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Synthesis of the Five-Coordinate Ruthenium(ll) Complexes
[(PCP)RU(CO)(L)][BAr '4] {PCP = 2,6-(CH,P'Buy),C¢Hs, BAr'y =
3,5-(CF3)2C5H3, L= 1]1-C|CH2C|, ﬂl-Ng, or ﬂ-CFRU(PCP)(CO)}Z
Reactions with Phenyldiazomethane and Phenylacetylene
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Reaction of (PCP)Ru(CO)(CI) (1) with NaBAr', yields the bimetallic product [{ (PCP)Ru(CO)} »(«-CD)][BAI'4] (2).
The monomeric five-coordinate complexes [(PCP)Ru(CO)(#*-CICH,CI)][BAr'4] (3) and [(PCP)RU(CO)(1'-Ny)][BAr"4]
(4) are synthesized upon reaction of (PCP)Ru(CO)(OTf) (6) with NaBAr', in CH,Cl, or C¢HsF, respectively. The
solid-state structures of 2, 3, and 4 have been determined by X-ray diffraction studies of single crystals. The
reaction of 3 with PhCHN, or PhC=CH affords carbon—carbon coupling products involving the aryl group of the
PCP ligand in transformations that likely proceed via the formation of Ru carbene or vinylidene intermediates.
Density functional theory and hybrid quantum mechanics/molecular mechanics calculations were performed to
investigate the bonding of weak bases to the 14-electron fragment [(PCP)Ru(CO)]* and the energetics of different

isomers of the product carbene and vinylidene complexes.

Introduction

Coordinatively and electronically unsaturated divalent

ruthenium complexes with 14- or 16-electron counts are of
interest as possible intermediates in catalytic processes as

been extensively studi€d}® and several unsaturated ruthe-
nium complexes have been synthesized to studii@gostic
interactions*~1” Caulton et al. have conducted systematic

studies on the synthesis and reactivity of four-coordinate

well as for the fundamental understanding of structure and () Nagashima, H.; Kondo, H.; Hayashida, T.; Yamaguchi, Y.; Gondo,

bonding!? For example, 16-electron Grubbs-type ruthenium
catalysts have been successfully applied to olefin metathésis,

coordinatively unsaturated half-sandwich ruthenium com-
plexes with phosphine, amidinate, or carbene ligands have
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complexes of the type fRu(CO)(R)][BAr4] (R = H, Me,
or Ph; Ar = 3,5-(CR).CsHs; L = phosphine ligands) as well

Zhang et al.

ride abstraction froml could afford a four-coordinate
ruthenium center; however, the reaction of complexith

as their five-coordinate precursors and have extended theirl equiv of NaBAf, in CH,CI; results in the formation of a

studies to systems with the chelating PNP (RNR(SiMex
CH,PR),, R = Cy or'Bu) ligands!41823

Our group has been interested in studying the reactivity
of coordinatively unsaturated ruthenium complexes with a
bulky PCP pincer ligand (PCR 2,6-(CHPBuU,),CsH3), and
we have previously reported the synthesis of the amido
complexes (PCP)Ru(CO)(NHR) (R H or Ph) and their

reactivity with substrates that possess polar as well as

nonpolar bondd* 2% For example, the ruthenium parent
amido complex (PCP)Ru(CO)(NMHhas been demonstrated
to initiate the activation of dihydrogen as well as the
intramolecular activation of €H bonds?* The reaction of
(PCP)Ru(CO)(PMg(NHPh) with organic substrates such as
nitriles, carbodiimides, and isocyanates likely proceeds via
PMe; dissociation, coordination of the organic substrate, and
intramolecular nucleophilic addition of the amido nitrogen
to form azametallacyclobutane compleXe& Herein, we
report that efforts to access a four-coordinate ruthenium
complex starting from the five-coordinate precursor (PCP)-
Ru(CO)(CI) @) lead to the formation of complexes of the
type [(PCP)Ru(CO)(L)] {L = n*-CICH.CI, 5'-N,, CsHsF,

or u-ClI—Ru(PCP)(CO).?” We anticipated that the geo-
metrical restriction of the meridional coordinating tridentate
PCP ligand might lead to chemistry that diverges from that
of Caulton et al.’s [LRU(CO)(R)]' systems. Reactions of
[(PCP)RuU(CO)(CICKCNH]t with a carbene source or a
phenylacetylene yield products that are intermediates for
carbene or vinylidene insertion into the Ru aryl bond of the

mixture of two products that could not be separated. Given
the possibility of formation of a binuclear species with a
bridging chloride ligand, we reacted compléxwith 0.5
equiv of NaBAf,. Clean isolation of the compleX (PCP)-
Ru(CO} »(u-CI][BAr'4] (2) in 80% yield was obtained after
workup (eq 1). Complex is air sensitive, as indicated by

12 NaBAr'4
T1BAr',

C <:H20|2 | P

(1) (2) 80 % yield

P =PBu,
Ar'y = 3,5-(CF3),CqHs

slow decomposition of a CIZI, solution of2 in air. Salient
features of théH NMR spectrum of2 include overlapping
multiplets in the region 1.740.85 ppm due to the PCiert-
butyl groups, as compared to two virtual triplets ¥ Also,
doublets at 74.1 and 68.9 ppidpf = 228 Hz) are observed

in the3P NMR spectrum o2, while IR spectroscopy reveals
vco = 1939 cntl. Further reaction o with NaBAr', or
reaction ofl with excess NaBAj results in a mixture of
complex 2 and a second product; however, the second
product could not be isolated cleanly.

A single crystal of2 grown from a methylene chloride
solution layered with pentane was selected for an X-ray
diffraction study. A limited resolution data set revealed the
presence of twg (PCP)Ru(CCO) fragments connected with

PCP ligand. Computational studies of these systems are als@ bridging chloride (Figure 1). The low vyield of high-

presented and discussed.

Results and Discussions

Synthesis and Solid-State Structures of {[[PCP)Ru-
(CO)}o(u-CD][BAr '] (2), [(PCP)Ru(CO)(@*-CICHCI)]-
[BAr'4] (3), and [(PCP)Ru(CO)@m*-No)][BAr '4] (4). The air
stable 16-electron compouridhas been synthesized and
structurally characterized by Gusev and co-workéshlo-
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resolution data for this compound is presumably due to the
presence of disordered GEl, and pentane solvent molecules

of crystallization as well as disordered £§roups of the
anion. Nonetheless, the X-ray data are consistent with the
assigned structure based on spectroscopic and elemental
analysis data.

As reported previously, the treatment of complewith
excess trimethylsilyltriflate (TMSOTf) affords (PCP)Ru-
(CO)(OTf) (OTf = »*-OSQCFK;) (6).2° When 1 equiv of
NaBAr, was added to a Ci&l, solution of 6, the CO

Figure 1. ORTEP diagram (30% probability) of (PCP)Ru(CO)a(u-Cl)]-
[BAr'4] (2) (hydrogen atoms and the BArcounterion have been omitted
for clarity).
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Scheme 1. Reaction of (PCP)Ru(CO)(OTfB) with NaBAr'4 in
CH2C|2 orin CgHsF2
P cO NaBAr', P cOo -+
| ~ CH.Cl, |
Ru\ _— F?u\ /CI
| Cl~
p OT P CH,
® ®
NaBAr,,
NaBAr'y CgHsF, argon
CoHsF +xs. CH,Cl,
Np - CgHsF
+ +
P ? oo
- N2
Ru< Ru/\CO
| "NEN +N | “FCgH
P 2 p o

a Complex5 has not been fully characterized, and its identity is suggested
based on evidence from IR spectroscopy and computational studies.

absorption changed from 1941 to 1964 ¢rwithin 30 min,

as determined by IR spectroscopy. A highly air sensitive
product that turns black immediately upon exposure to air
can be isolated after workup. Characterization uskg?'P,
and F NMR and IR spectroscopy as well as X-ray
crystallography revealed the complex as [(PCP)Ru(g@®)(
CICH.CI)][BAr'4] (3) (Scheme 1).

Instead of formation of a four-coordinate complex, a
molecule of CHCI, coordinates to the ruthenium center
through a single chlorine atom. A singlet at 5.35 ppm in the
IH NMR spectrum of3 in CD,Cl, is most likely due to free
CH,ClI, as a result of rapid exchange of coordinated,Ch
with CD,Cl,. The PCP ligand yields two virtual triplets at
1.50 and 1.11 ppmN = 15 Hz) in thelH NMR spectrum
and a broad singlet at 71.0 ppm in tH& NMR spectrum
of 3.

Although the fragment [(PCP)Ru(CO)has two available
coordination sites, the X-ray structural analysis3oton-
firmed the presence of a monohapto coordinate@€H,Cl,
ligand (Figure 2). The bond length of RuTl1s (2.614(1)

A) is longer than the RuCl bond distance il (2.420(1)
A). The C—CI (bound) distance is 1.791(5) A while the
C—ClI (unbound) distance is 1.695(5) A. The-@—Cl bond
angle is 115.5(2)with the unbound ClI oriented toward the

Figure 2. ORTEP diagram (30% probability) of [(PCP)Ru(C@
CICH,CI)][BAr'4] (3) (hydrogen atoms, except the two on £Hb, and the
BAr', counterion have been omitted for clarity). Selected bond lengths (&)
and bond angles (deg): RuCIl1s, 2.614(1); RutC2, 2.053(3); Cls
Clls, 1.791(5); C1sCl2s, 1.695(5); Cl1sC1s-Cl2s, 115.5(2); Rut
Cl1s—C1s, 123.1(2); C2Rul-Cl1s, 170.7(2); RutP2-C22, 100.9(1);
Rul-P2-C18, 127.8(1); RutP1-C14, 113.4(1); RutP1-C10, 121.8(1);
P1-Rul-P2, 161.5(1).

state structures of [RuH(CO)(PNBew)x(7>CH.Cl,)][BAr 4],
[Cp*Ir(Me)(n*-CICH,CI][BAr',], [trans(PPrs)Pt(H)@-
CICH.CD][BAr'4], and [cis-Re(CO}PPh)(5*-CICH,CI)]-
[BAr'4] have been reported (Cp* pentamethylcyclopenta-
dienyl) 193932 The ruthenium hydride complex [Ru(Hj)¢
CH,CI,)(CO)(PBu,Me),][BAr'y] with an #n?-coordinated
CH.CI; has been reported, while the closely related ruthe-
nium phenyl compound [Ru(Ph)(CO}ge.Me)][BAr'4] could
be crystallized from a CkCl, solution without evidence of
CH,ClI, coordinationt**° Complexes with other chloroalkanes
or chlorobenzene ligands have been repofté3°

To exclude the possibility of CKLI, coordination, 1 equiv
of NaBAr, was reacted with6 in fluorobenzene. IR
spectroscopy revealed two CO absorptions at 1987'cm
(major) and 1953 cmt (minor). In addition, an absorption
at 2249 cm?! was observed and assigned to coordinated
dinitrogen. Free dinitrogen exhibits an absorption at 2331
cmt (Raman).? Purging the solution with argon results in
the transformation to a solution with a single CO absorption

carbonyl group. One agostic interaction is indicated basedat 1953 cm?* and the disappearance of absorptions previously

on the short Ru/gesicdistance (Ruk-C23, 2.85(1) A), and
the bond angle RutP2—C22 (100.9(1)) is significantly

smaller than the other threert-butyl group bond angles
(1213.4(1y, 121.8(1), and 127.8(%). Previously, Caulton
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[Ru(Ph)(CO)(BuMe);][BAr 4] with Ru/Cygosicbond lengths

of 2.87 and 2.88 A and RuP—C bond angles of 98°land
96.6°.14 An agostic interaction has been observed in the solid-
state structure of [[PCP)Ru(C£) with a reported Ru-HC
distance of 2.19(6) A8 Although both bidentate and mono-
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relatively raret®29-36 For example, the synthesis and solid-
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observed at 1987 and 2249 cimHowever, this change is
reversible, as purging the resultant solution with dinitrogen
leads to observation of the three original absorptions at 1987,
1953, and 2249 cm. These results suggest an equilibrium
between a five-coordinate dinitrogen complex, [(PCP)Ru-
(CO)(NLI[BAr'4] (4), with a labile N ligand, and a second
complex that is likely either the four-coordinate complex
[(PCP)RuU(CO)][BAL,] or the fluorobenzene complex [(PCP)-
Ru(CO)(FGH5)][BAr'4]. Repeated attempts to grow crystals
and perform an X-ray diffraction study of this complex have
failed; however, on the basis of IR evidence, we propose
that the coordination of fluorobenzene is more likely, though
not definitively shown, than the formation of a four-

coordinate system. For example, the series of Ru(ll) systems

Ru(Ph)(CO)(Cl)Lz, Ru(Ph)(CO)(OTf)L, and [Ru(Ph)(CO)-
L,][BAr'4] (where L= PBu,Me and the latter complex is a
four-coordinate system with two agostic interactions) exhibits

Zhang et al.

Figure 3. ORTEP diagram (30% probability) of [[PCP)Ru(C@HN,)]-
[BAr'4] (4) (hydrogen atoms and the BArcounterion have been omitted
for clarity). Selected bond lengths (A) and bond angles (deg): -Raf,
2.059(2); RutN1, 2.132(1); Nt+N2, 1.069(3); Ru+C1, 1.809(2); Ct+

CO absorptions (IR spectroscopy) at 1902, 1921, and 195801, 1.148(2); N¥N2, 1.069(3); C2'Rul-N1, 175.7(1); Ru¥N1-N2,

cm %, respectivelyt*819The series of systems (PCP)Ru-
(CO)(CI), (PCP)RU(CO)(OTT), and the uncharacterized com-
plex has CO absorptions at 1919, 1941, and 1953'ciirhe
conversion of the (PCP)RtCI complex to the (PCP)Ru
OTf complex results in an increase in the CO stretching
frequency of 22 cmt, while the conversion of the Ru(Ph)-
(CO)(CI)L, complex to the corresponding triflate complex,
Ru(Ph)(CO)(OTf)ly, results in an increase in the CO
stretching frequency of 19 cri Thus, for the two types of
Ru systems, conversion of a RCI bond to a Ra-OTf bond
yields quite similar changes in the energy of the CO stretches.
The conversion of the five-coordinate complex Ru(Ph)(CO)-
(OTf)L, to the four-coordinate complex [Ru(CO)(PhM
[BAr'4] increases the CO absorption energy by 37 tm
while the transformation of (PCP)Ru(CO)(OTf) to complex
5results in an increase of the CO absorption energy of only
12 cntl. Thus, without confirmation by X-ray crystal-

179.1(2); Ru+P2—C22, 101.2(1); PRul-P2, 162.8(1).

is indicated by a short Rulgesicdistance (Ru#-C23, 2.89
A) and a small Ra-P—C bond angle (RutP2-C22,
101.2(1)). A Ru—N bond length of 2.132(1) A and a linear
Ru—N—N bond angle (179.1(2) are observed. The N1
N2 bond length (1.069(3) A) is shorter than that in free N
(1.0975 A)40 however, correction of selected bond lengths
for rigid body motion and riding effects resulted in a
corrected NEN2 bond length of 1.098 A, which is
indistinguishable from the NN bond length in free di-
nitrogen (see the Supporting Information for details). A
rhodium dinitrogen complex with an “aliphatic” PCP ligand,
Rh(7*-N2){ n*-CH;C(CH,CH,PBU,),}, has been reported
with a short N-N bond length of 0.963(14) AL Other
complexes with short NN bond lengths for dinitrogen
ligands includetransReCI(No)(PMePh), (1.055(30) A),
trans-RhCI(N)(PPrs), (0.958(5) A), andtransRhH(Ny)-

lography, we assign the identity of this system as [(PCP)- (PPHBu,), (1.074(7) A) with the bond contraction due to
Ru(CO)(FGHs)][BAr'4] (5) (Scheme 1), and calculations are  disorder*244 For complex 4, the atom N2 displays a
consistent with the notion that the coordination of fluoro- re|atively high atomic displacement amplitude perpendicular
benzene is favorable to a four-coordinate complex (seetg the N~-N bond vector. However, there was no evidence
below). The formation of a binuclear species with a bridging of a multiple site orientational or compositional disorder in
dinitrogen ligand is another possibility for complex the final difference Fourier map (see the Supporting Infor-
however, the reaction of (PCP)Ru(CO)(OTf) with NaBAr  mation). The Ru-N bond distance of, 2.132(1) A, is longer

in CeHsF under argon produces complgXas indicated by than the bond distances of related-Riinitrogen complexes.
IR spectroscopy) and provides evidence against a complexFor example, Ru(ll) systems with bisphosphine “pincer”
that possesses a brldglng dinitrogen mOiety. When an EXCES$gandS with nl_Nz |igands have RaN bond distances in
of CH,ClI; is added to the solution @fand5, conversion to the range of 1.965(4)2.014(2) A%~47 For all of these

complex 3 is observed, as indicated by a single CO systems, the observed dinitrogen stretching frequencies in
absorption at 1964 cm in the IR spectrum (eq 2).

(40) Fryzuk, M. D.; Johnson, S. ACoord. Chem. Re 200Q 200-202

- -+ 379-409. _ _ o
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Risnzen Mo RUS cichaal @ (42) Ibers, J. A.; Mingos, D. M. Pinorg. Chem.1971, 10, 1035-1042.
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Chem.1976 15, 2462-2466.
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1979 2022-2025.
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Chem., Int. Ed2003 42, 216-219.
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@ ®

The identity of [(PCP)Ru(CO)-N,)][BAr'4] (4) has been
confirmed by a single-crystal X-ray diffraction study (Figure
3). Similar to the case of comple one agostic interaction
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Table 1. Selected Crystallographic Data and Collection Parameters for Com®e8ed, 7, and8

[{ (PCP)Ru(COp2(u- [(PCP)Ru(COY*— [(PCP)Ru(COY¢*— [(PCP-CHPh)Ru(CO)] [(PCP-CCHPh)Ru(CO)]
complex Ch][BAr'4] (2) CH,Clp)][BAr'4] (3) N2)][BAr'4] (4) [BAr'4] (7) [BAr'4] (8)
emfpiricall CosH12B Clz FosO2 PARW;  CsgHs7BCloF240PRU - CogHe2 sdBF25.50N20PRuU GsaHe1BF24P,ORuU GeeHe3BCloF240PRu
ormula
formula wt 2173.10 1470.77 1558.01 1475.95 1572.88
cryst syst monoclinic triclinic triclinic triclinic orthorhombic
space group P2j/c P1 P1 P1 Pna2;
a, 12.970(4) 13.4350(4) 12.3183(6) 12.794(1) 24.883(3)
b, A 27.644(7) 13.5298(4) 12.6860(6) 15.129(1) 15.962(2)
c, A 29.174(8) 17.9662(5) 22.7533(12) 18.119(1) 17.930(2)
o, deg 98.7273(11) 102.535(3) 73.841(1)
p, deg 96.932(5) 106.3306(10) 94.787(3) 79.979(1)
y, deg 94.8176(11) 91.770(3) 89.871(1)
vV, A3 10383(5) 3069.99(15) 3454.4(3) 3313.1(4) 7127.7(15)
z 4 2 2 2 4
Dealcas g/cn?  1.390 1.591 1.498 1.480 1.467
R, Ry 0.066, 0.114 0.049, 0.060 0.051, 0.058 0.062, 0.164 0.068, 0.159
GOF 0.699 1.84 1.92 1.023 0.929

aSee the Supporting Information for definitions Rfand R,.

the IR spectra are<2143 cntl. In addition, [TpRu(ly)-
(PEt),][BPh4] has been characterized with a RN distance
of 1.91(2) A and arny = 2163 cnt.48 [CpRu(N\y)(dippe)]-
[BPhy] and [Cp*Ru(N)(dippe)][BPh] (dippe = diiso-
propylphosphinoethane) have been isolated wthat 2145
and 2120 cm?, respectively®® The relatively long Re-N
bond distance and high-energyy of complex4 could be

Table 2. CO Stretching Frequencies (c#) for Complexes of the Type
[(PCP)RU(CO)(X)I" (n=0or 1)

X vco X vco X vco
NH, 1890 NHPh 1900 (PCP)(CO)Ru(Cl) 1939
Me 1893 H 1906 oTf 1941
OH 1896 G=CPh 1915 n1-CICH.CI 1964
Ph 1900 Cl 1919 nt-N2 1987

due to the combination of a cationic charge and competition stabilization provided by the chloride ligand, and/or the

for Ru—N, w-back-donation with the strongracid CO. The
high-energyvnny (2249 cni?) of complex4 compared to
similar Ru systems is consistent with the strongcid CO
competing for metal d electrons. The combination of
dinitrogen in the same coordination sphere with CO is
rare®®-52 Thus, we suggest that the RN bond is relatively
weak, a proposal that is consistent with the highly labile
nature of the dinitrogen ligand od. Several other late
transition metal dinitrogen complexes with pincer ligands
have also been reported with either monodentétis,—M
or M—u-N,—M coordination?1:46.53-60

Ligand Donor Ability and Agostic Interaction. The
stability of complex1 as a five-coordinate, 16-electron
system could be due to the bulkgrt-butyl groups, =

(48) Tenorio, M. A. J.; Tenorio, M. J.; Puerta, M. C.; ValergaJPChem.
Soc., Dalton Trans1998 3601-3608.

(49) de los Ros, I.; Tenorio, M. J.; Padilla, J.; Puerta, M. C.; Valerga, P.
Organometallics1996 15, 4565-4574.

(50) Luo, X.-L.; Kubas, G. J.; Burns, C. J.; Eckert)dorg. Chem1994
33, 5219-5229.

(51) Sato, M.; Tatsumi, T.; Kodama, T.; Hidai, M.; Uchida, T.; Uchida,
Y. J. Am. Chem. S0d.978 100, 4447-4452.

(52) Kandler, H.; Gauss, C.; Bidell, W.; Rosenberger, S.; Burgi, T.;
Eremenko, I. L.; Veghini, D.; Orama, O.; Burger, P.; Berke, H.
Chem—Eur. J.1995 1, 541-548.

(53) van der Boom, M. E.; Milstein, DChem. Re. 2003 103 1759-
1792.

(54) van der Boom, M. E.; Liou, S.-Y.; Ben-David, Y.; Shimon, L. J. W.;
Milstein, D. J. Am. Chem. S0d.998 120, 6531-6541.

(55) Vigalok, A.; Ben-David, Y.; Milstein, DOrganometallics1996 15,
1839-1844.

(56) Vigalok, A.; Milstein, D.Organometallics200Q 19, 2061-2064.

(57) Jensen, C. MChem. Commuril998 2443.

(58) Lee, D. W.; Kaska, W. C.; Jensen, C. ®rganometallics1998 17,

1.

(59) Gusev, D. G.; Dolgushin, F. M.; Antipin, M. YOrganometallic200Q
19, 3429-3434.

(60) Abbenhuis, R. A. T. M.; del Rio, |.; Bergshoef, M. M.; Boersma, J.;
Veldman, N.; Spek, A. L.; van Koten, Gnorg. Chem.1998 37,
1749-1758.

strong trans effect of the CO ligand. The coordination of a
two-electron donor ligand results in the formation of a
saturated 18-electron complex of the type (PCP)Ru(CO)-
(L)(CI). For example, (PCP)Ru(Cgjl and (PCP)Ru(CO)-
(PMe&;)Cl have been isolated and characteriZetthowever,
(PCP)RuU(CO)(NCMe)Cl and (PCP)Ru(CO)(§8I can only
be observed in solution, with attempts to isolate them
resulting in the dissociation of NCMe or NB*?® The
electron density of the metal center as influenced by the “X”
ligands of systems of the type [(PCP)Ru(CO)(X){n = 0
or 1) can be approximated by the energy of the CO
absorptions. In addition to the new systems reported herein,
other complexes of the type (PCP)Ru(CO)(X) have been
previously reported@*255961The CO absorption energies of
a series of systems are listed in Table 2.

Potentially, the unsaturated metal centerlafould also
be stabilized by a €H agostic interactiofi?¢3 Caulton et
al. reported double agostic interactions for the 14-electron
complex [Ru(Ph)(CO)(Bu.Me)][BAr',] with an average Ru/
Cagosicdistance of 2.87 A% In another case, the neutral 14-
electron complex Ru@GPPh(2,6-MeCsH3)}> with two
agostic interactions with an average RyjGicdistance 2.65
A has been reportedd. There are several other unsaturated
ruthenium complexes with a single-& agostic interaction
with Ru/Cygosticdistances less than 3%&:19.27.2859owever,
there is no agostic interaction reported fbr which is
possibly due to the presence of thedonating chloride
ligand, which can stabilize the 16-electron ruthenium center;

(61) Lail, M.; Bell, C. M.; Conner, D.; Cundari, T. R.; Gunnoe, T. B;
Petersen, J. LOrganometallics2004 23, 5007-5020.

(62) Brookhart, M.; Green, M. L. H.; Wong, L.-LProg. Inorg. Chem.
1988 36, 1-124.

(63) Brookhart, M.; Green, M. L. Hl. Organomet. Chemi983 250, 395~
408.
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however, for complexe8 and 4 with the weak donating 'Bu 'Bu 'Bu 'Bu

ligands CHCI, or Ny, respectively, the unsaturated formal \p/ L \/ 1

16-electron metal centers are apparently each stabilized by . Rluﬁffj

a single agostic interaction. Milstein et;l' have reported the é» \F—@ é,\H .,

agostic interaction for [(PCP)Ru(Cg}).22 Thus, an agostic \, >(V

interaction appears favorable for systems of the type [(PCP)- tB{ B ‘Bﬁ Hlrs]

Ru(CO)(L)I'* (n = 0 or 1) in which “L" is either weakly TF’hF

coordinating or a strong-acid. In contrast, for I= ClI, the By 'Bu ] t8y 'Bu X tBy 'Bu X

formation of a sixth Rerligand bond does not appear to be \P/ P/ 1 \P/

highly favorable; hence, an agostic interaction is not observed (%F«I'u O N (%F«I’u A0 RIU/CO

and ligands such as NHNCMe, and PMg very weakly NN I /\:<< Ny

coordinate to the (PCP)Ru(CO)(CI) system (see above). /P\ ~N Fit /P H
Density Functional Theory (DFT) Calculations for By BY gy B [0 ] gu /N M6 ]

Comparison of [[PCP)Ru(CO)(L)]* (L = -CICHCl, 5*- lCHZC,z

N,, p-FC¢Hs, or Agostic) Complexes.Hybrid quantum

mechanics/molecular mechanics (QM/MM) calculations on t8y 'Bu . tsu 'Bu .

full experimental models were performed for the comparison \P/ i \P/ 1

of the binding of weak bases to [(PCP)Ru(CO} form Flu S0 Rlu:(—:gcn-a o

[(PCP)RU(CO)(L)T (L = n*-CICH,CI, *-N,, n*-FCsHs, or I ™ CicH,CI I!’\H z

C—H agostic). For the four-coordinate, 14-electron complex 7N 7 ><vH

[(PCP)Ru(CO)}, both agostic and nonagostic conformers Bu BY [-12] g A H17]

were investigated. Three of theert-butyl groups were Figure 4. QM/MM (B3LYP/CEP-31G(d):UFF) binding energies in kcal/
modeled classically (using MM); the one with an agostic ™! (given in boxes) relative to the nonagostic isomer of [(PCP)RU(CO)]
interaction was modeled at the same B3LYP/CEP-31G(d)
level of theory as the other quantum atoms. Although factors play a secondary role in discrimination among the
geometry optimizations were started from crystallographic various bases for coordination to ruthenium. The calculations,
coordinates, it must be noted that an extensive conformationalthus, support the experimental inference made above that
analysis of these species was not performed and the reportefluorobenzene is a competent base for [[PCP)Ru(CO)(L)]
energetics must be viewed in this light. Upon geometry and that a 14-electron, four-coordinate species [(PCP)Ru-
optimization, the complex [(PCP)Ru(CO)had one weak  (CO)J* (both agostic and nonagostic conformers) represents
agostic interaction with a distance RiCagosic= 3.25 A as a higher energy state than [(PCP)Ru(CO)(L3r L = »*-
well as a compressed bond angle,f+C = 102.2. The N2, n3-CH,Cl,, or PhF (Figure 4).
small Ru-P—C bond angle is akin to that noted in the crystal ~ Geometry optimization, followed by vibrational frequency
structures of the agostic interactions for [[PCP)Ru(COJY(L)] analysis, was performed on truncated 16-electron [(FRGR
complexes (see above). In terms of the calculated binding (CO)(L)]* models to ascertain their CO absorptions. The
energy, the agostic conformer is 6 kcal/mol more stable thanexperimental order ofco (cm™2) for [[PCP)Ru(CO)(L)] is
the nonagostic conformer (Figure 4). 1987 (L= n*-Ny), 1964 (L= 5*-CH,Cl,), and 1953 (L=

For the five-coordinate, 16-electron complexes [(PCP)- PhF) with the latter being inferred from equilibrium studies;
Ru(CO)(L)I*, binding of the fifth ligand to the nonagostic the calculatedco (cm™) values for the corresponding PCP
conformer of [(PCP)Ru(CO}] afforded nonagostic com- models are 2085, 2066, and 2054. Scaling the calculated CO
plexes with the following calculated binding energiesSE stretching frequencies by a typical factor of 0.95 yields
(kcal/mol)= —12 (L = »*CH,Cl,), —13 (L = FGsHs), and = 1981 cm? (L = 5*-Nyp), 1963 cm?! (L = 51-CH,Cl),
—18 (L = n*-N,) (Figure 4). An agostic conformer for these and 1951 cm! (L = PhF) for [[PCPRu(CO)(L)]". The
five-coordinate complexes was found for two of the ligands proposed fluorobenzene compl&xhas an experimentako
(L = CH.Cly, FGHs) although none could be found for L of 1953 cnt. Thus, the calculations support the intermediacy
= N,. Manually altering the geometry to create agostic of a fluorobenzene complex in the solution equilibrium
interactions resulted in optimized geometries in which this experiments.
interaction was absent. Each of the agostic conformers of The computational studies suggest that the weakly coor-
[(PCP)Ru(CO)(L)T, with L = CH,CI, and FGHs, had one dinating ligands;*-N,, *-CH,Cl,, and PhF are preferred over

agostic interaction with calculated distances ROugosic = the four-coordinate complex [(PCP)Ru(COith or with-
3.20 and 3.22 A, respectively. out an agostic interaction, and these calculations are con-
The relative order for the [(PCP)Ru(CO)and [(PCP)- sistent with experimental observations. The calculations also

Ru(CO)(L)]* complexes in terms of increasing binding indicate that the agostic fragment [[PCP)Ru(CQ)as little
energy is CHgosic < CH.Cl, ~ PhF < N,. The same order  preference for binding ofy-N,, #*-CH.Cl,, or PhF with

is seen in full QM calculations on small models (i.e., PCP calculated differences in energies of only 1 kcal/mol (Figure
— PCP, wheretert-butyl groups are replaced by hydrogen). 4).

Additionally, binding energies for PCPnodels are of the Reaction of 3 with PhCHN,. The labile CHCI, ligand
same magnitudeH{1—2 kcal/mol), implying that steric  of complex3 makes it a potentially useful synthetic precur-
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Figure 5. ORTEP diagram (30% probability) of [(PCFCHPh)Ru(CO)]-
[BAr'4] (7) (hydrogen atoms, except the one on “PHCand the BAt,
counterion have been omitted for clarity). Selected bond lengths (&) and
bond angles (deg): RuwiC2, 2.329(8); RutxC10, 2.11(1); C2C10,
1.47(1); C2-C3, 1.42(1); C2C7, 1.42(1); C3-C4, 1.37(2); C4C5,
1.36(2); C5-C6, 1.36(2); C6-C7, 1.398(1); C2Rul-C10, 38.2(3); C2
Rul-C1, 141.9(4); PtRul-P2, 164.86(9); RutC10-C2, 79.2(6); Rut+
C10-C11, 128.8(6); C11C10-C(2), 124.2(9); C16C2—Rul, 62.6(5).

sor. A pentane solution of excess phenyldiazomethane,
PhCHN, was added to a Ci€l, solution of 3. A single
ruthenium product was isolated after workup in 80% vyield
and was fully characterized by, 3P, 1°F, and'3C NMR

and IR spectroscopy, elemental analysis, and a single-crysta

X-ray diffraction study. Spectral data do not provide evidence

Scheme 2. Comparison of Bond Lengths (A) of¢Ring Moieties of
Complexe#s, 7, and8 and Assignment of-Arenium for Complexed
and 8

1.372(16)
1.420(15) ’
\ [ o
1.363(17) —_ Ru %
/\ Ru
1.36(2) - | \P/ e Fl’ th
1398(14)  1.421012) (7)
—I +
| -CO
u
]
P H
Ph
1.344(4) Ph
1.420(4) ®
1.392(3)
P_ 1.410(3) v
1.389(3) \\ / 1/
Ru I/
~ | \N R“\
1.385(3) | ~P : F[’ "
1.397(3) 1.4083)  (4)

aThe left side shows bond length data, and the right side shows structure
fissignments.

other phenyl carbons are longer than 3 A. These bonding

for the presence of a benzylidene ligand, as a resonancenteractions have an effect on the aromaticity of the PCP

downfield of 10 ppm in théH NMR spectrum, which would

phenyl ring with the best description being an arenium moiety

be consistent with a carbene proton, is not observed nor isbased on the bond length analysis (Scheme 2). The bond
a resonance consistent with a carbene carbon observed ifengths of C2-C3 (1.42(1) A) and C2C7 (1.42(1) A) are

the3C NMR spectrum. Four doublets withy = 14 Hz are
observed in the region of 0-8..6 ppm in the'H NMR
spectrum, which can be assignedtas-butyl groups. Two
doublets at 46.2 and 23.6 ppm witkp = 218 Hz are present
in the 3'P{*H} NMR spectrum. An absorption due to the
CO ligand is observed at 1931 ctin the IR spectrum.

A solid-state X-ray crystal structure analysis was per-
formed and revealed the product as [(PEFHPh)Ru(CO)]-
[BAr';] (PCP-CHPh= «*-P,P,C,C-1-CHPh-2,6-(CHPBU,),—
CeH3) (7) (Figure 5). Thus, rather than formation of a stable
and isolable ruthenium alkylidene complex, the coupling of
the carbene moiety “CHPh” with the PCP ipso carbon occurs.
Prominent geometric features include a-G2u1—C1 bond
angle of 141.9(4) and a singleweak agostic interaction
(Rul—C24, 3.06 A). The RuxC2 bond distance (2.329(8)
A) is longer than typical RuCis, bond distances (e.g.,
2.053(3) A in complex3). The C2-C10 bond distance
(1.47(1) A) is slightly shorter than a carbenarbon single
bond ¢1.54 A) but longer than a carbemarbon double
bond ¢1.34 A). No evidence for possiblg*-allyl or #7*
diene coordination involving the PCP phenyl ring or carbene
phenyl ring is observet:®> All distances between Ru and

(64) Jordan, R. F.; LaPointe, R. E.; Bajgur, C. S.; Echals, S. F.; Willett,
R.J. Am. Chem. S0d.987 109 4111-4113.

(65) Mintz, E. A.; Moloy, K. G.; Marks, T. J.; Day, V. WJ. Am. Chem.
S0c.1982 104, 4692-4695.

slightly longer ¢-0.06 A) than those of C5C6 (1.36(2) A)
and C4-C5 (1.36(2) A). In contrast, a smaller difference
was observed in complek(~0.02 A). The G-C bond length
in benzene is 1.394(5) &. Similar structures such as
og-arenium complexes of Pt, Ir, or Rh and methylene arenium
complexes of Ir or Rh have been reportéd’"°

A possible mechanism for the conversion 8fand
PhCHN, to 7 involves the initial formation of a Ru
benzylidene complex followed by an intramolecularC
coupling sequence (Scheme 3). If this pathway is operative,
complex7 is a trapped intermediate of a formal insertion of
a carbene ligand into a Rtaryl bond. Similar transforma-
tions are important EC bond forming reaction8: 74 Hybrid
QM/MM calculations on full experimental models suggest

(66) Schomaker, V.; Pauling, b. Am. Chem. S0d939 61, 1769-1780.

(67) Albrecht, M.; van Koten, GAngew. Chem., Int. EQ001, 40, 3750~
3781.

(68) Terheijiden, J.; van Koten, G.; Vinke, I. C.; Spek, AJLAm. Chem.
Soc.1985 107, 2891-2898.

(69) Vigalok, A.; Shimon, L. J. W.; Milstein, DJ. Am. Chem. S0d.998
120, 477-483.

(70) Vigalok, A.; Rybtchinski, B.; Shimon, L. J. W.; Ben-David, Y.;
Milstein, D. Organometallics1999 18, 895-905.

(71) Hoover, J. F.; Stryker, J. M. Am. Chem. S0d.99Q 112, 464—465.

(72) Bergamini, P.; Costa, E.; Cramer, P.; Hogg, J.; Orpen, A. G.; Pringle,
P. G.Organometallics1994 13, 1058-1060.

(73) Trace, R. L.; Sanchez, J.; Yang, J.; Yin, J.; Jones, WOkgano-
metallics1992 11, 1440-1442.

(74) Tan, K. L.; Bergman, R. G.; Ellman, J. A. Am. Chem. So2002
124, 3202-3203.
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Scheme 3. Proposed Reaction Pathway of
[(PCP)RU(CO)*-CICH,CI)] ™ (3) with PhCHN> To Form
[(PCP-CHPh)Ru(CO)} (7)

at P51
P | _C
| _cO PhCHN, Ru~
Ru R —— Ph
N - CHyCl, /
p  CICHCI p
(3) ()]
+ PhCHN,
T0°C| _cHyCl, 10°C
1 r
P P
| cO -N, | cO
Ru T a0c Ru _pn
| Snychpn 0% | e~
P 2 P
— Figure 6. ORTEP diagram (30% probability) of [[PERECHPh)Ru(CO)]-
Observed by 'H NMR [BAr'4] (8) (hydrogen atoms, except the “C(PH)hydrogen, and the BAx
spectroscopy at -40 °C counterion have been omitted for clarity). Selected bond length (&) and

bond angles (deg): RuiC2, 2.352(2); Ru+C10, 1.980(2); C2C10,

, o , 1.466(5); C16-C11, 1.316(4); C2C3, 1.420(4); C2C7, 1.420(4); C3
that this reaction is exothermic by more than 30 kcal/mol; ¢4, 1.(35)5(4); C4Cs. 1_375(%); C5C8, 1.409((5)); C6C7, 1.344((4)); ca

other computational studies relevant to this transformation C10-C11, 134.7(3); C16C11-C12, 127.1(3); C2Ru1-C10, 38.3(1);
are given below. In an effort to experimentally observe C2-Rul=Cl, 144.5(1); P¥Rul-P2, 166.1(1).

reaction intermediates for the conversion ®fto 7, we
monitored the reaction o8 and PhCHN using variable
temperaturéH NMR spectroscopy in CECl,. Complex3

and PhCHN were dissolved in CRCl, at —70 °C and
transferred to an NMR probe precooled to this temperature.

At —70 °C, there was no observation of a downfield ™ i : e
with terminal acetylenes is knowf.To determine if the

resonance that would be diagnostic of the formation of a "~ " i ,
benzylidene complex; however, compl@uwas converted vinylidene—Ciyso coupling reaction occurs as observed for
the formation of7, the reaction of3 with phenylacetylene

to a new complex that is likely a ruthenium diazophenyl- . | . h
methane complex. The temperature of the NMR probe was'! C[,)ZC? was monitored by NMR spgctroscppy. The
incrementally increased to room temperature—40 °C, a combination of3 and PhGCH results in an immediate color

decrease in the intensity of resonances du@isoobserved, ~ ¢hange from orange to green and the formation of a new
and the formation of a resonance at 26.0 pphh KIMR) complex, as indicated by two new virtual trlpl_ets at1.62 and
occurs. This downfield resonance most likely indicates the 10 ppm In the'H NMR spectrum and a singlet at 31.5
formation of the benzylidene complex [(PCP)(CO¥Ru ppmin P NMR spectrum. In add|t|on,.atr|plet at 6.55 ppm
CHPhH][BAr'4]. At 10 °C, the resonance due to the putative with a coupling constant of = 3 Hz is observed byH

carbene complex disappears and the quantitative formationNMR spectroscopy. This c_omplex undergoes S_IOW transfor-
of complex7 is observed. These results suggest thas mation to a new product with complete conversion observed

formed from an intermediate carbene complex rather than by NMR sp_ectrosqopy after-34 days at room temperature.
direct attack of NCHPh on the Re-aryl moiety. Rhodium Tyvo new virtual triplets at 1.43 gnd 1.20 ppm and a broad
benzylidene complexes with a pincer ligand have been Singletat5.87 ppm are present in t&NMR spectrum of
synthesized from the reaction of phenyldiazomethane with tN€ fm;all product, and a new singlet at 37.4 ppm is observed
rhodium dinitrogen precursors, although no carbene inser-N the*P NMR spectrum. This ultimate product is “kily a
tion reaction has been reported for the Rh benzylidene r€Sult Of @ vinylidene Cips, coupling to yleki [(PCP-C=
complexs35675 For example, the benzylidene complex CHPMRU(CO)I[BAf)] (PCP—C=CHPh = «*-P,P,C,C-1-
(PCP')Rh—=CHPh is isolable (POP2 = 2,6-(CHPBuWy),-  (C CHPN)-2,6-(CHPBUz),—CeHs) (8). The structure o8
3,5-Me—CgHs). The difference in reactivity with phenyl- is similar to that of7 (Figure 6). Howeyer, the phenyl ring
diazomethane between the PERu system reported herein of the {C=CHPI} fragment resides In a plane of mirror
and the Rh systems may be derived from the ability of the SYMMetry that renders the two phosphine groups symmetry
Rh(l) complexes to stabilize (kinetically and/or thermody- €duivalent. In contrast, the CHPh group is in a perpendicular
namically) the benzylidene moiety through metal-to-ligand °fiéntation for complexs, which resuits in two symmetry
n-back-bonding. Evidence of increasedback-bonding  unique phosphines. Thus, fowrt-butyl groups are observed

ability for the Rh systems versus the Ru fragment discussed®S four doublets f?V' while only two virtual t_ripIer were
herein is apparent from the relativay of the dinitrogen ~ oPServed for8 by *H NMR spectroscopy. Likewise, two

complexes (PC2Rh 2120 cntd) and [(PCP)RU(CO)-  'esonances are observed forand a single resonance is
P ( IRN(NG) ( ) ( JRU(CO) observed foi8 by 3P NMR spectroscopy.

(N2)]™ (2249 cmY). It is also feasible to consider that the
preferred square planar geometry of four-coordinate Rh(l)
inhibits the C-C bond formation step.

Reaction of 3 with PhC=CH. The formation of vinyl-
idene ligands from reaction of transition metal systems

(75) Cohen, R.; Rybtchinski, B.; Gandelman, M.; Rozenberg, H.; Martin,
J. M. L.; Milstein, D.J. Am. Chem. So2003 125, 6532-6546. (76) Bruce, M. I.Chem. Re. 1991, 91, 197-257.
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Jia et al. and Gusev et al. have reported similar coupling 1 -+
reactions of terminal acetylenes with ruthenium pincer | c© ’/Co
complexes/ " However, reaction of terminal acetylenes U e-Ph 8.3 kealfmol RU on
with osmium derivatives resulted in isolable vinylidene P o
complexeg?8% For the reaction of (PGPPh)Ru(PPk(CI) H @ H
(PCP-Ph= 2,6-(CH,PPh),CsH3) with PhG=CH, Jia et al. X -
discussed the mechanism as proceeding via alkyne coordina- T’CO ] T’ co
tion, transformation to a vinylidene complex followed by Rf;Q 'Mﬂ’ Ru”
the C-C coupling step to form the product. Neither the ,', C\‘?/H ,'\c;
proposed alkyne-coordinated intermediate nor the vinylidene Ph P “JC~H
complex has been observ&d?®In contrast, an intermediate ® pn
Ru complex is observed for the reactiondfiith PhG=CH Figure 7. Calculated ONIOM reaction energies in kcal/mol.

to form 8, and likely identities of this system are thgé-
alkyne complex [(PCP)Ru(CQ){-PhCCH)][BAr] or the
vinylidene complex [(PCP)(CO)RaC=CHPh][BAr'4]. The
observed intermediate is unlikely a Ru hydricakynyl
complex, since the anticipated upfield resonance due to a
hydrido ligand is not observed. No resonance downfield of
200 ppm, except a triplet at 208.5 ppm due to CO, is
observed in thé’C NMR spectrum, which provides evidence
against the presence of a vinylidene intermediate; however,
due to likely C-P coupling and relaxation, the intensity of
this resonance is anticipated to be weak and difficult to
observe. Thus, the absence of an assignable vinylidene
carbon resonance is not sufficient evidence to conclusively
assign the identity of the intermediate. On the basis of DFT
calculations (see below), we suggest that the intermediate isFigure 8. Calculated structure of the product from insertion of the alkyne
the vinylidene complex [(PCP)(CO)R«C=CHPh][BAr'4]; into the PCP ligand starting from [(PCP)(CO)R%CECPh)T. Some
. . . atoms of the PCP ligand are shown in wire frame for clarity.
however, the inability to cleanly isolate and grow crystals
of this system precludes a definitive conclusion based solely
on experimental data. found to be thermodynamically feasibleAE = —8 kcal/
The reactions of phenylacetylene with five-coordinate Mol for =C(H)Ph insertion to forn¥ and—27 kcal/mol for
complexesl or 6 were studied to determine if the weakly =C=C(H)Ph insertion to forn8 (Figure 7). The correspond-
bound CHCI, of 3 is necessary to observe the formation of ing enthalpy values for truncated PGRodels are-17 kcal/
8. Reaction of triflate comple¥ with PhG=CH vyields mol (carbene insertion) and-22 kcal/mol (vinylidene
similar results as observed for compl&x including the insertion). These QM energetics on small models, combined
formation of an intermediate and the eventual conversion to With the analysis of the QM portion of the QM/MM
the final coupling producs, albeit the total reaction time is ~ €xtrapolated energies, suggest that the difference in the
~10 days at room temperature compared-®days starting ~ energetics of carbene and vinylidene has both electronic and
from complex3. In contrast, there is no observable reaction Steric components. Interestingly, the carbene insertion is
between chloride complekand Ph@CH at room temper-  retarded {4—5 kcal/mol) by steric factors, while the
ature after 7 days. vinylidene insertion is facilitated by a comparable amount
DFT Calculations on the Formation of Complexes 7 by steric factors. Presumably, this is a reflection of the extra
and 8.The formation of Comp|exegand8 was probed using carbon atom of the Vinylidene mlnllelng steric hindrance
similar computational methodologies to those described between the phenyl substituent and the phosptertebutyl
above. Given the difficulties in isolating appropriate transition groups of complex8 as compared with complex
states for carbene (and vinylidene) insertion, the correspond- A terminal alkyne complex as a possible intermediate in
ing DFT calculations on truncated PQRodels (vide supra)  the formation o was probed through QM/MM calculations.
were also performed. Calculations support the experimental Construction of [(PCP)(CO)Ryt-HC=CPh)}" (alkyne in
inference about the intermediacy of terminal [(PCP)(CO)- the equatorial plane) followed by geometry optimization
Ru=(C)o,=CHPh]" complexes, as both species are found yielded a high energy intermediate (ca. 13 kcal/mol above
to be stable minima. Furthermore, the insertion reactions are8) corresponding to the insertion of the alkyne triple bond
into the Ru-Ciyso Of the PCP ligand (Figure 8). Model

(77) Lee, H. M.; Yao, J.; Jia, @rganometallics1997 16, 3927. calculations on [(PC’I}(CO)RU@Z-HCECH)]* yielded a
(78) Jia, G.; Lee, H. M,; Xia, H. P.; Williams, |. BDrganometallics1996 . . . . L .
15, 5453. statlonary p0|nt, but this species was a transition state with

(79) Gusev, D. G.; Maxwell, T.; Dolgushin, F. M.; Lyssenko, M.; Lough,  the imaginary frequency corresponding to the rotation of the
A. J. Organometallic2002 21, 1095-1100. - . .
(80) Wen, T. B.: Cheung, Y. K.. Ya0, J.: Wong, W.-T.: Zhou, Z. Y.: Jia acetylene ligand to a conformation with the=C bond

G. Organometallic200Q 19, 3803-3809. perpendicular to the equatorial plane, which is 23 kcal/mol
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Sﬁheme 4, R_ela:jcti}?n of [(PI_CP)Ru(((j:o;)e-_CICHZCIt))]+ 3) t\)/;/ith 19F spectra were recorded on a Varian Mercury instrument operating
e Pt Ty e a a fequency of 376.5 MHz with GEOH (~78.5 pom) as the
[(PCP)(CO)R&~C—CHPhJ" external standard. IR spectra were acquired of solutions in KBr
me N solvent cells using a Mattson Genesis Il FT-IR instrument.
P p B Elemental analyses were conducted by Atlantic Microlab, Inc.
% PhCCH b €0 (PCP)Ru(CO)(CI) 1), (PCP)Ru(CO)(OTf)&), phenyldiazomethane,
| \CICHZCIW and NaBAt, were synthesized as previously reportedf.81.82
P or TZHFZ e\ H Phenylacetylene was purchased from a commercial source and used
® @ Ph without further purification.
J [{(PCP)RU(CO)}o(u-CI][BAr 'g] (2). (PCP)Ru(CO)(CI) 1)
PhCCH (0.225 g, 0.403 mmol) was dissolved in approximately 20 mL of
p CH,Cl,, and 0.5 equiv of NaBAj (0.200 g, 0.220 mmol) was
P P 1" added. After stirring for 30 min, the color changed from brown to
1,°° H . }IQ/CO dark red and the CO absorption changed from 1920 to 1939,cm
F”‘/ ‘"\\c\\C,H as monitored by IR spectroscopy. After vacuum filtration through
p Ph P L a fine porosity frit, the filtrate was concentrated ted mL and

10 mL of hexanes was added to yield an orange solid. The solid

. . L was collected with a fine porosity frit, washed with hexanes, and
higher in energy than the vinylidene model [(PItEO)- dried in vacuo (0.310 g, 0.160 mmol, 80%). Crystals suitable for

Ru=C=CHj]". Such a perpendicular conformation for the 4, x-ray diffraction study were obtained by slow diffusion of
experimental [(PCP)(CO)Ryf-HC=CPh)]* seems even less pentane into a CkCl, solution of 2 at —20 °C. IR (CHCl,
plausible on steric grounds, given the expected steric solution): vco = 1939 cn. IH NMR (CDCls, 8): 7.71 (8H, br s,
repulsion between the Ph and ttext-butyl groups. (See  BAr', phenyl), 7.52 (4H, br s, BAs phenyl), 7.16 (4H, m, PCP
Table 1 for crystallographic data and parameters for com- phenyl), 7.02 (2H, m, PCP phenyl), 3.45 (8H, m, PCPJCH.74-

plexes2, 3, 4, 7, and8.) 0.85 (~72H, overlapping multiplets, PCPHg). 3P{*H} NMR
(CDC|3, 6) 74.1 (d,Jpp: 228 HZ), 68.9 (d,]pp: 228 HZ).19F
Summary NMR (CDCl;, 6): —63.0. Anal. Calc for GHgsBCIF,,0,P4RW:
C, 50.67; H, 5.08. Found: C, 50.16; H, 4.85.
The 14-electron fragment [(PCP)Ru(CO¥ppears to bind [(PCP)RU(CO)(m*-CICHCH][BAr '] (3). (PCP)RU(CO)(OTH)

weakly coordinating ligands such as dinitrogen, methylene (6) (0.100 g, 0.149 mmol) was dissolved in 10 mL of &, and

chloride, and fluorobenzene in preference to formation of approximately 1 equiv of NaBAr (0.140 g, 0.158 mmol) was

agostic interactions. This suggestion is supported by both added. After stirring for 30 min, the color changed from brown to

experimental observations and calculations. The reaction ofgga;%ii;r;gdthb? ?Roszgiggpsté%g;h?ﬁfigSrt?or?, \}vzilfiltt(;ri?jﬁtﬁ’rzg]gh
1_ ’ : .

EE;SI);:Z(tyCISzZ rg;ﬁlizg)t]r[aBrg;oélr]m(zft)io\llﬂv_l,t?nvl\(lj\(/:i:gptrllre((;(r: a fine porosity frit, and the filtrate was concentrated to 1 mL under

. . ; . reduced pressure. Approximately 10 mL of pentane was added, and
bond formation of the PCP phenyl ring. Experimental studies ¢ formation of an orange precipitate was noted. Upon filtration

suggest that the reaction with,8HPh proceeds via the  through a fine porosity frit, the solid was washed with pentane and
formation of a Ru benzylidene complex and that an dried in vacuo (0.180 g, 0.122 mmol, 82%). Crystals suitable for
intermediate vinylidene complex may be central to the an X-ray diffraction study were obtained by slow diffusion of
reaction with phenylacetylene. The QM/MM calculations on pentane into a CkCl, solution of 3 at —20 °C. IR (CHCl,
[(PCP)(CO)R&=(C)os=CHPh]" and the DFT calculations  solution): vco = 1964 cnt™. *H NMR (CDCl, 6): 7.74 (8H, br

on [(PCP)(CO)Ru=(C)o=CH,]* provide support for the S, BAraphenyl), 7.58 (4H, br s, BArphenyl), 7.23 (2H, dJun =
thermodynamic feasibility of the experimental mechanisms ?re"ézbﬁ’_:gr;")é ;-g%ﬁ“r’nﬂﬁci85";2'1P5%P(nge”\3;P;\l5-3i’5(2|_|"'z' S,

; 2), O. , m, 2), 1. , VLN = )
leading to7 (Scheme 3) an@ (Scheme 4). PCP @), 1.11 (18H, VtN = 15 Hz, PCP @l3). 31P{H} NMR
(CD,Clp, 0): 71.0 (br s).1F NMR (CD,Cl,, 8): —63.0. This
compound is extremely air and moisture sensitive. Thus, elemental

General Methods.Unless otherwise noted, all procedures were analysis was not obtained.
performed under an atmosphere of dinitrogen in a glovebox or using ~ [((PCP)RU(CO)@*-N2)I[BAr 4] (4). In a 25 mL round-bottom
standard Schlenk techniques. Oxygen levels wetb ppm for all flask, (PCP)Ru(CO)(OT)) (0.030 g, 0.045 mmol) was dissolved
glovebox manipulations. Pentane and fluorobenzene were distilled N 5—10 mL of fluorobenzene. Approximately 1 equiv of NaBAr
from P,Os. Methylene chloride was purchased as an OptiDry solvent Was added, and the reaction progress was monitored by IR
(<50 ppm HO), passed through two columns of activated alumina, SPectroscopy. After 30 min, the CO absorption (1944 Yndue
and then distilled over Catprior to use. CBCl, and CDC} were to the starting material had disappeared, and a major absorption at
degassed via three freezpump—thaw cycles and stored over 4 1987 cnT' was accompanied by a small side peak at 1953'cm
A molecular sieves!H and 13C NMR measurements were per- N addition, an absorption at 2249 chwas observed. The solution
formed on a Varian Mercury 300 or 400 MHz spectrometer and Was stirred for approximately 3 h, during which time the IR
referenced to tetramethylsilane (TMS) using resonances due toSPECtrum did not change significantly. The solution was filtered
residual protons in the deuterated solvents or'fi@eresonances -
of the deuterated solvents. AIP NMR spectra were recorded on ~ (81) f{c’g'ggﬁt’gg'\gg Grant, B.; Volpe, A. F., JOrganometallics1992

a Varian Mercury instrument operating at a frequency of 161 MHz (g2) creary, X Organic Synthesidniley: New York, 1990; Collect. Vol.
with 85% phosphoric acid (0 ppm) as the external standard. All No. VII, p 438.

Experimental Section
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through a fine porosity frit, and the filtrate was transferred to a  [(PCP—CCHPh)Ru(CO)][BAr '4] (8). (A) Method A. [(PCP)-
glass tube. After dilution with fluorobenzene, pentane was layered Ru(CO)*-CH,Cl,)][BAr'4] (3) (0.100 g, 0.068 mmol) was dis-
on top of the solution. Slow diffusion at20 °C yielded orange solved in 10 mL of CHCI,. Excess phenylacetylene (0.030 mL,
needle crystals. A single crystal was selected for X-ray diffraction 0.27 mmol) was added with an immediate color change from orange
analysis. to green. The solution was stirred for 4 days with no further color
[(PCP)Ru(CO)(FCsH5)][BAr ‘4] (5). The preparation procedure  change noted. As monitored by IR spectroscopy, upon addition of
was similar to that for comple#. After addition of NaBAl, and the phenylacetylene, the CO absorption changed from 1964 to 1943
upon observation of equilibrium by IR spectroscopy, the solution ¢m™™. The solution was concentrated to approximately 5 mL under
was purged with argon for 10 min. The peaks at 1987 cdue to reduced pressure, and pentane was added to yield a green
one CO absorption and at 2249 thdue to N absorption precipitate. Upon filtration, the collected green solid was washed
disappeared, and only one CO frequency at 1953 1cmas with pentane and dried in vacuo (0.080 g, 0.054 mmol, 80%).
observed. The solution was purged with dinitrogen, and the (B) Method B. [[PCP)Ru(CO)§*-CH,Cl,)][BAr'4] (3) (0.150 g,
absorptions at 1987 and 2249 chappeared with the side peak at  0.10 mmol) was dissolved in 15 mL of GEl,. Excess phenyl-
1953 cntl. The solution was then filtered through a fine porosity acetylene was added, and the color of the solution changed to green.
frit, and the filtrate was transferred to a glass tube and diluted with A new CO absorption was observed at 1943 “énby IR
fluorobenzene. Repeated attempts to grow crystals resulted inspectroscopy. The volatiles were evaporated under reduced pressure.
decomposition upon removal of crystals from the solvent. The resulting green residue was dissolved in 20 mL of tetrahydro-
[(PCP—CHPh)RuU(CO)][BAr '4] (7). [[PCP)Ru(CO)*-CH:Cl,)]- furan (THF) and heated to reflux for 3 h. After cooling to room
[BAr'4 (3) (0.150 g, 0.102 mmol) was dissolved in 15 mL of temperature, the solution was concentrated to approximately 5 mL
CH,Cl,. A red solution of excess PhCHNh pentane was added.  under reduced pressure, and 10 mL of pentane was added to yield
The resulting solution was stirred for 30 min, during which time a green precipitate. Upon filtration, the collected green solid was
the color changed from orange to pink. The solution was concen- washed with pentane and dried in vacuo (0.130 g, 0.088 mmol,
trated to approximately 5 mL under reduced pressure, and 10 mL 86%). Crystals suitable for an X-ray diffraction study were obtained

of pentane was added to yield a pink precipitate. The solid was by slow diffusion of pentane into a GBI, solution of8 at —20

collected by vacuum filtration, washed with pentane, and dried in
vacuo (0.120 g, 0.081 mmol, 80%). Crystals suitable for an X-ray
diffraction study were obtained by slow diffusion of pentane into
a CHCI; solution of 7 at —20 °C. IR (CHCI; solution): vco =
1931 cntl. IH NMR (CD.Cl,, 6): 8.65 (1H, s, Ph@), 7.88 (2H,
t, Jun = 7 Hz), 7.73 (8H, br s, BAE phenyl), 7.57 (4H, br s, BAx
phenyl), 7.56-7.12 (~5H, overlapping multiplets, phenyl), 6.38
(1H, t, Jun = 8 Hz, phenyl), 3.90 (1H, m, PCPHG), 3.68 (1H, m,
PCP @,), 3.23 (1H, m, PCP B8,), 2.98 (1H, m, PCP B,), 1.55
(9H, d, Jpyy = 14 Hz, PCP @i3), 1.18 (9H, d,Jpyy = 14 Hz, PCP
CH3), 0.90 (9H, d Jpyy = 14 Hz, PCP El3), 0.86 (9H, d Jppy = 14
Hz, PCP 13). 13C{1H} NMR (CDCls, 6): 202.8 (t,Jpc = 12 Hz,
CO), 162.0 (m,Jsc = 50 Hz, B—Cisso), 147.2-117.7 (multiple
resonances due to aromatic carbons @Rg), 44.4, 35.5 (each a d,
Jpc = 15 Hz, PCPCH,), 41.7 (br s, Re-CHPh), 37.1 (m, PCP
CMe3), 30.8, 29.3, 29.1, 28.2 (each adc = 4 Hz, PCPCHy).
31P{1H} NMR (CD,Cly, 6): 46.2 (d,Jpp= 218 Hz), 23.6 (dJpp=
218 Hz).1%F NMR (CD)Cl,, ¢): —63.2. Anal. Calc for GHes-
BF,,OPRu: C, 52.08; H, 4.17. Found: C, 52.67; H, 4.07.
Variable Temperature *H NMR Study of the Reaction of
[(PCP)Ru(CO)(®*-CICH ,CI][BAr '4] (3) with PhCHN,. An NMR
tube was charged with approximately 20 mg of [(PCP)Ru(CO)-
(7*-CH,CI»)][BAr'4] (3) in 0.7 mL of CD,Cl, and cooled to—-70
°C in an acetone/dry ice bath. Approximately 3 equiv of PhGHN
was added via syringe with an immediate color change from brown
to red. The reaction mixture was transferred to an NMR probe
cooled to—70°C and was monitored b{H NMR spectroscopy as
the temperature was incrementally increased t6@5At —70 °C,

°C. IR (CHCI; solution): vco = 1943 cntl. 'H NMR (CD,Cly,
d): 7.79 (1H, t,Jyy = 8 Hz), 7.73 (8H, br s, BAg phenyl), 7.57
(4H, br s, BAf, phenyl), 7.34 (2H, dJun = 8 Hz, phenyl), 7.10
(3H, overlapping multiplet, phenyl), 6.54 (2H, duy = 8 Hz,
phenyl), 5.87 (1H, br s, Phd), 3.40 (2H, m, PCP B,), 2.99 (2H,
m, PCP @&i,), 1.43 (18H, vit,N = 15 Hz, PCP El3), 1.20 (18H,
vt, N = 13 Hz, PCP @i3). 13C{H} NMR (CDCls;, 6): 201.6 (t,
Jpc =12 HZ,CO), 162.0 (m,JBC = 50 Hz, B_Cipso)1 155.2 (br S,
Ru—Cd=CHPh), 148.+117.7 (multiple resonances due to aromatic
carbons, olefin carbon, an@F;), 39.6 (vt,N = 14 Hz, PCPCH,),
37.3 (vt,N = 16 Hz, PCRCMe3), 31.1, 28.8 (each aviy = 5 Hz,
PCPCHa). 31P{H} NMR (CD.Cl,, 8): 37.4.1%F NMR (CD,Cl,,
d): —63.2. Anal. Calc for GHeBF,OPRu: C, 52.47; H, 4.13.
Found: C, 52.42; H, 4.14.

NMR Study of Complex 3 with PhC=CH in CD ,Cl,. A screw
cap NMR tube was charged with [(PCP)Ru(C&£)CH,CL,)][BAr 4]
(3) (0.020 g, 0.014 mmol) in 0.6 mL of CI&l,. Phenylacetylene
(~5 uL, 0.04 mmol) was added, and an immediate color change
from brown to green was observed. The reaction was monitored
by 'H and®P NMR spectroscopy. During the initial time, a single
PCP-Ru species was observed with the following dathNMR
(0): 7.9-7.2 (overlapping aromatic rings), 6.54 (2H, 3y = 8
Hz, phenyl), 6.55 (1H, t) = 3 Hz), 3.90 (2H, m, PCP i), 3.02
(4H, m, PCP €l,), 1.62 (18H, vt,N = 15 Hz, PCP @i3), 1.10
(18H, vt, N = 13 Hz, PCP Ely). 3P{'H} NMR (9): 31.5. The
excess Ph&CH was observed as a singlet at 3.15 ppm. During
the reaction time, a new product appeared, as observéd amd
31P NMR spectroscopy. Features of the new product include a broad

there was no observation of a downfield resonance that would be singlet at 5.87 ppm and two virtual triplets at 1.42 € 15 Hz)

diagnostic of the formation of a benzylidene complex; however,
complex 3 was converted to a new complex that is likely a
ruthenium diazophenylmethane complex. A#0 °C, a broad
resonance was observed at 26.0 ppkh MR) that is consistent
with the formation of [(PCP)(CO)RaCHPhH][BAr,]. At 10 °C,

and 1.16 ppmN = 13 Hz) in the'H NMR spectrum and a singlet

at 37.4 ppm in thé’P NMR spectrum. This is consistent with the
formation of complex8. Over the reaction time, the decrease of
the intensities due to the first product resonances was accompanied
by an increase of the intensities of the resonances of con@lex

the carbene resonance disappears and complete conversion tand the resonance at 3.15 ppm due to the free=F®I@ was not

complex 7 is observed. The NMR resonances other than that

changed. After 4 days, complete conversion to com@ewxas

assigned as being due to the putative ruthenium carbene hy-achieved, as observed by botH and 3P NMR spectroscopy.
drogen have not been assigned due to the complication of NMR Complex8 was stable with excess PECH in CD,Cl, for at least

spectra.

48 h.
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Computational Methods. Density functional and hybrid quan-  geometry optimizations. All calculations were performed using the
tum mechanics/molecular mechanics (QM/MM) calculations were Gaussian suite of prograrfsWhen available, crystal structures
performed on truncated and full experimental models, respectively. for Ru complexes were used to initiate the geometry optimization
The QM/MM approach was employed according to the ONIOM calculations.
methodology?® For analysis of ligand (i.e., N CH,Cl,, PhF)

binding, the MM region contained three out of the faert-butyl Acknowledgment. T.B.G. acknowledges the National
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on the carbene and vinylidene ligands was replaced by hydrogen).T_R_C_ acknowledge the NSF for support through Grant
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(54 = 0.55) was used on phosphorus. For Ru complexes, the available free of charge via the Internet at http://pubs.acs.org.
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