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University of Washington
Abstract
Dicationic Dihydrogen Complexes of Osmium and Ruthenium
by Thomas Alan Luther
Chairperson of the Supervisory Committee: Professor Dennis Michael Heinekey
Department of Chemistry

The dicationic complexes [Os(H2)(PR3)2(bpy(CO)]2+ (PR3 = PPh3, PMePhy),
[Os(H2)(PPh3)2(phen)(CO)J2+, [Ru(H2)(PPh3)2(bpy)(CO)]2*, and [Os(H2)(bpy)(CO)J2*
(bpy = 2,2'-bipyridine; phen = 1,10-phenanthroline) have been prepared by the
protonation of the corresponding monocationic hydrides using an excess of
trifluoromethanesuifonic acid. The presence of a bound dihydrogen ligand is indicated
by short 71 minimum values consistent with H-H distances of 0.92-1.04 A. Inthe
partially deuterated derivatives Jyp values of 25.3-31.0 Hz were observed. The
dicationic complexes are strong acids indicating that the bound Hj is substantially
activated toward heterolytic cleavage. The Hj ligand is tightly bound to the metal center,
and does not undergo exchange with D over the course of several weeks at room
temperature. The complex [Os(H2)(PPh3)(bpy)(CO)]2+ has been shown to be very
stable in solution at room temperature. In contrast, the ruthenium analogue,
[Ru(H2)(PPh3)2(bpy)(CO)]2* irreversibly loses H> in solution at room temperature but is
relatively stable to H; loss at temperatures less than 245 K.

The complexes [Os(H3)(PPh3)2(bpy)(CO)12* and [Os(H2)(PPh3)(phen)(CO)]2+
and the corresponding HD complexes were studied by solution NMR spectroscopy in
magnetic fields of 11.75 and 17.63 T (!H: 500 and 750 MHz). The effects of the partial
alignment of these complexes with the magnetic field were large enough to be observable

in the NMR spectra. The total splitting of the HD resonance of the partially deuterated



complexes was measured in several magnetic fields to determine the field independent
spin coupling (Jyp) value and the magnitude and sign of the field dependent residual
dipolar coupling (DHD)-
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Chapter 1

Introduction

Initial Discovery of an Intact Dihydrogen Ligand. In the early 1980's Kubas
and coworkers were studying the structure and bonding characteristics of
M(S02)(PR3)2(CO)3 (M = Mo, W; PR3 = bulky phosphines).! The preparation of
M(SO2)(PR3)2(CO)3 (R = Cy, ‘Pr) involves the addition of SO to the product of the
reaction of M(cht)(CO)3 (cht = cycloheptatriene) with PR3. They observed that under N3
the phosphine substitution reaction results in an orange complex with a labile dinitrogen
ligand. The subsequent addition of SO displaces the N3 which is observable by gas
evolution. If M(cht)(CO)s; is reacted with excess PR3 under Ar, a purple complex with an
agostic interaction with a phosphine C-H group forms and no gas evolves with the

addition of SO7 (Scheme 1.1).

N MING)(PRAI2(CO)s
rd
/ h
M(cht(CO)s + PRy N, M(SO2)(PR3)2(CO)s
Al
\r\ y PR,
(@)
M(PR3)(CO)s  mem C',.._Jv..“'cqo
i H. U
M = Mo, W; R =Cy, Pr 2 oC I\l_li
PR3
Scheme 1.1

The addition of H; to M(H7)(PR3)2(CO)3 in solution or in the solid state results in
the formation of a yellow complex M(H3)(PR3)2(CO)3 that is stable under an H,
atmosphere.2 Suitable crystals of W(H3)(PiPr3)2(CO)3 were examined by low

temperature X-ray and neutron diffraction which indicate an intact H ligand aligned with



the P-W-P axis. Solid state NMR data3? has determined the H-H bond length to be 0.89
A which is slightly longer than the H-H bond length in H gas (0.74 A).

The coordination of the H; ligand to the metal center has been modeled in a
similar fashion as the binding interaction between a metal center and an ethylene ligand.*
The M-H3 bond results from a combination of electron donation from the & orbital of the
dihydrogen molecule to an empty metal d orbital of 6 symmetry and ® back-donation
from filled metal d orbitals to the ¢* orbitai of Hy (Figure 1.1).

g

H
E G
O ¢
Figure 1.1. Bonding model of an H> ligand with a metal center. The

arrows indicate the flow of electrons from filled orbitals donating into
empty orbitals.

M

Both interactions will lead to a weakening and therefore lengthening of the H-H bond
when Hj coordinates to a metal center. A strong metal to H; back donation into the ¢*
orbital of Hy may eventually lead to homolytic cleavage and oxidative addition of the H,
ligand.

Preparation of Dihydrogen Complexes. Since the discovery of the first
transition metal complex with an intact H; ligand, W(H2)(P‘Pr3)2(CO)3, in 1984 this area
of research has been actively pursued by several research groups.5 Examples of
dihydrogen complexes are now known for every metal in the vanadium, chromium,
manganese, iron, and cobalt triads and recently a platinum H; complex has been

reported.5 The most common electronic configuration of stable H, complexes is d6 with



just a few examples of d2, d4, and d8 configuration.56.7 The vast majority of these
complexes have been found to be singly charged cationic species.5 The plethora of
monocationic complexes suggests that positive charge confers additional stability to the
H2> complexes. An assessment of the effect of charge on the binding of Hj requires the
preparation of charged complexes of the form [M(H>)(L)s]** with ligands L comparable
to those employed in the tungsten complexes.

Recently, the preparation of rhenium cationic analogues, [Re(H2)(PR3),(CO)3]+
and [Re(H2)(PR3)2(CN’Bu)s]* and comparative studies with the neutral tungsten
complexes have been reported 8910 At the outset of this study the only well
characterized dicationic complexes belonged to the osmium series, [Os(H2)(NH3)4(L)]2+
and [Os(Hp)(en)(L)])2+ (en = ethylenediamine) which had been reported by Taube and
coworkers. 11.12.13

The synthetic route to H; complexes generally involves the protonation of a metal
hydride!4 or the complexation of dihydrogen with a metal species possessing either a

labile neutral ligand or an "open"” coordination site !5 (Scheme 1.2).

[N ENY;
N? | [H(EL0)IBF, 4
e &Sl
|+ | >
PMe; PMej;

Sc.. | .cO Hy OC""'sla E{O
o | — o™ 1N
ProP < R PipryH

Scheme 1.2



Recently, the preparation of a2 H; complex by the novel method of unassisted chloride

displacement by dihydrogen was reported? (Scheme 1.3).

BiNg, Tﬁ%»«ﬁu 9y e, r??cN'B“—] i
N e T 'BJ‘C/Te\Z
PCys " PCys
Scheme 1.3

Taube and coworkers!>!3 have prepared a series of interesting Hy complexes by the
reduction of Os(NH3)4(OTf)3 (OTf = 0S07CF3) or [Os(O)2(en)2](OTE), (en =

ethylenediamine) using a zinc/mercury amalgam under acidic conditions (Scheme 1.4).

o O™ 4 om0 HH | (BPh),
(Hsz,,_ gs_..\ NH? Zn/Hg (Hlen.._ (ljs_.-\ NHs
HzN’g ~ NH; 2. NaBPh, HN" |~ NHg
L

HeH —| (BPhy),
1. Hzo, ZI'I/HQ HsNh.,._ l ot NH3

Os(NHq)4(OT!

2. NaBPhy

L = solvent
Scheme 1.4
The ligand L, trans to the Hy, in these complexes is quite labile and can be displaced by a
variety of neutral or anionic ligands producing a series of monocationic and dicationic
complexes. The basicity of the metal center results in a wide range of elongated H-H
bond lengths on the verge of homolytic cleavage (1.09-1.34 A).
Characterization as Dihydrogen Complexes. Unequivocal determination of an
intact dihydrogen ligand is by single crystal neutron diffraction analysis.!6 The difficulty

in obtaining large high quality crystals suitable for neutron study and the limited number



of facilities limits its general use as a spectroscopic tool. Other methods include low
temperature single crystal X-ray diffraction data and infrared and raman spectroscopy.
However, X-ray diffraction suffers from the difficulty in obtaining high quality crystals
and accurate distances between the hydrogen atoms in the H; ligand. The vibrational
data has not been widely used due to the inherent weakness in the coordinated Hy
vibrational modes. The most widely used methods that have been developed are solution
NMR experiments to determine the minimum spin-lattice relaxation time (T minimum)
of the H3 ligand and the measurement of the H-D coupling (Jyp) in the corresponding
HD complex.

Spin-Lattice Relaxation (T7). Hamilton and Crabtree!l? were the first to propose
that the 71 minimum of the Hy resonance could be used as evidence of an intact H,
ligand. Assuming that the molecule is tumbling isotropically in solution and that the rate
of relaxation of the dihydrogen ligand is primarily due to the homonuclear dipolar

interaction (RHH), the observed rate of relaxation for a proton is given by eq 1.1.18

. - 31*h2 T 4t wn
= = § — .
! 1 20 s | 1+0%2 1 +40%t2

Where vy is the gyromagnetic ratio of the proton, & is Plank’s constant, @ is the Larmor
frequency, ryy is the internuclear distance of the two hydrogen atoms, and 1. is the
rotational correlation time of the molecule in solution (at room temperature a typical T; =
1 x 10-105). At low temperatures when the molecule is tumbling slowly in solution and
@272 » 1, the term in the brackets reduces to 2/t and the rate of relaxation is
inversely proportional to T and the strength of the magnetic field squared. At high
temperatures and ©2t.2 « |, when the molecule is tumbling quickly, the bracketed term
reduces to 5T and the rate of relaxation is proportional to 1. and is independent of the

strength of the magnetic field. This equation predicts that the rate of relaxation will



6

increase, proceed through a maximum, and then decrease as the temperature is increased.
The first derivative of eq 1.1 with respect to ¢ yields the maximum rate of relaxation,
which will occur when @t. = 0.6158. Since the rate of relaxation is proportional to the
inverse sixth power of the distance between the hydrogen nuclei, the maximum rate of
relaxation (7| minimum) can be used to calculate the H-H distance in the dihydrogen
ligand. Examination of the T} minimum of some known metal polyhydrides and some of
the early reported Hy complexes suggested that a range of 7} minimum values (at 250
MHz) could be used to determine between a dihydride (> 150 ms) and a dihydrogen (< 80
ms) structure. Halpern and coworkers!8 refined this method to include other sources of
relaxation. They showed that in certain complexes the interactions between the metal
center and the ancillary coligands with the hydride ligands added to the relaxation rate
producing 7 minimum values that were misinterpreted as evidence for a bound H>.

This "static” model assumes the rotation of Hj ligand around the M-Hj axis does
not contribute to the rate of relaxation. Woessner!9 has shown that corrections to the
spectral density function in the relaxation rate equation (eq 1.1) are needed to account for
the rotation of a methyl group attached to a molecule that is tumbling isotropically in
solution. Morris and coworkers have adapted this work to include the rotation of the H»

ligand in the homonuclear dipole interaction relaxation rate equation (eq 1.2).20




Where 1. is the correlation time of the molecule and TH, is the correlation time of the
rotation of the Hj ligand around the M-Hj axis. This "fast" rotation model effectively

produces a relaxation rate that is 4 times the rate of the "static” model (eq 1.3).

3y|.,4h2 T 41,
Rus = (0.25) § —_— (1.3)
, 207 f4§ 1+ 0%t 1+40%t2

The internuclear H-H distance in the Hj ligand is obtained from 77 minimum
measurements using eq 1.4 (static model) or eq 1.5 (fast rotation model), where v is the

operating frequency of the spectrometer in MHz.!8

1

wmf_1_\e

i = 5817 As” — (1.4)
HH

1
) ® (1.5)

The choice of which rotation model to use for the determination of the H-H bond length

e = 4.617 A s"’3(
HH V

should be fairly straightforward. However, the rotational barrier of the H> ligand in
W(H2)(PPr3)2(CO)3 has been measured by inelastic neutron scattering and found to be
lower (1.9-2.2 kcal mol-t) than the barrier for molecular tumbling (2.6-3.8 kcal mol-1)2!
When the fast rotation model is used for the determination of ryy, unlikely distances of
0.76 and 0.77 A are obtained?2 (the H-H bond length in H, gas is 0.74 A). Gusev and
coworkers2 have recently examined the reported T minimum data of dihydrogen
complexes possessing short H-H bond lengths, determined by neutron, X-ray, or Jyp
data, indicating that the H; ligand should have low barriers to rotation. The static model
was found to provide reasonable H-H distances in most of these complexes not the fast

rotation model as predicted.



H-D Coupling (Jup) in the Partially Deuterated Complexes. More definitive
solution NMR evidence of a bound dihydrogen ligand is the observation of H-D coupling
in the HD analogue. Typically, Jyp values range from 20-34 Hz in the coordinated HD
ligand (HD gas has a Jgp value of 43.2 Hz24). In comparison, cis-dihydrides normally
have Jyp values of less than 3 Hz.2 Taube and coworkers!3 have prepared a series of
dicationic Hy complexes of thé type [Os(H2)(en)2L.4(2+2) (LZ = various neutral or anionic
ligands; z = 0 or -1) with Jyp values of 3-21 Hz. Neutron diffraction data of
[Os(H2)(en)2(OAc)]* (OAc = CH3COO") support the existence of an elongated H-H
bond (1.34 A) in a complex with Jyp = 8.1 Hz.26

When the Jyp values of the HD complexes are plotted versus the most reliable
ryn values (corrected neutron diffraction and solid state NMR data) of the H species a
roughly inverse linear relationship is observed (eq 1.6).27

ruq = 1.44 - 0.0168(Jyp) (1.6)
This is in contrast with what is predicted for HD gas, where JHp values increase with
increases in ryy.28

Isotopic Perturbation of Resonance. Partial substitution of deuterium into the
H> ligand may result in the observation of temperature dependent isotope effects on the
hydride resonance in the solution NMR spectra due to isotopic perturbation of resonance
(IPR). Calvert and Shapley29 used IPR to model a CeeeHee¢Os interaction in
HOs3(CO)10CH3. Upon deuteration, the solution NMR spectra show separate resonances
for CH2D and CHD;, that are shifted significantly upfield from the CH3 resonance and
the isotope shifts, A81 = 8cH; — 8cH,D and Ad2 = 8¢cH,D — CHD,, were found to have a
strong temperature dependence. These observations are consistent with rapid dynamic
averaging of two structures. In structure A, the deuterium in the methyl group is located

in a terminal position. In structure B, the deuterium is located in the bridging position.



QOs(CO), Qs(CO),
Q
(ochoé Os(C0); =—=—= (OC):,# Os(CO),
C—H c—0D
o Y ' 4 Y
o H H H
A B

The stretching force constant of the bridging C-H or C-D bond should be lower than the
analogous noninteracting terminal C-H or C-D bond. The deuterium should therefore
show a preference for the terminal position resulting in an observable temperature
dependent isotope shift in the lH NMR spectrum. This is a manifestation of the non-
statistical occupation of the bridging and terminal sites by deuterium.

This model can be adapted for dihydrogen complexes that are in equilibrium with
a dihydride tautomer (eq 1.7) or polyhydride complexes that have a fluxional
dihydrogen/hydride equilibrium process occurring (eq 1.8).

1 <

LM e M 1.7

n D Ln \D ( )

LnM ~ ~—— LnM \ H (1.8)
H H/

The observed chemical shift in the H NMR spectrum of the dihydrogen complex
in eq 1.7 would be a weighted average of the chemical shift of the Hj resonance and the
chemical shift of the hydride resonance. The partially deuterated complex should exhibit
a temperature dependent isotope shift due to the slight perturbation of the equilibrium
populations of the two tautomers. This equilibrium should also be manifested by
temperature dependent Jyp values.

An example of a fluxional dihydrogen/hydride equilibrium as shown in eq 1.8 has
recently been reported for the complex [Ir(H2)H(Tp)(PMe3)1+ (Tp =
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hydridotris(pyrazolyl)borate).!14 The !H NMR spectra of the partially deuterated complex
exhibit large temperature dependent isotope shifts. The isotope shifts were found to vary
from 228 to 149 ppb for Ad; = dy; — 8g,p and from 122 to 72 ppb for AY, = dH,D -
OHD, over the temperature range 215-281 K. The H-D coupling of the monodeuterated
complex also exhibited a temperature dependence which varied from 6.87 to 7.63 Hz
over the same temperature range. The analysis of the data provided for the determination
of limiting chemical shifts for the dihydrogen ligand and the terminal hydride, Jyp of the
HD ligand, and the equilibrium constants for eq 1.8 and for the dideuterated species. The
activation energy for the proton exchange was calculated to be AG¥ < 5 kcal mol-1.
Organization of the Thesis. The preparation and reactivity of the monocationic
hydrides, [OsH(PR3)2(bpy)(CO)1*+ (PR3 = PPh3, PMePhjy), [OsH(PPh3);(phen)(CO)]+,
[RuH(PPh3)>(bpy)(CO)]* (bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline), and the
neutral precursors, OsH(CI)(PR3)3(CO) (PR3 = PPh3, PMePh») and
RuH(CI)(PPh3)3(CO), along with the preparation of [OsH(bpy)2(CO)}* are described in
Chapter 2. The protonation of the monocationic hydrides to generate the dications,
[Os(H2)(PR3)2(bpy)(CO)12* (PR3 = PPh3, PMePhy), [Os(Hz)(PPh3)o(phen)(CO)J2+,
[Ru(H3)(PPh3)2(bpy)(CO)12*, and [Os(H2)(bpy)2(CO)]12+ and a review of the known
dicationic dihydrogen complexes are discussed in Chapter 3. The availability of high
field NMR spectrometers (!H: > 500 MHz) allow the potential of observations of the
effects caused by the partial alignment of H, complexes with the magnetic field. Chapter
4 investigates some manifestations caused by the effects of partial alignment of
[Os(H2)(PPh3)2(bpy)(CO)12+ and [Os(H2)(PPhs)2(phen)(CO))2+ with the magnetic field
and implications concerning some reported anomalous behavior. The results of an
investigation concerning a possible dihydrogen/dihydride equilibrium process occurring

in the complexes by Taube and coworkers 326 are presented in Chapter 5.
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Chapter 2

Synthesis, Characterization, and Reactivity of Neutral
and Monocationic Hydrides of Osmium and Ruthenium

Introduction

The protonation of a neutral transition metal hydride resulting in the formation of
a cationic dihydrogen complex was first reported by Crabtree and Lavin in 1985.! Since
that time, numerous research groups have utilized this methodology as a synthetic tool for
the preparation of transition metal dihydrogen complexes.2 However, the preparation of
the only known dicationic dihydrogen complexes involved the reduction of osmium(III)
and osmium(IV) dications under acidic conditions.3

We have found that dicationic dihydrogen complexes could be prepared by the
protonation of monohydride cations of osmium(Il) and ruthenium(Il). The preparation of
the monocationic hydrides followed the synthetic route developed by Uttley and
Robinson and coworkers* to generate neutral carbonyl trisphosphine hydride complexes
MH(CI)(PR3)3(CO) (M = Os, PR3 = PPh3, PMePh; (1a,b); M = Ru, PR3 = PPh3 (4a)).
The catalytic activity of these complexes and related compounds has been studied and
reported elsewhere.’ These neutral complexes react with a chelating ligand to produce
the desired monocationic hydrides [MH(PR3)2(N-N)(CO)]+ (M = Os, PR3 = PPh3,
PMePhj, N-N = bpy (2a,b); M = Os, PR3 = PPh3, N-N = phen (9a); M =Ru, PR3 =
PPh3, N-N = bpy (5a)) (bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline).

This chapter will cover the preparation and some of the reactivity of the neutral
carbonyl trisphosphine hydrides and the monocationic hydrides that will be used in
protonation reactions to produce dihydrogen dications (Chapter 3). The preparation of a

related compound [OsH(bpy)2(CO)]* will also be discussed.
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Results and Discussion

Synthesis and Characterization of the Neutral Hydrides: MH(C1)(PR3)3(CO)
[M = Os, PR3 = PPh3, PMePh; (1a,b); M = Ru, PR3 = PPh3 (4a)]. The synthetic
procedure developed by Robinson and coworkers to prepare triphenylphosphine
complexes of ruthenium and osmium serves as a useful method for the preparation of a

series of neutral carbonyl trisphosphine hydrides (Scheme 2.1).4

Q PR,
C. l cO
(NH,),0sClg H H RgPr. | o
or o -
RuClz-3H,0 PRy Ct H
PR,

M =Os, PR3 = PPhy, PMePh, (1a,b)
M = Ru, PR3 = PPhy (4a)

Scheme 2.1
The general procedure requires the addition, in rapid succession, of a 2-methoxyethanol
solution of the metal halide followed by the addition of aqueous formaldehyde to a
boiling solution of excess triphenylphosphine in 2-methoxyethanol. The manner in
which the reagents are added is the critical factor in the synthesis, if the addition is not
carried out properly, an insoluble precipitate forms instead of the desired product. The
triphenylphosphine products are generally insoluble in 2-methoxyethanol and will
precipitate quickly out of solution as they are formed or when the reaction mixture is
cooled to room temperature. This technique allows for a one-pot synthesis with short
reaction times and high yields of the products without need of further purification.

The hydride region of the IH NMR spectrum recorded at room temperature of the
osmium complex OsH(CI)(PPh3)3(CO) (1a) shows a doublet of triplets (Jypcis = 24.7 Hz,
JHPurans = 86.3 Hz) centered at §-6.95. The 31P{aromatic IH} NMR spectrum of la
exhibits a doublet of doublets at & +7.83 (Jpycis = 22 Hz, Jpp = 11 Hz) and a doublet of

triplets & -9.14 (JpHurans = 76 Hz, Jpp = 11 Hz) in a 2:1 ratio, consistent with two
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equivalent phosphine ligands trans to each other and a third phosphine ligand trans to the
hydride ligand. The !H and 3!P{aromatic !H} NMR spectra are consistent with the
structure shown in Scheme 2.1. The structure of 1a has also been confirmed by X-ray
crystallography.6

The 'H and 3!P{aromatic !H} NMR spectra at room temperature of the ruthenium
analogue, RuH(CI)(PPh3)3(CO) (4a), indicate a dynamic system; The coupling in the
hydride resonance in the 'H NMR spectrum is unresolved. However, the resonances in
the 3!P{aromatic !H} NMR spectrum exhibit couplings to the hydride ligand but the
coupling to each other is not resolvable. When the temperature is lowered to 5 °C, the
spectra of 4a is consistent with a static structure, similar to 1a. The hydride resonance in
the 'H NMR spectrum recorded at 5 °C is a doublet of triplets centered at 6 -7.18
(JHPtrans = 104.1 Hz, Jygpcis = 24.0 Hz). The 31P{aromatic !H} NMR spectrum at this
temperature exhibits two resonances, a doublet of doublets at 8 +40.3 (JpHcis = 23 Hz,
Jpp = 15 Hz) and a doublet of triplets at 8 +12.8 (JpHrans = 103 Hz, Jpp = 15 Hz).

The previously unknown analogue OsH(Cl)(PMePh3)3(CO) (1b) was prepared
following the same synthetic procedure as 1a and 4a, substituting
methyldiphenylphosphine for triphenylphosphine. The increased solubility of 1b in 2-
methoxyethanol resulted in the complex not precipitating when the reaction mixture
cooled to room temperature. However, precipitation did occur when the solvent volume
was reduced. The hydride region of the IH NMR spectrum exhibits a doublet of triplets
at § -6.45 (Jypcis = 22.2 Hz, Jypurans = 85.3 Hz). The 3!P{!H} NMR spectrum shows
two resonances, a doublet at § -20.1 (Jpp = 13 Hz) and a second doublet at § -23.3 (Jpp =
13 Hz).

Reactivity of MH(CI)(PPh3)3(CO) [M = Os, Ru (1a, 4a)]. When solutions of
1a and 4a are exposed to CO at room temperature, the labile phosphine trans to the

hydride is displaced2 and new complexes are observed by NMR. The NMR data is
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consistent with the complexes formulated as MH(C)(PPh3)2(CO)2 (M = Os, Ru). The
IH NMR spectrum for the new osmium species shows a triplet in the hydride region at &
-3.63 with a Jyp value of 20.2 Hz. The 31P{aromatic IH} NMR spectrum exhibits a
doublet at 8 +8.97 with a Jpy value of 19 Hz and a resonance for "free”
triphenylphosphine at 8 -4.98. The !H NMR spectrum recorded in benzene-dg for the
new ruthenium complex shows a triplet in the hydride region at § -3.89 with a Jyp value
19.2 Hz. The 3!P{aromatic H} NMR spectrum exhibits a doublet at 8 +39.8 with a Jpy
value of 16 Hz and also a resonance for "free” triphenylphosphine at § -4.69. The NMR
spectra indicate equivalent phosphines. Three reasonable structures for these complexes

that can be envisioned are shown below.

PPhy PPh; PPhy
OCn.._ I s co Phaph.,.l _.-‘H Cle.._ I o CO
cu"r ~H cn’T' ~co Oc:"i'1 ~H
PPh; 8 PPhy

A 8 c
M =0Os, Ru

Previously reported infrared data? along with the NMR spectra support the assignment of
the ruthenium species as the structure shown for B. The similarity of the NMR spectra
suggest that the osmium analogue has the same stereochemistry.

When silver triflate (AgOT() is added to solutions of these new species under a
CO atmosphere, or to solutions of 1a and 4a under a CO atmosphere, the !H and 3!P
NMR spectra show new resonances that are consistent with new complexes resulting
from the abstraction of chloride. The !H NMR spectrum of the osmium species exhibits
a triplet resonance at § -4.70 with Jyp = 14.8 Hz. The 3!P{aromatic 'H} NMR spectrum
shows a doublet at § +4.56 with Jpyg = 12 Hz. The IH and 3!P{aromatic 1H} NMR
spectra of the ruthenium reaction indicate that two species are formed in ca. 3:1 ratio.

The 'H NMR spectrum in the hydride region exhibits two triplets with the major
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resonance at § -3.29 with Jgp = 18.5 Hz and the minor resonance at § -4.43 with Jyp =
17.5 Hz. The 31P{aromatic !H} NMR spectrum shows two resonances, the major
resonance as a doublet at § +41.08 with Jpy = 15 Hz and a minor broad resonance at §

+14.41 with no observable coupling.

PPh, PPhy
OC:., I _,.\\CO PhaPh.._hL _..“H
M~ CF30,80” | ~¢C
CF30,80” | ~H 302 | “Co
PPhy 8
o E

M=0s, Ru
Since only a small change is observed in the chemical shift of the resonance in the 31P
NMR spectra of the osmium complex and the major ruthenium species the most likely
possibility is a new neutral complex. The possible structures that can be reasonably
proposed are D and E resulting from the abstraction of chloride and subsequent
coordination of the triflate anion to form a metal triflate species. A larger change in the
31P NMR chemical shifts would be expected from this reaction if a cationic species was

generated (structures F and G).

PPhy —l + PPha—] *

PPhy ¢
F G

The minor resonance in the 3P NMR spectrum of the ruthenium reaction would be
consistent with this reasoning.

When CCly was added to a methylene chloride-d; solution of 4a, the
31p{aromatic !H} NMR spectrum shows a singlet resonance growing in at 3 +28.09.

After a day this becomes the major resonance with a dozen minor resonances (combining
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for = 10% of the intensity of the major resonance) in the 3!P NMR spectrum. The
hydride region of the !H NMR spectrum originally exhibits a minor new triplet resonance
appearing at § -4.49 with a Jyp value of 19.0 Hz. After a day, there are no observable
signals in the hydride region of the spectrum. This new hydride resonance is consistent
with initial loss of phosphine followed by coordination of CCl occurring before the

hydride abstraction (Scheme 2.2).

PPhy PPhy

| .c© | .co
Phaph...n o CC|4 CI3CCl""-.R B

{J] P, u

cI” | “H ca” | “H
-PPh;
PPh; PPhy
4a
Scheme 2.2

Synthesis and Characterization of the Monocationic Bisphosphine Hydrides:
[MH(PR3)2(N-N)(CO)J* [M = Os, PR3 = PPh3, PMePhy, N-N = bpy (2a,b); M = Ru,
PR3 = PPh3, N-N = bpy (5a); M = Os, PR3 = PPh3, N-N = phen (9a)]. The
monocationic hydrides were prepared as the triflate salts as outlined in Scheme 2.3 for the
synthesis of [OsH(PPh3)2(bpy)(CO)J(OTf) (2a). Meyer and coworkers8 previously
reported the synthesis of 2a(PFg) using ammonium hexafluorophosphate to precipitate
the cationic hydride complex. The !H and 3!P{aromatic !H} NMR spectra indicate that

the triflate and hexafluorophosphate anions have no observable effect on the structure of

the cation.
PPhy ~, FPPhs —l ci ~ PPhs —| oTt
PhgPs... IS,.»CO bipyridine New,, (I)s"“ cO NH,OTt N, ls"“ cO
C'/T ~y T \NII ~y \N/T ~y
PPh, PPhg PPhy
1a 2a

Scheme 2.3
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As described earlier, the phosphine ligand trans to the hydride ligand in 1a is labile and
therefore it can be substituted with a variety of chelating ligands. The neutral osmium
hydride 1a and bipyridine are heated in ethylene glycol at reflux for 15 min or 2-
methoxyethanol for 1 h. The displaced chloride anion is exchanged for a triflate or
hexafluorophosphate anion using the appropriate ammonium salt. The desired complex
precipitates as a yellow solid with the ammonium chloride remaining in solution. When
an excess of bipyridine is used and with longer reaction times (greater than 1 week), the
NMR spectra indicate that 2a is still the only product formed. The IH NMR spectrum of
2a exhibits eight resonances in the aromatic region for the bipyridyl protons, a narrow
region of triphenylphosphine aromatic protons and a well resolved triplet in the hydride
region at 8 -12.19 with a Jyp = 18.4 Hz. The 31P{aromatic !H} NMR spectrum shows a
single doublet resonance at § +18.76 with a Jpg = 17 Hz. The NMR spectra are
consistent with two equivalent trans phosphines and a bipyridyl ligand with eight
inequivalent protons as depicted in Scheme 2.3. The complexes 2b, 5a and 9a, were
prepared in this manner, and exhibit similar |H and 3!P{aromatic 1H} NMR spectra
(Table 2.1).

Table 2.1. Comparison of the NMR Data of the Hydride Bisphosphine Monocation
Complexes.2

compound H 3y (ppm) Jup (Hz)b 31P § (ppm)
[OsH(PPh3y(bpy)(CO)I*  (2a) -12.19 18.4 +18.76
[OsH(PMePh3)2(bpy)(CO)1* (2b) -12.22 17.6 +0.08
[OsH(PPh3)y(phen)(CO)]*  (9a) -11.98 18.1 +19.25
[RuH(PPh3)o(bpy(CO)I* __ (5a) -11.31 19.6 +46.53

a In methylene chloride-d;. 4 'H NMR data.
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T. J. Meyer and coworkers synthesized a series of dimethylbipyridyl derivatives
of 2a(PFg) to compare by 'H NMR spectroscopy with the parent complex that enabled
the assignment of the proton resonances of the bipyridyl ligand.8 The numbering scheme

for the bipyridyl ligand is depicted in the following figure:

4 3 3' 4-
< \ez/ N\,
6 N &

The assignment of the bipyridyl proton resonances of [OsH(PPh3)2(bpy)(CO)]* (2a) are
shown in Figure 2.1. Examination of the chemical shifts of the proton resonances of the
bipyridy! ligand show that the individual protons of the 3,3’ and 4,4’ pairs experience very
similar magnetic environments while the resonances of the 5,5' and 6,6’ pairs are more
widely split, 0.67 ppm and 1.08 ppm, respectively. The 6,6’ proton pair is situated such
that one proton is directed into the carbonyl ligand causing an upfield shift while the
other one is directed at the hydride ligand. Similarly, the 5,5’ pair has one proton-carbon
bond of the pair roughly parallel to the CO ligand resulting in less shielding than the
other accounting for the split in the chemical shifts. The !H NMR spectrum of
[RuH(PPh3)2(bpy(CO)]* (5a) is shown in Figure 2.2 that shows that the similarity of the
complexes allow the same proton assignments to be made for the bipyridyl proton

resonances in 5a.
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Structural Assignment of [RuH(PPh3)>(bpy)(CO)]* (Sa) with 1H,13C
HETCOR NMR. The assignment of the bipyridyl proton resonances allow for a IH,!13C
HETCOR NMR experiment to assign the corresponding carbon resonances (Figure 2.3).
The ten inequivalent 13C resonances of the bipyridyl ligand in the 13C{1H} NMR
spectrum along with the 13C resonances in the phosphine ligands and the carbonyl can
now be assigned and are shown in Figure 2.4. Inspection of the 13C chemical shifts show
the difference that exists in the magnetic environments for the proton 6,6’ pair is also
observed in the 13C{!H} NMR spectrum. Since the 'H,!3C HETCOR NMR spectrum
shows resonances for carbons that are coupled to protons, the resonances for the 2,2’
carbons of the bipyridyl ligand along with the ipso-carbons of the phenyl groups in the

phosphine ligands do not appear.
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Reactivity of [MH(PPh3)2(bpy)(CO)]* [M = Os, Ru (2a, 5a)]. The reactivity of
the complexes 2a and Sa was examined to determine the feasibility of a ligand exchange
that could lead to a change in the electronic or steric character of the complex. It was
hoped that the substitution of the phosphine ligands or the displacement of the carbonyl
ligand would provide a route to create changes in the basicity of the complex.

A two and a half-fold excess of tri-p-tolylphosphine was added to 2a and
monitored by 'H and 3IP NMR spectroscopy. The added phosphine, due to its increased
basicity, was expectéd to replace the triphenylphosphine ligands in 2a (Scheme 2.4).
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No effect was observed when the sample was kept at room temperature for several days.
The sample was heated at 55 °C and over the course of a month, only the apparent
decomposition of the tri-p-tolylphosphine was evident by NMR.

The displacement of a coordinated carbony! ligand under the proper conditions
can result in the coordination of a more desired iigand. Gladysz and coworkers? used this
methodology for the preparation of [ReCp(NO)(PPh3)2]*+. They reported
[ReCp(NO)(PPh3)(CO)]* was treated with (CH3)3NO in the presence of PPh3 to generate
the desired product as a result of loss of CO7 and coordination of PPh3. Another method
for displacement of a coordinated CO ligand is with hydroxide ion. This methodology
primarily works when the carbonyl ligand is strongly activated towards nucleophilic
attack as noted by Graham and Sweet!0 in the generation of ReHCp*(NO)(CO) from
[ReCp*(NO)(CO),]* treated with OH-. Oxygen atom donors, pyridine-N-oxide

(CsH5NO) and trimethylamine-N-oxide ((CH3)3NO), were reacted with 2a in acetonitrile
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in an attempt to displace the carbonyl ligand by forming carbon dioxide followed by
coordination of a solvent molecule. The IR stretching frequency of the CO ligand in 2a is
1923 cm-1. The low frequency is an indication that the carbon does not have a large
partial positive charge and nucleophilic attack at the carbonyl is not likely to occur. The
'H and 31P NMR spectra indicated that no new products were formed when 2a was
treated with (CH3)3NO or CsHsNO. |

The methylating agent, methyl triflate (MeOTf) was added to a solution of 2a
with the expectation that loss of methane would lead to the triflate cation,

[Os(OTT)(PPh3)2(bpy)(CO)]* (Scheme 2.5).
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No reaction was observed by NMR spectroscopy after two weeks at room temperature.
The sample was heated to 55 °C and monitored by NMR for a period of two months. The
'H and 31P{aromatic 'H} NMR spectra indicate that essentially no reaction occurred.
However, when MeOTf was added to a solution of [RuH(PPh3)2(bpy)(CO)]*+ (5a) and
heated at 45 °C for two weeks, new resonances were observed in the !H and
31p{aromatic !H} NMR spectra. The 31P{aromatic !H} NMR spectrum reveals two new
resonances at d +46.49 and +21.76 appearing in equal intensity as the resonance for Sa
decreases, indicating two new species are being formed at the expense of the
monohydride cation. The identity of one of these new resonances (8 +21.76) has been
confirmed as the methylphosphonium cation, MePPh3*. The other resonance is a singlet
that corresponds to an unidentified new ruthenium complex with only one phosphine

ligand and no hydride ligand. The IH NMR spectrum indicates that the expected product
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of the methylation, methane, is only formed in a trace amount along with a minor amount
of triflic acid.

The preparation of the chloride cation analogues of 2a and 5a,
[OsC1(PPh3)2(bpy)(CO)]* and [RuCl(PPh3)2(bpy)(CO)1+, were of interest to explore a
possible route for the isolation of the dihydrogen dication complexes
[Os(H2)(PPh3)2(bpy)(CO)]2* (3a) and [Ru(H2)(PPh3)2(bpy)(CO)]2+ (6a) (Chapter 3).
Meyer and coworkers developed a synthetic route to the chloride cation derivative of 2a
that involves pyrolyzing an acidic mixture of the osmium halide and bipyridine to
produce Os(bpy)Cls. Reduction of this species with triphenylphosphine under a CO
atmosphere finally generates the cationic chloride [OsCI(PPh3)2(bpy)(CO)]*. A simpler,
more direct synthetic route was desired. The addition of carbon tetrachloride to a metal
hydride is normally a useful technique to confirm its presence resulting in the formation
of a metal chloride.!! The generation of the metal chloride is proposed to occur by
electron transfer from the CCly to the metal hydride forming a radical pair and quickly
followed by chlorine atom transfer and hydride abstraction producing a metal chloride
species and chloroform. Unfortunately, when CCly is added to a solution of 2a no
reaction occurs even after heating at 55 °C for a period of two months. However, when
CCly is added to a solution of 5a and heated gently (45 °C), the resonance for the chloride
cation [RuCl(PPh3),(bpy)(CO)]+ is observable by 3!P{aromatic 1H} NMR in a minor
amount. After a couple of weeks several other unidentified resonances begin to appear.
A second route involving the reaction of the precursor 4a with CCl4 was explored due to
the more labile ligands in this complex that may be utilize to develop a route to the
chloride cation. The addition of CCly to 4a, even though the hydride ligand was
replaced, did not cleanly produce a single product to react with bipyridine to generate the
desired chloride cation. However, when N-chlorosuccinimide (NCS) is added to

solutions of 2a and 5a as a chlorine atom donor, succinimide is generated along with a
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single new complex that is formed cleanly and quantitatively by NMR. The aromatic
region in the 'H NMR spectra for these complexes exhibit the expected eight resonances
for the inequivalent bipyridyl protons and a narrow band for the triphenylphosphine
protons and are now lacking observable resonances in the hydride region. The
31P{aromatic lH} NMR spectra reveal only a singlet resonance, 8 -1.17 for the osmium
complex and at § +27.39 for the ruthenium analogue. The NMR spectra are consistent
with the formulation of these complexes as [OsCI(PPh3)2(bpy)(CO)]* and
[RuCl(PPh3)2(bpy)(CO)]* (Scheme 2.6). The complex 2a was also reacted with N-
bromosuccinimide (NBS) with similar results, the generation of succinimide and a single
new complex characterized as [OsBr(PPh3)2(bpy)(CO)]*. The !H and 3!P{aromatic 1H}
NMR spectra for this species are very similar to the others with a singlet resonance at §
-1.97 in the 31P{aromatic !H} NMR spectrum.
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Scheme 2.6
[RuCI(PPh3)2(bpy)(CO)]* was also found to be formed when a methylene chloride-d>
solution of 5a was allowed to stand at room temperature for an extended period (Scheme

2.6). Aftersix months the concentration of the chloride cation is approximately the same
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as the concentration of Sa as determined by the intensity of the resonances in the
31p{aromatic 'H} NMR spectrum.

A solution of the ruthenium chloride cation [RuCl(PPh3)2(bpy)(CO)]}* was
reacted with silver triflate (AgOTf) under an hydrogen atmosphere in an attempt to
produce the dicationic dihydrogen complex [Ru(H2)(PPh3)2(bpy)(CO)]2* (6a) as shown

in Scheme 2.7.
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The NMR spectra confirmed that a reaction occurred and a new complex was formed.
The 31P{aromatic !H} NMR spectrum exhibits a new resonance at 8 +15.7 with no
observable resonance for the expected dihydrogen species (at 8 +32.8). After 24 h this
resonance decreased in intensity and several new unidentified resonances emerged. Since
the observed trend in the iron triad is that the ruthenium compounds are found to be less
stable to Hj loss than the iron or osmium analogues, the cationic osmium chloride and
bromide complexes were also reacted with AgOTf and H. No changes were observed in
the 3!P{aromatic IH} NMR spectra for these reactions.

Correlation time for [RuH(PPh3)2(bpy)(CO)]* (Sa). The observed rate of

relaxation for a proton is given by eq 2.1 (also discussed in Chapters 1 and 4).!2
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The first derivative of eq 2.1 with respect to T yields the maximum rate of relaxation,
which will occur when @t =0.6158. The Larmor frequency is directly proportional to
| the strength of the magnetic field, ® = yuB,, therefore the maximum rate of relaxation
(minimum value of T7) is expected to occur at higher temperatures with increases in
magnetic fields and the T} minimum value will also increase in direct proportion with an
increase in field. |

Assuming the rate of relaxation of the resonance in the 3P NMR spectrum is

primarily due to the 3!P-!H heteroatom-proton dipole interaction, the relaxation rate
(Ryp) is given by eq 2.2.12
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Where ¥p is the gyromagnetic ratio of the phosphorus nuclei, S is the nuclear spin state
(31P: S=1/2), and ®. and @, are defined as @y - ®p and @y + Wp, respectively. By
differentiating eq 2.2 with respect to ¢ and setting dRygp/dtc = 0, the value of wpt. is
found to be equal to 0.7202.!2 In a magnetic field of 11.75 T (3!P: 202 MHz), wp is 1.27
x 109 s-I and the minimum value of t. will be 5.66 x 10-10s.

The measurement of the 71 minimum of the hydride resonance in different fields
and the 7| minimum of the phosphorus resonance provide the temperature dependence of
7. for [RuH(PPh3)2(bpy)(CO)]* (5a). Since an Arrhenius equation can be written as T¢!
= Ae'E/RT the activation parameters of the correlation time of the molecule can be
determined by plotting -In(t¢) versus 1/T, where T is the temperature of the T} minimum
in K (Figure 2.5). The activation parameters derived from the linear relationship are A =

2.5 (+0.9) x 10!l s and E, = 2.0 (30.2) kcal/mol. The range of possible temperatures for
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the 7. minimum for the 3!P 202 MHz (£5 °C) and the !H 200 MHz (14 °C) data provide

a rough estimate of the error in the activation parameters.
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Figure 2.5. Temperature dependence of T minimum for
[RuH(PPh3)2(bpy)(CO)]* (Sa) in CD2Cl,.

The linear relationship and the small activation barrier provide evidence that the molecule
is tumbling isotropically in solution and the relaxation rate is predominately due to
dipolar interactions (eqs 2.1 and 2.2). However, higher magnetic fields would lead to
partial alignment of the molecule with the magnetic field affecting the rate of relaxation
(Chapter 4) and produce nonlinear results with a larger activation energy. Halpern and
coworkers reported a similar set of activation parameters for Os(H)4(Pp-tolyl3)3 (A = 5.1
x 10!! s and E, = 2.53 kcal/mol).12

Synthesis and Characterization of [QOsH(bpy)2(CO)]* (7). The monocationic
bisbipyridyl hydride [OsH(bpy)2(CO)]* (7) was synthesized as the triflate salt following
the procedure developed by Meyer and coworkers!3:.14 for the synthesis of 7(PFg)
(Scheme 2.8). Osmium halide is reacted with 2 equiv of bipyridine in ethylene glycol
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and heated at reflux for 45 min under Ar. The crude reaction mixture consists of

OsCly(bpy)2 and [OsCla(bpy)2]* to which an equal volume of aqueous sodium dithionite
is added to reduced the Os(III) to Os(II) and causing OsCly(bpy), to precipitate as a dark
solid. A suspension of OsCly(bpy); in ethylene glycol and formic acid is heated at reflux

Z
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Scheme 2.8
The formic acid is removed on the rotary evaporator and [OsCl(bpy)2(CO)]OTf is
precipitated by addition of aqueous NH4OTf. The chloride cation is reduced to the
cationic hydride, [OsH(bpy)2(CO)]OTTf (7), by heating in ethylene glycol at reflux with
either PPh3 or 2,6-lutidine for 12 h. When PPh3 is used, prolonged reaction times will
produce [OsH(PPh3)2(bpy)(CO)}+ (2a) as an impurity. The generation of the carbonyl
chloride cation is proposed to proceed through the initial binding of formate with

subsequent loss of water (Scheme 2.9).14
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Scheme 2.9
The subsequent reduction of [OsCl(bpy)2(CO)]OTT to the hydride monocation 7
presumably occurs via an alkoxide intermediate followed by B-hydride elimination.
The 'H NMR spectrum of 7 shows 16 inequivalent resonances in the aromatic region for
the bipyridy! protons and a singlet resonance in the hydride region at 8 -11.52. The IH
NMR data is in agreement with the data reported by T. J. Meyer and coworkers for

7(PFg).8

Conclusion

The generation of a series of monocationic hydrides, [OsH(PR3)2(bpy(CO)]+
(PR3 = PPh3, PMePh; (2a,b)), [RuH(PPh3)>(bpy)(CO)]* (Sa), and
[OsH(PPh3)>(phen)(CO)]* (9a), was accomplished following the synthetic route
developed by Robinson and Uttley to produce neutral trisphosphine complexes and
reacting these complexes with a chelating ligand. The catalytic behavior of

MH(CH(PPh3)3(CO) (M = Os, Ru (1a, 4a)) has been extensively studied and is
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manifested by the lability of a phosphine ligand trans to the hydride.52 The dissociation
of the phosphine trans to the hydride generates a 16-electron complex with an open
coordination site which allows for a variety of substitution reactions. We have found that
the addition of a chelating ligand such as bipyridine or phenanthroline results in a

complex that is mostly inert to further substitutions.

Experimental

General procedures. Manipulations of air sensitive complexes were performed
under argon using standard vacuum line, Schlenk, or syringe techniques. Argon was
deoxygenated and dried by passage through Schweitzerhall Inc. (BASF) R3-11 CuO
catalyst followed by Mallinckrodt Aquasorb containing P20s. CD;Cl; and CD3NO,
were purchased from Cambridge Isotope Laboratories and were degassed and stored over
CaH;. OsO4 was acquired from Stevens Metallurgical Inc. RuCl3-3H20 was purchased
from Alfa Products. All other solvents and reagents were used without further
purification, except for CH,Cl; which was vacuum distilled from CaH;.

Elemental analysis were performed by Canadian Microanalytical Services of
Delta, British Columbia, Canada.

Infrared spectra were recorded on a Perkin-Elmer model 1600 Fourier transform
spectrophotometer (2.0 cm-! resolution). Samples were examined on NaCl cells as Nujol
mulls.

'H NMR spectra were recorded on Bruker AC 200 (!H: 200.13 MHz), DPX 200
('H: 200.13 MHz), AF 300 (\H: 300.12 MHz), AM 500 ('H: 500.14 MHz), and DMX
750 (1H: 750.00 MHz) spectrometers and referenced internally to the residual proton
resonance of the deuterated solvent with respect to TMS. 31P{aromatic !H} NMR
spectra were recorded on Bruker AC 200 (3!P: 81.02 MHz) and AM 500 (3!P: 202.46

MHz) spectrometers with the aromatic protons selectively decoupled and referenced
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externally to 85% H3PO,;. 'H{3!P} NMR spectra were recorded on a Bruker AM 500
spectrometer using a broadband decoupling procedure to decouple the 3!P nuclei.
I3C{'H} NMR spectra were recorded on Bruker AF 300 (13C: 75.47 MHz) and AM 500
(13C: 125.76 MHz) spectrometers and referenced internally to the carbon resonance of
the solvent relative to TMS Variable temperature |H NMR experiments were conducted
using a AM 500 spectrometer equipped with a Bruker B-VT 1000 temperature control
module with a copper-constantan thermocouple. Proton T studies were performed using
the standard inversion recovery 180°-1-90° pulse sequence method.!5 Temperature

calibration was accomplished following the Van Geet methanol calibration method.16

(NH4)20sClg.!7 A 1 g ampule of OsO4 was broken and dropped into a 125 Erlenmeyer
flask. HCI (30 mL, 12M) and FeCl;-4H70 (10 g, SO mmol) were added and the flask was
stoppered loosely and gently stirred while heated on a water bath for 2 h, during which
time the color of the solution changed from green to dark orange-red. The solution was
cooled to room temperature and decanted into a 125 mL beaker. The flask was rinsed
with HCI (10 mL, 12M) and added to the solution. An aqueous 20% solution of NH4Cl
(10 mL, 40 mmol) was added to the solution and the mixture was further cooled in an ice
bath. The solid that precipitated was collected on a fritted glass filter and washed with

absolute ethanol and dried in vacuo overnight. Yield was 1.6 g (94%).

OsH(CI)(PPh3)3(CO) (1a).* Solutions of (NH4);0sClg (500 mg, 1.14 mmol) in 35 mL
of 2-methoxyethanol and aqueous formaldehyde (15 mL, 37% solution) were added in
rapid succession to a vigorously stirred, boiling solution of PPh3 (1.96 g, 7.75 mmol) in
75 mL of 2-methoxyethanol. The red-brown reaction mixture was heated at reflux for 45
min under Ar. The clear yellow solution was cooled to room temperature and the ivory

solid that precipitated was collected on a fritted glass filter and washed with ethanol,
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water, ethanol, and finally n-hexanes and dried overnight in vacuo. Yield was 950 mg
(80%). H NMR (CD,Clp): 87.32-7.00 (m, 45 H, P(C¢H5)3), -6.95 (dt, | H, JHprrans =
86.3 Hz, Jypcis = 24.7 Hz, OsH). 31P{aromatic lH} NMR (CD2Cly): 87.83 (dd, Jpp =
11 Hz, JpHcis = 23 Hz), -9.14 (dt, Jpp = 11 Hz, JpHirans = 83 Hz). IR (Nujol): v(OsH) =
2095 cm-1, v(CO) = 1910 cm”! (s), 1892 cm! (m).

[OsH(PPh3)2(bpy)(CO)](OSO2CF?3) (2a).8 OsH(CI)(PPh3)3(CO) (1a) (250 mg, 0.25
mmol) and 1 eq of bipyridine (40 mg, 0.26 mmol) were added to 10 mL of 2-
methoxyethanol in a 100 mL round bottom flask and heated at reflux for 1 h under Ar.
The solution was cooled to room temperature and 10 mL of a saturated aqueous solution
of NH4OTTf (416 mg, 2.50 mmol) were added. The resulting yellow precipitate was
collected by filtration using a Biichner funnel and washed with warer and ether and dried
overnight in vacuo. Traces of excess water were removed by dissolving the solid in
CH>Cl3 and removing the solvent under vacuum using a LN trap with further drying
overnight in vacuo. Yield was 200 mg (77%). 'H NMR (CD;Cl»): §8.62 (1 H, d, Jyu
=5.3 Hz), 7.54 (1 H, d, Jyx = 5.3 Hz) 6,6-bipyridyl, 8.13 (2 H, d, Jyy = 8.1 Hz) 3,3"-
bipyridyl, 7.79 (1 H, t, Jyq = 7.9 Hz), 7.72 (1 H, t, Jyy = 7.9 Hz) 4,4"-bipyridyl, 7.05 (1
H, t, Jyy = 6.5 Hz), 6.38 (1 H, t, Jyg = 6.5 Hz) 5,5 -bipyridyl, 7.33-7.23 (m, 30 H,
P(CeH5)3), -12.19 (t, | H, Jyp = 18.4 Hz, OsH, T} min = 500 ms (247 K, 500 MHz)).
31p{aromatic 'H} NMR (CD>Cl»): §18.76 (d, Jpy = 17 Hz). 13C{!H} NMR (CD2Cl,):
6 186.56 (t, Jcp = 10.8 Hz, CO), 155.6, 154.9 (2,2-bipyridyl), 155.2, 153.7 (6,6"-
bipyridyl), 138.1, 137.3 (4,4"-bipyridyl), 127.6, 127.2 (5,5"-bipyridyl), 124.2, 123.8 (3,3"-
bipyridyl), 133. 4 (t, Jcp = 5.4 Hz, 0-CsH5s), 131.2 (1, Jcp = 25.4 Hz, ipso-CsHs), 130.7
(s, p-CsHs), 128.9 (t, Jcp = 4.5 Hz. m-CgHs). Anal calcd for C4gH39N2F304P2SOs: C,
54.96; H, 3.75; N, 2.67. Found: C, 54.52; H, 3.80; N, 2.66. IR (Nujol): v(OsH) = 2081
cm-1, v(CO) = 1923 cm! (s).
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OsH(CI)(PMePh2)3(CO) (1b). Solutions of (NH4);0sClg (499 mg, 1.14 mmol) in 35
mL of 2-methoxyethanol and aqueous formaldehyde (15 mL, 37% solution) were added
in rapid succession to a vigorously stirred, boiling solution of PMePh; (1.2 mL, 6.4
mmol) in 75 mL of 2-methoxyethanol. The moss-green reaction mixture was heated at
reflux for 1 h under Ar. The solution was cooled to room temperature and the volume
was reduced, the solids that precipitated were collected on a fritted glass filter and wash
with water, ethanol, and n-hexanes and dried in vacuo. Yield was 300 mg (31%). 'H
NMR (C¢Dg): & 7.82-6.63 (m, 30 H, PCH3(CgH's)2), 2.30 (s, 6 H, PCH3(C¢Hs)2), 1.90
(s, 3 H, PCH3(CgHs)2), -6.45 (dt, 1 H, JHPwrans = 85.3 Hz, JHPpcis = 22.2 Hz, OsH).
31pP{aromatic IH} NMR (CgDs): §-20.1 (t, Jpp = 13 Hz), -23.3 (d, Jpp = 13 Hz).

[OsH(PMePh3)2(bpy)(CO)I(OSO2CF3) (2b). OsH(CI)(PMePh3)3(CO) (1b) (152 mg,
0.18 mmol) and bipyridine (40 mg, 0.26 mmol) were added to 15 mL of ethylene glycol
in 2 100 mL round bottom flask and heated at reflux for 6 days under Ar. The solution
was cooled to room temperature and 10 mL of a saturated aqueous solution of NH4OTf
(502 mg, 3.00 mmol) were added. The golden-yellow precipitate that formed was
collected by filtration using a Biichner funnel and washed with ethanol, water, and
ethanol and dried overnight in vacuo. Further drying was performed by dissolving the
solid in CH>Cl; and removing the solvent under vacuum using a LN> trap with drying
overnight in vacuo. 'H NMR (CD7Cly): §8.61-6.92 (m, 28 H, bipyridyl and
PCH3(CgH5)2), 1.75 (t, 6 H, Jyp = 3.2 Hz, PCH3(Cg¢Hs)2), -12.22 (t, 1 H, Jyp = 17.6 Hz,
OsH). 31P NMR (CD,Cly): §0.08 (d, Jpy = 14 Hz).

RuH(CI)(PPh3)3(CO) (4a). Solutions of RuCl3-3H20 (270 mg, 1.03 mmol) in 20 mL of
2-methoxyethanol and aqueous formaldehyde (20 mL, 37% solution) were added in rapid

succession to a vigorously stirred, boiling solution of PPh3 (1.64 g, 6.16 mmol) in 75 mL



of 2-methoxyethanol. The reaction mixture was heated at reflux for 30 min under Ar.
The clear solution was cooled to room temperature and the dusty-grey solid that
precipitated was collected on a fritted glass filter and washed with ethanol, water, ethanol,
and finally n-hexanes and dried overnight in vacuo. Yield was 764 mg (78%). |H NMR
(CD2Cly, 271 K): 8 7.32-6.95 (m, 45 H, P(C¢H5)3), -7.18 (dt, 1 H, JHprrans = 104.1 Hz,
Jtpeis = 24.0 Hz, Ruf). 3!P{aromatic IH} NMR (CD,Cly, 271 K): §40.3 (dd, Jpp = 15
Hz, Jpycis = 23 Hz), 12.8 (dt, Jpp = 15 Hz, JpHirans = 103 Hz).

[RuH(PPh3)2(bpy)(CO)1(OSO2CF3) (5a). RuH(CI)(PPh3)3(CO) (4a) (449 mg, 0.47
mmol) and bipyridine (107 mg, 0.69 mmol) were added to 20 mL of 2-methoxyethanol in
a 100 mL round bottom flask and heated at reflux for 1 h under Ar. The solution was
cooled to room temperature and 10 mL of a saturated aqueous solution of NH4OTf (416
mg, 2.50 mmol) were added. The yellow precipitate that formed was collected by
filtration using a Biichner funnel and washed with water and ether and dried overnight in
vacuo. Traces of excess water were removed by dissolving the solid in CH>Cl, and
removing the solvent under vacuum using a LN trap with further drying overnight in
vacuo. 'H NMR (CD,Cly): §8.64 (1 H, d, Juy = 4.8 Hz), 7.59 (1 H, d, Jyu = 5.0 Hz)
6,6"-bipyridyl, 8.05 (1 H, d, Jyy = 9.1 Hz), 8.03 (1 H, d, Juy = 9.7 Hz) 3,3"bipyridyl,
781 (1 H,t,Jyg =7.7 Hz), 7.69 (1 H, t, Jyy = 7.7 Hz) 4,4"-bipyridyl, 7.15 (1 H, t, Jyy =
6.2 Hz), 6.44 (1 H, t, JyH = 6.4 Hz) 5,5-bipyridyl, 7.35-7.25 (m, 30 H, P(CsHs)3),
-11.31 (t, 1 H, Jgp = 19.6 Hz, RuH, T min = 193 ms (205 K, 200 MHz), T} min = 475
ms (252 K, 500 MHz)). 3!P{aromatic !H} NMR (CD5Cly): §46.5 (d, Jpy = 18 Hz, T}
min =616 ms (202 K, 202 MHz)). 13C{!H} NMR (CD>Cly): §204.9 (t, Jcp = 14.9 Hz,
CO), 155.0, 153.7 (6,6™bipyridyl), 154.3, 153.9 (2,2"-bipyridyl), 138.1, 137.9 (4,4-
bipyridyl), 126.8, 126.6 (5,5"-bipyridyl), 123.5, 123.4 (3,3 "-bipyridyl), 133.4 (t, Jcp = 5.7
Hz. 0-CgHs), 131.7 (t, Jcp = 22.1 Hz, ipso-CgHs), 130.6 (s, p-CgHs), 128.9 (t, Jcp = 4.4
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Hz, m-CsHs). Anal calcd for C4gH39N2F304P;SRu-CH2Clh: C, 56.33; H, 3.96; N, 2.68.
Found: C, 56.64; H, 3.93; N, 2.75.

Os(bpy)2Cl.13 (NH4),0sClg (1 g, 2.28 mmol) and 2 eq bipyridine (0.72 g, 4.6 mmol)
were added to a 50 mL of ethylene glycol and heated at reflux for 45 min. The reaction
mixture was cooled to room temperaturé and 50 mL of a saturated aqueous solution of
sodium dithionite (12.2 g) was added to reduce any [Os(bpy)2Cl;]* formed during the
reaction. The dark purple-black precipitate was collected on a fritted glass filter and
washed with water followed by a large volume of ether and dried overnight in vacuo.

Yield was 1.01 g (77%).

[OsCl(bpy)2(CO)I(OSO2CF3).14 Os(bpy)2Cl; (250 mg, 0.44 mmol) was added to
deoxygenated formic acid (30 mL, 88% solution) and heated at reflux for 12 h under Ar.
The solution was cooled to room temperature and the formic acid was removed using a
rotary evaporator. Water (25 mL) and a saturated aqueous solution of ammonium
trifluoromethanesuifonate (S mL) were added to the residue. The resulting red precipitate
was collected on a fritted glass filter and washed with a large volume of water followed

by ether. Yield was 100 mg (41%).

[OsH(bpy)2(CO)I(0OSO2CF3) (7).14 [OsCl(bpy)2(CO)(OSO2CF3) (100 mg, 0.18
mmol) and triphenylphosphine (300 mg, 1.14 mmol) were added to ethylene glycol (30
mL) and vigorously stirred while heated at reflux for 12 h (prolonged reaction times
cause the formation of 2a). The deep red reaction mixture was cooled to room
temperature and 30 mL of water were added. The precipitate was collected on a Biichner
funnel and washed with water. Purification was accomplished with column

chromatography using neutral alumina and toluene:acetonitrile (1:1) as the eluent,
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collecting the dark red band that was the first to elute from the column. The solvent was
removed using a rotary evaporator. The residue was further purified by dissolving in a
minimal amount of acetonitrile and the resulting solution was added dropwise to a large
volume of stirring ether. The precipitate was collected on a fritted glass filter and washed
with ether and dried in vacuo. !H NMR (CD>Cl2): §9.46 (s, 2 H),8.50(d, l H, Jyy =
8.2 Hz), 8.40(d, 1 H, Jyy=8.0 Hz),8.34 (d, 1 H, Jyy=8.2Hz), 829 (d, 1 H, Juy =8.2
Hz), 8.21 (t, 1 H, Jyu=7.8 Hz), 8.01 (t, 1 H, Juu=8.7 Hz), 7.97 (, 1 H, Jyu = 8.5 Hz),
7.86(t, 1 H, Juyy=7.7Hz), 7.70 (d, 1 H, Jyyg = 5.0 Hz), 7.55 (t, | H, Jyg = 6.5 Hz),
7.39-7.32 (m, 3 H), 7.27 (d, 1 H, Jyg = 5.2 Hz), bipyridyl, -11.52 (s, 1 H, OsH).

[OsH(PPh3)2(phen)(CO)J(0S02CF3) (9a).8 OsH(CI)(PPh3)3(CO) (1a) (253 mg, 0.24
mmol) and phenanthroline (87 mg, 0.44 mmol) were added to 15 mL of ethylene glycol
in a 100 mL round bottom flask and heated at reflux for I h under Ar. The solution was
cooled to room temperature and 10 mL of a saturated aqueous solution of NH4OTf (800
mg, 4.79 mmol) were added. The yellow precipitate that formed was collected by
filtration using a Biichner funnel and washed with water and ether and dried overnight in
vacuo. 'HNMR (CD;Clp): §9.02 (1 H, d, Jyg =4.9 Hz), 7.95 (1 H, d, Jyx = 5.2 Hz)
2,9-phenanthroline, 8.28 (1 H, d, Juyg =8.1 Hz), 8.21(1 H, d, Juy =8.1 Hz) 4,7-
phenanthroline, 7.91 (2 H, s) 5,6-phenanthroline, 6.84 (1 H, d, Jugy = 5.3 Hz), 6.83 (1 H,
d, Jyu = 5.3 Hz) 3,8-phenanthroline, 7.29-7.10 (m, 30 H, P(C¢H5)3), -11.98 (¢, 1 H, Jyp
= 18.1 Hz, OsH). 3!P{aromatic H} NMR (CD,Ch): §19.25 (d, Jpg = 17 Hz). IR
(Nujol): v(OsH) = 2063 cm-!, v(CO) = 1929 cm! (s).

OsH(CI)(PPh3)2(CO)2. A sealable NMR tube was charged with OsH(CI)(PPh3)3(CO)
(1a) (12 mg, 0.01 mmol) and evacuated. CD2Cl3 (0.5 mL) was vacuum transferred to the
solid and the tube was flame-sealed after | atm CO (760 Torr) was added. 'H NMR
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(CDyClp): §7.71-7.31 (m, bound and "free” P(CgHs)3), -3.63 (¢, 1 H, Jup = 20.2 Hz).
31P{aromatic !H} NMR (CD2Cl»): 88.97 (d, Jpy = 19 Hz), -4.98 (s, P(CgHs)3).

RuH(CI)(PPh3)2(CO)2. An NMR tube equipped with a J. Young Teflon valve was
charged with RuH(C1)(PPh3)3(CO) (4a) (12 mg, 0.01 mmol) and evacuated. CgDg (0.5
mL) was vacuum transferred to the solid and 1 atm CO (760 Torr) was added. !H NMR
(CeDg): 67.98-6.97 (m, bound and "free” P(CgH 5)3), -3.89 (t, 1 H, Jgp = 19.2 Hz).
31P{aromatic lH} NMR (CgDg): 8 39.8 (d, Jpy = 16 Hz), -4.69 (s, P(CcHs)3).

Reaction of OsH(CI)(PPh3)(CO)2 and AgOSO2CF3. A sealable NMR tube was
charged with OsH(CI)(PPh3)3(CO) (1a) (12 mg, 0.01 mmol) and 1 equiv AgOSO,CF3 (3
mg, 0.01 mmol) and evacuated. CD>Cl; (0.5 mL) was vacuum transferred to the solid
and the tube was flame-sealed after 1 atm CO (760 Torr) was added. 'H NMR (CD,Cl,):
3 7.57-7.07 (m, P(C¢H5)3), 4.70 (t, | H, Jyp = 20.2 Hz). 3!P{aromatic IH} NMR
(CD2Cly): 68.97 (d, Jpy = 19 Hz).

Reaction of RuH(CI)(PPh3)(CO); and AgOSO2CF3. An NMR tube equipped with a J.
Young Teflon valve was charged with RuH(CI)(PPh3)3(CO) (4a) (11 mg, 0.01 mmol)
and AgOSO,CF3 (8 mg, 0.03 mmol) and evacuated. CgDg (0.5 mL) was vacuum
transferred to the solid and 1 atm CO (760 Torr) was added. 'H NMR (CgDg): 6 7.86—
6.97 (m, P(CeH'5)3), -3.29 (t, Jyp = 19.2 Hz), -4.43 (t, Jyp = 17.5 Hz). 31P{aromatic !H}
NMR (Cg¢Dg): 641.08 (d, Jpy = 15 Hz), 14.41 (s).

Reaction of [OsH(PPh3)2(bpy)(C0)](0OSO-:CF3) (2a) with Pp-tolyls.
[OsH(PPh3)(bpy)(CO)}(OSO,CF3) (2a) (20 mg, 0.02 mmol) and Pp-tolyls (30 mg, 0.10
mmol) were added to a sealable NMR tube. CD2Cl5 (0.5 mL) was vacuum transferred to



the solids and the tube was evacuated and flame-sealed. The sample was kept in a oil

bath at 55 °C and monitored by NMR.

Reaction of [OsH(PPh3)2(bpy)(CO)}(OSO2CF3) (2a) with Pyridine-N-oxide.
[OsH(PPh3),(bpy)(CO)J(OSO,CF3) (2a) (10 mg, 0.01 mmol) and CsHsNO (6 mg, 0.06
mmol) were added to a sealable NMR tube. CD3CN (0.5 mL) was vacuum tranéferred to

the solids and the tube was evacuated and flame-sealed.

Reaction of [OsH(PPh3)2(bpy)(C0)1(OSO2CF3) (2a) with (CH3)3N-N-oxide.
[OsH(PPh3)2(bpy)(CO)](OSO,CF3) (2a) (7 mg, 0.01 mmol) and (CH3)3NO (7 mg, 0.09
mmol) were added to a sealable NMR tube. CD3CN (0.5 mL) was vacuum transferred to

the solids and the tube was evacuated and flame-sealed.

Reaction of [OsH(PPh3)2(bpy)(CO)I(OSO2CF3) (2a) with MeOSO>CF3.
[OsH(PPh3)(bpy)(CO))(OSO,CF3) (2a) (20 mg, 0.02 mmol) was added to a sealable
NMR tube. CD>Cl3 (0.5 mL) was vacuum transferred to the solids and methy] triflate (4
UL, 0.04 mmol) was added via syringe under Ar. The tube was evacuated and flame-

sealed. The sample was kept in a oil bath at 55 °C and monitored by NMR.

Reaction of [RuH(PPh3),(bpy)(CO)I(OSO2CF3) (5a) with MeOSO2CF3.
[RuH(PPh3)2(bpy)(CO)](OSO,CF3) (5a) (8 mg, 0.01 mmol) was added to a sealable
NMR tube. CD2Cl; (0.5 mL) was vacuum transferred to the solids and methyl triflate (9
UL, 0.08 mmol) was added via syringe under Ar. The tube was evacuated and flame-
sealed. The sample was kept in a oil bath at 45 °C and monitored by NMR. 'H NMR
(CD2Cl2): 68.65-6.44 (bipyridyl and P(CgHs)3), 4.26 (CH30SO2CF3+), 2.82 (d, Jyp =
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13.3 Hz, CH3P(CgHs)3*), -11.31 (t, Jyp = 19.5 Hz). 31P{aromatic IH} NMR (CD,Cl,):
3 51.78 (s), 46.49 (d, Jpu = 18 Hz, Sa), 21.76 ([CH3P(CgHs)31*).

Reaction of [OsH(PPh3)2(bpy)(CO)}(OSO2CF3) (2a) with CCl,.
[OsH(PPh3)2(bpy)(CO)](OSO2CF3) (2a) (19 mg, 0.02 mmol) was added to a sealable
NMR tube. CD,Cl; (0.5 mL) and CCly (0.5 mL) were vacuum transferred to the solids.

The tube was evacuated and flame-sealed.

[(RuCl(PPh3)2(bpy)(CO)I(OSO2CF3). [RuH(PPh3)2(bpy)(CO)J(OSO2CF?3) (5a) (8 mg,
0.01 mmol) and N-chlorosuccinimide (2 mg, 0.02 mmol) were added to a sealable NMR
tube. CD»Cl3 (0.5 mL) was vacuum transferred to the solids. Diethyl ether (2 mL) was
added to the solution via syringe under a flow of Ar. The resulting precipitate was
washed with diethyl ether (2 x 2 mL) with the excess solvent removed with a pipet. The
solids were dried in vacuo overnight. CD,Cl; (0.5 mL) was added via vacuum transfer
and the tube was flame-sealed. !H NMR (CD3Cl;): 8§8.47-6.43 (bipyridyl and
P(CgH5)3). 31P{aromatic !H} NMR (CD;Clp): §27.38 (s).

[OsCI(PPh3)2(bpy)(CO)I(OSO2CF3). [OsH(PPh3)2(bpy)(CO)J(OSO2CF3) (2a) (12
mg, 0.01 mmol) and N-chlorosuccinimide (3 mg, 0.02 mmol) were added to a sealable
NMR tube. CD>Cl; (0.5 mL) was vacuum transferred to the solids. Diethyl ether (2 mL)
was added to the solution via syringe under a flow of Ar. The resulting precipitate was
washed with diethyl ether (2 x 2 mL) with the excess solvent removed with a pipet. The
solids were dried in vacuo overnight. CD2Cl; (0.5 mL) was added via vacuum transfer
and the tube was flame-sealed. !H NMR (CD>Cl): §8.40 (1 H, d. Jyyg = 8.0 Hz), 8.25
(1 H, d, Jyy = 8.0 Hz) 3,3"-bipyridyl, 8.32 (1 H, d, Juu=5.2 Hz), 7.62 (1 H, d, Jug = 5.7
Hz) 6,6"-bipyridyl, 7.96 (1 H, t, Juy = 7.5 Hz), 7.65 (1 H, t, Jyx = 7.7 Hz) 4,4"-bipyridyl,
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6.97 (1 H, t, Jyy = 6.3 Hz), 6.48 (1 H, t, Jyy = 6.5 Hz) 5,5"-bipyridyl, 7.35-7.23 (m, 30
H, P(CgH’5)3). 31P{aromatic lH} NMR (CD2Clp): §-0.33 (s).

[OsBr(PPh3)2(bpy)(CO)}(0SO2CF3). [OsH(PPh3)2(bpy)(CO)I(OSO2CF3) (2a) (10
mg, 0.01 mmol) and N-bromosuccinimide (11 mg, 0.06 mmol) were added to a sealable
NMR tube. CD,Cl» (0.5 mL) was vacuum transferred to the solids and the tube was
evacuated and flame-sealed. !'H NMR (CD2Cl,): 88.50 (1 H, d, Jyn = 8.0 Hz), 8.34 (1
H, d, Jyg = 7.9 Hz) 3,3"bipyridyl, 8.42 (1 H, d, Jyg = 5.1 Hz), 7.65 (1 H, d, Jyg = 6.6
Hz) 6,6"-bipyridyl, 7.96 (1 H, t, Jgg = 7.6 Hz), 7.66 (1 H, t, Jyy = 8.0 Hz) 4,4"-bipyridyl,
6.89 (1 H, t, Jyy = 6.4 Hz), 6.46 (1 H, t, Jy = 6.4 Hz) 5,5%bipyridyl, 7.34-7.21 (m, 30
H, P(Cg¢H5)3). 31P{aromatic lH} NMR (CD;Clp): 5-1.97 (s).

Reaction of [RuCl(PPh3)2(bpy)(CO)}(0OSO2CF3) with AgOSO2CF3 and H>.
[RuH(PPh3)2(bpy (CO)}(OSO>CF3) (5a) (8 mg, 0.01 mmol) and N-chlorosuccinimide (2
mg, 0.02 mmol) were added to a NMR tube equipped with a J. Young Teflon valve.
CD;Cl3 (0.5 mL) was vacuum transferred to the solids. Diethyl ether was added to the
resulting solution (2 mL) via pipet under Ar. The solvents were removed from the
precipitate via syringe. The solids were washed with diethyl ether (2 x 2 mL) and the
sample was placed under dynamic vacuum overnight. Silver triflate (2 mg, | mmol) was
added to the solids under Ar. The NMR tube was evacuated and CD3NO; (0.5 mL) was
vacuum transferred to the sample and H; (800 Torr) was added. !H NMR (CD3NOy): §
8.74-7.09 (bipyridyl and P(CgHs)3). 3!P{aromatic IH} NMR (CD3NOQ3): 815.7 (s).

Reaction of [OsCI(PPh3)2(bpy)(C0O)1(0OSO2CF3) and
[OsBr(PPh3)2(bpy)(CO)](0OSO2CF3) with AgOSO->CF3 and Ha.
[OsH(PPh3)2(bpy)(CO)](OSO,CF3) (2a) and N-chlorosuccinimide or N-
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bromosuccinimide were added to a NMR tube equipped with a J. Young Teflon valve.
CDyCl; (0.5 mL) was vacuum transferred to the solids. Diethyl ether was added to the
resulting solution (2 mL) via pipet under Ar. The solvents were removed from the
precipitate via syringe. The solids were washed with diethyl ether (2 x 2 mL) and the
sample was placed under dynamic vacuum overnight. Silver triflate (2 mg, 1 mmol) was
added to the solids under Ar. The NMR tube was evacuated and CD3NO; (0.5 mL) was

vacuum transferred to the sample and H; (1 atm) was added.
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Chapter 3

Synthesis and Characterization of Dicationic Dihydrogen Complexes

of Ruthenium and Osmium

Introduction

Since the initial discovery by Kubas and coworkers of the transition metal
dihydrogen complex W(H3)(PiPr3)2(CO)s3,! a large number of isolable H; complexes
have been prepared, the majority of which have been found to be singly charged cationic
species.2 The plethora of monocationic complexes suggests that positive charge confers
additional stability to the Hy complexes. An assessment of the effect of charge on the
binding of Hj requires the preparation of charged complexes of the form [M(H)(L)s]**
with ligands L comparable to those employed in the tungsten complexes.

Recently, the preparation of rhenium cationic analogues, [Re(H2)(PR3)2(CO)3]*
and [Re(H2)(PR3)2(CN’Bu)3]* and comparative studies with the neutral tungsten
complexes have been reported.345 At the outset of this study the only well characterized
dicationic complexes belonged to the osmium series, [Os(H2)(NH3)4(L)]?* and
[Os(H)(en)2(L)}2* (en = ethylenediamine) which had been reported by Taube and
coworkers.6.7-8

The bis(ethylenediamine) complex was initially formulated in 1971 as a cis
dihydride of osmium(V), [Os(H)2(en)2]Cl2.9 Further research with this complex and
[Os(H2)(NH3)4(L)]3* indicated that the data supporting the original structural assignment
were misinterpreted and these complexes are more properly formulated as dihydrogen
complexes of osmium(Il). The preparation and properties of these osmium dihydrogen
dications (and monocations when L is anionic) are quite unique compared to other known

dihydrogen complexes. The cationic complexes are surprisingly nonacidic and
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monohydride analogues are unknown. The basicity of the complexes results in very
strong M-H3 interactions and H-H bond lengths in the H3 ligand that are on the verge of
homolytic cleavage (1.09-1.34 A).8

A search for relevant chemistry for comparison to the tungsten and rhenium
systems led us to the 1987 report by Sullivan, Lumpkin and Meyer!? on the protonation
of [OsH(PPh3)2(bpy)(CO)]PFg¢ (bpy = 2,2-bipyridine). The product was characterized as
a dihydride dication of osmium(IV), [Os(H)2(PPh3)2(bpy)(CO)]2+. The results of further
investigations (7] measurements and H-D coupling) on this dication and its analogues,
[Os(H2)(PMePhy)2(bpy)(CO)J2*, [Ru(H2)(PPh3)2(bpy)(CO)1%+,
[Os(H2)(PPh3)2(phen)(CO)J2* (phen = 1,10-phenanthroline), as well as a related complex
[Os(H3)(bpy)2(CO)12+, will be discussed along with the proposition that the data are most
consistent with the structural assignment of these dications as dihydrogen complexes.

During the course of this study, the preparation of the dicationic complexes,
[Os(H2)(PiPr3)2(NCMe)3}2+ by Caulton, Tilset, and coworkers, !
[Os(H2)(dppe)2(NCMe)12* (dppe = 1,2-bis(diphenylphosphino)ethane) by Morris and
coworkers,!2 and [M(H2)(dppp)2(CO)]2* M = Ru, Os; dppp = 1,3-
bis(diphenylphosphino)propane) by Mezzetti and coworkers!3 has been reported. A
review of these dihydrogen dications and the complexes reported by Taube and

coworkers6-7-8 will also be presented.

Results

Protonation of [MH(PR3)2(N-N)(CO)]* [M = Os, N-N = bpy, PR3 = PPh3,
PMePh; (2a,b); M = Ru, N-N = bpy, PR3 = PPh3 (5a); M = Os, N-N = phen, PR3 =
PPh3 (9a)]. It was reported by Meyer and coworkers!0 that protonation of 2a (PF salt)
with triflic acid (HOTY) in CH,Cl; affords an insoluble oil with no gas evolution. A

homogeneous system was achieved using HOTf/CF3COOH mixtures as solvent. In this



52

solvent system, !H NMR spectra were obtained which exhibit a broad resonance at -6.4
ppm in contrast with the sharp triphenylphosphine and bipyridyl proton resonances.
Studies that confirmed the protonation site as the metal center rather than the ancillary
ligands, along with the presence of a single slightly broadened resonance in the 31P NMR
spectrum led them to characterize the complex as a dihydride of osmium(IV),
[Os(H)2(PPh3)2(bpy)(CO)I2*.

We find that protonation can be conveniently carried out using the triflate salt of

2a and excess triflic acid in nitromethane or in methylene chloride (Scheme 3.1).

~ TPha | om - TPhs —] ©T
N | .aCO HOTY N L ~cO
\N/TS\H -_— \N/Is\ll'{
PPh, PPhgH
2a 3a

Scheme 3.1
The dicationic product, [Os(H2)(PPh3)2(bpy)(CO)]2+ (3a), is soluble in these solvents
and thermally robust, showing no loss of H; with only minor (estimated to be < 10% as
determined by 3!P NMR) decomposition occurring over a period of 18 months in
methylene chloride-d; at room temperature. When the protonation of 2a is attempted
with less than 4 equiv of triflic acid or with protonated ethers, 3a is only partially
generated (vide infra). The presence of bases such as diethyl ether or water will
immediately deprotonate the dication and regenerate 2a without any loss to
decomposition.

In the 'H NMR spectrum of 3a recorded in CD7Cl; (Figure 3.1), the hydride
resonance at -5.78 ppm is fairly broad, with a half-height line width (Avy) = 170 Hz.
The 31P NMR spectrum of 3a with the aromatic protons selectively decoupled exhibits a
single resonance at +8.54 ppm (Av}; = 6.5 Hz), consistent with a structure containing

equivalent phosphines as postulated by Meyer and coworkers, and shows no evidence of
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H-P coupling. An investigation of the T of the hydride resonance as a function of
temperature shows that at 500 MHz a minimum value of 15.2 ms is reached at 263 K.

The previously unknown analogues, [Os(H2)(PMePh2)2(bpy)(CO)]%+ (3b),
[Os(H2)(PPh3)2(phen)(CO)J2+ (10a), and [Ru(H2)(PPh3)2(bpy)(CO)I?* (6a), were
prepared from the hydride monocations under similar conditions. As expected, the
properties of the protonated dications 3b and 10a are very similar to 3a. The slight |
increase in basicity of the phosphine ligands and the size of the chelating ligand are
manifested in slight changes in chemical shifts in the 'H NMR spectra (8§(H2) -6.23 for
3b and -5.63 for 10a) and changes in chemical shifts in the 3!P{aromatic IH} NMR
spectra (& -6.02 for 3b and +8.60 for 10a). The T; minimum of the Hj resonance in 3b
was found to be 16.5 ms (500 MHz, 260 K) which is slightly longer than that found in 3a,
and suggests a slightly longer H-H bond (vide infra). Due to contributions to the
relaxation rate arising from the effects caused by interactions with the magnetic field
(Chapter 4), a variable temperature T study of the H> resonance of 10a was performed in
a magnetic field of 4.70 T (!H: 200 MHz). A minimum 7 value of 6.3 ms at 200 K was
observed which extrapolates to 15.8 ms at 500 MHz.

The !H and 3!P{aromatic !H} NMR spectra for the ruthenium analogue, 6a, are
similar to the other dihydrogen dications and are most consistent with the same structural
assignment as a dihydrogen complex. The 'H NMR spectrum exhibits an H; resonance
at 6 -6.70 (Avyz2 = 110 Hz) and in the 3!P{aromatic !H} NMR spectrum a single
resonance at 8 +32.81 (Avyp = 12.6 Hz). However, 6a is not as robust as the other
dications. In fact, 6a will irreversibly lose H3 at room temperature, but appears to be
relatively stable for longer periods (> 2 months) when stored at -28 °C. The
31p{aromatic 'H} NMR spectrum (in CD2Cl,) indicates that the decomposition of 6a
results initially with the formation of the chloride cation, [RuCl(PPh3);(bpy)(CO)]OTH,

and several other complexes that have not been identified. The irreversible loss of Hj at
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room temperature made it necessary to investigate the T of the Hj resonance at a lower
magnetic field. The T} minimum of the H; resonance was found to be 3.9 ms (200 MHz,
240 K), which extrapolates to a value of 9.8 ms at 500 MHz, an indication of a shorter H-
H bond in the H; ligand than what is observed for 3a,b and 10a.

Table 3.1. NMR Properties of the Dicationic Dihydrogen Complexes.

IH §a T} minimum 31p &b
compound (Avyp)° (Avip)©
[Os(H2)(PPh3)y(bpy)(CO)]2+ (3a) -5.78 15.2 ms +8.54

(170) (263 K, 500 MHz) 6.5)

[Os(H2)(PMePh; ) (bpy)(CO)]2*+ (3b) -6.23 16.5 ms -6.02
. (C2)) (260 K, 500 MHz) 8.4)
[Os(H2)(PPh3)y(phen)(CO)12*+  (10a) -5.63 6.3 ms +8.60

39) (200 K, 200 MHz) (7.0

[Ru(H2)(PPh3y(bpy)(CO)]2*+  (6a) -6.704 39ms +32.814
(110) (240 K, 200 MHz) (12.6)

a lH NMR chemical shift of the H; resonance in ppm. 5 3P NMR chemical shift in
ppm. ¢ Half-height line width in Hz. 4 Recorded at 253 K.

Partial Deuterium Incorporation into [M(H2)(PR3)2(N-N)(CO)]2* [M = Os,
N-N = bpy, PR3 = PPh3, PMePh; (3a,b); M = Ru, N-N = bpy, PR3 = PPh;3 (6a); M =
Os, N-N = phen, PR3 = PPh3 (10a)]. A common route for partial incorporation of
deuterium into the Hj ligand of dihydrogen complexes is to expose the complex to
deuterium for a few hours or a few days.*> A sealed NMR tube containing 3a in
methylene chloride-d; and 1 atm of D, was monitored for a period of 2 weeks. A similar
sample was prepared containing 6a in methylene chloride-d> with 1 atm of D and stored
at -28 °C and monitored by NMR for a period of 2 months. No evidence of deuterium

incorporation was observed by 'H and 3!P NMR spectroscopy in either sample,
pe Py
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indicating that even though 3a and 6a are extremely acidic (vide infra), the H3 ligand is
not labile.

The HD complex 3a-d}, was prepared by addition of excess deuterated triflic acid
(DOTY) to a solution of 2a in CD»Cl; (Scheme 3.2).

~ PP Tt ~ PP %
N | .cO: poTt N, | 0O
TP o e
PPhg PPhy?
2a 3a-d,
Scheme 3.2
The hydride region of the H NMR spectrum of 3a-d; exhibits a sharp "triplet”
resonance, as opposed to the broad singlet in 3a. The intensity ratio of the three
resonances is ca. 1:1.2:1, with a separation of 25.3 Hz. This intensity ratio was
unexpected since coupling to two equivalent 3!P nuclei would give a 1:2:1 triplet,
whereas coupling to a single deuteron would give three lines with the intensity ratio
1:1:1. The H{3!P} NMR spectrum of 3a-d) is identical to the spectrum recorded
without phosphorus decoupling, an indication that the coupling is not due to the
phosphines. When the 3!P{aromatic !H} NMR spectrum of 3a-d| is recorded at 81 MHz
a single resonance is observed. However, at 202 MHz a second resonance is clearly
visible which is separated from the major resonance by +80 ppb. These results are
consistent with contamination of 3a-d} by a minor amount of 3a, arising from the
incomplete deuteration of the triflic acid. To confirm this hypothesis, a {H NMR 180°-1-
90° inversion recovery pulse sequence experiment was performed on a sample of 3a-d|
with a delay, T = Ti(In 2), designed to null the signal from the minor amount of 3a
present.!4!15 A clean 1:1:1 triplet was obtained confirming H-D coupling (Figure 3.2).
The small upfield shift of the HD resonance from the H> signal (A8 = +18 ppb) is typical

of reported dihydrogen complexes and smaller than what is observed in Hy/HD gas (Ad =
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+36 ppb).16 Consistent with a single structure,!7 we find that the 'H NMR spectra of 3a
and 3a-d| are essentially independent of temperature (including Jyp values) down to 165

K.

-5.92 -6.00 -6.08
ppm
Figure 3.2. 'H NMR (hydride region) of 3a-d; at 298 K (CD,Cl3, S00
MHz). The lower trace is the normal spectrum showing the increased
intensity of the center resonance due to a minor amount of 3a. The upper

trace is the inverted spectrum of 3a-d; using a 180°-1-90° pulse sequence
with T =21 ms. Under these conditions, the signal due to 3a is nulled.

Similar results were obtained for the other HD complexes which were prepared under
comparable conditions with the exception of 6a-d, where the sample was maintained at

temperatures of less than 0 °C (Table 3.2).
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Table 3.2. Comparison of the HD Complexes.

IH dgp? 31p dyp?
compound . A¥ Japr AY
[Os(HD)(PPh3)2(bpy)(CO)12+  (3a-d)) -6.01 25.3 +7.89
+18 ppb +80 ppb

[Os(HD)(PMePhy),(bpy)(CO)12+ (3b-d)) 632 25.5 -6.30
+20 ppb +99 ppb

[Os(HD)(PPh3);(phen)(CO)]2+ (10a-d;) -5.72 25.5 +8.36
< +20 ppb +81 ppb
[Ru(HD)(PPh3)(bpy)(CO)1?*  (6a-d)) -6.84¢ 31.0¢ +32.45¢
< +20 ppb +40 ppb

2 |H NMR chemical shift of the HD resonance (ppm). ¢ Chemical shift difference
between the H and HD resonances (8y, - dgp). € Measured at 500 MHz (Hz).
4 31P NMR chemical shift (ppm). ¢ Measured at 265 K.

Basicity of [MH(PPh3)2(bpy)(CO)l* [M = Os, Ru (2a, 5a)]. The hydride
monocations were found to be very weak bases in that excess triflic acid (HOTY) is
required to generate the dication species completely, as determined by the !H and 3!P
NMR spectra. When the dications are exposed to weak bases such as diethyl ether or
water, they are immediately deprotonated to regenerate the hydride monocations. We
have found the dicationic complexes to be soluble only in methylene chloride and
nitromethane. Protonation of the hydride monocations by other strong acids produces

varying results as shown in Tables 3.3 and 3.4.
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Table 3.3. Protonation of [OsH(PPh3),(bpy)(CO)]* (2a) with Various Strong Acids to
Produce [Os(H2)(PPhs)(bpy)(CO))2* (3a).2

Acid # of equiv % 2a % 3a
HOTf 22 50 50

3.8 5 95

5.6 0 100

[H(Et,0)]BF4 33 >99 trace
10.0 25 .75

[H(EtO)x]BAr's 8.6 100 0

a Relative concentrations were determined by integration of the
resonances in the 3!P{aromatic !H} NMR spectra recorded at 298 K.

Table 3.4. Protonation of [RuH(PPh3)2(bpy)(CO)]* (5a) with Various Strong Acids to
Produce [Ru(H)(PPh3)2(bpy)(CO)]?* (6a).4

Acid # of equiv % Sa % 6a
HOTf 35 trace >99

7.0 0 100

[H(Et;0)]BF4 20 92 8
4.0 49 51

10.0 10 90

@ Samples prepared and maintained at temperatures of 195-265 K and
relative concentrations were determined by integration of the
resonances in the 31P{aromatic !H} NMR spectra recorded at 265 K.

The data indicate that the monohydride cations 2a and 5a, are extremely weak bases and
are similar in strength to OTf~. A large excess of the protonated etherate, [H(Et,0)]BF4
will only partially generate the dications, presumably due to the presence of diethyl ether.
No evidence of the dication 3a was observed when [H(Et20)x]BArs (Ar' = 3,5-
(CF3)2CeH3) was used due to the larger amount of diethyl ether associated with the acid
and the water that is inevitably present.!8

A direct comparison of basicity was performed in an NMR tube with equimolar
amounts of 2a and Sa. Incremental amounts of HOTf were added and the percentages of

the cations and dications were determined by 3!P NMR spectroscopy. The data indicate



that the ruthenium complex 6a is slightly more acidic than the osmium analogue 3a

(Table 3.5).

Table 3.5. Protonation Comparison of [OsH(PPh3)2(bpy)(CO)]* (2a) and
[RuH(PPh3)2(bpy)(CO)]* (Sa) with Triflic Acid.@

# of equiv
of HOTf % 2a % 3a % 5a % 6a

@ Samples prepared and maintained at temperatures of 195-265 K and
relative concentrations were determined by integration of the

resonances in the 3!P{aromatic lH} NMR spectra recorded at 222 K.

Various attempts to isolate the dication 3a were unsuccessful. Addition of
pentane to a methylene chloride solution of 3a resulted in precipitation of a gummy
residue. NMR spectra of this residue show it to consist of 3a and HOTf. Repeated
additions of methylene chloride followed by pentane resulted in the hydride monocation
2a being regenerated. When a methylene chloride solution of 3a is placed under dynamic
vacuum, an oily film is observed with the removal of solvent. The 'H and 3P NMR
spectra indicate that only 3a, 2a and HOTT are present. There is no evidence of any
product that involves the loss of Hj.

Synthesis and Protonation of [OsH(bpy)2(CO)I* (7). The closely related
species, [OsH(bpy)2(CO)]* (7), was prepared as the triflate salt (Chapter 2).19 The
protonated dication 8 can be generated in either a methylene chloride or nitromethane

solution of 7 with excess HOTf (Scheme 3.3).
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Scheme 3.3

The hydride resonance in the |H NMR spectrum of 8 in nitromethane-d3 is a broad
singlet at 4.2 ppm. The aromatic region in the !H NMR spectra for 7 and 8 exhibit
sixteen resonances, indicating that the two bipyridyl ligands remain inequivalent,
consistent with the structures shown in Scheme 3.3. A T study of the hydride resonance
as a function of temperature shows a minimum of 12 ms at 230 K at 500 MHz (in
CD;Clp). The partially deuterated analogue, 8-d; was prepared and a sharp "triplet” in
the hydride region appears with a Jyp value of 29.0 Hz. The intensity of the central
resonance is slightly increased due to a small contamination of 8 resulting from the
incomplete deuteration of the DOTf. The small isotope shift and the H-D coupling do not
appear to be temperature dependent. Complex 8 is less thermally robust than 3a. We
have found that 8 is stable in methylene chloride-d> at room temperature as a dihydrogen
species for less than a day before forming the metal triflate complex as noted by Meyer
and coworkers.!9 The loss of H, from 8 will also occur in a period of I to 2 weeks when
the sample is stored at -28 °C. In contrast to the extremely acidic nature of the
bisphosphine complexes, 8 is unaffected by the presence of diethyl ether but will be

deprotonated to regenerate 7 with the addition of water.

Discussion
Characterization of the Complexes as Dihydrogen Species. Complex 3a(PFg)

was structurally characterized by Meyer and coworkers as a dihydride of Os(IV).!10 This
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assignment was based on limited spectroscopic data due to the poor solubility of 3a(PFg).
Their data indicate that no major rearrangement of the ancillary ligands occurs upon
protonation. However, their assignment of the structure as a dihydride dication is
inconsistent with our new data.

The mixed acidic solvent, HOTf/CF3COOH, has many drawbacks for the study of
this particular complex. This solvent system only allows the exploration of the spin-
lattice relaxation at temperatures that are above the temperature of the 7} minimum.
Trifluoroacetic acid also provides a stronger base, CF3COO-, that allows for proton
exchange with the dication that not only results in increased broadness in the 'H and 3!P
NMR spectra, it also makes the observation of the HD complex 3a(PFg)-d; highly
unlikely. Meyer and coworkers observed that when deuterated trifluoroacetic acid was
used in the solvent system, no hydride resonance was observed in the IH NMR spectrum.
When the hydride cation was regenerated by deprotonation, the hydride resonance was
one-eighth of its original intensity. This is in agreement with the large excess of
deuterium in the solvent pool. The most prevalent species under these conditions would
be 3a(PFg)-d> due to proton/deuteron exchange with the solvent and would not show any
H-D coupling.

We find that protonation of 2a(PFg) in nitromethane results in the product,
3a(PFg), remaining soluble. However, the properties of this solvent are not conducive to
low temperature NMR spectroscopy (freezing point of CH3NO3 = -29 °C). The
accessibility of lower temperatures was accomplished by preparing samples of 3a(PFg) in
nitromethane-d3 and adding methylene chloride-d> (volume ratios of CD3NO7:CD>Cl»
were typically 1:9). For ease of preparation and avoidance of possible errors resulting
from concentration effects, a single solvent system was desired. We anticipated that the
preparation of the triflate salt of 2a would provide the necessary solubility characteristics

by avoiding the mixed anion product that results from the protonation of 2a(PFg) by
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HOTTY. The triflate salt of 3a and several analogues have been prepared and are soluble in
methylene chloride.

The 31P{aromatic !H} NMR spectra of these bisphosphine dications display a
single sharp resonance for the equivalent phosphines as expected for a trans structure. A
bound dihydrogen ligand often lacks observable coupling to adjacent bound
phosphines.20 The narrowness of the line widths (Av 172) in the 31P{ art;matic IH} NMR
spectra for the bisphosphine dications (6.5-12.6 Hz) imply that any H-P coupling must be
less than 3 Hz. More definitive NMR evidence of a bound dihydrogen ligand is the
observation of a large H-D coupling in the partially deuterated analogues. The increased
intensity of the center peak of the triplet of the HD resonances are due to the presence of
a small amount of the Hj species, indicating that the isotope effect on the chemical shift
of the proton in the HD ligand is very small, and is consistent with the limited data in the
literature. This small chemical shift difference and the magnitude of the H-D coupling
are essentially independent of temperature, suggesting that there is only one structure for
these bisphosphine complexes. A rapid equilibrium between a dihydride and a
dihydrogen structure would likely lead to temperature dependent isotope effects resulting
from isotopic perturbation of equilibrium.!7 The rapid relaxation shown by the hydride
resonance of the dicationic H, complexes from the T studies and the observed H-D
coupling in the partially deuterated analogues are most consistent with the dications being
formulated as dihydrogen complexes.

A related complex, [Os(H2)(bpy)2(CO)]2* (8), was postulated by Meyer and
coworkers!? as an intermediate in forming a metal triflate species. The structure of 8 was
considered to be either a seven coordinate Os(IV) dihydride or a six coordinate Os(IT)
dihydrogen species but the issue was not further investigated.

The LH NMR spectrum of the partially deuterated 8-d; clearly shows a sharp

“triplet” in the hydride region indicating a bound dihydrogen ligand with a Jyp value of
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29.0 Hz. The isotope shift and the H-D coupling appear to be independent of temperature
as was observed for the bisphosphine dications, suggesting only one structure for 8. The
H-D coupling of 8-d| and the rapid relaxation of the H; resonance in the lH NMR
spectrum is most consistent with the formulation of 8 as a dihydrogen complex.

Determination of the H-H Internuclear Distance. When appropriate crystals
for X-ray or neutron diffraction studies are unobtainable, the observation of short spin-
lattice relaxation times (7 minimum) and/or a large value of the spin coupling in the HD
resonance of the partially deuterated complex is taken as good evidence of a bound
dihydrogen ligand. The H-H distance (ryy) in the bound H> ligand can be determined
from the maximum rate of relaxation (minimum value of 7), assuming that the rate of
relaxation is dominated by the homonuclear dipole interaction (Chapter 4). Quantitative
analysis by the method of Halpern and coworkers?! leads to two possible values for the
H-H distance in the dihydrogen complexes, depending upon the relative rate of the Hj
ligand rotation.22 A choice between these two rotation regimes for the determination of
the H-H distance can be made based on other data as outlined below.

In reported dihydrogen complexes which have been structurally characterized by
neutron diffraction or solid state NMR methods, an inverse correlation between Jyp and

the H-H distance is observed (Table 3.6 and Figure 3.3).
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Table 3.6. Structural and Solution Data for Dihydrogen Complexes.

compound ruy (A) Jup (Hz) - _; _
Mo(H,)(CO)(dppe), 0.88 (ss NMR)4 34 23,24
0.85 (n)bc
W(H,)(PiPr3)2(CO)3 0.89 (ss NMR) 33.5 14,23
0.82 (n)
[Fe(H2)H(dppe)a1* 0.82 (n) 32 25
[Ir(H2)H(PPh3)2(bq) 1+ 0.94 (ss NMR) 29.5 23
[Ru(H,)Cp(CO)(PCy3)]* 0.97 (ss NMR) 28 23
(Ru(H,)Cp(dmpe)]* 1.02 (ss NMR) 22 23
[Ru(H,)Cp*(dppm)]* 1.10 (n)¢ 209 26
Ir(H,)H(Cl)2(PiPr3); 1.11 (n) 12 27
{Os(H3)(en),OAc]* 1.34 (n) 9.1 28
Cr(H,)(PPr3)2(CO)3 0.85 (ss NMR) 35 29
[Os(H)Cl(dppe)a]* 1.22 (n)4 13.9 30
[Mn(H,)(CO)(dppe)]* 0.89 (ss NMR) 32 31

@ ss NMR = solid state NMR. % n = neutron diffraction. ¢ Distance corrected by the
Maverick/Trueblood method.32 4 Distance corrected using the rigid-body analysis
method.33
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Figure 3.3. Plot of H-H bond length versus Jyp. The symbols are as
follows: ® = neutron diffraction; O = solid state NMR; @ = HD gas.

Only the bond lengths of the Hj ligand that are considered to be the most accurate should
be included when comparing H-H distances obtained from T studies (using static and
fast rotation models). Single crystal neutron diffraction studies of dihydrogen complexes
clearly indicate the existence of a bound H> ligand. However, the distances obtained
from neutron diffraction data can be underestimated by approximately 10% due to the
large libration of the H ligand32 and only the distances corrected for this motion are
therefore considered to be accurate. The neutron diffraction study of one complex,
Ir(H2)H(Cl)2(P¢Pr3); has further complications consisting of apparent structural
differences in solution versus the solid state in this complex that affect the H-H bond
length.2” The large dipolar couplings between the hydrogen atoms in the H> ligand of
dihydrogen complexes provide an accurate determination of ryy by solid state NMR

(Chapter 4). Figure 3.4 shows the inverse linear relationship between ryy and Jyp values
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for the H-H bond length distances obtained from solid state NMR and corrected neutron

diffraction data.34
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Figure 3.4. Plot of H-H bond length versus Jyp shown with a linear fit
(R2 =0.9733). The symbols are as follows: ® = corrected neutron
diffraction; O = solid state NMR.

The barrier to rotation around the M-H; axis for the complex
W(H2)(PiPr3)2(CO)3 has been determined by inelastic neutron scattering spectroscopy to
be lower (1.9-2.2 kcal/mol) than the barrier to molecular tumbling (2.6-3.8 kcal/mol)
indicative of fast rotation.29 However, if the fast rotation model is used in the calculation
of the H-H distance in the H» ligand for W(H3)(P‘Pr3)3(CO)3, unlikely values of 0.76 and
0.77 A are obtained35 (the H-H distance in Hy gas is 0.74 A). The H-H distance
determined from the neutron diffraction study of 0.82 A (uncorrected)36 and the distance
calculated from solid state NMR of 0.89 A provide more evidence that the distance
obtained from the fast rotation model is inconsistent. Other complexes,

Mo(H;)(CO)(dppe)2, Cr(H2)(CO)3(PPr3),, and Ir(Hp)(H)2I(PiPr3), that have short H-H
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distances (determined by neutron diffraction or solid state NMR studies) and low
rotational barriers (determined by inelastic neutron scattering to be ca. 0.7, 1.17, and 0.98
kcal/mol, respectively) provide a reasonable minimum H-H distance in a coordinated H;

ligand (Table 3.7).37

Table 3.7. Shortest Measured H-H Distances for Coordinated H».

compound rin (A)
e —— ————
W(H)(PiPr3),(CO)3 0.894
0.826
Mo(H2)(CO)(dppe); 0.88
0.85b.c
Cr(H2)(CO)3(PiPr3), 0.862
Ir(Hp)(H)oI[(PiPr3)y 0.865

2 Determined from solid state NMR. % Determined from
neutron diffraction. ¢ Corrected by the
Maverick/Trueblood Method.32

Gusev and coworkers?® have analyzed the T} minimum and Jyp data of reported
dihydrogen complexes that have Jyp values > 25 Hz. In only a few cases, namely those
with the general formula trans-M(H2)H(P-P);*+ (M = Fe, Ru; P-P = chelating phosphine),
is it necessary to invoke the fast rotation model to produce a reasonable H-H distance in
the H ligand. This suggests that when the dominant source of relaxation is due to the
homonuclear dipolar interaction, the determination of the H-H distance in the H» ligand
using 7} minimum data should consider the rotation around the M-H axis as static.

Based on comparison to the data as shown in Figure 3.4, the observed Jyp values
and T| minima for the dicationic dihydrogen complexes, [Os(H2)(PR3)2(bpy (CO)]2+
(PR3 = PPh3, PMePhy) (3a,b), [Os(H;)(PPh3)(phen)(CO)12+ (10a),
[Os(Hz)(bpy)2(CO)]2+ (8), and [Ru(Hz)(PPh3)2(bpy)(CO)]2+ (6a), are in agreement with

the static model for the H; ligand rotation with calculated H-H distances of 0.95 to 1.04
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A (Figures 3.5 and 3.6). The alternative possibility of rapid rotation would require H-H
distances of 0.76 to 0.83 A, which is inconsistent with the inverse linear relationship

depicted in Figure 3.4.
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Figure 3.5. Plot of H-H distance versus Jyp. The line represents the
inverse linear relationship between ryy and Jyp values from the corrected
neutron diffraction and solid state NMR data (Figure 3.4). H-H distances
for the dicationic species, [Os(H2)(PR3)2(bpy)(CO)]12+ (PR3 = PPhs,
PMePhy) (3a,b), [Os(H2)(PPh3)(phen)(CO)]2* (10a),
[Os(H)(bpy)2(CO)J2* (8), and [Ru(H2)(PPh3)2(bpy)(CO)]2* (6a), are
calculated from the T| minimum values using static and fast rotation
models for the H; ligand. The Jyp values for 3a-d| and 10a-d; have been
corrected for the field dependent Dyp (Chapter 4).
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Figure 3.6. Expanded view of Figure 3.5. H-H distance versus Jyp. H-H
distances calculated from T} minimum values of 3a,b, 6a, 8, and 10a
using the static model.

Using the static model, the calculated H-H distances in 3a,b, 6a, 8, and 10a are slightly
overestimated when compared to the corrected neutron diffraction and solid state NMR
data (Figure 3.6). The Jyp values for 3a-d] and 10a-d; have been corrected for the small
residual dipolar coupling (Dyp) that is field dependent (Chapter 4).

Alternatively, an empirical method based on the inverse linear relationship
between ryy and Jyp values would provide a straightforward determination of the H-H
bond length in the H; ligand. The equation corresponding to the inverse relationship
between ryy and Jyp from the corrected neutron diffraction and solid state NMR data
shown in Figure 3.4 is (eq 3.1):

ruy = 1.44 - 0.0168(JyD) 3.1)

Morris and coworkers!2 have used a larger set of distances versus JHp values to develop

a similar equation for the H-H bond length. They have also included the uncorrected
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neutron data and distances determined from X-ray diffraction data along with the most
reliable distances from the solid state NMR and corrected neutron data. While X-ray
diffraction data can accurately determine distances between heavier atoms, the data suffer
from the inability to precisely locate the relatively small electron density due to the
hydrogen atoms and inaccurate distances between two hydrogen atoms are obtained.
However, with this larger data set the equation is surprisingly similar to eq 3.1 (eq 3.2).

run = 1.42 — 0.0167(Jup) (3.2)

The determination of the H-H bond lengths in the Hj ligand of the dications, 3a,b,
6a, 8, and 10a, by the 7| minimum method using a static model is in general agreement
with the distances calculated from the Jyp values (Table 3.8).

Table 3.8. Determination of the H-H Distance in the H; Ligand of the Dicationic

Dihydrogen Complexes from 7| Minimum (Fast Rotation and Static Models) and Jyp
Values of the HD Analogues.

compound rum (A)

[Os(H2)(PPh3)2(bpyX(CO)I*  (3a) 0.82/1.034 1.02b.c
[Os(H2)(PMePh;),(bpy)(CO)J2* (3b) 0.83/1.04 1.01
[Os(H2)(PPh3)a(phen)(CO)12+  (10a) 0.82/1.03 1.02¢
[(Ru(H)(PPh3);(bpy(CO)]3*  (6a) 0.76/0.95 0.92
[Os(Hz)(bpy)2(CO)]2+ (8) 0.78/0.99 0.95

@ H-H distance calculated from the T} minimum values for fast
rotation/static regimes of the H; ligand. & H-H distance calculated from
the Jyp value of the HD complex and eq 3.1. ¢ Distance calculated from
the corrected Jyp value (Chapter 4).

The slight overestimation of the bond length by the 7| minimum method using the static
model (< 4% in these complexes) was also reported for W(H3)(Pi{Pr3)2(CO)3. The longer
distances obtained from solution data are believed to be manifested in the torsional and

vibrational motion of the M-H; fragment that would affect the T| minimum data.38
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A relatively long H-H distance is also consistent with the tight binding of H3 to
the metal center observed in 3a. No exchange of D> for H occurs in complex 3a after
several weeks of exposure to D; at room temperature in methylene chloride-d>. This
result is in contrast to the observations on the neutral tungsten complexes of Kubas3? and
the cationic rhenium analogues34- which undergo rapid D>/H; exchange.

The coordination of a dihydrogen ligand to a metal center is considered to result
from the 6 donation of the dihydrogen molecule to an empty metal orbital and r back-
donation from filled metal d orbitals to the 6* orbital of H3.2d The right combination of
both interactions will produce an elongated H-H bond that does not necessarily lead to
oxidative addition. In these formally Os(II) and Ru(Il) d6 complexes, formation of the
Os(IV) and Ru(IV) dihydride species is presumably disfavored by the 2+ charge on the
metal center.

Stability and Acidity of the Dihydrogen Dications. Complex 3a is remarkably
robust in methylene chloride at room temperature. This stability is surprising in light of
Morris' ligand additivity study in which it was predicted that both complexes 3a and 8, if
formulated as dihydrogen complexes, would be unstable with respect to loss of
dihydrogen at 25 °C.40 This prediction was based on the generalization that if the
calculated Ejr2 value of the corresponding N7 complex was > 2.0 V, the H; complex
would be unstable at room temperature.#! The calculated Ej> value for 3a(N>) is slightly
larger than 8(N3) (2.6 V and 2.4 V respectively)* and given that 3a is significantly more
acidic than 8, it would be expected that 3a, on the basis of this information, would be less
stable with respect to H» loss than 8. However, 8 is stable in solution at room
temperature for less than a day, while 3a has been relatively stable in solution at room
temperature for over 18 months. The calculated E |2 values for the corresponding N2

dicationic complexes are shown in Table 3.9.4042
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Table 3.9. Calculated E|, Values of the Dicationic Dinitrogen Analogues of the
Dihydrogen Complexes.

[Os(N2)(PPh3)>(bpy )(CO)]2+ 3a(N2) 2.6 stable
[Os(N2)(PMePhy)y(bpy)(CO)I2+  3b(No) 26 stable
[Os(N2)(PPh3)a(phen)(CO)]2+  10a(N?3) 26 stable
[Ru(N2)(PPh3)2(bpy)(CO)]2* 6a(N7) 29 -Hat
[Os(N2)(bpy)2(CO)]2+ 8(N») 24 —Hj¢

2 Stability of the dihydrogen complex with respect to loss of Hj.

b Irreversible loss of Hj occurs immediately at room temperature
but is stable at lower temperatures. ¢ Irreversible loss of Hj occurs
within 24 h at room temperature or within 2 weeks at 245 K.

The preparation of the HD analogues is commonly performed by exposure of the
Hj3 complex to D. The incorporation is proposed to occur by isotopic scrambling due to
the combination of the lability and the acidity of the Hj ligand.43 The reaction of
[Re(H2)(PCy3)2(CN*Bu)s ]+ with D; provides experimental evidence for deuterium

incorporation by this route (Scheme 3.4).4

PCys; —I *

IBINCI’. l CNBU
“Rel N
C” T N
N -H*/+D*
By L Cys H \\:
D*/+H™ 'Bu PCys —1 *
Bu
Ha |l Dp Ce... Flle""CN
O*+H* PCy,
IBU c |P Y3 B.u—l * 404-
’ .._Re__.\ gN
" 4
g J\‘C l \B
PCY3

Scheme 3.4
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The 31P NMR spectra show that the resonance corresponding to the D, species,
[Re(D2)(PCy3)2(CNBu)s]* grows in before the resonance for
[Re(HD)(PCy3)2(CN*Bu)3]* appears. Samples of 3a and 6a were exposed to D; for
extended periods with no observable deuterium incorporation indicating that the Hy
ligand is not labile.

The presence of a nonlabile dihydrogen ligand in the osmium bisphosphine
dications (or the ruthenium analogue if maintained at low temperatures) has a beneficial
experimental aspect. When the HD complex is generated in the presence of an excess of
DOT there is no proton/deuteron exchange with the weak base OTf- and no isotopic
scrambling occurs. This allows the preparation of samples that can be studied over long
periods, thereby removing possible errors arising from concentration effects and other
variables when different samples are used to study the effects of different magnetic fields
on the H-D coupling (Chapter 4).

The instability of [Ru(H2)(PPh3);(bpy)(CO)]2* (6a) with respect to H> loss at
room temperature in comparison with the osmium analogues is consistent with the
observed trend in the iron triad as noted by Morris and coworkers* and also in the
complexes, [M(H2)(dppp)2(CO)]2*+ (M = Ru, Os) by Mezzetti and coworkers.!3 The
H-H distance in the H> ligand of 6a, as determined by T1 minimum and Jyp data, is
shorter than the distance in the osmium analogues, indicative of a weaker M-H»
interaction. The loss of H; from 6a presumably generates the highly reactive 16-electron
Lewis acid, [Ru(PPh3)>(bpy)(C0O)]2* which can abstract chloride from the solvent
(CD,Cly) forming the chloride cation, [RuCl(PPh3)2(bpy)(CO)]* (Scheme 3.5).
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Scheme 3.5
The chloride cation can also be generated from the monohydride cation
[RuH(PPh3)2(bpy)(CO)]* (5a) either by the immediate and quantitative reaction with N-
chlorosuccinimide or by a slow reaction with the methylene chloride-d; solvent over a
period in excess of six months (Chapter 2). The generation of a similar chloride cation
was observed by Mezzetti and coworkers!3 in the decomposition of
[Ru(H2)(dppp)2(CO))3+.

It is important to note that the protonation of the monohydride cations were
performed in methylene chloride-d; and assignment of pK, values would be qualitative at
best.#> Morris and coworkers have attempted to assign pK, values to complexes in
nonaqueous solvents and subsequently extrapolate to aqueous pK, values.46:47
Unfortunately, due to the extreme acidity of these complexes, the assignment of specific
pK values cannot reasonably be made. Qualitatively, these complexes, 3a,b, 6a, and
10a, are extremely acidic since they will protonate diethyl ether ([H(Et;0)]* pK, =
-2.6)*8 and are similar in strength to HOT (estimated aqueous pK, = -4.9).4549,50

Comparison to Other Dicationic Dihydrogen Complexes. In 1971, Taube and

coworkers reported the synthesis and characterization of an osmium complex that they
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originally formulated as a dihydride, cis-[Os(H);(en)2]2* (en = ethyl’em:dia.mine).9 The
TH NMR spectrum revealed two separate amine resonances in equal intensity which was

structurally interpreted as a cis configuration.

H —I 2+
(Han,,,_ | NH,
qu:z L/\”
Further research with this system and the analogous [Os(H2)(NH3)4L]2+ (L = various
neutral ligands or solvent) provided the evidence that a trans configuration is the correct

formulation for these complexes.”

HTH | 2 H-H T2
(Han...,é ey ) NH H3Nh:.,. I Y NH3
H.N" Is‘ NH HN" ls‘ NH;
L L

The separate amine proton resonances arise from the different magnetic environments
that exists above and below the equatorial plane in the bis(ethylenediamine) complex.
Depending on the nature of the ligand L, a trans to cis isomerization will usually occur at
room temperature over the course of a few hours or days.® The observation of this
isomerization provided the basis for the correct structural configuration assignment. In
the bis(ethylenediamine) complexes, the lower symmetry in the cis isomer leads to the
doubling of the number of amine resonances as well as the number of methylene
resonances compared to the trans isomer. In the lH NMR spectrum of the tetraammine
complex after isomerization, the 12 ammine protons appear in a ratio of 2:1:1, the pattern

expected for a cis configuration.

H_I_H -_| 2+ H,l_H —_l 2+
HoNe., | . NH, HalNoi...
o) o
HoN NHg
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The synthetic route to these dihydrogen complexes is quite different from the
other dicationic complexes. The formation of the dihydrogen complex is the result of the
reduction of the bis(ethylenediamine)dioxo osmium(VT) complex, [Os(O)2(en)212+, or the
tetraammine osmium(III) complex, Os(NH3)4(OTf)3 (Scheme 3.6).

p
(HZNI:.; "s_..\ NH? Zn/Hg Hle; Os...\ NHa
- ~
HaN g NHZ 2. NaBPh, HN™ |~ NHg
L

HrH | (BPha)

1.H0,ZvHg  HoNe | WNHy

Os(NH2)4(OTh3 2 H"’N 0s NH’
2. NaBPhg 3 !_ 3
Scheme 3.6

The ligand L trans to the H ligand in these dicationic (when L is neutral) or
monocationic (when L is anionic) complexes is quite labile and can be exchanged readily
by changing the solvent or by the addition of a reagent that will displace the coordinated
ligand or solvent molecule. However, in contrast with the ligand L, the H> ligand is quite
nonlabile and partial incorporation of deuterium into the H; ligand is accomplished by
the addition of a trace amount of HOTTf to a solution of the complex in D20. The
dihydrogen species are unusually weak acids and there are no monohydride analogues of
these complexes known. In fact, when these complexes are exposed to a variety of bases
there is no reaction. However, the addition of a very strong base will lead to
decomposition.

The data indicate that the presence of a n-acid ligand tends to compete for the dr
electron density and reduces the back-bonding to the H3 ligand resulting in larger Jyp

values (shorter H-H bond lengths) (Table 3.10). In the presence of a strong ®-acid, such
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as benzyl isonitrile, the competition for this &t electron density is severe and loss of H3 is

observed.

Table 3.10. Properties of the Dicationic Dihydrogen Complexes by Taube.”-8

compound L Tyminimum Jyp HzY Ejp (V)

[Os(H)(NH3)4L )2+ pyridines 38 msed 19.64 0.8
28 ms¢c€ 20.2¢

imidazole4 63 mscd 17.14 0.7

D,0?% 77 mse.d 8.14 0.6

[Os(Ha)(en),L12+ pyrazined g 21.14 0.9
18.6¢

pyridine? g 19.24 0.8
18.1¢

pyridine@ 32 ms 212 K)4 19.04 0.8
27 ms (215 K)e 18.0¢

MeCNe 54 ms (233 K)4 17.74 09
41 ms (243 K)¢ 18.5¢

NH34 g 14.04 0.6
14.8¢

D,0b g 8.84 0.6

4 In acetone-dg at 400 MHz. 2 In D,O at 400 MHz. ¢ No temperature of the Tj
minimum reported. 9 trans isomer. ¢ cis isomer. fJyp of the HD complex.
8 No T1 minimum reported. # E} of the N3 analogue.

The H-H bond distances in the elongated H ligands in these complexes
determined from 7, minimum data using the fast rotation and static models and the Jyp

values of the corresponding HD complexes are shown in Table 3.11.
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Table 3.11. H-H Distances in the H; Ligand Determined by T} Minimum Data (Fast
Rotation/Static Models) and Jyp Values (of the HD Complexes) for the Hy Complexes
by Taube.

compound _L A _ "(A)

[Os(H2)(NH3)4L ]2+ pyridine trans 0.994 1.246 1.11¢
cis 0.94 1.18 1.10

imidazole trans 1.07 1.35 1.15

D,0 trans I.11 1.40 - 131

[Os(H3)(en),L]2+ pyrazine trans 1.09
Cis 1.13

pyridine trans 1.12

cis 1.14

pyridine trans 0.96 1.21 1.12

cis 093 1.17 1.14

MeCN trans 1.05 1.32 1.14

cis 1.00 1.26 1.13

NH3 trans 1.20

cis 1.19

D20 trans 1.29

a Distance determined from 7| minimum fast rotation model. ® Distance

determined from 7| minimum static model. ¢ Distance determined from
Jup of the HD complex.

It is important to note that there does not seem to be a strong correlation between the
rotation model and Jyp for these complexes with elongated H> ligands.

Tilset, Caulton and coworkers!! reported on the electrochemical oxidation of
OsHg(P¢Pr3); in acetonitrile that results in the loss of H and produces the trihydride
cation, [OsH3(P‘Pr3)2(NCMe)3]*. If the protonation of OsHg(P:Pr3); is performed in
methylene chloride, the product is [OsH7(P‘Pr3);]*. When the solvent is replaced with
acetonitrile, loss of H; occurs and once again, [OsH3(P‘Pr3)2(NCMe);]* is formed. The
protonation of this cationic species or the neutral complex, OsHg(P?Pr3),, in acetonitrile

results in the formation of a dicationic complex, [OsH4(PiPr3)2(NCMe);]2+. The T
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minimum is consistent with a complex that has either one or two dihydrogen ligands.
This dication is easily deprotonated when exposed to piperidine to reform the trihydride
cation. Deuterium incorporation into this dication, [OsH4(PiPr3);(NCMe);]2+, was
insufficient to observe H-D couplings. The dication will undergo further reaction in
solution and slowly convert to form another dicationic species,
[Os(Hz)(PiPr3)2(NCMe)3]2*. This dihydrogen dication can also be generated by the

protonation of the monohydride cation that results from the loss of H; from the trihydride

cation, [OsH3(P‘Pr3)2(NCMe),]* (Scheme 3.7).

[H(EtzO)]B&I — [OsHA{PPr)]*
CH,ChL ' piperidine
MeCN

[H(Et0)]BF,

OsHg(PPr. e
| MeCN MeCN
. iperidine .
[OsH4(P'Pr3)2(NCMe)2]2*’ PP {OsH4(PPrs)a(NCMe)o]*
[H(Et20)]BF4
MeCN Ho MeCN

PP |2 L

MeCN-.. | .. NCMe piperidine MeCN-._ | .. NCMe
H
MeCN"™" Ts\l [H(Et,0)|BF, MeCN/?‘s‘ H
pipeH PiPry
Scheme 3.7

The trihydride cation can be readily protonated but it reportedly shows no
tendency to deprotonate when exposed to a Bransted base, such as triethylamine, which is
often indicative of the absence of an Hj ligand. The characterization of the dication
[Os(H3)(PiPr3)2(NCMe)3]2+, as a dihydrogen complex is due to a rapid spin-lattice
relaxation rate (short T} minimum) and a large Jyp value of the HD analogue. The

dication will readily deprotonate when exposed to piperidine to reform the monohydride
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cation. Attempts to isolate the dication with diethyl ether led to the precipitation of the
monohydride cation.

Morris and coworkers!2 reported that the dihydrogen hydride cation complex,
[Os(Hz)H(dppe)2l* (dppe = 1,2-bis(diphenylphosphino)ethane) will lose H3 in
acetonitrile and coordinate a solvent molecule forming [OsH(dppe)2(NCMe)]*. The
protonation of [OsH(dppe)2(NCMe)]+ produces the dihydrogen dication complex,
[Os(Hz)(dppe)2(NCMe)]2+ (Scheme 3.8).

" +  MeCN A 1t
PhyPr.... \PPhg) -Ha PhoPr.. | .«PPhy 2)
heP” | ~PPhs hy p’ °~Pphg
H-H N
c
Me
[H(Et0)IBF,
2+
Phaph \PPh
(Ph p” T ‘PPh
c
Me
Scheme 3.8

The short 71 minimum and large Jyp value are consistent with its characterization as a
dihydrogen complex. The partial deuterium incorporation was accomplished by exposure
of a methylene chloride-d5 solution of the dication to D5 over several days. When a
methylene chloride-d> solution of the dication was exposed to Hj, no incorporation was
observed, establishing the source of the partial incorporation of deuterium as the D,. The
protonation of the cation can be successfully completed using [H(Et;0)]BF4, but when
the resultant dication is exposed to an excess of diethyl ether or water, it is immediately

deprotonated and the monohydride cation is regenerated.
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Recently, Mezzetti and coworkers!3 have reported osmium and ruthenium
dihydrogen dicationic complexes with a strong nt-acid CO trans to the H> ligand,
[M(H2)(dppp)2(CO)]2* (M = Ru, Os; dppp = 1,3-bis(diphenylphosphino)propane). The
monohydride carbonyl cations are created by a substitution reaction of MH(Cl)(dppp)>
with NaBPh4 under a CO atmosphere. The dications are extremely acidic and are only
produced when the monohydride carbonyl cations are treated with an excess of HOTf

under dry conditions (Scheme 3.9).

NaBPh, T mE
co . X
MH(C!)(dppp)2 PhaPu.. | . PthD

M=0s, Ru
HOTS

PhP” T ‘Pph23
Cco
Scheme 3.9

There is no reaction of [MH(dppp)2(CO)]+ with [H(Et;0)]BFj4, even when S equiv are
used for protonation. When an excess of HOTS is added to a methylene chloride-d»
solution of [RuH(dppp)2(CO)]* at room temperature, gas evolution occurs immediately.
The 3!P NMR spectrum indicates a series of products are formed including
[RuCl(dppp)2(CO)}*. The ruthenium dihydrogen dication is only observable at low
temperatures, but the osmium dihydrogen dication is stable at room temperature under Ar

or Hy. Isolation attempts of either complex resulted in decomposition.
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Table 3.12. Properties of the Acidic Dicationic Dihydrogen Complexes.

compound — e Jupb rum?_stabilitye
[Os(H2)(PiPr3)(NCMe)3]2+ 207msf 255 19 101 g
[Os(Hz)(dppe)2(NCMe)]2+ 35mst 214 21 108 HyDy
[Os(Hz)(bpy)2(CO))2+ 8 12ms 290 24 095 24N

[Os(H2)(PPh3)2(bpy)(CO)I2* 3a 152ms 25.1k 26 1.02 stable
[Os(H2)(PMePhy)2(bpy)(CO)]2*+ 3b  16.5 ms 255 2.6 1.01 stable
[Os(H2)(PPh3)(phen)(CO)12* 10a 15.8 ms 25.1k 26 1.02 stable
[Os(H3)(dppp)2(CO)12+ 13.8 ms! 32.0 27 090 stable
[Ru(H2)(PPh3)(bpyX(CO)]?* 6a 9.8 ms 31.0m 29 0.92 -H,

[Ru(H»)(dppp)2(CO)]2+ 125ms! 3427 30 0.87 -H,
@ T minimum extrapolated to 500 MHz. % Jyp of the HD complex (Hz). ¢ Ejs; of
the N7 analogue (V). 4 Calculated from the Jyp value of the HD complex (A).
¢ Stability with respect to loss of Hy at room temperature. fReference 11.
g Not reported. # Reference 12. i Exchanges slowly with D5. J/ Loss of Hy occurs
after 24 h. k Corrected Jyp value. !Reference 13. ™ Measured at 253 K. " Measured
at 193 K.

Although ligand exchange is slow, the complexes [Os(H2)(PR3)2(bpy)(CO)]2+
(PR3 = PPh3, PMePhy) (3a,b), [Ru(H2)(PPh3)(bpy)(CO)]* (6a), and
[Os(H2)(PPhs3)(phen)(CO)]2+ (10a) are strong acids, as demonstrated by their immediate
deprotonation by a variety of bases, including diethyl ether. Thus 3a,b, 6a, and 10a
along with the recently reported complexes by Mezzetti and coworkers, !3
(M(H3)(dppp)2(CO)J2+ (M = Ru, Os) represent an interesting combination of high
reactivity towards heterolysis combined with very tight binding of H,. In contrast to the
properties of this group of dihydrogen dications, highly acidic dihydrogen complexes
such as [Ru(H;)Cp*(CO)3]* are very labile with respect to loss of Ha,!5 and the dicationic
H> complexes such as [Os(H2)(NH3)4L]2* and [Os(H2)(en)(L)]?* reported by Taube
and coworkers,58 which tightly bind Hy, are not acidic. The two other dicationic

complexes, [Os(H2)(P‘Pr3)2(NCMe)3]2* by Tilset/Caulton and coworkers!! and
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[Os(H;)(dppe)2(NCMe)]2+ by Morris and coworkers!2 represent an intermediate level of
reactivity towards heterolysis and binding of the H ligand. The two complexes, while
strongly acidic, are fully generated by the protonation of the hydride monocation with
[H(Et;0)]BE4, which does not occur for the other extremely acidic dications due to the
presence of diethyl ether. The lability of the H ligand has been demonstrated in the
generation of the HD complex, [Os(HD)(dppe)2(NCMe)]2+ by slow, reversible Hy/D2
ligand exchange. Due to the similarity in the properties of the two complexes,

[Os(H3)(PiPr3),(NCMe)3]2* may also show reversible Hz loss comparable with
[Os(H2)(dppe)2(NCMe)12+.

Conclusion

The complexes [Os(Hz2)(PR3)2(bpy)(CO)]2+ (PR3 = PPh3, PMePhy) (3a,b),
[Ru(H2)(PPh3)2(bpy)(CO)1?* (6a), [Os(Hz)(bpy)2(CO)]?* (8), and
[Os(H2)(PPh3)2(phen)(CO)}2+ (10a) are best formulated as dihydrogen complexes, not as
dihydrides as originally suggested by Meyer and coworkers for 3a(PFg).10 Determination
of the H-H distance (ryy) in the H7 ligand of dihydrogen complexes by the 71 minimum
method should in most cases utilize the static model of the rotation regime of the Hj
ligand. A more straightforward determination can be achieved through the use of an
empirical inverse linear relationship between the Jyp value of the HD complex and ryy.
The acidity of the dihydrogen dicationic complexes and the stability of the H ligand does
follow the trend as predicted by the calculated redox potential of the analogous dinitrogen
complexes. However, the complexes show a very strong M-H3 interaction as evident by
the long H-H distances and the nonlability of the H ligand, which is primarily due to the
o donation from the ligand because of the high redox potential of the complexes. The

upper limit of the redox potential with respect to H2 loss for the dihydrogen dications
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appears to be in the vicinity of 3 V (2.9 V for 6a(N2) and 3.0 V for
[Ru(N2)(dppp)2(CO)]?+).

Experimental

General procedures. The general procedures followed are outlined in Chapter 2.
Deuterated trifluoromethanesulfonic acid (DOTf) was prepared by reacting equimolar
quantities of trifluoromethanesulfonic anhydride and DoO which was deoxygenated by
three freeze-pump-thaw cycles and stored under Ar. [H(Et2O)x](BAr's) was prepared

following published procedures.5!

[Os(H2)(PPh3)2(bpy)(CO)J(0OSO2CF3)2 (3a). In a typical protonation reaction, CD2Cl»
(0.5 mL) was vacuum transferred to an NMR tube that was charged with 2a (20 mg, 0.02
mmol). Trifluoromethanesulfonic acid (HOT) (10 uL, 0.1 mmol) was added via syringe
under Ar. The sample was degassed (freeze-pump-thaw, 3 cycles) and sealed under
vacuum. !'H NMR (CD,Clp): § 13.28 (s, HOTY), 8.13-6.96 (m, 8 H, bipyridyl), 7.49 (t,
6 H, Jyy = 7.4 Hz, p-P(CgH5)3), 7.36 (t, 12 H, Jyp = 7.5 Hz, 0-P(CgH5)3), 7.16 (dt, 12
H, Jyy = 6.3 Hz Jyy = 6.3 Hz, m-P(CgH5)3), -5.78 (s, 2 H, Os(H32), Avi2 = 170 Hz, T}
min = 15.2 ms (263 K, S00MHz)). 31P{aromatic IH} NMR (CD;Cl3): 88.54 (s, Av2 =
6.5 Hz). 13C {IH} NMR (CD:Clp): §175.6 (CO), 155.0, 154.6, 154.3, 141.8, 141.3,
125.5, 125.3 (bipyridyl), 133. 2 (t, Jcp = 5.2 Hz, 0-CsHs), 132.9 (s, p-CsHs), 130.2 (t,
Jcp=35.2 Hz, m-CgHs), 126.1 (t, Jcp = 28.7 Hz, ipso-CgH5s), 119.3 (q, Jcr = 238.0 Hz,
0OSO0,CF3).

[Os(HD)(PPh3)2(bpy)}(CO)](0OSO2CF3);2 (3a-d1). Prepared as above for 3a using
deuterated trifluoromethanesulfonic acid (DOTY). !H NMR (CD2Cl3): 8 11.60 (s,
HOTY), 8.08-6.96 (m, 8 H, bipyridyl), 7.52 (t, 6 H, Jyx = 7.2 Hz, p-P(C¢H5)3). 7.37 (1,
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12 H, Jyy = 7.2 Hz, 0-P(CgH5s)3), 7.12 (dt, 12 H, Jyy = 6.0 Hz, Jyp = 6.2 Hz, m-
P(CgHs)3), -6.01 (t, Jup = 25.3 Hz, Os(HD), A5 = +18 ppb). 31P{aromatic !H} NMR
(CD2Cly): §+7.89 (s, AS = +80 ppb).

(Os(H2)(PMePh2)»(bpy)(CO)](0SO2CF3); (3b). In a typical protonation reaction,
CD2Cl3 (0.5 mL) was vacuum transferred to an NMR tube that was charged with 2b (8
mg, 0.01 mmol). Trifluoromethanesulfonic acid (HOTY) (6 uL, 0.07 mmol) was added
via syringe under Ar at 195 K. The sample was degassed (freeze-pump-thaw, 3 cycles)
and sealed under vacuum. 'H NMR (CD,Cly): & 11.87 (s, HOTY), 8.46—7.03 (m, 28 H,
bipyridyl and PCH3(CgH5)2), 1.81 (t, 6 H, Jyp = 3.8 Hz, PCH3(C¢Hs)2), -6.23 (s, 2 H,
Os(H3), Avin =41 Hz, T1 min = 16.5 ms (260 K, SO0MHz)). 31P NMR (CD2ClL): §

-6.02 (s, Avip = 8.4 Hz).

[Os(HD)(PMePh2)2(bpy)(C0O)1(OS02CF3)2 (3b-dj). Prepared as above for 3b using
deuterated trifluoromethanesulfonic acid (DOTf). 'H NMR (CD»Cl;): & 10.88 (s,
HOTT), 8.41-7.01 (m, 28 H, bipyridyl and PCH3(C¢H5)2), 1.77 (t, 6 H, Jyp = 3.8 Hz,
PCH3(CgHs)z), -6.32 (t, Jup = 25.5 Hz, Os(HD), A8 = +20 ppb). 3P NMR (CD,Clp): §
-6.30 (s, A8 = +99 ppb). ‘

[Ru(H2)(PPh3)(bpy)(CO)](0OSO2CF3); (6a). In a typical protonation reaction,
CD>Cl3 (0.5 mL) was vacuum transferred to an NMR tube that was charged with Sa (9
mg, 0.0l mmol). Trifluoromethanesulfonic acid (HOTT) (8 pL, 0.09 mmol) was added
via syringe under Ar at 195 K. The sample was degassed (freeze-pump-thaw, 3 cycles)
and sealed under vacuum. The sample was kept at 195 K until inserted into the precooled
NMR probe and spectra were recorded at temperatures less than 273 K. 'H NMR
(CD2Clp, 253 K): 6 12.52 (s, HOTY), 8.02-7.01 (m, 8 H, bipyridyl), 7.50 (t, 6 H, Jyu =
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7.4 Hz, p-P(C¢Hs)3), 7.33 (¢, 12 H, Jerr = 7.7 Hz, 0-P(CgHs)3), 7.08 (dt, 12 H, Jy = 6.5
Hz, Juy = 6.7 Hz, m-P(CgHs)3), -6.70 (s, 2 H, Ru(H>), Avip = 110 Hz, T; min = 3.9 ms
(240 K, 200 MHz)). 31P{aromatic 'H} NMR (CD4Cly, 253 K): §32.81 (s, vy = 12.6
Hz).

[Ru(HD)(PPh3)2(bpy)(C0O)](0SO2CF3); (6a-d}). Prepared as above for 6a using
deuterated trifluoromethanesulfonic acid (DOTf). 'H NMR (CD,Cly, 265 K): & 12.25 (s,
HOTY), 8.03—7.01 (m, 8 H, bipyridyl), 7.52 (t, 6 H, Jyy = 7.0 Hz, p-P(CgHs)3), 7.35 (t,

12 H, Jyy = 6.9 Hz, 0-P(C¢H5)3), 7.05 (dt, 12 H, Jyy = 5.8 Hz, Jyy = 5.8 Hz, m-
P(CeHS5)3), -6.84 (t, Jup = 31.0 Hz, Ru(HD), A§ < +20 ppb). 3!P{aromatic !H} NMR
(CD2Cly, 265 K): 6 32.45 (s, A3 = +40 ppb).

[Os(H2)(bpy)2(CO)I(OSO2CF3); (8). In a typical protonation reaction, 7 (10 mg, 0.01
mmol) was added to an NMR tube and CD3NO> or CD;Cl; (0.5 mL) was vacuum
transferred to the solid. HOTf (10 pL) was added via syringe under Ar. The sample was
degassed (freeze-pump-thaw, 3 cycles) and sealed under vacuum. !H NMR (CD3NO»): §
9.61-7.53 (m, 16 H, bipyridyl), -4.23 (s, 2 H, Os(H3), T1(min) = 12.1 ms (230 K, 500
MHz)). |

[Os(HD)(bpy)2(CO)I(OSO2CF3); (8-d1). Prepared as above for 8 using CD3NO> as the
solvent and deuterating with DOTf. !'H NMR (CD3NO»): §9.62-7.51 (m, 16 H,
bipyridyl), -4.23 (t, JHp = 29.0 Hz, Os(HD)).

[Os(H2)(PPh3)2(phen)(CO)J(OSO2CF3)2 (10a). In a typical protonation reaction,
CD2ClI; (0.5 mL) was vacuum transferred to an NMR tube that was charged with 9a (20
mg, 0.02 mmol). Trifluoromethanesulfonic acid (HOTf) (10 uL, 0.1 mmol) was added
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via syringe under Ar. The sample was degassed (freeze-pump-thaw, 3 cycles) and sealed
under vacuum. !H NMR (CD2Cly): & 11.97 (s, HOTTY), 8.58 (d, 1 H, Jyy = 8.2 Hz), 8.49
(d, 1 H, Jyy=8.2Hz),844 (d, 1 H, Jug =4.7 Hz), 8.28 (d, 1 H, Jiz1y = 4.8 Hz), 8.09 (m,
2H),7.37(dd, 2H, Jyg = 5.4 Hz, Jyn = 5.5 Hz), 745 (t, 6 H, Jyg = 7.5 Hz, p-
P(CeH5)3), 7.26 (t, 12 H, Juu = 7.3 Hz, 0-P(C¢H5)3), 6.94 (dt, 12 H, Jug = 6.0 Hz Jyy =
6.1 Hz, m-P(CsHs)3), -5.63 (s, 2 H, Os(H3), Av112 = 39 Hz, T} min = 6.3 ms (200 K,
200MHz)). 3!P{aromatic IH} NMR (CDxCly): 88.60 (s, Avy = 7.0 Hz).

[Os(HD)(PPh3)2(phen)(CO)](0OSO2CF3); (10a-dy). Prepared as above for 10a using
deuterated trifluoromethanesulfonic acid (DOTf). 'H NMR (CD;Clz): 81147 (s,
HOTY), 8.58 (d, | H, Jyy =8.3 Hz), 8.50(d, | H, Jyy =8.2 Hz), 847 (d,  H, Jyg=5.3
Hz), 8.20 (d, | H, Jy = 5.3 Hz), 8.10 (m, 2 H), 7.36 (dd, 2H, Juy = 5.3 Hz, Jyg=5.3
Hz), 7.45 (t, 6 H, Juy = 7.5 Hz, p-P(CgH5)3), 7.26 (t, 12 H, Jyu = 7.8 Hz, 0-P(CsH5)3),
6.92 (dt, 12 H, Jyy = 6.5 Hz, Juy = 6.7 Hz, m-P(CsH5)3), -5.72 (t, Jyp = 25.5 Hz,
Os(HD), A8 < +20 ppb). 31P{aromatic 1H} NMR (CD2Cl): 88.36 (s, AS = +81 ppb).

Basicity Measurements of [OsH(PPh3)2(bpy)(CO)1(OSO2CF3) (2a) and
[RuH(PPh3)2(bpy)(CO)J(OSO2CF3) (5a). The individual basicity studies were
performed by adding either 2a (20-22 mg, 0.019-0.021 mmol) or Sa (20-22 mg, 0.021-
0.023 mmol) to an NMR tube equipped with a J. Young Teflon valve. CD2Cl; (0.5 mL)
was vacuum transferred to the tube and the solids were dissolved. Incremental amounts
of HOTf (4~12 uL) or [H(Et;0)]BF; (8-33 uL) were added via gas-tight microsyringe
under a flow of Ar and sealed. The basicity study with [H(Et;0)x]BAr's (Ar' = 3,5-
(CF3)2C6H3) (174 mg) and 2a (21 mg, 0.020 mmol) was performed by adding both solids
to a sealable NMR tube and vacuum transferring CD7Cl5(0.5 mL) to the solids. The

tube was evacuated and flame-sealed. The direct basicity study was prepared by adding
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2a (30 mg, 0.029 mmol) and 5a (28 mg, 0.029 mmol) to an NMR tube equipped with a J.
Young Teflon valve. CD2Cl; (0.5 mL) was vacuum transferred to the solids and
dissolved. Incremental amounts of HOT (5-20 pL) were added via a gas-tight
microsyringe under a flow of Ar and sealed. The concentrations were obtained from
integration of the 3!P{aromatic !H} NMR spectra. Due to the loss of H3 at room
temperature, the basicity measurements involving Sa were performed at 222 K. Multiple

spectra were taken to insure equilibrium conditions.
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Chapter 4

NMR Spectroscopy of Transition Metal Dihydrogen Complexes
at Very High Field

Introduction

Since the isolation and characterization of the first transition metal dihydrogen
complexes,! there have been more than 300 complexes reported.2 Only a very limited
number of these have been structurally characterized by neutron diffraction or solid state
NMR. The H-H bond length in the H; ligand can be measured directly from neutron
diffraction studies. However, uncorrected neutron diffraction data can underestimate the
H-H bond length by approximately 10% due to large librations of the hydrogen atoms in
the Hp Iigand. In solid state NMR, the proximity of the hydrogen atoms in the Hj ligand
of dihydrogen complexes produce large dipolar couplings of hundreds of kilohertz. The
dipolar couplings provide for an accurate determination of the H-H bond length, since
deviations of a few hundredths of an angstrom in the bond length will cause observable
changes of tens of kilohertz in the solid state NMR spectra. When the distances
determined from neutron diffraction have been corrected3 they are in agreement with the
distances obtained from solid state NMR spectra. These techniques have provided for
accurate measurements of the H-H bond distance in dihydrogen complexes, ranging from
0.85 to 1.22 A (Chapter 3).456

More routine solution NMR techniques have broader applicability. In solution
NMR, a bound H> ligand will exhibit a fast spin-lattice relaxation rate (T7-1). The spin-
lattice relaxation rate is comprised of various contributions to the relaxation process,
including the homonuclear dipolar interaction, dipolar interactions from ancillary ligands,

chemical shift anisotropy (CSA), spin-rotation, quadrupolar interactions, and others.”



95

Assuming that the molecule is tumbling isotropically in solution and the rate of relaxation
of the dihydrogen ligand is primarily due to the homonuclear dipolar interaction (Rygy),
the internuclear H-H distance (ryy) can be determined from the observed maximum rate
of relaxation (minimum value of T)8

The characterization of some transition metal dihydrogen complexes have been
plague by unobservable T| minimum due to line broadening of the H resonaﬁce or by
solvent restrictions because of the low temperatures. The line broadening may result
from a dihydrogen/dihydride equilibrium or from efficient spin-spin relaxation times (73)
due to the low temperatures. Solution NMR studies of these complexes at higher
magnetic fields should therefore benefit from the increased sharpness of the H; resonance
resulting from increases in 7] and T3 along with an increase in the temperature of the T}
minimum. The higher magnetic fields may allow the observation of a decoalescence of
the Hj resonance if a dihydrogen/dihydride equilibrium is in effect.

There is an increasing amount of empirical6-9 and theoreticall® evidence that an
inverse relationship exists between the Jyp value of the HD complex and ryy (Chapter
3). Determination of ryy from the Jyp value has the advantage that correction factors
conceming the rotation regime of the dihydrogen ligand and other sources of relaxation
do not have to be considered.!1.12 However, the growing availability of NMR
spectrometers with high magnetic fields increases the possibility of observing the effects
of partial alignment with the magnetic field of the complex in solution. Low
temperatures, when combined with relatively high magnetic fields, may enhance the
partial alignment, thereby affecting the relaxation data and the observed spin coupling
values.

Partial alignment of a transition metal dihydrogen complex with the magnetic
field in solution NMR has been observed. Collman and coworkers have reported a

unique transition metal dihydrogen compound, Ruy(H7)(DPB)(*Im), (DPB = 1,8-bis[5-
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(2,8,13,17-tetraethyl-3,7,12,18-tetramethyl)porphyrin]biphenylene, *Im = 1-tert-butyl-5-

phenylimidazole) that has two porphyrin rings that are parallel to each other and
perpendicular to the Ru-Ru axis.!3

The extensive aromatic ring system of this complex provides for a large anisotropic

diamagnetic susceptibility leading to a significant degree of alignment in the magnetic

field. The partial orientation allows for the observation of residual dipolar H-H and H-D

couplings in high field solution NMR spectra of Ruy(H,)(DPB)(*Im); and
Ruy(HD)(DPB)(*Im),.

Results and Discussion

High Field Effects on Relaxation Rates. Assuming that the molecule is

tumbling isotropically in solution and that the rate of relaxation of the dihydrogen ligand

is primarily due to the homonuclear dipolar interaction (Rgp), the observed rate of

relaxation for a proton is given by eq 4.1.11

1 3w*h? A 47,
20 58 | 1+t 1 + 40t

(4.1)
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The rate of relaxation is proportional to the inverse sixth power of the distance between
the hydrogen nuclei, therefore the maximum rate of relaxation can be used to calculate
the H-H distance in the dihydrogen ligand. Since the Larmor frequency is directly
proportional to the strength of the magnetic field, ® = YyB,, the maximum rate of
relaxation (minimum value of T) is expected to occur at higher temperatures with
increases in magnetic ﬁelds and the T) minimum value will also increase in direct

proportion with an increase in field (Figure 4.1).
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Figure 4.1. Simulated T} (ms) versus temperature (K), assuming the
homonuclear dipole interaction as the dominant source of relaxation with
ruy of approximately 1.00 A at 200, 300, 500, and 750 MHz.

High Field Effects on the Relaxation Rate of [Os(H2)(PPh3)2(bpy)(CO))2+
(3a). Variable temperature studies of the spin-lattice relaxation (7) of the dihydrogen
resonance of [Os(H2)(PPh3),(bpy)(CO)}(OTf); (3a) (bpy = 2.2"-bipyridine; OTf =
0S0>CF3)? were performed in magnetic fields of 11.75 and 17.63 T (!H: 500 and 750
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MHz) to demonstrate the effects of magnetic field strength on the relaxation rate with

~ Ph Tlom,
M"'»_I ...\Co
PPh,H
3

respect to temperature.

The measured T of the dihydrogen resonance in 3a exhibits a minimum value of 15.2 ms
at 263 Kinan 11.75 T field (!H: 500 MHz). With the assumption that the H> ligand is
in the slow rotation regime, ryy is calculated to be 1.03 A.9 The T minimum of the
hydride resonance in the monohydride precursor to 3a, [OsH(PPh3),(bpy)(CO)]OTf (2a)
was found to be 500 ms at 247 K (500 MHz). The relaxation of the hydride resonance
resulting from the homonuclear dipolar interactions in 2a must be entirely due to the
ancillary coligands and the metal center. This 7; minimum value indicates that the other
dipolar interactions contribute approximately 3% to the rate of relaxation of the protons
in the dihydrogen ligand in 3a.

The T minimum of the dihydrogen resonance of 3a at 750 MHz is found to be
25.2 ms, which is approximately 10% longer than the expected value of 22.8 ms as
extrapolated from the 500 MHz data.? Typical error occurring in the measurement of the
temperature and the T values accounts for less than half of this observed difference. The
temperature of maximum relaxation was found to be essentially identical to that

previously reported at SO0 MHz (Figure 4.2).9
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Figure 4.2. Variable temperature relaxation studies of the dihydrogen
resonance of [Os(H)(PPh3)2(bpy)(CO)]2* (3a) performed in magnetic
fields of 11.75 and 17.63 T (IH: 500 and 750 MHz) (CD2Cl3).

Since the expected increase in temperature of the T} minimum did not occur and the T
minimum is longer than expected, other sources of relaxation may now be significant and
seem to be affecting the observed rate (Rops). The unexpected behavior was manifested
by an increase in magnetic field strength, indicating that partial alignment of the molecule
with the magnetic field may be occurring.

Chemical Shift Anisotropy Effects on Rates of Relaxation. Anisotropic
diamagnetic susceptibilities may provide significant interactions with the magnetic field
and affect the relaxation rate if the anisotropic diamagnetic susceptibility is large enough.
Rcsa is dependent on the square of the magnetic field strength (B,) and the molecular
diamagnetic susceptibility (eq 4.2).14

23 2

YW Bo Ncsal 21,
R = (AX)Z 14— —
CSA 15 "3 1+ %2 (4.2)
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Where the quantities Ay = Xz - (Xx + Xy)/2 and &), = xx - Xy are the anisotropy and
asymmetry of the diamagnetic susceptibility tensor, respectively and ncsa = 3(830)/2(Ay).
The molecular axes are chosen such that IAyl > &y where x, y, and z represent the
molecular axes in relation to the laboratory axes.

The bracketed term involving the correlation time of the molecule will display a
similar response to the variations in temperature as the related térm for Ryy in eq 4.1 and
will reach a2 maximum value when wt = 1.15 However, at low temperatures when the
molecule is in the slow rotation regime, ®2t:2 » 1, and the correlation term reduces to
2/w2tc, Resa will actually be independent of field strength since @ = YB,. At high
temperatures when the molecule is in the fast rotation regime, ®2t.2 « 1, the correlation
term reduces to 21 but Rcsa will be dependent on the magnetic field. The general shape
of the Ty versus temperature curve due to Rcsa will initially decrease with an increase in
temperature, reach a minimum and then increase as what is observed for the T} versus
temperature curve for Rgyy. However, at low temperatures the curves represented by
increasing fields will now converge and at higher temperatures where the relaxation times

are field dependent, will possess shorter T values as the field is increased (Figure 4.3).
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Figure 4.3. Simulated T (ms) versus temperature (K) for CSA
contributions to the relaxation rate at 200, 300, 500, and 750 MHz.

Anisotropic Rotational Diffusion. When the non-random reorientation of the
molecule is significant, the reduced spectral density function (J(®)) for the rate of

relaxation is given by eq 4.3.14

@) 25%t, 2(1- 8
a) = e ——— ———————
1+ a2 * 1+ *3)

Where § is the anisotropic degree of alignment of the molecule (vide infra), T! =1."1 +
1:32", and Ty, is the correlation time of the rotation of the H; ligand around the M-H;
axis. This will result in having a greater effect on the rate of relaxation when the degree
of alignment increases are due to a change in Ay of the molecule, higher magnetic fields,
or lower temperatures (vide infra).

High Field Effects on the Relaxation Rates of Related Compounds. To
support our contention that partial alignment of [Os(H2)(PPh3),(bpy)(CO)]2* (3a) with

the field was affecting Rops rather than uncertainties in measurement, we investigated a
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similar complex with a ligand environment that lacks significant anisotropic diamagnetic
susceptibility (Ay) and a complex with a larger molecular Ay than 3a. From the absence
of ligands with significant Ay in [Re(H)(P‘Pr3)2(CO)3]BAr's (11) (Ar' =3,5-
(CF3)2C6H3),16 we would predict that this complex should show no influence due to
partial alignment effects on the relaxation rate of the H; resonance with variations of the

magnetié field strength.

T studies of the dihydrogen resonance in 11 as a function of temperature were performed
at 500 and 750 MHz. The T} minimum at 500 MHz was found to be 9.7 ms. This value
extrapolates to an expected 7} minimum of 14.6 ms at 750 MHz, which matches the
observed value. The expected increase in temperature of the 71 minimum with the

increase in field was also observed (Figure 4.4).17
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Figure 4.4. Variable temperature relaxation studies of the dihydrogen
resonance in [Re(H)(P‘Pr3)2(CO)31* (11) performed at 500 and 750 MHz
(CD2Cly).

Variable temperature T studies of an analogue of 3a,
[Os(H2)(PPh3)(phen)(CO)](OTf)2 (10a) (phen = 1,10-phenanthroline) were performed
in various magnetic fields to investigate the effects caused by an increase in the

anisotropic diamagnetic susceptibility due to the phenanthroline ligand.

= PPhs (o,
M’n..,'I Ly Co

I
PPhy
10a
The observance of double minima at 500 MHz was unexpected, but is consistent with our
contention that 10a should show greater alignment with the field and thus affecting the
rate of relaxation. At lower field (200 MHz), the calculated H-H distance in the H;
ligand from the T| minimum value for 10a is identical, as expected, to the distance

determined for 3a (1.03 A).9 However, the flatness of the curve (at 200 MHz) suggests

that Rygy may not be the dominant interaction, and that the low temperature is enhancing
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the effects of alignment. At 750 MHz the T data exhibit a curve with a single minimum

(Figure 4.5).
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Figure 4.5. Variable temperature relaxation studies of the dihydrogen

ligand in [Os(H;)(PPh3)(phen)(CO)]2+ (10a) performed at 200, 500, and
750 MHz (CD,Cl»).

Solution NMR and the Observation of Dipolar Couplings. Zilm and
coworkers have used solid state NMR to measure the dipolar coupling (Dyg) of the
hydrogen atoms in the H; ligand in several transition metal dihydrogen complexes.4 The
H-H bond length in the dihydrogen ligand can be determined with a high degree of

accuracy from the dipolar coupling (eq 4.4).18

(4.4)

Since an internuclear H-H distance of | A produces a dipolar coupling of 120 kHz,
deviations of a few hundredths of an angstrom will result in observable changes of tens of

kilohertz. In solution NMR, the rapid molecular tumbling normally averages the dipolar
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tensors with respect to the magnetic field so that the dipolar couplings are not observable.
However, an incomplete averaging of the dipolar tensors will result in small residual
dipolar couplings that may be observable in solution NMR if the anisotropic degree of
alignment, IS;l, is large enough (eq 4.5).1°

AxBe?
15KT

S, = <% cos?6- %> =g (4.5)

Where, @ is the angle between the magnetic field direction and the axis of the maximum
diamagnetic susceptibility of the molecule, Ay is the anisotropy of the effective molecular
diamagnetic susceptibility, g, is a correction factor for intermolecular interactions (in a
dilute solution in a solvent where Ay =0, then g, = 1), k is the Boltzmann constant, and T
is the absolute temperature. The degree of alignment for molecules experiencing random
tumbling gives (3/2 cos26 - 1/2) = 0, but as alignment occurs (3/2 cos20— 1/2) # 0, with
fully oriented molecules having values of -1/2 or +1. Partial alignment of diamagnetic
molecules in magnetic fields of 10~14 T typically have (3/2 cos28 - 1/2) values of
10-6-10-5.19 The diamagnetic susceptibilities of aromatic organic compounds have been
measured20 and the molecular anisotropy can be estimated fairly accurately from the sum
of the anisotropies of the ligands (eq 4.6), where g is the angle between the molecular z

axis and the normal to the plane of the rings.20a

Ay = Ay (-g cos?g, - %) (4.6)

When the molecular axes are such that §y # 0, then the asymmetry term for the degree of

alignment (Sx — Sy) is shown in eq 4.7.

2 . 2 _ 8y By?
E(Sx-sy) =<sm 6cos2¢> = 5AT 4.7
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High field solution !H NMR spectra of dihydrogen complexes that align with the field
may exhibit a residual dipolar coupling of the hydrogen atoms in the H ligand (eq 4.8).19

2

W h
Dy = - 3 cos26.-1) +
27[2fHH3 [SZ (2 cos 92 2

—3 (Sx - Sy) (sinzezcoschxy)l (4.8)

Where .92 and ¢xy represent the angles between the molecular axes and the H-H
internuclear axis. If the line widths are narrow enough, this coupling may be observed as
a small splitting of the H; resonance with the frequency difference of the doublet given

by eq 4.9.19
Avp = —3 Dy
D 5 H (4.9)

The HD resonance in the |H NMR spectrum of the partially deuterated analogue will
exhibit a coupling that is comprised of the field independent spin coupling (/gp) and the
field dependent residual dipolar coupling (Dyp) given by equation 4.10.!9

Ave = Jp + Dwp (4.10)
Since the residual dipolar coupling is proportional to the square of the magnetic field
strength, the measurement of the H-D coupling at several field strengths allows the
straightforward determination of the sign and the magnitude of Dyp and the magnitude
of Jyp. Plotting the total splitting versus the square of the NMR frequency will produce
a linear relationship with the intercept of the y axis (zero field) yielding the magnitude of
JHD, while the slope of the line affords the sign of the dipolar coupling. Since the one
bond Jyp (and Jyy) is always positive,’ a negative slope indicates a negative Dyp (and

Dyn) and a positive slope is indicative of a positive value of the dipolar coupling.
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Partial Alignment Observed in HD Complexes. The HD complexes
[Os(HD)(PPh3)2(bpy)(CO)}(OTf), (3a-d}), [Os(HD)(PPh3)2(phen)(CO)J(OTf) (10a-d)),
and [Re(HD)(P?Pr3)2(CO)3]BAr's (11-d}), were studied in several magnetic fields to
determine the field dependence of the total splitting of the HD resonance.

g

N,

PPhy© PPhy O PiPr

~, [ (OThH PPh, (o) piPr.
g&%l co—l C e 1™ o 360—13”‘
> N
D

3a-d, 10a-, 11-4,
Since the bidentate ligands are rigidly bound to the metal center, a greater degree of
alignment should result at higher fields. Due to the similarity of the complexes, the spin
coupling of the HD complexes is expected to be the same for 3a-d| and 10a-d;, with only
the field dependent residual dipolar coupling exhibiting the influence of alignment with
respect to magnetic field strength. The maximum difference in the anisotropic
diamagnetic susceptibility (Ay) of these complexes can be estimated by the difference of
the measured values of the anisotropic diamagnetic susceptibilities for the bipyridyl and
phenanthroline ligands.2! Assuming the contribution of the triphenylphosphine ligands
to the Ay, of the molecule is the same for both complexes and that the molecular z axis is
defined by the P-Os—P axis, the maximum difference in the molecular anisotropic
diamagnetic susceptibility is 1.34 x 10-28 cm?3 and the maximum difference in S, is 6.75
X 106 measured in a magnetic field of 17.63 T at 298 K. The larger value of IAy| of 10a-
d) in comparison to 3a-d| is expected to add to the observed effects of alignment. The [J
+ D]yp of the HD resonance in 3a-d| measured at 750 MHz is 25.52 (+0.02) Hz and in
10a-d; is 25.90 (£0.05) Hz. Careful measurement of the total splitting in other fields
allows the determination of the sign and magnitude of the residual dipolar coupling
(Dup) and the magnitude of the spin coupling (/yp) for these complexes. The field

independent value of Jyp is found to be +25.10 Hz in both complexes (Figure 4.6). At



108

750 MHz the values of Dyp in 3a-d; and 10a-d; are +0.42 Hz and +0.80 Hz,
respectively. The inverse linear relationship between Jyp and ryy allows the H-H
distance of the dihydrogen ligand in 3a and 10a to be calculated as 1.02 A (Chapter

3).22.23
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Figure 4.6. Total splitting, [J + Dlyp, of [Os(HD)(PPh3)2(bpy)(CO)]2+

(3a-dp) and [Os(HD)(PPh3)(phen)(CO)}2+ (10a-d)) versus the square of
the NMR frequency. Values of [J + D]yp were measured at 200, 500, and

750 MHz (CD,Cl,).

The plot of the total splitting of the HD resonance in [Re(HD)(PiPr3),(CO)3]+
(11-dy) versus the square of the NMR frequency is shown in Figure 4.7 and indicates that

the magnetic field has no effect on the H-D coupling.
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Figure 4.7. Total splitting, [J + DJyp, of [Re(HD)(P®Pr3)2(CO)3]*+ (11-d})
versus the square of the NMR frequency. Values of [J + D]yp were
measured in fields of 200, 500, and 750 MHz (CD7Cly).

We can estimate the residual dipolar coupling of 3a and 10a at 750 MHz since
Dyy should be Dyp times Yy/Ayp or +2.7 Hz for 3a and +5.2 Hz for 10a. The splitting of
the Hj resonances in the !H NMR spectra are therefore only expected to be 4.1 Hz for 3a
and 7.8 Hz for 10a at 750 MHz and thus were not detected due to the relatively broad
lines observed for the dihydrogen resonances in 3a and 10a (line widths are in excess of
70 Hz).

According to equation 4.8, the internuclear H-H distance of the H> ligand can be
calculated if the anisotropy and asymmetry of the diamagnetic susceptibility of the
complex can be accurately ascertained, which allows the measurement of the alignment
with the field. This will provide another method for the determination of ryy in the Hy
ligand to verify the distance calculated from 7'} minimum data or from the Jyp value of
the HD complex. Alternatively, the use of solvents with high viscosity or that have a
significant anisotropic diamagnetic susceptibility coupled with the use of chelating

ligands that possess a more extensive aromatic system will increase the partial alignment
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with the magnetic field. This increase in the alignment in the field may be large enough
to observe residual dipolar H-H couplings of neighboring protons in the chelating
nitrogen ligand in the dihydrogen complex or in the monohydride precursor.24 The
dipolar coupling and the known distance between the protons will provide the magnitude
of the alignment parameters in eq 4.8. The alignment parameters can then be used in
conjunction with the residual dipolar coupling of the hydrogen atoms in the H3 ligand in
the dihydrogen complex to determine the H-H internuclear distance. However, due to the
extreme acidity of 3a and 10a (Chapter 3), the choice of solvents is severely limited. The
synthetic route to these complexes (Chapter 2) allows the straightforward addition of a
variety of chelating ligands so that the size of the aromatic "raft” can be systematically
adjusted. Other synthetic routes will need to be developed to provide a template for a
dihydrogen complex that will be lower in acidity if a different solvent is necessary to
enhance the partial alignment with the magnetic field.

Partial Alignment with the Magnetic Field in Other Reported Dihydrogen
Complexes. The extensive aromatic ring system of Ru(H2)(DPB)(*Im); prompted
Collman and coworkers!3 to study the complex at high field with the expectation that

they would be able to observe the effects of partial alignment.
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The narrow line width of the dihydrogen resonance enabled the observation of a doublet
with a splitting of 7.37 Hz in a 14.57 T field (!H: 620 MHz). Since the splitting of the
H> resonance is 3Dyy/2, the residual dipolar coupling at 620 MHz is +4.91 Hz. The
determination of the sign of the coupling was accomplished by measuring the field
dependency of the H-D coupling of the partially deuterated analogue,
Ruy(HD)(DPB)(*Im);. !H NMR spectra of the HD complex were recorded at varying
magnetic fields and the residual H-D dipolar coupling was found to be -0.93 Hz at 620
MHz which also indicated that the sign of Dyyy is negative.

The orientation of the H» ligand with respect to the molecular axis was
determined by eq 4.8.202 Due to the symmetry of the complex, the asymmetry degree of
alignment term (Sx — Sy) = 0 and 6, is the angle between the internuclear H-H axis and
the molecular z axis. Substituting the known values along with the Dy obtained from
the 'H NMR spectrum at 620 MHz yields eq 4.11.

( 3 cos?g, - 1 )

2 2 4.11)

= -0.309 x 1024 cm™3

3
HH
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Plotting 6 ,versus the internuclear H-H distance (A), produces two curves that correspond
to positive or negative values of Dyy. Since the sign of the dipolar coupling was found
to be negative, and using the T; minimum value that was obtained at a lower magnetic
field (132 ms, 400 MHz) to calculate an H-H bond distance (1.21/1.53 A, fast

rotation/static regimes),!!-5 they determined that the H; ligand is oriented at right angles

to the molecular axis (Figure 4.9).26
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Figure 4.8. Plot of the possible values of 8, versus ryy for
Ruz(H2)(DPB)(*Im),.

Examples of Possible Partial Alignment with the Magnetic Field. Other
examples of partial alignment of transition metal dihydrogen complexes with the
magnetic field have not been reported. However, the vast majority of dihydrogen
complexes? have ancillary ligands that have significant anisotropic diamagnetic
susceptibilities, such as triphenylphosphine, that may have a considerable effect due to
partial alignment in high magnetic fields or at low temperatures. The temperature

dependence of the rotation around the P-C and the M-P axes could induce the occurrence
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of partial alignment with the magnetic field with decreases in temperature, thereby
affecting the observed T and Jyp data.2”

Some reported cases of anomalous behavior concerning relaxation data and Jyp
values may have been due to partial alignment of the complex with the magnetic field.
Relaxation data have been used extensively for the determination of the H-H distance in
the H ligand of transition metal dihydrogen <:-omplexes.2 Morris and coworkers have
attempted to determine the barrier to rotation of the Hj ligand with the use of the "fast”
rotation model of the spectral density function in the homonuclear dipole interaction

relaxation rate equation (eq 4.12).28

Te
0.75 T
3yt 0.251, 2+ 'ty
RHH = + = +

201tfHH6 1+ 0)21(:2 1+ a2 —_—

2+ tHz/—tc

Te
3 T
Te (2 + H2/1:c>

1+ 4022 ¥ Tc 4.12)
1+4 2+ g
C,

Where 1 is the correlation time of the molecule and TH, is the correlation time of the
rotation of the Hj ligand around the M-H3 axis. With this two parameter model and the
known correlation time of the molecule, they proposed that the correlation time of the
dihydrogen ligand can be determined from the shape of the T} curve. Since an Arrhenius
equation can be written for the correlation time for the rotation of the Hj ligand, THy =
AeE¥/RT, the activation barrier for the rotation of the H, ligand could also be determined.
Using the activation parameters for the molecular correlation time determined from
relaxation measurements of the methylene hydrogens in the dppe backbone in

[Os(H2)Cl(dppe)2]* (dppe = 1,2-bis(diphenylphosphino)ethane) and equation 4.10, they
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calculated the activation parameters of the rotational correlation time of the Hz ligand at
500 MHz. However, using these activation parameters they were not successful at
generating the calculated T} curves that match their observed data for the complex
recorded at 300 and 400 MHz at temperatures of 175-300 K.¢6 They propose that the
rotation of the H ligand may be better described as "hopping"” between orientations
instead of free spinning.2 However, the magnitude of these fields in conjunction with
the low temperatures, may enhance the partial alignment with the field of the phenyl
groups in the phosphine ligands. This partial alignment may result in significant
contributions to the rate of relaxation of the H; resonance which may explain the
observed behavior.

Other examples of anomalous behavior involve the HD analogue,
[Os(HD)Cl(dppe)2]* and two other complexes, [Os(HD)Cl(dcpe)2]* (dcpe = 1,2-
bis(dicyclohexylphosphino)ethane)¢ and [Ru(HD)Cp*(dppm)]* (dppm =
bis(diphenylphosphino)methane),30 show temperature dependent Jyp values. The H-D
couplings increase with an increase in temperature for the complexes
[Os(HD)Cl(dppe)2]* and [Os(HD)Cl(dcpe)2]*, and decrease in value with an increase in
temperature for [Ru(HD)Cp*(dppm)]+.6 To account for the increase in Jyp value with an
increase in temperature, they proposed a rapid equilibration between a dihydride and a

dihydrogen species with the dihydrogen tautomer dominant at higher temperatures.

H H
LnM/ = L M—
H H

The Jyp values would be the weighted average of the two species and increase with
temperature. However, the NMR spectra exhibited no other evidence to support this
theory. They also pointed out that if this were the case, then the 7) measurements at low

temperatures should show a much longer relaxation time, due to the influence of the
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dihydride tautomer, than was observed. The decrease in the H-D coupling for
[Ru(HD)Cp*(dppm)]* was proposed to be a thermal property of stretched dihydrogen
complexes, that an increase in temperature causes the H-D bond length to increase
resulting in a decrease in Jyp.3® However, the temperature range employed is not likely
to be large enough to cause the thermal excitation necessary to account for the behavior.3!
An alternative explanation for these anomalous observations is partial alignment
with the magnetic field that is being enhanced at the lower temperatures. This hypothesis
would require the complexes, [Os(H2)Cl(dppe)2]* and [Os(H2)Cl(dcpe)2]*, to have
negative dipolar couplings and [Ru(H2)Cp*(dppm)]* to have a positive dipolar coupling.

Conclusion

The proximity of the hydrogen atoms in the H; ligand in transition metal
dihydrogen complexes provide for dipolar couplings of 100-300 kHz as measured by
solid state NMR.* Such large couplings allow the possibility of observable residual H-H
and H-D dipolar couplings in solution NMR that are five orders of magnitude smaller.
Accurate measurement of the total splitting of the HD resonance is important since the
effect is small and the observation could be easily overlooked. Low temperatures,
combined with relatively high magnetic fields, may eﬁhance the partial alignment,
thereby affecting the relaxation data and the observed spin coupling values. The field
dependence of Jyp values or 7| minimum studies should be considered in the
determination of the H-H bond distance. The growing availability of NMR spectrometers
with high magnetic fields increases the possibility of observing the effects of partial
alignment in solution.

The observations presented here demonstrate that partial alignment can have a
small but significant effect on the solution NMR parameters of transition metal

dihydrogen complexes with commonly employed coligands. Such observations of field
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dependent partial alignment are not restricted to complex porphyrin ligands.!*> The design
of dihydrogen complexes with significant anisotropic diamagnetic susceptibilities may
provide a third method for the determination of the bond length in the Hj ligand to

collaborate distances obtained from Jyp values or 7} minimum data.

Experimental
General procedures

The general procedures followed are outlined in Chapter 2. The syntheses of the
cationic hydride precursors and the dicationic dihydrogen complexes are described in
Chapters 2 and 3. Dilute solutions of the complexes (typically < 4.0 x 10-2 M) were used
to prevent concentration effects for the NMR experiments concerning the relaxation
studies of the dihydrogen complexes and the total splitting measurements of the HD
complexes. The same sample was used for each measurement of the total splitting of the
H-D coupling at different magnetic fields and was temperature equilibrated at 298 K.
The same sample of the corresponding dihydrogen complex was used for the variable
temperature !'H relaxation studies at 200, 500, and 750 MHz to prevent any concentration
dependent errors. Methylene chloride-d; was used as the solvent (Ay = 0) to prevent
anisotropy effects due to the solvent for the H-D coupling measurements and the
relaxation studies. Proper acquisition parameters and processing of the spectra resulted in
spectral resolutions typically better than + 0.05 Hz. The determination of the total
splitting was accomplished by expansion of the region of the triplet splitting of the HD
resonance in the lH NMR spectra and then taking the average of the splitting of the outer
resonances.

[Re(HD)(PiPr3)2(CO)3)(BAr's)!6 was prepared by published methods from
[Re(PPr3)2(CO)3)}(BAr'4) that was generously provided by Dr. Catherine Radzewich.
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Chapter 5

Investigation of Possible Dihydrogen/Dihydride
Equilibrium

Introduction

In 1994 Taube and coworkers reported NMR and low temperature neutron
diffraction data for [Os(H2)(en)2(OAc)](PFs¢) (13d) (en = ethylenediamine, OAc =
CH3COO").! The low temperature neutron diffraction data show an intact dihydrogen
ligand bonded sideways in an N2 fashion with the osmium metal center and is oriented
parallel to an axis bisecting the ethylenediamine ligands. The H-H bond distance in the
H; ligand as determined from the neutron diffraction study is 1.34 A, almost twice the
distance in Hp gas. This is in sharp contrast to the neutron and low temperature X-ray
diffraction data of the neutral tungsten complex W(H>)(PPr3)(CO)3; by Kubas which
indicate that the H-H axis lies roughly parallel to the P~-W-P axis? and solid state NMR
data that indicate a "normal” H-H bond length of 0.89 A.3

The reported! 7| minimum of 13d in CD30D is 61 ms (233 K, 400 MHz) and the
Jup value of 8.1 Hz in the HD analogue [Os(HD)(en)2(OAc)](PFs) (13d-d}) support
such a "stretched" dihydrogen ligand (Chapter 3). The !H NMR spectrum of 13d-d,
recorded at 400 MHz also indicated an isotope shift of the HD resonance of +80 ppb (A
= 3y, — 6up)- This large isotope shift* relative to HD gas (A = +36 ppb)S along with the
apparent elongated dihydrogen bond length suggested to us the possibility of a
dihydrogen/dihydride equilibrium that could account for these observations.

Several theoretical papers have been published concerning the nature of the Os-Hp
interaction$? in the series of dihydrogen complexes reported by Taube and coworkers.!8

However, there is some disagreement about the bonding interaction of the H3 ligand with
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the metal center. Hush and coworkers” have used the experimental data along with
quantum chemical calculations? to support the configuration of these complexes as a
single species dihydrogen complexes. The calculations show that an unusually flat
potential energy curve exists resulting from strong electronic coupling between a cis-
dihydride tautomer and a dihydrogen species. This leads to a single minimum potential
energy surface indicating the existence of the H2 complex 6nly. This also implies that the
stretching force constant in the H> ligand is very low which agrees with the observation
of large changes in the Jyp values corresponding to changes of the ligand, L, trans to the
H; ligand. Recently, Maseras and coworkers® have used the "atoms in molecules” model
of Bader and coworkers!0.11 to locate the chemical bonds, as electron density, between
the metal center and the hydrogen atoms of a known dihydrogen complex and a known
dihydride complex and two complexes having an elongated H; ligand (one of which is
13d). This study supports the classification of 13d as a dihydride with a close H-H
interaction but not as an intact dihydrogen ligand.

The existence of a continuum of Jyp values ranging from 21 Hz to 8 Hz is
consistent with the classification of these species as dihydrogen complexes only or as
complexes that are experiencing a rapid dihydrogen/dihydride equilibrium. Evidence of
such an equilibrium would be the existehce of a temperature dependence of the isotope

shift and in the H-D coupling of the HD complex.4d

Results and Discussion

Equilibrium Between a Dihydrogen and a Dihydride. An equilibrium between
[Os(H2)(en)2L3(2+2) and [Os(H),(en);L4(2+2) (LZ = various neutral or anionic ligands
with z =0 or -1) should be observable in the temperature dependence of the isotope shift
of the HD complex and also in the Jyp value even if a decoalescence of the resonance

was unobservable in the !H NMR spectrum of the H; complex. A single species
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dihydrogen complex will have a distinct chemical shift for the Hj resonance and the
corresponding HD complex is normally expected to have a Jyp value of 20-34 Hz.12 A
single species cis-dihydride complex will have a distinct chemical shift for the hydride
resonance and a Jyp value < 3 Hz for the HD analogue.!3 The temperature dependence
of the isotope shift evolves from the equilibrium population difference between a
dihydrogen configuration and a dihydride form in the Hj complex and in the HD éomplex
(egs 5.1 and 5.2).

H A _H
LM— —= LM (5.1)
H N
H
X y
H A _H
LaM—| — L.M ~ (5.2)
D D
x' y'

The Boltzmann factor, A defined as e-AE/RT in the Hj species should not have the same
temperature dependence profile as the corresponding Boltzmann factor, A', in the HD
complex due to intrinsic isotope effects. The observed chemical shifts of the Hp
resonance and the HD resonance would be a weighted average of the actual chemical
shifts for the dihydrogen resonance and the dihydride resonance, where x, y, x’, and y' are

the relative concentrations of the different forms (eq 5.3 and 5.4).

O, obs = X8y, + Yoy

8H2 + A8H (5.3)
1+A
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SHD obs = X, + ¥Y'Ou
= w 54
1+A
In egs 5.3 and 5.4, 8y, and 3y denote the actual chemical shifts of the dihydrogen and
hydride resonances, respectively. The observed isotope shift is the difference of the

observed chemical shifts of the H; resonance and the HD resonance which is expected to

be temperature dependent (eq 5.5).

B, + Ady 8, + A'dy
Haobe ~hooke= T T TIIA

A=A (8, + &) 55

(1+A)(1+A)

A similar expression can be written for the H-D coupling equilibrium between a
dihydrogen complex and a dihydride that also indicate a dependency with temperature (eq
5.6)

Vo + Aol (5.6)
1+A

JHD obs =

Where JHD obs is the observed H-D coupling and !Jyp and 2/ypdenote the one- and
two-bond coupling between the hydrogen and deuterium nuclei in the dihydrogen and
dihydride, respectively.

Synthesis of [Os(H2)(en)2L1(X2) [X = BPhy, OTf, BAr's, PFg (12a-d)] (L=
H,0 or solvent; Ar' = 3,5-(CF3)2CgHs). The synthetic route to the dihydrogen
dications [Os(H2)(en)>L]2* (12a-d) (L = H,O or solvent) begins with the reduction of
Os04 to the Os(VT) species K3[Os(0O)(OH)4). The potassium osmate is reacted with
ethylenediamine dihydrochloride to form the dioxo dichloride species [Os(O)2(en)2]Cla.
Silver triflate (AgOTT) is added to generate [Os(O)2(en)2](OTf); and AgCl. The dioxo
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complex [Os(O)2(en)2](OTf); is finally reduced to Os(II) with a zinc/mercury amalgam
under acidic conditions followed by addition of sodium tetraphenylborate to precipitate
the dihydrogen dication [Os(H3)(en);L](BPhs); (12a) (L = H20 or solvent) (Scheme
5.1).

T2

(o}
OsO4 -K—OI:L K2[OsO4(OH)2] EH, HO" “ ~OH
orA || °~oH
0
en-2HCI l
o |12 o —](ch2
HgN.,,,,g .NH AgoOTt HoN..,. cl>l ~NH2.
S S
cHzN/ [ ‘NH; (H 1 wn)
(0] o)
1. HOTf/H0O
Zn/Hg
2. NaBPh,
HTH | (BPhe)2
HgNu,,.I .NH2
(HQN/TS‘ NH L = H20, solvent
L
12a
Scheme 5.1

The 'H NMR spectrum of 12a shows two broad resonances for the amine protons (3
+5.52 and +3.83) and two multiplets for the methylene protons (8 +2.39 and +2.08) as
well as a broad Hj resonance in the hydride region (8 -13.57).82.14 The "open”

coordination site frans to the Hj ligand is very labile and can be occupied by a solvent
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molecule or a variety of other ligands including the counter ion if it can coordinate and
compete with the solvent (Chapter 3).

The complex, [Os(H2)(en)2L](OTf), (12b) is prepared by the reduction of the
dioxo species, as shown in Scheme 5.1, followed by neutralization of the acidic mixture

with 2,6-di-rerr-butyl-4methylpyridine (Stang’s sponge) (Scheme 5.2).

— oT
I (L HiH ] O
H2Nh ” ‘\NH Zn/Hg (:2Nh.h s..\\NHz
(H N | ‘NH? ?,N’Cf ‘NHZ)
o)
IN\ -
2 12b

L = H20, solvent
Scheme 5.2
Similar conditions were used (Scheme 5.1) to prepare [Os(H2)(en);L](BAr's),
(12c¢) substituting NaBAr'4 after the reduction of the dioxo complex to precipitate 12c.
The preparation of the PFg complex [Os(H2)(en);L](PFg); (12d) followed the synthetic
route reported by Taube and coworkers with the substitution of the dianion in 12a with

PFg using TIPFg (Scheme 5.3).82

HTH | (BPha) PE HrH | (PFe)2
(HQNI, wNH2 6 . (HgNh.,_ ls,.-\NHg
H?_N’ ‘NHZJ HoN" | NH
L
12a 12d
Scheme 5.3

Table 5.1 compares the |H NMR data for the complexes, 12a-d, and suggests that the

coordination ability of a solvent molecule in the trans position is more effective than X.
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Table 5.1. 'H NMR Chemical Shifts for [Os(Hp)(en);L}(X).2

X ONH, SCHE OH, solvent

BPh4 12a +552 +3.83 +2.39 +2.08 -13.57 CD;0D
OTf 12b +583 +4.14 +2.54 +2.22 -13.51 CD30D
BAr'4 12¢ +5.83 +4.14 +2.55 +2.33 -13.51 CD30D
+4.54 +3.93 +2.80 +2.33 -13.87 CD2Clh
+4.26 +3.83 +2.80 +2.23 -13.87 CDFCl,

PFg 12d +5.70 +3.99 +2.54 +221 -13.39 CD3;0D
@ [n ppm recorded at 300 MHz.

Synthesis of [Os(H2)(en)2(0Ac)](X) (X = OTT, BAr'4, (13b,c)). The acetate
complexes are prepared by the reaction of the dihydrogen dications, 12b,¢, with lithium

acetate in a methanol solution (Scheme 5.4).

H—H _I X2 H-H —I )

(HaNh.,. Is"“ NH2 LiOAC HaNh.,_é ..\\NH
S
HoN" ‘NH} (HZN’ [ NH
L OAc
12b,c 13b,c
Scheme 5.4

Partial Incorporation of Deuterium into the H; Ligand. A sample of
[Os(H3)(en)2(OACc)](OTf) (13b) was dissolved in methanol-ds and monitored by 'H
NMR for a period of 2 weeks. During this time no deuterium incorporation into the Hj
ligand was observed. However, a methanol-dy4 solution of 12b was found to partially
incorporate deuterium into the Hz ligand over the course of 10 days to generate
[Os(H2)(en)2L](OTf),:[Os(HD)(en)2L](OTf); in an approximate 50:50 ratio. By reacting
this mixture with LiOAc. a 50:50 mixture of 13b:13b-d; is produced.
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Table 5.2. ITH NMR Chemical Shifts for [Os(HD)(en);L](X); (12-d}) and
[Os(HD)(en)2(0A0)I(X) (13-d}).2

X SHD Jup(Hz) A8 (ppb)®  solvent
OTf 12b-d;  -13.56 8.3 +48 CD0D
BAry 12¢d;  -13.56 9.1 +47 CD30D

-13.92 90  +59 CDsCly
-13.93 9.3 +56 CDECl,
OTf 13b-d;  -12.84 9.2 +92 CD50D
BArs 13cd;  -12.82 8.3 +86 CD40D

4 In ppm recorded at 300 MHz. ¢ &y, — Sup.

Variable Temperature Studies. The H-D coupling and the isotope shift (AS) of
the HD dications [Os(HD)(en),L](OTf), (12b-d1) and [Os(HD)(en);L)(BAr's); (12¢-di)
were examined by variable temperature !H NMR spectroscopy. If a rapid equilibrium
between a dihydrogen and a dihydride in these complexes was occurring, there should be
an observable change in the parameters Jyp and AS that is temperature dependent (eqs
5.5 and 5.6). The variable temperature results of 12b-d; (300 MHz, CD3OD) indicate
that there is a temperature dependence of the Jyp value (Figure 5.1). However, the

isotope shift (Ad) remains unchanged throughout this temperature range.
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Figure 5.1. The value of Jyp in [Os(HD)(en);L](OTf)2 (2b-d;) versus
temperature (300 MHz, CD30D).

The variable temperature study of 12¢-d} (300 MHz, CD,Cl,) measured in the same
temperature range as 12b-d; shows no temperature dependence of the H-D coupling or of
the isotope shift. The similarity of the complexes by !H NMR shows that the nature of
the anion, OTf- or BAr'y-, does not greatly affect the chemical shifts indicating the anion
is not coordinating at the site trans to the H ligand at room temperature (Table 5.1). A
reasonable explanation of this change in behavior in response to temperature may be due
to an increased ability of the OTf" anion to coordinate trans to the Hj ligand at lower
temperatures. The observed Jyp would reflect the equilibrium between OTf" and a

solvent molecule as the ligand trans to the H> ligand.

Conclusion
The dihydrogen complexes, [Os(H2)(en);L3(2+2) reported by Taube and
coworkers!-82.15 a]| have elongated H-H bonds in the Hj ligand as determined by T;

minimum or Jyp values#2 (Chapter 3). The H-H distance in the Hj ligand of one



129

compound, [Os(Hz)(en)2(OAc)]* has been determined by neutron diffraction to be 1.34
A,! almost twice the distance in H; gas. The temperature dependence of the H-D
coupling and of the isotope shift of the HD resonance from the H; resonance was
investigated. An equilibrium between a dihydrogen species and a dihydride should show
observable changes in these parameters due to isotopic perturbation of equilibrium.4d.16
The lack of a temperature dependence of the isotope shift in 12b-d} and 12¢-d| indicates
that an equilibrium between a dihydrogen and a dihydride tautomer is most likely not

occurring and these are single species complexes.

Experimental

General Procedures. The general conditions that were followed are described in
Chapter 2. All manipulations involving the dihydrogen complexes were performed using
Schlenk, vacuum line, and dry box techniques. The zinc/mercury amalgam was prepared
from granular Zn (2 g, 20 mesh) which was washed with 3 M HCl and treated with a
saturated aqueous HgCl» solution for 30 min.!7 The preparation of NaBAr'4 followed

published procedures.18 For the dicationic dihydrogen complexes, L = H20 or solvent.

K2[0sO2(OH)]. A glass ampule of OsO4 (1 g, 3.9 mmol) was broken and dropped into
a 100 mL beaker containing 50 mL of cold aqueous KOH (619 mg, 11.0 mmol) and
dissolved. The addition of a small amount of ethanol (= 5 mL) to reduce
K2[0sO4(OH)3], caused the color of the red solution to immediately change to purple.
The solvent was removed via a rotary evaporator and the solid was placed under dynamic

vacuum overnight.

[0s(0)2(en)2]Cl2.15 A minimum amount of H>O (= 80 mL) was added to dissolve the

K3[0sO2(OH)4] and added dropwise to aqueous solution (minimal amount of HyO = 10
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mL) of ethylenediamine dihydrochloride (2.62 g, 19.7 mmol). The solids are collected on
a glass frit and dried in vacuo. Yield 788 mg (49% based on OsOg).

[0s(0)2(en)2](0S02CF3)2.82 [Os(O)a(en)2]Cl2 (788 mg, 1.9 mmol) was dissolved in
water and 2.0 equiv of silver triflate AgOSO2CF3 (992 mg, 3.9 mmol) was added slowly
to the solution. The solution was filtered using a fritted glass funnel and a golden yellow

solution was obtained and then dried by a rotary evaporator. Yield 1.150 g (95%).

[Os(H2)(en)2L]1(BPhg)2 (12a).82 [Os(O)2(en)21(0OSO2CF3); (514 mg, 0.80 mmol) was
dissolved in 10 mL of water (previously sparged with Ar) and triflic acid (HOTY) (0.9
mL, 10 mmol) in an 150 mL Schlenk flask. While under a flow of Ar, a zinc/mercury
amalgam (2 g) was added to the solution and stirred for approximately 3 h, during which
time the color of the solution changed from yellow to dark purple and back to yellow.
The reaction mixture was filtered and NaBPhy4 (712 mg, 2.1 mmol) was dissolved in 10
mL of water and added dropwise to the yellow solution via syringe. The white
precipitate was transferred via cannula to a fritted glass filter and dried in vacuo. 'H
NMR (CD30D): § 5.52 (4 H, NH3), 3.83 (4 H, NH>), 2.39 (4 H, CH3), 2.08 (4 H, CH>),
-13.57 (2 H, Os-H>).

[Os(H3)(en)2L}(0SO2CF3)2 (12b). Prepared as above for 12a except 10 mL of an
aqueous solution 2,6-di-terr-butyl-4-methylpyridine (Stang's sponge) (470 mg, 2.3

mmol) was added via cannula to the solution and stirred for 30 min (instead of addition of
NaBPhg). The solution was transferred via cannula to a fritted glass filter and the solvent
was reduced using dynamic vacuum. The addition of diethyl ether (30 mL) resulted in

the precipitation of ivory solids which were dried in vacuo. !H NMR
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(CD30D): 3 5.83 (4 H, NH>), 4.14 (4 H, NH}), 2.54 (4 H, CH3), 2.22 (4 H, CH}), -13.51
(2H, Os-H>).

[Os(H3)(en)2L](BAr'4)2 (12¢) (Ar' = 3,5-(CF3)2CgH3). Prepared as above for 12a
using 10 mL of an aqueous suspension of NaBAr'4 (904 mg, 1.0 mmol) in place of
NaBPhs. 'H NMR (CD30D): 8 5.83 (4 H, NH3), 4.14 (4 H, NH>), 2.55 (4 H, CH}>),
233 (4 H, CHY), -13.51 (2 H, Os-H)).

[Os(H3)(en);L](PF¢)2 (12d). Two methods were used to generate 12d. Method A:
Prepared as above for 12a using an aqueous solution of NaPFg (0.2 M, 10 mL). The
volume of the solution was reduced to = 3 mL and 50 mL of diethyl ether was added.

The resulting solids were collected and dried in vacuo. Method B: [Os(H3)(en);2](BPhs)>
(12a) (201 mg, 0.21 mmol) was dissolved in 5 mL of acetone and a 5 mL acetone
solution of TIPFg (152 mg, 0.44 mmol) was added. The white precipitate was removed
by filtration and the solution was reduced in volume to 3 mL and treated with 50 mL of
diethyl ether. The resulting solids were collected and dried in vacuo. 'H NMR
(CD30OD): 8 5.70 (4 H, NH3), 3.99 (4 H, NH>), 2.54 (4 H, CH3), 2.21 (4 H, CH}>), -13.39
(2 H, Os-H>).

[Os(Hz2)(en)2(0A0)I(X) [X = 0SO2CF3, BAr's (13b,c)).! Lithium acetate dihydrate
(100 mg, 0.98 mmol) was dissolved in methano! (2 mL) and transferred via cannula to a
methanol (5 mL) solution of 12b (99 mg, 0.16 mmol) or 12¢ (100 mg, 0.15 mmol). The
reaction mixture was stirred for 30 min and SO mL of diethyl ether was added. The
precipitate was collected of a glass filter frit and washed with diethyl ether. 'H NMR

(13b, CD30D): 8 5.46 (4 H, NH3), 4.60 (4 H, NH3), 2.46 (4 H, CH>), 2.01 (4 H, CH>),
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2.05 (3 H, CH;C00), -12.75 (2 H, Os-H3). (13¢, CD30OD): 8 5.44 (4 H, NH),4.57 (4
H, NH3), 2.46 (4 H, CH>), 2.14 (4 H, CH>), 2.14 (3 H, CH2COOQ), -12.73 (2 H, Os-H3).

Deuterium Incorporation into [Os(H2)(en);L](X)2 [X = OSO2CF3, BAr'y (12b,c)]
and [Os(H2)(en)2(0A¢)I(X) [X = 0SO2CF3, BAr's (13b,c)]. The HD analogues 12b-d;
and 12c-d; were prepared by allbwing the NMR samples (CD30D or D;0) of 12b,c to
stand at room temperature for 2 to 10 days. The HD complexes 13b-d| and 13c-d| were
prepared by dissolving 12b,c (= 300 mg) in CD3OD for a period of 10 days and using the
resultant mixtures of 12b;12b-d and 12¢;12¢-d] to react with lithium acetate as

described above. 'H NMR (12b-dj, CD30D), & -13.56 (t, Jup = 8.8 Hz, Os-HD, AS = 48
ppb). 'H NMR (13b-d}, CD30D), §-12.84 (t, Jup = 9.2 Hz, Os-HD, AS = 92 ppb).
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Notes to Chapter S.

1 Hasegawa, T.; Li, Z.-W_; Parkin, S.; Hope, H.; McMullan, R. K_; Koetzle, T. F.;
Taube, H. J. Am. Chem. Soc. 1994, 116, 4352-5356.

2 Kubas, G. J.; Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.; Wasserman, H. J. J.
Am. Chem. Soc. 1984, 106, 451-452.

3 Zilm, K. W_; Millar, J. M. Adv. Magn. Opt. Reson. 1990, 15, 163-200.

4 Reported isotope shifts in dihydrogen complexes are generally < 40 ppb, reported
exceptions are: (a) AS =+60 ppb for [Fe(H2)H(tetraphos-II)]* (tetraphos-II =
tris[2-(diphenylphosphino)ethyl]phosphine). [Bianchini, C.; Peruzzini, M.;
Zanobini, F. J. Organomet. Chem. 1988, 354, C19-C22.] (b) A3 = +90 ppb for
Ru(H72)(OEP)(THF) (OEP = octaethylporphyrin), +130 ppb for
Os(H2)(OEP)(*Im) (*Im = 3-tert-butyl-4-phenylimidazole), and -200 ppb for
Ru(H2)(DPB)(*Im); (DPB = 1,8-bis[5-(2,8,13,17-tetraethyl-3,7,12,18-
tetramethyl)porphyrin]biphenylene). [Collman, J. P.; Wagenknecht, P. S.;
Hutchison, J. E.; Lewis, N. S.; Lopez, M. A_; Guilard, R.; L'Her, M.; Bothner-By,
A. A.; Mishra, P. K. J. Am. Chem. Soc. 1992, 114, 5654-5664.] (c) AS = +200
ppb for [Ta(H2)Cp2(CO)]*. [Moreno, B.; Sabo-Etienne, S.; Chaudret, B.;
Rodriguez, A.; Jal6n, F.; Trofimenko, S. J. Am. Chem. Soc. 1994, 116, 2635-
2636.] (d) Ad =-228 ppb for Ir(H2)HTp(PMe3)]*. [Heinekey, D. M.; Oldham,
W. I, Jr. J. Am. Chem. Soc. 1994, 116, 3137-3138.]

S Evans, D. F. Chem. Ind. 1961, 1960.
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APPENDIX

Compilation of 1H and 31P {aromatic 1H} NMR Chemical Shifts and Coupling
Constants
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