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The synthesis and reactions of hydridotris(1-pyrazolyl)borate
(TpR% R = H or Me) complexesof rhodium and iridium have
recently been the focus of much interest due to their role in
C—H bond activation reactioris® Specifically, the T¢2com-
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and free ethylene upon standing for 20 h (eq 1). These reactions

were conducted under vacuum in sealed NMR tubes. The
relative concentration of each species was determined at equil-
ibrium by integration of the appropriate resonances inlthe
NMR spectra. No intermediates were detected. The equilibrium
constant for eq 1 was calculated &8[C,H4)/[1][PPhs] and
equals 0.1 at room temperatureG®° = 1.4 kcal/mol). Because

plexes have received the most attention, due in part to the obsery significant fraction of the displaced ethylene dissociates into
vation that methyl substituents in the 3- and 5-positions stabilize the headspace, the observed rati®dfis ca 10:1. Addition

against thermal decomposition. For example, TplHg): is
reported to decompose at AT to a complex mixture of
products’ whereas THear(C,H,), cleanly isomerizes at 61C,

first to the vinyl hydride complex T{#2r(C,H4)(CH=CHy)-

H1% and then to other products!2depending on experimental
conditions. The Tplr(gH4)(CH=CH,)H complex is not in-
trinsically unstable, evidenced by the fact that it can be formed
in high yield under photochemical conditions. The difference
in thermal reactivity is curious if one considers that the
unsubstituted Tp ligand may actually afford greater steric
protection of the metal center because it is more likely to
adopt a tridentate structure (e.g3-Tplr(CO)(GHg4)13 vs 5%
TpMeAr(CO)(CH4)%9. However, even when the ground state
structure is trigonal bipyramidal (tbp), four-coordinate square
planar (sp) species are thermally accessiti¥’

In this paper, we report observations of a previously unknown
cyclometalation reaction of the Tp ligand. This reaction leads
to formal oxidation of the iridium center by formation of an
iridium(I) alkyl hydride complexvia activation of a C-H bond
of a pyrazolyl ring. We have also observed similar chemistry
in a related cationic iridium complex of tris(1-pyrazolyl)methane
(Tpm).

Methylene chloride solutions of Tplr(PBKC:H4) (1) and
a 6-fold excess of PRhreact to form equilibrium mixtures of
1 and the cyclometalated compleX,C3N-Tp)Ir(PPh).H (2)
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suggested by Trofimenko. For example, methyl substituents in the 3,5-
positions are indicated as Vg% For a comprehensive review of this class
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(2) Ghosh, C. K.; Graham, W. A. @. Am Chem Soc 1987, 109 4726~
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of ethylene (1 atm) results in the regeneratioi af the expense
of 2 over several hours. In a separate experiment, addition of
H, to a similar equilibrium mixture gives Tplr(PB,,8 free
PPh, and free ethylene upon standing overnight. Complete
conversion to2 was accomplished on a preparative scale by
reaction ofl with a 6-fold excess of PRlin CH,CI, solutions
while periodically purging the system with argéh.
Characterization o2 was accomplished biH, 3P, and'3C
NMR, IR, and FABMS analyse®. In theH NMR spectrum,
the 4-pz (pz= pyrazolyl) resonance of the cyclometalated pyra-
zolyl arm shifts significantly upfield from 5.93 ppm ihto 4.76
ppm in 2. The new resonance at 4.76 ppm appears as an
apparent triplet]= 1.4 Hz) due to overlap of an+H coupling
and atransP—H coupling? of the same magnitude. This
assignment and those of the remaining pyrazolyl protons were
established through a series'sf NMR NOE experiments. Irra-
diation of the hydride resonance-ail8.95 ppm gives enhance-
ment of b (4.76 ppm) and f (6.81 ppm) and of tr¢ho-phenyl
protons (6.92 and 7.25 ppm). Irradiation of each pyrazolyl
resonance in turn confirms the assignments shown in Figure 1.
The assignments of the pyrazolyl proton resonances were used
in aH/*3C HETCOR experiment to assign th& resonances
of the proton-bearing carbon atoms of the pyrazolyl rings.
The complex contains two PPligands, one of which is trans
to the C5-pyrazolyl donor. The sixth site of the octahedron is
occupied by a hydride ligand, which was identified in solution
by a characteristic resonance-at8.95 ppm (ddJpy = 21.1
and 11.7 Hz) in théH NMR spectrum. When the preparation
of 2 is carried out with PPhd;s, theIH NMR spectrum lacks
phenyl resonances but is otherwise unchanged, confirming that
the hydride does not arise from phosphine cyclometalation. In
the solid state, a weak IR absorption at 2179 &im attributed
to vy—n while a band at 2473 cm was assigned teg_4 of the
N,C5N-Tp ligand. This value is unremarkable and implies that
cyclometalation has little effect on the B-H vibrational mode.
The doublet of doublets pattern of the hydride resonance is
consistent witttis-P—H coupling to two inequivalent phosphine
ligands. This was confirmed byP{aromatic *H} NMR
experiments, which reveal resonances at 3.80 and 1.02 ppm due
to an AMX spin systemJpp = 10 Hz). These observations

(18) Heinekey, D. M.; Oldham, W. J., Jr. Submitted.

(19) Clean formation of2 requires excess PRhproviding isolated
samples oR unfortunately contaminated with residual BPh

(20) Selected data fa2: *H NMR (CD.Cl,, 500 MHz) 7.86 (d, 1 H,
He), 7.47 (m, 1 H, H), 6.80 (m, 1 H, K), 6.78 (m, 1 H, H), 6.54 (d, 1 H,
Hc), 5.83 (t, 1 H, H), 5.43 (m, 1 H, H), 4.76 (t, 1 H, H), 7.37 (excess
PPh), 7.25, 7.16, 7.08, 7.02, 6.92 (phenyl resonances of bound phosphine),
—18.95 (dd,Jpy = 11.7 and 21.1 Hz, 1 H, Ir-H)}3C NMR (CD,Cl,, 125
MHz) 144.9 (G), 143.6, (G), 138.6 (dJpc = 8.5 Hz, G), 135.3 (GQ), 134.6
(Cr), 114.4 (d,Jpn = 8 Hz, G;), 105.5 (G), 105.4, (G); 3'P{aromatic'H}
NMR 3.80 (t,Jpp= 10 Hz,Jup = 10 Hz), 1.02 (ddJpp= 10 Hz,Jup = 20
Hz); IR 2473 ¢gn), 2179 §in); FABMS mvz 930 (MF).

(21) All complexes of the [TpM(Pg] (M = Rh or Ir) fragment reveal
a 1-2 Hz PH coupling in the proton resonances of the pyrazolyl arm
positioned trans to the BRigand. See ref 18.
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Figure 1. Partial*H NMR spectrum (CBClz, 500 MHz) of (N,C5N-
Tp)Ir(PPh-dis).H (2) in CD.Cl,. Assignments of resonanceslaare
based on NOE experiments (see text).
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indicate that a cyclometalatédiC® N-Tp ligand is coordinated
to the iridium center o2 by way of nitrogen donors for two of
the pyrazolyl arms and through theb-carbon atom of the
activated pyrazolyl arm (see Figure 1).

We have undertaken a study of closely related Tpm com-
plexeg?in order to gain an understanding of the mechanism of
pyrazolyl cyclometalation. Thus, [(Tpm)Irt8.),]BF4 (3)%3
reacts at-78 °C with 1 equiv of PPhto form [(Tpm)Ir(PPRh)-
(C2H4)IBF4 (4)%* and free ethylene. Upon warming+dl0 °C,

4 is observed byH NMR spectroscopy to isomerize 4= 5.5
h) to the cyclometalated complex N/C5N-Tpm)ir(PPh)-
(CH)HIBF4 (5) (eq 2)2> Complexs is thermally unstable and
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slowly decomposes to a complex mixture of products. It was
possible to collect spectroscopic data to support NtE>,N-
Tpm formulation since decomposition proceeds more slowly
than cyclometalatio®® As found for2, cyclometalation causes
a marked upfield shift of the 4-pz proton from 6.21 ppmdin
to 4.94 ppm in5. The coupling pattern of the cyclometalated
4-pz resonance is now a simple doubletH( 1.6 Hz), coupling
to only one neighboring hydrogen. The hydride ligand is identi-
fied at—17.14 ppm (dJpn = 18.8 Hz). No change in the course
of this reaction is observed if the reaction is carried out with an
excess of PP Complex4 can be trapped by H(6 atm) at
—20°C to obtain [(Tpm)Ir(PP§H;]BF4 (6) and free ethylene.
We have previously shown thatadopts a tbp structure in
solution with PPB coordinated in the axial site and ethylene

(22) For a review of polypyrazolyl ligands including tris(1-pyrazolyl)-
methane, see: Trofimenko, Brog. Inorg. Chem 1986 34, 115-210.

(23) Synthesis and reactions of closely related [(Tpm)Ir(COD)}Ci&ve
been reported: (a) Esteruelas, M. A.; Oro, L. A.; Apreda, M. C.; Foces-
Foces, C.; Cano, F. H.; Claramunt, R. M.; Lopez, C.; Elguero, J.; Begtrup,
M. J. OrganometChem 1988 344, 93—108. (b) Esteruelas, M. A.; Oro,

L. A.; Claramunt, R. M.; Lpez, C.; Lavandera, J. L.; Elguero, J.
Organomet Chem 1989 366, 245-255.

(24) Selected data far: 'H NMR (CD.Cl,, 220 K) 9.24 (s, 1 HHCpz),
8.39, 7.26 (d2 H each, 3,5-pg), 8.34, 7.39 (d1 H each, 3,5-pg), 7.52-
7.43, 7.32 (m and br respectively, 10 H, BRIY.22 (t,J = 7.7 Hz, 1 H,
p-CeHsPPh), 6.99, 6.63 (tJ = 8 Hz, 2 H eachp- andm-CsHsPPh), 6.42
(m, 1 H, 4-pzy), 6.20 (t, 2 H, 4-pg), 1.09, 0.96 (M2 H each, GH.).

(25) Selected data fd@: H NMR (CD.Cl,, 250 K) 9.13 (s, 1 HHCpz),
8.66, 8.46, 7.51, 7.49, 7.13,(d H each, 3,5-pz), 7.417.30, 7.11, 7.00
(br, PPh), 6.35 (t, 1 H, 4-pz trans to H), 6.32 (m, 1 H, 4-pz trans to §Ph
4.94 (d, 1 H, 4-pz of cyclometalated arm), 3.87, 3.23 2ni each, GHy),
—17.14 (d,Jpn = 18.8 Hz, IH).

(26) At temperatures less thanl0 °C, the isomerization ofl to 5 is
unreasonably slow. While isomerization occurs more readily at slightly
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positioned in the equatorial plane. A facile equilibrium with
an unobserved sp intermediate was proposed on the basis of
kinetic data for the reaction df with H,.1® The spectroscopic
data for4 also supports a tbp structure. The isomerization of
4 to the cyclometalated compléxis convincing evidence that
an equilibrium with a sp intermediate occurs. We have found
that 5 fails to react with excess PRhIn fact, a number of
reports in the literature have commented that iridium(lll) alkene
complexes stabilized by T ligands are inert to substitution
of the ethylene ligand under thermal conditid?$28 Similarly

we have found that the ethylene ligand is not displaced from
[TpIr(PPR)(C2Ha)H]BF4 (7)? or TpIr(CHa)(C2Hs)Cl (8) upon
addition of excess PRh With this in mind we rule outl,C5 N-
Tp)Ir(PPh)(C;H4)H as a possible intermediate in the formation
of 2. Instead, we propose thatreacts with PPhito form Tplr-
(PPh)2 (9) which then rapidly cyclometalates (eqs 3 and 4).

Tplr(PPh)(C,H,) + PPh = TpIr(PPh), + C,H, (3)
1 9

Tpir(PPh), == (N,C°N-Tp)Ir(PPh),H 4)
9 2

The structure 09 is unknown, but this complex probably exists
as a mixture of tbp and sp forms in solution.

Cyclometalation represents an unprecedented mode of reac-
tivity for the ubiquitous Tp ligand. For low-valent iridium
complexes, this reaction is feasible due to the stronland
Ir—H bonds formed by oxidative addition of the pyrazoly+&
bond. These are the same attributes which make complexes of
this type useful in alkane activation reactions, and we suggest
that cyclometalation may be a common reaction for Tp
complexes of transition metals in thé cbnfiguration.

We have also shown that cyclometalation of the Tpm ligand
occurs readily. There is precedent for this reaction in platinum-
(i) complexes, but the driving force of methane elimination
was apparently required. For example, (Tpm)Pt(Ck is
reported to isomerize ton¢-N,C>-Tpm)Pt(CH)(py) in hot
pyridine3! The resulting Pt alkyls are thermally robust. In
contrast,2 and 5 retain both the alkyl and hydride ligands
resulting from pyrazolyl cyclometalation and are thermally quite
unstable. In solution at room temperature, complexaad5
decompose within 45 days or within 5 min, respectively. We
suggest that the thermal stability of low-valentMFpcomplexes
may be due to protection from pyrazolyl cyclometalation
reactions provided by the methyl substituents. Efforts are
currently underway to determine the range of coligands which
promote cyclometalation of the Tp ligand in low-valent iridium
complexes. We are also investigating the subsequent decom-
position pathways of these cyclometalated complexes.
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