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Abstract: A high-yield route to the new complexes Os@ippe} and transOsHBr(dppe) starting from (NH),-
[OsBrg] is described. The new 5-coordinate complexes [OsX(dppEy (X = Cl (809 and X = Br (909)) are
prepared by reaction @is-OsXx(dppe} with NaPF. Complexe8Osand90sconsist of distorted trigonal bipyramidal
cations with “Y”-shaped equatorial planes. They react i,Cklwith H, or HD (1 atm) to give complexesans
[Os(H:-H)X(dppe}]PFs (X = Cl (10sPFs), X = Br (20sPF)) or trans[Os(H:-D)X(dppe}]PFs, respectively. The
last complexes havé(H,D) = 13.9 and 13.7 Hz, respectively. The BFsalts of these complexe$0O<BF, and
20BF,, respectively, are prepared by reactirans-OsHX(dppe) with HBF4-Et;O or DBREt,;O. These complexes
are characterized by NMR, IR, and FAB MS. The single-crystal X-ray and neutron diffraction studi€s®f;
revealed an elongated-HH ligand with duyy = 1.11(6) (X-ray) or 1.22(3) A (neutron) occupying one site in an
octahedral complex. The X-ray diffraction study 2DsBF, produced a similar structure wittyy = 1.13(8) A.
One fluorine of the anion in each structure is positioned near the acidiig&hd. A linear relationship between
dun andJ(H,D) for many dihydrogen complexes is used to indicate that compBEResnd20shave H-H distances
of about 1.2 A in solution. Plots of Ifif) versus inverse temperature fb®sand2Osare distorted from the usual
“V” shape, suggesting that the rotational frequency of thdigdnd is near that of the Larmor frequency. Therefore
theduy for 10sis between the values of 1.04 and 1.31 A calculated fronTttmin) for fast and slow spinning K
respectively. The chloride ligand tnans[Os(H:-H)CI(L),] " buffers the effect of changing the cis ligands L from
dppe to depe to dcpe so that there is little change in thélldistance. ComplexebOs and20s have K, values

of 7.4 and 5.4, respectively, whilgans[Os(H)H(dppe}] ™ is much less acidic with aky of 13.6. These Ka
values and somE;, values are used to show tHEDs and20s are dihydride-like even though they have relatively
short H-H distances. Properties tfans[Os(H--H)Cl(depe)]BF,4 (309 are also reported.

Introduction smaller H-H bond energy iriRu compared to the one BRu.
Here we establish the +HH distances in the solid-state and in
solution for the corresponding osmium(ll) complexess[Os-
(H--H)XL]* (L = dppe, X= Cl (109, X = Br (20s), L =
depe, X= ClI (30s)). During the course of this work Mezzetti
et al® prepared and characterized in solution the related
complexestrans[Os(H:-H)Cl(dcpe}|BPhy (40s) and the os-
mium(IV) trihydride complex [Osk{dcpe}|BPh, (709).1 Also
the single-crystal neutron diffraction studytofns[Os(H:-H)-
(OACc)(en}]PFs was reported. These complexes provide useful
comparisons to those of the present work.

Determining the H-H distance in solution by use of thg-
(min) method is complicated by the motion of the dihydrogen
_ ligand. Dihydrogen ligands with rotational frequencies much

Ilé?é\éek:]se"%’eﬁfgg{igﬂg-Laboratory greater than the proton Larmor frequencyr¢2wherev is the

§ Permanent address: Department'of Physics, Indian Institute of TechnoI—NN_IR SpeCtrom,eter frequency) ha,ve d'pOI.ar relaxation rates
ogy, Kanpur 208016, India. which are four times slower than ligands with the sametH

®1AE$traCé pttl)%lish_eotl_ irAd.vancil AéZHS Ifxbst,r_jlctM?]y 1?, %‘996- i distances but with rotational frequencies much less than 2
(de(pc)e),Ig)?glohixylr((e(\j/::?):ec))h(sfor'r?ge;nurznblzzr’ing: th% :r?i)(l)n(ispiﬁggéa?edy(e.g., It is already established by use ©i(min) andJ(H.’D) Vall.'les
10sPFy) when solid-state properties are discussed. We have no evidencethat the completrans[Os(H)H(dppe}]BF4 (50s) in solution
that solution properties are influenced by the anion. However the solution

Recently we studied the differences in the trans influence of
chloride compared to hydride on the properties of the dihydrogen
ligand in the complexesrans[Ru(H)XLo]t (X = Cl, L =
dppé (1Ru), depe 8Ru); X = H, L = dppe 6Ru), depe
(6Ru)).2 Although the T; and J(H,D) NMR data clearly
indicated that the dihydrogen ligand was elongated in the
chloride complexiRu relative to the hydride compleXgRu,
the H—H bond length in the former complex could not be
unambiguously established in solution by NMR methods or in
the solid-state forlRuPFR; by single-crystal X-ray analysis.
However complex1lRu has a much lower K, value of 6
compared to the value of 15 f&Ru; this was related to a

NMR properties refer tdlOsPFs;, 20sPFs, and 30BF,4 unless specified (3) Mezzetti, A.; Del Zotto, A.; Rigo, P.; Farnetti, B. Chem. Soc.,
otherwise. Dalton Trans.1991, 1525-1530.

(2) Chin, B.; Lough, A. J.; Morris, R. H.; Schweitzer, C. T.; D’Agostino, (4) Hasegawa, T.; Li, Z.; Parkin, S.; Hope, H.; McMullan, R. K.; Koetzle,
C. Inorg. Chem.1994 33, 6278-6288. T. F.; Taube, HJ. Am. Chem. S0d.994 116,4352-4356.
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has a rapidly spinning dihydrogen ligand with ar-H distance
0f 0.99+ 0.01 A5 It has an H-H distance of 0.99 A according
to a solid-state NMR stud§. The complexesrans[Os(H:*H)-
(OAc)(enp]PFs and [Ru(GMes)(H--H)(dppm)]BF, are estab-
lished to have Hligands with slow rotation rates (rate v).”
Recently Jalon et al. have shown that [NE{GSiMe3),(HD)-
(PMePh)T™ has a slowly rotating, elongated 4® ligand8 For
the complexrans[Os(H:--H)H(depe)]™ (60s),%1°which con-
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crude material is pure enough for subsequent reactions. However it
can be recrystallized in a dinitrogen atmosphepis-OsBr(dppe)
(0.044 g), acetone (7 mL), and benzene (3 mL) were heated, and the
warm solution was filtered through a Kimwipe tissue suspended in a
Pasteur pipette. The volume was reduced by one-half and the pale
yellow solution transferred to a vial. An equal volume of hexanes
was carefully added, and diffusion was allowed to occur overnight.
The pale-yellow microcrystalline solid was filtered from the pale-
yellow liquor and driedin vacua Anal. Calcd for G:HssOsRBr2:

tains the depe ligand which is more electron-donating than dppe,c, 54.46: H, 4.22. Found: C, 54.57; H, 4.30. FAB MS: calcd for
a rapid equilibrium has been proposed such that the observedCs,H.s'920sR%Br, 1146.1. FAB MS obsd (2-nitrophenyl octyl ether
NMR properties are the weighted average of the those of the matrix): 1146.5 (M), 1067.5 (M — Br), 987.6 (M" — H,2Br), 985.7

dihydrogen hydride, [Os(®)H(L)2]", and trihydride ([Osk+
(L)2]™) forms5 Such a proposition was required to explain the
solvent-dependerf;(min) values and the solvent- and temper-
ature-dependenli{H,D) coupling of [Os(H-D)D(depe}]*. In

a communication of the present work, the comp83s was
also proposed to have such a rapid equilibridmHere we
provide the first evidence for complexes of a dihydrogen ligand
that have a frequency of motion near ffi&Larmor resonance
frequency.

Experimental Section

All operations were conducted under a purified nitrogen or argon

(M* — 3H,2Br). NMRS(P, CHCL): 1.2 (t,2)(P,P) 5.4),—1.3 (1).
Preparation of [OsCl(dppe)]PFs (80s). cis-OsChk(dppe} (300 mg,
0.27 mmol) and NaRF100 mg, 0.8 mmol) were dissolved in a mixture

of 15 mL of THF and 15 mL of CkCl,. The reaction was stirred at
room temperature for 48 h to give a dark-brown solution. The reaction
mixture was evaporated to dryness and redissolved in 15 mL ¢f CH
Cl,. The dark-brown solution was filtered through Celite/cotton wool
to remove the excess NafPBnd the NaCl formed in the reaction.
This reaction solution can be used to prepiBs as described below.
Dark-red crystals of8Os suitable for X-ray diffraction analysis
were obtained witlm 5 d by slow diffusion of diethyl ether into a
CHClI; solution 0f80sat room temperature. NMB(®'P, 121.5 MHz,
CH,Cl,): 48.4 (s), 26.0 (s);-143 ppm {J(P,F) 700 Hz).

Preparation of [OsBr(dppe);]PFs (90s). This was prepared from

atmosphere using vacuum line and glovebox techniques. All solvents ¢js OsBr(dppe) by the same method used f80s NMR 5GP,

were dried over appropriate reagents and distilled undérelfore use.
Deuterated solvents were dried over LindeeypA molecular sieves

and degassed with several evacuate/refill cycles prior to use. Reagent-
grade chemicals were used as purchased from Aldrich Chemical Co.

CH.Cl,): 51.1 (br), 23.5 (br);-143 ppm {J(P,F) 700 Hz). The reaction
solution was used to prepaP©sPF; as described below.
Preparation of trans-OsHCIl(dppe). (100s). trans[OsHCI-

'(dppe}]-CesHe was first prepared by Chatt and Hayter in 40% yield by

Inc., unless otherwise stated. Phosphine ligands were purchased fromne reaction otis-OsCh(dppe} and excess LiAlld  Thev(OsH) mode

Strem Chemical Co. or Digital Speciality Chemicals Ltd. The
complexes (Nk)[OsBrg], 12 cis-OsCh(dppe),t® trans[Os(H)H(dppe)]-

BF; (509),>* and OsH(dppe},>* were prepared as described previ-
ously.

Microanalytical results and FAB MS (NBA matrix), IR, afd and
3P NMR spectra were obtained as previously descrioéd? NMR
were proton decoupled, except for one experiment involiiags
[Os(H--D)Cl(dppe}]BFs. *H NMR spectra were simulated by use of
the FIRSTORDER simulation program written by T. Burrowl;

was reported at 2046 crh'® We obtained a mixture of Osktippe)
andtransOsHCI(dppe) by following their method. The hydridochloro
complex was prepared fromOs by the displacement of dihydrogen
by chloride as described below.

Complex50s (0.105 g, 0.092 mmol) was dissolved in acetone (10
mL), and then LiCl (0.025 g, 0.60 mmol) was added under Nhe
mixture was stirred, and after 45 min, a pale-yellow precipitate had
formed. Afte 3 h a3’P NMR spectrum of the reaction liquor indicated
that no 50s remained in solution and the reaction was therefore

measurements were made at 500, 400, and 300 MHz using thecomplete. The acetone was removed under vacuum, and the benzene-

inversion-recovery method. The concentration of the sample must

soluble portion was isolated by filtration through Celite. The benzene

be the same for a comparison to be made of results obtained at differentyas removed under vacuum. Acetone (5 mL) was added, and the

magnetic fields; therefore, the sample was seafed 56 mm NMR
tube for the measurements. Pulses were calibrated to exactn@d

mixture was cooled. The pale-yellow solid was collected by filtration
and dried under vacuum (0.070 g, 74%). Anal. Calcd fesHGs-

18C at all reported temperatures. The temperatures were calibratedClOsP: C, 61.02; H, 4.83. Found: C, 60.59; H, 4.74. FAB MS:

by use of the methanol method.

Preparation of cissOsBra(dppe). (NH4)[OsBrg] (0.267 g, 0.378
mmol), dppe (0.608 g, 1.53 mmol), 70 mL of EtOH, and 60 mL of
MeOH were added to a 250 mL two-neck round-bottom flask. A

calcd for GaHsg®*CI'920sR, 1024, observed 1025 (MH= 10s) and
987.7 (M" — H,Cl). NMR 6(*H, CsDg, 200 MHz): 7.6-6.8 (m, 40
H, Ph), 2.57 (m, 4 H, Cb), 2.00 (m, 4 H, CH), —20.40 (gnt, 1H,
2J(H,P) = 15.4 Hz, OsH). NMRS(3!P, GDe): 30.5 (s). IR (Nujol):

condenser was attached, and the dark slurry was purged by use of2124 cn? (w, v(OsH)).

several vacuum/Ar cycles. The mixture was refluxed under Ar for 33
h; a pale-yellow solid in a yellow liquor was observed. The volume
was reduced to 100 mL, and the pale-yellow solid was filtered from
the solution. The solid was washed with MeOH (10 mL) and died
vacua cissOsBr(dppe) (0.410 g) was obtained (92% vyield). This

(5) Earl, K. A.; Jia, G.; Maltby, P. A.; Morris, R. HI. Am. Chem. Soc.
1991 113,3027-3039.

(6) Wisniewski, L. L.; Zilm, K. W. Private communication.

(7) Klooster, W. T.; Koetzle, T. F.; Jia, G.; Fong, T. P.; Morris, R. H.;
Albinati, A. J. Am. Chem. Sod.994 116,7677-7681.

(8) Jalon, F. A.; Otero, A.; Manzano, B. R.; Villasenor, E.; Chaudret,
B. J. Am. Chem. S0d.995 117,10123-10124.

(9) The H-H or H--D notation signifies the probable presence of an
elongated ¥ 1.0 A) H, or HD ligand withJ(H,D) < 25 Hz. See ref 10.

(10) Jessop, P. G.; Morris, R. i&oord. Chem. Re 1992 121,155~
284.

(11) Cappellani, E. P.; Maltby, P. A.; Morris, R. H.; Schweitzer, C. T;
Steele, M. RInorg. Chem.1989 28, 4437—4438.

(12) Dwyer, F. P.; Hogarth, J. Wnorg. Synth.1957, 5, 204.

(13) Chatt, J.; Hayter, R. Gl. Chem. Socl961, 896-904.

(14) Cappellani, E. P.; Drouin, S. D.; Jia, G.; Maltby, P. A.; Morris, R.
H.; Petroff, A.; Schweitzer, C. T.; Xu, W. Manuscript in preparation.

Preparation of trans-OsHBr(dppe), (110s). The following se-
guence of chemicals was addedat 1 Ltwo-neck round-bottom flask:
(NH4)2[OsBr] (1.21 g, 1.72 mmol), dppe (1.50 g, 3.76 mmol), 250
mL of EtOH, and 250 mL of MeOH. A glass stopper and a condenser
fitted with a gas inlet were attached, and the gray slurry was degassed
using several vacuum and argon refill cycles. The reaction mixture
was refluxed for 19 h under Ar, and a pale-yellow solid in a yellow
liguor was formed. The mixture was allowed to cool and the solvent
volume reduced by one-half. The solid was filtered, washed with
MeOH (15 mL), and driedn vacug 1.007 g (55% vyield) otrans
OsHBr(dppe) was obtained. FAB MS: calcd forsgHs'%°0sP°Br
1068, obsd 1069 (MH= 20s), 988 (overlapping 988 (M — H, Br)
and 990 (MH — Br) envelopes). IR(Nujol): 2174 (w,(OsH)), 1952,
1988, 1811, 1732 cni (br, vw, 6(CH) overtones). NMR(3P, CH-

Clp): 28.7 (s). NMRO(*H, CD,Cly): 7.35-6.95 (m, 40H, Ph), 2.66
(m, 4H, CH), 2.10 (m, 4H, CH), —20.38 (gnt, 1H,)J(H,P)= 15.3 Hz,
OsH).

(15) Lough, A. J.; Morris, R. H.; Schlaf, MActa Crystallogr, Sect. C,
in press.
(16) Chatt, J.; Hayter, R. Gl. Chem. Socl961, 2605-2611.
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Preparation of trans-OsHCI(depe} (120s). The complex was
prepared using a modified version of Chatt and Hayter’'s method; NMR
data were not given when this complex was first descriBedslurry
of LiAIH 4 (0.073 g, 1.9 mmol) irca. 10 mL of THF was added to a
stirred pale-yellow solution ofis-OsCL(depe} (0.400 g, 0.59 mmol)
in 15 mL of THF. The gray slurry was refluxed for 25 min and allowed
to cool. Excess LiAlH was neutralized by the controlled addition of
7 mL of ethanol (dihydrogen gas is evolved at this step). After solvent
evaporation, the gray residue was treated with a total of 45 mL of THF
and the bulk of the lithium salts were removed by filtration through
THF-saturated Celite. The pale-yellow filtrate volume was reduced

Maltby et al.

was removed, and the solid was washed with diethyl ether by two
agitation/decantation cycles and then dried under vacuum. This was
dissolved in CRCI, or acetoneds. Method 2. Comple8Osin CD--

Cl, was reacted with HD gas (generated from NaH ap@)Dthis gave

a purer solution than method 1. NMR(*H, CD,Cl, 500 MHz):
—11.58 (1:1:1 t of gnt, IHJ(H,D) = 13.9+ 0.2,J(H,P) = 11.7, Os-
(H--D)). NMR 6(3'P, CD,Cly): 20.9 (s).

Preparation of trans-[Os(H--H)Br(dppe)z]BF4 (20sBF). trans
OsHBr(dppe) (0.393 g, 0.359 mmol) was partially dissolved in 5 mL
of CH,Cl,. Approximately 9QuL of HBF,-Et,O was added in portions
over a 2-3 min period with stirring. The pale-yellow suspension turned

to dryness, NaCl (0.049 g, 0.84 mmol) and acetone (30 mL) were added,dark brown at first but then became pale brown within 10 min. The

and the milky mixture was refluxed for 2.5 h. TtransOsHCl(depe)
product was isolated in the following manner. Acetone was removed
under vacuum, and the portion soluble in benzene (45 mL in total)

solution was layered with diethyl ether, and the precipitation of large,
clear, pale-brown crystals started immediately. Yiete830%. NMR
O0(*H, CD,Cly, 400 MHz): —11.45 (br gnt2J(H, P)= 11.5 Hz, OsH)).

was filtered through benzene-saturated Celite. The pale yellow filtrate NMR 6(3'P, CH,Clp, 121.47 MHZz): 17.6 (s).

volume was reduced to dryness and a minimal volume of acetobe (
mL) added. The yellow solution was cooled for 1 day, and the resulting
white needles were removed from the yellow liquor. A total of 0.185
g (47% yield) were obtained. NMR(*H, benzeneds): —22.8 (gnt,
J(H,P)= 15.3 Hz). NMRJ(®'P, acetone): 33.4 (s). IR (Nujol): 2050
cmt (m, »(OsH)).

Preparation of trans-[Os(H--H)Cl(dppe);]BF4 (10sBF,). trans
OsHCI(dppey, (1009 (0.060 g, 0.059 mmol) was suspended in 15
mL of diethyl ether under 1 atm of dinitrogen. HBEtO (~7 uL,

excess) was added dropwise with stirring. The mixture was stirred for

10 min and then cooled. The liguor was removed from the cream-
colored solid by decantation and replaced with fresh diethyl ether (15
20 mL). The slurry was stirred and allowed to cool, and the solvent
containing any excess HBfELO was removed by decantation. The

Preparation of trans-[Os(H--H)Br(dppe);]PFs (20sPF). This
complex was prepared by starting fr@@®sin a fashion similar to the
preparation oLOsPFR. NMR 6(*H, CD,Cl,, 400 MHz): —11.46 (gnt,
2)(H,P)= 11.9 Hz, OsH)). NMR 8(3'P, CHCl,, 121.47 MHz): 17.6
(s), —143 ppm {J(P,F) 700 Hz). T, data are provided in Table 3.

Observation of trans-[Os(H--D)Br(dppe);]* (20sd;). Complex
90sin CD,Cl, was reacted with HD gas as above. NMRH, CD,-

Clp, 293 K, 400 MHz): —11.6 (1:1:1 t of gnt2J(H,P) 11.9 Hz'J(H,D)
13.75).

Preparation of trans-[Os(H--H)Cl(depe)]BF4 (30s). transOsH-
Cl(depe) (0.100 g, 0.156 mmol) was partially dissolved in 7 mL of
diethyl ether. Under 1 atm of dinitrogen a diluted HBER,O solution
was added dropwise with stirring until a white precipitate formed. The
mixture was cooled and the liquor removed by decantation. Fresh

washing cycle was repeated several times, and the product was therdiethyl ether was added, and the decantation process was repeated. The

filtered and dried under vacuum (0.060 g, 92%). The compound is
soluble in CHCI, but has a low solubility in THF or acetone. FAB
MS: calcd for G,Hs¢**CI*%0sR, 1025.2, obsd 1025.3 (¥), 1023.3
(MT — 2H), 989.3 (M — H,ClI), and 987.3 (M —3H,Cl). NMRJ(*H,
CD,Cl,, 400 MHz): 7.4-6.9 (m, 40 H, Ph), 2.83 (m, 4 H, G} 2.23
(m, 4 H, CH), —11.45 (gnt, 2H2J(H, P) = 11.6 Hz, OsH). NMR
O(P, CHCI,, 121.47 MHz): 20.8 (s). NMR(PP, THF, 121.47
MHz): 23.1 (s). T: data are provided in Table 3 (see below). The
NMR data previously reportétifor the complextrans[Os(H-+H)CI-
(dppe}]BF4 are in error. NMR signals emanating from the complex
trans[Os(CHCN)H(dppe)] *, formed from50sand acetonitrile present
in the solvents as a contaminant, were erroneously assignedttaribe
[Os(H--H)ClI(dppe}]* complex.

Clear colorless crystals AfOsBF, suitable for X-ray analysis were
obtained by slow vapor diffusion of diethyl ether into a £ solution
of the complex over a 14 h period undes.NDetails of this structure,

white solid was filtered from cold diethyl ether and driedvacuo
(0.074 g, 65% vyield). The product was crystallized from acetone by
diffusion of diethyl ether vapor. Anal. Calcd for§s0BF4sCIOSR:

C, 33.05; H, 6.93. Found: C, 32.98; H, 7.00. NMRH, acetone-

ds, 400 MHz): 2.45 (m, 4 H, PC}CH,P), 2.31 (m, 4 H, PCKCH,P),
2.0-1.75 (m, 16 H, CH), 1.18 (m, 12H, Ck), 1.09 (m, 12H, CH),
—13.81 (gnt, 2H2J(H,P)= 11.7 Hz, OsH). NMR 6(3'P, acetone, 81
MHz): 25.8 (s). IR (Nujol): 1050 crmi (s, BR).

Acetone solutions 080Osturn a wine-red color after several days at
room temperature; broad resonances are observed iAHH¢MR
spectrum:d(*H, acetoneds, 200 MHz) 8.3, 6.4, 2.7--0.7,—4.3,—10.4,
—24.6.

pKa Determination of 10s A sample of the complex (26 mg, 0.02
mmol) was dissolved in 4 mL of Ci€l,. The 3P NMR spectrum
was a single peak at 20.75. An aliquot solution of PPh{86 mg) in
CH,Cl, (10 mL) was prepared. One equivalent (1 mL, 0.02 mmol of

which was not completely solved because of disorder problems, can PPhMe) of this solution was added to the solution of the complex and

be found elsewher€. The monoclinic cell dimensions at 173 K were
found to bea = 15.808(2) Ab = 16.967(3) A,c = 17.614(4) A, and
B = 102.44(1} in the space grouf2:/n with Z = 4, formula wt
1111.32, and/ = 4613.4(15) &

Preparation of trans-[Os(H--H)Cl(dppe).]PFs (LOsPF). Dihy-
drogen gas was bubbled through a dark-brown solutio8@$ in
CH:Cl,. Within 2 min, the solution cleared and the color changed to
a light green. The solution was layered with an equal volume of di-
ethyl ether. Within 1 week at room temperature X-ray-grade
light-green crystals formed coincident with decolorization of the
mother liquor. Overall yield starting fromis-OsCh(dppe} to 80s
and thenlOsPFR; was 85%. The structure was determined by single-
crystal X-ray and neutron diffraction studies (see below). The NMR
data are identical to those dBF, (see above) apart from th8P
resonance of the RF anion which appears as a septet-dt43 ppm,
1J(P,F) 700 Hz.

Observation of trans-[Os(H--D)Cl(dppe),] " (10s-d;). Method 1.
transOsHCI(dppe) (1009 (0.035 g, 0.034 mmol) was suspended,
under 1 atm of argon, in 13 mL of diethyl ether containing 0.07 mL of
D,0. Approximately 12Q:L of HBF4Et,O was then added to produce
DBF, in situ. The mixture was stirred for 25 min. After 5 min the
suspension color had turned from pale yellow to white. The liquor

(17) Maltby, P. A. Ph.D. Thesis, University of Toronto, 1993.

the 3P NMR acquired immediately using a gated decoupf®j‘H}
routine with delay times of 10 s between pulses. An NMR spectrum
recorde 1 h later did not show any change in spectral appearance and
relative integral values. A second equivalent of the phosphine solution
was added and théP NMR recorded with the relative integral values
showing a clear shift of the equilibrium toward protonated phosphine
HPPhMe*. Over time sometrans{Os(PPhMeg)Cl(dppe}]PFs is
formed by substitution of the +H with free phosphine. This reaction
is slow and does not influence the aeidase equilibrium. Observed
NMR shifts: PPhMg —46.08 (s); [HPPhMg*, —0.35 (d,J(H,P) =
515.2 Hz);trans[Os(H--H)Cl(dppe}]PFs, +20.75 (s);transsOsHCI-
(dppe}, 30.41 (s)trans[Os(PPhMe)Cl(dppe}]PFs, —63.35 (s)trans
[Os(PPhMe)Cl(dpp8.][PFe], 22.45 (s). For PPhMend [HPPhMg™*
the reported shifts represent extreme values for complete deprotonation/
protonation. In the presence of both the protonated and unprotonated
form the peaks coalesce to a single broad signal. The observed shift
is the weighted average of the two extreme values, i.e. ppm(absd)
x ppm(PPhMg) + y ppm([HPPhMg] ") with x andy as the relative
concentrations.

pKa Determination of 20s 110s(50 mg, 0.047 mmol) and B{
CH30GCsH4)3 (15 mg, 0.04 mmol) are dissolved in 5 mL of ..
An 85% solution of HBR-Et,O (8 L, 0.05 mmol) in E3O was added
and the3P NMR spectrum acquired immediately using a gated
decoupling®P{*H} routine with delay times of 10 s between pulses.
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Table 1. Crystal Data, Details of Intensity Measurements, and Structure Refinemeritardief{Os(H:-H)X(PPhCH.CH.PPh),]Y (X = CI, Y

= PR (109 and X= Br, Y = BF, (209)

J. Am. Chem. Soc., Vol. 118, No. 23, 1E399

X-ray, 10s neutron,10s X-ray, 20s
empirical formula GzHsCIFsOsR CsHs0CIFsOsR Cs:Hs0BrOsRPBF,
fw 1169.4 1169.4 1155.7
crystal system monoclinic monoclinic monoclinic
space group P2:/c P2i/c P2i/n
cell dimensions

a A 15.054(3) 15.142(8) 15.690(2)
b, A 17.295(3) 17.283(5) 17.259(4)
C, 18.481(4) 18.47(3) 17.508(2)
B, deg 101.37(3) 101.5(1) 102.51(2)
V, A3 4717(1) 4736(5) 4629(1)
T,K 110 20.0(5) 150
z 4 4 4
dearces g CNT3 1.647 1.640 1.658
u, cmt 29.9 1.896 38.1
radiation Mo Ko neutronsj = 1.163 95(10) A Mo Kt
26 range, deg 2.654.0 5.0-108.0 4.6-54.0
scan type w:20 w:20 w:20
scan speed variable:-®0 deg/min inw variable step scans variable:-60 deg/min inw
crystal size, mm 0.& 0.4x 0.15 25x 1.8x 1.3 0.42x 0.41x 0.39
no. of reflns measd 8524 6521 10007
no. of reflns used 661F(> 6.00(F)) 6062 7881F > 4.00(F))
R(F) [Ru(F)]I? 0.0297 [0.0368] d 0.034 [0.036]
R(F?) [Ru(FA)]° 0.28 [0.15]
goodness of fit 1.85 1.48 1.16
min, max peak im\F map, e B +0.95,-0.99 e +1.52,—1.89

aR(F) = ZA/Z|Fo|; Ry = SAWYAZ|F w2, whereA = ||Fo| — |F¢|| andw™ = ¢%(F) + 0.000F? for 10PR; or wt = ¢(F) + 0.000ZF2 for
20BF.. P R(F?) = ZAIZFZ Ry(F?) = [SWAHEIWF,AY2 where A = |Fo? — FZ2|, wt = ¢3(F?). ¢S = [Z(WA?)/(n — p)]*3 wheren is the number
of refln used ang is the number of parameters refinéd=or comparison, th&(F) andR,(F) values for 2407 reflections with(> 3.00(F)) are
0.102 and 0.064, respectively, with goodness of fit 1°8@inimum and maximum residuals were5.3 and+8.9% of the maximum peak for the
Os. These are associated with disordered phenyl rings.

An NMR spectrum recorde 1 h later did not show any change in  port H6S of the high flux beam reactor at Brookhaven National
spectral appearance and relative integral values. Observed NMRLaboratory. The neutron beam, monochromated by Ge (220) planes
shifts: Pp-CH3OCsH,)s, —10.88 (s); [HPP-OCHsCsH4)s ], 1.81 (d, in transmission geometry, was of wavelength 1.163 95(10) A as
J(H,P) = 511 Hz);transOsHBr(dppe), 28.65 (s);trans[Os(H--H)- calibrated against a KBr crysta= 6.6000 A at 295 K). The sample
Br(dppe}]PFs, 17.52 (s). temperature was maintained at 2@:00.5 K during the experiment,

No substitution reaction or coalescence of the phosphine signals isand unit cell dimensions were determined by least-squares fit 8f sin
observed in the reaction of RCH;OCsH,); with 20s (0) values for 32 reflections in the range 4126 < 53°. Intensity

X-ray Structural Characterization of 10sPF¢ and 20sBF,.. A data were obtained over one quadrant of reciprocal space by means of
green needle olOsPFK and a pale-brown crystal #OsBF, were w—20 scans. The intensities of two reflections were monitored
mounted on glass fibers in the air, placed on a Siemens P4 diffracto- periodically during the data collection and showed no systematic
meter, and cooled in a stream of cold nitrogen for data collection.  variations throughout. Integrated intensitigand variances?(lo) were

A summary of selected crystallographic data are given in Table 1. derived from the scan profiles. Lorentz factors were applied, as well
Mo Ka. radiation ¢ = 0.710 73 A) was used. For each compound the as an absorption correction. Transmission factors were in the range
intensities of three standard reflections measured every 97 reflections0.683-0.789. Averaging over 155 symmetry-related pairs of reflections
showed no decay. The data were corrected for Lorentz and polarizationresulted in an internal agreement factor of 0.072 and yielded 6113
effects and for absorptidh (minimum and maximum transmission  independent observations. Further details are given in Table 1. Initial
coefficients were 0.3785 and 0.8039 iddsPF; and 0.5432 and 0.6438  coordinates were obtained from the X-ray structure. Least-squares
for 20BF,). refinements were carried out by a full-matrix procedt¥reinimizing

The structures were solved and refined using the SHELXTEAPC  >w(F.?2 — k®F?)? using all independent data minus 51 reflections, which
package. All non-hydrogen atoms were refined with anisotropic thermal were affected by the powder lines from the aluminum container. The
parameters to minimizBw(F, — Fc)?, wherew ! = ¢%(F) + 0.000F? final model included the scale factkrand positional and anisotropic
for 10sPR; andw = ¢?(F) 4+ 0.000ZF? for 20sBF,. Hydrogen atoms displacement parametefg for all atoms, except for four P atoms and
were included in calculated positions and treated as riding atoms. An one disordered phenyl group, which were treated isotropically. Also,
overall hydrogen atom thermal parameter was refined to 0.02%2) A for some of the atoms, the cross terffjsvere set to zero, since these
for 10sPF; and 0.038(2) A for 20sBF,. The positions of the caused the displacement tensors to go nonpositive definite, and in any
dihydrogen atoms were determined from difference electron density case, thgs; values in question did not differ significantly from zero.
maps and were refined with isotropic thermal parameters. Selected The isotropic type | extinction parametewas omitted, since it failed
bond lengths and angles are given in Table 2. The structure of theto assume a significant value. This gave a total of 916 variable
cation 10sPF; is shown in Figure 1. parameters. The refinement converged with fit indie¢&,?) = 0.276,

Neutron Structure Determination. Crystals were obtained by slow  Ry(F¢?) = 0.151, andR,(F;) = 0.081,S = 1.46, based on 6062
diffusion of E£O into a saturated solution dfOsPF; in CH.Cl,. A reflections. A rigid-body analysis was done to correct the +H
light-green specimen of volume 6.0 rimias mounted on an aluminum  distance for the librational motion of the.igand. The whole molecule
pin with halocarbon grease and sealed under a helium atmosphere insidexcept for the Hligand was one rigid body with the Higand forming
an aluminum container. This container was placed in a closed-cycle the other rigid body. The librational axis was from the Os to the
helium refrigerator and mounted on the four-circle diffractometer at

(20) Lundgren, J.-O. Crystallographic Computer Programs, Report UUIC-
(18) Sheldrick, G. M. SHELXA-90 absorption correction program, B13-4-05, Institute of Chemistry, University of Uppsala, Uppsala, Sweden,
University of Gdtingen, Germany. 1982.
(19) Sheldrick, G. M. SHELXTL-PC, Siemens Analytical X-ray Instru- (21) Becker, P. J.; Coppens, Rcta Crystallogr.1974 A30,129-144.
ments Inc., Madison, WI. (22) Craven, B. M. Program EKRT, University of Pittsburgh, 1992.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for
trans-[Os(H--H)X(PPRCH,CH,PPh),]Y (X = Cl, Y = PR
(10sPFs) and X = Br, Y = BF, (20sBF,))

X-ray, 10sPF; neutron,10PFK; X-ray, 20BF,

Os—HOs1
Os—HOs2
HOs1-HOs2
Os-P1
Os—P2
Os—P3
Os—P4
Os—ClI (Br)
P1-C1
P1-C11
P1-C21
pP2-C2
pP2-C31
P2-C41
P3-C3
P3-C51
P3-C61
P4-C4
P4-C71
P4-C81
Cl-Cc4
C2-C3

Cl(Br)—0Os—-P1
Cl(Br)—0Os—P2
CI(Br)—0Os—P3
Cl(Br)—Os—P4
P1-0s—P2
P1-0Os—P3
P1-Os—P4
P2—-0s—P3
P2—-0s—P4
P3-0s-P4
Cl(Br)—Os—HOs1
Cl(Br)—Os—HOs2
P1-Os—HOs1
P1-Os—HOs2
P2-0s—HOs1
P2—-0s—HOs2
P3-0s—HOs1
P3-0s—HOs2
P4—0s—HOs1
P4—0s—HOs2
HOs1-0s—HOs2
Os-P1-C1
Os—P1-C11
Os—P1-C21
Cl1-P1-C11
Cl1-P1-C21
Cl1-P1-C21
Os—-P2-C2
Os-P2-C31
Os—P2-C41
C2-pP2-C31
C2-pP2-C41
C31-P2-C41
Os—P3-C3
Os—P3-C51
Os—P3-C61
C3-P3-C51
C3-P3-C61
C51-P3-C61
Os—P4-C4
Os—-P4-C81
Os—P4-C71
C4—-P4-CT71
C4—P4—C81
C71-P4-C81
P1-Cl1-C4
pP2-C2-C3
P3-C3-C2
P4-C4—C1

1.41(5)

1.67(5)

1.11(6)

2.391(1)
2.379(1)
2.382(1)
2.368(1)
2.420(1)
1.860(5)
1.819(5)
1.832(5)
1.832(5)
1.820(4)
1.834(5)
1.843(5)
1.797(6)
1.827(5)
1.819(5)
1.825(5)
1.819(4)
1.523(6)
1.502(6)

92.5(1)
84.6(1)
86.4(1)
95.3(1)
98.9(1)
178.7(1)
79.3(1)
81.7(1)
178.2(1)
100.1(1)
158(2)
160(2)
69(2)
103(2)
87(2)
104(2)
112(2)
78(2)
92(2)
76(2)
41(2)
107.9(1)
118.9(2)
116.8(1)
106.3(2)
100.7(2)
104.4(2)
107.1(1)
119.9(1)
119.9(2)
103.8(2)
100.3(2)
103.0(2)
108.2(2)
116.7(2)
119.8(2)
105.2(3)
99.8(2)
105.0(2)
103.4(1)
120.5(1)
120.2(2)
105.0(2)
102.2(2)
103.1(2)
112.6(3)
106.7(4)
110.6(3)
112.0(3)

1.59(2)
1.57(2)
1.15(3)
2.39(1)
2.39(1)
2.37(1)
2.37(1)
2.44(1)
1.85(1)
1.83(1)
1.84(1)
1.84(1)
1.83(1)
1.85(1)
1.90(2)
1.78(2)
1.83(2)
1.84(1)
1.83(1)
1.83(1)
1.52(1)
1.48(2)

92.7(4)
84.9(4)
85.6(4)
95.2(4)
99.7(4)
178.1(5)
78.9(4)
81.1(4)
178.6(5)
100.3(4)
157.4(9)
159.9(10)
71.8(9)
102.7(9)
81.8(8)
104.8(9)
110.1(9)
78.8(9)
97.7(8)
75.6(9)
42.6(12)
108.4(6)
119.0(6)
117.1(6)
106.1(6)
101.4(7)
103.0(7)
107.7(6)
119.6(6)
119.8(6)
104.4(7)
100.7(6)
102.1(7)
109.8(7)
119.1(7)
119.5(7)
104.5(8)
95.4(8)
105.0(8)
104.2(6)
119.3(6)
121.4(6)
104.5(6)
101.5(6)
103.3(7)
113.7(7)
109.0(8)
108(1)
110.3(7)

1.52(6)

1.64(6)

1.13(8)

2.414(1)
2.372(1)
2.398(1)
2.369(1)
2.560(1)
1.849(5)
1.836(5)
1.827(5)
1.828(5)
1.816(5)
1.829(5)
1.840(4)
1.819(6)
1.820(5)
1.832(5)
1.825(5)
1.828(5)
1.521(7)
1.518(7)

91.7(1)
85.5(1)
85.6(1)
95.7(1)
98.5(1)
177.3(1)
80.8(1)
81.7(1)
178.6(1)
99.2(1)
151(2)
166(2)
70(2)
102(2)
76(2)
96(2)
113(2)
81(2)
103(2)
83(2)
42(3)
108.2(2)
121.9(2)
116.2(2)
102.9(2)
102.5(2)
102.7(2)
107.2(2)
121.8(2)
119.1(2)
102.6(2)
100.5(2)
102.4(2)
108.3(2)
116.7(2)
123.2(2)
104.1(2)
99.1(2)
102.7(2)
103.8(1)
119.1(1)
120.4(1)
105.2(2)
102.4(2)
103.8(2)
112.9(3)
107.2(3)
111.5(3)
110.7(3)
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Figure 1. Molecular structure of the catiobOsPF; as determined by
single-crystal X-ray diffraction.

midpoint of HOs1 and HOs2. Under these assumptions dhe
lengthens from 1.15(3) to 1.22(3) A. The core structuré ©&PFs is
shown in Figure 2. Bond lengths and angles are listed in Table 2.

Results and Discussion

Starting Materials. The starting materials for the preparation
of the osmium dihydrogen complexes are the compléveas
OsHXL; (L = dppe, X= CI (1009, Br (1109, L = depe, X
= Cl (1209) or the new 5-coordinate complexes [OsX(dppe)
(X = CI (809, Br (909). Complexesl0OOsand120swere
first reported by Chatt and Hay#émwithout full spectroscopic
characterization, but the method of synthesis160s was
difficult to reproduce. CompleX0Osis obtained in a pure
form by reactingrans[Os(H;)H(dppe}]BF,4 (509 with LiCl.
The synthesis of the new complex@s-OsBr(dppe}, and110s
directly from (NH,),[OsBrs] represents a significant improve-
ment in the route to dppe complexes of Os(ll) in terms of
number of steps and overall yield.

The complexe80Osand90sare prepared from the dihalide
complexeis-OsCh(dppe)!2 or cis-OsBr(dppe), respectively,
asineql (X=Clor Br). Complex8Osforms air-stable, red

cis-OsX,(dppe) + NaPR, — [OsX(dppe)]PF; + NaX (1)

crystals. The cation 3Oshas a distorted trigonal bipyramidal
structure in the solid statewhich is almost identical to that of
the ruthenium(ll) analogueBRu) reported recently.

Synthesis of the Complexefrans[Os(H--H)X(L) z]*. These
dihydrogen complexes are prepared by reacting compkRss
or 90swith H; (1 atm) for 10 min at 20C in CH,Cl, as in eq
2 (X = CI (LOsPRs), X = Br (20sPFy)). They are also made
by reacting complexes00s 110s or 120swith HBF, in ether
under Aror N as in eq 3 (X= Cl, L = dppe (OBF,); X =
Br, L = dppe RQOsBF,); X = Cl, L = depe BOsBFy)).

[OsX(dppe)]PF;+ H, — trans[Os(H--H)X(dppe)]PF;
)
transOsHXL, + HBF,-Et,0 — trans[Os(H:-H)X(L) ,|BF,
®)

Reaction 2 producesOsF; and 20PF; in excellent yield
as light-green or pale-brown crystals, respectively. Reaction 3
produces cream-colorddsBF,, pale-browr2 OsBF,, or white
30BF,. These forms ofLOs or 20s are soluble in CECI;
and stable for at least 1 week under 1 atm ofat 20 °C.
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Figure 2. Structure of the core afOsPK; as determined by neutron
diffraction.

Complex30sBF, dissolves in acetone, THF, and &, to

give colorless solutions; however, these begin to decompose
after 1 d. The dihydrogen complex&®©sand20salso form

in the gas phase during the FAB MS analysis of the complexes
100sand 110s this must involve protonation reactions like
eg 3 except that the nitrobenzyl alcohol solvent used in this
analysis is a much weaker acid than HBF

The IR spectra (Nujol mull) ofLtOsPFR; and 10sBF, are
identical and do not show any peaks in the region 360800
cm1 that could be assigned to ©5l or H—H stretches. The
IR spectrum oROsBF, also does not display such absorptions.

Solid-State Structure of trans[Os(H--H)Cl(dppe)2]PFs
(10sPR). The X-ray structure analysis shows that there is an
elongated dihydrogen ligand withy, of 1.11(6) A located trans
to the chloride ligand on an octahedral osmium center. The
structure from neutron diffraction at 20 K refined to give an
H—H distance of 1.15(3) A; when a correction is applied to
account for the librational motion of this ligand, the—Hi
distance becomes 1.22(3)2A. Neutron diffraction studies of
dihydrogen complexes reveal that a wide range of distances is
possible. Complexes with-HH distances close to the present
value are [Ru(6Mes)(Hz)(dppm)]BF, (1.10(2) A)! cis-
IrCla(Ho)H(PPr3), (1.11(3) A)24 [Os(H:--H)(OAc)(en}]PFs
(1.34(2) A)* and Re(H-H)Hs(Ptok), (1.357(7) A)2® Therefore
complex 10s fills in the gap in this apparent continuum of
distances.

The orientation of the kgroup is staggered with respect to
the P-Os—P bonds. The H atoms are between pairs of P atoms
which have angles POs—P of about 100 and not between
those with P-Os—P of about 80, the bite angle of the dppe
ligands. The X-ray and neutron studies provided identical
orientations within experimental error. This is similar to the
orientation of the HH group in [Os(H-H)(OAc)(en}]* where
the hydrogens are between pairs of nitrogens not linked by the
ethylene backbonés.The staggered conformation was calcu-
lated to be 2.5 kcal mot lower in energy than the eclipsed
conformation for this latter comple®. When the H unit
eclipses dransP—M—P grouping, this PM—P angle becomes
less than 180and bent away from the Higand as in the case
of trans{Fe(H;)H(dppe}|BF4, where the P-Fe—P angle is
163.0(1y,%” and in the case dfans-Mo(H,)(CO)(dppe), where
the P-Mo—P angle is 174.2(2)8

(23) The libration of the K ligand creates banana-shaped smears of
nuclear density at the ends of the-H vector. When this shape is modeled
by a thermal ellipsoid, an artificially shod{HH) is obtained. In order to
verify the correction, calculations were also performed using Maverick and
Trueblood’s THMA14 program which yielded a value of 1.24 A. See ref
24,

(24) Albinati, A.; Bakhmutov, V. |.; Caulton, K. G.; Clot, E.; Eckert, J.;
Eisenstein, O.; Gusev, D. G.; Grushin, V. V.; Hauger, B. E.; Klooster, W.
T.; Koetzle, T. F.; McMullan, R. K.; O'Loughlin, T. J.; Pelissier, M.; Ricci,
J. S.; Sigalas, M. P.; Vymenits, A. B. Am. Chem. S04993 115,7300—
7312.

(25) Brammer, L.; Howard, J. A. K.; Johnson, O.; Koetzle, T. F.; Spencer,
J. L.; Stringer, A. M.J. Chem. Soc., Chem. Commu891, 241-243.

(26) Craw, J. S.; Bacskay, G. B.; Hush, N.J3Am. Chem. S0d.994
116,5937-5948.

(27) Morris, R. H.; Sawyer, J. F.; Shiralian, M.; Zubkowski,JJ.Am.
Chem. Soc1985 107,5581-2.
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Figure 3. Final difference electron density map in the BrQgiane

of 20sBF,. Contours are shown every 0.1 é. Ahe contours on Os
climb in the center to 1.5 e $out are truncated at 0.7 e3A

In the X-ray structure the dihydrogen ligand appears to be
unsymmetrically bonded to the Os with-©d distances of 1.41-
(5) and 1.67(5) A. However this is an artifact of the experiment
because the neutron study reveals essentially equivalentiOs
distances of 1.57(2) and 1.59(2) A. The kband in trans
Re(H)CI(PMePh), appeared to be unsymmetrically bonded in
the refined model from X-ray diffractio??, this might also be
an artifact. The complexO$BF,4 has been shown in a neutron
diffraction study to have a symmetrical triangular Qghhit
with Os—H distances of 1.71(4) and 1.77(3) A and arrH
distance 0f>0.79 A3031 The Os-H distances are shorter for
10<PF; relative to5OBF4 because of the lower trans influence
of chloride versus hydride.

The four P atoms oflOsPF; are coplanar with each other
and the Os atom. The G% distances (2.38(1) A on average)
are systematically longer than thosesiBsBF, (2.343(2) A on
average¥32 because of increased steric repulsions due to the
chloride ligand in10sPFs compared to the hydride ligand in
508BF,.

The PR~ anion inserts fluorine F(5) into the Jbinding
pocket defined by four phenyl rings. The two-R distances
are 2.68(4) A (F5-HOs1) and 2.72(4) A (F5HOs2). There
is an electrostatic attraction between the fluoridte X and acidic
dihydrogen §-+) groups. However the distances are longer than
the sum of van der Waals radii for hydrogen and fluorine (2.55
A). A related interaction between a chloride ligand and the
hydrogen of a dihydrogen ligand in Irg{{H)Clx(PPrs), has
already been reported.

Solid-State Structure of trans-[Os(H--H)Br(dppe)2]|BFa,
20sBF,. The pale-brown crystals of this complex were
isomorphous with those dfRu.2 In contrast to those dfRu,
data quality was sufficient to allow the refinement of the
positions of the hydrogens bonded to osmium in the X-ray
structure determination at 150 K. The cation is octahedral with
the dihydrogen ligand positioned trans to the bromide. Figure
3 shows a difference electron density map in the Brslkine.

(28) Kubas, G. J.; Burns, C. J.; Eckert, J.; Johnson, S. W.; Larson, A.
C.; Vergamini, P. J.; Unkefer, C. J.; Khalsa, G. R. K.; Jackson, S. A.;
Eisenstein, OJ. Am. Chem. Sod.993 115,569-581.

(29) Cotton, F. A.; Luck, R. LInorg. Chem.1991, 30, 767—-774.

(30) Maltby, P. A.; Morris, R. H.; Klooster, W. T.; Koetzle, T. F.; Ricci,

J. S.; Albinati, A. Manuscript in preparation.

(31) The H-H distance still needs to be corrected for the effects of the
large amplitude of libration of the Higand.

(32) Farrar, D. H.; Maltby, P. A.; Morris, R. Hicta Crystallogr., Sect.

C 1992 C48,28-31.
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Table 3. ObservedT; Values of the Dihydrogen Ligands in the Complexemns[Os(H--H)X(L),]* and the Methylene Protons @Os

10s 300 MHz 10s 400 MHz 10s 500 MHz 10s 400 MH2
T, K Ti(obsd), ms T, K Ti(obsd), ms T, K T1(obsd), ms T, K T1(obsd) [T1(calcd)] ms
296 63 294 79 300 88 294 0.37[0.37]
275 53 273 66 273 73 272 0..31[0.29]
251 41 250 57 258 68 251 0.25[0.24]
229 54 242 67
226 39 231 70
201 46 207 60 226 70 229 0.22[0.23]
185 74 210 80 207 0.25[0.26]
176 70 176 81 189 99 186 0.37[0.41]
20s 400 MHz 30s 400 MHz
T, K Ti(obsd), ms T, K Ti(obsd), ms T, K Ti(obsd), ms T, K Ti(obsd), ms
293 76 229 57 295 217 227 79
272 64 208 66 268 159 207 60
251 57 186 87 248 113 187 60

a Observed values reproducible #02 ms; errors at 293 K ar¢- 2 ms, and at 180 Kt 5 ms. The solvent is CiZl, for all complexes except
for 30s where acetones was used? Ty(obsd) values are for the methylene protons of the dppe backboh®of The T;(calcd) values were
obtained by use of the parametessand E, for 10s as listed in Table 4.

The refined model gave an-+H distance of 1.13(8) A and S00MHz
Os—H distances of 1.64(6) and 1.52(6) A as indicated by the 400MHz
triangle in Figure 3. Within the @ level of the estimated

standard deviations of atomic positions, a more symmetrical 21 4
arrangement, in which the hydrogen atoms are positioned in
the centers of the contours, is also conceivable. In this case
the H—H distance lengthens to about 1.4(1) A. Both-H 23 1
distances fall in the range calculated from theNMR Ty(min)

measurements on the dihydrogen ligand (see below). The H

300MHz

orientation is similar to the one ihOsPF. The BF anion is 25T
located with F(2) inserted into the;Hbinding pocket with an
F(2) to H(2) distance of 2.6(1) A. nT S L

The 2.320(1) A Os-Cl bond length inLOsPFs and the 2.560-
(1) A Os—Br bond length in20sBF, are similar to those of
other Os(ll) halide complexé8. This suggests that the H 29 +
ligands in these complexes do not have a high trans influence.
Both the Os-Cl and the Os-Br bonds are tilted toward P(2)
and P(3), as in the structure BRu, because of steric repulsions 31T
with phenyl rings on P(1) and P(4).

NMR Properties of 10s, 20s, and 30s in Solution.The 33 . . A%' ; : ;
31p{1H} spectra of these dihydrogen complexes in,C3 or ’
acetoneds solution at 295 K are singlets; the spectruml@is
remains a singlet down to 176 K at 121.5 MHz. Therefore these VK
complexes are regular octahedral or there is a low-energy _Figure 4. Plot of T; of the dihydrogen nuclei on a log scale versus
exchange process which makes the P atoms equivalent. inverse temperature fatOs observed at 3004, 400 @), and 500

The high-field region of the'H NMR spectra of these (®) MHz. The smooth curves are from calculated values basefgn

) ! X (fast spin)= 1.04 A orduu(slow spin)= 1.31 A and the correlation
complexes in CBCl; at 295 K displays a quintet at11.44 time of the molecule given by they, and E. parameters of the GH

ppm with [J(H,P) = 11.7 Hz for10s at —11.46 ppm with protons of the dppe backbone (see Table 4).

[J(H,P) = 11.9 Hz for20s, and at—14.0 ppm with|J(H,P)| =

11.8 Hz for3. These quintets become less well resolved as the tion of complex were used at each spectrometer frequency; this

temperature of the samples is lowered until they become broadis crucial in order to fit the data as described below. The data

singlets at 400 MHz below 200 K. The chemical shiftldds for CompleXBOSﬁt the usual “V”-Shaped curve when [ﬁl is

in CD,Cl, is temperature dependent and is givendgii--H) plotted against T/, whereas those fdrOsand20sdeviate from

= —11.72+ 9.42 x 107T), whereT is in K. Simulation of  the Vv shape (Figure 4). The temperature-dependentlues

the line shapes shows that tB@1,P) coupling is not affected  can be calculated by use of the equation fdr-*H dipolar

by temperature and that the broadening at low temperature isre|axation with a suitable spectral density function and a

due to the shorf, expected for the HH ligand. Therefore temperaturedependent correlation timere = 7,682RT, as

the H atoms on osmium are chemically equivalent from room reported previouslj* The parameters which determine the

temperature to low temperature and they remain coupled to four correlation time of the molecule, andE,, should be the same

equivalent P atoms. as those of the corresponding ruthenium complexes as long as
The T; values of the H atoms on Os were measured as athe concentrations of the solutions are the same (Table 4).

function of temperatureT (175-300 K), by the inversion  |ndeed the data fOscan be fit with approximately the same

recovery method (Table 3). Samples with the same concentra-parameters as those ®Ru? along with either alyy of 1.06 A

(33) Orpen, A. G.; Brammer, L.; Allen, F. H.; Kennard, O.; Watson, D. (34) Bautista, M. T.; Earl, K. A.; Maltby, P. A.; Morris, R. H;
G.; Taylor, R.J. Chem. Soc., Dalton Tran$989 S1. Schweitzer, C. T.; Sella, Al. Am. Chem. S0d.988 110, 7031—7036.

0.003 0.0035 0.004 0.0045 0.005 0.0055 0.006
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Table 4. Parameters Used To Fit the Temperature Dependence of
the T, Values of Complexe&Os 20s, and30s (Table 3) andlRu,
3Ru, 50s, and60s

T(min), Ti(min)? Ea  spinning A, A
complex K ms  7ops kcal/mol rate min®  corrd
10s 230 53+1 1.° 2.5 fast 1.04 1.08
230 53+1 1.1 2.5 slow 1.31 1.35
1Ru 240 25+1 1.8 2.4 fast 0.92 0.94
20s 238 57+1 1.7 2.3 fadt 1.05 1.08
238 57+1 1.7 2.3 slow  1.33 1.36
30s 210 60+1 0.34 2.6 fast 1.06 1.10
210 60+1 0.34 2.6 slow 1.34 1.38
3Ru 210 28+1 0.37 2.7 fast 0.94 0.96
50s 233 40+£1 0.90 2.6 fast 0.98 1.02
60s 203 80+1 019 2.9 fast (112§ (L.17p

aThe observed minimun, value,T;(min), for the dihydrogen ligand
(at temperaturel(min), and 400 MHz) obtained by direct observation
and fitting to the temperature-depend&nequation using a temperature
dependent correlation time = 7,65R7.3* © A fast rotational frequency
of the H unit is >400 MHz, while a slow frequency <400 MHz.
¢ Obtained from fitting theT; data.? Corrected for the relaxation
contributions from neighboring protofs. ¢ Parameters obtained by
fitting the T, data of CH groups of the dppe backbone (Table 3 and
unpublished data for 300 and 500 MHZzRActually an intermediate
motion of the H of frequency~ 400 MHz is suspected (see text).
9 Actually fast-spinning (H) and static (H) forms are proposed to be
in rapid equilibrium.

for a fast spinning ligand or 1.34 A for a slow spinning ligand;
the calculated’; values are listed in Table 3, and the calculated
dun values are listed in Table 4. These are the minimum values
of dun; to obtain the actual values the relaxation rates have to
be corrected for the contributions of the ethyl group protons by
the method of Desrosiers et®#l. The resulting distances, which
are slightly longer, are also listed in Table 4.

The unusual temperature dependence ofTthdata at three
different spectrometer frequencies for the dihydrogen ligand of
complex1Osis demonstrated in Figure 4. The smooth curves
are calculated usingyn(slow spinning)= 1.31A or dyn(fast
spinning)= 1.04 A and the standard spectral density functions.
For these calculations the parameteys- 1.08 ps andE; =2.5
kcal mol which give the correlation times for the molecule at
each temperature (Table 4) were determined fronTthalues
of the methylene hydrogens of the dppe backbone (Table 3).
These were similar to the correlation times calculated by use
of the parameters fdtRu (Table 4). For a given spectrometer
frequency the observel, values of the dihydrogen ligand of

10s are shorter than expected at both high temperatures and
low temperatures (Figure 4). The deviations are caused by an

H, correlation time or rotational frequency which is near the
correlation time or tumbling frequency of the complex. We
attempted to model the dipolar relaxation by assuming that the
correlation time of the K ligand can be expressed in the
exponential fornry, = 70€/RT. We used the spectral density
function for the case of dipolar relaxation o lderpendicular

to the axis of rotation (eq 2 and varieddyn, Trot and Eror.

J(w) =0.25J(1 + w’t ) +
0.756J/(2 + 7, Jr))(L + 0’ (12 + 7, /7)) (4)

Values ofdyy =1.06 A, 70t = 0.3 ps, andt = 1.5 kcal mot?
gave a reasonable fit to the 500 MHz data but did not fit all the
400 and 300 MHz data. We also tried the “model-free” spectral
density function suggested by Lipari and Szabo (e#5)The

(35) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halperd, Am.
Chem. Soc1991, 113,4173-4184.

(36) (a) Lipari, G.; Szabo, Al. Am. Chem. So04982 104,4559-4570.
(b) This model should include a treatment of thg IMration.

J. Am. Chem. Soc., Vol. 118, No. 23, 19®3

®)

function has a facta® which ranges from 1 (no internal motion)
to 0.25 (fast spinning) while ¥/ = 1/t + 1/ty,. By use of

dun = 1.22 A from the neutron study, we determined tfis
approximately 0.6, which suggests the existence of an inter-
mediate frequency of motion of the;H However, eq 5 witl&?

= 0.6 did not fit well to all the temperature-depend&ntdata.

A more complex physical model needs to be developed to
analyze this and future data for this interesting case of
intermediate motion of the Higand35b

Therefore, the flattened shape of thellinversus 1T plots is
an indicator that the motion or motions of the kfyand have
frequencies similar to that of the overall motion of the molecular
complex. In such a situation the actudy will be between
the values calculated from tHg(min) value for “fast spinning”
and “slow spinning”. These limiting values are listed in Table
4 for 10sand20s

Preparation and Properties of the Deuterated Complexes.
The complextrans[Os(H--D)Cl(dppe}]™ (10sd;) was pre-
pared by reactind00swith HBF4-Et,O in excess BO/ether
or by reacting80Os with HD gas (generated by reacting®
with NaH). SomelOscontaminated the first sample. The
NMR spectrum observed at 298 K is a 1:1:1 triplet of quintets
at 0.013 ppm upfield of the resonances f@swith J(H,P) =
11.7 Hz andJ(H,D) = 13.9+ 0.2 Hz for 10sd; in CD,Cl,
andJ(H,P)= 11.7 Hz and)(H,D) = 14.4+ 0.2 Hz for10s-d;
in acetoneds. TheJ(H,D) values are also temperature depend-
ent, decreasing with decreasing temperature (Table 5). The
isotopomerslOs and 10s-d; appear as two closely spaced
singlets at 20.8 and 20.7 ppm, respectively, in3#RéH} NMR
spectrum. CompleX2Os-d; gives a very similarlH NMR
spectrum withJ(H,P) 11.9 Hz and)(H,D) 13.7 Hz.

The complex30sis enriched in deuterium by slow exchange
with acetoneds. 30sd; gives a pseudo-septet at13.83
ppm, 0.016 ppm upfield of and superimposed on the K
signal for30s The !H resonances 080s-d; were observed
by use of an inversion recovery experiment with a delay time
of 150 ms at 400 MHz to null out the resonances36fs (see
refs 2, 37, and 38 for similar experiments). The null time
corresponds to &; for 30sof 217 ms €150/In(2)), which is
in agreement with other determinations Tf (see Table 3).
The observed intensities of the lines of the-{B) septet
are 0.7:4.8:11:14:11:4.8:0.7, close to the expected 1:5:11:14:
11:5:1 pattern ifJ(H,D) ~ J(H,P). The outer peak separation
of 73.2 Hz corresponds to &H,D) coupling of 13.1 Hz,
assuming thad(H,P) for 30s-d; is identical to the3Os value
of 11.8 Hz.

Correspondence ofJ(H,D) and dyy. We find that a plot
of J(H,D) versusdyy for complexes whose HH distances have
been determined by single-crystal neutron diffraction, X-ray
diffraction, or solid-state NMR techniques (Table 6) gives a
straight line:

J(w) = STJ1 + 0’td) + (1 — D@L+ *(7')?)

d,, = —0.0160(H,D) + 1.42 (6)
One complex whose parameters deviate from this plot is Ir-
(H2)HCIx(PPrs),, which may not have the same hydrogen
chlorine interaction in solution that it does in the crystal as has
been discussed previouslyEquation 6 probably does not hold

for J(H,D) < 3 Hz becauseis-dihydride complexes witlalyy

(37) Chinn, M. S.; Heinekey, D. M.; Payne, N. G.; Sofield, C. D.
Organometallics1989 8, 1824-1826.

(38) Bautista, M. T.; Cappellani, E. P.; Drouin, S. D.; Morris, R. H.;
Schweitzer, C. T.; Sella, A.; Zubkowski, J. Am. Chem. S0d.99], 113,
4876-4887.
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Table 5. J(H,D) Values for [Os(H-D)Cl(dppe)]™ as a Function of some complexedrans[M(CO)X(L)2]" of Table 7 which

Solvent and Temperature from 500 M4 NMR Spectra decrease with this order of ligands. It is also of interest to note
10s-d; in CD.Cl, 10s-d; in acetoneds thatv(CO) values are lower when CO is trans to chloride than

T K J(H,D), Hz TK J(H,D), Hz when trans to hydride. In each series of complexes with the
253 136 253 138 same metal and trans Ilgand.there is an apparent increase in the
263 13.8 273 142 H—H distance (except possibly for the Ru complexes) and a
273 13.9 208 14.4 decrease in thd(H,D) coupling of thetrans[M(HD)X(L) 2] *
283 13.7 308 14.5 isotopomers with this order of ligands. Such a trend would be
298 13.9 expected since an increaseirbasicity of the metal along this
308 14.2 series would result in increased () — H(c*) back-bonding.

Associated with a lengthening of the-HH bond is an increase
Table 6. H—H Distances of Dihydrogen Complexes in the Solid in the coupling,J(H,P), which in turn probably indicates an

State and(H,D) from Solution’H NMR Studies increase in hydride character of the-H unit.
J(H,D), The most interesting effect of halide versus hydride is the

complex dun, A method  Hz ref comparison of H-H distances in the serieROs—40s versus
Cr(Hy)(CO)(PPr3), 0.85 s 35 45 50s-70s In the former series the character of the i unit
[Fe(H)H(dmpe}|BPh, 0.86 X 31 46, 47 changes only slightly while in the latter there is a large structural
E\';gg&))'("c(%%?ggﬁsm 8:22 S gi ‘Z‘Sv 49 change on going from a spinning dihydrogen ligané®s to
W(H2)(COX(PPE)s 0.89 s 335 50,51 a dihydride unit in7Os It.app.ears that the halide ligand buffers
[Ir(H2)H(ba)(PPR)]* 0.94 s 295 49,52 the effect of the phosphine ligands so that theHHbond only
[Ru(H)Cp(CO)(PCy)]*  0.97 s 28 49,53 lengthens a little when the electron-donor strength of the
[Ru(Hz)Cp(dmpe)} 1.02 s 22 49, 53 phosphine ligand increases from dppe to dcpe. As noted above,
{Eﬂgn??ﬁ%dﬁ’k?g‘)]“m)]lm 1%(2) ﬁ 22%-% 574 the Os-P bonds inlOs are longer than those BOs and this
cis—lr(H--H)IgCIz?lgPrg)z 111(3) n 12 24 might reduce the transmission of electronic influences from the
[Os(H+H)Br(dppe)PFs  1.13(8) X 13.7  this work substituents on phosphorus to the metal. A result of this
[Os(H+H)CI(dppe)PFs  1.22(3) n 13.9 this work buffering effect is that, although there is acreasein H—H
[Os(H:+H)(enk(OAC)IPR  1.34(2) n 91 4 distance on going frortrans[Os(H;)H(dppe}]* to trans[Os-
[Os(H--H)Cl(en)]PFs 1.39(10) X 72 4 (H--H)Cl(dppe)]*, there is adecreasefor the corresponding
HD(9) 0.74 43 pair of dcpe complexes. This contrasts with the results for

an = neutron diffraction, X= X-ray diffraction, s= solid-state ruthenium where a change of the trans ligand from hydride to
NMR. chloride always results in an increase ir-H distance and in
the hydride character of the dihydrogen lig&ndt is possible
of 2 A haveJ(H,H) values of at least 10 Hz which correspond  that the splitting of the HH bond in complextOsand intrans-
to J(H,D) of up to 2 Hz. Therefore the plot should curve to  [Os(H--H)Cl(en)]* (see Table 6) is arrested because of first

higherdyy at smallJ(H,D) values. . . coordination sphere repulsions with the chloride ligand. This
Equation 6 appears to provide the best estimatel@fin might also be the explanation for why replacement of the

solution for a dihydrogen complex whelH,D) is known. As  chioride in the dihydrogen complex, IFfCIHx(PPF,),,% with

mentioned above, thE, method gives ambiguous valuesdpi; hydride to give the pentahydride, [gfPP3)2,% results in the

which depend on the interpretation of the motion of the H preaking of the H-H bond. However a more likely explanation
ligand. However an analysis of thlg values at the fast and i this case is that octahedral IHis(PPts), is expected to be
slow spin limits of 64 complexes which also have measured high in energy because it is forced to have trans hydride
J(H,D) values shows that eq 6 could apply to all of these (see |jgands
supporting information). In several cases it can be decided |; js glso possible thatlOs—40s exist as mixtures of
whether the complexes have fast-spinning or slow-spinning H _gihydrogen complexes and dihydride complexes which are in
ligands. In general the complexes with fast-spinnindigtands rapid equilibrium as has been proposed 6®s5 Then the
have hydride as the trans ligand. There is no obvious correlation ghserved NMR properties of the complex&@y), 6(P), J(H,P),
apparent as yet on the nature of the trans ligand for the yH p), T,(H,)) would be the weighted average of those of the
complexes which have slow-spinning, Mgands. Thedun two forms. The low-temperature (180 Kji and3P spectra
values calculated by use of eq 6 for compleg€s—60s and do not give evidence for two species. The increasa(iiD)
their ruthenium analogs are listed in Table 7. It appears that of 10s.d with increasing temperature, as is also observed for
complexed Osand2Oshave H-H distances in solution which 4054, 5 provides evidence for such a rapid equilibrium where
are between the fast- and slow-spinning limits. The rectangular ihe equilibrium shifts more from the Os(H)(D) species toward
bar in Figure 5 shows these extredig; values forlOsas well - the Os(HD) one with increasing temperature. It is difficult to
as the limits ofJ(H,D) observed at high and low temperature. gypiain the increase id(H,D) with a single species since an
Therefore thalyy for 10sin solution is likely to be about 1.20 increase in thermal motion of an elongateeBiligand might
A as indicated by the intersection of this bar with the line from o expected to result in a decreasel{H,D) with increasing
the J(H,D) values and the point from the neutron-derived solid- (emperature as observed for the complex [RME;)(H++H)-
state distance. Similarly thay for 20smust also be around  (ppm).7 Other possible evidence for a rapid equilibrium is
1.2 A, _ the observation of the temperature dependence of the chemical
Comparison of trans-[M(H 2)X(L) 2] " Spectral Data and = gpjft of the dihydrogen ligand and the observation of disorder

H—H Distances in Solution Table 7 outlines the changes that i, gne dppe ligand in the X-ray structureT®sBF, which might
occur when the trans ligand is changed from halide to hydride
on osmium and ruthenium for three chelating diphosphine  (39) Mediati, M.; Tachibana, G. N.; Jensen, C. Morg. Chem.1992

; i : : 31,1827-1832.
ligands. The bidentate ligands push more electron density onto (40) Garlaschelli, L.: Khan, S. I.: Bau, R.: Longoni, G.: Koetzle, T. .

the metal as dppe (R Ph) < depe (R= Et) < dcpe (R= Cy). J. Am. Chem. S0d.985 107, 7212-7213.
This is clearly indicated by the-©0 stretching frequencies for (41) Eisenstein, O. Personal communication.
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Table 7. Spectroscopic Properties and-H Distances of Dihydrogen Complexes of the Tytpens[M(H--H)XL ] *

+
Rzp..,,””/ o PR
MY
[RZP/ | \PRZJ
X
T1 (min) at trans[M(CO)XL 7] *
M H, X RonP 400MHz,ms duyfromTy, A 1J(H,D),Hz duyfromJI(H,D), A  2J(H,P), Hz »(CO) cnrt
10s H-+H Cl Ph 53 1.08-1.35 13.9 1.19 11.7 1936
20s H-H Br Ph 57 1.08-1.36 13.7 1.19 11.7
30s H-H ClI Et 60 1.1+1.4 13.1 1.20 11.7
40¢ H-H Cl Cy 50 1.1+1.4 10.5 1.24 12.8 1917
50s H, H Ph 40 1.02 25.5 0.99 5 2003
60s H-H H Et 80 1.2-15 11.3 1.23 5.5 1974
708 (H), H Cy 173 >1.6 10.4 1975h 1875
1RU  Hy cl Ph 25 0.941.2 25.9 0.99 7.4 1946
3RU  H; cl Et 28 0.96-1.2 25.2 1.00 7.2
4Ruc  H-H Cl Cy 20 0.94-1.2 16 1.15 8 1940
5RU  H; H Ph 20 0.90 32.0 0.88 1987
6RU  H, H Et 16 0.85 32.3 0.88 1958
7RU  H; H Cy 15 0.84 315 0.89

aJ(H,D) solvent and temperature dependémeference 55¢ The T; values from ref 3 had to be scaled from 80 to 400 MHz to provide this
comparison. The calculation of+H distances for these complexes has larger uncertainty because of the less accurate BOdslidzand the

problem that the bidentate ligands have several protons that can contribute to the relaxation of the metal-bonded H

56 Reference

5. fReference 57¢ Values averaged with those of the terminal hydride due to rapid intramolecular H-atom exchiatixgd v(OsH) andv(CO)
modes. Reference 8Reference 2. Reference 58¢ Reference 59.Reference 38™ Reference 60.

be explained by the cocrystallization of dihydride and dihydro-
gen isomers’ The anomalously shorfl; values at low
temperatures (Figure 4, 400 and 500 MHz) are not explained
by such an equilibrium since lower temperatures should result
in a shift in the postulated equilibrium to the Osgrm which
would have a longeT;.

The actual description of complex&®©s—30s is probably
neither an elongated dihydrogen complex with a fixeetHH
distance nor a rapid equilibrium but instead complexes with
two H atoms moving rapidly in flat potential wells with shallow
minima at the crystallographically determined positions where
the H-H separation is about 1.2 A.

Acidity of 10s and 20s Complex1Osis not deprotonated
by PEtPhin CH,Cl,. This contrasts witliRu which is partially
deprotonated by PEtRland is in equilibrium with HPEtPHY
(pKa 4.9) and10Ru.? ThereforelOsis less acidic thaiRu,
which has a g, of 6.0. The osmium complex is partially
deprotonated by PMEh and in equilibrium with HPM&H"
(pKa 6.5) and100s(eq 7,K = 0.12, 293 K). Therefore the

trans[Os(H--H)Cl(dppe)]* + PMe,Ph==
10s

trans-OsHCI(dppe) + HPMe,PhH" (7)
100s

pKa of 10sis determined to be 7.4 0.3. This is much more
acidic than the complex with hydride trans to dihydrogetihe
pK, of 50sis 13.6+ 0.342 This large difference in acidity
can be attributed to the strongerHi interaction in50s and

1.4 +
- dHHs]ow spin
1.3 T
- dH_Hneutron
o 4
<’ T fast spin
T dygy 2SR
L
T 17
0.9 J-
0.8 +
0.7 }
0 10

J(HD), Hz
Figure 5. Plot of duw versusJ(H,D) for dihydrogen complexes. The
filled squares are the data from Table 6 except for those of the iridium
complex. The rectangular bar represents the limitdpfdetermined
for the T, data for1Os (see Table 4).

trans[Os(H--H)Br(dppe}] " + PR, =
20s
transOsHBr(dppe) + HPR,™ (8)
110s
In summary, K, values for complexetrans[Os(H--H)X-
(dppe}]t increase with the trans Xigand as Br (5.4) < CI~
(7.4) < H™ (13.6). The same trend is observed in the enthalpy
of protonation of the complexes Osfs)(PPh).X to give
hydrides [OsH(GHs)X(PPh);] " where—AHpy increases with

the stronger electron-donor ability of hydride versus halide (se€ y- iy the order t (14.1 kcal motY) < Br- (16.3) < CI- (19.7)

below).

Complex20sis partly deprotonated by pCHsOCsH,)3 and
is in equilibrium with HPp-CHzOCsH4)s™ (pKa 4.57) (eq 8, R
= p-CH3OGCH,4, K = 0.155, 293 K). The K, of 20s is
therefore 5.40.3. The fact thaROsis more acidic thariOs
is consistent with the fact thaOsis not deprotonated at all by
P(p-CH30CsH4)s.

(42) Cappellani, E. P.; Drouin, S. D.; Jia, G.; Maltby, P. A.; Morris, R.
H.; Schweitzer, C. TJ. Am. Chem. S0d.994 116, 3375-3388.

< H™ (37.3). Note that the trend for the halides is opposite to
that expected on the basis of the electronegativity of the
substituent. Angelici has explained this effect of ¥n the
acidity of osmium monohydride or dihydride complexes in terms
of the donor abilities of the X ligands as reflected in their
gas-phase proton affinities which correlate exactly withiH .43

The electrochemical potential®(0s**/0Og+) of 100sand
110sare—0.14 and—0.11 V vs Fc¢/Fc, respectively#38 The

(43) Angelici, R. JAcc. Chem. Red.994 28, 51-60.
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Table 8. Dependence of Acidity (8. and M—H Bond
Dissociation Energy on the +HH Distance of Dihydrogen and
Dihydride Complexes

dun, A AHgpg,

complex fromJ(H,D) pKa kcal/mol ref
[Os(H,)H(dppe}] *, 50s 1.0 13.6 80t1 42
[Os(H--H)Cl(dppe}] *, 10s 1.2 7.4 73+1 this work
[Os(H--H)Br(dppe}] ", 20s 1.2 54 71+ 1 thiswork
[Ru(Hz)H(dppe)}]*, 5Ru 0.9 150 82-2 42
[Ru(Hz)Cl(dppe}]*, 1Ru 1.0 6.0 713 2
[RuHs(dppfcy]* 2 >1.8 44 582 2
[Cp*Ru(H--H)(dppm)} 1.1 9.2 732 42,61
[Cp*RuHz(dppm)] >1.8 8.8 72+2 42,61

a dppfc = 1,2-bis(diphenylphosphino)ferrocene.

pKa andE® values can be used to calculate the energy require
to remove an H atom frodOsand20s AHgpe = 73+ 1 and
71+ 1 kcal mol?, respectively’2 By contrast the comparable
energy for50sis 804 1 kcal moll.42 Again these H atom
abstraction energies parallel those calculated fraftHy for
the hydride complexes [OsHX{Hs)(PPh)]: 63.2 (Br), 66.4
(CI"), 73.6 (H) kcal mol1.44 The unusually large BDE value
for 50s might be a result of some +HH bonding as well as
Os—H bonding since this complex has the shortestHH
distance (1.0 A versus about 1.2 A fb®sand20sand>1.6

A for [OsHy(CsHs)(PPR)] ™).

Maltby et al.

Conclusions

We propose that the new octahedral complexass[Os-
(H--H)X(L)2]* (L = dppe, X= ClI, Br, L = depe, X= Cl),
have elongated dihydrogen ligands in the range of1.22 A
in the solid-state and in solution. The distances are established
in the solid-state by X-ray diffraction for the dppe complexes
and neutron diffraction fotOsPFs. Therefore these complexes
are classified as having stretched or elongated dihydrogen
ligands, arrested along the pathway to homolytic splitting or
oxidative additiort® However it is likely that the hydrogen
atoms are moving rapidly in a flat potential surface above the
OsR, plane and that this elongated separation is at a shallow
minimum on this surface. The temperature and solvent

4 dependence af(H,D) noted forlOs-d; might be evidence for

the flat potential energy well and large excursions from
equilibrium positions of the H and D.

The distances in solution are more difficult to obtain. An
approximatedyy can be obtained from the couplidéH,D) by
use of eq 6. The method of determining thgmin) value of
theH nuclei of the dihydrogen ligand provides upper and lower
limits for dyy. However the correct spectral density function
to describe the motion of the-H ligand is needed to derive
a reliabledyy value. We describe for the first time how the
deviations inT; values of the H ligand from those expected

SomeAHgpe values that have been determined so far are ©n the basis of the correlation time of the molecule signal the

listed in Table 8. There is a trend developing such that ,as the c@se of hindered spinning of the-#i ligand. However a
H—H bond stretches past 1.0 A, the energies drop to values Suitable spectral density function to define the motion of the

expected for metal dihydrides. Therefore, even though the Hz ligand and allow a fit to all thel; data has not yet been

hydrogens are still close together at+1.2 A, they have the
acidity of dihydrides or, in other words, their acidity is not
influenced by H-H bonding. In the few instances where it

found.
The hindered motion when dihydrogen is trans to Cl and Br
in 10s—30s contrasts with the fast spinning when dihydrogen

has been determined, osmium hydride complexes are less acididS trans to hydride in complexgsans[M(H2)HLz]* (M = Fe,

than comparable ruthenium hydride comple¥esThis is also
true in a comparison ofOs andtrans[Ru(H--H)Cl(dppe}] ™
(Table 8) with K, values of 7.4 and 6.0, respectively. The
complexegrans[M(H2)H(L),]™ are the exception to this rule

Ru, 0s)3® The H-H distances of the latter complexes are short
(in the range 0.851.0 A) and the M-H; interaction is weak
because of the high trans influence of the hydride which
weakens Os— H, o-bonding and the strong ligand field splitting

where the ruthenium complexes are less acidic than the osmiumeffect of hydride which lowers the Qi) electron energies and

complexes because of the strongeriibonds in the formet?
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decreases Os> & back-donation. Craw and Hu¥hhave
explained the stretching of the dihydrogen ligands in the series
of complexestrans[Os(H--H)L(NH3)4]"" as a function of a
spectrochemical parameter for L which expresses this ligand
field splitting concept. This explains why the weaker field
halide ligands cause longdpy distances and smallg(H,D)
couplings in such complexes relative to the hydride ligand.

We note that there is a “buffering effect” of the trans halide
on the transmission of electron density from the cis chelating
phosphines to the dihydrogen ligand via @&§(— H(o*) back-
donation. For the case of chloride trans to dihydrogen, there is
a moderate increase iy on going from the less donating
dppe ligand (1.22 A) inOsto the more donating dcpe (1.3 A)
in 40s while in the case of hydride trans to dihydrogen, the
dppe complexsOshasdyy of 1.0 A and the depe compléOs
has no H-H bonding @y > 1.6 A). This effect is attributed
to a weakening of OsP bonding by the halide ligand which is
reflected in the longer Os-P bond distancesl@fs and 20s
compared tbOs

There is clearly a continuum ofyy of dihydrogen complexes
ranging from 0.85 to 1.4 A (Table 6). The osmium complexes
of Table 6 make an interesting series of structures with seven
donor atoms on the metal starting with octahedral Os(ll)
complexes with shortlyy and proceeding to structures which
are intermediate in the oxidative addition to Os(lV), 7-coordinate
complexes. It is likely that other complexes in Table 6 and
others in the literature have unsymmetrichl versus 1T
behavior because of hindered motion of theHHligand. It is
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important to report all temperature-depend@&ntlata as well DE-AC02-76CH00016 with the U.S. DOE, Office of Basic

as theT,(min) value so that such effects can be detected. Energy Sciences, Division of Chemical Sciences.
The complexedOs (X = Cl) and20s (X = Br) are much
more acidic than comple%Os (X = H). The trend in acidity Supporting Information Available: Table of J(H,D) and

as a function of ligand is mirrored by that of the hydride T, values of 64 dihydrogen complexes, their classification as
complexes [OsH(§Hs)X(PPhy)]*. This suggests that hydrogen  fast, intermediate, or slow spinning, and a plot showing this
hydrogen bonding in these complexes with elongated dihydrogenc|assification, and full details of the X-ray crystal structures of
ligands does not influence the acidity, except perhap$@s 10sPFs and 20sBF, and the neutron diffraction analysis of
10sPFK; (49 pages). This material is contained in many libraries
on microfiche, immediately follows this article in the microfilm
Xersion of this journal, can be ordered from the ACS, and can
e downloaded from the Internet; see any current masthead page

for ordering information and Internet access instructions.
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