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Chapterr  1 

Generall  Introductio n 

1.11 Organometalli c Chemistr y 

Organometallicc chemistry is the discipline dealing with compounds containing at least one 

directt metal-carbon bond.m The bonding interaction may be ionic or covalent, localized or 

delocalizedd between one or more carbon atoms of an organic group or molecule and transition, 

lanthanide,, actinide, or main group metal atom.[2] 

Thee development of transition-metal organometallic chemistry dates back to 1827 when 

Zeise[3]] reported the first transition-metal organometallic compound, the ethylene-platinum complex 

K[PtCl3(C2H4)].. Subsequent developments in the area of organometallic chemistry arose not in 

orderlyy steps from this original discovery but from several other initially unrelated discoveries, as 

thee discovery of nickel tetracarbonyl in 1890 by Mond, Langer and Quincke/41 and the discovery of 

polyphenylchrominumm compounds in 1919 by Hein.[51 Although these compounds were investigated 

inn some laboratories, and a few complexes of other olefins (e.g. butadiene) with transition metals 

weree also prepared, the importance was not recognized until after 1950, when their structures could 

bee adequately explained.[,,6] 

Organometallicc chemistry leaped forward in the early 1950s when the structure of ferrocene, 

Fe(r|5-C5H5)22 was found.[7,8] This area was developed further by E.O. Fischer and G Wilkinson into 

ann extensive chapter of organometallic chemistry. This discovery and the recognition of a new type 

off  bonding between metals and organic unsaturated molecules stimulated an enormous interest in 

thesee compounds, and resulted in the present state of organometallic chemistry. This was aided by 

thee rapid development of physical methods of investigation, in particular single crystal X-ray 

spectroscopyy and NMR spectroscopy, which afforded detailed information about the structure and 

bondingg in organometallic compounds and facilitated the understanding of their behavior. 

1 1 



ChapterChapter 1 

1.22 C-H Bon d Activatio n of Hydrocarbon s 

1.2.11 C-H bond activation of hydrocarbons in homogeneous media 

GeneralGeneral aspects 

Thee formation of new carbon-carbon bonds is a key step in synthesis. The traditional 

approachh concerns direct reactions between organic molecules, such as radical reactions or Diels-

Alderr reactions and of stoichiometric reactions involving main group organometallic compounds, 

suchh as organomagnesium and organolithium compounds with functionalized organic molecules. 

Thee introduction of transition metal catalysts has made a variety of pathways accessible for the 

catalytic,, selective formation of new carbon-carbon bonds. ' " 

R-YY + [M] - R'—[M]-Y 

(catalyst) ) 
R - [ M ] - YY + R ' -X R-R' + [M]XY 

Schemee 1.1 C-C bond forming reactions 

Duringg the last decades the quest for more economic ways for the formation of C-C bonds has 

becomee a matter of increasing importance for both industrial and academic research. From the point 

off  view of atom economy,[9] reduction of waste and reduction of the number of reaction steps it 

wouldd be desirable to circumvent the formation of salt ([M]X Y in Scheme 1.1), hence avoid the use 

off  carbon-halogen containing compounds, esters, and the like. Substrates which contain a reactive 

C-HH bond rather than a C-X bond (X = halide) are very interesting alternatives for synthetic 

purposes.112"151 1 

YY +[M] 

H H 

Y Y 
[M]H H -- [M] k^\_/--\ R 

[M]]  = transition metal complex, Y = coordinating group 

Schemee 1.2 C-C bond forming via ortho-metallation 

C-HH bond activation can be very successful when chelation of an adjacent heteroatom (e.g. O, 

N)) is involved, in which case the reaction is commonly referred to as orthometalation, for instance 

ass it is known for metal catalyzed reactions of mainly Ru, Pd, Rh.[161 After coordination of the metal 

centerr to the heteroatom, the C-H bond at the a- or 2-position is activated and addition of alkenes, 

alkyness or carbonyls can occur to form a new C-C bond with good regioselectivity.1'7'19' 

2 2 



GeneralGeneral Introduction 

44 mol % 
[RhCI(cod)]2 2 

lOatmCO O 

55 atm H2C=CH2 

/PrOH,, C 

119] 119] Schemee 1.3 Carbonylation of N-(2-pyridyl)pyrolidine as developed by Murai et al. 

Whenn no heteroatom for coordination is available, C-H bond activation becomes much more 

difficultt or just lacks selectivity towards one particular C-H bond. However, there are some 

promisingg systems, such as the Pd-catalyzed oxidative coupling of benzene with an alkene 

displayedd in Scheme 1.4.[201 

^^ CQ2Et [ P d ] / 0 x ^ ^ C 0 2 E , 

p h // Ac20-AcOH [| J 

900 C ^ ^ 56 % 
TON:: 280 

[Pd]:: Pd(OAc)2, 0.2 mol% / benzoquinone, 3 mol% 
Ox:: ffiuOOH, 200 mol% 

Schemee 1.4 Oxidative coupling of benzene and ethyl (E)-cinnamate 

Despitee the efforts that have been made, the turnover number is still not high enough for 

economicc application. Moreover, the use of peroxide oxidants and acetic acid solvents in these 

"non-chelation-assisted""  reactions is problematic.[16] Reported systems for C-H bond activations of 

alkaness are still rare and are mainly based on Shilov-type of catalysis (see below).[15] 

Platinumm is a promising metal for C-H activation reactions of "non-chelation-assisted" 

hydrocarbons,, because platinum hydride bonds can be quite strong compared to Pd and Ni.[21 In the 

nextt paragraphs, nucleophilic platinum(O)- and electrophilic platinum(II)/platinum(IV)-systems in 

C-HH bond activation processes will be discussed. 

1.2.22 C-H bon d activatio n of hydrocarbon s by Pt(0)-system s 

GeneralGeneral aspects 

AA method to activate C-H bonds of hydrocarbons is the in situ generation of a coordinatively 

unsaturatedd electron-rich platinum(O) center. The main routes to achieve this reactive electron-rich 

intermediatee by removal of groups of ligands from suitable precursors are thermolysis, 

photochemicall  irradiation or chemical methods. After generation of the coordinatively unsaturated 

platinum(O)) center the C-H bond of the hydrocarbon can oxidatively add to the platinum center 

3 3 



ChapterChapter 1 

formingg often a stable platinum alkyl hydride. However, for C-H bond activation, only thermolysis 

iss known to be able to create a Pt(0)-system that is reactive towards hydrocarbons. 

C-HC-H bond activation using in situ generated unsaturated platinum(O) by thermolysis 

Inn 1988 Whitesides published a phosphine-stabilized platinum complex that cleanly reacts 

withh hydrocarbons.'21'221 When cw-hydridoneopentyl platinum(II)[bis(dicyclohexylphosphino)-

ethane]]  is heated in benzene solution, neopentane is reductively eliminated. Oxidative addition of a 

C-HH bond of benzene produces «'.s-hydridophenyl platinum(II)[bis(dicyclohexylphosphino)ethane]. 

Thee intermediate responsible for oxidative addition is believed to be 

[bis(dicyclohexylphosphino)ethane]]  platinum(0).[22' This electron-rich d14 fragment can react with a 

varietyy of saturated and unsaturated hydrocarbons.1211 

Cy2 2 

\\ / R 

Pt t 

PP H 

Cy2 2 

RR = aryl, alkyl 

Schemee 1.5 Generation of an unsaturated platinum(O) by thermolysis 

Iff  thermolysis of [bis(dicyclohexylphosphino)ethane]hydridoneopentylplatinum(II) is carried 

outt in alkanes, platinum alkyl hydrides are formed; even methane is activated. The bidentate cis-

coordinatingg PP-ligand is needed, otherwise no C-H activation is observed, e.g. employing the 

linearr Pt(PR3)2 does not work since its frontier orbitals are ill-disposed for overlap with GC-H and 

cc c-H orbitals of the hydrocarbons.' ' ' 41 Thermolysis in alkenes and alkynes gave almost 

exclusivelyy coordination of the alkenes and alkynes, and no C-H activation products. 

Modificationss in the PP-ligand can dramatically change the reactivity of the intermediate after 

thermolysis.. Diminishing the P-Pt-P angle, for instance by using bis(di-fert-

butylphosphino)methanee instead of bis(dicyclohexylphosphino)ethane as ligand, eliminates the 

activityy of the Pt°P2 complex towards alkanes and even benzene,1251 only the Si-C bond of 

tetramethylsilanee can be activated. Introduction of oxygen-'26'271 and nitrogen-donors'271 as 

substituentss on phosphorus retains the activity towards C-H groups of hydrocarbons, only platinum-

platinumm dimer formation limits yields of C-H activated products.'271 

Cy2 2 

\ \ 
Pt t 

// ^ 
P P 
Cy2 2 

 neopentane 

800 C 

Cy2 2 

P. . 

Pt
/ / 

P P 
Cy2 2 

RH H 



GeneralGeneral Introduction 

1.2.33 C-H activatio n by cationi c platinum(ll ) specie s 

TheThe Shilov System 

Inn 1969 Shilov[28] and co-workers demonstrated that Pt(II) salts were capable of activating 

alkanee C-H bonds. Some years later, Shilov[291 also reported that catalytic conversion of alkanes 

(includingg methane) to mixtures of the corresponding chlorides and alcohols could be achieved by 

employingg aqueous solutions of Pt(II) and Pt(IV) salts.[15] 

Pt"" (cat) 
R-HH + Ptlv + HX -~ R-X + R" + 2H+ 

1200 °C 

XX = OH, CI 

Schemee 1.6 Functionalization of alkanes catalyzed by Pt(Il) 

Thee Shilov system is clearly unprecedented in many respects. First the reaction is performed 

inn aqueous solution and is unaffected by the presence of molecular oxygen. Second, the reaction 

exhibitss an unusual chemoselectivity; alkanes are activated at equal or even faster rate than the 

producedd alcohols or alkyl chlorides. Third, the order of regioselectivity (primary C-H > secondary 

C-HH > tertiary C-H) is the reverse of what is normally found for electrophilic and radical oxidations 

off  hydrocarbons. It is, therefore, in principle a very interesting and promising reaction. However, 

duee to the use of expensive Pt™ as stoichiometric oxidant, poor turn over numbers and sometimes 

unsatisfactoryy selectivity, the Shilov system is not suitable for practical applications. 

Platinum(H)Platinum(H) complexes: Applications of the Shilov system 

Inn recent years several new alkane oxidations have been discovered that utilize electrophilic 

latee transition metals in strongly acidic media (e.g. CF3CO2H, H2SO4 ).[30~351 A good application of 

thee Shilov system in these acidic media has been demonstrated by Periana et a/.,[33] who improved 

thee stability of the catalyst by adding the bidentate nitrogen ligand bipyrimidine. By doing so, 

methanee is selectively converted into methanol with quite high turnover numbers in the presence of 

air.. The catalytic cycle proposed by Periana is presented in Scheme 1.7. 
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ChapterChapter 1 

CH3X X 

Functional --
izatio n n 

N^N,, ..«X 

N V S C C 

1^ 11 v" 
N ^ N ,, .,-X 

C-HH Activatio n 

,CH4 4 

N '' N N, , CH3 3 N' "N"" ^CHg 

XX = CI, HS04 Oxidatio n n 

S022 + H20 S03 + 2 HX 

Schemee 1.7 Proposed mechanism f or the functionalization of methane by Periana et al. 

UnderstandingUnderstanding the mechanism of the Shilov system and new C-H activation systems 

Afterr the report by Shilov, much research has been directed at the mechanism of the selective 

conversionn of alkanes into alcohols in order to better understand this remarkable reactivity. 

[15,30,31,34-45]]  j  ̂ ^_jj  a c t j v a t j o n ap pe a rs to determine both the rate and the selectivity of the alkane 

oxidation,, thus providing significant motivation to understand the details of its mechanism. 

Unfortunately,, this step has proven to be the most difficult one to study. The reaction stoichiometry 

involvess electrophilic displacement of a proton of the alkane by PtD. For this reaction, two different 

mechanismss have been proposed: oxidative addition of the C-H bond at Pt yielding an 

alkyl(hydrido)platinum(IV)) complex which is subsequently deprotonated, or deprotonation of an 

intermediatee Pt(II)-alkane o-adduct. 

6 6 



GeneralGeneral Introduction 

„„  F o + B-

XX ' 
\\ B-

^ - P l > HH • 

BH H 

BH H 

Schemee 1.8 Oxidative addition/reductive elimination or o-bond metathesis? 

Strongg support has been presented for the pathway in which activation of the alkane C-H bond 

occurss by oxidative addition to a Pt(II) species and generation of a Pt(IV) alkyl hydride as an 

undetectedd intermediate.140'411 C-H bond activation was clearly established by observation of Pt(II) 

alkyl/aryll  exchange products,[40'41-431 but Pt(IV) alkyl hydrides were not directly observed. In the 

reportedd system, (tmeda)Pt(Me)(NC5Fs)+, the reactive three-coordinate Pt(II) species should 

producee a five coordinate Pt(IV) alkyl hydride that is not stable and indeed immediately gave rise to 

eliminationn of methane and a Pt(II) alkyl species. [41| | 

HB B 

N > r C H 3 3 

i NN "CH 3 

\ \ 

B(C6F5)3 3 

-- K[CH3B(C6F6)3] 

N^.. X H 3 

\ \ 
HB. . 

N N 

RH H 
H H 

Nkk I^CH 3 

_/NN R 
HB--

ligandd HBN3 = Tp' R = C6H5, C5Y\n, C6H-|1 

Schemee 1.9 Stable Pt(IV) alkyl hydrides formed via C-H activation. 

Wickk and Goldberg1461 reported the first example of C-H activation of Pt(II) to form stable 

Pt(IV)) alkyl hydrides (see Scheme 1.9). Reaction of B(C6F5)3 with K[Tp'Pt(Me)2] (Tp' = 

hydridotris(3,5-dimethylpyrazolyl)borate)) resulted in abstraction of the methyl group from the 

platinum(II)) and generated in situ a three-coordinate platinum(II) species with could activate 

hydrocarbonss (e.g. benzene, cyclohexane, pentane). This resulted in the five-coordinate 

intermediatee Pt(IV) (alkyl)(hydride) species that now could be trapped by coordination of the third 

pyrazolyll  ring, producing a stable six-coordinate Pt(IV) species Tp'PtMe(alkyl)(hydride). 

Johanssonn and Tilset'47'481 extended these studies by Bercaw137^3,491 and Goldberg1461 and 

showedd hydrocarbon activation at a cationic platinum(II) complex under mild conditions. The Pt" 

complexx [(Nf-Nf)Pt(CH3)(OH2)]
+BF4- (Nf-Nf = ArfN=C(CH3)C(CH3)=NArf, Arf = 3,5-(CF3)2C6H3) 

iss able to activate benzene at 25 °C and methane C-H bonds at 45 °C, in 2,2,2-trifluoroethanol. This 

solventt has a low nucleophilicity and is quite polar and appears to be excellent for carrying out C-H 

activatingg reactions. 
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fN„©.>CH 3 3 

^N*.©.«CHa a 

CF3CH2OH H 
-CH4 4 

rN,.ee « 

13CH4 4 

CF3CH2OH H 
-CH 4 4 

0H2 2 

r N „ © . ! 3 C H 3 3 

rU U 

F3C C 

Schemee 1.10 C-H activation at mild conditions by Johansson et al. 

Unlikee alkanes, aromatic compounds can coordinate to the metal center, resulting in 

interactionn with the cationic platinum center. Recently Tilset et al. [48'50] showed by NMR-studies 

andd calculations that the reaction path for C-H activation involves an n2-benzene adduct, which 

decreasess the activation barrier of the C-H activation process for benzene relative to methane. 

1.33 Ligand s System s used in thi s Study 

1.3.11 Imine ligands 

Partt of the studies in our research group have been aimed at the organometallic chemistry of 

latee transition metals involving didentate nitrogen ligands, and in particular those based on a-

diiminess {e.g. Ar-BIAN, R-DAB).'5" 

0 0 
/)/)— — 

A r - N N N--

Ar-BIAN N 

Ar r 

R\\ R' 

R-NN N-R 

R-DAB B 

R'' = H, CH3 

Arr = aryl 
RR = alkyl, aryl 

Schemee 1.11 Most common cis-coordinating dinitrogen ligands 

Pioneeringg work regarding the coordination chemistry of diaza(buta)dienes has been carried 

outt notably by Vrieze and Van Koten, torn Dieck, Schurig, Friihauf. A number of R-DAB-

complexess of low-valent transition metals, often with CO as co-ligand, have been prepared.'52"611 

8 8 



GeneralGeneral Introduction 

Comparedd to phosphine ligands, these compounds usually combine better o-donor and JC-

acceptorr properties, and are thus capable of stabilizing both higher and lower oxidation state of a 

transitionn metal. Another advantage of these a-diimines is the facile tunability of their electronic 

andd steric properties, as well as the straightforward synthesis of these ligands. Recently, also a 

frans-coordinatingg diimine ligand, the so-called isophthalaldimine ligand was prepared in our 

group.'6211 These tridentate NCN ligands afford stable frans-diimine transition metal complexes with 

platinum,, palladium and rhodium, but their reactivity towards certain functional groups is 

diminishedd compared to cw-diimine transition metal complexes. 

Especiallyy the class of rigid a-diimines like Ar-BIAN, designed in our laboratory, has been the 

subjectt of many studies. This stems largely from the excellent suitability of their late transition 

metall  complexes as (pre)catalysts for a number of selective carbon-element coupling reactions, ' 
6811 such as Suzuki/Negishi type C-C bond formation,151,63! allylic amination of unactivated 

olefins,167,6811 three-component coupling reactions,l5U(A-6s] and stereoselective «5-hydrogenation of 

alkynes16611 (Scheme 1.12). 

RR = R' - a \a . 

11 bar H2 , THF, 20 °C " " 

Schemee 1.12 Stereoselective Pd(BIAN)-catalyzed cis-hydrogenation of alkynes to (Z)-alkenes. 

Inn the field of co-polymerization[691 and polymerization,[701 a discovery in the group of 

Brookhartt has attracted a lot of attention: cationic nickel(II) and palladium(II) species bearing bulky 

aryl-substitutedd a-diimine ligands (including Ar-BIAN) are excellent catalysts for the 

polymerizationn of ethylene, a-olefins, and internal and cyclic olefins to high molecular weight 

polymers.™711 1 

Concerningg platinum complexes, a-diimines have been used as ligands in the extremely mild 

C-HH bond activation reactions by cationic Pt(II)-complexes[47'48] and Pt(0) complexes stabilized 

withh Ar-BIAN's are moderately active in hydrosilation reactions as has been shown by our 
[72] ] 

group.11 ' 

1.3.22 A/-Heterocycli c Carben e ligand s 

N-Heterocyclicc carbenes (NHC's) are being applied more and more frequently as ligands in 

organometallicc chemistry and homogeneous catalysis.1731 As opposed to imines and a-diimines, 

NHC'ss are excellent o-donors and poor 7t-acceptors. NHC complexes are Fischer-type carbene 

9 9 
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complexess and contain two strong 7t-donor substituents on the carbene carbon, which enforce a 

nucleophilicc character at the carbene carbon of the free carbene ligand. The bonding of the singlet 

N-heterocyclicc carbenes to transition metals is mainly described by o-donation with negligible 7t-

backk bonding. In fact, these carbene ligands can substitute classical 2e" donor ligands as amines, 

ethers,, and phosphines. The ligand properties and also the coordination chemistry can be best 

comparedd with electronrich trialkylphosphines as far as the metal coordination chemistry is 

concerned.[74]] However, Nolan concluded from structural and thermochemical studies that NHC-

ligandss behave as better donors compared to the most Lewis basic phosphine ligands, with the 

exceptionn of the sterically demanding (adamantyl)carbene.1751 

Thee research in this field of NHC-ligands started in the late sixties. Öfele[76] and Wanzlick1771 

havee in 1968 independently published the structures and preparations of the first metal complexes 

containingg 7V-heterocyclic carbenes. Both reported the deprotonation of an imidazolium salt by a 

basicc metal precursor to form the complexes of the unsaturated NHC: imidazol-2-ylidene, as is 

shownn in Scheme 1.13. 

)>> [HCr(CO)5]-
 1 2

H ^ • [ f ^Cr(CO) 
Hg(OAc)22 Y 

CI04-- • Ha 2 Cl " 
-2AcOHH ƒ 

Schemee 1.13 Preparation of the first transition metal complexes ofNHC's by Öfele and Wanzlick 

respectively. respectively. 

Thee related C-C saturated NHC can be derived from "Wanzlick dimers", 

(tetraaminoethylenes)) as displayed in Scheme 1.14. The resulting saturated imidazolidin-2-ylidene 

ligands,, developed by Lappert et al.}1 are more electron-rich and have different chemistry 

comparedd to the unsaturated analogues. 

,>=o o 22 f >: 

Schemee 1.14 The Wanzlick equilibrium 

Innovativee work in the area of NHC chemistry has been done by Arduengo and co-workers,[791 

whoo succeeded in the synthesis of the first stable free carbene. The free carbene (Scheme 1.15) is 

obtainedd in high yield when the corresponding imidazolium salt is treated with 1 equivalent of 

10 0 
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sodiumm hydride in the presence 5 mol% potassium fert-butoxide in tetrahydrofuran. This discovery, 

thee synthesis of the easily handled, nucleophilic imidazol-2-ylidene class of carbenes, which can be 

storedd "in a bottle",f paved the way for the preparation of metal-NHC complexes directly from the 

freee carbene. Stable carbenes are obtained most easily from imidazole, but nowadays several routes 

aree known for the straightforward synthesis of imidazolium precursor compounds,180"821 for instance 

thee one-pot synthesis starting from glyoxal, a primary amine and formaldehyde. Unsymmetrically 

N-substitutedd imidazolium salts can be easily prepared by a small deviation from this route and aryl 

substitutedd imidazolium salts can be synthesized from 1,2-diamines and orthoformeate. 

// / 
NaH,, THF \ r K 

HH T^  A  >: 

NN r\- cat. KO'Bu / ^ N 
\\ \ 

Schemee 1.15 Synthesis of the free carbene by Arduengo 

Ass noted above, the field of NHC really expanded since the discovery of the "free" carbene 

byy Arduengo.[79! Gradually, more reports about NHC stabilized complexes with low valent late 

transitionn metals appeared in the literature.1731 Hermann,1831 Nolan1841 and Grubbs1851 demonstrated 

somee excellent examples of the benefit of NHC's in catalysis. They used NHC's in the ruthenium-

catalyzedd olefin metathesis reaction, which reaction was accelerated with the development of these 

NHC-basedd ruthenium catalysts (2nd generation Grubbs' catalysts, see Figure 1.16). 

f=\f=\  / f=\ \ / rA 
C y - N

V
N ~ C y y XKXS^XKXS^ -^KYJ^ 

C l ' ' 

Cy~ ~ 

..CII ^ — * | „CI 4 ^ — v i „CI • 
R i j^ \\ Ru^ \ 

Vhh ci'l \ 
PCy33 PCy3 

Ru^\\ Ru^ \ Ru^ \ 

Phh C l Ph CI ph 

\=J \=J 
~N 'Cy y 

Schemee 1.16 Ruthenium catalysts containing the NHC-ligands (2nd generation Grubbs') 

Rutheniumm has become the most employed metathesis metal, because of the stability of these 

2ndd generation Grubbs' catalysts, predominantly because of the high tolerance to functional groups 

andd the mild reaction temperatures (normally room temperature) compared to the 1st generation 

Grubbs'' catalyst [Ru(PCy3)2Cl2(=CHC6H5)]. The first two examples by Hermann and Nolan did not 

**  The free carbene reacts slowly with oxygen, but very fast with water, so Schlenk-techniques are needed to avoid 

moisture. . 
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improvee the 1st generation Grubbs' catalyst that much, but especially the use of the saturated NHC-

ligandd did improve the activity of the metathesis catalyst (monomencatalyst ratios up to 1000000:1 

forr ring-opening polymerization). 

NHC-stabilizedd complexes have been reported for almost all d10-metals that are able to 

catalyzee reactions such as Heck and Suzuki coupling (Pd, Ni),'86"901 aryl amination (Pd, Ni),[91,921 

hydrosilylationn (Pt),'93,94] Grignard cross-coupling (Ni)'951 and Stille coupling (Pd).[961 These new 

NHC-catalystss have advantages and potential for the future.'871 They exhibit high thermal and 

hydrolyticc durability resulting from exceptionally stable M-C bonds (long shelf-life, stability to 

oxidation);; they are readily accessible and do not need an excess of the ligand. 

RR >\ / Mes Mes 
NN / ^ S i ~ ^ ^ N N-^ 

CC ̂ p i ;  c >-*-< j 
^ NN V ~ S i — ^ N N ^ 11 // \ ' ' 

RR ' Mes Mes 

RR = Me, Cy, ffiu 

Schemee 1.17 Pt(0) NHC-complexes reported by Markó and Arduengo 

Untill  recently, the only carbene-containing platinum(O) known was reported by Arduengo et 

al„al„  who describes the synthesis of a platinum(0) biscarbene.[971 Although this complex is formally a 

14-electronn species, this complex is rather stable, which is probably due to the large mesityl-

substituentss on the N-atoms of the imidazolium-based carbene. In order to induce more activity for 

thiss kind of complexes, we envisaged that one of the NHC's should be replaced by a more labile 

ligand.. While this thesis was in progress, Markó'931 reported a NHC Pt° complex that is active in 

hydrosilation,, demonstrating the advantages of NHC's in platinum(0)-catalyzed H-element 

activationn and the need of labile ligand(s) in combination with the quite stable carbene-platinum 

bond. . 

1.44 Aim , Scope and Outlin e of thi s Thesi s 

Thee aim of this work has been the synthesis of novel late transition metal compounds that are 

ablee to activate C-H bonds of hydrocarbons in an intermolecular way. It is known from the literature 

thatt platinum hydrides can be very stable entities, therefore platinum seems to be a good transition 

metall  to attempt further C-H activation processes. This can be done via two pathways; one concerns 

thee in situ generation of an unsaturated platinum(0) center which is reactive towards C-H bonds of 

hydrocarbonss in a nucleophilic way. A different approach is the development of cationic 
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platinum(II)) complexes, which are reactive towards C-H bonds of hydrocarbons in an electrophilic 

way. . 

Inn chapter 2 the synthesis and properties of new Pt°(R-DAB)(Tl2-aIkene)-complexes are 

described.. Various Pt° precursors are employed for the synthetic route and several methods are 

compared.. The reactivity of these Pt°(R-DAB)(r|2-alkene)-complexes towards protic acids has been 

investigatedd with the aim to obtain readily accessible electrophilic Pt-centers for bond activation 

reactions. . 

Thee synthesis of the first examples of zerovalent platinum mono-carbene bis(alkene) 

complexess is described in chapter 3. These Pt° complexes react under mild conditions with 

dihydrogenn to form neutral hydrido platinum(II) carbene complexes with a hemilabile coordinating 

carbonyll  moiety. The zerovalent platinum mono-carbene bis(alkene) complexes were destined to be 

reactivee towards C-H bonds of certain imidazolium salts in a nucleophilic way. Their reactivity 

towardss such C-H bonds is described in chapter 4. Indeed complete conversion to hydrido 

platinum(II)) bis(carbene) compounds has been observed. Furthermore, in situ formation of cationic 

hydridoo platinum(II) bis(carbene) complexes and their reactivity towards C-H bonds of 

hydrocarbonss in an electrophilic way is described. 

ChapterChapter 5 deals with the development of 2-pyridinecarboxaldimine-based NNO-ligands, 

whichh should have stabilizing properties in neutral and cationic platinum(II) complexes. The 

reactivityy of the neutral [Ptn(Me)(NNO)] and cationic [Pt"(Me)(NNO)]BF4 complexes towards C-H 

bondss of hydrocarbons is discussed. 
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Chapte rr  2, Part A§ 

Synthesi ss  of new ((^-NjN'-DiazadieneXT^-alkene ) 
platinum(O )) compound s 

2.11 Introductio n 

Ass has been shown by several groups, chelating bidentate nitrogen ligands are valid 

alternativess to phosphines and phosphites as stabilizing entities for the synthesis of zerovalent 

compoundss containing a group 8, 9 or 10 metal atom12"221 and useful directing ligands in their 

reactivity.'23"4211 Nowadays, many examples of late transition metal complexes in low oxidation 

statess containing bidentate nitrogen ligands, such as 1,10-phenanthroline, pyridine-

carbaldiminee (Pyca) derivatives, N,N'-disubstituted-l,4-diazabutadiene (R-DAB) and 

bis(arylimino)acenaphthenee (Ar-BIAN) ligands, are known. 

Pioneeringg work regarding the coordination chemistry of diaza(buta)dienes has been 

carriedd out notably by Vrieze and Van Koten, torn Dieck, Schurig, Friihauf, and quite a 

numberr of R-DAB-complexes of low-valent transition metals, often with CO as co-ligand, 

havee been prepared (for a few examples, see Figure 2.1). 

R-N//
 )N-R R-N ' )N -R R-NX XN-R 

>ee ^Ru-cO *? R' 
nr'nr' '- L nr '- J - / 
o cc CO O 0 CO r^ 

R R 
FF o R 

OC'"Ru—-Ruu -Hu~—Ru"CO 

H H NN V ^N \ 0 
RR O R 

Figuree 2.1 Some examples of transition-metal diazadiene compounds 

Ann early publication by Cavell, Stufkens and Vrieze"21 reports the isolation of 

mononuclearr zerovalent Pd°(R-DAB)(r)2-alkene) (A, Figure 2.2) for various R and electron-

poorr alkenes. In many cases, Pd°(R-DAB)(L) complexes derived from open-chain R-DAB 

existt as mononuclear species with the R-DAB acting as a bidentate chelating entity, notably 

§§ Parts of this Chapter have been published. [1] D. S. Tromp, M. A. Duin, A. M. Kluwer, C. J. Elsevier Inorg. 

Chim.Chim. Acta 2002, 327, 90. 
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whenn the ratio Pd:R-DAB:alkene is 1:1:1. Dinuclear compounds with a bridging R-DAB 

ligandd are obtained in quite a number of cases as well,'2'3'121 especially in the presence of more 

thann one equivalent of alkene per palladium, and in some cases upon oxidative addition {e.g. 

off  methallyl chloride to Pd°(R-DAB)(r|2-alkene)). At a later stage, several other Pd°(R-

DAB)(T)) -olefin)113"171 and numerous divalent palladium and platinum compounds containing 

thee R-DAB entity have been synthesized, e.g. PtnX2(R-DAB)(T|2-olefin) and similar 

compounds.123"311 1 

R-NN N-R 
\\ / 

P , d E E 

EE E 

AA B 

Figuree 2.2 Generic structures of'zerovalent Pd(diazadiene)(rf -alkene) and Pd(Ar-

BIAN)(rf-alkene)BIAN)(rf-alkene) compounds 

Thee interest in our group in low-valent group 10 metal compounds containing chelating 

N-ligands,, especially those containing the rigid Ar-BIAN ligand (B, Figure 2.2), stems largely 

fromm their excellent suitability as (pre)catalysts for a number of selective carbon-element 

couplingg reactions,138"421 such as Suzuki/Negishi type C-C bond formation,138'391 three-

componentt coupling reactions139"411 and stereoselective cw-hydrogenation of alkynes1421 

(Schemee 2.1). 

RR R' — p. 

11 bar H2 , THF, 20 °C 

Schemee 2.1 Stereoselective Pd(BIAN)-catalyzed cis-hydrogenation of alkynes to (Z)-
alkenes. alkenes. 

Forr modeling purposes of some of these palladium-catalyzed reactions and for several 

platinum-catalyzedd reactions, we needed a series of zerovalent platinum compounds similar to 

A,, i.e. containing the simple diimine motif. The number of known zero-valent platinum 

compoundss containing bidentate N-ligands is not very large, but a few Pt°(NN)(alkene) 

compoundss have been reported in the literature.11318"221 Examples are Pt°(R-phen)(r|2-
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alkene),[19,21,22]] Pt°(R-DAB)(ri4-cod),[181 and water-soluble analogues, Pt°(R-DAB)(alkene) 

complexess containing chiral substituents on the N-atoms, based on oc-D-Mannose, , 

althoughh it is at least doubtful if these last complexes are really formed or stable during the 

conditionss described.1 

Inn this chapter we describe the efficient synthesis of new Pt°(R-DAB)(r)2-alkene) 

complexes,, prepared from readily available Pt° precursors, various diazadiene (R-DAB) 

ligandss and electron poor alkenes. The complexes obtained are relevant as an (alternative) 

entryy into systems which are capable of performing carbon-element bond-forming (e.g., 

hydrosilation[44]),, bond-breaking and bond-activation reactions (e.g., C-H activation' '). For 

thee latter application, cationic Pt(II) complexes are needed and these complexes can be 

synthesizedd via protonation of Pt°(NN)(alkene) complexes, or via oxidative addition of RX (R 

== alkyl, aryl; X = halide) to Pt°(NN)(alkene) complexes and successive addition of a silver 

saltt (Scheme 2.2, see also Chapter 4). 

HXX / \ ^ H 

>HI I 
(S) ) 

ptt  x-

RYY f X / R AgX,-AgY / ^ \ / R 

Ptt Pt 
-alkenee s ^ ^ y (S) V , / ^ s 

Schemee 2.2 Synthesis of cationic Pt(II)-complexes starting from (NN)Pt (alkene)-

complexes;complexes; an alternative entry into systems that are capable of performing C-H bond 

activationactivation reactions. 

2.22 Result s and Discussio n 

2.2.11 Synthesi s 

Thee R-DAB ligands la-e and similar diazadienes lf-k (Figure 2.3) have been synthesized 

accordingg to literature by condensation of glyoxal or 2,3-butadione with the appropriate 
[46,47] ] 

primaryy amine. 

]] + alkene • n.,( ri
2-alkene)] + L 

n.,(( n
2-alkene)] + R-DAB • ( n2-alkene)] + (n-1)L 

Schemee 2.3 Preparation of N,N'-diazadiene)(jf-alkene)platinum(0) compounds 
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Synthesiss of zerovalent platinum compounds of these R-DAB ligands was attempted 

startingg from the readily available Pt° precursors Pt(dba)2
[481 and (Pt(dipdba)2,

[491 using 

dimethyll  fumarate (dmfu, x), maleic anhydride (MA, y) or fumaronitrile (FN, z) as the alkene 

(Schemee 2.3). In all cases, first the alkene was allowed to react with the platinum reagent in 

dryy diethyl ether for a given period of time and then the R-DAB was added in portions. Since 

thee dba ligands are rather sluggishly substituted, the norbornene complex Pt(nbe)3 and the 

cyclooctadienee complex Pt(cod)2 were prepared. 

RR R 

RR ,R' R'—H XN-R' 

N=<< T E 
R''  R 

E E 
2 2 

1a a 

1b b 
1c c 

1d d 

1e e 

1f f 

19 9 
1h h 

1i i 

1j j 
1k k 

R R 

H H 

H H 

H H 

H H 

H H 

CH3 3 

CH3 3 

CH3 3 

CH3 3 

CH3 3 

CH3 3 

R' ' 

APr r 

n-Bu u 

f-Bu u 

p-Tol l 

p-anisyl l 

c-Pr r 

n-Bu u 

n-Oct t 

o-anisyl l 

(m,m-CF3)-Ph h 
4-pentenyl l 

2ax x 
2ay y 
2bx x 
2cx x 
2dx x 
2dz z 
2ex x 
2fx x 

2gx x 
2hx x 
2hy y 

E E 

C02Me e 

C(0)OC(0) ) 

C02Me e 
C02Me e 

C02Me e 

CN N 

C02Me e 

C02Me e 
C02Me e 

C02Me e 

C(0)OC(0) ) 

Figuree 2.3 Diazadienes and zerovalent Pt(diazadiene)(rf-alkene) compounds studied. 

Employingg R-DAB ligands la - lh resulted in the ready formation of the corresponding 

1:1:11 complexes Pt°(R-DAB)(r)2-alkene) 2ax - 2hy (Figure 2.3), albeit the ease of work-up 

andd the yields varied drastically, as described below. When using Pt(dba)2 or Pt(dipdba)2 as 

Ptt precursor, long reaction times were necessary for the substitution to go to completion for 

alll  complexes investigated, compounds 2dx, 2dz, 2jx, 2jz, 2kx and 2kz were obtained in very 
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loww yields or did not form at all. Also, because of the slow substitution of dba and dipdba with 

thee R-DAB-ligand, much metallic platinum was formed in most cases. Furthermore, the 

similarr solubility properties of dba and the target compounds posed difficulties in purification 

off  the complexes. Upon repeated washing with ether/pentane, all of the dba could be 

removed,, but altogether, the yields of the reactions employing these precursors were rather 

low.. Column chromatography on alumina, eluting with toluene, gave a good separation and 

providedd the pure complex 2ax in much higher yield (56%) as compared to washing the crude 

productt with pentane (17%). Column chromatography also gave a reasonable to good yield 

forr 2dx, but this method represents a rather tedious and time-consuming workup procedure. 

Especiallyy because of the long reaction times and purification problems required for 

reactionss of diimines with Pt(dba)2 (which in several cases led to very low or no isolated 

yieldss at all), we decided to apply Pt° precursors containing more substitution-labile ligands, 

suchh as Pt(cod)2 and Pt(nbe)3.[50] Typically, Pt(cod)2 was reacted with the appropriate alkene in 

diethyll  ether whereupon Pt°(cod)(T|2-alkene) is formed within 10-20 minutes at 20 °C. This 

couldd be verified by isolation and characterization of Pt(cod)(dmfu).[51] The subsequent 

reactionn of this complex with diimines was fast and selective and readily resulted in Pt°(R-

DAB)(dmfu)) compounds 2ax - 2hy. Similar reactions were carried out using maleic 

anhydridee or fumaronitrile as alkene, for a few cases (see Table 2.1). 

Inn all cases, evaporating the solvent and free cod, followed by one additional washing 

withh pentane led to pure complexes. No column chromatography or repeated washing was 

necessaryy in these instances and the yields were generally good. The complexes 2ax - 2hy are 

dark-redd to orange solids, which are stable in air for at least months. 
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Tablee 2.1 Yields of Pt{0)diazadiene){rf-alkene) compounds synthesized from various 

precursors'precursors'1 1 

Compoun d d 

2ax x 

2ax x 
2ax x 

2ax x 
2ay y 

2bx x 
2cx x 
2dx x 

2dx x 
2dx x 
2dz z 
2ex x 
2fx x 
2gx x 

2hx x 
2hy y 

R R 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 

H H 
H H 

CH3 3 

CH3 3 

CH3 3 

CH3 3 

R' ' 

j-Pr r 

/-Pr r 

'hPr 'hPr 

APr r 

/-Pr r 

n-Bu n-Bu 

t-Bu t-Bu 

p-Tol l 

p-Tol l 

p-Jo\ p-Jo\ 
p-Tol l 

p-anisyl l 

oPr r 

n-Bu u 
n-Oct t 

n-OcX n-OcX 

E E 

C02Me e 

C02Me e 

C02Me e 

C02Me e 

C(0)OC(0) ) 

C02Me e 

C02Me e 
C02Me e 

C02Me e 

C02Me e 

C(0)OC(0) ) 

C02Me e 
C02Me e 

C02Me e 

C02Me e 

C(0)OC(0) ) 

Precurso r r 

R(dba)2 2 

Pt(dipdba)2 2 

Pt(nbe)3 3 

Pt(cod)2 2 

R(cod)2 2 

R(cod)2 2 

Pt(cod)2 2 

Pt(dba)2 2 

R(nbe)2 2 

Pt(cod)2 2 

R(dba)2 2 

R(cod)2 2 

Pt(cod)2 2 

Pt(cod)2 2 

Pt(cod)2 2 

Pt(cod)2 2 

Yieldd  ( 

56" " 

0 0 
43 3 

77c c 

80 0 
7 7 

67 7 

0 0 

64 4 
49 9 

6 6 
15 5 

91 1 

56 6 
24 4 

19 9 
'Accordingg to Scheme 2.3. "Purified via column chromatography. Isolated via Pt<cod)(dmfu). 

Apparently,, the exchange of cod is faster and is accompanied by less decomposition of 

thee Pt precursor compared to substitution of dba. Furthermore, we have evaluated Pt(nbe)3 

forr the synthesis of the Pt°(R-DAB)(T|2-alkene) complexes. The results for Pt(nbe)3 were 

comparablee to the results for Pt(cod)2. Hence, Pt(cod)2 and Pt(nbe)3 are to be preferred as the 

startingg materials. Since the former is obtained via the latter, application of Pt(nbe)3 seems to 

bee more economic. However, Pt(cod)2 is the more stable of the two.[50] Although the 

monodentatee nbe ligands in the in situ prepared Pt(nbe)2(dmfu)[44] should be more labile than 

thee Pt(cod)(dmfu) analogue, this appears not to be the case. Rigid Ar-BIAN ligands are 

capablee of displacing the nbe's,[44] but using the less rigid R-DAB's this becomes less 

favorable,, resulting in somewhat lower yields compared to the Pt(cod)2 route. 

2.2.22 Analysi s 

Thee compounds 2ax - 2hy have been analyzed by means of standard JH and 13C NMR 

techniques,, infrared, FAB-MS, and (in several cases) by elemental analysis. All compounds 
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showedd the expected isotopic pattern in the mass spectra of their molecular ions for 

monomericc Pt°(R-DAB)Cn.2-alkene) complexes. The NMR data are in agreement with the 

proposedd structures. A normal low-frequency shift of the CH3-imine, of the alkene protons 

andd alkene carbon nuclei was observed. The usual high-frequency shifts of ca. 1.0-ppm ( H 

NMR)) and 2 ppm (13C NMR) were observed for the imine protons and N=C carbon nuclei 

respectively.. Coupling constants "/('"Pt/H) and nJ(195Pt,13C) are similar to values found in 

thee literature for other Pt(N,N-chelate)(T|2-alkene) complexes.113,19221 IR spectra showed a 

shiftt of the v(C=N) stretch vibration at about 1630 cm"1 for the uncoordinated R-DAB ligand 

too values around 1550 cm"1 for the complexes, in agreement with the literature.146'5 ^ 

2.33 Conclusion s 

Novel,, thermally stable Pt°(R-DAB)(r|2-alkene) complexes have been synthesized in 

goodd yield from Pt(cod)2 or Pt(nbe)3 as Pt° precursor, via stepwise substitution of the labile 

dieness by an electron-poor alkene, followed by the appropriate R-DAB ligand. In contrast, 

whenn using Pt(dba)2 or Pt(dipdba)2, the exchange of dba and dipdba for the alkenes and R-

DAB-ligandd is slow, much metallic platinum is formed and separation of the Pt(0)-complex 

fromfrom dba or dipdba is difficult, resulting in very low yields of the desired complexes. 

Thee Pt0(R-DAB)(T|2-alkene) complexes are dark-red to orange compounds and can, as 

solids,, be safely handled and stored in air without decomposition. Normal coordination-

inducedd shifts and coupling constants of Pt to the R-DAB ligand and alkene are observed in 

theirr NMR and IR spectra. The compounds obtained are members of a very useful category of 

startingg materials for various endeavors in synthetic organoplatinum chemistry and catalysis. 

Nott only may these be employed in oxidative additions of organic halides, to give models for 

relatedd C-C bond forming Pd-catalysts, but also, by addition of appropriate acids, provide an 

alternativee approach to systems suitable for activation of C-H bonds.1451 

2.44 Experimenta l Sectio n 

2.4.11 General 

Alll  reactions were carried out under nitrogen atmosphere in dry solvents. Acetone was 

distilledd from CaS04. Diethyl ether, THF and toluene were distilled from sodium metal and 
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dichloromethanee was distilled from CaH2. Chemicals were purchased from Acros Chimica, 

Aldrichh and Fluka. The *H and 13C NMR spectra were recorded at appropriate frequencies on 

Variann Mercury 300 ('H: 300.13 MHz, 13C: 75.47 MHz) and Inova 500 ('H: 499.88 MHz, 
,3C:: 125.70 MHz) spectrometers. 195Pt NMR spectra were measured via a normal HMQC 

sequencee at 298K on a Bruker DRX300 spectrometer (195Pt 64.13 MHz). The IR spectra were 

recordedd on a Perkin Elmer 283 spectrometer. Elemental analyses were carried out by Kolbe, 

Mikroanalytischess Laboratorium, Miilheim a.d. Ruhr, Germany. 

Compoundss la-lf , Ik are known,[45A7] lg-l j  and 2a-2h (x, y, z) are new compounds. 

Synthesiss and selected spectral data of these compounds are given below. 

2.4.22 Synthesi s of R-DAB ligand s 

Thee syntheses were carried out in analogy to Kliegman et al.:[46A1] 2 equivs. of the 

primairyy amine were stirred in MeOH at 0° C with 1 eq. of glyoxal (30 % in H20), or in dry 

MeOHH at 20 °C with 1 eq. of 2,3-butadione. A catalytic amount of formic or p-toluenesulfonic 

acidd was added for condensations with 2,3-butadione. Upon completion of the reaction, solid 

R-DABB ligands were filtered off and washed. For liquid R-DAB ligands, the solvent was 

evaporatedd and the R-DAB distilled if necessary. Yields of new R-DAB ligands lg; 98%, lh; 

57%,, li ; 41%, l j ; 64%. The NMR and some IR data of the R-DAB ligands la-Ik , which have 

nott yet been published, have been compiled below. 

3,6-Diaza-2,7-dimethyl-octa-3,5-dienee (N,N'-diisopropyIDAB; la) 

IRR (KBr, cm1): 1623 (C=N). ,3C NMR (75.47 MHz, CDC13, 8 (ppm)): 159.5 (HC=N), 61.1 

(CH),, 23.7 (CH3). 

5,8-Diaza-dodeca-5,7-dienee (N,N'-di-n-butylDAB ; lb) 
13CC NMR (75.47 MHz, CDC13, 5 (ppm)): 162.0 (HC=N), 61.3 (NCH2), 32.7 (CH2), 20.5 

(CH2),, 13.9 (CH3). 

3,6-Diaza-2,2,7,7-tetramethyl-octa-3,5-dienee (N,N'-t-butylDAB ; lc) 
13CC NMR (75.47 MHz, CDC13, 6 (ppm)): 158.0 (HC=N), 58.3 (C(CH3), 29.5 (CH3). 
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l,4-Di(4-methylphenyl)-l,4-diaza-13-butadienee (N,N'-di-p-tolylDAB ; Id) 
13CC NMR (75.47 MHz, CDC13, 5 (ppm)): 159.3 (HC=N), 147.8 + 138.4 (AiCH), 130.3 + 

121.66 (ArCH), 21.4 (CH3). 

l,4-Di(4-methoxyphenyl)-l,4-diaza-l,3-butadienee (N,N'-di-p-anisylDAB; le) 
13CC NMR (75.47 MHz, CDCI3, 8 (ppm)): 160.0 (ArC-N), 157.8 (CH=N), 123.3 (ArCH), 

114.88 (ArCH), 55.7 (OCH3). 

5,8-Diaza-6,7-dimethyl-dodeca-5,7-dienee (N,N-din-butylDAB-Me ; lg) 

IRR (KBr, cm1): 1636 cm1 (C=N). *H NMR (300.13 MHz, CDCI3, 5 (ppm)): (t, 7HH = 7.2 Hz, 

4H,, NCH2), 2.01 (s, 6H, N=C(CH3)), 1.62 (quint, 7HH = 6.6 Hz, 4H, NCH2C//2), 1.37 (sext, 

yHHH = 7 Hz, 4H,CH3C#2), 0.92 (t, 7HH = 7 Hz, 6H, CH2C//3).
 ,3C NMR (75.47 MHz, CDCI3, 

88 (ppm)): = 167.8 (N=C(CH3)), 52.2 (NCH2), 33.1 (NCH2CH2), 20.8 (CH2CH3), 14.0 

(CH2CH3),, 12.5 ((CH3)C=N). 

9,12-Diaza-10,ll-dimethyl-eicosa-9,11-dienee (N,N'-di-n-octylDAB-Me; lh) 

IRR (KBr, cm1): 1635 (ON). 'H NMR (300.13 MHz, CDCI3, 8 (ppm)): 3.39 (t, 4H, Jm = 6.6 

Hz,, NCH2), 2.03 (s, 6H, N=C(C#3)), 165 (m, 4H, 1.32, NCH2Ctt2) 1.32 (br m, 10H, 

CH3(Ctf2)5,, 0.86 (t, 7HH = 7 Hz, 6H, C#3(CH2)5).
 ,3C NMR (75.47 MHz, CDCI3, 8 (ppm)): 

168.00 (N=C(CH3)), 52.9 (NCH2), 32.1 (NCH2CH2), 31.0 + 29.6 + 27.9 + 22.9 (CH2), 14.3 

(CH3),, 12.8 (CH3)ON). 

6,9-Diaza-7,8-dimethyl-tetradeca-- 1,6,8,13-tetraene (N,N'-di(4-pentenyl)DAB-Me; Ik ) 

'HH NMR (300.13 MHz, CDC13, 8 (ppm)): 5.75 (m, 2H, CH2=C/7), 5.09 (m, 4H, CH2=CU), 

4.133 (m, 4H, NCH2), 2.22 (s, 6H, N=C(CH3)), 2.13 (m, 4H, =CHC#2CH2), 1.59 (m, 4H, 

=CHCH2C//2)..
 13C NMR (75.47 MHz, CDCI3, 8 (ppm)): 136.2 (CH=CH2), 125.6 

(N=C(CH3)),, 116.9 (CH=CH2), 45.5 (NCH2), 30.6 (=CHCH2), 28.8 (NCH2CH2), 9.1(CH3). 

2.4.33 Synthesi s of 2-alkene) ] compound s 

Thee Pt precursors employed were synthesized according to literature procedures; 

platinumm dibenzylideneacetone (Pt(dba)2),
1481 platinum diisopropyldibenzylideneacetone 

(Pt(dipdba)2),
[49]] platinum trisnorbomene (Pt(nbe)3)

[501, Pt(cod)Cl2,
[50'54] platinum 
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biscyclooctadienee (Pt(cod>2) and platinum cyclooctadiene dimethylfumarate 

(Pt(cod)(dmfu)).t51]] The synthesis of [Pt° (R-DAB)Cn2-alkene)] confounds has been done via 

twoo routes depending on the Pt° precursor. 

RouteRoute A. Using Pt(dba)2 or Pt(dipdba)2 

Ann amount of 1.0 equiv. of Pt° precursor and 1.0-1.5 equiv. of the appropriate alkene 

(dmfu,, MA or FN) were stirred in dry diethyl ether at 20 °C under N2 for 10 minutes. An 

amountt of 1 equiv. of the R-DAB ligand was then added in small portions to this solution. 

Afterr stirring at 20 °C during 12-24 h, the reaction mixture was filtered over Celite, the 

solventt evaporated and the residue washed several times with pentane. The complex was then 

purifiedd by column chromatography on AI2O3 (deactivated with 1% H2O, eluting with 

toluene). . 

RouteRoute B. Using Ptfnbefo or Ptfcodfo 

Thee same procedure as above was followed up to and including the addition of R-DAB, 

butt using 1.0 to 1.1 equiv. of the alkene. After a reaction time of 1-2 h, the solvent was 

evaporatedd in vacuo and the residue was washed once with a small amount of pentane and 

driedd to yield the pure products. 

(a-N,a-N'-3,6-Diaza-2,7-dimethyl-octa-3,5-diene)(ii2-(E)-dimethyIbut-2-ene-l,4--

dioate)platinum(O)) (2ax) 

IRR (KBr, cm1): 1547 cm"1 (C=N). *H NMR (300.13 MHz, CDCI3, 5 (ppm)): 8.90 (s, Jm = 

55.55 Hz, 2H, N=CH), 4.05 (m, 2H, CH(i-Pr)), 3.85 (s, Jm = 86.4 Hz, 2H, HC=CH), 3.59 (s, 

6H,, OCH3), 1.60 (d, 7HH = 6 Hz, 6H, (C//3)2CH), 1.38 (d, JHH = 6,3 Hz, 6H, CH3(i-Pr)). ,3C 

NMRR (75.47 MHz, CDCI3, 8 (ppm)): 177.7 (Jp,c = 56 Hz, C=0), 160.3 (C=N), 64.7 (/ptc = 73 

Hz,, CH(CH3)2), 51.0 (OCH3), 25.4 (Jmc = 399 Hz, C=C)t 24.05 /ne = 13.4 Hz, (CH3)2CH), 

23.77 (CH3-iPr). FAB-MS: [MH] + = 480.1. Anal, calculated for C ^ N a C ^ Pt (479.14): C 

35.07,, H 5.05, N 5.84; found: C 34.98, H 5.12, N 5.79. 

(o-N,a-N'-3,6-Diaza-2,7-dimethyl-octa-3,5-diene)(Ti2-(Z)-but-2-ene-l,4-dicarboxylicc acid 

anhydride)platinum(O)) (2ay) 

'HH NMR (300.13 MHz, CDC13, 5 (ppm)): 8.86 (s, J™ = 60.9 Hz, 2H, N=CH), 4.08 (m, 2H, 

C#(CH3)2),, 3.76 (s, 7ftH = 81 Hz, 2H, HC=CH), 1.56 (d, 7HH = 6.3 Hz, 6H (C//3)2CH), 1.49 
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(d,, 7HH = 6.3 Hz, 6H, (C//3)2CH). 13C NMR (75.47 MHz, CDC13, 8 (ppm)): 175.4 (C=0), 

161.33 (C=N), 65.5 ((CH3)2CH), 24.8 ((CH3)2CH), 24.4 (J  ̂ = 237 Hz, C=C), 23.6 

((CH3)2CH). . 

(o-N,a-N'-5,8-Diaza-dodeca-5,7-diene)('n2-(E)-dimethylbut-2-ene-l,4-dioate)platinuiii(0) ) 

(2bx) ) 
llHH NMR (300.13 MHz, CDC13, 8 (ppm)): 8.74 (s, J™ = 58,5 Hz, 2H, N=CH), 4.05 (m, 4H, 

NCH2),, 3.88 (s, /ptH = 87 Hz, 2H, HC=CH), 3.61 (s, 6H, OCH3), 2.03 (m, 4H, NCH2C//2), 

1.388 (s, 4H, C#2CH3), 0.97 (t, 6H, CH2C#3). 

(CT-N,o-N,-3,6-Diaza-2,2,7,7-tetramethyl-octa-3,5-diene)(ii2-(E)-dimethylbut-2-ene-l,4--

dioate)platinum(O)) (2cx) 
]HH NMR (300.13 MHz, CDC13, 8 (ppm)): 8.92 (s, Jm = 53 Hz, 2H, N=CH), 3.79 (s, J™ = 

73.22 Hz, 2H, HC=CH), 3.58 (s, 6H, OCH3), 1.57 (s, 18H, C(C//3)3).
 13C NMR (75.47 MHz, 

CDC13,, 8 (ppm)): 177.9 (C=0), 159.2 (C=N), 65.3 (C(CH3)3), 50.9 (OCH3), 30.0 (C(CH3)3), 

25.7(yptcc = 413Hz,C=C). 

(o-N,o-N'-l,4-Di(4-methylphenyl)-l,4-diaza-l^-butadiene)(Ti2-(E)-dimethylbut-2-ene--

l,4-dioate)platinuin(0)) (2dx) 
!HH  NMR (300.13 MHz, CDC13, 8 (ppm)): 9.22 (s, 7™ = 52 Hz, 2H, N=CH), 7.62 (d, 7HH = 

8.77 Hz, 4H, ArH), 7.05 (d, 7HH = 8.1 Hz, 4H, ArH), 4.01 (s, J™ = 84 Hz, 2H, HC=CH), 3.52 

(s,, 6H, OCH3), 2.36 (s, 6H, C//3C6H4). FAB-MS: [MH] += 576.1. 

(a-N,a-N'-l,4-Di(4-methylphenyl)-l,4-diaza-l,3-butadiene)(T|(a-N,a-N'-l,4-Di(4-methylphenyl)-l,4-diaza-l,3-butadiene)(T|22-(E)-l,2-dicyano--(E)-l,2-dicyano-

ethene)platinum(O)) (2dz) 

*HH NMR (300.13 MHz, CDC13, 8 (ppm)): 9.16 (s, J™ = 48 Hz, 2H, N=CH), 7.72 (d, 7HH = 

8.11 Hz, 4H, ArH), 7.23 (d, JHH - 9.9 Hz, 4H, ArH), 3.01 (s, J  ̂ = 89.4 Hz, 2H, HC=CH), 2.35 

(s,, 6H, C#3QH4). 
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(a-N,a-N'-l,4-Di(4-methoxyphenyl)-l,4-diaza-1^3-butadiene)(,n2-(E)-dimethylbut-2-ene--

l,4-dioate)platinum(0)l,4-dioate)platinum(0) (2ex) 

*HH NMR (300.13 MHz, CDC13, 5 (ppm)): 9.12 (s, J™ = 52.2 Hz, 2H, N=CH), 7.72 (d, JHH = 

99 Hz, 4H, ArH), 6.73 (d, Jw = 9.3 Hz, 4H, ArH), 3.97 (s, 7™ = 85.2 Hz, 2H, HC=CH), 3.83 

(s,, 6H, COOCH3), 3.54 (s, 6H, OCH3). 

(o-N,a-N'-l,4-Dicyclopropyl)-l,4-diaza-2,3-dimethyl-l,3-butadiene)(Ti2-(E)-dimethylbut--

2-ene-l,4-dioate)platinum(0)) (2fx) 
]HH NMR (300.13 MHz, CDCI3, 5 (ppm)): 4.17 (s, 7™ = 81.3 Hz, 2H, HC=CH), 3.60 (s, 6H, 

OCH3),, 2.45 (m, 2H, c-PrH), 2.09 (m, 2H, c-PrH), 1.66 (m, 4H, c-PrH), 0.98 (s, 6H, 

N=C(CH)3)..
 BC NMR (75.47 MHz, CDC13, 8 (ppm)): 176.9 (C=0), 169.6 (C=N), 50.3 

(OCH3),, 38.7 (c-PrC), 25.1 (C=C), 17.5 (N=C(CH3)), 12.6 (CH2-c-Pr) 10.8 (CH2-c-Pr). FAB-

MS:: [MH] + =504.1 Anal, calculated for C16H24N204Pt: (503.45):C 38.17, H 4.88, N 5.56; 

found:: C 38.52, H 4.75, N 5.64. 

(a-N,o-N'-5,8-Diaza-6,7-dimethyl-dodeca-5,7-diene)(Ti2-(E)-dimethylbut-2-ene-l,4--

dioate)platinum(O)) (2gx) 

IRR (KBr, cm"1): 1558 (C=N). *H NMR (300.13 MHz, CDC13, 8 (ppm)): 4.07 (m, 4H, NCH2), 

3.666 (s, J™ = 87 Hz, 2H, HC=CH), 3.57 (s, 6H, OCH3), 1.88 (m, 4H, NCHzC^), 1.88 (s, 

6H,, N=C(CH3)), 1.44 (m, 4H, CH3C#2), 0.98 (t, yHH = 6.9 Hz, 6H, CH3CH2). 13C NMR 

(75.477 MHz, CDCI3, 5 (ppm)): 177.6 (C=0), 170.0(C=N), 59.0 (NCH2), 51.1 (OCH3), 32.6 

(NCH2CH2),, 25.7 (N=C(CH3)), 20.7 (CH3CH2), 17.6 (C=€), 14.2 (CH3CH2). FAB-MS: 

[MH] ++ = 536.2. Anal, calculated for Ci8H32N204Pt (535,6): C 40.37, H 6.02, N 5.23; found: C 

40.29,, H 5.97, N 5.14. 

(a-N,a-N'-9,12-Diaza-10,ll-dimethyl-eicosa-9,ll-diene)('n2-(E)-dimethylbut-2-ene-l,4--

dioate)platinum(O)) (2hx) 

IRR (KBr, cm"1): 1558 (C=N). 'H NMR (300.13 MHz, CDC13, 8 (ppm)): 4.06 (m, 4H, NCH2), 

3.677 (s, J™ = 88.2 Hz, 2H, HC=CH), 3.58 (s, 6H, OCH3), 1.95 (m, 4H, NCH2C//2), 1.94 (s, 

6H,, N=C(CH3)), 1.31 (br m, 20H, CH3(CH2)5), 0.85 (t, 6H, C//3(CH2)5).
 13C NMR (75.47 

MHz,, CDC13, 8 (ppm)): 177.6 (OO), 170.0 (C=N), 59.3 (Jnc = 70.7 Hz NCH2), 51.1 
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(OCH3),, 32.0 (NCH2CH2), 30.6 + 29.6 + 27.6 + 22.9 (CH3(CH2)5), 25.7 (/RC = 370 Hz, C=C), 

17.66 (N=C(CH3)), 14.3 (CH3(CH2)5). FAB-MS: [MH] + = 648.3. 

(a-N,a-N,-9,12-Diaza-10,ll-dimethyl-eicosa-9,H-diene)(Ti2-(Z)-but-2-ene-l,4--

dicarboxylicc add anhydride)platinum(O) (2hy) 

*HH NMR (300.13 MHz, CDCI3, 5 (ppm)): 4.05 (br m, 4H, NCH2), 3.53 (s, 7™ = 78 Hz, 2H, 

HC=CH),, 2.06 (s, 6H, N=C(CH3)), 1.94 (br m, 4H, NCH2C//2), 1.21 (br m, 20H, CH3(C#2)5), 

0.844 (t, 6H, C//3(CH2)5).
 13C NMR (75.47 MHz, CDC13, 8 (ppm)): 175.5 (C=0), 171.6 

(C=N),, 59.4 (NCH2), 31.99 (NCH2CH2), 30.6 + 29.5 + 27.4 + 22.9 (CH3(CH2)5), 25.1 (C=C), 

22.9,, 17.9 (N=C(CH3)), 14.3 (CH3(CH2)5). FAB-MS: [MH] + = 602.3. 
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Chapte rr  2, Part B 

Protonolysi ss  of (diimine ) platinum(O ) alken e Compounds : A 
Rout ee to (Cationic ) Alky l Platinum(ll ) Complexes ? 

2.66 Introductio n 

2.6.11 Hydroge n transfe r fro m transitio n meta l hydride s 

IntramolecularIntramolecular hydrogen transfer from a transition metal hydride to an unsaturated ligand is 

onee of the most important processes in catalytic as well in stoichiometric metal-mediated 

reactions.[1,2]] For instance, hydride migration to a coordinated alkene, also known as alkene 

insertionn into an M-H bond (see Scheme 2.4), has been considered to be the key elementary step in 

thee hydrogenation, hydroformylation and isomerization of alkenes."1 

IntermolecularIntermolecular hydrogen transfer is also known and involves the transfer of a hydrogen which 

cann be considered either as a hydride, a hydrogen atom, or as a proton. In such processes the acidity 

off  the hydride is of importance.'21 

H H 
M-| | 

Schemee 2.4 Intramolecular alkene insertion in a metal hydride bond 

Ass described above, hydride migration to a coordinated alkene is an important elementary step 

inn many catalytic reactions. Although the equilibrium between an (alkene) transition metal hydride 

andd the corresponding alkyl species has only rarely been observed, a few experiments have 

elucidatedd the energetics of the hydride migration to coordinated alkene (See Scheme 2.5). Roe[ 

showedd that the hydride migration in a four-coordinate d8 Rh complex takes place with an activation 

enthalpyy of 13.0 kcal mol"1. Doherty and Bercaw141 analyzed in a kinetic study the electronic effects 

off  substituents on the hydride migration in a HNb(C2H4)-system, and showed that the activation 

energyy for migratory insertion in this system amounts to 14.7 kcal mol"1. 

M M 2) ) 
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,,P(<Pr)33 ,P(/Pr)3 

Fthh R1Ï 
SP(/Pr)33 " ^ SP(/Pr)3 

N66 ~ Nb 

T T 
R R 

Schemee 2.5 Kinetic studies towards hydride alkene insertion in a M-H bond 

Alkenee insertion from a five-coordinate complex is assumed to take place in several catalytic 

cycless and has also been studied theoretically, for example for Pt.PI The alkene insertion reaction of 

thee five-coordinate complex was found to be more complicated than that of the four- or six-

coordinatee complexes.'21 In four-coordinate complexes hydride migration creates a vacant 

coordinationn site into which a low-lying vacant rf-orbital extends. In the product, side-on bonding 

byy donation from the C-H a-orbital into a vacant metal af-orbital can take place.16"81 In optimized 

structuress of these ethyl complexes, a characteristic agostic interaction is found.191 This interaction 

alsoo activates the PC-H bond and thus lowers the activation energy of the P-elimination reaction.[10] 

Thee six-coordinate d6 M(H)(C2H4)L4 is isolobal to the four-coordinate d8 M(H)(C2H4)L2 and thus 

itss hydride migration to coordinated ethylene is expected to take place easily.121 

Concerningg Pt(II) complexes, Chatt and Shaw1111 first reported p-elimination of alkenes from 

thee thermolysis of frara.s-PtL2(Et)Cl giving fra«.s-PtL2(H)Cl) and ethene (L = PEt3). Since then, 

severall  studies have appeared attempting to clarify the detailed mechanism of the alkene 

insertion/p-eliminationn reaction.112"171 Nowadays, it is generally accepted that for cationic Pt(II) 

complexes,, insertion proceeds through a 4-coordinate intermediate of the type 

[Pt(PR3)2(H)(alkene)]+.118191 1 

tBuu tBu 

tBuu 'tBu 

Figuree 2.4 Cationic Pt-alkyl complex after insertion of norbomene in Pt-hydride: norbonyl 

ligandligand is bound via both a a-bond and /?-agostic interaction. 

Forr insertion or P-elimination, a cis, coplanar coordination of the alkene and the hydride ligand 

iss required. Hence, a trans to cis isomerization should be possible.1191 Spencer et al. characterized 
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thee Pt-alkyl complex obtained after the insertion (see Figure 2.4), clearly showing the presence of a 

j3-agosicc interaction between Pt and the P-hydrogen on the alkyl metal complexes.'201 

Whilee platina-phosphine systems have been extensively investigated concerning insertion-

reactionss and/or proton addition to Pt(0)-complexes [12-15] ] forr (L)n-Pt systems (L = mono- or 

bidentatee nitrogen or carbene-based ligand) there is almost nothing known about these reactions. 

Ruffoo et al. have investigated the protonation towards Pt(phenanthroline)(alkene) complexes. 

Theyy described the detection of stable five-coordinate complexes [PtH(X)(alkene)(N-N)] (X = CI, 

Br,, I, N-N = 2,9-dimethyl-l,10-phenanthroline) and insertion products [Pt(alkyl)(X)(N-N)] (X = CI, 

BF4",, N-N = 1,10-phenanthroline) upon proton addition to [Pt(alkene)(N-N)] (N-N = 2,9-dimethyl-

1,10-phenanthroline,, 1,10-phenanthroline). The way by which these products and several by-

productss are formed is rather unclear.'221 

2.6.22 Synthesi s of cationi c Pt(ll ) complexe s 

Theree has been considerable interest in the use of cationic late transition metal complexes for 

catalysiss and organometallic transformations. Since the mid-90's it is known that cationic nickel(II) 

andd palladium(II) species with bulky aryl-subsituted a-diimine ligands are excellent catalysts for 

thee polymerization of ethylene, oc-alkenes, and internal and cyclic alkenes to high molecular weight 

polymers.'2311 Also cationic platinum(II) diimine complexes have some interesting properties. 

Cationicc platinum(II) diimine complexes are known for the C-H activation of hydrocarbons at mild 

temperaturess such as benzene (at 20 °C) and methane (at 45 °C).'241 

o o NN Me 
M M 

Et20,, C /~N Me n n 
NN Me H+(OEt)2BAr4-

N,, Me CH2CI2 C 

-̂--
BAr4 4 

(( M 
H jj 'Me H+(OEt)2BF4 4 

200 eq. H20 

NN OEt2 

MM = Pd, Ni 

rrHH Me ' ' 
(( M 
N M '' ~OH2 

BF4 4 

r̂  ^ 
Ar-NN N-Ar 

Ar-N N 

F3C C 

N-Ar r 

MM = Pt 

Schemee 2.6 Synthesis of cationic Ni, Pd and Pt complexes from dimethyl metal complexes 
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Thee synthesis of these cationic metal complexes is not straightforward. As starting materials for 

thee synthesis of cationic palladium-alkyl and nickel-alkyl complexes, the quite unstable 

bisalkylpalladiumm or bisalkylnickel complexes are needed. A reliable method for the synthesis of the 

cationicc complexes proceeds via the generation of Pd(Me)(Cl)(cod) or Pt(Me)(Cl)(cod) 

complexes.[25,2611 Although many bidentate ligands can substitute the cod-ligand, the flexible diimine 

ligandss do not substitute the cod in the case of Pt(Me)(Cl)(cod). The best route up to now for the 

synthesiss of cationic [Pt(Me)(S)(diimine)]+ (S = solvent) is by protonolysis of the (diimine)Pt(Me)2 

complex.[24! ! 

oo R 

rN>pt—-/// + HX — rN^pt< 
R R 

Schemee 2.1 Addition of acids to(NN)Pt(alkene)-complexes 

Wee like to investigate whether the addition of strong acids (HX) to Pt°(R-DAB)(r|2-alkene)-

complexes,, leads to (alkyl)Ptn(R-DAB) complexes via oxidative addition of HX and then 

successivee insertion of the alkene into the Pt-H bond, to develop an alternative method for making 

cationicc platinum(II) complexes starting from a Pt°(R-DAB)(r)2-alkene) if e.g. X = BF4 (see Scheme 

2.7). . 

2.77 Result s and Discussio n 

Treatmentt of Pt°(tBu-DAB)(r)2-dmfu) (2cx) with 1 equivalent of HBF4 in ether overnight at 

roomm temperature gives the corresponding cationic platinum complex 7cx as a yellow precipitate in 

goodd yield (see Scheme 2.8). To see if this a general method for preparing (alkyl)Pt11 complexes, we 

alsoo used HC1 as proton source. Addition of an excess of HC1 gives as only product solid 

(NN)Pt(Cl)22 and free dmfu. This contrasts observations by Ruffo and co-workers; they found that 

thee alkene was hydrogenated by using platinum(O) alkene complexes with phenanthrolines as 

ligands.12211 Addition of one equivalent of HC1 at room temperature in dichloromethane, followed by 

additionn of hexanes lead to precipitation of a solid. Investigation by 'H NMR spectroscopy showed 

thee presence of small amounts of a platinum hydride, which slowly decomposes upon standing at 

roomm temperature. 
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,tBuu COOMe tBu COOMe _ l + 

^ I M ^ P ,, A HBF4 • ^ ' N l > P t C J . BF4" 
NN \ N ^ 0 ^ ^ , , 
// rnoMp ' 0 M e 

tBuu „ " J "Me t B u 
2cxx 'CX 

Schemee 2.8 Addition ofHBF4 to (tBu-DAB)Pt°(dmfu) 

Thesee initial experiments prompted us to investigate the mechanism of these reactions. 

Additionn of 1 equivalent of HC1 in ether to Pt°(tBu-DAB)(r|2-drnfu) in deuterated acetone at -30 °C 

givess the corresponding hydrido platinum(II) chloride complex 3cx in quantitative yield (see 

Schemee 2.9), based on 'H NMR. The hydride is found at -25.79 ppm with lJjm = 1068 Hz, the 

latterr is indicative of a frans-chloride.1271 Two different resonances are found for the dmfu protons, 

namelyy two doublets at 4.26 and 3.88 ppm with platinum satellites superimposed on it. This implies 

thatt dmfu is coordinated in the Pt(NN)-plane and that rotation about the Pt-alkene axis is hindered 

att this temperature. The imine protons of the ligand are found as two doublets showing mutual 7HH 

splittingg and the expected platinum satellites (3/HPI = 49 Hz). Altogether, these patterns agree with a 

distortedd bipyramidal surrounding around the platinum center. This is confirmed by 195Pt NMR 

spectroscopy,, because the resonance is found at -2731 ppm, showing the "oxidation shift" of ca. 

13000 ppm.[281 When the temperature is raised to 0 °C, the hydride signal in the 'H NMR slowly 

disappearss to give 2cx and 4cx in a 1:1 ratio and H2 and dmfu. 

Additionn of 1 equivalent of HBF4 to Pt°(tBu-DAB)(r|2-dmfu) in deuterated acetone at -30 °C 

givess also a hydride (5cx), in !H NMR at -32.59 ppm with a ]Jm of 1228 Hz. This points at a 

similarr compound as 3cx, only now the weak frans-ligand acetone-̂ probably stabilizes the 

cationicc platinum center. Two new resonances for the dmfu alkene protons are present (4.53 and 

4.077 ppm) showing a simular pattern as in 3cx. The 195Pt-resonance for 5cx is found at -2687 ppm, 

inn the same range as for 3cx. Most of the starting compound is not converted and HBF4 etherate is 

alsoo found in the 'H NMR spectrum. Warming the solution to 0 °C, results in the disappearance of 

thee hydride. At this temperature also the remaining starting compound slowly reacts with the HBF4 

too give 7cx as main product, evidenced by comparison of *H NMR spectral data of isolated 7cx. 
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Schemee 2.9 Proposed route oxidative addition ofprotic acids to Pt°(tBu-DAB)(Tf-dmfu) 

Thee proposed route for the reactions of the protic acid towards Pt(NN)(dmfu) complexes is 

givenn in Scheme 2.9. The oxidative addition of HCI to 2cx is a very fast process and occurs already 

att temperatures below -60 °C. The initial oxidative addition product of HCI, 3cx, is formed 

quantitativelyy according to !H and 195Pt NMR spectroscopy, but is only stable at temperatures below 

00 °C. At higher temperatures fast disproponation into 2cx, 4cx, H2 and dmfu took place. Addition of 

twoo or more equivalents of HCI to 2cx at room temperature, indeed results in pure 4cx. 

Thee mechanism of the addition of HBF4 to 2cx is not that straightforward. At low temperatures 

(<< 0 °C) 5cx is formed in low yield, also when using an excess of HBF4. Most of the starting 

compoundd 2cx is not protonated, which implies that the equilibrium is unfavorable for 5cx and lies 

att the side of 2cx and HBF4. The question then arises whether 6cx (not observed) is formed out of 

5cx.. If insertion of the alkene into the platinum hydride occurs, this should involve the cis-hydrido 

alkenee complex 6cx. As this would be expected to rapidly give 7cx, a complex such as 6cx may not 

bee observable. At higher temperatures (> 0 °C) 5cx is absent in the 'H NMR spectrum, so there is a 

fastt conversion from 5cx to 6cx, or there is a direct formation of 6cx from 2cx. However, we cannot 

distinguishh within our experiments between those two pathways. 
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2.88 Conclusion s 

Additionn of strong acids to Pt°(R-DAB)(r|2-dmfu) gives different products depending on 

whetherr HC1 or HBF4 is employed. In both reactions, 5-coordinated complexes 

HPtn(Cl)(R-DAB)(ri2-alkene)) and [HPtn(R-DAB)(T|2-alkene)(acetone)]+BF4 are observed as 

intermediatess upon acid addition to Pt°(R-DAB)(T|2-dmfu). 

Alkene-insertionn into the platinum hydride is exclusively observed from the cationic 5-

coordinatee complex [HPtn(R-DAB)(Tl2-alkene)(acetone)]+BF4" probably via a 4-coordinate 

[Ptn(H)(R-DAB)(r|2-alkene)]+BF4""  intermediate. Due to coordination of the carbonyl in the insertion 

product,, insertion of the alkene in the platinum hydride is facilitated. 

Inn contrast to what has been reported by De Felice et al.l22] for the analogous 

(phenanthroline)platinum(0)-systems,, the insertion product (alkyl)Ptn(Cl)(R-DAB) was not formed 

fromm Ptn(R-DAB)(rj2-alkene)(H)(Cl). The formation of a 4-coordinate intermediate is very difficult 

duee to the good coordinating properties of the chloride. Therefore, addition of HC1 instead leads to 

disproportionation,, to give the starting compound and PtCl2(R-DAB). Also, dmni and H2 are 

formedd in this reaction, instead of dimethyl succinate (hydrogenated dmfu) which was found by De 

Felicee et al.l22] for (phenanthroline)platinum systems. 

Overall,, the addition of HBF4 to Pt°(R-DAB)(r|2-dmfu) provides an alternative approach for 

thee synthesis of systems suitable for activation of C-H bonds. 

2.99 Experimenta l Sectio n 

2.9.11 General 

Alll  reactions were carried out under nitrogen atmosphere in dry solvents. Diethyl ether was 

distilledd from sodium metal. Acetone-̂  was distilled from B2O3 and dichloromethane-tf2 was 

distilledd from CaF .̂ Chemicals were purchased from Acros Chimica, Aldrich and Fluka. The H 

andd 13C NMR spectra were recorded at appropriate frequencies on a Bruker DRX300 ('H: 300.13 

MHz,, 13C: 75.47 MHz) and 195Pt NMR spectra were measured via a normal HMQC sequence at 

298KK on a Bruker DRX300 spectrometer (195Pt: 64.13 MHz). 
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2.9.22 Additio n of Bronste d acid s to Pt(0)(NN)-complexe s 

HPt(Cl)(i|2-dmfii)(iV,Ar'.rBuDAB )) (3cx) 

Too a solution of 4.5 mg (8.9 umol) 2cx in 0.7 ml acetone-,̂ 8.9 ul of a 1.0 M solution of HC1 in 

etherr was added at -70 °C in a 5 mm NMR tube. The tube was quickly transferred to the NMR-

spectrometer,, which had been pre-cooled to -30 °C. *H NMR (300.13 MHz, acetone-4, -30 °C, 

ÓXppm)):: 8.89 (d, 3/HH = 8.7 Hz, VHR = 49 Hz, 2H, N=CH), 4.26 (d, VHH = 8 Hz, VHR = 76 Hz, 1H, 

C=CH),, 3.88 (d, VHH = 8 Hz, 2Jm = 82 Hz, 1H, C=CH), -25.79 (s, %* = 1068 Hz, 1H, Pt-H). 195Pt 

NMRR (64.3 MHz, acetone-,̂ 6\ppm)): -2731. 

[HPt(Ar,A^,-ffiuDAB)(ii 2-dmfii)(0-acetone-rf6)][BF4](5cx) ) 

Ann amount of 4.0 mg (7.9 jimol) 2cx was dissolved in 0.7 ml acetone-ófe in a 5 mm NMR-tube. The 

tubee was cooled to -70 °C and 0.11 ml 0.73 M HBF4 in ether was added to the red solution. The 

tubee was quickly transferred to the NMR-spectrometer, which had been pre-cooled to -30 °C. *H 

NMRR (300.13 MHz, acetone-,̂ -30 °C, 5(ppm)): 8.4 (m, 2H, N=CH), 4.53 (d, JHH = 9.9 Hz, 2/HPt = 

866 Hz, 1H, C=CH), 4.07 (d, 37HH = 9.9 Hz, VR* = 85 Hz, 1H, C=CH), -32.59 (s, lJHPt = 1228 Hz, 

1H,, Pt-H). 195Pt NMR (64.3 MHz, acetone-rf6, 5(ppm)): -2687. 

[Pt(o-CH(COOMe))(CH2C(0-0)OMe)(Ar,iWBuDAB)][BF4](7cx) ) 

Ann amount of 9.7 mg (0.019 mmol) 2cx was dissolved in 15 ml ether resulting in a red solution. 

0.277 ml 0.73 M HBF4 in ether was added to the solution. The reaction mixture was stirred 

overnight.. The slightly red colored solution was decanted and the remaining yellow powder was 

washedd twice with 5 ml ether. Yield 9.0 mg (80%). 'H NMR (CD2C12): S= 8.6-9.0 (m, 2H, N=CH), 

4.500 (pst, 3/HH = 8.2 Hz, VKH = 80.4 Hz, 2H, C//2COOCH3), 4.10 (d, VHH = 9.3 Hz, VRH = 49.2 

Hz,, 1H, PtCH), 3.79 (s, 3H, CH2COOC#3), 3.56 (s, 3H, CHCOOC//3), 1.41 (br s, 18H, C(CH3)3. 
19FF (CD2CI2, 5 (ppm)): -148.7. 
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Chapte rr  3§ 

Synthesi ss  of Zerovalen t Electron-ric h Platinu m Centers : 

Platinum(carbene)(alkene) 22 Complexe s 

3.11 Introductio n 

/V-Heterocyclicc carbenes (NHC's) are being applied more and more frequently as ligands in 

homogeneouss catalysis.[2] For almost all d'°-metals, complexes with NHC ligands have been 

reported,, which are able to catalyze reactions, such as Heck and Suzuki coupling (Pd, Ni),[3?l aryl 

aminationn (Pd, Ni),18,91 hydrosilylation (Pt),[10,11] Grignard cross-coupling (Ni)[12] and Stille coupling 

(Pd)."311 These new NHC-catalysts have several advantages and potential for catalysis.'41 Not only 

highh turnover numbers, high rates, catalyst stability, due to high thermal and hydrolytic durability 

resultingg from exceptionally stable M-C bonds (long shelf-life, stability to oxidation), but also the 

easyy accessibility and no need for an excess of the ligand are promising features. 

Mess A / | | 
NN / ^ S i - - . \ ^ N U^/ 

ff  ^PÓ O T ^ N i - < T 

Mess ^ X ' ' 

Figuree 3.1 Pd(0)- and Ni(0)-NHC complexes reported by Bellet1""  and Cavell."5' 

Despitee the increasing interest in this class of NHC d10-metal complexes there are only few 

exampless of isolated and well-characterized nickel(0)-carbene or palladium(0)-carbene complexes 

known.1'4"1811 One of these complexes (see Figure 3.1) is a highly efficient catalyst for telomerization 

off  1,3-dienes with alcohols (TON = 267000).1'41 

Concerningg platinum(O) complexes with NHC's only recently some in situ formed complexes 

havee been reported which are active in hydrosilation,110'"1 and an early report by Arduengo et al. 

describingg the synthesis of a platinum(O) biscarbene compound already in 1994.1191 Although, this 

complexx is formally a 14-electron species, it is thermally rather stable. Probably, this is due to the 

largee mesityl-substituents on the N-atoms of the imidazolium-based carbene. In this way the 

platinumm center is shielded by these large ligands and thereby very difficult to approach by other 

§§ Parts of this Chapter have been published. [1] M. A. Duin, N. D. Clement, K. J. Cavell, C. J. Elsevier Chem. 

Commun.Commun. 2003, 400. 
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ligandss or reagents. When we started our studies, this complex by Arduengo was the only known 

NHCC based Pt complex, but this complex lacks reactivity, therefore one carbene ligand has to be 

replacedd by one or two labile ligands in such a way that activity towards oxidative addition or 

catalysiss is possible. 

RR >\ / Mes Mes 
NN / ^ S i - - . ^ N N ^ 

ff  >—Pt P f >—«-< j 
^ NN \/r~ S i — ^ N 1ST 

RR " Mes Mes 

RR = Me, Cy, (Bu 

Figuree 3.2 Pt(0) NHC-complexes reported by Markó1'01 and Arduengo.1'91 

Forr creation of an electron-rich platinum center, we decided to study a new class of 

platinum(O)) complexes containing one carbene ligand and two labile alkenes. The carbene ligand is 

used,, because it is known that this type of ligands is capable of increasing the electron density of the 

metal.. In this way achievement of C-X or C-H oxidative addition is more likely to occur.[201 

Inn the previous chapter, we described the efficient synthesis of zerovalent (diimine)Pt(alkene) 

complexes.. The synthesis of these complexes starting from Pt(nbe)3 (nbe = norbordiene) and 

Pt(cod)22 (cod = 1,5-cyclooctadiene) appeared to be the pre-eminent method for making these 

zerovalentt platinum complexes. Here, we will describe the synthesis of novel 

Ptt (carbene)bis(alkene) compounds, prepared by a similar approach. Also the reactivity of these 

novell  compounds towards dihydrogen will be reported. 

3.22 Results and Discussion 

3.2.11 Synthesi s of zerovalen t platinum(carbene)(alkene) 2 complexe s 

SynthesisSynthesis of Pt(IMes)(dmfuJ2 and Pt(SIMes)(dmfu)2 

Thesee new zerovalent platinum(carbene) complexes were prepared via two methods. The first 

methodd (A, see Scheme 3.1) consists of two steps: First, the free carbene, l,3-dimesityl-imidazol-2-

ylidenee (IMes) or l,3-dimesityl-dihydroimidazol-2-ylidene (SIMes) was prepared.1211 Second, one 

equivalentt of Pt(cod)2 (cod = 1,5-dicyclo-octadiene) and two equivalents of alkene 

(dimethylfumarate,, dmfu) were added to the free carbene in THF at room temperature. Immediate 

reactionn resulted in the formation of thermally stable, white products in good yields (55-73%). 
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(A)) Pt(cod)2 + 2 ;=/ + f > 

R R 

R'' fi-N .2 cod 

^^ » ^ 1 " . ^ f f 
R R 

""V V 
R R 

MM ' N N 
RR " " ^ "*R' 

R'' r -N .2 cod, -NaX j RV 
(B)) Pt(cod)2 + 2 / = / + II +)>—H + NaH -

R // ^ N x- , 16hrs. 1 a 

R R 

(A)) Pt(cod)2 + 2 / = / + [ > 

R R 

P'' rr-N -2 cod 
R R ^ NN 20o C ,1h r , R l ^ i i i R , 

R R 

R'' f \ -2 cod,-NaX \ R' ., V s » D , 
(B)) Pt(cod)2+ 2 / = / + +J>— H + NaH • R R 

R , ^^ ^ ^ x . . 2a2b 

R R 

RR = Mes (a), Ph (b), R' = COOMe 

Schemee 3.1 Synthesis of platinum(carbene)(rf-alkene)2 complexes 

Thee second method (B, see Scheme 3.1) consists of the reaction of Pt(cod)2, two equivalents 

off  dmfu, one equivalent of a imidazolium salt (IMesHCl) or imidazolinium salt (SIMesHCl) and 

sodiumm hydride. The latter is used as base for deprotonation, leading to the in situ preparation of the 

freee carbene. This reaction is somewhat more time consuming, but obviates the additional step of 

isolationn of the free carbene and overall this method results in easier workup. 

Pt(nbe)33 can be used as starting material instead of Pt(cod)2. However, according to 'H NMR 

spectroscopy,, overnight stirring yields a mixture of Pt(carbene)(dmfu)(nbe) and Pt(carbene)(dmfu)2. 

So,, the substitution of the last nbe from Pt(carbene)(dmfu)(nbe) to Pt(carbene)(dmfu)2 is not 

completee at room temperature. Therefore, addition of additional equivalents of dmfu is needed and 

stirringg at elevated temperature (40-50 °C) is required. In situ preparation of Pt(cod)2 by addition of 

codd to Pt(nbe)3
[221 before adding the other reagents, can overcome this problem. However, use of 

isolatedd Pt(cod)2 is to be preferred, and leads to overall exhaustive displacement of cod by two 

dmfuu ligands. 

Thee Pt(carbene)(ri2-alkene)2 complexes Pt(IMes)(dmfu)2, (la, IMes = 1,3-dimesityl-imidazol-

2-ylidene)) and Pt(SIMes)(dmfu)2, (2a, SIMes = l,3-dimesityl-dihydroimidazol-2-ylidene) can be 

handledd in air without significant decomposition and are also stable for extended periods of time in 

solution,, even in refluxing acetone. Their stability is surprising, taking into account that the 

complexess are known to easily undergo alkene dissociation.11'111 
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DecreasingDecreasing the size of the carbene ligands and synthesis ofPt(SIPh)(dmfu)2 

Wee would also like to decrease the steric bulk on the N-atom of the carbenes, to see the 

influencee on the reactions which we are investigating (C-H activation reactions, Chapter 4). 

Therefore,, we used several imidazolium salts like 1,3-dimethyl-imidazolium iodide (IMeHI), 1,3-

diisopropyl-imidazoliumm chloride (IiPrHCl) and l,3-(di(f-butyl)-imidazolium chloride (IfBuHCl) as 

startingg salt. We used method B (in situ method) for making the (IR)Pt(dmfu)2-complexes (see 

Schemee 3.2). All reactions resulted in off-white solids, but no clear carbene-containing products 

weree found for R = ;Pr, fBu. In the case of R = Me, a carbene-containing product was formed 

accordingg to *H NMR spectroscopy. However, washing and crystallization did not yield pure 

products. . 

RR R 

-2codyNaXX rr-N n / 
Pt(cod)22 + 2 r=J + [I +J>—H + NaH —~^G I >—Pt 

fi\\fi\\ -2C0d,yWaX fr-N n 

A+}-HH + NaH X - I >— 

RR R ' * ^ R 

RR = Me, /Pr, ffiu R' = COOMe 

Schemee 3.2 Attempted synthesis of (N-allcyl-NHC)Pt(dmfu)2 complexes 

Apparently,, contrary to the N-mesityl analogues, N-alkyl NHC's did not result in Pt(carbene) 

complexess using method B. We then decided to synthesize phenyl-substituted imidazolium and 

imidazoliniumm salts, which were synthesized from the corresponding a-diimines (Ar-N=CH-)2. 

Underr normal conditions,1231 the condensation of glyoxal with two equivalents of aniline in 

methanol,, did not result in phenyl-DAB. The 'H NMR of the resulting tar shows that this method is 

nott suitable for the synthesis of the phenyl-substituted imidazolium salt, hence the corresponding 

platinumm complex Pt(IPh)(dmfu)2 (lb, IPh = l,3-diphenyl-imidazol-2-ylidene), cannot be obtained 

byy this route. 

Ann early method for synthesizing saturated TV-heterocyclic carbenes had been discovered by 

Wanzlickk and co-workers.[24] Recently, the equilibrium between monomer and dimer proposed by 

Wanzlick12511 has indeed been observed by Hahn et al. and by Lemal et al.[26'm They were actually 

ablee to observe a mixture of the dimer and monomer by 'H NMR spectroscopy, by using sterically 

largerr aromatic substituents on the N-atoms. We decided to use this approach for synthesizing the 

saturatedd phenyl-NHC, and its corresponding platinum complex Pt(SIPh)(dmfu)2 (2b, SIPh = 1,3-

diphenyl-dihydroimidazol-2-ylidene).. Various metal carbene complexes have already been prepared 
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viavia this method.1291 The synthesis of the "Wanzlick-dimer" 4 is straightforward and has been 

executedd by a slightly modified literature method.'241 

1/2 2 

N ^^ Pt(cod)2 / dmfu Y 
^ NN N-. 9 ^ N orPt(nbe)3 N R"^„..R' 

l ^^ H^l R' = COOMe 

4'' 2b 

Schemee 3.3 First approach for the synthesis of 2b via the "Wanzlick dimer" 4 

Whenn the dimer 4 is treated with Pt(cod)2 and two equivalents of dmfu, no platinum(carbene) 

complexx was obtained, even gentle heating did not result in the formation of 2b (see Scheme 3.3). 

Usingg Pt(nbe)3 instead of Pt(cod)2/dmfu, i.e., a more labile alkene, did not result in a 

platinum(carbene)) complex either. Apparently, the Wanzlick-dimer is either too stable in this case 

(noo formation of 4'), or the in situ formed Pt(cod)(dmfu)/Pt(nbe)2(dmfu) (see Chapter 2) is not 

reactivee enough towards the free carbene 4'. 

Fromm the observed failure to form 2b according to Scheme 3.3, it can be concluded that for 

saturatedd carbenes, the Wanzlick-dimer 4 either does not dissociate at all to give 4' or that the 

Wanzlickk equilibrium as shown in Scheme 3.3 lies extremely far to the left. The alternative, that the 

carbenee 4' does form but cannot substitute an alkene from the Pt°(alkene)n precursor can be 

excluded.. It is known and has amply been demonstrated that NHC's can substitute all kinds of 

ligandss and certainly one alkene.[2] 

Ass the direct synthesis of 2b was not possible starting from the dimer 4, we treated 4 with 

HBF44 in ether under dry conditions. Adding this strong acid in THF resulted in the fast precipitation 

off  imidazolinium salt 5. In a slow reaction, the addition of NaH, Pt(cod)2 and 2 equivalents of dmfu 

too the imidazolinium salt 5 indeed gave 2b, c.f. Scheme 3.4. 

+Off  course, direct synthesis of the imidazolinium salt 5 could be done starting from 1,2-dianilino-ethane and trimethoxy 

ort/io-formeate.. '301 
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1/2 2 

Pt(cod)2 2 

NaH,, 2 dmfu R"X-R' ' 
-2cod-NaBF44 ^ N ' R . . . \ ^ 

Schemee 3.4 Synthesis of 2b via an imidazolinium salt 

Thiss successful formation of 2b according to Scheme 3.4 may have two reasons. The first 

possibilityy is, that NaH slowly deprotonates 5 to give the free carbene 4', which then immediately 

reactss with Pt°(alkene)n. However, we doubt that this explanation is correct. Already Wanzlick'311 

notedd 40 years ago, and Denk et al.[32] recently confirmed this, that the free carbene 4' dimerizes in 

aa very fast reaction to the unreactive dimer 4. So, the following alternative seems more likely. 

Accordingg to Scheme 3.5, the Pt°(alkene)n precursor reacts with the imidazolinium salt 5 by C-H 

activationn at the 2-position, giving the probably unstable hydridoPtn(carbene) complex 6, which is 

thenn deprotonated by NaH to form 2b and dihydrogen. 

+Pt(cod)2 2 

+dmfu u 
-22 cod 

OMe e 

Schemee 3.5 Proposed C-H activation intermediate 6 

HH NMR spectroscopy 

Inn agreement with the C2-symmetry of complexes la, 2a and 2b, the 'H NMR spectra of the 

zerovalentt platinum compounds show two different signals for the alkene-protons (see Table 3.1). 

Twoo of the protons of the alkenes are pointing toward the aromatic part of the carbene-ligand, and 

aree found at lower frequency due to the anisotropic shielding of the aryl. The other two protons of 

thee alkenes are pointed away from the aromatic part of the carbene-ligand and are found at normal 

frequenciess for coordinated alkenes.[33J 
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^^  PI ' R r / R \ - F / P t \ B 

H A ' % ^ H f t W ^ H BB H A > % ^ H P | A > ^ H B H A *%^Hf t *V^ H B 

RR R R R R R 

1aa 2a 2b 
RR = COOMe 

Figuree 3.3 Prepared (carbene)Pt°(dmfu)2 complexes 

Thee saturated carbene is a stronger o-donor than the unsaturated carbene,[34! which leads to 

moree 7t-backbonding to the dmfu in 2a as compared to la, and hence lower bond order and smaller 

VptHH for 2a. Furthermore the Ph-carbene b is a better acceptor than carbene a because of the fact 

thatt the unsubstituted phenyl-group has significantly more ^-overlap with the NHC frame, thereby 

increasingg the alkene C-C double bond character leading to higher values for 2Jpm in case of 2b. 

Tablee 3.1 'HNMR spectroscopic data of the alkene-protons. 

compound d 

Pt(IMes)(dmfu)22 (la) 

Pt(SIMes)(dmfu)22 (2a) 

Pt(SIPh)(dmfu)22 (2b) 

5(HA)) (ppm) [̂ HPt (Hz)] 

3.922 [46.0] 

3.899 [43.2] 

3.499 [57.0] 

8(HB)) (ppm) f i r n (HZ)] 

3.133 [63.0] 

3.177 [52.8] 

3.100 [60.6] 

PtPt NMR spectroscopy 

Moree information on the chemical properties of the metal center was sought by means of Pt 

NMR.. The 195Pt chemical shift is very sensitive to the ligands present in the coordination sphere in 

thee Pt-compound and is therefore a useful probe of the electronic environment of the metal.[35,36] In 

thee ,95Pt NMR spectra the chemical shifts are found at -5184 and -5200 ppm for la and 2a 

respectively;; for 2b the value is -5129 ppm. Although the angles between the ligands can have a 

largee influence on the chemical shift in l95Pt NMR, the shift to higher frequency for 2b, as 

comparedd to la and 2a can be explained by the stronger donation of the mesityl-based NHC as 

comparedd to that of the phenyl-based NHC. 

Recentlyy another Pt(0) monocarbene complex with alkenes has been published (see Figure 

3.2)) with a chemical shift of-5343 ppm."01 Comparison of our complexes with this complex and 

withh Pt°(IMes)2 (see Figure 3.2) described by Arduengo et a/.,[19] indicates that the electron density 

onn the platinum centers is quite similar. Other tris-coordinated platinum(0) complexes, like the 
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complexess described in chapter 2, Pt(NN)(alkene), have 195Pt chemical shifts around -4000 ppm. 

Comparedd to these, the present platinum(carbene)(bisalkene) la, 2a, 2b have their 195Pt resonances 

att much lower frequencies, which is due to the fact that carbenes are C-ligands, which cause larger 

ligandd fields, hence lower chemical shifts.135'361 

VariableVariable temperature NMR spectroscopy of 2a and 2b 

Whenn investigating the chemical and physical properties of 2b, line-broadening was observed 

inn a 'H NMR spectrum of 2b in benzene-̂ for the alkene hydrogen atoms slightly above room 

temperaturee (303 K). In order to probe the fluxional process, we measured the 'H NMR spectra of 

2bb and 2a in toluene-d8 in the temperature range from 298 K to 378 K. 

4-400 4.20 4.00 3.80 3.60 

Figuree 3.4 VT'HNMR spectra of 2b (*alkene protons region) 

Att 298 K two doublets are seen for the alkene protons of the dmfu ligands in 2b around 4.1 

andd 3.6 ppm with 7{'H,'95Pt}-couplings superimposed (see Figure 3.4). A gradual increase of the 

temperaturee leads to broadening of the signals (at 308 K), coalescence and disappearing of the 

signalss in the base line (318 K). No average signals for the alkene-protons between the former 

alkene-resonancess (at 298 K) were observed when the temperature was further increased up to 378 

K.. After cooling down to room temperature the starting spectrum was found, but also some 

depletionn of platinum metal was found. The same experiments were also carried out with a solution 

52 2 



SynthesisSynthesis ofZerovalent Electron-rich Platinum Centers: Platinum(carbene)alkene)2 Complexes 

off  2a in toluene-d8. For 2a the signals of the alkene-protons remain sharp over the whole 

temperaturee range (298-378 K). 

Thee most plausible explanation for the absence of an average signal for the alkene-protons at 

higherr temperatures is an exchange of free dmfu and coordinated dmfu at higher temperatures for 

2b.. The reason why this is not observed for a solution of 2a may be due to better o-donation of the 

SIMes-carbene,, resulting in more 7i-backbonding to the dmfu's and as a result, stronger 

coordinationn of the dmfu's. Moreover, in contrast to the situation for the SIMes-carbene, the phenyl-

groupp of the SIPh-carbene is in plane of the imidazol-2-ylidene resulting in better 7t-accepting and 

lesss a-donation of the carbene-ligand. This causes weaker coordination of dmfu, so dissociation is 

easier. . 

X-rayX-ray stucture determination of la 

Thee molecular structure of one of the synthesized zerovalent carbene platinum bisalkene, la, 

wass unambiguously proven by a single crystal X-ray structure analysis, which is depicted in Figure 

3.5.. Selected bond lengths and angles are presented in Table 3.2. 

Figuree 3.5 Displacement ellipsoid plot of la with ellipsoid drawn at the 50% probability level. 

HydrogensHydrogens are omitted for clarity. 

Compoundd la is monoclinic, space group P2i/c. The platinum has a distorted square-planar 

environmentt with a sum of cis angles of 360.4°. The compound is approximately C2v symmetric. 
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Thee C=C bonds of the coordinated drafti's (1.422 A and 1.427 A) are elongated compared to free 

dmfuu (1.318 A)t37] caused by the donation of electron density from platinum into the 7t*-orbitals of 

thee dimethylfumarate. The Pt-n2-C=C planes are oriented in an angle of 56.0° and -56.7 with respect 

too the NHC-plane. These Pt- n2-C=C planes are mutually oriented almost in one plane, making an 

anglee of 10.8°. The mesityl substituents on the nitrogens of the NHC-ligand are tilted in an angle of 

68.8°° and -66.3° relative to the imidazole plane. 

Tablee 3.2 Selected bond lengths (A) and angles (deg)for la (e.s.d. in parentheses). 

Pt( l ) -C( l) ) 

Pt(l)-C(23) ) 

Pt(l)-C(29) ) 

C(28)) - C(29) 

C( l ) -Pt( l ) -C(22) ) 

C( l ) -Pt( l ) -C(28) ) 

2.072(2) ) 

2.098(3) ) 

2.101(3) ) 

1.422(4) ) 

96.96(9) ) 

94.21(9) ) 

Pt(l)-C(22) ) 

Pt(l)-C(28) ) 

C(22)) - C23) 

C( l )-Pt( l ) -C(23) ) 

C( l ) -Pt( l ) -C(29) ) 

2.130(3) ) 

2.120(3) ) 

1.427(4) ) 

136.15(11) ) 

133.39(11) ) 

Recently,, the X-ray crystal structure of a zerovalent platinum (carbene) compound with a 

dienee ligand [Pt(l,3-dimethyl-imidazol-2-ylidene)(T|4-divinyltetramethylsiloxane)] has been 

reported.[10]] The reported Pt-C(carbene) bond is slightly shorter (2.051 A) and the Pt-C(alkene) 

bondss are slightly longer (2.103 A and 2.178 A) compared to la. 

3.2.22 Reactivit y of platinum(carbene)(alkene) 2 toward s H2 

Thee new platinum(carbene)(alkene)2-complexes are reactive towards C-H bonds of 

imidazoliumm salts[1] (see Chapter 5). We were also interested to see whether these compounds are 

reactivee towards C-C bonds, for instance imidazolium salts methylated at the 2-position. MO-

calculationss have shown that C-C bond fission is in principle feasible, insertion of Pt into this C-C 

bondd is an exothermic reaction/381 

Therefore,, we investigated the reactivity of Pt(IMes)(dmfu)2 towards 1,2,3-trimethyl 

imidazoliumm iodide (x) (see Scheme 3.6). This should in principle result in a thermodynamically 

stablee product (biscarbene)platinum(methyl)(iodide) (7ax). However, when carrying out this 

reactionn under various conditions (in benzene or acetone at reflux temperatures), we did not observe 

anyy other compounds than the starting materials. We added dihydrogen gas to the reaction mixture 
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too see if the putative, in situ formed 7ax could be trapped by reaction with H2. This reaction was 

carriedd out in acetone-̂ in an NMR tube and was followed by 'H NMR spectroscopy. Indeed 

platinumm hydrides were observed in the expected chemical shift-range similarly to known 

analogues'111 (around -14.5 ppm, indicating a hydride trans to an iodide, as in frans-hydrido 3,5-

dimethyl-imidazol-2-ylidenn iodo 3,5-dimesityl-imidazol-2-yliden platinum(II) (7ay) after reductive 

eliminationn of methane). 

Mes. . 
Mess R-Ns, 
NN / V 

Mess Y 
1aa R 

A A 

RR = 

H2 2 

Me e 
" RR ^ N 

i i 
Me e 

X X 

COOMe e 

-Me e Me. . 
\ \ 

.Pt t 

Me e 

-N, , 

%CH3 3 

7ax x 

H2 2 

-CH4 4 

Mes s 

aa range of platinum hydrides 

Me. . 

Mes. . 

.Pt t 
N--

Me e 

NN ^ 

-N. . 

7ay y 

Mes s 

Schemee 3.6 Reactivity of la towards C-C bonds and dihydrogen 

Ass reason for the observation of several platinum hydrides, we considered direct reaction of 

dihydrogenn with la to give a product that is reactive towards x. So, H2 was bubbled through a 

solutionn of la in benzene-̂ in an NMR-tube at 55 °C for 30 minutes. At this temperature a reaction 

occurredd and surprisingly no platinum metal was observed.*  After the reaction, a *H NMR spectrum 

wass taken and dimethyl succinate and platinum complex 7a were observed as main products. This 

reactionn takes place surprisingly cleanly, and yields mononuclear (hydrido)platinum(carbene) 7a 

(seee Scheme 3.7). 

**  Compare e.g. with bidentate ligands (see Chapter 2): Pt(NN)(dmfu) (NN=R-DAB) reacts at 75 °C to yield only 

platinumm metal.1391 
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II 1a I 7a 

RR = COOMe 

Schemee 3.7 Formation of a platinum hydride by reaction of la with dihydrogen 

7aa has been characterized in solution by 'H NMR, I95Pt NMR and IR spectroscopy. The 

hydridee is found at -27.07 ppm with a large % H coupling of 1900 Hz, which is in agreement with a 

veryy weak rraras-ligand such as the carbonyl in this case. The 195Pt-resonance is found of 6a at -

39400 ppm, indicating +2 oxidation state for the platinum center of 7a, [35J which implies an 

oxidativee shift of+1300 ppm upon conversion of la into 7a. 

CC NMR spectroscopy failed due to the low solubility in organic solvents of 7a like benzene 

orr acetone. Also, the long term of stability for compounds such as 7a is questionable. Attempts to 

isolatee the complex 7a failed. Complex 7a to probably reacts with C-H bonds of hydrocarbons, 

becausee the addition of 1,2,3-trimethyl imidazolium iodide (x) showed more than one platinum 

hydridee signal in the !H NMR spectrum. This reactivity can be rationalized from the coordination 

sitee that is occupied by the weakly coordinating carbonyl that can be displaced for example by a C-

HH bond. Then C-H bond activation of one of the methyl-groups can possibly take place. As far as 

wee know, this is one of the first examples of C-H activation with non-cationic Pt(II ) complexes.1401 

Inn order to decrease the reactivity of 7a towards hydrocarbons, we added 1 equivalent of 

pyridinee to 7a in acetone-cfe to stabilize the Ptu center. Not all of 7a (5P, = -3920 ppm in acetone-4) 

wass converted in 8a (5p, = -4081 ppm). With an excess of pyridine, 8a is the only platinum complex 

observed.. Evaporation of the solvent and the excess of pyridine gave a mixture of 7a and 8a, 

insteadd of the expected pure 8a, indicating that pyridine does not coordinate very strongly to the 

platinumm center. The hemi-labile coordination of the carbonyl is apparently quite strong. This is 

reminiscentt of known cases for Pt'411 and Pd[42'-metallacycles, however these are cationic 

complexes. . 
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FF H 

RR Y 

PP H 
,COOMee ^ N | COOMe 

>-f-< < 
R C ) ) 

++ py 
-pyy ? |s| "—COOMe 

7aa R = Mes 8a 

Schemee 3.8 Addition of pyridine to 7a 

Too assure that the hydride in 7a originates from the dihydrogen that was added to la, we 

addedd 2H2 to la. Indeed, in this case Pt-2H was observed at -26.6 ppm in the 2H NMR spectrum and 

alsoo deuterated dimethylsuccinate was formed. 

So,, reaction of la with dihydrogen constitutes a very gentle method to arrive at a neutral 

hydridoo platinum(II) carbene complex with a hemilabile coordinating carbonyl, from which a free 

coordinationn site for bond activation reactions is easily created. 

3.33 Conclusion s 

Thee first examples of zerovalent platinum mono-carbene bis(alkene) complexes have been 

isolatedd and characterized as white solids. Importantly, the impurities can be easily removed with 

apolarr solvents, which facilitate the purification of these compounds very much. These complexes 

aree air-, moisture- and thermally stable for months in solution and in the solid state. Two routes for 

thee synthesis of these complexes have been found and we showed that the route via in situ 

preparationn of the carbene is the most facile one for obtaining the (carbene) platinum bis(alkene) 

complexess in good yield. 

Fromm variable temperature experiments using 'H spectroscopy it can be concluded that the 

coordinationn of the alkenes is more labile when a less electrondensity-donating carbene ligand is 

presentt in the complex. These Pt(0) complexes are valuable compounds for some Pt(0) catalyzed 

reactions"I]] and may be of interest for comparison with (carbene)Pd(0)-catalyzed reactions, to give 

moree information about intermediates in these reactions. 

Thee (carbene)Pt(O) complexes react under very mild conditions with dihydrogen to form 

neutrall  hydrido platinum(II) carbene complexes with a hemilabile coordinating carbonyl. Pyridine 

iss able to break this platinum carbonyl coordination; however the coordination of pyridine is also 

quitee weak. The hemilability of the carbonyl facilitates the reaction of these neutal hydrido 

platinum(II)) carbene complexes towards certain C-H bonds, to give C-H bond activation. 
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3.44 Experimenta l Sectio n 

3.4.11 General 

Alll  reactions involving air-sensitive compounds were carried out under a dinitrogen 

atmospheree using standard Schlenk techniques. Solvents were dried and distilled prior to use, 

accordingg to standard methods.1431 Pt(cod)2,
(221 Pt(nbe)3,

t22] 1,3-dimesityl-imidazolium chloride,1301 

1,3-dimesityl-dihydroimidazoliumm chloride[30] were prepared according to literature procedures. 

NMRR measurements were performed on a Varian Mercury300 spectrometer (]H: 300.13 MHz, 13C 

75.477 MHz), a Varian Inova500 spectrometer ('H: 499.88 MHz, 13C: 125.70 MHz) and Bruker 

DRX3000 spectrometer (]H: 300.13 MHz, 13C: 75.47 MHz, 195Pt: 64.13 MHz). ,95Pt NMR spectra 

weree measured via a normal HMQC sequence at 298K. 13C NMR spectra were measured with 'H 

decoupling.. Positive chemical shifts (8) are denoted for high-frequency shifts relative to the external 

TMSS reference ('H, 13C) or a Na2PtCl6 reference (195Pt). HRMS measurements were performed on a 

JEOLL JMS SX/SX102A four sector mass spectrometer, coupled to a JEOL MS-MP9021D/UPD 

systemm program. For Fast Atom Bombardment (FAB mass spectrometry, the samples were loaded in 

aa matrix solution (3-nitrobenzyl alcohol) onto a stainless steel probe and bombarded with xenon 

atomss with an energy of 3 KeV. During the high resolution FAB-MS a resolving power of 10,000 

(10%% valley definition) was used. The elemental analysis of 2a was carried out by Kolbe, 

Mikroanalytischess Laboratorium, Mülheim a.d. Ruhr, Germany. 

3.4.22 Synthesi s 

Methodd A: Synthesis of la via the preparation of the free carbene 

],3-Dimesityl-imidazol-2-ylidene],3-Dimesityl-imidazol-2-ylidene (free carbene) 

Thee free carbene is synthesized by a slightly changed procedure described by Arduengo et al.l2l] 

0.800 g (2.3 mmol) l,3-bis(2,4,6-trimethylphenyl)-imidazolium chloride was dissolved in 50 ml THF 

att room temperature and 1 equivalent of KOtBu (1M in THF, 2.35 ml) was added to the mixture. 

Thee solution was stirred for 4 hours during which time a white solid precipitated from the solution. 

Thee mixture was then filtered over Celite filter aid and the filter was washed with 10 ml hexane. 

Fromm the resulting clear yellowish filtrate the solvent was removed in vacuo. The residue was 

extractedd with 4 portions of hot hexane (around 60 °C). The extracts were collected and 

concentratedd until precipitation of the carbene occurred. A small volume of dry hexane was added in 

orderr to dissolve the precipitated solids and the flask was left to stand overnight at -80°C for 
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crystallization.. The supernatant was removed with a cannulae and the solid was dried in vacuo to 

givee 0.52 g (74%) of the free carbene as an off white slightly sticky material. 

(1,3-Dimesityl-imidazol-2-ylidene)-bis-((1,3-Dimesityl-imidazol-2-ylidene)-bis-( if-dimethylfumaraat) platinum(0) (la) 

Ann amount of 149.8 mg (0.4911 mmol) l,3-dimesityl-imidazol-2-ylidene is carefully transferred in 

aa Schlenk tube under dinitrogen atmosphere to avoid any moisture. To this Schlenk tube 201.9 mg 

(0.49122 mmol) Pt(cod)2 and 141.5 mg (0.9826 mmol) dmfu were added. The solids were dissolved 

inn 20 ml THF and the resulting solution was stirred for one hour at room temperature. Then 20 ml 

hexanee is added and the amount of solvent is reduced to 10 ml in vacuo. Another 20 ml hexane is 

addedd and the volume of solvent is reduced to 5 ml during which an off white solid came out of the 

solution.. The solvent is removed using a cannulae and the solids were washed twice with 5 ml of 

ether/hexaness 1:1 v/v to give 198.8 mg (51%) of an off white solid. *H NMR (500 MHz, acetone-de, 

#ppm)):: 7.61 (2H, s, 4/HPt = 10.5 Hz), 7.08 (2H, s), 6.96 (2H, s), 3.92 (2H, d, 37HH = 9.0 Hz, I /H* = 

46.00 Hz), 3.40 (6H, s), 3.30 (6H, s), 3.13 (2H, d, VHH = 9.0 Hz, VHR = 63.0 Hz), 2.39 (6H, s), 2.35 

(6H,, s), 1.80 (6H, s). 13C NMR (125.7 MHz, acetone-,̂ 6Xppm)): 172.27, 170.69 (V{ 195Pt, 13C}  = 

38.00 Hz), 169.14 (2/CPt = 36.0 Hz), 138.38, 136.21 (3Jcpt = 9.0 Hz), 135.40, 135.34, 129.42, 129.13, 

124.900 (Van = 42.2 Hz), 50.22 (Vcpt = 146.6 Hz), 50.16, 50.13, 48.98 (l/CPt = 191.1 Hz), 20.41, 

18.75,, 17.51. 195Pt (64.3 MHz, acetone-4, &Xppm)): -5184. HRMS(FAB) (m/z): Obs: 788.2512, 

Calc:: 788.2514. 

Methodd B: Synthesis of la via one-pot synthesis by in situ generation of the free carbene 

(l,3-Dimesityl-imidazol-2-ylidene)-bis-(if-dimethylfumaraat)(l,3-Dimesityl-imidazol-2-ylidene)-bis-(if-dimethylfumaraat) platinum(O) (la) 

AA Schlenk tube was charged with 132.8 mg (0.450 mmol) l,3-bis(2,4,6-trimethylphenyl)-

imidazoliumm chloride, 166.0 mg (0.404 mmol) Pt(cod)2, 128.3 mg (0.891 mmol) dimethylfumarate 

(dmfu)) and 63.5 mg (1.59 mmol) of 60 % NaH in mineral oil. Then 20 ml THF was added to the 

solids.. The mixture was stirred overnight at room temperature. The mixture was then filtered over 

Celitee filter aid. The remaining solids were washed with another 10 ml THF and also filtered over 

thee filter. 20 ml hexane was added to the combined filtrates, and the solvent was reduced to 5 ml 

underr reduced pressure. Then 20 ml hexane was added to the residue and the mixture was 

centrifugedd for 10 min. at 3500 RPM. The solvent was decanted and the resulting off-white solid 

wass washed with hexanes/ether 3:1 (2 x 20 ml) removing the solvents again via centrifugation. The 

solidss were dried further under vacuum yielding 152.6 mg (48 %) of a pale yellow powder. 
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Eventuallyy this powder can be recrystallized from acetone. A second crop of product can be 

obtainedd from the combined washings. The products of methods A and B have identical 'H NMR 

spectra.. Single crystals suitable for X-ray structure analysis could be obtained by slowly cooling 

downn a saturated acetone solution from 55 °C to room temperature. 

(l,3-Dimesitvl-dihydroinudazol-2-yüdene)-bis-(T|2-dimethylfumaraat)) platina(O) (2a) 

AA Schlenk tube was charged with 1.07 g (3.14 mmol) SIMesHCl, 1.09 g (2.65 mmol) Pt(cod)2, 0.79 

gg (5.49 mmol) dimethylfumarate (dmfu) and 0.40 g (9.91 mmol) of 60 % NaH in mineral oil. Then 

300 ml THF was added to the solids. The mixture is stirred overnight at room temperature. The 

mixturee was filtered over Celite. The solids were washed with another 10 ml THF and also filtered. 

Hexanee (20 ml) was added to the combined filtrates, and the solvent was reduced to 5 ml under 

reducedd pressure. Then 20 ml hexanes were added to the residue and the mixture was centrifuged 

forr 10 min. at 3500 RPM. The solvent was decanted and the resulting off-white solid was washed 

withh hexanes/ether 3:1 (2 x 20 ml) removing the solvents again via centrifugation. The solids were 

driedd further under vacuum yielding 0.87 g (55 %) of an off-white powder. Eventually this powder 

cann be recrystallized from acetone. JH NMR (500 MHz, acetone-,̂ #ppm)): 7.03 (2H, s), 6.87 

(2H,, s), 4.20 (2H, m), 4.05 (2H, m), 3.89 (2H, d, VHH = 9.0 Hz, VH*  = 43.2 Hz), 3.49 (6H, s), 3.21 

(6H,, s), 3.17 (2H, d, VHH = 9.0 Hz, Vm* = 52.8 Hz), 2.65 (6H, s), 2.29 (6H, s), 1.91 (6H, s). 13C 

NMRR (125.7 MHz, acetone-rf6, S(ppm)): 171.51 (2/CPt = 40.0 Hz), 169.68 (2JCpt = 36.0 Hz), 138.14, 

137.33,, 136.90, 136.86, 130.26, 129.98, 52.93 (VCP, = 136.5. Hz), 51.02, 50.89, 49.89 (VCpt = 

136.5.. Hz), 21.13, 19.13, 18.17. ,95PtNMR (64.3 Hz, acetone-,̂ 5(ppm)): -5200. EA: Found: 50.26 

(C),, 5.31 (H), 3.48 (N) Calc: 50.19, 5.36, 3.55. 

l^-Diphenyl^-tricbJoromethyl-imidazolidin ee (3)[24] 

Insteadd of chloral as used by Wanzlick et al, chloral hydrate was used. 2.31 g (10.9 mmol) 1,2-

dianilinoethanee was dissolved in 5 ml glacial acid. 1.86 g (11.2 mmol) chloral hydrate was added 

andd the resulting mixture was stirred overnight at room temperature. A red solid was filtered off and 

thee solid was washed with methanol (2x 5 ml) yielding 0.98 g (27%) of a white solid, which was 

identifiedd by *H NMR spectroscopy as pure 3. 'H NMR (300 MHz, acetone-d6, <5fppm)): 7.16-7.28 

(8H,, m), 6.80 (2H, tt, 3i HH = 6.9 Hz, VHH = 1.5 Hz), 6.86 (1H, s), 4.21 (2H, q, VHH = 4.2 Hz), 4.87 

(2H,q,VHHH = 4.2Hz). 
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Bis-(l,3-diphenyl-2-inndazolidine)(4)lZ4J J 

Ann amount of 495.3 mg (1.45 mmol) l,3-diphenyl-2-trichloromethyl-imidazolidine (3) was 

dissolvedd in a mixture of 4 ml xylenes and 1 ml collidine. This solution is heated on a oil bath to 

1855 °C for one hour. After cooling down to room temperature, the solvents were removed by 

decantationn and the yellow solid was washed with diethyl ether (2x 4 ml). A pale yellow solid was 

obtainedd in a yield of 225.4 mg (70%). As reason of the reactivity of this compound towards air and 

moisturee combined with the bad solubility in common organic solvents, the dimer of 1,3-diphenyl-

2-imidazolidinee was used without identifications. 

l,3-Diphenyl-2-imidazolidiniumm tetrafluoroborat e (5) 

Ann amount of 0.18 g (0.40 mmol) bis-(l,3-diphenyl-2-imidazolidine) (4) was suspended in 40 ml 

THEE To this solution 0.10 ml 54% HBF4 (0.73 mmol) in diethyl ether was added. An orange glow 

couldd be seen and immediately a yellow solid precipitated from the solution. After 30 minutes 

stirringg at room temperature, the solid was filtered off and was washed with diethyl ether (2x 10 

ml).. This yielded 0.20 g (80%) of a pale yellow solid. !H NMR (300 MHz, acetone-afe, 3ppm)): 

9.866 (1H, s), 7.72 (4H, m), 7.60 (4H, m), 7.46 (2H, m), 4.92 (4H, s). 13C NMR (75.47 MHz, dmso-

dd66,, 5(ppm)): 152.65 (NCH), 136.97 (C), 130.59 (m-CH), 127,93 (p-CH), 119.31 (tf-CH), 49.15 

(CH2)..
 19F NMR (282.4 MHz, acetone-rf6, #ppm): -151.7. 

(l,3-Diphenyl-dihydroirnidazol-2-ylidene)-bis-(Ti2-dirnethyIfumarate)platinum(0)(2b ) ) 

Too 59.2 mg (0.191) l,3-diphenyl-2-imidazoüdinium tetrafluoroborate (5), 73.6 mg (0.179 mmol) 

Pt(cod)2,, 55.7 mg (0.387 mmol) dimethylfumarate and 32 mg (0.80 mmol) 60% NaH in mineral oil 

inn a Schlenk tube, 20 ml THF was added. This mixture was stirred overnight at room temperature. 

Thee mixture was filtered over Celite and the solids were washed with THF (2x 5 ml). To the 

combinedd filtrates 15 ml of hexanes was added, and the volatiles were removed in vacuo. The solids 

weree scraped from the wall and were washed with ether (2x 5 ml) giving 110.7 mg (87%) of an off 

whitee solid. The impure compound was recrystallized from acetone yielding pure 2b (yield: 65.0 

mg,, 49%). 'H NMR (300 MHz, acetone-4, #ppm)): 7.47 (4H, dd, 3/HH = 8.4 Hz, VHH = 1.5 Hz), 

7.2-7.33 (6H, m), 4.70 (2H, m), 4.34 (2H, m), 3.54 (12H, s), 3.49 (2H, d, VHH = 9.9 Hz, VHR = 57.0 

Hz),, 3.10 (2H, d, 37HH = 9.9 Hz, 3/Hpt = 60.6 Hz). 13C NMR (125.7 MHz, CD2C12, 5(ppm)): 196.89 

VCP,, = 1332 Hz, 172.20 (VCPI = 41 Hz), 171.84 (VCp, = 44 Hz), 171.39, 129.04 (47CPt = 39.7 Hz), 
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126.47,, 122.35, 52.10 (VCP, = 164.4. Hz), 51.75 (VCpt = 42.0 Hz), 51.41, 51.11, 46.06 (Vein = 

172.0.. Hz). 195Pt NMR (64.3 Hz, acetone-,̂ 5(ppm)): -5129. 

3.4.33 Crysta l structur e determinatio n of 1a 

X-rayy intensities were measured on a Nonius KappaCCD diffractometer with rotating anode (Mo-

K«,, X = 0.71073 A). The structures were solved with automated Patterson methods with the 

programm DIRDIF99[44] and refined with the program SHELXL97[45] against F2 of all reflections. 

Thee drawings, structure calculations, and checking for higher symmetry was performed with the 

programm PLATON.t46] 

Thee crystal was found to be non-merohedrically twinned with a twofold rotation around hkl = (100) 

ass twin operation. The cell parameters and the twin law were determined with the program 

DIRAX.11 The intensities were obtained for both twin domains and the overlapping sections using 

EVAL14.[48]] An analytical absorption correction was applied with the program PLATON.[46] 

Reflections,, equivalent with respect to the twin situation, were merged. The refinement used the 

HKLF55 option[49] of SHELXL97[45] resulting in a twin ratio of 0.40:0.60. Details of the structure 

determinationss are given in Table 3.2. 

Tablee 3.2 Crystal data and details of the structure determination of la. 

Empiricall  formula 

Formulaa Weight 

Crystall  color and shape 

Crystall  size 

Crystall  system 

Spacee group 

a a 

b b 

c c 

a a 

P P 

y y 

v v 
T T 

Z Z 

C33H40N2O8R R 

787.76 6 

yelloww block 

0.24x0.18x0.122 mm3 

monoclinic c 

P2L/cc (no. 14) 

18.362(3)) A 

10.5379(14)) A 

16.5493(17)) A 

90° ° 

92.063(15)° ° 

90° ° 

3200.2(8)) A3 

1500 K 

4 4 
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——— 1.635 g/cm3 

(tfMoKa)) 4.438 mm"1 

Transmissionn range 0.63-0.77 

Reflectionss collected / unique 46720 / 9843 

Parameterss 424 

Rjj  (obs. / all refl.) 0.0255 / 0.0371 

wRwR22 (obs. / all refl.) 0.0467/0.0498 

GoFF 1.045 

Pmin/maxx -0.81/0.73 e/A3 

3.4.44 Reaction s wit h dihydroge n 

c«-[3-Methoxy-l-(methoxycarbonyl)-3-oxopropyl^̂  ^ 

platina(ll )) (7a) 

H22 was bubbled through a solution of la in benzene-̂ in an NMR-tube at 55 °C for 30 

minutes.. After the reaction a 'H NMR spectrum was taken, indicating that la had completely been 

convertedd to dimethyl succinate and platinum complex 7a. *H NMR 7a (300 MHz, benzene-,̂ 

#ppm)):: 6.64 (4H, s, Arfl) , 6.08 (2H, Imtf), 3.47 (3H, br, CHCH2), 3.41 (3H, COOCH3), 2.95 (3H, 

s,, COOC//3), 2.14 (6H, s, CCH3), 2.08 (6H, s, CC#3), 1.99 (6H, s, CCH3), -27.07 (1H, s, VHPI = 

19000 Hz). 195Pt (64.3 MHz, benzene-d6, öXppm)): -3940. 
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Chapte rr  4, Part A§ 

C-HH Activatio n of Imidazoliu m Salts by Pt(0) Complexe s at 

Ambien tt  Temperature : Synthesi s of Hydrid o Platinu m 

Bis(carbene )) Compound s 

4.11 Introductio n 

TV-Heterocyclicc carbenes (NHC's) are being applied more and more frequently as ligands in 

homogeneouss catalysis.[2] The most common way to prepare transition metal complexes with NHC 

ligandss involves abstraction of the acidic hydrogen of the imidazolium salts by strong bases and 

isolationn of the free carbene,131 followed by addition of the free carbene to a suitable transition metal 

complexx precursor (see Scheme 4.1). The use of ligand precursors,141 transmetallation151 or in situ 

generation1611 (see also Chapter 3) of the free carbene are alternative methods for preparing carbene 

complexes. . 

R11 R1 R1 

r NN B ^ \ M(L)„ ^ N 

L-NN "HB+X- ^ N " L ^ N 

R22 R2 R2 

R1,, R2 = aryl, alkyl B = base M = metal L = ligand 

XX = halide 

Schemee 4.1 Common route for preparation of (NHC) metal complexes 

Recently,, C-H activation of imidazolium salts has been reported for several late transition 

metals.17'811 The direct synthesis of NHC transition metal complexes is promising, because no extra 

stepp is required, i.e. deprotonation of imidazolium salts and isolation of free carbene, nor are any 

undesiredd side-products obtained. The way in which these reactions proceed remains unclear. 

Althoughh double C-H activation of imidazolium salts with palladium systems has been reported 

(seee Scheme 4.2), no metal hydride compounds were isolated.181 In the case of platinum, the carbene 

hydridee complexes were obtained in low to moderate yields.171 

§§ Parts of this Chapter have been published.[l] M. A. Duin, N. D. Clement, K. J. Cavell, C. J. Elsevier Chem. 

Commun.Commun. 2003, 400. 
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Br—Pd—B rr  ^ 

RR = Mes 

Schemee 4.2 Synthesis of bis-carbene palladium complexes directly from imidazolium salts 

Ass noted before, we decided to design electron-rich platinum(O) complexes (see Chapter 3) 

thatt are stable enough to handle, but at the same time reactive towards C-H bonds of imidazolium 

salts.. The reactivity of these Pt (carbene) complexes towards imidazolium salts will be discussed 

butt before that approach is used, we first made use of a well established method developed by 

Whitesidess for C-H bond activation of hydrocarbons by an in situ formed unsaturated Pt(0)-

compound.'9'101 1 

Nott only the direct preparation of NHC-metal complexes prompted us to investigate the C-H 

bondd activation of imidazolium salts, also the observation of a different behavior of transition-metal 

catalystss in imidazolium based ionic liquids compared to that in normal organic or aqueous solvents 

attractedd our attention. The interactions between transition metals and imidazolium based ionic 

liquidss should be investigated to provide more information about the actual organometallic 

compoundd in the organometallic reactions and catalysis in these solvents. These reasons 

demonstratee the importance and interest in studying the reaction behavior of imidazolium salts 

towardss transition metals."1] 
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4.22 Results and Discussion 

4.2.11 C-H Activatio n of imidazoliu m salt s by Pt(0) usin g Whitesides ' metho d 

Whitesides'9'1011 complex [bis(dicyclohexylphosphino)ethane]hydridoneopentylplatinum(II) (1) 

iss known to activate C-H bonds of hydrocarbons to give 

[bis(dicyclohexylphosphino)ethane]hydridoalkylplatinum(II)) compounds. When 1 is heated in 

benzenee solution, neopentane is reductively eliminated to generate a coordinatively unsaturated 

platinumm center.'91 Oxidative addition of a C-H bond of benzene produces cis-

[bis(dicyclohexylphosphino)ethane]hydridophenylplatinum(II).. The intermediate responsible for 

oxidativee addition is believed to be [bis(dicyclohexylphosphino)ethane]platinum(0). This electron-

richh d1 fragment can react with a variety of saturated and unsaturated hydrocarbons.'101 Therefore, 

wee like to see if this method also works in our case when using imidazolium salts. 

CV22 W I Cy 2 N ^ 

(( V \ + [0^H 'ne0Pentane. ( \ ( X I" 

Cy22 Cy2 

11 a 2a 

Schemee 4.3 C-H bond activation of imidazolium salts using Whitesides' method 

Indeed,, this approach works for C-H bond activation of certain imidazolium salts; when, 1,3-

bis(methyl)-imidazoliumm chloride (IMeHCl, (a)) is added to 1 in a 1:1 ratio under a dinitrogen 

atmospheree in a mixture of 1,4-dioxane and acetone, and is heated overnight at 80 °C, 2a is obtained 

ass the main product in good yield (see Scheme 4.3). The structure of 2a was evident from 'H and 
31PP NMR spectroscopy. The hydride of 2a is found at -2.68 ppm in the ]H NMR spectrum as a 

doublett of doublets with platinum satellites. 31P{ !H}  NMR spectroscopy showed the expected 

patternn with platinum satellites. The '/HPI couplings for 2a (1019 Hz) are slightly larger than those 

reportedd in literature for analogue cationic [HPtn(PR3)3][X]-complexes.[12'13]. Together with the C-H 

activationn of the imidazolium salt a, also a small amount of the solvent-molecules acetone and 1,4-

dioxanee are activated at their a-CH bonds. Simple washing with hexanes removes products due to 

C-HH activation of acetone and 1,4-dioxane, to yield pure 2a. 

Inn contrast, treatment of the Whitesides' compound with sterically more demanding 

imidazoliumm salts, having larger groups on the N-atom did not result in C-H activation at the 2-

position.. A mixture of products was found, mostly consisting of "C-H activated" solvent complexes. 
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-2dmfuu \ y~~U 
*"" \ .Pt R 

Thee bulky cyclohexylgroups on the phosphorus-atoms, needed to prevent cycloplatination, are to 

bigg to enforce C-H activation at the 2-position for other imidazolium salts. 

4.2.22 C-H activatio n of imidazoliu m salt s usin g Pt(0) carben e complexe s 

Becausee Whitesides approach using 1 is not applicable for C-H activation at the 2-position for 

aa broad range of imidazolium salts, we decided to take recourse to other electron-rich platinum(O) 

complexess that can equally create a reactive Pt intermediate with free coordination sites. Therefore, 

wee designed a platinum(O) complex that consists of one carbene ligand and two labile alkenes (see 

Schemee 4.4, compounds 3 and 4). The synthesis of these zerovalent platinum compounds is 

describedd in Chapter 3. These compounds are easy to handle; they are stable in air and also not 

reactivee towards water. 195Pt NMR spectroscopy has shown that the platinum centers of 3 and 4 

havee a high electron-density and therefore can be good candidates for the selective C-H activation 

off  imidazolium salts. 

RR ^ 
RR R — \ I ~ N " % 

ff  > - < R;  g)>-H 

33 R' a N 5a 

R R 
RR R — \ | 'N 

r V _ « * // R' ïrL-u -2dmfu. ' \ ^~N-
II >—PIV R;  + u 3 ^ H - \ /Pt R 
ÏÏ V ' <vY H 
RR \ V-N 

44 R a 6a 

RR = Mes R' = COOMe 

Schemee 4.4 C-H Activation of imidazolium salts by (carbene) platinum(O) complexes 

Indeed,, compounds 3 and 4 are reactive towards C-H bonds of certain imidazolium salts. 

Whenn we add one of more equivalents of an imidazolium salt like IMeHI (a, IMe = 1,3-

dimethylimidazol-2-ylidene)) to a solution of 3 in THF or acetone, C-H activation selectively takes 

placee at the C-2 position (N-Cff-N) of the imidazolium cation. The resulting compound is the first 

examplee of a thermally stable hydridoplatinum(II) biscarbene compound, frans-[hydrido 3,5-

dimethyl-imidazol-2-ylidenn iodo 3,5-dimesityl-imidazol-2-yliden] platinum(II) (HPt(I)(IMes)(IMe), 

5a).. After the reaction the dimethyl fumarate (dmfu) has been liberated and is found back in the 

resultingg solution. Similarly, the closely related rra«.s-[hydrido 3,5-dimethyl-imidazol-2-yliden iodo 
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3,5-dimesityl-dihydroimidazol-2-yliden]]  platinum(II) (HPt(I)(SIMes)(IMe), 6a) was prepared via 

thiss method from 4 and a. 

AA particularly novel aspect of this reaction is the use of a strong donor carbene ligand to 

increasee electron density on the metal center, making the platinum more reactive towards C-H 

bonds.. Furthermore, subsequently a mixed carbene complex has been generated. The 

carbene/imidazoliumm salt couple is acting both as a ligand and as the substrate. 

Thee products have been characterized by means of 'H, I 3C and 195Pt NMR spectroscopy and 

appearr to be square planar platinum complexes with two different carbene units in mutual trans 

positions.. The relative orientation of the carbene fragments was confirmed by 'H-NOE experiments. 

Inn the 'H NMR spectrum, the hydride is observed at -14.67 ppm for 5a and at -14.50 ppm for 6a. 

Thesee complexes exhibited 1/(195Pt,1H)-couplings of 1727 Hz (5a) and 1738 Hz (6a), which is in 

agreementt with a relatively weak frans-ligand such as an iodide. Such high values for the 
1y(195Pt,1H)-couplingss have not been reported before.112"141 Apparently, the two carbene fragments 

exertt a relatively small cw-influence§ compared to phosphines.1141 This can be understood, since the 

twoo carbenes exhibit mainly a-donating properties.[17! The strong o-donation of the carbenes results 

inn a corresponding increase of electron density of the s-valence orbital of the Pt atom, to the extent 

thatt the s-character of the Pt-H bond becomes very large, hence the V(195R,1H)-coupUng, 

determinedd by the Fermi contact term,"51 will be very large. 

Coordinationn of iodide was established by means of several experiments. Addition of a ligand 

(e.g.(e.g. acetonitrile, pyridine) did not result in displacement of the iodide, as was evidenced by H and 
195Ptt NMR spectroscopy. However, successive addition of pyridine and silver tetrafluoroborate to 

6aa gives cationic platinum complex 8a (see Scheme 4.5). 

N ^ \\ L // N ^ 
" \\ y ~ N pyridine, AqBF4 \ /~~N, 

\\ „Pt R — " \ „pt R 

6aa 8a 

RR = Mes 

Schemee 4.5 Addition of pyridine and silver tetrafluoroborate to 6a 

11 The ris-influence of ligands is determined by the ability to weaken the bond cis to itself in a in square planar 

complex."4-161 1 
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Thiss complex shows a hydride signal at -16.64 ppm with platinum satellites in the 'H NMR 

spectrum,, 'y(195Pt, 'H) = 989 Hz, indicating the substitution of the iodide. The smaller coupling can 

bee attributed to the coordination of the pyridine, which stabilizes the cationic metal center. 

X-rayX-ray crystal structure determination of 6a 

Thee molecular structure of the new hydrido platinum bis(carbene) compound 6a, has been 

unambiguouslyy proven by a single crystal X-ray structure analysis. The molecular structure of 6a is 

depictedd in Figure 4.1. Some selected bond lengths and angles are presented in Table 4.1. 

Figuree 4.1 Displacement ellipsoid plot of 6a with ellipsoid drawn at the 50% probability level. 

HydrogensHydrogens are ommited for clarity. 

Unfortunately,, it was impossible to determine the exact hydride position. As can be seen in 

Tablee 4.1, the C(l)-Pt(l)-I(l) angle and the C(22)-Pt(l)-I(l) angle are close to 90°, C(l)-Pt(l)-

C(22)) is close to 180 °C, which are indicative of a square planar environment. Hence, the C(l)-

Pt(l)-hydridee angle and the C(22)-Pt(l)-hydride angle can also expected to be around 90°. The two 

carbeness at platinum are almost coplanar, the torsion angle N(2)-C(l)-C(22)-N(3) is found to be 

5.3°.. The carbene-ring planes make an angle of 6.4° relative to each other and are both nearly 

perpendicularr to the coordination plane (C(l)-Pt(l)-I(l)-C(22). One of the planes of the mesityl-

groupss (C4-C11) is found to be almost perpendicular to the (N2-C1-N1) carbene-plane (85.5°) and 

thee other mesityl-group is found at an angle of 67.7° relative to the carbene-plane. 
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Tablee 4.1 Selected bond lengths (A) and angles (deg)for 6a (e.s.d. in parentheses). 

Pt( l ) -C( l)) 2.0034(19) Pt(l)-C(22) 2.008(2) 

Pt( l ) - I ( l )) 2.7160(3) 

C(l)-Pt( l )-C(22)) 174.22(9) C(l) -P t ( l ) - I ( l ) 96.11(6) 

C(22) -R( l ) - I ( l)) 89.42(6) 

InfluenceInfluence of N-substituent on N-atoms imidazolium salts on C-H bond activation reaction 

Too investigate the influence of the substituents on the N-atoms of imidazolium salts, we 

reactedd several imidazolium salts bearing different R-groups on the N-atoms (Figure 4.2), with the 

platinum(O)) complexes 3 and 4. 

R' ' 

I,I, X" R = = Me, Ph, /Pr, Eu, Mes 

HH R' = Me, Et, nBu, ffiu, Bz, Mes 

77 X" = CI", Br, I", BF4" 
R R 

Figuree 4.2 Imidazolium salts used in this study 

Additionn of the series IMeHX (a-b), I/PrHX (d-f), IfBuHX (f-h), (in increasing order of size 

off  the substituents on the nitrogens) to the zerovalent platinum complexes 3 and 4, results in 

hydridoo platinum(II) carbene complexes for IMeHX (5a, 6a-b) and KPrHX (5d, 4d-f). No C-H 

activatedd products were found when the more sterically demanding compounds IfBuHX (h-j) were 

addedd to 3 and 4. Addition of the least sterically demanding IMeHX (a-b) resulted in full 

conversionn to the corresponding Pt-complexes 5a-5b and 6a-6b. In contrast, when the somewhat 

moree steric i'Pr-group was introduced on the N-atom (d-f), the corresponding platinum complexes 

5d-5ff  and 6d-6f were obtained, but not in quantitative yield. To drive this reaction to completion 

(>95%),, removal of dmfu is required. Also, addition of some extra imidazolium salt helps to reach 

completee conversion. 

m-m-
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Mess R'—<\ Y K N^ S 
II / V R' I V- v I / 

>—>—«(«( R', +
 KD^ H ' ^\  Pt Mes 

^"NN \ \ N +2dmfu N - / X
H 

Mess f / ^ < ^ 
44 R' d-f V^6d- f 

R'' = COOMe X = CI" (d), Br (e), I" (f) 

Schemee 4.6 Equilibrium in C-H activation of imidazolium salts by Pt(0) 

Itt was concluded that it was not a consequence of a high energy barrier to oxidative addition, 

butt just a consequence of varying the equilibrium concentration of the reactants and products. 

Indeed,, addition of ca. 2 equivalents of dmfu to the products 6d-f gives rise to reactants 4 and d-f. 

Additionn of other, not too large, imidazolium salts like 1-ethyl 3-methyl imidazolium 

tetrafluoroboratee ([emim][BF4], 1), 1-butyl 3-methyl imidazolium tetrafluoroborate ([bmim][BF4], 

m),, 1-phenyl-3-methyl imidazolium iodide (n), 1-phenyl 3-benzyl imidazolium bromide (o) indeed 

selectivelyy resulted in C-H bond activation by 3 and 4 at the 2-position. When the larger 1,3-

dimesityll  imidazolium chloride was added, C-H activation does not occur. 

Inn the case of platinum(carbene) compounds 3 and 4, as opposed to the Whitesides complex 1 

(onlyy activation of IMeHI (a)), C-H bond activation at the 2-position of a variety of imidazolium 

saltss appears to be possible. This may be due to the involvement of just one stable monodentate 

coordinatingg ligand (IMes), instead of a the more crowded didentate PP-ligand that was thought to 

bee needed.171 This implies that larger substituents on the nitrogen of the imidazolium salt can be 

introduced,, with maintenance of the reactivity of 3 and 4 towards the the C-H bond of the 

imidazoliumm salts. 

Thee addition of the series IMeHX (a-b), I/PrHX (d-f), IrBuHX (f-h) and the other 

imidazoliumm salts 1, m, n, o to 3 and 4 showed that the substitution pattern on the nitrogens of the 

imidazoliumm salts is very important. If just one nitrogen is substituted with a primary alkyl chain, 

thee reaction is complete. However, with the introduction of secondary alkyl chains on both 

nitrogens,, the C-H bond activation reactions result in incomplete reaction. The introduction of 

tertiaryy alkyl chains at both nitrogens makes the imidazolium salt entirely unreactive towards 3 and 

4 4 

Thiss reactivity of imidazolium compounds has a great impact on the behavior of d10 metal(O) 

catalystss in imidazolium based ionic liquids, in which the nitrogens mostly carry primary alkyl 

chains.. The behavior of such systems becomes evident if one studies the reactivity of [emim][BF4] 
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(1)) and [bmim][BF4] (m) towards 3 and 4. In this way, hydrido-metal(carbene) complexes of d 

metalss can be easily synthesized. When performing reactions in imidazolium-based ionic liquids, 

thee formation of these kind of complexes with late transition metals has to be considered. The 

describedd direct synthesis of these late-transition metal(carbene) complexes is very desirable, 

becausee no base is used and atom economy is maintained.181 Late-transition metal hydrides are 

knownn to be involved in a lot of catalytic reactions118'191 and therefore direct synthesis of these 

reactivee species in catalysis is possible. 

llHH and mPt NMR spectroscopy 

Thee hydride region of the !H NMR spectrum is a very useful tool for comparing the 

(hydrido)platinum(biscarbene)) complexes. Selected data have been displayed in Table 4.2. It can be 

seenn that all hydride resonances of the complexes having a iodide trans to the hydride (5a, 5s, 6a, 

6f,, 6n, 6s), are found in the region -14.7 to -14.5 ppm, whereas those having a bromide trans to the 

hydridee (61, 6o, 6b), are found in the region -17.5 to -17.2 ppm. The complexes having a chloride 

transtrans to the hydride (5q, 6d, 6q), are all found around -18.8 ppm. The influence of the trans-ligand 

onn the chemical shift of the hydride is enormous, as has been described in many cases 

previously.112'13'151 1 

Fromm Table 4.2 it can also be concluded that the VHPI follows the opposite trend compared to 

thee chemical shift. The VHR steadily increases going from chlorides (1500 Hz), bromides (1670 Hz) 

too iodides (1740 Hz), following the trend of decreasing trans influence. ' ' The 7HPI for the 

weaklyy coordinating BF4" is about 1840 Hz. The latter trend is commonly explained by the 

decreasingg electron-accepting properties of the halide or anion trans to the hydride, leading to an 

increasee in the Pt-H bond strength, hence larger s-character of the Pt-H bond, resulting in a larger 

JHPI-JHPI-

75 5 



ChapterChapter 4, Part A 

Tablee 4.2 HNMR hydride chemical shifts ofhydrido platinum complexes in acetone-d^. 

IRR'HX X 

a a 

b b 

d d 

e e 

f f 

1 1 

m m 

n n 

o o 

q q 

r r 

s s 

R R 

Me e 

Me e 

Pr r 

Pr r 

Pr r 

Me e 

Me e 

Me e 

Bz z 

Me e 

Me e 

Me e 

R' ' 

Me e 

Me e 

Pr r 

Pr r 

Pr r 

Et t 

nBu u 

Ph h 

Ph h 

nBu u 

nBu u 

nBu u 

X X 

|--

BF4" " 

CI" " 

Br" " 
1" " 

BF4" " 

BF4" " 

1" " 

Br" " 
CI" " 

Br" " 

1" " 

HPt(X)(IMes)(IRR' )) [5] 

-14.677 (1727 Hz) 

-18.911 (1581 Hz)a 

-26.455 (1827 Hz)a 

-19.022 (1580 Hz)a 

-17.700 (1663 Hz)a 

-14.711 (1728 Hz)a 

HPt(X)(SIMes)(IRR' )) [6] 

-14.566 (1737 Hz) 

-26.155 (1838 Hz)a 

-18.74(15911 Hz) 

-17.477 (1677 Hz) 

-14.533 (1746 Hz) 

-26.044 (1834 Hz)a 

-26.188 (1847 Hz)a 

-14.722 (1746 Hz)a 

-17.166 (1674 Hz)a 

-18.811 (1590 Hz)a 

-17.488 (1668 Hz)a 

-14.566 (1743 Hz)a 

Chemicall shifts (ö) are inpprnreïative to TMS and^^ 

Thee cationic complexes 6b, 61, 5m, 6m are not stable for extended periods of time, usually 

theyy decompose at room temperature in two hours. Fast generation of the cationic species is 

requiredd and was achieved by heating an NMR tube containing a solution of 3 or 4 in acetone-fife in 

thee presence of a few equivalents of b, 1 or m in a oil bath at 60 °C during 30 minutes, after which 

HH and Pt NMR spectra were recorded at room temperature. The same trend in 'JHPI as noted 

beforee has been observed for frarcs-coordinating anions/halides in HPt(X)(IMes)(I(nBu)(Me)) (5): 

5m5m (X = BF4, 1827 Hz), 5s (X = I, 1728 Hz), 5r (X = Br, 1663), 5q (X = CI, 1580 Hz). 

Mesvv -
N " % % 

HXX > N 
, p t t 

>YY \ 
5m,, 5q-s 

Mes s 

// Mes^ . 

SS \>~K 
CC Pt Mes 

6m,, 6q-s 

XX = BF4 (m), CI (q), Br (r), I (s) 

Figuree 4.3 Trans-biscarbene platinum complexes 

Thiss trend in chemical shift of the hydride and the value of the '/HPI has also been observed 

forr  fran5-HPt(X)(PPh2Me)2 complexes'12' and trans-EPt(X)(PBz3)2 complexes.'13' A c«-influence 
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ass found for different phosphines on the '/RH in a range of /rans-HPt(X)(PR3)2 complexes114' was 

nott convincingly demonstrated for the various tazns-HPt(X)(carbene)2 complexes in our case. 

However,, the cis-influence of the carbenes in fra«5-HPt(X)(carbene)2 is much smaller than that 

observedd for phosphines in frans-HPt(X)(PR3)2, as can be concluded from comparison of the values 

off  the respective ]Jpai, which are much smaller for the phosphine-complexes. 

Tablee 4.3 mPt NMR data of trans-bis(carbene)Pt(H)(X) in acetone-d6 

IRR'HX X 

a a 

b b 

d d 

e e 

f f 

m m 

n n 

q q 

r r 

s s 

R R 

Me e 

Me e 

Px Px 

Px Px 

Px Px 

Me e 

Me e 

Me e 

Me e 

Me e 

R' ' 

Me e 

Me e 

Px Px 

Px Px 

Px Px 

nBu u 

Ph h 

nBu u 

nBu u 

nBu u 

X" " 

r r 
BF4" " 

cr r 
Br" " 

r r 
BF4" " 

r r 
cr r 
Br" " 

r r 

HPt(X)(IMes)(IRR' )) [5] 

-4630 0 

-4291a a 

-4251a a 

-4300a a 

-4414a a 

-4625a a 

HPt(X)(SIMes)(IRR' )) [6] 

-4634 4 

-4259a a 

-4290 0 

-4410 0 

-4629 9 

-4251a a 

-4566 6 

-4299a a 

-4415a a 

-4629a a 

Chemicall shifts (ö) are in ppm relative to Na2PtCI6. in situ formed 

195T T Moree information on the chemical properties of the metal center was sought by means of Pt 

NMR.. The chemical shift of  195Pt nuclei are sensitive to the ligands present in the coordination 
M ll OOI 10S 

spheree and is therefore a useful probe of the electronic environment of the metal. In the Pt 

NMRR spectrum the chemical shifts found for HPt(X)(IMes)(I(R)(R')) (5) and 

HPt(X)(SIMes)(I(R)(R'))) (6) are the same within the margin of error (see Table 4.3). This means 

thatt the coordination sphere is identical, irrespective of whether a saturated (SIMes) or an 

unsaturatedd (IMes) ligand is present. Similarly to the fact that in the chemical shift of the hydride in 

thee 'H NMR spectra is mainly determined by the halide trans towards the hydride, the l Pt 

chemicall  shift is greatly influenced by the halides coordinated to the platinum(II), as seen in the 

complexess 5m (X = BF4, -4251 ppm), 5s (X = I, -4625), 5r (X = Br, -4414 ppm), 5q (X = CI, -4300 

ppm).. This nephelauxetic effect is known and a good relationship was found between the 195Pt 

chemicall  shift and covalency of the Pt-X bond. If X forms very covalent bonds, or 71-bonds 

appreciablyy with platinum, the chemical shift moves to lower frequency.1151 
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C-HC-H activation of imidazolium salts at room temperature 

Wee first performed the C-H activation reactions in refluxing THF or acetone (for imidazolium 

saltt a full conversion to 5a and 6a takes place in one hour), but we later found that this reaction 

evenn occurs at room temperature. Full conversion to 5a and 6a has been obtained within 4-7 days at 

200 °C. As far as we know this is the first reported C-H activation by Pt° under such mild conditions. 

Forr Pt" systems the cationic [Pt(Me)(NN)(H20)]+[BF4]' is able to activate aryl C-H bonds at room 

temperature/2311 but this complex is not stable under air, while the Pt° complexes 3 and 4 are very 

easyy to handle without the necessity to exclude air or moisture. It remains difficult to compare these 

twoo systems, because the electronrich Pt(0) complexes react with C-H bonds via nucleophilic 

pathwayss and the electronpoor cationic Pt(II ) complex react via electrophilic pathways. 

Thee explanation as to why this reaction can take place at room temperature is found in the 

relativelyy labile coordination of the dimethylfumarate and in the high electron density on the 

resultingg unsaturated platinum center (see also Chapter 3). This has already been predicted by DFT 

calculationss by White and Cavell, who found a low barrier in the reaction coordinate in the case of 

platinumm when a C-H bond of an imidazolium salt was added to the platinum center.171 

Ann exciting feature of this reaction is that it proceeds without an assisting "handle", such as 

coordinationn to a heteroatom.[8] The reaction between the Pt(0) carbene and imidazolium salt is 

clearlyy an intermolecular process, but pre-coordination of the imidazolium salt remains a possibility 

(seee Scheme 4.7). In all NMR experiments a small signal was observed around 6.0 ppm with 

platinum-satellites,, which suggests an intermediate like 5a'. 

Mess R1—-\ I Mes <s+)i, 

[II / - « R.  g » - H = = * L >""" ' 
^-NN \ \ ^ N +dmfu ^"N 

Mess  ' Mes 

33 R' a [5a']  R' 

R'' = COOMe 

Schemee 4.7 Possible intermediate in the C-H activation process 

Thiss intermediate cannot be present when using the saturated analogue of the imidazolium 

salts,, the imidazolinium salts (e.g. SIMeHI, SI/PrHCl). Addition of imidazolinium salts did not 

resultt in C-H activated platinum complexes. For these compounds the C-H bond at the 2-position is 

moree activated, so this proton should be more acidic. In this reaction, pre-coordination is 
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impossible,, and the fact that no reaction is observed may imply that pre-coordination is indeed 

important,, suggesting the importance of intermediates like 5a*. 

4.33 Conclusion s 

C-HH bonds of imidazolium salts have been activated intermolecularly by readily prepared 

zerovalentt platinum mono-carbene bis(alkene) complexes. These C-H activations take place at 

roomm temperature to yield platinum(II) biscarbene hydride complexes, in which the two different 

carbeness occupy mutual taws-positions. The method of C-H bond activation of imidazolium salts 

byy zerovalent platinum mono-carbene bis(alkene) complexes has been compared to the well known 

Whitesidess system and was found to be more effective. 

Thee products of the C-H activation the imidazolium salts by Pt°(carbene)(dmfu)2, the hydrido 

(biscarbene)platinum(II)) complexes, have not previously been known in the literature and are, to 

somee extent, comparable to frans-HPt(X)(PR3)2 systems. In the !H NMR spectrum, the signals of 

thee hydrides can be found at low frequency and exhibit very large one-bond scalar coupling to Pt 

inn the range of 1580-1840 Hz. Such high values have not been reported before, but they are in 

agreementt with the weak tams-influence of the halogenides and the weakly coordinating BF4". The 

highh values for the coupling constants are due to the presence of two carbenes, which are known to 

exhibitt mainly o-donating properties and therefore have a very weak cis-influence. 

Thee substituents on the nitrogen-atoms of the imidazolium salts are very important; if just one 

nitrogenn is substituted with a primary alkyl chain, the C-H activation goes to completion. However, 

introductionn of secondary alkyl chains results in equilibria in the C-H bond activation reactions, 

whilee tertiary alkyl chains render the imidazolium salts unreactive towards the zerovalent platinum 

mono-carbenee bis(alkene) complexes. 

Itt has become clear from our experiments that the reactivity of an imidazolium salt may 

stronglyy influence the behavior of d10-metal(0) catalysts when these are used in imidazolium-based 

ionicc liquids as solvents. Most of the latter bear primary alkyl chains on the nitrogen atoms and 

mightt therefore react analogously to the reactions described for [emim][BF4] and [bmim][BF4] with 

zero-valentt platinum mono-carbene bis(alkene) complexes. This reaction opens an easy access to 

hydridoo d8-metal complexes, which are known to be involved in a variety of catalytic reactions. 
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4.44 Experimenta l Sectio n 

4.4.11 General 

Alll  reactions involving air-sensitive compounds were carried out under a dinitrogen 

atmospheree using standard Schlenk techniques. Chemicals were purchased from Acros Chimica, 

Aldrichh and Fluka. Solvents were dried and distilled prior to use, according to standard methods. 

ds-[bis(dicydohexylphosphino)ethane]-hydridoneopentylplatinum(II),[911 1,3-dimesityl-imidazolium 

chloride,t24]] l,3-dimesityl-dihydroimidazoliumchloride,(24] and l-phenylimidazole[25' were prepared 

accordingg to literature procedures. 1,3-bismethyl-imidazolium iodide, 1,3-bis(isopropyl)-

imidazoliumm chloride and l,3-bis(fert-butyl)-imidazolium chloride were kindly provided by prof. dr. 

K.. J. Cavell (Cardiff University, UK). NMR measurements were performed on either a Varian 

Mercury3000 spectrometer (]H: 300.13 MHz, ,3C 75.47 MHz), a Varian Inova500 spectrometer ('H: 

499.888 MHz, 13C: 125.70 MHz) or Bruker DRX300 spectrometer (*H: 300.13 MHz, 13C: 75.47 

MHz,, 195Pt: 64.13 MHz). 195Pt NMR spectra were measured via a normal HMQC sequence at 298K. 
13CC NMR spectra were measured with *H decoupling. Positive chemical shifts (8) are denoted for 

high-frequencyy shifts relative to TMS ('H, 13C) or an external Na2PtCl6 reference (195Pt). HRMS 

measurementss were performed on a JEOL JMS SX/SX102A four sector mass spectrometer, coupled 

too a JEOL MS-MP9021D/UPD system program. For Fast Atom Bombardment (FAB) mass 

spectrometry,, the samples were loaded in a matrix solution (3-nitrobenzyl alcohol) onto a stainless 

steell  probe and bombarded with xenon atoms with an energy of 3 KeV. During the high resolution 

FAB-MSS a resolving power of 10,000 (10% valley definition) was used. 

4.4.22 Synthesi s 

1,3-bismethyl-imidazoliumm tetrafluoroborat e (b)[26] 

575.44 mg (2.569 mmol) a is dissolved in a mixture of 15 ml dichloromethane and 15 ml acetonitrile. 

501.99 mg (2.578 mmol) silver tetrafluoroborate is added to the solution. This mixture is stirred for 

twoo hours at room temperature and then filtered over Celite. Evaporation of the solvent yielded 

463.55 mg (98%) of a colorless oil. 'H NMR (500 MHz, dmso-4, #ppm)): 8.99 (1H, s, N-C//-N), 

7.655 (2H, d, 1.5 Hz, N-Ctf=C#-N), 3.84 (6H, s, N-C#3).
 13C NMR (125.7 MHz, dmso- ,̂ #ppm)): 

137.71,, 124.13, 36.34. 
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l,3-bis(isopropyl)-imidazoliumm bromide (e)L  J 

Too a solution of 0.3996 g (2.118 mmol) of l,3-bis(isopropyl)-imidazolium chloride (d) dissolved in 

400 ml dichloromethane, 0.4361 g (4.2 mmol) NaBr was added. This mixture was stirred overnight, 

andd then was filtered over Celite. The volatiles of the filtrate were removed in vacuo, yielding 

0.43122 g (87%) of an off white powder. *H NMR (300 MHz, acetone-^,) 8(ppm)): 10.66 (1H, s, N-

C//-N),, 8.05 (2H, d, VHH = 1.5 Hz, N-CH-CH-N), 5.01 (2H, septet, 3/HH = 6.6 Hz, Ctf(CH3)2, 1.62 

(12H,, d, 37HH = 6.6 Hz, CH(CH3)2).
 13C NMR (75.47 MHz, acetone-)̂ 5(ppm)): 136.35, 121.56, 

53.91,, 23.27. 

l,3-bis(isopropyl)-imidazoliumm iodide (f)[28] 

Too a solution of 0.1999 g (1.060 mmol) of l,3-bis(isopropyl)-imidazolium chloride (d) dissolved in 

300 ml dichloromethane, 0.2384 g (1.59 mmol) Nal was added. This mixture was stirred overnight, 

andd then was filtered over Celite. The volatiles of the filtrate were removed in vacuo, yielding 

0.24455 g (82%) of an off white powder. *H NMR (300 MHz, acetone-rf6) ö(ppm)): 9.81 (1H, s, N-

C//-N),, 7.91 (2H, d, 4/HH = 0.9 Hz, N-CH-CHN), 4.9 (2H, septet, VHH = 6.6 Hz, Cff(CH3)2), 1.60 

(12H,, d, VHH = 6.6 Hz, CH(C#3)2).
 13C NMR (75.47 MHz, acetone-,̂ 5(ppm): 134.82, 121.7, 

53.44,, 22.70. 

l,3-bis(fc7*-butyI)-imidazoliur nn bromide (i) 

Too a solution of 0.4018 g of l,3-bis(terf-butyl)-imidazolium chloride (h) dissolved in 40 ml 

dichloromethane,, 0.38 g NaBr was added. This mixture was stirred overnight, and then was filtered 

overr Celite. The volatiles of the filtrate were removed in vacuo, yielding 0.2445 g (82%) of a pale 

yelloww powder. 'H NMR (500 MHz, dmso-<4) 5(ppm)): 9.09 (1H, s, N-Ctf-N), 8.09 (2H, s, N-CH-

C//-N),, 1.61 (12H, s, C(CH3)3).
 13C NMR (125.7 MHz, dmso-de, 5(ppm): 133.03, 121.19, 60.39, 

29.84. . 

l,3-bis(tert-butyi)-imidazoliu mm iodide (j) 

Too a solution of 0.2013 g (0.9294 mmol) of l,3-bis(tert-butyl)-imidazolium chloride (h) dissolved 

inn 30 ml dichloromethane, 0.2276 g (1.52 mmol) Nal was added. This mixture was stirred 

overnight,, and then was filtered over Celite. The volatiles of the filtrate were removed in vacuo. The 

solidd is recrystallized from aceton/hexanes yielding 0.1874 g (65%) of a pale yellow powder. !H 

NMRR (300 MHz, acetone-)̂ 5(ppm)): 9.43 (1H, s, N-C//-N), 8.18 (2H, d, VHH = 1.5 Hz, N-C//-
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CH-N),CH-N), 1.79 (12H, s, C(CH3)3).
 13C NMR (75.47 MHz, acetone-,̂ ö(ppm): 133.63, 120.83, 60.87, 

29.58.. FAB-MS: [2M-I] + = 489.24, [M-I] + = 181.20. 

(l-phenyl-3-benzyl)-imidazoliumm bromide (n) 

0.466 g (3.2 mmol) 1-phenylimidazole and 0.38 ml (3.2 mmol) benzylbromide are dissolved in 30 ml 

hexanes.. This mixture was heated overnight at 60 °C overnight. The precipitate was filtered off and 

washedd with hexanes (2x 30 ml) and diethylether (2x 30 ml) to yield 0.48 g (64 %) of a off-white 

powder.. !H NMR (500 MHz, dmscwfc) 6(ppm)): 10.16 (1H, s, NC//N), 8.37 (1H, s, Imtf), 8.08 (1H, 

s,, ImH), 7.83 (2H, d, VHH = 7.5 Hz, Ar/7), 7.66 (2H, t, 3Jm = 7.5 Hz, AiH), 7.57 (3H, m, AiH), 7.43 

(3H,, m, AiH), 5.55 (2H, s, NC#2).
 13C NMR (125.7 MHz, dmso-rf6, ö(ppm): 136.26, 135.43, 

135.20,, 130.86, 130.51, 129.69, 129.55, 129.27, 123.96, 122.63, 122.36, 53.05. FAB-MS: [2M-Br]+ 

== 549.16, [M-Br] + = 236.13. 

(l-butyl-3-methyl)-imidazoliu mm chloride (q)[291 

3.711 g ( 0.0452 mol) 1-methylimidazole was dissolved in 15 ml 1-chlorobutane. This mixture was 

stirredd overnight at 80 °C. The excess of 1-chlorobutane was removed under rotary evaporation, 

resultingg in a pale yellow oil (7.80 g, 99%). *H NMR (300 MHz, dmso- )̂ S(ppm)): 9.41 (1H, s, 

NCtfN),, 7.84 (1H, s, ImH), 7.76 (1H, s, Imtf), 4.17 (2H, t, 3/HH = 7.2 Hz NC#2), 3.85 (3H, s, 

NC//3),, 1.75 (2H, quint, 37HH = 7.2 Hz, NCH2C/72), 1.23 (2H, quint, VHH = 7.2 Hz, CH3C//2), 0.87 

(3H,, t, VHH = 7.2 Hz, Ctf3CH2).
 13C NMR (125.7 MHz, dmso-<26, 5(ppm): 137.40, 124.26, 122.97, 

49.09,, 36.38, 32.10, 19.46, 13.98. 

(l-butyl-3-methyl)-imidazoliu mm bromide (r) [30] 

0.422 g (2.4 mmol) q was dissolved in 20 ml dichloromethane. 0.7 g sodium bromide was added to 

thiss solution and the resulting mixture was stirred overnight. The insoluble materials were filtered 

offf  and were washed once with 5 ml dichloromethane. The volatiles of the filtrate were removed in 

vacuo,vacuo, yielding a pale yellow oil (0.42 g, 80%). !H NMR (300 MHz, acetone-)̂ ö(ppm)): 10.25 

(1H,, s, NC//N), 7.95 (1H, s, ImH), 7.86 (1H, s, ImH), 4.43 (2H, t, 37HH = 7.2 Hz NCH2), 4.07 (3H, 

s,, NC//3), 1.89 (2H, quint, 37HH = 7.2 Hz, NCH2C//2), 1.36 (2H, quint, VHH = 7.2 Hz, CH3C//2), 

0.922 (3H, t, VHH = 7.2 Hz, Ctf3CH2).
 13C NMR (75.47 MHz, acetone-,̂ ö(ppm): 138.01, 123.97, 

122.75,, 49.34, 36.06, 32.44, 19.48, 13.31. 
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(l-butyl-3-methyl)-imidazoliu mm iodide (s)L 

0.500 g (2.9 mmol) q was dissolved in 25 ml dichloromethane. 0.51 g (3.4 mmol) sodium iodide was 

addedd to this solution and the resulting mixture was stirred overnight. The insoluble materials were 

filteredd off and were washed once with 5 ml dichloromethane. The volatiles of the filtrate were 

removedd in vacuo, yielding a pale yellow oil (0.69 g, 90%). fH NMR (300 MHz, acetone-)̂ 

5(ppm)):: 9.69 (1H, s, NC#N), 7.92 (1H, s, Imtf), 7.82 (1H, s, ImH), 4.41 (2H, t, 3/HH = 7.2 Hz 

NO/2),, 4.07 (3H, s, NC//3), 190 (2H, quint, 37HH = 7.2 Hz, NCH2C#2), 1.33 (2H, quint, 3/HH = 7.2 

Hz,, CU3CH2), 0.89 (3H, t, 3/HH = 7.2 Hz, C#3CH2).
 ,3C NMR (75.47 MHz, acetone-,̂ ö(ppm): 

137.39,, 124.10, 122.89,49.53, 36.74, 32.40, 19.48, 13.34. 

(l-butyl-3-methyl)-imidazoliu mm tetrafluoroborat e (m)[32] 

0.477 g (2.7 mmol) q was dissolved in 25 ml dichloromethane. 0.42 g (3.8 mmol) sodium 

tetrafluoroboratee was added to this solution and the resulting mixture was stirred overnight. The 

insolublee materials were filtered off and were washed once with 5 ml dichloromethane. The 

volatiless of the filtrate were removed in vacuo, yielding a pale yellow oil (0.53 g, 87%). H NMR 

(3000 MHz, acetone-)̂ o(ppm)): 8.95 (1H, s, NC//N), 7.71 (1H, s, ImH), 7.66 (1H, s, ImH), 4.30 

(2H,, t, 37HH = 7.2 Hz NC//2), 3.99 (3H, s, NCtf3), 1.87 (2H, quint, VHH = 7.2 Hz, NCH20/2), 1.33 

(2H,, quint, VHH = 7.2 Hz, CH3Cff2), 0.90 (3H, t, VHH = 7.2 Hz, C//3CH2).
 13C NMR (75.47 MHz, 

acetone-de,, 5(ppm): 137.09, 124.25,122.86,49.53, 36.05, 32.26,19.46, 13.19. 

m-(bis(dicyclohexylphosphino)ethanee hydrido 3,5-dimethyl-imidazol-2-yliden ptatinum(II ) 

iodidee (2a) 

l,3-bis(methyl)-imidazoliumm iodide (z) and cis-(bis(dicyclohexylphosphino)ethane)-

hydridoneopentylplatinum(II)) (1) are dissolved under a nitrogen atmosphere in a mixture of 1,4-

dioxanee and acetone. Acetone is added to ensure that all the imidazolium salt a is dissolved. This 

mixturee is heated overnight at 80 °C. After cooling down the clear reaction mixture to room 

temperature,, the volatile components are removed in vacuo. The remaining solids are washed twice 

withh petroleum ether or pentane to yield white to off-white products. *H NMR (300 MHz, acetone-

ck,ck, tfppm)): 7.25 (2H, s, % * = 8.8 Hz), 3.78 (6H, s), 2.2 (4H, m), Ll-2.0 (20H, m), -2.68 (1H, dd, 

VHP™™ = 13.2 Hz, ^mtrans = 170 Hz, './mi = 1019 Hz. 31P{,H}  NMR (121.66 MHz, acetone-rf6, 

<5(ppm)):: 73.65 (2/PPt = 2394 Hz), 67.71 (2Jm = 1754 Hz). ,95Pt NMR (64.3 MHz, acetone-,̂ 

8(ppm)):: -5130 ppm. 
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trans-hydridotrans-hydrido 3,5-dimethyl-imidazol-2-yliden iodo 3,5-dimesityl-imidazol-2-yliden 

platinum(II )) (5a) 

Too a solution of 29.4 mg (0.0373 mmol) 3 in 20 ml acetone, 10.2 mg (0.0456 mmol) a was added. 

Thee solution was stirred overnight at 55 °C. The volatiles were evaporated at reduced pressure and 

thee residue was dissolved in 30 ml of dichloromethane. This mixture was transferred to a separatory 

funnell  and was washed twice with 5 ml of water. The organic layer was dried on MgSC>4 and 

filtered.. The volatiles were removed under reduced pressure and the off white residue was washed 

twicee with 20 ml of a hexanes/ether mixture (1:1). The precipitate was dried in vacuo yielding 21.9 

mgg (0.0302 mmol, 81 %) of a white powder. 'H-NMR (300 MHz, acetone-de, 6(ppm)): 7.30 (2H, s, 
4J{,95Pt,, 'H}  = 6.0 Hz), 6.97 (4H, s), 6.84 (2H, s, 4J{195Pt, JH}  = 8.0 Hz), 3.23 (6H, bs), 2.30 (6H, 

s),, 2.26 (12H, s), -14.67 (1H, s, !J{195Pt, 'H}  = 1727 Hz). 13C NMR (125.7 MHz, acetone-4, 

<5fppm)):: 179.44, 175.67, 137.90, 137.19, 133.30, 128.68, 122.02, 120.74, 36.34, 20.47, 18.99. 195Pt 

(64.33 MHz, acetone-,̂ 5(ppm)): -4631. 

tozns-hydridotozns-hydrido 3,5-dimethyl-imidazol-2-yliden iodo 3,5-dimesityI-dihydroimidazol-2-yliden 

platinum(II )) (6a) 

Too a solution of 49.1 mg (0.0619 mmol) 4 in 20 ml acetone, 14.4 mg (0.0643 mmol) a was added. 

Thee solution was stirred overnight at 55 °C. The volatiles were evaporated at reduced pressure and 

thee residue was dissolved in 40 ml of dichloromethane. This mixture was transferred to a separatory 

funnell  and was washed twice with 10 ml of water. The organic layer was dried on MgSC>4 and 

filtered.. The volatiles were removed at reduced pressure and the off white residue was washed twice 

withh 20 ml of a hexanes/ether mixture (1:1). The precipitate was dried in vacuo yielding 42.9 mg 

(0.05900 mmol, 88 %) of a white powder. Single crystals suitable for X-ray structure analysis could 

bee obtained by slowly cooling a warm saturated solution of 6a in toluene to room temperature and 

thenn to -20 °C. lH NMR (300 MHz, acetone-rf6, o\ppm)): 6.93 (4H, s), 6.85 (2H, br s), 4.06 (4H, s), 

3.177 (6H, s), 2.53 (12H, s), 2.28 (6H, s), -14.50 (s, VHPT = 1738 Hz). ,3C NMR (125.7 MHz, 

acetone-*,̂, #ppm)): 204.78, 177.16, 137.44, 136.99, 136.89, 136.17, 128.92, 120.83, 50.60 (VHP, = 

65.22 Hz), 36.27, 20.47, 19.13. 195Pt (64.3 MHz, acetone-,̂ SXppm)): -4634. FAB-MS: [M] + = 

725.15. . 
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trans-hydrid oo 3,5-di(methyIethyl)-imidazol-2-yliden chloro 3,5-dimesityl-dihydroimidazol-2-

ylidenn platinum(TT ) (6d) 

Too a solution of 49.6 mg of 4 in 40 ml of acetone, 14.0 mg of d was added. The solution was stirred 

overnightt at 55 °C. The volatiles were evaporated at reduced pressure and the residue was dissolved 

inn 40 ml of dichloromethane. This mixture was transferred to a separatory funnel and was washed 

twicee with 10 ml of water. The volatiles of the organic fraction were then removed at reduced 

pressuree and the pale yellow solid was washed twice with 20 ml of a hexanes/ether mixture (1:1). 

NMRR studies showed that the conversion was not complete and therefore another 15 mg of d was 

addedd and the complete batch was dissolved again in 40 ml of acetone, this was stirred overnight at 

555 °C. The volatiles were evaporated at reduced pressure and the residue was dissolved in 40 ml of 

dichloromethane.. This mixture was transferred to a separatory funnel was washed twice with 10 ml 

off  water. Furthermore, the volatiles were removed at reduced pressure and the residue was washed 

twicee with 20 ml of a hexanes/ether mixture (1:1). The precipitate was dried in vacuo yielding 

0.00833 g (20 %) of a white solid. JH NMR (300.13 MHz, acetone-,̂ S(ppm)): 6.88 (4H, s, Ar-H), 

6.855 (2H, br s, NC//=C#N), 4.59 (2H, 37HH = 6.6 Hz, septet, C//(CH3)2), 4.01 (4H, s, NC/72-

C#2N),, 2.43 (12H, s, o-Me), 2.22 (6H, s, p-Me), 1.01 (12H, d, VHH = 6.6 Hz, CH(C#3)2)), -18.74 

(s,, VHR = 1591 Hz). 13C NMR (125.7 MHz, acetone-^,, ö(ppm)): 206.27, 176.29, 137.54, 137.37, 

136.70,, 128.68, 115.55 (VCpt = 26 Hz), 51.41 (Vat = 43 Hz), 50.28 (VCPt = 38 Hz), 22.06, 20.50, 

18.46. . 

trans-hydrid oo 3,5-di(methylethyl)-imidazol-2-yIiden bromo 3,5-dimesityl-dihydroimidazol-2-

ylidenn platinum(H) (6e) 

Too a solution of 49.6 mg of 4 in 40 ml acetone, 17.0 mg of e was added. The solution was stirred 

overnightt at 55 °C. The volatiles were removed at reduced pressure and the residue was dissolved in 

400 ml dichloromethane. This mixture was transferred to a separatory funnel and the organic layer 

wass washed twice with 10 ml water. The organic layer was dried on MgSC>4 and the volatiles were 

removedd at reduced pressure. The remaining solids were washed twice with 20 ml of a 

hexanes/etherr mixture (1:1). NMR studies showed that the conversion was not complete and 

thereforee another 20 mg of e was added and the complete batch was redissolved in 40 ml of 

acetone,, this was stirred overnight at 55 °C. The volatiles were evaporated at reduced pressure and 

thee residue was dissolved in 40 mL of dichloromethane. This mixture was transferred to a 

separatoryy funnel was washed twice with 10 ml water. The volatiles were evaporated at reduced 

pressuree and the residue was washed twice with 20 ml of a hexanes/ether mixture (1:1). The 
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precipitatee was dried in vacuo yielding 0.0338 g (74%) of a white solid. *H NMR (500 MHz, 

acetone-,̂, ö(ppm)): 6.99 (4H, s, Ar-H), 6.83 (2H, br s, NCH=CHN), 4.58 (2H, 3JHH = 6.9 Hz, 

septet,, Ctf(CH3)2), 4.02 (4H, s, NCH2-CH2N), 2.45 (12H, s, o-Me) 2.26 (6H, s^-Me), 1.01 (12H, 

d,, 3J{lHM} 6.9 Hz, CH(Ctf3)2), -17.47 (s, VHP, = 1677 Hz). 13C NMR (125.7 MHz, acetone-,̂ 

6(ppm)):: 206.15, 175.25, 137.48, 137.39, 136.73, 128.75, 115.63, 51.30, 50.35, 21.99, 20.48, 18.40. 

trans-hydrid oo 3,5-di(methylethyl)-imidazol-2-yliden iodo 3,5-dimesityl-dihydroimidazol-2-

ylidenn platinum(II ) (6f) 

Too a solution of 49.0 mg of 4 in 40 ml acetone, 20.0 mg of f was added. The solution was stirred 

overnightt at 55 °C. The volatiles were removed at reduced pressure and the residue was dissolved in 

400 ml of dichloromethane. This mixture was transferred to a separatory funnel and the organic layer 

wass washed twice with 10 ml water. Again, the volatiles were removed at reduced pressure and the 

residuee was washed twice with 20 ml of a hexanes/ether mixture (1:1). NMR studies showed that 

thee conversion was not complete and therefore another 20 mg of f was added and the complete 

batchh was redissolved in 40 ml of acetone, and was stirred overnight at 55 °C. The volatiles were 

evaporatedd at reduced pressure and the residue was dissolved in 40 ml of dichloromethane. This 

mixturee was transferred to a separatory funnel was washed twice with 10 ml of water. Again the 

volatiless were removed at reduced pressure and the residue was washed twice with 20 ml of a 

hexanes/etherr mixture (1:1). The precipitate was dried in vacuo yielding 0.0113 (23%). lH NMR 

(5000 MHz, acetone-,̂ 5(ppm)): 6.99 (4H, s, Ar-H), 6.83 (2H, br s, NCH=CHN), 4.55 (2H, 3/HH = 

6.66 Hz, septet, Ctf(CH3)2), 4.02 (4H, s, NC#2-C//2N), 2.47 (12H, s, o-Me), 2.26 (6H, s, p-Me), 1.01 

(12H,, d, VHH = 6.6 Hz, CH(Ctf3)2), -14.53 (s, lJHPi = 1746 Hz). 13C NMR (125.7 MHz, acetone-,̂ 

8(ppm)):: 205.69, 170.77, 137.39, 137.05, 136.59, 128.87, 115.78, 51.07, 50.46, 20.47, 18.40, 17.43. 

4.4.33 In situ  preparatio n of hydrid o platinu m bis(carbene ) compound s 

InIn situ preparation of hydrido platinum bis(carbene) compounds for NMR experiments was 

performedd in a 5 mm NMR tube. An excess of imidazolium salts was added to the platinum(0) 

precursorr 3 or 4 in acetone-do- The NMR tube was placed in an oil-bath at 60 °C for 30 minutes 

(whenn cationic platinum complexes were formed; 5m, 6b, 6m, 61) or 16 hours to ensure completion 

(5d,, 5q-5s, 6m-6s). Then *H and 195Pt NMR spectra were taken at ambient temperature. 
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4.4.44 Crysta l structur e determinatio n of 6a 

X-rayy intensities were measured on a Nonius KappaCCD diffractometer with rotating anode 

(Mo-K<x,, X = 0.71073 A). The structures were solved with automated Patterson methods with the 

programm DIRDIF99[33] and refined with the program SHELXL97[34] against F2 of all reflections. 

Thee drawings, structure calculations, and checking for higher symmetry was performed with the 

programm PLATON.[35] 

Thee cell parameters were determined with the program DIRAX.[36] The intensities were 

obtainedd using EVAL14.[37] An absorption correction based on multiple-measured reflections was 

appliedd with the program SADABS.[38] 

Tablee 4.3 Crystal data and details of the structure determination of 6a. 

Empiricall  formula 

Formulaa Weight 

Crystall  color and shape 

Crystall  size 

Crystall  system 

Spacee group 

a a 

b b 

c c 

a a 

P P 

T T 

V V 

T T 

Z Z 

c c 

(//(MOKa) ) 

Transmissionn range 

Reflectionss collected / unique 

Parameters s 

Rii  (obs. / all reü.) 

C26H35IN4Pt t 

725.57 7 

colorlesss needle 

0.36x0.12x0.122 mm3 

trigonal l 

RJJ (no. 148) 

42.123(2)) A 

42.123(2)A A 

7.9921(6)) A 

90° ° 

90° ° 

120° ° 

12280.9(12)) A3 

110K K 

18 8 

1.7666 g/cm3 

6.2922 mm"1 

0.24-0.47 7 

590533 / 6266 

289 9 

0.01466 / 0.0203 
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wR22 (obs. / all refl.) 

GoF F 

pmin/max x 

0.0298/0.0313 3 

1.060 0 

-0.599 / 0.48 e/A3 
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Chapte rr  4, Part B 

InIn  Situ  Generate d Cationi c Platinum(ll ) Comple x for C-H 

Activatio nn of Hydrocarbon s 

4.66 Introductio n 

Thee selective activation and functionalization of aliphatic hydrocarbons is of great interest."'21 

Thee activation of C-H bonds by transition metals is thermodynamically not a difficult process, but 

thee selective activation of C-H bonds of specific sp3-carbon atoms is troublesome.'3"51 

Inn recent years several new alkane oxidations have been discovered that utilize electrophilic 

latee transition metals in strongly acidic media (e.g. CF3CO2H, H2SO4 ).'2A6"9] Such activation 

reactionss are performed under harsh conditions, explicitly under highly acidic conditions in aqueous 

solutionss containing trifluoroacetic acid or sulphuric acid.'810"131 Another problem of these reaction 

conditionss is the low solubility of the alkanes in aqueous media, resulting in low reaction rates. The 

solubilityy of alkanes in these polar media, which are needed for the catalyst, can be improved by 

usingg micelles'14'151 or ionic liquids.'16"181 In our group, inverted micelles have been used in a way 

thatt the catalyst/water mixture came in close contact with the alkanes.'19' By this method selective 

C-HH activation of «-heptane and methylcyclohexane at the terminal C-atoms was found with 

Na2PtCl44 as catalyst (see Scheme 4.7). This method is an example of a mild and selective route for 

C-HH activation of hydrocarbons, but the surfactant was not stable enough towards hydrolysis for 

longerr reaction times and platinum metal was found after the reaction. 

Aqueouss core 

interfacee interface 

^^^/^HH + D2O
 C a t ' P t • / \ ^ ^ ^ ^ D + HDO 

AOT T 

Schemee 4.7 H,D-scrambling in alkanes by Pt" using inverted micelles 
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Too prevent degradation of the surfactant and decomposition of platinum metal, we like to 

investigatee ionic liquids as medium for this C-H bond activation of hydrocarbons. Room 

temperaturee ionic liquids are nowadays widely used as solvents for synthesis and catalysis.1'6"181 

Thesee solvents are stable under a reductive as well as an oxidative environment1201 and therefore 

couldd be quite suitable for performing C-H activation reactions. 

Ass has been described in part A of this chapter, platinum(0)(carbene)bis(alkene) complexes 

reactt with imidazolium salts to give hydridoplatinum(II)bis(carbene) complexes. Such species will , 

therefore,, be inherently present in ionic liquids in which Pt(0)carbene compounds are introduced. 

Thee resulting ionic hydridoplatinum species may be electrophilic enough to activate C-H bonds of 

selectedd hydrocarbons. Hence, we investigated the cationic [HPt(carbene)2] [BF4] complexes that 

aree formed by reaction of (IMes)Pt(dmfu)2 (1) with the NHC-based ionic liquids (l-ethyl-3-

methyl)-imidazoliumm tetrafluoroborate ([emim][BF4], n) and (l-butyl-3-methyl)-imidazolium 

tetrafluoroboratee ([bmim][BF4], m) in the C-H activation of hydrocarbons, similar to that as been 

reportedd for e.g. cationic (diimine)Pt(II)aqua complexes.1211 As has been described in part A of this 

chapter,, the cationic [(carbene)2PtH] [BF4] complexes (3) are not stable for extended periods of time 

duee to reductive elimination of imidazolium salt. We wanted to find out if this instability might be 

overcomee by using an ionic liquid, i.e. an imidazolium salt, as solvent which might again 

oxidativelyy add and lead to a fast reformation and thus give stabilization of the bis-carbene platinum 

complex. . 

r r 
|§»-H H 

NN B F " 

nn m 
[emim][BF4]] [bmim][BF4] 

Figuree 4.5 NHC-based ionic liquids 

4.77 Results and Discussion 

4.7.11 C-H activation of aromatic and aliphatic C-H bonds 

Thee reactivity of the cationic bis(carbene) platinum(II) hydride complexes towards benzene 

C-HH bonds was examined by preparing it in situ in a mixture of benzene and an ionic liquid. Under 

ann atmosphere of dinitrogen, a Schlenk tube was charged with benzene-̂ as reactant, and 
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[bmim][BF4]]  (m) as reactant and solvent. Adding platinum(O) precursor 1 and heating for 48 hrs. at 

755 °C in an NMR tube results in a fast reaction of 1 with m to give 3m. Compound 3m is now the 

activee catalyst which we expected to be reactive in C-H bond activation of hydrocarbons. A blank 

wass used as reference material, this was devoid of 1. 

BF. . 4 4 -22 dmfu 
B F A A 

1 1 

RR = COOMe 

Schemee 4.8 In situ generation of a cationic bis(carbene) platinum(II) hydride 3m 

Whenn the 2H NMR spectra of the reaction mixture and the blank were compared at this stage 

off  the reaction (see Figure 4.6), a very strong new signal had appeared, which was practically 

absentt in the blank. The new signal appears at 5 = 1.9 ppm. Since the chemical shift values in H 

NMRR and 2H NMR spectra are almost identical,*  the new signal has to be assigned to a methyl 

proton,, or rather deuterium. 

CH2D D 

Schemee 4.9 Deuterium-transfer catalyzed by 3m 

Ass no other new signals were to be found in the 2H NMR spectrum, it seems that selective 

incorporationn into a methyl group of the imidazolium salt has taken place. Since the only deuterium 

sourcee in the experiment is benzene-d6, selective transfer of deuterium to a methyl-group of the 

imidazolium-saltt has occurred catalyzed by in situ formed 3m. The overall reaction is depicted in 

Schemee 4.9. 

Althoughh the dispersion is much smaller in 2H NMR as compared to 'H NMR, chemical shifts are almost identical.122 
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ii  100.0 

[J5ÏÏ] ] 

100.00 I 

Figur ee 4.6 2H NMR spectra of C-H activations in [bmim][BF4]  after 48 hrs at 75 "C. Upper 

spectrum,spectrum, with in situ generated 3m. Lower spectrum, blank reaction (without in situ generated 

3m).3m). (Cf,D(,.nHn) has been set on 7.2 ppm and set on a integrated area of 100 a. u. 

However,, when the reaction is performed in [emim][BF4] (n) under identical reaction 

conditionss as in [bmim][BF4] (m), fast degradation to platinum black takes place. So, the shorter 

alkyll  chain on the imidazolium salt results in a less stable in situ formed 3n as compared to 3m. 

Probably,, in the case of [bmim][BF4] (3m), a (3-agostic interaction between the platinum-center and 

thee C-H bond of the methyl of the C-4 chain provides additional stabilization of the cationic 

complexx in the form of 3m'  (see Scheme 4.10), which is less favorable for the analogue 3n'. Such 

stabilizationss via a P-agostic interaction are known for butylplatinum complexes, as was shown by 

Spencerr et al.[23] by an X-ray crystal structure determination for a cationic platinum(II) complex 

afterr insertion of an alkene in a Pt-H bond. It could thus serve as a resting state in case of m/3m, but 

nott for n/3n. 
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Mes. . nn  + 
Mes. . 

NN ^ 
rr  /p^W—N 
'-,'-, H ~Pt 'Mes 

BF4 4 
N ' ^ ^ 

nn  + 

BF4--
-NN + C6D6 

Ptt Mes 
n-«rn-«r VH -C6D 6 

NN 3m 

++ [bmim-chHBF/,] 

- O N . . n n 

kk (2 BF4)
2 

'::  H„  I ,.*IMes 

V**  B 

-- [bmim][BF4] 

++ [bmim][BF4] ',, pt Mes 

Schemee 4.10 Proposed mechanism f or H,D-scrambling catalyzed by 3m. 

Inn Scheme 4.10 a mechanism is proposed for the selective transfer of deuterium from 

benzene-̂̂  to a methyl-group of [bmim][BF4] (m). First, oxidative addition of a C-D bond of 

benzene-̂̂  to 3m is expected to take place, forming a PtIV-intermediate A. Then reductive 

eliminationn of benzene-ds could occur, resulting in a deuterio platinum bis(carbene). This complex 

mayy react with m to give again a PtIV-intermediate (B). Then reductive elimination of [bminxii] 

couldd take place, to give back 3m. A nucleophilic mechanism concerning Pt°/Ptn-intermediates is 

alsoo possible, but this route is less likely to occur due to the large excess of m. 

4.7.22 Oxidatio n reaction s 

Attemptss to functionalize hydrocarbons, in this case oxidation of the hydrocarbons by 

introductionn of dioxygen to the [bmim][BF4]/benzene/3m-system, did not result in detectable 

amountss of oxidized products. Also addition of stronger oxidizing agents like 02/Cu(BF4)2, and 

H2O22 did not result in oxidized products. However, this approach can be successful when using an 

inin situ generated (carbene)palladium complex, (SIMes)Pd(n4-dba). This complex was able to 

oxidizee benzylalcohol to benzaldehyde using molecular oxygen in common organic solvents, e.g. 

toluene.. During the reaction metallic Pd was deposited. Addition of triethyl amine did improve the 

stabilityy of the catalyst considerably, however the maximum conversion to benzaldehyde was 80% 

basedd on GC, but no over-oxidation to benzoic acid was observed. 
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Whenn imidazolium based ionic liquids were employed as the solvent for this reaction with 

molecularr oxygen, no oxidation of the benzylalcohol was observed. In this case a stable complex 

wass formed as seen by a fast color change from red to yellow after addition of the ionic liquid.[24] It 

wass not possible to extract this new complex from the ionic liquid, in order to establish the exact 

compositionn of this new Pd-complex. 

4.88 Conclusion s 

Thee in situ formed cationic hydrido platinum bis(carbene) 3m, obtained from the reaction of 

Pt(IMes)(dmfu)22 with the ionic liquid [bmim][BF4] in which it is dissolved, offers a very mild and 

selectivee route for the C-H bond activation of CH3 groups in hydrocarbons and of non-activated 

aromaticc C-H bonds. Selective transfer of deuterium from benzene-̂ to CH3 groups of 

[bmim][BF4]]  has been achieved. The platinum catalyst 3m was very stable, which is possibly due to 

aa P-agostic interaction, which cannot pertain in the case when [emim][BF4] was used. The 

methodologyy described could imply an efficient, selective catalytic deuteration of Ctb-groups of 

alkyll  chains of ionic liquids consisting of [alkyl-imidazolium]tetrafluoroborates, using CÖDÖ as a 

relativelyy cheap source of the D-label. 

4.99 Experimenta l Sectio n 

4.9.11 General 

Alll  NMR experiments were carried out under a dinitrogen atmosphere. Benzene-̂ was dried 

overr sodium wire and distilled prior to use. l-n-butyl-3-methyl imidazolium tetrafluoroborate and 

l-ethyl-3-methyl-imidazoliumm tetrafluoroborate, both purchased from Acros were dried overnight in 

vacuovacuo at 70 °C. NMR experiments were performed on a Varian Inova500 spectrometer ('H: 499.88 

MHz,, 2H: 76.737 MHz) and on a Bruker DRX300 spectrometer ('H: 300.13 MHz, 2H: 46.073 

MHz).. Positive chemical shifts (§) are denoted for high-frequency shifts relative to TMS (!H), or an 

internall  standard; benzene-rfx (
2H). 

4.9.22 NMR experiment s 

Too 1.5 ml [bmim] [BF4] (m) 0.050 ml of benzene-̂ was added. The mixture was split in two equal 

amounts,, which were each added to a 5 mm NMR tube under a dinitrogen-atmosphere. To one of 
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thee tubes, 2.0 mg platinum(0)(13-dimesityl-inüdazol-2-ylidene)-bis-(Ti2-dimethylfumaraat) (1) was 

added.. Both the clear pale yellow solutions were placed in an oil bath at 75 °C and heated for 48 

hrs,, after which time [H and 2H NMR spectra were taken at ambient temperature. 
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Chapte rr  5 

Platinum(ll )) (NN) and Platinum(ll ) (NNO) Complexe s for C-H 

Activatio n n 

5.11 Introductio n 

Inn 1969 Shilov and co-workers demonstrated that Pt(II) salts are capable of activating alkane 

C-HH bonds.[1] Some years later, they also reported that catalytic conversion of alkanes (including 

methane)) to mixtures of the corresponding chlorides and alcohols could be achieved by employing 

aqueouss solutions of Pt(II) and Pt(IV) salts.[2,3] 

Pt"" (cat) 
R-HH + Pt lv + HX — - * R-X + Pt" + 2 H + 

120°C C 

XX = OH, CI 

Schemee 5.1 Functionalization of alkanes catalyzed by Pt(II) 

Thee Shilov system is clearly unprecedented in many aspects. Firstly, the reaction is performed 

inn aqueous solution and is unaffected by the presence of molecular oxygen. Secondly, the reaction 

exhibitss an unusual chemoselectivity; alkane C-H bonds are activated at equal or even faster rate 

thann the C-H bonds of the produced alcohols or alkyl chlorides. Thirdly, the order of 

regioselectivityy (primary C-H > secondary C-H > tertiary C-H) is the reverse of what is normally 

foundd for electrophilic and radical oxidations of hydrocarbons. However, use of expensive Pt(IV) as 

stoichiometricc oxidant, poor turn over numbers and sometimes unsatisfactory selectivity, causes that 

thee Shilov system is not suitable for practical applications. 

Afterr the initial report of Shilov, he and other scientists have aimed at understanding this 

selectivee conversion of alkanes into alcohols.[3I?l The C-H activation appears to determine both the 

ratee and selectivity of the alkane oxidation and this subsequently provided significant motivation to 

understandd the details of its mechanism. Unfortunately, the C-H activation step has proven to be the 

mostt difficult to study. Currently it is clear that the reaction involves electrophilic displacement of a 

protonn of the alkane by Pt(II). 

Inn 1999 Tilset et al. reported that benzene and also methane C-H bond activation occurs at the 

aquaa complex Pt(CH3)(N
f-Nf)(H20)+BF4" (A, Nf-Nf = ArN=CMe-CMe=NAr, Ar = 3,5-(CF3)2C6H3)) 
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underr unusually mild conditions (benzene at 25 °C; methane at 45 °C, see Scheme 5.2) in the poorly 

coordinatingg solvent 2,2,2-trifluoroethanol (TFE).|18] 

r N, .©. „ l C H 33 ^ r N , © . . „ 
VNTT ^OHa CF3CH2OH V N ^ ^OHg 

AA -CH4 

fN„..©..,>CH33 13CH4 , rN„.©i3cH 3 

NM""" ^OH2 CF3CH2OH MM" ^OHg 
AA -CH4 

Schemee 5.2 Hydrocarbon activation at a cationic platinum(II) diimine aqua complex 

Thesee C-H activation reactions of benzene and methane appear to occur under the mildest 

reactionn conditions yet reported for such processes at cationic platinum complexes. Since the above 

describedd complex A is very reactive towards almost every C-X bond, and because special 

precautionss are required (low temperatures, exclusion of oxygen, special non-reactive solvents), we 

investigatedd cationic platinum complexes stabilized in a tridentate fashion by a 2-

pyridinecarbaldiminee based NNO-ligand. 

Thee idea for the design of these complexes is that these complexes are expected to be more 

easyy to handle than their didentate counterparts, the NN platinum complexes described by 

Bercaw[12]] and Tilset,!18] but that these tridentate NNO platinum complexes retain the reactivity 

towardss C-H bonds of hydrocarbons described for these didentate NN platinum complexes. So, we 

sett out to investigate the effect of coordination of the oxygen towards the cationic platinum center 

onn the stability of the starting complex and its reactivity towards C-H bonds of hydrocarbons. The 

NNOO ligands could potentially coordinate in a tridentate fashion in such a way that reactivity and 

stabilityy go together, i.e. the ligand provides stabilization in a tridendate mode and enough reactivity 

inn a didentate mode (see Scheme 5.3). 

N"-- © - C H 3 +RH r N " ' © t -*
CH» _ ^ C H , 

N ''
 N o V N ' ^ H 

-o o 
Schemee 5.3 Tridentate NNO ligands with hemi-labile oxygen ligand 

Forr that reason, we designed tridentate 2-pyridinecarboxaldimine-based NNO-ligands. The 

accessibilityy of NNO ligands is very straightforward; synthesis of such ligands can be done in one 
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stepp from readily available materials. Surprisingly, just a few platinum(NNO)-complexes, or any 

NNO-complexess with d10-metals for that matter, are known."9"2'1 

Me,DD X \ Me + NNO ^ , ,XH 3 + HX r"'-®-*C"\. 

Me22 [ ^ — S 

^—O O 

Schemee 5.4 Synthesis of [Pt(NNO)(Me)][X]-complexes 

Thee route towards these platinum(NNO)-complexes is proposed by reaction of 

tetramethylbis[u-(dimethylsuffide)]-diplatinum(il)) with the NNO-ligand to give a Pt(Me)2(NNO) 

complexx in which only the two nitrogens are coordinated to the platinum center (see Scheme 5.4). 

Treatmentt with acids can drive off methane to give cationic [Pt(Me)(NNO)]+ complexes, with 

coordinationn of the oxygen. 

5.22 Results and Discussion 

5.2.11 (NNO)-Ligand Synthesis 

Thee potentially tridentate 2-pyridinecarboxaldimine-based NNO-ligands 3 were prepared by a 

condensation-reactionn of a 2-pyridinecarboxaldehyde with an appropriate amine or aniline (see 

Schemee 5.5) in reasonable to excellent yields. 

Thee starting compounds la,b and 2w-z are commercially available, but the aldehydes lc-f are 

not.. So, we synthesized PyCa-based NNO-ligands 3cz, 3dz and 3ez from the corresponding 

aldehydess lc, Id and le. The synthesis of 6-[(triphenylmethoxy)methyl]-pyridine-2-

carboxaldehydee (lc) is known,1221 2,6-bis(hydroxymethyl)pyridine is reacted with trityl chloride in a 

mixturee of pyridine and a catalytic amount of dimethylaminopyridine (DMAP), to give in moderate 

isolatedd yield 2,6-bis(hydroxymethyl)pyridine monotrityl ether (lc'). Attempted conversion of this 

compoundd with Mn02 in dichloromethane at room temperature into aldehyde lc, as described in the 

patentt by Stahl et al.,l22] was not successful, only starting materials were obtained. 

101 1 



ChapterChapter 5 

Instead,, oxidation by Se02 was attempted, since it is known that methyl-groups of 2-

methylpyridinee can be selectively oxidized to their corresponding pyridine-2-aldehydes.[23] 

Treatmentt of 2,6-bis(hydroxymethyl)pyridine monotrityl ether (lc') with Se02 in hexanes (instead 

off  l,4-dioxane)[231 in presence of 3A molsieves gives overnight at reflux temperature aldehyde lc in 

excellentt yield (99%). Reaction of lc with isopropylamine (2c) gave 3cz in quantitative yield. 

O O 
-H200 {%—,v 

R1 1 

R1(1) ) 

CH3a a 

H b b 

H b b 

H b b 

CH2OC(Ph3)33 c 

CH2OCH2OCH33 d 

CH2OCH33 e 

CH2OHH f 

R2(2) ) 

o-phenoll w 

o-phenoll w 

C2H4OCH33 x 

(4-methyl)-phen-2-oll y 

/•propyll z 

/-propyll z 

/-propyll z 

/-propyll z 

Compoun d d 

3aw w 

3bw w 

3bx x 

3by y 

3cz z 

3dz z 

3ez z 

3fz z 

Yiel d d 

53% % 

38% % 

98% % 

39% % 

100% % 

9 1 % % 

100% % 

--

Schemee 5.5 PyCa based NNO ligands 

Thee synthesis of 6-methoxymethoxymethyl-pyridine-2-carbaldehyde (Id) is also 

straightforwardd by reaction of 2,6-pyridinedimethanol with 1 eq. of chloromethyl methyl ether in a 

mixturee of diisospropylethylamine and THF at 0 °C in analogy to the literature,1241 but 

dichloromethanee was replaced by THF. Subsequently, the alcohol Id' was converted into aldehyde 

byy treatment with Se02 to give Id. 

Attemptss to synthesize If, in order to introduce a hydroxymethyl-group by removing the 

protectingg groups of lc (trityl-group) or of Id (MOM-group), failed. Treatment of lc with acetic 

acid,[25]] />-toluene sulfonic acid in MeOH,[26] ZnBr2
[27' or formic acid in diethyl ether[28) to remove 

thee trityl group, did not result in formation of If. Removal of the MOM-group in Id by acidic 

proceduress (boiling acetic acid/sulfuric acid,1291 THF/water/6M HCl-mixture, concentrated HC1 in 

MeOH1301)) a mild acidic method (in situ generation of HBr via CBr4 in j'PrOH)13" and an alternative 

proceduree (L1BF4, H20, CH3CN, 70 °C),[24! did not result in formation of If either. This failure is 

duee to the reactivity of the aldehydes lc or Id towards the deprotecting agents and other reagents 

weree just not able to remove the protecting groups. 
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Schemee 5.6 Synthesis oflc and Id and attempted synthesis of If 

Thee synthesis of 6-(methoxymethyl)-pyridine-2-carbaldehyde (le) looks straightforward and 

consistt of deprotonation of 2,6-pyridinedimethanol by one alcohol-group and successive treatment 

withh methyl iodide, producing 2,6-pyridinedimethanol monomethyl ether (le')-1321 However, this 

preparationn was problematic and mainly bis-methylation was observed. So, the yield of the desired 

mono-methylatedd product dropped to 4% (literature: 88%)[32], although more solvent was used and 

thee methyl iodide was added dropwise as described.1321 Oxidation of the 2,6-pyridinedimethanol 

monomethyll  ether (le') by Se02 in hexanes at reflux temperature resulted in quantitative formation 

ofle. . 

5.2.22 PtMe2(NNO) complexe s wit h didentat e N,N-coordinated  NNO ligand s 

Forr the synthesis of the Pt(Me)2(K
2MW-NNO)-complexes, a straightforward approach was 

used.. Addition of the NNO-ligand to V2 equivalent of tetramethylbis[u-(dimethylsulfide)]-

diplatinum(-I)) in THF or diethylether gives the corresponding Pt(Me)2(K
2Af,Af'-NNO)-complex 4 in 

goodd to excellent isolated yield1181 (see Scheme 5.7). 
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Q~\#Q~\# + 1/2[Pt(SMe2)(Me)d2 - ^ * U R V N
V > - R 2 

R11 / \ 
H3CC CH3 

33 4 

Compoun dd R1 R2 Yiel d 

4aw w 
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4dz z 
4ez z 

CH3 3 

H H 

H H 

H H 

CH2OC(C6H5)3 3 

CH2OCH2OCH3 3 

CH2OCH3 3 

o-phenol l 

o-phenol l 

C 2 n 4 0 C n 3 3 

(4-methyl)-phen-2-ol l 

/-propyl l 

/-propyl l 

/-propyl l 

71% % 

85% % 
98% % 

91% % 

85% % 
94% % 

70% % 

Schemee 5.7 Synthesized N,N'-(NNO)Pt(Me)2-complexes 

Alll  compounds 4 are stable as powders for weeks at room temperature. For longer periods, 

storagee at -20 °C is required. Complexes 4aw, 4bw and 4by are not stable in solution at room 

temperature.. While measuring 13C NMR spectra these complexes slowly degraded to new single 

compounds,, which will be described in the next part. 

5.2.33 Platinum(methyl ) complexe s wit h tridentat e NNO-ligand s 

Ass a general method for creation of a cationic [Pt(Me)(K3Af N'O-NNCOJBFzt-complex we 

addedd HBF4 to Pt(Me)2(K
2jV,Af'-NNO)-complex, similar to what has been described for 

[Pt(Me)(NN)]BF4-complexes s [18] ] 

ff  V —;\ \ 

Ptt 0 
H3CC CH3 

HBF4,-CH44 ^ N yt*-\ (CD3)2CO \ = N N ^ 
— —— Pt O BF4" • Pt O BF4" 

E t 22 Et.07 N C H 3
/ 0 E ' 2 (D3C)2CO/ X C H 3

/ 

4bxx 5bx 

Schemee 5.8 Didentate coordination of the NNO ligand 

Ass a first approach, we used 3bx as potential tridentate coordinating NNO-ligand in the 

platinumm complex 4bx. When we treated 4bx with 1 equivalent of HBF4 in diethyl ether at low 

temperaturee (-60 °C), we observed the formation in good yield (89%) of the 

platinum(methyl)(NNO)) species 5bx. According to 'H NMR spectroscopy, the ether-oxygen is 

104 4 



PlatinumPlatinum (II) (NN) and Platinum (II) (NNO) Complexes for C-H Activation 

/// w 
\\ / V - N N 

\ \ 
W W 
. N --

/ / Pt t 
/ / H3G G \ \ GH3 3 

coordinatingg to the cationic platinum center (see Scheme 5.8). We first thought that the NNO ligand 

wass coordinating in a tridentate fashion, but comparison of the integrals of the relevant signals in 

thee 'H NMR spectrum showed that diethyl ether was coordinating to the cationic platinum center 

andd that one Pt-CH3 group was missing. Most likely, the methyl-group trans to the imine had 

reactedd to give methane, hence coordination of the oxygen of the NNO-ligand was not possible. 

Forr the assessment of the exact geometry of the metal complex, we used the 

/-propylpyridinecarbaldiminee (iPrPyCa, 3bz) as the ligand, which enabled to determine which 

methyll  is consumed in the selective elimination of methane. 

H B F * - C H tt  V N A BF4-
C H 3 C NN H3CCN7 NCH3 

4bzz 6bz 

Schemee 5.9 Thermodynamic product trans towards imine in (PyCa)Pf (Me) complexes 

Inn order to capture the product of the reaction at room temperature, we added the strong acid 

HBF44 in a strongly coordinating medium (acetonitrile). The complex [Pt(Me)(NN)]+BF4" was 

formedd after elimination of methane, which directly reacts with acetonitrile to form 

[Pt(Me)(NN)(CH3CN)]+BF4""  (6bz). When we react (iPrPyCa)Pt(Me)2 (4bz) with HBF4 (54% 

solutionn in diethyl ether) in acetonitrile, we observed the formation of complex 6bz with 100% 

selectivity,, its geometry was proved by ]H NMR NOE experiments. In this case, the thermodynamic 

productt consists of a cationic platinum complex 6bz which is stabilized by acetonitrile trans to the 

iminee group (see Scheme 5.9). However, we cannot exclude that the initial kinetic product is the 

cw-productt (elimination of methyl group cis to the imine), which rearranges to the thermodynamic 

frans-product.0311 This possibility was underscored by showing that internal protonation by the 

mildlyy acidic phenol-based NNO-ligands 3aw, 3bw and 3by led to trapping of the kinetic product. 

HO O 

~~~ A 

-CH4 4 

'-i 3L L 

4byy 5by 

Schemee 5.10 Reductive elimination of methane to give a neutral (NNO)Pt(Me) complex 

Whenn the dimethylplatinum(NNO) complexes 4aw, 4bw or 4by are heated in benzene 

overnight,, green solutions result. Analysis of the product revealed that methane has reductively 

105 5 



ChapterChapter 5 

eliminatedd and the phenoxy-oxygen is coordinating (see Scheme 5.10). After cooling to room 

temperaturee a dark green compound was isolated as the main product according to 'H NMR 

spectroscopy.. The thermally stable green compounds 5aw, 5bw and 5by are barely soluble in most 

organicc solvents. Addition of a drop of 2,2,2-trifluoroethanol did improve the solubility of 5aw and 

5byy sufficiently to obtain 'H and I95Pt NMR spectral data. 

++ Me^OBF4 

 Me? 

*—— N 
\ \ 

HaC C 

^ ^ N--
/ / ->\ ->\ 

^O O 
e20 0 

Schemee 5.11 Attempt to methylate 5by 

Becausee of the strong coordination of the phenolic oxygen, no other reactivity was observed. 

Inn order to restore the hemi-lability of this oxygen functionality, we tried to methylate the oxygen of 

5byy in such a way that we obtain a reactive cationic platinum complex, with a coordinated methoxy 

group.. By doing so, we should prevent the rearrangement of the methyl-group trans to the imine 

groupp to the deposition. A methylation was effected by addition of [Me30][BF4] in nitromethane to 

5byy at low temperature (see Scheme 5.11). A color change from green to red was observed, 

indicatingg that a (dimethyl)platinum(NN) complex had been formed, and not a cationic platinum 

complex.. However, attempts to characterize this rather reactive compound failed and 'H NMR 

spectroscopyy showed several undefined species. 

Too achieve the formation of a Pt(methyl)(NNO) compound that is easy to handle, yet reactive 

towardss C-H bonds of hydrocarbons, we reasoned that introduction of hemilabile oxygen-

containingg arms at the other side (at the 6-position of the pyridine) of the PyCa-ligand was needed. 

Forr that reason 3cz, 3dz and 3ez and their corresponding dimethylplatinum complexes 4cz, 4dz and 

4ezz were synthesized. 

HBF4,, -60 C 

-CH4 4 

BF4 4 

Schemee 5.12 Cationic platinum complexes stabilized with a tridentate NNO-ligand 
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So,, when we treated 4dz (red solution) with HBF4 in diethyl ether at -60 °C, immediately a 

yelloww compound (5dz) precipitated from solution. This compound was filtered off to give a yellow 

compoundd that is very reactive towards oxygen. Compound 5dz has been characterized by H and 
195Ptt NMR spectroscopy. In the 'H NMR spectrum, the signal of the imine proton is found at 8.90 

withh a large 37Hpt of 116 Hz, suggesting the presence of a weak ligand trans to the imine. A broad 

singlett is found at 6.93 ppm, indicative of coordinated H20.§ 

Figuree 5.1 Coordination of oxygen ofNNO-ligand of 5dz and oxygen of H2O visible via H, Pt 

HMQC-spectroscopyHMQC-spectroscopy (CD2Cl2, -20 °C). 

'H,195Ptt HMQC-spectroscopy (see Figure 5.1) gave more information about the structure of 

5dz.. Correlation peaks are found at 8H - 8.90 ppm (a), 6.93 ppm (b), 4.78 ppm (c), 4.45 ppm (d), 

3.911 ppm (e), 1.19 (f) at cVt = -3072. From these correlations, the conclusion can be drawn that 

despitee coordination of H20 (b, 6.93 ppm) also the oxygen (CH2OCH2OCH3) of the NNO ligand is 

coordinating,, as appears from correlation peaks at 4.78 ppm (c, 3/Hpt = 25.2 Hz), and 3.91 ppm (<?, 
37Hptt = 22.2 Hz). The large 7Hpt couplings point to 3/Hpt couplings. The CH2-group c only has 

correlationn if the oxygen is coordinated, in principle CH2-atom e could have a 7Hpt via the 

§§ l3C-'H correlation spectroscopy showed no correlation peak at 5H = 6.93 ppm. Johansson et al. found in a cationic 

aquaa platinum(II)-complex the signal of coordinated H20 also in this region." 
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coordinatedd pyridine nitrogen, but this should then be in the range of 0-5 Hz due to strong trans-

influenceinfluence of the methyl group. This implies that the cationic platinum center is stabilized by at least 

twoo oxygen-atoms (CH20CH2OCH3 and H20). Furthermore the 195Pt chemical shift of-3072 ppm 

forr 5dz confirms the oxygen-coordination compared to the C-coordination in (NN)Pt(Me)2-complex 

4dzz that was observed at -3427 ppm. This straightforward differentiation of different donor-atoms 

byy means of the 195Pt-chemical shift is known.*341 

Onee of the goals was to use these cationic (NNO) platinum(II) complexes for the activation of 

C-HH bonds of hydrocarbons. In order to investigate the propensity of 5dz to activate C-H bonds, we 

dissolved,, following a previously employed method,1181 5dz in 2,2,2-trifluoroethanol (TEE) and 

addedd benzene to the mixture. The reaction mixture was subsequently stirred at room temperature 

forr 5 days and then quenched with acetonitrile. 

Thee H NMR data, after removing the volatiles, showed minor signals at 7.14 and 7.66 ppm 

indicatingg the presence of a benzene derivate, possibly a phenyl-platinum complex.[18,35] However, 

thee majority of the peaks in the spectrum is due to various other platinum-containing products, 

becausee several peaks with platinum satellites were visible. Most parts of the spectrum are the same 

ass the spectrum taken when the Pt-complex was dissolved in an inert**  solvent (TFE, blank 

reaction).reaction). This indicates that intramolecular C-H activation of the ligand has occurred, but 

identificationn of these compounds was not possible. 

5.33 Conclusion s 

Thee obtained neutral Pt"(Me)(NNO) and cationic [PtD(Me)(NNO)]4BF4" complexes are not 

suitablee for performing C-H bond activation reactions of hydrocarbons, as the neutral 

Ptt (Me)(NNO) complexes are too stable to display any reactivity, whereas the catonic 

[Ptt (Me)(NNO)]+BF4 complexes are too reactive, so that activation reactions do not exhibit any 

selectivityy towards specific C-H bonds. Nevertheless, these neutral and cationic platinum 

complexess are very interesting compounds and can be compared to other tridentate ligand 

systems120'3611 in the field of their coordination and organometallic chemistry. 

Thee inert solvent TFE (2,2,2,-trifluoroethanol) has no reactive C-H bonds. Therefore, this solvent is very suitable as 

solventt for studying C-H bond activation reactions by metal complexes."8] 
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5.44 Experimenta l Sectio n 

5.4.11 General 

Alll  reactions were carried out under nitrogen atmosphere in dry solvents. Diethyl ether, 

tetrahydrofurann (THF), benzene and hexanes were distilled from sodium metal/benzophenone, 

dichloromethanee and dichloromethane-d2 were distilled from CaH2. Acetone-̂  was distilled from 

B2033 and 2,2,2-trifluoroethanol (TFE) was distilled from CaS04. Chemicals were purchased from 

Across Chimica, Aldrich and Fluka. 2-pyridinecarboxaldehyde and 2-methoxyethylamine were 

distilledd before use. 2-[(2-pyridinylmethylene)amino]-ethanol,[37] 6-(methyloxymethyl)-

2(hydroxymethyl)-pyridine,[32]] PtCl2(SMe2)2,
[381 and tetramethylbis[u-(dimethylsulfide)]-

diplatinum(II)[3811 were synthesized via published methods. The *H and ^Cf'H}  NMR spectra were 

recordedd at appropriate frequencies on Varian Mercury 300 (lH: 300.13 MHz, 13C: 75.47 MHz) and 

Inovaa 500 ('H: 499.88 MHz, l3C: 125.70 MHz) spectrometers. 195Pt NMR spectra were measured 

byy 'H,195!^ HMQC spectroscopy1391 at 298K on a Braker DRX300 spectrometer (195Pt: 64.13 MHz). 

5.4.22 Synthesi s 

2-[[(6-methyl-2-pyridinyl)niethylene]amino]-phenol(3aw) ) 

Ann amount of 4.03 g (33.3 mmol) 6-methylpyridine-2-aldehyde and 3.63 g (33.3 mmol) 2-

aminophenoll  were dissolved in 50 ml ethanol. 3A molsieves were added to the solution and the 

mixturee was stirred overnight. The mixture was then filtered over Celite filter aid and the filter was 

washedd furthermore with 10 ml ethanol. The filtrate was reduced in volume to 10 ml and 50 ml 

hexanee was added. The precipitate was collected on a glass filter and dried further in vacuo to yield 

3.622 g (53%) of a yellow powder. !H NMR (300.13 MHz, CD2C12, 5(ppm)): 8.79 (s, 1H, N=CH), 

8.000 (d, VHH = 7.8 Hz, 1H, pyH), 7.71 (t, 3JHH = 7.5 Hz, 1H, pyH), 7.51 (br s, 1H, OH), 7.41 (dd, 

VHHH = 7.8 Hz, VHH = 1.5 HZ ,1H, ArH), 7.24 (m, 2H, ArH), 7.01 (dd, VHH = 8.1 Hz, VHH = 1-5 Hz 

,1H,, ArH), 6.94 (dt, VHH = 7.8 Hz, VHH = 1.2 Hz, 1H, ArH), 2.60 (s, 3H, CH3).
 13C NMR (75.47 

MHz,, acetoiwfc, 8 (ppm)): 159.0, 158.7, 154.6, 153.2, 138.3, 137.8, 137.2, 136.2, 129.5, 125.0, 

120.3,119.1,, 117.6, 116.1,23.8. 

2-[(2-pyridinylmethylene)amino]-phenol(3bw) ) 

Ann amount of 3.49 g (32.6 mmol) 2-pyridinecarboxaldehyde and 3.56 g (32.6 mmol) 2-

aminophenoll  were dissolved in 50 ml methanol. 3A molsieves were added to the solution and the 
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mixturee was stirred overnight. The solids were filtered off and were extracted twice with 150 ml 

methanol.. The volatiles of the combined filtrates were removed by rotary evaporation yielding 7.0 g 

off  a brown oil. This oil was dissolved in 15 ml methanol, and 200 ml ether was added to precipitate 

thee product. The yellow solid was filtered off on a glass filter and was washed with ether (3x 20 

ml).. The solid was dried further in vacuo to yield 2.48 g (38%) of a yellow powder. *H NMR 

(300.133 MHz, CD2C12, 5(ppm)): 8.85 (s, 1H, N=CH), 8.71 (m, 1H, pyH), 8.23 (d, VHH = 8.1 Hz, 

1H,, pyH), 7.85 (dt, VHH = 7.8 Hz, VHH = 1.5 Hz, 1H, pyH), 7.43 (dt, VHH = 7.5 Hz, VHH = 1.2 Hz 

,1H,, ArH), 7.40 (dd, VHH = 7.5 Hz, VHH = 1.2 Hz ,1H, ArH), 7.38 (br s, 1H, OH), 7.25 (dt, VHH = 

7.88 Hz, VHH = 1.5 Hz ,1H, ArH), 7.01 (dd, VHH = 8.4 Hz, VHH = 1.5 Hz ,1H, ArH), 6.95 (dt, VHH = 

7.77 Hz, VHH = 1.2 Hz ,1H, ArH). 13C NMR (75.47 MHz, aceton-4,, 5 (ppm)): 158.7, 155.2, 153.2, 

150.0,, 137.0, 136.2, 129.6, 125.7, 122.0, 120.3, 117.7, 116.2. 

l-methoxy-2-[(2-pyridinylmethylene)amino]-ethanee (3bx) 

Too 5 ml (53 mmol) of 2-pyridinecarboxaldehyde and 10 ml (115 mmol) 2-methoxyethylamine, 3A 

molsievess were added in a round-bottomed flask at room temperature. After stirring this mixture for 

300 minutes, the molsieves were filtered off and the molsieves were washed with hexane. The 

volatiless of the filtrate were removed in vacuo to yield a yellow oil (8.5 g, 98%). *H NMR (300.13 

MHz,, CDCI3, 8(ppm)): = 8.30 (d, 1H, pyH), 8.09 (s, 1H, imH), 7.67 (d, VHH = 7.5 Hz, 1H, pyH), 

7.377 (t, VHH = 7.5 Hz, 1H, pyH), 6.94 ("t", VHH = 4.8 Hz, 1H, pyH), 3.52 (t, VHH = 5.4 Hz, NCH2), 

3.38,, t, VHH = 5.4 Hz, 1H, OCH2), 7.03 (s, 3H, CH3).
 ,3C NMR (75.47 MHz, CDCI3, 6 (ppm)): 

163.3,, 154.4, 149.3, 124.7, 121.3, 71.8, 60.8, 58.7. 

4-methyl-2-- [(2-pyridinylmethylene)amino]-phenol (3by) 

Ann amount of 2.56 g (20.8 mmol) 2-amino-p-cresol and 2.31 g (21.6 mmol) 2-pyridine-

carboxaldehydee and 3A molsieves were suspended in 50 ml toluene. This mixture was stirred for 

1.55 hours at 100 °C. The molsieves were filtered off and washed with 20 ml toluene. The volatiles 

off  the filtrate were removed by rotary evaporation to yield 5.10 g of a red-brown oil. The oil was 

crystallizedd from THF/hexane to yield 1.38 g (39%) yellow needles. ]H NMR (300.13 MHz, 

CDCI3,, 5(ppm)): = 8.81 (s, 1H, imH), 8.72 (d, VHH = 4.8 Hz, 1H, pyH), 8.19 (d, VHH = 7.8 Hz, 1H, 

pyH),, 7.82 (dt, VHH = 7.5 Hz, VHH = 1.2 Hz, 1H, pyH), 7.37 (ddd, VHH = 7.2 Hz, VHH = 4.5 Hz, 

VHHH = 0.9 Hz, 1H, pyH), 7.20 (br s, 1H, ArH), 7.05, dd, VHH = 8.4 Hz, VHH = 1.2 Hz, 1H, ArH), 
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6.922 (d, VHH = 8.4 Hz, 1H, ArH), 2.32 (s, 3H, CH3).
 13C NMR (75.47 MHz, CDC13, 8 (ppm)): 

156.9,, 154.5, 150.8, 149.9, 136.9, 134.7, 130.7, 129.7, 125.4, 122.0, 117.1, 115.5, 21.0. 

2,6-di(hydroxymethyl)pyridin ee monotrity l ether  (lc' ) 

Ann amount of 2.44 g (17.5 mmol) 2,6-pyridinedimethanol and 0.03 g 4-dimethylaminopyridine 

(DMAP)) were dissolved in 20 ml pyridine. Then 4.89 g (17.5 mmol) trityl chloride was added and 

thee solution was stirred for 1 hour at room temperature. The solution was stirred for another hour at 

600 °C. The volatiles were removed by rotary evaporation yielding a yellow oil. The oil was partly 

dissolvedd in 50 ml methanol. The mixture was filtrated over 1 cm layer of Celite and the volatiles of 

thee filtrate were removed by rotary evaporation. The remaining oil was dissolved in 

dichloromethanee and brought into a separatory funnel. The organic layer was washed with 10 ml of 

aa saturated solution of K2CO3 in water. The water layer was extracted once with 20 ml 

dichloromethanee and the combined organic layers were dried on MgS04- The volatiles were 

removedd by rotary evaporation yielding a yellow oil (4.76 g, 71%). The raw product was purified by 

columnn chromatography (Si02, gradient elution with dichloromethane (100% to 80% and ethyl 

acetatee 0 to 20%, Rf = 0.29 with eluens dichloromethane). For removal of the last traces of pyridine 

andd ethyl acetate, 200 ml hexane was added to the oil. The volatiles were removed by rotary 

evaporationn yielding 2.83 g (42%) of a white solid. lH NMR (300.13 MHz, CD2C12, 5(ppm)): 7.74 

(t,, VHH = 7.8 Hz, 1H, pyH), 7.62 (d, 37HH = 7.8 Hz, 1H, pyH), 7.50 (m, 6H, ArH), 7.29 (m, 9H, 

ArH),, 7.10 (d, VHH = 7.5 Hz, 1H, pyH), 4.62 (d, VHH = 4.5 Hz, 2H, CH2OH), 4.27 (s, 2H, 

CH2OCH3),CH2OCH3), 3.57 (t, 4.5 Hz, 1H, OH). 13C NMR (75.47 MHz, CDCI3, 8 (ppm)): 158.4, 158.0, 144.1, 

138.4,, 129.1, 128.4, 127.7, 120.1, 119.4, 87.8, 66.7, 64.0. 

6-- [(triphenylmethoxy)methyl]-pyridine-2-carboxaldehyde (lc) 

Too 2.01 g (5.3 mmol) 2,6-pyridinedimethanol monotrityl ether, 0.60 g (5.4 mmol) Se02 and 3A 

molsieves,, 150 ml hexane was added. The mixture was refluxed overnight coloring the solution 

lightt purple after a few hours. After cooling down to room temperature a TLC was taken of the 

crudee colorless mixture which indicated full conversion (Rf = 0.69 with eluens dichloromethane). 

Thee solids were filtered off and washed with 10 ml dichloromethane. The volatiles of the filtrate 

weree removed in vacuo yielding a yellow oil (2.40 g, 120%). The oil was dissolved in 50 ml 

dichloromethanee and brought into a separatory funnel and the organic layer was washed with 50 ml 

off  a saturated solution of K2C03 in water. The organic layer was dried on MgS04 and the volatiles 

weree removed by rotary evaporation yielding a yellow oil (1.97 g, 99%). H NMR (300.13 MHz, 
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CD2CI2,, 6(ppm)): 9.90 (s, 1H, COH), 7,92 (m, 2H, pyH), 7.80 (m, 1H, pyH), 7.50 (m, 6H, ArH), 

7.299 (m, 9H, ArH), 4.38 (s, 2H, C//2OCH3). 13C NMR (75.47 MHz, CDC13, 5 (ppm)): 193.8, 160.7, 

152.2,, 144.0, 138.1, 129.1, 128.4, 127.7, 125.6, 120.7, 88.0, 67.0. 

6-[(triphenylmethoxy)methyI]-pyridine-2-(isopropylimine )) (3cz) 

Ann amount of 0.49 g (1.3 mmol) lcz was dissolved in 40 ml ether. 1 ml isopropylamine and 3A 

molsievess were added to this solution. The mixture was stirred for one hour at room temperature 

afterr which the solids were filtered off and washed with 10 ml ether. The volatiles of the filtrate 

weree removed by rotary evaporation yielding a yellow oil (0.54 g, 100%). *H NMR (300.13 MHz, 

CD2CI2,, 5(ppm)): 8.26 (s, 1H, imH), 7.8 (m, 3H, pyH), 7.54 (m, 6H, ArH), 7.30 (m, 9H, ArH), 4.32 

(s,, 2H, C#2OCH3),3.59 (sept, 37HH = 6.0 Hz, 1H, Ctf(CH3)2), 1.23 (d, 3/HH = 6.0 Hz, 6H, 

CH(C//3)2)..
 13C NMR (75.47 MHz, CD2C12, 5 (ppm)): 159.6, 159.2, 154.6, 144.3, 137.5, 129.0, 

128.3,, 127.6, 122.1, 119.7, 87.7, 67.3, 61.8, 24.2. 

6-[(methoxy)-methoxymethyl]-pyridine-2-methanol(ld') ) 

Ann amount of 9,43 g (67.8 mmol) 2,6-pyridinedimethanol was dissolved in 100 ml THE 25 ml 

diethylisopropylaminee was added to this mixture and then 5 ml chloromethyl methyl ether at 0 °C. 

Thee solution was stirred for one night resulting in a orange solution. Then, 50 ml of hexanes was 

addedd and the solvents were removed under reduced pressure. The oil was than dissolved in 30 ml 

dichloromethanee and brought into a separatory funnel and the product was washed with 50 ml of 

dilutee potassium carbonate in water. The water-layer was extracted with 3x 30 ml dichloromethane, 

andd the combined organic layers were dried on MgS04. The solvent was removed under reduced 

pressure.. The product was purified with column chromatography using 20% ethyl acetate in 

dichloromethanee to start with and after the by-product was eluted, the product was washed off the 

columnn with ethyl acetate. Rf (product, 20% EtOAc in dichloromethane) = 0.36. The volatile 

componentss were removed under reduced pressure, yielding a colorless oil (6.3 g, 51%). *H NMR 

(300.133 MHz, CDCI3, öXppm)): 7.70 (t, VHH = 7.5 Hz, 1H, pyH), 7.36 (d, 3/HH = 7.8 Hz, 1H, pyH), 

7.144 (d, 37HH = 7.5 Hz, 1H, pyH), 4.79 (s, 2H, OCH20), 4.75 (s, 2H, Ctf2OH), 4.72 (s, 2H, 

C//2OCH2),, 3.78 (s, 1H, OH), 3.43 (s, 3H, OCH3).
 13C NMR (75.47 MHz, CDC13, 8 (ppm)): 158.9, 

158.1,, 137.6, 120.5, 137.6, 120.5, 119.3, 94.8, 70.3, 64.2, 59.9. 
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6-methoxymethoxymethyl-pyridine-2-carbaldehyde(ld) ) 

Ann amount of 2.09 g 6-[(methoxy)-methoxymethyl]-pyridme-2-methanol was dissolved in 50 ml 

hexanee after which 1.42 g selenium oxide was added. This mixture was refluxed at 80 °C overnight. 

Thee solution was filtered and washed with diluted potassium carbonate in water. The product was 

extractedd with 3x 30 ml dichloromethane and dried on MgS04. The solvent was removed under 

reducedd pressure yielding a colourless oil (2.06 g, 100%). ]H NMR (300.13 MHz, CDC13, 5(ppm)): 

10.066 (s, 1H,), 7.88 (m, 2H, pyH), 7.90 (m, 1H, pyH), 4.82 (s, 4H, CH2OCH2), 3.44 (s, 3H, CH3). 
13CC NMR (75.47 MHz, CDC13, 6 (ppm)): 193.7, 160.1, 152.2, 138.0, 125.8, 120.3,95.0, 71.0,60.0. 

6-[(methoxy)methoxymetbyl]-pyridine-2-isopropylimine(3dz) ) 

Ann amount of 0.83 g Id was dissolved in isopropylamine and some 3 A molsieves were added. This 

solutionn was stirred for 30 minutes at room temperature. The mixture was filtered and solids were 

washedd with ether. The solvent of the filtrate was then removed under reduced pressure yielding a 

colourlesss oil (0.91 g, 89%).'H NMR (300.13 MHz, CDCI3, 8(ppm)): 8.35 (s, 1H, imH), 7.79 (d, 

VHHH = 7.5 Hz, 1H, pyH), 7.77 (t, VHH = 7.5 Hz, 1H, pyH), 7.47 (d, VHH = 7.8 Hz, 1H, pyH), 4.78 

(s,, 2H, OCH2O), 4.71 (s, 2H, CH2OCH20), 3.61 (sept, 3J=5.4 Hz, 1H, CH(CH3)2), 3.42 (s, 3H, 

OCH3),, 1.26 (d, VHH = 6,6 Hz, 6H, CH(C#3)2).
 ,3C NMR (75.47 MHz, CD2C12, 8 (ppm)): 159.6, 

158.4,154.8,, 137.4, 122.6, 120.0,96.7, 70.4, 61.7, 55.6, 24.1. 

6-(methoxymethyl)-pyridine-2-methanoll  (le') 

Thee synthesis was done according to a literature procedure,[32] but was slightly changed. 3.52 g 

(25.33 mmol) 2,6-pyridinedimethanol was dissolved in 60 ml dry 1,4-dioxane. 0.72 g (30 mmol) 

sodiumm hydride was added and the mixture was stirred for 45 minutes at room temperature. Then 

1.600 ml (25.3 mmol) methyl iodide in 20 ml 1,4-dioxane was slowly added to the mixture. The 

droppingg funnel was washed with another 10 ml 1,4-dioxane and also added to the mixture that was 

stirredd overnight at room temperature. The orange solution was filtered over a glass filter with a 1 

cmm layer of filter aid. After removal of the volatiles of the filtrate by rotary evaporation, 'H NMR 

spectroscopyy of the sample showed much starting material. To the remaining solids 10 ml 

dichloromethanee was added, filtered over a glass filter and the volatiles of the filtrate were removed 

byy rotary evaporation to yield an oil. The product was purified by column chromatography (on 

Si02,, MeOH/CHCl3, 10:90 v/v, Rf = 0.34, the published method[32] did not give sufficient 

separation)) yielding after removal of the solvents by rotary evaporation 0.14 g (4%) of a colorless 
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oil.. !H NMR (300.13 MHz, CDC13, S(ppm)): 7.72 (t, 3Jm = 7.8 Hz, 1H, pyH), 7.36 (d, 3i HH = 7.8 

Hz,, 1H, pyH), 7.16 (t, 3Jm = 7.5 Hz, 1H, pyH), 4.76 (s, 2H, CH2OCH3), 4.61 (s, 2H, CH2OH), 3.81 

(brr s, 1H, OH), 3.49 (s, 3H, CH3).
 13C NMR (75.47 MHz, CDCI3, 8 (ppm)): 158.8, 157.5, 137.5, 

120.0,119.4,75.4,64.2,59.0. . 

6-(methoxymethyl)-pyridine-2-carbaIdehydee (le) 

Ann amount of 0.14 g (0.91 mmol) 6-(methoxymethyl)-pyridine-2-methanol was dissolved in 40 ml 

hexanes.. 0.11 g (0.91 mmol) Se02 and 3 A molsieves were added to this solution and the mixture 

wass heated at reflux overnight. The solution was filtered over a glass filter and the insoluble 

materiall  was extracted with 10 ml dichloromethane and the volatiles of the combined filtrate were 

removedd by rotary evaporation yielding 0.14 g (100%) of a white solid. !H NMR (300.13 MHz, 

CDCI3,, 8(ppm)): 10.07 (s, 1H, (CO)H), 7.89 (m, 2H, pyH), 7.67 (m, pyH), 4.68 (s, 2H, CH2), 3.52 

(s,, 3H, CH3).
 13C NMR (75.47 MHz, CDC13, 5 (ppm)): 193.6, 159.6, 152.3, 137.8, 125.7, 120.6, 

75.2,59.1. . 

6-(methoxymethyl)-pyridine-2-isopropyliminee (3ez) 

Ann amount of 0.17 g (1.12 mmol) le was dissolved in 10 ml diethyl ether and 1.0 ml (12 mmol) 

isopropylaminee and 3A molsieves were added to this solution. After 1 hour stirring at room 

temperaturee the mixture was filtered. The volatiles of the filtrate were removed by rotary 

evaporationn yielding 0.16 g (74%) of a colorless oil. ]H NMR (300.13 MHz, CD2C12, &Xppm)): 8.31 

(s,, 1H, imH), 7.84 (d, VHH = 7.8 Hz, 1H, pyH), 7.73 (t, 3/HH = 7.8 Hz, 1H, pyH), 7.40 (d, 37HH = 7.2 

Hz,, 1H, pyH), 4.54 (s, 2H, CH2), 3.59 (sept, VHH = 6.3 Hz, 1H, C//(CH3)2), 1.22 (d, VHH = 6.3 Hz, 

1H,, CH(C//3)2).
 13C NMR (75.47 MHz, CD2C12, 8 (ppm)): 159.6, 158.7, 154.9, 137.3, 122.4, 119.9, 

75.7,61.7,58.9,24.1. . 

cis-o,a-dimethyl-[idV,idV-2-[[(6-methyl-2-pyridinyl)methylene]amino]-phenol]-platinum(II) ) 

(4aw) ) 

Ann amount of 269.6 mg (0.4697 mmol) tetramethylbis[u-(dimethylsulfide)]-diplatinum(II) and 

201.22 mg (0.9477 mmol) 3aw were dissolved in 10 ml THE Immediately a purple colored solution 

wass formed and after stirring for 5 minutes at room temperature, 20 ml hexane was added. A red 

precipitatee came out of the solution and the volatiles were removed under reduced pressure until 10 

mll  remained (by this way the desired compounds slowly precipitated from the solution and the 
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THF/hexane-rnixturee was evaporated in a more regulate manner then when pure THF was removed 

inin vacuo). Then another 50 ml of hexane was added. The solvent was decanted and the red solids 

weree washed twice with hexane (2x 15 ml) to yield 294.3 mg (71%) of a red solid. 'H NMR 

(300.133 MHz, acetone-,̂ SXppm)): 9.75 (s, VHpt = 30.0 Hz, 1H, imH), 8.20 (t, 3J«H = 7.8 Hz, 1H, 

pyH),, 8.05 (d, VHH = 7.2 Hz, 1H, pyH), 7.79 (d, 37HH = 7.2 Hz, 1H, pyH), 7.25 (m, 2H, pyH), 7.00 

(m,, 2H, ArH), 3.76 (br s, 1H, OH), 2.88 (s, 3H, CCH3), 1.23 (s, VHR = 87.7 Hz, 3H, Pt-CH3), 0.80 

(s,, 27HPt = 92.1 Hz, 3H, Pt-CH3).
 13C NMR (75.47 MHz, acetone-,̂ 5 (ppm)): 167.4, 163.6, 156.8, 

151.1,, 148.8, 138.1, 129.9, 129.3, 126.3, 122.4, 120.3, 116.7, 25.7, -15.9 (Vat = 817 Hz), -16.9 

(\7CP,, = 817HZ). 

cis-CT,CT-dimethyl-[KN,KN-244-methyl-2-r(2-pyridinylmethylene)aminoJ-phenolJplatinum(lI) ) 

(4bw) ) 

Ann amount of 206 mg (0.35 mmol) tetramethylbis[^i-(dimethylsulfide)]-diplatinum(II) and 0.20 g 

(0.944 mmol) 3bw were dissolved in 7 ml THF. Immediately a purple colored solution was formed 

andd after stirring for 20 minutes at room temperature 15 ml hexane was added. A red precipitate 

camee out of the solution and the solvent was decanted. The solids were washed with hexane (2x 5 

ml)) and ether/pentane (v/v=l:3, in total 10 ml) yielding a red solid (260.1 mg, 85%) *H NMR 

(300.133 MHz, acetone-4,, 5(ppm)): 9.71 (s, 3Jmt = 32.1 Hz,lH, imH), 9.26 (d, 3i HH = 5.7 Hz, VHP, 

== 19.8 Hz 1H, pyH), 8.41 (dt, 37HH = 7.8 Hz, 3/HH = 15 Hz,lH, pyH), 8.24 (d, VHH = 7.5 Hz, 1H, 

pyH),, 7.76 (dt, 3JHH = 6.6 Hz, VHH = 1.5 HZ, 1H, pyH), 7.07 (d, 3/HH = 8.4 Hz, 1H, ArH), 7.06 (s, 

1H,, ArH), 6.90 (d, VHH = 8.4 Hz, 1H, ArH), 2.83 (br s, 1H, OH), 1.20 (s, VHP. = 86.4 Hz ,3H, Pt-

CH3),, 0.82 (s, Vwpt = 88.2 Hz , 3H, Pt-CH3).
 195Pt NMR (64.3 MHz, acetone-d6, ÖXppm)): -3339 

ppm. . 

cis-o,a-dimethyl-[KN,KN-l-methoxy-2-[(2-pyridmylmethylene)amino]-ethane]-platinum(n) ) 

(4bx) ) 

Ann amount of 531.6 mg (0.926 mmol) tetramethylbis[n-(dimethylsulfide)]-diplatinum(II) and 0.41 

gg (2.5 mmol) 3bx were dissolved in 5 ml THF. Immediately a purple colored solution was formed 

andd after stirring for 5 minutes at room temperature 20 ml hexane was added. A red precipitate 

camee out of the solution and the volatiles were removed in vacuo. The remaining red solids were 

washedd with pentane (3x 15 ml) to yield 709.7 mg (98%) of a red solid. lH NMR (500 MHz, 

CDC13,, 6Xppm)): 9.19 (d, VHH = 5.0 Hz, 1H, pyH), 9.12 (s, 3/HP, = 33.6 Hz, 1H, imH), 8.07 (dt, 
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VHHH = 7.5 Hz, VHH = 1.5 Hz, 1H, pyH), 7.68 (d, VHH = 7.5 Hz, 1H, pyH), 7.58 (dt, VHH = 5.5 Hz, 

VHHH = 1.0 Hz, 2H, pyH), 4.27 (t, VHH = 4.7 Hz , 2H, NCH2), 3.79 (t, VHH = 4.7 Hz, 2H, OCH2), 

3.311 (s, 3H, OCH3), 1.23 (s, VH* = 84.0 Hz, 3H, Pt-CH3), 1.12 (s, 2JHPt = 87.5 Hz, 3H, Pt-CH3).
 13C 

NMRR (125.70 MHz, CDCI3, 8 (ppm)): 165.0, 156.7, 147.5 (VCPt = 35 Hz), 137.0, 128.2 (VCPt = 15 

Hz),, 126.4, 70.9, 59.1 (VCPt = 37 Hz), 59.1, -15.4 (VCPt = 789 Hz), -18.2 (VCPt = 806 Hz). 

cis-o,a-dimethyl-[KN,icN-4-methyl-2-[(2-pyridinylmethylene)aiiüno]-phenol]-platiniim(II ) ) 

(4by) ) 

Ann amount of 206 mg (0.359 mmol) tetramethylbis[u-(dimethylsulfide)]-diplatmum(II) and 0.20 g 

(2.55 mmol) 3by were dissolved in 7 ml THE Immediately a purple colored solution was formed and 

afterr stirring for 5 minutes at room temperature 15 ml hexane was added. A red precipitate came out 

off  the solution and the volatiles were removed in vacuo. The remaining red solids were washed with 

hexanee (10 ml), ether/pentane (10 ml 1:9 v/v) and pentane (10 ml) to yield 279 mg (91%) of a red 

solid.. *H NMR (500 MHz, acetone-,̂ 6\ppm)): 9.65 (s, VH * = 32.0 Hz, 1H, imH), 9.28 (d, VHH = 

5.55.5 Hz, 1H, pyH), 8.45 (t, VHH = 8.0 Hz, 1H, pyH), 8.24 (d, VHH = 8.0 Hz, 1H, pyH), 7.96 (t, VHH = 

5.55 Hz, 1H, pyH), 7.05 (s, 1H, ArH), 7.00 (d, VHH = 8.5 Hz, 1H, ArH), 3.28 (s, 1H, OH), 2.28 (s, 

3H,, ArCH3), 1.17 (s, Vm* = 85.0 Hz, 1H, Pt-CH3), 0.82 (s, VH * = 85.5 Hz, 1H, Pt-CH3). 

cis-<r,c-dimethyl-[idV,KN-6-[(triphenylmethoxy)methyl]-pyridine-2-isopn>pyliniine] --

platinum(II )) (4cz) 

Ann amount of 0.29 g (0.69 mmol) 3cz and 0.17 g (0.30 mmol) tetramethylbis[u-(dimethylsulfide)]-

diplatinum(II)) were dissolved in 7 ml THE Immediately a dark red colored solution was formed 

andd after stirring for 5 minutes at room temperature 15 ml hexane was added, and the volatiles were 

removedd in vacuo. The remaining red solids were washed with hexane (10 ml) and pentane (10 ml) 

too yield 280 mg (85%) of a red solid. lH NMR (500 MHz, CDC13, 6\ppm)): 9.17 (s, VHP, = 32.4 Hz, 

1H,, imH), 8.32 (d, VHH = 7.8 Hz, 1H, pyH), 8.10 (t, VHH = 7.5 Hz, 1H, pyH), 7.55 (d, VHH = 7.8 

Hz,, 1H, pyH), 7.49 (d, VHH = 7.2 Hz, 6H, ArH), 7.28 (m, 9H, ArH), 4.73 (s, 2H, CH2), 4.68 (sept, 

VHHH = 6.0 Hz, 1H, C#(CH3)2), 1.39 (d, VHH = 6.6 Hz, 6H, CH(Ctf3)2), 1.11 (s, VHP. = 88.8 Hz, 3H, 

Pt-CH3),, 0.96 (s, VHpt = 83.7 Hz, 3H, Pt-CH3).
 13C NMR (125.70 MHz, acetone-,̂ 8 (ppm)): 

163.6,, 161.8, 157.6, 144.1, 138.0, 128.9, 128.2, 127.5, 125.5, 125.3, 88.0, 67.4 (VCPt = 18 Hz), 54.3 

(VcPtt = 40 Hz), 22.4, -16.0 (Va* = 868 Hz), -18.0 (VCpt = 805 Hz). 
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cis-<T,d-dimethyl-[KN,KN-6-[(methoxy)methoxymethyl]-pyridine-2-isopropylimine] --

platinum(II )) (4dz) 

Ann amount of 0,255 g (1.15 mmol) 3dz was added to 0,2847 g (0.495 mmol) tetramethylbisfn-

(dimethylsulfide)]-diplatinum(II)) dissolved in 15 ml THE This solution was stirred for 15 min at 

roomm temperature. The solution was filtered over a glass filter filled with 1 cm of Celite filter aid 

andd the residue was extracted with 30 ml THE 10 ml hexanes was added to the filtrate and all the 

solventss were removed under reduced pressure. The product was dissolved in 1 ml ether, 20 ml 

pentanee was added. The solvent was decanted from the precipitate and the solid was washed 3x 

withh 20 ml pentane. The red solid was further dried under reduced pressure yielding a red solid 

(0.433 g, 94%). 'H NMR (500 MHz, acetone-rf6, 8(ppm)): 9.60 (s, VHpt = 33.6 Hz, 1H, imH), 8.26 (t, 

VHHH = 7.8 Hz, 1H, pyH), 7.93 (m, 2H, pyH), 5.02 (s, 2H, OCH20), 4.83 (s, 2H, O/20CH20), 4.67 

(sept,, 37HH = 6.3 Hz, 1H, C//(CH3)2), 3.40 (s, 3H, OCH3), 1.42 (d, VHH = 6.6 Hz, 6H, CH(C//3)2), 

1.133 (s, 2JHpt = 84.9 Hz, 3H, Pt-CH3), 1.08 (s, VHR = 91.5 Hz, 3H, Pt-CH3).
 ,3C NMR (125.70 

MHz,, acetone-de, 6 (ppm)): 163.4, 161.8, 157.7, 137.9, 125.7, 125.5, 96.6, 70.1 (3/cpt = 18 Hz), 

55.1,, 54.6 (Ven = 40 Hz), 22.4, -16.0 ( ' /at = 865 Hz), -18.1 ('JCR = 806 Hz), 195Pt NMR (64.3 

MHz,, acetone-<&, 6(ppm)): -3427. 

cis-o,<r-dimethyI-[idV,KN-6-(methoxymethyl)-pyridine-2-isopropyUriiJne]-platinurn(II )) (4ez) 

Ann amount of 82.3 mg (0.143 mmol) tetramethylbis[|i-(dimethylsulfide)]-diplatinum(II) and 68.2 

mgg (0.35 mmol) 3ez were dissolved in 15 ml THE Immediately a dark red colored solution was 

formedd and after stirring for 30 minutes at room temperature 15 ml hexane was added. A red 

precipitatee came out of the solution and the volatiles were removed in vacuo. The remaining red 

solidss were washed with pentane (2x15 ml) to yield 41.9 mg (70%) of a red solid. *H NMR (500 

MHz,, CD2C12, 8(ppm)): 9.21 (s, VHH = 35.0 Hz, 1H, imH), 8.06 (t, 37HH = 8.0 Hz, 1H, pyH), 7.84 

(d,, 37HH = 7.5 Hz, 1H, pyH), 7.59 (d, VHH = 7.5 Hz, 1H, pyH), 4.89 (s, 2H, CH2), 4.68 (sept, VHH = 

6.55 Hz, 1H, C#(CH3)2), 3.51 (s, 3H, OCH3), 1.41 (d, VHH = 6.5 Hz, 6H, CH(Ctf3)2), 1.13 (s, Vm* = 

84.55 Hz, 3H, Pt-CH3), 1.09 (s, 2JHPt = 90.5 Hz, 3H, Pt-CH3).
 13C NMR (125.70 MHz, benzene-de, 8 

(ppm)):: 164.6, 159.5, 157.5, 136.5, 128.2, 124.3, 75.7 (Vat = 17.8 Hz), 58.8, 54.9 (2/CPI = 40.9 

Hz),, 23.0, -13.9 (Vcp, = 861 Hz), -16.1 ('7Cp, = 807 Hz). 
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cis-<i,o-dimethyl-[KN,KN-ï-propylpyridinecarba]dimine]-pIatinuin(n )) (4bz) 

Ann amount of 336.7 mg (0.586 mmol) tetramethylbis[^-(dimethylsulfide)]-diplatinum(II) and 185.7 

mgg (1.25 mmol) i-propylpyridinecarbaldimine were dissolved in 20 ml THE Immediately a purple 

coloredd solution was formed and after stirring for 90 minutes at room temperature, 15 ml hexane 

wass added and the volatiles were removed in vacuo. The remaining red solids were washed with 

pentanee (3x15 ml) to yield 361 mg (83%) of a dark red solid. !H NMR (300.13 MHz, CDC13, 

8(ppm)):: 9.22 (m, 1H, pyH), 9.13 (s, VHPI = 35.4 Hz, 1H, imH), 8.08 (dt, VHH = 7.0 Hz, VHH = 1.2 

Hzz 1H, pyH), 7.67 (d, VHH = 7.5 Hz, 1H, pyH), 7.56 (m, 1H, pyH), 4.75 (sept, VHH = 6.6 Hz, 1H, 

Cff(CH3)2),, 1.41 (d, VHH = 6.6 Hz, 6H, CH(C#3)2), 1.24 (s, VHR = 84.3 Hz, 3H, Pt-CH3), 1.09 (s, 
22JmtJmt = 87.3 Hz, 3H, Pt-CH3).

 ,3C NMR (75.47 MHz, acetone-,̂ 5 (ppm)): 161.0, 158.1, 146.8 

(VCptt = 36.3 Hz), 137.3, 128.5, 127.4, 56.6 (VCPt = 37.4 Hz), 22.6, -15.08 (VCPt = 809 Hz), -17.6 

(Vertt = 830 Hz). 

a-methyl-[KN,KN-o-0-2-[[(6-methyl-2-pyridinyl)methylenelaminol-pheno]l-platinum(II ) ) 

(5aw) ) 

Ann amount of 19.0 mg 4aw was dissolved in 30 ml benzene. This red solution was stirred overnight 

att reflux temperature. After cooling down to room temperature the volatiles were removed yielding 

18.99 mg (100%) of a green solid. This solid is barely soluble in any solvent. However, 'H NMR was 

possiblee in acetone-d6 after addition of a drop of 2,2,2-trifluoroethanol. ]H NMR (300.13 MHz, 

acetone-,̂, 5(ppm)): 8.86 (s, VHR = 35.4 Hz, 1H, imH), 7.89 (t, VHH = 8.1 Hz, 1H, pyH), 7.40 (d, 

VHHH = 7.5 Hz, 2H, ArH), 7.24 (d, VHH = 8.7 Hz, 1H, pyH), 6.93 (td, VHH = 8.4 Hz, VHH = 1.5 Hz, 

1H,, pyH), 6.79 (dd, VHH = 7.8 Hz, VHH = 1.8 Hz, 1H, ArH), 6.38 (td, VHH = 6.9 Hz, VHH = 1.5 Hz, 

1H,, ArH). 2.83 (s, 3H, ArCH3), 0.92 (s, VHR = 76.8 Hz, 3H, Pt-CH3). 

cis-c-methyl-[KO-diethylether-[idV,KN-l-methoxy-2-[(2-pyridinylmethylene)amino]-ethane]]--

platinum(II )) tetrafluor o borate (5bx) 

Ann amount of 70 mg (0.18 mmol) 4bx was dissolved in 60 ml diethyl ether. This red-purple 

solutionn was cooled to -60 °C, after which 54% HBF4 in diethyl ether (24 ul, 0.18 mmol) was 

addedd to the solution. A red-brown solid came out of the solution and the mixture was stirred for 

anotherr 90 minutes at -60 °C. The mixture was filtered over a glass filter P4 and the solids were 

washedd with 10 ml cold diethyl ether. The brown red solid is further dried in vacuo for a view 

hours.. Yield: 86 mg (89%). *H NMR (300.13 MHz, acetone-,̂ 8(ppm)): 9.11 (s, VHPI =118.9 Hz, 
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1H,, imH), 8.66 (d, VHH = 5.1 Hz, 1H, pyH), 8.45 (dt, VHH = 7.5 Hz, VHH = 1.5 Hz, pyH), 8.33 (d, 

VHHH = 7.5 Hz, 1H, pyH), 8.00 (m, 1H, pyH), 4.17 (t, VHH = 4.5 Hz, VHPI = 60.9 Hz, 2H, 

C//2CH2OCH3),, 3.76 (t, 2H, CH2C//2OCH3), 3.33 (s, 3H, OCH3), 0.89 (s, VH * = 75.6 Hz, 3H, Pt-

CH3).. Diethyl ether was found non-coordinating: 3.38 (q, 6.9 Hz, 4H, OCtf2CH3), 1.08 (t, 6.9 Hz, 

6H,, OCH2C/f3). 

o-methyl-[icN,KN-o-0-4-methyl-24(^pyridinyImethylene)aiiüno]-phenoxy]-pIatinum(n) ) 

(5by) ) 

Ann amount of 7.1 mg 4by was dissolved in 15 ml benzene. This red solution was stirred overnight 

att reflux temperature. After cooling down to room temperature the volatiles were removed yielding 

7.00 mg (100%) of a green solid. This solid is barely soluble in any solvent. However, ]H NMR was 

possiblee in acetone-̂ after addition of a drop of 2,2,2-trifluoroethanol. lH NMR (300.13 MHz, 

acetone-,̂, 8(ppm)): 8.67 (s, VHR = 40.2 Hz, 1H, imH), 8.48 (d, VHH = 5.1 Hz, VHPt = 54.3 Hz, 1H, 

ArH),, 7.97 (td, VHH = 7.8 Hz, VHH = 1.5 Hz, 1H, pyH), 7.54 (br d, VHH = 7.5 Hz, 1H, ArH), 7.36 

(m,, 1H, pyH), 7.01 (s, 1H, ArH), 6.79 (dd, VHH = 8.7 Hz, VHH = 1.8 Hz, 1H, pyH), 6.51 (d, VHH = 

8.44 Hz, 1H, ArH). 2.83 (s, 3H, ArCH3), 0.92 (s, Vm, = 76.8 Hz, 3H, Pt-CH3). 

c-methyl-[KN,KN-KO-6-[(methoxy)methoxymethyl]-pyridine-2-isopn)pylimine]-platinuiii(II ) ) 

tetrafluor oo borate (5dz) 

Ann amount of 0,0457 g (mmol) 4dz was dissolved in 100 ml diethyl ether. The solution was cooled 

too -73 °C and 290 ul of a solution of 2,7% HBF4 in diethyl ether was slowly added. The solution 

wass stirred for 2 hours at -73 °C, after which most of the solvent was decanted. The remaining 

solventt was removed under reduced pressure and a yellow solid remained (0.034 g, 77%). H NMR 

(300.133 MHz, CD2C12, -20 °C, 6\ppm)): 8.90 (s, VHPI = 116 Hz, 1H, imH), 8,19 (m, 1H, pyH), 7.92 

(m,, 2H, pyH), 6.93 (br s, 2H, H20), 4.78 (s, VH* = 25.2 Hz, 2H, OC#20), 4.45 (sept, 1H, VHH = 

7.33 Hz, C//(CH3)2), 3.91 (s, VH * = 22.2 Hz, 2H, C//2OCH20), 3.38 (s, 3H, OCH3), 1.48 (d, VHH = 

6.66 Hz, 6H, CH(Cf/3)2), 1.19 (s, VHPI = 77.1 Hz, 3H, Pt-CH3).
 ,95Pt NMR (64.3 MHz, CD2C12, -20 

°C,, 8(ppm)): -3072. 
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a-methyl-KN-acetoiutrile-[KN,KN-6-[(methoxy)iiiethoxymethyl]-pyridine-2-isopropyüniine] --

platinum(II )) (6dz) 

Too 10 rag 5dz, 2 ml acetonitrile was added. The excess acetonitrile was removed under reduced 

pressuree yielding 10 mg of a yellow solid. ]H NMR (300.13 MHz, acetone-,̂ 5(ppm)): 9.06 (s, 

VHP,, = 103 Hz, 1H, imH), 8.23 (m, 1H, pyH), 8.06 (m, 2H, pyH), 5.31 (s, 2H, CH2), 4.85 (s, 2H, 

CH2),, 4.61 (1H, sept, VHH = 6.5 Hz, C//(CH3)2), 3.42 (s, 3H, OCH3), 2.63 (s, VHP, = 14.1 Hz, 

NCCH3),, 1.45 (d, VHH = 6.6 Hz, 6H, CH(Ctf3)2), 1-18 (s, VHP, = 79.2 Hz, Pt-CH3).
 ,95Pt NMR (64.3 

MHz,, acetone-J6, 8(ppm)): -3599.19F (acetone-rf6,5 (ppm)): -152. 

cis-o-methyl-KN-acetomtrile-[KN,KN-i-propylpyridinecarbaldimine]-platinum(II)(6bz ) ) 

Ann amount of 200 mg (0.536 mmol) 4bz was dissolved in 60 ml acetonitrile and cooled to -30 °C. 

Thenn 73 u.1 54% HBF4 in diethyl ether was slowly added to the red solution. The mixture was 

broughtt to room temperature and the volatiles were removed by rotary evaporation. The remaining 

solidss were washed twice with diethyl ether (2x 15 ml) to yield a yellow powder (239 mg, 92%). *H 

NMRR (500 MHz, acetone-,̂ 5(ppm)): 9.39 (VHP, = 105.0 Hz, 1H, imH), 9.09 (d, VHH = 5.0 Hz, 

1H,, pyH), 8.45 (dt ,VHH = 7.5 Hz, 4yHH = 1.5 Hz, pyH), 8.30 (d, VHH = 7.5 Hz, 1H, pyH), 7.99 (m, 

1H,, pyH), 4.45 (sept, 3/HH = 6.5 Hz, 1H, C//(CH3)2), 3.80 (br s, 3H, CH3CN), 1.50 (d, 37HH = 6.5 

Hz,, 6H, CH(0/3)2), 1.00 (s, Vm* = 77.0 Hz, 3H, Pt-CH3).
 13C (125.70 MHz, acetone-,̂ 8 (ppm)): 

210.1,, 171.4, 154.6, 149.7 (2JCpt = 32.2 Hz), 141.7, 131.4, 129.4, 121.7, 69. 4, 58.6 (2/CPt = 67.8 

Hz),, 22.7, -16.0 (l/CPt = 697 Hz). 19F (acetonitrile- ,̂ 8 (ppm)): -151.8. 

5.4.33 C-H bon d activatio n experiment s 

Ann amount of 10 mg 5dz was dissolved in 5 ml 2,2,2-trifIuoroethanol and 1 ml benzene was added 

too this solution. The mixture was stirred at room temperature for 5 days. Then 0.5 ml acetonitrile 

wass added to stop the reaction and the solvents were removed under reduced pressure. In another 

experimentt the same procedure as described above was followed but the reaction time was 2 hours 

insteadd of 5 days. Also one experiment was carried out as blank reaction with a sample where only 

5dzz was dissolved in 2,2,2-trifluoroethanol. After 5 days acetonitrile was added and the solvents 

weree removed under reduced pressure and the products were analyzed by ]H NMR spectroscopy. 
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Summar y y 

Duringg the last decades, the quest for the most economic ways for the formation of C-C bonds 

hass become a matter of increasing importance for both industrial and academic research. From a 

pointt of view of atom economy, reduction of waste and reduction of the number of reaction steps it 

wouldd be desirable to circumvent the formation of salt, hence prevent the use of carbon-halogen 

containingg compounds, esters, and the like. Substrates which contain a reactive C-H bond rather 

thann a C-X bond (X = halide) are very interesting alternatives for synthetic purposes. 

Thee aim of this work has been the design of novel late transition metal compounds that are 

ablee to activate C-H bonds of hydrocarbons in an intermolecular way. As it is known that platinum 

hydridess are generally quite stable and Pt°L2 species possess suitable filled and empty d-orbitals of 

appropriatee energy and symmetry, to allow C-H activation processes, we decided to use this 

transitionn metal to investigate C-H activation processes. Platinum is known to activate C-H bonds 

off  hydrocarbons via two pathways: The first method consists of the in situ generation of an 

unsaturatedd electron-rich platinum(0) center which is reactive towards C-H bonds of hydrocarbons 

inn a nucleophilic way. The second method consists of the synthesis of cationic platinum(II) 

complexes,, which are reactive towards C-H bonds of hydrocarbons in an electrophilic way. In this 

thesis,, platinum-systems are described which possess one of these two properties for C-H bond 

activationn of hydrocarbons. 

Inn chapter 2 (part A) the synthesis of novel, thermally stable Pt°(R-DAB)(Ti2-alkene) 

complexess is described. These complexes are synthesized in good yield from Pt(cod)2 or Pt(nbe)3 as 

thee Pt° precursor, via stepwise substitution of the labile dienes by an electron poor alkene, followed 

byy the appropriate R-DAB ligand. In contrast, when using Pt(dba)2 or Pt(dipdba)2, the exchange of 

dbaa and dipdba for the alkenes and R-DAB-ligand is slow, much metallic platinum is formed and 

separationn of the Pt(0)-complex from dba or dipdba is difficult, resulting in very low yields of the 

desiredd complexes. 

123 3 



Summary Summary 
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Pt(alkene)nn = Pt(cod)2, Pt(nbe)3, Pt(dba)2, Pt(dipdba)2 

Schemee 1 

Thee compounds obtained are members of a very useful category of starting materials for 

variouss endeavors in synthetic organoplatinum chemistry and catalysis. Not only may these be 

employedd in the oxidative addition of organic halides, to give models for related C-C bond forming 

Pd-catalysts,, but also, by addition of appropriate acids, they provide access to systems suitable for 

activationn of C-H bonds. 
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Indeed,, addition of HX can give alkene-insertion into the platinum hydride (described in part 

BB of chapter 2), but this reactivity is only found when the weak-coordinating X = BF4" is employed. 

Additionn of HC1 only gave disproponation-products. Some insight in the mechanism has been 

gainedd by NMR spectrometry at low temperature, which makes clear that initially a 5-coordinate 

complexx is formed upon HX addition. Probably a 4-coordinate [Ptn(R-DAB)(r|2-alkene)(H)]+X 

intermediatee is involved for X = BF4, unlike the situation for X = CI. Due to coordination of the 

carbonyll  towards the cationic platinum center in the insertion product, insertion of the alkene in the 

platinumm hydride is facilitated. 

Inn chapter 3 the synthesis of the first examples of zerovalent platinum mono-carbene 

bis(alkene)) complexes, where the carbene is an TV-heterocyclic carbene, (see Figure 1) is described. 

Thesee complexes are air-, moisture- and temperature-stable for months in solution and in the solid 

state.. Two different routes for the synthesis of these complexes have been employed. The in situ 
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preparationn of the carbene is the most facile method for obtaining the (carbene) platinum 

bis(alkene)) complexes in good yield. 

Mess Ft 
NN R " ^ , , R ' r N R ' ^ X . R ' 

Mess " - ^ ^ R ' R 

RR = Ph, Mes R' = COOMe 

Figuree 1 

Thesee Pt(0) complexes are valuable compounds for several Pt(0)-catalyzed reactions, such as 

hydrogenationn and hydrosilation, and can be of interest for comparison with (carbene)Pd(O)- and 

Ni(0)-catalyzedd reactions, to give information about intermediates in these reactions. 

COOMe e 

MeOOC C 

RR = COOMe 

Schemee 3 

Surprisingly,, these Pt(0) complexes react under relatively mild conditions with dihydrogen to 

formm neutral hydridoplatinum(II)(alkyl)carbene complexes with a hemilabile coordinating carbonyl 

moietyy (see Scheme 3). Despite the quite strong coordination of the carbonyl function, these neutral 

hydridoplatinum(II)(alkyl)carbenee complexes are reactive towards certain C-H bonds of 

hydrocarbons. . 

Thee zerovalent platinum mono-carbene bis(alkene) complexes were designed in particular to 

investigatee reactivity towards C-H bonds of certain imidazolium salts in a nucleophilic way (see 

Schemee 4). C-H bonds of various imidazolium salts have been activated intermolecularly to yield 

hydridoplatinum(II)) biscarbene complexes, in which the two different carbenes occupy mutual 

fram-positionss (Chapter 4, part A). These activations also take place at room temperature. This 

methodd of C-H bond activation of imidazolium salts by zerovalent platinum mono-carbene 

bis(alkene)) complexes has been compared to the well known Whitesides system 

[Pt0(Cy2PCH2CH2Cy2)]]  and was found to be more effective. 
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Schemee 4 

Thee substituents on the nitrogen-atoms of the imidazolium salts are very important; if at least 

onee nitrogen is substituted with a primary alkyl-chain, the C-H bond activation reaction goes to 

completion.. However, introduction of two secondary alkyl-chains results in equilibria in the C-H 

bondd activation reactions, while tertiary alkyl-chains make the imidazolium salts unreactive towards 

thee zerovalent platinum mono-carbene bis(alkene) complexes. 

Itt should be obvious that the described reactivity of imidazolium salt may strongly influence 

thee behavior of d metal(O) catalysts which are used in imidazoHum-based ionic liquids as solvents. 

Mostt of the latter bear primary alkyl chains on the nitrogen atoms and might therefore react 

analogouslyy to the reactions described for [emim][BF4] and [bmim][BF4] with zero-valent platinum 

mono-carbenee bis(alkene) complexes. The C-H bond activation reaction described in this chapter 

hass opened an easy access to hydrido-d1 "-metal complexes which are known to be involved in a 

varietyy of catalytic reactions. 

[ptr r 

Schemee 5 

CH2D D 

Inn part B of chapter 4 the C-H this property has been shown by the use of an ionic liquid. 

Whenn [bmim][BF4] was reacted with a platinum mono-carbene bis(alkene) complex, a cationic 

hydridoplatinumm bis(carbene) complex was formed in situ. This complex catalyzes the selective 

C-HH bond activation of CH3 groups in hydrocarbons and non-activated aromatic C-H bonds (see 

Schemee 5). In this way, selective transfer of deuterium from benzene-rf6 to CH3-groups of 

[bmim][BF4]]  was achieved. In this reaction [bmim][BF4] acted as ligand, substrate and solvent! 
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Inn chapter 5 various types of NNO-ligands, all based on a pyridinecarbaldimine backbone, 

weree prepared and investigated as potential tridentate ligands in combination with neutral and 

cationicc (methyl)Ptn-complexes. The idea for the design of these complexes is that these complexes 

aree expected to be more easy to handle than their didentate counterparts, the (NN) platinum 

complexes,, but that these tridentate NNO platinum complexes retain the reactivity towards C-H 

bondss of hydrocarbons described for these didentate NN platinum complexes. The NNO ligands 

couldd potentially coordinate in a tridentate fashion in such a way that reactivity and stability go 

together,, i.e. the ligand provides stabilization in a tridendate mode and enough reactivity in a 

didentatee mode. Ptn(Me)2(o
2AW'-NNO)-complexes have been prepared, after which an internal 

(phenolicc hydroxy-function) or external (HBF4) proton addition resulted in the neutral and cationic, 

respectively,, [Ptn(Me)(o3AW'0-NNO)] and [Ptn(Me)(a3AW'0-NNO)]BF4 complexes, in which the 

NNO-ligandd is coordinated in a tridentate fashion (see Figure 2). 

f y ,, /=/ 
A / ^^ O -CH3 

H3CC O l^Q 

I I 

Figuree 2 

Thee obtained neutral [Ptn(Me)(c3AW'0-NNO)] and cationic [Ptn(Me)(a3AW'0-NNO)]BF4 

complexess are not suitable for performing C-H bond activation reactions. The neutral 

Ptn(Me)(NNO)) complexes are too stable to display any reactivity, whereas the cationic 

[Ptn(Me)(NNO)]+BF4""  complexes are too reactive, so that activation reactions are not selective 

towardss specific C-H bonds. Nevertheless, these neutral and cationic platinum complexes are very 

interestingg compounds and can be compared to other tridentate ligand systems in the field of their 

coordinationn and organometallic chemistry. 
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Samenvattin g g 

Dee vraag hoe op de meest economische manier nieuwe C-C bindingen kunnen worden 

gemaakt,, wordt de laatste decennia steeds belangrijker voor het industriële en academische 

onderzoek.. Uit het oogpunt van atoomeconomische overwegingen, reductie van de hoeveelheid 

afvall  en het venninderen van het aantal reactiestappen, is het zeer wenselijk om de vorming van 

zouten,, het gebruik van halogeenbevattende koolwaterstoffen, esters, etc. te voorkomen, die bij de 

traditionelee methodes om nieuwe C-C bindingen te synthetiseren vrijkomen of nodig zijn. Om die 

nadelenn en de vorming van bijproducten te vermijden, is het zeer wenselijk om substraten te 

gebruikenn die een minder reactieve C-H binding bevatten i.p.v. een reactieve C-X binding (X= 

halogenide)) voor alternatieve synthese-routes. 

Hett uitgangspunt voor het in dit proefschrift beschreven onderzoek was het ontwerpen van 

nieuwee verbindingen met late overgangsmetalen, waarbij deze verbindingen zo ontworpen moesten 

zijn,, zodat deze C-H bindingen konden activeren via een intermoleculair mechanisme. Het is 

bekendd dat platina hydrides een hoge thermodynamische stabiliteit kunnen bezitten en dat Pt°L2 

deeltjess geschikte gevulde en lege d-orbitalen met de juiste energie en symmetrie bezitten, die de 

gewenstee C-H activeringen mogelijk maken. Mede daarom is platina een goed overgangsmetaal om 

dee C-H activeringsprocessen te onderzoeken, en tevens omdat de producten vaak direct aangetoond 

kunnenn worden door deze relatief hoge stabiliteit. Platinaverbindingen kunnen C-H bindingen van 

koolwaterstoffenn via twee methoden activeren: de eerste methode bestaat uit het in situ creëren van 

eenn onverzadigd nucleofiel platina(O) atoom, zodat deze reactief wordt naar C-H bindingen van 

koolwaterstoffen.. De tweede methode bestaat uit de synthese van electrofiele kationische platina(ü) 

complexen,, die reactief zijn naar C-H bindingen van koolwaterstoffen. In dit proefschrift worden 

platina-systemenn beschreven die een van deze eigenschappen bezitten om C-H bindingen van 

koolwaterstoffenn te activeren. 
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Schem aa 1 

Inn hoofdstuk 2 (deel A) wordt de synthese van nieuwe, thermisch stabiele Pt0(R-DAB)(r)2-

alkeen)) complexen beschreven. Deze complexen worden gesynthetiseerd vanuit Pt(cod)2 of Pt(nbe)3 

alss Pt -precursor, via de stapsgewijze substitutie van labiele dienen door een electronen-arm alkeen, 

gevolgdd door additie van een R-DAB ligand. Ook Pt(dba)2 en Pt(dipdba)2 zijn gebruikt als Pt°-

precursor,, maar de uitwisseling van dba of dipdba voor de alkenen en R-DAB-ligand is langzaam, 

err wordt veel metallisch platina gevormd en de scheiding van het gewenste Pt(0)-complex van de 

dbaa of dipdba is moeilijk. Dit alles resulteert in lagere opbrengsten dan het gebruik van Pt(cod)2 of 

Pt(nbe)33 als Pt°-precursor. 

Dee verkregen Pt°(R-DAB)(r)2-alkeen)-complexen zijn goed te gebruiken als uitgangsstoffen 

voorr verschillende toepassingen in synthetische organoplatina-chemie en katalyse. De Pt(0)-

complexenn kunnen gebruikt worden voor het bestuderen van oxidatieve addities van 

halogeenkoolwaterstoffen,, wat goede inzichten kan geven als model voor Pd-gekatalyseerde C-C 

bindingvorming.. Daarnaast kunnen door middel van de additie van sterke zuren aan de Pt°(R-

DAB)(r|2-alkeen)-complexen,, Pt(II)-systemen worden gesynthetiseerd die C-H bindingen kunnen 

activeren. . 
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/ / 

tBu u 

COOMe e 

) ) 
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,tBuu COOMe tBu 
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tBuu C O O M e tBu 

—11 + 
tBuu COOMe BF4" 

N " ^^ ^ 0 ^ 
// OMe 

tBu u 

Schem aa 2 

„>CI I 

**CI I 

Wanneerr deze methode van additie van HX aan de Pt°(R-DAB)(r|2-alkeen)-complexen 

gebruiktt wordt, vindt er alkeen-insertie in de platina-hydride binding plaats. Echter, deze insertie 

vindtt alleen plaats wanneer het niet-coördinerende anion X" = BF4" gebruikt wordt. Additie van HC1 
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geeftt namelijk alleen disproportioneringsproducten (zie Schema 2). Het gebruik van NMR-

spectroscopiee bij lage temperaturen heeft meer inzichten gegeven over de mechanismen op welke 

manierr deze producten gevormd worden. Het initieel product van de additie van HX (X = Cl, BF4) 

aann een Pt°(R-DAB)(r|2-alkeen)-complex is een 5-gecoördineerd platina-complex. Waarschijnlijk 

wordtt een 4-gecoördineerd [Ptn(R-DAB)(r|2-alkene)(H)]+X" complex gevormd, voor X = BF4. Voor 

XX = Cl is dit veel minder waarschijnlijk en daarom worden hier geen insertieproducten gevonden. 

Vanuitt dit 4-gecoördineerd complex kan snelle alkeen-insertie in de platina-hydride binding 

plaatsvinden,, doordat in het product de energetisch gunstige carbonyl-coördinatie naar het 

kationischee platina atoom kan plaatsvinden. 

Inn hoofdstuk 3 wordt de synthese beschreven van de eerste voorbeelden van nulwaardige 

platina(mono-carbeen)(bis-alkeen)-complexenn (zie Figuur 1). Deze complexen zijn maanden als 

poederr en in oplossing lucht-, vocht- en thermisch stabiel. Deze complexen zijn via twee 

verschillendee routes gesynthetiseerd. Hieruit bleek dat synthese via de in situ synthese van het 

carbeen-ligandd de eenvoudigste methode is om in goede opbrengst de platina(mono-carbeen)(bis-

alkeen)-complexenn te verkrijgen. 

Mess R 

Mess " ^ ^ R ' R ' " ^ R ' 

RR = Ph, Mes R' = COOMe 

F iguurr 1 

Dee verkregen Pt(0)-complexen zijn waardevolle verbindingen als katalysator voor een aantal 

Pt(0)-gekatalyseerdee reacties en ze zijn bovendien geschikt als model om de (carbeen)Pd(O)-

gekatalyseerdee reacties beter te kunnen begrijpen. 

Onverwachtss blijken de platina(mono-carbeen)(bis-alkeen)-complexen reactief t.o.v. 

waterstofgass onder relatief milde omstandigheden onder vorming van neutrale (mono-

carbeen)platina(II)(hydride)(alkyl)-complexen,, waarbij een hemi-labiele carbonyl gecoördineerd is 

aann het platina-atoom (zie Schema 3). Ondanks de vrij sterke coördinatie van de carbonyl aan het 

platina-atoom,, zijn deze neutrale (mono-carbeen)platina(II)(hydride)(alkyl)-complexen reactief naar 

C-HH bindingen van bepaalde koolwaterstoffen. 
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Schemaa 3 

Dee nulwaardige nucleofiele platina(mono-carbeen)(bis-alkeen)-complexen zijn speciaal 

ontworpenn om de reactiviteit van deze complexen t.o.v. C-H bindingen van bepaalde imidazolium 

zoutenn te onderzoeken (zie Schema 4). C-H bindingen van verscheidene imidazolium zouten 

kondenn intermoleculair worden geactiveerd, waarbij (biscarbeen)platinum(II)hydride-complexes 

werdenn gevormd, waarbij de twee verschillende carbenen trans gecoördineerd zijn t.o.v. elkaar 

(Hoofdstukk 4, deel A). Deze C-H activeringsreactie treedt reeds onder heel milde condities, 

namelijkk bij kamertemperatuur, op. De C-H activering van imidazolium zouten d.m.v. nulwaardige 

platina(mono-carbeen)(bis-alkeen)-complexenn is vergeleken met het bekende Whitesides-systeem 

[Pt°(Cy2PCH2CH2Cy2)]]  en blijkt veel effectiever te zijn. 

Mess "R"-^\ R N A 

-NN A * J. x .2dmfu \ M rT'\rT'\ „ / r ^ v -2dmfu \ /~~K 
[!! >—Pt R' + l © ) - H Mes Pt R' 

Mess f R' kJK 
R"" Mes 

RR = alkyl R' = aryl, alkyl R" = COOMe 

Schemaa 4 

Hett substitutie-patroon op de stikstof-atomen van de imidazolium zouten blijkt zeer 

belangrijk;; als minstens één stikstof met een primaire alkyl-groep is gesubstitueerd, verloopt de 

reactiee volledig. Introductie van secondaire alkyl-groepen op beide stikstoffen resulteert al in 

evenwichtenn en introductie van tertiare alkyl-groepen op beide stikstoffen maakt het imidazolium 

zoutt onreactief t.o.v. de nulwaardige platina(mono-carbeen)(bis-alkeen)-complexen. 

Uitt de resultaten kan opgemaakt worden, dat de beschreven reactiviteit van imidazolium 

zoutenn het gedrag van d'°-metaal(0) katalysatoren in op imidazolium zouten gebaseerde "ionaire 

vloeistoffen""  als oplosmiddelen sterk beïnvloeden. De meeste "ionaire vloeistoffen" bevatten 

132 2 



Samenvatting Samenvatting 

namelijkk primaire alkyl-groepen op de stikstofatomen en kunnen analoog reageren met de 

nulwaardigee platina(mono-carbeen)(bis-alkeen)-complexen als de reacties beschreven voor 

[emim][BF4]]  en [bmim][BF4]. Deze C-H activeringsreactie is bovendien een eenvoudige route naar 

d10-metaall  hydride complexen, welke belangrijke intermediairen zijn in vele katalytische reacties. 

Inn deel B van hoofdstuk 4 is van deze eigenschap gebruik gemaakt door in een ionaire 

vloeistof,, [bmim][BF4], een platina(mono-carbeen)(bis-alkeen) complex op te lossen, zodat in situ 

eenn ionisch [hydridoplatinum(bis-carbeen)][BF4] gevormd werd. Dit complex kan selectief en onder 

mildee condities C-H bindingen van CH3-groepen van koolwaterstoffen en niet-geactiveerde 

aromatischee C-H bindingen activeren (zie Schema 5). Op deze manier, kan selectief deuterium 

overgedragenn worden van benzeen-̂ naar CH3-groepen van [bmim][BF4], waarbij [bmim][BF4] 

duss zowel optreedt als ligand, als substraat èn als oplosmiddel! 

X H 33 ^CHaD 

D . / L . DD y D 

Schemaa 5 

Inn hoofdstuk 5 wordt de synthese van een aantal verschillende types NNO-liganden, 

gebaseerdd op een pyridinecarbaldimine-skelet, beschreven. Deze liganden werden onderzocht als 

potentiëlee tridentaat liganden in combinatie met neutrale en kationische (methyl)Ptn-complexen. 

Ptn(Me)2(a2AW'-NNO)-complexenn zijn gesynthetiseerd, waarna interne (d.m.v. fenol-functie) of 

externee (d.m.v. HBF4) protonering resulteerde in de neutrale [Ptn(Me)(o3AW'0-NNO)] of 

kationischee [Ptn(Me)(a3AW'0-NNO)]BF4 complexen, waarbij het NNO-ligand tridentaat is 

gecoördineerdd (zie Figuur 2). 

Figuurr  2 

Dee verkregen neutrale (NNO)Pt"(Me) en kationische [(NNO)Ptn(Me)]+ complexen zijn helaas 

niett geschikt om activeringsreacties van C-H bindingen uit te voeren, omdat de neutrale 
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(NNO)Ptn(Me)-complexenn te stabiel zijn om deze reactiviteit te vertonen en de kationische 

[(NNO)Ptn(Me)]+-complexenn juist te reactief zijn, zodat de C-H activering niet meer selectief is. 

Tochh zijn deze neutrale en kationische platina-complexen zeer interessante verbindingen voor 

toekomstigg onderzoek. Bovendien kunnen deze complexen vergeleken worden met andere tridentaat 

coördinerendee ligand-systemen wat betreft de van reactiviteit en stabiliteit van de corresponderende 

metaal-complexen,, zodat de eigenschappen van de verschillende NNO-liganden goed in kaart 

gebrachtt kunnen worden. 
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