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Abstract: Protonation of the neutral iridium dihydrides (n-CsHs)Ir(L)H, with HBF 4+Et,O affords cationic trihydride complexes
of the form [(»-CsHs)Ir(L)H,]}BF, (L = various phosphine and phosphite ligands). The 'H NMR spectra of the cations in
the hydride region at low temperature display AB,X spin systems (X = 3!P), which are simplified to AB, spin systems in the
TH'P} spectra. The values for J,-p derived by computer fitting of the observed spectra are extremely large, ranging from
61 to 1565 Hz. Ingeneral, J,_g is inversely proportional to the basicity of the ligand L. The J4_p values are strongly temperature
dependent, increasing rapidly over the temperature range 150-200 K. Coupling constants have not been evaluated at temperatures
higher than 200 K due to the onset of A/B site exchange, which causes line broadening and eventual coalescence of the two
resonances. In derivatives partially labeled with deuterium in the hydride ligands, no H-D coupling was resolved. In a tritiated
derivative, *H NMR was used to detect Jyy_1, which was substantially reduced from the expected value. A neutron diffraction
study of [(n-CsH;)Ir(PMe;)H;]BF, (21) has been carried out. Compound 21 crystallizes in the space group P2,2,2, (Z =
4) with a = 8.840 (2) A, 5 =9.971 (1) A, ¢ = 14278 (2) A, and ¥ = 1258.5 (5) A3 (130 K). The structure of 21 in the
solid state is best described as a normal pseudo seven-coordinate trihydride, with the cyclopentadienyl ligand capping a square
pyramid comprising the three hydride ligands and the P ligand. The shortest H-H distance between the hydride ligands is
1.674 (14) A. These results are interpreted in terms of the operation of quantum mechanical exchange coupling between the
hydrogen nuclei in these complexes.

The structure and reactivity of transition-metal polyhydride
complexes is an area of great interest to organometallic chemists
due to the central importance of such species in catalytic processes.
In this context, the reaction of H, with transition-metal complexes
via oxidative addition to give dihydrides has been very extensively
studied. While many theoretical studies of the interaction of H,
with metal complexes have been carried out, it was not until the
seminal discovery by Kubas? that an isolable dihydrogen complex
was available for study. Subsequently, a number of dihydrogen
complexes have been reported,* including several examples of

(1) Yale University.

(2) Brookhaven National Laboratory.

(3) Kubas, G. J.; Ryan, R. R.; Swanson, B. 1.; Vergamini, P. J.; Wasser-
man, H. J. J. Am. Chem. Soc. 1984, [06, 451-453.
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polyhydrides now believed to contain both dihydrogen and hydride
ligands.> In particular, several metal trihydrides are clearly
established to have dihydrogen/hydride structures.

The formal similarity between H, and H;* as potential ligands
is readily apparent. A lucid theoretical treatment of these and
related polyhydrogen “ligands™ has been reported by Burdett and
co-workers.” While it is well established that H;* in the gas phase

(5) Hamilton, D. G.; Crabtree, R. H. J. Am. Chem. Soc. 1988, /10,
4126-4133.

(6) (a) Crabtree, R. H.; Lavin, M. J. J. Chem. Soc., Chem. Commun.
1985, 1661-1662. (b) Morris, R. H.; Sawyer, J. F.; Shiralian, M.; Zubkowski,
J.D.J. Am. Chem. Soc. 1985, 107, 5581-5582. (c) Crabtree, R. H.; Lavin,
M. J.; Bonneviot, L. J. Am. Chem. Soc. 1986, 108, 4032-4037. (d) Morris,
R. H.; Bautista, M.; Earl, K. A,; Sella, A. J. Am. Chem. Soc. 1987, 109,
3780-3782. (e) Bianchini, C.; Peruzzini, M.; Zanobini, F. J. Organomet.
Chem. 1988, 354, C19-C22.

© 1990 American Chemical Society



910 J. Am. Chem. Soc., Vol 112, No. 3, 1990

has an equilateral triangle structure,? the calculations of Burdett
indicate that, for the model system Cr(CO)s, coordination of H;*
in an “open” mode is energetically preferred.

We have recently reported preliminary evidence for the existence
of a coordinated trihydrogen ligand in complexes of the general
formula {(n-CsHs)ir(L)H;)BF, (L = phosphine or arsine ligand).®
The principal indicators at that time for bonding interactions
between the “hydride” ligands in these species were the excep-
tionally large '"H-"H coupling constants. These coupling constants
show a remarkable temperature dependence. Simultaneous with
our original report, Chaudret and co-workers reported similar
observations for the neutral ruthenium complexes of the form
(7-CsMes)Ru(L)H; (L = phosphine),'® which had also been
studied by Bercaw and Paciello.!"  Subsequently, Morris,
Chaudret, and co-workers observed similar large, temperature-
dependent coupling constants in niobium complexes [NbH;(n-
C5H5_,,R,,)2] (n = l, 2, R = SiMe3).'2

We have continued to study this problem, with particular em-
phasis on understanding the origin of the large coupling constants
and their remarkable temperature dependence. The observed
temperature dependence could be explained as a manifestation
of an equilibrium between two structural forms, one having an
ordinary trihydride structure (with a low J value) and another
form having a “trihydrogen” structure, with a very large J value.
This rationalization fails to explain the fact that the large pro-
ton-proton couplings observed in some cases actually exceed the
value for H, itself,'> which should be the largest such coupling
possible by the usual Fermi contact mechanism, unless very un-
usual electronic structures are invoked.

In an attempt to ascertain the structure of a representative
compound. an X-ray diffraction study of [(n-CsHs)Ir-
(PMe;)H;)BF, (21) has been carried out.® Unfortunately, the
results were inconclusive in that the hydride ligands could not be
located. In order to obtain definitive structural data, we have also
carried out a neutron diffraction study, which has revealed that
the solid-state structure of 21 is probably best described as a
normal trihydride, with relatively short H~H distances, but no
bonding interactions between the hydride ligands.

These considerations have prompted us to study the NMR
properties of isotopically substituted derivatives, wherein hydride
ligands are substituted with deuterium and tritium, in principle
allowing the observation of coupling between H and D or T. While
H-D couplings have not been observed, H-T couplings are ob-
served, which are substantially diminished from the expected values
based on the values of yr. We propose that the large magnitude
of the H-H couplings, the temperature dependence, and the
striking isotope effects observed in these couplings are in fact
manifestations of exchange coupling. Exchange coupling is
well-known in ESR spectroscopy'® and is also observed in the

(7) Burdett, J. K.; Phillips, J. R.; Pourian, M. R.; Poliakoff, M.; Turner,
J. J.; Upmacis, R. Inorg. Chem. 1987, 26, 3054-3063.
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1988, /10, 2303-2305.

(10) Arliguie, T.; Chaudret, B.; Devillers, J.; Poilblanc, R. C. R. Acad. Sci.,
Ser. 2 1987, 305, 1523-1526.

(11) (a) Paciello, R. A.; Bercaw, J. E. Abstracts of Papers, the 191st
National Meeting of the American Chemical Society, New York; American
Chemical Society: Washington, DC, 1986; INOR 82. (b) Paciello, R. A.
Ph.D. Thesis, California Institute of Technology, Pasadena, CA, 1987.

(12) Antinolo, A.; Chaudret, B.; Commenges, G.; Fajardo, M.; Jalon, F.;
Morris, R. H.; Otero, A.; Schweltzer, C. T. J. Chem. Soc., Chem. Commun.
1988, 1210-1212.

(13) The H-H coupling constant for free dihydro§en is ca, 280 Hz (cal-
culated from Jy_p = 43.2 Hz'* or Jyr = 299.3 HzP).

(14) Nagaswara Rao, B. D.; Anders, L. R. Phys. Rev. 1965, 140, A112-
All7.

(15) Neronov, Yu. 1.; Barzakh, A. E. Zh. Eksp. Teor. Fiz. 1977, 72,
1659-1669.

(16) For example, see: (a) Wertz, J. E.; Bolton, J. R. Electron Spin
Resonance: Elementary Theory and Practical Applications; McGraw-Hill:
New York, 1972. (b) Van Vleck, J. H. The Theory of Electric and Magnetic
Susceptibilities; Oxford, London, 1959. (c) Anderson, P. W. In Solid State
Physies:  Advances in Research Applications; Seitz, F., Turnbull, D., Ed.;
Academic: New York, 1963; Chapter 14, pp 99-214. (d) Anderson, P. W.
Phys. Rev. 1952, 86, 694-701.
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NMR spectrum of solid *He.'” In this paper, we describe
spectroscopic and structural studies of a number of iridium tri-
hydride complexes and outline an interpretation of these obser-
vations in terms of exchange coupling. A preliminary account
of this interpretation has been previously communicated.'®

Experimental Section

General Procedures. All syntheses and chemical manipulations were
conducted under nitrogen or argon by standard Schlenk, drybox, or
vacuum line techniques. Elemental analyses were performed by Gal-
braith Laboratories. Infrared spectra were recorded on either a Per-
kin-Elmer 337 grating instrument or a Nicolet 5-SX Fourier transform
infrared spectrometer. Samples were examined in solution in 0.1-mm
path length CaF, or NaCl cells or as KBr pellets. '"H NMR spectra were
obtained on Bruker WM-250, -490, and -S00 MHz spectrometers.
Chemical shifts are recorded in parts per million relative to residual
protio solvent. 2H and *'P NMR spectra were recorded on a Bruker
WM-500 spectrometer at 76.77 and 202.48 MHz, respectively, with
chemical shifts relative to internal CD,Cl, and external 85% H,PO,,
respectively. Tritium NMR spectra were recorded on a Bruker WM-490
MHz spectrometer modified to operate at 522.3 MHz.

Variable-temperature 'H NMR experiments were performed with a
Bruker B-VT1000 controller with a copper/constantan thermocouple.
All temperatures were calibrated by using 'H chemical shifts of metha-
nol. Simulations for 'H NMR spectra were obtained with the Bruker
program PANIC (Parameter Adjustment in NMR by Iterative Calcula-
tion). Simulations of proton line shapes of the partially deuterated
isotopomers were done according to Pople!® on an IBM PC/AT. Re-
laxation rate (77) experiments employed the saturation recovery method
(180-7-90 pulse sequence).

Unless otherwise stated, all solvents and reagents were obtained com-
mercially and used without further purification. Toluene, THF, diethyl
ether, pentane, and heptane were predried with 4-A molecular sieves and
purified by distillation from alkali metal/benzophenone under nitrogen.
Absolute methanol and glacial acetic acid were purged with nitrogen
before use. Zinc metal (80 mesh) was used as received (J. T. Baker).
Liquid phosphines and phosphites (Strem Chemicals) were degassed and
stored in vessels equipped with Teflon high-vacuum stopcocks. Solid
phosphines, arsines, and stibines were used without further purification,
except triphenylphosphine, which was recrystallized from heptane. The
caged phosphite, 1-methyl-4-phospha-3,5,8-trioxabicyclo[2.2.2]octane,
(MPTB) was prepared according to the published procedure.® (Caution:
this phosphite is exiremely 1oxic.) [Ir(COE),Cl], (COE = cyclooctene)
was prepared in the same manner as [Ir(COD)Cl],%! (COD = 1,5-
cyclooctadiene) except by substituting COE for COD.

(n-CsHg)Ir(CoHy),. [Ir(COE),Cl]; (2.90 g, 3.24 mmol) was added
to S0 mL of THF in a 250-mL Schlenk flask. The orange slurry was
freeze-pumped three times, after with ethylene was passed through the
slurry at 0 °C for 0.5 h. This resulted in a clear orange solution. To this
solution was added an ethereal solution of KC;H; (0.73 g, 7.00 mmol)
at 0 °C. A pale orange solution and a colorless precipitate of KCI was
observed. After stirring, the solution was filtered through a 2.5-cm bed
of Celite packed in a medium-pore frit and the Celite washed with 2 X
15 mL of diethyl ether. The filtrate was reduced to dryness on a rotary
evaporator. The off-white residue was sublimed onto a water-cooled
probe (1 X 107 mmHg, 25 °C) to afford colorless crystals. Yield 1.80
g, 90%. Spectroscopic data are consistent with those reported in the
literature.??

(n-CsHs)Ir(L),. In a typical synthesis, a 250-mL Schlenk flask was
charged with 200 mg (0.64 mmol) of (n-CsH;)Ir(C,H,); and 30 mL of
CH,Cl,. Iodine (178 mg, 0.70 mmol) was added to the colorless solution,
resulting in the immediate formation of a red precipitate of [(y-CsHs)-
Irl,],. After 30 min of stirring, 1.1 equiv of the appropriate ligand was
added. The reaction mixture was stirred for 1-2 h, giving a red solution.
The solvent was removed on a rotary evaporator and the residue re-
crystallized from CH,Cl,/heptane (50:50) to give red microcrystals of
analytically pure (n-CsHg)Ir(L)I, (1-10) in ca. 95% yield. (See sup-
plementary material for analytical and spectroscopic data for 1-10.)

(17) Abragam, A.; Goldman, M. Nuclear Magnetism: Order and Disor-
der; Clarendon Press: Oxford, UK, 1982.

(18) Zilm, K. W.; Heinekey, D. M.; Millar, J. M.; Payne, N. G.; Demou,
P. J. Am. Chem. Soc. 1989, /11, 3088-3089.

(19) Pople, J. A. Mol. Phys. 1958, I, 168-174.

(20) Verkade, J. G.; Reynolds, L. T. J. Org. Chem. 1960, 25, 663-665.

(21) Crabtree, R. H.; Quirk, J. M. Synth. React. Inorg. Met.-Org. Chem.
1982, /2, 407-413.

(22) Lawson, R. J. Ph.D. Thesis, University of lllinois (Urbana—Champ-
aign), 1978.
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(n-CsH;)IrPMe;H, (11). A 150-mL Schlenk tube was charged with
353 mg (0.60 mmol) of (n-CsHs)1IrPMesl, (1) and 1S mL of absolute
methanol. To the red slurry was added 0.5 g of Zn (80 mesh) and 1.0
mL of glacial acetic acid. The resulting mixture was stirred for 2 h,
giving a pale yellow solution. Saturated aqueous NaCl solution (10 mL)
was added. After 3 X 20 mL toluene extractions, the toluene extracts
were combined and the solvent was removed in vacuo. The off-white
residue was recrystallized from CH,Cl,/Et,O (20:80) to give colorless
crystals of 11. Yield 170 mg, 85%. The neutral dihydrides 12-20 were
prepared in the same manner in yields of 80-90%. The corresponding
neutral dideuterides were readily prepared by employing methanol-4|,
CH,;COOD, and D,0O in the above procedure. 1t should also be noted
that neutral dihydrides 11 and 15-17 may be easily purified by vacuum
sublimation onto a water-cooled probe (1 X 10~ mmHg, 40 °C).

(n-CsH;)IrPMe;H,*BF (21). A 25-mL Schlenk flask was charged
with 60 mg (0.22 mmol) of 11 and 5 mL of diethyl ether. The colorless
solution was cooled to 0 °C. To this solution was added ethereal HBF,
(20 uL) dropwise, resulting in the formation of a white precipitate. The
solution was filtered and the solid residue washed with 3 X 10 mL of
Et,0 and recrystallized from Et,O/CH,Cl, (10:90) to give 21 as colorless
cubes. Yield 70 mg, 92%. A similar procedure was used in preparing
compounds 23-25.

(n-CsH)IrPPh;H,*BF,~ (22). A 25-mL Schlenk flask was charged
with 30 mg (0.06 mmol) of 12 and 5 mL of CH,Cl,. This solution was
cooled to 0 °C and 10 uL of HBFEt,0 added dropwise. The colorless
solution was stirred for 10 min and the solvent volume reduced in vacuo
(ca. 50%). The salt was precipitated with Et,O, washed with 3 X 10 mL
of Et,0, and recrystallized from concentrated CH,Cl, solution to afford
colorless microcrystals of analytically pure 22. Yield 30 mg, 81%. A
similar procedure was used in preparing compounds 26-30.

Neutron Diffraction Analysis. The crystal employed was a colorless
prism weighing 1.35 mg (volume 0.63 mm?®). This specimen was
mounted on an aluminum pin oriented approximately along crystallo-
graphic (107), sealed under a helium atmosphere in an aluminum con-
tainer, and placed in a closed-cycle helium refrigerator?® mounted on a
four-circle diffractometer? at the Brookhaven High Flux Beam Reactor.
A germanium (220) single-crystal monochromator was used to obtain a
neutron beam of wavelength 1.15930 (12) A based on KBr (a, = 6.6000
A at 7=298 K?%). The sample temperature was maintained at 130.0
(5) K% during data collection. Initially, the crystal was cooled to 20 K,
but there was some indication of split peak profiles at 80 K and below,
which were not present at 130 K.

Unit cell dimensions, determined by least-squares fit of the averaged
26 values of eight reflections, each of which was centered for four dif-
ferent forms, are listed in Table IV together with other relevant exper-
imental details. Intensity data were obtained over the hkl octant except
for a few reflections, inaccessible due to restrictions introduced by the
refrigerator system, which were scanned as hkl or hOl. Intensities of two
reflections were monitored every 100 measurements to check experi-
mental stability, which was judged satisfactory.?’” Data were obtained
in #:28 step~scan mode with the counting time per step determined by
a preset monitor count of the incident neutron beam (ca. 8 s). Integrated
intensities were calculated with the assumption that 10% of the steps at
either extremity of the scans represent background. Lorentz and ab-
sorption corrections were applied, the latter calculated by means of nu-
merical integration®®2® over a Gaussian grid of 16 X 12 X 8 points along
a, b, and ¢, respectively, with the crystal approximated by 10 faces
belonging to forms {110}, {101}, {011}, and {001}. The validity of the
absorption correction was checked by comparison with azimuthal scan
intensity data for reflection 414. Averaging data for equivalent reflec-
tions and deleting space group absences yielded 1499 unique F,2 values
for use in the structure refinement, of which 33 subsequently were judged
to be contaminated by scattering due to the aluminum sample container

(23) Air Products and Chemicals, Inc., DISPLEX Model CS-202.

(24) McMullan, R. K.; Guthy, J. NEXDAS, Neutron and X-ray Data
Acquisition System: unpublished work.

(25) Donnay, J. D. H., Ondik, H. M., Eds. Crystal Data Determinative
Tables, 3rd ed.; U.S. Department of Commerce and Joint Committee on
Powder Diffraction Standards: Washington, DC, 1973; Vol. 2, p C-164.

(26) Temperature readings were calibrated with reference to a magnetic
phase transition in FeF, at Ty = 78.38 (1) K: Hutchings, M. T.; Schulhof,
M. P.; Guggenheim, H. J. Phys. Rev. B 1975, 5, 154.

(27) Analysis of the intensities of these monitor reflections by the method
of McCandlish, L. E.; Stout, G. H.; Andrews, L. C. Acta Crystallogr. Sect.
A: Cryst. Phys. Diffr. Theor. Gen. Crystallogr. 1975, A31, 245 and showed
that the maximum intensity change over the entire course of the measurements
was less than 1.5% and suggested an instability constant of 0.007 for weighting
in least-squares refinement.

(28) Busing, W. R.; Levy, H. A. Acta Crystallogr. 1957, 10, 180.

8 (29:); Coppens, P.; Leiserowitz, L.; Rabinovich, D. Acta Crystallogr. 1965,

, 1035.
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and refrigerator shrouds and accordingly were discarded.

For the initial structure model, coordinates of non-hydrogen atoms
were taken from the room-temperature X-ray study.” Cyclopentadienyl
hydrogens were placed at calculated positions, and methyl and hydride
hydrogens were located from successive difference Fourier syntheses. The
structure was refined by full-matrix least squares, based on F,2, including
in the final model anisotropic thermal parameters for all 32 atoms, a scale
factor k, and a parameter for an isotropic type I extinction correction®
with Lorentzian mosaic,’! for a total of 290 variable parameters (N,/N,
= 5.1). Neutron scattering lengths were taken to be bc = 0.6648, by =
—0.371, by = 0.535, by = 0.565, by, = 1.060, and bp = 0.513 (all X 10712
cm).®2 The refinement was terminated when the maximum |shift/error|
was <0.05. The final Rp values and goodness of fit (S) are somewhat
higher than normal, due to the relatively weak intensity obtained from
the small sample and the consequent need for long counting times, which
lead to a relatively high contribution from background aluminum scat-
tering. The conventional R value, based on F for 1002 reflections with
1> 3q(1)is 0.057. A difference Fourier synthesis computed following
the refinement was devoid of significant features, with the largest positive
residual being less than 5% of a typical carbon peak and the most neg-
ative residual being smaller than 10% of a typical hydrogen. All calcu-
lations were carried out on MicroVAX computers, using programs de-
scribed by Lundgren.®

Reaction of 22 with D,. Inan NMR tube fitted with a Kontes high-
vacuum stopcock was placed 6.5 mg of 22. CH,Cl, or CD,Cl, (0.4 mL)
was vacuum transferred into the tube followed by three freeze—pump—
thaw cycles. The tube was then pressurized to 30 psi with D,. Light was
excluded. The reaction was essentially complete in 18 h, giving >95%
isotopically pure 22-d5. Various levels of isotopic enrichment may be
obtained by varying the reaction time. Similar procedures were followed
for 27 and 28.

Preparation of (n-CsH;)Ir(PPh;)(CO)H*BF,” (31). A 10-mL Pyrex
bomb was charged with 12 mg of 22 and 2 mL of CH,Cl, (vaccum
transfer). The solution was subjected to three freeze-pump—thaw cycles
and then charged with 40 psi of CO gas. The reaction was monitored
by IR and was complete in | h: IR (veg, CH,Cly) 2057 cm™ (s); 'H
NMR (CDCly) 6 7.5-7.0 (m, PPh;), 5.82 (s, S H), -14.4 (d, Jyp = 24.4
Hz, 1 H). A similar procedure was used to prepare (n-CsHg)lr-
(AsPh;)(CO)H*BF,” (32) and (n-CsH;)Ir(SbPhy)(CO)HYBF,~ (33),
although much longer reaction times were needed for the preparation of
33. Characterization of 32: IR (vcq, CH,Cly) 2058 cm™ (s); 'H NMR
(CDCly) 6 7.68-7.30 (m, AsPh;), 5.90 (s, S H), -14.53 (s, | H). 33: IR
(vco, CH,Cly) 2051 em™ (s); 'H NMR (CDCl;) § 7.7-7.2 (m, SbPh;),
5.97 (s, S H), -14.79 (s, 1 H).

Resuits

Synthesis. In contrast to the readily available halide-bridged
dimer [(n-CsMes)IrCl,]1,3* the cyclopentadienyl analogues are

(30) Becker, P. J.; Coppens, P. Acta Crystallogr. Sect. A: Cryst. Phys.
Diffr. Theor. Gen. Crystallogr. 1975, A31, 417.

(31) Thornley, F. R.; Nelmes, R. J. Acta Crystallogr. Sect. A: Cryst.
Phys. Diffr. Theor. Gen. Crystallogr. 1974, A30, 748.

(32) Koester, L.; Rauch, M.; Hubens, M.; Schrdder, K. KFA Report 1981,
July, 1755.

(33) Lundgren, J.-O. Crystallographic Computer Programs. Report
UUIC-B13-4-05, Institute of Chemistry, University of Uppsala: Uppsala,
Sweden, 1982.

(34) Kang, J. W.; Mosely, K.; Maitlis, P. M. J. Am. Chem. Soc. 1969, 9/,
5970-5977.
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Figure 1. Experimental (bottom) and computer-simulated (top) 'H
NMR spectra of 22, with and without *'P decoupling (CD,Cl,, 176 K,

500 MHz). Coupling constants are J4_g = 260 Hz, J,_p = £8.3 Hz, and
Jp-p = F16 Hz.

intractable polymeric materials that are difficult to prepare.’* We
chose to prepare and utilize in situ the polymeric iodide [(n-
CsHg)Irl,],, which was prepared by treatment of (n-CsHs)Ir-
(ethylene), with iodine. While the iodide polymer has very limited
solubility, reactions with a wide variety of ligands proceed readily
to afford excellent yields of the monomeric complexes (5-
CsH4)Ir(L)I, (see Scheme I).

Conversion of metal halides to hydrides can be accomplished
with a wide variety of reagents. In the pentamethylcyclo-
pentadienyl analogues such as (n-CsMes)Ir(PMe;)Cl,, conversion
to the dihydrides is conveniently achieved with a variety of bo-
rohydride or aluminum hydride reagents.®® In our cyclo-
pentadienyl complexes, we have found that such reagents give low
yields of hydride products. Excellent yields of the dihydrides 11-20
were obtained by the zinc/acetic acid/methanol procedure of Moss
and Graham®” (eq 1). The dihydrides are colorless, thermally

(1-CsHg)Ir(L)1, + Zn/CH,COOH /MeOH —
(n-CsHg)Ir(LYH, (1)

stable, and crystalline. They are mildly air sensitive in the solid
state and quite air sensitive in solution. A summary of the
analytical and spectroscopic data for these compounds is given
in Table I. Compounds 11% and 12% have been briefly reported,
while 13-20 are previously unknown.

Protonation (HBFEt,0) of the neutral dihydrides in Et,O
affords the salts [(n-CsH;)Ir(L)H;}BF, (21-30) in good yields

(35) Salnikova, T. N.; Andrianov, V. G.; lvanov, A. S.; Rubezhov, A. Z.;
Struchkov, Y. T. Koord. Khim. 1977, 3, 599-605.

(36) Janowicz, A. H.; Bergman, R. G. J. Am. Chem. Soc. 1983, /05,
3929-3939.

(37) Moss, J. R.; Graham, W. A. G. Inorg. Chem. 1971, 16, 75-79.

(38) Buchanan, J. M.; Stryker, J. M.; Bergman, R. G. J. Am. Chem. Soc.
1986, /08, 1537-1550.

(39) (a) Shapley, J. R.; Adair, P. C.; Lawson, R. J. Inorg. Chem. 1982,
21, 1702-1704. (b) Adair, P. C. Ph.D. Thesis, University of Illinois (Urba-
na—Champaign), 1980.
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Figure 2. Experimental (bottom) and computer-simulated (top) 'H{*!P}

NMR spectra of 30 (CD,Cl,, 176 K, 500 MHz). Coupling constants are
Ja-g = 281 Hz, Jo¢c = 268 Hz, and Jg ¢ = 3.4 Hz.

(eq 2). These complexes are colorless, moderately air stable solids,
which are air sensitive in solution. Analytical and "H NMR data
are given in Table I.

(n-CsHs)Ir(L)H, + HBF,Et,0 — [(n-CsH)Ir(L)H;]BF,
(2)

'H NMR Observations. In addition to appropriate ligand
resonances and cyclopentadienyl resonances, compounds 21-30
exhibit a single resonance in the hydride region (ambient tem-
perature). In most cases, coupling to the coordinated P nuclei
of the phosphine or phosphite ligand is resolvable, leading to a
doublet with Jy_p = 8-10 Hz (see Table IT). The observation
of a single hydride resonance indicates that the different hydride
environments are undergoing an exchange process that is rapid
on the NMR time scale.

Low-temperature 'H NMR spectra of 21-27 reveal extremely
complex patterns in the hydride region, best described as AB,X
spin systems. Computer simulation is consistent with this de-
scription. With 3P decoupling, the spectra are simplified to AB,
spin systems (see Figure 1). The most significant feature of these
spectra is the extremely large values for J,_g (see Table II). While
the observed spectra differ slightly at different applied fields (250
or 500 MHz), the values of J,_g derived from computer simulation
of the observed spectra are field independent.

The values for the chemical shifts of the A and B sites derived
from the above analysis show no significant temperature depen-
dence. The chemical shift of the single hydride resonance observed
at ambient temperature is precisely the population-weighted av-
erage of the low-temperature chemical shifts (see Table II).

Temperature Dependence of J,_g. In the course of our ob-
servations of the low-temperature 'H NMR spectra of several of
these species, we noted that the values of J,_g are highly tem-
perature dependent. For example, in complex 26 (L = P(OPh),),
Ja-p = 358 Hz at 176 K, increasing steadily to 526 Hz at 196
K. Observations could not be made at higher temperatures due
to the onset of line broadening caused by the H,/Hp exchange
process. Similar trends were observed in all complexes studied
(see Table III). In all cases examined, the observed coupling
constant increases with increasing temperature.

Secondary Phosphine Complex: An ABC Spin System. In the
hope of obtaining more detailed structural information, the neutral
dihydride 20 (L = P(Ph)(n-decyl)(H)) was prepared. The 'H
NMR spectrum in the hydride region is an ABX spin system, (X
= 3IP) with J,_x = Jgx = 31.9 Hz and J, 3 = 6.9 Hz. Pro-
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Table . 'H NMR Data and Analyses for 11-30**

calcd found
L assignment 6,° ppm coupling? C H C H
11 PMe,*# CsH, 5.03 (s)
PCH, 1.37 (d) ey = 10.5
IrH, -17.49 (d) ey = 31.4
12 PPhy¢ PC¢H 7.7-7.0 (m)
CsHs 501 (d) ey = 0.9
IrH, -16.95 (d) 2Jpn = 30.5
13 PCy, CsH, 5.17 (s) 51.18 7.47 51.55 7.36
PC4H,, 2.0-1.1 (m)
IrH, -18.98 (d) 2y = 29.0
14 PiPr, CH, 5.19 (d) 3y = 1.0 40,08 6.74 40.21 6.91
PCHMe, 3.0-2.8 (m)
PCCH, 1.05 (dd) Vpy = 140
Vyn = 72
IrH, -19.00 (d) 2py = 29.0
15 PMe,Ph PC¢H; 7.8-7.2 (m) 39.28 4.57 39.27 4.48
CsH; 5.26 (s)
PCH, 2.07 (d) Upy = 10.5
ItH, -17.87 (d) 2y = 308
16 P(OPh), POCH; 7.4-7.1 (m) 48.50 3.89 48.53 4.00
CH, 4.69 (d) Yo = 2.0
]er -18.20 (d) ZJPH =364
17 MPTB* CsH, 5.33 (d) Yoy = 2.1 29.48 3.96 29.49 3.98
POCH, 4.16 (d) ey = 5.3
POCH,CCH, 0.72 (s)
IrH, -17.94 (d) Upy = 37.0
18 AsPh,# AsCgH, 7.7-7.0 (m) 48.55 392 48.77 4,08
CsH, 5.03 (s)
IrH, -16.88 (s)
19 SbPh, SbCeH, 7.6-7.3 (m) 45.11 3.62 45.29 3.65
CsH, 5.29 (s)
IrH, -17.91 (s)
20 P* PC¢H; 7.7-7.3 (m) 49.49 6.74 49.39 6.59
PH 6.11 (dm) Upy = 367
CH, 5.18 (s)
PCioHy, 2.0-0.9 (m)
IrH, -17.76 (dd) ey =319
ZJHH =69
IrHy -17.96 (dd) 2Joq = 319
Yy = 6.9
21 PMe, CsH, 5.97 (s) 2271 4.06 22.70 3.99
PCH, 1.99 (d) 2 oy =125
IrH, -13.24 (d) 2oy = 10.0
22 PPh, PCH; 7.6-7.3 (m) 5433 3.80 45.56 3.93
CsH;s 5.92 (s)
IrH, -12.39 (d) Ypy = 7.9
23 PCy, CsHs 597 (s) 44.02 6.59 44.21 6.83
PCH,, 2.1-1.1 (m)
IrH, -13.77 (d) ey =9.2
24 PiPry CsH, 6.01 (s) 33.14 5.77 33.18 5.79
PCHMe, 225 (m)
PCCH, 1.17 (dd) Yoy = 16.3
Yy = 7.1
IrH, ew =9.
25 PMe,Ph PC¢H; 7.7-7.4 (m) 32.17 395 32.30 4,10
CsH; 5.90 (s)
PCH, 2.29 (d) Upy = 120
ItH, -12.94 (d) Ypn = 9.6
26 P(OPh); POC¢H; 7.5-7.2 (m) 42.02 3.53 42.28 3.61
CsHs 5.50 (d) Yp = 1.9
ItH, -12.48 (d) 3py = 8.5
27 MPTB* C,H, 6.00 (d) py = 1.5 24.25 3.46 24.22 3.54
POCH, 4.40 (d) Yoy = 5.7
POCH,CCH, 0.85 (s)
IrH, -12.25 (brs)
28 AsPh; AsCgH 7.6-7.3 (m) 42.28 3.55 42.59 3.65
CsH 5.98 (s)
IrH, -12.69 (s)
29 SbPh; SbC¢Hs 7.6-7.3 (m) 39.45 3.31 39.52 3.28
CsH, 6.06 (s)
IrH; -13.45 (s)
30 p* PC(H; 7.7-7.3 (m) 42.21 5.92 42.36 6.01
PH 6.33 (dm) Upy = 430
CsHs 5.95 (s)
PCofy; 1.8-0.9 (m)
IrH, -12.83 (brs)

@ Unless otherwise specified, spectra of the neutral dihydrides (n*CsHs)Ir(L)H, 11-20 were obtained in CDCl, at ambient temperature, 250 MHz.
bSpectra of the cationic trihydrates [(45-CsHs)1r(LYH;]BF, 21-30 were obtained in CD,Cl, at ambient temperature, 500 MHz. €Chemical shifts are
referenced to residual protiated solvent. ¢Coupling constants are reported in Hz. ¢(n°-CsHs)1rPMe;H, has previously been reported, ref 38.
/(9> CsHs)IrPPh3H, has previously been reported, ref 39. £Measured in benzene-d,, 250 MHz. *MPTB = 1-methyl-4-phospha-3,5,8-trioxabicy-
clo[2.2.2]octane. {P* = P(H)(Ph)(n-decyl).
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Table 1I. Low-Temperature 'H NMR Data (Hydride Region) for
21-29¢

L 6HAb 6Hgb ZJA«BC ZJPHAC ZJPch
21 PMe, -12.43 -1390 114 +8.3 F19.0
22 PPh -11.80 -12.75 320 83  F16.0
23  PCy, -13.35 -14.10 68.0 +5.6 *17.0
24 PiPry -13.25 -14.10 69.0 +5.7 F17.0
25 PMe,Ph¥  -1221 -13.56 191 +48 =168
26 P(OPh); -11.76 -13.09 432 0 F12.5
27 MPTB* -11.31  -12.83 1274 0 ¥9.7
28  AsPhy/ -12.02 -13.17 512
29 SbPh, -12.82 -13.89 158

@ Unless otherwise specified, spectra were obtained in CD,Cl, at 186
K, 500 MHz. Chemical shifts are referenced in the residual protiated
solvent. ¢Coupling constants are reported in Hz. 4Measured in CD,-
Cl, at 250 MHz. *MPTB = 1-methyl-4-phospha-3,6,8-trioxabicyclo-
[2.2.2]octane. fMeasured in CD,Cl, at 450 MHz.

Table III. Temperature and Ligand Dependence on J,_g*

L 176K 181K 186K 191K 196K
23 PCy, 61 64 68 73 77
24 PPr, 63.5 665 69 75 75

21 PMe, 96 106 114 122 135
29  SbPh, 147 158 171 180 196
25 PMe,Ph¢ 161 175 191 210 237
22 PPh? 260 291 320 355 397

26 P(OPh), 358 397 432 469 526
28  AsPhy* 376 419 460 512 570
27 MPTB/ 972 1119 1274 1425 1565

9Unless otherwise specified, spectra were obtained in CD,Cl,, 500
MHz. ¢Coupling constants are reported in Hz. ¢Measured in CD,Cl,,
250 MHz at 180, 183, 186, 191, and 196 K. ?Further measurements
were obtained in CHFCl,/CD,Cl, mixture (4:1), 490 MHz: 228 (171
K), 213 (167 K), 198 (163 K), 187 (160 K), 176 (157 K), 162 (153
K), and 151 Hz (150 K). ®Measured in CD,Cl,, 490 MHz at 176,
180, 183, 186, and 189 K. /MPTB = 1-methyl-4-phospha-3,6,8-triox-
abicyclo[2.2.2]octane. #Measured in CD,Cl,, 490 MHz at 176, 181,
186, 191, and 196 K.

Table IV. Experimental Details of the Neutron Diffraction Analysis
of [(n*-CsHs)Ir(PMe;)H;]1BF, (21)

formula
crystal system

CgH;BF,IrP
orthorhombic

space group P2,2,2,

V4 4

mol wt, g mol™! 4232
T.K 130.0 (5)
a A 8.840 (2)
b A 9.971 (1)
oA 14.278 (2)
v, A 1258.5 (S)
p(calc), g cm™ 2.23

no. of reflens, N, 1466

no. of vbl params, N, 290

Ra® 0.106
Ryt 0.081
goodness of fit, §¢ 1.64

“Rp = L(F - kFQ)JTF2 Ry = Yw(F,: - KF2)2/SwFt. S
= [Tw(F. - k2F2)2 kXN, - N,)]'2.

tonation of 20 affords [(n-CsHs)Ir(P(Ph)(n-decyl)(H))H;]BF,
(30). The low-temperature 'H NMR spectrum of 30 is an ABCX
spin system, which simplifies to an ABC spin system with 3P
decoupling. For the analysis of this complex spin system, initial
parameters were derived by the method of Castellano and
Waugh.® Final iterative fitting of observed and calculated spectra
was carried out using PANIC (see Figure 2). The ABC spin system
is completely defined by three coupling constants and three
chemical shifts. The coupling constants in this case are J,_p =
281 Hz, Joc = 268 Hz, and Jp_ = 3.4 Hz (176 K). While J,_p
and J,.¢ increase rapidly with increasing temperature, as noted
above for the AB, cases, Jp¢ is independent of temperature.

(40) Castellano, S.; Waugh, J. S. J. Chem. Phys. 1961, 34, 295-309.
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Figure 3. Isotope effects on the chemical shifts of the various isotopomers
of partially deuterated 22. Shifts are reported in parts per billion (ppb)
and are upfield from the chemical shift of the pure protio species.

Deuterium Exchange Reactions. Since partial deuteration has
been highly informative in studies of dihydrogen complexes, we
sought convenient procedures for incorporating deuterium into
these complexes. A D,/H, exchange reaction reported by Shapley
and co-workers®® for compound 12 was attempted (eq 3). In our
hands, we found that no deuterium incorporation occurs under
the reported conditions.

(7-CsHs)Ir(PPhy)H, + D, (20 psi) —
(n-CsHg)Ir(PPhy)D, + H, (3)

In contrast, the cationic trihydride readily exchanges (eq 4).
Thus, it seems likely that the previously reported exchange reaction
occurred via the cationic species, perhaps catalyzed by adventitious
acid.

[(n-CsH4)Ir(PPh;)H;)BF, + D, —
((n-CsH)Ir(PPh;)D;] BF, + H; (4)

NMR Studies of Partially Deuterated Trihydride Cations.
Contrary to our expectations, we were unable to observe any
evidence of H-D coupling in the 'H NMR spectra of partially
deuterated samples of the cations. Observations were made on
several compounds at a variety of temperatures from room tem-
perature down to 176 K. In the low-temperature spectra, (>'P-
decoupled) resonances due to isotopomers of composition H,D
and HD, are slightly broader (»,/, = 12 Hz) than resonances due
to the perprotio species (v, = 2-3 Hz). Although no H-D
coupling was observed, large temperature-independent upfield
isotope effects on the chemical shifts upon deuterium substitution
were noted. These large isotope shifts allow resonances due to
each isotopomer to be assigned. The results are exemplified by
data for compound 22, which is shown in a pictorial format in
Figure 3. The four possible isotopomers have composition Hj,
H,D, HD,, and D,. The first three are observable in the 'H NMR
spectrum. The HD, isotopomer has two positional isomers, with
H in the A site or one of the B sites, which we designate as
H,(Dg),; and HgD Dy, respectively. Each of these species gives
one resonance in the 'H NMR spectrum. Similar considerations
apply to the isotopomer H,D, where the positional isomers are
now designated as (Hg),D, and HyHgDy. The former species
exhibits one resonance while the latter gives a four-line spectrum
typical of an AB spin system.

Interestingly, the J,_p values derived from analysis of the AB
spin system differ significantly from the J,_g values obtained from
the AB, spectrum of the H, isotopomer. The substitution of one
D into one of the B sites causes the proton—proton coupling
constant J_g to increase by 5-6%.

In an attempt to ascertain the reason for our failure to observe
resolvable H-D couplings in these complexes, we have investigated
the 2H NMR spectra of selected complexes. For example, the
low-temperature (193 K) 2H NMR spectrum (76.77 MHz,
CH,Cl,) of 21-d, (>95% D) exhibits two resonances in the hydride
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Figure 4. Experimental *H NMR spectrum of partially tritiated 28
(CD,Cl,, 185 K, 522.3 MHz). Coupling constants are Jy,_y, = 29 Hz
and Jr,y, = 24 Hz,

Table V. Positional (X10%) and Equivalent Isotropic Thermal
Parameters (A2) for [(n°-CsHs)Ir(PMey)H,]BF, (21) at T = 130 K

atom X y z B,

Irl 1896 (3) 807 (2) 2293 (2) 1.54 (0.05)
P1 3811 (5) 332 (5) 1285 (3) 1.47 (0.10)
C1 1596 (5) 3026 (4) 2259 (4) 3.03 (0.11)
C2 1023 (6) 2536 (S5) 3127 (3) 3.08 (0.12)
C3 =214 (5) 1678 (5) 2929 (3) 3.10 (0.12)
C4 -395 (6) 1651 (S) 1949 (3) 3.48 (0.13)
Cs 701 (5) 2459 (5) 1536 (3) 3.30 (0.13)
Cé6 4585 (6) -1325 (5) 1442 (4) 3.06 (0.12)
(oy) 5409 (5) 1443 (4) 1378 (3) 2.06 (0.10)
C8 3268 (6) 408 (5) 71 (3) 245 (0.11)
Bl 3602 (5) 5185 (5) 477 (3) 1.61 (0.10)
Fl 4743 (7) 5824 (7) 7 (4) 4.21 (0.16)
F2 3531 (8) 3848 (5) 210 (4) 4.17 (0.17)
F3 2249 (6) 5792 (8) 265 (5) 4.66 (0.18)
F4 3824 (7) 5265 (6) 1442 (3) 3.49 (0.14)
H1 2501 (12) 3708 (10) 2152 (10)  6.03 (0.35)
H2 1461 (18) 2806 (13) 3816 (7) 7.10 (0.42)
H3 -902 (15) 1171 (13) 3430 (10)  7.16 (0.42)
H4 -1232 (13) 1059 (16) 1574 (10)  7.30 (0.44)
HS 825 (17) 2615 (13) 789 (7) 6.82 (0.41)
Hé6A 5037 (13) -1408 (11) 2149 (7) 5.23 (0.31)
Hé6B 5474 (13) -1489 (11) 925 (7) 5.01 (0.30)
Hé6C 3716 (15) -2060 (10) 1334 (9) 5.36 (0.31)
H7A 6212 (11) 1142 (11) 873 (6) 4.16 (0.25)
H7B 5042 (11) 2463 (9) 1240 (7) 4.43 (0.27)
H7C 5878 (10) 1379 (10) 2084 (6) 3.71 (0.23)
HS8A 4209 (11) 105 (11) =354 (6) 4.24 (0.27)
HEB 2913 (12) 1444 (10) -10S (6) 4.31 (0.27)
H8C 2320 (12) =270 (12) =55(7) 4.89 (0.30)
Hllr 1997 (13) =505 (9) 2923 (6) 4.37 (0.26)
H2lr 3343 (10) 675 (10) 2946 (5) 3.74 (0.22)
H3Ir 1414 (11) -541 (9) 1790 (7) 4.29 (0.25)

region at ~13.8 and ~12.4 ppm in the ratio 2:1. The linewidths
are ca. 19 Hz. At ambient temperature, a single resonance at
-13.2 ppm was observed (v, = 9 Hz).

The rate of deuterium relaxation in 21-d; was investigated by
the inversion recovery (180-7-90 pulse sequence) method. Due
to the low sensitivity of deuterium NMR, S/N ratios obtainable
in reasonable times are only ca. 10:1. An approximate value for
the deuterium T, of 25 ms was obtained (193 K). A similar
experiment for 27 gave a deuterium T, of approximately 65 ms
(186 K).

3H NMR Spectroscopy. Tritium was incorporated into com-
pound 28 by stirring a CH,Cl, solution at room temperature under
20 psi pressure of a Ar/T, (100:1) gas mixture. Total sample
activity was assayed to be ca. | mCi. Tritium NMR spectra were
obtained at 522.3 MHz on a 490-MHz instrument using a
modified '°F probe. Reasonable S/N values were obtained in 3-4
h (ca. 50000 scans). At 185 K, the spectrum shown in Figure
4 was obtained, which gives J1,_y, = 29 Hz and Jy_y, = 24 Hz.
The expected value of Jy_7 at this temperature is ca. 530 Hz.

Infrared Spectroscopy. The infrared spectra of these cationic
trihydrides revealed weak—-medium absorptions attributable to the
stretching vibration of the Ir-H bond in the region of 2130-2170
cm™'. For example, the spectra of 21 and 22 measured in CH,Cl,
solutions showed broad bands at 2170 cm™ and 2140 and 2170
cm’!, respectively. These assignments as Ir—H stretching modes
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Table VI. Significant Bond Distances and Angles® for
[(7*-CsH;)Ir(PMe;)H,]BF, (21) at T = 130 K

Distances, A

Ir1-Hllr 1.591 (8)  Ir1-Cpf 1.889 (5)
Ir1-H2Ir 1.588 (8) Ir1-Cl 2.229 (5)
Ir1-H3Ir 1.583 (9) Irl-C2 2.232 (5)
Ir1-Hpean 1.587 (3) Ir1-C3 2.249 (5)

Ir1-C4 2.247 (5)
Hilr-.-H2Ir 1.67 (1) Ir1-Cs 2.235 (5)
Hllr.-H3Ir 1.70 (1) Ir-Cpean 2.238 (5)
H2Ir..-H3Ir 2.66 (1)

C-Crean 1.412 (6)
Ir1-P1 2.273 (5)

C-H,a? 1.077 (7)
P—-Crean 1.801 (1)

B-Frean 1.382 (7)
C-H,.p? 1.084 (4)

Angles, deg

Hllr-Ir1-H2Ir  63.6 (5) HlIr-Ir1-Cp¢ 130.0 (4)
Hilr-Ir1-H3Ir 64.7 (5) H2Ir-Ir1-Cp¢ 123.0 (4)
H2Ir-1r1-H3Ir 1144 (5)  H3Ir-Ir1—Cp¢  120.6 (4)
Hilr-Ir1-P1 98.3 (4) P1-Ir1-Cp* 131.7 (2)
H2Ir-Ir1-P1 75.8 (3)
H3Ir-Ir1-P1 74.7 (4)

4Mean values calculated as (T (x;, — X)2/n(n — 1))/, ¢Methyl
groups. ‘Ring centroid. 4Cp ring.

Table VII. Anisotropic Thermal Parameters (A2 X 10%) for
[(7°-C;H)Ir(PMe;)H,]BF, (21) at T = 130 K

atom  Uj, Un Uy Uy, Ui Uy

Il 19(1) 22(1) 17(1) o) 2(1) 4
Pl 18(2) 20(2) 18(2) 2() 1(2) 0
Cl 28(2) 21(2) 66(3) 2(2) 8() 9(2)
C2  S1(3) 36() 3002 172 1(2) -12(2)
C3  27(2) 42(3) 48(3) 10(2) 23(2) 10(2)
C4 23Q2) S53(3) S6(3) 9(2) -9(Q) -8()
C5 44(3) 54(3) 28(2) 28(3) 6( 16(2)
C6 49(3) 25(2) 43(3) 19(2) 13(3) 6(2
C7T 18(2) 32(2) 28(2) -3(2) -3(2) -3(2
C8 34(3) 43(3) 15(2) -5() -5(2) -2(2)
Bl  23(2) 200Q2) 17(Q) 0 -1(2) 2()
FI S0(3) S9(4) SI(3) -5(3) 15(3) 18(3)
F2  84(5) 29(3) 46(3) 0(@3) -7(3) -8(2)
F3 26(3) 87(5) 63(4) 22(33) -9(3) -12(4)
F4 58(3) 57(3) 18(Q2) -24(3) -9(2) 3(2)
Hl  59(6) 37(5) 134(l1) -7(5) 28(7) S(7)
H2 148 (13) 82(8) 39(5) 15(9) -31(7) -23(5)
H3 87(9) 65(7) 120(11) 28(7) 63(9) 37(7)
H4  40(6) 122(11) 115(11) -12(7) -27(7) =25 (9)
HS  119(11) 101 (10) 39(5) 71(9) 22(6) 30 (6)
H6A 83(8) 68(6) 48(6) 29(6) 11(6) 15(5)
H6B 75(7) S7(6) 58(6) 26(6) 22(6) 8(5)
H6C 86(8) 27(4) 90(7) -5(6) 21(7) -8(5)
H7A 46(5) 74(7) 38(5) ~—14(5) 16(4) -8(5)
H7B S7(6) 34(5) 78(7) 0(5) 10(5) 6(5)
H7C 43(5) 69 (6) 29(4) —-10(5) -7(4) —6(4)
H8A S7(6) 80(7) 24(4) -1(5 3(5 -8(4)
H8B 65(6) 63(7) 36(5) 10(5) -7(5) 15(5)
H8C 49(6) 89 (8) 48(6) -28(6) —14(5) —-16 (6)
Hilr 82(7) 32(4) 52(5) 14(5) 16(5) 14(4)
H2lr 42(5) 76 (6) 24(3) 15(5) =2(3) 2(4)
H3lr S5(6) 36(5) 71(6) -8(5) 12(5) ~-17(4)

aThermal parameters are of the form e27((ha*)2U;, + .. +
Wka*b*U, + ).

were verified by deuterium substitution and the subsequent ob-
servation of Ir-D stretches. For 21-ds, the band at 2170 cm™
was replaced by a new band at 1459 cm™'. Similarly, for 22-d,,
new bands were observed at 1538 and 1562 cm™. No bands
corresponding to H-H stretching modes or Ir-H bending modes
were observed. The IR spectra of 21 and 22 in the solid state (KBr
disk) do not differ substantially from the spectra recorded in
solution.

Solid-State Structure of 21. Positional and equivalent isotropic
thermal parameters for all atoms are given in Table V. Aniso-
tropic thermal parameters are given in Table VII. A view of the
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Figure 5. ORTEP diagram of 21 with boundary ellipsoids drawn to enclose
35% probability.

structure of 21 is shown in Figure 5. Selected interatomic dis-
tances are listed in Table VI. Other bond distances and angles
lie within normal ranges. There are no unusual intermolecular
contagts, the closest approaches being H-+F, 2.24 A, and H..H,
2.40 A,

Reactivity of the Cations. In addition to the facile exchange
reaction with D, noted above, our preliminary investigation of the
reactivity of the trihydride cations has included reaction with CO,
which was undertaken in order to obtain some insight into the
electronic effects of various ligands. Thus, 22, 28, and 29 were
exposed to CO (3 atm), leading to incorporation of CO according
toeq S.

[(n-CsH)Ir(L)H;)BF, + CO —
[(n-CsHs)Ir(L)(CO)H]BF, + H, (5)

(L = PPh,, AsPh,. SbPh,)

No reaction was observed with 22 and ethylene (3 atm) over
several days at ambient temperature.

Discussion

Structural Models. The overall composition of the cationic
“trihydride™ complexes is unequivocally established by our ob-
servations. The details of the bonding and in particular the extent
of H-H interactions among the hydride ligands remain to be fully
elucidated. There are four possible structures for these complexes,
which are depicted in Chart I. These structures are described
as (I) trihydride, (II) dihydrogen/hydride, (IIT) open trihydrogen
complex, and (IV) closed trihydrogen complex. The latter two
may be regarded as Ir(I)H,* complexes or as H;~ complexes of
Ir(III), depending upon the extent of back-donation from the
trihydrogen ligand to the metal. We will now summarize the
available data that bears on the structural problem and attempt
to draw some conclusions.

The most striking feature of the 'H NMR spectra of 21-30
is the large J,_p values derived from the AB, spectra observed
at low temperature. The magnitude of J,_g appears to be inversely
related to the basicity of the ligand L, as defined by Tolman.4!
As detailed in Table 11, the coupling is quite large for L = PR,
(R = alkyl) and increases as alkyl groups are replaced with phenyl

(41) Tolman, C. A, Chem. Rev. 1977, 77, 313-348.
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groups. Extremely large couplings are observed for phosphite
ligands (up to 1565 Hz!) and for AsPh,. Within the series L =
MPh,, (M = P, As, Sb) the coupling increases in going from P
to As and then decreases abruptly in the antimony derivative.
Since there are no Tolman basicity data available for the latter
two ligands, we sought to evaluate the electronic environment at
the metal center in these complexes by preparing the carbonyl
derivatives [(n-CsHs)Ir(L)(CO)H;]BF,. To the extent that the
carbonyl stretching frequencies are a reliable qualitative measure
of electron density at the metal center, the observed stretching
frequencies (L = PPh;, 2057 cm™; L = AsPh;, 2058 em™; L =
SbPh;, 2051 cm™) are consistent with the observed J values being
determined primarily by electronic factors. Consistent with these
trends is the previously reported complex [(n-CsMes)lr-
(PMe;)H,;]BF,, which exhibits an AB, spectrum at low tem-
perature with J,_g = 56.3 Hz.#2

In all compounds studied to date (21-29), the J_p values
derived by simulation of the AB, spin system show a pronounced
temperature dependence (see Table III). In every case, J increases
rapidly with increasing temperature. Only a narrow temperature
range is accessible, since the onset of thermally activated site
exchange causes line broadening above about 200 K, but the
increase in J over a small temperature range is quite remarkable.
Similar temperature-dependent J values have been reported for
compounds such as [NbH;(n-CsHs,R,),] (n = 1, 2; R = SiMe;),"2
where J,_p varies from 0 to 90 Hz between 200 and 320 K, and
in (-CsMes)Ru(PR3)H,, 10 where J,_g varies from 60 to 130 Hz
between 170 and 200 K. In general, the J values found for the
cationic complexes reported here are larger than values previously
reported for these neutral niobium and ruthenium complexes. This
may be further evidence that J is inversely proportional to the
electron density at the metal center, although such comparisons
must be made with caution.

The large J values seem inconsistent with structure I and are
perhaps suggestive of a structure with direct bonding interactions
among the hydride ligands. With the above data in hand, structure
type I (dihydrogen/hydride) can probably be ruled out. In other
known complexes having this structure, no coupling between the
coordinated H, ligand and the hydride has been observed.® A
slightly different view of structure type II results if a process of
rapid motion of H, between the two Hy sites is postulated as
shown, which could lead to a large coupling constant J,_g. Since

Ha Ha.

P /N
I A Ir.  Hy
\H' | \/
8 He

H, complexes have Jy._p of up to 35 Hz, Jy.y of up to ca. 230

(42) Gilbert, T. M.; Bergman, R. G. J. Am. Chem. Soc. 1985, 107,
3502-3507.
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Hz is possible.* It is hard to imagine that the model considered
here could lead to J,_g of more than ca. 120 Hz, which is ap-
proximately half the maximum Jy_y for a dihydrogen complex,
since J4_p would be the weighted average of a large coupling and
a near-zero coupling. Our observed values for J,_p greatly exceed
this expectation, in some cases by more than an order of mag-
nitude.

The preparation of complex 30, with L = P(H)(n-decyl)(Ph),
was undertaken with the intent of distinguishing between structures
III and IV. The precursor neutral dihydride 20 exhibits an AB
spin system in the hydride region of the 'H{*'P} NMR spectrum,
with a normal J,_g of 6.9 Hz. Protonation of 20 affords 30, which
gives an ABC spin system in the 'H{3'P} NMR spectrum (see
Figure 2). At 176 K, the coupling constants are J,.p = 281 Hz,
Jac = 268 Hz, and Jg_¢ = 3.4 Hz. The values of Jp.¢ are
temperature independent, in contrast to J,.p and J4_¢, which
increase rapidly with temperature. These observations are con-
sistent with structure III, the “open” trihydrogen complex, which
has been predicted by Burdett and co-workers’ to be more stable
than structure IV (“closed” trihydrogen) in the case of the hy-
pothetical complex Cr(CO)s(H;)*.

The coupling between the hydride ligands and the bound 'P
of the phosphorus-containing ligands provides evidence for the
overall geometry of these trihydrides. In all compounds reported,
Jy,-p is less than Jy,_p. These data are consistent with a cyclo-
pentadienyl capped square pyramidal geometry in which Hy is
transoid to PR; and the two hydrides designated Hy are cisoid
to PR;. For example, molybdenum complexes (n-CsHs)Mo-
(CO),(PR;)(H) exhibit 2Jp_y of 64-73 Hz when the phosphine
and hydride ligands are cisoid and 3/p_y of 21-29 Hz when the
phosphine and hydride ligands are transoid.** Similar observations
have also been reported by Gladysz and co-workers for cis-[(n-
CsHs)Re(NO)(PPhs)(H)z]BF4-44

As mentioned above, the 'H NMR spectra of partially deu-
terated 21 gave no resolvable H-D coupling at any temperature.
The H-D coupling anticipated at low temperature (193 K) would
be ca. 19 Hz. Recalling that the 2D T, for 21 is approximately
25 ms at this temperature, computer simulation of the 'H line
shape'? shows that the rapid relaxation of the D nucleus would
lead to a broadened triplet in which the outer lines are half as
intense as the inner lines. If the T, value is taken to be 12.5 ms,
a single line with »,, = 19 Hz results in the 'H spectrum. Due
to the uncertainty in the 2D T, measurements, the failure to
observe Jy_p in 21 is suggestive but not conclusive evidence for
lack of H-D coupling. For compound 27, the situation is quite
different. Due to the extremely large H-H coupling in this
complex, the anticipated H-D coupling at 186 K is 196 Hz. This
coupling should be resolvable in the 'TH NMR of the partially
deuterated species. Contrary to our expectations, this was not
the case. Resonances in the low-temperature 'H NMR spectra
of partially deuterated 27 show no resolvable coupling to deu-
terium. This failure to observe H-D coupling is inconsistent with
the observation of large H-H couplings, if normal coupling
mechanisms are operative.

Although no H-D couplings were observed in partially deu-
terated 21, 22, or 27, large (up to 78 ppb per D substitution)
upfield isotope effects were observed, which allowed the various
isotopomers to be clearly distinguished in the 'H NMR spectrum
at low temperature. These isotope effects on the chemical shifts
show no significant temperature dependence. A tabulation of the
shifts observed in the various isotopomers of 22 was given above
in Figure 3. Similar shifts were observed for partially deuterated
21 and 27. The magnitude and direction of these isotope shifts
are comparable to those observed in dihydrogen complexes (37
ppb:* 30 ppb*) and for free dihydrogen (36 ppb¥’). The isotope

(43) Faller, J. W.; Anderson, A. S. J. Am. Chem. Soc. 1970, 92,
5852-5860.

(44) Fernandez, J. M.; Gladysz, J. A. Organometallics 1989, 8, 207-219.

(45) Conroy-Lewis, F. M.; Simpson, S. J. J. Chem. Soc., Chem. Commun.
1986, 506-507.

(46) Chinn, M. S.; Heinekey, D. M. J. Am. Chem. Soc. 1987, 09,
5865-5867.
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effects observed here are asymmetric, for example, in 22 the
isotope shift of the H, resonance induced by successive replace-
ment of Hy with D is 75-78 ppb per D substitution, while the effect
on the Hp resonance of substitution at H, with D is only 35 ppb.
Importantly, substitution of one of the equivalent B sites with D
shifts the position of the Hy resonance upfield by only 5 ppb.
These observations may be consistent with structure III, in which
there is no direct bonding interaction between the two B nuclei.
These arguments assume that there is some correlation between
the magnitude of the isotope effect on the chemical shift and the
degree of bonding interaction between the hydride ligands. It
follows that in a metal polyhydride complex where there is clearly
no such interaction that the isotope shift would be small. This
supposition seems reasonable, but lacks experimental support. The
only data that bear on this problem is for [(n-CsHs)Ru-
(dmpe)(H)(D)]BF,, which shows an upfield isotope shift of only
8 ppb,*® while the closely related (n-CsHs)Ru(PPh;)H; exhibits
upfield isotope shifts of 23 ppb per D substitution.® In the
absence of a more extensive set of observations regarding isotope
effects on chemical shifts in metal hydrides, it is probably pre-
mature to make any conclusions regarding structure based on these
data.

Examination of the 'TH NMR spectra of partially deuterated
21, 22, and 27 at low temperature also reveals that the coupling
constant in the isotopomer HyHpDy (an AB spin system) is
significantly increased (by ca. 6%) from the value derived from
the corresponding AB, spectrum of the perprotio species. A
secondary isotope effect on a coupling constant of this magnitude
is unprecedented. Normal secondary isotope effects on coupling
constants are much smaller, with a maximum of ca. 1.5%.% These
observations were made on the various isotopomers in a single
partially deuterated sample, so temperature effects cannot be
responsible for this perturbation of the coupling constant. Within
the limits of experimental error, the perturbation of the coupling
constant is temperature independent. If this effect is a mani-
festation of isotopic perturbation of J, analogous to the well-known
isotopic perturbation of resonance (IPR) phenomenon,3! this would
indicate that some rapid equilibrium process is operational, which
is perturbed by partial deuteration. Under this reasoning, the
isotope shifts discussed above would be manifestations of IPR,
rather than intrinsic isotope effects. However, the observed shifts
and perturbations are temperature independent, which is not
consistent with perturbation of an equilibrium.

The above observations are most consistent with structure III,
but there are several problems with this explanation. The observed
Ja_p values actually exceed in some cases the H-H coupling
constant of 280 Hz in hydrogen itself (calculated from Jy_p =
43.2 Hz'" or Jy_r = 299.3 Hz'%), which should be the largest such
value possible by the normal Fermi contact mechanism.2 The
pronounced temperature dependence of J,_g could be rationalized
in terms of a temperature-dependent equilibrium between two
structures in solution, perhaps structure III (large J) and structure
I (small J), with structure I thermodynamically favored. This
explanation requires even larger limiting values for Ja-p.

Attempts to obtain further structural information from infrared
spectroscopy were inconclusive. In the case of 21 and 22, the
infrared spectrum in CH,Cl, solution clearly shows the Ir-H
stretching band. Attempts to identify H-H stretching modes by
using difference methods with 21-d; and 21 were not successful.
This result is inconclusive, since such vibrational modes are
generally weak or unobserved in the IR spectra of dihydrogen
complexes.* Similar results were obtained for 22. The infrared

(47) Evans, D. F. Chem. Ind. (London) 1961, 1960.

(48) Chinn, M. S.; Heinekey, D. M., unpublished results.
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spectra obtained for 21 and 22 in the solid state (KBr disk) were
in general very similar to the solution spectra. On the assumption
that the solid-state structure of a representative compound may
help in identifying the solution structure, we have carried out a
neutron diffraction study of 21.

Solid-State Structure of 21. The structure of 21 in the solid
state has been determined by neutron diffraction (see Figure 5).
The structure is best described as a distorted capped square
pyramid, with the cyclopentadienyl group capping. The hydride
ligands can be envisaged as occupying three corners of the base
of the square pyramid, The mean Ir-H distance, 1.587 (3) A,
is at the lower end of the range, 1.586 (3)-1.627 (4) A, of reported
terminal Ir-H distances determined by neutron diffraction.’3-5¢
The H-H distances between the hydride ligands are 1.674 (14),
1.698 (13), and 2.665 (13) A. In terms of the labeling used to
describe the solution NMR spectra, the first two correspond to
the distances between the unique hydrogen H, and the equivalent
Hp nuclei. The latter distance is the separation between the
equivalent Hg hydrogens. While the former H-H distances are
certainly not short enough to be described as bonding interactions,
they are perhaps best described as close nonbonding contacts.
There is only one example of a polyhydride with shorter H-H
contacts, which is OsHg(P(iPr),Ph),,5” where the shortest H-H
distance is 1.650 (6) A. Other polyhydrides with relatively short
H-H distances are ReH;(dppe), 1.77 A;*® K,ReH,, 1.872 (16)
A;”}?SH,‘(PMeZPh);, 1.840 (6) A;%0 and (n-CsHs),TaH;, 1.846
(9) A8

While (n-CsH;),TaH; does not show anomalous NMR prop-
erties, closely related niobium derivatives exhibit AB, spin systems
in their '"H NMR spectra, with large temperature-dependent values
of Jo_p.'? While the above bond distance data are entirely from
neutron diffraction, which is the most accurate method for locating
metal hydrides, it should be pointed out that an X-ray diffraction
study of (7-CsMes)Ru(PPh;)H; has been reported,®? which shows
a structure qualitatively very similar to that of 21. Approximate
H-H distances as short as ca. 1.6 A can be calculated from the
Ru-H distances of 1.46-1.60 A and the H-Ru-H angles of
61-65° reported for this ruthenium trihydride. Interestingly,
ruthenium trihydrides of this general formula have also been shown
to exhibit anomalous NMR properties, with the aforementioned
large, temperature-dependent values of J_g.'® This indicates that
these exceptional couplings may only occur in cases where H-H
separations are relatively short.

As noted above, the observations discussed to date are anom-
alous in several respects. While the solid-state structure of 21
(and presumably the other cations as well) is of type I, the large
J a-p values and other observations in solution seem more consistent
with structure type I1I. Implicit in the above discussion of
structural models has been the assumption that the couplings are
mediated by the normal Fermi contact mechanism.’2 The sheer
magnitude of the couplings and the pronounced temperature
dependence are difficult to reconcile with this assumption. In
addition, the failure to observe H-D coupling in 27 is not consistent
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with this assumption and the magnitude of the secondary (deu-
terium) isotope effect on the coupling is unprecedented. We
outline below an alternative interpretation, which invokes quantum
mechanical exchange of two hydrogen atoms. This coherent
exchange process gives rise to an exchange coupling, which can
be of appropriate magnitude to explain many of our observations.

Exchange Coupling. In order to obtain further information on
the effects of isotopic substitution on the couplings, tritium sub-
stitution was undertaken. Analysis by >H NMR is straightforward,
with incorporation at a low enough level (I mCi) to pose an
insignificant radiation hazard. Under these conditions, the only
isotopomer (other than the perprotio species) present in significant
amounts has the composition TH,. Compound 28 (L = AsPh,)
was chosen for the initial study since the absence of coupling to
3IP simplifies the problem. Recalling that the J,_g value for 28
at 185 K is 500 Hz, a value of ca. 530 Hz would be anticipated
for Jy_r in this compound at 185 K (y¢/yy = 1.06). The observed
3H NMR spectrum is shown in Figure 4. The observed H-T
coupling constants are Jr,_y, = 29 Hz and Jy, 4y, = 24 Hz. This
observation demonstrates that there is an isotope effect on the
observed coupling of approximately a factor of 20 on replacing
H by T in this compound.

These observations can only be interpreted if the large Jy_y
couplings observed in 21-30 are not magnetic in origin but are
in fact exchange couplings.'®!” In both NMR and ESR spec-
troscopy it is well-known that quantum mechanical tunneling®*-%¢
and exchange interactions's!” lead to spectral features with no
classical analogues. Exchange couplings are well established in
ESR spectroscopy.'® The formal mathematical description of the
exchange interaction is in fact the same for any pair of indistin-
guishable spin !/, particles, be they electrons, protons, or *He
nuclei. In the case of these metal trihydride complexes, the process
in question can be envisaged as a coherent pairwise exchange of
two hydrogen atoms. This process is distinct from the thermally
activated A/B exchange process, which occurs at higher tem-
peratures, leading to line broadening in the 'H NMR. The effect
of the exchange interaction is to add a pseudomagnetic coupling
term to the spin Hamiltonian of the required form -2JI,-I, where
2J is the difference in energy of the symmetrical and antisym-
metrical two-particle orbital wave functions (eq 6). The observed
coupling J is given by J = -2J + J,, where J,, is the normal
magnetic coupling.

2U=Eg-E,=
(Tg(1.2)|7 (1. 2)1Ws(1,2)) = {TA(1.2)I7(1,2)|¥(1,2)) (6)

Where 7 (1,2) is given by eq 7:
FH(1,2) =-h2/2m(V,2+ V) + V(1) + V(2) + v(1,2)  (7)

Ineq 7, ¥(1) and V(2) are single-particle potentials and v(1,2)
is the pairwise potential between the particles.

While exchange couplings involving electrons are well-known
in ESR spectroscopy, there is no precedent for such effects in-
volving massive particles such as hydrogen atoms in solution NMR.
In solid *He, the NMR spectrum is dominated by nuclear ex-
change couplings, which can be as large as 10 MHz. The mag-
nitude of this coupling is a very sensitive function of the amplitude
of the 3He lattice vibrations, as shown by the fact that J varies
from 1072 to 10 MHz, over the molar volume range of 17-24 cm?>.

In the case of metal polyhydrides, as in the case of *He, this
coupling mechanism requires that the particles involved be un-
dergoing a large amplitude motion, in this case perhaps best
visualized as a M~H bending or wag mode. In metal hydrides,*
such bending modes usually have frequencies of 700~900 cm™',
while in metal dihydrogen complexes,* such modes are found at
400-650 cm™'. 1In spite of a careful search, we were unable to
locate such vibrational modes in the IR spectra of our compounds.
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In an attempt to estimate the size of the couplings, the model
of Landesman for 3He exchange couplings has been applied, with
parameters suitable for a pair of protons. In this model, which
assumes a hard-spheres potential, J is given by eq 8:  The

3(3V2af a 3a2+ A2

= 4(1r) m(63) CXP{ 4 ; ®
amplitude of the vibrational motion is given by é, a is the inter-
nuclear distance, m is the proton mass, and A is the range of the
interaction potential between the two protons. The internuclear
distance is known from the neutron data to be ca. 1.68 A. As-
suming that A is on the order of 1 A %7 we need only ascertain
the amplitude of the vibrational motion 4 in order to estimate J.
As noted above, we were unable to observe such a vibrational mode
in the infrared spectra of the cations. In a simple harmonic
oscillator approximation, the zero point motion amplitude 6 for
a reasonable vibration frequency of 450 cm™ is 0.334 A. For
comparison, the neutron diffraction study of 21 gives amplitudes
of 0.377-0.407 A. from the hydride Uj; values in Table VII. These
values are quite reasonable in the light of the vibrational am-
plitudes of 0.35-0.40 A at room temperature reported by Gins-
berg® for the hydrides in K,ReHy. With these values, eq 8 gives
J =230 Hz. Clearly J will be a very sensitive function of both
the internuclear distance g and the vibrational amplitude é. If
a is increased to the B-B separation of 2.6 A, J decreases by a
factor of 10'". A decrease in & to 0.30 A (consistent with a
frequency of 550 cm™') will decrease J to 2 Hz.

This interpretation may also explain the isotopic perturbation
of coupling that was noted above. In 22-d, the position isomer
H,HgDg exhibits J,_g values ca. 6% greater than the perprotio
isomer. This perturbation presumably arises from a subtle isotope
effect on the vibrational potential, leading perhaps to a very slight
increase in 6 or a corresponding decrease in a. Presumably similar
changes to the vibrational potential are responsible for the observed
dependence of J,_p on the nature of the ligand L. The more
effective donor ligands (trialkyl phosphines) may lead to slightly
stronger and therefore “stiffer” Ir-H bonds.

The above is a very approximate explanation of the factors that
will affect the magnitude of the exchange coupling. A more
detailed exposition of the theory involved is given in the following
paper in this issue.%

Conclusions. The solid-state structure of [(5-CsHg)Ir-
(PMe;)H;1BF, (21) has been determined by neutron diffraction.
While the H-H distances between the hydride ligands are
somewhat short, the structural data provide no evidence for
bonding interactions and the structure of 21 is best described as
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a normal trihydride. Compound 21 is representative of a class
of cationic trihydride complexes that exhibit large H-H couplings.
The couplings are temperature dependent and exhibit quite re-
markable primary and secondary isotope effects, which have been
explored by deuterium and tritium substitution. The origin of
these large couplings and their temperature dependence has been
explained in terms of quantum mechanical exchange processes,
which apparently require large amplitude motions of the hydride
ligands. The coherent exchange process is very sensitive to the
vibrational potential experienced by the hydride ligands. The large
secondary isotope effects are manifestations of small perturbations
to the vibrational potential surface. The lack of observable Jy_p
in partially deuterated species is now understandable, since the
magnetic coupling J,, between hydride ligands in these complexes
is quite small.

While the solid-state structure of 21 is a normal trihydride, the
solution structure may differ in the extent of H-H interactions,
and other structures may be thermally accessible. In particular,
it should be noted that the chemical reactivity of the cationic
trihydride complexes is consistent with the thermal accessibility
of a dihydrogen/hydride structure.

We are continuing studies directed toward the preparation and
structural characterization of other polyhydride complexes that
may exhibit this novel coupling mechanism. In particular, we note
the intriguing possibility that polyhydrides previously thought to
be highly fluxional due to facile thermally activated exchange®®
may be further examples of this phenomenon, with extremely large
exchange couplings. Such a large exchange coupling in effect
wipes out any chemical shift differences between chemically
distinct hydrides, leading to a single resonance in the 'H NMR
for the case of an AB spin system. Such situations will be revealed
by appropriate isotope labeling experiments.
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