Yellow 69.6 (69.6) 6.4 (6.2) 9.3 (9.5)
Red-brown 28.1 (27.7) 4.7 (4.6) 12.9 (12.9)
Orange-brown 52.6 (52.6) 5.2 (5.2) 7.2 (1.2)
White 33.9 (34.0) 4.9 (4.8) 12.9 (13.2)
Pale yellow 45.8 (45.7) 7.3 (7.3) 14.6 (14.5)
White 42.4 (42.3) 6.7 (6.7) 13.2 (13.2)
White 42.0 (42.5) 6.7 (6.8) 18.7 (18.9)
Pink 33.1 (32.7) 5.4 (5.7) 14.5 (14.5) ¢
Pink 34.1 (34.1) 5.8 (5.7) 15.7 (15.9)
Red-brown i
Red-brown i
White 30.7 (30.8) 6.5 (6.4) 7.7 (1.6)
Orange 37.2 (36.8) 6.3 (6.2) 17.1 (17.1)
White 45.0 (45.5) 5.6 (5.4) 15.2 (15.2)

y 1
¢LR = 3éN(R)CH2CHZNR (R = Me, Et, or CH,Ph). °?Calculated values are given in parentheses. °¢Cl, 12.5 (12.6%,). 4Cl,

12.3 (12.29%,). ¢ Not obtained.

spectrum.

carbene N-alkyl substituent (Me, Et, or CH,Ph). Un-
like [RuCly(PPh,),] (» = 3 or 4) which on reaction with
CO only afforded bis(phosphine) derivatives ¢ {i.e.
various isomers of [Ru(CO),Cly(PPhg),], probably be-
cause of the well known ease of dissociation of
PPh, 10,11.16-18} " complex (2) lost only one LF* ligand
forming pale yellow frans-[Ru(CO)Cly(LEt),] (7). This
was resistant to further substitution. However, in
halogenated solvents (e.g. CHCl,;) conversion into the
cts isomer (8) occurred, as noted for tertiary alkyl-
phosphine analogous; ! furthermore, (2) resembles
[RuCl,(PEtPh,),] 1 in much of its chemistry. Complex
(1) behaved quite differently, C1~ surprisingly being dis-
placed rather than LMe, in forming #rans-[Ru(CO)Cl-
(LMe),1C1 (9). A small quantity of ¢is-[Ru(CO),Cl,-
(LMe),] (8) was also isolated, but no tris(carbene) com-
plex. Similarly with PF,, frans-[RuCl(LMe),(PF,)]Cl
(10) was formed, a species without analogues in tertiary
phosphineruthenium(1r) chemistry.? On heating (1)

15 Part 9, M. F. Lappert, G. M. McLaughlin, and P. L. Pye,
J.C.S. Dalton, 1977, 1272.

18 T. A. Stephenson and G. Wilkinson, J. Inorg. Nuclear Chem.,
1966, 28, 945.

17 C. A. McAuliffe, ‘ Transition Metal Complexes of P, As, and
Sb Ligands,” Macmillan, London, 1973.

/Calculated for 0.5CHCIl, adduct.
i Characterised by H and *C n.m.r. spectroscopy only.

7 Calculated for CHCl, adduct. *Yield based on 'H n.m.r.

(3) did not react with CO, even in boiling CHCl,, nor
was a carbene fragment displaced. These quite different
modes of behaviour of complexes (1)—(3) are attributed
to steric rather than electronic effects. Previously
published comparative data on L® ligands concerning

[M(CO);I,(LR);) === [M(CO)L(LR);] ()
trans-[Rh(CO)CI(LR),] —emt
trans-[Rh(CO)(L®),(PPh,)1Cl —»
cis-[Rh(CO) (L¥),(PPhy)ICL  (6)

their o-donor—m-acceptor ratio, ¥C n.m.r. and ir.
spectroscopic data, and reactivity in sterically demand-
ing situations show them to be electronically simi-
lar.%%1521  Differences in reactivity and reaction rate
[Me > Et in the forward reactions (5) or (6); Et>
Me in the reverse reaction (5)] between complexes

18 K. G. Caulton, J. Amer. Chem. Soc., 1974, 96, 3005.

1 J. Chatt, B. L. Shaw, and A. E. Field, J. Chem. Soc., 1964,
3466.

20 R. A. Head, J. F. Nixon, J. R. Swain, and C. M. Woodward,
J. Organometallic Chem., 1974, 76, 393.

21 Part 11, P. B. Hitchcock, M. F. Lappert, and P. L. Pye,
J.C.S. Dalton, 1977, 2160.
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containing LMe and LFt ligands have been noted before,
as in equations (5) (M = Mo or W) 8 or (6).22-23
Hydrogen-1 n.m.r. spectroscopy (see below) indicates
considerable steric interaction in both the neutral
tetrakis(carbene) complexes (1)—(3) and their reaction

829

to provide an increased carbene-ligand planarity, allow-

ing more substantial p,—p (NECCMD,) overlap with an
increase in v(CN,) and less distortion from local MC,
Dy, symmetry. In practice, an increase in v(CN,) of

TABLE 2

Hydrogen-1 n.m.r. spectra of oligocarbeneruthenium complexes ¢

Complex  Solvent NCH,CH,N NCH, NCH,~() (H, and Hy) N—()-CH,

(1? CD,Cl, 6.52 7.0

(2) 4 CyD, 6.78 (m) o/ [4.91 (), 7.3 (d)] 8.6 (t)

(3) CiD, 6.78 (m) /o (2.8 (d), 6.23 ()]

4) CH,Cl, 6.58 7.05

(5) i

(6) cpel, 6.55 6.70 :

[4.91 (d), 5.62 (d)] .
(1) C.D, 6.70 (m),%7 6.97 (m) * [5.21 (d), 7.03 (d)] ¥ b 8.82 (), 8.90 (t) *
(8) cpcl 6.5 (br) b0 7(d3'(6'§)6 @ 8.80 (t)
. )y N—. m .

(9) m cDCl, 6.4 (br, s) 7.02, 6.85
(10) m CDal 6.32 (br, 5) 7.01 (q),» 6.78
(11) ¢DCL, 6.32 (br, s) 7.04 (q)." 6.80
12) CD,Cl, 6.50 6.95

(13)» cD.Cl, 6.50 6.52 (m) 8.82 (t)

(14) cpel, 6.25 (br, 5), 6.83 (br, s) {‘75? g}

(15)
(16) cpey, 6.30 (br, s) 7.50, 7.35

& All the values quoted are in 1 relative to SiMe, at t 10, or to the corrected solvent resonance: solutions of all the air-sensitive

complexes were prepared in n.m.r. tubes sealed ¢# vacuo; all the resonances were singlets unless stated in parentheses.
b Spectrum obtained after heating in sealed n.m.r. tube (40 °C),

let, t = triplet, m = multiplet, q = quartet, and br = broad.
20 h.
Data quoted for irradiation at the X, protons.

(CD,),CO or CD,Cl, solution: rapid decomposition occurs in the latter solvent.
i One cis-LE¢,
observed as three sets of 16-peak (ABX,) multiplets: identified and assigned as in footnote c.
» Through-space H --
o After heating (1) in a sealed n.m.r. tube (80 °C, 72 h).

(CD,),CO (r6.3). *AB quartet. ¢ Spectrum not recorded.

decomposition then occurs [in CDCl; or (CD;),SO].
singlet on 1°F irradiation.
(25 °C, 2 h). ¢ Too insoluble for spectrum to be obtained.

products with CO (or PFj), (7)—(11). It is therefore
not surprising that one carbene fragment L¥* is readily
eliminated to relieve, at least partially, such steric
interactions. Presumably, from (1), the smaller methyl
groups allow the retention of the four equatorially
disposed LMe ligands whilst Cl~ is displaced. Neverthe-
less, displacement of L™e from complex (1) can be
achieved via iodide ion to give (4), or by prolonged
heating in CH,Cl, to give [RuCl,(L™e),] (12). 1t seems,
therefore, that thermal loss of C1~ or L® are competing
processes and are dependent to varying extents on
(7) the size and electronegativity (or =-acceptor capacity)
of the incoming ligand, (¢7) the bulk effect of ‘R’ in
destabilising the square-planar MC, arrangement of
four carbene ligands L®, and (¢42) the additional stabilis-
ation afforded by formation of cationic carbene com-
plexes.®12

The reason for the much increased stability of (3) to
LR or Cl~ loss compared with LMe or LEt analogues is
attributed to the ability of the planar Ph rings to
orientate themselves so as to (¢) decrease non-bonding
steric interactions and (i7) shield the metal centre from
attack even by a small ligand such as CO or PF,;. The
probable consequence of decreased steric interaction is

22 D. J. Cardin, M. J. Doyle, and M. ¥. Lappert, J. Organo-
wmetallic Chem., 1974, 65, C13.

¢ N—CH,—( ) resonances observed as a 16-peak multiplet (ABX,):
4 Spectrum obtained via Fourier-transform technique.

d = doub-

identified and assigned by 'H irradiation procedures.
¢ Observed as a singlet in
7 AA’BB’ multiplet. 7 Observed as a singlet in
kTwo mutually frans LEt. ¢ NCH,—() resonances
 Spectrum invariant to ca. 60 °C:
- UF coupling; ¢/ x~ 1.5 Hz. Quartet collapses to a
» After heating (2) in a sealed n.m.r. tube

ca. 15 and 30 cm™ was observed for (3) compared with
the methyl or ethyl analogues (1) or (2). Turthermore,
only the v,sym (RuCl,) mode was observed in (3), whereas
both sym and asym modes were seen in (1) and (2). In
complexes such as ftrans-[PtCl,(L%)(PLEt,)] 2% and cis-
[Mo(CO)4(LR),],18 v(CN,) is similar whether R = CH,Ph
or Et. It is also noteworthy that AG*Y values for the
barrier to Mo—Cg,y,, rotation in cis-[Mo(CO),(L"),] are
at a minimum for R = CH,Ph in the series R = CH,-
Ph < Me < Et.13 Participation of an electronic effect
cannot, of course, be ruled out. If the s-donor strength
of LOH:Ph were only slightly less than that of LMe or LTt
this would result in the metal atom being less electron-
rich for LCH:Ph complexes, and displacement therefrom
of Cl~ or LCH:Ph would be less obligatory; however, the
13Cearb. chemical shifts do not support this. Neverthe-
less, there is increasing evidence that cationic metal
complexes are often ‘ stabilised * by LMe or L¥* but not by
LCH:Ph Jigands.

The synthetic route to the neutral tetrakis(carbene)-
osmium(11) complex frans-[OsCl,(LMe),] (15) illustrates
an additional facet of the chemistry of electron-rich
olefins, viz. as reducing agents; thus mer-[OsCly(PBur,-
Ph),] is initially reduced by LMe,, giving a green solution

2 M. J. Doyle, D.Phil. Thesis, University of Sussex, 1974.
# P. L. Pye, unpublished work.
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containing Os™. Reaction with an excess of olefin then
effects PBum,Ph substitution affording (15). The
chemistry of this species has not yet been further

TABLE 3

Infrared spectroscopic data of oligocarbene-ruthenium (ir)
and -osmium(11) complexes

Complex v(CO) »(CN,) # v(Ru—Cl) @
(1) 1 485m 318ms, 260m
(2) 1470m 316ms, 262m
(3) 1 500m 314ms
(4) 1500m b
(5) 1495m b
(6) 2 039s, 1 969vs ¢ 1525ms  315m, 280w
(7) 1938s 4 1 490m 322ms
(8) 1 920s ¢ 1 492m b
(9) 1923s¢ 1510ms 292w

(10) 1504ms b

(11) 1506ms b

(14) 1503m 310w

(15) 1 485m 295ms, 240m

(16)  1917s¢ 1505ms 292w

¢ Dilute Nujol mull. ?»(Ru—-Cl) not assigned. °lIn

CH,C], solution. ¢In toluene solution.

examined. It is possible, however, that tris(carbene)-
osmium(1rr) complexes (z.e. paramagnetic oligocarbene
complexes) may be obtainable by dihalogen oxidation of
(15).

TABLE 4

Carbon-13 n.m.r. spectroscopic data of oligocarbene-
ruthenium complexes ¢

Com-
plex Solvent Cearn, CO NCH,CH,N NCH, N—-CH,—()
(2) CgDyg 227.8°% 47.7 45.5
(3) CD,Cl, 228.1 48.9 56.2
(4) ¢ CD,Cl, 216.3 52.2 38.6
(7} CeDs 218.5,4 207.6 47.2%¢ 46.3,4
212.7¢ 45.5¢
(9) CDCl, 2081 203.9 51.8,51.0 384,
37.8
(10) CDCi; 208.1/ 52.7, 51.7 39.4
(12) ¢ CD,Cl, 216.3 51.5 37.2
(13) # CD,Cl, 216.5 47.4 44.7

@ All the complexes were run as saturated solutions in 8 or
10-mm tubes at 25 °C, using a 1-s repetition rate and 6 250-Hz
sweep width. The resonances are quoted in p.p.m. relative to
SiMe, (0 p.pm.). ?In CD,Cl,, 3(Cean) 226.3 p.p.m.: rapid
decomposition occurs (ca. 1 h) in this solvent. ¢ On cooling
(—95 °C) there was no change in the Cc.m, resonance: ring
CH, and N—CHj signals broadened slightly. ¢ Signals due to
one cis-LEt group. ¢ Signals due to two mutually #rans-LEt
groups. fCeam. doublet [2J(13C-3'P) 16.8 Hz]. ¢trans-
[RuCl,y(I.Me),) after 72 h at 80 °C in a sealed 13C n.m.r. tube;
signals assignable to [X—LMe¢]t+ species were also present.
k trans-[RuCly(LEt),] after 48 h at 25 °C in a sealed 13C n.m.r.
tube: signals assignable to [ X—LFt]+ species were also present.

Spectroscopic Properties—Hydrogen-1 n.m.r., i.r., and
13C n.m.r. spectroscopic data are shown in Tables 2, 3,
and 4, respectively. Of considerable interest are the
complicated 'H n.m.r. spectra shown by many of the
oligocarbeneruthenium(1r) complexes, from which their
stereochemistry may be deduced. The N-CH,~X
(X = Me or Ph) signals of (2) or (3) are seen as an AB
quartet pattern [in (2), after irradiation of the CH,

2% M. J. Doyle and M. F. Lappert, J.C.S. Chem. Comm., 1974,
679.
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protons] with very different chemical shifts for the A and
B protons. This is because of restricted rotation not
only about M-C,1.2 but also N-R.

For complex (2), chemical shift values of = 4.91 and
7.30 (A = 2.39), and for (3) of v 2.8 and 6.23 (A 7 3.43)

Me(A) Me(A)
0 \
N c N
(1] p
/Me(A) N~ l Me(A) \
Ru N
N\ Me(B) N /
[ C — £ Me (B)
¢ [
s
Me(B) Me(B)
(17)
Me(C)

Me(C)

N/
<\ \ TFa /N
Me(C) “N—C C

N M N\
AR
NQ Me(D) < /
[ C £~ Me(D)
J 1)
\ oy
Me(D) Me(D)
(18)
Me(A)
0
¢ N
/
/Me(A) G5 C\j
N
" / R/ /
\c Me(B)
/ NCsHs
\ o
Me(B)

(19)

indicate a considerable difference in the shielding of the
two protons, reflecting also differing H - * + Cl contacts;
this is borne out by the cystallographic study. Although
steric congestion, resulting in van der Waals deshielding,
may be a factor, this does not account for the observed
shielding of one proton and the effect must be pre-
dominantly anisotropic in nature. Whereas the complex
N-CH,R resonances were unchanged in a variety of
solvents [CD,Cl,, CgDg, or (CD,),CO], the ring methylene
(NCH,CH,N) signals were solvent dependent; thus, in
CgDg a multiplet (AA'BB’) was observed, whilst in CD,-
Cl, or (CD,),CO only a sharp singlet was seen. Similar
observations have been made on some rhodium(1)
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complexes containing the LYt ligand.?325 The cations
trans-[Ru(CO)Cl(LMe) 1+ (17), trans-[RuCl(LMe),(PF,)]*
(18), and trans-[Ru(CO)CI(LMe},(NC,H;)o] ™ (19) exhibited
interesting room-temperature spectra, indicating con-
siderable steric constraints within the complexes. The
importance of steric effects in hindering rotation around
M—Cgb. bonds has also been shown for some plati-
num(i) complexes, such as #rans-[Pt{C(NHR)(NR,)}Cl-
(PMe,Ph),][C1O,].28  Observation of the P-CHj; reso-
nances was used as the spectroscopic probe.26-2¢  Thus
(9) and (16) each showed two sharp singlets corresponding
to the Me groups A and B, differing because of restricted
rotation around the Ru-C.,, bond; 7.e. the carbene
ligands are ’ fixed ’ with respect to the equatorial plane,
one Me group ‘up’ (A) and one ‘ down ’ (B), but in (10)
or (11) one sharp singlet and one quartet (J/ ~ 1.5 Hz)
are seen for the methyl groups C and D in (18). The
observation of a quartet is attributed to a ‘ through-
space ’ interaction (e.g. see refs. 29 and 30) of the three
equivalent fluorine atoms of the PI’; ligand with the
protons of four equivalent methyl groups (C); this was
confirmed by °F decoupling when the quartet collapsed
to a sharp singlet. Heating complexes (9), (10), or (11)
to ca. 60 °C caused no change in the spectra; at higher
temperatures decomposition occurred.

A detailed analysis of the complicated spectrum of
(7) (48 resonances for the N-CH,~CH, protons) is con-
sistent with the stereochemistry shown in (20). Because
of the high barrier to Ru—C,,., rotation, the Et groups of
the mutually #rans LPt ligands are magnetically in-
equivalent (one is syn to L¥, the other to CO) and this is

Me
Me N Me / (A)
AN ~ Hz
Me \CH ¢ A CH2 \
N
\ €© ¢
CHa(A)
/ R
N\ CH B)
[ / .
N
C
CH,(B) °
Me (20)

most clearly reflected in the observation of two different
sets of ABX, signals for the methylene protons [A and

* Some evidence has been found for a Rull ortho-metallated
ruthenium(ir) complex containing a p-tolyl group, in which the
plane of the carbene ligand is fixed in the equatorial plane of the
complex because of the constraint applied via the ortho-metal-
lation of the N-aryl substituent.34

26 B. Crociani and R. L. Richards, J.C.S

27 M. H. Chisholm and H. C. Clark, Imwg Chem.,
1714.

28 H. C. Clark and L. E. Manzer, Inorg. Chem., 1972, 11, 503
and refs. therein.

2 H. C. Clark and J. D. Ruddick, Inmfg Chem.,
2556.

5. Dalton, 1974, 693.
1971, 10,

1970, 9,
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B in (20)]. The ethyl CH, groups of LBt frans to CO
(marked C) are magnetically equivalent (both are syn
and anti to LEt and Cl groups) and give rise to only one
set (the third in total) of ABX,; Et signals. This
equivalence of the two ethyl groups of the unique LEt
ligand confirms the stereochemistry of (20); for either of
the two isomeric structures, magnetic inequivalence
would result. Irradiation of the Me proton signals
caused collapse of the triplet of sixteen-peak ABXj,
multiplets to three overlapping sets of AB quartets,
parts of which were partially obscured by the ring
methylene-proton resonances. Assignment was made
by selective irradiations at various frequencies of the
original AB part of the ABX,; multiplets and by INDOR
for the obscured signals.

That the barrier to rotation is primarily associated
with intramolecular non-bonding cis interactions of the
carbene N-R substituents and not because of any
significant double-bond character in the Ru—Cey,.
bond is indicated by X-ray crystallography 3 and i.r.
spectra. We have previously found no evidence for
particularly short M—Ce,.,. bonds in complexes contain-
ing L® ligands, 153233 * including #rans-[RuCly(LEY),].?
Infrared data on v(CO) stretching frequencies (Table 3)
also indicate L* to have negligible =-acceptor behaviour
because of the low [compared with ER; (E = P or As)
analogues] values of v(CO) observed. For example, (7)
has v(CO) at 1910 cm™, which may be compared with
trans-[Ru(AsPh,);(CO)Cl,] 16 at 1961 cm™, or cis-
[Rh{CH[NH(C¢H,Me-p)HCO)Cly(PPhy),] ¢ at 1960
cm™; likewise cis-[Ru(CO),Cly(LMe),} has v(CO) at 2 039
and 1969 cm™, to be compared with 2 064 and 2 001
cm™ for ¢7s-[Ru(CO),Cl,(PPh,),).38

Various complexes have been examined by 13C n.m.r.
spectroscopy but the sparingly soluble nature of (1)
prevented its spectrum being obtained. However,
heating this complex in a sealed n.m.r. tube gave a deep
red-brown solution, with a spectrum almost identical to
that of (4); it is therefore likely that the species observed
was (12). Cooling complex (4) to —96 °C caused no
significant change in the 3C n.m.r. spectrum with Ce,p,.
remaining as a sharp singlet, and the N-CH; and ring
methylene-carbon atom signals broadening slightly. In
contrast, square-pyramidal [RuCly(PPh,);] showed 10
two B8P signals of relative intensity 2:1. These
observations suggest that the apparently five-co-ordinate
complexes [Ru(L®),X,], (4), (12), or (13) may be formul-
ated as (21): R=Me, X =1 (4); R = Me (12) or Et
(13), X = Cl. This type of structure is well established

30 G. W. Gribble and J. R. Douglas, J. Amey. Chem. Soc., 1970,
92, 5764.

3 R. J. Sundberg, R. F. Bryan, I. F. Taylor, jun., and H.
Taube, J. Amer. Chem. Soc., 1974, 96, 381.

32 M. J. Doyle, M. F. Lappert, G. M. McLaughlin, and ]J.
McMeeking, J.C.S. Dalton, 1974, 1494.

33 Lj. Manojlovi¢-Muir and K. W. Muir, J.C.S. Dalton, 1974,
2427.

31 P, B. Hitchcock, M. F. Lappert, and P. L. Pye, J.C.S. Chem.
Comm., 1977, 196.

35 J. J. Levison and S. D. Robinson, j. Chem. Soc. (4), 1970,
2947.
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in ruthenium(ir) tertiary phosphine complexes 10,36-38
whose formation is promoted by use of polar solvents,
such as CH,Cl, (see, for example, refs. 10, 39, and 40).
However, six-co-ordinate Ru!f, as in (21), does not
clearly account for the extremely air-sensitive nature of
the complexes or the red-brown colour of the solutions
which support a five-co-ordinate metal environment.
By analogy, these complexes might have been expected
to be of square-pyramidal rather than trigonal-bi-
pyramidal (t.b.p.) geometry.18:4.42  However, the latter
structure accounts for the observed C..m. equivalence
(three equatorial LE ligands), and is also the observed
geometry of [RuCl(H)(PPh,);].#3 The balance of evi-
dence thus favours the t.b.p. stereochemistry (22).

LR X RI LR x
R Ruéx>Ru—/—LR X~ \R{u—-LR
LR/ / \LR LR/|

(21) (22)

There is little difference in the shieldings of Ceap, in the
neutral #rans-[RuCly(L®),] when R = Et (2) or CH,Ph
(3), and the greatly increased stability of the benzyl
complex (3) is not reflected in a Cgy, chemical-shift
change. The most noticeable trends for the ruthe-
nium(ir) carbene complexes (Scheme) is a high-field
shift of C.ym, on either LR loss [e.g. in complexes (4),
(7), (12), or (13)], or cationic complex formation [e.g. in
(9) or (10)]. The latter observation confirms the view
(see, for example, ref. 44) that charge may be signifi-
cantly delocalised on to the carbene ligands. For frans-
[RuCl{LMe),X]Cl [X = CO (9) or PF; (10)] the stereo-
chemically rigid environment is further demonstrated by
the observation of 13C doublet signals for the inequivalent
CHj, groups and the ring CH, carbon atoms; in complex
{(10) the small value * of 27(13C-3!P), 16.8 Hz, is con-
sistent #3446 with the designated stereochemistry of
complex (18) (established by the equivalence of all the
four carbene-carbon atoms).

In (7) two distinct Cean. atoms were observed. Sur-
prisingly, the mutually frans C.. atoms are more
shielded than those frans to CO, in contrast to the cases
of [Rh(CO)(L¥¢),1C12324 or the cis-trans isomer pairs
[M(CO),(L®),] (M = Mo, R= Me or Et; 54 M =W,
R =Me?7).

As expected, values of 8(C¢o) are at higher field than
3(Cearp.) in the same complex, but lower than for cis-
[Ru(CO),CL,(PRy),] (Ry = Et;, Et,But, or Et,Ph)%

and for trans-[Ru{CN(H)CR:CRNH}(CO)(NH,),J?*; for

* Carbeneruthenium(1r) complexes containing LE #rans to a
tertiary phosphine ligand show 2] (1*C—3'P) ca. 88 Hz.34 4

% R. H. Prince and K. A. Raspin, J. Inorg. Nuclear Chem.,
1969, 31, 695.

37 K. A. Raspin, J. Chem. Soc. (4), 1969, 461.

38 N. W. Alcock and K. A. Raspin, J. Chem. Soc. (4), 1968,
2108.

3 J. Chatt and R. G. Hayter, J. Chem. Soc., 1961, 896.

40 M. S. Lupin and B. L. Shaw, J. Ckem. Soc. (4), 1968, 741.

41 G, J. La Placa and J. A. Ibers, Inorg. Chem., 1965, 4, 778.

42 R, G. Pearson, J. Amer. Chem. Soc., 1969, 91, 4947.
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the latter, the signals at 180 and 200 p.p.m. were not
unequivocally assigned to CO or Cyp,. !

TABLE 5

Intramolecular distances (A) and angles (°)
(a) Distances

Ru—Cl(1) 2.455(3) C(6)—N(1) 1.422(13)
Ru—Cl(2) 2.463(3) C(9)—N(2) 1.446(13)
Ru—C(1) 2.109(10) C(12)—N(3) 1.479(13)
Ru—C(2) 2.111(9) C(15)—N(4) 1.441(13)
Ru—C(3) 2.098(9) C(18)—N(5) 1.422(12)
Ru—C(4) 2.103(9) C(21)-N(6) 1.436(13)
C(1)~N(1) 1.349(12) C(24)—N(7) 1.435(13)
C(1)—N(2) 1.348(12) C(27)-N(8) 1.476(12)
C(2)—N(3) 1.355(12) C(7)—C(8) 1.451(16)
C(2)-N(4) 1.337(12) C(13)—C(14) 1.435(15)
C(3)—N(5) 1.373(12) C(19)—C(20) 1.483(17)
C(3)-N(6) 1.334(12) C(25)—C(26) 1.479(18)
C(4)—N(7) 1.351(12) C(5)—C(6) 1.505(16)
C(4)—N(8) 1.344(12) C(9)—C(10) 1.530(16)
C(7)-N(1) 1.456(14) C(11)—C(12) 1.481(16)
C(8)-N(2) 1.476(14) C(15)~C(16) 1.533(16)
C(13)-N(3) 1.465(14) C(17)-C(18) 1.501(15)
C(14)—N(4) 1.486(14) C(21)—C(22) 1.495(17)
C(19)—N(5) 1.432(14) C(23)—C(24) 1.492(16)
C(20)—N(6) 1.466(14) C(27)—C(28) 1.548(16)
C(25)-N(7) 1.459(15) 0(1)—C(29) 1.24(4)
C(26)—N(8) 1.492(15) C(29)—C(30) 1.14(5)
(&) Angles

Cl(1)~Ru-Cl(2)  178.6(1) N(1)—C(7)—C(8)  104.3(10)
C(1)~Ru—C(4) 178.7(4) N(2)—C(8)—C(7) 102.4(10)
C(2)—Ru—C(3) 179.3(4) N(3)—C(13)—C(14) 103.5(9)
Cl(1)~Ru—C(1) 91.0(3) N(4)—C(14)—C(13) 103.9(9)
Cl(1)-Ru—C(2) 91.0(3) N(5)-—C(19)-C(20) 104.0(10)
Cl(1)-Ru—C(3) 89.1(3) N(6)—C(20)—C(19) 102.9(10)
Cl(1)~Ru—C(4) 89.7(3) N(7)-C{(25)—C(26) 104.4(11)
Cl(2)~Ru—C(1) 89.8(3) N(8)—C(26)—C(25) 100.6(10)
Cl(2)—Ru—C(2) 90.3(3) C(1)—N(1)—C(6) 127.5(8)
C1(2)—Ru—C(3) 89.7(3) C(1)—N(2)-C(9) 129.5(9)
Cl(2)—Ru—C(4) 89.6(3) C(2)-N(3)—C(12)  127.0(9)
C(1)~Ru—C(2) 88.6(4) C(2)—N(4)—C(15) 129.0(9)
C(1)—Ru—C(3) 90.7(4) C(3)-N(5)-C(18)  128.7(8)
C(4)—Ru—C(2) 90.2(4) C(3)-N(6)—C(21)  129.4(9)
C(4)~Ru—C(3) 90.5(4) C(4-N(7T)—C(24)  127.2(9)
Ru—C(1)-N(1)  127.5(7) C(4)—N(8)-C(27)  127.9(8)
Ru—C{1)-N(2)  126.4(7) C(6)-N(1)-C(7)  118.2(9)
Ru—C(2)—N(3) 127.2(7) C(8)—N(2)—C(9) 116.2(9)
Ru—C(2)—N(4) 127.2(7) C(12)—N(3)—C(13) 118.1(8)
Ru—C(3)—N(5) 126.2(7) C(14)—N(4)—C(15) 117.6(8)
Ru—C(3)-N(6)  127.2(7) C(18)—N(5)—C(19) 117.6(9)
Ru-C(4-N(7)  127.2(7) C(20)-N(6)—C(21) 116.6(9)
Ru—C(4)—N(8) 126.5(7) C(24)—N(7)—C(25) 117.8(9)
N(1)—C(1)-N(2) 106.0(8) C(26)—N(8)—C(27) 116.6(9)
N(3)—C(2)—N(4) 105.6(8) C(5)—C(6)—N(1) 114.6(10)
N(5)—C(3)—N(6) 106.5(8) C(10)—C(9)—N(2)  113.2(9)
N(7)-C(4—N(8) 106.3(8) C(11)—-C(12)-N(3) 112.0(10)
C()-N(I)=C(7)  112.5(8) C(18)—C(15)-N(4) 111.5(9)
C(1)-N(2)—C(8) 112.8(9) C(17)—C(18)-N(5) 112.7(9)
C(2)-N(3)—C(13) 113.6(9) C(22)-C(21)-N(6) 112.7(10)
C(2)—N(4)—C(14) 112.8(8) C(23)—C(24)—N(7) 113.1(10)
C(3)—N(5)—C(19) 112.7(8) C(28)-C(27)—N(8) 113.4(9)
C(3)—N(6)—C(20) 112.9(8) C(29)—0(1)—C(29') 180.0
C(4)—N(7)—C(25) 112.4(9) O(1)-C(29)—C(30) 166(5)
C(4)—N(8)—C(26) 113.4(9)

Molecular Structure of Crystalline trans-[RuCly(LFEt),]
(1).—The molecular conformation and atom-numbering

43 A. C. Shapski and P. G. H. Troughton, Chem. Comm., 1968,
1230.

4 D. J. Cardin, B. Cetinkaya, M. J. Doyle, and M. F. Lappert,
Chem. Soc. Rev., 1973, 2, 99.

4 P B. Hitchcock, M. F. Lappert, and P. L. Pye, unpublished
work.

4 D. F. Gill, B. E. Mann, and B. L. Shaw, J.C.S. Dalfon, 1973,
311.

47 M. F. Lappert and P. L. Pye, Proc. 2nd Internat. Conf.
Chem. and Uses of Molybdenum, Climax, London, 1976, p. 101;
J. Less-Common Metals, 1977, 54, 191.
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scheme of the ruthenium complex are shown in the

ORTEP % drawing (Figure 1). The labelling of the

hydrogen atoms follows that of the carbon atoms to
Cl14)

{CB)
o
Cl
cis NG
orzs o
/ ml N

cel N o

FIGURE 1

ORTEP drawing of trans-[RuCl,(LEt),]

which they are attached. Bond lengths and angles are
listed in Table 5. Calculation of intermolecular distances
shows that none are significantly shorter than the sum of
the relevant van der Waals radii so that there are discrete
molecules of both the complex and solvent. The mole-
cule of the complex is seen to have regular octahedral
co-ordination with frans chlorine atoms and the four
carbene ligands in a propeller arrangement in the equa-
torial plane. The molecule has nearly D, point-group
symmetry, not imposed by the space group.

In each of the carbene ligands the imidazolidine ring
and the substituent methylene-carbon atoms are essenti-
ally coplanar (Table 6), the small amounts of ring

TABLE 6

Deviations (A) of atoms from mean planes. Atoms not
used in defining the plane are indicated by an
asterisk
Plane (a): C(1) —0.006, C(2) 0.006, C(3) 0.005, C(4) —0.005,
Ru* 0.007

Plane (b): C(1) 0.000, N(1} —0.055, C(7) 0.081, C(8) —0.080,
N(2) 0.053, C(6)* 0.098, C(9)* —0.071, Ru* —0.002

Plane (c): C(2) —0.003, N(3) —0.028, C(13) 0.044, C(14) —0.045,
N(4) 0.032, C(12)* 0.166, C(15)* —0.044, Ru* —0.083

Plane (d): C(3) —0.003, N(5) —0.034, C(19) 0.052, C(20) —0.053,
N(6) 0.038, C(18)* 0.095, C(21)* —0.086, Ru* —0.033

Plane (e): C(4) —0.006, N(7) —0.062, C(25) 0.096, C(26) — 0.097,
N(8) 0.069, C(24)* 0.127, C(27)* —0.064, Ru* —0.085

Angles (°) between planes: (a)-(b) 45, (a)—(c) 49, (a)—(d) 45,

(a)—(e) 44, (b)—(c) 60, (b)—(d) 61, (b)—(e) 90, (c)—(d) 94, (c)—(e) 62
and (d)—(e) 61

i

puckering being presumably due to steric effects of
adjacent ligands, and bond lengths and angles within the
carbene ligands show excellent internal consistency.

833

Figure 2 shows these values averaged over both halves of
all the four carbene ligands together with the root-
mean-square (r.m.s.) deviations in parentheses, and these
values are used throughout the discussion. The r.m.s.
deviations are of approximately the same magnitude as
the individual estimated standard deviations derived
from the least-squares refinement. The averaged dimen-
sions are in good agreement with those of similar carbene
ligands in the complexes cis-[Mo(CO),(LM¢),],1% both cis-
and  frans-[PtCly(L*")(PEt,)],33 and frans-[RhLMe-
{NC(CF,),}(PPh,),].32 The N-C(carbenoid) distance
[1.349(11) A] indicates a slightly lower multiple bond
order for each C-N bond where the carbene carbon is
attached to two nitrogens, compared to a carbenoid
carbon attached to only one nitrogen where the C-N
distance from several structures4 averages 1.31(1) A
and the estimated bond order is 1.7. The C—C distance
[1.463(21) A] in the imidazolidine ring is significantly
shorter than expected for a single bond between two
sp3-hybridised carbon atoms. The explanation put
forward in the case of the platinum complexes 3 was
that it is due to the effects of librational shrinkage, but
it seems unlikely that in all the five structures containing
this ligand only the one bond is observed to be con-
sistently shortened, with no obvious effect on the other
bonds. Another possible cause might be that the

2105 {5)

FiGURE 2 Average bond lengths and angles for each of the

ruthenium-carbene units

observed bond length is calculated as between the posi-
tions of the two CH, carbon atoms averaged over two
possible non-planar ring conformations which are not
resolved in the structures. However, this again seems
highly unlikely, since in the structure of the molybdenum
complex 15 these atoms were refined anisotropically and
show no signs of this type of disorder. Equally, in the
ruthenium complex the difference-Fourier synthesis
provides no evidence for disorder between equivalent

4 C. K. Johnson, Oak Ridge National Laboratory, Report
ORNL-3794.
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non-planar ring structures. We can find no convincing
explanation for this phenomenon at present.

The highly crowded nature of the ruthenium complex
is obvious from the drawing of the molecule (FFigure 1).
All the four carbene ligands are arranged at an angle of
ca. 45° to the co-ordination plane defined by C(1), C(2),
C(3), and C(4), as is also seen in the molybdenum
complex. Although an all-frans arrangement of four
carbene ligands is, by analogy with phosphine complexes,
presumably disfavoured on the basis of metal-carbene
bonding, it is forced on the molecule by steric consider-
ations. Indeed, it seems intuitively unlikely that it
would be possible to have a stable octahedral complex
with three L% carbene ligands arranged in a fac manner,
although the unstable fac-|W(CO);(L¥e),] has been
obtained.”

The M-C bond length [2.105(5) A] is similar to that
observed in a complex of ruthenium with a 2-(4,5-
dimethylimidazolium) ligand 3! frans to a carbonyl
group [Ru-C(carbene) 2.128 A]. Both these distances
are in the middle of the range of Ru-C bond lengths
observed in a variety of complexes with s-bonded carbon
ligands,3b4% and by comparison, with for instance, the
Ru—C bond [2.16(1) A] to a s-bonded naphthyl group %
show no evidence of multiple bonding between the metal
and the carbene. Shorter Ru-C bond lengths have been
observed in other complexes of carbene and formimidoyl
ligands, e.g. 2.045 A in [Ru{CH[NMe(C,H,Me-p)]}-
(CNCgH Me-p)(CO)1,(PPhy)],5  1.96 in [Ru{CH-
(NC4H,Me-$)}(CO)(O,CMe)(PPhy)],52 and 1.901 A in an
ortho-metallated L#tol¥l complex of ruthenium.3* The
Ru-Cl distances do not differ significantly from their
average value [2.459(4) A], which is slightly longer than
that usually found for Ru—Cl (trans to Cl), e.g. 2.39 A in
[RuCl,y(PPhy),],% 2.398(7) A in [RuCly(NO)(PMePh,),],5
and 2.37 A in [Ru,Cl;(PBuny),].5

EXPERIMENTAL

General reaction procedures were as previously des-
cribed. 1?1 Analysis were carried out in our micro-
analytical laboratory by Mr. and Mrs. A. G. Olney, and for
air-sensitive compounds by the Butterworth Microanalytical
Consultancy Ltd. or A. Bernhardt Microanalytical Labor-
atory, West Germany. Carbon-13 and F n.m.r. spectra
were obtained by Mr. T. M. Siverns on a Jeol PEFT-100
Fourier-transform spectrometer. Infrared spectra (250—
4 000 cm™) were examined as dilute Nujol mulls between
CsI plates or dilute solutions in NaCl cells using a Perkin-
Elmer 457 grating spectrophotometer and calibrated via
a polystyrene film. Hydrogen-1 n.m.r. spectra were
routinely recorded in tubes sealed i# wvacuo on Varian
Associates HA100 or T80 spectrometers or (for decoupling
studies) a Perkin-Elmer R32 90-MHz spectrometer.

The electron-rich olefins were prepared by literature
methods,’® and [RuCl,(PPh,),] was prepared according to
the literature procedure.®

4% J. A. Moreland and R. J. Doedens, Inorg. Chem., 1976, 15,
2486 and refs. therein.

5% U. A. Gregory, S. D. Ibekwe, B. T. Kilbourn, and D. R.
Russell, J. Chem. Soc. (4), 1971, 1118.

8t D. F. Christian, G. R. Clark, and W. R. Roper, J. Organo-
melallic Chem., 1974, 81, C7.
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trans-[RuCl,(LMe),].—To a suspension of dichlorotris-
(triphenylphosphine)ruthenium (1) (0.96 g, 1.0 mmol) in
xylene (40 cm?® was added bi(l,3-dimethylimidazolidin-2-
ylidene) (IMe,) (0.49 g, 2.5 mmol). The mixture was
heated (130 °C, 20 min) to deposit a yellow microcrystalline
precipitate which was removed by filtration after cooling
(30 °C) the reaction mixture. The solid was washed with
OEt, (¢ X 5 cm3), acetone (2 X 5 cm?®), and OEt, (5 X 5
cm?®), and dried in wvacuo to afford trans-dichlovotetrakis-
(1,3-dimethylimidazolidin-2-ylidene)ruthenium(11)  (0.53 g,
949%).

trans-[RuCly(L¥t),].—To a suspension of [RuCl,(’Ph,),]
(0.96 g, 1.0 mmol) in C;H,;,Me (20 cm?) was added bi(1,3-
diethylimidazolidin-2-ylidene) (0.63 g, 2.5 mmol) and the
mixture heated (100 °C, 30 min). The suspension dissolved
to give a red-orange solution and a red oil. The mixture
was allowed to cool (10 °C) and filtered. Ifurther cooling
(—25 °C, 7 d) gave orange crystals. The solvent was re-
moved, the solid washed with OEt, (3 X 5 cm3), and twice
recrystallised from CgH,; Me by allowing the hot solution
to cool slowly to afford yellow-orange crystals of trans-
dichlovotetrakis(1,3-diethylimidazolidin-2-ylidene)vuthen-
um(11) (0.34 g, 50%).

trans-[RuCly(LCHPh) 7. To a suspension of [RuCl,-
(PPhg),] (0.96 g, 1.0 mmol) in C;H,;;Me (20 cm?) was added
bi(1,3-dibenzylimidazolidin-2-ylidene) (1.5 g, 3.0 mmol) and
the mixture heated (100 °C, 1 h). The brown-red suspen-
sion was slowly replaced by a yellow precipitate which was
removed by filtration and recrystallised from a small
volume of acetone (—25 °C, 7 d) to afford yellow crystals
of trans-dichlovotetrakis(1,3-dibenzylimidazolidin-2-ylidene)-
ruthenium(11) (0.70 g, 609,).

[Ru,Cl,(IMe) (PPh,),].—To a suspension of [RuCl,-
(PPhg),] (1.40 g, 1.46 mmol) in toluene (15 cm?) was added
IMe, (0.41 g, 2.1 mmol) and the mixture slowly warmed
(80 °C, 20 min). A brown-orange precipitate formed,
which was removed by filtration and washed with OEt,
(6 X 8 cm?). The solid was recrystallised from CH,-
Cl,-OEt, (—20 °C, 5 d) to afford brown-orange micro-
crystals of tvi-u-chlovo-chlovotris(1,3-dimethylimidazolidin-
2-ylidene)bis(tviphewylphosphine)divuthenium (i)  (0.51 g,
60%).

[Rul,(LMe),}.—A suspension of trans-[RuCl,(LMe),} (0.56
g, 1.0 mmol) and sodium iodide (0.35 g, 2.3 mmol) was
stirred (25 °C, 72 h) in acetone (20 cm?®). The pale yellow
suspension slowly disappeared and was replaced by an
orange solution above an orange-brown solid. The solvent
was removed in vacuo, the residue dissolved in CH,Cl,
(10 cm?3), and filtered. Addition of OEt, (5 cm?) and cooling
(—30 °C, 24 h) afforded brown-orange crystals of #ris-
(1,3-dimethylimidazolidin-2-ylidene)di-iodorut henium (11)

(0.54 g, 839%,).

trans-[Ru(CO)Cl(LMe), }JCl.—A suspension of trans-[RuCl,-
(LMe),] (0.56 g, 1.0 mmol) in CHCI, (10 cm?) was slowly
warmed (50—60 °C) whilst CO was gently bubbled through
the mixture. The suspension disappeared and was replaced
by a brownish solution (5 min). Addition of OEt, (4 cm?)
and cooling (—25 °C, 48 h) gave a pale pink powder which
was twice recrystallised from CH,Cl,-OEt, (—30 °C, 24 h) to

52 G. R. Clark, J. M. Waters, and K. R. Whittle, J.C.S. Dalton,
1975, 2556.

58 A. J. Schultz, R. L. Henry, J. Reed, and R. Eisenberg,
Inorg. Chem., 1974, 18, 732.

54 G. Chioccola and J. J. Daly, J. Chem. Soc. (4), 1968, 1981.

55 H. E. Winberg, Chem. Abs., 1966, 64, 15854h.
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afford trans-carbonylchlovotetrakis(l,3-dimethylimidazolidin-
2-ylidene)ruthenium (11) chlorvide (0.47 g, 809%,).

cis-[Ru(CO),Cly(LMe),1—A suspension of trans-[RuCl,-
(LMe),] (0.25 g, 0.44 mmol) in CHCl, (10 cm?®) was heated
(60 °C, 1 h) whilst CO was bubbled through the solution.
On cooling OEt, (10 cm?) was added to precipitate trans-
[Ru(CO)C1(LMe),1C1 and the mixture filtered. Cooling
(—25 °C, 7 d) gave an off-white solid which was recrystal-
lised from CH,Cl,—CH,, to afford cis-dicarbonyldichlorobis-
(1,3-dimethylimidazolidin-2-ylidene)ruthenium(ir) (0.028 g,
20%).

trans- and cis-[Ru(CO)Cl,(L¥t),].—A solution of frans-
[RuCl,(LEt),] (0.20 g, 0.3 mmol) in C;H;;Me (10 cm?) was
heated (80 °C, 5 min) whilst CO was gently bubbled through
the solution. A pale yellow solid precipitated, the mixture
was cooled (20 °C), filtered, and the solid recrystallised from
CHMe-C;H,, (—30 °C, 2 d) to afford pale yellow crystals
of trans-carbonyldichlovotris(1,3-diethylimidazolidin-2-
ylidene)ruthenium (1) (0.17 g, 959%). Dissolution of this
complex (0.12 g) in CHCl, (25 °C, 72 h) resulted in a colour
change from yellow to colourless. ILayering hexane on to
the surface and allowing the mixture to stand (25 °C, 48 h)
afforded white crystals of the cis-complex (0.09 g, 75%).

trans-[RuCl{LMe) (PF,)]X (X = Cl~ or [BF}).—(¢) X =
Cl~. The complex frans-[RuCly(LMe),] (0.30 g, 0.54 mmol)
was suspended in CHCI, (5 cm?) and gently heated (50 °C)
whilst PF,; was bubbled through the solution (ca. 5 min).
The solution became clear and pale brown. Addition of
OEt, (5 cm?® and cooling gave a pale-pink solid. The
solvent was removed and the residue recrystallised from
CH,Cl,-—OEt, (—30 °C, 24 h) to afford trans-chlovotetrakis-
(1,3-dimethylimidazolidin-2-ylidene) (trifluorophosphine)-
ruthenium (11) chlovide (0.21 g, 609,).

(i) X = [BF,])". To a suspension of the above complex
(0.10 g, 0.15 mmol) in acetone (5 cm?®) was added Na[BF,]
(0.01 g, 0.16 mmol) and the mixture stirred (25 °C, 15 min)
to form a pale pink solution and a pale suspension. The
mixture was filtered, OEt, (2 cm?® added, and cooling
(—20 °C, 24 h) afforded the tetrafluoroborate salt (0.086 g,
809%).

[RuCl,(L®),] (R = Me or Et).—({) R = Me. A suspen-
sion of trans-[RuCl,(LMe),} in CD,Cl, (ca. 0.5—1.0 cm?) was
heated (60—80 °C) in a 13C or 'H n.m.r. tube sealed in
vacuo (72 h) forming a deep red-brown solution, identified by
13C and 'H n.m.r. spectroscopy only as containing dichloro-
tris(1,3-dimethylimidazolidin-2-ylidene)ruthenium (11) (ca.
1009).

(#7) R = Et. A solution of frans-[RuCl,(LFt),] in CD,-
Cl, (ca. 0.5—1.0 cm?) in a 13C or 'H n.m.r. tube sealed in
vacuo was allowed to stand (25 °C, 2 h). The initial golden-
yellow solution quickly became red-brown and was identi-
fied by 'H and ®C n.m.r. spectroscopy as containing
dichlovotvis(1,3-diethylimidazolidin-2-ylidene)ruthenium(11)
(ca. 100%,).

[RuCl(LMe) {P(OMe),};]Cl.—To a suspension of trans-
[RuCl,(LMe) ] (0.15 g, 0.27 mmol) in CHCl, (5 cm?® was
added an excess of trimethyl phosphite (2 cm?3) and the
mixture warmed to 50 °C. The solution became clear and
pale brown. Diethyl ether was carefully added until a
slight cloudiness persisted in the solution and cooling
(—30 °C, 72 h) afforded chlorobis(1,3-dimethylimidazolidin-
2-ylidene)tris(tvimethyl phosphite)ruthenium (11) chlovide (0.12
g, 609%,) as an off-white solid which was recrystallised from
CHCL,-OEt, (10 cm?, ¢ca. 1:1, —30 °C) as a white solid.

trans-[Ru(CO)Cl(I.Me),(NC;H,),]Cl.—A suspension of trans-
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[RuCl,(LMe),] (0.56 g, 1.0 mmol) in pyridine (10 cm?) was
heated at 60 °C (6 h) whilst carbon monoxide was gently
bubbled through the hot solution. A white precipitate
formed which was removed by filtration, washed with OEt,,
and dried to afford trans-carbonylchlovobis(l,3-dimethyl-
imidazolidin-2-ylidene)dipyvidineruthenivm(11) chlovide (0.22
g, 40%,). The filtrate, on addition of OEt,, afforded a
second crop of the same material (0.03 g, 5%).
trans-[OsCly(LMe),].—To a suspension of mer-trichlorotris-
(di-n-butylphenylphosphinejosmium(ii) (0.19 g, 0.2 mmol)
in xylene (25 cm?, 25 °C) was added LMe, (0.04 g, 0.2 mmol).
Immediate reduction occurred to give a dark green solution.
The mixture was filtered and to the filtrate a further quan-
tity of olefin (0.12 g, 0.6 mmol) added and the mixture
heated (120 °C, 10 min) to give an orange precipitate, which
was removed by filtration, washed with OEt, (5 X 10 cm3),
and dried to afford trans-dichlovotetrakis(1,3-dimethylimid-
azolidin-2-ylidene)osmium(11) (0.12 g, 95%,).

TaBLE 7

Final atomic co-ordinates (X 10%) with estimated standard
deviations in parentheses

x y z

Ru 2 324(1) 0 005(1) 2 933(1)
cl(1) 2 179(1) 1 266(2) 1 715(2)
cl(2) 2 468(1) —1293(2) 4125(2)
N(1) 3 555(4) 0 777(6) 4 519(6)
N(2) 3 827(5) 0 997(6) 3 210(6)
N(3) 1329(4) 0 655(6) 4 229(6)
N(4) 1 885(4) 1918(6) 3 845(5)
N(5) 3 462(4) —1 469(6) 2 494(6)
N(6) 2 674(4) —1080(6) 1 260(6)
N(7) 1171(5) — 1 605(5) 2 166(6)
N(8) 0 720(5) —0129(6) 1 933(6)
c(1) 3 310(5) 0 642(7) 3 608(7)
c(2) 1 800(5) 0 935(7) 3 719(6)
C(3) 2 856(5) —0913(7) 2161(6)
C(4) 1 331(5) — 0 626(7) 2 286(7)
C(5) 3 536(8) 0 080(10) 6 038(10)
C(6) 3 162(6) 0 677(8) 5 218(7)
c(7) 4 233(6) 1 318(10) 4 735(9)
C(8) 4 478(7) 1 314(10) 3 883(8)
C(9) 3 896(6) 0 911(8) 2 270(7)
C(10) 3 994(8) 1 916(10) 1 829(10)
cQ1) 1035(8) —0750(11) 5 131(10)
C(12) 0 959(6) —0318(8) 4 203(8)
c(13) 1062(7) 1 488(9) 4 693(9)
C(14) 1 483(6) 2 320(9) 4 511(8)
C(15) 2 371(6) 2 583(8) 3 527(8)
C(16) 1 965(7) 3 386(10) 2 885(9)
c(17) 4 035(7) — 2 469(9) 3 812(10)
C(18) 3 921(6) 1 453(8) 3 384(7)
c(19) 3 711(7) —1987(10) 1 786(8)
C(20) 3 134(7) —1 822(10) 0 954(9)
c(21) 2 037(6) —0786(9) 0 604(8)
C(22) 2 200(8) —0215(10) — 0 184(10)
C(23) 1 439(8) —3307(11) 2 720(10)
C(24) 1 669(6) — 2 421(8) 2 252(8)
C(25) 0 439(7) —1771(10) 1 641(9)
C(26) 0 082(7) —0793(10) 1 648(9)
c(27) 0 572(6) 0 943(8) 2 020(7)
o 3000 0000 " 0000
C(29) 4 559(24) 0 382(33) —0 639(30)
C(30) 4 078(18) 0 565(26) —1221(24)

Crystal Data.—CyH (Cl,NyRu*0.5CH,,O, M = 629.92,
Monoclinic, a = 19.076(2), b = 13.409(1), ¢ = 14.952(2) A,
B = 102.85(6)°, U = 37289 A3 D, =112, = 4,
F(000) = 1 356. Mo-K, radiation, u = 5.73 cm™.. Space
group P2,/c (no. 14) from systematic absences of 0£0 for %
odd and 40! for ! odd.

A crystal of dimensions ca. 0.3 X 0.2 X 0.2 mm sealed in
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a capillary tube was used for data collection on a Hilger and
Watts Y290 four-circle diffractometer. Initially, celldimen-
sions were thought to be the same as those of the previous
batch,® but accurate cell dimensions derived by least-
squares treatment of the setting angles of 12 reflections
[A(Mo-K,) 0.709 26 A] showed small but significant
differences, particularly in f. This was subsequently
found to be due to inclusion of solvent (di-n-butyl ether)
molecules in the lattice. It is to be noted that in the initial
study C,H,;Me was used as the recrystallisation solvent
but OBu", was superior in providing crystals suitable for the
X-ray structure determination, and the inclusion of 0.5
OBun, of crystallisation also increased the aerial stability of
the complex. Intensity data with 6 < 22° were collected
by an »—20 step scan with Mo-K, radiation (graphite-
crystal monochromator). Three standard reflections re-
measured after every 100 reflections showed an overall
decrease of ca. 5% during the data collection, but not
equally for the three standards and no correction was
applied. The b5 448 reflections measured were corrected
for Lorentz and polarisation effects but not for absorption,
and standard deviations were calculated in the usual
manner % with p = 0.04. After averaging of equivalent
reflecticns, 2 641 unique reflections with I > 36(I) were
used in the structure analysis.

Structure Solution and Refinement.—The positions of all
the non-hydrogen atoms of the ruthenium complex were
derived by the usual heavy-atom technique and refined by
full-matrix least squares (Ru and Cl anisotropic) to a resi-
dual R 0.081. A difference-Fourier map revealed three
peaks, one of which lay on a centre of symmetry, which
were taken to be two carbon atoms and one oxygen atom of

* R = ZA[S|F,|,R = [EwA?[Xe|F,|%}, A = ||F,] —
20
C‘( For details see Notices to Authors No. 7, J.C.S. Dalton, 19717,
Index issue.

where

J.C.S. Dalton

a disordered solvent di-n-butyl ether molecule with the
oxygen atom at the centre of symmetry. Further small
peaks appeared to be consistent with extensive disorder of
the remaining atoms of the molecule. The two carbon
atoms and one oxygen atom of the solvent were included in
further refinement with isotropic temperature factors. At
this point hydrogen atoms for the carbene ligands were
included at idealised positions (C-H 1.08 A). The three
hydrogen atoms and one carbon atom of each methyl group
were refined as a rigid group with refinement of a common
isotropic temperature factor for all the methyl hydrogens.
A common temperature factor was also refined for the
methylene hydrogen atoms which were constrained to ride
on their corresponding carbon atom. Continued refinement
finally converged at R 0.055 (R’ 0.087) * with a maximum
shift-to-error of 0.1. A final difference-Fourier synthesis
had peaks of up to 0.6 ¢ A in the region of the disordered
solvent, but was elsewhere featureless. The weighting
scheme used in the least-squares refinement was o =
1/[e%F) + 0.005 7|F|*]. Scattering factors for neutral
atoms and dispersion corrections for Ru and Cl were taken
from ref. 57. The structure solution and refinement was
carried out with the SHELX program system of G. M.
Sheldrick. Final non-hydrogen atom positions are listed
in Table 7. Lists of temperature factors (Table 8), hydro-
gen-atom positions (Table 9), and structure factors (Table
10) are available as a Supplementary Publication No.
SUP 22223 (20 pp.).T
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