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University of Washington
Abstract

Synthesis and NMR Properties of Dihydrogen-Hydride
Complexes of Rhodium and Tridium

by Warren James Oldham, Jr.

Chairperson of the Supervisory Committee: Professor Dennis Michael Heinekey
Department of Chemistry

Addition of one equiv. of a tertiary phosphine ligand to toluene solutions of
TpM(CyHa )z (Tp = hydridotris(1 -pyrazolyl)borate; M = Rh, Ir) yields trigonal
bipyramidal TpM(PR3)(C2Hg) complexes in which the phosphine ligand occupies the
axial site and the ethylene ligand lies in the equatorial plane. Hydrogen readily
displaces the respective ethylene ligands through thermally accessible square planar
(sp) (M2-Tp)M(PR3 )(C; Hy) intermediates to form TpM(PR3)H; complexes and free
ethylene. Chemical evidence for the unobserved sp intermediate is obtained upon
reaction of TpIr(PPh3)(C;Hy) with excess PPhs, which gives an equilibrium mixture
of starting material and (N, C5, N-Tp)Ir(PPh3 };H, formed via cyclometallation of a
pyrazolyl arm of the Tp ligand (Keq=0.1). Protonation of TpM(PR3)H, complexes
affords fluxional dihydrogen-hydride complexes, which reveal only a single hydride
resonance at all accessible temperatures in the | H NMR spectrum. Short T} (min)
values of 21-22 ms (Ir) and 7 ms (Rh) indicate an H-H bond length of 0.88-1.11 A in
the iridium complexes and 0.73-0.92 A in the rhodium complex depending on the
relative rate of Hj rotation. In the case of the iridium complexes, partial substitution of
the hydride positions with deuterium or tritium results in large temperature dependent
isotope shifts and resolvable Jy.p or Jy.T coupling. Analysis of the chemical shift
and coupling data as a function of temperature is consistent with a preference for the

heavy hydrogen isotopes to occupy the hydride rather than the dihydrogen site.
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CHAPTER 1

INTRODUCTION TO TRANSITION METAL
DIHYDROGEN COMPLEXES

The discovery of the first stable dihydrogen complexes by Kubas in 1984 has
sparked a flurry of research activity in several laboratories around the world, including
our own at the University of Washington. As a result of this work the number of
dihydrogen complexes reported in the literature now totals in the hundreds. Examples
from every metal in the vanadium, chromium, manganese, iron and cobalt triads are now
known.? Recently a dihydrogen complex of platinum has been reported.? Generally the
dihydrogen ligand is supported by a soft ligand environment composed of CO, PR 3,Cp
and/or hydride co-ligands. More recently workers have investigated the possibility of
isolating nitrogen supported dihydrogen complexes.*’ By far the most common
electronic configuration of stable dihydrogen complexes is d6.2 Examples of d2, d4, and
d® complexes have been reported since the field was last reviewed in 1993.38-12 Some
representative examples are shown in scheme 1.1.

Bonding Model. The bonding in these complexes has been described using a
model that is reminiscent of the familiar concepts developed to describe binding of
ethylene and other related ligands. '3!3 The H-H o orbital donates electron density to an
empty metal d orbital of ¢ symmetry. This interaction is augmented by back-donation
from filled metal d orbitals to the ¢* orbital of H. Generally the back bonding
component has been viewed to be weak, but it has been difficult to separate the ¢ and =
components of the metal-dihydrogen bond. Both -donation and n-back bonding serve to
weaken the H-H bonding interaction. If back bonding is efficient then complete oxidative
addition to afford a metal dihydride complex is expected. Heinekey has argued that the 7t

contribution to the overall metal-dihydrogen bond strength is relatively unimportant.
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This argument is based in part on a direct comparison between W(PR3)2(CO)3(H3) and
[Re(PR 3)2(CO)3(H2))[B(Ar)4] (R = Cy or iPr).!6 Consistent with Heinekey’s
interpretation, the positive charge in the rhenium case does not seem to compromise the
binding affinity of the rhenium center for dihydrogen. The presumably greater
electrophilicity of the rhenium complex may result in a stronger metal-dihydrogen bond
relative to the neutral tungsten complex. However, quantitative hydrogen affinity studies
have been hampered by the lack of a suitable solvent which is compatable with both the
tungsten and rhenium systems.!” Eckert has employed inelastic neutron scattering to
measure the barrier to hydrogen rotation for a number of d6 dihydrogen compexes. '8 In
all cases the barrier to hydrogen rotatation is between 0.5 and 2.4 kcal/mol. It is difficult
to determine the overall stabilization provided by m-back bonding from this measurement
because some degree of back bonding is expected in all rotational orientations in d6

complexes. Very recently Chaudret and coworkers have successfully prepared the first d2



3
dihydrogen complexes in which the hydrogen rotational barrier may be directly related to

the stabilization resulting from m back bonding.89 Two separate resonances for the two

rotamers of the dihydrogen ligand in [Cp,Nb(HD)(PMe2Ph)]+ were observed at low

3 \ +.PMezPh é\ +wPMe,Ph

g w0
@: D %H

Endo H ExoH
Scheme 1.2

temperature (203 K) by 'H NMR spectroscopy . A rotational barrier of 11.0 kcal/mol
was estimated at the coalescence temperature from the low temperature limiting chemical
shifts (A% = 0.8 ppm). The Nb-H; bond strength is unknown in this system. If the W-H>
bond strength in W(PiPr3)3(CO)3(H>) (25 kcal/mol) !9 is comparable then m-back bonding
can be estimated to account for about one-half to one-third of the total metal-dihydrogen
binding energy. The back bonding observed in the niobium complex can be taken as an
upper limit since this complex is very close in energy to the corresponding dihydride
complex.

Characterization.  Definitive characterization of dihydrogen complexes is a
challenging problem. Reliable metrical data for transition metal hydride ligands can only
be obtained from single crystal neutron diffraction data. This experiment is, however,
limited by the requirement for large high quality crystals and by the very small number of
neutron diffraction facilities which operate around the world. To compensate for this
deficiency a number of spectroscopic methods have been employed to distinguish
between classical and nonclassical hydride complexes. The most common and routinely
applied techniques are derived from NMR spectroscopy. Vibrational spectroscopy (IR

and Raman) has figured less prominently because vibrations expected for a dihydrogen
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ligand are often too weak for detection. In contrast rotational transitions associated with

a spinning dihydrogen ligand are readily identified by inelastic neutron scattering. '8
Structural information can also be obtained by solid state NMR spectroscopy, however
most labs are not equipped with the required instrumentation and expertise to routinely
employ this tool. 2 In general, two solution phase ! H NMR measurements have been
carried out to characterize dihydrogen complexes. These are (1) determination of the spin
lattice relaxation time (T 1) of the dihydrogen resonance and (2) observation of JH-D
coupling for the partially labeled H-D complex. In our own lab, we have relied heavily
on these two measurements to infer hydride structure. In order to appreciate the results
presented in chapter 3, an introduction to these techniques is included here.

1H NMR Spin Lattice Relaxation Time (T;). The T method first proposed by
Crabtree has been developed into a powerful characterization tool in the study of
dihydrogen complexes.2! The short H-H bond length of the dihydrogen ligand results in
rapid dipole-dipole relaxation (short T1). Because dipole-dipole relaxation is
proportional to the inverse sixth power of the internuclear distance, the measurement of
T; values can in principle allow the definitive detection of dihydrogen complexes by a
simple solution NMR method. To a first approximation, the relaxation behavior of the
dihydrogen ligand is described by eq 1.1, where vy is the magnetogyric ratio of hydrogen,

@ is the larmor frequency, r is the internuclear H-H bond length, and 1. is the rotational

3y h? T, 4T
Ry-w=11T,= IOHr6 {l+ lw? M 1+4rzw2} (1.D

correlation time of the molecule. Because T is temperature dependent, following the
Arrhenius expression, Tl = Ae'E&RT, T also depends upon temperature. At a certain
rotational correlation time, relaxation will be most efficient leading to a minimum T

value. Crabtree and Hamilton first demonstrated that at T j(min), 1. is uniquely defined



so that equation 1.1 can be solved to calculate the H-H bond length. At T j(min), =
0.6158/ or 0.6158/(2rtv ), where v is the spectrometer frequency. Discrepancies between
H-H bond lengths determined by !H NMR relaxation experiments and those obtained by
neutron diffraction or solid state NMR data has been attributed to rapid spinning of the
dihydrogen ligand about the M-H; bond axis. When hydrogen is spinning much faster
than the molecule is tumbling, the rotational correlation time of the molecule no longer
reflects the motion of the dihydrogen ligand. In treating the rotational motion of the
dihydrogen ligand, Morris has adapted Woessner’s equations, which describe the

relaxation of a spinning methyl group.?? Eq 1.1 should be expanded as shown in eq 1.2

3y;a* | 0.25t.  0.75t 0.25t 0.757
R =24 —+ B_1+4 <+ 8 1.2
H=H = "10r® {(l +T0 1+ tﬁwzJ (1 +4720°  1+4720° J} (1-2)

to account for the spinning dihydrogen ligand. The new rotational correlation time, 1/1g
= (2t + 1/tc) where Tp and 1. are the rotational correlation times of the dihydrogen
ligand and of the complex, respectively. If T/Typ is defined as o, then tg = T/(1 +200)

and the bracketed terms of eq 1.2 can be rewritten as shown in eq 1.3. In the limit of fast

0.257 0.75(7. / (1+2a)) 0.257 0.75(t, / (1+2ax))
P ’ 77 |t 77+ T ¢ (1.3)
I+t 1+(1./(1+2a)) @* I+477w° 1+4(r./(1+2a))’'w

3y;p%(0.25)| ¢ 4t
R, , ==& £ — + < 1.4
H-H 10r° 1+ 20’ 1+47°0? (14)

rotational motion of the dihydrogen ligand, eq 1.3 is simplified to eq 1.4. At T} (min), eqs
1.1 and 1.4 may be rearranged to solve for the H-H bond length in the limit of no
hydrogen rotation and in the limit of rapid hydrogen rotation (with respect to molecular

tumbling). These are shown in egs 1.5 and 1.6, respectively.??
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Fyon = 5,815( ] VJ (slow rotation) (1.5)
H-H

176
Fy_y =4.61 ][ l J (fast rotation) (1.6)
H—Hv

The observed rate of relaxation of the dihydrogen ligand is actually the sum of the
mutual dipolar relaxation within the dihydrogen ligand (Rq4.4) and the contributions
resulting from interactions with other dipoles in the molecule (Ro) (i.e. Rip =Rg44 +Ry).
Halpern has shown that quantitative treatment of eqs 1.5 and 1.6 requires that the
relaxation due to the H-H dipole interaction be known explicitly.24 Additionally for a
fluxional polyhydride complex suspected to contain a dihydrogen ligand, the observed
dipolar relaxation rate is the population weighted average of all the hydride sites. The
contribution to the total relaxation from sources other than the adjacent hydrogen atom of
the dihydrogen ligand can be estimated in some cases. For example by measuring the
Ty (min) of a related complex which contains only terminal hydride ligands. In some
situations, a unique structural assignment is not defined by the experimental T (min)
values. Halpern’s study has shown that there is overlap between the range of T 1(min)
values found for classical and nonclassical polyhydride complexes if many hydride
coligands are present or if the metal center contributes to rapid relaxation (e.g. Mn, Co
and Re). Some ambiguity may also result if the H-H bond length of the dihydrogen
ligand is greater than 1.3 A. These factors have been particularly troubling for a family
of rhenium complexes of the form ReH7 (PR 3)2, for which conflicting classical and
nonclassical formulations have been proposed.2!2428 In one case a classical
heptahydride structure was confirmed by single crystal neutron diffraction experiments

(e-g. ReH7(dppe))?, but a similar experiment carried out for Re(H2)H 5(Ptol3 ), revealed a
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dihydrogen ligand with a long H-H bond of ca. 1.36 A.30 These observations point out

the subtle energy differences between the two structural isomers. The rhodium and
iridium dihydrogen-hydride complexes which will be described in this work can,
however, be accurately characterized by this method.

Ju.p Coupling. In general, the most definitive solution-state indicator for the
presence of a dihydrogen ligand is the observation of Jy.p coupling in the 'H NMR
spectrum of the corresponding H-D complex. In most cases, the reported Jy.p coupling
constants for simple dihydrogen complexes are 20 to 35 Hz, reduced from a value of 43
Hz for H-D gas. In comparison, two-bond 2Jy.p couplings in dihydride complexes are
usually less than 2-3 Hz. Within the last few years, so called “stretched” dihydrogen
complexes have been characterized by neutron diffraction experiments.3! The observed
Jup coupling for these complexes can be as low as 4 Hz. In this situation the Jy.p
coupling constant cannot uniquely define the hydride structure. This observation implies
that the observed Jy.p coupling constant for a dihydrogen ligand should be inversely
proportional to the H-H bond length (ry.yy). Consistent with this expectation, plots of
JuD versus ry.y yield a reasonably straight line defined approximately by eq 1.7.3233 In

a timely publication by Hush and coworkers the observed inverse relationship between

rg.H =-0.0163Jg.p + 1.41 (1.7)

Ju-D and ry.y for dihydrogen complexes has been reproduced by computational
methods.3* Curiously, the opposite trend is found for free dihydrogen, i.e. Jg.g initially
increases as the H-H bond is lengthed, then rapidly falls off in the limit of very long H-H
bond lengths.35 Fluxional polyhydride complexes, L yM(Hz)Hp (n 2 1), suspected to
contain a dihydrogen ligand should also display H-D couplings in the | H NMR spectrum

upon partial deuteration, albeit reduced in magnitude due to statistical averaging.
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Surprisingly, retention of H-D coupling in the high-temperature limiting spectrum of

transition metal polyhydrides has rarely been observed.

Isotopic Perturbation of Resonance. Partial isotopic substitution of the hydride
positions of a fluxional polyhydride complex may result in large (> 100 ppb) temperature
dependent isotope effects on the chemical shift of the hydride resonance due to isotopic
perturbation of resonance (IPR). IPR was first developed by Saunders as a tool in the
study of fluxional carbocations.*® Calvert and Shapley subsequently applied this method
in an organometallic system to characterize an osmium cluster containing a fluxional
agostic methyl CessHe++Os bond.37 In this particular case, partial substitution of
deuterium in the agostic methyl group of Os3(CO) jo(1-H)(u-CH3) results in distinct
resonances for the -CH 3, -CH 3D, and -CHD; isotopomers in the |H NMR spectrum. The
isotope shifts, Aj = 8(CH2D) - 8(CH3) and Ay = §(CHD;) - §(CH,D) vary from -340 and
-390 ppb at 35 °C to -550 and -680 ppb at -76 °C. These observations were proposed to
result from isotopic perturbation of equilibria of the type shown in eq 1.8. Analysis of
the isotope shifts allowed calculation of the limiting chemical shifts of the terminal
methyl hydrogen atoms and the bridging agostic hydrogen atom, as well as the energy

difference between A and B. Structure A was found to be 130 cal/mol lower in energy

ngOh goh
AN
(CO)aos\ /Os(CO)a -~ (00)305\ 0s(CO)a (1.8)
H'?-_—H H'%—D
b A
A B

than B, which was rationalized by the greater zero point energy difference between C-H
and C-D in the terminal site. A number of agostic complexes have now been

characterized by this method.3® The isotope shifts resulting from IPR should be
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distinguished from the small (0 to -50 ppb) temperature independent shifts which are

commonly observed for static molecules.? For example, the proton resonance of free
HD (g) is shifted only 36 ppb upfield of H3 (g).%? In the case of dihydrogen complexes,
IPR may result from two different causes. Substitution of the hydride positions with
deuterium may perturb a rapid equilibrium between two different structural forms, for

example an equilibrium between a dihydrogen and a dihydride complex (eq 1.9).

D _H
M—I s M 1.9
H ~p (-9
T VI
| H — I H (1.10)
H D

Alternatively, within one polyhydride structure, this effect may result from nonstatistical
isotopic substitution of two chemically distinct proton sites which are in rapid
equilibrium (eq 1.10). The underlying cause of this perturbation is a change in the energy
difference between equilibrating species upon substitution with deuterium. Differences
in zero point energy between hydrogen and deuterium causes deuterium to favor a
particular structure or hydride site of an equilibrium mixture, thereby altering the original
equilibrium population. In practice eqs 1.9 and 1.10 can be distinguished by comparing
the isotope shifts in the 1H and 2H NMR spectra. In the first type of equilibrium (eq 1.9),
identical isotopomers will be observed at the same chemical shift in both the ! H and 2H
NMR spectra. But the fully protio and fully deuterio isotopomers will be observed at
different chemical shifts. An example of an equilibrium between two different structures
has been characterized using this method by Hartwig in the case of an equilibrium
between a hydridoborate and a boryl complex (eq 1.11).4! In the second equilibrium
situation (eq 1.10), the hydride resonance of the fully protio and fully deuterio complexes

will resonate at the same frequency in the 'H and 2H NMR spectrum, respectively. The
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~H O ‘\ e
szNb—B —— szNb B, (1.11)
D (0]

isotope shifts relative to these species will be in the opposite direction as observed by 'H
and 2H NMR spectroscopy. That is if partial deuteration results in an upfield isotope shift
in the 'H NMR spectrum, then the isotope shift in the 2H NMR spectrum will be
downfield. A literature example of an equilibrium between two different proton sites in
the same structure which has been characterized using both 'H and 2H NMR
spectroscopy is provided by Stone’s investigation of [Fe; (u-CH 3X u-CO)(p-

dppm)Cp; JPFg (eq 1.12).*2 A similar analysis is valid if partial incorporation of tritium

| + | +
Mezj /O\SMez MezFi N PMe2
|
e e —_— Fel—Fe (1.12)
cp~” !/ Cp co— \ / ~~Cp
H_C\H P D—'?\H
H

in the hydride positions is studied by 'H and 3H NMR spectroscopy. A few scattered
reports have invoked IPR to explain unusual isotope effects on the hydride resonance of
polyhydride complexes, however a definitive study of this phenomenon has not been
reported.

Organization of the Thesis. The oxidative addition of hydrogen to a transition
metal complex is a fundamental step in many important catalytic reactions.#345 Because
dihydrogen complexes may be viewed as models of the transition state of H, oxidative
addition, the study of isolable dihydrogen complexes allows for the first time a detailed
examination of species which have only previously been accessible using computational
methods.*® In this thesis the relationship between structure and solution state properties

of rhodium and iridium dihydrogen complexes is investigated. We build on previous
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studies in our group of cyclopentadienyl complexes of the form [CpIr(L)H3]BF4 (L =

tertiary phosphine) which are characterized as classical trihyride complexes.4”48 The
goal of this work has been to stabilize a dihydrogen-hydride ground state structure by
altering the non hydride coligands of the original Cp complexes. Our approach has been
to substitute the Cp ligand with the related hydridotris(1-pyrazolyl)borate (Tp) ligand.
The details of this work are outlined in three chapters. Chapter 2 covers the synthesis,
structure and reactions of TpM(PPh3)(C2H4) (M = Rh and Ir). The utility of these new
complexes as intermediates in the synthesis of TpM(PPh3)H2 complexes is demonstrated.
Chapter 3 describes the preparation and properties of [TpM(L)(H2)H]BF4 (M = Rh and
Ir). In all cases, a facile fluxional process renders the hydride ligands equivalent on the
NMR time scale to the lowest accessible temperature. The presence of a bound
dihydrogen ligand is indicated by short T |(min) values of 7 ms (Rh) or 21-22 ms (Ir).
Partial substitution of the hydride positions with deuterium or tritium results in large
temperature dependent isotope shifts. These observations are novel in polyhydride
complexes and have been interpreted as a manifestation of isotopic perturbation of
equilibria. Chapter 4 relates observations of the first example of cyclometallation of the
Tp ligand. The TpIr(PPh3)(C2Hs) complex is found to react reversibly with excess PPh3
to afford (N, C3, N-Tp)Ir(PPh3),H and free ethylene. A similar reaction involving a

closely related tris(1-pyrazolyl)methane complex is also described.
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CHAPTER 2

ETHYLENEHYDRIDOTRIS(1-PYRAZOLYL)BORATO)
(TRIPHENYLPHOSPHINE) COMPLEXES OF
RHODIUM AND IRIDIUM

The hydridotris(1-pyrazolyl)borate (Tp) class of ligands generally forms stable
metal complexes containing either a bidentate or tridentate array of nitrogen-ligated
pyrazolyl arms.! The subtle interplay between steric and electronic factors which favors
one structure over another is clearly evident in the series of low valent rhodium and
iridium complexes of the form TpR2ML; (L = CO, CNR, or olefin).2? The solution
phase, ground state coordination geometry in these species has been shown to be either

trigonal bipyramidal (tbp) or square planar (sp) or a mixture of both, depending on the

Scheme 2.1

metal center, the substituents of the Tp ligand, and the donor ligands (scheme 2.1 ). The
tbp structure is related to the sp form by simple dissociation of an equatorial pyrazolyl
arm. Since little additional ligand rearrangement is required, this dynamic process is
often observed with only small activation barriers. In fact, a dynamic equilibrium
between tbp and sp structures has recently been carefully examined by Venanzi and
coworkers for an extensive series of rhodium complexes, Tp3R4RSRRh(LL) (LL = 2CO,
NBD, COD).>!0 Solution phase IR spectroscopy of the bis-CO complexes showed that

in certain cases, both tbp and sp forms were present in solution. By altering the
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substituents of the Tp ligand and/or the solvent, it was possible to shift the equilibrium

to favor either five-coordinate tbp complexes or four-coordinate sp complexes. Similar
isomeric mixtures have been observed by Trofimenko and coworkers in more
elaborately substituted Tp3R4R.5RRh(CO); complexes.!! In most cases the solution
phase structure mirrors that determined in the solid state by single crystal x-ray
diffraction. However, small crystal packing forces can favor selective crystallization of
the minor isomer, thereby providing evidence for its existence in solution.!2 The ground
state structure of TpM(C3H4) (M =Rh (1a)!3 and Ir (1b)'415) is not known with
certainty. A static sp or tbp structure is expected to show a 2:1 pattern of pyrazolyl
resonances by !H or 13C NMR analysis. Instead, a fluxijonal process renders the
pyrazolyl arms equivalent at all accessible temperatures. A tbp structure is suggested by
low temperature | H NMR studies of terakis(pyrazolyl)borate analogs, (Bpz4)Rh(LL),
which reveal two pyrazolyl environments in a 3:1 ratio when LL = COD or
duroquinone.* These are assigned to the dynamically averaged pyrazolyl ligands
coordinated to the metal center and to the uncoordinated pyrazolyl arm, respectively.
Likewise, a tbp structure was assigned to TpRh(COD) based on comparison of its !03Rh
NMR chemical shift to a number of related complexes.” Square planar intermediates
have been shown to be thermally accessible, indicated by exchange of free and bound

pyrazolyl groups in (Bpz4)M(LL) complexes (eq 2.1).34!16 Even when this exchange is

@\ < Nl@ @ﬁ?ih‘@
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slow on the NMR timescale, separate resonances for the sp form were not detected. We

estimate that Keq for equilibria of the type shown in eq 2.1 must therefore be less than
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0.05 (AG® > 1.8 kcal/mol). Square planar complexes derived from a similar equilibrium

for 1a and 1b should provide a low energy pathway for substitution reactions. !7-18 For
example, 1a and 1b are found to react rapidly with CO to give [TpRh]; (u-CO)323 and
TpIr(CO),'* respectively. Influenced by these observations, we felt that 1 might be an
appropriate starting material to prepare a variety of phosphine substituted complexes
based on the TpM(PR 3) fragment. Indeed 1a and 1b react cleanly with PPh3 to give
TpM(PPh3)(C2H4) (2a, b). This chapter details the synthesis, solution state structure
and dynamics, and hydrogen addition reactions of the PPh3 complexes, 2a and 2b.
Preliminary results which address the scope of these reactions as a function of phosphine
ligand are also included. Solutions of 2a and 2b react with Hj to yield TpM(PPh3)H>
(3a, b) and free ethylene. Although the ground state structure of 2 is found to be tbp,
kinetic evidence is presented which indicates that sp, n2-Tp complexes are important
intermediates in the formation of 3. Some additional reactions of 2b and related

phosphine complexes are described which begin to define their general reactivity.

Results
Synthesis and Solution State Structure of TpM(PPh3)(C2Hy4). Solutions of

Ia or 1b react at time of mixing with PPh3 to yield 2a or 2b respectively (eq 2.2).

Reactions conducted in sealed NMR tubes (stored at 77 K, then warmed to 195 K

immediately before use) and monitored by | H NMR spectroscopy at low temperature
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(200 K) were complete in less time than it was possible to acquire an NMR spectrum

(less than 2 min). Separate experiments carried out in the same fashion except for
addition of excess ethylene to each NMR tube gave identical results. Solutions of 2a or
2b protected from air and light are stable at room temperature for weeks in common
solvents, although 2a rapidly decomposes in chlorinated solvents. 1a was previously
reported to decompose to a mixture of uncharacterized products upon reaction with PPh3
in CHzClp.2? We find that reaction in any nonhalogentated solvent such as THF,
benzene or toluene results in clean and quantitative conversion to 2a. Concentration of
these solutions and addition of pentane affords yellow or very pale yellow
microcrystalline samples of 2a and 2b respectively. Carmona and coworkers have also
recently reported that TpMe2Rh(CyHy); reacts at 20 °C with CO, PMes, or CNtBu to
yield stable TpMe2Rh(L)(C,H4) complexes in benzene. 1920 TpMe2[r(CyHy); reacts at
60 °C in neat thiophene to yield TpMe2Ir(SC 4H4)(2-thienyl);.2!

The parent bis-ethylene complex, 1b also reacts cleanly with PMes3, PCyjor
PiPr3 to yield the corresponding Tplr(PR 3)(C3H4) complexes. Special care is necessary
in the reaction of 1b with PMe 3 because addition of excess ligand apparently results in
products containing more than one PMej3 ligand (see chapter 4). Nitrogen donor ligands
such as pyridine or NCMe did not react with 1b at room temperature. CN'Bu reacts
with 1b to yield a bright yellow solution of TpIr(CNBu), characterized by analogy to

+2CN'B
TpIr(C;Hy); ————=  TpIrCN'Bu), 2.3)

-2C
b 2Hy

the known TpIr(CO); complex (eq 2.3).!4 The bis-CNtBu complex slowly decomposes
in solution over 24 hours and was not isolated.
Variable temperature 'H and 13C{ 'H} NMR and selected NOE experiments

have been undertaken to establish the solution state structures of 2a and 2b. These data
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indicate that a common tbp geometry is obtained in solution with PPh3 coordinated in

the axial site and ethylene positioned in the equatorial plane. Broad ill defined
resonances for the Tp and PPh3 ligands are observed at room temperature in the 'H
NMR spectrum of 2a. Exchange of axial and equatorial pyrazolyl ligands and rotation
about the Rh—P bond in the intermediate exchange region accounts for these broad lines.
Dissociation of the PPh 3 ligand from the metal center was ruled out as a possible
explanation for the broad aromatic resonances because addition of excess PPhj3 yields
identical lineshapes attributed to the metal complex and sharp multiplets for free PPh3.
Upon cooling, the Tp resonances decoalesce and sharpen into a 2:1 pattern characteristic
of Cs symmetry. Analysis of the temperature dependence of the exchange between axial
and equatorial pyrazoly! ligands using the method of Shanan-Atidi and Bar-Elj 22 gives
an activation barrier for this process of 14.3 kcal/mol at the coalescence temperature of
279 K. Sharp resonances for the PPh3 ligand are observed in a 2:1 ratio below 230 K
indicating slow rotation about the Rh—P bond. Hindered rotation about the Ir-P bond in
the intermediate exchange region is also observed for 2b, although no evidence for
axial/equatorial pyrazolyl arm exchange is detected to 353 K. The activation barrier for
pyrazolyl site exchange in 2b must therefore be greater than 18.4 kcal/mol. The
coupling patterns observed for the respective ethylene ligands in | H NMR spectra are
characteristic of static AA'BB'XY or AA'BBX spin systems (X = 3P and Y = 103Rh)
centered at 1.68 and 0.96 ppm respectively. No change in these patterns is observed
from 193 to 353 K. Computer simulation of the complex ethylene multiplets (fig 2.1
and 2.2) provide the chemical shift and coupling parameters summarized in Table 2.1.
Similar analyses have been reported for related cyclopentadienyl complexes.2324 The
coupling constants for the ethylene ligand of 2b are only slightly reduced from those
calculated for 1b (see experimental section). Results from selective |H NMR NOE

experiments confirm that the ethylene ligand of 2 occupies an equatorial position of the
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Figure 2.1 Observed and simulated TH NMR spectra of the ethylene resonances of
TpRh(PPh3)(CoHy).
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Figure 2.2 Observed and simulated !H NMR spectra of the ethylene resonances
of TpIr(PPh3)(CoHy).

21



22

"E0t-$8E ‘69ZV ‘T961 (uopuo) 20§ Aoy ‘2044 "W 'Y ‘lIPg-udpuky N ‘preddoys woy SonjeA,
.N_UNQUu ‘Bp-gH L, ‘Sungdnod 5»062-:..._3__5 *3unidnod uddospAy-snosoydsoyg,

S¢ 1’6l 9Lt ¥'s o8uejAy)3
. . € d
— — St L S¥ 88 98 88 pS80 po0’t qz vl N
2 /Ih.<—‘..:z
9¢ 8¢ 85 2} se- 2 g8 88 o8E°} 286°1 ez b
OO S S M S v ap (v'e) ¥ (31)vvg punodwo)
(zH) swejsuon Buydnon (wdd) yys reaweyn

("HEO)(“udd)dL 10) 2udl&ing PareuIPICOD) J0j s1d1ouresEy Sutidnoy) pue 1Jiys [EdUY) YN H, ‘T'Z2lqe],



23
tbp geometry. Irradiation of the AA' resonance (1.96 or 1.06 ppm) of the ethylene

ligand gives a strong NOE enhancement of H3 of the axial pyrazolyl arm and to the BB'
(1.38 or 0.85 ppm) ethylene resonance. Irradiation of the BB’ resonance gives an NOE
enhancement of the AA’ resonance exclusively. Since only a single resonance at high
field is observed for the respective ethylene ligands in the 13C{1H} NMR spectra, the
ethylene ligand must lie in the equatorial plane with a mirror plane bisecting the C=C.
The 13C{H} NMR chemical shifts of the ethylene ligand in 2a, b are shifted
significantly upfield to 26.0 and 2.0 ppm respectively. A similar value of 4.1 ppm has
been reported for Cplr(PMe3 )}(C2Hy4).2 The chemical shift of free ethylene, for
comparison, is ca. 123 ppm.

Oro and coworkers have also assigned a tbp structure to TpIr(CO)(C2H4). For
this complex, IH NMR NOE experiments verify that the CO and CyHy ligands occupy
axial and equatorial sites, respectively. The lower limit for ethylene rotation in 2 was
calculated by computer simulation of the experimental spectra to be greater than 19.8
(2a) and 20.8 (2b) kcal/mol. The general observation of hindered ethylene rotation in
d8-ML4(C,Hy) complexes arises from the large decrease in metal(r) to CoHa(t*) back
bonding when CHg is rotated 90° out of the trigonal plane.?628 [n our case the facially
constrained Tp ligand also prevents Berry pseudorotation-coupled ethylene rotation.26
Eisenstein, Caulton and coworkers have postulated that apical CO ligands should
decrease the ethylene rotational barrier by overlap of the CO(rt*) and the CoHy4(1t*) in
the transition state.?° However, the ethylene ligand of TpIr(CO)(C3Hy) has also been
reported to be static on the NMR timescale to 373 K,® which suggests that the ethylene
rotational barriers of 2 are significantly greater than 20 kcal/mol.

Reactions with Hydrogen. Solutions of 2a or 2b react with 1-2 atm of
hydrogen to yield TpM(PPh3)H3 (3a, b) (eq 2.4). Reactions carried out in sealed NMR

tubes and monitored by 'H NMR spectroscopy indicate quantitative conversion to 3a,b
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TpM(PPhy)(C,H,) e TpM(PPh;)H, (24)
2a,b 2 3a,b

with displacement of ethylene. Even after complete conversion to 3, no ethane was
observed by | H NMR analysis. The rates of these reactions as a function of metal center
were found to be essentially identical in THF-dg (tj2 = ca. 30 min). 3is conveniently
prepared in one pot by sequentially reacting 1 with phosphine then repressurizing a
degassed solution with 1-2 atmospheres of H,. Pale yellow (3a) or colorless (3b)
microcrystals are obtained upon addition of pentane to concentrated benzene or toluene
solutions. A similar ethylene displacement reaction has been identified for reaction of
Pt(PR3)2(C3H4) (R = Me or Et) with Hy.30 The hydride ligands of 3a, b are identified in
solution by 'H NMR (CDCl) spectroscopy by their characteristic upfield shifts at
-16.42 (dd, Jp.y = 28.4 Hz, Jryg = 18.9 Hz) and -20.47 ppm (d, Jp.y = 22.1 Hz)
respectively. IR data for these complexes obtained as Nujol mulls show two M—H bands
each at 2092, 2069 cm-! (3a) and 2179, 2139 cm! (3b). Appropriate resonances for the
Tp and PPhj ligands were observed in the !H and 3C{ !H} NMR spectra. Interestingly.
the protons of the pyrazolyl arm positioned trans to the phosphine ligand weakly couple
to the phosphorus nucleus (Jpy = ca. 1-2 Hz). 'H{3!P} NMR experiments confirm that
the origin of the small coupling results from the trans-PPh3 ligand. The effect is most
pronounced at the H4-pyrazolyl position, which is five bonds removed from the
phosphorus atom and is general for the TpM(PR3) fragment described in this work. A
number of Tp complexes are known which also contain phosphine donor ligands,
however long range P-H coupling to the pyrazolyl protons has not been previously
reported.

Determination of the Rate Law for Reaction of 2b with H 2. The rate law for

reaction of 2b with Hj was determined under pseudo first order conditions at constant
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Figure 2.3.  Plot of -In[2b] (a.u.) vs. time (s) for reaction of 2b with H> (+) and D3 (0)

in CDyCl> at 296 K. [2b); =3.51 x 10-3 M; Pys = Pp2=750torr; [Hy]=2.3x 103 M
(kobs(H2) = 4.4 x 104 5°1; kops(D2) = 3.5 x 104 5°1; kp/kp = 1.26 £0.18).
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Figure 2.4.  Plot of In(kops) vs. In[H>] (2 = 0.98) for the reaction of 2b with Hj in
CDCl5 at 296 K. The slope of the line (order in [Ha]) is 1.1 +0.2.
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H3 concentration in the dark. Dilute CD,Cl, solutions of 2b react cleanly with Hj to

form 3b and ethylene. A first order plot of -In[2b] vs. time is nicely linear through three
half lives (fig 2.3). A small isotope effect was observed when the reaction was carried
out with D ( k,g,2 /k,,z =1.26 £ 0.18). Variation of the H pressure from 359 to 750 torr
demonstrates a first order dependence on H concentration (fig 2.4). No apparent effect
on the rate of this reaction was observed when an excess of ethylene was added to the
reaction mixture. A slight acceleration was noted when the reaction was run with a ten-
fold excess of PPh3. A side reaction between 2b and PPh 3 accounts for this observation
(see chapter 4). These results, summarized in Table 2.2, indicate an associative rate law
for reaction of Hy with 2b (eq 2.5). The observed rate constant (kobs) under pseudo first

order conditions is equal to k"[H], where k" is the second order rate constant.

rate = k"[H2][2b] (2.5)

Table 2.2 Rate data for the reaction of 2b with H» in CDyClp at 296K .2

[2b]; x 103 (M) [H]x 103 (M) [other] x 103 (M) Kobs X 104 (s1)

3.51 23 — 4.4
3.51 1.6 — 2.7
3.51 1.1 — 20
3.51 23 35(CaHy) 4.1
3.51 23 36 (PPh3) 5.3
3.51 2.3 ([Dy) — 3.5

aSee the Experimental Section for details of the procedure and estimated
uncertainties.
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General Reactivity. A few reactions of 2b with common laboratory reagents

have been characterized. Addition of one equiv. of HSnBuj to a benzene or CH»Cl>

solution of 2b immediately yields TpIr(PPh3)(SnBu3)H (4) and free ethylene (eq 2.6).

S
TplIr(PPh,)(C,H,) —*——P(I:L:z“ﬁ» TpM(PPh;)(SnBuy)H  (2.6)
"2
2b 4

A total of nine pyrazolyl resonances are observed for 4 by |H NMR spectroscopy,
characteristic of a complex with C| symmetry. Appropriate resonances for the PPh3 and
SnBu 3 ligands are also noted as well as a distinctive hydride resonance at -19.97 ppm.
The hydride resonance exhibits coupling to the PPh3 ligand (Jp_g = 21.6 Hz) and to the
117/119 isotopes of tin (7.7 and 8.6 % abundance, each spin = 1/2). Because the
magnetogyric ratios are nearly equivalent for the two tin isotopes, 3! a single set of tin
satellites (Jsp-H = 87 Hz) is observed which accounts for ca. 16 % of the hydride
intensity. A large Sn-P coupling constant (Jsy—p = 141 Hz) is also observed by 31P
NMR analysis. Complex 4 may find utility as a convenient precursor to a family of
TpIr(PPh3)(R)H complexes by subsitution of the Ir-SnBu3 bond. However, 4 does not
react with Mel under mild conditions to form the anticipated methyl hydride complex.
Addition of HSiEt3 to a CgDg solution of 2b gives no reaction and addition of
HSIiCl3 yields a complex mixture of products which were not characterized. Iodine
reacts cleanly with 2b to form Tplr(PPh3 )5 and ethylene. No reaction was observed
with Mel, di-'butylperoxide or hydrazine under mild conditions and upon heating these
reaction mixtures to 60 °C for several hours, only decomposition products were
observed. The oxidative ethylene substitution reactions observed for the PPh3
substituted complex 2b, contrasts with the reactivity of the bis-ethylene parent, 1b. For

example, 1b reacts with H; or I3 to yield TpIr(C2H4)C2Hs)H and [TpIr(CyHg)o1I]1,
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respectively. [TplIr(C2Hg),I]I reacts in turn with PPhj to yield [TpIr(PPh3)(CoHg)I]L

No reaction was observed between 1b and HSnBuj3.

Methylene chloride solutions of 2b react with HBF 4¢Et70 to yield
[TpIr(PPh3)(C2H4)H]BF4 (5) (eq 2.7), which can be isolated as colorless crystals upon
addition of Et20 and cooling to -30 °C. Spectroscopic data confirm that protonation has
occured at the metal center rather than at a pendant pyrazolyl nitrogen.5 The

characteristic hydride resonance was observed in solution by 'H NMR spectroscopy at

HBF,
TpIr(PPh;(C;H,) ———2%—» [TpM(PPh;)C,HoHIBE, (2.7)

2b 5

-14.64 ppm (d, Jp-y = 15.6 Hz) and in the solid state by IR spectroscopy as a sharp band
at2226 cm-!.

We have observed that benzene-dg solutions of TpIr(PR3 Y(C,Hy) complexes
react when exposed to air to give a new complex with Cs symmetry and free ethylene.
Under controlled conditions, nitrogen and oxygen were added to separate NMR tubes
containing degassed benzene-dg solutions of TpIr(PiPr3 (C2H4). No reaction was
observed with N3, however the reaction with O3 gave the same product which was
observed upon exposure to air. These products are tentatively assigned as dioxygen
complexes (eq 2.8), although this has not been confirmed with supporting spectroscopic

+0

TpIr(PiPr)(C,H,) —_c'HzT’ Tplr(PiPr3)(O,) 2.8)
"2

and analytical data. Reactions carried out in CD,Cl; solutions under otherwise identical

conditions gave a complex mixture of products.
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Discussion

As part of our work in the study of hydride structure and dynamics, we required
a convenient method to prepare TpM(PR3)H> (M = Rh and Ir) complexes.3? The
synthetic methods outlined in this chapter provide these species in excellent yield in
only three steps from the noble metal salts (scheme 2.2). Preliminary results indicate
that this synthetic method is general for a range of phosphine ligands, including bulky

phosphines such as PCy3. Previous syntheses of complexes related to 3 have been

RNCl3*3(H,0) ——  [RN(CH,)oCll; ——— TpRh(CoH,), ——» TpRh(PRy)H,

(NHa)olrClg  ——  [INCOE),Cll, ——— TpIr(CoHs)s ——= TpIr(PRa)H,

Scheme 2.2

reported, *2%5 however these procedures are much less convenient and are unlikely to
become of general use. The ease with which reactions 2.2 and 2.4 occur are in marked
contrast to the analogous reactions of the cyclopentadienyl systems. Thermal
substitution of ethylene by phosphine ligands occurs only with difficulty,36-38 if at al] 39
in (CsR5)M(C2H4)2 (R =H and Me; M = Rh and Ir) complexes. Thermal reactions of
(CsRs)M(PR3)(C;Hy) complexes with Hy are unknown to our knowledge. The
difference in reactivity lies in the facile interconversion between 18 electron tbp and 16
electron sp structures in the Tp system. Solution state structure and dynamics, and
kinetic data are discussed in the following sections to clarify the proposed reaction
mechanisms.

Hydridotris(1-Pyrazolyl)borate Dynamics. A facile dynamic process
serves to exchange the axial and equatorial pyrazolyl ligands of 1 at all accessible

temperatures. We have obtained !H NMR spectra in the fast exchange limit to 130 K in
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CDCILF solutions, indicating a free energy of activation for this process of less than 6

kcal/mol assuming a chemical shift difference of ca. 10 Hz. A number of mechanistic
studies of Tp fluxionality have concluded that pyrazolyl site exchange occurs within the
coordination sphere of the metal without metal-nitrogen bond cleavage. 44043 Berry
pseudorotation (BPR) is commonly proposed to account for dynamic ligand
rearrangements in five coordinate complexes.** However, the steric restraints imposed
by the bridgehead boron atom prevents the Tp ligand from spanning trans-axial sites,
which is required for BPR. A more likely mechanism in this case is turnstile rotation
(TR).%5 The result of TR is rotation of the Tp ligand around the Ms+*B-H axis by 60°.
This mechanism effectively exchanges two axial and equatorial ligands, but leaves one
of the equatorial ligands unchanged. Considering scheme 2.3, conformation A depicts
axial ligands, N(1) and L(5) and equatorial ligands, N(2), N(3), and C;Hy4(4). Rotation
about the Me#esB—H axis of 60° produces conformation B with axial sites now occupied

by N(2) and C;H4(4) and equatorial sites occupied by N(1), N(3) and L(5). Only N(3)
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remains in a chemically equivalent site following TR. When L(5) is CoHg, A and B are

identical. However when L(5) is any other donor ligand, B represents the highest energy
intermediate or transition state along the exchange pathway. A second tumnstile iteration
results in the final structure, C in which axial and equatorial pyrazolyl sites have
exchanged, and the positions of C2Hy4 and L are unchanged from the initial structure A..
The nature of L has a dramatic effect on the activation barrier of the pyrazolyl exchange
process. The activation barriers for the series of complexes, TpIr(L)Y(C2Hg) (L = CoHa,
CO,8 PPh3) are <6, 14, and > 18.4 kcal/mol respectively. The barrier of pyrazolyl site
exchange for L other than C,Hy is a direct measure of the difference in energy between
A and B and increases as the o-donor ability of L increases. On changing the metal
from Rh to Ir in 2, the barrier increases by more than 4.1 kcal/mol. For this problem the
most important difference between Rh and Ir is expected to be the difference in n-back
bonding ability. Back bonding to the ethylene ligand is a stabilizing interaction, in both
an axial or equatorial site. However, a much larger stabilization results when ethylene
occupies the equatorial site. The metal orbital of local T-symmetry in the trigonal plane
is hybridized to offer the greatest spatial and energy overlap with the nt* ethylene orbital.
The absolute stabilization is smaller for Rh than for It as evidenced by the 13C NMR
chemical shifts of the CaHy ligands at 26.0 and 2.0 ppm, respectively. In contrast, 1t-
back bonding to an axial coordinated ethylene ligand (which occurs in B) is expected to
be similar between the two metals because the filled metal orbital of local symmetry is
mostly unhybridized dy.2’

A second dynamic process, distinct from TR, is equilibrium between tbp and sp
structures. It is important to point out that axial and equatorial pyrazolyl arms of a tbp
structure are not exchanged by this mechanism. The research groups of Cocivera and
Oro have previously demonstrated that equilibria of this type are rapid in complexes that

also display rapid TR. Thus complexes of the type, (Bpz4)M(LL) display only one set
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of pyrazolyl peaks at ambient temperature. Data reported by Graham and coworkers

supports the notion that equilibria between sp and tbp structures can also be fast when
TR is slow. Both TpMe2Rh(CO)(C;Hy) and TpCF3. Me Ir(CO)(C,Hy) are assigned sp
structures by a systematic comparison of carbony! stretching bands of related
complexes.>*6 A static sp structure is expected to show a 1:1:1 pattern of pyrazolyl
resonances by 'H and 13C NMR analysis. Instead, a 2:1 pattern is observed, which is
invariant to -80 °C. A dynamic equilibrium with a tbp intermediate effectively
exchanges the uncoordinated pyrazoly! group with only one of the bound ligands (eq

2.9). TR should be slow in the (n3-TpR.R")M(CO)(C, H,) intermediate for the reasons

H e— — N e
/‘E-:{N\?B"N\ P HB.,/N\ P '\?’N\ P
S | ", N
—-’ I,
| v T N ,vi»—\ — /\N—l\lﬁ—\ (2.9)
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discussed above. We propose that a similar equilibrium is obtained for both 1 and 2,
although the tbp form is the more stable isomer. The concentration of the sp form must
be very small because the !H and 13C NMR chemical shifts show no significant
temperature dependence, which might signal a shift in equilibrium concentrations.
Reaction Mechanisms. Complex 1 reacts too rapidly with PPh3, even at
200 K, to study by conventional NMR methods. In comparison the reported halflives
for reaction of (CsHs)M(C2Hy), with excess PPh3 are 67 (Rh)36 and 635 (Ir)38 minutes
at 393K. These complexes react via high energy intermediates by either a dissociative
or associative mechanism.3” The latter pathway appears to be more general and may be
accommodated if ring slip from 1- to n3-CsHs coordination is invoked.4” We propose

that a related process operates in the Tp system. However, in this case 16 electron sp
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intermediates are close in energy. A reasonable mechanism for reaction of 1 with PPh 3
is outlined in scheme 2.4. Nucleophilic attack of the sp intermediate, D forms an
unstable tbp complex, E. According to a computational study of [Ir(PH3)3(C2H4)2]*,
rearrangement to F via Berry pseudorotation is at least 30 kcal/mol downhill. 29
Subsequent loss of an ethylene ligand and coordination of the free pyrazolyl arm yields
2. An alternative pathway in which an ethylene ligand is displaced directly from E is
considered less likely because the resulting structure (see B in scheme 2.3) is known to
be particularly unstable.

Solutions of 2 react cleanly with Hj to give 3 and ethylene. No inhibition of the
reaction is observed in the presence of a large excess of ethylene or PPh3. Dissociation
of these ligands prior to the rate determining step is thus ruled out. The first order
dependence on [H3] and the small isotope effect (1.26 + 0.18) for reactions with Dj are
consistent with oxidative addition of H in the rate determining step. Oxidative addition
of H3 is well known in 16-electron sp complexes of rhodium and iridium and typically

shows a small kya/kpp .48 A structure of this type is obtained if an equilibrium between
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tbp and sp structures is invoked for 2. A mechanism consistent with the experimental

observations is outlined in scheme 2.5. The rate equation derived for this sequence of
steps is shown in eq 2.10. Assuming thatk j >> k2[H3], then this equation reduces to

the observed rate law (eq 2.5), where k” = k 1k2/k 1. This assumption is reasonable

_ kk,[26][H,]
ki +k(H,]

(2.10)
because k 1/k . is small. If H; approaches the face opposite the pendant pyrazolyl arm,
and parallel with the pz-Ir-C,H4 axis, the resulting oxidative addition product, H is
obtained. The ethylene ligand in H is positioned trans to the labilizing hydride ligand
and is also properly situated for rapid displacement by the pendant pyrazolyl arm.
Intermediates related to H have been implicated in the reaction of NaTp with
[(NCMe)3lIr(PMe 3)H2]SO3CF3. Sequential displacement of the three acetonitrile
ligands via (n !-Tp)Ir(PMe 3)(MeCN)2H* and (1 2.Tp)Ir(PMe 3)(MeCN)H,

intermediates, ultimately yields TpIr(PMe 3)H,.32 Eisenberg and coworkers have shown
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that oxidative addition of H> to sp iridium complexes occurs stereoselectively along the

axis containing a nt-acceptor ligand (in this case, ethylene).5® As H, approaches the
metal center, the trans pair of ligands will bend back, forming a tbp intermediate or
transition state which is stabilized by the n-acid ligand in the equatorial plane (scheme

2.6). For reaction of 2 with H», oxidative addition is a favorable reaction. Closely
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Scheme 2.6

related Hy complexes which have been stabilized against oxidative addition are

described in the following chapter.

Conclusion

The synthesis and characterization of TpM(PPh3)(C,H4) has been described.
These complexes provide a convenient entry into hydridotris(pyrazolyl)borate phosphine
chemistry of rhodium and iridium. Hydrogen readily displaces the respective ethylene

ligands through thermally accessible sp (T]Z-Tp)M(PPh3 XC2Hy) intermediates to form
TpM(PPh3)H ; and free ethylene.

Experimental Section

General Methods.  All manipulations were conducted under a dry argon or
nitrogen atmosphere using standard Schlenk and drybox techniques. Argon and nitrogen
were deoxygenated and dried by passage through Chemical Dynamics Corp. R3-11 CuO

catalyst followed by Mallinckrodt Aquasorb containing P20s. Air-sensitive compounds
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were manipulated in an MBraun labmaster 130 glove box equipped with integrated dry

train loaded with copper catayst and molecular sieves. Solvents were purified by
distillation from Na-K-benzophenone (except CH;Cl; from P20s) under a nitrogen
atmosphere. Deuterated NMR solvents (purchased from Cambridge Isotope
Laboratores) were degassed, and stored over CaH (CD2Clp) or Na-K-benzophenone
(C¢Dsg, toluene-dg, THF-dg). Hydrogen (99.999%) and ethylene (99.7%) were
purchased from Airco. Unless stated otherwise all other reagents were obtained from
Aldrich and used as received.

Potassium hydridotris(1-pyrazolyl)borate (KTp) was prepared by the procedure
of Trofimenko.?! RhCl3+3H20 was obtained as a gift from the laboratory of Prof.
Martin Gouterman. (NH4)7IrClg was recovered from laboratory iridium residues
following published procedures.3?

TH NMR spectra were recorded on Bruker AC200, AF300, or WM500
spectrometers and referenced internally to the residual proton resonance of the
deuterated solvent with respect to tetramethylsilane (TMS). 13C NMR spectra were
collected on the AC200, AF300, and WM500 spectrometers operating at a frequency of
50.32,75.46 and 125.76 MHz, respectively, and referenced internally to the solvent. 3!P
NMR spectra were collected on the AC200 and WMS00 spectrometers at frequencies of
81.02 and 202.45 MHz, respectively, and referenced externally to 85% H3PO4. Variable
temperature NMR measurements were performed using the Bruker B-VT1000
temperature control module with a copper-constantan thermocouple. Temperature
calibration was obtained by measurement of the chemical shift difference between the
-CH3 and -OH peaks of a standard methanol sample using the method of Van Geet,53
Line shape analysis of NMR spectra was performed using a modified version of the

DYNAMAR program. The Jy.H coupling constants observed for the pyrazolyl
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resonances are typically ca. 2 Hz and are not explicity reported in the characterization

data which follows.

Infrared spectra were recorded as Nujol mulls between NaCl plates on a Perkin-
Elmer model 1600 Fourier transform spectrophotometer (2.0 cm-! resolution).
Elemental analyses were performed by Canadian Microanalytical Services, Ltd.,
Vancouver, BC.

Synthesis of Complexes.

TpRh(C2Hy)2 (1a). This compound was prepared following the procedure of
Trofimenko'3 from [Rh(C2Hy)2Cl]».5 Yield 60%. 'H NMR (CgDg): 7.59, 7.41 (d, 3
H each, 3,5-pz); 5.90 (t, 3 H, 4-pz); 2.52 (d, JRh-y = 1.6 Hz, 8 H, CaH4). 3C{H}
NMR (C¢De): 139.5, 134.8 (s, 3,5-pz); 105.2 (s, 4-pz); 49.0(d, ] Rh-C = 13 Hz, CoHy).
IR 2461 (vp.y).

TpIr(C2Hy)2 (1b). This compound was prepared following the procedure of
Tanke and Crabtree ' from [Ir(COE);Cll,.55 Yield 88%. !HNMR (C¢Dg): 7.64, 7.35
(d, 3 H each, 3,5-pz); 5.80 (t, 3 H, 4-pz); 2.25 (brs, 8 H, CHyg). BC{ IH)}) NMR
(CeHe): 139.4,134.7 (s, 3,5-pz); 105.6 (s, 4-pz); 29.6 (s, CoH4); 'H NMR (CDCIF,
210K): 7.81,7.70 (d, 3 H each, 3,5-pz); 6.25 (t, 3 H, 4-pz); 2.44, 1.70 (m, AA'XX’
spin system, J s = 9.0, Jirans = 11.3, Jgem =-2.1 Hz, 2 H each, C3H»). IR: 2474 (vgy).

TpRh(PPh3)(C2Hy) (2a). To a 100 mL schlenk flask containing TpRh(CaHy)>
(0.1124 g, 0.302 mmol), PPh3 (0.0825 g, 0.315 mmol) and a teflon coated stir bar was
added benzene (10 mL) by cannula. Vigorous bubbling was observed as the solid
reagents dissolved, producing a bright yellow solution. This was allowed to stir at room
ternperature for 60 min upon which time the volume of the solution was reduced under
vacuum and pentane was added to afford a yellow microcrystalline precipitate, which
was filtered off and dried under vacuum. Yield 160 mg (87%). 'H NMR (toluene-dg):
7.63 (brs, 3 H, 5-pz); 7.40 (brs, 3 H, 3-pz), 7.63-7.18, 6.98 (br m, 15 H, PPh3); 5.82 (t,
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3 H, 4-pz); 2.39, 1.77 (m, 2 H each, C3H4). 'HNMR (toluene-dg, 223 K): 7.81 (m, 4

H, 0-C¢Hs); 7.66 (d, 2 H, 5-PZeq)s 748 (d, 2 H, 3-pzeq); 7.44 (brd, | H, 5-pzay); 7.12
(brd, I H, 3-pzax); 7.03 (m, 6 H, m and p-CgHs); 6.94, 6.68 (t, J = 8.8 and 7.6 Hz
respectively, 2 H each, o and m-CgHs); 6.78 (t,J = 6.5 Hz, 1 H, p-CgHs); 5.83 (t, 2 H,
4-pzeq); 5.77 (m, | H, 4-pz,x); 2.45, 1.83 (m, 2 H each, C;Hg). 'H NMR (THF-dg, 219
K) 7.77 (d, 2 H, 5-pzeq); 7.70 (brs, 1 H, 5-pzax); 7.62 (m, 4 H, 0-CgHs); 7.48 (m, 6 H,
m, p-CeHs); 7.19 (partially obscurred, 1 H, 3-pz,4); 7.18 (d, 2 H, 3-pzeq); 7.14 (4, J =
7.4 Hz, 1 H, p-C¢Hs); 6.87,6.68 (t,J = 7.6, 8.6 Hz respectively, 2 H each, 0 and m-
CeéHs). 6.13 (m, | H, 4-pzax); 5.92 (1, 2 H, 4-pzeq): 1.89, 1.28 (m, 2 H each, CoHy).
13C{!H} NMR (THF-dg): 143.8 (s, 3-pz); 135.5(d, Jp.c =9.8 Hz, o- or m-PPh3);
134.9 (s, 5-pz); 133.1(d, Jp.c =45 Hz, i-PPh3); 130.5 (s, p-PPh3); 128.5(d,J pC =9.6
Hz, 0 or m-PPh3); 104.8 (s, 4-pz); 26.0 (d of d, Jrh.c = 17 Hz, Jp.c =4 Hz, CyHy).
I3C{!H} NMR (THF-dg, 213 K): 143.8 (s, 3 C, 3-pzax +eq)s 135.7(d, Jpc =9.8 Hz, 4
C, 0 orm-PPh3); 135.0(s,2C, 5-pzeq); 134.9 (s, 1 C, 5-pz ax); 132.8(d, Jpc =43.5
Hz, 1 C, i-PPh3); 132.6 (d, Jp.c =46.5Hz, 2 C, i-PPh3); 130.9 (s, 2C, p-PPh3); 130.2
(s, 1 C,p-PPh3); 128.9 (d, Jpc =9.6 Hz, 4 C, 0 or m-PPh3); 128.1(d, Jp.c =8.6 Hz, 2
C, 0o or m-PPh3); 105.2 (s, 1 C, 4-pzax); 104.9 (s, 2 C, 4-pzeq). 3!P{aromatic 'H} NMR
(THF-dg): 57.9 (d of t, JRh.p = 156 Hz, Jy.p = 2.8 Hz). IR: 2468 (vB.H). Anal. Calcd
for CyH9BNg¢PRh: C, 57.45; H, 4.82; N, 13.86. Found: C, 56.42; H, 4.67; N,
13.73.

TpIr(PPh3)(C2Hy) (2b). To a schlenk flask containing TpIr(CaHg)s (100 mg,
0.22 mmol), PPh3 (61 mg, 0.23 mmol) and a teflon coated stir bar was added THF via
cannula. The pale yellow solution was stirred at room temperature for 60 min, then the
volume was reduced under vacuum. A light yellow precipitate was obtained upon
addition of pentane and cooling to -30 °C overnight. This was filtered off and washed

with additional pentane then dried under vacuum. Yield 131 mg (86%). !H NMR
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(CD,Clp, 1t): 7.76,7.21 (d, 2 H each, 3,5-pzeq); 7.69, 7.28 (m and d respectively, 1 H

each, 3,5-pzax); 7.39 (v br, 15 H, PPh3); 6.18 (m, | H, 4-pzax); 5.93 (1,2 H, 4-pZeq);
1.07, 0.85 (m, 2 H each, C2H4). THNMR (CD2Cl, 220 K): 7.76, 7.19 (d, 2 H each,
3,5-pzeq); 7.70,7.23 (brs, 1 H each, 3,5-pz,x); 7.51-7.39 (m, 10 H, PPh3); 7.14 (t,J =
7Hz, 1 H, p-CeHs); 6.88, 6.58 (t, J = 7 Hz, 2 H each, o- and m-CgHs); 6.18 (m, 1 H, 4-
PZax); 5.93 (t, 2 H 4-pzeq); 0.95, 0.75 (m, 2 H each, C3H4). 13C{!H} NMR (CD;Cl5,
rt): 143.5, 134.9 (s, 2 C each, 3,5-pzeq); 135.6, 133.5 (s, 1 C each, 3,5-pzax); 135, 130,
128 (br, PPh3); 105.2 (5,2 C, 4-pzeq); 104.9 (s, 1 C, 4-pzax); 2.0 (s, CHy). 31P{!H}
NMR (CD,Clp): 9.64 (s). 'H NMR (toluene-dg): 7.75, 7.00 (extremly br, 15 H, PPh3);
7.58,7.42 (d, 2 H each, 3,5-pzeq); 7.41,7.26 (d, | H, 3,5-pzax); 5.79 (m, 1 H, 4-pzay);
5.72 (t, 2 H, 4-pzeq); 1.59, 1.35 (apparent q and p respectively, 2 H each, C2H4). IR:
2474 (vp.4). Anal. Calcd for Co9H2BIrNgP: C, 50.08; H, 4.20; N, 12.08. Found: C,
50.71; H,4.43; N, 11.58.

TpIr(PMe3)(C2Hy). This complex was prepared on a small scale by addition of
PMej (1.1 pL, 0.01 mmol) via syringe to an NMR tube containing a CgDg solution of
TpIr(Ca2Hg)z (4.7 mg, 0.01 mmol). 'H NMR (C¢Dg): 7.63, 7.59 (d, 2 H each, 3,5-pzeq):
7.38, 7.28 (m and d respectively, 1 H each, 3,5-pza«); 5.95 (t, 2 H, 4~pzeq); 574 (m, 1
H, 4-pz4x); 1.64, 1.55 (m, 2 H each, CoHyg); 0.99 (d, Jp_y =9.5 Hz, PMe3). 3!P{!H}
NMR (CgDg): -42.5 (s).

TpIr(PCy3)(C2Hy). Prepared as described for 2b. |H NMR (CgDg): 7.99, 7.67
(d, 2 H each, 3,5-pzeq); 7.35, 7.32 (m and d respectively, 1 H, 3,5-pz.y); 6.04 (t,2 H, 4-
PZeq); 5.73(m, 1 H, 4-pzax); 2.55(p,J=4Hz,2H,CyHy); 1.74(q,J =4 Hz, 2 H,
CyHy); 2.23 (brq,J = 11 Hz, PCy3); 2.5-0.8 (extremely broad envelope of PCy3
resonances). 3IP{!H} (C¢Dg): -11.04 (s). IR: 2476 (vg.H). Anal. Calcd for
CoH47BIlNgP: C,48.81; H, 6.64; N, 11.78. Found: C, 48.19; H, 6.46; N, 11.32.
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TpIr(PiPr3)(C2Hy). Prepared as described for 2b. |H NMR (CeDg): 7.95, 7.65

(d, 2 H each, 3,5-pzeq); 7.33,7.26 (inand d respectively, 1 H each, 3,5-pz.y); 5.98 (t, 2
H,4-pzeq); 5.70 (m, 1 H, 4-pz,x); 2.40, 1.70 (m, 2 H each, CaHy); 2.31 (m,3 H,
PCHMe3); 1.04 (v br, 18 H, PCHMe;). 3!P{!H} NMR (CgDg): -3.95 (s). IR: 2455
(VB-H).

TpIr(CN'Bu). This complex was prepared on a small scale in a sealed NMR
tube. Against a counterflow of Ar, CN*'Bu (1.5 uL, 0.013 mmol) was added via syringe
to an NMR tube containing a C¢Dg solution of TpIr(C2H4), (3.0 mg, 0.0065 mmol).
The originally colorless solution was observed to become reddish, then orange, then
bright yellow within a minute. Extensive decomposition was observed if the reaction
was carried out in CD2Cl,. 'H NMR (C¢Dg): 7.91, 7.70 (d, 3 H each, 3,5-pz); 6.06 (t,
3 H, 4-pz); 0.98 (s, 18 H, CN'Bu).

TpRh(PPh3)H; (3a). To a 70-mL glass bomb containing TpRh(PPh 3)(C,H4)
(51.9 mg, 0.086 mmol) and a teflon coated stir bar was vacuum transferred benzene (10
mL). The head space was backfilled with hydrogen (1220 torr) and the flask was
warmed to room temperature and allowed to stir, protected from light for 16 h. The
resulting pale yellow solution was transferred to a schlenk tube and the volume was
reduced under vacuum. Addition of pentane affords off white crystals which were
filtred off, washed with pentane, then dried under vacuum. Yield 45 mg (91%). A
similar proceedure, carried out using toluene as solvent and substituting D5 in place of
H3 provided TpRh(PPh3)D5. 'H NMR (CgDg): 7.92, 7.44 (br and m respectively, 1 H
each, 3,5-pzax); 7.69-7.59 (m, 6 H, PPh3); 7.56, 6.78 (d, 2 H each, 3,5-pzeq); 6.99-6.93
(m, 9 H, PPh3); 5.84 (m, | H, 4-pz,); 5.76 (t, 2 H, 4-pzZeq); -15.68 (dd, Jrp-H = 18.3
Hz, Ip.q =28.7Hz, 2 H, Rh-H). BC{!H} NMR (C¢Dg): 145.8, 1338 (s, 1 C, 3,5-pzax);
142.9,134.5 (s, 2 C, 3,5-pzeq); 135.7 (d, Jpc =48 Hz, i-CgHs); 134.5(d, Jpc =11 Hz,
o- orm-CgHs); 129.9 (d,J =2 Hz, p-C¢Hs); 128.2 (partially obscurred by C¢Dg, o- or
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m-CeHs); 105.1 (s, 1 C, 4-pzax); 104.6 (5,2 C, 4-pzeq). 3!P{aromatic 'H) NMR

(CeDe): 63.8 (dt, JRh-p = 149 Hz, Jy.p =28 Hz). 'H NMR (CD2Cly): 7.70,7.62 (brs
and m respectively, 1 H each, 3,5-pzay); 7.65, 6.50 (d, 2 H each, 3,5-pzeq); 7.44-7.25
(m, 15 H, PPh3); 6.14 (m, 1 H, 4-pz,); 5.88(t, 2 H, 4-pzeq); -16.42 (dd, JRp.iy = 18.9
Hz, Jpy =28.4 Hz, Rh-H). BC{!H} NMR (CD,Cl,): 145.7, 135.4 (s, 1 C each, 3.5-
Pzax); 142.9, 134.8 (s, 2 C each, 3,5-pzeq); 135.1 (dd, Jrh.c =9.8 Hz, Jp.c =47.7 Hz, i-
CeHs); 134.4,128.4(d,Jpc =11 and 10 Hz respectively, o-, m-CgHs); 130.3 (s, p-
CgHs): 105.3 (s, 1 C, 4-pzay); 104.7 (5,2 C, 4-pzeq). 3!'P{aromatic |H} (CD;Cl):
62.3 (dt, Jrnp = 147 Hz, Jp.g =28 Hz). IR: 2475 (vp.g); 2092, 2069 (VRh-H)- Anal.
Caled for C27Hz7BN6PRh: C, 55.89; H, 4.69; N, 14.48. Found: C, 55.59; H, 4.83:
N, 14.12.

TpIr(PPh3)H; (3b). Prepared in toluene solution by a procedure identical to
that employed for the Rh analog. Yield 95%. 'H NMR (CeDg): 8.04,7.35(brsand m
respectively, 1 H each, 3,5-pzay); 7.66-7.59 (m, 6 H, PPh3); 7.49, 6.85 (d, 2 H each,
3,5-pzeq); 6.99-6.95 (m, 9 H, PPh3); 5.75 (m, | H, 4-pzy); 5.67(, 2 H, 4-pzeq);
-19.70 (d, 2 H, Jp. = 23.1 Hz, Ir-H). 3!P{aromatic |H} NMR (CgDg): 18.8 (t, Jp=
22.3 Hz). 'H NMR (CD,Clp): 7.83, 7.63 (br s and m respectively, 1 H each, 3,5-pz,x);
7.66, 6.61 (d, 2 H each, 3,5-pz¢q); 7.39-7.24 (m, 15 H, PPh3); 6.13 (m, | H, 4-pZay);
5.86 (1, 2 H, 4-pzeq); -20.47 (d, Jp.g = 22.1 Hz, 2 H, Ir-H). 13C{!H} NMR (CD,Ch):
146.4, 134.8 (s, 1 C, 3,5-pzax); 143.3,134.7 (s, 2 C, 3,5-pzeq); 1353 (d, Jpc =56 Hz,
i-CeHs); 134.2,128.2 (d, Jpc =10 Hz, o- and m-CgHs); 130.1 (s, p-CsHs); 106.0 (s, 1
C, 4-pzax); 105.2 (s, 2 C, 4-pzeq). 13P{aromatic 1H} (CD2Clp): 16.9 (t, Jp.g = 22.0
Hz). IR: 2481 (vp.H); 2179, 2139 (Vi.H). Anal. Calcd for C27HyBIrNgP: C, 48.44;
H,4.07; N, 12.55. Found: C,48.20; H, 4.01; N, 12.24.

TpIr(PiPr3)H>. This complex was prepared on a small scale in a sealed NMR
tube upon addition of 1 atm of Hj to a CgDg solution of TpIr(PiPr3)(C2H4). 'H NMR
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(C6De): 7.94,7.36 (br and m respectively, 1 H each, 3,5-pzax); 7.66, 7.57 (d, 2 H each,

3,5-pzeq); 593 (t, 2 H, 4-pZeq); 5.70 (t, 1 H, 4-pz4y); 2.06 (sextet, J=7.1 Hz, 3 H,
CHMe3); 1.06 (dd, J = 13.1 and 7.1 Hz, 18 H, CHMe>); -21.67 (d, Jp-H =22 Hz, Ir-H).

TpIr(PPh3)(SnBu3)H (4). Addition of SnBu 3H (19 pL, 0.071 mmol) to a pale
yellow toluene (5 mL) solution of TpIr(PPh3)XCyHy) (47.7 mg, 0.069 mmol) was
observed to result in immediate bleaching to provide a clear colorless solution. The
volatiles were then stripped under vacuum, leaving a colorless oil which was dissolved
in pentane. Reducing the volume of the pentane solution and cooling to -30 °C failed to
yield crystalline material. The pentane was subsequently stripped to give a sticky solid
which was characterized by 'H and 3! P NMR and IR spectroscopy. 'H NMR (C¢Dg):
8.18,7.33 (brs, 1 H each, 3,5-pz trans to PPh3); 7.51, 7.36, 7.04, 6.51 (d, 1 H each, 3.5-
pz): 7.07-7.64 (m, 6 H, PPh3); 7.02-6.96 (m, 9 H, PPh3); 5.83 (m, 1 H, 4-pz trans to
PPh3); 5.79,5.52 (t, | H each, 4-pz); 1.7-0.8 (complex m, SnBu3); -19.97 (d with
117/1198n satallites, Jp.g = 21.6 Hz, Jsp.y = 87 Hz, Ir-H). 31 P{aromatic ' H} (C¢Dg):
9.07 (d with 1171198 satallites, Jp.g = 21 Hz, Jsp.p = 143 Hz). IR: 2477 (vB-H); 2131
(VIr-H).

TpIr(PPh3)l>. This complex was prepared on a small scale in an NMR tube by
addition of I to a CD,Cl; solution of 2b. IH NMR (CD 2Cly): 8.53,7.62(dand m
respectively, 1 H each, 3,5-pz,x); 7.72, 6.77 (d, 2 H each, 3,5-p2Zeq); 7.54-7.39, 7.33-
7.25 (m, 15 H, PPh3); 6.29 (m, 1 H, 4-pz,x); 5.88 (t, 2 H, 4-pzeq). 3'P{IH} NMR
(CD,Cl): -30.8 (s).

TpIr(PMe3)l2. Toa CH,Cly (15 mL) solution of TpIr(PMe3)H; (192 mg, 0.397
mmol) was added N-iodosuccinimide (203 mg, 0.902 mmol) to form a bright yellow
solution. This was allowed to stir under air overnight. The solution was concentrated
under vacuum and methanol added to give bright yellow crystals, which were filtered off

and washed with cold methanol (2 x 5 mL). Yield 214 mg (73%). 'H NMR (CD,ClL):
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8.42,7.63 (d and m respectively, | H each, 3,5-pzay); 8.10, 7.75 (d, 2 H each, 3,5-pzeq):

6.29 (1, 2 H, 4-pzeq); 6.26 (m, 1 H, 4-pzax); 1.79 (d, Jp_y = 10.7 Hz, PMe3). BC{!H)
NMR (CD2Clp): 146.6, 135.5 (s, 3, 5-pzax); 145.4, 136.8 (s, 3,5-pzeq); 106.6 (s, 4-
PZeq); 106.4 (s, 4-pzax); 17.9 (d, Jc-p =43 Hz, PMe3). 3!P{1H} NMR (CD,Ch):
-59.3 (s). IR: 2506 (vp-y). Anal Calcd. for CjoHgBIrI;NgP: C, 19.61; H, 2.61: N,
11.43. Found: C, 19.77; H, 2.53; N, 11.35.

[TpIr(PPh3)(C2H4)H]BF 4 (5). Against a flow of Ar, HBF4°Et70 (4 uL, 0.03
mmol) was syringed into a pale yellow CH2Cl> (5 mL) solution of TpIr(PPh3)(CoHy)
(13.5 mg, 0.019 mmol). The resulting colorless solution was allowed to stir at room
temperature for 10 min, then the volume was reduced under vacuum. Upon addition of
Et20 and cooling, a colorless floculent precipitate was obtained, which was filtered off
and dried under vacuum. Yield 8 mg (53 %). 'H NMR (CD,Ch): 8.02,7.77,7.73 (m),
7.38,7.22,6.79 (d, 1 H each, 3,5-pz); 7.62-7.54,7.43,7.12 (br m, 15 H, PPh3); 6.39,
5.92 (t, 1 H each, 4-pz); 6.28 (m, 1 H, 4-pz trans to PPh3); 3.78, 3.39 (m, 2 H each,
C2Hy); -14.64 (d, Jpu = 15.6 Hz, | H, Ir-H). 31P{aromatic 'H} NMR (CD,Cly): -3.76
(d, JpH = 15 Hz). IR: 2508 (v.g); 2226 (Virx). Anal. Calcd for CogH3gByF4IrN 6P:
C,4447; H, 3.86; N, 10.73. Found: C, 43.46; H, 3.77; N, 10.38.

Tplr(PCy3)(O2). This complex was prepared on a small scale in an NMR tube
upon addition of 648 torr of O3 to a CgDg solution of TpIr(PCy3)(C3Ha) (t12 = 30 min).
T'H NMR (C¢Dg): 8.35, 7.32 (br, 1 H each, 3,5-pzax); 7.83,7.41 (d, 2 H each, 3,5-pzeq):
5.85(m, 1 H, 4-pzax); 5.81 (t,2 H, 4-pzeq); 2.29-0.86 (complex m, PCy 3).

TpIr(PiPr3)(02). This complex was prepared on a small scale in an NMR tube
upon addition of 300 torr of O3 to a C¢Dg solution of TplIr(PiPr3)}(C;Hy) (t12 = 50 min).
Reactions conducted in CD2Cl; were observed to yield decomposition products. !H

NMR (CgDg): 8.29, 7.29 (m, 1 H each, 3,5-pzx); 7.78, 7.41 (d, 2 H each, 3,5-pzeq)s
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5.80 (m, 1 H, 4-pzax); 5.78 (t, 2 H, 4-pzeq); 2.27 (m, 3 H, PCHMej); 1.20 (dd, J =7.1

and 13.1 Hz, 18 H, PCHMe>).

TpIr(C2Hs)(C2Hg)H. This complex was prepared on a small scale in C¢Dg or
methylcyclohexane-dj4 or CD2Cl; solutions and observed by TH NMR spectroscopy.
The cleanest reactions were observed in methylcyclohexane-di4. Extensive H-D
exchange was observed in CgDg. The head space of an NMR tube containing a frozen
solution of TpIr(C2H4); was back filled with 780 torr of Hj>, then cooled with a dewer of
N2(1) and flame sealed. Samples were carefully warmed to room temperture and shaken.
The insertion product was observed to form over ca. 20 h. Further reaction times gave
increasing amounts of unidentified decomposition products. 'H NMR
(methylcyclohexane-d)4, referenced to H at 4.6 ppm): 7.89, 7.69, 7.59, 7.55, 7.48, 7.05
(d, 1 H each, 3,5-pz); 6.17,6.13,5.99 (t, 1 H each, 4-pz); 2.96, 2.85 (m, 2 H each,
C2H4); 1.10,0.86 (m, 1 H each CH,CH3); 0.90 (t, 3 H, CH,CH3); -16.46 (s, | H, Ir-
H).

[TpIr(CzHyg)2INL. This complex was prepared on a small scale in an NMR tube
upon addition of I to a CD;Cl, solution of TpIr(C,H4)2. 'H NMR (CDCl): 8.18 (d,
2 H, 3,5-pz); 7.75(d, 3 H, overlapping 3,5pz); 7.22 (d, 1 H, 3,5-pz); 6.38 (t,2 H, 4-
pz); 6.31(t, | H, 4-pz); 4.11, 3.99 (br, 4 H each, CoHj).

Fluxionality. The activation barrier for the exchange of axial and equatorial
pyrazolyl ligands in 2a was determined by monitoring the resonances of 4-pzasa
function of temperature. At room temperature a single sharp triplet integrating to three
protons is observed at 5.82 ppm. This peak decoalesces at 279 K (300 MHz) into two
separate resonances at 5.83 (t, 2 H) and 5.77 ppm (m, 1 H). Using the method of
Shanan-Atidi and Bar-Eli?? for analysis of exchange between unequal populations, an

activation energy of exchange was calculated using eq 2.11, where kp = Boltzmann’s
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constant, h = Planck’s constant, T. = temperature of coalescence (K), &y = chemical shift

difference in the static spectrum (Hz), X = 218yt (note 1/t = (1/Teq) + (1/1ax) where Teq
and Ty are the lifetimes of the equatorial and axial sites, respectively), and AP =

difference in mole fractions of the exchanging nuclei. For this problem the ratio of

ky (T, X
= RT1 _s_c( ) .
AG’ =RT n[hn(d,) m :, (2.11)

equatorial to axial protons is always 2:1, so that AP equals 1/3 (i.e. 2/3 - 1/3). Xis

evaluated as 2.0823 from Table 6.1 of Sandstrém’s text.56 The lower limit of pyrazolyl
site exhange for 2b was calculated using the same equation and the limiting chemical
shifts at the highest temperature of 353 K.

The lower limit for the barrier to ethylene rotation was calculated using eqn 2.12.

kh
AG* = -RTIn(—- 2.12
n(k T) (2.12)

8

The upper limit for the rotational rate constant (k) used in this equation was determined
by simulation of the experimental spectra at the highest temperature of 353 K, using a
modified version of the DYNAMAR program. For 2a and 2b, k is less than 4 and 1 s-! ,
respectively.

Kinetic Studies Kinetic experiments were carried out by monitoring the
TH NMR spectrum of 2b under H3(D32) in CD2Cl; on an Bruker AF-300 spectrometer.
For a given set of experimental conditions a spectrum was acquired every four minutes
under computer control for a total of 20 data points (> 3 half lives). Each FID is the sum
of 24 scans collected in 60 s (AQ + D1 = 2.5 s). Following data collection, an FID was

then written to disk and a delay of 180 s followed, before the next acquisition. The first
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FID of each data set was fourier transformed (FT) and phased. The rest of the files in

the data set were then transformed using an AUTOFT routine using the phasing and
intensity parameters from the first spectrum. This method allowed an absolute
comparison of integral intensities from spectrum to spectrum within one kinetic run.
The disappearance of 2b was followed by monitoring the 4-pzeq resonance at 5.93 ppm.
The formation of 3b was followed by monitoring the 4-pzeq resonance at 5.86 ppm. A
standard solution of 2b (3.51 x 103 M) was prepared in the glove box. Aliquots (0.5
ml) were then transferred to NMR tubes equipped with Kontes valve vacuum line
adaptors. Using a high vacuum line, the samples were degassed with three freeze-pump-
thaw cycles before adding H; (or ethylene). The samples remained frozen in liquid
nitrogen during H addition. The pressure of H, above the sample was measured using
an Omega series 136 mV transducer equipped with an Omega model DP2000 digital
indicator. The Kontes valve was then closed and the tube immersed in liquid nitrogen
one inch below the point where the sample was flame sealed. Samples containing
ethylene were prepared by first condensing 0.04 mmol of ethylene (calculated from
known pressures and volumes) into a frozen degassed sample at 77 K. Hj was then
added and flame sealed as described above. A side reaction between 2b and PPh 3 (see
chapter 4) required that samples with PPh3 be prepared in a slightly different fashion.
These were prepared by addition of solid 2b and PPh3 (10 equiv.) to an NMR tube
equipped with a Kontes valve vaccum line adapter. CD 2Cl> (0.45 mL) was vacuum
transferred to the NMR tube and the head space backfilled with 750 torr Hy. All
samples were stored at 77 K until immediately before each kinetic run. The samples
were run sequentially by thawing to room temperature (time zero), shaking vigorously
for 60 s, then inserting into the NMR probe. Acquisition of the first FID commenced
within 3-5 minutes of time zero. The concentration of Hy was measured for a standard

CD,Cl; sample under 750 torr H. The concentration of H3 at lower pressures was
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calculated assuming Henry’s law. Integration of the H resonance against a ferrocene

standard indicated an H3 (750 torr) concentration of 1.7 x 103 M. Correcting for the
fact that ca. 25% of H; at room temperature is composed of an NMR silent spin isomer,
i.e. para Hp,%7 the true concentration is 2.3 x 103 M. The solubility of Dy was assumed
to be identical. This is close to the literature value published for CHCl3 (2.7 x 103
M).%® Pignolet has previously noted that the concentration of Hy determined by solution
NMR methods* is significantly smaller than published values.56° 1] NMR
determinations of H2 concentration will systematically underestimate the true H,
concentration as a function of the ortho/para Hj ratio, which is temperature dependent. !
Even under the lowest H pressures employed in this study, the total number of moles of
Hj was always at least 20 fold excess. If diffusion of Hy from the head space into the
solution is faster than reaction with 2b, then pseudo first order kinetics are expected.
When [2b]; = 3.51 x 103 M and the H; pressure is 750 torr these conditions were
satisfied (fig 2.3). At lower Hj pressures significant curvature was observed, indicating
a diffusion limited reaction.®? For these data runs, ks was calculated from the initial
rate using the first 4 to 5 data points. The error in kqps is estimated to be + 10% based

on reproducibility of the values.
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CHAPTER 3

SYNTHESIS AND NMR PROPERTIES OF DIHYDROGEN-HYDRIDE
COMPLEXES OF RHODIUM AND IRIDIUM STABILIZED BY
HYDRIDOTRIS(1-PYRAZOLYL)BORATE COLIGANDS

Since the first report of a stable molecular hydrogen complex by Kubas!, the
possibility that a fluxional polyhydride complex might also contain a dihydrogen ligand
has been actively investigated.? For example, Crabtree and coworkers have employed 'H
NMR T | measurements to detect short H-H contacts in complexes such as
[Ir(PCy3);Hg]*.3 In this case a very short T (193 K) value of ca. 50 ms (250 MHz) was
interpreted as evidence for the presence of at least one and possibly two dihydrogen
ligands in the polyhydride coordination sphere. In contrast, a long T 1(193 K) value of
820 ms was obtained for the neutral pentahydride complex, Ir(PCy 3)2Hs, consistent with
a pentagonal bipyramidal structure which is also observed in the solid state by single
crystal neutron diffraction analysis. In fluxional polyhydride complexes, it is often found
that only one hydride resonance can be observed in the !H NMR spectrum, even at very
low temperatures. When this situation occurs, structural characterization in solution
depends upon indirect methods, in which the observed NMR parameters are a population
weighted average of all the hydride environments. Important publications from the
research groups of Crabtree,? Halpern* and Morris® have described a quantitative
treatment of hydride relaxation in polyhydride complexes which allows useful structural
information to be obtained from T (min) data. An introduction to this treatment is found
in chapter 1.

Heinekey and coworkers have previously reported the structure and properties of
cationic iridium complexes of the form [CpIr(L)H3]BF4 (L = various PR3), which have

been shown to adopt iridium (V) trihydride structures in the solid state.67 These
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complexes undergo a rapid hydride rearrangement which leads to a single hydride

resonance in the 'H NMR spectrum above ca. 220 K. At very low temperatures, spectra
consistent with the solid state structure are obtained.

In this chapter we investigate the effect of substituting the Cp ligand of
[CpIr(L)H3]BF 4 complexes with the hydridotris(1 -pyrazolyl)borate (Tp) ligand.® The
new Tp complexes, [TpIr(L)(H2)H]BFs (L = PMe 3 and PPh3) are formulated as
dihydrogen-hydride complexes, although only a single hydride resonance is observed in
the 'H NMR spectrum at all accessible temperatures. We have also obtained
spectroscopic evidence for the thermally labile rhodium complex
[TpRh(PPh3)(H2)H]B(Ar)4 (Ar = 3,5-(CF3 )2CsH3). The dihydrogen-hydride formulation
for the rhodium and iridium complexes is supported by short T 1(min) values of 7 ms (Rh)
and 21-22 ms (Ir). Incorporation of deuterium or tritium in the hydride positions of the
iridium complexes results in large temperature dependent isotope shifts in the 'H and 3H
NMR spectra, which are attributed to isotopic perturbation of equilibria. A similar
isotope effect is not observed for the rhodium complex. In this chapter, we show that
these isotope effects arise from non-statistical occupation of different hydride sites and
can be used to obtain structural information. Some aspects of the iridium chemistry have

been previously communicated.$

Results

Synthesis.  We have prepared complexes of the form TpIr(L)H, (L = PMe3 or
PPh3) by two methods. The first approach was developed following a report of an
unusual pentamethylcyclopentadienyl (Cp*) displacement reaction by Pederson and
Tilset.? These workers found that [Cp*Ir(PPh3)H 3]BF 4 reacts in acetonitrile to form
[(MeCN)3Ir(PPh3)H,]BF 4 and free Cp*H. We have found that the related PMe3
complex, [Cp*Ir(PMe 3)H 3]SO3CF3 also reacts in acetonitrile to form

[(MeCN)3Ir(PMe 3)H2]SO3CF 3 (eq 3.1). The three MeCN ligands of the new complexes
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are easily displaced under mild conditions by the pyrazolyl arms of the Tp ligand to form
TpIr(L)H; complexes (L = PMe3 (1) and PPh 3(2)). These reactions are conveniently
carried out in one pot by generating the tris-acetonitrile intermediate in situ, then adding
one equiv. of NaTp in a second step. The procedure has also been used to prepare
TpMe2Ir(PMe 3)H (3) upon addition of KTpMe2 to an acetonitrile solution of
[(MeCN)3Ir(PMe3)H;]* (eq 3.2). Complexes 1 - 3 are observed by !H and 3!P NMR
analysis to form in ca. 85% yield over several hours when reactions are carried out in
sealed NMR tubes in CD3CN solutions. The yields are reduced by the formation of a
second complex which has not yet been identified. The impurity persists even when a
CDCl; solution of the product mixture was heated to 65° C for several hours.
Complexes 1-3 are stable to air and water and can be purified by chromatography on
alumina, eluting with toluene. Isolated yields are typically 55-70%. The dihydride
complexes are colorless, thermally stable, and crystalline and are readily identified by
their appropriate analytical and spectroscopic data, which are detailed in the experimental
section. Selected spectroscopic data are reported in Table 3.1.

NaTp or

[((MeCN)slr(L)H,]*  ———— TpR2Ir(L)H, (3.2)
KTpMeZ

R=H,L=PMe,(1); R=H,L=PPhy (2); R=Me, L=PMes(3)

We have developed an alternative approach to these dihydride complexes using

the reaction of phosphine ligands with TpM(C2H4)2 (M = Rh, Ir) (Chapter 2). The



55
resulting TpM(PR 3)(C2H4) complexes react with hydrogen to afford the dihydride

complexes in very good yield. For example TpRh(PPh3)H> (4) has been prepared using
this method. We have also found that the cationic tris(1-pyrazolyl)methane (tpm)
complex, [(tpm)Ir(PPh3)H2]BF 4 (5) may be prepared in this fashion from the new
[(tpm)Ir(C2H4)2]BF 4 complex (Chapter 4).

Addition of one equiv. of HBF 4°Et,0 to CD,Cl, solutions of 1 - 3 at ambient
temperature or below affords new complexes without elimination of H (scheme 3.1).
The TpMe2 complex decomposes at room temperature over the course of several hours,
however its lifetime in solution can be extended considerably if the protonation reaction
is carried out with [H(Et O)2][B(Ar)4] (Ar = 3,5-(CF3)2CsH3). Similarly 4 decomposes
immediately at 210 K to a complex mixture of products upon addition of HBF 4Et 0.
Reactions carried out with [H(Et20),][B(Ar)4] yield [TpRh(PPh 3)(H2)H][B(Ar)4](9),
which is stable in solution to 250 K. Complex 5 was not observed to react with excess
HBF4*Et70 or HSO3CF3 in CD;Cly. However, significant broadening of the hydride
resonance of 5 in the !H NMR spectrum may indicate a hydrogen exchange process via a
small population of the dicationic [(tpm)Ir(PPh3)(H 2)H](BF4)2 complex. The iridium
complexes [TpIr(L)(H2)H]BF4 (L = PMe3 (6) and PPh3 (7)) were found to be thermally
stable and could be isolated as colorless salts upon addition of HBF4<Et,0 to Et,0or
Et20/CH2Cl; solutions of the parent dihydride complexes.

ToH, — e oI, HIEF,
1-3 R=H, L=PMej  or PPh; (6-7)
R =Me, L = PMe; (8)
TpRh(PPhg)H, M» [TpRh (PPhg)(H,)H][B(Ar),]
4 9
Scheme 3.1
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General Spectroscopic Characterization. Selected data for the new cationic

hydride complexes are presented in Table 3.1. Complexes 6-9 exhibit a 2:1 pattern of Tp
resonances in the 'H and 13C NMR spectra which is characteristic of a structure with Cg
symmetry. In all cases this pattern is unchanged upon cooling to 180 K. An appropriate
resonance for the respective hydride ligands is observed at high field near -10.4 ppm in
the 'H NMR spectra of 6-8. A similar resonance at -7.95 ppm is observed for the
rhodium complex 9. Generally these resonances are broad with no distinguishing
features. However, in the case of complex 6, the hydride resonance is a doublet with P-H
coupling of 11 Hz. A total of three hydride ligands (no structure implied) is confirmed by

the observation of a quartet for the PMe 3 resonance in the 3! P{Me !H} NMR spectrum at

Table 3.1 Selected Spectroscopic Data for New Hydride Complexes

'H NMR (300 MHz, CD,Cl) IR (Nujol)

Complex  OM-H(ppm)  Jpy (Hz) Ti(min) (ms) VB.H (cm71) vy (cm)

1 -21.30 25.0 5422 2482 2142

2 -20.47 22.1 359b 2481 2179, 2139
3 -22.11 26.7 c 2511 2138

4 -16.42 28.4d 304¢ 2475 2092, 2069
5 -20.93 233 c c c

6 -10.40 11 2if 2499 2199

7 -9.77 g 22¢ 2502 2197

8 -11.0 g c c c

9 -1.95 g 7¢ c c

a]77 K. 5201 K. ¢not measured. gy = 18.9 Hz. €195 K. f182 K. &not resolved.
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-42.7 ppm (JpH = 10 Hz). For complex 6 a sharp IR absorption at 2199 cm-! is

attributed to an Ir-H stretch and a band at 2499 cm-! s assigned to the B-H stretch.
Similar observations were made for 7. The minimum of the longitudinal relaxation time
(T1) is found to be 21-22 ms for 6 and 7, but is 7 ms for 9. These short T 1(min)
measurements indicate that 6-9 are best formulated as dihydrogen-hydride complexes. A
facile fluxional process renders the hydride ligands equivalent on the NMR timescale.
This process accounts for the apparent Cs symmetry indicated by the pattern of Tp
resonances.

NMR Observations for Partially Deuterated Complexes. Deuteration of the
hydride positions is observed over the course of several hours at room temperature upon
exposure of solutions of 6-8 to an atmosphere of Dy. A mixture of well resolved H3,
H3D, and HD; isotopomers is observed by !H NMR spectroscopy. Large temperature
dependent downfield isotope shifts are noted for the hydride resonances of the deuterated
complexes. A representative spectrum of the hydride region for complex 6 acquired with
31P decoupling at 240 K is shown in Fi gure 3.1. The resonances of the Tp and phosphine
ligands are unaffected by deuteration of the hydride positions and show no unusual
temperature dependence. The isotope shifts for 6, A} = 8(H,D) - 8(Hz) and Ay = S(HD»)
- 3(H,D), vary from +228 and +122 ppb at 215 K to +149 and +72 ppb at 280 K,
respectively. Over a similar temperature range, the observed H-D coupling of the hydride
resonance varies from ca. 6.9 to 7.6 Hz for 6-d; and from ca. 8.8 to 8.7 Hz for 6-d>. At
the lowest temperatures (< 215 K) the apparent Jy.p coupling is reduced due to
significant line broadening caused by efficient nuclear relaxation. At 275 K and above
line broadening due to intermolecular proton exchange results in unreliable H-D coupling
constant measurements. These observations are graphically illustrated in Figures 3.2 and
3.3. Very similar temperature dependent isotope shifts and H-D coupling constants are
observed for 7 and 8. The hydride resonances of the HoD and HD, isotopomers of 7 are

significantly broadened compared to 6 and 8, so that the Jy.p coupling constants could
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not be accurately measured in this case. However, based on the total width of the hydride

peaks, the Jy.p coupling constants of 7 is similar to those measured for 6 and 8. Data for
these complexes acquired at 240 K are summarized in Table 3.2.

The hydride resonance of the H;D isotopomer appears as a distorted 1:1:1 triplet
in which the height of the two outer lines are slightly reduced in intensity (see Figure
3.1). Similarly the HD isotopomer appears as a distorted 1:2:3:2:1 five line pattern, in
which the outer lines are also slightly reduced in intensity. This distortion may be due to
unusually efficient relaxation of the quadrupolar deuterium nucleus (vida infra).1%!!

Complex 9 fails to exchange with D, under the low temperature conditions at
which it is stable. In this case, partial deuteration of the hydride positions was
accomplished by reacting TpRh(PPh3)D7 with one equiv. of [H(Et;0),][B(Ar) 4] at low
temperature. The hydride positions are estimated to contain ca. 55% deuterium by
integration of the hydride resonance against the Tp resonances in the 1H NMR spectrum
(one scan). A broad featureless hydride resonance at the same chemical shift as the
undeuterated complex is observed for the mixture of 9, 9-dj and 9-d>. The linewidth of
the hydride resonance upon deuteration is slightly reduced from 75 Hz to 63 Hz (300
MHz, 210 K). The chemial shift of this resonance shows no significant temperature
dependence.

A CDCIF solution composed principally of 6-dy was investigated at low
temperature by ! H NMR spectroscopy. As the temperature was lowered the hydride
resonance of the HD isotopomer continued to shift downfield, however no evidence for
decoalescence of this resonance was observed to 127 K. At this temperature the HD,
resononance is observed at -9.64 ppm. Although the hydride resonance of the H3
isotopomer cannot be observed at this temperature due to efficient dipolar relaxation, we
estimate its chemical shift to be ca. -10.3 ppm. The isotope shift, S(HD,) - 5(H 3) at this

temperature is then ca. 660 ppb.
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Figure3.1  High field region of the 1H{31P} NMR spectrum (CD,Clp, 500 MHz, 240
K) of a partially deuterated sample of [TpIr(PMe3)(H 2)H]BF4 (6). The
chemical shifts and Jy.p coupling constants are given in Table 3.2.
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Table 3.2 Chemical Shifts of Hydride Resonances and Jy.p Coupling Constants
For Partially Deuterated Isotopomers of Complexes 6-9.

Complex Isotopomer Hydride Shift (ppm) JH.p (Hz)
62 Hj -10.37 —
H)D -10.18 748
HD, -10.08 8.78
72 Hj -9.80 —
H,D -9.61 b
HD, -9.52 b
8a Hj -11.06 —
H,D -10.84 7.33
HD, -10.75 8.90
9c Hj -7.96 d
H3, HoD, HD» -71.94 e

a lH{3IP} NMR (500 MHz, 240 K). b not resolved. ¢!H NMR (300 MHz, 213 K).
d broad, linewidth = 75 Hz. € broad, linewidth = 63 Hz.

NMR Spectra of Partially Tritiated Complexes. Incorporation of tritium into
the hydride positions of 6-8 was observed when CDCl, solutions were exposed to T gas
(ca. 200 torr) for several hours at room temperature. Distinct hydride resonances for the
H3 and H,T isotopomers were observed in the 'H NMR spectrum. The central peak of
the HT triplet was observed in the case of 7 and 8, but was not detected for 6 because the
concentration of the HT ; isotopomer was too small. The sample activity in each case is
estimated to be less than 10 mCi. For 6 the hydride resonance of the H T isotopomer is
shifted downfield of the H3 isotopomer by 280 ppb at 240 K (Figure 3.4). The H,T

resonance appears as a broad doublet of doublets due to coupling to phosphorus (Jp.H =
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9.9 Hz) and tritium (JT.4 = 54.5 Hz). The hydride resonance of the H3 isotopomer is a

doublet (Jp.y = 11.6 Hz), due to coupling to phosphorus (see Figure 3.4).

In the 3H NMR spectrum, distinct hydride resonances for the T3, ToH, and TH;
isotopomers were observed. The T2H and TH3 isotopomers are shifted significantly
upfield of the T3 isotopomer. The isotope shifts at 240 K, A3 = §(ToH) - 8§(T3) and Ay=
8(TH3) - §(T2H) are -150 and -250 ppb, respectively. The T3 isotopomer was observed at
the same chemical shift as the H3 isotopomer in the 'H NMR spectrum. The T,H
isotopomer appears as a doublet of doublets coupling to phosphorus (Jp. = 11.5 Hz) and
hydrogen (JT.q = 63.3 Hz). The TH; isotopomer is a broad triplet with an observed T-H
coupling constant of 53.2 Hz, which is identical within experimental error to the H-T
coupling contant observed for the H,T isotopomer in the 'H NMR spectrum. The !'H and

3H NMR data for 7-8 are summarized in Table 3.3.
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Figure 34  Top: !H NMR spectrum (CD2Clp, 500 MHz, 240 K) of a paritally
tritiated sample of 6. Bottom: 3H NMR spectrum (CD,Cl,, 533 MHz,
240 K).



Table 3.3 Hydride Chemical Shifts , Jp.y, Jp.T, and Jg.T CouPling Constants For
Partially Tritiated Isotopomers of 6-8 observed by 'H and 3H NMR

Spectroscopy at 240 K.
Complex Isotopomer d1-H3 (ppm) Ip.y (Hz) JuT (H2)
6 'HNMR Hj -10.35 11.6 —
H,T -10.07 9.9 54.5
HT, a a a
6 3H NMR Ts -10.35 129 —
ToH -10.50 11.5 63.3
TH, -10.75 b 53.2
7 'THNMR Hj -9.70 9.1 —
H,oT -9.44 b 526
HT, -9.23 b b
73HNMR T; -9.70 b —
T,H -9.82 9.7 64.3
TH, -10.16 11.6 52.2
8 lHNMR Hj -11.06 11.9 —
HoT -10.75 b 51.7
HT, -10.52 b b
8 3H NMR T3 -11.06 b —
T,H -11.22 b 65.7
TH, -11.62 b 51.0

anot observed. Pnot resolved.
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Structural Characterization. Crystals of 62CH,Cl; suitable for x-ray

diffraction have been obtained by slow diffusion of Et20 into a concentrated CH,Cl,
solution of 6. An ORTEP drawing of the iridium cation and key structural features are
given in Figure 3.5 and Table 3.4. The hydrogen atoms, BF4- anion and the CH,Cl; of
crystallization have been omitted for clarity. The metal bound dihydrogen ligand and the
hydride ligand were not reliably located. No unusual intermolecular interaction between
BF 4 and the iridium metal center is observed. The closest Ir-F contact is 3.541(15) A.
The closest contact between iridium and the CH2Cl; of crystallization is 3.832(15) A.
The bond lengths and bond angles observed for 6¢CH,Cl; are typical of Ir(IIl) Tp
complexes.'?!> The Ir-N bond lengths to the equatorial pyrazoly! ligands are
significantly different (2.161 (8) vs. 2.070 8) A). This observation may reflect the trans
relationship of the pyrazoly! ligands to the hydride and the dihydrogen ligand,
respectively. Details of the structure solution and refinement are included in the

experimental section.

Table 3.4 Significant Bond Distances and Angles for 6°CH,Cl5.

Distances, A

Ir-P 2.280(3) Ir-N(2) 2.161(8)
Ir-N(3) 2.105(7) Ir-N(6) 2.070(8)
P-C(10) 1.772(12) P-C(11) 1.805(10)
P-C(12) 1.795(11)
Angles, deg
P-Ir-N(2) 96.0(2) P-Ir-N(3) 177.6(2)
N(Q2)-Ir-N(3) 86.3(3) P-Ir-N(6) 94.(2)
N(2)-Ir-N(6) 84.3(3) N(3)-Ir-N(6) 85.5(3)
Ir-P-C(10) 115.04) Ir-P-C(11) 114.0(4)

Ir-P-C(12) 114.0(4) B1-Ir-P 128.6 (2)
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Figure 3.5 ORTEP drawing (50% probability ellipsoids) for [TpIr(PMe 3)(H2)H]BF4.
Hydrogen atoms have been omitted for clarity.
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Discussion

Synthesis. In contrast to the well developed synthetic routes used to prepare
Cp*Ir(PR 3)H3 and Cplr(PR3)H7 complexes, similar approaches to prepare the
corresponding Tp complexes are unsuccessful. The immediate precursor to
Cp*Ir(PR 3)H3 is the corresponding dichloride complex. These are easily obtained upon
reaction of [Cp *IrCl, ] with a range of phosphine donor ligands.!4 Attempts by Powell
and co-workers to prepare TpR2Ir(L)Cl; complexes from [TpR2IrCl,]; were reported to
fail except in the case of L = AsPhMe,.!> The diiodide complexes, CpIr(PR 3)I»
employed in the Cp chemistry are prepared in a one pot reaction from CpIr(CHg);.5
Both ethylene ligands are displaced upon addition of one equiv. of I to afford an iodide
bridged oligomer, [Cplrl2]y, to which one equiv. of phosphine is added in a second step
to yield CpIr(PR3)l3. In contrast, we have found that TplIr(CHy); reacts with I to yield,
[TpIr(C2Ha)2l]1, which in turn reacts with PPh3 to give [TpIr(PPh3)(C2H4)I]I (Chapter
2). The ethylene ligand in this complex is not easily displaced.

We find that the TpIr(PR 3)H2 complexes are easily prepared from
[(MeCN)3Ir(PR 3)H2]*, which is readily available by the reaction of acetonitrile with
[Cp*Ir(PR 3)H 3]* as reported by Petersen and Tilset.® A more efficient approach involves
reacting TpIr(C2H4)3 sequentially with one equiv. of a phosphine ligand, then adding H»
in a second step to give TpIr(PR3)H;. This approach is easily extended to include the
related rhodium complexes. The details of this chemistry have been outlined in chapter
2. A preparation of complex 3 by thermolysis of TpMe2IrH 4 with PMe 3 has been briefly
reported, but no details of characterization were given.!6

Characterization of the Cationic Hydride Complexes. The cationic species
resulting from protonation 14 give spectroscopic data consistent with new complexes
containing a mirror plane of symmetry. A total of three hydride ligands (no structure
implied) is indicated by the observation of a quartet in the 3P NMR spectrum of 6

recorded with decoupling of the PMe 3 methyl protons. At all temperatures, only a single
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hydride resonance is observed in the 'H NMR spectrum which may result from a

fluxional trihydride or a fluxional dihydrogen-hydride complex. These possibilites can
be distinguished by a combination of T |(min) measurements and analysis of the effect of
partial substitution of the hydride ligands with deuterium or tritium.

T1(min): Calculation of H-H Distances. The minimum of the longitudinal
relaxation time (T (min)) of the dihydrogen ligand has been shown to be a sensitive
indicator of the H-H bond length.? The short T 1(min) values observed for 6-9 are
qualitatively consistent with the presence of a bound dihydrogen ligand in a dihydrogen-
hydride structure. An accurate calculation of the H-H bond length requires that the
mutual relaxation rate of the hydrogen atoms in the coordinated dihydrogen ligand (Rq.4)
be known explicitly (1/T | = relaxation rate, R!7). The observed rate of dipolar relaxation
for a dihydrogen ligand (Rp) is actually the sum of the mutual H-H dipolar relaxation
(Rad) and the relaxation resulting from interactions with other dipoles in the molecule
(Ro), thus Rpp =Rag +Ro.* Additionally, in the case of fluxional polyhydride
complexes suspected to contain a dihydrogen ligand, the observed T |(min) value is the
population weighted average of all the hydride sites. For the dihydrogen-hydride
complexes under study in this work, the observed relaxation rate is given by R gps =
(2R +Ry)/3 where Rip and Ry are the relaxation rates of the dihydrogen and hydride
ligands. The relaxation rate of the terminal hydride ligand (Ry) can be estimated from
the T (min) value of the parent dihydride complexes such as 1. Similarly R, can also be
estimated from this measurement. Calculation of Rgg for the dihydrogen ligand of 6 is

shown in scheme 3.2.
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Robs(6) =(Ry +2Rp)/3

=(Ry+2(Rgd +Ro))/3 if Ry and Ry = Rgps(1), then:
Robs(6) = (2Rdd + 3R obs(1))/3
and
Rad =3(Robs(6) - Rops (1))/2
Rgq =68.7s°1
Scheme 3.2

Similar calculations have been carried out for 7 and 9. The H-H bond length can
now be calculated using egs 1.5 and 1.6 (see chapter 1) in the limits of slow and fast
hydrogen rotation (Table 3.5). We find that the H-H bond length of the dihydrogen
ligand of 6 is bracketed by distances of 1.11 and 0.88 A. We can estimate the true H-H
bond length after first considering the results obtained upon partial substitution of the
hydride positions with deuterium or tritium.

Table 3.5 Calculated H-H Bond Lengths from T {(min) data in the limit of slow and
fast rotational motion.

Complex H-H (A) slow rotation H-H (A) fast rotation
[TpIr(PMe3)(H2)H] + (6) 1.11 0.88
[TpIr(PPh3)(H2)H]*+ (7) 1.12 0.89
[TpRh(PPh 3)(H>)H] * (9) 0.92 0.73

Isotopic Perturbation of Equilibrium. We propose that the large temperature
dependent isotope shifts observed for the new iridium dihydrogen-hydride complexes is a
manifestation of isotopic perturbation of equilibria.!® These observations are novel in
polyhydride complexes. Generally only small (0-70 ppb) temperature independent

upfield isotope shifts are observed upon partial substitution of deuterium atoms in the
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hydride positions of dihydrogen and polyhydride complexes.5-7:1923 A few scattered

reports of downfield isotope shifts in both these classes of molecules have also
appeared.*162434 In some cases the observed isotope shifts have been rationalized by
invoking isotopic perturbation of equilibria,-%633 however a detailed study of this
phenonenon has not been reported.

Two types of equilibrium situations may be perturbed upon substitution of the
hydride positions of 6-8 with deuterium or tritium. The observed isotope shifts may
result from perturbation of an equilibrium between a dihydrogen-hydride complex and a
trihydride complex (eq 3.3).2635 Related to this equilibrium, but not considered here is
the isotope effect on reversible binding of hydrogen to afford either dihydrogen
complexes®3-36 or dihydride complexes.3™3% This is not considered because exchange of
the hydride positions with D3 or T, gas occurs only slowly over several hours. A second
possibility is that within a single dihydrogen-hydride ground state structure, the heavy
hydrogen isotopes may concentrate in a particular hydride site (eq 3.4). These two
possibilities can be distinguished by comparing the isotope shifts upon partial deuteration
using both ' H and ZH NMR spectroscopy. In our case, very broad lines were observed in

the ZH NMR spectra, so we instead incorporated tritium in the hydride positions and

llr—z D — l|r<; (3.3)
H H

D H
'lr"',_', — '{_,!, (3.4)
H D

investigated this problem using ! H and 3H NMR spectroscopy.*® If the equilibrium in eq
3.3 is obtained, identical isotopomers will be observed at the same chemical shift in the

IH and 3H NMR spectrum, but the H3 and T 3 isotopomers will not coincide. If an
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equilibrium between different sites in the same structure is perturbed (eq 3.4), then the H3

and T3 isotopomers will be observed at the same chemical shift, but the isotope shifts
observed in the 'H NMR spectrum will be in the opposite direction to that observed in the
3H NMR spectrum. The spectra shown in Figure 3.4 and the data tabulated in Table 3.3
confirm that the isotope effect results from a nonstatistical site preference for deuterium
(or tritium) in a single dihydrogen-hydride structure.

We now describe a procedure to analyze quantitatively the isotope shifts observed
in the 'H NMR spectrum upon partial substitution of the hydride sites with deuterium.
Our method is based on the procedure used by Calvert and Shapley*! in the study of
agostic methyl groups. An identical procedure is followed to interpret the isotope shifts
upon partial incorporation of tritium in the hydride positions. The observed chemical
shifts and the Jy.p coupling data can be analyzed quantitatively to calculate the limiting
chemical shifts of the dihydrogen ligand (8gp) and the terminal hydride ligand (8g),
Unp for the dihydrogen ligand, and the energy difference between deuterium
substitution of the dihydrogen site versus the hydride site. A set of five equations can be
derived which relate the experimental observables to these unknown parameters.

The hydride chemical shift of the H3 isotopomer is simply the statistical average
of the dihydrogen site and the hydride site, thus 8z = 28 + 8y)/3. However, upon
substitution of one deuterium atom in the hydride positions an equilibrium between three
different species is obtained (eq 3.5). A similar mixture is obtained if two deuterium
atoms are incorporated in the hydride positions (eq 3.6). In this analysis we assume that
there is no preference between a and a’. We also assume that the chemical shift of the
exo hydrogen atom in a is the same as the endo hydrogen atom in a’. The observed
chemical shift of the HD isotopomer is given by eq 3.7, where a, a’, and b are the mol
fractions of each species. Within this definition the sumofa +a’ +b=1. The

Boltzmann factor, A defined as e-AERT , may be introduced to account for an energy
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difference between a(a’)and b. A is equal to b/a= b/a’. Thus a and a’ can be
combined and the mol fractions can be rewritten in terms of the Boltzmann factor, A;.

Substituting the relationsa=a’ = 1/(2+ A)andb= A /(2 + A}) in eq 3.7 yields eq 3.8.

6, +6 )
5( H,D) = a(%) +4d (”1—;_5.) + b((sH; ) (3.7)
Oy +6,+A6
Oin, = % 5 iA o (3.8)
- 1

In a similar fashion the observed Jy.p coupling constant is given by eq 3.9. If the
two bond 2Jy.p coupling between the dihydrogen ligand and the terminal hydride ligand
is assumed to be zero and the a and a’ terms are combined, then the equation can be

rewritten in terms of the Boltzmann factor, A; and simplified to give eq 3.10.

1 2 ] 2
ooy = a(JH_-D‘;lu) td (i%@) +b(,_,) 3.9)
1
Ju-o (3.10)

J(H,D) = 2+ A
1
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In a similar fashion, expressions can be derived which relate the chemical shift

and observed Jy.p coupling of the HD isotopomer, written in terms of a second
Boltzmann factor, A;. The five equations are listed in scheme 3.3. In addition to the
approximations noted above, this analysis does not take into account intrinsic isotope

effects on the chemical shift of the hydride resonances.

26, +6
6(:1,) =%’
5 _ Oy, + 0y + A, I "o
(”:D) 2+A (H;D) - 2+A
1 1

24,6, +6, J = ', pAs
(HDy) —
24, +1 24, +1

S HD.) =

Scheme 3.3

The results of this analysis for 6-8 are presented in Table 3.6. In the case of 6 the
limiting spectroscopic parameters were also calculated at every temperature indicated in
Figures 3.2 and 3.3. In this way the standard deviation in each calculated parameter was
obtained: 8pp =-8.4 £0.1 ppm, 8y =-14.4+0.3 ppm, lJyp =24.6 £0.3 Hz, AE; =-130
£ 12 cal/mol and AE; =-107 £ 12 cal/mol. However, comparison of the results
calculated from the !H and 3H NMR data for 7 and 8, indicates that neglect of intrinsic
isotope shifts is a significant source of error. Despite these shortcomings, the calculated
parameters are in relatively good agreement. Larger AE values are observed for tritium
than for deuterium substitution as expected. In both cases the heavy hydrogen isotope is
found to concentrate in the terminal hydride position. Because the chemical shift of the

dihydrogen ligand is downfield of the hydride signal, this leads to the significant
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downfield shift in the |H NMR spectrum and the corresponding upfield shift in the 3H

NMR spectrum.

This site preference can be explained in terms of differences in zero point energy
between the dihydrogen ligand and the hydride ligand. We are unable to attempt a full
analysis because only a weak Ir-H stretch at 2199 cm-! (6) or 2197 cm-! (7) was
observed. A total of six fundamental vibrations are expected for the dihydrogen ligand. 42
In addition to the observed Ir-H stretch, two bending modes are expected for the hydride
ligand. We can simplify the problem by considering only the H-H stretch and the Ir-H
stretch. The approximate difference in energy between a and b (shown in eq 3.5) is then
given by eq 3.11.434 The approximate difference in energy between ¢ and d (shown in

eq 3.6) is given by eq 3.12. If the H-H stretch for the iridium complexes can be assumed

Nh
AE, = _2'3{( Vit = Vi-p) * (Vipp = VIr-H)} @G.11)

AE, = =<

Nh
< {( Vi-b = Vo) ¥ (Vir-p = VIr-H)} (3.12)

to be ca. 2700 cm-! by analogy to the value reported for W(PCy 3)2(CO)3(H?7),% then the
H-D stretch should be reduced to ca. 2340 cm-! by considering the differences in reduced
mass ( V,_, V3 /2). Similarly the D-D stretch should be reduced further to ca. 1910 cm-!
(Vy_pV2 /+/3). The Ir-D stretch can be estimated as 1555 cm- ( v,,_,, //2).

Evaluating eqs 3.11 and 3.12, AE; and AE; are calculated as - 400 and -300 cal/mol
respectively. Despite the gross approximations employed in this analysis, the calculated
energy differences are in rough agreement with the results of the IPR analysis (Table 3.6).
Importantly AE; is predicted to be less negative than AE; as observed. A complete
vibrational analysis of dihydrogen-hydride model complexes related to 6-8 using

computational methods may help clarify this problem.
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Table3.6  Calculated Parameters via IPR Analysis of 'H and 3H NMR Spectra of 6-8

Acquired at 240 K.
complex: 62 6(3H)b 7(IH)c 7(3H)b 82 8(1H)c 8(3H)b
32 (ppm) -8.3 -8.3 -7.2 -8.0 9.1 87 9.2

3 (ppm) -146  -144  -146  -132  -150 -159  -14.8

Uyp Hz) 247 24.8

Uyt (Hz) 177 176 180 178 183
AE| (cal/mol) -125d  -136f  -143f  77f  -153d  _174f  03f
AEj (cal/mol)  -103¢  -1108  -1438 -99¢8 -118¢  -1718  -132¢

a1H NMR analysis of a partially deuterated sample. ® SH NMR analysis of a partially
tritiated sample. ¢ 'H NMR analysis of a partially tritiated sample. 9Energy difference
between Tp(L)Ir(HD)H vs. Tp(L)Ir(H2)D (see eq 3.4). ¢Energy difference between
Tp(L)Ir(D2)H vs. Tp(L)Ir(HD)D (see eq 3.5). fEnergy difference between Tp(L)Ir(HT)H
vs. Tp(L)Ir(H2)T. gEnergy difference between Tp(L)Ir(T2)H vs. Tp()Ir(HT)T.

Structural Considerations. The above analysis establishes that a dihydrogen-
hydride structure is adopted by complexes 6-9. In contrast, the Cp (or Cp* ) analogs such
as [CpIr(PR 3)H3]* are trihydride complexes, with appropriately long T;(min) values of
ca. 200-300 ms.5% Protonation of CpRh(PiPr3)H; with HPFy is reported to yield a
hydride bridged dimer, [{ CpRh(PiPr3)} 2(t-H 3)]PFg and H».47 Preliminary observations
of a mononuclear rhodium trihydride complex, [Cp*Rh(PMe3)H 3][B(Ar)4] have been
described by Hinkle.#® A similar change in structure from trihydride to dihydrogen-
hydride upon substitution of Tp for Cp ligands has been reported by Chaudret and
coworkers in related ruthenium complexes.4*-3! The neutral CpRu(PR 3)H 3 complexes
are characterized as classical trihydride complexes,32 however substitution of the Cp
ligand for TpMe2 results in stable complexes of the form TpMe2Ru(L)(H2)H. In this case

L can be a phosphine, nitrogen or sulfur donor ligand or even Hj.
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In most cases the Tp ligand is considered to be a more efficient donor than the Cp

ligand.>3 This property would seem to favor a trihydride structure over the dihydrogen-
hydride structure that is actually observed in this system. However, in the later transition
metals such as iridium, the Tp ligand transfers less electron density to the metal center.
This is reflected in the higher CO stretching frequency of TpIr(CO)H3 (2020 cm-,
CHCly)>* versus CpIr(CO)H3 (2002 cm-1, CH2Clp)% and also TpIr(CO)(C2H4) (2000
cm-1, cyclohexane)S versus CpIr(CO)(C2Hg) (1980 cm-!, cyclohexane).5” The
difference in relative donor ability is probably a function of orbital overlap between
iridium and the Cp or Tp ligands. The soft iridium center is expected to form stronger,
more covalent bonds with the soft Cp ligand. The bonding between iridium and the hard
pyrazolyl nitrogen donors is presumably more ionic in character. Two additional factors
may be even more important. The relative size of Cp versus Tp is reflected in their
respective cone angles of 136° and 184°. All things being equal, the Tp ligand should
favor complexes with a reduced coordination number. Additionally, Extended Hiickel
MO calculations have indicated that the Tp ligand promotes six-coordination to a greater
extent than the Cp ligand by polarizing the metal orbitals into an octahedral array.5
These conditions can be satisfied if two adjacent hydride ligands in the hypothetical
[TpPM(PR3)H3]* (M = Rh and Ir) complexes formally “reductively couple” to form one
dihydrogen ligand in their place.

Estimation of H-H Distances. As noted by Morris and co-workers, H-H
bond distances inferred from T data depends upon assumptions about the relative rate of
dihydrogen rotation.” In the case of iridium complexes 6 and 7 the observed T |(min)
values of 21-22 ms are consistent with an H-H distance of 0.88 A (fast rotation) or 1.11 A

(slow rotation). Further insight can be obtained by making use of the roughly linear
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inverse correlation between !Jy.p and the H-H bond length (determined by neutron

diffraction or solid state NMR methods) as reported by Heinekey and Luther (Figure
3.6).% A similar analysis has been used to infer the relatively slow rotational motion of
the dihydrogen ligand in [Cp *Ru(dppm)(H2)]BF4,%° and the dicationic complex
[Os(bpy)(PPh3)2(CO)(H2)})(OTf)2.3 For the iridium complexes reported here, the H-D
coupling in the bound dihydrogen ligand is ca. 25 Hz, which is consistent with an H-H
distance of ca. 1 A (Figure 3.6). These complexes may belong to the currently limited
group of dihydrogen complexes such as [Os(H3)(dppe)2 X]* (X = Cl and Br),%! in which
dihydrogen rotational motion is comparable to the rate of molecular tumbling.

In the case of the rhodium complex 9, the H-H bond length is calculated to be
between 0.92 A (slow rotation) and 0.73 A (fast rotation). Since the H-H bond length of
free hydrogen is 0.73 A, the value calculated assuming fast rotation is probably not
correct. The shortest H-H bond lengths which have been characterized by neutron
diffraction are ca. 0.82 A. Unfortunately the rhodium complex gave only a broad hydride
resonance upon partial deuteration of the hydride positions, so a Jy.p value is not
available. Assuming that hydrogen rotation is relatively slow in complex 9, as found for
the iridium analogs, the longer H-H distance of ca. 0.92 A results. Although a definitive
value for the H-H distance in complex 9 cannot be obtained, it is clear that the H-H
distance in the iridium complexes is significantly longer than for the corresponding
rhodium complex.

Hydride Dynamics. Although a static low temperature limiting 'H NMR
spectrum was not obtained for complexes 6-9, partial deuteration (tritiation) and the
obsevation of IPR as detailed above allow the limiting chemical shifts Sip and 8y to be
determined. From this data and the observation of a single hydride resonance for 6 at 127
K, the activation energy for exchange between the dihydrogen ligand and the hydride
ligand can be calculated as AG* < 5 kcal/mol. It should be noted that these observations

were made on a sample of complex 6 which was heavily deuterated in the hydride
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positions. This rules out the possibility that exchange coupling could contribute to the

observed spectrum as has been noted for other dynamic polyhydrides.52

While our data offers no mechanistic insight, it is instructive to consider possible
mechanisms for the rapid exchange of all three hydride nuclei. Two distinct dynamic
processes are required. Rotation of the dihydrogen ligand around the M-H; bond axis
must be rapid on the chemical shift timescale. This is quite reasonable, since reported
barriers to hydrogen rotation are very low except in d2 systems.%364 A second process
exchanges hydrogen nuclei between the dihydrogen and hydride ligands. Since our
complexes are positively charged, it seems reasonable to speculate that an intramolecular
proton transfer may be involved, 566 although it has been reported that the hydride
ligands of the closely related ruthenium complex TpMe2Ru(PCy 3)(H2)H also exchange
rapidly on the NMR timescale.*%-5! In this case, heterolytic cleavage of the dihydrogen
ligand is not facilitated by an overall positive charge.

Although rotation of the dihydrogen ligand is fast on the chemical shift timescale,
inspection of Figure 3.6 indicates that the rate of dihydrogen rotational motion may be
comparable to the rate of isotropic molecular tumbling. A possible consequence of
hindered dihydrogen rotational motion is the observed distortion of the expected 1:1:1
and 1:2:3:2:1 coupling pattern for the respective hydride resonances of the H,D and HD;
isotopomers (Figure 3.1). As noted above, the hydride resonances of the partially
deuterated isotopomers reveal a distortion of the H-D coupling pattern in which the outer
lines are broadened and therefore reduced in intensity. This effect is commonly observed
in organic molecules when the relaxation time (T} ) of the deuterium nucleus is
comparable to Jy.p. Quadrupole nuclear relaxation is sensitive to the molecular
correlation time (1) and becomes significantly more efficient at low temperatures where
1c is long.!! In agreement with this explanation, we observe that distortion of the H-D

coupling patterns becomes more severe at lower temperatures where 7. is greatest. In
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most cases rapid rotation of the H-D ligand can be expected to minimize this effect in

dihydrogen complexes.

Chaudret and coworkers have recently reported the first examples of dihydrogen
complexes in which hydrogen rotation is slow on the NMR timescale. %364 The
[Cp2Nb(HD)(PMe,Ph)]+ complex reveals distinct proton resonances for the two rotamers
of the H-D ligand separated by ca. 0.8 ppm (203 K). The H-D coupling pattern for the
two resonances are distorted from the ideal 1:1:1 pattern, reminiscent of that observed for
6-8 (see Figure 3.1). Similar distortion of the H-D hydride resonance has not been
reported for [Cp *Ru(dppm)(HD)]%, [Os(HD)(dppe)2X]* (X = Cl and Br)®! or
[Cs(bpy)(PPh3)2(HD)J2+ % where dihydrogen rotational motion is believed to be
comparable to, or slower than molecular tumbling. In these cases the observed H-D
coupling (Jy-p =ca. 14-25 Hz) is not reduced by statistical averaging as for complexes 6-
8 (Jy.p =ca. 8 Hz). Therefore, a similar distortion will not be observed unless the rate of
deuterium relaxtion is approximately 2-3 times faster than in the iridium dihydrogen-
hydride complexes 6-8.

Comparison with Related Complexes. There are several examples of fluxional
cis-dihydrogen-hydride complexes in the literature. Partial deuteration has been
generally employed to establish the presence of the H ligand, but large isotope effects
such as those observed for 6-8 have not been reported. A modest upfield isotope shift has
been reported by Field and coworkers in [Fe{P(CH, CH,CH2PMe )3 }(Ha)H]BPhy.67
The fact that Jy.p(H2D) > Jy.p(HD7) (10 and 9 Hz, respectively) in this iron complex is
consistent with a slight preference for deuterium to concentrate in the dihydrogen ligand,
opposite to the preference observed for 6-8.

Distinct hydride resonances attributed to the H3 and the H,D isotopomers are
observed for [Os{P(CH;CH,PPh;)3 }(H2)H]BPhs upon partial deuteration.3! The isotope
shift 5(H3) - 6(HD,) is claimed to be 300 ppb to lower field, however according to Table

IT of this paper the chemical shifts were measured in different solvents and cannot be
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directly compared. Fortunately a 'H NMR spectrum of the hydride region of a mixture of

the H3 and H3D isotopomers was also included. Inspection of this figure indicates that
the isotope shift is in fact ca. 83 ppb at 23 °C. The second isotope shift, S(H,D) - S(HD)
is another 60 ppb to lower field. These observations are consistent with a modest
preference for deuterium to concentrate in the hydride ligand, however the temperature
dependence of the isotope shifts were not reported. At lower temperature the isotope
shift may be similar to that observed for 6-8. In fact, the observed H-D couplings in this
complex are nearly identical to the H-D coupling constants for 6 and 8, indicating that the
dihydrogen ligand in each of these complexes is in a similar electronic environment. The
zero point energy difference of H-H vs. H-D vs. D-D are probably similar between the
osmium and iridium systems. Although vibrational data were not reported for the
osmium complex, the Os-H and Ir-H stretches are probably similar, so that an IPR effect
is expected.

Small downfield isotope shifts are also observed for cis-Ir(H7)H(Cl)(PiPr3);.33
The isotope shifts A} = 6(H3) - 3(H ;D) and Ay = 8(H,D) - 8(HD;) are 40 and 30 ppb at
240 K. The H-D coupling was not clearly resolved but is estimated to be ca. 4 1 Hz
based on simulation of the experimental spectrum. The Ir-H stretch in this neutral
iridium complex is nearly identical to the Ir-H stretch of 6 and 7. Based on the observed
Jy-p coupling in Ir(H2)H(CI)2(PiPr3)2, the H-H bond is considerably more activated than
in the cationic complexes 6-8. Although the H-H stretch in Ir(H2)H(C1)2(PiPr3); is
probably shifted to lower energy than in 6-8, the Ir(H3) stretches are correspondingly
shifted to higher energy, thereby minimizing a potential IPR effect. The absence of a
large IPR effect could also result from a small chemical shift difference between the two
sites.

Large temperature dependent downfield isotope shifts have been reported for
TpMe2IrH 4, along with substantial H-D coupling, which is suggestive of a dihydrogen-
dihydride structure. '® The reported isotope shifts A = §(Hy) - S(H3D), A = S(H3D) -
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8(H2D3), A3 = 8(HaD2) - 8(HD3) are 171, 159, and 139 ppb at 25° C. At this temperature

the averaged Jy.p couplings are 2.5 (H3D), 2.8 (HD3), and 3.3 (HD3) Hz. The isotope
shifts increase to ca. 350, 330, and 285 ppb at -60 °C. However, this complex has a long
T} (min) value of 400 ms (500 MHz), which led Poveda and co-workers to suggest a
tetrahydride structure, related to that previously observed for Cp*IrtH4. The large isotope
shifts were ascribed to an unusually large trans effect of the deuterium nucleus. Large
isotope shifts are not observed for Cp*IrHs. The proposed trans effect® does not explain
the significant temperature dependence which is observed for the isotope shifts of
TpMe2IrH4. An alternative explanation is that the structure is in fact a dihydrogen-
dihydride complex with a stretched H-H bond. For example the corresponding rhodium
complex TpMe2Rh(H2)H, has been formulated as a dihydrogen-dihydride species based
on the observation of H-D coupling and short T values for the hydride ligands. 2’

If TpMe2IrH 4 adopts a dihydrogen-dihydride structure, then the observed isotope
shifts can be analyzed using the same methods we have described for 6-8. In this case,
TpMe21rH 4 is an M(H2)H 2, two site problem and appropriate equations which relate the
observed chemical shifts and coupling constants to the limiting values are shown in
scheme 3.6. In this analysis the two bond 2Jy.p coupling between adjacent hydride
ligands is assumed to be zero, which is probably not true. The analysis will then
overestimate the true !Jyp coupling of the dihydrogen ligand as well as the chemical
shift difference between the dihydrogen and hydride ligands. The Boltzmann factors
which relate the energy difference between deuterium substitution of the dihydrogen
versus the hydride ligands will be underestimated if the 2/y.p is nonzero. The analysis
also does not take into account the effect of intrinsic isotope shifts. The results calculated
using the data reported at 25° C are: dp =-11.1 ppm, 8y =-18.3 ppm, ! Jy.p = 17.5 Hz,
AE| = -169 cal/mol, AE; = -103 cal/mol, AE; = -203 cal/mol, and AE4 = -155 cal/mol.
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The results of this analysis are similar to those calculated for 6-8. The !Jgp coupling

constant calculated for the neutral TpMe2IrH4 complex is significantly smaller than in the
cationic iridium complexes, indicating a longer H-H bond. Further structural information
on this interesting complex would be very desirable. An analysis of the isotope shifts in
the 2H NMR spectrum similar to that undertaken using 3H NMR spectroscopy in this
work may be useful.

While large isotope effects are observed for [TpIr(PR 3)(H2)H]BF4 and
TpMe2[rH 4, the corresponding rhodium complexes reveal virtually none (e.g.
[(TpRh(PPh3)(H2)H]B(Ar)4) or only small isotope shifts (e.g. TpMe2Rh(H2)H3). This
observation follows from a less activated H3 ligand and a weaker M-H bond in the second
row complexes. In this circumstance the zero point energy differences between the

dihydrogen and the hydride ligands are expected to approximately cancel.

Conclusion

Protonation of TpM(PR 3)H3 (M = Rh and Ir) complexes affords highly dynamic
dihydrogen-hydride complexes which reveal only a single hydride resonance at all
accessible temperatures in the 'H NMR spectrum. Short Tj(min) values of 21-22 ms (Ir)
and 7 ms (Rh) indicate an H-H bond length of 0.88-1.11 A in the iridium complexes and
0.73-0.92 A in the rhodium complex depending on the relative rate of the dihydrogen
rotational motion. In the case of the iridium complexes, partial substitution of the
hydride positions with deuterium or tritium results in large temperature dependent isotope
shifts, which result from a preference for the heavy hydrogen isotope to occupy the
hydride site. Analysis of this effect gives the limiting chemical shifts of the dihydrogen
and hydride ligands as well as the 1/y.p coupling constant (ca. 25 Hz). An H-D coupling
constant of this magnitude is consistent with an H-H bond length of ca. 1 A for the

iridium complexes.
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Experimental

The general experimental methods have been described in the experimental
section of chapter 2. The procedures employed to safely store and manipulate tritium gas
have been outlined previously 48

Synthesis of Complexes.

[(CsMes)Ir(PMe3)H3]SO3CF3. To a 300 mL glass bomb fitted with a Kontes
valve was added (CsMes)Ir(PMe3)Cl2%? (2.01 g, 4.24 mmol), AgSO3CF3 (2.37 g, 9.2
mmol) and a teflon coated stir bar. CH;Cl; (50 mL) was vacuum transferred into the
flask and the head space backfilled with H2 (1000 torr). The flask was covered with
aluminum foil and allowed to stir overnight to yield a pale orange solution containing
white precipitate. The insoluble AgCl was filtered off. The volume of the filtrate was
reduced under vacuum and then layered with Et,0 to afford colorless crystals upon
standing at -30 °C for 3 days. These were washed with Et20 (3 x 5 mL) and dried under
vacuum. Yield 2.06 g (88%). The product was characterized by comparison of its 1H
NMR spectrum to the literature. 70

[(CsMes)Ir(PPh3)H3]BF4. This complex was prepared from
(C5Me 5)Ir(PPh3)Cl, ' by a procedure identical to that employed to prepare
[(CsMes)Ir(PMe3)H 3]SO3CF3. AgBF4 was substituted for AgSO3CF3. Yield 60%;
characterized by H NMR spectroscopy.?

TpIr(PMe3)H;. A coloriess solution of [(CsMes)Ir(PMe 3)H 3]SO3CF3 (146 mg,
0.263 mmol) in CH3CN (15 mL) was stirred under argon at room temperature for 2-3
days. In the glove box, NaTp (66 mg, 0.280 mmol) was added and then stirred at room
temperature for an additional 2 days. The volatiles were stripped under vacuum and the
resulting residue taken up in a minimum of toluene. Working in the air, the complex was
isolated following chromatography on alumina, eluting with toluene (column measured
10 mm x 230 mm). Fractions containing the desired complex were identified by TLC

and combined. The toluene was removed by rotary evaporation and the residue
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crystallized by adding wet MeOH. The resulting white powder was dried under vacuum

to yield 70 mg (55%) of analytically pure product. 'H NMR (CD,Cly): 7.70, 7.63 (d, 2
H each, 3,5-pz¢q); 7.67,7.59 (m, 1 H each, 3,5-pzax); 6.18 (t, 2 H, 4-pzeq); 6.08 (m, |
H,4-pzax); 1.63 (d,Jp.a = 10.0 Hz, 9 H, PMe3); -21.3 (d, Jp.gy = 25.0 Hz, 2 H, Ir-H).
3C{!H} NMR (CD,Ch): 146.2, 134.0 s, IC, 3,5-pzax); 144.0, 138.8 (s, 2 C, 3,5-pzeq);
105.8 (s, 1 C, 4-pzyx); 105.6 (s, 2 C, 4-pzeq); 21.7 (d, Jpc =39.4 Hz). 31P{Me !H}
NMR (CD,Cly): -45.6 (t, Jp.q =25 Hz). 'HNMR (CgDg): 7.93,7.34 (br s and m
respectively, 1 H each, 3,5-pzax); 7.57,7.53 (d, 2 H each, 3,5-pzeq); 5.94 (t,2 H, 4-
PZeq); 5.68 (m, | H, 4-pzay); 1.32(d, Jp.g =9.9 Hz, PMe3); -20.56 (d, Jp.g = 25.5 Hz, 2
H,Ir-H). BC{!'H} NMR (C¢D¢): 146.4, 133.3 (s, 1 C each, 3,5-pzax); 144.1, 134.4 (s, 2
C, 3,5-pzeq); 105.7 (s, 1 C, 4-pzay); 105.4 (5,2 C, 4-pzeq); 21.5(d, Jpc =38.8 Hz,
PMe3). 31P{Me 'H} NMR (C¢Dg): -46.55 (t, Jp.g = 24.3 Hz). IR: 2482 (VB-H); 2143
(Vir-H). MS: m/z484 (M*). Anal. Calcd for C13H BINgP: C, 29.83; H, 4.38: N,
17.39. Found: C, 29.51; H, 4.83; N, 17.26.

TpIr(PPh3)H; (2). Prepared as above, starting from [(CsMe5)Ir(PPh3)H 3]BF4.
Yield: 60%. Alternatively complex 2 was prepared from TpIr(C2Hg); following the
procedure outlined in chapter 2. Characterization data is given in the experimental
section of chapter 2. |

TpMe2Ir(PMe3)H; This complex was prepared on an 1.5 mmol scale by a
procedure identical to that described for the Tp analog. Yield 74%. 'H NMR (CD,Ch):
5.84 (s,2H, 4-pzeq); 5.70 (s, | H, 4-pzax); 2.41,2.26 (s, 6 H each, 3,5-Me 2PZeq); 2.26,
2.09 (s, 3 H each, 3,5-Mespzax); 1.63 (d, Jp.H = 9.6 Hz, 9 H, PMe3); -22.11 (d, Jp.g =
26.7 Hz, 2 H, Ir-H). 13C{!H} NMR (CD;Cly): 150.8, 144.7 (3,5-pzeq); 150.0, 143.5
(3.5-pzax); 106.0 (4-pzeq); 104.7 (4-pzax); 24.2 (d, Jpc =38.2 Hz, PMe3); 17.35, 13.0
(3,5-Me2pzeq); 17.75, 12.7 (3,5-Meypzay). 31P{!H} NMR (CD,Cl,): -53.0(s). 'H
NMR (Cg¢Dg): 5.76 (s, 2 H, 4-pZeq); 5.47 (s, | H4-pz,x); 2.41,2.10 (s, 3 H each, 3,5-
Meapzax); 2.30,2.27 (s, 6 H, 3,5-Me2pzeq); 1.41(d, Jp.g = 9.6 Hz, 9 H, PMe3); -21.21
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(d,JpH =26.1 Hz, 2 H, Ir-H). 13C{!H} NMR (CgDg): 150.5, 144.1 (3,5-pzeq); 149.8,

142.4 (3,5-pzax); 106.0 (4-pzeq); 104.9 (4-pzax); 23.6 (d, Jpc =37.3 Hz, PMe3); 17.5,
129 (3,5-Me2-pzeq); 17.6, 12.6 (3,5-Mezpzax). 31 P{Me !H} NMR (CgDg): -52.0 (t, Jp.
H=24.7Hz). IR: 2511 (vB.H); 2138 (VI.4). Anal. Calcd for CjgH33BIrNgP: C, 38.10;
H, 5.86; N, 14.81. Found: C, 38.67; H, 5.94; N, 14.55.

[TpIr(PMe3)(H2)H]BF 4. To a 50 mL schienk flask containing a solution of
TpIr(PMe3)H2 (24 mg, 0.050 mmol) in EtzO (5 mL) at -78 °C was added HBF4*Et»20
(85%, 10 mL, 0.07 mmol) dropwise. This was allowed to gradually warm to room
temperature as fine white microcrystals precipitated from solution. The product was
filtered off and washed with Et20 (2 mL) and dried under vacuum. Yield 25 mg (87%).
TH NMR (CD,Cl,): 7.87, 7.85 (d, 2 H each, 3,5-pzeq); 7.69, 7.67 (brs, 1 H each, 3,5-
PZax); 6.43 (t, 2 H, 4-pzax); 6.21 (m, 1 H, 4-pzay); 1.78 (d, Jp.y = 11 Hz, 9 H, PMe3);
-10.40 (d, Jpg = 11 Hz, 3H, Ir-H). BC{!H} NMR (CD,Cly): 146.1, 135.8 (3,5-pzax);
144.9, 136.8 (3,5-pzeq); 107.8 (4-pzeq); 107.3 (4-pzax): 17.9(d, Jpc =42.9 Hz, PMe3).
31p{Me 'H} NMR (CD;Ch): -42.7 (q,Jp.q = 9.8 Hz). 'H NMR (CDCI,F): 7.87,7.79
(d, 2 H each, 3,5-pzeq); 7.68,7.59 (brs, 1 Heach, 3,5-pzax); 6.40(t, 2 H, 4-pzeq); 6.13
(m, [ H, 4-pzax); 1.76 (d, Jp.q = 11.6 Hz, 9 H, PMe3); -10.42 (d, Jpy = 10.5Hz, 3 H, I-
H). IR: 2499 (vB.H); 2199 (VIr.H). Anal Calcd for C1oHpnBsF4IrPNg: C, 25.24; H,
3.88; N, 14.72. Found: C, 25.45; H, 4.03; N, 14.40.

[TpMe2Ir(PMe3)(H2)H][B(3,5-(CF3)2CsH3)4]. A typical sample was prepared
by vacuum transfer of CD,Cl; (0.4 mL) into an NMR tube (sealed to a Kontes valve
vacuum line adaptor) containing TpMe2[r(PMe 3)H (12.8 mg, 0.023 mmol) and
[H(Et20)2]1[B(3,5-(CF3)2CsH3)4]7! (23 mg, 0.023 mmol) and then flame sealed under
vacuum. 'H NMR (CDClp): 7.73 (br, 8 H, 0-CgH3(CF3)); 7.58 (s, 4 H, D-
CeH3(CF3)2); 6.08 (s, 2 H, 4-pzeq); 5.75 (s, | H, 4-pzax); 2.46,2.35 (s, 6 H each, 3,5-
PZeq), 2.25,2.06 (s, 3 H each, 3,5-pz); 1.63 (d, Jpy = 10.7 Hz, 9 H, PMe3); -11.0 (v
br, 3H, Ir-H). 31P{!H} NMR (CD;Cl,): -49.2 (s).
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[TpIr(PPh3)(H2)H]BF 4. Methylene chloride was added dropwise to a

suspension of TpIr(PPh3)H 7 in Et0 until a homogeneous solution was obtained. To this
solution was added one equiv. of HBF4¢Et,0, which was then reduced in volume under
vacuum and stored at -30 °C overnight to afford a colorless powder which was filtered
off, washed with Et0 and dried under vacuum. This material did not yield a satisfactory
elemental analysis. We note that a color change was observed from white to pale pink
when this complex was exposed to vacuum and suspect that decomposition following
loss of Hy may explain the unsatisfactory analytical data. 'H NMR (CD,Cl,): 7.83, 6.79
(d, 2 H each, 3,5-pzeq); 7.76, 7.70 (m, 1 H each, 3,5-pzax); 7.58 (m, 3 H, p-CeHp); 7.44,
7.16 (m, 6 H each, o0- and m-CgHg); 6.25 (m, | H, 4-pzax); 6.09 (t, 2 H, 4-pzeq); -9.77
(br, 3 H, Ir-H). 31P{!H} NMR (CD;Ch): 1.1(s). IR: 2502 (vB-H); 2197 (VI.y). Anal.
Calcd for C7HgBoF4IrNgP: C, 42.83; H, 3.73; N, 11.1. Found: C, 40.00; H, 4.25;
N, 9.20.

[TpRh(PPh3)(H2)H][B(3,5-(CF3)2C6H3)4]. A typical sample was prepared by
vacuum transfer of CD7Cl into an NMR tube (fitted with a Kontes valve vacuum line
adaptor) containing TpRh(PPh3)H> (2.6 mg, 0.0045 mmol) and [H(Et,0)2][(B(3,5-
(CF3)2C¢H3)4] (5 mg, 0.0049 mmol) and then flame sealed under vacuum. The sample
was warmed to -78 °C and stored at this temperature until immediately before being
transferred to a precooled NMR probe (< 250 K). 'HNMR (CD>Cl): 7.80,6.57 (d, 2 H
each, 3,5-pzeq); 7.72 (br, 8 H, 0-C¢H3(CF3)3); 7.57 (br, shoulder on p-C¢H3(CF3)2
resonance); 7.54 (br, 3 H, p-C¢H3(CF3)2); 7.41, 7.09 (m, 6 H each, o- and m-
CeHsPPhy); 6.22 (brm, 1 H, 4-pzax); 6.02 (t, 2 H, 4-pzeq); -7.95 (br, 3 H, Rh-H).

X-ray Structure of [TpIr(PMe3)(H2)H]BF 4CH2Q13. Clear colorless crystals
suitable for x-ray diffraction were obtained by slow diffusion of Et30 into a CH;Cl>
solution of [TpIr(PMe 3)(H2)H]BF4 contained in a 5 mm glass tube. Diffraction
measurements were made on a crystal fragment of dimensions 0.3 x 0.3 x 0.35 mm in a

nitrogen stream at 183 K on an Enraf-Nonius CAD4 diffratometer using graphite-



89
monochromated MoKa radiation (A = 0.71073 A). An orientation matrix was determined

from 24 centered peaks in the range of 28° <20 > 34°. Monoclinic symmetry (space
group P2 /n) was indicated based on systematic absences. The cell parameters a =
10.560(2) A, b= 13.500 (3) A, c = 15.880(3) A, B =92.54(3)°, V = 2261.6(11) A3 (Z =
4) with a calculated density of 1.918 g/cm3. There were 3960 unique reflections
collected, with 20 < 50°, of those reflections 3196 with I 2 461 were adjudged observed.
Reduction of the data was carried out with XCAD4 and further work was carried out
using Siemens version of SHELX.

The structure was solved by direct methods, which agreed with the results of a
Patterson function, and the iridium atom located reduced the R factor to 22%. The rest of
the atoms were found from difference maps. The full refinement proceeded to a final R
of 4.5% and a Ry of 5.9%, with a GOF of 1.9. The weighting scheme required a
correction factor of 0.0015. Tables of crystal data and parameters, atomic coordinates,

and anisotropic thermal parameters are included below.
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Table 3.7 Crystal Data and Parameters for 6*CH>Cl,.

Empirical formula
Color; Habit
Crystal size (mm)
Crystal System
Space group

Unit cell dimensions

Volume

yA

Formula weight

Density (calc)

Adsorption Coefficent
F(000)

Radiation

Temperature (K)
Monochromator

20 Range

Scan Type

Scan Speed

Scan Range (w)
Reflections Collected
Independent reflections
Observed Reflections
Number of Parameters Refined
Final R Indices (obs. data)
R Indices (all data)
Goodness of Fit

Ci13H21 BoClhF4IrNgP
Clear Fragment
0.20.2503

Monoclinic

P21/n

a=10.5602) A

b = 13.500(3) A
c=15.880(3) A
B=92.54 (3)°
2261.6(11) A3

4

653.0

1.918 mg/m3

6.255 mm-!

1252

MoKa (A =0.71073 A)
183

Highly oriented graphite crystal
2.0t050.0°

®

Variables; 1.5to 5.5°/min in ®
0.8 +0.35(tan @)°

4955

3960 (Riny =3.64%)
3196 (F > 4.0 5(F))

269

R =4.45 %, wR =5.88%
R =5.66%, wR =8.77%
1.89
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Table 3.8.  Atomic coordinates (x 103) and equivalent isotropic displacement
coefficients (A2 x 104)
atom X y z U(eq)
Ir 5863(3) 24551(2) 12554(2) 199(2)
P 602(24) 38062(19) 20274(17) 248(8)
C(10) 12433(111) 42031(88) 27793(74) 421(40)
C(11) -3243(105) 48903(72) 14023(67) 343(35)
C(12) -12836(93) 36194(83) 26622(73) 370(37)
B(1) 10355(111) 22093(82) -7222(84) 263(36)
N(I) -3434(90) 25567(48) -5907(60) 243(27)
N@) -7296(79) 27505(59) 2042(53) 242(25)
C(1) -12813(108) 27532(77) -11532(71) 321(34)
C(2) -23431(97) 30742(74) -7426(74) 3589(36)
C@3) -19570(87) 30501(72) 1143(70) 301(33)
N(@3) 11402(66) 12009(51) 5754(51) 188(24)
N@4) 12712(67) 12388(55) -2417(54) 250(26)
C@) 14382(90) 2712(65) 8316(69) 266(31)
C(S) 17676(88) -2710(71) 1416(73) 321(34)
C(6) 16464(89) 3530(71) -5359(69) 275(31)
N(5) 18966(68) 30169(59) -2913(50) 226(24)
N(6) 18640(65) 32214(54) 5491(52) 212(24)
C(7) 28065(90) 35833(70) -6343(72) 324(34)
C(@8) 33596(92) 41617(77) 195(67) 321(34)
C) 27865(91) 39202(70) 7394(71) 304(33)
B(2) -4360(116) -1591(92) 29974(79) 326(38)
F(1) 3484(66) 5414(52) 33917(50) 582(27)
F(2) -13272(60) 3237(4%) 25022(42) 4444(22)
F@3) 331(68) -7845(55) 25140(46) 566(26)
F(4) -9986(67) -7246(51) 36121(42) 485(23)
Cl(1) -37105(35) 15346(25) 16954(23) 596(12)
Cl(2) -53624(45) 13849(36) 2047(38) 1095(23)
CI(3) -49532(142) 20230(91) 11125(92) 547(49)

Equivalent isotropic U defined as one third of the trace of the orthogonalized Ujj tensor.
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Table 3.9.  Anisotropic displacement coefficients (A2 x 104)
atom U Up U3z U Uiz Ux
Ir 209(3) 154(3) 234(3) -3(1) 12(2) 16(1)
P 253(i3) 244(14) 245(14) 19(10) -6(11) -66(11)
C(10) 446(68) 440(68) 371(69) 67(52) -57(56) -141(55)
C(11) 439(63) 268(55) 320(63) 77(46) -16(52) -66(47)
C(12) 257(55) 434(66) 432(69) 26(45) 171(51) -99(54)
B(1) 244(60) 181(53) 365(72) -4(45) 0(54) 117(51)
N(1) 269(46) 188(46) 271(50) -38(29) -15(39) 42(32)
N(2) 334(47) 153(36) 238(45) 26(35) 25(37) 1(35)
C(1) 443(67) 204(47) 304(61) 11(48) -104(52) -24(47)
C2) 288(55) 256(55) 513(73) 4(43) -179(52) 31(50)
C@3) 195(48) 262(52) 444(69) 3(39) -11(47) -71(46)
N(@3) 148(37) 142(38) 282(48) 26(29) 92(33) 41(33)
N@4) 155(39) 215(42) 379(53) 54(31) -5(36) -33(36)
C4) 279(52) 149(46) 376(63) 30(38) 91(46) 93(42)
C(5) 246(52) 173(48) 547(74) 54(38) 46(50) -18(48)
C(6) 232(50) 270(52) 331(59) -57(39) 83(44) -35(45)
N(5) 174(38) 278(44) 221(43) 13(32) -23(33) 58(35)
N(6) 135(37) 171(38) 330(49) -74(29) -2(34) -14(33)
@) 239(51) 290(56) 446(68) 71(42) 67(48) 183(50)
C(8) 257(54) 360(60) 349(63) -240(44) 40(47) 16(49)
C9) 287(54) 195(47) 424(67) -49(40) -60(49) -35(45)
B(2) 372(67) 346(67) 252(65) -54(53) -88(54) 103(52)
F(1) 514(43) 540(46) 673(52) -143(34) -188(38) -94(39)
F(2) 453(37) 499(40) 366(38) -22(30) -120(31) 136(32)
F(3) 596(44) 614(47) 505(45) 61(35) 220(37) -83(38)
F(4) 567(40) 514(43) 385(38) 25(33) 148(32) 200(33)
Cl(1) 770(24) 439(19) 577(22) 10(16) -5(18) 124(16)
Cl(2) 840(32) 906(34) 1481(49) 174(25) -593(33)  -435(33)
C(13) 662(87) 341(69) 656(97) 64(62) 220(74) -112(64)

The anisotropic displacement exponent takes the form:

-212 (h2a*2Uy + ... + 2hka*b*U )
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CHAPTER 4

CYCLOMETALLATION OF A PYRAZOLYL ARM IN HYDRIDOTRIS-
(1-PYRAZOLYL)BORATE AND TRIS(1-PYRAZOLYL)METHANE
COMPLEXES OF IRIDIUM

The synthesis and reactions of hydridotris(1-pyrazolyl)borate (TpR2,R=Hor
Me) complexes! of rhodium and iridium have recently been the focus of much interest
due to their role in C-H bond activation reactions.>® Specifically, the TpMe2 complexes
have received the most attention, due in part to the observation that methyl substituents in
the 3- and 5-positions stabilize against thermal decomposition. For example,
TpIr(C2Ha)2 (1) is reported to decompose at 70 °C to a complex mixture of products,’
whereas TpMe2Ir(C;Hay); cleanly isomerizes at 60 °C, first to the vinyl hydride complex,
TpMe2Ir(C2H4)(CH=CH,)H 0 and then to other products!!"!? depending on experimental
conditions. The TpIr(C2H4)(CH=H;)H complex is not intrinsically unstable, evidenced
by the fact that it can be formed in high yield under photochemical conditions. The
difference in thermal reactivity is curious if one considers that the unsubstituted Tp ligand
may actually afford greater steric protection of the metal center because it is more likely
to adopt a tridentate structure (e.g. 13-TpIr(CO)(C2H4)'3 vs. N2-TpMe2ZM(CO)(C, Hyg)35).
However, even when the ground state structure is trigonal bipyramidal (tbp), four
coordinate square planar (sp) species are thermally accessible.!4-17

In this chapter we report observations of a previously unknown cyclometallation
reaction of the Tp ligand. This reaction leads to formal oxidation of the iridium center by
formation of an iridium (IIT) alkyl hydride complex via activation of a C-H bond of a
pyrazolyl ring. Related chemistry is presented for a similar cyclometallation reaction of
cationic tris(1-pyrazolyl)methane (Tpm) complexes of iridium. The cyclometallated

complexes display limited thermal stability. We suggest that the improved stability of
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3,5-substituted TpMe2 complexes may be due to protection against pyrazolyl

cyclometallation reactions provided by the methy! substituents.

Results

Cyclometallation of Tris(1-pyrazolyl)borate. Methylene chloride solutions
of TpIr(PPh3)(C2H4) (1) and a six-fold excess of PPh 3 react to form equilibrium mixtures
of 1 and the cyclometallated complex, (N, C5, N-Tp)Ir(PPh3);H ( 2) and free ethylene

upon standing for 20 h (eq 4.1). These reactions were conducted under vacuum in sealed

B/“@ e/©

HE N HE; N
NS . ’
'!‘ \Nh., il,__\ +PPh; e \ '\@Nu“lnu'\pph:i + CaH, (4.1)
<Nl NNQI | w
& PPh, PPhy
1 2

NMR tubes. The relative concentration of each species was determined at equilibrium by
integration of the appropriate resonances in the 'H NMR spectra. No intermediates were
detected. The equilibrium constant for eq 4.1 was calculated as [2][C2H4)/[1][PPh3] and
equals 0.1 at room temperature (AG® = 1.4 kcal/mol). Because a significant fraction of
the displaced ethylene diffuses into the headspace, the observed ratio of 2 :1 is ca. 10 to
1. Addition of ethylene (one atmosphere) results in the regeneration of 1 at the expense
of 2 over several hours. In a separate experiment, addition of H; to a similar equilibrium
mixture gives Tplr(PPh3)H3, free PPh3 and free ethylene upon standing overnight.
Complete conversion to 2 was accomplished on a preparative scale by reaction of 1 with
a six-fold excess of PPh3 in CH,Cl; solutions while periodically purging the system with

argon. Clean formation of 2 requires excess PPh3, providing isolated samples
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unfortunately contaminated with residual PPh3. Solutions of 2 decompose in solution

within 4-5 days at ambient temperature.

Characterization of 2 was accomplished by !H and 3!P NMR, IR, and FABMS
analysis. Selected !H NMR NOE experiments were also undertaken to completely assign
the eight pyrazolyl resonances of the (N, C5, N-Tp) ligand. These experiments indicate
that a cyclometallated (N, C5, N-Tp) ligand is coordinated to the iridium center of 2 by
way of nitrogen donors for two of the pyrazolyl arms and through the C5-carbon atom of
the activated pyrazolyl arm. The complex contains two PPh3 ligands, one of which is
trans to the C3-pyrazolyl donor. The sixth site of the octahedron is occupied by a hydride
ligand, which was identified in solution by a characteristic resonance at -18.95 ppm (dd,
Jp.g =21.1 and 11.7 Hz) in the | H NMR spectrum. In the solid state a weak IR
absorption at at 2179 cm-! was attributed to vi_g while a band at 2473 cm-! was
assigned to vp.y of the (N, C5, N-Tp) ligand. This value is unremarkable and implies
that cyclometallation has little effect on the B-H vibrational mode. The observation also
rules out the possibility that the hydride ligand of 2 results from oxidative addition of the
B-H bond.!® The doublet of doublets pattern of the hydride resonance is consistent with
cis-P-H coupling to two inequivalent phosphine ligands. This was confirmed by
31P{aromatic 'H} NMR experiments, which reveal resonances at 3.80 (t) and 1.02 (dd)
ppm due to an AMX spin system (Jp.p = 10 Hz). The expected molecular ion peak at 930
amu was observed by FABMS. The 4-pz resonance of the cyclometallated pyrazolyl arm
shifts significantly upfield from 5.93 ppm in 1 t0 4.76 ppm in 2. The new resonance at
4.76 ppm appears as an apparent triplet (J = 1.4 Hz) due to overlap of an H-H coupling
and a trans-P-H coupling '° of the same magnitude (Figure 4.1). This assignment and
those of the remaining pyrazolyl protons was established through a series of !H NMR
NOE experiments. Irradiation of the hydride resonance at -18.95 ppm gives enhancement
of b (4.76 ppm) and f (6.82 ppm) and of the ortho-pheny! protons (6.90 and 7.26 ppm).

Irradiation of b in turn, gives an enhancement of a (6.79 ppm). The 3,5-pyrazolyl protons
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Figure4.1  'H NMR spectrum of (N, C5, N-Tp)Ir(PPh3);H in CD,Cl,
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of the pz-arm trans to the hydride ligand appear as simple doublets at 6.54 and 7.87 ppm,

which were distinguished as ¢ and e respectively, since irradiation of the ortho-phenyl
resonance at 6.90 ppm gave an enhancement of ¢ (6.54 ppm). A sharp triplet and a
multiplet at 5.84 and 5.44 ppm are assigned to d and g respectively, based on the
additional rrans-P-H coupling of the latter resonance. Remaining is h at 7.48 ppm.
Cyclometallation of Tris(1-pyrazolyl)methane. We have undertaken a study of
closely related Tpm complexes?® in order to gain an understanding of the mechanism of
pyrazolyl cyclometallation. Thus, the new [(Tpm)Ir(C2H4);2]BF 4 (3) complex reacts at
-78 °C with one equiv. of PPh3 to form [(Tpm)Ir(PPh3)(CH4)]BF4 (4) and free ethylene.
Upon warming to -10° C, 4 is observed by !H NMR spectroscopy to isomerize (tip = 5.5

h) to the cyclometallated, [(N, C3, N-Tpm)Ir(PPh3)(C,H4)H]BF; (5) complex (eq 4.2).

17 . ] T
@ o) C\/{;
l N& I —_— N\ l N~ “‘
Ny o I N—F—y r (4.2)
d lpha @ '!'Pha J/Fl’i’haH

Complex § is thermally unstable and slowly decomposes to a complex mixture of
products. It was possible to collect spectroscopic data to support the (N, C3, N-Tpm)
formulation because decomposition proceeds more slowly than cyclometallation. At
temperatures less than -10 °C, the isomerization of 4 to § is unreasonably slow. While
isomerization occurs more readily at slightly higher temperatures, decomposition also
becomes a more significant factor. As was found in the case of 2, cyclometallation
causes a marked upfield shift of the 4-pz proton from 6.21 ppm in 4 to 4.94 ppm in 5.
The coupling pattern of the cyclometallated 4-pz resonance is now a simple doublet (J =
1.6 Hz), coupling to only one neighboring hydrogen. The hydride ligand is identified at

-17.14 ppm (d, Jp.H = 18.8 Hz). No change in the course of this reaction is observed if
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the reaction is carried out with an excess of PPh3. Complex 4 can be trapped by H (six

atmospheres) at -20 °C to obtain [(Tpm)Ir(PPh3)H2]BF4 (6) and free ethylene. Likewise,
SnBu3H reacts immediately with 4 at -78 °C to form [(Tpm)Ir(PPh3)(SnBu 3)HIBF4 (7),
which is thermally stable.

Mechanism of Pyrazolyl Cyclometallation. We have previously shown that 1
adopts a tbp structure in solution with PPh3 coordinated in the axial site and ethylene
positioned in the equatorial plane (chapter 2). A facile equilibrium with an unobserved sp
intermediate was proposed based on kinetic data for the reaction of 1 with H,. The
spectroscopic data collected for 4 also supports a tbp structure (see experimental section).
The isomerization of 4 to the cyclometallated complex 5 is convincing evidence that an
equilibrium with a sp intermediate occurs (eq 4.2). We have found that 5 fails to react
with excess PPh3. In fact a number of reports in the literature have commented that
iridium (III) alkene complexes stabilized by TpR2 ligands are inert to substitution of the
ethylene ligand under thermal conditions.??!22 Similarly we have found that the
ethylene ligand is not displaced from [TpIr(PPh3 )(C,H4)H]BF4 (8)2 or
TpIr(C3H4)(C2Hs)Cl (9) upon addition of excess PPh3. With this in mind we rule out (N,
C3, N-Tp)Ir(PPh3)(C2H4)H as a possible intermediate in the formation of 2. Instead, we
propose that 1 reacts with PPh3 to form TplIr(PPh3 ), (10) which then rapidly
cyclometallates (eqs 4.3 and 4.4). The structure of 10 is unknown, but this complex

probably exists as a mixture of tbp and sp forms in solution.

Tplr(PPha)(C2H4) + Pph3 Tplr(PPh3)2 + 02H4 (4.3)

Al ————

1 10

TpIr(PPhg), > (N, C5 N-Tp)ir(PPhg),H (4.4)

10 2
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Discussion

Cyclometallation represents an unprecedented mode of reactivity for the
ubiquitous Tp ligand. In the case of low valent iridium complexes, this reaction is
feasible due to the strong Ir-C and Ir-H bonds formed by oxidative addition of the
pyrazolyl C-H bond.?* These are the same attributes which make complexes of this type
useful in alkane activation reactions and we suggest that cyclometallation may be a
common reaction for Tp complexes of transition metals in the d8 configuration.

We have also shown that cyclometallation of the Tpm ligand occurs readily.
There is precedent for this reaction in platinum (II) complexes, but the driving force of
methane elimination was apparently required. For example, (Tpm)Pt(CH3); is reported
to isomerize to (n2-N, C3-Tpm)Pt(CH3 )(py) in hot pyridine (eq 4.5).25 Oxidation of this

complex with Mel then forms [(N, N, C5-Tpm)Pt(CH3 )2(py)]I containing the tridentate

(TPM)PL(CHa), L @N—H—CH:; + CH, (4.5)

pyridine I

Py

D "
Ty
(N, C-Tpm)PUCHy)(py) — s \ ~N"'pr-°““°"'3

. @,I\CHG (4.6)

Py

cyclometallated Tpm ligand (eq 4.6).28 The pyridine ligand can be substituted with
tertiary phosphine ligands to provide a family of related cationic platinum (IV)
complexes. If (Tpm)Pt(CH3); is reacted directly with Mel, then the neutral (N, N, Cs-
Tpm)Pt(CH3)2I complex is obtained. Each of these platinum alkyl complexes is

thermally robust. In contrast 2 and § retain both the alkyl and hydride ligands resulting
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from pyrazolyl cyclometallation and are thermally quite unstable. In solution at room

temperature, complexes 2 and 5§ decompose within 4-5 days or within 5 minutes,
respectively. The mechanism of decomposition is not understood, as we have been
unable to identify any of the products formed upon decomposition. Trofimenko has
previously suggested that methyl substituents in the 5-position stabilize TpMe2 complexes
by steric protection of the B-H bond. However, our observations suggest another
possibility is that methyl substituents discourage the pyrazolyl cyclometallation reaction.

Further work is required to understand the subsequent decomposition pathways.

Conclusion

Solutions of TpIr(PPh3)(C3H4) (1) react with excess PPh3 to form equilibrium
mixtures of 1 and (N, C5, N-Tp)Ir(PPh3),H (2) and free ethylene (Keq =0.1). The
closely related [(Tpm)Ir(PPh3)(C2H4)IBF 4 (4) complex isomerizes at -10 °C to form [(N,
C3, N-Tpm)Ir(PPh 3)(C2H4)HIBF4 (5) (12 = 5.5 h). Based on the observation that § fails
to react with excess PPh3, TpIr(PPh3); (10) is proposed as a key intermediate in the

formation of 2

Experimental

General experimental methods and instrumentation are described in chapter 2.
The pyrazolyl ligands, potassium hydridotris(1-pyrazolyl)borate (KTp)?’ and tris(1-
pyrazolyl)methane (tpm)?28 were prepared by literature methods. The iridium starting
material, (NH4)2IrClg was recovered from laboratory iridium residues following
published procedures.?? TpIr(PPh3)(C3Hy) (1) and [TpIr(PPh3)(C,H4)H]BF; (8) were
prepared as described in chapter 2.

Fast atom bombardment mass spectra (FABMS) were obtained usinga VG 70
SEQ tandem hybrid instrument of EBqQQ geometry, equipped with a standard saddle-field
gun (Ion Tech Ltd., Middlesex, U. K.) producing a beam of xenon atoms at 8 keV and 1
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mA. Solid samples were applied to the FAB target as suspensions in 3-

nitrobenzylalcohol. All spectra were taken in the positive ion mode. Elemental analyses
were performed by Canadian Microanalytical Services, Ltd., Vancouver, BC.

Synthesis of Complexes.

(N, C5, N-Tp)Ir(PPh3)2H (2). To a 100 mL schlenk flask containing
TpIr(CaHas)2? (14.2 mg, 0.31 mmol), PPh3 (56.4 mg, 0.22 mmol) and a teflon coated stir
bar was added CH>Cl, via cannula. The colorless solution was stirred briefly, then
degassed with three pump-purge cycles, backfilling with Ar. The flask was covered with
aluminum foil to exclude light and was left to stir for 22 h, periodically repeating the
pump-purge cycles. The solvent was then stripped under dynamic vacuum and the
residue isolated in the glove box. Attempts to purify this material by recrystallization or
chromatography on silica gel gave only decomposed iridium products and PPh3. The
trans relationships are reflected in the order of atom labels of the (N, C5, N-Tp) ligand.
For example, one PPh3 ligand is trans to a nitrogen donor and the other is trans to the Cs-
pzarm. 'HNMR (CD,Cl,): 7.86 (d, 1 H, 5-pz trans to H); 7.47 (m, | H, 5-pz trans to
PPh3); 6.81 (m, | H, 3-pz trans to PPh3); 6.78 (m, 1 H, 3-pz of cyclometallated arm);
6.54 (d, 1 H, 3-pz trans to H); 5.83 (t, 1 H, 4-pz trans to H); 5.43 (m, 1 H, 4-pz trans to
PPh3); 4.76 (t, 1 H, 4-pz of cyclometalled arm); 7.37-7.30 (excess PPh3); 7.26, 6.90 (m,
6 H each, 0-CcHsPPhy); 7.20-7.07 (complex m, 12 H, aromatic); -18.95 (dd, Jp_y =
11.7 and 21.1 Hz, 1 H, Ir-H). 3!P{aromatic 'H} NMR: 3.80 (t, Jp_p = 10 Hz, J_p = 10
Hz); 1.02 (dd, Jp_p = 10 Hz, Jy_p =20 Hz). IR: 2473 (vg_y); 2179 (Vi.g). FABMS:
m/z 930 (M*).

[(tpm)Ir(C2Hy4)2]1BF4 (3). A THF (10 mL) suspension of [Ir(COE),Cl]530 (162
mg, 0.181 mmol) was degassed with three freeze-pump-thaw cycles, then the head space
back-filled with 1 atm of C3 Hy, while maintaining the mixture at 0 °C. Additional Co,Hg4
was added until the original orange slurry became a clear pale yellow solution over ca. 30

min. A second THF (5 mL) solution of tris(pyrazolyl)methane (Tpm) (79 mg, 0.37
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mmol) was then cannula transferred into the first flask to obtain a yellow solution which

was allowed to warm to room temperature and stir for 15 min. Subsequent addition of
AgBF4 (78 mg, 0.40 mmol) as a THF solution/slurry in three portions gave a colorless
precipitate which was filtered off through a bed of celite. The volume of the filtrate was
then reduced under vacuum and pentane added to afford a light yellow microcrystalline
solid, which was filtered off and dried under vacuum. Yield 184 mg (93%). As
determined by !H and 3C{!H} NMR spectroscopy, this material contained 0.25 equiv.
of THF trapped in the crystal lattice, which could not be removed under vacuum. When
studied by 'H NMR spectroscopy, the ethylene resonance was observed to decoalesce at
245 K (AGc* = 11.3 keal/mol) to an AA’XX’ spin system centered at 2.20 ppm. A good
simulation of the experimental spectrum in the static limit was obtained with the
following parameters: 84 =2.53, 8x = 1.86, J¢is = 9.2 Hz, Jyrans = 11.5 Hz, Jgem =-2.2
Hz. 'HNMR (CD2Cl,, 296 K): 9.39 (s, | H, HCpz3); 8.44,7.99 (d, 3 H each, 3,5-pz);
6.51 (t, 3 H, 4-pz); 2.29 (s, 8H, C2H4). 13C{!H} NMR (CD,Cly, 296 K): 142.2, 134.1
(s, 3,5-pz); 108.7 (s, 4-pz), 76.5 (s, HCpz3); 31.6 (s, CoHy4). Anal. Calcd for
CiaH1gBF 4IrNg*(C4HgO)g.25: C, 31.76; H, 3.55; N, 14.81 Found: C, 29.61; H, 3.39;
N, 13.99.

[(tpm)Ir(PPh3)(C2Hy)IBF4 (4). This complex was prepared and observed by
IH, BC{ 'H}, and 3P NMR spectroscopy at low temperature. 4 was observed to
decompose to a complex mixture of products within five minutes of warming to ambient
temperature. A typical sample was prepared by vacuum transfer of CD,Cly (0.5 mL) into
an NMR tube containing [(tpm)Ir(C2H4)2]BF4 (4.2 mg, 0.0076 mmol) and PPh3 (2.0 mg,
0.0076 mmol). The sample was then flame sealed under vacuum and warmed to -78 °C
until being transfered to a precooled NMR probe. Hindered rotation about the Ir-P bond
causes line broadening of the PPh3 resonances at temperatures above 240 K. 'H NMR
(300 MHz, CD;Cl2, 220 K): 9.24 (s, 1 H, HCpz3); 8.39, 7.26 (d, 2 H each, 3,5-pzeq);
8.34,7.39 (d, 1 Heach, 3,5-pzax); 7.52-7.43,7.32 (m and br respectively, 10 H, PPh3);
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7.22(t,J=7.7Hz, 1 H, p-CeHs); 6.99, 6.63 (t, ] = 8 Hz, 2 H each, o- and m-CgH's);

6.42 (m, 1 H, 4-pzax); 6.20 (1, 2 H, 4-pzeq); 1.09,0.96 (m, 2 H each, C2Hy). 1BC{!H}
NMR (125.8 MHz, CD2Clp, 250 K): 144.8, 133.1 (s, 3,5-pzeq); 136.5, 133.6 (s, 3,5-
PZax); 134.9 (br); 133.8 (d, Jp.g = 10 Hz); 132.9 (br); 130.9 (br); 129.5 (br); 128.7 (d,
J=THz); 128.4 (br); 108.0 (s, 4-pzeq); 107.7 (s, 4-pzax); 76.5 (s, HCpz3); 5.0 (s,
C2Ha). 3'P{IH} NMR (202.5 MHz, CD,Cl,, 250 K): 9.0 (s).

[(N, C5, N-tpm)Ir(PPh3)(C2Hs)H]BF 4 (5). This complex was prepared
from a CD7Cl; solution of 4, generated at low temperature (-78° C) in a sealed NMR
tube. Optimal conditions for observation of the isomerization of 4 to § were found at
-10° C (tj2 = 5.5 h). At temperatures less than -10° C, the isomerzation reaction was
unreasonably slow. While isomerization was observed to proceed more readily at slightly
higher temperatures, decomposition also became a significant factor. Typically the
sample was allowed to stand for about 6 h at -15 ° C in a salt/ice bath before being
transferred to a precooled NMR probe and monitored by ! H NMR spectroscopy. Once
the isomerization was essentially complete, the sample was then further cooled to prolong
its lifetime. 'H NMR (CD,Cl,, 250K): 9.13 (s, 1 H, HCpz3); 8.66, 8.46, 7.51, 7.49,
7.13(d, 1 H each, 3,5-pz); 7.41-7.30,7.11, 7.00 (br, PPh3); 6.35 (t, IH, 4-pz trans to H):
6.32 (m, 1 H, 4-pz trans to PPh3); 4.94 (d, 1 H, 4-pz of cyclometallated arm); 3.87, 3.23
(m, 2 Heach, CyHy); -17.14 (d, Jpy = 18.8 Hz, Ir-H). 13C{!H} NMR (75.464 MHz,
250K): 146.2 (s, 3-pz of cyclometallated arm); 141.3 (s, 3-pz trans to H); 140.8 (br s, 3-
pz trans to PPh3); 134.0 (d, Jp.gy =58 Hz, i-C¢HsPPhy); 133.9,128.8 (d, Jpy = 10 Hz
and 10.6 Hz respectively, o- and m-CgHsPPhy); 131.9 (d, Jp_y =2 Hz, p-CgHsPPhy);
131.3, 131.1, 130.4, 129.2, 129.1 (uncertain whether these result from decompositon
products and/or 5-pz of nitrogen bound and cyclometallated pyrazolyl groups); 116.1 (s,
4-pz of cyclometallated arm); 108.5 (s, 4-pz trans to H); 108.2 (br s, 4-pz trans to PPh3);
80.5 (s, HCpz3); 67.8 (s, CoHy).
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[(tpm)Ir(PPh3)H2]BF4 (6). To a thick walled glass bomb charged with

[(tpm)Ir(C2H4)>] (44 mg, 0.08 mmol), PPh3 (22.5 mg, 0.086 mmol) and a teflon coated
stir bar was vacuum transferred CH2Clp (5 mL). The mixture was warmed to -78 °C and
stirred for 15 min. The sample was then refrozen at -196 °C, the head space evacuated
and then backfilled with 1500 torr of Hp, while the vessile was immersed in N3(l). The
mixture was then rewarmed to -78 °C stirred for 30 min, then gradually warmed to -20 °C
and allowed to stir for 10 h. The estimated Hy pressure at this temperature is ca. 6 atm.
The clear colorless solution was transfered via cannula to a schlenk flask and
concentrated under vacuum. Et;O was layered over the CHCl solution and colorless
crystals obtained upon standing for 2 days at -30 °C. These crystals analyze for
6+1/2(Et0). The Et20 may however be removed under vacuum (days) to obtain a
colorless powder. 'H NMR (CD,Clh): 9.38 (s, | H, HCpz3); 8.39,6.59 (d, 2 H each,
3,5-pz¢q); 8.34,8.02 (m and br s respectively, | H each, 3,5-pzay); 7.48-7.30 (complex
m, 15 H, PPh3); 6.40 (m, 1 H, 4-pzax); 6.15 (t, 2 H, 4-pzeq); -20.93 (d, Jp.y = 23.3 Hz, 2
H, Ir-H). Anal. Calcd for CygHyBF 4ItN¢P«(C4H90)0.5: C, 45.35; H, 4.06; N, 10.58.
Found: C, 45.87; H, 3.91; N, 10.26.

[(tpm)Ir(PPh3)(SnBu3)HIBF 4 (7). This complex was prepared on a small scale
in CD2Cl; solution and characterized by !H and 3P NMR spectroscopy. To an NMR
tube charged with [(tpm)Ir(C2H4)2]BF 4 (2.2 mg, 0.004 mmol) and PPh3 (1.1 mg, 0.004
mmol) was vacuum transfered CD;Cl; (0.5 mL). The tube was warmed to -78 °C and
agitated. Then against a flow of Ar, HSnBu3 (3 pL, 0.01 mmol) was added by syringe.
The sample was then refrozen at -196 °C and the head space evacuated and flame sealed
under vacuum. The sample was then carefully warmed to -20 °C and allowed to stand for
60 min before warming to room temperature. 'H NMR (CD,Cly): 9.31 (s, 1 H, HCpz3);
8.38, 8.37,8.34, 8.10 (br s), 6.51, 6.19 (d, 1 H each, 3,5-pz); 7.60-7.53, 7.44-7.22
(complex m, PPh3); 6.44 (m, | H, 4-pz trans to PPh3); 6.13, 6.06 (t, 1 H each, 4-pz);
1.6-0.4 (m, SnBu); -20.98 (d with 1171198 satalites, Jp.iy = 21.9 Hz, Jgp.y = 78.8 Hz,



110
Ir-H). 3!P{aromatic 'H} NMR (CD2Cly): 10.65 (d with 11771198 satallites, Jp.yg = 21.7

Hz, Jgn-p = 127 Hz).

TpIr(C2Hs)(C2H4)Cl (9). Against a flow of argon, conc. HCI (0.3 mL) was
added to a slurry of TpIr(C2H4)2° (66 mg, 0.14 mmol) in MeOH (5 mL). The mixture
was refluxed for three hours, then allowed to cool to room temperature to yield a white
precipitate. The supernate was drawn off and the white solid dried under vacuum. Yield
35 mg (49 %). No reaction was observed between 8 and excess PPh3 even when heated
to 60 °C for several days. 'H NMR (CDCla): 7.95, 7.90, 7.72 (2 H, overlapping), 7.69,
7.10(d, 1 H each, 3,5-pz); 6.35, 6.34, 6.21 (t, 1 H each, 4-pz); 4.11, 3.85 (m, 2 H each,
C2Hy); 2.46,2.20 (m, | H each, CH2CH3); 0.87 (t, Jy.y = 7.7 Hz, 3 H, CH,CH3). Anal.
Calcd for C13H9BClIrNg: C, 31.37; H, 3.85; N, 16.89. Found: C, 31.55; H, 3.76; N,
16.48.

[(n2-Tp)Ir(PPh3)2(C2Hs)HIBF4. This complex was observed in solution and
characterized on the basis of !H and 3!P NMR spectroscopy. Samples were prepared by
vacuum transfer of CD,Cl; into an NMR tube containing [TpIr(PPh3 )(C2H4)H]BF4 (1.7
mg, 0.0022 mmol) and PPh3 (0.7 mg, 0.0027 mmol), then flame sealed under vacuum.
Upon warming to room temperature a clear colorless solution was obtained. Although a
slight excess of PPh; was added (confirmed by !'H and 3!P NMR), ca. 15% of
[TpIr(PPh3)(C2H4)H]BF4 remained in solution (Keq = 30). TH NMR (CD,Cly): 7.85-
7.79 (m, 3 H, PPh3); 7.67-7.59 (m, 8 H, PPh3); 7.36-7.27 (m, 14 H, coordinated and free
PPh3); 7.17-7.10 (m, 12 H, PPh3); 6.94, 6.29 (d, 1 H each, 3,5-pz, remaining 3,5-pz
resonances presumably obscurred by PPh3 resonances); 6.10 (m, 1 H, 4-pz trans to
PPh3); 6.08,5.79 (t, 1 Heach, 4-pz); 2.94,2.27,1.72, 1.40 (m, 1 H each, CyH4); -20.15
(dd, Jp.y (trans) = 21.4 Hz, Jp_y (cis) = S Hz, Ir-H). 3!P{aromatic !H} NMR (CD,Ch):
19.29 (br s, PWHH = 13 Hz, 1 P); 8.30 (d, Jp.g =21 Hz, 1 P).
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