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Summary: Protonation of (PCP)PtH (PCP = #3-2,6-(‘Bu,-
PCH2)206H3) in Cchlz at —78 °C with [H(OEt2)2]+BAr’4‘
[Ar' = 3,5-bis(trifluoromethyl)phenyl] gives the Pt di-
hydrogen complex [(PCP)Pt(H2)]*. The H, ligand is
expelled when the solution is warmed to room temper-
ature, but the dihydrogen complex is re-formed when H,
is added.

Since dihydrogen complexes were first discovered by
Kubas and co-workers in 1984,! the large number of
studies of such complexes has led to an increased
understanding of their reactivity, structures, and bond-
ing.2 While dihydrogen complexes are now known for
many different metals, the majority of them involve a
d® electron configuration. It was not until 10 years after
the first dihydrogen complex that the first example of
a dé Pt" dihydrogen complex was reported,® when
Caulton and co-workers published their results on trans-
[(PtBuz),Pt(H)(H2)]*OTf ~. Additional examples of Pt
dihydrogen complexes were subsequently reported by
Kubas* and by Bercaw,’ but dihydrogen complexes with
a d8 electron configuration (including Rh' dihydrogen
complexes® along with Pt"' dihydrogen complexes) re-
main rare in comparison to d® dihydrogen complexes.

Moulton and Shaw reported the first examples of a
new class of tridentate ligands in 1976.7 These ligands,
shown in generalized form in Scheme 1, have two trans
phosphines and an aryl ligand and are commonly called
pincer® or PCP ligands. Complexes with PCP ligands
have been prepared for numerous combinations of metal
(M), alkyl group (R), and ligands X trans to the carbon
ligand (X = H, halide, alkyl, etc.). Metal complexes with
PCP ligands have been successfully used in reactions
that are difficult to achieve, including cleavage of
carbon—carbon bonds® and reduction of CO,.1% van
Koten and others have developed an extensive chemis-
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try using related pincer ligands with nitrogens (“NCN”
ligands) in place of the phosphorus.81l A particularly
appealing attribute of some metal complexes with PCP
ligands is their remarkable thermal stability. Kaska,
Jensen, Goldman, and co-workers have developed Ir
complexes with PCP ligands as catalysts for the dehy-
drogenation of alkanes,? some of which can be used for
hours at 200 °C! Even more thermally stable catalysts
were recently reported by Kaska and co-workers, who
synthesized Ir complexes with PCP-type ligands con-
taining an anthracene backbone, thus providing an
aromatic instead of benzylic bond to the phosphine.
Their complexes catalyzed the dehydrogenation of al-
kanes at 250 °C.13 Milstein and co-workers found that
{[7°-2,6-((ProPCH,),CsH3)]Pd(OCOCF3) was a highly
active catalyst for the Heck reaction and that it showed
no noticeable degradation even after 300 h at 140 °C.*
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Notes

We report here the protonation of (PCP)PtH to give
a (PCP)Pt" dihydrogen complex. In the remainder of
this paper we use the abbreviation PCP to indicate [°-
2,6-(‘BuzPCH,),CsH3)], with R = 'Bu.)

Results and Discussion

Protonation of (PCP)PtH To Give [(PCP)Pt-
(H2)]*. Protonation of (PCP)PtH in CD,Cl, at —78 °C
with [H(OEt,)2]TBAr's~ [Ar' = 3,5-bis(trifluoromethyl)-
phenyl] leads to clean formation of the dihydrogen
complex [(PCP)Pt(?-H,)"BAr',~ (eq 1). The dihydrogen

P'Bu, P'Bu,
H* | H
Pt—H —— Pt— | o))
~80°C H
PtBllz P‘Buz

H* = [H(OEt,),|* BAr,' =, HOTf, HBF, » OE1,

resonance of this complex appears as a broad singlet at
0 0.18 (Jpt—n = 306 Hz). The T; of the dihydrogen
resonance of [(PCP)Pt(H,)]*BAr's~ was 14 ms at —86
°C and increased to 23 ms at —38 °C. When the solution
of [(PCP)Pt(H2)]TBAr'y~ was warmed to 22 °C, gas
evolution (Hy) was observed. The solution was cooled
back to —80 °C, and the NMR spectrum showed a
mixture of 30% [(PCP)Pt(H2)]"BAr's~ and 70% of a new
complex assigned as [(PCP)Pt(CICD.CI)]*. When this
solution was placed under 4 atm H,, the dihydrogen
complex was replenished, indicating that the H; ligand
can displace the very weakly bound methylene chloride
ligand. Precedent for the displacement of a CH,Cl,
ligand on Pt by H, comes from the work of Kubas and
co-workers,* who prepared trans-[(P'Pr3),Pt(H)(H2)]*-
BAr'4~ from the reaction of H, with trans-[(P'Pr3),Pt-
(H)(CICH.CI)]*BAr',s".

When a solution of [(PCP)Pt(H,)]"BAr'y;~ was kept
under H at 22 °C for about 2 weeks, some irreversible
decomposition was observed. Although [(PCP)Pt(H2)]"
and [(PCP)Pt(CICD,CI)]* were the two major complexes
(~40% each) observed in the NMR spectrum, some
decomposition to (PCP)PtCI occurs through reaction
with the CD,Cl; solvent. Along with (PCP)PtCI, a small
amount (<5%) of free PCP—H ligand is observed, as well
as some precipitate presumed to be Pt(0). In a separate
experiment, about 63% conversion to (PCP)PtCl was
observed when a solution of (PCP)PtH was heated in
CD,Cl, at 70 °C for 12 h.

The dihydrogen complex with a triflate counterion is
readily observed by low-temperature NMR upon proto-
nation of (PCP)PtH with triflic acid (CF3SO3H, abbrevi-
ated as HOTf). The T; of the dihydrogen ligand of
[(PCP)Pt(H,)]*OTf~ was 14 ms at —80 °C. Further
evidence for the assignment as a dihydrogen ligand
comes from the protonation of (PCP)PtH by DOTT to give
[(PCP)Pt(HD)]TOTf". The 1:1:1 triplet (*Jy-p = 33.4 Hz)
observed for the HD ligand is characteristic of bound
HD ligands, and the magnitude of the coupling constant
is similar to those observed in other Pt(H,) complexes.3—>
The large 1Jy-p indicates that the H—D bond is com-

(14) Ohff, M.; Ohff, A.; van der Boom, M. E.; Milstein, D. J. Am.
Chem. Soc. 1997, 119, 11687—11688.

Organometallics, Vol. 21, No. 7, 2002 1505

paratively little activated (compared to free HD) and is
suggestive of a short H—D distance.

Warming of the solution of [([PCP)Pt(H2)]TOTf™ to 22
°C, followed by recording an NMR spectrum at low
temperature, gave evidence for the formation of (PCP)-
PtOTf. As was observed with the BAr';,~ counterion,
addition of H; to (PCP)PtOTf resulted in conversion
back to the dihydrogen complex [(PCP)Pt(H2)] OTf .
The dihydrogen complex [(PCP)Pt(H,)]TOTf" is stable
for at least 3 days at —80 °C, but decomposes over a
period of days at room temperature.

Protonation of (PCP)PtH with HBF4-Et,O produces
[(PCP)Pt(H,)]*BF4~, which has spectroscopic charac-
teristics similar to those found with the BAr',~ and OTf~
counterions. When this complex is warmed, several
products were observed by 'H and 3P NMR. Plausible
products include [(PCP)Pt(CICD.CI]*BF4~, [(PCP)Pt-
(OEty)]"BF4~, and (PCP)PtFBFs;.

Stahl, Labinger, and Bercaw characterized [(PCys3),Pt-
(Ph)(H2)]*BAr';~ by low-temperature NMR.® This com-
plex eliminates benzene at —50 °C (eq 2). Aside from

PCy3 @

| - -50°C
Pi—|

[ H CD,Cl,

PC}/3

Cy = Cyclohexyl

PC}/3 @

H—P|1—C1CD2C1 + @ 2

P CY3

their use of cyclohexyl groups on the phosphines com-
pared to tert-butyls in our PCP complexes, the main
difference in their dihydrogen complex and [(PCP)Pt-
(H2)1*BAr'4~ is the chelating ligand of the PCP, which
connects both phosphines to the arene ring. The chela-
tion of the PCP ligand affords a substantial stabilizing
influence on the dihydrogen complex, since [(PCys).Pt-
(Ph)(H2)]TBAr' 4~ decomposes at —50 °C, whereas [(PCP)-
Pt(H2)]*BAr's~ slowly decomposes over a period of days
at room temperature. The small amounts of free PCP—H
ligand observed after several days from decomposition
of [(PCP)Pt(H2)]"BAr's,~ may form through an elimina-
tion of the arene, analogous to that shown in eq 2,
followed by dissociation of the phosphine ligand. In-
tramolecular reductive elimination of an alkane nor-
mally requires a cis configuration, but the rigidity of
the chelated PCP backbone locks the aryl and dihydro-
gen ligands into a trans configuration, thereby disfavor-
ing elimination. A dihydride might be more readily able
than the dihydrogen complex to obtain a geometry that
would be favorable for the elimination of arene, though
we have no data indicating that our dihydrogen complex
is actually in equilibrium with a dihydride. Proton
transfer from the dihydrogen ligand of [(PCP)Pt(H.)]*
to the arene ring could be a step in the elimination of
the arene ligand. Pertinent to this possibility are studies
by van Koten and co-workers, who carried out extensive
studies on n!-arenium complexes of platinum with NCN-
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pincer ligands.!’®> Their studies provide information
relevant to the formation of C—C bonds between arenes
and alkyl groups in Pt complexes, which is of interest
in connection with electrophilic aromatic substitutions.
Their results may provide some insight into the reactiv-
ity of our Pt system.

Attempted Catalytic Reactions. One reason for our
interest in these Pt complexes was to explore their
possible utility in homogeneous hydrogenation catalysis.
Along with the previously mentioned uses of PCP
complexes as catalysts for dehydrogenation and the
Heck reaction, metal complexes with PCP ligands have
also been used in hydrogenation catalysis. Ruthenium
complexes with pincer ligands were reported to catalyze
the transfer hydrogenation of ketones.’® We recently
developed a series of Mo and W complexes that serve
as catalysts for the homogeneous hydrogenation of
ketones.!” These reactions were proposed to proceed by
an ionic hydrogenation mechanism, involving proton
transfer from a cationic dihydride as the first step. Many
cationic dihydrogen complexes are acidic,'® and hydride
transfer capabilities of neutral metal hydrides are well-
established.1® Compared to Pt complexes not containing
the tridentate PCP-type ligands, the enhanced stability
we observed for [(PCP)Pt(H2)]"BAr's~ appeared to be a
promising attribute for our intents to use either [(PCP)-
Pt(H,)]* or [(PCP)Pt(CICH,CI)]™ as possible hydrogena-
tion catalysts. Unfortunately, attempts to use [(PCP)-
Pt(H,)]" as a catalyst for hydrogenation of Et,C=0
showed no significant catalytic activity. A variety of
solvents (chlorobenzene, THF, and toluene) were em-
ployed in these scouting studies, with temperatures as
high as 80 °C and pressures of H, up to 800 psi.
Decomposition of the catalyst precursors was observed,
with precipitates thought to be Pt(0) being observed in
many cases.

We suspect that the reason for failure of these Pt
complexes to function as ionic hydrogenation catalysts
is that [(PCP)Pt(H,)]* is not sufficiently acidic to ef-
fectively protonate the ketone. No hydrogenation of
acetone to 2-propanol was observed when HOTf was
added to a CD,Cl; solution of (PCP)PtH and acetone.
We did find evidence for the expected hydridic reactivity
of (PCP)PtH. Hydride transfer from Pt to carbon occurs
rapidly when (PCP)PtH is reacted with Ph3CTBF,~ at
room temperature, with PhzCH being formed in high
yield.
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Notes

Experimental Section

General Methods. All manipulations were carried out
under argon using standard Schlenk or vacuum line tech-
niques, or in a drybox. THF was distilled from Na/benzophe-
none and CH,CI, was distilled from P,Os; deuterated NMR
solvents were purified similarly. (PCP)PtCIl” and [H(OEty).]*-
BAr',~ 20 [Ar' = 3,5-bis(trifluoromethyl)phenyl] was prepared
as previously described. DOTf and HBF4-Et,O (85% in Et,0)
were purchased from Aldrich and used without further puri-
fication. HOTf was purified by distillation. NMR spectra were
recorded on a Bruker AM-300 instrument (300 MHz for 1H).
IH NMR spectra were referenced to the residual proton peaks
of the deuterated solvents, and 3P NMR spectra were refer-
enced to 85% phosphoric acid. NMR probe temperatures were
calibrated using methanol.?> The T, measurements were
carried out at 300 MHz using the standard inversion—recovery
pulse sequence. For experiments indicated as carried out under
4 atm Hz, a 5 mm NMR tube equipped with a J. Young valve
was attached to a vacuum line and cooled in liquid nitrogen
(77 K). The tube was then filled with 1 atm H,. Using this
procedure, the pressure of H, after the tube was warmed to
room temperature will be about 4 atm (298/77 = 3.9).

Preparation of (PCP)PtH. (PCP)PtH was previously
prepared from the reaction of (PCP)PtCl with NaBH..” In our
hands, higher yields were obtained from a modified prepara-
tion using LiAlH4, as used in the synthesis of a related Pd
complex.?? (PCP)PtCI (619 mg, 9.91 x 10~* mol) and LiAlH,
(50.0 mg, 1.31 x 1072 mol) were stirred at room temperature
in THF (20 mL) for 6 h. The reaction was quenched with H,O
(50 uL), and the solvent was evaporated. The product was
extracted with pentane (150 mL), which was evaporated to give
(PCP)PtH as a white solid (440 mg, 75%). *H NMR (22 °C,
CD,Cl,): 0 —2.32 (t, Jp—n = 16 Hz, Jpr_ = 741 Hz, 1H, PtH);
1.32 (t, J = 6.8 Hz, 36H, 'Bu); 3.45 (m, 4H, CH,); 6.91-7.10
(m 3H, CgH3). 3'P{*H} NMR (22 °C, CD,Cl,): 6 87.9 (Jp-pt =
2895 Hz).

Preparation of [(PCP)Pt(H2)]"BAr's;~. A solution of
[H(OEt,),]"BAr's~ (9.9 mg, 9.9 x 1078 mol) in CD,CI, (500 uL)
at —78 °C was added to a solution of (PCP)PtH (5.8 mg, 9.8 x
1078 mol, 1 equiv) in 500 uL of CD,Cl, in an NMR tube at —78
°C. The tube was inverted to mix the contents and was then
placed in an NMR probe precooled to —80 °C. The dihydrogen
complex [(PCP)Pt(H.)]"BAr's~ was present in =90% purity. *H
NMR (=90 °C, CD,Cl;): 6 0.18 (br s, Jpr—n = 306 Hz, 2H, Pt—
H.,); 1.23 (t, J = 7.4 Hz, 36H, Bu); 3.47 (m, 4H, CH,); 6.82—
7.18 (m 3H, CgHg); 7.53 (br, 4H, p-H of BAr',™); 7.72 (br, 8H,
0-H of BAr';"). 32P{*H} NMR (=90 °C, CD,Cl,): 6 88.4 (Jp-pt
= 2510 Hz).

Warming of [(PCP)Pt(H2)]*BAr',~ and Addition of Ha.
When the solution of [(PCP)Pt(H,)]*BAr',~ prepared above was
warmed to 22 °C for 2 min, gas evolution was observed. The
solution was recooled to —80 °C, and the 3!P{*H} NMR
spectrum indicated a 7:3 ratio of [(PCP)Pt(CICD,CI)]*":[(PCP)-
Pt(H2)]". Hydrogen (4 atm) was then added to the tube, and
the NMR spectrum indicated that the dihydrogen complex was
re-formed, with a 10:1 ratio of [(PCP)Pt(H2)]" to [(PCP)Pt-
(CICD,CI)]* being determined by NMR. After the tube was left
under H; (4 atm) at 22 °C for 12 days, 'H and $*P{'H} NMR
spectra recorded at 22 °C indicated the following complexes:
[(PCP)Pt(H2)]" (42%), [(PCP)Pt(CICD,CI)]" (39%), (PCP)PtCI
(16%), and PCP—H (3%). Some dark precipitate had also
formed, presumably Pt(0). *H NMR of [(PCP)Pt(CICD,CI)]"-
BAr',~ (—80 °C, CD.Cly): ¢ 1.26 (m, 36H, '‘Bu); 3.12 (m, 4H,
CHy); 6.90—7.17 (m, 3H, CgH3); 7.53 (br, 4H, p-H of BAr'; 7);
7.72 (br, 8H, o-H of BAr'y"). 3'P{*H} NMR (—80 °C, CDCl,):
0 73.4 (Jp—pt = 2845 Hz).
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T1 Measurements of [(PCP)Pt(H2)]"BAr's~. The follow-
ing T1 values were determined for the dihydrogen peak of
[(PCP)Pt(H2)]"BAr',~ in CD,Cl; at 300 MHz: 14 ms (—86 °C),
14 ms (=74 °C), 16 ms (—62 °C), 19 ms (=50 °C), and 23 ms
(—38 °C).

Preparation of [(PCP)Pt(H2)]tOTf . (PCP)PtH (9.6 mg,
1.6 x 107° mol) was dissolved in 0.70 mL of CD,Cl,, and the
solution was cooled to —80 °C. Triflic acid (HOTf, 1.4 uL, 1.6
x 107% mol) was added by syringe, and the tube was inverted
to mix the contents. [(PCP)Pt(H.)]"OTf was formed in about
93% yield by NMR. About 7% (PCP)PtOTf was observed,
apparently due to unintentional warming of part of the
solution, since the ratio of these two complexes did not change
significantly after 3 days at —80 °C. *H NMR of [(PCP)Pt(H.)]*-
OTf~ (=80 °C, CD,Cly): 6 0.23 (br s, Jpt—n = 304 Hz, 2H, Pt—
H.); 1.26 (m, 36H, ‘Bu); 3.49 (m, 4H, CH,) 7.19 (m, 3H, CsHy).
31P{1H} NMR of [(PCP)Pt(H,)]*OTf™ (—80 °C, CD:Cl): 6 88.3
(Jp-pt = 2509 Hz). 'H NMR of (PCP)PtOTf (—80 °C, CD,Cly):
0 1.27 (m, 36H, 'Bu); 3.08 (m, 4H, CH,) 6.87—7.18 (m, 3H,
CgHs3). 3P{*H} NMR of (PCP)PtOTf (—80 °C, CD,Cl,): 6 75.6
(Jp_pt = 2901 HZ)

Warming of [(PCP)Pt(H.)]"OTf  and Addition of H,.
When the solution of [(PCP)Pt(H2)]"OTf~ prepared above was
warmed to 22 °C for 2 min, gas evolution was observed. The
solution was recooled to —80 °C, and the 3'P{'H} NMR
spectrum indicated a 4:1 ratio of (PCP)PtOTf to [(PCP)Pt(H2)]"-
OTf~. Hydrogen (4 atm) was added to the tube, and the NMR
spectrum (—80 °C) indicated that the dihydrogen complex was
re-formed (87%). After the tube was left under H; (4 atm) at
22 °C for 3 days, a 3P{*H} NMR spectrum recorded at 22 °C
indicated the following complexes: [(PCP)Pt(H2)]" (44%),
(PCP)PtOTT (31%), (PCP)PtCI (0 67.6, 13%), and PCP—H (¢
40.4, 5%).

Preparation of [(PCP)Pt(HD)]"OTf . Using a procedure
analogous to that described above, protonation of (PCP)PtH
by DOTf at —80 °C gave [(PCP)Pt(HD)]TOTf" in 94% vyield.
H NMR of [(PCP)Pt(HD)]*OTf~ (—80 °C in CD.Cl,): ¢ 0.33
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(1:1:1 t, Ipt—n = 312 Hz, Jy—p = 33.4 Hz, 1H, Pt—HD); 1.27 (t,
J = 7.4 Hz, 36H, ‘Bu); 3.48 (m, 4 H, CH,) 7.16 (m, 3H, CsHs).
31P{*H} NMR of [(PCP)Pt(HD)]*OTf (=80 °C in CD,Cl,): ¢
87.9 (d, Jp-pt = 2510 Hz).

Preparation of [(PCP)Pt(H.)]"BF, . Tetrafluoroboric acid
(3.1 uL of 85% HBF4-Et,0 in Et,0) was added to a solution of
(PCP)PtH (10.7 mg, 1.81 x 107° mol) in CD,Cl, (0.70 mL) at
—80 °C. The tube was inverted to mix the contents, and the
NMR spectrum indicated that [(PCP)Pt(H.)]* was formed in
>90% yield. *H NMR (=90 °C, CD,Cl,): 6 0.29 (br s, Jpt-n =
310 Hz, 2H, Pt—Hy); 1.26 (m, 36H, ‘Bu); 3.48 (m, 4H, CH,);
7.16—7.21 (m 3H, CeHs). 3P{*H} NMR (—90 °C, CD,Cly): ¢
88.2 (d, Jp-pt = 2509 Hz).

Warming of [(PCP)Pt(H.)]*"BF,~. When the solution of
[(PCP)Pt(H,)]*BF4~ prepared above was warmed to 22 °C for
1 min, gas evolution was observed. The solution was recooled
to —80 °C, and the 3!P{*H} NMR spectrum indicated that the
relative amount of [(PCP)Pt(H2)]"BF.~ had decreased to about
29%. Several other decomposition products were also formed,
as indicated by 3'P{*H} resonances at 0 75.6 (21%), 6 76.7
(19%), and 6 72.9 (17%).
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