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Abstract 

The protonolysis/deuterolysis of cornplexes L:PtRX (L = phosphorus ligand, R = alkyl group, X = anionic ligand) has been investigated 
as a mechanistic probe of the reverse reaction, activation of alkanes by Pt(ll). Trans-(Et~P):PtMeX (X =triflate (O'l'f ~ ), F ,  NO~ ) 
solvolyze in acidic CD~OD, forming [trans-(Et,~P),PtMe(CD:aOD) ] ° which reacts slowly with DOTf at room temperature liberating CHaD 
in dichloromethane, trans- (EtaP) :PtMe (OTf) reacts with HOTf at low temperatures ( = 70 to = 20°C) to give ( Et ~P) ~PtMe( H ) (OTf), in 
rapid equilibrium with the reagents, while at higher temperatures rapid methane loss is preceded by extensive deuterium incorporation ( with 
DOTf) into the Pt(ll) methyl group. Upon treatment with acid in CD:~OD, trans-(Et~P)2PtMeX (X = CI, Br) also undergo H/D exchange 
before elimination o1" methane, while trans-(Et3P)2PtMel, (depe)Pt(CH,): (depe=l,2obis(diethylphosphino)ethane) and cis, 
[ (MeO),~P] PtMeCI do not. The a hydrogens of trans-(Et:,P) 2PtRCI (R = Me, El, Bz) exchange with deuterium in CD~OD/I)OTf with rates 
tbllowing the order Bz< Me<El, while no exchange is observed in the protonolysis of trans-(Et~P):Pt(CH,CMe:~)Cl which yields 
(Cl-I~) ~CCli~D. These trends are interpreted in terms of effects on relative stabilities of key intermediates, Pt(IV) alkyl hydrides and Pt(ii) 
alkane sigma complexes. ~3 1997 Elsevier Science S.A. 

K¢'vu'o,~'dx: Kiltelles ~,ltl n|eehal|l.~ll|; I-tri)h)llolysis: Isolopic exehaligC; I)h|lilltln| ¢Oll|l)ltrx¢.',;; Alkyl colllplexes 

II. | . t r o d . c | t o n  

In the past lil'teen years many examples ol' |he activation 
of alkanes by metal complexes, ol'ten under remarkably mild 
conditions, have been reported I I I; however, rehttively few 
have been demonstrated to lead to functionalization o1" 
alkanes. Among the latter, the oxidation ol'alkanes to alcohols 
by aqueous platinum salts 121, Eq. ( ! ) ,  has been studied 
extensively in recent years i 3,4 I. 

[PtCl4] 2- 
RH + [PtCI(,] 2" + H 2 0  ~ ROH + [PtCI4] 2- + 2 HC! ( I ) 

120°C 

The key initial step ~ the actual C-H activation = is 
difficult to probe directly, as neither meaningful kinetics nor 
observation o1' intermediates has been obtainable. We have 
been able to shed some light on several imporlant mechanistic 
features of this step by studying its microscopic reverse, the 
protonolysis of Pt(I1) alkyl complexes, and have proposed a 
general mechanism lbr the latter, depicted in Scheme 1. The 
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P t ( I V )  alkyl hydrides I wcrc observed by NMR in .~cvcral 
cases, while the i~ostulalcd intcrnlcdiatcs 2 (.~()ocallcd aikanc 
sigma complexes 151) coukl not be observed but were 
inferred I?om the observation ol' isotopic H / D  exchange 
between alkyl groups and ~olvcnt methanol, as shown in Eq,~. 
(2) (where the N=N ligand is tetramelhylethylenediaminc 

(uneda))  and (3) 161. 

D D 

( "N  ...... ~ CH 3 ~ . ~ ' 4 0 ° C  {~'N ...... I o CH3.nO, 
/ 

cD. oo, o "-N""'I  
cI CI 

(2) 

"25°C - n .... PEt~ CI .... P t " ~  PEt3 ~ - - - - - - - ' - ~  CI .... ( 3 ) 
El3P=,,. CH 3 CD3OD, D + Et3P=~ Pt ,,q CH3.nD n 

Although these studies involve Pt(II) complexes with sta° 
bilizing amine or phosplfine iigands, we consider it highly 
probable that tile corresponding intermediates play key roles 
in the iigand-free system of Eq. ( 1 ). This postulate is sup- 
ported by the recent observation of intermolecular alkane 
activation by cationic ( tmeda)Pt ( l l )  complexes 171. 
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Scheme !. 
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addition of 2.1 equiv, of triethylphosphine to a dichloro- 
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 
diethyl 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. 

Accordingly. examination of the factors that govern the sta- 
bilities of these intermediates, and the rates of the processes 
that fom~ and interconvert them, should provide valuable 
int~rmation towards our goal of understanding activity and 
selectivity of these C+H activations and designing improved 
catalyst~ for alkane functionalization. We repcrt here on pro. 
tonolysis reaction.-of complexes L:PtRX, where we examine 
the effects of +arying tin. phosphine ligand L, the alkyl group 
R and the 4th ligand X. 

2, Experimeata| 

2. I. General procedures 

Phosphine ligands, (COD)PtM% and (COD)PtCI: 
(COD~cyclooctadiene) were purchased from Strem and 
used as received. (COD)PtEt~, (COD)PtBz:, (COD)° 
PtMeCi, tCOD)PIEICI and (CODjPIBzCI (Bz ~+ benzyl) 
were prepared by the methods of Clark and Manzer 181. 
(COD) PlI CH~CMe~) ~ was prepared from LICii~CMe~ '.u~d 
(COD) PICI~ tbllowing a procedure similar to that reported 
by Whlle~ide~ and co+workers 19 l, and converted to (COD)+ 
PtICH~CMe~)C1 in the same rammer a,~ the Me analog 181 
(excel;+ acid, via acelyl chloride in melhanol, was necessary ). 
Standard workup procedures h~r the Pt(1i) dialkyls and alkyl 
chloride~ were carried out in air with solvent,,, purchased from 
VWR and used as received; all other experiments werecarried 
out using fleshly distilled solvents under an inert atmosphe~ 
via standard Schlenk and glove box techniques. 

~H NMR spectra were recorded on a General Electric 
QE300 and a Bruker AM5~) spectrometer, ~tp NMR spectra 
were recorded on a JEOL FNM400 ~pectrometer, (Multi. 
plicitics 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 descried in previous 
publications i 5 I, Mass spectra were obtained using a Hew- 
lett°l~k~ckard 5990A GC/MS with a 70 eV ionizing voltage 
equipped with a 50 m I~)NA column (crossolinked methyl 
silicone gum), Elemental analy~cs wcrc pcrfnrmed by Fcnttm 
Harvey ,t~l + Ibis department, 

2.2+ Sv~+thcsis g/'t~msdEtsP),PtRCl (R =, Me, El, t~z, 
CH:CMt'd 

These complexes are all known, having t~ea previously 
prepared from ~ EhP),,PtCl: 1101. We obtained them by the 

2.3. Synthesis of  trans-(Et+P)~PtR(OTf) (R = Me, 
CHzCMe s: OTf = triflate ) 

Trans-(Et.~P),Pt(CH2CMe~)(OTf) was synthesized 
using the published preparation for the Mc~P analog II!1. 
Anal. Calc. for Ca~H41SOaFaP:PI: C, 33.2; H, 6.3. Found: C, 
33.4; H, 6.2%. ~I-I NMR (CDCI~): ~5 1.0 (9H, s), 1.2 ( t8H, 
m), 1.45 (2H, t, J(P-H) =8.4 Hz, J(PI+H) =89 Hz), 2.0 
( 12H, m). 

Attempts to use the same procedure for trans-(EtsP),.- 
PtMe(OTf) generally gave products contaminated with CI- 
containing impurities. Instead, cis- (EhP) :Pt(CH 3 ) .+ was pre- 
pared quantitatively from 1.0 g of (COD)Pt(CH~)2 and 2 
equiv, of triethylphosphin~ (0.9 ml) in 20 mi of dichloro- 
methane. After solvent evaporation a white powder resulted, 
which was dissolved in methanol ( 30 ml) and I equiv. HOTf 
( 1.8 ml of 1.67 M HOTf solution in methanol) was added 
dropwisc. The solvent was removed after 20 rain of stirring, 
and the resulting powder (yickl: I,65 g, 96%) was dried 
,wernigh! under vacuum. Anal. Calc. Ibr Cu~H,~O~F~SP.~Pt: 
C, 28~23; H, 5.5. Found: C, 27+84; H, 5,23%, IH NMR 
(CD~CI~) : ,~ 0.52 ( 3it, |, Jt P+ll ~ .... 6~6 tlz, J( P|+H ) ~'~ 100+2 
it¢), i+2 ( IgH, m), 1,8 (12H, m), **P NMR (CD,:CI~): q$ 
24 3 (.l(l+l P)  ~ + , 

2.4, Synthesi,v ~I trans°(Et d+)fi~tMeF 

'/5~ons°(Et~PJ,PlMeF was prepared by metathesis of the 
cmtesponding chloride with AgF, as reported by I)oherty and 
Critchlow 1121, yielding a sticky yellow solid after drying 
in vacuum Ibr several days, a H NMR (CD:Ci~): ~$ 0.2 ~ 3H, 
t, J(P.ooH) ~®5.7 Hz, J(Pt=H) ~85,2 HI.), I,! ( ISH, m), 1.8 
( 12H, m), ~H NMR (CD~OD): +$0,42 (3H, t, J(P=H) = 6.6 
Hz, ,/(PI=H)~=86.7 Ht.), After several weeks of storage 
under nitrogen, partial decomposimm to a new species was 
indicated by ~H NMR, 

The analogous cmnplexcs trans° { EhP) ,PIMeX { X +~= Br, 
NO~) ~,erc prepared as reported previously [ iOa]. 

2, 5, General+era ¢~ sohaion,s of  / rams °~ F3 +P):,PtMe° 
¢(1 ~+ODH 

Acidi(icatkm of a solution of trans-(EhP)~PtMeF hi 
CD~OD results h~ signilicant changes hi tile 'H and 3,p NMR 
spectra. IH NMR (0.2 M DOTf/CD~OD): 6 0.52 (3H, t, 
J(P-H) =6.6 Hz, J(Pt-H) = 100.0 Hz). ,+ip NMR: 6 26.0 
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(J(Pt-P) = 28 ! 7 Hz). Under the same conditions, solutions 
of trans-(Et3P)2PtMeX (X- = OTf  , NO~ - ) exhibit iden- 
tical spectra. Therefore the cationic complex I trans- 
(Et~P),PIMe(CD~OD)] ° must be tl~c dominant species 
present in all these solutions. 

2.6. Synthesis of trans-(MesP)2PtEtC! 

2.1 equiv, of trimethylphosphine, 180 ILl, were added to a 
dichloromethane solution of (COD)PtEtCI (0.30 g). After 
2 h stirring the solvent was removed under vacuum; addition 
and removal of 10 ml of diethyl ether (repeated three times) 
resulted in a white powder (yield: 0.30 g, 89%). ~H NMR 
(CDCI3): ~S !.1 (3H, t, J (P-H)  =6.3 Hz, J(Pt-H) =78 Hz), 
!.2 (2H, m), !.5 ( 18H, l, J(PI-H) = 30 Hz). Amd. Calc. for 
CsHzd~,CIPt: C, 23.33; H, 5.6. Found: C, 23.70; H, 5.87%. 
A small amount of contaminant, probably the cis-isomcr, is 
indicated by a doublet at 6 1.63 in the ~H NMR; it can be 
removed by recrystallization from diethyl ether. 

Found: C, 27.75; H, 2.75%. 'H NMR (D~O): ~5 0.05 (3H, t, 
J (Pt-H) =68.7 Hz), 7.1-8.2 (24H, m). ~P NMR (D,O): 6 
33.3 ( J (P t -P)=3200  Hz). A small amount of cis- 
(TPPTS):PtMeCI (~H NMR (D20): <5 0.6 (q))  persists; 
there is also a weak shoulder at 6 0.0 attributed to an un- 
characterized Pt-Me species. 

2.9. Synthesis of cis-l(MeO)~P]2PtMeC! 

(COD)PtMeCI, 0.211 g, was dissolved in 20 ml of di- 
chloromethane. 142 ~1 of trimethylphosphite was added 
dropwise over several minutes via syringe. The resulting solu- 
tion was stirred for several hours. Solvent removal under 
vacuum, followed by the addition and evaporation of diethyl 
ethcr, gave 0.28 g (93% yield) of a white solid. Anal. Calc. 
for CTI-I~O~,I~2PtCI: C, 17.03; H, 4.29. Found: C, 17.13; H, 
4.38%. ~H NMR (CDCI~): 60.77 (3H, dd, J ( P I - H ) =  10.3 
Hz, J (P2 -H)=2 .4  Hz, J (P t -H)=68 .7  Hz), 3.7 (9H, d), 
3.8 (9H, d). 

2. 7. Synthesis ~#'tmns-tPh.~P),PtMeCI 2. I0. Synthesis of (depe)PtMe, 

This cornplex was previously prepared by oxidative addi- 
lion of methyl iodide to (PI'hI.~)2PI(C21q.I) followed by 
rcplaccment of'iodide with chloride I 13 ] : we obtained it Ii"om 
the rcactior| of (1.27 g ol" (COI))PIMeC! with 0.4 g of tri- 
phenylphosphine in 20 ml o1" dichloromcthanc. The resulting 
slurry was stirred Ibr 3 h, filtered and dried in vacuo. A white 
powder (yield: 0.45 g, 76%) was obtained. ~!-I NMR 
(C I )C I~ ) :  ~ ,~-o 0.01 ( 31! t, J(  P-,H ) = 6 5  Hz..1( P I -H  ) = 77.4 

i!~), 

.~,~, Svnthe~'is ol comph'rr's o t su!lmum'd 
triplwnvlphosldmW 

11.5 g of (CO!))PIMe~ was h~adctl into a 50 ml Schlcnk 
tube with 2.0 g of Na~l (m-()~S(',Jtos)~PI (TIq rFS). I1) ml 
of distilled water and 311 n'|l of lelrahydrofuran were adtled 
via syringe; Ii'|e solution was degassed and hcated to 4(FC for 
3 h. The solvent was removed in vacuo, and 30 ml of water 
was added. The solution was liltered through celite, and the 
restdting solution was placed for 2 days in a desiccator, ~ith 
sodium hydroxide as drying agent, under a partial vacuum. 
(TPPTS):~PtMe: was obtained as a yellow crystalline solid 
in nearly quantitative yiclds. Anal. Calc. for C3HHsoSt,OnaP~ o 
PtNa,. (H~O)~: C, 27.7; H, 2.8. Found" C, 28.0; H, 2.9%. IH 
NMR (D20): ~ 0.41 (6H, t, J(Pt-H) =68.7 Hz), 7.1-8.2 
( 24 H, m ). ~ i p N M R (D20): 6 29.4, (.!(Pt-P) = i 880 H z ). 

i.0 g of (TPPTS)2PIMc: was dissolvc,.l in 20 mi o1' tt,O 
and 2.05 rnl ol'a 0.296 M HCI solution was added dropwise 
over 20 rain. The solution was allowed to evaporate slowly 
over several days under a partial vacuum in a desiccator 
containing P20~, during which isomerization from cis- lo 
trans-complex occurred. Trans-(TPPTS) 2PtMeCI (yield: 
0.96 g, 96%) was obtained as an air-stable white solid. Anal. 
Calc. tbr C37H27S6Ot 8P2PtCINa," ( H20)8: C, 29.1 i; H, 2.84. 

Tiffs followed the preceding procedure, using 0.4 g of 
(C()D)PIMe? with 280 p,! of diethylphosphinoethane. Anal. 
Caic. for Ca_,H~.P2Pt: C, 33.41 ; H, 7.01. Found: C, 32.83; H, 
6.13~Z:. ~H NMR (CD~OD): cS 0.36 ( 6H, t, J( P-H ) = 6.9 Hz, 
J(Pt-H) =67.2 Hz), 1.() (12H, m), !.6 (4H, m), !.8 (SH, 
nl ). 

2. I I. l)euterolysis o[LflJtRX in CI)~OI) 

in a typical procedure I()mg of transo( Et~P)ePtMeCI, or 
the molar equivalent of another Pt(11) alkyl, was placed in a 
~11 NMR tube and dissolved in 0.6 ml ~t" CD~Oi). For low 
,,:mpcralurc kinetic rtms, when ICll was varied, the ionic 
r,~trcngth was kept ctm~tant at 0.725 M by addition of LiCIO4. 
i).l)9 Ill] ol' a 1.80 M DOTf/CD:~OI) solution was added via 
:;yringc while the samples were kept cold in a dry ice/acetone 
bath. H/I) c ~change was monitored (usually at ~ 23°(7) by 
tifllowing changes in the tH NMR peaks due to the u°alkyl 
protons. After exchange was complete the samples were 
allowed to warm to room temperature, and the alkane prod- 
ucts characterized by GC/MS analysis of the gas in the head 
~,pace and/or ~H NMR (e.g., for (CH~).~C(CH:D): tH NMR: 
t~ 0.88 (91-1, s), 0.85 (2H, t); the MS fragmentation pattern 
included m/e 58 (Me2(CH2D)C')  and m/e 57 (M¢~C')  
in a 3:1 ratio, as expected t'or the monodeuterated product 
19,141 ). In the case of R = Bz, formation of C,H~CD~ was 
vcrilied by vacuum-transferring the w~latiles, after warming, 
and tH NMR analysis. 

2.12. Vrotonation of trans-( Et ~P):PtMe( 07]) 

I equiv, of HOTI' in dichlorometlmne was added via 
syringe to a solution of tram'-(E'~P)2PtMe(OTf) in CD:CI: 
which had been cooled iv. a dry ice acetor, c bath. ~H NMR of 
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the sample at =70°C indicated complete conversion to 
(EhP):PtMe(H)(OTf)2. tH NMR (CD2Cla): 3 -25.6 
( IH, J(Pt-H) = 1500 Hz), !.05 ( 18H, m), 1.37 (3H, J(Pt- 
H ) = 65 Hz), 2.08 and 2.15 ( 12H, 2 multiplets). (The signals 
for both the hydride and methyl were too broad to resolve 
coupling to phosphorus.) On wanning 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 DOTf gave rise to a mixture of methane isotopomers. After 
completion, the solvent was removed under vacuum resulting 
in quantitative recovery of a white solid assigned as cis- 
(EhP):Pt(OTf)> tH NMR (CD~CI:): ~ 1.2 ( 18H, m), 1.9 
(12H, m). ~tp NMR (CD2CI2): 8 12.7 (J(Pt-P)=3902 
Hz). ~tp NMR (CD~OD): 6 11.7 (J(Pt-P) = 3740 Hz). 

2.13, Deuterolysis of trans-(Ph~P)2PtMeCl 

15 mg of tmns= (PhaP) :PtMeCI was dissolved in 0.7 ml of 
CDCh, 0.9 ml of 1.8 M DOTf/CDsOD was added at room 
temperature, attd acquisition of t H NMR spectra was immeo 
diately begun. Over a period of ! h, the tH resonance tbr the 
methyl group showed incorporation ofdeuterons, while peaks 
assigned to CD~H, CD:H:, CDH~ and CH., simultaneously 
grew in. 

2,14, Ih'otonolysis ¢~!' ( depe )PtMe ~ 

The addition ot' trltlic acid (either 1 cquiv, t)r excess) to a 
ao!tflitm (if(d0pe)PtM% in mettlan(d rc,,~ulI.,~ in the quanti,. 
taliv¢ t'otrnia!ioi1 of (dep¢)l}lMe(OTf) detcrniincd by I i,,i 
NMR spectroscopy. 'H NMR (CD~OD): ,S (I.35 (3H, d, 
,i(P=H) ~7,2 He. J(PI=H) ~43,5 Ilz), I,I ( 12il. m), 1,7 
(4H, Ill), 1,9 (8H, m), 

3. Results 

3, I. Synthesis ¢$'complexes L:PtRX 

Complexes L~PtR: and L:PtRCi were readily obtained by 
displacement of COD from the corresponding (COD)PtR: 
and (COD)PtRCI, The majority of these complexes exhibit 
trans geometry, but I (MeO)3Pl:PtMeCI is obtained in cis 
form, as the methyl group signal exhibits unequal coupling 
to the two phosphorus nuclei in the t H NMR spectrum, 
( However the corresponding signal for (dcpe) PtMe~, which 
obviously must be cis as well, is an apparent triplet, presum- 
ably l~cause of 'virtual coupling',) The remaining L:PIRX 
complexes studied may be obtained by several routes: (i} 
metathesis of L:PtRCI with AgX; (it) careful stoichiometric 
protonotysis of L:PtR: with HX: (ui) displacement of the 
weakly coordinatingly triflate anion t'rom L,PtR(OTf) by 
X .  Method (it) generally is p~ferable for oi~taining clean, 
easily isolabl¢ pr~gluct; method (i) in particular is problem. 

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

3.2. Deuterolysis of trans-(EtsP)2PtRCl 

We previously found that around -20°C trans- 
(EtsP) 2PtMeC! undergoes H/D exchange with D ÷/CD3OD, 
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-(EtsP) 2PtRCi (R = El, Bz) exhibit the same behavior, 
represented by Eqs. (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- (EtaP) :PtR(OTf) which undergoes protonolysis 
only slowly (see below). 

trans~(Et3P)2Pt(CH;~R'}Cl 

(R '=, H(D), CH 3, Ph) 

-23 °C 
. . ~  trans.(EtsP)2Pt(CD2R')CI (4)  
CO3OD, DOTf 

20 °C CO3R' + trans-(EhP}2PtCl2 + 
trans.(Et3Pl~Pt(COaR'}CI H Irans.(E~3p)2pl(co2R){OTf) + 

CD3OO, DOTI "(EI.~P),~PI(OTf)Ci" 

( 5 )  

'|%e kinetics of H/D exchange were monitored by ~H NMR 
spectroscopy, following the rate of deuterium incorporation 
into the ~°positiou of It te alkyl group by the decrease in the 
corresponding ~|.1 signal. For R ,~ Me and Bz, Ih'st order plots 

O were ~dqained0 fr(ml which ra|c conr~lai!Is ( -23C,  
II)OTfl .... 0,2M)k,,.. 2.2x10 '~ ~andT.SxlO ~s a. 
respectively, were ]cl;vcd, H / D cxchangc I~r R ,'~; El appcaes 
to be the nt,~st rapid ¢fflhc three complexes: while an ilcct|i~Ille 
rate  c o n s l a n l  wlts nol  oblained because Ihe key aH NMR 
rcsonsances arc partially obscured by those li'om triethylo 
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 conlinned by 
examining exchange fi~r trans. ( M e # )  ~PIEICI where there is 
no such interfi:rence, AI ~ 2Y'C deuteralion of the methylene 
position was complete before the first ~H NMR spectrum 
could be obtained, and over the course of I h at - 23°C ~1-1 
NMR revealed a significant amount of ethane evolution. The 
latter was shown to be primarily CD~CH ~ by GCIMS analysis 
of the gas phase ( m/e 33 ), There was no evidence by either 
NMR ~r MS for incorporation el" deuterium rote any other 
than the e-positkm. 

In contrast, for m m s o ( E t # )  :#t(CH.~CMes)CI, deuterium 
incorporation into the Pt-neopemyl group was nol observed. 
Instead, gradual fimnation of neopentane took place even at 

23°C, a H NMR and MS established that the neopentane 
was monodeuterated (CH ~).aC (CHAD), 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 ligands 
is slow at the lower temperature. 
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-20 °C 
trans.(EIzP)2PI(CH2CMo3)CI - - > -  

CD30 D/DOTf 

DH2CC{CH3) 3 + (Et3P)2Pt{OTi)CI 

(6) 

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

The ~H NMR spectra of acidic methanol solutions oftrans- 
(Et3P) :,PtMeX, where X = OTf, F or NO3, are all identical, 
indicating that they undergo acid-promoted soivolysis, as 
shown in Eq. (7), to give the cationic complex [trans- 
(EtsP)2PtMe(CDsOD) ] "X-.  In the absence of acid, the 
equilibrium for solvolysis of the fluoride complex does not 
lie so far to the right as Ibr the triflate or nitrate complexes; 
reaction of CsF with trans-(EtsP).,PtMeOTf in CD~OD gives 
some trans- (Et3P) :,PtMeF as shown by ~H NMR. However, 
a complicated mixture of products forms, and a large excess 
of CsF is requilcd for nearly complete formation of the 
fluoride complex. 

The course of deuterolysis of trans- (EtsP) 2PtMe (OTf) in 
DOTf/CDsOD depends on the method of preparation. Sam- 
ples prepared by metathesis l'rom the chloride exhibited vary- 
ing degrees of multiple HID exchange and rates of methane 
lbnnalion. In contrast, samples prepared by protonolysis of 
the dimethyl complex gave consistently slow (about 1 week 
at room temperature Ibr complete reaction) liberation of 
methane, which was exclusively monodeuterated; the same 
behavior was observed fi}r methanol sohttions t)[" the fluoride 
and nitrntc complexes. The P~ producl in Eq. ( g ) is tentatively 
assigned a (:is ~;(mligurata~m because t~l file Rugc t./[ i,t_ p) 
• ~-,, 3740 Hz 1151. 

X' .  oTr, F °, NO3 ° g ~ CD30 D 

( 7 )  

P, .~ cHal t o m  ~. t ~t~P ...... ,, .... CD:~OD [Et3 P==''-' "~l~ [OTr]2+ CH:~D i3p ~" 

( 8 )  

Both H/D exchange and liberation ol' methane are cata- 
lyzed by added chloride. As I C I  ! is varied from 0 to i 
equiv, per Pt, while maintaining ionic strength, the H/D 
exchange rate (as detected by changes in the tH NMR signal 
for Pt-Me) increases from zero, as shown in Fig. I. The tlol 
NMR of solutions containing intermediate I CI i concentra- 
tions shows the presence of both [trans-(Et3P),,PtMe- 
(CDsOD) ! ' (a 0.50) and trans-(EtsP)2PtMeCI ([J 0.37); 
the methyl hydrogens in the two complexes exchange with 
solvent deuterium at the same rate. Under conditions of high 
[Ptl and low [Ci 1 an additional Pt-Me signal is observed 
in the ~H NMR (8 0.43), tentatively attributed to a chloro- 
bridged dimeric complex as shown in Eq. (9). 

0.002 - 

m 

,~ 0.001 
O 

de 

0.000 
~.00 

I:! 

0.01 002 

[C~-I 
Fig, I. Rate of exchange of deuterium into the Me position during deutero- 
lysis of trans-( Etd ~) 2PtMe (OTf) in CD ~OD, as a function of I CI - 1. [ Ptl = 
0.0244 M; 1DOTfl =0.235 M ' / z = 0 . 7 2 5  M; T= 13°C. 

S . . . . . .  IJ .... PEts1 + CI .... ,,, t~Et3 
Et3P p,. r-= ,~CH 3 j + Et3P ~,.. Ptn.,~CH 3 

CH3 .... ~,n .... PEt3 ] + 
Et3P~,. r= " ~ C I  ...... , , , . ,  PEt3 

Et3P ~.. Pt"-~ CH3J 

(9) 

Atldith}n of I equiv, of LiX (X .... Br, ]) to a methanol 
solution of lrans° ( l.it:d ~),ptMcOTf results in |llc quanti|.tivc 
formation of lrallso (El j:')2PtMcX, as indica|cd by ~li NMR. 
In deuicrolysis ~fl'the resulting :¢oluli.n.,; with DOTf( 23°C, 
[ DOTfl ~ 0.17 M) trans° (EIsP) 2PtMeBr incorpora|es deuo 
lerium into the methyl group wilh k,,h~ ~ 1,0× I0 '~ ~ ~, 
similar to Ille k,,~,,~l.I)×10 '* found for mmSo 
(EIsP)~PIMeCl. The reaction of DOTf with tra,s° 
(EIsP)aF'IMel could not be t'ollowed at low temperatures 
because of limited solubility. The reaction ot' oYms° 
(EtsP)2PtMeBr with DOTf in CD~OD at 20°C gives rapid 
H/D exchange competing with deuterolysis, leading to 
immediate I'ormation ol" CI),~, CHsD, CH:D: and CHDs. In 
contrast, similar treatment of transo(EtsP)2PtMel resulted 
only in I'ormation of monodeuterated methane, while the plato 
inure product consisted of (EtsP) :Ptl: (a yellow precipitate), 
and [transo(Et:J ):I tMe(S) ! (Eq. (10) ). 

20 °C CH3D + (Et3P)~Ptl2 (10)  
2 tmns.(Et3P)zPtMol ~ + 

DOTf, CD3OD [trans°(Et3P)2PtMo(CD3OD)] + 

|n contrast to the behavior in methanol, transo 
(Et:~P):PtMe(OTI') reacts immediately with DOTf in di- 
chloromethane at room temperature, torming cis-(Et~P):= 
Pt(OTf): (assigned a cis configuration based ,,!1 ~J(Pt-P) 
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T~iblc I 
Tt.,lilpi~i+aiur~ dcpeililcnce t~t < h'<.,~ for Eq t I i i 

I+(KI K<.,i ( N| i) 

220 i ~2 
2~ll 5.47 
240 2.37 
250 1.27 

° I 

• 3 4+===+== ,i 
0,0040 0,004~ 0 0044 0 0046 

i / T  
Fi~ 2 vail'l f loff  phil Ior the eqtli l ibliunl ol Eq. { i I ) ( data l'ron~ Table I ). 

+ 3902 H~) as well "is a l i l iXl t l r l2 ()t' lllethanc isoltlptinler.s. At 
: 70+( " I equiv, of HOTf  in diehh~rolli¢lhall¢ l'Clicg++ ¢lcalily 
wilh /ra,s.~l I7,I d ~) ~PiMc(OTf) forliling lh¢ Pi( IV ) alkyl 
hydride. Tile ~t~i NMR .~p¢c~lr!iln cveal.~ a (h~wnlicld ~hifl (~1 ~ 
Ihc ll lclhyl rcnt~llailc'¢ t'l+itlll ,] ~ {I.51) l J( i+1:14 ) -+ lol l  l:tz) it+ 
?i ~ 1,4 (,l( Pl += H ) ~ f~5 ttz ) al ld !he lt l~t!cl lr l i i tct" ot: a hydl'idc 
r¢~+tillLlll¢¢ :+11 i] ...... 25,6 (J( P l  H ) ~.+ 1500 ttz )+ On WI1Ptl l i l i } '  

io ..... 411~'( ', ihc .~igllal al ~] It,511 l'~llliPc, al',4; the c'haliT¢ wilh 
t~lilp~l+altlr0 i~ fully r~ver.~ibl~, hldicaliilg a Papid cquilil~rhln~ 
tl.~ ,~hown in Eq, ( I I  ), The equilibriunl consiani was calcu- 
lated Ill various temperatures by integration of respective 
iucthyl resonances; results arc displayed in Table 1 and the 
resulting van't Hoff plot is shown in Fig. 2. The thcrmo: 
chemical parameters calculated fronl the latter plot arc 

H "~ ~+ = 8.6 ± ! kcal t o o l  ~ and A 5 ++ ........ 34.(;I ~ 5 eal K 
nlol t Evolution of n~etllane with CI ) I1C l tn l i l a l l l  | ' t l r l l l a l i t l l l  i l l" 

c/s+( EI~Pt :Pt(OTf) +, begins at teiuperaturcs above + 20X'. 
The reaelion of trans-(Et~P),+PtMe(OTf) with DOTf in 
CH++Cl, at room ieinperaiure causes inunediat¢ production of 
a nlixtur¢ of nlethan¢ isotopoirlers. 

t4 

TIO,,. p, iv  , "  PEi;~ TtO,,, p,il . . . .  PEt:l EI:~P ~ ~ "~ CH:~ 

OTt 
l l l l  

3+4, De,ter+~lvsis +~'L,PtMeCi 

Trm~s+{ Ph~P):PtMeC! could not be studied in methanol 
tv¢¢ause it is not sufficiently soluble. When treated at 20°C in 

chlorofimn with excess DOTI (as a 1.8 M solution in 
CD.~OD), 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-ineiasulphon- 
ated iriphenylphosphine (TPPTS) were prepared in order 
to examine protonolysis in water, the solvent of the orig- 
inal alkane activation system. (TPPTS)_+PtMez was synthe- 
sized in high yield by heating (40°C) 2 equiv, of 
[Na~(H,O)~+][ (m-O3SC<+H4).~P] with (COD)Pt(CH3)., in 
a mixture of tetrahydrofuran and water. In D20 (TPPTS)z- 
Pt(CH~)~ reacts with I equiv, of either HOTf or HCI to 
liberate ! equiv, of methane, and give a monomethyl Pl(II) 
product. Since the 'H NMR spectrum is tile same for the 
products obtained by reaction with Ihe two acids, the domi- 
nant species in solution is probably the aquo cation 
I(TPPTS)zPtMe(D+,OI' Initially the melhyl resonance 
appears as an approximate quarrel which chaugcs over several 
days to a regular Iriplel, indicating thai lhe Iirsl product is the 
cis complex, which gradually isomerizes to lrt'lois. Addition 
of excess acid it) an aqueous solution of [ (TPPTS)_,PtMe- 
( I):O ] + cleaves the second Pt-Me group, only monodeuleraled 
methane is observed. 

Treatment of (depe)PIMe+, ill CD~OD wilh DOTf at 
= 70°C results in the innnediate formation of CHaD and a 
new monomethyl+Pi(lI) complex, l~resunlably I(depe)" 
PtMe(CD:~OD)IOTf. On warluing Ihc solution to room 
temperature, tile lallei+ |'¢sonanee disappears accompanied by 
t+iiriher Iiberalhm (~1" 2 t l d ) .  hi coi l l r l i ,~l ,  i l l lde|" s imi l ; i l "  condi+ 
iitill.% I i.l* ( ( M r ' ( ) ) , !  ++ } ,PI McCI is s table i o w a r d s  ntt'lh+,illl2 IIDS+~ 

over Ihc t+'lttll+~L, + I~t' I h Ill ..... ~3'~( "'` !lccolllpt~siih.+n llh~ll~ with 
( ' t t  ,l) ttlfi!liilit!ll Ilikt'.~ !llaqc l i l+ l t l l l id  I l l " ( '  

4. l)is~'usshm 

Our prcvhm,~ wurk s|ron[,Jy suppolls |he mcchaifisnl 
shown itl Sehclu¢ I (doekwisct  fi~r Ihc prohmolysi,~ of 
P l ( I i )  alkyl ¢omplcx¢,~ 16,71, The raiionale of the pPe,~¢nl 
sludy is that Ih¢ reverse process shemld describe alkane aclio 
ration by PI( i l )  (although i| must of course be recl~gni~ed 
that  beeat is¢ o f  diflTrcnees in ligands, solvcn| and rca¢lit~n 
conditions lhc principle of luicro.,::-,ph" r,'versib{!iiv i.~ l l i l l  

l"iTOl'Otl.~iy al~l~lieabk'j. Hcn¢c SySlemil l ic" CXal l l ina l i t> l l  o f  

how Ihe prolonolysis process is al'lT¢led by changes hi the 
P i ( l l )  ligand envirlmlncnl offers ihc polenlial for valuable 
inl'ornlalion on key issues such as: whal dclcmlmcs the Ull~ 
Uy,;ai sel¢¢livily pal l t ' r l lS ill {/+H il¢liVliliOll by PI( 11 ) 13,4 I? 
C a n  WC hnprov¢ reaclivily by varying the l l a lu re  o f l h e  Pl ( l l )  
coniplex, the sokcni or other rcai;lion paranlelcrs? Is it pos- 
sible to design a PI(11) Complex thai ac'livalcs alkancs bul is 
slabilized by ligands againsl Pl(0) l'ornlalion, lhus overcom- 
lilt+, a major Ihnitaiion to catalytic alkane t'unclhmalizalion 

Oul" inilial CXl)Crimenis were carried ot l l  o n  l l ' a i l s -  

(EI~P) ~PiMe (OTf), and consideri~,! u, ur Wevious work sev- 
eral results were surprising, First, i+~<~o~oly ~s was very slow 
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in methanol, in contrast to complexes (tmeda)PIMeCI and 
(tmeda) PIMe2 where loss of methane on protonation appears 
much more facile in methanol than in a non-polar solvcnt 
such as CDaCi2. Second, facile H/D exchange of the Pt-Me 
group was not observed, unlike the chloro analog, ahhough 
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 trans- 
(Et~P),PtMeX solutions in acidic CD3OD are identical for 
X = OTf- ,  F and N O  3 - .  Clearly, then, all these relatively 
weak ligands are easily solvolyzed, and the actual species 
present in solution is the cationic methanol complex, [trans- 
(Et3P) ~PtMe(CD~OD) i ' .  It is reasonable that protonation 
to generate a Pt(IV) hydride, the lirst step in the sequence 
that leads to H/D exchange and/or protonolysis (Scheme i ), 
should be much more diflicult 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-(Et:~P),PtMeCI, where the last step, 
loss of alkane from the sigma complex, is apparently rate- 
determining 16b 1. 

When th+e protonolysis of it+ms+ ( Et.+P ) apt Mc (OTf) is car+ 
rietl out in dichioromethane the result is dramatically differ- 
ent: liberation of methane is immediate at room temperatt, re, 
in contrast to the reaction in methanol which lakes several 
days, Furthermore, H/D exchange takes place when DOTf is 
used, Presumably, the covalent bond between trillate and the 
PI( II ) center is retahled ill tiffs non-polar solvent, and tilerc- 
fut'c protonathm occm's much mo,c readily at at neutral PI (l l) 
center. As with some o1' thu" tmeda complexes 16 I, Ihc Pi{ IV ) 
alkyl hydride inlCl'lllCtlialC may be observed at low tctllpcra+ 

lines, in ~:quilib|'iml| will1 Ihc alkyl pt( l i )  and the proton 
s+,mi+t:c+ 

The non-reproducibility of H/D exchans~e was readily 
traced to contamination by small amounts of Cl in samples 
prepared by metalhesis of trans- (Etd ~) 2PtMeC! with AgOTf; 
when an alternate preparation (protonolysis of trans- 
(EbP)2PtM% by HOTf) was substituted, the reaction with 
D '  proceeded very slowly to yield CHAD. This suggests that 
the equilibrium ofEq. (12) lies far to the right, and that small 
amounts of e l -  can catalyze both H/D exchange and pro- 
tonolysis, as the small amounts of trans-(Et3P)2PtMeCl  thus 
formed will undergo both rapidly at room temperature, giving 
(isotopomers of) methane and [ (Et3P)2PtCI(CD3OD) ] + 
The latter apparently undergoes facile anion exchange to 
regenerate free e l -  (see below) and continue the process. 
In support of this model, the rate of H/D exchange (and 
formation of methane) increases with added [ C! + 1, as shown 
in Fig. 1. The non-linearity of that plot probably is a conse- 
quence of the presence of additional species in solution, 
shown by NMR (see Eq. (9) above). 

S .... Pt" . . . .  PEtal + CD3OD Cl .... II .... PEt3 
Et3 Pw~' ",CHa/ + c r  ~ ~ E|3P~,. Pt , ~ C H  3 

,,i 
S = CDsOD 

(12) 

Both tr(ms-(Et~P)2PMeX (X = Br, 1) exist primarily as 
the neutral halt) complexes in CD~OD as well. For X = Br, 
H/D exchange at low temperature takes place at a rate only 
slightly slower than that fo," X = CI. For X = l tile complex is 
too insoluble at low temperatures to follow H/D exchange; 
but the two complexes behave quite differently at room temo 
pcrature. In each case treatment with DO'rf gives prompt 
for i r ia l ion of  m c l h a n c ,  but  the IIiclhalic coi l s i s t s  o f  a nlixtt lrc 

of isolopt)litcrs wilcli X ~-, Br, and only CI-I~D for X ~+~ I. 
Also Ihe lat ter  r e a c t i o n  is incomplete: siy, nilit::anl ;ll)l{)lnlls 

ifl' Pl(Ii)~,CII~ remains in the form ol l(i!l~Pl:PIMc, 

,P 

";;,x 
S ,~ CD:~OI) 

+ R+I] 

Reaction Coordinate 
Fig. 3. Qualitative reaction coordinate diagram for the protonolysis of I trmt~'-(Et d)):PI(CH ~ )(CD~Oi))] " m melhanol, 



124 M IV. ttohraml, et al. / lm,rgam('a Chmm'a Arm 265 ( i 997) 117-125 

~ D ~ O D  
L~PtMoI + DOTf , ~  [LzPtI(S)]"OTf" + MoD 

(s) 
last 

L2PIMel + [L2PII(S)] ÷ ~ L2Ptl2~ + [L2PtMe(S)]" 

Scheme 2. 

(CDsOD)I ' ,  with the rest of the Pt precipitating as 
( E t s P ) , P t l , .  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; 
see 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 iigand on the rate of alkane 
dissociation from the sigma complex. It can be seen from 
Scheme 1 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 ofalkane; the 
latter in turn is expect to show a considerable trans effect, 
tbllowing typical patterns ofsquareoplanar Pt(ll) substitution 
chemistry. Thus we lind that the phosphine complexes with 
cis geometry. ( depc ) PtMe, and ( (MeO) ,aP) zPtMeCI, give 
only monodeuterated methane on deuterolysis, as does tra,s- 
(EhP):P(CH~)I; whereas trans-(EtaP),P(CH~)X (X =Ci, 
Br) and (tmeda)PtMe: 161 show multiple exchange, in 
keeping with the standard tra,s  effect series: phosphine > 
I > B r ' > C I  > a m i n e l 1 7 1 .  

The aht)ve interpretation is not delinitive0 of course, since 
we have not as yet been able Io observe directly ~my alka,c 
,sigma complex, and hence c~.mnol be nure whether ~omc (~thcr 
~tep(s) in the complex mechanimn arc resp~msihle tier Ih¢~c 
trend~, in attempting to ::;or! out the eft¢¢ls of changin~ the 
pht~plaiuc ligaml without changin~ the Ecom¢lry, we exam- 
ined tra,so(ph~P)~PMeCI, which indeed shows mulliplc 
exchange, consistent with the weak !tans effect of C I ,  but 
in a diflk:rent solvent (chlorotbrm); the low solubility in 
methanol precludes a quantitative comparison of exchange 
rates. ~ e  sultbnated triphenylphosphin,,, complex ltranso 
(TPPTS)~PtMeCII r'- is deuterolyzed in D:O to mono- 
deuterated methane only; however, NMR s~ctra  indicate 
that it actually exists as the aquo complex i tr¢mso 
(TPPTS) ~PtMe (HaO) i s .... instead, so that protonation may 
well be rate-limiting here as in the case of I (EhP)~,PtCI- 
(CD~OD) I ' ,  In studies on some related dihydmgen corn° 
plexes, where the sigma complex (of H:) is observable, we 
can correlate the rate of loss of H, with the tra~s ei'|~ct [ I 8 ], 

We have alst~ examined HID exchange for different alkyl 
groups R, For R~Me,  Et or Bz, reaction of !tans° 
(EL~P):PtRC! with DOTf in CD~OD at = 23°C gives H/D 
exchange without loss of alkane, with the rates following the 
order R ~ C H a P h < M e < E t ,  It sheuld be noted that the 
observed rate constants tbr alkane loss from n'ans- 

(Et~P):PtRCt in an acidic methanol/ware! solution foUow 
the same order II91, For R = C H , C M % ,  H/D exchange is 

D 
I '"',,,, ptlV ,"' ~> - _> CH3CHxD(3.x } ' ~CHDCH 3 °-II 
H 
I ,, I 

'"',,,, pl lV" ~ ",,,,, pt l l , ' " '  
,,~ CHDCH 3 ~ ~ . . H  

kx, l ~ CHDCH3 

........ I,~,~,CH2CHY ~ ........ PI",,,~D ..... 

k ~ l l  CH2CH3 

kd 
. . . .  ~, CH3CH2D 

H 

t . ~  CH2CH~D CH~CH~D 

D 
I , ,  

"-e,~, IV" - ~ "  
# pt. .~ CH2CH2D ~ . . . . . .  q "  C2HxDI6.x) 

Scheme 3. 

not observed, rather alkanc loss proceeds cven at - 23°C to 
give monodeuterated neopentane. The latter reaction, carried 
out at low temperature, gives a single clean Pt(ll) product, 
whereas the room temperature protonolyscs of thc other 
alkyls lead to Ille mixture of complexes shown in Eq. (5). 
This is another m anit~stalion of the anion exchange process, 
fast al room temperature bu| considerably slower at ~ 20'~C, 
|hat ac¢ounls tbr II1¢ abili|y of small anmutlls of chloride Io 
catalyze reaclions of I Im~s~(E|~P)~P|Me(CI)~OD) l ' as 
well a.~ fi)r |he persisleuc¢ of |he in|let, al~)ng wflh pr¢¢ipilm 
tii)n of ,'a,so(l:.|j~):ptl:. h~ |he l'm~|omflysin Id" #rcms~ 
( El ,p ) : P I M c l  ~ 

A s  betDre, in  the ~lb~e | l ee  O| d | t~cc |  obse|0valio|l Of f i le ni~||lt| 

complexes any inlerpret~ltion of these trends must be lenlr°~ 
tire. The various processes involved in determining the enlenl 
of multiple deuteration are shown ( illustrated for R ~: El) in 
Scheme 3. Clearly the lower part of this Scheme (k~) does 
not compete at all here: no evidence for exchange ~f D inlo 
any position other than ¢~ is observed. This contrasts with tile 
behavior of Cp* (Me,P) RinD(El), where deuterium incoro 
poration is seen in tile methylene Ill~iely of the elhyl group 
at ~ 80°C and in the methyl position al -30~C, prior to 
rcductivc elimination of ethane at higher temper~turcs 1201. 
If we try to tease ~ut tile eft}cls of R on the relative rates of 
the ft~rmatlon of the sigma complex (k,). the exchange proc- 
ess (k,s) and the disst~ciation of alkanc (k,~), |he mos| 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 Ibr both 1¢~, and ~:,j, with the latter rate-limiting. Also 
k,j would have to be considerably faster for R = CH2CM%. 
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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