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Reaction of the hexahydride complex Q¢§PIPr), (1) with pyridine-2-thiol leads to the trihydride derivative

OsHy{ k-N,k-S-(2-Spy} (PPr)2 (2). The structure oR has been determined by X-ray diffraction. The geometry
around the osmium atom can be described as a distorted pentagonal bipyramid with the phosphine ligands occupying
axial positions. The equatorial plane contains the pyridine-2-thiolato group, attached through a bite angle 6f 65.7(1)
and the three hydride ligands. The theoretical structure determination of the model complgx-QsHS(2-
Spy}(PHs)2 (2a) reveals that the hydride ligands form a triangle with sides of 1.623, 1.714, and 2.873 A,
respectively. A topological analysis of the electron densitRafndicates that there is no significant electron
density connecting the hydrogen atoms of the @hit. In solution, the hydride ligands @fundergo two different
thermally activated site exchange processes, which involve the central hydride with each hydride ligand situated
close to the donor atoms of the chelate group. The activation barriers of both processes are similar. Theoretical
calculations suggest that the transition states hasis-laydride—dihydrogen nature. In addition to the thermally
activated exchange processes, complskows quantum exchange coupling between the central hydride and the
one situated close to the sulfur atom of the pyridine-2-thiolato group. The reactiohswih L-valine and
2-hydroxypyridine afford Osk{ «-N,k-O-OC(O)CH[CH(CH)2INH2} (PPr)2 (3) and OsH{«-N,«-O-(2-Opy) -

(PPrs)2 (4) respectively, which according to their spectroscopic data have a similar structure to thalnof
solution, the hydride ligands & and4 also undergo two different thermally activated site exchange processes.
However, they do not show quantum exchange coupling. The tetranuclear compleRes),HEOSs(u-biim)-
M(TFB)]2 [M = Rh (5), Ir (6); Hobiim = 2, 2-biimidazole; TFB= tetrafluorobenzobarrelene] have been prepared

by reaction of Osk(Hbiim)(PPr), with the dimers [Mg-OMe)(TFB)L (M = Rh, Ir). In solution the hydride
ligands of these complexes, which form two chemically equivalent unsymmetricad @sk$, undergo two
thermally activated site exchanges and show two different quantum exchange coupling processes.

Introduction species [CplrlL]™ (L = PHs, CO){ OsH(BH4)(PHz),,° and
[CPMH3]™ (M = Mo, W, n=1; M = Nb, Ta,n = 0)® have
led to the same conclusion: the exchange takes place through
an 52-H, transition state, which is reached by a shortening of
the H—H distance and a lengthening of the-M distances. A
detailed analysis of the charge in the electronie Mlinterac-
tions along the hydride exchange process is offered in our
present study.

A second temperature-dependent process is quantum ex-
change coupling shown by several trihydrides of Nip,”?
|Ruf Os? and Ir!® This phenomenon consists of a temperature
varying hydroger-hydrogen coupling which increases with
decreasing electron density at the hydride sitéhe coupling

H NMR spectra of transition metal compounds with more
than one hydride ligand have revealed two types of temperature
dependent phenomena. The first is a thermally activated site
exchange process of the hydride ligaAdghich is proposed to
take place vian?H, structures. This proposal has been
reinforced by a detailed study of the exchange process in the
cation [RhH(PR)]* [PP; = P(CHCH,PPh)3].23 The observa-
tion of a kinetic isotope effect for the intramolecular hydride
exchange suggests that the-# interactions change signifi-
cantly between the ground and transition states. Theoretica
studies on the hydride exchange processes in the trihydride

* Corresponding authors. Jobsis & combination oflmagandJex given by eq 1, wherdmag
T Universidad de Zaragoza. is the portion ofJops due to the Fermi contact interaction and
* Universitat Aufmoma de Barcelona. Jex is that due to the quantum exchange coupling. The sign of
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BF, (diene= 2,5-norbornadiene, tetrafluorobenzobarreléfg),
which are the first trihydride derivatives containing nitrogen-
donor ligands and diolefins, respectively, that show quantum
exchange coupling between the hydrogen nuclei of the sym-
metrical OsH unit.

Continuing with the work in this field, we now describe the

Limbach, Chaudret, and co-worké&tfave proposed that the synthesis of new trihyd(ide os_,miu_m compounds showing
exchange coupling involves an equilibrium between a ground quan;[jumbexchange .coupllng Wh'Ch'. ml contrast to g(;c.’.se men-
state hydride complex and a thermally accessible dihydrogentIone alove, contain an asymmetrica let. Ina ition,
compound, in which rotational tunneling gives rise to the W& report the X-ray structure and theoretical characterization

anomalous behavior detected 1 NMR spectroscopy. On the of one of f[hem as well as a detailed analysis.of the change in
other hand, Heinekey and co-workids-1ichelieve that the the Os-H interactions during the thermally activated exchange

principal cause of this phenomenon is a soft vibrational potential prochess. sis of th . . . ; d with th
allowing substantial delocalization of the hydrides in the  'N€analysis of the OsH interactions is performed with the
molecule. aid of the “atoms in molecules” (AIM) theory developed by

To rationalize the phenomenon, several computational studiesBaOIer and co-workers. This .k'nd.Of anaIy_S|s has been used to
study the nature of bonding in classical and nonclassical

have also been carried out. The quantum exchange coupling indihydride complexe& and has been recently applied to a series
. . + H 1
the trihydride complexes [Cpiri] * has been studied by of L,MH; systems spanning a large range of H distances’

combining the construction of ab initio potential energy surfaces ; . s
9 P 9y The AIM scheme is based on the topological analysis of the

with a tunneling model using a basis set method. The results of - ) . . .
Flectron density and its associated gradient and Laplacian and

this calculation suggest that these species exchange a pair o . ;
hydrogen atoms through a tunneling path involving a7M( allows an unequivocal assignment of the bond structure of the
molecule.

H,) transition staté.Along this line, Eisensteid and co-workers
have calculateql Fhe exchgnge coupling in Q$PH3), (X = _ Results and Discussion
Cl, I) by determining the eigenstates resulting from the coupling
between the internal rotation and vibration modes, which 1. Synthesis and X-ray Structure of Osh{k-N,k-S-(2-
correspond to the pairwise hydrogen exchange. The structureSPY)} (P'Prs)z. Treatment of Osk(PiPr), (1) with pyridine-2-
at the barrier maximum may involve#-H; ligand but does thiol in 1:1 molar ratio, in boiling toluene gives, after 2 h, a
not require one. Common to the results from the two studies is Yellow solution from which the pyridine-2-thiolato complex
the need for a low energy barrier, i.e., a path for the exchange OsHs{«-N,x-S(2-Spy} (PPrs)2 (2) can be separated as a yellow
process which has an energy not too far above that of the microcrystalline solid in 89% y|e|d The formation afcan be
minimum. rationalized in terms of the loss of four hydrogen atoms as
As part of our work on the osmium polyhydride chemisity, =~ molecular hydrogen, accompanied by the chelation of the
we have previously reported the synthesis of the compoundsPYridine-2-thiolato anion to the central metal (eq 2).

the temperature invariadfagis not predicted by eq 1 and may
vary from compound to compound. Howevaéyy is inherently
negative and is a function of the temperature.

Jobs = ‘]mag_ 2Jey 1)

OsHy(Hbiim)(PPrs)2, (PPrs)zH30s(-biim)M(COD) (biim =
2,2-biimidazolato, M= Rh, Ir),}4¢ and [OsH(diene)(PPr),]-
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Chaudret, B.; Jalon, F., Otero, A.; pez, J. A.; Lahoz, F. J.
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(9) (a) Heinekey, D. M.; Harper, T. G. Brganometallicsl991, 10, 2891.

(b) Gusev, D. G.; Kuhiman, R.; Sini, G.; Eisenstein, O.; Caulton, K.
G. J. Am. Chem. Sod994 116 2685. (c) Kuhiman, R.; Clot, E.;
Leforestier, C.; Streib, W. E.; Eisenstein, O.; Caulton K.JGAm.
Chem. Soc1997 119 10153.

(10) (a) Heinekey, D. M.; Payne, N. G.; Schulte, G.XXAm. Chem. Soc
1988 110,2303. (b) Zilm, K. W.; Heinekey, D. M.; Millar, J. M.;
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Heinekey, D. M.; Millar, J. M.; Koetzle, T. F.; Payne, N. G.; Zilm,
K. W. J. Am. Chem. S0&99Q 112 909. (d) Heinekey, D. M.; Hinkle,
A. S.; Close, J. DJ. Am. Chem. Sod 996 118 5353.

(11) (a) Jones, D. H.; Labinger, J. A.; Weitekamp, D.JPAm. Chem.
Soc 1989 111, 3087. (b) Jarid, A.; Moreno, M.; LIEdo A.; Lluch,

J. M.; Bertra, J.J. Am. Chem. Sod 993 115 5861. (c) Zilm, K.
W.; Heinekey, D. M.; Millar, J. M.; Payne, N. G.; Neshyba, S. P;
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The first step of the reaction may be the protonatior ¢d
give a cationic dihydrogen intermediate, probably [QgP
H.)2(PPr3),] 7, which rapidly reacts with the pyridine-2-thiolato
anion to afford2. In this context, it is worthwhile to note that
a variety of polyhydride compounds of tungsten, rhenium,
osmium, and iridium react with HBFn acetonitrile to form
molecular hydrogen and solvated comple¥&Recently, Tilset

(14) (a) Esteruelas, M. A.; Jean, Y.; LlesloA.; Oro, L. A.; Ruiz, N;
Volatron, F.Inorg. Chem.1994 33, 3609. (b) Buil, M. L.; Espinet,
P.; Esteruelas, M. A.; Lahoz F. J.; LlesloA.; Martnez-llarduya, J.
M.; Maseras, F.; Modrego, J.;"@te, E.; Oro, L. A.; Sola, E.; Valero,
C. Inorg. Chem.1996 35, 1250. (c) Esteruelas, M. A.; Lahoz, F. J.;
Lépez, A. M.; Orate, E.; Oro, L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I.
Inorg. Chem1996 35, 7811. (d) Castillo, A.; Esteruelas, M. A.;" @,
E.; Ruiz, N.J. Am. Chem. Socl997 119 9691. (e) Barea, G.;
Esteruelas, M. A.; Llet® A.; Lopez, A. M.; Orate, E.; Tolosa, J. I.
Organometallics1998 17, 4065.
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University Press: New York 1990. (b) Bader, R. F. ®hem. Re.
1991 91, 893.
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Figure 1. Molecular diagram of the complex Oglt-N,k-S-(2-Spy} -
(PPr3)2 (2). Thermal ellipsoids are shown at 50% probability.

Table 1. Selected Bond Lengths (A) and Angles (deg) for the
Complex OsH{«-N,k-S(2-Spy} (PPr), (2)

Os—P(1) 2.336(2) H(02)-H(03) 1.62(9)
Os-P(2) 2.347(2) N-C(1) 1.354(7)
Os-S 2.513(2) C1¥C(2) 1.404(7)
Os-N 2.148(4) C(2y-C(3) 1.373(9)
Os—H(01) 1.61(8) C(3)-C(4) 1.407(8)
Os—H(02) 1.50(6) C(4yC(5) 1.352(7)
Os—H(03) 1.51(7) N-C(5) 1.350(7)
H(O1)-H(02) 1.4(1)

P(1)-0s-P(2) 165.76(5)  SOs-N 65.7(1)
P(1)-Os-S 95.16(5) SOs-H(01) 90(3)
P(1)-Os-N 97.8(1) S-0s-H(02) 145(2)
P(1-Os-H(01)  81(2) S-0s-H(03) 150(3)
P(1)-Os-H(02)  85(2) N-Os—H(01) 156(3)
P(1)-0s-H(03)  85(2) N-Os—H(02) 149(2)
P(2-0s-S 94.71(5) N-Os—H(03) 84(2)
P(2)-Os-N 95.7(1) H(01)-Os-H(02)  55(4)
P(2-Os-H(01)  89(2) H(01}-Os-H(03)  119(4)
P(2-Os-H(02)  81(2) H(02)-Os-H(03)  65(3)
P(2-0s—H(03)  92(2)

and Caulto® have also investigated the protonationlofvith
HBF,4, which leads to the cationic dihydrogen complex [@sH
(7%-H2)2(PPrs)z] ™. In acetonitrile, the nitrogen donor ligand
displaces the two dihydrogen ligands to give [QE¥CCHz)o-
(PiPI’3)2]+.

In the solid state, the structure @fwas determined by an
X-ray crystallographic study. The structure of the molecule is

presented in Figure 1. Selected bond distances and angles arg

listed in Table 1.

Castillo et al.
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Figure 2. Geometry of the Oskunit in OsH{«-N,k-S-(2-Spy} -
(PPr), (2) from X-ray determination (bold) and from theoretical
determination (italic).

H(01)

P(2)
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Figure 3. Optimized structure of the OsHc-N,k-S(2-Spy} (PHs)2
complex2a.

2. Nature of the OsH; Unit. In general, the M-H distances

obtained from X-ray diffraction data are imprec@adowever,
ab initio calculations have been shown to provide useful,
accurate data for the hydrogen positions in both classical
polyhydridé-1423a.band nonclassical dihydrogen complekéese '

In light of this we have performed a theoretical structural
determination of taking the complex OsHlx-N,k-S-(2-Spy} -
(PHg)2 (2a) as the model. The optimized geometry 24 is
depicted in Figure 3, and its main geometrical parameters are
collected in Table 2.

In agreement with the X-ray structure ®fthe geometry of
acan best be described as a pentagonal bipyramid. The main
discrepancy between the two is found in the®s—P bond

The coordination geometry around the osmium atom can be angle [175.1 versus 165.76(5) and is probably due to the
rationalized as a dlstorted__pentagonal blpyramld with the tWo sypstitution of the bulky triisopropylphosphine ligand by
phosphorus atoms of the triisopropylphoshine ligands occupying phosphine. The OsH distances, HOs—H angles, and hydro-

axial positions [P(1)Os—P(2) = 165.76(5)]. The osmium

gen—hydrogen separations (Figure 2) are consistent with the

coordination sphere is completed by the hydride ligands, which trihydride nature of the complex. In this context, it should be

were located in the final Fourier difference map and refined in

mentioned that all attempts to obtain a minimum with a

the final steps of refinement, and the nitrogen and sulfur atoms dihydrogen structure have led to the trihydride minimum.

of the pyridine-2-thiolato group, which acts with a bite angle
of 65.7(1F, which is a similar value to that reported for the
complex [O$«-N,«-S-(2-Spy} (17%-H2)(CO)(PPh)2]BF4 [67.3-
(3)°]%° and related ruthenium compourdisThe Os-S and

Os—N bond lengths are 2.513(2) and 2.148(4) A, respectively.

The geometry of the OsHunit resembles that proposed from
spectroscopic data and theoretical calculations for the complexes
OsHX(P'Pr3), (X = Cl, Br, 1).%° In these compounds the OsH
unit adopts aC,, structure. However, the presence of the

The hydride ligands are roughly coplanar with the osmium atom (22) zhao, D.; Bau, Rinorg. Chim. Acta199§ 269, 162.

and form the triangle shown in Figure 2.

(19) Smith, K. T.; Tilset, M.; Kuhiman, R.; Caulton, K. G. Am. Chem.
Soc 1995 117, 9473.

(20) Schlaf, M.; Lough, A. J.; Morris, R. HOrganometallics1993 12,
3808.

(21) Mura, P.; Olby, B. G.; Robinson, S. D. Chem. Soc., Dalton Trans.
1985 2101 and references therein.

(23) (a) Lin, Z.; Hall, M. B.Inorg. Chem.1991, 30, 2569. (b) Lin, Z;
Hall M. B. Coord. Chem. Re 1994 135 845. (c) Dapprich, S,;
Frenking, G.Angew. Chem., Int. Ed. Engll995 34, 354. (d)
Bakhmutov, V. |.; Bertfa, J.; Esteruelas, M. A.; LIEdp A.; Maseras,
F.; Modrego, J.; Oro, L. A.; Sola,.EChem. Eur. J1996 2, 815. (e)
Gelabert, R.; Moreno, M.; Lluch, J. M.; LIédpA. Organometallics
1997 16, 3805. (f) Albaiz, M. J.; Esteruelas, M. A.; LIEdp A.;
Maseras, F.; Catte, E.; Oro, L. A.; Sola, E.; Zeier, B. Chem. Soc.,
Dalton Trans.1997 181.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for the (a)

B3LYP Optimized Structures of the Ogt-N,x-S-(2-Spy} (PHs)2

System

2a 2a-TStN 2a-TStS

Os—H(01) 1.630 1.721 1.639
Os—H(02) 1.620 1.721 1.690
Os—H(03) 1.630 1.632 1.690
Os-P 2.328 2.337 2.335
Os—-N 2.177 2.112 2.224
Os-S 2.597 2.645 2.513
H(01)—H(02) 1.623 0.894 2.310
H(02)—H(03) 1.714 2.347 0.957
H(01)—Os—H(02) 59.9 30.1 87.9
H(02)—0Os—H(03) 63.7 88.8 32.9
H(01)-Os-S 85.3 106.7 103.9
H(01)-0Os—N 150.1 106.7 169.7
H(02)-0s-S 145.2 106.7 159.9
H(02)—Os—N 150.0 163.1 102.0
H(03)-0s-S 151.2 164.0 159.9
H(03)—Os—N 86.3 99.2 102.0
N—Os-S 64.9 64.8 65.8 (b)
P—Os—P 175.1 173.1 163.1

asymmetric pyridine-2-thiolato ligand a produces a loss of
symmetry. Thus, although there are only two different-Gls
distances (1.63 A for both terminal ©81 bonds and 1.62 A
for the central OsH bond) a more detailed inspection of the
ligand positions in the equatorial plane reveals the asymmetry
in the position of the central hydride H(02). The H(6Z)s—S
and H(02>Os—N angles are clearly different (145.2and
150.0, respectively) indicating that H(02) is closer to the
hydride cis to the S atom [H(02H(01) = 1.623 A] than to
the hydride cis to the N atom [H(02H(03) = 1.714 A].

To further elucidate the nature of the-\H interactions in
the trihydride structure, we have performed a topological Figure 4. (a) Electron isodensity contour plot of the minim@a (b)
analysis of the electron density #a, on the basis of Bader's  Plot of Vo for complex2a. Solid lines are forv?p > 0 (regions of
atoms in molecules theory (AIM). Figure 4 presents the electron charge depletion); dashed lines are fétp < O (regions of charge
density (Figure 4a) and the Laplacian (Figure 4b) plots in the concentration).
plane defined by the metal and the three hydride ligands. The tapje 3. Bond Properties of the HH and M—H Bonds of the

regions of charge concentration are represented by dashed linesstationary Points of Os#lc-N,«-S-(2-Spy} (PHs). System
An indicative bond structure is also presented in this Figure.

2
The AIM scheme is based on the topological properties of complex bond ype pw A% bondlength

the electron density(r) which are summarized in terms of its 2a 85:2(8%) (g':i) 8-12? ig-ggé 1228
critical points (cp) [points wherE/a(rc;) = 015 The Laplacian O§_H§O3§ Es*_lg 0195 10086 1020
of the charge density2p(r) is defined as the sum of the three ' ' ' '
principal curvatures of the function in each point in space. A 23 TSN 8::2&83 8:3 8'%8% igggg %;g%
critical point (cp) is characterized by the sign of its curvatures. Os—H(03) (3:_1) 0.136 +0.166 1.632
The nuclear positions correspond to local maxima in the electron H(01)—H(02) (3,—1) 0.194 —0.503 0.894
density and are zero-gradient points with three negative eigen- H(01)-Os—H(02) (3,+1) 0.098 +0.470

values: (3,—3) cp. A bond critical point is a (3:-1) cp. It 2a-TStS Os—H(01) (3,-1) 0.139 +0.129 1.639
exhibits one positive (minimum in one direction) and two Os—-H(02) (3,—-1) 0.117 +0.309 1.690
negative (maximum in two directions) eigenvalues. A ring Os-H(03) (3,-1) 0.117 +0.309  1.690
critical point is a (37+1) cp. It presents two positive curvatures H(02)-H(03) (3,-1) 0.192 —0.487  0.957

in the ring surface and a negative curvature along an axis H(02)-0s~H(03) (3,+1) 0.111 +0.368
perpendicular to the ring surface. In turn, the sign of the asAtomic units: ZOEP, 1 au= ela,® = 6.748 e A3, for A%, 1 au=
Laplacian of charge density determines whether the electronic &a® = 24.10 e A%.°1n A.

charge is Iocallly concentrate®p(r) <.0] or depleted ¥%(r) .. complex2a. The values ofocp (Charge density of the critical
> 0). A negative value of the Laplacian of the charge density ,,in andv2p,, (sum of the three curvatures of the Hessian

ata b(_)nd critical point i_s_related fo a covalent b_on_d, Showing matrix at the critical point) for the GsH bonds are very close
a sharing of charge. Positive values are characteristic of “closed-to that calculated for OsiPHy)s17 an example of a well-

shell” interactions such as ionic bonds. y characterized polyhydride complex with nonbonded cis hydride
The electron density plot dfashows only three bond critical jiangs24 values of V2pc, at the three bond critical points
points corresponding to three-MH bonds and no bond critical i gicate that the three @34 bonds are slightly different from

point connecting the hydrogen atoms. The map of the Laplaciany, gjectronic point of view. We have computed the atomic
plot of p computed for2a exhibits three separated charge

concentrations associated with each hydride ligands. Table 3(24) Hart, . W.; Bau, R.; Koetzle, T. Fl. Am. Chem. Sod997, 99,
collects the bond properties obtained for the-M bonds in 7557.
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charges for the three hydrogen atoms by integration of the charge PiPrg

density over the atomic domain. In agreement with the trihydride Hax\ | /S

nature of the complex the Bader net charges are negative, but H_ \

the charge which each hydride bears is differen@.22 e H(01), k PP,3 J

—0.16 e H(02), and-0.24 e H(03). In the site cis to the N 3gs5«

atom less electronic density is transferred from the ligand to Ky = 257000 s

the metal. The more ionic character of the-®§03) bond can 285K JL J kk:c - ggggg :

also be inferred from the more positive value of ##& at the 265 K J/\ JL kuc = 4400

corresponding critical point. 25k -~ koc Koo = é;gosgs‘
3. Thermally Activated Site Exchange Processes in the 03 5_|<__/\_/L__ _/\/L = 77909

OsHjz Unit. At room temperature th&'P{*H} NMR spectrum Kac : gggcf's

of 2 shows a singlet at 24.0 ppm, which is split into a quartet, 22w _/\_JL koo = 180 81

as a result of the coupling with three hydride ligands. The signal 2‘5_K_/L_JL _J\_JL k‘k?c < 1250

for the hydride ligands in théH NMR spectrum appears at ~ JUL k. = 730 &1

—11.53 ppm as a 1:2:1 triplet with a+HP coupling constant of 21M‘ 409 Hz Koo = 24 6

12.8 Hz. In the low-field region, the spectrum shows the 205_K_JW= 39"’M % Z 430

characteristic resonances of the isopropyl protons of the phos- k. = 2403,

phine and those corresponding to the inequivalent protons of 20M= 38"‘% ke =75

the pyridine-2-thiolato ligand at 8.12, 6.60, 6.51, and 6.20 ppm. 19§K_JW= 37.33{_]\ kk:c = 530 s

We have assigned the resonance at the lowest field to the proton _ M ke = 7051

ortho to the nitrogen atom of the chelate ligand on the basis of 100K M Joe =359 e ke =0

a NOE experiment. Irradiation of the hydride resonance gave 180_KJ‘/L__J\/‘LJ£= 33-6H_Zj\/k_]\_/\L 'ﬁ‘” - (])85'

an increase (13.8%) in the intensity of the resonance at 8.12 a b

close to 6 ppm.
The3!P{1H} NMR spectrum in toluenég/dichloromethane- T a2
d2 (1:1) is temperature invariant between 305 and 175 K. a b
1 .
However, the'H NMR spectrum is temperature dependent. Figure 5. (a) Variable temperatui#{*P} NMR spectra (300 MH2)

Lowering the sample temperature leads to broadening of the; '~ _Dy/CD,Cl, (1:1) in the high-field region of Os#ik-N,c-S-(2-Spy}) -
hydride resonance. Between 245 and 235 K, a first decoales-(pipr,), (2). (b) Simulated spectrda, temperatures, and rate constants

cence occurs and, at lower temperature, a second one. At 175or the intramolecular hydrogen site-exchange process are also provided.
K an ABCX; spin system (X= 31P) is observed, which is

simplified to the expected ABC spin system in tHe{3!P} H(01) H(03) H(02)

NMR spectrum (Figure 5), where the values of the chemical
shift and the H-H coupling constants are10.80 (A),—11.60
(B), and—12.05 ppm (C) and 0.Q)4g), 9.3 Usc), and 32.6 Hz
(Jac), respectively.

To fit the hydride resonances to the hydride ligandg,ofie -7.8
carried out a ROESYH NMR experiment, at 173 K. As a result
of this experiment (Figure 6), we assigned the resonance B to
H(03). In addition the resonances C and A were assigned to -8.0
the hydrides H(02) and H(01), respectively, on the basis of the
values of thelag, Jsc, andJac coupling constants.

The spectra of Figure 5 are consistent with the operation of
two thermally activated site exchange processes. Line shape
analysis of these spectra allows the calculation of the rate
constants for both thermal exchange processes at different
temperatures. The activation parameters obtained from the
Eyring analysis aré\H* = 8.9 (+0.2) kcal mot! andAS" =
—2.2 (£0.6) cal K1 mol~1 for the H(02)-H(03) exchange and — o
AH¥ = 10.2 (£0.3) kcal mot! andASF = —3 (+£2) cal K1 pPm 415 -120  -125
mol~* for the H(01)-H(02) exchange. Figure 6. Partial view of the ROESYH NMR spectrum at 173 K in

To find the transition states for these processes, theoreticalC;Dg/CD,Cl; (1:2) of OsH{«-N,«-S(2-Spy} (PPr). (2).
calculations were carried out. The transition sta@sTStN
for the H(01)-H(02) exchange, anda-TStSfor the H(02)- 30.7° in 2a-TStN and 0.957 A and 32%in 2a-TStS. Their
H(03) exchange] were calculated by a Cs-restricted geometrygeometries are nearly octahedral with H®8s-X and
optimization with H(01) and H(02)2a-TStN) and H(02) and N—Os—X angles of 88.7and 172.1, respectively, irRa-TStN
H(03) (2a-TSt9 twisted 90 with respect to the position of the  and H(01}-Os—X and S-Os—X angles of 87.8 and 168.2,
minimum in 2a The structures calculated by this method are respectively, in2a-TStS(X = midpoint of the H-H segment
depicted in Figure 7. Selected bond distances and angles aref the dihydrogen). Thus, both transition states can be described
collected in Table 2 (second and third columns). as @ six-coordinate Os(ll) species containing a dihydrogen

Both transition states havejd-H, complex-like nature. This  ligand, which is trans to the nitrogen atom 2a-TStN, and
observation comes from the hydrogeydrogen distances and  trans to the sulfur atom i2a-TStS In agreement with this
H—Os—H angles between the exchanging atoms (0.894 A and geometrical similarity, the activation barriers for the two

ppm, while a NOE effect was not observed with the resonances ., h e )y = 326H M 1

8.2

>

I 8.4

L ppm

T
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2a-TStN

2a-TStS

Figure 7. Transition state structures for the hydrogen exchange
processes in the OsfH-N,k-S(2-Spy} (PHs), system: (aRa-TStN,
(b) 2a-TStS

exchange processes are similar, 14.9 kcal ol the H(O1)-

H(02) exchange and 16.2 kcal mélfor the H(02)-H(03)
exchange. These values are slightly higher than those calculated
by NMR spectroscopy. The discrepancy is probably due to the
substitution of the bulky triisopropylphosphine by phosphine
in the model and/or solvent effects.

The comparison of the transition states afd shows
noticeable variations in the ©N and Os-S distances. The
weaker trans influence of the dihydrogen ligand with regard to Figyre 8. (a) Electron isodensity contour plot of the transition state
the hydride ligand produces a shortening of the bond distances2a-TStN. (b) Plot of V2 for complex2a-TStS Solid lines are foiv2p
trans to the dihydrogen [OGN in 2a-TStN (2.112 versus 2.177 > 0 (regions of charge depletion); dashed lines aré/fpr< 0 (regions
A) and Os-S in 2a-TStS (2.513 versus 2.597 A)]. A similar ~ of charge concentration).
effect on the OsN distances has been observed in the X-ray
data of the complexesans[OsH(CHCN)(dppe)]BF, (2.109 concentration between two hydrogens has been reported for
A) and trans[Os@;>H2)(CH:CN)(dppe)][BF4]. (2.079 and nonclassical dihydrogen complexés’ The Bader net charges
2.066 A)25 On the contrary, the stronger trans influence in the are also consistent with the dihydrogemydride nature of the
transition states of the remaining hydride ligand provokes a transition state. The charges of H(01) and H(02) have diminished
lengthening of the metalligand bond trans to the hydride. to —0.05 e, whereas H(03) bears a charge-@.29 e. The

To further elucidate the nature of the-NH interactions in ~ increase of the negative charge on the hydride ligand in the
the transition states, we have also performed a topological transition state with respect to that in the minimum, together
analysis of the electron density Ba-TStN and 2a-TStS on with its placement in a more directly trans position with respect

the basis of Bader's atoms in molecules theory. Because theto the sulfur atom, are responsible for the stronger trans influence

results of the topological analysis of the electron density in both Of the hydride in the transition state. In agreement with the

transition states are very similar (Table 3), we will focus our change in the formal oxidation state of the metal, the charge

discussion or2a-TStN. The electron density plot dfa-TStN on the osmium atom changes frof0.81 e in the minimum to

in the plane defined by the metal and the two exchanging T0-62 € in the transition state.

hydrogens [H(01) and H(02)] is depicted in Figure 8a, and the 4. Ta(min) Values of the OsH Unit. The T, values of

Laplacian plot is presented in Figure 8b. The density map of hydrogen nuclei of the OsHunit were determined over the

2a-TStN is sharply different from that of the minimura temperature range 26875 K. TheT,(min) values were found

(Figure 4a). In the transition state there is a clear bond path at the same temperature (205 K) when theNMR spectrum

between H(01) and H(02), characteristic of a dihydrogen shows a double triplet for H(01) and a broad resonance for both

complex. Accordingly, a bond critical point can be found H(02)and H(03) (as a result of the thermal exchange processes

between H(01) and H(02) with a negative valué8p.p, typical H(01)—H(02) and H(02)-H(03) with rate constants of 13 and

of a covalent bond. In addition, a ring critical point (31) 430 s, respectively). These values are 92 ms for H(01) and

appears between the two exchanging hydrogens and the metal74 ms for H(02)/H(03).

The distribution of thev2p shows a region of charge concentra-  T1(min) values for polyhydride complexes can be calculated

tion around the dihydrogen ligand. Such an electron density from internuclear distances obtained from neutron and X-ray
diffraction studie®® and theoretical calculatiod4? To test the

(25) Schlaf, M.; Lough, A. J.; Maltby, P. A.; Morris, R. irganometallics hqugeﬁ‘hydrogen separations obtained f@m, we have
1996 15, 2270. estimated thd;(min) values for the hydrogen nuclei of the QsH
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Table 4. Coupling Constants as a Function of Temperature for 55
OsH{ k-N,k-S-(2-Spy} (PPrs)2 (2)
50

T (K) Jobs (H2) Jox (H2) ]

175 326 -3.8 N 451

180 33.6 -4.3 T

190 35.9 5.5 w 404

195 37.3 —6.2 2

200 38.4 -6.7 = 354

205 39.6 -7.3 30

210 40.9 —8.0
unit of 2, assuming H(Ol—)H(02)_and H(02)-H(03) separations 25 0 50 100 150 200
of 1.623 and 1.714 A, respectively. Temperature (K)

The total relaxation rate for HR, = 1/T1(min) (Hy)) is the
addition of the relaxation rate due to the hydride dipalgole
interactions (at 300 MHRy—1 = 129.18f4-14)%) and that due
to all other relaxation contributor&f).1¢ Thus, one can obtain
values of Ty(min) converted to the 300 MHz scale for each

Figure 9. Plot of the fit of theJops Versus temperature data far

Although this model suffers from several approximations,
from an experimental point of view it has the advantage of
oY . . . allowing a straightforward quantification. Thus, by combining
hydride ligand by using eqs-3, sinceR* can be estimated 10 o441 7 and 8, one obtains eq 9 where, for a given internuclear

be 5.2 s the average value of those found in the osmium : . .
o e o o9= SO dist d t tus det db A
trihydrides [OsH(diolefin)(PPrs)2]BF, (diolefin = NBD, TFB)14d aﬁdinﬁi and a given temperatuligssis determined bymag

Rion =R+ Ruonroa * Ruonwoy B 5 — 3 4 oavhain cothfwi2kT) x
Rio2= R* + Ruon-o2 T Ruoz-Ho3) 4) exp{ —27°mw(a’ + A%)/h cothfw/2kT]}] (9)
Ri03) = R* + Ryo02-Ho3) T Ruon-Ho3) (5) Accepting a value for the H(0HH(02) separation of 1.623
A (that found for2a), the plot of the fit of theJno1)Ho2) = Jobs
Furthermore, above exchange rates of about 100 the versus temperature (Figure 9) indicates that the temperature

relaxation rate is the weighted average of the relaxation rate dependence phenomenon fits into the 2D harmonic oscillator
for each type of hydridé® So, it is also possible to calculate a model represented by eq 9. The parameters obtained from the
relaxation rate for the H(02)/H(03) resonance at 205 K by using computer fitting areJnag = 25 Hz,4 = 1.0 A, andv = 538
eq 6. cmL. The determined value df,agWas then used to calculate
the values of the correspondidg, at each temperature (Table
R= (RH(OZ) + RH(OS))/Z (6) 4), according to eq 1.
) . ) The values 00mag A, andv agree well with those previously
Solving Ry1) andRYyields values of 12.5 and 14.0%s which found for complexes of the types [Osdiolefin)(PPrs);]*, 14
lead toTi(min) values of 80 and 71 ms, respectively, which IrH3(375-CsHs)(PRs), and IrH(175-CsMes)(PR). 109
are in good agreement with those determined by NMR g Gther OsHy(k-X,k-Y-XYR)(PiPrs), Systems.Similarly
spectroscopy (92 and 74 ms). _ _ to the reaction ofl with pyridine-2-thiol to afford2, the
5. Quantum Exchange Process in the OsHUnit. The treatment ofl with L-valine or 2-hydroxy-pyridine in a 1:1 molar
values of the chemical shifts of the H(01), H(02), and H(03) ratio, in refluxing toluene, gives the complexes QEHN,«-
sites as well as the H(0H(02) and H(02)-H(03) coupling O-OC(O)CH[CH(CH)2JNH2} (PPr3), (3) and Osh{«-N,ic-O-
constants show no significant temperature dependence. HOW‘(Z-Opy)} (PPrs), (4), respectively (eq 10), which were isolated

ever, the magnitude of the observed H®OB(02) coupling 55 \yhite 8) and yellow @) solids in 90% B) and 65% 4) yield.
constant IS sensitive to temperature, Increasing from 32.6 to 40.9

Hz as the temperature is increased from 175 to 210 K (Table NHa

4). This can be readily explained in terms of the quantum PiPr H~C— COOH @ PiPrg

exchange coupling between H(01) and H(02). HH_\AS/O 0 cﬁs\:m N~~oH H”_\és/ N@ 10)
Recently, as an expansion of their previous work, Heinekey '~ \NLCH:; -2H, T R e | No

and co-workers have reported an adaptation of the Landesman PPrs Hz CH, PPrs

results from the work done on thiéle#He systeni® In this . .

adapted model, for a given temperatulg, is determined by
three parameters characteristic for each compound, which are

. . . In agreement with the mutually trans disposition of the
considered temperature invariarg; v, and4 (eqs 7 and 8). 9 y P

phosphine ligands, th&P{1H} NMR spectrum of3, at room

temperature and in dichloromethaggas solvent, shows an AB

spin system centered at 31.3 ppm, with-aFPcoupling constant

) 5 of 285 Hz. The’P{*H} NMR spectrum is temperature invariant

0% = [W4z"mw] cothfhw/2kT] (8) down to 200 K. However, thtH NMR spectrum is temperature

dependent. At room temperature, the spectrum exhibits a single

broad resonance in the hydride region centered 8.9 ppm.

Between 290 and 280 K, a first decoalescence occurs, and at

235 K a second one. At 200 K an ABCXXpin system (X=

X' =31p) is observed, which is simplified to the expected ABC

(26) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halpern]. JAm. spin system in théH{3'P} NMR spectrum, where the values
Chem. Soc1991, 113 4173. of the chemical shift and the +HH coupling constants are

Jox = (-har2mn®A6°) exp{ —(&° + 1%)/26% (7)

Parametea is the internuclear distance between the hydride
ligands,v is believed to describe the-HM —H vibrational wag
mode which allows movement along the-H internuclear
vector, andi is the hard sphere radius of the hydrogens.
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—10.83 (A),—13.57 (B), and—14.79 (C) ppm and 10.4)4g), H Ho oy i

0.0 Uac), and 25.8 Hz Jgc), respectively. N PP,
Although the values of the HH coupling constants are - \\Na (O\N/OS<'

temperature invariant, and therefore quantum exchange coupling PrsP N%N Nj'N/ PiPr,

between the hydride ligands & does not occur, the NMR @N\\ O

spectra indicate the operation of two thermally activated site M\/Nfl

exchange processes. Line shape analysis ofHié'P} NMR N \ |~

spectra allows the calculation of the rate constants for both 0, F

thermal exchange processes at different temperatures. The F F

activation parameters obtained for both processes from the F F F F

corresponding Eyring analysis are very similarHf = 11.2 F

(£0.6) kcal mot? and AS* = 2 (+2) cal K™ mol~ for the M = Rh(5), Ir(6)

A—B exchange andH* = 13.0 0.9) kcal mott andAS" = Figure 10. Structure for complexes [(Prs):HzOsu-biim)M(TFB)],

1 (+2) cal K™ mol~ for the B-C exchange). The values for (M = Rh (), Ir ()) according to all spectroscopic data.

the entropy of activation and for the enthalpy of activation lie

in the range found fo2 and those reported for similar thermal ~allows the calculation of the rate constants for both thermal
exchange processes in other trihydride and hydride-dihydrogenexchange processes at different temperatures. In this case the
derivatives/—11.14,27 activation parameters obtained from the corresponding Eyring

To estimate the hydrogerhydrogen separation between the analysis areAH* = 10.7 @0.3) kcal mof* andAS" = —2.4
hydride ligands of, the T, values of the hydrogen nuclei of ~ (£0.8) cal K> mol™* for the Hy—Hg exchange andH* = 9.8
the OsH unit were also determined over the temperature range (+0.3) kcal mot* andAS" = —3.1 (+:0.8) cal K™* mol~* for
293-193 K. TheTy(min) values for the resonances of, K111 the Hs—Hc exchange. These values agree well with those found
ms), Hs (64 ms), and I (78 ms) were found at the same for compounds2 and3.
temperature (213 K), suggesting that there is no significant The T values of the hydrogen nuclei of the Osthit of 4
influence of the thermally activated exchange processes in thewere determined over the temperature range-248® K.
observedTy(min) valuest#d Since the total relaxation rate is  Ti(min) values for the W (88 ms), K (61 ms), and K (66
the addition of the relaxation rate due to the hydride dipole mS) resonances were found at the same temperature (215 K).
dipole interactions and that due to all other relaxation contribu- From these values, we determined by a procedure similar to
tors, and the later ones have been estimated as'5.2e can that previously mentioned fd8 the separations between the
determine the relaxation rates due to the hydribgdride central hydride and those at the corners to be 1.8 and 1.6 A,
interactions Ry) by using eqs 1113. respectively.

7. The Unsymmetrical OsH Unit of the Tetranuclear
R, =R, .. +R, ,, =9.0-5.2 g? (11) Complexes [(PPr3)H3z0s(u-biim)M(TFB)] » (TFB = Tetra-
A ATB ATl fluorobenzobarrelene; M = Rh, Ir). These tetranuclear
complexes [Rh§), Ir (6)] were prepared by reaction of the
Ry, = Ry, -1, T Ry, -y =15.6-5.2 st (12) trihydride OsH(Hbiim)(PPr), with the dimers [M{-OMe)-
(TFB)]2 (M = Rh, Ir) in boiling acetone (eq 14).
_ _ -1
R = Rigre ¥ Ry = 1287525 (13) 20sH,(Hbiim)(PPr,), + [M(x-OMe)(TFB)}, —

Solving for Ru,—tg, Rs—He: and Ry,—n. yields the values [(P'Pr;),H;0s(u-biim)M(TFB)], + 2MeOH (14)
3.3, 7.1, and 0.5 8, respectively, which correspond to (M =Rh (), Ir (6))
hydrogen-hydrogen separations of 1.8 {HHg), 1.6 (Hs—Hc),
and 2.5 A (Hh—Hc). These values indicate that the hydride The nuclearity ob and6 is strongly supported by their mass
ligands of the Osklunit form an asymmetric triangle similar ~ spectra, which show the molecular ions centered at 1951 (

to that shown in Figure 2. and 2131 6). Tetranuclear complexes containing two [bifm]

The NMR spectroscopic data dfare also consistent with  anions have been previously descri3&din these molecules,
the structure proposed for this complex in eq 10. ¥Hr§1H} each anion coordinates to the metal centers in an unsymmetrical,
NMR spectrum in tolueneg shows a singlet at 33.2 ppm, which  tetradentate manner through the four nitrogen atoms of the two
is temperature invariant from 295 to 180 K. However the imidazole rings, chelating to one metal through two nitrogens

NMR spectrum, which is similar to that &, is temperature  and bonding in unidentate manner to two different metal centers
dependent. At room temperature, the spectrum exhibits a broadthrough the other two nitrogen atoms. In our case, this
resonance in the hydride region centered 42.7 ppm. Between  coordination bonding mode for the [biif1] anions leads to
275 and 265 K, a first decoalescence takes place, and betweemolecules withC, symmetry (Figure 10). Thus, complexgs
245 and 240 K a second one occurs. At 180 K an ABGin and 6 consist of two chemically equivalent 'f®s),HzOs(u-
system (X= 3IP) is observed, which is simplified to the biim)M(TFB) units, where the phosphine and hydride ligands,
expected ABC spin system in thg{3!P} NMR spectrum, and all diolefinic protons, are chemically inequivalent within
where the values of the chemical shifts and theHHcoupling
constants are-10.12 (A), —13.32 (B), and—15.46 ppm (C) (27) (a) Earl, K. A;; Jia, G.; Maltby, P. A.; Morris, R. H.. Am. Chem.

: Soc.199], 113 3027. (b) Bautista, M. T.; Cappellani, E. P.; Drouin,
and 20.3 dag), 23.5 (kc), and Q'O Hz Jac), respectively. S.D.; M%)rris?R. H.; (Sc)hweitzer, C. T, SeIIFf:ll,J A.; Zubkowski,JJ.
The values of the HH coupling constants are temperature Am. Chem. Sod 991, 113 4876. (c) Jia, G.; Drouin, S. D.; Jessop,

invariant, indicating that there is no quantum exchange coupling P. G, Lough, A. J.; Morris, R. HOrganometallics1993 12, 906.

between the hydride ligands 4fHowever, in view of the NMR ~ (28) (&) Oro, L. A;; Carmona, D.; Lamata, M. P.; Tiripicchio, A.; Lahoz,
. . . F. J.J. Chem. Soc., Dalton Tran$986 15. (b) Carmona, D.; Ferrer,

spectrum, it is clear that two thermally activated site exchange J: Mendoza, A.; Lahoz, F. J.; Oro, L. A.; Viguri, F.; Reyes. J.

processes occur. Line shape analysis of #€31P} spectra Organometallics1995 14, 2066.
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Table 6. Coupling Constants as a Function of Temperaturesfor
(Rh) and6 (Ir)

k K, = 20000 5" Jac (HZ) Joc(H2)
293K J k = 18000s" T(K) ﬁ ﬁ
J\ kbc=80005
273K kyo =7800s" 203 18.0 16.7 213 20.0
263K /\ J\\ K, :gggg: 193 17.4 14.4 18.9 19.3
et N > Tso0 s 183 13.6 11.8 17.4 17.4
253K N A~ K100 178 - 7.9 - 13.2
Ky =7 OOs
23K PN L~ kP40 . -
k c=soo st that the separation between the central hydride ligarg &dd
B3K e S S l‘za fif‘gsﬁ: those of the corners is about 1.70 A. The three hydride ligands
23K AA__A NN N VNSNS ;955s most probably form a triangle similar to that shown in Figure
3K A A i :Zs 2, as has been proved for the binuclear compléRrgBH30s-
k=25 s (u-biim)Ir(COD) by X-ray diffraction analysi$* In addition,
WK MoA . Moa . - Moa e it should be noted that the temperature for which Theof 5
193K M A MJM A LA ﬁ :2 B and6 has a minimum value is higher than that for the binuclear
183K Y I complexels (HDrg)gHgos@(j-biimﬂt)(CO)([)) (2;%0(K) and)for;he
et Y et e mononuclear compound O iim)(PPr3), (210 K). This
178.,.»/’\/\*/\»_”. J\J\—-—» —JU\_J\— observation is in agreement with the tetranuclear character of
1K fL© M A  MeAa and6, which in solution decreases the rate of tumbling of these
molecules’® compared with the dinuclear and mononuclear
-11 <12 -13 -1 12 13 derivatives.
a b c At 183 K, the ABC spin systems contained in thd{31P}
Figure 11. (a) Variable temperaturtH NMR spectra (300 MHz) in ~ NMR spectra are defined by, = —11.33 §) and—11.35 €),
CD,Cl, in the high-field region of [(FPrs),H3Osu-biim)Ir(TFB)]. (6). 0 = —11.63 6) and—11.67 €), 6c = —12.69 6) and—12.71

(b) Observed'H{*'P} NMR (300 MHz) and simulated (c) spectra. (), Jac = 14 (5) and 12 Hz 6), Jgc = 17 (5) and 17 Hz 6),
Temperatures and rate constantsl)(k)_r the intramolecular hydrogen andJas = 0 Hz (5 and6). Between 178 and 203 K, the values
site exchange process are also provided. of the chemical shifts of the A, B, and C sites, as well as that

Table 5. AH* (kcal molY) and AS (cal K-t mol-?) for 5 (Rh) and of Jas, show no significant temperature dependence. However,

6 (Ir) the magnitudes of the observég: andJgc are sensitive to the

complex A% AHo. AS.. Ao temperature, increasing their values as the temperature is
increased (Table 6). The temperature-dependent coupling con-

5 8.0#*0.2) 7.0&0.2) —-12.7&0.7) —-16.3&0.7 . b .
6 87 &io.zg 77 &0.23 ey &0.73 128 EEO.?% stants between the hydride ligands5&nd 6 can be readily

explained in terms of the exchange coupling phenomenon

each unit. In agreement with this structure, the low temperature between the hydridic protons. In this case, the phenomenon

1H NMR spectra o6 and6 show six resonances for the protons seems also to fit into the 2D harmonic oscillator model reported
X i g . :

of the diolefin and three resonances [ABCXY spin system (X by Heinekey and co wc_)rkeﬂg. Assuming the value adin eq

= Y = 31P)] for the hydride ligands, and tH8P{H} NMR 4 as 1.7 A, we have estimated that the valued-gfare between

spectra contain AB spin systems. (See Experimental Section’ and 11_ HZ fqr both compoun_ds.
for more details of the NMR spectra.) In addition, it should be pointed out that B and 6 the

The 31P{1H} NMR spectra in dichloromethard-are tem- guantum exchange coupling involves the central hydride and

perature invariant down to 193 K. However th&NMR spectra the two hydrides of the corners of the Qstit, while in 2

are temperature dependent. At room temperature, both spectréhere is quantum exchange coupling between the central hydride
exhibit, in the high-field region, a single virtual triplet resonance and one of the two situated in the corners of the ©sHit.

—-11.41 DHP + e = 20.8 6)] and —11.47 [JHP + Jyp =

25.2 ©)] ppm. This observation is consistent with the operation
of two thermally activated site exchange processes for each This paper describes the synthesis and characterization of the
compound. In both cases, the activation barriers for the two complexes Osk{ «-N,«-S(2-Spy} (PPr)2 (2), OsHs{ k-N,«-O-
exchange processes are practically the same. Thus, at about 23@C(O)CH[CH(CH),] NH2} (PPr), (3), OsHy{k-N,k-O-(2-

K for both compounds, the decoalescence occurs, and leads tdpy)} (PPr), (4), and [(PPrs),H30su-biim)M(TFB)]> [M =

the above-mentioned ABCXY spin systems, which become well Rh (5), Ir (6)], containing unsymmetrical OsHunits. For

Concluding Remarks

resolved at 203 K, as shown in Figure 11 for compexine compounds2—4, the asymmetry of the OsHunit is a
shape analysis of th{31P} NMR spectra allows the calcula- consequence of the presence in the complexes of a bidentate
tion of the rate constants for theaHHc and Hs—Hc thermal ligand with two different donor atoms, while for compléx

exchange processes at different temperatures. The activatiorand 6 the asymmetry of the OsHunits is a result of the
parameters obtained from the corresponding Eyring analysis areasymmetry of the bridging tetradentate metallo-ligandsiM(

collected in Table 5. biim)M(TFB)]2?>~ (M = Rh, Ir).
The Tz values for the hydrogen nuclei of the Osthits of From a structural point of view, the coordination geometry
5 and6 were determined over the temperature range-2a3 around the osmium atoms of the five complexes can best be

K. Ti(min) values of 67 %) and 77 ms §) were obtained at  described as pentagonal bipyramid, where the hydride ligands
263 K where the spectra show a broad hydride resonance. Thesare roughly coplanar with the osmium atom and form a triangle
values, which are similar to those found for the binuclear with sides of 1.6, 1.8, and between 2.5 and 2.9 A, respectively.
complexes (fPr3),H30s(-biim)M(COD) (M = Rh (81 ms), Ir A topological analysis of the electron density of the model
(76 ms))H<support the hydride character®and6, and suggest ~ complex OsH{ «-N,k-S(2-Spy} (PHs), indicates that there is
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no bond critical point connecting the hydrogen atoms of the
OsHs unit, and the map of the Laplacian plot of the computed

Inorganic Chemistry, Vol. 38, No. 8, 1999823

(DFT)3t with the B3LYP functionaP? which has already been used
with success to study several dihydrogen and polyhydride systés3

p exhibits three separated charge concentrations associated witlys SYmmetry was maintained throughout the geometry optimizations.

each hydride ligand.

A quasirelativistic effective core potential operator was used to represent
the 60 innermost electrons of the osmium afdhe basis set for the

In solution the hydride ligands of the five compounds undergo metal atom was that associated with the pseudopotétisith a
two different thermally activated site exchange processes, whichstandard doublé- LANL2DZ contraction®® P and S atoms were

involve the central hydride with each hydride ligand situated

described with the 6-31G(d) basis $&tThe basis set for the hydrogen

cis to the donor atoms of the chelate groups. For all compoundsatoms directly attached to the metal was douhlsupplemented with
the activation barriers of the two exchange processes are verya polarizationp shell***<The 6-31G basis set was used for the other
similar, and theoretical calculations indicate that the transition H atoms, as well as for C and N atof#$.The topological properties

states of these thermally activated exchange processes have
cis-hydride—dihydrogen nature.

Complexe2, 5, and6 also show gquantum exchange coupling,
which can be fitted into the 2D harmonic oscillator model
recently reported by Heinekey and co-work&isin complex

gf the electron density were calculated with the AIMPAC pack¥ge.

Synthesis All reactions were carried out under an argon atmosphere
using standard Schlenk technigues. Solvents were dried using appropri-
ate drying agents and freshly distilled under argon before use. The
starting complexes OsfPiP),,%” OsHy(Hbiim)(PPrs),,24¢ and [M(u-
OMe)(TFB)L (M = Rh3® Ir2%) were prepared by published methods.

2, the phenomenon involves the central hydride and that situated Preparation of OsHs{k-N,k-S-(2-Spy}} (PPrs). (2). A colorless

cis to the sulfur atom of the pyridine-2-thiol group. 3rand6

solution of OsH(PPr3), (1) (180 mg, 0.35 mmol) in 16 mL of toluene

the quantum exchange coupling is observed between the centralas treated with pyridine-2-thiol (39 mg, 0.35 mmol) and heated under
hydrides and those situated cis to the nitrogen atoms of thereflux for 2 h. The yellow solution was filtered through Kieselguhr

tetradentate [M(-biim)M(TFB)], metallo-ligands.

In conclusion, we report new unsymmetrical Mebmplexes,
which in solution show two different thermally activated site
exchange processes between the hydride ligands of thg MH

and concentrated to ca. 0.5 mL. Addition of methanol caused the
precipitation of a yellow solid. The solvent was decanted, and the solid
was washed twice with methanol and dried in vacuo: yield, 194 mg
(89%). Anal. Calcd for @gHsgNOSRS: C, 44.27; H, 7.93; N, 2.24.
Found: C, 44.60; H, 8.63; N, 2.02. IR (Nujol}z(OsH) 2120 cm?.

unit and, depending upon the nature of the co-ligands, caniy NVR (300 MHz, GDsg, 293 K): ¢ 8.12 (d,J(HH) = 5.6 Hz, 1H,
undergo no, one, or two quantum exchange coupling processes2-Spy) 6.60 (tJ(HH) = 7.7 Hz, 1H, 2-Spy), 6.51 (di(HH) = 8.3 Hz,

Experimental Section

Physical MeasurementsH, H {3'P}, and®'P {1H} NMR spectra
were recorded on either a Varian XL 200, a Varian UNITY 300, or a
Bruker 300 AXR spectrometer. The probe temperature of the NMR

1H, 2-Spy), 6.20 (tJ(HH) = 6.4 Hz, 1H, 2-Spy), 2.2 (m, 6 H,
PCHCH;), 1.23 (dvt,N = 12.9 Hz,J(HH) = 6.9 Hz, 18 H, PCHEl3),
1.06 (dvt,N = 12.5 Hz,J(HH) = 6.4 Hz, 18 H, PCHEl5), —11.53 (t,
J(PH) = 12.8 Hz, 3H, OsH)3P{1H} NMR (121.42 MHz, GDs, 293
K): 6 24.0 (s).

Preparation of OsHs{ k-N,k-O-OC(O)CH[CH(CH 3),]NH 2} (P'Prs),

spectrometers was calibrated at each temperature against a methangB). This complex was prepared analogously to that describe@,for

standard. For th&; measurements the 18fQulses were calibrated at

starting from Osk(PPr), (1) (180 mg, 0.35 mmol) and-valine (41

each temperature. Chemical shifts are expressed in ppm upfield frommg, 0.35 mmol). In this case, the mixture was heated under reflux for

Me,Si (*H) or 85% HPQO, (3*P). Coupling constants)@ndN [N =
J(PH)+ J(PH) or J(PC)+ J(PC)]) are given in hertz. The conventional
inversion-recovery method (186r—90) was used to determing.

The Roesy proton experiment was recorded on a Bruker 300 AXR with
a mixing time of 100 ms. IR data were recorded on a Nicolet 550

spectrophotometer. Elemental analyses were carried out with a Perkin-

1 h. A white solid was formed after addition of hexane. Yield: 198
mg (90%). Anal. Calcd for @HssNO,OsR: C, 43.85; H, 8.8; N, 2.22.
Found: C, 43.82; H, 9.53; N, 2.16. IR (Nujol»(NH,) 3135, 3060,
v(OsH) 2130(0CO) 1650 cm. *H NMR (300 MHz, GDs, 293 K):

0 3.71, 3.25 (br, each 1 H, Nj 3.01 (ddd,J(HH) = 3.0, 6.3, and
12.4 Hz, 1 H, CH), 2.74 (m, 1 H, CH), 1.86 (m, 6 H, ACH3), 1.11

Elmer 240C microanalyzer. Mass spectra analyses were performed with(m, 36 H, PCH®3), 0.90 (d,J(HH) = 6.9 Hz, 3 H, CH), 0.77 (d,

a VG Autospec instrument. In FABmode (used for complexésand
6) ions were produced with the standard"Quin at ca. 30 kV, and
3-nitrobenzyl alcohol (NBA) was used as the matrix.

Kinetic Analysis. Complete line shape analysis of the speétia
{3'P} NMR was achieved using the program DNMR6 (QCPE, Indiana
University). The rate constants for various temperatures were obtaine

by visually matching observed and calculated spectra. The transverse

relaxation time]T,, used was obtained from spectra for all temperatures
recorded, from the line width of the aromatic ligand proton resonances.
We assumekxyz = kxy = 0 (Z being the central hydride) for all
temperatures recorded. For compkethe coupling constant used,

was the one observed in the spectra (from 175 to 190 K) or obtained

from simulation (from 195 to 210 K). The activation paramet&ks
andASf were calculated by a least-squares fit okl vs 1/T (Eyring

W.; Wong, M. W.; Andfe, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. J P.; Head-Gordon, M.; Gonzalez, C.; Pople, Galissian
94; Gaussian Inc.: Pittsburgh, PA, 1995.

d(31) (a) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and

Molecules Oxford University Press: Oxford, U.K., 1989. (b) Ziegler,

T. Chem. Re. 1991, 91, 651.

(32) (a) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785. (b)
Becke, A. D.J. Chem. Phys1993 98, 5648. (c) Stephens, P. J.;
Devlin, F. J.; Chabalowski, C. F.; Frisch, M.Jl.Phys. Cheml994
98, 11623.

(33) (a) Bacskay, G. B.; Bytheway, I.; Hush, N.J3Am. Chem. S08996
118 3753. (b) Bytheway, I.; Backsay, G. B.; Hush, N. B.Phys.
Chem.1996 100, 6023. (c) Gelabert, R.; Moreno, M.; Lluch, J. M.;
Lledos, A.J. Am. Chem. S0d.997, 119, 9840.

equation). Error analysis assumed a 10% error in the rate constant and34) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

1 K in the temperature. Errors were computed by published meffiods.

Computational Details. Calculations were performed with the
Gaussian 94 series of prograthesing the density functional theory

(29) Morse, P. M.; Spencer, M. O.; Wilson, S. R.; Girolami, G. S.
Organometallics1994 13, 1646.

(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,
B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A.;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowsky, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

(35) (a) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon,
M. S.; Defrees, D. J.; Pople, J. B. Chem. Physl982 77, 3654. (b)
Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56,
2257. (c) Hariharan, P. C.; Pople, J. Pheor. Chim. Actd 973 28,
213.

(36) Biegler-Kming, F. W.; Bader, R. F. W.; Tang, T. H. Comput. Chem.
1982 3, 317.

(37) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J'pea, J. A.; Meyer,
U.; Oro, L. A.; Werner, HInorg. Chem.1991 30, 288.

(38) Usm, R.; Oro, L. A.; Cabeza, J. Anorg. Synth.1985 23, 126.

(39) Usm, R.; Oro, L. A;; Carmona, D.; Esteruelas, M. A.; Foces-Foces,
C.; Cano, F. H.; GaferBlanco, S.; Vaquez de Miguel, A.J.
Organomet. Cheni984 273 111.
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J(HH) = 7.1 Hz, 3 H, CH), —13.90 (br, 3H, OsH)3P{'H} NMR
(80.98 MHz, CDCl,, 293 K): ¢ 32.5, 30.0 (AB system](PP) = 285
Hz).

Preparation of OsHz{ k-N,k-O-(2-Opy)} (P'Prs), (4). This complex
was prepared analogously to that describe@fstarting from Osk(P-
Prs), (1) (180 mg, 0.35 mmol) and 2-hydroxypyridine (33 mg, 0.35

mmol). In this case, the mixture was heated under reflux for 20 min.

A yellow solid was formed after storing at78 °C in hexane for 3 h.
Yield: 138 mg (65%). Anal. Calcd for £gH4NOOSR: C, 45.44; H,
8.14; N, 2.30. Found: C, 45.91; H, 8.42; N, 2.57. IR (Nujol(OsH)

2208, 2140, 2120 cm. *H NMR (300 MHz, GDs, 293 K): 6 7.90
(d, J(HH) = 4.7 Hz, 1H, 2-Opy), 6.91 (tI(HH) = 7.8 Hz, 1H, 2-Opy),
6.23 (t,J(HH) = 5.8 Hz, 1H, 2-Opy), 6.01 (dJ(HH) = 8.6 Hz, 1H,
2-Opy), 1.92 (m, 6 H, PACH), 1.16 (dvt,N = 12.6 Hz,J(HH)= 6.9

Hz, 18 H, PCH®13), 1.13 (dvt,N = 12.7 Hz,J(HH) = 7.0 Hz, 18 H,
PCHM3), —12.7 (br, 3H, OsH)3P{*H} NMR (121.42 MHz, GDs,

293 K): 0 33.2 (s).

Preparation of [(P'Pr3),H3zO0s(u-biim)Rh(TFB)] » (5). A suspension
of OsHy(Hbiim)(PPrs), (150 mg, 0.23 mmol) in 20 mL of acetone was
treated with [Rhg-OMe)(TFB)L (84 mg, 0.12 mmol). The resulting
mixture was stirred while heating under reflux foh after which time
an orange solid had formed. The mixture was then cooled*®, @nd

the solvent was decanted. The solid was washed twice with methanol

and dried in vacuo. Yield 150 mg (67%). Anal. Calcd fopl 1d=sNs-
OsPsRh: C, 44.35; H, 5.69; N, 5.75. Found: C, 44.74; H, 6.12; N,
5.39. IR (Nujol): »(OsH) 2090, 2070 crrt. *H NMR (300 MHz, GDs,
293 K): ¢ 7.38, 7.01 (both br, each 4 CH biim), 6.33, 5.45 (both
unresolved t, each 2 H;CH TFB), 3.81 (br, 8 H=CH TFB),** 1.68
(br, 6 H, PGHCHs3), 1.53 (br, 6 H, PEICH3), 0.96 (br, 56 H, PCHE3),
0.69 (br, 16 H, PCH83), —11.41 (vt,N = 20.8 Hz, 6 H, OsH)3'P-
{H} NMR (121.42 MHz, GDs, 293 K): 6 20.9 and 20.8 (central
signals of an AB spin system). MS (FAR m/e 1951 (M').

Preparation of [(P'Pr3),H3;O0s(u-biim)Ir(TFB)] » (6). This complex
was prepared analogously%pstarting from Osk(Hbiim)(PPr), (150
mg, 0.23 mmol) and [Ig{-OMe)(TFB)L (109 mg, 0.12 mmol). A garnet
solid was formed. Yield: 147 mg (60%). Anal. Calcd fofEsH110-
Ir;NgOsPs: C, 40.63; H, 5.21; N, 5.26. Found: C, 40.39; H, 5.43; N,
5.07. IR (Nujol): »(OsH) 2115, 2095 crt. *H NMR (300 MHz, GDs,
293 K): 6 7.38, 7.22, 6.94, 6.85 (each br, each 2#+CH biim), 6.40,
5.52 (both unresolved t, each 2HCH TFB), 3.20, 3.03, 2.86, 2.43
(each br, each 2 H=CH TFB), 1.70 (br, 6 H, PEBCHs), 1.51 (br, 6
H, PCHCH), 1.01 (br, 56 H, PCHES3), 0.67 (br, 16 H, PCHHS3),
—11.47 (vt,N = 25.2 Hz, 6 H, OsH)3P{1H} NMR (121.42 MHz,
CsDe, 293 K): ¢ 22.0 and 21.9 (central signals of an AB spin system).
MS (FAB*): m/e 2131 (M").

(40) In CD.Cl; at 263 K.;0: 4.33, 4.00, 3.65, and 2.67 (each br, each 2
H, =CH TFB).
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Table 7. Crystal Data and X-ray Data Collection and Refinement
for OsH{ k-N,c-S-(2-Spy} (PPr)2 (2)

formula GsHigNOSRS  space group  P21lc
fw 623.85 Vv, A3 2756(1)
a, A 8.832(2) z 4

b, A 21.124(5) o (gcnr3) 1.504

c, A 14.923(4) T(K) 230

B, (deg) 98.23(3) A (MoKa),A 0.71073
R2R,? (obs. data)  0.0301,0.328 u, mm* 4.8

2R = Y|[F(obs) — F(calc)]/yF(obs).?R, = YwY?|[F(obs) —
F(calc)]l/>wv?F(obs).

X-ray Structure Analysis of Complex OsHs{k-N,k-S-(2-Spy)}-
(P'Pr3), (2). Crystals suitable for an X-ray diffraction study were
obtained by slow diffusion of methanol into a saturated solutiof of
in toluene. A summary of crystal data and refinement parameters is
reported in Table 7. A yellow crystal, of approximate dimensions 0.7
x 0.67 x 0.33 mm, was glued on a glass fibber and mounted on a
Siemens-STOE AED-2 diffractometer. A group of 64 reflections in
the range 2G< 20 < 40° were carefully centered at 230 K and used to
obtain, by least-squares methods, the unit cell dimensions. Three
standard reflections were monitored at periodic intervals throughout
data collection: no significant variations were observed. All data were
corrected for absorption using a semiempirical mettidche structure
was solved by Patterson (Os atom) and conventional Fourier techniques
and refined by full-matrix least-squares (SHELXTL-PL)S Aniso-
tropic parameters were used in the last cycles of refinement for all
non-hydrogen atoms. The three hydride ligands were refined as free
isotropic atoms. The remaining hydrogen atoms were located from
difference Fourier maps or fixed in idealized positions and refined riding
on carbon atoms with a common isotropic thermal parameter. The
refinement converge tB = 0.0301 andR, = 0.0328 [observed data],
with weighting schemev! = ¢?(F) + 0.000725F?).
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