ELSEVIER Inorganica Chimica Acta 265 (1997) 117125
Ligand effects on the rates of protonolysis and isotopic exchange for
platinum(II) alkyls
Matthew W. Holtcamp, Jay A. Labinger *, John E. Bercaw *
Arnold and Mabel Beckman Laboratories of Chemical Synthesis, California Institute of Technology, Pasadena, CA 91125, USA
Received 13 March 1997; accepted 24 April 1997
Abstract

The protonolysis/deuterolysis of complexes L,PIRX (L = phosphorus ligand, R = alky! group, X = anionic ligand) has been investigated
as a mechanistic probe of the reverse reaction, activation of alkanes by Pt(l). Trans-(ELP) ,PtMeX (X ™ =triflate (OTf ™), F7.NO, )
solvolyze in acidic CD,OD, forming [ trans-( Et;P),PtMe(CD,OD) | * which reacts slowly with DOTf at room temperature liberating CH,D.
In dichloromethane, trans-(ELP).PtMe (OTH) reacts with HOTY at low temperatures ( ~ 70 10 = 20°C) to give (Et;,P),PtMe(H) (OTY), in
rapid cquilibrium with the reagents, while at higher temperatures rapid methane loss is preceded by exicnsive deuterium incorporation (with
DOTY) into the Pt(1) methyl group. Upon treatment with acid in CD,OD, trans-(Et3P),PtMeX (X ==Cl, Br) also undergo i1/D exchange
before elimination of methane, while rrans-(E;P),PtMel,  (depe)Pt(CH,), (depe = 1,2-bis(diethylphosphino)ethane) and cis-
[ (MeO),P]PtMeCl do not. The e hydrogens of trans-(ELP) ,PIRCE (R = Me, Et, Bz) exchange with deuterium in CD,0OD/DOTS with rates
following the order Bz <Me <Et, while no exchange is observed in the protonolysis of trans-( EGP),PLUCH,CMe;)Cl which yields
(CH,)CCH,LD. These trends are interpreted in terms of effects on relative stabilities of key intermediates, PLIV) alkyl hydrides and Pi(11)
alkane sigma complexes.  © 1997 Elsevier Science S.A.

Kevwords: Kinetics and mechanism; Protonolysis: sotopic exchange: Platinum complexes; Alkyl complexes

1. Introduction PLIV) alkyl hydrides 1 were observed by NMR in several
cases, while the postulated intermediates 2 (so-called alkane
sigma complexes [5]) could not be observed but were
inferred from the observation of isotopic H/D exchange
between alky! groups and solvent methanol, as shown in Egs.
(2) (where the N=N ligand is tetramethylethylencdiamine
(tmeda)) and (3) |6].

In the past fifteen years many examples of the activation
of alkanes by metal complexes, often under remarkably mild
conditions, have been reported | 1]; however, relatively few
have been demonstrated to lead to functionalization of
alkanes. Among the latter, the oxidation of alkanes toalcohols

by aqueous platinum salts (2], Eq. (1), has been studied ) D
cextensively in recent years {3.4]. No, Fln"’"CH"‘ -40°C Now, '!"W..CH;;.,.D,, s
" .. lJ
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difficult to probe directly, as neither meaningful kinetics nor EP™ " “CHa  cp,oD, D*l EtP* 7 " CHj.qD,

observation of intermediates has been obtainable. We have
been able to shed some light on several important mechanistic
features of this step by studying its microscopic reverse, the
protonolysis of Pt(11) alkyl complexes, and have proposed a
general mechanism for the latter, depicted in Scheme 1. The

Although these studies involve Pt(1) complexes with sta-
bilizing amine or phosphine ligands, we consider it highly
probable that the corresponding intermediates play key roles
in the ligand-free system of Eq. (1). This postulate is sup-

* Corresponding authors. J.A. Labinger: tel.: + 1 626-395 6520; fax: + 1 ported by the recent observation of intermolecular alkane
626-449 4159. activation by cationic (tmeda)Pt(Il) complexes [7].

0020-1693/97/$17.00 © 1997 Elsevier Science S.A. Al rights reserved
PI180020-1693(97)05675-2



118 M.W. Holticamp et al. / Inovganica Climica Acta 265 (1997) 117-125

H H +
+ Hx ty, l W it ¥ X I I W )
LTIV TR LU pupewnepepe 'S el L] * et | f0tay,,, .
,Pl~nv—“~“‘"/?‘\ﬂ - /P"R
X

o ﬂ

Lupt e RH__ +X

+
Moy et
o]
Scheme 1.

Accordingly, cxamination of the factors that govern the sta-
bilities of these intermediates, and the rates of the processes
that form and interconvert them, should provide valuable
information towards our goal of understanding activity and
selectivity of these C-H activations and designing improved
catalysts for alkane functionalization. We repert here on pro-
tonolysis reaction of complexes L,PIRX, where we examine
the effects of varying tne phosphine ligand L, the alkyl group
R and the 4th ligand X.

2. Experimental
2.1. General procedures

Phosphine ligands, (COD)PtMey and (COD)PICI,
(COD = cyclooctadiene) were purchased from Strem and
used as received. (COD)PIEL, (COD)PBz., (COD)-
PtMeCl. (COD)YPIEICT and (COD)PB2Cl (B2 = benzyl)
were prepared by the methods of Clark and Manzer (8],
(COD)PUCH,CMe,) ; was prepared from LiCH,CMe, and
(COD)PICI, following a procedure similar to that reported
by Whitesides and co-workers {91, and converted 1o (COD) -
PLCH,CMe,)Cl in the same manner as the Me analog | 8]
(excess acid, vinacety! chloride in methanol, was necessary )
Standard workup procedures for the Pe(11) diatkyls and alkyl
chlorides were carried out in air with solvents purchased from
VWR and used as received; all other experiments were carried
out using freshly distilled solvents under an inert atmosphere
via standard Schlenk and glove box techniques.

'H NMR spectra were recorded on a General Electric
QE300 and a Bruker AMS00 spectrometer. P NMR spectra
were recorded on a JEOL FNM400 spectrometer. {Multi-
plicities cited for NMR peaks do not include " Pt satellites;
if the latter are present a coupling constant is given.) Low
temperature kinetics were obtained as described in previous
publications [S5]. Mass spectra were obtained using a How-
lett-Fackard 5990A GC/MS with a 70 ¢V ionizing voltage
cquipped with u 50 m PONA column (cross-linked methyl
stlicone gum). Elemental analyses were performed by Fenton
Harvey of this department,

2.2 Svnthesis of rans-(Er 2),PIRCIH (R = Me. Et, Be,
CH,CMe,)

These complexes are all known, having been previously
prepared from (EP),PICL, [10]. We obtained them by the

addition of 2.1 cquiv. of triethylphosphine to a dichioro-
methane solution of (COD)PtRCI. The solution was allowed
to stir for several hours and the solvent was removed in vacuo,
affording a white powder (or oil, in which case addition of
dicthyl ether and/or pentane followed by solvent removal
converted it to a white solid). Complexes were characterized,
and their purities determined, by 'H NMR; if necessary
recrystallization from concentrated, cooled dichloromethane
solutions gave pure complexes.

2.3. Synthesis of trans-(Et,P),PtR(OTf) (R = Me,
CH,CMe,; OTf=triflate)

Trans-(E;P),PH{CH,CMe:) (OTF)  was  synthesized
using the published preparation for the Mc,P analog [ 11].
Anal. Calc. for CxH,, SOF; PPt C, 33.2; H, 6.3, Found: C,
33.4:H,6.2%. '"H NMR (CDCl,): § 1.0 (9H. s), 1.2 (18H,
m), 1.45 (2H, «, J(P-H) = 8.4 Hz, J(Pt-H) =89 Hz), 2.0
(12H, m).

Attempts to use the same procedure for trans-(EP),-
PtMe(OTH) generally gave products contaminated with Cl-
containing impuritics. Instead, cis- ( Et;P) ,Pt{{CH,) , was pre-
pared quantitatively from 1.0 g of (COD)Pt(CH,)» and 2
cquiv. of tricthylphosphin~ (0.9 ml) in 20 ml of dichloro-
methane. After solvent evaporation a white powder resulted,
which was dissolved in methanol (30 ml) and | cquiv. HOT{
(1.8 ml of 1.67 M HOTT solution in methanol) was added
dropwisc. The solvent was removed after 20 min of stirring,
and the resulting powder (yicld: 1.65 g, 96%) was dried
overnight under vacuum, Anal. Cale. tor CH,0F,SP,Pu
C. 28.23; H, 5.5, Found: C, 27.84; H, 5.23%. 'H NMR
(CDCE) 6052 GH L IP=H) = 6.6 Ha, J(P-H) = 100.2
Hz), 1.2 CI8H m), 18 (12H, m), P NMR (CDLClL): 8
243 (J(PL-P) = 2844 Hy).

2.4. Synthesis of trans-{Et ) .PtMe l

Trany-(ELP) ,PIMeF was prepared by metathesis of the
corresponding chloride with AgF, as reported by Doherty and
Critchlow [ 12], yiclding a sticky yellow solid after drying
in vacuum for several days. '"H NMR (CD.Cl,): 8 0.2 (3H,
LJ(P-H) = 5.7 Ha, J(Pt-H) =852 Hz), 1.1 (18H,m), 1.8
(12H, m). 'HNMR (CD,0D): §0.42 (3H, 1, J(P-H) = 6.6
Hz, J(Pt-H) =86.7 Hz). After several weeks of storage
under nitrogen, partial decomposition to a new species was
indicated by 'H NMR,

The analogous complexes trans-(ELP) ,PiMeX (X = Br,
NO,) were prepared as reported previously [ 10a].

2.5, Generation of solutions of [trans-(Et,P),PtMe-
({CH,0D)"

Acidification of a solution of rrans-(E(,P),PIMeF in
CD;0D results in significant changes in the 'H and *'PNMR
spectra. 'H NMR (0.2 M DOT/CD,0OD): § 0.52 (3H, t,
J(P-H) =6.6 Hz, J(Pt-H) = 100.0 Hz). *'P NMR: & 26.0
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(J(P1-P) =2817 Hz). Under the same conditions, solutions
of trans-(Et;P).PtMeX (X~ =0Tf [ NO; ") exhibit iden-
tical spectra. Therefore the cationic complex |rans-
(EGP).PtMc(CD;OD) ] ' must be the dominant species
present in all these solutions.

2.6. Synthesis of trans-(Me ;,P),PtEtCl

2.1 equiv. of trimethylphosphine, 180 1, were added to a
dichloromethane solution of (COD)PtEICI (0.30 g). After
2 h suirring the solvent was removed under vacuum; addition
and removal of 10 ml of dicthyl ether (repeated three times)
resulted in a white powder (yield: 0.30 g, 89%). '"H NMR
(CDCly): 61.1 (3H,1,J(P-H) = 6.3 Hz, J(Pi-H) =78 Hz),
1.2 (2H, m), 1.5 (18H, (, J(Pt-H) =30 Hz). Anal. Calc. for
CyH,3P-CIPG C, 23.33; H. 5.6. Found: C, 23.70; H, 5.87%.
A small amount of contaminant, probably the cis-isomer, is
indicated by a doublet at § 1.63 in the 'H NMR; it can be
removed by recrystallization from dicthyl ether.

2.7. Synthesis of trans-(Ph,P),PtMeCl

This complex was previously prepared by oxidative addi-
ton of methyl iodide 1w (PhyP),PU(C,H,) followed by
replacement of iodide with chloride | 13]: we obtained it from
the reaction of 0.27 g of (COD)PIMcCl with 0.4 g of tri-
phenylphosphine in 20 ml of dichloromethanc. The resulting
sturry was stireed for 3 h, filtered and dried in vacuo. A white
powder (yicld: 0.5 g, 76%) was obtained. 'H NMR
(CDCH): 6 = 0.01 (3HJ(P-H) = 6.5 Hz, J(PL-H) =774
Hz).

2.8 Svuthesis of complexes of sulfonated
triphenyviphosphine

0.5 ¢ of (COD)PIMe, was loaded into a 50 ml Schlenk
tube with 2.0 g of Nay| (m-O,8CH) P CTPPTS). 10 ml
ol distilied water and 30 ml of tetrahydrofuran were added
via syringe; the solution was degassed and heated 10 40°C for
3 h. The solvent was removed in vacuo, and 30 ml of water
was added. The solution was filtered through celite, and the
resulting solution was placed for 2 days in a desiccator, with
sodium hydroxide as drying agent, under a partial vacuum.
(TPPTS),PtMe, was obtained as a yellow crystaliine solid
in nearly quantitative yiclds. Anal. Cale. for CayH0S,0,4P,-
PiNa, - (H,0),: C, 27.7; H, 2.8. Found: €, 28.0; H, 2.9%. 'H
NMR (D,0): 8§ 041 (6H, t, J(P-H) = 68.7 Hz), 7.1-8.2
(24H, m). *'P NMR (D,0): §29.4, (J(Pt-P) = 1880 Hz).

1.0 g of (TPPTS),PtMec; was dissolved in 20 ml of H,0
and 2.05 ml of a 0.296 M HCI solution was added dropwise
over 20 min. The solution was allowed to evaporate slowly
over several days under a partial vacuum in a desiccator
containing P,0s, during which isomerization from cis- o
trans-complex occurred. Trans-(TPPTS),PtMeCl ( yicld:
0.96 g, 96%) was obtained as an air-stable white solid. Anal.
Calc. for C3;H,,8,0,4P-PICINa, - (H,0): C,29.11; H,2.84.

Found: C, 27.75; H, 2.75%. '"H NMR (D,0): 6 0.05 (3H.1,
J(P1-H) =68.7 Hz), 7.1-8.2 (24H, m). *'PNMR (D,0): 8
333 (J(P-P)=3200 Hz). A small amount of cis-
(TPPTS),PiMeCl ('H NMR (D,0): § 0.6 (q)) persists;
there is also a weak shoulder at § 0.0 attributed to an un-
characterized Pt—-Me species.

2.9. Synthesis of cis-[(MeO);P],PtMeCl

(COD)PtMeCl, 0.211 g, was dissolved in 20 ml of di-
chloromethane. 142 pl of trimethylphosphite was added
dropwisc over several minutes via syringe. The resulting solu-
tion was stirred for several hours. Solvent removal under
vacuum, followed by the addition and ¢cvaporation of diethy!
cther, gave 0.28 g (93% yield) of a white solid. Anal. Calc.
for C;H,,0.P,PICI: C, 17.03; H, 4.29. Found: C, 17.13; H,
4.38%. '"H NMR (CDCl,): §0.77 (3H, dd, J(P1-H) =103
Hz, J(P2-H) =2.4 Hz, J(Pt~H) =68.7 Hz), 3.7 (9H, d).
3.8 (YH, d).

2.10. Synthesis of (depe)PtMe,

This followed the preceding procedure, using 0.4 g of
(COD)PtMe, with 280 .l of diethylphosphinoethanc. Anal.
Calc. for C,,H,,P,Pt C, 33.41: H, 7.01. Found: C, 32.83; H,
6.13%.'"HNMR (CD;0D): §0.36 (6H,1,J(P-H) = 6.9 Hz,
J(P1-H) =67.2 Hz), 1.0 (12H, m). 1.6 (4H, m), 1.8 (8H,
m).

211 Deuterolysis of L,PIRX in CD,0D

In a typical procedure 10 mg of rrans-(1GP) ,PtMeCl, or
the molar equivalent of another Pu(Il) alkyl, was placed ina
'HENMR tabe and dissolved in 0.6 ml of CD,OD. For low
emperature kinetic runs, when [Cl) was varied, the ionic
strength was kept constant at 0.725 M by addition of LiClO,.
0.09 ml of a 1.80 M DOTI/CD,0D solution was added via
syringe while the samples were kept cold in a dry ice/acetone
bath. H/D ¢ «change was monitored (usually at = 23°C) by
following cnanges in the 'H NMR peaks due to the a-alkyl
protons. After exchange was complete the samples were
allowed to warm to room temperature, and the alkane prod-
vcts characterized by GC/MS analysis of the gas in the head
space and/or 'HNMR (e.g., for (CH;);C(CH,D): 'HNMR:
50.88 (9H, s), 0.85 (2H, 1); the MS fragmentation pattern
included m/e 58 (Me,(CH,D)C ') and m/e 57 (MesC')
in a 3:1 ratio, as expected for the monodeuterated product
[9,14]). In the case of R =Bz, formation of C,HCD; was
verified by vacuum-transferring the volatiles, after warming,
and '"H NMR analysis.

2.12. Protonation of trans-(Et ,P),PtMe(OTY)
I equiv. of HOTT in dichloromethane was added via

syringe to a solution of trans-(E!;P),PtMe( OTf) in CDZCL{
which had been cooled in a dry ice acetone bath. 'H NMR of
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the sample at = 70°C indicated complete conversion to
(EL,P),PtMe(H) (OTD),. 'H NMR (CD,ClL,): § 256
(1H, J(Pi-H) = 1500 Hz), 1.05 (18H, m), 1.37 (3H, J(Pt-
H) =65Hz),2.08and 2.15 (12H, 2 multiplets). ( The signals
for both the hydride and methyl were too broad to resolve
coupling to phosphorus.) On warming to —40°C, the NMR
showed partial reversion to starting materials; these changes
were fully reversible.

When the same reaction was carried out at room temper-
ature, evolution of methane was immediately observed. Use
of DOTY gave rise to a mixture of methanc isotopomers. After
completion, the solvent was removed under vacuum resulting
in quantitative recovery of a white solid assigned as cis-
(Et,P),PHOTI),. '"H NMR (CD,Cly): 8 1.2 (18H, m), 1.9
(12H, m). "'P NMR (CD,Cls): & 12.7 (J(Pt-P) =3902
Hz). "PNMR (CD;0D): 8 11.7 (J(P-P) = 3740 Hz).

2.13. Deurterolysis of trans-(Ph,P),PtMeCl

15 mg of rrans-(PhyP) ,PtMcCl was dissolved in 0.7 ml of
CDCl, 0.9 ml of 1.8 M DOT(/CD,0D was added at room
temperature, and acquisition of '"H NMR spectra was imme-
diately begun. Over a period of 1 h, the 'H resonance for the
methyl group showed incorporation of deuterons, while peaks
assigned to CDyH, CD,H,, CDH, and CH, simultancously
grew in,

2.14. Protonolysis of (depe)PtMe s

The addition of inflic acid (either | cquiv, or excess) to a
solution of (depe)PtMe, in methanol results in the quanu-
tative formation of (depe) PIMe(OT1) determined by 'H
NMR spectroscopy. 'H NMR (CD,0D): 8 0.35 (3H, d,
JOP=H) =72 Hz, J(Pt=H) =43.5 Hz), L1 (12H. m), 1.7
(4H.m), 1.9 (8H, m),

3. Results
3.1, Synthesis of complexes L,PIRX

Complexes LyPtR, and L,PtRCI were readily obtained by
displacement of COD from the corresponding (COD) PR,
and (COD)PIRCI. The majority of these complexes exhibit
trans geometry, but [ (MeQ),P},PtMeCl is obtained in cis
form, as the methyl group signal exhibits unequal coupling
to the two phosphorus nuclei in the '"H NMR spectrum,
(However the corresponding signal for (depe) PtMe,, which
obviously must be ciy as well, is an apparent triplet, presum-
ably because of *virtual coupling’.) The remaining L,PIRX
complexes studied may be obtained by several routes: ()
metathesis of L,PtRCI with AgX; (i1) careful stoichiometric
protonolysis of L,PtR, with HX; (iii) displacement of the
weakly coordinatingly triflate anion from L,PtR(OTY) by
X' . Method (ii) generally is preferable for obtaining clean,
casily isolable product; method (i) in particular is problem-

atic for these studies, as small amounts of Cl-containing
impurities can have a major cffect on reactivity (see below).

3.2. Deuterolysis of trans-(Et,P),PtRCI

We previously found that around —20°C rrans-
(Et;P),PtMeCl undergoes H/D exchange with D+ /CD,0D,
as shown in Eq. (3) above, with no Pt(IV) methyl hydride
or methane detectable by '"H NMR; elimination of alkane
ensues on warming to room temperature (6]. Complexes
trans-(E;P),PIRCl (R = Et, Bz) exhibit the same behavior,
represented by Egs. (4) and (5). The high-temperature stage
does not give a single clean Pt product, as some exchange of
X groups competes with alkane liberation, generating inter
alia trans-(EGP),PIR(OTT) which undergoes protonolysis
only slowly (sce below).

-23 °C
trans-(EP)PHCHRIC! s prans-(ELP),PHCD.R)CH (4)
(R's H(D), CHy, Ph) €400, DOT

20 °C COLR' + trans-(EyP)PICly +
1rans-(EtayP),PHCODRNCH et trans-(E4,P),PHCDRNOTH) +
€0,00. Dot “(EtyP)PUOTACH
(5)

The kinctics of H/D exchange were monitored by 'HNMR
spectroscopy, following the rate of deuterium incorporation
into the a-position of the alky! group by the decrease in the
corresponding "H signal. For R = Me and By, first order plots
were  obtained, from  which rate  constamts (= 23°C,
[DOTH =02M) ko = 22X 10 5 'and 7810 s Y,
respectively, were derived, H/D exchange for R = Etappears
1o be the mostrapid of the three complexes: while an accurate
rate constant was not obtained because the key 'H NMR
resonsances are partially obscured by those from tricthyl-
phosphine, qualitatively it can be seen that approximately
two hydrogens (by integration of the peaks in the region)
exchange very quickly at —23°C. This was confirmed by
examining cxchange for trans-(Me;P),PIE(C] where there is
no such interference. At = 23°C deuteration of the methylene
position was complete before the first 'H NMR spectrum
could be obtained, and over the course of 1 h at —23°C 'H
NMR revealed a significant amount of ethane evolution. The
latter was shown to be primarily CD,CH, by GC/MS analysis
of the gas phase (m/e 33). There was no evidence by cither
NMR or MS for incorporation of deuterium into any other
than the a-position.

In contrast, for rrans-( Et,P),PY(CH,CMe,) CI, deuterium
meorporation into the Pt-neopentyl group was not observed.
Instead, gradual formation of neopentane took place even at
—-23°C. 'H NMR and MS established that the ncopentane
was monodeuterated (CH,) ;C(CH,D), as shown in Eq. (6).
In contrast to the reactions of Eq. (5), only a single Pt product
was observed, probably because exchange of anionic li gands
is slow at the lower temperature.
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0

trans-(EtP),PUCH,CMeq)Cl  ——o-
(ElP)PHCHCMey) CD,OD/DOT}

DHyGG(CHy)s + (ELP)LPHOTHC
(6)

3.3. Deuterolysis of trans-(Et,P),PtMeX

The 'H NMR specira of acidic methanol solutions of trans-
(Et;P),PtMeX, where X =OTHf, F or NO,, are all identical,
indicating that they undergo acid-promoted solvolysis, as
shown in Eq. (7), to give the cationic complex [trans-
(Et,P),PtMe(CD,0D) ] *X ™. In the absence of acid, the
cquilibrium for solvolysis of the fluoride complex does not
lic so far to the right as for the triflate or nitrate complexes;
reaction of CsF with trans-(Et;P) ,PtMeOTf in CD,0D gives
some trans-(Et;P) ,PtMeF as shown by 'H NMR. However,
a complicated mixture of products forms, and a large excess
of CsF is requited for nearly complete formation of the
fluoride complex.

The course of deuterolysis of trans-(E,P),PtMc(OTf) in
DOT{/CD,0D depends on the method of preparation. Sam-
ples prepared by metathesis from the chloride exhibited vary-
ing degrees of multiple H/D exchange and rates of methane
formation. In contrast, samples prepared by protonolysis of
the dimethyl complex gave consistently slow (about 1 week
at room temperature for complete reaction) liberation of
methane, which was exclusively monodeuterated; the same
behavior was observed for methanol solutions of the fluoride
and nitrate complexes. The Ptproductin Eq. (8) istentatively
assigned a cis configuration because of the large ' (P-P)
= 3740 He | 15].

Koug gy ot PELy .00 ' B oo g o r"[;fl;,‘ N
P ™ UGy + DOTY s T Pt sy, [OT + DX

x‘ - OT". F.- Noﬁs S “@ CD")OD
(N

24

+
8 g PEYy EtafP o, w8
thw Pt CH, {OTH) EtgP" p'll_‘ s [OTt])y + CH4D

CD,00
(8)

Both H/D exchange and liberation of methane are cata-
lyzed by added chloride. As [C1 7] is varied from 0 to |
equiv. per Pt, while maintaining ionic strength, the H/D
exchange rate (as detected by changes in the 'H NMR signal
for Pt-Me) increases from zero, as shown in Fig. 1. The 'H
NMR of solutions containing intermediate [Cl ™ ] concentra-
tions shows the presence of both [trans-(E,P),PtMe-
(CD,0D) 1" (80.50) and trans-(E,P),PtMeCi (6 0.37);
the methyl hydrogens in the two complexes exchange with
solvent deuterium at the same rate. Under conditions of high
[Pt] and low [C1 ™} an additional Pt-Me signal is observed
in the 'H NMR (§ 0.43), tentatively attributed to a chloro-
bridged dimeric complex as shown in Eq. (9).

0.002
=}
@
2 0.001 -
o
£ 4
a
a
a
a
0.000 .
0.00 0.01 0.02
[ct-]

Fig. 1. Rate of exchange of deuterium into the Me position during deutero-
lysis of trans-(Et,P) ,PtMe(OTf) inCD,0D, as a functionof [C1 7 ]. [Pt] =
0.0244 M; [DOTf] = 0.235M; u=0.725M; T'= 13°C.

.
B PUS Ch Epe PUS CRd
§ = CD,0D
I
PE *
e
g™ PV,

Addition of T equiv. of LiX (X =Br, 1) 1o a methanol
solution of trans- (EP) ,PIMcOTI results in the quantitative
formation of trans-(EGP) ,PiMeX, as indicated by 'H NMR.
In deuterolysis of the resulting solutions with DOT( (= 23°C,
| DOTE] = 0.17 M) trans-(EGP),PtMeBr incorporates deu-
terium into the methyl group with kg, = 10X 10 % 5!,
similar to the kg, = 10X 10 s ' found for rrans-
(EGP),PIMeCl. The reaction of DOTE  with  trans-
(E3P),PtMel could not be followed at low temperatures
because of limited solubility. The reaction of trans-
(E,P),PtMeBr with DOTY in CD,0D at 20°C gives rapid
H/D exchange competing with deuterolysis, leading to
immediate formation of CD,, CH,D, CH,D, and CHD,. In
contrast, similar treatment of trans-(EP),PtMel resulted
only in formation of monodeuterated methane, while the plat-
inum product consisted of (Et,P),Ptl, (ayellow precipitate),
and [ trans-(E4P),PtMe(S) ] ' (Eq. (10)).

20°C CHsD + (EtgP) Pty (10
2 1rans-{EtyP)oPIMol e . X
DOT!, CO300  (rans.(Et,P),PIMe(CD;0D))

In contrast to the behavior in  methanol, frans-
(Et3P),PtMe(OTI) reacts immediately with DOTT in di-
chloromethane at room temperature, forming cis-(Et;P) ;-
PL(OTT), (assigned a cis configuration based on 'J(Pt-P)
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Table 1
Temperature dependence of K, for Eg. (1D
(K K, (M
220 132
230 547
240 237
280 1.27
0
8
i1 4
%
£
8 o
-3 o :
0.0040 0.0042 0.0044 0.0048
1"T

Fig 2 van't Hoff plot for the equitibriuvm of Bq. (11 (data from Table 1),
= 3002 Hz) as well as a mixture of methane isotopomers. At
=70°C | equiv, of HOTI in dichloromethane reacts cleanly
with frans-(ELPY,PIMe(OTH) forming the PuIV) alkyl

hydride, The '"H NMR spectrum eveals a downtield shift of

the methyl resonance from 8= 0,50 (J(P1=-H) = 100 Hz) 10
=14 (J(P=H) = 65 Hz) and the appearance of a hydnde
resoinee at = = 25,6 (JIP=H) = 1500 Hz). On warming
10 =40°C, the signal at 8 0.50 reappears: the change with
temperature is fully reversible, indicating u rapid cquilibrium
as shown in Eq. (11). The equilibrium constant was caleu-
lated wt various temperatures by integration of respective
methyl resonances; results are displayed in Table 1 and the
resulting van't Hoff plot is shown in Fig. 2. The thermo-
chemical parameters caleulated from the latter plot are
AHP = = 8.6+ tkeal mol ' and AS" = =~ 34045 cal K

mol ', Evolution of methane with concomitant formation of

cis-{ EGUP) L PHOT , begins at temperatures above = 20°C,
The reaction of rrans-(EGP),PIMe(OTH) with DOTY in

CH,Cl, at room temperature causes immediate production of

a mixture of methane isotopomers,

H
C0:Cl THO PEL
O vy vt aar no gty PR
@E,?»m“wgﬁg‘ ¢ HOTt SR e PlTScn,
o
(tn

S Deuterolvsis of LPtMeCl

Trans-{PhyP),PtMeCl could not be studied in methanol
because ttis not sufficiently soluble. When treated at 20°C in

chloroform with excess DOTt (as a 1.8 M solution in
CD,0D), during a 1 h period substantial H/D exchange of
the Pt-Me group is observed along with formation of methane
isotopomers. The analogous complexes of tris-metasulphon-
ated triphenylphosphine (TPPTS) were prepared in order
1o cxamine protonolysis in water, the solvent of the orig-
inal alkane activation system. (TPPTS).PtMc, was synthe-
sized in high yield by heating (40°C) 2 equiv. of
[ Na;(H,0)«] [ (1m-0;SC¢H,) ;P] with (COD)Pt(CHj;), in
a mixture of tetrahydrofuran and water. In D,O (TPPTS).-
Pt(CH;), reacts with 1 equiv. of cither HOT( or HCI to
liberate 1 equiv. of methanc, and give a monomethyl Pt(Il)
product. Since the 'H NMR spectrum is the same for the
products obtained by rcaction with the two acids, the domi-
nant specics in solution is probably the aquo cation
{(TPPTS),PtMc(D,0] ' Tnitially the methyl resonance
appears as an approximate quartet which changes over several
days to a rcgular triplet, indicating that the first product is the
cis complex, which gradually isomerizes to rrans. Addition
of excess acid to an aqueous solution of | (TPPTS),PtMe-
(D,0] ' cleaves the sccond Pt-Me group: only monodeuterated
methane is observed.

Treatment of (depe)PiMe. in CD,OD with DOTY at
= 70°C results in the immediate formation of CH;D and a
new monomethyl-Pr(Il) complex, presumably | (depe)-
PtMc(CDOD) JOTl. On warming the solution o room
temperature, the latter resonance disappears accompanicd by
further hiberation of CHL\D. In contrast, under similar condi-
tions cin-({ MeO) 1), PtMeCl s stable towards methane loss
over the course of T hat ~ 23°C; decomposition along with
CHLD formation takes place around 0°C,

4. Discussion

Our previous work strongly supports the mechanism
shown in Scheme 1 (clockwise) for the protonolysis of
Pl alkyl complexes [6,7]. The rationale ol the present
study is that the reverse process should describe alkane acti-
vation by PU(iD) (although it must of course be recognized
that beeause of differences in higands, solvent and reaction
conditions the principle of microscopic reversibility s not
rigorously applicable). Heace systematic exanunation of
how the protonolysis process is affected by changes in the
Pe(ID) ligand environment offers the potential for valuable
information on key issues such as: what determines the un-
usal selectivity patterns in C-H activation by Pucil) {3417
Can we improve reactivity by varying the nature of the Pr(il)
complex, the solvent or other reaction parameters? Is it pos-
sible 1o design a Pt(I) complex that activates alkanes but is
stabilized by ligands against Pt(0) formation, thus overcom-
ing a major limitation to catalytic alkane functionalization
116]?

Our initial experiments were cariied out on  trans-
(EGP),PtMe(OTY), and considering our previous work sev-
eral results were surprising. First, protonoly sis was very slow



MW, Holteamp et al. 4 norganica Chimica Acta 265 (1997) 117125 123

in mcthanol, in contrast to complexes (tmeda) PiMeCl and
(tmeda) PtMe, where loss of methane on protonation appears
much more facile in methanol than in a non-polar solvent
such as CD,Cl,. Second, facile H/D exchange of the Pt-Mc
group was not observed, unlike the chloro analog, although
slow exchange was sometimes obscrved, at a rate that varied
between samples.

The key observation that allowed us to interpret these
apparent anomalies was that the "H NMR spectra of rrans-
(Et;P),PtMeX solutions in acidic CD;0D are identical for
X =OTf ,F" and NO; . Clearly, then, all these relatively
weak ligands arc casily solvolyzed, and the actual species
present in solution is the cationic methanol complex, [ trans-
(Et,P),PtMe(CD,0D) | *. It is reasonable that protonation
to generate a PL(IV) hydride, the first step in the sequence
that leads to H/D exchange and/or protonolysis (Scheme 1),
should be much more difficult for a cationic than for a neutral
complex. Thus an energy diagram such as that shown in Fig. 3
must describe this system, with the initial protonation being
the rate-determining step. This contrasts with the case of
protonolysis of trans-(E,P),PtMeCl, where the last step,
loss of alkanc from the sigma complex, is apparently rate-
determining [ 6b].

When the protonolysis of trans- (EGP) ,PIMe(OTT) is car-
ricd out in dichloromethane the result is dramatically differ-
ent: liberation of methane is immediate at room temperature,
in contrast to the reaction in methanol which takes several
days. Furthermore, H/D exchange takes place when DOT( is
used. Presumably. the covalent bond between triflate and the
PO center is retained in this non-polar solvent, and there-
fore protonation oceurs much more readily ata neutral Pu(inh
center. As with some of the timeda complexes | 6], the Pt(1v)
alkylhydride intermediate may be observed at low tempera-
tures, i equbibrium with the alkyl Pocil) and the proton
souree,

+ HOTE
5w CD,0D

The non-reproducibility of H/D exchange was readity
traced to contamination by small amounts of Cl in samples
prepared by metathesis of trans- (Et;F ) ,PtMeCl with AgOTf,
when an alternate preparation (protonolysis of rrans-
(Et;P):PtMe, by HOTY) was substituted, the reaction with
D" proceeded very slowly to yield CH;D. This suggests that
the equilibrium of Eq. (12) lies far to the right, and that small
amounts of C1~ can catalyze both H/D exchange and pro-
tonolysis, as the small amounts of trans-(Et;P) ,PtMeCl thus
formed will undergo both rapidly at room temperature, giving
(isotopomers of) methane and [ (Et;P),PtCI(CD,0D) | *.
The latter apparently undergoes facile anion exchange to
regenerate free Cl~ (see below) and continue the process.
In support of this model, the rate of H/D exchange (and
formation of methane) increases with added [Cl ™ },asshown
in Fig. 1. The non-lincarity of that plot probably is a conse-
quence of the presence of additional species in solution,
shown by NMR (see Eq. (9) above).

+
S, Pty PEty . CD,0D Clen, pyila PEty
EyP™ 71 CHy | + Cl - EyPe Pl ch,
S = CD,00 (12)

Both trans-(E,P),PMeX (X =Br, I) exist primarily as
the neutral halo complexes in CD,0D as well. For X = Br,
H/D exchange at low temperature takes place at a rate only
slightly slower than that for X = CL. For X = I the complex is
too insoluble at low temperatures to follow H/D exchange;
but the two complexes behave quite differently at room tem-
perature. In each case treatment with DOTY gives prompt
formation of methane, but the methane consists of a mixture
of isotopomers when X = Br, and only CH,D for X =1.
Also the Tatter reaction is incomplete: significant amounts
of PreiD -CHy vemains in the form of | (B P).PiMe.

o,
E o P, s
+ R-H

e Iz'

Reaction Coordinate
Fig. 3. Qualitative reaction coordinate diagram for the protonolysis of [trans-(ELP) ,PHUCH ) (CD,0D) ] in methanol.
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D,0D
LPtMel + DOTI 9-(—;’#)-— (LoPU(S)OTE + MeD

fast
ot

P —— szua* + [LPtMe(S)}*

LPtMel + [LPI(S)]*

Scheme 2.

(CD;OD) ] ", with the rest of the Pt precipitating as
(Et;P),Ptl,. The latter difference may be ascribed to a com-
bination of the rapid anionic ligand exchange these systems
exhibit at room temperature (but not at low temperature;
sce below), the very low solubility of the diiodide complex,
and the slow reactivity towards protonolysis of the cationic
methanol solvate, as shown in Scheme 2.

As for the apparent difference in H/D exchange, we ascribe
this to the effect of the trans ligand on the rate of alkane
dissociation from the sigma complex. It can be seen from
Scheme [ that the formation of multiply deuterated methane
will depend on the relative rates of the exchange process (not
shown in the Scheme; see below) and the loss of alkane; the
latter in wrn is expeet to show a considerable rrans effect,
following typical patterns of square-planar Pt( I) substitution
chemistry. Thus we find that the phosphine complexes with
cis geometry. (depe)PtMe; and ((MeO),P),PtMeCl, give
only monodeuterated methane on deuterolysis, as does trans-
(ELWP),P(CH)IT; whercas trans-(Et;P).P(CH)X (X =Cl,
Br) and (imeda)PtMe, (6] show multiple exchange, in
keeping with the standard trans effect series: phosphine >
1" >Br >Cl >amine | 17].

The above interpretation is not definitive, of course, since
we have not as yet been able 1o observe directly any alkane
sigmacomplex, and hence cannot be sure whether some other
step(s) in the complex mechanism are responsible for these
trends, In attempting to sort out the effects of changing the
phosphine ligand without changing the geometry, we exam-
ined trans-(PhyP),PMeCl, which indeed shows multiple
exchange, consistent with the weak trans effect of €1, but
in a different solvent (chloroform); the tow solubility in
methanol precludes a quantitative comparison of exchange
rates, The sulfonated triphenylphosphine complex [ trans-
(TPPTS),PtMeCI® ™ is deuterolyzed in D,0 to mono-
deuterated methane only; however, NMR spectra indicate
that it actually exists as the aquo  complex [ trans-
(TPPTS),PtMe(H,0) 1 instead, so that protonation may
well be rate-limiting here as in the case of [ {E,P),P(CI-
(CD,OD) | ', In studics on some related dihydrogen com-
plexes, where the sigma complex (of Hy) is obseevable, we
cun correlate the rate of foss of H, with the trans offect [ 18].

We have also examined H/D exchange for different atkyl
groups R, For R=Me, Et or Bz reaction of frans-
(EL,P),PIRCI with DOTY in CD,OD wt - 23°C gives H/D
exchange without loss of atkane, with the rates following the
order R=CH,Ph<Me<Et It should be noted that the
observed rate constants for alkane loss from trans-
(Et3P),PIRCE in an acidic methanol/ water solution follow
the same order [19]. For R = CH,CMe,, H/D exchange is

D
gy, I et

=  “SCHDCH,
o}
H

o by o
ey, [-T0 " ——— Pt H
& N CHDCH, g —~

CH3CH,D 3.

CHDCH,4
ol

D k
114, l v et ——
e pt <~
SN (CH,CH,

BT 1o
-

o

H 0200y, g ] WY
— e o

u.,,," F”t'v L b
o= % CH,CHLD
fer

kg
CH,CH,

¢

CH,CH,D

D
gy, ! AR

& N CH,CH,D

- == CaHy Dy

Scheme 3.

not observed, rather alkane loss proceeds even at —23°C to
give monodeuterated neopentanc. The latter reaction, carried
out at low temperature, gives a single clean Pt(Il) product,
whereas the room temperature protonolyses of the other
alkyls lead 1o the mixture of complexes shown in Eq. (5).
This is another manifestation of the anion exchange process,
fast at room temperature but considerably slower at ~ 20°C,
that accounts for the ability of small amounts of chlogide 10
catalyze reactions of [ trans-(EGP) ,PiMe(CD OD) ] as
well as for the persistence of the latter, along with precipita-
tion of trans-(ELP) P, i the protonolysis of  trans-
(ELP)Y . PiMel,

As betore, in the absence of direct observation of the SIg I
complexes any interpretation of these trends must be tenta.
tive. The various processes involved in determining the extent
of multiple deuteration are shown (illustrated for R = Et) in
Scheme 3. Clearly the lower part of this Scheme (k2) does
not compete at all here: no evidence for exchange of D into
any position other than a is observed. This contrasts with the
behavior of Cp* (Me,P)RhD(EU, where deuterium incor-
poration is seen in the methylene moiety of the cthyl group
at =80°C and in the methyl position at - 30°C, prior 1o
reductive climination of ethane at higher lemperatures | 20,
If we try to tease out the effects of R on the relative rates of
the formation of the sigma complex (k,), the exchange proc-
ess (&) and the dissociation of alkane (ky). the most eco-
nomical way to account for the parallel trends in exchange
and alkane loss is to have the sequence R = CH,Ph <Me <Et
operate for both &, and &, with the latter rate-limiting. Also
ky would have to be considerably faster for R = CH,CMe,,.
But an explanation on a detailed molecular level, based on
steric and/or electronic properties of the various R groups,
does not appear at all straightforward at this time.
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