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Insertion of CS, into one of the Ir=H bonds of [Ir(H)s(PCys),] takes place to afford the dihydrido dithioformate
complex cis-[Ir(H)2(r72-S,CH)(PCys).] accompanied by the elimination of H,. Protonation of the dithioformate complex
using HBF4-Et,0 gives cis{Ir(H)(;7%-H,)(*S,CH)(PCys),][BF4] wherein the H atom undergoes site exchange between
the dihydrogen and the hydride ligands. The dynamics was found to be so extremely rapid with respect to the
NMR time scale that the barrier to exchange could not be measured. Partial deuteration of the hydride ligands
resulted in a J(H,D) of 6.5 and 7.7 Hz for the H,D and the HD, isotopomers of cis-[Ir(H)(17%-H2)(;72-S,CH)(PCys),]-
[BF4], respectively. The H—H distance (dyy) for this complex has been calculated to be 1.05 A, which can be
categorized under the class of elongated dihydrogen complexes. The cis-[Ir(H)(17%-Hz)(17%-S,CH)(PCys)2][BF.] complex
undergoes substitution of the bound H, moiety with CH;CN and CO resulting in new hydride derivatives, cis-[Ir(H)-
(L)(9%-S,CH)(PCysa),][BF4] (L = CH3CN, CO). Reaction of cis-[Ir(H),(172-S,CH)(PCya),] with electrophilic reagents
such as MeOTf and Me;SiOTf afforded a new hydride aquo complex cis-[Ir(H)(H20)(1>S,CH)(PCys),][OTf] via the
elimination of CH4 and Me3SiH, respectively, followed by the binding of a water molecule (present in trace quantities
in the solvent) to the iridium center. The X-ray crystal structures of cis-[Ir(H)x(7%-S,CH)(PCys),] and cis-[Ir(H)-
(H20)(1%S,CH)(PCys3),][OTf] have been determined.
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studied®®’ The factors that determine the structure and (C¢De): & 14.1-38.5 (M, PCsH11)3), 231.5 (S, 2-S,CH)). H NMR
dynamics of these types of molecules are subtle and not(CD:Cl2): 6 —22.24 (t, 2H, Ir-H, J(H,P)= 17.0 Hz), 1.2+2.03

clearly understood.
We have been interested in realiziog-dihydride com-

plexes wherein the hydride ligands are related by a mirror
plane and study the protonation of such complexes in an
effort to understand the factors that determine their structures

(m, 66H, P(GH11)3), 13.48 (br s, 1H,#>S,CH)). 3'P{*H} NMR
(CD2C|2): 0276 (S,P(C6H11)3).

Protonation Reaction of [Ir(H) »(#?-S,CH)(PCys),] 1 Using
HBF4Et,0. A5 mm NMR tube charged withis-[Ir(H) 2(17?>-S,CH)-
(PCy)2] (15 mg) was evacuated and filled with lh three cycles.
The dihydride complex was then dissolved in &) (0.6 mL),

and dynamics. During the course of our studies on the _. . (o this solution was added HBELO (5 equiv, 124L). The

insertion reactions of heterocumulenes such as, @3,
and COS into M-H bonds? we found that Cginserts into
one of the Ir-H bonds of [Ir(H}(PCw),]” to afford a
dihydrido dithioformate derivativecis-[Ir(H) 2(7?>-S,CH)-
(PCys)7] (1). The two hydride ligands in this complex are in
cis conformation. The protonation df using HBR-Et,O
resulted in thecis-[Ir(H)(72-Hy)(7%-S,CH)(PCy)][BF 4] (2)
derivative, which shows rapid dynamics for the H atom site

exchange between the dihydrogen and the hydride ligands.
In this paper, we report these studies along with the reactivity

of 1 with certain electrophilic reagents.

Experimental Section

General ProceduresAll reactions were carried out under @ N
or Ar atmosphere at room temperature using standard Sétdenk

IH and3!P NMR spectra revealed the complete conversion of the
dihydride into the cis-[Ir(H)(7?-H)(7?-S;CH)(PCw).l[BF 4] (2)
complex (excess acid is not required for the complete conversion
of 1 to 2; even with 1 equiv of acid, complete conversion can be
achieved).!H NMR (CD.Cly, rt (room temperature))d —11.63

(br t (br s in thelH{31P} NMR), 3H, Ir—Hs, J(H3,P) = 5.9 Hz),
1.36-2.08 (m, 66H, P(gH11)3), 13.38 (br s, 1H, #?-S,CH)).
S1IP{1H} NMR (CD.Cly, rt): 6 18.4 (s,P(CeH11)3). For the variable-
temperature NMR spectroscopic studies, the protonation was carried
out in a similar manner in CDEI/CDFCL solvent mixture at 273

K and the tube was inserted into the NMR probe, precooled to 273
K.

Observation of the H—D Isotopomers of cis-[Ir(H)( 72-H>)-
(3?-S,CH)(PCys3),][BF 4]. The dihydrogen hydride complesis-
[Ir(H)(57%-H2)(7?-S,CH)(PCw).][BF 4] (2) was prepared as described
above. Through this solution HD gas (generated from NaH and

inert-atmosphere techniques unless otherwise stated. Solvents use®,0) was purged at a steady rate for ca. 10 min. The HD
for the preparation of the dihydrogen complexes were thoroughly isotopomers formed were observedBlyNMR spectroscopy (room
saturated with either fbr Ar just before use. ThiH and3!P NMR temperature). By this method, the extent of deuteration was found
spectral data were acquired using an Avance Bruker 400 and 500to be very low.
MHz spectrometers. Variable-temperature profpmeasurements To obtain higher degree of deuteration, freshly prepared dihy-
were carried out at 400 MHz using the inversion recovery method. drogen hydride samples were purged withdas for 30 min and
The T, data have been deposited in the Supporting Information. then they were analyzed by NMR spectroscopy. By this method,
3P NMR chemical shifts have been measured relative to 85% in addition to the achievement of a greater degree of deuteration,
H3PQO, (agqueous solution) as an external standard. Elemental the corresponding # and the HD isotopomers were also
analysis forl was carried out at the Department of Organic observed.
Chemistry, 1ISc (Thermo Finnigan Flash EA1112 instrument), and  Preparation of cis-[Ir(H)(CH 1CN)(5%-S,CH)(PCys),][BF 4 (3).
for the other complexes at the Regional Sophisticated Instrumenta-The dihydrogen hydride complexis-[Ir(H)(72-Hz)(17?-S,CH)-
tion Center, Central Drug Research Institute, Lucknow, India. The (PCy),][BF4] (2) was prepared as described above by starting from
[Ir(H)s(PCys),] complex and CDECI/CDFCL were prepared by [Ir(H) 2(2-S,CH)(PCys)2] (50 mg, 0.06 mmol) and HBFELO (5
literature methods:° equiv, 40 uL) in CH,Cl, (10 mL). Without isolation of the
Preparation of cis-[Ir(H) 2(n*S;CH)(PCys)] (1). To a toluene dihydrogen complex, C¥CN (10 equiv, 30uL) was added and
solution (10 mL) of [Ir(Hx(PCys)2] (50 mg, 0.06 mmol) under an  the reaction mixture was stirred for 2 h. The volatiles were removed
atmosphere of Ar was added &0 equiv, 8QuL) using a syringe.  in vacuo resulting in a sticky residue that was washed several times
The reaction mixture was stirred overnight after which time the with petroleum ether. The reddish-brown productisf[Ir(H)(CHs-
volatiles were stripped leaving behind a yellow solid. The product CN)(;;2-S,CH)(PCy),][BF 4] (3) was obtained in a yield of 41 mg
of cis-[Ir(H) 2(#?-S,CH)(PCy).] was crystallized from a toluene  (71%). Anal. Calcd for GH71BF4IrNP,S,r0.5GHg: C, 50.78; H,
solution via slow evaporation of solvent at room temperature. 7.42. Found: C, 50.40; H, 6.80 (the presence of toluene was
Yellow crystals of1 were obtained in a yield of 42 mg (76%). confirmed usingH NMR spectroscopy)!H NMR (CDCly): o
Anal. Calcd for G/HedlrP2S,: C, 53.39; H, 8.35. Found: C,53.94, —19.83 (t, 1H, I~H, J(H,P) = 13.0 Hz), 1.26-2.21 (m, 66H,
H, 8.23."H NMR (CqDg): 6 —21.64 (t, 2H, I-H, J(H,P)= 17.0 P(GsH11)3), 2.72 (s, 3H, ©IsCN), 12.88 (br s, 1H, 32-S,CH)).
Hz), 1.30-2.28 (m, 66H, P(€H11)3), 13.89 (br s, 1H,#?-S,CH)). 31P{1H} NMR (CDCl3): 6 11.9 (s,P(CeH11)3). ES-MS: m/iz= 832
SIP{'H} NMR (CeDe): 6 28.1 (s, P(CeHi1)s). *C{'H} NMR [M* — (CHsCN + BF;)].
Preparation of cis-[Ir(H)(CO)( 5?-S,CH)(PCys),][BF 4] (4). The
dihydrogen hydride complegis-[Ir(H)(72-H2)(7?-S;CH)(PCy).]-
[BF4] (2) was prepared as described above starting from [b(H)
(7%-S,CH)(PCy),] (100 mg, 0.12 mmol) and HBFEO (4 equiv,
65 uL) in CH,Cl, (10 mL). Without isolation of the dihydrogen
complex, CO gas (1 atm) was purged through this solution for 5
min during which time the color of the solution turned from reddish
yellow to brown. The reaction mixture was stirred for an additional
1 h, and then the solvent was stripped under vacuum and the
reddish-brown solid otis-[Ir(H)(CO)(1*>S,CH)(PCy),][BF 4] (4)
was dried under vacuum. Yield: 90 mg (85%H NMR (CD,-

(6) (a) Gandhi, T.; Jagirdar, B. Rnorg. Chem.2005 44, 1118-1124.
(b) Gandhi, T.; Nethaji, M.; Jagirdar, B. Raorg. Chem.2003 42,
4798-4800. (c) Gandhi, T.; Nethaji, M.; Jagirdar, B. Rorg. Chem.
2003 42, 667-669.

(7) Brinkmann, S.; Morris, R. H.; Ramachandran, R.; Park, Sirbirg.
Synth.1998 32, 303-308.

(8) (a) Shriver, D. F.; Drezdon, M. ALhe Manipulation of Air-Sensite
Compounds 2nd ed.; Wiley: New York, 1986. (b) Herzog, S.;
Dehnert, J.; Luhder, K. InTechnigues of Inorganic Chemistry
Johnassen, H. B., Ed.; Interscience: New York, 1969; Vol. VII.

(9) Hamilton, D. G.; Crabtree, R. H. Am. Chem. S02988 110 4126~
4133.

(10) Siegel, J. S.; Anet, F. A. L1. Org. Chem1988 53, 2629-2630.

6204 Inorganic Chemistry, Vol. 44, No. 18, 2005



Dynamics of a cis-Dihydrogen/Hydride Complex of Ir

Cly): 6 —18.70 (t, 1H, Ir-H, J(H,P) = 12.0 Hz), 1.26-2.20 (m,
66H, P(GH11)3), 12.40 (br s, 1H, #f2-S,CH)). 3P{'H} NMR
(CD2C|2): 0 175 (S, P(C5H11)3) 13C{1H} NMR (CD2C|2) o)
18.10-29.60 (m, RZys), 164.00 (t, I-CO, J(C,P) = 26.8 Hz),
238.09 (s, §>S,CH)). IR (KBr): »(CO) 2026 cm?. ES-MS: m/z

= 860 [M" — BF,]. (Satisfactory elemental analysis data for this
compound could not be obtained because of the formation of
noncombustible metal fluorides during combustion.)

Reaction of [Ir(H) »(#?-S,CH)(PCys),] with MeOTf/Isolation
of cis[Ir(H)(H 20)(n?>S,CH)(PCy;),][OTf] (5). To a toluene
solution (10 mL) of [Ir(Hx(12-S,CH)(PCy),] (50 mg, 0.06 mmol)
was added MeOTf (3 equiv, 20L, 0.18 mmol) using a syringe,
and the reaction mixture was stirred for 1 h. Upon stripping of the
volatiles under vacuo, a thick red sticky residue was obtained which
was washed several times with petroleum ether. The product was
crystallized from its concentrated toluene solution via slow evapora-
tion of the solvent at room temperature. Yield: 30 mg (50%). The
product was identified asis-[Ir(H)(H 20)(#?-S,CH)(PCy),][OTf]

(5) by NMR spectroscopy. Anal. Calcd fors7oFslrO4P,S,: C,
45.67; H, 7.06. Found: C, 46.02; H, 6.5 NMR (C¢Dg): 0

—19.03 (t, 1H, Ir-H, J(H,P) = 13.9 Hz), 1.1%+2.21 (m, 66H,
P(GH11)3), 3.40 (s, 2HH,0), 11.92 (br s, 1H,12-S,CH)). 31P{H}

NMR (CgDg): 6 16.5 (s,P(CeH11)3).

The reaction of [Ir(H)(7>S,CH)(PCy),] with Me;SiOTf under
similar reaction conditions as the above reaction with MeOTf also
affordedcis-[Ir(H)(H 20)(172-S,CH)(PCys)][OTH] (5). Yield: 53%.

Determination of the pK, of cis[Ir(H)( #%-Hy)(nS,CH)-
(PCys)2][BF 4] (2). A 20 mg (0.02 mmol) sample of [Ir(Hjy?-S,-
CH)(PCys),] was dissolved in 0.5 mL of CECl,. The solution was
freeze-pump-thaw degassed in three cycles and then saturated
with argon. Then HBFEGLO (4uL, 1 equiv) was added to convert
the starting dihydride into the dihydrogen/hydride compleis;
[Ir(H)(72-H2) (7?-S,CH)(PCy),][BF 4] (2). To this solution, distilled
water (saturated with argon) (Oid, 1 equiv) was added at room
temperature. Within minutes, an equilibrium was established as
shown in eq 6. The concentrations@$-[Ir(H)(r72-Hy)(172-S,CH)-
(PCw)al[BF 4] (2), [Ir(H)2(7*-S:,CH)(PCy)7] (1), and HO* were
obtained by integration of the respective signals in the hydride
region (for the iridium complexes) and the signal due t®H (6
6.64) in thelH NMR spectrum. The concentration ob® which
is needed to compute th&q of reaction 6 was back-calculated by
subtracting the concentration o8 (formed due to protonation
of H,0, observable in théH NMR spectrum) from the initial
concentration of KO (known quantity) and multiplying it by the
ratio of molecular weight of D" and HO. This was done since
the signal due to kD could not be observed in the presence of
H3O™ in theH NMR spectrum. The I§, value of2 was calculated
from the equilibrium depicted in eq 6 using the expression given
ineq?7.

X-ray Structure Determinations of cis-[Ir(H) x(%S,CH)-
(PCys)z] (1) and cis[Ir(H)(H 20)(7*-SCH)(PCy3)2][OTf] (5).
Suitable crystals ol and5 were chosen after examination under
a microscope. The unit cell parameters and the intensity data were
collected on a Bruker SMART APEX CCD diffractometer equipped
with a fine-focus Mo Kt X-ray source. The SMART software was
used for data acquisition and the SAINT software for data

Table 1. Crystallographic Data focis-[Ir(H) 2(7>-S,CH)(PCy)2] (1)
andcis-[Ir(H)(H 20)(?-S,CH)(PCy)2][OTf] (5)

param 1 5
formula C37H69|TP232 C52H36F3|I’O4P233
fw 832.18 1182.53
cryst syst monoclinic triclinic
space group P2:/c P1
a A 12.534(9) 14.486(7)
b, A 16.756(11) 14.576(7)
c, A 19.027(13) 16.653(9)
a, deg 90.00 84.049(8)
B, deg 107.660(11) 67.300(7)
y, deg 90.00 61.362(7)
V, A3 3808(4) 2832(3)

z 4 2

Dcalca g/CIT'? 1.452 1.385

T, K 293(2) 293(2)
A 0.71073 0.71073
w, mmt 3.724 2.574
Ra 0.0206 0.0359
Ru? 0.0480 0.0848

3R = Y (|Fol — IFel)/ZIFol, Ru = [ZW(|Fol — |Fcl)¥Xw|Fo|?]*? (based
on reflections withl > 20(1)).

were refined isotropically. The hydride ligands inwere located
from the difference Fourier map and refined isotropically. All the
other hydrogen atoms id and 5 were generated in idealized
positions and refined in a riding model. The crystallographic data
are summarized in Table 1.

Results and Discussion

Synthesis and Characterization otis-[Ir(H) »(>-S,CH)-
(PCys)2] (1). The insertion of Cginto the Ir—H bond of
[Ir(H)s(PCy),] afforded the cis-[Ir(H) 2(7*-S,CH)(PCys)2]
complex accompanied by the elimination of (¢q 1). Upon
workup and crystallization, yellow crystals of the complex
were obtained in 76% yield.

PCy,
/S\ l/H

(PCy,),Ir(H); + CS,—— Hcgs/ Ilr\H + H, (1)
PCy,

1

The 'H NMR spectrum ofl shows a triplet for the two
hydrides aty —21.64 due to coupling with the two equivalent
cis phosphorus nuclei with#H,Ps) of 17.0 Hz and a broad
singlet atd 13.89 for the dithioformate hydrogen. The BPh
analoguegis-[Ir(H) »(n*>-S,CH)(PPh),], reported by Robinson
and Sahajpét has very similar NMR spectral features. The
S1P{IH} NMR spectrum is composed of only one singlet at
0 28.1, indicating the trans disposition of the two phosphines.
The 3C{'H} NMR spectrum shows a singlet &t231.5 for
the dithioformate carbon.

An X-ray crystallographic study dfis-[Ir(H) 2(?-S,CH)-
(PCys)7] (1) has been carried out, and the ORTEP diagram
is shown in Figure 1. The structure consists of a severely

reductiont!a Absorption corrections were made using SADABS
progranmi'® and Multiscan methddc for 1 and5, respectively. The
structures were solved and refined using the SHELX progfafns.
The iridium atom position in both the complexes was observed by

the Patterson method, and the non-hydrogen atoms were located

by successive difference Fourier maps and were refined anisotro-
pically. The two toluene molecules observed in the unit ceb of

(11) (a)Bruker SMART and SAINYVersions 6.22a; Bruker AXS: Madison,
WI, 1999. (b) Blessing, R. HActa Crystallogr., Sect. A995 51,
33—38. (c) Sheldrick, G. MSADABSversion 2, Multiscan Absorption
Correction Program University of Gdtingen: Gidtingen, Germany,
2001. (d) Sheldrick, G. MSHELXL-97 Program for the Solution of
Crystal StructuresUniversity of Gdtingen: Gitingen, Germany,
1997.

(12) Robinson, S. D.; Sahajpal, morg. Chem.1977, 2718-2722.
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Figure 1. ORTEP view ofcis-[Ir(H) 2(72-S;CH)(PCy),] (1) at the 50%
probability level.

Table 2. Selected Bond Lengths (A) and Angles (deg) for
cis-[Ir(H) 2(7%-S:CH)(PCys)2] (1) and
cis-[Ir(H)(H20)(%-S:CH)(PCy;)z][OTf] (5)

1 5
Ir(1)—H(38) 1.5528(315)

Ir(1)—H(39) 1.5460(237)

Ir(1)—P(1) 2.3218(12) 2.3903(12)
Ir(1)-P(2) 2.3217(16) 2.3731(11)
Ir(1)—S(1) 2.4677(14) 2.3032(12)
Ir(1)—S(2) 2.4510(16) 2.4789(15)
Ir(1)-0(4) 2.144(2)
C(37)-S(1) 1.657(3) 1.689(4)
C(37)-S(2) 1.671(3) 1.661(3)
O(3)-0(4y 2.592(4)
O(1)-O(4y 2.712(3)
P(1)-Ir(1)—P(2) 157.76(2) 158.96(2)
P(1)-Ir(1)—S(1) 98.79(5) 94.30(5)
P(1)-Ir(1)-S(2) 98.51(4) 98.81(3)
P(2)-Ir(1)—S(1) 99.21(4) 92.47(5)
P2)-1r(1)-S(2) 99.84(3) 102.23(4)
S(1)-Ir(1)-S(2) 70.02(4) 71.34(3)
S(1)-C(37)-S(2) 116.01(16) 112.9(2)
P(1)-Ir(1)—0(4) 88.78(8)
P(2)-Ir(1)-0(4) 88.90(8)

a|ntramolecular hydrogen bon#Intermolecular hydrogen bond.
distorted octahedron. The two Pgyhosphines are trans to
one another, and the dithioformate moiety is bound to the
metal in an n?fashion. The two hydride ligands ap-
proximately trans to the dithioformate ligand were located

Nanishankar et al.

[Ir(H) 2(n>-S,CH)(PCy)2] (1) has five available sites for
protonation: two sulfurs and one carbon of the dithioformate
moiety and the two hydride ligands. Upon protonatioriof
using HBR-Et,O, we obtained the corresponding dihydrogen
hydride complex which we believe @@s-[Ir(H)(7?-Hy)(n?*-
S,CH)(PCy)2][BF4] (2) (eq 2). We found no evidence of
protonation on any other site even in the presence of excess
acid. Recent work in our laboratories showed that the site
of protonation in a ruthenium hydride dithioformate complex
of the typetrans[Ru(H)(SC(S)H)(dppe] (dppe= PhPCH-
CH,PPh) is the sulfur resulting in a hydride dithioformic
acid derivativé® On the other hand, the protonation of
[Os(H)(CO)(SCH)(PPrs);] complex in CDCl, gave the
corresponding dihydrogen complex and, in@&solvent, the

site of protonation was the dithioformate resulting in a
methane dithiolate derivativé.Use of HOTf (K, = —14
estimated by the HammeH, method; in pure water, its
acidity is leveled to that of D", pK, = —1.75)° a stronger
acid than HBEEt,O, also afforded only the dihydrogen
hydride complex. Our attempts to isolé&én the solid state
failed, and we could only recover certain unidentifiable
species as confirmed by NMR spectroscopy; therefore, we
characterize@ using only NMR spectroscopy. ThEl NMR
spectrum of2 at room temperature shows only one broad
triplet atd —11.63 which appears as a broad singlet in the
hydride region of théH{3'P} NMR spectrum. The triplet
pattern is a result of coupling of the two cis P atoms with
the three equivalent hydride ligands, and the broadness of
the signals is suggestive of a rearrangement process that is
rapid on the NMR time scale. TH&P{*H} NMR spectrum

is composed of only one singlet at18.4, suggesting that
the trans disposition of the phosphine ligands is retained upon
protonation. In an attempt to get an insight into the dynamic
processes of the hydride ligands, we studied the low-
temperature NMR behavior &down to 185 K in toluene-

ds. While extensive line broadening of the hydride signal
took place at 185 K, no limiting spectrum was apparent. Even
at 158 K in CDRCI/CDFCL, solvent, only a single hydride
signal was observed in thél NMR spectra, which could

be due to a highly fluxional trinydride or a rapidly exchang-

around the carbon of the,GH moiety is slightly deviated
from an ideal spcarbon atom (116.01(19) The two C-S
distances (S(HC(37) and S(2yC(37)) are 1.657(3) and

S1P{1H} NMR spectrum showed no change in the spectral
characteristics except that the phosphine resonances under-
went an upfield shift and broadened with decrease in the

1.671(3) A, respectively. These intermediate distances€mperature.

between G-S single and double bonds, which signify
delocalization of electron density over the-SH—S frag-

ment, have been observed previously in certain ruthenium

complexes by 18 and otherd? The dithioformate bite angle
S(1)-1r(1)—S(2) is 70.02(4). Pertinent bond lengths and
angles have been summarized in Table 2.

Preparation and Characterization of cis-[Ir(H)( 5%-H2)-
(7%-S,CH)(PCys3),][BF 4] (2). It is interesting to note thatis-

(13) (a) Gervasio, G.; Vastag, S.; Szalontai, G.; Maitkal. Organomet.
Chem.1997 533 187-191 and references therein. (b) Gao, Y.; Holah,
D. G.; Hughes, A. N.; Spivak, G. J.; Havighurst, M. D.; Magnuson,
V. R.; Polyakov, V. Polyhedronl997, 16, 2797-2807. (c) Gopinathan,
S.; Unni, I. R.; Gopinathan, C.; Puranik, V. G.; Tavele, S. S.; Guru
Row, T. N.Polyhedron1987, 6, 1859-1861.
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PCy, PCy3—|+
B I - e D
HcgS _ |; S HC\S/ ||r?/H @
PCy, PCy,

2

To unequivocally establish the presence of both hydride
and dihydrogen ligands, we reacteig-[Ir(H)(#?-Hy) (1%-S,-
CH)(PCw)2][BF 4] (2) with CH;CN and CO to obtain the
products of displacement of ;H cis-[Ir(H)(L)(#?-S,CH)-

(14) Albeniz, M. J.; Buil, M. L.; Esteruelas, M. A.;lpez, A. M.; Oro, L.
A.; Zeier, B.Organometallics1994 13, 3746-3748.
(15) Bordwell, F. G.Acc. Chem. Red988 21, 456-463.
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Figure 2. Plot of T; (400 MHz) versus temperature fais-[Ir(H)(7?-
H2)(7>-S2CH)(PC)2][BF 4] (2).

(PCys),][BF4] (L = CH3CN (3), CO @)) (eq 3). The free K
liberated was detected usitig NMR spectroscopy (singlet
at 6 4.60). ThelH NMR spectrum ofcis-[Ir(H)(CH3CN)-
(7>S,CH)(PCw),][BF 4] (3) shows a triplet aty —19.83 for

the hydride coupled to the two cis P nuclei and a singlet at
0 2.72 for the bound nitrile moiety. Th&'P{*H} NMR
spectrum is composed of only one singlet which is suggestive
of the trans disposition of the two phosphine ligands. The
1H and the3P NMR spectral characteristics ofs-[Ir(H)-
(CO)(>-S,CH)(PCy),][BF 4] (4) are similar to those of the
nitrile complex.»(CO) of this complex is 2026 cm.

+ +
S PCy, | Fl’Cy3—|
HC< Il/H +L—>Hc/s\|/" 3

r
e I\/H -H, (S/ |r\H @
poy! PCY,

L =CH,CN 3, CO 4

To determine the existence of either a fluxional trihydride
or a fluxional dihydrogen/hydride species, we carried out
the variable-temperature spitattice relaxation time 1)
measurements in CREI/CDFCL. Figure 2 shows a plot of
T, (400 MHz) versus temperature f@r The data presented
in Figure 2 for complex2 are the population-weighted
average values since we could not obtain the frozen out
spectra. The shorT; values observed foR qualitatively
indicate the presence of a bound ligand in a dihydrogen/
hydride structure. We also determined the variable-temper-
ature spin-lattice relaxation times for the terminal hydride
ligands of the starting dihydride complelx and the data
are graphically shown in Figure 3. To obtain the-H
distances in the fast and the slow rotation regimes of the
dihydrogen ligand in2, we treated the data presented in
Figures 2 and 3 as has been done by Heinekey and
co-workers for certain rhodium and iridium complexes
earlier® The details of the calculations can be found in the
Supporting Information. From the analysis, we obtained a
Ta(min) (400 MHz) of 20 ms. Thus, HH distances of 0.88
and 1.11 A have been obtained from these calculations for
the fast and the slow spinning regimes, respectively, of the
bound H ligand in 2. Solutions containin@ purged with
HD gas resulted in the partial conversion of td the HD
isotopomers. The #D isotopomers appear as approximately

280

270 1

260

2501

240 1

2301

2201

Spin-lattice relaxation time, 7,(ms)

210

L B S L B R E—
220 230 240 250 260

Temperature (K)

Figure 3. Plot of T; (400 MHZz) versus temperature fois-[Ir(H) 2(7%-S-
CH)(PCy)2] (1).

T T
200 210 270

1:1:1 triplets in théH{3*P} NMR spectrum and exhibit small
downfield isotope shifts of ca. 40 ppb. Several other
complexes reported in the literature show downfield isotope
shifts>»16Highly deuterated samples @fwere obtained by
purging the solution containing the corresponding dihydrogen
complex with 3 gas for a considerable period of time. The
resulting samples contained,HH,D, and HD isotopomers.
The resonances due to,Bl and HD, isotopomers are
downfield shifted with respect td by A6 = 97 and 49 ppb
(273 K) and 153 and 71 ppb (193 K), respectively, suggesting
the operation of isotopic perturbation arising from nonstatis-
tical distribution of deuterium. In addition, the three reso-
nances show temperature-dependent chemical shifts: upon
lowering of the temperature, the signals moved more
downfield. The chemical shifts of $1H,D, and the HDQ
isotopomers have been plotted as a function of the observa-
tion temperature, and the figure showing the plot has been
deposited in the Supporting Information. However, in the
observed temperature region, decoalescence of the signals
into separate resonances for theand the hydride moieties
could not be achieved.

Figure 4 shows the hydride region of thHél NMR
spectrum of compleg at 263 K (500 MHz) with deuterium
incorporated in the hydride ligands. The signal due #®H
is approximately a 1:1:1 triplet withiJ(H,D) = 6.5 Hz

(16) (a) Bianchini, C.; Moneti, S.; Peruzzini, M.; Vizza, IRorg. Chem.
1997, 36, 5818-5825. (b) Bullock, R. M.; Song, J.; Szalda, D. J.
Organometallicsl996 15, 2504-2516. (c) Heinekey, D. M.; Liegeois,
A.; van Roon, M.J. Am. Chem. Socl994 116, 8388-8389. (d)
Albinati, A.; Bakhmutov, V. I.; Caulton, K. G.; Clot, E.; Eckert, J.;
Eisenstein, O.; Gusev, D. G.; Grushin, V. V.; Hauger, B. E.; Klooster,
W. T.; Koetzle, T. F.; McMullan, R. K.; O’Loughlin, T. J.; Hssier,
M.; Ricci, J. S.; Sigalas, M. P.; Vymenits, A. B. Am. Chem. Soc.
1993 115 7300-7312. (e) Miller, R. L.; Toreki, R.; LaPointe, R. E.;
Wolczanski, P. T.; Van Duyne, G. D.; Roe, D. &.Am. ChemSoc.
1993 115 5570-5588. (f) Bianchini, C.; Linn, K.; Masi, D.; Peruzzini,
M.; Polo, A.; Vacca, A.; Zanobini, Anorg. Chem1993 32, 2366~
2376. (g) Collman, J. P.; Wagenknecht, P. S.; Hutchison, J. E.; Lewis,
N. S.; Lopez, M. A.; Guilard, R.; L'Her, M.; Bothner-By, A. A.;
Mishra, P. K.J. Am. Chem. S0d992 114, 5654-5664. (h) Michos,
D.; Luo, X.; Crabtree, R. Hlnorg. Chem.1992 31, 4245-4250. (i)
Nanz, D.; von Philipsborn, W.; Bucher, U. E.; Vananzi, L. Magn.
Reson. Chenil 991, 29, S38-44. (j) Desrosiers, P. J.; Cai, L.; Lin,
Z.; Richards, R.; Halpern, J. Am. Chem. Sod.991, 113 4173-
4184. (k) Earl, K. A,; Jia, G.; Maltby, P. A.; Morris, R. H. Am.
Chem. Soc1991, 113 3027-3039. (I) Antoniutti, S.; Albertin, G.;
Amendola, P.; Bordignon, EChem. Commurl989 229-230. (m)
Heinekey, D. M.; Payne, N. G.; Sofield, C. DrganometallicsL989
8, 1824-1826.
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H3 was based on the procedure used by Calvert and SHapley
for studying fluxional agostic methyl groups. We also carried
out similar analysis of our data using Heinekey's method
and obtained the limiting chemical shifts of the dihydrogen
and the terminal hydride ligands and the energy difference
12D between deuterium substitution of the Kite versus the
hydride site. The details of the analysis have been deposited
in the Supporting Information. ThusH, = —10.58 ppm,

oH = —-13.61 ppmJ(H,D) = 21.6 Hz,AE; = —0.151 kcal/
mol, andAE, = —0.118 kcal/mol® For a somewhat related
iridium complex, [Ir(H)Tp{?-Hz) (PMes)]™ (Tp = hydrotris-

HD2 (1-pyrazolyl)borate), Heinekey et #lfound these differences

in energy to be-0.130 and—0.107 kcal/mol, respectively.

Consistent with Heinekey’s analysis, the deuterium concen-
trates in the terminal hydride position th
H—H Distance. The T, data analysis (see Supporting

Information) gave ar; (min) (400 MHz, CDRCI/CDFCL)
of 20 ms for compleX2 which is consistent with an HH

113 -11.4  -11.5 -11.6 " opn distance @) of 0.88 A (fast spinning) or 1.11 A (slow
Figure 4. Hydride region of théH NMR spectrum otis-[Ir(H)(12-H2) (7% spinning). TheJ(H,D) values for HD and the HD_ Isoto-
SCH)(PCy)ZI[BF4] (2) in CDRCI/CDFC at 263 K (500 MHz) with pomers were found to be 6.5 and 7.7 Hz, respectively. Thus,
deuterium incorporation. the H—H distance ¢uu) calculated from the inverse relation-

. - . ship betweerdyy andJ(H,D) (21.6 Hz; vide infra) is 1.05
w_hereas the resonance due tot#pecies exhlblts_; a quintet A.ZE o1 ComplexH(:s of thifs typ)e (belong to the classehzfngate d
with .‘](H’D) A The observed HD couplings 0 the dihydrogen complexes which show-HH distances inter-
hydride resonance varies from ca. 6.4 to 5.0 Hz for thb H mediate between those of dihydrogen complexek &) and

and from ca. 7.7 to 7.1 Hz for the HDOsotopomers over . .
the temperature range studied, and this observation has beeHIhydrlde complexes31.5 A). Such structures represent

raphically shown in a fiqure deposited in the Supportin arrested intermediate states in the very important process of
IgnfoF;matio);l 9 P PP g oxidative addition of Hto a metal center. There have been

Isotopic Perturbation of Equilibrium. The H, HoD, and only a few examples of elongated dihydrogen complexes of

the HD, isotopomers experience large temperature-dependenfnd'um.reported |r'1 the _“teraturi@?b’eyzz —
downfield chemical shifts signaling the isotopic perturbation | Hydride Dynamics. Since static low-temperature-limiting
of equilibrium®” The observed isotope shifts may result from 1+ NMR spectra could not be obtained even at 158 K, we
perturbation of an equilibrium within a single dihydrogen/ Présume that the activation energy for the H atom site
hydride ground-state structure wherein the deuterium gets€XchangeAG*, must be less than 5 kcal/mol. A similar

incorporated in a particular site (eq 4). obser\{a}ti_on was made earlier by Hei|_1e_k_ey and cc_)—wo?k_ers
for an iridium complex; however, the limiting chemical shifts

HTD H|—H for the hydride and the dihydrogen ligands were estimated

- o @ using the isotope perturbation of resonance effect and the

AG*was calculated to be5 kcal/mol. Two distinct dynamic

The spectrum in Figure 4 which shows downfield shifts Processes can be considered: (a) rotation of théigdnd
for the H,D and HDy isotopomers confirms the hydride site  @round the M-H; bond axis since barriers to hydrogen
preference for deuterium in a single dihydrogen/hydride rotation are quite low, except ir?gystems? (b) H atom
structure. A second possibility (eq 5) wherein perturbation
of an equilibrium between a dihydrogen/hydride complex (18) 7032";% R. B.; Shapley, J. R. Am. Chem. S0d.97§ 100, 7726~
and a trihydride complex may be ruled out on the basis of (19 A, is the energy difference between Ir(HD)H and I§(BL; AE; is

the T; and the HD coupling data. the energy difference between I)Bl and Ir(HD)D.
(20) (a) Heinekey, D. M.; Luther, T. Alnorg. Chem.1996 35, 4396—
4399. (b) Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.;

H-D
| T D Morris, R. H.; Klooster, W. T.; Koetzle, T. F.; Srivastava, R. L.
Ir—py — I —n o) Am. Chem. S0d.996 118 5396-5407. (c) King, W. A.; Luo, X.-L.;
N Scott, B. L.; Kubas, G. J.; Zilm, K. WJ. Am. Chem. S0d.996 118

) _ ) 6782-6783.
Heinekey and co-workers analyzed the chemical shifts and(21) duy (A) = —0.0167(H, D) (Hz)] + 1.42.

i i (22) (a) Heinekey, D. M.; Lleds A.; Lluch, J. M.Chem. Soc. Re 2004
the J(H,D) data for hydrotris(pyrazolyl)borate dihydrogen/ 33 175.182 (b) Pons, V.. Heiekey. D. M. Am. Cherm. S02003

hydride complexes of Rh and Ir to obtain the limiting 125, 8428-8429.
chemical shifts of the kand the hydride ligands as well as  (23) (a) Jalo, F. ﬁ-: Otero, A.;; Manzano, B. R.; VillaSen, E.; Chaudret,
the J(H,D) in the bound dihydrogen ligarfd Their method B.J. Am. Chem. S0d.995 117, 10123 10124 (b) Sabo-Etienne,

S.; Chaudret, B.; el Makarim, H. A.; Bartlelat, J.; Daudey, J.; Ulrich,
S.; Limbach, H.; Moise, CJ. Am. Chem. Sod 995 117, 11602~
(17) Saunders, M.; Kates, M. R. Am. Chem. Sod977, 99, 8070-8071. 11603.
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exchange between the dihydrogen and the hydride ligands.Scheme 1. Reaction ofcis-[Ir(H) 2(72-S,CH)(PCy)2 (1) with MeOTf

The combination of overall positive charge and the presence S TCys

of phosphine coligands in compléxcould be expected to HC( ~ Ir ~H

result in the heterolytic cleavage of the boungfbllowed ~g 7 | H MeOTf + H,0
by a proton transfer to the hydride moiety rendering the three PCYs  MeOH gﬁ”& IW)et
hydride ligands equivalent with respect to the NMR time +MeOTS 1 2z
scale. The K, of the bound Hligand in2 has been estimated -CH, \'iOTf

to be~—1.0 (see later). We also cannot rule out a second . op T
possible mechanism: since the-H bond in2 is elongated, S Fl’Cya sl /H\

a substantial degree of bond formation (between the elon- Hcf ~ Ir ~H HCQ e H
gated H moiety and the hydride) involving aassociatie ~g 7 | S F',CyH

type of mechanism to generate a trihydrogen intermediate PCy, 2 °

or transition state could take place in a highly concerted +H,0 ‘+H o
manner rendering the three hydrogens equivadfesuch a traces inl z
stretching of the K toward an adjacent hydride has been solvent .

calculated to be a low-energy process that leads to a transition S TCVa s TCVBH
state with trihydrogen character in [M(Ep)(72-H2)(PRs)] nel >~ M e il

(M = Mo; W) complexes* The presumed barrier for the ~g 7 | YOH, Ss7 I TH
exchange process in our systesrb(kcal/mol), in agreement PCys +PCY3

with the inability to decoalesce tHél NMR signals in the 5 H,0"

hydride region even at 158 K, is consistent with the proposed

trihydrogen species. Heinekey and co-workers were able toform H;O" (detected usingH NMR spectroscopy, br s &t

measure the piH exchange rate in a ruthenium dihydrogen/ 6.64) and the recovery of the starting dihydride complex [Ir-

hydride complex [Ruf*-H)(L2)(PCy).]T and found an  (H)x(*S,CH)(PCw)2] (1), indicating that the compleR is

approximate free energy of activationG*,0 = 5.5 kcal/ quite acidic. It is rather intriguing to note thatcannot be

mol > A mechanism that is consistent with a highly concerted made by any other independent route. These reactions have

exchange process involving a ruthenitimhydrogen-like been summarized in Scheme 1. It is rather interesting to note

transition state has been suggested. A combination ofthat the dithioformate moiety acts aspectatorunder these

experimental and theoretical studies on [IrXgfyf-Ho)- reaction conditions. In contrast, we found that the electro-

(PRy).] revealed exchange barriers of 1.9 (1.5(2) kcal/mol philic reagents such as the ones employed in the present work

from inelastic neutron scattering studies), 1.8, and 1.7 kcal/ actually functionalize the dithioformate moiety of certain

mol for X = Cl, Br, and I, respectivel$f A mechanism ruthenium hydride dithioformate complexes, whereas the

involving oxidative addition/reductive elimination pathway hydride ligand is unaffectet.

through a tetrahydride intermediate has been suggested on We have been able to crystallize the aquo commlisx

the basis of theoretical calculations. [Ir(H)(H 20)(57>-S,CH)(PCy),][OTf] (5) and determine its
Reactivity of cis[Ir(H) »(7?-S;CH)(PCys).] toward Elec- structure by X-ray crystallography. The molecular structure

trophilic Reagents. We examined the reactivity behavior  of cis-[Ir(H)(H0)(#?-S,CH)(PCy),][OTf] complex is shown

of 1 with electrophilic reagents such as MeOTf andsMe in Figure 5. The structure consists of a severely distorted

SIOTf. In both the reactions, the electrophile presumably octahedral cation. In addition, the structure solution revealed

attacks one of the hydride ligand to generate the alkane/the presence of two toluene molecules. The HQ)4) bond

silane that is eliminated. The Gldnd the MgSiH generated  distance was found to be 2.144(2) A; all the other bond

were observed spectroscopically. The residual water presentengths are comparable to those dis-[Ir(H) 2(7%>-S,CH)-

in the solvent then binds to the metal in the vacant site thus (PCy),] (1). The geometry around the carbon of the

created to afforais-[Ir(H)(H >0)(7>-S,CH)(PCw),][OTH] ( 5).

An even trace amount of moisture in rigorously dried solvents

is enough for the formation of the aquo complex. In addition

to the aquo complex, another unidentifiable iridium hydride

species was also obtained. When these reactions were carried

out in slightly wet solvents, the only product obtained was

cis[Ir(H)(72-H2)(17?-S,CH)(PCy),][OTf]. The electrophilic

reagent in this case reacts first with the water present in the

solvent to generate HOTf (a broad single®at3.80 in the

IH NMR spectrum), which causes the protonation of the

dihydride. In addition to HOTf, a signal due to MeOH

formed was also observed in thé NMR spectrum. Addition

of a slight excess water B resulted in its protonation to . _

Figure 5. Molecular structure ois-[Ir(H)(H 20)(#?-S,CH)(PCy;)2][OTf]

(24) Bayse, C. A,; Hall, M. B.; Pleune, B.; Poli, Rrganometallics1998 (5) showing the intra- and the intermolecular H-bonds between the iridium-
17, 4309-4315. bound aquo ligand and the OTf counterion.
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dithioformate moiety (S(1)C(37)-S(2) angle of 112.9(2)

is quite strained from an ideal %¥marbon. The water
coordinated to the iridium atom forms one intra- and one
intermolecular hydrogen bonds with the OTf counterion

Nanishankar et al.

CN)(#?-S,CH)(PCw).][BF4] using HBR:EtL,O (up to 70
equiv) or HOTf (up to 50 equiv) did not afford the
corresponding dihydrogen compleis-[Ir(72-H2)(CH3CN)-
(7>-S,CH)(PCw),]%", a dicationic species that could be

making a dimer at the inversion center. The intramolecular expected to be quite acidic compared to a monocationic

0O(3)—0(4) distance was found to be 2.592(4) A, shorter in
comparison to the 2.712(3) A for the corresponding inter-
molecular O(1)-O(4) distance. The important bond lengths
and angles have been summarized in Table 2.

Acidity Measurement. The acidities of the dihydrogen

complexes reported in the literature have been measured o

the pseudoaqueouKpscale?®*?>The equilibrium constant
Keq Of reaction 6

op T PCy,
S| /H\H cD,Cl, HC/S \I _H 6
L + H,0 =—= I +no
~
s” | >H Ss7 | H
PCy, PCy,

has been obtained from thie NMR spectral integrations

dihydrogen complex. Similar observations were made in the
attempted protonation reactionsaié-[Ir(H)(CO)(5%-S,CH)-
(PCys),][BF4]. In both the cases, we recovered the starting
hydride complexes.

nConclusions

The protonation reactions of the dihydride comptes
[Ir(H) 2(7?-S,CH)(PCy)2] with HBF4Et,O resulted in a
highly dynamic dihydrogen hydride derivativas-[Ir(H)-
(7%-H2)(17>-S,CH)(PCy)][BF 4. Even low-temperature NMR
spectroscopy did not yield limiting spectra with separate
resonances due to the dihydrogen and the hydride moieties
indicating that theAG* for the H atom site exchange process
must be quite small<{5 kcal/mol). It can be concluded that

(converted into concentrations; see Experimental Section)the dynamic process involves minimal movement of the

of the hydride signals of the iridium complexes and th®H
species and the calculated concentration g®HAs sug-
gested earlier by Kristjgsddtir and Norton?® the K, value
(in CD,Cl,) of the dihydrogen/hydride compleXhas been
estimated from the equilibrium constaf, and the K, of

H3;O" (—1.74, aqueoud) using eq 7.

PK{ [Ir(H)(*H,)(*-S,CH)(PCy),1 '} =
pKa{ [H3O]+} + pKeq (7)

A Kgq0f 0.194 was obtained for the reaction 6. Thus, using
the above expression, aKp of —1.0 was obtained for
complex2 indicating that it is quite acidic. The high acidity
of complex2 supports our proposed mechanism involving
the heterolytic cleavage of the bound lifjand followed by
the proton transfer to the hydride rendering the three
hydrogens equivalent.

Protonation Reactions ofcis-[Ir(H)(CH 3CN)(5?-S,CH)-
(PCys)2][BF 4]. The attempted protonation ofs-[Ir(H)(CHs-

(25) (@) Ng, S. M.; Fang, Y. Q.; Lau, C. P.; Wong, W. T.; Jia, G.
Organometallics1998 17, 2052-2059. (b) Rocchini, E.; Mezzetti,
A.; Ruegger, H.; Burckhardt, U.; Gramlich, V.; Del Zotto, A. D.;
Martinuzzi, P.; Rigo, Plnorg. Chem1997, 36, 711-720. (c) Schlaf,
M.; Lough, A. J.; Maltby, P. A.; Morris, R. HOrganometallicsL996
15, 2270-2278. (d) Cappellani, E. P.; Drouin, S. D.; Jia, G.; Maltby,
P. A.; Morris, R. H.; Schweitzed. Am. ChemSoc.1994 116, 3375~
3388. (e) Chin, B.; Lough, A. J.; Morris, R. H.; Schweitzer, C. T.;
D’Agostino, C.Inorg. Chem1994 33, 6278-6288. (f) Jia, G.; Lough,
A. J.; Morris, R. H.Organometallics1992 11, 161-171. (g) Jia, G.;
Morris, R. H.J. Am. Chem. Sod 991, 113 875-883. (h) Jia, G.;
Morris, R. H.; Schweitzer, C. Tinorg. Chem.1991, 30, 593-594.
(i) Jia, G.; Morris, R. H.;inorg. Chem.199Q 29, 581-582.

(26) Kristjansddtir, S. S.; Norton, J. R. Iflransition Metal Hydrides
Dedieu, A., Ed.; VCH: Weinheim, Germany, 1992; Chapter 9, pp
324-334.
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coligands rendering the three hydrogens equivalent. The
J(H,D) for the partially deuterated isotopomers @$-[Ir-
(H)(7%-H2)(7>-S,CH)(PCw),][BF4 complex is 21.6 Hz,
which corresponds to @ of 1.05 A. Such species belong
to the category oélongateddihydrogen complexes.

The protonation of the monocationic hydride complexes
cisIr(H)(L)(7?>-S,CH)(PCw),]* (L = CH:CN, CO) using
either excess HBFELO or excess HOTT did not afford the
corresponding dicationic dihydrogen complexes suggesting
that a much stronger acid is required and that such deriva-
tives, if realized, could be expected to be highly acidic and
extremely unstable.
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