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ChapterChapter 1 

ProtonProton Transfer in Transition Metal Hydride 
Complexes Complexes 

Introductio n n 

Protonn transfer is one of the most common reactions in chemistry and biochemistry. The 

transferr of a hydrogen atom, as a proton, a hydride or a radical, either stoichiometric or 

catalytically,, is a fundamental step in many synthetic and enzymatic reactions. 

Reactionss involving hydrogen gas are among the most important industrial processes.' 

Paradoxically,, dihydrogen is a relatively unreactive molecule (BDE = 103 Kcal mol ), 

whichh explains the need of an activation process before it can react with unsaturated 

substrates.22 This activation is usually achieved by transition metals, which can be either in 

thee form of soluble complexes or as metallic particles. Until recently, littl e was known 

aboutt the mechanism of H2 activation, let alone the intermediates involved in the reaction. 

AA good understanding of the factors that control the reactivity of dihydrogen towards 

transitionn metals and further towards unsaturated substrates is essential in order to design 

catalystss that will perform the desired transformation with the activity and selectivity 

requiredd by modern chemistry. Furthermore, dihydrogen is a simple model for the 

activationn of other unreactive o- bonds, such as C-H and C-C bonds. 

Inn this chapter a bibliographic introduction to proton transfer reactions involving transition 

metalss will be presented. Because complexes containing a dihydrogen bond are crucial 

intermediatess in the proton transfer process, the nature and characteristics of this 

interactionn will be discussed first. Then, the transfer of acidic protons to metal hydrides 

andd the reverse reaction, the heterolytic activation of dihydrogen will be discussed. Finally, 

thee proton transfer from a metal hydride to an unsaturated substrate will be presented. 
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Dihydrogenn Bonds 

Hydrogenn bonds play a central role in chemistry and biology.3-4 This phenomenon 

constitutess an essential part of life on earth and Nature has used it to define the structure of 

aa great variety of materials, to store information, and to steer reactivity. In modern 

chemistry,, hydrogen bonding is essential for molecular recognition and the formation of 

supramolecularr structures. In the classical way, a hydrogen bond is an electrostatic 

interactionn between a weak acid (hydrogen bond donor) and the lone pair of an 

electronegativee element (hydrogen bond acceptor). Usually, oxygen, nitrogen and halide 

atomss are considered as hydrogen bond acceptors. Recently, a new type of hydrogen bond 

hass been investigated, in which a o M-H bond (where M is less electronegative than H) 

actss as proton acceptor towards a weakly acidic proton.5"7 This new type of interaction 

involvess close H—-H contacts (1.7-2.0 A) and was therefore named "dihydrogen bond" by 

Crabtreee et a}.1 The energy involved in dihydrogen bonds is substantial (3-7 kcal mol"1) 

andd lies in the range found for conventional hydrogen bonds. 

Systemss exhibiting dihydrogen bonds have some spectroscopic characteristics which allow 

theirr characterization in solution. The infrared spectra of hydrogen bonded systems show 

broadeningg and low frequency shifts of the M-H and the NH or OH vibration bands 

comparedd to compounds in which no hydrogen bonding occurs.7-8 NMR spectroscopy is 

alsoo a powerful tool for detecting dihydrogen bonds. Formation of dihydrogen bonded 

adductss involves short H—H distances and therefore an increase of the dipole-dipole 

relaxationn of the hydride. Thus, hydrides involved in dihydrogen bonding have lower Timin 

valuess than expected for terminal hydrides. Usually, low field shifts for the X-H resonance 

(X== O or N) are observed in the 'H NMR spectra, and sometimes even hydride-proton 

couplingss can be detected.9-10 Moreover NOE and spin saturation transfer experiments 

alloww the detection of close contacts and / or chemical exchange between the matel hydride 

andd the proton donor. 

1.11 Intramolecular  Dihydrogen bonds 

Thee hydride-to-proton interaction was first identified as an intramolecular phenomenon by 

thee groups of Morris et a/."-12 and Crabtree et a/.9-10 The X-ray crystal structure of the 

2 2 



GeneralGeneral Introduction 

iridiumm complex 1 showed the unexpected tautomerization of the amide ligand to its iminol 

form.. The latter isomer can establish an interaction between the iridium hydride and the 

OHH proton. Although the hydride and OH protons were not localized in this study, the 

authorss observed a short relaxation time (T,min) for both hydrogens and a coupling constant 

off  3 Hz between the Ir-H and the O-H. From their NMR data they estimated an H—H 

distancee of 1.8 A. 

L== PPh 3 PPh h 
L=PCy3,, s*„„, I ^L 

\ - H ' ' IIII > 

Morriss and co-workers detected a close H—H contact between the hydride and the 

protonatedd pyridine-2-thiol in complex 2. They also observed short relaxation times for the 

Ir-HH (168 ms) and Py-H (178 ms) and an NOE enhancement of the NH signals upon 

irradiationn of the hydride. From the observed Timin they calculated a H-H distance of 1.75 

 0.05 A. When compound 2 was dissolved in THF, the dihydrogen bonds were not longer 

detected,, presumably due to the formation of conventional N-H---0 hydrogen bonds with 

thee solvent.11 

Crabtreee et al. made a quantitative comparison of the strength of the dihydrogen bond in 

complexess 3 (Y= H", F", CI", Br", I') where the pendant amino group can form a traditional 

hydrogenn bond with the halide (3 Y) or a dihydrogen bond with the hydride (3H). 

N ^^  N 

Phsffc. . 

Hbb If, 

V V V V 
H H 

3Y Y 

H H 

3H H 

3 3 
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Forr complexes with Y=Cl" or Br", both types of hydrogen bond are formed. Thus a mixture 

off  tautomers 3Y and 3H is observed. For Y=I" only the hydride-proton interaction (3H) 

wass detected, while for the most electronegative halide (Y=F~) the reverse is true. 

Thee influence of the ancillary ligands on the strength of the dihydrogen bond was studied 

byy the group of Morris. By using IR and NMR spectroscopy and single crystal X-ray 

diffractionn they compared the intramolecular IrH...HN bonds in complexes 2 containing 

eitherr PCy3 or PPh3.
13 The complex containing the more basic PCy3 forms a stronger 

dihydrogenn bond due to the increased hydridic character of the hydride. 

Intermolecularr  Dihydrogen bonds 

Thee first example of intermolecular dihydrogen bonds in the solid state was reported by 

Crabtreee et al. The neutron diffraction crystal structure of the rhenium hydride complex 4 

showss two short H—H contacts (1.73 and 2.21 A) and strongly bent NH—H angles of 119 

andd 97°. They described these close contacts as a three-center interaction between the 

rheniumm hydrides and a molecule of indole of crystallization.14 

HH H 

L== PPh3 

4 4 

Epstein,, Berke and co-workers identified intermolecular dihydrogen bonds in solution. In 

theirr study of the interaction of the tungsten hydride 5 with alcohols of different acidity 

theyy showed that the O-H interacted with the W-H exclusively; no interaction with the CO 

orr NO groups was detected.8 The dihydrogen bond is stronger in complexes containing 

moree basic phosphine ligands (PMe3 > PEt3 > P(0-'Pr)3 > PPh3) and with the more acidic 

alcoholss in the order: perfluoro-2-methyl-2-propanol (PFTB) > hexafluoro-2-propanol 

(HFIP)) > phenol (PhOH). 

ON--

y y 
.W :: H-- -H—OR 

L== PMe3. PEt3, P(i-PrO)3, PPh3 

4 4 
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Thee same research groups studied the regioselectivity of the H—H interaction of the 

rheniumm hydrides [Re(CO)H2(NO)(PR3)2] (6) with acidic alcohols (HA).1517 The HA 

moleculee can interact with either of the hydrides (Ha or Hb) to form a dihydrogen bond, or 

withh the NO group to form a conventional hydrogen bond. NMR and IR studies showed 

thatt dihydrogen bonding occurs preferably with the hydride trans to NO (6a). As the steric 

bulkk of the phosphine is increased from PMe3 to PEt3, the NO group starts to compete for 

thee proton (6b). The complex containing the ligand with the largest cone angle (P('-Pr)3) 

formss conventional O-H—ON bonds only. 

LL L 

COCO""„..""„..  I , ,„*« H a"—H—O R C 0 / " / , „ . I .„,%«* Ha 

Re:' ' 
^ H bb RO—H---ON»" "»Hb T T 

L L 

L== PMe3, PEt3l P(i-Pr)3 

6aa 6b 

Theoreticall  Studies 

Thee electrostatic nature of dihydrogen bonds in metal hydride complexes has been 

confirmedd by theoretical calculations by Hoffman et al. who studied the N-H—H-lr 

interactionss in complex 2 (with L=PH3).
5-18-19 This is in agreement with the observation of 

Morriss et al. that complexes containing alkyl phosphines form stronger dihydrogen bonds 

thann analogous complexes with aryl phosphines.13 As discussed before, the more basic 

phosphinee increases the net negative charge of the hydride and thus enhances an attractive 

interactionn with the positively charged proton. 

Thee experimental work of Epstein, Berke et a/.8 was complemented by theoretical 

calculationss (HF/3-21G and DFT) by Schreiner et a/.518 They studied the interaction of the 

modell  complexes [MH(CO)2L2L'] with HA, in which M= Mo, W; L = PH3, NH3; L'= NO, 

CO,, CI, H and A= F, OH, H20
+. This study confirmed that the HA proton prefers the 

interactionn with the metal hydride over the NO group. The dihydrogen bond becomes 

strongerr with increasing electron donating ability of the ligand cis to the hydride or 

increasingg acidity of the proton donor. 

5 5 
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Thee calculations also showed strongly bent H—H-M angles in all optimized structures. 

Thee corresponding linear structures (most favored in traditional hydrogen bonds) were 2.6 

kcall  mol"' higher in energy. 

Effectss of hydrogen bonding 

Inn the same way conventional hydrogen bonds are largely responsible for the very high 

selectivityy displayed by enzymes, dihydrogen bonding can have important consequences 

onn the selectivity and stereochemistry of reactions in solution. Through the formation of 

relativelyy strong H—H interactions a particular transition state or intermediate can be 

selectivelyy stabilized, thus influencing the product distribution and stereoselectivity of a 

reaction.. For example, the iridium hydride 7 reacts preferentially with 2-aminophenol over 

4-aminophenoll  (scheme 1-1). In a competitive experiment, Crabtree et al. observed that 

mixingg an equimolar amount of 7, 2-aminophenol and 4-aminophenol resulted in products 

8aa and 8b in a 4.2:1 ratio. 

Schemee 1-1. 

6 6 
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Thee two products do not interconvert, indicating that the reaction is kinetically 

controlled.200 Apparently the product distribution is the result of the O-H —H-Ir interaction 

inn 8a, which probably also stabilizes the transition state leading to it. 

Aimee and co-workers showed that reaction of the osmium cluster 9 with EfNH2 or Et2NH 

yieldedd exclusively the syn isomer of 10, which is stabilized by an intramolecular N-H— 

H-Oss interaction (scheme 1-2).21 Furthermore, when the reaction was performed with 

NEt3,, which cannot form dihydrogen bonds, no reaction occurred. 

- H ^^ ,*R 

HH H 
N ^ E , , 

xOs(CO)44 EtNHR /Os(CO)4 

(CO)3Os^—— ^ O s ( C O ) 3 (CO)3Os^— -^Os(CO) 3 

99 10 

Schemee 1-2. 

Protonn Transfer To Metal Hydrides 

Protonationn of transition metal hydrides is a common route for the preparation of cationic 

dihydrogenn complexes.22 Since the discovery of dihydrogen bonds it was proposed that 

speciess containing dihydrogen bonds were intermediates in the proton transfer process 

fromm an acid to a metal hydride to form an r|2-H2 complex, as well as in the reverse 

reaction,, the heterolytic splitting of dihydrogen.7-23 It was not until 1997 that this idea was 

verifiedd experimentally. Chaudret et al.24 made the first direct observation of a dynamic 

equilibriumm involving proton transfer between a hydride and an rp-Hh complex. Upon 

additionn of phenol to the ruthenium complex [RuH2(dppm)] (11), hydrogen bonded 

adductss of phenol with both cis and trans isomers of 11 were formed (scheme 1-3). The 

transtrans isomer was further involved in a dynamic equilibrium with the dihydrogen complex 

[RuH(H2)(dppm)]++ (lib ) which is 17 Kcal mol"1 lower in energy than the dihydrogen 

bondedd adduct. 

7 7 
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Ph22 Ph2 

11 1 

H-pH H 
Ph22 Ph, 

/*"<«:. /*"<«:. 

Ph2R, '// „„  I ,«\\H 

11a a 

11b b 

Schemee 1-3. 

Limbachh , Chaudret et a!, reported the reversible proton transfer within a dihydrogen bond 

inn [Cp*RuH3(PCy3)] (12).25 Complex 12 reacts with (CF3)2CHOH or with (CF3)3COH in 

toluenee to form a dihydrogen bonded species. Remarkably, if the reaction was carried out 

inn a Freon mixture (CDC12F/ CDF3 2:1) at low temperature, proton transfer occurs to form 

thee cationic complex [Cp*RuH4(PCy3)]
+ (12b). Because the dielectric constant of the Freon 

mixturee increases when the temperature is decreased, the ionic species 12b is favored at 

loww temperatures. 

Byy combining IR and NMR techniques Epstein and co-workers have made quantitative 

studiess of proton transfer reactions.26"28 The stepwise mechanism of the proton transfer 

fromm AH to [CpRuH(CO)(PCy3)] (13) was studied using different proton donors 

(CF3CH2OH,, (CF3)2CHOH, (CF3)3COH, CF3COOH and HBF4) and solvents of different 

polarityy (scheme 1-4).29 The first stage of the process is the formation of hydrogen bonded 

adductss (13b), followed by a slow equilibrium between the latter and a dihydrogen 

complexx which shows ion-pairing with the anion (13c). The equilibrium between 13b and 

13cc seems to be the rate determining step in the proton transfer reaction. In the presence of 

ann excess of HA, the free dihydrogen complex (13d) and homoconjugated ions [A--H--A] " 

aree formed. Complex 13d reacts further to form 13e via evolution of H2. 
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Cy3PP H 
CO O 

13a a 

++ HA 

fast t 
Cy3P P 

CO O 

13b b 

~H, , 

Cy3PP A 

CO O 

sloww / R V ; : " ' ^ - - A ' 
Cy3PP | ^ - " A 

CO O 

13c c 

fast t ++ HA 

^ > > 
. R u \\ H 

Cy3P P 

CO O 
A - -H - - -A A 

13d d 

Schemee 1-4. 

Jalónn et al. reported that protonation of the ruthenium pyridylphosphine complex 14a leads 

too an species containing a three center dihydrogen bond (14b, scheme 1-5).30 They 

observedd fast scrambling between the hydride and the pyridinium proton, which probably 

occurss via an unobserved dihydrogen complex 14c. Moreover, 14a is an active catalyst for 

thee D+/ H2 exchange between CD3OD and H2. 

14a a 

Ru u 

14b b 

14c c 

Schemee 1-5. 
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Thee influence of the ancillary ligands on the formation of dihydrogen bonds and on the 

equilibriaa between dihydrogen bonded species and dihydrogen complexes has been 

demonstratedd in the ruthenium complexes [(n5-C5H4(CH2)2NMe2H
+)RuH(PP)], where PP 

iss a diphosphine or two monophosphines. Lau et al. prepared the aminocyclopentadienyl 

rutheniumm complex 15a in which the hydride and the protonated amine form a dihydrogen 

bondd (scheme 1-6).31 They observed H/D exchange of both proton and hydride with D20, 

viavia a dihydrogen intermediate 15b. At room temperature 15a slowly loses H2 to form the 

chelatee complex 15c. Reaction of 15c with dihydrogen (60 bars, 60°C) regenerates the r|2-

H22 complex 15b. On the other hand, Sabo-Etienne, Chaudret et al. reported a similar 

complexx containing PPh3 (16a) instead of dppm.32 Complex 16a does not form a 

dihydrogenn bond in the solid state. In solution, fluxional processes probably lead to 

transientt H—H interactions. In contrast to 15a, neither 16a loses H2 at room temperature 

norr the chelate complex 16c reacts with dihydrogen (scheme 1-6). 

15aa 15b 15c 

16aa 16c 

Schemee 1-6. 

Althoughh exchange of the hydride and ammonium proton was observed, calculations at the 

DFTT level showed that the exchange does not involve proton transfer within the 

dihydrogenn bond. Instead, a mechanism involving a dihydride intermediate and rotation of 

thee Cp ligand was proposed. This intermediate involves trans coordination of the 

phosphinee ligands and therefore this mechanism cannot operate for the complexes 

containingg dppm (15a). 

10 0 
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Recently,, Lau et al. reported that in the analogous complex [(r|5-

C5H4(CH2)2NMe2H
+)RuH(P(OPh)3)]]  (17), where dppm was replaced by P(OPh)3, the 

dihydrogenn interaction is no longer detected.33 The effect was attributed to the decreased 

basicityy of the metal center which in turn reduced the hydridic character of the hydride. In 

thiss case, 17 is stable towards H2 loss. 

Ann interesting example of proton transfer from an aromatic hydrocarbon to a hydride was 

reportedd by Limbach , Chaudret et al>A. Protonation of [RuH(H2)o-C6H4Py)(Pi-Pr3)] (18a) 

byy HBARF (HB[C6H3(CF3)2]4) occurs at the metalated carbon atom, leading to the agostic 

complexx (18b). Proton transfer from the agostic proton to the hydride, followed by 

eliminationn of dihydrogen leads to product 18c (scheme 1-7). Theoretical calculations 

suggestedd the intermediacy of a bis-(dihydrogen) species which reacts with the solvent to 

formm 18c. These species could be considered as intermediates in the C-H activation of 

aromaticc hydrocarbons. 

P'Pr, , 

++ HBarf W 
- H , , 

++ H-, 

P'Pr3 3 

THF F 

18a a 

Schemee 1-7. 

18b b 18c c 

Heterolyticc Activation of Dihydrogen 

Protonn transfer to a metal hydride to form a dihydrogen complex can be considered as the 

reversee reaction of the heterolytic cleavage of H2. This reaction is a key step in processes 

suchh as hydrogen metabolism,35'36 nitrogen fixation,37 and D2/ H+ exchange.9'11-12'38 The 

heterolyticc activation of H2 generally occurs in metal centers in medium or high oxidation 

statess and requires the assistance of a Brensted base. It has been proposed that the 

heterolyticc splitting can occur by coordination of dihydrogen to a metal center, followed by 

deprotonationn of the so-formed r|2-H2 complex.39-43 Indeed, the acidity of some 

dihydrogenn complexes is a well established fact.22'43 The pKa of dihydrogen complexes 

11 1 
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extendss over a wide range (pKa extrapolated to the aqueous scale); some of them are 

veritablee strong acids. For example, the rhenium44 and osmium39 dihydrogen complexes 

199 and 20 (scheme 1-8) are deprotonated by diethyl ether, which has a pKa of-2.3. This is 

remarkablee considering that H2 has a pKa of about 35. 

[Re(H2)Cp*(CO)(NO)]++ + Et20 

19 9 

[Os(H2)(CH3CN)(dppe)2rr + Et20 — 

20 0 

Schemee 1-8. 

== [ReHCp*(CO)(NO)] + Et2OH+ 

[OsH(CH3CN)(dppe)2]
++ + Et2OH+ 

Thee acidity of coordinated dihydrogen arises from the polarization and weakening of the 

H-HH bond upon coordination. This involves donation from the H-H o-bond to the metal 

centerr and 7t-back-donation from a filled d-orbital into the a*  orbital of H2. Although both 

interactionss result in weakening of the H-H bond, the extent of G-donation has a definitive 

effectt in the acidity of the H2 molecule. Several studies have dealt with the influence of the 

ancillaryy ligands on the acidity of dihydrogen complexes.39'44"55 Changing the electronic 

propertiess of the ligands causes striking differences in the acidity of dihydrogen 

complexes.. The group of Morris performed detailed investigations on the effect of 

changingg thepara substituents in the aryl rings of RPPh2 in complexes 21.50 In the case of 

thee ruthenium compounds, the change from p-CF3C(,H4 (21a) to/7-CH3OC6H4 (21d) caused 

ann increase of the pKa from 9 to 16. A similar effect was observed for the Fe and Os 

complexes. . 

11 h^ttr ^ D 

rrPhPh2»ll„,2»ll„,  I „v\WPPh2 
",Ru ' ' 

-Ph2P' ' ̂ 11 V, 

P-CF3QH4 4 

C„H; ; 

p-CH3OC6H4 4 

21 1 

a a 
b b 
c c 
d d 

22 2 

XX = H a 
XX = C1 b 

12 2 
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Replacingg the hydride ligand trans to the r|2-H2 by a chlorine atom caused a strong increase 

off  the acidity. Thus, complex 22a (X=H) has a pKa of 14, while 22b (X= CI") has a pKa of 

6.511 Moreover, the acidity of the dicationic ruthenium complex [Ru(rp-

H2)(CNH)(dppe)2]
2++ (22c) is similar to that of HOTf (OTf = CF3SO3).54 

Inn general, highly acidic dihydrogen complexes are formed when electron withdrawing 

ligandss are used, either in the trans or cis position. Decreased back-bonding from electron 

poorr metal centers to the dihydrogen ligand could result in unstable dihydrogen complexes. 

Remarkably,, many acidic rf-H2 complexes are also thermally stable. This has been 

explainedd by enhanced donation from the o-bond of dihydrogen to the electrophilic metal 

centerr to compensate the lack of rc-back-bonding. While this interaction strengthens the H2-

MM bond, it also causes electron depletion of the H-H bond, resulting in the high acidity 

observed. . 

Recently,, Morris, Rigo and co-workers reported that [Ru(OTf)(CNH)L](OTf) (L = dppe, 

dppp)) (23) react with H2 to form the highly acidic complexes [Ru(H2)(CNH)L](OTf)2.53 

Thee latter complexes eliminate HOTf in the absence of excess acid to form a mixture of 

[Ru(H2)(CN)L](OTf)) and [RuH(CNH)L](OTf>. The authors pointed out that complexes 23 

couldd be used for the in situ generation of a strong acid from dihydrogen gas. 

Iff  the metal complex contains a ligand that can be protonated, the cleavage of the H2 

moleculee can occur in an intramolecular way. This is the case for complexes containing 

sulfides,566 thiolates,57 amines,58 or nitrosyl groups.59 Berke and co-workers reported the 

heterolyticc activation of H2 by the insaturated rhenium complexes 24a.59 Although no 

reactionn occurred with dihydrogen, H/D scrambling was observed when 24a was exposed 

too a mixture of H2 and D2. The authors proposed that the scrambling occurred via 

coordinationn of H2 (or D2) followed by heterolytic splitting of dihydrogen, the NO ligand 

actingg as the base. Reaction of 24a with H2 in the presence of a bulky amine yielded the 

correspondingg Re hydride in which the ammonium salt formed a hydrogen bond with the 

nitrosyll  ligand (24b, scheme 1-9). The latter product was characterized by X-ray 

diffraction. . 

13 3 
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Sch h 

\\ PR 

\ / / 
ovrovr PR3 

RR = Cy, ' Pr 

24a a 

:mee 1-9 

++ H2 p^f 
ON///,,,, , 

Mee '^R e 

// 7 .-ON* 

24b b 

Eisenstein,, Crabtree eC a/, studied the reaction of the iridium complexes [IrH(bq-

NH2)(OH2)(PR3)2]BF44 (25) (bq= 7,8 benzoquinolinate) with dihydrogen. When PPh3 was 

used,, the hydrido-dihydrogen complex (26a) was obtained, whereas the use of a more 

basicc phosphine, such as P(nBu)3, led to heterolytic splitting of H2 to form the dihydride 

26bb (scheme 1-10). 

Schemee 1-10. 

25 5 26a a 26b b 

Thee bite angle of chelating ligands can also have an important influence on the ability of 

metall  complexes to achieve the splitting of the H-H bond. DuBois et al. prepared a series 

off  palladium complexes containing a triphosphine ligand in which the phosphorus atoms 

weree linked either by two or three carbon atom in the chains (PR2(CH2)nPPh(CH2)mPR2, m, 

n== 2,3). Only the complexes containing three-carbon linked ligands (27, scheme 1-11) 

reactedd with dihydrogen to form hydride complexes (28).60 The steric interaction of the 

triphosphinee ligand with the coordinated acetonitrile in 27 may enhance the reactivity of 

complexess containing trimethylene backbones. The authors also performed qualitative 

Extendedd Hückel calculations for [Pd(PH3)3]
2+ and [Pd(PH3)3H]+. They concluded that as 

thee P-M-P angle increases, the energy of the LUMO of the [Pd(PH3)3]
2+ fragment 

decreases,, thus facilitating electron transfer from molecular hydrogen into this orbital. 
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Theyy proposed therefore that wider bite angles would promote heterolytic cleavage of 

dihydrogen.60 0 

PR2 2 

== IP Pd NCCH 

,PR2 2 

PhPP Pd—H 

27 7 28 8 

Schemee 1-11. 

Protonn Transfer From Metal Hydrides 

Thee intermolecular hydrogen transfer from a transition metal hydride to an unsaturated 

ligandd is a crucial step in many catalytic reactions. For instance, hydride migration to a 

coordinatedd olefin, or its reverse (3-hydride elimination, is a key step for reactions such as 

hydrogenation,, hydroformylation and isomerisation. Because these reactions are usually 

veryy fast, the experimental study of this type of proton transfer is very difficult. Several 

theoreticall  studies have been devoted to hydride migrations to ethylene and carbon 

monoxide.611 In this section, we will only present some mechanistic studies on the transfer 

hydrogenation. . 

Transferr  hydrogenation. 

Thee transfer hydrogenation of unsaturated substrates catalyzed by transition metal 

complexes,, as an alternative to the use of dihydrogen, has attracted much attention.62"64 

Thee reaction involves hydrogen transfer from an organic hydrogen donor, usually 2-

propanoll  or formic acid, to an unsaturated substrate. This reaction is especially attractive 

forr the asymmetric hydrogenation of carbonyl compounds.62'63 Although no general 

agreementt exists over the mechanism of this reaction, the hydride-proton transfer 

mechanismm proposed by Noyori et a/.65 has been recently supported by experimental and 

theoreticall  studies.66"69 DFT calculations by Anderson et al. confirmed a concerted transfer 
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off  a proton and a hydride to a carbonyl compound to form the corresponding alcohol 

(schemee 1-12).66 Hydride transfer seems to be rate determining. 

Schemee 1-12 

Byy comparing the activation energy of the hydride transfer, the authors discarded other 

possiblee mechanisms such as direct proton transfer from the coordinated alcohol to a 71-

bondedd ketone (without the intermediacy of a hydride species) or the migratory insertion of 

thee ketone into a metal hydride bond. 

Similarly,, in a detailed kinetic study of the stoichiometric hydrogenation of benzaldehyde 

usingg the hydride complex 29 Casey et al. established that reduction occurred via a 

concertedd hydride and proton transfer mechanism (scheme 1-13).69 

29 9 

Schemee 1-13 

Bullockk et al. studied the stoichiometric ionic hydrogenation of olefins using CF3SO3H and 

aa transition metal hydride.70 
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P h ^ \ ^^ + HOTf + HW(CO)3Cp - P h ^ ^ ^ + [W(CO)3Cp]OTf 

Schemee 1-14 

Theyy reported that the reaction proceeds via hydride transfer from a metal to a carbenium 

ionn formed by protonation of the olefin (scheme 1-14). The formation of the carbenium ion 

cann occur either by direct protonation of the olefin by the acid, or by protonation of the 

hydridee complex to form a dihydride or an r|2-H2 complex, followed by proton transfer to 

thee olefin. In the latter case, the protonated metal hydrides must be acidic enough to 

transferr a proton, and thermally stable on the time scale of the reaction. This is the case of 

complexess like HW(CO)3Cp, HOs(CO)2Cp*, HMo(CO)3Cp, HRe(CO)5 and HMe(CO)5. 

Onn the other hand, protonation of HW(CO)2(PMe3)Cp and HRu(CO)(PMe3)Cp leads to 

dihydridee (or dihydrogen) complexes that are not acidic enough and fail to protonate the 

olefin.. This example illustrates once again how the ancillary ligands determine the 

reactivityy of transition metal hydrides. 

Scopee and Outline of the Thesis 

Althoughh transition metal hydrides have been studied for more than one century, there are 

stilll  many open questions about their structure and reactivity and many features such as 

dihydrogenn complexes and dihydrogen bonding are still relatively recent findings. The aim 

off  the research described in this thesis was to gain insight into o-bonded complexes and 

howw the ancillary ligands affect their chemical behavior. 

Thee understanding of how the steric and electronic properties of ancillary ligands affect the 

catalyticc properties of different metal has been the topic of much research in our group. In 

particular,, a series of diphosphine ligands based on a Xanthene backbone has been 

developed.711 The rigidity and the wide bite angle of these "Xantphos-type" ligands have a 

significantt influence on reactions such as rhodium catalyzed hydroformylation, palladium 

catalyzedd allylic alkylation and cross-coupling reactions, and nickel catalyzed 

hydrocyanation.72"74 4 
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Inn Chapter 2 the synthesis and characterization of ruthenium dihydrogen complexes 

containingg wide bite angle diphosphines is described. The effect of the bite angle and the 

electronicc properties of the ligand on the stability of the dihydrogen complexes and on the 

H-HH distance is presented. 

ChapterChapter 3 deals with the coordination chemistry of a series of platinum complexes 

containingg Xantphos-type diphosphines and the hemilabile ligands diphenylphosphino-2-

pyridinee or 2-aminopyridine. The preparation of hydride species containing a protonated 

pyridinee moiety via heterolytic activation of dihydrogen is presented. Furthermore, the 

spectroscopicc behavior of the resulting complexes, in particular related to the possible 

occurrencee of dihydrogen bonds is discussed. Finally, the reactivity of the hydride 

complexess towards unsaturated substrates is shortly described. 

Inn Chapter 4 the dynamic behavior of palladium complexes analogous to those of platinum 

(chapterr 3), is studied. The reaction of these complexes towards dihydrogen and the 

stabilityy of the hydride complexes is compared with that of the platinum analogs. The 

decompositionn of the hydride species via P-C bond splitting is described. 

Inn Chapter 5, a thorough NMR study of platinum complexes containing sulfur donor 

ligandss is presented. The reaction of Pt(0) complexes with pyridine-2-thiol and 

diphenylphosphinoethanethioll  to form neutral hydride complexes is studied. For 

complexess containing the latter ligand, the evolution of the hydride species in solution 

causedd by ligand scrambling is presented. 
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RutheniumRuthenium Dihydrogen Complexes Containing 

WideWide Bite Angle Diphosphines 

Abstract t 

AA series of wide bite angle diphosphine ligands was used to prepare 

c«[MH2(diphosphine)2]]  complexes (1 a-f) by reaction of [Ru(cod)(cot)] (cod = cyclo-octa-

1,5-diene,, cot = cyclo-octa-l,3,5-triene) with two equivalents of the diphosphine under 

dihydrogenn pressure. The bite angle as well as the electronic properties of the ligands were 

varied.. Complexes 1 a-f can be protonated with HBF4 or CF3COOH to yield non-classical 

c«[MH(H2)(diphosphine)2]
++ complexes(2 a-f), which were characterized by variable 

temperaturee NMR and Ti measurements. These complexes show fast hydrogen atom 

exchangee between the r|2-H2 and the terminal hydride at all temperatures studied. They are 

thermallyy unstable towards dihydrogen loss yielding the cationic monohydride 

cz's[MH(diphosphine)2]
++ (3 a-f). Coordination of the y\2-H2 ligand is dominated by G-> d 

donationn and hence littl e effect of the electronic properties of the ligands on the H-H 

distancee is observed. 
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Introductio n n 

Inn the last decade, much experimental1 and theoretical2 research has been devoted to the 

chemistryy of dihydrogen complexes. Because the r|2-coordination of a dihydrogen 

moleculee to a transition metal results from a subtle balance between a donation from the 

H-HH bond and 7t-back bonding from the metal center, the electronic and steric properties of 

thee ancillary ligands have a dramatic influence on the structure and reactivity of the 

dihydrogenn ligand. Crabtree and co-workers3 have studied a series of rhenium 

polyhydridess [ReH7{P(C6H4-p-X)3}2] in which the electron-donating ability of the X 

substituentt was varied (X- CH3, H, F, Ch, OCH3). All complexes were shown to contain 

ann elongated rp-I-h ligand in which the H-H distance increased from 1.24 to 1.42 A on 

goingg from X=CF3 to X= OCH3. The lengthening on increasing the electron donating 

abilityy of the phosphine shows that for these complexes 7t-back bonding is the dominant 

processs involved in the stabilization of the rf-H2 ligand. On the other hand, Morris and co-

workers4'55 have carried out detailed studies on a series of compounds 1M(H2)H{PR2(CH2-

CH2)PR.2Ê22 and investigated the influence of the substituents R on the acidity of iron, 

rutheniumm and osmium complexes. They reported that on going from R=4-C6H4CF3 to 

R=4-C6H40CH33 the pKa of the corresponding dihydrogen complexes increased by more 

thann 7 units, but the H-H bond length did not change significantly except for the osmium 

complexes.. The increased acidity of the dihydrogen ligand in complexes containing 

electronn poor diphosphines reflects the fact that a-donation is dominant, in this case, over 

71-backk bonding and therefore the H-H distance is hardly affected. 

Whenn chelating diphosphines are used, their steric properties may also have a large 

influencee on the geometry of the complexes and thus the combination of steric and 

electronicc factors will determine the stability and reactivity of the dihydrogen ligand. 

Abb initio calculations by Morokuma and co-workers6 showed that when the bite angle of 

thee diphosphine is increased, the most favored geometry changes from octahedral 

complexess with the hydride trans to the dihydrogen molecule, to a very distorted cis-

complex.. For intermediate bite angles an equilibrium with the classical trihydride species 

iss observed. Caulton, Eisenstein and co-workers7 have carried out a detailed experimental 

andd theoretical study on Fe(H)2(r|2-H2)(PEtPh2)3, in which they showed the existence of a 

"ciss effect" between a r| -H2 ligand and the adjacent hydrides. A similar interaction also 

24 4 



RutheniumRuthenium Dihydrogen Complexes 

occurss in RuH(H2)I(PCy3)2.8 This interaction opposes the effect of d-> a*  back donation 

andd is held responsible for the fast intramolecular hydride-dihydrogen exchange commonly 

observedd in cis complexes. Further theoretical investigations on the mechanism of this 

exchangee were carried out on cw[Fe(PR3)4H(H2)]
+ by Maseras et a!9 Saburi and co-

workerss have prepared a series of dihydrogen complexes [RuH(H2)(PP)2]PF6 (PP= dppe, 

dppp,, dppb, dppf, binap and diop), for which they observed fast intramolecular hydrogen 

atomm exchange in the complexes with the more flexible and wider bite angle diphosphines 

(dppb,, diop).1011 

Inn our research group, several diphosphines based on xanthene-like backbones have been 

developedd (so-called Xantphos-type ligands).12 The wide bite angles enforced by these 

ligandss in combination with the rigidity of the backbone impose geometrical constraints 

thatt have an important influence on the structure and catalytic activity of several Rh and Pd 

complexes.133 Recently, a number of Xantphos-type ligands in which the electronic 

propertiess of the phosphorus were varied without significant changes in the bite angle have 

beenn prepared.14 These ligands offer therefore the possibility to study the effect of wide 

bitee angles on the structure and reactivity of ruthenium dihydrogen complexes on the one 

hand,, and of the electronic properties of the ligands on the other. In a previous 

communication155 we have reported the synthesis of ruthenium(II) hydrido-dihydrogen 

complexess using Sixantphos (b) and Thixantphos (c) as chelating ligands (Fig. 2-1). In this 

paperr we present the synthesis and characterization of ruthenium dihydride complexes with 

differentt xantphos-type ligands, their reaction with acids to yield hydrido-dihydrogen 

complexess as well as the characterization of the monohydrides arising from the thermal 

losss of the dihydrogen ligand. The influence of the bite angle and the electronic properties 

off  the diphosphines on the hydrido-dihydrogen complexes will be discussed. 

Resultss and Discussion 

Synthesiss and characterization of ruthenium dihydrides. 

Rutheniumm dihydride bis(diphosphine) complexes c/5[RuH2(PP)2] (la-f) were prepared by 

hydrogenationn of Ru(cod)(cot) in presence of the diphosphine ligands using the method 

reportedd by Chaudret et al. '6 These dihydrides were convenient precursors for the synthesis 
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off  cationic hydrido-dihydrogen complexes. In our study, six diphosphine ligands having a 

widee bite angle were used (Fig.2-1, a-f). Ligands were prepared as reported by van 

Leeuwenn and co-workers.12'4 

Reactionn of Ru(cod)(cot) with two equivalents of the diphosphine under three bars of 

dihydrogenn gas in THF afforded the desired product as olive green or light brown solids in 

40-655 % yield. A temperature of 150 °C and long reaction time (16 hrs) are required to 

obtainn acceptable conversions. At a higher pressure of dihydrogen (10-20 bar), mainly 

colloidall  ruthenium is formed, even at room temperature. The products were characterized 

byy 'H and 31P NMR spectroscopy in C6D6. The proton and phosphorus NMR spectra of all 

complexess are very similar, with the exception of complex la carrying the Homoxantphos 

ligandd that will be discussed separately. 

O' ' 

PAr, , 

aa Homoxantphos 

bb Sixantphos 

cc Thixantphos-OCHj 

dd Thixantphos-Cfb 

ee Thixantphos 

ff  Thixantphos-CF? 

X X 

CH2 2 -CH2 2 

Si(CH3)2 2 

S S 

S S 

S S 

S S 

R R 

II I 

II I 

CH3 3 

CH3 3 

CH3 3 

CH3 3 

Ar r 

Ph h 

Ph h 

C-6H4OCH3 3 

C61I4CH3 3 

Ph h 

C6H4CF3 3 

Pn(°)a a 

102.00 b 

106.2 2 

106.9 9 

106.7 7 

106.4 4 

109.3 3 

Figuree 2-1. Xantphos-type ligands used.3 Natural bite angles taken from reference 14. b From 

referencee 12b. 

Thee high field region of the 'H NMR spectrum of lb-f shows a pseudo doublet of triplets 

att around 5=-8 ppm. This signal corresponds to the X2 part of an AA'MM'X 2 spin system 

wheree AA'MM ' are the four phosphorus atoms. The shape of this signal indicates a cis 

arrangementt of the diphosphines and it has been observed for c«[RuH2(dppe)2]
17 and 

c«[RuH2(dppf)2].
5 5 

Forr complexes lb-f, two clearly distinct singlets are observed for the methyl groups of the 

ligandd backbone (Fig. 2-1). Additionally, the spectra of compounds bearing ligands c and d 

showw three different signals for the methyl groups, between 5= 3.2 and 5= 3.4 ppm for the 

anisyll  substituent and between 5= 1.8 and 5= 2.1 ppm for the tolyl substituent. 

Thee 'P{'H}  NMR spectra of all complexes are virtually identical and show an A2X2 spin 

systemm the chemical shifts of which are between 5= 30 and 6= 38 ppm. The P-P coupling 
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constantss are close to 18 Hz, in agreement with a cis geometry having two magnetically 

inequivalentt phosphorus atoms, those trans to one another (PA) and those trans to the 

hydridee ligand (Px), (see scheme 2-1). 

Thee dihydride complex la with the more flexible Homoxantphos ligand shows a different 

spectroscopicc behavior. As expected, all four ethylenic protons of the backbone are 

inequivalent,, giving rise to a more complicated pattern consisting of two broad triplets (5= 

3.11 and 3.4 ppm) and two broad doublets (S= 2.30 and 2.88 ppm). The signal for the two 

hydridess is very similar to that observed for complexes lb-f. 

Thee 31P{'H}  spectrum of la consists of only one singlet at 5= 40.7 ppm. As the shape of 

thee hydride signal in the 'H NMR spectrum excludes a structure with four equivalent or 

rapidlyy exchanging phosphorus atoms, we carried out variable temperature experiments but 

noo change was observed in the ]H or 31P NMR spectra on cooling to 193 K. This suggests 

thatt the A and X signals display fortuitously the same chemical shift. 

Hydfido-dihydrogenn complexes. 

Protonationn of the dihydride complexes la-fusing HBF4.OEt2 or CF3COOH at 183 K led 

too the formation of hydrido-dihydrogen complexes (2a-f). Complexes la-f were dissolved 

inn CD2CI2 in an NMR tube and the solution was frozen in liquid N2. After addition of the 

acid,, the tube was shaken to melt the solvent and immediately introduced into the NMR 

probee pre-cooled at 193 K. Proton and phosphorus spectra, as well as relaxation times Tj 

weree recorded at 193 K and then at 20 K intervals up to 298 K. Both 'H and ]P spectra 

showedd the disappearance of the signals from the precursor dihydride and signals of a new 

productt were observed. The high field region of the H spectrum shows a broad signal at 

5== -6.5 ppm, while the 31P{ lH}  spectrum exhibits an A2B2 pattern between 5= 20 and 8= 

255 ppm with P-P coupling constants around 24 Hz. The average minimum relaxation time 

Timinn of the three hydrogen nuclei was observed between 203 and 243 K and in all cases 

wass found to be shorter than 25 ms (for Ti data for all complexes see Table 2-1). This short 

relaxationn time is characteristic of the short H-H distance found in dihydrogen ligands; we 

thereforee assign the new species to a hydrido-dihydrogen complex c/5[Ru(H)(H2)(PP)2]+. 

Thee hydride and dihydrogen ligands are in fast exchange and no decoalescence is observed 

evenn at 193 K. 
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1a-ff  2a-f 3a-f 

Schemee 2-1. Protonation of neutral dihydrides to give dihydrogen complexes, and loss of 

dihydrogen. . 

Withh exception of complex l e carrying the Thixantphos ligand, upon protonation of la-f a 

secondd species is formed simultaneously with the dihydrogen complexes 2a-f. This species 

displayss a sharp and symmetric multiplet centered at 5= -4 ppm in the proton NMR 

spectrumm and an ABMX pattern in the 3 I P { ' H }  spectrum. This species was identified15 as 

thee monohydride resulting from H2 loss from the dihydrogen complexes (3a-f) and it wil l 

bee discussed further in the next section. As the temperature is slowly raised, the signals for 

thee monohydrides 3a-f increase in intensity at the expense of the signals for the hydrido-

dihydrogenn species; at 263 K only the signals for [RuH(diphosphine)2]
+ are present. The 

dihydrogenn complexes 2b-2e can be prepared by protonation of lb- l e using either 

HBF4.OEt2orr CF3COOH. Protonation of l a or If using HBF4.OEt2 leads to the immediate 

formationn of the respective monohydride complexes 3a and 3f. Complex 2a 

(Homoxantphos)) could be formed by protonation of l a with one equivalent of CF3COOH. 

Nevertheless,, three or more equivalents of TFA were required for quantitative protonation 

off  complex If containing the Thix-CF3 ligand. In a separate experiment, I f was protonated 

withh a 1:1 mixture of CF3COOH and HBF4.0Et2, giving rise to the same hydrido-

dihydrogenn complex obtained by using pure trifluoroacetic acid. We propose that for these 

twoo complexes the CF3COO" counterion provides additional stabilization of the T| -H2 

ligandd via hydrogen bonding. It is remarkable that the two ligands in the extremes of the 

scale,, that is, the one with the smallest bite angle (Homoxantphos) and the one with the 

widestt bite angle and the strongest Jt-acceptor (Thixantphos-CF3) exhibit this special 

behavior. . 

Uponn protonation of complex lb , carrying the Sixantphos ligand, three different products 

aree observed by 'H and 'P NMR. In particular, the high field region of the 'H NMR shows 

onee sharp multiplet centered at 5= -5.6 ppm and two broad signals at 5= -6.6 ppm (minor) 

andd 8= -6.9 ppm (major). As discussed in a previous communication,15 the two broad 

signalss are assigned to isomeric dihydrogen complexes CK[RU(H) (H2) (PP)2 ] + (2b/b') in a 
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1:44 ratio, the third signal corresponds to the monohydride 3b. Increasing the temperature 

resultss in a decrease in the intensity of 2b/b' and an increase of the signal for 3b, which is 

thee only species present at 213 K. In order to investigate the nature of these isomers, the 

possiblee geometries of the [(diphosphine)2Ru(H)(H2)]
+ were studied using molecular 

mechanics.. We found that two relative orientations of the diphosphines are possible, which 

wil ll  give rise to two types of complexes (Figure 2-2). Although complexes of type A have 

favorablee K-stacking interactions, this geometry is hindered by the methyl groups of the 

backbonee in the Thixantphos-type ligands, and only complexes of type B are observed for 

thee latter ligands. 

Typee A Type B 

Figuree 2-2. Possible isomers for cis[MH(H2)(Sixantphos)2]+ (2b) 

Attemptss to regenerate the dihydrogen complex from the cationic monohydride were made 

usingg complex 3c with the Thix-OMe ligand. Once the signals for 2c were no longer 

observablee by NMR (263 K), the tube was cooled to 193 K and H2 was bubbled through 

thee solution during five minutes, after which the NMR spectrum was recorded at the later 

temperature.. Surprisingly, both the 'H and the 31P spectra were identical to those recorded 

att 263 K, indicating that the loss of H2 is irreversible. Further attempts were made using a 

high-pressuree NMR tube. The tube was charged with pure 3c, 1.5 mL of CD2C12 were 
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addedd and the tube was pressurized to 5 bar of H2. The reaction was followed by !H and 

PP VT NMR for 16 hours, but no reaction was observed at 233 K. 

Thee low thermal stability of the dihydrogen complexes 2 may be explained by insufficient 

d—»aa back donation required to stabilize the r|2-H2 ligand. INDO/1 calculations15 show 

thatt the wide bite angle of the ligands induces a distortion from the octahedral geometry 

thatt can lead to poor orbital overlap. Most of the known [MH(H2)(PP)2]+ complexes with 

chelatingg diphosphines have a strong preference for the trans geornetry.10'11J7JS"19'20'21-22-23 

Theoreticall  studies have shown that for M=Ru, the trans geometry corresponds to the 

globall  energy minimum of the system and the dihydrogen ligand prefers to coordinate 

transtrans to a ligand of high trans influence (hydride, in this case).2b'6 If the steric bulk of the 

diphosphinee is increased, as for dppf and dcpe (bis(dicyclohexylphosphino)ethane), the 

classicall  trihydride becomes the preferred isomer. Gusev et a!24 observed that while 

[Ru(H)(H2)(PMe3)4]++ only exists as the cis isomer, the analogous complex with the more 

bulkyy phosphine PEt3 coexists in equilibrium with its trihydride isomer. In some cases, the 

constraintss imposed by the ancillary ligands force the hydride and dihydrogen ligands to 

adoptt a cis conformation, for example in the complexes with tetradentate ligands 

[{P(CH2CH2PR2)3}M(H)(H 2)].
25266 This is also the case for complexes 2a-f, in which the 

widee bite angle and the rigidity of the Xantphos-type ligands prevents their coordination 

transtrans to one another. These complexes may find additional stabilization via the attractive 

"cis"cis effect" between the dihydrogen and the hydride ligands as proposed by Caulton and 

Eisenstein.. Ab Initio calculations for cw[Fe(PH3)4H(H2)]+ by Maseras et al also showed a 

preferencee of the dihydrogen ligand to align itself parallel to the terminal hydride so that 

theyy can interact with one another; this interaction is thought to be of electrostatic nature.27 

Ass already mentioned, the dihydrogen ligand and the terminal hydride are in rapid 

exchangee as indicated by the broad signal observed in the 'H NMR spectrum. Many 

theoreticall  studies have been devoted to the investigation of the nature of this type of 

intramolecularr atom exchange. Up to date, the most favored mechanism is the single-step 

transferr of a hydrogen atom between the two ligands (open direct transfer), which has a 

veryy low energy barrier and requires minimum rearrangement of the phosphine ligands. 

Fastt scrambling of the r|2-H2 and the hydride ligands is commonly observed for ruthenium 

complexess with chelating diphosphines (both cis and trans), although most trans 

complexess show coalescence of the hydride and dihydrogen resonances at higher 

temperaturess only.4'10-17'20'21-22'23-28-29'30'3' 
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*HH N M R Tt measurements and H- H distances. 

AA common method to characterize TI2-H2 complexes is the measurement of the minimum 

relaxationn time of the dihydrogen ligand.2 U8'32 It is generally assumed that dipole-dipole 

relaxationn (RDD) is the main relaxation mechanism in dihydrogen complexes. In this case, 

thee relaxation rate is inversely proportional to the sixth power of the internuclear distance 

(r)) (equation 2-1). Because in dihydrogen complexes the two hydrogen atoms are close to 

onee another, the relaxation is faster than in classical polyhydride complexes. Thus, r) -H2 

complexess have short Timm. 

11 _0,3yVf rc 4TC ] Equation 2-1 
DDDD~T~THDD}HDD} r>  j l + ̂ V 1 + toVl 

Ti(DD)) = longitudinal relaxation time (s), y= gyromagnetic ratio of the proton, 

TCC = rotational correlation time (s-rad"1), GJF= Larmor frequency (rads"1) 

Severall  authors have pointed out that the protons of the ancillary ligands and other nuclei 

makee a significant contribution to the observed relaxation rate of the dihydrogen 

ligand.32'33'344 Halpern et al?A described a method to calculate the contribution of the rest of 

thee molecule to the dipolar relaxation of the n,2-H2 moiety. For complexes of the general 

formulaa MH(H2)L4 the contribution of the rest of the molecule can be estimated by 

measuringg the relaxation rate of the terminal hydride in the corresponding MHL4 complex, 

whichh does not contain a dihydrogen ligand (at the same temperature, solvent and magnetic 

fieldfield strength). In this case, the overall relaxation rate of the dihydrogen ligand is: 

RHHH = RDD + R2obs Equation 2-2 

RHHH is the observed relaxation rate of the dihydrogen ligand only and R obs is the observed 

relaxationn rate of the classical hydride in MHL4. 

Forr fluxional molecules in which the dihydrogen ligand and the classical hydride give raise 

too only one signal in the 'H NMR spectrum and thus RHH cannot be directly measured, 

equationn 2-3 can be used to calculate the relaxation rate of the r\ -H2 moiety. 

ITIRHHH = {(m+nJR'obs - nR2
obs}  Equation 2-3 
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wheree R'obs is the observed relaxation rate of all the hydrides in MH(H2)L4, m is the 

numberr of non-classical hydrides and n is the number of terminal hydrides. 

Combiningg equations 2-2 and 2-3, the relaxation rate due to the dipole-dipole interaction is 

givenn by equation 2-4. 

3 3 
RRDDDD =—{R ohs — R'oiu) Equation 2-4 

Withh these considerations, equation 2-1 can be used to calculate the H-H distance from 

T]mmm data. Since the relaxation rate can be affected by rotation of the rp-H2 ligand, the 

speedd of rotation should also be considered in the calculation of r„„  l b : i ?0 in the limit of 

fastt rotation co*"rc« 1. Thus, after substitution of the numerical terms the H-H distance is 

givenn by equation 2-5: 

r.r.mm = 4.611 * J ^ ^ Equation 2-5 
\B(MHz) \B(MHz) 

Onn the other hand, if the rotation of the dihydrogen ligand is slow, a>Vc» 1 and the H-H 

distancee can be calculated from equation 2-6: 

rrHHHH = 5.816*§ >11J— Equation 2-6 

Equationss 2-5 and 2-6 were used to calculate a range of H-H distances in the dihydrogen 

complexess 2a-f (Table 2-1). The low thermal stability of these complexes limited the range 

off  temperatures in which Ti could be measured and thus we cannot be sure of having found 

thee "true minimum". Therefore, the calculated distances are only the upper limit of the H-

HH distance in the T|2-H2 ligand. 

Assumingg a fast motion regime, distances shorter than 0.95 A were calculated, which is in 

agreementt with complexes carrying an unstretched dihydrogen ligand. The differences in 

thee Timjn values and therefore in the calculated H-H distances fall within the limits of 

experimentall  error of the T| measurements. In spite of this, it is worth discussing the trends 

inn the results presented in Table 2-1. 
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Ligand d 

a a 

b b 

c c 

d d 

e e 

f f 

M V V 

102.00 d 

106.2 2 

106.9 9 

106.7 7 

106.4 4 

109.3 3 

aa Hammet 

Parameter r 

--

--

-0.27 7 

-0.17 7 

0.0 0 

0.54 4 

II  lmin 

(ms) ) 

18 8 

24 4 

25 5 

29 9 

19 9 

27 7 

Temp p 

min. . 

233 3 

203 3 

243 3 

233 3 

243 3 

233 3 

.of f 

(K) ) 

T .MH " " 

(ms) ) 

166 6 

622 2 

274 4 

318 8 

242 2 

296 6 

d(H-H)) (A)c 

fastt rot. 

0.87 7 

0.90 0 

0.92 2 

0.94 4 

0.87 7 

0.93 3 

sloww rot. 

1.10 0 

1.14 4 

1.15 5 

1.18 8 

1.10 0 

1.17 7 

Tablee 2-1. ^ data for dihydrogen complexes 2. All spectra were measured in CD2C12 at 300 MHz. 
aa Natural bite angles taken from reference 14. b Ti of the correspondent monohydride at the 

temperaturee of the minimum.c H-H distance considering fast and slow rotation of the r|2-H2 ligand. 
dd From reference 12b. 

Thee variation in the calculated distances of the ri2-H2 ligand cannot be correlated easily 

withh the electronic properties or the bite angle of the diphosphine. We anticipated that an 

electronn rich ligand such as Thix-OMe would enhance the back bonding and hence 

increasee the thermal stability of complexes 2 with respect to H2 loss. At the same time a 

decreasee in the H-H distance was to be expected on going from Thix-OMe to Thix-CF3 

(ligandss c to f) due to the decreased d->a*  back donation into the ri2-H2 ligand. Maseras et 

al.al. have suggested that for an octahedral complex the coordination of the dihydrogen wil l 

mainlyy be affected by the trans ligand,27 so the influence of the phosphine should be larger 

inn cis complexes in which the phosphorus atom is trans to the n -H2. The effect of the trans 

ligandd on the bond length of the coordinated dihydrogen was observed by Chin et al. in 

[Ru(dppe)2(H2)X]++ where the calculated distance changed from 0.88 A for X=H to 0.92 A 

forr X=C1.5 Albertin et al. observed a similar lenghtening in [Ru{PPh(OEt)2}(H 2)X]+ for 

X== H, Br and I. Nevertheless, they did not observe a change in the H-H distance for the 

osmiumm analogues when X was a halogenide or a thiolate.35 Majumdar et al. reported 

recentlyy a series of dicationic dihydrogen compounds [Ru(H2)(RCN)(dppe)2]
2+ for which 

thee spectroscopical and chemical properties are hardly influenced by the steric and 

electronicc properties of the trans nitrile.36 These examples show that many factors 

influencee the bonding of the dihydrogen molecule and therefore the influence of the 

ancillaryy ligands is difficult to predict. 
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Forr complexes 2a-f, the small differences in the H-H distances can be explained if we 

considerr that c ^d donation dominates the coordination of the ri2-H2. As discussed above, 

thee wide bite angles of the ligands impose a distorted geometry in which rc-back bonding 

becomess much less important. Similar results were reported by Morris and co-workers4"5 

whoo found that variation of the electronic properties of the diphosphine influences the 

acidityy of the coordinated dihydrogen but does not affect the H-H distance significantly 

(seee introduction). Mathew et al. reported that protonation of /ra/7s-[(dppe)2RuHLf (L= 

P(OMe)3,, P(OEt)3, P(0'Pr)3) with HBF4 lead to dihydrogen complexes in which one of the 

ORR moieties of the phosphite was replaced by a fluorine in order to reduce the cone angle 

off  the ligand. When this substitution becomes more difficult as in the analogous 

complexess with L= PMe3 or PMe2Ph, protonation leads to dihydrogen complexes that do 

nott contain the trans phosphorus ligand. These results show once again that when ancillary 

ligandss with important steric demands are used, the steric factors can have a prevailing 

influencee over the electronic ones. 

Cationicc Monohydrides [RuH(diphosphine)2] +. 

Inn order to characterize the products resulting from H2 loss from the hydrido-dihydrogen 

complexess 2a-f, monohydrides 3a-f were independently synthesized. These compounds 

weree prepared by protonation of the dihydrides with an excess of HBF4.OEt2 at low 

temperaturee (203 K) followed by slow warming to room temperature. When protonation 

wass performed at room temperature, a considerable amount of a second compound was 

formed.. This new species exhibits two triplets at 6= 60 and 8= 25.5 ppm in the 3 1P { ' H | 

NMRR spectrum and no signals in the hydride region of the 'H NMR spectrum, it was 

thereforee assigned to the dicationic complex [Ru(diphosphine)2]
2+. 

Ass mentioned previously, the high field region of the 'H NMR spectra of compounds 3a-f 

exhibitss a symmetric multiplet composed of sixteen lines. The minimum relaxation time of 

thiss signal is longer than 150 ms, pointing clearly to a classical hydride. This resonance 

correspondss to a hydride coupling with the four non-equivalent phosphorus atoms in 3a-f. 

Thee vacant site is probably occupied by an ether molecule (stemming from the acid) or by 

thee counterion. 

Simulationn of the hydride region for 3c gave a good agreement between the experimental 

andd calculated spectra (Fig. 2-3). The 31P{'H}  spectra of complexes 3 show an ABMX 
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splittingg pattern in which the AB system corresponds to the two mutually trans phosphorus 

atoms,, Px is the phosphorus trans to the hydride and PM is the remaining phosphorus atom 

(schemee 2-1). Broad band 'H-coupled 31P spectra allowed us to assign the highest field 

signall  to Px with a P,ra„,-H coupling constant of 80 Hz. Simulation of the phosphorus 

spectraa confirmed these assignments. 

i | .. i . . | . . n |  I  I  I

Figuree 2-3. High field region of the 'H NMR of 3C. Upper trace, experimental spectrum; lower 

trace,, simulated spectrum. 

Complexx 3a, carrying the Homoxantphos ligand, exhibits once again a different behavior. 

Att first glance, the hydride signal appears as a double quadruplet, as if the hydride were 

coupledd to three equivalent cis phosphorus and a trans one. However, the P NMR 

spectrumm indicates that all four phosphorus nuclei are inequivalent (ABMX system), so the 

apparentt double quadruplet must arise from very similar cis JpH coupling constants. Indeed, 

fromm selective phosphorus-decoupled 'H NMR experiments coupling constants of 29.2 Hz 

(JPAHH = JPBH) and 25.3 Hz (JPMH) were calculated. Two ABMX systems were observed in the 

31PP spectrum of 3a at 180 K in a ratio 1:0.56. When the temperature was slowly increased 

alll  the signals broaden and at 240 K broad signals for just one ABMX system can be 

observedd for which the chemical shift of each component is intermediate between the 

chemicall  shifts of the two systems observed at 180 K. Upon further warming the signals 

sharpenn and at 280 K all phosphorus couplings are resolved. When the sample is cooled to 

1800 K again, the signals for the two conformers are restored. This may indicate that, due to 

thee relative flexibilit y of Homoxantphos (compared with the other ligands used), a fast 

equilibriumm between two conformers of 3a exists on the NMR time scale, which is slow 

beloww 280K. 
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Conclusions s 

Rutheniumm hydrido-dihydrogen complexes containing diphosphines with wide bite angles 

cann be obtained by protonation of the corresponding neutral dihydrides at low temperature. 

Thee estimated H-H distances point to the presence of an unstretched dihydrogen ligand. 

Complexess 2a-f are thermally unstable and lose H2 irreversibly above 233 K. The steric 

demandss of the diphosphines force the dihydrogen complexes to adopt a cis geometry, thus 

facilitatingg intramolecular hydrogen atom exchange. 

Thee wide bite angle of the Xantphos-type ligands causes poor orbital overlap between the 

metall  fragment and the dihydrogen ligand, leading to reduced 7i-back-bonding into the 

latterr ligand. This results in the low thermal stability of the dihydrogen complex and 

explainss why the H-H distance is relatively insensitive to the electronic properties of the 

diphosphines. . 

Wee have presented a case in which the steric demands of the ancillary ligands outweigh the 

electronicc factors in determining the properties of the coordinated r|2-H2 ligand. 

Experimentall  Section 

Alll  reactions were carried out under Ar using standard Schlenk techniques. Solvents were 

freshlyy distilled from convenient drying agents and degassed under argon prior to use. 

Ru(COD)(COT),39homoxantphos,12bb sixantphos,!2a thixantphos,12a thixantphos-/?-R,14 were 

preparedd according to reported procedures. RuCl3.xH20 was purchased from ChemPur. 

Highh pressure reactions were carried out in home-made stainless steel autoclaves fitted 

withh a glass liner. C6D6 was dried over sodium and CD2C12 was dried over CaH2. They 

weree vacuum transferred, degassed by three freeze-thaw cycles and stored over molecular 

sieves.. NMR spectra were recorded on a Bruker AMX 300 MHz spectrometer, while 

variablee temperature experiments and Tl measurements were performed on a Bruker DPX 

3000 or Bruker DRX 300 spectrometer. IR spectra were recorded on a Nicolet 510 FT-IR 

spectrometer. . 

Computationall  details 

Alll  calculations were performed using CAChe WorkSystem software40 on an Apple Power 

Macintoshh 950 equipped with two CAChe CXP coprocessors. The Molecular Mechanics 
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calculationss were performed using the MM2 force field.41 Block-diagonal Newton-

Raphsonn was used as optimization method. The Type A and Type B isomers of complex 

2bb [(sixantphos)2Ru(H)(H2)]
+ were modeled using augmented MM2, with a d2sp3 

hybridizedd (octahedral) Ru + atom, and Ru-P bond lengths fixed at 2.424 A. The P-Ru-P 

chelatee angles were fixed at 103°. The INDO/1 calculations were performed using the 

CAChee ZINDO-module. As input structure for the octahedral (PH3)(Ru2+)(H~) fragment an 

idealizedd structure was used with Ru-P bond lengths of 2.424 A. For the distorted 

fragment,, the P4RuH frame from the molecular mechanics calculations mentioned above 
+ + 

wass used and modified to [(PH3)4Ru(H)] . 

Preparationn of RuH2(homoxantphos)2 (la) 

2255 mg (0.71 mmol) of Ru(COD)(COT) and 802 mg (1.42 mmol) of homoxantphos were 

dissolvedd in 20 mL. of THF before transferring to an autoclave under argon. The 

autoclavee was flushed with H2, then pressurized to 3 bar and heated to 150 °C for 16 hours. 

Thee reaction mixture was transferred under H2 to a Schlenk vessel and the solvent was 

evaporatedd under vacuum. The resulting dark brown solid was washed with pentane (5 

mL)) and diethyl ether ( 2 x5 mL) at 0 °C and then dried in vacuum to afford the pure 

productt as an olive green powder. Yield : 520 mg (0.422 mmol), 59 %. 
!HH NMR (C6D6): 7.72 (m, 4H), 7.37 (m, 8H), 7.03-7.6.50 (ar, 32H), 6.46 (m, 4H), 6.30 (m, 

4H),, 3.22 (CH2, 4H), 2.86 (CH2, 2H), 2.30 (CH2, 2H), -8.22 (apparent dt, J=46 Hz, J=33 

Hz,, hydrides, 2H). 3 ,P{ 'H } NMR (C6D6): 41.07 ppm (s). ,3C{ ]H} NMR (C6D6): 161.50 

(C-O);; 155.97, 148.90, 141.05 (CP); 135.15, 128.53, 117.23 (C, ar), 141.00, 135.15, 

134.75,, 134.15, 132.36, 130.26, 128.62 - 126.52, 123.8, 122.3(CH, ar), 34.1, 30.9 (CH2). 

IRR (nujol): 2050 cm"1 (vRu.H). 

Anal.. Calc. for RUCKH^  ̂ : C 74.1 %, H 5.1 %. Found : C 73.8 %, H 5.4 % 

Preparationn of RuH2(sixantphos)2(lb) 

Thiss compound was prepared as described for la using 120 mg (0.381 mmol) of 

Ru(COD)(COT)) and 453 mg (0.761 mmol) of sixantphos. Yield: 200 mg (0.154 mmol), 49 

%% of light brown powder. 
!HH NMR (C6D6): 7.92 (m, 4H), 7.33 (apparent dd, 2H), 7.22-7.15 (ar, 6H), 6.99-6.85 (ar, 

200 H), 6.65-6.62 (ar, 12H), 6.46-6.40 (ar, 8H), 0.58 (s, 6H, SiCH3), 0.13 (s, 6H, SiCH3), 

-8.411 (pseudo dt, 2J= 34.0 Hz, 48.7 Hz, 2H, hydride). 
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^Pl'H JJ NMR: 38.1 (t, J= 18 Hz), 36.4 (t, 2J= 18 Hz).13C{'H}  NMR: 164.3, 162.6 (PCC-

O);; 138.3, 131.1, 125.0 (CP); 136.2, 134.1, 133.9, 133.0, 126.4, 122.8 (CH, ar); 123.2, 

121.00 (C-Si); 0.9 and -0.7 (Si-CH3). 

IRR (nujol) : 2075 cm"1 (vRu.H). 

Preparationn of RuH2(thixantphos-0\k)2 (1c) 

Thiss compound was prepared as described for la using 181 mg (0.573 mmol) of 

Ru(COD)(COT)) and 820 mg {1.15 mmol) of thixantphos-OMe. The product was purified 

byy crystallization from toluene-hexane to obtain a light brown powder. Yield: 561 mg 

(0.3655 mmol), 64%. 

'HH NM R (C6D6): 7.96 ppm (m, 4H), 7.67 ppm (t, 3J= 8.37 Hz, 4 H), 7.49 ppm (br, 5H), 

7.055 ppm (m, ), 6.8 ppm (m, 7 H), 6.57 ppm (m, ) 6.34 ppm (m, ), 3.40 ppm, OCH3 (s, 12 

H,),, 3.33, 3.30 ppm, OCH3 (s, 12 H,), 2.03 ppm, CH3 (s, 6H), 1.61 ppm, CH3 (s, 6H), -8.34 

ppm,, hydrides (pseudo dt, 2J= 34.5 Hz, 48.9 Hz, 2H). 3,P{'H } NMR: 34.05 ppm (t, 

:J=18.55 Hz), 31.03 ppm (t, 18.1 Hz). ,3C{'H } NMR: 159.75, 159.30, 159.22, 158.32 ppm 

(COMe),, 153.96, 152.86 ppm (t, CP, JCP = 4 Hz); 137.2, 135.0, 134.91, 134.83, 133.9, 

133.30,, 132.82, 132.75, 128.73 (C, ar); 123.35, 122.70 (CS); 54.15, 53.82, 53.73 (CH3-0), 

20.56,, 19.94 (CH3). IR (nujol) : 2042 cm ' (vRu.H). 

Preparationn of RuH2(thixantphos-CH3)2 (Id ) 

Thiss compound was prepared as described for la using 121 mg (0.383 mmol) of 

Ru(COD)(COT)) and 500 mg (0.767 mmol) of Thixantphos-CH3. Yield: 388 mg (0.276 

mmol),, 72 % as a light brown powder. 

'HH NM R (C6D6): 6.91-6.46 (ar, 32 H), 5.64 (br, 2H), 2.07 (s, CH3 tolyl, 12 H), 2.00 (s, 

CH33 tolyl, 6 H), 1.89 (s, CH3 tolyl, 6 H), 1.83 (s, CH3, 6 H), 1.44 {  s, CH3 , 6 H), -8.43 

(pseudoo dt, J= 35.4 Hz, 48.5 Hz, hydrides, 2H). 3IP{ !H} NMR: 36.04 ppm (t, J=18.5 Hz), 

32.499 ppm (t, J=18.9 Hz). ,3C{'H }  NMR: 154.36, 153.32 (CO), 137.35, 137.21, 137.06, 

136.19,, 133.20 (Cquat.), 133.07, 129.33 (PCCH), 123.75, 123.03 (CS), 20.97, 21.04, 

21.15,21.211 (CH3). 

IRR (nujol) : 2058 cm"' (vRu.H). 
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Preparationn of RuH2(thixantphos)2 (le) 

Thiss compound was prepared as described for la using 250 mg (0.792 mmol) of 

Ru(COD)(COT)) and 949 mg (1.59 mmol) of thixantphos. Yield : 700 mg (0.540 mmol), 68 

%% as an olive green powder. 
]HH NMR (C6D6): 7.94 (m, 4H), 7.50 (apparent t, J=8.6 Hz, 4H), 7.34 (m, 4H), 7.03-6.50 

(ar,, 38H), 5.65 (br, 2H), 1.92 (s, 6H, CH3), 1.54 (s, 6H, CH3), -8.46 (apparent dt, J= 48.6, 

34.55 Hz, 2H, hydride). 31P{!H} NMR: 36.6 (t, 2J=19.0 Hz), 33.79 ppm (t, 17.6 Hz). 

"C^H}}  NMR: 154.33, 153.90 (C-O); 143.47, 141.03 (OCCP), 137.43, 134.19, 133.25 

(HCP),, 133.92, 133.56, 130.51(CP), 129.59, 129.12, 127.98, 127.44, 127.06 (CH, ar); 

123.96,, 123.22 (CS); 20.15 (CH3). 

IRR (nujol) = 2064 cm"1 (vRu.H). 

Anal.. Calc. for RUC76H62S2P4O2 : C 70.4 %, H 4.8 %. Found C 70.1 %, H 4.98 %. 

Preparationn of RuH2(thixantphos-CF3 )2 (If ) 

Thiss compound was prepared as described for la using 100 mg (0.317 mmol) of 

Ru(COD)(COT)) and 868 mg (0.634 mmol) of Thixantphos-CF3. Yield: 379 mg (0.206 

mmol),, 65 % as a light brown powder. 

'HH NMR (C6D6): 7.47 (m, 4H), 7.2 (d, J= 8.22 Hz, 4H), 7.1-6.7 (ar, 24 H), 6.38 (pseudo d, 

2H),, 6.19 (t, J=7.5 Hz, 4H), 5.61 (br, 2H), 1.82 (s, CH3, 6H), 1.45 (s, CH3, 6H), -9.05 

(pseudoo dt, J=33.8 Hz, J- 46.56 Hz, 2H). 3,P{'H } NMR: 28.85 ppm (t, 2J=17.4 Hz), 27.7 

ppmm (t, J= 18.95 Hz). ,3C{'H}  NMR : 153.3, 152.6 (C-O); 145.4, 145.3, 143.6, 140.0 (C-

P);; 134.9, 134.8, 134.1, 133.9, 133.0, 132.4 (PCCH); 131.66 (CCF3,
 2JCF = 32.18 Hz), 

130.8,, 130.6, 130.3, 130.1, 128.5, 128.4, 127.8 (Car), 130.2, 129.1, 129.1, 128.3, 127.5 

(CHar),, 124.5 (CF3, 'JCF= 272.3 Hz), 123.6, 122.4 (CS), 20.8, 19.8 (CH3). 

IRR (nujol) = 2062 cm"1 (vRu.H). 

Anal.. Calc. for RuC84H54S2P402F24 :C 54.82 %, H 2.96 %. Found : C 54.81 %, H 2.83 %. 

Dihydrogenn complexes 

Protonationn experiments were carried out in 5 mm. NMR tubes equipped with a septum 

allowingg for addition of reactants. In a typical experiment 15-20 mg of the dihydride (1) 

weree dissolved in 0.5 mL of CD2C12 and the tube was cooled to 193 K. 1 equivalent of 

CF3COOHH or HBF4.OEt2 was added using a microsyringe. The tube was shaken to allow 

mixturee of the reactants and immediately introduced into the probe at 193 K. H and P 
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spectraa as well as Ti measurements were done at this temperature and then at intervals of 

100 K up to 298 K. 

[RuH(H 2)(homoxantphos)2]CF 3COO(2a) ) 
]HH NMR (upfield region): -6.49 ppm, broad. 31P{'H}  NMR: 31.6 ppm (t, J= 24.6 Hz), 24.7 

ppmm (t). 

[RuH(H 2)(sixantphos)2]BF44 (2b) 

Majorr isomer. JH NM R (upfield region): -6.9 broad. 31P{JH} NMR: ABMX system 32.1 

(PM ,, JMA=26.1 HZ, JM B = 3 0 .3 HZ, JM X=39.9 HZ); 25.4 (PA, JAB= 256.0 Hz, JAX=20.0 HZ); 

8 . 8 ( PX , J B X = 2 4 . 2 H Z ) ; 5 . 3 ( PB ) . . 

Minorr isomer, ' H NM R (upfield region): -6.6 broad. 3IP{'H } NMR: 25.0 (t, J= 24.0 Hz), 

21.88 (t). 

[RuH(H 2)(thixantphos-OMe)2]BF44 (2c) 

'HH NMR (upfield region): -6.40, broad. 3IP{'H}  NMR: 34.6 (t, J= 20.1 Hz), 30.9 (t). 

[RuH(H 2)(thixantphos-CH33 )2]BF4 (2d) 

'HH NMR (upfield region): -6.65, broad. 31P{'H}  NMR: 34.6 (t, J= 20.1 Hz), 30.9 (t) 

[RuH(H 2)(thixantphos)2]BF44 (2e) 

'HH NMR (upfield region): -6.7 broad. 3,P{'H}  NMR: 21.7 (t, J= 23 Hz), 20.3 (t). 

[RuH(H 2)(thixantphos-CF3)2]CF3COO(2f) ) 
]] HH NMR (upfield region): -6.90, broad. 31P{'H}  NMR: 21.81 (t, J= 24.5 Hz), 18.62 (t). 

Monohydrid ee Complexes 

Duringg the synthesis of the monohydride complexes 3a-f we could not avoid the formation 

off  small amounts of the dicationic complex [Ru(diphosphine)2(S)2]
2+ (less than 5 % by 

NMR),, which precluded the obtention of microanalytical data. 
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Preparationn of |RuH(homoxantphos)2]BF4 (3a) 

1000 mg (0.081 mmol) of RuH2(homoxantphos)2 (la) were dissolved in 5 mL of CH2C12 

andd the solution was cooled to 193 K. 20.5 uL (0.081 mmol) of HBF4.OEt2 (54 %) were 

addedd and the reaction mixture was slowly warmed to room temperature. After 1.5 hrs. the 

solventt was evaporated under vacuum, the resulting dark brown solid was washed with 

pentanee (2 mL) and diethyl ether (2x2 mL) and dried in vacuum. Yield: 85 mg (0.065 

mmol)) 80 % 

'HH NMR (CD2C12): 8.05- 5.70 (Ar, 52H); 3.39-2.50 (CH2, m, 8H); -4.71 (hydride, m,l H, 

JHP,=27.66 Hz, JHPB= 27.6 Hz, JHPM= 27.6 Hz, JHPX= 80.7 Hz) 31P{]H}  NMR (CD2C12): 

ABMXX system, 63.65 (PM, JMA=28.1 HZ, JMB=27.1 HZ, JM X =16.9 HZ); 38.8 (PA, JAX=- 13.3 

Hz,, JAB=253.4 HZ); 34.4 (PB, JBX= - 22.9 Hz); 30.4 (Px).
 ,3C{ fH}  NMR (CD2C12): 160.7, 

160.6,157.6,, 156.3 (PCCO); 135.3 (PC); 134.9 (PC, JCP= 3.5 Hz); 140.0-124.0 (CH, 

Arom);; 132.4, 132.0, 130.1, 125.4, 124.7, 124.5 (Cquat); 33.7, 31.59, 31.17, 26.51 (CH2). 

Preparationn of |RuH(sixantphos)2]CF3COO (3b) 

Thiss compound was prepared as described for 3a using 100 mg (0.075 mmol) of lb and 

11.66 U.L (0.151 mmol) of CF3COOH. Yield: 77 mg (0.055 mmol), 73% as a light green 

solid. . 

'HH NMR (CD2C12): 8.51- 5.92 (Ar, 52H); 0.57 (s, CH3, 3H); 0.41 (s, CH3, 3H); -0.02 (s, 

CH3,, 3H); -0.030 (s, CH3, 3H); -5.52 (hydride, m,l H, JHPA=43.1 Hz, JHPB= 19.7 Hz, JHP„= 

32.99 Hz, JHP*= 76.2 Hz). 3,P{'H}  NMR (CD2C12): ABMX system, 54.0 (PM, JMA=40.1 Hz, 

JMB=24.44 Hz, JMX=21.8 Hz); 37.4 (PA, JAX= -15.8 Hz, JAB=254.8 Hz); 31.0 (Px, JBX= - 21.5 

Hz);; 37.6 (Px). "C^H}  NMR (CD2C12): 164.3, 162.6 (PCCO); 160.0 (q, CF3COO, JCF= 

36.33 Hz); 138.3, 131.1, 129.5, 125.0 (CP); 136.2-122.8 (CH, Ar); 123.2, 122.5, 121.0, 

120.88 (C-Si); 118.0 (CF3COO, JCF= 290.7 Hz); 0.5, -0.9 (Si-CH3). 

Preparationn of |RuH(thixantphos-OMe)2]CF3COO (3c) 

Thiss compound was prepared as described for 3a using 250 mg (0.163 mmol) of lc and 

12.66 uL (0.163 mmol) of CF3COOH. Yield: 228 mg (0.136 mmol), 85% as a dark yellow 

powder. . 
!HH NMR (Acetone-d6): 7.79- 5.62 (Ar, 40H); 3.92 (OCH3, s, 3H); 3.89 (OCH3, s, 3H); 

3.844 (OCH3, s, 3H); 3.72 (OCH3, s, 3H); 3.67 (OCH3, s, 3H); 3.64 (OCH3, s, 3H); 3.62 

(OCH3,, s, 3H), 2.33 (CH3, s, 3H), 2.17 (CH3, s, 3H); 2.08(CH3, s, 6H), -6.33 (hydride, m, 
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1H,, JHP,= -42 Hz, JHPH= 32 Hz, JHPM= 24 Hz, JHPX= 76 Hz). 31P{ !H} (Acetone-d6): ABMX 

system,, 50.05 (PM , JMA =36.5 Hz, JMB=26.3 Hz, JMx=21.2 Hz); 34.40 (PA, JAX=- 17.8 Hz, 

JAB=265 .66 Hz); 28.3 (Px, JBx=- 21.10 Hz); 28.1 (PB). , 3 C { ' H }  NMR (Acetone-d6): 161.98, 

161.77,, 161.57, 161.47, 161.03, 160.93 (C,OCH3); 159.77 (q, CF3COO, JCF= 36.3 Hz); 

151.53,, 150.37 (PCCO); 137.48, 137.11 (PCCO, JCP= 4 Hz); 135.38,135.25 (PCAr, JCP= 3 

Hz);; 134.85 -129.38 (CH, Arom); 117.1 (CF3COO, JC F= 290.7 Hz); 123.22, 122.52 (CS), 

114.72-113.522 (CH, Arom); 55.66, 55.46, 55.29, 55.01, 54.93, 54.54 (CH3-OAr), 20.56, 

20.32,20.05,, 19.73 (CH3). 

Preparationn of RuH(thixantphos-CH3 )2CF 300 (3d) 

Thiss compound was prepared as described for 3a using 100 mg (0.071 mmol) of Id and 17 

|iLL (0.213 mmol) of CF3COOH. Yield: 80 mg (0.052 mmol), 74% as a light brown solid. 

*HH NM R (CD2CI2): 7.75-6.22 (ar, 34 H), 5.92 (m, 2H), 6.75 (m, 2H), 6.60 (m, 2H), 2.56, 

2.49,, 2.45, 2.44, 2.41, 2.35, 2.32, 2.27 (s, CH3 tolyl, 24H total), 2.20, 2.13, 2.08,2.06 (s, 

CH3,, 12H total); -6.39 (m, hydride, 1H, JHP,= 22.65 Hz, JHPB= -48.4 Hz, JHP„= 35.5 Hz, 

JHPX== 79.0 Hz). 3 lP{'H}  NMR (CD2C12): ABMX system, 50.73 (PM, JMA=24.8 Hz, 

JMB=17 .44 HZ, JM X=18 .3 Hz); 35.86 (PA, JAX= -48.4 Hz, JAB=256.2 Hz); 29.76 (PB, JBx=-

29.22 Hz); 28.59 (Px). "Cl 'H } NMR (CD2C12): 160.65 (q, CF3COO, JCF= 36.3 Hz); 157.5, 

154.36,, 153.32, 151.50 (PCCO); 137.8 (PC, JCP= 5.3 Hz); 137.4 (PC, JCP= 3.2 Hz); 137.1 

(PC,, JCP= 3.8 Hz); 137.35, 137.21, 137.06, 136.19, 133.20 (Cquat.), 133.07-129.33 (CH, 

Arom);; 123.75, 123.03 (CS), 117.1 (CF3COO, JCF= 290.7 Hz); 21.41, 21.35, 21.24, 21.18, 

21.09,, 20.87, 20.78, 20.69, 20.55 (CH3). 

Preparationn of [RuH<thixantphos)2]CF3COO (3e) 

Thiss compound was prepared as described for 3a using 150 mg (0.115 mmol) of l e and 18 

HLL (0.231 mmol) of CF3COOH. Yield: 109 mg (0.076 mmol). 67 % as a light green solid. 

'HH NM R (acetone-d6): 7.81 (t, J=8.2 Hz, ar), 7.68 (m, ar), 7.54 (q, J= 5.6 Hz, ar), 7.46 (s, 

ar),, 7.30 (t, J=7.2 Hz), 7.2-7.08 (m, ar), 7.08-7.00 (m, ar), 6.95 (t, J=8.7 Hz, ar), 6.91-6.83 

(m,, ar), 6.79-6.70 (m, ar), 5.88 (d, J=8.7 Hz), 5.82 (d, J=6.5 Hz). 2.33 (s,CH3, 3H); 2.20 

(s,CH3,, 3H); 2.05(s,CH3, 3H); 1.49 (s,CH3, 3H) ; -6.14 (m,lH, hydride, JHPA=- 43.37 Hz, 

JHPB== 32.25 Hz, JHPN,= 20.42 Hz, JHPX= 76.1 Hz). 31P{'H } NMR (acetone-d6): ABMX 

system,, 57.19 (PM , JMA = 36.5 Hz, JMB= 26.1, Hz, JMX = 19.4 Hz); 42.5 (PA, JAB = 258.3 Hz, 

JAX == 15.2 Hz); 35.0 (PB, JBX= 20.3 Hz); 33.5 (Px).
 ,3C{'H }  NMR (CD2C12, 125.7 MHz): 

160.555 (q, CF3COO, JCF= 36.3 Hz); 157.78 (d, PCCO, JCp=17.3 Hz ); 154.5 78 (d, PCCO, 
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JCP== 12.7 Hz ); 151.9 (d, PCCO, JCP=4.1 Hz ); 150.678 (d, PCCO, JCp=8.9 Hz ); 137.8 (PC, 

JCP== 5.5 Hz); 137.6(PC, JCp= 4.2 Hz); 137.3(PC, JCp= 3.8 Hz); 137.2(PC, JCp= 6.8 Hz); 

135.4(PC,, JCP= 7.6 Hz); 133 -128 (CH, Arom); 131.2, 130.5, 129.4, 128.5, 128.4, 128.2 

(Cquat),, 123.6, 123.5, 122.9, 122.8 (CS); 116.9 (CF3COO, JCF= 290.7 Hz); 21.4, 21.2, 20.9, 

20.66 (CH3). 

Preparationn of [RuH(thixantphos-CF3)2]CF3COO (3f) 

Thiss compound was prepared as described for 3a using 160 mg (0.087 mmol) of If and 

13.55 nL (0.174 mmol) of CF3COOH. Yield: 124 mg (0.064 mmol), 73 % as a light brown 

powder. . 

*HH NMR (CD2CI2): 8.04-6.36 (m, Ar, 37H), 5.59 (m, Ar, 2H), 5.84(m, Ar, 'H) 2.46 

(s,CH3,, 3H); 2.25 (s,CH3, 3H); 2.13 (s,CH3, 6H); -6.36 (m, hydride, 1H, JHPA= -43.6 Hz, 

JHPB== 32.5 Hz, JHPH= 20.2 Hz, JHPX= 75.8 Hz). ^Pf'H}  NMR (CD2C12): ABMX system, 

52.33 (PM, JMA = 26.3 Hz, JMB= 36.8 Hz, JMX= 39.9 Hz); 36.3 (PAj JAB = 325.6 Hz, JAx= -

48.55 Hz); 29.25 (Px, JBX= -22.8 Hz); 28.75 (PB,)- 13C{'H}  NMR (CD2C12): 160.55 (q, 

CF3COO,, JCF= 36.3 Hz); 157.87, 154.5 78, 153.3, 152.6; 151.9 (PCCO); 145.4, 145.3, 

143.6,, 140.0 (CP); 134.9- 127.5 (CH, Ar); 131.0, 130.6, 130.1, 128.5, 128.4, 127.8 (Cquat), 

125.7-124.55 (CF3, 'JCF= 272.3 Hz); 123.6, 122.4 (CS), 118.5 (CF3COO, 1JCF= 290.3 Hz); 

21.2,20.8,, 19.8 (CH3). 
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HeteroHetero lytic Activation of Dihydrogen with 

PlatinumPlatinum (II) Diphosphine Complexes 

Abstract t 

Widee bite angle diphosphine ligands were used to prepare [(diphosphine)Pt(PPh2Py)]  + 

complexess (la-d). Except for the ligand with the largest bite angle, the pyridylphosphine 

coordinatess in a bidentate mode leading to bischelate complexes. In the case of Xantphos 

(9,9-dimethyl-4,5-bis(diphenylphosphino)-xanthene,, (3n= 111°) two types of complexes are 

formed,, in which the pyridylphosphine ligand coordinates in a mono or bidentate fashion, 

respectively.. The crystal structures of three of the complexes was determined. The X-ray 

crystall  structure of [(Xantphos)Pt(PPh2Py)]2+ shows that Xantphos coordinates in a 

tridentatee P,0,P fashion. Under dihydrogen pressure, the pyridyl moiety in complexes la-d 

cann de-coordinate to provide a vacant coordination site at the metal center. Furthermore it 

cann act as an internal base to assist the heterolytic splitting of dihydrogen. The reaction 

yieldss a platinum hydride complex with a protonated pyridine moiety in close proximity to 

onee another. The structure as well as the reactivity of compounds la-d towards dihydrogen 

iss governed by the steric requirements of the diphosphines. The crystal structure of 

[(dppf)PtH(PPh2PyH)](OTf)22 (2a) has been determined. Additionally, the complexes 

[(diphosphine)Pt(NH2(CH2)nPy))]2++ (n= 0,1) (3a, 3d) containing an aminopyridine ligand 

havee been prepared. The heterolytic splitting of dihydrogen assisted by compounds 3a and 

3dd yields hydride bridged dimers [Pt2H3(diphosphine)2][OTf]2 (5d) and the corresponding 

ammoniumm salt. 
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Introductio n n 

Thee activation of HX molecules (X=H, SiR3) by transition metal complexes is a key step in 

thee mechanism of many catalytic reactions.1"7 It can either occur via oxidative addition, for 

examplee in catalytic hydrogenation, hydroformylation or hydrosilylation, or via heterolytic 

splittingg as in processes such as hydrogen metabolism8"11, nitrogen fixation12 or D2/ H
+ 

exchange.13"16 6 

/ / 
ii M 2 + H , »~ L M z*2 U M + H2 + B * " L n M - H + BH+ 

\ \ 

H H 

Oxidativee Addition Heterolytic Splitting 

Figuree 3-1. Two pathways for the activation of dihydrogen. 

Thee heterolytic activation of HX is usually achieved using metal centers in medium or high 

oxidationn states and requires the assistance of a Brensted base. Some ligands act as 

intramolecularr bases to assist the splitting of H2. This has been reported for complexes 

containingg sulfides,17 thiolates,13 amines,18 or nitrosyl groups.19 During the cleavage of the 

HXX bond the main interaction involved is a donation from HX to an empty d orbital of the 

metal.. Hydride and/or dihydrogen species are often involved either as precursors or as 

intermediatess in the reaction. It has been proposed that heterolytic cleavage can occur by 

priorr coordination of molecular hydrogen, followed by deprotonation of the corresponding 

r|| -H2 complex.20"24 The enhancement of the acidity of dihydrogen upon coordination to a 

metall  ion is a well established fact.25 The vast majority of r|2-H2 complexes reported to 

datee are d octahedral complexes. Dihydrogen complexes with metals in a d8 electron 

configurationn are still relatively rare.26-27 Recently Stahl et al. observed the activation of a 

coordinatedd dihydrogen molecule in the Pt(II) complex /raws[(PCy3)2PtR(Tï2-H2)]
+ (R= 

CH3,, Ph).This complex easily eliminates either methane or benzene to form 

?ra/w[(PCy3)2Pt(H)(S)]+,, (S= solvent).26 
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Anotherr important interaction that sometimes occurs prior to the H-X bond splitting is a 

proton-hydridee interaction, or dihydrogen bonding.28'29 The interaction between a weakly 

acidicc proton (NH or OH) and a transition metal hydride has a substantial strength (3-7 

Kcall  mol"1), which lies in the range observed in conventional hydrogen bonds. Therefore it 

cann influence the structure and reactivity of metal hydride complexes. It has been shown 

thatt dihydrogen bonded adducts can be formed prior to proton transfer from HA to a metal 

hydridee to form a dihydrogen complex. This reaction is the reverse of the heterolytic 

splittingg of H2; thus complexes exhibiting H—H interactions can be considered as 

intermediatess in the activation process.30'32 

Thee ancillary ligands (usually phosphines) have an important influence on dihydrogen 

bondd formation. Morris et al compared the strength of intramolecular IrH—H bonds in 

complexess with PCy3 and PPh3. The stronger dihydrogen bond was formed in complexes 

containingg PCy3, which increases the basicity of the hydride.33 Crabtree, Eisenstein et al.xs 

foundd that while PPh3 favors the heterolytic splitting of dihydrogen by iridium complexes 

(assistedd by a pendant amino group), more basic alkylphosphines form an r| -H2 complex. 

Whenn two different sites are available for hydrogen bonding, the steric bulk of the 

phosphinee can affect the regioselectivity of the dihydrogen bond. Berke et al. studied the 

interactionn of [ReH2(NO)(CO)L2] with fluoroalcohols and observed that when L= PMe3 

thee proton donor interacted mainly with one of the hydrides. As the steric bulk of the 

phosphinee was increased (L=P'Pr3) the interaction was switched to the NO ligand to form a 

conventionall  NO—HA hydrogen bond.34'35 DuBois et al. investigated the effect of the 

chelatee bite size in the reactivity of a series of palladium triphosphine complexes. They 

observedd that only the compounds with the widest bite angle ligands were able to react 

withh dihydrogen to form a hydride complex. From theoretical calculations on [Pd(PH3)3H] 

theyy concluded that with increasing P-M-P angle, the energy of the LUMO of the complex 

decreases;; thus facilitating electron transfer to this orbital. Therefore they proposed that 

widerr bite angles would promote heterolytic cleavage of dihydrogen.36 

Inn our research group, a series of wide bite angle diphosphine ligands has been developed. 

Muchh effort has been made towards the understanding of the influence of diphosphine 

ligandss on the reactivity and catalytic performance of transition metal complexes.37"39 

Wee are now interested in the reactivity of platinum complexes with wide bite angle 

diphosphinee ligands towards the heterolytic activation of dihydrogen. In this chapter, the 

synthesiss and characterization of [Pt(diphosphine)(PPh2Py)]2+ complexes is described. The 
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hemilabilee diphenyl-2-pyridylphosphine ligand is able to provide an empty coordination 

sitee by de-coordination of the pyridyl moiety and at the same time acts as an intramolecular 

basee to assist the heterolytic cleavage of H2.The resulting complexes contain both a 

hydridee and a protonated pyridyl moiety in close proximity to one another, which makes 

themm potential candidates for dihydrogen bonding. 

Resultss and discussion 

Synthesiss of [(diphosphine)Pt(PPh2Py)]2+ complexes, (la-d) 

Chartt 3-1 shows the diphosphine ligands used for this study, together with their calculated, 

so-calledd natural bite angles (|}n), as defined by Casey et a/.40-41 It has been shown in our 

groupp that there is a significant influence of the bite angle of diphosphine ligands on 

reactionss such as rhodium catalyzed hydroformylation,37 palladium catalyzed allylic 

alkylation42-433 and cross-coupling reactions,44 and nickel catalyzed hydrocyanation.45 

Recentlyy van Haaren et ai found that an increase in the bite angle results in larger cone 

angless of the ligands, which leads to an increased steric interaction of the diphosphine with 

thee other ligands in the coordination sphere of the metal.43'46 

Thee Xantphos-type diphosphines can form either cis or trans complexes depending on the 

co-ligandss present. Xantphos can also act as a tridentate P,0,P ligand.47"49 

dppff DPEphos Sixantphos 
(a)) (b) (c) 

X"" 9-Q ceo 
22 2 PPh2 PPh2 

96  102  109  111

Chartt  3-1. Diphosphine ligands used and natural bite angles in degrees. a value from crystal 

structure.. All values taken from reference 37. 

Thee dicationic Pt complexes containing a chelating pyridylphosphine ligand were prepared 

byy reaction of the corresponding (diphosphine)PtCl2 with silver triflate followed by 

additionn of the pyridylphosphine ligand (scheme 3-1). When silver triflate is added to a 

Xantphos s 
(d) ) 

PPh22 PPh, 
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CH2C122 solution containing the dichloride precursor, the color changes from colorless or 

palee yellow, to bright yellow or red (dppf). After a few minutes precipitation of AgCl is 

observed.. Upon addition of the diphenyl-2-pyridylphosphine, the color changes 

immediatelyy to pale yellow (orange for dppf). 

*(X X O , - 0 -- AgOTf  IX ^ ^ * 
V ^^ vci N PPh2

 RT 

J J 

(( OTf )2 

ó - p t - p x ^ ^ 

^ - P A A 

(( OTf )2 

1-C/s s 1-Trans s 

Schemee 3-1. Synthesis of complexes la-d. Phenyl groups on phosphorous atoms have been 

omittedd for clarity, P= PPh2 

Complexess la-d were characterized in solution by multinuclear NMR spectroscopy. P 

NMRR spectroscopic data are summarized in Table 3-1. The 31P{'H}  NMR spectra display 

ann AM X spin system (fig. 3-2) for the cis isomer and an A2X system for the trans isomer. 

Forr complexes la-c only the cis isomer was observed, whereas for complex Id containing 

thee Xantphos ligand, a mixture of the cis and trans isomers was obtained. The AMX spin 

systemm is consistent with a structure in which the diphosphine is coordinated in a cis 

fashionn and the pyridylphosphine acts as a chelating ligand. Bidentate coordination of the 

PPh2Pyy ligand is confirmed by the large up-field shift of Px which show resonances 

betweenn 8= -38 and 8= -40 ppm. The value of the P-Pt coupling constant (= 2000 Hz) is 

smalll  compared to the values observed for the other two phosphorus nuclei. Both the 

chemicall  shift and the JPX-pt coupling are characteristic of a strained four-membered 

ring.50,51 ring.50,51 

W M » M I J Ü I M W W « I I JlL JlL  ..  j'L—LL~ Lu u 

'PC 'PC 

(( OTf )2 

Figuree 3-2.3IP{1H}  NMR spectrum of lb. 
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Thee platinum-phosphorus coupling constant for the phosphorus trans to the pyridine 

nitrogenn (JPMpt) is significantly larger than that for the phosphorus trans to another 

phosphoruss atom (JPA-pt), which is a better Tt-acceptor. 

Thee 3 IP spectrum of Id displays a triplet (PA) and a doublet (Px) with an intensity ratio of 

2:1,, in addition to the AM X system described. This system corresponds to the trans isomer 

off  Id, in which the pyridylphosphine acts as a monodentate ligand (Scheme 3-1). For 

compoundd trans~ld, the phosphorus atom of the pyridylphosphine ligand (Px) displays a 

veryy large Pt-P coupling constant of JPX-p, = 4447 Hz. This value is commonly observed for 

phosphoruss atoms trans to oxygen donor ligands.52 Furthermore, while the chemical shift 

off  the -"Pt nuclei in all cis complexes does not vary by more than 20 ppm, 5Pt of trans-Id 

iss about 100 ppm higher than the average value of the former complexes (table 3-1), 

indicatingg that there is an important difference in the environment of the platinum nucleus 

inn cis and trans-Ad. This points to an interaction between the platinum center and the 

oxygenn of the Xantphos backbone, indicating that Xantphos coordinates as a tridentate 

ligand.. This P,0,P type of coordination for Xantphos has been observed in cationic Rh and 

Pdd complexes. It has been suggested that the metal-oxygen interaction can stabilize the 

transtrans isomer with respect to the cis one in which this interaction is not present.47-49 The 

tridentatee coordination of Xantphos was confirmed by single crystal X-ray diffraction, 

whichh wil l be discussed later. 

Complex x 

l a a 

l b b 

l c c 

Id d 

cis cis 

trans trans 

«PA-PM M 

(Hz) ) 

12.0 0 

16.3 3 

19.3 3 

24.3 3 

"JpA-PX X 

(Hz) ) 

364 4 

372 2 

360 0 

358 8 

12.1 1 

JpM-PX X 

(Hz) ) 

19.5 5 

15.8 8 

15.2 2 

12.2 2 

Jpt-PA A 

(Hz) ) 

2737 7 

2829 9 

2772 2 

2800 0 

2503 3 

Jpt-PM M 

(Hz) ) 

3496 6 

3536 6 

3563 3 

365 5 

Jpt-PX X 

(Hz) ) 

2058 8 

2143 3 

2142 2 

2118 8 

4447 7 

SpA A 

(ppm) ) 

24.0 0 

15.2 2 

12.8 8 

12.0 0 

39.2 2 

«PM M 

(ppm) ) 

9.16 6 

-7.5 5 

-6.6 6 

-6.5 5 

Spx x 

(ppm) ) 

-38.3 3 

-39.2 2 

-40.1 1 

-41.3 3 

16.3 3 

Opt t 

(ppm) ) 

-4083 3 

-4063 3 

-4082 2 

-4073 3 

-3972a a 

Tablee 3-1. 31P spectroscopic data for complexes la-d. All spectra were measured in CD2C12 at 

roomm temperature.a Value for ld'-Me. 
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Tablee 3-1 reveals that there is a trend in the chemical shifts and P-P coupling constants 

goingg from la to Id. With increasing bite angle, the coupling constant JPA-PM increases as 

well,, while JPM-PX shows the reverse trend. Regarding the chemical shifts, dppf shows the 

highestt while Xantphos shows the smallest coordination shifts in the 3IP NMR spectra. 

Furthermore,, there is a continuous trend on increasing the bite angle. The chemical shift of 

heavyy elements is difficult to calculate and predict accurately,53 so usually empirical 

correlationss are used. The ring size and flexibilit y of dppf has often been compared with 

thatt of dppb.54 It can be considered that dppf forms a seven membered chelate ring while 

thee Xantphos-type ligands form eight membered rings. Hence the higher coordination shift 

off  la may reflect the more favorable conformation of a seven-membered ring. 

Thee chelating coordination of the 2-pyridylphosphine is usually reflected in the 'H NMR 

spectrumm of the corresponding metal complexes, by a downfield shift of the proton ortho to 

thee nitrogen (H6) in the pyridine moiety. When the pyridine nitrogen coordinates, the 

resonancee of H6 shifts to higher frequencies compared to the free ligand55-56 (above 5 9̂ 

ppmm for the chelate vs. 6= 8.72 ppm for the free ligand in CDC13). Although for complexes 

la-dd the resonance for H6 is clearly separated from the rest of the aromatic signals, it 

appearss at a lower value than expected. A similar trend was observed by James and co-

workers,577 who studied ruthenium complexes containing the 2-pyridylphosphines 

PPh3.x(Py)xx (x =1-3). PPy3 acted as a tridentate ligand with the phosphorus atom and two 

off  the pyridine nitrogens coordinated to ruthenium. They observed that the signals for H6 

inn the coordinated pyridyl rings appeared down-field compared to the resonance of H6 in 

thee non-coordinated pyridine. This may be due to the proximity of the phenyl groups of the 

diphosphiness to the pyridyl ring, causing an unusual shielding of H6. As it will be 

discussedd later, the phenyl groups of wide bite angle diphosphines tend to embrace the 

metall  ion and cause important steric interactions with the other coordinated ligands. 

Forr complex la containing dppf, the 'H NMR spectrum shows four signals for the 

hydrogenn atoms in the Cp rings, each integrating for 2 protons. The signals at 8= 5.2 and 

5== 3.7 ppm are assigned to the a protons, and the signals at S= 4.9 and 6= 4.8 ppm 

correspondd to the (3 protons. The signals were assigned using a COSY NMR experiment. 

Givenn that the complex lacks a plane or axis of symmetry all Cp protons are magnetically 

inequivalent,, so they should give rise to eight different signals. Nevertheless this is seldom 
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observedd because both rings flip rapidly around the Cp-Fe-Cp axis; thus the pairs of a and 

PP protons on each ring are time averaged. This results in just one NMR signal for each pair 

off  a or P protons on each cyclopentadienyl.54.58.59 0 n e of the signals for the a protons (8= 

3.644 ppm), is shifted up-field by more than 1 ppm compared to the other signals, indicating 

thatt it is in close proximity with one of the phenyl rings which have a shielding effect. 

Thesee features are often observed in sterically congested dppf complexes.60-61 

Thee 'H NMR spectrum of complex Id with the Xantphos ligand displays two signals for 

thee methyl groups in the backbone at 5= 1.77 and 6= 1.82 ppm. Integration of these signals 

indicatess the cis and trans isomers are present in a 1:1 ratio. This ratio does not change 

withh temperature, indicating that the equilibrium between the two isomers is temperature 

independent.. For complex lc, which exists as the cis isomer only, one signal (6= 0.78 

ppm)) was observed for the CH3 groups in the backbone. 

Analogss of complexes la and Id using the very bulky BARF [B(3,5-(CF3)2-C6H3)]4 anion 

(la'' and Id') and the diphenyl-2-(6-methyl-pyridyl)phosphine ligand (la-Me and ld'-Me) 

weree also prepared, (chart 3-2). Complexes la'  and Id' were synthesized in the same way 

ass la-d, but using NaBARF instead of silver triflate. The 31P NMR data for these 

complexess are summarized in table 3-2. Both the 'H and 31P NMR spectra of la'  (dppf) are 

essentiallyy the same as for la, but complex la-Me with the bulkier diphenyl-2-(6-methyl-

pyridyl)phosphinee ligand gave rise to very broad signals at room temperature. 

Anionn Complex 

BARFF 1a' 

OTff 1a-Me 

BARFF 1d ' 

BARFF 1d'-Me 

Diphosphine e 

dppf dppf 

dppf f 

Xantphos s 

Xantphos s 

P,NN ligand 

^ P P h 2 2 

H3CC N PPh2 

k N * > P h 2 2 

H3CC N PPh2 

Chartt  3-2. 
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Inn a variable temperature NMR experiment the signals of la-Me sharpened upon lowering 

thee temperature. At -40 °C, two distinct sets of signals were observed in the 31P NMR 

spectrumm in a 1 : 1 ratio. The first set corresponds to a complex analogous to la in which 

thee pyridylphosphine coordinates in a chelating fashion. Thus, its spectroscopic properties 

aree very similar to those described for la-c (Table 3-2). 

Thee second set of signals is an ABX spin system for which both the chemical shifts and the 

P-Ptt coupling constants indicate that the pyridylphosphine acts a P-coordinating 

monodentatee ligand. The ABX spin system rules out a trans structure similar to trans-Id or 

aa dimeric structure. The 'H NMR spectra shows two signals (5=1.59 and 8=2.40 ppm) for 

thee methyl groups of the pyridyl moiety, and a total of seven signals for the Cp protons. 

Twoo of the signals (4 protons in total) appear at 6= 3.26 and 5= 3.23 ppm and are shifted 

up-fieldd by more than 1 ppm, as observed for la. The remaining signals (integrating for 12 

protons)) appear between 5= 5.09 and 5= 4.27 ppm. This indicates that in both products 

dppff  is coordinated in a cis fashion (scheme 3-2). 

1aMee I 1aMe II 

Schemee 3-2. 

Complex x 

l a -Mee I 

l a -Mee I I 

l d ' - M e e 

JpA-PM M 

(Hz) ) 

12 2 

JpA-PB B 

425 5 

— — 

JpA-PX X 

(Hz) ) 

354 4 

JpA-PX X 

15 5 

17 7 

X X 

(Hz) ) 

21 1 

JpB-PX X 

19 9 

— — 

Jpt-PA A 

(Hz) ) 

2728 8 

Jpt-PA A 

3461 1 

2476 6 

Jpt-PM M 

(Hz) ) 

3533 3 

Jpt-PB B 

2538 8 

— — 

Jpt-px x 

(Hz) ) 

2075 5 

Jpt-px x 

3764 4 

4322 2 

5pA A 

(ppm) ) 

20.9 9 

SPA A 

16.4 4 

37.7 7 

88 PM 

(ppm) ) 

5.0 0 

SpB B 

23.2 2 

... . 

Spx x 

(ppm) ) 

-40.0 0 

8p\ \ 

15.8 8 

-0.49 9 

Tablee 3-2. 31P{'H}  Spectroscopic data from the complexes with the diphenyl-2-(6-methyl-

pyridyl)phosphinee ligand. 
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Inn the second product, the 6-methyl-2-pyridinephosphine is not chelating and the fourth 

coordinationn position is probably occupied by the triflate anion. The IR spectrum shows 

twoo split bands for v(S03) at 1260 and 1005 cm'1. These bands have been previously 

assignedd to mono-coordinated sulfonates.62 Although triflates are known to be weakly 

coordinatingg anions, the IR data and the fact that the microanalysis of a sample containing 

bothh products is correct shows that both compounds have the same composition (see 

experimentall  section). The broad spectra observed at room temperature indicates exchange 

betweenn the two species. 

Changingg the anion from OTf to BARF in the Xantphos containing compounds did not 

resultt in any significant difference in the spectroscopic behavior of Id' compared to Id. 

Whenn the 6-methyl-2-pyridylphosphine ligand is used, only the trans isomer (ld'-Me) is 

formed.. This indicates that the steric interaction of the methyl group of the P,N ligand with 

thee phenyl groups of Xantphos destabilizes the coordination of the pyridine nitrogen, 

shiftingg the equilibrium to the trans isomer. 

Solidd state structures of complexes lb-d 

Complexess lb-d were further characterized by single crystal X-ray diffraction. Suitable 

crystalss were grown by slow diffusion of diethyl ether or hexanes into dichloromethane 

solutionss of the corresponding complex. 

Selectedd bond distances and angles are presented in table 3-2. The structures found in the 

solidd state are in agreement with those proposed in solution from the NMR data discussed 

above.. Thus, complexes with DPEphos (b) and Sixantphos (c) form cis complexes, while 

forr Xantphos (d) both cis and trans isomers are present in solution. In the latter case, only 

thee trans isomer could be crystallized. The X-ray structure of trans Id confirms the P,0,P 

coordinationn mode of Xantphos, which was proposed based on the Jpt.px coupling constant 

andd the l95Pt chemical shift. The solid state structures of lb and lc show that there is 

considerablee interaction between the phenyl groups of the diphosphine ligand and those of 

thee pyridylphosphine. This interaction becomes more important as the bite angle increases. 

Inn the case of the Xantphos ligand the pyridylphosphine is forced to act as a monodentate 

ligand.. The "embracing effect" of the phenyl rings in wide bite angle diphosphines in 

palladiumm allyl complexes was studied by van Haaren et al. 43 
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Forr complexes l b and l c the coordination sphere of the platinum atom consists of a cis 

coordinatedd diphosphine ligand and a chelating pyridylphosphine. As commonly observed 

inn complexes containing a chelating pyridylphosphine, the bond angles involving the four-

memberedd Pt l -Nl-Cl-Pl ring show an important deviation from the ideal 90° value. The 

Pl-Pt-Nll  angles of 68.9(3)° for l b and 69.1(11)° for lc, are slightly smaller than those 

reportedd for other platinum complexes (70.8(5)° for [PtCl(rr-Ph2PPy)(PPh2PPy)]+ 63 and 

70.4(5)°° in [PfMe(rr-Ph2PPy)(PPh2PPy)]+64). 

Figuree 3-3. Molecular structure of [(rr-DPEphos)Pt(rr-Ph2PPy)][OTfJ2 (lb). The ellipsoids are 

drawnn at 50% probability level. The hydrogen atoms and the triflate anions have been omitted for 

clarity. . 
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Thee smaller bite angle of the pyridylphosphine ligand may be due to steric bulk of the 

diphosphine,, compared to the smaller methyl and chloride ligands. The intrachelate angles 

(P1-C1-N11 103.6(7)° in l b and 103.4(3) in lc) and Pt-Pl-Cl (83.3(4)° and 83.35(16)°, 

respectively)) show the same deviation from the ideal values as observed in the above 

mentionedd complexes. 

Figuree 3-4. Molecular structure of [(r|2-Sixantphos)Pt(Tr-Ph2PPy)][OTfj2 (lc). The ellipsoids are 

drawnn at 50% probability level. The hydrogen atoms and the triflate anions have been omitted for 

clarity. . 

Thee Pt-Nl distance in lb/c is almost 0.1 A longer than the one reported by Jain et al. and 

Fairr et al. in the above mentioned platinum complexes, but in the same range as those 

observedd in [Ru(r)2-Ph2PPy)(CO)2Cl2]65 and [PdCl(r|2-Me2PPy)(PMe2PPy)]+.66 
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Thee platinum atom in lb is shifted 0.124 A away from the least-squares plane determined 

byy itself, the three phosphorus atoms and the nitrogen atom, while the deviation is only 

0.043AA in lc. Especially for the complex lb (DPEphos), the deviation from the 

coordinationn plane is much larger than the 0.017 A or the 0.026 A observed in [PtMe("n -

Ph2Ppy)(PPh2PPy)][BPh4]
644 and [Ru(Ti2-Ph2PPy)(CO)2Cl2]

65 respectively. The larger 

deviationn from the coordination plane may be due to the presence of the additional 

chelatingg ligand, while in the two other complexes reported the additional ligands are 

monodentatee and therefore can coordinate at an angle near the ideal 90° value. Because 

DPEphoss (b) and Sixantphos (c) have natural bite angles larger than 100°, they will force a 

geometryy with a more open P2-Pt-P3 angle which leads to further distortion around the Pt 

center.. In fact, the P2-Pt-P3 angle is smaller (98.96(10)° in lb and 94.95(5)° for lc) than 

expectedd from these wide bite angle diphosphines. Particularly for the Sixantphos complex 

(lc),, the value of 94.95(5)° is at the lower end of the flexibilit y range for this ligand (93-

130°).677 In complex lb the P2-Pt-P3 angle is slightly smaller than the P-Pd-P angle 

observedd in palladium complexes containing DPEphos prepared in our group (from 

100.82°° to 103.93°)46'47 Again, the smaller bite angle may be caused by the steric 

interactionn between the phenyl rings of the diphosphine and those on the PPh2Py ligand 

(figuress 3-3 and 3-4). 

Thee backbone of the DPEphos ligand is highly bent (fig. 3-3); the planes containing the 

aromaticc rings form an angle of 102.9°. This conformation has been observed in other 

squaree planar complexes of DPEphos.46' In case of complex lc, (fig. 3-4) one of the 

aromaticc rings of the Sixantphos backbone is bent to the back, the angle between the planes 

formedd by (C4 to C9) and (C10 to CI5) is 40.2°. 

Thee Pt-0 distance in lb is 3.4888(5) A, but it is considerably shorter in lc (2.725(3)A). 

Thee latter distance is only slightly longer than the 2.714(3) A reported for 

[SixantphosPd(4-C6H4CN)Br]477 in which the diphosphine ligand adopts a trans geometry, 

andd thus forces the oxygen atom close to the metal. This is, to a lesser extent, also the case 

inn lc. Because of the rigidity of Sixantphos, the Pt-O bond cannot be much longer. A weak 

platinum-oxygenn bond was proposed in a Pt(II)-|3-diketonato complex in which the Pt-O 

distancee was 2.796(6) A.68 Similar Pd-0 distances have been reported in five-coordinated 

palladiumm (II) complexes69'70 and thus the short distance observed in lc might also indicate 

thee presence of a weak Pt-O interaction. 
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DPEphoss (lb) Sixantphos (lc) Xantphos (Id) 

Pt-Pl l 

Pt-P2 2 

Pt-P3 3 

Pt-Ol l 

Pt-Nl l 

Pl-Cl l 

ZPl-Pt-P2 2 

ZZ P2-Pt-P3 

ZP3-Pt-Nl l 

ZPl-Pt-Nl l 

ZZ P2-Pt-Nl 

ZZ Pl-Pt-P3 

ZPt-Pl-C! ! 

ZP1-C1-N1 1 

ZP2-Pt-01 1 

ZZ P3-Pt-01 

2.324(3) ) 

2.279(3) ) 

2.337(3) ) 

3.488(5) ) 

2.112(8) ) 

1.814(11) ) 

99.32(10) ) 

98.96(10) ) 

92.3(3) ) 

68.9(3) ) 

168.1(3) ) 

157.29(10) ) 

83.3(4) ) 

103.6(7) ) 

— — 

— — 

2.3011(14) ) 

2.2638(13) ) 

2.3852(13) ) 

2.725(3) ) 

2.109(4) ) 

1.818(5) ) 

99.42(5) ) 

94.95(5) ) 

96.50(11) ) 

69.08(11) ) 

168.49(11) ) 

164.89(5) ) 

83.35(16) ) 

103.4(3) ) 

— — 

— — 

2.2387(7) ) 

2.3171(5) ) 

2.2976(5) ) 

2.1889(18) ) 

... . 

1.833(2) ) 

96.90(2) ) 

162.22(2) ) 

— — 

— — 

— — 

100.22(2) ) 

110.78(11) ) 

— — 

80.97(4) ) 

82.37(4) ) 

ZZ PI -Pt-Ol — — 174.69(4) 

Tablee 3-3. Selected bond distances (A) and bond angles (°) for complexes lb-d 

Inn complex Id (fig. 3-5), Xantphos acts as a tridentate ligand. The Pt-0 distance is 

2.1189(18)) A, which is slightly shorter than the 2.1537(14) A observed in trans-

[XantphosPd(4-C6H4CN)]+.477 This is probably caused by the larger trans influence of the 

aryll  ligand compared to the phosphine in Id. The geometry around the metal is square 

planar.. Because of the rigidity of the Xantphos ligand, P2 and P3 are bent down from the 

coordinationn plane and the P2-Pt-P3 angle is 162.22(2)°. The O-Pt-Pl angle (174.69(4)°) is 

closerr to the ideal value of 180°. The Xantphos backbone is also bent, the angle between 

thee aromatic rings (C4 to C9) and (01,C9 to CI2) is 8.3°, while the angle between the 

latterr and the (Cll to C16) plane is 10.6°. The Pt-P2 and Pt-P3 distances are similar to 
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thosee observed in other trans coordinated Pt(II) complexes.71 The Pt-Pl bond length in Id 

(2.2387(7)) A) is similar to those observed in platinum complexes in which the PPh2Py 

ligandd acts as P-monodentate.63'64 This bond is also considerably shorter than those in 

lb/c. . 

Figuree 3-5 Molecular structure of [(r|3-Xantphos)Pt(n'-Ph2PPy)][OTf]2 (transld). The ellipsoids 

aree drawn at 50% probability level. The hydrogen atoms and the triflate anions have been omitted 

forr clarity. 

Twoo factors play an important role in the coordination chemistry of la-d; the natural bite 

anglee of the diphosphine ligands, and the steric constraints imposed by the chelation of the 

pyridylphosphine.. While dppf and DPEphos can easily coordinate in a cis fashion, the bite 

anglee of Sixantphos and particularly of Xantphos is too large for the ideal 90° P-M-P angle 

inn a cis coordinated square planar complex, but neither of them is large enough for ideal 
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transtrans coordination. In fact, the crystal structure of Id, as well as the other reported 

structuress with a tram coordinated Xantphos ligand, show that the P-M-P angle is always 

lesss than 165° with the phosphorus atoms bent away from the plane. As stated before, 

diphosphiness with a wide bite angle also have a large cone angle, which results in less free 

spacee around the metal center for coordination of other ligands. As the chelation of the 

pyridylphosphinee increases the steric bulk around the metal center, bidentate coordination 

off  the PPh2Py ligand becomes less favored as the bite angle increases. Furthermore, 

chelationn of the pyridylphosphine is unfavorable by the intrinsic strain of the four-

memberedd ring. Nevertheless, the PPh2Py acts as a chelating ligand in la-d. Obviously, the 

Pt-NN bond is strong enough to stabilize the highly strained geometries in la-c, especially in 

thee case of lc in which the Sixantphos ligand is forced to adopt an uncommonly small bite 

angle.. But as the steric hindrance in Id becomes more important, chelation of the 

pyridylphosphinee is more difficult, and a mixture of cis and trans -Id is formed. The 

additionall  steric bulk in ld'-M e results in the exclusive formation of the trans isomer. In 

thee latter case, the Pt-N bond has been replaced by a Pt-0 bond. In general, ethers are 

knownn to coordinate only weakly to platinum, but in trans-Id the oxygen atom is forced to 

bee close to the metal, thus favoring an interaction with the Pt center. The weak 

coordinatingg abilities of both the triflate anion and the dichloromethane, may also 

contributee to the formation of the Pt-0 bond. Thus, the structure of complexes la-d is a 

compromisee between the steric hindrance induced by the bite angle of the diphosphine and 

thee stabilization due to the chelation of the pyridylphosphine. 

Heterolyti cc activation of H 2 

Complexess lb-d react with dihydrogen under mild conditions (4 bar, 40 °C, 16 h) to afford 

cationicc platinum hydrides 2b-d according to scheme 3-3. 

1a-dd 2a-d 

Schemee 3-3. Reaction of complexes 1 a-d with dihydrogen. P= PPh2 

(OTff )2 
ür^t--^ ^ 

44 bar / 40  C 
Pt t 

(( OTf )2 
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Inn this reaction, the coordinated pyridine moiety acts as hemilabile ligand to provide a 

vacantt coordination site as well as an internal base to assist the heterolytic splitting of the 

dihydrogenn molecule. The new hydride complexes were characterized by multinuclear 

NMRR spectroscopy. The 'H and 31P NMR data are presented in tables 3-4 and 3-5, 

respectively.. The 'H NMR spectrum of 2b-d shows a characteristic hydride signal between 

8== -5 and 5= -8 ppm (figure 3-6). The shape of the signal depends on the ligand used. For 

complexess 2b and 2c containing DPEphos and Sixantphos respectively, all the H-P 

couplingss are resolved and the hydride signal appears as a doublet of doublets of doublets, 

withh the corresponding Pt satellites. For complex 2d (Xantphos), the two cis H-P couplings 

aree not well resolved, the hydride signal appears as a slightly broad doublet of triplets, with 

Pt-satellites.. Protonation of the pyridine moiety was confirmed by the broad signal at about 

155 ppm, with an integration ratio with the hydride of 1:1. This signal broadens and shifts 

slightlyy to higher field on lowering the temperature. 

Figuree 3-6. High field region of the 'H NMR spectrum of 2b 

Thee new complexes show an ABX spin system in the 3IP NMR spectrum, in which the AB 

partt is formed by the two phosphines trans to one another and Px corresponds to the 

phosphoruss trans to the hydride ligand. This assignment is confirmed by the relatively 

smalll  Px-Pt coupling constant (JPX-pt = 2200 Hz), which is normally observed for nuclei 

transtrans to hydrides. At the same time, the increase of more than 1000 Hz of the Ps-Pt 

couplingg constant indicates a release of the ring strain. Complete spectroscopic data are 

shownn in tables 3-4 and 3-5. The 'H and 31P spectra did not change significantly on 

loweringg the temperature, apart from some broadening of the signals below 233 K. At 203 

K,, the N-H proton is not longer observed. 
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Complex x 

2a a 

2a-Mee a cis 

2a-Mee a trans 

2b b 

2c c 

2d d 

Ligand d 

Dppf f 

DPEphos s 

Sixantphos s 

Xantphos s 

ÖH H 

(ppm) ) 

-5.72 2 

-5.61 1 

-5.11 1 

-6.81 1 

-7.53 3 

-8.14 4 

5N-H H 

(ppm) ) 

15.1 1 

14.35 5 

14.9 9 

15.1 1 

15.3 3 

JpA-H H 

(Hz) ) 

11.7 7 

10.5 5 

13.5 5 

13.0 0 

13.7 7 

14.4 4 

JpB-H H 

(Hz) ) 

18.5 5 

22.5 5 

16.5 5 

14.7 7 

n.rb b 

Jpx-H H 

(Hz) ) 

154 4 

150 0 

162 2 

163 3 

158 8 

158.9 9 

Jpt-H H 

(Hz) ) 

762 2 

750 0 

797 7 

739 9 

732 2 

714 4 

Tablee 3-4. H{  'P}  NMR data for the hydride complexes 2a-d. NMR spectra were measured at 300 

MHzz in CD2C12 at room temperature, unless otherwise stated.a At 233 K.b n.r. not resolved. 

Complex x 

2aa b 

2a-Mee a cis 

2a-Mee a trans 

2bb b 

2cc b 

2dbc c 

JpA-PB B 

(Hz) ) 

364 4 

372 2 

360 0 

370 0 

375 5 

JpA-PX X 

(Hz) ) 

10.81 1 

18.2 2 

19.4 4 

31.7 7 

12.7 7 

16.3 3 

JpB-PX X 

(Hz) ) 

-8.8 8 

-21.9 9 

-10.5 5 

-24.3 3 

-19.6 6 

Jpt-PA A 

(Hz) ) 

3033 3 

2750 0 

2863 3 

2905 5 

3030 0 

3045 5 

Jpt-PB B 

(Hz) ) 

2755 5 

3079 9 

2944 4 

2922 2 

2937 7 

Jpi-px x 

(Hz) ) 

2310 0 

2395 5 

2255 5 

2217 7 

2286 6 

2298 8 

5PA A 

(ppm) ) 

28.7 7 

29.9 9 

25.3 3 

23.4 4 

23.8 8 

23.0 0 

5PB B 

(ppm) ) 

21.8 8 

20.7 7 

16.4 4 

20.1 1 

17.7 7 

Sp.x x 

(ppm) ) 

22.9 9 

23.6 6 

22.9 9 

16.5 5 

15.8 8 

15.8 8 

Tablee 3-5. 3IP{'H}  NMR spectroscopic data for the hydride complexes 2a-d. All spectra were 

measuredd at 121.5 MHz in CD2C12 at room temperature, unless otherwise stated. a At 233 K. b 

chemicall  shifts and coupling constants calculated with gNMR.c At 160.5 MHz. 

Ass observed for the precursors la-d, the 31P coordination shift of PA and PB are higher for 

complexess containing dppf than for those with the Xantphos-type phosphines. Although 

thiss may be attributed to the size of the chelate ring, an electronic contribution of the iron 

atomm in dppf can not be excluded. The chemical shift of Px is considerably higher for 2a 

andd 2a-Me than that of 2b-d, the variation of 8 PX is much smaller within the Xantphos-

typee ligands. 

AA similar trend is observed in the 'H NMR spectra, in which the hydride ligand shifts up-

fieldd as the bite angle of the diphosphine increases. Wander et al. calculated that on 
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increasingg the P-M-P angle in [PdH(PH3)3], electron density moves from the hydride 

ligandd into the LUMO of the metal fragment.36 The same authors observed an up-field 

shiftt of the resonance of the hydride in [PdH(R2P(CH2)nPPh(CH2)mPR2]
+ as the bite angle 

off  the triphosphine ligand increased. 

Surprisingly,, the complex with the dppf ligand la did not react with dihydrogen, not even 

att 10 bar and 50 °C. The use of a more basic solvent such as acetone leads to complete 

decompositionn of the starting material without formation of the desired hydride product. If 

onee equivalent of external base (Et2NH or DIPEA) is used, a hydride complex is formed 

togetherr with the salt of the amine under the same reaction conditions as for lb-d. This 

complexx can be protonated afterwards with HOTf to afford 2 a, in which the pyridine 

moietyy is protonated. Although the bite angle and the basicity of dppf are similar to those 

off  DPEphos, la and lb show a strikingly different reactivity towards the heterolytic 

activationn of dihydrogen. 

Moree information on the electronic properties of the metal center was sought by means of 
195Ptt NMR. The chemical shift of  195Pt nuclei are sensitive to the ligands present in the 

coordinationn sphere and is therefore a useful probe of the electronic environment of the 

metal.72'73.. Nevertheless, as can be seen in table 3-1, the 195Pt chemical shift for complexes 

laa and lc is not significantly different, indicating that there are no large differences in the 

coordinationn environment of these two complexes. 

Thee explanation for the different reactivity of la compared to lb may lay in the smaller 

conee angle of dppf (229.7°) compared to that of DPEphos (240.2°). For allylic alkylation 

reactionss van Haaren et al observed an important difference in the activity and selectivity 

off  the palladium catalysts with dppf compared to the one with DPEphos.46 In the case of 

lb-d,, the steric interaction between the phenyl groups of the Xantphos-type ligands with 

thee pyridylphosphine may labilize the Pt-N bond, whereas in la the stronger coordination 

off  the pyridyl moiety results in lack of reactivity. The driving force for the formation of the 

hydridee complexes is probably the release of the ring strain in the diphenyl-2-

pyridylphosphinee ligand. Indeed, when the latter ligand was replaced by 3-

diphenylmethylpyridylphosphine,, which forms a 6-membered metallacycle, the reaction 

withh dihydrogen was very slow . The built-in base in complexes lb-d does not accelerate 

thee reaction. Indeed the reaction of [(DPEphos)Pt(PPh3)](OTf)2 with dihydrogen and one 

equivalentt of external base (DIPEA) is as fast as the reaction of complex lb. This indicates 
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thatt either the rate of de-coordination of the pyridyl moiety is the rate-limiting step rather 

thann the actual heterolytic splitting of the dihydrogen molecule, or that the low equilibrium 

concentrationn of the tricoordinate species causes the low rate for H2 splitting. 

Complexx la'  with the bulky and non coordinating BARF anion showed the same lack of 

reactivityy towards dihydrogen without an external base. Complex la-Me (cis and trans) 

didd react under the same conditions as lb-d to give a mixture of two hydride species. The 

reactionn mixture displays very broad signals in the 'H and the 31P NMR spectra at room 

temperature.. On lowering the temperature to 233 K relatively sharp multiplets appeared 

andd it was possible to identify three sets of peaks. One set corresponds to unreacted starting 

materiall  (la-Me-I) which is present in about 10 %. The second set of signals corresponds 

too the major species in solution and it is characterized by a doublet of doublets at 5= -5.61 

ppmm in the 'H NMR spectrum and an ABX spin system in the 31P NMR spectrum. The 

splittingg pattern, coupling constants and chemical shifts are similar to those observed for 

complexess 2a-d and therefore this species was assigned to a hydride cw[dppfPtH{2-(6-

CH3-C5H3NH)PPh2}]]  + (cis 2a-Me, scheme 3-4). Protonation of the pyridine moiety was 

confirmedd by a broad peak at 14.3 ppm. When the solution containing this mixture was 

filteredd over celite, the peaks for cis 2a-Me disappeared almost completely, which enabled 

thee identification of the third product. The 'H NMR spectrum of this product displays a 

sharpp doublet of triplets at 5= - 5.11 ppm, while the 3IP NMR spectrum shows a doublet 

andd a triplet coupled to one another. The relative intensity of these signals is 2:1. Apart 

fromm the hydride peaks, the !H NMR spectrum shows also a signal at 5= 2.1 ppm for the 

CH33 of the diphenyl-2-(6-methyl-pyridyl)phosphine ligand and several signals between 4.5 

andd 3.5 ppm for the Cp protons in dppf, confirming the presence of these two ligands in the 

product.. From these data the third product was assigned to an isomer of 2a-Me in which 

dppff  is coordinated in a trans fashion while the pyridylphosphine is trans to the hydride 

(schemee 3-4). 

ciscis 2a Me trans 2a Me 

Schemee 3-4. Products formed from the reaction of la-Me with dihydrogen. 
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Similarr results were observed for the reaction of [XantphosPt(6-methyl-diphenyl-2-

pyridylphosphine)](BARF)22 (ld'Me ) with dihydrogen. The *H NMR spectrum displays 

twoo hydride signals (both doublets of triplets) with coupling constants similar to those 

observedd for the rest of the hydride complexes. The broadness of the signals in the P 

NMRR spectrum at all temperatures, however, did not allow further identification of the 

products. . 

X-Rayy Crystal Structur e of 2a-Me. 

Crystalss suitable for X-ray diffraction where obtained by slow diffusion of diethyl ether 

intoo a dichloromethane solution of 2a-Me. Figure 3-7 shows the crystal structure of 

[(dppf)PtH{2-(6-CH3-C5H3NH)PPh2}][OTf]2.. The most relevant bond distances and angles 

aree presented in table 3-6. The four ligands around the platinum are arranged in a plane, for 

whichh the maximum deviation from the least-squares plane defined by PU-H1-P1-P2-P3 is 

0.0899 A. The geometry is strongly distorted from the ideal 90° angles expected for a square 

plane.. The more important deviations are the Hl-Pt-Pl angle (76.3(18)°) and the Hl-Pt-P3 

anglee (77.9(18)°). The bite angle of dppf (P2-Pt-P3 is 99.24(4)°) is very similar to the 

99.3(1)°° observed in [(dppf)PtCl2],
74 and falls within the standard range for Pt(II)-dppf 

complexes.544 The preference of dppf for bite angles larger than 90° as well as the steric 

interactionn between dppf and the pyridylphosphine ligand forces PI and P3 to bend 

towardss the small hydride ligand, causing the rather small Pl-Pt-P3 angle (153.57(4)°). 

Thee Cp rings of dppf are only slightly tilted, the angle between the two planes being 2.2°, 

whichh is relatively small for square planar complexes. The Pt-Pl and Pt-P3 bond lengths 

aree normal for this type of Pt complexes; the Pt-P3 distance of 2.2897(11) A is in the range 

normallyy observed in (dppf)Pt(II) complexes. In contrast, the Pt-P2 bond is significantly 

longerr (2.3410(12) A) than other Pt-P bonds observed for phosphines trans to a hydride 

ligand,, for example 2.304(3)A in [PtH(SiPh3)(PEt3)2]
75 and 2.278(2) A in 

[PtH(CH2CMe3)(Cy2PCH2CH2PCy2)].766 The latter two complexes contain alkyl 

phosphines,, which might explain the shorter Pt-P bond compared with the one in 2a-Me. 
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Figuree 3-7. Molecular structure of [(dppf}PtH{2-(6-CH3-C5H3NH)PPh2}][OTf|2 (2a-Me). The 

ellipsoidss are drawn at 50 % probability level. The triflate anions and the hydrogen atoms (except 

forr the hydride ligand) have been omitted for clarity. 

Pt-Hl l 

Pt-Pl l 

Pt-P2 2 

Pt-P3 3 

Pl-Cl l 

Bondd distances 

1.64(6) ) 

2.2737(11) ) 

2.3410(12) ) 

2.2897(11) ) 

1.840(4) ) 

(A) ) 

ZZ HI-Pt-Pl 

ZH1-Pt-P2 2 

ZH1-Pt-P3 3 

ZPl-Pt-P2 2 

ZZ P2-Pt-P3 

ZPl-Pt-P3 3 

Bondd angles ( °) 

76.3(18) ) 

174.2(19) ) 

77.9(18) ) 

105.98(4) ) 

99.24(4) ) 

153.57(4) ) 

Tablee 3-6. Selected bond distances (A) and bond angles (°) for complex 2a-Me 
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Onee of the phenyl rings of the pyridylphosphine ligand (PI) is parallel to one of the phenyl 

ringsrings of P2. The angle between the rings (NI, C1-C5) and (C18-C23) is only 5.5° and the 

distancee between their centroids is 3.493A, which probably indicates a Ji-staking 

interaction. . 

Thee Pt-H bond is relatively long (1.64(6) A) compared with the one reported for 

[PtH(CH2CMe3)(Cy2PCH2CH2PCy2)]
766 (1.56(5) A), and to the Pt-H(terminal) distance 

determinedd by neutron diffraction in [(dppe)PtH(u-H)2Pt(dppe)]+ (1.610(2)).77 

Dihydrogenn Bonding 

Compoundss 2a-d are potential candidates for dihydrogen bonding because they possess a 

protonatedd pyridyl moiety (hydrogen bond donor) and a metal hydride (hydrogen bond 

acceptor)) in close proximity. The presence of a dihydrogen interaction has been 

characterizedd in the solid state by X-ray crystallography 78 and neutron diffraction, 79"8' 

andd in solution by NMR and IR spectroscopy.28 Normally, the infrared spectra of hydrogen 

bondedd systems shows that the metal-hydride and the NH or OH vibration bands broaden 

andd shift to lower frequencies compared to compounds in which no hydrogen bonding 

occurs.299 The 'H NMR spectrum usually displays low field shifts for the X-H resonance 

(X== O or N), low minimum Ti values and sometimes even hydride-proton couplings.15' *' 

Inn order to investigate whether dihydrogen bonding occurred in the platinum compounds 

2a-d,, various NMR experiments were carried out. The lH NMR spectra of 2a-d did not 

changee significantly with temperature and neither coupling nor coalescence between the 

NHH and the hydride was observed. The Ti of the two signals remains long at all 

temperaturess (Timin » 500 ms for the hydride) and no Ti coalescence was observed. No 

exchangee or through-space interactions could be detected using NOE and Spin Saturation 

Transferr experiments. It was therefore concluded that the protonated pyridine and the 

hydridee do not interact with one another. An explanation for the lack of interaction may be 

thee low hydridic character of the hydride ligand in complexes 2a-d. It is known that 

dihydrogenn bonding is an electrostatic interaction between a negatively charged hydride 

andd a positively charged proton. However, in some cases Pt(II)-hydrides are not considered 

too be negatively charged or nucleophilic. Extended Hiickel calculations by Wander et al. 

onn [Pd(PH3)3H]+ showed that the P-M-P angle has a large influence on the partial charge of 
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thee hydride. They calculated that when the P-M-P angle increases from 80° to 100°, the 

chargee on the hydride decreases from -0.51 to -0.27.36 T h e o r i g i n o f t h i s e f f e ct w as 

attributedd to a decrease of the energy of the LUMO of the [Pd(PH3)3]
2+ fragment as the bite 

anglee increases, causing the electron density to shift from the hydride ligand into this 

orbital.. This result implies that hydride complexes with phosphine ligands enforcing wide 

bitee angles will be more acidic than analogous complexes with small bite angle ligands. 

Consideringg that all the ligands used enforce bite angles over 90 °, it is expected that the 

hydridee complexes 2a-d have small negative charges and therefore the interaction with the 

pyridiniumm proton will be weak. 

Fromm the crystal structure of 2a-Me it can be seen that the pyridyl fragment of the PPh2Py 

ligandd points away from the hydride. However, the Pt-P bond can rotate in solution and at 

somee point the hydride and the pyridinium proton may be close enough to one another to 

establishh an interaction. If this interaction is not strong enough to stabilize this particular 

conformationn over the others, the potential dihydrogen bond will not be detectable by 

NMR. . 

Reactivityy Studies 

Iff  dichloromethane solutions of the hydride complexes 2b-d are allowed to stand at room 

temperature,, they lose dihydrogen slowly reforming the starting compounds lb-d. When 

thee solution is allowed to stand for a few days, precipitation of metallic platinum is also 

observed.. The loss of dihydrogen is faster for complex 2d containing Xantphos, which 

revertss completely to Id in 12h, even at 0 °C. If this solution is re-pressurised with 3 bar of 

dihydrogenn for 16h, the hydride complex 2d is re-formed cleanly, showing that the loss of 

H22 is reversible. 

Complexx 2d was tested as catalyst for the hydrogenation of several unsaturated substrates. 

2dd is able to hydrogenate 1-hexene under 3 bar of H2 at 40 °C, but the reaction is very slow 

(ratioo 2d : 1-hexene = 1:100). After 16 h reaction time, only 90 % conversion to hexane 

wass observed. ]H and 31P NMR spectroscopy of the reaction mixture revealed the presence 

off  mainly 2d in solution, in addition small amounts of Id (both cis and trans) and free 

phosphinee were observed. The hydride complex 2d is completely inactive towards acetone, 

acetophenonee or heptaldehyde. As before, the NMR spectra of the solutions after reaction 
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showedd a mixture of 2d and Id; but free phosphine was not observed. The stoichiometric 

reactionn of 1-hexene with 2d (without dihydrogen) was followed by NMR. Immediately 

afterr the addition of 1-hexene to a solution of 2d in CD2C12, the 'H NMR spectrum shows 

signalss for hexane at 0.88 and 1.30 ppm, integration of these signals compared to those for 

thee olefin indicates about 10 % conversion to hexane. In addition, small peaks for 2-hexene 

weree also identified. Heating the NMR tube to 35 °C leads to an increase of the signals for 

2-hexene,, and after 1 day at room temperature complete isomerisation from 1-hexene to 2-

hexenee was observed, while the signals for hexane did not change any further. Neither the 

protonn nor the phosphorus spectra show important changes in the signals of 2d during the 

reaction.. Small peaks for I d are visible after 24 h, but these may result from normal 

decompositionn of 2d in solution, as explained above. 

Platinum(II )) complexes wit h aminopyridin e ligands 

Thee occurrence of dihydrogen bonding in iridium hydride complexes with aminopyridine 

andd related ligands has been widely studied by Crabtree et a/.'5,29,83 \n complexes 2a-d, 

thee electron poor pyridinium moiety in PPh2PyH+ withdraws electron density from the 

phosphoruss atom. Thus, the PPh2PyH+ ligand reduces the electron density on the metal, 

whichh in turns decreases the partial negative charge of the hydride. Furthermore, the 

terminall  amine is a better base than pyridine. Therefore, replacing the pyridylphosphine 

ligandd by an aminopyridine offers the possibility of studying these effects on the platinum 

complexess described in this chapter. The complexes [(diphosphine)Pt(N,N)]2+ containing a 

2-(aminomethyl)pyridinee (3a and 3d) or a 2-aminopyridine (4d) were synthesized by a 

similarr route to that used for la-d. 

Complex x 

3a a 

3d d 

4d d 

Diphosphinee Aminopyridine 

pp K, < 0 T f ) 2 

dppff lN - l -NH2 

v P ^^ ^ | \ K Xantphos ^ N ^ N H 2 

ft ft Xantphoss N*> 

Chartt  3-3. Platinum complexes with amino-pyridine ligands 
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Complexess 3a and 4d display broad signals at room temperature in both the 'H and 3IP 

NMRR spectra. Upon lowering the temperature to 193 K the signals for 3a resolve, but those 

forr 4d remain broad. In contrast, the 31P spectrum of 3d is sharp at 295 K but the proton 

signalss are very broad. Complexes 3a (193 K) and 3d (295 K) display very similar 3IP 

NMRR spectra : 2 doublets with l95Pt satellites. The P-P coupling constant (Jpp= 21.5 Hz 3a, 

22.66 Hz 3d) indicates a cis conformation of the diphosphine ligand. The very similar Pt-P 

couplingg constants for both phosphorus nuclei (JPPt = 3508, 3484 Hz for 3a and 3552, 3536 

Hzz for 3d) show that they are trans to a ligand of similar trans influence, pointing to a 

chelatingg aminopyridine ligand. The 'H NMR spectrum of 3a and 3d is not completely 

resolvedd even at 193 K. Complex 3a shows two broad signals for the Cp and the NH2 

protonss together, and a separate signal for the methylene protons. Complex 3d shows two 

signalss for the methyl groups in the diphosphine ligand backbone, a broad signal for the 

CH22 group and two broad signals for the NH2 protons. The broadness of the methylene 

protonss of the aminopyridine ligand suggests restricted rotation, and thus confirms the 

hypothesiss that the N,N ligand is coordinated in a chelating fashion. Because of the broad 

signalss of the NMR spectra of 4d no further investigation was carried out. 

Activatio nn of H 2 using complexes 3 and 4 

Thee reactivity of these complexes towards dihydrogen was investigated. Complexes 3a and 

3dd and 4d did not react with dihydrogen under the conditions used for la-d (3 bar, 40 °C). 

Afterr 16 hours the starting material was recovered unchanged. When the reaction of 3d 

withh H2 was followed in a high pressure NMR tube, new signals were observed after 12 

hourss at 10 bar and 50 °C. After 18 hours, about 30 % of a new hydride-containing product 

(5d)) was formed. Performing the reaction in an autoclave under the same conditions 

affordedd a quantitative yield of the new hydride product 5d after 65 hours. This product is 

airr stable in the solid state and in solution over a period of several hours. Reaction of 3a 

andd 4d with 10 bars of dihydrogen at 50 °C afforded a similar product. The high field 'H 

NMRR spectrum of 5d shows five equally spaced quintets centered at 5= -7.2 ppm (fig. 3-

8),, with a P-P coupling constant of 42 Hz and a platinum-hydride coupling constant of 429 

Hz.. The H NMR spectrum of the reaction mixture shows signals for the aminopyridine 

ligandd and a broad signal at 12.5 ppm, which could correspond to the protonated amine. 

Whenn the product was isolated and re-crystallized, the latter signals were no longer 

observed,, suggesting that 5d does not contain an aminopyridine ligand. The coupling 
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patternn of the hydride signal and the small value of 'jH-pt, compared to the values observed 

forr 2a-d (about 700 Hz), point to a hydride bridged dimer containing four equivalent 

phosphoruss and three equivalent hydrides.84'86 Integration of the 'H NMR spectrum shows 

aa ratio between the hydrides : CH3 : aromatics of 3: 12: 52, indicating 5d contains three 

hydridess and two Xantphos ligands. A 'H-coupled '95Pt-INEPT experiment gave an 

antiphasee quartet, which confirms that 5d contains three equivalent hydrides in the NMR 

timee scale. The pattern observed both in the 'H and 3IP NMR spectra is very similar to that 

observedd by Tulip et a/.86 for [PtzfM^-BuhPCCHz^P^-BuhbïïBPlL,] and by Knobler et 

al.al. 85 for [(dppe)2H3Pt2][BPh4]. Although NMR spectroscopy of these complexes indicates 

thatt all hydrides are equivalent in solution, both bridging and terminal hydrides are 

observedd by IR. The neutron diffraction crystal structure of the latter complex confirms the 

presencee of one terminal and two bridging hydrides.77 Since then, many cationic hydride-

bridgedd dimers with bidentate ligands have been reported in which the hydrides remain 

equivalentt on the NMR-time scale even at low temperature.87 Based on this information 

wee propose for 5d the dimeric structure shown in chart 3-4. 

H H 

PP ^ H ^  P 

Chartt  3-4. Proposed structure for dimer 5d. 

Thee shape of the hydride signal can be explained by considering the natural abundance of 

thee NMR active 195Pt nuclei (33.8 %). Isotopomer A corresponds to 44 % of the molecules 

containingg no 195Pt nuclei, in this case only H-P coupling is observed. The other two 

isotopomerss contain one (B, 44.8 %) or two (C, 11%) l95Pt nuclei and thus display 

couplingg to both phosphorus and platinum. Thus, the quintet of quintets pattern observed 

arisess from the superposition of the resonances of the three isotopomers. Similarly, the 

observedd 3IP NMR spectrum (figure 3-8) results from the superposition of the resonances 

off  the above mentioned isotopomers. Accordingly, isotopomer A displays only one singlet, 

whilee in isotopomer B with just one 195Pt nuclei, the phosphorus atoms on each platinum 

becomee non-equivalent and give rise to an A2A'2X spin system. This system produces a 

firstfirst order doublet of triplets pattern for each of the A and A' phosphorus, so the P-P and 
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thee one and three-bond Pt-P coupling constants can be directly calculated from the 

spectrum866 (3JP.P = 13 Hz, ' j P . P t = 3374 Hz, 3JP.Pt = 238 Hz). Isotopomer C gives rise to an 

A 2A'2XX '' spin system, which displays a second order spectrum. The main feature of this 

spectrumm is a doublet of separation N= ' j P . P t + 2JP.P, (fig. 3-8). This type of spectrum was 

analyzedd in detail by Tulip et al. 86 

A A 

c c 

JILL L hh i 
—LLL L L 

-5.22 -6.0 -6.8 -7.6 -8.4 -9.2 
(ppm) ) 

B B 

C C 

.. J 

B B B B B B 

C C 

' j . . 

444 40 36 32 28 24 20 16 12 8 4 
(ppm) ) 

Figuree 3-8. 'H NMR (left) and 31P{'H| (right) NMR spectra of 5d. A isotopomer with no l95Pt 

(43.8%).. B isotopomer with one "5Pt (44.8 %). C isotopomer with two l95Pt (11.4 %). 

Thee formation of the dimeric species can be formally regarded as an attack of a dihydride 

intermediatee to an unsaturated Pt species or a species containing a weakly coordinated 

ligand,, in this case the aminopyridyne (Scheme 3-5). 

© © 
NH, , 

( p > P V H / < p ) ) or r © © 
NH, , 

Schemee 3-5. Possible pathway for the formation of dimer 5d. 

Inn fact, diphosphine platinum complexes containing pyrazole ligands or a coordinated 

solventt molecule are commonly used as precursors to form hydride-bridged dimers.85'88 
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Thus,, the ease of formation of this type of dimers is determined by the ability of the N,N 

ligandd to dissociate from the platinum. 

Conclusions s 

Thee coordination mode of the hemilabile pyridylphosphine ligand in a series of 

[(diphosphine)Pt(PPh2Py)]2++ complexes is determined by the steric demands of the 

diphosphinee ligand. With increasing bite angle the phenyl rings of the diphosphine 

"embrace""  the platinum center, leaving less space for the coordination of other ligands, and 

thuss destabilizing bidentate coordination of the PPl^Py. If the diphosphine becomes too 

bulkyy as in the case of Xantphos, P-monodentate coordination of the pyridylphosphine 

becomess favorable, resulting in a mixture of cis and trans-Id. 

Thee same steric factors influence the reactivity of la-d towards the heterolytic cleavage of 

dihydrogen.. Accordingly, the ligand with the smallest bite and cone angle (ddpf) forms 

complexess in which the pyridyl moiety is strongly coordinated to the platinum center and 

thuss is unable to provide the vacant coordination site required for the coordination and 

splittingg of dihydrogen. 

Complexess 2a-d contain a hydride as well as a proton donor in the same molecule, but no 

dihydrogenn bonds are formed. It has been proposed that wide bite angle ligands reduce the 

partiall  negative charge on the hydride ligand.36 In the case of 2a-d, the decrease of the 

hydridicc character induced by the bite angle of the diphosphines, results in a too weak an 

electrostaticc interaction between the hydride and the pyridinium proton. 

Whilee complexes lb-d (pyridylphosphine) react with dihydrogen to form mononuclear 

hydridee species, complexes 3a, 3d and 4d (aminopyridine) do not react at all under the 

samee conditions. At increased pressure and temperature, hydride bridged dimers are 

formed.. The difference in reactivity seems to arise from the different strength of the Pt-P 

bondd compared to the Pt-N bond. The soft phosphorus atom coordinates strongly to the 

softt platinum center, thus preventing dissociation of the PPh2Py ligand. In contrast, the 

hardd nitrogen atoms in the aminopyridine ligand de-coordinate easier from the platinum 

center,, especially in the protonated species. Thus, coordinatively unsaturated species are 

formedd which are able to form dinuclear products. 
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Experimentall  section 

Al ll  manipulations were carried out under an argon atmosphere using standard Schlenk or 

glovee box techniques. Al l solvents were dried and freshly distilled under nitrogen prior to 

use.. Dichloromethane was distilled from CaH2, diethyl ether, tetrahydrofuran, hexanes and 

pentanee were distilled from sodium / benzophenone. DPEphos,37 Sixantphos,37 

Xantphos,377 6-methyl-diphenyl-2-pyridylphosphine,89 (CH3CN)2PtCl2«' and Na[B(3,5-

(CF3)-C6H3)] 9!! were synthesized according to literature procedures. Dppf was purchased 

fromm Aldrich Chemical Co. and used as received. Diphenyl-2-pyridylphosphine was 

purchasedd from Aldrich Chemical Co. and re-crystallized from hot hexanes prior to use. 

Highh pressure reactions were carried out in home-made stainless steel autoclaves fitted 

withh a glass liner, or in a Fisher-Porter bottle for reactions up to 3 bar. NMR spectra were 

recordedd on a Bruker DPX 300, Bruker DRX 300, Bruker AMX 400 or Varian Innova 500. 

CD2C122 was dried over CaH2, vacuum transferred, degassed by three freeze-thaw cycles 

andd stored over molecular sieves. Elemental analyses were performed by the Service de 

Microanalysee du LCC-CNRS, Toulouse, France. X-ray diffraction studies were performed 

byy the National NWO-CW Single Crystal Service Facility, Universiteit Utrecht, The 

Netherlands;; or by the Service de Diffraction des Rayons X du LCC-CNRS, Toulouse, 

France. . 

dppf(diphenyl-2-pyridylphosphine)platinumm (II ) bis triflate ( la) 

6522 mg (0.759 mmol) of (dppf)PtCl2 and 511 mg (1.99 mmol) of silver triflate were 

dissolvedd in 20 inL dry CH2CI2. The color of the solution changes almost immediately 

fromm orange to deep red and a white precipitate forms. The reaction mixture was stirred for 

threee hours with protection from light. A solution of 251 mg (0.954 mmol) of 2-diphenyl-

2-pyridylphosphinee in 10 mL CH2C12 was added via cannula and the reaction mixture was 

stirredd overnight. The formed AgCl was allowed to settle and the solution was filtered 

throughh celite. The clear orange solution was evaporated in vacuum and the solid obtained 

wass re-crystallized from CH2C12 / diethylether to yield l a as a microcystaline orange solid. 

Yield:: 950 mg (0.724 mmol), 95 %. 

'HH NM R (300 MHz, CD2C12, 295 K): 8.22 (m, 1 H, Py-H6), 8.03-7.11 (m, 33H, Ar), 5.2, 

4.86,, 4.77, 3.65 (s, 8H, Cp). ̂ P ^ H}  NMR (121.5 MHz, CD2C12, 295 K) : -38.3 (dd, Px , 

JPXPAA = 364 Hz, JPXPM = 19 Hz, JPXPt = 2058 Hz), 9.16 (t, PM , JPMPA = 12 Hz, JPMpt = 3496 

Hz);; 24.0 (dd, PA. JPAPI = 2737 Hz). I3C {*H }  NMR (125.7 MHz, CD2C12, 295 K) : 67.1, 
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71.99 ( d,C/, Cp, JCp= 77 Hz), 78.1 (d, CH, Cp, JCp= 12 Hz), 77.2 (d, CH, Cp, JCp= 9 Hz), 

76.55 (d, CH, Cp, JCp= 11 Hz), 75.7 (d, CH, Cp, JCp= 8 Hz), 117.7 (d, C,, Ph, JCp= 59 Hz), 

121.55 (q, CF3, JCF= 321 Hz), 127.6 (d, Q, Ph, JCp= 55 Hz), 129.2 (d, C/, Ph, JCp= 70 Hz), 

129.7,, 129.9, 131.1, 131.3, 131.4, 133.2, 134.0, 134.1, 134.4, 134.9, 135.0 (CH, Ph), 143.5 

(d,, CH, Py, JCp= 5 Hz), 148.3 (d, CH, Py, JCp= 13 Hz), 170.7 (d, C(, Py, JCp= 69 Hz). 

Anal.. Calcd. for Cs^PsOeNSsFePtFe : C 48.56; H 3.23 Found: C 48.13; H 3.21. 

dppf(diphenyl-2-pyridylphosphine)platinumm (II ) bis BARF (la' ) 

1000 mg (0.122 mmol) of (dppf)PtCl2, 238 mg (0.268 mmol) of NaBARF and 35.3 mg 

(0.1344 mmol) of 2-diphenyl-2-pyridylphosphine were dissolved in 10 mL CH2C12- After a 

feww minutes, the reaction mixture became orange-red and a fine white precipitate was 

observed.. The reaction mixture was stirred overnight and then filtrated over celite to 

removee the NaCl formed. After evaporation of the solvent and washing with pentane (2x5 

mL),, pure la'  was obtained as a fluffy orange solid. Yield: 317.2 mg (0.116 mmol), 95 %. 

'HH NMR (300 MHz, CD2C12, 233 K): 7.74, 7.50 (s, BARF), 8.1-7.0 (m, Ar) 4.82, 4.67 (br 

S,, 4H, Cp), 4.37, 3.51 (s, 4H, Cp). ^ H }  NMR (121.5 MHz, CD2C12, 233 K): -38.5 (dd, 

Px,, JPXPA= 358 Hz, JPXPM = 19.5 Hz, JPXpt= 2066 Hz), 8.72 (dd, PM, JPMPA= 11 Hz, JPMPt = 

34866 Hz); 23.1 (dd, PA, JpAPt= 2717 Hz). 

Anal.. Calcd. for C, ,5H66P3NF48B2PtFe : C 50.43; H 2.43. Found: C 50.43; H 2.66. 

dppf(diphenyl-2-(6-methyl-pyridyl)phosphinee )platinum (II ) bis triflat e (la-Me) 

Thiss compound was prepared as described for la using 250 mg (0.305 mmol) of 

(dppf)PtCl22 and 196 mg (0.762 mmol) of silver triflate dissolved in 20 mL CH2C12 and 

addingg a solution of 93 mg (0.335 mmol) of 6-methyl- diphenyl 2-pyridylphosphine in 5 

mLL CH2C12. Yield: 354 mg (0.275 mmol), 90 %. 
llHH NMR (300 MHz, CD2C12, 233 K): 8.10 6.67 (m, Ar, both products); 5.03, 4.90, 4.75, 

4.711 (s, 2H each, Cp prod. 2); 4.37, 4.29, 3.31 (s, 8H total, Cp product 1); 2.48 (s, 3H, CH3 

prod.. 2); 1.72 (s, 3H, CH3, prod. 1). 31P{]H}  NMR (121.5 MHz, CD2C12, 233 K) : Product 

1,, AMX spin system : -40.0 (dd, Px, JPXPA = 354 Hz, JPXPM = 20.7 Hz, JPXpt = 2075 Hz); 

5.044 (dd, PM, JPMPA = 12.2 Hz, JPMpt = 3533 Hz); 20.9 (dd, PA, JPApt= 2728 Hz). Product 2, 

ABXX spin system : 15.84 (dd, Px, JPxPAA = 14.6 Hz, JPxPB = 19.4 Hz, JPXP,= 3764 Hz); 16.38 

(AB,, PA, JPAPB = 425 Hz, JPAPt = 3461 Hz); 23.23 (AB, PB, JpBpt = 2538 Hz). IR (KBr 

pellet):: v(S03) 1260 and 1005 cm"1. 

Anal.. Calcd. for Cs^PsOeNS^PtFe : C 48.97; H 3.35. Found: C 48.85, H 3.37. 
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DPEphos(diphenyl-2-pyridylphosphine)pIatinumm (II ) bis triflat e (lb) 

Thiss compound was prepared as described for la using 125 mg (0.157 mmol) of 

(DPEphos)PtCl:: and 100 mg (0.392 mmol) of silver triflate in 10 mL of CH2C12. The 

reactionn mixture changed from colorless to bright yellow. After 3 hours stirring 45.4 mg 

(0.1722 mmol) of 2-diphenyl-2-pyridylphosphine in 5 mL of CH2C1? were added via 

cannula,, and the reaction mixture turned pale yellow. The light gray solid obtained was 

recrystallizedd from CH2C12 / diethylether to yield l b as a white powder. 

Yield:: 180 mg (90 %). Crystals suitable for X-ray analysis were obtained by layering a 

concentratedd CH2C12 solution of the pure product with 20 mL. ofhexane. 

'HH NMR (300 MHz, CD2C12, 295 K) : 8.23 (m, 1 H, Py-H6), 7.98-6.80 (m, 39 H, Ar), 6.66 

(m,, 'H, Py-H5), 6.38 (m, 'H, Py-H3). 3,P{'H}  NMR (121.5 MHz, CD2C12, 295 K) :-39.2 

(dd,, Px , JPXPA = 372 Hz, JPXPM = 15.8 Hz, JPXpt= 2143 Hz); -7.5 (t, PM , JPMPAX = 16.3 Hz, 

JPMP,, = 3536 Hz); 15.8 (dd, PA, JPAPt = 2829 Hz). , 3C { !H}  NMR (75.5 MHz, CD2C12, 295 

K)) : 118.0, 118.4, 118.7 (C/), 119.0 (d, CH, JCp= 7.5 Hz), 121.5 (q, CF3, JCF= 321.5 Hz), 

123.4,, 125.9 (C/), 125.9, 126.1 (CH), 127.5 (d, CH, JCp= 7.5 Hz), 126.5 (d, CA JCp= 38.1 

Hz),, 129.9, 130.8, 131.1, 133.2, 133.5, 133.7, 133.9, 134.4, 134.8, 135.6, 136.1, 137.7, 

143.55 (d, CH, Py, JCp= 5.0 Hz), 148.5 (d, CH, Py, JCp= 8.0 Hz), 158.9, 159.1 (d, C-O, JCP= 

77 Hz), 170.4 (d, C„  Py, JCp= 67.9 Hz). 

Anal.. Calcd. for C ^ H ^ O y N S ^ P t: C 50.90; H 3.20. Found: C 50.37; H 3.01. 

Sixantphos(diphenyl-2-pyridylphosphine)platinumm (II ) bis triflat e (lc) 

Thiss compound was prepared as described for la using 502 mg (0.583 mmol) of 

(Sixantphos)PtCLL and 374.8 mg (1.46 mmol) of silver triflate in 25 mL of CH2C12, and 

addingg 169 mg (0.642 mmol) of 2-diphenyl-2-pyridylphosphine in 10 mL of CH2C12 A 

yelloww solid was obtained and recrystallized from CHiCli/pentane to yield l c as a white 

microcrystallinee solid. Yield: 696 mg (0.515 mmol), 88 %. Crystals suitable for X-ray 

analysiss were obtained by slow diffusion of pentane into a concentrated CH2C12 solution of 

thee pure product, at room temperature. 

'HH NM R (300 MHz, CD2C12, 295 K): 8.20 (m, 1 H, Py-H6), 8.05-6.97 (m, 38 H, Ar), 6.82 

(m,, 'H, Py-H3), 0.77 (s, 6H, CH3).
 3,P{1H}  NMR (CD2C12 at 295 K): -40.1 (dd, Px , JPXPA = 

3600 Hz, JPXPM = 15.2 Hz, JPXpt = 2142 Hz); -6.6 (t, PM , JPMPA/X= 19.3 Hz, JPMPt = 3563 Hz); 

12.88 (dd, PA, JpApt = 2772 Hz). 13C {'H}  NMR (125.7 MHz, CD2C12, 295 K) : -2.4 (s, Si-

CH33 ),114.3 (d, Cy, JCp= 66.5 Hz ) 115.7 (d, Q, JCp= 69.3 Hz), 121.5 (q, CF3, JCF= 321.5 

Hz),, 126.0 (d, C/, C-O, JCp= 15.1 Hz), 126.2 (d, CH, JCp= 7.8 Hz), 126.5 (d, Q, JCp= 38.1 
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Hz),, 127.3, 129.8, 129.9, 130.1, 131.0,131.1, 133.0, 133.3, 133.9, 134.2, 134.6, 135.7, 

139.5,, 139.8, 143.2 (d, CH, Py, JCp= 5.0 Hz), 148.9 (d, CH, Py, JCp= 13.0 Hz), 170.7 (d, C„ 

Py,, JCp= 56.4 Hz). 

Anal.. Calcd. for CsT^ePaOT^FéSiPt.C^Cb : C 49.0; H 3.21. Found: C 49.71; H 3.40. 

Xantphos(diphenyl-2-pyridylphosphine)platinumm (II ) bis triflat e (ld) 

Thiss compound was prepared as described for la using 250 mg (0.296 mmol) of 

(Xantphos)PtCl22 and 190.2 mg (0.740 mmol) of silver triflate in 15 mL of CH2C12, and 

addingg 86 mg (0.330 mmol) of diphenyl-2-pyridylphosphine in 5 mL of CH2C12 A yellow 

solidd is obtained and recrystallized from CH2C12/Ether to yield Id as a light yellow 

powder.. Yield: 335 mg (0.251 mmol) 85 %. Crystals suitable for X-ray analysis were 

obtainedd by layering a concentrated CH2C12 solution of the pure product with 10 mL. of 

hexane. . 
llHH NMR (300 MHz,CD2Cl2, 295 K): 8.44 - 6.12 (m, Ar, 40H); 1.95 (s, CH3, cis prod.); 

1.722 (s, CH3, Id-trans); 1.62 (s, CH3, ld-cis), 6H total for the three signals. 31P{1H}  NMR 

(121.55 MHz, CD2C12, 295 K): ld-cis: -41.3 (dd, Px, JPXPA = 358 Hz, JPXPM = 12.2 Hz, JPXpt 

== 2118 Hz); -6.5 (dd, PM, JPMPA = 24.3 Hz, JPMpt = 3654 Hz); 12.0 (dd, PA, JPApt = 2800 

Hz).. Id-trans: 16.3 (t, Px, JPAPx = 12.1 Hz, JPXPt = 4447 Hz), 39.2 (d, PA, 2P, JPAPt = 2503 

Hz). . 

Anal.. Calcd. for Css^ePsOyNS^Pt: C 52.18; H 3.47; N 1.05. Found: C 52.05; H 3.35. 

Xantphos(diphenyl-2-pyridylphosphine)platinumm (II ) bis BARF (Id' ) 

Thiss compound was prepared as described for la'  using 100 mg (0.118 mmol) of 

(Xantphos)PtCl2,, 210 mg (0.237 mmol) of NaBARF and 31.2 mg of diphenyl-2-

pyridylphosphinee in 10 mL dry CH2C12. A light pink foamy solid was obtained. 

Yieldd (crude product): 270 mg (0.098 mmol, 83 %). 

Thee 'H and 3IP NMR spectra of this product are the same as for Id. 

Xantphos(diphenyl-2-(6-methyl-pyridyl)phosphinee )platinum (II ) bis BARF (ld'-Me) 

Thiss compound was prepared as described for la'  using 100 mg (0.118 mmol) of 

(Xantphos)PtCl2,, 210 mg (0.237 mmol) of NaBARF and 36 mg of 6-methyl-diphenyl-2-

pyridylphosphinee in 10 mL dry CH2C12. A light red oil was obtained which after washing 

withh pentane (2 x 5ML.) becomes a pink foamy solid. 

Yield:: 311 mg (0.112 mmol), 95 %. 
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! HH NM R (500MHz, CD2C12, 295 K): 7.83-6.80 (m, 63 H, Ar), 2.36 (s, 3H, Py-CH3), 1.76 

(s,, 6H,CH3).
 31P{'H}  NMR (CD2C12 at 295 K): -0.49 (d, PA, 2P, JPAPx = 17.4 Hz, JPAPt = 

24766 Hz); 37.70 (t, Px , JPXFl = 4322 Hz). 13C { ]H}  NMR (75.5 MHz, CD2C12, 295 K) : 

24.33 (s, C-CH3), 33.4 (s, CH3 -Py), 117.8 (CH), 121.5 (q, CF3, JCF= 321.5 Hz), 123.1, 

123.4,, 129.0, 129.4 (Q), 129.5 (d, CH, JCp= 15.1 Hz), 130.4 (t, CH, JCp= 16 Hz), 133.8 (t, 

CH,, JCp= 7.5 Hz), 134.4, 134.7, 134.9, 135.1, 137.3 (CH), 161.4, 162.8 (d, C„  Py, JCP= 

50.00 Hz). 

dppf(diphenyl-2-pyridy(phosphine)hydridoplatinumm (II ) bis triflate (2a) 

433 fiL of diethylamine were added to a solution of 540 mg (0.412 mmol) of l a in 20 mL 

CH2C12.. This solution was introduced into a stainless steal autoclave under argon, and 

purgedd 3 times with H2, after which the autoclave was pressurized to 4 bar of H2 and 

heatedd to 40 °C overnight. After reducing the pressure to 1 bar and cooling to room 

temperature,, the reaction mixture was transferred to a Schlenk under 1 bar of H2. The 

yelloww brown solution was evaporated under vacuum to obtain an amber sticky solid, 

whichh after thorough washing with diethyl ether ( 5 x 10 mL) and drying under vacuum 

affordedd a golden powder. The ammonium salt was removed by crystallization from 

CH2C122 / Et20. 

1000 mg (0.076 mmol) of this complex were dissolved in 10 mL of CH2C12 and the solution 

wass frozen in an acetone / liquid nitrogen bath. 10.1 pX (17.16 mg, 0.114 mmol) of HOTf 

weree added using a microsyringe. The Schlenk was shaken to dissolve the acid and the 

reactionn mixture was slowly warmed to room temperature. After 1 hr. at room temperature, 

thee solvent was evaporated in vacuum. The oily orange product was washed several times 

withh diethyl ether to obtain a dark orange solid. Yield: 80 mg (0.061 mmol), 72 %. 

'HH NM R (300 MHz, CD2C12, 295 K) : 15.1 (br, NH), 8.54 (br, 1 H, Py-H6), 8.35 (br, ]H) 

7.84-7.077 (m, 32 H, Ar), 4.87 (s, 2H, Cp); 4.61(s, 2H, Cp); 4.30 (s, 2H, Cp); 3.62(s, 2H, 

Cp);; -5.72 (s, 1H, hydride, JHPA = 11.7, JHPB = 18.45 Hz, JHPX = 154 Hz JHPt = 762 Hz). 

31P{'H}}  NMR (121.5 MHz, CD2C12, 295 K): 22.9 (Px, JPXPA = 10.81 Hz, JPXPB = -8.8 Hz, 

JPxPtt = 2310 Hz); 21.8 (PB, JPAPB = 364 Hz, JPBP, = 2755 Hz); 28.7 (PA, JPAPt = 3033Hz). IR 

v(Pt-H)) = 2078cm~'. 
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dppf(diphenyl-2-(6-methyl-pyridyl)phosphinee )hydridoplatinum(II ) bis triflat e (2a-

Me) ) 

1000 mg (0.075 mmol) of la-Me were dissolved in 10 mL CH2C12 and introduced into a 

stainlesss steal autoclave under Ar and purged 3 times with H2. The autoclave was 

pressurisedd to 4 bar of H2 and heated to 40 °C overnight. After cooling to room 

temperaturee and reducing the pressure to 1 bar, the reaction mixture was transferred to a 

Schlenkk under 1 bar of H2. The orange solution was evaporated under vacuum and the 

remainingg solid was washed with 10 mL of pentane and re-crystallized from CH2C12/Et20 

too afford 2a-Me as a dark orange solid. Yield: 93 mg (0.070 mmol), 93 %. 

llUU NMR (300MHz, CD2Cl2, 295 K): Hydride region, 2a-Me cis -5.61 (ddd, JHPA = 10.5 

Hz,, JHPB = 22.5 Hz, JHPX = 150.0 Hz, JHpt = 750 Hz). 2a-Me trans -5.11 (dt, JHPA = 13.5 

Hz,, JHPX = 162.0 Hz, JHPt = 797 Hz). ). 31P{ rH}  NMR (121.5 MHz, CD2C12, 295 K): 2a-

Mee cis, 20.7 (PB, JPAPB = 372 Hz, JPBpx = -21.9 Hz, JPBpt = 3079 Hz), 23.6 (Px , JPXPA = 18.2 

Hz,, JpxPt - 2395 Hz), 29.9 (PA , JpAPt = 2750 Hz). 2a-Me trans, 22.9 (Px , JPXPA = 19.4 Hz, 

JPxPtt = 2255 Hz), 25.3 (PA, JPAPI = 2863 Hz). 

DPEphos(diphenyl-2-pyridylphosphine)hydridoplatinumm (II ) bis triflat e (2b) 

Thiss compound was prepared as described for 2a-Me using 200 mg (0.155 mmol) of l b 

dissolvedd in 20 mL. CH2C12. The crude off-white solid was washed with 10 mL of pentane 

andd re-crystallized from CH2C12/Et20 to afford pure 2b as a white solid. Yield: 170 mg 

(0.1311 mmol), 85%. 

'HH NMR (300MHz, CD2C12, 295 K): 8.50 (d, 1 H, Py-H6), 7.77-6.87 (m, 38 H, Ar), 6.78 

(t,, 1H, Py, J- 7.3 Hz), 6.61 (t, 1H, Py, J= 9.5 Hz), 6.07 (m, 1H, Py), -6.81 (s, 1H, hydride, 

JHPAA = 13.0 Hz, JHPB = 16.5 Hz, JHPX = 163.1 Hz JHPt = 739 Hz). 31P{'H } NMR (121.5 

MHz,, CD2C12, 295 K): 16.4 (PB, JPAPB = 361 Hz, JPBPx = -10.5 Hz, JPBPt = 2944 Hz); 16.5 

(Px,, JPXPA =31.7 Hz, JPxPt = 2217 Hz); 23.4 (PA, JPApt = 2905 Hz). 

Anal.. Calcd. for C s s ^ P s O j N S ^ P t: C 50.93 H: 3.42 . Found: C 51.05; H 3.45 

Sixantphos(diphenyl-2-pyridylphosphine)hydridoplatinumm (II ) bis triflat e (2c) 

Thiss compound was prepared as described for 2a-Me using 200 mg (0.148 mmol) of lc. 

Thee crude off-white product was re-crystallized from CH2Cl2/pentane to afford pure 2c as 

aa white solid. Yield: 180 mg (0.133 mmol) 90 %. 
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JHH NM R (300 MHz, CD2C12, 295 K) : 15.1 (br, NH), 9.12 (m, 1 H, Py-H6), 8.50-6.75 (m, 

399 H, Ar), 0.75 (s, 6H, CH3), - 7.53 (s, 1H, hydride, JHPA = 13.7 Hz, JHPB = 14.7 Hz, JHPX = 

1588 Hz JHPt = 732 Hz). 31P{ !H}  NM R (121.5 MHz, CD2C12, 295 K): 15.9 (Px , JPXPA = -

12.77 Hz, JPXPB = 24.3 Hz, JPxPt = 2286 Hz), 20.1(PB, JPAPB = 370 Hz, JPBPt = 2030Hz), 23.8 

(PA,, JPAPt = 2922 Hz). 195Pt NM R ( HMQC, 85.6 MHz, CD2C12, 273 K) : -5090. 

Anal.. Calcd. for C57H48P307NS2F6SiPt.CH2Cl2: C 48.94; H 3.34. Found: C 49.14, H 3.13. 

Xantphos(diphenyl-2-pyridylphosphine)hydridoplatinumm (II ) bis triflat e (2d) 

Thiss compound was prepared as described for 2a-Me using 250 mg (0.187 mmol) of Id. 

Thee crude pale yellow product was re-crystallized from CH2Cl2/pentane to afford pure 2d 

ass a white solid. Yield: 230 mg (0.172 mmol) 92 %. 

] HH NM R (300 MHz, CD2C12, 295 K) : 15.4 (br, NH), 9.17 (m, 1 H, Py-H6), 8.50-6.90 (m, 

399 H, Ar), 1.83 (s, 6H, CH3), - 8.41 (s, 1H, hydride, JHPA = JHPB = 14.4 Hz, JHPX = 159 Hz 

JHPTT = 714 Hz). 3 ,P{'H}  NM R (121.5 MHz, CD2C12, 295 K): 15.8 (Px, JPXPA = 16.3 Hz, 

JP XPBB = -19.6 Hz, JPxPt = 2298 Hz), 17.7 ( PB, JP A PB = 375 Hz, JPBP, - 2937 Hz); 23.0 (PA, 

JPBPtt = 3045Hz). 195Pt NM R ( HMQC, 64.19 MHz, CD2C12, 273 K) : -5090. IR v(Pt-H) = 

20999 cm"1. 

Anal.. Calcd. for C s s ^ P s C ^ N S ^ P t: C52.1; H 3.6. Found: C 51.72; H 3.50. 

dppf(2-aminomethylpyridine)platinu mm (II ) bis triflat e (3a) 

1077 mg (0.131 mmol) of (dppf)PtCl2 and 84 mg (0.327 mmol) of silver triflate were 

dissolvedd in 10 mL of CH2C12. The solution became deep red and a white precipitate 

formed.. The reaction mixture was stirred for 4 hours with protection from light. 14 uL 

(0.1311 mmol) of 2-(aminomethyl)pyridine were added using a microsyringe, after which 

thee reaction mixture was bright yellow. After stirring overnight, the AgCl formed was 

allowedd to precipitateand the solution was filtered over celite. The clear solution was 

evaporatedd in vacuum and the solid obtained was washed with Et20 ( 3 x5 mL) to yield 3a 

ass a yellow solid. 

*HH NM R (300 MHz, CD2C12, 233 K ) : 8.10-7.32 (m, 24H, Ar); 6.72 (m, 'H, NH); 4.07 (br. 

s,, 7H, Cp + NH); 4.25 (s, 2H, Cp); 3.34 (s, 2H, CH2). "p^H } NMR (121.5 MHz, CD2C12, 

2333 K): 8.6 (JPP = 21.48 Hz, JPPt = 3485 Hz); 14.6 (JPPt = 3508 Hz). 

82 2 



HeteroHetero lytic Activation o/H: with Pt complexes 

Xantphos(2-aminomethylpyridine)platinumm (II ) bis triflat e (3d) 

Thiss compound was prepared as described for 3a using 100 mg (0.118 mmol) of 

XantphosPtCl22 and 76 mg (0.296 mmol) of silver triflate in 10 mL CH2C12 to afford a 

brightt yellow suspension. After 3 hrs of stirring at room temperature, 12.21(iL of 2-

(aminomethyl)pyridinee were added and the reaction mixture was stirred overnight. The 

crudee product was re-crystallized from CH2C12/ Et20. Yield: 129 mg (0.110 mmol), 93 %. 
llHH NMR (300 MHz, CD2C12, 193 K) : 7.95-6.51 (m, 30 H, Ar), 5.82 (br, 1H, NH), 5.18 

(br,, 1H, NH), 4.29 (br, 2H, CH2), 1-99 (s, 3H, CH3), 1.62 (s, 3H, CH3).
 3,P{'H}  NMR 

(121.55 MHz, CD2C12, 295 K): -13.9 ( JPP = 22.6 Hz, JPPt = 3536 Hz), -6.0 ( JPP, = 3552 

Hz). . 

dppf(2-aminopyridine)platinu mm (II ) bis tetraphenylborate (4a) 

1500 mg (0.183 mmol) of (dppf)PtCl2 and 156 mg (0.457 mmol) of sodium 

tetraphenylboratee were dissolved in 10 mL of CH2C12. After 1 hour the solution became 

deepp red and a white precipitate formed. After addition of 17.2 (0.183 mmol) of 2-

aminopyridinee the reaction mixture became bright yellow. After stirring for 1.5 hours, the 

solutionn was filtered over celite. The clear solution was evaporated in vacuum and the 

obtainedd solid was re-crystallized from CH2C12 / to yield 4a as a light orange solid. Yield : 

2200 mg (0.148 mmol), 81 %. 

'HH NMR (300 MHz, CD2C12, 295 K) : 8.03-7.36 (m, 24H, Ar); 7.37-6.89 (m, 20H, BPh4); 

6.377 (m, 'H, NH); ); 6.01 (m, 1H, NH); 5.02 (br. s, 3H, Cp); 4.87 (s, 1H, Cp); 4.79 (s.lH, 

Cp);; 4.74 (s, 1H, Cp); 3.69 (s, 1H, Cp); 3.61 (s, 1H, Cp). 3l?{lH) NMR (121.5 MHz, 

CD2C12,, 295 K): 8.3 (JPP = 14.6 Hz, JPPt = 2324 Hz); 19.7 (Jm = 3705 Hz). 

Xantphos(2-aminopyridine)platinumm (II ) bis triflat e (4d) 

Thiss compound was prepared as described for 3d using 250 mg (0.296 mmol) of 

XantphosPtCl22 and 190 mg (0.742 mmol) of silver triflate. 30 mg (0.319 mmol) of 2-

aminopyridinee were dissolved in 5 mL of CH2C12 and added to the reaction mixture via 

cannula.. The crude product was re-crystallized from CH2C12/ Et20. Yield: 273 mg (0.233 

mmol),, 79 %. 

'HH NMR (300 MHz, CD2C12, 193 K) : 8.03-6.67 (m, 30 H, Ar), 6.07 (br, 2H, NH2), 2.01 

(br.. s, 3H, CH3), 1-82 (s, 3H, CH,). 3IP{!H}  NMR (121.5 MHz, CD2C12, 295 K): -18.4 (br. 

s,, JPPt = 3911 Hz); -12.2 ( JPPl = 3728 Hz). 
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bis(Xantphos)trihydrid oo platinum(II ) triflat e (5d) 

1000 mg (0.098 mmol) of 4d were dissolved in 20 mL of CH2C12 and introduced into a 

stainlesss steal autoclave under Ar. The autoclave was purged 3 times with H2, pressurized 

too 10 bar of H2 and heated to 50 °C for 65 hours. After reducing the pressure to 1 bar and 

coolingg to room temperature, the reaction mixture was transferred to a Schlenk under 1 bar 

off  H2. The golden solution was evaporated under vacuum and the solid was washed with 

100 mL of pentane and re-crystallized from CH2C12/Et20 to afford 5b as a golden brown 

solid.. Yield: 75 mg (0.044 mmol), 90 %. 

'HH NMR (300 MHz, CD2C12, 295 K): 7.67 (m, 4H, Ar); 7.29-7.02 (m, 42H, Ar); 6.29 (m, 

4H,, Ar); 1.78(s, 12H, CH3); -7.20 (m, 3H, hydride, JH-P = 42 Hz, JH.p, = 429 Hz). 

^P^H}}  NMR (121.5 MHz, CD2C12, 295 K) : isotopomer A 22.94(s); isotopomer B 3JPP = 

133 Hz, ' j P Pt = 3374 Hz, 3JPPt =238 Hz); isotopomer C, N= 3598.8 Hz, 2JPPt = 224.8 Hz). 
13C{'H}}  NMR (75.5 MHz, 295 K): 155.5 (Cq, C-O); 135.3, 134.0, 132.5, 131.2 (CH, Ph); 

128.66 (pt, Q, JCp= 7.5 Hz); 127.9; 125.2 (pt, C,, JCp= 8.0 Hz); 121.5 (q, CF3, JCF = 321.5 

Hz),, 27.2 (CH3).
 195Pt{3,P}  NMR (INEPT, 85.6 MHz, CD2C12. 295 K) : -4812 (JPt.H = 428 

Hz).. IRv(Pt-H) = 2121cm-1. 

Anal.. Calcd. for C y g H ^ O ^ S P t: C 55.8; H 3.97. Found: C 55.4; H 3.85. 
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TowardsTowards Palladium Hydride Complexes Via 

HeteroljticHeteroljtic Splitting of Dihydrogen. 

Abstract t 

Palladiumm complexes containing 2-pyridyldiphenylphosphine (PPh2Py) and the wide bite 

anglee diphosphines 9,9-dimethyl-4,5-bis(diphenylphosphino)-xanthene (Xantphos), 1,1'-

diphenylphosphinoo ferrocene (ddpf) and bis(2-diphenylphosphino-phenyl)-ether 

(DPEphos)) were synthesized. The PPh2Py coordinates as a bidentate ligand to form the bis-

chelatee complexes [(r|2-diphosphine)Pd(ri2-PPh2Py)]2+(la-d). When Xantphos ((3n= 111° ) 

iss used, the bis-chelate complex is in equilibrium with an isomer in which Xantphos 

coordinatess in a tridentate P,0,P fashion and PPh2Py is coordinated via the phosphorus 

atomm only. Complexes containing DPEphos and Xantphos decompose under dihydrogen 

pressure.. In the case of dppf slow heterolytic splitting of dihydrogen occurs to form the 

hydridee complex [(dppf)PdH(PPh2PyH)](OTf)2 (2a) which contains a protonated 

pyridylphosphinee ligand. In solution, this compound slowly undergoes P-C bond cleavage 

off  the PPh2Py ligand to form [(dppf)Pd(PHPh2)(r|
1-C5H4NH)](OTf)2 (3a). When the 6-

methyl-2-pyridyldiphenylphosphinee ligand is used, the reaction with dihydrogen is very 

fastt and the hydride complex immediately rearranges to the diphenylphosphino compound 

resultingg from P-C bond splitting. 
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Introductio n n 

Palladiumm complexes have proven to be very efficient in a variety of catalytic reactions 

suchh as oxidations, reductions, isomerizations, carbonylations and coupling reactions.1-2 

Hydridee complexes have been proposed as key intermediates in the catalytic cycles of 

manyy of these transformations, but they have rarely been observed in catalytic reaction 

mixtures.. In spite of their great importance, the number of palladium hydride complexes 

synthesizedd and characterized to date remains relatively small, compared to those of other 

transitionn metals.3 In contrast to their platinum counterparts, palladium hydrides are rather 

unstablee and difficult to isolate. 

Ann intense debate prevails over the intermediacy of palladium hydride species in the 

hydroxyy and alkoxycarbonylation of alkenes and alkynes.3-4 Although in the case of 

alkeness most authors favor the hydride mechanism,5"10 the discussion remains open when 

alkyness are used as substrates.1 !"17 These reactions provide a clean route to either saturated 

orr a,(3- unsaturated acids and esthers, which can be used both as large scale chemical 

intermediatess or in the synthesis of fine chemicals. A highly efficient catalyst for the 

methoxycarbonylationn of propyne was developed by Drent et a/.1518"22 to produce methyl 

methacrylatee (MMA) , which is the monomer for the production of several polymers. This 

catalystt is prepared in situ from Pd(OAc)2, 2-diphenylphosphinopyridine and excess of a 

strongg acid, but its exact structure is unknown. The pyridyl substituent on the phosphine is 

essentiall  for the catalyst to be highly active and selective. Substitution of PPh2Py by 

triphenylphosphinee causes a remarkable drop in both activity and selectivity. Furthermore, 

whenn the 6-position of the pyridyl moiety is substituted with a methyl group, the activity 

andd selectivity of the catalyst is further increased. There is no agreement yet on the exact 

rolee played by this P-N ligand, and the mechanism of the alkoxycarbonylation of alkynes is 

stilll  under discussion. Drent et a/.18 have suggested the rate-determining step is the proton 

transferr from the protonated pyridylphosphine ligand to a Pd(II)-alkenyl species (Fig. 1A). 

Onn the other hand, Scrivanti et al.14 proposed that the pyridinium moiety of the PPh2Py 

ligandd directly protonates the alkyne coordinated to a Pd(0) center (Fig. IB). Nevertheless, 

theyy do not exclude the possibility of protonation of the metal center to form a Pd-hydride 

species,, which will immediately lead to alkyne insertion to form a a-alkenyl species (Fig. 

4-1C). . 
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Figuree 4-1. Proposed mechanisms for the alkoxyocarbonylation of alkynes. A methoxycarbonyl 

intermediate.. B. Direct protonation of coordinated alkyne C. Hydride migration to coordinated 

alkyne. . 

Stablee palladium a-alkenyl species have been isolated from the reaction of Pd(PPh2Py)3 

withh phenylacetylene in the presence of acid, while no reaction takes place without a 

protonn source.23 This points towards the intermediacy of a hydride species. Indirect 

evidencee for a hydride mechanism has also been provided by Petrov et al.24 and Inoue et 

a!.a!. 25 

Thee very rich chemistry of pyridylphosphine ligands has been widely investigated.26'27 

Owingg to the presence of both soft and hard donor atoms, they can stabilize metal ions in 

severall  oxidation states and geometries. When they act as chelating ligands they can 

stabilizee a catalyst precursor, while the nitrogen atom de-coordinates easily to provide a 

vacantt site for substrate binding and further reaction. These characteristics are very 

importantt in catalytic cycles, which often involve changes in the oxidation state and 

coordinationn number of the metal centers. 

Thiss prompted us to study the coordination chemistry of palladium complexes containing 

bothh a 2-diphenylphosphinopyridine and a wide bite angle diphosphine (Chart 4-1). The 

stericc constraints imposed by these diphosphines have a pronounced effect on the structure 
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andd catalytic activity of several transition metal complexes.28'29 In Chapter 3 it wass shown 

thatt similar platinum complexes react smoothly with dihydrogen to produce platinum 

hydridess and a protonated pyridyl moiety, but these compounds react very slowly or not at 

alll  with unsaturated substrates. Considering the higher reactivity of palladium compared to 

platinum,, the reactivity of the new palladium complexes towards dihydrogen is presented 

inn this chapter. 

Resultss and Discussion 

Coordinationn behavior  of [(diphosphine)Pd(PPh2Py)]2+ complexes 

Inn order to compare the coordination chemistry of the palladium complexes with their 

platinumm analogs described in the previous chapter, the same wide bite angle diphosphine 

ligandss have been used (chart 4-1). 

dppff DPEphos Xantphos 
(a)) (b) (d) 

96°° 102 ° 111 ° 

Chartt  4-1. Schematic structure of the diphosphine ligands and natural bite angles in degrees. For 

dppff  the value was taken from crystal structure, see ref 28. 

Thee synthesis of palladium complexes containing a diphosphine and a chelating 

pyridylphosphinee ligand la-d is outlined in chart 4-1. A complex containing dppf and 6-

methyl-2-pyridylphosphinee (la-Me) was synthesized also. Reaction of the respective 

[(diphosphine)PdCl2]]  complexes with silver triflate in dichloromethane produces a deeply 

coloredd reaction mixture, red for Xantphos and DPEphos and green for dppf. The color of 

thee latter complex suggests that a Pd-Fe interaction may exist in the dicationic species.30'31 

Uponn addition of the pyridylphosphine ligand, the reaction mixture becomes yellow-

orangee for the Xantphos type ligands and deep purple for dppf. 
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(( ^PA'' + AgOTf + 11 
CH2CI2 2 

Cis Cis 

(OTf) 2 2 
(OTf) ) 

Trans Trans 

Schemee 4-1. Synthesis of complexes la, b and d. Phenyl groups on phosphorous atoms have been 

omittedd for clarity, P= PPh2 

Thee 31P NMR data for all complexes are shown in table 4-1. The 'H and 31P NMR signals 

inn the spectra of complexes l a and l b are resolved at room temperature, but la-Me shows 

broadd signals and Id displays only a broad singlet in the 31P NMR spectrum at this 

temperature.. For both la-Me and Id sharp signals were observed when the spectra were 

measuredd at 233 K. As expected, complexes l a and l b give rise to an AM X spin system in 

thee 3IP NMR spectrum. The high field shift of Px confirms that the pyridylphosphine forms 

aa four membered chelate ring.32-33 The chemical shifts and coupling constants are similar 

too those observed for the corresponding platinum complexes (chapter 3). 

Ligand d 

dppf f 

dppfa a 

DPEphos s 

Complex x 

la a 

la-Me e 

lb b 

SpA A 

(ppm) ) 

30.7 7 

25.1 1 

20.5 5 

ÖPM M 

(ppm) ) 

41.7 7 

41.1 1 

20.1 1 

Spx x 

(ppm) ) 

-42.3 3 

-40.8 8 

-46.1 1 

JpA-PM M 

(Hz) ) 

8.5 5 

n.r.b b 

3.7 7 

JpA-PX X 

(Hz) ) 

408 8 

389.4 4 

412 2 

JpM-PX X 

(Hz) ) 

14 4 

12.2 2 

n.r.b b 

Xantphos s 

ciss cis Id 12.9 IS 

transs trans Id 36.2 

-45.11 4.9 388 n.r. 

35.11 - 23.1 

Tablee 4-1.31P{'H}  NMR data for complexes la-d. Spectra measured at 121.5 MHz in CD2C12 at 

2955 K unless otherwise stated.a at 233 K.b non resolved. 

Althoughh the purple color of l a might suggest a Pd-Fe bond, no NMR spectroscopic 

evidencee for such an interaction was found. The 'H NMR spectrum of l a is very similar to 

thatt of [(dppf)Pt(r|2-PPh2Py)]2+; the Cp protons of dppf display four signals (two protons 

each).. By means of a COSY NMR experiment, the signals at 8=5.3 and 5=3.6 ppm were 

assignedd to the a protons, while the signals at 5= 4.8 and 8= 4.5 ppm correspond to the (3 
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protons.. In principle, all Cp protons are magnetically unequivalent because the complex 

lackss a plane or axis of symmetry, so they should give rise to eight different signals. This is 

usuallyy not observed owing to the rapid flip of both Cp rings around the Cp-Fe-Cp axis. 

Therefore,, the pairs of protons at the a and (3 positions on each Cp ring are time averaged, 

resultingg in just one NMR signal for each pair of a or (3 protons.34"36 One of the signals for 

thee a protons (5= 3.6 ppm), is shifted up-field by more than 1 ppm compared to the other 

signals,, probably due to its proximity to one of the phenyl rings. These features are often 

observedd in sterically congested dppf complexes.37'38 

Complexx la-Me with the bulkier 6-methyl-2-pyridylphosphine ligand shows fluxional 

behaviorr at room temperature. The 3IP NMR spectrum reveals an exchange process 

betweenn the two phosphorus nuclei of dppf (PA and PM, scheme 4-1). The extra steric bulk 

introducedd by the methyl group induces easy de-coordination of the pyridyl moiety, 

probablyy assisted by the counterion or traces of free phosphine in solution. Rotation in the 

five-coordinatedfive-coordinated species is facile and results in exchange of the positions of PA and PM 

(schemee 4-2). Upon lowering the temperature all signals broaden further, but at 253 K they 

startt to re-emerge from the base line. At 193 K the 3iP NMR spectra shows a well resolved 

AMXX pattern corresponding to [(dppf)Pd(ri2-{2-(6-CH3-C5H3N)PPh2))](OTf)2, indicating 

thatt the dissociation of the isomerization of the square planar complex is avoided at this 

temperature. . 

22 + 

''  M"''(, , ,.!»' 

" " p d ; " " 

2++ S Nu 

Pd d 
Nuu ,P M i [ P; kr kr 

2+ + NN \ 2+ 
pAA P>^\ - N u NU..J P* 

PuPu PA 

Schemee 4-2. Proposed mechanism for the exchange of PA and PM in la-Me. Nu = OTf", solvent or 

freee phosphine. 
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AA second species is observed in the 31P NMR spectrum of la-Me at room temperature. It 

displayss a doublet at -14.9 ppm and a triplet at 42.3 ppm, with a coupling constant of 13.4 

Hz.. The chemical shifts and the coupling constant are very similar to those reported by 

Satoo et al for [(if - dppf)Pd(PPh3)](BF4)2, which involves an Fe-Pd dative bond.30 

Thereforee we propose that the second species in solution is [(rf-dppOPdOV-^-^-CHj-

C5H3N)PPh2)](OTf)2.. This product is not involved in the exchange process mentioned 

above,, so it displays sharp NMR signals at room temperature. At 193 K, the signals for this 

productt represent less than 5% of the total intensity. Remarkably, la-Me displays a very 

differentt behavior from its platinum counter part described in chapter 3. For the Pt 

complex,, the species containing a chelating 6-methyl-2-pyridylphosphine [(dppf)Pt(r|2-{2-

(6-CH3-C5H3N)PPh2}](OTf) 22 and the one in which the coordinated pyridyl has been 

replacedd by the anion do not exchange on the NMR time scale and separate sets of signals 

forr each isomer are observed. Furthermore, a complex with a Fe-Pt bond was not detected 

att any temperature. 

Ass stated before, the 31P NMR spectrum of the complex containing Xantphos (Id) displays 

onlyy a broad singlet at room temperature, while the 'H NMR spectrum shows a slightly 

broadd singlet for all methyl groups and broad signals for the aromatics. At low 

temperature,, the singlet in the 31P NMR spectrum becomes less intense and other signals 

startt to emerge from the base line. At 233 K two sets of signals can be distinguished in the 
31PP NMR spectrum: a doublet and a broad triplet with an intensity ratio of 2:1 (major 

product),, and an AMX spin system (minor product) similar to that described above for 

complexess la-b. As observed for the platinum analog (chapter 3), the two sets of signals 

correspondd to the cis and trans isomers of Id (scheme 4-1). Thus the AMX spin system 

wass assigned to the cis isomer containing a chelating pyridylphosphine. The second set of 

resonancess corresponds to the trans isomer, in which Xantphos coordinates in a tridentate 

P-O-PP fashion.39-40 In the 'H NMR spectrum three signals are observed for the methyl 

groupss in the ligand backbone, two of equal intensity for the cis isomer (6=1.9 and 5=1.6 

ppm)) and one (8=1.7 ppm) for the trans isomer. Integration of these signals shows a trans : 

ciscis ratio of 2.5, which was confirmed by integration of the 3IP spectrum. At 193 K, the 

transtrans : cis ratio is 1.3, indicating that the formation of the pyridylphosphine chelate is 

favoredd at low temperature. For the analogous platinum complex (chapter 3), neither 
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exchangee between the cis and trans isomers was observed at room temperature, nor did the 

ratioo between the two isomers change with temperature. 

AA comparison of the NMR behavior of la-M e and Id with that of the corresponding 

platinumm complexes, indicates that the Pd-N bond is more labile than the Pt-N bond. This 

resultss in equilibrium between the chelating and monodentate coordination mode of the 

pyridylphosphine.. In the case of the palladium complexes, these two species exchange on 

thee NMR time scale, while for the platinum compounds both isomers can be observed 

separately,, even at room temperature. In the platinum complexes containing an r|'-

coordinatedd PPh2Py, the fourth coordination site is occupied by an oxygen atom (from the 

backbonee for the Xantphos containing complex or the triflate anion when dppf is used). 

Coordinationn of the anion is not observed in the palladium case. 

Attemptss to crystallize la, resulted in the formation of bright orange crystals from the 

purplee solution. An X-ray structure determination showed that the crystals correspond to a 

Pd(I)) dimer of formula [Pd2(PPh2Py)2(OTf)2] (4, fig. 4-2). 

Figuree 4-2. ORTEP drawing of the palladium (I) dimer. The ellipsoids are drawn at 50% 

probabilityy level. The hydrogen atoms and the triflate anions have been omitted for clarity. Selected 

bondd lenghts (A): Pdl-Nl 2.094(4), Pd2-N2 2.210(5), Pdl-P2 2.1968(14), Pd2-Pl' 2.3508(17), 

Pdl-Pd22 2.5407(10). Selected bond angles (°): Nl-Pdl-Pd2 93.88(11), Nl-Pdl-P2 170.64(12), P2-

Pdl-Pd22 79.20(4), N2-Pd2-Pl 171.55(11). 
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Thiss product has been prepared by Dervisi et al.41 The 31P NMR spectrum of the mother 

liquorr showed two additional peaks at 5= -1.23 and 8= 24.8 ppm, apart from those of la. 

Byy comparison with the reported NMR data the signal at 5= -1.23 ppm was assigned to the 

dimericc species. Generally, palladium (I) dimers with bridging pyridylphosphine ligands 

aree prepared by conproportionation of a Pd(II) complex containing the PPh2Py ligand and a 

Pd(0)) source.27 In this case, the Pd(0) species probably was formed in situ. It is known that 

monoo and diphosphines are able to reduce Pd(II) to Pd(0).42'45 Therefore, the formation of 

44 probably involves de-coordination and oxidation of dppf with subsequent reduction of 

thee palladium center. Thus the peak at 5= 24.8 ppm was assigned to dppf-oxide, although 

thiss value is a bit lower than the reported 28 ppm.36 Dervisi et al.AX also reported the 

crystall  structure of a compound similar to 4, but with TFA as counterion. The bond lengths 

andd angles in the crystal structure of 4 are very similar to the ones reported for 

[Pd2(PPh2Py)2(TFA)2]. . 

Activatio nn of Dihydrogen 

Evenn though the activation of dihydrogen by palladium complexes and the formation of 

palladiumm hydrides have been proposed to play an important role in the mechanism of the 

palladiumm catalyzed hydroformylation46 and hydrogenation47 very few hydride complexes 

havee been prepared and isolated by this route.3 In fact, most of the known cationic 

palladiumm hydrides are prepared either by exchange of an anionic ligand by a neutral 

ligand,, or by protonation of Pd(0) complexes.3 

NMRR tube experiments have been performed in order to investigate the reactivity of 

compoundss la-d towards the heterolytic splitting of dihydrogen. The test reactions were 

performedd in a high pressure NMR tube and they were monitored by 31P and 'H NMR. As 

expected,, the reaction of the palladium complexes with dihydrogen was much faster 

comparedd to the platinum complexes. When the bright orange solution containing 

fXantphosPd(rj2-PPh2Py)](OTf)22 was pressurized with 4 bar of H2 at room temperature, 

thee solution became immediately dark brown and extensive precipitation of palladium 

metall  was observed. Nevertheless almost no change was observed in the H and P NMR 

spectra.. The tube was subsequently heated to 40 °C and after one hour the peaks for the 

startingg material had completely disappeared. Several multiplets were observed in the P 
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NMRR spectrum, but no hydride signal could be detected. In order to avoid formation of 

palladiumm metal and the associated side reactions, the reaction was performed at low 

temperature.. The solution in the high pressure NMR tube was cooled to -60 °C before 

pressurizingg to 4 bar with dihydrogen, and indeed neither precipitation nor color change 

wass observed. The tube was then introduced in the pre-cooled NMR probe at 213 K. No 

changee in the spectra was observed, even when the solution was wanned to 273 K. After 

increasingg the pressure to 10 bar the reaction was followed at 253 K during 20 hours, but 

onlyy after 15 hours various small new peaks could be observed. The solution was stored at 

roomm temperature for 24 hours and the NMR spectra were measured again at 253 K. 

[XantphosPd(Ti2-PPh2Py)][OTf]22 (Id) remains the main species in solution, but the 'H 

NMRR spectrum shows very small peaks in the hydride region (§= -9.1 ppm), together with 

severall  broad peaks between 6= 13 and 5= 15 ppm. After a total time of 60 hours the 

startingg material was still the major product, but the hydride signal could no longer be 

observedd and several new peaks appeared in the 31P NMR spectrum, which resembled that 

off  the reaction carried out at 40 °C. Although it was not possible to assign all peaks in the 
31 1 

PP NMR spectrum, the observation of multiplets at 5= 220 ppm points towards the 

formationn of phosphido bridged dimers. These dimers are formed as a result of P-C bond 

cleavagee in the PPh2Py ligand (see below). Similar results were obtained from the reaction 

off  [DPEphosPd(T|2-PPh2Py)](OTf)2 w i t h dihydrogen, but in this case extensive 

decompositionn can already be observed after 14 hours at room temperature. Apparently, 

complexess Id and lb are unable to react with dihydrogen below room temperature, but 

abovee this temperature the hydride product reacts further forming unidentified products. 

Differentt reactivity was observed for complexes la and la-Me bearing the dppf ligand. 

Forr la no reaction at all was observed under 4 bar of dihydrogen over a period of 8 hours. 

Afterr 24 hours under 10 bar of H2 about 30% conversion to a hydride containing product 

wass observed. The high field region of the [H NMR spectrum shows a broad doublet of 

doubletss at 5= -6.7 ppm, which resolves into a doublet of doublets of doublets upon 

coolingg to 233 K. Four new signals for the Cp protons of dppf were observed between 

5=3.55 and 8=5 ppm. A broad signal at 15.1 ppm was assigned to the protonated pyridyl 

moiety.. The P NMR spectrum shows signals for the starting material together with a new 

triplett and a doublet of doublets (5= 22.63 and 32.22 ppm respectively). 
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Thesee signals were assigned to the new palladium hydride [(dppf)PdH(PPh2PyH)][OTf]2 

2aa (scheme 4-2). Complete conversion to 2a can be obtained by carrying out the reaction 

inn an autoclave under 10 bar of dihydrogen for 65 hours. 

Inn contrast to this very slow reaction, complex la-Me reacts immediately under 3 bar of 

dihydrogenn at room temperature. The initial dark brown solution turns bright red within 15 

minutess and small amounts of palladium metal are formed. Reduction to metallic 

palladiumm is avoided if the reaction is carried out at 0 °C. The *H and 3,P NMR spectra 

showedd no starting material remaining. A small hydride signal could be observed in the H 

NMRR spectrum, but its intensity was very small compared with the CH3 and Cp protons, 

indicatingg that the main product does not contain a hydride ligand. The P{  H}  NMR 

spectrumm displays an AMX splitting pattern, similar to that of la, but the disappearance of 

thee signal at 8= - 43.6 ppm indicates the PPh2Py is acting as a monodentate ligand. The 

proton-coupledd 31P NMR spectrum reveals a strong P-H coupling in the same range as the 

transtrans P-P coupling, giving raise to a pseudo-triplet. The !H NMR spectrum shows a 

doublett of doublet of doublets centered at 6= 6.1 ppm, which becomes a singlet upon 

phosphoruss decoupling (Fig 4-3). The P-H coupling constant (360 Hz) points to the 

presencee of a direct P-H bond. Furthermore, this product displays seven signals for the Cp 

ringss of dppf and a broad singlet at 5= 12 ppm in the 'H NMR spectrum. The 
13C{'H}}  {31P}  NMR spectrum displays a singlet at 5=179.5 ppm which splits into a doublet 

off  triplets when the spectrum is measured phosphorus-coupled (fig. 4-3). The value of the 

carbon-phosphoruss coupling constants (JCp= 125 (d) and 12.6 (pt) Hz) indicate that an aryl 

groupp is coordinated to the palladium. After further characterization using H- H, H- P 

andd 'H-13C correlation NMR techniques, 3a-Me was identified as a palladium-aryl 

complexx arising from the cleavage of the phosphorus-pyridyl bond in the coordinated 

PPh2Pyy ligand (scheme 4-3). Protonation of the nitrogen was confirmed by the broad 

singlett at 8= 12.2 ppm, which shows a long-range correlation with the protons of the 

methyll  group. 
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Figuree 4-3. A) Section of the l3C NMR spectrum showing the phosphorus coupling on the 2 and 6 

carbonn atoms of the pyridyl moiety in 3a-Me. B) 'H NMR spectra showing the P-H proton. 

Whilee trying to crystallize the hydride complex 2a, the light brown solution turned orange 

afterr several days at room temperature. The NMR spectra of the orange-red solid obtained 

afterr evaporation of the solvent showed very similar features to those of 3a-Me. Although 

wee did not observe any sign of decomposition of 2a during its characterization in solution, 

itt slowly decomposes to form the aryl complex 3a. No signs of the starting material ( la) 

weree detected in the solution. This observation, together with the small amounts of hydride 

speciess observed upon reaction of la-Me with dihydrogen, indicate that a palladium 

hydridee is indeed an intermediate in the conversion of la-M e to 3a-Me. 

P-CC bond cleavage in palladium phosphine complexes has been widely studied because it 

iss responsible for catalyst deactivation as well as aryl redistribution in cross-coupling 

reactions.48-499 Two main mechanisms have been proposed for this reaction: oxidative 

additionn of the phosphine-bound aryl to form a terminal phosphido group (which wil l 

usuallyy react further to form dimeric compounds) or nucleophilic attack at a coordinated 

phosphorus,, followed by addition of the cleaved aryl group. In this case the oxidative 

additionn pathway can be discarded because no phosphido bridged products were observed 

byy P NMR and there is no evidence of a Pd(IV) species. 

100 0 



TowardsTowards Pd Hydride Complexes 
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Schemee 4-3. Reaction of complexes la and la-Me towards dihydrogen. The phenyl groups on the 

phosphoruss have been omitted for clarity (P= PPh2). 

Thee hydride ligand in 2a (and the hypothetical 2a-Me) can act as an intramolecular 

nucleophilee towards phosphorus. Because the nitrogen atom in 2a is protonated, the 

phosphorus-pyridiniumm bond is weakened, resulting in facile cleavage of this bond 

(schemee 4-4). This mechanism would explain the observation of a P-H bond in the final 

productt and the fact that the P-C(pyridyl) is selectively cleaved. Novak and co-workers 

proposedd a mechanism involving reductive elimination of a phosphonium salt to give a 14-

electronn Pd(0) species, followed by oxidative addition of a P-C bond.50 Although this 

mechanismm wil l result in the same final product as the nucleophilic substitution 

mechanism,, the formation of a dicationic phosphonium salt seems unlikely, due to the 

positivee charge in the pyridyl moiety. 

Ph, , 

P \\ / H 
,Pd_ _ 

H ' ^ ^ 

Schemee 4-4. Proposed mechanism for the formation of complex 3a and 3a-Me 

Thiss reaction pathway is in sharp contrast to that observed for the platinum hydrides 

describedd in the previous chapter, where the only decomposition observed was the loss of 

dihydrogenn to regenerate the starting ri2-pyridylphosphine complex. One explanation for 

thiss difference may be the stronger G Pt-H bond compared to the Pd-H bond, which makes 

thee nucleophilic attack at the phosphorus atom less likely in the platinum case. 
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Conclusions s 

Thee coordination mode of the pyridylphosphine ligand in [(diphosphine)Pd(PPh2Py)]2+ 

(la-d)) is governed by the steric demands of the diphosphine. Thus, stable bis-chelated 

complexess are formed with the smaller bite angle diphosphines (dppf and DPEphos) in 

spitee of the strain imposed by the four-membered ring created by the PPh2Py ligand. In 

solution,, the complex containing Xantphos (Id) exists as an equilibrium mixture of a 

speciess containing a chelated and a species with a P-monocoordinated pyridylphosphine. 

Thee latter species is stabilized by coordination of the oxygen atom of the Xantphos 

backbone.. The more bulky ligand, diphenyl-2-(6-methyl-pyridyl)phosphine, facilitates the 

de-coordinationn of the pyridyl moiety in the complex [(dppf)Pd{2-(6-CH3-

C5H3N)PPh2))]~
++ (la-Me). In contrast to the analogous platinum compound, the anion does 

nott coordinate to the palladium center. Thus, at low temperature only the bis-chelate 

complexx [(dppf)Pd(if-{2-(6-CH3-C5H3N)PPh2))]
2+ is observed. The interconversion of the 

r|| and r)2 coordination modes of the pyridylphosphine ligands in la-Me and Id is faster 

forr palladium complexes than for the corresponding platinum ones (chapter 3). 

Heterolyticc splitting of dihydrogen is a possible route to palladium hydride complexes, but 

thee stability of the products is highly dependent on the ancillary ligands. A hydride 

complexx could only be isolated when [(dppf)Pd(PPh2Py)]2+ was used. When the other 

diphosphiness are used, a hydride complex possibly forms, but it reacts immediately further 

too other products. The hydride product [(dppf)PdH(PPh2PyH)](OTf)2 (2a), slowly 

decomposess in solution via P-C bond cleavage. Substitution of the 6*position of the 

pyridyll  ring with a methyl group, accelerates the latter reaction and the hydride complex 

cannott be isolated. 

Thee facile de-coordination of the pyridyl moiety may be relevant to the catalytic system 

describedd by Drent et al. for the alkoxycarbonylation of propyne.15-18 They observed a 

significantt increase in the activity and selectivity towards MMA when the diphenyl-2-(6-

methyl-pyridyl)phosphinee ligand was used. The limited lifetime of palladium hydride 

complexess containing a protonated PPh2Py ligand renders a catalytic cycle starting with a 

hydridee species unlikely. Nevertheless, if protonation of the Pd center occurs after 

coordinationn of the alkyne (see introduction, mechanism C), insertion into the Pd-H bond 
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wil ll  probably be much faster than the attack of the hydride to the phosphorous atom. 

Thee issue of ligand decomposition under actual catalytic conditions has not been addressed 

yet. . 

Experimentall  Section 

Alll  manipulations were carried out under argon atmosphere using standard Schlenk or 

glovee box techniques. All solvents were dried and freshly distilled under nitrogen prior to 

use.. Dichloromethane was distilled from CaH2, diethyl ether, tetrahydrofuran, hexanes and 

pentanee were distilled from sodium / benzophenone. (COD)PdC12,51 DPEphos,52 

Sixantphos,522 Xantphos52 and 6-methyl-2-diphenylphosphinopyrine53 were synthesized 

accordingg to literature procedures. Dppf was purchased from Aldrich Chemical Co. and 

usedd as received. Diphenyl-2-pyridylphosphine was purchased from Aldrich Chemical Co. 

andd re-crystallised from hot hexanes prior to use. High pressure reactions were carried out 

inn home-made stainless steel autoclaves fitted with a glass liner, or in a Fisher-Porter bottle 

forr reactions up to 3 bar. NMR spectra were recorded on a Bruker DPX 300, Bruker DRX 

300,, Bruker AMX 400 or Varian Innova 500. CD2C12 was dried over CaH2, vacuum 

transferred,, degassed by three freeze-thaw cycles and stored over molecular sieves. 

Elementall  analyses were performed by the Service de Microanalyse du LCC, CNRS, 

Toulouse,, France. 

dppf(diphenyl-2-pyridylphosphine)palladiumm (II ) bis triflat e (la) 

1500 mg (0.205 mmol) of (dppf)PdCl2 and 132 mg (0.512 mmol) of silver triflate were 

dissolvedd in 10 mL of CH2C12 in a Schlenk tube protected from light. The color of the 

solutionn changed immediately from orange to deep green and a white precipitate formed. 

Thee reaction mixture was stirred for 1 hour. The AgCl formed is allowed to settle and the 

solutionn was filtered into a Schlenk containing a solution of 65 mg (0.246 mmol) of 

diphenylphosphino-2-pyridynee in 5 mL of CH2C12. The color of the solution changed from 

greenn to purple. The reaction mixture was stirred for two hours and the solution was 

filteredd over celite. The deep purple solution was evaporated in vacuum and the solid 

obtainedd was washed with diethyl ether (2x 5 mL) to yield la as a purple solid. The crude 

productt was re-crystallised from CH2C12 / Et20 to obtain pure la. 

103 3 



ChapterChapter 4 

Yieldd = 200 mg (0.164 mmol), 80 %. 
]HH NMR (300 MHz, CD2C12, 295 K): 8.08 (m, 1 H, Py-H6), 7.97-7.07 (m, 33H, Ar), 

5.28(s,, 2H, aH Cp) 4.84(s, 2H, |5H Cp), 4.47(s, 2H, (3H Cp), 3.65 (s, 2H, aH Cp). 31P{]H} 

NMRR (121.5 MHz, CD2C12, 295 K) : -42.3 (dd, Px, JPXPA = 408 Hz, JPXPM = 14 Hz), 30.7 ( 

dd,, PA, JPAPM= 8.5 Hz), 41.7(t, PM). nC{xH} NMR (125.7 MHz, CD2C12, 295 K) : 148.4, 

142.33 (CH, Py); 134.7, 134.6, 134.5, 134.1, 133.8, 133.6, 133.5, 133.3, 130.9, 130.8, 

130.7,, 130.6, 129.6, 129.5 (CH, Ar); 130.3, 129.8, 127.8, 127.5 (O, Ph); 121.2 (q, CF3, 

JCF== 321.1 Hz); 119.7, 119.3 (C,, Ph); 79.5 (d, CH, Cp, JCP= 12.7 Hz); 77.2 (d, CH, Cp, 

JCP== 9.4 Hz); 76.7 (d, CH, Cp, JCP= 9.3 Hz); 76.1 (d, CH, Cp, JCP =10.6 Hz); 75.2 (d, CH, 

Cp,, JCp= 7.6 Hz); 75.1 (d, C,, Cp, JCP= 66.3 Hz); 66.0 (d, CL Cp, JCP= 58.5 Hz). 

Anal.. Calcd. for C53H42P306NS2F6PdFe : C 52.09; H 3.46. Found: C 52.12, H 3.50. 

Duringg the crystallization of this compound, orange plates were obtained by slow diffusion 

off  pentane into a solution of la in THF. X-ray analysis of the crystals revealed they 

correspondedd to [Pd(|i-PPh2Py)OTf]2. 

dppf(6-methyl-2-diphenyl-pyridylphosphine)palIadiumm (II ) bis triflat e (la-Me) 

Thiss compound was prepared using the same procedure as described for la using 200 mg 

(0.2733 mmol) of dppfPdCl2 and 176 mg (0.683 mmol) of AgOTf in 10 mL of CH2C12, and 

83.33 mg (0.301 mmol) of 6-methyl-2-diphenyl-pyridylphosphine in 5 mL of CH2C12. After 

workingg up as for la, a dark brown microcrystalline solid was obtained. Repeated 

crystallizationn from CH2C12 / pentane was necessary to obtain a pure product. 

Yieldd = 260 mg (0.210 mmol), 77 %. 
]HH NMR (300 MHz, CD2C12, 233 K): 7.93-7.00 (br. m, 33H, Ar), 4.77(s, 2H, Cp) 4.69 (s, 

2H,, H Cp), 4.33(br. s, 4H, Cp), 1.61 (br. S, 3 H, CH3).
 31P{!H} NMR (121.5 MHz, 

CD2C12,, 233 K): -43.6 (d, Px, JPXPA = 400 Hz), 25.0 (d, PA), 40.3 (PM). 13C {]H} NMR 

(125.77 MHz, CD2C12, 193 K): 166.0 (d, C„  Py, JCP= 66.4 Hz); 162.1 (d, C„  Py, JCP= 13.8 

Hz);; 141.9 (CH, Py); 134.4, 1333.8, 133.5, 132.7, 131.0, 130.9, 131.3, 130.2, 129.4, 129.2, 

128.77 (CH, Ar); 128.9, 119.1, 118.8 (C/, Ar); 120.7 (q, CF3, JCF= 320.7 Hz); 119.7, 119.3 

(C/,, Ph); 79.1 (m, CH, Cp); 71.6 (d, C,, Cp, JCP= 74.4 Hz); 69.3 (d, C*  Cp, JCP= 59.8 Hz); 

24.99 (CH3). 

Thiss product contained small amounts of [(rj3-dppf)Pd(ri1-(PPh2Py(Me))](OTf)2-
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^P^H}}  NMR (121.5 MHz, CD2C12, 233 K): 42.3 (t, PPh2Py, JPP= 13.2 Hz); -14.9 (d, Tf-

dppf)--

Anal.. Calcd. for C54H44P306NS2F6PdFe : C 52.47; H 3.59 Found: C 52.67, H 3.62. 

DPEphos(diphenyl-2-pyridylphosphine)palladiumm (II ) bis triflat e (lb) 

1266 mg (0.176 mmol) of (DPEphos)PdCl2 were suspended in 15 mL of CH2C12 and 113 

mgg (0.440 mmol) of silver triflate in 5 mL of CH2C12 were added. The dark yellow 

suspensionn was stirred overnight after which a bright orange solution had formed. The 

AgCll  formed was allowed to precipitate and the solution was filtered into a Schlenk 

containingg 55.6 mg (0.211 mmol) of diphenyl-2-pyridylphosphine in 5 mL of CH2C12. The 

reactionn mixture was stirred for 16 hrs. The same work-up procedure as for la was used to 

obtainn lb as a fluffy bright yellow solid. Yield = 181 mg ( 0.150 mmol), 85 %. 

'HH NMR (300 MHz, CD2C12, 295 K) : 9.2 (m, 1 H, Py-H6), 8.05-6.72 (m, 40 H, Ar), 6.56 

(m,, 'H, Py-H3). ^Pl'H}  NMR (121.5 MHz, CD2C12, 295 K) : -46.0 (dd, Px, JPXPA = 412 

Hz),, 20.05 (t, PM), 20.49 (dd, PA, JPAPM = 3.7 Hz). ,3C {'H}  NMR (125.7 MHz, CD2C12, 

2955 K) : 169.1(d, C„  Py, JCP= 86.1 Hz); 159.2, 158.3 (d, C-O); 148.8 (d, CH, Py, JCP= 12.2 

Hz);; 142.4 (CH, Py); 139.9, 136.6, 135.7, 135.1(CH, Ar); 134.8 (d, CH, JCP= 11.8 Hz); 

134.55 (d, CH, JCP= 10.9 Hz); 134.2, 134.0 (d, CH, JCp= 2.9 Hz); 133.7(d, CH, JCP= 11.4 

Hz);; 133.3, 132.9, 132.3, 131.5 (d, CH, JCP= 4.6 Hz); 130.8 (d, CH, JCP= 11.81 Hz); 130.3 

(d,, CH, JCp=11.4 Hz); 130.1, 129.9, 129.6 (d, CH, JCP=12.2 Hz); 128.9, 127.1 (d, CH, JCP= 

8.99 Hz); 126.0 (d, CH, JCP= 8.4 Hz); 125.0 (d, CH, JCp= 5.5 Hz); 127.4, 126.9, 125.9 (C/); 

125.66 (d, C/, JcP= 12.0 Hz); 121.5 (q, CF3, JCF= 321.5 Hz); 120.7 (d, C,, JCp= 12.5 Hz); 

120.3,, 120.1, 119.7, 119.2, 118.77(C/). 

Anal.. Calcd. for C55H42P307NS2F6Pd : C 54.76; H 3.51. Found: C 55.01; H 3.62. 

Xantphos(diphenyl-2-pyridylphosphine)palladiumm (II ) bis triflat e (Id) 

Thiss compound was prepared using the same procedure as described for lb using 231 mg 

(0.3066 mmol) of XantphosPdCl2 and 196 mg (0.764 mmol) of AgOTf and 96.6 mg (0.367 

mmol)) of diphenyl-2-pyridylphosphine in 5 mL of CH2C12. The same work-up procedure 

ass for la was used to obtain an orange-yellow solid. 

Yieldd = 362 mg ( 0.362 mmol), 90 %. 

'HH NMR (CD2C12 at 233 K, mixture of cis and trans complexes: 8.42-6.09 (m, 66 H, Ar), 

1.911 (s, 1.2 H, CH3 cis), 1.72 (s, 6 H, CH3 trans), 1.55 (s, 1.2 H, CH3 cis). 31P{'H } NMR 
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(CD2C122 at 233 K), cis product: -45.1 (d, Px , JPXPA = 388 Hz), 12.9 (dd, PA, JPAPM = 4.9 

Hz),, 18.8 (t, PM). trans product: 35.1 (br. t, Px), 36.2 (d, PA, JPAPX = 23.1 Hz). 

Anal.. Calcd. for Csö^ePsOyNS^Pd : C 55.02; H 3.79. Found: C 55.10; H 3.92. 

Highh pressure NM R experiments 

Inn a typical experiment the high pressure sapphire NMR tube was charged with the 

correspondingg starting material (la-d) and 2 mL of CD2C12 were added inside a glove box. 

Thee closed tube was then taken out of the box, cooled in an ethanol / N2 bath when 

necessary,, and pressurized with H2. The tube was then transferred to the pre-cooled NMR 

probee at the desired temperature. The reactions were followed in time by 'H and 31P NMR 

spectroscopy. . 

dppf(diphenyl-2-pyridylphosphine)hydridopalladiu mm (II ) bis inflat e (2a) 

688 mg (0.056 mmol) of l a were dissolved in 20 mL of CH2C12 and the purple solution was 

transferredd to an autoclave under Ar. The autoclave was pressurized to 10 bar of H2 and the 

solutionn was allowed to react during 65 hours. The reaction mixture was transferred to a 

Schlenkk tube using H2 pressure and the solvent was evaporated with a stream of H2. The 

resultingg light brown solid was washed with pentane (3x 5mL.) and finally dried under 

vacuum.. Yield = 50 mg (0.041 mmol), 73.4 %. 

'HH NM R (300 MHz, CD2C12, 295 K): 15.1 (br., 1 H, NH), 8.5-7.1(m, 34H, Ar), 4.96(s, 

2H,, Cp) 4.64(s, 2H, Cp), 4.33(s, 2H, Cp), 3.69 (s, 2H, Cp), -6.7 (dd, JHPX = 171 Hz, JHPA/PB 

== 16, hydride). 3 ,P{ ! H} NM R (121.5 MHz, CD2C12, 295 K): 22.63 (t, Px , JPXPA/B = 26.9 

Hz),, 32.22 (dd, PA/B). 

Anal.. Calcd. for C54H46P306NS2F6PdFe : C 52.00; H 3.62. Found: C 51.86, H 3.58. 

dppf(diphenyphosphine)(pyridynium)paiIadiu mm (II ) bis triflat e (3a) 

Thiss compound was obtained during the crystallization of 2a from CH2C12 / Et20 at room 

temperature. . 

llHH NM R (300 MHz, CD2C12, 295 K): 13.5 (br., 1 H, NH), 7.9- 7.07 (m, 34H, Ar), 6.0 ppm 

(ddd,, P-H, ' JH P= 370 Hz, 3JHP= 16.8, 10.2 Hz), 5.16(s, 1H, Cp) 4.76(s, 1H, Cp), 4.65(s, 

2H,, Cp), 3.39 (s, 1H, Cp), 4.33(s, 1H, Cp), 4.15(s, 1H, Cp), 3.82(s, 1H, Cp). 31P{ !H} NM R 

(121.55 MHz, CD2C12, 295 K): -1.6 (dd, Px, JPXPA = 354 Hz, JPXPM = 34.0 Hz ), 17.86 (dd, 

PM,, JPMPX= 14.6 Hz), 26.71 (dd, PA). 
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dppf(diphenyphosphine)(6-methyl-pyridynium)palladiumm (II ) bis triflat e (3a-Me) 

AA Fisher-Porter bottle equipped with a magnetic stirring bar was charged with 95 mg 

(0.0777 mmol) of la-Me and 10 mL of CH2CI2 were added. The dark-brown solution was 

cooledd in an ice bath and the bottle was pressurized with 3 bar of H2. The solution became 

lightt brown almost immediately and after 15 min, it turned bright red. The solution was 

keptt under pressure for an additional 15 min and then transferred into a Schlenk tube. The 

solventt was evaporated in vacuum, the remaining solid was washed with pentane (3x5 

mL.)) and dried under vacuum. Yield = 71.4 mg ( 0.058 mmol), 75%. 

*HH NMR (300 MHz, CD2C12, 193 K): 12.05 (br., 1 H, NH), 9.31-7.04 (m, 34H, Ar), 6.1 

ppmm (ddd, P-H, 'JHP = 375 Hz, 3JHP= 16.8, 10.2 Hz), 5.21(s, 1H, Cp) 4.69(s, 1H, Cp), 

4.48(s,, 4H, Cp), 4.41 (s, 1H, Cp), 4.35(s, 1H, Cp), 3.79(s, 1H, Cp), 1.53(s, 3H, CH3). 
MMY{Y{xxft}ft}  NMR (121.5 MHz, CD2C12, 193 K): -2.2 (dd, Px, JPXPA= 350 Hz, JPXPM = 36.5 Hz 

),, 17.7 (dd, PM, JPMPX= 12.1 Hz), 27.2 (dd, PA). ,3C {'H}  NMR (100.6 MHz, CD2C12, 233 

K):: 179.5 (dt, C2 Py, JCptrans= 125.5 Hz, JCpc.s =12.6 Hz); 157.1(d, C6 Py, JCP= 4.7 Hz); 

141.22 (CH, Py); 136.3 (d, CH, JCP= 11.5 Hz); 134.8, 135.5, 134.3, 132.9, 132.6 (CH, Ar); 

132.99 (d, CH, JCP= 52.4 Hz); 131.9, 131.7, 131.5, 131.3 (d, CH, JCP= 9.8 Hz); 130.7 (d, 

CH,, JCP= 9.7 Hz); 130.5, 130.3 (d, CH, JCP= 11.1 Hz); 129.9 (d, CH, JCP= 11.1 Hz); 129.6 

(d,, CH, JCP= 9.2 Hz); 128.8, 128.6 (d, CH, JCP= 11.5 Hz); 128.2, 125.7, 125.2, 124.6 

(Cquat);; 122.4 (CH); 121.0 (q, CF3, JCF= 320.1 Hz); 120.8 (Cquat, JCP= 51.9 Hz ); 78.6 (d, 

CH,, Cp, JCp= 22.2 Hz); 77.4 (d, CH, Cp, JCp= 11.2 Hz); 76.9 (d, CH, Cp, JCp= 7.6 Hz); 

76.33 (d, CH, Cp, JCp= 4.2 Hz); 75.3 (d, CH, Cp); 74.3 (d, CH, Cp, JCp= 13.9 Hz); 74.0 (d, 

CH,, Cp, JCP= 5.9 Hz); 72.6 (d, CH, Cp, JCp= 5.4 Hz); 70.6 (d, C/, Cp, JCp= 59.5 Hz); 70.2 

(d,, Q, Cp, JCP= 51.8 Hz); 20.1 (CH3). 

Anal.. Calcd. for Cs^PsOeNS^PdFe : C 52.38, H 3.74 Found: C 52.35, H 3.59. 
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JinJin NMR Study of Pt(II) hydride complexes 

containingcontaining S-N and PS ligands. 

Abstract t 

Oxidativee addition of pyridine-2-thiol (HSpy) to [(dppf)Pt(/ra«5-stilbene)] afforded a 

neutrall  platinum hydride complex containing a dangling pyridyl moiety. A faster reaction 

wass observed under dihydrogen pressure, due to hydrogenation of the coordinated olefin. 

Protonationn of [(dppf)PtH(Spy)] (2) with HOTf afforded complex 3 which contains a 

pyridiniumm group in close proximity to the hydride. Although no NMR evidence of a 

hydride-protonn interaction was found, a weak interaction was detected by IR spectroscopy. 

[(dppet)PtH(PPh2Py)]]  (5) (dppet = l-diphenylphosphinoethane-2-thiolate, PPh2Py= 2-

diphenylphosphinopyridine)) was prepared by reaction of the parent thiol (Hdppet) with 

Pt(PPh2py)33 (4). The trans isomer of 5 is the kinetic product of the reaction, but cis-trans 

isomerizationn occurred above 193 K. In the presence of free pyridylphosphine, ligand 

scramblingg takes place in 5 to form [PtH(PPh2Py)3]
+ (6) and [Pt(dppet)2] (8). In absence of 

freee pyridylphosphine in solution, complex 5 disproportionates to regenerate the starting 

materiall  4 and the bis-chelate complex 8. In spite of the tendency of thiolates to bridge two 

metall  centers, no dimeric or polymeric compounds were detected. 
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Introduction n 

Heterobidentatee ligands offer the possibility to combine different chemical attributes, for 

examplee hard and soft atoms, neutral and anionic donors, or a- and Tt-donating or re-

acceptingg properties. Therefore, many ligands combining donor atoms such as phosphorus, 

nitrogen,, oxygen and sulfur have been developed. These atoms differ both in their 

electronicc properties as well as in their steric demands, as phosphorus and nitrogen usually 

carryy three substituents, while oxygen and sulfur generally bear two substituents. In the 

casee of group 16 elements, the non-bonding electron pairs are available to form an extra 

bond,, which opens the possibility to form dimeric and polymeric structures, especially in 

thee case of sulfur. 

Thee pyridine-2-thiolate (Spy) is a versatile ligand which can act as a monodentate, 

chelatingg and/or bridging ligand. Morris et al. have prepared a number of iridium hydride 

complexess containing Spy ligands in which the pyridine nitrogen is protonated (Fig. 5-1). 

Thee dangling pyridinium moiety forms intramolecular dihydrogen bonds with the hydride 

ligandd (Fig. 5-1).1"3 

AA B 

Figuree 5-1. Intramolecular dihydrogen bonds between a pendant pyridinium and a hydride ligand. 

Thee hydride-proton interactions have been identified in solution, mainly by NMR, and in 

thee solid state by X-ray diffraction. In complex A the Ir-H... H distances are shorter than 2 

A.. The authors proposed that the dihydrogen bonds are essential for H/D exchange with D2 

gas.. The exchange probably takes place via intramolecular proton transfer from the 

pyridiniumm to the hydride, yielding an r)2-H2 intermediate that can then exchange with D2.' 
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Thiss exchange does not occur in the presence of a good hydrogen bond acceptor such as 

THF.. In this case the pyridinium proton interacts with the oxygen atom instead of the 

hydride,, and therefore it cannot assist the H/D exchange.The same research group 

investigatedd the influence of the phosphine ligand in the strength of the dihydrogen bond.4 

Whenn PCy3 was replaced by PPh3, a weaker proton-hydride interaction was observed by 

NMRR and IR. The effect was attributed to a decrease in the hydridic character of the 

hydridee due to the less basic PPh3. A similar effect was observed when one of the hydrides 

wass replaced by a CO ligand, which is a good 7t-acceptor and therefore decreases the 

electronn density of the metal center. 

Pt(II)) and Pd(II) complexes containing both a diphosphine and a Spy ligand with a pendant 

pyridyll  arms have been recently prepared by Lobana et al.5'6 An important difference 

betweenn the pyridine-2-thiolate (Spy) and the 2-diphenylphosphino-pyridine (PPh2Py) 

ligandd used in chapter 3, is the anionic character of the former. In chapter 3 it was shown 

thatt dihydrogen bonding does not occur in [(diphosphine)PtH(PPh2PyH)]  +. 

AA possible explanation was the low hydridic character of the hydride, which precludes 

electrostaticc interaction between the hydride and the proton. Although this might be 

intrinsicc to platinum hydrides, this effect is enhanced by the dicationic character of the 

complex.. As discussed above, an electron rich metal center may increase the polarization 

off  the M-H bond and thus favor the formation of a dihydrogen bond. Therefore, a more 

electronn rich system was investigated in which the neutral PPh2Py ligand was replaced by 

thee anionic pyridylthiolate (Spy) ligand. 

Anotherr interesting class of heterobidentate ligands are those containing both phosphorus 

andd sulfur donor atoms. Rhodium complexes containing 2-(diphenylphosphino)-

ethanethiolatee (dppet) and 2-(diphenylphosphino)-benzenethiolate (dppbt) have been 

successfullyy used for the carbonylation of methanol.7 The dppet ligand has also been used 

too prepare several Ni, Pd and Pt complexes, in which the phosphine and sulfur donors are 

inn relative cis positions.8'10 Owing to the different trans influence of phosphorus and 

sulfur,, these ligands open the possibility of regiospecific substitution reactions. 

Nevertheless,, when the complexes contain other ligands apart from dppet, such as 

phosphiness or coordinating anions, equilibria between chelating and monodentate 

coordinationn modes are often observed. These equilibria result in isomerization of the 

complexess and may lead to polymeric structures and ligand scrambling. All these 
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processess would have a negative effect on the selectivity of a potential catalyst. It was 

thereforee interesting to study the solution behavior of platinum complexes containing a 

chelatingg phosphinothiolate ligand and a hemilabile pyridylphosphine. 

Inn this chapter, the chemistry of neutral platinum (II) hydride complexes containing either 

thee pyridine-2-thiolate (Spy) or the 2-(diphenylphosphino)ethanethiolate (dppet) ligands is 

described.. The behavior of these complexes in solution as well as the formation of 

dihydrogenn bonds is compared with the results obtained for complexes containing a 

PPh2Pyy ligand described in chapter 3. 

Resultss and Discussion 

Complexess containing a pyridine-2-thiolate l igand 

Thee oxidative addition of pyridine-2-thiol to a Pt(0) precursor is a convenient synthesis 

routee to neutral hydride complexes. [(dppf)Pt(/ra«5-stilbene)] (1) is an air and temperature 

stable,, easy to synthesize precursor. Reaction of 1 with pyridine-2-thiol (HSpy) afforded 

thee hydride complex [(dppf)PtH(Spy)] (2, scheme 5-1)). Performing the reaction under 

dihydrogenn pressure accelerates the reaction, probably due to partial hydrogenation of the 

stilbene.. GC-MS analysis of the reaction mixture indicated the presence of both stilbene 

andd 1,2-diphenylethane. 

Ph2Pxx < ,__ / % . . . .. n2 r x ,S 
Toluenee x p t 

++ H2 »- Fe / \ 
S HH C 2 p ; H 

++ trans-stilbene + 1,2 diphenylethane 

11 HSpy 2 

Schemee 5-1. Preparation of neutral platinum hydrides containing a pyridinethiolate ligand. 

Whenn the reaction was performed under D2, no deuterium was incorporated into complex 

2,, indicating that the hydride is indeed formed by oxidative addition of the S-H moiety and 

nott by heterolytic cleavage of dihydrogen gas. Although the reaction between 1 and HSpy 

alsoo proceeds without dihydrogen, an excess of HSpy as well as a longer reaction time (4 
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h)) and heating (40 °C) are needed to drive the reaction to completion. This leads to the 

formationn of about 30 % of side products, which probably contain two molecules of 

pyridinethiolatee coordinated to platinum. 

Thee hydride complex 2 shows a doublet of doublets at 8 = -3.7 ppm (JHp= 18, 192 Hz, JHpt 

== 882 Hz) in the *H NMR spectrum, indicating that dppf is coordinated in a cis geometry 

andd the hydride is cis to the sulfur atom. The 31P NMR spectrum displays two doublets 

(8=23.4,, 27.1 ppm) with the corresponding platinum satellites. The signal at 8=27.1 ppm 

hass the smaller Pt-P coupling constant (JPPt = 2016 Hz), thus it was assigned to the 

phosphoruss atom trans to the hydride ligand (Px). The resonance at 8 = 27.1 ppm displays a 

couplingg constant of 3369 Hz which is typical for phosphorus atoms trans to sulfur 

ligands.1' ' 

Inn order to investigate the potential dihydrogen bonding in complex 2, the pyridine moiety 

wass protonated with HOTf at low temperature to afford the cationic compound 3 (scheme 

5-2).. Spectroscopic data for complexes 2 and 3 are shown in table 1. 

Protonationn of complex 2 can occur at the nitrogen atom, the hydride, the sulfur or the 

platinumm center. Equilibria between complexes protonated at the sulfur atom (hydride-

thiol)) and the tautomeric dihydrogen-thiolate, resulting from protonation of the hydride, 

occurr readily in ruthenium and osmium complexes.12"14 

//// \ Toluene 
Ph2P)<< ,S— ( 7 + HOTf 

-r-- ) p< V / 
< Ö ^ P h 2 P AA H 

2 2 

Schemee 5-2. Protonation of hydride complex 2. 

Thee 'H NMR spectrum of the reaction mixture of 2 with HOTf, shows one hydride signal 

onlyy at 8 = -5.58 ppm (doublet of doublets), which is slightly broader than the one of the 

parentt compound 2 (Fig. 5-2). There are no significant differences in the values of the H-P 

andd H-Pt coupling constants (table 5-1). A signal at 8 = 13.9 ppm in the 'H NMR 

spectrum,, integrating in a 1:1 ratio with respect to the hydride, was assigned to the 

pyridiniumm proton. These features indicate that protonation occurred at the nitrogen atom 
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only.. Upon warming above 0 °C several decomposition products are formed, which do not 

containn any hydride ligand. 

Complexx öhydride JHPA JHPX JHP, 5 PA 8 Px JPAPX JPAP. JPXP, 8 Pt 

(ppm)) (Hz) (Hz) (Hz) (p p m) (p p m) (Hz) (Hz) (Hz) (p p m) 

~22 T 74 ÏITÖ 192.1 882.4 23.4 ~ \ \6A 3369 2016 -4905 

~33 I ^ 58 193 190.6 909.4 18.7 26 2̂ 164 3500 2018 -4833 

Tablee 5-1. ]H and 31P{'H}  NMR spectroscopic data for complexes 1 and 2. All spectra were 

measuredd in C7D8 at 273 K. 

Thee chemical shift of the hydride in 3 is very similar to that of [(dppf)PtH(PPh2Py)]2+ 

(5== -5.72 ppm, chapter 3). The value of the platinum hydride coupling constants in 2 and 3 

(( = 900 Hz) are significantly higher than that for [(dppf)PtH(PPh2Py)]2" (JHPt = 762 Hz). 

Thiss probably reflects a stronger a-interaction between the hydride and the metal center in 

thee complexes with the pyridinethiolate ligand. The 3IP NMR spectrum shows that mainly 

onee product was formed, but minor peaks of unidentified impurities were also observed. 

Thee spectrum displays two doublets, and again the resonance with the smallest P-Pt 

couplingg was assigned to the phosphorus atom trans to the hydride (Px). This resonance 

shiftss very littl e compared to that of 2, but the signal for PA (trans to sulfur) is shifted up-

fieldd by almost 5 ppm (table 5-1). The protonated pyridyl moiety is a strongly electron-

withdrawingg substituent that causes electron density to shift from the sulfur atom to the 

aromaticc ring, thus changing the properties of the sulfur donor. The increase in the PA-Pt 

couplingg constant from 3369 Hz in 2 to 3500 Hz in 3 reflects this change. Another 

importantt difference between products 2 and 3 concerns the protons of the Cp rings of 

dppf.. The H NMR spectra of complex 2 displays four separate resonances for these 

protons,, integrating for two protons each. One of the signals is shifted down-field (5= 4.5 

ppm)) relative to the other three resonances that appear between 6 = 4.0 and 5 = 3.8 ppm. 

Uponn protonation, one of the latter signals shifts down field, while the other two coincide 

intoo one broad singlet at 5 = 3.9 ppm. This indicates that protonation of the pyridyl moiety 

causess a structural re-arrangement of the whole molecule and not only of the thiopyridine. 
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Dihydrogenn Bonding 

Inn order to investigate a possible hydride-proton interaction in complex 3, VT- NMR and 

IRR experiments were carried out. The first remarkable difference between 2 and 3 is the up-

fieldd shift of almost 2 ppm of the hydride signal upon protonation (Figure 5-1). Morris et 

al.al. reported that the chemical shift of the hydride in [IrH2{(Ti 1-SC5H4NH}2(PCy)3]BF4 

changess by almost 1 ppm when the hydrogen bonding between the hydride and the 

pyridiniumm proton is disrupted.1 The signals for the hydride ligand in 3 do not show a 

significantt shift upon lowering the temperature, but the signal for the NH proton shifts by 

1.33 ppm on going from 273 to 203 K. Below this temperature both signals are too broad to 

bee measured accurately. 

Thee minimum relaxation time of the hydride ligand in 2 is 576 ms at 233 K. For complex 

3,, the Timin of the hydride is 689 ms (253 K), while for the pyridinium proton it is 425 ms 

(2533 K). These relaxation times are rather long compared to those usually reported for 

protonss involved in dihydrogen bonds. For example, the Timin in the iridium complex A are 

1688 ms for Ir-H and 178 ms for the N-H proton (233 K). A dihydrogen bond between the 

hydridee and the pyridinium proton would bring the two atoms into close prpximity, causing 

ann increase of the dipole-dipole relaxation. Thus a shorter relaxation time is expected.3'15 

AA NOE difference experiment showed no change in the N-H signal when the hydride 

resonancee was irradiated. This result, together with the high Timin values for both the 

hydridee and the N-H proton in 3, and the observed increase of the Timin of the hydride upon 

protonationn indicate that no dihydrogen interaction occurs. 

/SS H 
JLJL L 

PH2Pxx ^S-

/S,, ® O O 
p h , p A A mm^mA*^mm^mA*^ Wr Wr U-/WW W 

-2.00 -3.0 -4.0 -5.0 -6.0 -7.0 

(ppm) ) 

Figuree 5-2. Hydride region of the 'H NMR spectrum of complexes 2 (top) and 3 (bottom). 
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Onn the other hand, the IR spectrum (toluene, 295 K) shows a shift of the v(Pt-H) band 

fromm 2087 cm"1 in 2 to 2075 cm"1 in 3 (slightly broad). Additionally, the spectrum of 3 

showss a broad band at 3309 cm"1. Although these IR features have been related to the 

presencee of a hydrogen bonding interaction,15 the N-H band falls in the range of weak 

hydrogenn bonding.4 If a weak dihydrogen bond exists in 3, the H-bonded form of complex 

33 may not be detectable in the NMR spectrum. In this case, the shift of the hydride ligand 

mayy be attributed to electronic changes of the platinum center caused by the electron-

withdrawingg pyridinium ring or to the change of polarity of the solvent upon addition of 

thee acid. Indeed, when the spectrum of 2 is measured in CD2C12, the hydride resonance 

appearss at S = -5.06 ppm, which is 1.32 ppm up-field compared to the one observed in 

toluene-dg. . 

Complexess with the diphenylphosphinoethanethiolate ligand 

Oxidativee addition of the diphenylphosphinoethanethiol (Hdppet) to Pt(PPh2Py)3 in 

dichloromethanee yields a mixture of the cis and trans isomers of [(dppet)PtH(PPh2Py)] (5a 

andd 5b, scheme 5-3). 

PPhoo ^ CHoCI, ' \ / | \ / 
Pt(PPh2Py)33 +

 P P h 2 ~ ^ ^ \ . H ^ - ~ « N = x • ƒ » N = v 

44 Hdppet 5a 5 b 

Schemee 5-3. Synthesis of platinum hydrides containing a phosphino-thiolate ligand. The phenyl 

groupss on the phosphorus atoms were omitted for clarity, P= PPh2. 

Thee trans isomer 5a can be obtained in pure form by performing the reaction at -80 °C and 

addingg pentane at this temperature to precipitate the product. After filtration, the yellow 

solidd was re-dissolved in CD2C12 taking care that the product was always kept at -80 °C. 

Thee H and 31P NMR spectra measured at 193 K show the presence of one compound only. 

Thee high field region of the 'H NMR spectrum displays a doublet of doublets at 5 = -7.10 

ppmm with two small H-P couplings (9 and 18 Hz), indicating that the hydride is trans to the 

sulfurr atom (Fig. 5-3A). The 31P NMR spectrum displays two doublets at 8 = 36.6 and 5 = 
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69.99 ppm (Fig.5-4A). The latter chemical shift is characteristic for phosphine ligands in 

fivee membered rings, thus the resonance at 69.9 ppm is assigned to the phosphorus of the 

dppett ligand. The strong P-P coupling (358 Hz) and the very similar P-Pt coupling 

constantss (2918 and 2920 Hz) indicate that the two phosphorus atoms are trans to one 

another.. The NMR spectra of this complex did not change on standing at 193 K over a 

periodd of 12 hours. However, when the sample was allowed to stand at room temperature 

forr 6 hours, a second species was observed by NMR (193 K). The new product displays a 

doublett of doublets at 5 = -4.06 ppm with one large and one small H-P coupling constant, 

off  184.6 and 24.0 Hz respectively (Fig. 5-3B). The 31P NMR spectrum shows, in addition 

too the signals for the trans complex 5a, two doublets at 6 = 27.1 and 8 = 59.3 ppm (JPP = 

10.99 Hz). The P-Pt coupling constants are 3093 and 1995 Hz, respectively (Fig. 5-4B). 

Thesee signals correspond to the cis isomer, 5b. The small P-Pt coupling constant of the 

resonancee at 8= 59.3 ppm indicates this phosphorus atom is trans to the hydride ligand. 

Iff  an NMR sample of isolated 5a is prepared at room temperature, and then cooled to 193 

KK in the NMR probe, a mixture of cis and trans 5 is observed, indicating that the 

equilibrationn of the two isomers is relatively fast at 295 K. Performing the reaction at -80 

°CC in an NMR tube (without eliminating the excess of PPh2Py) affords an initial cis : trans 

ratioo of 1: 6. Upon warming, the intensity of the signals for 5b slowly increases at the 

expensee of the resonance of the trans isomer. At 273 K, the ratio is 1: 2.3 and it does not 

changee further when the sample is cooled again to 193 K. When the reaction was carried 

outt at room temperature, a mixture of the cis and trans isomers of 5 in a 1: 2.4 ratio was 

observedd by lR NMR. Apparently, formation of the trans isomer is kinetically favored, and 

5aa can be precipitated selectively at low temperature. This indicates that the reaction does 

nott involve a coordinated thiol as intermediate, followed by proton transfer to the metal. In 

thiss case, the cis isomer 5b will be the kinetic product. Upon increasing the temperature, 

isomerizationn of 5a to 5b is observed, but once the thermodynamic equilibrium is reached, 

thee ratio between the two species does not change with temperature. 

Thee course of the reaction of 4 with Hdppet was followed in an NMR tube (reaction 

performedd at room temperature) over a period of six days. Owing to the presence of free 

PPh2Pyy stemming from 4, the exchange between the latter and coordinated 

pyridylphosphinee causes broadening of the resonances in the NMR spectra. This exchange 

iss slow enough at 193 K to allow for assignment of the different peaks and therefore all the 
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spectraa in the subsequent discussion were measured at this temperature. Figure 5-3 and 5-4 

showw the change in time of the 'H and 31P NMR spectra respectively. Immediately after 

reactionn (Fig. 5-3B), the cis and trans isomers of 5 are the only hydride species in solution. 

Thee singlet at 5= 59.36 with a Pt-P coupling constant of 2899 Hz corresponds to the bis-

chelatee complex [Pt(SCH2CH2PPh2)2] (8).9 The singlet at 5 = 24.4 ppm, which does not 

displayy Pt satellites was assigned to the 2-pyridylphosphine oxide P(0)Ph2Py. 

CPaa H 

\\ / 
Pt t 

Pt t 

TT U 
/ p t \ \ 

pp p 

5a a 5b b 

c c 

55 1) 

S^ S^ 

5a a 

1 1 
-2.00 -3.0 -4.0 -5.0 

5b b 

_5_M M 55 b 

-7.00 -8.0 -9.0 

5a a 

5a a 

-2.00 -3.0 -4.0 -5.0 -6.0 -7.0 -8.0 

5b b 

/ \\ 6 

55 a 

-2.00 -3.0 -4.0 -5.0 -6.0 -7.0 

-9.0 0 

8.00 -9.0 

D D 

>.00 -3.0 -4.0 -5.0 -6.0 
(ppm) ) 

-7.00 -8.0 -9.0 0 

Figuree 5-3. Evolution of complex 5 in solution (CD2C12). 'H NMR spectrum (high field region), at 

1933 K. A: isolated product 5a. B: reaction mixture of 4 and dppet immediately after mixing at RT. 

C:: after 2 days at RT. D: after 6 days at RT. P= PPh:. 
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Afterr two days of standing at room temperature, signals of four hydride species can be 

observedd in the 'H NMR spectrum (Fig. 3C). Two of the signals correspond to 5a and 5b. 

Thee major new product (6), displays a doublet of triplets at 5 = -5.1 ppm (JPP= 162, 12, Hz, 

JPPt== 775 Hz). The minor species (7) shows a doublet of doublets at S =- 3.8 ppm (JHp= 7.5, 

161.00 Hz, Jpp, = 846 Hz), which is broadened at the base because they coincide with the Pt 

satellitess of 6. The ratio between the four species is 1 (6): 0.71 (5b): 0.36 (5a):0.03 (7). 

5a a 5a a 

B B 

D D 

5a a 5aa 5a 

J jj  L_L 

5a a 

i l l . . 
700 60 50 40 30 20 10 0 

PPh2Py y 

Figuree 5-4. Evolution of complex 5 in solution (CD2C12).
 31P{'H}  NMR spectrum at 193 K. For 

productt numbering see figure 5-3. A: isolated product. B: reaction mixture of 4 and Ftdppet 

immediatelyy after mixing at RT. C: after 2 days at RT. D: after 6 days at RT. * denotes 

P(0)PPh2Py. . 

Thee 31P{1H}  NMR spectrum of the reaction mixture shows signals for complexes 5a, 5b 

andd 8, as well as for free PPh2Py and P(0)Ph2Py. Additionally, a triplet (5= 23.7 ppm) and 

aa doublet (5= 33.5 ppm) integrating for one and two phosphorus atoms respectively are 

observedd (Fig. 5-4C). These signals show a correlation (HMQC 'H-3IP ) with the hydride 

resonancee of 6. Therefore, complex 6 was identified as [PtH(PPh2Py)3]+-
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Inn order to verify the assignments for 6, the product was synthesized separately by 

protonationn of Pt(PPh2Py)3 with HBARF in CH2C12 (scheme 4). The !H and 31P NMR 

spectraa of the isolated product correspond to the resonances observed in the spectra of the 

reactionn mixture. In the in-situ experiments, the counter ion is probably a chloride 

stemmingg from the solvent (CD2C12). Indeed, if the reaction is performed in acetonitrile-d3, 

signalss for complex 6 are not observed (for the experiments in CD3CN the spectra were 

recordedd at 295 K for solubility reasons). 

N N 
/ = NN | BARF 

NN ..««P CH2CI2 Y _ J 7 Fv / H 

Pf'' + HBARF » Pt 

N ^ P ^^ ^ P \ ^ N . 

Schemee 5-4. Synthesis of complex 6 by protonation of the Pt(0) precursor. The phenyl groups on 

thee phosphorus atoms were omitted for clarity, P= PPh2. 

Afterr two days of standing at room temperature, the 31P NMR spectrum shows additionally 

aa small doublet at 8= 97.0 ppm with platinum satellites (JPP= 27.9 Hz, JP.Pt= 2402 Hz). A 

H-- P NMR correlation experiment showed that this phosphorus is trans to the hydride 

signall  at -3.8 ppm (7). From the doublet pattern in the 31P NMR spectrum and the doublet 

off  doublets of the hydride signal, 7 should contain a second phosphorus atom coordinated 

too platinum. However, this second phosphorus could not be identified using correlation 

experiments.. Nevertheless, a broad resonance at 8 = 80 ppm could correspond to this 

phosphoruss atom. The chemical shift of the phosphorus nucleus at 5=97.0 ppm and the P-

Ptt coupling constant is similar to those observed for platinum phosphinito complexes 

[PPh3PtH{P(0)Ph2}(Ph2POH)].i6J77 These complexes were synthesized by oxidative 

additionn of Ph2POH to Pt(PPh3)3. For the reaction under investigation, slow hydrolysis of 

freee or coordinated PPh2Py could be the source of diphenylphoshinous acid. We propose 

thatt complex 7 contains at least one phosphinito ligand responsible for the resonance at 8 = 

97.00 ppm. 

Apartt from the hydride signals, the 'H NMR spectrum of the reaction mixture in CD2C12 

showss a remarkable signal with platinum satellites at 8 = 16.6 ppm (JHpt= 39 Hz), which is 

nott observed above 233 K. The integration of this signal roughly corresponds to that of the 
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hydridee signal of 7. Moreover, this resonance shows a long-range correlation with the 

phosphoruss signal at 5 = 97.0 ppm. Very similar signals were observed by Pregosin et al. 

inn Pt(II) complexes having a "pseudo-agostic bond" N-H —Pt.18 Therefore, 7 may contain 

aa protonated pyridylphosphine whose pyridinium proton interacts with the platinum center. 

Alternatively,, the resonance at 8 = 16.6 ppm may correspond to the OH proton of the 

phosphinitoo ligand.19 In this case, the platinum satellites observed may arise from a 

through-bondd Pt-P-O-H coupling. Hence, complex 7 is tentatively assigned the formula 

[PtH(PPh2OH)(P(0)Ph2)L].. The L ligand can be a solvent molecule or a pyridine 

stemmingg from hydrolysis of 2-diphenylphosphinopyridine to form diphenylphosphinous 

acidd (PPh20H) and pyridine. 

Whenn the reaction mixture of 4 and Hdppet (in CD2CI2) was checked after standing for six 

dayss at room temperature, the 'H NMR spectrum shows complete disappearance of 5a and 

5b.. Product 6 is apparently the only hydride species in solution (Fig. 5-3D). The 31P NMR 

spectrumm shows a considerable increase of the signals for 6 and 8, and of the singlet of 

phosphinee oxide (Fig. 5-4D). The 31P-decoupled 'H NMR spectrum revealed a small signal 

forr complex 7 concealed under the Pt satellites of 6. In the 31P NMR spectrum the doublet 

att 5 = 97.0 ppm can still be observed. Two singlets with Pt satellites are now observed in 

thee high field region of the 'H NMR spectra, the above mentioned signal at 8 = 16.56 ppm, 

andd a new signal at 8 = 16.85 ppm (JHPt= 42 Hz). 

PPh h rr pp\\ /H 
pt t N = \ \ 

s77 >X\J 
r\/H H 

^ p / / 

-Pt t 
Px x 

Hdppet t 5a a 5b b 

/p t C C 
* N ^ P aa ™ V N * i 

TT U 

rr  \ / 
,ptN N 

!>> P k.. / \ 
\ / C ' ' 

P/P/
 p* 

66 8 9 

Schemee 5-5. Products formed from the reaction of 4 with Hdppet. The phenyl groups on the 

phosphoruss atoms were omitted for clarity, P= PPh2. 
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Inn order to investigate the role of free PPh2Py in the reactions described above, the fate of 

thee isolated product 5a in CD2CI2 was followed. The 'H NMR spectrum measured two 

dayss after dissolution of 5a at room temperature showed no hydride signal any more. 

Signalss of the starting material 4, the bis-chelate complex 8 and pyridylphosphine oxide 

weree identified in the 31P NMR spectrum. Additionally, two doublets at 8=21.8 and ö = 

57.11 ppm (Jpp= 12.8 Hz, Jpp, =2794, 3463 Hz) were observed. These signals are similar to 

thosee reported for c/5[(dppet)PdCl(PPh3)]8 and thus were assigned to 

c/s[(dppet)PtCl(PPli2Py)]]  (9). This product was separately synthesized by reaction of 

[PtCl2(PPh2Py)2]]  and Hdppet. 

No. . 

4 4 

5a a 

5b b 

6 6 

7 7 

8 8 

9 9 

8(H) ) 

(ppm) ) 

... . 

-7.10 0 

-4.06 6 

-5.10 0 

-3.80 0 

... . 

— — 

JHpa a 

(Hz) ) 

... . 

9.0 0 

184.6 6 

162.1 1 

161.0 0 

... . 

— — 

JHPX X 

(Hz) ) 

... . 

18.0 0 

24.0 0 

12.0 0 

7.5 5 

— — 

— — 

JHPt t 

(Hz) ) 

... . 

978 8 

957 7 

777 7 

846 6 

... . 

... . 

Spa a 

(ppm) ) 

54.3 3 

69.9 9 

59.3 3 

24.0 0 

97.0 0 

59.4 4 

57.1 1 

Spx x 

(ppm) ) 

... . 

36.6 6 

27.1 1 

33.1 1 

80.0* * 

... . 

21.8 8 

JpaPx x 

(Hz) ) 

... . 

385.2 2 

10.9 9 

18.5 5 

27.9 9 

... . 

12.8 8 

JpaPt t 

(Hz) ) 

4423 3 

2920 0 

1995 5 

2327 7 

2402 2 

2899 9 

3463 3 

JpxPt t 

(Hz) ) 

... . 

2918 8 

3093 3 

2933 3 

... . 

2794 4 

Tablee 5-2. Spectroscopic data for complexes 4-9. All spectra were measured at 300 MHz for 'H in 

CD2C1;>> at 193 K. * tentatively assigned. 

Apparently,, the reaction between Pt(PPh2Py)3 (4) and Hdppet is reversible. If an excess of 

PPh2Pyy is present, slow ligand redistribution occurs in complex 5 to form mainly 

[PtH(PPh2Py)3]
++ (6) and [Pt(dppet)2] (8). Without free pyridylphosphine, product 5 

disproportionatess to the starting material 4 and the bis-chelate complex 8. It seems that 

[(dppet)PtH(PPh2Py)]]  is the kinetic product of the reaction, but if the reaction is allowed to 

proceedproceed long enough, the thermodynamically stable products 6 and 8 will form eventually. 

124 4 



PlatinumPlatinum Complexes with N,S andP,S Ugands 

N N 
ss s P a \\ ^H . - - -A H 6 days \ /h-P% M r""' \ / 

VV + C V + pph2Py 
^J>> >a7 P x ^ ^ / CD2CI2 f T If 

66 8 

[PtH(P(0)Ph2)(PPh2(OH))L]] 7 

-Pa,, .H ^ - S , H 2 d a V s ,=N ^ P ^ ^ f A / S ~ ^ 

N=vv _ Vi"^rl>. - P LL + R . 

5b b 

^^ / \ ^ C D 2 C I 22 ~ ru P p 

CXX -̂-N
 +H 

% a 77 P » H / 

9 9 

Schemee 5-6. Evolution of products 5a and 5b in solution, with (top) and without (bottom) excess 

PPh2Py. . 

Ass stated before, complex 6 can be obtained by protonation of the Pt(0) precursor (4) with 

aa strong acid (HBARF). On the other hand, no strong acid is present in solutions 

containingg 5a, 5b and PPh2Py, which eventually yield [PtH(PPh2Py)3]
+ (6). One possibility 

iss that 6 is formed in situ by protonation of 4 by small amounts of H20 or HC1 stemming 

fromm the solvent. Alternatively, 4 could react with the dihydrogen formed during the 

decompositionn of the hydride complexes 5a and 5b to form 8. In order to investigate these 

possibilities,, the reactions of 4 with H20 and H2 were carried out. Ten equivalents of H20 

weree added to a solution of Pt(PPh2Py)3 (4) in CD2C12 and the reaction was monitored by 

NMR.. No reaction or decomposition of the starting material was observed, even after 

heatingg to 40 °C for 45 min. Only after heating overnight to 40 °C, new signals were 

observedd in the hydride region of the *H NMR spectrum. The new signal at 5=-3.9 ppm 

(JPP=21,, 186 Hz) does not correspond to either compound 6 or 7. After four days at 40 °C 

thee starting material 4 was completely consumed, but extensive decomposition to metallic 

platinumm was also observed. In both the 'H and 3 IP NMR spectra, signals corresponding to 

66 were observed, but the low intensity of the signals and the poor quality of the spectra 

precludedd assignment of the remaining signals. The large excess of H20 and the drastic 
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conditionss needed to form 6 from 4 and H2O suggest that direct protonation of 4 by water 

iss not the source of complex 6. The formation of significant amounts of HC1 in solution 

seemss unlikely, since HC1 should react fast with Pt(PPli2Py)3 (4) to form product 6. 

Thee reaction of Pt(PPh2Py)3 (4) with dihydrogen was also investigated. A solution of 4 in 

CD2O22 was pressurized to 10 bar of H2 in a high pressure NMR tube and the reaction was 

followedd by NMR spectroscopy. No reaction was observed at room temperature during 4 

hours.. After heating the NMR tube to 50 °C for 1.5 hours, small peaks corresponding to 

complexx 6 were detected. Complete conversion to [PtH(PPh2Py)3]+ (6) was achieved after 

122 hours at 50 °C. In contrast to the reaction with water, no precipitation of metallic Pt was 

observed.. The P NMR spectrum displays the expected signals for 6, a singlet 

correspondingg to P(0)Ph2Py and free PPh2Py. Surprisingly, a doublet at 5= 96.4 ppm was 

alsoo observed. The ]H NMR spectrum showed a second hydride resonance at8 = -3.8 ppm 

andd a signal at 8 = 16.5 ppm with Pt satellites (JptH = 39 Hz). These results further suggest 

thatt these three signals belong to the same product, previously assigned to 7, and that 

complexx 7 does not contain a phosphorus atom stemming from dppet. 

Oncee again, the harsh conditions needed for reaction of Pt(PPli2py)3 (4) with H2 to form 6, 

makee it unlikely that this reaction also occurred in an NMR tube at ambient pressure. Thus, 

transformationn of 5a and 5b into 6 probably does not involve reaction with dihydrogen. 

Consideringg the last two experiments and the fact that an excess of free PPl^Py is needed 

too form 6 from a mixture of 5a and 5b, the most probable pathway for the reaction is 

protonn transfer from 5 to a free pyridylphosphine. This species can then protonate another 

platinumm center, containing either a monocoordinated dppet or only pyridylphosphine 

ligands.. Equilibria between the chelating and monodentate coordination modes of 

phosphino-thioetherr ligands in Pt(II) and Pd(II) complexes have been observed by Del 

Zottoo et al.20 Decoordination of the sulfur donor was favored in the presence of anions or 

phosphines.. Although stronger coordination is expected for a thiolate than for a thioether, 

thiss possibility cannot be ruled out, especially in the presence of a large excess of free 

phosphine.. Owing to the higher stability of 6 compared to 5, ligand scrambling will 

eventuallyy result in formation of 6 and 8. The very small amounts of complex 7 observed 

att any time may indicate that it is a decomposition product not participating in the process 

describedd above. 
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Conclusions s 

Platinumm complexes containing a thiolate ligand can be synthesized by oxidative addition 

off  the parent thiol to a Pt(0) precursor. The complexes with a thiolate ligand (2, 3 and 5) 

havee a stronger Pt-H o-bond than the dicationic hydrides containing only phosphorus co-

ligandss presented in chapter 3. This is reflected in the values of the Pt-H coupling 

constants,, which are up to 150 Hz higher than those for [(PP)PtH(PPh2PyH)]2+. 

Protonationn of the dangling pyridine moiety in complex 2 causes a significant up-field shift 

off  the hydride resonance. This shift is probably due to the change of solvent polarity in the 

presencee of strong acid. No NMR evidence of dihydrogen bonding between the hydride 

andd the pyridinium proton was found. Although the anionic thiolate ligand increases the 

electronn density at the platinum center and enhances the hydridic character of the hydride, 

thiss is not sufficient to induce strong Pt-H—H-N interactions. 

Oxidativee addition of diphenylphosphinoethanethiol (Hdppet) to Pt(PPh2Py)3 yields the 

neutrall  hydride fra«5-[(dppef)PtH(PPh2Py)] (5a) as the kinetic product. In solution this 

complexx re-arranges to its cis isomer (5b). Further ligand scrambling occurs at room 

temperaturee resulting eventually in [PtH(PPh2Py)3]
+ (6) and [Pt(dppet)2] (8) which are the 

thermodynamicallyy favored products. Free pyridylphosphine in solution is essential for 

ligandd scambling, probably by acting as a proton transfer agent between different platinum 

centers.. In the absence of free PPh2Py, the hydride complex 5 reverts to the starting 

materiall  and dppet forms stable [Pt(dppet)2] (8). 

Experimentall  Section 

Alll  manipulations were carried out under an argon atmosphere using standard Schlenk or 

glovee box techniques. All solvents were dried and freshly distilled under nitrogen prior to 

use.. Dichloromethane was distilled from CaH2. Diethyl ether, tetrahydrofuran, hexane and 

pentanee were distilled from sodium / benzophenone and toluene was distilled from sodium. 

Dppff  and pyridine-2-thiol were purchased from Aldrich Chemical Co. and used as 

received.. HBARF (H[B(3,5-(CF3)-C6H3)4]),21 Hdppet22 and Pt(PPh2Py)3
23 were 

synthesizedd according to literature procedures. Diphenyl-2-pyridylphosphine was 
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purchasedd from Aldrich Chemical Co. and re-crystallized from hot hexanes prior to use. 

Reactionss under dihydrogen pressure were carried out in Fischer-Porter bottles. NMR 

spectraa were recorded on a Bruker DPX 300 or a Bruker AMX 400. 195Pt NMR chemical 

shiftss were measured using an HMQC 'H-195Pt{31P}  experiment, with H2PtCl6 in D20 as 

externall  reference (6=0 ppm). CD2C12 was dried over CaH2 and CD3CN over P205, they 

weree vacuum transferred, degassed and stored over molecular sieves. Toluene-d8 was dried 

overr molecular sieves and degassed. Elemental analyses were performed by the Service de 

Microanalysee du LCC-CNRS, Toulouse. 

(dppf)Pt(stilbene)) (1) 

Thiss product was synthesized using a procedure similar to that reported for 

[(PPh3)2Pt(ftw?s-stilbene)].244 The reaction was carried out under air. 

0.55 mL of N2H4.H20 were added to a suspension of 500 mg (0.609 mmol) of (dppf)PtCl2 

inn 7 mL ethanol. After a few minutes a dark orange solution was formed. The solution was 

filteredfiltered into a flask containing 150 mg (0.832 mmol) of /ra/w-stilbene, and the reaction 

mixturee was heated to 60 °C. After 5 min. evolution of N2 was observed and a yellow 

precipitatee formed. The flask was cooled in an ice-bath. The precipitate was recovered by 

filtration,, washed with cold methanol ( 3 x2 mL) and dried in vacuum. Yield : 363 mg 

(0.3900 mmol). 64 %. The spectroscopic characteristics of this product correspond to that 

reported.25 5 

'HH NM R (300 MHz, Tol-d8, 295 K): 7.72 (br. s, 4H, Ar); 7.26 (br. s, 4H, Ar); 7.1-6.9 (m, 

22H,, Ar); 4.19 (d, 2H, PhC2H2Ph, JHP= 2.4 Hz, JHPt= 60 Hz); 4.14 (s, 2H, Cp), 4.04 (s, 2H, 

Cp),, 3.82 (s, 2H, Cp), 3.79 (s, 2H, Cp). 31P NMR (121.5 MHz, Tol-d8, 295 K): 21.41 (s, 

JpPtt = 3758.9 Hz). 

(dppf)(2-mercaptopyridine)hydridopfatinu mm (II ) (2) 

1000 mg (0.108 mmol) of (dppf)Pt(stilbene) and 12 mg (0.108 mmol) of pyridine-2-thiol 

weree introduced in a Fischer-Porter bottle equipped with a magnetic stirrer. The bottle was 

evacuatedd and pressurized to 1 bar with H2 and placed in an ice bath. 10 mL of cold 

toluene,, previously saturated with H2, were introduced in the Fischer-Porter bottle and the 

dihydrogenn pressure was increased to 3 bar. The initial yellow suspension turned slowly 

intoo a bright yellow solution. After 30 min. the pressure was reduced to 1 bar. 15 mL of 

pentanee (saturated with H2) were slowly added in order to form two layers. The pressure 
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wass increased to 3 bar of H2 and the bottle was stored at -20 °C. After one night, an off-

whitee precipitate had formed. After carefully reducing the pressure to 1 bar, the solution 

wass filtered. The solid was re-dissolved in 3 mL CH2C12 and transferred to a Schlenk 

vessel.. The solvent was evaporated with a dihydrogen stream and the remaining solid was 

driedd under vacuum. To avoid decomposition of the product, it should not be put under 

vacuumm while it is in solution. Yield: 65 mg (0.076 mmol), 70 %. 
JHH NMR (300 MHz, Tol-d8, 273 K): 8.33 (m, 1H, H6, Py); 8.10 (m, 4H, Ar); 7.87 (m, 5H, 

Ar);; 7.26-7.17 (m, 10H, Ar); 6.93-6.71 (m, 3H, Ar); 6.17 (m, 1H, Ar); 4.46 (d, 2H, Cp, 

JHP=1.22 HZ); 4.00 (d, 2H, Cp, JHp=1.2 Hz); 3.9(s, 2H, Cp); 3.78 (s, 2H, Cp); -3.74 (dd, 1H, 

hydride,, JHpCis=18.0 Hz, JH iw = 192.1 Hz, JHPt= 882.4 Hz). 31P NMR (121.5 MHz, Tol-d8, 

273K):: 23.4 (d, Jpp - 16.4 Hz, JPPt= 3369 Hz); 27.1 (d, JPPt= 2016 Hz). 
13CC NMR (75.5 MHz, Tol-d8, 273K): 137.0 (Cquat), 135.4, 135.3, 135.2, 135.1, 130.5 (CH, 

Ar);; 129.0 (Cquat), 128.5, 128.0 (CH, Ar); 76.5 (d, C/, Cp, JCP= 75.2 Hz); 75.9 (d, CH, Cp, 

JCP== 11.3 Hz); 75.1 (d, CH, Cp, JCP= 9.8 Hz); 74.0 (d, Ch Cp, JCp= 37.8 Hz); 72.8 (d, CH, 

Cp,, JCp= 6.0 Hz); 71.9 ((d, CH, Cp, JCP= 6.7 Hz). 195Pt NMR (85.6 MHz, Tol-d8, 273 K): -

4905.. IR ( nujol mull): 2087 cm"1 (vPt-H). 

Anal.. Calc. for C39H33P2NSFePt: C 54.43 %, H 3.86 %. Found : 54.05 %, H 3.94 %. 

Protonationn of 2 

266 mg (0.028 mmol) of 2 were dissolved in 0.75 mL of toluene-d8. The solution was 

cooledd to -80 °C in an ethanol / liquid N2 bath and 2.5 uL (0.028 mmol) of HOTf were 

addedd using a microsyringe. After a few minutes, some orange precipitate forms. The 

brightt yellow solution is filtered and transferred to an NMR tube at -80 °C. 'H, 31P NMR 

andd Ti were measured at this temperature and at 20 °C intervals up to 22 °C. 
llHH NMR (300 MHz, Tol-d8, 273 K): 13.93 (br s, 1H, NH); 8.44 (br, 3H, Ar); 8.01 (m, 8H, 

Ar);; 7.74 (br, 2H, Ar); 7.34-6.77 (m, 8H, Ar); 5.96 (m, 2H, Ar); 5.62 (m, 2H, Ar); 4.43, 

4.400 (s, 4H, Cp); 3.96 (s, 4H, Cp); -5.58 (dd, 1H, hydride, JHPcis=19.5 Hz, JHptrans= 190.6 Hz, 

JHP,== 909.4 Hz). 31P NMR (121.5 MHz, Tol-d8, 273K): 18.7 (d, Jpp = 16.4 Hz, JPPt= 3500 

Hz);; 26.2 (d, JPPt= 2018 Hz). 195Pt NMR (85.6 MHz, Tol-d8, 273 K): -4833. 

IRR (toluene): 2075 v(Pt-H), 3309 v(N-H). 
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[(dppet)PtH(PPh2Py)ll  (5) 

1288 mg (0.133 mmol) of Pt(PPh2Py)3 were dissolved in 4 mL of CH2C12. In a separate 

Schlenkk vessel 33 mg (0.133 mmol) of 2-(diphenylphosphino)ethanethiol (Hdppet) were 

dissolvedd in 2 mL of CH2C12. Both solutions were cooled to -80 °C in an ethanol / liquid 

N22 bath. The solution containing Hdppet was added drop wise to the bright orange solution 

off  Pt(PPh2Py)3 and the reaction mixture became pale yellow. When addition was complete, 

thee reaction mixture was stirred for lh at -80 °C. 10 mL of pentane were added and the 

biphasicc mixture was stored at -20 °C. After several hours, a fine yellow precipitate had 

formed.. The solution was filtered and the solid was dried in vacuum. Yield: 49 mg (0.069 

mmol),, 52 %. 

Anal.. Calc. for C3iH29P2SNPt: C 52.84 %, H 4.15 %, N 1.99 %. Found: C 52.95 %, H 3.86 

%,N2.011 %. 

transtrans product. 'H NMR (300 MHz, CD2C12, 193 K): 8.73 (s, 1H, H6, py); 8.25 (m, 1H, 

py);; 7.84-7.09 (m, 22H, Ar); 2.63 (br. m, 4H, CH2), -7.10 (dd, 1H, hydride, JHP= 9.0, 18.0 

Hz,, JHPt= 978 Hz). 3,P{'H}  NMR (121.5 MHz, CD2C12, 193 K): 36.6 (d, JPP= 385.2 Hz, 

JpPt== 2918 Hz); 69.9 (d, JPPt= 2920 Hz). ^C^H}  NMR (75.5 MHz, CD2C12, 193 K): 157.3 

(d,, Ci, py, JCP= 71.9 Hz); 150.9 (d, CH, py, JCP= 13.2 Hz); 136.7 (d, CH, JCP= 10.0 Hz); 

135.11 (d, CH, JCp= 12.5 Hz);133.8 (d, CH, JCP= 12.5 Hz); 132.8 (Cquat); 132.5 (CH); 132.1, 

132.00 (Cquat); 131.6 (CH); 131.4 (Cqua„  JCP= 3.1 Hz); 131.2 (CH); 129.0 (d, CH, JCP= 12.1 

Hz);; 128.7 (d, CH, JCP= 10.4 Hz); 125.1 (CH); 41.0, 40.5 (CH2). 

ciscis product. 'H NMR (300 MHz, CD2C12, 193 K): -4.06 (dd, 1H, hydride, JHPcis= 24.0 Hz, 

JHPtrans== 24.0 Hz JHPt= 957 Hz). 31P NMR (121.5 MHz, CD2C12, 193 K): 27.1 (d, JPP= 10.9 

Hz,, JPPt= 3093 Hz); 59.3 (d, JPPt= 1995 Hz). 

[tris(2-diphenylphosphinopyridine)hydridoplatinum ]]  (BARF) (6) 

544 mg (0.055 mmol) of Pt(PPh2Py)3 and 61 mg (0.055 mmol) of HBARF2Et20 were 

placedd in a Schlenk vessel, which was cooled to 80 °C. 5 mL of pre-cooled CH2C12 were 

addedd and the reaction mixture was slowly warmed to room temperature over 1 h. The 

solventt was evaporated in vacuum, the resulting oily solid was washed with pentane (3x5 

mL)) and dried in vacuum. Yield: 100 mg (0.052 mmol), 94 %. 

'HH NMR (300 MHz, CD2C12, 203 K): 8.32 (br. d, 1H, py, J=3.9 Hz); 8.23 (br. d, 1H, py, 

4.2Hz);; 7.77 (br. s, 8H, BARF); 7.57-7.01 (m, 40H, Ar + BARF); 6.74 (br. d, 2H, Ar, 
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J=7.88 Hz); 6.35 (br. d, 1H, Ar, J=7.5 Hz); -5.11 (dt, 1H, hydride, JHPcis= 12.0 Hz, JHptranS= 

162.11 Hz JHPt= 777 Hz). 3,P{'H}  NMR (121.5 MHz, CD2C12, 203 K): 33.1 (d, 2P, JPP= 

18.55 Hz, JpPt= 2933 Hz); 24.0 (t, IP, JPPt= 2327 Hz). 13C{'H}  NMR (75.5 MHz, CD2C12, 

1933 K): 157.3 (d, Ci, py, JCp- 71.9 Hz); 150.9 (d, CH, py, JCP= 13.2 Hz); 136.7 (d, CH, 

JCP== 10.0 Hz); 135.1 (d, CH, JCP= 12.5 Hz);133.8 (d, CH, JCP= 12.5 Hz); 132.8 (Cquat); 

132.55 (CH); 132.1, 132.0 (Cquat); 131.6 (CH); 131.4 (Cqua„  JCP= 3.1 Hz); 131.2 (CH); 129.0 

(d,, CH, JCP= 12.1 Hz); 128.7 (d, CH, JCP= 10.4 Hz); 125.1 (CH); 41.0, 40.5 (CH2). 
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Summary Summary 

Thee activation of molecular hydrogen is a key step in many important catalytic reactions, 

suchh as the hydrogenation and hydroformylation of alkenes, hydrogen metabolism and 

nitrogenn fixation. This activation is usually achieved by transition metals, either 

homogeneouslyy or heterogeneously. The crucial influence of the ancillary ligands on the 

stability,, reactivity and selectivity of transition metal complexes is well established. In our 

groupp much research has been dedicated to the understanding of the influence of the steric 

andd electronic properties of ancillary ligands on the catalytic performance of transition 

metall  complexes. In particular, a series of wide bite angle diphosphines based on the 

Xanthenee backbone (so called Xantphos type ligands) have been developed (Fig. 1). In this 

thesiss the study of a series of hydride complexes of ruthenium, platinum and palladium, 

whichh contain wide bite angle diphosphines, is described. 

DPEphoss Homoxantphos Sixantphos Thixantphos Xantphos 

cpuQQ QQp QCp T O 
PPh22 PPh2 pph2 PPh2 PPh2 PPh2 P P h 2 P P h 2 PPh2 PPh2 

102°° 102° 109° 110° 111° 

Figuree 1. Xantphos-type ligands and natural bite angles. 

ChapterChapter 7 is a bibliographic introduction on proton transfer reactions involving transition 

metall  complexes. The transfer of acidic protons to metal hydrides to form dihydrogen 

complexes,, and the reverse reaction, the heterolytic splitting of dihydrogen is presented. 

Thee influence of dihydrogen bonding, this is the electrostatic interaction between metal 

hydridess and weakly acidic protons, on proton transfer reactions is discussed. 

ChapterChapter 2 is dedicated to the study of ruthenium hydrido-dihydrogen complexes (2) 

containingg Xantphos-type ligands. The bite angle and electronic properties of the 

diphosphiness are systematically varied. Complexes 2 are prepared by low temperature 

protonationn of the corresponding dihydrides (scheme 1). The presence of a dihydrogen 



Summary Summary 

ligandd was established by measuring the longitudinal relaxation time (Ti) in 'H NMR. 

Complexess 2 are thermally unstable towards the loss of dihydrogen, yielding the cationic 

monohydridess 3. No influence of the bite angle or the electronic properties of the 

diphosphiness neither on the stability of the dihydrogen complexes nor on the H-H distance 

wass observed. The wide bite angle of the Xantphos-type ligands causes poor orbital 

overlapp between the metal fragment and the r|"-H2 ligand, leading to reduced JC back 

bondingg into the latter ligand. This explains the negligible influence of the electronic 

propertiess of the ancillary ligands on the H-H distance. 

,.»HH H + /CD 2 CI 2 

^ p p 183K K 

2333 K -- P„.  I ,,vS 
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-P^-P^  | ^ P 
P P 

Schemee 1 

ChapterChapter 3 deals with the coordination chemistry and reactivity towards dihydrogen of a 

seriess of platinum (II) complexes containing diphosphinc with a wide bite angle and a 

diphenyl-2-pyridinephosphinee (PPh2Py) ligand (4). In complexes 4, the diphosphine is cis 

-coordinatedd and the pyridylphosphine acts as a chelating ligand. Xantphos forms both cis 

andd trans complexes. In the latter case Xantphos acts as a tridentate P, O, P ligand and the 

pyridylphosphinee coordinates via the phosphorus atom only. Complexes 4 are able to 

activatee dihydrogen under mild conditions (4 bar, 40 °C) to yield the hydride complexes 5 

(schemee 2). In this reaction, the pyridyl moiety acts as internal base to assist the heterolytic 

splittingg of dihydrogen. Complexes 5 contain both a hydride and an acidic proton (PyH+) 

inn the same molecule, but no dihydrogen bonds are formed. The relatively electron poor 

metall  center in the dicationic compounds 5 probably decreases the net negative charge of 

thee hydride ligand, which results in a too weak electrostatic interaction between the latter 

andd the pyridinium proton. If the 2-pyridylphosphine ligand is replaced by a 2-

aminopyridinee ligand, the activation of dihydrogen requires more severe reaction 

conditionss (10 bar, 50 °C). In this case, the heterolytic cleavage of dihydrogen leads to the 

hydridee bridged dimers [(diphosphine)2Pt2H3]
+. 
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Schemee 2 

Inn chapter 4 the dynamic behavior of palladium complexes analogous to those described in 

thee previous chapter is presented. As for the platinum complexes, the pyridylphosphine 

actss as a chelating ligand to form the bis-chelate complexes [(diphosphine)Pd(PPh2Py)]  + 

(6).. Once again, with Xantphos both cis and trans isomers of 6 are formed, which are in 

fastt exchange at room temperature. Complexes 6 react fast with dihydrogen, but the 

resultingg hydride products undergo fast decomposition. In contrast, [(dppf)Pd(PPh2Py)]  + 

reactss cleanly with H2 to form the isolable hydride complex [(dppf)PdH(PPh2PyH)]2+ (7). 

Thiss product slowly decomposes via P-C bond splitting on the pyridylphosphine ligand to 

yieldd [(dppf)Pd(PHPh2)(C5H4NH)]2+ (8, scheme 3). The latter reaction is much faster when 

aa methyl substituent is introduced on the 6-position of the pyridyl ring. 
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Schemee 3 

ChapterChapter 5 deals with the study of platinum(II) complexes containing the sulfur-donor 

ligandss pyridine-2-thiolate (Spy) or 2-(diphenylphosphino)ethanethiolate (dppet). These 

anionicc ligands increase the electron density on the metal center compared to that of 

complexess containing neutral phosphines only (5, chapter 3). This would enhance the 

hydridicc character of the hydride and therefore favor an electrostatic interaction with an 

acidicc proton. Protonation of the neutral complex [(dppf)PtH(Spy)] (9) occurs at the 

nitrogenn of the pyridyl moiety to yield complex 10 (scheme 4). An NMR study indicates a 

strongerr o-bond in 10 than in 5, but no dihydrogen bond could be detected. Nevertheless, 

IRR spectroscopy indicates the presence of a weak Pt-H—H-N interaction. 
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Thee second part of chapter 5 deals with the reaction of [Pt(PPh2Py)3] with PPh2(CH2)2SH 

(Hdppet),, which was monitored by NMR. The kinetic product of this reaction is the 

hydridee complex [(dppet)PtH(PPh2Py)] (11). In the presence of an excess of PPh2Py, 11 

undergoess ligand scrambling to form [Pt(dppet)2] (12) and [PtH(PPh2Py)3]
+(13). However, 

inn the absence of free pyridylphosphine, the starting material [Pt(PPh2Py)3] is re-formed, 

togetherr with the bis-chelate complex 12. The requirement of free PPh2Py in solution for 

133 to be formed indicates that it may act as a "proton transfer agent". 
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Inn conclusion, throughout this thesis it was shown that the steric properties of the ancillary 

ligandss play a crucial role on the reactivity of ruthenium, platinum and palladium 

complexess towards dihydrogen, as well as on the stability and chemical behavior of the 

resultingg hydride or dihydrogen complexes. 
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L'activationn du dihydrogène est une étape clé de nombreux processus catalytiques 

importantss tels que 1'hydrogénation et 1'hydroformylation d'oléfines, Ie metabolisme de 

1'hydrogènee et la fixation de 1'azote. Cette activation est largement accomplie par des 

métauxx de transition. L'utilisation de ligands auxiliaires permet de stabiliser Ie centre 

métalliquee ainsi que d'en moduler la réactivité. Dans notre équipe de recherche, nous nous 

intéressonss a 1'étude de 1'influence des ligands auxiliaires sur 1'activité catalytique des 

complexess des métaux de transition. En particulier, une série de ligands diphosphine bases 

surr Ie squelette carboné du Xanthene (dites phosphines type Xantphos) et possédant un 

grandd bite angle (angle de débatement) ont été développés (Fig.1). 

Cettee these a pour objet 1'étude de 1'influence des propriétés stériques et électroniques des 

diphosphiness sur la structure et réactivité des complexes hydrure du ruthenium, platine et 

palladiumm comportant des ligands a grand bite angle. 

DPEphoss Homoxantphos Sixantphos Thixantphos Xantphos 

102°° 102° 109° 110° 111° 

Figuree 1. Ligands a grand bite angle utilises dans cette these 

Lee chapitre 1 est une introduction bibliographique sur les reactions de transfert de proton 

impliquantt des complexes des métaux de transition. Le transfert de protons acides sur des 

hydruress métalliques pour former des complexes dihydrogène, ainsi que la reaction inverse, 

l'activationn hétérolytique du dihydrogène y-sont considérés. L'influence des liaisons 

dihydrogène,, c'est a dire 1'interaction électrostatique entre un hydrure métallique et un 

protonn acide, sur ces reactions sera également abordée. 

Lee chapitre 2 est dédié a 1'étude de complexes hydruro-dihydrogène du ruthenium (2) 

comportantt des ligands type Xantphos (Fig.1). Le bite angle ainsi que les propriétés 
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électroniquess des diphosphines ont été varies systématiquement. Les complexes 2 ont été 

synthétiséss par protonation a basse temperature de composes dihydrure 

[RuH2(diphosphine)2]]  (1, schema 1). Les complexes ainsi obtenus component un ligand 

dihydrogènee non-étiré, qui a été caractérisés par la mesure du temps de relaxation 

longitudinall  (TO en RMN du proton. Ces complexes sont instables et perdent le ligand r|2-

H22 au-dessus de 233 K, pour former les monohydrures cationiques 3. 

HH 1 + 

3 3 

Aucunee influence du bite angle ainsi que des propriétés électroniques des diphosphines n'a 

étéé observée sur la stabilité des complexes 2, ni sur la distance H-H dans le ligand 

dihydrogène.. Le grand bite angle des ligands utilises entraïne une retro donation n 

inefficacee vers le ri2-H2, et done une influence négligeable des propriétés électroniques des 

ligandss auxiliaires. 

Danss le chapitre 3 sont décrits des complexes du platine(II) comportant un ligand de type 

Xantphoss et un ligand 2-pyridyldiphenylphosphine, ainsi que leur réactivité vis a vis le 

dihydrogènee (schema 2). Dans ces complexes (4) les deux atomes de phosphore de la 

diphosphinee sont coordonnés en position cis. La pyridylphosphine (PPh2Py) est 

coordonnéee de facon chélatante pour former un métallacycle a quatre chaïnons. Pour le 

ligandd possédant le plus grand bite angle (Xantphos), 1'isomère trans est aussi observe. La 

Xantphoss agit en fait comme un ligand tridentate P,0,P et la pyridylphosphine est done 

coordonnéee seulement par 1'atome de phosphore. Les complexes 4 sont capables d'activer 

lee dihydrogène dans des conditions douces (4 bar, 40 °C) pour former des complexes 

hydruree [(diphosphine)PtH(PPh2PyH)]2i (5, schema 2). Le ligand pyridylphosphine 

fonctionnee comme base interne pour assister la rupture hétérolytique du dihydrogène. 
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Malgréé la proximité du ligand hydrure avec Ie proton acide (PyH+), aucune formation de 

liaisonn dihydrogène n'a pu être mise en evidence. Le caractère dicationique des complexes 

55 diminue probablement la charge negative du ligand hydrure, et empêche done une 

interactionn électrostatique entre 1'hydrure et le N-H du groupement pyridyle. Si le ligand 2-

pyridylphosphinee est remplacé par un ligand 2-aminopyridine des conditions plus dures de 

reactionn (10 bar, 50 °C) sont nécessaires pour 1'activation du dihydrogène. Dans ce cas, la 

formationn de dimères possédant des ligands hydrure pontants, [(diphosphine)2Pt2H3]
+, est 

observée. . 

Lee chapitre 4 porte sur le comportement dynamique en solution de complexes du 

palladium(II),, similaires a ceux décrits au chapitre precedent. De même que pour les 

composess du platine, les complexes [(diphosphine)Pd(PPh2Py)]2+ (6) sont des bis-chélates. 

Laa diphosphine est coordonnée de maniere cis sauf dans le cas de la Xantphos pour 

laquellee les isomères cis et trans des complexes 6 sont en échange rapide a temperature 

ambiante.. Ces complexes réagissent vite avec le dihydrogène mais ne forment pas des 

complexess hydrure stables. Seul le complexe avec la dppf forme un produit isolable 

[(dppf)PdH(PPh2PyH)]2++ (7). Ce produit se decompose lentement en solution par rupture 

dee la liaison P-C du ligand pyridylphosphine pour former le complexe 8 

[(dppi)Pd(PHPh2)(C5H4NH)]2++ (schema 3). 
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Sii  la position 6 de la 2-pyridylphosphine est substituée par un groupement méthyle, la 

reactionn du complexe 6 correspondant avec Ie dihydrogène est tres rapide et mène 

directementt a la formation du complexe 8-Me. La decomposition du complexe 7 procédé 

probablementt par 1'attaque du ligand hydrure sur Ie phosphore de la PPh2Py, provoquant la 

rupturee de la liaison P-PyH affaiblie par la protonation du fragment pyridyle. 

Lee chapitre 5 porte sur 1'étude de complexes du platine neutres comportant le ligand 

pyridine-2-thiolatee [(dppf)PtH(Spy)] (9). L'utilisation de ce ligand anionique a pour 

objectiff  d'obtenir des complexes possédant un centre métallique électroniquement riche 

parr rapport a celui des complexes comportant uniquement des ligands phosphine (chapitre 

3).. Ceci dans le but de faciliter ['interaction dihydrogène entre 1'hydrure et le N-H. La 

protonationn du fragment pyridyle dans 9 mène a un complexe hydrure similaire aux 

composess 5 (10, schema 4). D'après une étude RMN, ces complexes présentent une liaison 

GG Pt-H plus forte, cependant aucune liaison dihydrogène n'a pu être mise en evidence par 

RMN.. Une interaction faible a pu pourtant être observée par IR en solution. 

Ph2KK .S-O • HOTf T0'Uene . ^T^'K /S^J 
LL X ^  -80 C Je / V 19 

Ph2P P HH ^ C T 5 ^ P h 2 P 

10 0 

Schemaa 4 

Danss la deuxième partie de ce chapitre on présente l'étude RMN de la reaction du ligand 

mixtee PPh2(CH2)2SH (Hdppet) sur le [Pt(PPh2Py)3]. Le produit cinétique de cette reaction 

estt le complexe hydrure [(dppet)PtH(PPh2Py)] (11). En presence d'un exces de PPh2Py le 

composee 11 évolue en solution par redistribution des ligands pour former les complexes 

[Pt(dppet)2]]  (12) et [PtH(PPh2Py)3]
+(13). Si 11 est laissé en solution sans un exces de 

PPh2Pyy libre, le produit de depart, [Pt(PPh2Py)3], est reformé en même temps que le bis-

chélatee 12. Aucun complexe hydrure n'est alors observe en solution. Ceci semble indiquer 

quee la presence du ligand pyridylphosphine libre est essentielle pour la formation de 

1'hydruree 13, agissant probablement comme "agent de transfert de proton". 
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CA„.^^ LA ," LL / \ ^J N Ps^ ^ X ^ N * . 

111 (rans 11 c/s 12 13 

Figuree 2. Produits formés de la reaction du Hdppet sur [Pt(PPh2Py)3]. 

Enn conclusion au cours de cette these il a été montré comment les propriétés électroniques 

ett stériques des ligands auxiliaires ont une grande influence sur la réactivité des complexes 

duu ruthenium, platine et palladium envers Ie dihydrogène ainsi que sur la stabilité et les 

propriétéss des complexes hydrure ou dihydrogène resultants. 
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Dee activering van waterstof is een belangrijke stap in veel katalytische processen, zoals de 

hydrogeneringg en hydroformylering van alkenen, het metabolisme van waterstof en de 

fixatiee van stikstof. De splitsing van waterstof wordt vaak met behulp van 

overgangsmetalenn uitgevoerd, zowel homogeen met oplosbare metaalcomplexen als 

heterogeen.. In homogene systemen spelen liganden een belangrijke rol bij de bepaling van 

dee stabiliteit, reactiviteit en selectiviteit van metaalcomplexen. Het begrip van de relatie 

tussenn ligandeigenschappen en de prestaties van een katalysator, wordt in onze werkgroep 

sindss geruime tijd bestudeerd. In het bijzonder werd een reeks difosfine liganden met een 

grotee P-M-P bijt-hoek (zogenaamde Xantphos-type liganden) ontwikkeld (Fig. 1). Het 

onderzoekk beschreven in dit proefschrift was gericht op het bestuderen van 

hydridecomplexenn van rutheen, platina en palladium die liganden met een grote bijt-hoek 

bevatten,, waaronder Xantphos-type liganden. De nadruk werd gelegd op de invloed van de 

electronischee en sterische eigenschappen van de liganden op de reactiviteit van 

metaalcomplexenn ten opzichte van waterstof en de stabiliteit van de resulterende hydride-

off  diwaterstofcomplexen. 

DPEphoss Homoxantphos Sixantphos Thixantphos Xantphos 

CM33 QOp 909 XOX Q&? 
PPh22 PPh2 pph2 PPh2 PPh2 PPh2 pPhz p p h 2 PPh2 PPh2 

102  102  109  110  111

Figuurr  1. Xantphos-type liganden met hun berekende bijt-hoeken 

HoofdstukHoofdstuk 1 is een literatuuroverzicht van protontransfer-reacties met behulp van 

overgangsmetalen.. De overdracht van zure protonen naar metaalhydride-complexen om 

diwaterstofcomplexenn te vormen, en de omgekeerde reactie, de heterolytische splitsing van 

waterstof,, worden behandeld. 
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Daarnaastt worden diwaterstofmteracties, d.w.z. de elektrostatische interacties tussen 

metaalhydridenn en zwak zure protonen, bediscussieerd. 

Inn hoofdstuk 2 worden rutheen-diwaterstofcomplexen (2) die Xantphos-type liganden 

bevattenn gepresenteerd. De bijt-hoek en de electronische eigenschappen van de liganden 

wordenn systematisch gevarieerd. De complexen 2 worden door protonering van de 

dihydride-verbindingenn 1 gesynthetiseerd (schema 1). De aanwezigheid van een ri2-H2 

ligandd wordt met behulp van T| metingen vastgesteld. De complexen 2 verliezen het 

diwaterstofligandd boven 233 K waarbij de kationische monohydride-complexen 3 worden 

gevormd. . 
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Err is weinig invloed van de electronische eigenschappen van de difosfmes. De n-

backdonatiee van het metaalfragment naar het diwaterstofligand wordt door de grote bijt-

hoekk van de liganden ineffectief. Daardoor zijn complexen 2 instabiel ten opzichte van het 

verliess van H2 en komt de H-H afstand in het r)2-H2 ligand niet overeen met de 

verwachtingg op gronden van de fosfmebasiciteit. 

Inn hoofdstuk 3 wordt de coordiniatiechemie en de reactie met waterstof van platina-

complexenn met een Xantphos-type ligand en een pyridylfosfine ligand (4) beschreven. 

Dezee complexen bevatten een cw-gecoördineerd difosfine en een bidentaat difenyl-2-

pyridylfosfine.. Xantphos kan ook als frans-coördinerend ligand optreden. In dit geval is 

hett zuurstofatoom ook aan platina gecoördineerd. De reactie van complexen 4 met 

waterstoff  verloopt onder milde condities (3 bar, 40 °C) waarbij de hydridecomplexen 5 

wordenn gevormd. Het pyridylphosphine treedt als interne base op. Deze complexen 

bevattenn een metaalhydride en een zuur proton (PyH+) in hetzelfde molecuul. Er wordt 

echterr geen diwaterstofinteractie waargenommen. 
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Hett relatief elektronenarme platina-atoom vermindert de negatieve lading van het 

hydrideligandd en dus wordt een eventuele elektrostatische interactie met de N-H zeer 

zwak.. Als het pyridylfosfïne-ligand in de complexen 4 door een aminopyridine-ligand 

wordtt vervangen, wordt de heterolytische splitsing van waterstof moeilijker en zijn er een 

hogeree temperatuur en druk (10 bar, 50 °C) nodig. Onder deze condities worden 

hydridegebrugdedimerenn [(difosfine)2Pt2H3]
+ gevormd. 

HoofdstukHoofdstuk 4 behandelt het dynamisch gedrag in oplossing van palladiumcomplexen 

analoogg aan die van hoofdstuk 3. Evenals in de platinaverbindingen, treedt het 

pyridylfosfinee in palladiumcomplexen als bidentaat ligand op, waarbij de bis-chelaat 

complexenn [(diphosphine)Pd(PPh2Py)]2+ (6) worden gevormd. In het geval van de 

verbindingg met Xantphos, wisselen de cis en trans isomeren snel uit bij kamertemperatuur. 

Dee complexen 6 reageren snel met waterstof maar de aldus gevormde hydridecomplexen 

zijnn niet stabiel en een snelle ontleding vindt plaats. Slechts in geval van het complex van 

dppff  (l,r-bis(difenylfosfino)ferroceen) was de reactie met H2 schoon en kon het 

hydridecomplexx [(dppf)PdH(PPh2PyH)]2+ (7) geïsoleerd worden. Desondanks, ontleedt 

verbindingg 7 langzaam via de splitsing van de P-C-binding in het pyridylfosfme-ligand 

waarbijj  complex 8 [(dppf)Pd(PHPh2)(C5H4NH)]2+ gevormd wordt (schema 3). Substitutie 

vann de 6-positie van het difenyl-2-pyridylfosfme-ligand door een methylgroep, resulteert in 

eenn versnelling van de laatste reactie en het ontledingsprodukt 8-Me wordt direct gevormd. 
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Inn hoofdstuk 5 worden platinacomplexen met de zwavelliganden pyridine-2-thiolaat en 2-

(difenylfosfmo)ethanethiolaatt (dppet) beschreven. Deze anionische liganden worden 

gebruiktt om de elektronendichtheid van het platina te verhogen in vergelijking met de 

complexenn die slechts neutrale fosfïneliganden bevatten (hoofdstuk 3). Daardoor zou een 

diwaterstof-interactiee gunstiger moeten worden. Protonering van het pyridylgedeelte van 

hett neutrale complex [(dppf)PtH(Spy)] (9) leidt tot complex 10 (schema 4), dat 

vergelijkbaarr is met de complexen 5. NMR-spectroscopie toonde aan dat in complex 10 de 

o-Pt-HH binding sterker is dan in 5, maar een diwaterstofbinding werd niet vastgesteld. 

Nietteminn werd met behulp van IR spectroscopie een zwakke Pt-H—H-N interactie 

waargenomen. . 

ph2RR JS-CS +H0Tf To luene. ^rPh><\
Ptt M = / - sn  c „ , Fee / P t \ ^ " 8 0 C Fe / P t \ , . I® 

Ph,PP H ^Ü&—^Ü&—Ph?P Ph?P 
HH ft 
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Schemaa 4 

Inn het tweede deel van hoofdstuk 5 wordt de reactie tussen [Pt(PPh2Py)3] en PPh2(CH2)2SH 

(Hdppet)(Hdppet) bestudeerd. Het kinetische produkt van deze reactie is [(dppet)PtH(PPh2Py)] (11). 

Alss er een overmaat PPh2Py in oplossing is, wordt 11 langzaam in [Pt(dppet)2] (12) en 

[PtH(PPh2Py)3]+(13)) omgezet. In afwezigheid van PPh2Py wordt de uitgangsstof 

[Pt(PPh2Py)3]]  gevormd samen met het bis-chelaat complex 12. Het pyridylphosphine-

ligandd fungeert als "protondrager" tussen de hydriden 11 en 13. 

Pa a 
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\\ / H
 r - \ / ^ V > P x ^ / H 
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Concluderend,, in dit proefschrift wordt aangetoond dat de sterische eigenschappen van de 

Xantphos-typee difosfines een zeer belangrijke rol spelen bij de bepaling van de reactiviteit 

vann rutheen-platina- en palladiuracomplexen. Deze liganden beïnvloeden ook de stabiliteit 

enn de chemie van de resulterende hydride- of diwaterstofcomplexen. 
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Laa activation del hidrógeno molecular es un paso clave en muchos procesos cataliticos, 

comoo la hidrogenación e hidroformilación de alquenos, el metabolismo del hidrógeno y la 

fijaciónfijación de nitrógeno. Generalmente, dicha activation se lleva a cabo con la ayuda de 

metaless de transition, ya sea en fase homogénea o heterogénea. La utilización de ligantes 

auxiliaress permite estabilizar al centro metalico y modular la reactividad y selectividad de 

loss compuestos formados. El estudio de la influencia de los ligantes auxiliares sobre la 

actividadd catalitica de complejos de metales de transition es una de las principales lineas 

dee investigation en nuestro grupo de trabajo. En particular se han desarrollado una serie de 

difosfinass basadas en la molécula de Xanteno (llamadas ligantes tipo Xantphos, figura. 1), 

quee poseen angulos naturales de coordinación (natural bite angle) considerablemente 

grandes.. El objetivo de esta tesis es el estudio de complejos hidruro de rutenio, platino y 

paladioo con ligantes tipo Xantphos y de la influencia de las propiedades estéricas y 

electrónicass de estos ligantes sobre la estructura y reactividad de los complejos formados. 

DPEphoss Homoxantphos Sixantphos Thixantphos Xantphos 

<M>> 90P <#p W 
PPh22 PPh2 PPh2 PPh2 ^ |L p h 2 p P h 2 P P h 2 PPh2 PPh2 

102  102  109  110  111

Figuraa 1. Ligantes tipo Xantphos con sus respectivos angulos naturales de coordinación. 

Ell  capitulo 1 es una introduction bibliografica sobre las reacciones de transferencia de 

protonn utilizando complejos de metales de transición. Se presenta la transferencia de 

protoness acidos a hidruros metalicos para formar complejos de dihidrogeno, y la reaction 

inversa,, la ruptura heterolitica del hidrógeno molecular. Se hace especial énfasis sobre la 

influenciaa de los enlaces dihidrógeno, es decir la interaction electrostatica entre un hidruro 

metalicoo y un proton acido, sobre las reacciones antes mencionadas. 

Enn el capitulo 2 se describe el estudio de complejos hidruro-dihidrógeno de rutenio (2) con 

difosfinass tipo Xantphos, en las que tanto el angulo natural de coordinación como las 
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propiedadess electrónicas se variaron sistematicamente. Los complejos 2 fueron sintetizados 

porr protonación de los compuestos dihidruro correspondientes a baja temperatura 

(esquemaa 1). Los compuestos asi' obtenidos contienen un ligante dihidrógeno no-elongado, 

cuyaa presencia fue establecida por la medición del tiempo de relajación longitudinal (Timin) 

enn RMN H a temperatura variable. Estos compuestos son inestables térmicamente y 

pierdenn el ligante r|2-H2 a temperatures mayores a 233 K para formar los complejos 

monohidruroo 3. 

•• P " ...»HH H + /CD 2 CI 2 

1833 K 
R u -- H 

y y 

2333 K c c Pi,.,Pi,., I „vS 
Ru' ' 

Esquemaa 1 

Noo se observó ninguna influencia del angulo natural de coordinación ni de las propiedades 

electrónicass de las difosfinas sobre la estabilidad de los compuestos 2 ni sobre la distancia 

H-HH en la molécula de hidrógeno coordinada. El gran angulo natural de coordinación de 

lass difosfinas deforma los orbitales moleculares del fragmento metalico, impidiendo asi un 

traslapee adecuado con los orbitales de la molécula de hidrógeno, lo cual disminuye la 

retrodonaciónn n hacia el ligante dihidrógeno. Esto explica la poca de influencia de la 

basicidadd de la difosfina sobre la distancia H-H. 

Ell  capitulo 3 trata la quimica de coordinación de una serie de compuestos de platino (4) 

conn una difosfina tipo Xantphos y un ligante piridilfosfina, asi como la reactividad de estos 

compuestoss con hidrógeno. En los complejos 4 la difosfina se coordina de manera cis y la 

piridilfosfinaa de manera quelatante, a excepción del complejo con Xantphos que se 

coordinaa tanto en cis como en trans. En este ultimo caso, Xantphos actüa como un ligante 

tridentadoo P,0,P. Los complejos 4 son capaces de activar el hidrógeno molecular en 

condicioness suaves (4 bar, 40 C°) para formar los complejos hidruro 5 (esquema 2). En 

estaa reacción, el fragmento piridilo actüa como base interna para asistir la activación 

heteroliticaa del hidrógeno. 
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Esquemaa 2 

Loss complejos 5 contienen un ligante hidruro y un proton acido proximo, pero no se 

observóó la formación de enlaces dihidrógeno. Debido a que los complejos 5 son 

dicatiónicos,, el centro metalico es relativamente pobre en electrones. Esto probablemente 

disminuyee la carga parcial negativa del ligante hidruro, por lo que la interacción 

electrostaticaa con el proton acido no se encuentra favorecida. Si el ligante 2-piridilfosfina 

ess remplazado por un ligante 2-aminopiridina, la activación del hidrógeno molecular 

requieree de condiciones de reacción mas drasticas (10 bar, 50 °C). En este caso, la reacción 

resultaa en la formación de dimeros con puentes hidruro [(difosfina)2Pt2H3] . 

Enn el capitulo 4 se presenta el comportamiento dinamico de compuestos de paladio 

analogoss a los descritos en el capitulo anterior. De manera similar a los compuestos de 

platino,, la 2-piridilfosfma actüa como ligante bidentado para formar los complejos bis-

quelatoo [(difosfma)Pd(PPh2Py)]2+ (6). En el caso de los compuestos con Xantphos, los 

isómeross cis y trans se intercambian rapidamente a temperatura ambiente. Los complejos 6 

reaccionann rapidamente con hidrógeno en condiciones suaves, pero los compuestos hidruro 

obtenidoss son inestables. Ünicamente el compuesto con dppf forma un producto hidruro 

establee [(dppf)PdH(PPh2Py)]2+ (7). Sin embargo, en disolución, 7 descompone lentamente 

porr ruptura de un enlace P-C de la piridilfosfina para formar el complejo 

[(dppf}Pd(PHPh2)(C5H4NH)]2++ (8, esquema 3). La presencia de un sustituyente metilo en la 

posiciónn 6 de la 2-piridilfosfina acelera la ultima reacción por lo que el producto 8-Me se 

obtienee directamente de la reacción con hidrógeno. La descomposición del hidruro 7 

probablementee procédé vla el ataque del hidruro sobre el atomo de fósforo de la PPh2Py, 

provocandoo la ruptura del enlace P-PyH, debilitado por la protonación del fragmento 

piridilo. . 

(( OTf )2 
CH2CI2 2 

C C ^ P A ' ' 
Pt, , 

(OTf) ) 
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Esquemaa 3 

Ell  capitulo 5 describe el estudio de complejos hidruro de platino con un ligante piridina-2-

tiolatoo [(dppf)Pt(Spy)] (9). Se utiliza un ligante aniónico con el objetivo de obtener 

compuestoss con un centro metalico relativamente rico en electrones, comparado a los que 

contienenn ünicamente ligantes fosfina (capitulo 3). La mayor densidad electrónica del 

platinoo podria facilitar una interacción electrostatica entre el hidruro y el N-H. La 

protonaciónn del fragmento piridilo de 9 permite obtener un complejo hidruro con un proton 

acidoo cercano (10, esquema 4), similar a los complejos 5. Mediante estudios de RMN, se 

determinee que el enlace a Pt-H es mas fuerte en los compuestos 10 que en 5, pero no fue 

posiblee encontrar evidencias de la presencia de un enlace dihidrógeno. Sin embargo, por 

espectrocopiaa de infrarrojo fue posible detectar una interacción débil Pt-H—H-N. 

1 1 
Fe e 

Ph,PP H 

Esquemaa 4 

10 0 

Laa segunda parte del capitulo 5 trata la reacción de [Pt(PPh2Py)3] con el ligante mixto 

PPh2(CH2)2SHH (Hppet). El producto cinético de la reacción es el complejo hidruro 

[(dppet)PtH(PPli2-Py)]]  (11). En presencia de un exceso de piridilfosfma en disolución el 

compuestoo 11 sufre una redistribución de ligantes para formar los compuestos [Pt(dppet)2] 

(12)) y [PtH(PPh2Py)3] (13). Por otro lado, una disolución de 11 sin piridilfosfina libre 

descomponee al cabo de 2 dias para formar el producto de partida [Pt(PPh2Py)3] y el 

complejoo èw-quelato 12. No se observa la presencia de ningün complejo hidruro. Esto 

indicaa que la formación del hidruro 13 requiere la presencia de piridilfosfina libre, la cual 

probablementee actüa como agente de transferencia de proton. 
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Esquemaa 5 

Enn conclusion, en esta tesis se mostró como las propiedades estéricas y electrónicas de los 

ligantess auxiliares ejercen una influencia importante sobre la reactividad de compuestos de 

rutenio,, platino y paladio con hidrógeno, asi como sobre la estabilidad de los complejos 

hidruroo o dihidrógeno obtenidos. 
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