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Treatment of the nucleophilic carbene complexes [Ru(®-p-cymene)(x*(C,N)-C[P{=NP(=
0)(OR)2} Pholo)] (R = Et (1), Ph (2)) with an excess of terminal alkynes HC=CR' (R' = Ph,
p-Tol, CPhy(OH), CHPh(OH), C¢Hy, C(Me)=CH,), in THF at room temperature, results in
the chemo- and stereoselective formation of complexes 3a—f and 4a—f, via coupling of the
carbenic Ru=C carbon with the C=C triple bond of the alkyne and concomitant phenyl ortho
metalation. Under the same reaction conditions the carbene derivative [Ru(r®-p-cymene)-
(k%(C,N)-C[P{=NP(=0)(OEt)s} Phy] [P{=NP(=0)(OPh)s} Phy])] (5) reacts with phenylacetylene
to afford a nonseparable mixture of the complexes 6 and 7 resulting from the ortho metalation
of both N-phosphoryl iminophosphoranyl fragments —Ph,P=NP(=0)(OR); (R = Et, Ph). The
structure of complex 3¢ has been unambiguously confirmed by a single-crystal X-ray
diffraction study. The reaction of complex 1 with deuterated phenylacetylene suggests that
these C—C coupling processes involve transient (2-alkyne)—Ru(II) species rather than their
n'-vinylidene tautomers [Ru]=C=CHR'. Protonation of complexes 8a and 4a with HBF,
generates the cationic derivatives [Ru(7%-p-cymene)(«x*(C,C,C,N)-C[P{=NP(=0)(OR )z} Phy]s-
{(E)-C(H)=C(H)Ph})][BF4] (R = Et (8), Ph (9)) via selective cleavage of the Ru—Cjy bond in
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3a and 4a.

Introduction

Since the discovery by Fischer and Maasbal of the first
transition-metal carbene complexes in 1964, the chem-
istry of this class of compounds has spectacularly
blossomed over the past few decades. In fact, nowadays,
novel transition-metal carbene derivatives and their
reactivity patterns are among the most important goals
in organometallic chemistry, mainly due to the wealth
of their applications in both stoichiometric and catalytic
organic synthesis.? In this context, Cavell and co-
workers have demonstrated the usefulness of bis-
(iminophosphorano)methane ligands CHy{ P(=NSiMej3)-
Rg}s (R = Ph, Me, Cy) as precursors of a large variety
of unique “pincer” (A; known for Ti, Zr, Hf, Sm, and Mo)3
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or bridged (B; known for Cr, Al, Pb, and Sn)* carbene
complexes (see Chart 1), via double deprotonation of the
methylenic backbone.? Recently, Cavell’s group and our
group have extended this synthetic methodology to
electron-rich metals, giving rise to the isolation of the
first iminophosphorane-based platinum (C)® and ruthe-
nium (D)7 carbene complexes (see Chart 1). In contrast
to the “pincer” (A) and bridged (B) species, the carbene
moiety in complexes C and D is included into a single
four-membered metallacycle as the result of the selec-
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tive «2(C,N) coordination of the bis(iminophosphorano)-
methanediide anions to the metal.® We have also
described that the carbenic carbon atom in ruthenium
complexes D undergoes protonation reactions, pointing
out a marked nucleophilic character.” This has been
confirmed by DFT calculations on the model complex
[Ru(75-CHe)(«%(C,N)-C[P{=NP(=0)(OMe)s} Mesl2)], which
show a negative charge at the carbenic carbon atom (C¢
= —1.191).7

It is well-known that transition-metal carbene com-
plexes are prone to undergo C—C coupling processes
with a large variety of unsaturated organic substrates.?
This reactivity is indeed one of the most desired goals
in metal—carbene chemistry because of the potential
applications in catalytic organic synthesis, particularly
in the field of olefin and enyne metathesis.? Preliminary
studies by Cavell and co-workers have confirmed the
usefulness of iminophosphorane-based carbenes of the
type A and B to form novel C—C bonds. In particular,
they have found that (see Scheme 1) (i) the group 4
“pincer” carbenes [MCly{ «3(C,N,N)-C(PhoP=NSiMes)s}]
(M = Zr, Hf) undergo [2 + 2] cycloadditions of heterocu-
mulenes across the M=C bond to afford the metallatri-
cyclic compounds E!° and (ii) the bimetallic carbene
[(AlMeg)of po:x*C,C,N,N)-C(PheP=NSiMe3)s} | inserts het-
erocumulenes into the Al—C bonds to give the bicyclic
aluminum complexes F, in which a novel C=C bond is
formed.1!

Since the ability of the late-transition-metal carbenes
C and D to form novel C—C bonds is still unexplored,
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690, 2087.
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we have investigated the reactivity of the ruthenium-
(IT) complexes [Ru(%-p-cymene)(«x?(C,N)-C[P{=NP(=0)-
(OR)2}Phsglo)] (R = Et (1), Ph (2); type D) toward
terminal alkynes HC=CR'. Herein we report an inter-
esting reaction outcome since, in addition to the antici-
pated coupling of the Ru=C and C=C bonds, a concomi-
tant ortho metalation of one of the phenyl rings of the
pendant iminophosphorane groups occurs, leading to
compounds G (see Chart 2). The preparation of com-
plexes H, via selective cleavage of the Ru—C,.y bond in
complexes G by treatment with HBF4, is also described.

Results and Discussion

Activation of Terminal Alkynes by the Ruthe-
nium(II) Carbene Complexes [Ru(%-p-cymene) (k2-
(C,N)-C[P{=NP(=0)(OR)2} Phz]2)] (R = Et (1), Ph
(2)). We have found that the treatment of carbenes 1
and 2 with an excess of phenylacetylene or p-tolylacet-
ylene (ca. 20 equiv), in THF at room temperature,
results in the chemo- and stereoselective formation of
the ortho-metalated complexes 3a,b and 4a,b (see
Scheme 2), which have been isolated as air-stable yellow
solids in 70—77% yield. The generality of this process
was assessed by using functionalized alkynes such as
propargylic alcohols (1,1-diphenyl-2-propyn-1-ol (3¢ and
4c¢) and 1-phenyl-2-propyn-lol (3d and 4d); 61—-66%
yield) and 1,3-enynes (1-ethynylcyclohexene (3e and 4e)
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and 2-methyl-1-buten-3-yne (3f and 4f); 61—-70% yield)
(see Scheme 2).12

Ortho-metalated complexes 3a—f and 4a—f have been
characterized by standard spectroscopic techniques (IR
and 'H, 3'P{1H}, and 3C{'H} NMR), FAB mass spectra
(complexes 3a and 3c), and elemental analyses, all data
being fully consistent with the structural proposal
(details are given in the Experimental Section). The
NMR spectra also show that the formation of these
complexes proceeds in a diastereoselective manner (note
that three stereogenic centers are generated: i.e., the
ruthenium atom, the PCP carbon, and the phosphorus
atom of the metalated iminophosphorane unit). More-
over, the structure of complex 3¢ has been unambigu-
ously confirmed by a single-crystal X-ray diffraction
study (a RruRcRp/SruScSp racemic mixture is present).
An ORTEP-type drawing of the molecular structure of
the Rry.RcRp enantiomer showing the classical piano-
stool geometry is depicted in Figure 1; selected bond
distances and angles are listed in the caption. The
coordination sphere around ruthenium consists of the
175-p-cymene ring, one Cay carbon, and the three carbon
atoms of the allylic PCCH=CHR' unit (C(11), C(12),
and C(13)) in a «3(C,C,C) bonding mode. The Ru—C(28)
(2.095(3) A) and Ru—C(13) (2.223(3) A) bond lengths
show the expected values for Ru—Cgy and Ru—Canyi
single bonds, respectively.'? The bond distance C(11)—
C(12) (1.404(4) A) and those between these carbons and
ruthenium (Ru—C(11) = 2.222(3) A; Ru—C(12) = 2.127-
(3) A) are also comparable with those found in related
(arene)ruthenium(II) 7r-olefin complexes such as [RuH-
(78-CsMeg)(CHa=CHay)(PPhj3)][PFg] (C=C = 1.410(3) A;
Ru—C = 2.168(10) and 2.194(9) A),14 [RuH(75-p-cymene)-
(CHz=CHPh)(PPh3)][SbF¢] (C=C = 1.397(8) A; Ru—C
= 2.195(6) and 2.216(6) A)'5 and [RuH(#5:5'-CeH5CH-
CHyPPhy)(CHy=CH,)(PPhy)] [PFOG] (C=C = 1.367(6) A;
Ru—C = 2.199(4) and 2.195(4) A).18 As we can clearly
observe in Figure 1, the metal-coordinated olefinic unit
—CH=CHCPhy(OH) adopts an E configuration.

The NMR spectra obtained for complexes 3a—f and
4a—f show that the structures in solution are consistent

(12) No dehydration products derived from complexes 3¢,d and 4c,d
have been observed in the course of these reactions. Moreover, attempts
to dehydrate selectively 3c,d and 4c,d by treatment with HCI or CF3-
SO;H failed, giving instead complicated reaction mixtures of unchar-
acterized products.

(13) See for example: Seddon, E. A.; Seddon, K. R. In The Chemistry
of Ruthenium; Elsevier: Amsterdam, 1984, and references therein.

(14) (a) Kletzin, H.; Werner, H.; Serhadli, O.; Ziegler, M. L. Angew.
Chem., Int. Ed. 1983, 22, 46. (b) Werner, H.; Keltzin, H.; Hohn, A.;
Paul, W.; Knaup, W.; Ziegler, M. L.; Serhadli, O. J. Organomet. Chem.
1986, 306, 227.

(15) Faller, J. W.; Chase, K. J. Organometallics 1995, 14, 1592.

(16) Umezawa-Vizzini, K.; Lee, T. R. Organometallics 2004, 23,
1448.
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Figure 1. ORTEP-type view of the structure of complex
3c showing the crystallographic labeling scheme. The
diethyl ether molecule, phenyl groups (except the ortho
metalated one), and hydrogen atoms (except those on O(1),
C(11), and C(12)) have been omitted for clarity. Thermal
ellipsoids are drawn at the 10% probability level. Selected
bond distances (A) and angles (deg): Ru—C* = 1.7838(4);
Ru—C(11) = 2.222(3); Ru—C(12) = 2.127(3); Ru—C(13) =
2.223(3); Ru—C(28) = 2.095(3); C(11)—C(12) = 1.404(4);
C(11)—-C(14) = 1.541(4); C(12)—C(13) = 1.461(4); C(13)—
P(1) = 1.809(3); P(1)—N(1) = 1.574(2); N(1)—P(2) = 1.583-
(3); P(2)—0(2) = 1.478(3); P(2)—0(3) = 1.556(3); P(2)—0(4)
= 1.598(3); C(13)—P(3) = 1.828(3); P(3)—N(2) = 1.572(3);
N(2)—P(4) = 1.558(3); P(4)—0(5) = 1.442(3); P(4)—0(6) =
1.574(3); P(4)—0O(7) = 1.596(4); P(1)—C(27) = 1.773(3);
C(27)—C(28) = 1.410(4); C*—Ru—C(11) = 135.82(8); C*—
Ru—C(12) = 134.31(8); C*—Ru—C(13) = 137.95(7); C*—
Ru—C(28) = 127.49(7); C(11)—Ru—C(12) = 37.60(11); C(11)—
Ru—C(13) = 68.99(10); C(11)—Ru—C(28) = 78.64(11); C(12)—
Ru—C(13) = 39.17(10); C(12)—Ru—C(28) = 97.69(11); C(13)—
Ru—C(28) = 84.64(10); Ru—C(11)—C(12) = 67.51(15); Ru—
C(11)—C(14) = 124.8(2); Ru—C(12)—C(11) = 74.89(16); Ru—
C(12)—C(13) = 73.97(15); Ru—C(13)—P(1) = 111.37(13);
Ru—C(28)—C(27) = 121.5(2); C(13)—P(1)—N(1) = 108.48-
(13); C(13)—P(1)—C(27) = 103.45(13); P(1)—C(27)—C(28) =
117.7(2); P(1)—C(13)—P(3) = 116.47(14); C(13)—P(3)—N(2)
=110.07(14); P(1)—C(13)—C(12) = 122.6(2); C(13)—C(12)—
C(11) = 122.9(3); C(12)—C(11)—C(14) = 120.1(3). C* =
centroid of the p-cymene ring (C(1), C(2), C(3), C(4), C(5),
and C(6)).

with that of 3¢ in the solid state. Thus, the most
relevant spectroscopic features are the presence of (i)
(31P{H} NMR) four well-separated signals with equal
relative intensities (see Table 1), the chemical shifts as
well as the coupling constants observed being in accord
with the presence of uncoordinated PhoP=NP(=0)(OR)2
(R = Et, Ph) moieties,’»!7 and (ii) (}*C{'H} NMR)
characteristic resonances for the Ru—Cary and PoCCH=
CHR' carbons at ca. 6 173 (d, 2Jcp = 31—33 Hz; Ru—
Cary1), 52 (dddd, 1chp = 83—101 and 75—85 HZ, 3Jcp =
8—16 and 0—7 Hz; PCP), 83 (broad singlet; CH=CHR'),
and 78 (d, 3Jcp = 10—13 Hz; CH=CHR') ppm (see Table
2).

(17) (a) Cadierno, V.; Crochet, P.; Diez, J.; Garcia-Alvarez, J.; Garcia-
Garrido, S. E.; Gimeno, J.; Garcia-Granda, S.; Rodriguez, M. A. Inorg.
Chem. 2003, 42, 3293. (b) Cadierno, V.; Diez, J.; Garcia-Alvarez, J.;
Gimeno, J. Organometallics 2004, 23, 3425.
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Table 1. 31P{'H} NMR Data for the Ortho-Metalated Complexes 3a—f, 4a—f, 6, and 7¢

PhoP=N (RO):P=0
complex metalated arm nonmetalated arm metalated arm nonmetalated arm
R=Et; R =Ph (3a) 34.37 (ddd; 2Jpp = 39.1,28.1;  27.31 (dd; 2Jpp = 0.51 (d; 2Jpp = 28.1) 1.57 (dd; %Jpp = 28.1;
4Jpp = 3.0) 39.1,28.1) 4Jpp = 3.0)
R = Et; R’ = p-Tol (83b)® 34.40 (ddd; 2Jep = 32.5, 28.7;  27.16 (dd; 2Jpp = 0.50 (d; 2Jpp = 28.7) 1.54 (dd; 2Jpp = 28.7;
4Jpp = 3.2) 32.5,28.7) 4Jpp = 3.2)
R = Et; R" = CPhy(OH) (3¢)? 35.08 (ddd; %Jpp = 36.0, 26.9 28.22 (dd; 2Jpp = 0.36 (d; 2Jpp = 26.9) 1.87 (dd; 2Jpp = 26.9;
4Jpp = 6.1) 36.0, 26.9) 4Jpp = 6.1)
R = Et; R" = CHPh(OH) (83d)®  33.87 (dd; 2Jpp = 31.9, 29.6) 27.56 (dd; 2Jpp = 0.56 (d; 2Jpp = 29.6) 1.49 (d; 2Jpp = 29.6)
31.9, 29.6)
R =Et; R' = CsHy (3e)" 35.16 (ddd; 2Jpp = 32.6, 28.8;  26.82 (dd; 2Jpp = 1.80 (d; 2Jpp = 28.8) 2.44 (dd; 2Jpp = 32.2;
4Jpp = 3.6) 32.6, 32.2) 4Jpp = 3.6)
R=Et; R = C(Me)=CH; (8f)*  34.10 (ddd; 2Jpp = 32.2, 29.6;  28.58 (dd; 2Jpp = 0.52 (d; 2Jpp = 29.6) 1.58 (dd; 2Jpp = 29.6;
4Jpp = 3.1) 32.2,29.6) 4Jpp = 3.1)
R =Ph; R' = Ph (4a)® 36.12 (ddd; 2Jpp = 33.4,28.0;  28.97 (dd; 2Jpp = —9.76 (d; 2Jpp = 28.0)  —9.08 (dd; 2Jpp = 28.0;
4Jpp = 4.1) 33.4, 28.0) 4Jpp = 4.1)
R = Ph; R’ = p-Tol (4b)® 36.11 (ddd; 2Jpp = 33.4, 28.2;  28.86 (dd; 2Jpp = —9.80 (d; 2Jpp = 28.2)  —9.10 (dd; 2Jpp = 28.2;
4Jpp = 4.2) 33.4, 28.2) 4Jpp = 4.2)
R = Ph; R' = CPhy(OH) (4¢)® 35.65 (ddd; 2Jpp = 34.8,28.9;  29.87 (dd; 2Jpp = —9.81 (d; 2Jpp = 28.9) —8.70 (dd; 2Jpp = 28.9;
*Jpp = 4.5) 34.8,28.9) 4Jpp = 4.5)
R =Ph; R = CHPh(OH) (4d)® 35.78 (ddd; 2Jpp = 34.2, 30.1;  28.71 (dd; 2Jpp = —9.71 (d; 2Jpp = 30.1)  —9.17 (dd; 2Jpp = 28.3;
4Jpp = 4.3) 34.2, 28.3) 4Jpp = 4.3)
R =Ph; R’ = C¢Hy (4e)® 35.81 (ddd; 2Jpp = 34.1,28.3;  28.73 (dd; 2Jpp = —9.78 (d; 2Jpp = 28.3)  —9.13 (dd; 2Jpp = 28.3;
*Jpp = 4.5) 34.1,28.3) 4Jpp = 4.5)
R =Ph; R = C(Me)=CH, (4f)®  35.90 (ddd; 2Jpp = 33.8,29.3;  28.81 (dd; 2Jpp = —9.84 (d; 2Jpp = 29.3)  —8.94 (dd; 2Jpp = 28.0;
4Jpp = 4.5) 33.8, 28.0) 4Jpp = 4.5)
complex 6° 34.79 (ddd; 2Jpp = 32.4,28.9;  29.14 (dd; 2Jpp = 0.97 (d; 2Jpp = 28.9) —8.45 (dd; 2Jpp = 30.3;
4Jpp = 3.7) 32.4, 30.3) 4Jpp = 3.7)
complex 7° 36.34 (ddd; 2Jpp = 32.1,28.7;  26.24 (dd; 2Jpp = —8.98 (d; 2Jpp = 28.7) —1.85 (dd; 2Jpp = 31.4;
*Jpp = 3.0) 32.1,31.4) Jpp = 3.0)

@ Units: §in ppm and J in Hz. Abbreviations: d, doublet; dd, doublet of doublets; ddd, doublet of doublets of doublets. ® Spectra recorded
in CDCls. ¢ Spectra recorded in acetone-ds.

Table 2. Selected 'H and *C{'H} NMR Data for the Ortho-Metalated Complexes 3a—f, 4a—f, 6, and 7¢

1 13C{1H]}
complex CH=CHR' PCP CH=CHR' CH=CHR' Ru—Carm

R =Et; R' = Ph (3a)® 3.74 (m)? 52.91 (dddd; *Jcp = 95.2, 80.8; 74.84 (d;3Jcp = 83.96 (br) 173.09 (d; 2Jcp =
3Jcp = 15.0, 3.6) 12.3) 32.4)

R =Et; R’ = p-Tol (8b)° 3.78 (d; 3Jun = 52.67 (dddd; *Jcp = 99.0, 80.7; 75.36 (d; 3Jcp =  83.89 (br) 173.31(d; 2Jcp =
12.0) SJop = 14.7,4.2) 12.8) 32.5)

R=Et; R = CPhy(OH) B¢)*  3.16 (d; 3/ = 51.29 (ddd; WJep = 95.5, 77.0;  86.20 (d; 3Jcp= 83.03 (br)  172.99 (d; ZJcp =
10.6) 3Jop = 14.9) 11.3) 31.8)

R =Et; R = CHPh(OH) 3d)>  2.96 (m) 53.13 (dddd; Wcp = 95.2, 78.4;  78.67 (d;%Jop= 87.22 (br) 17252 (d; 2Jcp =
3Jcp = 14.4, 3.6) 11.4) 31.8)

R = Et; R' = CsHy (3e)* 2.87(d; 3Jug = 53.04 (dddd; *Jcp = 101.3, 78.5; 78.42(d;3Jcp = 82.77 (br) 174.73 (d; 2Jcp =
11.2) 3Jcp = 15.4, 6.0) 12.8) 32.6)

R =Et; R = C(Me)=CH; (3f)> 2.89 (d;3Jun = 52.56 (dddd; Jcp = 95.8, 80.2; 76.23 (d; 3Jcp = 83.10 (br) 172.75 (d; 2Jcp =
11.2) 3Jop = 10.6, 5.4) 12.7) 32.6)

R = Ph; R' = Ph (4a)® 3.86 (d; 3Jgu = 51.16 (dddd; *Jcp = 96.1, 80.9; 75.04 (d; 3Jcp =  82.91 (br) 173.38 (d; 2Jcp =
11.2) 3Jop = 14.2,5.7) 12.2) 32.6)

R = Ph; R' = p-Tol (4b)® 3.84 (d; 3Jyn = 50.71 (dddd; *Jcp = 96.7, 84.7; 75.47 (d;3Jcp =  82.71 (br) 173.60 (d; 2Jcp =
11.2) 3Jcp =12.8,4.7) 12.2) 32.6)

R = Ph; R’ = CPhy(OH) (4c)® 3.12(d; 3Jug = 48.94 (dddd; *Jcp = 96.1, 82.3; 83.70 (d; 3Jcp =  81.65 (br) 172.51 (d; 2Jcp =
10.5) 3Jcp = 13.9, 6.1) 11.1) 32.0)

R = Ph; R = CHPh(OH) (4d)®  2.92 (m) 51.18 (dddd; Wcp = 95.2,81.2; 7854 (d; %Jep = 85.82 (br)  172.99 (d; 2Jcp =
3Jop = 16.3, 7.1) 10.5) 32.0)

R = Ph; R' = C¢Hpy (4e)? 2.94 (m)° 49.72 (ddd; *Jcp = 82.9, 75.7; 78.40 (d; 3Jcp =  80.66 (br) 173.30 (d; 2Jcp =
3Jcp = 17.8) 12.0) 32.3)

R =Ph; R = C(Me)=CH; (4f)> 291 (d;3Jyg = 50.92 (dddd; *Jcp = 101.3,81.7; 76.36 (d;3Jcp = 82.13 (br) 173.09 (d; 2Jcp =
11.1) 3Jcp = 14.7,6.5) 12.8) 32.1)

mixture of complexes 6 and 7>  3.86 (m)? 52.09 (m; two carbons) 74.82 (d; 3Jcp = 83.30 (br) 172.52 (d; 2Jcp =
12.8) 31.8)

75.06 (d; 3Jcp =  83.55 (br) 173.81 (d; 2Jcp =
12.2) 33.2)

@ Units: ¢ in ppm and ¢/ in Hz. Abbreviations: br, broad singlet; d, doublet; ddd, doublet of doublets of doublets; dddd, doublet of
doublets of doublets of doublets; m, multiplet. ® Spectra recorded in CDCls. ¢ Spectra recorded in acetone-ds. ¢ Overlapped by the OCHCHj
signals. ¢ Overlapped by the CH(CHs3)q signals.

The reactivity of the carbene complex [Ru(5-p- nonseparable mixture of the ortho-metalated isomers
cymene)(k2(C,N)-C[P{=NP(=0)(OEt)s} Phy] [P{=NP(= 6 and 7 was obtained in a ca. 1:1 ratio (see Scheme 3).18
0)(OPh)9} Phol)] (5),72 containing an unsymmetrical
bis(iminophosphorano)methanediide ligand, tqward phe- (18) Analytical and spectroscopic data for this mixture are included
nylacetylene has been also explored. In this case, a in the Experimental Section and Tables 1 and 2.
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This means that phenyl rings in both PhyoP groups of
the ligand are able to undergo ortho metalation, proving
that decoordination of the PhoP=N unit occurs in the
course of these unusual coupling processes. The known
hemilability of the N-phosphoryl iminophosphoranyl
fragments —PhoP=NP(=0)(OR)s probably promotes the
ready coordination of the alkyne to ruthenium.”17

To shed light on the mechanism and the fate of the
terminal hydrogen of the alkynes, the reaction of the
complex [Ru(3%-p-cymene)(«*(C,N)-C[P{=NP(=0)(OEt)s} -
Phylo)] (1) with deuterated phenylacetylene was per-
formed. The reaction affords 3a’, which selectively
incorporates deuterium at the central allylic carbon (see
Scheme 4).19 This fact clearly indicates that a transient
n%-alkyne complex is initially formed and that no
tautomerization into the corresponding 7!-vinylidene
isomer [Ru]=C=CDPh occurs. This is in accord with the
nucleophilic nature of the Ru=C bond and therefore
with the electron deficiency of the metal in carbene
complexes 1 and 2. Otherwise, as is well-known, electron-
rich ruthenium fragments would have favored the
tautomerization of n%-alkyne complexes into their #!-
vinylidene isomers.2? All attempts to detect intermediate
species by NMR spectroscopy have been unsuccessful,
the spectra showing only the signals of the carbenic
precursors and the final products.

(19) This was confirmed by 3C{'H} NMR spectroscopy (in 'H NMR,
all the olefinic signals are overlapped). Thus, the olefinic CD=CHPh
carbons of 3a’ resonate at dc(CgDg) 84.61 (broad triplet, Jcp = 12.1
Hz) and 75.73 (d, ®Jcp = 12.6 Hz) ppm, respectively (to be compared
with 0c(CDCl;3) 83.96 (broad singlet) and 74.84 (d, 3Jcp = 12.3 Hz) ppm,
respectively, in 3a).

(20) For reviews on the chemistry of transition-metal vinylidene
complexes see: (a) Bruce, M. I. Chem. Rev. 1991, 91, 197. (b) Werner,
H. J. Organomet. Chem. 1994, 475, 45. (c) Bruneau, C.; Dixneuf, P. H.
Acc. Chem. Res. 1999, 32, 311. (d) Puerta, M. C.; Valerga, P. Coord.
Chem. Rev. 1999, 193—195, 9717. (e) Selegue, J. P. Coord. Chem. Rev.
2004, 248, 1543. (f) Cadierno, V.; Gamasa, M. P.; Gimeno, J. Coord.
Chem. Rev. 2004, 248, 1627. (g) Werner, H. Coord. Chem. Rev. 2004,
248, 1692. (h) Katayama, H.; Ozawa, F. Coord. Chem. Rev. 2004, 248,
1703.
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On the basis of all these observations a mechanistic
proposal for the formation of ortho-metalated complexes
3a—f and 4a—f is illustrated in Scheme 5. We assume
that the first step is the 7-coordination of the alkyne to
ruthenium, via decoordination of the iminophosphorane
fragment, to afford I. The subsequent regioselective
C—C coupling between the carbenic Ru=C carbon and
the less sterically hindered carbon of the coordinated
alkyne gives the 16e metallacyclobutene intermediate
II. An intramolecular aryl ortho metalation within II
generates the 18e ruthenium(IV) hydride complex III,
which evolves into the final product 3a—f and 4a—f by
reductive elimination. The diastereoselectivity observed
in the formation of 3a—f and 4a—f seems to indicate
that the C—H activation step (II — III) proceeds in a
concerted manner.

It should be noted that the related platinum carbene
derivative [Pt(k%(C,N)-C{P(=NSiMe3)Phy}2)(COD)] (C)
undergoes, under thermal conditions, a related aryl
ortho metalation to afford complex K (see Scheme 6).52
The proposed mechanism for this transformation in-
volves also the formation of a metallic hydride inter-
mediate J, via oxidative addition of one of the Caryi—H
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bonds, which evolves through the transfer of the hydride
ligand from the metal to the carbenic carbon atom. In
our case, no ortho-metalation processes were observed
in the absence of the terminal alkynes, supporting the
involvement of the 5%-alkyne intermediate I in the
formation of complexes 3a—f and 4a—f (see Scheme 5).

Synthesis of the Ruthenium(II) Complexes [Ru-
(n8-p-cymene)(k*(C,C,C,N)-C[P{=NP(=0)(OR)2} -
Phs]o{ (E)-C(H)=C(H)Ph})]I[BF4] (R = Et (8), Ph (9)).
To evaluate the strength of the Ru—C bonds in the
ortho-metalated complexes 3a—f and 4a—f, their be-
havior toward acids has been explored. Thus, we have
found that the treatment of complexes 3a and 4a with
1 equiv of HBFy, in dichloromethane at room temper-
ature, generates the cationic derivatives [Ru(n®-p-cy-
mene)(«*C,C,C,N)-C[P{=NP(=0)(OR)s} Phalo{ (E)-C(H)=
CH)PhPI[BF4 (R = Et (8), Ph (9)), which have been
isolated as air-stable yellow solids in 78 and 79% yields,
respectively (see Scheme 7). Complexes 8 and 9 result
from the selective cleavage of the Ru—C,y1 bond in 3a
and 4a and subsequent N-coordination to ruthenium of
one of the iminophosphorane fragments PhoP=NP(=0)-
(OR)s.

Compounds 8 and 9 have been characterized by
elemental analyses, conductance measurements (1:1
electrolytes), and IR and NMR spectroscopy (see the
Experimental Section for details), the last measure-
ments supporting their diastereoselective formation (the
ruthenium atom and the PCP carbon are again stereo-
genic centers). In particular, the 31P{1H} NMR spectra
show the expected presence of four chemically inequiva-
lent phosphorus nuclei (see Table 3). The downfield
chemical shift observed for one of the two PhyP=N
phosphorus resonances, 57.41 (8) and 58.31 ppm (9),
confirms its coordination to the metal, forming part of
a four-membered ruthenacarbocycle (the uncoordinated
PhoP=N units resonate at ca. 25 ppm). These data can
be compared to those observed in the carbenic precur-
sors [Ru(n%-p-cymene)(x®(C,N)-C[P{=NP(=0)(OR)}-
Phylo)] (R = Et (1), Ph (2)) also containing a four-
membered metallacycle.” The cleavage of the Ru—aryl
bond in ortho-metalated complexes 3a and 4a is clearly
confirmed in the 13C{'H} NMR spectra of compounds 8
and 9 by the disappearance of the characteristic Ru—
Caryi signals. The BC{!H} NMR spectra are also con-
sistent with the presence of a coordinated allylic Po-
CCH=CHPh unit, showing characteristic resonances at
ca. 0 33 (PCP), 81 (CH=CHPh) and 89 ppm (CH=CHPh)
(see Table 4). As previously observed for 3a and 4a, the
olefinic CH=CHPh proton in complexes 8 and 9 reso-
nates, in 'H NMR, as a doublet (ca. 3Jyy = 13 Hz) at
5.3 ppm, while that of the CH=CHPh proton appears

Cadierno et al.

within the aromatic signal region (see Table 4 and the
Experimental Section).

Conclusions

Although C—C coupling reactions of carbene com-
plexes? and aryl ring ortho metalations?! are well-
known, in this paper we show for the first time the
ability of a ruthenium carbene to undergo both processes
simultaneously. Thus, new types of (y%-arene)ruthe-
nium(II) complexes (3a—f and 4a—f) containing an all-
carbon-bonded ligand, consisting of one Cay and an
allylic P,CCH=CHR unit in a «3(C,C,C) bonding mode,
have been easily prepared in high yields by reacting the
nucleophilic carbenes [Ru(%-p-cymene)(«?(C,N)-C[P{=
NP(=0)(OR)2} Phsls)] (R = Et (1), Ph (2)) with terminal
alkynes. Remarkably, the C—C coupling and C—H
activation processes involved in the formation of these
unusual hydrocarbon ligands take place under mild
conditions (room temperature) in a totally chemo- and
stereoselective manner. To the best of our knowledge,
these are the first examples proving the ability of an
iminophosphorane-based carbene complex of an electron-
rich metal to undergo C—C coupling reactions. This is
a significant step to match the reactivity of these
unusual carbenes with that shown by the well-known
Grubbs type ruthenium carbenes. In summary, the
results reported in this paper suggest useful applica-
tions of the ruthenium(II) carbenes [Ru(y%-p-cymene)-
(«3(C,N)-C{P(=NR)Phy}2)] to the preparation of elabo-
rated ruthenium organometallics. Further studies in
this direction are currently under active investigation.

Experimental Section

The manipulations were performed under an atmosphere
of dry nitrogen using vacuum-line and standard Schlenk
techniques. Solvents were dried by standard methods and
distilled under nitrogen before use. All reagents were obtained
from commercial suppliers and used without further purifica-
tion, with the exception of the compounds [Ru(y5-p-cymene)-
«*(C,N)-C[P{=NP(=0)(OR)2} Phsl5)] (R = Et (1), Ph (2)) and
[Ru(y78-p-cymene)(«k*(C,N)-C[P{=NP(=0)(OEt)s} Pho] [P{=NP-
(=0)(OPh)3} Phgl)] (5), which were prepared by following the
method reported in the literature.” Infrared spectra were
recorded on a Perkin-Elmer 1720-XFT spectrometer. The
conductivities were measured at room temperature, in ca. 1073
mol dm~2 acetone solutions, with a Jenway PCM3 conduc-
timeter. The C, H, and N analyses were carried out with a
Perkin-Elmer 2400 microanalyzer. Mass spectra (FAB) were
recorded using a VG Autospec spectrometer, operating in the
positive mode; 3-nitrobenzyl alcohol was used as the matrix.
NMR spectra were recorded on a Bruker DPX-300 instrument
at 300 MHz (H), 121.5 MHz (3'P), or 75.4 MHz (*3C) using
SiMe, or 85% HsPO, as standards. DEPT experiments have

(21) Ortho metalations of aromatic rings in (75-arene)ruthenium-
(IT) complexes are well documented. See for example: (a) Ceccanti,
A.; Diversi, P.; Ingrosso, G.; Laschi, F.; Lucherini, A.; Magagna, S.;
Zanello, P. J. Organomet. Chem. 1996, 526, 251. (b) Enders, D.; Gielen,
H.; Raabe, G.; Runsink, J.; Teles, J. H. Chem. Ber./Recl. 1997, 130,
1253. (c¢) Steenwinkel, P.; James, S. L.; Gossage, R. A.; Grove, D. M.;
Kooijman, H.; Smeets, W. J. J.; Spek, A. L.; van Koten, G. Organo-
metallics 1998, 17, 4680. (d) Brunner, H.; Zwack, T. Organometallics
2000, 19, 2423. (e) Ritleng, V.; Bertani, P.; Pfeffer, M.; Sirlin, C.;
Hirschinger, J. Inorg. Chem. 2001, 40, 5117. (f) Pérez, J.; Riera, V.;
Rodriguez, A.; Miguel, D. Organometallics 2002, 21, 5437. (g) Davies,
D. L.; Al-Duaij, O.; Fawcett, J.; Giardiello, M.; Milton, S. T.; Russell,
D. R. Dalton 2003, 4132. (h) Le Lagadec, R.; Rubio, L.; Alexandrova,
L.; Toscano, R. A.; Ivanova, E. V.; Meskys, R.; Laurinavicius, V.; Pfeffer,
M.; Ryabov, A. D. J. Organomet. Chem. 2004, 689, 4820.
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Table 3. 31P{'H} NMR Data for the Complexes
[Ru(®é-p-cymene) (k*(C,C,C,N)-C[P{=NP(=0)(0OR);} Phy]x{ (E)-C(H)=C(H)Ph})1[BF4] (8 and 9)*

complex Ru—N=PPh, PhoP=N Ru—NP(=0)(OR)s (RO):P=0
R=Et(8) 57.41 ppm (ddd; 2Jpp = 24.86 ppm (ddd; 2Jpp = 6.80 ppm (ddd; 2Jpp = 14.5; —5.57 ppm (ddd; 2Jpp = 40.4;
61,4, 14.5; 4JPP =9.3) 61.4, 40.4; 4JPP = 7.5) 4Jpp = 7.5; 6Jpp = 6.8) 4JPP = 9.3; 6JPP = 6.8)
R=Ph(9 58.31 ppm (ddd; 2Jpp = 26.71 ppm (ddd; 2Jpp = —3.78 ppm (ddd; 2Jpp = 13.4; —16.12 ppm (ddd; 2Jpp = 36.0;

65.4, 13.4; 47pp = 10.6)

65.4, 36.0; 47pp = 8.5)

4Jpp = 8.5; 6Jpp = 9.9) 4Jpp = 10.6; 8Jpp = 9.9)

@ Spectra recorded in CDyCly. J values are given in Hz. Abbreviations: ddd, doublet of doublets of doublets.
Table 4. Selected 'H and *C{'H} NMR Data for Cationic Complexes 8 and 9¢

11 BBC{1H}
complex CH=CHPh PCP CH=CHPh CH=CHPh
R =Et (8) 5.28 (d; 3Jun = 12.5) 33.90 (dddd, Jcp = 113.6, 81.7; 81.21 (dd; 3Jcp = 10.2, 4.4) 89.18 (d; ZJcp = 2.9)
3Jop = 17.8,10.7)
R=Ph(9)  530(d;3Jun=134)  32.77 (ddd; Wop = 103.9, 85.5; 81.86 (dd; 3Jcp = 10.1,3.7)  89.18 (br)

3Jop = 12.7)

@ Spectra recorded in CDgCly. Units: 0 in ppm and </ in Hz. Abbreviations: br, broad singlet; d, doublet; dd, doublet of doublets; ddd,
doublet of doublets of doublets; dddd, doublet of doublets of doublets of doublets.

been carried out for all the compounds reported. 'H and 3C
assignments were confirmed by H—'H COSY45, 'H-13C
HSQC, and 'H-13C HMBC NMR experiments. 3'P{'H} NMR
spectroscopic data for all the compounds reported in this paper
are collected in Tables 1 and 3.

Synthesis of the Ortho-Metalated Complexes 3a—f and
4a—f. A solution of the corresponding carbene complex [Ru-
(78-p-cymene)(x%(C,N)-C[P{=NP(=0)(OR)3} Phals)] (R = Et (1),
Ph (2)) (0.2 mmol) and the appropriate terminal alkyne (4
mmol) in 30 mL of THF was stirred at room temperature for
36 h (complexes 3a,c,d and 4¢,d) or 48 h (complexes 3b,e,f
and 4a,b,e,f). The solvent was then removed in vacuo and the
resulting solid residue transferred to a silica gel chromatog-
raphy column. Elution with a dichloromethane/methanol (4/
1) mixture gave a yellow band, from which complexes 3a—f
and 4a—f were isolated after solvent removal.

3a. Yield: 70% (0.143 g). Anal. Caled for RuCs1HgoOsP4Ns:
C, 59.94; H, 5.92; N, 2.74. Found: C, 59.61; H, 5.59; N, 2.64.
'H NMR (CDCls): 6 0.92 and 1.24 (t, 3H each, 3Jug = 7.0 Hz,
OCH.CH3), 0.98 (d, 3H, 3Jun = 6.5 Hz, CH(CHj;),), 1.02 and
1.16 (t, 3H each, 3Juy = 6.9 Hz, OCH2CH3), 1.19 (d, 3H, 3Jun
= 6.7 Hz, CH(CH5;)y), 1.91 (s, 3H, CHj3), 2.86 (m, 1H, CH(CHj3)s),
3.56 (m, 4H, OCH.CH3), 3.74 (m, 5H, OCHsCH;3 and CH=
CHPh), 4.26 and 5.29 (d, 1H each, %Jgn = 5.8 Hz, CH of
p-cymene), 5.10 and 5.56 (d, 1H each, ?Juy = 6.0 Hz, CH of
p-cymene), 6.72—8.84 (m, 25H, CH,yom and CH=CHPh) ppm.
BC{'H} NMR (CDCl3): ¢ 16.15 (d, 2C, 3Jcp = 4.2 Hz,
OCH.CH3), 16.26 (d, 2C, 3Jcp = 3.6 Hz, OCH.CH3), 17.34 (s,
CHs), 19.88 and 24.90 (s, CH(CHs),), 30.10 (s, CH(CHs)s), 52.91
(dddd, 'Jcp = 95.2 and 80.8 Hz, *Jcp = 15.0 and 3.6 Hz, PCP),
60.30 (d, 2Jcp =54 HZ, OCHz), 60.47 (d, ZJCP =6.0 HZ, OCHz),
61.16 (d, 2C, 2Jcp = 6.0 Hz, OCHy), 74.84 (d, *Jcp = 12.3 Hz,
CH=CHPh), 83.96 (br, CH=CHPh), 89.24, 90.99, 92.93, and
97.57 (s, CH of p-cymene), 105.66 and 117.84 (s, C of p-
cymene), 122.07—145.85 (m, CHarom and Carom), 173.09 (d, 2Jcp
= 32.4 Hz, Ru—C,y) ppm. MS (FAB) m/z 1023.9 [M* + 1],
888.5 [M" — p-cymene].

3b. Yield: 77% (0.159 g). Anal. Caled for RuCs2HeaOsP4Ns:
C, 60.28; H, 6.03; N, 2.70. Found: C, 60.54; H, 6.11; N, 2.83.
H NMR (CDCls): 6 0.93 (t, 3H, %Juu = 7.0 Hz, OCH.CHs),
0.99 (d, 3H, 3Jun = 6.6 Hz, CH(CH3)2), 1.03 (t, 3H, 3Jun = 6.7
Hz, OCH,CHs;), 1.16 (t, 3H, °Jug = 7.1 Hz, OCH;CHs), 1.20
(d, 3H, 3Jun = 7.1 Hz, CH(CH3)s), 1.25 (t, 3H, 2Juu = 6.6 Hz,
OCH;CHs3), 1.93 (s, 3H, CHs), 2.30 (s, 3H, CsH4CH3), 2.88 (m,
1H, CH(CH3)y), 3.57 and 3.87 (m, 4H each, OCH,CHj3), 3.78
(d, 1H, 3Jyn = 12.0 Hz, CH=CHC¢H Me), 4.27, 5.09, 5.29 and
5.56 (d, 1H each, 3Jun = 6.0 Hz, CH of p-cymene), 6.74—8.85
(m, 24H, CHuom and CH=CHC¢HsMe) ppm. 3C{'H} NMR
(CDCly): 0 14.65 (d, 2C, 3Jcp = 3.0 Hz, OCH.CHj3), 16.26 (d,
2C, 3Jcp = 3.8 Hz, OCH2CHy3), 17.40 (s, CH3), 19.88 and 24.93
(s, CH(CHj)p), 21.32 (s, C¢H4CHs), 30.10 (s, CH(CHs)), 52.67

(dddd, 'Jep = 99.0 and 80.7 Hz, 3Jcp = 14.7 and 4.2 Hz, PCP),
60.50 (d, 2Jcp = 6.0 Hz, OCHy), 60.78 (d, 2Jcp = 5.3 Hz, OCHy),
61.09 (d, 2Jcp = 6.8 Hz, OCHy), 61.18 (d, 2Jcp = 6.1 Hz, OCHy),
75.36 (d, %Jcp = 12.8 Hz, CH=CHCeH;Me), 83.89 (br, CH=
CHCgHsMe), 89.10, 90.85, 92.84, and 97.58 (s, CH of p-
cymene), 105.54 and 117.64 (s, C of p-cymene), 122.00—145.87
(m, CHarom and Carom), 173.31 (d, 2Jcp = 32.5 Hz, Ru—Cgy) ppm.

3c. Yield: 61% (0.138 g). Anal. Calcd for RuCssHgsO7P4Ns:
C, 61.75; H, 5.90; N, 2.48. Found: C, 61.61; H, 5.57; N, 2.28.
IR (KBr, cm™1): 3205 (v(OH)). 'TH NMR (CDCls): 6 0.85 and
1.94 (t, 3H each, 3JHH =6.8 HZ, OCH2CH3), 0.94 (d, 3H, 3JHH
= 6.6 Hz, CH(CH3)9), 0.97 (t, 3H, 3Juu = 7.0 Hz, OCH.CHj;),
1.17 (d, 3H, %Jun = 7.0 Hz, CH(CHj3)2), 1.26 (t, 3H, 3Jun = 6.7
Hz, OCH.CH3), 2.22 (s, 3H, CHj3), 2.90 (m, 1H, CH(CH3)2), 3.16
(d, 1H, 3Jgg = 10.6 Hz, CH=CHCPhyOH), 3.58 and 3.99 (m,
4H each, OCH;CHs), 4.71 and 4.93 (d, 1H each, 3Jug = 5.5
Hz, CH of p-cymene), 4.84 and 5.17 (d, 1H each, 3Jug = 5.9
Hz, CH of p-cymene), 6.60—8.90 (m, 30H, CHuyom and CH=
CHCPh,OH) ppm; OH signal not observed. *C{'H} NMR
(CDCls): 6 15.71 (d, 2C, 3Jcp = 8.2 Hz, OCH.CH3), 16.24 (d,
2C, 3Jcp = 7.7 Hz, OCHyCHs), 17.93 (s, CH3), 19.02 and 25.32
(s, CH(CHs)9), 29.96 (s, CH(CH3)2), 51.29 (ddd, Jcp = 95.5 and
77.0 Hz, 3Jcp = 14.9 Hz, PCP), 60.32 (d, 2Jcp = 4.3 Hz, OCHy),
60.52 and 61.16 (d, 2Jcp = 5.6 Hz, OCH,), 61.25 (d, 2Jcp = 7.8
Hz, OCHy), 80.86 (s, CPhyOH), 83.03 (br, CH=CHCPh,OH),
86.20 (d, 3Jcp = 11.3 Hz, CH=CHCPh;OH), 86.93, 88.55, 92.46,
and 93.73 (s, CH of p-cymene), 107.74 and 125.86 (s, C of
p-cymene), 126.22—148.35 (m, CHayom and Cayem), 172.99 (d,
2Jcp = 31.8 Hz, Ru—Cayy1) ppm. MS (FAB) m/z 1129.9 [M* +
1], 994.8 [M" — p-cymene], 977.7 [M™ — NP(=0)(OEt)].

3d. Yield: 61% (0.128 g). Anal. Calcd for RuC52H6207P4N2-1/
2CHyCly: C, 57.61; H, 5.80; N, 2.56. Found: C, 57.86; H, 5.63;
N, 2.49. IR (KBr, cm™'): 3215 (»(OH)). '"H NMR (CDCls): ¢
0.82 and 1.25 (t, 3H each, 3Jun = 7.0 Hz, OCH2CH3), 0.94 and
1.04 (t, 3H each, %Jun = 6.8 Hz, OCH.CH3), 1.02 (d, 3H, %Jun
= 6.8 Hz, CH(CH3;)s), 1.20 (d, 3H, 3Jun = 6.6 Hz, CH(CH3)y),
2.24 (s, 3H, CHs), 2.96 (m, 2H, CH(CHj3); and CH=CHCH-
PhOH), 3.54 and 3.90 (m, 4H each, OCH>CHj3), 4.92 and 5.09
(d, 1H each, 3Juu = 6.0 Hz, CH of p-cymene), 4.98 (d, 1H, 3Jun
= 8.0 Hz, CH of p-cymene), 5.19 (br, 2H, CH of p-cymene and
CHPhOH), 6.21—8.83 (m, 25H, CH,yom and CH=CHCHPhOH)
ppm; OH signal not observed. 1*C{'H} NMR (CDCl3): 6 15.80
(d, ZC, 3Jcp =178 HZ, OCHchg), 16.20 (d, 2C, 3JCP =84 HZ,
OCH:CH3), 18.06 (s, CHs), 19.31 and 25.29 (s, CH(CHs)s), 30.01
(S, CH(CHg)z), 53.13 (dddd, 1Jcp = 95.2 and 78.4 HZ, 3Jcp =
14.4 and 3.6 Hz, PCP), 60.29 (d, 2Jcp = 5.4 Hz, OCHy), 60.55,
61.16 and 61.36 (d, 2Jcp = 6.0 Hz, OCHy), 78.20 (s, CHPhOH),
78.67 (d, ®Jcp = 11.4 Hz, CH=CHCHPhOH), 87.22 (br, CH=
CHCHPhOH), 89.46, 89.68, 93.46, and 93.73 (s, CH of p-
cymene), 104.84 and 120.91 (s, C of p-cymene), 122.28—145.38
(m, CHarom and Carom), 172.52 (d, %Jcp = 31.8 Hz, Ru—Cayy1) ppm.
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3e. Yield: 66% (0.135 g). Anal. Caled for RuCs;HgsOsP4Na:
C, 59.70; H, 6.29; N, 2.73. Found: C, 59.47; H, 6.12; N, 2.55.
IR (KBr, cm™1): 1567 (»(C=C)). 'H NMR (acetone-ds): 0 0.91
(t, 3H, 3Jun = 6.9 Hz, OCH,CH3), 0.98 and 1.25 (d, 3H each,
3JHH = 7.2 HZ, CH(CHs)z), 1.04 (t, 3H, 3JHH = 7.7 HZ,
OCH.CH3), 1.13 (t, 3H, 3Jug = 7.1 Hz, OCH:CH3), 1.22 (t, 3H,
3Jun = 7.3 Hz, OCHyCHj3), 1.25 and 1.63 (m, 4H each, CHy),
2.15 (s, 3H, CHjy), 2.87 (d, 1H, 3Jun = 11.2 Hz, CH=CHCsH)y),
3.00 (m, 1H, CH(CHs)2), 3.54 (m, 2H, OCH>CH3), 4.01 (m, 6H,
OCH>CHj3), 5.20 and 5.31 (d, 1H each, Jun = 6.5 Hz, CH of
p-cymene), 5.47 and 6.13 (d, 1H each, ®Jun = 5.2 Hz, CH of
p-cymene), 6.19 (br, 1H, =CHCHy), 6.70—8.90 (m, 20H, CHayom
and CH=CHCsHy) ppm. 3C{'H} NMR (acetone-ds): 6 16.59
(d, ®Jcp = 7.8 Hz, OCHyCHs), 16.62, 16.70 and 16.75 (d, 3Jcp
= 8.2 Hz, OCH.CHy3), 17.66 (s, CH3), 20.50 and 25.21 (s, CH-
(CH3)2), 23.30, 23.60, 26.03, and 30.21 (s, CHzy), 30.93 (s, CH-
(CHs)g), 53.04 (dddd, Jcp = 101.3 and 78.5 Hz, 3Jcp = 154
and 6.0 Hz, PCP), 60.71, 60.81, and 61.84 (d, 2Jcp = 5.8 Hz,
OCHy), 61.42 (d, 2Jcp = 5.2 Hz, OCHy), 78.42 (d, ®Jcp = 12.8
Hz, CH=CHC¢Hy), 82.77 (br, CH=CHCsHy), 90.19, 92.22,
93.98, and 96.42 (s, CH of p-cymene), 106.51 and 118.74 (s, C
of p-cymene), 120.26—145.43 (m, C=CHCHgy, CHayom and Carom),
138.52 (s, C=CHCHy), 174.73 (d, %Jcp = 32.6 Hz, Ru—Cay)
ppm.

3f. Yield: 68% (0.134 g). Anal. Caled for RuCyssHgoOsP4Ny:
C, 58.47; H, 6.13; N, 2.84. Found: C, 58.50; H, 6.18; N, 2.74.
IR (KBr, cm™1): 1589 (»(C=C)). 'H NMR (CDCl3): 6 0.95 and
1.15 (t, 6H each, 3Juy = 6.9 Hz, OCH2CH3), 1.02 (d, 3H, 3Jun
= 7.5 Hz, CH(CH3)s), 1.27 (d, 3H, 3Jun = 6.0 Hz, CH(CH3)y),
1.84 (s, 3H, C(CH3)=CHy), 2.20 (s, 3H, CHjs), 2.89 (d, 1H, *Junu
= 11.2 Hz, CH=CHC(Me)=CHy), 2.96 (m, 1H, CH(CHs)s), 3.58
and 3.89 (m, 4H each, OCH>CH3), 4.88 and 5.49 (br, 1H each,
C(Me)=CHs), 5.04 and 5.22 (d, 1H each, 3Jug = 5.0 Hz, CH of
p-cymene), 5.38 and 5.68 (d, 1H each, 3Jug = 5.4 Hz, CH of
p-cymene), 6.74—8.87 (m, 20H, CHapomn and CH=CHC(Me)=
CHy) ppm. BC{'H} NMR (CDCls): ¢ 16.12 (br, 4C, OCH;CH3),
16.98 (s, CHj), 19.68, 23.32, and 25.04 (s, CH(CHj3); and
C(CHj3)=CHy), 30.14 (s, CH(CHs)2), 52.56 (dddd, *Jcp = 95.8
and 80.2 Hz, Jcp = 10.6 and 5.4 Hz, PCP), 61.09 (m, 4C,
OCHy), 76.23 (d, *Jcp = 12.7 Hz, CH=CHC(Me)=CH>), 83.10
(br, CH=CHC(Me)=CHy), 89.61, 89.93, 93.23, and 96.15 (s,
CH of p-cymene), 105.72 and 118.72 (s, C of p-cymene), 108.72
(s, C(Me)=CHy), 120.14—145.69 (m, C(Me)=CHs, CHaom and
Carom), 172.75 (d, 2Jcp = 32.6 Hz, Ru—Cary1) ppm.

4a. Yield: 76% (0.184 g). Anal. Caled for RuCg;HgoOsP4Na:
C, 66.28; H, 4.98; N, 2.31. Found: C, 65.93; H, 4.79; N, 2.24.
H NMR (CDCl3): 6 0.93 (d, 3H, 3Jun = 6.4 Hz, CH(CH;)s),
1.20 (d, 3H, ?Juu = 6.8 Hz, CH(CHj3)), 2.01 (s, 3H, CH3), 2.88
(m, 1H, CH(CHs)9), 3.86 (d, 1H, 3Jun = 11.2 Hz, CH=CHPh),
4.38 and 5.66 (d, 1H each, ?Jun = 5.8 Hz, CH of p-cymene),
5.28 and 5.42 (d, 1H each, 3Jun = 6.0 Hz, CH of p-cymene),
6.73—8.66 (m, 45H, CHaom and CH=CHPh) ppm. 3C{'H}
NMR (CDCls): 6 17.60 (s, CHs), 20.16 and 24.76 (s, CH(CHj)2),
30.25 (s, CH(CHs)2), 51.16 (dddd, *Jcp = 96.1 and 80.9 Hz, 3Jcp
=14.2 and 5.7 Hz, PCP), 75.04 (d, 3Jcp = 12.2 Hz, CH=CHPh),
82.91 (br, CH=CHPh), 90.19, 91.73, 92.86, and 97.73 (s, CH
of p-cymene), 106.00 and 118.39 (s, C of p-cymene), 120.08—
144.69 (m, CHarom and Carom), 152.22, 152.40, and 152.43 (d,
2Jcp =8.1 HZ, Cipso of OPh), 152.51 (d, 2Jcp =171 HZ, Cipso of
OPh), 173.38 (d, 2Jcp = 32.6 Hz, Ru—Cary) ppm.

4b. Yield: 71% (0.174 g). Anal. Calcd for RuCgsHgaOsP4Noy:
C, 66.50; H, 5.09; N, 2.28. Found: C, 66.73; H, 5.07; N, 2.17.
H NMR (CDCl;): ¢ 0.92 (d, 3H, 3Jun = 6.6 Hz, CH(CH;)s),
1.18 (d, 3H, ®Jun = 6.9 Hz, CH(CHs)2), 2.02 (s, 3H, CHz3), 2.33
(s, 3H, CcH4,CH3), 2.88 (m, 1H, CH(CHs)9), 3.84 (d, 1H, 3Jun =
11.2 Hz, CH=CHC¢HsMe), 4.36 and 5.63 (d, 1H each, 3Juyy =
6.0 Hz, CH of p-cymene), 5.26 and 5.40 (d, 1H each, 3Juyg =
5.8 Hz, CH of p-cymene), 6.71—8.64 (m, 44H, CHyom and CH=
CHCsH Me) ppm. BC{'H} NMR (CDCl;): ¢ 17.59 (s, CHj),
20.03 and 24.75 (s, CH(CHa)2), 21.26 (s, CsH4sCHs), 30.11 (s,
CH(CH3)g), 50.71 (dddd, Jcp = 96.7 and 84.7 Hz, 3Jcp = 12.8
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and 4.7 Hz, PCP), 75.47 (d, 3Jcp = 12.2 Hz, CH=CHCsH Me),
82.71 (br, CH=CHCsHsMe), 89.98, 91.46, 92.65, and 97.76 (s,
CH of p-cymene), 105.74 and 118.18 (s, C of p-cymene),
120.00—140.53 (m, CHarom and Carom), 152.04 (d, 2Jcp = 11.7
Hz, Cips, of OPh), 152.19 (d, 2Jcp = 10.5 Hz, Ciys, of OPh),
152.33 (d, 2Jcp = 6.6 Hz, Cips, of OPh), 152.42 (d, 2Jcp = 7.0
Hz, Cipso of OPh), 173.60 (d, 2Jcp = 32.6 Hz, Ru—C,y) ppm.

4c. Yield: 66% (0.174 g). Anal. Caled for RuC74HgsO7P4Na:
C, 67.32; H, 5.04; N, 2.12. Found: C, 67.52; H, 5.12; N, 2.07.
IR (KBr, cm™1): 3220 (»(OH)). 'H NMR (CDCls): ¢ 0.88 (d,
3H, 3Jun = 6.4 Hz, CH(CH3)s), 1.18 (d, 3H, 3Juu = 6.7 Hz, CH-
(CHj3)2), 2.41 (s, 3H, CHj), 2.92 (m, 1H, CH(CHjs)s), 3.12 (d,
1H, 3Jun = 10.5 Hz, CH=CHCPh,OH), 4.68 and 5.09 (d, 1H
each, 3Juyun = 5.8 Hz, CH of p-cymene), 5.31 and 5.47 (d, 1H
each, Jgg = 5.6 Hz, CH of p-cymene), 6.49—8.66 (m, 50H,
CHarom and CH=CHCPh2OH) ppm; OH signal not observed.
BBC{H} NMR (CDCls): 6 17.64 (s, CHj), 18.47 and 24.80 (s,
CH(CHs)p), 29.70 (s, CH(CHz)y), 48.94 (dddd, Jcp = 96.1 and
82.3 Hz, 3Jcp = 13.9 and 6.1 Hz, PCP), 80.16 (s, CPh,OH),
81.65 (br, CH=CHCPh,OH), 83.70 (d, %Jcp = 11.1 Hz, CH=
CHCPh,OH), 87.83, 88.18, 92.57, and 94.07 (s, CH of p-
cymene), 107.61 (s, C of p-cymene), 119.55—147.34 (m, C of
p-cymene, CHapom and Capom), 151.59, 151.79, and 151.93 (d,
2Jcp =17.6 HZ, Cipso Of OPh), 152.02 (d, 2Jcp =6.4 HZ, Cipso Of
OPh), 172.51 (d, %Jcp = 32.0 Hz, Ru—C,y) ppm.

4d. Yield: 62% (0.154 g). Anal. Calcd for RuCesHg2O7P4Ns:
C, 65.64; H, 5.02; N, 2.25. Found: C, 65.30; H, 5.21; N, 2.36.
IR (KBr, cm™'): 3215 (»(OH)). 'H NMR (CDCls): 6 0.93 (d,
3H, ®Jun = 6.2 Hz, CH(CH3)s), 1.18 (d, 3H, 3Juu = 6.6 Hz, CH-
(CHj3)2), 2.29 (s, 3H, CHj), 2.67 (m, 1H, CH(CHj3)2), 2.92 (m,
1H, CH=CHCHPhOH), 4.96 (d, 1H, %Juux = 7.0 Hz, CH of
p-cymene), 5.02 and 5.12 (d, 1H each, ®Jun = 5.4 Hz, CH of
p-cymene), 5.35 (br, 2H, CH of p-cymene and CHPhOH), 6.69—
8.67 (m, 45H, CHayom and CH=CHCHPhOH) ppm; OH signal
not observed. BC{'H} NMR (CDCl;): ¢ 18.23 (s, CHs), 19.24
and 25.19 (s, CH(CHjs)2), 30.12 (s, CH(CHs)2), 51.18 (dddd, Jcp
= 95.2 and 81.2 Hz, 3Jcp = 16.3 and 7.1 Hz, PCP), 77.89 (s,
CHPhOH), 78.54 (d, %Jcp = 10.5 Hz, CH=CHCHPhOH), 85.82
(br, CH=CHCHPhOH), 89.68, 90.62, 93.76, and 93.82 (s, CH
of p-cymene), 105.44 (s, C of p-cymene), 120.09—144.47 (m, C
of p-cymene, CHayom and Carom), 152.07 and 152.33 (d, 2Jcp =
7.6 Hz, Cipso of OPh), 152.26 and 152.45 (d, 2Jcp = 6.4 Hz, Cips,
of OPh), 172.99 (d, 2Jcp = 32.0 Hz, Ru—Cay) ppm.

4e. Yield: 70% (0.170 g). Anal. Calcd for RuCe7HgsO6P4Ns:
C, 66.06; H, 5.30; N, 2.30. Found: C, 66.17; H, 5.29; N, 2.24.
IR (KBr, em™1): 1594 (»(C=C)). '"H NMR (CDCl3): 6 0.94 (d,
3H, 3Jun = 6.6 Hz, CH(CH3)9), 1.22 (d, 3H, 3Juu = 6.9 Hz, CH-
(CH3)q), 1.66 and 2.05 (m, 4H each, CHy), 2.24 (s, 3H, CHj),
2.94 (m, 2H, CH(CHj3); and CH=CHC¢Hy), 5.07 and 5.71 (d,
1H each, 3Jun = 5.8 Hz, CH of p-cymene), 5.39 and 5.45 (d,
1H each, 3Juyg = 5.6 Hz, CH of p-cymene), 6.11 (br, 1H,
=CHCHy), 6.68—8.63 (m, 40H, CH;om and CH=CHCsHy) ppm.
1BC{'H} NMR (CDCl3): 6 17.02 (s, CH3), 19.40 and 24.43 (s,
CH(CHs)g), 22.12, 22.40, 24.99, and 29.01 (s, CHy), 29.73 (s,
CH(CHs)g), 49.72 (ddd, 'Jcp = 82.9 and 75.7 Hz, Jcp = 7.8
Hz, PCP), 78.40 (d, %Jcp = 12.0 Hz, CH=CHCsH,), 80.66 (br,
CH=CHC¢Hy), 89.64, 90.18, 92.47, and 95.10 (s, CH of p-
cymene), 104.94 and 117.97 (s, C of p-cymene), 119.56—144.29
(m, C=CHCHs, CHuom and Cgom), 136.59 (s, C=CHCH,),
151.78 and 151.90 (d, 2Jcp = 8.4 Hz, Cips of OPh), 151.93 (d,
ZJCP =172 HZ, Cipso of OPh), 152.02 (d, ZJCP = 6.6 HZ, Cipso of
OPh), 173.30 (d, %Jcp = 32.3 Hz, Ru—Cyy) ppm.

4f. Yield: 61% (0.144 g). Anal. Calced for RUCG4H6006P4N21
C, 65.25; H, 5.13; N, 2.38. Found: C, 65.71; H, 5.20; N, 2.45.
IR (KBr, cm™1): 1593 (»(C=C)). 'H NMR (CDCls): ¢ 0.93 (d,
3H, 3Jun = 6.6 Hz, CH(CH3)s), 1.22 (d, 3H, 3%Juu = 6.8 Hz, CH-
(CH3)2), 1.83 (s, 3H, C(CH3)=CHy), 2.29 (s, 3H, CHj), 2.91 (d,
1H, 3Jyg = 11.1 Hz, CH=CHC(Me)=CH,), 2.97 (m, 1H,
CH(CHj;)s), 4.88 and 5.29 (br, 1H each, C(Me)=CH>), 5.08 and
5.72 (d, 1H each, 3Jug = 6.0 Hz, CH of p-cymene), 5.34 and
5.44 (d, 1H each, 3Jun = 5.6 Hz, CH of p-cymene), 6.59—8.64
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(m, 40H, CH,;om, and CH=CHC(Me)=CHs) ppm. ¥C{'H} NMR
(CDCly): 0 17.21 (s, CHy), 19.78 (s, C(CH3)=CHy), 23.36 and
24.92 (s, CH(CHs)y), 30.21 (s, CH(CHs)g), 50.92 (dddd, Jcp =
101.3 and 81.7 Hz, 3Jcp = 14.7 and 6.5 Hz, PCP), 76.36 (d,
3Jcp = 12.8 Hz, CH=CHC(Me)=CHy), 82.13 (br, CH=CHC-
(Me)=CHs), 90.44 (s, 2C, CH of p-cymene), 92.99 and 96.40
(s, CH of p-cymene), 105.85 and 115.82 (s, C of p-cymene),
109.02 (s, C(Me)=CHy), 118.38—144.74 (m, C(Me)=CHs, CH.xom
and Carom), 152.16 (d, 2Jcp = 7.8 Hz, Cipso of OPh), 152.26 and
152.43 (d, 2Jcp = 6.3 Hz, Cips, of OPh), 152.34 (d, 2Jcp = 7.0
Hz, Cipso of OPh), 173.09 (d, 2Jcp = 32.1 Hz, Ru—Cay) ppm.

Reactivity of the Carbene Complex [Ru(%-p-cymene)-
(k2(C,N)-C[P{=NP(=0)(OEt)s} Ph,][P{=NP(=0)(OPh),} -
Ph:])] (5) toward Phenylacetylene. A solution of complex
5(0.203 g, 0.2 mmol) and phenylacetylene (0.440 mL, 4 mmol)
in 30 mL of THF was stirred at room temperature for 48 h.
The solvent was then removed in vacuo and the resulting solid
residue transferred to a silica gel chromatography column.
Elution with a dichloromethane/methanol (4/1) mixture gave
a yellow band, from which a nonseparable mixture of com-
plexes 6 and 7 was obtained after solvent removal. Yield: 80%
(0.179 g). Analytical and spectroscopic data for this mixture
are as follows. Anal. Calced for RuCs9HgoOePsNa: C, 63.38; H,
5.41; N, 2.51. Found: C, 63.25; H, 5.33; N, 2.46. '"H NMR
(CDCl3): 6 0.89—1.28 (m, 24H, CH(CH3)2 and OCH2.CH3), 1.95
(s, 6H, CHs), 2.85 (m, 2H, CH(CHs)s), 3.59 (m, 4H, OCH,CHj),
3.86 (m, 6H, OCH,CH;3 and CH=CHPh), 4.30, 4.35, 5.14, and
5.23 (d, 1H each, 3Juy = 6.0 Hz, CH of p-cymene), 5.36 and
5.59 (br, 2H each, CH of p-cymene), 6.74—8.23 (m, 70H, CHayom
and CH=CHPh) ppm. *C{'H} NMR (CDCl;): ¢ 15.95 (d, 3Jcp
= 7.6 Hz, OCH,CH3), 16.19 (d, 2C, 3Jcp = 8.2 Hz, OCH2CH3),
16.23 (d, 3Jcp = 8.2 Hz, OCH2CH3), 17.40 and 17.49 (s, CHy),
19.91, 20.19, 24.68, and 24.85 (s, CH(CHs)3), 30.13 and 30.16
(s, CH(CHj)z), 52.09 (m, 2C, PCP), 60.31 (d, 2Jcp = 5.2 Hz,
OCHy), 60.53 (d, %Jcp = 5.8 Hz, OCHy), 61.19 (d, 2C, 2Jcp =
6.4 Hz, OCHy), 74.82 (d, 3Jcp = 12.8 Hz, CH=CHPh), 75.06
(d, 3Jcp = 12.2 Hz, CH=CHPh), 83.30 and 83.55 (br, CH=
CHPh), 89.63, 89.79, 91.08, 91.75, 92.67, 93.09, 97.33, and
97.77 (s, CH of p-cymene), 105.81, 105.88, 117.69, and 118.39
(s, C of p-cymene), 120.02—145.77 (m, CHarom and Carom), 152.26
and 152.37 (d, 2Jcp = 8.2 Hz, Cjps, of OPh), 152.45 and 152.52
(d, 2Jcp = 7.0 Hz, Cips, of OPh), 172.52 (d, %Jcp = 31.8 Hz, Ru—
Carom), 173.81 (d, 2Jcp = 33.2 Hz, Ru—Cayy1) ppm.

Synthesis of the Complexes [Ru(7%-p-cymene)(k*-
(C,C,C,N)-C[P{=NP(=0)(OR)z} Phs]x{ (E)-C(H)=C(H)Ph})]-
[BF4] (R = Et (8), Ph (9)). A solution of the corresponding
ortho-metalated complex 3a or 4a (0.2 mmol) in 30 mL of
dichloromethane was treated, at room temperature, with a
solution of HBF, in diethyl ether (0.14 mL of a 1.6 M solution,
0.22 mmol) for 30 min. Concentration of the resulting solution
(ca. 2 mL) followed by the addition of hexanes (ca. 30 mL) gave
a yellow precipitate, which was washed with hexanes (3 x 20
mL) and vacuum-dried.

8. Yield: 78% (0.173 g). Anal. Caled for RuCsiHgi-
O¢F4P4NsB: C, 55.19; H, 5.54; N, 2.52. Found: C, 54.91; H,
5.42; N, 2.42. Conductivity (acetone, 20 °C): 103 Q7! cm? mol 1.
H NMR (CDCly): 6 0.88 (t, 6H, 3Jun = 6.1 Hz, OCH;CHs),
0.94 (d, 3H, 3JHH =6.5 HZ, CH(CH3)2), 1.00 (d, 3H, 3JHH =6.0
Hz, CH(CHs)y), 1.02 (t, 6H, Jun = 6.0 Hz, OCHyCH3), 1.93 (s,
3H, CHs), 2.08 (m, 1H, CH(CHas)s), 3.76 (m, 8H, OCH;CHas),
5.15 and 5.40 (d, 1H each, 3Jun = 5.4 Hz, CH of p-cymene),
5.28 (d, 1H, 3Jun = 12.5 Hz, CH=CHPh), 5.81 and 6.10 (d, 1H
each, 3Jug = 4.2 Hz, CH of p-cymene), 6.96—7.95 (m, 26H,
CH.yom and CH=CHPh) ppm. ¥C{'H} NMR (CD:Cl): 6 15.86
(d, 2C, 3Jcp =17.6 HZ, OCHzCHg), 16.10 (d, 3Jcp = 6.4 HZ,
OCH»CHj3), 16.16 (d, ®Jcp = 7.0 Hz, OCH2CHs), 18.57 (s, CHj),
21.67 and 22.81 (s, CH(CHzs)2), 28.24 (s, CH(CHzs)z), 33.90
(dddd, *Jecp = 113.6 and 81.7 Hz, 3Jcp = 17.8 and 10.7 Hz,
PCP), 63.96 (d, 2Jcp = 5.8 Hz, OCHy), 64.97 (d, 2C, 2Jcp = 6.4
Hz, OCHy), 65.47 (d, 2Jcp = 7.6 Hz, OCHy), 81.21 (dd, 3Jcp =
10.2 and 4.4 Hz, CH=CHPh), 83.40, 86.80, 88.33, and 89.19
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Table 5. Crystal Data and Structure Refinement
Details for 3c

chem formula RuCssHgeO7PsNoEtoO

fw 1202.20

T,K . 293(2)

wavelength, A 1.54184

cryst syst monoclinic

space group P21/n (No. 14)

cryst size, mm 0.35 x 0.26 x 0.08

a, A 16.057(3)

b, A 18.188(4)

c, A 22.403(5)

a, deg 90

B, deg 109.04(3)

y, deg 90

z 4

V, A3 6185(2)

Pcaled, & cm 3 1.291

u, mm~! 3.455

F(000) 2520

0 range, deg 2.98—63.88

index ranges —17=<h =18
-19=<k=21
—23=1=<24

completeness to 6 = 63.88°, % 94.4
no. of data collected 45 157
no. of unique data 9664 (Rint = 0.0645)

no. of params/restraints 817/2

refinement method full-matrix least squares on F?
goodness of fit on F?2 1.031

R1¢ (I > 20(D)) 0.0394

wR2¢ (I > 20(1)) 0.1081

R1 (all data) 0.0453

wR2 (all data) 0.1132

largest diff peak and hole, e A3 0.811 and —0.297
@ R1=Y(IFo| — |F)/ZIFol; WR2 = { S w(F? — FAA/3 [wFHA} 2.

(s, CH of p-cymene), 89.18 (d, 2Jcp = 2.9 Hz, CH=CHPh),
109.23 and 116.82 (s, C of p-cymene), 122.56—137.14 (m,
CHHFOm and Carom) ppm'

9. Yield: 79% (0.206 g). Anal. Caled for RuCgrHe:-
OgF4P:N:B: C, 61.81; H, 4.72; N, 2.15. Found: C, 61.59; H,
4.63; N, 2.10. Conductivity (acetone, 20 °C): 109 Q~! cm? mol .
H NMR (CDsClz): 6 0.90 (d, 3H, 3Jun = 6.6 Hz, CH(CH3)2),
1.00 (d, 3H, 3Jun = 6.8 Hz, CH(CH5;)»), 1.57 (s, 3H, CHj3), 1.81
(m, 1H, CH(CHs)2), 5.23 and 5.44 (d, 1H each, 3Jug = 5.9 Hz,
CH of p-cymene), 5.30 (d, 1H, Jgg = 13.4 Hz, CH=CHPh),
6.09 and 6.17 (d, 1H each, 3Jug = 5.6 Hz, CH of p-cymene),
6.27—17.78 (m, 46H, CHuom and CH=CHPh) ppm. *C{'H}
NMR (CDyCly): ¢ 17.98 (s, CHj), 21.27 and 23.23 (s, CH(CHs)y),
28.11 (s, CH(CHj)2), 32.72 (ddd, 'Jcp = 103.9 and 85.5 Hz, 3Jcp
= 12.7 Hz, PCP), 81.86 (dd, Jcp = 10.1 and 3.7 Hz, CH=
CHPh), 83.44, 84.71, 86.37, and 90.08 (s, CH of p-cymene),
89.18 (br, CH=CHPh), 110.60 and 119.37 (s, C of p-cymene),
119.82—137.09 (m, CHarom and Carom), 150.23 and 150.72 (d,
2Jcp = 8.5 Hz, Cipso of OPh), 150.61 (d, 2C, 2Jcp = 7.4 Hz, Cipso
of OPh) ppm.

X-ray Crystal Structure Determination of Complex 3c.
Crystals suitable for X-ray diffraction analysis were obtained
by slow diffusion of hexanes into a saturated solution of the
complex in diethyl ether. The most relevant crystal and
refinement data are collected in Table 5. A yellow single crystal
with prismatic shape was mounted on a glass fiber and
transferred to a Bruker SMART 6K CCD area-detector three-
circle diffractometer (Cu Ka radiation, A = 1.5418 A).22 X-ray
data were collected at 293(2) K, with a combination of three
runs at different ¢ and 260 angles. The data were collected
using 0.3° wide w scans with a crystal-to-detector distance of
4.0 cm. The substantial redundancy in data allows empirical

(22) SMART version 5.625, Area-Detector Software Package; Bruker
AXS, Madison, WI, 1997—-2001.
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absorption corrections (SADABS)? to be applied using multiple
measurements of symmetry-equivalent reflections (ratio of
minimum to maximum apparent transmission 0.389 534). A
total number of 45 157 reflections were collected, with 9664
independent reflections (R, = 0.0645). The raw intensity data
frames were integrated with the SAINT program,?* which also
applied corrections for Lorentz and polarization effects.

The software package WINGX was used for space group
determination, structure solution, and refinement.?® The space
group determination was based on a check of the Laue
symmetry and systematic absences and ascertained from the
structure solution. The structure was solved by Patterson
interpretation and phase expansion using DIRDIF,?6 completed
with difference Fourier syntheses, and refined with full-matrix
least squares using SHELX1.-97.27 Weighted R factors (R,) and
all goodness of fit values S are based on F?; conventional R
factors (R) are based on F. All non-hydrogen atoms were
refined with anisotropic displacement parameters. All hydro-
gen atoms were located by difference maps and refined
isotropically (with the exception of the H atoms of both the
ethyl substituents and Et;0 molecule, which were geometri-
cally located; their coordinates were refined riding on their

(23) Sheldrick, G. M. SADABS version 2.03: Program for Empirical
Absorption Correction; University of Gottingen, Gottingen, Germany,
1997—-2001.

(24) SAINT+ NT version 6.04, SAX Area-Detector Integration
Program; Bruker AXS, Madison, WI, 1997—2001.

(25) Farrugia, L. J. J. Appl. Crystallogr. 1999, 32, 837.

(26) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.;
Garcia-Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla, C. The
DIRDIF Program System; Technical Report of the Crystallographic
Laboratory; University of Nijmegen, Nijmegen, The Netherlands, 1999.
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parent atoms). The function minimized was [Jw(F,? — F.2)/
Sw(F,2)]Y2, where w = 1/[0%(F,?) + (0.0648P)? + 2.3401P] with
0%(F,2) being obtained from counting statistics and P = (max
(Fy?, 0) + 2F2)/3. Atomic scattering factors were taken from
ref 28. Geometrical calculations were made with PARST.?®
Plots were made with PLATON.30
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