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A series of new dicationic dihydrogen complexes of ruthenium of the type cis-[(dppm).Ru(z?-H2)(L)][BF4], (dppm =
Ph,PCH,PPh,; L = P(OMe)s, P(OEt)s, PF(O'Pr),) have been prepared by protonating the precursor hydride complexes
cis-[(dppm)zRu(H)(L)][BF4] (L = P(OMe)s, P(OEt);, P(O'Pr)s) using HBF4-Et,0. The cis-[(dppm),Ru(H)(L)][BF4]
complexes were obtained from the trans hydrides via an isomerization reaction that is acid-accelerated. This
isomerization reaction gives mixtures of cis and trans hydride complexes, the ratios of which depend on the cone
angles of the phosphite ligands: the greater the cone angle, the greater is the amount of the cis isomer. The 7?-H,
ligand in the dihydrogen complexes is labile, and the loss of H, was found to be reversible. The protonation
reactions of the starting hydrides with trans PMes or PMe,Ph yield mixtures of the cis and the trans hydride
complexes; further addition of the acid, however, give trans-[(dppm).Ru(BF,)CI]. The roles of the bite angles of the
dppm ligand as well as the steric and the electronic properties of the monodentate phosphorus ligands in this
series of complexes are discussed. X-ray crystal structures of trans-[(dppm).Ru(H)(P(OMe)s)][BF4], cis-[(dppm),Ru-
(H)(P(OMe)3)][BF4], and cis-[(dppm).Ru(H)(P(O'Pr)s)][BF4] complexes have been determined.

Introduction in chelating phosphine ligands wans[(R.,PCHCH,PR;),M-
(7>-H2)(L)] T complexes:* They also used different phos-
phines (dppm, dppe, dppp [F(CH,)sPPh], and depe
[Et.P(CH,).PEL]) in a series of dihydrogen complexes of
the type trans[(P—P)Ru(?>H,)(CN)]* and trans[(P—

The nature of the ancillary ligand environment in a
dihydrogen complex can have a profound effect on the
structure and reactivity of the dihydrogen ligand. A thorough

understanding of the structure and reactivity of the dihydro- PYRUG-H,)(CNH)JZ* and found that these coligands influ-

gen complexes is required for the ra.tllonal design of new ence their stability and reactivitySeveral others have carried
homogeneous metal catalysts. Transition metal complexes

tainina phosoh linands allow f temafi out variations in the cis ligands of [(kRu(z?-Hz)(H)]*
containing pnosphorus coligands alow1or a very systematic complexes to study their influence on the properties of these
study because both electronic and steric properties of the

phosphorus ligands could be varied systematicallie have complexes.

previously shown how the cone angles and shacceptor In 1994, Morokuma et dlreported theoretical studies on
. - . . he nature of the [(PPLRuU“H3"] * fragment ([(P-P)Ru“Hs"] *
properties of certain phosphorus ligands influence thet e nature of the [(PPRRu"HS ™ fragment ([(P-PERu"Hy]

= = [(P—P)Ru(H)@*H)]*; P—P = dppb, diop, dpmb, dppe)
structure and reactivity dfans[(dppe}Ru(>-Hy)(L)][BF 42 . . ; ;
complexes (dppe= PhPCHCH,PPh: L = phosphite}. and concluded that with an increasing bite angle of the
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diphosphine the complexes change from trans hydrido Table 1. Numbering Scheme for the Complexes

dihydrogen to trihydride and to cis hydrido dihydrogen N . P o P 2

nplexes. Chaur 2 the preparat R
™

complexes. Chaudret et@tecently reported the preparation

of [(diphosyRu(H)(#»?-Hy)]* (diphos= thixantphos, sixant- "

M M] ['\Illl M]
L L L

phos; both have xanthene-like backbones; bite anfles,
103.1 and 1025 respectively) in which the hydride and compd. no. - compd. no. - compd. no. - compd. no.  compd. no.  compd. no.
the dihydrogen ligands were found to be in cis conformation, trans-1H
in agreement with Morokuma’s prediction. These results POMe» tens2H  cis2H - trans2H;  cis2H,  transZHD - cis2HD
show that the tuning of one steric parameter (in this case, P©B% a3 cis3H a3, cic3t,  tans3HD - cis3HD
the bite angles of the diphosphine ligands) bears a remarkable?©@?» s cis4H  tmsdi®  cisdls®  twrans4HD" - cis-4HD"
influence on the electronic properties of these complexes, M tnsSH csSH - tansSH, - cis Sty
To date, such studies dealing with the effect of geometrical ™™ e 6 sl cis6Hh
changes on the nature and reactivity of the hydrogen & =7

cl trans-8H* trans-8H," trans-8HD ¢

complexes are very few.
The chemical shifts of théP nuclei of the chelating a[M] = (dppm}M fragment.b L = PF(OPr),. ¢ Neutral.d +1.

phosphine rings experience large upfield shifts upon com-

plexation with metal with increase im® A steric effect was Experimental Section

observed in the square plandetrahedral equilibrium of

[PhZP(CHQ)”PPh]N'XZ complexes? Ruthenium comp_lexes or Ar atmosphere at room temperature using standard Scfténk
bearing the fragment [(dppaBu] have been the subject of 54 inert-atmosphere techniques unless otherwise noted. Solvents
current interest due to the ability of the dppm ligands to serve ysed for the preparation of dihydrogen complexes were thoroughly
either as chelates or as monodentate ligands via bindingsaturated with either for Ar just before use. CHGWwas purified
through only one P atom to a metal or as bidentate ligandsusing standard procedur&s.Although sufficient measures were
bridging two metal atom3112 taken to ensure that the CHQlolvent was free of acid and other
The objective of this work is the synthesis of dihydrogen impurities, it was found to have small amounts of acid impuritfés.
complexes of ruthenium bearing only phosphorus coligands The NMR spectra were obtained using an AMX Bruker 400 MHz
of the type [(dppmRu(?-H2)(L)][BF 42 (L = phosphite or spectrometer. The shift of the residual protons of the deuterated
phosphine); in addition, we wish to compare the present solvent was used as an internal r(_aference. Variable-temperature
results with those of analogous dppe-containing derivatives P0!on T» measurements were cartied out at 400 MHz using the
that we reported earliérto understand the effect of the inversion recovery method. The *P{*H} NMR spectra were

. . . . measured in CECI, relative to 85% HPQO, (aqueous solution) as
smaller bite angle of the chelating phosphine ligands on the an external standard aReE NMR spectra with respect to CFCI

structure-reactivity behavior of these complexes. We also  gjemental analyses were carried out using a Heraues CHNO Rapid
intend to prepare dihydrogen complexes that are capable Ofgjemental analyzer. Bis(diphenylphosphino)methane (dppois;
activating b in a heterolytic manner; one could achieve this [(dppm)yRuCk],'® andcistrans[(dppmyRu(H)]'7 were prepared

General Procedures All reactions were carried out under, N

by having strongmz-acceptor ligands trans to the?-H, by literature methods. The numbering scheme for the compounds
moiety. reported in this work is summarized in Table 1.

In the current work, we have attempted to carry out  Preparation of trans-[(dppm).Ru(H)(L)][BF 4] (L = P(OMe);
protonation reactions of a series of hydride complerass- (trans-2H), P(OEt)s (trans-3H), P(OPr)s (trans-4H), PMes
[(dppmRRu(H)(L)][BF4] (L = P(OMe) (cone angled = (trans-5H), PMe,Ph (trans-6H), CHsCN (trans-7H)). All of these
107), P(OEt) (6 = 109), P(OPr); (0 = 13C°), PMe; (6 = compounds were prepared using similar procedures. The preparation

118), and PMePh @ = 122°)) with HBF,-Et,O. We found of tr.anerH only is described here: To a GEl, (10 mL) solution ‘
that )these hydrideé in the )p)resencesdAf eéuiv of HBR: of cigtrans[(dppm)RuH;] (0.200 g, 0.2 mmol) was added 1 equiv

ELO | ; . hvdrid lexas|(d (32 uL) of 54% HBF-Et,O. To this solution containing theans
10, isomerize to give neW. _y rnae cpmp em[( ppm)- [(dppmYRu@y>Hy)(H)][BF 4 (trans1H) complex was added P(OMge)
Ru(H)(L)][BF4]. Further addition of acid to theis-[(dppm)-

) (0.04 mL, 0.3 mmol) dropwise. The reaction mixture was stirred
Ru(H)(L)][BF4] complexes afforded theis-[(dppm}Ru(;* for only 1 min after which time Bwas introduced and the volume
H2)(L)][BF 4] complexes. These are the first examples in this increased to ca. 30 mL by adding @Bi,. Addition of excess
class of complexes wherein the kjand and a monodentate  petroleum ether caused the precipitation of a cream colored product
phosphorus ligand are in cis conformation.

(13) (a) Shriver, D. F.; Drezdon, M. Athe Manipulation of Air-Sensite

(8) Kranenburg, M.; Kamer, P. C. J.; van Leeuwen, W. N. M.; Chaudret, Compounds 2nd ed.; Wiley: New York, 1986. (b) Herzog, S.;
B. Chem. Commurl997 373. Dehnert, J.; Luhder, K. InTechniques of Inorganic Chemisfry
(9) (a) Grim, S. O.; Briggs, W. L.; Barth, R. C.; Tolman, C. A.; Jesson, Johnassen, H. B., Ed.; Interscience: New York, 1969; Vol. VII. (c)
J. P.lnorg. Chem.1974 13, 1095. (b) Garrou, P. Hnorg. Chem. Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R.
1975 14, 1435. Vogel's Textbook of Practical Organic ChemistBgh ed.; Longman:
(10) McGarvey, J. J.; Wilson, J. Am. Chem. Sod.975 97, 2531. Singapore, 1996; p 399. (d) The concentration of the acid impurity
(11) (a) Puddephatt, R. CThem. Soc. Re 1983 12, 99. (b) Chaudret, B.; (HCI) was found to be approximately 4 10-7 M.
Delavaux, B.; Poilblanc, RCoord. Chem. Re 1988 86, 191. (14) Hamilton, D. G.; Crabtree, R. H. Am. Chem. S0d988 110, 4126.
(12) (a) Szczepura, L. F.; Giambra, J.; See, R. F.; Lawson, H.; Janik, T. (15) Hewertson, W.; Watson, H. R. Chem. Socl1962 1490.
S.; Jircitano, A. J.; Churchill, M. R.; Takeuchi, K. lhorg. Chim. (16) Chaudret, B.; Commenges, G.; Poilblanc,JRChem. Soc., Dalton
Acta 1995 239, 77. (b) Ruiz, J.; Mosquera, M. E. G.; Riera, V. Trans 1984 1635.
Organomet. Chenil997, 527, 35. (c) Winter, R. F.; Scheiring, TZ. (17) Hill, G. S.; Holah, D. G.; Hughes, A. N.; Prokopchuk, E. Morg.
Anorg. Allg. Chem200Q 626, 1196. Chim. Actal998 278 226.
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trans[(dppm)Ru(H)(L)][BF 4 Complexes

Table 2. H NMR Spectral Datad) for trans[(dppm)Ru(H)(L)][BF4] Complexes in CRCl,

compd no. O(Ru—H) J(H,Pyand, Hz J(H,Peis), Hz O(CHy) o(L) J(H,E), Hz o(Ph)

trans-2H —5.31 (d gnt, 1H) 106.8 21.0 4.90 (m, 2H) 2.60 (d, 9H) 2.0 6.96-7.69 (m, 40H)
4.46 (m, 2H)

trans-3H —5.51 (d gnt, 1H) 104.1 21.0 4.81(m,2H)  3.00(q, 6H) 8.0 6.84-7.40 (m, 40H)
4.53 (m, 2H) 0.40 (t, 9H)

trans-4H —6.53 (d gnt, 1H) 105.0 215 4.69 (m, 2H) 4.26 (m, 3H) 8.0 6.81-7.51 (m, 40H)
4.12(m,2H)  0.54(d, 18H)

trans-5H —6.20 (d gnt, 1H) 50.0 21.0 4.80 (m, 2H) 0.43 (d, 9H) B8.0  6.94-7.48 (m, 40H)
4.58 (m, 2H)

trans-6H —6.39 (d gnt, 1H) 52.0 21.0 4.73(m,2H)  0.62(d, 6H) 8.0  6.55-7.39 (m, 45H)
4.50 (m, 2H)

trans-7H —11.93 (qnt, 1H) 19.0 4.40 (m, 2H) 1.13 (s, 3H) 7-04.35 (m, 40H)
4.91 (m, 2H)

AE=P.PE=H.

Table 3. 3'P{'H} NMR Spectral Datad) for manually separated from the trans isomer (colorless crystals). The

trans|(dppmpRu(H)(L)][BF4] Complexes in CBCl, isomerizations ofrans-3H, trans-4H, trans-5H, andtrans-6H were
compd no. P(L) P(dppm) J(P,P), Hz also carried out using this methotdd NMR of the products in
trans2H 136.6 (qnt, 1P) “12(d 4P) 332 CD.Cly: (a) L = P(OEt), mixture oftrans andcig[(dppm)zRu-
trans-3H 135.9 (gnt, 1P) -1.3(d, 4P) 333 (H)(P(OEtR)][BF 4 (trans- andcis-3H) complexes in a ratio of 3
trans-4H 133.3 (gnt, 1P) -3.5(d, 4P) 32.7 and 97%; (b) L= P(OPr), the cis isomer, 100%gis-4H complex
Ifaﬂsg: —fig-g Eqn:. igg —gg Eg- jgg ggg crystallized from a CkLCl, solution via diffusion of petroleum ether;
rans- —15.8 (gnt, -3.5(d, . — ; ; o/
trans7H —1.4(s. 4P) (c) L = PMs;, ratio of trans to cis, 42 to 58%; (d) £ PMePh,

. ) 41% trans to 59% cis. The NMR data for these compounds are
that was washed several times with more petroleum ether and theng, nmarized in Tables 4 and 5.

dried in vacuo. Yield: 0.200 g, 81%. Anal. Calcd foksHs4 .
BF,OsPsRU-CH,Cly: C, 55.59; H, 4.83. Found: C, 56.00; H, 5.13. _ Method B. To a CHCA solution (7 mL) oftrans2H (0.100 g,
. i 0.09 mmol) under K atmosphere was added 1 equiv (A3 of
Yield of trans:3H): 80%. Anal. Calcd for GeHeoBF.OPRU- HBF4Et,0. This solution was stirred for 1 min, and»Bt (2 mL)
0.5CHCly: C,58.19; H, 5.27. Found: C, 58.25; H, 5.43. Yield of 4= P S
trans4H: 85%. This product contained certain impurities, and and excess pe_troleum ether were added. The preupltated product
' ) ' was washed with EO and petroleum ether and dried in vactid.

purification procedures resulted in its partial decomposition. Anal. . . .
Calcd for GgHeBF,OsPRU-0.5CHCl: C, 59.14: H, 5.59. NMR spectrum indicated the presencedrahs-2H (minor) andcis-
2H (major) complexes.

Found: C, 59.91; H, 5.57. Yield dfans5H: 84%. Anal. Calcd ] i
for CogHsBFsPsRU: C, 61.58; H, 5.27. Found: C, 61.24; H, 5.12, _ Protonation Reaction oftrans-[(dppm).Ru(H)(L)I[BF 4] (L =
Yield of trans-6H: 78%. Anal. Calcd for GHseBF4PsRu-CH,Cly: P(OMe); (trans-2H), P(OEt); (trans-3H)). A 12 mg portion of

C, 60.02; H, 4.95. Found: C, 60.49; H, 4.89. Yieldtains 7H: trans{(dppmpRu(H)(L)I[BF,] was dissolved in 0.9 mL of Cp
84%. Anal. Calcd for GH.BF.NP,RU: C, 62.54: H, 4.84. Cl, in an NMR tube. This solution was freezpump-thaw
Found: C, 62.18; H, 4.99. The presence or absence of solventdegassed and then purged withghs for 5 min. Upon addition of
molecules in the samples was ascertained by recording Heir 1 €quiv of HBR-EtO (1.8uL for L = P(OMe); 1.4ul forL =
NMR spectra in CDGJ and measuring the integrals for the £H P(OEt)g) _thelH NMR spectrum evidenced the formatlon of the cis
Cl, (6 5.3) of solvation (if present) with respect to the dpptGH, isomer.cis-[(dppm}Ru(H)(L)[BF4] (L = P(OMe}; (cis-2H), P(O-
signal. The integrals reproduced fairly well for multiple samples Et)s (Cis-3H)). Thereafter, the acid was added in small increments.
of the same compound. The NMR data are summarized in TablesAddition of excess acid gave a mixturetodns andcis-dihydrogen

2 and 3. Characterization data foans-[(dppm)Ru(?-H,)(H)]- complexes [(dppmRu@*Hz)(L)][BF 42 (L = P(OMe} (trans-2H,

[BF,] (trans-1H) are as follows!H NMR (CD.Cl,): ¢ —6.63 (qnt, and cis2Hp); P(OEt} (trans3H, and cis-3H)), respectively.
1H, Ru-H, J(H,Ps9 = 18.7 Hz); —2.34 (br s, 2H;%H,), 4.10 Characterization data farans-2H, are as follows!H NMR (CD»-

(M, 2H, PGH,P), 4.54 (m, 2H, PE,P), 6.28-7.79 (m, 40H, Ph,). Cly): 6 —3.07 (d, 2H, Rur#>Ha, J(H2,Prand = 50 Hz). Signals
31p NMR (CD;Clo): 6 —0.03 (s, 4P, PAPCH,PPhy). Ty (400 MHz, due to other moieties could not be assigned with confidefige.
CD.,Cl,, 298 K): 5%-H, ligand, 17.3 ms;j(H,D) = 29 Hz, duy = {*™H} NMR (CD.Cl,): 6 116.25 (gnt, 1PP(OMe)s, J(P,P)= 41.8
0.94 A; hydride ligand, 216 ms. Hz), —10.01 (d, 4P dppm). Characterization data fdrans-3H,

Isomerization of trans-[(dppm)Ru(H)(L)][BF 4 (L = P(OMe)s are as followsH NMR (CDClp): 6 —3.11 (br d, 2H,p*H,,
(trans-2H), P(OEt); (trans-3H), P(OPr); (trans-4H), PMe; J(H2,Prang = 43 Hz). Signals due to other moieties could not be
(trans-5H), PMe,Ph (trans-6H)). Method A. A CHCl; solution assigned definitively. 3P NMR (CD.Cl): ¢ 114.5 (gnt, 1P,
(30 mL) of trans-2H (0.150 g, 0.13 mmol) was refluxed for 20 h  P(OEt)), J(P,P)= 40.2 Hz),—10.8 (d, 4P, PA#PCH,PPH).
and then cooled to room temperature, filtered, and concentrated. Protonation Reaction oftrans-[(dppm).Ru(H)(L)][BF 4] (L =
Addition of EtLO (2 mL) and excess petroleum ether caused the P(O'Pr)s (trans-4H)). The protonation ofrans-4H was carried out
precipitation of a mixture otrans2H and cis-[(dppm)Ru(H)- in a manner similar to that dfans-2H. Upon addition of 1 equiv
(P(OMe))][BF4 (cis2H) complexes.'H NMR spectroscopy of 54% HBREt,O new hydride complexes were formedis-
evidenced the presence of the trans and the cis isomers in a ratid(dppmyRu(H)(P(OPr))][BF 4] (cis-4H) andtrans[(dppm)Ru(H)-
of 19:81. The product was washed with@tand petroleum ether  (PF(OPr))][BF4]. When excess acid was adderins[(dppm)-
and then dried in vacuo. Yield: 0.090 g. It was crystallized from Ru@?-H,)(PF(OPr))][BF 4> (trans-4H,) and cis-[(dppm)Ru(;?

a CHCI; solution containing a few drops of toluene and P(OMe) H,)(PF(OPr))][BF4. (cis4H,), respectively, were obtained.
via diffusion of petroleum ether over a period of several days at Characterization data fotrans4H, are as follows.!H NMR
room temperature. The cis isomer (pale orange crystals) could be(CD,Cl,, rt (room temperature)):0 —2.94 (br d, 2H,7?-H,,
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Table 4. H NMR Spectral Datad) for cis-[(dppm)Ru(H)(L)][BF4 Complexes in CBCl,

compd no. O(Ru—H)2 J(H,Pyang, Hz J(H,Peis-ay), HZ o(L) J(H,E), Hz O(CHy) o(Ph)

cis-2H —8.51 (1H) 68.0 8.5 3.07 (d, 9H) 20 5.95 (m, 4H) 6.577.81 (m, 40H)

cis-3H —8.49 (1H) 68.0 10.2 3.43 (m, 6H) cg 5.90 (m, 4H) 6.63-7.70 (m, 40H)
0.68 (t, 9H)

cis-4H —8.52 (1H) 80.4 9.0 4.27 (m, 3H) 82 5.62 (m, 4H) 6.46-7.90 (M, 40H)
0.8 (dd, 18H) 8

cis-5H —8.73 (1H) 82.0 9.5 0.76 (d, 9H) c4 5.95 (m, 4H) 6.73-7.79 (M, 40H)

cis-6H —8.35 (1H) 92.4 15.0 1.00 (d, 6H) c4 5.74 (m, 4H) 6.42-7.80 (M, 45H)

a XABCDM spin systemPE = P.¢E = H.

Table 5. 3P NMR Spectral Daa(o) for cis-[(dppm)yRu(H)(L)][BF4 Complexes in CRCl,

O(Pw) (I(Pw,Pe); 6(Po) (I(Po,Pc); o(Pc) o(Ps)
compd no. J(Pw,Paviac,op HZ)) J(Po,Pav(a M), HZ)) (I(Pc,Pava,z,m), HZ)) (J(Ps,Pava.c.0y H2)) O(Pn)
cis-2H 144.1 (353.5; 36.4) 3.6 (233.3;17.4) —3.7 (22.6) —10.5(15.7) -16.3
Cis-3H 139.4 (350.7; 21.9) 4.7 (230.0; 17.2) —4.7 (22.7) —11.7 (16.1) -16.2
cis-4H 134.7 (353.3; 25.5) 2.3(235.0;17.4) —3.4(22.6) —11.0(15.6) —19.3
cis-5H 6.1 (240.0; 21.1) —6.1 (205.0; 20.0) —12.6 (22.0) —3.2(20.0) —-17.3
Cis-6H 3.0 (230.0; 19.9) 0.9 (221.0; 23.5) —4.9 (24.9) —4.8 (22.0) —-19.4

a ABCDM spin system.

Table 6. 'H NMR Spectral Datad) for cis-[(dppm)Ru(;3-Hz)(L)][BF 4] Complexes in CBCl,

compd no. O(Ru—(n?-Hy)) o(L) J, Hz O(CHy) o(Ph)
cis-2H, —4.88 (br s, 2H) 3.17 (d, 9H) 12(P,H)) 5.65 (m, 4H) 6.607.93 (m, 40H)
cis-3H, —4.81 (brs, 2H) 3.61(q, 6H) &(H,H)) 5.62 (M, 4H) 6.69-7.98 (m, 40H)
0.85 (t, 9H)
cis-4H, —4.57 (br s, 2H) 4.50 (m,2H) 6J(H,H)) 5.88 (m, 4H) 6.86-7.95 (M, 40H)
0.87 (d,12H)

Table 7. 3P NMR Spectral Datad) for cis-[(dppm)Ru@?-H2)(L)][BF 4] Complexes in CBCl,

compd no. O(Pw) O(Po) O(Pc) O(Pg) O(Pa)

cis-2H2 124.3 —16.7 —-21.0 —23.6
J(Pm,Pc) =350.8Hz J(PCyPaV(A.B,M)) =28.0 Hz J(PByPaV(A.C.M)) =24.1Hz J(PAyPav(B,C,M)) =248 Hz
J(Pm,PaV(A,B)) =35.2 Hz

Cis-3H2P 120.2 —9.6 —17.8 —19.4 —22.9
J(Pu,Pa) = 34 6.0 Hz J(Pp,Pc) = 204.0 Hz
J(PM,Pav(B,C,D)) =349 Hz

Cis-4HP 124.6 5.9 —14.6 —22.6 —26.9
J(Pv,Ps) = 40 0.0 Hz J(Pc,Pa) = 258.0 Hz

J(Pwm,F)=1160.0 Hz
a ABB'CM spin system? ABCDM spin system.

J(H2,Prand = 46.8 Hz), 0.74 (d, 12H, CH(83),, J(H,H) = 6 Hz), (cis-5H), PMePh (is-6H)), trans[(dppm)Ru(;?-Hy)(H)][BF4]

4.59 (m, 2H, G(CHs)y), 6.23 (m, 4H, E,). 3P NMR (CD.Cl,, (trans-1H), trans[(dppm)yRu@;?-H,)(C)][BF 4] (trans-8H,), andcis-

rt): 0 —1.27 (d, 4P, P¥PCH,PPh, J(P,P)= 34.3 Hz), 121.5 (d [(dppm)Ru@?-Hy)(L)][BF 42 (L = PMe; (cis-5H,), PMePh (is-

gnt, 1P,PF(OPr),, J(P,F)= 1120.0 Hz). 6H,)) complexes. When ca. 10 equiv of acid was added, no signals
Preparation of the Dihydrogen Complexegrans-[(dppm).Ru- were found in the hydride region of the spectrum except that of

(n>H)(L)I[BF 42 (L = P(OMe); (trans-2H,), P(OEt); (trans- the trans-8H, complex. The3'P NMR spectrum, in addition to

3Hy), PF(OPr); (trans-4Hy)) and cis-[(dppm).Ru(n?-Hy)(L)]- indcatingtrans-8H,, showedtrans[(dppm)Ru(BF;)CI] (trans-9)

[BF4]2 (L = P(OMe)s (cis-2Hy), P(OEt)3 (cis-3Hy), PF(OPr), (cis- (37%) and free ligand. The presence of the boung iBBiety was

4H,)). Similar procedures were employed for the preparation of confirmed using'®F NMR spectroscopy in the presence of a large

these derivatives. A 12 mg portion wans[(dppm)Ru(H)(L)][BF4] excess of acid. Characterization data fans9 are as follows.

was dissolved in 0.9 mL of Ci&l, in an NMR tube, and the 31P NMR (CD.Cly, rt): 0 12.5 (br s, 2P);-17.8 (t, 2P). The signal

solution was degassed. Then it was purged witlgés for 5 min. at 12.5 ppm sharpens to a triplet at 2238 NMR (CD,Cl, rt):

Addition of ca. 8 equiv of HBFEt,O (15uL for L = P(OMe}); 0 —132.3 (s, 4F, RuBF,), —150.5 (br s, free BF). Attempts to

14 uL for L = P(OEty; 16 uL for L = P(OPr)) gave the measure th&; andJ(H,D) for [(dppmhRu@?-Hy)(L)][BF 42 (L =

dihydrogen complexes which were characterized using NMR PMe;, PMePh) complexes failed due to the high lability of the

spectroscopy. The NMR data for these complexes are summarizeddihydrogen ligand in these complexes.

in Tables 6 and 7. Protonation Reaction of cis/trans[(dppm).Ru(H),]. To an
Protonation Reactions oftrans-[(dppm).Ru(H)(L)][BF 4] (L NMR tube charged with 15 mg a@fis/trans[(dppm)Ru(H),] was

= PMe;s (trans-5H), PMe;Ph (trans-6H)). The protonation reac-  transferred CBCl, (0.9 mL) saturated with Ar or Hjust before

tions of these complexes were carried out in @ manner similar to inserting the tube into the NMR probe; this was done due to the

that oftrans-2H. Upon addition of 1 equiv of HBFE$,O (1.6 uL instability of the dihydride complex in CITI, for long periods of

for L = PMe;; 1.8 uL for L = PMePh) thelH NMR spectrum time. ThelH NMR spectrum showed the presence of a small

evidenced the formation afs-[(dppm)Ru(H)(L)][BF4] (L = PMe; amount oftrans[(dppm)Ru(H)(CI)][BF,] (trans-8H). Addition of

190 Inorganic Chemistry, Vol. 42, No. 1, 2003
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ca. 1 equiv of 54% HBFELO (2.6 uL) gavetrans[(dppm)Ru-
(7%-H2)(H)][BF 4] (trans-1H) along with somerans-8H,. Addition
of further acid resulted in the disappearancé&ahs-1H; however,
the trans-8H, remained intact. Thé’P NMR spectrum of this

Table 8. Crystallographic Data for

trans[(dppm)Ru(H)(P(OMe))][BF 4] (trans2H),
cis-(dppm)Ru(H)(P(OMe})][BF4] (cis-2H), and
cis-[(dppm}Ru(H)(P(COPr))][BF 4] (cis-4H)

mixture was identical to that afans-9 observed in the protonation trans2H cis-2H cis-4H
of the PMg and PMePh hydrides. In the presence of excess acid, formula G4Hs6BCloFs- CsaHs3BF4- CsoHeBF4-
the signals due trans-9 broaden as well as shift slightly downfield. OsPsRu OsPsRu OsPsRu

Preparation of trans-[(dppm).Ru(?H2)(CN][BF 4 (trans- 1165.61 1080.68 1161.82

P | ppm)2Ru(p =, 4 cryst syst monoclinic triclinic monoclinic

8Hy). A 15 mg portion oftrans[(dppmyRu(H)(CI)] (trans-8H) space group  P2i/c P1 P2y/n
dissolved in 0.7 mL of CBCl, in an NMR tube was degassed and a A 10.21610(10) 9.77640(10) 12.5092(3)
then saturated with Ar or # Then ca. 1 equiv of HBFELO (2.2 b, ﬁ 24.6584(3) 15.0833(2) 33.9863(7)
uL) was added. The dihydrogen complex was characterized using g deg 282909‘27740((21)0) 2705'7725300(10) ;3.3295(2)
NMR spectroscopy. Characterization datatfans-8H, are as fol- ﬁ: deg 91:3580(10) 76:1020(10) 92. 4970(10)
lows.™H NMR (CDCly): 6 —9.07 (br s, 2Hp?Hz, J(H2,Puis) = v, deg 90.0780(10) 77.1270(10) 89.9820(10)
6 Hz (HD isotopomer)), 4.54 (m, 2H, RGP), 5.04 (m, 2H, Vv, A 5552.45(10) 2831.23(5) 5495.89(19)
PCH,P), 6.31-7.89 (m, 40H, Phy). 3'P NMR (CD,Cly): 6 —6.57 4 4 2 4
(s, 4P, PBPCH,PPhy). T; (400 MHz, CDCly, 298 K): 72-H; ligand, 2 glen? ;9339(‘2‘) }320?3) 113‘})‘2‘2‘)
15.87 ms;)(H,D) = 26 Hz,duw = 0.99 A. 2R 0.710 73 0.710 73 0.710 73

IH NMR Spin —Lattice Relaxation Time Measurements The wu, mmt 0.577 0.469 0.489

i i i - 2. } Ra 0.0536 0.0635 0.0386

dihydrogen ligand in the complexeass-[(dppm)Ru(?-H)(L)] A 01192 0,203 0.0780

[BF4]2 (L = phosphite or phosphine) artcans-[(dppm)Ru(;?-
H,)(L)I[BF 4], were found to be quite labile. Although variable- 2R = X(|Fol — |Fcl)/Z|Fol; Ry = [ZW(|Fo| — |Fcl)72WIFo|7"? (based
temperaturel; measurements were carried out, precise values of ©n reflections withl > 2o(f)).

T1 could not be obtained because the data were rendered unreliable Orabi L .

by the high lability of the H ligand. Therefore, we report here SADABS progrgml, taking the merged reflection file obtained from
(Table 10) only the room-temperatufgdata for all the complexes. SAINT as the input. The correct Laue group of the crystal was

These measurements were carried out within few minutes of the chosen for the gbsorptlon gorrectlon. The Rglues before and
generation of the dihydrogen complexes. The sfigralues for after the absorption corrections were respectively 0.1 and 0.0688,

our complexes evidence the intact nature of theHbond in these O_'0433 and 0.0338, and 0.56 and 0.0481tfans2H, cis-2H, and
derivatives. cis-4H. The phase problem was solved by the Patterson method,

Observation of the H-D Isotopomers The HD isotopomers and the non-hydrogen atoms were refined anisotropically, by means

were obtained as follows: (a).®as was purged through a @D of fuII-nnglt::x Ieast-sguarss prr]ocedures hu5|r'lg the S?EIaXTla
Cly solution oftranscis{(dppmyRu-Ha)(]IBF s (L = P(OMe) pr;_:_;gr::lj ¥ t at_omlf other than those on ruthenium were fixed an
(trans2HD andcis-2HD), P(OEt} (trans-3HD andcis-3HD)) for refined 1sotropicatly.
ca. 10 min. (b) Excess DBFEL,O (prepared from HBFEt,O and
DO in a 3:1 ratio) was added to a @Cl, solution of trans
[(dppmpRu(H)(L)][BF,] (L = P(COPr) (trans-4H)) (12 mg)tis/
trans[(dppm)Ru(H)] (12 mg)trans[(dppm)Ru(H)CI] (trans-8H)
(12 mg). The H-D isotopomers formed were observedibyNMR
spectroscopy.

X-ray Structure Determination of trans-[(dppm).Ru(H)-
(P(OMe))][BF 4] (trans-2H) and cis-[(dppm).Ru(H)(L)][BF 4] (L
= P(OMe); (cis-2H), P(OPr); (cis-4H)). Suitable crystals dfans
2H, cis-2H, and cis-4H were chosen after examination under a
microscope. X-ray diffraction intensities were measuredscans

using a Siemens three-circle diffractometer attached with a CCDt ically 1 min after the additi f the ph h i d
area detector and a graphite monochromator for the Mo K ypically L min alter the addition ot the phosphorus liganas,

radiation (50 kV, 40 mA). The crystals ofs-2H andcis-4H were otherwise the trans hydrides isomerize to give mixtures of
cooled to 130 K on the diffractometer using a stream of cojd N trans and cis hydride phosphite/phosphine derivatives (see
gas from a vertical nozzle; this temperature was maintained during text later).

the data collection. In the casetodns-2H, the data collection was trans-1H was prepared by reactirms/trans-[(dppm)Ru-
carried out at 298 K. The unit cell parameters and the orientation (H),] with exactly 1 equiv of HBEEt,O in ELO under H
maitrix were initially determined using 80 reflections from 25 frames atmosphere. It was characterized using NMR spectroscopy

collected over a smatb scan of 7.8 sliced at 0.3 intervals. A (see Experimental Sectiofd) For the preparation afans
hemisphere of reciprocal space was then collected using the
SMART softwaré® and @ settings of the detector at 28Data

reduction was done using the SAINT progréhand the orientation Gottingen, Germany, 1993. _

matrix along with the detector and the cell parameters were refined (2°) ﬁ\l(—:il;le/l(;IaiS(OSnGl\/z\}/?rsllgg)S Siemens Analytical X-ray Instruments,
for every 40 frames on all the measured reflections. The crystal (21) Schiaf, M.; Lough, A. J.; Maltby, P. A.; Morris, R. irganometallics
data are summarized in Table 8. An empirical absorption correction 1996 15, 2270.

_ ; ; ; ; (22) The following two references report partial NMR data: (a) Jessop, P.
based on symmetry-equivalent reflections was applied using the G.. Rastar, G.. James, B. Rorg. Chim. Actal996 250, 351. (b)
Aylidn, J. A.; Gervaux, C.; Sabo-Etienne, S.; ChaudretDBjano-

metallics1997, 16, 2000.

Results and Discussion

Synthesis of New Hydride ComplexesThe new ruthe-
nium hydride complexetans[(dppm)Ru(H)(L)][BF4] (L
= P(OMe} (trans-2H), P(OEt} (trans-3H), P(OPr); (trans
4H), PMg; (trans-5H), PMePh trans-6H), CH;CN (trans
7H)) were prepared frortrans-[(dppm)yRu(?-Hy)(H)][BF 4]
(trans-1H) (generated in situ) similar to the preparation of
the analogous dppe hydride derivatives reported Byand
thetrans[(dppe)Os(H)(CHCN)][BF,] by Schiaf et aP! (eq
1). The reaction mixtures have to be worked up rapidly,

(19) Sheldrick, G. M.SADABS User GuideUniversity of Gdtingen:

(18) Siemens Analytical Instruments, Inc., Madison, WI, 1995.
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H
SRR
CH,C,
<P/R|U\P> BF, + H,
Ph, | Phy
P Ph
Pt? T NN
BF, ()
P/Rl“\ s
Ph, |  Ph,

L = P(OMe); (trans-2H)
P(OEt), (trans-3H)
P(O'Pr); (trans-4H)
PMe, (trans-5H)
PMe,Ph (trans-6H)
CH,CN (trans-7H)

[(dppm)}Ru(H)(L)][BF4] complexes (L= P(OR}, PRs, CH;-
CN) the amount of phosphorus/@EN ligand that was
reacted withtrans-1H was based on the concentration of the
starting dihydride complex. All the new hydrides were
obtained in good yields as off-white to dull cream-colored
SOI|IdS' Theg Wel’el pyrlfleq b% CrySta”lzatlor}frorP %Hz-pe- fFigure 1. ORTEP view of tharans[(dppm)Ru(H)(P(OMe))]* (trans-
troleum et _er SO Ut'ons.m the presenpe oraslig t.e_XC?SS 0 2H) cation at the 50% probability level. The phenyl groups on the dppm
the appropriate phosphite or phosphine or acetonitrile in the phosphorus atoms have been omitted for clarity; only one carbon atom of
crystallization mixture in the absence of which the trans €ach of the phenyl groups is shown.

hydrides isomerize with time to give a mixture of the trans rapje 9. selected Bond Lengths (&) and Angles (deg) for

and cis isomers. This means that the trans P ligand is verytrans(dppm}Ru(H)(P(OMe})][BF 4] (trans-2H),

labile in these complexes. cis-{(dppmpRu(H)(P(OMe})][BF 4] (cis-2H), and

The!H NMR spectra of thérans[(dppmyRu(H)(L)][BF4] cis{(dppmpRU(H)(POPTIIBRA (cts-4H)

(L = P(ORY); or PR;) complexes show a doublet of quintets trans2H Cis-2H Cis-4H
for the hydride ligand due to coupling with the trans P Eﬂgi)):ggig 225288 gii?% g-iggggg
(P(OR} or PRy and the four cis P (dppm) nuclei. The g 1) p(3) 2.3347(15) 2.349(2) 2.3380(9)
J(H,Pxang is on the order of 100 Hz for the P(Ofand 50 Ru(1)-P(2) 2.3554(16) 2.316(2) 2.3466(9)
Hz for the trans PRcomplexes. Weand other® observed Euélgpil) f-gsgos(lﬁ) 12-631729(52) 12-(;‘8;‘%(9)
this trend earlier. Th&'P{'H} NMR spectra show a doublet pE5)):oEZ; 1:600553 1:5858 1:605233
(J(P,P)= 23—33 Hz) for the dppm P nuclei due to coupling  P(5)0(3) 1.596(5) 1.605(5) 1.600(2)
with the phosphite/phosphine ligand and a quintet for the Eg)):gﬂg)):ggg gi-gggg; gg%gg; gggzg;
phosphite/phosphine coupled to the four dppm phosphorus pizry(1)-p(3) 71.95(5) 70.89(7) 69.64(3)
nuclei. P(5-Ru(1)-P(2) 95.50(6) 90.20(7) 94.95(3)
Our attempts to prepare the PBRPh, and PCy hydride Eg))jgﬂg)):ggg 182:335,((23 ggﬁ((;)) ggggg))
complexes failed, and the startingans-1H complex was P(4-Ru(1-P(1)  171.84(6) 113.58(7) 107.04(3)

recovered. To understand the steric effects of the dppm

ligand, we carried out an X-ray crystallographic study of pite angles P(BYRu(1}-P(2) and P(3YRu(1)}-P(4) are

trans-2H. 69.59(5) and 71.95(58)respectively. The RuP(dppm) bond
Structure of trans-[(dppm).Ru(H)(P(OMe)3)][BF 4] (trans- lengths vary from 2.3347(15) to 2.3680(16) A while the

2H). The structure ofrans-2H cation is shown in Figure 1. Ru—P distance (P(OMeg) is 2.3153(17) A. The Ru

The cation is made up of a nearly perfect square pyramid P(P(OMe}) bond of thetrans2H complex is elongated by

defined by four coplanar dppm phosphorus atoms and theca. 0.07 A compared to its cis isomer (see later). The plane

P(OMe)} moiety perpendicular to this plane. In addition to of the four dppm phosphorus atomstians-2H is nearly

a discrete [BE]~ counterion a molecule of Gi&l, is also perfect whereas the analogous dppe derivatiseslightly
present. The hydride ligand that occupies the sixth coordina-puckered. The P(HC(13P(2) and P(3)}C(38)-P(4)
tion site on the metal was not located; howevét,NMR bond angles are 92.7 and 95.6(3)espectively, falling in

spectroscopy provides evidence of its presence. The dppmthe lower end of the range of-FC—P bond angles (92

133) that dppm ligand exhibits in its complexes. The

(23) (a) Berger, S.; Braun, S.; Kalinowski, H.-@MR Spectroscopy of  selected bond lengths and angles have been summarized in
the Non-Metallic Element&Viley: Chichester, U.K., 1996; pp 895 Table 9
981 and references therein. (b) George, T. A.; Sterner, Gn@g. aoie 9. ] . .
Chem.1976 15, 165. (c) Garrou, P. E.; Hartwell, G. Ehorg. Chem. Protonation Reaction of the Hydride Complexedrans-

1976 15, 646. (d) Tau, K. D.; Meek, D. W .Ch 1979 18, _
By ) G o e D e o oy 5. [(dppm)RU(H)(L][BF 4] (L = P(OMe)s (trans-2H), P(O-

Organometallics1986 5, 1964. Et)s (trans-3H), P(OPr); (trans-4H)). The hydride com-
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Figure 2. Hydride region of the'H NMR spectrum for the titration of
trans-[(dppmyRu(H)(P(OPr))][BF 4] (trans-4H) with HBF4EtO in CD,-

Cl,. The number of equivalents of acid added with respect to the starting
hydride complex is indicated on the left of each spectrum. Keytréms
[(dppm}Ru(H)(P(OPrR)][BF4] (trans4H); (b) cis[(dppmlRu(H)(P(O-
iPr))][BF4] (cis-4H); (c) trans[(dppmkRu(H)(PF(CPr))][BF4]; (d) trans:
[(dppmYRuU(7%-H2)(PF(OPrY)][BF 42 (trans-4Hy); (e) cis-[(dppmyRu(;?
H2)(PF(OPr))][BF 4] (Cis-4Hy).

Table 10. T; (400 MHz, 298 K) Data for the Dihydrogen Complexes

complex Ty (ms) complex Ty (ms)
trans2H, 15.8 cis-3H2 12.3
Cis-2H, 13.7 trans-4H; 12.9
trans-3H; 14.4 cis-4H; 12.5

plexes were titrated with HBFELO in CD.Cl,. Addition

of 1 equiv of the acid to the hydride complexes transformed
the doublet of quintets into a multiplet pattern in the hydride
region of the'H NMR spectrum. It was apparent from the
coupling constants that the multiplet was due to a cis isomer
cis-[(dppmlRu(H)(L)][BF4]. Further acid addition led to a
broad singlet due teis-[(dppm)Ru(y2-H2)(L)][BF 4]2 (L =
P(OMe}, P(OELt}) complex that increased in intensity with

increasing number of equivalents of the acid. The complete

conversion required 6 equiv of the acid. The isomerization
proceeds slowly in the presence®1 equiv of the acid. In

addition to the broad singlet, a weak broad doublet due to

trans[(dppm)Ru(?-H2)(L)][BF 4]. was also obtained.

In the case otrans-4H, the addition of 1 equiv of acid
affords the cis isomer. A small amount of another hydride
trans[(dppmyRu(H)(PF(CPr))][BF 4] (observation of)(P,F)

’

in the3P NMR), was also seen. We reported the mechanism
of the formation of an analogous dppe-containing species

earlier? The cis-[(dppm}Ru(@;?-H,)(PF(OPr))][BF 4] (cis-
4H,) andtrans[(dppmyRu@;?-H,) (PF(CPr))][BF 4] (trans
4H;) complexes resulted upon addition of more acid (Figure
2). The cone angle reduction (in PERD),) in the otherwise
sterically crowded P(®r); to give thetrans[(dppm)Ru-
(H)(PF(OPr))][BF4] that was observed spectroscopically
seems reasonable. In the cases of the P(@kte) P(OEH

(smaller cone angles) hydrides, no fluorine substitution was
observed. We, however, found that, in all the three cases, a

small amount of cis isomer was already present in solution
before the addition of the acid.

Synthesis ofcis-[(dppm).Ru(H)(L)][BF 4 Complexes (L
= P(OMe); (cis-2H), P(OEt) (cis-3H), P(OPr)3 (cis-4H),
PMe; (cis-5H), PMePh (cis-6H)). The protonation of the
trans hydride phosphite/phosphine complexes with 1 equiv
of HBF4Et,O in CHCL yielded the isomerized derivatives.
Upon workup of the reaction mixture, the products were
obtained as off-white solids containing both the isomers.
Separation of the trans and the cis hydride phosphite
complexes was accomplished via crystallization in the case
of P(OMe} derivative. The cis isomer crystallized as pale
orange crystals whereas the trans one was colorless; thus,
manual separation was possible.

When CHC} solutions of the trans hydrides were refluxed,
they isomerized, the facilities of which are dependent on the
cone angles of the phosphorus ligands: easier for ligands
that have larger cone angles, that is, P(Q > P(OEt) >
P(OMe}.?* '"H NMR spectroscopy of the products showed
the presence of the trans and the cis isomers in ratios of
19:81 (P(OMey), 3:97 (P(OEH), 0:100 (P(CPr)), 42:58
(PMey), and 41:59 (PMgPh), respectively. We have deter-
mined theKeq values for the isomerization using NMR
spectroscopy, and the data have been deposited in the
Supporting Informatior®

The'H NMR spectra of the cis hydride complexes show
multiplet pattern (spin system XABCDM) for the hydride
ligand. The hydride region of the spectrum @$-4H was
simulated using a simulation progr&fwwhich matched the
observed spectrum. The cis conformation was also ascer-
tained from the®P NMR coupling constants (Table %37
In addition, we determined the X-ray crystal structures of
[(dppm}Ru(H)(L)][BF4] (L = P(OMe) and P(CPr)) com-
plexes to prove the cis conformation without any ambiguity.

The trans phosphorus ligands in the hydride complexes

'were found to be labile. We found small amounts of the free
ligand in CHCI, solutions of the trans hydrides as evidenced
by 3P NMR spectroscopy. When these solutions were
refluxed, the trans hydrides isomerized slowly to give small
guantities of the cis isomers over a period of several days.
Addition of free ligand to these solutions suppressed the
isomerization (Scheme 1). However, when the trans hydrides
were refluxed in CHGlsolvent (with traces of acid impuri-
ties), the isomerization proceeded much faster. We monitored
thetrans-2H to cis-2H isomerization in CHGI (with traces

of acid impurities; CDCJ as external lock) in a sealed NMR
tube using®P NMR. A small amount of HP(OMg) (25.0
ppmy3@ was found initially along with some free ligand
(138.4 ppmy32 As the reaction progressed, the integral of
the signal due to free ligand reduced and did not undergo

(24) We are studying the kinetics of the isomerization reactions currently,
the results of which will be published shortly.

(25) We were unable to determine tkgq values for the acid-accelerated
isomerization reactions because some amounts of dihydrogen com-
plexes were also formed in the protonation reactions with HBEO
and not just the two isomers.

(26) Bruker WIN-DAISY, 4.05 version.

(27) Mezzetti, A.; Del Zotto, A.; Rigo, P.; Farnetti, E.Chem. Soc., Dalton

Trans 1991, 1525.
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further change with time. The mechanism thus involves the
trans phosphorus ligand loss that is trapped by some external
acid thereby accelerating the isomerization; some free ligand
still remains in equilibrium that binds back to the metal cis
to the hydride to give the isomerized derivative (Scheme 2).
On the other hand, the HBfEL,O added in the protonation
of the trans hydrides serves to trap the free phosphorus ligand
thus accelerating the isomerization. It must be noted that acid
is not required for the isomerization; however, the presence
of it accelerates the reaction.

In the case of th&rans-4H complex, a competing reaction
takes place in the presence of excess HBEO in CH.Cly:
protonation of the trans phosphite ligand to generate a newFigure 4. ORTEP view of thecis-[(dppmpRu(H)(P(OPr)s)]* (cis-4H)

2. _ cation at the 50% probability level. The phenyl groups on the dppm
trans[(dppm)zRu(n HZ)(PF(OPr)Z)][BF4]2 (trans-4H;) de phosphorus atoms have been omitted for clarity; only one carbon atom of
rivative through the intermediacy ofans[(dppm)Ru(H)- each of the phenyl groups is shown.

(PF(OPr))][BF4]. This hydride complex could not be
isolated; however, it was observed in #iftNMR spectrum. of the structure is théighteningof the Ru(1)-P(5) bond
In the presence of excess acid, ttis-4H complex gives (2.249(2) A) compared to that of the trans isomer (2.3153-

cis-4H, presumably via theis-[(dppm)Ru(H)(PF(OPr),)]- (17) A). The pertinent bond lengths and angles are listed in
[BF4] species which could not be observed spectroscopically. Table 9.
Structure of cis-[(dppm).Ru(H)(P(OMe)3)[BF 4] (cis- Structure of cis-[(dppm).Ru(H)(P(O'Pr)3)][BF4] (cis-

2H). An ORTEP diagram of theis-2H cation is shown in 4H). An ORTEP view of thecis-4H cation is shown in Figure
Figure 3. The structure consists of a severely distorted 4. The structure consists of a severely distorted octahedron
octahedron: three of the four dppm P atoms define a planearound the metal center with three of the four dppm P atoms
whereas the fourth phosphorus is approximately trans to theforming a plane, phosphite and the fourth dppm phosphorus
phosphite ligand that is perpendicular to the plane of the being approximately perpendicular to this plane. The hydride
three dppm P atoms. The hydride ligand that occupies theligand that could not be located completes the sixth
sixth coordination site on the metal was not located. The coordination site around ruthenium. The-RR bond lengths
dppm bite angles P(HRu(1)-P(2) and P(3yRu(1)-P(4) (dppm) are in the range 2.3380(9.4252(9) A whereas the
are respectively 71.40(7) and 70.89(7Jhe notable feature  Ru—P bond distance (P(Pr)) is 2.2924(9) A. The dppm
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18 e AL, Al
< /R“\P> LLHBF;Et,0 /7 | [BE] < / \\P(OEt)3

2. excess P(OEY), P(OEt),

Scheme 3

Ph, Cl Ph, Ph-z P(OEt) th P \/ th
\HBF," Et,0 major minor
Ph, HTH l '
P | titration with P(OEt), T \P(OEt)3
/ | LN [F,] \ [BF] + /
Ph2 ¢ Ph th P(OEt) th th\/ e,
minor major

bite angles P(YyRu(1)-P(2) and P(3)yRu(l)-P(4) are Loss of H takes place in our complex with time; we found
respectively 72.23(3) and 69.64{3)We found that one of  that the loss of Kl is reversible. When kgas is purged
the CH groups on the P(®r); ligand was disordered with  through the solutions, the dihydrogen complexes were
occupancies of 44% and 56%, respectively. The figure showsrecovered.
only one of the orientations. The salient bond distances and Protonation Reaction of the Hydride Complexedrans-
angles are listed in Table 9. [(dppm).Ru(H)(L)[BF 4 (L = PMe;s (trans-5H), PMe,Ph
Reactivity of trans-[(dppm).RuH(CI)] (trans-8H) . The (trans-6H)). The protonation of these complexes in £
trans-8H complex was prepared frooistrans[(dppm)RuH,] with 1 equiv of HBR-Et,O led to the complete disappearance
using a method adapted from literature: the dihydrides are of the starting hydride accompanied by the appearance of
unstable in CHGI upon dissolving in CHG| the hydride cis-[(dppmhRu(H)(L)I[BF4], cis[(dppmlRu(;?-Hz)(L)I[BF 42
chloride complex was obtainéél Protonation oftrans-8H (L = PMe; (cis-5H, cis-5Hy), PMePh (cis-6H, cis-6H,)),
with 1 equiv of HBR-Et,O gave the corresponding dihy- trans[(dppmyRu(p?H,)(H)][BF4] (trans-1H), and trans
drogen complextrans-[(dppm}Ru@z?-Hy)(CI)][BF4] (trans [(dppm)Ru@?-H,)CI][BF 4] (trans-8H,) complexes in théH
8H,). In the context of losing HCI instead of ,Hn its NMR spectrum. Further acid addition resulted in the disap-
reactivity trans-8H, is similar to trans-[(dppe}Ru@?-H,)- pearance of all the species excépins-8H,. When excess
(CD][BF4].* Whentrans-8H was reacted with 1 equiv of the acid was used, two new signals were observed in*tRe
acid in the presence of excess P(QEldppm)yRuH- NMR spectrum assignable ttrans[(dppm)Ru(BR)ClI]
(P(OEt})][BF4] (cis-3H (minor) andtrans-3H (major)) were (trans9) along with that of the free ligand. The pathway to
obtained. The reaction could involve an intermedigté, these species is unclear. In the presence of a large excess
complex that loses HCI. We have not detected the HCI acid, the’’P NMR signals ofrans-9 broaden and at the same
directly. The phosphite attacks the metal on the vacant sitetime move slightly downfield. A similar observation was
generated by the elimination of HCI resulting in [(dppRUYH- made by Morris et at. for [(dppe}RuCl]*. The signal
(P(OEty)][BF4. Whentrans8H was first protonated with  broadening was explained as a monomer to chloride-bridged
1 equiv of acid followed by a titration with phosphite<5 dimer equilibrium as observed for JRu(u-Cl);RuL]?>*
equiv in increments of 1 equiviis-3H was obtained as the (L = PhhPCHCH,-2-pyy® and [(PMg)4Ru(u-Cl)][Cl]2.2°
major product with a small amount of the trans isomer. These H-—D Isotopomers The H-D isotopomers were obtained
reactions are shown in Scheme 3. by exposing thej>-H, complexes to Pgas or by the use of
Protonation Reactions ofcis-[(dppm).Ru(H)(L)][BF 4] DBF,4-Et,0 to deuterate the starting hydrides. Albeniz efal.
(L = P(OMe)s (cis-2H), P(OEt) (cis-3H), P(CPr); (cis- proposed that a combination of the lability and the acidity
4H)). The protonation reactions of mixtures of trans (minor) of the H, ligand is responsible for the isotopic scrambling
and cis hydride phosphite (major) complexes were carried to form the HD isotopomers. Thg-HD ligand was observed
out under an Hatmosphere in CELI, using excess HBf in the 'H NMR spectrum by nullifying the residuaj?-H,
Et,O. When the protonation was carried out in an Ar signal by an inversion recovery pulse sequetiéé.The
atmosphere, signals due to th@-H, complexes cis- spectra exhibit triplet signals for thés-[(dppmpRu@>-HD)-
[(dppm):Ru@?-H,)(L)][BF 42 (L = P(OMe} (cis-2H,), P(O- (D)][BF 4> complexes the intensity ratios of which are
Et)s (cis-3H,), PF(OPr), (cis-4H,)) were not observed. In .
fact no resonances were observed in the hydride region which®®) gﬁ’gfﬁ”%ot gg'légtt%aﬁigl\ggz?z’ggll A.; Zangrando, E.; RigoJP.
could mean that although protonation did take place, the H (29) Jones, R. A.; Real, F. M.; Wilkinson, G.; Galas, A. M. R.; Hursthouse,

M. B.; Malik, K. M. A. J. Chem. Soc., Dalton Tran$980 511.
Ilga_nd due to its lability is gllmlnated unde_r argo? We found (30) Albeniz, A. .. Heinekey. D. M.. Crabtree, R. Horg. Chema991
a singlet at 4.6 ppm assignable to free lih the'H NMR 30, 3632.
spectrum. (31) Bautista, M. T.; Earl, K. A.; Maltby, P. A.; Morris, R. H.; Schweitzer,

1 C. T.; Sella, A.J. Am. Chem. S0d.988 110, 7031.
The'H NMR spectrum of the dihydrogen complex shows (32) Chinn, M. S.. Heinekey, D. M.. Payne. N. G.. Sofield, C. D.

a broad singlet in the hydride region for thy&-H, ligand. Organometallics1989 8, 1824.
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Table 11. Properties of Dihydrogen Complexes of Ruthenium

Mathew et al.

complex Eyp, V2 J(H,D), Hz i, AP stability®
trans[(dppm)Ru(H,)CI™ 2.0 26 0.99 s
trans-[(dppe}Ru(H)Cl]+d 1.8 26 0.99 s
trans-[(dpppkRu(H)CI]* ¢ 1.8 24 1.00 u
trans[(dppmyRu(Hy)H]* 1.9 29 0.94 s
trans[(dppmyRu(H)(P(ORY)]?+ 2.7 32 (R=Me) 0.88 (R= Me) u
30 (R=Et) 0.92 (R= EY) u
cis-[(dppm:Ru(H)(P(ORY)]2" 2.7 29 (R=Me) 0.94 (R= Me) u
26 (R=Et) 0.99 (R= EY) u
trans[(dppe}Ru(Hy)(PF(ORY)]%Hf ne? 29 (R= Me) 0.94 (R= Me) 1d
28 (R=Et) 0.95 (R= EY) i
trans-[(dppmyRu(Hp)(CNH))?+! ned 32.2 0.88 u

a Calculatedg, values of the N complexes'! b Calculated from the(H,D) values of the HD isotopomers using the equation given in ref $4ability
with respect to loss of Hat room temperature (s stable; u= unstable); see ref 41 for definition of categoriéReference 4¢ Reference 39 Reference
2. 9Not available Loss of H starts to occur after ca. 246 h.' Reference 5.

approximately 1:1:1 withJ(H,D) of 29, 26, and 29 Hz for
cis-2HD, cis-3HD, and cis-4HD, respectively. Thdrans
[(dppm)Ru(?-HD)(P(OMe})][BF 4], (trans2HD) andtrans
[(dppmRRu@;>-HD)(P(OEtY)][BF4]2 (trans-3HD) complexes
gave doublets of triplets witll(H,D) of 32 and 30 Hz,
respectively. The HH distancesdun) calculated from the
inverse relationship betweedyy and J(H,D) of the HD
isotopomer®34 are 0.88, 0.94, 0.92, 0.99, and 0.94 A
respectively fottrans-2H,, cis-2H,, trans-3H,, cis-3H,, and
cis-4H..

Comments on H-H Distances and the Stabilities of the
Dihydrogen Complexes The complexation of kito a metal
is considered to result from the (?-H,) donation to the
empty d (M) orbital andr back-donation from the filled d
(M) orbital to the o* (?-Hy) orbital. Table 11 shows a
comparison of some of the properties of our ddmplexes

hydrides. With respect to exhibiting high reactivity toward
heterolysis combined with tight binding of;Ho the metal,
trans8H, behaves similar to certain other derivatives
reported (highly acidic) in the literatufe®4°

In light of the calculated oxidation potentials of the
corresponding Blcomplexes as suggested by Morfigur
dihydrogen complexes may be categorized as having labile
H, ligands. It was suggested that if tl®,, value of the
corresponding B complex is >2.0 V, the dihydrogen
complex can be predicted to be unstable with respect to loss
of H, at 298 K under Ar. The dihydrogen complexes reported
in this work are fully formed under 1 atm of,Hupon loss
of the H, ligand, the dihydrogen complex could be recovered
by purging the solution containing the [(dppRu(P(OR))]>*
with H, gas?? This is in contrast to our earlier findingen
the dppe analogues wherein we noted that trens

and also the ones reported by others. The weak trans[(dppe}Ru(;?-H,)(PF(OR})]>* complexes could be gener-

influence of Cf, a wz-donor ligand, favors thes donation

ated either under Ar or Hatmospheré? Those derivatives

from H, to metal d orbitals and an increased back-donation were stable with respect to loss of liyand; however, upon

from the metal to thes* orbital of H,. These effects,
consequently, weaken the-HH bond and increase the-MH,
interaction. Thus, a relatively long+H distance ¢4y =
0.99 A) is consistent with the tight binding okHtb the metal
as found intrans-8H,. When solutions containingans-8H,
were exposed to Pgas for prolonged periods, no observable
deuterium incorporation was found. This is in contrast to
the observations made by Kubas et*®abn the neutral
tungsten complex, by Heinekey et 3&lon the cationic
rhenium derivatives, and by %% on certain ruthenium dppe
complexes that undergo rapid/B, exchange. It was earlier
suggested that complexes bearing elongatedHHbond are
less acidic compared to those with a short-H bond®®
However, we speculate th&tans-8H, might show greater

acidity than expected. This is demonstrated by its reactions

with phosphites. It eliminates HCI to give the phosphite

(33) (a) Heinekey, D. M.; Luther, T. Anorg. Chem1996 35, 4396. (b)
Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris, R.
H.; Klooster, W. T.; Koetzle, T. F. Srivastava, R. €.Am. Chem.
Soc.1996 118 5396. (c) King, W. A.; Luo, X.-L.; Scott, B. L.; Kubas,
G. J.; Zilm, K. W.J. Am. Chem. S0d.996 118 6782.

(34) dun (A) = —0.0167P(H,D) (Hz)] + 1.42.

(35) Kubas, G. J.; Burns, C. J.; Khalsa, G. R. K.; Van der Sluys, L. S;
Kiss, G.; Hoff, C. D.Organometallics1992 11, 3390.

(36) Heinekey, D. M.; Schomber, B. M.; Radzewich, CJEAmM. Chem.
Soc.1994 116, 4515.

(37) Mathew, N.; Jagirdar, B. Rnorg. Chem.200Q 39, 5404.
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loss of H, (typically ca. 24-36 h), the dihydrogen complexes
could not be recovered which could mean that the 5
coordinate species is highly reactive. Wéound that this
species picks up either a water molecule (residual water in
the solvent) or dioxygen and generates species that we have
not able to identify.

One another observation is the long-H bond in the cis
H, phosphite complexes compared to the trans ones. The
cis complexes have phosphine ligands (not as strong as
phosphites in terms of acidity) trans to the kthat results
in this bond elongatioft46

(38) Luther, T. A.; Heinekey, D. Mlnorg. Chem.1998 37, 127.

(39) Rocchini, E.; Mezzetti, A.; Regger, H.; Burckhardt, U.; Gramlich,
V.; Del Zotto, A.; Martinuzzi, P.; Rigo, Plnorg. Chem.1997, 36,
711.

(40) Forde, C. E.; Landau, S. E.; Morris, R. HChem. Soc., Dalton Trans.
1997 1663.

(41) Morris, R. H.Inorg. Chem.1992 31, 1471.

(42) We have noted the five coordinate species to be quite stable; even
after the complete loss of Htypically overnight), the dihydrogen
complex was recovered by purging the solution with H

(43) The electrochemical paramet&rfor PF(OR) ligands is not known.

(44) Mathew, N.; Jagirdar, B. R. Unpublished results.

(45) Jergensen, C. KModern Aspects of Ligand Field Theoriorth-
Holland: Amsterdam, 1971.

(46) (a) Cotton, F. A.; Kraihanzel, C. $. Am. Chem. S0d962 84, 4432.
(b) Huheey, J. EInorganic Chemistry3rd ed.; Harper and Row: New
York, 1983; pp 384, 436. (c) Jones, C. E.; Coskran, kndrg. Chem.
1971, 10, 55.



trans[(dppm)Ru(H)(L)][BF 4 Complexes

Conclusions the cone angles and the-acidities of the monodentate

The protonation reactions of the hydride completxass phosph_orus Iigand_s can have a profound effect on the
[([dppmRU(H)(L)][BF4] (L = P(ORY) with HBF,-EtO gave properties of the dihydrogen complexes.
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