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[{ Ru(x8-p-cymene)(u-CI)CI} »] and [{ Ru(#:773-C1oH16)(u-CI)CI} 5] react with Ph,PCH,P{=NP(=0)(OR),} Ph; (R =
Et (1a), Ph (1b)) affording complexes [Ru(75-p-cymene)Cly(k*-P-Ph,PCH,P{=NP(=0)(OR),} Ph,)] (R = Et (2a),
Ph (2b)) and [Ru(#3:773-C1oH16)Cly(x*-P-Ph,PCH,P{=NP(=0)(OR),} Ph,)] (R = Et (6a), Ph (6b)). While treatment
of 2a with 1 equiv of AgSbFe yields a mixture of [Ru(°-p-cymene)Cl(x?-P,0-Ph,PCH,P{ =NP(=0)(OEt),} Ph,)]-
[SbFg] (3a) and [Ru(z-p-cymene)Cl(«2-P,N-Ph,PCH,P{ =NP(=0)(OEt),} Ph,)][SbFs] (4a), [Ru(z5-p-cymene)Cl(x«?
P,0-Ph,PCH,P{=NP(=0)(OPh),} Ph,)][SbFg] (3b) and [Ru(73:173-C1oH16)Cl(x?-P,0-Ph,PCH,P{=NP(=0)(OR).} -
Ph,)][ShFe] (R = Et (7a), Ph (7h)) are selectively formed from 2b and 6a,b. Complexes [Ru(#5-p-cymene)(«-
P,N,0-Ph,PCH,P{=NP(=0)(OR),} Ph,)][SbFe]; (R = Et (5a), Ph (5h)) and [Ru(#3173-C1oH1g)(t*-P,N,0-Ph,PCH,P{=
NP(=0)(OR),} Ph,)][SbFe], (R = Et (8a), Ph (8b)) have been prepared using 2 equiv of AgSbFs. The reactivity of
3-5a,b has been explored allowing the synthesis of [Ru(z-p-cymene)Xy(i«-P-Ph,PCH,P{=NP(=0)(OR),} Ph,)]
(R = Et, Ph; X = Br, I, N3, NCO (9-12a,b)). The catalytic activity of 2-8a,b in transfer hydrogenation of
cyclohexanone, as well as theoretical calculations on the models [Ru(#8-CgHg)Cl(x?-P,N-H,PCH,P{=NP(=0)-
(OH)2} Ha)I* and [Ru(#76-CsHe)Cl(«?P,0-H,PCH,P{ =NP(=0)(OH);} H,)I*, has been also studied.

Introduction atom and a hemilabile donor group (i.e. N- or O-donor)
capable of reversibly dissociating from the metal liberating
a coordination sité.Such behavior has been exploited in
homogeneous catalysis since the formation of unsaturated
intermediate species is often favoretminophosphorane-
TE-mail: jgh@sauron.quimica.uniovi.es. pho.sphines EP__X__P(ZNRI)RZ (rea?'”y accfessit?le by _Se_

* E-mail: miguelangel.rodriguez@dq.unirioja.es. lective monoimination of bis-phosphines with azides via the

There is a considerable interest in the coordination
chemistry of phosphine ligands with hemilabile properties
because they combine strong binding via the phosphorus
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Chart 1

R=H, SiMes, p-CsF4N or p-C¢F,CN
n°-arene = C¢Hg, 1-Pr-4-CqH, Me, 1,3,5-C¢H;Me; or CiMeg

Staudinger reactio§ are an important class of hemilabile
ligands belonging to the wide series of those containing
phosphorus nitrogen donor atomsin this context, we have
recently reported the preparation of the first ruthenium

complexes bearing iminophosphorane-phosphine ligands (se

Chart 1) which show excellent hemilabile properfies.

Following these studies, and because the chemistry of the

closely related bis-phosphine monoxides (BPMOSs) of genera
formula RP—X—PEO)R; (X = divalent bridging group)
has revealed successful applications in a large number o

(1) For reviews on hemilabile P,N- and P,O-donor ligands see: (a) Bader,
A.; Lindner, E.Coord. Chem. Re 1991, 108, 27. (b) Newkome, G.
R. Chem. Re. 1993 93, 2067. (c) Zhang, Z. Z.; Cheng, Koord.
Chem. Re. 1996 147, 1. (d) Lindner, E.; Pautz, S.; Haustein, M.
Coord. Chem. Re 1996 155 145. (e) Espinet, P.; Soulantica, K.
Coord. Chem. Re 1999 193-195, 499. (f) Slone, C. S.; Weinberger,
D. A.; Mirkin, C. A. Prog. Inorg. Chem1999 48, 233. (g) Braunstein,
P.; Naud, FAngew. Chem., Int. EQR001 40, 680.
For reviews on the Staudinger reaction see: (a) Gololobov, Y. G.;
Zhmurova, I. N.; Kasukhin, L. FTetrahedron1981, 37, 437. (b)
Gololobov, Y. G.; Kasukhin, L. FTetrahedron1992 48, 1353. (c)
Johnson, A. W. InYlides and Imines of Phosphorud/iley: New
York, 1993; p 403.
Selective monoiminations of bis-phosphines are reported in the
following: (a) Gilyarov, V. A.; Kovtum, V. Y.; Kabachmich, M. I.
Izv. Akad. Nauk SSSR, Ser. Khit@67 5, 1159. (b) Katti, K. V.;
Cavell, R. GInorg. Chem1989 28, 413. (c) Katti, K. V.; Batchelor,
R. J.; Einstein, F. W. B.; Cavell, R. Gnorg. Chem.199Q 29, 808.
(d) Cavell, R. G.; Reed, R. W.; Katti, K. V.; Balakrishna, M. S.;
Collins, P. W.; Mozol, V.; Bartz, IPhosphorus, Sulfur Silicon Relat.
Elem.1993 76, 9. (e) Balakrishna, M. S.; Santarsiero, B. D.; Cavell,
R. G.Inorg. Chem.1994 33, 3079. (f) Reed, R. W.; Santarsiero, B.;
Cavell, R. GInorg. Chem1996 35, 4292. (g) Avis, M. W.; Goosen,
M.; Elsevier, C. J.; Veldman, N.; Kooijman, H.; Spek, A. Inorg.
Chim. Actal997 264, 43. (h) Molina, P.; Arques, A.; Ga@IA.;
Ranirez de Arellano, M. CTetrahedron Lett1997 38, 7613. (i)
Molina, P.; Arques, A.; Gafe, A.; Ramrez de Arellano, M. CEur.
J. Inorg. Chem.1998 1359. (j) Pandurangi, R. S.; Katti, K. V;
Stillwell, L.; Barnes, C. LJ. Am. Chem. S0d.998 120, 11364. (k)
Alajarin, M.; Lopez-Leonardo, C.; Llamas-Lorente, P.; Bautista, D.
Synthesi200Q 2085. (I) Arques, A.; Molina, P.; Alon, D.; Vilaplana,
M. J.; Desamparados Velasco, M.; Made, F.; Bautista, D.; Lahoz,
F. J.J. Organomet. Chen200Q 598 329. (m) Balakrishna, M. S.;
Teipel, S.; Pinkerton, A. A.; Cavell, R. Gnorg. Chem.2001, 40,
1802.
For overviews on the coordination chemistry ofPRX—PE=NR')-
R ligands see: (a) Katti, K. V.; Cavell, R. @omments Inorg. Chem.
1990 10, 53. (b) Cavell, R. GCurr. Sci.200Q 78, 440.
(5) (a) Cadierno, V.; vz, J.; Gara-Garrido, S. E.; GafatGranda, S.;
Gimeno, J.J. Chem. Soc., Dalton Tran2002 1465. (b) Cadierno,
V.; Crochet, P.; GaferAlvarez, J.; Gara-Garrido, S. E.; Gimeno, J.
J. Organomet. Chen2002 663 32.
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Chart 2
php” PPh, thf/\ PPh
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/N Y 2
Ph,P N M
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Ml (OR)2 \04 P(OR),
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catalytic transformation%,in this paper we report the
synthesis of the novel iminophosphorane-phosphines Ph
PCHP{=NP(=0)(OR)}Ph (R = Et (1a), Ph (Lb)) con-
taining a coordinating phosphoryl substituent. Our interest
stems from the expected hemilabile properties and its
potential coordination versatility since bidentate chelating
modesk?-P,N- (I1) and «?>-P,O- (Il ) as well as tridentate
é<3—P,N,O behavior (V) can be envisaged (see Chart’2).
Starting from the ruthenium(ll) and ruthenium(lV) dimers
[{ Ru@8-p-cymene)g-Cl)Cl} ;] and [ Ru(2:73-CioH1e) (u-Cl)-
Cl}2] (CiHis = 2,7-dimethylocta-2,6-diene-1,8-diyl), re-
spectively, here we describe that the tridentate ligdrais
fcan be coordinated selectively it-P-, «*>-P,0O-, and «*>-
P,N,Omanners|( Il , andIV in Chart 2). The hemilabile
properties of the chelate complexes and their catalytic activity
in transfer hydrogenation of cyclohexanone by propan-2-ol
have been also explorédn addition, a theoretical study
devoted to rationalize the competitive ability of the ligands
for the formation of a five- versus seven-membered chelate
ring («*>-P,N- (I1') vs ¥>-P,O- (lll)) is described using the
models [Rug®-CeHg)Cl(k>-P,0-H,PCHP{=NPE=O)(OH),} -
Ho)]t and [Ru8-CsHe)Cl(x2-P,N-H,PCH,P{=NP(=0)-
(OH)}HR)] ™.

Experimental Section

The manipulations were performed under an atmosphere of dry
nitrogen using vacuum-line and standard Schlenk techniques.
Solvents were dried by standard methods and distilled under

(6) See for example: Grushin, V. \Organometallics2001, 20, 3950

and references therein.
(7) The related ligands BAN(R)R =NP=O)(OPh)} Ph, (R = Me, Et)
and 2-PhPGsH4P{=NP(=0)(OPh}} Ph, have been described by R.
G. Cavell and co-workers. Remarkably, its complexation to Rh(l),
Pd(ll), and Pt(ll) fragments leads exclusively to the bidentate,N-
coordination. See ref 3e,f.
Although several transition-metal complexes containing iminophos-
phorane-phosphine ligands are known (see refs 3 and 4), their
involvement in homogeneous catalysis has been almost neglected when
compared to their BPMO counterparts. Hydrogenation of olefins (Rh
and Ir complexes): (a) Law, D. J.; Cavell, R. &.Mol. Catal.1994
91, 175. (b) Cavell, R. G.; Law, D. J.; Reed, R. W. U.S. Patent
Application US 887014, 1994. Methanol carbonylation (Rh, Ni, and
Co complexes): (c) Cavell, R. G.; Katti, K. V. U.S. Patent Application
US 752348, 1994. Olefin oligomerization (Ni complexes): (d) Cavell,
R. G.; Creed, B.; Gelmini, L.; Law, D. J.; McDonald, R.; Sanger, A.
R.; Somogyvary, Alnorg. Chem.1998 37, 757. (e) Cavell, R. G;
Creed, B.; Law, D. J.; Nicola, A. P.; Sanger, A. R.; Somogyvary, A.
U.S. Patent Application US 447887, 1996. Cross coupling of secondary
amines with aryl halides (Pd complexes): ref 3h.
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Ru Complexes with Iminophosphorane-Phosphines

nitrogen before use. All reagents were obtained from commercial cymene)-CI)Cl};] (0.245 g, 0.4 mmol) and the corresponding
suppliers and used without further purification with the exception iminophosphorane-phosphine,PEHP{=NP&O)(OR)}Ph, (1ab)
of compounds{[Ru(;5-p-cymene)g-CI)Cl} 5],° [{ Ru(@z3:13-CioH16)- (0.85 mmol) in 30 mL of dichloromethane was stirred at room
(u-Cl)Cl}5],1° and (EtO)P(=O)Ns,tt which were prepared by  temperature for 1 h. The resulting solution was then concentrated
following the methods reported in the literature. Infrared spectra to ca. 2 mL, and 50 mL of diethyl ether was added yielding a
were recorded on a Perkin-Elmer 1720-XFT spectrometer. The microcrystalline orange solid which was washed with diethyl ether
conductivities were measured at room temperature, in c&.r6l (3 x 10 mL) and vacuum-dried. F@a: yield 81% (0.545 g), mp
dm~3 acetone solutions, with a Jenway PCM3 conductimeter. The 194—196 °C. Anal. Calcd for RuGgHs0sPsCIoN-1/4CH,Cly: C,
C, H, and N analyses were carried out with a Perkin-Elmer 2400 54.63; H, 5.43; N, 1.62. Found: C, 54.50; H, 5.39; N, 1.87.
microanalyzer. All melting points were determined on @BUWCH- NMR (CDClg) 6 0.79 (d, 6H,Jyy = 6.8 Hz, CH(CQH3)2), 0.99 (t,
9230 oil-based apparatus and are uncorrected. Mass spectr&H, Juy = 6.6 Hz, OCHCHj3), 1.74 (s, 3H, CH), 2.34 (sept, 1H,
(MALDI-TOF) were recorded using a VOYAGER-DE STR  Jyy = 6.8 Hz, (H(CHjy),), 3.45 (m, 4H, OCH), 3.87 (dd, 2H2J4p
spectrometerp-cyano-4-hydroxycinnamic acid was used as the = 9.1 and 9.1 Hz, PCHP), 5.05 and 5.20 (d, 2H eaclyy = 5.0
matrix. NMR spectra were recorded on a Bruker DPX-300 Hz, CH of p-cymene), 7.36-8.01 (m, 20H, Ph)13C{'H} NMR
instrument at 300 MHZ'H), 121.5 MHz P), or 75.4 MHz {C) (CDCl) 6 16.46 (d,%Jcp = 9.0 Hz, OCHCHj3), 17.41 (s, CH),
using SiMe or 85% HPO, as standards. DEPT experiments have 21.40 (dddJcp= 78.6 and 19.2 HAJcp = 8.4 Hz, PCHP), 21.46
been carried out for all the compounds report€#{*H} NMR (s, CH(CHz3)2), 30.38 (s,CH(CHa),), 61.03 (d,2Jcp = 6.8 Hz,
spectroscopic data for all the compounds reported are collected inOCH;), 86.06 (d,2)cp = 6.8 Hz, CH ofp-cymene), 90.58 (EJcp
Table 2. = 4.1 Hz, CH ofp-cymene), 94.73 and 108.28 (s, Cmtymene),
The numbering for protons and carbons of the 2,7-dimethylocta- 128.17-134.49 (m, Ph) ppm. Fo2b: yield 73% (0.547 g), mp
2,6-diene-1,8-diyl skeleton is as follows: 222—-224°C. Anal. Calcd for RuGyH.¢03PsCILN: C, 60.19; H,
4.94; N, 1.49. Found: C, 60.26; H, 4.81; N, 1.53.NMR (CDCly)

Hy Hio 0 0.78 (d, 6H,Juy = 6.9 Hz, CH(QH3),), 1.77 (s, 3H, CH), 2.38

H, N~ p (sept, 1HJuy = 6.9 Hz, GH(CHj3),), 3.98 (dd, 2H2J4p = 9.9 and
Hy 5 X~ 8 9.9 Hz, PCHP), 5.06 and 5.21 (d, 2H eaclyy = 6.0 Hz, CH of

H, B, MeMe Me [7 p-cymene), 7.047.91 (m, 30H, Ph)3C{'H} NMR (CDCl) &
4 2 Me 17.49 (s, CH), 20.43 (ddd Jcp = 79.4 and 18.1 Hz3Jcp = 6.4

HY X 3/'\ 1 Hz, PCHP), 21.39 (s, CHTH3),), 30.43 (s,CH(CHs),), 86.20 (d,
b, H, 2Jcp = 6.4 Hz, CH ofp-cymene), 90.70 (RJcp = 4.7 Hz, CH of

p-cymene), 96.40 and 108.28 (s, Cmtymene), 120.63134.44
(m, Ph), 152.69 (d?Jcp = 7.6 Hz, Gyso Of OPh) ppm.

Synthesis of PAPCH,P{=NP(=0)(OR),} Ph, (R = Et (1a), Ph Synthesis of [Rug®-p-cymene)Cl(c?-P,0-Ph,PCHP{=NP(=
(1b)). The corresponding azide (RFY=0)N; (5.2 mmol) was O)(OR)2} Phy)][SbF¢] (R = Et (3a) Ph (3b)) and [Rufy®-p-
added at-78 °C to a solution of bis(diphenylphosphino)methane cymene)Clic>-P N-thPCHzP{=NP(=,O)(OEt)2}th)][SbFe] (4a).
29, 5‘5 mmol) in 80 mL of THF. Tgehreaction mixtur;z wa; slowly Method A. A ’solution of the corresponding neutral complex
warmed to room temperature and then evaporated to dryness t 6. Lp. N,

give a colorless oil. A microcrystalline white solid was obtained Ogus(nm%{)m if\ngz)qr(ﬁL F;fpghizk(‘:l;%g{m el’:lhpa(n eO 3,\(/25 )tziepartht)a]d(,zz’thoom

byl stl_ow (il{fhusmn dOf fe:]tane |tnto a s?turatce:ﬁ dlcktllo_ron;_ethzncta temperature and in the absence of light, with AgStiF1L72 g, 0.5
solution ot the product at room tlemperature. Lharacterization da ammol) for 1 h. After the AgCl formed was filtered off (Kieselguhr),

for 1afollow: yield 93% (2.589 g), mp 148150°C. Anal. Calcd the solution was concentrated to ca. 2 mL, and 50 mL of diethyl

for CadHa:0sPN: C, 65.04; H, 6.02; N, 2.61. Found: C, 65.12; o0 \yas then added yielding an orange microcrystalline solid
H, 5.89; N, 2.761H NMR (CDCly) 6 1.19 (t, 6H,Jun = 7.1 Hz, ) o
which was washed with diethyl ether 8 20 mL) and vacuum-
OCH,CH3), 3.46 (d, 2H,2Jyp = 13.9 Hz, PCHP), 3.95 (m, 4H, dried. Starting frome . bl it taini
OCHy). 7.21-7.77 (m. 20H, Ph) ppm=C{2H} NMR (CDCly) 6 ried. Starting from2a, an inseparable mixture containing com-
o ) ’ ’ : 3 pounds3aand4a (ca. 3:1 ratio) was obtained in 85% yield (0.443

3 — =
;g'ng(d’P‘]éPP 762 :1_'22, d?f”f*éag 39'%C(dd"]1°;8 22_“13;33 g). Mp: 178-180 °C (dec). Anal. Calcd for RufgH4eFsO3Ps-
’ Z HP), 61.42 (d?Jcp = 6. Z H), ’ : CINSb1/4CHCl,: C, 44.34; H, 4.41; N, 1.32. Found: C, 44.18;

— 370 — )
(m, Ph), 137.62 (ddJep = 22.6 Hz,%Jcp = 7.9 Hz, Gp_s° of Ph) H, 4.21; N, 1.30. Conductivity (acetone, 2@, Q-1 cn? mol1):
ppm. MS (MALDI-TOF): m/z536 [M + 1]*. For 1b: yield 86% 1
115. For3a 'H NMR (CD,Cl,) 6 0.96 and 1.17 (d, 3H eacbyy
(2.824 g), mp 107109 °C. Anal. Calcd for GHs,0sP:N: C, = _
_ _ _ : : = 6.8 Hz, CH(GH3),), 1.13 and 1.35 (t, 3H eacl,y = 7.0 Hz,
70.36; H, 5.11; N, 2.22. Found: C, 70.20; H, 5.01; N, 2.39.
NMR (CDC) 6 3.36 (d, 2H2Jup = 13.7 Hz, PCHP), 7.06-7.62  C 2CHa), 173 (s, 3H, Ch), 2.23 (m, 1H, GH(CHy),), 3.09 and
3 C = o eHP . : T : 5.17 (m, 1H each, PCi®?), 3.63-4.15 (m, 4H, OCH), 4.92 and

1 1 =
gg’;’g:d g;‘)lpﬁm';gﬂ,';} 1':3";}(55(32'2 ?ngp'z]‘; (f;éJgCg d,  5:40 (d, 1H eachly; = 5.4 Hz, CH ofp-cymene), 5.79 and 5.98
’ ) Z, ’ . ’ ' ' ’ ! (d, 1H eachJyy = 6.0 Hz, CH ofp-cymene), 7.058.00 (m, 20H,

- 3 - > 2 —
Jop = 14.9 Hz,%ep = 7.8 Hz, Gpso Of Ph), 152.22 (didep = 7.8 Ph) ppm.23C{1H} NMR (CD.Cl,) 6 16.10 and 16.50 (Blep =
Hz, Gpso Of OPh) ppm. MS (MALDI-TOF): m/z 632 [M + 1]*.
. L 8.2 Hz, OCHCH?3), 17.73 (s, CH), 21.70 and 22.24 (s, C8Ha),),
Synthesis of [Rug8-p-cymene)Ch(k!-P-Ph,PCH,P{=NP(= _
O)(OR):} Pyl (R = Et (22), Ph (20)).A solution of [ Ru(-p- 28.97 (dd,Jcp = 56.5 and 15.7 Hz, PCI®), 30.76 (SCH(CHa)y),
AR ' : P 63.43 and 63.54 (RJep = 7.0 Hz, OCH), 84.06 (d,2Jcp = 4.1

Hz, CH of p-cymene), 88.06 (FJcp = 5.7 Hz, CH ofp-cymene),

(9) Bennett, M. A.; Huang, T.-N.; Matheson, T. W.; Smith, A.liKorg.

Synth.1982 21, 74.

(10) (a) Porri, L.; Gallazzi, M. C.; Colombo, A.; Allegra, Getrahedron
Lett. 1965 47, 4187. (b) Salzer, A.; Bauer, A.; Podewils, F.Sgnthetic
Methods of Organo-metallic and Inorganic Chemistderrmann, W.
A., Ed.; Thieme Verlag: Stuttgart, 2000; Vol. 9, p 36.

(11) Scott, F. L.; Riordan, R.; Morton, P. D. Org. Chem1962 27, 4255.

88.50 (d,2Jcp = 2.3 Hz, CH ofp-cymene), 90.36 (BJcp = 5.3
Hz, CH of p-cymene), 97.53 and 107.96 (s, C pfcymene),
124.31-137.12 (m, Ph) ppm. Fota: 'H NMR (CD.Cl,) 6 0.80
and 1.01 (d, 3H eacliyy = 6.8 Hz, CH(QH3)2), 0.93 and 1.25 (t,
3H each,dyy = 7.0 Hz, OCHCHj3), 1.93 (s, 3H, CH), 3.46 (m,

Inorganic Chemistry, Vol. 42, No. 10, 2003 3295



1H, CH(CHgy),), 3.63-4.15 (m, 6H, PCHP and OCH), 5.69 and
5.96 (d, 1H eachJuy = 5.4 Hz, CH ofp-cymene), 5.86 (br, 2H,
CH of p-cymene), 7.058.00 (m, 20H, Ph) ppm3C{H} NMR
(CD.Cl,) 6 16.01 (d,3Jcp = 6.4 Hz, OCHCH3), 16.30 (d,3Jcp =
8.1 Hz, OCHCHy), 18.06 (s, CH), 20.65 and 23.35 (s, CBH3),),
29.69 (s,CH(CHg)y), 36.74 (dddJcp = 75.4 and 16.7 HZAJcp =
8.2 Hz, PCHP), 63.73 (d2Jcp = 7.0 Hz, OCH), 63.82 (d 2Jcp =
6.4 Hz, OCH), 82.45 (s, CH ofp-cymene), 87.02 (RJcp = 4.1
Hz, CH of p-cymene), 87.15 (Jcp = 5.3 Hz, CH ofp-cymene),

91.31 (d,2)cp = 5.1 Hz, CH ofp-cymene), 106.72 and 113.68 (s,

C of p-cymene), 124.31137.12 (m, Ph) ppm. Fahb: yield 86%
(0.489 g), mp 188190°C (dec). Anal. Calcd for RuGHs6FsOsP5-

Cadierno et al.

Anal. Calcd for RUQ7H46F1203P35b2N: C,42.18; H, 3.16; N, 1.05.
Found: C, 41.87; H, 3.02; N, 1.12. Conductivity (acetone;y@0
Q1 cn? molY): 184.1H NMR (CD,Cl,) ¢ 1.04 (d, 3H,Juy =
6.8 Hz, CH(GHs)2), 1.29 (d, 3H,Juy = 6.5 Hz, CH(TH3),), 1.43
(s, 3H, CH), 2.25 (m, 1H, Gi(CHa),), 2.78 and 4.00 (m, 1H each,
PCHP), 5.32 (br, 2H, CH ofp-cymene), 6.29 and 6.45 (br, 1H
each, CH ofp-cymene), 6.957.99 (m, 30H, Ph) ppmt3C{1H}
NMR (CD,Cl,) 6 15.77 (s, CH), 21.37 and 23.33 (s, ClBH3),),
27.23 (dddJcp = 63.1 and 13.0 HAJcp = 7.2 Hz, PCHP), 32.05
(s, CH(CHj3),), 81.10 and 85.46 (s, CH gf-cymene), 87.11 and
89.50 (d,2Jcp = 5.5 Hz, CH ofp-cymene), 98.59 and 113.52 (s, C
of p-cymene), 120.15135.70 (m, Ph), 151.06 (dJcp = 9.0 Hz,

CINSb: C, 49.60; H, 4.07; N, 1.23. Found: C, 50.05; H, 3.93; N, Cipso of OPh), 151.63 (d?Jcp = 9.0 Hz, Gyso 0f OPh) ppm.

1.31. Conductivity (acetone, 2€, Q~* cn? mol~1): 102.'H NMR
(CD.Cly) 6 0.85 (d, 3H,Juy = 6.8 Hz, CH(CH3),), 1.10 (d, 3H,
JhH = 6.6 Hz, CH(CH3)2), 1.64 (S, 3H, Chﬂ, 2.17 (m, 1H,
CH(CHs),), 3.15 and 5.16 (m, 1H each, Pg®, 4.60 and 5.29 (d,
1H eachJyy = 5.7 Hz, CH ofp-cymene), 5.07 and 5.75 (d, 1H
each,Jyy = 6.2 Hz, CH ofp-cymene), 6.857.64 (m, 30H, Ph)
ppm. 13C{*H} NMR (CD.Cl,) 6 17.76 (s, CH), 21.45 and 22.22
(s, CH(CH3)y), 28.27 (ddJcp = 57.1 and 15.8 Hz, PC#?), 30.66
(s, CH(CHs),), 83.43 and 87.96 (s, CH gf-cymene), 88.84 (d,
2Jcp = 6.4 Hz, CH ofp-cymene), 90.83 (RJcp = 5.3 Hz, CH of
p-cymene), 97.91 and 108.10 (s, Cmtymene), 120.93135.64
(m, Ph), 151.74 (RIcp = 8.7 Hz, Gyso 0f OPh), 151.85 (Rlcp =
7.6 Hz, Gyso of OPh) ppm.

Method B. A suspension of {[Ru(;8-p-cymene)-Cl)Cl} ;]

Method B. A solution containing [Ruf®-p-cymene)Clg?-P,0-
PhPCHP{=NP=0)(OPh}} Ph)][SbF¢] (3b), or a mixture of
[Ru(i8-p-cymene)Clg2-P,0-PhhPCH,P{=NP(=0)(OEt)} Phy)]-
[SbR] (3a) and [Ruf®-p-cymene)Clg?-P,N-PhbPCHP{=NP-
(=O)(OEt)} Phy)][SbF] (48), (0.2 mmol) in 20 mL of dichloro-
methane was treated, at room temperature and in the absence of
light, with AgSbFs (0.072 g, 0.21 mmol) for 1 h. After the excess
of AgSbF; used and the AgCl formed were filtered off (Kieselguhr),
the solution was concentrated to ca. 2 mL, and 30 mL of diethyl
ether was then added yielding an orange microcrystalline solid
which was washed with diethyl ether 8 10 mL) and vacuum-
dried. For5a yield: 87% (0.216 g). Fobb: yield: 80% (0.214
9).

Synthesis of [Ru(;3:1]3-CloH16)C|2(K1-P-Ph2PCH2P{=NP-

(0.122 g, 0.2 mmol), the corresponding iminophosphorane-phos- (=0)(OR),} Phy)] (R = Et (6a), Ph (6b)).Complexe$a,b, isolated

phine1lab (0.43 mmol), and AgShf~(0.137 g, 0.4 mmol) in 30

as orange microcrystalline solids, were prepared as described for

mL of dichloromethane was stirred, at room temperature and in 2ab starting from [Ru(3:3-C1oH16)(u-CI)CI},] (0.246 g, 0.4
the absence of light, for 1.5 h. After the AgCI formed was filtered mmol) and the corresponding iminophosphorane-phosphitte
off (Kieselguhr), the solution was concentrated to ca. 2 mL, and (0.85 mmol). For6a: yield: 97% (0.655 g), mp 9698 °C. Anal.
30 mL of diethyl ether was then added yielding an orange Calcd for RuGgH.sOsPsClLN: C, 55.52; H, 5.73; N, 1.66. Found:

microcrystalline solid which was washed with diethyl ether<(3
10 mL) and vacuum-dried. F®Ba/4a yield 82% (0.342 g). For
3b: yield 83% (0.378 g).

Synthesis of [RugS-p-cymene){3-P,N,O-Ph,PCH,P{=NP-
(=0)(OR)z} Phy)][SbFg), (R = Et (5a), Ph (5b)). Method A.A
solution of the corresponding neutral complex [Rdf-cymene)-
Cly(k*-P-Ph,PCH,P{=NP=O)(OR)} Phy)] (2a,b) (0.5 mmol) in

C, 55.67; H, 5.59; N, 1.78H NMR (CDCls) ¢ 1.05 (t, 6H,Jyn =
7.0 Hz, OCHCHy), 2.12 (s, 6H, CH), 2.64 (m, 2H, H and H;),
3.22 (d, 2H,3J4p = 3.1 Hz, H and Hy), 3.48 (m, 6H, OCH, Hs
and Hy), 3.94 and 4.23 (m, 1H each, Pe®, 4.20 (d, 2H3Jyp =
9.8 Hz, H and H), 5.16 (m, 2H, H and H), 7.00-7.90 (m, 20H,
Ph).13C{1H} NMR (CDCl) 6 16.47 (d3Jcp= 7.8 Hz, OCHCHa),
20.87 (s, CH), 24.98 (dddJcp = 74.7 and 16.2 HZ3Jcp = 7.0

50 mL of dichloromethane was treated, at room temperature andHz, PCHP), 36.88 (s, ¢and G), 61.24 (d2Jcp = 6.2 Hz, OCH),

in the absence of light, with AgSBK0.378 g, 1.1 mmol) for 1 h.

After the excess of AgSkRised and the AgCl formed were filtered
off (Kieselguhr), the solution was concentrated to ca. 2 mL, and
50 mL of diethyl ether was then added yielding an orange

microcrystalline solid which was washed with diethyl ether<(3
20 mL) and vacuum-dried. F&ma: yield 93% (0.577 g), mp 139
141 °C (dec). Anal. Calcd for RufgH4eF1,0sPsSkN: C, 37.71;

H, 3.73; N, 1.13. Found: C, 37.59; H, 3.82; N, 1.09. Conductivity

(acetone, 20C, Q-1 cm? mol™1): 198.'"H NMR (CD,Cl,) 6 0.68
and 1.15 (t, 3H eacllyy = 6.8 Hz, OCHCH3), 0.95 and 1.22 (d,
3H each,Jyy = 6.8 Hz, CH(QH3),), 1.40 (s, 3H, CH), 2.45 (m,
1H, CH(CHj3),), 3.45 and 3.88 (m, 2H each, O@H4.78 and 5.02
(m, 1H each, PCKP), 5.78 and 6.55 (d, 1H eachyy = 5.0 Hz,
CH of p-cymene), 5.91 and 6.30 (d, 1H eadhy = 5.5 Hz, CH of
p-cymene), 7.03-8.33 (m, 20H, Ph) ppmi3C{H} NMR (CD,-
Cl,) 6 14.33 and 15.87 (br, OGIEH3), 16.21 (s, CH), 20.58 and
22.40 (s, CHCHs3),), 26.69 (dd Jcp = 66.4 and 17.9 Hz, PCP),
31.95 (s,CH(CHs)2), 67.03 (d,2Jcp = 9.0 Hz, OCH), 68.03 (d,
2Jcp= 4.9 Hz, OCH), 76.09 and 91.60 (s, CH pfcymene), 88.27
(d,2Jcp= 9.1 Hz, CH ofp-cymene), 94.30 (¢Jcp = 10.8 Hz, CH
of p-cymene), 99.93 and 113.33 (s, Cpefymene), 120.86136.28
(m, Ph) ppm. Fobb: yield 77% (0.515 g), mp 141143°C (dec).
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68.51 (d,2Jcp= 4.9 Hz, G and G), 107.87 (d2Jcp= 10.3 Hz, G
and G), 125.92 (s, @and G), 127.00-135.00 (m, Ph) ppm. For
6b: yield 86% (0.646 g), mp 160162 °C. Anal. Calcd for
RuC47H4g05PsCILN: C, 60.07; H, 5.15; N, 1.49. Found: C, 60.21;
H, 4.70; N, 1.34H NMR (CDCls) § 2.13 (s, 6H, CH), 2.63 (m,
2H, Hy and H;), 3.24 (d, 2H3Jyp = 3.4 Hz, H and Hyg), 3.45 (m,
2H, Hs and H,), 3.95 and 4.23 (m, 1H each, Pg®, 4.22 (d, 2H,
3Jwp = 9.4 Hz, H and H), 5.18 (m, 2H, H and H;), 6.85-7.70
(m, 30H, Ph)13C{1H} NMR (CDCl,) 6 20.86 (s, CH), 24.75 (ddd,
Jep = 74.9 and 15.2 HAJcp = 6.6 Hz, PCHP), 36.89 (s, ¢and
Cs), 68.40 (d2Jcp= 5.4 Hz, G and G), 108.01 (d2Jcp= 9.9 Hz,
Csand G), 120.56-134.82 (m, Ph), 125.96 (s,@nd G), 152.71
(d, 2Jcp = 7.2 Hz, Gyso of OPh) ppm.

Synthesis of [Ru613:1]3-CloH16)C|(K2-P,O-Ph2PCH2P{=NP-
(=0)(OR)z} Phy)][SbF¢] (R = Et (7a), Ph (7b)).Complexesab,
isolated as orange microcrystalline solids, were prepared as
described foBa,b starting either from [Ruf:73-CyoH16)Clo(k1-P-
PhPCHP{=NP(=O0)(OR)}Phy)] (6a,b) (0.5 mmol) (method A)
or [{Ru(13-C1oH16)(u-CI)CI} 5] (0.123 g, 0.2 mmol) (method B).
For 7a yield (method A) 91% (0.475 @), yield (method B) 88%
(0.367 g); mp 136:132°C (dec). Anal. Calcd for RuggH4gFeOsPs-
CINSb1/4CHCl,: C, 44.26; H, 4.59; N, 1.31. Found: C, 44.40;
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H, 4.44; N, 1.40. Conductivity (acetone, 2@, Q-1 cn? mol™):
122.1H NMR (CD,Cl,) 6 1.14 and 1.23 (t, 3H eacl,; = 6.8
Hz, OCHCHj3), 2.14 and 2.18 (s, 3H each, @H2.83 (m, 2H, H
and H;), 2.90 (d, 1H3J4p = 3.4 Hz, H or Hyg), 3.64 (m, 2H, H
and Hy), 3.79 (m, 5H, OCHand H, or H,g), 4.02 and 4.46 (m, 1H
each, PCHP), 4.93 (d, 1H3Jyp = 8.6 Hz, H or Hg), 5.03 (d, 1H,
3Jyp = 10.5 Hz, H or Hg), 5.23 (m, 2H, H and H), 7.10-7.70
(m, 20H, Ph)13C{1H} NMR (CD.Cl,) 6 16.20 (d,2Jcp = 5.7 Hz,
OCH,CH3), 16.22 (d,3Jcp = 8.9 Hz, OCHCHj3), 19.70 and 21.01
(s, CH), 32.31 (dd,Jcp = 54.0 and 8.9 Hz, PC§®), 37.29 and
37.44 (s, Gand G), 62.41 (d2Jcp = 4.4 Hz, G or Cg), 63.53 (d,
2Jcp = 6.4 Hz, OCH), 64.32 (d,2Jcp = 7.0 Hz, OCH), 72.39 (d,
2Jcp= 5.7 Hz, G or Gg), 110.50 and 114.53 (&Jcp = 9.5 Hz, G
and G), 127.25 (s, @and G), 128.06-134.50 (m, Ph) ppm. For

(d, 3Jcp = 1.2 Hz, CH), 19.79 (s, CH), 33.51 and 36.79 (s, C
and G), 39.55 (ddd,Jcp = 90.8 and 23.4 Hz3Jcp = 8.1 Hz,
PCHP), 78.51 and 81.17 (s,@nd G), 100.23 and 109.16 (sC
and G), 125.72 and 128.20 (s,,Gnd G), 119.50-137.00 (m,
Ph), 149.39 (d2Jcp = 9.6 Hz, Gyso Of OPh), 149.69 (d2Jcp =
10.2 Hz, Gpso of OPh) ppm.

Synthesis of [Ru®-p-cymene)X(k1-P-Ph,PCH,P{=NP(=0)-
(OR)z}Phy)] (R = Et, X = Br (9a), | (10a), Ns (11a), NCO (12a);
R = Ph, X = Br (9b), | (10b), N3 (11b), NCO (12b)). Method
A. A solution containing [Ruf®-p-cymene)Cl¢?-P,0-Ph,PCH,P-
{=NPE=O)(OPh}} Phy)][SbFs] (3b), or a mixture of [Rugb-p-
cymene)Clg2-P,0-PhPCHP{=NP(=0)(OEt)} Phy)][SbFs] (33a)
and [Ruf®-p-cymene)Clg2-P,N-Ph,PCH,P{=NP=0)(OEt)} -
Phy)][SbFs] (4a), (0.5 mmol) in 40 mL of methanol was treated, at

7b: yield (method A) 85% (0.484 g), yield (method B) 84% (0.383
g); mp 141143°C (dec). Anal. Calcd for RuGHgFs0sPsCINSk
1/4CHCl,: C, 48.87; H, 4.21; N, 1.21. Found: C, 48.80; H, 4.07;
N, 1.28. Conductivity (acetone, 2, Q- cn? mol~%): 118.H
NMR (CD,Cl,) 6 1.88 and 2.07 (s, 3H each, G}12.64 and 2.74

room temperature, with the appropriate sodium salt NaX (5 mmol)
for 4 h. The solution was then evaporated to dryness and the solid
residue extracted with dichloromethane and filtered off (Kieselguhr).
The resulting solution was concentrated to ca. 2 mL, and 50 mL of
diethyl ether was then added yielding a yellow-orange microcrys-

(m, 1H each, Hand H;), 3.09 (d, 1H3J4p = 3.1 Hz, H or Hy),
3.47 (m, 2H, H and H;), 3.65 (d, 1H3J4p = 4.8 Hz, H or Hy),
4.16 and 4.57 (m, 1H each, Pg®), 4.75 (d, 1H3Jup = 8.8 Hz,
Hy or Hg), 4.95 and 5.20 (m, 1H eachsknd H;), 5.24 (d, 1H,
3Jup = 10.8 Hz, H or Hy), 6.90-7.60 (m, 30H, Ph)3C{'H} NMR
(CD.Cly) ¢ 18.75 and 21.19 (s, G 33.68 (dd,Jcp = 56.9 and
10.8 Hz, PCHP), 37.13 and 37.54 (s,@nd G), 61.76 (d2Jcp =
5.0 Hz, G or Gg), 73.25 (d,2)cp = 6.4 Hz, G or GCg), 111.26 and
113.86 (d,2)cp = 9.5 Hz, G and G), 119.93-132.73 (m, Ph),
127.61 (s, Gand G), 151.81 (d,2Jcp = 7.6 Hz, Gyso Of OPh),
152.00 (d,2Jcp = 8.4 Hz, Gyso Of OPh) ppm.

Synthesis of [Rug®:93-C1oH16)(k3-P,N,O-Ph,PCH,P{=NP-
(=0)(OR)2} Phy)][SbFg]2 (R = Et (8a), Ph (8b)).Complexesab,
isolated as yellow solids, were prepared as describedbédy
starting either from neutral complexes [Réif3-CyoH16)Cla(k1-P-
PhhPCHP{=NP=O0)(OR)}Ph)] (6ab) (0.5 mmol) (method A)
or cationic derivatives [Ru:73-C;oH16)Cl(k?-P,O-Ph,PCHP{=
NPE=O)(OR)} Phy)][SbF] (7a,b) (0.5 mmol) (method B). FoBa:
yield (method A) 83% (0.516 g), yield (method B) 85% (0.529 g);
mp 136-138°C (dec). Anal. Calcd for RuggHgF1,03PsShN: C,

37.65; H, 3.89; N, 1.12. Found: C, 37.47; H, 3.96; N, 1.22.

Conductivity (acetone, 20C, Q-1 cn? mol™%): 193.'H NMR
(CD,Cl,) 6 1.09 and 1.35 (td, 3H eaclyy = 7.0 Hz,4Jyp = 1.1
Hz, OCHCHj3), 1.74 and 2.46 (s, 3H each, @H2.83 (m, 1H, H
or Hg), 2.96 (m, 2H, H, Hs, He or Hy), 3.22 (m, 1H, H or Hy),
3.55 (s, 1H, H or Hg), 3.92 (m, 4H, OCH), 3.96 (d, 1H3Jp =
2.8 Hz, H or Hyg), 4.12 and 4.40 (m, 1H each, Pg®, 4.51 and
4.80 (m, 1H each, kland Hy), 4.56 (s, 1H, Hor Hg), 5.19 (d, 1H,
3Jyp= 1.8 Hz, K or Hyg), 7.15-8.15 (m, 20H, Ph)}3C{H} NMR
(CD,Cl,) 6 15.28 and 15.51 (FJcp = 7.4 Hz, OCHCH3), 17.61
and 18.70 (s, CkJ, 32.32 and 36.13 (s, Land G), 39.72 (ddd,
Jop = 81.0 and 23.6 HAJcp = 7.7 Hz, PCHP), 66.76 (d2Jcp =
7.9 Hz, OCH), 67.11 (d,2)cp = 7.4 Hz, OCH), 77.25 and 80.48
(s, G and G), 98.63 and 108.13 (s,3@nd G), 123.99 and 125.61
(s, Gand G), 121.30-135.65 (m, Ph) ppm. Fd@b: yield (method
A) 84% (0.563 g), yield (method B) 80% (0.535 g); mp 1555
°C (dec). Anal. Calcd for RugH4gF1,03P;ShN: C, 42.12; H, 3.61;

N, 1.04. Found: C, 42.30; H, 3.55; N, 1.10. Conductivity (acetone,

20°C, Q71 cn? mol1): 177.'"H NMR (CD,Cl,) 6 1.73 and 2.25
(s, 3H each, Ch), 2.92 (m, 3H, H, Hs, Hs or Hy), 3.22 (m, 1H,
Hs or Hy), 3.67 (s, 1H, Hor Hg), 3.74 (d, 1H3J4p = 1.9 Hz, H,
or Hig), 4.20 and 4.60 (m, 1H each, Pg®J, 4.50 (s, 1H, Hor
Hg), 4.71 and 4.91 (m, 1H eachtnd H;), 5.25 (s, 1H, Hor
Hig), 6.50-8.30 (m, 30H, Ph)13C{*H} NMR (CD.Cl,) 6 18.27

talline solid which was washed with diethyl ether 210 mL)
and vacuum-dried. Fd®a: yield 85% (0.395 g). Anal. Calcd for
RUG3oH4603PsBroN-1/2CHCl,:  C, 48.75; H, 4.87; N, 1.44.
Found: C, 48.99; H, 4.83; N, 1.3% NMR (CDCl) 6 0.78 (d,
6H, Juuw = 6.9 Hz, CH(M),), 0.97 (t, 6H,Jyy = 7.0 Hz,
OCH,CH3), 1.86 (s, 3H, CH), 2.66 (sept, 1HJyy = 6.9 Hz,
CH(CHg),), 3.43 (m, 4H, OCH), 4.14 (dd, 2H2Jyp=9.9 and 9.9
Hz, PCHP), 5.04 and 5.23 (d, 2H eacB,y = 6.0 Hz, CH of
p-cymene), 7.198.07 (m, 20H, Ph)13C{*H} NMR (CDCl) 6
16.07 (d,2Jcp = 8.2 Hz, OCHCH3), 17.55 (s, CH), 21.23 (s, CH-
(CH3)p), 23.32 (ddd,Jcp = 69.5 and 18.8 Hz3Jcp = 9.5 Hz,
PCHP), 30.40 (s CH(CHg),), 60.63 (d,2Jcp = 6.0 Hz, OCH),
85.43 (d,2)cp = 6.3 Hz, CH ofp-cymene), 90.47 (BJcp = 4.1
Hz, CH of p-cymene), 94.18 and 109.49 (s, C pfcymene),
127.55-134.12 (m, Ph) ppm. Fd@b: yield 83% (0.426 g). Anal.
Calcd for RuG7/H4603P3BroN-1/4CH,Cl,: C, 54.16; H, 4.47; N,
1.34. Found: C, 54.14; H, 4.34; N, 1.461 NMR (CDCl3) 6 0.73
(d, 6H, Jyn = 6.8 Hz, CH(CQH3),), 1.87 (s, 3H, CH), 2.61 (sept,
1H, Jun = 6.8 Hz, GH(CHy)y), 4.19 (dd, 2H2J4p = 9.8 and 9.8
Hz, PCHP), 5.03 and 5.23 (d, 2H each,y = 6.1 Hz, CH of
p-cymene), 6.797.91 (m, 30H, Ph)13C{*H} NMR (CDCl) 6
17.98 (s, CH), 21.43 (s, CHCHs3),), 23.99 (dddJcp = 74.3 and
20.1 Hz,3Jcp = 6.4 Hz, PCHP), 30.97 (sCH(CHz),), 86.11 (d,
2Jcp = 5.8 Hz, CH ofp-cymene), 91.07 (RJcp = 4.7 Hz, CH of
p-cymene), 94.67 and 109.64 (s, Cmtymene), 120.66135.84
(m, Ph), 152.66 (d2Jcp = 7.6 Hz, Gyso of OPh) ppm. ForlOa
yield 82% (0.420 g). Anal. Calcd for Ru@H4603P51,N-CH,Cly:
C, 43.30; H, 4.36; N, 1.26. Found: C, 43.63; H, 4.11; N, 1p8.
NMR (CDClg) 6 0.64 (d, 6H,Jyy = 6.8 Hz, CH(CGH3),), 0.88 (i,
6H, Juy = 7.0 Hz, OCHCHg), 1.94 (s, 3H, CH), 2.91 (sept, 1H,
Jun = 6.8 Hz, CH(CHg)z), 3.32 (m, 4H, OC'Q{), 4.33 (dd, ZH,ZJHP
= 9.6 and 9.6 Hz, PCHP), 4.89 and 5.15 (d, 2H eachyy = 6.0
Hz, CH of p-cymene), 7.087.96 (m, 20H, Ph)13C{H} NMR
(CDCly) 6 16.14 (d,3Jcp = 7.8 Hz, OCHCHj3), 18.66 (s, CH),
21.63 (s, CHCHz),), 30.08 (dddJcp = 76.3 and 23.0 HZAJcp =
7.7 Hz, PCHP), 31.74 (S,CH(CHjy),), 60.74 (d,2Jcp = 6.0 Hz,
OCH,), 85.79 (d,2Jcp = 6.0 Hz, CH ofp-cymene), 90.89 (Jcp
= 4.2 Hz, CH ofp-cymene), 95.68 and 111.91 (s, Cmtymene),
127.51-134.39 (m, Ph) ppm. FdrOb: yield 83% (0.465 g). Anal.
Calcd for RuGHaeO3Ps15N: C, 50.37; H, 4.14; N, 1.25. Found:
C, 49.98; H, 3.72; N, 1.22H NMR (CDCl) 6 0.73 (d, 6H,Jun
= 6.8 Hz, CH(QH3),), 1.59 (s, 3H, CH), 3.04 (sept, 1HJuny =
6.8 Hz, CH(CH3)2), 451 (dd, 2H,2JHP = 8.8 and 8.8 Hz, PCHP),
5.00 and 5.25 (d, 2H eachy = 5.5 Hz, CH ofp-cymene), 6.86
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Table 1. Crystallographic Data for Complex@&b, 3b, 7a, and12b

Cadierno et al.

2b 3b 7a 12b
chemical formula €7H4603P3C|2N Ru C;7H46F6P403C|NRU C39H48F403P38C|NRU C49H4605N3P3'CH2C|2
fw 937.73 1047.25 895.02 1035.79
T(C) —153(2) 20(2) 20(2) ~73(2)
wavelength (A) 1.54184 0.71073 0.71073 1.54184
space group P1 (No. 2) P2,/c (No. 14) P2:/n (No. 14) Pca2; (No. 29)
a A 10.518(1) 10.2905(9) 13.959(5) 23.3059(3)
b, A 13.869(2) 21.584(2) 15.042(6) 9.1822(1)
¢ A 15.856(2) 22.0612(2) 19.966(8) 22.6599(4)
o, deg 80.267(6) 90 90 90
B, deg 85.289(6) 95.640(2) 100.253(9) 90
y, deg 70.543(6) 90 90 90
z 2 4 4 4
v, A3 2148.7(4) 4876.3(7) 4125(3) 4849.2(1)
Pealca g CNT 3 1.449 1.426 1.441 1.419
u, cmt 5.488 5.70 6.16 4.965
weight function &, b) (0.0492, 0) (0.0963, 0) (0.0573, 0) (0.0755, 2.5453)
R22 [l > 20(1)] 0.0480 0.0688 0.0586 0.0385
WR2[| > 20(1)] 0.0978 0.1517 0.1156 0.1070
R1 (all data) 0.0933 0.2272 0.1684 0.0424
WR2 (all data) 0.1241 0.2073 0.1464 0.1354

AR1= 3 (IFol — IFel)/ZIFol; WR2 = {F[W(Fo? — FAZ[W(FoA)I}2

8.00 (m, 30H, Ph)3C{H} NMR (CDCl) 6 19.05 (s, CH), 21.77
(s, CH(CH3),), 30.36 (ddd,Jcp = 72.3 and 22.3 Hz3Jcp = 5.9
Hz, PCHP), 32.23 (sCH(CHs)y), 86.46 (d,2Jcp = 5.7 Hz, CH of
p-cymene), 91.35 (PJcp = 4.5 Hz, CH ofp-cymene), 96.26 and
112.06 (s, C op-cymene), 120.80133.81 (m, Ph), 152.63 (&Jcp
= 7.6 Hz, Gys00f OPh) ppm. Fodla yield: 79% (0.338 g). Anal.
Calcd for RuGgH4eN;0O3Ps: C, 54.80; H, 5.42; N, 11.47. Found:
C, 54.81; H, 5.10; N, 11.99. IR (KBr, cm) v 2036 (N=N=N).
1H NMR (CDCl,) 6 0.92 (d, 6H,Ju = 6.6 Hz, CH(QH3)2), 1.00
(t, 6H, Jun = 6.9 Hz, OCHCHg), 1.75 (s, 3H, CH), 2.33 (sept,
1H, Jun = 6.6 Hz, GH(CHy),), 3.41 (m, 4H, OCH), 4.03 (dd, 2H,
2Jup = 9.7 and 9.7 Hz, PCHP), 5.09 and 5.14 (d, 2H eachyy =
5.1 Hz, CH ofp-cymene), 7.0%7.85 (m, 20H, Ph)}3C{H} NMR
(CDCly) ¢ 16.12 (d,3Jcp = 8.0 Hz, OCHCHS3), 16.63 (s, CH),
20.72 (dddJcp= 77.4 and 14.5 HZJcp = 7.6 Hz, PCHP), 21.62
(s, CH(CHz),), 30.19 (s,CH(CHy),), 60.95 (d,2Jcp = 6.5 Hz,
OCH,), 86.26 (d,2Jcp = 5.1 Hz, CH ofp-cymene), 89.63 (s, CH
of p-cymene), 95.86 and 109.05 (s, Cpefymene), 125.50135.44
(m, Ph) ppm. Forllb: yield 78% (0.371 g). Anal. Calcd for
RuCy7H46N;OsP5: C, 59.36; H, 4.87; N, 10.31. Found: C, 59.47;
H, 4.37; N, 10.20. IR (KBr, cm!) » 2035 (N=N=N). 'H NMR
(CDCl) 6 0.89 (d, 6H,Jun = 6.8 Hz, CH(H3)2), 1.78 (s, 3H,
CHa), 2.35 (sept, 1HJuy = 6.8 Hz, GH(CH,),), 3.48 (dd, 2H2)p
= 9.8 and 9.8 Hz, PCHP), 5.08 and 5.15 (d, 2H eachyy = 5.8
Hz, CH of p-cymene), 6.767.75 (m, 30H, Ph)33C{*H} NMR
(CDCl;) 0 16.94 (s, CH), 20.35 (dddJcp = 73.4 and 14.0 Hz,
3Jcp= 6.6 Hz, PCHP), 21.81 (s, CHTHa),), 30.43 (sCH(CHy),),
86.53 (d,2Jcp = 5.3 Hz, CH ofp-cymene), 90.02 (RJcp = 3.5
Hz, CH of p-cymene), 95.75 and 109.18 (s, C pfcymene),
120.61-133.96 (m, Ph), 152.61 (&)cp = 7.6 Hz, Gyso Of OPh)
ppm. Forl2a yield 77% (0.329 g). Anal. Calcd for Ru@4¢0s-
N3Ps-CH.Cl: C, 53.67; H, 5.14; N, 4.47. Found: C, 53.26; H,
4.77;N, 4.57. IR (KBr, cm?) v 2227 (N=C=0). H NMR (CDCl)

0 0.93 (m, 12H, CH(Ei3); and OCHCHj3), 1.77 (s, 3H, CH), 2.19
(sept, 1H,J4y = 5.6 Hz, GH(CHy),), 3.46 (m, 4H, OCH), 3.58
(dd, 2H,2J4p = 10.0 and 10.0 Hz, PC#®), 5.12 and 5.16 (br, 2H
each, CH ofp-cymene), 7.267.94 (m, 20H, Ph)13C{1H} NMR
(CDClg) 6 16.10 (d,3Jcp = 8.2 Hz, OCHCHg), 17.54 (s, CH),
21.50 (s, CHCH3)y), 22.52 (dddJcp = 75.7 and 19.5 HZAJcp =
10.8 Hz, PCHP), 30.37 (sCH(CHs)y), 60.78 (d,?Jcp = 5.8 Hz,
OCH,), 86.47 (d,2Jcp = 4.7 Hz, CH ofp-cymene), 89.97 (s, CH
of p-cymene), 96.00 and 108.52 (s, Cpefymene), 127.82133.54
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(m, Ph and NCO) ppm. Fdr2b: yield 75% (0.356 g). Anal. Calcd
for RuCygH460s5N5P5: C, 61.89; H, 4.87; N, 4.42. Found: C, 61.68;
H, 4.82; N, 4.03. IR (KBr, cm!) v 2225 (N=C=0). 'H NMR
(CDCl3) 6 0.83 (d, 6H,Jyy = 6.7 Hz, CH(H3),), 1.74 (s, 3H,
CHy), 2.18 (sept, 1HJuy = 6.7 Hz, GH(CHy),), 3.59 (dd, 2H2Jp

= 9.6 and 9.6 Hz, PC#P), 5.06 and 5.14 (br, 2H each, CH of
p-cymene), 6.7#7.79 (m, 30H, Ph)13C{'H} NMR (CDCl) 6
17.62 (s, CH), 21.43 (s, CHCH3),), 21.68 (dddJcp = 71.2 and
17.5 Hz,3Jcp = 7.2 Hz, PCHP), 30.39 (sCH(CHjy),), 86.56 (d,
2Jcp = 5.6 Hz, CH ofp-cymene), 90.10 (Jcp = 4.5 Hz, CH of
p-cymene), 95.79 and 108.04 (s, Cmtymene), 120.33133.53
(m, Ph and NCO), 152.00 (dJcp = 6.8 Hz, Gyso of OPh) ppm.

Method B. A solution of the corresponding complex [Ri&{p-
cymene)(3-P,N,OPhPCHP{=NPE=0)(OR)} Ph)][SbF2 (5ab)

(0.2 mmol) in 20 mL of methanol was treated, at room temperature,
with the appropriate sodium salt NaX (2 mmol) for 2 h. The solution
was then evaporated to dryness and the solid residue extracted with
dichloromethane and filtered off (Kieselguhr). The resulting solution
was concentrated to ca. 2 mL, and 30 mL of diethyl ether was
added yielding a yellow-orange microcrystalline solid which was
washed with diethyl ether (& 5 mL) and vacuum-dried. F@a
yield 80% (0.149 g). Fo8b: yield 87% (0.178 g). FotOa yield
84% (0.172 g). FolOb: yield 80% (0.179 g). Fotla yield 82%
(0.140 g). Forl1b: yield 72% (0.137 g). Fot2a yield 79% (0.135

g). For12b: yield 77% (0.146 g).

General Procedure for Catalytic Transfer Hydrogenation of
Cyclohexanone.Under inert atmosphere, cyclohexanone (0.49 g,
5 mmol), the ruthenium catalyst precursor (0.02 mmol, 0.4 mol
%), and 20 mL of propan-2-ol are introduced into a Schlenk tube
fitted with a condenser and heated at’8for 15 min. Then NaOH
is added (5 mL of a 0.096 M solution in propan-2-ol, 9.6 mol %),
and the reaction is monitored by gas chromatography. Cyclohexanol
and acetone are the only products detected in all cases.

X-ray Crystal Structure Determination of Complexes 2b, 3b,
7a, and 12b.Crystals suitable for X-ray diffraction analysis were
obtained, in all the cases, by slow diffusion of pentane in a saturated
solution of the complex in dichloromethakeThe most relevant
crystal and refinement data are collected in Table 1. Diffraction
data for 3b and 7a were recorded on a Bruker Smart CCD
diffractometer using Mo I& radiation with a nominal crystal
detector distance of 40 mm, using 1371 frames at th&rvals
with 15 s exposure time per frame and 1271 frames &tifit8rvals
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Table 2. 3'P{*H} NMR Data for the Iminophosphorane-Phosphine Ligands and Their Metal Complexes
compd PBP PhP=N (ROYP=0
PhPCHP{=NP=O0)(OR)} Ph
R = Et (1a)® —27.39 (d,2Jpp= 61.0) 15.29 (dd?Jpp= 61.0, 28.5) 4.59 (PJpp= 28.5)
R = Ph (Lb)® —27.65 (d,2Jpp= 63.1) 16.87 (dd?Jpp= 63.1, 31.3) —6.04 (d,?Jpp= 31.3)

R=Et; X = Cl (2a)°

R = Et; X =Br (9q)°
R=Et; X =1(10g"

R = Et; X = N3 (11g)°

R = Et; X = NCO (124)
R = Ph; X= CI (2b)

R = Ph; X=Br (9b)®
R=Ph; X=1(10b)°

R = Ph; X= N3 (11b)°

R = Ph; X= NCO (12b)°

[Ru(@8-p-cymene)X%(«x1-P-PhhPCHP{=NP(=0)(OR)} Phy)]

22.97 (d 2Jpp= 38.5)
16.00 (d 2Jpp= 36.6)
16.20 (d2Jpp= 35.6)
27.62 (d2Jpp= 37.9)
26.62 (d,zJpp: 39.1)
23.29 (d 2Jpp= 38.9)
19.29 (d2Jpp= 37.8)
16.74 (d 2Jpp= 36.6)
28.00 (d 2Jpp= 38.9)
26.95 (d2Jpp= 36.6)

11.00 (ddJpp= 38.5, 30.0)

8.82 (dd?Jpp= 36.6, 31.7)
13.08 (ddJpp= 35.6, 31.1)

9.00 (dd2Jpp= 37.9, 32.5)

9.69 (dd?Jpp=39.1, 31.7)
13.06 (ddJpp= 38.9, 31.3)
13.77 (ddJpp= 37.8, 31.7)
15.17 (dd2Jpp= 36.6, 32.6)
12.64 (ddJpp= 38.9, 32.5)
12.30 (ddJpp= 36.6, 32.5)

[Ru(73:173-C10H16) Clo(ic2-P-PRPCH,P{=NP(=0)(OR)} Phy)]

1.83 (RJpp= 30.0)
1.05 ((PJPPZ 31.7)
1.52 (RJpp= 31.1)
1.57 (BJpp= 32.5)
1.40 (dZ,JPPZ 31.7)
—8.57 (d,2Jpp= 31.3)
—8.57 (d,2Jpp= 31.7)
—8.90 (d,2Jpp= 32.6)
—-8.44 (d,zJppz 32.5)
—9.12 (d,2Jpp= 32.5)

R = Et (6a) 19.81 (d 2Jpp= 36.6) 9.91 (dd2Jpp= 36.6, 31.7) 1.64 (RJpp=31.7)

R = Ph 6b)° 20.23 (d 2Jpp= 36.6) 12.02 (dd?Jpp= 36.6, 34.0) —8.89 (d,2Jpp= 34.0)
[Ru(@8-p-cymene)Cl¢2-P,0-PhhPCH,P{=NP(=0)(OR)} Phy)][SbFg]

R = Et (33)° 22.97 (s) 11.82 (RJpp= 38.5) 8.21 (d2Jpp= 38.5)

R = Ph 8b)° 23.94 (s) 9.20 (RJpp= 48.1) —0.79 (d,2Jpp=48.1)
[Ru(73:97%-C1oH16) Cl(k?-P,0-PhPCHP{ =NP(=0)(OR)} Phy)][SbFe]

R = Et (78)° 22.22(s) 10.56 (cBJpp= 37.0) 9.49 (d2Jpp= 37.0)

R = Ph (b)° 24.86 (s) 10.37 (RJpp= 49.5) —1.88 (d,2Jpp= 49.5)
[Ru(75-p-cymene)Clg2-P,N-PhPCHP{=NP(=0)(OR)} Phy)][SbFg]

R=Et (4a)° 47.22 (dd,z.]ppz 20.2,3Jpp= 6.1) 58.68 (dd,ZJppz 20.2, 6.1) 10.24 (ddz,]ppz 6.1,3Jpp= 6.1)
[Ru(78-p-cymene)(3-P,N,0-Ph,PCHP{ =NP(=0)(OR)} Ph)][SbF]»

R = Et (58)° 41.90 (d 2Jpp= 36.3) 54.45 (dd2Jpp= 36.3, 3.8) 18.28 (Jpp= 3.8)

R = Ph Gb)° 41.68 (d 2Jpp= 35.7) 55.62 (d2Jpp= 35.7) 6.33(s)
[Ru(73:13-C1oH16) (k3-P,N,O-Ph.PCHP{ =NP(=0)(OR)} Phy)][SbF]»

R = Et (8)° 46.64 (d 2Jpp= 11.5) 50.88 (dd2Jpp= 11.5, 6.5) 4.45 (RJpp= 6.5)

R=Ph (Bb)c 45,76 (d,zJpp: 90) 51.09 (dd,ZJppz 9.0, 8.1) —6.47 (d,ZJppz 8.1)

a¢ in ppm andJ in Hz. Abbreviations: s, singlet; d, doublet; dd, doublet of doublk8pectra recorded in CDEI° Spectra recorded in Gl,.

with 20 s exposure time per frame, respectively. The diffraction
frames were integrated using the SAINT packdgad corrected
for absorption with SADABS# Sets for compound2b and 12b

of the refinements, all positional parameters and the anisotropic
temperature factors of all the non-H atoms were refined (the F atoms
of the disordered RF anion in3b were isotropically refined). The

were collected on a Nonius Kappa CCD single crystal diffractometer H atoms for all the structures were geometrically located and refined

using Cu Ko radiation with a crystatdetector distance fixed at

riding on their parent atoms with common isotropic thermal

29 mm; a total of 1238 (20 s exposure time per frame) and 1125 parameters. The function minimized wasn(F.2 — F2)/> W(F(?)]*2
frames (60 s exposure time per frame), respectively, were recordedwherew = 1/[0%(F¢?) + (aP)? + bP] (a andb values are shown in

using the oscillation method (with®2scillation). Data collection
strategy was calculated with the program Colfédbata reduction
and cell refinement were performed with the programs HKL Denzo
and Scalepack Absorption correction was applied by means of
XABS2.17

All the structures were solved by Patterson interpretation and

phase expansion using DIRDIEIsotropic least-squares refinement
on F2 using SHELXL97 was performeld.During the final stages

(12) Only the hexafluorophosphate salB3tf (Anal. Calcd for RuGzHeFs-
P4OsCIN: C, 53.90; H, 4.43; N, 1.34. Found: C, 53.72; H, 4.51; N,
1.27.) and the tetrafluoroborate salt## (Anal. Calcd for RuGgHag-
F4OsPsBCIN: C, 52.33; H, 5.40; N, 1.56. Found: C, 52.21; H, 5.31;
N, 1.68.) gave crystals suitable for X-ray diffraction. These compounds
were obtained using AgRFand AgBF, respectively, instead of
AgSbFs.

(13) SAINT, version 6.02; Bruker Analytical X-ray Systems; Madison, WI,
2000.

(14) Sheldrick, G. MSADABS: Empirical Absorption Progrardniversity
of Gottingen: Gidtingen, Germany, 1996.

(15) Collect Nonius BV: Delft, The Netherlands, 1992000.

(16) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307.

(17) Parkin, S.; Moezzi, B.; Hope, H. Appl. Crystallogr.1995 28, 53.
(18) Beurskens, P. T.; Beurskens, G.; Bosman, W. P.; de Gelder, R.aGarci
Granda, S.; Gould, R. O; Isiia®.; Smits, J. M. M.The DIRDIF-96
Program SystemCrystallographic Laboratory; University of Nij-

megen: Nijmegen, The Netherlands, 1996.

Table 1) witho(F2) from counting statistics anl = (max (.2, 0)
+ 2FA)/3. Atomic scattering factors were taken from the Interna-
tional Tables for X-ray Crystallograpt§.Geometrical calculations
were made with PARST. The crystallographic plots were made
with PLATON .22

Computational Details. All calculations were carried out with
the Gaussian98 program pack&g&he molecular geometries were
optimized, without any molecular symmetry constraint, using
Schlegel's analytical gradient procedtfrat the B3-LYP variant
of density functional theofy with the standard split-valence 6-31G-
(d) basis set for C, N, O, and Hand the pseudorelativistic effective
core potential (ECP) by Hay and Wadt for Ru, P, andCThis
basis set was referred to as DZV(d). The optimized structures were
characterized as minima (representing equilibrium structures) by
analytic frequency calculations which also yielded zero-point
vibrational energy and thermochemical analysis. Single-point

(19) Sheldrick, G. MSHELXL97: Program for the Refinement of Crystal
Structures University of Gdtingen: Gitingen, Germany, 1997.

(20) International Tables for X-ray CrystallographiKynoch Press: Bir-
mingham, U.K., 1974; Vol. IV. (Present distributor: Kluwer Academic
Publishers: Dordrecht, The Netherlands.)

(21) Nardelli, M.Comput. Chem1983 7, 95.

(22) Spek A. L. PLATON: A Multipurpose Crystallographic Tqol
University of Utrecht: Utrecht, The Netherlands, 2000.
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Scheme 1

N
~ ®0) ﬁN : thp/\ PP,
Ph,P” " PPh, #, N

THF / -78°C h P(OR),
R = Et (1a), Ph (1b)

calculations on the DFT geometries were performed with the
incorporation of correlation energy using MahePlesset perturba-
tion theory with second-order corrections (MP2).

Results and Discussion

Synthesis and Characterization of PBPCHP{=NP-
(=0)(OR),} Phy (R = Et (1a), Ph (1b)).Monoimination of

Cadierno et al.

—27.39 (d,2Jpp = 61.0 Hz, PBP), 4.59 (dJpp = 28.5 Hz,
(EtO),P=0), and 15.29 (d®Jpp = 61.0 and 28.5 Hz, Bh
P=N); 1b, 6 —27.65 (d,2Jpp = 63.1 Hz, PhP), —6.04 (d,
2Jpp = 31.3 Hz, (PhOPP=0), and 16.87 (dd?Jpp = 63.1
and 31.3 Hz, Pi#P=N)). (ii) Regarding'H NMR, there is a
doublet resonance (ca. 3.4 ppm) for the methylenic hydrogens
due to the coupling with the phosphorus atom of thg-Ph
P=N unit (ca.?J4p = 14 Hz; coupling with the PP
phosphorus atom, usually in the ranjgp = 1—3 Hz for
related PBPCHPENR)Ph ligands? has been not observed).
And, (iii) regarding3C{'H} NMR, there is a doublet of
doublets signal (calcp = 65 (coupling with PBP=N) and
34 Hz (coupling with P§P)) for the PCHP carbon which
appears at ca. 30 ppm.

bis(diphenylphosphino)methane (dppm) with azides has been Coordination of Pho,PCH,P{=NP(=0)(OR)} Ph; (R =

successfully applied to the preparation of several iminophos-
phorane-phosphine ligands PCHP(=NR)Ph.2 The high
selectivity of these reactions seems to be sterically controlled
since the proximity of the two diphenylphosphino groups
hinders the imination at the second phosphorus &toAs

Et (1a), Ph (1b)) to Ruthenium(ll) and Ruthenium(IV)
Fragments. The ability of the novel iminophosphorane-
phosphines PIRCHP{=NP=0)(OR)} Ph, (1a,b) to act as
mono-, bi-, or tridentate ligands has been explored. The
readily available ruthenium(ll) and ruthenium(lV) chloro-

expected, we have found that dppm reacts with an equimolarbridged dimers {Ru(;°-p-cymene)g-CI)Cl};]° and [Ru-

amount of the phosphoryl azides (RBFO)N; (R = Et,
Ph), in THF at—78°C, to afford the new N-phosphoryl-
iminophosphoranyl)(phosphino)methane derivatives- Ph
PCHP{=NPEO)(OR)} Ph, (R = Et (18), Ph (Lb)) in good
yields (93% and 86%, respectively) (Scheme 1).
Compoundslab have been isolated as air-stable white
solids. They are soluble in chlorinated solvents, THF,
acetonitrile, and diethyl ether, and are insoluble in apolar

solvents such as pentane or hexane. Their NMR spectro-

scopic data H, 3'P{*H}, and °C{'H}) and elemental
analyses are in agreement with the proposed structures (se
the Experimental Section and Table32}he former corre-
sponding well with those reported in the literature for related
compounds$.Relevant spectroscopic features are the follow-
ing: (i) Regarding®P{'H} NMR, three well separated
signals with equal relative intensities are presetd, (©

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. A.Gaussian 98 revision A.7; Gaussian, Inc.:
Pittsburgh, PA, 1998.

(24) Schlegel, H. BJ. Comput. Chenl982 3, 214.

(25) Becke, A. DJ. Chem. Phys1993 98, 5648.

(26) (a) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

(b) Hehre, W. J.; Ditchfield, R.; Pople, J. B. Chem. Physl972 56,
2257.

(27) Wadt, W. R.; Hay, P. 1. Chem. Physl985 82, 284.

(28) Mgller, C.; Plesset, M. S2hys. Re. 1934 46, 618.

(29) Alajarn, M.; Lopez-Leonardo, C.; Llamas-Lorente, Petrahedron
Lett. 2001, 42, 605.

(30) IR absorption bands which appear in the range-A@DO cnT! can
be tentatively assigned tdP=N) andv(P=0) of the N-phosphoryl-
iminophosphoranyl units, but they are in general overlapped by those
of the rest of the groups, and consequently, the correct assignment is
uncertain.
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(73:3-CyoH16)(u-CI)CI} 5], 10 respectively, were chosen as
starting materials due to their versatile reactivity toward
polyfunctional ligand$!*?Results are summarized in Schemes
2 and 3.

(a) k*-P-Complexes [Rugb-p-cymene)Ch(k*-P-Ph,PCH,-
P{=NP(=0)(OR),} Phy)] (R = Et (2a), Ph (2b)) and [Ru-
(73:93-C10H16) Clo(k 1-P-Ph,PCH,P{=NP(=0)(OR)} -
Ph,)] (R = Et (6a), Ph (6b)).As expected from our previous
results? the treatment of dimerq Ru(;®-p-cymene)g-Cl)-
Cl},] and { Ru@y%:73-CioH16)(u-CI)CI} o] with a 2-fold excess
of 1a,b, in dichloromethane at room temperature, results in
the cleavage of the chloride bridges and the clean formation
of monomeric compounds [Ryf-p-cymene)Ci(«!-P-Phy-
PCHP{=NPE=O0)(OR)}Ph)] (R Et (2a), Ph @b);
Scheme 2) and [Ryé:173-C1oH16)Cla(kX-P-PhPCHP{=NP-
(=O)(OR}}Ph)] (R = Et (6a), Ph @h); Scheme 3),
respectively (73-97% yield).

The characterization of complexé&ab and 6ab was
achieved by means of standard spectroscopic technigdes (
SIP{1H}, and®*C{'H} NMR) as well as elemental analyses

(31) For reviews on the chemistry of dimersRu(@;®-arene)q-CI)Cl}2]
see: (a) Le Bozec, H.; Touchard, D.; Dixneuf, P Adlv. Organomet.
Chem.1989 29, 163. (b) Bennett, M. A. IlComprehensie Orga-
nometallic Chemistry |IAbel, E. W., Stone, F. G. A., Wilkinson, G.,
Eds.; Pergamon Press: Oxford, 1995; Vol. 7, p 549. (c) Bennett, M.
A. Coord. Chem. Re 1997, 166, 225. (d) Pigge, F. C.; Coniglio, J.
J. Curr. Org. Chem2001, 5, 757.

For recent references on the chemistry of the bis(allyljhenium-
(IV) dimer [{ Ru(3#3-CioH16)(u-CI)Cl} 5] see: (a) Herrmann, W. A,;
Schattenmann, W. C.; Nuyken, O.; Glander, SA@gew. Chem., Int.
Ed. Engl. 1996 35, 1087. (b) Slawin, A. M. Z.; Smith, M. B;
Woollins, J. D.J. Chem. Soc., Dalton Tran£996 4575. (c) Aucott,
S. M.; Slawin, A. M. Z.; Woollins, J. DJ. Organomet. Chen1999
582 82. (d) Werner, H.; Fries, G.; Weberirer, B. J. Organomet.
Chem.200Q 607, 182. (e) Sahay, A. N.; Pandey, D. S.; Walawalkar,
M. G. J. Organomet. Chen200Q 613 250. (f) Cadierno, V.; Garar
Garrido, S. E.; Gimeno, J. Organomet. Chen2001, 637—639, 767.
(g) Werner, H.; Star, W.; Jung, S.; Weberrider, B.; Wolf, J.Eur.
J. Inorg. Chem2002 1076. (h) Zhang, Q.; Aucott, S. M.; Slawin, A.
M. Z.; Woollins, J. D.Eur. J. Inorg. Chem2002 1635. (i) Cadierno,
V.; Garce-Garrido, S. E.; Gimeno, Jnorg. Chim. Acta2003 347,
41.

(32
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Scheme 2
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AN [SbFe)
Ph,P PPh 612
172 [{Ru(r’:7%-C 1 oH ;1 6)(1-CDCl},] CH,CI AT A 2 AgSbFg X 2| Il ?
+ 2 i Ru—p” “PPh, i Ru—N
r.t "% | Ph, |l CH,Cl, /r.t.
PhyPCH,P{=NP(=0)(OR ), ) Ph, a N O=P(OR),
R = Et (1a), Ph (1b) Ili’(OR)Q 2 AgCl
R = Et (6a), Ph (6b) R =Et(8a). Ph (8b)
AgSbFg AgSbFg
CH)Cl, /1.t AgSbFq CH,Cl, /r.t.
CH,Cl, /r.t.
AgCl AgCl
AgCl
a
A n, |1SbFel
""" Ru—P.
IS
N
(RO)P—N

R = Et (7a), Ph (7b)

(details are given in the Experimental Section and Tabf& 2).
In particular, thé'P{*H} NMR spectra are very informative
showing a strong downfield shift of the diphenylphosphino
group signals (caAo 48 ppm) with respect to those shown
by the free ligandslab (see Table 2). In contrast, the
(RO)RP=0 and PhP=N resonances appear only slightly
shielded Ad —2 to —5 ppm; Table 2)!H and®*C{*H} NMR

presence of a single set of signals for the two allylic moieties
of the 2,7-dimethyl-2,6-diene-1,8-diyl ligand in the spectra
of compoundssa,b (only five resonances are observed in
the3C{'H} NMR spectra) supports the formation of a simple
equatorial adduct [Ry:n3-CioH16)CloL] with a local C,-
symmetry for the octadienediyl chaif.

The structure of compleXb has been unequivocally

spectra exhibit signals in accordance with the proposed confirmed by a single-crystal X-ray diffraction study. An
formulations, the most significant features being those ORTEP view is shown in Figure 1; selected bond distances

concerning the methylenic PGP group of the ligands: (i)

in the 'H NMR, a doublet of doublet resonanc@dpqiy =
2Jupv) = 9.1-9.9 Hz) for2ab and two unresolved multiplets
for 6ab (0 3.87-4.23), and (ii) in the'®*C{'H} NMR, a
characteristic doublet of doublet of doublets signal in the
range 20.43-24.98 ppm Jcp) = 74.7—79.4 Hz,Icpqny =
15.2-19.2 Hz,3Jcpv) = 6.4-8.4 Hz). We note also that the

and angles are listed in the caption and in Table 3. The
molecule exhibits a usual pseudooctahedral three-legged
piano-stool geometry around the metal with values of the
interligand angles P(H)Ru—ClI(1), P(1-Ru—Cl(2), and
Cl(1)—Ru—ClI(2), and those between the centroid of the arene
ring C* and the legs, typical of a pseudo-octahedron. The
most remarkable feature is that the P{R)(1) (1.578(4) A)

Inorganic Chemistry, Vol. 42, No. 10, 2003 3301
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Figure 1. ORTEP-type view of the structure of [Ryffp-cymene)Cl-
(x1-P-PhPCHP{=NP(=0)(OPh}} Phy)] (2b) showing the crystallographic
labeling scheme. Hydrogen atoms are omitted for clarity, and onlip#te
carbons of the phenyl rings of the fhgroups are shown. Thermal ellipsoids
are drawn at 30% probability level. Selected bond lengths (A) and angles
(deg) involving the Ru atom: RuC* 1.6969(48); Ru-Cl(1) =
2.4249(12); Ru-Cl(2) = 2.4140(12); Ru-P(1) = 2.3467(13); C*Ru—
Cl(1) = 125.38(18); C*Ru—Cl(2) = 125.96(17); C*Ru—P(1) =
131.76(17); P(XyRu-CI(1) = 86.69(4); P(1yRu—CI(2) = 83.07(4);
Cl(1)~Ru—CI(2) = 89.87(4); Ru-P(1)-C(11)= 111.04(17); Re-P(1)—
C(36)= 115.36(16); Ru-P(1)-C(42)= 112.88(16). C*= centroid of the
p-cymene ring (C(1), C(2), C(3), C(4), C(5), C(6)).

Table 3. Selected Bond Lengths and Angles for the
PhPCHP{=NP=0)(OR)}Ph; Unit in Complexes2b, 3b, 7a, and12b

2b 3b 7a 12b

Bond Lengths (A)
P(1)>-C(11) 1.846(5) 1.836(5) 1.858(4) 1.846(5)
C(11)-P(2) 1.802(5) 1.799(5) 1.821(4) 1.792(5)
P(2)-N(1) 1.578(4) 1.550(5) 1.560(3) 1.577(5)
N(1)—P(3) 1.569(4) 1.552(5) 1.585(4) 1.588(4)
P(3-0(1) 1.467(3) 1.474(4)  1.488(3) 1.466(3)
P(3-0(2) 1.611(4) 1.587(4) 1.557(3) 1.606(4)
P(3)-0(3) 1.601(3) 1.588(4) 1.574(3) 1.598(4)

Bond Angles (deg)
P(1)-C(11)-P(2) 120.9(3) 119.7(3) 123.7(2) 123.3(3)
C(11-P(2-N(1)  114.2(2) 117.2(2) 115.89(18) 110.0(2)
C(11)-P(2-C(24) 108.1(2) 108.1(3) 109.63(19) 102.3(2)
C(11-P(2)-C(30) 104.2(2) 104.4(3) 106.12(18) 105.5(2)
P(2)-N(1)—P(3) 133.7(3) 147.7(3) 134.5(2) 128.6(3)
N(1)—P(3)-0(1) 122.9(2) 120.9(2) 116.07(18) 119.7(2)
N(1)—P(3-0(2) 103.95(19) 105.7(3) 107.55(18) 102.8(2)
N(1)—P(3)-0(3) 104.97(19) 109.7(3) 112.51(19) 107.8(2)
O(1)-P(3)-0(2) 111.55(19) 112.4(2) 109.12(16) 113.0(2)
O(1)-P(3)-0(3) 107.51(19) 102.6(2) 108.63(17) 113.0(2)
O(2)-P(3-0(3) 104.43(19) 104.6(2) 101.98(17) 97.7(2)

and P(3Y-N(1) (1.569(4) A) bond lengths are quite similar
although the former is a double=fN bond3? This fact can

be explained on the basis of the stron@cceptor nature of
the phosphoryl group which imposes delocalization of the
lone pair of electrons on nitrogen through th®h,P=N—
PEO)(OPh) framework. These bond distances, as well as
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the value for the P(2)N(1)—P(3) angle (133.7(3), compare
well with data previously reported for iminophosphorane
derivatives of general formulagR=N—P(=0)(OR),.3¢:34:35

(b) k2-P,0-Complexes [Rufpb-p-cymene)Cl?-P,0-
Ph,PCH,P{=NP(=0)(OR)2} Phy)][SbF¢] (R = Et (3a), Ph
(3b)) and [Ru(#?:73-C10H16)Cl(k*P,0-Ph,PCH,P{=NP-
(=0)(OR)z} Phy)][SbF¢] (R = Et (7a), Ph (7b)). Neutral
complexes2b and6a,b react with a stoichiometric amount
of silver hexafluoroantimonate, in dichloromethane at room
temperature, to give the cationic derivatives [Rug-
cymene)Clg2-P,0-PhbPCH,P{=NP(=0)(OPh}} Phy)]-
[SbR] (3b; Scheme 2) and [Ryf:;3-CyioH16)Cl(k%-P,O-
PhPCH,P{=NP(=0)(OR)} Ph)][SbFg] (R = Et (7a), Ph
(7b); Scheme 3), respectively, which are readily formed«(84
91% vyield) via selective intramolecular O-coordination of
the phosphoryl group. In contrast, an inseparable mixture
containing complexes [Ryf-p-cymene)Cl?-P,0-PhPCHP-
{=NPEO)(OEt)} Phy)][SbFs] (3a) and [Ru{®-p-cymene)-
Cl(«?-P,N-PhbPCHP{=NP=O)(OEt}} Phy)][SbF] (4a) (ca.
3:1 ratio) was obtained, under the same reaction conditions,
starting from2a (Scheme 2§° Alternatively,3a/4a, 3b, and
7ab can be prepared in similar yields directly from dimers
[{ Ru@8-p-cymene)g-CI)Cl} ;] and [ Ru(2:73-CioH1e) (u-Cl)-
Cl},], respectively, by treatment with 2 equiv @b and
AgSbF; in dichloromethane (see Schemes 2 and 3).

Conductance measurements in acetone confirm that com-
pounds3ab and7ab are 1:1 electrolytesAy = 102—122
Q-1 cn? mol™1). Their NMR spectroscopic data (see the
Experimental Section and Table 2 for details) provide
significant structural informatioff. Thus, in the3'P{1H}
NMR spectra thec?-P,O-chelating coordination otab is
marked by a slight downfield shift (ca\d 7 ppm) in the
(ROLP=0 group resonances) (—1.88-9.49; d, 2Jpp =
37.0-49.5 Hz) with respect to the parent compou2ad

(33) Although P-N single bonds frequently display distances (6477

A) bordering on the range for double bonds (14562 A), the P(3)
N(1) bond length found in the structure of compxis remarkably
very low. See for example: (a) Abel, E. W.; Mucklejohn, S. A.
Phosphorus Sulfur Relat. Elerh981, 9, 235. (b) Niecke, E.; Gudat,
D. Angew. Chem., Int. Ed. Endl991, 30, 217. (c) Witt, M.; Roesky,

H. W. Chem. Re. 1994 94, 1163. (d) Bhattacharyya, P.; Woollins,
J. D. Polyhedron1995 14, 3367. (e) Woollins, J. DJ. Chem. Soc.,
Dalton Trans.1996 2893. (f) Ly, T. Q.; Woollins, J. DCoord. Chem.
Rev. 1998 176, 451. (g) Dehnicke, K.; Krieger, M.; Massa, \@oord.
Chem. Re. 1999 182, 19.

See for example: (a) Larr€.; Donnadieu, B.; Caminade, A. M.;
Majoral, J. PEur. J. Inorg. Chem1999 601. (b) Balakrishna, M. S.;
Abhyankar, R. M.; Walawalker, M. GTetrahedron Lett2001 42,
2733. (c) Longlet, J. J.; Bodige, S. G.; Watson, W. H.; Nielson, R. H.
Inorg. Chem.2002 41, 6507.

(35) Similar P=N bond lengths and"N—Cgomangles have been reported
for iminophosphorane-phosphine ligandsPGHPE=NR)Ph con-
taining t-acceptor fluoroaromatic substituents. See for example: (a)
Katti, K. V.; Santarsiero, B. D.; Pinkerton, A. A.; Cavell, R. Borg.
Chem. 1993 32, 5919. (b) Li, J.; McDonald, R.; Cavell, R. G.
Organometallics1996 15, 1033.

Variable-temperatufP{*H} NMR experiments were carried out with
CD.ClI; (from 20 to—80 °C), CD;NO; (from 20 to 80°C), and CDR-

CN (from —40 to 80°C) solutions of this mixture. While no changes
in the 3a/4a ratio (ca. 3:1) could be detected in the case of,Cb
and CINO;, this ratio was found to be temperature dependent when
acetonitrile was used as solvent (ca. 1:1 and 7:34@ and 80°C,
respectively). This fact, which is in accord with the theoretical
calculations, seems to indicate the existence of a dynamic equilibrium
between both species in solution. Isomerizations betweerife

N- and«?-P, O-isomers evidence the hemilabile properties of imino-
phosphorane-phosphine ligantiab.

34

(36)
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C9

Figure 2. ORTEP-type view of the structure of the cation [R%p-
cymene)Clg?-P,0-PhbPCHP{=NP=0)(OPh}} Php)]* (3b) showing the

crystallographic labeling scheme. Hydrogen atoms are omitted for clarity,

and only theépso-carbons of the phenyl rings of the #fhgroups are shown.

C19

C9

Figure 3. ORTEP-type view of the structure of the cation [R#gS-

Thermal ellipsoids are drawn at 20% probability level. Selected bond lengths CioH16)Cl(x?-P,0-Ph,PCHP{=NP(=0)(OEtp} Phy)]* (78) showing the

(A) and angles (deg) involving the Ru atom: RG* = 1.697(6);
Ru—0(1) = 2.116(3); Ru-Cl(1) = 2.3982(16); Ru-P(1) = 2.3775(14);
C*—Ru—0(1) = 123.5(2); C*Ru—ClI(1) = 126.8(2); C*Ru—P(1) =
130.1(2); O(1y Ru—P(1)= 88.77(10); O(1}Ru—CI(1) = 86.22(12); P(1)
Ru—CI(1) = 87.93(5); Ru-P(1)-C(11) = 116.10(19); Ru-P(1)-C(36)
= 113.97(18); RuP(1}-C(42) = 117.25(18); P(3yO(1}-Ru =
144.7(2). C*= centroid of thg>-cymene ring (C(1), C(2), C(3), C(4), C(5),
C(6)).

and6a,b, respectively (see Table 2). The chemical shifts of
the PhP=N and PhP groups are almost unaffected by the
ring closure ¢ 9.20-11.82 (d,?Jpp = 37.0-49.5 Hz) and
22.22-24.86 (s), respectively; Table #In contrast t2a,b
and6a,b, the PCHP carbon resonates in th&€{ *H} NMR
spectra as a doublet of doublets48.27-33.68) due to the
exclusive coupling with the phosphorus atoms of the
PhP=N (Jcp = 54.0-57.1 Hz) and PP (Jcp = 8.9-15.8

crystallographic labeling scheme. Hydrogen atoms are omitted for clarity,
and only thepso-carbons of the phenyl rings of the #fhgroups are shown.
Thermal ellipsoids are drawn at 20% probability level. Selected bond lengths
(A) and angles (deg) involving the Ru atom: RG(1) = 2.227(4); Ru-
C(2) = 2.304(4); Ru-C(4) = 2.309(4); Ru-C(7) = 2.265(4); Ru-C(8) =
2.297(4); Ru-C(10) = 2.232(4); Ru-C* = 2.0317(44); Ru-C* =
2.0178(42); Ru-P(1) = 2.4288(12); Ru-O(1) = 2.128(3); Ru-Cl(1) =
2.3960(13); C=Ru—C** = 129.68(17); C=Ru—O(1) = 88.93(16); C**—
Ru—0O(1) = 89.91(15); C*Ru—CI(1) = 88.89(14); C*~Ru—CI(1) =
95.94(14); C*=Ru—P(1) = 114.01(14); C*~Ru—P(1) = 116.31(13);
O(1)-Ru—P(1)= 91.91(8); O(1}Ru—Cl(1) = 173.80(8); P(1} Ru—Cl-

(1) = 83.69(5); Ru-P(1)-C(11) = 115.21(13); Ru-P(1}-C(36) =
119.73(14); Re-P(1)-C(42)= 114.35(14); P(3)O(1)~Ru = 143.89(18).

C* and C** = centroids of the allyl units (C(1), C(2), C(4) and C(7), C(8),
C(10), respectively).

3), in which C*, C**, and P(1) occupy the equatorial sites
and CI(1) and O(1) the axial sit€%.Remarkably, no

appreciable changes are observed in the bond distances along

Hz) units. We note also that, as a consequence of thethe P=N—P=0 unit in 3b as compared to its precursdb

stereogenicity of the ruthenium atom, the methylenic FCH

(i.e., P(2N(1) = 1.550(5) A vs 1.578(4) A: N(B-P(3)=

protons are, in all the cases, chemically inequivalent appear-1 552(5) A vs 1.569(4) A; P(3)O(1) = 1.474(3) A vs

ing as two unresolved multiplets in the range 3-8917 ppm.
The molecular structures &b and 7a have been con-
firmed by X-ray diffractiont? ORTEP plots are shown in

1.467(3) A; similar bond distances have been found in the
structure of7a; see Table 3), the elongation of theeR—P
angle (147.7(3) vs 133.7(3)) being the most significant

Figures 2 and 3, respectively; selected bonding parametersgifference between both structures. It seems to indicate that

appear in the captions and in Table 3. Widkeexhibits the

around the metal, the structure @ can be described as a
distorted trigonal bipyramid (TBPY) by considering the allyl

groups as monodentate ligands bound to ruthenium through

their centers of mass (C* and C**; see caption for Figure

(37) These chemical shifts contrast with those founddeP,N-isomer4da
(6 10.24 (dd2Jpp = 6.1 Hz,3Jpp = 6.1 Hz, (EtO)}P=0), 47.22 (dd,
2Jpp= 20.2 Hz,3Jpp= 6.1 Hz, PhP), and 58.68 (dfJpp= 20.2 and
6.1 Hz, PAP=N)). The highly deshielded chemical shifts observed
for the PhP=N and PBP groups in4a compare well with those
recently reported for related [Ryftarene)C«2-P,N-PhPCHP-
(=NR)Ph}]* complexes (see ref 5). Deshielding due to phosphorus
incorporation into five-membered ring systems is a common trend in
transition-metal complexes containing chelating P-donor ligands:
Garrou, P. EChem. Re. 1981, 81, 229.

the electronic delocalization of the nitrogen lone pair is
expected pseudooctahedral three-legged piano-stool geometry

(38) The allyl groups of the 2,7-dimethyl-2,6-diene-1,8-diyl ligand are both
n3-bound to the ruthenium atom with R« distances in the range
2.227(4Y-2.309(4) A (see caption for Figure 3). These values, together
with the C-C distances (1.392(#1.417(6) A) and the internal
C—C—C angles (114.9(4)and 116.2(5)) within the allyl groups
(details are given in the Supporting Information), are similar to those
found in related complexes containing the [Rg3-C1oH16)] fragment.
See for example: (a) Hitchcock, P. B.; Nixon, J. F.; Sinclair].J.
Organomet. Cheni975 86, C34. (b) Toerien, J. G.; van Rooyen, P.
H. J. Chem. Soc., Dalton Tran%991, 1563. (c) Cox, D. N.; Small,

R. W. H.; Roulet, RJ. Chem. Soc., Dalton Tran991, 2013. (d)
Toerien, J. G.; van Rooyen, P. Bl.Chem. Soc., Dalton Tran£991,
2693. (e) Steed, J. W.; Tocher, D. A. Chem. Soc., Dalton Trans.
1992 459. (f) Steed, J. W.; Tocher, D. A. Chem. Soc., Dalton Trans.
1992 2765. (g) Kavanagh, B.; Steed, J. W.; Tocher, DJAChem.
Soc., Dalton Transl993 327. (h) Belchem, G.; Steed, J. W.; Tocher,
D. A. J. Chem. Soc., Dalton Tran$994 1949.
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Figure 4. Computer plot of the B3LYP/DZV/(d) optimized structutes for
the model complexes [Ry§-CeHg)Cl(«2-P,N-H,PCHP{=NP =0)(OH)} -
Ho)]* (A) and [Rug8-CsHg)Cl(k2-P,0-HoPCHP{=NP(=0)(OH)} Ho)]
(B). Selected bond lengths (A) and angles (deg) for médeRu—P; =
2.444; R—C = 1.905; C-P, = 1.872; B—N = 1.702; N-Ru = 2.173;
Ru—Cl = 2.496; average RtCarene= 2.272; Ru-P;—C = 107.6; R—
C—P,=107.6; C-P,—N = 107.4; B—N—Ru=117.3; R—Ru—N = 80.2;
P1—Ru—Cl = 80.0; N-Ru—Cl = 84.7. For modeB: Ru—P = 2.464;
P;—C = 1.900; C-P, = 1.877; B—N = 1.678; N-P; = 1.658; R—O =
1.567; O-Ru= 2.154; Ru-Cl = 2.484; average RtCgrene= 2.260; Ru~
P;—C =118.5; R—C—P, = 112.4; C-P,—N = 115.6; B—-N—P; = 118.3;
N—P;—0O = 115.7; R—O—Ru= 128.0; R—Ru—0 =91.8; R—Ru—CIl =
82.5; O-Ru—Cl = 86.3.

maintained upon coordination of the phosphoryl unit to the

metal3¢ The Ru—O(1) bond length b, 2.116(3) A; 74,

Cadierno et al.

Table 4. Calculated Total (hartree) and Relative (kcal/mol) Energies
for the Model Complexes

[Ru(#75-CeHg)Cl(12-P,N-H,PCHP{ =NP(=0)(OH)} H2)] * (A) and
[Ru(7°-CeHg)Cl(x>-P,0-H,PCHP{=NP(=0)(OH)} Hz)] * (B)?

B3LYP/DZV(d) MP2/DZV(d)
A —683.690437 (0.0) —680.855667 (0.0)
B —683.680498 (6.2) —680.837274 (11.5)

aB3LYP/DZV(d)-optimized geometries.

experimentally obtained f@b by X-ray diffraction, deviat-
ing only ca. 0.1 A (see captions for Figures 2 and 4, and
Table 3). The calculated bond angle values within the seven-
membered ring ifB are also in accordance with those found
in 3b with the exception of the anglesPN—P; (118.3 vs
147.7(3)) and R—O—Ru (128.0 vs 144.7(2)). These
differences are probably due to the replacement of the phenyl
groups 8b) in the phosphoryl unit by hydrogenB).**

The absolute and relative energiesfofindB are given
in Table 4. According to our calculation8, should be 6.2
kcal/mol more stable thad at the B3LYP/DZV(d)//B3LYP/
DzV(d) level. Moreover, inclusion of correlation increases
this energy gap to 11.5 kcal/mol [MP2/DzV(d)//B3LYP/
DzV(d) level]. These values deserve noting. There is a
general opinion that decreases in complex stability associated

2.128(3) A) compares well to that shown by ruthenium yjth increases in the size of the chelate ring are due to steric

complexes containing O-coordinated phosphine-oxitles.
Theoretical Studies.lt is interesting to note the observed

preference for the?-P,0- vs «?-P,N-coordination (i.e., seven-

membered vs five-membered rings)latb. This is in sharp

strain effects on the met#l Steric strain exists in a molecule
when bonds are forced to make abnormal angles, which
results in higher energy than would be the case in the absence
of angle distortions. The interligand angles—Ru—Cl

contrast with the well-known fact of coordination chemistry (g2 5) p,—Ru—0 (91.8), and O-Ru—Cl (86.%) in model
establishing that an increase in the size of a chelate ringg and R—Ru—Cl (80.C°), P,—Ru—N (80.2), and N-Ru—

usually leads to a drop in complex stabilffyIn fact,

Cl (84.7) in model A present typical values for pseudo-

analogous ((iminophosphoranyl)amino)phosphine ligands gctanedral three-legged piano-stool geometries. This seems

PhPN(R)R=NPEO)(OPh}} Ph, (R = Me, Et) are able to
form typical «>-P,N-five-membered chelate ring&In order

to indicate a very similar strain energy for both complexes.
On the other hand, looking at the geometrical parameters, it

to evaluate to what extent electronic effects are responsiblecan pe observed that R distances are larger for donor
for this unexpected behavior, we thought it to be of interest ligands inA than inB (Ru—Cl, from 2.496 to 2.484 A:
to study theoretically their relative stability. To the best of average RttCaene from 2.272 to 2.260 A) and shorter for
our knowledge, no ab initio calculations on transition-metal e o-donor-m-acceptor phosphine ligand (R®&:, from

complexes bearing iminophosphorane-phosphine ligandsp 444 to 2.464 A). These values may be explained by taking

have been reported to date.

into account the larger electron-donor ability of nitrogen

The size of the complexes to be studied required the usecompared to oxygen, which is probably the reason for the

of models for the calculations. Thus, [RE&{CsHs)Cl(«?-P,N-
H,PCHP{=NPE=O)(OH)} H,)]* (A) was used for the five-
membered ring and [Ryf-CsHg)Cl(k>-P,0-H,PCH,-
P{=NPE=QO)(OH)} H,)]" (B) for the seven-membered (Fig-

greater stability ofA.

The experimental preference observed for #ieP,O-
versus thec®-P,N-coordination oflab in these ruthenium
fragments must, therefore, be explained on the basis of steric

ure 4). The relevant geometrical parameters of the optimized gffects. As can be appreciated in Figure 4, the formation of
structures with the B3LYP/DZV(d) wave function are given 5 five-membered metallacycld) results in a higher steric

in the caption. TheA andB structures were characterized hindrance between the phosphoryl group substituents and the
as minima on the potential energy surface. The optimized gypstituents of thg®-coordinated arene ring when compared

bond distances foB are in good agreement with those

(39) See for example: (a) Faller, J. W.; Patel, B. P.; Albrizzio, A.; Curtis,

M. Organometallics1999 18, 3096. (b) Faller, J. W.; Parr, J.
Organometallic200Q 19, 1829. (c) Faller, J. W.; Grimmond, B. J.;
Curtis, M. Organometallic200Q 19, 5174.

(40) See for example: (a) Hancock, R. D.; Martell, AGmments Inorg.
Chem.1988 6, 237. (b) Hancock, R. D.; Martell, A. EEhem. Re.
1989 89, 1875. (c) Hancock, R. D.; Martell, A. E. I€@oordination
Chemistry: A Century of ProgresKauffman, G. B., Ed.; ACS

Symposium Series 565; American Chemical Society: Washington, DC,

1994; p 251.
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to modelB. This fact is in accord with the formation of the
«?-P,Nrisomer 4a which is only observed when the bulky
phenyl groups are replaced by ethyls (see Scheme 2). This
steric hindrance, which seems to increase in the case of the
(n%n3-octadienediyl-ruthenium(IV) fragment since ne*-

(41) In 3b, the steric hindrance between the Ph groups, which participate
in the electronic delocalization along the=R—P=0—Ru fragment,
and theyp®-arene substituents seems to be reflected in the elongation
of these angles.
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Scheme 4
”/_©_ l[SbF6] "/_©_ [SbFe] }@_ ’/_@_ l[SbFs]z
[ [ NaXexcess) / MeOH / r.t. I NaX excoss) / MeOH /1.t ]
e + Ru=Cl R Ru—X ferered Ao
| mpe | o ) bl (o m
0 N—P N—P(OEt
Ph,P: I P// (OEt), NaCl P=N_ O 2 NaSbF, p? (OED,
N\ _ P(OEn), o NaSbF Phy p Phy
N 2 (OE),
(5a)
(3a) (4a)

X =ClI (2a), Br (9a), I (10a), N3 (11a), NCO (12a)

] NaX /MeOH /r.t. NaXexcess) / MEOH /1.t |
. Ru—Cl (excess) Rlu—X (excess) : u\
PhZP\“ l Ph2p\‘\‘b \ PhZP\\“ ‘ ﬁ
X _
- NaCl P=N. o 2 NaSbF <p¢N P(OPh),
"\, _-P(OPh), NaSbFg Ph, N Ph,
N (OPh),

(5b)
(3b)
X =C1(2b), Br (9b), I (10b), N3 (11b), NCO (12b)

P,N-coordination oflais observed (Scheme 3), is probably ligands.!H and**C{'H} NMR spectra are also in accordance

the reason for the experimental preference of ¢h@,0- with the proposed formulations (see the Experimental Sec-
bidentate coordination dfa,b. tion)3° In particular, the methylenic PGR proton and

(c) k3-P,N,O-Complexes [Rufp®-p-cymene)f>-P,N,O- carbon resonances appear at 2:3®2 ppm (two unresolved
Ph,PCH,P{=NP(=0)(OR).} Phy)][SbF¢]. (R = Et (5a), Ph multiplets) and 26.6939.72 ppm (ddd or dd (fdsa); Jcp(v)
(5b)) and [Ru(#3:53-C1oH 1) (k3-P,N,O-Ph,PCH,P{ =NP- = 63.1-90.8 Hz,Jcpany = 13.0-23.4 Hz,3)cpy) = 7.2—
(=0)(OR)z} Phy)][SbF¢]2 (R = Et (8a), Ph (8b)).Treatment 8.1 Hz), respectively.
of neutral complexe&a,b and6a,b with a 2-fold excess of Reactivity Studies: Synthesis of [Ruf®-p-cymene)X-

AgSbFs, in dichloromethane at room temperature, leads to (k*-P-Ph,PCH,P{=NP(=0)(OR),} Phy)] (R = Et, X = Br

the formation of the dicationic derivatives [R§{p-cymene)- (9a), 1 (10a), \; (11a), NCO (12a); R= Ph, X = Br (9b),
(*-P,N,OPhPCHP{=NPEO0)(ORE} PR)I[SbF]> (R=Et | (10p) N, (11b), NCO (12b)). Taking advantage of the
(58), Ph ©b)) and [Ru@®n* CioHie)(«*-P,N,OPhPCHP- hemilabile properties of iminophosphorane-phosphine ligands
{=NP(=O0)(OR)} Ph)][SbFs]. (R = Et (8a), Ph @b)), 1ab both in theirk?-P,0-, ¥>-P,N-, and«3-P,N,O-coordina-
respectively, via coordination of both the iminophosphorane tion modes®4 we decided to explore the reactivity of
and phosphoryl groups (793% yield; see Schemes 2 and complexes3a/4g 3b, and5a,b toward a series of anionic
3). These complexes can be also prepared in similar yieldsligands. Thus, we have found that by treating comy8bx
from 3a/43 3b, and7ab by reaction with 1 equiv of AgSkF or a mixture containing compounda/4g with an excess

in dichloromethane at room temperature. In contrast to their (ca. 10 equiv) of sodium salts NaX (%= CI-, Br-, I-, Na-
neutral or cationic precursorSab and8ab are moisture NCO"), in methanol at room temperatijre, ,the,: ne,utral

sensitive both in solution and in the solid state, slowly 2

) . . = derivatives [Rug®-p-cymene)X%(«'-P-PhPCHP{=NP=0)-
gen%atlng complicated mixtures of uncharacterized prod- (OEt} th)][ (szg,bpg)iuab)) :E\re formed (7§£85% (yieI()JI)
ucts. via chelate ring opening and, in the case ©f12ab,

Conductance values féab and8ab in acetone reflect . ) '
that these complexes are 2:1 electrol  177-198 concomitant chloride metathesis (Scheme 4). As expected,

Q1 cnm? mol™1). The coordination of the iminophosphorane

(42) The instability of these complexes in solution prevented their crystal-

group to ruthenium is Conf'rmeq "_1 tHéP{ 1H} NMR spectra lization. A reviewer has brought to our attention that probably water
by the presence of characteristic downfield resonances of coordlinates tob the dmeta;)l upon gecoordina;tion of theNPunit r|]n|

— . 27— complexes5ab and 8ab. Coordination of water on oxophilic
the PRP=N (6 50.88-55.62; dd or d (foi5b), “Jer = 9.0— ruthgnium complexes containing P,N-donor ligands has beer?recently
36.3 and 3.8:8.1 Hz) and PP (0 41.68-46.64; d,2Jpp = reported. See, for instance: Stoop, R. M.; Bachmann, S.; Valentini,
9.0-36.3 HZ) groups (see Table ?)The phOSphOI’US nucleus M.; Mezzetti, A. Organometallics200Q 19, 4117. Bachmann, S.;

L - Furler, M.; Mezzetti, AOrganometallic2001, 20, 2102. All attempts

of the (RO)P=0 unit in 5a,b resonates at 18.28 (&llpp = to obtain stable complexes by treatment of dichloromethane solutions

3.8 Hz) and 6.33 (s) ppm, respectively, also in agreement  of 5ab and8ab with water failed.

s P : (43) We note that complex [Ryf-p-cymene)f-O-Me,C=0)(k2-P,0-Phy-
with its coordination to the metal. In contrast, the chemical PCHP{=NP(=O0)(OEtp} Phy)|[3bF]s is readily formed wheisais

~

shifts found for the (RQP=0 fragments irBa,b (8a, 4.45 dissolved in acetone as inferred Bf{ 'H} NMR spectroscopy which
27, — . _ 2700 = shows signals at 11.43 (Jep = 37.0 Hz, (EtO)P=0), 12.24 (d,
ppm (d,"Jpp = 6.5 Hz);8b, —6.47 ppm (d.’ Jop = 8.1 H2)) 2Jpp= 37.0 Hz, PAP=N), and 24.13 (s, P#®) ppm. All attempts to
are closer to those observed &b (in which these groups isolate this complex failed, leading instead to its precurSar
are not bound to ruthenium) than those Tatb (see Table quantitatively after evaporation of the solvent. The reversibility of this
. . . . process evidences clearly the hemilability of the=NP unit in
2). This fact can be explained on the basis of the different complexes containing iminophosphorane-phosphine ligabalb

trans influence of the diphenylphosphino and chloride coordinated inc3-P,N,O-manner.
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Scheme 5
(0] OH (0]

. 0.4 mol % catalyst OH + /\
@ A 9.6 mol % NaOH Q

Table 5. Catalytic Transfer Hydrogenation of Cyclohexandne

entry catalyst yield (%) TOFso (h™1)°
Ruthenium(ll) Complexes
1 2a 40 (> 99y 50
2 2b 25 (98} 26
3 3alda 24 (>99y 33
4 3b 15 (78} 12
5 5a 25 (>99y 37
6 5b 14 (76} 10
Ruthenium(lV) Complexes
7 6a >99 367
8 6b 64 (>99F 93
9 7a >99 426
10 7b 78 (>99y 165
11 8a 61 (>99) 86
12 8b 14 (83) 12

aConditions: reactions were carried out at 82 using 5 mmol of
cyclohexanone (0.2 M ifPrOH). Ketone/catalyst/NaOH ratio: 250/1/24.
bYield of cyclohexanol after 2 h. GC determinedlurnover frequencies
((mol product/mol catalyst)/time) were calculated at 50% convergiyield
after 24 h in parentheses. GC determinedield after 9 h in parentheses.
GC determined.

Figure 5. ORTEP-type view of the structure of [Rgf¢p-cymene)¢!-N-
NCO)(«1-P-ProPCHP{=NP(=0)(OPh}} Phy)] (12b) showing the crystal-
lographic labeling scheme. Hydrogen atoms are omitted for clarity, and hydrogenation of cyclohexanone by propan-2-ol (Scheme 5).
only theipso-carbons of the phenyl rings of the ##hgroups are shown. ; Wi ;
Thermal ellipsoids are drawn at 30% probability level. Selected bond lengths For comparative purposes, the activity of rUther.“um(lv)
(A) and angles (deg) involving the Ru atom: RG* = 1.6925(49); complexesbab, 7a,b, and8ab has also been examined. In
Ru—N(2) = 2.083(4); Ru-N(3) = 2.062(4); Ru-P(1) = 2.358(1); C* a typical experiment, the ruthenium catalyst precursor (0.4
Ru—N(2) = 126.25(21); C*Ru—N(3) = 128.24(21); C*+Ru—P(1) = 0 0
131.04(17); RerN(2)—C(48) = 159.4(5); Ru-N(3)—C(49) = 173.7(6); mol _/0) and NaOH (9.6 m_QI %) were ?dded to a 0.'2 M
N(2)—Ru—N(3) = 86.46(19); P(1Ru—N(2) = 85.32(12); P(1}Ru—N(3) solution of cyclohexanone iiPrOH at 82°C, the reaction
= 84.20(12); Ru-P(1)}-C(11) = 108.82(15); RuP(1}-C(36) = being monitored by gas chromatography. Selected results are
115.97(17); RerP(1)-C(42) = 111.93(15). C*= centroid of thep-cymene shown in Table 5
ing (C(1), C(2), C(3), C(4), C(5), C(6)). ' . .
fing (C(1). €(2). €(3). €4, CE). C6) All the complexes studied have proven to be active and
efficient catalysts leading to nearly quantitative conversions
of cyclohexanone into cyclohexanol, with the cationic
derivative  [Rufz®:13-C10H16)Cl(x*-P,0-Ph,PCH,P{=NP-
13C{1H} NMR) for 9—12ab strongly support the proposed ~ (— O)(OEtk} Prk)l][SbFG] (78) showing the highest activity
formulations being comparable to those observed in mono- (TO_F5°_ of 426 T, entry 9)' The following features are worth
dentate complexeBab (see the Experimental Section and "°fing: (a) The catalytic performances shown by the bis-
Table 2)3°Moreover, the structure of complé®2b has been (aIIyI)—ruthemum(IV) comple)_(es are in all the cases higher
confirmed by single-crystal X-ray diffraction studies (see than those of the|rcorresppndmgs(p-cymege)—ruthenlum-
Figure 5 and Table 3). Since the structural parameters at the(”) countgr_part; (see entriesB vs 7-12). .Tr_lese re-_sult§
[RU(75-p-cymene)k-P-PhPCHP{=NP(=0)(OPh}} - are promising since, as far as we know, this is the first time
Phy)] fragment are quite similar to those observed 2r that ruthenium(IV) complexes have been used in this type
(see Figure 1 and Table 3), they are not worth further
discussion. The two cyanate ligands are N-bound to ruthe-

complexes9—12ab are also formed starting from the
dicationic complexe$ab (Scheme 4).
Analytical and spectroscopic data (IR atit] 3*P{*H} and

(44) Although the cyanate ion can potentially act as an ambidentate ligand,
it tends to exhibit only the N-bonding when coordinated as a

nium in a nearly linear fashion (RtN(2)—C(48) =
159.4(5), N(2)—C(48)-0O(4)= 178.6(6), Ru—N(3)—C(49)
= 173.7(6), N(3)—C(49-0(5) = 177.7(12)) showing
bond lengths of R&N(2) = 2.083(4) A, N(2)-C(48) =
1.150(7) A, C(48Y0(4) = 1.213(6) A, Ru-N(3) =
2.062(4) A, N(3-C(49)= 1.088(8) A, and C(49Y0O(5) =
1.190(9) A%

Catalytic Transfer Hydrogenation of Cyclohexanone.
The well-known ability of ruthenium(ll) species to act as

efficient catalysts in hydrogen transfer reactions between

alcohols and ketoné&sprompted us to study the catalytic
activity of complexea,b, 3a/4g 3b, and5ab in transfer
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monodentate ligand to a transition-metal. For reviews see: (a) Norbury,
A. H. Adv. Inorg. Chem. Radiochem975 17, 231. (b) Burmeister,

J. L. Coord. Chem. Re 1990 105, 77. In our case, since N and O
have very similar sizes and scattering factors, both the N- and
O-bonded models were refined to convergence, and the former gave
significantly lower residualsR = 0.0385 and?,, = 0.1070 as against

R = 0.0400 andR, = 0.1121). This fact, along with the linearity of
the Ru-N—C—O0 chains, confirms the N-coordination of the cyanato
ligands in12b.

(45) For reviews on transition-metal catalyzed transfer hydrogenation of

ketones see: (@) Zassinovich, G.; Mestroni, G.; GladialiCBem.
Rev. 1992 92, 1051. (b) Noyori, R.; Hashiguchi, $cc. Chem. Res.
1997, 30, 97. (c) Palmer, M. J.; Wills, MTetrahedron: Asymmetry
1999 10, 2045. (d) Noyori, R.; Yamakawa, M.; Hashiguchi JSOrg.
Chem 2001, 66, 7931. (e) Bakvall, J. E.J. Organomet. Chen2002
652 105. (f) Carmona, D.; Lamata, M. P.; Oro, L. Eur. J. Inorg.
Chem.2002 2239.
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of catalytic transformatiof® (b) Both in the Ru(ll) and
Ru(1V) series those catalysts containing the ligdadR =
Et) are more effective than those containibig (R = Ph)

(«?-P,N-Ph,PCH,P{=NP=0)(OEb)} Phy)][SbFs] (4a); (d)
«3-P,N,O, i.e., [Rug®-p-cymene)3-P,N,O-Ph,PCH,P-
{=NPEO)(OR)} Phy)][SbF]. (5a,b) and [Ruf®#73CioH1e)-

(see odds vs evens entries). Since coordination of the(x3-P,N,OPhPCHP{=NPE=O)(OR)}Ph)][SbF]. (8ab).
substrate to the metal is generally proposed during the Theoretical calculations (DFT level) on the models [Fi(
catalytic cycle?’ this difference is most probably due to steric  CsHe)Cl(x?-P,N-H,PCH,P{=NP&=O)(OH)} H2)] ™ (A) and
effects, the approach of cyclohexanone to ruthenium being [Ru(;78-CsHe)Cl(k?-P,O-H,PCHP{=NP&Q)(OH)} Ho)] ™ (B)
facilitated when the phenyl substituents on the phosphoryl show that the«?>-P,N-isomerA is ca. 11.5 kcal/mol more
unit are replaced by the smaller ethyl groups. Also, (c) there stable tharB. This contrasts with the experimental results
is no direct relationship between the catalytic activity and since seven-membered chelate ringisR,0-complexes) are
the coordination mode of the ligands. Thus, while for the obtained preferentially. The apparent discrepancy arises
ruthenium(ll) series the neutral-P-complexes are the most  probably from the steric hindrance between the phosphoryl
active (entries 1 vs 3 and 5, and 2 vs 4 and 6), the cationic group substituents and thg-p-cymene on;%:n%-octadiene-
«?-P,O-derivatives show the highest rate in the ruthenium- diyl ligands in the five-membered chelateg’-P,N-com-

(IV) series (entries 9 vs 7 and 11, and 10 vs 8 and 12). plexes). The preference observed for thé,N-coordination
Finally, with regard to comparative catalytic performance in the theoretical calculations is mostly a consequence of
with respect to other ruthenium complexes containing P,N,O- the greater bond energy of the RN bond versus the
donor ligands, the efficiencies found are unfortunately lower corresponding RtO.

than those of neutral octahedral ruthenium(ll) complexes The potential hemilabile properties of iminophosphorane-
[RUCL(PPR)(x3-P,N,O-L)] (L PhPCH(2-Py)CHOR phosphinesla,b have been proven in the reactivity of the
(R = ethyl, menthyl; Py= pyridyl)) reported by Mathieu  chelatex®-P,O-, «?-P,N-, and«3-P,N,O-complexes. This has
and co-worker48 allowed the synthesis af-P-derivatives [Rug®-p-cymene)-
Xa(k*-P-PhhPCH,P{=NP(=0)(OR)} Phy)] (R = Et, Ph;

X =Br, |, N3, NCO;9—12ab), in excellent yields and under
very mild reaction conditions, by treatment2d/4aand3b

with the appropriate anionic ligand “Xvia chelate ring
opening and concomitant chloride metathesis. By monitoring
the course of these reactions B *H} NMR spectroscopy,
we observed that the latter process is slightly slower than
the former since, besides the signals 3#/4a—3b and
9—12ab, resonances attributable to neutral speciesRu(
p-cymene)CIXk-P-PhbPCHP{=NP(=0)(OR)} Ph)] could

be observed. In accord with this observation, we found that
complexes9—12ab are formed faster (2 h vs 4 h), under
the same reaction conditions, starting from the dicationic
complexesbab (see Scheme 4). In addition, compounds
2—8ab have proven to be suitable catalyst precursors for
the transfer hydrogenation of cyclohexanone by propan-2-
ol (see Scheme 5). Further studies devoted to the application
of these P,N,O-ligands in other catalytic transformations are
now in progress.

Conclusions

Novel heterotrifunctional ligands FRCHP{=NP=O0)-
(OR)}Ph (1a,b) showing a P,N,O-donor framework have
been easily prepared via single-stage oxidation of bis-
(diphenylphosphino)methane with phosphoryl azides §RO)
(=O)N; (R = Et, Ph). These ligands show a versatile
coordination ability in ruthenium fragments derived from the
readily available ruthenium(ll) and ruthenium(IlV) chloro-
bridged dimers {Ru(;5-p-cymene)¢-CI)Cl};] and [Ru-
(73m3-C1oH16)(u-CI)CI} 7], respectively. Thus, the following
coordination modes have been observedx{d)-, i.e., [Ru-
(7°-p-cymene)Cl(k*-P-Ph,PCHP{ =NP(=0)(OR)} Ph)]
(2a,b) and [Rug®13-C1oH16)Cla(k*-P-PhPCHP{=NP&O0)-
(OR)}Phy)] (6a,b); (b) «*-P,O-, i.e., [Rug’-p-cymene)Cl-
(«*>-P,0-Ph,PCH,P{=NP(=0)(OR)} Ph)][SbFs] (3ab) and
[Ru(3:1%-C1oH16)Cl(x?-P,0-Ph,PCH,P{=NP(=0O)(OR)} -
Php)][SbFs] (7ab); (c) «*-P,N-, i.e., [Ru®-p-cymene)Cl-

(46) We note that TOf values for complexeg—5ab (10-50 h™t) are
comparable to those found in the related complexes/[fRpHcymene)-
Clyf 1-P-PhPCHP(=N-p-CsFsN)Phy} ] and [Rug®-p-cymene)J«?-
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