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Abstract

The _‘indenyl rutheriium hydride complex '(r1'5—C9H7)Ru(dppij was found to Be
active in catalyzing the hydration of nitriles to amidés. The chloro analogue (-
CsH7)Ru(dppm)Cl was, however, found to be inactive. Dénsity functional t'.hehory
calculations at the B3LYP level provide exﬁlanétion‘s for the éffectivene'ss éf the
hydride complex and the ineffectiveness of the éhloro complex in- the catalysis. The
result shows that the presence of Ru—H--H-OH dihydro;gen—bc.iﬁding' interacti_c;an in
the transition state ‘lotwers the reaction barrier m the case of -(nS-C9H7)Ru(dppm)H, but
in the éhlbro system, the corresponding tranéition statc does not contain such
,inter'act‘ion and the reaction batrier is much higher. Similar dihydrogen bond-
mediating effect is believed to be responsible.fof the catalytic activity of the
_ hydrotris(pyrazolyl)borato (Tp) ruthenium complex TpRu(PPhg)(CH3CN)H in mmle

hydration. The chloro analogue TpRu(PPh;)(CH;CN)Cl shows no catalytic activity. .

In our previous studiesl of the reactivity of some aminocyc]opentadienyl
. ruthenium corﬁplexes, we learned that the amino s.idearms of these 'cofﬁplexés are able
to heterolytically cleave the nzmHz ligands to generate ,intrarﬁolecularly dihydrogen-
bonded Ru-H--H-N species. To further our investigation on thé activities of the
' aminopyc](_)pentadienyi mtﬁenittm ;:Qmplexes in - c_:herr_iical ;i‘eac'tions such ‘as
hydrogenation of CO, and hydration of nitriles, we~ synthesized the
amiﬂoindenylr’uthenium complexes, (n5—CgHﬁ(CHz)zNMeg)Rutdpﬁm)H and [1]5:71'.-
CoHg(CH;)2NMe;]Ru(dppm)]BF,, and compared their activities with those of the

corresponding aminocyclopentadienyl ruthenium complexes in these reactions. We



have found that the aminoindenylruthenium complexes are in general more active

than the aminocyclopentadienyl ruthenium complexes.

Furthermore, we have found that the mni‘noiridenylruthenium hydride complex
(nS-CgHé(CHz)gNI\erg)Ru(dppm)H 1s more active In catalyzing the hydration of
nitriles than the indenyl ruthenium hydridé complex, which has no amino side arm on
its i‘ndenyl. ligand; We believe that the aminé side arm on the indenyl ligand might

play an important role in the catalysis.

To understand the preponderan’cg: of the catalytic activity of (rf-
CoHg(CH;):NMe;)Ru(dppm)H in nitrile hydration over that of (n’-CoH;)Ru(dppm)H,
density fuﬁction calculations at the B3LYP level to establish a plausible catalytic
pathway were carried out. It is learned that the présénce of Ru-H--H-OH dihydrogen
bonding and 'ad_ditional N--H-N=(OH)Me hydrogen bond interaction in the
transition states ~lower the | reaction barriers in the ' case of (-
CgHg(CHz)zNMeiju(dppm)H, but in the (ns-C9H7)Ru(dppm)H-catalyzed reaction,
the transition states d_o not involve additional hydrogen bonding and thus the reaction

barriers are much higher.

In addition tol the hydration reaction, the aminoindenylruthenium hydride:
complex 1s alSo capable of catalyzing the hydrogenation of alkenes and selectivély_
reducing the C=C bond in an o,p-unsaturated .ketone; the reactivities of the (n°-
CoHg(CH,).NMe;)Ru(dppm)H and (1’-CoH7)Ru(dppm)H in these reactions have been
studied and compared. The complex (n S-Cc;Hﬁ(CHZ)ZM\/Iez)Ru(dppr‘n)IrI shows higher

catalytic activity in the hydrogenation of the C=C bond of «,B-unsaturated ketones

it



_than (3°-CoH7)Ru(dppm)H. Presence of the amino side arm appears to facilitate the
hydrogenation reaction, and we propose that the hydrogen bonding-interaction in the

transition state lowers the reaction barrier in this case.

il
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Chapter 1 Introduction

1.1 Review of hydrogen bonding in. organometallic complexes and hydrbgen

bonding-mediated reactions

Hydrogen bonding is an important but generally weak (2-10 kcal/mole) chemical
bonding phenomenon{1]. It can oceur in an intra- or intermolecular maﬁner between a
proton donor group and proton acceptor such as the lone pair of a heteroatom, the 7

-electrons of an aromatic ring, or a multiple bond.

Recently, an unusual type of hydrogen bond, in which a ¢ M-H bond (where M
'is a transition metal or B) acts as proton acceptor, has attracted considerable attention.
(Chart 1.1)[2-9]
Chart 1.1

This hydridic—proton‘i_c_interaction, also called dihydrogen bonding, has strength

and directionality comparable with those found in conventional hydrogen bénding.



Complexés containing dihydrogen bonds have been proposed to be intermediates
for the formation of nz-dihydrogen complexes .and hetero’lytic cleavage of the n°-H,
ligands. For example, the intf:rmoleéular dihydfogeﬁ—bonded species[10] can be
considered as an intermediate in Scheme 1.1. In this case, proton transfer process

leads to the formation of a dihydrogen complex.
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Moreover, intermolecular dihydrogen-bonding interaction of the type MH---HOR
between proton donors, (PhOH, (CF4),CHOH, (CF;j;COH) and the tungsten hydndes
WH(CO)ZCNO)(PRg)z (Cﬁart 1.2)in 16wly polar media was detected and characterized

by IR and NMR spectroscopic methoc_ls.[i]



Chart 1.2

PR; .
Co
/
ON— W—H-- ~H—OR
0C |
PR,

Using in. situ IR and NMR spectroscopies, Epstein ef al.[11] have shown that the
teminﬁl hy;:lride ligand in- [(triphos)Re(CO)}gﬁ]r forms Re—H---HOR adducts by
reaction with an acidic alcohol such as phenol.(SCheme 1.2) The hydrogeh—bondecl
adduct Re-H-~-HOR may be (Sbhsi(ierf;d ars the first stage of the proton-transfer which
ultimately yields the _dihydrogen complex [(triphos)Re(CO)z(nz-Hz)]+. Finally, _it has
been found that the | e‘quilibrium _- between the H-bonded complex
[(triphos)Re(CO),H--HOR] and thé dihydrogen complex [(triphos)Re(CO).(n’-Ha)}*
"is reversible. At tenlperafurés higher than 266 K, H, elimination occurs. with .

formation of the [(triphos)Re(CO):(n'-OR)].

" ROH = PhOH , hexafluore-2-propanol (HFIP), fluore-2-methyl-2-propanol (PFTB)

Scheme 1.2



Berke et al havé‘ demoﬁst*‘(-at‘ed that Re(PR;):(NO)(CO)H; possess not only
. chemically different h‘ydri_dc:: positions, But also the Oyg atom as cémpeting rsites fof
hydrogen bonding. The phosphine ligand éppéars to have én important influence over
the regioselectivity-of the H-b;)nding Vformatio'n. Thus, in Re(PMe;)z(NO)(CO)Hzr
interaction with one of the hydﬁdic h-ydrogens_is [ireferred, but t.he NO group
7 competes more and more effectively for the prr_oton donors as the bulkiness of R group
- Increase, to the poiﬁt Where ohly O-H--ON hydrog‘en-bonds ﬁre obsg:rved -for

Re(P'Pr),(NO)CO)H;.[12] (Scheme 1.3)
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OC"'--.R| .““Ha +R'OH OCII.I"R‘_e""mH +R'OH OC“I"'RI e H;
e. —_— ——————————— c
LON” | ™H -ROH ON” | ~H ~.ROH ON~ | H
R'QI-I PR, ‘ | R; PR;
-R'OH || +R'OH
PR;
OC'--..,R| ,,,,,, H
e
ON"" L“Hb\ o
R; THOR'

where R = Me, Et, Pr
R' = CH(CF3);, C(CF3)3

Scheme 1.3



More interestingly, dihydrogen bond can alsb inﬂuence the structlires of the
complexes and their reactivity and selectivity both in solution and iﬁ the solid state,
thus finding potential use in catalysis, crystél engineering, and materials chemistrj.[B]
Examples showing dihydrogen bonds playing impqrﬁant roles in controlling reactivity

and regioselectivity of chemical reactions have been documented.[14-19]

{t has been found that the (1]2-2-pyridin_ecarboxaldehyde—N,O) indium complex
[IrH'z(nZ—2-C5H4NCHO-MO)(I;Ph3)2]+ undergoes selective 1imination with' an
equimolecular ‘mixture of 2-aminophenol _and 4-amin‘0phenol, favdring the
2-aminophenol-deriveci product, the outcome appears to be the result_ of its
stabilization by intramolecular Ir—-H--H-O dih?drogén bonding and presumably the

stabilization of the transition state leading to it.[ 18] (Scheme 1.4)
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Scheme 1.4



Aime et al. hav.e suggested _that dihydrogen-bonding interaction may be even
more important in transition-metal cluster chemistry in'directing the stereochemistfy
of ligand attachﬁlent to the clusters. aﬁd in ldetermining the regio_selg:ctivity of
reactions In these systems. Thus, reaction of the electronically unsaturated osmium
cluster HzOS}(CO)u; with EtNH» and_ Etﬂ;lH yields exclusively the syn product,
'stiabilized by an intramolecular N-H--'H_-Os interaction, which would not be possible

" in the anti isoﬁer.[IG, 17] (eq 1-.1)

. ""_’--’H\N'\R
H . ~R
| Os(COM_ L 1 _Os(CON |
(CO)30s: 0s(CO); e (COMOsE— T 06(CO 1.1
H/- ‘ | (CO) S\ H/ s(CO);

L = E(NH,, Et;NH

Our research group have synthesized the aminocyclopentadienyl ruthenium
hydride complex 1 and demonstrated that intramolecular N—H---H-Ru dihydrogen
bond plays an important role in mediating proton transfer and subséquent formation of

Ru-N bonds (complex 2, Scheme 1.5).
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Scheme 1.5 Intramolecular N-H--H-Ru Dihydrogen' Bond Mediating Proton

Trai_lsfer

It is suggested that 1 is in equilibrium with the hz-dihydrogen intermediate, H,
loss from which results in the formation of the Ru—N bonded chélatéd structure 2. The
reversed VR'u—N bond hydrogenolysis can 56 achieved at 60 °C ﬁnder 60 atm of H,.
Complex 2 was found to be able to catalyze CO, hydrogenation to formic acid,

although in low yields.
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Scheme 1.6 iecatdlyzed CO; hydrogenation to formic acid

The crucial step in the catalysis is proposed to bé the heterolyﬁc cléavage of
H; to genefate 1.[20] Theoretical inv’e_stigations ir;dicate that ﬁ-bonding of the
amine-bound proton in 1 to the oxygen atom of aﬁ incoming COs,, whicrh is not
coordinated to the metal center, enhances the electrophilicity at the c'a%bon of the
molecule, enabling it to abstract the hjdride from the metal to form the transient

metal-formate intermediate.[Zl, 22} (Scheme 1.6)

Jackson et al have ‘unequivocally demonstrated the control of the
regioselectivity, via- dihydrogen bonding, of the diastereoselective borohydride

reduction of a-hydroxycycloalkanones to give the trans-diols (Scheme 1.7). The



OH---BH,4" dihydrogen-bonding interaction guides the hydride delivery to produce the
trans diol product. Thg reduction rcactigns wi-th tetrabutylémmonium' borohydride in
non-hydrogen bonding solvents CHCl,, ClCHzCHz'Cl_, or o-diclilorobenzene are
accelierated about 150 times ‘relative to the reductions of the corresponding
unsubstituted cycloalkanones. These effects are. greatly reduced in the presence of
competing hydrogen bonding alcohols or anioﬁs such as ¥, CI', or Br". This was the
first recognizédl instance of a directing effect specifically mediated by dihydrogen
bonding.[23]

H. .
/ : O .
Q BuNBH, _  H0/H0, E H via
(}‘b:() . CHzClZ or . ( It - "OH ’ ‘

1,2-dichlorobenzene

n=12

Scheme 1.7 Dihydrogeﬁ-BondJControlled Diastereoselective Bomhydride

Reduction of a-Hydroxycycloalkanones

~A very mteresting dihydrogen-bonded system and its hydrogen exchange
dynamics was described by Jalon et af.[24] They found that addition of a proton to the

ruthenium monohydrides formed a complex with a three-centered dihydrogen bond

9




' (Ru-H---H—Pyg_) and this system shol“-fed a fast exchange between the proton and
:hydride moieties.(Schemé 1.8). M'oreover, this system proved to be a very active
) catalyst for D'/H, éxchange. Thus, when a solution of it in CD,0D, wﬁi;:h acts as
deuteron source and provides D' ioﬁs for the exbhange of H;, was exposed to a
dihydrogen atmosphere at room temperature and 1 atm, more than 90% of H, was

excﬁanged for D; in about half an hour.

Scheme 1.8

A similar H/D exchange was reported by Morris et al. with the ruthenmum.
pdlyhydride complex [RuHs(P'Pr3);][K(1,10-diaza-18-crown-6)].[25] (eq.1.2) This
salt containing a N-H--H-Ru dihydrogen bonding interaction, enhances the rate of

H/D exchange of the metal hydnde and the NH with D, gas. Upon exposure to [J; gas

10



Catl atrﬁ and foorﬁ temperature for 5 minr, the 1ntensities of the NH and RuH 'H NMR
(THF-dg) signals were depleted by 100% and 90%, respcctively. It implies that there
are‘close proton-hydride coﬁtacts between the hydrides and NH in solutions of t-hese
_ complexes..For comparison, oniy' 13% decrease in the hydride resonance was
observed after 10 days when the much less acidic 18-crown-6 ether was used for
- complexation. The exchange is also signiﬁcanﬂy slower if the ruthenium hydridc is
replaced by the less basic analogous osmium hYdri;le. While the conjugate ab'ici of
RUH5(PiPr3)2, the known Ru.I-I_g(Hz)g(PiPr3)2 dihydrogen complex, could reasonably
play the role of the intermediate in the @xchaqge process depicted in eq 1.2, its
involvement in this transformation was ruled out by contfol experiments, implying |

efficient activation of the M-H bonds by N-H-~-H-Ru dihydrogen bonding,.

PiPry (0 ;O PiPry 0\\ pY
H., | . H N/ . D.. | D Iy
R e N NoH DRTHRSMI P g NN
SN SN )
H | \ " K "’, “\‘ ) -H, D/ | \\ D & ‘r‘, \‘\‘\ )
PiPr; o o PiPry _ o el
_ . N/ . o p— 1.2

Crabtree et al. have found that intramolecular N-H--H-Re interactions can affect
the hydnde fluxionality in ReHs(PPhiL (L = N-acetyl-2-aminopyridine):[26]
(Scheme 1.9) The free energy of activation for the turnstile rotation involving the H,

Hy4, Hs atoms in this complex is (.7 kcal/mol smaller than for the analogous complex

11



with the NHAc group in the para position of the pyridine ring. Stabihization of the

_trénsition state by strong N—H'-'H—Re:dihydrogen bonding, which is only possible in

' the ortho-NHAcG isomer, seems to be résponsible for the observed difference.

Ac
- /.
PhsP : N\
H3...,,._1'1 ~ H turnstile rotation
“Re -
Hg// \ms ) of Hy, Hy and H;
Phg,P . }-{! H4 ) :
Scheme 1.9
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Hz/./R\e\\H Pr'I's

H
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—_ H3 H
. ‘Re

Hz//\\\Hl

PhaP 5

Kavallieratos. and Crabtree suggested that a favorable two-point.

hydrogen-bonding interaction of the two convergent sulfonamide groups with the

anionic oxygen in the transition-state is responsible for the catalysis of aldehyde

imination with the organic disulfonamide receptor.[27] (Scheme 1.10)
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Scheme 1.10 Hydrogen bonding mediated aldehyde imination

Konisht et al. réported that the aminolysis: of 2-amino-6-chloropurine was
catalyzed by derivatives of uracil. (Scheme 1.11) The catalytic behavior was proposed
to be resulting from the multiple hydrogen-bonding interactions between the uracils
and 6-chloropurine derivative. The interactions assist the formation of a reactive
intermediate gnd stabilize ‘the transition stafe, giviﬁg rise to catalytic enhancement in
the observed rate of aminolysis.[28] Computation study, employing density functional
theory, of model reactions - aminolysis (.)f 6—chl.(-)‘ropyrimidine ~and
2-amino-6-chloropyrnmidine, have been cam'ed out to provide rationalizations for the

role of the hydrogen—bond_irig interactions in the catalytic processes.[29, 30]
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Scheme'1.11 Hydrogen Bonding mediated aminolysis of 6-chloropurine

Although it is now establishéd that dihydrogenAbolnds cap bf; utilized to control
réactivity and selectivity of chemical reactions, well-re(:o'gnized‘ cases of dihydrogen
bonds piaying an essential role in promoting catalytic reactions are still rare. We are
here going to demonstrate the principle of prombting cataiytic chemical reactions ‘witli
H-bonding. _We will focus on t‘he hydration of nitriles and homog;aneous
hydrogenation of unsaturated hydrocarbons[31-44]. These reacti,o}ls. are not oni.y good
model reactions to demonstrate the principle, but are useful and important ones both

in the laboratory and in industry.
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1.2 Hydration of nitriles

Hydration of nitriles to their gorresponding carboxamides ‘is an attractive
and im;alortént reaction both in indusfry.. and laboratory studies. Traditionally,
stoichiometric hydration reactions of nitriles have been achieved by using a variety of
acids and basés. However, many of these ciassical mgthods require Harsh conditions
and resuit in low yiélds.[45, 46] High )delas _can onljf be obta-ir_led'by using extremely
highl_ temperature and pressure. However,. under these conditions, the.corresponding
carboxylic acids inevitably form as hydrolysis of amides occurs readily, and

. sometimes this reaction even predominates.[47] (eq 1.3)

0 O
R—C=N + Ho MO, g o HmO_ 13
87bar 87bar

Nevertheless, harsh reaction conditions and the use of strong acids and bases can’
be potentially avoided by employing transition-metal complexes as cataiysts for the

hydration reaction.

To date, a variety of different transition metal complexes have been used as

catalysts in the hydration of nitriles. For example, Pt(CsHs)(dppe),[2] and

15



.substitutionally inert metals such as [Co(cyclen)(OH.),l’" (cyclen =
,4,7,11-tetraazacyclododecane)  [48, 49], [(NH3)sRW(CH;CN)** [50] and

[(NH3)sIr(CH;CN)T* [501.

However, in the last few‘ decades, only one example of a nitrile hydration
reaction involving ruthenium comﬁlexes'has been reported in the literature [S1] A
major limitation of the reactions is that the amidé product chelates onto the metal
cgnt_er and therefore the amid‘e product caﬁnot be easily isolated.[51] It has glso been
poinied out that Co(Ill) complexes are substitutionallly inert, and therefore catalytic

hydration using Co(III) complexes tenﬂ_s to give little or no catalytic turnover.[48]

In addition to the hydration of nitfiles ‘with transitton metal gomplexes, addition
of other protic nucleophiles such as alcoho.ls to metal-bound nitrilés will also be
© attempted. M_etal—imino-ether (M-NH=C(OR")R) complexés have been pré'pa.re_d from -
f@actions of M-N=CR with R’OH,[52] bqt alcoholysis of nitriles c.ataiyzed by metal

- complexes are still rare.[53, 54] (eq 1.4)

. ; M] (t)Me"_
CH;CN + MeOH ——  HI;C—C=N—H
‘ 1.4
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Moreover, it is interesting to study the role of hydrogen bond in the hydration of
.o{her substrates (e.g. activated olefins and alkynes) [55-62] with the ruthenium

. complexes.

We believe that it is also interesting to study H-bond mediated hydroamination of

alkynes.[63-77] (Scheme 1.12)

r3 : R’ for

Scheme 1.12
- 1.3 Homogeneous hydrogenation of uns.aturated hydrocarbon

Homogeneous catalytic reduction of polar functional groups mediated by
transition-metal complexes has emerged as an alternative to s_toichiometrio reduction
by metal hydrides such as LiAlH4 aod'N_aBH‘;.[42] In?erést n tﬁis area has been
spurred by developroent of higﬁly efficient catalysts for the selective hydrogenation of
ketones and imines.|78] - The design of the cotalysts with a ;‘metaifNH
bifunotionality”,‘[79-84] in which an amioo ‘proton and a Vmetal hydride are
" concertedly transferred to C=0 or C=N doubles via pericyclic transition states,[38,
85-91] has attracted much attention.

17



Recently, Noypri and co—wquer have p_ropoéed a concerted mechanism in the
“study of Ru(II)—éatalyzed hydrpgen transfer between alcohols and carbonyl
' gompounds.[Sl] Most signiﬁcrantly,r this concerted_ mechanism_ does not require the
formation of metal alkoxides in.the catélﬁic cycle.(Scheme 1.13) Instead,-the
hydrogenative transformation of. C=0 linkages with a coordinatively s";lturated '
Ru-hydride intermediate and its reverse process occur_ in an outer coordination sphere

of the transition metal with the aid of ligand-substrate'hydrogen bonding.

R - R BE: Ry
f- @ o @ . D
-H. A
Ruh._ A R R“' ™ J; ..... R Ru ‘
+ i N 0 o ‘\N + .H_I.....R
P , Ph_ - Ph

Scheme 1.13

Morris et al. have reported similar concerted dihydrogen trapsfer frém cis
hydride and N-H groups of a ruthenium complex to the ketone or imine sui?strate,-
heterolytic dihydrogen splitting thén regenerates the acltive' complex.[82](Scheme
1.14) This schgme demonstrates the importance of the cis-Ru-H--H-N to proviclé
nascent, polarized dihydrogen(H™H"") for theAcat-alytic hydrogenation of polar

bonds.
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Tkariya and co-workers have reported that the rapid hydrogen;dtioﬂ of ketones is
apcomplished by using a combination of Cp*Ru complexes and primary amines as a
catalyst in 2-propanol.[92](Scheme 1.15) They have studied the effect of
hydrogenation of acetophenones with Cp*Ru cdmplexes by varying of amiﬁes. The
results showed that N,N-di'm'ethylethylenediamine ‘gives the highest yield alcohol
whiler the amines without NH group (e.g. 'N,N,N-trimethylc_t_hylencdiamine and
N,N,N.,N,—tétfamethylethylenediamine) were found to be ineffective in catalyzing the
reaction. ‘Thus, 1t imples that the amino NH group plays a crucial role for the

catalysis.
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m addition, they have also found that 2-.p1f0panol 1s the be;st solvent for those
. hydrogenation reactions, while use of aprotic solven_ts s'uch as DMF, 'fHF, acetonitrile
j -and CH,Cl; résults in moderate to lgw yield. It can bé explained by the reaction of
Cp*Ru(c-od)Cl with Dy in (CH3)2CHOD, in which provided an aléo-}lolic prodgct with
: greater than 90% deuterium coﬁtent at the benz.ylic carbon. These resuits clearly show
ihat a rapid exchagg; of hydrogen atoms between H, a?nd_'R'OH occurs reversibly prior
to the reduction of t-he ketones. This scrambling caused by the catalyst in 2-propanol
proé_eeds possibly via intt?rconversioh of Cp*Ru(amido)(nzqu) [93-98]. and
Cp*Ru(amine)H, in which 2-propanol participates in the ﬁz acti%/ation through the

formation of a hydrogen-bonding network,[3, 4, 7, 15, 99] as shown in Scheme 1.15.
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Casey et al. have also proposed the concerted mechanism for the reduction of
carbonyl compounds, which involves concerted transfer of .proton and hydride to the
aldehyde outside the coordination sphere of the metal {100](Scheme 1.16) 'In the
proposed mechanism, the stimultancous transfer of H+ from CpOH and H™ from RuH
occur outside the coordination sphere of the metal, in which ca'n‘ be supported by the

kinetic studies.
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1.4 Introduction of cyclopentadienyl and .indenyl ligands and their potential in

catalysis

" The cyclopentadienyl group, C5H5' (Cp) and derivatives,—are one of the most
important class of iigands in organometallic chemistry. Their key roles in this field
can be judged from the vast number of cyclopentadienyl complexes ( G- or n-bonded
to the_ central atom) of virtually every element[ldl—lo;l] and more tha;r'l 8_0%! of all
known organbtransition_metal compounds contain the Cp system or a derivative
- thereof [ 105] Cyclopenfadiényl ligands stabilize rﬁetals in both high and low
oxidation states and can bind to a metal through one to five of the ring carbon a.toms_
The easy change of hapticity allows flexible adjustment of the cyclopentadienyl

ligand to the electronic and steric requirements of the central atom, resulting in
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extensively complex chemistry.

Interést tn using indényl CoH; (Ind) as a substitute for cyclopentadienyl has
become widespread because it has'been shéwn that indenyl transition rﬁetal
comfnlexes often show higher reactivity with respect " to their cyCIOpenta&ienyl
analogues, either in stoichiometric or in-catalytic processes. Substitution of the
, n5 -indenyl ligand for the ns-cyclopentfddienyl Iigémd in transition-metal complex has
been shown ;0 promote assgciative rea(;tions between nucleophilic substrates and
metal - centers. Green and co-workers reported the gréater' reactivity of
(nS-CgH7)Rh(C2H4)2 toward substitution of the bound ethylenes by other alkenes,
dienes, an_d alkynes.{106, 107] Similarly, Basolo and cb'—Workers have. observed a
3x10%-fold enhancement in the rate of CO substitution by tniphenylphosphine for
(ns—Cqu)Rh(CO)i over (n5-C5H5)Rﬁ(CQ)2.[108, 109] Several new routes to group 9
indenyl complexes have been developed and thesé have been used to explor@z some

structural and reactivity aspects of this class of complexes.[110-117]

The indenyl ligand facilitates migratory insertion reactions. The first observation
of a rate acceleration in bimolecular reaction of a n’-indenyl complex relative to that

of a n*-cyclopentadienyl complex was that of Hart-Davis and Mawby for the reaction
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- of (n’-CoH7)Mo(CO);CH; with PPh; to yield (n‘5~C9H7)M0(C0)2(PPh;)CCCPh, the
rgsult of CO 1nsertion into the MO—CH3 bond.[118] To explain thg ra;e acceleration
and the observed first-order depéddence on both the metal complex and PPhs, an
- -indenyl intermediate (Sch‘em'e 1.17)- has been proposed. The indenyl ligand
behaves as a m-allyl ligand to accommodate the electrons of the iricoming PPh;, with
lthis binding mode being more accessible for the indényl --l_igand bécéuse of the
resulting aromatization of the fused Eenzene ring.[119] Basolo and cé-workers have

referred to this phenomenon as the "indenyl ligand effect”.[108]

+ L _,__ OC-; Mo----L . OC'-; Mo---L
—Mo—CH, - soecT oc” |
OC/ N\ --~CH;
S C C._
CO COo Y/ : /% TCHj;
0 . 0

L= PPhg, P(Oph)3, P(n-C4Hg)3, P(OMC)3
Scheme 1.17 Mechanisms of methyl migration in [Mo(ﬂS-CgH-;r)(Me)(CO)gl .

However, experimental data based on calorimetric studies.of Cp and Ind Mo and
W complexes,[120] as well as theoretical studies focused on the indenyl effect,[121,
122] hinted that the more facile n’-to-n’ ring Slippage of indenyl, relative to

cyclopentadienyl, might be related to the n°-Cp ligand’s binding more strongly than
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the )’-Ind, and ﬁ3 -coordination is more favorable for the indenyl.{123]

. For Instances, Romao hgs studied addition reactions with the 18-electr‘0n‘
complex [(n'S-C9H7)W(CO).ZCNCMe)Z]BE‘ in .o'rder to a‘scertain-_the conditiqns most
favorable for 'ring ;lippage," and has isolated a  m’-indenyl - species
[(n*-CsH;)W(CO),(NCMe);]BF,, whiéhr is stab{le enough to be char_acterizgd by
’ lcrystalldgraphic spectroscopy.[124] It implies that ring slippage of indenyl ligar;d is

facile during the addition reactions.

Fu et al. have demonstrated the utilization of the indeﬁyl effect in designing a
spec-:ific catalytic hydfoboration rleaction.[125] .Thf:y have found t};at-
(T]5~C9H7)Rh(CzH4)2-catalyzed‘ hydroboration of 4-(benzyloxy)cyclohexene shows
highc-:r rate of reaction than the cyclopentadienyl analogues. It i.s suggested that the

ring-slippage strategy is in fact viable.
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1.5 Introduction of indenyl and cyclopentadienyl complexes containing amino

side-arms

Recently, an increasing number of new ring-substituted cyclopentadienes have
| been repoﬁéd. In pﬁnciple, all five hydrogen atoms of the CsHs fragment can be
substituted in any fashion. Varations in the Cp li‘gahd sphere often results iq '
significant changes in chemical reactivity, stability, sénsitivity'to oxidation and méﬁy'

other properties.[126-129]

Iﬁ ring substituted cyclopentadienﬂ complexes of transition metals, the effect of
an additional donor group strongly depends on the nature of the metal and of the
donor group. The strength of the coordination of the tethered donor fragment to the
metal center can be estimated on the basis of Pears‘o.n’s HSAB concept of ‘hard’ and
‘soft’ acids and bases.[130] ‘Hard’ ligaﬁds combine preferentially with ‘hard’ centers,
and ‘soft’ ligands favor the interaction with ‘soft’ metal centers. On the .ot.her hand,
othérwise_unfavored ‘hard-soft’ comﬁinatibn are stabilized to a certain extent by the
chelate effecf; this unusual binding situation leads to interesting electronig e‘ffec_ts at
the respective metal center with consequences for the chemical reactiﬁty. Of course,

the side-chain donor can be easily substituted in such types of complexes. This results
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in a hemilabile behaviour,[131, 132] \#here the side-chain functiénality can either act

as a donor or as a spectator ligand.

The hemiiabile situation iS expected n compounds-where_ a ‘hérd’ donor, such as
an ‘al;rlino or alkoxy group, coordinates to-a ‘éoﬁ’ metal center, as present in
complexes with a late transition metal in low oxidation st.ates. Vice versa, hemilability
is énﬁicipatefi when a ‘7soﬂ’-dor.10r, such as a phosi)h_i-no,‘ thio, -or- alkenyl groﬁp,
interacts with a ‘hard’ center, as present in Cbmplexes with early transition metals in
high oxidation stat_es. Of course, there e).iist many ‘borderline’ bonding situations,
where the»donor—acceptpr interaction is difficult to predict. A suﬁstitutionally labile
group is capable of temporarily blocking a coordination site and tﬁerefore allows
tuning of the reactivity of the metal center. The fluxional ‘opening and closing’
character provides interesting Vperspectives in terms of 'sta'bilizatior‘l of reactive,
unsaturated species, of substrate activation, of chemical sensi-ng, and of homo‘g.e-neous

catalysis.

Many examples of dialkylaminoalkyl-substituted Cp complexes with s-, p-, d-,

and f-block elements have been described in the literature.[127-129}
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Jutzi et al. have synthesized the calcocene and samarocene Monomers with the
amino side arms coordinated to the, mgtal centers.(Figure 1.1). The coordination of the
amino side-chains prevents an association to oligomers.{133] The monomeric
lanthanium complex (Figure 1.2), reported by Herrmann ad .CC-)-WOI‘k{-?l'S, contains
three dimethylaminoethy!substitutf_:d cyclopentadienyl. gfoups; two amino groups

coordinate to the metal center and thus prevent the usual formation of oligomers.[134]

ID -‘62 . l /
' : N La<"
Q{ ‘-\NMez

M =Ca, Sm

- Figure 1.1 ' Figure 1.2

. The influence of the alkyl substituents é.t the amino group has been studied in
| (n*m'+(CsHsCH,CH,NMe2)TiCly) and (n5—(C5H4CHZCH2NiPr2)MC13)(M = Ti, Zr).
Raush and co-workers have described the reactivity of the the titanium half—sandwich
complex, which is monomeric _in the solid state and in solution,[135] analogoﬁs to the
parént c01.np0und CpTiCl;.[136] In combination with methylaluminoxan-e (MAQ),

(n" ' -(CsHyCH,CH,NMe,)TiCls) is a very active catalyst for the polymenization of
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ethylene; the role of the dimethylamino group in the polymerization has not been

elucidated yet.

The boﬁding chéracteristics of the Q5H4(CH2CH2)NM62 ligand iﬁ _laFe
' transition~mefal compounds have been exteﬂsively studied in Jutzi’s group.[137, 138]
The amino side-chain dQes not coordinate in complexes of the type
: (nS_ijCH2CH2NMé2)E2M, (L=CO, C;Ha; M = Co, Rh,#) (eq L.9). O_n. the other
hand, coordiha_tion takes place in (n°-CsHsCH,CHNMe)LM (M = Co, Rb, Ir) with

the metal center in the +3 oxidation state.

NMe; 1 /ELO

-2C0

Y

CO/ \CO

1.5
M =Co, Rh, Ir -

Interestingly, a hemilabile situation has been observed in the application of CO

pressure to (‘I’]S-C5H4CH2CH2NM€2)IZM (M = Co, Rh, Ir), where the atni_no group can

be reversibly displaced.[137] (eq 1.6)
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+CO
-CO

NMGQ

M =Co, Rh, Ir 16

Fischer and co-workers[139] have also réporféd the intramolecular coordination
of amino sidearm to a Group 10 element. The labile dimethylaminoethy! group in the

nickel(IT) complex can easily be displaced by a triphenylphosphine ligand.(eq 1.7)

CP . pPhy @J\Wez
—_— :

Ni Ni
/ ‘L\NI\’ICZ / \ .
I I PPh; (7.

Wang et al. have contributed signiﬁcantly to the area of amino-substittitéd Cp
ligands,[140-143] for example, ~ they .h;;re synthesized
(nS:n’-(C5H4CH'2CH2N(H)Me)ReCOzl),' in which the ‘hard’ amino group - is
" coordinated tq‘a ‘soft” Re(I) center. The enhanced nucleophilicity o.f the metal now-
eﬁables alkylation with substrates RX.[144] (eq 1.8) The same group have also

presented the complex  (n°m'~(CsHCHCH,N(H)MEMnCO,), in which the
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“coordination of an N-donor to a monovalent metal center is supported by the chélate

| effect.tMS]

o

1+

Re e - Re
oc” i TNH)Me oc” % O N(H)Me
RX = CH;l, C3H;sBr, CsHsCH,Br,
C3H;5Br, MeO,C>H,Br,

EtOzCszBI’, NCCH;:BI'

It is well-known that tr_ﬁhsition metal indenyl complexes di_splay _hi;gher reactivity
in stoichiometric and cétalyﬁb reactions than their cyclopentadienyl apalggues.[llQ,
146, 147] However, apart from the parent l-igand CoH5, very few substituted indfanyl
complexes are known, most of them being alkﬂ-, aryl-,[112, 146, 148-156] halo-,[157,
158] or ferrdcenylindényl derivatives.[159] To aate, no arhinoindenylruthenium
complexgs have been reported in the 1iterﬁture and hence, there is impetus to
synthesize complexes of this type in order to compare their reactivities with these of

the unsubstituted indenyl complexes.

In this research program, an indenyl metal hydnde complex IndRu{dppm)H (3)
was synthesized; the hydride ligand of the complex is able to hydrogen-bond the
incoming nucleophile such as a water, an alcohol or amine molecule. The

hydrogen-bonding interaction not only guides the course of nucleophilic attack on the
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_coordinated substrate, which is a nitrile or unsaturated hydrocarbon, but also increases .

the nucleophilicity of the water and thus the hydration reaction proceeds more readily.

" Very few metal complexes are known to catalyze anti-Markovnikov’s hydration

of terminal alkynes to give aldehydes.[160-162] Functionalized indenyl and

cyclopentadienyl complexes, InNRu(dppm)BF; and CpNRu(dppm)}BF, respectively,

might be used in such a way that an alkynes will probably displéce the coordinated

amine'side. arm, and the resulting pendant amino group can H-bond to the incoming

H,0O molecule. Using aminoindenyl ruthenium complex as an example, H-bond

mediated hydration of alkynes might proceed via the mechanism depicted in Scheme

1.18.

CHy)
P e
RC=CH
/ ~ ——
/R" o thp//R"\l\C — Ru_ | CHs
Ph,P | thp// c H
PPh, pph, c—H s \\\C\

] L 12 R
R

~CH
Ru 3
pth// \c\ H

g7 H

‘ CH oy |
C@j N  CHy Cthh oy,
= ~CH, \ﬁ

0 -

Scheme 1.18 Amino-indenyl ruthenium catalyzed hydration of alkynes

32



We believe that 1t lS interesting to study the effect of the amino side-arm of the
indenyl ligand on the catal)_/tic activity of thercomplexes in rea;:tions sqch as Hydration
of nitrile and hydrogenation of unsaturated hydrocarbon. Therefore, we synthesized
the complex InNRu(dppm)H (19) (InN = aminoindenyl ligand), which is a derivative
of the indenyl hydride complc# IndRu(dppm)H, the indenyl ligand éf 19 has an amno
side arm attac.héd. The catalytic activities of 19 in nitrile hydfation and .hydfogenation )

of unsaturated hydrocarbon were studied and compared with those of 3.
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“Chapter 2 Dihydrogen-Bond-Prdmotecl Catalysis:  Catalytic
~ Hydration of Nitriles with-Ruthenium Hydride Complexes

2.1 Introduction: -

The unconventinnal hydrogen bond (dihydn)gen bond)' between a transition’
metal hydride and a common hydrogen bond donor containing an O-H or an N-H
. groupisa hydride —proton interac.tic')n. Complexes containing this H---H interaction of
the type M-ﬂH---H-O or M-H-~H-N might be regarded agintermédiates in h)-rdride
protonation to generate a n’—H, ligand and the. reverse reaction, i.e., heterolytic
- splitting of diliydrogen. Dihydrogen bond is also recogniz;a'd for activating the M-H
bond for reactions such as H/D exchanges, proton transfer, and substitution.[10, 24,
25, 82,92, 99, 163-165] 1t is also well demonstrated that dihydrogen bond plays an
important role in controlling the reactivity and stereochemistry of organometallic

hydride complexes.[13-19, 83]

Although it is now known that dihydrogen bonds can be utilized to control
reactivity and selectivity of chemical reactions,[14-19] well-recognized cases of
dihydrogen bonds playing an essential role in promoting catalytic reactions are still

rare. Lau and co-workers have recently synthesized and characterized the
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intramolecular Ru-H-H-N diliydrogen bonding in the aminocyclopentadienyl
ruthenium hydride complexes and have also demonstrated that the Ru-H-H-N
~ dihydrogen bond 1s a key feature in the catalytic hydrogenation of CO; to formic

“acid.[20]

One of the interests of our research group has been “the study' of C-H bond
activation with transition metal complexes"’; a recent endéavor_ in this area is t'hel
deut_eration of C-H bonds us=ing. D;0 as the isotopic source. This is an attractive
reaction since DO is inexpensive and has low toxicity. In the course of this study, we
have learned that the .indenyl ruthenipm hydridg complex (ns-CgHv)Ru(dppm)H-(S)ris |
capable of promoting deuteration of some aromatic solvents such as benzene, toluene,
xylene, and chlorobenzene with D;0, under Argon or in the presence of Ha, whfch
also undergoe_s‘,HfD exchange with DZO.‘I_t.Was, however, found that in the case of
benzonitrile, deﬁteration of the compound did not occur, instead it was hydr?.ted to

give the deuterated benzamide (eq 2.1).
@f@“ Do C—ND, - 2.1
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We are here to provide a novel example demonstrating- that the catalytic.
hydration of nitriles to amides by an indenylruthenium hydride complex is in fact

| promoted by the Ru-H--H-OH dihydrogen bond.

2.2 Experimental
2.2.1 Materials and instrumentation

All reactions were carried out under a dry nitrogén atmosphere using standﬁrd
Schlenk techniques. Ruthenium trichlonde, RuCl;-3H,0O, - indene,
bis(diphenylphosphino)ﬁlethane (dbpm), sodium borohydride, 4-chlorobenzonitrile, -
4-nitr(v)b‘enzonitri1e, 4-methoxybenzonitrile, iodoacetonitrile and pyra_zole were;
purchased from Aldrich and were usedras received. Mdlonitrile_:‘ was purchased from
Aldrich and was distilled from P,0s5. The compieXes -IndRu(d%»pm)H,[lGG]
IndRu(dppm)CL,[166] IndRu(dppp)H,[166] IndRu(dppe)H,[166]
‘TpRu(PPh;)(CH;CN)H,[167]  TpRu(PPh;)(CH;CNYCL[167] pru(dppm)H,[lﬁs]
TpRu(dppm)CL[168] TpRu(PPh),H,{ 16?]7TpRu(PPh3)2CI,[169] CpRu(dppm)H,[l?O]

CpRu(dppm)CI[ 170], CpRu(PPh;);H[170] and CpRu(PPh;),CI[170] were synthesized
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according to literature methods. Solvents were distilled u1_1der a dry. nitrogeﬁ
almosphere with appropriatf; drying agents (sblvent/di;ying agent): methanol/Mg-1,,
: etﬁa|1olMgflz, acetonitrile{CaH;, tetrahydrofuran/Na—beﬁzopher'lone, diethyl ether/Na,
. n-hexane/Na, 1-pentanol/K;COj;, benzonitrile/K,COs. THF.—dg and. CDCly were dried

. over P,Os and CaHj, respectively.

Proton NMR ‘spectra were -obtained from a Br‘uke.r DPX 400 spectrometer.
Che‘miCaI shiﬁs were reported relative to residual protons of the deuterated solvents.
3 'P{'H} NMR spectra were recorded on a Bruker DPX 400 spectrometer at 162 MHz;
chemical shiﬁs were externally lleferenced to 85% H;PO4 in D,0. Electrospréy
Ionization ‘Mass spectrometry was carried out with a Finnmigan MAT- 958 mass
spectrometer. Elemental analyses were perfomledrby M-H-W Laboratories, Phoenix,

AZ USA.
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2.2.2 Syntheses and Reactioas

2.2.2.1 Catalyfic hydration of neat n.itriles with IﬁdRu(dpl;m)H {3). -

In a typical run, a sample of 3 (0.010 g, 0.017 mmol) was dissqlvéd inal:l
mixture of nitrile (0.017 mol) and water (0.310' mL, 0.017 mol). 'fhg solution was
heated at réﬂux for 72 h, after which the solﬁtion Was cdoled to room temperature,
and the amide formed was dissoived by the addition of | mL of acetone. An 0.1'_mL
aliquot of the solution was .removeq and aﬁalyzed by 'H NMR spectroscopy (iﬁ
CDCly). Comparisbn of the integrations of the characteristic peaks of the amide and

the unreacted nitrile gave the turnover number of the reaction.

| 2.2.2.2 Catalytic hydration of nitriles with IndRu(dppm)H (3) in 1-pentanol.

To a samplé of 3 (0.6_10 ¢ 0.017 mmol) in 2 mL of I-pentanol were added the
nitrile (0.017 mol) and water ((-)'310. mL, 0.017 mol). The resulting solutic?n was
heated at 120°C_ for 72 h. At the epd of the reaction time, the sqllution was cooled to
room temperature, and an 0.1 mL aliquot of it was removed and analyzed by 'H NMR
spectroscopy (in CDCl3). Comp;arison of the integrations of the characteristic peaks of
the amide product and thé unreacted nitrile yielded the turnover number of the

reaction.
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2.2.2.3 NMR s'tudy bf nitfiles hydl;atio-n.

A sarﬁple of complex 3 (0.010 g, 0.017 mmol‘) was loaded. into a 5 mm NMR
" tube which was then capped with a rubber septum. Ther tube was evacuated and filled
with nitrogen gas for three cyclgs. Degassed THF-dz (0.4 mL) was addéd, via. a
syringe, fo dissolve the sample. Ten equivalents of HzQ and acetonitrile ach were
added through microsyringes. The tube was loaded into the NMR probe p;eheated to
" 80"-C, and the sample was analyzed by 'H and *'P{'H} NMR spectroscopies atr 15 min
intervals for the first 4 h. The sample was refluxed at 80°C in an oil bath overnight.
The reaction was then monitdred,by taking 'H NMR & 31P{ lH} -_NMR spectra of t-he
sample in'4_'h -intervals for 48 h. It was found that the catalyst remained unchanged
throughoﬁt the reaction. The ﬁeld of the hydration product was measured by 'H NMR

_ spectroscopy.

| 2.2.2.4 H/D exchange experiment between complex 3 and DZ(_).

A sample of complex 3 (0.010 g, 0.0i? mmol) was loaded into a 5 'mn_1 NMR
tube which was then capped with a rubber septum. The tube was purged and filled
with nitrogen for three cycles. Degassed THF-d3 (0.4 mL) was syringed in té dissqlve
the sample. D,O (20 pL) was then added to the mixture by using a micro—syringé.;The

'H NMR spectrum of the mixture was recorded immediately at room temperature.
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The sample was then refluxed at 120°C (eil bath temperature). The H/D exchange :
‘ rreac’tion between Ru-H of 3 and D,0 was analﬁed at room temperature by 'H NMR
& S'P{'H} NMR spectroscepies ie I h intervals for the first'12 h. After refluxing the
- solution at 120°C overnight, the sample was analyzed at room temperlature by 'H
NMR & °'P{'H} NMR spectroseopies in 2;1 h intervals for 96‘h. The percentage of

deuteration of the Ru-H signal was measured by 'H NMR spectroscopy.' |

2.2.2.5 Acetamide control reeetion.

' A sample of complex 73 (0.010 g, 0.017 mmol) and 5 equiv of acetamide (5 mg,
: 0.085 mmol) were loaded into a 5 mm NMR tube which was then capped with rubber
~ septum. The tube was evacuated and filled with nitrogen gas for fhree cycles:
_ Dega-ssed THF-ds (0.4 mL) was added, via a syringe, to dissolve the eaelple. Prior to
heating, the 'H NMR spectrum of the solution showed the resonance of acetamide at 6_
1.98 (s, 3H of CH3;CONH,). The tube was then heated at .80°C for_lO-days in_an o1l

bath. It was found that the catalyst remained unchanged.

2.2.2.6 Acetamide Inhibition of acetonitrile Hydration.
Samples of 3 (0.010 g, 0.017 mmol) and acetamide (0.470 g, 0.008 mol) were |

dissolved in a 1:1 mixture of acetonitrile (0.700 mL, 0.017 mol) and water (0.310 mL,
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~.0.017 mol). The solution was réﬂux*for 72 h, after which the solution was §ooled to
room temperature, and all amide »'v'as diésolve_d by the addition of 1 mL of acetone. An
. 0.1 mL aliquot of the solution was removed and analyzed by 'H NMR spectroscopy
- (in CDCI,). Cémparison of the integrations of the characteris;tic peai<s of the amide

and the unreacted nitrile gave the turnover number of the reaction.

2.2.2.7 Recycling of catalyst. . .

After catalysis, the solvent of the 'resulting solution was removed by vacuum.
The residue was extracted with toluene (10 mL); and after removal of the solvent
under vacuum, the yellow solid oBtained ‘;vas washed with .hexane (2 x 1 mL). It was
~dried in vacuum, 1000 equivalents of substrate and water were then added and the

catalytic hydration reaction was repeated.

2.2.2.8 Typical procedure for reaction of the indenylruthenium hydride complex

with water in dihydrogen-bonding interaction study.

Measurements of 7 relaxation time: A sample of complex 3 (0.010 g, 0.017 fnmo])
was weighed into a Smm NMR tube. The NMR tube was sealed with a rubber septum,

purged and filled with nitrogen for three times before the addition of dried and
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degassed deuterated toluene (0.4 mL). Réléxatioh, time 7, measurements on the Ru—H
signal were carried out at 400 MHz .by the inver'si_on-recox-fery method using the
standard 180°-T;90° pulse seduence. ‘NMR measurements were carried out in the
temperature range of 233K-293K at 10K intérvéls, the solution was allowed to
equilibrate for 10 minutes before each measurement. Water (1.5 pL, 0.083 mmol) was
then added to the solution of the com;.)lex by use of a microsyringe, Ty measurements

on the Ru-H signal were repeated in the same temperature range.

2.3 Results and discussion
2.3.1 Catalytic hydration of acetonitriles with 3-14

In the light of the 3-catalyzed hydration of benzonitrile to give benzamide,

other complexes are examined for their catalytic activities in the hydration reactions.

For comparison purposes, we have studied the activities of the complexes
IndRu(dppm)Cl  (4), TpRu(PPh:;}(CH;CN)H  (5), TpRu(PPh;(CH;CN)CL  (6),

TpRu(dppm)H (7), TpRu(dppm)Cl (8), TpRu(PPhi);H (9), TpRu(PPh3),Cl (10),
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CpRu(dppm)H (ll), CpRu(dppm)CI (12), CpRu(PPh;)c_}H (13)‘ and CpRu(PPh3)2C1
(14) in the ;:atalytic hydration of.nitriles. Taking the hi/dration of acetonitrile as an
example, it was found thgt the hydride complexes xvefe active in catalyzing the
hydration of n-'lit(ile“s to amides; the'chléro complexes were, however, found to be’
inactive. The results of acetonitrile hydratior; with the hydride coﬁﬁlexes ’and their
cﬁlord analogues are shown in Table .2.1. We suggest fhat the presénce of
Ru-H-~H-OH dihydrogen bonding intgréction lowers the reactioh barrier in the
hydr.ation of nitriles with the metal hydride complexes. The hydride ligand, by
hydrogen-bonding the incoming water molecule, not only guide-s the course of attack
of water at the co-ordinated nitrile, but also increases the hucleophilicity of the
oxygen atom of water. On the other ﬁand, in the chloro systeﬁs, the
hydrogen—boﬁding interaction be;fween Ru-Cl and the water molecule if present,_is
expected fo be much weaker than that between Ru-H and H,O in the hydride sys-tems,
therefore the water molecule is not sufficiently écti\{ated to undérgo nuclepphilic
attaék at the carbon of the nitrile. This hypothesis is supported by theoretical

calculations (2.3.6).
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Table'2.1 Hydration of acetonitrile with ruthenium complexes®

Product

Entry Catalyst " Turnover no.’
1 IndRu(dppm)H (3) CH;CONH, 865
2 IndRu.(dppm').Cl (4) CH;CONH; | e
3 TpRu(PPh;)(CH;CN)H (5) CH,CONH, 200

4 TpRu(PPh3)(CH;CN)CI (6) CH;CO_NHZ- .....

5 TpRu(dppm)H (7) CHgACONHz 19
6 TpRu(dppm)C1 (8} CH;C.ONHZ _____
7 'TpRu(PPh3)2H 9) CH;CONH, 26
8 TpRu(l;PhJ)zm -(10) CH;CONH, | -
9 | CpRu(dppm)H (llj CH;CONH, 25
10 CpRu(dppm)CI (12) - CH,CONH, |- —e.
11 CpRu(PPhs);H (13) CH;CONH; .. 38
12 CHiCONH, |

CpRu(PPh;),Cl (14)

*Typical reaction condition: catalyst, 0.017‘mmo.le; substrate : H;O : catalyst = 1000 : 1000 : 1; reaction

time, 72h; temperature, reflux temperature | *Tumnover no. {TON) = mol of praduct/mol of catalyst.
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The turnover number of li-catglyzed hydration of acetonitrile was found to be
much lower than thaf pf the 3-ca.talyzed rea;tion.(Entries I and 9, Tabte 2:1) It ;h'asr
been suggestéd,[l?l] on the Basi's of kinetics and lele-ctrochcmistry studies, that
“indenyl 1s more electron donating toward fhe metal fragment, .With respect fo
cyclopentadienyl. The hydrjde of the indenyl ruthenium co‘mplex.is expected to be
more hydndic than the correéponding one in the ahalogous Cp- complex, thus,
: hydrogén-'bonding interaction between-the Ru-H of éomplex 3 and the water molecule
1s stronger than that between the Ru-H of 11 and H,O; hydrogen-bonding interaction
b-etween M-H and H,O is by nature a hydride-pfdton'interaction. It is therefore not
surprising to find that compléx 3 is more active than complex 11 in the catalﬁic niﬁile

hydration reactions.
2.3.2 Hydration of nitriles by 3 & 5
Persual of Table 2.1 reveals that the complexes IndRu(dppm)Hd (3) &
“TpRu{PPh;(CH;CN)H (5) are far more active than the other complexes in catalyzing

the hydration reaction, we therefore studied in more detail their catalytic activities

towards other nttriles.
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The results of the 3- & S—catélyzed hydration reactions are shown in Table 2.2.
Since 4-nitrobenzonitrile, 4-chlorobenzonitrile and  4-methoxybenzonitrile are
water-insoluble solids, we therefore performed the hydration reactions of these

substrates in I-pentanol (entries 3-5, Table'2.2)

In carrying out the hydration 6f benzonitriie in 1-pentanol (entry 2, Table 2.2},
the turnover number was found to be much lower than the reaction performed iﬁ the
neat. substrate (entry 1, Table 2.2). It is probably due t(; the fact that 1-pentan01 s
capablé of competing with Ru-H for H-bonding with H,O. Decreziée of turnover
numbers in the cases of 4-nitrobenzonitrile and 4-chlorobenzonitrile {(entries 3 & 4,
Table 2.2) is probably due to the fact that the nitro group and the chloro group of the
substrates can compete with Ru—H for H-bonding with H,O. Substrates with NO,
group or Cl group show higher rates of hyd_ratidn than 4-methoxybenzonitrile, these
results are similar to those of Kaminskaia and Kostic[45], i.e. the rate of hydration
Increases with‘ uicreasing, elsctron writhdrawing ability of the substituents on the
niFriles. Thus,. the electron withdrawing group (e.g. Cl and NQ:_)) increases the
electrophilicity of the carbon atom of the cyaqo group, rrendeﬁng it more susceptible
td nucleophilic attack by the water molecule. On the other hand, the electron‘ddnating

group (e.g. OMe) decreases the electrophilicity of the carbon atom of the cyano group
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and thus making it less available for nucleophilic attack.

Table 2.2 Catéiytic hydration of aromatic nitriles with 3&5°

¢

Entry Substrate * Product Turnover r_lo.b Turnover no.”
‘ IndRu(dp_pm)H TpRu(PPh;)(CH;CNYH

[OR )
3k CHsCN | - C4HsCONH, 800 190
e | CsH5;CN CeHsCONH, 300 o | 90 :
3 | 4-NO;CeHCN :4-N.02-C6H4C.C)NH2 a0 B
| 4CLCHLCN | 4ChCiH-CONIE 110 40
| 59 | 4-CH;0-Cell4-CN 4-?H30-C5m—CbNH2 40 20

*Typical reaction condition: catalyst, 0.017mmole; substrate : HZO : catalyst = 1000 : 1000 : 1, reaction
time, 72h; tempefature, 120°C , PTurnover no. {TON) = mol of product/mo! of catalyst. “in neat

substrate. “solvent, 1-pentano}{2mL)

In some of the aliphatic nitriles (entries 2-4, Table 2.3), the hydration reactions
did not seem to proceed; no amide was obtained, but side reactions between the

complex and the substrate occurred. The reaction of 3 with 10 equivalents each of
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dichloroacetonitrile and water in THF-dg at 80°C produced no hydration product. 'H.

and *'P{'H} NMR spectroscopic studies confirmed that the hydride complex 3 was

~ converted to the chloro complex IndRiJ('dppm)Cl, which is inactive in éatalytic nitriles

hydration (eq 2.2).
i i
Ru—H + (- (E—CN _— Ru—Cl + H— Cll—CN
/ s
thll)/ e Cl thli/ lLth Cl

Moreover, in carrying out the hydration of iodoacetonitrile (ICH,CN) and
malononitrile (CNCH2CN) with 3 an.d: 5, no hydration product was observed. It is
envisaged that ICH,CN is decomposed under high temperature and. the hydrogen
atom of CNCH,CN is so protonic, that it could protonatelthe hydride of 3 and 5, and

therefore the reaction failed.
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Table 2.3 Catalytic hydration of aliphatic nitriles with 3 & 5°

Entry Substrate Product Tumover not Turnover no.’
IndRu(dppm)H | TpRu(PPh;)(CH;CN)H

(3) NG

1 CH,CN | CH,CONI, 865 200

2 ICH,CN - | cem | e .
3 CNCH,CN | e | o |

4 CLCHCN S |

*Typical reaction condition: catalyst, 0.017mmole; substrate ; H,O : catalyst = 1000 : 1000 : 1; reaction

time, 72h; temperature, reflux temperature, *Turnover no. {TON) = mol of product/mo! of catalyst. -

Acetonitrile givés the highest yield among all the nitriles tested. It ‘is' believed
that elect_ronic factor is just one of the factors affecting the ‘hydrétion reactioh. The
steric factor may also play a role in the hydration 'reaétion_s. As ‘.theraromatic nitriles
are more bulky than the aliphatic oﬁe, they coo?d_inate to the metal center less readily

and therefore their hydration reactions are less facile.
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2.3.3 Possible mechanism for hydration of nitriles catalyzed by 3

The complex IndRu{dppm}H (3) was found.té be the most active complex in
catalyzing the hydration of acetonitrile to the amide (entry 1, Table 2.1). The chloro
analogue IndRu(dppm)CI (4) waé, however found to be inactive (entry 2, Table 2.1).
Complexes 3 and 4 can provide the vacant site for the nitrile coordinatioﬁ by n5 — n3
ring slippage, which is a well-known phenomenon for nsaindenyl transition-metal
cd@plexes,[lOS, 172, 173] or by unarming of rthe dppm iigand. If the crucial step of
the hydration reaction is nucleophilic attack at thé carbon atom of the bound nitrile to
form the C—O bond, complex 4, which contains a more electronegative chl%)ro group
would render the carbon of the bouﬁd nitrile more susceptible to nucleophilic attack,
and therefore it is e;{pected that 4 would be more active. than 3 for the catalytic
processes. ‘One may argue that 3 but not 4 could react wifh water to foﬁn the hydroxo
complex (nS-CgHy)Ru(dppm)(OH), whicﬁ 1s the real active species.(Scheme 2.1)
Previous theoretical calculations :;lnd experimental work have indicated that o-bond
metathesis reaction of water v;/ith a metal hydride to give metal hydroxo should be
feasible.[174-176] This hy]iothesis, however, seems unlikgly in our case, since 1n each
of the catalytic reactions with 3 in Table 22 & 23, the complex was rquvered

unchanged after the catalyéis. We also monitored the reaction of 3 with 10 equivalents
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' eac;h of acetonitrile and water | i'n THF-dy at 80°C ‘by 'H and 'P{'H} NMR
spectroscopies at 4 and 8 h intervals for ;1 period of 48 h, it wasl observed that while
the nitrile was gradually converted to amide, compl'ex' 3 remained unchanged
throughout the experiment. Furthermore, it was learned that after hf_:ating at 80°.C a
THF-d3 solution of 3 containing 20 equivalents of- Hy0 for 4 days, 'H and 31P{llH}

NMR spectroscopies showed no sign of any new complex; 3 remained intact.

H : | OH C@ ~ H
2 11/ - /0

R RU, \\ .
Ph,p”” ) Ph,p” N H ph,p”” - N H
| PPhy [ pph, W [_ven, "

Scheme 2.1

Despite the fact that the hydride complex 3 is active while the choro analogue
4 is inactive in the catalytic nitrile hydration reactions, we still believe that during the
catalysis with the former, nucleophilic attack at the carbon atom of the bound nitrile

by H>O 1s a crucial step of the process. A proposed reaction mechanism to account for
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the effectiveness and ineffectiveness of 3 and 4, respectively, is deéicted in Scheme
2.2. We suggest that the.3—catalyzed nilt.n'le hydrétion _reactibn is a dihydrogen
bond-promoted reaction, the dihydrogen-bonding interacti(:;n between the hydride
ligand and the incoming water molecule might be crucial in lowerjng the activatioﬂ
energy of the C—O formation step of the hydration react.i_o'n. That the chloro complex
4 is not active is probably attributable to the fact tﬁat the chloro ligan(:i 1$ not as

capable as the hydride ligand 6f 3 in playing an active role.

H £,
§)| ' th Ru \Xv\
H,N—C—R l/ Pth :

T {Ru]
SN
OH e

“R N\ H0

~

K

[Ru}

:
]

e
Ph;P
PhZEI)/PPhZ ZI/Pth

Scheme 2.2 Proposed mechanism of 3-catalyzed Hydration of Nitriles
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2.3.4 Reaction of IndRu{dppm)H (3) with H,0O

As shown .in Scheme 2.2, dihydrogen-bonding interaction l;etween the hydride of
complex 3 and H,O is proposed to be important. We try to verify the existenge of the
dihydrogen-bonding interactioﬁ betweén the hydnide of complex 3 and H,O by
comparing the 7y relaxatioﬁ time of the hydride ligand in the -absence and in the
presence of HoO. Only slight decrease of the longitudinal relaxation time 7(min) of *
the hydnde signall was obsérved whe-n complex 3 and HZO-. were mixed in toluene-dj.
After the additioh of 5 equiv of H;O, the T\(min) dropped from 929 ms(2401_() to 909
ms(238 K}. It seems to indicate that only weak dihydrogen—bohd{ng interaction exis.ts |

between the hydnide of 3 and H,O in the ground state. (vide infra)
2.3.5 H/D exchange between IndRu(dppm)H (3) and D,0
In addition to the 7i(min) measurements, we also investigate the interaction

between 3 and water, by studying the reaétion of 3 with D,0. Table 2.4 shows that

H/D exchange occurs between the Ru-H of 3 and D;0.
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Table 2.4 H/D exchange between Ru-H & D,0°

Time D,O - Percentage of deuteratic).n of Ru-H®
6h oy
12h ' - | 16%
24h 20 uL 30 %
48h 45 %
o 72-h_ | | 6w
96 h | | 67%

aR_eaction condition : 0.017mmol of 3 in 0.4 mL THF-dg; reaction temperature: 120°C. bdetermined by

.'H NMR spectroscopy using H’ of indenyi ligand as internal reference.

It was found that HfD exchange of Ru-H of 3 with D,0O occurred'.at 120°C.
‘The H/D exchange probably proceeds via the sequence qepicted in Scheme 2.—;5.
BasicAally, it is the protonation of the Ru-H by the. coordinated D,0 molecule. The
acidity of the D;0 increases upon coordination to'the Ru metal center ar;d thus
ma%(ing it more capable of rdéuterating the Ru-H wvia the t%urrhation of n*-HD
intermediate. Protonation of M-H by. a coordinated H,O to formr a ‘dihydrogen

Hydroxo species is a well-conceived process.[174, 175, 177]
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Scheme 2.3 Proposed mechanism of H/D exchange of the hydride of 3 with DZO

The invariance of the T i{min) of the‘hydride sigﬁal of 3 in the presence of \;.fat'er
can be rationalized in terms of the notion that the equilibrium in Schemé 2.3 are fast
so that the hydn'de; lig‘and exchange with the water molecule very rapidiy_,_ and thé )
diﬁydrogen—bonded species [Ru]-H--H-OH (the undeuterate(i form of A) is a very

transient species.



2.3.6 Theoretical study

-[n—situ high pressure NMRlsiJ.ectroScopic studies did hqt enable us to gain
information on the possible inteh‘ﬂediates of the 3-catalyzed hydration of aceéonitrile
because the only obsewable organometallic species,througho@t' the céta1ysis was 3
itself. To study the feasibility of the' proposed reaction mechanism, theoretical
calculations at the B3LYP level of density fgnctioﬁ theory to_stuiiy a more detailed
catalytic pathway were carried out, the following two™ model -systems have béen
calculated: System 1 is the model for the 3-catalyzed a#:etonitrilé hydration, and

system 2 is that for the 4-catalyzed reaction.

System 1: [(1 5-CoHp)Ru(H,PCILPH,)H] + CH;CN + H,0

System 2: [(n 5-CoH;)Ru(IL,PCH,PH,)CI] + CH;CN + H,0

The calculations indicate that in the catalytic process the 'dissbciation of one
arm of the bidentate ligand frqm the metal center followed b)l-!hthe coordination of
CH4CN is the initial event. The dp;;m unarming requires only 15.2 kcal/mol. Figure
2.1 shows the possible reacti(:;n pathways together with the calculated fre'g: en(_;rgies
(kcal/mol, in parentheses) for species involved in the reactions. Figure 2.3 gives the

optimized structures for species involved in the reaction paths shown in Figure 2.1.
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Figure 2.1 Schematic illustration of the mechanism for Complex 3 together with

calculated free energies (kcal/mol) for species involved in the reactions
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Figure 2.2. Schematic .illustration of the mechanism for Complex 4 together with

calculated free energies (kcal/mol) for species involved in the reactions
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The acetonitrilé-coordinated species 3C 1s weakly dihydrogeﬁ—bonded toa
water molecule, having an H---H distance of 2.123 A, and in equilibrium with the
" hydride complex 3.‘Frorﬁ 3C, the concerted process (path 2_0’(" Figure 2.1) has‘é
substantially higher barrier than the stepwise ﬁétﬁway {path 1). For. t.he stepwise
pathway (path 1), the reaction overcome; a barrer of 38.0 kcal/mol through 'fS-3bD,
which 1s the rate—determining step, forming a four-legged- piano-stqol c:s dihydride
intermgdiaté 3D. Aﬂ'er:the rate-determining barrier i‘s surmounted, the fea:ction |
proceeds easily by'having a proton transfer to form complex 3E. rThe dissociation of
the hydroxo imine (HN=C{OH)Me) requires only 11.6 kc-:al/mol, making the catalytic

circle _feasible.

'.Supporting the -hypothesis -discuséed above, the calculations ‘show that
dihydrogen-bonding inter;'iction exists fro.m 3C to the transition state TS-3CD in the
rate-détermining step. The selected structural ﬁarametérs shown in Figgre 2.3 indicate
the strong H(water)---H(hydride) (1.071 A) interaction in the.transition state. The
dihydrogen—bon’ding interaction makes TS-3CD an earlly transition state and lowcrsr
the reaction barrier. In contrast, the corresponding transition state TS-4CD for the
chloro system (Figures 2.2 & 2.4) does not contain this typé of interaction

(H(water)---Cl: 2.582A) and is a late transition state having a structure closer to the
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four-legged piano-stool hydride intermediate 4D. Therefore, for the chloro system the
_rate-determining step leading to the formation of a chloro-hydnde intermediate has a

much.higher reaction barrier of 45.8 kcal/mol (Figure 2.2).

T$-3CD {4010}

Figure 2.3. B3LYP optimized structures for those species shown in Figure 2.1. The
free relative energies (kcal/mol) shown in parentheses take 3+MeCN{HzO as the
reference. For the purpose of clarity, hydrogen atoms on the indenyl ligand and the

methyl group of MeCN are omitted.
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" T8.4CD (45.2)

TS-1DE {11.9} ’

Figure 2.4. EBLYP optimized s-tr_uctures for those species shown in Figure 2.2. The
free relative ene;gies (kcal/mol) shown in parentheses take 4+MeCN+H,0 as the
reference. For the pufpose of clarity, hydrogen atoms on the indenyl ligand and the
methyl group of MeCN are omitted.

* The possibility of having a hydration process tﬁaf involve'_s the ring slippage of
the indenyl ligand was also investigated. Figure 2.5 gives the stmctﬁral details for the
intermediates and transition states together with their relative free energies in the
corresponding hydration process involving the ring slippage of the indenyl ligand.

The results of calculations show that the enérgies of ail the
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"intermediates/transition-states based on the ring—slipped structures are higher than the
corresponding-rspec-ies shown in Figure 2.1. by more thah 10 kcal/mol. Clearly, the
ring slippage is much less favorable in comparisourto the dppm unarming in the

‘ hydratio'n procéss. Interestingly, all the V-ﬁng-slipped structures ‘calculated are _n’-type
instead of n3—type. This result is understandable in view of the fact that many
L6-electron, five-coordinate Ru-complexgs are gtabie, particularly when there is a

strong trans-inﬂueﬁcing ligand 'present.-[178,_ 179] Thedihydr;agen—bonded species‘

3C' and the hydrbxo imine complex 3E’ (Figure 2.5) can. be described as having
square-pyramidal structures with a hydnde ligz_md occupying the axial position. The

‘ dihydﬁde intermediate 3D’ (Figure 2.5) is a capped-.square—_pyrémidal structure.
First-order Jahn-Teller Distortion is always gxpected for 16-electron, six-coordiﬁate

complexes tﬁat are diamagnetic.[180-183] Therefore, 3D’ does pot adopt an

octahedral structure.
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D (384

3 (12.7)

Figure 2.5. B3LYP optimizéd structures of intermediates and ti'-émsitior'l states for a
hydration process that involves the ﬁng slippage of the indenyl ligand. The free
relative energies (kcal/mol) shown 1n parentheses take 3+MeCN+H;O as the reference. .
For the purpose of clarity, hydrogen atoms on the indenyl ligand and the methyl group

of MeCN are omitted.
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Therefore, instead . of the rmg slippagé commonly obsérveci in ‘chlemical
reactions involving m’ —indényl systems,[108, 172, 173] Aour Ru inden-ylr l;ydride
complex cataiyzed-lwdration reactiqn is initiated b"y'dppm unarming. This 1s not too
surprising because lilgand dissolci,a.tion in other indenyl complexes has also béén fognd :

as the initial event for chemical reactions.[171]
2.3.7 Recycling of catalyst

The activity of the recycled catalyst 3 was studied. It was found tilat the catalyst
remained active after it was relcoveredfrom the hydration reactions of benzonifril_e
and acetonitrile, although the turnover‘numbers were lower (Table 2.5). This decrease
of turnover number of .the recyéled-S was probably due to partial loss of the catalyst
in the course of recycﬁng, and to its partial decompbsition due to prolonged heating at

relatively high temperatures.
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-Table 2.5 Hydration of nitriles with 3 ahd recycled catalyst 3*

Entry - ‘Complex - Substrate Product Turnover no.”
1 IndRu(dppm)H | CH;CN CH,CONH, 865

2° IndRu(dppm)H | CH:CN | CH,CONH, 302

3 IndRu(dppm)H c'g_Hst | CeHsCONH, 800

4 IndRu(dppm)H | CAIICN | CoHsCONH, 655

"Typical reaction condition:-catalyst, 0.017mmole; substrate : H,O catalyst = 1000 : 1000 : {; reaction

time, 72h; temperature, reflux temperature, ®*Turnover no. (TON) = mol of product/mol of catalyst. “The

recycled run.

2.3.8 Effects of amide on rate of hydration

Tyler et al. showed that addition of acetamide decreased the rate of nitriles

hydration with [Cp’2Mo(u-OH)MoCp’a]" (Cp’ = 1°-CH;CsHi). We have also

leammed that addition of acetamide e.xhibits detrimental effect--lon the 3—catalyzed

hydration of acetonitnile (Table 2.6). Apparently, the added acetamide molecules

~ compete for the vacant site with the acetonitrile molecule. Thus, the 3:catalyzed

nitrile hydration reaction is a product-inhibited catalytic reaction.
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Table 2.6 Hydration of acetonitrile with/without added acetamide®

Entry Substrate Produ;:t Turnover no.”
1 e CH,CN CH;CONH, 865
2 CH;CN + CH3;CONH, | CH3;CONH, 412

*Typical reaction condition: catalyst, 0.017mmole; substeate : H,O : catalyst = 1000 : 1000 : 1; mole
ratio of acetamude : catalyst = 300 : 1. reaction time, 72h; temperature, reflux temperature, *Turnover

no. (TON) = mol of product/mol of catalyst.

2.3.9 Effect of diphosphine ligands on the rates of the hydration reactions

The dppe and dppp analogues of 3; IndRu{dppe)H (15) and IﬁdRu(dppp)H (16),
repectively are also active in catalyzing nitrile hydration reactions. However, they are

“found to be less active than 3.(Table 2.7)
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Table 2.7 Hydration of acetonitrile with complexes containing different diphosphines®

Entry Complex Substrate 'ProdL.lct 7 Turnover no.”
1| indRu(dppmH (3)- CH,CN | CH,CONH, 78615
2 IndRu(dppe)ﬁ(ls) CH,CN | CH;CONH, 443
3 IndRu(dppp)H (16) | CH;CN | CH,CONH, | 679

*Typical reaction condition: catalyst, 0.0017mmole; substrate : -H30 : catalyst = 1000 : 1000 : t;
reaction time, 72h; temperatute, reflux temperature , "Turnover no. (TON) = mol of product/mol of

catalyst.

It is postulated that the dppm ligand has larger angle strain than the dppp and
dppe, it undergoes arm-off to .provide a vacant site for the nitrile more readily and is

therefore more active than 15 and 16 in catalyzing the hydration of nitriles.
2.3.10 Reactivity of IndRu{dppm)H (3) towards ter-mim'll alkyne hydration

Hydrgtion of alkynes catalyzed by metal complefws. represents a convenient
methoci for the preparation of carbonyl compounds. The reaction.prgceeds by addition
of water to the metal n—alkyne complex, according to Markdvnikov’s rule, to form the
corresponding ketone .compound.{184] (eq. 2.3) In contrast, the hydration of terminal
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“alkynes can be regioselectivitely oriented to the formation of aldehydes in an
_'l'anti-Markovnikov manner.(eq.. 2.4) However, examples of hydration of alkynes which

. follow anti-Markovnkov’s rule to furnish aldehydes are rare.

. Markovnikov’s addition

O
- [M] N |
- HCECR + H,O ——————>» - R—C—CH; _ 2.3
Anti-Markovnikov’s addition
0.
[M] : il :
HC=CR + H,O - = RCH;_—VC—H 24

We are interested, in addition to nitrile hydration, in studying the activity of 3
in hydration reac(idns of terminal alkynes. The coordination of alkynes into the metal
center is the nitial eveht for the hydrat-icm of alkynes. After the coordinatioﬁ O,f
alkynes, 'tlhe reaction could proceed either via the formation of vinylidene complex or
the insertion of alkynes into Ru-H. We hope that the formation.of ‘vinylid_ene cbmplex
éould be faster than that-of insertion of alkynes into Ru-H with our complex.
Nuclec)philic attack of Ilhe waté:r molecule at the o-carbon atom of the vinylidene

ligand then follows. The hydride ligand can H-bond the incoming water molecule and
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. the H-bond mediated hydration might therefore proceed via the mechanism depicted

in Scheme 2.4,

v RC=CH T
un—-—- - .
/] PhoP” N
Ph,P N
ZV PPh, LPPhZ Nc—H
: |

R/YO - o . {H,0

H
/RU'---..H /H“-..H
Ph,P \ _
N thp \\ ;\O
LPth
LPPhZ ~H
/T C

R /
' : R.

Scheme 2.4 3-catalyzed hydration of terminal alkynes

The reaction of complex 3 with 50 equivalents each of phenylacetylene and
water, however, did not give hydration product but the color of the solution was
changed. We then monitored the reaction of 3 with 10 equivalents each of

phenylacetylene and water in THF-dg at 80°C by 'H and *'P{'H} NMR
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speptroscdpiés at 2 and 4 h intervals for a perio.d of 48 h; it was observed that the
‘srignals of phenylacetylene gradually d_ecreasléd,the intensi‘ty of the h.ydride signal.of
complex 3 also diminished and finally disappeared. Furthermore, the complex shows
the typical alkenyl resonanc-;es at 5.4 (d, lﬁ, J(HH) = 1-7. l‘ Hz, HC=CHPh) and .6?.6
(dt, 1H, JHH) = 17.1 Hz, *J(PH) = 5.3 Hz, HC=CHPh) in the 'H NMR spectrum. In
the NP{IH}_ NN[R spectn.Jm,' a new singlet pee-lk'at 8_22.9 also observed. Thjs is
probably the result of insertion of the phenylacetylene into the Ru-H bond.(eq 2.5)
The resulting lvinyl' complex was inert to the water present. Apparently’,‘the reaction of

3 with phenylacetylene did not proceed as what we expected. .

g0 | e LD
Ru—H +  PhC=CH IHE-dg 80°C_ H

: Ru
thP"“]

PhZPV PPh, [ PPhy Ph
' 2.5

2.3.11 Redctivity of IndRu(dppmH (3) towards alkene hydration

The addition of H;O to a carbon-carbon double bound is a potentially useful
route for the 'synthésiS',of alcohols from alkenes.(eq. 2.6) But very few metal

complexes are known to catalyze this reaction.[185-187] The paucity of successful
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alkene_ hydration ‘with transition-metal complexes originated from the nature of
coordination of the alkene to the r‘netaI center. If the alkenf':-is strongly bound to the
metal, 'the carbon-carbon double bond would be ioo mlcleophilic- due to abundant
back-donation from the metal, for attack by- ihe watef molecule. On the other hand,
although curtailed d—7* back-donation would render the carbon-carbon more
»elect_rop_hilic and therefore more susceptible to nucleophilic attack by the water
-molecule, the alkené, which is ﬁow only 4weakly'b0und to the metal center, is very
vulnerable to ligand substitution by the water. Co.mmercially, catalysts for this
transformation include pl:losphc;ric acid,'transition metal oxides, zeolites, and clays.
These catalysts require modérate to high operating temperatufes and pressures. They
are of lirpited use because addition of water obeys Markovnikov’s rule and primary
aléohols, which are used widely in surfactants, plasticizers, and detergent precursors,
are. not obtained. Although anti-Markovnikov hydratién can _be" effected by
stiochiometric 'reactions., such as hydrobogation, catalytic processes for this

transformation are 1acki.ng.
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_. * Markovnikov OH
addition !
R—C—CH;

Y

_ . : ' " [M]
H,C=CR - + H,O
(I)H
) > RCH,C—H
anti-Markovnikov
. addition

We hope that the in;ertioq of alkenes iﬁto the Ru-H of 3 is slower than the
. nucleophilic attack of water moiecule to goordinated alkenes. If so, the hydride ligand
of complex 3 could H-bond the inﬁoming water molecule and increases ‘the'
nucleophilicity of the oxygen atom of water, thus, the hydration reaction might
proceed more readily. The H-bond mediated hydration might proceed via the

proposed mechanism depicted in Scheme 2.5.
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Scheme 2.5 3-catalyzed hydration of alkenes

~ Reaction of complex 3 with 50 equivalents each of methyl acrylate and water,
howe;\iér, did not give the hydration product. We tried to monitor ther reaction of 3
with 10 equivalents eachr of methyl acrylate and H;O in THF-dg at 80°C by 'H and
S'py'H} NMR‘spectroscopies at 2 ahd 4 h intervals for a period of 48 h; 1t was
' obscrved that complex 3 was unchanged and no methyl acrylate-bonded complex was
observed. Therefore, we conclude that. the alkene did not coordinate to the metal
center and the reaction was not initiated. We did not proceed with the\ hydration

reactions of the non-activated alkenes because we are of the opinion that these

72



reactions would probably be non-productive in view of the failure of the hydration

reaction with methyl acrylate, which is an activated alkene.

2.3.12 Reactivity of IndRu(dppm)H (3) towards hydroamination of

.phenylacetylene with aniline '

Hydrroamination of alkynes is one of the most efﬁcignt approaches' for the
synthesis of imines.[188-190] Although thc;: condensation between carbonyl
compoundg ;md primary amines is a Well.festabllished standard method for-
synthesizing imines.[191] hnines are versatile building biocks for organic synthesis;
as they are uéed to prepare substituted amines agd can function as masked carbonyl
substitﬁents. ‘Hydroaminatiorn of _ aikyn;as has aftracted intense interest as an
environmentally benign alternative route for it, 100% atom efficiency.[189, 190,
192-197] Two common mechanisms have been"proposed for the hydroamination of
alkynes, c.oordination'of alkynes follo@ed by the nucleophilic attack of amine
rmolecule (Schemé 2.6) and oxidative add_ition of amine molecule to the metal center

followed by the insertion of alkynes.(Scheme 2.7)
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We hope that upon COOI’diI:la-tiOI‘l of the alkyne.to thé metal center of 3,
tautomerization to yield the vinylidene complex is more facile than the insertion of -
the alkyﬁe ligand into Rl;-H: to give tt}e metal vinyi.(S_cheme 2.8) The hydride ligand
of 3 can H-bond the hydrogen atom™ of the amine molecule, enhanc_iﬁg the

nucleophilicity of nitrogen atom of amine, making the nucleophilic attack of amine
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. molecule to the vinylidene more facile.

- RC=CH - H
Ru—H : > Ru™™"
T PP N
PhZIP/Pth Lpph2 c—H
) | R
A
N H |
g B
C=C R,NH
/. AN o
H R
RU'--.... ] . . . H"'--..
c—N - PheP” N\ jan—R
~ N
LPPhZ \\ R ) ) C N
R _ ' / —~H

~ Scheme 2.8 3-catalyzed hydroamination of alkynes

Unfortunately, the reaction of complex 3 with S0 equivalents each of
phenylacetylene and aniline did not give the corresponding imine. The failure of the
reaction is again due to the insertion of phenylacetylene in the Ru-H bond to-give the

metal vinyl which is inert to the amine.
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2.3.13 Reactivity of IndRu(dppm)H (3) towards alcoholysis of nitriles

In addition to the hydration of nitriles with 'complex 3, addition of other protic

. nucleophiles such as alcohol to metal-bound nitriles wﬁs attempted.(eq. 2.7)

CH;CN + ROH ——>  H;C—C=N—H

2.7

Sinﬁlar to the hydration of nitr’ii-es, the hydride.ligand of complex 3 should be
able to H-bond the methanol.(Scheme 2.9} The hydrogen-bonding interaction
between the Ru-H of 3 and the hydrogen atom of ﬁlethanol not only guides the course
of nucleophilic attack of methanol on thel coordinated r.liltrile, but also increases the

nucteophilicity of the oxygen atom of methanol. _
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Scheme 2.9 3-catalyzed alcoholysis of mitriles

‘However, refluxing 3 in 50 equivalents each of MCOH and nitriles did not
afford any imino gther. As metal-imino-ether (NH=C(OR’)R} has a _higher
coordination power than the con’espo;ldi.ng nitn‘le,. the fO[TI;latiO}’! of the imino-ether
ruthenium complex might impede the éoordination of mitrile.[52] We then monitc.)red
the reac;tion of 3 with 10 equivalents each of Medﬁ and H;O in THF-dg af 80°C by
1I-_I and *'P{'H} NMR spectroscopies at 2 and 4 h intervals for a pedod of 48 h; it was,

however, observed that the complex 3 remained unchanged and no metal-imino-ether
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~was formed. In this case, the hydrogen atom in MeOH may be not protonic enough to
form dihydfogen bond with the metal hydride and (hus the nucleophilicity of oxygen
atom is not enhanced and the reaction did not proceed. Furthermore, the bulkiness of

" MeOH (rclativé to H,0) might have prohibitive effect on the addition reaction.
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- Chapter 3 Syntheses and Characterization . of Aminoindenyl
Ruthenium Complexes and-Comparison of Their Reactivities
"Toward Some Reactions with those of Aminocyclopentadienyl

- Ruthenium Complexes.
3.1 Introduction

' | . Cyclopentadienyl is one of the most widely used classes of ligands in
organometallic chemistry and homogéneous catalysis[léS]. One attractive feature of
the cyclopentadienyl is the ease with which.its stgric.and .electronic property can be
modified by the judicious introduction of diverse substituents. Many studies
concerhiﬁg functionalized C)}clopemadienyi ligands have been reported.
Cyclopentadienyl with tethered gmino groups(CpN) have been used for coordination
with various transition metals[127;129] but ruthenium complexes containing these
ligands are still rare. Qur rcgearch group has studiéd the chemical properties of some
aminocyciopentadienyl ruthenium systems aqd their reactions towa;ds dihydrogen

molecules.[20]
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Itis v;feli known that. transition metal ‘i-nd-enyl comp‘lex-es display higher reéétivily
. in stqi'chiometric and catélytic reactions than their cyciopentgdienyl analogues.[119,
146, 147) However’, very few aminoindenyl cpmplexes“are' known. In fact, no
-aminoindenyl([nN) _rut_hf;n_ium comﬁlex has been reported to date. Therefore, it is
" interesting to compare the chemical ﬁfopertiés and reactivity of the VInN ruthenium

" complexes with those of the CpN ruthenium complexes.

" 3.2 Experimental

3.2.1 Materials and instrumentation

- All reactions were capied out under a dry nitrogen_atmosphere using. §tandard
Schlenk tecﬁniques. Solvents were distilled under nitrogen from appropriate drying
agents (solvgnt/dryipg agent): ﬁlethanol[Mg-Ig, ethanol/Mg-I,, acetonitﬁle/CaHZ,
dichloromethane/CaH,, | tetrah}’dro furan/N: a-Benzophenone, diethglletl;erfN a,

n-hexane/Na,

Ruthenium tﬁchloﬁde (RuCl;-3H,0), | triphenylphosphine,
bis(diphenyl(phosphino)methane) (dppm), tert-butyllithium (1.7 M solution in

pentane), 1-chloroethyldimethylamine hydrochloride and indene were purchased from
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Aldrich.

The ligand CoH4(CH,);NMe, [199], the _complexes
(n’m'-CsHsCH,CHy;NMe;)Ru(dppm)]BFs  (2){20]  and Ru(PPh;)sCL[200] were

prepared according to published procedures.

Protéﬁ.NMI-{ spectra’ were _ob’tained'from a Bruker DPX 400 spe_ctromete.r.
Che@ical shifts were reported relative to residual protons of the deuterated solvents.
3II"{'H'} NMR spectfa were recorded Qn a Bruker DPX 400 spectrometer at 162 MHz;
chemical shifts were hexterlnally refefenced to 85% H;PO, in D,O. Electrospray
Ion_iZation Mass spectrqme_try was carried out with-a Finhigan MAT -958 mass
spectrometer. Elemental analyses Qere performed by M-'H-W' Laboratories, Phoenix, ..

'AZ, USA.

3.2.2 Syntheses an-d Reactions

s : _ /CHs
H NO
AH‘ CHy
H 2
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3.2.2.1 Sg.,'nthesislol‘ (Y]S-CQHGCHz(:H]NMez)R-U(PI;hJ);CI a7n
;ﬂ\ Spillenk flask was -c‘harged w;fith (2—d.ir'nethylaminoe'thyl)in;:lene (059 ¢,3.14
mmol) a:nd THF (20 mL). tert-BuLi (1.80 mL, 3.14 rnm-ol, 1;7‘ M in pentdﬁe) was
added dropwisely fp the solution via a-syrir'lge at O°C The solution was stirred for 30
min, and it was‘_the_n added slowly to-a stirﬁng suspension of Ru(PPhy);Cl; (1.50 g,
'1.5'7 mmoi) in THF (20 mL) at 0°C. The ‘colér of the mixture “gr_adl_ially changed to
dark red, a[-‘ld the resulting solution” was stirred for | ar‘lother 15 rn-li'n at 'rc?'dm
témpreratul_‘e. It ‘wasr filtered, 'and. the solvent was removed under vacuum. The residue
was washed with hexane 2 x 20-mL)‘, and the red solid was recrystallize;i from
‘dichloromethane/hexane. Yield: '0._81 g (61%).. Anal.-Calcd for C49H4§C1NP2R;1: C,
69.43; H 5.‘47; N, 1.65. Found: C, 65:62; H, 5.46; N, 1.64. '"H NMR (CDCl;, 400
MHz, 25°C) § 7.50-6.90 (m, 30H of PPh, and 2H of H**®)(see Chart 1), 6.59 (t, 1H,
SHHH)= 7.5 Hz, HY, 6.18(d, 1H, 3J(HH)= 8.3 Hz, H’), 4.65 (br s, 1H, H"), 3.20(br s,
1H, HZ); 2.80 and 2.50 (m, 2H, -CHQN-),-2.40 and 2.10 (m, '2H, -Lndchfz-),z'.ov (s, 6H,
NCH;). 3‘p{1ﬁ} NMR (162 MHz, CDC[;, 25°C) 6 44.9 [d, 2J(PP) = 45.3 Hz], 5378

[d, >J(PP) = 45.3 Hz]. ESI-MS (CH,Cl,-MeOH as solvent) m/z: 811 [M-Cl]*

3.2.2.2 Synthesis of (n°-CoHgCH,CH;NMe;)Ru(dppm)Cl (18)

Complex 17 (0.30 g, 0.35 mmol) and dppm (0.15 g, 0.39 mmiol) were
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dié.sqlved in 50 mi of Foluene, and the sol-ution was reﬂuxed for 4 h. The solvent was
thep removed complefe!y under vacuum; tﬁe residue was .Washed witﬁ diethyl ether
- {(2x5 ﬁlL) and d'ried in vlacu.o. Yieid: 02g (80%). Anal.‘Cglcd for C3gH;33CINP;Ru: C,
‘ 64.547; H, 5.42; N, 1.98. Found; C, 64.35; H 5.44; N,<-i..97,: 'H NMR (CDCl;, 400
MHz, 25°¢) 6 7.50;6.90_ (m, ’201-_1 of dppm and 4H of Hl'f')(see ‘Chart 1), 5.02 (br s,
1H, H'), 4.12 (br s, 1H, HY), 4.90 ,tm,. 1H of PCH;P), 4.30 (m,llH of PCH,P), 3.00
anﬁ 2.60 (m, 2H, -CHZN-), 2.50 (m, 2#, -IndCH,-), 2.24 (s, 6H, NCH3). *'P{'H}
NMR (162 Mﬁz, CDCls, 25°.C) & 210 [d, */(PP) =102 ﬁz], $ 5.7 [d, 2A(PP) = 102

Hz]. ESI-MS (CH,Cl,-MeOH as solvent).m/z: 707 (M-Ci]"

3223 Synthésis of (nS-CmECHZCH;NMeszu(dpﬁmjﬁ (19)

‘A sample of 18 (0.26 g, 0.24 1;nmol)- was added to 30 mL of NaOMe/MeOH
(0.77TM) solﬁtion‘._ The resultiné solutioﬁ was refluxed for 24 h, and ‘then the solvent
was removed by vacuum. The reéidu'e was extraqted with 30 mL;of toluene; aqd aft_er
the removal of the solvent of the extract under vacuum, the yellow solid was washed
wirth hexane (2x5 mL). Yield: 013 g -(68%-)..Ana1. Caled for ngi-IggNPlelr C, 67.84;
H, 5.84; N, .-’)..08. Found: C, 68.-01‘5; ﬁ, 5;82; N, 2.08. 'ﬁ' NMR (_C;D(;, 4OOMHZ, 25°C)
§ 7.20-6.80 (m, 20H of dppm‘ aﬁd 4H of HJ'G)(séle Chart 1), 5.48 (br.s,llH, HY, 532

(br s, 1H, HY), 430 (m, 1H of PCH,P), 3.50 (m, 1H of PCH,P), 3.00 and 2.70 (m, 2H,
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. -CHN-), 2.48 and 2.44 (m, 2H; -IndCH,-), lé.OS (s, 6H, NCHy3), —13.13 (dt, 1H, “/(PH)
=30.4 Hz, J_(HH):_ 4.0 Hz, Ru~H). p¢tH} NMR (162 MHz, C(;Dﬁ, 25°C) & 4.4 [d,
lJ(PP’) = 95.9_‘Hz], § 1.3 [d,.ZJ(PP) = 95.9 ﬁz]. ESI-MS (CH;CI;-MeOH as solvent)
o miz 672 M)

'Variable-température 7, measurements on-the Ru-H signal were carried out by the
inversion-recovery method using standar(.i 180°-1-90° pulse sequences. T} (400MHz):
1498 ms (293K), 13.“56 ms (283K), -11-45 ms (273K), 1036 rﬁs. (263K),.930 ms (253K),

869 ms (243K), 811 ms (233K), 845 ms (223K), 914 ms (213K)

~ T(min)( 832 ms at 230K and 400MHz) was obtained from the In7y v5 1000/T plot.

3.2.2.4 Synthesis of (ns-C9H6CﬁzCHzNMe;)Ru(Pij)ZH_ 290)

Thié éomplex was prepa;e-d by using tﬁe sz;me procedure as for the preparation
of 19, except 17 was used _inste-ad of 18. Yield: 0.15 g (78%) Anal. Calcd for
c49H47NP2RQ: C, 72.40; H, 5.53; N, 1.72. Found: C, 72.65; H 5.85; N, 1.73.
| 'H NMR (C¢Ds, 490 MHz, 25°¢) 8 6.9077.30 (m, 30H of PPh; and 2H of H5:6)tsee
Chart 1), 6.22(m, 1H, H“i 652 (m, 1H, H*), 5.77 (br s, 1H, ,Hij,'4.53_ (br s, 1H, HY),
2.25 (m, 2H, -CH,N-), 2.23 (m, 2H, -IndCH,-), 1.99 (s; 6H, NCHy), -14.90 (1, 1H,
2 KPH) = 31:2Hz, Ru-F). *'P{'H} NMR (162. MHz, ngDg, 25°cj 5 60.9 (br's), & 59.3
{brs) o

ESI-MS: 812 [M]"
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' ‘3.2.2.5 In situ éreparation 0{_[(n5-C.9H6CE“I;_CHZNI\;€2H+)Ru(dppm)H]BF4 (él) A
HBF,.;'Et;O (2.0 uL, 0.015 m‘mol) was added to-a solution of 19 (0.010 g, 0.015
mrﬁoi) in 0.4 rr-lL of THF-dg in a SImn‘NMR tube, and the NMR spectra were
collected‘ immedi_ately.‘
'H NMR (THF-ds, 400 MHz, 25°C) 87'.60‘-7._30 (m, 20H of dppm and 4H of H>%)(see
| “Chart 1), 5.47 (br s, 1H, H), 5.39’ (brs, 1H, H?), 4.70 (m, 1H of PCH,P), 3.80 (m, 1H
- of PCH,P), 3.2-2.8 (m, 4H of—IndCHg- & -CH;N-), 2.71 (s, 6H, NCH;),'-13.41-_ (t, IH,
-2J(PH) = 30Hz, Ru-H).
p{'H} NMR (162 MHz, THF-dg,:ZS"C)‘S 8.1[d, ZJ(PP) =76.1 Hz], 33.4 (4, 2J(PP)
=76.1 Hz]
Vanable-temperature T ﬁleagurements on the Ru-H sigﬁal were carried out by the
inirersion-recovery method using standard 18C°-t-90° pulse sequences. VT 1 (400MHz):
538 ms (293K), 489-rr.15 (283K), 441 ms (273K), 500 ms (263K), 524 ms (253K), 580
ms (243K), 654 ms (233K), 767 ms (223K), 814 ms (213K)

Ti(min)( 493 ms at 282K and 4OOMHZ) was obtained from the InT} vs 1000/T plot.

3.2.2.6 Synthesis of [(ns:n'—CgHGCHiéﬂzNMe'z)Ru(dppm)]BF4 22)
A mixture of 18 (0.50 g, 0.71 mmol) and NaBF, (O;GS g, 0.71 mmol) in 20 mL of

THF was refluxed for 48 h. The solvent of the orange solution was removed by
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:vacuur-n; and the solid was e'xt'racted with dirchloromethane (2x10 mL), the 0rangé

solid was recrystailized from dichloromethﬁne / hexane. Yield: 0.45 g {(84%)

Anal. Calcd for C3gHggBF4NPQRI-.IZ C, 60.17, H, 5.05; N, 1.85. Found C, 60.35; H,

5.02; N, 1.87. |

'H WR (CD,Cla, 400MHz, ZS;C) 8 7.50-7.10 (m, 20H of dppm gn_d 1H Qf H(’)(_see

Chart 1), 6.78 (m,ﬁ 3H of %), 5.63 (brs, 1H, H"), 4.19 (br s, 1H, HY), 4;76 (m, 1H of‘
| i’CHzP), 437 {m, IH_of PCHZP), 3.35 (m, 1H, -CHgﬁ-), 3.10 (m, 2H, -IﬁdCHz-), 290

(mi, 1H, -CH,N-), 2.34 (brs, 6ﬁ,-NCH3). ' |

1p{'H) NMR (CD;Cl,, 162 MHz, 25°C) & 15.6 [d, 2/(PP) = 280 Hzl, 5 4.6 [&, 2 jPP)

— 280 Hz]: ESI-MS (CH,Cl-MeOH as solvent) m/z: 707 [M]’

3.2.2.7 Catalytic hydration -of  neat nitriles - with
[(nS:n'-CgH.;CHzCHI.NMez);Ru(dppm)]BF‘; (22).

. Ina typical' run, a sample of 22 (0.010 g Q.Olé mmol) was dissolved in a 1:1
(molar ratio) mixture of _nitrile and water. The solution was heated at 120°C (oil bath
temperature) for 72 h, after which the solution was ﬁooled to room température, and
the amide formed was dissolved by addition of 1 mL of acetone. A 0.1 mL aliquot of
the solq_tion was removed and analyzed by 'H NNLR spectmécopy (ix; CDCl;).

Comparison of the integrations of the characteristic peaks of the amide and the
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‘unreacted nitrile gave the turnover number of the reaction.

3228 CO, reduction with (115-;11''-CsmcHzCHzM\f[é,_)m.'(dppm'nlaf4 ) and
', (ns:n'-C9H6CH2CH'2NMe2)Ru(dpi)m)]BF4 (22)

-A solution of 2 ((.).010 g, 0.014 mmol) Qr 22 (0.010 g, 0.613 mmol) in 10 mL of
| THF was heated und64r 60:bar of Hy/CO; (1/1) _in a stainlgss steel a‘t;llO(:laVG for 16 h.
 The reactor was cooled .rapidly an(i c.are..full'y ve_nted.r Fonnic acid formed was

" analyzed by 'H NMR spectroscopy, with DMF (5 pL) as an internal standard.

3.2.2.9 Reaction of 22 with H,

A 0.4 mL DMSO-d; solution of 22 (0.010 g, 0.013 mmol) in a Smm high
pressure NMR tube was pressurizéé Wilth 12 bar of H, and the tube wés thé:n heated
.to 100°C for 4 h. 'H and -3'P{'H}-NMR spectra were recorded after the tube was

cooled to room temperature.
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-.3.3 Results and diﬁcus_sion
© 3.3.1 Synthesis of (n°-CsHgCH;CH;NMe;)Ru(PPh3),Cl (17)

Grouxr et al. - have  reported the | preparation- . of
(110" -CoH(CH)NMe; Ni(PPhs);Cl by reacting Li'TnN' (InN = CoHy(CH;),NMey)
" with Ni(PPh;3);Cl; in diethyl ether- solut'ion.[201_] We generated the Li+InN' by reacting
II]N_W:lth tert-'brutyllithirum— in THF; treatment of Li+InN" with Rﬂ(PPh;)gClz in THF

gave the amindindenyl complex InNRu(PPh;),Cl (17} (Scherhe 3.0 '

/ - S
L : CHy s
@jj\/N\CH @ W~ @@\/‘N\
/ 3 N, CH,

CH
3 CH;,
Li+ -+ RU(PP]’I3)3C[2 Ru\Cl -
+ . ‘ PhyP |
PPh;
{CH;)5CLi
17

Scheme 3.1 Synthetic pathways of 17

The amino side arm of 17 is not coord_jnated to the metal center, indicated by

the similarity of the chemical shift of the aminomethyl protons of 17 to the chemical |

shift of those of the free ligands. The N-methyl protons of 17 appear as a-singlet in the

'"H NMR spectrum at 8 2.07 pApm, and those of the free ligand InN are measured at 3
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2,10 ppm.

The 'H NMR spectrum of 17 shqws the following pattern for the proton |
resonances of '_-thf; nS-MN coo'rdination; signals for the Cs ring protoﬁs (H3'6).ar'e
-befween 6 7.5 ppm and & 6.2 ppm, and sigﬂal f;r H' is at-8 4.65 ppm. Groux et
al.[201] showed that am_inonickel complex has n’-coordination for the indenyl ligénd;
a rerﬁgrkable downﬁgld shift of llthe H' signal (at 8 6.7 ppm) was observed. Romao et
a‘l.‘r[@24] also showed that in thé molybdenum complexes with the 1’ -indel;yi ligands,
downfield shift of the 'H signal (ai 8 6.5-7.3 ppm) ris‘the feature éf n°-coordination of -
indenyl ligand. In vilew of the cl-lemi_ca_til shift of the 1‘H si@al .i-n 17,1t is”pro'bably tlr-ué

that the aminoindenyl ligand is’ﬁ5-coordiﬁated in the complex.
3.3.2 Synthesis of (n 3-CyHgCH,CH,;NMe;)Ru(dppm)Cl (18)
Similar* to " its -non-substituted indenyl analog _(né-CgHy)Ru(PPhg)ZC'l,

displacement of the PPh; ligands in 17 with dppm pro_ducéd the corresponding dppm '

chioro complex 18.(eq. 3.1)
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i ) N\' o C@\, N\
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CH, CH;,
Ru\ . Ru\
pn,p” | Cl - e’ | €T
3 PPh, -
PPh, e \/ 2 3.1
17 18

The "H NMR spectrum of complex 18 show two separate signals for the two
‘non-equivalent methylene protons of dppm, which- are diastereotopic due to the lack

of plaﬁe_ of symmetry passing through the P-C-P plane and the metal center.

The ° 1P{"H} NMR spectrum of 18 showed two ddublets corresponding to the
 two non-equivalent phosphorus atoms at & 21 pp_m'anc_l 5 5.7 ppm (J(PP) = i02 Hz).
They z'xre upfield shiﬁéd ct;.mpared | with the phosphorous signals of the
bis-triphenylphosphi-rie precursor. The upfield shift is in agréement with the'gener.al
ph.enqmenon reported by Gal;rou that'_the p_hoéphorous atofns of the diphésphine
forming a 4-membered ring with the metal center, are more shielded than .tho_se-of the
non-chelating phosphines and those of the. chelating phosphine which foﬁn— 5-.-or

6-membered ring with the metal center.[202]

The similarity of the chemical shift of the N-methyl protons of 18 (6 2.24 ppm)

to that of the free ligand-(ﬁ 2.10 ppm) is indicative of non-coordination of the amino

90



side arm of the aminoindenyl ligand. In addition, the amino indenyl ligand of 18 is
ilso 1°-coordinated. instead of n’-coordinated, as revealed by the fact that the 'H
NMR spectrum of 18 shows the familiar pattern of the proton resonances for the
ns-InN coordination (HM, 56.9-7.5 ppm, H', 8 5.02 ppm)._

333  Synthesis of  (n*-CoHeCH,CH;NMe)Ru(dppm)H  (19)  and

(nS-CgH.gCHzCH;NMe;)Ru(PPhQ;H,(21)

There are quite‘ a few synthetic routes for transition metal-hydric-le ‘complexes'.
The usage of LiAlH,[203], NaBH,[167] and I;iaOMe[ZOZ}] as tﬁe h;'ddde'sources ar;
well documented. It was reportec-I by Oro et al that the reaction of
n’ -C9H7)Ru(PPﬁ3)2C1 with sodium methoxide in methanol led to _the formation of
(nS_CQHT)Ru(PPhj)EH[166]. Sirr-iillarly, ’ the hsrdﬁde F:omplexes
(ns-CgHﬁCHgCHzNMez)RU(Lz)H (19 : L, = dppm; 20 : L = (PPh3)2_) were prc-epared
by heating the chloro precu:;ors in refluxing methano} coﬁtainiqg sodium methoxide

(eq- 3.2).
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, /CHJ ) ' /CH;
N ‘ N -
N N
. - CH3 ) NaOMe . - CH}
. Ru , . _ Ru
L L Lv 12
19 : L; =dppm -

20: Lz = (PPh3)2

The ].H NMR spect_ra_ of lévand 20 éhowed the hydnde signal at —13.13 ppm
and —.]4.'90 ppm, respectivc_:ly_f. The hydride bf 19 is.coui)led _with one of the met_ily‘lene
protons of th; dppm ligand, thus the 'H NMR'spectrum of 719-showed the hydride
~ signal at_i13.13 ppm as a triplet of doublets (2J(HP) = 30.4 Hz, J(HH) = ;I.O Hz).
Coﬁpling-of the hydride ligand -“-f'iti'l one of thc. methylgﬂé protons of dppm has also

been observed in.IndRu(dppm)H.[ 166]
3.3.4 Acidification of (n5-C9H6CH2CH2NMez)Ru(dppm)H (19)

In-the h){dride comblex 19- or 20,‘ there ére 3 potential sites for electr;)philic
~attack by a pfoton, the metal center, the hydride ligand, and the‘ ﬁitrogen atom of thf';
amino side_ arm. It is therefore interesting to study the reaction of 19 or 20 with an
acid. It was rfound that addition of 1 equiv of HBF4Et;O to 19 resu]ied.in the
protonatton of the  pendant amine group to  give

[(1’-CoHsCH,CH,NH Me,)Ru(dppm)H|BF; (21).(eq. 3.3) The 'H NMR spectrum of
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21 in THF-dg revéaled a downfield shift for the N-méthyl signal at § 2.71 p-pm, vs the
‘énalogous signal in the parent complex 19 at6l 2.18 ppm. Stmilar downfield shifts of
,the'N—methyl_ brotons were observed ‘upon protonation of the amino groups of the
aminoéycl'opentadienyl ligands of “the titanium,[135,  205] rhenium,[l42]

rhodium,[206] and ruthenium[20] comiplexes.

- CH; C cH
o : R
ORI & A
' CH; 1 equiv_ . }II CH;
" Ru : . Ru P -
~ HBF,Et,0 Ru ...
phop” | H v php” | H
I/Pth_ _ I/Pth
. 3.3
19 21

At toom teinperature, the hydride signal of 21, which appears as a broad triplet
(ZJ(HP.) =31.6 Hz) at -1.3.41 ppm in the iﬁ NMR spectrum, is slightly upfield (by 26
ppb) from .that. of 19. Unlike the hydrid.e ligand of i9, éoupling of tﬁe hydride ligand
in .21 to the methylene 'peron,'of the dppm liéand 18 an observed. 'At' lower
temperagﬁre (0°C or 10Wer),l the hydride signal of 21 sharpéns slightly, but .cbupling :
witfn the methylene proton ié still undetectable. Broadening of the hydride signal of .21 N
is probably due to its H--H interaction with the N—_H on the pendant amine arm. It
was reported that the hydnde sign};% of WH(CO)Q(NO)(PMC3)2 broaden-ed in the

presence of acidic alcohol, due to the formation of intermolecular M-H--H-OR
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dihydrogen bonding.f1} Signiﬁcant_lowel;inlg'of relaxation’ time"Tl for one of the
_ hydride ligand§ in trans'-[RuHAdppm)ﬂ wz;s recorded in ‘th'e presence of PhOH at
_room t‘lamperature, due to the .éxistence of the dihydrogeﬁ-bonded rspccies
_(dppm)zHi{u—H---H-OR; é dynamic eciuilibri_um béfween {(dppm);HRu-H---H-OR and
'[(dppm)ZHRu(Hg)—]J“(OR)‘ was establisheé ﬁt lo;a;f temperature._[l()],Thé presence of
H--H. interaction in" 21 is | supported by. relaxation tin}_e Ti measurement. ‘The
. relaxation time (T) for the hy:dridt; signal of 19 me-asuredr in THF-dg at room
temperatufe was found to be 1498 ms. Upon addition of 1 gquiv of HBF4Ey,O, 19
was converted to 21, andlthe T value for the hydride signal of the latter was
determined té be 53§ ms, which’ was appreciably lower than that of tﬁ_e hydride signal
of the former.- When the same experiment was performed in chlorobérizene—ak instead
of THF -dg, the T IV-value dropped from 1276 ms for 19 to 195 ms for 21. TFle T(min)
values ﬁ)f 19 and 21 in THF-dy were fou..md.tc_) be 832 ms (230 K) and.4_93 ms (282 K),
respectively. In chiorobenzene—a&, the T 1(min) of 19 was 865 ms (253 K}, and-that of |
th'e'ZI was 180 ms (286‘K).‘Lowering.‘of the T valueé nevertheless suggésts ‘some
- degree éf hydrogen-bonding interaction between tﬁe hydride ligand and thé N-bound
proton 60_mplex in 271. A smaller drop of Tyand T 1(min) vglue in THF-ds so‘lution can
be -attribulted to the THF-dy’s competi‘ng with the Ru-H of 21 for hydrogen—b.cmding

interaction with the amine proton 21. This N-H--THF hydrogen bonding interaction is
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maintained at the e)_cpen;se_ of N-H:H-Ru interact‘ion. ‘Switching ojn -and off” of the
~ intramolecutar H-~H interaction by using solvents: of differgnt hydrogen-bonding
| abtlities have beeﬁ reported.[207] Unfortunate_ly,rit is not possible to carry out the spin
saturation transfer méasurerﬁeﬂ on 21- in order to gain additional support for theT
_pres_ence_of Ru-H---H}—N interaotibn because the N-H signal is _qbscured by the other

_ proton signals of the complex.

_The H/D exchﬁnge of the hy&ﬁde of 21 with D;O however, provides additional
rsupport for the existence. of Ru-H---HA—N dihydrogen—bonding- interaction. We found
that the hydride signal of 21 disappeared within 20 min after the addition of D,O -to a
THF-dg of the complex. It is believed .that N-H first underweht H/D exchange with
D,O tolgive the N-D function, wh.ich.then H/D exchanged with the metal-hydride via
the intermediacy of the nz-HD species.(S_chemé' 32) In contra_st,"-the hydride: ligand
and the proton on the pyridinium .ring.in [IrH(n’-SC5H4NH)(n2iSC5H4N)(PPh3)2]B.F4
do not see;n to undergo any.signiﬁcallllt exchange, although the presencé of Ir—H.---HiN

interaction has been ascertained.[208]
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'Scheme 3.2. Proposed meéhanism of H/D exchange of the hydride ligand of 21

with D,0
3.3.5 Synthesis of [(n°:n'-CyHsCH,CH;NMe;)Ru(dppm)]BF; (22)

Various Amethods can be used to abstract the chloro ligand. of the ruthenium
complexes. Santi et al. rgported that the éationic [(nS-CgHﬁ)Rﬁ(PPl;3)2]+ coﬁplgx was
generated in l‘situ by chloride ébstraction of (;’IS-CQH'])RU(PPhj)Q-él with AgBE4 ror _
Agi’FG in THF sgll;tion.'[209] Gimeno et a;’. showed that -the'vinyl-idene cc;mplex
[l'{u {=C=C(ﬁ)lBu}(n5,C9H7)dppm)][PF6] was obtained by tre.at{ne;nt. of
[(ns_C9H7)Rﬁ(dppm)CE] wit_h. an excess ;)f .3,3_-dimethyl—_l-b1.1tyﬁc and NaPFg in

refluxing ethanol, the chloro ligand was removed with the help of the sodium ion.[210]
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Heéting' the chiorp cpmplex_ 18 _in THF 1n the pr'ese_nce. of the NaBF; gave the
alﬁine-bondéd cationic complex [(n’ :r|'—CgHgCHzCH‘zNMég)Ru(dppm)]BF4-(22) (eq.
3.4). Evidence for- the presence olf N-bounde(i side arm i§ provided by. the 'H NMR
spectrum of 22; it shows that the [;roton signal of the “two N-meth}}l‘ groups 1s
| downfield-shifted (by 0.1 ppm) from -that of 18.'Si.milar downfield shi’ﬁé of the
* N-methyl protons have Eeen.obsewedin [_(r|5:nl-C'5H4CH2CH2NM82)Ru(dppm)]BF4

Q).

CH - +
- (:HJ " NaBF4 [N N BF4-

e
/
Ru Ru ~N
~ . CH]
o Phop” | T
I/Pth !/Pth
) 34
18 ' L ’ 22 . -

3.3.6 Reactivity of [(qs:nl-CgHﬁCHICHZNMez)Ru(dppm)]BF4 (22) towards H,

Reaction of [(n°:n'-CoHsCH,CH,NMe,)Ru(dppm)}BF, (22) with H; was studied.
The reaction of 22 with H, (12 bar) in DMSO-ds in a 5 mm high ﬁressure NMR tube
at 80°C was monitored by 'H and *'P{'H} NMR spectroscopies in 4 to 8 h intervals .

for a penod of 120 h; it was found that 22 was gradually converted to 21 within five ’

days. Probably, 22 first reacted with H; to form a dihydrogen complex intermediate, . .
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thé‘nﬂ‘;-Hz ligand of which was the.n"debrotonated by the amino group to form 21.
: (Scheme‘3.3)-Unfortunately, we were not ablé to detect the T]z-H;! intermediate in the
NMR studies._'Our research grou—p has also reported similar intramolecular heterolytic
cleavage. of n’-H; ‘ligand by '-th_e amino s@de -am of tﬁe' Cp-N ligand of
[(T‘S:n1_C5H4CH2CH2NM82)Ru(dppm)]BF4.[20] Mor.eoye‘r,‘ Rettig et al. have found
that the rﬁthenium amide comﬁle# RUCl(PPh})[(N(SiMez-éHQPthr)zl qleaved H,
~ heterolytically to form'two‘ 1someric amine-hydrnide derivatiizésl of th;e formula’

" RuHCI(PPhs)[(NH(SiMe;CH,PPhy),]. [211]

CH,
N | .

Ru—"" N 12 bar H, N ta H

e | CHy, — CH, —_ P N
P’ | Ru. H pp” | H
I/ 2 php” | \|H PPh,
I/Pth
2 _ 21

Scheme 3.3

3.3.7 Reactivity of . [(n’n'-CsH,CH;CH;NMe)Ru(dppm)|BF, (2) and

[(M’°:n"-CoHsCH,CH;NMe;)Ru{dppm)]BF, (22) in nitriles hydration.

" We have studicd the dihydrogen bond-promoted catalytic hydration of nitrites

in chapter 2, and have learned that the hydnde complex IndRu{dppm)H (3) is capable
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‘-of catalyzing the hydration‘of niltﬁl'es to amides, but the chloro analogue of 3 is not.
"Wel beiie‘;fe that ti‘l& prgsence of R;I—H“;‘H-OH dihjzclrogen-bonding -interaétilon -plays a
crucial role in the cafalytic process. _Against this backdrop, we anticipate that the
" amino side arms of 2 and 22 are poténti_al.sitesf to hydrogen-bond the water molecule
during the cataiysis,of nitriles hYdratioh; sﬁch hydrogeg-bonding inter_action would
enhagce tﬁe nucleophilicity of oxygen of the Hy0, thus enabling its attack at the

cyano group of the attached nitrile.(Scheme 3.4)

‘!:I) .
H,N—C—CH,

T . _C(CHy), 1
?H ) \/CH3
/ 3

HN=C—CH, Ru ~CH
PhaP “PPh, _ CHyCN
/ 22
CHy)y . |

©@T N etz CH—] '

3

_~Ru : T ' NiCH

Ph;P / \N/ o P/RU\N 3

Lpph N -OH P NS
\ PPh; “CH,

Scheme 3.4, Proposed mechanism of 22-catalyzed hydration of acetonitriles
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However, it 'was_ found that the'catalytic hydrationiof a_ceton_itrile with 22 did
not proceed. After reacting a THF.-dg solutiorlll of 22 with 10 ¢quivalents eacjh Qf
: CH;CN and wﬁ_ter at foom temperature for 2 h _in a 5 mm NMR tube, the réaction
stopped upon the c-o-ordinatior_l of CH;CN to the metal and fon;ning the stable solvento
complex [InNRu(dppm)(CH;CN)]BF,;. This study seems to indicate that the hydnde
| ligand in thg iﬁdenyl complex: is essenfial for t-he success of the catalytic h_)(dration

" reactions of the nitriles.

'3.3.8 Reactivity of [(n°:n'-CsH4CH,CH;NMe;)Ru(dppm)|BF, (2) and

[(115:711—C9H6CH2CH2NM¢2)Ru(dppm)]BF.; (22) in alkene and alkyne hydration.

The acldiltion of HZO_to a é:C bf)nd and-CsC bond is a poténtially useful route
for the preparation of alcohols and c'arb‘cin_;ﬂ compcﬂnﬂds, respectife’ly. But very few
-metal complexes are known to -catalyze these reactions.[lSS—'lS_'f] We have learned
that IndRu(dppm)H (3) is‘ inactiy'e in catalyzing thése h)}dration_,reactions since the
alkyne insertsrir.lto the Ru-H and alkene fails to coordinate to the metal center. We:
therefore investigated the catéljfti_(: activity of complexes 2 and 22 in the .hydration
reactions. For 2 or 22, the alkene molecule will rp'robab'ly‘displace the coordinated

antino side arm, and potentially the now dangling amino group can H-bond the
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incoming H,O molecule. Moreover, in the alkyne hydration with. 2 or 22, it is
expected that the complex reacts with the terminal alkyne to.give, via tautomen'zation,
the vinylidene species. H-bond-mediated hydration of terminal alkyne might proceed

via the mechanism depicted in' Scheme 3.5. -

. -CHy
"N\ ETCHy
c H
X
e
SN
R
- . _CHy 1*
LR o .
" TSCH N TG
! OH H 3 C \3 H
- - —
G . WY
\\C C\
/ —H o< R/ H
R ,
* +
2 ! ™
CH;, e , : ,
L@/ - . N BE, @'\(CHZ),,
n “SCH;, y Ru \CH3 and 'RV Fy
Phy [{Ph thP’( U Mo
- beny e
2 . ) N

Scheme 3.5 Proposed mechanism of 2- & 22-catalyzed hydration of alkynes
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~ Complexes 2 & 22 x';ff;re howéver found to be inactive in .alkel_]-e and alkyne
hydration. Aﬁer heating -the complex in a mixture of 50 equi.v_-alen.ts each of
phen.ylac‘etyiene and water, and in a mixture of 50 equivalents each of methyl acrylgte
. and water for 72 h, no hyd;atioh.product was obs_erved in either case. We then
" monitored the reactions of 27 with a solution of 10 equivaleﬁts-egch of phenylacetylene
7 and water, and with a solution of 10' equivaleﬁts each of methyl acrylate and water in
" THF-d at 80°C by 'H and ‘“P{ 'H} NMR spectroscopi'es at 2 and .4 h interv'alrs for ar
period of 48 h; it is observed tﬁat -compiex 2 remained unchanéed and nﬁ coordination
_ 6f methyl acrylate or phenyiééetyfene was observed in either case. Same results were
obtained when 22 was used Ain_:pl_ace of 2. This is probably due to the fﬁct that the
' coordinat.ion power of the arpino side arms of 2,‘and' 722 are strong, the substrates are

therefore not able to displace them.,

33.9 Reactivity of [(n*n'-CsH,CH,CH,NMe;)Ru(dppm)|BF, (2) and
[(M*:n'-CsHsCH,CH,NMe;)Ru(dppm)]BF, (22) towards Hy/CO,; formic acid and

sodium formate.

~ Catalytic hydrogenation of CO; to formic acid by transition-metal complexes

has attracted much interest in recent years.[212-223] (eq. 3.5)
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'CO, v ———=  HCOOH  (35)

Our research group has previously leaﬁed that
[(1]5:1]l—C5H4CH2CH2NM62)Ru(dpp_m)]BF4 (2) 1s able‘ to catalyze CO; hydrogenation-
" to formic. acid in THF ;solutiqn at 80°C under Hz/C02(4O;1tn1740atrﬁ) fc.>r 16 h, albeit in _
low yield (Turnover nl-jmber = 6). An intr;lmolec‘ula-r_dihydrogen-Bonded complex
{(nS-CsH;;CHZCHzNMeZPF )Ru(dpp'm)H]BFz; formed by the act'io,nrof .P.Iz on 2 is;
proposed (o be the k_ey_speciés in catalytic hydrogenat'ionrof CO, to yield formic _
‘acid.[20] Theoretical -study, employing hybrid density ﬁl;l;:tiénal (i33LYP) c;a]culation :
on this catalytic p;'ocess shows'that formation of the formato intermediate proceeds-
via tﬁe' path in which 1the inc.or'ning COz abstracts the hydrid(; iigand, without directly
coordinating to the Ru. atom.(écheme 3‘.6) That this.pgth 1$ possiﬁle in this lsystem is
due to the promotion effect of l the protonated amine side arm; the promot.i.ng_ effect
-Oﬁginateé_ from enhanc;:ment of the ellectrophilicity aF .t,-he _parbon of CCZ by
H—bon(iing interaction of the proton of —th.e.amine side arm with one of the oxygens of

CO,.[21]
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Scheme 3.6

It 1s thereforc_ 7interesting to c.omparer the actiyity | of
[’ l-C9H5CH2CH2NM62)Ru(dppm)]BF4 @y with
[(nszn'-C5H4CH2CI;IZNMez)Ru(dppm)]BF4 (.2) in .th_e'h'ydro'genatilon of CO,. It was
found that stirring a DMSO solution of 2 or 22 at 80‘;C un(;ler HZICOE (30 atm / 30 atm)
for 16 h led to the produ(:tion. of formic acid. The results of CO# hydrogengtion with-g

& 22 are as shown in Table 3.1.
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~ Table. 3.1 CO, reduction with 2 & 22* -

Complex used - | _ : Additi\.fes _ Tumnover no."
InNRu(dppm)BFs (22) Triethylamine® 142
Nil 10
| CpNRu(dpp@)BF; (2) _ | ’friethylarﬁine_c 25 _ |
Nl 3

7 "Typiéal conditions: catalyst, 0.014 mmol; solvent, DMSO (10 mL}); H,, 30 atm; CO,, 30 atm; reaction

time, 16 h;' temperature, §0°C, Turnover no. = mol of product/mol of catalyst.“triethylamine, 'l_ oL,

The turnover numbers of the CO, hydrogenation reactions were found to be

higher in the presence of a base (triethylamine). The enhanced activity might be due

to the formation of a thernmodynamically stable adduct Betwéen the base and formic

acid, thus shifting the equilibrium to the side of the product. (eq. 3.6)

CO, + H, +  EuN

~  EtNHCOOH

In previous studies, our research group had monitored the reaction of

[(nszn'-C5H4CH2CHéNMez)Ru(dppm)]BF4 (2) with Ho/CO; by high pressure MpitH}

NMR spectroscbpy, and had found that 2 was completely converted to
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[(n.s:n'-C5HqCHQCHZNM;egHJ')Ru(dppm)H]BFg (O} whi_ch remained the o.niy
~ detectable metal complex in the system after 241, Simila'rity,r a h_igh ?rgssure Stpy! H.}
NMR | study of the -Hg/CQZ reaction  with 22 shqwed that
[(n5-CgH(,CH;CHzNMezH+)Ru(dppm)H]BF4 (21) was -the only detectable m_etal
c.omplex'throughout the experiment. 21 was probébiy form_ed'by the reaction of .22
with Hy. A mecﬁanism for the hydrogenation _of CO; to fomiig acid with 22 is shown
i.n Sc'heme-j.‘i’. The cruciai step. in the catalysis is proposed to be 't.}.le heterolytic
cleavage of H, to generate 21. We suggested thét H-bonding of th_e amine-bound
pfoton in 21 to the oxygen atom .of anAincoming CO,, v&"hich is not coordinate to the
metal center, thances the elecfrophilicity at the parbo_n of the moiecﬁle, enabling it to

abstract the hydride from the metal to form the transient metal-formate intermediate.
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Scheme 3.7 Proposed mechanism of 22-catalyzed_C02 hydrogenation

'It' is usually true that the metal complexes that can effect’ the CO;
hydrogenation to férmic acid, can effect the reverse reac_:,tioﬁ as ‘well, l.e.
decomposition of formic acid to CO, and H;. It was fouhd' that reaction of 22 with
formic acid in refluxing DMSO for 16 h led to the foxmationIZI.(Sch_eme 3.8)
Probal_)ly, HCOOH was first added across the Ru-N bond to form thé tranéieﬁt ﬁletal

formate [(n5-CgHg(CHz)gNH+-Mcg)Ru(HCOO)(dppm)]BF4, which then extruded a.
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CO; molecule to give 21.

] 7 _l + ) /CH-J . /Cl‘[_}
CH
: N~ HCOOH |- . HCH o, @ I eny

Ru—"" '\ —_— ~ Ru
phop”” | CH, e’ | O Phyp”” TU\H
1/?th _ [/Fth ﬁ—H I/P ,
S
22 — - Zl
Scheme 3.8

'Mor‘eove-r, | rea.ctiori “of 22 with sodium formate - . gave
('q5-C9H7(CH2)2NM62)Ru(dppm)H (19). Apparent%y, 19 was formed by limination of
the CO; molecule from the metal form-ate intennediates.(Scﬁeme 3.9) In fact,
“elimination qf a CO, from é fbrmate.species is one of the commoﬁ m;thods to‘-p;ep-are

transition-metal hydride.

| . | CH; . oH
ol | SN B
; N7 HCOONa CH; | _cp, o
Ru—"" '~ —_— P 3
¢

. - Ruw
_ Phop” | . Cs e O Phyp” | TH
PPhZ ‘/ Pth ﬁ_ H o th
_ o 0 o
22 o - 4 R 19
Scheme 3.9
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Chapter 4 '_Dihydrogen-Bohd-Promoted Catalysis:’ Cataly-tié
Hydration. of Nitriles and Hydrogenation of Unsaturated

Hydrocarbon with the Amilioinden'leuthenium Complexes‘
4.1 Introduction

'Our research group has studied the reactivity of the aminocyclbpeﬁtadienyl
cémpleg [(rﬁ:f;1-c5H4(CHZ)2NMe2)Ru(&ppm)]+BF4' '(z) and has leamed that thej'
amino side arm is able to function as an internal basc to heter’oiyﬁcally cleé\}e the
n%-H, ligand to generate the Ru-H-H-N intramolecularly dihydroée_n—boncied spec-iesl

1 (Scheme 4.1).[20]

T

Scheme 4.1 Intramolecular N-H--H-Ru Dihydrogen-Bond-Mediated Pfoton

Transfer
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- To further our inverstigatiron _(')ni the dihfdrogen-bénd-promoted catalytic
hydration of nitriles with indenylfu;heniur_n 'l-lydri‘de complexes describeFi in Chéptér 2,
the'aminoindenyl complex (115-C9H6(CH2)2NM§2)lRu((ippm)H (19) was synthesized;
this complex. has an amino side arm attached to the ind?nyl ligand. The catalyt_ic
activity of 19 in nitrilés’ hydration is compared with that of ('nS —ng.H;)Ru(dppr'n)H 3). . &

It is anticipated that the amino side arm of the indenyl ligand might play a role in. the

~ catalysis.

lRéports on Hydrogenati(;»n',of unsaturated 'hydrocarbons'_ catalyzed by _ind_t;_nyl‘
: complexes are scarce;[224] not sufprisingly, there is. no report. of am.i.noindenyl
. complex-catalyzed hydrogenation_reactions. It is therefore intefesting to_stl}dy;the
- -activity of the aminoindenyl' ruthenium. and indenylruthenium complexes in'cata.lly;ic
‘hydrogenation of unsaturated hydrocarbons, and to understand the mlech-anisms of the

reactions, especially the one catalyzed by the aminoindenyl complex.
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4.2 Experimental
4.2.1 Materials and instrumentation

All reactions wergcarried out under a dry nifrogen_ atmospﬁeré using the
standard Schlenk techniques. ' Rgthenium trich_loric-le, Ru-(;13-3sz, indene,
bis(diphénylphosphino)méthane (dppm), 4—chlorobeﬁzonitﬁle, 4-nitrobenzonitrile and
4—ﬁethoXybenzohitdle were purchased from Aldrich and weére use(i as-rreceived. The
complex IndRu(PPh;);H (23)[166] was synthesized according to literature methc;d.
Solvents were distilled .un-der a dry nitrogen atmospheré With api)ropriatc drying
agents (solvent/drying agept): - m‘ethanob’Mg—Ij,.' : gcetonitrile/CaHz,
tetrahydfolﬁlraan a—benzopheno‘rie, diethyl etheF/Na, n—hexanefNa, 1-pentanolfK2Cdg,
benzonitrile/K;CO;. Substrates used folr hydroge?nation studies were obtained from
Aldrich‘, Fluka, and Acros.. Their pu'ritieg weré checked by NMR speptroscbpy, and

- where necessary, the reagents were distilled under nitrogen prior to use.

Proton NMR spectra were obtained from a Bruker DPX -400 spectrometer.
Chemical shifts were repdrted relative to the residual protons of the deuterated

solvents. *'P{'"H} NMR spectra were recorded on a Bruker DPX 400 spectrometer at
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162 MHz; chemical shifts were externally referenced to 85% H;PO, in D;O_.
4.2.2 Reactions -

4.2.2.1 Catalytic hydratidn of ngat nitriles with InNRu(dppm)H (19).

In a typical_- run, a sample of 19 (0.010 g, 0.017 mmt;l) lwas dissolved inal:l
mixture of nitrile (0’.017 mol) and water (0.30 mL, 0.017 mol). The solution \ﬁ'sfas
heated at reflux for 72 h, after which the soiution was cooled to room temperature,
and the amide formed was dissolved by addition of 1 n_;L of ‘acetone. An 0.1 mL.
aliquot qf the solution was removed and analyzed by 'H NMR. spectroscopy (in
CDCls). Comparison of the fntégratipns of thé- characteristic peaks'of the amide and

the unreacted nitrile gave the turnover number of the reaction. -

4.2.2.2 Catalytic hydration of nitriles with InNRu(;lppm)H (19) in 1-pentanol.

To a sample of 19 (0.610 g, 0.017 mmol) in 2.mL of Vl-p_enta'nol were added
nitrite (0.017 mol) and ‘wafer (0.31 mL, 0.017 mol). The resulting solﬁtion Was heated
at 120 °C for 72 h. At the end .'of the reaction time, the solution was coole’d to room
temperature, an 0.1 mL zﬂiquot of it was removed andr analyzed by l_H NMR

spectroscopy (in CDClz). Comparison of the integrations of the characteristic peaks of
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~the amide product and the unreacted nitrile yielded the turnover number of the

reaction.

4223 NMR study of hydration of acetonitrile with'19

A sarﬁple of complex 19 (0.010 g, 0.017 mmol) was loaded into a ._5 mm NMR
tube which was then cﬁpped With a rubber septum. The tube was evacuated anq fitled
with.nitrbgen gas ‘f(')r three cycles. D’egasse’d THF-ds (0.4 mL) was added, via a
syringe, to diésolvé the sample. -Ten-equivalents of H,O and acetoﬁitrile each were
added through microsyringes. The tﬁbe Wgs _loaded into the NMR probe preheated to
80°C, and the sample was ahaly;ed at 80°C by 'H and.3'P{lH} NN[R spectrosco;;ies
in 15 'min in_tervals' for the ﬁ_rst 4 h. Aﬁér reﬁuxing the solutipn at 80°C o;erm'ght, the
samplé was aﬁalyzed at 80°C by 'H anci 3-’P{ "H} NMR sp‘éctroscopies in‘4 h intervals
for 48 h. It was found that the catalyst remained unchanged throughou:t the reactic;n.

The yield of the hydration product was measured by 'H NMR spectroscopy.

_, 4.2.2.4 H/D exchange experiment between complex 19 and D,0.
- A sample of complex 19 (0.010 g, 0.017 mmol) was loaded inti). a 5 mm NMR
tube which was then capped with a rubber septum. The tube was purged and filled

with nitrogen for three cycles. Degassed THF-d; (0.4 mL) was syringed in to dissolve
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" the sa_rﬁple. D,0 (20 L) wé.s then added to the solution by using a micro-;yringe. The
'H NMR spéctrum of- -the. mixture Qas recorded immediately at room :temperatﬁre.
The sémpie w:as then refluxed _atl 126"(3 (o1l bath temperatﬁré}. Thé H/D exchange
between Ru-H of 19 and Dl20 was ar;aly.'zed at. room temperatu.re by 'H NMR and
S'p{'H} NMR spect.ros'co.pies in .l h iritervals;. for the first 12 h. After reﬂ.uxing the

_solution at 120°C overnight, the sample was analyzed at fobm tt.emperature\ by 'H _

, NMR a.nd 3 'P{'H} NMR spec;trosi:opies in24h i;ltervals fbr 72 h. The percentage of

deuteration of the Ru-H signal was measured by 'H NMR spectroscopy.

4.2.2.5 Typical procedure for the catalytic hydrogenatidn reactiolns .wi_th' 3 and 19
The reactions were carried out in'a 250 mL stai_nless steel éﬁtoclavc.-[n a typical
- run, a sarﬁﬁle of corﬁplex 3 or 19-(0.015 mmol) was loaded into a 50 mL flat bottom
flask. Ten ml. of freshly distilled .tetrahydroﬁxran and: 0.015 mol of the substrate were
added,_and the flask was placed inside the autoclave. After flushing the autocla\.fe five
times with Ha, the.rsyste.m was heated with stirrihg at 80°C under 30 bar Ha. At the end
of the reaction, the autoclave was cooled rapidly aqd vented caréfully. The producfs

were analyzed by 'H NMR spectroscopy.
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4.2.2.6 Recovery of catalysf (hyd'rati‘on of nitriles).

Upon the cqnclusion of the catalyﬁc hydration of nitrilesr, the solvent of the
resulting solution \‘zvas‘remo_ved By vacuum. The 'rés,iclué was ext-ractec.ll withrtoluene (2
X2 m.L), and after removal of the solvent of the combined extracts under vacuum, the
recovered catal).rs.t obtained was washed with hexane (2 x 1 mL). It was found by 'H
and 'p{H) NMR spectroscopie; that the catélyst rema‘inedr unchénged after the

catalysis.

4.2.2.7 Recovery of catalyst (hydrogenation of uusatﬁrated hydrocarbons). - -
At the end of thé hydrogenation of unsaturated 'hydrocérboné, the solvent of the

resulting solution was removed b_y_f ‘vacuum. The recovered catalygt'.bbtaiﬁed- was

washed with hexane (5x2 mL).-I,t_was found by 'H and 3 lP{.IH} NMR speétroscopies

that the catalyst remained unchanged after the catalysis. -
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4.3 Results and discussion

4.3.1 Catalytic hydration of nitriles with indenyl and amineindenyl ruthenium

complexes. -

The complex (nS-CgHﬁ(CHg)ZNMeg)Ru(dppm)H (19), Which is a derivative of
'IndRu(dppni)'H‘ (3), has an z;mino side arm attached to the in(.i.er.lyl ligz-mu-d. In the.
-ca'tz.llyti(:' hydrdtion:of nitriles wi'th 19, it is anticipated thaF the nitrogen atom of the -
amino side arm wogld be a potential site to hydrogen-bond the water molecule. (Chart
4.1) Such hydfogen :bonding iﬁteractibﬁ can enhance the iiucléophilicity of the oxygen
gtom of H;0 and guide the course of nuéleophilié,attack at the carbon atom of cyé.nq

“group of the attached nitrile, therefore rendering the attack more facile.

PPh,

Chart 4.1

Studying the catalytic activity of 19 in the hydration of nitriles and comparing it

with that of 3 is one of the means to demonstrate the promoting éffect of the amino
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* side arm of 19. It is found that 19 is, in general, more active than IndRu{dppm)H (3),

" which does not include an amino side arm on the indenyl ligand, in catalyzing the

hydration of nitriles, as indicated by the experimental turnover numbers for 3 & 19

shown m Table 4.1.

. Table 4.1. Hydration of nitriles with 3 & 19

Eﬁtry_ Substrate “Turnover no;b(tirﬁe) . Turnover no.”(time)
InNRu(dppm)H (19) . IndRu(dppm)H (3)
1 CH;CN | 1600(72h) . 865(72h).
’ CH;CN 1000(60h) - 585(60h)
3 CHyCN ~ 700(48h) %2@(48h) |
4 Benzonif[rile lOOQ(?Zh) | : 800(72}1)
-5 Benzonitrile 960(60h) -522(60h)
6 Bénzonitrile : 580(4éh) 300(48h)
7 Benzonitrile 560(72h) 30(.)A(72h)
g 4-nitrobenzonitrile | 500(72h) | 21‘(.)'(_7211) |
o ' 4-chlorol_3enzonitriie 360(72h) | 1i0(72h)
10‘:. , 4;methoxybenzonitrile 250(72hj | :40(72h) 7‘

*Typical rcacti_on condition: catalyst, 0.015mmole; substrate :.H,0O : catalyst = 1000-: 1000-: 1;

temperature for entries 1-3, reflux temperature, for the others, 120°C. *Turnover no, (FON} = mol of

product/mot of catalyst. ésolvent, 1-pentanol(ZmL).
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The turnover nﬁmbersof the 19-catalyzed hydration yeactions 6f nitriles were
fourid tg be considerably hi_gher than those lof .the '3-cata1y'zed fe;actions (Table 4.1). _
We propose that the presence of hydrogen-bonding-interaction bétweeh the nitrogen
atom of the an‘li.no side arm and the water molecule in the tfansition,state ldwclfs the
reaction barrier, and that such ‘interaction IS .lac_king in the caée of 3, therefore fhe
~ energy barrier is higher than tl_la.t of the 19-catalyzed reaction. This PrOpqs_ition 1s

' substantiated with the help.of theoretical calculations shown in section 4.3.5.

In the'hydraﬁon of nitfobehzonitrile in l-p_‘entanol-(entry 8, Table 4.1),; the
turnover number was found t-c;:_be slightly lower thanrthat -of the hydratibn -of
benzbr_ﬁtriie (entry 7, Table 4.1). Tﬁis is probably due io the- fact that*-_the_nitr’o group
of the substrate might compete_ with the nitrogen atorn‘of' ‘the amino side armAfor.

- H-bonding with H;0.

-From the entries S-iO, it ié found that ‘ther 4—nitr0benzonitrile' and thé,
4-chlorobenzc‘)nitﬁle, which contain the electron-withdrawing: 'initro Jand- «chloro .
‘Substituenfs, ' ',respecti_vely, ghow higher rates of hydration ﬁhan | the
4-methoxybenzonitrile, Whirch contains' the electron donatiﬁg methoxy substituent.

These results are similar to those obtained by Kaminskaia and Kostic,[45] i.e. the
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rates of ﬁydration‘of deﬁ'vatives of benzpnitri[e increase with incn?asing elf;ctron
withdrawing abilits/ of the substituents on the benzene rinés. This is presumably due
__to the fact that an clectron withd-rzllwing substituent iﬁcréases the electrophilicity of the
cérbon atom of the cyan;) gfoup, reﬁderjng it mo.re susceptible to nucleophilic atta.ck

by the water molecule.
4.3.2 Effects of acid on the rates of nitrile hydration by complex'19

To gain additional supppﬁ to olur proposition that thé gnhanced_ catalytic
rre'af.:tivityof the aminoindenyl:ruthenium complex 19 i.n nitrile hydration OQer than
that‘ qf the indenyl ruthenium. _(-:o'mplex might -be g_:lue.--to. thc_hydrqggn—bonding 7.
interaction between the nitrogen atom qf the amino Slde arm and water, we study the
effect of acid on the activity of 19 in the hydration of .a.(‘:etoqit__rile; it is anticipated that
prgtonation of thé afnino side arm will 'signiﬁcantly_: attenuate _'its abil.ity. of
hydrogenabonding with the water mqlecule and therefore _lowcr‘ the overall catalytic
activity of 19. Table 4.2 shoﬁrs the results of the 19-catal_yz.ed hydration of acetonitril§

in the absence and presence of HBF4-Et§O. ‘

119



Table 4.2. 19-catalyzed- hydration of nitriles with/without acid.”

Entry =~ . Substrate . Acid il . Turnover no.’
l - CH:CN - Nl : . 1000 -
2 CHCN ~ | HBFE,O0 | 420

*Typical reaction condition: catalyst, Q.O!Smmole; substrate : H,0O : catalyst = 1000 : 1000 : 1; reactiqn '
time, 72h; temperature, 120°C. b'l_"umover no, (TON) = mol of pmduct/mdl of catalyst. “‘HBFEt;0,

0.017mmol.

.It ce;n be seen that addition of acid significantly lowered the turnover gumbéf of
the 19-catalyzed hydration ;eéf;tion of CH;CN. Tfle attenuatéd -activirty 1$ bro.bably_
due to the ﬁitrogen atom of émino side arn; béing parti?.lly protonated,. therefore
low-er‘ing the degree of the hyd_fogen-bon_dingI interaction bé_tweén the aminb Side‘%;n.n
and the water mqlecﬁle. Enhancément of ri’ucleo.philicity of thé okygén atorﬁ uof the
H,O by this kind of interacting is thgs 'circumvént‘ecvl, rehd.ering‘ it less capablé of

attécking the cyano group of the attached nitrile.

- It could be argued that. the acid could protonate tﬁe ruthenium hydride rather tilan
the nitro.ge;n étom of amino side arm of 19 and that the decre-ase.in tﬁmover hlﬁmber of
nitrile hydration is due to inferruption of the function of ,mtheniu@ hydride. This
hypothesis, however_, seems untlikely in our case, because in moni'to'n'ng the rcactioﬁ
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of 19 with 1.1 _equ‘ivalent of | HBF4Et,0 i;l THF—dg at room temperature by 'H and
3'P{iI-I} NMR spectroscopies, i£ was- observed thgt the mt;thyl groups Vélttached to
nitrogen (8 2.71 ppm) was downﬁeld-'shiﬂed.'Compared to the analogous signals of
complex’- 19 (5 2.18 ppm) and the' h);dride signal 1s slig'ht-l'y upﬁéld (by 26 ppb)
relative to that of 19. Si-milar downﬁeld shift of the-N-methyi _}:;rotoﬁs has beenl
observed in .'.(nS—C5H4(CH2)3N1V[62H.+)Ru(dppm.)H,A[20] as well as .mol.yb-denum['140,
141] and r:hodim_ﬁ[206] complexes -containing similar ligands. On the other haﬁd,
upfield shift -of the hydﬁde signz;l of WH(CO)Z(NQ)(PMe3)2 was observ.ed upon
Aaddition of .acidic alcohol,r due to the formation of intermolecular M-H--H-OR
“hydrogen bonding. ’fhus, the 19/HBF, Et,O cxperiméht unequivocally demohétrates
that the acid protonétes the amino side arm and the‘rgsulting ammonium groub form
Ru—H-_--H-N dihydrogen bond with Ru-H. It is therefore Qonceivable that-the: qit'ro-gen
atom qf thf;'amino side arm was protonated when the catalytic hydratioﬁ of nitrile
with 19 ca.rriec1 out in the presence of ﬁcid; the protonated amino side arm ‘was no

longer capable of hydrogen-bonding with the water molecule.
4.3.3 Reaction of InNRu(dppm)H and IndRu{dppm)H with D,O.

In the mitrile hydration reactions with 19, other than interacting with the amino
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side arm of tl.le {nN ligand, the aitacking water molecule has the option of intérac.stilng
with the hydnide ligand. To confirm this, we studied the reacti‘oﬁs of "1'9_ é.ndn 3 with
D,O and -compar-ed the_ rates of H/D t_ex.chan'ge between Ru;H of the two coniplexes
with 1?20. Table 4.3 shoWs the re;ults of H/D exchange bt.atween Ru-H of 19 and 3-

and Dzo.

Table 4.3. Percentage of deuteration of Ru-H of 3 and 19 by D,O*

Time / h | Percentage of deuteration of Ru-H® -
InNRu(dppm)H (19) | Ideu(dpi)n;)H 3)

. o 54%- ' 1%

2 80 % ‘ | '4‘%‘

6 1 eaw - 9%

2 o S 16%

u Coeww | | 30%
e 89 % Sl %

72 91 % e - '66%

‘Reaction condition: catalyst 3 or 19, 0.017 mmol; D;O, 20 pL; solvent, THF-ds (0.4 mL); reaction
temperature: 120°C. *determined by 'H NMR spectroscopy using H? of indenyl ligand as internal

reference.
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It can be seen from Table 4.3 that the Ru-H of 19 undergoes H/D exchange with
D;0 much faster than that of 3. The enhancement of the H/D exchange process in 19

‘relative to that 3 can be explained in terms of the sequence depicted in Scheme 4.2.

Ru M K D Ru—_} D
phop”” | TH Phyp”” - u‘:o Prp”” N\ €
|- pee; PPh; {__ppn,
19 '
o : HOD / /
| N "~ .
Ru— u—O ) u-—--O
Phyp | P _ Php” L “phyp \/D

l/ FPh ' - PPh; , L pei, 1

Scheme 4.2 Proposed mechanism for H/D exchange of the hydride of 19 with

D;0

The hydrogen bond formed Egtween the nitrogen atom.of ;mino side arm can
.enhance the ﬁucleophilicity of: the oxygen afom of DO and guides the course of
nuclgophilic attack at t_he,Rli metal center. The acidity of ‘tl._le D,0 is enhanced aﬁer
coordination to the Ru metal centef and thus méking it more capable of deuterating

the Ru-H via the formation of n>-HD intermediate. The N-D-OD hydrogen'—bonding
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interaction can stabilize the intermediates of H/D exchange reaction with D,0O while it
is not possible in 3. Therefore, we propose that a hydrogen bond existing between the
nitrogen atom of amino side arm and water in nitriles hydration might be important in

promoting the catalytic reaction.
4.3.4 Possible mechanism for hydration of nitriles catalyzed by 19

. To prqvide a rationale for the difference in catalytic activity of 19 and 3 in nitrile
Jhydration, we propose that the presence of an:amino.s_ide arm in 19 facilitates the
catalytic process rin' the hydration of nitriles. WQ have shown fhat 1.9 ié consistently
more active than 3 and this is likely due to the -.activafiqn of .the attacking Water
‘ molecm.ile through hydrogen anding interactions. Further indirect evidence for the
role of the anino side arm in thg: catalytic function of 19 is obtained from the decrease
of activity of the catalysf in the presence of acid, resulting from the protouati‘on_ of the
amino side arm reﬁdering-it less available for hydrogen bonding with the water

molecule:

To study the mechanism of hydration of nitriles with 19 in more detail, we have

monttored the reaction of 19 with 10 equivalents each of acetonitrile and water in

124



THE-a’g at 80°C by 'H andl 31P{]H} NM'R-spectr.oscopies at 4 and & hour int‘ervalsifor
a period of 48 ‘h. However, itIWas ob_served that Whilé the nitrile rwas graduglly
converted to the amide, complex 19-;em?ined unchanged throughout thelex.perirhent.
Furthermore, 1t was learned that aﬁé_r -heating at 80°C a THF-dg solution of 19
contéini.ng 20 eduivalents Qf HZO for ;4'rdays,— 'H and *'P{'H} NMR spectroscopies

showed no sign of new complex, 19 remained intact.

Based on our exberir_nental observétions, We propose a mechanism to account for
the enhanced catalytic activit-y of _19, versus 3 (Scheme 4.3). The dissociation of one
arm of the dppmlligaﬁd from the metﬁl center followed by coordinationlof CH;CN is
" the initial step. The proposed generation of vacant site by dppm unarming is based on

- the result of our previous study on 3-catalyzed hydration of nitrile. (see Chapter 2).
We sﬁgge‘st‘fhe ‘N---H-OH hyd;ogen-bondiﬁg interaction enhances the nucleophilicity
~ of the oxygen atom of H,0 and guidéé'the course Qf nucleophilic attack at the carbon
atom of cyano g'roup of the attached nitrile to form 19:IN1. The proton attached to the
- amino side arm is then transferred to the nitrogen of acetonitrile to give 19-PR.
Finally., the dénglirig phospﬁiné hioiety of tﬁe aﬁﬁ-oﬂ" dpbrﬁ drives ;;pllt thg product

and re-attach to the metal center.
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PPh,

Scheme 4.3 Proposed mechanism of 19-ca.talyzed hydration of nitriles

126



4.3.5 Theoretical study on the possible mechanism for the hydration of nitrile

catalyzed by 19

Since we have not been. able to observe experimentally the intermediates of the
proposed mechanism of the 19-catalyzed nitrile hydration reaction; theoretical
calculations at the B3LYP level of density function theory to study a more detailed

catalytic pathway (using acetonitrile as the substrate) were carried out.

The model cat-alyst' (nS-Cgﬁ6cnch2NMe2)Ru(1{2PCHZPHZ)H, in which the
phenyl group of the dppl‘[-l ,.ligand were rf;placed by H atoms, was -used. Our- carlier
work[225} demonstrated that the -rdissociation‘of one armr of the diphosphine ligand
from the metal center followed _by the_coordination of a CH3CN molecule was ther
initial event for the 3-catalyzed hydration of nitriles because the diphosphine
unarming requires only 15.2 kéal/r-riol in énergy. We !e)rtpect that fhe initial event for
the 19-catalyz§d hydration is similar to the 3-catalyzed reaction. Figure 4.1 shows the
| fjossible reaction pathways together with the calculz_ited free energies (kcal/mol in
parentheses) for species involved_in the lg-catalyzed reaction. F igure 4.2 gives the

optimized structures for species involved in the reaction paths shown in Figure 4.1.
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N,‘Me \_19-PR{-6.5

N)i.
Me
"Me

Figure 4.1 Caiculated free energy profile of 19-catalyzed hydration of acetonitriles.

The energies are in keal/mol
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 Ru-H* 2.243
Ng,-H* 2.138
N-H* 1.080

© 19-TS2 (24.2)

Figure 4.2. B3LYP optimized structures for thqsé species shown in Figure 4.1.
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The amino Vsidearm 6f the-acet_onitri1e—c‘oordinated species 19-RE igteracts'with a
;,vater molecule with a N--H distance of 1—:898 A (Figure 4.2). The C*—C—-C-N*
dihedral angle. 1s about 161°. The .amino m-oiety;and the;indeﬁyl‘ligaﬁd‘ are therefore
almosf trans-disposed. From 19-RE_, the réactioh proéeeds by having a barrier of 31.3
kcal/mol _thrm_lgfl I'S-J-T'Sl, which is the rate-determining step, to give the intermediate
19-IN1. Iﬁ this process, the C*—C-C-N* _dihedral éﬁgig changes from 16l1° (19-RE)
to 60° (19-IN1). | ‘The rotation IOf the amind .lsid_e:arm brings the H,O. r'no-lecu-le ‘closer
to the' CH;CN ligand, enabiing £h¢ nucleophilic attack at the carbon atom of the
coordinated nitrile molecule. The calculations show that a dihydrogen-bondihg
interaction s present in 19-IN1. The selected ‘structural pqra‘meterslshown in Figure:
4.2 iﬁdicate the Ru-H--H-0O (1.856'A) interaction ip the intermediate. From 19-IN1,

the reaction can proceed via two possible pathways.(Scheme 4.4)
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[Ru} = Ru
thr/

PPh,

Scheme 4.4 Proposed mechanism of 19-catalyzed hydration of nitriles (derived

by theoretical calculations)
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In the one—stlep pathway, the proton attabheq to the amine sidearm migrates
directly to the nitrogen atom of the imino! ligand? g_iving 19—PR,_ a precursor complex
having the hydroxo imine las ali génd (Figure 4.1). Iﬁ the stepwise pathway, the proton
migrates to the metal center, giving a fouf—legged piénq-stool dih.ydridle intermediate
followed by a, reductive elimination to 'genérate 19-PR. Our cz.llculations show that the
stgpwise pathway has a substahtially higher barrier than the bn‘e—step pathway.rThe‘
oﬁe-step p;‘otonlmigr-étion via 19—TSZ has a barrier of only 1 kcal/mo_l. The stepwi.slc-:
pathway requirés a Barriér_ of 12 kcal/mol. It should be p_c;inted out that the |
dihydrog§n—b6nding interaction between the hydrid_e ligand qu the iminolrhy‘drogen
15 evident tt;roughout the protoh-transfer process (19-IN1 to-iQ-PR via 19-TS2). ln
addition to the Ru-H--H-O (1.826 A) dihydr(;gen-bo'nding interaction, a sfrong
hydrogen bOI.ld N--H-N* (1.881 A) 1s also present in-.the tr;nsition. state i9-TéZ.
Clearly,-the dihydrogen bond toge.ther with the strong hy_c'ir;)gen bond ﬁakes 19-TS2
an early transition state and lowers the reaction barrier. 19-PR also cc');l-tainls a strong
Ru'—H-“H*O- (1.560 A) d.i'hydr(-)gen bonding intéractidq. The- dissociation of | the
hydroxo imine (HN=C(OH)Me) requires only about 12 kcal/mol m enérgy, similar to

that reported previously,[225] making the catalytic cycle feasible.
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-+ +CH3CN +H,0
Figure 4.3 Calculated free energy profile of 3-catalyzed hydration of acetonitriles. The

energies are in kcal/mol
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TS.3CD {10.0)

Figure 4.4 B3LYP optimized structures for those species shown in Figure 4.3.

Comparing the two multi-‘sil:ep process of th¢ 19-catalyzed nitrile hydration
reactidn (Fig. 4.1) ;vith that of tﬁe. 3—cﬁtﬁlyzed reaction (F ig. 4.3}, we can see thaf the
InN system has smaller reaction barrier. A 6.7 kcél{mol energy difference (38-
kcal/mol in'F‘ig. 4.3 vs 31.3 keal/mol 1n Firg. 4.1) in the OTH-i)ogd break-ing step’s
between the two systems is expected.to give significant difference in the.ir reaction
rates.[225] These results are consistent with. the experimental observation that rate
acceleration was observed in the 19-catalyzed nitrile hydratiorll reactions. Examination

of the calculated structures for the stationary poillts in the reaction profiles (Figures
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42 & 4.4) re?eals that the transition state 19-TS2 for the IﬁN system- h;ls a strong
hydrogen-bonding intefaction-,N---_H—N*, but the éorresponding transition state
TS-3DE for the ’IN‘ s.ystem (Fié. 4.3) does not confain such Aintérzllction. The :
dihydrogen-bonding inte_ra.ctio.n. and additional»hydrogen bonding interaction make

19-TS2 an ecarly transition and lowers the reaction barrier. This wm_*k is thus a g;)od

example demonstrating that With a suitébiy designed s_tfuctu_re, we can make use of
‘hydroger'l bonding in'tera;:tic.)ns_- (cdnventibnal aﬁd' uncqnventibhai) to promote -

catalysis.
4.3.6 Effect of the monodentate ligands on the rates of nitriles hydration

To investigate the efféct of the phosphine ligands on the catalytic activity of 3
-,an.d 19, we gtﬁdied the catalytic ni.triie; ﬁydraﬁon with the PPhy an.aloglllé-s. of 3 and 19. 7
it Was found thatl the PPhg- analogues of .3 ‘and .1'9, IDdRUG’PI;g,)-zH 23) -and-.
InNRu(PPh;)zH (20), respegtively are 'alsb active In catz-llyzingn thé-ﬁitrile hydraﬁon :
reactions. However, comparison of the résults ‘depi;téd_ in Table 44 ;m(.i Table: 4‘.1 ‘

indicates that 20 and 23 are less active than their dppm coﬁnterparts.
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Table 4.4. Hydration of nitriles with 20 & 23° -

Entry : Sﬁbstrate B E 'VTumvover no.” Turnover no.”
InNRu(PPh;),H(20) _IﬁdRu(PPh;)ZH(zs_)
o CH;CN 600 | e |
2 | Benzonitrile . | | o450 50
¥ | Bensonitile | 0 | 20
4 - N 4-nitro_i)en;or;itrile ! 400 - ' | 250:
5° o 4-c‘hlor0b(;,nzo‘nitrile o290 130 .
6° -4-methoxybenzonitrile © 200 100

*Typical reaction condition: catalyst, 0.015 mmol; substrate : H,0 : catalyst = 1000 : 1000 : 1; reaction.
time, 72h; temperature for entry 1, reflux temperature, “for-the others, 120°C. *Turnover no, (TON) =

‘mol of product/moll of catalyst. °solvent, 1-pentanol(2 mL). -

The results in Table 4.4 show that like its d;l)pm.analogue, the éomplex with._ tﬁe
amino side arm (20} is fnore active than 23, which cont'atins- the non-functicnalized
indenyl higand, in the nitrile hydration. Similar to the hydration reactions cafa_l&*z.ed by
3 and 19, the electroﬂic ¢ffecfs of the subsitituents on the II:Jen.zonit.ri_les_' aisg‘ have;
substantial effects on the yields of the hydration produbts. At this stage, we do not
have an explanation for the higher cﬁtalytic activities of the 3 and 19 -relati;fe to those
of 20 and 23, reséectively. It might be due to the dﬁpm ligand ﬁndergping arm-off

readily (because of angle strain) to provide a vacant site for the nitrile,.or due to the
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fact that the dangling phosphine moiety of the arm-off dppm is more capable of
driving out. the product from the metal center after the hydration steps, i.e. to lower

the barrier of the product dissodat_idq step. -
4.3.7 Reactivity of InNRu(dppm)H (19) towards alkene and alkyne hydration
Apart from the nitrile hydration reactions with 19, the catalytic activity of

complex 19 in the hydration reactions of alkynes and alkenes were studied. It was

found that complex 19 did not promote the catalytic hydration of alkenes and alkynes.

For instance, in the attempted hydration of phenylacetylene, the reaction came to a -

stop after the insertion of the alkyne into .the Ru-H bond giving the metal-vinyl

~ species. (eq. 4.1)

N'/ CH; S ‘ L N /CH3
™~ “~
S -2
Ru—H +  PhC=CH —
/| | o | PPy
PhoP' pph, -
| l/ 2 , . . [PPh g Ph

On the other hand, 'H and 3 'P{'H} NMR spectroécopic studies showed that

complex 19 remained unchanged after it was allowed to react with methyl acrylate
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and water at 100°C for 48 h. Failuré of this e-lectron_ deficient alkene to Fea'ct wi?h '19
might be aAttn'butable to its poor coordination ability. In vie_\.n-.f of the fai}ure of the
hyd.ration reac-tion- with @ethyl acr}flate, which is'an activated alkene; the hydration
_reactions of the non—act.ivate('l alkéne-s would be non-productive. Exp-griment on this is

probably not significant and therefore unnecessary.
4.3.8 Hydmgenaﬁon of unsaturated hydrocarbons

It is well-known that many Ru(II)-hydride complexes are godd catalysts for the
_ hydrogenation of unsaturated hydrocarbons. In view of the enhanced activity of 19-
relative to 3 in nitrile hydfatiOn, it is interesting to see if 19 also shows higher activity

than 3 in catalyﬁc hydrogenation of unsaturated hydrocarbons.

The results of the 3- and 19-catalyzed hydrogenation of alkenes are shown in

Table 4.5.
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Table 4.5. Catalytic hydrogenation of alkenes with 3 and 19.°

Entry | Substrate | ?r’odqct . Tumnover no.’
IndRu(dﬁpm)H InI;IRu(dppm)H
(3) (19)
i. Cyclohexene- | Cyclohexane [.. 320 350
27 ‘ l-octené Octane 1340 - 71330
| 3- _ étﬁéne - | Ethylbenzene - 1-00 | -110‘ |

*Typical conditions: catalyst, 0.015 mmol; substrate, 0.045 mol; solvent, THF (10 ml}); H,, 30 atm;

temperaturé, 80°C; reaction time, 3h. bTurnover no. = mol of product/mol of catalyst.

Perusal of Table 4.5 shows that there. is no obvious differqnqe'in the tirnover
| ﬁumbefs between the 3-and 19-catalyzed hydrogenation of alkenes, indiqating that the
amino side arm of 19 probably does not play a role in therea(;,t_ion. This 1S probaply
~due to _the fact that the involvement of the amino side arm is not necessary duﬁng the
cataly’sis_ of hydrogenation of aikenes.(Scheme 4.5)_-It is probably true that— ﬁo '
hydfogen—bonding iﬁteraction 1S forrmed between the nitrogen atorﬁ of amino side arm
and the carbon atom of alkenes, thqs .the energy barner for 3- and '19—catalyzec_i_'
hydrogenatior'l of alkene should be the same. Moreover, the acti\)atioﬁ of molepular
hy'drogen process would probably take place via.dihydride intermediate ‘bu-t not the

n’-dihydrogen intermediate. It is believed that, if the nz—dihydrogen complex is
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formed, the basic amino side arm would probably deprotonate the nz—Hg ligﬁnd and -
tﬁe rate enhancement wo’uld be observeci in 19-c‘atalyze(.:l hydrdgenatioﬁ reactions.
However, the resﬁ_lts show that the tumo‘ver. ndmber of 19-catalyzed rhydrogenati.on of
é!kenes is similar to that of the 3-ca£alyz¢d:r§action. And therefore, the n*-dihydrogen

~ intermediate is unlikely in our cases.

CH
Panes

Scheme 4.5 Proposed mechanism of 19-catalyzed hydrogenation of alkene
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Hydrogenation of a,B-unsaturated' kefones with 3 and 19 were also.studied. The

results of the reactions are shown in Table 4.6.

Table 4.6. Catalytic hydrogenation of e,B-unsaturated ketones with 3 and 19.°

Entry Substrate Product Tumover ﬁo.b
-IndRu(dppm)H InNRu(dppm)H
@3) a9
1 . Trans-Chalcone 1,3-diphenyl-1-propanone 22 60 -
PhH O Phll O | |
[ : . :
H—C=C—C—Ph H~—(|3——-(IZ—C—Ph
| | H H
2 Benzylidene acetone 4-phenylbutan—2—0né 40 85
Pt g oIt
H—C=C—C—CH; Hw?——(i}—C—CPh |
- H H
3 Methyl vinyl ketone ' 2-butahone 250 875
i e
H'—C:C—C—CH3 H—(|3~4(|3—C—CH3
H H

"Typical conditions: catalyst, 0.015 mmol; substrate, 0.015 mol; solvgnt, THF (10 mL); H;, 30 atm;

ternperature, 80°C; reaction time, 3h. Turnover no. = mol of product/mol of catalyst.

‘We leamed that 3 and 19 both regioselectively catalyze the reduction of the 7C=C

bonds of the a,f-unsaturated ketones; however, in general 19 was found to be more
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active than 3 in the reactions. We suspect that there might be interaction between the
nitrogen atom, which is relatively nucleophilic, of the amino side -arm in the complex
and the electrophilic carbon atom of the carbony! group of the a,B-unsaturated ketone. -

This interaction probably lowers the barrier of the hydrogenation reaction,

The results depicted in Table 4.6 show that the electronic properties of the oleﬁns
have substantial effects o:n the yields of the hydrogenation products. The sﬁbstrates'
with more electron withdrawing substituents (eg. Ph group) attach to the C=C or next
to the keto group, give lower tumoyer number for the reduction of the CfC Vbqnd of
~ the a,ﬁ—unsaturated ketones. 1t 1s envisaged that the electron withdrawing substituents
decrease the riucleophiliéity of the C=C bond of the q,B—unsgturated ketone, rendgring
its insertioﬁ into Ru-H less facile, therefore, lowering the overall rate of C=C bond

reduction.

In addition, the results of Table 4.5 and 4.6 show that steric effect is an important
factor affecting the yields of hydrogenation products, the conversions of bulkier
olefins and ketones are in general lower. Thus, styrene and trans-chalcone ga{/e the

lowest turnover numbers among the olefins and unsaturated ketones, respectively.
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4.3.9 Possible mechanism for hydrogenation of o,f3-unsaturated ketone célta'lyzed

by 19

Based oﬁ 6ur experimental feSults., Wwe propose that the preseﬁce of an'amino side
gnn facilitates the catalytic pro-cess in the reduction of C_=C bond of a,ﬁ-.unsaturatt.ed
ke.tone. In order to substantiate‘ tﬁis proposition and study fhe mechanism in more
detail, we monitored the reaction of 19 with 10 equivalents of benzylidene acetone
under j)ressurized H; -(30 bar) iﬁ ‘THF-dg by high preséufe Nl\/[R spectroscopy. The
solution was heated at 80°C, and the 'H and *'P{'H} NMR spectra were taken at 80°C
in 1 h intervals for a period of 12 h. It was observed that Wlﬁle’ the benzylidene
acetone \'.\%as gradually converted to 4-phenylbutan-2-one, complex 19 rfj'mained-
Vunch'ang-ed‘ throughout the eiperiment. We believéd vthat thé hydrbgen-bonded
intermediate was a transient species in the catalysié, and eluded observation by NMR

spectroscopy.

~ A proposed reaction mechanism to account for the preponderance of the catalytic .
activity of 19 in reducing C=C of o,B-unsaturated ketone over that of 3 is depicted in
Scheme 4.6. We suggest that the hydrogen bonding interaction between the nitrogen

atom of amino side arm of 19 with the cacbon atom of carbonyl group of ketone might
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play a role in lowering the activation energy of the insertion step. That the complex 3
s less active is probably attributable to the fact that no hydrogen bond can be formed
between the complex and the ketone, therefore, the energy barrier for the insertion

process 1s relativély higher.

] . N/CH} o . o oL /CHH.
: N
\ .
[Ru] = or . L
R _ /--I;‘u
o :
thPV[,PhZ hZT/ PPhy

Scheme 4.6 Proposed mechanism of 19-catalyzed hydrogenhtion of

u,f-unsaturated ketone
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Chapter 5 Conclusion

Rutheniurﬁ hydride complexes are fouﬁd to be active in the catalytic hydrati(;,gn of | :
nitrileé, while thq “chloro analogues arc not. Among’ those ruthenium hydride
complgxes, the IndRu(dppfn)H 3) islfound to b¢ the most active,‘in catalyzing the
hydration of _nitriles. The important role of the hydridcf in the catalytic. ;:ycie with
- complex 3 is tp foﬁn the hydrogen bbnd with the water molecule thus lowering the
reaction-barﬁér of the-nucleophilic attack of its attack at the carbon center of the
'coordin%ited nitrile. Our work provides a clear example de_mopstrati‘ng the principle of
promoﬁrig a catalytic reaction by lthe use of M-P.I--_-H-X di.hydrogen-bo_ndi‘r_lg ‘

interaction in an indenylruthenium hydride system.

: Ruthenium cqmpiexes containing rﬁl_nc_ti(-)nalized indeﬁyi higands with N-dqﬁor
sidearms -are synthesized - and  charactenized. The rut_heniu_m' complex _
[(nﬁin].~CgHgCHZCHZNH+M62)RU(dppm)H]BF4 (21) has':beerll showq 10 c-lisp.lay
intramolecular Ru-H---H-N proton-hydride interaction. This intramolecular hydrogen
bonding s -evidénged by relaxation time Tl measurements. The. complex
[(°7'-CoHsCH,CH,NMe;)Ru(dppm)]BF; (22) reversibly add ‘Hz- to- give 2‘17, which

are most likely formed by the diSplacement of the bound H; with rthé help df amino
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side arm,

.In addition, the complex 22'.are used to compare the .7 reacti\}it-y towards
‘hy'drogenation of CO; | and- hydration .. of nitriles with the _CpN‘ coﬁlple;x
(nszn!—C5H4CH2CH2NM82)Ru(dépm)]BF4 (2). He_atiﬁg the solution of 22 under
H,/CO; (30atm/30atm) at 80°C for 16 h gave formic acid with yield higherlt.han tﬂat
of the feaction catalyzedAby complex 2. The formation of the formi_c_- acid can.be’
explained by a mechanism involving mtramolecular heterolytic cleavage of the bound
H; by the amino side arm to generatgzl following by CO; insertion into Ru-H-and

then N-H protonation of the fofmato_riigand.

- F urtherrﬁore, the aminoindeqyl ruthenium hydride complex is found- to be ‘active
in catalyzing the nitriles hydration. The actiyity of this Complex is higher than that of
the corresponding indenyl ruthenium hydﬁde complex without the amino side arm.
The important rol_e‘of the amino side arm in the catalytic nitrile. hydfatioﬁ v.vith_
InNRu{dppm)H (19) is tor lower the reaction barrier, owing to the ‘presenc.:é ‘o.f
Ru-H---H-OH dihydl_‘ogen_ rbon-ding interaction and additional InN---H-N=(OH)Me
hydrogen bonding in the transition statef— No such additional InN---H-N=(OH)Me:

hydrogen-bonding interaction is present in the 3-catalyzed hydration reaction.
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VIn addition to the hydration reapﬁon, tﬁe indcnylland aminoindenyl ruthenium -
hydrnide complex is also cﬁpable of catalyzéing the hydrogenation_ of alkenes and
selectively reducing the C=C bonds '_ Qf a,B~unsatl}r'atedl ket(.)nes‘. However,l the
aminoindenyt gompl‘ex 19 is found tg give similar results for the hydrogenation of
valk_enes n cémparison with those of cbmplex.3, unplying that there is no prorhoting
effect due to the amino side arm during the hydrogeha_ltionr'of alkeﬁes. Interestingly,
the c_Qmplex 19 is found to ber more 'abtive than 3 in catalyzing the hydrogenation of
a,B-unsaturated ketones. We suggest that the hydrogen bonding interaction between
the nitrogen atom of amino-side arm of 19 with the carboﬁ atom of carbonyl group of

ketone might play a rolé in lowering the activation enefgy of the insertion step.
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Figure 3.3 Mass spectrum of (1°-CoHsCH,CH;NMe;)Ru(PPh,),Cl (17)
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Figure 3.4 400 MHz 'H-NMR spectrum of (1°-CsHsCH,CH;NMez)Ru(dppm)Cl (18)
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Figure 3.7 400 MHz "H-NMR spectrum of (n*-CoHgCH,CH;NMe;)Ru(dppm)H (19)
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Figure 3.8 162 MHz *'P{'H}-NMR spectrum of (n’-CoHsCH,CH,NMe;)Ru(dppm)H

(19)

udd

60 b ——
&y~

196



wrmnuww om__‘r oLl 0s0L CDOL 0SB 006 0S8 008 . OS2 O0L . (59

gL
483 S 0L

_ pESIL

ooae

Oo2e8
01808

2 Kn

A>3 ]

SO'vLL

o4 )

.Ov'eaL
. OUBLL g£yvpap
oaLL
€154
Mz5 40
=
0L'BOR
s
ay
21l
~0L'Z40
AR AL

;
ot les
| P s
o | dose
o 870
fpoeer
VO 5
N
sgE0d © o
Net-=g
B e
0000S. =
#
BE 105
oo los

‘gps (BS 0ODS OS¢ ook O O

ose Oz 5L
Fiu ks ]
one
OE IPE
EL'88L
NPT ESE
‘BSE  SOLDE |
60'eed
BO'BLL

©Br0y) WO(EEL0) 2 5 H0I0r0NT
ENUI ‘(/01d) UM BAA Bund

0ot

2
2088

-l

Figure 3.9 Mass spectrum of (n°-CoHCH,CH,;NMez)Ru(dppm)H (19)
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Figure 3.10 400 MHz 'H-NMR spectrum of (7’ -CoHsCH,CH;NMe;)Ru(PPhs):H (20)
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Figure 3.17 Mass spectrum of [(1°:1'-CoHsCH2CH;NMe;)Ru(dppm)|BF, (22)
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