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The octahedral Ru(ll) amine complexes [TpRu(L)(L")(NH2R)][OTf] (L = L' = PMes, P(OMe); orL=CO and L' =
PPhs; R = H or 'Bu) have been synthesized and characterized. Deprotonation of the amine complexes [TpRu-
(L)(L')(NH3)][OTH] or [TpRu(PMejs),(NH,Bu)][OTf] yields the Ru(ll) amido complexes TpRu(L)(L")(NH,) and TpRu-
(PMej3),(NHBuU). Reactions of the parent amido complexes or TpRu(PMes),(NH'Bu) with phenylacetylene at room
temperature result in immediate deprotonation to form ruthenium—amine/phenylacetylide ion pairs, and heating a
benzene solution of the [TpRu(PMes)»(NH,'Bu)][PhC,] ion pair results in the formation of the Ru(ll) phenylacetylide
complex TpRu(PMe;),(C=CPh) in >90% yield. The observation that [TpRu(PMes),(NH,'Bu)][PhC;] converts to the
Ru(ll) acetylide with good vyield while heating the ion pairs [TpRu(L)(L")(NHs)][PhC;] yields multiple products is
attributed to reluctant dissociation of ammonia compared with the tutylamine ligand (i.e., different rates for acetylide/
amine exchange). These results are consistent with ligand exchange reactions of Ru(ll) amine complexes [TpRu-
(PMe3)2(NH,R)][OTf] (R = H or 'Bu) with acetonitrile. The previously reported phenyl amido complexes TpRuL,(NHPh)
{L = PMes or P(OMe)s} react with 10 equiv of phenylacetylene at elevated temperature to produce Ru(ll) acetylide
complexes TpRuL,(C=CPh) in quantitative yields. Kinetic studies indicate that the reaction of TpRu(PMes),(NHPh)
with phenylacetylene occurs via a pathway that involves TpRu(PMes),(OTf) or [TpRu(PMes),(NH,Ph)][OTf] as catalyst.
Reactions of 1,4-cyclohexadiene with the Ru(ll) amido complexes TpRu(L)(L')(NH2) (L = L' = PMes or L = CO
and L' = PPh;) or TpRu(PMes)(NHBu) at elevated temperatures result in the formation of benzene and Ru
hydride complexes. TpRu(PMes),(H), [Tp(PMes),Ru=C=C(H)Ph][OTf], [Tp(PMes),Ru=C(CH,Ph){ N(H)Ph} ][OTf],
and [TpRu(PMe3)][OTf] have been independently prepared and characterized. Results from solid-state X-ray diffraction
studies of the complexes [TpRu(CO)(PPhs)(NH3)][OTf], [TpRu(PMe;3)2(NH3)][OTf], and TpRu(CO)(PPhs)(C=CPh)
are reported.

Introduction systems is derived, in part, from their importance in catalytic
reactions such as olefin and alkyne hydroamination and
grylamination as well as their role in-€4 bond activation
reactions (both biological and nonbiologic&l¥;'*1° and it

Diverse and interesting reactivity patterns for late transition
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(5) Fulton, J. R.; Holland, A. W.; Fox, D. J.; Bergman, R.A&c. Chem.

*To whom correspondence should be addressed. E-mail: Res.2002 35, 44-56.
brent_gunnoe@ncsu.edu. (6) Hartwig, J. F.Angew. Chemlnt. Ed. 1998 37, 2046-2067.
T North Carolina State University. (7) Roundhill, D. M.Chem. Re. 1992 92, 1-27.
* Campbell University. (8) Wolfe, J. P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, SAtc. Chem.
(1) Sharp, P. RComments Inorg. Chem999 21, 85-114. Res.1998 31, 805-818.
(2) Sharp, P. RJ. Chem. Soc., Dalton Tran200Q 2647-2657. (9) Mayer, J. M.Comments Inorg. Chemi988 8, 125-135.
(3) Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163-1188. (10) Caulton, K. GNew J. Chem1994 18, 25-41.
10.1021/ic034410a CCC: $25.00 © 2003 American Chemical Society Inorganic Chemistry, Vol. 42, No. 15, 2003 4759

Published on Web 06/28/2003



Conner et al.

has been demonstrated that high d-electron counts cancomplexes that mimic lipoxygenase enzymes and undergo

increase the reactivity ofr-donating (i.e., nondative)
ligands?10.20-22

Late transition metal mediated- activation sequences
that proceed via metal insertion into the-8 bond (oxidative
addition) have received significant attent®n! In contrast,

odd-electron hydrogen atom abstraction have been re-
ported!®38 The hydrogen atom abstraction reactions result
in a change in formal metal oxidation state and are reliant
upon the oxidizing ability of the transition metal center. In
contrast, low valent Ru(ll) amido and hydroxo complexes

many biological systems and an increasing number of that cleave €-H bonds via deprotonation have been re-

synthetic models serve to activate-&8 bonds remote to the
metal center via ligand-based hydrogen abstraé#idih93241

ported?%2243and the ligand-based-@H deprotonations do
not alter the formal metal oxidation state. Highlighting the

The electronic nature and coordination environment of the differences in G-H activation mechanism, Mn(lll) hexafluo-

metal center dictate whether the-@ activation sequences

roacetylacetonate oxidizes 9,10-dihydroanthracene via hy-

occur via hydride, hydrogen atom, or proton removal. For drogen atom abstraction (possibly via initial single electron
example, Mayer et al. have detailed a series of transition transfer and subsequent deprotonation) winéles(DMPE)-

metal complexes that activate-El bonds via initial electron

Ru(NH,)(H) (DMPE = 1,2-dimethylphosphinoethane) con-

transfer or hydrogen atom abstraction mechanisms and haveverts 9,10-dihydroanthracene to anthracene via initial depro-
demonstrated that competition between electron transfer andonation?°-37
hydride abstraction mechanisms is dependent upon metal A thorough series of studies detailing the reactivity of

redox potentiald?3"42 Fe(lll) hydroxide and methoxide
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octahedral Ru(ll) hydroxo and parent amido complexes of
the typetrans(DMPE)Ru(X)(H) (X = OH or NH,; DMPE

= 1,2-dimethylphosphinoethane) has revealed the ability of
the heteroatomic ligands to activate even weakly aciditiC
bonds via deprotonation reactiofg**°The basicities of the
Ru—X moieties are likely derived from the lack of X to metal
m-donation due to the electronically saturated metal center
in combination with highly ionic Re-X bonds>91946The
importance of understanding such basicity is highlighted by
recent reports of nitrogen-based ligands that serve as proton
reservoirs/delivery vehicles for transfer hydrogenation cata-
lysts#7#8Herein, we report the synthesis and characterization
of [TpRu(L)(L")(NH2Bu)][OTf] (L = L' = P(OMe} or PMg

or L = CO and LL = PPh), TpRu(PMg)(NH'Bu), TpRu-
(L)(L")(C=CPh), TpRu(PMg2(H), [TpRU(PMe)(N=CMe)]-
[OTH], [Tp(PMe3).Ru=C(CH,PhY N(H)PH][OTf], and [Tp-
(PMe3),Ru=C=C(H)Ph][OTf], solid-state X-ray diffraction
studies of [TpRuU(CO)(PRNNH3)][OTf], [TpRu(PMes),-
(NH3)][OTf], and TpRu(CO)(PP})(C=CPh), as well as the
details of the reactivity of TpRu(L)((NHR) (R = H, Ph

or 'Bu) with phenylacetylene and 1,4-cyclohexadiene (CHD).
Also included is a linear free energy study of equilibria
between aryl amido complexes upon treatment of TpRu-
(PMe;)(NHPh) with para-substituted amines of the type
p-NH,CsHs—X (X = Me, OMe, NMe, F, or CR). Portions

of this work have been previously communicatéd.

Experimental Section

General Methods.All reactions and procedures were performed
under anaerobic conditions in a nitrogen filled glovebox or using
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Octahedral Ru(ll) Amido Complexes

standard Schlenk techniques. Glovebox purity was maintained by 'H NMR (CDCl, 6): 7.98 (2H, overlapping d's, Tp& 3 or 5
periodic nitrogen purges and monitored by an oxygen analyzer position), 7.85, 7.77, 7.72, 6.12 (4H, 1:1:1:1 integration, each a d,

{O2(g) < 15 ppm for all reactior}s Acetonitrile was purified by

passage through a column of activated alumina followed by

distillation from Cah.*® Methylene chloride was purified by

passage through a column of activated alumina followed by

distillation from BOs. THF, hexanes, and diethyl ether were dried

by distillation from sodium/benzophenone. Benzene was purified

by distillation from CaH. CDsCN was purified by distillation from
Cah, degassed, and stored ovk A sieves. @Ds, CDCL, and
CD,Cl, were degassed via three freezgump—thaw cycles and
stored ove 4 A sieves. THFd; was distilled from Na metal,
degassed via freez@ump-thaw cycles, and stored over 4 A
sieves!H and'3C NMR spectra were obtained on Varian Mercury
300 MHz, Varian Mercury 400 MHz, and General Electric 300

Tp CH 3 and 5 position), 7.47, 7.01 (15H, 9:6 integration, m’s,
PPh), 6.28, 6.24, 5.90 (3H, 1:1:1 integration, each a t, T £
position), 3.45 (1H, d?Jyy = 13 Hz, NH), 2.68 (1H, d2Jyn = 13
Hz, NH), 1.02 (9H, s, NHC(CHj3)3). 3C{*H} NMR (CDCls, 0):
204.7 CO, d,%Jpc = 14 Hz), 145.9, 1455, 145.2, 137.8, 137.2,
137.1 (Tp 3 or 5 position), 133.6 and 129.6 (RBHho and meta,
each a d2Jpc = 3Jpc = 10 Hz), 131.5 (PPhpara), 129.7 (PRh
ipso, Jpc = 44 Hz), 108.2, 107.2, 107.0 (Tp 4 position), 55.4
(C(CHg)3), 31.0 (CCH3)3). IR (thin film on KBr): veo = 1970
cm™1, vy = 3127, 3289 cmt, vy = 2498 cn1l. 31P{1H} (CDCls,

0): 39.2. Anal. Calcd for gH3sBF3N;O4PRuUSY»(THF) (note that
Y, equiv of THF was confirmed vidH NMR of the analysis
sample): C, 48.73; N, 11.37; H, 4.67. Found: C, 48.21; N, 11.10;

MHz spectrometers. Resonances due to the Tp ligand are reportedd, 4.69.

by chemical shift and multiplicity only. ARJyy values for pyrazolyl
rings are 2 Hz. Al'H and'3C NMR spectra were referenced against
tetramethylsilane using residual proton signald NMR) or the
13C resonances of the deuterated solvéft (NMR). 3P NMR

[TpRu(PMe3)(NH'BU)][OTf] (2). To a solution of TpRu-
(PMe;).CI (0.3364 g, 0.671 mmol) in approximately 30 mL of THF
was added AgOTf (0.1732 g, 0.674 mmol). The resulting red
solution was refluxed for 18 h. During the reaction, the formation

spectra were obtained on a Varian 300 MHz spectrometer and of a white precipitate (AgCl) was noted. The solution was cooled

referenced against external 85%Md,. All NMR spectra were

to room temperature and filtered through a fine porosity frit. To

acquired at room temperature unless otherwise noted. IR spectrahe filtrate was addetBuNH, (0.37 g, 5.1 mmol), and the mixture

were obtained on a Mattson Genesis Il spectrometer either as thinwas allowed to stir for an additional 24 h. The solution was

films on a KBr plate or in solution using a KBr solution plate. concentrated to approximately 20 mL in vacuo, and diethyl ether
Electrochemical experiments were performed under a nitrogen (approximately 40 mL) was added to precipitate the product. The
atmosphere using a BAS Epsilon potentiostat. Cyclic voltammo- product was collected via vacuum filtration through a fine porosity

grams were recorded in a standard three-electrode cellr2rG0 frit and washed with diethyl ether (% 10 mL) to give a white

to +2.00 V with a glassy carbon working electrode and tetrabu- solid. The solid was dried in vacuo and isolated (0.1368 g, 0.1987

tylammonium hexafluorophosphate as electrolyte. Tetrabutylam-

mmol, 30%).1H NMR (CDsCN, 8): 8.02, 7.91, 7.78, 7.35 (6H,

monium hexafluorophosphate was dried under dynamic vacuum 2:2:1:1 integration, each a d, TgHC3 and 5 position), 6.37, 6.17

at 110°C for 48 h prior to use. All potentials are reported versus

NHE (normal hydrogen electrode) using cobaltocenium hexafluo-

(3H, 2:1 integration, each a t, TpHC4 position), 2.55 (2H, br s,
NH), 1.28 (18H, vt,N = 6 Hz, P(GHs)s), 0.84 (9H, s,Bu). In

rophosphate or ferrocene as an internal standard. Elemental analyse$HF-dg: 8.10, 7.89, 7.76, 7.40 (6H, 2:2:1:1 integration, each a d,

were performed by Atlantic Microlabs, Inc. Synthetic and charac-
terization details of TpRu(PMi(NHPh), TpRy§P(OMe)},-
(NHPh), [TpRuU(L)(L)(NH3)][OTH], TPRu(L)(L")(NH2), [TpRu(L)-
(L)Y(NH3)][PhCyl, TpRu(CO)(PPE(CI), and [TpRU(COXTHF)][PF]
have been previously reporté'3:5¢-52 [Li][PhC=C] was prepared

by addition of BuLi to a benzene solution of phenylacetylene. The
resulting white precipitate was collected via vacuum filtration and

Tp CH 3 and 5 position), 6.36, 6.14 (4H, 2:1 integration, each a t,
Tp CH 4), 3.17 (2H, bs, M;Bu), 1.33 (18H, vt,N = 12 Hz,
P(CH3)3), 0.89 (9H, s, NHBU). 23C{1H} NMR (CDsCN, 8): 148.2,
146.0, 138.7, 137.7 (Tp 3 or 5 position), 107.7, 107.1 (Tp 4
position), 53.8 C(CHy)s), 31.7 (CCHs3)3), 18.7 (PCHs3)3). IR (thin

film on KBr): vy = 3262, 3114 cm?, vgy = 2522 cnrl, 31P{1H}
(CDsCN, 8): 12.1. CV (CHCN, 100 mV/s): Ey,= 1.13 V. Anal.

washed with hexanes. All other reagents were used as purchasedalcd for GoHzgBFsN;O0sP.RuS: C, 34.89; N, 14.24; H, 5.71.

from commercial sources.

[TPRuU(CO)(PPh3)(NH'BuU][OTf] (1). To a solution of TpRu-
(CO)(PPR)CI (0.9612 g, 1.50 mmol) in approximately 50 mL of
THF was added AgOTf (0.3871 g, 1.51 mmol). The resulting
solution was refluxed for 18 h. During the reaction, the formation
of a white precipitate (AgCl) was noted. The solution was cooled
to room temperature and filtered through a fine porosity frit, and
'BuNH, was added to the filtrate. The mixture was allowed to stir

Found: C, 34.80; N, 14.02; H, 5.78.

[TpRu{P(OMe)s} 2(NHBU)J[OTf] (3). A THF (50 mL) solution
of TpRUY P(OMe}}»Cl (0.6747 g, 1.129 mmol) and AgOTf (0.3050
g, 1.187 mmol) was refluxed for 24 h. The mixture was allowed to
cool to room temperature and passed through a plug of Celite. To
the yellow filtrate was adde@®uNH, (1.19 mL, 11.3 mmol). The
solution was stirred at room temperature for approximately 24 h.
The solvent volume was reduced in vacuo to approximately 10 mL,

for an additional 24 h and was then concentrated to approximatelyand 20 mL of diethyl ether was added. The resulting white
30 mL under reduced pressure. Diethyl ether (approximately 50 Precipitate was collected and V\_/ashed with four 20 mL portions of
mL) was added to precipitate the product. The product was collected diethyl ether (0.4913 g, 56% yield)H NMR (CD.Cl,, 6): 7.98,

via vacuum filtration through a fine porosity frit and washed with
diethyl ether (3x 10 mL) to give a white solid (0.8186 g, 0.9903
mmol, 79%). The product was recrystallized from THF/hexanes.

(49) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K;
Timmers, F. JOrganometallics1996 15, 1518-1520.

(50) Jayaprakash, K. N.; Gunnoe, T. B.; Boyle, P.Iitorg. Chem 2001,
40, 6481-6486.

(51) Sarlie, M.; Tilset, MInorg. Chem.1995 34, 5199-5204.

(52) Sun, N.-Y.; Simpson, S. J. Organomet. Chenil992 434, 341—
349.

7.85,7.72, 7.66 (6H, 2:2:1:1 integration, each a d, FpXand 5
position), 6.37, 6.15 (3H, 2:1 integration, each a t, TH @
position), 3.41 (18H, vtN = 10 Hz, P(OC3)3), 2.59 (2H, br s,
NH), 0.98 (9H, s!Bu). 13C{1H} NMR (CDCl;, 0): 147.7, 144.2,
137.1, 136.5 (Tp 3 or 5 position), 106.4, 106.3 (Tp 4 position),
53.0 (d,20pc = 5 Hz, P(QCHa3)3), 52.5 (C(CHy)3), 30.2 (CCHs3)3).

IR (thin film on KBr): vy = 3313, 3266 cm?; vgy = 2498 cnTl.
31P{1H} (CDCls, 6): 138.0. CV (CHCN, 100 mV/s): Ey;, = 1.45

V. Anal. Calcd for GoH3BF3N;OgP,RUS: C, 30.62; N, 12.50; H,
5.01. Found: C, 30.81; N, 12.37; H, 5.09.
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TpRu(PMes),(NH!'Bu) (4). To a colorless THF (5 mL) solution
of [TpRu(PMe).NH,Bu][OTf] (1) (0.0710 g, 0.103 mmol) cooled
to —78 °C was added dropwise a 1.0 M THF solution of [Na]-
[N(SiMe3);] (0.103 mmol). Upon addition of base, the mixture
changed color to orange and was allowed to warm to room

Conner et al.

8Jun = 7 Hz, phenyl ortho), 7.16 (2H, ¥Jun = 7 Hz, phenyl meta),
6.98 (1H, t,3J4y = 7 Hz, phenyl para), 6.28, 6.15 (3H, 1:2
integration, each a t, TpkC4 position), 1.42 (18H, viN = 9 Hz,
P(CH3)3). B3C{H} NMR (CD,Cly, 0): 144.4,135.5, 135.0, 131.4,
130.8, 128.7, 128.0, 122.9 (Tp 3 or 5 and phenyl), 13384t =

temperature. The solvent was removed in vacuo from the reaction19 Hz, Ru—C=CPh), 107.3 (Rt-C=CPh), 105.2, 105.0 (Tp 4

mixture. The resulting orange residue was stirred with benzene,

position), 19.1 (FCH3)3). 3P{1H} (CD,Cl,, 6): 14.8. CV (CH-

and the mixture was passed through a fine porosity frit. The benzeneCN, 100 mV/s): E; = 0.41 V. Anal. Calcd for GsH33BNgP.Ru:

was removed in vacuo from the filtrate yielding a solid orange

product. The product was recrystallized by dissolution in benzene

and addition of hexanes (0.0308 g, 56% yielH). NMR (C¢Ds,

0): 8.36, 7.60, 7.54, 7.20 (6H, 2:2:1:1 integration, each a d, Tp
CH 3 and 5 position), 6.04, 5.87 (3H, 2:1 integration, each a t, Tp
CH 4 position), 1.19 (9H, s'Bu), 1.04 (18H, vi,N = 6 Hz,
P(CH3)3), —2.45 (1H, br s, M). 13C{*H} NMR (CgDs, 0): 145.1,
144.7, 135.2, 134.7 (Tp 3 or 5 position), 104.6, 104.0 (Tp 4
position), 53.5 C(CHjy)3), 36.1 (CCH3)3), 18.1 (vi,N = 13 Hz,
P(CH3)3). IR (THF solution): vny = 3294 cnT?; vgy = 2460 cmt,
SIP{1H} (CgDs, 0): 14.8. The instability of complex precludes
satisfactory elemental analysis.

[TpRu(PMe3),(NCMe)][OTf] (5). To a solution of TpRu-
(PMe;),Cl (0.0976 g, 0.195 mmol) in approximately 30 mL of THF
was added AgOTf (0.0512 g, 0.199 mmol). The resulting red
solution was refluxed for 18 h. During the reaction, the formation
of a white precipitate (AgCl) was noted. The solution was cooled
to room temperature and filtered through a fine porosity frit.
Approximately 5 mL of CHCN was added to the solution. The
reaction was allowed to stir for an additidnd h at room

C, 48.69; N, 14.81; H, 5.86. Found: C, 48.55; N, 14.58; H, 5.77.
TpRu(CO)(PPhz)(C=CPh) (7). A THF solution of TpRu(CO)-
(PPHh)(CI) (0.1532 g, 0.2394 mmol) and LiCCPh (0.0518 g, 0.4793
mmol) was refluxed for 20 h. After this time period, volatiles were
removed in vacuo. The resulting brown oil was dissolved in
approximately 15 mL of benzene and filtered through a fine porosity
frit. Volatiles were removed from the filtrate to yield a light brown
solid. The solid was dried in vacuo and collected (0.1285 g, 76%
yield). Analytically pure product was obtained by layering a
methylene chloride solution with hexanésl NMR (CDCls, 9):
8.09, 7.71, 7.66, 7.60, 6.98, 6.58 (6H, 1:1:1:1:1:1 integration, each
ad, Tp H 3 and 5 position), 7.44, 7.32 (17H, overlapping m’s,
phenyl ortho and PR\ 7.72 (2H, t,3Jyy = 8 Hz, phenyl meta),
7.09 (1H, t,3J44 = 8 Hz, phenyl para), 6.20, 5.90, 5.87 (3H, 1:1:1
integration, each a t, TpK 4 position).13C{*H} NMR (CDCl;,
0): 203.8 (d2Jpc= 16 Hz,CO), 144.3, 144.2, 143.9, 134.6, 134.4,
134.3,128.2,128.1, 127.7 (Tp 3 or 5 position and acetylide phenyl),
135.2 and 134.3 (each a #pc = 3Jpc = 10 Hz, PPB ortho and
meta), 131.3 (PRipara), 133.2'0pc = 44 Hz, PPhipso), 130.0
(d, “Jpc = 4 Hz, acetylide phenyl ipso), 115.4 (#lpc = 17 Hz,

temperature. The solution was concentrated to approximately 15Ru—C=CPh), 109.0 (RtrC=CPh), 105.6 (d}Jpc = 2 Hz, Tp 4
mL in vacuo, and hexanes (approximately 60 mL) were added to position), 105.2, 105.0 (Tp 4 position). IR (THF solution)co =

precipitate the product. The resulting white solid was collected via
vacuum filtration through a fine porosity frit and washed with
hexanes (3« 10 mL). The final product was collected in 72% yield
after drying in vacuo (0.0919 g, 0.140 mmold NMR (CDCl;,

o). 7.75, 7.72, 7.67, 7.33 (6H, 1:2:2:1 integration, each a d, Tp
CH 3 and 5 position), 6.25, 6.22 (3H, 2:1 integration, each a t, Tp
CH 4 position), 2.54 (3H, NCHj), 1.35 (18H, vt,N = 9 Hz,
P(CH3)3), 0.84 (9H, s, Bu). 13C{H} NMR (CDsCN, 0): 144.8,
142.5, 136.8, 135.6 (Tp 3 or 5 position), 124.9 {RV\=CMe),
106.3, 106.0 (Tp 4 position), 17.5 (Ml = 29 Hz, PCHy3)3), 4.3
(RU—N=CCHj3). IR (CDCk solution): vcy = 2253 cnt?, vgy =
2485 cnrt. 31P{1H} (CDCl, 6): 11.3. CV (CHCN, 100 mV/s):
Eip,=1.29 V. Anal. Calcd for G;7HngF3N7O3P2RUS]'/2(CH2C|2)
(note thatY/, equiv of CHCI, was confirmed viddH NMR of the
analysis sample): C, 31.80; N, 14.03; H, 4.61. Found: C, 32.33;
N, 14.03; H, 4.61.

TpRu(PMe3),(C=CPh) (6). TpRu(PMe),(Cl) (0.5049 g, 1.01
mmol) was dissolved in approximately 40 mL of THF to give a
pale yellow solution. To this solution was added AgOTf (0.2594
g, 1.01 mmol), and the resulting solution was refluxed for 21 h.
After cooling to room temperature, the solution was filtered through
a fine porosity frit, and 0.1364 g (1.26 mmol) of Lieh (dissolved
in approximately 3 mL of THF) was added. Afté h of reaction,

1966 cn1?, vgy = 2103 cnrl. 31P{H} (CDCl, 6): 47.9. CV (CH-
CN, 100 mV/s): Ey, = 1.16 V. Anal. Calcd for GsH3:BNsOPRU
CH_CI; (note that one molecule of GBI, was found in the analysis
sample usingH NMR spectroscopy): C, 56.22; N, 10.63; H, 4.08.
Found: C, 55.85; N, 10.67; H, 4.14.

TpRu{P(OMe)3} ,(C=CPh) (8). A THF (50 mL) solution of
TpRUY P(OMe}}.Cl (0.1582 g, 0.2647 mmol) and AgOTf (0.0772
g, 0.3005 mmol) was refluxed for approximately 24 h. The mixture
was allowed to cool to room temperature and passed through a
plug of Celite. LIGECPh (0.0572 g, 0.5294 mmol) was added to
the pale yellow filtrate, and the resulting solution was refluxed for
5 h. The volatiles were removed in vacuo, and the remaining brown
residue was dissolved in approximately 20 mL of diethyl ether and
passed through a fine porosity frit. Approximately 20 mL of hexanes
was added to the filtrate. The resulting light brown precipitate was
collected (0.1528 g, 87% yield}H NMR (C¢Ds, 0): 8.34, 8.25,
7.55, 7.47 (6H, 2:1:1:2 integration, each a d, TPl @ and 5
position), 7.50 (2H, d3Jyy = 7 Hz, phenyl ortho), 7.14 (2H, t,
3Jun = 7 Hz, phenyl meta), 6.96 (1H, )4y = 7 Hz, phenyl para),
6.02, 5.97 (3H, 1:2 integration, each a t, Tpl @ position), 3.35
(18H, vt,N = 5 Hz, P(OQH3)3). 13C{1H} NMR (C¢Ds, 0): 146.4,
145.4, 135.5, 134.8, 131.8, 128.9, 128.5, 124.0 (Tp 3 or 5 position
and acetylide phenyl), 132.3 tl.c = 13 Hz, Ru-C=CPh), 110.4

the solvent was removed under reduced pressure. The products werés, Ru—C=CPh), 105.7, 105.2 (Tp 4 position), 51.6 (br s,

extracted with approximately 15 mL of benzene and filtered through
a fine porosity frit. The volume of the filtrate was reduced to 10

P(OCHa3)s). 31P{*H} (C¢Ds, 0): 152.4. CV (CHCN, 100 mV/s):
Epa= 0.65 V. Anal. Calcd for GH33BNgOsP.Ru: C, 41.64; N,

mL in vacuo, and 25 mL of hexanes was added. The resulting slurry 12.67; H, 5.01. Found: C, 42.41; N, 12.35; H, 5.21.

was filtered through a fine porosity frit, and the collected solid

TpRu(PMej3),(H) (9). To a THF solution (approximately 20 mL)

was discarded. Volatiles were removed from the filtrate under of TpRu(PMe),OTf (0.0541 g, 0.0879 mmol) was added lithium
reduced pressure to yield a beige solid. The solid was dried in vacuoaluminum hydride (0.0096 g, 0.2530 mmol). The reaction was
to yield 0.2847 g of product (50% yield)H NMR (CD,Cl,, 9): stirred for 16 H at room temperature. The volatiles were removed
7.95, 7.82 (3H, 2:1 integration, each a d, TH @ and 5 position), in vacuo, and benzene was used to extract the residue. The solution
7.65 (3H, overlapping d's, Tp & 3 or 5 position), 7.26 (2H, d, was filtered through a fine porosity frit, and the volatiles were
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removed in vacuo. Additional purification of the product was
achieved by column chromatography on silica gel with 80/20
benzene/THF as the eluent (0.034 g, 0.073 mmol, 81RbNMR
(CeDs, 0): 7.79, 7.69, 7.66, 7.48 (6H, 1:2:1:2 integration, each a
d, Tp CH 3 and 5 position), 6.07, 5.84 (3H, 1:2 integration, each
at, Tp H 4), 1.11 (18H, vtN = 8 Hz, P(tH3)3), —15.69 (1H, t,
2Jpy = 31 Hz, RWH). 13C{H} NMR (CgDs, 0): 146.0, 143.2, 134.4,

fine porosity frit and then dissolved in THF (approximately 50 mL).
Aniline (approximately 0.5 g) was added to the solution, and the
reaction was allowed to stir for 24 h. The solution was concentrated
to approximately 20 mL in vacuo, and diethyl ether (approximately
40 mL) was added to precipitate the product. The product was
collected via vacuum filtration through a fine porosity frit and
washed with diethyl ether (2 10 mL) to give a white solid (0.2576

133.8 (each a's, Tp 3 or 5 position), 104.7, 104.2 (each a s, Tp 49, 0.3178 mmol, 38%}H NMR (CDCls, 6): 11.83 (1H, bs, MPh),

position), 22.39 (VtN = 12 Hz, PCHz)3). 3*P{1H} (CgDe, 0): 19.5
(s, P(CHa)a).

[TpRu(PMe3)3][OTH] (10). A CH,CI, (50 mL) solution of TpRu-
(PMe;),Cl (0.1060 g, 0.2112 mmol) and AgOTf (0.0539 g, 0.2098
mmol) was refluxed for 18 h. During the reaction, the formation
of a white precipitate (AgCl) was noted. To the resulting solution

7.78, 7.71, 7.60, 7.41 (6H 1:2:1:2 integration, each a d, FHp3C
and 5 position), 7.197.10 (4H, m, Ph), 7.02 (1H, t, Ph para
position,3Jyy = 7 Hz), 6.90-6.63 (5H, m, Ph) 6.30, 6.14 (3H, 1:2
integration, each a t, TpkKC4 position), 4.13 (2H, s, RaC(CH,-
Ph)(NHPh)), 1.36 (18H, vtlpy = 8 Hz, P(QH3)3). 13C{H} NMR
(CDCl, 6): 271.1 (t, Re=C(CH,Ph)(NHPh)2Jpc = 24 Hz), 144.3,

was added 0.3 mL of trimethylphosphine, and the reaction was (S, Tp 3 or 5 or Ph), 144:2144.0 (m, Tp 3 or 5 or Ph), 141.0,

allowed to stir for 6 h. The solution was concentrated to ap-
proximately 20 mL in vacuo, and diethyl ether (approximately 40

136.7, 136.4, 127.5, 125.8, 125.7 (each a s, Tp 3 or 5 position or
Ph), 106.8, 106.4 (each a s, Tp 4 position), 52.7 (s+=B(CH,-

mL) was added to precipitate the product. The product was collected Ph)(NHPh)), 19.4 (m, R{Hz)s). Anal. Calcd for GoHaiBFsN7O3P2-

via vacuum filtration through a fine porosity frit and washed with
diethyl ether (3x 10 mL) to give a yellow solid (0.0845 g, 0.122
mmol, 58%). Additional purification was accomplished by dis-
solving the product in a minimal amount of CHGInd cooling
the solution to—20 °C, followed by vacuum filtration through a
fine porosity frit.'H NMR (CDCl, 6): 7.75, 7.71 (each 3H, each
ad, TpH 3o0r5),6.31(3H,t, Tp € 4) 1.40 (27H, m, P(6)3).
13C{1H} NMR (CDCl, 0): 145.2, 136.7 (each as, Tp 3 or 5
position), 106.4 (s, Tp 4 position), 21.1 (M@P{)3). 31P{*H} NMR
(CDCls, 6): 4.1 (s,PMes). H and 13C NMR spectra of10 are
included in the Supporting Information.
[Tp(PMe3),Ru=C=C(H)Ph][OTf] (11). TpRu(PMe)x(Cl)
(0.3965 g, 0.7903 mmol) was dissolved in approximately 10 mL
of THF. To this solution was added AgOTf (0.2030 g, 0.7901 mmol,
dissolved in~2 mL of THF) and~1.0 mL of phenylacetylene (9.1
mmol), and the resulting solution was refluxed for 19 h. After

SRu: C, 44.45; N, 12.10; H, 5.10. Found: C, 44.28; N, 11.87; H,
5.08.

[TpRu(PMe3)(NHZ'BU)][PhC;]. In a screw cap NMR tube,
TpRu(PMe),NHBuU (0.0285 g, 0.0529 mmol) was dissolved in 0.8
mL of THF-dg. Cp;Fe was added as an internal standard, akd a
NMR spectrum was obtained. Phenylacetylene (@0 0.0546
mmol) was added using a microsyringe. Quantitative conversion
to [TpRu(PMg)(NH,'Bu)][CCPh] was observed on the basis of
integration. NMR spectra were obtained0 °C. 'H NMR (THF-
dg, 0): 8.14,7.85,7.74,7.42 (6H, 2:2:1:1 integration, each ad, Tp
CH 3 and 5 position), 7.34 (2H, d,= 5 Hz, phenyl ortho), 7.24
(2H, t, J = 5 Hz, phenyl meta), 7.18 (1H, § = 5 Hz, phenyl
para), 6.31, 6.12 (3H, 2:1 integration, each a t, Tig ), 1.34
(18H, vt,Jpy = 6 Hz, P(CH3)3), 0.88 (9H, s, NHBuU). In THFs,
the resonance due to the amine protons is not observed; however,
in C¢De, this resonance is observed as a broad singlet at 3.25 ppm.

cooling to room temperature, the solution was filtered through a **C{*H} NMR (THF-dg, 9): 146.6, 144.5, 136.6, 136.5 (each a s,

fine porosity frit. The volatiles were removed in vacuo, and the

Tp 3 or 5 position), 132.0, 130.9, 128.9, 128.6, 127.6, 123.9

crude reaction mixture was recrystallized from methylene chloride/ (acetylide anion), 106.5, 105.7 (each a s, Tp 4 position), 52.4 (s,
hexanes. A reddish-purple solid was collected (0.2436 g, 0.3395 NH2C(CHs)3), 30.3 (s, NHC(CH3)3), 17.4 (vi,N = 10 Hz, PMg).

mmol, 43% yield).'"H NMR (CDCl;, d): 7.94, 7.81, 7.70, 7.73
(6H, 1:1:2:2 integration, each a d, TAHC3 or 5 position), 7.12
(2H, t,3J4y = 7 Hz, phenyl meta), 7.03 (1H,3Jun = 7 Hz, phenyl
para), 6.72 (2H, By = 7 Hz, phenyl ortho), 6.51, 6.23 (3H, 1:2
integration, Tp ®l 4 position), 5.59 (1H, £Jpy = 3 Hz, Ru=C=
C(H)Ph), 1.46 (18H, vtN = 10 Hz, P(CGH3)3). 3C{*H} NMR
(CDClg, 0): 373.0 (t,2Jpc = 18 Hz, Re=C=C(H)Ph), 143.9, 137.5,
137.0, 129.1, 126.5, 126.4 (Tp 3 or 5 position and vinylidene
phenyl, two resonances are missing due to overlap), 111.5 s, Ru
C=C(H)Ph), 107.6, 106.5 (Tp 4 position), 18.0 ({,= 28 Hz,
P(CH3)3). 31P{H} (CeDs, 0): 2.9. CV (CHCN, 100 mV/s): Ep 4
= 1.39 V; Epc = —1.30 V. Anal. Calcd for GsHz4B1FsNeO3P,-
RwS;+(CH,Cl,)1/2 (note that/, molecule of CHCI, was found in
the analysis sample usirii NMR spectroscopy): C, 38.72; N,
11.06; H, 4.64. Found: C, 39.53; N, 10.56; H, 4.70.
[Tp(PMe3),Ru=C(CH,PhY N(H)Ph}][OTf] (12). A THF (50
mL) solution of TpRu(PMg.Cl (0.4124 g, 0.8216 mmol) and
AgOTf (0.2125 g, 0.8270 mmol) was gently refluxed for 24 h.
During the reaction, the formation of a white precipitate (AgCl)

13C{1H} NMR of [PhG)][Li] (THF-ds, d): 135.2, 131.1, 128.7,
127.6, 124.7, 114.91P NMR (THFds, 9): 15.8.

Ligand Exchange Reactions of [TpRu(PMe)>(NH2R)][OTf]
(R =H, Ph, or ‘Bu) with CD3CN. The appropriate amine complex
was weighed and dissolved in @ON to bring the concentration
to 0.06 M. A small amount of ferrocene was added as internal
standard. The disappearance of resonances due to [TpRg)@PMe
(NH.R)J[OTf] (R = H, Ph or'Bu) was monitored with respect to
time using 1H NMR spectroscopy. The pulse delay of the
spectrometer was set to 10 s in order to ensure accurate integration.
The final'H NMR spectra for R= Ph andBu displayed resonances
consistent with the quantitative formation of [TpRu(PMe
(NCCDg)][OTf] and NH;R. Kinetic analysis revealed first-order
transformations, and rate constants were abstracted from the slope
(R? > 0.99). The ammonia complex [TpRu(PY&NH3)][OTf]
showed no evidence of ligand exchange even after heating at
prolonged times.

Ligand Exchange Reactions of Ru(ll) Phenyl Amido Com-
plexes with Arylamines. In a representative reaction, 0.0230 g

was noted. The solution was cooled to room temperature and filtered (0.0412 mmol) of TpRu(PMg(NHPh) and 0.0059 g (0.0479
through a fine porosity frit. Phenylacetylene (0.2 g, 1.9 mmol) was mmol) of p-anisidine were dissolved in approximately 0.7 mL of
added to the solution, and the reaction was allowed to stir for 24 Cg¢Dsg in a screw cap NMR tube. AH NMR spectrum was acquired

h. The solution was concentrated to approximately 20 mL in vacuo,

with the pulse delay set to 10 s. The resulting solution was heated

and hexanes (approximately 40 mL) were added. Formation of ato approximately 100C. *H NMR spectra were acquired periodi-
brown precipitate was noted. The precipitate was collected using acally until equilibrium was established (approximately 5 days). The
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final distribution of TpRu(PMg2(NHPh) and TpRu(PMg,{ NH-
(p-CeHsOMe)} was determined using botFH and 3P NMR

spectroscopy. Analogous procedures were used for all reactions with

arylamines. The reaction witp-trifluoromethylaniline was slow;
therefore, a catalytic<1 mol %) amount of TpRu(PMg(OTf)
was added to the reaction solution. In addition, the equilibrium
constant for this reaction was confirmed by preparing TpRu@Me
{NH(p-CsH4sCF)} and reacting it with aniline (see Supporting
Information).

Reaction of [TpRu(PMes),(NCMe)][OTf] (5) with NH 3. TpRu-
(PMe3)2(NCMe) (5) (0.0183 g, 0.0279 mmol) was dissolvedi2
mL of THF in a pressure tube. To this solution was added a THF
solution saturated with N§ The pressure tube was sealed. After
284 h at 70°C, the solvent was removed under reduced pressure,
andH NMR spectroscopy of the resulting solid (CRQhdicated
[TpRu(PMe)(NCMe)][OT{] (5) as the only TpRu complex.

Conner et al.

Scheme 1. Synthesis of Parent ariBu Amido Complexes

> (l)Tf
S <) L' xs.NH,R
Gt vt

R=H
L =L'=PMe; or P(OMe)s
L=CO and L' =PPh,

R=t-Bu ~do

L=L'=PMe, {
N
HB/N,O7

amines of the type NHR (R = H or 'Bu), and deprotonation

Reactions of Ru(ll) Amido Complexes with 1,4-Cyclohexa- of the amine complexes with strong bases affords access to
diene.In a glovebox, the appropriate amount of Ru(ll) amido was the corresponding amido complexes (Scheme 1). Although
weighed and dissolved in 0-7..0 mL of GDs. This solution was TpRu(PMg),(NH'Bu) (4) can be cleanly isolated (bjH
transferred to a screw cap NMR tube, and 1,4-CHD was added NMR spectroscopy), attempts to deprotonate [TpRu(CO)-
along with ferrocene (as internal standarf#j.NMR spectra were (PPR)(NH2BU)][OT] (2) or [TpRU P(OMe)} »(NH2BU)]-

immediately acquired with a 10 s pulse delay in order to ensure [OTf] (3) result in the production of multiple TpRu com-
accurate integration. Reaction progress was monitored versus time lexes including théBu amido complexes in low vields
by ™H NMR spectroscopy. Percent yields of products were P 9 P Y :

determined by integration versus ferrocene. Evidence f(_)r the form_ation of the desired Ru(ltl) amido
Reactions of TpRu(L)(L")(NHR) with Phenylacetylene.In a complexes in the reactions of [TpRu(CO)(E}RNHZ Bu)l-
representative reaction, 0.0224 g (0.040 mmol) of TpRu@Me  [OTf] or [TPRU{P(OMe}}(NHBU)][OTf] with [Na][N-
(NHPh) was weighed into a glass vial and dissolved in 1.0 mL of (SiMes)z] comes from broad upfield resonances1(0 to
CeDs (0.04 M solution). To the resulting solution were added 0.044 —2.0 ppm) in the!H NMR spectra of the crude reaction
mL of phenylacetylene (0.40 mmol) and a small amount of products. However, all attempts to isolate TRR(OMe)} »-
ferrocene. The solution was transferred to a screw cap NMR tube, (NH'Bu) or TpRu(CO)(PP¥(NH'Bu) from the product
and a'H NMR spectrum was acquired with a pulse delay of 10 s. mixtures have resulted in decomposition. Other octahedral

The solution was heated to approximately°&in an oil bath and
periodically monitored byH NMR spectroscopy.

Reactions of TpRu(PMe),(NHPh) with Phenylacetylene and
Catalytic TpRu(PMej3),(OTf). These reactions were analogous to
reactions in the absence of TpRu(PJ)EOTT). Before heating, a
known amount of TpRu(PMgg(OTf) was added to the reaction
mixture. The reactions were monitored By NMR spectroscopy.

Kinetic Studies for the Conversion of [TpRu(PMe;)(NH'Bu)]-
[PhC;] to TpRu(PMej3),(C=CPh). In a screw cap NMR tube, a
1:1 molar mixture of TpRu(PMgx(NH'Bu) and phenylacetylene
was combined in THRk. A IH NMR spectrum was acquired to
confirm the clean formation of [TpRu(PMeg(NH,Bu)][PhG,]. The
NMR solution was taken into the glovebox, and the appropriate
amount of PMe or NH,'Bu (15 equiv) was added. A secoit

and ¢ transition metal amido systems have been re-
ported?®53-65 Exposure of the parent é8u amido complexes

to air results in rapid decomposition, and the highly reactive

nature of the Ru(ll) amido complexes TpRu(L){(INHR)

(R = H or 'Bu) precludes satisfactory elemental analysis.
Conversion of the amine complexes to the corresponding
amido systems results in significant upfield chemical shifts

for the amido protons. For example, deprotonation of [TpRu-

(PMe&;)2(NH,'Bu)][OTH] shifts the amine resonance from 2.55

(53) Hartwig, J. F.; Andersen, R. A.; Bergman, R.I5Am. Chem. Soc.
1989 111, 2717-2719.

(54) Woerpel, K. A.; Bergman, R. G. Am. Chem. So4993 115, 7888—
7889.

NMR spectrum was acquired at room temperature. Next, the probe (55) Hsu, G. C.; Kosar, W. P.; Jones, W. Organometallics1994 13,

was heated to 90C, and the conversion of the ion pair to TpRu-

(PMe&3)(C=CPh) was monitored versus time. The half-lives for
the all reactions were approximately 15 min and did not vary
substantially upon added phosphine or amine.

Solid-State X-ray Diffraction Studies of [TpRu(CO)(PPhy)-
(NH3)J[OTf], [TpRu(PMe 3)2(NH3)][OTf], and TpRu(CO)(PPh 3)-
(C=CPh). For details of crystal growth, X-ray data collection, and
analysis, see Supporting Information.

Results

Synthesis and Characterization Metathesis reactions of
TpRu(L)(L')(Cl) (L =L' = PMe;, P(OMe}or L =CO and
L' = PPh) with AgOTf in refluxing THF yields the Ru(ll)
triflate complexes TpRu(L)()(OTf).224350The poor ligating
ability of the triflate ligand allows exchange reactions with

4764 Inorganic Chemistry, Vol. 42, No. 15, 2003

385-396.

(56) Glueck, D. S.; Bergman, R. ®rganometallics1991, 10, 1479
1486.

(57) Glueck, D. S.; Winslow, L. J. N.; Bergman, R. Grganometallics
1991 10, 1462-1479.

(58) Flood, T. C.; Lim, J. K.; Deming, M. A.; Keung, VDrganometallics
2000 19, 1166-1174.
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Table 1. Selected Crystallographic Data and Collection Parameters for Table 2. Selected Bond Distances (A) and Angles (deg) for

[TPRu(CO)(PPB)(NH3)][OT], [TpRu(PMes)o(NH3)][OTf], and [TpRu(CO)(PPE)(NH3)][OTf], [TpRu(PMes)2(NH3)][OTf], and
TpRu(CO)(PPK(C=CPh) ) TpRu(CO)(PPK(C=CPh) ()
[TPRU(CO)(PPR- [TpRu(PMe)- TpRu(CO)(PPH- [TPRU(CO)(PPR- [TpRu(PMeg),- TpRu(CO)(PPH-
(NH)J[OTf] (NHg)][OTT] (C=CPh) () atoms (NH3)J[OTf] (NHg)][OTT] (C=CPh) ()
formula Q7H44BF3N7- CgnggBFgNT C36H3[)BNGOPRU Ru—P; 23581(9) 22923(10) 23275(7)
OsPRUS 0O4P,RUS Ru—P, 2.2916(10)

mol wt 914.70 704.45 705.52 Ru—N; 2.097(3) 2.087(3) 2.167(2)
cryst syst monoclinic triclinic triclinic Ru—Nj3 2.120(3) 2.148(3) 2.1631(20)
space group  P2/a P1 P1 Ru—Ns 2.142(3) 2.154(3) 2.1301(20)
a A 10.8020(17) 9.4716(6) 10.9799(8) Ru—Nj- 2.122(3) 2.136(3)

b, A 30.137(4) 11.6028(9) 17.0455(18) Cio—Cu1 1.193(4)

c, A 12.5009(12) 14.3274(16) 19.0928(19) C11—Ci2 1.454(4)

o, deg 88.195(8) 110.135(9) Ru—Cyg 1.850(3) 2.037(3)

B, deg 97.419(13) 82.610(9) 104.279(7) Ci1—O1 1.147(4)

y, deg 74.679(6) 93.514(9) P,—Ru—P, 99.60(4)

vV, A3 4035.5(9) 1506.0(2) 3209.1(5) P;—Ru—Nj> 96.19(10) 93.61(10)

z 4 2 4 P,—Ru—Njy 93.03(11)

Deaica g N3 1.506 1.554 1.460 OCip—Ru—P;  92.39(10)

total refins 7030 5251 11193 OCjo—Ru—N; 92.63(14)

unique 7030 5251 11193 Ru—Cy0— 01 173.3(3)

R 0.035 0.035 0.027 Ru—C10—Ciy1 177.0(2)

Ry 0.039 0.045 0.033

aValues for the second crystallographically independent molecule can

. " . be found in the S ting Information.
to —2.45 ppm for the amido N. In addition, the reaction € fotnd in fhe tpporiing fnformation

of TpRu(PMe),(OTf) with CH3CN results in the isolation
of [TpRu(PMeg)(NCMe)][OTf] (5) in 72% vyield after
workup (eq 1).

Me  TlOTf
‘,/_\,\(])T_f—PMes CH;CN @#} .-PMe;
R~ R P,
©)

The combination of TpRu(PMp(OTf) with LIC=CPh
at room temperature results in a metathesis reaction to yield
the Ru(ll) acetylide complex TpRu(PMgC=CPh) €) (eq
2). In contrast, the reaction of TpRu(CO)(RRDTf) with

Ph
C

= X — '(':' Figure 1. ORTEP diagram (50% probability) for [TpRu(CO)(PRINH3)]-

@~ | LiC-Ph % R [OTf] (the anion and most hydrogen atoms have been omitted for clarity).

Sl Ry —=2 2 L7 CRul. (2)

@/ | ~L @I/ | ~L

N N@ I‘(]\B/N@ and TpRu(CO)(PRJ(C=CPh) (7) have been characterized
i H by single-crystal X-ray diffraction studies. Data collection
ForL =L' = PMe; or P(OMe)s, X = OTf parameters are listed in Table 1, selected bond distances and
ForL =CO and L' = PPhg, X = Cl angles are provided in Table 2, and the structures are shown

in Figures 3. All three complexes are composed of
LIiC=CPh yields three new TpRu complexes. One of these pseudo-octahedral coordination spheres without significant
reaction products is the acetylide complex TpRu(CO)grPh
(CECPh) (7) while the other two complexes remain unchar- (66) Slugovc, C.; Mereiter, K.; Zobetz, E.; Schmid, R.; Kirchner, K.

. . Organometallics1996 15, 5275-5277.
acterized. Reflux of the chloride complex TpRU(CO)(BPh  (67) Tenorio, M. A. J.; Tenorio, M. J.; Puerta, M. C.; Valerga, P.

(CI) with 2 equiv of LIC=CPh produces TpRu(CO)(PHh (68) glrganomectallilc\:/lswt?]?, 16, ESZE—SStIISSM Mereiter K- Sehmid. R
_ . . ugovc, C.; autnner, K., Kacetl, . ereiter, K.; Sschmid, R.;

(C=CPh) (7) in 76% yield after workup. TpRIP(OMe)}»- Kirchner, K. Chem. Eur. 11998 4, 2043, 2080

(C=CPh) @) is produced by refluxing TpRUP(OMe}},- (69) PavlikO,S.; Gemel, gh Snlézjggvcéc.; l\éleg'eié%r, Ké; %chmid, R.; Kirchner,

. : P~ . : K. J. Organomet. e 1, 617-61 1-310.

(OTf) with 2 equiv of LICZCP_h_ in THF. Thea-acetylide (70) Slugovc, C.; Schmid, R.; Kirchner, ICoord. Chem. Re 1999 185—

carbons of complexe—8 exhibit 2Jpc between 13 and 19 186, 109-126. _

Hz. Other Ru(ll) acetylide complexes have been prepared (') 'iggééﬂas'g”' Y.-C.; Lee, G.-H.; Wang, YOrganometallics1999

and studied® 73 (72) Buriez, B.; Burns, I. D.; Hill, A. F.; White, A. J. P.; Williams, D. J.;

- P Wilton-Ely, J. D. E. T.Organometallics1999 18, 1504-1516.
Solid-State Characterization.The three TpRu complexes (73) Meriglez, C.: Morales, D.: Rez, J.: Riera, V.: Miguel, DOrgano-

[TPRu(CO)(PPB)(NH3)][OTf], [TpRu(PMes)2(NH3)][OTT], metallics2001, 20, 2775-2781.
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log Keq
N

-0.7 0.8

O'p-

Figure 4. Hammett plot of logKeq for the exchange reaction shown in eq
3 versusop~ (p = 4.1).

equivalent C-C bond distances of the acetylide phenyl ring
indicate the expected aromatic delocalization.

Exchange Reactions with Arylamines.Equilibria be-
tween TpRu(PMg2(NHPh) andp-NH,CsHs—X (X = OMe,
Me, F, Ck, or NMe,) were studied to provide information
about the thermodynamic preferences of the Ru(ll) amido
bond. Equilibria were established using NMR tube reactions
Figure 2. ORTEP diagram (50% probability) for [TpRu(PN&NH3)}- in which an approximate 1:1 molar ratio mixture of TpRu-
[OTf] (the anion and most hydrogen atoms have been omitted for clarity). (PMe;)(NHPh) and the arylamine was combined isDG.
After acquiring initial spectra, the reaction solutions were
heated for variable periods of time, and ligand exchange
reactions were observed (eq 3). The reactions were monitored

H...Ph H..Ar
Bl B
L -PMe; L b -PMe;
I\(ﬁ /1|1u‘ PMe, i (41 /ITU\PMea
N - N 3)
P (©) O
+ p-NH,CgHy-X + NHPh

| X = OMe, Me, CF;, F, or NMe, |

periodically until equilibria were established, and equilibrium
constants were determined from the final ratios of amido
complexes usingH and/or 3P NMR spectroscopy. The
equilibrium for the reaction withp-NH,CsH,CF; was con-
firmed by independently preparing TpRu(P§€NH(p-
deviation from the octahedral geometry. The-Ri7 bond CeH4CFs)} and reacting it with aniline (see Supporting
distances of complexes [TpRu(CO)(RRNHS5)][OTf] and Information for details). Arylamines with electron-withdraw-
[TpRu(PMe)(NH3)][OTf] are 2.122(3) and 2.136(3) A, ing groups favor binding to Ru, and the resulting equilibrium
respectively, and are consistent with other Ru{NH3 bond constants correlate well with,™ parameters as shown in
lengths®® For both ammine complexes, the RNpyrazoibond Figure 4 & = 0.97)/5 The Hammett plot affords avalue
distances trans to the ammine ligands are shorter than theof 4.1.
other two Ru-Npyrazo boONd distances. Reactions with PhenylacetyleneThe combination of
There are two crystallographically independent molecules TPRU(PMe)(NH'Bu) (4) with phenylacetylene in THigs
in the asymmetric unit for Ru(ll) phenylacetylide complex or CsDg results in an immediate reaction at room temperature.
7 due to the presence of two enantiomers of the chiral TheH NMR spectrum of the reaction mixture is consistent
complex. At 2.037(3) A{2.031(3) A for the second Wwith amido-based deprotonation of the phenylacetyleneéiC
molecule), the Rt+C10 bond distance is similar to that for bond to form an amineacetylide ion pair (Scheme 2). For
related Ru(ll) complexe®.7374 The acetylide &C bond example, the upfield resonance due to the amido proton
distance{C10-C11, 1.193(4) A and C16.C11, 1.191(4)  (—2.45 ppm) is replaced by a broad resonance consistent
A} is consistent with a €C triple bond (1.20 A). The C12 with an amine NHfragment (3.25 ppm in §Ds). In addition,
C12 bond distance is slightly shorter than expected for a the resonance for the phenylacetylene #@-H is absent,
C—C single bond at 1.454(4) AC11—C12, 1.454(4) A. and resonances between 7.2 and 7.4 ppm that are consistent
The acetylide ligand is nearly linear with the RG10-C11 with a phenylacetylide anion are observed. ThHeNMR
bond angle of 177.0(2) The R4—C10—C11 bond angle  spectrum of the acetylide ion pair [ToRu(PY¥NH'Bu)]-
is slightly reduced at 171.5(2) The bond distances and . : _ :
angles of the Ruacetylide fragment are consistent with \\,’VVh'f}\","r']'né /Fi."HF.'ungp;r:gx%e'&|i(§§1;9%CTE,S§’97D¢(3:é7F§.' Skelton, B.
minimal metal to acetylider-back-bonding, and the nearly  (75) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195.

(C=CPh) ().

4766 Inorganic Chemistry, Vol. 42, No. 15, 2003



Octahedral Ru(ll) Amido Complexes

Scheme 2. Reaction of TpRu(PMg2(NH'Bu) (4) with
Phenylacetylene Yields the Ru(ll) Acetylide Complex
TpRu(PMe)2(CoPh) in >90% Yield

H...'Bu H. ;B“_'PhCZ
VA L' PhCH % L
¢ —RUSL T CDs ¢ —Rr~L

N N
HB/N@ B/NQ
L=L'=PMe; -NHZ‘Bul80°C
Ph
i
P X (I:
. 15‘3’5 L
> 90 % yield l@I/I?u\L

Scheme 3. Reactions of Ru(ll) Amido Complexes with
Phenylacetylene in THng’l

H. R L HI G
/\
| L PhCzH
)
41 - | u\L ,Ru
N . N
B~ O - O
10 PhC,H
Multiple TpRu
Ph Products
III
@ Ru L =L'=P(OMe); or PMe;
- ‘L Quantitative conversions
HB/NQ

aRT = room temperature; TpRu(CO)(PR{NHPh) does not yield
TpRu(CO)(PPE(CsPh).

[C.Ph] is similar to that of [TpRu(PMg:(NH,'BU)J[OTf]

(2) (see Experimental Section). All attempts to isolate the
ion pair have failed. When the ion pair is heated to
approximately 80C in CsDe, TPRU(PMg)(C=CPh) ) is
formed in approximately 90% yield as determined 1y
NMR spectroscopy (Scheme 2).

Similar to '‘Bu amido complex4, the parent amido
complexes TpRuyNH,) (L = P(OMe} or PMe) react
immediately with phenylacetylene in THi- to yield
amine-acetylide ion pairs (Scheme 3). No evidence of

further reaction or decomposition is observed after 24
additional hours in sealed NMR tubes; however, all attempts

to isolate the ion pairs resulted in decomposition to multiple

intractable products. Heating the reaction mixture containing

[TpRu(PMe)(NH3)][PhC;] at 80 °C for approximately 21
h results in the formation of several new intractable Tp-

containing complexes. Similar results are observed for the

reaction of TpRUP(OMe}} o(NH,) with phenylacetylene. For
the reaction of TpRu(CO)(PBINH,) with phenylacetylene,

Scheme 4. Reactions of Parent ariBu Amido Complexes with 1,4-
Cyclohexadien®

sQ
-PMe.
ELRU‘PMe
/NO

~24 % yield

H
/\,

-PMe;
/ I ‘PMe3
i N
0

s [R=]

=0

) -PM
I‘{qu( }f ‘PNTZ
HB/N@

~48 % yield

i

a8 Reactions are performed at°7th THF-dg.

In contrast to théBu and parent amido complexes, the
phenyl amido complexes TpRu(LY(NHPh) show no
evidence of reaction after combination with phenylacetylene
at room temperature for 24 h. However, heating TiF-
solutions of the anilido complexes TpRgNHPh) (L =
PMe; or P(OMe}) with 10 equiv of phenylacetylene to
approximately 80°C results in the formation of Ru(ll)
phenylacetylide complexes TpRyC=CPh) and aniline
(Scheme 3). Identical reactions in the presence of 20 and 30
equiv of phenylacetylene reveal an increase in reaction rate;
however, kinetic studies using TpRu(PH)ENHPh) from
different reaction batches resulted in inconsistent kinetic
results (see Discussion section). The addition of 1 equiv of
PMe; to the reaction of TpRu(PMg(NHPh) with 10 equiv
of phenylacetylene results in no observed reaction after 5
days at 80C. The suppression of reaction upon addition of
phosphine was consistently observed using ruthenium anilido
from different preparation batches. The reaction of TpRu-
(CO)(PPR)(NHPh) with 10 equiv of phenylacetylene results
in decomposition to multiple TpRu complexes.

Reactions with 1,4-CyclohexadieneThe reaction of
TpRu(PMeg),(NHBu) with 5 equiv of 1,4-CHD at 80C
results in the disappearance of resonances due to the amido
complex and the formation of a rutheniurhydride complex
and benzene (Scheme 4). The Rwdride complex is
assigned as TpRu(PMe(H) (9) on the basis of a triplet at
approximately—15.7 ppm with?Jpy = 31 Hz. This assign-
ment has been confirmed by independent preparation of
TpRu(PMe)2(H) (9) (eq 4). Complex® has been character-

3 OTf “> H

N, | _PMe. LiAIH RN
) ~ - -PMe; 4y ~
fll{“ ~~PMe;, . 2 fllz

SR e

®

-PMe.
\PMg @

ized by'H, 13C, and®*P NMR spectroscopy. The rutheniam

more than 24 h is required to fully deprotonate phenylacety- hydride complex is formed in approximately 24% vyield after
lene, and upon heating, multiple TpRu complexes are 30 h as determined by integration of the-Rwydride triplet
produced. Final reaction mixtures after heating are too versus an internal standard, and approximately 1 equiv of

convoluted to definitively identify TpRu(L)(D(C=CPh)
complexes.

benzene is formed per equivalent of Ruydride formed.
During the course of the reaction, 1,4-CHD is isomerized to
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1,3-CHD. The anilido complexes TpRu(L)jKNHPh) fail
to react with 1,4-CHD in €Dg after 24 h at approximately
75°C and about 24 h at approximately 90 (eq 5). TpRu-

N
iR 1 ‘L' 75 .90 ¢ REACTION

/N
HB O

(PMe;)2(NH,) reacts with 5 equiv of 1,4-CHD at 8CC to
yield TpRu(PMeg)2(H) (9) (48% yield) and benzene (ap-
proximately 1.1 equiv of benzene per equivalent of-Ru
hydride was observed by NMR integration, after 3 days
of reaction). The addition of 2 equiv of trimethylphosphine
to the reaction results in the formation of multiple products
without observation of TpRu(PMg(H) (9).

For reaction of TpRu(PMg:(NH,) with 1,4-CHD, the
isomerization of 1,4-CHD to 1,3-CHD is observed.
analogy to the closely related reactiongrahs(DMPE)Ru-
(NH)(H), we presume that these reactions occur via amido-
based deprotonation reactions.

In

hydrogen atom abstraction is occurring; however, the strong

basicity of the ruthenium amido complexes and difficulty in

accessing the Ru(l) oxidation state support an acid/basel0°s

It is also possible that

Conner et al.

< 0.0000
=
T _ -2.0000
a2
I Q -4.0000
g3
= -6.0000
£ -8.0000 4 : : . .
0.00 5.00 10.00 15.00 20.00
Time (hours)
Figure 5. Conversion of 1,4-cyclohexadiene to 1,3-cyclohexadiene

catalyzed by the parent amido complex TpRu(BM&IH>).
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Figure 6. Kinetic plots of ligand exchange reactions of [TpRu(RMe
(NH2R)][OTf] {R = Ph (®) or ‘Bu (@)} with CDsCN at room temperature.

1 for the aniline complex at room temperature). In

mechanism (see Discussion section). The rate of appearanc€ontrast to aniline andBu amine complexes, the parent

of 1,3-CHD was monitored for reactions i with TpRu-
(PMe&y)(NHy). TpRu(PMg)(NH,) catalyzes complete isomer-
ization of 1,4-CHD to 1,3-CHD within several hours at 80
°C (Figure 5). Thek value for the conversion of 1,4-CHD
to 1,3-CHD was determined using a plot of In([1,4-CHD]
- [1,4—CHD]ea) versus time and the final equilibrium
constantk; = 2.0 x 107°s™1). While the addition of 2 equiv
of trimethylphosphine decreases the yield of TpRu(B)bMe
(H) (9), the rate of 1,4-CHD to 1,3-CHD isomerization is
not affected.

Ligand Exchange Reactions of [TpRu(PMeg)2(NH,R)]-
[OTf] with CH 3sCN and [TpRu(PMes),(NCMe)][OTH]
with CD3CN. Dissolution of the Ru(ll) amine complexes
[TpRu(PMe)2(NH.R)[[OTf] {R = Ph or'Bu} in CDsCN
results in ligand exchange reactions to yield [TpRu(BPMe
(N=CCD)][OTf] ( 7-d3) (eq 6). Each reaction was monitored

CD;  Tlorf
g R} Tlorf G
~-H
VA~ | _PMe; CD;CN - NN 1 _pMe,
I\(\’ /7\ ~PMe; I\{\’ IIT“\PM% ©)
N N
—NO B—NO
B PR ©)
R =Phor'Bu +NH,R

| For R = H: No reaction observed |

starting with a 0.06 M solution of the Ru(ll) in GON at
room temperature, and the resulting first-order kinetic plots
are shown in Figure 6RZ = 0.99 for both plots). The rate
constant for the exchange reaction of Ba-amine complex
[TpRu(PMe),(NH,'BU)][OTf] is approximately an order of
magnitude greater than that for [TpRu(PMENH,Ph)][OTf]
(Kops= 1.4 x 10~* s~ for the'Bu amine complex and 9.2
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ammine complex [TpRu(PMi(NH3)][OTf] shows no evi-
dence of ligand exchange after 5 days at room temperature
and 48 h at 90C. In order to determine if the lack of reaction
between [TpRu(PMg:(NH3)][OTf] and CDsCN is due to
kinetic or thermodynamic factors, [TpRu(PMgNCMe)]-
[OTf] (5) was combined with a THF solution of ammonia
in a sealed pressure tube. After approximately 12 days at
approximately 70C, a*H NMR spectrum of the nonvolatile
products revealed only starting material (i.e., no ligand
exchange occurred). In addition, dissolution of [TpRu-
(PMe3)2(NCCHg)][OTH] (5) in CDsCN at 80°C for 48 h
reveals no evidence of NCGMICCD; exchange. The failure

of the acetonitrile ligand of complexto undergo exchange
with deuterated acetonitrile prevents conclusions about the
inability to exchange the ammonia ligand of [TpRu(P)4e
(NH3)][OTf] with CDsCN.

Discussion

The room temperature reactions of TpRu(L)(NH,) or
TpRu(PMg)(NH'Bu) (4) with phenylacetylene result in
simple acid/base transformations to yield amine/acetylide ion
pairs. In contrast, no evidence of analogous acid/base
transformations is observed upon combination of the anilido
complexes TpRu(L)()(NHPh) with phenylacetylene (at
room temperature). These observations are explained by the
attenuated basicity of the anilido complexes due to delocal-
ization of the amido lone pair into the phengt, and
evidence for such an interaction in the form of reduced
Namido—Cphenyibond lengths and restrictedzg—Cphenyibond
rotation has been reportéd’® Additional confirmation of
electron delocalization into the amido phenyl substituent is
derived from the Hammett plot of TpRu(PMgNHPh)/NH-

Ar equilibria (Figure 4). Thep value of 4.1 (versusy,)
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indicates the delocalization of electron density into the amido 8.0000

phenyl ring. Bergman et al. have reported a similar result in "‘§ 6.0000

which Cp*Ni(PEg)(NHPh)/NHAr equilibrium constants X 4.0000

plotted againsty,” parameters yielgp = 3.477 In contrast, é 20000

a study of four-coordinate Re(lll) aryloxides equilibria 0.0000 ] . . '
revealed correlation with Hammett parameters withp = 0.0000 0.0500 0.1000 0.1500
0.7 [Ru-OT]

L ¢ :
The combination of TpRu(PMﬁ(NH Bu) and pheny Figure 7. Plot of kops versus concentration of TpRu(PRgOTf) for the

lacetylene yields [TpRu(PMp(NH2BU)][PhC], and heating conversion of TpRu(PMgx(NHPh) and phenylacetylene to aniline and
the ion pair in GDg produces TpRu(PMg(C=CPh) in TpRu(PMe)(C=CPh) §). The plot ofkoss at zero concentration corre-

i 0% vi i i+l Sponds to the rate constant in the absence of added TpRy(ROIEf)
approxmately 9_O/o yield. The_se results are cons[stent Wlth {IRU-OTH] = TPRUPME)(OTD}.
amine dissociation and coordination of the acetylide anion.
In contrast to the reaction of TpRu(PMgNHPh) with icger(n;MS.) (ms'ssti]l)nle Féesﬁtioanathvlvay for tne gora\l/)e/&sion |chi
i : f pPRu 8)2 an enylacetylene to the Ru cetylide
phenylacgtylene, thg addition of excess tnmethylpho;phme Complex TpRU(PM82(C,Ph) 6)
(1—5 equiv) has no impact on the rate of the conversion. In

—JoTf
addition, heating [TpRu(PM&(NH2Bu)][PhG] in the pres- H\c’Ph

ence of excess NfBu (1-5 equiv) has no impact on the /_\ o1 PhCH K=, |

rate of conversiont{, = 15(2) min). These results are ,Rufﬁfm — qwlfufﬁﬁe
consistent with a simple amine/acetylide ligand exchange N l N
reaction in which the amine dissociation is irreversible. It is £ \97 e \97

surprising that the rate of ligand exchange between bound
NH2Bu and free acetonitrile of [TpRu(PMe(NH2'Bu)]-
[OTf] is facile at room temperature while amine/acetylide NH,Ph @  Ru<-PMes
exchange for [TpRu(PM&(NH,BU)][PhG] appears to '\ - ‘PMes
occur more slowly (i.e., not observed at room temperature). HB/N@
However, studies of ammonia displacement with anions “X”
for trans[(DMPE),Ru(NHz)(H)][X] complexes indicate that H H pn 10TF
more basic anions undergo slower ammonia displacement @ o PMes
reactions? In contrast to théBu amido system, the ion pairs = PMe;
that result from the parent amido complexes and pheny- HB/NQ
lacetylend{i.e., [TpRu(L)(L')(NH3)][PhC;]} do not undergo = <|:
clean reaction to yield Ru(ll) acetylide complexes. We %,R PMes

L. . . | PMe;
suspected that these observed reactivity differences might
be explained by the facility with which the amines dissociate HB/N@
from the Ru(ll) coordination sphere. Thus, for tB& amido ©®
system, the relatively facile amine dissociation (compared |n THF-ds, TpRulx(NHPh) complexes (L= PMe; or
with the corresponding ammonia complex) possibly accounts P(OMe),) react with 10 equiv of phenylacetylene to quan-
for conversion to Ru(ll) acetylide complexes in high yield titatively yield TpRuly(C=CPh) products. In contrast to
(approximately 90%). In contrast, tightly bound ammonia TpRul,(NHR) (R = H or 'Bu), ion pairs resulting from
ligands may result in alternative reaction pathways to yield phenylacetylene deprotonation are not observed for the
various and intractable products. Ligand exchange reactionsanilido complexes. Inconsistent kinetic data for the reaction
of [TPRu(PMe)(NHzR)][OTf] (R = 'Bu, Ph or H) with CI3- of TpRu(PMe)(NHPh) with excess phenylacetylene indi-
CN are consistent with this proposal (eq 6 and Figure 6). cated the possibility of an impurity catalyzing the transfor-
While [TpRu(PMe)(NH2'Bu)][OTf] undergoes ligand ex-  mation. The addition of TpRu(PMp(OTf) results in an
change at room temperature, the ammine complex [TpRu-increase in the rate of formation of TpRu(PY¥C=CPh)
(PMe&y)2(NH3)][OTf] does not undergo similar ligand ex-  (6), and a linear dependence is observed for a pldt.gf
change even after prolonged heating af@0Although the  versus concentration of TpRu(PMgOT) (Figure 7). The
studies of amine dissociation from [TpRu(P{NH:R)]- addition of PMg (1 equiv based on ruthenium anilido)
[OTf] complexes cannot be directly compared to net amine/ suppresses the conversion. For example, the combination of
acetylide ligand exchange for [TpRu(L)JNHR)][PhC] TpRu(PMe)(NHPh), 10 equiv of phenylacetylene, 1 equiv

Ph
C
1l

.

ion pairs, the relative ease of amine substitution forRi of trimethylphosphine, and 1 mol % (based on ruthenium

or'Bu is consistent with the observed reactivity of the parent anilido) of TpRu(PMe)(OTf) at 80°C results in no observed

and'Bu amido systems. reaction after 24 h. These results are consistent with the
ruthenium triflate complex catalyzing the conversion of the

(76) Albeniz, A. C.; Calle, V.; Espinet, P.; Goez, S.Inorg. Chem2001, .
40, 4211-4216 and references therein. amido complex TpRu(PMg(NHPh) and phenylacetylene
(77) goll:l)a?dAP LChAndeSrsaggg ﬁaBl%rggﬁoggzgle Huang, J.; Nolan, to the acetylide complexX and aniline, and a plausible
m. em [o]
(78) Erikson, T. K. G.; Bryan, J. C. Mayer, J. Ndrganometallicsl988 reaction pathway is shown in Scheme 5 (note: the amine

7, 1930-1938. complex [TpRu(PMg2(NH,Ph)][OTf] could react directly
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with phenylacetylene to produce the vinylidene comgl&x
In addition, [TpRu(PMg,(NH,Ph)][OTf] could serve as the
catalytic impurity rather than TpRu(PMe(OTf). The cata-
lytic reaction is likely suppressed upon addition of RMae
to the formation of [TpRu(PMg;][OTf] (10) from TpRu-
(PMe;)o(OTH) (or [TpRuU(PMe)2(NHPh)][OTT]). In a sepa-
rate experiment, TpRu(PMe(OTf) was shown to quickly
react with PMe to form [TpRu(PMg)3][OTf] (10) (eq 7).

~10Tf
v OTf . PMes
‘_/}ll .-PMe;  PMe; 7 Ru ;PMC ;
ol ~PMe, =l PMe; (7)
—N¢ —N
B © B ©

(10)

The formation ofLOis complete (at room temperature) within
10 min. Complex0 was characterized byH, *°C, and3P
NMR spectroscopy. Monitoring the reaction of 10 mol %
TpRu(PMe),(OTf) with TpRu(PMe)(NHPh) and phenyl-
acetylene byH NMR spectroscopy reveals the presence of

Conner et al.

Scheme 6. Reaction of [TpRu(PMg2(NH2Ph)][OTf] with
Phenylacetylene Initially Yields [Tp(PMpRu=C=C(H)Ph)][OTF] @1)
Followed by [Tp(PMg),Ru=C(CH,Ph)Y N(H)Ph}][OTf] (12

LN
H_| OTf ”
L@y
% R _-PMe;  PhCH 1 “ oPMes
= U~ PMe, I‘Q ’| “NPMe;
/N > N
B
P O . o)
NH,Ph
\J(m
H Tlott
Ph—N /CHzPh
/\
\ 1'{ __PMe;,
T~ PMe;
I_:‘;/N\Q?

12)

a mixture of species during the course of the reaction. For carhene G-C—N plane is oriented to bisect the-Ru—P

example, after approximately 50% conversion, aniline, TpRu-
(PMe;)o(C=CPh) @), and [Tp(PMeg),Ru=C=C(H)Ph][OTf]

bond or the Ru-carbene bond is capable of rapid rotation
on the NMR time scale. The carbene carbon resonates as a

(12) are all observed along with a set of broadened Tp and triplet at 271.1 ppm in thé3C NMR spectrum ofL2. The

PMe; resonances. Vinylidene compléd has been inde-

combination of [TpRu(PMgx(NH,Ph)][OTf] and phenyl-

pendently prepared and characterized (eq 8). The broadycetylene at 80C results in the formation of [Tp(PMp-

_H TloTf
%’R ‘PMe ®
/NO

an

ott
% ,PMe3 PhCZH
= ~PMe; e A THF, A

Ru=C=C(H)Ph)][OTf] (11) and aniline with the ultimate
product being [Tp(PMgRu=C(CHPhY N(H)Ph][OTf]
(12) (Scheme 6). These results demonstrate that amine/
phenylacetylene ligand exchange is feasible.

It is possible either that (1) contamination of TpRu(RMe
(NHPh) with undetectable amounts of TpRu(PMEOTT)
(or [TpRu(PMg)2(NH,Ph)][OTf]) catalyzes the reaction of
the amido complex with phenylacetylene or that (2) the

resonances are consistent with the presence of both [TpRutonversion in the absence of added TpRu(RMOTf)

(PMe;)2(NH-Ph)][OTf] and TpRu(PMg2(NHPh) in which
rapid proton transfer results in line broadening. The com-
bination of [TpRu(PMg)2(NH,Ph)][OTf] and TpRu(PMe),-
(NHPh) in GDe confirms that the broadened resonances
could be due to an amine/amido mixture (i.e., similarly

proceeds via a distinct reaction pathway. kg value for

a reaction in the absence of added TpRu(BM@TT) (Figure

7) is consistent with a small amount of ruthenium(ll) triflate
(or aniline) complex serving as catalyst. The observation of
a ruthenium impurity serving as catalyst is similar to the

broadened resonances are observed). In addition, toward thehsertion of ethylene into an iridium hydroxide boffd.

end of the reaction, a new TpRu complex that exhibits a
downfield singlet at 11.83 ppmfl NMR) is observed in
small quantities. This complex has been identified as [Tp-
(PMe;),RU=C(CH,PhY N(H)PH}][OTHf] (12) and is formed
upon reaction of [Tp(PMg,Ru=C=C(H)Ph][OTf] (11) and
aniline (eq 9). Spectroscopic data for compl¢eveal 2:1

Wi —lott
Ph—N_CHpPh
7 ﬁ

NHPh D -PMe;
—»I\(\ ’lf“‘PMe ©

20

12)

Ph, _H —IOTf

®

The mechanisms for activation of-@ bonds by late and
middle transition metal complexes with nondative hetero-
atomic ligands are dependent upon the oxidation state of the
transition metal center. For systems capable of facile single-
electron reduction, hydrogen atom abstraction mechanisms
(odd-electron reactions) appear to dominate. Examples
include Mn(lll) hexafluoroacetylacetonate (see Introduction
section), Mn(lll) acetate for oxidative cyclization reactions,
and biological systems such as lipoxygenases, methane-
monooxygenase (calculations indicate a redox-based hydro-
gen abstraction by a bridging oxo ligand), and the chemistry
of vitamin E637-398081 |n addition, Meyer et al. have
recently reported that the mechanism of'‘ReO oxidation
of cyclohexenol to cyclohexenone involves the initial

integration patterns for the Tp resonances that are consistenfzg) riter. 3. C. M.: Bergman, R. G. Am. Chem. S00997, 119, 2580

with the presence of mirror symmetry. Thus, either the
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Octahedral Ru(ll) Amido Complexes

conversion of RlY—oxo to RU'—hydroxide®? In contrast, Scheme 7. Basicities of Closely Related Octahedral Group 8 Amido
Bergman et al. have demonstrated that reactionsanfs Complexes Span Approximately 28 Orders of Magniude
(DMPE)Ru(NH,)(H) with 1,4-CHD to yieldtrans(DMPE),- H..H H.. 5 JH o [PhC
Ru(H), and benzene proceed via an initial deprotonation to CP—._l{u,.P-l PhyCH CP-. e\
form a cationic Ru(Il)-NHs complex and cyclohexadien- PP PP
ide?° This mechanism is in contrast to late transition metal H H
alkoxide complexes that activate-El bonds of 1,4-cyclo- H.. _|PhCz
hexadiene via hydrogen atom removal (i.e., metal reduc- /—\'III -
tion).16:17 %}Rﬂ"i‘ — @/R“\D
; ; 2

TpRu(PMe)2(NH,) reacts with 1,4-CHD to vyield 1,3- N NN N
CHD. Similar to observations made fois-(PMe;)sRu(H)- g O/ HB/ \Q7
(NH,), the addition of trimethylphosphine does not impact - QC,CH
the rate of isomerizatioff. Thus, phosphine dissociation is H...,Ph H_| Ph 2
not likely to be involved in the isomerization reaction. /.\ I]I L NCCH,CN ‘T—\If L
Ultimately, these reactions produce benzene and TpRu- 41’|“‘L' D 61"?“‘1:
(PMe&3)2(H) (9) in approximately 50% yield, and in analogy I\(}lB/N\‘) N \5]
to reactions observed with other parent amido ruthenium- H o
(I1) complexes, we suggest an atibdase reaction mechanism
to be important to the formation of TpRu(PgH) (9) since ﬁ;?;iﬁzﬁgm

the addition of 2 equiv of trimethylphosphine results in no
observation of comple®. Stack et al. have prepared an (@)
octahedral Fe(lll) methoxide complex that dehydrogenates asee refs 22, 45, and 84.
1,4-CHD via a hydrogen atom abstraction mechanism that ,. - _
] . ligands exhibit basicities that span several orders of mag-
yields 2 equiv of Fe(ll) methanol product, and the favorable : . . . . -
Fe(lllll) reduction Ea = 0.73 V) plays a key role in the nitude (d.|rec.t comparisons are complicated by ion pairing
C—H activation capability of the Fe(lll) methoxide com- and studies in different solvents).
plex3® In contrast, the Ru(ll) amido complexes reported Summary
herein are not reduced t62.0 V (vs NHE). Thus, although
hydrogen atom abstraction is a possible reaction pathway, it
is a seemingly less likely mechanism for the Ru amido
systems. In addition, if hydrogen atom abstraction were
occurring, it might be anticipated that the resulting Ru(ll/1)
reduction would render the reaction more favorable for the
anilido complexes TpRu(L)({NHPh) than for the more

electron-rich complex TpRu(PMg(NH,). However, the Ru- ) X . h .
(I) anilido complexes fail to react with 1,4-CHD. These [OTH)) impurity. The highly basic parent anBu amido

results in combination with the extensive studiegrahs complexes react with 1,4-CHD to yield benzene and ruthe-

DMPELRU(NH)(H) and cis-(PMe).Ru(HY(NH,) subport nium—hydride products. In contrast, the less basic anilido
f,m acidizbas(e ;b;t(hv)va%% (PMe)Ru(H)(NH) supp systems TpRu(L))(NHPh) fail to react with 1,4-CHD. The

Recent work with Ru and Os amido complexes has ability of the parent anBu amido complexes TpRu(L)(
— t

revealed a remarkable breadth of reactivity (Scheme 7). For(NHR) (R_ » H or'Bu) to deprotonate phenylacetylene, the
example, Bergman et al. have reported trats (DMPE)Ru- h'gh pasmty oftrans(DMPE)zRu(N_l-b)(H), the decreased
(NH,)(H) deprotonates triphenylmethatfe.Isoelectronic bas_|C|ty of TpRu(L)(L)(NHPh) r_elatwg to the R_u(ll)_parent
TPRU(L)(L')(NH,) complexes do not react with triphenyl- amido complexe_s, and the h|gr_1ly inert anilido ligand of
methane; however, they have been observed to fully depro-TpOSCk(NHPh)_ (|_nert to protonation by HCI) reveal a 'afge
tonate phenylacetylene. The Ru(ll) anilido complexes TpRu- rangel of ret?ctlv(ljty for closely rellated Fg%igifral amido
(L)(L")(NHPh) form acie-base equilibria with malononitris, ~ COmMPlexes bound to group 8 metal centers:*
and Mayer et al. have reported that the anilido ligand of the  Acknowledgmentis made to the donors of the Petroleum
d* osmium complex TpOs(NHPh)EIs not protonated by  Research Fund (administered by the American Chemical
HCI.84 Thus, octahedral group 8 amido complexes with Tp Society) and to North Carolina State University for support
of this research. In addition, this work was supported in part

to account for these resuff$Phosphine dissociation appears
/OS\L
/NO

The reactivity of TpRu(L)()(NHR) (R = H, 'Bu, or Ph)
complexes with phenylacetylene is highly dependent on the
amido substituent. The highly basic amido ligands fo=R
H or ‘Bu yield intermolecular acid/base reactions to form
ion pairs. In contrast, reaction of the anilido complex TpRu-
(PMe&;)2(NHPh) with phenylacetylene is catalyzed by the
presence of TpRu(PMp(OTf) (or [TpRu(PMe)2(NHzPh)]-
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Supporting Information Available: Complete tables of crystal  [TpRu(PMe){ NH,(p-CeH4CF3)} ][OTf] and TpRu(PMe){ NH(p-
data, collection and refinement data, atomic coordinates, bond CsH4CFs)} andH NMR spectra of these systems as well as NMR
distances and angles, and anisotropic displacement parameters fospectra for9 and 10. This material is available free of charge via
[TPRU(CO)(PPB(NH3)][OTf], [TpRu(PMes)(NH3)][OTf], and the Internet at http://pubs.acs.org.

TpRu(CO)(PPK(C=CPh) (7). Procedures for the preparation of 1C034410A
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