
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Activation of dihydrogen by rhutenium, platinum and palladium complexes

Almeida-Lenero, K.Q.

Publication date
2002

Link to publication

Citation for published version (APA):
Almeida-Lenero, K. Q. (2002). Activation of dihydrogen by rhutenium, platinum and palladium
complexes. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/activation-of-dihydrogen-by-rhutenium-platinum-and-palladium-complexes(1c16e956-e68e-4143-99f1-3ece67d9e47d).html


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 
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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 



ChapterChapter 1 

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 



GeneralGeneral Introduction 

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. 

14 4 
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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 

15 5 
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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 

16 6 



GeneralGeneral Introduction 

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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