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trans-[Os(en),pyH](Otf),, 2, is recovered from an acidic solution of trans-[Os(en),py(H2)](OTf),, 1, which has been
subjected to one electron oxidation. The structures of both 1 and 2 have been determined by single crystal X-ray
analysis. In cyclic voltammetry, 2 shows a one electron oxidation wave at 0.95 V and a one electron reduction
wave at —1.2 V, neither accompanied by a signal for the reverse process. Reduction of 2 by Zn/Hg in methanol
solution leads to quantitative formation of [Os(en)(py)H2)]**, predominantly in the trans-form. In aqueous solution,
species 2 reacts rapidly with N-methylacridium ion, [MAH]*, by hydride transfer. One electron chemical oxidation
of 2 to the corresponding Os(IV) is slower than that of 1 to 2 owing to the increase in coordination number when
Os(IV) is produced. Treatment of 1, or the cis-form, 1', in DMSO by sodium t-butoxide produces mainly the
corresponding isomers of the monohydrides of Os", that derived from 1' is deep red in color while the trans-
monohydride is colorless. Both react with [MAH]* to form [MAH],, and both disappear rapidly in acetone or acetonitrile,
presumably by reducing the solvents. Reaction of trans-[Os(NHs)4(H2)H20](BPhs),, 4, in acetone-ds as solvent with
either CH;CHO or styrene leads to hydrogenation of the substrate. Reactions which compete with trans-[Os(en),(17%-
H,)(CF3SO)3]CF3SO; release of substrate from the trans-complex before isomerization to the cis-form, required for
hydrogenation to occur, result in the trans-derivative of the added solute. When H,C=CH—CH,—SCHj is the
substrate, binding takes place at sulfur. Complete conversion to the cis-substrate isomer is observed, without
hydrogenation occurring even though contact between dihydrogen and the double bond is possible.

Introduction guantitatively by the oxidant having been consumed to form

Numerous examples of dihydrogen complexes are de-the equivalent amount of the final product which is the
scribed in the literature, the deprotonation of which is favored cOMplex of [Fe(CNg*~ with the monohydride of O$. No
by electron withdrawing co-ligands or an increase in the evidence for. the formation of an _|ntermed|ate dihydrogen
oxidation state of the metal. An exampt the latter, closely ~ ©F monohydrldo complex of Obh_aymg begn _observed, an<_j
related to the present study, is the one electron oxidation of 10 Other evidence for the stability of this intermediate in
[Os(NHs)sH2]2*, in which the dihydrogen is very difficult other oxidations having been encountered, the view devel-
to deprotonate, to yield [Os(Ngt(H.)]3* which in water as opepl that monohydr_lc_jo c_omplexes of'_bwith amines as
a solvent is moderately acidic. Oxidation in this example C0-igands were fugitive in nature. This was bolstered by
was achieved by cyclic voltammetry, and no effort was made fact that at this time only two cases of one electron oxidation
to isolate the oxidized product. Later work in this laboratory ©f dihydrogen complexes were known, that introduced above,
focused on the two electron oxidation of dihydrogen and that reported earlieas the net one electron oxidation
complexes of osmiumamines to form monohydrides of ©f [R&(PMePR)(H)CI]. The present work rectifies the
0sV 23 all of which have a very low affinity for protons. In misapprehension about the stability of the products resulting
one study, the complex of [Os(e(Hl)]2+ with [Fe(CN)]* from the one electron oxidation of dihydrogen complexes
in aqueous solution was titrated with an oxidant, and the ©f OS' amines.
optical density was measured at stages in the overall two Experimental Section

electron oxidatiort. It was found to be accounted for General ProceduresN-Methylacridinium iodide, [MAH]I, was

(1) Harman, D. W.; Taube, HI. Am. Chem. S0d.99Q 112, 2261. synthesized according to a published procedukeetone, aceto-
(2) Li, Z. W.; Yeh, A,; Taube, HJ. Am. Chem. S0d.993 115 10384.

(3) Li, Z. W.; Taube, H.Inorg. Chem.1994 33, 2874. (4) Cotton, F. A; Luck, R. LInorg. Chem.1989 28, 2181.
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nitrile, and DMSO were purified by vacuum distillation from CaH
diethyl ether by distillation from sodium/benzophenone ketyl, and
MeOH by distillation under nitrogen from Mg turnings. Water was

degassed by sparging with argon prior to use. All reactions were
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in 1 (H; and H) and the hydride ligand i@ (H;) were included in
the model as unrestrained isotropic atoms and refined to conver-
gence.

trans-[Os(enkpy(H2)](OTf) ,, 1. The synthesis of this compound

carried out under an inert atmosphere using either a nitrogen filled has been reportetin the present work, pyridine (60 drops) was

glovebox or standard Schlenk techniques.

Infrared spectra were recorded on a Mattson Infinity 60AR FTIR
spectrometetH NMR spectra were recorded on a Varian XL-400

added to a solution of [Os(eft).,O(H)](OTf), (1.50 g) in acetone
(40 mL) and the mixture kept at room temperature while being
stirred. The yellow powder that formed was collected, washed with

spectrometer. Electrochemical measurements were performed usingcetone and ether, and dried. Yietd1.20 g (70%).!HMR (de-
a BAS-50 potentiostat and a platinum working electrode, a platinum DMSO) 6 —9.25 (s, 2H), 1.73 (s, 2H), 1.91 (s, 2H), 4.05 (s, 2H),
counter electrode, and a silver wire reference electrode. Unless5.68 (s, 2H), 7.65 (tJ = 6.3 Hz, 2H), 8.05 (tJ = 7.5 Hz, 1H),
otherwise noted, electrochemical experiments were conducted with8.84 (dJ = 5.7 Hz, 2H). No major peaks in the NMR spectrum
a scan rate of 200 mV/s. All measured potentials are referenced towere unaccounted for. UWvis, 3.30x 104 M in H,O, 1.00 x

the ferrocene/ferricenium couple. U\Wis spectra were recorded

102 M HOTf (Amax NM; €, M~ cm™1)): 202 (6.4 x 10°); 242

on a Hewlett-Packard 8452A or 8453 diode array spectrophotometer(5.3 x 10%); 340 (3.7x 103).
using 1 cm cells. Magnetic susceptibility measurements were made  There was no precedent in the literature for obtaining crystals

by the Evans methddusing a 400 MHz instrument dna 5 mm
NMR tube microcell assembly purchased from Wilmad Glass

of 1 suitable for structure determination by X-ray diffraction. A
difficulty encountered is the isomerizatfoof 1 to the cis-form,

Company. The general procedure was to dissolve the solute in aj' \yhich we circumvented by using methanol as a solvent and

ds-MeOH solution containing CHCl, as the reference. The refer-

reducing the temperature. The methanol solutioh (.04 M) was

ence solution was placed in a spherical capillary bulb attached to kept at—10 °C, and diethyl ether was allowed to diffuse into the

a Teflon sleeve and lowered s 5 mm NMRtube containing
the d,-MeOH/d,-CH,CI, solution. Measurements were carried out
at temperatures between 190 and 310 K.

Crystal Structure Determinations for trans-[Os(enypy(H2)]-
(OTf) 2 (1) andtrans-[Os(enkpy(H)](OTf) 2 (2). Single crystals for
the [OTf]~ salt of trans[Os(enypy(Hy)]?" are, at—104 &+ 2 °C,
triclinic, space groupP1 (No. 2) with a = 10.0245(3) Ab =
10.3111(3) A,c = 12.4820(3) A,o. = 94.670(13, f = 111.545-
(2)°, y =111.446(2), V = 1081(1) B, andZ = 2 {deaica= 2.117
g-cm % uo(Mo Ko) = 6.18 mmri}. Single crystals for the [OTH]
salt oftrans[Os(en)py(H)]*" are, at—90 + 1 °C, triclinic, space
group P1 (No. 2) witha = 10.021(2) A,b = 10.330(2) A,c =
12.470(2) Ao = 94.81(3Y, f = 111.03(3}, y = 111.25(3), V=
1088(2) &, andZ = 2 {dcaica= 2.101 gcmL; u(Mo Ka) = 6.14
mm~1}. Totals of 5918(3676)1) and 5970(3721)2) independent
(unique) reflections having®2(Mo Ka) < 52.0° (1) or 51.9 (2)
[the equivalent of 0.601) and 1.00 2) limiting Cu Ka spheres]
were collected on a Siemens SMART-CCD diffractometer and

absorption corrected using the Siemens SADABS program. Both
structures were solved using “heavy-atom” Patterson techniques

with the Siemens SHELXTL-PC software package. The resulting
structural parameters have been refined to converggR¢based

on F?) = 0.0644 () and 0.0686 Z) for 3632 (1) and 3652 2)
independent absorption-corrected reflections haviiy® Ka) <
52.0 @) or 51.9 @) andl > 0}, {R1 (unweighted, based df) =
0.0253 () and 0.0279 %) for 3502 () and 3412 2) independent
absorption-corrected reflections having(Rlo Ka) < 52.0 () or
51.9 @) and! > 40(1)} using counter-weighted full-matrix least-

mother liquor from the vapor phase. After 5 days, well formed
crystals appeared. IR (KB 2020 cn1l.

trans-[Os(en)py(H)](OTf) , 2. Method 1.Ferricenium triflate,
[Fc]OTf (1.2 mL of 0.14 M solution), was added dropwise to a
methanol solution ot (90 mg, 0.13 mmol). The blue color of Fc
immediately dissipates resulting in a yellow solution. Following
addition of 1.2 mL of a 0.14 M methanolic solution of Na{Bu),
the resulting solution was concentrated to 3 mL, and ether was
added to precipitate a yellow powder. This was removed by
filtration, washed with ether, and dried in vacuo. Yietd81 mg
(90%).

Method 2. A solution of Ag(OTf) in MeOH (2 mL, 0.871 mmol)
was added to a solution efans[Os(en}py(H,)](OTf), in MeOH
(30 mL, 0.870 mmol), and the mixture was stirred ® h in
darkness. The precipitate, Ag metal, was collected by filtration,
washed with MeOH, and then dried in a vacuum (yield 92.7 mg,
98.6%). Sodiuntert-butoxide (84.5 mg, 0.879 mmol) was added
to the filtrate, and the liquid was evaporated to a volume-6f
mL. Ether ¢~50 mL) was added causing precipitation of a yellow
powder which was collected, washed with ether, and then dried in
vacuo. Yield 425 mg (71%). Anal. Calcd for {{1,oNsS,FsO6-
Os): C, 19.2; H, 3.2; N, 10.2. Found: C, 19.2, H, 3.1, N, 10.0. IR
(KBr) vosy = 2020 cnm™. per = 1.8 up. Crystals of2 were grown
following the procedure used fdr.

trans-[Os(enypy(H)](OTf), 3. Sodiumtert-butoxide (1.2 equiv)
was added to ds-DMSO solution ofl causing the solution to turn
faint pink.*H NMR (ds-DMSO): 8.55 (d, 2HJ = 4 Hz), 7.77 (t,

squares techniques and structural models which incorporated! H.J = 6Hz), 7.65 (t, 2HJ =7 Hz), 2.0-2.6 (m, 16 H),~3.64
anisotropic thermal parameters for all full-occupancy non-hydrogen (S, 1H). Resonances for t-BUOH are seen at 1.20 and 2.60 ppm.

atoms.

With the exception of the hydrogen atom(s) of the dihydrogen
(1) and the hydride3), all hydrogen atoms were included in the
final refinement cycles at idealized positions with the isotropic

Despite its pink hue, no band maxima were observed in the visible
range. The pink color may is attributable to a trace ofdisésomer,
which is the more stable form.

cis-[Os(enkpy(H)](OTf), 3'. The same procedure was followed

thermal parameter fixed at 1.2 times the equivalent isotropic thermal @s for3 but with thecis-form of the dihydrogen complex, prepared
parameter of the atom to which it is bonded. The dihydrogen ligand as previously describédlhe resultant solution is deep rétt NMR

(5) Li, Z. W.; Taube, HJ. Am. Chem. S0d.994 116, 9506.

(6) Li, Z. W.; Taube, HJ. Am. Chem. S0d.99], 113 8946.

(7) (a) Hembre, R. T.; McQueen, J.5.Am. Chem. S0d994 116 2141.
(b) Hembre, R. T.; McQueen, J. 8ngew. Chem1997, 36, 65.

(8) As described by: Crawford, T. H.; SwansonJ.JChem. Educl971,
48, 382.
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(ds-DMSO): 8.92 (d, 2 HJ = 6 Hz), 7.47 (t, L HJ) = 7 Hz), 6.94
(t, 2H,J =6 Hz), 2.3-2.6 (m, 8 H),—4.02 (s, 1 H). Resonances
for t-BuOH are seen at 1.20 and 2.60 ppm.-t\s (DMSO): 408
nm, e = 3800 Mt cm™%; 501 nm,e = 3943 Mt cm™L.

trans-[Os(NH3)4(H20)(H2)] (BPhy),, 4. This compound was
prepared as previously reportéd.
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Figure 1. Perspective drawing of th&ans[Os(en}py(Hy)]?" cation
present in crystallingrans-[Os(enpy(H2)](OTf)2 (1). All non-hydrogen

atoms are represented by thermal vibration ellipsoids drawn to encompass

observed also farans[Os(enyOAc(H,)]?" and [Os(dppe)-
Cl(Hp)]T.o0

The Os-H bond lengths found fot, 1.61(6) and 1.48(7)
A, are close to those observed for [Os{@Ac(H2)]"
(1.59(1) and 1.60(1) A), but the +H distances differ
markedly. For the acetato complex, a distance of 1.34(1) A
has been measured by neutron diffracfiohat observed for
1is 0.85(8) A by X-ray diffraction, and that suggested by
the empirical correlation ofy—p with H—H distance is 1.15
A. As expected, replacement obedonor ligand by one that
is also am-acceptor leads to a contraction of the-H
distances. This culminates in instability of the metal
dihydrogen bond as illustrated by the release of dihydrogen
when a co-ligand is a strong-acid, e.g., CO, HCN,
isonitriles, or pyrazimium ioA!

The four amine nitrogens attached to the metal center are
coplanar with a maximum atomic displacement of 0.066(2)

50% of their electron density; hydrogen atoms are represented by small A from the least-squares mean plane through the five atoms.

spheres.

Oxidative Titration of 1. An aqueous solution df (4.0 x 103
M) was titrated with a solution of ferricenium triflate of the same

concentration. The ensuing reaction is rapid, and the end point wa
indicated by the persistence of absorbance maxima at 251 nm,

attributable to ferricenium ion.

Reduction of [MAH]I with trans-[Os(en)py(H)](OTf) .. An
aqueous solution (0.5 mL, 0.03 M) gfwas added to an equimolar
solution of [MAH]I and the resulting solution stirredrf@ h in the
dark. A white solid was removed from the resulting yellow solution
by filtration which was washed with 0 and dried in vacuo. NMR
analysis of the solid in CDGlconfirms it as being MAH H
NMR: 6 7.19 (t), 7.15 (d), 6.91 (t), 6.87 (t), 3.86 (s, 3H). BVis
(CH3:CN): 349, 395, 411.

Reduction of [MAH]I with trans-[Os(en)py(H)]OTf. A solu-
tion of [MAH]I (5.8 mg, 0.018 mmol) was added to an NMR tube
containing 0.50 mL of 3.6< 1072 M in dg-DMSO. The solution

darkened, and the white solid which forms was filtered off, washed

with H,O, and dried in vacuo. Thi#d NMR spectrum of the white
solid dissolved in CDGlconfirms the formation of (MAH). 1H
NMR: ¢ 7.12 (t), 6.71 (t), 6.48 (d), 3.92 (s, 2H), 2.99 (s, 6H).
Reduction of 2 in MeOH or H;0. Zn/Hg amalgam-300 mq)
was added to an aqueous solutiorpénd the mixture was stirred

As expected, the pyridine ring is nearly perpendicular (87.9-
(2)°) to the equatorial plane already described. The-Rs
averagé?@ distance, 2.142(4,5,7,4) A, is close to that found
in trans[Os(en}(OAc)(Hy)]* which is reportedlas 2.13(5)

°A. The out-of-plane bending of the ethylene carbon backbone

is evidenced by the NC—C—N dihedral angles in both
ligands of 54, similar to that observed farans[Os(en)-
(OAC)(H2I ™.

Although the preparation of has been described in the
literature® the absorption spectrum has not been reported.
We observe an intense absorption band at 340 nm and assign
it to azrd — or* (pyridine) transition. This is shifted to higher
energy as compared to that in [Ru(§kpy)]>*, a result of
the replacement of an NHigand by the electron withdraw-
ing ligandz.-H,. The absorbance at 242 nm is the— =*
transition for pyridine, and that at 202 nm we attribute to a
zd — o* (H>) transition. Many of the dihydrogen complexes
of the O4¢ amine series show a well defined absorption band
of high intensity in this energy region, not attributable to
absorption by co-ligands.

Synthesis and Properties of [Os(enpy(H)](OTf) 2, 2.
The titration ofl in methanol with either [Fc]OTf or AQOTf

for 12 h in darkness. The solvent was removed in vacuo and the shows that one proton is released for each equivalent of

residue extracted witd,-MeOH. *H NMR analysis yielded a 9/1
mixture of1 and thecis-isomer,1'. Reformation of the dihydrogen

oxidant consumed; no gas evolution is observed:HbIMR
signals are observed f@in solution except for two broad

complexes of Os(Il) was quantitative as demonstrated by conductingsignals at 20 and 25 ppm. An IR band at 202@m is

the reduction of in d;-MeOH containing an internal standard. The
reduction of2 is slow enough so that thieansisomer, if formed
as the initial product, can isomerize to this.

Reduction of 2 in MeCN. The procedure already described was
followed, but in this case, the residue was extracted with@ND
Analysis by 'H NMR shows that three productsrans[Os-
(enpyMeCN(H,)]%2t/1'/1, are formed in a 90:8:2 ratio, characterized
by dihydrogen resonances @t—9.31,—7.76, and—8.78 for the
three products, respectively.

Results and Discussion

The molecular structure of as determined by X-ray
diffraction is shown in Figure 1. The+H axis lies between
the N atoms of the two chelate rings in an orientation

attributed to the OsH stretch which replaces the dihydrogen
signal of1 at 2292 cm*. All other bands are almost identical
to those observed fol. This suggests that the electron

(9) Hasagawa, T.; Li, Z. W.; Parkin, S.; McMillan, R. K.; Koetzle, T. F.;
Taube, H.J. Am. Chem. S0d.994 116, 4352.

(10) Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris, R.
H.; Klooster, W. T.; Koetzle, T.; Srivastava, R. £.Am. Chem. Soc..
1996 118 5396.

(11) Li, Z. W. Ph.D. Thesis, Stanford University, 1993, pp-&R

(12) The first number in parentheses following an average value of a bond
length is the root-mean-square estimated standard deviation of an
individual datum. The second and third numbers are the average and
maximum deviations from the average value, respectively. The fourth
number represents the number of individual measurements which are
included in the average.

(13) Reference 11, p 147 and pp 13B39.
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densities on the metal atoms in [Os(gy(H,)]>" and [Os-
(enppy(H)]?" are almost the same, an accidental result of
dihydrogen acting as an electron withdrawing ligand oh, Os
compensating for the electron donating capacity of the
hydride anion (H) when the metal is in the higher oxidation
state.

A question that arises is wheth2is stable. As a solid?

McQueen et al.

of H™ leaves a vacant site on the metal, which can be filled
by the solvent so that the signal-a0.34 V can reasonably
be assigned to the [Os(ef)y)CHsCN]**/2* couple. An
alternative reaction mode analogous to that of [Os{iH
(H)]?* with acetone, to yield the isopropyl alcohol complex
of [Os(NH)]®", is that the product of the addition of Ho
CHsCN remains attached to the metal.

is robust and can be stored for extended periods of time When methanol is the solvent f@ no subsidiary waves
without change. When it is dissolved, the question arises asappear even on repeated scans, which is behavior consistent

to whether it is stable with respect to disproportionation to
1 and a monohydride of Osin the thermodynamic sense,
or whether it is only kinetically stable and appears in the
present system because the one electron oxidatidhisf
much more rapid than that &f The equilibrium issue cannot

with the attribution made for such waves in the reducible
solvent, CHCN. An oxidation wave is observed at 0.74 V
and a reduction wave at0.82 V, neither accompanied by

a signal for the complementary processes. When the medium
is acidified (0.10 M HOTHY), there is no change in the cathodic

be answered on the basis of the present information. Whatwave, and no hint of the appearance of complementary
is known is that, at moderate acidities x110~2to 1 M), 1 oxidation wave. Acidification does shift the anodic wave to
and the O¥ monohydride coexist for long periods of time 0.64 V, but again, there is no hint of a complementary
without evidence of reaction. This is not surprising in view process. It is difficult to see how protons could affect the
of the fact that one electron oxidationafunless the driving ~ oxidation of2 to the corresponding O'sspecies, and it is
force is very great, is expected to be slow because an increaséikely that what is being observed is an effect of the anion:
in coordination number accompanies the oxidafid@n this it, rather than HO, is acting as the seventh ligand.
account, regardless of the state of the equilibrium, the When cyclic voltammetry is performed on [Os(h)kt
disproportionation of is expected to be slow. The oxidation (H2)]?" in water, a one electron anodic signal is observed at

of 2 to the corresponding monohydride of Oss found to
be much slower than is oxidation &fto 2, in keeping with

—0.12 V, without a signal in this potential range for the
complementary reduction. Howeven iL M HT, a fully

the aforementioned deep seated structural change accompaeversible signal for the [Os(Ng(H2)]*2* couple is
nying the former. The product of the second stage has aobserved, £, = —0.14 V) showing that [Os(NkJs(H2)]**

magnetic moment of 2.@g, close to the values observed
for other O%'(en) monohydrides which have been encoun-
tered? The quantitative formation o2 by the use of one

is not a strong acid. Because on the addition of acid ®ith
as the subject of study, there is no hint of reduction to [Os-
(enkpy(Hy)]3*, we can conclude that at the prevailing

electron oxidants raises the question of why the oxidation concentration, it is almost completely deprotonated in water,

of [Os'(en)k(H2)(Fe(CN))]?~, as mentioned in the Introduc-
tion, takes such a different course from thal.oThe reaction
of O, with [Os"(enk(H)(Fe(CN))]?~ has been observed to

be 500 times faster than it is with the corresponding complex

with [Ru(CN)]*~ replacing [Fe(CNj*~.** The major dif-
ference between the two anions is that [Fe(gN) is
oxidized at a much lower potential than [Ru(GN) so that

[Fe(CN)]* can mediate in the redox reactions at issue. Thus,

the latter is a much stronger acid than [Os@)¥H,)]3t, a
result which is in harmony with the much reduced basicity
of the co-ligand pyridine compared to ammonia or an amine.
There is an interesting difference between the behavior
of [Os(NHs)sH]?* which is formed on one electron oxidation
of [Os(NHs)s(H2)]?" in unacidified water and that of species
2. After [Os(NHe)s(H)]?" is formed, it undergoes a two
electron irreversible oxidation at 0.33 V which leads to [Os-

it is an atypical ligand, and it can be expected that stable (at (NH3)sH20]*" and H", corresponding to the oxidation of H

least kinetically stable) @smonohydride complexes of the
present series will be found with a wide range of co-ligands.

Electrochemical StudiesCyclic voltammetry ofl in dry
acetonitrile solution yields an irreversible one electron
oxidation wave at+0.65 V (vs F¢/Fc couple) when a
switching potential of 1.0 V is maintained. When repeated
scans from 1.0 te-1.5 V are taken, a small reduction wave
is observed at-1.1 V. In cyclic voltammetry2 undergoes
one electron oxidation at0.95 V and one electron reduction
at —1.2 V, the complementary waves being absent. While
the latter potential is close to that observedXamn repeated
scans, it is probably not ascribable to an accumulatio? of
When multiple scans are taken with nearly reversible
waves are seen at0.34 and—0.77 V.

In a following section,2 is shown to be an active H
transfer agent, as is the case also for [Os{M(H)]?>".t Loss

(14) Reference 11, p 147.
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In sharp contrasttfrans[Os(enypy(H)]*" undergoes one
electron oxidation to a monohydride of ©d.e., the hydride
remains intact. The difference is less ascribable to the
difference in four NH compared to two en species as co-
ligands, than to that between py and NBecause of the
electron withdrawing power of py, more electron density is
withdrawn from the hydride ligand in the casefmaking

it less susceptible to oxidation.

In the context of this, it is of interest to note that the one
electron oxidation of a coordinated hydride by an external
reagent has also been encountérddhe action of a one
electron oxidant on the monohydride of 'Oyields O4':

[Os(enyH]*" = [Os(en)]*" + H™ + e
0sV and the external oxidant cooperate in convertingté
H*.
Magnetic Susceptibility Measurements on 2The NMR
samples were prepared as outlined in the subsection General
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Figure 2. Perspective drawing of theans[Os(en}py(H)]?+ cation present
in crystallinetrans-[Os(en}py(H)](OTf)2 (2). All non-hydrogen atoms are
represented by thermal vibration ellipsoids drawn to encompass 50% of

their electron density; hydrogen atoms are represented by small spheres.q

Procedures, with C¥Ll, being used as an internal reference.

The data were treated as described in ref 8, resulting in a

value of 1.8ug at 300 K, as expected for one unpaired
electron.

Structure of 2 in the Solid State.Analysis of the results
of the X-ray diffraction study shows the amine ligands to
be in a plane with hydride and pyridine occupying the
remaining positions (Figure 2). The pyridine1®s bond
length in2is 2.183(4) A compared to 2.135(4) A frwhile
the amine N-Os averag® bond lengths compare as 2.118-
(4,6,11,4) and 2.142(4,5,7,4) A, respectively. The contraction
of the pyridine N-Os bond length for the metal in the lower
oxidation state is ascribable to a greater contribution by back-
bonding to the interaction for ®ompared to A%, with

hydride. In thecis-isomer, such labilizing effects commonly
are less pronounced in line with the behavior we observe.
When the reaction is conducted in,® or methanolcis-
[Os(enypy(H,)]?" is produced in 90% yield. The important
difference likely is that, in solvents where disassociable
protons are abundant, reduction is rapid, and the isomeriza-
tion occurs after reduction.

Use of 2 as a Reducing AgenfThe reducing capabilities
of 2 were investigated using the organic oxid&hmethyl-
acridinium ion (MAHY). This substrate is readily reduced
by either electron transfer or hydride transfer, the products
[MAH] > and MAH,, respectively, being easily identified.
When an aqueous solution @fis added to an equimolar
solution of MAHT, the hydride transfer product MAHSs
formed nearly quantitatively, a small amount (3%) of the
electron transfer product being formed. When the same
reaction is run in acetonitrile, formation of MAHis
uantitative. The facile hydride transfer by a monohydride
of Od" has precedent in the quantitative reduction of acetone
to 2-propanol by [Os(NE)s(H2)]*" (=[Os(NHs)sH]?H + HT).

In principle, [Os(empy(H)]?" can react with [Os(enpy-
(H2)]?" by transfer 6a H atom (equivalent to a proton and
electron) from the latter to the former. If rapid enough, its
occurrence could be observed by line broadening oftthe
NMR signals observed fdt. With the concentrations of the
reactants at the millimolar level, no line broadening was
observed in an experiment performed to look for this effect.
A methanolic solution ofl and MAH", at millimolar
concentrations and kept overnight, shows no evidence of
reduction of MAH, but almost complete conversion to the
cis-isomer does occur.

Properties of thetrans- (3) and cis- (3') Forms of [Os-
(enkpy(H)] *. Qualitative experiments show that the con-

this extra component more than compensating for the greaterversion ofn2-H, to the deuterated form in [(&nyL(n?-

radius of O%.2°In contrast, with the amines acting as simple

H,)] complexes in RO is accelerated when base is added to

o-donors, the bond distances in the two oxidation states showthe medium, and that it takes place much more rapidly when

the more usual relationship. The ©id bond length in2 is
1.69(5) A to be compared with the averé&tef Os—H bond
lengths in1 as 1.55(7,7,7,2) A. Apparently, the shrinkage
of the electron cloud of Hoccasioned by the addition of a

the L is am-acid such as pyridine than when it is a simple
o-donor rans[Os(en)OH(H;)]* shows no exchange in 1.0
M OD~ even after many hours). Though pyridine as co-
ligand enhances the acidity of the coordinat@eH,, 1 still

proton more than compensates for the increased radius ofis very weak acid, but it can be deprotonated by the action
the metal ion. In this context, comparisons of these distancesof a strong base in a nonprotic solvent. On the addition of

when pyridine is replaced by a simgtedonor ligand, which
results in a much weaker-+H bond, would be of interest.
The remaining distances and angles foand 2 are very

similar.

Reduction of 2 When a solution o in acetonitrile is
stirred over Zn/Hg for 12 h in the daritans{Os(en}(CHs-
CN)(H)]?" is formed in 90% yield. Along with this product,
free pyridine appears as does a small amountie{Os-
(enkpy(H2)]%". The reduction o® in acetonitrile is expected
to be slow, becausemnust be gathered from proton-labile
impurities to convert H to H,, affording time for partial
conversion of2 to the cisdisomer, 2'. We attribute the
replacement of pyridine to the labilizing effect of thhans

(15) Gress, M. E.; Creutz, C.; Quicksall, C. @org. Chem.1981, 20,
1522.

Na[t-BuO] to a solution ofl in d:-DMSO, the'H NMR
signal at—7.8 ppm disappears, and a new signal correspond-
ing to a single proton appears-aB.6 ppm. We assign this
peak totrans[Os(en}H(py)]". The cis-isomer,3', of the
monohydride has also been produced by a similar procedure;
it is characterized by &H NMR signal at—4.0 ppm. No
isomerization of either form is observed on the time scale
of our observations, several hours.

Attempts to isolate solid forms of either isomer by the
addition of ether to solutions in DMSO failed despite carrying
out the operations in a controlled atmosphere box. When
the solid, colorless when prepared from trensisomer and

(16) Luetkens, M. L.; Elcesser, W. L.; Huffman, J. C.; Settleberger, A. P.
J. Chem. Soc., Chem. Commua®83 1072.
(17) Li, Z. W. Unpublished results.
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red when prepared from thas-isomer, is dissolved il,- mediate stage suggesting that initial attack by a proton does
CH;0H for 'H NMR measurements, the hydride resonances not take place on the bound hydride. When DMSO solutions
disappear. Both hydrides decompose slowlydidDMSO of 3 and 3 are diluted with HO, yellow solutions result;
solution; the decomposition is obvious in the case oftise the change is particularly striking in the case®fwhere
isomer because of its color. The changes were also followedthe red color is dissipated in less than a minute, being
by 'H NMR spectroscopy. No new signals appear on replaced by new bands at 362 and 431 nm, which, within
decomposition indicating that the ligands remain attached 90 min themselves, are replaced by bands at 336 and 393
to the metal, which has been oxidized to a paramagnetic statenm, these corresponding to the formatiorcis[Os(en)py-
Both 3 and3' are highly reactive reducing agents, as shown (H,)]?", the product expected upon protonation3af Two
by the prompt disappearance of the hydride NMR signals alternatives for the intermediate stage are the following: first,
when acetonitrile or acetone is added to the solution. protonation of ther-cloud of the pyridine, made a possibility
Presumably, reaction with solvent also accounts for their by the massive transfer of thed-electrons of the metal to
disappearance in the DMSO. SpecBeeacts rapidly with  the zz-acid, or direct protonation of thed-electrons of the
MAH to form [MAH].. metal. Of the two, the former seems to be the more likely
Much of the difference in behavior of the monohydrides because of the depletion of thel electron density by the
of Od' and O¢' as reducing agents can be understood without z-acid.
reference to the oxidant, on the basis of their properties alone. The pehavior oBis quite different in that the dihydrogen
While the extent of covalency in the bond between the metal complex is not reconstituted on protonation. The yellow color
and hydride, which would be much less for the metal in the \hich appears on reaction with water, attributable to an
2+ than in the 3 state, would suggest that the former, being apsorption band at 438 nne ¢~ 1.04 x 102 M1 cm?),
more like NaH, would be even more disposed to hydride yeaches a maximum in 10 min and then slowly fades. The
tr.ansfer. This argument leaves out of consideration that theproduct of this change has not been identified. Protonation
simple loss of an electron frofiproduces a stable product, o the 7-electron cloud of the pyridine is not useful for the
the monohydride of s, and because of its lower Franek  conyersion of H to Hy, but the resulting species could serve
Condon barrier, a one electron change is favored over a tWoag an intermediate stage in reduction of pyridine with
electron change. As to the monohydride of'Owhere  concomitant oxidation of the metal. Protonation with strong

hydride transfer is observed, again by considering itS 4iq |eads to the liberation of Hwithout reconstituting the
alternative, the loss of an electron, a low energy path is dihydrogen complex.

accessible only when it is accompanied by a change in Hydrogenation by Dihydrogen Complexes of Osmium-

coordination number, and it is thus inherently slow. The . : .
) . . . am(m)ines In contrast to the action of the monohydrides
circumstances governing the choice of mechanism thus are

rather specific to the present system and do not lend O.f le and Ogl 2 ands, respectively, a;descnbed, under
themselves to simple generalization. S'”.""ar condltlons.,trang[Os(eQ)py(Hz)] , 1, shows no
The striking difference in the color &and3’, and more evidence of rea_ctlon with (MAH) even a_lfter many hpurs
particularly why 3 is colorless, merits consideration. The of exposure. This outcome Is not surprising considering that
change from ito H- as co-ligand can hardly cause the the dlhydrogen complex is not a good one electron reducing
— g* transition, metal to pyridine, to disappear. Replacing agent, noris transfer_ of Hfrom it to a.substrgte expected
y>-Ha, which is electron withdrawing, by H which is to be a kmetl_call_y facile processs+. The_ immediate product of
electron releasing, would raise thel level relative to the such a react|on_ is [Os(emy(H)] ! which can be regfa_rded
a* of pyridine, and if the resulting energy difference were asa monohydride of O5 but W.h'Ch requires an qdd|t|onal
small enough, the transition would appear in the NIR and I|gand t9 be stabIéA_s thg experiments .t(.) be descr!bed show,
be in a range which was not examined in our work. Another with suitable modlflc_a'uon of composition, the d!hydrogen
source of charge transfer absorption is interligand, which complexes Oam(m)ines can act as hydrogenation agents.

leads to a striking expected difference betweencikeand Most of the experiments were ddfiewith a solid of
transforms. In the cisgeometry, direct overlap of the compositiortrans[Os(NHs)«(Hz)(Hz0)1(BPhy), 4, in acetone-
o-orbital of H- with a lobe of thex* orbital of pyridine is ds as solvent. Hydrogenation activity depends on access by
possible and would account for one of the absorption bands,the substrate to a coordination site on the metal atom, a
while in the trans-disposition, such overlap is nonexistent condition which is satisfied by the tetraammine dihydrogen
because of the-character of the filled orbital in hydride ~ residue in solution whether, 28, BPh~, or de-acetone, each
ion in relation to ther*-orbital of pyridine. This interaction ~ ©f which is readily replaceable occupies the sixth position,
can explain the appearance of two absorption bands for thebut not satisfied by pyridine.
cis-isomer in the visible region. By raising the*-level Despite H initially being transto the accessible site, in a
sufficiently the zd—s*absorption, suggested as appearing solution containing the dihydrogen complex at the 0.01 M
in the NIR region for theransform, now appears in the level, with CH;CHO at 0.46 M, afte2 h free CHCH,OH
visible. It is to be noted that, in lacking-character, H is is detected at a yield corresponding to the consumption of
unique among mononuclear anions. 48% of the dihydrogen complex. The reduction of aldehyde
The reactions with BD show unexpected complications
in that conversion to the final products involves an inter- (18) See ref 11, pp 1066110.
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is competitive with the formation dfans[Os(NHz)4(772-CHs- condition for hydrogenation to occur, is not a sufficient
CHO)LJ?*, where L is presumablgiz-acetone, in 41% yield.  condition. When HC=CH—CH,—SCH; is used as a sub-
Ten minutes after the start of the reaction, a strong signal strate in reaction witltrans[Os(en)(;7%-H,)(CF:SQs)[CFsS O,

for »*H, is observed at-10.64 ppm, compared to that quantitative formation of theis-dihydrogen complex with
observed before the addition of aldehydel3.38 ppm.  the substrate attached to the metal at the sulfur site is
Taking account of the composition of the system, because gpserved, and there is no subsequent reduction of the alkene
the shift is in the region characteristic of oxygen donors, we fynction even though theis-geometry is compatible with
attribute the signal toj'-aldehyde, this intermediate then (jose contact between the dihydrogen and the alkene group.
collapsing tarans{Os(NHs)a(>-CH,CHO)LI" with release 1,5 it is demonstrated that, for hydrogenation of an olefin
of Hy, or rearranging to thesis-form, following which, , ooeyr poth substrate and iust be attached to the metal.
reduc_tlc_m of the aldehyde occurs. N.O signal for the OSMIUM- \pihy 2-vinyl pyridine, 2 h after the start of the reaction, free
containing product of the latter path is observed, and we infer 2-ethylpyridine had appeared corresponding to 4% of the

that .t_h<_a s s_peuesi which after.hydrogenatlon Ic_)ses_ the dihydrogen complex introduced; the bulk of the dihydrogen
stabilizing action ofiy?-H, as am-acid, undergoes oxidative | din thesf ith substrate bound at
addition to a paramagnetic product by some component of ,c\lorr\;\;/). ix ﬁppeare n ¢ s ormr,] with subs r? © holun _de}
the mixture. It should be mentioned thatacids such as N I _t € passage o time, the amountp e,t ylpyndine
did not increase. In this case, the preferential binding to the

pyridine and CN are known to favor isomerization of the o
trans to the cis-form, and to facilitate the release of,H heteroatom compared to the alkene site is less favored than

and thusy-CHsCHO is expected to act in a similar fashion. it is for the sulfur derivative, and hydrogenation takes place
When styrene was used as the substrate, present at th&or a minor path in which alkene rather than N binds to the

0.020 M level, with the dihydrogen complex at 0.010 M, Metal while H is still attached.

after 8 h, free ethylbenzene corresponding to 12% of the )
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