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(Pentanethylcyclopentadienyl)iridimn Polyhydride and Polyphosphine

Complexes

Thomas M. Gilbert

Abstract

Chapter l. Trimethylphosphine reacts with [(C5(CH3) 5)Ix ] (u~
H)3PFg producing [(C5(CH4) g)Ir(P(CH3) 5)(H) ], (u-H)PF¢. LiEt3BH
reduction of this dimer yields two equiv of (CS(CH3)5)Ir(P(CH3)3)H2.

Protonation of the dihydride with HBF,-O0Et, gives
(CS(CH3)S)Ir(P(CH3)3)H3BF4, the first isolated catiomic iridium (V)
complex. Low temperature 1y NMR studies reveal a surprisingly large
H-H coupling constant.,

Deprotonation of the dihydride with t-Buli affords
"(CS(CH3)S)Ir(P(CH3)3)HLi"; subsequent alkylation provides hydrido-
(alkyl)iridium complexes (CS(CH3)5)Ir(P(CH3)3)(R)(H) in good yield.

Chapter 2. A series of (poly-trimethylphosphine)iridium
complexes is reported. The coupling constants Jpg, Jprc and Jppt
were determined for eighteen (poly—trimethylphosphine)rhenium,
ruthenium gnd iridium compounds. The coupling values vary markedly
from metal to meﬁal, but are not affected significantly by the nature
of the other ligands present.

Chapter 3. The no§e1 iridium (V) complex (CS(CH3)5)IrH4
produces (CS(CH3)5)Ir(P(CH3)3)H2 on irradiation in the presence of

P(CH3)3, affords CS(CH3)5-substituted chloro- and hydrido--



(chloro)iridium dimers on treatment with CCl,, and gives sequentially
(C5(CH4)5)Ir(CO)H, and (C5(CH3) 5)Ir(CO), with CO. The tetrahydride
undergoes thermal and photochemical H/D exchange in the presence of
D, gas and deuteron-induced H/D exchange with CD,0D.

Chapter §= Treatment of [(CS(CH3)5)Ir]2(u-H)3PF6 with LiBH,
yields [(CS(CH3)5)Ir]2H3BH4; the borohydride moiety bridges the metal
centers in a unique fashion. Hydrolysis of this complex produces the
formally iridium (IV) dimer [(C5(CH4)g)IrHs],.

Treatment of [(CS(CH3)5)Ir]2(u—H)3PF6 with the reducing agent
LiEt3BH affords the mononuclear salt (CS(CH3)5)IrH3[Li(THF)X], which
may be hydrolyzed to the iridium (V) complex (Cg(CH3)g)IrH,. The
overall mechanism of formaﬁion of the tetrahydride is discussed.

Deprotonation of (Cg(CH3)5)IrH, with t-Buli/pmdeta yields
(C5(CH4) g)IrHq[Li(pmdeta)]. The anion may be derivatized affording
the new polyhydrides (C5(CH3)5)IrHySiMes, (C5(CH4)g)IrHaSnMes,
(C5(CH3) 5)IrH4SnPhy and (Cg(CH3))IrH4((CgHg),ZxCl).

Chapter 5. T@e upfield hydride resomances in the ly wur spectra
of (CS(CH3)S)IrHZSi(CH3)3Li(pmdeta) and (CS(CH3)5)IrH3Li(pmdeta)
appear as l:1l:1:1 quartets due to Tyi-1y coupling. This was
confirmed by lH{7Li}, 7Li, and 7Li{lH} NMR experiments. Variable

temperature NMR studies of the quartet feature are described.
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Chapter 1. Trimethylphosphine-Substituted
(Pentamethylcyclopentadieny 1)iridium Complexes; Protonation and

Deprotonation of (C5(CH3)5)Ix(P(CH3)3)H .



Introduction
Strongly electron donating ligands promote a 1a£ge range of
interesting chemical transformations at transition metal centers.1
Two donating ligands which have been prominent in recent efforts of
2-4

this type are trimethylphosphine, characterized by relatively

small steric bulk,5 and the much more sterically demanding

pentamethylcyclopentadienyl group.6_8

Both ligands have allowed the
development of chemisﬁry not accessible to complexes containing more
common ly used ligands such as triphenylphosphine or the
cyclopentadienyl (CgHg) group. Maitlis and coworkers, in particular,
have extensively developed the chemistry of
pentamethylcyclopentadienylrhodium and iridium compounds, aspects of
which may be found in recent reviews. 0

In 1982, workers from our laboratory reported11 the insertion of
a photogenerated trimethylphosphine(pentamethylcyclopentadienyl)-
iridium (I) intermediate into the carbon-hydrogen bonds of various
organic compounds, including the simple alkanes cyclohexane and
neopentane, producing stable hydrido(alkyl)iridium complexes.
Motivated by these results, we attempted to synthesize new
trimethylphosphine(pentamethylcyclopentadienyl)iridium hydride
species, with an eye toward preparing complexes of varied formal
oxidation state of iridium. We report the synthesis of several such
compounds, including (CS(CH3)S)Ir(P(CH3)3)H3BF4, 5, the first
isolated exampie of a cation containing iridium in the formal +5
oxidation state, and 'TCS(CH3)S)Ir(P(CH3)3)HLi", 6, which allows the

high yield preparation of numerous hydrido(alkyl)iridium complexes.



Experimentél’

General. Unless otherwise noted, all.reactions and
manipulations were performed in dried glassware under inert
atmosphere using either standard Schlenk techniques or a nitrogen-
filled Vacuum Atmospheres 553-2 drybox equipped with a M0O-40-1 inert
gas purifier. Reagent THF, benzene, toluene, and diethyl ether were
distilled from Na/benzophenone under nitrogen. Acetone was distilled
from anhydrous CaSO4/4 Z molecular sieves. Spectral grade hexane and
. pentane were distilled from LiAlH,; dichloromethane was distilled
from CaHy. Chloroform was distilled from Na/Pb alloy (Dri-Na) onto
4 A molecular sieves and purged with nitrogen before use. Methanol
was vacuum distilled from Mg(OMe),. LiEt3BH (Super-Hydride, 1 M in
THF), HBF,-OEty, and t-Buli (1.7-1.9 M in pentane) were obtained from
Aldrich and stored in the drybox at appropriate temperaﬁures.

P(CHj)3 (Strem Chemical) was vacuum transferred from sodium and
handled using known volume bulb techniques. N,N,N',N'" N'-
pentamethyldiethylenetriamine (pmdeta, Alfa) was distilled in vacuo
from sodium and stored on 4 A molecular sieves in the drybox. Alkyl
trifluoromethylsulfonates (triflates) were prepared by methods
described in a review,12 distilled under vacuum, and confirmed as
pure by 1§ and l3c{1H} NMR spectroscopies. All other reagents were
purified in an appropriate fashion or were used as recéived from
suppliers,

1H, 130, 19F, and 3lp NMR spectra were recorded on the 18, 200,
250, 300 and 500 MHz instruments at the UCB NMR facility, and are

reported as ppm downfield of TMS (1H, 13C), CFCl; in CDClj (19F), or



BSZvH3PO4 (3lp). Elemental analysgs were performed by V. Tashinian aﬁ
the UCB Microanalysis Facility. IR spectra wefe recorded either on a
Perkin Elmer 283 Spectrometer or on a Perkin-Elmer 1550 Fourier
Transform Infrared Spectrometer. Mass spectra were recorded at the
UCB Mass Spectrometry Facility under the conditions noted. Melting
points and decomposition ranges were determined in sealed nitrogen-
filled capillaries on a Thomas UniMelt apparatus and are uncorrected.
[(CS(CH3)5)Ir]z(u—H)3PF6, (1-PF¢). The method of Maitlis!id was
used with slight modification. A slurry of [(CS(CH3)5)IrC12]26
(10.38 g, 13.0 mmol) in 2:2:1 isopropanol/acetone/water (750 ml) was
warmed to 40 °C as H, was bubbled through the solution, The orange
slurry became a black, homogeneous solution over 3 to 5 h; fresh
solvent was added periodically to replace evaporation lossés. After
24 h, the solution was cooled to room temperature, and approximately
half the solvent removed on a rotary evaporator., Addition of an
aqueous solution of NH,PF, (5.0 g, 27 mmol) resulted in the immediate
precipitation of air-stable yellow powder, which was filtered, washed
with water, recrystallized from CHC13/octane and dried in a vacuum
desiccator to give 8.44 g (10.5 mmol, 80%) of bright yellow 1-PFg.
The 1l NMR spectrum of this material agrees with that reported by
Maitlis; we have collected the following additional data on this
compound: 13C{lH} NMR (CD,C1,): & 944 (s, CsMes); 11.2 (s, CsMes).
1-BF, was prepared in the same manner using NaBF, in 80% yield.
Anal. Calcd for CZOH33IrBF4: C, 32.25; H, 4.47; cl, Q. Found: C,

32.48; H, 4.53; C1, 0.55.



[(C5(CH3) 5)Ir(P(CH4) 3)(H) ] (u-H)PFg, (2-PFg). P(CH3)3 (0.700
mmol) was éxpanded into a known volume bulb at room temperature and
condensed into a degassed acetonitrile solution of 1-PFg (245 mg,
0.305 mmol) at liquid nitrogen temperature. The solution was warmed
to room temperature and stirred two days. RemoVal of solvent in
vacuo gave an orange—-yellow solid, which was recrystallized from
acetone/ether yielding 249 mg (0.261 mmol, 867%) of air-stable yellow
crystals. A crystal of 2:PF¢ suitable for X-ray diffraction study

was grown from saturated THF solution.t?

L NMR (CDyC1,, 60 °C): 6 2.06 (d, Jpy=1.5, 30H, CsMes); 1.66 (d,
Jpy=10.2, 18H, PMeq); =20.49 (t, Jpy=18.3, 38, Ir-H). 1 NMR
(CD,C1,, =80 °C): & 1.95 (d, Jpy=1.2, 30H, CgMegq); 1.52 (d,
Jpy=10.2, 18H, PMeg); ~19.16 (dd, Jpy=33.2, Jyu=5.4, 2H, Ir~H );
-23.02 (tt, Jpg=20.9, Jyy=5.4, 1§, Tr-Hy ;4.0 12c{lH} NMR (cDseM):
§ 95.72 (s, CsMeg); 21.74 (d, Jp=40.8, PMes3); 11.57 (s, CsMes).
3pilay ¥MR (CD,C1,): 6§ -47.03 (s, PMes); -144.03 (septet, Jpp=710,
PF6). IR (KBr): Vyp_y 2165 cm_l; (CHZCIZ) 2170 cm~!., Anal. Caled
for CygHs P3IrFg: C, 32.70; H, 5.38; P, 9.73. Found: C, 32.61; H,
4.85; P, 9.38.

The BF, salt, 2-BF,, was prepared from 1-BF, in 85% yield.
3lp 1y} wMr (¢D2c12): 8 ~46.92 (s). FAB MS (l:1 glycerol/
thioglycerol): m/e 875/873 (M'~F); 811/809 (M*~BF,). Anal. Calcd for
C,gHg P, TrBF,: C, 34.82; H, 5.73. Found: C, 34.92; H, 5.97. Solid

state decomposition temperature: 230-240 °C.



Reaction of 2°PFg with LiEtﬂ;H. 2-PFg (46 mg, 0.048 mmol) was
slurried in THF and treated with LiEtqBH (0.050 mmol). The yellow
solution slowly decolorized over 24 h of stirring. Removal of

11b

solvent and workup of the residue as described previously gave 31

mg (0.076 mmol, 80%) of (CSCCH3)5)Ir(P(CH3)3)H2, 4, shown to be pure
by lH NMR spectroscopy.

(C5(CH3) g)Ir(P(CH3) 3)H3BF,, (5). Treatment of HBF,OEt,
(0.700 mmol in 30 mL ether) with an ethereal solution of
(CS(CH3)5)Ir(P(CH3)3)H2 (240 mg, 0.592 mmol) at =78 °C resulted in
the precipitation of air—sensitive, off-white powder (274 mg, 0.555
mmol, 947%), which was filtered, washed with ether and dried under
nitrogen. lH NMR (CD,Cl,, RT): 62.28 (d, Jpy=1.6, 15H, CsMes);
1.82 (d, Jpy=11.8, 9H, PMes); -13.51 (d, Jpy=10.0, 3H, Ir-H). »H NMR
(CD,C1l,, =90 °C, 500 MHz): 6 2.18 (br s, 15H, CsMeg); 1.73 (d,
Jpyg=11.8, 9H, PMesq); -12.71 (dt, |Jpg|=12.6, Jyy=56.3, 1H, Ir-H __);
~14.12 (dd, |Jpg|=21.4, Jgu=56.3, 2H, Tr-H_;). l3c{lm} wur
(CD,Cl,): 6 103.0 (s, CgMes); 21.7 (d, Jpg=47.0, PMe3); 10.49 (s,
CsMes). 19 yMr (CDyC1,): 6 -153.15 (s). 3lpily) mMr (CD,C14):
§ -37.8°(s). IR(KBr): vy, _y 2140 (sh), 2090 (vs), 2065 (sh) cm™l.
FAB MS (tetraglyme): m/e 407/405 (M™). Anal. Calcd for Cj3Hy7ITBFy:
C, 31.65; H, 5.52. Found: C, 31.55; H, 5.49. |

"(C5(CH3) 5)Ix(P(CH3)3)HLI", (6). t-Butyl lithium (0.350 mmol)
was added dropv;lise to a solution of dihydride 4 (126 mg, 6.310 mmél)
in pentane (1 mL) at ~-40 °C. The reaction was allowed to proceed at

this temperature for 24 h, at which time the precipitated yellow

solid was filtered and dried to give 58 mg (0.14 mmol, 457%) of



materiai.

The NMR spectra of this material demonstrate the presence of two
products, possibly different oligomers, in a 9:1 ratio. However, the
analytical data as well as the derivative chemistry of this material
(see below) indicate the empirical formula té be
[(C5(CHy) Tr(P(CH4) PHLi] . 1H NMR (CgDg): §2.35 (very br s, CsMes
of major product); 2.23 (s, CsMeg of minor product); 1.82 (br, PMes
of major product); 1.69 (d, Jpy=8.4, PMeq of minor product); =18.3
(very br, Ir-H). 3lpflyy NMR.(C6D6): § —=57.6 (s, minor product);
~58.9 (br s, major product). IR (silicone oil): Vip-g 1980 cm™ !
(br). Anal. Calcd for C13H25PIrLi: C, 37.95; H, 6.12. Found: C,
38.34; H, 6.21.

(CS(CH3)5)Ir(P(CH3)3)H[Li(pmdeta)xl, [6'(pmdeta)x]. A pentane
solution of dihydride 4 (379 mg, 0.935 mmol) and pmdeta (200 mg, 1.15
mmol) was cooled to -40 °C, then treated dropwise with t-Buli (l.4
mmol) while warming slowly to ambient temperature. A yellow
precipitate was observed to form as the solution stirred for 16 h.
After cooling to -40 °C, the pale yellow solid was filtered and
washed with pentane to give an air-sensitive powder as product (338
mg). Elemental analyses of the product demonstrated the amount of
pmdeta present to vary from run to rum, with values of x between 0.5
and 0.05., The product in all cases proved insoluble in inert
solvents, and in genmeral was characterized by further reaction, as
described below. IR (silicome 0il): vy,._y 1950 (br) cn~ L.

In order to chemically characterize this material, a pentane

slurry of [6-(pmdeta),] (9.3 mg, x ~0.5 by elemental analysis) was



treated with excess MeOD (50 uL). Immediate evaporation of solvent

~ gave pmdeta and (C5(CH3)5)Ir(P(CH3)3)(H)(D), the monodeuterated
analogue of 4-(0.0134 mmol by integration vs. internal (Me3Si),0, 56%
based on 4). l‘H NMR (CgDg): 6 2.11 (d, Jpy=1.6, 15H, CsMeg); 1.32
(d, Jpy=9.8, 9H, PMej); -17.43 (d, Jpg=32.1, 1H, Ir-B). 2H NMR
(CeHg): 6-17.22 (d, Jpp=5.4, Ir-D).

(C5(CH3) 5)Ix(P(CH4)3)(CH3)(H). A solutiom/slurry of 6 was
prepared by the dropwise addition of t=-BuLi (0.300 mmol) to a pentane
solutioﬁ of dihydride 4 (103 mg, 0.254 mmol). The reagent was
stirred for 24 h at ambient temperature, then added dropwise over 10
min to a pentane solution of CH03SCF4 (51 mg, 0.31 mmol) at O.OC
with external light excluded by wrapping the reaction flask with
aluminum foil, giving a pale yellow solution and a dark precipitate.
After stirring 1 h at this temperature, the solvent was evaporated
and the residue taken up in pentane. The pentane solution was
filtered through celite packed in a frit into a foiled-wrapped flask,
whereupon the solvent was evaporated to give a pale yellow oil (83

mg). Integration of the resonances in the 1

H NMR spectrum
demonstrated the material to be 81% hydrido(methyl) complex, 14%
dihydride 4, and 5% (C5(CH3)§)Ir(P(CH3)3)(CHy) .17 Complete
purification of the material has been reported.15

1y nur (CgDg): 61.87 (d, Jpy=1.5, iSH, CsMeS); 1.22 (d,
Jpy=10.0, 9H, PMeq); 0.70 (d, Jpy=6.0, 3H, Ir—CH3); -17.23 (d,
Jpg=37.9, 1H, Ir-H). 13C NMR (CgDg): 6 91.1 (d, Jpe=3.9, CgMes);
19.0 (dq, Jpg=36.3, Jgy=127.3, PMeq); 10.1 (q, Jcg=126.3, CsMes);

1.38 (q, Jop=117.7, Ir-CH3). >1P{lH} NMR (CDg): 6-43.7 (s).



(CS(Cﬁ3)5)Ir(P(CH3)3)(CHZCH3)H. A solution/slurry of 6 was
prepareﬁ by the dropwise addition of t—-BuLi (0.300 mmoi) to dihydride
4 (108 mg, 0.266 mmol) in pentane (1 mL) at =40 °C., The reaction was
allowed to proceed for 24 h, at which time the solution/slurry was
added dropwise to neat ethyl triflate (0.600 mmol) at -40 °C. After
4 h, the solvent was evaporated to give a yellow-white solid. This
was extracted with pentane; the extracts were then filtered through
celite. The solvent was evapcrated to give an orange oil, which was
combined with another batch of product prepared similarly from
dihydride 4 (0.266 mmol).

The material was chromatographed on alumina III under air-free
conditions at =50 % 10 °C. A pale yellow band eluted with 5% EtZO/
hexane; evaporation of the solvent from this fraction gave the pure
hydrido(ethyl)iridium complex as a yellow oil (71 mg, 0.17 mmol,
32%). 1H NMR (C¢Dg): 6 1.88(d, Jpy=1.4, 15H, CsMes); 1.76 (complex,
overlapping, 5H, Ir-CH,CH3); 1.24 (d, Jpy=9.6, 9H, PMesq); -17.90 (d,
Ipg=37.2, 18, Ir-H). 13c(lH} NMR (C4Dg): 691.4 (d, Jpg=3.0, CMes);
25.2 (s, Ir-CH,CH3); 18.9 (d, Jpc=36.4, PMe3); 10.0 (s, Cg5Mes);
-21.3 (d, Jpg=7.7, Ir-gﬁzca3). 31p(lu} NMR (CgDg): 6 -43.0 (s). IR
(neat 0il): vy._y 2095 cm™l. EIMS (50 °C, 70 eV): m/e 434, 432.
Anal, Calcd for 015H3OIrP: C, 41.55; H, 6.97. Found: C, 41.97; H,
| 7.12,

Further elution of the chromatography columﬁ with 20% Et,0/
hexane gave a colorless fraction; evaporation Qf the solvent gave a
colorless oil (20 mg), shown to be mostly dihydride & by 1y R

Spectroscopy.



(C5(CH3) 5)Ix(P(CH3)3)(CH,CH,CH,CH,CH3)(B). A solution/slurry of
6 was prepared by the dropwise addition of t-BuLi (0.250 mmol) to a
pentane solution of'dihydride 4 (97 mg, 0.24 mmol). After stirring
20 h at ambient temperature, the reagent was added dropwise over 20
min to a pentane solution of n-pentyl triflate (55 mg, 0.25 mmol).
The solution became cloudy and darkened to orange during the
addition; stirring was continued for 22 h. The solvent was
evaporated, and the orange residue extracted with pentane. The
extracts were filtered through celite, whereupon evaporation of the
solvent gave a yellow-white semisolid.

The semisolid was chromatographed on neutral alumina III at a
column temperature of ~55 + 10 °C. A pale yellow band eluted with 5%
EtZO/hexane; evaporation of the solvent from this fraction gave the
hydrido(n-pentyl)iridium complex as.a yellow-white semisolid (61 mg,
0.14 mmol, 54%). This material was shown to be pure by 1y wur
spectroscopy, and was spectroscopically identical to a sample
isolated and fully characterized in C-H activation studies.ll’lg.d
Further elution of the column with 10% EtZO/hexane gave a colorless
fraction; evaporation of solvent gave a colorless semisolid (10 mg).
Inspection of the lg R spectrum showed the major ccmponent of this
fraction to be dihydride 4.

(C5(CH3) 5)Ir(P(CH4) 3)(CH,C(CH3) 3)(H). A solution/slurry of 6
was prepared by the dropwise addition of t—Bui._i (0.300 mmol) to a
pentane solution of dihydride 4 (100 mg, 0.247 mmol). After stirring
24 h at ambient temperature, the reagent was added dropwise over 30

min to a pentane solution of neopentyl triflate (66 mg, 0.30 mmol) at

10



;78 °C. The resulting yellow solution was stirred 2 h at this
temperature, then slowly warmed to room temperature. Evaporation of
solvent gave a yellow-white solid, which was extracted with pentane.
The pentane extracts were filtered through celite, whereupon
evaporation of the sélvent gave yellow-white semisolid.

This material was combined with amnother batch of product
prepared similarly from dihydride & (0.200 mmol). Chromatography on
neutral alumina III at =55 % 10 °C, eluting with 57 Et,0/hexane gave
a pale yellow solution, from which the solvent was evaporated to give
the hydrido(neopentyl)iridium complex (44 mg, 0.093 mmol, 21%), as a

.white semisolid. This material was shown to be pure by 1y nur
spectroscopy, and was identical to a sample isolated and fully
characterized in C-H activation studies.l1219¢ Further elution of
the chromatography column with 20Z Et,0/hexane gave a pale yellow
solution, from which evaporation of solvent gave dihydride 4 (35 mg).

(C5(CH3) 5)Ir(P(CH3)3)(Si(CH3)3)(H). A concentrated
solution/slurry of 6 was prepared by the dropwise addition of t-BulLi
(0.38 mmol) to a solution of dihydride 4 (107 mg, 0.264 mmol) in 1
ml pentane at ~40 °C. The solution/slurry was maintained at this
temperature for 24 h, then added dropwise to neat (CH3)3SiO3SCF3
(0.575 g, 2.59 mmol) at =40 °C. After 3 h at this temperature, the
solvent and excess triflate were evaporated to give a white solid.
The solid was extracted with penﬁane, and the extracts filtered
through celite. Evaporation of solvent gave the &hite, air-sensitive
hydrido(trimethylsilyl)iridium complex (95 mg, 0.20 mmol, 75%), which

was dried under high vacuum overnight. This method gave material

11



sufficiently pure for elemental analysis and further study; the
complex may be .r.ecrystal.lized from pentane/(Me3Si)20, but recovery of
material is low. 'H NMR (CgDg): 6 1.89 (d, Jpg=l.1, 15H, CgMes);
1.29 (d, Jpy=9.6, 9H, PMeq); 0.67 (s, 9H, SiMes); -18.50 (d,
Jpy=28.4, 18, Ir-H). 13cUlu} mMR (¢gDg): & 94.3 (s, CoMes); 23.2
(d, Jpg=39.3, PMeq); 11.2 (s, CsMes); 9.6 (s, SiMeq). Slp{lm} mMr
(CgDg): 6 -50.3 (s). IR (CgHg): vyo_y 2115 cm™}. Exact Ion MS:
Calcd 478.179, 476.1779. Found 478.1803, 476.1762. Anal. Calcd for

C16H34IrPSi: C, 40.23; H, 7.17. Found: C, 40.04; H, 7.44.

12



Results and Discussion

Synthesis and Characterization of [(C5(CH3)5)Ir(P(CH3)3)(H)]z(u—H)A

Treatment of an acetone solution.of trihydride [(C5(CH3)5)Ir],-
(u=H) 54 (A = PF4 or BF,), 1, with P(CH)3 rapidly yields the
bisphosphine dimer [(CS(CH3)5)I1‘(P(CH3)3)(H)]z(u-H)A, 2 (Scheme 1).
The yellow salt crystallizes in analytical purity from acetone/ether,
or, in the case of 2-PFg, from hot THF. Isolated yields are
typically 85%, and air has no effect on solutions of the pure
compound., Interestingly, use of less than two equivalents of
phosphine yields a mixture of 2 and unchanged 1; no complex
containing only one phosphine ligand proved isolable. We suspect
that the monophosphine complex reacts more quickly with P(CH3)3 than
1 does, and thus this intermediate never builds up during the
reaction.

While the alkyl region of the 1y nMr spectrum of 2 varies little
with temperature, the hydride region shows dynamic behavior over a
fairly large temperature range. At 60 °C, the hydride signal
(6§ -20.5) appears as an apparent binomial triplet, with Jpy = 18.3
Hz, a somewhat low value compared to JPH = 32 Hz observed for
(CS(CHB)5)Ir(P(CH3)3)H2.11b The coupling constant represents an
average of three static 3lp_ly coupling constants (see below).

At room temperature (23 °C), the resonance broadens to a
structureless lump just above the baseline. Upon cooling the sample
to -8 °cC, tﬁo well-resolved patterns are observed, a downfield

doublet of doublets (§ -19.2) inteigrating as two equivalent hydrogens

and an upfield triplet of triplets (§ -=23.0) integrating as ome
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hfdrogen. A LH{31P} NMR experiment demdnstratéd the largest coupling
in each case to be due to the phosphorus in the phosphine ligand,
with a larger 31P-1H coupling (33.2 Hz) observed for the downfield
peak and a smaller coupling (20.9 Hz) for the upfield peak. The
three-bond 31P—1H coupling of a terminal hydrogen attached to one
iridium center to the phosphorus attached to the other iridium center
could not be resolved, and we therefore assume the value of this

JPH -~ 0 HZ. The lH{31

P} NMR experiment plus the data from the
undecoupled ly yMr spectrum showed that the smallest coupling (5.4
Hz) is due to the two sets of hydrogens coupling to each other.

In total, the spectrometric evidence suggests a static structure
for 2 with two terminal iridium—bound hydrides and one hydride
bridging the metals, with one phosphine datively bound to each
center., Line shape analysis based on the variable temperature ly aMr
data (see Appendix), assuming, (a) that exchange occurs through a
terminal~bridge-terminal mode, (b) that no more than one hydrogen is
terminally bound to a particular iridium at any time, and (c) that no
more than two hydrogens occupy sites bridging the metal centers at
any moment (two exchange permutations total), yields the activation
parameters ART = 9.1(3) kcal, AST = =6.4(1.2) e.u., kogg
(extrapolated) = 3.0(2) x 104 s-l, and AG§98= 10.96(4) kcal for the
"exchange"” of the hydride ligands,

In order to conclusively determine the static structure of dimer
2, a single crystal X-ray diffraction study was performed. The
details of the study will be reportéd;14 Figure 1 shows the ORTEP of

the determined structure and gives some important bond lengths and
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sngles : Py=be(2) = 2.9 fr(1)-P(1) = 2.248 (1), 1r(2)~

2) = 2.246 (1) ¥e(1)-Cp*{1) centroid = 1.896 (1) 11(2)-Cp*(2)

troid = 1.89) (1); - = 1.47 (5): 1r(2)-H(2) = 1.52 (6):

H(3) = 1.69 (4): [r(2)-H(3) = 1.80 (4); Ir(2}-Lr{1)~H(1) = 734

Ir(D)-1e(2)-H(2) = 70.9 (19); Ir(D)-1e(1)-P(1) = 101.51 (3);
2) = 101.28 (3)
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angles, Of note‘is the rather long Ir-Ir distance (2.981(1) K),

possibly suggestive of a somewhat weak metal-metal interaction,
The formation §f 2 without detectibn of an intermediate

monophosphine complex allows us to suggest an answer to a reported

13 noted that trihydride dimer 1

result. Maitlis and coworkers
underwent H/D exchange with deuterium gas only in the presence of
NEt3. We propose that this result is due to the formation of a
weakly bound monoamine adduct analogous to our unisolable
monophosphine adduct, which then oxidatively adds D, and reductively
eliminates HD. This proposal obviates the need to suggest either
binuclear reductive elimination or oxidative addition‘across the
metal-metal bond.

Dimer 2 reacts with one equivalent of LiEtqBH in ether at room
temperature to give (C5(CH4)g)Ir(P(CH3)4)Hy in 80% isolated yieid
(Scheme 1). The reaction requires approximately 18 h to go to

11b with such

completion, curiously slow given our experience
reductions. Solubility effects may cause this; the sparing
solubility of 2-PFg in THF probably limits the reaction rate to a

value smaller than a reduction run under purely homogeneous

conditions.

Protonation of (Cg(CH3)5)Ir(P(CH3)4)H,

Several workers have protonated metal hydride complexes in order
to prepare either monomeric salts of metals in higher formai
oxidation states,l0378 or in at least one instance a hydride bridged

dimer analogous to 2.16h Prompted by the latter result, we attempted
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18
to prepare 2 by treating dihydride 4 with‘HBF4-OEt2, both at low and
ambient_températﬁre using normal and reverse addition techniques. 1In
all cases, the interesting iridium (V) monomer
(CS(CH3)S)Ir(P(CH3)3)H3BF4,'5, precipitated and proved to be stable
toward the hydrogen loss necessary to generate 2 (Scheme 1). Complex
5 thus represents the first example of an isolated organometallic
cation contalning iridium in the formal +5 oxidation state.l6g
Spectral and analytical data agree completely with this formulation.

The most interesting aspect of the characterization of 5 stems
from the dynamic behavior of the hydride resonance in the 1H NMR
spectrum. At room temperature and above, a simple first order
doublet (&8 -13.5) with Jpy = 10 Hz is observed. As has been noted

16b,d the resonance

previously for cationic trihydride complexes,
shifts strongly downfield from that in dihydride & (& -17.4),
indicating a significant deshielding-of the hydride ligands upon
protonation. The remarkably small 31P—1H coupling, as compared with
dihydride 4 (JPH=32.1 Hz), results from the fact that the static
couplings of the phosphorus to the two different types of iridium-—
bound hydrogens (see below) are of opposite sign. Verification of
this hypothesis resulted from line shape analysis of the variable
temperature ly NMR data (Figure 2), assuming the smaller Jpg to be
negative, which mimicked the "fast limit" result accurately. An
Eyring plot of the data (see Appendix and Figure 3), assuming
exchange only between the sets of hydrogens and not between members

of a set (two exchange permutations total), yielded the activation

parameters AR* = 12.0(4) kcal, As¥ = 3.7(1.6) e.u., kygg
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" (extrapolated) = 3.7(6) x 10% s-l, and AG§98= 10.84(8) kcal for the
hydride ligand exchange process.

Decoalescence of the hydride signal into two different
resonances occurs at =30 °C. At -90 °C and a field strength of 300
MHz, a second order pattern appears, seemingly a downfield doublet of
doublets of doublets ( 6§ -12.7) integrating as one hydrogen, and an
upfield doublet of doublets (§ -14.1) integrating as two equivalent
hydrogens. However, at —90 °C with a field strength of 500 MHz, a
first order pattern is observed, consisting of a downfield triplet of
doublets (6§ -12.7), integrating as one hydrogen, and an upfield
doublet of doublets (& -14.1), integfating as two hydrogens.
Surprisingly, a lg{31lp} NMR experiment demonstrated the smallest
coupling to each set of hydrides to be due to 31p-lg splitting, with
the larger value (21.5 Hz) representing the coupling to the two
equivalent hydrogens and the smaller value (12.6 Hz) representing the
coupling to the uniqde hydrogen. This left the larger coupling to be
due to the different hydrogen atoms coupling to each other, with the
remarkably large value of Jyy = 56.3 Hz! We found this value
difficult to accept in view of data for similar complexes (Ref. 17
and Chapter 4), but accurate computer simulations of both the first
and secondvordér spectra using the Bruker simulation program PANIC
each yielded this value. Given that the HH coupling in free H, 1is

approximately 280 Hz,18

and that for (C5(CH3)5)IrHqL complexes
typical values of Jgy = 5-8 Hz obtain (Chapter 4), the hydrogen atoms
in 5 must either sit quite near each other, or must occupy sites

different from those of the "four-legged piano stool".
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Deprotonation and Alkylation of (C5(CH4) 5)Ix(P(CHy) 5)H,.

Deprotonation of'(CS(CH3)5)Ir(P(CH3)3)H2,_4, with t-Buli leads
to a solution/slurry containing some form of
"(C5(CH3) g)Ir(P(CH3) 3)HLL", 6, as confirmed by further reaction with
alkylating agents (Scheme 2).192  The yellow material may be isolated
from the reaction mixture by filtration; however, yields are
invariably low, as the complex is highly soluble. Removal of the
solvent from the reaction mixture seems to regenerate iméure
dihydride 4 in low yield.

While proper analytical data were obtained for 6, interpretation
of the lH NMR spectrum of a solution of this material proved
difficult as two products are seen, possibly an equilibrium mixture
of oligomers. The only resonance in the upfield hydride region is a
structureless lump., This feature may be due to peak overlap, to
unresolved coupling between the hydrogen, the phosphorus, and the
lithium atoms, to a combination of these, or to some unknown factor.
A significant upfield shift is observed for the resonances in the
3lp{lg} wMr spectrum ( § =57.6, =-58.9) compared to that for 4
(6 -46.8), indicating an increase in shielding of the phosphorus upon
deprotonation. vOf interest also is the significant low—energy shift
of the Ir-H stretch in the IR spectrum (see [6:(pmdeta),] below).

A pentane solution/slurry of the salt 6 reacts with CH404SCF 4
(me;hyl triflate) to generate the photosensitive alkyl hydride
(C5(0ﬁ3)5)Ir(P(CH3)3)(CH3)(H),15 in good yield on a large scale,
although slightly'contaminéted with dihydride 4 and

(C5(CH4) 5)Ix(P(CH3) 3)(CH3) 5. This complex was previously isolated
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from the reaction of (C5(CH3)S)Ir(P(CH3)3)(CH3)C1. with LiBH,, and,
more’importantly,_by the thermal_C-H activation of methane by the
proposed intermediate "(CS(CH3)5)Ir(P(CH3)3)".

Synthesis of alkyl hydride complexes through this method (Scheme
2) has proved useful in determining components of photolytic C-H

11 e have prepared the complete series

activation reaction mixtures.
of hydrido(n-alkyl)iridium compounds for ethyl through n~pentyl, as
well as (Cgq(CH3) ) Ir(P(CHq)3)(neopentyl)(H) and
(CS(CH3)5)IIUKCH3)3)01l—allyl)(H),lgb on either NMR tube or
preparative scale. Until recently, only primary alkylating agents
reacted to give alkyl hydrides in general; secondary and tertiary
agents usually resulted in production of dihydride 4 by an
undetermined (although probably elimination-based) mechanism.
Recently, however, the synthesis of (C5(CH3)5)Ir(P(CH3)4)(s~buty1)(H)
from a solution of 6 and s-butyl chloridel?C has renewed our hope of
making this a general synthetic method.

Another interesting complex synthesized by the reaction of a
solution of 6 with Me35i04SCF3 is the silyl hydride
(CS(CH3)5)IrGKCH3L9(Si(CH3)3)(H). Further chemistry of this
surprisingly air—sensitive material is described in Chapter 5.

When the sequestering agent pentamethyldiethylenetriamine,
pmdeta, is added to the t-Buli deprotonation reaction, precipitation
of yellow solid is significant and rapid; the isolated material has
been characterized as the salt (C5(CH3)5)Ir(P(CH3)5)H[Li(pmdeta), ],
[6-(pmdeta) ] (Scheﬁe 2). Unfortgnately, the amount of pmdeta

present in the isolated product varies between 0.5 and 0.05, as



determined by elemental analysis. Tﬁe effect of adding the
sequestering agent 1s clearly a significant acceleration in reaction
rate; quantitative deprotonation of dihydride 4 requires minutes when
pmndeta is used, while approximately twelve hours are necessary for
similar results when no pmdeta is present. We do not understand why
pmdeta does not sequester the lithium atom in this complex,
especially in light of the reproducible preparation of
(CS(CH3)5)IrH3[Li(pmdeta)] (Chapter 4); a reasonable hypothesis might
be that the molecule adopts a structure (possibly oligomeric) in
which steric comnstraints dictate that certain lithium atoms be in
positions where stable sequestering is impossible. A single crystal
X-ray diffraction study might answer this question.

Regardless of the amount of pmdeta present in isolated
[6-(pmdeta)x], the salt proved completely insoluble in inert solvents
at ambient temperature, thus limiting spectral characterization.

Upon attempted dissolution in non-hydrocarbon solvents, [6-(pmdeta) ]
often ;cavenges a proton to regenerate dihydride 4. Surprisingly,
solid [6-(pmdeta) ] decomposes relatively slowly in air compared to
(CS(CH3)5)IrH3Li and (CS(CH3)5)IrH3[Li(pmdeta)], requiring minutes
rather than seconds to darken completely; possibly this result
indicates a closer iridium—1lithium contact in [6-(pmdeta)x], ;; a
different degree of oligomerization in the solid state. Of interest
is the significant low-frequency shift of the iridium—terminal
hydrogen stretching mode in the IR spectrum of [6-(pmdeta) ]; for
dihydride 4, the band appears at 2099 em™! (CgHy,), while for

monohydride [6-(pmdeta)_ ] the band appears at 1950 cn™! (silicone
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0il). Unfortunately, not enough data exist to indicate the
significance of this resuit, especially in light of the fact that the
stretch for trihydride cation 5 occurs at essentially the same

1

frequency (2090 cm™ ~, KBr) as for 4; however, the direction of the

shift agrees with previous data 20,21

Possibly due to the insolubility of this material, or because
the sequestering agent presents another substrate with which the
anion can react, significant amounts of side products are feormed upon
attempted alkylation (Scheme 2). Foremost among these side products
is dihydride 4, usually comprising the major proportion of material
isolated from the réaction. Normally the desired iridium alkyl
hydride constitutes the second most abundant product; minor
unidentified iridium hydride species account for the balance of the
organometallic material. Therefore we commonly generate the anionic

reagent in situ without the addition of pmdeta, in spite of the

additional time required.

Conclusion

We have shown that a number of trimethylphosphine-substituted
pentamethylcyclopentadienyl iridium complexes may be prepared, with
the metal centers in varied formal oxidation states. The stability
and reactions of these materials suggest a rich synthetic chemistry
for the (CS(CH3)5)Ir(P(CH3)3j fragment. |

As expected for polyhydride complexes, those described here show
.fluxional behavior, Line shape analysis has al lowed the
determination of the activation parameters for the hydride ligand

site exchange process; as more data become available, these values



should provide insight into the nature of such exchange.zz’23

The most synthetically useful reaction is that of the
deprotonation of dihydride 4 followed by alkylation, a method first
developed for molybdenum and tungsten complexes by Green and
coworkers.20>21  Fey examples of stable organometallic alkyl hydride
complexes exist; in our group, the use of this method to prepare
independently products observed in photolysis reactions of 411 pas
proved a boon to further research. At this point, the scope of the
reaction is somewhat limited, but recent work suggests that variation
of the leaving group may allow considerable range in the type of
products accessible.

The complexes (CS(CH3)S)Ir(P(CH3)3)3(BF4)2,
(CS(CH3)S)Ir(P(CH3)3)2HBF4 (both described in the following Chapter),
(C5(CH3) 5)Ir(P(CH3) 3)Hy, and (C5(CH3)g)IrH3Li (Chapter 4) represent
an isoelectronic series of (pentamethylcyclopentadienyl)iridium
compounds, successively substituting hydride anmions (H™) for
trimethylphosphine. We point this out to preface our idea that the
hydride anion and trimethylphosphine, being sterically undemanding
strong sigma donor ligands, may be formally, if not mnecessarily.
chemically, substituted for each other in certain cases. Such formal
substitution of B for P(CH3)3 in organometallic complexes has led us
to new chemistry, which is discussed in Chapter 4. Along these
lines, we note that, in total, Scheme 1 may be thought of as
describing a step by step mechanism for the oxidation of dimer cation

1 to two equivalents of a monomeric iridium (V) complex.
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Appendix

Line shape simulations were performed at the UCB Computer
Center, using the program DYNAMAR, a locally modified véréion of a
program described by Meakin and Jesson.?3 1y NMR chemical shifts
were assumed to vary linearly with temperature, thle coupling
éonstants were maintained at values derived from experimental sﬁectra
taken at or near the low temperature static limit. The number and
type of permutations required to define exchange were derived from
consideration of possible simplified exchange modes, as described in
the text. All permutations were assumed to occur at the same rate at
a given temperature. A line broadening parameter (typically 4-6 Hz)
was included based on the static limit experimental spectra and was
not varied with temperature.

Values of the exchange rate constant k were determined by
comparison of calculated spectra with experimental spectra collected
at various temperatures; k values used were estimated to be accurate
to +/—FZSZ or better. The data were plotted to the form of the
Eyring24 equation ln(nhk/ka) = - AH#/RT + AS$/R, where n is the
number of permutations, h is Planck's constant, ky 1is Boltzmann's
constant, and the transmission coefficient has been set equal to l.
From a weighted least-squares fit using a locally modified version of
the program ACTPAR,25 the values of AH#, AS#, o(AH#), and o(AS™) were
determined, and used to calculate AG;QS and c(AGigshzs Correlation
coefficients for the least-squares line were typically 0.99 or

better.

Following are two listings of ACTPAR: an IBM BASIC version



éppropriéte for a PC without graphics Capabiliﬁy, and a TEKTRONIX
BASIC version with graphics capability modified for the Professor

Andrew Streitweiser, Jr. system at the University of California,

Berkeley.
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IBM BASIC Version of ACTPAR

100
110
120
130

150
160
170

190
200

210
220

250

670

CLS
PRINT "wwwxwwwwxwx ACTPAR -~ A Program for NMR Band Shape Analysis wwawirdinw®

PRINT :

PRINT "This program is written in IBM Basic based on a Tektronix Basic"”
PRINT "program written by K, L. Park, August, 1983, which in turn is based"
PRINT "on a Fortran program written by Dr. Gerhard Binsch, Institute of"
PRINT "Organic Chemistry, University of Mumnich. IBM rewriting at the”
PRINT "Unxveruxty of California, Berkeley, was done by Tom Gilbert, who
PRINT "is solely responsible for editorial conteat.”

PRINT

PRINT "The program solves for the Eyring Parameters using a least-squares"
PRINT "method based on an algorithm published by W. E. Deming"

PRINT "(Statistical Adjustment of Data 1943, ch9, 18-pl78, ex4d)"

PRINT "In order to rum the program, the following data are needed:"

PRINT

PRINT "1. The number of lines you wish to calculate (1-5);"

PRINT "2. The number of points in the M~th lime (1-25);"

PRINT "3. The vatues or T(X), sigma(T), k(i/s), and sigma(k)."

PRINT _

PRINT "Data must be input stepwvise (as if there were any other way). The"

"

PRINT "program will output activation parameter data in tabular form, either"

PRINT "on the screen or oum a line printer, but will not draw a plot."
PRLINT

PRINT "When you're ready to go, hit the g key."

INPUT AS

IF A$<O"g" THEN 100

‘PRINT "How wany lines do you want to calculate (1-5) 17"

INPUT M
DIM N(5)

DIM X(5,25),51(5,25),Y(5,25),52(5,25),v1(5,25),v2(5,25)
DIM P1(5,25),P2(5,25),Q1(5,25),Q2(5,25),1(5,25) ,R(5,25)
DIM FO(25),W(25) :

FOR I=1 TO M

CLS

PRINT "How many data points are there in Line ";I;" (up to 25) 1"
INPUT N(I)

PRINT

PRINT "Enter your data”

PRINT "(I),T(K),sigma(T),k(1/s),sigma(k)"

PRINT

REM K2(Boltzmann)=cal/mole, h(Planck)=cal*s, Ri(gas constant)=cal/mole*K
K2=3.2996E-24

H=1.5835E-34

FOR J=! TO N(I)

PRINT "(N;J;n)n;

INPUT T(I,J),S1(I1,J),R(I,J),s2(1,J)

X(1,J)=1/1(1,1)

Y(1,J)=LOG(R(I,J)*H/(K2*T(1,])))
VI(I,J3)=s1(1,J)*2*X(1,J)%4
v2(1,J3)=(s2(1,J)/R(1,J))*2+(sS1(1,J)/T(1,J))*2

NEXT J

NEXT I

CLS

DIM A9(5),B9(5),S8(5),59(5),C8(5),C9(5)

PRINT

PRINT "Hang on already 1 I'm busy"”

PRINT

R1~1.9872

FOR I=1 TO M
REM --Subroutine for the Least-Squares Calculation--
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1310
1320
1330
1340
1350

31

GOSUB 1190 .
REM --Defining the Final Parameters-=-
REM entropy of acctivationm

A9(1)=A*Rl

REM enthalpy of activation

B9(1)=R1*B/1000 . )
REM covariance = (correlation coefficient)*(sigma d-H)*(sigma d-S)
C8(1)=C4*R1®2%(S3*54) )

REM correlation coefficient

C9(I)~Ch

REM sigma(enthalpy of activation)
$8(1)=S3*R1/1000

REM sigma(entropy of activation)

S9(I)=S4*rl

NEXT I

PRINT "How do you want your data output 1"
PRINT

PRINT "If you want to see it on the screen, hit b (for Bildschirm)"
PRINT "If you vant to send the data to the printer, hit p"
PRINT "If you've gotten everything you waant, hit 4"
INPUT BS
CLS

IF B$="b" THEN 1970
IF BS="p" THEN 960

IF B$="d" THEN 2120
GOTO 850

PRINT "Want to title your output (y or n) 7"

INPUT TS

IF T$="n" THEN 1050
IF T$O"y" TEEN 960

PRINT "Title 7"

INYUT Q$

LPRINT Q$

LPRINT

LPRINT

LPRINT "M"SPC(10)"d-H (kcal/mole)"SPC(9)"sigma(d-H)"
FOR I=1 TO M

LPRINT I;SPC(10)B9(1);SPC(12)S8(1)

NEXT I

LPRINT "M"SPC(12)"d-S (e. u.)"SPC(1l)"sigma(d-S)"
FOR I=1 TO ¥

LPRINT I;$PC(10)A9(I);SPC(12)s9(1)

NEXT I

LPRINT ™ "SPC(8)"Cov((cal/mole)®2/K}"SPC(6)"Corre. Coeff."
FOR I=1 TO M

LPRINT I;SPC(10)C8(1);SPC(12)CI(1)

NEXT I

INPUT Z§

GOTO 850

REM -Subroutine for Least Squares-

REM -"Systematic Computation for Fitting Curves by Least Squares'-
REM -W. E. Deming, Chapter 9-

X1~0

Yi=0

X2=0

Y2=0

A=0

B=0

GO=N(I)-INT(N(I)/2)*2

IF GO~1 THEN 1420

REM N = even

N2=N(1)/2

FOR Ii=1 TO N2

J=N(T1)~I1+1

X1=X1+Xx(1,I1)

Y1=Y1+Y(I,I1)



1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
1520
1530
1540
1550
1560
1570
1580
15%
1600
1610
1620
1630
1640
1650
1660
1670
16 80
1690
1700
1710
1720
1730
1740
1750
1760
1770
1780
179
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1900
1910
1920
1930
1940

1950
1%0
1970
1980
1990
2000
2010
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X2=X2+X(1,J)

Y2=Y2+Y(1,J)

NEXT 11
B=B+(Y2-Yl)/{X2=X1)
A=A+(Y2-B*X2) /N2

GOTO 1550

REM N = odd
N2=INT(N(1)/2)

FOR Il=l TO N2

J=N(1)-11

X1=X1+X(I,I1)
Y1=Y1+Y(I,I1)

X2=X2+x(1,J)

Y2=Y2+Y(1,J)

NEXT Il

X2=X2+X{1,N(1))
Y2=72+Y(1,N(I))
B=B+(Y2-Y1)/(X2-X1)
A=A+(Y2-B*X2) /(N2+1)

REM ~-Iteration Sequence—
FOR X1=1 TO 20

FOR Il=1 TO N(I)
FO(X1)=Y(I,I1)~A-B*X(I,1I1)
W(I1)=1/(B®2*v1(1,11)+v2(1,I1)})
NEXT Il

FOR Il=1 TO N(I)

Al=Al +W(I1)

A2=A2+X(I,I1)*(11)
Bl=Bl+X(I,I1)°2*W(Il)
A0=AQ0-FO(I1)*w(Il)
BO=BO-X(I,I1)*FO(I1)*W(1l)
00=00+FO(T1)*2*W(I1)

NEXT 11

REM -Normal Equatiom-
D=Al*B1-A2°2

B3=( A1 *B0-A2*A0) /D

B=B-B3

A3=(A0-A2*B3) /Al

A=A-A3

S=( 00-A0*A3-BO*B3) /(N(1)-2)

IF Kl=1 THEN 1850

REM ~Value Tests for A and B-

IF ABS{(S5-SQR(S))}/S5)<.000001 THEN 1880
§5=SQR(S)

PRINT S5

NEXT Kl

V4=Bl*S/D

PRINT S5

V3=Al*S/D

54=SQR(V4)

$3=SQR(V3)

CO=~-A2*S/D

C4=—A2/SQR(AL*B1)

REM ~End of Least Squares Routine-
RETURN

PRINT "H"SPC(10)"d-H (kcal/mole)"SPC(9)"sigma(d-H)"
FOR I=1 TO M

PRINT I;SPC(10)B9(I);SPC(12)S8(T)
NEXT I

PRINT "M"SPC(12)"d=S (e. u.)"SPC(11)"sigma(d-S)"



2020
2030
2040
2050
2060
2070
2080
2090
2100
2110
2120
2130
2140
2150
2160
2170
21 &
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
ok
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FOR I~1 TO M .

PRINT I;SPC(10)A9(1);SPC(12)59(1)

NEXT 1 )

PRINT "™"SPC(8)"Cov((cal/mole)®2/X)"SPC(6)"Corre. Coeff."
FOR I=1 TO M

PRINT 1;SPC(10)C8(1);sPC(12)C9(1)

NEXT 1

INPUT X$

CLS

GOTO 850

CLS

PRINT "*¥ww* Afrer You're Done **waw"

PRINT

PRINT

PRINT "Anything else you want to do 1"

PRINT

PRINT "If you want another hard copy or another screean copy, hit c”

PRINT

PRINT "For another problem, hit r (remember that you'll be kissing your"”
PRINT "data goodbye 1"

PRINT

PRINT "If you want to quit, hit q"

INPUT X$

IF X$="c" THEN 850

ERASE N,X,S1,Y,s2,v1,v2,P1,P2,Q1,Q2,T,R,FO,¥,A9,89,58,59,C8,C9
IF X$="r" THEN 100

IF X$<>"q" TREN 2120

END



j Yy
114
120
135m
14
15¢
164
17é

180

199
29
214
22
23w
249
2S¢
269
274@
=289
Z90
Re41%]

43
310
429
43¢
440
454
4669
37
48¢%
4943
Ba1%1%)
S1Q
524
S3@
S4d
55¢
564
S7¢
S84
S9d
=Yulal
&1y
&2
&7
&4¢)
&S
bbb
&7t
(=351
IS%44

Tektronix BASIC Version of ACTPAR

FAGE
INIT

FRINI "sessserasr ALTFAKRK - A FROGRAM FOR NME BAND SHAFE ANALYSIS =

PRINMT

FPRINT “THIS FRUGRAM WAS WRIITEN BY k.L. FARK, AUGUST 1963, AND (5"
FRINT "BASED ON A FORTRAM FROGRAM WRITTEM BY DR. G. BINSCH,"
FRINT "INSTITUTE OF ORGANIC CHERMISTRY, UNIVERSITY OF MUNICH.
FRINT "MODIFICATION FOR THE AS,JR SYSTEM BY TOM GILBERT, WHO IS”
FRINT "SUOLELY RESFONSIBLE FOR EDITORIAL CONTENT™

FRINT

FRIMT "THE FROGRAM SOLVES FOR THE EYRING FARAMETERS USING A"
FRINT “"LEAST SQUARES METHUD BASED ON A ALGURITHM FUBLISHED BY™
FRINT "W.&. DEMING (STATISTICAL ADJUSTMENT OF DATA 1943, CH9Y"
FRINT "18-F178, EX3)"

FRINT

FRINT "IN ORDER 70 RUN THE FFROGRAM, 1HE FULLOWING DATA ARE NEEDED:'

FRINT "1. THE NUMBER OF LIMES YOU WISH TO CALCULATE (1-5);*"
FRINT "2Z. THE NUMBER OF FQINTS IN THE M-TH LINE (1-25);"

FRINT "Z. THE VALUES OF T(K), SIGMA(T), K(1/8), AND SIGMA G ."
FRINT

FRINT "THE DATA MUST BE INFUT STEFWISE (AS IF THERE WERE ANY OTHER®

FRINT “WAY). WHEN YOU'RE READY TO GG, HIT THE L KEY.":
INFUT A%

IF A%< L" THEN 9

FRINT

FRINT HOW MANY LINES DO YOU WANT TO CALCULATE (UP TQ S) 7%:
INFUT M

DIM N

DIM X(S,25).S51(5,25),Y(5,25),52(5,25),V1(5,25) ,V2(5,25)

DIM F1(S,25) ,F2(5,25),0115,25) ,02(5,25),T1(5,25) . R(S5,25)

DIM F@(25),W(ZS) '
FOR I=1 TO ™
FAGE

FRINT "HCW MANY DATA FOINTS ARE THERE IN LINE ":I3 (UF TO 257

INFUT N1
FRINT
FRINT "ENTER YOUR DATA"
FRINT USING 48¢:" (1) ", "TGH,","SIGHMACT) ", "K(1/S),","SIGMA )™
[MAGE 4A.8X,5A,6X,11A,14X,8A, 92X, LA
FRINT
REM KZ2(BOLTZMANN) =CAL/MOLE; H(FLANCK)=CAL*»S5: R (GAS) =CAL/MOLEx*k
K2=3,2996E-24
H=1.S83SE-34
FOR J=1 TO NI
FRINT " ("3Jd:")"s
INFUT T4I1,3),81(1,3),R(1,J),82(I, )
X(1,3)=1/T(1.J) "
YL, 3 =LOG(R(L,Jd)*H/ (K2#T(1,J)1))

VI01,0)=51(1,J)"2#X(1,J)"4
V2L, =(S2IL, D /ROL, D2+ (S (L. /Tl )72
NEXT J
NEXT 1
FAGE

DIM A9(3) ,B9(5),58(3) ,59(3),CB(S) . C2(35),60(3) ,69(35)
FRINT
FRINT "HANG ON A SELCOND ' I°M BUSY, FOR CRISSAKES '™
FRINT
RY=1.vY872
FOR =1 TU ™

REM -- SUBRUUTINE FOF LEAST-SQUARE CALLCULATION
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79
714
726
73¢
744
754
768
770
784
794
sad
819
82¢
8l
B4
85w
86
87
884
89¢
Qhd
Y
Y
QI
Q4
E4a10]
E2=Y4]
9710
89
Y
1 oae
1310
124
143
1349
19SS
1p6a
1370
148y
19
‘1 1a
1118
1128
113
1144
115¢
1160
117¢
1184
11949
1200
121¢
122¢
1239
1244
125
1264
127%
1286
1290

Gosule 1
‘REM -~

REM CORR.
€Y =—
REM SIGMA

360

DEFINING THE FINAL FARAMETERS --
REM ENTROFY UOF ACTIVATION (D-S)

AP (1) =A*RY
REM ENTHALFY OF ACTIVATION (D=H)

BR(1)=—-R9=*B/ 1 0aY

REM COVARIANCE (= (CORR. COEFF.)#(SIGMA D-H)*(SIGMA D-S))
CB(1)=—Ca»FRP " 2#*(S3*54)

Ca

COEFF.

(D-H)

S8(1)=83*R7/ 1@

REM SIGMA

S9(1)=54#R9 :
REM FREE ENERGY OF ACTIVATION (D-G)
GB(I1)=(—~R9*B-298. 1S* (A*RI) ) / 1000

REM SIGMA

(D-5S)

(D—-6)

G (1) =ABS (SI*RI-298. 1S* (S4*RY) ) / 1ddY

NEXT I
FAGE
FRINT

FRINT “CHOOSE HOW YOU WANT YOUR DATA QUTFUT®

FRINT
FRINT
FRINT
INFUT E%
FAGE
IF E$="R"
IF B$="F"
G0 TO 914
D1=32

GO TO 14Z

D1=4¢
FRINT @Dl

ON
onN

THEN
THEN

@

Tusl

THE SCREEN (WITH E, FOR BILDSCHIRM) "
THE FRINTER (WITH F) "

1 et
1929

NG 1@ad: T, "SIGMA(TY ", MK, "SIGMA LK) "

IMAGE 2X,1A,7X%,8A, 15X, 1A, 16X, A

FOR I=1 T

o™

FOR J=1 TO
NT @D1l: USING 1#8@:T(I,J),51(1,J),R(1,J),S2¢(1,0)
IMAGE =D.1D,7X,1D.1D,11X,1@D.2D,7X, 1¥D.2D

FRI

NEXT J
FRINT
FRINT

=D1:
@D1:

NI

USING 112@: " (1/Tr*tgi@™ LN (K#*H) / (KB*T) "

IMAGE 3x, 1WA, 18X, 18A
FOR J=1 TO
NT 2D1: USING 11S@:X(1,J)*1@ad, ¥ (1,J)
IMAGE SX,2D.3D,12X,SD.SD

FRI

NEXT J
FRINT
FRINT
FRINT
FRIMT
FRINT
FRINT
IMAGE
FRINT
IMAGE
FRINT
FRINT
IMAGE
FRINT

2D1:
2D1:
@Dt "

[EJ 03
8031

NI

*x##%x EYRINMG FARAMETERS #»#%+"

USING 123@:“M","D-H(KCAL/MULE) ", "S1GMA(D-H) "

1A, 14X, 14A,5X, 12A

@pD1:

USING 125@:1,B9(1) ,S58(1:

1D, 14%,6D.5D,SX, &D.5SD

3D1:
300 G

USING 128@: "M, "D=-S(E.U.) ", "SIGMAD-5) "

1A, 14X, 13A,5X, 120

[C30 I

USING 13@@: [ ,A?(1),59(1)
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1364

1370

138@
139
1400
1414
1429
1430
1449
1450
1460
1474
148¢
149@
1See
151
1520

S30
1544

153

1564

1578
1589
1590
1680
161¢
1620
1633
164¢
165¢
1660
1670
16849
169¢
1790
171¢
1729
173
1749
173
1760
177
1784
179d
18w
181
182¢
18Z¢
1840
185¢
1860
187¢
1884
1894

IMAGE 1D, 14X,6D.SD,5X,5D.5D
FRINT @EDi: '

FRINT @D1: USING 133@:“M”,"D-G(KCAL/MOLE) ", "SIGMA(D-G)"

IMAGE 1A, 14X%,14A,5X,12A

FRINT @0D1: USING 135#:1,68(1),69(1)

IMAGE 1D, 14X,6D.5D,5X,6D.5D
FRINT @Di:

FRIMT @D1: USING ISBZ:"M",“COV((CAL/MDL)“Q/K)",“CORRE.CDEFF."

IMAGE 1A, 1@X,18A,4X, 12A

FRINT @D1: USING 14p@:1,C8((1),C9(1)

IMAGE 1D,11X,6D.8D,5%,6D.SD
NEXT I

D1=32

FRINT "DO YOU WANT TO RESELECT A DATA OUTFUT SCHEME (Y OR N) 7°

INFUT Qs
IF @s="Y" THEN 89¢

FRINT % = oe
FRINT "IF YOU WANT TO SEE YOUR GRAFH ON THE SCREEN, HIT F."

IF @s="N" THEN 1480

GO TO 14Z¢

FRINT "IF NOT, HIT ANY OTHER KEY."
D1=372

INFUT C$%

FAGE

IF Cs<s"F" THEN 894

GO TO 2319

REM —- SUEBROUTINE FOR LEAST-SRUARES

REM —— “"SYSTEMATIC COMFUTUATION FOR

REM —- W.E. DEMING, CHAFTER 9 -=

X1=@

Y11=

X2=0

YZ =

A=@

B=

GA=N{I)-INTI(N(L) /2)*2

1F G#=1 THEMN 17943

REM N IS EVEN

N2=N(I)/2 :

FOR I1=1 TO NZ
J=N(I)-I1+1
X1=X1+X(I,11)
Yi=Y1+Y(I,I1)

2=X2+X (1,00
Y2=Y2+Y(1,d)

NEXT It

B=B+ (Y2~Y1) / (XZ2-X1)

A=A+ (YZ2-B#X2) /N2

GO TO 192¢

REM N IS 0ODD

N2=INT(N(I)/2)

FOR I1=1 10 N2
J=N(I)-11
X1=X1+X(I,11)
Y1=Y1+Y{1,11)
X2=X2+X 1,0
Y2=Y2+Y (1,0)

NEXT It

X2=X2+X {1, NCI))

Y2=Y2EY (DL, NOLY ),

CALCULATION --
FITTING CURVES

BY LEAST

SQUARES
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1909
1914
192¢
193¢
194¢
1954
1960
197
1984
199¢
0B
2@61¢
2028
jed 7 1]
2049
2058
20860
z074a
2180
209¢
21¢9
2114
212
2130
2140
215¢
2164
2174
2184
2199
2293
2214
2229
2234
2244
2250
2269
2279
2284
2299
2309
23143
2329
2339
2349
233
2364
2374
2384
2394
2400
2414
2420
24370
2449
2453
2460
2470
248@
2494

H=B+ (Y2-Y 1)/ (X2=X1)
A=A+ (YZ2-B#XZ) / (N2+1)
REM —-= [TERATION SUBRQUTINE =-
FOR k1=1! T0O 2¢ :
FOR Il=1 TO N(I)
FACI1)=Y(l,11)—A=B*X(I,11)
WL =1/ (B 2#V1 (I, 11)+V2(1,11))
NEXT Il
Al1=0
=0
El1=@
A=
B@=¢)
D@=4
FOR 11=1 TO N(I)
Al=AL+W (1)
AZ=AZ+X (I, T *W (I
B1=H1+X(I,11) " 2*#W(I1)
AB=AG~F@B(11)*W(I1)
BE=B@=X (1, I1)*F@(I1)#W(I1)
Q@=0D@+F@ (1) "2*W(I1)
NEXT 11
FEM —-— NORMAL EQUATION —-—
D=A1*E1-A2"Z
BE3= (Al #»RBO-AZ*AY) /D

B=E-EZ
AZ=(AP—-A2*EB3) /AL
A=A—~-A3

S=(OP-AU*AZI-E@*BT) / (N(1)-2)
IF K1=1 THEM 2220
REM —-- VALUE TESTS FOR A AND E
IF (SS-SQR(S5))/SS<1.9E-4 THEN 2249
S5=8RR (S)
NEXT K1
V4=H1#5/D
V3=A1*#S/D
S4=5QKR (Y4)
SZ=SQR (V)

Ca=—-A2/SOR (AL #H1)

REM -- END OF LEAST SQUARES —-
RETUEN
REM —— FLOTTING SUBROUTINE --—
DIM Z$(1),X$(1)
Z$="A"
Ml=1.0E+300
M2=—1, QE+3IO
Li=1.@E+30d
2=—1 . WE+30
REM M1.M2 ARE THE MINIMUM AND MAXIMUM VALUES
REM L1,LZ ARE THE MINIMUM AND MAXIMUM VALUES
FOrR J=1 7O M
FOR I=1 TO MWD
Mi=Y(J.1» MIMN M1
M2=Y (3, ) MAX MI
L1=X(J,I)*1@w@ MIN L1t
L2=X1(J, 1) =149 MAX L?
NEXT I
NEXT J
LE=L2~01
FRINT

OoF Y
oF X
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- 2509
2510
252¢
2530
2549
2559
2560
257@
2584
2599
2604
261
2620
2639
26443
26590
2664
2679
2682
2690
2799
2714
2729
2738
2744
2759
2769
2774
27849
2799
289a@
2810
2824
2839
2849
2BS9
2860
287¢
288«
2890
2939
2910
2920
2930
294@
29549
296G
2970
298¢
299w
Idae
3019
IB2Y
383@
3a4¢
S
Ry 1Y%
370
Narasti
F@9w

FRINT "=== MIN (X,Y)" ,
FRINT USING “SD.ZD,A,SD.3D":lLl, ", " Ml
PRINT _
FRINT "——= MAX (X, Y)"
FPRINT USING “SD.3D,A.SD.3D":L2, ", ", M2
PRINT ‘
FRINT "—=—— INTERVAL (X,Y)"
FRINT "——— 0@. 100, 01.000"
IF Z$="1" OR Z$="E" THEN 26324
VIEWFORT 33, 128,29, 95
WINDOW L1,L2,M1.M2
AXIS W.1,1
GO TO 256648
VIEWFORT 45, 136,220,895
WINDOW N9, N7, N8. N
AX1S @D1:INS, M4
REM —-- ERFOR BARS —-
IF Z3="Z" THEM 2769
FOR J=1 TO ™
FOR I=1 TO N(J)
FL(J,[)=1/(T(J, )~S1¢J. 1IN
F2(I,1)=1/(T(J,1)+51¢J3,1))
©1¢J,1)=L0G((R(J, [I+S2(J, 1)) #H/(K2*T (I, 1))
Q2 (I3, D =LOG{(F(J, 1) ~82(J, 1)) *H/ (K2»T(J, 1))
NEXT 1
NEXT J
FOR J=1 TQ ™
FOR I=1 TO N(J)
MOVE @D1:X(J, 1) #1@@3,Y (3, 1)
FMOVE @D1:(FL(J,1)=-X(J, 1)) »1a93,a
RDRAW @D1:i—(F1(J, 1) ~F2(J, 1)) «108d,d

EMOVE @Dl:(X(J,I)—PE(J,I))*I@@@,QI(J,I)—Y(J,I)

FRDRAR @D1:d, - (Q1(J,1)-Q2(J, 1))
NEXT I
REM ——- CORRELATION LINE --—
MOVE @ED1:L2+L3,A9(J) /RI—(L2+LI) #EF () /R?
DERAW ED1:L1-L3.A%(J)/R9-(L1-L3) *EF(I) /R
DRAW @D1:L2+L3,.A9(J) /RO—(L2+L3) *BF(J) /RT
NEXT J
IF Z$="71" THEN 24&0
HOME
FRINT "3JJJ3JJJdd”
PRINT "CORRECT YOUR AXIS FARAMETERS BY HITTING Y."
FPRINT "IF YOU’VE CORRECTED ALREADY, HIT N.™
INPUT F$
IF F$="Y" THEN 299¢
IF P$="N" THEN 312¢
GO TO 29z

FRINT

FRINT

FRINT "FARAMETER CORRECTION™
PRINT

FRIMNT "MIN (X,Y) 7"3

INFUT N9, NS
FRINT

FRINT "MAX (X,¥) 2"3
INEUT N7,Nb

IF Fs="N" THEN %124
FRINT

FRINT “TIC INTERWAL 73
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2199 INFUT NS,N4
3119 FRINT

J129 FPRINT V"= sc o s s s S O S T S N S N R NE S S S S S S S S S SN E TR ST
13 PRINT "1F YOU WANT T0O CHECK YOUR FLOT ON THE SCREEN, HIT B"
3149 FRINT "1F YOQU WANT A HARD COFY PLOT FROM THE FLOTTER, HIT Z®
3159 PRINT "IF YOU WANT TO FORGET THE WHOLE THING, HIT N*

I1é@ INFUT 14 ) .

3179 IF Z$="N" THEN 2470

18w IF Zs="R" THEN I214

I192 D1=8

3204 GO TO 234

3214 D1=32

IZ228 FAGE

S2536 WINDOW @, 170,49, 1

3240 VIEWFORT >, 130, 203,85

325¢ MCOVE @Dl:i@, 13

3268 PRINT 2D1: USING "4D.1D":IN&3

2279 MOVE @Di:d, ¢

I28¢ PRINT @Dl USING "4D.1D":NB:

VIEWPORT 43,13¢,17,85

MOVE @D1:9,®

FRINT @D1: USING "1D.1D":N9:

MOVE @D1:125,0

PRINT @D1: USING "1D.1D":IN73

VIEWFORT 43,13@,14,85

MOVE @D1:S%,d

IT6E FRINT @DL1:i"X = (1/T)=1gd¢";

I379 VIEWFORT 43,13@,5,87

3380 MOVE @Dl:d,3¢0

I39¢@ IF Di=32 THEN 32449

249y FRINT @D1,25:59

341 FRINT @D1:"Y = LNCI{K»*H) / (KE*T)1";

342¢y FRINT @D1,25: ¢

3430 GO TO 345¢
Z449 FPRINT @Dti:"y
J45@ GO TO 258w
34460 FAGE

J47¢ FRINT "##*¥x% AFTER YOU RE DONE *%*#%*"

3489 FRINT

I49¢@ FRINT "WHAT DO YOU WANT TO DO NEXT 7"

S5es FRINT

351¢ FRINT *TO FUT A TITLE ON YOUR PLOT, HIT T

352¢ FRINT "FOR ANOTHER FLOT, HIT B®

353¢ PRINT "FOR CORRECTIONS IN AXIS FARAMETERS AND A NEW FLOT, HIT K"
3549 FRINT "FOR THE NEXT SET OF CALCULATIONS, HIT R (BUT REMEMEER, "
3358 FRINT "YOU'LL BE KISSING THE FPREVIOUS DATA GOODERYE !'"

35690 FRINT

357¢ FRINT "OR 70 QUIT THE FROGRAM, HIT H"

3589 FRINT

3T9¢ INFUT X3$

T6em IF Xe="B" THEN Z230
Z61@ IF X$="T" THEN iZ7¢Md
362¢ IF Xs="K" THEN I&44¢
3630 GO TO b6

3649 PAGE

3658 GO TO 294dd

3664 IF X$="FR" THEN ¢
367@ FAGE

I68@W IF X$<="H" THEM 48
369 END

LNC (K=H) / (EB#T) 1"




3709
3710
372
3730
3740
3759
3760

FRINT "INFUT YQUR TITLE"

WINDOW &, 130,90, 100
VIEWFORT 43,130,949, 85
MOVE @D1:5¢,d

INFUT Ts

FRINT @D1:T¢

GO TO 3470
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Chapter 2. Synthesis and Characterization of Poly-—
Trimethy lphosphine(pentamethylcyclopentadienyl)iridium Complexes.
Simulation of "Virtually Coupled” B¢ oz Spectra of

(C5R5)M(P(CH3) 3) L™ Species.
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Introduction.

A number of multiply-trimethylphosphine—subsﬁituted
organometallic compounds have been y;arepz«lred..l_7 These show promise
as '"metal bases";1 that is, due to the strong electron-donating
properties of the ;rimethylphosphine ligand,‘the complexes exhibit
reactivity characteristic of a very electron-rich center, such as the
oxygen atom in hydroxide iom.

As the 1y and 13C{1H} NMR spectra of these complexes were
investigated, interesting patterns were noted for the resonances
Eorresponding to the trimethylphosphine ligand. Depending upon the
number of such ligands, the patterns varied from binomial doublets
through complex multiple order spectra to broad singlets. The ly nur
patterns were theoretically and experimentally analyzed as A XX'A' -

8 and recently Verkade and coworkers showed

type spectra by Harris,
examples of experimental spectra for organometallic compounds which
could be simulated using Harris' method to calculate Jpys Jpry and
JPP“9 Unfortunately, only in rare cases can the necessary lines be
prOperiy resolved in experimental 1y mur spectra; in most cases the
middle of the complex "goalpost" pattern exhibits inadequate fine
structure.

When l3C{1H} NMR spectra are considered, the situation changes.
Since the small isotopic ébundance of carbon-13 (l.1%, s = 1/2)
requires in a statistical sense that only one phosphorus—bound carbon
of the possible six per molecule be NMR-active, the AnXXU¥n system

is simplified to AXX'. 1If the phosphorus bound to the labeled carbon

resonates at a significantly different frequency than the other
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phosphorus (i.e. if the "isotope shift" is significant), the spectra

are more appropriately analyzed as AXY. The AXX' analysis predicts a
five-line pattern, which appears to be‘more common, while the AXY

pattern predicts a six-line pattern. Obviously, these results depend

on the applied magnetic field, but this does not present a problem in
spectral analysis.

Nelson and coworkers have given the formulae required to
calculate the coupling constants necessary to simulate "virtually

10 jn essence rewriting

12

coupled" 130{1H} NMR spectra of the AXX'~type,
the wel l~known equatious11 for a specific instance. Gunther~“ gives
the formulae for the somewhat more complex AXY-type spectra in a
monograph. However, in part because experimental observation of the
outermost resonances in the l3C{1H} NMR spectrum is infrequent,s’lo
the coupling comstants Jpg, Jpic and Jppr are not routinely
determined by workers in the field.

In this Chapter, we report the synthesis of three
(pentamethylcyclopentadienyl)iridium polyphosphine complexes, and the
determination of Jpe, Jpic and Jpps for a series of
(CSR5)M(P(CH3)3)XLn+ compounds. The values of these constants

suggest unexpected electronic differences between structurally

similar species.



Experimental

General. General experimental gﬁd characterization procedures
were described in Chapter 1. (CSHS)Ir(P(CH3)3)2 was prepared by the
method of Buchanan and Bergman.l3

(C5(CH3) 5)Ir(P(CH3)3),C1PFy, (1), Trimethylphosphine (10.0 g,
0.132 mol) was added dropwise to a chloroform solution (350 mL) of
[(C5(CHp) TrCl,1, % (30,0 g, 0.0377 mol) in the drybox. After
stirring 2 h, volatile materials were evaporated until approximately
10 mL of liquid remained. Ether was added, and the precipitated
yellow solid filtered (35.25 g). This material, presumably
[(C5(CH3) g} Tx(P(CH3) 3) ,C1]CL, could not be obtained in analytical
purity. ly nMr (CDC1q): & 1.85 (r, Jpy=2.2, CSMeS); 1.8 (virtual
t, N=10.9, PMesj).

A sample of this material (550 mg) was slurried in isopropanol
in air with KPFg (200 mg, 1.09 mmol). The solution was warmed to
45 °C and stirred vigorously for 12 h. Removal of solvent gave
yellow-white solid, which was taken up in CH,Cl,. The solution was
filtered through a frit to remove insoluble material, then treated
with an equal volume of toluene. Slow evaporation of CH,Cl, on a
rotary evaporator precipitated yellow, air-stable microcrystals of
(C5(CH3) 5)Ir(P(CH3)3),C1PFy in analytically pure form (654 mg, 0.991
mol, 84% based on [(C5(CH3)5)IrCl,)l,). A single crystal of 1

15 gas grown by slow

suitable for an X-ray diffraction study
evaporation of CH,C1l, from a 1:1 CH2012/toluene solution, 1y NMR
(€pCl4): 6 1.80 (t, Jpg=2.1, 15H, CgMeq); 1.72 (virtual t, N=10.7,

18H, PMes). I13c{!H} NMR (CDC13): & 98.9 (s, CgMes); 16.9 (complex,
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| N=40.9, PMes); 9.5 (s, CsMes). 31p{lH) NMR (CDC1y): 6 -36.4 (s,
PMes); -143.8 (septet, Jpp=712, PF6).. FAB MS (thioglycerol): m/e
515/513 (M¥-PFg). Anal. Caled for c16H33P3c11rF6": C, 29.12; H, 5.04;
cl1, 5.37; P, 14.08., Found: C, 29.23; H, 5.04; C1, 5.41; P, 13.97.

(C5(CH4) 5)Ix(P(CH3) 3) HBF,, (2). P(CH3)y (0.130 mmol) was
expanded into a known volume bulb at room temperature and condensed
intc a degassed acetone solution of [(CS(CH3)5)Ir(P(CH3)3)(H)]z(u-
H)BF, (Chapter 1) (105 mg, 0.117 mmol) in a glass bomb capped with a
high vacuum Teflon stopcock at liquid nitrogen temperature, The
yellow solution was heated to 90 °C for 20 h, at which point no color
remained, The solvent was removed and the solid white residue
extracted with 2 x 3 mL ether. The ether was evaporated to give
(CS(CH3)S)Ir(P(CH3)3)H216 (43 mg, 0.11 mmol, 91% based on half the
available iridium), shown to be pure by lg NMR spectroscopy.

The remaining white solid was recrystallized from acetone/ether,
yielding two crops of white, slightly air-sensitive 2 (40 mg, 0.070
mmol, 60% based on half the available iridium). ly wur (acetone-
dg): 8 2.09 (t, Jpy=2.0, 15H, CgMes); 1.80 (virtual t, N=16.1, 9H,
PMes); ~17.78 (t, Jpy=30.1, 1H, Ir-H). 3cdny NMR (acetone-dg):

§ 98.4 (s, CsMes); 21.4 (complex, N=41.6, PMes3); 10.7 (s, CsMes).
31p Ay} wMr (acetone-dg): & =47.3 (s). IR (silicone oil); VIr-H
2104 cm™!. Anal. Calcd for CygHs,IrBF,: C, 33.87; H, 6.04. Found: C,
33.57; H, 6.23., MP: 145-150 °C dec.

(C5(CH3) ) Ir(R(CH3) 3)5(BF,),, (3). (C5(CHy)g)Ir(acetone)s(BF,),
was prepared in situ from [(Cg(CH;)5)IrCl,l, (2.00 g, 2.51 mmol) by

the method of Maitlis.l’ P(CH3)3 (16 mmol) was expanded into a known
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volume bulb at room temperature, then added to this solution at
liquid nitrogen temperature. Warming to room temperature and
stirring 10 h resulted in the precipitation of white solid. Removal
of solvent and recrystallization from water/THF gave 2.39 g (3.28
mmol, 65%) of white, air-stable product. 1y NMR (Dy0): § 1.87 (q,
Jpy=2.0, 15H, CSMeS); 1.74 (virtual quartet, N=9.6, 27H, PMej).
13c{lu} NMR (Dy0): 6 104.6 (s, CsMes)s 18.04 (complex, N=41.6,
PMes); 9.39 (s, CsMeg). S'P{YH} NMR (Dy0): 6 -49.6 (s). Anal.
Calcd for 019H42P3IrBZF8: C, 31.29; H, 5.81. Found: C, 31.28; H,
5.73.

(CgH5)Ir(P(CH3) 3) JHBF,. An ethereal solution of
(CSHS)Ir(P(CH3)3)2 (105 mg, 0.256 mmol) was cooled to -40 °C and
treated with HBF,-O0Et, (0.30 mmol). A white solid precipitated
instantly. After 30 min, the solid was filtered, washed with ether
and dried to give the pure salt (101 mg, 0.203 mmol, 79%). lg nmr
(acetone-dg): 65.68 (s, 5H, Cp); 1.92 (virtual t, N=11.0, 18H,
PMes); -17.14 (t, Jpy=28.8, 1H, Ir-H). L13C{1H} NMR (acetome-dy):

§ 89.0 (s, Cp); 26.6 (complex, N=43.0, PMes). S'P{lH} NMR (acetone-
dg): & -42.1 (s). IR (silicome 0il): vy._y 2163 cm™l. Anal. Calcd
for Cp1Ho4PoIrBF,: C, 26.57; H, 4.8. Found: C, 26.26; H, 5.07.

(C5H5)Ir(P(CH3) 3) ,(CH5)(035CF3). An ethereal solution of
(CSHS)Ir(P(CH3)3)2 (99 mg, 0.242 mmol) was cooled tb ~40 °C and
treated with CH303SCF3 (0.30 mmol). A white solid precipitated.
After 30 min, the solid was filtered, washed with ether and dried to
give the pure salt (91 mg, 0.159 mmol, 65%2). ly §Mr (acetone-dg):

65.66 (t, Jpy=1.0, 5H, Cp); 1.80 (virtual t, N=11.0, 18H, PMej);



v 50
0.68 (t, Jpg=6.l, 3H, Ir-CHp. L3c('H} NMR (acetone-d): §91.5 (s,
Cp); 22.4 (complex, N=41.2, PMeg); ~37.4 (t, Jpp=8.2, Ir-CHj).
31p(lg} wMr (acetone-dg): § -38.9 (s). Anal. Caled for
C13HpPoIr038F5: C, 27.22; H, 4.57. Found: C,27.29; H, 4.67.

(1,5—c—CBH12)Ir(P(CH3)3)3C1. A toluene solution of [(1,5-c~
C8H12)IrCl]218 (231 mg, 0.343 mmol) was degassed with three
freeze/pump/thaw cycles. P(CH3)3 (3.00 mmol) was condensed onto the
solution at 77 K. Upon warming to ambient temperature, white sélid
precipitated. The reaction was stirred three days. The solid-was
filtered, washed with hexane and dried to give the pure, air-stable
product (325 mg, 0.576 mmol, 84%). LlH NMR (D,0): § 3.13 (br s, 4H,
ligand alkene); 2.28 (m, 4H, ligand alkyl); 2.05 (m, 4H, ligand
alkyl); 1.41 (virtual q, N=8.0, 27H, PMej). ‘3c{lH} mMR (D,0):

§ 67.6 (q, Jpo=5.2, ligand alkene); 33.0 (s, ligand alkyl); 18.4
(complex, PMej). 3lp{lg} nMr (D,0): 8 ~54.4 (s). Anal. Caled for
Cy7H34C1PgIr: C, 36.20; H, 6.97. Found: C, 36.40; H, 6.69.

Spectral Simulations. The resonances of the 13C{lH} NMR spectra
due to the trimethylphosphine ligands were simulated and refined
through use of the Bruker NMR simulation program PANIC. Frequencies
of the 13C nuclei were determined from experimental spectra;
frequencies for the coupled 31p nuclei were assigned arbitrarily
large values, Trial values.for the required coupling constants (Jpg,

Jpres JPPJ were determined by the methods of either Nelsonl® or

Gunther.ll

As the 31P{1H} NMR spectra for all complexes were
invariably singlets, no checks could be made on these trial values.

An infinite number of equally correct spectral parameters exist



if only the frequency data and coupling constants are refine&; the
relative intensities of the individual lines are required to
determine a unique solution. These intenéities were taken from the
experimental spectra; however, as the values are probably correct
only to ca. 5 - 10%, we induce an automatic error in the coupling
constants, Since PANIC does not take intensity errors into account
in its error analysis, we estimated the effect of these on the
coupling constants based on spectra simulated with slightly different
values for each parameter in order., This method indicates a typical
potential error of 2 Hz in Jpc and Jpic and 1 Hz for Jppr. We feel
these represent maximum errors; the real errors are probably smaller.
Errors in chemical shift frequency proved to be essentially

negligible.
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Results and Di.scﬁsé‘ion
Preparation of Monomeric (Polyphosphine)iridim Complexes

During the preparation of (CS(CH3)5)Ir(P(CH3)3)Clz from
((CS(Cﬁ3)5)IrCiZ]2,16 we often noted the presence of a persistent
impurity when excess P(CH3)3 was used. Suspecting this impurity was
the salt [(CS(CH3)S)Ir(P(CH3)3)?_Cl]Cl, we treated a sample of the
dichloroiridium dimer with excess P(CH3)3, followed by KPFg. This
allowed the iso-lation of .(CS(CH3)S)Ir(P(CH3)3)ZClPF6, 1, as yellow
microcrystals in analytical purity (Scheme 1). The air-stable
material was characterized analytically and spectroscopically; the
most interesting features of its NMR spectra involve the resonances
due to the P(CH3)3 ligands. In the ly wur spectrum, a virtual

19 appears (&8 1.72), with a separation between the taller side

triplet
peaks of 10.9 Hz; a complex pattern, somewhat like a quintet with the
outermost peaks pushed nearer the center, obtains for the phosphine
methyl carbon resonance (§ 16.9) in the lBC{lH} NMR spectrum
(Figure 1). However, only one line is seen in the 3lplgy wur
spectrum (S -36.4); thus the ly wMr spectrum is an example of a
virtually coupled X AA'X' system, and the l3C{1-H} NMR spectrum
corresponds to the AXX' type. In agreement with this view, the
virtual triplet in the 1y MR spectrum collapses to a singlet in the
lg(3lpy NMR spectrum.

The isolation of this bisphosphine monomer suggested that other,
similar complexes might be isolable. Indeed, the addition of P(CH3)4
at elevated temperature splits [(C5(CH3)5)Ix(P(CH3)3)(H)](u=H)BF,

(Chapter 1) into interesting monomeric species. The reaction cleanly
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Figure 1. Experimental and calculated le{lH} NMR resonances due to the P(CH3)3 ligands
for (CS(CH3)5)lr(P(CH3)3)2ClPF6, 1.
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forms the new §0mplex (CS(CH3)5)Ir(P(CH3)3)2HBF4, 2, along with one
equivalent of (Cg(CH3)g)Ir(P(CH3)g)H, to account for all the iridium
(Scheme 2). The product is a crystalline, colorless salt stable to
air for reasonable periods in the solid state; acetone solutions of 2
decompose im air over days. In general, the compound exhibits
spectral properties similar to (Cg5(CH3)5)Ir(P(CH3)3),ClPFg: virtual
triplets are observed in both the 1y and l3C{lH} NMR spectra for the
P(CHq); fragment, while the C5(CH3)5 and Ir-H resonances in the lg
NMR spectrum appéar as binomial triplets with 31p_ly couplings within
the normal range.

Maitlis and coworkers reported the synthesis of the unstable
solvent complex (CS(CH3)S)Ir(acetone)32+, prepared by'the silver-
induced loss of chloride from [(CS(CH3)5)IrClz]2.l7 We have found
that replacement of the solvent ligands with P(CH3)3 occurs at room
temperature, yielding the very stable trisphosphine salt
(CS(CH3)5)Ir(P(CH3)3)3(BF4)2, 3 (Scheme 3). The dicationic salt does
not decompose in water or air (in fact, water is by far the best
solvent for the complex), and may be heated to 280 °C in the solid
state without noticable decomposition. Presumably, the cation adopts
a "three-legged piano stool" structure, with the anions well-
separated in aqueous solution; the 3lp(lg} nMr spectrum shows a
single resonance, implying that the phosphine ligands are equivalent.
Solubility problems and the complexity of the room temperature 1§ and
13C{IH} NMR spectra.due to virtual coupling of the phosphorus atoms
to the phosphihe methyl hydrogen and carbon atoms discouraged us from

attempting low temperature NMR experiments.,
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We have prepared the new organometallic saits
(CsHg)Ir(P(CHq)4) ,HBF, and (CgHs)Ir(P(CH3)3),(CH3)(03SCF3) by
treéting the metal base (CSHS)Ir(P(CH3)3)213 with the strong
electrophiles HBF, and CH303SCFg in the manner of Werner and
coworkers.! The white, crystalline complexes are easy to handle,
being quite air-stable in the solid state, stable to and soluble in
acetone, and insoluble in ether. Like the analogous CS(CH3)5—
substituted iridium compounds, the phosphine ligands give rise to
complex patterms in the 14 and 13C{lH} NMR spectra.

As a check-oé the generality of our results, we have also
prepared the (1,5-cyclooctadienyl)iridium (1l,5-cyclooctadienyl = cod)
salt (cod)Ir(P(CH3)3)3C1. This appears to be an unknown material,
although numerous phosphine and phosphite analogues have been
synthesized.20 The complex almost certainly exists in a pseudo~
trigonal bipyramidal form, with the cod ligand and one phosphine
ligand occupying the equatorial sites and the other two phosphines
the axial sites; however, the complex (and nearly all its analogues)
is evidently quite fluxional at ambient temperature, as the 1H,
13C{lH}, and 31P{1H} NMR spectra all indicate the phosphine ligands
to be equivalent. A Berry-type pseudorqtation process probably
equilibrates the ligands.20 Interestingly, this salt is the only
iridium—-containing material we prepared to show the effect of a
significant isotope shift in the 3cila)y nur spectrum; the pattern
corresponding to the phosphine.ligands is far more complex than that
for (CS(CH3)S)If(P(CH3)3)32+, and shows thé asymmetry characteristic

of AXY, systems as observed for (CSHS)Re(P(CH3)3)3-21



étructural Features of (05(033)5)Ir(P(CH3)3)2C1PF6.

The full report of the single-crystal X-ray diffraction study
will appear in Acta Crystallographica,vSection C.ls Therefore, only
a short description is given.

The complex crystallizes as well-separated cations and anions in
the space group P2;/n. The PFy~ anicn is either thermally "moving"
or slightly disordered, but appears essentially octahedral, with the
average P-F distance 1.559[22] .22

The organometallic cation crystallizes as a pseudo-octahedron,
with the pentamethylcyclopentadienyl ring occupying an octahedral
face (Figure 2). The centroid of the ring is 1.875 A from the
iridium center, and the ring methyl groups are bent slightly "away"
from the metal. In order to minimize steric interactions, the
phosphine ligands are bent away from each other (P-Ir-P = 96.40(5)°),
thereby closing the phosphorus atoms in toward the chlorine atom
(average P=Ir—Cl = 8.3[6]°). Thevbond distances appear normal,
although surprisingly, the Ir-Cl distance (2.410(1) 2) is
significantly longer than the average Ir-P distance (2.295[8] Z), the

opposite of what one would expect based on covalent bonding radii.23

Calculation of Jpc> Jprc and Jpps for Polyphosphine Complexes.
Typically, the complexes containing phosphine ligands bound to
iridium or ruthenium investigated in this study give rise to five-
line AXX' patterns in the 13C{IH} NMR spectrum (Figure 1), while the
rhenium comple#es exhibit six-line AXY patterns. This observation
indicates that for some reason, the "isotope shift" is consistently

larger for rhenium complexes than for iridium or ruthenium complexes.
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Figure 2. ORTEP drawing of (CS(CHB)S)Ir(P(CH3)3)2C1PF6,

1 (PF6 anion not shown).



Employing the forﬁulaelo’12 as required by the system, we have
determined the thfée éoupliﬁg consténts JPC’ Jpic and Jpp forv
eighteen compounds (Tablé.l). Though this data set is too small to
aliow demonstration of the effects of all possible factors, some
conclusions may be drawn. |

Statistically,z.4 the type of cyclopentadiene ring appears to
have no effect on the coupling constants. Overall, Jpp = 33[4] Hz
and Jppr = 23[4] Hz for (CSHS)M species, while the values are 38[5]
Hz and 28[10] Hz res?ectively for (Cs(CH3)5)M species. No
significant difference exists between these sets of values. A more
strict comparison may be made between (CSHS)Ir and (C5(CH3)5)Ir
complexes; the former exhibit Jp; = 38[4] Hz and Jpp = 24[5] Hz,
while the latter show Jpg = 41[3] Hz and Jpp = 22[3] Hz. These
averages are clearly indistinguishable statistically.

This result is surprising on both steric and electronic bases.
The CS(CH3)5 ligand is certainly more bulky than the CgHg ligand, and
thus complexes containing the former ring would be expected to have
more "pushed=-in" phosphine ligands, and therefore smaller P-M-P bond
angles, than those containing the latter ring. Apparéntly Jppr is
not sensitive to this angle. Electronically, the CS(CH3)5 ligand is
felt to be mére electron—-donating to a metal center than the CsH;
ligand; evidently the effect of a more electron—rich_metal center is
not feflected in.the'iigand couplings.

We can study in part the variation in.coupling constants vs. the

number of nonphosphine "piano-stool leg" ligands L. All rhenium

complexes for which the values were determineh have L = 2, and thus
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Table 1 .

Camplex?
CpReL,(C,H,)
CpReLZHZ
CpReL,(CH3) (H)
CpReL,(C,H3)(H)
CpReL,(c-C3Hg) (H)
-CpReLz(C6H5)(H)
CpReL,(n~CgH; 5) (H)
Cp RuL, (CN)

Cp RuL,(NCCH4) *
CpIrL,
CpIrL,(H) ™
CpIrLly(CH3) "
Cp*IrL,

Cp IrL,H*

Cp IrL,c1*

Cp IrL,(CHy)*
Cp*IrL32+

(cod)IrL3f

a) Cp = C5H5, Cp

EP
31.2
30.8
29.2

31.5

29.4

31.0
29.5
28.7

29.2

35,6

43.0
41.2
33.9
41.6
40.9

39.6

= C5(CH3)5; cod =
b) N = [pc ™+ Jpic! °

|2pc | €
29
31
31
31
31
32
30
31
33
34
41
40
37
41
42
41
42

32

c) Values t 2 Hz; see Experimental.
d) Values % 1 Hz; see Experimental.
e) Wenzel, T. T.; Bergman, R. G.; unpubllshed work.
f) Seidler, M. D.; Bergman, R. G.; unpublished work.

g) Buchanan, J. M.; Bergman, R. G.; unpublished work.

dpic

2
1
2
0
1
1
0
3
4
1
2
2
3
1
1
1
0
3

l [ o4

1,5-c~CgH; 93 L =

|dppr.

26

17

17

16

18

18

16

40

42

28

19

24

21

18

28

21

23

21

ld

P(CH3)
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h) McGhee, W. D., Bergman, R. G. J. Am, Chem. Scc. 1985, 1047, 3388.

j) This work.
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are not amenable to study. Focusing on the iridium compounds in
Table 1, we find, for N =0, Jpe = 35[2] Hz and Jppr = 25[5] Hz,
while_for.N =1, Jpc = 40[4) Hz and Jppt = 22[3] Hz. Again, no
significant difference exists between these sets of values,.
demonstrating that the orbital distinctions between the two types of
complexes are not reflected in the coupling constants. Also,
evidently the formal oxidation state of the metal is unimportant, as
no difference exists between the coupling constants for neutral
iridium (I) species and cationic iridium (III) species.

The only obvious distinction which can be made is that different
metal centers give rise to complexes with markedly different coupling
constants. In general, the scatter of values for a particular metal
center is gratifyingly small, and quite different from those for
other metal centers. For iridium complexes, Jpc = 39[4] Hz and Jpp
= 23{4] Hz, while for ruthenium complexes the values are 32[2] Hz and
41[2] Hz respectively, and for rhenium complexes the values are 31[1]
Hz and 18[4] Hz respectively. Clearly Jpo is largest for iridium
compounds and essentially equal for ruthenium and rhenium compounds,
while Jppt is smallest for rhenium ;ompounds, followed closely by
iridium compounds. Both Jpp values are very differenf from the
large value for ruthenium compounds. Since the types of rings and
the coordination number.of the metal centers appear to be
unimportant, this résult suggeéts that subtle, me;al-based electronic
factors lie at the heart of the coupling constant variations. The
-data are insufficient to properly define these factors; however, it

is clear that any attempt to understand these results on a
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theoretical basis must explain the coupling constants based on the

metal centers involved.

Conclusion

0f note in this Chapter is the presumably significant electron
density forced on the iridium center by the strongly donatiﬁg
CS(CH3)5 and P(CH3), ligands. One would predict that at scme point
the metal center would become too electron-rich to support all the
ligands; clearly this point is not reached in any of the complexes
described. The fact that in most cases the iridium center is
formally cationic certainly contributes to the stability of these
species; however, comparison with the related complexes
(C5(CH3) 5)Co(P(CH3) 3) 5,°2 (C5(CH3) )RR(B(CH)5),,°D and
(C5(CH3) §)Ir(P(CH3)3)5,2° as well as Co(P(CHs)3),® and the
M(P(CH3)3)4CI series (M = Rh,7 Irz), indicates a remarkable ability
of cobalt family metals to accept electron density., Undoubtably, the
use of such complexes as metal bases will continue to be an important

area of study. .
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Introduction

Few exampleé exist of organometallic complexes of late
transition metals in high oxi&ation states, Comparison with high-
valent coﬁplexes of early transition metals suggests that such
compounds, especially those of group 8B, might be expected to possess
unique properties and reactivities. et

Phosphine-stabilized iridium (V) hydrides have been known since
the early 1970's! and were shown somewhat later to catalyze H/D
exchange with deuterated solvents at elevated temperatures.2
Recently, Maitlis and coworkers demonstrated the accessibility of
pentamethylcyclopentadienyl-substituted organoiridium (V)3 and
organorhodium (V)4 complexes, noting intriguing products upon
pyrolysis of the remarkably stable compound (CS(CH3)5)Ir(CH3)4;
However, examples of this type of complex are still relatively rare.

As part of our studies of the synthesis and reactivity of
iridium hydride complexes, we report the synthesis of the photoactive
complex (C5(CH3)5)IrH, (2, Scheme 1). This material represents an

unusual example of an iridium (V) organometallic polyhydride, and

exhibits several interesting thermal and photochemical reactionms.
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Experimental

General. Experimental and charactgrization'methods were’
described in Chapter l. Dimethyl ether was Qacuﬁm distilled from
sodium benzophenone ketyl. The phoﬁolysis apparatus was described by
Janowicz and Bergman.5 UV spectra were recorded on a Hewlett-Packard
8450A UV-~VIS spectrophotometer.

(C5(CH4)5)IrH,, (2). A slurry of [(C5(CH3)g)Ir] (u-H)3PFg
(1-PFg, Chapter 1) (2.01 g, 2.50 mmol) in hexane (200 mL) was cooled
to =40 °C, then treated dropwise with LiEt3BH (15 mmol) from which
most of the THF had been removed and replaced with an equivalent
volume of toluene. Overnight stirring at room temperature resulted
in a deep orange, homogeneous solution which was cooled to -40 °C,
then filtered through hexane-wetted alumina III packed in a frit.
The alumina was washed with benzene to give a pale yellow solution.
Removal of the solvent from the combined solutions and two
sublimations of the yellow-white residue (30-40 °C, 100 mtorr) gave
1.23 g (3.71 mmol, 74%) of pure white crystals.

1y NMR (CgDg): 61.99 (s, 15H, CsMes); ~15.43 (s, 4H, Ir-H).
13c(ln} mMR (CgDg): 6 96.5 (s, CsMes); 10.0°(s, CgMes).

IR (KBr): vyp_y 2150 cml. UV (CgHyp): A ., =215 om (£=5000). EIMS
(25 °C, 30 eV): 332, 330, 328, 326, 324, 322. MW (Signer® method,
CH40CH3, 25 °C): calcd 331, found 327 + 15. Anal. Calcd for
CioHjgIr: C, 36.24; H, 5.78. Found: C, 35.98; H, 5.83. Solid state
vdecomposition temperature: 50-100 °C,

Thermal Reaction of 2 with P(CH3)3. Trimethylphosphine (0.54

mmol) was condensed at liquid nitrogen temperature into a toluene-dg



71
solution of 2 (6.5 mg, 0.020 mmol) in an NMR tube. The tube was
flame sealed, warmed carefully to room.temperature, then heated to
60 °C for 13 h. At this point, no reaction was observed by ly nur
spectroscopy. The sample was then heated to 110 °C for 44 h, at
which point inspection of the ly wMr spectrum démonstrated
(C5(CH3) ) Ir(P(CH4) 4)H,> to be the sole product.

Photochemical Reaction with P(CH3)3. The reaction solution was
prepared in an NMR tube as above. Irradiation for 1 h resulted in a
pale yellow solution. Inspection of the ly nMr spectrum of this
solution demonstrated complete loss of starting material and sole
production of (C5(CH3)5)Ir(P(CH3)3)H,.

Thérﬁal Reaction of 2 with CO. Carbon monoxide (0.16 mmol) was
expanded onto a frozen toluene-dg solution of 2 (6.6 mg, 0.020 mmol)
in an NMR tube. The tube was sealed, warmed carefully to room
temperature, and stored in the dark. Inspection of the 1y nmr
spectrum after 24 h demonstrated nearly complete conversion of
starting material to (CS(CH3)5)Ir(CO)H2.7 After 72 h, inspection of
the 1B NMMR spectrum demonstrated complete conversion to the
dicarbonyl (C5(CH3)5)Ir(CO)2.8 This was confirmed by IR
spectroscopy.

Photochemical Reaction with CO. The reaction solution was
prepared in an NMR tube as above.. Irradiation for 30 min resulted in
approximately 30% conversion of tetrahydride to (Cg(CH3)g)Ir(CO)H,.
Irradiation continued for an additional 2 h, at which point ly NMR
and IR spectroscopies demonstrated sole production of

(C5(CH3) 5)Ix(CO) 5.



Reaction of 2 with CCl,. CCl, (1 ml) was vacuum transferred
onto a benzene solution of 2 (73.7 mg, 0.222 mmol). Upon warming,
the solution immediately became deep blue/purple, indicating the
production of [(C5(0H3)5)IrC1]2(u-H)29 and [(C5(CH3) g)IrCl] H(u~H) (-
c1).10  The presence of these materials was confirmed by 1y wMr
spectroscopy in a separate experiment. The solution was heated to
60 °C for 17 h, at which point‘ the reaction had become orange and
orange solid had precipitated. The solvent was evaporated, and the
residue recrystallized from hot methanol. Two crops of orange solid
were filtered, washed with ether, and dried to give 82 mg (0.10 mmol,
927%) of ‘[(CS(CH3)5)Ir012]2,83 shown to be pure by 1y wur
spectroscopy.

Thermal Reaction of 2 with D,. A toluene solution of 2 (66.3
mg, 0.200 mmol) was degassed with three freeze/pump/thaw cycles, then
treated with Dy (1.56 mmol). The reaction mixture was warmed to
60 °C for 25 h, then cooled to ambient temperature. The solvent was
evaporated and the residue sublimed as for 2 to give extemsively
deuterated 2-d, in chemically pure form (54 mg, 0.16 mmol, 80%).

This material was shown to be 83% deuterated by integration of the
hydride resonance against the CS(CH3)5 resonance in the 1H NMR
spectrum; lack of deuteration on the ring was confirmed by 2y NMR and
IR spectroscopies. 1y nur (CgDg): 6 1.99 (s). 2y NMR (CeHg):

6 =15.34 (br s). IR (KBr): vy _p iSSS (s), 1545 (sh) cm™1; vghp =
1.38. |

Photochemical Reactionvwith Do A reaction solution was

prepared as above,' except that the amount of D, (3.6 mmol) was
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increased. The sample was irradiated for 20 min, after which the D,
was removed and additionmal D, (5.2 mmol).was added. Irradiation
continued for an additional 30 min, giving an orange-red solution.
Volatile materials were evaporated, and the residue was sublimed as
forv2 to give white product (51 mg, 0.15 mmol, 76%). Integration of
the hydride resonance against the CS(CH3)5 resonance in the 1H NMR
spectrum demonstrated the product to be 57% deuterated; lack of
deuteration on the ring was confirmed by 7§ NMR and IR
spectroscopies.

Reaction of 2 with CD30D. A CD30D solution of 2 (6.6 mg, 0.020
mmol) in an NMR tube was stored in the dark. Inspection of the ly
NMR spectrum after four days showed complete disappearance of the
hydride resonance, whereas the C5(CH3)5 resonance was unaffected.
The solvent was evaporated and the residue sublimed to give 8. This
méterial was shown to be > 957 deuterated solely at the hydride
positions by 1y and 28 NMR spectroscopies.

Single Crystal X-ray Diffraction Study of 2., Large clear
colorless crystals of the compound were obtained by slow sublimation
in vacuo. Fragments cleaved from some of theée crystals were mounted
in capillaries in air, as decomposition was slow. The crystals were
imbedded in Apiezon grease in one end of the capillary, which was
then flushed with nitrogen gas and flame sealed. Initial examination
of the ctystals via photographs was performed at room temperature.‘
All diffractometer work was performed at -150 % 2 °C;;1 Preliminary
precession photographs indicated some problems with pseudo-

orthorhombic twinning, true monoclinic Laue symmetry, and yielded
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preliminary cell dimensions. Systematic absences were consistent
only with space group P21/n. Inspection of the Niggli vélueé
revealed no conventional cells of higher symmetry.

Each crystal used for data collection was mounted as described
above and centered in the beam of the Enraf-Nonius CAD-4
diffractometer.l? Automatic peak search and indexing procedures
yielded the monoclinic reducgd primitive cell, except for those
samples of poor quality. All data were collected using the same
diffractometer parameters and standards (Table 1). The cell
parameters given in the table are those appropriate to the final
refinement.

During the process of data collection it was noted that the
intensity of the standards changed with time, that the widths of the
peaks systematically increased, and that those reflections with high
k increased more rapidly in width than those with low k. Due to this
decay, it was necessary to use two crystals to obtain a complete
unique set of data. The first crystal, used to collect data for 28 <
45°, evidently suffered some exposure to air, for it became intensely
colored just before becoming unsuitable for data collection. The
second crystal, used first to collect data for 45° < 20 < 55° and
then to resume the low angle data collection, remained colorless
during its decay. Under opticél examination at the end of data
collection it displayed numerous striations aligned normal to the b
axis. Further attempts to collect data were canéelled for monetary

reasons.,
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Table 1. Crystal and Data Collection Parameters

A)

Compouhd: HAIY(CSMQS)
. Crystal Parameters @ -150°C a)b)
a= 16.7466(25)1 Space Group: P21/n
b = 7.6224(15)A Formula weight: 331.46 amu
e = 17.0821(30)4 2=8
8 = 101.406(13)° d (calc.) = 2.060 gem >
V = 2137.5(12)A° b (calc.) = 123.9 cm >

B)

a)

b)

Size: 0.25 x 0.28 x 0.45 mm
Data Measurement Parameters

piffrac:ome:er: Enraf-Nonius CAD-4

Radiation: Mo Ka (A=0.71073%)

Monochrometer: Highly-oriented graphite (2§n-12.2)

Perpendicular mode, assumed 50X perfect.

Detector: Crystal scintillation counter, with PHA.

Aperture -+ crystal = 173 mm. Vertical aperture = 3,0 mm.

Horizontal Aperture = 2 + 1 tan (8) mm (variable).

Reflections measured: -H +K 2L

28 Range: 45° + 55° Scan type: 6 -26

Scan speed: 0.80 -+ 6.7 (8, deg./min)

Scan width: A8 = 0.6 + .347 tan (9)

Background: Measured over an additional 0.25 (A8) added to each end of

the scan.

No. of unique reflections: 2103 (1446 Fz > 3o (Fz))

Intensity standards: 6 1 -11, 0 5 -2, 9 0 3; measured every 2 hours of
x-ray exposure time.. Over the period of dara collection complex
decay in intensity was observed.

Orientation: 3 reflections were checked after every 150 measurements.
Crystal orientation was redetermined if any of the reflections
wvere offset from their predicted positions by more than 0.13°.

Reorientation was needed several times during data collection.

Unit cell parameters and their esd’'s were derived by a least-squares fit
to the serting angles of the unresolved Mo Ka components of 24

reflections with 26 between 27° -+ 29°,

In this and all subsequent tables the esd's of all parameters are given

in parentheses, right-justified to the least significant digit(s) given.



The raw intensity data were converted to structure factor
amplitudes and thei: esds by correction for scan speed, ‘background,
and Lofentz and.polarization effects, Inspection of the inteﬁsities
of the standards showed a complex, non—linear pattern of decay for
each of the two data crystals. The data were corrected isotropically
for this decay. In addition, recollection of some portioms of the
data sets was necessary due to the loss of orientation of the
crystal. These redundant data were used to check the decay

13

correction. Inspection of the azimuthal scan data*” showed a

1 = 0,70 (first crystal) and 0.48 (second crystal)

variation Imin/ max

for the average curve. Comparison of the azimuthal scan data taken
before and after data collection on the second crystal showed that a
qualitative change had taken place in the shape of the curve I .y Vs
psi. Attempts to correct the data from the second crystal for
absorption using either an average curve or the two individual curves
led consistently to poorer agreement of equivalent and redundant
reflections than did averaging of the uncorrected structure factors
(But see below).

The structure was solved by Patterson methods using the first
(low angle) data set, and refined via standard least squares and
Fourier techniques while the second data set was being collected.
Attempts to refine the atoms with anisotropic thermal parameters,
however, led to non-positive-definite tensors for many of the carbon
atoms. This data set was abandoned as useless for furﬁher
_refinement.

The data for the second crystal were then used to continue the
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refinement,vcorrécted for decay, buﬁ not for absorption. Indications
that the lowvangle data were of poor quality, and the strange
variation in the absorption curve from the beginning to the end of
the data collection finally led to abandonment of the low angle data
from the second crystal. The final refinement was performed on the
2103 unique high angle reflections from the second data set,
corrected for decay and empirically corrected for absorption. The
absorption correction was performed after refinement of all atoms
with anisotropic thermal parameters. After correction (Tmin = 0.51),
refinement converged to the final residuals.

The quantity minimized by the least—sqqares program was Lw(F, =
Fc)z, where w i1s the weight of a given observation. The p factor,
used to reduce the weight of intense reflections, was set to 0.05
during the high angle data refinement. The analytical forms of the
"scattering factor tables were used and all non-hydrogen scattering
factors were corrected for both the real and imaginary components of
anomalous dispersion.

The largest peak in the final difference Fourier map had an
electron density of 1,46 e—/Z\3 and was located near Ir2., The second
largest peak (1.15 e-/23) was located near Irl. There was no
indication of hydrogen atoms attached to either the iridium atoms or
the me;hyl carbons in the map.

The final residuals for 199 v#riables refined against the 1446
data for which FZ > 30(F2) were R = 3.65%, R, = 4.63%, Ry = 7.59%,
GOF = 1.446. |

Inspection of the residuals ordered in the ranges of sin 8/X ,
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F,, and parity of the individual indexes showed no unusual features
or trends. However, the value of the residuals ordered on the value
of h (or data collection time; essentially the same thirg given the
method of collection) showed a dramatic increase for h = -3, -2, -1,
and 0 (i.e. the last 300 reflections collected). Residuals
calculated for the 1267 reflections with F2 > 30(FZ) and Ih| > 2 were
R = 3.02%, R, = 3.83%Z, and GOF = 1.216.

Positional and thermal parameters for the refined atoms are

given in Table 2.
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Table 2.

Table of Positional Parameters and Their Estimated Standard Deviations

.2
Atom x y 2 B(A )
IR1 8.88539(2) @#.83646(5) £.13955(2) 1.337(6)
IR2 #.36113(2) -4.84626(5) ~-2.98976(2) 1.353(6)
c1 B.8769(7) -8.255(1) #.1382(7) 1.4(2)
Cc2 9.0924(6) -8.282(2) 8.2203(7) 1.4(2)
c3 9.1781(6) ~-@.114(2) 9.2354(7) 1.5(2)
C4 g.2828(6) -g.119(1) g.1644(7) 1.3(1)
C5 Z.1454(6) -g.286(1) #2.1036(7) 1.1(1)
Cé6 #.9869(7) -8.366(2) g.9968(7) 1.7(2)
c? 9.9488(7) -8.248(2) #.2786(8) 1.9(2)
c8 £2,2135(7) -8,952(2) g8.3158(7) 1.6(2)
Cc9 " B.,286416) -9.859(2) g.1564(8) 1.8(2)
cig 8.1564(9) -g,255(2) 9.9208(9) 2.3(2)
Clli 9.2629(7) B.184(1) =g.1781(7) 1.5(2)
c12 8.3352(7) g.111(2) -8.2836(7) 1.6(2)
Ci13 2,3968(7) g.195(2) -g.1461(7) 1.6(2)
Cl4 8.3624(8) g.245(2) -9.8791(8) 1.8(2)
Cl15 8.2789(6) 9.189(2) ~8.0937(6) 1.4(2)
Cl6 2.1823(8B) g.846(2) -9.2151(9) 2.2(2)
c17 9.3419(9) 3.863(2) -9.2876(8) 2.412)
cls 2.4883(8) #.252(2) -g.158(1) 2.8(3)
cl19 P.4814(9) 9.357(2) ~8.098808(9) 2.5(2)
Cc29 g8.2178(8) B.222(2) -8.0431(9) 2.5(2)

T T T T T T T T T e e e e e e e e e o e o - e e . — - — - o — = .o

Antsotropically refined atoms are given In the form of the
‘isotroptic equivalent therma) parameter defined as:

2 2
(4/3) * [a *B{1,1) + b "B(2,2) + ¢ *B(3,3) ¢+ ablcos gamma)*B(1,2)

+ aclcos beta)*B(1,3) + bcl(cos alpha)*B(2,3)]
c29 g.2178(8) B.222(2) -0.8431(9) 2.5(2)

6L
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Results and Discussion.
A search of the availabie_lite;ature indicatéd thgt no neutral
iridium compounds containing only pentamethylcyclopentadienyl and
hydride ligands were known. In 1973, however, White, Oliver and

14 reported the synthesis of the cationic salt

Maitlis
[(CS(CH3)5)Ir]2H3PF6, 1, which seemed a viable precursor for a
neutral complex of the proper formula. Accordingly, we treated a
hexane slurry of the cation with six equivalents of LiEt3BH (Scheme
1) and allowed the resulting orange-red solution to stir overnight.
Rapid chromatography through alumina III, followed by removal of
solvent and sublimation of the residue gave the neutral iridium (V)
tetrahydride (C5(CH3)g)IrH,, 2, in good yield.

The poiyhydride 2 is highly soluble in most common solvents,
which hampered the isolation of single crystals. However, extremely
slow sublimation (5 mtorr) on a warmed surface in a Pyrex NMR tube
yielded crystals suitable for structure determination.

The single crystal X-ray diffraction study was performed at
-150 °C. Even at this temperature, complex decomposition was
observed in the X-ray beam over the data collection period. Three
data sets were collected. An initial low angle set was discarded
during refinement due to difficulties caused by the decomposition.
Both a high angle and low angle set were collected omn a second
crystal; of these, the high angle #et proved most amenable to a
reasonable solution of the structure.

The tetrahydfide crystallizes with two wel l=separated molecules

in the asymmetric unit (Figure 1l). The average Ir-C (ring) distance
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is 2.244(19] A (range 2,224(10) - 2.271(11) A), with the average
iridium to ring centroid distance being 1.884 A (Table 3). The
.carbon-carbon distances wiﬁhin the ring (1.443[5] Z) are normal, as
are the methyl carbon-ring carbon distances (1.501[14] A). The rings
are planar to within one esd of an individual atomic distance, while
the methyl carbons lie 0.10 to 0.21 A out of the ring plane away from
the iridium center.

Although the decomposition problems mentioned above prevented
our locating the hydride hydrogen ligands directly, it is clear they
must lie on the "open'" side of the iridium atoms. The most likely
arrangement is that of the four-legged piano stool, which has been
shown to obtain for the closely analogous iridium (V) complex
(CS(CH3)5)Ir(CH3)4,3 The closest intermolecular contacts to the
iridium atoms are in the range 4.4 - 4.6 A to the methyl groups of
neighboring molecules,

Treatment of a benzene solution of 2 with excess CCl, at ambient
temperature immediately caused the colorless solution to become
bright purple; analysis of the ly aMr spectrum of the reaction

410 were present.

mixture demonstrated that the compounds 39 and
Heating the mixture to 60 °C for 14 h gave the well-known dimer 5,8a
which was isolated in 927 yield and characterized by ly aMr
spectroscopy. This susceptibility to radical Attack bears out the
known sensitivity of 2 to oxygen.

The tetrahydride shows high photoactivity under reaction
5

conditions similar to those described by Janowicz and Bergman.

Irradiation (A > 275 nm; high-pressure Hg lamp, Pyrex filter) of 2 in



Tableh3. Intramolecular Distances for 2.

ATOM 1  ATOM 2 DISTANCE

IR1 Cl! 2.224018)
IR c2 2.27101 1)
IR c3 2.286(11)
IR1 C4 2.264018)
IR1 cs 2.24418)
IR1 Cpl = 1.893

IR2 Cll 2.239(18)
IR2 cl12 2.254¢011) -
IR2 Cc13 2.283%¢(18)
IR2 Cl4 2.228(18)
IR2 C15 2.253(18)
IR2 Cp2 1.875

cl c2 1.433(14)
c2 c3 1.448(12)
c3 ct 1.427013)
(o] csS 1.428(12)
cs c1 1.439(12)
cl1 ci2 1.439¢(13)
ct2 cl13 1.426(15)
c13 Cl4 1.432016)
Cl4 c1s 1.435(15)
c1s c1l 1.433(14)
cl cé 1.586{(13)
c2 c? 1.488(13)
C3 o} 1.499(13)
C4 c9 1.585(11)
cs cig 1.518(15)
ct1 Cl16 1.483(13)
ct2 c17 1.589(15)
c13 c18 1.512(16)
Ci4 ci9 1.522(16)
c1s c23 1.485(14)

* Cpl and Cp2 are the centrotds of
the cyclopentadiene rings.
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the presence of P(CH3)3 in toluene smoothly generate§ 6 in
quantitative lg »Mr yield. Continued irradiation results in
extrusion of dihydrégen and insertion of the intermediate into the
carbon-hydrogen bonds of the solvent.’ A similar irradiation of 2 in
the presence of CO leads to (C5(CH3)5)Ir(CO)H2,7 and then to
(CS(CH3)5)Ir(CO)2,8 as demonstrated by l4 NMR and IR spectroscopies.
These two experiments suggest that complex 2 extrudes dihydrogen upon
irradiation, leading to the intermediate "(C5(CH3)g)IrH,", which is
then trapped by the dative ligand.

Both of these photoreactions may be reproduced thermally at
different temperatures. Surprisingly, exposure of a solution of 2 to
CO at room temperature in the dark slowly leads to (CS(CH3)5)Ir(CO)H2
and then to (C5(CH4)5)Ir(CO), over 72 h. This reaction is
unprecedented in our experience with the tetrahydride; we have been
unable to duplicate this thermal ligand exchange with alkenes or
isocyanides. While we cannot rule out the possibility of catalysis
by a'minor impurity in the CO, different sources of gas yield the
same result.

In contrast, no reaction occurs between 2 and the dative ligand
P(CH3)3 under these conditiomns; only upon elevation of the
temperature to 110 °C and heating for 44 h is conversion of
tetrahydride 2 to 6 observed.

The complex is capable of undergoing H/D exchange under
photolysis and thermolysis conditioms. Irradiation of 2 in tqluene
under 5 atm of D,y fo; 2 H, followed by removal of solvent and

sublimation of the reaction mixture led to a partially deuterated



86
analogue of 2 in 767 yield. Spectral analysis indicates 57%
deuterétion of the hydride ligands, and no deuteration of the ring_
methyl groups.15 The extent of deuteration is limited by competitive
formation of a burgundy complex during irradiation; this material
seems to be a hydride—deficient iridium cluster but as yet has defied
isolation due to its extreme solubility.

A more highly deuterated analogue of 2 may be prepared through
thermal H/D exchange. Heating 2 at 60 °C in toluene for 26 h under
h) (1.5 atm), followed by the workup described above, led to 8 in 80%
yield. Complex 8 in this case was shown to be 837 deuterated at the
hydride .ligand positions. The fact that phosphine addition requires
much higher temperatures indicates that the thermal hydrogen exchange
reaction must take place by some mechanism (e.g. partial detachment
of the Cp ligand; loss of hydrogen atoms in a radical chain process)
other than simple reductive elimination of H, followed by oxidative
addition of D,.

The most efficient method for preparing 8 is also the most
surprising: tetrahydride 2 exchanges hydride ligands with protic
solvents such as D40 and deuterated alcohols. Since this reaction
occurs in the dark at ambient temperature, we believe that the
exchange is not radical in nature. An intriguing possibility is
protonation at the iridium center, giving rise to a cationic
(pentahydrido)iridium (VII) iﬁtermediate, which does not reductively
eliminate H,, but instead ioses a proton to the solvent. No iridium
(VII) complexes have ever been unambiguously observed, although

. Crabtree recently reported the poésible observation of IrH6(P(c—
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C6H11)3)2+ at low temperature.16

Irradiationbo£'2 in alkane solvents doeé not lead to isolable
trihydrido(alkyl)iridium complexes analogous to those prepared by
Janowicz.5 Instead, the solution becomes burgundy, and inspection of
the H NMR spectrum at various times demonstrates the presence of
numerous species. These apparently are hydride~deficient clusters,
indicating either that the desired complexes are unstable, or that

the intermediate prefers to react with other iridium species.

Conclusion.

The tetrahydride 2, like most polyhydride complexes,l7 has
demonstrated facile loss or exchange of hydrogen ligands as the
predominant chemistry. Unlike the related (CS(CH3)5)Ir(CH3)4,3 the
polyhydride undergoes thermolysis at fairly low temperatures,
suggesting that a rich thermal chemistry is more likely for this
complex. However, we chose to explore the less well-known synthetic
chemistry of polyhydrides employing compound 2; this work is

discussed in Chapter 4.
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Chapter 4. (Pentamethylcyclopentadienyl)iridium Polyhydride
Complexes: Synthesis of Intermediates in the Mechanism of Formation
of (CS(CH3)5)IrH4, and the Preparation of Several Iridium (V)

Compounds.
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Introduction.
The hydride ligand is important in organometallic chemistry:
metal hydrides are implicated in various homogeneous and

1 and polyhydride complexes are

heterogeneous catalytic processes,
known to be active catalysts for H/D exchange.2 From a structural
standpoint, the small van der Waals volume of hydrogen atoms and the
ability of hydride ligands to move from bridging to terminal sites
(similar to CO) make polyhydride complexes worthy of study;3 the
difficulty inherent in determining hydride positions by NMR or X-ray
study presents a fascinating challenge. Of greatest interest to us
is the well-documented ability of hydride ligands to stabilize the

4 no other ligand

higher formal oxidation states of transition metals;
forms as many high—oxidation state complexes as the hydrogen atom.

In general, little is known of the mechanism of preparing
organometallic hydride species from organometallic halides and
hydridic reducing agents, iﬁ spite of the fact that no method is more
commonly used, 34 In ;ddition, one aspect of this chemistry is the
well-documented result that oxidation of the metal center often
3c,d

occurs, even though the medium should be considered reducing.

Studies have not yet definitively established the mechanisms of such

oxidations.5

In Chapter 3, we described the synthesis of (CS(CH3)5)IrH4,6a

6b starting with

one of the few organometallic iridium (V) complexes,
the iridium (III) dimer {(CS(CH3)5)Ir]201-H)3PF6 and the reducing
agent LiEtqBH. 1In addition to the question of the source of each

iridium-bound hydrogen, we were perplexed by the formal oxidation of
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the iridium atoms in what one presumed would be a reducing medium.
The high yieldé of tetréhydride demonstfated that éne possibility,
oxidation of half the iridium and reduction of the other half, did
not obtain. |

In order to study the mechanism of the formation of
(CS(CH3)5)IrH4, we drew upon our data for
trimethylphosphine(pentamethylcyclopentadienyl)iridimnpolyhydrides
and undertook to synthesize potential intermediates in the
transformation. In addition, we attempted to expand the range of
iridium (V) complexes known in order to increase the data for high-

oxidation state species. Our results are described in this Chapter.
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Experimental

General. Experimental and characterization methods were
described in Chapter 1. 11 and lH{MB}VNMR spectra were recorded on
the 180 MHz instrument at the UCB NMR facility, and are reported as
prm downfield of TMS (lH) or saturated NaBF, in methanol (llB).

[(CS(CH3)5)Ir]2H3BH4, (Z). A slurry of LiBH, (77 mg, 3.6 mmol)
and [(CS(CH3)5)Ir](u-H)3PF6 (1:PFg, Chapter 1 and Ref. 7a) (408 mg,
0.508 mmol) in 10% THF/pentane (both freshly distilled) was stirred
for 3 h at ambient temperature. Removal of the solvent in vacuo
without heating yielded orange-yellow solid, which was extracted with
pentane (3 x 15 mL). The extracts were filtered through celite
packed in a frit, whereupon approximately half the pentane was
evaporated from the filtrate. Upon cooling the solution to =40 °C,
bright yellow—orange material crystallized, and was collected by
filtration and washed with cold pentane. Successive evaporatioms and
crystallizations of the mother liquor gave two additional crops of
product indistinguishable from the first by ly wur spectroscopy, for
a total yield of 216 mg (0.321 mmol, 63%) of 2. The compound is
quite thermally sensitive; solutions of 2 decompose at 60 °C within 5
min and at 23 °C over 48 h. LH NMR (CgDg): 6 1.92 (s, 30H, CgMes);
~14.18 (br, 2H, Ir=Hy j4,-B); =17.51 (s, LlH, Ir=Hy.;4,-Ir); -17.78
(s, 28, Ir-H.). 'H{!!B} NMR (toluene-dg, -50 °C): §5.52 (br, 2H,
BH,); 1.91 (s, 30H, CgMes); =-14.10 (br, 2H, Ir-Hy,;4,~B); ~17.46 (s,
1H, Tr-Hy j4-1r); -17.69 (s, 28, Tr-#). 113(lm} MMR (toluene-dg,
~50 °C): 6 5.5 (br s). 13c{lH} NMR (CgDg): 8 94.1 (s, CsMes); 10.5

(s, CsMes). IR (KBr): v 2430, 2360, 2290 (all s, B=H) cm™l; 2115 (s,
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Ir—at), 2040 (sh); 1155 (s, Ir-Hbridg) cm~!l, EIMS (20 eV, 23 °C):
m/e 672, 671, 670, 669, 668, 667. Anal. Calcd for CooH37IryB: C,
35.71; H, 5.54. Found: C, 35.88; H, 5.66.

[(C5(CH3)5)IrH3],, (3). Trihydride dimer 1-PFg (401 mg, 0.500
mmol) and LiBH, (65.3 mg, 3.00 mmol) were slurried in 2% THF in
hexane (50 mL). After stirring oYernight, the homogeneous solution
containing 2 was filtered through hexane-wetted alumina III packed in
a frit, after which the alumina was washed with benzene to give an
orange solution., The solutions were combined, the solvent removed and
‘the residue recrystallized from pentane to give deep orange—-burgundy
crystals (116 mg, 0.176 mmol, 35%). A somewhat impure second crop
could be obtained. lH NMR (CgDg, RT): S 1.97 (s, 30H, CgMes);
-14.76 (s, 6H, Ir-H). IH NMR (3:2 THF-dg/toluene-dg, —120 °C):

§ 1.94 (s, 304, CsMeS); -10.70 (br s, 24, Ir_Hbridg); -17.11 (br s,
4H, Tr-H,). 13c(lH} NMR (CoDg): 6 93.0 (s, CgMes); 10.2(s, CsMes)-
IR (C6H6): Vip-g 2110; (KBr): 2120(terminal hydride), 1190,
1120(both br, bridging hydride) cm~l. EIMS (15 eV, RT): m/e 659,
658, 657, 656, 654, Anal. Calcd for CpgHyeIr,y: C, 36.35; H, 5.40.
Found: C, 36.30; H, 5.32. Solid state decomposition temperature: 60~
80 °cC.

In a separate experiment, the reaction mixture was hydrolyzed by
the addition of methanol (125 mmol) at 0 °C, giving a yellow orange
solution. After evaporation of solvent, the resulting residue was
extracted with toluene (12 mL). The filtered extracts were layered
with hexane and cooled to -40 °C, ultimately yielding orange crystals

of 3 identical by 1y NMr spectroscopy to those from the procedure



above (128 mg, 0.194 mmol, 38%).

Reaction of 3 with P(CH3)3. P(CH3) 5 (0.200 mmol) was vacuum
transferred into a CgDg solution of 3 (33 mg, 0.050 mmol) in an NMR
tube. The yellow solution was warmed to 55 °C for 6 h, at which
point the solution was colorless. Inspection of the 1y wMr spectrum
demonstrated clean conversion of starting material to
(CS(CH3)S)Ir(P(CH3)3)H2,8 4 (0.073 mmol by integration against
internal (MeBSi)ZO, 73%).

Generation and Reactions of (CS(CH3)5)IrH3[Li(THF)x], (5).
LiEt4BH (1.0 mmol) was added dropwise to a slurry of 1-PFg (240 mg,
0.299 mmol) in 1l:1 toluene/hexane (6 mL)., After stirring for 3 h,
the homogeneous solution was cooled to =40 °C. Deep red-orange
crystals precipitated; these were filtered, washed with hexane and
dried to yield 215 mg of material. At this point, ly yur

spectroscopy showed a great deal of THF and BEt3/BEt3H_ present in

the product. High vacuum could not completely remove the solvent; it

was noted that the solubility of the material decreased dramatically
as the THF was removed (see compound 7 below). As discussed in the
text, spectral and chemical evidence strongly suggests that this
material is (C5(CH3)s)IrHs[Li(THF) ], by analogy with 8. 1l NMR
(CgDg): S 2.18 (br s, 15H, CgMeg); 3.55, 1.40 (THF); 1.45, 1.27
(BEt4/BEtgH™); -19.22 (br s, 3H, Ir-H). 13c{lm} MR (c(Dg): 687.4
(s, C5Meg); 67.3, 24.4 (THF); 16.0, 11.0 (BEt3/BEtqH™); 11.3 (s,
CsMes). IR (CgHg): Vi, g 2019 (bx) em™l.

| In a second experiment designed to characterize 5 chemically, a

hexane slurry of 1-BF, (186 mg, 0.250 mmol) and pmdeta (430 mg, 2.5
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mmol) was treated dropwise with LiEt3BH (1.5 mmol) from which most of
the THF had been evaporéted and feplacgd with toluene. The solution
slowly became homogeneous during 20 h of stirring. The solvent was
removed in vacuo, and the oily residue extracted with hexane fol lowed
by benzene. The solvent was removed from the filtered extracts and
the burgundy residue dissolved in hexane. Cooling to -40 °C gave 26
mg of an unidentified BEt3/pmdeta adduct as shown by lg MR
spectroscopy. Filtration and refrigeration of the mother liquor gave
two crops of (CS(CH3)S)IrH3[Li(pmdeta)], 8, shown to be >85% pure by
ly yur spectroscopy (70 mg, 0.14 mmol, 27%). The BEt3/BEtsH -
containing impurity could not be removed by crystallization.

In a third experiment, a sample of 5 was treated with methanol
(50 pl). The orange solution decolorized as black solid
precipitated. Inspection of the 1H NMR spectrum of the sample
demonstrated the presence of THF and only one organometallic product,
(C5(CH3) 5)IrH,, 6.

Finally, adding 5 (70 mg) in 1:1 toluene/hexane to a hexane
slurry of Ph3SnBr (35 mg, 0.081 mmol) at -78 °C, stirring 2 h at this
temperature, warming to room temperature and evaporating the solvent
gave a brown-white semisolid. Recrystallization from ether/pentane
gave two crops of colorless crystals of 9¢ (30 mg, 0.044 mmol, 18%
based on I'PFG)’ shown to be pure by IH NMR spectroscopy.

(C5(CH3)5)IrH4Li, (7). A pentane solution of tetrahydride 6
(410 mg,.l.24 mmoi) was treated dropwise with t=BuLi (1.50 mmol).
White solid precipitéted instantly from the solution, After stirring

30 min, the powdery material was filtered and washed with pentane to
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give 371 mg (1.10 mﬁol, 89%) of slightly pyrophoric material.
Methanél hydrolysis of this material in an NMR tube reactidn
instantly .generated 6 as the only product by-ll{ NMR spectroscopy.

The total insolubility of the compound in inert solvents
.precluded most spectral characterizations. IR (KBr): Vip-y 2060 (br)
em™ !, Anal. Calcd for CioHpglrLi: C, 35.60; H, 5.38. Found: C,
35.98; H, 5.62.

(C5(CH3) 5)IrHy[Li(pmdeta)], (8). At -78 °C (dry ice/acetone), a
pentane solution of 6 (68 mg, 2.05 mmol) and pmdeta (1.40 ml, 8.08
mmol) was treated dropwise over 15 min with t-BuLi (3.40 mmol) in 10
mL pentane. Aft/er 1.5 h stirring at this temperature, the pale
yel low-white solid was filtered and dried to give highly air-

sensitive 8, (295 mg, 0.578 mmol, 28%). 1

H NMR (C¢Dg): 6 2.52 (br
s, 15H, C5Me5); 2.16 (s, 3H, internal amine -CH3); 2.05 (s, 12H,
terminal amine ~CHy); -19.21 (br s, 38, Ir-H). 13c{lu} mMR (cgDg):
8§ 85.0 (s, CsMesg); 56.1, 52.9 (s, amine methylenes); 45.9 (s,
terminal amine -CHg); 45.1 (s, internal amime -CH3); 12.2 (s, Csygs).
IR (C4Hg): vy _y 2020 (br) cm™l. Signer? molecular weight (CgHg,
25 °C, slight decomposition noted during equilibration): caled 511,
found 445, Anal. Calcd for Cig9H41N3IrLi: C, 44.68; H, 8.09; N, 8.23.
Found: C, 44.31; H, 8.27; N, 8.16.

A sample of 8 (15.0 mg, 0.0294 mmol) slurried in pentane was
treated with isopropanol (250 pl)., After stirring 5 min, the solvent
was evaporated and the residue taken into CgDg. Imspection of the 1H

NMR spectrum demonstrated free pmdeta and 6 (0.0250 mmol by

integration vs. internal (Me38i)20, 85%) to be the only ly NMR-active



species present in the solvent.

(CB(CH3)5)IIH3(SiHe3), (9a). A toluene sollution of 8 (51 mg,
0.10 moi) was added dropwise to a pentane solution of Me3Si045CFj
(27 mg, 0.12 mmol) at =78 °C. The pale yellow solution was stirred 5
h, then allowed to wam slov}ly to room tempefature. Following
removal of solvent, the residue was dissolved in benzene, filtered
through celite to remove insoluble material, and the benzene
evaporated to yield a yellow-white solid. Sublimation (5 mtorr,
45 °C) gave pure white product (31 mg, 0.077 mmol, 76%). 1y mMr
(toluene—dg, RT): & 1.91 (s, 15H, CgMesg); 0.61 (s, 9H, SiMeg); ~16.20
(s, 38, Ir-H). lH NMR (toluene-dg, 80 °C): & 1.79 (s, 15H, CgMes);
0.80 (s, 9H, SiMej); -15.83 (t, Jyy=5.6, 1H, Ir-H,  ); -16.00 (d,
Jyp=5-6, 2H, Ir-H ;). 13C{lH} NMR (tolueme-dg): & 9.9 (s, CgMes);
10.6 (s, CgMeg); 9.95 (s, SiMey). IR (KBr): vy _y 2195, 2160 cm ™ '.
EIMS (13 eV, RT): m/e 404, 402, Anal. Calcd for Cy3H,5IrSi: C, 38.68;
H, 6.74. Found: C, 38.39; H, 6.57. Solid state decomposition
temperature: 110-120 °C.

(C5(CH3) 5)IrH3(SnMes), (9b). A toluene solution of 8 (51 mg,
0.10 mmol) was added dropwise to a pentane solution of Me3SnCl (30
mg, 0.15 mmol) at 0 °C. After stirring 4 h at this temperature, the
solvent was removed and the resulting o0il taken up in pentane. The
pentane solution was filtered through celite and the solvent
evaporated., Sublimation of the resultant oily residue (30 mtorr,
30 °C, LN,-cooled cold finger) gave greasy white crystals of 9b (16
mg, 0.032 mmol, 33%).

1y wur (toluene-dg, RT): ¢ 1.94 (s, Jgp-p<l, 15H, CsMesg); 0.50
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(Jgp-g=47.8, 9H, SnMe3); -16.32 (JvSn_H=23'.6, 38, Ir-H). lH NMR
(toluene-ds, -8 °C): S 1.81 (s, Jg,-y<l, 15H, CsMeS);,O.68
(Jgn-g=48.0, 9H, SnMes); ~15.87 (t, Jyy=6.5, 1H, Ir-H, ); -16.15 (d,

Jyg=6.5, 2H, Ir-H_;). !3c{}H} NMR (toluene-dg): & 95.8 (s, CgMes);

cis
10.9 (s, CSMES);—S.O(broad s, SnMes). IR (thin film): vi__g
2160(sh), 2120(s) em~l. EIMS (70 eV, RT): envelopes centered around
m/e 479, 461, 443, Anal. Calcd for Ci3HoyIrsSn: C, 31.59; H, 5.51.
Found: C, 31.80; H, 5.36.

(C5(CH3) ) IrH5(SnPhg), (9c). A toluene slurry of anion 7 (844
mg, 0.250 mmol) was treated dropwise with PhySnBr (140 mg, 0.324
mmol) dissolved in toluene. After stirring five days, filtration of
the solution, removal of the solvent and recrystallization from
ether/hexane gave white crystals (112 mg, 0.165 mmol, 66%) of
product, The crystal used in the X-ray diffraction study
crystallized from a saturated pentane solution,

1y wMr (toluene-dg, 8 °C): 87.87.1 (complex,. 15H, SnPhj);
1.84 (br s, Jg <1, 15H, CsMeg); ~15.69 (Jg,y=28.2, 3H, Ir-H).
li ¥MR (toluene-dg, -65 °C): & 7.9-7.1 (complex, 15H, SnPhg); 1.70

(br s, Jg <, 158, CsMes); =15.36 (d, Jyy=8.1, 2H, Ir-H_; ); ~15.58

cis
(t, Jgg=8.1, 1, Ir=H, ). 13c{lu} NMR (acetone-dg): 6§ 144.1 (s, Ph);
137.4 (Jg,c=37.8, Ph); 128.5v(over1apping, Ph); 97.7 (s, CgMesg); 10.8
(s, CsMes). IR (KBr): vyp_y 2190, 2105 cm™l. EIMS: m/e 680, 600,
524, 442. MP: 150~160 °C dec. Anal. Calcd for C,gHs3IrSm: C, 49.42;
H, 4.89. Found: C, 49.96; H, 5.09. Repeated crystallization did not

result in improved analyses.

This compound was also prepared from the pmdeta-sequestered
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lithium salt 8 at =78 °C in 88Z recrystallized yield, shown to be
pure by ly NMR spectroscopy.

(CS(CH3)5)IrH3((CSH5)2ZrC1), (10). A homogeneous solution éf 8
was prepared by addition of t=-BuLi (0.360 mmol) to a toluenme solutiomn
of tetrahydride 6 (100 mg, 0.302 mmol) and pﬁdeta (63 mg, 0.36 mmol)
at =40 °C. After 18 h, addition of this reagent to (CgHs),ZrCl, (105
mg, 0.360 mmol) in tolueme at 0 °C gave a cloudy oraﬁge solution.
This was stirred 2 h, then warmed to ambient temperature and stirred
18 h. The solvent was removed, and the residue extracted with a
minimum amount of toluene. The extracts were filtered and treated
with hexane. Cooling to -40 °C precipitated bright orange solid;
this was filtered, washed with hexane and dried to give the product
pure by g wur spectroscopy (105 mg, 0.179 mmol, 59%). 1H NMR
(toluene-dg, 21 °C, 300 MHz): ¢ 6.04 (s, 10H, Cp); 1.96 (s, 15H,
CsMeg); -14.27 (s, 3H, Ir-H). 'H NMR (3:2 THF-dg/methylcyclohexane-
dy4> -120 °C, 500 MHz): §6.25 (s, 10H, Cp); 2.12 (s, 15H, CgMeg); |
-12.46 (br s, fwhh ~40 Hz, 2H, Ir-H); -16.92 (br s, fwhh ~70 Hz, 1H,
Ir-H). 3c{lu} NMR (toluene-dg, 21 °C): & 112.8 (s, Cp); 91.6 (s,
CsMes); 10.9 (s, CsMes). IR (CgDg): vy _y 2070 cm *. EIMS (30 eV,
RT): m/e 586. Anal. Calcd for CZOHZSCIIrZr: C, 40.90; H, 4.81; C1,
6.04. Found: C, 42.90; H, 4.75; Cl, 6.28. Repeated crystallization
did not result in improved analyses.

Single Crystal X-ray Diffraction Study of 2-1/3 CsHy,. Single
crystals of 2 suitable for diffraction study were grown from cold
. pentane solution as partial pentane solvates. Elemental analysis for

boron using these crystals gave acceptable values. Assuming a



stoichiometry of [(CS(CH3)5)Ir]2H3BH4'l/3 CgHy,p, anal. caled for
Cy1.67H41IryB: B, 1.55. Found: B, 1.5.

A cleaved single crystal of 2°1/3 C5Hyo was mounted on a glass
fiber and then coated with polycyanoacrylatg cement. The crystal was
mounted on the UCB CHEXRAY Enraf-Nonius CAD-4 diffréctoweter,lo
centered in the beam and cooled to ~-90 * 3 °C by a stream of cold.
nitrogen gas. Automatic peak search and indexing procedures yielded
a rhombohedral reduced primitive cell with systematic absences
consistent with the space groups R3c or R3c. Final cell parameters
and specific data collection parameters are given in Table l. Three
intensity standards were checked every two hours of X-ray exposure
time. Three orientation standards were checked every 250
reflections, and the crystal orientation redetermined if any of the
reflections were offset more tharn 0.1° from their predicted
positions; reorientation was needed twice during data collection,

The 3258 raw intensity data were converted to structure factor
amplitudes and their esds by correction for scan speed, background,
and Lorentz and polarization effects. Inspection of the intensity
standards showed a monotonic isotropic decrease to 0.92 of the
original intemnsity; the data were corrected for this decay.

11

Inspection of azimuthal scan data”" showed a variatiom of I

min/ max
0.77 for the average curve; an empirical absorption correction based
on these data was applied to the intensities. Removal of
systematically absent and averaging of redundant data (R(I)=3.1%)

left 1570 unique data.

I =
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Table 1. Cell Constants and Data Collection Parameters for the
X-ray Diffraction Experiments

2-Y/,CH,, (=90 °C) 9¢ (25 °C)

(A) Crystal Parameters

a, A 15.466 (3)° 9.7438 (9)°

b, A 11.1893 (10)

¢, A 11.1364 (12)

a, deg 81.941 (12) 101.382 (6)

g, deg . 98.282 (9)

y, deg 94,786 (8)

vV, Al 3599 (2) 1275.1 (4)

space group R3c P1

VA 6 2

dcaled, g/cm? 1.86 1.77

Healed, €M 110.4 61.89

size, mm 0.25 x 0.28 x 0.30 0.18 X 0.23 X 0.25

(B) Data Measurement Parameters

radiation Mo Ka (A=0.71073 A)

monochromator highly oriented graphite (26 =12.2°)

detector crystal scintillation counter, with PHA

reflens measd +hA,+k,=! (in hex- +h, 2k, =l
agonal cell)

26 range, deg 3-45 3-55

scan type 6-26 6-28

scan speed 0.8—6.7 (8, 1.2+ 6.7 (8,
deg/min) deg/min)

scan width A8 =0.7 + 0.347 A6 =0.5 + 0.347
tan 6 tan 8

background 0.25 (a6) at each 0.25 (A8) at each
end end

aperture — crystal, mm 173 173

vertical aperture, mm 3.0 . 3.0

horizontal aperture, mm 2.5 + 1.0 tan @ 20+ 1.0tanse
(var) (var)

reficns collected 3528 6630

unique reflens 1570 5857

@ Unit cell parameters and their esds were derived by a least-
squares fit to the setting angles of the unresolved Mo Ka com-
ponents of 24 reflections with 26 near 28°. ° Unit cell parameters
and their esds were derived by a least-squares fit to the setting
angles of the unresolved Mo Ka components of 24 reflections with

26 between 25° and 32°.
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The structure was solved by Patterson methods and refined via
standard least-squares and Fourier techniques. The assumption that
the space group.was R3c was confi;med by the successful solution and
refinement of the structure. In a difference Fourier map calculated
following refinement of all non—hydrogen atoﬁs with anisotropic
thermal parameters, peaks corresponding to the expected positions of
most of the hydrogen atoms were found. In addition a set of
moderately large peaks was found near the position of 32 symmetry at
(1/4,1/4,1/4). These peaks were assumed to be due to a highly
disordered partial molecule of pentane., Three positions (CP1ll,
CP12, CP13) were refined with carbon scattering factors, isotropic
thermal parameters and with occupancies constrained to represent
equivalent amounts of electron density for each site. The refinement
of the occupancy converged well to a value of 0.50 for the carbomns in
general positions (CP12 and CP13), and 0.167 for the carbon located
on a crystallographic three—fold axis (CP1ll). Adding the occupancies
and summing to calculate electron density gives approximately 42
electrons per site. Pentane, CsHj,s has 42 electrons per molecule,
including the hydrogen atoms. Thus the results of the refinement are
consistent with one disordered pentane molecule occupying each site,
giving a stoichiometric ratio of one molecule of pentane for every
three iridium dimers, or equally, one-third molecule of pentane per
iridium dimer.

The hydrogen atoms on the pentamethylcyclopentadiene ligand were
fixed during the first cycles of refinement, but were later allowed

to refine. The terminal hydrogen atoms attached to the iridium (Hl
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and HZ) were immediately obvious in difference Fourier maps and
refined well. The bridging hydrogen (H3) and the boron~bound
hydrogen (H4) were léss obvious, so various models were tried before
settling on the final one. Obvious correlation existed between the
placement of atoms on the crystallographic t&o-fold axis and the
refinement of the "pentane'" atoms.

In the final cyclés of refinement the (222) and (021)
reflections were removed from the data set as being adversely
affected by extinction. There was no other evidence of effects of
extinction. Inspection of the final residuals ordered in ranges of
sin /X, Fopges parity, and hkl values showed no unusual features.,

The quantity minimized by the least-squares program was Zw(Fob -

S

F )2, where w is the weight of a given reflection. The p-factor,

calce
used to reduce the weight of intense reflections, was set to 0.02
throughout the refinement. The analytical forms of the scattering
factor tables for the neutral atoms were used, and all non-hydrogen
scattering factors were corrected for both the real and imaginary
components of anomalous dispersion.

The largest peak in the final difference Fourier map had an
electron density of 0.8 e—/Z3. All peaks larger than 0.5 e-/Z3 were
located near iridium atoms except peak 2, near H3.

The final residuals for 190 variables refined against the 1143
data for which F2>30F? were R=2.00%, R,=2.08%, R,j=3.89%, with
GOF=0,897.

Positional and thermal parameters for the refined atoms are

given in Table 2.
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Single Crystal X-ray Diffraction Study.of 9c. Two colorless
single crysﬁals of 9c grown from pentane were mounted on glass fibers
with polyeyanoacrylate cement. Preliminary study and alignment on
the diffracﬁometer closely paralleled the procedures for 2. The
first data crystal was placed on the diffractometer and automatic
peak search and indexing procedures used to yield a triclinic reduced
primitive cell. Data collection proceeded for the hemisphere h<0;
significant decay was noted in the intensity standards as the cell
dimensions gradually changed. After collection of the first .
hemisphere, the second crystal was placed on the diffractometer and
collection proceeded for the hemisphere h>0. The structure was
solved using the data from the first crystal, but the iridium—bound
hydrogen atoms could not be located using those data. The structure
as reported is based on data from the second crystal only, and the
final cell parameters and data collection parameters given in Table 1
are for that crystal. Intensity and orientation standards were
checked as noted above; reorientation was needed twice during data
collection for the second crystal.

The raw intensity data were converted to structure factor
amplitudes as for 2. Inspection of the intensity standards showed a
monotonic, slightly anisotropic decay to 0.70 of the original
intensity (second crystal); the data were corrected for this decay.
An absorption correction based on the measured shape and size of the
crystal and an 8x8x10 Gaussian grid of internal .points was applied to
the data after solution of the structure confirmed the unit cell

contents (T .. = 0.39, T, ;, = 0.301). Removal of a series of badly
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measured data which had been remeasured left 5857 unique data.

The structure was solved by Patterson methods. The assumption
;hat the space group was PI was confirmed By successful solution aﬁd
refinement. Refinement of the data on the first crysfal led to the
location of the hydrogen atoms on the organic ligands but not the
iridium~bound hydrogen atoms.

At this point the data set from the second crystal was reduced
and refinement continued using those data. In a difference Fourier
map calculated following refinement of all ﬁon—hydrogen atoms with
anisotropic thermal parameters, and with all organic hydrogen atoms
included in fixed positibns, peaks corresponding to the expected
positions of the three iridium-bound hydrogen atoms were found as
three of the top four peaks on the map. The three hydrogen atoms
were refined with isotropic thermal parameters, keeping all other
hydrogen atoms fixed in idealized geometries with assigned thermal
parameters 1-2 a2 larger than the equivalent B; , of the carbom to
which they were attached. Refinement converged rapidly and cleanly.

12 was included in the least

A secondary extinction coefficient
squares refinement after inspection of the low-angle high-intensity
data indicated a necessity for such a correction.

Sources of scattering factors, etc. were as given for 2. The p-
factor was set to 0.02,

The largest peak in the final difference Fourier map had an
electron density of 0.87 e—/K3 and was located near the iridium atom.

The final residuals for 284 variables refined against the 4989

‘data for which F2 > 30(F2) were R=1.91%, R =2.41%, R,;1=2.93%, and
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GOF=1.391.
Positional and thermal parameters of the refined atoms are given

in Table 3.



.2
Atom X y z B(A )
IR} £.89833(1) £.42888(1) F.21483(1) 3.486(2)
SN} 8.12538(2) 8.66442(2) £,28823(2) 3.314(4)
cl #.2797(3) #.3554(3) #.1528(3) 44747
c2 g.1664(4) 8.2614(3) g.1254(3) 4.48(7)
Cc3 #.1298¢(4) 8.2485(3) g.2314(3) 5.89(8)
cé #.2298(4) £.3233(3) g.3216(3) 4.98(7)
cS F.3135(3) g.3948(3) g.2732¢(3) 4.63(7)
Cé 8.3633(4) 8.3977(4) g.9782(3) 6.601)
c7 g.19868(5) g.1869(4) .9877(4) 6.8(1)
cs 9.9232(5) 8.14086(3) 8.2416(04) 7.7(1)
(o] #,2257(5) #.3273(4) B.4466(3) 7.8(1)
clg F.434408) g,4828(4) g.3381(4) 7.2(1)
cil -0.9666(3) B8.7447(3) 8.381402) 3.78(6)
ciz2 ~8.194904) 9.6806(3) £.2518(3) 4.82(8)
C13 -8.3164(4) 8.7375(4) g.2516(3) 5.89(9)
cid -8.319704) g.8573(4) 2.384904) 6.18(9)
C15 ~9.1863(4) 9.922443) #.3586(4) 6.6(1)
cis -9.9659(4) g.8664(3) #.3557(3) 5.19(8)
ct7 g.2458(3) 8.7237(3) F.4579(2) 3.71086)
cis g.1978(3) g.6844(3) g.547403) 4.4617)
cti9 B.2696(4) B8.728304) #.6574(3) 5.3709)
cz29 £2.391804) B.7954( ) g,6794(3) 5.58(9)
c21 g,4438(04) g.8359(3) $.5920(3) 5.39(9)
cz2 8.3712¢(4) 8.7994(3) #,4812(3) 4,52(7)
c23 5,2288(3) #.7654(3) 5.1827(2) 3.83(6)
ca24 g.2486(4) g.7876(3) 8.8752(3) 4.93(8)
c2s £.383404) 8.7723(4) 8.8823(3) 6.28(9)
C26 £,3383(4) 9.8983(4) g.0366(3) 6.64(9)
c27 g.319204) #.9573(3) g.1422(3) 6.5(1)
«C29 8.2653(4) #.8915(3) g.2148(3) 4.86(8)
H1 9.855(2) 8.494(3) g.119(3) 5.4(8)*
H2 -§.868(4) #.485(3) g.178(3) 6.1(9)*
H3 5.987(3) §.477¢3) #.317(3) 6.8(9)*

-- Atoms refined with fsotropic thermal parameters.

Anisotropically refined atoms are gliven in the form of the
tsotroplic equivalent thermal parameter defined as:
2 2

(4/3) * [a *B(1,1) + b *B(2,2) + ¢ *B(3,3) + ablcos gammal)*B(1,2)

+ aclcos beta)*8(1,3) ¢+ bel(cos alpha)*B(2,3)])

01T



Results and Discussion

Metathesis of [(C5(CH4)g)Ir]l (u-H)3A (A = PFg or BF,), 1, with
LiBH, yields the novel borohydride dimer [(C5(CH4)g)Ir],H3BH,, 2, as
orange-yellow crystals (Scheme 1). Initial characterization of 2
proved ambiguous, as the compound is quite thermaily sensitive and

difficult to purify. The hydride region of the 1

H NMR spectrum
suggested 2 to be a dimer with two sets of two terminal iridium-bound
hydrogens (6§ -14.2, =17.7), with the lower field set probably coupled
to a non-hydrogen nucleus as the resonance appeared quite broad, and
one hydrogen bridging the iridium atoms (8 -17.5) which was not
coupled to the non—hydrogen nucleus. Variable temperature 1y wMr
experiments demonstrated the low (-80 °C) temperature pattern to be
equivalent to the room temperature pattern, indicating that the
hydride ligand site exchange barrier must be large. Rapid
decomposition of 2 occurred at higher temperatures, thus removing the
possibility of finding the value of the barrier. Surprisingly, the
hydrogen—hydrogen couplings could not be resolved at any temperature,
indicating that the coupling constants must be small.

The first suggestion that the non—~hydrogen nucleus present was
boron resulted from the IR spectrum. In addition to the expected
bands due to the CS(CH3)5 ligands, strong bands were observed at
2430, 2360, 2290, 2115, 2040, and 1155 cm_l. The 2115 and 2040 cm_l
bands clearly result from terminal Ir-H stretching modes, by énalogy
with numerous examples from our lexborat:oz'y.f"""8 The band at 1155

1

cm - we tentatively assign to a mode related to a hydrogen bridging

the iridium atoms, based on the broadness of the peak, comparison
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with the IR spectrum of 3, and literature data.’ The very strong

bands at 2430, 2360, and 2290 en ! appear in a region characteristic

13 and little else,14

of B~H stretching frequencies, strongly
suggesting that 2 is a borohydride adduct. Elemental analysis and
the 113{1n} wMR experiment confirmed this hypothesis, and an
additional resonance (S 5.5) in the 1H{llB} NMR spectrum not visible
in the undecoupled ly NMR spectrum proved that the complex was indeed
an iridium borohydride dimer,

However, certain questions remained unanswered at this point.
The appearance of two resonances in the 1H NMR spectrum (8§ 5.5,
-14.2) for the borohydride hydrogens implied that the different
hydrogens do not rapidly exchange sites, a very uncommon result for
the BH, ligand.l5 The barriers for such exchanges are known to be
low.13’15 Also, the IR spectra of metal-bound borohydride ligands

13 we were unable to relate the IR

have been thought to be diagnostic;
bands for 2  to a particular borohydride bonding type.

Because of the ambiguous characterization of 2 and the strong
probability of our locating the iridium~bound hydrides
crystallographically, we performed a single crystal X-ray diffraction
study. Experimental difficulties and the presence of disordered
molecules of pentane in the crystal lattice lowered the experimental
accuracy, but overall a reasonable model of 2 was obtained and shows
a surprising bonding mode for the borohydride fragment.

Figure 1 depicts an ORTEP drawing of 2. A crystallographic two

fold axis passes through Bl and H3, relating the two halves of the

dimer. Each iridium atom is bound to a terminal hydrogen, and a
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Figure 1. ORTEP drawing of 2 (disordered solvent not shown) viewing

approximately normal to the Ir - Ir bond vector.
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third hydrogen bridges the.metals, in agreement with the above
predictions, Remarkably, the borohydride ligand bridges both metals
as well, a mode well known for carboxylate ligands,16 but virtually
unknown for borohydride. Only one case has been identified and

17,18 in which two

crystallpgraphically characterized previously,
borohydrides each donate three hydrogens to a cobalt dimer. While
the positions of the hydrogen atoms in our model are somewhat
inaccurate due to the nature of the X-ray diffraction experiment and
to thé experimental difficulties, the general atomic locations seem
sufficient for tentative conclusions to be drawn.

As may be seen from Table 4, the bond lengths and angles for the
(C5(CH9) g)Ir fragments of the molecule lie within the expected ranges
for such species; the Ir-Ir distance of 2.823(1) Z clearly indicates
the presence of a metal-metal bond. Bond lengths and angles for the
borohydride fragment, however, present problems in defining the exact
nature of the molecular interactions. While the average Bl-H4
distance (1.18(8) 2) lies well within expected values, the average
B1-H2 distance (1.77(8) K) is very long, much longer than the sum of
the covalent bonding radii (1.27 Z) for these atOms.l9 However, this
value lies well within the sum of the van der Waals contact radii
(ca. 2.8 2)20 for boron and hydrogen, clearly suggestive of some
significant interaction between the atoms. Related to this
observation, the Ir-Bl distance (2.214(6) Z), while on the longer

21

side of the range of iridium-boron bond lengths, indicates a strong

iridium~boron interaction, probably mediated by the presence of the

bridging hydrdgen. This effect has been remarked on previously.15b



Table 4. Selected Bond Distances (A) and Angles (°) for 2:1/3 CsEy 5.

- ATOM 1

IRl
IRL
IRl
IRl
IR1
IRl
IRl
IRt
IR1
IRl
IR
Bl

Bl

ATOM 1

IRl
IRl
IRl
IR
CENT
CENT
CENT
CENT
H1
H1
H1
H2
H3
IRL
IRl
IRl
IRl
B4
IRl
IRl
B2
B2
H2
IRl

(a) CENT is the calculated centroid of the pentamethylcyclopentadienyl ring

ATOM 2

IR1
Hl
H2
H3
Bl
cl
c2
c3
Ch
cS
CENT?
B2
B4

ATOM 2

IR1
IRl
IRl
IRl
IRl
IRl
IRl
IRl
IRl
IRl
IRl
IRl
IR
H3
Bl
Bl
Bl
Bl
Bl
Bl
Bl
Bl
Bl
B2

DISTANCE

2.823(1)
1.47(8)
1.61(8)
1.59(7)
2.214(4)
2.160(7)
2.215(7)
2.259(6)
2.253(7)
2.228(8)
1.869
1.77(8)
1.18(8)

B2
B4
B4
Bl

ANGLE

134.3
89.9(30)
86.1(33)
50 .4(2)

128.8

131.2

121.9

126.9
60.4(39)
84.,2(50)
99.7(30)

106.0(34)
77.5(23)

125.8(57)
79.21(24)

118.8(40)

107.5(40)

118.9(80)
45.9(27)

104.0(30)

145.6(56)
74.6(45)

124.4(49)
81.8(38)
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While other workers have found bond variations between borom
centers and terminal hydrogen atoms and boron ;enters and bridging
hydrogen atoms in transition metal complexes,22 the B1-H2 distance
here is by far the longest reported and nearly eight standard
deviations longer than the Bl-H4 distance. Also, the small H2-Bl-H&4
angle (74.7(4.5)°) and the large H2-Bl-H4 (124(5)°) angle are quite
different from the expected value of 109.5°, Therefore we consider
the "'BH,'" moiety to be strongly distorted from a tetrahedral
geometry (Figure 2), and view 2 conceptually as a complex in which a
hydrogen atom has been nearly transferred from boron to iridium.
Presumably the fact that the borohydride fragment bridges two metal
centers contributes to the distortion as well.

Reaction of a sample of pure 2 with excess LiEtyBH generates

1

(C5(CH3) 5)IrH4[Li(THF), ] (see below) as the major product by “H NMR

spectroscopy. Apparently tge borohydride dimer, while unreactive
towérd excess LiBH,, does react with the more nucleophilic LiEt4BH.

Hyﬁrolysis of a solution of 2, either by reaction with methanol
or by filtration through alumina III, yields the neutral, formally
iridium (IV) polyhydride dimer [(Cg(CH3)g)IrH;l,, 3 (Scheme 2). This
yellow—orange, air—sensitive complex proved much easier to handle and
purify than 2, being less soluble in pentane and more thermally
robust, although it too decomposes on continued heating.

Complex 3 may also be isolated, although in low yield, upon
column chromatographic hydrolysis of the reaction mixture when dimer

1 reacts with two equivalents of LiEtyBH. The major product of this

reaction is (C5(CH3)5)IrH,, 6. In order for amy quantity of 3 to be
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Figure 2. ORTEP drawing of 2 viewing approximately along
the Ir - Ir bond vector. CENT represents the
calculated centroid of the pentamethylcyclo-

pentadienyl ring.
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observed in this reaction, no more than two eﬁuivalents of LiEt3BH
can be used; amounts in excess of this value yield only 6. However,
dimer 3 does not appear to be an intermediate in the production éf 6,
as pure 3 1is unreactive toward LiEt3BH in benzene solution; the dimer
is produced intact upon alumina III hydrolysis of this reaction
mixture.

Dimer 3, in addition to the usual spectroscopic techniques, was
characterized by reaction with P(CH3)3, yielding two equivalents of
(C5(CH3)S)Ir(P(CH3)3)H2.8 This reaction proved surprisingly slow at
ambient temperature, suggesting a fairly large barrier to
nucleophilic attack by phosphine for this system.

Variable temperature lH NMR and IR spectroscopies indicate that
the dimer probably adopts a structure with four terminal iridium-
bound hydrogens and two hydrogens bridging the metals. The solid
state IR spectrum shows, in addition to the stretches due to the
CS(CH3)5 ligand, bands at 2120, 1190, and 1120 cm~!. The 2120 cm!
band should be assigned to a terminal iridium-—hydride stretching
mode. Tentatively, we assign the lower frequency bands to modes
related to hydrogen atoms bridging the metals based on the broadness
of the peaks and by analogy to previous work]

Clearer characterization resulted from the variable temperature
ly ¥Mr experiment. At room temperature, only one resonance (& -14.8)
appears in the ly R spectrum in the upfield hydride region,
indicating rapid site exchange. Upon cooling to -8 °C, the
resonance broadens into the baseline, while the CS(CH3)5 resonance

remains unaffected. At -120 °C, with a field strength of 500 MHz,



two new resonances éppear, a broad downfield singlet ‘( § =10.7) and a
broad upfield singlet (8§ -17.1). Presumably, the hydrogens couple to
some extent, but the broadness of each resonance (ca. 35 Hz at half
height) removes the possibility of resolving this coupling. The
relative peak areas are 30:2:4 with the CS(CH3)5 peak the largest,
suggesting that the downfield resomnance corresponds to one type of
iridium—bound hydrogen, and the upfield resonance toc another type.
Based upon van der Waals radili arguments and literature dat:a,23 we
believe that the larger, upfield resonance corresponds to four
terminal ly-bound hydrogens, and the smaller, downfield resonance to
two hydrogens bridging the two metals. Line shape analysis of the
variable temperature 14 NMR data (see Appendix, Chapter 1), assuming
that equivalence of the hydrogen atoms obtains as the atoms move from
terminal to bridging‘ to terminal positions, that no more than three
hydrogen atoms bridge the metal centers at any one time, and that at
no time does an iridium have more than two terminal hydrogen ligands,
for a total of eight exchange permutations, allows c;lculation of the
activation parameters AH™ = 7.35(7) kcal, AST = 0.2(0.3) e.u., Kogg
(extrapolated) = 3.6(6) x 10° s_l, and AG5§98 = 7.26(3) kcal. The
smallness of this value of 4G is in keeping with the difficulty in
reaching a static limit.

Reaction of 1-PF¢ or 1-BF, with the more nucleophilic
trialkylborohydride reducing agent LiEt4BH yields a dark solution
from which the lithium salt of a trihydride anionm,
(CS(CH3)5)IrH3[Li(THF)x], 5, can be isolated as a strongly THF-

solvated material (Scheme 1). The deep red-orange complex, while
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impossible to purify, proved reasonabiy soluble in hydrocarbon
solvents due to the presence of THF. The presence of
pentamethyldiethylénetriamine, pmdeta, in the reaction mixture leads
to (C5(CH3) g)IrHg[Li(pmdeta)], 8, in impure form and mediocre yield,
due in part to the formation and persistence of an unknown
pmdeta/triethylborohydride adduct. Both 8 and 5 react with PhySnBr
to give (C5(CH3)5)IrH4SnPhy, in fair yield.

Spectral characterization of 5 took the form of comparison with
the well-characterized salt (Cg(CH3)g)IrH3[Li(pmdeta)], 8, formed by
treatment of (C5(CH3)g)IrH,, 6, with t-Buli and pmdeta (see below);
we are quite certain of the formulation of 5 based on these
compérisons. The 1H and 130{;H} NMR experiments provided the most
telling comparisons, so we shall discuss the spectra of both
compounds here.

In the 1H NMR spectrum of 8, in addition to the resonances due
to sequestering ligand, resonances due to the CS(CH3)5 ligand
(8 2.,52) and the iridium—-bound hydrogen atoms (8§ -19.2) appear as
broad singlets. Of note is the significant downfield shift of the
C5(CH3)5 resonance from that of its neutral precursor (Cg(CHg)g)IrH,
6 (8§ 1.99). 1In addition, the hydride resonance shifts upfield npearly
four ppm from that in 6 (§ -15.4). In fact, the resonances for 8 are
each well shifted from any of the neutral polyhydride complexes we
have characterized containing the (C5(CH3)5)Ir fragment, whether
monomeric or dimeric. We suggest this result indicates the presence
of a very elecfron-rich (basicj metal center in 8 (cf.
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(C5(CH3) 5)IT(P(CH4)3) o HBF,, (Chapter 2) 'H NMR: §2.09 (CsMeg); -17.8
(Ir-H)). For complex 5, the corresponding resomances occur at & 2.18
and -19.2 respectively, predicting that complexes 5 and 8 are similar
in structure and metal basicity.

A similar, and possibly more indicative, result arises from the
l3C{1H} NMR spectra of 5 and 8. For 8, the C5(CH3)5 ring carbon
resonance appears at &§ 85,0, a full 11.5 ppm shift upfield from that
of tetrahydride 6, and the only previous example in our experience
(Chapters 1-3 and Refs. 6a and 8) with these compounds of this
resonance lying upfield of § 90. For 5, the corresponding resonance
appears at & 87.4, strongly suggesting that 5 is a salt of the
trihydride anion. The IR spectra of both complexes are comsistent
with this assignment as well; the band corresponding to the iridium-
terminal hydrogen stretch (2019 cm'l) shifts strongly to lower
frequency compéred to that for tetrahydride 6, a result noted
previously.zl”25

Compound 5, like its analogues 7 and 8, will scavenge a proton
from a number of sources to yield tetrahydride 6, a formal oxidation
of an iridium (III) species to an iridium (V) species (Scheme 1). It
is clear that in the original preparation of 6, anion 5 was formed in
the reaction mixture and converted to 6 when the reaction mixture
was filtered through a short column of alumina (III). This explains
a previously puzzling result: when we attempted to isolate 6 by
merely evaporating the solvent from the reaction mixture and

subliming the residue, no product ever appeared.



Tetrahydfide 6 reacts with t-Buli, either with or without the
sequestering agent pmdeta, to cleanly generate the énionic trihydride
complexes (Cs(CH3)5)IrH3Li, 7, jand (CS(CH3)5)IrH3[Li(pmdeta)], 8, in
good yield and analytical purity (Scheme 3). Compound 7 is a
somewhat pyrophoric white salt, completely insoluble in inert
solvents at ambient temperature, although the isolation of 5
indicates that 7 might be stable in THF solution; so far, our
attempts at dissolution have proved unsuccessful.

Complex 8 has the'advantage of far greater solubility than 7,
and shows no tendency to burn in air. The yellow;white salt
decomposes instantly in air to black material, but may be easily
handled under an inert atmosphere. Determination of the molecular
weight indicates that the complex is monomeric in solution at ambient
temperature, presumably due to the sequestering of the lithium cation
by pmdeta. The salt dissolves easily in toluene, benzene and hexane
at ambient temperature without decomposition or loss of the
sequestering agent, allowing homogeneous quenching with stannylating
and silylating agents to give new iridium (V) complexes.

Quenéﬁing anion 8 (or 7) with PhySnBr allows the isolatiom of
the stable iridium (V) trihydride (C5(CH3)¢)IrH;SnPhg, 9c (Scheme 4).
The compound decomposes upon heating to 150 °C in the solid state,
and seems to be air stable both as a solid and in solution. The lH
NMR spectrum of 9c shows dynamic behavior over the temperature range
-65 to 80 °C, allowing the prediction of the molecular structure in
solution, At 8 °C, the resonance resulting from the iridium=-bound

hydrogens (8 ~15.7) appears as a sharp singlet, with satellite peaks
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119Sn, abundance

due to the presence of tin (117Sn, abundance 7.61%;
8.58%; for both isotopes, s=1/2), although the two sets of satellites
are unresolved. Near room temperature, the hydride resonance
broadens to near the baseline, with the tin satellites no longer
visible. Decoalescence of the signal occurs at —10 °C; upon cooling
to -65 °C, two resonances appear, a downfield doublet (& -15.4)
integrating as two hydrogens, and an upfield triplet (& =15.6)
integrating as one hydrogen. The equivalence of the coupling
constants demonstrates that the two sets of hydrogens couple to each
other. Although the tin satellites could not be resolved, the most
reasonable structure consistent with the data is the "four-legged
piano stool", with the SnPhj ligand occupying one "leg" site and the
hydrogen atoms the other three, giving one hydrogen trans to the tin
atom and two hydrogens cis. Such a structure has been predicted

6

previously for (CS(CH3)5)OS(CO)H3,2 and observed

crystallographically for (CS(CH3)4(C2H5))Ru(CO)Br3.27

Line shape analysis of the variable temperature 1y NMR data
(Figures 3 and 4), using two exchange permutations (representing each
of the cis hydrogens exchanging with the trans hydrogen, but not with
each other), yielded activation parameters AHT = 10.6(5) kcal, AST =
-10.3(1.9) e.u., kygg (extrapolated) = 297(15) s-l, and AG§98 =
13.69(3) kcal. The large negative entropy of activation seems to
correlate with the steric bulk of the non-hydrogen ligand (see
below). |

In order to test the "piano-stool” hypothesis, we performed a

single crystal X-ray diffraction study of 9c. Experimental data are



g
SR
-

-
-

4 . \
-

x

\J
v » O N
Bx O x

Figure 3. Experimental and calculated lH NMR spectra (300 MHz) for 9c at various

temperatures. The region shown is that between &§ -14 and -17.3.

8CT



LNU(KxH)/ (KBXT))

-22.0
)

-23.0
i

CP» IRH3SNPH3

-24.0
1

-27.0
L

4

-28.0

3.4 3.8 ' V42

3.0
1000/T (KELVIN)

Figure 4. Eyring plot (from ACTPAR) for 9c.

5.0

129



130
giveh in Table l;van ORTEP view of the mblecule appears in Figure 5.

The solid state result confirms the interpretation of the ly R
data. The molecule adopts a nearly perfect piano stool configurétion
(given the difference in bonding radii between tin and hydrogen),
minimizing steric contacts between the CS(CHB)S ring and the ligands.
In general, the bond lengths and angles lie in the éxpected ranges
(Table 5); within experimental error, the Ir, Sn, and H2 atoms and
the Cp centroid lie in a molecular (not crystallographic) pseudo
mirror plane. Interestingly, a real variation in bond distances from
the iridium atom to the C5(CH3)g ring carbon atoms exists; this
effect may be interpreted as either a ring slippage toward the tin
atom, or a ring tilt away from the tin atcm.

The use of Me3SiO3SCF3 or Me3SnCl as quenching agents for 8
yields the new complexes (C5(CH3)5)IrH3SiMes, 9a, and
(CS(CH3)5)IrH3SnMe3, 9b, as white, crystalline solids which may be
sublimed from the reaction mixture. Variable temperature ly wr
experiments indicate that 9a and 9b adopt molecular structures
isomorphous to that of 9¢; in both cases the low temperature pattern
appears as a doublet integrating as two hydrogens and a triplet
integrating as one hydrogen. Interestingly, for these complexes the
more upfield resonance is the doublet, whereas for 9c the more
upfield resonance is the triplet. For 9a, line shape analysis as
described above for 9¢ yields AHT = 13.9(6) kecal, AS# = 8.6(2.4)

e, kygg (extrapolated) = 1.5(4) x 10% s™1, and 4G5 gg = 11.35(14)
kcal, while for 9b, AR* = 10.7(2) keal, 85% = -6,0(1.0) e.u., Kygg

(extrapolated) = 2.2(3) x 103 s-].', and AG§98 = 12.,48(9) kcal. We
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Table 5. Selected Bond Distances (g) and Angles (°) for 9c.

ATOM 1 ATOM 2 DISTANCE
IR SN1 2.588(1)

IR1 H1 1.50(3)

IRl B2 1.47(3)

IR1 H3 1.61(3)

IRl cl 2.248(3)

IRl c2 2.213(3)

IRl c3 2,216(3)

IRl Ch 2.251(3)

Ir1 c5 2.278(3)

IRl cp1? 1.890

SN1 c1l 2.154(3)

SN1 c17 2.166(2)

SN1 c23 2.165(3)
ATOM 1 ATOM 2 ATOM 3 ANGLE

crl IRl SN1 128.94 .
crl IRl H1 126.6

cprl IRl ' 2 128.5

Cr1 IR1 E3 122.9

SN1 IR1 HI1 68.9(11)
SN1 IRl H2 102.5(12)
SN1 IRl H3 65.8(11)
Hl : IRL H2 69.7(15)
Hl IR B3 110.4(15)
H2 IRl H3 71.9(16)
IR1 SN1 Cl1 113.80(7)
IRl SNl c17 113.86(7)
IRl SN1 €23 114.57(7)
cl11 SN1 cl7 103.79(10)
cl1 SN1 » c23 104.28(9)
C17 SN1 €23 105.41(10)

(a) CPl is the calculated centroid of the pentamethylcyclopentadienyl ring



note the general decrease in AsT and the resulting increase in 26T as
the presumed steric bulk of the silyl/stannyl group increases from
SiMes through SnMes to SnPh3. Further confirmation of this effect is
provided by the even less sterically hindered2® complex

(Cs(CHg) g)Ir(P(CH;)3)HBF, (Chapter 1), for which AST = 3.7(1.6) e.u.
and 46%gg= 10.84(8) keal.

As this synthetic method had worked so well for preparing
iridium-main group metal dimers, we attempted to prepare an iridium-
transition metal dimer., Upon reaction with one equivalent of
Cp,ZrCl,, the heteronuclear dimer (CS(CH3)5)IrH3((Cp2)ZrC1) may be
isolated in good yield from the reaction mixture as a crystalline
orange solid. This material 1s rather air-semsitive, and
surprisingly thermally unstable as well. Dimer 10 decomposes
completely to (CS(CH3)5)IrH4 and an unknown complex containing the
CpyZr fragment in benzene soiution over a few days at room
temperature, in contrast to 9a, 9b, and 9c, which appear indefinitely
stable under similar conditions. The complex appears to be stable in
the solid state for longer periods, however.

The structure of 10 is of interest, particularly in light of
recent work by Caulton and coworkers.29 Unfortunately, we have not
yet been successful in growing crystals suitable for X-ray
diffraction studies. Low temperature 1y NMR studies indicate that
complex 10 probably adopts a different structure than the
electronically anélégous CpZZrC1(u-H)3Os(PR3)3.29 At ambient
temperature, one sharp upfield signal appears in the 1y nMRr spectrum,

but at -120 °C, the signal splits into a broad downfield resonance
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(8 =12.46) integ:ating as two hydrogens, and a broad upfield
resonance (¢ —16.92) integrating as omne hydrbgen. These are only
slightly above the baseline at this temperatﬁre and field stfength,
indicating a coalescence temperature of approximately -100 °C
" (173 K), and therefore a free emergy at this temperature AGT73~ 8
kcal. This value, and the difficulty in obtaining it, are
reminiscent of those for dimer 3, suggesting that the exchange
process probably interconverts bridging and terminal hydride iigands.
Throughout the temperature region studied, the resonances

ly NMR spectrum remain

appearing in the downfield alkyl region of the
singlets, indicating in particular that the cyclopentadienyl rings of
the zirconium fragment are equivalent on the NMR time scale.
However, this does not necessarily require that these rings be
equivalent at the true (i.e. solid state) static limit. We cannot
determine whether one or two hydrogens bridge at the NMR static
limit, or whether perhaps the chlorine ligand occupies a bridging
site; the only provable statement is that there are clearly different
types of hydride ligands, in comtrast to Cp,ZrCl(u-H);0s(PR3)1.

Structures consistent with the available data are given in Figure 6;

only a diffraction study will answer all the structural questions.

Conclusion

On the basis of the results outlined in this paper, we propose
that the conversion of [(CS(CH3)5)Ir]2(u—H)3+ (1) to two equivalents
of (C5(CH3)5)IrH4 (6) upon reaction with excess LiEt4BH dccurs
according to the mechanism outlined in Scheme l. Specific features

of this hypothesis follow.



Figure 6. Possible structures for complex 10
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Upon reaction of 1 with the first equivalent of borohydride
reducing agent (LiBH, or LiEt4BH), the neutral, dimeric borohydride
complex 2 ig‘produced; When LiBH, (R = H; Scheme 1) acts as the
reducing agent, dimer 2 1s unreactive toward further attack by LiBH,
(it will react further with LiEt3BH, however). In this instance, the
BH, fragment "swings around" and coordinates to both iridium centers,
giving the isolated complex studied by X-ray diffraction., When
LiEt3BH (R = Et, Scheme 1) acts as the reducing agent, the
borohydride fragment probably does not bridge both metals in the
neutral complex 2, since it is unlikely that the ethyl group can form
such a bridge. Instead, the triethyl borohydride anion either fully
transfers its hydride to the iridium dimer, yielding transient
[(CS(CH3)5)IrH2]2 and free triethylborane, or possibly a complex is
formed with a hydrogen bridging the iridium and boron centers and the
ethyl groups uncoordinated. In any event, with either borohydride
reducing agent, a neutral iridium dimer with at least four
coordinated hydrogen atoms is formed.

Hydrolysis of the reaction mixture at this point (R = H, Et) by
treatment with methanol or chromatography through alumina III
generates the polyhydride dimer 3, presumably by oxidation of the
boron center to B(OH)3 or B(OCH3)3 (Scheme 2). This dimer represents
a dead end in the reaction; 6 cannot be generated by reaction of 3
with LiEt3BH. |

Further reduction of 2 occurs when LiEt3BH acts as the reducing
agent (assuming that excess LiEt3BH is used), presumably yielding the

anionic dimer shown in the Scheme. The BEty fragments do not
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necessarily coordinate as shown; however, no a éiioii reason éxists
why they should not, and the ﬁ:esence of boron in 2 and of boron-
containing impurities in isolated 5 suggests that "BEt3" species are
not simply imnert.

At this point, a third equivalent of Liﬁt3BH splits the anionic
dimer into two equivalents (based on 1) of monomeric
(CS(CH3)5)IrH3[Li(THF)X], 5, which we isolated and characterized.
This step of the process represents the last in which LiEt3BH takes
part; thus the formation of 5 from 1 requires three equivalents of
hydride. Experiencg has shown, however, that somewhat more reducing
agent results in higher yields of tetrahydride 6, probably due to the
increased bimolecular reaction rate brought on by larger reactant
concentration.

Oxidation of 5 to (C5(CH3)g)IrH,, 6, then, occurs not in the
reaction vessel, but in the purification procedure. When the
reaction mixture is poured through alumina III, impurities and excess
LiEt3BH are removed; the anionic i;idium (I11) trihydride monomer 5
is protonated by surface water leading to the neutral iridium (V)
tetrahydride 6. Therefore 6 cannot be isolated from the unhydrolyzed
reaction mixture,

The mechanism in Scheme 1 is very similar to that illustrated in
Scheme 1 in Chapter 1. In fact, the molecules in each Scheme are
isomorphous, with the substitution of H™ for P(CH3)3. Thus the
vunisolablé monophosphine dimer cation [(CS(CH3)5)Ir]Z(P(CH3)3)H3+'
maps onto borohydride dimer [(CS(CH3)5)Ir]2H3(BH4), 2; the |

bisphosphine dimer catiQn [(CS(CH3)5)Ir(P(CH3)3)(H)]2(1J-H)+ maps.onto
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the proposed anionic dimer [(CS(CH3)5)Ir12H5~, and
(CS(CH3)5)Ir(P(CH3)3)H2 maps onto [(Cs(CH3)5)IrH3]_, 5. Protonation
of each of the latter leads to the iridium (V) complexes
(CS(CH3)5)Ir(P(CH3)3)H3+ and (Cg(CH3)g)IrH,, 6, completing the
analogy. |

We consider this work to be a particularly detailed study of a
hydride-induced reaction which, overall, results in formal oxidation
of the metal center.’ Workers in the field know that hydrolysis is
often a necessary step after borohydride reduction, and that
protonation of hydride anions yields polyhydride complexes in which
formal oxidation has occurred at the metal center, but this seems to
be the first demonstration of the combination of the two concepts in
a reaction mechanism.30 As workers often report hydrolysis or column
chromatography of reactiom mixtures to destroy the hydridic reducing
agent, the potential exists that processes such as described here are
general features of polyhydride oxidation chemistry.

Similar potential exists for the formal substitution of hydride
anion for phosphine ligands to lead to future chemistry. For
example, the stability of the well-studied Reng- dianion c0mp1ex31
might have been expected based on the many complexes of the general
form ReH7(PR3)9, and in fact the formal hydride/phosphine
substitution has been applied to this_rhenium system.32 Similarly,
applying this substitution to the series FeHz(PR3)433 predicts the

stability of FeH64-

» an example of which has been described.3% We
hope that future work in this area will help to develop (or negate)

the reasonableness of this phosphine/hydride analogy; one interesting
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series éf compléxes which would provide evidence for the hypothesis
is the WHg X~ group; based on the known WH6(PR3)x series.3?

.Clearly, the use of LiEt3BH is important in the reaction; the
nucleophilicity of this reagent must play a role in the formation of
5 (and therefore 6) from 1, since different fesults obtain when LiBH,
is used. Possibly the inability of the Et3BH- moiety to form stable
bridging networks amalogous to those of BH4- is a factor as well;
however, as 2 reacts with LiEt3BH to generate 5, this factor is of
only slight importance., Other worker336 have commented upon cleaner
reactions and higher yields of polyhydrides using LiEt3BH; thus the
difference observed here appears to be general.

Of importance to the development of iridium (V) chemistry is the
synthesis of complexes 9a, 9b, and 9c¢ by the method described. Green
and coworkerszz*’25 first employed alkyllithium reagents to
deprotonate organometallic polyhydrides, and were able to prepare
numerous interesting alkyl, aryl, and acyl hydrides from the anionic
species; however, this method has not until now enjoyed widespread
use. We have not yet prepared an iridium (V) alkyl hydride, but the
syntheses of %a, 9b, and 9c give hope that such complexes may be
isolable. In any event, the work described herein may lead to a
general route for the preparation of heteronuclear organometallic
polyhydride dimers, including the important early-to—late transition
metal complexes.

As noted in Chapter 1, few activation parameter data exist
regarding hydride site exchange in organometallic polyhydride

37

species, particularly when the populations of the sites are



uﬁequal. For the iridium (V) complexes described, apparently a
correlation existsvbetween the values of AS* (and since the.
enthalpies of activation are similar, of AG#) and the steric bulk of
the non-hydrogen ligand. The results show that when the ligand is
bulky, a strong increase in molecular orderiﬁg occurs as the

"see" the

transition state is approached; the hydrogen ligands
substituents attached tc the silicon or tin as they exchange with one

another. How the increase in ordering is actually manifested is

unclear; we hope future studies will address this question.
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Chapter 5. NMR Spectra of (C5(CH3)g)IrH,SiMejli(pmdeta) and
(CS(CH3)5)IrH3Li(pmdeta): The First Direct Observation of Resolved

71i-18 coupling.



Introduction.

Observation of scalar spin-spin coupling between 7Li and 13¢ in
the nuclear magnetic resonance spectra of these nuclei has been
critical in determining degiees of oligomerisation for organolithium

1

species in solution.” Recently, coupling between "Li and.3lP was

reported for a series of phosphido—lithium dimers [LiPRz]Z, R = th,
CH(SiMe3)23. Surprisingly, however, coupling between "1i and lum
nuclei has not been resolved in simple alkyl=- and aryl lithium
complexes, although labeling and decoupling experiments strongly

suggest such couplings exist.?»d

ly spin-spin

We report the observation of significant Tpi-
coupling between the hydrogen and lithium ligands in the complexes
(CS(CH3)5)IrHZSiMe3Li(pmdeta), 1 (pmdeta =
pentamethyldiethylenetriamine), and (CS(CH3)5)IrH3Li(pmdeta), 2, as

well as temperature dependence studies which bear upon the novelty of

these results.
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Experimental.

General. Experimental and characterizaﬁion methods were
described in Chapter 1. 7Li and 111{7L:i.} NMR spectra were c;btained on
thé 300 MHz instrument at the ﬁCB NMR facility, anci are reported as
ppu downfield of TMS (lH) and LiCl in MeoH (’Li).

(C5(CH4) 5)IrH,SiMesLi(pmdeta), (1). Addition of t-BuLi (0.210
mmol) to a solution of (CS(CH3)5)IrH3SiMe3 (Chapter 4) (81 mg, 0.20
mmol) and pmdeta (36 mg, 0.21 mmol) in 1 mL hexane at =40 °C led to
precipitation of yeliow—white solid. The reaction mixture was
maintained at this temperature for 24 h. The microcrystals were then
filtered, washed with cold hexane and dried to give pure white 1 (37
mg, 0.063 mmol, 30%). Removal of solvent from the mother liquor and
recrystallization of the residue from hexane gave an additional 30%
of pure material. LH NMR (CgDg, 20 °C, 300 MHz): & 2.34 (s, 15H,
CSMeS); 2.04 (s, 3H, internal amine methyl);- 1.98 (s, 12H, terminal
amine methyl); 1.7 (br, 8H, amine methylenes); 0.81 (s, 9H, SiMe3);
-20.15 (1:1:1:1 quartet, Jy;y = 8.4 Hz, 2H, Ir-H). la(71i} wur (CgDg>
20 °C, 300 MHz, hydride resonance only): ¢-20.15 (s, 2H, Ir-H). T1i
NMR (C¢Dg, 20 °C, 116 MHz): & 3.2 (t, Jp ;g = 8.4 Hz). ’Li{lH} NMR
(CgDg» 20 °C, 116 MHz): & 3.2 (s). 13c{lu} mMr (¢¢D4, 20 °c, 75
MHz): & 88.6 (s, QSMeS); 58.3, 57.0, 46.0, 43.2 (all br s, pmdeta);
12.5 (s, CsMes); 11.7 (s, SiMes). IR (CgDg): vy _y 2069 cm ! (very
br). Anal. Caled fqr C20H50N3LiSiIr: C? 45.26; H, 8.63; N, 7.20.

Found: C, 44.88; H, 8.37; N, 7.20.



(CS(CH3)S)IrH3Li(pmdeta), (2). The synthesis and
characterization of this complex was reported in Chapter 4. 1y nMr
(toluene-dg, ~20 °C, 300 MHz, hydride resonance only): <S>—19.27
(1:1:1:1 quartet, Jy ;_p = 6.4 Hz; 3H, Ir-H). 1y(71i} NMR (toluene-
dg, -20 °C, 300 MHz, hydride resonance only): ¢ -19.27 (s, 3H, Ir-H).
7Li NMR (toluene-dg, =20 °C, 116 MHz): § 5.0 (q, Jp;_y = 6.4 Hz).

7Li{'H} NMR (toluene-dg, =20 °C, 116 MHz): 6 5.0 (s).
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Results and Discussion.

As a tesﬁ of the generality of the deprotonation of
(pentamethylcyclopentadienyl)iiidium'polyhydride compounds by
t—Buli/pmdeta (Chapter 4), we treated a mixture of
(C5(CH4) g)IrHySiMes and pmdeta with t-Buli in a minimum amount of
n-hexane at -40 °C. The pale yellow solution deposited white
microcrystals over 24 h, and ultimately we isolated the desired salt
1 in 607 yield. The material is surprisingly soluble in non~-polar
solvents such as hexane, probably due to the "greasy" SiMe, and
pmdeta ligands.

The 1H NMR spectrum of a sufficiently dilute (ca. 0.01 M)
solution of pure 1 shows an upfield resonance ( § =20.15) due to the
iridium-bound hydrides, which appears as a 1l:1:1:1 quartet (J = 8.4
Hz), with the outermost peaks slightly reduced in intensity due to
the significant linewidth (fwhh ~ 6-7 Hz) (Figure 1, 20 °C
spectrum). The structure of the resonance proved to be independent
of magnetic field strength over the range 200 ~ 500 MHz. Suspecting
that this feature was due to ‘Li - 1 spin-spin coupling (7Li has s =
3/2, 92.6% %bundance), we performed a ly(7Li} nMR ekperiment. Upon
broadband decoupling of the TLi frequency, the quartet collapsed to a

"Li-1m coupling. No apparent difference

singlet, indicating loss of

between the downfield alkyl regions of the two spectra were noted.
Further confirmation of this coupling résolution resulted from

the 7Li'spectrum. This showed a broad triplet resonance (6 3.2, J =

8.4 Hz), which collapsed to a broad singlet (fwhh ~ 8~9 Hz) upon

broadband irradiation of the proton frequency.
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N
60 °C

20 °C

_60 oC

Figure 1. Experimental lH NMR spectra (300 MHz) of the
hydride resonance.(§ -20.15) for complex 1 at

various temperatures.
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During these experiments we noted that the ability to resolve
the 7Li-lﬁ coupling variedeith temperature; In fact, resolution of
the coupling for 1 is restricted to the temperature réngé —40 to
+40 °C; outside this window the lines are broadened to the point
where the quartet structure is lost (Figure 1).

Given this interesting result, we carefully reinvestigated the
g nMr spectrum of (CS(CH3)5)IrH3Li(pmdeta) (2, Chapter 4), and found
a similar window., Splitting of the hydride resonance could only be
observed between -10 and ~40 °C. fhe most well-resolved spectrum
occurred at -20 °C, and showed essentially the same features as those
for complex 1. The coupling constant proved to be somewhat smaller
for this compound than for 1, and as the proper window covers a
smaller temperature range, we were not surprised this feature had not
been observed previously,

These results conclusively demonstrate the resolution of scalar
spin-spin "ri-lu coupling, with a coupling constant quite large
compared to those observed in organic systems.

Although we do not know how many careful searches have been made
for 'Li-lH coupling in other systems, complexes 1 and 2 appear at
present to be unique. We suggest the following reasons for this
situation:

(1) We believe that both complexes are monomeric in solution.
Because -the proton resonance appears as a quartet, and not some more
complex pattern, the hydride ligands must "see'" only one lithium atom
on the NMR time scale; Also, a Signer moieqular weight determination

on (CS(CH3)5)IrH3Li(pmdeta) indicated it to be monomeric in benzene
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sblution (Chapter 4). We presumé this is due to thé known ability of
pmdeta to occupy three of four lithium coordination sites;6

(2) The ability to resolve the coupling seems.quite sensitive
to the concentration of 1. As noted, the results described apply to
0.01 M solutioms., While we have not explored this phenomenon in
detail, at concentrations approaching 0.02 M, the hydride resonances
broaden to doublet-1like patterns with "fattening" of the peaks at the
wings, and at concentrations > 0.05 M, the peaks appear as broad
singlets.

(3) The couplings are large enough that the inherent linewidth
plus the quadrupolar broadening due to 6Li and 'Li cannot obscure the
fine structure. Even though the T1i resonances, for example, are 6-9
Hz wide at half height, the total wing separation of 16 Hz for 1 and
18 Hz for 2 are easily large enough to overcome the broadening and
show the appropriate multiplet pattern.

(4) The ability to resolve the coupling is clearly temperature
dependent. We cannot at this point determine whether the temperature
windows observed are due to changes in viscosity of the solvent,
changes in the molecular correlation time,7 différences in rates of
intra- or intermolecular ligand exchange, combinations of these
factors or some completely different phenomenon. However, we believe
that the paucity of variable temperature studies on organclithium
complexes may be pa;tiy responsible for the novelty of our results.

We have attempted to prepare the phosphiﬁe—substituted analogue
of complex 1 by deprotonation of (C5(CH4) g)Ix(P(CH3) 3)(S1(CH4) ) (H) |

(Chapter 1). Possibly due to steric constraints, no reactiom occurs
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between this substrate and either n-BulLi, n-BulLi/pmdeta, t-BuLi, or
t-BuLi/pmdeta. Upon reaction of the hydrido(silyl)iridium complex

with n-BuLi/t—BuOK,8

a yellow solid deposits from the reaction
mixture; however, characterization and derivatization experiments
lead to the conclusion'that the solid is paramagnetic and nat the
desired salt (C5(CH3)5)Ir(P(CH3)3)(Si(CH3)4)K.

In conclusion, we have observed the first examples of lithium—
proton spin-spin coupling in two transition-metal lithium complexes.

Attempts to understand the results on structural and chemical bases

are continuing.
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