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Reaction of Cp*Os(CQELI with [EtsSi][BArt,;] under hydrogen gas affords the cationic hydrogen
complex [Cp*Os(COYH,)][BAr 4] (1) (Cp* = CsMes; ArF = CgFs). When this reaction is carried out
with HD gas, complex-d; results, withJup = 24.5 Hz. When solutions of compléxare monitored by
H NMR spectroscopy over several days, the gradual formatiortrefnes dihydride species is observed.
Similarly, reaction of CpOs(dppm)Br with Na[BRr,] (Ar™ = 3,5-(CR).CsH3) under hydrogen affords
the cationic dihydride complex [CpOs(dppm]HBAr™,] (2). At 295 K, complex2 exists as a 10:1
mixture of cis andtransisomers. ThéH NMR spectrum of thesis form in the hydride region exhibits
a triplet with Jup = 6.5 Hz, due to rapid exchange of the hydrogen atoms. At low temperature, static
spectra of the HHPP spin system can be obtained, revealing quantum mechanical exchange coupling
between the two hydride ligands. The obserdggl is temperature dependent, varying from 133 Hz at
141 K to 176 Hz at 198 K. This is the first report of detectable exchange coupling between pairs of
chemically equivalent hydrogen atoms.

Following the seminal work of Kubas and co-workers in upon the steric and electronic contributions of L and Many
19841 the coordination chemistry of dihydrogen developed very of the Ru complexes also exhibit equilibria between dihydrogen
rapidly into an active field of studyBound dihydrogen exhibits ~ and trans dihydride structures (below). In spite of extensive
great variability in structure and reactivity, along with interesting Studies, it remains very difficult to predict which of several
dynamic behavior. The key structural parameter is the distanceP0SSiPIe structures of similar energy will be adopted by these

between the two hydrogen atoms, designatethasComplexes molecules.
with duny < 1.0 A are usually considered to be complexes of
dihydrogen, while complexes witthy; > 1.5 A are regarded @ @ @
as conventional dihydride complexes. Molecules with intermedi- I\I/I | . ' _H

: : H= 5\ H LMy LwsM—/
atedyy values have been variously termed elongated dihydrogen 2 H
complexes or compressed dihydride complexes. There are now N L H L
several examples of such complexes exhibiting novel structures  frans dihydride cis dihydride dihydrogen

and dynamic behavior, including temperature-dependent struc-

tures? Particularly interesting is the cationic Ru complex  Preparation of Os analogues of these Ru complexes has been
[Cp*Ru(dppm)(H)]*, in which the unusual isotope-dependent less ex_plored. In general,_ th_e _dihydri_de structures are more
structurd is attributed to a very soft, anharmonic potential accessible for Os. There is limited evidence for bound dihy-

S ; X bl
energy surface for the RtH and H-H interactions. This Ru drogen n th|§ pre.of osmium complex. Reacthn 9f Cp .OS

. - . .. (CO)H with triflic acid was reported to afford a cationic species
complex is one representative of an extensive set of cationic

complexes of the form [Cp/Cp*RuL{H)]*. which exhibit a initially thought to be a dihydridé.Subsequently, studies of

. relaxation times were interpreted in terms of an equilibrium
wide range ofduy values. The observediy seems to depend  panwveen dihydrogen and dihydride forfhs.

Similarly, Jia and co-workers have reported the preparation
and properties of [CpOs(dppm)H (dppm= bis-diphenylphos-
phinomethanej.In this complex, botftis andtrans dihydride
isomers were observed, with this form predominanting. The
suggestion of &is dihydride structure is novel, in that such a
structure has never been observed for Ru. This structural
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proposal was based on the relatively long value of the minimum

spin lattice relaxation tim@iminy and the low observed value
of Jyp in the HD derivative ¥Jup = 3 Hz). Averaging oJyp

couplings at the lowest reported temperature suggests that there
is a rapid dynamic process that interchanges the two hydrogen

atoms.

We now report new synthetic approaches to the preparation

of [Cp*Os(COY(H2)]* and [CpOs(dppm)k*. Further inves-
tigation of the structure of [Cp*Os(C&H>)]* gives new insight

into the equilibrium between the dihydrogen and dihydride forms

of this complex. Using very low-temperatutel NMR, the
dynamic behavior of [CpOs(dppm)H has been investigated,

revealing quantum mechanical exchange coupling (QMEC)

between the hydrides in tleés isomer. This is the first reported

Egbert et al.
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Figure 1. Hydride region of théH NMR spectrum of comples
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example of QMEC between two chemically equivalent but as a function of time.

magnetically inequivalent hydrogen atoms.

Experimental Section

All complexes were prepared using standard Schlenk technique
under argon. NMR spectra were obtained at 500 MHz on a Bruker

Avance DRX series spectrometer. Spin lattice relaxation timgs (

reaction of Cp*Os(CQH with CCl,. This is more convenient
than the previously reported preparation from Cp%3<COD)-
Cl.15 Reaction of Cp*Os(CQEI with [EtsSi][BArF,] in meth-

Sylene chloride under 1 atm of hydrogen gas affords the hydrogen

complex [Cp*Os(COYH2)][BArF4] (1) (ArF = CgFs). In the
hydride region of théH NMR spectrum, compleg exhibits a

as a function of temperature were measured using a standardSingle resonance at7.61 ppm. TheT of this resonance was

inversion recovery pulse sequence. CDFCDF,CI mixtures were
prepared by the method of Siegel and AHENMR spectra were
simulated using gNMR 4.1 (Ivorysoft). Cp*Os(CBl)was prepared
as previously reportet.

Cp*Os(CO)CIl. Cp*Os(CO}H was dissolved in CGlat room
temperature. Cp*Os(C@g! formed cleanly ir>95% yield. Cp*Os-
(CO)XCl is a light yellow air-stable solid. IR (C¥l,): 2016 (s),
1956 (s) cm. TH NMR (CD,Cly): 6 2.01 (s, GMes).

[Cp*Os(CO)2(H2))/[Cp*Os(CO) H-J[BAr Fy] (1). A J. Young
NMR tube was charged with [E3i][BArF,] prepared from [P¥C]-
[BArF,] (20 mg, 25umol) and excess BBiH.12 To this was added
Cp*Os(COXCI (5 mg, 12umol). CD,Cl, was added by vacuum
transfer. The head space was filled with &hd kept frozen with
liquid N until just before the first NMR spectrum was acquired.
IH NMR (CD.Cly): 6 2.42 (s, Cp*, Os(H)), 2.35 (s, Cp*trans
OsH,), —7.61 (s, Os(K)), —10.05 (strans-OsH). T, (ms,trans
OsH): 2900 (156 K), 2700 (161 K), 2900 (166 K), 3100 (171 K),
3500 (177 K), 3900 (182 K); (ms, Osfy: 29 (156 K), 26
(161 K), 25 (166 K), 25 (171 K), 27 (177 K), 29 (182 K), 35
(192 K), 56 (218 K).

[CpOs(dppm)H,][BAr F*,4] (2). A J. Young NMR tube was
charged with CpOs(dppm)Br (4.4 mg, Guhol)>3and Na[BAF* ]
(6.3 mg, 7.Qumol).** CD,Cl, was added via vacuum transfer, and
the head space was backfilled with glas. Complete formation of
[CpOs(dppm)H][BAr F* ] took several days. CiZI, was replaced
with a mixture of CDCJF and CDCIFE for low-temperature
experiments'H NMR spectrum (CRCly, hydride region, 295 K):
0 —10.50 (t,d4p = 32 Hz, (H}), —11.33 (t,Jup = 6.5 Hz, H). Ty
(ms, transOsH,): 2540 (166 K), 1400 (171 K), 1280 (177 K),
1120 (187 K), 1080 (198 K), 1150 (208 K), 1110 (218 K), 1220
(223 K), (ms,cis-OsH,), 480 (171 K), 415 (177 K), 319 (187 K),
271 (198 K), 248 (208 K), 240 (218 K), 243 (223 K).

Results

Synthesis and Characterization of [Cp*Os(CO)H2)] ™ (1)
and [CpOs(dppm)H,]™ (2). Cp*Os(COXCI was prepared by
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(11) Zhang, J.; Huang, K.-W.; Szalda, D. J.; Bullock, R. ®rgano-
metallics2006 25, 2209-2215.

(12) Lambert, J. B.; Zhang, S.; Ciro, S. Mrganometallics1994 13,
2430-2443.

(13) Ashby, S. A.; Bruce, M. |.; Tomkins, I. B.; Wallis, R. @ust. J.
Chem 1997, 32, 1003-1016.

(14) Reger, D. L.; Wright, T. D.; Little, C. A.; Lamba, J. J. S.; Smith,
M. D. Inorg. Chem.2001 40, 3810-3814.

measured as a function of temperature using an inversion
recovery sequence. The maximum rate of relaxafiQpn(y) is

24 ms at 180 K (500 MHz). When the preparative reaction was
carried out under HD gas, a mixture bdnd1-d; was obtained.
The resonance due tbd; exhibitsJup = 24.5 Hz.

Reaction of CpOs(dppm)Br in methylene chloride with Na-
[BAr™ 4] under H gas (1 atm) over the course of 3 days affords
[CpOs(dppm)HI[BAr 4] (2) (Ar™* = 3,5-(CF)2CeHs). Com-
plex 2 was characterized byd and3P NMR spectroscopy and
by measurement of th&;min, which is consistent with the
previous observations of Jia and co-workers.

Isomerization of Complex 1.At 295 K, samples ofl in
methylene chloride slowly isomerize to give a new hydride
resonance at10.05 ppm. The minimum relaxation tinTg of
this signal is 2700 ms, and it is assigned to titzas dihydride
complex. Over the course of several days, equilibrium is reached
with a dihydride:dihydrogen ratio of 3.5:1 (Figure 1). The rate
of approach to equilibrium exhibited considerable variability
across samples (see Discussion).

Low-Temperature 'H NMR Spectroscopy of Complex 2.

In CD,Cl,, theH NMR spectrum of compleg in the hydride
region consists of two triplet resonances in the ratio of 10:1 at
—11.3 ppm fpy = 6.5 Hz) and—10.6 ppm Jpy = 32 Hz). The
major resonance is assigned to tiedihydride complex based
on the prior observations of Jia and co-workeérs.

The ™M NMR spectrum of comple® in the hydride region
has now been examined at lower temperature using CPFCI
CDFR.CI mixtures. The resonance due2eis obtained at 187
K is shown in Figure 2. The fitting of the observed spectra to
the calculated spectra is described in the Discussion section.

The observed value alyy is dependent on the observation
temperature, varying from 133 Hz at 141 K to 176 Hz at
198 K. Simulations of spectra were carried out usipg= 70
Hz, Jpy = +12,x = 25 Hz, and fitting fordyy. The HH coupling
cannot be determined above 198 K due to the onset of rapid
hydride ligand permutation, which leads to line broadening.

Discussion

Preparation and Isomerization of Complex 1.Complex1
was previously prepared by protonation of Cp*Os(g®Dyvith

(15) Albers, M. O.; Liles, D. C.; Robinson, D. J.; Shaver, A.; Singleton,
E. Organometallicsl987, 6, 2347-2354.
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analogous to the previously reported study of [CpRu(dmpe)-
(H2)]", where protonation of the corresponding neutral hydride
at low temperature gives exclusively the dihydrogen complex
as a kinetic product, which then undergoes isomerization to an
equilibrium mixture in which the dihydrogen form remains
predominant?

1+ , T+
|
oo = O,
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o
C
o}
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While several cationic ruthenium dihydrogen complexes of
the general form [Cp/Cp*Rui(H,)] ™ are known, the observation
of a significant concentration of dihydrogen complex at equi-
—_— T librium rather than a dihydride is unusual for osmiénie
attribute this to the relatively electron-deficient metal center
resulting from the presence of two carbonyl ligands. Attempts

. > . to quantify the rate of approach to equilibrium were frustrated
CDFCL/CDF,CI. Bottom: Experimental spectrum, inset with 3 Hz . .
line broadening. Top: Calculated spectrum wigh = 70 Hz, Jos by a_Iack of reproducibility from sample to sample. The previous
=+ 12,k = 25 Hz, Juy = 148 Hz, and hydride permutation at studies of complexX by Bullock and co-workers noted facile
551 ' ' interconversion of the dihydrogen and dihydride forms, suf-
ficiently rapid to causd; averaging® This isomerization likely

triflic acid.” On the basis off; data, a hydridic resonance at Proceeds via rapid proton exchange possibly mediated by the
—7.6 ppm was attributed to the dihydrogen form IofThis presence of triflate. When compléxs prepared directly from
assignment was complicated by a proton exchange prOceséwydrogen using an unreactive anion, isomerization is _slowed
between the highly acidic compldxand triflate. We have now by approximately 6 orders of magnitude. Our observations of
prepared compleg directly from hydrogen gas, which allows somewhat irreproducible rates of isomerization are consistent
for an unambiguous determination of the structure. The reso- With the presence of small, variable amounts of basic impurities
nance at-7.6 ppm exhibits &1(min) value of 24 ms at 180 K such as water, which can provide a pathway to facilitate
(500 MHz). Using the method of Halpern and co-workérs isomerization via reversible proton transfer franThe observed
this value corresponds toyy = 1.1 A, suggestive of a isomerization reaction may be consistent with a minor proto-
moderately elongated dihydrogen complex. This is confirmed Nation pathway that leads directly from Cp*Os(GB)to the

by the preparation ofi-d; (from HD gas), which exhibits  transdihydride complex. Alternatively, the isomerization could
Jup = 24.5 Hz. On the basis of the correlation between HD D€ @ strictly intramolecular process, as repditddr [CpRu-
coupling anddyy, this coupling is consistent witthy = 1.02 (dmpe)(l—&)]*. The latter pos§|blllty seems less likely, since it
A.17 The two methods of determination dfiy are reasonably 1S Not clear why such an intramolecular process would be
consistent, and the presence of a dihydrogen ligand in complexaccelerated by the presence of triflate.

1 is confirmed. This value ofly; can be compared to the Structure and Dynamic Behavior of Complex 2.In contrast
previously reported ruthenium analogue, [Cp*Ru(&€))]*, to 1, phosphine donors in complexes such as [CpOs(dppm)-
which exhibitsJyp = 32 Hz, consistent with a somewhat shorter H2l" (2) lead to a dihydride structure. Compl2xvas previously

duy of 0.89 A8 While this ruthenium complex is quite labile studied by Jia and co-workers, who observed the occurrence of

to loss of H, complex1 is stable at room temperature in the ~CiS andtransforms of this complex, with the former predomi-

absence of oxygen and water. nant. Apparently due to geometric constraints, the dppm ligand
While the dihydrogen form of complekis formed initially disfavors the formation of thérans dihydride structure, so

when hydrogen gas binds to the metal center, monitoring by complex 2 ado_pts a very _unusuadls dihydride structure. In

1H NMR spectroscopy at room temperature reveals a slow contrast, the direct ruthenium analogue [CpRu(dppm](Hs

isomerization to an equilibrium mixture of dihydrogen complex & dihydrogen complex, with no observed dihydride féfm.

113 114 15 416
Figure 2. Partial'H NMR spectrum of compleg-cisat 187 K in

and a new species, which exhibits a resonanceldi.0 ppm 1+ 1+
(Figure 1). TheTymin for this resonance is observed to be
2700 ms at 161 K (500 MHz), consistent with assignment as a @ @
trans dihydride complexX? At equilibrium, thetrans dihydride Ols Phy .--Ols.,
form of complex 1 is slightly favored, with a dihydride: HT N H ~ <P“‘ 'H
dihydrogen ratio of 3.5:1 at 295 K. This situation is directly PhZ\P—Pth S H
(16) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halperd, Am. . . . .
Chem. Soc199], 113 4173-4184. See also: Bayse, C. A.; Luck, R. L.; Consistent with the observations reported by Jia and co-
Schelter, E. Jinorg. Chem.2001, 40, 3463-3467. workers, we find that th&;min) value for the hydride resonance

(17) Gelabert, R.; Moreno, M.; Lluch, J. M.; Lledos, A Pons, V.. due to thecis form of complex2 is 240 ms at 218 K (500 MHz).
Heinekey, D. M.J. Am. Chem. So2004 126, 8813-8822. L KSrai

(18) Chinn, M. S.; Heinekey, D. M.; Payne, N. G.. Sofield, C. D. Application of the method of Halpern and co-workérgives
Organometallics1989 8, 1824-1826.

(29) In the four-legged piano stool geometry, intraligand bond angles  (20) Chinn, M. S.; Heinekey, D. Ml. Am. Chem. So&99Q 112 5166-
are not 90/180 We usecis/transas geometric designations rather than the 5175.
more correct but cumbersonegsoid/transoiddesignations. (21) Jia, G.; Morris, R. HJ. Am. Chem. Sod 991 113 875-883.
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70 couplings must be 13 Hz. The observed low-temperattire
-68 1 { NMR spectrum for compleg-cis in the hydride region can be
< '2§ ] { simulated using HP couplings of 25 and 12 Hz (with opposite
e o { { sign), along withJpp = 70 Hz. The anticipatedy value of
~ 60 - { { 19.5 Hz does not give a satisfactory simulationJ.$y value of
58 1 I } 148 Hz is required to fit the spectrum (Figure 2). The outer
s 1 & ¢ t wings in the spectrum shown in Figure 2 are broader than
135 155 175 195 expected. This line broadening can be fit by adding hydride

Temperature (K) permutation at 57 to the simulation.

Figure 3. Exchange couplingJg,) in complex2 as a function of
temperature. Errors id values increase with temperature due to

P
line broadening caused by the onset of thermal exchange. \ M
Jpp =70 Hz }JHH‘ =148 Hz
an HH distance of 1.6 A. This is similar to the distance derved o
from T, data for the relatedlicationic Ir complex [Cp*Ir- P-/
(dmpm)H]2*. This Ir dihydride hasp = 7.5-9 Hz, consistent cis Jpy = +/- 25 Hz
with the relaxation time data. In the case of comp&xhe trans Jp = -+ 12 Hz

observedlyp of 3.0 Hz corresponds to an HH distance of ca.
1.8 A, inconsistent with the HH distance derived from the
relaxation time data. While the correlation between HD coupling  The fact that the observed value Bfiy greatly exceeds the
and HH distance seems to be quite reliable for shorter HH expected value suggests that QMEC is operative here. Further
distances, this inconsistency demonstrates that this correlationeyigence for this is provided by the observation thag is
may become unreliable at very long HH distances. For these highly temperature dependent, ranging from 133 Hz at 140 K
structures, the co_uplin_g is dominated by two bond terms that (176 Hz at 198 K. For two hydride ligands bonded to a metal
depend upon th? identity of the me_tal and the bond angles. Forcenter, if each H atom is strongly localized in its respective
molecqles .Of this type, the HH distance is best defined by potential energy well, then the vibrational motions of each can
relgxatlon time measuremgnts. ) be treated independently. In some cases, with relatively short
Jia and co-workers studied tiel NMR spectrum of2 in HH distancesly and soft potential energy surfaces, the orbital
methylene chlorlde_ at various temperatures down to 190 Kand yave functions may overlap. The vibrational motions of the
reported that the triplet resonance du@maigecame a p°°f'y two atoms can no longer be treated independently. This overlap
;ensdol(\:/c?-(\j/vtc)nrriggsretﬁzngzC(Iaeattrilolw ttﬁnsz%r Fes noted b);:fl;a gives rise to symmetric and antisymmetric combinations of the
’ 9 piet hydride resonance oktse 4, single particle wave functions, which differ in energy by

structure is suggestive of a dynamic process that rapidly . . o 27
: - . 2Jex, Where Jex is the exchange coupling. This interaction is
interchanges the two hydride environments. In the absence Ofmanifest in thelH NMR spectra in combination with the

such a process, the hydride resonancefois should be quite " t of th i di — ]
complex, since the two hydrides are magnetically inequivalent, magnetic component of the coupling accor QIR = Jmag
— 2Jex, WhereJmag is the contribution to the overall observed

with the spin system corresponding to HRP. Alternatively, | h . hi
the same triplet spectrum can be obtained if there is a very largeC°UP!ing Jobs due to the Fermi contact term. This term can be

coupling Ju between the two hydride nuclei. Such large €valuated by noting as mentioned above thiat= 3.0 Hz, so
couplings are attributed to the operation of quantum mechanicalth® magnetic contribution to the observed HH coupling must
exchange coupling (QMEC). QMEC has been observed in a be 19.5 Hz. In previous studies of related four-legged piano
number of transition metal polyhydride complexes. The previous Stool complexes [Cplr(PHz]*, it was found that the sign of
studies have been summarized in an excellent review afficle. Jmag iS POsitive?* Assuming this to be true in comple the

We have found that by recording thel NMR spectrum at ~ actual values ofle as a function of temperature range from
very low temperature in Freon solvents, it is possible to obtain —57 Hz at 140 K to—67 Hz at 198 K (Figure 3).
well-resolved static spectra. A typical low-temperature spectrum  The increase in the magnitude &f, with increasing tem-
is shown in Figure 2. Input of the HP, HH, and PP couplings perature is consistent with previous examples of exchange
in this species allows for the calculation of the appearance of coupling. In the case of the related Ir complexes of the form
the low-temperature spectrum. The HH coupling can be [cpir(PRy)H,]*, coupling data were available over a wide range

estimated fr_om the reported value &fp = 3.0 Hz for 2-d;. of temperatures, making it possible to fit the data quantitatively
Sinceyw/yp = 6.514, the expected value iy is approximately to a two-dimensional harmonic oscillator modéln the case

19.5 Hz. Based on previously reported dppm compledas, of complex2, limited data forJex as a function of temperature

will be approxmately 70 Hz. The two valges for tb.S and are available, preventing the quantitative application of this
trans HP coupling are more difficult to estimate. It is known model

that cis and trans HP couplings in four-legged piano stool
complexes of this type are opposite in sigrin the case of
complex 2, the observed averaged HP coupling is 6.5 Hz,

suggesting that the difference between ftis and trans Conclusions

(22) Ng, W. S. Hydride and Acetylene Chemistry of Cyclopentadienyl ~ COnvenient preparations of complexeand? directly from

Group 8 Metal Complexes. Ph.D. Thesis, Hong Kong University of Science hydrogen gas have been developed. In the case of coniplex

and Technology, September 1998. the initially formed product is confirmed as a dihydrogen
B Fn e e e et 1D A G o complex by measureFr)nent of HD coupling. Ver slowyisor?]er-
(24) Heinekey, D. M.; Hinkle, A. S.; Close, J. D. Am. Chem. Soc p y pling. y

1996 118, 5353-5361. ization to an equilibrium mixture of dihydride and dihydrogen
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