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Synthesis and Complexation Properties of the Anionsp®-CsMes)Ru(PR20)3?~ as Ligands
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Reaction of [(>-CsMes)Ru(OMe)}, (2) with HP(O)(OR) gave the novel tripod ligands;t4°>-CsMes)RU{ PO(OR}} 3

(R = Me, Et,Pr, Hp1). Ha(17°-CsMes)RU{ PO(Ph)} 3 was formed with HP(O)Ph [(°-CsMes)RuCh]» (3) with
NaP(O)(OER) similarly gave Na(>-CsMes)RU{ PO(OEt)} 3 (Napl; NaoL). Either the hydrogen form or the sodium
salt was reacted with main group and transition metal halides to yield complexef'iMM = SiV, Ti'V, Nb',
n=0; Cd,n=2; Cf" Fe', n= 1), or complexes of the form LMX with MX= BPh, VO. Reaction of
Nay(17°>-CsMes)RU PO(Ph)} 3 with TiCl,4 gave intermediately [LTiG], which readily hydrolyzed on chromatography
over AbO;s to trinuclear (LTiO}(us-O)H,. The latter was characterized by X-ray structure analysis. It crystallizes
in the cubic space groupa3 (No. 205),z= 8, a = 30.83(1) A,V = 29300(30) &. From the reaction of N&
and 3 under appropriate conditions, the mixed valence complex 4RGEMes) (4) was isolated. Compounds
were characterized by spectroscopy and electrochemistry. From absorption spectra 8fahd the CH complex
ligand field parameterd, = 902 and 1450 cmt, respectively, were derived, placidgnear F in the spectro-
chemical series.

Introduction as to hard ligands, Rt (apart from possibly G%) appeared

o . . _ as a rational choice. Ouir first attempts to synthesize the target
The coordination chemistry of the ligand CEBO(OR)} 3 5. o
(Lco) first discovered in 1977and broadly developed in the molecule {°CsMes)RU{PO(OMe}}s"" (1) along the routes

decade thereafter forms octahedral complexesdy§t which established for the group 9 congene@hw, Le., by successive
are exceptional in that this hard tripodal oxygen ligand combines Arbuzhov rearrangements of the respective phosphite complexes,
xception . P ygen g Scheme 1, failed, due to the reluctance of coordinated P(@Me)
low ligand field splitting paramete\, with high complex . . - .
. o . to undergo this reaction more than orfcéirect substitution
formation constants for transition as well as main group

. f OMe in [(#°-CsMes)Ru(OMe)} (2) with phosphonic acid
element® Apart from octahedral complexes an extensive ° ; .
chemistry ofphalf-sandwich complexeslol\/t(cl)L'n has been esters or of Cl in [ﬁ5-C5_I\/Ie5)RuCI2]2 (3.) with the Na phos-
developed where 'Lcould be typicalz-acceptor ligands and phonates led to the desired ligand. Different from Co and Rh
Lo OF similarly Len to some extent mimickyf-CsHs)/(°- analogues, nucleophilic exchange of OR groups at phosphorus

3 " o is quite facile in the Ru tripod ligands which can in principle
Sg'\n/lwg?)e.xeénvvsr?er?g rzgs?g(;izcliggjg ?;Ilok\;]v;(;\lmstablllzatlon of " be used for the preparation of complexes with different OR
: ) . g roups.

When it became evident from redox investigatfotimt the g ThF:} new ligand proved to be a versatile complexing agent
rather uniform shift of abadul V in redox potentials of related . 9 | P f X | P ”g gf
transitions between Mad and M(Lco),("2* (the latter being Just as le,. Results for main group elements as well as for
reduced at more negative potentiai)) as well as the complexingtransmon metals are detailed below. An account of part of this

; ; . . . work has appeared in preliminary forn.
properties of lg, is at least in part due to the uninegative charge
of the ligand it seemed desirable to vary the carrier metal, up Experimental Section
to then Co, Rh, or Ir in theit3 oxidation states. Incorporation . . .
of a+2 carrier metal would enhance the ligand charge by one  All manipulations were performed under pure nitrogen. Solvents
and thus alter the properties of complexes accordingly. Since Were dried and_nltrogfsn-saturated. Spectra Were_recorded on Bruker
the carrier metal has to be substitutionally as inert as possible WP 80 and Varian Unity 300 and 500 (NMR), Perkin-Elmer 842 (IR),

with high preference for octahedral coordination to soft as well ©2Ytech xdap (UV/vis), and Finnigan MAT 95 (MS) spectrometers.
Analyses were from Analytische Laboratorien, Engelskirchen.

Preparation and analytical data for compourids [(75-CsMes)-
Ru{PO(OMe}} 3]2Nb (6), [(17°-CsMes)RU{ PO(OEt)} 5].Si (7), and11

(1) (a) Klaui, W.; Neukomm, H.; Werner, H.; Huttner, @hem. Ber.
1977, 110, 2283. (b) Klaii, W.; Otto, H.; Eberspach, W.; Buchholz,

E. Chem. Ber1982 115 1922. are given in ref 7.
(2) Klaui, W. Angew. Chenil99Q 102, 66; Angew. Chem., Int. Ed. Engl. Ha(1°-CsMes)Ru{ PO(OR)3} 3, H21 (a, R= Me; b, R = Et; ¢, R
199Q 29, 627. ' ] = Pr). HPO(ORY) (7.08 mmol) was injected into a solution of 1.18
(3) (a) Goldberg, I.; Shinar, H.; Navon, G.; Kig W. J. Incl. Phenom. mmol 28 in 60 mL of ether. The mixture was stirredrfé h atambient

1987 5, 181. (b) Klaui, W.; Mdller, A.; Herbst, R.; Egert, E.
Organometallicsl987, 6, 1824. (c) Klaii, W.; Mdller, A.; Scotti, M.
J. Organomet. Chenl983 253 45.

temperature, the solvent was evaporated in vacuo, and the brown oily

(4) (a) Klaui, W.; Lenders, B.; Hessner, B.; Evertz, Rrganometallics (6) Koelle, U.; Rither, Th.; Klaii, W. J. Organomet. Chen1992 426,
1988 7, 1357. (b) Lenders, B.; Kla, W.; Irmler, M.; Meyer, G.J. 99.
Chem. Soc., Dalton Tran499Q 2069. (7) Koelle, U.; Rither, Th.; Englert, U.; Le Navror, N.; Kia, W. Angew.
(5) Klaui, W.; Mdller, A.; Eberspach, W.; Boese R.; GoldbergJlAm. Chem.1994 106, 1028;Angew. Chem., Int. Ed. Endl994 33, 991.
Chem. Soc1987 109 164. (8) Koelle, U.; Kossakowski, dJnorg. Synth.1992 29, 225.
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residue was extracted with 50 mL of pentane. From the pentane powder. Anal. Calcd for ¢HasNaOsPsRu (M, 885.9): C, 62.38; H,

solution impurities and excess HPO(QRyas frozen out by cooling
to —78 °C for 24 h. The pentane solution was warmed t6¢Q@

5.13. Found: C, 62.56; H, 5.34.
(75-CsMes)Ru{ PO(OEt),} sRu(n5-CsMes) (4). To a slurry of 210

decanted, and filtered over Celite, and products were isolated by mg (0.34 mmol) of3 in 30 mL of THF was added a solution of 2.05

evaporating the solvent as light brown solids in 85 {0% @), and
70% () yield.

Hola. H NMR (CgDg, 0): (17°-CsMes) 1.87 (q,*Jup 2.2 Hz), OMe
3.55 (vq,%Jup 11.2 Hz), PG 10.8 (br s). 3P NMR: 144.7. MS i/
Z, liel (%): 566 (5, M), 534 (25, M— MeOH), 502 (23, M— PO-
(OMe)H,), 424 (38, M— PO(OMe)H). Anal. Calcd for GeHzsOsPsRuU
(M; 565.5): C, 33.98; H, 6.24. Found: C, 32.97; H, 6.33.

Ho1b. *H NMR (CeDs, 0): (17>-CsMes) 1.91 (q,%Inp 2.1 Hz), OEt
1.18, 4.07, P® 9.4 (br s).

Holc. *H NMR (CeDg, 9): (75-CsMes) 1.89 (q,*Jup 2.1 Hz), OPr
1.0, 4.86, P®I 10.2 (br s).

Nagzla from l1a. To a solution of 360 mg (0.673 mmol).tHain 20
mL of THF was added at 78 °C a 100% excess of NaH. The mixture
was warmed to ambient temperature with virgorous stirring. Gas
evolution was visible from about-30 °C. After 20 h excess NaH
was removed by filtration over Celite. The solution was concentrated

to 3 mL, 30 mL of pentane was added, and the resulting solution was Calcd for (GsHssCl;TiPsOsRu, M, 1050.8):

cooled to—30 °C, whence impurities separated as a white solid.

Evaporation of the brown supernatant to dryness left 396 mg (88%) of

product as light brown powder.

Nazlb from 3. To a solution of 2.45 mmol of freshly prepared
NaPO(OER (from HPO(OEt) and NaH) in 50 mL of THF was added
0.05 mL of EtOH and in small portions 240 mg (0.34 mmol) of°(
CsMes)RuClh); (3). The color slowly changed from brown yellow into
olive green. Afte 6 h atambient temperature, the solvent was removed
in vacuo and the oily residue was extracted with 60 mL of pentane
and filtered over Celite. The product was purified by chromatography
over MgSiCl-treated silica eluting with hexane/ether 5:1. Removing
the solvent left 205 mg (40%) of product as a light brown oil.

H,1d. To a solution of 300 mg (0.56 mmol) &fin 30 mL of EtO
was added 680 mg (3.36 mmol) of HPQPIA creme solid separated
within some min from the solution. After 20 h at ambient temperature,

mmol of freshly prepared NaPO(OEtih THF, whence the reaction
mixture turned green. Afte5 h atambient temperature, the solvent
was removed in vacuo and the residue was extracted with several
portions of pentane. From the combined pentane extracts was obtained
290 mg (96%) product as a green powdéi NMR (CgDs, 0): (17°-
CsMes) —3.03 (br s), Me 1.3 (br t),1>-CsMes) 2.08 (br s). IR (KBr/
cm ) 1080 ¢(P=0)), 602 ((P=0)); FABS MS (1/z, |,e)): 885 (100,

M), 838 (20, M— PO), 467 (40, M— (PO(OEt}Ru(>-CsMes)).

[(75-CsMes)Ru(PO(Ph),)sTi] 3(u2-0)3(us-O)H2 (9). To a solution
of 110 mg (0.124 mmol) of Ndd in 10 mL of THF was added an
excess of TiCk2THF, whence the solution turned red. After removing
the solvent and drying in high vacuo, we were left with 80 mg (67%)
of an orange solid. Orange crystald@f>-CsMes)Ru(PO(Phy)sTiCly),*
2C/Hs (8-C;Hs) were obtained by cooling a concentrated toluene
solution to—78 °C. H NMR (CDCls, 0): (1°-CsMes) 1.47 (q), Ph
6.75, 7.30 (m). IR (KBr/cm%): 907 (»(P=0)), 576 ¢(P=0)). Anal.

C, 60.58; H, 5.08.
Found: C, 60.04; H, 4.83.

The product was then chromatographed over alumina (5% water)
using 2:1 toluene/hexane as eluent. Diffusion of pentane into a
concentrated toluene solution gave orange crystals[(gf-Cs-
Mes)RU(PO(PhQ)ﬂ-I] 3(,112-0)3(/43—0)H2 IH NMR (CDC|3, 6) (7]5-C5-

Mes) 1.41 (br s), Ph 6.9, 7.3 (m). AnalM¢ 2635) Calcd: C, 62.26;
H, 5.06. Found: C, 63.76; H, 5.86.

(75-CsMes)Ru{ PO(OMe);} 3VO (10). Into a solution of 360 mg
(0.636 mmol) of Hlain 20 mL of ether cooled te-78 °C was injected
3 mL of a DMF solution containing 90 mg of VOSGH,O and 72
mg of EgN (0.72 mL), whence (BNH).SO, precipitates. The olive
green mixture was warmed to ambient temperature and stirred for 2 h
more. From the (now clear) solution ether was removed in a high
vacuum. To the oily residue was added MeOH to precipitate the
product. This was filtered and washed twice with 10 mL of MeOH

the solvent was removed in vacuo and the oily residue was washedand with a few milliliters of ether. Drying in vacuo left 125 mg (31%)

three times with 10 mL methanol and finally with a few milliliters of
pentane. Drying in a high vacuum gave 804 mg (84%) of a yellowish
powder. *H NMR (C¢Ds, 6): (17°-CsMes) 1.38 (q,*Jup 1.3 Hz),m-Ph
6.87 (t,J 7.6 Hz)p-Ph 6.94 (t, J 7.3 Hzp-Ph 7.42 (m), P@ 13.3 (br
s). P NMR: 118.7. IR (KBr/cm?): 1431 ¢(P—Ph), 916 ¢(P=0),
522 O(P=0)). MS (Vz, lre): 764 (2, M-PhH), 361 (29,£-CsMes)-
RuPOPh). Anal. Calcd for £H470sPsRu (M, 841.9): C, 65.63; H,
5.63. Found: C, 65.99; H, 5.78.

Nagld. As for Nalafrom Hy1d: on workup, removal of the solvent
after filtration over Celite gave the product in 60% yield as a yellowish

of blue powder.'H NMR (CgDe, 0): (7°-CsMes) 1.3 (br s), PMe 3.4
(br s). IR (KBricnm?): 925 (V=0)). MS (m/z, l): 631 (5, M"),
600 (17, M— OMe), 237 (2, {>-CsMes)Ru), 133 (100, RuP). Anal.
Calcd for GeHs3010PsRUV (M, 630.4): C, 30.48; H, 5.28. Found: C,
30.40; H, 5.35.

Na[{ (7°-CsMes)Ru(PO(OEL))3} .Cr'"' ] (12). On addition of 78 mg
(0.336 mmol) of CrGd-3THF to a solution of 0.50 g (0.672 mmol) of
Nalbin 25 mL of THF the mixture turned rapidly green. After stirring
for 12 h at ambient temperature the solvent was evaporated in vacuo,
the green residue was then stirred with 40 mL pentane, the solution
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Table 1. »(P=0) andd(P=O0) of Ligands and Complexes of this toluene molecule is disordered over six symmetry equivalent
compound positions and could not be located. The electron density in the other
v(P=0) o(P=0) two voids was attributed to disordered pentane. These peaks were
LomeNap 1a 1178 534 refined with isotropic displacement parameters; when their occupancy
LeiNap 1b 916 522 was adjusted to match the C,H analysis, tfBai converged to mostly
(Lome)2M high but acceptable values (max. 19)A
Siv 7 1090 555 In the final least-squares full-matrix refinement with 532 variables
TiV 1060 649 and 4231 symmetry independent observations With2o(l) hydrogen
Nb" 6 1070 619 atoms were included in fixed positions. No hydrogen atoms were
crt 12 1098 625 considered for the disordered solvent regions. All crystal data refer to
Fe! | 13 - 600 a composition of 0.5 molecule of toluene and 1.5 molecules of pentane
(LoeoCa 1 1096 584 per trimeric complex.
LML’
LomeBPh 5a 1070 Results
LeBPh 5¢c 898 519 . . . )
VO 10 - 652 Ligand Syntheses. Synthesis of the ligandl can be achieved
Ru(;°-CsMes) 4 1080 602 from either [(>-CsMes)RuOMe} (2) or [(175-CsMes)RUCh); (3).

In the first case the methoxo dinfers reacted with the

Table 2. Crystallographic Data fob phosphites HPO(OR)and gives by additon and MeOH

CradH15d013Po T3 fw = 2883.6 substitution the tripod complek in the neutral diprotonated

ia/ z 123.?533((2)8;3\& $a:3 5g°C form (Hz1). The reaction is performed in ether, and the products

7=38 2=07107 A are transferred into pentane solution from where impurities and

R =0.071 Geatea = 1.307 g cm® excess HPO(OR)are frozen out at-78 °C. The complexL

R.°=0.073 u=6.01cnr! remains as a creme solid after evaporation of the solvent and is
AR = Z(IIFOI - |Fc||)/z||:0| bR, = [zw(“:ol - |F. |)2/Z|F0|2]l/2; SPECUOSCOpiCa”y pure.ﬂ?'C5M65) protons in the NMR (@6)

wl = o(Fy). are quartets by coupling to three equivalent phosphorus atoms
(Jpn =~ 2.2 Hz) at 1.6-2 ppm. Protons of the PQCgroup

filtered over Celite, the solvent evaporated, and the residue dried in a@'® PSeudoquartets by virtual phosphorus coupling. The OH
high vacuum to yield 380 mg (82%) of a light gray green powder. IR Protons form a broadened singlet between 9 and 11 ppm. The
(KBr/cm™1): 1055, 1020 ¢(P—O—C). FABS-MS (Wz, l«): 1395 31P NMR spectrum shows one singlet.
(100, M+ H + Na= M’ + Na), 1372 (81, M), 1327 (29, M-OEt). In variance to group 9 tripods the lower charge of the carrier
Na[{ (17°-CsMes)Ru(PO(OMe),)s} F€" | (13). To a solution of 116 metal in1 imposes facile nucleophilic exchange of OR groups
mg (0.19 mmol) of Nglain 7 mL of THF was added a stoichiometric  on phosphorus. Thus, if the NMR spectrum ofilis recorded
amount of FeGl After stirring for 12 h at ambient temperature the CD;0D, the pseudoquartet at 3.55 ppm of the OMe protons
solv_ent was removed in_ vacuo and the oily _residue washed with small disappeares due to formation of the PQ@igand. Compounds
portions of pentane until the pentane washings were almost colorless.HZ:L are similarly obtained with different OR groups by
Drying of the residue gave 95 mg (83%) of product as a red brown . . ; .
powder. Anal. Calcd for Fe: 4.63. Found: 4.57. dissolving e.g. Hla in the respective alcohol. On the other
Electrochemical Measurements. Cyclic voltammetry was per- h_and makes this facile substltutlon_ at phosphorus th_e_ free ligand
formed with EG&G equipment using a Pt inlay electrode of 0.2 cm  (in the protonated form or as alkali metal salt) sensitive toward
area in CHCI, or THF. The supporting electrolyte was 0.1 M Bu nucleophilic solvents. Decomposition occurs in media like
NPR;, the sweep rate 100 mV/s, and the reference electrode was anacetone, acetonitrile or water. The isolated ligands decompose
aqueous saturated calomel electrode (SCE). The ferrocene potentiaat ambient tempererature within some days and have to be stored
in this system is 0.4 V or measured potentials when deviating were at low temperature.
corrected to fit this value. Apart from HPO(OR) 2 was reacted with HPO(Phjo give
Crystal Structure Determination of 9. Crystals suitable for X-ray the PPh derivative H1d. This latter has much higher thermal

diffraction were obtained by slow diffusion of pentane into a solution stability than the OR derivatives and has not been observed to
of 9in toluene. An orange crystal of approximately octahedral shape o P
and 0.5 mm diameter was studied at 258 K on an ENRAF Nonius undergo nucleophilic substitution at phosphorus.

CAD4 diffractometer with graphite monochromator. Crystal data,

parameters of data collection, and convergence results are compiled inScheme 2

Table 2. The structure was solved with direct metfaatsd refined

with the local version of the SDP program syst¥mOn the basis of ﬁ
the three check reflections, data were corrected for an anisotropic loss |

of ca. 25% of diffraction intensity due to evaporation of the clathrated

Ru
Ve ~
. f ) . RO P(OR),
solvent. An empirical absorption correctiénwas applied (min. (RO)E 7 F(OR):

transmission 0.68). HPO(OR), o5 )0
The molecules occupy the 3-fold axis in the cubic space gRa% HCo_ _o:CHs / H H

After successful refinement of the trimeric complexes, solvent molecules Ru/ \Ru Hila b ¢

could be located in the intersticials. A systematic grid search in the R  Me Et 'Pr

unit cell revealed three symmetrically independent voids of remarkable
size (=70 A3), which were large enough to accommodate solvent

molecules. The highest peaks of a difference Fourier map were found
in these regions. Each asymmetric unit contains one atom close to a HzP(O)Ph;
[

3 position thus forming a regular six-membered ring. The methyl group

()

_Ru__

- - Php”/ PPh,
(9) Sheldrick, G. M. SHELXS86: Program for structure solution oFPh, O
University of Gdtingen: Germany, 1986. H"O\H/

(10) Frenz, BSDP, Version 5; Enraf-Nonius: Delft, The Netherlands, 1989.
(11) walker, N.; Stuart, DActa Crystallogr.1983 A39, 158. H,1d
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Scheme 3
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Attempts were made to synthesize complédirectly from as well as transition elements. One of the most straightforward

[(#5-CsMes)RuCl], (3) which is the precursor for the prepara- reactions is the one with PhBCleading to thermally and air
tion of 2. It has been found th& reacts with NaPO(OEf)}o stablelBPh (). This reaction has been used in fact to prove
yield the desired complexes, however, the reaction course isthe formation ofl under various conditions and to determine
complicated. The reaction was performed in THF to which yields from reaction mixtures. The OMe derivatiga was

some EtOH has been added as reducing agent f8t Rawuring characterized by an X-ray structure determination showing ideal
reaction the development of a green color indicated the symmetrical Cs,) coordination of the BPh group to three oxygen
formation of the mixed valence B(RU" complex4 from 1 atoms similar as had been previously determined for CpCo-

and the starting Rl chloro dimer (Scheme 3). Formation of {PO(OEt}}sBF.12 Central metals in the-IV oxidation state
4 can be supressed to some extent by ad@img portions to that were complexed b{ were Si, Ti, and Nb through the
an excess of NaPO(ORbut cannot be completely eliminated. respective chlorides SigITiCl, and NbCé. In the latter case
Therefore this procedure necessitates chromatographic purifica-complexation is accompanied by a reduction td"NbSince
tion of the reaction mixture (see experimental) to isolate pure no NGBV oxidation wave (before the B! oxidation see below)
1bin 40% yield. Like Lg, alkali metal salts also Na is soluble could be detected in the cyclic voltammogram of the Nb
in nonpolar solvents and even hydrocarbons. complex [¢7°-CsMes)Ru{ P(O)(OMe)} 3].Nb (6), we conclude
Alternatively the sodium salts dfare obtained from the acid  that a posslible Nb complex would be a rather strong oxidant
H,1 by deprotonation with NaH. It has been found that e.g. and could thus be reduced by e.g. excess ligand. The silicon
NaOMe as a base leads only to partial deprotonation leaving acomplex [CpRuU P(O)(OMe}} 3]-Si (Cp* = 1°-CsMe4Et) (7)
mixture of mono- and diprotonated form. Thus the secald p  is one of the yet rare examples of a structurally characterized
value of H1 must be comparable to that of the alcohol ROH. hexa-oxygen-coordinated silicium in a molecular compound. As
Whereas for HL the NMR spectra are sharp and of highest for the BPh derivativeb, Si and Nb derivatives are also air-
possible symmetry, this is not the case for e.g. Na salts. All stable compounds, insensitive to solvents, and of good thermal
three signals in théH NMR of Nala in CsDe are broad, stability.
indicating some unsymmetrical structure. There is no clear The product formed from §id (with phenyl groups at P)
temperature variation of line width within the limited temper- and PhBG) was 1dBPh (c), which was, as expected, largely
ature range accessible in the system. A trimeric structure with analogous to the OR derivatives. A somewhat different course
unsymmetrical oxygen coordination has been found in crystalline took the reaction between TiZ2THF and Nald (Scheme 4).
Na[CpCd PO(OEt}} 3]° and as indicated by the NMR spectra In this case no kTi complex was found in the reaction mixture.
such unsymmetrical coordination also pertains tgINeDbvi- NMR and IR spectra show the formation of a tripod complex
ously, coordinative exchange between oxygen sites in solventswith v(P=0) andd(P=0) both shifted to smaller (907 cr
such as benzene is slow enough to prevent symmetrization. and greater (576 cm) wavenumbers respectively compared
Complex Formation. As has been showrtripod ligands to the free ligand (Table 1) indicative of complexationlotfo
are acting as efficient complexing agents toward main group an electrophilic cation fragment. The product contains chloride,
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Scheme 4
_l )
Ph, Cl Ph,
| 2 Na P=—0 cl \ o—FP
R TiCl,2THF _ R{,_pto\_aﬁ/ \Ti__/O;p\\Ru#
Ph, P \ P Ph, . Ph, \\ S N
|| ppn, || P:O/ cl \O:P
o | o] Ph, Cl Ph,
o]
Na,1d
hydrolysis // -
= LTi TiL
ii a7
o]
LTl\O/TlL
H
9

and elemental analysis of the orange crystals separated frombridging oxygen in a T+O cluster molecule has hitherto only
toluene were in accord with thgpresumably dimerieformula been found in (CpTiQJus-O)s!? where oxygen atoms are
[(75-CsMes)RU PO(Ph)} 3TiCly)»*C7Hsg (8). Attempted purifi- bridging faces of a (CpTiQ)octahedron. The coordination
cation through chromatography over alumina deactivated with environment of Ti in9 is a slightly compressed oxygen
5% water, however, yielded a hydrolysis product, the trinuclear octahedron with inner ligand -©Ti—0O angle of 102.0(3)and
titanyl complex [(>-CsMes)Ru{ PO(Ph)} Ti] 3(u2-0)s(u3-O)Hz bridging oxygen G-Ti—O angle of 98.9(2) Ti—O distances

(9) which was identified and characterized by X-ray structure to P—O and bridging oxygen atoms are equal within error limits.
analysis. Ti—Ti distances are 3.035(3) A and are considered nonbond-

Complex 9 crystallizes in the space grouPa3 with 8 ing.
molecules of the complex and two different solvent molecules  Since in the yellow crystals ¢f all Ti are of oxidation state
(toluene, pentane) in the unit cell. A view of the molecule is |V the molecular formula require two more protons for
given in Figure 1. Three LTi®@units form a regular triangle  electroneutrality which, however, were not located in the crystal
combined by three doubly and one triply bridging oxygen atom. structure and did not show up in the elemental analysis either.
The 3-fold axis runs through the central oxygen O2 and is thus They are most probably bound to bridging oxygen atoms and
the principal axis of the molecular point grogy,. Triply are disordered as to conserve molec@ar symmetry.

The reason no iM complex was formed in this case lies in
a severe steric congestion. When-RZ((7°>-CsMes)) distances
in 9 are compared with those & and7 (and in a wealth of
other ¢°-CsMes)Ru complexe¥), it becomes evident that they
are longer than in any previously investigated case by about
0.09 A. The structure o shows severe steric interference of
PPh with ¢>-CsMes) group. The latter are displaced by 0-32
0.4 A from the Cp plane in the direction away from Ru. Close
contacts between phenyl and methyl groups are documented
by intergroup G:-C distances of e.g. 3.56 and 3.58 A.

In the group 9 tripod series;ILi complexes have been isolated
with Ti'V and TiI" where in particular TY should not be smaller
in size than e.g. Si . Steric interference of phenyl withy¥-
CsMes)-methyl groups prevents formation obTi and offer a
general route to half-sandwich complexegMX with L = 1d.

The easy formation of the (P)Ph-substituted BPh complex
is a further proof of this prediction.

Likewise, a half-sandwich type complex was obtained from
the reaction of H1 with vanadyl sulfate using Btl as proton
scavenger. The blue vanadyl complex Na&JO] (10) was
Figure 1. ORTEP (SCHAKAL) of complex9. Bond distances (A) prepared either from the protonated ligand or from the sodium

and angles (deg): RtP (mean), 2.318(2); FiO1, 1.951(5); T+ 02, salt. In particular it was found in this reaction that starting from
1.998(6); THO11, 1.918(5); T+021, 1.955(5); T+O31, 1.942(5):

P—O (mean), 1.581(6); PRu—P (mean), 85.4(1); O1Ti—O11, (12) Huffman, J. C.; Stone, J. G.; Caulton, W.J5Am. Chem. Sod977,
96.0(2); OF-Ti—031, 86.6(2); O+ Ti—021, 171.7(2); 014 Ti—021, 99, 5829,

89.2(2); O1+Ti—031, 88.4(2); 02+ Ti—031, 87.1(2); T+O1-Ti', (13) Wang, M. H.; Englert, U.; Koelle, UJ. Organomet. Chen993

102.0(3); T-02-Ti’, 98.9(2). 453 127.
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Nalb isolation of the complex from MeOH yielded exclusively

be expeted to act over such a long distance, electronic coupling

the OMe derivativelavVO. Thus exchange of OR groups at P of the carrier metal centers across the Si atom is the only viable
occurs in the complexed ligand as well. The vanadyl complex explanation.

is characterized by a*O vibration at 925 cm! in the IR.

An idea of the influence of &, on the redox transitions of

The paramagnetism leads to somewhat broad signals in thethe complexed metal can be gathered from the compound LVO,
NMR. The compound is air sentitive and of moderate stability 10, A partly reversible wave with a peak separation of 240

in solution and also as a solid.

A further example of a first-row transition metal cation with
electron configurationW° complexed by two molecules in
addition to previously reported1fCo']2~ (11)7 is the CH
complex12 prepared by reaction of Cr&BTHF with Na1b.
Since absorption spectra of 'Crfor most cases are readily

mV and a mean potential 6f0.25 V SCE was observed at the
reductive scan. The oxidative scan gave a mostly irreversible
peak at 0.63 V. Whereas the latter could be eithet'Rwr
VIVV oxidation the reduction peak clearly refers t/V/ with,
however, possibly some chemical transformation at the reduced
V. The measured potential means a stabilization ¥fwg V!

interpreted in terms of ligand field parameters, we hoped to by about 0.6 V through &, as compared to the aqua ion

extract these latter from the UV/vis spectruml@ The visible

VOagt™. (E° for VOag?™/V3* in water is 0.34 V NHE. Since

region of the spectrum in pentane consists of a band with ferrocene™ in water is 0.4 V vs NHE and in e.g. GBI, has

maximum 16 700 cmt (e = 34) with a shoulder at 14 510 crh
(e =19 L/mol cm). Assigning the bands to th&, — *T; and
4A, — 4T, transitions, respectivelyDq is evaluated as 1450

the same value vs an aqueous SCE separated by a frit from the
organic solution, under these conditions NHE potentials in water
can be roughly equated to SCE potentials in organic solvents

cmL. The respective value that has been determined for the of low to medium polarity for large ions such as the complexes

Cd' complex11was 902 cm? the difference being the normal
shift from a dipositive to a tripositive ion. The value Big

dealt with herein.)
Pertinent results were further borne out by the electrochem-

rangesl?”, despite its doubly negative charge and similarly to istry of the mixed valence complexCsMes)Ru{ PO(OEt)} s

group 9 tripodgP*near F (cf. CrRs®~, Dg = 1490 cnmt 19

Ru(@®-CsMes), 4. The neutral compound showed an irreversible

in the spectrochemical series as one of the very weak ligands. aquction at—1.1 V and two irreversible oxidation peaks at

Redox Properties. As one of the key parameters to

0.36 and 1.35 V, respectively. The 0.36 peak is assigndéi' Ru

characterize a ligand system has been identified its influence yjqation and the-1.1 peak to RW" reduction. By comparison

on the redox potential of the central métalUnfortunately none
of the Lb,M complexes ofl allowed unambiguous location of a

with Ru-based potentials indgRu(7°-CsMes) (—0.31 VA) and
Lry, Oxidation states in4 should be partitioned as;¥-Cs-

central metal electron transition in cyclic voltammetry. This Mes)RU'{ PO(OEt}} sRuU" (175-CsMes). Note that Ri resides
may be due to the fact that the ligand itself by its carrier metal ;; the softerand R!' in the harder ligand environment. The

Ru' is more sensitive to redox changes than the rather inert, 51 e of—1.1 V for reduction of RU, albeit the peak potential

Cd" and RH!' tripods?’
RU oxidation was studied in the PhB complexeg-(
CsMes)RU P(O)R} 3BPh, 5a,c (R = OMe, Ph). The cyclic

of an irreversible reduction, can nevertheless be compared to
the same transition inf-CsMes)RuLc,.  The considerably more
negative RU/' potential signalizes a significant stabilization

voltammograms for both compounds are very similar, showing ¢ the RU! oxidation state in a-CsMes)Ru moiety by Ly as

one chemically reversible oxidation wave R, = 0.97 6a)
and 0.845¢) V vs SCE, respectively, which is assigned d/Ru

oxidation. A second oxidation at about 1.3 V is irreversible

and may be attributed to a B transition since no other redox
active atoms are present.

Two chemically reversible oxidation waves were found in

[(17°-CsMes)RU{ PO(OMe)} 3]Si (7) at 0.64 and 0.85 V. They

are assigned to the two Ru centers oxidized from Il to Il in
sequence. The potential shift of about 200 mV between these
chemically identical electron transitions shows the interaction

between Ru centers in,M tripod complexes over a distance

of more than 7 A. Since a mere electrostatic effect would not

(14) Klaui, W.; Eberspach, W.; Glich, P.Inorg. Chem.1987, 26, 3977.

(15) Lever, A. B. P.Inorganic Electronic Spectroscopilsevier: Am-
sterdam, 1984; p. 419.

(16) Lever, A. B. PInorg. Chem.199Q 29, 1271.

(17) EIMurr, N.; Chaloyard, A.; Klai, W. Inorg. Chem.1979 18, 2629.

compared to ko.

Despite this unambiguous assignment of oxidation states to
the two chemically different Ru centers4ra certain degree of
electronic interacton placing the complexes between Robin-Day
class Il and class Il is evident from the properties of the
compound. #%°-CsMes)Ru" complexes are all brown to dark
in color and do not show transitions beyond 450 nm in their
electronic absorption spectra. In contrast is the green color of
4 reminiscent of the symmetrical Rl mixed valence complex
(7°-CsMes)Ru(u-Cl)sRu@z®-CsMes) ! (and similarly other mixed
valence Ru complexes of the same type such as;(dRd(u-
Cl)sRu(NHg)32% which are considered class Il complexes. The

(18) Koelle, U.; Klaui, W. Z. Naturforsch.1991 B36, 75.

(19) Koelle, U.; Kossakowski, J. Organomet. Chen1989 362, 383.

(20) Anillo, A.; Rosete, R. O.; Cole-Hamilton, D. Bolyhedron1987, 6,
1709.



Properties of §°5-CsMes)Ru(PRO):2~ as Ligands

high stabilization of the gRu"(3°-CsMes) center toward
reduction could then be interpreted in terms of partial charge
transfer from the carrier metal Rto RU". The rather cathodic
oxidation potential of the carrier Ruin 4 as compared to
complexess and7 with redox invariant complexed atoms may
in turn be explained by a diminished charge density of Ru
induced through transfer to Ru From the hardness of the PO
stlo-donor in Lo rnit was concluded that there is very little if
any electronic interaction between the''C&Rh" carrier metal
and the oxygen-complexed inner metal idn#n particular the
redox chemistry ot as well as that of clearly shows that in
case of a Rlicarrier metal the-P(OR}O— moieties linking

Inorganic Chemistry, Vol. 37, No. 17, 1998271

constants, but qualitatively complexing properties gf keem

to compare to those ofde. The spectroscopic data placg,L
similar to Lco, among the weak ligands near fluoride in the
spectrochemical series. With the chemically more stable ligand
Lry With R = Ph only one Ig, unit complexes to a metal or
metal fragment, thus leading easily to to mixed ligand com-
plexes. This facet may prove useful for the future development
of a Lry half-sandwich chemistry in analogy to complexes
LcoM(CO), and otherd where Ly, is a strongo-donor well
suited for stabilizing a variety of organometallic fragments
featuring strong acceptor ligands. Nucleophilic exchange at P
can be employed if groups OR different from those of the

three metals in these complexes not only act as geometricalstarting phosphinic acid are desired. The most noticeable feature

spacers but also as an electronic link between metal centers.

Conclusion

Replacement of (Co, Rh, If)by RU' as the carrier metal in
tripod ligands §5-CsMes)M{PR:O} 3~ drastically changes the

of Lry, however, appears to be the ability to stabilize high-
oxidation state metals and nonmetals. Ensuing complexes are
chemically inert and provide a pseudotetrahedral or octahedral
oxygen environment in highly soluble molecular compounds
as was demonstrated with e.gr()eSi.

properties of the ligands as well as the complexes. Whereas

the free ligands in their protonated form or as the alkali metal
salts are less stable than thegolcounterparts being particularly
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parameters are yet available concerning complex formation
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