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The binuclear cyclometalates [Pthlz{2-CM62C6H4P(C6H4(2—iPr))2}2] (1a) and [Pt,Cl,{2-CMe,C¢H;(4-
OMe)P(C¢H3(2-'Pr)(4-OMe)),}»] (1b) react with CHCLCHCI, to give the corresponding mononuclear
phosphine-alkene chelates [PtClz{2-CH2=CMCC6H4P(C6H4(2-iPI'))Q}] (2a) and [PtCl,{2-CH,=CMeCcH3(4-
OMe)P(C¢H3(2-'Pr)(4-OMe)),}] (2b). The product 2a can also be formed directly from [PtCl,(NC'Bu),]
and L, in CHCI,CHCI, or by addition of SO,Cl, to 1a. Addition of an excess of SO,Cl, to 1b gave
[PtCl, {2-CH,=CMeCsH;(4-OMe)P(CsH(2-'Pr)(4-OMe)(5-C1)),}] (3b), a derivative of 2b featuring meta-
chlorine substituents on the terminal P groups as a result of electrophilic aromatic substitution. A
mechanism for the conversion of 1a,b to 2a,b is proposed involving an electrophilic alkyl C—H activation
by a coordinatively unsaturated platinum(IV) species. The mechanism is supported by the isolation of
the diplatinum(I'V) cyclometalate [Pt,Cl,{2-CH,CsH3(4-OMe)P(CsH3(2-Me)(4-OMe)), }] as a mixture of

syn and anti isomers Sb and Sb'. The crystal structures of 2a and 3b have been determined.

Introduction

Understanding the factors involved in the activation of alkyl
C—H bonds by transition metal complexes is a topic of
fundamental interest because of the prospect and importance
of selectively functionalizing alkanes.'> Ever since Shilov’s
pioneering work' on alkane activation with platinum(ID)/(IV)
systems in the 1970s, much effort has been directed at using
precious metal complexes for homogeneous functionaliza-
tion of alkanes.’”” Efficient homogeneous catalysts have been
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reported for transfer dehydrogenation* and acceptorless dehy-
drogenation of alkanes® but not for the oxidative dehydroge-
nation of alkanes,® which is potentially a very attractive process.>
One of the most promising strategies for homogeneous, oxida-
tive, alkane dehydrogenation involves electrophilic C—H activa-
tion by late transition metal complexes and especially with
platinum(I[)/(IV) systems, for which stoichiometric dehydro-
genations have been reported.®’

Cyclometalation is a common form of intramolecular C—H
activation, and the reactivity of the resulting M—C bonds has
been well documented.” We reported'® rare examples of tertiary
carbon—metal bonds formed upon cycloplatination of L, and
Ly, and here we report that the C—H bonds of the methyl groups
in the isopropyl substituents are activated upon oxidation of
the complex, resulting in the formation of a coordinated alkene.
Overall the reaction constitutes an oxidative dehydrogenation
of a tertiary phosphine.

La Ly

Results and Discussion

It was previously reported'® that treatment of [PtCl,(NCBu'),]
with L, or Ly in refluxing toluene gave the binuclear cyclom-
etalated complexes 1a and 1b, which contain tertiary C—Pt
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bonds. We now find that when la or 1b is refluxed in
CHCI,CHCl,, a single P-containing complex was observed in
each case. The complex products are assigned the phosphine-
alkene chelate structures 2a and 2b on the basis of elemental
analysis, NMR spectroscopy, and the X-ray crystal structure of
2a (see below). The 'H and '*C NMR spectra of 2a and 2b
show peaks characteristic of a coordinated alkene (see Experi-
mental Section). Complex 2a was also formed by heating
[PtCI,(NC'Bu),] with L, in CHCI,CHCI, (Scheme 1).
Crystals of 2a were grown from its CDCl5 solution, and the
X-ray crystal structure of 2a, as a chloroform solvate, was
determined (see Figure 1). The molecular structure confirms
that assigned above, with a conventional square-planar Pt(II)
coordination geometry. The conformation of the diaryl portion
of the chelating ligand is of the g*g™ type,'® and only one pair
of (enantiomeric) diastereoisomers is seen in the unit cell; that

Figure 1. Structure of 2a with hydrogen atoms removed for clarity
(except those on C8). Important geometric parameters include
Pt1—P1 2.2426(14), Pt1—C7 2.207(5), Pt1—C8 2.135(5), Pt1—CI1
2.3651(14), Pt1—CI2 2.3201(15), C7—C8 1.402(7) A.
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Figure 2. Structure of 3b with hydrogen atoms removed for clarity
(except those on C8). Important geometric parameters include
Pt1—P1 2.242(3), Pt1—C7 2.199(13), Pt1—C8 2.114(13), Pt1—CI1
2.369(3), Pt1—CI2 2.310(3), C7—C8 1.404(18) A.

is, there is no molecule with the same configuration at the
sterogenic carbon C7 and a g~ g~ diaryl conformation. The
chelating phosphino-alkene ligands in 2a,b are related to those
in complexes of (o-vinylphenyl)diphenylphosphine reported by
Bennett et al.''

The transformation of 1a,b into 2a,b must involve reaction
with the solvent and, since the CIl:Pt ratio has increased from
1:1 to 1:2 (see Scheme 1), an abstraction of a Cl atom has taken
place. Two stoichiometries were considered plausible, where
CHCIL,CHCI, acts as the source of HCI (eq 1) or Cl, (eq 2)."?
The modest yields of 2a,b in the CHCI,CHCI, reactions were
accompanied by significant decomposition to metallic platinum
and other brown insoluble products, and therefore a more
selective route to 2a,b was sought. To investigate the feasibility
of the reactions shown in eqs 1 and 2, more accessible sources
of HCI and Cl, than CHCI,CHCI, were investigated.

0.51a,b +HCl—2ab+H, (1)
0.51a,b+ Cl,—2a,b+ HCI (2)

No reaction was observed by *'P NMR spectroscopy upon
treatment of 1a in toluene with a large excess of HCl in diethyl
ether at ambient temperature or at reflux. However 1a reacted
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rapidly with SO,Cl; (as a source of Cly) in CH,Cl, at ambient
temperatures to give 2a, showing that the stoichiometry of eq
2 is viable.

The reaction between SO,Cl, and 1a was monitored by *'P
NMR spectroscopy. At low conversions to 2a, the only
P-containing species observed were la and 2a; that is, no
intermediates were detected. At higher conversions, it was
noticed that a minor species (up to 10%) formed with *'P NMR
parameters (Jp 19.0, 'Jpp 3202 Hz) similar to those for 2a (p
17.5, Ypp 3279 Hz). The likely structure of this impurity (3a,
see eq 3) emerged only after the reaction of 1b with SO,Cl,
had been investigated.

Reaction of 1b with an excess of SO,Cl, initially gave two
products in the ratio 1:1 with similar *'P NMR parameters.'?
After 4 h, a single product was present, for which crystals were
grown from its CDClj3 solution and the X-ray crystal of 3b, as
a chloroform solvate, was determined (see Figure 2). The crystal
structure revealed that meta chlorination of the terminal aryl
substituents had occurred in the reaction of 1b with SO,Cl,.
The conformation of the diaryl portion of the chelating ligand
in 3b is again of the g*g" type, and the configuration at C7 is
also as in 2a. The details of the molecular structure around the
metal in 3b are less precisely determined than for 2a but are
otherwise very similar.

Thus it appears that 2b readily undergoes electrophilic
aromatic substitution by chlorine to afford 3b. This was
confirmed by addition of 2 equiv of SO,Cl; to 2b, which gave
3b quantitatively (eq 3). The activation by the ortho-directing
methoxy substituents would explain why the electrophilic
aromatic substitution occurs more readily with 2b than with 2a
(eq 3). Notably, it appears that the terminal aryl groups are more
activated to the chlorination than the aryl group that is part of
the chelate.

z z
<Pr <Pr Cl

2 2
z AN S0;Clp AN
p % .
/Pt\ E— /Pt\ 3)
cl cl
2a Z=H 3a Z=H
2b Z=0Me 3b Z=0Me

A mechanism for the conversion of 1a into 2a is proposed
in Scheme 2. Oxidative addition of Cl, to 1a would give the

diplatinum(IV) intermediate A. Dissociation to give a five-
coordinate mononuclear species B would be promoted by the
bulky phosphine. Intermediate B may have an agostic C—H
interaction in the ground state (as depicted in Scheme 2) or in
the transition state of the S-hydrogen elimination step to give
C. Reductive elimination of HCI from C would give the
observed 2a. This mechanism is reminiscent of Shilov’s
proposal’ to explain the formation of hexene from hexane using
[PtClg]>~ in aqueous solution: B-hydrogen elimination from the
five-coordinate platinum(I'V) species [RCH,CH,PtCls] ™~ to give
[(3-RCH=CH)Pt(H)Cl,]~ followed by HCI loss to give [(7-
RCH=CH)PtCl3]".

The previously reported'® complexes 4a,b are analogues of
1a,b but have ortho-methyl rather than ortho-isopropyl substit-
uents, and therefore do not have the potential to be dehydro-
genated in the same way as 1a,b. The lack of solubility of 4a
precluded a study of its reactions with SO,Cl,. However
treatment of 4b with SO,Cl, smoothly gave a 1:1 mixture of
two species with closely similar *'P NMR parameters (6 29.6,
Jep 2870 Hz, 28.1, Jpp 2824 Hz). The diplatinum(IV) isomers
5b and 5b’ (eq 4) are assigned to the products on the basis of
elemental analysis, mass spectrometry, and 'H and *'P NMR
spectroscopy (see Experimental Section for the data). Complexes
5b/5b' are close analogues of the proposed intermediate A, and
their formation supports the mechanism given in Scheme 2.
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Goldberg et al.® have shown that one of the isopropyl groups
in the five-coordinate organoplatinum(IV) complex 6 is dehy-
drogenated at elevated temperatures to give 7 via three-
coordinate cycloplatinate(IT) intermediate 8 (Scheme 3), which
was formed by elimination of ethane and methane. Complex 6
has some similarities to the organoplatinum(IV) intermediate
B proposed in Scheme 2, although the Pt in 6 is more electron-
rich, and therefore 6 would be less electrophilic than B. The
alkane dehydrogenation mechanisms in Schemes 2 and 3 differ
significantly in that the crucial step involves S-hydrogen
migration to platinum(IV) in Scheme 2 and to platinum(II) in
Scheme 3.

Conclusion

The oxidative alkane dehydrogenation reported here is
stoichiometric and intramolecular and uses a source of Cl, as
the oxidant with HCl as the byproduct. This is a long way from
the sought-after catalytic, intermolecular alkane dehydrogenation
using O, as the oxidant with H,O as the byproduct.” Neverthe-
less the great facility with which the putative platinum(IV)
activates the alkyl C—H bonds described here suggests that
functionalization of alkanes mediated by electrophilic transition
metal complexes has great potential.

Experimental Section

General Considerations. Unless otherwise stated, all work was
carried out under a dry nitrogen atmosphere, using standard Schlenk
line techniques. Dry N,-saturated solvents were collected from a
Grubbs system'* in flame- and vaccuum-dried glassware. Com-
plexes 1a,b and 4b were made by the previously reported method.'®

(13) Presumably the monochloroaryl complex [PtCl,{2-CH,=CMeC¢H3(4-
OMe)P(CsHa(2-'Pr)(4-OMe)(5-Cl))(CeHa(2-"Pr)(4-OMe)) } ] intermediate must
also be formed, but this was not detected in the *'P NMR spectrum either
because it is formed in only small quantities or its signals are masked by
those for 3b.

(14) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K;
Timmers, F. J. Organometallics 1996, 15, 1518.

Organometallics, Vol. 27, No. 22, 2008 5909

Table 1. Crystallographic Data for 2a-2CHCI; and 3b
2a-2CHCl; 3b

colorless, block

color, habit colorless, block

size (mm) 0.15 x 0.1 x 0.1 0.2 x 0.18 x 0.18
formula Cy9H33CisPPt C30H35C1405PPt
M 891.21 811.47

cryst syst triclinic monoclinic

space group P1 P2i/c

a (A) 11.281(3) 13.348(3)

b (A) 12.104(2) 15.743(3)

¢ (A) 13.133(3) 15.330(3)

o (deg) 89.331(15) 90.00

f (deg) 76.72(2) 109.57(3)

y (deg) 75.780(19) 90.00

V(A% 1689.8(7) 3035.4(11)

z 2 4

u (mm~") 4.851 5.059

T (K) 173(2) 100(2)

reflns: total/indep/Rin 18 174/7680/0.0574 34 003/6966/0.1058
final R, 0.0422 0.0951

largest peak, hole (e A‘S) 1.256, —0.912 4.729, —4.792
Peale (g cm™?) 1.752 1.776

NMR spectra were measured on a Jeol Eclipse 300, Jeol Eclipse
400, or Jeol GX 400. Unless otherwise stated, 'H, '>C, and *'P
NMR spectra were recorded at 300, 100, and 121 MHz, respec-
tively, at +23 °C. Mass spectra were recorded on a MD800.
Elemental analyses were carried out by the Microanalytical Labora-
tory of the School of Chemistry, University of Bristol.

Synthesis of [PtCl,{2-CH;=CMeC¢H,P(CsH4(2-'Pr)),}] (2a).
Method a. [Pt,Cl,{2-CMe,CsH4PAr, }5] (1a) (0.094 g, 0.076 mmol)
was suspended in CHCIL,CHCl, (5 cm®) and heated at reflux for
4 h to give a yellow solution and some metallic Pt deposit. The
solvent was removed under reduced pressure, and the resulting
residue was dissolved in CDCl;. The solution was filtered through
Florisil to remove the metallic deposit, and the solvent was removed
under reduced pressure to give an off-white solid, 2a (0.054 g,
55%). Colorless crystals were obtained by slowly evaporating the
CDCl; solution in a NMR tube.

Method b. [Pt,Cl,{2-CMe,CsH4PAr,},] (1a) (0.094 g, 0.076 mmol)
was suspended in CH,Cl, (2 cm?), and an excess of SO,Cl, 0.1 cm?)
was added. The mixture was stirred for 4 h. The volatiles were then
removed under reduced pressure. The resultant yellow solid was
washed with toluene (3 x 2 cm®) and hexane (3 x 1 cm?) and then
filtered off. The white solid 2a was then dried under reduced pressure
(0.091 g, 92%). Anal. Found (calc for Co7H3,CLPPY): C, 49.64 (49.70);
H, 4.71 (4.79). Mass spectrum (FAB): m/z 652 (M™). NMR (CDCls):
SIP{'H}, 6 17.5, Jpp 3279 Hz; 'H, 6 7.66—7.08 (m, 10H, C¢H,),
6.79—6.73 (m, 2H, C¢Ha), 4.97 (s, Jpm 48 Hz, 1H, CCH,), 4.07 (m,
1H, CH(CHj3)y), 3.89 (m, 1H, CH(CH3),), 3.29 (s, Jpu 42 Hz, 1H,
CCHy), 2.49 (s, Jpws 36 Hz, 3H, CCH3), 1.36 (d, 6H, CH(CHs),), 1.22
(d, 3H, CH(CH3),), 0.22 (d, 3H, CH(CHs),); "*C{'H}, 6 163.3 (d,
Jpc 5 Hz) 163.0 (s), 162.9 (d, Jpc 5 Hz), 156.4 (d, Jpc 12 Hz) 156.2
(d, Jec 12 Hz), 154.0 (d, Jec 18 Hz), 135.9 (d, Jpc 5 Hz), 135.3 (d, Jpc
11 Hz), 134.8 (d, Jpc 13 Hz), 122.1 (d, Jpc 69 Hz), 115.8 (d, Jpc 70
Hz), 115.0 (d, Jpc 10 Hz), 114.5 (d, Jpc 6 Hz), 114.3 (d, Jpc 7 Hz),
112.5 (d, Jpc 5 Hz), 112.1 (d, Jpc 12 Hz), 111.4 (d, Jpc 14 Hz), 110.6
(d, Jec 13 Hz), 74.2 (s), 70.4 (Jpc 151), 33.1 (d, Jpc 6 Hz), 32.8 (d,
Joc 9 Hz), 27.8 (s), 24.7 (5), 24.1 (s), 23.6 (s), 22.8(8).

Synthesis of [PtCly{2-CH,=CMeC¢H3(4-OMe)P(CsH3(2-'Pr)4-
OMe)),}] (2b). [Pt,C1,{2-CMe,CcH3(4-OMe)PAr,},] (1b) (0.100
g, 0.070 mmol) was suspended in CHCL,CHCI, (5 cm®) and heated
at reflux for 4 h to give a yellow solution and some metallic Pt
deposit. The solvent was removed under reduced pressure, and the
resulting residue was dissolved in CDCl;. The solution was filtered
through Florisil to remove the metallic deposit, and the solvent was
removed under reduced pressure to give an off-white solid, 2b
(0.047 g, 45%). Anal. Found (calc for C3,H3;C1,05PPt): C, 47.90
(48.52); H, 5.38 (5.02). Mass spectrum (ESI): m/z 742 (M™"). NMR
(CDCl3): *'P{'H}, 6 12.0, Jpp 3249; 'H, 6 7.27—6.65 (m, 9H,
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CeH3), 4.99 (t, Jpg 48 Hz, 1H, CCH,), 4.13 (t, 3.74, 2H, CH(CH3),),
3.89 (s, 3H, OCH3), 3.87 (s, 3H, OCH3;), 3.82 (s, 3H, OCH3), 3.35
(s, Jpn 72 Hz, 1H, CCHyp), 2.51 (s, Jpw 42 Hz, 3H, CCHs), 1.42
(d, 6H, CH(CHs),), 1.30 (d, 3H, CH(CHs),), 0.38 (d, 3H,
CH(CHj3),); *C{'H} (CDsCl,), 6 163.6 (s), 163.4 (d, Jpc 2 Hz),
163.3 (d, Jpc 2 Hz), 158.5 (d, Jpc 10 Hz), 156.2 (d, Jpc 13 Hz),
155.2 (d, Jpc 9 Hz), 154.9 (d, Jpc 10 Hz), 154.2 (d, Jpc 12 Hz),
153.9 (d, Jpc 11 Hz), 135.9 (s), 135.2 (d, Jpc 11 Hz), 134.5 (d, Jpc
11 Hz), 121.4 (d, Jpc 38 Hz) 119.4 (d, Jpc 14 Hz), 115.5 (d, Jpc 10
Hz), 115.3 (d, Jpc 11 Hz), 112.4 (d, Jpc 12 Hz), 111.6 (d, Jpc 12
Hz), 74.3 (s), 70.6 (Jpc 102 Hz), 33.3 (d, Jec 9 Hz), 32.8 (d, Jpc
8 Hz), 27.4 (s), 24.5 (s), 23.6 (s), 23.2 (s), 22.3 (s).

Synthesis of [PtCly{2-CH,=CMeC¢H3(4-OMe)P(CsH,(2-'Pr)4-
OMe)(5-CD)2}] (3b). [Pt,Cly{2-CMe,CeH3(4-OMe)PAr, },] (1b)
(0.100 g, 0.070 mmol) was suspended in toluene (10 cm?), and an
excess of SO,Cl, (0.2 cm®) was added. The mixture was stirred
for 4 h. The volatiles were removed under reduced pressure. The
resulting off-white solid was washed with hexane (3 x 10 cm?) to
give 3b (0.076 g, 67%). Colorless crystals of 3b were obtained
from a toluene solution layered by hexane. Anal. Found (calc for
C30H35C14,03PPY): C, 45.61 (44.77); H, 4.75 (4.35). Mass spectrum
(ESI): m/z 811 (M™). NMR (CDCls): *'P{'H}, 6 11.29, Jpp 3278
HZ; 1H, CS 7.27—6.79 (II], 7H, C6H3, C6H2), 5.03 (S, IH, JPLH 54
Hz, CCH,), 4.04 (s, 3H, OCH3), 3.94 (s, 3H, OCH3), 3.92 (s, 3H,
OCHj3), 3.87 (br, 3.74, 2H, CH(CHj3),), 3.36 (s, 1H, Jpy 66 Hz,
CCH,), 2.52 (s, 3H, Jpyy 42 Hz, CCH3), 1.42 (d, 6H, CH(CH3),),
1.31 (d, 3H, CH(CHs;),), 0.38 (d, 3H, CH(CH3),).

Synthesis of the Diplatinum(IV) Complexes 5b/5b'. [Pt;Cl,{2-
CH,CeH3(4-OMe)PAr, },] (4b) (0.25 g, 0.20 mmol) was dissolved
in CH,Cl, (3 ecm?®), and SO,Cl, (0.064 cm®, 0.8 mmol) added
dropwise to give a dark orange solution. Et,0 (12 cm?®) was added
after 20 min, and the resulting precipitate collected on a frit and
dried under reduced pressure to give a bright yellow powder, Sb/
5b" (0.24 g, 86%). Anal. Found (calc for C43Hs,ClsO¢P,Pts): C,
41.46 (41.48); H, 3.92 (3.77). High-resolution ESI mass spectrum
(calc for M™"): m/z 1386.06603 (1386.06660). NMR (CD,Cl,):
STP{'H} (1:1 mixture of isomers), & 29.6, Jpp 2870 Hz, 28.1, Jpp
2824 Hz; 'H (recorded at —80 °C), & 7.25—6.48 (m, 18H, C¢H3),
3.79 (br s, 18H, OCH3), 1.98 (br m, 2H, CH,), 1.85 (s, 3H, CHj3),
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1.82 (s, 3H, CHy); "*C{'H}, 6 163.1 (s), 162.8 (d, Jpc 4 Hz), 155.8
(d, Jpc 12 Hz), 144.6 (br m), 131.4 (t, Jpc 7.5 Hz), 121.1 (s), 120.0
(s), 117.8 (br m), 113.3 (m), 111.4 (m), 55.7 (s), 55.5 (s), 55.4 (s),
41.7 (br m), 23.3 (s).

X-ray Crystal Structure Analyses. X-ray diffraction experi-
ments on 2a as its chloroform solvate were carried out at 173 K
on a Bruker SMART diffractometer and on 3b at 100 K on a Bruker
SMART APEX diffractometer, using Mo Ko X-radiation (1 =
0.71073 A) and a CCD area detector, on single crystals coated
in paraffin oil and mounted on a glass fiber. Intensities were
integrated'® from several series of exposures, each exposure
covering 0.3° in w. Absorption corrections were based on equivalent
reflections using SADABS V2.10,'® and structures were refined
against all F,”> data with hydrogen atoms riding in calculated
positions using SHELXTL'” Crystal and refinement data are given
in Table 1. Data for 3b were of low intensity and poor quality,
leading to high Ri, and R; values and a final difference map with
large electron density features within 1 A of the platinum atom
but otherwise reasonable refinement characteristics.
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