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| Introduction

1 Introduction

1.1 Catalysis

Catalysis is the science of accelerating and tiirgcchemical transformatiortsin
general, more complex molecules are produced freedily attainable starting materials for
versatile applications. These conversions allowctieation of a large range of products which
are further required in industry or are directlyrooercialized for the consumer. Catalysts
ensure that these reactions proceed in a highilgieaift manner, giving optimum yields and
avoiding unwanted by-products. Significantly, theypw a much more economical production
compared to classical stoichiometric proceduresheave opened up an access to yet unknown
transformations.

More than 80% of all chemical products come indatact with catalysts during their
synthesis, thus catalysts are necessary for th@snafetoday’s society and so, they are a key
factor for profitability and sustainability of chéral production processes. As Beller
mentioned in his article on catalysis, 15-20% o #conomies of the developed western
nations depend directly or indirectly on catalytiocesses, according to the North American
Catalysis Society.Therefore, it is not surprising that without cgsés lots of things which we
take for granted in everyday's life — petrol or gtles, dyes and clothing, automobiles or
airplanes, mobile phones or computers, medicineosmetics — would either not be possible
or suffer in quality.

Even now, classical organic reactions that areentban 100 years old are used for
syntheses of chemical products. These include tioitrs, Friedel-Crafts reactions, and
halogenations. One of the main disadvantage of maihyhem is the occurrence of
stoichiometric — frequently even overstoichiometriquantities of side products (e. g. salts)
which must be separated as waste. Additionally dmaied protective group techniques, are

frequently required for the specific activation afunction moity being in presence of other



functional groups. This is why often several metannes of waste per metric tonne of target
product are produced by conventional productiorcgsees for fine chemicals. Given these
facts, there is no doubt about the necessity antive and versatile catalytic methods for new
environmentally benign chemical processes.

1.2 Catalysts

Wilhelm Ostwald, who was awarded the Nobel pripe €¢hemistry in 1909 has
introduced the following definition for a catalyst:

"A catalyst is a compound which increases the odt@ chemical reaction without being
consumed by itself and without changing the therynadhic equilibrium of the reaction”.

Up to now different kinds of catalysts have bé@aproved and applied in all fields of
chemistry. Since the 1950ies almost all of the irfgpd base chemicals are produced by using
catalytic procedures. The importance of catalysishe modern chemistry is highlighted by
awarding the Noble Prize for catalytic investigatido:
> Noyori, Knowles and Sharpless , 2001 for asymmetialysts
> Chauvin, Grubbs and Schrock, 2005 for olefin-meisdis
> Ertl, 2007 for investigations in surface catalysis
> Heck, Negishi and Suzucki, 2010 for palladium gatedl cross coupling reactions
to name just the laureates of the last decade.

1.3  Hydrogenation of Ketones

Reduction of ketones to secondary alcohols is r@ ceaction for the synthesis of
alcohols including chiral ones. A number of homagmrs catalytic systems based on Ru, Rh,
Ir, and more recently Os complexes have been deseldor ketone hydrogenatiorand
transfer hydrogenation (TBlyeactions. One of the most significant breakthhsuig this field
was done by Noyori and co-workers, leading to systesuch agrans[RuChL(PP)(1,2-

diamine)] (PP = diphosphine) ana\f{arene)RuCl(Tsdpen)] for efficient ketone hydrogera
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and TH reactions, respectively (Scheme® Tjhey discovered, that both, activities and
selectivities can be improved by the presence bFtd functionality in the ligand being in
close proximity to the metal site and named thfecef'bifunctional catalysis®.According to
this improvement, others have investigated ligarmtstaining amino alcoh8l,aminoamidé,
and aminocarboxylate groudpsiith at least one hydrogen atom bound to nitrog@nthe
bifunctional ruthenium catalyzed hydrogenation amansfer hydrogenation. The in-situ
generation of metal hydrido species was proposethéohydrogenation mechanism (see below

for mechanistic details).

e

(P" N CI-RU-NTs
" | =N HN__ >,
H Rs "

Ary Q] 2 Ph

Ph

Scheme 1. Noyori's catalysts.

Baratta et al®'! have developed an access to arene-free cataljéth wurned out to
be extremely active in the transfer hydrogenatibmaetophenone with NaOH as the b¥se.
From a mechanistic point of view, the main diffeserbetween the Baratta and the Noyori
systems is, that in the former ones the alcohol thedketone coordinate to the metal center
during the catalytic process (so-called “inner-sphanechanism), for more details see the
mechanism section, whereas in Noyori's system tibstsate does not coordinate to the metal
site but interacts with the ligands (so-called &stgphere mechanisrh.In contrast to direct
hydrogenation, the hydrogen in the transfer hydnagen is from a source other than gaseous
H,. Transfer hydrogenation of ketorieghe main topic of this work and will be discudse

the next sections.



1.3.1 Transfer Hydrogenation

Transfer hydrogenation (TH) is the addition of lygen (H; dihydrogen in inorganic
and organometallic chemistry) to a molecule fronsoarce other than gaseous. Hh the
catalytic transfer hydrogenation of ketones thessakes are reduced to alcohols mainly with
2-propanol or formic acid as the hydrogen sodréeHighly active catalytic systems make this
approach attractive for the preparation of alcolsaise the direct hydrogenation process often
requires handling of dangerous dihydrogen underagdel pressure. The most active systems
are based on Ru, Rh, and Ir and the catalyticaitivea metal site is coordinated by nitrogen
and/or phosphorus ligands. Especially rutheniumpieres containing suitable combinations
of P- andN- or mixedP,N-ligands turned out to be efficient catalysts fog hydrogenation and
transfer hydrogenation of carbonyl compounds. Thus, tri-, and tetradentate achiral and
chiral ligands have successfully been used foptieparation of these catalysts. A few general
types should be mentioned here:2(RN)RuCkL and (PP)(NN)RuGI (P = phosphine ligand;
PP = diphosphine ligand; NN = diamine, dipyridifeahd)® (P),(PN)RuC} (PN = amino- or
iminophosphine  ligands, oxazolinylferrocenylphosghit*  (PNLRuUChL,****  [(m°-p-
cymene)(PN)RuCI][B (PN = phosphole-pyridinéf, [(n°-p-cymene)(NN)RuCl][Bg],*’
(P)(NPN)RUC™ (NPN)RuCh),*® (P)(NNN)RuCh (NPN and NNN = oxazoline based
ligands)?° [RuCI(CNN)(PP)] (PP = Josiphos diphosphine and GNamin/aryl/pyridine based

ligands§! and (PNNP)RuGIsystems (PNNP = diphosphine/diamine ligarfds).
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Aliphatic and aromatic nitrogen donors have emgrges important ligands in
homogeneous and heterogeneous cata#yéfsAmong them tridentate aromatic nitrogen
donors have been used for nickel-catalyzed asynmmBlkegishi cross couplings or for
iron/cobalt catalyzed ethylene polymerizatf8nEurthermore polydentate imino and amino
ligands have provided a considerable improvemerthercatalyst performance in the catalytic
transfer hydrogenation of keton®s.

1.4  Mechanisms of the Hydrogenation

Catalytic hydrogenation of polar bonds and theynametric variant are key reactions
in fine chemical and pharmaceutical synthesis. Hggneous hydrogenation catalysts based on
ruthenium have been known nearly for 40 y&asmd became the most useful catalysts for
these reactions. Ruthenium complexes exhibit priogpiseactivity and selectivity, especially
in the catalytic reduction of polar bonds, thateoftranscend those of the common stars of
hydrogenation, complexes of rhodium and iriditihin a series of review articles the role of
some ruthenium hydrid® and dihydrogen complexgsas precatalysts or intermediates in
catalytic cycles was discussed.

In this section the proposed mechanisms for thaydrogenation (H) and the transfer
hydrogenation (T) of carbonyl bonds will be disadsin details according to Morris
classificatio’®® with a focus on ruthenium hydrido complexes which engaged as catalysts

or precatalysts (equation 1).

Ry~ 0 R,~__OH
H: +H, [RUH 72N 1)
R, R,

Equation 1. Direct hydrogenation of a carbonylugr¢H).

R2~ 0 Ro~_-OH
T Y +DH2m> \r + D (2)
R, R1

Equation 2. Transfer hydrogenation of a carbonglugr(T).



Catalytically active species containing ruthenibgurido units are marked as [Ru]H,
where in [Ru] indicates the ruthenium center withather ligands. The hydrogen sources, DH
in equation 2 are generally secondary alcoholse@alty 2-propanol, or formic acid, often
applied as ammoniumformate, [NB{[CO-H].

Generally the catalytic cycles include two maiepst In the first step the hydride will
react with the unsaturated compound, and in therskstep the hydride will be regenerated
from H, (in H) or a hydrogen donor (in T). The classifioatof the catalytic cycles discussed
in the next sections mechanism is according topitoposed pathway for the first step as
Morris has done it in his articf&.**

1.4.1 Classification of Catalytic Cycles According to theHydride Transfer Mechanism

The classical mechanisms of transition metal hanegus catalysis include the
reactants being bound to the central metal. Thexefth is usually supposed that in the
hydrogenation of polar bonds by ruthenium hydriddse ketone will coordinate to
ruthenium(ll) at a vacant site that is opened-updgsociation of a ligand or a solvent
molecule. The carbon atom of the carbonyl groupl Wwé electrophilically activated by
coordination in the inner (I) or primary coordirmtisphere of ruthenium (Lewis-acid) so that a

cis coordinated hydrido ligand is able to migratehtis tarbon atom (Figure 1).
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o ., &t & /\/(6;
Ol l?) (L) FI{ I
ul— -
[Ru—0O [| ] 7o
+ - ]
5 5 L—E g+

Figure 1. Attack of a hydrido ligand to the coomtied unsaturated carbonyl group in the
primary coordination sphere. This is supposed tpdre of the HI or TI mechanism. The [Ru]
notation indicates the ruthenium ion (normally Ry(&nd its ancillary ligands. The IL (right)
notation shows additional activation by an eledtilep(E = H, M*) on an ancillary ligand.

This is a part of the HIL or TIL catalytic cycles.

Mechanisms with these features will be named aHTI mechanisms. They are
usually characterized by the dissociation of anillang ligand providing a vacant site for
coordination of the carbonyl group. Often this va#caite is attainable by dissociation of a
weakly coordinating solvent molecule. Noyori andk@m&a® have shown that a drastic
geometric change of ground state structures isssacg to obtain the essential interactions
between the Ru—H bond and tiidace of the carbonyl group in the inner spherehaeism
which can lead to a high activation barrier. Adshtl activation of the carbonyl group towards
hydride attack can be provided by a coordinatedllancligand, L, which contains an acidic
group as shown in Figure 1. Following Morris' nimat*?® an L is added to the end of the
abbreviation in this case. For instance, HIL wodter to the hydrogenation of an unsaturated
substrate with ligand assistance in the inner spher

The catalysts that work by an inner sphere hydmdesfer have the disadvantage that
they are not very selective for C=0O bonds over (xdbds, e.g. in the reduction aff-
unsaturated ketones and aldehytfehis can be caused by a competition of C=C and C=0
bonds for the vacant sitgs to the hydrido ligand. Additionally monohydridese&nown to

accelerate the isomerization of oleffhand imines* which is another unwanted side reaction.



Recently Noyori’'s group has introduced a non-étagsnechanism for the reduction of
polar bonds by ruthenium complexes which is progdsewnork by the transfer of a hydride to
the substrate in the second, or outer coordinamrere of the ruthenium complex. Therefore,
this mechanism is called outer sphere (O) hydragmmamechanism (Figure 2). An
electrophilic activation is required either by axteznal electrophile (HO or TO) or by an
internal electrophile bounded to an ancillary ligaiHOL or TOL) for the carbon atom of

carbonyl group with a low hydride affinity.

/14,
/

C‘

© T §
[Ru] o\) ©Ys /)

s 9N

[Ru]- /

Figure 2.The outer sphere (O) attack of hydride on the wmatdd aldehyde or ketone.
Usually, an electrophile (E) assists in these reastand usually also an ancillary ligand (OL

mechanism) is involved. This is part of the HO, HOD or TOL catalytic cycles.

The term “metal-ligand bifunctional catalystsias created by Noyori to refer to the
catalytic systems that are involving the HOL or THechanisms. In these cases usually the
ancillary ligand contains a proton (E = H in Fig@ethat can be transferred to the oxygen
atom simultaneously with the hydride transfer te darbon atom. This results in a preferred
reaction of the polar C=0 bond over the unpolar Ge@ds. Having a primary amine as the
ancillary ligand, the “N-H effect”, the ligand geetry and a hydridic—protonic attraction
arrange the Ru—H and N-H bomtscisely.

The existence of an ancillary ligaot to the hydrido ligand with an NH or OH group

or an electrophile, like a Kion is required for catalysts following the ligaadsisted
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mechanism. The flowchart shown in scheme 2 sumesitize classification of hydrogenation

catalysts.

Q2 H- transferred Q3 Ligand assists
Q1 Source of o a substrate that in the H-transfer?
"H*/H"is H, (9)? is coordinated to

the metal (in the

inner sphere)?

|
No M
vef oL |
No
e
No
el Tou |
No

Scheme 2. Classification of the mechanisms relabethe reduction of polar bonds; H =

hydrogenation; T = transfer hydrogenation; | = insphere; O = outer sphere; L = ligand

assisted.

Since this work is focused on the transfer hydnagjen, the mechanism of this
reaction will be discussed in details in the nedti®ns.

1.4.2 Homogeneous Transfer Hydrogenation of Substrates Wi Polar Bonds (T
Mechanism)

The transfer hydrogenation and asymmetric hydratyem of ketones is a useful
method in organic synthesi¥3¢"3%Among all metals, ruthenium complexes have shdven t
best activities in these reactions (Table 1). Natal. have reviewed the general catalytic
chemistry of ruthenium including ruthenium hydridasd their application in catalytic

hydrogenation and transfer hydrogenation in 1¥98. chapter of a book is also dedicated to

transfer hydrogenatior§.



Different mechanisms have been proposed for thesetions but in many cases they
can be divided to two types: (1) The Tl mechanisnwhich a hydride is transfered to the
coordinated substrate and (2) the TO mechanismhiohaa hydride is transfered in the second
coordination sphere. In Table 1 typical conditidos the hydrogenation of C=0 bonds by

some of the Tl and TO catalysts are listed.

10
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Table 1. Typical conditions for the transfer hydengtion of aldehydes and ketori&s.

H donor " conversiotime temp. TOF
recatalyst (Ru substerate (S additives (A Ru: DRA solvent . 1, Cycle ref.
4-methylcyclo- . AN, .
1 Ru(H)(H.)(PPh)s hexanone iPrOH 1:100:300 iPrOH 91 1 25 91 TI [37a]
4-methylcyclo- . . .
2 RuH(PPh)4 hexanone iPrOH 1:100:300 iPrOH 33 24 25 1 T [37a]
3 RuH(PPh)4 PhMeC = O iPrOH 1:200:neat iPrOH 93 3 8 62 TI 9B
4 RuH(PPh)4 hexanal PhCHOH GHsBr 80 30 TI [37b]
5 RuCk(PPh); PhMeC =0 iPrOH 1:200:neat iPrOH 0 3 85 o T [B9b
6 RuCh(PPh); cyclohexanone iPrOH NaOH 1:1000:neat:24 iPrOH 89 &2 1800 TI [37c]
_ PhMeC =
7 RUHCI(PPb); PhMeC = O HCOOH O/HCOBH 46 3 125 Tl [37d]
8 [RUH(H){P(CH,CH,PPh)3}|BPh,4 PhMeC = O iPrOH 1:250:12000 THF 96 5 60 50 TI dB7
9 [RUH(H){P(CH,CH,PPh)3}|BPh,4 cyclohexanone iPrOH 1:250:12000 THF 100 1 60 250 [37¢€]
10 RUuH(CO)(PPh); PhMeC = O HCOOH C;m%%; 28 3 125 TI [37d]
11 RUHCI(CO)(PP¥)s PhHC = 0O HCOOH 1:760:1760 PhHC = O/HCOOH 47 3 Reflux 280 TI [371]
12 RUHCI(CO)(PP¥)s PhHC = 0O HCOOH 1:760:1760 PhHC = O/HCOOH 23 0.27mw 860 TI [371]
13 RUH4(CO((-)-diop)s PhMeC = O iPrOH R“:lrfN[IR“] 1 phMec=ofPrOH 37 111 120 TI [374]
14 RUH(COX(()-diop), PhMeC = O iPrOH NaOiPr Ruzlr:nZN[IR“] 1 phMec=oiPrOH 67 24 120 TI 137g]
15 [RwH3(COY] EtMeC = O iPrOH 1:100 [Ru] 1 mM iPrOH 95 6 82 16 TI [45]
16 RuH(OTf)(bpzm)(cod) cyclohexanone iPrOH NaOH 10@neat:10 iPrOH 3 80 880 TI [41]
17 RUH(Tp)(cod) PhMeC = O iPrOH NaOH 1:500:neat:500 iPrOH 70 30 TI [42]
18 RUH(Tp)(cod) cyclohexanone iPrOH NaOH 1:500:neat:500 HPrO 95 1.7 70 400 TI [42]
19 RUH(TP)(Hy)2 cyclohexanone iPrOH NaOH 1:500:neat:500 iPrOH 95 .7 0 200 TI [42]
20 Ru(pcp)(OTH(PPH) cyclohexanone iPrOH KOH 1:1000:neat:20 iPrOH 22000 TI [37h]
0,
21 RuCH(PPh)(oxferphos) PhMeC =0 iPrOH NaOiPr 1:200:neat:4 PrGH 94e(>eQ)9/c 2 20 100 TI [37i]
22 [Ru(GHs)(NCMe)(pn)]ICRSOs PhMeC = O iPrOH NaOiPr 1:200:neat:2 iPrOH 99 225 8 TI [40]
23 [Ru(GHs)(NCMe)((R)-ppfa)lCESGC; PhMeC = O iPrOH NaOiPr 1:200:neat:2 iPrOH <5@e5 82 80 TI [40]
24 RuCH(Lpr)(PPhy) PhMeC = O iProH KOH 1:100:neat:1.5 iProH 85 783 12 TI [44]
25 RUCKPPh(CsH,SO:Na)}, PhHC = O NaGCH PPRh(CsH,SO:Na) 1:100:excess:10 H,O/aldehyde 995 1580 67 TI [37]]
26 RuH(NHCOMe)(OHiPr)(PCy-(CO) PhMeC = O iPrOH 1:200 iPrOH >05 6 80 32 TIL [46]
27 [Ru(GMes)(bpy)(OH)](PF)2 cyclohexanone Na@H 1:200:6000 bD pH 4 99 4 70 98 TO [47
28 [Ru(GMes)(bpy)(OH)(PFs): c (F"\';",\‘T;S;‘; o NaOCH 1:200:6000 bO pH 4 98 3 70 103 TO [47]
6I 14 =
29 [RUCK(CeHe)]2 PhMeC =0 iPrOH NBCH,CH,OH/KOH 1:200:neat:5 iPrOH 28 227 TOL [30e]
30 [RUCK(CeHe)]2 PhMeC =0 iPrOH NBCH,CH,NHTs/KOH 1:200:neat:5 iPrOH 28 86 TOL [30e]
0,
31 RuCI(S,S)-NHCHPhCHPhNTS)(mesitylene) ~ PhMeC =0  HCOOH/NEt 1:200:neat  HCOOH:NBE 5:2 22 S’M 20 28 10 TOL [30¢]
) (1S,2R)- U . 99 (67%

32 [RUCK(CeHe)]2 tBUOOCCHCOMe 'PrOH/KOHOCHPhCHMeNHCHC6H4Ph 1:100:neat:2 iPrOH ce.S) 25 20 46 TOL [37K]
33 [RuCk(p-cymene)] PhMeC =0 iPrOH/KOH  (1R,2S)-aminoindanol 1:400:neat:4 iPrOH 72(91% 40 272 TOL [371]

11



e.e.)

0,
34 RUCK(R R)-P-NH-cy-NH-P) PhMeC = O iPrOH KOIPr 1:20000.5 iPrOH 9353975? 25 23 7 TOL [37m]
0,
35 RUHCI(PPH)s PhiPIC=0  HCOOH/NBt Amine 1:100:neat5  HCOOH/NE 1c;(’8(836)/"120 60 08 TOL [37n]
Rug(p-H)(us- . . .
36 Py OMEOL. OORh A OMep(COy CYElonexanone  HCOOH NaOH 1:7200:7200:1408COOH/HO/ketone 100 3 100 38000L [49]

®mw: microwave heating.
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| Introduction

1.4.2.1Hydride Transfer to the Substrate in the Primary mner Coordination Sphere (TI)

The mechanism shown in Scheme 3 is a commonlgpaed one for transition metal
Tl catalysts >3 In the first step ketone 1 adds to the coordirdyiunsaturated Ru(ll) hydrido
species (A) giving the complex (B). Normally thedhige species (A), which is not isolated, is
formed from a catalyst precursor. In the secong athydride migrates to the carbon atom and
the new unsaturatedthenium species (C) will be formed. The hydrogansfer agent cleaves
the coordinated alkoxide by protonation in thedrstep and subsequently transfers a hydride
to the metal by $#-hydride elimination. In the last step the oxidizegirogen donor will be

eliminated. A ruthenium hydrido species could dodydetected in some cag&s>+3

SR3
Ketone 2 O—C\R4 Q /Rl
[Rul—H O0=C_  Ketonel
\Y A
| R2
R3\C/R4 H
Il l Ri1
E Cl) [Ru—0—C B
[Ru]—H R2
IIJ
R
|V/ 3
0" "R, q !
| H I Ru—0—¢-p
Ry—0 7~ 7
D R\l R‘3 H
HO-C-R, HO~C-R,

H H

Scheme 3. The inner sphere transfer hydrogenatemimamism (TI).

Allowing the TI mechanisn, ruthenium complexeshwitidentate ligands containing
phosphorus and nitrogen donors (P—N) have showm dxgvities in transfer hydrogenation.
Complexes of the type [RuéBs)(NCMe)(P—-N)](CRESOs) shown in Scheme 4 catalyze the TI
of acetophenone in 2-propanol (Table 1, entrie23%*° Although chiral ligands were used no

e.e. was observed. This proves that the nitrogenoérhe chelating ligand is hemilabile and

13



will dissociate from the metal center during theltge transfer to the ketone (Scheme 4). The
dbd ligand (dbd =N,N-dimethyl-2-diphenylphosphinoaniline) has a rigtdusture and is not
able to dissociate. Therefore the ruthenium complex a low activity. A much more active
precatalyst is realized with [Ruf8s)(PPh)(NCMe)]CF;SO; which possesses more vacant

coordination site&’

CH3 RUL R
R H
\_N
@

T G P T
\Ru\ gHH RU\ . U\H
P I >neme — p o R oz R
N N \\\XV‘CHs N) G

ch H RZ
HOR1
Ph,P NMe, X RU~_

Scheme 4. Tl of ketones catalyzed by complexes RgHij(P—N).

Chelating nitrogen ligands also have shown agtiit the transfer hydrogenation of
ketones in the presence of a base, e. g. NaOHintance RuH(OTf)(bpzm)(cod) (bpzm =
bis(pyrazol-1-yl)methane, cod = cycloocta-1,5-dieRgure 3), was reported to catalyze the
transfer hydrogenation of cyclohexanone by propah-& 80 °C (Table 1, entry 16).The
complex RuH(Tp)(cod) with a tridentate nitrogen-donor ligand (Tp hydridotris(3,5-
dimethylpyrazolyl)borate) was found to be activer fthe transfer hydrogenation of

cyclohexanone and acetophenone in 2-propanol (Zatdatries 17 and 185.RuH(Tp )(cod)

14



| Introduction

is formed from RuH(TP(H.), in the presence of NaOH and COD (Table 1, entry
catalyzes the transfer hydrogenation of cycloherano

H

H H
\
/\&C)/N//,., | Lot

ST

oTf

Figure 3. Structure of RUH(OTf)(bpzm).

The complex RuG(PPh)L with a tridentate ligand L containing P, N anddonor
sites (Scheme 5) is another activate catalystHerttansfer hydrogenation of cyclic ketones

and acetophenone (TOF: 118808) in basic medi&® In this case no ruthenium(ll) hydrides

" _ppn,
™ (@)
O
'Pr”

Scheme 5. Tridendate ligand containing P, N anddsites.

have been observed.

However the transRuCLL(PPh) complexes of the tridentate PNP ligands
PPhCH,CH,NRCH,CH,PPh (R =n-Pr (Lpr),n-Bu (Lbu), n-Hex (Lhex), CHPh (Lbz)) were
poor transfer hydrogenation catalysts (Table 1rye?4) and their activities decreased as the
size of the R group on L increasésin this reaction also no ruthenium(ll) hydridesreve
detected.

Bhaduir et af® have reported that the anionic hydrido carbony$ter [RuHs(CO)
can catalyze the transfer of hydrogen from 2-propammethylethylketone (Table 1, entry 15)

or 2-cyclohexenone at 82 but this reaction suffers from poor selectivity@=O over C=C

15



bond hydrogenation which was explained by a radwathanism for the hydrogen transfer.
Transfer hydrogenation of ketones ceased by usnegigely purified isopropanol as the
hydrogen donor. Adding hydroperoxide HOOtBu, thectmn started. The authors believe that
the ruthenium cluster fragmentates and thus camatmia radical chain propagating by 2-
propoxy radicals and cyclohexenone-derived radicals

14211 Hydride Transfer to the Substrate in the Inner Catination Sphere with
Ancillary Ligand Assistance (TIL)

The ruthenium - acetamido complex RuH(NHCOMe)[PIXPCy),(CO) is an
effecient precatalyst for the TIL of both aryl- aalikyl-substituted ketones and imines (Table
1, entry 26)*® Following the proposed mechanism (Scheme 6), a R@and will dissociate
from the precatalyst which activates it to the kyata RuH(NHCOMe)(HCPr)(PCy)(CO).

Addition of phosphine inhibited the reaction whisha strong evidence for the dissociation

equilibrium.
H
CysP’ 5 1CO
HN” 1" “PCy;
. O
o’HT
“‘Pc)ls
0 0
A i
CvV-P! | -\COPh C 3P/'R CO
)I/-|3N' ~M o= / \l>l' " H
o)
O N
N H T
o-H Ph O-H

I CysP'. ] .\co
CysP.J \CO 3P Ry
HN™ Y0 slow N” T 7H

o SN
/<OH NH /<O’Hj_
Ph Ph

Scheme 6. The TIL hydrogenation of acetophenonuiy(NHCOMe)(HOPr)(PCy),(CO) in

iPrOH.
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| Introduction

1.4.2.2Hydride Transfer to the Substrate in the Outer Calimation Sphere (TO)

The 2,2'-bipyridine ligand (bpy) in the complexuji©€sMes)(bpy)(OH)](PFs). was
found to promote TO catalysis in water or waterdmig biphasic systeni$. For the
hydrogenation of water-soluble as well as wateoludge ketones, TOFs range from 20 to 150
h™ at 70°C for the hydrogen transfer from sodium formate.(entries 27—28 in Table 1) and
the reaction reaches its maximum rate at pH 4. Thamate complex
[Ru(O-CH)(CsMeg)(bpy)]” and the hydrido complex [RuH{®es)(bpy)]" are two observed
intermediates in the catalytic cycle. The later ptem could be identified by a resonance at -
7.45 (s) in its'H NMR spectrum. Although the hydride is stable witthe pH range of 5 to 9
at temperatures greater than @) the maximum rate of the hydrogenation occurtepHa4
which was explained in terms of acid assistandberhydride transfer step (see Figure 4). The
narrow pH range for this catalysis can be explaiagdollows: Since the pKkof HCOOH is
3.6, the rate maximum occurs in the presence ofdimate ligand HCOO The pk; of the
aqua complex [Ru(es)(bpy)(OH)]**/[Ru(CsMeg)(bpy)(OH)[" is 7.3 which means that
below pH 7.3, the aqua ligand can be displacedobomdte while the hydroxide complex is

present above pH 7.3 which it is not reactive talsdormate.

Figure 4. Acid assisted hydride transfer to ketdnas [RuH(bpy)(GMes)]".
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14221 Hydride Transfer to the Substrate in the Outer Calimation Sphere with
Ancillary Ligand Assistance (TOL)

The discovery of Noyori and coworkers that theatig can play a critical role in the
hydrogen transfer to unsaturated compounds stroimjlyenced the strategies for catalyst
design. Morri&®® described the role of the ligand as follows (Schéfh (1) activation of the
carbon atom of the unsaturated substrate for aeopbilic hydride attack via performing a
hydrogen bond to the oxygen or nitrogen atom ofstiiestrate, (2) allowing a cyclic transition
state for H/H™ transfervia a correct hyperconjugation with the metal, (3vsgy as a source of
the proton to be transferred along with the hydfiden the metal, and (4) providing a point of
interaction for enantioselective recognition ofraghiral substrate. Usually, the substrate does

not coordinate to the metal and is located withm $econd coordination sphere of the catalyst

complex.
o R HmH O\\ R
R4 aWR
-R3 1
HO—G Q ¢~R2
'T' H
L—[Ru] —[RU]
HO
HO R3 ) FI@ % \/I*Rz
R4 L—Ruy]

Scheme 7. TOL mechanism involving a hydrogen oo-kgand.

Noyori’'s discovery of the NH effect was a revotuti in transfer hydrogenation
catalysis®®®**3848p highly efficient catalyst system is produced mixing chelating ligands
with NH, groups, such as 2-aminoethanol or the midrosylated diamine TSNHGIEH,NH.

with a base and [Rugbenzene)] in 2-propanol (Table 1, entries 29-30). UsiNg\-
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| Introduction

dimethylated compounds, totally inactive ruthenicomplexes were synthesized. This was the
first evidence for the “NH effect” in the hydrogéima of polar bonds.

The mechanism shown in Scheme 8 is proposed éoadtion of these catalysts in the
hydrogenation of ketones providing an example fewr TOL mechanism shown in Scheme
730240 38483 qrming a hydrogen bond with the NH hydrogen atmmthe axial tosylated
diamine ligand, the ketone orients in the secondrdination sphere. The hydride)( to
substrate spcarbon §*) contact and a substrate aromatic ringitaing interaction are two
chiral points to cause enantioselectiityAn alcohol in the $)-configuration is produced via
a concerted HH" transfer and then the hydrido-amine complex igmegated by reaction with

2-propanol or formic acid.
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NTs
H N OH
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Ph
NaO,CH or T-NaCI
NaPr, -HCOOH or 2-PrOH
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+Ru
CI™ " NTs
H,N

Ph

Ph

Scheme 8. TOL of arylketones catalyzed by RuH{SIHPhCHPhNTs){®-arene) and

Ru(NHCHPhCHPhNTs)-arene) (arene =¢Bls, MeGsH4 Pr, GHsMes, Ts = SQCgHsMe).

Shlov’s catalyst benefits from a hydroxyl grouptbe ligand and catalyzes the ketone

or aldehyde transfer hydrogenation using formid &Eigure 5)*°

Ph Ph

Ar o HO Ar

oc \co oc Cco

Figure 5. Shlov’s catalyst.
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| Introduction

1.5 C-H Bond Activation

A prevalent topic in transition metal chemistrythe controlled activation of small and
relatively inert molecules. Its development begarhie late 1950% A yet unsolved problem
in this area which is usually referred is the adion of alkanes. Until now, the reactivity of a
variety of molecules has been changed by bindiegitto metal centers due to changes in the
relative energies of their orbitals or their pdhariFor instance, upon coordination to a metal
centre olefins and carbon monoxide are more pranea tnucleophilic attack, while
coordinated dioxygen often reacts with electropghifeEven classic inert small molecules like
dinitrogen participate in chemical transformatiomsen coordinated to a transition metal.
Principally, activating inert C—H bonds should hesgible in the same way, but it should not
be forgotten that the small molecules mentioned/aladl possess lone electron pairs ana/or
orbitals to interact with empty orbitals of the ast Alkanes have none of them.

In fact, before 1980s, most of the reactions oH@ends coordinated to transition-
metal centers ran successfully only through théi@pation of ther orbitals of aromatic C—H
units (Scheme 9, equation £3) and/or engagement of an intramolecular reactidrerein the
moiety with the C—H bond to be activated is attacteethe metal (Scheme 9, equation®43

equation (5§9).
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Eg H CeHe ; ~Ph
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(Et3P)2Pt[CH2C(CH3)3]2 160° C»(Et3P)2P’[iC/CMez + CMe, (4)

Ha
PPh
PPh 2
o Heat | oH
Cl—Ir—PPhy L€, Ir—PPh; (5)
PPh QI
PPh

Scheme 9. Assisted C—H bond activation at tramsiti@tal centers.

1.5.1 Classification of C-H Activation Reactions

In this section the C—H activation at metal centeading to bond formation between a
metal and an alkane carbon atom will be discusBedcaw® has classified these reactions
according to their overall stoichiometry into figlasses. In four classes, stable organometallic
species are formed but usually just two of thesppba. In the fifth class, transient
organometallic species are considered to be remsictiermediates.
1.5.1.10xidative addition

Low valent complexes of ‘late’ transition elemestsch as Re, Fe, Ru, Os, Rh, Ir, Pt
are electron-rich and can undergo oxidative additeactions (equation (6)). In some cases the
reactive coordinatively unsaturated speciegV1] is generated from a suitable precursor by
thermal or photochemical decomposition. For insta-CsMes)(PMey)Ir'"' H., loses H under

photoirradiatiorto give the (unobserved) intermediate-CsMes)(PMey)Ir' (equation (7)5’
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LMY +RH — L M*2  (6)

é; hv é
_H2

Iry )
Myt Ly

Mesp” oy H NMesp/'f'i

Scheme 10. CH bond activatigia oxidative-addition.

1.5.1.2Sigma-bond metathesis
Alkyl or hydrido complexes of ‘early’ transition etals from group 3 of the periodic
table (sometimes also metals of groups 4 afdviith o electron configurations may undergo

a reversible reaction according to equation t8a).

L,M*R + R'-H === L,M*R' + R-H (8a)
L,M*R + R-H === L ,M*H + RR' (8b)
L,M*H + R-H === L,M*R' + H-H (8c)

Scheme 11. Sigma-bond metathesis.

Mainly R and R' are both alkyl groups and inste@&da total alkane activation, an
interchange of alkyl fragments will occur. Althougtierconversions of dihydrogen and metal
alkyl with alkane and metal hydride (equation (8&ye observéd, C—C single bonds
formation through the alternative exchange showeguation (8b) is not known yet.
1.5.1.3Metalloradical activation

Alkane C—H bonds can be broken reversibly by nmadll) porphyrin complexes
which exist in a monomer—dimer equilibrium (equati®)). The most reactive hydrocarbon
for this class of reaction is methane. Accordinghi® fact that the Rh—H bond strength is low

(around 60 kcal mé&icompared to the 105 kcal MioC—H bond of methane) the generation of

23



the free alkyl radicals through the abstractioradiiydrogen atom from methane by the Rh
centre is prohibitively endothermic. This excludes mechanism involving free alkyl radicals

in agreement with inferences from experimental pla®ns®

[(ponRh"l; === 2 (por)Rh" === (por)Rh"-CH; + (por)Rh""-H 9)

1.5.1.41,2-Addition

The addition of an alkane to a metal-nonmetal toblond is a 1,2-addition reaction.
For instance methane is added to a Zr—N double besuahtion (10)§? however just benzene
is activated by a similar system and not mettfdnBespite the unclear scope of alkane
additions across M = N and M = C double bonds, tyj®e of reaction is reported for other

early and middle transition-metal centéts.

. heat , . CHq
(R'NH)3ZrR W (R'NH),Zr=NR" — (R'NH),ZrCHg, (10)

1.5.1.5Electrophilic activation

Although organometallic species are not obsengethi@rmediates in certain reactions
with functionalized alkanes as the product, thegees of reactions (equation (11)) are
classified as electrophilic activation reactionsublly, this occurs in strongly polar media for
late- or a post-transition metals @d Pf* and/or PY', Hg*, TI*).®®> The assumed
organometallic species JM***(R)(X)] is formed by electrophilic activatiovia substitution of
a metal by a proton as shown in equation (12a).08sible route leading to the product is

shown in equation (12b).

LoMX*2X, + R-H —> [LyM*] + RX + HX 1)
LM*¥*2X, + R-H — [LaM™?(R)(X)] + HX (12a)
[LaM*2R)(X)] — [L,MN] + RX (12b)

Scheme 12. Electrophilic activation.
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1.6  Coupling Reactions

The usefulness of palladium-based catalysts isaiogyt revealed by the number of
articles published in any recent organic chemigtuynal°® Cross-coupling reactions catalyzed
by palladium seem to be the most powerful methaasd-C bonds formation. Generally
palladium assists the C-C bond formation betwess-teactive organic electrophiles e. g. aryl
halides, and different carbon nucleophiles.

Stoichiometric reactions of reactive nucleophilegh electrophiles or pericyclic
reactions were the common methods for C-C bond d6an about 50 years ago. Actually,
today's carbon—carbon bond-forming methods weretestaby oxidation catalysis: An
important revelation was the application of pallexd(ll) catalysts in the oxidation of olefins to
carbonyl compounds. The Wacker pro€éssthe master example. In the late 1960s, coupling
reactions of arylmercury compounds in the preseoic@ither stoichiometric or catalytic
amounts of palladium(ll) were developed by Richeetk®® In 1972, the well-known “Heck

reaction”®®

was established by him based on the reaction efiyymercuric acetate and lithium
tetrachloropalladate under an atmosphere of etByfriTsutomo Mizoroki had described a
similar reaction in 1971°

Using organometallic catalysis for the couplingween aryl halides and olefins was a
breakthrough in organic synthesis which made furépplications possible. Therefore, during
the 1970s palladium-catalyzed coupling reactionsewevestigated incessantly (Scheme 13).

Sonogashira coupling of aryl halides with alkynesm example in which catalytic amounts of

palladium and copper salts are uéed.
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+ Pdo

A\

Heck reaction Mq = ZnX Negishi coupling
M, = MgX; Kumada coupling

M = B(OH),; Suzucki coupling
M = SnBug; Stille coupling
M = Si(OR)3; Hiyama coupling

Scheme 13. Some examples of palladium-catalyzedcGuling reactions.

Arylzinc and arylmagnesium were used by Nedfsand Murahash¥, respectively in
palladium-catalyzed coupling reactions instead lkérzes or alkynes. Recently, the famous
Negishi and Kumada coupling reactions have founeéresive applications. Despite the fact
that nickel can catalyze similar cross-couplingctieas concerning reactivity, selectivity, and
functional-group tolerance palladium has found widspplication. Palladium-catalyzed
coupling of arylboronic acids and esters with dmglides were discovered by Suzuki and
Miyaura’® for the synthesis of symmetric and unsymmetricytga The use of air-stable and
readily accessible arylboronic acids is the mawvaathge of the Suzucki-Miyaura coupling. In
the same way, the palladium-catalyzed couplingrgtia and arylsilanes were investigated by
Stille”™ and Hiyam&. Nowadays, highly efficient C-O and C-N bond fotinas are also
known. The Buchwald—Hartwig amination is the mesharkable oné’

After their discovery, palladium-catalyzed crosgqoling reactions became rapidly

popular. There are several reasons for their sacdédee tolerance of the methods to a wide
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range of functional groups on both coupling padnsitheir noticeable feature. This allows the
efficient construction of the complex organic binlglblocks in few steps. Additionally, a fine-
tuning of the reactivity is possible by the develmmt of ligands and co-catalysts. In the last
two decades there has been no other organomaetadticod that has a broader investigation in
academic laboratories and application in indutrifheir significance and superiority in
organic chemistry is highlighted by awarding thebMoprize to the Heck, Negishi and Suzuki

in 2010.
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2 Motivation

The good results of the previous studies on thealytec activity of ruthenium
complexes in transfer hydrogenation done in Proérwgr R. Thiel's grouf3® were our
motivation to optimize the structure of these campk to obtain better catalysts working
under milder conditions. These studies have shdwahlidentate or tridentate pyrazole-based
ligands such as bispyrazole and bispyrazolylpyadane suitable for the ruthenium catalyzed
hydrogenation and transfer hydrogenation of keto@éanging the substituent on the 1-, 4- or
5 position of the pyrazole ring, the steric andcetmic characteristics of the pyrazole
containing ligands can be controlled (Scheme 1Hijs Takes these ligands potentially suitable

for applications in catalysis.

4

R3 X

I §§)5

N~
H1

Scheme 14. Different possibilities for modificatsoat the pyrazole ring.

X

>
77 N YN
N’N N\N
R’ R

Scheme 15. The desired bispyrazolylpyridine wiffedent substituents at the pyrazole rings.

The discovery of Noyori and coworkers that acigtand selectivities can be improved
by the presence of a N-H functionality in the ligdmeing in close proximity to the metal site
(bifunctional catalysiS)was a significant breakthrough in hydrogenatioialyais and later on
strongly influenced the strategies for catalystiglesPrevious studies in Prof. Thiel's group
have shown that the NH group of the pyrazole ringi@ this way’>® Another aim of this

work was to find methods to substitute the pyraagainst a 2-aminopyrimidine ring hoping
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| Motivation

that with the NH group of this new ligands a bifunctional mechanisnght be realizable
(Schema 16). The ruthenium complexes of these dgdmad to be examined for transfer

hydrogenation of ketones. Also, the mechanism efréaction had to be investigated.

R 1
Ty res T T
~ o

N Y

Scheme 16. Replacing the pyrazole against a 2-gwpimoidine.

The NH group of the new ligands is a potential site foe introduction of new
substituents leading to multidentate ligands. Mieititate ligands, having pyrimidine groups as
relatively soft donors for late transition metalsdapossessing simultaneously a binding
position for a hard Lewis-acid are matter of ing¢rem the SFB/TRR-88 (3MET) at the TU
Kaiserslautern. Synthesis and characterizatioruoh digands were another aim of this work

(Scheme 17).

B B B
b Do N | N B B N S
N K N\fN N\fN N\fN N\fN
Do Do R/N\R HN\R R/NH HN\R

Scheme 17. Introducing substituents on the amiaoto obtain soft and hard donor sites.
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3 Results and Discussion

3.1 Ligand Synthesis

The development of new ligands bearing donor atather than phosphorus has
aroused increasing interest in coordination chewistomogeneous catalysis, and organic
synthesis. Mixed-donor ligands have been widelylwasea result of the versatility arising from
the different stereoelectronic properties of thdtiple coordination sites, providing a unique
reactivity of their metal complexé&5Ligand lability is an important feature of manyient
catalysts since ligand dissociation steps are dftealved in catalytic cycles. However, too
much lability may lead to catalyst decompositiomu3, at least one strongly coordinating
donor is certainly required for a ligand to be us$edthe preparation of a transition-metal
catalyst, especially when other labile sites ares@nt. In general, a balance between the
stability of the organometallic catalysts and theedh to incorporate dissociable ligands is
desirable for highly efficient catalysts relying bgand dissociation in their catalytic reaction.
Bidentate pyridine-derived ligands are commonlyspreg in coordination chemistry and
homogeneous catalysis, while recently symmetritetriate planar N3 ligands with pyridine
backbones such as 2,2:6'2"-terpyridiies 2,6-bis(imino)pyridine€¥, and 2,6-
bis(oxazolinyl)pyridine%' have been investigated.
3.1.1 Synthesis ofNNN Ligands

The chemistry of pyrazole, pyrimidine and theirid&tives has been studied for more
than 100 year®® A wide bunch of synthetic routes leading to thesectures have been
worked out, since some members of the pyrazolepgminidine family play economically
prominent roles in pharmacy and agrochemi$trilowever, there are only two routes of
general importancg-®® the five-membered pyrazole ring system can eitserformed by
combining a diazomethane derivative and an acetyilea 1,3-dipolar cycloaddition or by ring

closure using hydrazine angaliketone or a derivative of similar reactivity (e 18). The
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| Results and Discussion

latter strategy also allows the access to pyringislizvhen formamidines, ureas, thioureas or
guanidines are applied for the ring closure instefdhydrazine. This method is obviously
favorable since the substitution pattern of theiltesy 1H-pyrazole/pyrimidine can readily be
determined by the starting materials. A large numbk syntheses of pyrimidin&s and
bispyrimidine&® have been described in the literature but theeejast a few reports on

pyridylpyrimidines®

N—NH
> //
§Z
l\|/§N 2H,0 @ § -2H,0
= -
N SN NH,—NH,

Scheme 18. Formation of five/six-membered ringeayst

3.1.1.1Synthesis of Ligands with a Bispyrazolylpyridine &8ddone

Symmetrical tridentate planar bispyrazolylpyridinigands have been synthesized and
investigated in the recent years in Thiel's gr8uput further modifying of these ligand was
requested to get optimized ligands suitable forthieenium catalyzed transfer hydrogenation.
3.1.1.11 Synthesis of the Precursors

Bispyrazolylpyridine are used as the backbonehefriew ligands and synthesized as
follows:
3.1.1.1.1.1 Synthesis of 2,6-di(1H-pyrazol-3-yl)pyridine

Starting from 1,1'-(pyridine-2,6-diyl)diethanon®,6-di(1H-pyrazol-3-yl)pyridine can
be synthesized easily in two steps according tditéseture®®” In the first step 1,1'-(pyridine-
2,6-diyl)diethanone is refluxed with 1,1-dimethoXyN-dimethylmethanamine. The product is

(2E,2'E)-1,1'-(pyridine-2,6-diyl)bis(3-(dimethylamino)preében-1-one) which will condense
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in the second step with hydrazinhydrate under xeflonditions in ethanol as the solvent to

obtain 2,6-di(1H-pyrazol-3-yl)pyridine (Scheme 19).

(I)Me 1
| N H=C~NMe, | | A | | X2 i
_ OMe _ N,HsOH 0
N/ N~ N/ N 25 4 ] N3 \ N\ 6
0 N N EtOH, reflux NHN N~NH
1 2

Scheme 19. Synthesis of 2,6-dicbyrazol-3-yl)pyridine.

In addition to the resonance of the A8/stem of the pyridine ring, two characteristic
doublets at about 6.08 ppm and 6.86 ppm assigntgk tprotons in the 4- and 5-position of the
pyrazol rings are observed in th¢ NMR spectra of.
3.1.1.1.1.2 Synthesis of the Bispyrazolylpyridine Backboné ®iibstituted Pyrazol Rings

To synthesize 2,6-di(pyrazol-3-yl)pyridine havialgyl or aryl groups as substituents a

two step method known from the literature (Sche®entas applied”

X
[ L
_0 N/ (ONG R 74 | N \ AN R

o o - NHN N=NH

Scheme 20. Synthesis of 2,6-di(pyrazol-3-yl)pyrdinfrom dimethyl pyridine-2,6-

dicarboxylate.
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| Results and Discussion

Here dimethylpyridine-2,6-dicarboxylate is reactedh the proper methylalkyl- or
methylarylketone. Methylketones are favorably démpmated regioselectively at the methyl
group using sodiummethanolate as the base (Sch&mdli best solvent for this reaction is
tetrahydrofuran (THF). It is required that the $mn of the methylketone in THF is added
dropwise to a suspension of sodiummethanolate ambthyl pyridine-2,6-dicarboxylate.
Finally the mixture is refluxed for four hours leéag to the sodium salt of the tetraketone
which can be converted to product by acidifying ris@&ction medium at the end.

1

N 1.NaOMe 2
| 2.CH;COR | _ 5 6 R
0 N7 O~ 3HCI N7
o o THF © 0 , O O

R | n-butyl n-octyl t-butyl cycloheptyl n-propyl
| 3a 3 3¢ 3d 3e

Scheme 21. Synthesis of the tetraket@eee

According to the structure of the tetraketone®res of tautomers can be formed via
keto-enol tautomerizatioff. They can be detected in thé¢ NMR spectra of these compounds.
The protons of the hydroxyl group of the enol fooma 1,3-diketon appears at lower field
between 15 and 16 ppm. In the IR spectrum, intenabsorptions at about 1600 tand 3100
cm™ can be assigned to carbonyl and hydroxyl groupmesively.

The pyrazol rings of the 2,6-di(pyrazol-3-yl)pynds 4a-e were formed via a
condensation reaction between the 1,3-diketoBasd(and hydrazine (Scheme 23)Using
this method, 2,6-di(pyrazol-3-yl)pyridines with f@ifent substituents can be synthesized easily

and in good vyields.
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R | = R A 4 5
N ~ NoHsOH - R 77 N73NTNE_R
O O O O FEtOH, reflux NHN N-NH

3a-e 4a-e

R|n—butyl n-octyl t-butyl cycloheptyl n-propyl
| 4a  4b  4c 4d 4e

Scheme 22. Synthesis of the 2,6-di(pyrazol-3-yijpiges4a-e

The solubility of the 2,6-di(pyrazol-3-yl)pyridisewithout any substituent is poor in
most organic solvents. By introducing long chaikykbr aryl groups, the solubility can be
controlled®® In the'H NMR spectra of the compounds-e a characteristic singlet for the
proton in the 4-position of the pyrazol ring candiserved at about 6.5 ppm in addition to the
AB,-system of pyridine ring. In th€C NMR spectra a resonance appearing at about 101 pp
can be assigned to the corresponding carbon atom.
3.1.1.1.2 Synthesis of Allylated Bispyrazolylpyridine Ligand

By introducing allylic side chains in the 1- andpbsitions of the pyrazole rings, the
2,6-di(pyrazol-3-yl)pyridine is functionalized wittsubstituents of moderate bulkyness.
Furthermore one could expect the allylic side chaffering chelatingti-donating elements,
that could stabilize a 16VE ruthenium(ll) intermegei in a hemilabile manner, but will not be
hydrogenated itself under the given reaction caomat of the transfer hydrogenation.
Deprotonation of the pyrazole units with LiH in TH&d subsequent allylation with
allylicboromide gives the 2,6-bis(1-allyl-5-alkylfdf¥1H-pyrazol-3-yl)pyridines5 and 6a-e
(Scheme 23). It should be noted here, that theotidéaH for the deprotonation & or 4a-e
leads to the formation of quite stable six coortéinsodium complexes, which hamper the

isolation of the target ligands.
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1

l\ |\2
5
— i A4
R— | N TN RL,R 7 N"3YNTN_R
N N-N©

N N- N
NH NH 2~ _Br

2 or 4a-e § 5 or 6a-e {7
8
Vi \

9
R|H n-butyl n-octyl t-butyl cycloheptyl n-propyl

5 6a 6b 6c 6d 6e

Scheme 23. Synthesis of the 2,6-bis(1-allyl-5-dtyll-1H-pyrazol-3-yl)pyridine$ and6a-e

By functionalization of the pyrazole ring with afkyl group (as is shown in Table 2),
the resonance of H5 on the pyrazole ring changes #t doublet to a singlet and shifts by
about 1 ppm towards higher field. Also H2 shifts &lyout 0.5 ppm towards higher field
compared tadb, indicating an increased electron density in tlyeagpol ring, which is also
reflected in thé*C NMR resonances of these compounds. For the ogptghannulated ligand
6d, there is no pyrazole proton resonance anymorettatfC resonance of C5 is shifted to
lower field, too. (Figure 6 & 7). The methylene fmos at the allylic side chains of these
compounds show doublets between 4.62 and 4.91 pgdmating that these hydrogen atoms
are magnetically equivalent. As expected, the twatgns H9 which are not magnetically
equivalent give two doublets slightly shifted updievhen the pyrazole ring is functionalized

with an alkyl group.
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Table 2.*H and™*C NMR shifts of the ligand5 and6a-e

s HI H2 H3 H4 H5 H6 H7 H8 H9
cCL C2 C3 Cc4 C5 C6 C7 C8 c9
c ’ 7.86 822 - - 775 - 485 %%EE' 5.31-5.24
143.3 1214 147.9 1448 108.9 1317 554 % 119.7
C_
62 "buyl 759 779 - o 676 - 462 %%‘ 5'4028&
144.4 117.9 151.8 150.7 103.1 1365 51.6  ..° Lies
6b  buyl 762 785 - - 681 - 491 %%cc- 5;5131&
150.5 118.5 152.8 152.2 136.9 53.7 4o- Li6.9
C.
6c ooyl 765 783 == om 6Bl - 472 %%‘2 54128&
144.6 118.2 1522 1511 1035 136.6 51.9 - 68
59¢  515&
7.66 774 - e e e 472
6d cycloheptyl 5.9C 5.00
143.6 119.8 1535 147.5 120.7 1364 522 .o 6.6
6 oropyl 08 783 == o= 6Bl - 473 %%]]' 54188&
1434 118.2 1522 1512 103.6 136.7 520 .-, 68
jdeeini (A baa A b o o
s
7 N TER
NN N“-NG
f
) 29
<}
5o
[ 1!.;(n..l_\ |ll-;:;:ﬂ.:|j: | D"tlm-')
ﬁ—zq — —
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H1 H8 o r
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Figure 6.*H NMR spectrum of ligan6éd.
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Figure 7.°C NMR spectrum of the ligar6d.

3.1.1.2Synthesis of Ligands witla Bispyrimidylpyridine Backbone

In proceeding with Thi’s group studies concerning the synthesiN-alkylated 2-(3-
pyrazolyl)pyridines as ligands for homogeneouslgsig®“*1%| sought a mild and efficiet
method to prepare substitutec-amino-4-(2pyridyl)pyrimidines and 2-bis(2-amino-4-
pyrimidyl)pyridines to use them as building blodks new multidentate ligands. Apart frc
Balavoine et al. who were able to synthesi-amino-4-(2pyridyl)pyrimidine and 2,-bis(2-
amino-4pyrimidyl)pyridine by ring closure with guanidiniumitrate and -(2-pyridinyl)-3-

dimethylaminoprop-2Znone  and  [2-bis(3-dimethylamino-Iexoprof-2-en-yl)pyridine]
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(Scheme 245 there is no report on an efficient syntheses ohdigands from g-diketone or

a derivative of comparable reactivity.

NHy, __NH, XN

| S | < T nos P
/N _ N/ X N\ NH, . | X N | X
EtOH, reflux NN NN
o | o Y Y
1 NH, 7 NH,

Scheme 24. Synthesis of 2,6-bis(2-amino-4-pyrimmyidine.

The tetraketone3 are simply accessible by the condensation of mafikylketones and
diethyl pyridine-2,6-dicarboxylate in the presenct a bas#" as discribed in section
3.1.1.1.1.2 (Scheme 21). The ring closureBofwith an excess of guanidinium carbonate is
carried out under conventional reflux conditionspresence of NaOMe with ethanol as the
solvent. After removal of the solvent and recrysation, 8c is obtained as a yellow solid but
in just about 9% vyields (Scheme 25). Using othdvesds such as butanol and DME
allowing to do the reaction at higher temperatudid, not improve the yields. Moreover
different type of guanidium salts such as carbgnateate and chloride have been tested, but

no product was gained. Application of microwavetimgpalso failed.

N |
R > R " NSNS i
N 1) Na, EtOH o N. _N N. _N
O O O O 2) guanidinium carbonate 8a-f
3 Ha Ha

R| n-butyl n-octyl t-butyl isopropyl n-propyl ethyl
| 8 8 8¢ 8d 8e 8f

Scheme 25. Synthesis of the 6,6'-(pyridine-2,6}dig(4-alkylpyrimidin-2-amine) in a polar

solvent.
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X
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2 7 0 3)2Cl2 “
B N B 8 % Cul = N Xy
OH NEtg/THF 10
20h, RT OH OH
B S
=N MnO, L
Z N ——%» =N X
CH4CN
oH oH 24 h, RT ! 1 !

Scheme 26. Different starting materials tested ggnthesizing pyrimidine based,N,N

ligands.

Changing the starting material to compoufiads 11 was expected to provide a solution
to this problem. Compounfl was synthesized according to published procedueesidol
condensation(Scheme 2632 2,6-Diacetylpyridine and two equivalents of a giibted
arylaldehyde and diethylamine as the catalyst we&ftexed overnight in propanol. The orange
to yellow crystalline precipitate was filtered @hd washed with ice-cold methanol. Suitable
yellow needle like crystals &for X-ray crystallography were obtained from dmtdmethane.
The structure is shown in Figure 8. The bond lemndif4)-O(1), C(4)-C(5), C(5)-C(6), C(6)-
C(7) are 1.2284, 1.4591, 1.3419, 1.4506 A, respelgtishowing that C(4)-C(5) and C(6)-C(7)

have more single bond characteristics and C(4)-@{il)C(5)-C(6) are almost double bonds.
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Figure 8. Molecular structure 8fin the solid state.

According to the mechanism tiie aldol condensation (Scheme 27) this method is

limited to the usage of arylaldehydes.
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Scheme 27. Aldol condensation mechanism.

Reacting9 with different guanidinium salts in refluxing eti@ in the presence of a
base such as NaOH or NaOEt results in an oily brewrstance which was not the product
according to itsH NMR spectrum.

To obtainl0, hept-1-yn-3-ol was synthesized first accordingublished method?® as
follows: Pentanal was added slowly to a solutioetbiynylmagnesium bromide at -78 °C. The
mixture was stirred for 45 min at -78 °C and tharermched with a saturated solution of
ammonium chloride. The aqueous layer was sepagatddextracted with diethyl ether. The
organic layer was washed with water and then bdned over anhydrous magnesium sulfate,
and filtered. Evaporation of the solvent was folkalvby a Kugelrohr distillation and yielded
hept-1-yn-3-0l as a colorless oillo couple 2,6-dibromopyridine with hept-1-yn-3-0l52
equivalents of triethylamine were added to a sotutf 2 mol % of Pd(PR)CI,, 8 mol % of
Cul, 2,6-dibromopyridine in dry THE* A color change from yellow to orange was observed.
Then a solution of 2.2 equivalents hept-1-yn-3-&l id dry THF was added dropwise, which
resulted in a color change to brown. In this stdgereaction mixture became warm and if
needed (depending on the amount) the mixture shioelldooled. The reaction mixture was
stirred at room temperature over night. Evaporating solvent gave a brown oil, which
containedl1 and some impurities according toits NMR spectrum. Column chromatography

on silica gel eluting with ethylacetate did not ggie pure product. Attempts to purify the
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product by sublimation or crystallization also éail So the reaction was continued with this
raw product hoping that the final product can beiffgd. To the solution ofll in dried
CH.Cl,, 20 equivalents of activated Mp@ere added. The reaction mixture was stirred for 2
h at room temperature and then filtered through ®lg&vaporating the solvent gives a brown
solid which was applied to the column chromatogyapin silica gel eluting with
hexane:ethylacetate 1:1. The solvent was evapotaseting to a brown oil. In it53H NMR
spectrum, the peaks of the product were not deteétecording to these results it seems that
the B-diketone3 is the only reactant with which the desired prdadan be obtained.

Looking at the reaction mechanism it becomes alwiinat the base used to activate
the guanidinium salt will deactivate tiffediketone (Scheme 28). Moreover there are some
reports® showing that using a polar solvent such as ethanabt suitable for this type of
reactions. However, non-polar solvents cannot leel since they are not able to dissolve the

guanidinium carbonate.

|\H |\ X
R /QR R N X R R |/®R
O O 0 0 o ©O 0 Og O O O O

Scheme 28. Deactivation of the diketone by the.base

Fusing just the guanidinium salt and the diketasieresult in the product but in low
yield'® (12%). Searching for a base which can activatetimnidinium carbonate but will not
deactivate th@-diketone, | came up with the idea to use silicalomina. Silica or alumina,
guanidinium carbonate an8l were mixed and ground and the reaction was cawigdat
different temperatures with different ratios oficgl and alumina to reactants. The optimized
conditions were found as follows: the reaction pemted with two mass equivalents of silica at

200 °C for 4 h. Using two mass equivalents of aiice essential because the silica is not only
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| Results and Discussion

the base but also it will absorb the water beidgased during the reaction (Scheme 29). It is
noteworthy to mentain that using guanidinium nérdid not result in product formation. It
seems that releasing the £@as is necessary as a driving force for the r@aciihe resulting
ligands are too soluble and could not be purifigcthystallization. Unfortunately all attempts
to find a suitable mixture of solvents for colummamatography also failed. Acidifying with
HCI and trying to perticipate the hexaflourophodphsalt was as well unsuccessful. Only the
ligand with the'butyl substituent was pure enough to be appliedthe syntheses of

multidentade ligands (see section 3.1.5).

X
= R
X X
" OCO | = o | I
R H0 R
N r == N Tyl
NH HN<_N
e N N
NH, NH
® J ® ' ® J
OH
N R MO W 3|R NPT
O NH (O N N N
A T
NA NH, NH2\H NH,

Scheme 29. Mechanism of ring closure and wateasélg.

This method is limited to compounds bearing alidups on the pyrimidine ring and
all efforts failed to do the reaction with reactmthich are functionalized by aryl groups. The
most visible difference between reactants with ladad aryl group is that the alkyl derivatives
are waxy or oily and can be ground with the otleactants more efficiently than the powdery
reactants with an aryl group. Even changing thetegd to9 did not work probably for two
reasons: first this powdery reactant cannot bergtand mixed well with the other reactants.

Second, according to the ring closure mechanisme@e 30) elimination of His required in
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the last step which is just possible in the presesfca strong base or an efficient oxidizing

agent.

Scheme 30. Mechanism of ring closure with reac®ant

As it is shown in Table 3, functionalizing the pyidine ring with different alkyl group

has no significance effect on thel NMR and *C NMR shifts of ligands8a-f as it was

expected. ThéH NMR and™*C NMR spectra of ligan8b are shown in Figures 9 and 10 as an

example.

Table 3.*H NMR and**C NMR data of ligands 8a-f in CDgI

- H1 H2  H3  H4 H5 He  HT
c1 c2 c3 ca c5 c6 C7 2
. 702 836 -  — 7.60
8a  “butyl 137.9 1228 1545 1638 1071  173.6 1635 >°3
8b  octyl 794 842 e e 7.67 e e 512
7.96-
t 840  wr o 7.96-7.91 e e
8c  butyl 12210 1225 1545 1639 1038 1805 1632 >12
. 794 841 o e 7.71
8d isopropyl 1384 1228 1545 1640 1051 1784 1634 °>1°
e gy 794 842 e 766 o
propyl 1380 1229 1545 1638 1073 1734 1634 °
795 843 o e 7.70
8 eyl 4380 1229 1545 1639 1066 1746 163.3 >12
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Figure 9.*H NMR spectrum of ligan8b.
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Figure 1013C NMR spectrum of ligan8b.

3.1.2 Synthesis ofNN Ligands

2,2Bipyridyl is probably the most often used aromaN,N-chelating ligand ir
coordination chemistr}?’” However, pyridine chemistry makes it difficult tdfieiently
introduce a broad variety of substituents into #yistem. Since Thi's group was looking for
N,N-donor bearing an amino group in clcproximity to the coordinating nitrogen atom
combination with other functions to elucidate théuence of these groups on the bifunctic
catalytic transfer hydrogenation, | became inteest the -amino-4-(2pyridinyl)pyrimidine
motif. The chemisy of pyrimidine and its derivatives is well estabed'®
3.1.2.1Synthesis of the Precursc

2-Amino-4-(2pyridinyl)pyrimidines can be obtained in a strafghivard synthese

starting from versatile 2¢etylpyridine or pyridin-2-carboxylicacid ester (Scher31).
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13b-e
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N .
| N OEt ii |N\ tBu
= =
14
13| b C d e

R| CeHs 1-naphthyl CgHOMe CgH,O"Bu
Scheme 31. Synthesis @R, 13b-e and 14; i) HC(NMe,)(OMe),, 4 h, refl.; ii) THF, NaH,

tBuC(O)Me, 12 h, refl.; iii) propanol, NH(Et)arylaldehyde, 12 h, refl..

As it was mentioned earlier in section 3.1.1.2d ho choose different types of starting
materials in order to have different substituemtstee pyrimidine ringl2, 13b-eand14 were
synthesized using the methods which are describesections 3.1.1.1.1.1, 3.1.1.1.1.2 and
3.1.1.2 forl2, 14 and13b-e respectively. Trying to obtain proper crystalsl8e for X-ray
crystallography | was able to crystallizé which is the byproduct df3e The crystal structure

is shown in Figure 11.
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Figure 11. Molecular structure of byproddé&in the solid state.

Here 13b-e can be used without problems of polymerizationtasas discussed in
section 3.1.1.2. In this case there is just anlibguim between the monomer and the dimer as
it is shown in Scheme 32. As the monomer is conslineill be regenerated according to the

equilibrium and this will continue until the reamniis completed.

Scheme 32. Dimerization equilibrium b8b-ein solution.

It is noteworthy to express at this point that thmerization occurs in the presence of
light and a color change from yellow to deep griseobserved. This process is accelerated in
solution which is apparent in tfiel NMR spectra of.3d after and before being exposed to the

sunlight (Figure 12).
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Figure 12.'H NMR spectrum of13d before (bottom) and after (above) being expose

sunlight.

It was not possible to gain suitable crystald3cfor X-ray crystallography, howevel
was able to separate crystals of ditl6. Its crystal structure is shown Figure 13. The X-ray
structure analysis df6 shows thesynhead-tohead product while generally the major proc

of solid-state photodimerations of -azachalcones is tlynhead-totail isomer'®
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Figure 13. Molecular structure of dim#&6 in the solid stateSelected bond lengths [A] and
dihedral angles [°]: O1-C5 1.2208(19), 02-C6 1.2)2C1-C2 1.5556(19), C1-C4 1.578(2),
C2-C3 1.567(2), C3-C4 1.541(2), C4-C1-C2-C17 10435 C2-C1-C4-C3 18.36(10), C4-
C1-C2-C3 18.04(10), C2-C1-C4-C5 138.91(13), C6-@1&€b 20.69(18), C6-C1-C4-C3
99.86(13), C6-C1-C2-C3 96.39(14), C6-C1-C2-C17 82(L4), C17-C2-C3-C28 31.6(2),
C17-C2-C3-C4 94.62(14), C1-C2-C3-C28 144.70(14)321C3-C4 18.48(11), C2-C3-C4-C1

18.21(10), C2-C3-C4-C5 137.83(13).

3.1.2.2Synthesis of the Guanidinium Salts

Several guanidinium salts could be synthesizeditbgrent methods, which are known
from the literature, depending on the nature of guanidinium moiety. Generally three
methods were used for this purpose (Scheme 33).s&lts bearing an alkyl group either
method 1'° or method 5 were applied. For salts containing aryl groupsthoe 32 found

out to be the best.
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HN—=N +RONH2 reflux HN NO3  Method 3

HNO3, (conc. +
5 (conc) HZNJ%NHZ

Scheme 33. Three different methods used to syrigsianidinium salts.

Method 1: This method was used for liquid amines. Two eal@nts of an alkylamine
were stirred with 2-methyl-2-thiopseudourea henfigdal in a little amount of water at room
temperature over night. The release of methanethial sign that the reaction is occurring.
After evaporating the water, residual amine carwbshed out by ethanol. If there is need to
change the sulfate to the nitrate ion, the prodantbe treated with a hot solution of Ba@{iO

Method 2: Ammonium hydroxide 30% was added to the alkylamiiollowed by the
addition of 2-methyl-2-thiopseudourea hemisulfalee mixture was heated to 70 °C and
stirred vigorously until the reactants dissolvedhefie was a vigorous evolution of
methylmercaptane. The mixture was stirred at 70 a6t no effervescence of
methylmercaptane was detected anymore. The mixtasethen cooled to room temperature
and was evaporated to dryness under reduced pegssarrotary evaporator. The product can
be crystallized from water.

Method 3: Concentrated nitric acid was added to a solubban arylamine in ethanol

followed by a 50% aqueous solution of 1.5 equivialesf cyanamide. The reaction mixture

51



was then heated under reflux for 16 h. The reactias cooled to 0 °C followed by the
addition of ether. The contents were then refrigeravernight, and the resulting solid was
filtered, affording the product in good yield.

The guanidinium salts can be purified by crystaliion from water or ethanol. For one
of them, single crystals suitable for X-ray diffti@n studies were obtained, and its molecular

structures in the solid state are presented inr€igd.
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Figure 14. Molecular structure of one of the guamian salt in the solid state possessing a
sulfate counter anion. Selected bond lengths [A:QM 1.3284(19), N2-C1 1.3279(19), N3-

C2 1.464(2), N3-C1 1.3239(18).

3.1.2.3Synthesis of 2-Amino-4-(2-pyridinyl)pyrimidines

The desired ligands7a-qwere obtained in good yields (Scheme 34) eithetrdgting

113,102b

the intermediated?2 or 13b-e with guanidinium salts in the presence of a Na®@Et
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refluxing ethanol or by grinding with guanidiniurarbonate and silica as it was described in

section 3.1.1.2.

(e}
N =
| N NMeZ
Z 12
_<Rl
i-ili N N N\
lN\ g —+— ¢ N\
= 13b-e R
17a-q
O O
N
| ~ 'Bu
Z 14
171 a b c d e 17 g h i j K
R| H CgHs 1-naphthyl CgHsOMe CgH,O"Bu Bu R H Bu CgH,OMe H H
R| NHz NH;  NH, NH NH, NH, R| N(CH2a4 NMe, N(CH2a NMe, N(CHy)s
17 I m n o p q
R H H H H H H
R'|HN(CH,),CH3  HN(CH,)3CHs HN(CH,),CHs S-HN(CH)(CHs)(CgHs) R-HN(CH)(CH3)(CeHs) HN(CH)(CHa),

Scheme 34) Synthesis of the chelate ligands; fiofa-e [C(NH,)3]2(COs), EtOH, refl. 24 h;
ii) for 17g-g [XC(NH2)2]2(SQy), EtOH, refl. 24 h; iii) forl7f: [C(NH)3]2(COs), SI0;,, 200 °C,

2 h.

The'H NMR data ofl7a-qare summarized in Table 4. Comparing the chenstuits,
it is obvious that functionalizing the pyrimidineng does not have a big electronic influence.
Just replacing one hydrogen atom of the;Ngkbup by an alkyl group causes a down field shift

for the remaining amino hydrogen atom (see ligaktlsy in comparison to ligands7a-f).
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Table 4H NMR data of ligand4d7a-q

Ligand H1 H2 H3 H4 H7 H8 NH
17a 8.68 7.49-7.45 7.93 8.32 7.49-7.45 8.41 6.79
17b 8.75 8.16-8.13 7.95 8.39 8.06 ---- 6.92
17c 8.70 7.73-7.51 8.05-7.99 8.42 7.74 ---- 6.97
17d 8.74 7.50 8.01-7.95 8.36 8.01-7.95 ---- 6.77
17e 8.74 7.50 8.01-7.95 8.36 8.01-7.95 ---- 6.76
17f 8.70 1.47 7.93 8.30 7.56 ---- 6.60
179 8.67 7.50-7.45 7.92 8.36 7.50-7.45 8.44 ----
17h 8.70 7.50 7.96 8.40 7.55 ---- ---
17i 8.74 7.52 7.99 8.45 7.99 ---- ---
17] 8.67 7.5-7.45 7.93 8.38 7.5-7.45 8.47 -=--
17k 8.65 7.42 7.87 8.31 7.46 8.44 -=--
171 8.67 7.49 7.95 8.33 7.43 8.40 7.24
17m 8.69 7.50 7.97 8.34 7.44 8.41 7.25
17n 8.66 7.46 7.90 8.34 7.44 8.40 7.23
170 8.66 7.43 7.89-7.92 8.33 7.48-7.51 8.42 7.89-7.92
17p 8.76 7.43 7.87 8.36 7.66 8.48 7.87
179 8.68 7.48 7.95 8.34 7.44 8.41 7.08

Three members of the 2-amino-4-(2-pyridinyl)pycimie series {7d, 17f and 17h)

could additionally be characterized structurallydmygle crystal X-ray diffraction (Figures 15,
16 and 17, respectively). The asymmetric unité @ and17h are built up from one molecule
but for 17f it is built up from two independent molecules. fidhare no hydrogen bonds in the
case ofl17f and 17h but each NH group of 17d is connected through NH---N hydrogen
interactions with the pyrimidine nitrogen atom omaighboring molecule. In all cases, the
nitrogen atoms of the pyridine ring are in the@ns position with respect to the nitrogen atoms
of the pyrimidine rings in order to minimize elawtic repulsion between the lone pairs of the
nitrogen atoms. 117h and17d, the pyridine and pyrimidine rings are planar inuthe case of
17f they are twisted along the C(5)-C(6) and C(18)SF{onds resulting in dihedral angles

163.72° and 150.06°, respectively.
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| Results and Discussion

Figure 15.Molecular structure ol7d in the solid state. Selected bond lengths [A] bodd
angles [°] including hydrogen bonding: N2-C6 1.3d%), N2-C9 1.3491(16), N3-C8
1.3428(16), N3-C9 1.3474(16), N4-C9 1.3468(17), HN¥A 0.88, H4ATN 2 2.35, NAIN2

3.1510(16), N4-H4B 0.8800, H4BN3 2.1200, N4IN3 2.9847(15), N4-H4AN2 152.00, N4-

H4B[IN3 167.00.
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Figure 16. Molecular structure @ff in the solid state. Selected bond lengths [A],cdbangles
and dihedral angles [°] including hydrogen bondihg-C9 1.3474(19), N3-C8 1.3425(19),
N3-C9 1.3476(19), N4-C9 1.351(2), N4-H4A 0.875(1BH4AMMN7 2.238(17), NAN7
3.1043(18), N4-H4B 0.879(17), HABN5 2.277(17), N4IN5 3.1336(19), N8-H8A 0.870(15),
HBAMMI3 2.360(16), NEMN3 3.2155(18), N8-H8B 0.882(16), HEM6 2.251(17), N8IN6
3.1245(18), N4-H4AN7 170.7(16), N4-HABNS 164.8(15), N8-H8AM3 167.9(16), N8-

H8BIING 170.5(15), N1-C5-C6-N2 -163.72(13).
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Figure 17.Molecular structure ofi7h in solid state. One of the methyl groups at th NMe

moity is disordered. Selected bond lengths [A] ditekdral angles [°]: N2-C9 1.346(2), N3-C8

1.336(2), N3-C9 1.351(2), N4-C9 1.361(2), N1-C54g5-180.00.

The nitrogen atoms of the amino groups are plamall cases, and the short C-N

distances (1.361(2) for 17h, 1.3511(19)A for 17f and 1.3469(16} for 17d) are within the

range observed for a carbon-nitrogen double bomds aae slightly longer than the other

carbon-nitrogen bonds of these compounds (C-N 95188 and C=N : 1.3558).*** This is

indicative for C=N p-bonding with a delocalization of the nitrogen lopair into the

pyrimidine ring. The carbon-nitrogen bond lengthd6d, 17f and17h are listed in Table 5.

Table 5. Bond lengths [A] fat7d, 17f and17h.

17d 17f 17h
C1-N1 1.3369(18) 1.339(2) 1.339(2)
C5-N1 1.3440(16) 1.341(2) 1.340(2)
C9-N2 1.3491(16) 1.3474(19) 1.347(2)
C9-N3 1.3473(17) 1.348(2) 1.350(2)
C9-N4 1.3469(16) 1.3511(19) 1.361(2)
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3.1.3 Synthesis of 4,4'-Bipyrimidine-2.2'-diamine

Precursorl8 was synthesized according to a method publishethénliterature®
Sodium was added to the ethanol under a nitrogewsgthere. When the reaction of sodium
and ethanol was completed the guanidinium carbowate added to the solution which was
refluxed for 1 h. At the end, precursb8 was added and the reaction mixture was refluxed
overnight. After evaporating the solvent, the priduas extracted using dichloromethane. The

product was purified by recrystallization from etba

guanidinium carbonate (2eq)

NH,
(0]
O Na (2eq) >/—N\ —
™ N N - N \ N
G\' ethanol, reflux overnight — N—/<
(0]
18

NH
19 2

Scheme 35. Synthesis of 4,4'-bipyrimidine-2.2'-dreem

In the'H NMR spectrum two doublets at 8.42 and 7.37 ppth @&icoupling constant
Jun = 5.0 Hz were assigned to the pymidine hydrogematand a singlet at 6.46 ppm was
assigned to the hydrogen atoms of the,Njrbup. In*3C NMR spectrum four distinguished
signals at 163.4, 161.8, 159.1 and 106.0 were wveder
3.1.4 Synthesis oNNC Ligands

The desired ligand20a-e were obtained in good yields (Scheme 36) by tngathe
intermediatel2 with the proper guanidinium nitrates (section 34) in the presence of a

NaOEt in refluxing ethanol as described in sec8dn2.3.
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R'| NHCgHs p-NHCgH4F p-NHCgH4Cl p-NHCgH4OMe p-NHCgH4CN

Scheme 36. Synthesis of the chelatigly,C ligands.

As shown in Table 6, functionalization of the pylering in the para position has
almost no effect on tht#H NMR shifts of the hydrogen atoms in the pyridiiey. However,
H7 and H8 have shifted to higher field #0d which is functionalized by an electron donating
methoxy group and to lower field f@0e with an electron withdrawing cyanide group. In the
same manner, the protons of the amino group ami€ab6 ppm fo20d and at 10.34 ppm for

20e

Table 6.'H NMR data for ligand®0a-e

NH H1l H2 H3 H4 H7 H8
20a 9.76 8.75 7.57 8.05 8.41 7.73 8.65
20b 9,79 8.74 7.56 8.03 8.39 7.81 8.63
20c 9.92 8.75 7.57 8.04 8.40 7.75 8.66
20d 9.56 8.74 7.56 8.02 8.38 7.66 8.59
20e 10.34 8.77 7.58 8.06 8.42 7.85 8.74

3.1.5 Synthesis of Multidendate Ligands

The combination of pyridine and pyrimidine can beed for designing helical
complexes of multidendate ligartd but there are just few examples of terpyridinalague,
tridentate ligands and their complexXéS.Anslyn and et al. had synthesized compiix
(Scheme 37) and used it as a catalyst for RNA Hysiss"*®? It was also applied as a selective

molecular sensor for aspartat& Another hydrolysis catalyst, which was introdudey
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Hamilton et al., is a binuclear copper complex (pem22, Scheme 37). It shows high activity
and selectivity for the cleavage of cyclic riboreasid-2",3"-monophosphat€. The trinuclear

complex23 is as a model for an allosteric enzyme inhibtt8iThere are also some reports on
the application of multidendate ligands in supragoolar chemistry. One example of this type

is complex24 (Scheme 37) which was synthesized by Lehn t'al.

Scheme 37. Examples for complexes with multiderggtaline/pyrimidine ligands.

Multidentate systems with crown ether units ad pérthe ligand structure had been
attended in the recent years. Mainly alkaline nsetalalkaline earth metals can be coordinated
in this type of multidentate ligands according lbe size of the ring. Beside the ring size, the

stability of these complexes depends on the chaifr¢jee metal and the solvent which is used.
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Some ligands of this type and their complexes tmen synthesized by Fernandez €4t

Recently the crystal structure of compR&(Scheme 38) was reported by this grotff.

o™y 17
[o\lg/o
O/ \O
(o

,PPhg
Pd

N4 N
N N=N

\NHUCI

25

Scheme 38. A bimetallic complex in which a crowimegtis a part of ligand.

Till now, multidentate ligands, having pyrimidirggoups as relatively soft donors for
late transition metals possessing simultaneoudlinding position for a hard Lewis-acid, are
not known. Such systems are matter of interesthin $FB/TRR-88 (SMET) at the TU
Kaiserslautern.

Since the nitrogen atoms of pyrimidine rings arkecteon withdrawing, the
nucleophilicity and the activity of the amino greupf 8c are decreased, so that amidation
reactions have to be done with acylhalides, whiehewsynthesized according to procedures in
literature. We here followed a protocol introdudsdReddy* in which the amine and the acyl
halide are stirred at 20 °C in pyridine for 16 hfteA distillation of the pyridine the

multidentate ligand86 and27 can be crystallized from ethanol.
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Scheme 39. Synthesis of multidentate ligands staftom diamines.

As expected, the resonance of the amide groupdrtH NMR spectrum of26 has
shifted to lower field, the resonance appears atitb0.83 ppm. The resonance of the carbonyl
group appears at about 165.74 ppm in e NMR spectrum. In IR spectrum the strong

absorption at about 1697 €nsan be assigned to the carbonyl group (Figure 18).
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Figure 18. IR spectrum @b.

For 27 the resonance of the amide proton in tHeNMR spectrum shifted to even
much lower field, the resonance appears at abod0ldpm (Figure 20). Two resonances at
about 160.3 and 158.3 ppm*fiC NMR spectrum can be assigned to the two diffecarttonyl
groups in the molecule. In the IR spectrum, thteeng absorptions at about 1769, 1744 and

1727 cnitt can be assigned to the carbonyl moieties (Figufe 19
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Figure 19. IR spectrum @f7.
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Figure 20H NMR spectrum 027.

Another way to gain multidentate ligands is to tstesm the mono aminl7aand a
diacyl halide or one or two equivalents of a propeyl halide as shown iScheme 40. To
synthesize compound8, 29 and30 the corresponding acid was dissolvecthionylchloride
and refluxed. After distillation of thexcess of thionylchloridaghe residue was dissolved
pyridine, the amine is added and stirred over ngghtoom temperature. Then pyridine v
evaporated and the residue was dissolved in digimnlethan, treated withNaHCGQ; and dried
over MgSQ. Evaporating the solvent resulin the products. As expected, tr*H NMR
resonance of the hydrogen atom of the amide grbiffed to lower field for28, 29 and30 in
comparison to the starting amil7a(10.85, 11.12 anii1.12 ppm, respectively). As predict

the carbonyl absorption @8 (with an electron donating methoxy group in thénc-position)
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appears at a lower energy (about 1658"cthan the corresponding bands28fand30 (1690

and 1699 cn, respectively).

Scheme 40. Synthesis of multidentate ligands staftom the monoaming7a

Ligand 31 was synthesized &8, just here two equivalents of the corresponding ac
were used. In théH NMR spectrum, the peak which was assigned toNhe group has
disappeared. Instead, a peak at about 3.72 ppnampbelonging to the six hydrogen atoms of
the two methoxy groups. The two intense bands autah725 and 1668 chin the IR
spectrum can be assigned to the carbonyl groups.

As mentioned before, reacting a mono aniidiaand a diacyl halide is another way to
obtain multidentate ligands. Ligar®2 was synthesized this way by applying pyridine-2,6-
dicarbonyl dichloride being prepared from pyridid@-dicarboxylic acid. In comparison to

aminel7athe proton resonance of amide grou@®has shifted extremely to lower field (6.79
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ppm forl7avs. 12.06ppm for32). In the same manner the resonances of the ojftzoden
and carbon atoms 8P are shifted a little bit to lower fid (8.68, 8.32, 149.41 and 120.75 p
for 17avs. 8.79, 8.57, 149.84 and 121.69 ppm 32, respectively). The sharp and strc

absorption at about 1723 " in IR spectrum is assigned to the carbonyl b
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Figure 21*H NMR spectrum 032.

3.2 Synthesis of Transition Metal Complexe

The nitrogen containing ligas, which were synthesized before, have been usi
obtain ruthenium and palladium complex
3.2.1 Ruthenium Complexe:

It is well known that atalytic transfer hydrogenation of ketons make®ssible a wid:

range of alcohols -including chiral ones- which are important in pharmaceutic
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agrochemical, flavor, fragrance, materials, ané fihemical industrie®: 3°#® ?4nder basic
conditions and mainly imnPrOH as the solvent, ruthenium(ll) complexes turnatito be the
most active systems. Thus, a broad variety of differuthenium complexes beariR, NN,
NO, NNN andNPN ligands have been investigated for transfer hyeinagon reactions and
provided a considerable improvement on the catgdgstormance in the catalytic transfer
hydrogenation of ketong§. 8 27a 35b. 47,125

3.2.1.1Ruthenium Complexes with Tridendate Ligands

Ruthenium complexes containing suitable combimatiof P- and N- or mixed P,N-
ligands turned out to be efficient catalysts far ttydrogenation and transfer hydrogenation of
carbonyl compounds. Thus, some tridentate achirdlchiral ligands have successfully been
used for the preparation of these catalysts. A geweral types should be mentioned here:
(P)(NPN)RUCS™ (NPN)RuUC)),™® (P)(NNN)RuCh (NPN and NNN = oxazoline based
ligands)® [RUCI(CNN)(PP)] [PP = R S)-1-{2-[bis(4-methoxy-3,5-
dimethylphenyl)phosphanyl]ferrocenyl}ethyldicyclotyd phosphane (Josiphos-type
diphosphane) and CNN = amin/aryl/pyridine basedrlits)** In this chapter, the synthesis and
characterization of ruthenium complexes of the ffpENNNRuCL (L = PPhor CO), bearing
tridentate dipyrazolpyridines &N,N-ligands will be discussed.

Treatment o6a-f with one equivalent of the ruthenium(ll) precurgBPh)sRuCh in
dichloromethane at room temperature leads to thradton of the corresponding red colored
ruthenium(ll) complexe83a-fin almost quantitative yields (Scheme 41). B8b could be
purified and their structure will be discussed héeFgpically for octahedral ruthenium(ll)
monophosphine complexes, tH® NMR resonances &3ab are observed at 44.20 and 42.71
ppmi?® Recently the reaction of thi,N,N-ligand 4b, having a N-H instead of a N-allyl
functions, with (PP§sRuChL was published by Thiel's grodp’ This variation leads to a

cationic ruthenium(ll) complex of the type [(P4b)RUCI|Cl with the two phosphine
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ligandstrans to each other®{P NMR: 25.5 ppm). The ionic structure of this compd is
stabilized by HICTI interactions between the acidic N-H units at te pyrazole rings and
both, the coordinated chloro ligand and the frelorathe counter anion. In contrast 83ab
(see catalytic investigations part), [(RB#b)RuUCI|ClI shows just moderate transfer
hydrogenation activities, which was assigned tocid@nic nature of the active site and to the

steric hindrance of the two triphenylphosphine igs

1

| N2 ; PPhs

N4 — @
R—7 T N3N N—R (PPhg)sRUCI, >N NN
NN N\N6 - T —RuU =
,  CHLR2h R Ni\ |
8 Vool
> 6a-f < 33a-f

9

R| H n-butyl t-butyl n-octyl cycloheptyl n-propyl
133a 330 33¢ 33d 33 33f

Scheme 41. Formation of the ruthenium(ll) comple3@s-f.

In theH NMR spectra o83ab the resonances of the allylic methylene protorfschy
become diastereotopic due to the coordination efrtithenium centre, are now split into two
doublets of doublets at 5.80 and 4.76 ppm38a and at 6.20 and 4.21 ppm 88b, which
requires acis-coordination of the two chloro ligands. Recrystaltion of 33a 33b and 33e
from CHCI/Et,O resulted in the formation of single crystals ahi¢ for X-ray analysis.
Selected geometric parameters are presented ire TlabAs already indicated by the NMR
spectra, the ruthenium centres are found in a rtéstooctahedral coordination environment
with the tridentatéN,N,Nligand adopting a meridional geometry and the ¢tiioro ligands in
a cis-arrangement (Figures 22-24). In contrast38b and 33e which crystallize with one

crystallographically unit, compourBa crystallizes with two crystallographically indeksmt
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units in the solid state. The structural parametérthese two units are almost identical (see
Index), therefore just one of the two units wastakor the discussion of the geometry. In the
case of33b half of the molecule was severely disordered. Sithere are little differences in

the structure of these three complexes (Table [8)ystine structure o83awill be discussed in

details in the following.

Table 7 Selected geometric parameters. The numbering mdiog to figures 22-24.

33a 33e 33b
Distances (A)

N(1)-Ru(1) 1.985(3) 1.985(4) 1.974(4)

N(2)-Ru(1) 2.081(2) 2.081(4) 2.080(3)

N(4)-Ru(1) 2.093(3) 2.092(4) 2.074(12)-2.100(9)

P(1)-Ru(1) 2.2800(8) 2.2933(13) 2.2883(10)

CI(1)-Ru(1) 2.4576(8) 2.4706(12) 2.4651(10)

CI(2)-Ru(1) 2.4664(8) 2.4670(12) 2.4587(11)

Angles (°)
N(1)-Ru(1)-N(2) 77.35(10) 78.10(16) 77.82(14)
N(1)-Ru(1)-N(4) 78.07(10) 77.67(17) 85.3(3)-71.7(3)
N(2)-Ru(1)-N(4) 154.24(10) 155.16(17) 162.4(4)-149)
N(1)-Ru(1)-P(1) 94.37(7) 91.42(12) 92.52(10)
N(2)-Ru(1)-P(1) 96.08(7) 91.47(12) 94.59(9)
N(4)-Ru(1)-P(1) 93.34(7) 94.52(12) 91.1(8)-91.7(5)
N(1)-Ru(1)-CI(1) 90.40(7) 88.21(12) 89.28(10)
N(2)-Ru(1)-CI(1) 83.59(7) 86.59(12) 87.09(9)
N(4)-Ru(1)-CI(1) 89.00(7) 87.26(12) 87.7(8)-87.6(5)
P(1)-Ru(1)-CI(1) 175.03(3) 178.06(5) 177.76(4)
N(1)-Ru(1)-CI(2) 178.65(7) 177.95(12) 178.34(10)
N(2)-Ru(1)-CI(2) 103.78(7) 101.52(12) 102.06(8)
N(4)-Ru(1)-CI(2) 100.71(8) 102.50(12) 94.6(3)-1G8)2
P(1)-Ru(1)-CI(2) 86.27(3) 90.61(4) 89.14(4)
CI(1)-Ru(1)-CI(2) 88.99(3) 89.75(4) 89.06(4)
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Figure 22. Molecular structure of the ruthenium(@)mplex 33b in the solid state. The

disordering of one of the butyl side chains is oeditfor clarity.
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Figure 23Molecular structure of ruthenium compld8ain solid state.

Figure 24. Molecular structure of ruthenium complSe in solid state. The two solvent

molecules in the unit cell are omitted for clarity.
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Since pyridines are generally considered to b&ebebnors than pyrazoles, the large
Ru-N bond length difference of about 10 pm can lpgséxplained by the steric requirements of
the tridentate ligantf”*?® Bidentate pyrazolylpyridine complexes show lessnpunced
differences in the M-N bond lengtfs™"**°Due to the tridentate coordination of tNeN,N-
donor, the central nitrogen atom N1 is pushed clasehe ruthenium(ll) centre. It therefore
applies atransinfluence to CI2 comparable to thensinfluence of the phosphine donor to
CI1, which explains the almost identical Ru-Cl bdedgths found in this solid state structure.
All P-Ru-N angles are larger than 90° showing theris influence of the bulky

triphenylphosphine onto the chelating ligand.

(@]
Pz<h3\(R [ R
> N\ /N’N CO, toluene SR T‘q
B /RU AN N\ /N \l\
N ~ —.,—Ru =
R N\\ ‘ cl 110°c AL N ‘ g
YO b g 34ab
R|I/H n-butyl
|a b

Scheme 42. Formation 8#a,bby bubbling CO gas through a solution3@aand33b.

Bubbling CO into a solution @&3ab in refluxing toluene results in the formation bét
carbonyl complexe84ab in quantitative yields (Scheme 42), a colour cleaffgm red to
yellow indicates the end of the reaction. TH® NMR signals of the triphenylphosphine
ligands have disappeared proving that the phosphisabstituted by CO which is in contrast
to previous findings (Figure 25§’ The'H NMR spectra o84aand34b recorded in DMSQig
again show two diastereotopic methylene protdias §.12, 5.204b: 5.55, 5.03 ppm), which

means that the chloride ligands are sti$-coordinated. In thé*C NMR spectrum, the
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resonances of the carbonyl ligand are observe8la0Jpm foi34aand at 191.2 ppm f34b.
Intense CO absorptions in the infrared spectrud®86 cn™ for 34aand at 1948 c™* for 34b
confirm the attachment of one carbonyl ligand ® tinthenium centre. The slight difference
12 cm* can be explained by the steric influence of théypblutyl chain attached to compou
34b, which increases the RDO distanc, decreases the back donation to the carbonyldi

and therefore strengthens the C=0 b

0
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Figure 253'P NMR spectrum c¢33a(top) and34a (bottom).
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Figure 26. IR spectra of ruthenium comp83a (top) and34a (bottom)

Attempts to obtain single crystals ®4a suitable for X-ray structure determination by
crystallization from dichloromethane over a longipe of time and in the presence of light
resulted in oxidation to ruthenium(lll) and replaent of the carbonyl against a chloride

ligand (Scheme 43, Figure 27).

N\ /N

*N\l\ CH,Cls, light
= _—

Scheme 43. Chlorination of the carbonyl com3da
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Figure 27. Molecular structure of compl8% in solid state, characteristic bond lengths [A],
angles [deg], the co-crystallized dichloromethanglecule is omitted for clarity: Rul-Cl1
2.4159(18), Rul-CI2 2.405(5), Rul-CI3 2.358(2), Ril12.039(5), Rul-N2 2.089(5), Rul-N4
2.043(5), Cl1-Rul-CI2 93.88(11), Cl1-Rul-CI3 1779 Cl1-Rul-N1 87.82(15), Cl1-Rul-
N2 89.66(15), Cl1-Rul-N4 89.56(16), CI2-Rul-CI3®K12), CI2-Rul-N1 177.92(18), Cl2-
Rul-N2 101.86(18), CI2-Rul-N4 104.24(18), CI3-Rul-8D.55(16), CI3-Rul-N2 91.70(15),

CI3-Rul1-N4 88.34(16), N1-Rul-N2 76.9(2), N1-Rul-RA0(2), N2-Rul-N4 153.9(2).

As in 33a the ruthenium centre i85 is again coordinated in a distorted octahedral
geometry with the tridentatd,N,N-donor adopting anerarrangement. The Ru-N on one side
and the Ru-ClI distances on the other side are alidestical, slight differences are related to
packing effects in the solid state structure. Thadbangles CI3-Ru-N are approaching 90°,
corroborating the discussion of the steric inflleert the triphenylphosphine ligand on the

structure of33a
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| Results and Discussion

3.2.1.2Ruthenium Complexes with Bidendate Ligands

Reacting the ligand47a-q with the ruthenium(ll) precursori{-cymene)Ru(CI){*
Cl)], at room temperature in dichloromethane solutiomegad to brown coloured cationic
ruthenium(ll) complexes of the typenficymene)Ru(Cl)(pdpm)]Cl 36a-q(Cl); pdpm =
chelating 2-amino-4-(2-pyridinyl)pyrimidine ligand) almost quantitative yields (Scheme 44).
For catalyst optimization, the chloride anion washanged against three larger and thus
weaker coordinating anions (BFPF, BPhy) for a part of the ruthenium complexes, which
additionally enforced the crystallization of thengmounds. Stirring the freshly prepared
complexes36a-q(Cl) with either NaBPl NaBF, or KPF; directly led to the ruthenium(ll)

complexes36a-q(X).
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36 a b c d e f
R| H CgHs 1-naphthyl CgzH,OMe CgzH,O"Bu 'Bu
R'| NH, NH, NH, NH, NH,  NH,
36 g h i j k
R H 'Bu CgH,OMe H H

' X = BPh4_, BF4_, PFG_
R'l N(CHz); NMe; N(CHz); NMe, N(CHps

36 I m n 0 P q
R H H H H H H
R'|HN(CH2)2CHz HN(CH2)3CH; HN(CH,),CH; S-HN(CH)(CHz)(CeHs) R-HN(CH)(CHz)(CgHs) HN(CH)(CHs),

Scheme 44. Synthesis of the ruthenium(ll) compl&6zsq(X).

Due to the two differentN-donor moieties, the metal site becomes a centohicdlity
leading to two diasterotopic methyl groups and foagnetically inequivalent aromatic C-H
sites at the cymene ligand. This is clearly dentatet by théH and**C NMR spectra of the
ruthenium complexes. The methyl groups of cymeng appear as two doublets at about 0.8

and 0.9 ppm and four peaks between 82 and 86 pprmbeassigned to the four magnetically
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| Results and Discussion

inequivalent aromatic carbon atoms of cymene ri@gordination of the 2-amino-4-(2-
pyridinyl)pyrimidines to the Lewis-acidic rutheniglt) centre causes a shift of the H1
resonance to lower field (for the numbering seeeSth44): ca. 9.50 ppm for ligands with R =
NH,, ca. 9.48 ppm for ligands with R = NH(alkyl), &32 ppm for R = NMgand ca. 9.24
ppm for R = N(CH),. Obviously, by functionalizing the amino group kvitmore electron
donating groups, the resonance of H1 in the complefts to higher field. This is a quite
pronounced influence of a substituent located fah@ other side of the ligand and an indirect
hint for the electronic situation at the rutheniliing¢entre, which should become more electron
rich in the series R = N NHAIkyl < NMe, < N(CH,)4. The resonances of protons H2 (ca.
7.83 ppm) and H3 (ca. 8.24 ppm) are almost indegarfdom the substituent at the pyrimidine
ring, while H4 shows a similar but less pronoundethavior as H1. Protons H7 at the
pyimidine moiety are sensitive to the presence §c&1-8.39 ppm) or absence (ca. 7.69-7.86
ppm) of aromatic substituents in the 8-posititiond athe shift of protons H8 is almost

independent from the amine substituent.

79



®) H1 J Hq H3

e

il
utl

|,
A

||Ji | B

[
| | \ . 1N
J i 1 I NN m ¥ ki oA AL

(d) ll
\ mi

L _Jlx_JML J‘Lk M ) A\ | -y

T T T T 7 T T T T T — — T T T T T — T T
98 96 94 82 9.0 88 86 84 82 S.Uﬁ {?.8 ] 6 74 72 70 68 66 64 62 60 58 96
ppm

Figure 281H NMR spectraf (a) 36i, (b) 36j, (c) 36n and (d)36a

In the ®*C NMR spectra, nine carbon resonances for the oambon atoms of th
cymene ligand can be assigned, proving the preseinaecentre of chirality in the molecu
Generally thé*C NMR shifts are less sensitive towards the suligiit pattern of the-amino-
4-(2pyridinyl)pyrimidine system than tH*H NMR shifts. Solely C7 of comple36¢(BPh) is
shifted about 10 ppm towards lower field with redp& the other compounds. This
probably due to a deshielding effect of the naphthipstituen

For complexes36a(PFs), 36b(BPt,), 36f(BPhy), 36h(BPh,), 36j(BPhs), 36k(BPhy)
and 36l(BPhy) single crystals suitable for-ray diffraction studies were obtained, and tl
molecular structures in the solid state are presenih Figures 2936. All the cailonic

complexes show a typical pie-stool geometry with Ru(ll) centers adopting a disto
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octahedral arrangement and being coordinated by [elating 2-amino-4-(2-
pyridinyl)pyrimidine type ligand, an®-cymene ring and a terminal chloride, Table 8. sithh
the Ru(ll) centers are stereogenic, all complexes abtained as a racemic mixture and

crystallized in centrosymmetric space groups (Table

Figure 29. Molecular structure of compl88a(PF) in solid state at 50 % probability level;
top: the cation36a’, bottom: hydrogen bonds between thr Nioity, the co-crystallized

ethanol and the RFanion.
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Figure 30Molecular structure of comple36f(BPhy) in solid state at 50 % probability level;
top: the cation36f", bottom: hydrogen bonds between thr Nidoity, the co-crystallized

ethanol.
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| Results and Discussion

Figure 31.Molecular structure of comple36b(BPhy) in solid state at 50 % probability level

with the counter anion and co-crystallized solvdrgismg omitted for clarity.

Figure 32 Molecular structure of comple36h(BPhy) in solid state at 50 % probability level

with the counter anion and co-crystallized solvdrgisg omitted for clarity.
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Figure 33.Molecular structure of comple36j(BPh,) in solid state at 50 % probability level

with the counter anions and co-crystallized solsdiging omitted for clarity.

Figure 34 Molecular structure of comple36g(BPhy) in solid state at 50 % probability level

with the counter anion and co-crystallized solvdrgisig omitted for clarity.
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| Results and Discussion

Figure 35 Molecular structure of comple36k(BPhy) in solid state at 50 % probability level

with the counter anion and co-crystallized solvdrgisg omitted for clarity.

Figure 36.Molecular structure of comple26l(BPhy) in solid state at 50 % probability level

with the counter anion and co-crystallized solvdrgisig omitted for clarity.
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Table 8. Selected geometric parameters of the cgméhenium complexes. The numbering is accordirgcheme 44.

36a(PR;) 36b(BPhy) 36f(BPhy) 36j(BPh,) 36h(BPhy) 36k(BPhy) 361(BPhy)
R H Ph t-butyl H t-butyl H H
R NH> NH, NH, NMe, NMe, N(CH2)4 NH(CHz)zCHg
distances (A)
Ru1-N1 2.0819(19) 2.0845(13) 2.0875(15) 2.0745(15) 2.084(2) 2.0800(17) 2.080(2)
Ru1-N2 2.1200(17) 2.1080(13) 2.0992(15) 2.1446(15) 2.1509(19) 2.1379(16) 2.108(2)
Rul-cymeng 1.6886(9) -1.6892(7) -1.6815(7) 1.6747(8) -1.6913(  1.6774(9) 1.6883(11)
Rul-Cl1 2.3953(5) 2.3992(4) 2.4028(5) 2.4034(5) 18%7) 2.3891(5) 2.3839(7)
angles (°)
N1-Rul-N2 76.55(7) 76.21(5) 76.12(6) 77.84(5) 7016 77.78(6) 76.57(8)
N1-Rul-Cl1 87.61(5) 87.49(4) 89.48(4) 82.56(4) 8169 81.75(5) 85.88(6)
N2-Rul-Cl1 85.49(5) 87.09(4) 84.12(4) 90.30(4) 2{5) 87.84(5) 84.50(6)
torsion angle (°)
N1-C5-C6-N2 0.7(3) 2.72(19) 7.2(2) -11.0(2) 14.3(3) 14.7(3) 3.4(3)
a. The distance between Rul and the mean plangm&ie.
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| Results and Discussion

Table 9. Summary of the crystallographic data aetits of data collection and refinement for compsi36a(PF), 36b(BPh,), 36f(BPh,),

36h(BPhy), 36j(BPhy), 36k(BPhy) and361(BPhy).

36a(PR) 36b(BPhy) 36f(BPh,) 36j(BPhy) 36h(BPhy) 36k(BPhy) 361(BPhy)
ig‘rm‘l::' CotHasCIFN,OPRU  GeHueBCINJRU  CssHesBCIN,OL RU CacHaeBCINJRU  GigHsBCINJRU  GisHsoBCINGRU  GiHsoBCLNLRU
formula weight 633.96 838.23 929.42 790.19 846.29 30.%6 889.14
. 0.18 x0.07x  0.16 x 0.08 x
crystal size [mm] 0.28x0.21x0.18 0.20x0.13x0.08 0RE417x0.13 0.18x0.12x0.11 0.25x0.09x0.05 0.03 0.06
T K] 150(2) 150(2) 150(2) 150(2) 150(2) 150(2) 130(
LAl 1.54184 1.54184 1.54184 1.54184 1.54184 1.8418 1.54184
crystal system monoclinic monoclinic monoclinic roctinic monoclinic monoclinic monoclinic
space group R P2/c P2/c P2/n P2/c P2/c P2/c
a[A] 10.3751(1) 13.5219(1) 15.2326(1) 13.0910(2) 6567(3) 12.2710(1) 12.89110(10)
b [A] 15.0288(2) 21.5269(2) 13.8012(1) 11.8941(1) 6078(2) 14.9669(1) 14.90500(10)
c[A] 16.0810(2) 14.0468(1) 24.5075(2) 25.6986(3) .5&B5(6) 22.3485(2) 22.7354(2)
a[°] 90 90 90 90 90 90 90
BI°] 102.954(1) 90.424(1) 107.188(1) 95.960(1) 206(2) 95.163(1) 98.3670(10)
v [°] 90 90 90 90 90 90 90
VA3 2442.77(5) 4088.70(6) 4922.07(6) 3979.79(8) 4686.6) 4087.85(6) 4321.93(6)
z 4 4 4 4 4 4 4
Peaica. [ €M7 1.724 1.362 1.254 1.319 1.209 1.349 1.366
2 [mmY 7.452 4.002 3.392 4.076 3.521 3.994 4.925
¢-range ] 4.08-62.64 3.76-62.64 3.04-62.65 3.46-62.74 BDE3 3.56-62.65 3.47-62.67
refl. coll. 17462 31505 40936 31463 24700 32737 8237
indep. refl. 3903 6538 7866 6363 7402 6515 6916
[Ri = 0.0274]  [Rix=0.0241]  [Rm=0.0225]  [Rix=0.0237] [Rix=0.0367] [Rix=0.0336] [Rix=0.0299]
data/restr./param.  3903/2/327 6538/2/514 7866/40/580 6363/0/474 74828 6515/0/499 6916/1/512
f”‘["l"ig(rl‘)c]"ies 0.0230,0.0589  0.0200, 0.0529  0.0244,0.0647 0020862  0.0310,0.0771  0.0245,0.0652  0.029296.07
Rindices (all 0.0245,0.0596  0.0225,0.0535  0.0D63655 0.0240, 0.0570  0.0390, 0.0797  0.0293, 6.0660.0346, 0.0815
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data)”
GooF* 1.079 1.034 1.042 1.041 0.946 1.045 1.045
Apmaxd min (eA'S) 0.319/-0.618 0.227/-0.360 0.414/-0.335 0.292860.5 0.402/-0.581 0.536/-0.388 0.679/-0.944

AR1=Z|F| - Fl/Z [Fol.- " @R2= [Zo(Fo” - F)Y Lo Fo]Y2 ¢ GooF = [Zo (Fo - F&)7/(n-p)]**
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| Results and Discussion

The observed distances of Ru-N1 (2.07-2.09 A)cRuene (1.67-1.69 A) and Ru-Cl
(2.40-2.42 A) are comparable to related structudést published structures of nf¢
arene)RU{,N")CI]* type compounds, wherel,N' are bidentaté-aromatic heterocycles, the
reported Ru-N(pyridine) distances are observed .86-2.12 A, whereas Ru{-arene)
distances and Ru-Cl bonds found at 1.67-1.70 A2a88-2.43 A, respectively .

Further examination of the metric parameters ibl@8 reveals that in all complexes
36a(PFK;), 36b(BPhy), 36f(BPhy), 36h(BPhy), 36j(BPhy), 36k(BPhy) and 36l(BPh,) the Rul-
N1 distance is always significantly shorter thae fRul-N2 distance, proofing a stronger
binding of pyridine compared to pyrimidines. Thetraguction of an electron-donating
substituent such as phenyl tutyl in the pyrimidine ring 36b(BPhs) and 36f(BPhy) vs.
36a(PFk)) increases the electron density of the coordigalratom, which eventually forces
the distance of Rul-N2 shorter (2.1080(13) A an0992(15) A vs. 2.1200(17) A,
respectively). At the same time the corresponding-RI1 bonds are slightly stretched. The
N,N-dimethylation of the Nk group is supposed to enhance this trend due tohitjeer
electron-donating ability of the NMegroup compared to NH Contrarily a Rul-N2 bond
elongation was observed, 2.1446(15) A vs. 2.1200/Lfr complex36j(BPh,) vs. 36a(PF)
and 2.1509(19) A vs. 2.0992 (15) A for compRsh(BPhy) vs. 36f(BPhy). Simultaneously a
dramatic increase of the torsion angle of N1-C5M26was also observed, -11.0(2) ° vs. 0.7(3)
° for complex36j(BPhy) vs. 36a(PF) and 14.3(3) ° vs. 7.2(2) ° for compl@6h(BPhy) vs.
36f(BPhy). That suggests that the introduction of the bulkdidvle, group in the close
proximity to Ru(ll) centre distorts the desired@anarity of the pyridine and pyrimidine rings
(last entry in Table 8), which may play an impottaole in the metal-ligand orbital
overlapping. But interestingly, despite the quéegke variation in steric and electronic aspects

of the appliedN,N-chelating ligands, the bite angle at the metaysst@most un-influenced
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(N1-Rul-N2, 76.12-77.84 °) foB6a(PK), 36b(BPhi), 36f(BPhi), 36h(BPhi), 63j(BPhy),
36k(BPhs) and36I(BPhy).
3.2.1.3Ruthenium Complex with Symmetrical 4,4'-Bipyrimid@2,2'-diamine

The ruthenium compleXd7(BPh;) was synthesized like the others by reacting the
ligand 19 with the ruthenium(ll) precursori{-cymene)Ru(CI}*-Cl)], at room temperature in
dichloromethane solution in almost quantitativeldi€Scheme 45). By stirring the freshly
prepared comple87(Cl) with NaBPh, the chloride anion was exchanged against thesiarg

and thus weaker coordinating BPand directly led to the ruthenium(ll) compl@X(BPhy).

J — . /
\ —Cl— RT | 3
N N + RU_ < —Ru . NH3 BPh
\_)—(_\—\ __/< [ C @ 4 /RQ\CI ‘

1 NH, - /N\\(NHZ
37(BPhy)

Scheme 45. Synthesis of the ruthenium(ll) complék the symmetric 4,4'-bipyrimidine-2.2'-

diamine.

Due to the two similaN-donor moieties, the metal site is no longer areeot chirality
leading to a symmetrical complex therefore the ylaeghoups as well as the four aromatic C-H
sites at the cymene ligand become magneticallywatgnt. This is clearly demonstrated by the
'H and *C NMR spectra of th&7(BPh,) (Figures 37 and 38). The methyl groups of the
cymene ring appear as one doublet at about 0.87gphtwo doublets at about 6.15 and 6.02
ppm can be assigned to the aromatic hydrogen atdrtise cymene ring. In th&C NMR
spectrum two peaks at 85.9 and 81.9 ppm can bgnassito the four magnetically different
aromatic carbon atoms of the cymene ring and thtyhgroups at cymene ring appear as one

peak at about 21.6 ppm. Coordination of the 4 glinidine-2,2'-diamine to the Lewis-acidic
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ruthenium(ll) centre causes a shift of the H2 arg@Irelsonances to lower fi¢ of about 0.3

ppm.
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Figure 37H NMR spectrum of ruthenium compl37(BPhy).
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Figure 3813C NMR spectrum of ruthenium compl37(BPhy).

Attempts to obtain single crystals ¢37(BPhy) suitable for )>-ray structure
determination by crystallization from dimethylswfde over a long period of time and in |
presence of oxygen, water and light resulted imewium complex38. Replacement of th
cymene ligand against two DMSO ligands ¢he chloridoligand against one sulfate liga
occurred (Scheme 46, FiguB®). It seems that in the presence of oxygen, water laght
DMSO is oxidized to sulfate which coordinates t@ thuthenium. In a study on orgai
pollutants in water andiastewater DMSO was shown to be oxidized leadinguttate as th
thermodynamically most stable productvia the formation of methanesulfinate &
methansulfonat&®! Formation of methanesulfonic acid by the reactibmethanesulfinic aci

with OH radicalshas been reported by Holezr**? and Scadutd®® The oxidation mechanisr
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of dimethyl sulfoxide (DMSO) by OH radicals in thquid phase was investigated by Arbilla

et. all**

O
@-L_'* 5

NTz ' BPh, DMSQ \ /

Ru— R
247N\ © RT, Light NHy "\ ~DMsO
N ) NH, \ NH
S N~ DMSO, H,0, 0, N/N Ne 2

N
37(BPh,) 38

Scheme 46. Formation of complg& in DMSO in presence of light and oxygen.

Most notably hydroxyl radicals are produced frome tlrdecomposition of
hydroperoxides (ROOH) or, in atmospheric chemisby, the reaction of excited atomic
oxygen with water. In organic synthesis hydroxydicals are most commonly generated by
photolysis of 1-hydroxy-2(1H)-pyridinethionewhich is structurally similar to 2-
iminopyrimidin-1(2H)-ol (Scheme 47).

OH

f OH
N N
</:):s ¢ =nH
— —N
1-hydroxy-2(1H)-pyridinethione  2-iminopyrimidin-1(2H)-ol

Scheme 47. Structure of 1-hydroxy-2(1H)-pyridinett@and 2-iminopyrimidin-1(2H)-ol.

Although aerobic oxidation of sulfur atoms in digles in the presence of copper(ll) is
well documented® according to my knowledge there is no report fathenium assisted
oxidation of DMSO. There are few ruthenium compkkaown with a bidentate coordinating

sulfate as ligand® To synthesize them, silver sulfate salt has beed directly.
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Figure 39Molecular structure of comple38in solid state.

This complex shows a distorted octahedral arraegenwvith Ru(ll) in center being
coordinated by the chelating 4,4'-bipyrimidine-2jmine ligand, two DMSO ligands,
coordinating by the sulfur atom which are orientieshs to each other ands to the chelating
bidentate ligands. The most important aspect ofstinecture is the bidentate mode of the
coordinating sulfate group which is in thrans position to theN,N ligand. The Ru(1)-O(2)
distance is 2.1383(14) A (even longer than the Roe@d in RuCI(SGQ)(NO)(PPh),, 2.079(7)
AR and the O(2)#1-Ru(1)-O(2) angle is 67.23(8)°. Adatg to these parameters, and
because of the strain involved in the four-membeiegl RuOSO ring, the sulfate ligand is not
chelated as strong as other bidentate ligands. OH&-O bond angles are 101.18(11),

109.88(9), 110.69(8) and 113.81(14) which showi tiee tetrahedral sulfate is slightly
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distorted. As expected, the S-O bond lengths ot@hminal oxygen atoms are shorter than the
corresponding bond lengths of the coordinated oxyaems (1.4453(16)s. 1.5321(15) A).
The angular distortions in the tetrahedron canxXmaemed according to the Gillespie-Nyholm
model in which it is assumed that the bonds wigaggr bond order will achieve a maximum
angular separation.

The N(1)-Ru(l) bond length is shorter than the )NRA(1) length of complexX38
(2.0599(16)vs. 2.1200(17) A). Ru(1)-S(1) bond length is 2.307645\vhich is in the normal
range of Ru-S bond lengths of coordinating DMS®As the different bond angles in Table 10
shows, DMSO is coordinated as a distorted tetraimed@®(1)-O(1) bond length is 1.4839(15) A

which is close to the averaged value of 1.475(18rAonic sulfate"*’

Table 10. Bond angles of coordinated DMSO.

Bond angles (°)

O(1)-S(1)-C(6) 107.49(10)
O(1)-S(1)-C(5) 107.27(11)
C(6)-S(1)-C(5) 101.13(13)
O(1)-S(1)-Ru(l) 116.19(6)
C(6)-S(1)-Ru(1) 113.00(8)
C(5)-S(1)-Ru(1) 110.55(8)

3.2.2 Palladium Complexes
Palladium complexes are widely used as catalystsddoon-carbon, carbon-nitrogen,
carbon-oxygen and even carbon-fluorine bond foromatiin agrochemicals, pharmaceuticals,
and material$>®
3.2.2.1Palladium Complexes with Bidendate Ligands
Di(chloro)(4-(pyridin-2-yl)pyrimidin-2-amine)palthum(ll) complexes 39a-f were
obtained by the reaction of the corresponding liganith PACJ(CH3CN), in dichloromethane

at room temperature (Scheme 48). All complexes éentd precipitate from the reaction
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solutions, and optimized yields were obtained bgig excessive amounts of ether to the

reaction mixtures. The complex@3a-f are pale yellow to orange solids.

3
AN 2 X4
| — R 1| s ! R
N | CH,Cl,, RT N S 8
N__N Cl—Pd—N-__N
\f (CHsCN),PdCl, | 9
NH, Cl-~,-N-~
17a-f H H
39a-f
39| a b c d e f

R| H CeHs 1-naphthyl CeH,OMe CgH,O"Bu 'Bu

Scheme 48. Preparation of palladium comple&3@ssf.

After coordination to palladium, the resonanceatbthydrogen atoms in thé#H NMR
spectrum shifted to lower field in comparison te tree ligands (Figure 40). The resonance of
the hydrogen atoms of the amino group not onlytstiifo lower field by about 2 ppm but also
show two broad resonances. Therefore, these at@msdonger magnetically equivalent after
coordination to palladium. There may be electramisteric reasons for this behavior: 1) one of
the NH, protons is in an ideal position to perform a@ hydrogen bond (Scheme 48) and 2)
due to coordination to the Lewis acidic metal siten-delocalization from the amino group
into the pyrimidine ring will increase. Both effeatesult in a hindered rotation around the C-
NH. bond. Generally th&C NMR shifts are less sensitive towards the suliiiit pattern than
the'H NMR shifts. C3 is the most influenced carbon a&md is shifted about 4 ppm towards

lower field with respect to the free ligands.
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Figure 40H NMR spectrum of ligan17f and complex39f.

With ligands17g-k no palladium complex was obtained, probably dustéoic effects
3.2.2.2Palladium Complexes with Tridendate Ligan

Pd(N,N,CXI type complexe40a-ewereobtained by the reaction of the corresponc
ligands (-(4-aryl)-4{pyridin-2-yl)pyrimidin-2-amine) with Pd((CH3CN), in
dichloromethane at room temperature (Sch49). All complexes tended to precipitate fr
the reaction solution and optimized yiewere obtained by adding excessive amounts of
in the reaction mixture. Since the complexes are vesy soluble in CLCl, they were
dissolved in DMSO for further purification, someops of ethanol were added and then
pure products were precipied by adding diethylether. The comple)40a-e are yellow to

deep orange colored solids.
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Scheme 49. Synthesis of RGI{,C)Cl complexegtOa-e

As expected the resonances of the hydrogen atonetH NMR spectrum all shifted
to lower field after coordination to palladium inraparison to the free ligand. The resonance
of the hydrogen atom of the amino group shifteduabb5 ppm to lower field. In the
heterocyclic part of the ligand, H1 was influengrdst. Its resonance is shifted by about 0.6
ppm to lower field. Since one of the carbon atorhghe phenyl ring now coordinates to
palladium via a CH bond activation, the hydrogeone of the phenyl ring become all
magnetically inequivalent and the pattern of thessonances in théH NMR spectrum
changes dramatically. The resonance of H11 happissed completely and a distinguished
resonance can be assigned for the other hydrogensafFigure 41). The new substitution
pattern has affected the resonances of H12, H13Hahd so that they appear at higher field for
40d (8.00, 6.69 and 7.14 ppm , respectively) with ¢ectron donating methoxy group and
they shifted to lower field fodOe (8.71, 7.29 and 7.47 ppm, respectively) with thexteon
withdrawing cyanido group. Generally tH&C NMR shifts are less sensitive towards the
substitution pattern than tel NMR shifts belongs to the heterocyclic part o thyand. The
pattern of thé*C NMR spectrum in the phenyl part has become vempex. For each carbon

atom of the ring, one signal can be assigned (Eidaj.
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Figure 41H NMR spectrum of ligan20d and complex0d.
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Figure 4213C NMR spectrum of ligan20d and complext0d.

For complexegl0a and40Cd single crystals suitable for Ky diffraction studies wet
obtained from DMSO. Their molecular structuresha solid state are presented in Fis 43
and 44.Both complexes show a typical sqt-planar geometry with Pd(ll) centers adoptin
distorted arrangement and being coordinated byetatthgN,N,C type and a chloride ligar

(Table 11).
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Table 11 . Selected bond length and angles.

40a 40d
R H OMe
Distances (A)
C(15)-Pd(1) 1.990(3) 1.993(2)
N(1)-Pd(1) 2.111(2) 2.1161(18)
N(2)-Pd(1) 2.015(2) 2.0068(19)
CI(1)-Pd(2) 2.3192(7) 2.3226(5)
Angles (°)
C(15)-Pd(1)-N(2) 93.45(10) 93.20(8)
N(2)-Pd(1)-N(1) 80.27(9) 79.96(7)
C(15)-Pd(1)-CI(1) 94.76(8) 94.84(7)
N(1)-Pd(1)-CI(1) 92.04(7) 92.71(5)
C(15)-Pd(1)-N(1) 172.27(10) 171.24(8)
N(2)-Pd(1)-CI(1) 169.37(7) 168.75(6)

Figure 43Molecular structure of compled0ain solid state.



Figure 44Molecular structure of compledOd in solid state.

Both complexes crystallize in the monoclinic spag®up monoclinic with one
additional molecule of DMSO. The aromatic rings aoé completely planar, a slight torsion is
observed. The distances Pd-N1 (2.111(2) and 2.185% for 40aand40d, respectively), Pd-
C15 (1.990(3) and 1.993(2) A fat0a and 40d, respectively) and Pd-Cl1 (2.3192(7) and
2.3226(5) A for40a and 40d, respectively) are similar to related structurkes.published
molecular structures of FHN,C)CI type compounds, wherehiN,C are tridentaté-aromatic
heterocycles, the reported Pd-N(pyridine) bondsgytles fall into the region 1.95-2.15 A,
whereas Pd-C(phenyl) distances and Pd-Cl bonds liee region 1.97-1.99 A and 2.29-2.36
A, respectively-*°

Further examination of the metric parameters ibl@all reveals that in both
complexestOaand40d the Pd1-N2 distance is slightly shorter than theesponding Pd1-N1

distance, which may be due to the steric reasons.
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3.3 Catalytic Experiments

The synthesized ruthenium complexes were tested caslysts for transfer
hydrogenation and palladium complexes as catalgstSuzuki coupling reaction.
3.3.1 Catalytic Activities
3.3.1.1 Transfer Hydrogenation

Ruthenium and rhodium complexes are the commonst refficient catalysts for the
transfer hydrogenation of ketones (Scheme 50)dtlbieen shown before in Thiel's group that
ruthenium complexes bearing nitrogen containingrds can catalyze both the direct and the

transfer hydrogenation of keton8:1%’

O

H
©)‘\ [Ru], 'PrOH

Scheme 50. Catalytic transfer hydrogenation ofagdetnone leading to 1-phenylethanol.

3.3.1.11 Catalytic Activities of RUNNN)CI(PP#) Complexes

Although more than two complexes of the type RURNGI(PPRh) were synthesized,
just complexes33a and 33b could be obtained in high purity and thus be uaedatalyst.
Acetophenone has been chosen as a model subsiraiplbre the catalytic performance of
compounds33ab and34ab in transfer hydrogenation. The reaction conditivese optimized
by first using 33a (Table 12). Due to the poor solubility of the dgda in 2-propanol,
dichloromethane was added to obtain a homogenedutsos. All reactions were carried out at
room temperature and the catalyst generally shdwgddactivities even under these very mild
conditions. It seemed that too much base and a tilgiion of the solution reduced the
reaction rate (entries 8 and 5, Table 12). As etgukcthe rate of the reaction increased
dramatically by increasing the temperature (entryable 12). A blank experiment carried out

in the absence of the catalyst gave no hydrogamnafiacetophenone at all (entry 9, Table 12).
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Table 12. Transfer hydrogenation of acetophenoh 384,

entry substrate : catalyst : base solvent yields (%) after

ratios (mL) 0.5h 1h 15h
1 200 1 - 25 0 0 0
2 200 1 1 25 92 93 94
3 200 1 2.5 25 88 92 92
4 200 1 5 25 73 87 &9
5 200 1 5 50 69 92 92
6 500 1 5 25 48 62 71
7 200 1 5 25 106 0 0
8 200 1 10 25 22 37 49
9 200 - 5 25 0 0 e

[a] Reaction conditions: 20B0? mmol of 333 20 mL of isopropanol, 5 mL of Gi&l,, room
temperature, )y monitored by GC. [b] Reaction completed aftern8@. [c] Reaction carried
out at 82 °C. [d] Reaction completed after 5 mel.Bven after about 3 h no product was

detected without catalyst.

According to these results, the catalyses weneechout using a 0.5 M solution of the
substrate, 0.5 mol-% of the catalyst, and 0.025ah&OH. For this purpose, a solution of the
substrate in 2-propanol was added at room temperatu a 2-propanol/CiI, solution
containing the catalyst and the base. With thetemtdof the base, the color of the solution
turned to a more intense red color, but duringréeetion the color of the solution remained
unchanged.

Complex33awas found to catalyze the reduction of acetophernonl-phenylethanol
guantitatively in 80 min at room temperature. Siibson of the protons in the 5-position of
the pyrazole ring against n-butyl groups dramdiicahcreases the performance: in the
presence of catalysd3b, the transformation is completed in less than 1% at room
temperature (Table 13), giving a minimum TOF of 808 We assign this finding to an
increase in steric hindrance by the n-butyl grouplich will force the allyl chains to be
oriented away from the rear side of the catalykis Will probably enable the dissociation of

the triphenylphosphane ligand and activate thelysdtéor the transfer hydrogenation process.
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This mechanistic idea is corroborated by replathegtriphenylphosphane ligand with a carbon

monoxide ligand (compoundglab), which makes the catalyst almost inactive eve82eiC.

Table 13. Transfer hydrogenation of acetophenottie aifferent ruthenium catalysts

entry catalyst time (min) yields (%)

1 33a 80 99
2 33b 15 100
3 34a 1080 0
4 34b 1080 traces
[b] 60 0

S 34a 180 traces
[b] 60 13

6 34b 180 16

[a] Reaction conditions:(B0> mmol of catalyst, 1 mmol of substrate, 25° mmol of KOH, 4
mL of isopropanol, 1 mL of C§Cl,, room temperature, JNmonitored by GC. [b] Reaction

carried out at 82 °C.

Finally the activity 0of33b was tested with a few different ketones to sh@ageneral
applicability in transfer hydrogenation (Table 14)he results prove that increasing the
electron density at the aromatic ring reduces ¢laetion rate. Complete conversion for the first
two substrates was observed after 10 min at roompeéeature resulting in a minimum TOF of

1200 h't,
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Table 14. Transfer hydrogenation of different kemmwith330%.

entry substrate yields (%)
1 ©/ﬁ\ 100
2 /@ji\ 100
Cl
o)
HsC

[a] Reaction conditions: 1 mmol of substratél8 mmol of 33b, 2.510% mmol of KOH, 4
mL of isopropanol, 1 mL of C}Cl,, room temperature, NN reactions monitored by GC,

samples were taken after 10 min.

Concerning the mechanism of the transfer hydragemaatalyzed by3ab, a reaction
sequence following an inner coordination of the sttdte can be suggested. There is no
evidence for a ligand-assisted process, which cbalditiated by splitting one or both of the
allylic chains through an\2 or §2' reaction with the base leading to an anioni@pgtate
donor (Scheme 51) and a vacant coordination sithearuthenium(ll) center. This reaction

would generate an intermediate suitable for a ligassisted, outer-coordination mechanism.

PPh3 PPh3 =
N N N N
/Ru \l\ /Ru \l\
R
‘\\\\
Cl 33ab Cl
i /\/OH

OH

Scheme 51. Cleavage of the allyl-N bond by the.base
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Treatment oB3ab with KOH did not result in cleavage of the N-albdnd. Cleaving
the Ru—P bond, further promoted by the steric delmainthe butyl chain in comple&3b,
should therefore be the initial step to generateagtive 16-VE ruthenium(ll) species, which
then leads to the formation of the catalyticallytivae ruthenium hydrido species. This is
supported by the fact that addition of an excesBRI} to the catalyst strongly decreases the
reaction rates 083ab, which is similar to findings reported in the ta¢ure?® Comparing the
activity of 33b (TOF> 1200 h™) at room temperature makes it clear that we hénaired a
highly active structural motif. It already had begmown in the literature that ruthenium(ll)
complexes withtrans-coordinated chloro ligands are less active intthasfer hydrogenation
of ketones than ruthenium(ll) complexes withis-coordinated chloro ligands (such as
33ah).1%®
3.3.1.1.2 Catalytic Activities of Ru(NN)(Cymene)Cl Complexes

Compound36a(Cl) was taken to optimize the reaction conditions tloe transfer
hydrogenation of acetophenone in isopropanol smuthA first series of experiments proved,
that the catalyst becomes active at about 82 W@drpresence of KOH as the base. Evaluation
of the optimum amount of base showed that withse lta catalyst ratio of 2.5:1 about 64 % of
conversion can be observed after 3 h (Table 15y &)t However, under these conditions the
catalyst becomes inactive and will not reach 100Rtcanversion, which is possible by
increasing the base to catalyst ratio to 10:1 @4, entry 1). The catalyst shows no activity

in the absence of the base.
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Table 15. Optimization of the base to catalysorati

conversion [%)] after

entry base : catalyst 3h 24h
1 10:1 37 100
2 5:1 32 94
3 25:1 64 81
4 0:1 0 0

a| reaction conditions: acetop enone o m . mmoaol), ISopropano
[a] reacti dit h (2.5 mmaBg(Cl) (1.2510° ), | | (25

mL), 82 °C; the reactions were monitored by GC.

After having fixed the reaction conditions, thetatgst structure was optimized by
changing A) the counter ion, B) the substitutiorthe 5-position of the pyrimidine ring (R),
and C) the nature of the amine group (R’) (see ®ehé4). Table 16 summarizes the influence
of the counter ion in the seri86c(X) (X = CI', BF,, PR, BPhy). Although the differences are
not pronounced, the weakly coordinating tetraphmongte anion (Table 16, entry 4) clearly

gives the best results at both, short and longiatmes.

Table 16. Effect of the counter i&h.

entry anion conversion [%] after
X 2h 6 h 24 h
1 Ccr 28 60 100
2 BF, 26 53 70
3 PR 45 69 78
4 BPh’ 49 63 100

[a] reaction conditions: acetophenone (2.5 mmdg(X) (1.2510% mmol), KOH (1.2510*

mmol), isopropanol (25 mL), 82 °C; the reactiongevaonitored by GC.
In the following, the substitution pattern on tpgrimidine ring was changed. As

summarized in Table 17, there are pronounced sffeicthe substituents in the 5-position of

the pyrimidine ring, reflecting that increased #&lec donation of the substituent results in an
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increase of catalytic activity. It is also clednat substituents with a-system, which will

overlap with the pyrimidina-system, are beneficial.

Table 17. Influence of the substituent in the Sigpms of the pyrimidine rind®

entry catalyst conversion [%)] after
2h 6h
1 36a(BPhy) 19 35
2 36b(BPhy) 69 89
3 36¢(BPhy) 49 63
4 36d(BPhy) 73 87
5 36f(BPhy) 79 98

[a] Reaction conditions: acetophenone (2.5 mmatjalgst (1.2810° mmol), KOH (1.2510*

mmol), isopropanol (25 mL), 82 °C; the reactiongevaonitored by GC.

For the 6paramethoxyphenyl functionalized systeB6d(BPhy), the delocalization
even includes the oxygen atom as outlined in Sche2Znevhich will donate additional charge
density to the nitrogen donor atom of the pyrim&dimg. This will reduce the strength of the
Ru-Cl bond and therefore will allow this ligand essto be replaced by an isopropanolato
ligand and subsequently undergo the transfer ofydrido ligand to the ruthenium site.
Comparing these catalytic data with the structdath of compound86a(PFs), 36k(BPhy),
and 36p(BPhy) (for crystal structures see Figure 29-36) revéladd as the Rul-N2 distance

decreases, the catalytic activity will increase.
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Scheme 52. Electron delocalization including thggex atom.

It should be mentioned at this point tha’qe{(:ymene)Ru(CI)(bipy]CI' (bipy = 2,2'-
bipyridyl) was included into this study. This cafstl shows - with chloride as the counter ion -
higher activities than all members of the seB6a-f(BPhy) suggesting that the presence of a
NH> group has a detrimental rather than positive effeche catalytic performance. Therefore
the NH functionalized ligands should not take part in taalytic process in terms of a
bifunctional mechanism. Therefore, it was propo#iest like with Baratta’s catalysts, this
system performs an inner-sphere mechanism in wtheelalcohol and the ketone coordinate to
the metallic center during the catalytic procEss.Similar results have been reported by
Schlaf et af** who showed that a Nisubstituted catalyst failed to show higher agfivithey
explained their finding with either the lowKpvalue of the NH group or with a mismatch of
the proton-hydride distance in the active specidsge active hydride species could not be
traped but according to the similarity of this ¢gdés with the Schlaf's system, steric reasons
seem to be important.

To overcome the drawbacks of the 2-amino groupsedes of catalysts were
synthesized, containing either secondary or tgrtemino groups in the 2-position of the
pyrimidine ring. The data of these compounds in taglytic transfer hydrogenation are

summarized in Table 18. Generally, the introductmina tertiary amine improves the
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conversions dramatically. Contrary to the findimgscussed above, electron donating groups
in the 4-position of the pyrimidine ring are de@ieg the catalytic performance, the best result
was found for the pyrolidinyl functionalized syst@&®g(BPh,) (Table 18, entry 4). Moreover,
this compound was also checked for its activityh@ absence of the base and it achieved 51%
and 85% of conversion after 6h and 24h, respegtiwehile the NH functionalized catalyst
36a(Cl) gave no conversion at all under these conditi&d. the reactivity of36g(BPhy) is
lower in the absence than in the presence of KObélvéver, since the base is required to
activate the catalyst by generation of a hydridecss, an alternative mechanism has to be

found to explain these findings. This will be dissad in the next section.

Table 18. Effects of the amino grofdp.

conversion [%]

entry catalyst (time [min])
1 36i(BPhy) 45 (120)
2 36h(BPhy) 48 (120)
3 36j(BPhy) 100 (90)
4 369(BPhy) 97 (20)
5 36q(BPhy) 100 (600)
6 36m(BPhy) 100 (600)
7 36p(BPhy) 100 (600)

[a] reaction conditions: acetophenone (2.5 mmaalyst (1.2810° mmol), KOH (1.2510*

mmol), isopropanol (25 mL), 82 °C; the reactiongevaonitored by GC.

3.3.1.1.3 Investigation of the Mechanism

Chanati et al. had reported the activation of @H bonds adjacent to the nitrogen
atom of an alkylamine group in ruthenium catalyzedpling reaction$? and Whittlesey et al.
had reported a facile C-H bond activation at roemgerature occuring on tiNeheterocyclic
carbene ligand 1,3-bis(2,4,6-trimethylphenyl)imidi2-ylidene (IMes) in
Ru(IMes)(PPB),CO(H), in the presence of a sacrificial alkeftd.Here the C-H cleavage

product readily reforms the starting dihydride upeaction with H.*** The same group had
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also exploited this ruthenium complex for an indir&Vittig reaction using alcohols as the
substrate, in which the catalyst removes hydrogem the alcohot**Crucial to the success of
this complex for both direct and transfer hydrogiemareaction¥ is a reversible C-H bond
activation process.

These findings led me to the idea, that an inttaowar C-H bond activation occurring
in the ligand environment of the catalyst could the key step in the base-free transfer
hydrogenation with catalyst86g(BPh), 36j(BPh;) and 36k(BPhs;). To elucidate the
mechanism, the activity d6g(BPhy) was investigated in more details. First its atfiwas
checked for the catalytic dehydrogenation of 1-ptethanol and it was found that after 48 h
at 82 °C in toluene solution just traces of acetmime could be detected, even in the presence
of KOH, which means that there is likely the forroatof a rutheniumhydrido species, but this
compound cannot lose dihydrogen. So, there is i &tivation on the ligand, neither by
oxidative addition which is discussed in the litara for zero valent ruthenium
complexeg#?144145nor by direct H evolution, otherwise ongoing dehydrogenation of 1-
phenylethanol under evolution of dihydrogen woubdféasible-*®

Next, it was checked iB6g(BPhy) reacted in a 1:2.5 ratio with 1-phenylethanol
(approximately quantitative) can dehydrogenize shbstrate in the absence of KOH and an
hydrogen acceptor (such as acetophenone). Afteh 2de found 31% conversion of 1-
phenyethanol to acetophenone, which is about 8Q%egmonding to the amount 86g(BPhy)
added in this experiment, which might either belaxed by an incomplete conversion or by
reaching the equilibrium as shown in Scheme 53s Troves that the formation of a
hydridoruthenium species is possible, althoughtbmpound could not be isolated up to now.
The hydridoruthenium formation can be explained hysa C-H bond activation occurring on

the ligand.
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Scheme 53. Stoichiometric reaction betw8ég(BPh;,) and 1-phenylethanol.

Furthermore, there is no stoichiometric hydrogemabf acetophenone in the absence
of isopropanol. To investigate this, a 1.35:1 migtwf acetophenone ar@bg(BPhy) was
stirred for 24 h at 82 °C in toluene solution. Nace of 1-phenylethanol could be detected.
This excludes a double C-H activation on the ligaadpathway that is discussed in the
literature, tod:*’

To support that there is an intramolecular C-Hdantivation occurring in the ligand
environment of the catalyst and experimentally ielaie® the process of C-H activation,
electrospray mass spectrometry investigations warged out in collaboration with Fabian
Menges from the group of Prof. Nieder-Schattebwging collision-induced dissociation
(CID) mass spectrometry with compoun@8a(BPhy), 36g(BPhy), and 36j(BPh,;) under
variation of the fragmentation amplitude (see bglodnder mild conditions (no CID), the
corresponding catior36a’, 36d’, and36j" were detected without any fragmentation. Inducing
fragmentation by increasing the fragmentation atmgé gave directly rise to HCI elimination
for all three ruthenium complexes (Figures 45-4dwever, the energy required for this

process is considerably higher for the caB@a’ than for itsN-alkylated congener36g” and
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36j" (Figure 48). Relative abundances of the CID fragi:éragment yield curves) were fitted
using a sigmoidal function. The corresponding.&alues (50% of the fragment ion intensity
with respect to the total ion intensity) are thoughrepresent the relative appearance energies

of the related fragmentation processes.
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Figure 45. ESI-MS spectra 086a. Experimental spectrum o86a (a) and of the
fragmentation oB6a’ (loss of HCI) (b), simulated spectrum38a’ (c) and of the fragments of

36a’ (loss of HCI (green) and HCI and kted)) (d).
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Figure 46. ESI-MS spectra 086g. Experimental spectrum 086g (a) and of the
fragmentation oB6g" (loss of HCI) (b), simulated spectrum38g" (c) and of the fragment of

364" (loss of HCI) (d).
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Figure 47. ESI-MS spectra 86j". Experimental spectrum &6j" (a) and of the fragmentation
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Figure 48. Collision-induced fragmentation of tladiens36a’ (m), 36a’-dy (+), 36j" (v), 36j-

d; (¢ ) and36g’ ().

To gain a deeper insight into the transfer hydnagjen mechanism, identification of

the location of the C-H activation was started.c8ithen®-coordinated cymene ligand and the

pyridine moiety are common features 86a(BPh), 369g(BPh), and 36j(BPh,;), C-H

activation at one of these sites should not rasufironounced differences betwegéa on

one side an@6g’, 36j" on the other. Therefore the efforts were concéedran the pyrimidine

moiety. The proton H7 was replaced against deuterusing 2,3,4,6,7,8-hexahydrédd

pyrimido[1,2-a]pyrimidine (TBD) as an efficient igpe exchanger catalyst in CRGIt room

temperature (Scheme 54¥.
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Scheme 54. Synthesis of the deutrated ligefal-dy, 17j"-d;.

Repeating the ESI-MS experiment wBba'-d; and 36j'-d; revealed exclusively the

elimination of DCI (Figure 49), proving that the HCactivation occurs selectively at the 5-

position of the pyrimidine ring. Furthermo86j*-d; was dissolved in dry isopropanol and the

H NMR has been measured overnight before and ladtating. The deuterium peak vanished

after heating which is another evidence for aramilecular C-H bond activation occurring on

the 5-position of the pyrimidine ring (Figure 50).
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Figure 49. Comparison of the ESI-MS dat86f" and36j’-d;. Experimental spectrum 86j"

(a) and of the fragmentation 86j" (loss of HCI) (b), experimental spectrum3sj’-d; (c) and

of the fragment 086j*-d; (loss of DCI) (d).
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Figure 502H NMR spectra 036j*-d; before (top) and after (bottom) heiqg.

To further evaluate this process, DFT calculatiomshe cation36a’, 36g’, and36j"**°
were carried out by Prof. Thiel. The eliminationH€I| from the 18e systen36a’, 364", and
36j" is obviously an endothermic, dissociative procesallicases, and is generally inducec
breaking the RIN(pyrimidine) bond. Subsequently the pyrimidine etgire-coordinates with
C5 and H5 is transferred to the chloride liganditesy in an HC-addut of aC,N-coordinated
(ne-cymene)Ru complex, which then loses HCI with a \@nall barrier of activation. Resu
of the calculations on the-B activation process are shown in Figbfe The calculated data
(AH) for the HCI elimination show that all energies about 1-12 kcal/mol higher fo36a’
than for36j" and about @1 kcal/mol higher foi36a than for36g" (36a >> 369" > 36";

Table 19. Since these differences in energy are alreadyddor TS1, thdoreaking of the Ru-
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N(pyrimidine) bond is crucial for the C-H activatioThis can be assigned to an increase of

steric hindrance with the cymene ligand when the, jkbup B6a’) is substituted against a

NR, group B6g and 36j"). The catalytic activities follow an ordering 86a(BPh;) <<

36j(BPhy) < 36g(BPhy), the inversed ordering &6j(BPh,) and 36g(BPhy), with respect to

their catalytic activities, may be due to solvemd/@r counterion effects.

Table 19. Calculated heats of formatidqn\H;), enthalpies AAH, italics) and Gibbs energies

(AAG, underlined) of the C-H activation steps in kcall.

step

364

36]"

369"

A
TS1
B
TS2
C
TS3
D

0.00/0.00/0.00
34.81 B3.66/ 32.11
24.32 [23.86/ 23.21
48.11 A3.56/ 42.76
45.94 /A3.17/ 40.92
50.03 A6.54/ 40.98
49.22 /45.36/ 32.78

0.00/0.00/ 0.00
24.64 /23.60/ 20.92
12.89 /12.47/ 10.13
38.20/33.93/31.81
36.66 /34.00/ 30.46
39.43 /36.09/ 31.20
38.17 /34.47/ 20.98

0.00/0.00/ 0.00
25.29 [24.28/ 22.56
12.99/12.68/ 11.55
38.52 /34.35/ 32.97
37.11 /34.56/ 32.39
39.81 /36.53/ 32.01
38.49 /34.75/ 21.27
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| Results and Discussion

enthalpies
[kcal/mol]

60 -

0 -
Figure 51. Calculated heats of formatiaxAHs, solid lines), enthalpiesA@H, dashed lines)
and Gibbs energiedAG, dotted lines) leading to the elimination of H@Im the cation86a’
(black curves)36j" (red curves), an®6g (green curves). The calculated structures of all

intermediates and final products derived fr8éa and36j" are depicted.

Recently, it was shown that with so-called “themater ions” (substituted
benzylpyridinium ions), it is possible to calibratiee internal voltage scales of the mass
spectrometers fragmentation amplitudes towards aappee energies £k, of the fragment
ions*°The precision of such an approach is compromisaddftional fragmentation channels
are taken into account. F86j" and36g" only one reaction channel, the elimination of HCI

(resp. DCI) was found36a’ showed the additional loss ok.HThe underlying mechanism of
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the C-H activation of36a’, 36g and 36j° implies a tight transition state (see DFT
calculations), which might lead to a kinetic sinfthe appearance energies obtained by CID.

Fabian Menges calibrated the CID breakdown cuo¥@6a’, 369" and36;" with seven
“thermometer ions” (€HsN'-CH,-CsH,s-R; R=H, 0-CH, p-CH;, p-F, p-Cl, p-CN, p-OCH
against the calculated enthalpiesH¢as B3LYP, G6-31*, ZPE-correction, 298.15 K, BSSE
corrected) for a bond cleavage regarding the lbs®otral pyridine (with cationic substituted
benzylium ions as ionic products (in case of R=HClp p-CN, p-OCH)). Zins et al.
investigated the competing formation of tropyliuoms (in case of o-C§lp-CH, p-F), which
also was calculated and used for calibratitSh.

Data from CID experiments of benzylpyridinium ioasd 36a’, 36g" and 36]" were
center-of-mass transformed and compared accorditigeir Eo Values. A linear fit function
(AHcarc versus CID by value of substituted benzylpyridinium ions) wagdiso estimate the
enthalpies of the HCI (DCI) loss f@6a’, 36g" and36j". This analysis results in a qualitative
trend of activation energies (loss of HCI or DCltloe Ru-catalyst86a’, 36g" and 36" with

respect to the “thermometer ions” (Table 20).

Table 20. Estimated enthalpies of Ru-catalyfis’, 36g" and 36j" (AHg) from a linear fit
function of benzylpyridinium ions AHcac versus CID kyy value) and calculated ZPE

corrected enthalpiead) of the transition state TS3 of the HCI loss.

AH g (kcal/mol) AH (kcal/mol)
36a 49 46.5
36&+-d1 49 -
36j" 34 36.1
36j"-d; 35 -
36g° 36 36.5

Since the presence of the base is solely accielgrtite reaction but is, as mentioned

above, not a condition precedent for the transyerdggenation witl86g(BPh), the following

122



| Results and Discussion

mechanism is proposed according to the experimamiscalculation which have been done

@ [ ]+
1

Ru—

(Scheme 55).
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Scheme 55. Reaction mechanism for the transfeolggaation in the absence of the base.

Using experimental and theoretical results unusatlities of different catalysts can
be explained as follow:
. If there is a substituent at the 5-position of pydine ring, no C-H bond activation will
take place because of steric reasons and the mschan the reaction is the classical one,
meaning that the catalytic cycle requires a badeetoompleted. Here the catalyst will benefit
from electron donating substituent at the 5-positbpyrmidine ring.
. If there is no substituent at the 5-position of fhgimidine ring so that C-H bond
activation can occur the catalyst will benefit franore steric hindrance of alkylated amines

which results in &,N coordination mode. This facilitates the eliminatmhHCI and makes a
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coordination site free for coordination of the dlob In this case, the carbon atom can perform
the role of an internal base so that the catadyatiive also in the absence of external base.

. Since in the first step of catalytic cycle the clde ligand should leave the
coordination sphere and since this can be expeditedhe C,N coordination mode, the
complexes having no substituent at the 5-positibpysimidine ring seem to be promising
catalysts for transfer hydrogenation of ketondmabsence and presence of a base.

In order to trap and characterize the CH activatgdrmediate some additional
experiments were carried out. Heating a NMR prob&6g(BPhy) with CDCk as solvent
results in de-coordination of ligands. It is notetlyg that two extra peaks which can be
assigned to C¥Cl, (5 = 5.30 ppm) and benzen& £ 7.36 ppm) are also detectable in the
NMR spectrum. Adding triethylamine as a base toMRN\probe 0f36g(BPh;,) with CDCl; as
solvent (without heating) results in decompositainthe complex after one day. Parallel to
this, the peaks at 5.30 and 7.36 ppm are detelftadain a similar probe is heated for 1h in
addition to the peaks at 5.30 and 7.36 ppm a fugpibak at 11.78 ppm can be detected which
can be assigned to the triethylammonium catioralllicases it seems that the probe’s medium
is getting acidic and that the counterion has sgdabenzene, a process that can occur in an
acidic medium®* (Scheme 56, Equation 13). Also it seems thatahméd triphenylborane has
reacted with the solvent and produced dichloronetimy (Scheme 56, Equation 14) which
may take a hydride from cymene ring and be consette dichloromethane (Scheme 56,
Equation 15). The cymene can release a proton acohie stable results in decomposition of

the catalyst. This will result in a more acidic med which autocatalyzes the reaction 13.
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| Results and Discussion

BPh, + H"—>BPhs + CgHg (13)

BPhg + CHCl3 —BPhsCl" + CHCL,*  (14)

-H*
+ CHC|2+—> + CH2C|2 (15)

H

Scheme 56. Benzene formation from tetraphenybamnass acidic medium (eq. 13), reaction
between triphenylborane and solvent (eq. 14), i@acbetween dichloromethyliunand

cymene ligandeq. 15).

Obviously these conditions are too harsh and treésutomplex decomposition. So
without adding a base, a NMR probe3éig(BPh;,) with CDCkL as solvent was heated just to 60
°C for 15 h. In this case no peak at 5.30 ppm isaded but still the complex decomposed and
a peak appears at 7.36 ppm which means that theamegkts acidic by heating. This can by
itself be a hint for C-H bond activation which rlsun release of a proton and makes the
medium acidic. Using a milder condition AgOAc waklad to NMR probe d36g(BPh) with
CDCls; as solvent. Here silver can catch the chloridethadacetate, which is a weak base, will
capture the proton. But even after 3 days withowtlzeating no changes has been observed in
theH NMR spectrum.

It was expected to trap a hydrido ruthenuim compdy refluxing 36j(BPh;) and
NaBH, in dry methanol for 1%. But in the'H NMR spectrum no peaks below 0 ppm to be
assigned to a hydrido species. However there aree sthanges in the spectrum. The most
important one is that the doublet peak at aboud @m which was assigned to H7 on the
pyrimidine ring vanished and another doublet peafieared at about 8.7 ppm. Also all the
peaks of the\,N ligand and counter ion are shifted to lower fidltbreover the peaks of the

cymene ring show a more symmetric pattern. Thisbeaaxplained as follows:
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NaBH, and methanol form an adduct which will take a pnotmm the complex and
release K'*? This makes the reaction to occur in one directiod will produce BH, NaCl
and the 16e intermediate simultaneously. Methamol loe activated by liberated Bind
donate its proton to the nitrogen atom of khN ligand (Scheme 57). This proton might appear

at low field at about 8.7 ppm in thiel NMR spectrum.

oL oL

A~a AR oH
ZN \N N +MeOH + NaBH, — ¢& "N \ + MeOBHz™ + NaCl + Hy
. 5
Sy N\
y T
/N\

Scheme 57. Formation of a 18e intermediate in tasgmce of NaBliin methanol.

Furthermore no formation of the @GEl, and benzene has occurred which is a result of
replacing chloroform with methanol. It seems tha formed intermediate is too active and
will react with chloroform to produce dichlorometigaand this makes the medium acidic
which causes the splitting of a benzene ring framnter ion as discussed above. Although the
active intermediate in the transfer hydrogenationlad not be detected by these experiments,
all of them confirm the CH bond activation indirgct

As it was mentioned in section 1.5.1, there ave filasses for CH bond activation
according to the Bercaw classificatfan
1) Oxidative addition, which is typical for electroich, low-valent complexes of the late

transition metals. This will occur for Ruour complexes cannot undergo this type of

reaction.
2) Sigma-bond metathesis, which is typical for compterf the early transition metals in

which ruthenium is not included.
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3) Metalloradical activation, which is typical for danc complexes.
4) 1,2-Addition, which is common for an addition ag@@metal-nonmetal double bond.
5) Electrophilic activation, which occurs in polaragidic media and is typical for late- or

post-transition metal.
In our case the complex should lose HX in the fatstp. This is not reported for ruthenium
complexes until now but all evidences mentionedvalmmnfirm that this can be the right class
for this type of CH bond activation.
3.3.1.2Suzuki Coupling

After the first report in 1981, the Suzuki—Miyauraaction has been used in the
construction of varied biaryfé;*>* which have many applications in pharmaceuticalteni
and agricultural chemistry? In the past decades phosphine ligand based paitadatalysts
were extensively used due to their extreme dontlityalDespite their toxicity, Pd(ll) catalysts
with phosphine ligands have shown very high turnouembers (TONs)>®> Recently, Pd(ll)
catalysts with differeniN-donor ligands became attractive for catalytic mapilons as they
possess lower toxicity and are easy to hafl&’ As examplesN-coordinated palladium-
imidazole, imidazoline complex&& and palladiumbenzimidazole compleX&svere found to
be catalytically active in the Suzuki—-Miyaura react Furthermore, Boykin and co-workers
have developed a simple amine—Pd(QAwtalyst system for the Suzuki—Miyaura reacti@n.
Moreover, bidentate nitrogen donors, which are nairatable, have also been used as ligands
for this reactiont®’"**! Here, | focus on the catalytic activity of compex39a-f for the
Suzuki—Miyaura reaction.

Complex39d was first tested as a catalyst in the model Sudigiaura reaction of
bromobenzene with benzeneboronic acid to ascettt@iroptimum conditions (Table 21). As
obvious from the results, this complex is evenvactat low temperatures near to room

temperature and although lowering the loading deitrease the activity but the system is still
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active. Since the proper combination of base ardesb was extremely important, several
different bases and solvents were examined. Oblicais increase in the polarity of the
solvent will increase the activity of the cataly8ithough ethanol is a very good solvent, a
mixture of the DMF and water seems to be the belsest. From the entries 9-13 one can
conclude, that the activity benefits from a largation in base and carbonate as its counterion
which makes G&£0O; a good base for this system. Furthermore the chtioMF and water was
tested and therefore the optimized conditions vieused using the complel9d as follows:

the reaction proceeded with 89% in DMEHwith CsCOz at 70 °C for 1 h.

Table 21. Optimization of the reaction conditiosing39d.”?

Solvents Cat_. base o Yield [%]

Entry Solvent ratio E_r:)]gld:;)? base (mol-%] T[°C] 1h oh 24h
1 1,4-dioxane - 1 GEG; 120 RT 0 0 0
2 1,4-dioxane - 1 GEG; 120 40 trace trace Trace
3 1,4-dioxane - 1 GEG; 120 60 24 30 44
4 1,4-dioxane - 1 GEG; 120 75 27 36 71
5 1,4-dioxane - 1 GEG; 120 70 27 - -
6 DMF - CsCOs 120 70 0 - -
7 Toluene - CEO; 120 70 23 - -
8 EtOH - CsCOs 120 70 81 - -
9 DMF/H,O 50:50 CLO; 120 70 89 - -

10 DMF/HO 50:50 NaOAc 120 70 9 - -
11 DMF/HO 50:50 NgCGOs 120 70 71 - -
12 DMF/HO 50:50 KPOy 120 70 73 - -
13 DMF/HO 50:50 kCO; 120 70 81 - -

14 DMF/H,O 75:25
15 DMF/HO 25:75
16 DMF/H;O 50:50

CLO; 120 70 46 - -
CLO; 120 70 65 - -
CLO; 60 70 60 - -
17 DMF/HO 50:50 CLO; 240 70 92 - -
18 DMF/HO 50:50 CLO; 120 70 67 - -
19 DMF/H,O 50:50 0.01 GE0O; 120 70 42 - -

SHHHHI—‘I—‘I—‘I—‘I—‘HHH

[a] Reaction conditions: phenyl bromide (1 mmoBnbeneboronic acid (1.5 mmol), solvent (5

mL,) under N. The reactions are monitored by GC.
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At the end, complexe39a-f (Scheme 58) with different substituents on tharpigyl
ring were tested for this reaction (Table 22). s ishown, substituents on the pyrimidyl ring

decrease the activity of the catalyst.

| X
N/ | N R
)
Cl_F|’d_N\|¢N
Cl NHz

Scheme 58.N,N)PdCL complexes with different substituents on pyrimidgl.

Table 22. Effect of the substituent on the Suzukyddra reaction of bromobenzene with

benzenebronic acid and different palladium catalgga-f?!

Catalyst R Yield
39a H 100
39b phenyl 77
39c naphtyl 96
39d 4-methoxyphenyl 89
39%e 4-"buthoxyphenyl 66
30f butyl 85

[a] Reaction conditions: catalyst (0.01 mmol), drglide (1 mmol), benzeneboronic acid (1.5

mmol), DMF/H0 (5 ml, 1:1) at 70 °C under,NThe reactions were monitored by GC.

To elucidate the further potential of compl@da in Suzuki—-Miyaura transformation,
substituted aryl halides were chosen to react mzeneboronic acid, Table 23. Both
activated and deactivated aryl bromides and iodadesefficiently converted into biaryls. Aryl
chlorides were also examined: unfortunately, tHe&einces in yields determined by GC and
'H NMR are large for aryl chlorides and the yieldultb not be determined exactly since
different products are formed during the reactidricl could not be identified with GC afd

NMR.
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Table 23. Suzuki-Miyaura reaction of the aryl hefidvith benzenebronic acid agga™®

. yield(%)"”
entry aryl halide product NMR  GC TOF

0

1 4-bromoacetophenone 100 100 133
0

2 4-iodoacetophenone 90 96 120
0

3 4-chloroacetophenone 22 13 29

4 4-bromotoluene 98 100 131

5 4-iodotoluene 99 100 132

6 4-chlorotoluene 27 4 36

7 2-bromoacetophenone 67 77 89
o)

8 2-bromotoluene 89 90 119
O\

9 1-bromo-4-methoxybenzene 63 74 84

10 4-bromo-xylene 2

130



| Results and Discussion

[a] Reaction conditions39a (0.01 mmol), aryl halide (1 mmol), benzeneboroaad (1.5
mmol), DMF/H0O (5 mL, 1:1) at 70 °C under,N[b] after 1h. The reactions are monitored by

GC and'H NMR.
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4 Conclusion and Outlook

The scientific intention of this work was to syesize and characterize new bidentate,
tridentate and multidentate ligands and to appéyrthn heterogenous catalysis. For each type
of the ligands, new methods of synthesis were dgeel. Starting from 1,1'-(pyridine-2,6-
diyl)diethanone and dimethylpyridine-2,6-dicarbaatg different bispyrazolpyridines were
synthesized and novel ruthenium complexes of tipe f.)(NNN)RuC} could be obtained
(Scheme 59). The complexes with L = triphenylphasphurned out to be highly efficient
catalyst precursors for the transfer hydrogenatibaromatic ketones. Introduction of a butyl
group in the 5-positions of the pyrazoles leada fgronounced increase of catalytic activity.
Since these catalysts are active at room tempetattire chiral analogues of the
dipyrazolylpyridine ligands for evaluation of eniaselective transfer hydrogenation shall be

synthesized in future (Scheme 60).

N B
| _
N/ 74 | N \ N
0 o) ~ »~ NN N=N \
{ _ — R
SN -N
/ \ ; ~.N&RU/\N \'%
RN ‘ cl
AN \\\ Cl
® » 7 L= PPhg or CO
0 N/ O > R // N \\ R - 3
— -N N\N

Scheme 60. An example for a chiral ligand.
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To find a method for the synthesis of bispyrimapgridines, different reactants
(Scheme 61) and condition were applied and it wasd that these tridentate ligands can be
obtained by mixing and grinding the tetraketonehvgtianidinium carbonate and silica, which
plays the role of a catalyst in this ring closie@ction. In the future, these ligands shall also be

investigated for application in catalysis.

| AN
R % N/ X R
(@) (@)
B B
R N/ R R = | N/ | X R
(@) (@) (@) (@) NQ(N N\fN
NH, NH»
AN
»
rR_Z NN r
(@) (@)

Scheme 61. Different reactants examined for symgimgsbispyrimidinepyridines.

The bidentate 2-amino-4-(2-pyridinyl)pyrimidineserg synthesized from different

substrates according to the desired substituetitepyrimidine ring (Sheme 62).
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Scheme 62. Different reactants used for syntheg2iamino-4-(2-pyridinyl)pyrimidines.

Reacting these bidentate ligandwith the ruthenium(ll) precursor 1{-
cymene)Ru(CI)¢>-Cl)], gave cationic ruthenium(ll) complexes of the typén®-
cymene)Ru(Clh(adpm)]Cl (adpm = chelating 2-amin{24yridinyl)pyrimidine ligand).
Stirring the freshly prepared complexesth either NaBPh NaBF, or KPFs, the chloride

anion was exchanged against other coordinatinghaniidi’, PR, BPh,) (Scheme 63).
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Scheme 63. Synthesis of the ruthenium(ll) complewés bidentate ligands.

Some of these ruthenium complexes have shownspmayial activities in the transfer
hydrogenation of ketones by reacting them in theeabe of the base. This led to detailed
investigations on the mechanism of this reactioccokding to the activities and with the help
of ESI-MS experiments and DFT calculations, théofeing mechanism was proposed for the
transfer hydrogenation of acetophenone in the aasefithe base (Scheme 64). It shows that
in the absence of the base, a C-H bond activatiothea pyrimidine ring should occur to
activate the catalyst. In the future, this concepght be transferred to the other catalytic
systems. Additionally, the structure of the ligamds be modified in more details including

the synthesis of chiral ligands for enantioselectiatalysis.
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Scheme 64. Reaction mechanism for the transfeolggaation in the absence of the base.

The palladium complexes of bidentadN ligands were examined in coupling
reactions. As expected, they did not show very ispexctivities. However, in future, they
should be linked to some phosphine moieties anoh\estigated for catalytic applications in
coupling reactions.

Multidentate ligands, having pyrimidine groups idatively soft donors for late
transition metals and simultaneously possessinigdiny position for a hard Lewis-acid, could
be obtained using the new synthesized bidentatetradehtate ligands (Scheme 65 and 66).
Such systems are matter of interest in the SFB/BBR3MET) at the TU Kaiserslautern and
their complexes should be investigated in futurerddfter, based on the synthesized bidentate

and tridentate ligands more multidentate liganashmasynthesized (Scheme 67).
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Scheme 65. Synthesis of multidentate ligands staftom bidentate ligand.
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Scheme 66. Synthesis of multidentate ligands staftom tridentate ligand.
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Scheme 67. Two examples of mutidentate ligands twineght be synthesized in future.
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5 Experimental

5.1 General Performance
All bought reactants were used without further facation. The silicagel Merck (60,
0.063-0.200 mm) was used for chromatography.
5.2 Used Devices
NMR spectroscopy:
« Bruker DPX 200%H: 200.1 MHz **C: 50.3 MHz *'P: 81.0 MHz)
« Bruker DPX 400%H: 400.1 MHz,**C: 100.6 MHz*'P: 162.0 MHz)
« Bruker AVANCE 600 tH: 600.1 MHz,*C: 150.9 MHz)
The chemical shifts are given &values [ppm]. As internal standard fii NMR and**C
NMR spectra the resonance signal of the solvent seaserned according to Gottlieb and
Nudelmann; abbreviation: s = singlet, d = douliletfriplet, m = multiplet-®2
Elemental analysis:
The determination of the percentage of carbon, dneln, nitrogen and sulfur was done at the
analytical laboratory of the TU Kaiserslautern. Huos, the following devices were used.
 Perkin EImer Elemental Analyzer 2400 CHN
» Firma Elementar Analysentechnik: vario Micro cl{g¢&iNS)
Solid state structure analysis:
The measurement of the crystal structures weréedaout by Dr. Yu Sun (see index) on a
» Stoe-IPDS X-ray diffractometer and an
» Oxford Diffraction Gemini S Ultra
Gaschromatography/massspectrometry:
GC/MS measurements were done on a Varian 3900 gesatograph in combination with a
Varian GC/MS Saturn 2100T massspectrometer.

MS spectra were obtained from a
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« ESI: Bruker Esquire 3000plus: a3@0* molar solution of the sample in acetonitrile was
used. The measurements were done by Dipl.-Chemiafralbenges from Niedner-
Schatteburg’s group.

IR-Spectroscopy data were measured as KBr pellighsav

» Jasco FT-IR 6100 spectrometer

Drying of the solvents:

For THF, toluene, diethylether, pentane and dicrt@thane a Mbraun MB-SPS solventdrier

was used. All the other solvents were dried acogrth general method&®

5.3 Ligand Synthesis
5.3.1. Synthesis of theNNN Ligands
5.3.1.1. Synthesis of Ligands with a Bispyrazolylpyridine &done
1
X2
3
4 6

7
EAN

9

)

74 N
N-N N

2,6-Di(1-allyl-1H-pyrazol-3-yl)pyridine (5). 0.16 g of LiH (20 mmol) were added to a

5
N
~N

A

solution of 2.1 g of 2,6-dif-pyrazol-3-yl)pyridine (10 mmol) in 75 mL of dry TH After the
evolution of dihydrogen ceased, 1.2 g of allyliainide (20 mmol) were added and the reaction
mixture and was stirred for 12 h. After evaporatihg solvent under vacuum, the product was
extracted with chloroform and the organic phase fNesed over sodium sulfate. Removing
the solvent under reduced pressure gave the degsioelict. Yield: 1.9 g (65%, pale yellow
solid). Anal. calcd for &H;7Ns: C, 70.08; H, 5.88; N, 24.04. Found: C, 70.82;5%4; N,
23.44.*H NMR (400.1 MHz, CDGJ, 20 °C):$ 8.22 (s, 2H, H2), 7.86 (s br., 1H, H1), 7.75 (d,

Jun = 2.35 Hz, 2H, H5), 7.55 (dyy = 2.35 Hz, 2H, H6), 6.08-5.98 (m, 2H, H8), 5.32&(m,
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4H, H9), 4.85 (dJun = 5.87 Hz, 4H, H7)**C{*H} NMR (100.6 MHz, CDC}, 20 °C):8 147.9
(s, C3), 144. 8 (s, C4), 143.3 (s, C1), 132.0 &), €31.7 (s, C6), 121.4 (s, C2), 119.7 (s, C9),

108. 9 (s, C5), 55.4 (s, C7).

2,6-Di(1-allyl-5-butyl-1H-pyrazol-3-yl)pyridine (6a). The same procedure as for 2,6-di(1-
allyl-1H-pyrazol-3-yl)pyridine was applied, just 2,6-bidf6tyl-1H-pyrazol-3-yl)pyridine was
used instead of 2,6-dikkpyrazol-3-yl)pyridine. Yield: 2.8 g (70%, pale i@k solid). Anal.
calcd for GsHsaNs: C, 74.40; H, 8.24; N, 17.35. Found: C, 74.298t25; N, 17.40'H NMR
(400.1 MHz, CDCJ, 20 °C):8 7.79 (d,Jun = 7.83 Hz, 2H, H2), 7.59 (f4n = 7.82 Hz, 1H,
H1), 6.76 (s, 2H, H5), 5.95-5.82 (m, 2H, H8), 5(@5J.n = 10.17 Hz, 2H, H9a), 4.88 (G

= 17.22 Hz, 2H, H9b), 4.62 (s br., 4H, H7), 2.46); = 7.83 Hz, 4H, ), 1.61-1.54 (m, 4H,
Hpy), 1.35-1.26 (m, 4H, K), 0.84 (t,Jun = 7.43 Hz, 6H, K,). *C{*H} NMR (100.6 MHz,
CDCl;, 20 °C):5 151.8 (s, C3), 150.7 (s, C4), 144.4 (s, C1), 186,.%6), 133.1 (s, C8), 117.9
(s, C2), 116.5 (s, C9), 103.1 (s, C5), 51.6 (s, B0)2 (s, Gu), 24.9 (S, &), 22.1 (s, Gu), 13.6

(S! Q)U)

2,6-Di(1-allyl-5-octyl-1H-pyrazol-3-yl)pyridine (6b). The same procedure as for 2,6-di(5-

butyl-1H-pyrazol-3-yl)pyridine was applied. Yield: 2.0 g9, pale brown solid). Anal. calcd
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for CaaHaoNs + 0.5CHCly: C, 72.08; H, 9.03; N, 12.55. Found: C, 72.118t92; N, 11.93H
NMR (400.1 MHz, CDGJ, 20 °C):8 7.83 (d,Jun = 7.83 Hz, 2H, H2), 7.65 (fun = 7.63 Hz,
1H, H1), 6.81 (s, 2H, H5), 5.99-5.92 (m, 2H, H8Y5(d,Juy = 10.18 Hz, 2H, H9a), 4.98 (d,
Jun = 17.16 Hz, 2H, H9b), 4.72 (A = 5.09, 4H, H7), 2.57 (O = 7.63 Hz, 4H, k),
1.71-1.61 (m, 4H, bky), 1.36-1.25 (m, 20H, k), 0.86 (t,Jun = 6.04 Hz, 6H, k).
*C{*H} NMR (100.6 MHz, CDC}, 20 °C):5 152.2 (s, C3), 151.1 (s, C4), 144.6 (s, C1), 136.6
(s, C6), 133.5 (s, C8), 118.2 (s, C2), 116.8 (9, ©93.5 (s, C5), 51.9 (s, C7), 31.8 ($exfd.

29.3 (s, Gety), 29.1 (S, Getyl), 28.6 (S, Geryl), 25.6 (S, Gety), 22.6 (S, Getyl) » 14.0 (S, Geyy)-

2,6-Di(1-allyl-54tbutyl-1H-pyrazol-3-yl)pyridine (6¢). The same procedure as for 2,6-di(1-
allyl-1H-pyrazol-3-yl)pyridine was applied, just 2,6-bistiryl-1H-pyrazol-3-yl)pyridine was
used instead of 2,6-dikkpyrazol-3-yl)pyridine. Yield: 3.2 g (81%, pale i@k solid). Anal.
calcd for GsHssNs + 0.33CHCI,: C, 70.45; H, 7.86; N, 16.22. Found: C, 69.36;8:02; N,
16.42.*H NMR (200.1 MHz, CDGJ, 20 °C):5 7.85 (d,Jun = 7.7 Hz, 2H, H2), 7.71-7.62 (m,
1H, H1), 6.81 (s, 2H, H5), 6.00-5.90 (m, 2H, H8X1.%(d,Juy = 10.8 Hz, 2H, H9a), 5.01 (d,
Jun = 17.6 Hz, 2H, H9b), 4.91 (dun = 4.8 Hz, 4H, H7), 1.40 (s, 18H). *C{*H} NMR
(50.3 MHz, CDC4, 20 °C):6 152.8 (s, C3), 152.2 (s, C4), 150.5 (s, C1), 136,L6), 134.7

(s, C8), 118.5 (s, C2), 116.9 (s, C9), 102.6 (9, 63.7 (s, C7), 31.5 (5.4, 30.3 (S, Gv)-
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2,6-Bis(1-allyl-5,6,7,8-tetrahydro-4H-cycloheptapyazol-3-yl)pyridine (6d). The same
procedure as for 2,6-di(5-butyHtpyrazol-3-yl)pyridine was applied. Yield: 3.7 g8®, pale
brown solid). Anal. calcd for £H33Ns + 0.25CHCI,: C, 72.92; H, 7.52; N, 15.60. Found: C,
73.01; H, 7.76; N, 15.14H NMR (400.1 MHz, CD{d, 20 °C):6 7.74 (d,dun = 7.62 Hz, 2H,
H2), 7.68-7.64 (m, 1H, H1), 5.99-5.90 (M, 2H, HB)15 (d,Jun = 10.49 Hz, 2H, H9a), 5.00
(d, Jun = 17.16 Hz, 2H, HOb), 4.72 (duy = 5.09, 4H, H7), 3.17 (tJuy = 5.4 Hz, 4H,
Heyclonepty), 2.68 (t,Jnn = 5.4 Hz, 4H, Kyciohepty) 1.83-1.80 (M, 4H, Heciohepty), 1.68-1.67 (m,
8H, Heyclohepty)- “C{'"H} NMR (100.6MHz, CDC}, 20 °C):5 153.5 (s, C3), 147.5 (s, C4),
143.6 (s, C1), 136.4 (s, C6), 133.8 (s, C8), 126,T5), 119.8 (s, C2), 116.6 (s, C9), 52.2 (s,

C7), 32.0 (S, Gclohepty)s 28.6 (S, Gycionepty)s 26.8 (S, Gycionepty)s 26.4 (S, Gyciohepty), 24.7 (S,

Ccyclohepty) .
1
X 2
| s s
7 N Al AN
N~ N-N

2,6-Di(1-allyl-5-propyl-1H-pyrazol-3-yl)pyridine (6e). The same procedure as for 2,6-di(5-
butyl-1H-pyrazol-3-yl)pyridine was applied. Yield: 3.3 9@, pale yellow solid). Anal. calcd
for CasHooNs: C, 73.57; H, 7.78; N, 18.65. Found: C, 73.298H0; N, 18.40'H NMR (400.1
MHz, CDCh, 20 °C):$ 7.83 (d,Jun = 7.71 Hz, 2H, H2), 7.68 (8 = 7.7 Hz, 1H, H1), 6.81

(s, 2H, H5), 6.01-5.91 (m, 2H, H8), 5.16 (i = 10.27 Hz, 2H, H9a), 4.98 (dy = 16.88
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Hz, 2H, H9b), 4.73 (#H, H7), 2.56 (tJuy = 7.33 Hz, 4H, Blopy), 1.74-1.69 (M, 4H, Kopy),
0.99 (t,Ju = 7.34 Hz, 6H, Bopy). *C{*H} NMR (100.6 MHz, CDC}, 20 °C):8 152.2 (s,
C3), 151.2 (s, C4), 143.4 (s, C1), 136.7 (s, CBB.3 (s, C8), 118.2 (s, C2), 116.8 (s, C9),

103.6 (s, C5), 52.0 (S, C7), 27.6 ($16e): 21.9 (S, Gropy)s 13.9 (S, Gropy)-

5.3.1.2 Synthesis of Ligands with a Bispyrimidylpyridine Backbone

General methode for the synthesis of 2,6-bis(2-anord-alkyl-6-
pyrimidyl)pyridines . 10 mmol of precusa, 10 mmol of guanidinium carbonate and X g of
silica (X= [mass of the precours@in grams + mass of the guanidinium carbonate amgi *
2) were ground together and the mixture was pahimven at 200° C for 4 h. After cooling to

room teperature, the product was washed from tloa svith ethanol using a soxhlet extractor.

1
| X2
3,9
N N ‘} X8
N ~N N ~N
e Y7
NH, NH,

2,6-Bis(2-amino-4nbutyl-6-pyrimidyl)pyridine (8a) . Since the product was not pure no
yield and elemental analysis is reportdl NMR (400.1 MHz, CDGJ, 20 °C):5 8.36 (d,Jun =
7.83 Hz, 2H, H2), 7.92 (fl4y = 7.82 Hz, 1H, H1), 7.60 (s, 2H, H5), 5.63 (s BH, NH,), 2.70

(t, Jun = 7.82 Hz, 4H, Iuy), 1.79-1.71 (M, 4H, Khy), 1.48-1.39 (M, 4H, Gy, 0.96 (t,du =
7.44 Hz, 6H, Huy). *C NMR (100.6 MHz, CDG, 20 °C):8 173.6 (s, C6), 163.8 (s, C4),
163.4 (s, C7), 154.5 (s, C3), 137.9 (s, C1), 122.&2), 107.1 (s, C5), 38.0 (Sus), 31.1 (s,

Cbuty|), 22.7 (S, Guty|), 14.0 (S, Gutyo.
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2,6-Bis(2-amino-4noctyl-6-pyrimidyl)pyridine (8b). Since the product was not pure no yield
and elemental analysis is reportéid.NMR (400.1 MHz, CDGJ, 20 °C):5 8.42 (d,Jun = 7.83
Hz, 2H, H2), 7.94 (tJun = 7.43 Hz, 1H, H1), 7.67 (s, 2H, H5), 5.12 (s4, NH,), 2.74 (t,
Jun = 7.83 Hz, 4H, Buy), 1.79-1.74 (M, 4H, Ky, 1.42-1.27 (m, 26H, &y). The sample was

very impure and®C NMR could not be interpreted.

| X 2
3,95
NN
NN NN
T 7
NH, NH,

2,6-bis(2-amino-4tbutyl-6-pyrimidyl)pyridine (8c). Since the product was not pure no yield
and elemental analysis is reportéid.NMR (400.1 MHz, CDGJ, 20 °C):5 8.40 (d,Jun = 7.83
Hz, 2H, H2), 7.96-7.91 (m, 3H, H1 & H5), 5.12 (s,btH, NH), 1.39 (5,18H, Hpuy). °C
NMR (100.6 MHz, CDd, 20 °C):5 180.5 (s, C6), 163.9 (s, C4), 163.2 (s, C7), 1%4,.%3),

138.0 (s, C1), 122.5 (s, C2), 103.8 (s, C5), 33, &lputy)), 29.5 (S, Gouty)-

1

X 2

|/3 56
|\ N |\

NN N._-N
Y b
NH, NH,

2,6-Bis(2-amino-4-isopropyl-6-pyrimidyl)pyridine (8d). Since the product was not pure no
yield and elemental analysis is reportdl NMR (400.1 MHz, CDGJ, 20 °C):5 8.41 (d,Jun =
7.83 Hz, 2H, H2), 7.94 (. = 7.82 Hz, 1H, H1), 7.71 (s br., 2H, H5), 5.1%(s 4H, NH),
3.00-2.93 (M, 2H, Hopy), 1.36 (d,Jun = 7.04 Hz, 12H, Kopy). °C NMR (100.6 MHz, CDGJ
20 °C):5 178.4 (s, C6), 164.0 (s, C4), 163.4 (s, C7), 1%&,.%£3), 138.0 (s, C1), 122.8 (s, C2),

105.1 (s, C5), 36.3 (S,pfany): 21.8 (S, Gropy)-
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2,6-Bis(2-amino-4npropyl-6-pyrimidyl)pyridine (8e) Since the product was not pure no
yield and elemental analysis is reportdd NMR (400.1 MHz, CDGJ, 20 °C):8 8.42 (d,Jun =
7.83 Hz, 2H, H2), 7.94 (fun = 7.82 Hz, 1H, H1), 7.66 (s br., 2H, H5), 5.14(s 4H, NH),
2.71 (t,dun = 7.44 Hz, 4H, Bopy), 1.83-1.79 (M, 4H, Kopy), 1.04 (t,Juy = 7.04 Hz, 6H,
Horopy). ~°C NMR (100.6 MHz, CDGJ, 20 °C):5 173.4 (s, C6), 163.8 (s, C4), 163.4 (s, C7),
154.5 (s, C3), 138.0 (s, C1), 122.9 (s, C2), 103,&5), 40.3 (S, fopy) 22.3 (S, Gropy), 14.1

(S, Goropy)-

1

| X2
|\ N/SA}S\G
NN NN
T 7
NH, NH,

2,6-Bis(2-amino-4-ethyl-6-pyrimidyl)pyridine (8f). Since the product was not pure no yield
and elemental analysis is reportdd.NMR (400.1 MHz, CDGJ, 20 °C):8 8.43 (d,Jun = 7.83
Hz, 2H, H2), 7.95 (tJun = 7.83 Hz, 1H, H1), 7.70 (s br., 2H, H5), 5.1(s 4H, NH), 2.79

(@, 4H, Hiny), 1.36 (t,Jun = 7.43 Hz, 6H, fny). *°C NMR (100.6 MHz, CDG 20 °C):5
174.6 (s, C6), 163.9 (s, C4), 163.3 (s, C7), 154,%3), 138.0 (s, C1), 122.9 (s, C2), 106.6 (s,
C5), 31.4 (s, Gny), 13.1 (S, Giny).

5.3.2 Synthesis ofNN Ligands

= — . _R —
N ~ N N
0 o) O O
(12) (13) (14)
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Synthesis of precursors 12-14Precursor12,*®* 13'%%" and 14°'¢ % were synthesized

according to procedures published in the literature

4-(Pyridin-2-yl)pyrimidin-2-amine (17a). Method 1. Under an atmosphere of nitrogen
atmosphere 1.0 g of Na (43.5 mmol) was added tutien of 1.8 g of guanidinium carbonate
(18.3 mmol) in dry EtOH (20 ml). When the reactmfrNa and EtOH was completed, 3.0 g of
precursorl2 (17 mmol) were added and the solution was refluee®4 h. After evaporating
the solvent, the residue was washed several tinibsiee-cooled water and the product was
recrystalized from CRKCI/ELO. Yield: 2.3 g (80%, pale brown solid). Anal. Galdor
CoHgNa: C, 62.78; H, 4.68; N, 32.54. Found: C, 62.48:468; N, 31.87'H NMR (400.1
MHz, DMSO-dg, 20 °C):6 8.68 (d,Jun = 4.3 Hz, 1H, H1), 8.41 (dyn = 4.7 Hz, 1H, H8), 8.32
(d, Jun = 8.22 Hz, 1H, H4), 7.95-7.91 (m, 1H, H3), 7.485(m, 2H, H2 & HT7), 6.79 (s br.,
2H, NH,). **C NMR (100.6 MHz, DMSQds, 20 °C):$ 163.8 (s, C9), 162.9 (s, C6), 159.5 (s,

C8), 154.0 (s, C5), 149.4 (s, C1), 137.2 (s, C25.3 (s, C2), 120.7 (s, C4), 106.0 (s, C7).

4-Phenyl-6-(pyridin-2-yl)pyrimidin-2-amine (17b). Method 2.1.67 g of precursoi3b (8
mmol) were added to a solution of 2.35 g of guamidn carbonate (24 mmol) in EtOH (25
ml). The solution was refluxed for 24 h. The solveras evaporated and the residue was
dissolved in CHCIl,. The organic phase was washed three times witlervaatd dried over

MgSQ.. Yellow crystals were obtained after one day fréi,Cl.,/Hexane in the refrigerator.
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Yield: 1.8 g (92%, pale yellow solid). Anal. caléat C;5H1oN4: C, 72.56; H, 4.87; N, 22.57.
Found: C, 71.48; H, 4.91; N, 22.5H NMR (400.1 MHz, DMSQdg, 20 °C):6 8.75 (d,Jun =
4.3 Hz, 1H, H1), 8.39 (dlsn = 7.83 Hz, 1H, H4), 8.16-8.13 (m, 2H; H11), 8.86 {H, H7),
7.98-7.93 (m, 1H, H3), 7.6-7.4 (m, 3H, H2, H12 &3)16.92 (s br., 2H, Np. °C NMR
(100.6 MHz, DMSOdg, 20 °C):$ 165.2 (s, C6), 164.1 (s, C8), 164.1 (s, C9), 15¢,ZL5),
149.4 (s, C1), 137.3 (s, C10), 137.2 (s, C3), 136,513), 128.7 (s, C12), 126.8 (s, C11),

125.4 (s, C2), 121.0 (s, C4), 101.8 (s, C7).

4-(Naphthalen-1-yl)-6-(pyridin-2-yl)pyrimidin-2-amine (17c). The synthesis ofL7c was
carried out as described fa7b, but using 2.07 g of precursd@3c (8 mmol) and it was
crystalized from hexane. Yield: 2.1 g (88%, palekpsolid). Anal. calcd for ¢EH14N4 + 0.5
Et,O: C, 75.15; H, 5.67; N, 16.7. Found: C, 75.655H,9; N, 17.83'H NMR (400.1 MHz,
DMSO-ds, 20 °C):5 8.70 (d,Juy = 3.92 Hz, 1H, H1), 8.42 (dyy = 7.83 Hz, 1H, H4), 8.26-
8.23 (m, 2H, H11), 8.05-7.99 (M, 3H, 3H naphtny), 7.74 (S, 1H, H7), 7.73-7.51 (m, 5H, H2
& Hnaphthy), 6.97 (s br., 2H, NBJ. *°C NMR (100.6 MHz, DMSQdg, 20 °C):5 168.0 (s, C8),
163.9 (s, C6), 163.5 (s, C9), 154.1 (s, C5), 149,5C1), 137.3 (s, C3), 136.9 (Snabhtny),
133.4 (S, Gaphiny)» 130.1 (S, Gaphiny)» 129.5 (S, Gaphiny)» 128.7 (5, C2), 128.4 (Snhtny), 127.0
(S, Giaphthy), 126.6 (S, Gaphthy), 126.1 (s, C4), 125.4 (S,nfehthy), 125.4 (S, Gaphthy), 125.3 (s,

Cnaphthy)-
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4-(4-Methoxyphenyl)-6-(pyridin-2-yl)pyrimidin-2-amine (17d) The synthesis ol7d was
carried out as described fd7b, but using 1.91 g of precurstBd (8 mmol) and the product
was crystalized in EtOH. Yield: 1.5 g (66%, yellaalid). Anal. calcd for GH1sN4O: C,
69.05; H, 5.07; N, 20.13. Found: C, 68.72; H, 5M819.91."H NMR (400.1 MHz, DMSO-
ds, 20 °C):5 8.74 (d,Jun = 4.7 Hz, 1H, H1), 8.36 (dluy = 7.82 Hz, 1H, H4), 8.13 (dpy =

8.6 Hz, 2H, H11), 8.01-7.95 (m, 2H, H7 & H3), 7.3%1 (m, 1H, H2), 7.08 (dy = 8.6 Hz,
2H, H12), 6.77 (s br., 2H, NB| 3.82 (s, 3H, H14)**C NMR (100.6 MHz, DMSQds, 20 °C):

8 165.2 (s, C6), 164.4 (s, C9), 164.2 (s, C8), 164, &13), 154.7 (s, C5), 149.8 (s, C1), 137.8
(s, C3), 130.0 (s, C10), 128.8 (s, C12), 125.8@), 121.3 (s, C4), 114.6 (s, C11), 101.3 (s,
C7), 55.8 (s, C14).

1>Ns gD 12

N N
of

NH,

Synthesis of 4-(4-Butoxyphenyl)-6-(pyridin-2-yl)pymidin-2-amine (17e) The synthesis of
17ewas carried out as described fiatd, but 2.25 g of precursdr3e(8.0 mmol) were applied.
Yield: 1.8 g (70%, yellow solid). Anal. calcd forigH,0N4O: C, 71.23; H, 6.29; N, 17.49.
Found: C, 69.69; H, 6.33; N, 17.1'H NMR (400.1 MHz, DMSQdg, 20 °C):6 8.74 (d,Jun =
4.3 Hz, 1H, H1), 8.36 (dlsy = 7.82 Hz, 1H, H4), 8.10 (dyy = 8.6 Hz, 2H, H11), 8.01-7.95
(m, 2H, H7 & H3), 7.54-7.51 (m, 1H, H2), 7.05 @y = 9 Hz, 2H, H12), 6.76 (s br., 2H,
NH,), 4.01 (t,Jun = 6.65 Hz, 2H, H14), 1.71-1.68 (m, 2H, H15), 1480 (m, 2H, H16), 0.91
(t, Jun = 7.43, 3H, H17)*C NMR (100.6 MHz, DMSQds, 20 °C):8 164.7 (s, C6), 164.0 (s,
C9), 163.7 (s, C8), 160.8 (s, C13), 154.3 (s, @BY.4 (s, C1), 137.3 (s, C3), 129.3 (s, C10),
128.3 (s, C12), 125.3 (s, C2), 120.9 (s, C4), 1{4.£11), 100.8 (s, C7), 67.3 (s, C14), 30.7

(s, C15), 18.7 (s, C16), 13.7 (s, C17).
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4-tert-Butyl-6-(pyridin-2-yl)pyrimidin-2-amine (17f). Method 3. A solution of 0.8 g of
guanidinium carbonate (8.0 mmol) and 0.2 g of N& (@mol) in dry EtOH (25 ml) was
refluxed for 1 h under an atmosphere of nitroge64 Iy of precusoi4 (8 mmol) were added
to the solution and it was refluxed for anothert24After evaporating the solvent, the residue
was washed with cold water and the product wastaliyed from EtOH. Yield: 0.5 g (30%,
pale yellow crystal). Anal. calcd fori€H:6N4: C, 68.39; H, 7.06; N, 24.54. Found: C, 68.18;
H, 6.97; N, 24.13'"H NMR (400.1 MHz, DMSOdg, 20 °C):8 8.70 (d,Jun = 3.92 Hz, 1H, H1),
8.30 (d,Jun = 8.22 Hz, 1H, H4), 7.96-7.92 (m, 1H, H3), 7.56 X8, H7), 7.50-7.47 (m, 1H,
H2), 6.60 (s br., 2H, NB, 1.27 (s, 9H, H11)**C NMR (100.6 MHz, DMSGQds, 20 °C): &
179.2 (s, C8), 163.5 (s, C6), 163.2 (s, C9), 1%4.4£5), 149.3 (s, C1), 137.2 (s, C3), 125.1 (s,

C2), 120.8 (s, C4), 101.0 (s, C7), 37.1 (s, C18)22s, C11).
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4-(Pyridin-2-yl)-2-(pyrrolidin-1-yl)pyrimidine (17g ). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 3.284%, pale yellow solid). Anal. calcd for
CisHuNg: C, 69.00; H, 6.24; N, 24.76. Found: C, 69.35:6:25; N, 24.30H NMR (400.1

MHz, DMSO-ds, 20 °C):6 8.67 (d,Jun = 4.31 Hz, 1H, H1), 8.44 (dyn = 5.09 Hz,1H, H8),

8.36 (d,Jun = 7.83 Hz, 1H, H4), 7.94-7.90 (m, 1H, H3), 7.485 (m, 2H, H2 & H7), 3.51 (s

br., 4H, H10 & H13), 1.91-1.87 (m, 4H, H11 & H12§C NMR (100.6 MHz, DMSGds, 20
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°C): § 162.3 (s, C6), 160.0 (s, C9), 159.0 (s, C8), 1%¢,ZL5), 149.3 (s, C1), 137.1 (s, C3),

125.3 (s, C2), 120.8 (s, C4), 104.6 (s, C7), 44,Z(0 & C13), 25.0 (s, C11 & C12).

4-tert-Butyl- N,N-dimethyl-6-(pyridin-2-yl)pyrimidi-2-amine (17h). Method 3 was applied,
using the corresponding guanidinium derivative.l¥i®.7 g (35%, pale yellow solid). Anal.
calcd for GsHaoN4: C, 70.28; H, 7.86; N, 21.86. Found: C, 69.947t69; N, 21.94'H NMR
(400.1 MHz, DMSOdg, 20 °C):6 8.70 (d,Jun = 3.91 Hz, 1H, H1), 8.40 (dun = 7.82 Hz 1H,
H4), 7.97-7.93 (m, 1H, H3), 7.55 (s, 1H, H7), 7589 (m, 1H, H2), 3.21 (s, 6H, H12), 1.30
(s, 9H, H11)¥*C NMR (100.6 MHz, DMSQds, 20 °C):$ 178.7 (s, C8), 162.7 (s, C6), 161.7
(s, C9), 154.5 (s, C1), 149.2 (s, C5), 137.3 (3, €25.2 (s, C2), 121.0 (s, C4), 99.8 (s, C7),
37.4 (s, C10), 36.5 (s, C12), 29.2 (s, C11).
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4-(4-Methoxyphenyl)-6-(pyridin-2-yl)-2-(pyrrolidin- 1-yl)pyrimidine (17i). Method 2 was
applied, using the corresponding guanidinium déirea Yield: 2.3 g (88%, pale yellow solid).
Anal. calcd for GoH2N4O: C, 72.27; H, 6.06; N, 16.86. Found: C, 71.81613; N, 16.67"H
NMR (400.1 MHz, DMSOdg, 20 °C):5 8.74 (d,Jun = 4.69 Hz, 1H, H1), 8.45 (dyy = 7.82

Hz, 1H, H4), 8.18 (dJun = 8.61 Hz, 2H, H11), 8.01-7.97 (m, 1H, H3 & H7)55-7.52 (m,

1H, H2), 7.09 (dJun = 8.61 Hz, 2H, H12), 3.84 (s, 3H, H14), 3.67 (s BH, H15 & H18),
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1.99 (s br., 4H, H16 & H17}3C NMR (100.6 MHz, DMSQds, 20 °C):8 164.1 (s, C6), 163.2
(s, C8), 161.4 (s, C13), 160.4 (s, C9), 154.4 G), @49.3 (s, C1), 137.3 (s, C3), 129.7 (s,
C10), 128.4 (s, C12), 125.4 (s, C2), 121.0 (s, C@4.1 (s, C11), 99.5 (s, C7), 55.3 (s, C14),

46.4 (s, H15 & H18), 25.1 (s, CE6C17).

N
~N10

N,N-Dimethyl-4-(pyridine-2-yl)pyrimidine (17j). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 2.985%, pale yellow solid). Anal. calcd for
CuH12N4: C, 65.98; H, 6.04; N, 27.98. Found: C, 66.19;6H,0; N, 26.68'H NMR (400.1
MHz, DMSO-ds, 20 °C):5 8.67 (d,Jun = 4.7 Hz, 1H, H1), 8.47 (s = 5.09 Hz, 1H, H8),
8.38 (d,Jun = 8.22 Hz, 1H, H4), 7.95-7.92 (m, 1H, H3), 7.55 @#n, 2H, H2 & H7), 3.17 (s
br., 6H, H10)*C NMR (100.6 MHz, DMSGdg, 20 °C):5 162.3 (s, C6), 161.9 (s, C9), 159.0
(s, C8), 154.1 (s, C5), 149.3 (s, C1), 137.2 (3, €35.4 (s, C2), 120.8 (s, C4), 104.7 (s, C7),

36.5 (s, C10).

4-(2-Pyridinyl)-2-(1-piperidinyl)-pyrimidin  (17k). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 1.3 (§5%, brown oil). Anal. calcd for
CuHi16Ns: C, 69.97; H, 6.71; N, 23.32. Found: C, 69.32;7H,8; N, 23.24'H NMR (400.1
MHz, DMSO dg, 20 °C):5 8.65 (d,Jun = 3.92 Hz, 1H, H1), 8.44 (dy = 5.08 Hz, 1H, H8),

8.31 (d,Jun = 7.84 Hz, 1H, H4), 7.87 (Gun = 7.72 Hz, 1H, H3), 7.46 (dJyn = 5.08 Hz, 1H,
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H7), 7.42 (tJuw = 5.88 Hz, 1H, H2), 3.37 (G = 5.10 Hz, 4H, Bperdiny), 1.51-1.53 (m, 2H,
Hpiperdiny), 1.46-1.47 (M, 4H, Fherdiny)- ~"C NMR (100.6 MHz, DMSQds, 20 °C):8 162.5 (s,
C9), 161.2 (s, C8), 158.9 (s, C6), 154.1 (s, CBR.4 (s, C1), 136.9 (s, C3), 125.1 (s, C2),

N N
of

HN-

N-1-Propyl-4-(2-pyridinyl)pyrimidin-2-amin (171). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 1.258%, light pink solid). Anal. calcd for
CiH1N4: C, 67.27; H, 6.59; N, 26.15. Found: C, 67.75;6H83; N, 25.41'H NMR (400.1
MHz, DMSO dg, 20 °C):5 8.67 (d,Jun = 3.88 Hz, 1H, H1), 8.40 (dy = 3.92 Hz, 1H, H8),
8.33 (d,Jun = 5.88 Hz, 1H, H4), 7.95 (4 = 7.62 Hz, 1H, H3), 7.49 (f4y = 6.06 Hz, 1H,
H2), 7.43 (dJun = 4.68 Hz, 1H, H7), 7.24 (s, 1H, NH), 3.31 (s, Hopy), 1.54-1.59 (MJu

= 6.67 Hz, 2H, Bopy), 0.89 (t,Jun = 7.44 Hz, 3H, opy). °C NMR (100.6 MHz, DMSQds,

20 °C):8 162.6 (s, C9), 159.4 (s, C6, C8), 154.2 (s, CB.3 (s, C1), 137.4 (s, C3), 125.5 (s,

C2), 120.9 (s, C4), 105.5 (s, C7), 42.7 (S0, 22.3 (S, Gropy)s 11.6 (S, Gropy)-

2| X4
7
6
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N-1-Butyl-4-(2-pyridinyl)pyrimidin-2-amin  (17m). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 1.@4%%, light brown solid). Anal. calcd for
CisHieN4: C, 68.39; H, 7.06; N, 24.54. Found: C, 68.92:6:53; N, 24.54H NMR (400.1
MHz, DMSOds, 20 °C):6 8.69 (d,Jun = 4.5 Hz 1H, H1), 8.41 (dyn = 3.92 Hz, 1H, H8), 8.34

(s br., 1H, H4), 7.97 (Qun = 7.82 Hz, 1H, H3), 7.50 (@un = 5.86 Hz, 1H, H2), 7.44 (dun =
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4.88 Hz, 1H, H7), 7.25 (s, 1H, NH), 3.35-3.30 (rhl, Hpuy), 1.54-1.57 (M, 2H, ), 1.33-
1.38 (M, 2H, Huy), 0.90 (tdun = 7.24 Hz, 3H, k). **C NMR (100.6 MHz, DMSQs, 20
°C): 5 162.5 (s, C9), 159.3 (s, C6, C8), 154.1 (s, CBR.4 (s, C1), 137.3 (s, C3), 125.3 (s,

C2), 120.7 (s, C4), 105.3 (s, C7), 40.4 (5, 31.1 (S, Guy), 19.7 (S, Gury), 13.8 (S, Guyy)-

3
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N-1-Octyl-4-(2-pyridinyl)pyrimidin-2-amin  (17n). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 1.954%, light brown soild). Anal. calcd for
CiHoaNg: C, 71.79; H, 8.51; N, 19.70. Found: C, 71.14:8:86; N, 19.20'H NMR (400.1
MHz, DMSO ds, 20 °C):§ 8.66 (d,Juy = 3.92 Hz, 1H, H1), 8.40 (duy = 4.72 Hz, 1H, H8),
8.34 (d,Jun = 4.00 Hz, 1H, H4), 7.90 (tlyn = 7.82 Hz, 1H, H3), 7.46 (tun = 4.90 Hz, 1H,
H2), 7.44 (d,Jun = 4.68 Hz, 1H, H7), 7.23 (s, 1H, NH), 1.54 it = 6.00 Hz, 2H, k),
1.14-1.27 (m, 12H, k), 0.75 (t,dun = 6.06 Hz, 3H, kky). °C NMR (100.6 MHz, DMSO
ds, 20 °C):5 162.5 (s, C9), 159.1 (s, C6, C8), 154.2 (s, C8).3 (s, C1), 137.0 (s, C3), 125.2
(s, C2), 120.6 (s, C4), 105.3 (s, C7), 40.7 (84 31.3 (S, Gety)s 29.0 (S, Gey), 28.9 (s,

Cocty)), 28.8 (S, Getyl), 26.6 (S, Gety), 22.1 (S, Gety), 13.8 (S, Gety)-

N-(S)-(+)-1-Phenylethyl-4-(2-pyridinyl)pyrimidin-2-amin  (170). Method 1 was applied,

using the corresponding guanidinium derivative.l¥id.3 g (55%, brown oil). Anal. calcd for
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CiHiNs + 0.5 EtOH: C, 72.52; H, 6.58; N, 18.29. Found:73,93; H, 6.52; N, 18.93H
NMR (400.1 MHz, DMSOds, 20 °C):5 8.66 (d,Jun = 3.68 Hz, 1H, H1), 8.42 (dly = 4.92
Hz, 1H, H8), 8.33 (s, 1H, H4), 7.89-7.92 (m, 2H, &NH), 7.48-7.51 (m, 3H, H7, H13), 7.43
(t, Jun = 5.76 Hz, 1H, H2), 7.28 (fn = 7.54 Hz, 2H, H14), 7.15 4y =7.34 Hz, 1H, H15),
5.21-5.27 (m, 1H, H10), 1.51 (G = 7.04 Hz, 3H, H11)**C NMR (100.6 MHz, DMSQCu,

20 °C):5 161.7 (s, C9) 159.3 (s, C6 & C8), 154.1 (s, CBR.3 (s, C1), 146.0 (s, C12), 137.1
(s, C3), 128.1 (s, C14), 126.1 (s, C13), 126.3(5), 125.3 (s, C2), 120.8 (s, C4), 105.8 (s,

C7), 50.2 (s, C10), 23.0 (s, C11).

N-(R)-(+)-1-Phenylethyl-4-(2-pyridinyl)pyrimidin-2-amin  (17p). Method 1 was applied,
using the corresponding guanidinium derivative.|®i€.6 (45% brown oil). Anal. calcd for
Ci7H16N4 + 0.33 EtOH + 0.33 Ci€ly): C, 67.82; H, 6.00; N, 17.26. Found: C, 67.545t84;

N, 17.11.'"H NMR (400.1 MHz, DMSQds, 20 °C):6 8.76 (d,Jun = 3.68 Hz, 1H, H1), 8.48 (d,
Jun = 4.00 Hz, 1H, H8), 8.36 (dnn =4.00 Hz, 1H, H4), 7.89-7.87 (m, 2H, H3 & NH), 7.Gb

Jun = 4.00 Hz, 1H, H7), 7.55 (84n = 8.00 Hz, 2H, H13), 7.43 (@un = 6.00 Hz, 1H, H2), 7.33

(t, Jun = 8.00 Hz, 1H, H15), 7.28 (s br., 2H, H14), 5.326(m, 1H, H10), 1.70 (d4, = 8.00
Hz, 3H, H11).}*C NMR (100.6 MHz, DMSQds, 20 °C):8 160.7 (s, C9) 158.1 (s, C6 & C8),
153.7 (s, C5), 148.2 (s, C1), 143.8 (s, C12), 185.€3), 127.4 (s, C14), 125.9 (s, C15), 125.0

(s, C13), 123.8 (s, C2), 120.4 (s, C4), 106.0 @®, @9.9 (s, C10), 22.0 (s, C11).
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N-Isopropyl-4-(2-pyridinyl)pyrimidin-2-amin (17q). Method 1 was applied, using the
corresponding guanidinium derivative. Yield: 1.048%, colorless crystal). Anal. calcd for
CiHuNg: C, 67.27; H, 6.59; N, 26.15. Found: C, 67.30:6:66; N, 25.94H NMR (600.1
MHz, DMSO dg, 20 °C):5 8.68 (d,Jun = 4.5 Hz, 1H, H1), 8.41 (duy = 4.7 Hz, 1H, H8), 8.34
(d, Jun = 7.0 Hz, 1H, H4), 7.95 (tdn = 7.7, 1.5 Hz, 1H, H3), 7.48 (dd = 7.0, 5.0 Hz, 1H,
H2), 7.44 (dJun = 5.0 Hz, 1H, H7), 7.08 (dn = 6.8 Hz 1H, NH), 4.15 (s br., 1H,idhropy),
1.19 (d,Jnn = 6.65 Hz, 6H, Hopropyt ~-C NMR (151 MHz, DMSQds, 20 °C)8 162.6 (s, C9),
161.8 (s, C8), 159.3 (s, C6), 154.2 (s, C5), 148,£1), 137.2 (s, C3), 125.3 (s, C2), 120.7 (s,
C4), 105.3 (s, C7), 42.1 (Sis&ropy)» 22-3 (S, Gopropy)-
2_3
H,N NH,

4,4'-Bipyrimidine-2,2'-diamine (19). The synthesis 019 was carried out as described for
173 but using precursdr8 and two equivalents of guanidinium carbonate. &i@l0 g (64%).
Anal. calcd for GHgNg+ 0.2 CHCl,: C, 48.00; H, 4.13; N, 40.96. Found: C, 48.024H4; N,
39.53.'H NMR (400.1 MHz, DMSOdg, 70 °C):5 8.42 (d,Jun = 5.0 Hz, 1H, H3), 7.37 (Jan
= 5.0 Hz, 1H, H2), 6.46 (€H, NH,). *C NMR (151 MHz, DMSOdg, 70 °C)5 163.4 (s, C1),
161.8 (s, C4), 159.1 (s, C3), 106.0 (s, C2).
5.3.3 Synthesis ofNNC Ligands

General method for the synthesis of CNN 20a-é&Jnder an atmosphere of nitrogen

0.5 g of Na (22 mmol) were added to a solutionhef proper guanidinium salt (11 mmol) in

dry EtOH (50 ml). When the reaction of Na and Et@&ks completed, 1.80 g of precurd&
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(210 mmol) were added and the solution was refluoed®4 h. After cooling the solution to O
°C the precipitated solid was filtered. The unredcsalt and the excesses of the base were

washed out with water. The product was recrystdlitom ethanol.
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N-Phenyl-4-(pyridine-2-yl)pyrimidin-2-amine (20a). Yield: 1.2 g (50%, pale yellow solid).
Anal. calcd for GsH1oNg: C, 72.56; H, 4.87; N, 22.57. Found: C, 72.355t21; N, 22.47*H
NMR (400.1 MHz, DMSOds, 20 °C):5 9.76 (s br., 1H, NH), 8.75 (dyn = 4.3 Hz, 1H, H1),
8.65 (d,Jun = 5.09 Hz, 1H, H8), 8.41 (dny = 7.83 Hz, 1H, H4), 8.07-8.02 (m, 1H, H3), 7.85
(d, Jun = 7.82 Hz, 2H, H11), 7.73 (dnn = 5.09 Hz, 1H, H7), 7.58-7.55 (m, 1H, H2), 7.33 (t
Jun = 7.82 Hz, 2H, H12), 6.98 (@4 = 7.04 Hz, 1H, H13)"*C NMR (100.6 MHz, DMSGd,

20 °C): 6 162.8 (s, C9), 160.1 (s, C6), 159.5 (s, C8), 1§8,7C5), 149.6 (s, C1), 140.5 (s,

C10), 137.6 (s, C3), 128.6 (s, C12), 125.7 (s, €2L.5 (s, C4), 121.0 (s, C13), 119.0 (s, C11)

108.0 (s, G).
3
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N-(4-Fluorophenyl)-4-(pyridine-2-yl)pyrimidin-2-amin e (20b). Yield: 1.4 g (53%, pale
yellow solid). Anal. calcd for ¢gH1:FN4: C, 67.66; H, 4.16; N, 21.04. Found: C, 67.49; H,

4.28; N, 20.90'H NMR (400.1 MHz, DMSQds, 20 °C):5 9.79 (s br., 1H, NH), 8.74 (dyn =
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4.3 Hz, 1H, H1), 8.63 (dJuy = 4.7 Hz, 1H, H8), 8.39 (dluy = 7.83 Hz, 1H, H4), 8.05-8.00
(m, 1H, H3), 7.85-7.81 (M, 2H, H12), 7.81 {gs = 5.08 Hz, 1H, H7), 7.58-7.55 (m, 1H, H2),
7.17 (t,Jur = 9 Hz, 2H, H11)**C NMR (100.6 MHz, DMSQg, 20 °C):5 162.8 (s, C9), 160.0
(s, C6), 159.5 (s, C8), 158.4 (@ = 237.67 Hz, C13), 153.6 (s, C5), 149.6 (s, CBY.G (s,
C3), 136.9 (dJcr = 2.77 Hz, C10), 125.7 (s, C2), 121.1 (s, C4),.126,Jcr = 7.4 Hz, C11),

115.2 (dJor = 22.19 Hz, C12), 108.0 (s7)C

2074
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N-(4-Chlorophenyl)-4-(pyridine-2-yl)pyrimidin-2-amin e (20c). Yield: 1.3 g (45%, pale
yellow solid). Anal. calcd for H11CINg: C, 63.72; H, 3.92; N, 19.82. Found: C, 63.46; H,
4.10; N, 19.75'"H NMR (400.1 MHz, DMSQds, 20 °C):5 9.92 (s br., 1H, NH), 8.75 (dyn =
3.91 Hz, 1H, H1), 8.66 (i = 4.7 Hz, 1H, H8), 8.40 (dyy = 7.83 Hz, 1H, H4), 8.04 (81
= 7.43 Hz, 1H, H3), 7.89 (dwn = 9 Hz, 2H, H12), 7.75 (dyn = 5.08 Hz, 1H, H7), 7.58-7.55
(m, 1H, H2), 7.39 (dJun = 8.61 Hz, 2H, H11)**C NMR (100.6 MHz, DMSQdg, 20 °C):§
162.9 (s, C9), 159.8 (s, C6), 159.6 (s, C8), 1%8.8°5), 149.6 (s, C1), 139.5 (s, C10), 137.6
(s, C3), 128.4 (s, C11), 125.8 (s, C2), 124.9 (53)C121.1 (s, C4), 120.3 (s, C12) 108.3 (s,

Cy).
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N-(4-Methoxyphenyl)-4-(pyridine-2-yl)pyrimidin-2-amine (20d). Yield: 1.9 g (70%, pale
yellow solid). Anal. calcd for ¢H14N4O: C, 69.05; H, 5.07; N, 20.13. Found: C, 66.36; H,
4.81; N, 19.70'"H NMR (400.1 MHz, DMSQds, 20 °C):5 9.56 (s br., 1H, NH), 8.74 (dyy =
4.31 Hz, 1H, H1), 8.59 (dluy = 4.7 Hz, 1H, H8), 8.38 (dn = 7.82 Hz, 1H, H4), 8.02 (fn

= 7.43 Hz, 1H, H3), 7.73 (dun = 9 Hz, 2H, H12), 7.66 (s = 5.09 Hz, 1H, H7), 7.57-7.54
(m, 1H, H2), 6.94 (dJun = 9 Hz, 2H, H11), 3.74 (s, 3H, H14YC NMR (100.6 MHz, DMSO-
ds, 20 °C):6 162.7 (s, C9), 160.2 (s, C6), 159.5 (s, C8), 1%4,.&5), 153.8 (s, C13), 149.6 (s,
C1), 137.5 (s, C3), 133.6 (s, C10), 125.6 (s, @2}.0 (s, C4), 120.7 (s, C11), 113.8 (s, C12)

107.4 (s, G), 55.2 (s, C14).

N N
119\|¢

12 NH
10

N €13
4-(4-(Pyridin-2-yl)pyrimidin-2-ylamino)benzonitrile (20e).Yield: 1.3 g (47%, pale yellow
solid). Anal. calcd for @Hi1iNs: C, 70.32; H, 4.06; N, 25.63. Found: C, 69.70;4H,4; N,
25.01."H NMR (400.1 MHz, DMSQds, 20 °C):5 10.34 (s br., 1H, NH), 8.77 (A = 4.7 Hz,
1H, H1), 8.74 (dJun = 5.09 Hz, 1H, H8), 8.42 (dyy = 7.83 Hz, 1H, H4), 8.06-8.04 (m, 3H,
H3 & H12), 7.85 (dJun = 4.7 Hz, 1H, H7), 7.79 (duy = 8.6 Hz, 2H, H11), 7.61-7.58 (m, 1H,
H2). *C NMR (100.6 MHz, DMSQdg, 20 °C):$ 163.1 (s, C9), 159.9 (s, C6), 159.5 (s, C8),
153.3 (s, C5), 149.7 (s, C1), 144.9 (s, C10), 185, T3), 133.1 (s, C11), 126.0 (s, C2), 121.2

(s, C4), 119.6 (s, C13), 118.4 (s, C12), 109.£4%,102.5 (s, CN).
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5.3.4 Synthesis of Multidendate Ligands

g
NN 3 | S
NYN N<~N
OsNH HN'_O
e I NCEN
12 10
11

26. Under an atmosphere of nitrogen 331 mg of 2-metheryoic acid (2.18 mmol) were
dissolved in 20 ml of thionylchloride. The solutiaras refluxed for 2.5 h and then the excess
of the thionylchloride was distilled off. The res@lwas dissolved in 20 ml of pyridine and 400
mg of the diamine/ (1.06 mmol) were added to the solution which wésesl over night.
After distillation of the solvent a 10% solution NBHCG; was added to the residue and the
product was extracted with dichloromethane. Theaoig phases were dried over MgSO
After evaporation of the solvent, the product wagstllized in ethanol. Yield: 428.0 mg
(63%, colorless solid). Anal. calcd fors#l3sN;O4: C, 68.82; H, 6.09; N, 15.18. Found: C,
68.74; H, 6.05; N, 15.30H NMR (400.1 MHz, DMSQdg): 6 10.83 (s, 2H, NH), 8.23-8.20
(m, 4H, H2 & H5), 8.13 (t)uy = 7.6 Hz, 1H, H1), 7.66 (dun = 7.4 Hz, 2H, H13), 7.49 (84

= 7.8 Hz, 2H, H11), 7.12-7.09 (m, 4H, H10 & H12)7B(s, 6H, H14), 1.28 (s, 18H, H16jC
NMR (100.6 MHz, DMSOQsdg): & 179.9 (s, C6), 165.7 (s, CO), 162.7 (s, C4), 153,6C7),
156.2 (s, C9), 152.9 (s, C3), 139.0 (s, C1), 188.@11), 129.7 (s, C13), 125.2 (s, C8), 123.0
(s, C2), 120.7 (s, C12), 111.9 (s, C10), 107.0C6), 55.8 (s, C14), 37.4 (s, C15), 28.8 (s,
C16). IR (KBr):% = 3340 cni (s), 3078 (br.), 2959 (s), 2900 (m), 2870 (m), 2&3r.), 1697

(s), 1600 (s), 1577 (s), 1536 (m), 756 (m).
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27.Under an atmosphere of nitrogen to the solutioB0& mg of the diamin& (1.33 mmol) in
20 ml of pyridine 362 mg of ethyl(chlorocarbonyhfieate (2.65 mmol) were added and the
solution was stirred over night at room temperatéifer distillation of the solvent, a 10%
solution of NaHCQ@ was added to the residue and the product was &drawith
dichloromethane. The organic phases were washed times with diluted HCI and then dried
over MgSQ. Evaporating the solvent resulted in desired pcoddield: 630.0 mg (63%,
colorless solid). Anal. calcd for,@H3sN;Og: C, 60.03; H, 6.11; N, 16.97. Found: C, 60.00; H,
6.04; N, 16.36H NMR (400.1 MHz, DMSOdg): 6 11.70 (s, 2H, NH), 8.42 (dy = 7.8 Hz,
2H, H2), 8.35-8.31 (m, 3H, H1 & H5), 4.31 @}y = 7.0 Hz, 4H, H8), 1.37 (s, 18H, H11), 1.20
(t, Jun = 7.0 Hz, 6H, H9)*C NMR (100.6 MHz, DMSQdg): 6 180.6 (s, C6), 163.0 (s, C4),
160.3 (s, CO), 158.3 (s, CO), 156.3 (s, C7), 152.€3), 139.5 (s, C1), 123.3 (s, C2), 108.2 (s,
C5), 61.7 (s, C8), 37.7 (s, C10), 28.7 (s, C11)718, C9). IR (KBr)d = 3427 crit (w), 3388
(W), 2959 (m), 2926 (m), 2870 (w), 1769 (s), 178% (727 (s), 1692 (w), 1604 (s), 1577 (s),

1541 (s), 1523 (s), 1393 (m), 1351 (m), 743 (w).

3
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1 N/ ?\8
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2-Methoxy-N-(4-(pyridin-2-yl)pyrimidin-2-yl)benzamide, 28. Under atmosphere of nitrogen
903 mg of 2-methoxybenzoic acid (5.93 mmol) wergsdived in 20 ml of thionylchloride.
The solution was refluxed for 2.5 h and then theesg of the thionylchloride was distilled off.
The residue was dissolved in 20 ml pyridine and. g®f the monoamin&7a (5.87 mmol)
were added to the solution which was stirred ovughtn After distillation of the solvent the
residue was washed twice with a 10% solution of 8&k] four times with water and then
with hot ethanol. Yield: 1.30 g (72%, colorlessidplAnal. calcd for G/H14N4O,. 0.25H0:

C, 66.13; H, 4.92; N, 17.63; Found: C, 66.04; HB04.N, 17.69."H NMR (400.1 MHz,
DMSO-dg): 6 10.85 (s, 1H, NH), 8.81 (dluy = 5.0 Hz, 1H, H8), 8.73 (dluy = 3.7 Hz, 1H,
H1), 8.02-8.01 (m, 2H, H7 & H15), 7.92 (& = 7.48 Hz, 1H, H3), 7.73 (duy = 7.2 Hz, 1H,
H4), 7.56-7.51 (m, 2H, H2 & H13), 7.15-7.10 (m, 2H12 & H14), 3.80 (s, 3H, H16)C
NMR (100.6 MHz, DMSOQsdg): § 164.8 (s, CO), 162.9 (s, C9), 159.9 (s, C8), 153,7C6),
156.5 (s, C11), 152.9 (s, C5), 149.7 (s, C1), 185.&3), 132.4 (s, C13), 130.0 (s, C15), 126.0
(s, C2), 124.5 (s, C10), 121.4 (s, C4), 120.8 (&4)C112.1 (s, C7), 112.0 (s, C12), 56.0 (s;
C16), IR (KBr):d = 3318 cni (br.), 3191 (br.), 3107 (m), 2965 (m), 2906 (M58 (s), 1586

(s), 1556 (s), 815 (m), 756 (s).

1
16™>g 14

3-Methoxy-N-(4-(pyridin-2-yl)pyrimidin-2-yl)benzamide, 29. Under an atmosphere of
nitrogen 900 mg of 3-methoxybenzoic acid (5.92 nmmwkre dissolved in 20 ml of
thionylchloride. The solution was refluxed for h5nd then the excess of the thionylchloride
was distilled off. The residue was dissolved inn@0of pyridine and 1.02 g of the monoamine
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17a(5.92 mmol) were added to the solution which wiasesl over night. After distillation of
the solvent the residue was dissolved in dichlotbarge and the organic phase was washed
with a saturated solution of NaHG@nd dried over MgS© Evaporating the dichloromethane
resulted in29. Yield: 1.1 g (63%, colorless). Anal. calcd fot/8:4N4O,: C, 66.66; H, 4.61; N,
18.29; Found: C, 66.18; H, 4.86; N, 18.68. NMR (400.1 MHz, DMSOdg): & 11.12 (s br.,
1H, NH), 8.89 (dJun = 5.1 Hz, 1H, H8), 8.77 (dun = 3.9 Hz, 1H, H1), 8.44 (dyy = 7.8 Hz,
1H, H4), 8.09 (dJun = 5.1 Hz, 1H, H7), 8.06-8.01 (m, 1H, H3), 7.6077(B, 3H, H2, H11 &
H15), 7.46 (tJuu = 7.8 Hz, 1H, H12), 7.19 (dd, J = 2.2 , 8.0 Hz, H13), 3.85 (s, 3H, H16).
3C NMR (100.6 MHz, DMSQdg): & 165.4 (s, CO), 163.2 (s, C9), 159.8 (s, C8), 1§9,1
C14), 158.3 (s, C6), 153.1 (s, C5), 149.8 (s, €3Y.6 (s, C3), 135.7 (s, C10), 129.5 (s, C12),
126.1 (s, C2), 121.5 (s, C4), 120.5 (s, C11), 1{8.Z13), 113.0 (s, C15), 112.5 (s, C7), 55.3
(s, C16). IR (KBr):d = 3244 crit (m), 3208 (m), 3179 (m), 3028 (m), 3005 (m), 2969,

2932 (m), 2834 (M), 1699 (s), 1587 (s), 742 (s).

3
2| X 4
5. 7
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N-(4-(Pyridin-2-yl)pyrimidin-2-yl)benzamide, 30. Under an atmosphere of nitrogen 510 mg
of 17a(2.96 mmol) were dissolved in 15 ml of pyridineda408 mg of benzoyl chloride (2.96
mmol) were added to the solution which was stiroe@r night. After destillation of the
solvent, the residue was washed with a 10% solaidéaHCGQ and crystalized from ethanol.
Yield: 279.0 mg (34%, colorless solid). Anal. calimd C;6H1:N4O: C, 69.55; H, 4.38; N,
20.28; Found: C, 68.99; H, 4.34; N, 19.88.NMR (400.1 MHz, DMSOdg): & 11.12 (s, NH),

8.89 (d,Jun = 5.0 Hz, 1H, H8), 8.77 (dhy = 3.8 Hz, 1H, H1), 8.41 (duy = 7.8 Hz, 1H, H4),
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8.15-7.94 (m, 4H, H3, H7, H11 & H15), 7.72-7.45 @], H2, H12, H13 & H14)°C NMR
(100.6 MHz, DMSOdg): § 165.9 (s, CO), 163.2 (s, C9), 159.8 (s, C8), 1%8.46), 153.1 (s,
C5), 149.8 (s, C1), 137.6 (s, C3), 134.4 (s, C18p.0 (s, C13), 128.4 (s, C12 & C14), 128.2
(s, C11 & C15), 126.1 (s, C2), 121.5 (s, C4), 118,47). IR (KBr):0 = 3218 crif (br.), 3170
(m), 3125 (br.), 3082 (br.), 3056 (br.) 2993 (MGIQ (s), 1601 (s), 1546 (s), 1546 (s), 1516 (s),

803 (s) 731 (s), 701 (s).

31 Under an atmosphere of nitrogen 1.80 g of 2-metheryoic acid (11.8 mmol) were
dissolved in 25 ml of thionylchloride. The solutiaas refluxed for 2 h and then the excess of
the thionylchloride was distilled off. The residwas dissolved in 20 ml of pyridine and 1.00 g
of the monoamind.7a (5.81 mmol) were added to the solution which wasesl over night.
After distillation of the solvent the residue waashked twice with a 10% solution of NaH¢ O
four times with water and then with hot ethanoleldi 1.0 g (40%, colorless solid), calcd for
CosH20N4O4: C, 68.17; H, 4.58; N, 12.72; Found: C, 67.8746; N, 12.57'H NMR (400.1
MHz, CDCk): 6 8.80 (d,Jun = 5.1 Hz, 1H, H8), 8.65 (dy = 4.4 Hz, 1H, H1), 8.13 (duy =

5.1 Hz, 1H, H7), 8.09 (dlsy = 8.2 Hz, 1H, H4), 7.75-7.70 (m, 3H, H3 & H15)38-7.29 (m,
3H, H2 & H13), 6.92 (tJun = 7.5 Hz, 2H, H14), 6.76 (duy = 8.2 Hz, 2H, H12), 3.72 (s, 6H,
H16). 3C NMR (100.6 MHz, CDG): 6 170.0 (s, CO), 164.2 (s, C9), 160.0 (s, C6), 1%8,5
C8), 157.4 (s, C11), 153.3 (s, C5), 149.5 (s, €3Y,.1 (s, C3), 133.1 (s, C13), 131.2 (s, C15),
125.7 (s, C2), 124.8 (s, C10), 122.1 (s, C4), 126.%514), 114.6 (s, C7), 111.1 (s, C12), 55.6
(s, C16). IR (KBr)® = 3426 cnit (br.), 3318 (br.), 3088 (br.), 3065 (br.), 3006),(2967 (m),

2942 (m), 2839 (M), 1725 (s), 1668 (s), 1577 (SKIL(s), 1489 (s), 815 (S), 757 (S).
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N? N°-Bis(4-pyridin-2-yl)pyrimidin-2-yl)pyridine-2,6-dic arboxamide 32. Under an
atmosphere of nitrogen 504 mg of pyridine-2,6-dcawylic acid (3.02 mmol) were dissolved
in 20 ml of thionylchloride. The solution was refed for 2 h and then the excess of the
thionylchloride was distilled off. The residue wdissolved in 20 ml of pyridine and 1.00 g of
the monoamind7a(5.81 mmol) were added to the solution which wasesl over night. After
distillation of the solvent the residue was wastweide with a 10% solution of NaHGOfour
times with water and then with hot ethanol. Yi€882.0 mg (62%, colorless solid). Anal. calcd
for CasH17NoO, + 2.5 HO: C, 57.69; H, 4.26; N, 24.22; Found: C, 57.544106; N, 23.74'H
NMR (400.1 MHz, DMSOdg): 6 12.06 (s, 2H, NH), 8.99 (duy = 5.1 Hz, 2H, H5), 8.79 (d,
Jun = 4.0 Hz, 2H, H12), 8.57 (dun = 7.8 Hz, 2H, H9), 8.48 (duy = 7.8 Hz, 2H, H2), 8.38-
8.33 (M, 1H, H1), 8.18 (s = 5.1 Hz, 2H, H6), 8.08 (8un = 7.8 Hz, 2H, H10), 7.63 (dun
= 4.0 Hz, 2H, H11)™*C NMR (100.6 MHz, DMSQds): § 163.5 (s, CO), 162.1 (s, C4), 160.0
(s, C5), 157.8 (s, C7), 153.0 (s, C8), 149.8 (42, 148.9 (s, C3), 140.0 (s, C1), 137.7 (s,
C10), 126.2 (s, C2), 126.2 (s, C11), 121.7 (s, T8P.1 (s, C6). IR (KBr)D = 3324 crit (m),

3052 (br.), 2922 (br.), 2854 (br.), 1723 (s), 1586 1541 (s), 782 (s).

165



5.4  Synthesis of Transitional Metal Complexes
5.4.1 Ruthenum Complexes

5.4.1.1Ruthenium Complexes with Tridendate Ligands
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Dichloro(2,6-di(1-allyl-1H-pyrazol-3-yl)pyridine)tr iphenylphosphineruthenium(ll) (33a).
0.15 g of5 (0.37 mmol) were added to a solution of 0.355 ¢R#th);RuCkhL (0.37 mmol) in 10
ml of dry CH.CIl,. The reaction mixture was stirred at room tempeeafor about 2 h. After
concentrating the solution to about 5 mL, 25 mldof diethylether were added to precipitate
the product, which was filtered off and washed wdlethylether to remove liberated
triphenylphosphine. Yield: 268.0 mg (100%, red dépliAnal. calcd for gH3,Cl,NsPRu: C,
57.93; H, 4.45; N, 9.65. Found: C, 57.64; H, 4M59.65."H NMR (400.1 MHz, CDd, 20
°C): § 7.35 (d,Jun = 2.72 Hz, 2H, H6), 7.29 (un = 7.49 Hz, 1H, H1), 7.25-7.18 (m, 5H,
H2,Hepp), 7.09-7.06 (M, 12H, ), 6.75 (d,Juy = 2.72 Hz, 2H, H5), 6.15-6.04 (m, 2H, H8),
5.80 (dd, 4H, H7), 5.32 (m, 4H, H9), 4.76 (dd, 24%). **C{1H} NMR (100.6 MHz, CDC},
20 °C):$ 155.8 (s, C1), 152.6 (s, C4), 134.1 Jek = 41.62 Hz, Gy), 133.4 (dJcp = 9.24 Hz,
Cer), 133.0 (s, C8), 132.5 (s, C6), 132.0 (s, C3),.028 br., Gy), 127.8 (d,Jcp = 8.33 Hz,
Cer), 120.2 (s, C2), 116.9 (s, C9), 105.5 (s, C5)258, C7).°'P{1H} NMR (162 MHz,

CDCls, 20 °C):0 44.2.

Dichloro(2,6-di(1-allyl-5-butyl-1H-pyrazol-3-yl)pyr idine)triphenyl-

phosphineruthenium(ll) 33b. The same procedure as f8a was applied. Yield: 310.0 mg
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(100%, red solid). Anal. calcd fors8H4sCloNsPRu: C, 61.67; H, 5.73; N, 8.36. Found: C,
61.95; H, 5.68; N, 7.68H NMR (400.1 MHz, CDGJ, 20 °C):8 7.34 (t,Jun = 8.22 Hz, 1H,
H1), 7.21 (m, 3H, K, 7.15 (d,Jun = 7.44 Hz, 2H, H2), 7.11-7.07 (M, 12Hp 6.47 (s, 2H,
H5), 6.22-6.19 (m, 4H, H7 & H8), 5.14-5.10 (m, 4H9), 4.24-4.18 (m, 2H, H7), 2.59-2.54
(M, 4H, Hyuy), 1.60-1.56 (M, 4H, k), 1.39-1.34 (M, 4H, k), 0.94 (t,Jyy = 7.05 Hz, 6H,
Houy)- “"C{1H} NMR (100.6 MHz, CDC}, 20 °C):5 156.2 (s, C1), 151.6 (s, C4), 148.0 (s,
C3), 134.5 (dJcp = 40.69 Hz, Cph), 134.4 (s, C8), 133.4J¢h = 9.24 Hz, Gy), 131.8 (s, C6),
128.8 (s br., @), 127.6 (dJcp= 9.25 Hz, @), 117.6 (s, C2), 116.5 (s, C9), 104.0 (s, C5)853.
(s, C7), 30.1 (S, fayy), 25.8 (S, Guy), 22.4 (S, Guy), 14.00 (S, Guy). *'P{1H} NMR (162

MHz, CDCk, 20 °C):6 42.7.

Dichloro(2,6-di(1-allyl-5-octyl-1H-pyrazol-3-yl)pyridine)triphenyl-

phosphineruthenium(ll) 33d. The same procedure as &8awas applied. Since the product
was too much soluble and air sensitive, the higitest of free triphenylphosphine oxide and
impurites could not be washed ot NMR (400.1 MHz, CDGJ, 20 °C):5 7.33 (t,dun = 7.92
Hz, 1H, H1), 7.23 (m, 3H, #W), 7.15 (d Juy = 7.64 Hz, 2H, H2), 7.10-7.06 (M, 12HpiH] 6.47
(s, 2H, H5), 6.22-6.15 (m, 4H, H7 & H8), 5.14-5(10, 4H, H9), 4.24-4.18 (m, 2H, H7), 2.59-
2.51 (M, 4H, Bay), 1.60-1.57 (M, 4H, k), 1.28-1.19 (m, 20H, &), 0.89 (t,Jun = 6.36

Hz, 6H, Hey). 3*P{1H} NMR (162 MHz, CDC}, 20 °C):5 44.00.
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Dichloro(2,6-bis(1-allyl-5,6,7,8-tetrahydro-4H-cyobheptapyrazol-3-yl)pyridine triphenyl-
phosphineruthenium(ll) 33e The same procedure as f88a was applied. Because of the
high solubility and air sensitivity of the produttte high content of free triphenylphosphine
oxide and impurites could not be washed 6HtNMR (400.1 MHz, CDGQ, 20 °C):5 7.32-
7.19 (m,H1, H2 and free OPR)) 7.11-7.04 (m, 12H, ), 6.98 (t,Jun = 7.5 Hz, 3H, H),
6.45 (m, 2H, H7), 6.18-6.08 (m, 2H, H8), 5.11-5(66 4H, H9), 4.31-4.25 (m, 2H, H7), 2.92-
2.77 (M, 4H, Hyciohepty), 2.65 (t,Jun = 5.11 Hz, 4H, Hcionepry), 1.89-1.80 (M, 4H, Heiohepty),
1.77-1.75 (M, 4H, Beiohepy), 1.70-1.61 (M, 4H, Heionepty). - P{1H} NMR (162 MHz, CDC},

20 °C):6 44.67.

Carbonyldichloro(2,6-di(1-allyl-1H-pyrazol-3-yl)pyr idine)ruthenium(ll) , 34a 0.145 g of
33a (0.2 mmol) were dissolved in dry toluene/&Hy (10:1) and CO gas was bubbled into the
refluxing solution. The colour of the solution clgad from red to yellow. When the reaction
mixture cooled down to room temperature, a yell@wger precipitated which was filtered off
washed with dry diethylether. Yield: 98.0 mg (100%gllow solid). Anal. calcd for
Ci1gH17CI,NsORuU + CHCI,: C, 39.60; H, 3.32; N, 12.15. Found: C, 40.05;3t86; N, 12.33.
'H NMR (400.1 MHz, DMSQdg, 20 °C):5 8.21-8.10 (m, 5H, H1, H2 & H6), 7.36 (3 =
2.19 Hz, 2H, H5), 6.16-6.09 (m, 2H, H8), 5.51-5(d, 2H, H7), 5.23-5.19 (m, 6H, H7 &
H9). *C{1H} NMR (100.6 MHz, DMSO#ds, 20 °C):5 191.0 (s, CO), 152.8 (s, C3), 152.3 (s,
C4), 138.8 (s, C8), 135. (s, C6), 133.7 (s, C19.21s, C2), 118.3 (s, C9), 106.7 (s, C5), 53.9

(s, C7). IR (KBr, crit): 1936 (C=0).
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Carbonyldichloro(2,6-di(1-allyl-1H-pyrazol-3-yl)pyr idine)ruthenium(ll) 34b. The same
procedure as foB4a was applied. Yield: 121.0 mg (100%, yellow soliédnal. calcd for
Co6H33CLNsORuU: C, 51.74; H, 5.51; N, 11.60. Found: C, 50H35.54; N, 11.60'"H NMR
(400.1 MHz, DMSOdg, 20 °C):8 8.15 (t,Jun = 7.49 Hz, 1H, H1), 8.05 (dun = 7.83 Hz, 2H,
H2), 7.21 (s, 2H, H5), 6.05-5.96 (m, 2H, H8), 58, 2H, H7), 5.19 (dd, 4H, H9), 5.07 (d,
Jun = 17.37 Hz, 2H, H7), 2.76-2.66 (M, 4Hudg), 1.70-1.62 (m, 4H, k), 1.43-1.36 (M, 4H,
Houyl), 0.96-0.91 (M, 6H, Khy). “"C{1H} NMR (100.6 MHz DMSO#ds, 20 °C):5 191.2 (s,
CO), 153.0 (s, C3), 151.4 (s, C4), 148.3 (d, CBB.& (s, C8), 133.3 (s, C1), 119.0 (s, C2),
117.1 (s, C9), 105.0 (s, C5), 51.3 (s, C7), 29.&sy), 24.7 (S, Guyy), 21.8 (S, Guy), 13.7 (s,
Chuy)- IR (KBr, cni®): 1948 (C=0).
5.4.1.2Ruthenium Complexes with Bidendate Ligands

General synthesis of [RuCl g-cymene)L]CI. A solution of the ligand (0.32 mmol) in
CH.Cl, (5 ml) was added dropwise to a solution of 92.0 ehdRuCkL(p-cymene)} (0.15
mmol) in CHCI, (20 ml). After stirring for 20 h at room tempenauthe solution was
concentrated and the product was precipitated wingdEtO (10 ml). The product was

filtered, washed twice with KD and dried under vacuum.

I+ oer
)6 N=ZNH,
3 4 5 \ _N

[
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[2-Amino-4-(pyridin-2-yl)pyrimidine(chlorido)( n°-p-cymene)ruthenium(ll)]chloride 36a-

Cl. Yield: 122.4 mg (81%, yellow solid). Anal. calcd 1G;9H22CI,N4Ru: C, 47.70; H, 4.64; N,
11.71. Found: C, 47.54; H, 4.75; N, 11.719.NMR (600.1 MHz, DMSQdg, 20 °C):6 9.50 (d,
Jun = 4.99 Hz, 1H, H1), 8.71 (dyn = 4.7 Hz, 1H, H8), 8.63 (dyn = 7.92 Hz, 1H, H4), 8.30-
8.27 (m, 1H, H3), 7.87-7.82 (M, 2H, H2 & H7), 6.@BJuy = 6.16 Hz, 1H, kimend, 6.07-6.02
(M, 3H, Hymend, 2.50-2.43 (M, 1H, Kmend, 2.22 (S, 3H, kmend, 0.94 (d,Jun = 6.75 Hz, 3H,
Heymend, 0.85 (d,Ju = 6.75 Hz, 3H, Kmend. °C NMR (150.9 MHz, DMSQds, 20 °C): 5
164.5 (s, C9), 161.5 (s, C8), 161.2 (s, C6), 1%6,Z1), 153.8 (s, C5), 140.1 (s, C3), 129.0 (s,
C2), 125.1 (s, C4), 108.2 (s, C7), 105.9 (§m&d, 103.6 (S, Gmend, 87.3 (S, Gmend, 86.4 (s,

Ceymeng, 82.8 (S, Gymeng, 82.3 (S, Gymend, 30.4 (S, Gmengd, 21.6 (S, Gymeng, 18.5 (S, Gymend-

@7* PFe

N e NN,
3 . 4° 7\ _N

8
[2-Amino-4-(pyridin-2-yl)pyrimidine(chlorido)( n°-p-cymene)ruthenium(ll)]hexafluoro-
phosphate 36a-Pk. The synthesis of36a-Pk was carried out as described in general
synthesis but 83.0 mg of KpEalt (0.45 mmol) were also added to the solutiod before
concentrating the excess and formed salts wemrdidt off. Yield: 164.0 mg (93%, yellow
solid). Anal. calcd for @H2.CIFeN4PRuU: C, 38.82; H, 3.77; N, 9.53. Found: C, 38.604H1,
N, 9.42.'H NMR (600.1 MHz, DMSQds, 20 °C):5 9.48 (d,Jun = 4.99 Hz, 1H, H1), 8.72 (d,
Jun = 4.69 Hz, 1H, H8), 8.60 (v = 7.63 Hz, 1H, H4), 8.29-8.27 (m, 1H, H3), 7.88(m,
1H, H2), 7.80 (dJun = 4.4 Hz, 1H, H7), 6.23 (dlyy = 5.87 Hz, 1H, Kmend, 6.05-6.02 (m,
3H, Heymend, 2.47-2.45 (M, 1H, Hmend, 2.22 (S, 3H, mend, 0.95 (d,Juy = 6.75 Hz, 3H,
Heymend, 0.85 (d,Ju = 6.75 Hz, 3H, kmend. °C NMR (150.9 MHz, DMSQds, 20 °C): 5

164.5 (s, C9), 161.4 (s, C8), 161.1 (s, C6), 1%6,T1), 153.8 (s, C5), 140.1 (s, C3), 128.9 (s,
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C2), 125.0 (s, C4), 108.1 (s, C7), 105.8 (§m&d, 103.6 (S, Gmend> 87.2 (S, Gmend, 86.3 (s,

Ceymend, 82.8 (S, Gymend, 82.3 (S, Gmend, 30.4 (S, Gmend, 21.6 (S, Gymend, 18.4 (S, Gmeng-

3P NMR (242.9 MHz, DMSQgg, 20 °C):8 -144.16 (hypr = 714.1 Hz, PE).

@_L—h BPh,
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[2-Amino-4-(pyridin-2-yl)pyrimidine(chlorido)( n°-p-cymene)ruthenium(ll)]tetraphenyl-
borate 36a(BPh). The synthesis oBB6a-BPh, was carried out as described in general
synthesis but 154.0 mg of NaBPalt (0.45 mmol) were also added to the solutiah lzefore
concentrating the excess and formed salts wemrdidt off. Yield: 217.2 mg (95%, yellow
solid). Anal. calcd for ¢3H4,BCIN4JRu + 1.5CHCI,: C, 60.02; H, 5.06; N, 6.29. Found: C,
59.00; H, 5.20; N, 6.20H NMR (600.1 MHz, DMSGQds, 20 °C):6 9.48 (d,Jun = 5.28 Hz,
1H, H1), 8.70 (dJun = 4.99 Hz, 1H, H8), 8.58 (duy = 7.92 Hz, 1H, H4), 8.27-8.24 (m, 1H,
H3), 7.84-7.81 (m, 1H, H2), 7.78 (@ = 4.99 Hz, H7), 7.19 (m, 8H,d3, 6.92 (m, 8H, Hy),
6.81-6.78 (M, 4H, B, 6.22 (d,Jun = 6.16 Hz, 1H, Klmend, 6.04-6.02 (M, 3H, Kmend, 2.47
(M, 1H, Hymend, 2.22 (S, 3H, kmend, 0.94 (d,Jun = 7.04 Hz, 3H, Kymend, 0.85 (d,Jun = 7.05
Hz, 3H, Hymend. *C NMR (150.9 MHz, DMSQds, 20 °C):5 164.5 (s, C9), 163.9-162.9 (q,
Cer), 161.4 (s, C8), 161.1 (s, C6), 156.1 (s, C1),.858, C5), 140.0 (s, C3), 135.5 (5:C
128.9 (s, C2), 125.3 (s,6@, 125.0 (s, C4), 121.5 (s,p@, 108.1 (s, C7), 105.8 (S.cfmend,
103.5 (S, Gymends 87.2 (S, Gmend, 86.3 (S, Gmend, 82.8 (S, Gmend, 82.2 (S, Gmend, 30.4 (s,

Ceymend, 21.6 (S, Gymend, 21.6 (S, Gymend, 18.4 (S, Gymeng-
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[2-Amino-6-(1-phenyl)-4-(pyridin-2-yl)pyrimidine)(c hlorido)(n°-p-cymene)ruthenium(l1)]
tetraphenylborate 36b-BPh. The synthesis 086b-BPh, was carried out as described in
general synthesis but 154.0 mg of NaBR&lt (0.45 mmol) were also added to the solutimh a
before concentrating the excess and formed salts Viléered off. Yield: 211.2 mg (84%,
fulvous solid). Anal. calcd for £H4BCIN4Ru: C, 70.21; H, 5.53; N, 6.68. Found: C, 69.48; H,
5.33; N, 6.57'H NMR (600.1 MHz, DMSQdg, 20 °C):6 9.50 (d,Jun = 4.4 Hz, 1H, H1), 8.89
(d, Jun = 7.93 Hz, 1H, H4), 8.39 (s, 1H, H7), 8.37 Jdy = 7.04 Hz, 2H, H11), 8.34-8.31 (m,
1H, H3), 7.86-7.84 (m, 1H, H2), 7.65-7.63 (M, 3H,2H& H13), 7.17 (s br., 8H, &), 6.93-
6.91 (M, 8H, ), 6.80-6.78 (M, 4H, H), 6.26 (d,Jun = 5.28 Hz, 1H, Kmend, 6.05-6.03 (m,
3H, Heymend, 2-23 (S, 3H, lmend, 1.08 (d,Jun = 6.45 Hz, 3H, mend, 0.85 (d,Jun = 6.45 Hz,
3H, Heymend. °C NMR (150.9 MHz, DMSGds, 20 °C):8 166.5 (s, C9), 164.3 (s, C8), 163.9-
162.9 (g, Gn), 161.9 (s, C6), 156.1 (s, C1), 154.2 (s, C5),.0486, C3), 135.6 (s,#), 134.6
(s, C10), 132.6 (s, C13), 129.1 (s, C11), 128.&£@®), 127.9 (s, C12), 125.4 (spi; 125.2 (s,
C4), 121.6 (S, &), 105.7 (S, Gmend, 104.6 (S, C7), 103.6 (Scfmends 87-2 (S, Gmend, 86.2 (s,

Ceymeng, 83.0 (S, Gymeng, 82.4 (S, Gmend, 30.4 (S, Gmend, 21.7 (S, Gymend, 21.6 (S, Gymend,

€ > [T BF,

18.5 (S, Gymeng-
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[2-Amino-6-(1-naphthyl)-4-(pyridin-2-yl)pyrimidine) (chlorido)(n®-p-cymene)ruthe-

nium(ll)] tetrafluoroborate 36¢-BF 4. The synthesis 086¢c-BF, was carried out as described
in general synthesis but 49.5 mg of NaB&lt (0.45 mmol) were also added to the solutiah an
before concentrating the excess and formed salts fiVered off. Yield: 186.9 mg (95%, dark
tangerine solid). Anal. calcd for,6H,sBCIF;,N4sRu: C, 53.11; H, 4.30; N, 8.54. Found: C,
52.23; H, 4.57; N, 8.49H NMR (600.1 MHz, DMSQds, 20 °C):5 9.53 (d,Jun = 4.91 Hz,
1H, H1), 8.78 (dJun = 7.92 Hz, 1H, H8), 8.34-8.28 (M, 2H, H3 &dshtny), 8.23 (s, 1H, H7),
8.18 (d,Jun = 8.22 Hz, 1H, Fhpnny), 8.10-8.09 (M, 1H, Kpntny), 7.92 (d,Jun = 7.04 Hz, 1H,
Hnaphthy), 7.87 (t,Iqn = 6.45 Hz, 1H, H2), 7.71 (G4n = 7.34 Hz, 1H, Raphthy), 7.65-7.62 (m,
2H, Hhaphthy), 6.34 (d,Jun = 6.16 Hz, 1H, Kmend, 6.10 (M, 3H, mend, 2.58-2.56 (m, 1H,
Heymend, 2.28 (S, 3H, lmengd, 1.03 (d,Jun = 6.75 Hz, 3H, /mend, 0.94 (d,Jun = 6.75 Hz, 3H,
Heymend- -°C NMR (150.9 MHz, DMSGQdg, 20 °C):8 169.6 (s, C8), 164.1 (s, C9), 161.5 (s,
C6), 156.1 (s, C1), 154.1 (s, C5), 140.0 (s, C3R.A(S, Gaphiny), 133.4 (S, Gaphiny), 131.2 (s,
Chaphthy), 129.8 (S, Gaphtny), 128.9 (S, Gaphtny), 128.7 (s, C2), 128.6 (S,nfenthy), 127.4 (s,
Chaphthy), 126.5 (S, Gapntny), 125.3 (S, Gaphtny), 125.3 (S, Gapniny), 125.0 (s, C4), 109.3 (s, C7),
105.7 (S, Gmend, 103.7 87.1 (S, Gmend, 86.3 (S, Gmend, 83.0 (S, Gmend, 82.5 (S, Gmend,

30.5 (S, Gymends 21.8 (S, Gmend: 21.5 (S, Gmends 18.5 (S, Gmend-

@ [ prg

[2-Amino-6-(1-naphthyl)-4-(pyridin-2-yl)pyrimidine) (chlorido)(n°®-p-cymene)ruthe-
nium(ll)]Jhexafluorophosphate 36c¢c-PFk. The synthesis of36¢c-PR was carried out as

described in general synthesis but 83.0 mg of &$ft (0.45 mmol) were also added to the
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solution and before concentrating the excess amdef salts were filtered off. Yield: 182.1
mg (85%, dark tangerine solid). Anal. calcd feptsCIFsPNyRuU: C, 48.78; H, 3.95; N, 7.85.
Found: C, 48.53; H, 4.08; N, 7.7 NMR (600.1 MHz, DMSQdg, 20 °C):6 9.53 (d,Jun =
4.99 Hz, 1H, H1), 8.77 (diun = 7.92 Hz, 1H, H4), 8.34-8.27 (M, 2H, H3 &ddhny), 8.22 (s,
1H, H7), 8.18 (dJun = 8.22 Hz, 1H, Khpntny), 8.10-8.08 (M, 1H, Kphtny), 7.92 (d,Juy = 6.45
Hz, 1H, Haphiny), 7-87 (t,dun = 7.04 Hz, 1H, H2), 7.71 (Bun = 7.34 Hz, 1H, Kaphiny), 7.66-
7.63 (M, 2H, Haphtny), 6.34 (d,Jun = 6.16 Hz, 1H, Kmend, 6.12-6.09 (M, 3H, Kmend, 2.51-
2.50 (M, 1H, Kymend, 2.28 (S, 3H, kmend, 1.03 (d.Jun = 6.75 Hz, 3H, Kmend, 0.94 (d iy =
6.74 Hz, 3H, Kymend. *C NMR (150.9 MHz, DMSQds, 20 °C):5 169.6 (s, C8), 164.1 (s, C9),
161.5 (s, C6), 156.1 (s, C1), 154.1 (s, C5), 146,@3), 134.0 (S, Gpniny)» 133.4 (S, Gaphtny)»
131.2 (S, Gaphtny), 129.8 (S, Gaphtny)s 128.9 (S, Gaphiny), 128.7 (S, C2), 128.5 (Snntny), 127.4
(S, Giaphthy), 126.5 (S, Gaphthy), 125.3 (S, Gaphthy), 125.3 (S, Gaphthy), 125.0 (s, C4), 109.3 (s,
C7), 105.7 (S, &mend, 103.7, (S, Gmend, 87.2 (S, Gymend, 86.4 (S, Gmend, 83.0 (S, Gymend,
82.9 (S, Gymend, 30.4 (S, Gymend, 21.8 (S, Gmend, 21.5 (S, Gmend, 18.5 (S, Gmend. P NMR

(242.9 MHz, DMSOds, 20 °C):6 -144.18 (hjJpr= 711.1 Hz, P§).

©_L_I+ BPh,

1 /R{\Cl
N 9

6 N~ NH2

[2-Amino-6-(1-naphthyl)-4-(pyridin-2-yl)pyrimidine) (chIorido)(ne-p-cymene)ruthe-
nium(ll)]tetrafluoroborate 36¢c-BPh 4. The synthesis o0f36¢c-BPh, was carried out as
described in general synthesis but 154.0 mg of NiaB&lt (0.45 mmol) were also added to the
solution and before concentrating the excess ande salts were filtered off. Yield: 250.5
mg (94%, dark tangerine solid). Anal. calcd fopHsBCINsRuU: C, 71.66; H, 5.45; N, 6.31.
Found: C, 71.61; H, 5.8; N, 6.4tH NMR (600.1 MHz, DMSOdg, 20 °C):8 9.52 (d,Jun =
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5.28 Hz, 1H, H1), 8.74 (dlun = 7.92 Hz, 1H, H4), 8.33-8.31 (M, 1Hdshtny), 8.29-8.26 (m,
1H, H3), 8.21 (s, 1H, H7), 8.18 (dyn = 8.22 Hz, 1H, khphtny), 8.10-8.08 (M, 1H, Kphthy),
7.91 (d,dun = 7.04 Hz, 1H, Fhohtny), 7.87-7.85 (m, 1H, H2), 7.71 (. = 7.33 Hz, 1H,
Hnaphthy), 7.65-7.63 (M, 2H, Kpnthy), 7.20-7.17 (m, 8H, k), 6.94-6.91 (m, 8H, H), 6.80-
6.78 (M, 4H, ), 6.32 (d,Juy = 6.46 Hz, 1H, kmend, 6.09-6.07 (M, 3H, Hmend, 2.59-2.54
(M, 1H, Hymend, 2.28 (S, 3H, Kmend, 1.03 (d,Jun = 7.04 Hz, 3H, Kmend, 0.94 (d,Jun = 7.04
Hz, 3H, Hymend. °C NMR (150.9 MHz, DMSQds, 20 °C):5 169.6 (s, C8), 164.1 (s, C9),
163.9-162.9 (q, &), 161.5 (s, C6), 156.1 (s, C1), 154.0 (s, C5),.0448, C3), 135.5 (s, ),
134.0 (S, Gaphthy), 133.4 (S, Gaphny)> 131.2 (S, Gaphtny), 129.8 (S, Gaphtny), 128.9 (S, Gaphthy),
128.8 (S, Gaphtny), 128.7 (S, C2), 128.5 (Snfanthy), 127.4 (S, Gaphtny)» 126.7 (S, Gaphthy), 126.5
(S, Gaphthy), 125.3 (S, @), 125.0 (s, C4), 115.2 (s, C7), 109.3 (Synfend, 103.7 (S, Gmend,
87.1 (S, Gymend, 86.3 (S, Gmend, 83.0 (S, Gmend, 82.5 (S, Gmend» 30.4 (S, Gmend, 21.8 (5,

Ceymend, 21.5 (S, Gmengd, 18.5 (S, Gymend-

©_L—|+ cr
\

[2-Amino-6-(1-naphthyl)-4-(pyridin-2-yl)pyrimidine) (chIorido)(ne-p-cymene)ruthe-
nium(l)]chloride 36¢-Cl. The synthesis 086c¢c-Cl was carried out as described in general
synthesis. Yield: 170.5 mg (94%, dark tangerined¥oRAnal. calcd for GoH2sCI,N4Ru + 0.5
CH.Cl,: C, 53.83; H, 4.32; N, 8.65. Found: C, 54.61; H}9 N, 8.97 H NMR (600.1 MHz,
DMSO-ds, 20 °C):6 9.58 (d,Jun = 5.28 Hz, 1H, H1), 8.81 (dyn = 7.92 Hz, 1H, H4), 8.34-
8.32 (M, 1H, Haphiny), 8.30 (t,Ju = 7.63 Hz, 1H, H3), 8.24 (s, 1H, H7), 8.18 Jdys = 8.21

Hz, 1H, Haphiny), 8.10-8.08 (M, 1H, Honiny), 7-93 (d.Ju = 6.45 Hz, 1H, bhpning), 7-87 (tJnn
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= 6.46 Hz, 1H, H2), 7.71 (Bun = 7.63 Hz, 1H, khpniny), 7-65-7.63 (M, 2H, Kpnny), 6.34 (d,
Jin = 6.17 Hz, 1H, Kymend, 6.14-6.11 (M, 3H, Kmend, 2.51-2.49 (M, 1H, Kmend, 2.28 (S,
3H, Hoymend, 1.02(d,Jun = 6.75 Hz, 3H, kmend, 0.94 (d,dun = 6.75 Hz, 3H, klmend. °C
NMR (150.9 MHz, DMSOds, 20 °C):5 169.6 (s, C8), 164.1 (s, C9), 161.5 (s, C6), 1%6,2
C1), 154.0 (s, C5), 140.0 (s, C3), 134.0 (Sapfiy), 133.4 (S, Gapning)s 131.2 (S, Gaphiny),
129.8 (S, Gapniny), 128.9 (S, Gupniny), 128.7 (S, C2), 128.6 (Snniny), 127.4 (S, Gaphiny), 126.5
(S, Guaphtnyd, 125.3 (S, Guphiny), 125.0 (s, C4), 109.2 (s, C7), 105.7 (Synfend, 103.6 (s,
Ceymend, 87.2 (S, Gmend, 86.3 (S, Gmends 83.0 (S, Gmend, 82.5 (S, Gmend, 30.4 (S, Gmend,

21.8 (s, Gymend, 21.5 (S, Gymend, 18.5 (S, Gymeng-

©_L_I+ BPhy
\

[2-Amino-6-(3-methoxyphenyk4-(pyridin-2-yl)pyrimidine)(chlorido)( n°-p-cymene)ruthe-
nium(l)]tetrafluoroborate 36d-BPh 4. The synthesis of36d-BPh, was carried out as
described in general synthesis but 154.0 mg of NiaB#t (0.45 mmol) were also added to the
solution and before concentrating the excess amdei salts were filtered off. Yield: 242.3
mg (93%, yellow solid). Anal. calcd forsgH4sBCIN4Ru: C, 69.16; H, 5.57; N, 6.45. Found: C,
68.68; H, 6.51; N, 6.58H NMR (600.1 MHz, DMSGQds, 20 °C):6 9.50 (d,Jun = 5.29 Hz,
1H, H1), 8.88 (dJun = 7.92 Hz, 1H, H4), 8.39-8.38 (m, 3H, K7H11), 8.33-8.30 (m, 1H,
H3), 7.85-7.83 (m, 1H, H2), 7.18-7.17 (m, 10Hy,8 H12), 6.93-6.91 (m, 8H, H), 6.80-6.78
(M, 4H, Hby), 6.25 (d,Juy = 6.17 Hz, 1H, Kmend, 6.06-6.02 (M, 3H, Hmend, 3.88 (s, 3H,
H14), 2.48-2.46 (M, 1H, &nend, 2.23 (S, 3H, Kmend, 0.96 (d,Jun = 6.75 Hz, 3H, Kimend,

0.86 (d,Jun = 7.04 Hz, 3H, lmend. *°C NMR (150.9 MHz, DMSQdg, 20 °C):6 165.8 (s, C9),
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164.0 (s, C8), 163.9-162.9 (qe} 163.0 (s, C6), 161.3 (s, C13), 156.0 (s, C1%.3%s, C5),
139.9 (s, C3), 135.5 (spf), 129.8 (s, C12), 128.6 (s, C10), 126.8 (s, C25,.3 (s, Gr), 125.0
(s, C4), 114.4 (s, C11), 104.0 (Seyfene& C7), 103.4 (S, Gmend: 87.1 (S, Gmend, 86.2 (S,

Ceymend, 82.8 (S, Gymend, 82.2 (S, Gmend, 30.4 (S, Gmend, 21.7 (S, Gymend, 21.5 (S, Gmeng,

18.4 (s, Gymeng-
©_L_l+ BPNy

[2-Amino-6-(3-buthoxypheny}-4-(pyridin-2-yl)pyrimidine)(chlorido)( n°-p-cymene)ruthe-
nium(l)]tetrafluoroborate 36e-BPh,4. The synthesis o0f36e-BPh was carried out as
described in general synthesis but 154.0 mg of NiaB#t (0.45 mmol) were also added to the
solution and before concentrating the excess amded salts were filtered off. Yield: 224 mg
(82%, fulvous solid). Anal. calcd forsgHssBCINJRu: C, 69.93; H, 5.98; N, 6.15. Found: C,
68.33; H, 6.03; N, 6.03H NMR (600.1 MHz, DMSGQds, 20 °C):6 9.48 (d,Jun = 4.69 Hz,
1H, H1), 8.86 (dJun = 7.63 Hz, 1H, H4), 8.37-8.36 (m, 3H, K7H11), 8.31-8.29 (m, 1H,
H3), 7.84-7.82 (m, 1H, H2), 7.18-7.14 (m, 10Hy,8 H12), 6.93-6.91 (m, 8H, H), 6.80-6.78
(M, 4H, by, 6.24 (d,Juy = 5.57 Hz, 1H, Kmend, 6.02-6.01 (M, 3H, Hmend, 4.10 (t,duy =
5.87 Hz, 2H, H14), 2.48-2.46 (M, 1Hcklend, 2.23 (S, 3H, mend, 1.75-1.73 (m, 2H, H15),
1.48-1.44 (m, 2H, H16), 0.95-094 (M, 6Hcyhkne & H17), 0.85 (d,Juu = 6.46 Hz, 3H,
Heymend- -*C NMR (150.9 MHz, DMSQdg, 20 °C):8 165.9 (s, C9), 164.1 (s, C8), 163.9-162.9
(9, Gor), 162.5 (s, C6), 161.4 (s, C13), 156.0 (s, C1%.45s, C5), 140.0 (s, C3), 135.6 (s,

Crr), 129.9 (s, C11), 128.7 (s, C2), 126.6 (s, C45.42s, G, 125.4 (s, C10), 121.6 (Sp
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114.9 (s, C12), 105.7 (S,cfmend, 104.0 (s, C7), 103.5 (S.cfmend, 87.1 (S, Gmend, 86.2 (s,
Ceymend: 82.9 (S, Gmend, 82.3 (S, Gmend, 67.7 (S, C14), 30.7 (s, C15), 30.4 ($ynfend, 21.7

(S, Geymend, 21.6 (S, Gymend, 18.8 (S, C16), 18.5 (Scfmend, 13.8 (s, C17).

©_L_I+ BPh,
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[2-Amino-6-(tbutyl)-4-(pyridin-2-yl)pyrimidine)(chlorido)( ne-p-cymene)ruthenium(lI)]-
tetrafluoroborate 36f-BPh,. The synthesis oB6f-BPh,; was carried out as described in
general synthesis but 154.0 mg of NaB&dit (0.45 mmol) were also added to the solutiah an
before concentrating the excess and formed salts Viléered off. Yield: 220.9 mg (90%,
yellow solid). Anal. calcd for &HsoBCINsRu: C, 68.99; H, 6.16; N, 6.85. Found: C, 66.58; H,
6.86; N, 6.33H NMR (600.1 MHz, DMSQds, 20 °C):8 9.45 (d,Jun = 5.29 Hz, 1H, H1),
8.75 (d,Jun = 7.92 Hz, 1H, H4), 8.27-8.25 (m, 1H, H3), 7.86 X8, H7), 7.83-7.80 (m, 1H,
H2), 7.18-7.17 (m, 10H, f & H12), 6.93-6.91 (m, 8H, H), 6.80-6.78 (m, 4H, H), 6.21 (d,
Jun = 6.46 Hz, 1H, Kmend, 6.00-5.98 (M, 3H, Hmend, 2.45-2.41 (M, 1H, Kmend, 2.21 (s,
3H, Heymend, 1.36 (s, 9H, H11), 0.92 (dyy = 6.75 Hz, 3H, Kmend, 0.85 (d,Jun = 7.04 Hz,
3H, Heymend. °C NMR (150.9 MHz, DMSQdg, 20 °C):§ 182.0 (s, C8), 163.9 (s, C9), 163.9-
162.9 (g, @r), 160.9 (s, C6), 156.0 (s, C1), 154.2 (s, C5),.238, C3), 135.6 (s,dy, 129.0
(s, C2), 125.2 (s, &), 124.9 (s, C4), 121.6 (S, 105.5 (S, Gmend, 105.0 (s, C7), 103.4 (s,
Ceymend, 87.0 (S, Gymengd, 86.1 (S, Gmend, 82.9 (S, Gmend, 82.4 (S, Gmend, 38.0 (s, C10), 30.4

(S, Gymend, 28.9 (s, C11), 21.7 (Scfmend, 21.4 (S, Gymend, 18.4 (S, Gymeng-
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[4-(Pyridin-2-yl)-2-(pyrrolidin-1-yl)pyrimidine(chl orido)(n°-p-cymene)ruthenium(l1)]-
tetrafluoroborate 36g-BPh,. The synthesis oB6g-BPh, was carried out as described in
general synthesis but 154.0 mg of NaB&4it (0.45 mmol) were also added to the solutiah an
before concentrating the excess and formed salts Viléered off. Yield: 220.4 mg (90%,
brown solid). Anal. calcd for £H4sBCIN4RuU: C, 69.16; H, 5.93; N, 6.86. Found: C, 68.78; H,
5.67; N, 6.74H NMR (600.1 MHz, DMSQdg, 20 °C):6 9.24 (d,Jun = 4.99 Hz, 1H, H1),
8.68 (d,Jun = 4.69 Hz, 1H, H8), 8.41 (dyy = 7.92 Hz, 1H, H4), 8.23-8.20 (m, 1H, H3), 7.82-
7.79 (m, 1H, H2), 7.69 (dluy = 4.69 Hz, 1H, H7), 7.19-7.17 (m, 8Hp#), 6.93-6.91 (m, 8H,
Hpr), 6.80-6.77 (M, 4H, H), 5.91 (d,Jun = 6.16 Hz, 1H, Emend, 5.77-5.73 (M, 3H, Hmend,
4.00-3.63 (4s br., 4H, H10 & H13), 2.37-2.33 (Mm,, Hdymend, 2.08-1.95 (m br., 6H, dnene
H11 & H12), 1.71 (s br., 1H, 4J), 1.06 (dJun = 7.04 Hz, 3H, Kmend, 0.85 (d,Jun = 6.75 Hz,
3H, Heymend. °C NMR (151 MHz, DMSQds)  165.8 (s, C8), 163.9-162.9 (mudf 163.0 (s,
C6), 158.5 (s, C9), 156.0 (s, C1), 153.9 (s, CBN.1 (s, C3), 135.6 (s,,F), 128.3 (s, C2),
125.4 (s, Gr), 124.3 (s, C4), 121.6 (spf}, 109.0 (s, C7), 104.5 (Scfmend, 100.3 (S, Gmend,
85.4 (S, Gymend, 84.5 (S, Gmend, 84.4 (S, Gymend, 83.4 (S, Gymend, 51.5 (s, C10), 49.6 (s,

C13), 46.4 (s, C11), 30.4 (Seymend, 24.1 (s, C12), 22.0 (Sicfmend, 21.1 (S, Gmend, 17.5 (S,

Ccymen(;-
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[4-tert-Butyl- N,N-dimethyl-6-(pyridin-2-yl)pyrimidi-2-amine(chlorido )(n°®-p-cymene)-
ruthenium(ll)]tetrafluoroborate 36h-BPh 4. The synthesis 086h-BPh, was carried out as
described in general synthesis but 154.0 mg of NiaB&lt (0.45 mmol) were also added to the
solution and before concentrating the excess ande salts were filtered off. Yield: 233.6
mg (92%, dark green solid). Anal. calcd foflds,BCIN,Ru + DMSO(s): C, 65.77; H, 7.09;
N, 6.02. Found: C, 65.42; H, 6.38; N, 6.64.NMR (600.1 MHz, DMSQdg, 20 °C):8 9.29 (d,
Jun = 5.28 Hz, 1H, H1), 8.59 (duy = 8.22 Hz, 1H, H4), 8.24-8.21 (m, 1H, H3), 7.831Hl,
H7), 7.83-7.79 (m, 1H, H2), 7.18-7.17 (M, 8Hy)H6.93-6.91 (m, 8H, H), 6.80-6.77 (m, 4H,
Her), 5.93 (d,Jun = 6.16 Hz, 1H, Kmend, 5.83-5.77 (M, 2H, Hmend, 5.78 (d,Jun = 6.16 Hz,
1H, Hcymend, 3.42 (s br., H12 & water), 2.32-2.27 (m, 1Hyhng, 2.13 (S, 3H, ldmend, 1.37
(s, 9H, H11), 0.96 (dJun = 7.04 Hz, 3H, Kmend, 0.79 (d,Jun = 6.75 Hz, 3H, Emend. °C
NMR (150.9 MHz, DMSQdg, 20 °C):8 178.9 (s, C8), 167.4 (s, C9), 163.9-162.9 (g,).C
163.6 (s, C6), 155.9 (s, C1), 154.3 (s, C5), 149.€3), 135.6 (s, &), 128.2 (s, C2), 125.4 (s,
Cer), 124.5 (s, C4), 121.6 (s,pQ, 106.8 (s, C7), 103.5 (Scfmend, 101.5 (S, Gmend, 85.8 (s,
Ceymeng, 85.0 (S, Gymend, 83.6 (S, Gmend, 83.3 (S, Gmend, 38.1 (s, C10), 30.4 (Scfmend, 28.7

(s, C11), 21.8 (S, Gmend, 21.1 (S, Gmend, 17.8 (S, Gymeng-
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[4-(4-Methoxyphenyl)-6-(pyridin-2-yl)-2-(pyrrolidin -1-yl)pyrimidine(chlorido)( ne-p-cym-
ene)ruthenium(ll)]tetrafluoroborate 36i-BPh 4. The synthesis d36i-BPh, was carried out as
described in general synthesis but 154.0 mg of NiaB&lt (0.45 mmol) were also added to the
solution and before concentrating the excess ande salts were filtered off. Yield: 243.5
mg (88%, ginger solid). Anal. calcd forflssBCIN,ORuU: C, 70.32; H, 5.90; N, 6.07. Found:
C, 69.50; H, 5.88; N, 6.02H NMR (600.1 MHz, DMSQds, 20 °C):5 9.24 (d,Jun = 5.29 Hz,
1H, H1), 8.65 (dJun = 8.22 Hz, 1H, H4), 8.40(d = 8.8 Hz, 1H, H11), 8.31 (s, 1H, H7),
8.27-8.24 (m, 1H, H3), 7.82-7.80 (m, 1H, H2), 7218 (m, 8H, Hy), 7.17 (d,Jun = 8.8 Hz,
1H, H12), 6.94-6.92 (m, 8H,d7), 6.81-6.78 (m, 4H, K), 5.89 (d,Jun = 6.16 Hz, 1H, Eimend,
5.78 (d,Jun = 5.87 Hz, 1H, Kmend, 5.75 (d,Jun = 6.16 Hz, 1H, kmend, 5.72 (d,Juy = 6.16
Hz, 1H, Hymend, 4.04-3.38 (m br., 7H, H14, H15 & H18), 2.44-2.38, 1H, Hymend, 2.24-
1.75 (m br., 4H, H16, H17), 2.02 (S, 3Hsykknd, 1.05 (d.Juy = 6.74 Hz, 3H, kmend, 0.85 (d,
Jur = 6.75 Hz, 3H, Fmend. °C NMR (150.9 MHz, DMSQ4dg, 20 °C):8 165.6 (s, C9), 163.9-
162.9 (m, Gy, C6,C8 & C13), 155.9 (s, C1), 154.3 (s, C5), 139.903), 135.6 (s, @), 129.9
(s, C11), 128.0 (s, C10), 126.9 (s, C2), 125.3fg), 121.5 (s, @), 124.3 (s, C4), 114.5 (s,
C12), 104.8 (S, &mend, 104.5 (S, Gmend, 99.9 (S, C7), 85.4 (S,cfmend, 84.7 (S, Gmend, 84.2
(s, Gymend, 83.2 (S, Gmend, 30.4 (S, Gmend, 21.9 (S, Gmends 21.0 (S, Gmend, 17.4 (s,

Ccymena;-
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[N,N-Dimethyl-4-(pyridine-2-yl)pyrimidine(chlorido)( n°-p-cymene)ruthenium(ll)]tetra-
fluoroborate 36j-BPh,. The synthesis 086j-BPh, was carried out as described in general
synthesis but 154.0 mg of NaBPalt (0.45 mmol) were also added to the solutiah lzafore
concentrating the excess and formed salts weesddtoff. Yield: 222.84 mg (94%, dark green
solid). Anal. calcd for gzH4sBCIN4RuU: C, 68.40; H, 5.87; N, 7.09. Found: C, 67.305t89;

N, 7.21.*H NMR (600.1 MHz, DMSOdg, 20 °C):8 9.33 (d,Jun = 5.29 Hz, 1H, H1), 8.74 (d,
Jun = 4.69 Hz, 1H, H8), 8.47 (dvn = 7.93 Hz, 1H, H4), 8.26-8.23 (m, 1H, H3), 7.88Z(m,
1H, H2), 7.79 (dJun = 4.69 Hz, 1H, H7), 7.19-7.17 (m, 10Hpd 6.93-6.91 (m, 10H, ki),
6.80-6.78 (m, 5H, H), 6.00 (d,Juy = 5.87 Hz, 1H, Kmend, 5.89 (d,Jun = 5.87 Hz, 1H,
Heymend, 5.82 (d,Jun = 5.87 Hz, 1H, mend, 5.78 (d,Jun = 5.87 Hz, 1H, kmend, 3.52 (s br.,
3H, H10), 3.26 (s br., 3H, H11), 2.35-2.33 (M, Hdymend, 2.13 (S, 3H, mend, 0.98 (d, I

= 6.75 Hz, 3H, kymend, 0.82 (d,Juy = 6.75 Hz, 3H, mend. °C NMR (151 MHz, DMSOd)

§ 168.8 (s, C9), 168.0 (s, C8), 163.2 (s, C6), 1-488.6 (4, 1), 155.5 (s, C1), 153.6 (s, C5),
139.6 (s, C3), 135.2 (s}, 127.8 (s, C2), 124.7 (S;pf}, 124.1 (s, C4), 120.9 (s, 109.5
(s, C7), 104.5 (s, &mengd, 101.9 (S, Gmengd, 84.7 (S, Gymend, 84.5 (S, Gmend, 84.0 (S, Gymend,

82.9 (S, Gmend, 36.2 (S, C10), 29.9 (S,cfmends 21.2 (S, Gmend, 20.7 (S, Gmend, 17.3 (S,
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[4-(2-Pyridinyl)-2-(1-piperidinyl)-pyrimidin(chlori do)®°-p-cymene)ruthenium(ll)]tetra-
fluoroborate 36k-BPh,. The synthesis 086k-BPh, was carried out as described in general
synthesis but 154.0 mg of NaBPalt (0.45 mmol) were also added to the solutiah lzafore
concentrating the excess and formed salts wererddt off. Yield: 300.0 mg (72%, green
solid). Anal. calcd forggHsBCIN4RuU: C, 69.44; H, 6.07; N, 6.75. Found: C, 68.836121; N,
6.65.'H NMR (400.1 MHz, DMSQus, 20 °C):5 9.32 (d,Jun = 5.44 Hz, 1H, H1), 8.75 (dhn

= 4.68 Hz, 1H, H8), 8.47 (dluy = 8.20 Hz, 1H, H4), 8.24 (fyy = 7.82 Hz, 1H, H3), 7.82 (t,
Jun = 6.46 Hz, 1H, H2), 7.77 (dlun = 4.72 Hz, 1H, H7), 7.19 (m, 8H, BPh 6.92 (t,Juy =
7.24 Hz, 8H, BP}), 6.79 (t,Jun = 7.04 Hz, 4H, BP}), 5.98 (d,Jun = 5.88 Hz, 1H, Hmend,
5.88 (d,Jun = 5.92 Hz, 1H, Kmend, 5.79-5.75 (M2H, Heymend, 3.78 (t,dun = 8.22 Hz, 4H,
Hpiperdiny), 2.32-2.39 (M, 1H, Hmend, 2.14 (S, 3H, Emend, 1.66 (M, 6H, Hperdiny), 0.97 (d,
Jun = 7.04 Hz, 3H, Kmend, 0.82 (d,Jun = 6.68 Hz, 3H, Kmend. °C NMR (100.6 MHz,
DMSO ds, 20 °C):5 164.1-162.6 (m, BB, 162.5 (s, C9), 161.3 (s, C8), 159.0 (s, C6),.453
(s, C5), 149.4 (s, C1), 140.0 (Seyfend, 137.4 (s, C3), 135.5 (S,fmenc & BPh), 128.4 (s,
Ceymend, 125.3-125.2 (m, BRR), 124.7 (s, C2), 121.5 (Scfmene& BPhy), 120.9 (s, C4), 105.0
(s, C7), 64.9 (s, fperdiny), 44.2 (S, Giperdiny), 30.4 (S, Gmend, 25.3 (S, Giperdiny), 21.8 (s,
Ceymend, 21.1 (S, Gmengs 17.9 (S, Gymend-
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[N-1-Propyl-4-(2-pyridinyl)pyrimidin-2-amin(chlorido) (n°-p-cymene)ruthenium(ll)]tetra-
fluoroborate 36l-BPh,. The synthesis 086l-BPh, was carried out as described in general

synthesis but 154.0 mg of NaBPalt (0.45 mmol) were also added to the solutiah lzefore

concentrating the excess and formed salts werrddt off. Yield: 380.0 mg (85%, brown
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solid). Anal. calcd for gsH4sBCIN4Ru: C, 68.70; H, 6.02; N, 6.97. Found: C, 68.17589;
N, 7.04.H NMR (400.1 MHz, DMSQds, 20 °C):5 9.48 (s br., 1H, H1), 8.77 (S br., 1H, H8),
8.63 (d,Jun = 6.8 Hz 1H, H4), 8.29 (s br., 1H, H3), 7.83 (s iH, H2), 7.81 (s br., 1H, H7),
7.18 (s br., 8H, BPf), 6.92 (s br., 8H, BB, 6.79 (s br., 5H, BRBh NH), 6.15 (s, 1H,
Heymend, 6.05-6.01 (M, 3H, Kmend, 3.57 (5 br., 2H, Kopy), 2.43 (s br., 1H, Hmend, 2.21 (S,
3H, Heymend, 1.70 (s br., 2H, Fopy), 0.97-0.86 (M, 9H, Hmene & Hpropy). °C NMR (100.6
MHz, DMSO ds, 20 °C):5 164.1-162.6 (m, BRJ), 162.5 (s, C9), 161.5 (s, C8), 161.0 (s, C6),
156.1 (s, C5), 153.8 (s, C1), 140.1 (Synfend, 135.5 (s br., C3, Gnene& BPhy), 129.0 (s,
Ceymend, 125.3-125.3 (s br., BF), 125.2 (s, C2), 121.5 (S br.o/fene& BPh), 121.2 (s, C4),
105.2 (s, C7), 43.7 (S,efepy): 30.3 (S, Gmend, 21.9 (S, Gropy), 21.6 (S, Gmend, 21,5 (5,
Ceymeng, 18.3 (S, Gymeng, 11.2 (S, Gropy)-

Q_L_h BPh,;

Ru—

1 \ ClH
2¢” ’\\l 6.N N\/\/
35 7 o
4 7\ N
8
[N-1-Butyl-4-(2-pyridinyl)pyrimidin-2-amin(chlorido)( n°-p-cymene)ruthenium(ll)]tetra-
fluoroborate 36m-BPh,. The synthesis a36m-BPh, was carried out as described in general
synthesis but 154.0 mg of NaBPalt (0.45 mmol) were also added to the solutiah lzafore
concentrating the excess and formed salts werrddt off. Yield: 250.0 mg (61%, brown
solid). Anal. calcd forgzHsoBCIN4RuU: C, 68.99; H, 6.16; N, 6.85. Found: C, 68.926123; N,
6.68."H NMR (400.1 MHz, DMSQds, 20 °C):8 9.48 (d,Jun = 5.08 Hz, 1H, H1), 8.76 (d
= 4.68 Hz, 1H, H8), 8.59 (d = 8.24 Hz, 1H, H4), 8.27 (uu = 7.82 Hz, 1H, H3), 7.84 (t,
Jun = 6.46 Hz, 1H, H2), 7.78 (dyny = 4.72 Hz, 1H, H7), 7.20 (s br., 8H, BPh6.93 (t,Jun =
7.24 Hz, 8H, BPh), 6.78-6.81 (m, 5H, NH & BR¥), 6.14 (dJun = 6.24 Hz, 1H, H/meng, 6.03

(s br., 2H, Hymend, 5.99 (d,J = 6.28 Hz, 1H, Hymend, 3.62 (t,dun = 6.64 Hz, 2H, k),
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2.47-2.40 (M, 1H, Bmend, 2.21 (S, 3H, mend, 1.68-1.66 (M, 2H, k), 1.43-1.38 (m, 2H,
Houyl), 0.97 (t,dun = 7.42 Hz, 3H, ly), 0.93 (d,Jnn = 8.04 Hz, 3H, Kymend, 0.86 (d,Jun =
7.04 Hz, 3H, Bymend. *°C NMR (100.6 MHz, DMSQds, 20 °C):3 164.1-162.6 (m, BRJ,
162.5 (s, C9), 161.5 (s, C8), 161.0 (s, C6), 1%6.C5), 153.8 (s, C1), 140.1 (Syfend, 135.5
(s, C3, Gymene& BPhy), 128.9 (S, Gmend, 125.1 (m, C2 & BPK), 121.5 (S, C4, Gmene &
BPhy), 105.0 (s, C7), 41.7 (Sp&), 30.7 (S, Guty), 30.3 (S, Gmend, 21.6 (S, Gmend, 21.5 (S,
Ceymend, 19.6 (S, Guty), 18.3 (S, Gmend, 13.7 (S, Gury)-

©_L—I+ BPh,
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[N-1-Octyl-4-(2-pyridinyl)pyrimidin-2-amin(chlorido)( n°-p-cymene)ruthenium(ll)]tetra-
fluoroborate 36n-BPh,. The synthesis oB6n-BPhywas carried out as described in general
synthesis but 154.0 mg of NaBPalt (0.45 mmol) were also added to the solutiah lzefore
concentrating the excess and formed salts werrddt off. Yield: 370.0 mg (85%, brown
solid). Anal. calcd forgiHsgBCIN4Ru: C, 70.06; H, 6.69; N, 6.41. Found: C, 69.796H,7; N,
6.42."H NMR (400.1 MHz, DMSQds, 20 °C):8 9.48 (d,Jun = 5.08 Hz, 1H, H1), 8.76 (dun
= 4.68 Hz, 1H, H8), 8.60 (dly = 8.24 Hz, 1H, H4), 8.28 (flyy = 7.64 Hz, 1H, H3), 7.85 (t,
Jun = 6.44 Hz, 1H, H2), 7.79 (dl = 5.08 Hz, 1H, H7), 7.19 (d, 8H, BP} 6.93 (t,Jun =
7.24 Hz, 8H, BPh), 6.81-6.77 (m, 5H, NH & BPR¥), 6.14 (d,Jun = 5.88 Hz, 1H, /meng, 6.03
(s br., 2H, Hymend, 5.99 (d,Jun = 6.24 Hz, 1H, Kmend, 2.45-2.41 (M, 1H, Hmend, 2.21 (s,
3H, Heymend, 1.68 (s br., 2H, ), 1.35-1.28 (m, 12H, khy), 0.93 (d,Jun = 6.68 Hz, 3H,
Heymend, 0.87-0.85 (M, 6H, Hmene Hocty)- )C NMR (100.6 MHz, DMSQts, 20 °C):8 164.1-
162.6 (m, BPH), 162.1 (s, C9), 161.5 (s, C8), 161.0 (s, C6),1%8, C5), 153.8 (s, C1), 140.1

(S, Gymend, 135.5 (S, C3, Gmene& BPN), 128.9 (S, Gmend, 125.3-125.3 (m, BRY, 125.2 (s,

185



C2), 121.5 (S, C4, Gmene& BPN), 105.1 (s, C7), 42.0 (So&), 31.2 (S, Geyy), 30.3 (S, Gy
& Ccymené, 28.7 (S, Gcty|), 28.6 (S, G(;ty|), 26.3 (S, Gcty|), 22.1 (S, G(;ty|), 21.6 (S, Gymena, 21.5

(S, Ceymend, 18.3 (S, Gymeng, 14.0 (S, Geyy)-

@7+ BPh,
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[N-(S)-(+)-1-Phenylethyl-4-(2-pyridinyl)pyrimidin-2-amin (chIorido)(ne-p-cymene)ruthe-
nium(ll)]tetrafluoroborate 360-BPh 4. The synthesis of360-BPh, was carried out as
described in general synthesis but 154.0 mg of NiaB&lt (0.45 mmol) were also added to the
solution and before concentrating the excess amdei salts were filtered off. Yield: 0.34 g
(0.39 mmol, 78%, green solid). Anal. calcd fog50BCINsRuU: C, 70.71; H, 5.82; N, 6.47.
Found: C, 70.71; H, 5.82; N, 6.53 NMR (400.1 MHz, DMSOds, 20 °C):8 9.54 (d,Jun =
5.2 Hz, 1H, H1), 9.49 (dluy = 5.2 Hz, 1H, H1"), 8.83 (duy = 4.8 Hz, 1H, H8), 8.70 (Jay =
4.8 Hz, 1H, H8'), 8.65 (tuy = 7.7 Hz, 2H, H4 & H4'"), 8.32 (84n = 7.8 Hz, 2H, H3 & H3),
7.90-7.85 (M3H, H2 & Hep), 7.83 (d,Jun = 4.9 Hz, 1H, H2), 7.67 (dlun = 7.4 Hz, 2H,
Hpheny), 7.53-7.22 (M8H, H7, H7', bbn & Hpp), 7.20 (s br., 16H, BRh& BPh,"), 6.92 (t,Jux
= 7.3 Hz, 16H, BPh & BPh,"), 6.85 (d,Jun = 8.7 Hz, 1H, NH), 6.78 (tun = 7.1 Hz, 8H,
BPhy & BPh,"), 6.64 (d,Jun = 7.2 Hz, 1H, NH'), 6.33 (dly = 6.0 Hz, 1H, Hymend, 6.15 (d,
Jun = 6.0 Hz, 1H, Kymene), 6.08 (d,Jun = 6.0 Hz, 1H, KHmend, 5.96 (d,Jun = 6.0 Hz, 1H,
Heymend), 5.86 (tJun = 6.3 Hz, 2H, Kymene& Heymend), 5.79 (d.Jun = 6.0 Hz, 1H, Hymend, 5.53
(d, Jun = 6.0 HZ, 1H Kymend), 5.46-5.23 (m, 2H, C10 & C10'), 2.49-2.45 (m,, tymend,
2.30-2.20 (m, 4H, Bmene & Heymend, 2.07 (S, 3H, kmend), 1.78 (d,J yu= 6.9 Hz, 3H, H11),

1.63 (d,Jun = 6.8 Hz, 3H, H11"), 0.96 (i = 6.8 Hz, 3H, Kymend, 0.89 (d.Jun = 6.9 Hz, 3H,

Heymend), 0.79 (dd Juy = 6.7, 2.6 Hz, 6H, Hmene& Heymend). °C NMR (100.6 MHz, DMSO
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ds, 20 °C):5 164.1, 163.6 (s, C9 & C9'), 163.1, 162.6 (s, CES), 161.6, 161.4 (s, C6 &
C6'), 161.3 (ddJun = 36.2, 12.6 Hz, BPh& BPhy"), 156.3 (s, C5 & C5'), 153.7 (s, C1 & C1Y),
143.4, 142.3 (S, Genyletnyi& Cphenyletnyl), 140.2 (S br., Gmene& Ceymend), 135.53 (s br., C3, C3',
Ceymene Ceyments BPIY & BPh,”), 129.1 (S br., Gmene& Ceymend), 129.0, 128.9 (S, fony &
Conenyl), 128.4, 128.0 (S, feny & Cpnenyl), 127.0, 126.6 (S, faenyi & C phenyl), 126.6, 125.6 (s,
C2 & C2'), 125.3 (ddJuy = 5.3, 2.6 Hz, BPh& BPhy"), 121.5 (m, C4 & C4'), 108.5, 108.3 (s,
C7 & C7'),104.9-104.1 (M, Gmene Coymenss BPhy & BPh”), 87.1, 86.6, 85.6, 84.6, 84.1, 83.7,
83.6 (S, Gymene& Ceymend), 51.8, 51.6 (s, C10 & C10"), 30.4, 30.2 (8,nfene& Ceymend), 22.9,

21.6 (s, C11 & C11'), 21.6, 21.1 (Suyfene& Ceymend), 21.4, 20.6 (S, Gmene& Ceymend), 18.3,

©_L_I+ BPhy
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18.0 (S, Gymene& Ccymene)-

[N-(R)-(+)-1-Phenylethyl-4-(2-pyridinyl)pyrimidin-2-amin (chlorido)(n°®-p-cymene)ruthe-
nium(l)]tetrafluoroborate 36p-BPh 4. The synthesis of36p-BPh, was carried out as
described in general synthesis but 154.0 mg of NiaB#t (0.45 mmol) were also added to the
solution and before concentrating the excess amdei salts were filtered off. Yield: 320.0
mg (74%, green solid). Anal. calcd ferlsoBCIN4Ru: C, 70.71; H, 5.82; N, 6.47. Found: C,
68.65; H, 6.01; N, 6.24H NMR (400.1 MHz, DMSQds, 20 °C):6 9.53, (dJun = 5.3 Hz, 1H,
H1), 9.48 (dJun = 5.3 Hz, 1H, H1'), 8.81 (dun = 4.9 Hz, 1H, H8), 8.68 (dy = 4.8 Hz, 1H,
H8'), 8.62 (tJun = 7.8 Hz, 2H, H4 & H4'), 8.29 (tly = 7.8 Hz, 2H, H3 & H3'), 7.91-7.83 (m,
4H, H2 & Hpp), 7.81 (d,Juy = 4.9 Hz, 1H, H2'), 7.67 (Jun = 7.4 Hz, 2H, K, 7.53-7.22 (m,
8H, H7, H7", b & Hpp), 7.18 (s br.16H, BPh & BPhy), 6.92 (t,Juy = 7.3 Hz, 16H, BPh

& BPh), 6.85 (d,Jun = 8.7 Hz, 1H, NH), 6.79 (lus = 7.1 Hz, 8H, BP§ & BPh), 6.64 (d,
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Jw = 7.3 Hz, 1H, NH), 6.31 (dJu = 6.1 Hz, 1H, Hymend, 6.13 (d,du = 6.1 Hz, 1H,
Heymend, 6.06 (d.Jun = 6.1 Hz, 1H, Kymend, 5.94 (dJun = 6.1 Hz, 1H, Kymend, 5.84 (tJun =
7.2 Hz, 2H, Rymend, 5.77 (d.Jun = 6.1 Hz, 1H, kymend, 5.51 (d,Jun = 6.0 Hz, 1H, kymend,
5.45-5.24 (m, 2H, H10 & H10"), 2.45 (M, 1Hefdend, 2.27-2.19 (M, 4H, Hmend, 2.07 (dJux

= 8.7 Hz, 3H, Kymend, 1.78 (d,Jun = 6.9 Hz, 3H, H11), 1.63 (uy = 6.8 Hz, 3H, H11'), 0.95
(d, Jun = 6.9 Hz, 3H, Kymend, 0.90 (t,Ju = 8.2 Hz, 3H, kymend, 0.78 (ddJu = 6.8, 2.8 Hz,
6H, Heymend. ~°C NMR (100.6 MHz, DMSOds, 20 °C):§ 161.4 (dd,Jyy = 35.9, 15.8 Hz,
BPh, & BPh,"), 164.1, 163.6 (s, C9 & C9'), 163.2, 162.7 (s,&88'), 161.6, 161.5 (s, C6 &
C6'), 156.3 (s, C5 & C5'), 153.7 (s, C1 & C1'), B4342.4 (S, Grenyletnyi& Cphenyletny}), 140.3
(s br., Gymene& Ceymend), 135.57 (s br., C3, C3',efmene Ceyments BPY & BPh,"), 129.1 (s br.,
Coymene& Coymend), 129.1, 128.5 (S, fenyi & Cpnenyl), 128.5, 128.0 (S, fenyi & C phenyl), 127.0,
126.7 (S, Ghonyi & C phenyl), 126.7, 125.6 (s, C2 & C2)), 125.3 (dily = 5.4, 2.6 Hz, BPh&
BPh"), 121.6 (M, C4, C4', Gmene Ceyment, BPhy & BPh”), 108.6, 108.4 (s, C7 & C7), 87.2,
86.7, 85.6, 84.7, 84.1, 83.8, 83.7 (Synfene& Ceymend), 51.8, 51.6 (s, C10 & €0'), 30.4, 30.2
(S, Goymene& Ceymend), 22.9, 21.7 (s, C11 & C11'), 21.2 (Syyfeene & Coymend), 21.5, 20.6 (s,
Coymene& Coymend), 18.3, 18.1 (S, Gmene& Coymend).

Q_L_h BPh,;

Ru—
1 \ Cl
2 Y b N
3\ 5 {7 \\@ \(
4 7\ N
8
[N-Isopropyl-4-(2-pyridinyl)pyrimidin-2-amin(chlorido )(n°®-p-cymene)ruthenium(ll)]-
tetrafluoroborate 36g-BPhs. The synthesis 086g-BPh, was carried out as described in
general synthesis but 154.0 mg of NaB&4it (0.45 mmol) were also added to the solutiah an
before concentrating the excess and formed salts filiered off. Yield: 230.0 g (57%, brown

solid). Anal. calcd for gsH4sBCIN4Ru: C, 68.70; H, 6.02; N, 6.97. Found: C, 68.506t21;
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N, 7.13."H NMR (400.1 MHz, DMSQds, 20 °C):8 9.49 (d,Jun = 5.08 Hz, 1H, H1). 8.76 (d,
Jun = 4.68 Hz, 1H, H8), 8.58 (dly = 7.80 Hz, 1H, H4), 8.25 (= 7.62 Hz, 1H, H3), 7.84
(t, Jun = 6.26 Hz, 1H, H2), 7.79 (dy = 4.68 Hz, 1H, H7), 7.23 (d, 8H, BP) 6.95 (t,Jun =
7.04 Hz, 8H, BP}), 6.81 (t,Jun = 6.84 Hz, 4H, BP), 6.34 (s, 1H, NH), 6.15 (dj = 5.88
Hz, 1H, Hymend, 6.04-5.99 (M, 2H, Hmend, 5.79 (d.Ju = 5.88 Hz, 1H, Hmend, 4.34-4.29 (m,
1H, Hsopropy), 2.46-2.39 (M, 1H, Hmend, 2.20 (S, 3H, kmend, 1.49 (d,Juy = 6.24 Hz, 3H,
Hisopropy)s 1.25 (d,Jun = 6.64 Hz, 3H, Hopropy), 0.93-0.88 (M, 6H, Kmend- °C NMR (100.6
MHz, DMSOds, 20 °C):5 164.1-162.6 (m, BRP), 161.7 (s, C9), 161.4 (s, C8), 161.1 (s, C6),
156.2 (s, C5), 153.8 (s, C1), 140.1 ($ynfend, 135.5 (s br., C3, Gnene & BPhy), 129.0 (s,
Ceymend, 125.3 (s br., BPf), 125.2 (s, C2), 121.5 (s br., Cdyfenc& BPhy), 108.0 (s, C7),

44.1 (s, Gsoropy): 30.3 (S, Gymend, 21.7 (S, Gymend, 21.3 (S, Gymend, 21.9 (S, Gsoropy), 21.8 (S,

Q_LT+ BPh,

Hy>N Ru—
N N

\ N NH2
3\ 1 \\(
2 ~_N

[4,4'-Bipyrimidine-2,2'-diamine(chlorido)(n°-p-cymene)ruthenium(ll)]tetrafluoroborate

Cisoropy)s 18.2 (S, Gymeng-

37-BPh. The synthesis @7 was carried out as described in general synthesi$3:.0 mg of
NaBPh salt (0.45 mmol) were also added to the solutioh lagfore concentrating the excess
and formed salts were filtered off. Yield: 224.1 ni@6%, red solid). Anal. calcd for
Ca2H42BCINgRU + 0.25 CHCI,: C, 63.48; H, 5.36; N, 10.51. Found: C, 63.35;580; N,
10.38.'"H NMR (600.1 MHz, DMSQds, 20 °C):6 8.74 (d,dun = 4.7 Hz, 2H, H3), 7.77 (dun

= 4.7 Hz, 2H, H2), 7.17 (s br., 8Hpk), 6.92 (t,J4n = 7.3 Hz 8H, Hy), 6.78 (t,dun = 7.1 Hz,
4H, Hpp), 6.15 (d,Jun = 6.1 Hz, 2H, Bmend, 6.02 (d,Jun = 6.1 HZ 2H, Kymend, 2.31 (M, 1H,

Heymend, 2.24 (S, 3H, mend, 0.87 (d,Jun = 6.8 Hz, 6H, Kmend. *°C NMR (150.9 MHz,
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DMSO-ds, 20 °C):5 164.5 (s, C4), 163.9-162.9 (gedl; 162.0 (s, C3), 160.9 (s, C1), 135.6 (s,
Cery), 125.4 (s, ), 121.6 (s, &), 109.4 (s, C2), 107.4 (Scfmend, 103.2 (S, Gmend, 85.9 (s,
Ceymengs 81.9 (S, Gymeng, 30.0 (S, Gymend, 21.6 (S, Gymengd, 18.2 (S, Gymeng-
5.4.2 Palladium Complexes
5.4.2.1Palladium Complexes with Bidendate Ligands

General synthesis of the Pd(NN)GItype complexes A solution of the ligand (0.5
mmol) in CHCIl, (5 ml) was added dropwise to a solution of 191 m§ o
bis(benzonitrile)palladium(ll) chloride (0.5 mmal) CH,Cl, (20 ml). After stirring for 20 h at
room temperature the solution was concentratedtla@groduct was precipitated by adding
Et,O (10 ml). The product was filtered and washed \Eiti© twice and dried under vacuum.

3
274

|/57
1°N ?\8

l
Cl—Pd——N.~N
To
Cl NH»

2-Amino-4-(pyridin-2-yl)pyrimidine(dichlorido)palla dium(ll) 39a. Yield: 78.0 mg (90%,
yellow solid). Anal. calcd for ¢HsCIoN4Pd: C, 30.93; H, 2.31; N, 16.03. Found: C, 30.93; H
2.54; N, 15.82H NMR (400.1 MHz, DMSQds, 20 °C):8 9.21 (d,Jun = 5.87 Hz, 1H, H1),
9.00 (s br., 1H, Nb), 8.70 (d,Jun = 4.89 Hz, 1H, H8), 8.56 (dyy = 8.32 Hz, 1H, H4), 8.36-
8.8.30 (M, 2H, H& NH>), 7.83 (t,Jun = 6.85 Hz, 1H, H2), 7.65 (dun = 4.89 Hz, 1H, H7).
13C NMR (100.6 MHz, DMSGds, 20 °C):8 163.9 (s, C9), 162.5 (s, C6), 161.8 (s, C8), 152.3

(s, C5), 150.0 (s, C1), 141.2 (s, C3), 127.9 (3, €24.9 (s, C2), 107.2 (s, C7).

3
2| X4 12 13
5
I NEAL
l [ 8 11

Cl—Pd—N._ 2N
o
Cl NH,
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2-Amino-6-(1-phenyl)-4-(pyridin-2-yl)pyrimidine)(di chlorido)palladium(ll) 39b. Yield:
211.0 mg (99%, yellow solid). Anal. calcd fors81,Cl,N4Pd: C, 42.33; H, 2.84; N, 13.16.
Found: C, 42.93; H, 2.68; N, 12.7H NMR (400.1 MHz, DMSOdg, 20 °C):8 9.22 (d,Jun =
4.89 Hz, 1H, H1), 9.01 (s br., 1H, NH 8.88 (d,Juy = 8.32 Hz, 1H, H4), 8.40-8.32 (m, 4H,
H3, NH, & H11), 8.22 (s, 1H, H7), 7.84 (3 = 6.36 Hz, 1H, H2), 7.66-7.58 (m, 3H, H12 &
H13).*C NMR (100.6 MHz, DMSQds, 20 °C):8 166.8 (s, C8), 163.7 (s, C6), 163.4 (s, C9),
157.0 (s, C5), 150.0 (s, C1), 141.1 (s, C3), 184,€10), 132.6 (s, C13), 129.0 (s, C12), 127.9

(s, C4 & C11), 125.2 (s, C2), 103.8 (s, C7).

2-Amino-6-(1-naphtyl)-4-(pyridin-2-yl)pyrimidine)(d ichlorido)palladium(ll) 39c. Yield:
226.0 mg (95%, yellow solid). Anal. calcd forE14CloN4Pd: C, 47.98; H, 2.97; N, 11.78.
Found: C, 44.96; H, 3.24; N, 11.3%1 NMR (400.1 MHz, DMSQdg, 20 °C):8 9.25 (d,Jun =
5.87 Hz, 1H, H1), 9.09 (s br., 1H, NH8.73 (d,Jun = 7.82 Hz, 1H, H4), 8.47 (s br., 1H, NH
8.36-8.28 (m, 2H, H3 & Khpnthy), 8.17 (d,Jun = 8.32 Hz, 1H, Rhpniny), 8.07-8.05 (m, 1H,
Hnaphthy), 8.01 (s, 1H, H7), 7.88 (dnn = 6.35 Hz, 1H, Rhpniny), 7.81 (t,Iun = 5.87 Hz, 1H,
H2), 7.7-7.5 (m, 3H, Khpnny). °C NMR (100.6 MHz, DMSQdg, 20 °C): 3 170.3 (s, C8),
163.6 (s, C6), 162.9 (s, C9), 156.9 (s, C5), 1%6,@1), 141.1 (s, C3), 134.2-125.2 (12s, C2,

C4 & Craphiny), 108.5 (s, C7).

ClI—Pd——N._ =N
o
Cl NH,
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2-Amino-6-(3-methoxyphenyl)-4-(pyridin-2-yl)pyrimidine)(dichlorido)palladium(ll) 39d.
Yield: 191.0 mg (84%, yellow solid). Anal. calcdrf@16H14CIoN4OPd: C, 42.18; H, 3.10; N,
12.30. Found: C, 42.10; H, 3.54; N, 12.53.NMR (400.1 MHz, DMSQdg, 20 °C):6 9.22 (d,
Jun = 4.89 Hz, 1H, H1), 8.94 (s br., 1H, MH8.87 (d,Jun = 7.82 Hz, 1H, H4), 8.39-8.32 (m,
3H, H3 & H11), 8.22 (s br., 1H, Nij 8.17 (s, 1H, H7), 7.82 (8 = 6.36 Hz, 1H, H2), 7.16
(d, Juy = 8.81 Hz, 2H, H12), 3.88 (s, 1H. H14JC NMR (100.6 MHz, DMSGdg, 20 °C):$
166.0 (s, C13), 163.6, 163.0, 162.9 (3s, C9, C6&, @57.1 (s, C5), 149.9 (s, C1), 141.0 (s,
C3), 129.8 (s, C11), 127.7 (s, C4), 126.8 (s, C12%.9 (s, C2), 114.4 (s, C12), 103.1 (s, C7),

55.6 (s, C14).

2-Amino-6-(3-buthoxyphenyl)-4-(pyridin-2-yl)pyrimid ine)(dichlorido)palladium(ll) 39e.
Yield: 202.0 mg (81%, yellow solid). Anal. calcdrf@19H,cCIoN4OPd: C, 45.85; H, 4.05; N,
11.26. Found: C, 45.52; H, 4.27; N, 11.6/.NMR (400.1 MHz, DMSQdg, 20 °C):6 9.20 (d,
Jun = 5.38 Hz, 1H, H1), 8.92 (s br., 1H, MH8.85 (d,Jun = 7.82 Hz, 1H, H4), 8.35 (B =
7.34 Hz, 1H, H3), 8.30 (d}y = 8.8 Hz, 1H, H11), 8.17 (s br., 1H, MH8.12 (s, 1H, H7),
7.80 (t,dun = 6.36 Hz, 1H, H2), 7.11 (dyn = 8.8 Hz, 2H, H12), 4.09 (8 = 6.36 Hz, 2H,
H14), 1.77-1.72 (m, 2H, H15), 1.49-1.40 (m, 2H, HIBO5 (t,Juy = 7.34 Hz, 3H, H17)"C
NMR (100.6 MHz, DMSQOdg, 20 °C):6 166.0 (s, C13), 163.6, 162.8, 162.5 (3s, C9, GB&3,
157.1 (s, C5), 149.6 (s, C1), 141.0 (s, C3), 128.&11), 127.6 (s, C4), 126.6 (s, C10), 124.9

(s, C2), 114.8 (s, C12), 103.1 (s, C7), 67.6 (2})C30.7 (s, C15), 18.7 (s, C16), 13.7 (s, C17).
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Cl—Pd——N_ =N
o
Cl NH,

2-Amino-6-(tbutyl)-4-(pyridin-2-yl)pyrimidine)(dichlorido)palla dium(ll) 39f. Yield: 170.0
mg (84%, orange solid). Anal. calcd fors8:6Cl,N4OPd: C, 38.49; H, 3.98; N, 13.81. Found:
C, 38.48; H, 4.09; N, 13.73H NMR (400.1 MHz, DMSQdg, 20 °C):6 9.18 (d,Jun = 5.38
Hz, 1H, H1), 8.89 (s br., 1H, N§§ 8.75 (d,Jun = 7.82 Hz, 1H, H4), 8.31 (8 = 7.83 Hz,
1H, H3), 8.16 (s br., 1H, NB}, 7.79 (t,dun = 6.36 Hz, 1H, H2), 7.68 (s, 1H, H7), 1.32 (s, 9H,
H11).*C NMR (100.6 MHz, DMSQds, 20 °C):8 182.3 (s, C8), 163.3 (s, C6), 162.3 (s, C9),
156.9 (s, C5), 149.9 (s, C1), 141.0 (s, C3), 123,&4), 124.9 (s, C2), 104.1 (s, C7), 38.1 (s,
C10), 28.5 (s, C11).
5.4.2.2Palladium Complexes with Tridendate Ligands
General method of synthesis of the Pd(NNC)CI typeomplexes To a solution of 0.5
mmol bis(benzonitrile)palladium(ll)chloride in 101 mof dichloromethane a solution of 0.5
mmol of the ligand in 10 ml dichloromethane wasetidropwise. The reaction mixture was
stirred at room temperature over night. The préaipd product was filtered and washed with
dichloromethane. The product can be crystallizechfPMSO.
3
2 | \/ 4 s
NN

Cl/Pd/NQ\fN

1 NH
12 0

13 540
N-Phenyl«C?-4-(pyridine-2-yl-kN*)pyrimidin- kN3-2-amine(chlorido)palladium(ll) ~ 40a.
Yield: 360.0 mg (93%, orange solid). Anal. calcd @sH;;CINs,Pd + 0.33CHCI,: C, 44.14;
H, 2.80; N, 13.43. Found: C, 44.58; H, 2.90; N,783H NMR (400.1 MHz, DMSQds, 20
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°C): 5 11.10 (s br., 1H, NH), 9.33 (dyn = 4.69 Hz, 1H, H1), 9.00 (dyy = 4.69 Hz, 1H, H8),
8.67 (d,Jun = 7.82 Hz, 1H, H4), 8.37 (duy = 8.19 Hz, 1H, H12), 8.28 (@ = 7.04 Hz, 1H,
H3), 7.99 (dJun = 5.08 Hz, 1H, H7), 7.88 (8 = 6.26 Hz, 1H, H2), 7.19 (dw = 7.43 Hz,
1H, H13), 7.04 (tJuy = 7.04 Hz, 1H, H15), 6.71 (@ = 7.04 Hz, 1H, H14)**C NMR (100.6
MHz, DMSO-s, 20 °C):5 162.1 (s, C6), 161.1 (s, C8), 152.5 (s, C5), 1%6,@9), 149.2 (s,
C1), 140.3 (s, C10), 139.8 (s, C3), 136.6 (s, C128.0 (s, C2), 125.0 (s, C11), 124.5 (s, C12),

123.9 (s, C4), 120.6 (s, C13), 116.2 (s, C15),4(8.C7).

NH
12 0
1 15
F 14

N-(4-Fluorophenyl-kC?)-4-(pyridine-2-yl-kNY)pyrimidin- kN3-2-amine(chlorido)palla-
dium(ll) 40b. Yield: 380.0 mg (94%, orange solid). Anal. catlod C;sH;0,CIFN4,Pd + DMSO:
C, 42.08; H, 3.32; N, 11.55. Found: C, 41.80; Hi23.N, 11.46.'H NMR (400.1 MHz,

DMSO-ds, 20 °C):5 11.03 (s br., 1H, NH), 9.18 (duu = 5.04 Hz, 1H, H1), 8.90 (d

4.70 Hz, 1H, H8), 8.56 (dluy = 8.21 Hz, 1H, H4), 8.21-8.17 (m, 1H, H3), 8.04,(d
11.4, 2.9 Hz, 1H, H12), 7.87 (&4 = 4.69 Hz, 1H, H7), 7.79-7.77 (m, 1H, H2), 7.18,@n

= 3.13, 5.48 Hz, 1H, H15), 6.84-6.79 (m, 1H, HT4Z NMR (100.6 MHz, DMSGQdg, 20 °C):

8 162.0 (s, C6), 161.2 (s, C8), 156.2 Je = 240 Hz, C13), 152.6 (s, C5), 150.0 (s, C9), 249.
(s, C1), 139.8 (s, C3), 133.5 (s, C10), 128.0 &), €26.5 (dJcr = 5.0 Hz, C11), 124.9 (dcr

= 20.6 Hz, C12), 123.9 (s, C4), 116.8 Jgs = 7.7 Hz, C15), 112.0 (dicr = 23.4 Hz, C14),

108.7 (s, C7).
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N-(4-Chlorophenyl-kC?)-4-(pyridine-2-yl-kNY)pyrimidin- kN3-2-amine(chlorido)palla-
dium(ll) 40c. Yield: 370.0 mg (88%, orange solid). Anal. cafod C;5H;0CIoN4Pd + 0.33
CH.Cl,: C, 40.71; H, 2.36; N, 12.39. Found: C, 40.95;2#1; N, 12.70H NMR (400.1
MHz, DMSO-ds, 20 °C):5 11.19 (s br., 1H, NH), 9.27 (dyn = 5.08 Hz, 1H, H1), 9.00 (dux

= 5.08 Hz, 1H, H8), 8.66 (dun = 8.22 Hz, 1H, H4), 8.32-8.26 (m, 2H, H3 & H12)99 (d,
Jun = 4.70 Hz, 1H, H7), 7.88 (flun = 6.26 Hz, 1H, H2), 7.17-7.15 (m, 1H, H15), 7.00&
(m, 1H, H14).*C NMR (100.6 MHz, DMSQds, 20 °C):5 162.1 (s, C6), 161.3 (s, C8), 152.6
(s, C5), 150.1 (s, C9), 149.3 (s, C1), 139.9 (9, @38.6 (s, C13), 135.9 (s, C10), 128.0 (s,

C2), 126.4 (s, C11), 124.7 (s, C12), 124.0 (s, C23.9 (s, C14), 117.3 (s, C15), 109.1 (s, C7).

1 _NH
12 0
1 15
O 14

N-(4-Methoxyphenyl«C?)-4-(pyridine-2-yl-kN*)pyrimidin- kN3-2-amine(chlorido)palla-
dium(ll) 40d. Yield: 400 mg (95%, red solid). Anal. calcd fotsB8:3CIN4OPd: C, 45.85; H,
3.13; N, 13.37. Found: C, 45.30; H, 3.30; N, 1356NMR (400.1 MHz, DMSQdg, 20 °C):6
11.02 (s br., 1H, NH), 9.33 (dyu = 4.7 Hz, 1H, H1), 8.95 (d = 4.69 Hz, 1H, H8), 8.66 (d,
Jun = 8.22 Hz, 1H, H4), 8.28 (fun = 8.33 Hz, 1H, H3), 8.00 (duy = 2.74 Hz, 1H, H12),

7.91-7.86 (m, 2H, H7 & H2), 7.14 (dyn = 9 Hz, 1H, H15), 6.69 (ddun = 2.74, 5.87 Hz, 1H,
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H14), 3.68 (s, 3H, H16):°C NMR (100.6 MHz, DMSGdg, 20 °C):5 161.9 (s, C6), 160.9 (s,
C8), 152.6 (s, C5), 152.0 (s, C10), 149.7 (s, @8R.2 (s, C1), 139.7 (s, C3), 130.6 (s, C13),
127.9 (s, C2), 125.8 (s, C11), 124.1 (s, C12), 428, C4), 116.4 (s, C15), 111.5 (s, C14),

108.2 (s, C7), 54.9 (s, C16).

4-(4-(Pyridin-2-yl-kNYpyrimidin- kN3-2-ylamino)benzonitrile-xC*(chlorido)palladium(ll)
40e Yield: 370.0 mg (90%, yellow solid). Anal. calcd 16,;6H10CINsPd + DMSO: C, 43.92;
H, 3.28; N, 14.23. Found: C, 44.04; H, 3.33; NATZ4'H NMR (400.1 MHz, DMSQdg, 20
°C): 8 11.51 (s br., 1H, NH), 9.29 (A = 4.7 Hz, 1H, H1), 9.08 (dyy = 4.69 Hz, 1H, H8),
8.71-8.69 (m, 2H, H4 & H12), 8.31-8.29 (m, 1H, H8)10 (d,Jyu = 4.7 Hz, 1H, H7), 7.90-
7.88 (m, 1H, H2), 7.47 (dlyn = 8.22 Hz, 1H, H15), 7.29 (dyy = 8.22 Hz, 1H, H14)**C
NMR (100.6 MHz, DMSOds, 20 °C): The complex was not soluble enough, 83 NMR

spectrum could not be measured.

196



| References

6 References

(1) http://lwww.catalysis.de/Research.6.0.html|?&L=Catalysis—a Key to Sustainability,
Beller, M.

(2) (a) Shang, G.; Li, W.; Zhang, X. @atalytic Asymmetric Synthes&d ed.; Ojima, I., Ed.;
John Wiley & Sons: Hoboken201Q Chapter 7. (b)The Handbook of Homogeneous
Hydrogenation Vols. 1-3; de Vries, J. G., Elsevier, C. J., EW¢iley-VCH: Weinheim,2007.
(c) Transition Metals for Organic Synthesind ed.; Beller, M., Bolm, C., Eds.; Wiley- VCH:
Weinheim,2004 p 29. (d)Asymmetric Catalysis on Industrial ScaRlaser, H.-U., Schmidt,
E., Eds.; Wiley-VCH: Weinhein004

(3) (a) Morris, R. HChem. Soc. Re2009 38, 2282. (b) Baratta, W.; Rigo, Eur. J. Inorg.
Chem.2008 4041. (c) Wang, C.; Wu, X.; Xiad, Chem. Asian 2008 3, 1750. (d) Morris,
D. J.; Wills, M. Chim. Oggi- Chem. Toda3007, 25, 11. (e) Ikariya, T.; Blacker, Al. Acc.
Chem. Res2007, 40, 1300. (f) Samec, J. S. M.; Backvall, J. E.; Amden, P. G.; Brandt, P.
Chem. Soc. Rev006 35, 237. (g) Gladiali, S.; Alberico, EZChem. Soc. Rev00§ 35, 226.
(h) Ikariya, T.; Murata, K.; Noyori, ROrg. Biomol. Chen2006 4, 393.

(4) (&) Doucet, H.; Ohkuma, T.; Murata, K.; Yokozwrl.; Kozawa, M.; Katayama, E.;
England, A. F.; Ikariya, T.; Noyori, RAngew. Chem., Int. EA998 37, 1703. (b) Haack, K. J.;
Hashiguchi, S.; Fujii, A.; Ikariya, T.; Noyori, Rngew. Chem., Int. Ed. Engl997, 36, 285.

(5) (a) Ohkuma, T.; Ooka, H.; Yamakawa, M.; Ikariya Noyori, R.J. Org. Chem199§ 61,
4872. (b) Ohkuma, T.; Koizumi, M.; Doucet, H.; Pham; Kozawa, M.; Murata, K;
Katayama, E.; Yokozawa, T.; Ikariya, T.; Noyori, R Am. Chem. So0&€998 120, 13529. (c)
Ohkuma, T.; Doucet, H.; Pham, T.; Mikami, K.; Koagia, T.; Terada, M.; Noyori, R. Am.

Chem. Socl998 120, 1086.

197



(6) (@) Nordin, S. J. M.; Roth, P.; Tarnai, T.; Akm, D. A.; Brandt, P.; Andersson, P. G.
Chem. Eur. J2001, 7, 1431. (b) Faller, J. W.; Lavoie, A. Rrganometallic2002 21, 3493.
(c) Pasto’, M.; Riera, A.; Perica’s, M. Eur. J. Org. Chem2002 2337. (d) Everaere, K,;
Mortreux, A.; Carpentier, J. Adv. Synth. CataR003 345 67. (e) Petra, D. G. |.; Kamer, P.
C. J.,; Van Leeuwen, P. W. N. M.; Goubitz, K.; Vaoon, A. M.; De Vries, J. G.; Schoemaker,
H. E. Eur. J. Inorg. Chem1999 2335. (f ) Brandt, P.; Roth, P.; Andersson, P.JGOrg.
Chem.2004 69, 4885.

(7) Pelagatti, P.; Carcelli, M.; Calbiani, F.; CasS.; Elviri, L.; Pelizzi, C.; Rizzotti, U.;
Rogolino, D.Organometallic2005 24, 5836.

(8) (a) Carmona, D.; Lamata, M. P.; Oro, L.Eur. J. Inorg. Chem2002 2239. (b) Carmona,
D.; Lamata, M. P.; Viguri, F.; Dobrinovich, I.; Lah, F. J.; Oro, L. AAdv. Synth. CataR002
344, 499. (c) Boegevig, A.; Pastor, I. M.; Adolfsséh,Chem. Eur. J2004 10, 294.

(9) (a) Abdur-Rashid, K.; Lough, A. J.; Morris, R. Organometallics200Q 19, 2655. (b)
Abdur-Rashid, K.; Lough, A. J.; Morris, R. I@rganometallic2001, 20, 1047. (c) Leyssens,
T.; Peeters, D.; Harvey, J. @rganometallic2008 27, 1514. (d) Doherty, S.; Knight, J. G.;
Bell, A. L.; Harrington, R. W.; Clegg, WOrganometallic2007, 26, 2465. (e) Clapham, S. E.;
Hadzovic, A.; Morris, R. HCoord. Chem. Re2004 248 2201.

(10) (a) Baratta, W.; Schiitz, J.; Herdtweck, E.yrhb@ann, W. A.; Rigo, PJ. Organomet.
Chem.2005 690, 5570. (b) Baratta, W.; Herdtweck, E.; Siega, Koniutti, M.; Rigo, P.
Organometallic2005 24, 1660. (c) Baratta, W.; Chelucci, G.; Gladiali, Siega, K.; Toniutti,
M.; Zanette, M.; Zangrando, E.; Rigo, Ragew. Chem., Int. EQO05 44, 6214. (d) Baratta,
W.; Ballico, M.; Esposito, G.; Rigo, F-Chem. Eur. J.2008 14, 5588. (e) Baratta, W.;
Chelucci, G.; Herdtweck, E.; Magnolia, S.; Siega, Rigo, P.Angew. Chem., Int. EQ0Q07,
46, 7651. (f) Baratta, W.; Siega, K.; Rigo, €@hem. Eur. J2007, 13, 7479. (g) Baratta, W.;

Siega, K.; Rigo, PAdv. Synth. CataR007, 349, 1633. (h) Baratta, W.; Bosco, M.; Chelucci,

198



| References

G.; Del Zotto, A.; Siega, K.; Toniutti, M.; Zangrdm, E.; Rigo, POrganometallic2006 25,
4611.

(11) Carmen Carrion, M.; Sepulveda, F.; Jalon, E. Manzano, B. R.; Rodriguez, A. M.
Organometallic2009 28, 3822.

(12) (a) Backvall, J. EJ. Organomet. Chen2002 652, 105. (f) Pamies, O.; Backvall, J. E.
Chem. Eur. J2001, 7, 5052. (b) Noyori, R.; Yamakawa, M.; Hashiguchi,JSOrg. Chem.
2001, 66, 7931.

(13) (a) de Araujo, M. P.; de Figueiredo, A. T.;dado, A. L.; von Poelhsitz, G.; Ellena, J.;
Castellano, E. E.; Donnici, C. L.; Comasseto, J.Béatista, A. A.Organometallic2005 24,
6159. (b) V. Rautenstrauch, X. Hoang-Cong, R. Glud] K. Abdur-Rashid, R. H. Morris,
Chem. Eur. J2003 9, 4954. c) Z. L. Lu, K. Eichele, I. Warad, H. A. V&, E. Lindner, Z. J.
Jiang, V. Z. SchurigAnorg. Allg. Chem2003 629, 1308.

(14) (a) Crochet, P.; Gimeno, J.; Borge, J.; Ga@ianda, SNew J. Chem2003 27, 414. (b)
Crochet, P.; Gimeno, J.; Garcia-Granda, S.; Bodg&rganometallics2001, 20, 4369. (c)
Sammakia, T.; Stangeland, E.1..Org. Chem1997, 62, 6104. (d) Nishibayashi, Y.; Takei, I.;
Uemura, S.Hidai, M. Organometallics1999 18, 2291. (e) Arikawa, Y.; Ueoka, M.; Matoba,
K.; Nishibayashi, Y.; Hidai, M.; Uemura, 3. Organomet. Chem 999 572, 163.

(15) Dahlenburg, L.; Kihnlein, Q. Organomet. Chern2005 690, 1.

(16) Thoumazet, C.; Melaimi, M.; Ricard, L.; Mathéy; Le Floch, POrganometallic2003
22, 1580.

(17) (a) Canivet, J.; Suss-Fink, Green Chem2007, 9, 391. (b) Canivet, J.; Karmazin-Brelot,
L.; Suss-Fink, G.;J. Organomet. Chen2005 690, 3202. (c) Canivet, J.; Labat, G.; Stoeckili-
Evans, H.; Suss-Fink, &ur. J. Inorg. Chem2005 4493.

(18) Braunstein, P.; Fryzuk, M. D.; Naud, Rettig, S. JJ. Chem. Sog¢cDalton Trans.1999
589.

199



(19) Braunstein, P.; Naud, F.; Pfaltz, A.; Retfg,J. Organometallic200Q 19, 2676.

(20) Cuervo, D.; Gamasa, M. P.; Gimendzem. Eur. J2004 10, 425.

(21) Baratta, W.; Benedetti, F.; Del Zotto, A.; kam, L.; Felluga, F.; Magnolia, S.;
Putignano, E.; Rigo, ®rganometallics201Q 29, 3563.

(22) (a) Gao, J. X.; Zhang, H.; Yi, X. D.; Xu, P.;Hang, C. L.; Wan, H. L.; Tsai, K. R;;
Ikariya, T.Chirality 200Q 12, 383. (b) Gao, J. X.; Xu, P. P.; Yi, X. D.; Yar@, B.; Zhang, H.;
Cheng, S. H.; Wan, H. L.; Tsai, K. R.; Ikariya,J[.Mol. Catal. A: Chem1999 147, 105. (c)
Gao, J. X.; Ikariya, T.; Noyori, ROrganometallics1996 15, 1087.

(23) (a) Togni, A.; Venanzi, L. MAngew. Chenl994 106, 517;Angew. Chem. Int. Ed. Engl.
1994 33, 497. (b) Fache, F.; Schulz, E.; Tommasino, M.lUemaire, M.Chem. Rev200Q
100, 2159.

(24) For recent reviews on the chemistry of comgéexontaining phosphorus & nitrogen
ligands, see: (a) Helmchen, G.; Pfaltz, #cc. Chem. Re00Q 33, 336. (b) Gomez, M.;
Muller, G.; Rocamora, MCoord. Chem. Rew.999 193 769. (c) Espinet, P.; Soulantica, K.
Coord. Chem. Rex1999 193 499. (d) Braunstein, P.; Naud,Agew. Chen2001 113 702;
Angew. Chem. Int. E@001, 40, 680.

(25) (a) Son, S.; Fu, G. @. Am. Chem. So2008 130,2756. (b) Sean, W.; Fu, G. €. Am.
Chem. So2008 130,12645.

(26) (a) Small, B. L.; Brookhart, M.; Bennet, A. M. J. Am. Chem. So&998 120 4049. (b)
Small, B. L.; Brookhart, MJ. Am. Chem. S04998 120, 7143. (c) Small, B. L.; Brookhart,
M. Macromolecules1999 32, 2120. (d) Dias, E. L.; Brookhart, M.; White, P. S
Organometallics200Q 19, 4995. (e) Britovsek, G. J. P.; Gibson, V. C.; Kerley, B. S.;
Maddox, P. J.; McTavish S. J.; Solan, G. A.; WhieJ. P.; Williams, D. JChem. Commun.
1998 849. (f) Glentsmith, G. K. B.; Gibson, V. C.; Elick, P. B.; Kimberley, B. S.; Rees, C.

W. Chem. CommurR002 1498. (g) Gibson, V. C.; Tellmann, K. P.; HumgstiM. J.; Wass,

200



| References

D. F.Chem. CommurR002 2316. (h) Zabel, D.; Schubert, A.; Wolmershau&er,Jones Jr,
R. L.; Thiel, W. REur. J. Inorg. Chem2008 3648.

(27) (a) Zassinovich, G.; Mestroni, G.; Gladiali,Ghem. Rev1992 92, 1051; (b) Gladiali, S.;
Mestroni, G. inTransition Metal for Organic Synthesi¥ol. 2 (Eds.: M. Beller, C. Bolm),
Wiley-VCH, Weinheim, 1998 p. 97.

(28) (a) Evans, D.; Osborn, J.A.; Jardine, F.H.JKison, G.Nature 1965 208 1203. (b)
Halpern, J.; Harrod, J.F.; James, BJRAmM. Chem. Sqd 966 88, 5150.

(29) (a) Noyori, R.; Takaya, HAcc. Chem. Resl99(Q 23, 345. (b) James, B.Ratal. Today
1997 37, 209. (c) Fache, F.; Schulz, E.; Tommasino, MLlemaire, M.Chem. Rey.2000,
100, 2159. (d) Noyori, RAngew. Chem. Int. Ed. EngR002 41, 2008. (e) Blaser, H.-U.;
Malan, C.; Pugin, B.; Spindler, F.; Steiner, Hyd&r, M.Adv. Synth. Catal2003 345 103.
(30) (a) Noyori, R.; Ohkuma, TAngew. Chem. Int. Ed. EngR001, 40, 40. (b) James, B.R,;
Homogeneous Hydrogenation, Wiley, New York, 1978. James, B.RAdv. Organomet.
Chem, 1979 17, 319. (d) Noyori, R.; Hashiguchi, 8cc. Chem. Resl997, 30, 97. (e) Naota,
T.; Takaya, H.; Murahashi, S.-Chem. Rey.1998 98, 2599. (f) Sanchez-Delgado, R.A;
Rosales, M.Coord. Chem. Rev200Q 196, 249. (g) Béackvall, J.-EJ. Organomet. Chem.
2002 652, 105. (h) Joo, FAcc. Chem. Res2002 35, 738.

(31) (@) Kubas, G.J. Metal Dihydrogen and SigmadBdomplexes, Kluwer Academic
Publishers/Plenum Press, New York, 2001. (b) Estasy M.A.; Oro, L. AChem. Rey.1998
98, 577. (c) Sabo-Etienne, S.; Chaudret,(®ord. Chem. Rev1998 180 381. (d) Jessop,
P.G.; Morris, R.HCoord. Chem. Rey1992 121, 155.

(32) (a) Salvini, A.; Frediani, P.; Gallerini, 8ppl. Organomet. Chen00Q 14, 570. (b) Joo,
F.; Kovacs, J.; Benyei, A.C.; Katho, Satal. Today1998 42, 441.

(33) Crabtree, R.H. Organometallic Chemistry of ffransition Metals, Wiley, New York,

1994.

201



(34) Yamagishi, T.; Mizushima, E.; Sato, H.; Yamiadh Chem. Let{.1998 1255.

(35) (a) Ohkuma, T.; Kitamura, M.; Noyori, R.; Og@nl. (Ed.), Catalytic Asymmetric
Synthesis, second ed., Wiley VCH, New Y208Q (b) Gladiali, S.; Mestroni, GTransit. Met.
Org. Synth.1998 2, 97. (c) Fehring, V.; Selke, RAngew. Chem. Int. Ed. EnglL99§ 37,
1827.

(36) Chaloner, P.A.; Esteruelas, M.A.; Joo, F.; OkoA. Homogeneous Hydrogenation
Kluwer Academic Publishers, Dordrecht, The Nethed$1994 (Chapter 3).

(37) (a) Lin, Y.; Zhou, Y.]J. Organomet. Chem199Q 381, 135. (b) Imai, H.; Nishiguchi, T.;
Fukuzumi, K J. Org. Chem.1976 41, 665. (c) Chowdhury, R.L.; Backvall, J.-E. Chem.
Soc. Chem. Commuyri991], 1063. (d) Watanabe, Y.; Ohta, T.; Tsuji,Bull. Chem. Soc. Jpn.
1982 55 2441. (e) Bianchini, C.; Farnetti, E.; GraziaM,.; Peruzzini, M.; Polo, A.
Organometallics 1993 12, 3753. (f) Gordon, E.M.; Gaba, D.C.; Jebber, K.Egcharias,
D.M.; Organometallics 1993 12(12) 5020. (g) Bianchi, M.; Matteoli, U.; Menchi, G,
Frediani, P.; Pratesi, S.; Piacenti, F.; BotteghiJ. Organomet. Chem198Q 198 73. (h)
Dani, P.; Karlen, T.; Gossage, R.A.; Gladiali, &an Koten, GAngew. Chem. Int. Ed. Engl.
200Q 39, 743. (i) Benyei, A.C.; Jo0, FJ. Mol. Catal, 199Q 58, 151. (j) Everaere, K
Mortreux, A.; Bulliard, M.; Brussee, J.; van derrG&\.; Nowogrocki, G.; Carpentier, J.-F.
Eur. J. Org. Chem2001, 275. (k) Wills, M.; Gamble, M.; Palmer, M.; SmitA.; Studley, J.;
Kenny, J.;J. Mol. Catal. A: Chem1999 146, 139. (m) Gao, J.-X.; Zhang, H.; Yi, X.-D.; Xu,
P.-P.; Tang, C.-L.; Wan, H.-L.; Tsai, K.-R.; Ikaaiy T. Chirality, 200Q 12, 383. (n)
Mizushima, E.; Ohi, H.; Yamaguchi, M.; Yamagishi, J Mol. Catal. A: Chem.1999 149
43.

(38) Yamakawa, M.; Ito, H.; Noyori, R. Am. Chem. Sq&00Q 122 1466.

202



| References

(39) (a) Cole-Hamilton, D.J.; Wilkinson, Glew J. Chem.1977, 1, 141. (b) Mizushima, E.;
Yamaguchi, M.; Yamagishi, TJ. Mol. Catal. A: Chem.1999 148 69. (c) Mizushima, E.;
Yamaguchi, M.; Yamagishi, Them. Let{.1997,237.

(40) Standfest-Hauser, C.; Slugovc, C.; Mereiter, 8chmid, R.; Kirchner, K.; Xiao, L.;
Weissensteiner, W. &hem. Soc. Dalton Tran2001 2989.

(41) Jalon, F.A.; Otero, A.; Rodriguez, A.; Pereaivique, M.;J. Organomet. Chem1996
508 69.

(42) Vicente, C.; Shulpin, G.B.; Moreno, B.; SabiieBne, S.; Chaudret, B. Mol. Catal. A:
Chem, 1995 98, L5.

(43) Yang, H.; Alvarez, M.; Lugan, N.; Mathieu, R. Chem. Soc. Chem. CommutR95
1721.

(44) Rahman, M.S.; Prince, P.D.; Steed, J.W.; KiK. Organometallics2002 21, 4927.

(45) Bhaduri, S.; Sharma, K.; Mukesh,D.Chem. Soc. Dalton Trang993 1191.

(46) Yi, C.S.; He, Z.; Guzei, |.AOrganometallics2001, 20, 3641.

(47) Ogo, S.; Abura, T.; Watanabe, @rganometallics2002, 21, 2964.

(48) (a) Yamakawa, M.; Yamada, |.; Noyori, Rngew. Chem. Int. Ed. EngR001, 40, 2818.
(b) Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikarjya.; Noyori, R.J. Am. Chem. Sqcl1996
118 2521. (c) Hashiguchi, S.; Fujii, A.; Haack, K.Matsumura, K.; Ikariya, T.; Noyori, R.
Angew. Chem. Int. Ed. Engl.997, 36, 288.

(49) Menashe, N.; Salant, E.; Shvo,JY Organomet. Chenil996 514, 97.

(50) Labinger, J. A.; Bercaw J. Hature 2002 417, 507.

(51) Collman, J. P.; Hegedus, L. S.; Norton, JHtke, R. GPrinciples and Applications of
Organotransition Metal Chemisti@h. 7, 2nd edn (Univ. Science, Mill Valle}Q87).

(52) Sheldon, R. A.; Kochi, J. KMetal-Catalyzed Oxidations of Organic Compouritis 4

(Academic,New York1981).

203



(53) Fryzuk, M. D.; Johnson, S. £oord. Chem. Re200Q 202, 379.

(54) Green, M. L. H.; Knowles, P.J. Chem. Soc. Chem. Commu#87Q 1677.

(55) Foley, P.; Whitesides, G. M. Am. Chem. So&979,101, 2732.

(56) Bennett, M. A.; Milner, D. LChem. Commuri967, 581.

(57) Janowicz, A. H.; Bergman, R. G.Am. Chem. So&982 104, 352.

(58) Rothwell, I. PAcc. Chem. Resl988 21, 153.

(59) (a) Watson, P. L1. Am. Chem. Sqd 983 105 6491. (b) Thompson, M. B. Am. Chem.
Soc, 1987, 109, 203.

(60) (a) Vidal, V.; Theolier, A.; Thivolle-Cazat,; Basset, J. M.; Corker, J. Am. Chem. Sqc.
1996 118 4595. (b) Niccolai, G. P.; Basset, J. Appl. Catal. A1996 146, 145.

(61) (a) Sherry, A. E.; Wayland, B. B. Am. Chem. Sqd99Q 112 1259. (b) Wayland, B. B.;
Ba, S.; Sherry, A. El. Am. Chem. Sqd 991, 113 5305.

(62) Cummins, C. C.; Baxter, S. M.; WolczanskiTPJ. Am. Chem. Sqd 988 110, 8731.
(63) Walsh, P. J.; Hollander, F. J.; Bergman, RG@neration). Am. Chem. Sqc1988 110
8729.

(64) (a) Bennett, J. L.; Wolczanski, P.JI.Am. Chem. Sqc 997 119, 10696. (b) Schafer, D.
F.; Wolczanski, P. TJ. Am. Chem. Sqc1998 120 4881. (c) Tran, E.; Legzdins, P. Am.
Chem. So¢1997 119 5071.

(65) Stahl, S. S.; Labinger, J. A.; Bercaw, JARgew. Chem. Int. Edn Engl998 37, 2180.
(66) Wu, X. F.; Anbarasan, P.; Neumann, H.; Beldr, Angew. Chem. Int. EQR01Q 49,
9047.

(67) Jira, RAngew. Chen009 121, 9196;Angew. Chem. Int. EQ009 48, 9034.

(68) (a) Heck, R. KJ. Am. Chem. Sot968 90, 5518; (b) Heck, R. K. Am. Chem. Sot968

90, 5526; (c) Heck, R. KI. Am. Chem. So&968 90, 5531; (d) Heck, R. KFI. Am. Chem. Soc.

204



| References

1968 90, 5535; e) Heck, R. K. Am. Chem. So&968 90, 5538; (f) Heck, R. FJ. Am. Chem.
S0c.1968 90, 5542; g) Heck, R. Rl. Am. Chem. Sd968 90, 5546.

(69) Heck, R. F. Nolley, J. B. Org. Chem1972 37, 2320.

(70) a) Mizoroki, T.; Mori, K.; Ozaki, ABull. Chem. Soc. Jpi971, 44, 581; b) Mizoroki, T.;
Mori, K.; Ozaki,A. Bull. Chem. Soc. Jph973 46, 1505.

(71) Sonogashira, K.; Tohda, Y.; Hagihara,Tdtrahedron Lettl975 16, 4467.

(72) Negishi, E.; King, A. O.; Okukado, N. Org. Chem1977, 42, 1821.

(73) Yamamura, M.; Moritani, I.; Murahashi, SJ31.0rganomet. Cheml975 91, C39.

(74) Miyaura, N.; Yanaga, T.; Suzuki, 8ynth. Commuri981], 11, 513.

(75) Stille, J. KAngew. Cheni986 98, 504;Angew. Chem. Int. Ed. Engl986 25, 508.

(76) (a) Hatanaka, Y.; Hiyama, T.; Org. Chem1988 53, 918; (b) Hatanaka, Y.; Hiyama, T.;
J. Org. Chem1989 54, 268.

(77) (a) Surry, D. S.; Buchwald, S. Angew. Chem. Int. E@008 47, 6338; (b) Hartwig, J. F.
Acc. Chem. Re4998§ 31, 852.

(78) (a) Nicolaou, K. C.; Bulger, P. G.; Sarlah, Angew. Chem2005 117, 4516;Angew.
Chem. Int. EJ2005 44, 4442; b) Torborg, C.; Beller, Midv. Synth. CataR009 351, 3027.
(79) (a) Jozak, T.Diplommarbeit, Kaiserslautern,2007. (b) Jozak, T. Dissersion,
Kaiserslautern2011

(80) Zabel, DDissersion Kaiserslautern2007.

(81) Selected recent reviews and papers: (a) Biandb.; Meli, A. Coord. Chem. Re2002
225 35. (b) Braunstein, P.; Naud, Angew. Chem., Int. EQR001, 40, 680. (c) Nakao, Y.;
Imanaka, H.; Sahoo, A. K.; Yada, A.; Hiyama, JI.Am. Chem. So2005 127, 6952. (d)
Trost, B. M.; Fandrick,

D. R.; Dinh, D. CJ. Am. Chem. So2005 127, 14186.

(82) Hofmeler, H.; Schubert, U. Ehem. Soc. Re2004 33, 373.
205



(83) Tellmann, K. P.; Gibson, V. C.; White, A. J; Williams, D. J.Organometallic2005 24,
280 and references therein.

(84) For selected recent reviews and papers onxplghsed transitionmetal catalysts, see: (a)
Desimoni, G.; Faita, G.; Quadrelli, hem. Rev2003 103 3119. (b) Lu, J.; Ji, S.-J.; Teo, Y.-
C.; Loh, T.-POrg. Lett.2005 7, 159.

(85) Fusco, R InThe Chemistry of Heterocyclic Compounds: Pyrazolegrazolines,
Pyrazolidines, Indazoles and Condensed RiMgdey, R. H., Ed.; Wiley: New York1967,
Vol. 22, pp 1-174.

(86) (a) De, D.; Mague, J. T.; Byers, L. D.; KragstD. J.Tetrahedron Lett1995 36(2), 205.
(b) Kusumoto, T.; Ogino, K.; Sato, K.; Hiyama, Takehara, S.; Nakamura, Khem. Lett.
1993 7, 1243.

(87) (a) Papet, A. L.; Marsura, A.; Ghermani, Necbmte, C.; Friant, P.; Rivail, J. New J.
Chem.1993 17(3), 181. (b) Regnouf de Vains, J.-B.; Lehn, J.-@ltermani, N. E.; Dusausoy,
O.; Dusausoy, Y.; Papet, A.-L.; Marsura, A.; Friait.; Rivail, J. L.New J. Chem.
1994 18(6), 701.

(88) (a) Case, F. H.; Koft, B. Am. Chem. So&959 81, 905. (b) Lafferty, J. J.; Case, F. H.
Org. Chem1967 32(5), 1591. (c) Kawanishi, Y.; Kitamura, N.; TazukeS.
Inorg.Chem1989 28(15), 2968.

(89) Bejan, E.; Ait Haddou, H.; Daran, J. C.; Balae, G. G. ASynthesis1996 8, 1012.

(90) zZabel, D.Dissertation Technische Universitat Kaiserslaute2007.

(91) (a) Pleier, A. K.; Glas, H.; Grosche, M.; 8hisP.; Thiel, W. RSynthesi001, 55. (b)
Foxa, M. A.; Harrisa, J. E.; Heidera, S.; Pérezeg@rma, V.; Zakrzewskaa, M. E.; Farmera, J.
D.; Yufita, D. S.; Howarda, J. A. K.; Low, P. J. Organomet. Chem2009 694, 2350. (c)

Thiel, W. R.;Eppinger, JChem. Eur. J1997, 3, 696.

206



| References

(92) (a) Schubert, ADiplomarbeit Technische Universitdat Chemni2003 (b) Saalfrank, R.
W.; Low, N.; Trummer, S.; Sheldrick, G. M.; TeicheM.; Stalke, D.Eur. J. Inorg. Chem.
1998 559.

(93) van der Valk, P.; Potwin, P. G.Org. Chem.1994 59, 1766.

(94) Thiel, W. R.; Angstl, M.; Priermeier, Them. Ber1994 127, 2373.

(95) Thiel, W. R.; Priermeier, Rngew. Chem., Int. Ed. Engl995 34, 1737.

(96) Thiel, W. RChem. Ber1996 129 575.

(97) Glas, H.; Spiegler, M.; Thiel, W. Bur. J. Inorg. Cheml998§ 1, 275.

(98) Glas, H.; Herdtweck, E.; Artus, G. R. J.; ThW. R.Inorg. Chem1998 37, 3644.

(99) Hroch, A.; Gemmecker, G.; Thiel, W. Rur. J. Inorg. Chem200Q 3, 1107.

(100) Pleier, A.; Glas, H.; Grosche, M.; Sirsch, iel, W. R.Synthesi200], 1, 55.

(101) He, W.; Yang, D.; Cui, Y.; Xu, Y.; Guo, B&cta Crastallogr. E.2008 E64, 01126.
(102) (a) Constable, E. C.; Daniels, M. A. M.; DteM. G. B.; Tocher, D. A.; Walker, J. V.;
Wood, P. DJ. Chem. Soc. Dalton. Trang993 13, 1947. (b) Cordaro, J. G.; McCusker, J. K.;
Bergman, R. GChem. Commun2002 1496.

(103) Marshall, J. A.; Adams, N. D. Org. Chem.1998 63, 3812.

(104) Holmes, B. T.; Padgett, C. W.; Krawiec, MenRington, W. T.Crystal Grown &
Design 2002 2, 619.

(105) Wendelin, W.; Harler, AMonatshefte fir Chemi&975 106, 1479.

(106) Mariella, R,; Zelko, JI. Org. Chem.196Q 25 (4), 647.

(107) (a) Carver, C. T.; , Williams, B. N.; Ogilbi, R.; Diaconescu, P. lOrganometallics
201Q 29, 835. (b) Concepcion, J. J.; Tsai, M.; MuckermanM.; Meyer, T. JJ. Am .Chem.
soc, 2010,132 1545. (c) Sakamoto, M.; Ohki, Y.; Tatsumi, &rganometallics 201Q 29,

1761. (d) Iron, M. A.; Sundermann, A.; Martin, J. M J. Am .Chem. sqc2003,125, 11430.

207



(108) (a) Steffen, A.; Sladek, M. I.; Braun, T.;Neann, B.; Stammler, HOrganometallics
2005, 24, 4057. (b) Dufresne, S,; Hanan, G. S.; Skene, WJ.@&hys. Chem. R007,111,
11407. (c¢) LaChance-Galang, K. J.; Maldonado, Bjl&gher, M. L.; Jian, W.; Prock, A.;
Chacklos, J.; Galang, R. D.; Clarke, MlIdorg. Chem2001,40, 485. (d) Demeter, A.; We’
ber, C.; Brlik, JJ. Am .Chem. sqc2003,125, 2535. (e) Field, L. M.; Moro'n, C.; Lahti, P. M.;
Palacio, F.; Paduan-Filho, A.; Oliveira Jr, N.Iforg. Chem200§ 45, 2562. (f) Hutchinson,
D. J.; Hanton, L. R.; Moratti, S. @org. Chem201Q 49, 5923. (g) Meyer, D.; Taige, M. A,;
Zeller, A.; Hohlfeld, K.; Ahrens, S.; Strassner,drganometallic2009,28, 2142. (h) Braga,
D.; D’'Addario, D.; Polito, M.; Grepioni, FOrganometallics2004,23, 2810. (i) Fischer, G.;
Cai, Z.; Reimers, J. R.; Wormell, B. Phys. Chem. R003, 107, 3093. (j) Jagtap, S. V.;
Deshpande, R. MCatalysis Today008,131353.

(109) Yamada, S.; Tokugawa, ¥..Am. Chem. Sq&009 131, 2098.

(110) Fishbien, L.; Gallaghan, J. A.Am. Chem. Sqd 954 76, 3217.

(111) Balbo, P. B.; Patel, C. N.; Sell, K. G.; AdkpR. S.; Neelakantan, S.; Crooks, P. A,;
Oliveira, M. A.Biochemistry2003 42, 15189.

(112) Tavares, F. X.; Boucheron, J. A.; Dickers&n, H.; Griffin, R. J.; Preugschat, F.;
Thomson, S. A.; Wang, T. Y.; Zhou, Bl. Med. Chem2004 47, 4716.

(113) (a) Marvel, C. S.; Coleman, L.; Scott, GJPOrg. Chem.1955 20, 1785. (b) Mubofu,
E. B.; Engberts, J. B.F.N. Phys. Org. Chen2007 20, 764.

(114) Allen, F. H.; Kennard, O.; Watson, D. G.; Bwmaer, L.; Orpen, A. GJ. Chem. Soc.
Perkin Trans. 111987, S1.

(115) Effenberger, FChemische Berichtd965 98, 2260.

(116) (a) Ohkita, M.; Lehn, J.-M.; Baum, G.; FengkeHetercycle200Q 52, 103. (b) Ohkita,
M.; Lehn, J.-M.; Baum, G.; Fenske, Dhem. Eur. J1999 5, 3471. (c) Bassani, D. M. ; Lehn,

J.-M.Bull Soc. Chim. Fr1997, 134, 897.

208



| References

(117) (a) Wright, A. T.; Anslyn, E. VOrg. Lett.2004 6, 1341. (b) Ziener, U.; Breuning, E.;
Lehn, J.-M.; Wegelius, E.; Rissanen, K.; Baum, &enske, D.; Vaughan, @hem. Eur. J.
2000 6,4132.

(118) (a) Ait-Haddou, H.; Sumaoka, J.; Wiskur, SEolmer-Andersen, J.F.; Anslyig.V.
Angew. Chem. Int. EQRO02 41, 4013. (b) Ait-Haddou, H.; Wiskur, S.L.; Lynch, M.,
Anslyn, E.V.J. Am. Chem. So2001, 123 11296.

(119) Liu, S.; Luo, Z.; Hamilton, A.DAngew. Cheni997 109 2794.

(120) Fritsky, I. O.; Ott, R.; Kramer, Rngew. Chen00Q 112 3403.

(121) Hanan, G.S.; Arana, C.R.; Lehn, J. M.; FenBké&ngew. Cheml995 107, 1191.

(122) (a) Castro-Juiz, S.; Fernandez, A.; Lopez-dxrM.; Vazquez-Garcia, D.; Suéarez, A.J.;
Vila, J.M.; Fernandez, J.@Qrganometallic2009 28, 6657. (b) Fernandez, A.; Lopez-Torres,
M.; Castro-Juiz, S.; Merino, M.; Véazquez-Garcia,; DVila, J.M.; Fernandez, J.J.
Organometallics2011, 30, 386. (c) Vazquez-Garcia, D.; Fernandez, A.; Lépezes, M.;
Rodriguez, A.; Varela, A.; Pereira, M.T.; Vila, J;Nernandez, J.@rganometallic2011, 30,
396.

(123) Kamala, K.; Rao, P.J.; Reddy, KBull. Chem. Soc. Jpi988 61, 3791.

(124) (a) Ohkuma, T.; Ooka, H.; lkariya, T.; NoydR. J. Am. Chem. So&995 117, 10417.
(b) Mikami, K.; Korenaga, T.; Terada, M.; Ohkuma; Pham, T.; Noyori, RAngew. Chem.,
Int. Ed.1999 38, 495. (c) Wu, X.; XiaoJ. Chem. Commu2007, 2449.

(125) (a) Ghebreyessus, K. Y.; Nelson, JJHOrganomet. Chen2003 669, 48. (b) Rath, R.
K.; Nethaji, M.; Chakravarty, A. RPolyhedron2001, 20, 2735. (c) Braunstein, P.; Naud, F.;
Rettig, S. JNew J. Chen001, 25, 32. (d) Reetz, M. T.; Li, XJ. Am. Chem. So2006 128
1044.

(126) (a) Zeng, F.; Yu, ZOrganometallics 2008 27, 2898. (b) Zeng, F.; Yu, Z

Organometallic2009 28, 1855.

209



(127) Jozak, T.; Zabel, D.; Schubert, A.; Sun, Tiel, W. R.Eur. J. Inorg. Chem201Q 32,
5135.

(128) Glas, H.; Kohler, K.; Herdtweck, E.; Maas, Bpiegler, M.; Thiel, W. REur. J. Inorg.
Chem.2001 2075.

(129) (a) Thiel, W. R.; Priermeier, T.; Fiedler,, Bond, A. M.; Mattner, M. RJ. Organomet.
Chem.1996 514, 137. (b) RoRler, K.; Kluge, T.; Schubert, A.; S, Herdtweck, E.; Thiel,
W. R.Z. Naturforsch2004 59b, 1253.

(130) (a) Mishra, H.; Mukherjee, R. Organomet. Chen2006 691, 3545. (b) Gupta, G.; Yap,
G. P. A;; Therrien, B.; Rao, K. MPolyhedron2009 28, 844. (c) Tocher, D. A.; Drew, M. G.
B.; Nag, S.; Pal, P. K.; Datta, IChem. Eur. J.2007, 13, 2230. (d) Therrien, B.; Said-

Mohamed, C.; Suss-Fink, Giorg. Chim. Act&2008 361, 2601.

(131) Lee, C.; Lee, YChemospher2006 65, 1163.

(132) Sehested, K.; Holcman,Radiat. Phys. Chenil996 47, 357.

(133) Russell C.; Scaduto Free Radical Biol. Med1995 18, 271.

(134) Baptista, L.; Clemente Da Silva, E.; Arbill@, Phys. Chem. Chem. PhyZ00§ 10,
6867.

(135) (a) Kimura, K,; Kimura, T.; Kinoshita, I.; Mashima, N.; Kitano, K.; Nishioka, T.;
Isobe, K.Chem. Commun1999 497. (b) Lobana, T. S.; Sultana, R.; Hundal, Batcher, R.
J.Dalton Trans, 201Q 39, 7870.

(136) (a) Zhang, N.; Shapley, P. korg. Chem. 1988 27, 976. (b) Volland, M. A. O,;
Hansen, S. M.; Rominger, F.; Hofmann, ®xganometallics 2004 23, 800. (c) Gruber, S.
Zaitsev, A. B; Worle, M.; Pregosin, P. SOrganometallics 2009 28, 3437. (d) Zheng, C.;
Inoki, D.; Matsumoto, T.; Ogo, Shemistry Letters201Q 39, 130. (e) Balakrishna, M. S.;
Panda, R.; Mague, Polyhedron 2003 22, 587.

(137) Reed, J.; Soled, S. L.; Eisenberglngrg. Chem.1974 13, 3001.

210



| References

(138) Leung, W.; Zheng, H.; Chim, J. L. C.; Chan,Wong, W.; Williams, I. D.J. Chem.
Soc., Dalton Trans200Q 423.

(139) Drahl, CScience & Technolog®008,86, 53.

(140) (a) Bianchini, C.; Lenoble , G.; Oberhaus#t; Parisel, S.; Zanobini, FEur. J. Inorg.
Chem.2005 4794. (b) Dietrich, B. L.; Egbert, J.; Morris, M.; Wicholas, M.Inorg. Chem,
2005 44, 6476.

(141) Dykeman, R. R.; Luska, K. L.; Thibault, M., Hones, M. D.; Schlaf, M.; Khanfar, M.;
Taylor, N. J.; Britten, J. F.; Harrington, I.. Mol. Catal. A-Chem?2007, 277, 233.

(142) (a) Tobisu, M.; Chanati, Mngew. Chem. Int. Ed. Engl00§ 45, 1683. (b) Sezen, B.;
Sames, DJ. Am. Chem. So2005 127, 5284. (c) Pastin, S. J.; Sames,(¥g. Lett.2005 7,
5429. (d) Pastin, S. J.; McQuaid, K. M.; Sames,JJIBm. Chem. SoQ005 127, 12180. (e)
Burling, S.; Mahon, M. F.; Paine, B. M.; Whittlesey. K.; Williams, J. M. J.
Organometallic2004 23, 4537. (f) Murahashi, S.; Komiya, N.; Terai, H.akde, T.J. Am.
Chem. Soc2003 125 15312. (g) Chatani, N.; Yorimitsu, S.; Asaumi, Kakiuchi, F.; Murai,
S.J. Org. chem2002 67, 7557. (h) Dangel, B. D.; Johnson, J. A.; Sames].[Am. Chem.
Soc. 2001, 123 8149. (i) Chatani, N.; Asaumi, T.; Yorimitsu, Skeda, T.; Kakiuchi, F.;
Murai, S.J. Am. Chem. So2001, 123 10935.

(143) (a) Jazzar, R. F. R.; Macgregor, S. A.; MahdnF.; Richards S. P.; Whittlesey, M. K.
J. Am. Chem. SoQ002 124, 4944. (b) Edwards, M. G.; Jazzar, R. F. R.; BaBeM.;
Shermer, D. J.; Whittlesey, M. K.; Williams, J. M, Edney, D. DChem. Commur2004 90.
(c) Burling, S.; Whittlesey, M. K.; Williams, J. M.Adv. Synth. CataR005 347, 591.

(144) Chen, H.; Schlecht, S.; Semple, T. C.; Hayjwi F.Science00Qq 287, 1995.

(145) Jun, C.; Hwang, D.; Na, Shem. Commuri.998 13, 1405.

(146) (a) Zhang, J.; Gandelman, M.; Shimon, L.J;, Milstein, D. Dalton Trans.2007, 107.
(b) Buijtenen, J.; Meuldijk, J.; Vekeman, A. J. Mlulshof, L. A.; Kooijman, H.; Spek, A. L.

211



Organometallics 2006 25, 873. (c) Zhang, J.; Gandelman, M.; Shimon, L.J;, Rbzenberg,
H,; Milstein, D.Organometallic2004 23, 4026. (d) Lin, Y.; Ma, D.; Lu, XTetrahedron Lett.
1987, 28, 3115.

(147) (a) Lee, D.; Chen, J.; Faller, J. W.; Craati@. H.Chem. Commur00], 2, 213. (b)
Nugent, W. A.; Ovenall, D. W.; Holmes, S.GrganometallicsL983 2, 161.

(148) Sabot, C.; Kumar, K. A.; Antheaume, C.; Miosiski, C.J. Org. Chem.2007, 72, 5001.
(149) (a) Gaussian 03, Revision E.01, Gaussian, Wallingford CT, 2004. Calculations with
B3LYP and 6-31G* for C,H,N,CIl and the Stuttgart/Bden-ECP for Ru (see refs. (54-58)). (b)
Lee, C.; Yang, W.; Parr, R. @2hys. Rev. BL988 37, 785. (c) Becke, A. DPhys. Rey.1988
A38 3098. (d) Miehlich, B Savin, A.; Stoll, H.; Preuss, ihem. Phys. Left1989 157, 200.
(e) Hariharan, P. C.; Pople, J. Aheoret. Chim. Actal973 28, 213. (f) Andrae, D.;
Haeussermann, U.; Dolg, M.; Stoll, H.; PreussTheor. Chem. Accl199Q 77, 123.

(150) (a) Gabelica, V.; De Pauw, Elass Spectrom. Re2005 24, 566. (b) Zins, E.-L.; Pepe,
C.; Rondeau, D.; Rochut, S.; Galland, N.; Tabe€.JJ. Mass. Spectron2009 44(1), 12. (c)
Zins, E.-L.; Rondeau, D.; Karoyan, P.; Fosse, CcHrg S.; Pepe, CJ. Mass. Spectrom.
2009 44, 1668. (d) Zins, E.-L.; Pepe, C.; Schroder, D.Mass Spectron201Q 45, 1253. (e)
Barylyuk, K.V.; Chingin, K.; Balabin, R.M.; ZenolR.,J. Am. Soc. Mass Spectro2@1Q 21,
172.

(151) Li, T.; Lough, A. J.; Zuccaccia, C.; MacchioA.; Morris, R. H.Can. J. Chem2006
84, 164.

(152) da Costa, J. C. S.; Pais, K. C.; Fernandek,;Ele Oliveira, P. S. M.; Mendonca, J. S.;
de Souza, M. V. N.; Peralta, M. A.; VasconcelosRTA. Arkivoc 2006 i, 128.

(153)(a) Miyaura, N.; Yamada, K.; Suzuki, Aetrahedron Lett1979 20, 3437. (b) Miyaura,
N.; Suzuki, A.Chem. Rev1995 95, 2457. (c) Suzuki, AJ. Organomet. Chen1.999 576

147.

212



| References

(154) (a) Siddiqui, M. A.; Snieckus, VTetrahedron Lett199Q 31, 1523. (b) Kim, Y. H,;
Webster, O. WJ. Am. Chem. S0499Q 112 4592. (c) Wang, X.; Snieckus, Yetrahedron
Lett. 1991 32, 4883. (d) Lamba, J. J. S.; Tour, J. MAmM. Chem. So&994 116, 11723. (e)
Nicolaou, K. C.; Boddy, C. N. C.; Braese, S.; Wingsr, N.Angew.Chem., Int. Ed1999 38,
2097. (f) Miura, M. Angew. Chem. Int. EQ004 43, 2201.

(155) (a) Anderson, J. C.; Namli, H.; Roberts, C.TAtrahedronl997, 53, 15123. (b) Littke,
A. F.; Fu, G. CAngew. Chem. Int. EA998 37, 3387. (c) Old, D. W.; Wolfe, J. P.; Buchwald,
S. L.J. Am. Chem. S0@998 120, 9722. (d) Wolfe, J. P.; Buchwald, S.Angew. Chem., Int.
Ed. 1999 38, 2413. (e) Liu, S. Y.; Choi, M. J.; Fu, G. Chem. Commur2001, 2408. (f)
Colacot, T. J.; Gore, E. S.; Kuber, @rganometallics2002 21, 3301. (g) Kataoka, N.;
Shelby, Q.; Stambuli, J. P.; Hartwig, J. ¥.Org. Chem2002 67, 5553. (h) Bedford, R. B.
Chem. Commur2003 1787. (i) Nguyen, H. N.; Huang, X.; Buchwald,LSJ. Am. Chem. Soc.
2003 125 11818. (j) Walker, S. D.; Barder, T. E.; Martinel). R.; Buchwald, S. L.
Angew.Chem. Int. EQ004 43, 1871.

(156) (a) Cabri, W.; Candiani, I.; Bedeschi, A.; Santi, ROrg. Chem1993 58, 7421. (b)
Buchmeiser, M. R.; Wurst, KJ. Am. Chem. Socl999 121, 11101. (c¢) Kawano, T.;
Shinomaru, T.; Ueda, Drg. Lett.2002 4, 2545. (d) Grasa, G. A.; Singh, R.; Stevens, E. D.
Nolan, S. P.J. Organomet.Chem. 2003 687, 269. (e) Mino, T.; Shirae, Y.; Sasai, Y.;
Sakamoto, M.; Fujita, TJ. Org. Chem200§ 71, 6834. (f) Zzhang, W.; Sun, W.-H.; Wu, B.;
Zhang, S.; Ma, H.; Li, Y.; Chen, J.; Hao,JPOrganomet.Chen2006 691, 4759.

(157) (a) Mathews, C. J.; Smith, P. J.; WeltonJTMol. Catal. A: Chem2003 206, 77. (b)
Najera, C.; Gil-Molto, J.; Karlstroem, &dv. Synth. Catal2004 346 1798. (c) Weng, Z.;
Teo, S.; Koh, L. L.; Hor, T. S. AOrganometallic2004 23, 3603. (d) Mukherjee, A.; Sarkar,
A. Tetrahedron Lett2004 46, 15. (e) Gil-Molto, J.; Karlstroem, S.; Najel@, Tetrahedron

2005 61, 12168. (f) Mino, T.; Shirae, Y.; Sakamotd,; Fujita, T.J. Org. Chem2005 70,

213



2191. (g) Haneda, S.; Ueba, C.; Eda, K.; HayashiAW. Synth. Catal007 349 833. (h)
Liu, Y.; Wu, Y.; Xi, C.Appl. Organomet. Cher2009 23, 329.

(158) (a) Ozdemir, 1.; Cetinkaya, B. C.; Demir, 5.Mol. Catal. A: Chen2004 208, 109. (b)
Mathews, C. J.; Smith, P. J.; Welton,Jl.Mol. Catal. A:Chem.2004 214, 27. (c) Done, M.
C.; Ruther, T.; Cavell, K. J.; Kilner, M.; Peaco&k, J.; Braussaud, N.; Skelton, B. W.; White,
A. J. OrganometChem.200Q 607, 78.

(159) (a) Ozdemir, 1.Sahin, N.; Gok, Y.; Demir, S.; Cetinkaya, B. Mol. Catal. A: Chem.
2005 234, 181. (b) Xi, C.; Wu, Y.; Yan, XJ. Organomet. Cher2008 693 3842.

(160)(a) Tao, B.; Boykin, D. WTetrahedron Lett2003 44, 7993. (b) Tao, B.; Boykin, D. W.
J. Org. Chem2004 69, 4330.

(161) Takashi, M.; Yoshiaki, S.; Yousuke, S.; Maga®; Tsutomu, FJ. Org. Chem2006
71, 6834.

(162) Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. Org. Chem1997, 62, 7512.

(163) Arbeitsmethoden in der Organischen Chentiinig, S.; Kreitmeier, P.; Markl, G.;
Sauer, J. LOB-Lehmanns, Berl2008

(164) Pleier, A. K.; Glas, H.; Grosche, M.; Sirsét;, Thiel, W. RSynthesis2001, 1, 55.

(165) Foxa, M. A.; Harrisa, J. E.; Heidera, S.;&2éGregorioa, V.; Zakrzewskaa, M. E.;
Farmera, J. D.; Yufita, D. S.; Howarda, J. A. Kaw, P. JJ. Organomet. Chem2009 694,

2350.

214



| Index

7 Index

7.1  Crystal Structure Data

7.1.1 Crystal Data and Structure Refinement for 9

Empirical formula GH27N30,

Formula weight 425.52

Crystal colour and habit yellow needle

Crystal size (mm) 0.28 x 0.11 x 0.07

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R&

Unit cell dimensions a=9.1667(2) A o =90
b = 15.0261(3) A B=99.078(2)
c=16.8345(4) A y =90

Volume (&%) 2289.74(9)

Z 4

Calculated density (Mg/M 1.234

Absorption coefficient (mm) 0.624

F(000) 904

Theta-range for data collectio?) ( 3.97/62.62

Index ranges -186 h<10, -17<k<17,-18<1<19
Reflections collected 16200
Independent reflections 3658 = 0.0269)

Completeness to theta = 62262  99.6 %

Absorption correction Semi-empirical from equass (Multiscan)
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Max. and min. transmission 1.00000 and 0.54119

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 3656/0/294

Goodness-of-fit on ¥ 1.024

FinalRindices [>24(1)] R; =0.0325wR, = 0.0874
Rindices (all data) R; =0.0413wWR, = 0.0909
Extinction coefficient 0.00165(19)

Largest diff. peak and hole-f&®  0.140/-0.186

Definitions:

D> .
Dy )]

n = number of reflections; p = number of paeters

GooF = \/Z {7 - )

(n-p)
Notes on the refinement of 9.
All the hydrogen atoms were placed in calculateditmpms and refined by using a riding
model.

7.1.2 Crystal Data and Structure Refinement for 16

Empirical formula GeH26N202
Formula weight 518.59

Crystal colour and habit colorless prism
Crystal size (mm) 0.14 x 0.09 x 0.08
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Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R

Unit cell dimensions a=28.2096(2) A a =90
b=11.6997(2) A £ =91.195(%
c=27.2887(4) A y =90

Volume (&) 2620.51(9)

Z 4

Calculated density (Mg/fh 1.314

Absorption coefficient (mm) 0.642

F(000) 1088

Theta-range for data collectiof) ( 4.11/62.69

Index ranges -9h<7,-13<k<13,-31<1<31
Reflections collected 22940
Independent reflections 4188 = 0.0373)

Completeness to theta = 6269  99.1 %

Absorption correction Semi-empirical from equesas (Multiscan)
Max. and min. transmission 1.00000 and 0.67762

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 4188/0/361

Goodness-of-fit on ¥ 0.854

Final R indices [>25(1)] R; = 0.0335wR, = 0.0719

Rindices (all data) R; = 0.0500wWR, = 0.0755

Largest diff. Peak and hole-fe®)  0.119/-0.203
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Definitions:

IRl S [ -F)
DY )]

n = number of reflections; p = number of paeters

GooF= \/ZW( R - Fcz)
(n-p)

Notes on the refinement of 16.
All the hydrogen atoms were placed in calculateditmms and refined by using a riding
model.

7.1.3 Crystal Data and Structure Refinement for Guanidinum Salt

Empirical formula GsH44N604S
Formula weight 440.65
Temperature 150(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group C2/c
Unit cell dimensions a=11.5847(6) A o= 90°.
b = 7.6008(4) A = 98.688(5)°.

c = 28.0681(15) A v = 90°.

Volume 2443.1(2) R
Z 4
Density (calculated) 1.198 Mgfn
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Absorption coefficient

F(000)

Crystal colour and habit

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 62.64°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on &
Final R indices [I>2(1)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Definitions:

|F0|_|FC|

_2
2.IF|

R

1.452 mrh
968

Colorless prism

0.14 x 0.06 x 0.04 Mm
3.19 to 62.64°.
-13<=h<=13, -8<=k<=7, -32<=I<=20
7080
1945 [R(int) = 0.0279]
99.7 %
Semi-empirical from equivake(Multiscan)

1.00000 and 0.49315

Full-matrix least-squares én F

1945/49 /153

1.104
R1 =0.0330, wR2 = 0.0967
R1 =0.0371, wR2 = 0.0984

0.00041(9)

0.269 and -0.3052.A
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GooF = \/ZW( R - F)

(n— p) n = number of reflections; p = number of paeters

Notes on the refinement of guanidinium salt.
All hydrogen atoms were placed in calculated posgiand refined by using a riding model.

7.1.4 Crystal Data and Structure Refinement for 17d

Empirical formula G@sH14N4,O

Formula weight 278.31

Crystal colour and habit yellow needle

Crystal size (mm) 0.41x0.15x0.11

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R

Unit cell dimensions a=12.3576(2) A a =90
b=6.9698(1) A B =96.270(19
c=15.8623(2) A y =90

Volume (&) 1358.05(3)

yA 4

Calculated density (Mg/fh 1.361

Absorption coefficient (mm) 0.720

F(000) 584

Theta-range for data collectio?) ( 5.61/62.68
Index ranges -14h<14, -7<k<7,-18<1<17

Reflections collected 11721
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Independent reflections 2198 = 0.0295)

Completeness to theta = 62268 99.0 %

Absorption correction Semi-empirical from equesas (Multiscan)
Max. and min. transmission 1.00000 and 0.69702

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 2150/0/192

Goodness-of-fit on ¥ 0.954

Final R indices [>25(1)] R; = 0.0331wR, = 0.0865

Rindices (all data) R; = 0.0411wR, = 0.0893

Extinction coefficent 0.0029(4)

Largest diff. Peak and hole-fe®)  0.168/-0.159

Definitions:

_3IRI-IR] s BN
TS T\ SwE)]

n = number of reflections; p = number of paeters

GooF = \/ZW( R - FCZ)
(n-p)

Notes on the refinement of 17d.

All the hydrogen atoms were placed in calculateditmpms and refined by using a riding
model.

7.1.5 Crystal Data and Structure Refinement for 17f

Empirical formula G@H16N4
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Formula weight 228.30

Crystal colour and habit colorless needle

Crystal size (mm) 0.19x0.18x0.14

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group REZ

Unit cell dimensions a=16.5007(2) A a =90
b =9.0395(1) A B =98.147(19
c=16.9197(2) A y =90

Volume (&%) 2498.24(5)

Z 8

Calculated density (Mg/fh 1.214

Absorption coefficient (mm) 0.599

F(000) 976

Theta-range for data collectio?) ( 5.28/62.70

Index ranges -183h <18, -10<k<10, -19<1<19
Reflections collected 18102
Independent reflections 400R = 0.0222)

Completeness to theta = 62270 99.7 %

Absorption correction Semi-empirical from equaess (Multiscan)
Max. and min. transmission 1.00000 and 0.78505

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 4003/4/325

Goodness-of-fit on ¥ 1.071
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Final R indices [>25(1)] Ry = 0.0410wR, = 0.1185
Rindices (all data) R =0.0461wR, =0.1214

Largest diff. peak and hole-fe®)  0.553/-0.276

Definitions:

YR s BN
IR N SET]

n = number of reflections; p = number of paeters

GooF = \/Z WF - F)

(n-p)
Notes on the refinement of 17f.
The hydrogen atoms H4A and H4B, H8A and H8B, wlaoh bound to the nitrogen atoms N4
and N8, respectively, were located in the diffeeeRourier synthesis, and were refined semi-
freely with the help of a distance restraint, whatenstraining theitJ-values to 1.2 times the
U(eq) values of N4 and N8, respectively. All the otherdlbgen atoms were placed in
calculated positions and refined by using a ridimagel.

7.1.6 Crystal Data and Structure Refinement for 17h

Empirical formula G@sH20N4

Formula weight 256.35

Crystal colour and habit colorless prism
Crystal size (mm) 0.18 x 0.11 x 0.09
Temperature (K) 150(2)
Wavelength (A) 1.54184
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Crystal system Orthorhombic

Space group Pnma

Unit cell dimensions a=12.0897(3) A a =90
b=6.9231(2) A £ =90
c=16.5369(5) A y =90

Volume (&%) 1384.11(7)

Z 4

Calculated density (Mg/fh 1.230

Absorption coefficient (mm) 0.593

F(000) 552

Theta -range for data collectio?) ( 4.53/62.64

Index ranges -18h<13,-7<k<7,-18<1<18
Reflections collected 7939
Independent reflections 1208 = 0.0552)

Completeness to theta = 6264 99.8 %

Absorption correction Semi-empirical from equass (Multiscan)
Max. and min. transmission 1.00000 and 0.87531

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 1206/4/125

Goodness-of-fit on ¥ 1.090

Final R indices [>25(1)] R; =0.0347wR, = 0.1024

Rindices (all data) R; = 0.0443wR, = 0.1065

Extinction coefficient 0.0019(6)

Largest diff. peak and hole-fe®)  0.185/-0.252

224



| Index

Definitions:

_3IRI-IR] s G
IR T SET]

n = number of reflections; p = number of paeters

Coor— \/ZW( F? - Fcz)
(n-p)

Notes on the refinement of 17h.

The hydrogen atoms which are bound to C11 and @#&#e located in the difference Fourier
synthesis, and were refined semi-freely with thip loé a distance restraint, while constraining
their U-values to 1.5 times thd(eq) value of bonding C-atom. All the other hydrogennaso
were placed in calculated positions and refinedubyg a riding model. The methyl group
C(15)Hs- was treated as disorder on special position.

7.1.7 Crystal Data and Structure Refinement for 33b

Empirical formula GsH4sCloNsPRu
Formula weight 837.80
Crystal colour and habit red prism
Crystal size (mm) 0.19x 0.14 x 0.06
Temperature (K) 150(2)
Wavelength (A) 1.54184
Crystal system Monoclinic
Space group 12/a
Unit cell dimensions a=22.9187(2) A a =90
b = 12.84570(10) A B =101.6280(10)
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Volume (&%)

Z

Calculated density (Mg/fh
Absorption coefficient (mm)

F(000)

Theta-range for data collectio?) (

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 62265
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on
FinalRindices [>24(1)]
Rindices (all data)

Largest diff. Peak and hole-£¢°)

Definitions:
R = z |F0| _|FC|
2.IF|
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c=27.3925(2) A y =90
7899.03(11)
8
1.409
5.127
3472
3.82/62.65
-26 h< 26, -13<k< 14, -25<1<30
19278
62184 = 0.0244)
98.2 %
Semi-empirical from equass (Multiscan)
1.00000 and 0.49019
Full-matrix least-squares on F
6216/387/581
1.008
R; = 0.0405wR, = 0.1182
R = 0.0499wWR, = 0.1232

1.239/-0.720

> [w(F: - )’
> |w(F)’]




| Index

n = number of reflections; p = number of paeters

_XwR - R
GooF—\/ (n— p)

Notes on the refinement of 33b.
All hydrogen atom positions were calculated in deaditions (riding model). And half of the
molecule was severely disordered.

7.1.8 Crystal Data and Structure Refinement for 33a

Empirical formula GsH32CloNsPRu

Formula weight 725.60

Crystal colour and habit red prism

Crystal size (mm) 0.19 x0.17 x 0.06

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=13.0148(9) A a = 102.805(6)
b =14.8928(10) A B =92.194(5)
c=16.8628(10) A y = 93.225(5)

Volume (&) 3177.8(4)

yA 4

Calculated density (Mg/fh 1.517

Absorption coefficient (mif) 6.280

F(000) 1480

Theta-range for data collectio?) ( 3.41/62.92

Index ranges -14h<14, -165k< 16, -18<1<19
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Reflections collected 27114
Independent reflections 99R = 0.0352)

Completeness to theta = 62092  97.0 %

Absorption correction Semi-empirical from equass (Multiscan)
Max. and min. transmission 1.00000 and 0.41078

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 9952/0/793

Goodness-of-fit on ¥ 0.985

FinalRindices [>24(1)] R; = 0.0299wWR, = 0.0787

Rindices (all data) R; = 0.0362wWR, = 0.0823

Largest diff. Peak and hole-f¢®)  0.880/-0.749

Definitions:

DR .
DY TSR]

n = number of reflections; p = number of paeters

Coor o \/Zw( F? - Fcz)
(n-p)

Notes on the refinement of 33a.

All hydrogen atom positions were calculated in geagitions (riding model).
7.1.9 Crystal Data and Structure Refinement for 33e

Empirical formula G7Hs2ClsNsPRu

Formula weight 1031.68
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Crystal colour and habit red plate

Crystal size (mm) 0.42 x0.10x 0.04

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R

Unit cell dimensions a=14.9916(3) A a =90
b=18.2917(3) A S =110.460(2)
c=18.7007(4) A y =90

Volume (&) 4804.64(16)

yA 4

Calculated density (Mg/fh 1.426

Absorption coefficient (mmf) 6.323

F(000) 2120

Theta-range for data collectio?) ( 4.93/62.65

Index ranges -15h<17,-20<k<20,-21<1<21
Reflections collected 20732
Independent reflections 75T+ = 0.0450)

Completeness to theta = 6265 98.4 %

Absorption correction Analytical

Max. and min. transmission 0.801 and 0.323

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 7571/0/541

Goodness-of-fit on ¥ 1.027

Final R indices [>25(1)] Ry = 0.0535wR, = 0.1535
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Rindices (all data) R; = 0.0694wWR, = 0.1595

Largest diff. Peak and hole-fe®)  2.900/-1.517

Definitions:

DR
TSR

Y
b J > ez ]

n = number of reflections; p = number of paeters

_XwR-F)
GooF—\/ (n— p)

Notes on the refinement of 33e.
All the hydrogen atoms were placed in calculateditmms and refined by using a riding
model.

7.1.10 Crystal Data and Structure Refinement for 35

Empirical formula G@sH14ClsNsRu

Formula weight 583.70

Crystal colour and habit brown plate

Crystal size (mm) 0.20 x 0.13 x 0.03

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.0575(4) A o =71.813(4)
b=10.4714(4) A p = 81.249(4)
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Volume (&)

Z

Calculated density (Mg/fh
Absorption coefficient (mm)
F(000)

Tetha-range for data collectio?) (
Index ranges

Reflections collected
Independent reflections
Completeness to tetha = 62°60
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on ¥

Final R indices [>2 o(1)]
Rindices (all data)

Largest diff. peak and hole-f&®)

Definitions:

DR
TSR

c=14.3250(7) A y = 76.049(4)
1110.51(9)
2
1.746
11.381
582
3.26/62.60
-9h<9,-11<k<12,-16<1<16
8213
3538 = 0.0252)
99.5 %
Semi-empirical from equesas (Multiscan)
1.00000 and 0.37481
Full-matrix least-squares on F
3539/0/262
1.096
R; = 0.0556 wR, = 0.1596
Ry = 0.0595wWR, = 0.1626

1.573/-1.549

> [w(F: - )’
> |w(F)’]
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n = number of reflections; p = number of paeters

GooF = \/ZW( R - Fcz)
(n-p)

Notes on the refinement of 35.
All the hydrogen atoms were placed in calculateditmpms and refined by using a riding
model.

7.1.11 Crystal Data and Structure Refinement for 36a

Empirical formula G1H28CIFsN4,OPRuU

Formula weight 633.96

Crystal colour and habit red prism

Crystal size (mm) 0.28x0.21x0.18

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group RZ

Unit cell dimensions a=10.3715(1) A a =90
b = 15.0288(2) A B =102.954(1
c=16.0810(2) A y =90

Volume (&%) 2442.77(5)

Z 4

Calculated density (Mg/fh 1.724

Absorption coefficient (mm) 7.452

F(000) 1280

Tetha-range for data collectiof) ( 4.08/62.64

Index ranges -13h<11,-17<k<16,-18<1<18
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Reflections collected
Independent reflections
Completeness to tetha = 62064
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on ¥

Final R indices [>2 o(])]
Rindices (all data)

Largest diff. peak and hole-f&®)

Definitions:

— z |F0| _|FC|
2. IR

GooF = \/ZW( R - FCZ)
(n-p)

Notes on the refinement of 36a.

17462
390R+ = 0.0274)
99.9 %
Semi-empirical from equaesas (Multiscan)
1.00000 and 0.59416
Full-matrix least-squares on F
3903/2/327
1.079
Ri = 0.0230wWR; = 0.0589
Ry = 0.0245wR, = 0.0596

0.319/-0.618

> [w(F: - )’
> |w(F)’]

WR, =

n = number of reflections; p = number of paeters

The hydrogen atoms H4A and H4B, which are bounithéonitrogen atom N4, were located in

the difference Fourier synthesis, and were refisenhi-freely with the help of a distance

restraint, while constraining thel-values to 1.2 times thed(eq) value of N4. All the other

hydrogen atoms were placed in calculated positmusrefined by using a riding model.
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One EtOH molecule was co-crystallized with the ¢éapmplex.

7.1.12 Crystal Data and Structure Refinement for 36b

Empirical formula GoH46BCIN4RuU

Formula weight 838.23

Crystal colour and habit yellow prism

Crystal size (mm) 0.20x 0.13 x 0.08

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R

Unit cell dimensions a=13.5219(1) A o =90
b =21.5269(2) A B =90.424(19
c=14.0468(1) A y =90

Volume (&% 4088.70(6)

Z 4

Calculated density (Mg/fh 1.362

Absorption coefficient (mm) 4.002

F(000) 1736

Tetha-range for data collectio) ( 3.76/62.64

Index ranges -15h<15, -22<k<24,-16<1<14
Reflections collected 31505
Independent reflections 653 = 0.0241)

Completeness to tetha = 6264 99.8 %
Absorption correction Semi-empirical from equesas (Multiscan)

Max. and min. transmission 1.00000 and 0.66444
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Refinement method Full-matrix least-squares on F
Data/restraints/parameters 6538/2/514

Goodness-of-fit on ¥ 1.034

Final R indices [>2 o(1)] R, = 0.0200WR; = 0.0529
Rindices (all data) R; = 0.0225wR, = 0.0535

Largest diff. peak and hole-f&%  0.227/-0.360

Definitions:

YR s BN
IR N SET

n = number of reflections; p = number of paeters

GooF = \/ZW( R - Fcz)
(n-p)

Notes on the refinement of 36b.

The hydrogen atoms H4A and H4B, which are bounithéonitrogen atom N4, were located in
the difference Fourier synthesis, and were refisenhi-freely with the help of a distance
restraint, while constraining thel-values to 1.2 times thed(eq) value of N4. All the other
hydrogen atoms were placed in calculated positmusrefined by using a riding model.

7.1.13 Crystal Data and Structure Refinement for 36f

Empirical formula GsHgsBCIN,4O1 sRu
Formula weight 929.42
Crystal colour and habit yellow prism
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Crystal size (mm) 0.40x 0.17 x 0.13

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R&

Unit cell dimensions a=15.2326(1) A a =90
b=13.8012(1) A B =107.188(1
c=24.5075(2) A o=90

Volume (&%) 4922.07(6)

Z 4

Calculated density (Mg/fh 1.254

Absorption coefficient (mm) 3.392

F(000) 1956

Tetha-range for data collectio?) ( 3.04/62.65

Index ranges -14 h<17,-15<k< 15, -27<1 <17
Reflections collected 40936
Independent reflections 7868 = 0.0225)

Completeness to tetha= 62265  99.7 %

Absorption correction Semi-empirical from equaesas (Multiscan)
Max. and min. transmission 1.00000 and 0.68249

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 7866/40/580

Goodness-of-fit on ¥ 1.042

Final R indices [>2 o(1)] Ry = 0.0244wR, = 0.0647

Rindices (all data) R; = 0.0264wWR, = 0.0655
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Largest diff. peak and hole-f&%  0.414/-0.335

Definitions:

YR s BN
IR T SET

n = number of reflections; p = number of paeters

GooF = \/ZW( R - Fcz)
(n-p)

Notes on the refinement of 36f.

The hydrogen atoms H4A and H4B, which are bounithéonitrogen atom N4, were located in
the difference Fourier synthesis, and were refisenhi-freely with the help of a distance
restraint, while constraining thell-values to 1.2 times thed(eq) value of N4. All the other
hydrogen atoms were placed in calculated positesrsrefined by using a riding model. One
target molecule was co-crystallized with 1.5@tone of which was disordered.

7.1.14 Crystal Data and Structure Refinement for 369

Empirical formula GsH49BCIsN4RuU
Formula weight 935.59
Temperature 150(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group R
Unit cell dimensions a=9.3478(2) A o = 90°.
b = 24.5559(5) A B =90.376(2)°.
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c =19.0534(5) A y = 90°.

Volume 4373.49(17) A

Z 4

Density (calculated) 1.421 Mgfn

Absorption coefficient 5.446 mth

F(000) 1928

Crystal colour and habit orange prism

Crystal size 0.11 x 0.09 x 0.05 dm
Theta range for data collection 2.94 10 62.72°

Index ranges -10<=h<=9, -28<=k<=28, -21<=I<=21
Reflections collected 47086

Independent reflections 7017 [R(int) = 0.0534]
Completeness to theta = 62.72° 99.9 %

Absorption correction Multiscan

Max. and min. transmission 1.00000 and 0.47266
Refinement method Full-matrix least-squares én F
Data / restraints / parameters 7017/0/526
Goodness-of-fit on 0.955

Final R indices [I>2sigma(l)] R1 =0.0253, wR2 9883

R indices (all data) R1 =0.0373, wR2 = 0.0697
Largest diff. peak and hole 0.420 and -0.4563.A
Definitions:
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USR]

n = number of reflections; p = number of paeters

GooF = \/Z {7 - )

Notes on the refinement of 36g.
All hydrogen atoms were placed in calculated posgiand refined by using a riding model.

7.1.15 Crystal Data and Structure Refinement for 36h

Empirical formula GoHs4sBCIN4RuU

Formula weight 846.29

Crystal colour and habit yellow prism

Crystal size (mm) 0.25x 0.09 x 0.05

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group RZ

Unit cell dimensions a=14.6567(3) A a =90
b=9.6078(2) A B =100.226(%
¢ =33.5405(6) A y =90

Volume (&%) 4648.10(16)

Z 4

Calculated density (Mg/fh 1.209

Absorption coefficient (mm) 3.521

F(000) 1768

Tetha-range for data collectio?) ( 3.06/62.63
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Index ranges -16 h< 15, -9<k<11, -38<1<38
Reflections collected 24700
Independent reflections 740R = 0.0367)

Completeness to tetha= 62263  99.7 %

Absorption correction Semi-empirical from equass (Multiscan)
Max. and min. transmission 1.00000 and 0.40065

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 7402/0/513

Goodness-of-fit on ¥ 0.946

Final R indices [>2sigmdl)] R; =0.0310wWR, = 0.0771

Rindices (all data) R; = 0.0390wWR, = 0.0797

Largest diff. peak and hole-f&®  0.402/-0.581

Definitions:

DR .
DY )]

n = number of reflections; p = number of paeters

GooF = \/Z {7 - )

(n-p)
Notes on the refinement of 36h.
All the hydrogen atoms were placed in calculateditpms and refined by using a riding

model. Because of the existence of severely diseddesolvents, most possibly -EX,
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SQUEEZE process integrated in PLATON has been used.the detailed information has
also been posted in the final CIF file.

7.1.16 Crystal Data and Structure Refinement for 36j

Empirical formula GsH46BCIN4RuU

Formula weight 790.19

Crystal colour and habit orange needle

Crystal size (mm) 0.18x0.12x0.11

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Monoclinic

Space group R

Unit cell dimensions a=13.0910(2) A a =90
b=11.8941(1) A S =95.960(19
c = 25.6986(3) A y =90

Volume (&) 3979.79(8)

yA 4

Calculated density (Mg/fh 1.319

Absorption coefficient (mmf) 4.076

F(000) 1640

Tetha-range for data collectio?) ( 3.46/62.74

Index ranges -15h<14, -13<k<13,-29<1<22
Reflections collected 31463
Independent reflections 636 = 0.0237)

Completeness to tetha = 62274 99.5 %

Absorption correction Semi-empirical from equesas (Multiscan)
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Max. and min. transmission 1.00000 and 0.77087

Refinement method Full-matrix least-squares on F
Data/restraints/parameters 6363/0/474

Goodness-of-fit on ¥ 1.041

Final Rindices [>2 sigma(l)] R; =0.0218wWR, = 0.0562
Rindices (all data) R; = 0.0240wWR, = 0.0570

Largest diff. peak and hole-f&®  0.292/-0.597

Definitions:

DR .
DY TSR]

n = number of reflections; p = number of paeters

Goop— \/Zw( F2 - F?)

(n-p)
Notes on the refinement of 36j.
All hydrogen atoms were placed in calculated posgiand refined by using a riding model.

7.1.17 Crystal Data and Structure Refinement for 36k

Empirical formula GsHsoBCIN4RuU
Formula weight 830.25
Temperature 150(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group R
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Unit cell dimensions

Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal colour and habit

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 62.65°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

a=12.2710(1) A o = 90°.

b = 14.9669(1) A B =95.163(1)°.
c =22.3485(2) A y = 90°.
4087.85(6) R

4
1.349 Mg#n

3.994 mrh
1728

Brown plate

0.18 x 0.07 x 0.03 Mm
3.56 to 62.65°.
-13<=h<=14, -17<=k<=16, -25<=I<=22
32737
6515 [R(int) = 0.0336]
99.6 %
Semi-empirical from equivake(Multiscan)

1.00000 and 0.58561

Full-matrix least-squares én F
6515/0 /499
1.045
R1 =0.0245, wR2 9652

R1 =0.0293, wR2 = 0.0665

0.536 and -0.3882.A

243



Definitions:

- Z |F0| _|FC|
hALA

GooF = \/Z WF - F)

(n-p)

Notes on the refinement of 36k.

n = number of reflections; pamber of parameters

All hydrogen atoms were placed in calculated posgiand refined by using a riding model.

7.1.18 Crystal Data and Structure Refinement for 36l

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)

Absorption coefficient

F(000)

244

G/HsoBCI3N4Ru

889.14

150(2) K

1.54184 A

Monoclinic

R&

a=12.89110(10) A
b = 14.90500(10) A
c =22.7354(2) A
4321.93(6) R

4
1.366 Mgfn

4.925 mrh

1840

o = 90°.
B =98.3670(10)°.

y = 90°,
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Crystal size 0.16 x 0.08 x 0.06 MM

Crystal colour and habit Red prism

Theta range for data collection 3.47 t0 62.67°.

Index ranges -14<=h<=12, -17<=k<=16, -26<=I<=25
Reflections collected 33782

Independent reflections 6916 [R(int) = 0.0299]

Completeness to theta = 62.67° 99.8 %

Absorption correction Semi-empirical from equivake(Multiscan)
Max. and min. transmission 1.00000 and 0.36187

Refinement method Full-matrix least-squares én F

Data / restraints / parameters 6916/1/512

Goodness-of-fit on 1.045

Final R indices [I>2sigma(l)] R1 =0.0292, wR2 ©196

R indices (all data) R1 =0.0346, wR2 = 0.0815

Largest diff. peak and hole 0.679 and -0.9442 A

Definitions:

zMﬁ—ﬁf

_ 2IR[-IF WR, =
TSR > [wle)]
[ F2 — F2
GooF = \/z W( > _° )
(n— p) n = number of reflections; p = number of paeters

Notes on the refinement of 36l.
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The hydrogen atom H4N, which is bound to the nigrogatom N4, was located in the
difference Fourier synthesis, and was refined desaily with the help of a distance restraint,
while constraining itdJ-value to 1.2 times th&(eq) values of the corresponding nitrogen
atom. All the other hydrogen atoms were placedaiowated positions and refined by using a
riding model.

7.1.19 Crystal Data and Structure Refinement for 38

Empirical formula @H20NsOsRUS

Formula weight 541.59

Crystal colour and habit red prism

Crystal size (mm) 0.14 x 0.11 x 0.09

Temperature (K) 150(2)

Wavelength (A) 1.54184

Crystal system Orthorhombic

Space group Pbcn

Unit cell dimensions a=13.1591(2) A a =90
b=10.5891(1) A £ =90
c=13.5448(2) A y =90

Volume (&) 1887.37(4)

Z 4

Calculated density (Mg/fh 1.906

Absorption coefficient (mmf) 10.250

F(000) 1096

Tetha-range for data collectio) ( 5.36/62.66

Index ranges -18h<15,-9<k<12,-15<1<15
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Reflections collected
Independent reflections
Completeness to tetha = 6266
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on ¥

Final R indices [>2 sigma(l)]
Rindices (all data)

Largest diff. peak and hole-f&®)

Definitions:

DR
TSR

GooF = \/ZW( R - FCZ)
(n-p)

Notes on the refinement of 38.

All hydrogen atoms were located in the differen@airter synthesis, and then were refined

11302
151R = 0.0253)
99.9 %
Semi-empirical from equaesas (Multiscan)
1.00000 and 0.01465
Full-matrix least-squares on F
1513/0/168
1.129
Ri = 0.0189wWR, = 0.0502
R; = 0.0201wR, = 0.0507

0.232/-0.533

> [w(F: - )’
> |w(F)’]

WR, =

n = number of reflections; p = number of paeters

with individual isotopic displacement parameters.

7.1.20 Crystal Data and Structure Refinement for 40a

Empirical formula

G7H1,CIN,OPdS



Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal colour and habit

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 62.62°
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters
Goodness-of-fit on &
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467.26

150(2) K

1.54184 A

Monoclinic

R&

a=11.3161(2) A o = 90°
b =20.3112(4) A
c=7.6539(1) A y = 90°
1742.86(5) R

4
1.781 Mgfn

11.233 nmh
936

red needle

0.32 x 0.15 x 0.14 dm

3.94 t0 62.62°.

-13<=h<=13, -21<=k<=23, -8<=I<=5

10892

2777 [R(int) = 0.0293]
99.8 %

Multiscan

1.00000 and 0.61247

Full-matrix least-squares én F

2777111232

1.189

B =97.815(2)°
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Final R indices [I>2sigma(l)] R1 =0.0229, wR2 9636

R indices (all data) R1 =0.0258, wR2 = 0.0745
Extinction coefficient 0.00230(13)

Largest diff. peak and hole 0.509 and -0.85423.A
Definitions:

D3 .
DY )]

n = number of reflections; p = number of paranseter

_XwR-F)
GooF—\/ (n— p)

Notes on the refinement of 40a.

The hydrogen atom H4N, which is bound to the nerogatom N4, was located in the
difference Fourier synthesis, and was refined desaily with the help of a distance restraint,
while constraining itéJ-value to 1.2 times th€(eq)value of N4. All the hydrogen atoms were
placed in calculated positions and refined by usimgling model.

7.1.21 Crystal Data and Structure Refinement for 40b

Empirical formula G@gH19CIN4OPAS
Formula weight 497.28
Temperature 150(2) K
Wavelength 1.54184 A
Crystal system Monoclinic
Space group Rih
Unit cell dimensions a=9.0633(2) A a = 90°.
b =16.6341(3) A B =109.739(2)°.
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Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal colour and habit

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 62.62°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on &
Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

Definitions:
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c =13.2038(3) A y = 90°.
1873.64(7) R

4
1.763 Mgfn

10.534 nmh
1000

red prism

0.26 x 0.07 x 0.06 Mm
4.44 10 62.62°.
-10<=h<=9, -19<=k<=18, -14<=I<=15
13076
3004 [R(int) = 0.0304]
99.8 %
Semi-empirical from equivake(Multiscan)

1.00000 and 0.39813

Full-matrix least-squares én F

3004 /117250

1.069
R1 =0.0211, wR2 ©9821

R1 =0.0230, wR2 = 0.0527

0.316 and -0.6772.A



| Index

Fol -IF|

| wlF - R
_2IRI-IF WR, =
SR SV 2]

Goop— \/Zw( F2 - F?)

(n— p) n = number of reflections; p = number of paeters

Notes on the refinement of 40d.
The hydrogen atom H4N, which is bound to the nigrogatom N4, was located in the
difference Fourier synthesis, and was refined desaily with the help of a distance restraint,

while constraining itdJ-value to 1.2 times th&(eq) value of N4. All the other hydrogen

atoms were placed in calculated positions andedflsy using a riding model.
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7.2 DFT calculations

Quantum chemical calculations on the cati@6s’, 36]" and36g" and of HCI were
performed with the program Gaussian®3using the B3LYP gradient corrected exchange-
correlation functional in combination with the 661 basis set for C, H, N, Cl and the
Stuttgart/Dresden ECP basis set for Ru (see 'fefin the manuscript). Full geometry
optimizations were carried out i@; symmetry using analytical gradient techniques ted
resulting structures were confirmed to be true maniby diagonalization of the analytical
Hessian Matrix. The starting geometries for thewalakions of the cationa™, B*, andC* were
taken from solid state structures of appropriatenmounds. Different orientations of the
cymene ligand were not evaluated. This may leaahtall variations of the calculated energies.

7.2.1 Calculation of HCI

SCF Done: E(RB+HF-LYP) = -460.795694055 Adffer 1 cycles

Low frequencies --- -0.0047 -0.0047 -0.0048.8246 78.8246 2930.0342

Zero-point correction= 006675 (Hartree/Particle)
Thermal correction to Energy= .0a®036
Thermal correction to Enthalpy= .0@980

Thermal correction to Gibbs Free Energy= .010218
Sum of electronic and zero-point Energies= -460.789019

Sum of electronic and thermal Energies= -460.786658

[1] Gaussian 03, Revision E.01, M. J. Frisch, G.TWcks, H. B. Schlegel, G. E. Scuseria, M. A. Rabh R.
Cheeseman, J. A. Montgomery, Jr., T. Vreven, KKNdin, J. C. Burant, J. M. Millam, S. S. lyengar, J
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalim&l. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegdwalshida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchjah B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R
Gomperts, R. E. Stratmann, O. Yazyev, A. J. AufRinCammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala
K. Morokuma, G. A. Voth, P. Salvador, J. J. Danrergb V. G. Zakrzewski, S. Dapprich, A. D. Daniels,
M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabu¢k Raghavachari, J. B. Foresman, J. V. OrtizCQ,

A. G. Baboul, S. Clifford, J. Cioslowski, B. B. $teov, G. Liu, A. Liashenko, P. Piskorz, |. KomaiipR.

L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, .. Peng, A. Nanayakkara, M. Challacombe, P. M. W.
Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalead J. A. Pople, Gaussian, Inc., Wallingford CT
(2004).

[2] a) C. Lee, W. Yang, R. G. PafRhys. Rev. B988 37, 785-789; b) A. D. BeckeRhys. Rev1988 A38
3098-3100; c) B. Miehlich, A. Savin, H. Stoll, Hreiss,Chem. Phys. Letii989 157, 200-206; d) P. C.
Hariharan, J. A. Popl&heoret. Chim. Actd973 28, 213-222; e) D. Andrae, U. Haeussermann, M. Dolg,
H. Stoll, H. PreussTheor. Chem. Acd.99Q 77, 123-141.
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Sum of electronic and thermal Enthalpies= -460.785714

Sum of electronic and thermal Free Energies= -460.806912

253



7.2.2 Calculations of cation 36a

A TS1

Calculated geometries @6a leading to C-H activation. The calculation resulte given

below.
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60 -
50 -
40 -
30 -
20 -

10 -

Calculated heats of formation! (JHz, solid lines), enthalpies('H, dashed lines) and Gibbs

energies (G, dotted lines) leading to the elimination of H@Im 36a’.

Geometry A

SCF Done: E(RB+HF-LYP) = -1511.31596928 Adfter 11 cycles

Low frequencies --- -0.0019 -0.0014 0.000®5565 7.0455

Zero-point correction= 384382 (Hartree/Particle)
Thermal correction to Energy= 408229
Thermal correction to Enthalpy= A@174

Thermal correction to Gibbs Free Energy= .330402

Sum of electronic and zero-point Energies= -1510.931587
Sum of electronic and thermal Energies=  -1510.907740
Sum of electronic and thermal Enthalpies= -1510.906796

Sum of electronic and thermal Free Energies=-1510.984568
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Geometry TS1

SCF Done: E(RB+HF-LYP) = -1511.26049449  Adfter 11 cycles
Low frequencies --- -46.0545 -7.0925 0.001m0018 0.0022

*xxxk 1 imaginary frequencies (negative Signgy***

Zero-point correction= 382193 (Hartree/Particle)
Thermal correction to Energy= 40403
Thermal correction to Enthalpy= AQ@r 347

Thermal correction to Gibbs Free Energy= .328102

Sum of electronic and zero-point Energies= -1510.878302
Sum of electronic and thermal Energies=  -1510.854092
Sum of electronic and thermal Enthalpies= -1510.853148

Sum of electronic and thermal Free Energies=-1510.933392

Geometry B

SCF Done: E(RB+HF-LYP) = -1511.27720975 Adffer 1 cycles

Low frequencies --- -8.5946 0.0011 0.00120019 5.8451

Zero-point correction= 383121 (Hartree/Particle)
Thermal correction to Energy= .40y499
Thermal correction to Enthalpy= .A@B443

Thermal correction to Gibbs Free Energy= .320634

Sum of electronic and zero-point Energies= -1510.894089
Sum of electronic and thermal Energies=  -1510.869711
Sum of electronic and thermal Enthalpies= -1510.868766

Sum of electronic and thermal Free Energies=-1510.947576

Geometry TS2

SCF Done: E(RB+HF-LYP) = -1511.23929634 Adffer 1 cycles
Low frequencies --- -396.9974 -4.9530 -0.00020013 0.0013

*xxxk 1 imaginary frequencies (negative Signgy***
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Zero-point correction= 306562 (Hartree/Particle)
Thermal correction to Energy= 400973
Thermal correction to Enthalpy= A@917

Thermal correction to Gibbs Free Energy= .320867

Sum of electronic and zero-point Energies= -1510.862734
Sum of electronic and thermal Energies=  -1510.838323
Sum of electronic and thermal Enthalpies= -1510.837379

Sum of electronic and thermal Free Energies=-1510.916429

Geometry C

SCF Done: E(RB+HF-LYP) = -1511.24275769 Adffer 3 cycles

Low frequencies --- 0.0001 0.0012 0.00%2357 6.6925

Zero-point correction= 303403 (Hartree/Particle)
Thermal correction to Energy= A0B811
Thermal correction to Enthalpy= A®756

Thermal correction to Gibbs Free Energy= .328397

Sum of electronic and zero-point Energies= -1510.864355
Sum of electronic and thermal Energies=  -1510.838946
Sum of electronic and thermal Enthalpies= -1510.838002

Sum of electronic and thermal Free Energies=-1510.919360

Geometry TS3

SCF Done: E(RB+HF-LYP) = -1511.23624180 Adfter 19 cycles
Low frequencies --- -25.1010 -9.9084 -5.9022.0018 -0.0018

*xxxk 1 imaginary frequencies (negative Signgyr +*

Zero-point correction= 306878 (Hartree/Particle)
Thermal correction to Energy= 402673
Thermal correction to Enthalpy= A@B617

Thermal correction to Gibbs Free Energy= .316982

Sum of electronic and zero-point Energies= -1510.859364
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Sum of electronic and thermal Energies=  -1510.833569
Sum of electronic and thermal Enthalpies= -1510.832624

Sum of electronic and thermal Free Energies=-1510.919260

Geometry D

SCF Done: E(RB+HF-LYP) = -1050.44183852 Adfter 1 cycles

Low frequencies --- -3.3682 0.0005 0.00050006 4.0179

Zero-point correction= 369493 (Hartree/Particle)
Thermal correction to Energy= .392095
Thermal correction to Enthalpy= 398039

Thermal correction to Gibbs Free Energy= .316423

Sum of electronic and zero-point Energies= -1050.072345
Sum of electronic and thermal Energies=  -1050.049743
Sum of electronic and thermal Enthalpies= -1050.048799

Sum of electronic and thermal Free Energies=-1050.125415
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7.2.3 Calculations of cation 36]

A TS1 B TS2

TS3

Calculated geometries @&6j" leading to C-H activation. The calculation result® given

below.
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60 1
50
. TS2 TS3 D
30

20 -

10 -

0 -

Calculated heats of formation! (JHs, solid lines), enthalpies (IH, dashed lines) and Gibbs

energies (G, dotted lines) leading to the elimination of H@Im 36j"

Geometry A

SCF Done: E(RB+HF-LYP) = -1589.91791235 Adffer 1 cycles

Low frequencies --- -0.0009 0.0011 0.00223602 5.5602

Zero-point correction= 400704 (Hartree/Particle)
Thermal correction to Energy= .A8Y647
Thermal correction to Enthalpy= 468591

Thermal correction to Gibbs Free Energy= .380637

Sum of electronic and zero-point Energies= -1589.477208
Sum of electronic and thermal Energies=  -1589.450265
Sum of electronic and thermal Enthalpies= -1589.449321

Sum of electronic and thermal Free Energies=-1589.533275
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Geometry TS1

SCF Done: E(RB+HF-LYP) = -1589.87864391 Adfter 1 cycles
Low frequencies --- -42.1364 -2.7747 -0.0013.0010 0.0013

*xxxxx 1 imaginary frequencies (negative Signgyr +*

Zero-point correction= 488572 (Hartree/Particle)
Thermal correction to Energy= 4685988
Thermal correction to Enthalpy= 466932

Thermal correction to Gibbs Free Energy= .378714

Sum of electronic and zero-point Energies= -1589.440072
Sum of electronic and thermal Energies=  -1589.412656
Sum of electronic and thermal Enthalpies= -1589.411711

Sum of electronic and thermal Free Energies=-1589.499929

Geometry B

SCF Done: E(RB+HF-LYP) = -1589.89737080 Adfter 1 cycles

Low frequencies --- -13.2204 -9.4610 -5.0838.0015 -0.0005 -

Zero-point correction= 489247 (Hartree/Particle)
Thermal correction to Energy= 48H971
Thermal correction to Enthalpy= AB/916

Thermal correction to Gibbs Free Energy= .380245

Sum of electronic and zero-point Energies= -1589.458124
Sum of electronic and thermal Energies=  -1589.430399
Sum of electronic and thermal Enthalpies= -1589.429455

Sum of electronic and thermal Free Energies=-1589.517126

Geometry TS2

SCF Done: E(RB+HF-LYP) = -1589.85703645 Adffer 1 cycles

Low frequencies --- -356.8770 -8.3221 -5.15980023 -0.0020 -
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*xxxxx 1 imaginary frequencies (negative Signgyr +*

Zero-point correction= 483202 (Hartree/Particle)
Thermal correction to Energy= .48D846
Thermal correction to Enthalpy= A@L790

Thermal correction to Gibbs Free Energy= .370448

Sum of electronic and zero-point Energies= -1589.423834
Sum of electronic and thermal Energies=  -1589.396190
Sum of electronic and thermal Enthalpies= -1589.395246

Sum of electronic and thermal Free Energies=-1589.482588

Geometry C

SCF Done: E(RB+HF-LYP) = -1589.85949379 Adfter 1 cycles

Low frequencies --- -8.5904 -5.0578 -0.0013.0005 0.0006

Zero-point correction= 484920 (Hartree/Particle)
Thermal correction to Energy= 488413
Thermal correction to Enthalpy= 481357

Thermal correction to Gibbs Free Energy= .378765

Sum of electronic and zero-point Energies= -1589.424573
Sum of electronic and thermal Energies=  -1589.396081
Sum of electronic and thermal Enthalpies= -1589.395137

Sum of electronic and thermal Free Energies=-1589.484729

Geometry TS3

SCF Done: E(RB+HF-LYP) = -1589.85508271 Adfter 1 cycles
Low frequencies --- -27.2579 -7.9043 -4.65120010 0.0008

*xxxxk 1 imaginary frequencies (negative Signgyr +*

Zero-point correction= 483662 (Hartree/Particle)
Thermal correction to Energy= 482329
Thermal correction to Enthalpy= AGB273
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Thermal correction to Gibbs Free Energy= .370535

Sum of electronic and zero-point Energies= -1589.421421
Sum of electronic and thermal Energies=  -1589.392754
Sum of electronic and thermal Enthalpies= -1589.391810

Sum of electronic and thermal Free Energies=-1589.483548

Geometry D

SCF Done: E(RB+HF-LYP) = -1129.06138969 Adfter 1 cycles

Low frequencies --- -0.0004 -0.0002 0.000%3181 7.6402

Zero-point correction= 495996 (Hartree/Particle)
Thermal correction to Energy= ARV 775
Thermal correction to Enthalpy= A%P720

Thermal correction to Gibbs Free Energy= .368457

Sum of electronic and zero-point Energies= -1128.635393
Sum of electronic and thermal Energies=  -1128.609614
Sum of electronic and thermal Enthalpies= -1128.608670

Sum of electronic and thermal Free Energies=-1128.692933
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7.2.4 Calculations of cation 36§

Cc ’ TS3

Calculated geometries @69 leading to C-H activation. The calculation reswuite given

below.
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60 -
50
40 -
30 A
20 -

10 A

0 -

Calculated heats of formationl (‘Hs, solid lines), enthalpies('H, dashed lines) and Gibbs

energies (G, dotted lines) leading to the elimination of H@Im 369’

Geometry A

SCF Done: E(RB+HF-LYP) = -1667.34386736  Adfter 10 cycles

Low frequencies --- -12.2086 -0.0022 -0.0013.0003 5.6055

Zero-point correction= 4107635 (Hartree/Particle)
Thermal correction to Energy= 505326
Thermal correction to Enthalpy= 5@6270

Thermal correction to Gibbs Free Energy= .420205

Sum of electronic and zero-point Energies= -1666.866232
Sum of electronic and thermal Energies=  -1666.838541
Sum of electronic and thermal Enthalpies= -1666.837597

Sum of electronic and thermal Free Energies=-1666.923662
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Geometry TS1

SCF Done: E(RB+HF-LYP) = -1667.30356205 Adffer 1 cycles
Low frequencies --- -40.9446 -1.3930 0.001%0022 0.0024

*xxxk 1 imaginary frequencies (negative Signgyx**

Zero-point correction= 415965 (Hartree/Particle)
Thermal correction to Energy= 5aB717
Thermal correction to Enthalpy= 5@m661

Thermal correction to Gibbs Free Energy= .418856

Sum of electronic and zero-point Energies= -1666.827597
Sum of electronic and thermal Energies=  -1666.799845
Sum of electronic and thermal Enthalpies= -1666.798901

Sum of electronic and thermal Free Energies=-1666.887706

Geometry B

SCF Done: E(RB+HF-LYP) = -1667.32317386 Adfter 1 cycles
Low frequencies --- -7.2257 -0.0004 0.0004 0.0016
0.476861 (Hartree/Particle)

Thermal correction to Energy= .5@837

Thermal correction to Enthalpy= .5@781

Thermal correction to Gibbs Free Energy= .41@916

Sum of electronic and zero-point Energies= -1666.846313

Sum of electronic and thermal Energies=  -1666.818337

Sum of electronic and thermal Enthalpies= -1666.817393

Sum of electronic and thermal Free Energies=-1666.905258

Geometry TS2

SCF Done: E(RB+HF-LYP) = -1667.28247706 Adfter 1 cycles

Low frequencies --- -350.4000 -6.0964 -4.1291.0020 -0.0014 -
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*xxxk 1 imaginary frequencies (negative Signgyr***

Zero-point correction= 4700632 (Hartree/Particle)
Thermal correction to Energy= 498678
Thermal correction to Enthalpy= A9P622

Thermal correction to Gibbs Free Energy= .410361

Sum of electronic and zero-point Energies= -1666.811845
Sum of electronic and thermal Energies=  -1666.783799
Sum of electronic and thermal Enthalpies= -1666.782855

Sum of electronic and thermal Free Energies=-1666.871116

Geometry C

SCF Done: E(RB+HF-LYP) = -1667.28473447 Adfter 1 cycles

Low frequencies --- -5.8963 -0.0026 -0.0012.0011 4.8874

Zero-point correction= 412488 (Hartree/Particle)
Thermal correction to Energy= 50262
Thermal correction to Enthalpy= .5@2207

Thermal correction to Gibbs Free Energy= .410697

Sum of electronic and zero-point Energies= -1666.812246
Sum of electronic and thermal Energies=  -1666.783472
Sum of electronic and thermal Enthalpies= -1666.782528

Sum of electronic and thermal Free Energies=-1666.872038

Geometry TS3

SCF Done: E(RB+HF-LYP) = -1667.28042733  Adfter 12 cycles
Low frequencies --- -25.0881 -5.3180 -0.0020.0020 0.0010

*xxek 1 imaginary frequencies (negative Signsy***

Zero-point correction= 4101042 (Hartree/Particle)
Thermal correction to Energy= 50104
Thermal correction to Enthalpy= 5@ 048
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Thermal correction to Gibbs Free Energy= .40@772

Sum of electronic and zero-point Energies= -1666.809385
Sum of electronic and thermal Energies=  -1666.780323
Sum of electronic and thermal Enthalpies= -1666.779379

Sum of electronic and thermal Free Energies=-1666.872655

Geometry D

SCF Done: E(RB+HF-LYP) = -1206.48684254 Adfter 1 cycles

Low frequencies --- -10.3552 -0.9775 -0.0000.0004 -0.0001

Zero-point correction= 463104 (Hartree/Particle)
Thermal correction to Energy= 489386
Thermal correction to Enthalpy= 490330

Thermal correction to Gibbs Free Energy= .408983

Sum of electronic and zero-point Energies= -1206.023738
Sum of electronic and thermal Energies=  -1205.997456
Sum of electronic and thermal Enthalpies= -1205.996512

Sum of electronic and thermal Free Energies=-1206.082860
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7.2.5 Heats of formation

60 -

TS2 183 .ot

50 -

40 -

30 -

20 A

10 4

0 -

Calculated heats of formation (JH;) of the geometries leading to the elimination &@lHom
the cations36a” (black), 36j" (red), 36g" (green), [4°-cymene)Ru(Cl)(4-phenylpyrimidiné)]

(blue) and [§°-cymene)Ru(Cl)(bipy)] (orange).
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Calculated reaction enthalpies/((H,) of the geometries leading to the elimination ofIH
from the cations 36a (black), 36j° (red), 36g" (green), [{°-cymene)Ru(Cl)(4-

phenylpyrimidine)] (blue) and [§°®-cymene)Ru(Cl)(bipy)] (orange).
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Calculated Gibbs enthalpies/ (! G,) of the geometries leading to the elimination @IHrom
the cations36a” (black), 36j" (red), 36g" (green), [4°-cymene)Ru(Cl)(4-phenylpyrimidiné)]

(blue) and [§°-cymene)Ru(Cl)(bipy)] (orange).
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7.3  Statutory Explanation
Hiermit bestatige ich, dass ich die vorliegend®eir gemas der Promotionsordnung
des Fachbereichs Chemie der Technischen Univetséeerslautern selbststandig und nur

unter Verwendung der angegebenen Quellen und HiteEmangefertigt habe.

Kaiserslautern, April, 2012

Leila Taghizadeh Ghoochany
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