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The chemists are a strange class of mortals,
impelled by an almost maniacal impulse to seek
their pleasures amongst smoke and vapour, soot and
flames, poisons and poverty, yet amongst all these
evils I seem to live so sweetly that I would rather die

than change places with the King of Persia.

Johann Joachim Becher, Physica Subterranea (1667)
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Summary

This thesis describes transition-metal complexes and reactions in which the biaryl phos-
phine ligands MeO-Biphep and Binap function as 6e donor ligands to Ru(Il) by com-
plexing an adjacent biaryl double bond. MeO-Biphep represents 2,2°-
Bis(diphenylphosphino)-6,6’-bismethoxy-1,1’-biphenyl and Binap is 2,2’-Bis(diphe-
nylphosphino)-1,1’-binapthyl.

Chapter 1 gives an introduction.

Chapter 2 deals specifically with the synthesis, characterisation and reactivity of the
dicationic [Ru(arene)(MeO-Biphep or Binap)](SbFe), (arene = n°-benzene or n’-p-
cymene) complexes. Upon reactions of these complexes with methanol, nitriles and
isonitriles readily displace the nz-oleﬁn bonding mode of these biaryl ligands. The n6-p-
cymene 13C chemical shifts of several of these complexes are discussed.

Chapter 3 describes the catalytic addition of benzoic acid to 1-pentyne and 1-octyne
respectively to form enol-ester products using [Ru(arene)(MeO-Biphep)](SbF), as cata-
lysts. Deuterium-labelling experiments show scrambling of the deuterium atom. A new
Ru(II)-allenylidene complex was prepared and used in the catalytic reaction. Stoichio-
metric reactions with acetylenes resulted in cyclometallation/insertion products.

Chapter 4 shows the acid-promoted (stereospecific) P-C bond cleavage and n6-arene
complexation starting from [Ru(OAc),(MeO-Biphep or Binap)]. In the presence of triflic
acid plus adventitous water, [Ru(OTf)(6’-diphenylphosphino-1’-(2-dimethoxy)-biphe-
nyl)(PPh,OH)](OTf) and [Ru(OTf)(6’-diphenylphosphino-1-naphthyl) (PPh,OH)](OTY)
complexes are obtained. These correspond to the addition of water across the P-C bond.
With HBF, and adventitous water, [Ru(C;,H;;BF,0,P)(6'-diphenylphosphino-1'-(2-
dimethoxy)-biphenyl)](BF4) and [Ru(C,,H;;BF,0,P)(6'-diphenylphosphino-1-naph-
thyl)](BF,) which contain the new chelating phosphinite anion (C;,H;{BF,0,P) are
formed. Novel Ru-F---H and PFPh, intermediates were detected. The strained
[Ru(arene)(MeO-Biphep)](SbFe), complexes readily react with the fluoride source
(BuyN)(Ph3SiF,) to afford the cyclometallated products via P-C bond cleavage and P-F

bond formation.




Zusammenfassung

Diese Arbeit beschreibt Ubergangsmetallkomplexe und Reaktionen, in denen die
Biarylphosphinliganden MeO-Biphep und Binap durch Einbeziehung einer Biaryldop-
pelbindung als 6e Donorliganden fiir Ru(II) fungieren. MeO-Biphep steht fiir 2,2°-
Bis(diphenylphosphino)-6,6’-bismethoxy-1,1’-biphenyl und Binap fiir 2,2’-Bis(diphe-
nylphosphino)-1,1’-binaphthyl.

Kapitel 1 gibt eine Einfiihrung.

Kapitel 2 befasst sich speziell mit der Synthese, Charakterisierung und Reaktivitit der
dikationischen [Ru(aren)(MeO-Biphep oder Binap)](SbFg), (aren = nG-Benzen oder n6-
p-Cymen) Komplexe. Bei der Reaktion dieser Komplexe mit Methanol, Nitrilen oder
Isonitrilen verdringen diese die n2-Olefinbindung der Biarylliganden. Die !3C chemis-
chen Verschiebungen mehrerer n6-p-Cymen-Komplexe werden diskutiert.

Kapitel 3 beschreibt die katalytische Addition von Benzoesdure an 1-Pentin bzw. 1-
Oktin, die bei Verwendung von [Ru(aren)(MeO-Biphep)](SbFg), als Katalysator zur Bil-
dung von Enolestern fiihrt. Deuteriummarkierungsexperimente ergaben eine zufillige
Verteilung des Deuteriumatoms. Ein neuer Ru(Il)-Allenylidenkomplex wurde hergestellt
und in der katalytischen Reaktion benutzt. Stéchiometrische Reaktionen mit Acetylenen
erzeugten Cyclometallierung/Insertionsprodukte.

Kapitel 4 beschreibt die, von [Ru(OAc),(MeO-Biphep oder Binap)] ausgehende saure-
unterstiitzte (stereospezifische) P-C-Bindungsspaltung unter Komplexierung eines n6-
Arens. In Gegenwart von Trifluormethansulfonsdure und Wasser wurden die Komplexe
[Ru(OTf)(6’-diphenylphosphino-1’-(2-dimethoxy)-biphenyl)(PPh,OH)](OTf) und
[Ru(OT*)(6’-diphenylphosphino-1-naphthly)(PPh,OH)](OTf) erhalten. Das entspricht
einer Addition von Wasser an die P-C-Bindung. Mit HBF, und Wasser bilden sich
[Ru(Cy,H;BF,0,P)(6’-diphenylphosphino-1’-(2-dimethoxy)-biphenyl)|(BF,) und
[Ru(C,H,;BF,0,P)(6’-diphenylphosphino- 1-naphthyl)](BF,), die ein neues Phosphini-
tanion (C{,H;;BF,0,P) enthalten. Neuartige Ru-F---H und PFPh, Intermediate wurden
beobachtet. Die sterisch gespannten [Ru(aren)(MeO-Biphep)](SbFs), Komplexe
reagieren leicht mit der Fluoridquelle (BuyN)(Ph;SiF,) unter Bildung von cyclometalli-

erten Produkten via eine P-C-Bindungsspaltung und P-F-Bindungskniipfung.




Samenvatting

Dit proefschrift beschrijft overgangsmetaal-complexen en reacties, waarbij de fosfine
biaryl liganden MeO-Biphep en Binap als 6e donor liganden functioneren door complex-
atie van een biarylische dubbele binding. MeO-Biphep is de triviale naam voor 2,2’-
Bis(difenylfosfino)-6,6’-bismethoxy-1,1’-bifenyl en Binap staat voor 2,2’-Bis(difenyl-
fosfino)-1,1’-binaftyl.

Hoofdstuk 1 geeft een inleiding.

Hoofdstuk 2 behandelt de synthese, karakterisatie en reactiviteit van de dikationische
[Ru(areen)(MeO-Biphep of Binap)](SbFg), (areen = n6-benzeen or n6-p-cymeen) com-
plexen. In deze complexen wordt de nz-oleﬁnische binding verbroken door reacties met
methanol, nitrillen en isonitrillen. De né-p-cymeen 13C chemische verschuivingen van
verscheidende complexen worden bediscussieerd.

Hoofdstuk 3 beschrijft de vorming van enol-esters door katalytische additie van bezoé -
zuur aan 1-pentyn of 1-octyn, waarbij [Ru(areen)(MeO-Biphep)](SbF¢), complexen als
katalysatoren gebruikt worden. Deuterium-labelling experimenten hebben aangetoond
dat het deuterium atoom willekeurig wordt ingebouwd. Een nieuw Ru(Il)-allenylideen
complex is gesynthetiseerd en in de katalytische reactie gebruikt. Stoichiometrische
reacties met acetylenen hebben geleid tot cyclometallering/insertie produkten.
Hoofdstuk 4 behandelt de (stereospecifieke) verbreking van een P-C binding en n6-areen
complexatie in de reactie van [Ru(OAc),(MeO-Biphep of Binap)] met een specifiek
sterk zuur. In de aanwezigheid van trifluormethylsulfonzuur en water worden de com-
plexen [Ru(OTf)(6’-difenylfosfino-1’-(2-dimethoxy)-bifenyl)(PPh,OH)](OTY) en
[Ru(OT¥)(6’-difenylfosfino-1-naftyl)(PPh,OH)](OTf) gevormd: de additie van water aan
de P-C binding. Met HBF, en water worden de complexen [Ru(C;,H;;BF,0,P)(6"-
difenylfosfino-1'-(2-dimethoxy)-bifenyl)J(BFs) en [Ru(C;,H;;BF,0,P)(6'-difenylfos-
fino-1-naftyl)](BF;) gevormd, die beide het nieuwe chelerende fosfiniet anion
(CpH11BF,0,P) hebben. Nieuwe Ru-F---H en PFPh, intermediairen zijn waar-
genomen. De gespannen [Ru(areen)(MeO-Biphep)](SbFg), complexen reageren snel
met de fluoride donor (BuyN)(Ph;SiF,) , resulterend in cyclogemetalleerde produkten via

de verbreking van de P-C binding en vorming van een nieuwe P-F binding.
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Chapter 1

General Introduction and Scope

1.1 General introduction

1.1.1 Chirality

Molecular chirality is an important element in nature and currently plays a key role in
science and technology. Life itself depends on chiral recognition, because living systems
interact with enantiomers in decisively different ways. A variety of functions responsible
for metabolism and numerous biological responses occur because enzymes, receptors

and other natural binding sites recognise substrates with specific chirality.l

The demand for enantiopure compounds is rapidly increasing due to their importance in
the development of various new biologically active compounds, such as pharmaceuticals
and agrochemicals. For pharmaceuticals or pesticides, usually only one of the enanti-
omers is responsible for the desired biological activity, while the other is inactive or even
causes dangerous side effects. Use of enantiomerically pure agrochemicals minimises
their impact on the environment.? Furthermore, flavors, fragrances, chiral polymers,
advanced materials with nonlinear optical properties, ferroelectric liquid crystals, etc. all

rely on the availability of chiral building blocks.

Most optically pure compounds are produced via one or more of the following methods:
(1) Preferential crystallisation. This is one of the oldest methods for the resolution of
racemates and it involves seeding of the racemate solution with pure cystals of the
desired enantiomer. This technology is e.g. used in the commercial production of a-

methyl-L-dopa.3
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(2) Diastereomeric crystallisation. An enantiopure auxilliary compound is added to the
racemic mixture of the product to form the corresponding diastereomers which are then
separated via crystallisation. For example, (S)-naproxen is produced by reacting a chiral
amine with the racemic mixture of 2-(6'-methoxy-2'-naphthyl)propionic acid to form the
corresponding organoammonium salts of the (S)- and (R)- isomers followed by crystalli-
sation and reacidification.*

(3) Kinetic resolution. This separation process is based on the different rates of transfor-
mation of the enantiomers into products under the influence of chiral reagents or cata-
lysts. The enzyme-catalysed enantioselective hydrolysis of chiral esters uses this
approach.5

(4) Existing chiral compounds as starting material or templates. Natural amino acids
have been used extensively for this purpose 5 This method is limited by the availability
and cost of the existing chiral source.

(5) Catalytic asymmetric synthesis. A powerful method for producing enantiopure com-
pounds.7 With this technology, a large quantity of a chiral target molecule can be effi-

ciently produced using only a small amount of a chiral catalyst.

1.1.2. Asymmetric homogenous catalysis

Asymmetric homogenous catalysis by means of chiral transition metal complexes has
become an important field of current chemical research involving both academia and
industry. The advantage of enantioselective catalysis relative to stoichiometric reactions
is that the expensive chiral species, often a chiral ligand, is not consumed and needs only
to be present in small quantities. Enantioselective catalytic reactions can now be carried
out on a large scale with a sufficiently high substrate-to-catalyst ratio.

Scheme 1 illustrates some examples of industrial applications.g’9 Rh(I)-catalysed enanti-
oselective hydrogenation has been used for commercial synthesis of (S)-DOPA ((S)-3-
(3,4-dihydroxyphenyl)alanine), an anti-Parkinson amino acid, and (S)-phenylalanine
which is a component of the sweetener aspartame. Another significant industrial process

concerns the Ru(Il)-catalysed hydrogenation of a functionalised ketone. This has made
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the large scale asymmetric production of a common intermediate of carbapenem antibi-

otics possible.

CHaomCOOH (R.R)-DIPAMP-Rh())
+H2
CHLCO0 NHCOCH
CH:@U\‘/COOH . Ho@/\rcow
NHCOCH NH
CHsCO0 cOCHs HO ’
(s)-DOPA
X —COO0OH
NHCOCHj
COOH COOH
O/\IE-ICOCH — NH )2
s WOOOH
o

(R,R)-PNNP-Rh(})

CeH aspartame
CsH4-O-OCH3 6 SY
!
N MpceH
(R,R)-DIPAMP = CeHs (R,R)-PNNP = [ (CeHs)2
LCeHs JP(CeHs)2
P N
66H4'0'OCH3 CGHS ey
(0]
(R)-Binap-Ru(l})
NHCOCgHs5 +Hz
COOCH3;
racemic
OH
Y NHCOCgHs .
COOCH,

COOH

OO carbapenems
(R)-Binap = P(CeHs)2
O O P(CeHs)2

Scheme 1. Industrial applications of homogenous asymmetric catalysis.

Although selectivity, particularly in stereochemistry, is a major concern in modern

organic synthesis, reactivity and productivity are also important in making reactions effi-
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cient and practical. In addition, reactions should be simple, safe and environmentally
friendly. These attributes can only be obtained by appropiate combination of metal and
chiral ligand, careful molecular design of the chiral ligands, as well as the appropiate

selection of reaction conditions.

1.1.3. Ligand design

There are continuing efforts to develop newer and more efficient chiral ligands as the
steric and electronic characteristics of such ancillaries have a strong effect on the course
of the reactions.!? The ligands, which modify the intrinsically achiral metal atoms, must
be endowed with suitable functionality, configuration and conformational rigidness or

ﬂexibility11 to produce the desired stereoselectivity.

Among the variety of ligands in use, organophophines are the most versatile ones,
mainly due to their compatibility with a variety of oxidation states and coordination envi-
ronments.'> Moreover, the relative ease with which the substituents at the phosphorus
atom can be varied affords a trigger to alter the electronic and steric features. However,

oxygen and nitrogen donor atoms have been used in chiral ligands as well.

Bidentate phosphines have been widely used. Not only does chelation make the metal
complex more stable, but it also has stereochemical consequences. Furthermore, biden-
tate phosphine ligands undergo slower exchange reactions. During the early develop-
ments in asymmetric catalysis, mainly C,-symmetric biphosphine ligands were used.
Scheme 2 shows C,-symmetric biphosphine ligand (§,5)-DIPAMP which has the stereo-
genicity on the phosphorus atom and the C,-symmetric ligands (S,5)-CHIRAPHOS and
(R,R)-DIOP having chiral carbons in the backbone.!3 It was believed that the C,-symme-
try was necessary to gain high enantioselectivities as the number of diastereomeric tran-
sition states could be halved. Currently, it has been proven that C,-symmetric

biphosphine ligands can be equally successfull in enantioselective catalysis.7
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* P . 0 S PPh
\ / & 2
* ¥ PPh 2
O *

OMe PhyP PPh,
(8,S)-DIPAMP (S,S)-CHIRAPHOS (R,R)-DIOP
Scheme 2. Several important C,-symmetric chiral biphosphine ligands.
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1.2 Outline of the thesis

Among the numerous chiral ligands reported to date, the atropisomeric MeO-Biphep,14

L1, and derivates thereof as well as Binap,15 L2, have attracted continuing attention due

to their intrinsic structural features, remarkable chiral recognition ability and broad
8

applicability in transition-metal catalysed reactions such as hydrogenation.

MeO

L2, R=Ph
L1a,R=Ph
L1b, R = 3,5-di-t-butyl-CgH3
Lic,R='Pr 1, R = 3,5-di-t-butyl-C¢H3

Recently, it has been shown!® that the biaryl ligands L1b, L1c and L2 can act as 6e
donor ligands in monocationic Ru(II)-complexes e.g. in 1. This is a rare and unexpected
bonding mode for a bidentate phosphine ligand. The objectives of this thesis are:

(1) To explore and extend the chemistry of the biaryl ligands L1 and L2 with respect to
their capability to function as a 6e donor, especially toward dicationic Ru(II)-arene com-
plexes.

(2) To study the stoichiometric and catalytic reactivity of these compounds.

(3) To evaluate the importance of this coordination mode in selective transformations.
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Chapter 2

MeO-Biphep and Binap as 6e Donor Ligands in Dicationic Ru(II)-

Arene Complexes: Synthesis, Characterisation and Reactivity

2.1 Abstract

The biarylphosphine ligands MeO-Biphep (L1a), iPr-MeO-Biphep (L1c) and Binap (L2)
readily complex an adjacent biaryl double bond in dicationic n6-p-cymene or n6-ben-
zene complexes [Ru(L1a, L1c or L2)(arene)](SbFg), (arene = n6-p-cymene or n6-ben-
zene), C6-C10. The precursors [RuCl(L1a, L1c or L2)(arene)]Cl, C1-CS5, react with 2
equivalents AgSbF for prelonged period of time to afford C6-C10. The complexes C6
and C9 react easily with MeOH to give the respective hydride complexes [RuH(L1a,
L1c or L2)(arene)]SbFg, C11 and C12 respectively, in good yield. Several nitrile com-
plexes, [Ru(nitrile)(L1a, L1c or L2)(arene)](SbFg),, C13-C18 and isonitrile complexes,
[Ru(isonitrile)(L1a, L1c or L2)(arene)](SbFg),, C19-C21, were prepared. These sub-
strates readily displace the nz-oleﬁnic bonding mode of these biaryl ligands. The n6-p-
cymene 13C chemical shifts of complexes C1, C4, C15, C18-C20 are discussed.
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2.2 Introduction

The atropisomeric bidentate phosphine ligands MeO-Biphep (L1a), and derivates
thereof, 3,5-di-+-Bu-MeO-Biphep (L1b) and ‘Pr-MeO-Biphep (L1c),' and Binap (L2)?
are outstanding in achieving high yields and enantioselectivities in asymmetric hydroge-

nation when coordinated to ruthenium or rhodium.>

Meo O PR2 OO PRz
MeO O PRo CO PR,

Lia,R=Ph
L1b, R = 3,5-di-t-butyl-CgH3 L2, R=Ph
Lic, R='Pr

Prochiral unsaturated substrates including a-(acylamino)acrylic acids,* allylic alcohols,’
a,B-unsaturated carboxylic acids 57 and enamides® are easily reduced to give saturated
prodcuts in quantitative yields with 90-99% enantioselectivity by using either neutral
Ru-MeO-Biphep or/and Ru-Binap dicarboxylato catalyst precursors. Other exocyclic
olefinic substrates with aprotic functions as o,f3-unsaturated carbonyl compounds, alky-
lidene  lactones,  alkenyl esters,’ 3-alkylidene-Z-piperidones10 and  2-
methylendioxolanes'! have all been hydrogenated with high enantioselectivity using

Ru(II)-Binap-arene precatalysts.

Besides their use in asymmetric hydrogenation, the Binap and/or MeO-Biphep ligands
have also been used in the Pd-catalysed Heck reaction and allylic .a]kylation,12 Rh-catal-
ysed hydroboration13 and hydrocyanation, Ru-catalysed hydrosilylation14 and Diels-

Alder reactions.!?
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Recently, the reaction of the MeO-Biphep complex [Ru(OAc),(L1b)] (L1b = 3,5-di-t-
Bu-MeO-Biphep) with 1,5-COD (COD = cycloctadiene) and 2 equivalents of HBF, in
methylene chloride was shown to afford the monocationic [Ru(n® -CgH11)(L1b)]BF,, 1,
(Scheme 1).16 The biaryl 3,5-di---Bu-MeO-Biphep ligand functions as a 6e donor to
Ru(II) via an unexpected coordination of a biaryl double bond using carbons C1 and C6,

proximate to a P-donor.

2 HBF,
Ru(OAc),(L1b) + 1,5-COD ———=—= 2HOAc + HBF4+
CHCly

1, R = 3,5-di-t-butyl-CgHs

Scheme 1: The protonation reaction resulting in complex 1. This pentadienyl complex exhibits

the additional nz-bonding mode of the 3,5-di-t-Bu-MeO-Biphep (L1b) ligand.

The isopropyl analog [Ru(nS-Cng1)(L1c)]CF3C02, 2, L1c = iPr-MeO-Biphep) has
been prepared by starting from [Ru(CF;CO,),(1,5-COD)], and reveals the additional
nz-bonding mode as well. The solid-state structure of the monocationic complex 2 dis-
closes two relatively long Ru-C(1) and Ru-C(6) distances, ca. 2.37 Aand230A respec-
tively, thus, suggesting a very weak interaction. However, the 13C resonance positions for
these coordinated biaryl carbons are a more reliable criterion for recognizing this type of
interaction. Specifically, the long-range 13¢C,1H correlation NMR-spectrum for 2 (Figure
1) reveals the connectivity between the two non-protonated coordinated carbons, C1 and
C6, and the three biphenyl protons, H3, H4 and H5. The four key cross-peaks shown in
Figure 2 link the resonances for the coordinated biaryl carbons to several of the biaryl

proton resonances, via 2J(13C,1H) and 3J(13C,1H).
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oTf
3
4 3’

4 5’ 5
S
Cguat =
80
90
2 !
Cqua
1 6(130)
T T T T T T T T T T T T
S('H) 7.0 6.5

Figure 1. Section of the long-range 13C-1H correlation for 2. The intense signal in the 3¢ direc-

tion stems from one of the five n° -CgH,; pentadienyl carbons.

The 3'P NMR spectrum for this new n2-oleﬁnic bonding mode is informative: the P-
atom adjacent to the coordinated C1-C6 aryl bond has a remarkable high field chemical
shift. The 1P spectrum of complex 2, depicted in Figure 2, shows a relative large differ-

ence between the two >!P chemical shifts.

e

T T T T
5C'P) 60 40 20 0

Figure 2. 3lp spectrum for 2.

The additional nz-bonding mode of the 3,5-Di-#-Bu-MeO-Biphep ligand (L1b) has also
been recognised in the monocationic complexes [Ru(nS-Cp)(le)]BF4 (Cp = CsHy")
and [Ru(m’-C4H,N)(L1b)]BF, as well as in [Ru(m-indole)(L1b)](BE,),.!°
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The new bonding mode of Binap (L2) in [Ru(nS-Cp)(LZ)]CF3C02 was recognised from
its solid-state structure, i.e. two relative short Ru-C separtions ca. 2.26 A and 228 A17
Interestingly, this bonding mode for Binap was not recognised in [RuCl,(L2)],, although

one of its P atoms has the charateristic lower frequency 31p chemical shift.!8

Recently, a synthetic route to the active hydrogenation catalyst [Ru(L2)(H)(solv¢.=:nt)3]+
(solvent = acetone or THF) (5) starting from Binap (L2), [Ru(COD)COT)] (COD =
cyclooctadiene, COT = cyclooctatriene) (3) and HBF, has been reported (Scheme 2).19
The main intermediate, 4, involves Binap as a 6e donor ligand to Ru(II). This nz-bond to
the binaphthyl backbone in 4 is displaced by an excess MeCN to give [Ru(ns-

C8H1 1)(L13)(MCCN)]BF4

90 |
PPhy HBF ‘ARU

4
+  [Ru(coD)(COT)] ChaCh™ ph27
PPh,

oy T
5P

L1a

Ho, rt

solvent =
_| BF,
Ph, H
0L O

acetone or THF
™~ Ru(solvent)s
7~
P
I J

Scheme 2: The reaction resulting in an active catalytic complex 5 via an intermediate with Binap

5

acting as an 6e donor ligand (COD = cyclooctadiene, COT = cyclooctatriene).
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We know of only one additional complex, [Mo(nS-CsHS)(CO)z(PPh3)](BAr'4) (Ar' =
3,5-bis(trifluoromethyl)phenyl), 6, for which a related interaction has been reported.20
This complex contains a PPhy which functions as a chelating 4e donor ligand via coordi-

nation of the P-atom and the proximate double bond of one of the aryl rings.

l —IBAr'4

i
oc” i

06P\©
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2.3 Results and discussion

2.3.1 The chloro-precursors

Given the interest in [RuCl(Binap)(arene)]X (X = Cl, Br, I) complexes with respect to

921,22 several MeO-Biphep derivates have been prepared and

asymmetric hydrogenation,
studied. Treatment of [RuClz(n6-p-cymene)]2 with 2 equivalents of either MeO-Biphep
(L1a) or iPr-MeO-Biphep (L1c) dissolved in MeOH at room temperature affords the
orange solids of [RuCl(L1a or L1c)(n6-p-cymene)]Cl, C1 and C2 respectively, in good

yields (Scheme 3).

O &= <_|CI

2 Ru
+ [RuCIg(ns-p-cymene)] 2 MeOH

MeO PR; RoP
|O O PR,
Lia, R =Ph O
Lic, R=Pr OMe

OMe
C1,R=Ph
C2,R=Pr

Scheme 3: The reaction resulting in precursors C1 and C2.

The n6-benzene derivative of C1, [RuCl(Lla)(né-C6H6)]Cl, C3,was synthesised starting
from the [RuClz(nG-C6H6)]2-dimer using a MeOH:toluene mixture. The Binap (L1a)
analogues [RuCl(Lla)(n6-p-cymene)]Cl, C4, and [RuCl(L1a)(benzene)]Cl, CS, were
prepared according the literature 21,23 using MeOH instead of EtOH:CH,Cl, for 4.

The solid-state structure of [RuCIl(L1a)(p-cymene)]Cl, C4, has been determined via X-
ray diffraction and a view of the cation is shown in Figure 3. The immediate coordination
sphere consists of the two P-donors, the chloride and the six carbon atoms of the n6-p-

cymene ligand. The six Ru-C(arene) separations fall in the range ca. 2.26-2.32 A and are
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all fairly routine.!??* The two Ru-P distances, Ru-P(1), ca. 2.35 A, and Ru-P(2),ca.2.38
A, are somewhat long but not unusual. 17?423 Both the Ru-Cl bond length, ca. 2.39 A,
and the P(1)-Ru-P(2) angle, ca. 89.5°, are normal. Selected bond lengths and bond angles
are given in Table 1 and 2 respectively. The structure of the cation [RuCl(Binap)(n6-

CgHg)]* has been reported previously.21’23 Taken together, the X-ray data show a classi-

cal "piano-stool" structure with relatively little distortion.

Table 1: Selected Bond Lengths (;&) for the cation in C4.

Ru(1)-C(I1L) 2.315(5) Ru(1)-C(4L) 2.294(5)
Ru(1)-C(2L) 2.258(5) Ru(1)-C(5L) 2.262(5)
Ru(1)-C(3L) 2.281(5) Ru(1)-C(6L) 2.280(5)
Ru(1)-P(1) 2.3447(12) P(1)-C(111)2 1.848(5)
Ru(1)-P(1) 2.3803(11) P(1)-C(121)2 1.831(5)
Ru(1)-CI(1) 2.3942(11) P(2)-C(211)° 1.838(4)
P(1)-C(6) 1.836(5) P(2)-C(221)° 1.840(5)
P(2)-C(6)) 1.851(5)

2 C(111) and C(121) are the ipso-carbons of phenylsubstituents of P1; b C(211) and C(221) are the ipso-

carbons of phenylsubstituents of P2.

Table 2: Selected Bond Angles (deg) for the Cation in C4.

C(1L)-Ru(1)-P(1) | 159.02(13) C(4L)-Ru(1)-P(1) | 93.34(13)
C(@L)-Ru(1)-P(1) | 122.62(14) C(5L)-Ru(1)-P(1) | 116.94(13)
C(BL)-Ru(1)-P(1) | 96.70(13) C(6L)-Ru(1)-P(1) | 153.26(13)
C(IL)-Ru(1)-P(2) | 110.94(13) C(AL)-Ru(1)-P(2) | 129.16(13)
C(L)-Ru(1)-P(2) | 146.02(14) C(5L)-Ru(1)-P(2) | 99.79(13)
CBL)-Ru(1)-P(2) | 164.29(13) C(6L)-Ru(1)-P(2) | 92.28(13)
C(1L)-Ru(1)-CI(1) | 89.91(13) C(4L)-Ru(1)-CI(1) | 139.91(13)
C(2L)-Ru(1)-CI(1) | 82.12(14) C(5L)-Ru(1)-CI(1) | 155.42(13)
C(L)-Ru(1)-CI(1) | 103.96(13) C(6L)-Ru(1)-CI(1) | 121.68(13)
P(1)-Ru(1)-P(2) 89.51(4)
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Table 2: Selected Bond Angles (deg) for the Cation in C4.

C(1L)-Ru(1)-P(1)

159.02(13)

C(4L)-Ru(1)-P(1)

93.34(13)

P(1)-Ru(1)-CI(1)

84.95(4)

P(2)-Ru(1)-CI(1)

90.91(4)
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23.2 nz-Compounds from the chloro-precursors

The chloro-complex [RuCI(MeO—Biphep)(n6-p-cymene)]Cl, C1, was allowed to react
with 2 equivalents AgSbFe. This resulted in [Ru(MeO-Biphep)(n6-p-cymcne)](SbF6)2,
C6, in which the bisphosphino chelating ligand acts as 6e-donors (Scheme 4).

:' j: cl :I : (SbFe)s

Ru Ru
‘\\\_‘,... \\ ol \\‘\“‘..- \
Ph2P 2 AngFs, CHQC'Z PhZP
PPhy reflux overnight PPhy
-2 AgCl
OMe ! OMe !
OMe OMe
c1 cé

Scheme 4. The preparation of [Ru(MeO-Biphep)(p-cymene)](SbFg),, C6.

The general synthetic pathway is shown in scheme 5. Treatment of the chloro complexes
C1-C5 with two equivalents of AgSbFg for prolonged periods affords the compounds

C6-C10, as n6-p-cymene and n%-benzene derivatives.
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:l : Cl

AU
P\\\\“‘ \ C I
P

b

C1, PP = MeO-Biphep
C2, PP =i-Pr-MeO-Biphep
C4, PP =Binap

<—i—3_\0|

“R u\
P\\\\“‘ \ C I
P

L

C3, PP = MeO-Biphep
C5, PP = Binap

2 SbFeg,
CHuCl,,
reflux, overnight

-2 AgCl

2 SbFg,
CH,Cly,
reflux, overnight

-2 AgCi

C6, PP = MeO-Biphep
C7, PP = iPr-MeO-Biphep
C9, PP = Binap

Au
7 \
bp

C8, PP = MeO-Biphep
C10, PP =Binap

Scheme 5. Synthesis of the n2-olefin bonding mode complexes C6-C10.

The Binap derivatives C9 and C10 as well the MeO-Biphep complex, C7, containing

iPropyl groups on the MeO-Biphep phosphorus donors, could be isolated and afforded

satisfactory analytical data. MeO-Biphep analogues C6 and C8, exist in solution

together with an aquo-complex (Scheme 6). This latter assignment is based on the obser-

vation that addition of water to a solution of C8 and the presumed aquo-species, results

in a marked increase in the concentration of this second species, at the expense of C8.
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-5 ‘|< (SbFe)2 &5 _‘i (SbFe)z
|

H20 |
- HQO \“_.e"R U\
P\\\ \ OH»

Scheme 6. The equilibrium between an 1)2-olefinic bonding mode complex and its corresponding

aquo-complex (PP = Binap or iPr—MeO-Biphep).

Proof of the coordination mode for C6-C10 stems from the low frequency 13C coordina-
tion chemical shifts for C1 and C6 of the complexed biaryl double bond.?® The chemical
shifts of C1 and C6 were determined via their three bond long-range couplings to H4, H5
and H7.2” The proton assignment, necessary in order to be confident with respect to the
3¢ signals, was made using ('P'H) and ('H,'H) correlation spectroscopy. Figure 4
shows a section of the 13C,'H long range NMR spectrum for C10 and in Table 3 selected
NMR-data for C6-C10 are given. Tables of NMR-data for all of the new dicationic com-
plexes C6-C10 are given in Section 2.8.

Ru
Cé < * ®» \\\\\“-“'- \
. PheP
_ 80 6 PPhy
)

3 O ‘
7
benzene 100
\ C1 4 @ Q 6(‘30)
c10

s(H) 82 80 78 76

Figure 4. 1’C-'H long-range correlation for C10 showing the cross-peaks for two olefinic car-

bons with the three Binap backbone protons.
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It is tempting to use the observed relatively low frequency 31p resonance of P1 (Table 3)
as an indication of this bonding mode. This chemical shift empiricism,16 also noted early
on by James et al.,!3 but not explored, is not always a reliable indicator since cyclometal-
lated Ru(Il)-complexes can show similar 31p chemical shifts.?8 It is interesting that the
observed 3!P frequencies for complexed MeO-Biphep (C6-C8) vs Binap (C9 and C10),
do not depend markedly on the structure of the bidentate phosphine. However, the B3¢
chemical shifts values for C1 and C6 in these dications do vary as a function of the che-

late (Table 3).

Table 3: Selected NMR chemical shifts for the carbon and phosphorus donors in
Ce6-C10.

C —I< (SbFe)2 €>_| (SbFe)2 D ——|< (SbFg)2 Qg‘ (SbFe)2
| | |

“HJu .,.R“ @R “‘R
H2F7 \ Ph27 \ thf \ th% \
PR, 6 RPhs 6 FPh & fhe
L0
OMe OMe
C6,R= Ph Ccs c9 ci0
C7,R="Pr
Complex s Bc1) & (13C6) 5 ('P1) 5 Clp2)
Ceé 93.0 80.1 7.7 67.1
C7 102.5 79.1 273 82.6
C8 90.9 86.0 154 64.7
C9 98.0 67.5 33 68.7
C10 101.7 73.0 19.0 64.0
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2.3.3 Hydrides

There are relatively few well characterised Ru-H complexes of Binap (L1) and MeO-
Biphep (L.2) known.!42 A X-ray structure of [RuH(p-cymene)(L2b)]BF,, 7, (L2b =
3,5-di-t-Bu-MeO-Biphep) has been reported.12 This hydride compound has been synthe-
sised starting from [Ru(OAc),(L.2b)], p-cymene and molecular H, in methylene chloride
to which HBF, was added. Furthermore, a stable cationic five-coordinate hydrido bis-
solvento complex, [RuH(iPrOH)Z(LZb)]BF4, 8, (L2b = 3,5-di-+-Bu-MeO-Biphep), has

been obtained from a hydrogenation mixture.>°

:Fl ——‘i BF4

(L
O M Pn,, l u...x\““o
OMe O

Ro
OMe

7, R = 3,5-di-t-butyl-CgHs 8, R = 3,5-di-t-butyl-CgHs

The dications C6 (generated in situ) and C9 react smoothly on stirring in MeOH as sol-
vent at room temperature to afford the hydride complexes [RuH(p-cymene)(MeO-
Biphep)]SbF¢, C11, and [RuH(p-cymene)(Binap)]SbF¢, C12 (Scheme 7). No base is
necessary and the yields are good. This straightforward approach to hydride synthesis
provides an useful alternative to synthetic routes involving molecular hydrogen or boron

or aluminium hydrides.
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—l (SbFg) _®_< SbFg
| |

Ru MeOH, rt Ru
y \ \\\\\\\""' \\H
P P
C6, PP = MeO-Biphep C11, PP = MeO-Biphep
C9, PP = Binap C12, PP = Binap

Scheme 7. The straightforward synthesis to hydride-complexes C11-C12.

The 'H spectra for C11 and C12 show the hydride resonances as a doublet of doublets at
0 =-9.79 and 8 = -10.10 for C11 and C12, respectively. The p-cymene 13C resonances
are shifted to lower frequency and fall in the region 6 = 91.5-116.8. The four CH-car-
bons of the p-cymene appear in the narrow range of 91.5-98.3 ppm, exactly where one

expects 13C resonances of arenes complexed to Ru(Il) 26

Interestingly, the MeO-Biphep complex, C11, affords product ca 10 times faster than the
Binap analogue, C12. Similar qualitative observations have been made with respect to
relative kinetics in other reactions as well, i.e., MeO-Biphep is generally faster than

Binap in our Ru-chemistry.
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2.3.4 Nitriles and isonitriles

To gain further insight into the reactivity of C6 (generated in situ) and C9, these dica-
tions were allowed to react with nitriles, i.e. N=CMe, N=CEt, N=CPh and
N=CCH=CH,, and isonitriles, i.e. CsNCHCO,Et and C=NBu'.

Treatment of dications C6 (generated in situ) and C9 with nitriles in methylene chloride
readily afforded the nitrile-complexes C13-C18 as depicted in Scheme 8. These reac-
tions illustrate that the additional n2-bond between the biaryl carbons of the biphosphine
ligand and Ru(Il) is easily displaced by a stronger (donor) ligand. A similar reaction has

been reported in the literature.!”

_@_Z‘(Sbﬁs)z _@_Z‘(SbFe)z
|

Ru NCR Ru
- CH.CLT T - N
7\ S
C6, PP = MeO-Biphep C13, PP = MeO-Biphep, R = Me
C9, PP =Binap C14, PP = MeO-Biphep, R = Ph

C15, PP = MeO-Biphep, R = CH=CH,
C16, PP = Binap, R = Et

C17, PP = Binap, R =Ph

C18, PP = Binap, R = CH=CH,

Scheme 8. Reaction of the n>-complexes C6 and C9 leading to nitriles-complexes C13-C14.

The dicationic isonitrile complexes C19-C21 are smoothly obtained by stirring com-
plexes C6 (generated in situ) and C9 with the appropriate isonitrile dissolved in methyl-

ene chloride at room temperature (Scheme 9).
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O < (SbF6)2 _@__< (SbFe)2
| |

Ru CNR

- —_— R U\
\\\\\“‘-" CH CI , rt \\\\‘\\....
V \ 2Cl P \ CNR

C6, PP = MeO-Biphep C19, PP = MeO-Biphep, R = CH,CO,Et
C9, PP =Binap C20, PP = Binap, R = CH,COEt
C21, PP =Binap, R="'Bu

Scheme 9. Reaction of the nz-complexes C6 and C9 with various isonitriles.

As isonitriles are stronger donor ligands than nitriles, it was expected that the additional

nz-oleﬁn would be substituted by an isonitrile.




26 MeO-Biphep and Binap as 6e Donor Ligands in Dicationic Ru(1l)-Arene Complexes

2.3.5 13C-NMR data for the 1r|6-p-cymene ligand

The 13C chemical shifts for the complexed arenes in e.g., C1-C21 are readily determined
in that they fall in a convenient region, ca 70-110 ppm.26 Having noticed that this NMR
parameter varies somewhat for the nz-oleﬁn complexes C6-C10, we considered it useful

to compare the B3¢ n6-p-cymene characteristics in several Binap and MeO-Biphep com-

pounds (Figure 5).
MeO-Biphep Binap

97.6 86.8 98.5 86.8
105.1 103.8 106.0 103.9

cl ct 98.3 ca 98.5
101.6 85.8 101.4 86.4
102.3 109.1 102.6 108.7

NCCH=CH; ci5 99.7 c18 99.8
103.9 98.1 103.7 98.6
102.0 111.3 102.7 111.2

CNCH,CO,Et c19 103.8 C20 104.1

Figure 5. Selected p-cymene 13C resonances of selected compounds and their average.

Somewhat unexpectedly, the four unsubstituted ring p-cymene B¢ signals are well sepa-
rated suggesting asymmetric bonding for this arene. It is equally interesting that these
13C chemical shifts in C1, C4, C15 and C18 do not vary very much, either as a function
of charge on the complex or as a function of the chelate ligand. Moreover, the averages
of these four values, 98.3 for C1, 98.5 for C4, 99.7 for C15 and 99.8 ppm for C18, are

quite close. Thus it appears that the total charge on the molecule, i.e., monocationic for
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the chloride complexes and dicationic for the acrylonitrile complexes, is of secondary
importance in this connection. The nature of the donor is the more important factor as
shown by the averages for the isonitriles derivates C19, 103.8, and C20, 104.1, i.c. ca 4-
5 ppm larger than the previous averages. Assuming that a high frequency HC=(cymene)
shift arises due to reduced Ru—>arene d—m* back-bonding, t his suggests that the ethyl-
isocyanoacetate ligand is a better m-acceptor ligand than either the cloride or the acry-

lonitrile.

Table 4: Averaged CH-arene 13C chemical shifts for in Ru(n®-p-cymene) complexes.?

P~““w \\ Ligand

U
Ligand MeO-Biphep Binap
Cl 98.3 (C1) 98.5 (C4)
n2-olefin 96.8 (C6) 101.9 (C9)
H 95.8 (C11) 96.0 (C12)
CH;CN 99.1 (C13) -
PhCN 99.7 (C14) 99.9 (C17)
CH;CH,CN - 99.5 (C16)
CH,=CHCN 99.7 (C15) 99.8 (C18)
EtCO,CH,NC 103.8 (C19) 104.1 (C20)
Bu'NC - 104.2 (C21)

2 As mono- or di- SbFg cations.

In Table 4 the averages for these four p-cymene signals for a larger data set are shown.
The olefin and isonitrile w-acceptor ligands result in higher frequency positions whereas
the hydride, due to its stronger sigma-donor character, affords a lower frequency result.
For the Binap series, a similar analysis using all six carbons of the p-cymene has been
carried out. Inclusion of the two fully substituted carbon chemical shifts moves the aver-
aged results to higher frequency by ca 5-6 ppm, but does not change any of the conclu-

sions.
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2.4 Conclusions

This chapter shows clearly that several biarylphosphine ligands in C6-C10 functions as a
6¢e donor ligand to Ru(Il) by complexing an adjacent biaryl double bond. These com-
plexes represent further rare examples of the nz-complexation of the double bond of a

biaryl phosphine ligand.

Reaction of the complexes C6 and C9 with MeOH provides a straightforward synthesis
of the corresponding hydride-complexes C11 and C12 in good yield. Several nitrile
(C13-C18) and isonitrile (C19-C21) complexes were prepared. These substrates readily
displaced the nz-oleﬁn bonding mode of these biaryl ligands.

The n6-p-cymene 13C chemical shifts of complexes C1, C4, C15, C18-C20 are dis-
cussed. Interestingly, they do not depend on the formal positive charge on the cation, but

rather on the nature of the donor ligands.
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2.5 Experimental

2.5.1 Crystallography

Air stable, orange crystals of compound C4 were obtained via slow diffusion of diethyl ether into a solu-
tion of C4 in dichloromethane. For the data collection, a prismatic single crystal was mounted on a Bruker
SMART CCD diffractometer. The space group was determined from the systematic absences, while the
cell constants were refined, at the end of the data collection with the data reduction software SAINT 32 The
collected intensities were corrected for Lorentz and polarization factors>Z and empirically for absorption
using the SADABS program.33 Selected crystallographic and other relevant data collection and refinement
parameters are listed in Tables 5 and 6.

The structure was solved by direct methods and refined by full matrix least squares,3'4 minimizing the func-
tion [ZW(FO2 -(1/k) F 02)2] using anisotropic displacement parameters for all atoms. Toward the end of the
refinement a disordered solvent (CH,Cl,) molecule was located in a difference Fourier map and success-
fully refined, allowing two orientations for the Cl atoms (with occupancy factors of 0.75 and 0.25 respec-
ﬁvely). After refinement, a second CH,Cl, molecule was located in the difference Fourier map but refined
satisfactorily (with isotropic temperature factors) only with partial occupancy of the site (0.5). Upon con-
vergence (maximum parameter shift Ap/c < 0.3) the final difference Fourier map showed no significant
peaks.

The contribution of the hydrogen atoms, in their calculated position (C-H = 0.95(A), BH) =
1.5XB(Chonged)(A?), was included in the refinement using a riding model; the hydrogen atoms bonded to
the disordered solvent molecules were not included.

All calculations were carried out by using the PC version of the SHELX-97 programs. The scattering fac-
tors used, corrected for the real and imaginary parts of the anomalous dispersion, were taken from the liter-

ature .35
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Table 5: Crystal data and parameters of the data collection of compound C4.

Emperical formula Cs5.5H49C1,PoRu
Formula weight (g/mol) 1056.26

Crystal size (mm) 0.32x0.26x0.20
Crystal system monoclinic

Unit cell dimensions (A, deg)

a=12.5980(2)
b =21.8156(1), § = 107.869(2)
¢ = 19.4865(3)

Volume (A3) 5097.2(1)
Space group P2,
Formula unit pro cell(Z) 4
p(calculated) (g cm™) 1.371
Absorption coefficient p (mm™!) 0.507
F(000) 1912
Temperature (K) 200(2)

Data collection

Bruker SMART CCD diffractometer

Monochromator; Wavelength

Graphite-Monochromator; AMMoKa) =0.71073 A

Collection method

Hemisphere, w-scan

Theta range for data collection

194 <6 <2747

h(min), h(max); k(max), k(min); /(min, /(max)

-16, 16; -28, 28; -24, 25

Collected reflections

11569

Independent reflections

8741 (R(int) = 0.0567)

Absorption correction

empirical (SADABS)

Structure solution

SHELXS-97 (direct methods)

Structure refinement

SHELXL-97 (full matrix least-square of F?)

Number of parameters 564
Number of parameters restraints 0
Transmission coefficient (max/min) 0.83/0.93
WR for |F,|% > 20(|F? 0.1953
WR for all reflections 0.2264

R for |F,2 > 20(F1* 0.0657

R for all reflections 0.0950
Goodness of Fit (GooF) for |F,* > 20(|F> 0.738
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Table 6: Final position (x 10™) and isotropic equivalent displacement parameters (A% x 10%) for

C41.5CH,ClL,
x y z Uteg)
Ru(1) 3969(1) 6792(1) 6284(1) 23(1)
P(1) 5458(1) 7479(1) 6707(1) 24(1)
P(2) 4956(1) 6061(1) 7154(1) 24(1)
CK1) 4929(1) 6464(1) 5462(1) 32(1)
CI(2) 2568(1) 7482(1) 3547(1) 53(1)
C(1L) 2329(4) 6378(2) 5536(3) 34(1)
C(2L) 2571(4) 6946(3) 5250(3) 35(1)
C@3L) 2702(4) 7488(2) 5639(3) 34(1)
C(4L) 2665(4) 7500(2) 6363(3) 34(1)
C(5L) 2465(4) 6942(2) 6666(3) 31(1)
C(6L) 2285(4) 6390(2) 6254(3) 33(1)
C(7L) 2132(5) 5814(3) 5066(3) 44(1)
C(8L) 1956(6) 5225(3) 5439(4) 58(2)
C(9L) 1131(8) 5930(4) 4388(4) 82(3)
C(10L) 2735(5) 8106(3) 6756(3) 46(19
(1) 7278(4) 6678(2) 7136(3) 29(1)
CQ) 8139(4) 6311(2) 6993(3) 33(1)
C(3) 8462(3) 8435(3) 6366(3) 40(1)
C4) 7961(5) 6923(3) 5916(3) 45(1)
C(5) 7131(4) 7261(3) 6043(3) 38(1)
C(6) 6758(4) 7135(2) 6649(2) 30(1)
C(7) 8687(4) 5828(3) 7456(3) 43(1)
C(8) 9491(5) 5476(3) 7294(4) 54(2)
C9) 9818(5) 5600(3) 6685(4) 52(2)
C(10) 9321(5) 6062(3) 6236(4) 51(2)
C(1") 7072(4) 6589(2) 7852(29 28(1)
C(2") 7952(4) 6791(2) 8481(3) 31(1)
c@3") 7862(4) 6694(2) 9179(3) 34(1)
C@4") 6911(4) 6391(3) 9243(3) 38(1)
(o)) 6073(4) 6203(2) 8644(2) 32(1)
C(6") 6134(4) 6309(2) 7935(2) 26(1)
C(7") 8937(5) 7097(3) 8431(3) 43(1)
Cc@8" 9761(5) 7273(3) 9036(4) 55(2)
C@9") 9649(5) 7189(4) 9726(3) 58(2)




32

MeO-Biphep and Binap as 6e Donor Ligands in Dicationic Ru(Il)-Arene Complexes

Table 6: Final position (x 10'% and isotropic equivalent displacement parameters (A% x 10°) for

C41.5CH,Cl,

x y z Uteg)
C(10M 8725(5) 6900(3) 9797(3) 50(1)
C(111) 5200(4) 8160(2) 6144(3) 30(1)
C(112) 4844(4) 8066(2) 5364(3) 33(1)
C(113) 4528(5) 8560(3) 4893(3) 41(1)
C(114) 4557(5) 9152(3) 5161(3) 48(1)
C(115) 4911(6) 9242(3) 5903(4) 55(2)
C(116) 5211(5) 8755(2) 6381(3) 42(1)
c(121) 5829(4) 7805(2) 7615(2) 30(1)
C(122) 5157(5) 7733(2) 8058(3) 35(1)
C(123) 5437(6) 8002(3) 8736(3) 46(1)
C(124) 7103(5) 8414(3) 8549(3) 49(1)
C(125) 6414(6) 8343(3) 8978(3) 54(2)
C(126) 6821(5) 8144(2) 7866(3) 38(1)
C(211) 5555(4) 5379(2) 6861(3) 29(1)
C(212) 5083(5) 5142(2) 6166(3) 42(1)
C(213) 5475(6) 4579(3) 5979(4) 54(2)
C(214) 6779(6) 4496(3) 7163(4) 57(2)
C(215) 6304(6) 4266(4) 6469(4) 59(2)
C(216) 6387(4) 5050(2) 7368(3) 39(1)
C(221) 3983(4) 5705(2) 7573(2) 28(1)
C(222) 3657(4) 5090(2) 7438(3) 34(1)
C(223) 2851(4) 4844(3) 7717(3) 43(1)
C(224) 2369(4) 5201(3) 8125(3) 45(1)
C(225) 2669(4) 5812(3) 8256(3) 39(1)
C(226) 3472(4) 6063(2) 7979(2) 31(1)
CI(1S) -590(3) 8784(2) 7668(2) 104(1)
CI(2S) -314) 7766(3) 6838(2) 133(2)
C(1CL) 407(13) 8366(8) 7444(9) 103(4)
CI(3S) 103(9) 8990(5) 6514(6) 89(2)
C(2CL) 130(3) 8913(14) 7316(17) 62(7)
Cl(4S) 1572(12) 5772(7) 9887(8) 166(4)
C(@3CL) 540(2) 5632(11) 9324(13) 70(6)
CI(5S) 242(19) 4849(10) 9113(12) 298(8)
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2.5.2 Synthesis

All reactions with air- or moisture-sensitive materials were carried out under Argon using standard Schlenk
techniques. The solvents used for synthetic and recrystallisation purposes were of “puriss p.a” quality, pur-
chased from Fluka AG, Riedel-de-Hdien or Merck. Methanol was destilled from magnesium. Diethylether
was distilled from sodium-benzophenone ketyl. Dichloromethane and pentane were distilled from CaH,.
Hexane and toluene were distilled from sodium. The deuterated solvent CD,Cl, was purchased from Cam-
bridge Isotope Laboratories. It was distilled and dried over CaH, before use.

[Ru(m®-CgHg)Cl,1,3¢ and [Ru(Binap)(n®-C¢Hg)CIICI (C5)%3 were prepared according to the literature.
[Ru(nG—p-cymene)Clz]z is commercially available at Aldrich, and was purified before use. (5)-(6,6’-
Dimethoxybiphenyl-2,2’-diyl)bis(diphenylphosphine) ((S)-MeO-Biphep, L1a) and (R)-i-Pr-MeO-Biphep
(L1c) were provided by F. Hoffmann-La Roche AG. Racemic-2,2’-Bis(diphenylphosphino)-1,1’-binaph-
thyl (Binap, L2) was purchased from Strem Chemicals. All the other chemicals were commercial products
used as received.

The routine *'P{'H}-, 13C{'H}- and 'H-NMR spectra were measured in CD,Cl, on either a Brucker
AdvanceDPX250 [frequency in MHz: 3'P : 101.26, 13C : 62.90, 'H : 250.14] or Brucker AdvanceDPX300
[frequency in MHz: 3p. 121.49, Be . 7547, g . 300.13] or Brucker AdvanceDRX400 [frequency in
MHz: 3P : 161.98, Be . 100.61, g . 400.13] or Brucker AdvanceDRX500 [frequency in MHz: 3p .
20246, 13C : 125.75, 'H : 500.13] at room temperature unless stated. The two-dimensional 'H-'H-DQF-
COSY, 3!p-H-INV-COSY, 3C-'H-HMQC, '>C-'H-HMBC and 'H-NOESY experiments were carried
out at either Brucker AdvanceDRX400 or Brucker AdvanceDRX500.

The chemical shifts § are given in ppm and the coupling constants J are given in Hertz. The multiplicity is
denoted by the following abbreviations: s: singlet; d: doublet; t: triplet; m: multiplet; dd: doublet of dou-
blet; ddd: doublet of dd; dt: doublet of triplet; br : broad. Other abbreviations used are bb: backbone of
biaryl ligand; cy: aromatic carbon of p-cymene ligand; cyH: aromatic proton of p-cymene ligand.

Elemental analysis (EA) and EI-MS and FAB-MS spectra were performed by the service of the “Laborato-

rium fiir Organische Chemie der ETH Ziirich”.
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Synthesis of [RuCl((S)-MeO-Biphep)(n6-p-cymene)]Cl, C1
[Ru(n6-p—cymene)C12]2 (151.7 mg, 0.25 mmol) and (§5)-MeO-Biphep

o]
(292.3 mg, 0.50 mmol) were dissolved in 3 ml methanol and then stirred —@—<—|
I
for 3h at room temperature. Then the orange solution was filtered through Bu\
Celite. The solvent was evaporated i.v. to afford the orange product. PhoP \ c

Color: orange. Yield: 410.1 mg (93%). Anal. Caled for O
C43H4,0,P,Cl,Ru.3MeOH (884.78): C, 62.42; H, 5.49. Found: C, 62.44; O

H,5.51. FAB-MS: Calcd: M* 849 4; Found M*-Cl-p-cymene 679.7. NMR OMeOMe

(DRX400, CD,Cl,): 3P 41.5 (d, 63), 28.3 (d, 63); 13C (selected), 1052

(cy), 103.9 (cy), 97.5 (cy), 86.0 (cy), 55.5 (OCH3), 55.3 (OCH;), 30.4 (CH(CH3),), 23.0 (CH(CH3),), 21.6
(CH(CH3),), 192 (CH3); 'H, 7.97 (br, 1H), 7.75 (t, 8.4, 8.0, 1H), 7.65-7.06 (14H), 7.14-7.06 (2H), 7.00
(dt, 8.6,8.2,2.6, 1H), 6.93 (dd, 10.7, 10.5, 1H), 6.70 (m, 1H), 6.52 (d, 6.2, 1H, cyH), 6.43 (d, 8.3, 1H),
597 (d, 7.0, 1H, cyH), 4.52 (brd, 6.2, 1H, cyH), 438 (d, 7.0, 1H, cyH), 345 (s, 3H, OCH};), 3.38 (s, 3H,
OCHj3), 3.09 (m, 1H, CH(CH3),), 1.99 (s, 3H, CH3), 139 (d, 6.9, 3H, CH(CH3),), 1.04 (d, 6.9, 3H,
CH(CH3),).

Synthesis of [RuCl((R)-iPropyl-MeO-Biphep)(n‘-p-cymene)]Cl, C2
[Ru(n6-p~cymene)C12]2 (65.3 mg, 0.11 mmol) and (R)-iPr-MeO—Biphep

(95.5 mg, 0.22 mmol) were dissolved in 2 ml methanol and then stirred for —®—< ¢
3h at room temperature. Then the orange solution was filtered through Blu

Celite and the solvent was evaporated i.v. to afford an orange powder. The iPl’gP\“‘ !"P\r:n

product was then washed with 3x1 ml Et,O and dried i.v. O

Color: orange. Yield: 1302 mg (79%). Anal. Caled for O
C36Hs540,P,CL,Ru2MeOH (752.74): C, 55.88; H, 7.59. Found: C, 55.88; oM,

H, 7.56. HiResMALDI-MS: Calcd M+: 717.3; Found: M*-'Pr 701.2; M*-

p-cymene 583.1; M*-p-cymene-Cl 545.2. NMR (DPX300, CD,(Cl,): 3 1P, 41.6 (d, 46), 34.4 (d, 46), lH,
7.72(t,94,8.3,1H),7.62 (t,8.7,8.1,2.8, 1H), 740 (t,9.0, 8.1, 2.6, 1H), 7.22-6.96 (3H), 6.68 (br d, 1H,
cyH),6.06 (d, 5.8, 1H, cyH),5.60 (br d, 1H, cyH), 3.78 (s, 3H, OCH3), 3.75 (s, 3H, OCHj3), 2.71 (m, 1H,
CH(CH3),), 0.78-1.85 (34H).

Synthesis of [RuCl((S)-MeO-Biphep)(n6-C6H6)]Cl, C3[

Cl
Ru(mS-CgH)Cl,l, (1220 mg, 0.24 mmol) and (S)-MeO-Biphep (286.8 mg, @
0.49 mmol) were dissolved in 6 ml of a 2:1 mixture of methanol and toluene. RU\
Stirring at room temperature for 3h was followed by the filtration through Celite. PhoP I!Ph c
2

The solvents were evaporated i.v. and then the yellow powder was washed with O

3x1 ml Et;O and dried i.v. O
M
Color: yellow. Yield: 367.8 mg (90%). Anal. Calcd for Cy44H330,P,Cl,Ru ° %Me
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(832.75): C, 63.47; H, 4.60. Found: C, 63.04; H, 5.22. FAB-MS: Calcd M* 832.8; Found M*-benzene
718.9; M*-benzene-Cl 684.0. NMR (DRX400, CD,Cl,): 3'P, 39.1 (d, 64), 32.3 (d, 64); 1°C (selected),
159.0 (bb), 158.0 (bb), 130.9 (bb), 129.6 (bb), 129.1 (bb), 127.5 (bb), 127.2 (bb), 126.6 (bb), 126.0 (bb),
125.1 (bb), 133.2 (bb), 113.0 (bb), 97.4 (C4Hy), 55.6 (OCH3), 55.5 (OCH3); 'H, 7.79-7.10 (22H), 6.95 (dt,
8.8,8.1,2.4, 1H), 6.71-6.82 (2H), 6.48 (d, 8.3, 1H), 5.76 (s, 6H, C¢Hy), 3.57 (s, 3H, OCH3), 3.46 (s, 3H,
OCH;).

Synthesis of [RuCl(Binap)(n6-p-cymene)]Cl, C4
[Ru(n6-p-cymene)C12]2 (60.9 mg, 0.10 mmol) and Binap (130.0 mg, 0.21

Cl
mmol) were dissolved in 3 ml methanol and then stirred for 15h at room _®_<
temperature. The solution was then heated for 8h at 40°C. The reaction M’Flu

PhoP

mixture was filtered through Celite and then the solvent was evaporated i.v.
The resulting orange powder was washed with 2x3 ml Et,O and 1x2 ml ‘
pentane and then dried i.v. O ‘

Color:  orange. Yield: 622 mg (67%). Anal. Caled for O
Cs4Hy6P>C1L,Ru.0.5CH,Cl, (928.1): C, 67.39; H, 4.88. Found: C, 66.67; H,

5.67. FAB-MS: Calcd M* 892.6; Found M*-p-cymene 758.5; M*-Cl: 857.6. NMR (CD,Cl,): 3lp
(DPX300), 41.5 (d, 63), 26.7 (d, 63); 13C (DRX400), 143.0 (d, 13), 142,9 (d, 13), 138.1, 1377, 136.5-
136.2,135.7,135.6, 135.3 (d, 9), 134.7-134.0, 132.0 (d, 2), 131.5 (d, 2), 131.1 (d, 3), 130.3 (d, 2), 130.0-
129.8, 129.7 , 128.9-128.6, 128.3, 128.1, 1280 (d, 7), 1277, 1274, 126.7, 126.1, 126.0, 1259, 125.6,
121.6, 121.1,113.7, 113.6 (cy), 110.8 (cy), 106.0 (cy), 103.9 (cy), 97.1 (cy), 86.8 (cy), 30.6 (CH(CHj3),),
232 (CH(CHj;),), 21.8 (CH(CH3),), 19.4 (CH3); 'H (DRX400), 8.10 (br t, 2H), 7.88-7.77 (3H), 7.75-7.58
(10H), 7.53-7.40 (5H), 7.38 (1, 8.5,7.8, 1H), 7.29 (t, 8.8, 7.3, 1H), 7.21 (t, 84, 7.2, 1H), 7.11 (br t, 2H),
7.04-6.83 (5H), 6.50 (d,3.7, 1H, cyH),6.41 (d, 8.8, 1H),6.00 (d, 6.8, 1H,cyH),5.92 (d, 8.7, 1H),4.42 (d,
6.8, 1H, cyH), 441 (d, 3.7, 1H, cyH), 3.08 (m, 1H, CH(CH3),), 1.99 (s, 3H, CH3), 1.37 (d, 6.8, 3H,
CH(CHj;),), 1.03 (d, 6.8, 3H, CH(CH3),).

Synthesis of [Ru((S)-MeO-Biphep)(n6-p-cymene)](SbF6)2, Cé6
[RuCl((S)—MeO—Biphep)(n6—p—cymene)]CI (58.6 mg, 0.07 mmol) and
AgSbFg (41.6 mg, 0.12 mmol) were dissolved in 1 ml dichloromethane
and the resulting suspension was refluxed overnight. Then the precipitate
of AgCl was filtered through Celite and the solvent was removed i.v. to
afford the product.

Color: red. Yield: 68.2 mg (76%). Anal. Calcd for C4gHy¢F;,P,RuSb,
(1289.4): C, 44.71; H, 3.60. Found: C, 44.97; H, 3.90. FAB-MS: Calcd
M?2* 818.0; Found: M?* 818.9; M?*-p-cymene 683.0. NMR (DRX400, CD,(Cl,, 243 K): 31p 67.1 (d, 45),
7.7 (d, 45); 13C (selected), 172.3 (bb), 157.0 (bb), 141.0 (bb), 134.7 (bb), 132.6 (bb), 123.4 (cy), 121.8
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(bb), 121.4 (bb), 115.0 (bb), 108.0 (cy), 107.7 (bb), 103.8 (cy), 103.6 (cy), 100.7 (cy), 93.0 (bb), 92.5 (cy),
80.1 (bb), 57.7 (OCH3), 56.5 (OCH3), 29.5 (CH(CHs),), 25.1 (CH(CHs),), 18.6 (CHj), 17.9 (CH(CH3),);
'H, 822 (1,94, 8.4, 24, 1H), 8.10-7.22 (18H), 7.16-6.98 (2H), 6.74-6.50 (5H), 5.95 (d, 6.6, 1H, cyH),
557 (d, 6.2, 1H, cyH), 5.17 (d, 6.2, 1H, cyH), 429, (d, 6.8, 1H, cyH), 3.92 (s, 3H, OCH3), 3.58 (s, 3H,
OCH3), 2.16 (s, 3H, CH3), 1.77 (m, 1H, CH(CH3),), 101 (d, 6.8, 3H, CH(CHj),), 047 (d, 6,8, 3H,
CH(CH3),).

Synthesis of [Ru((R)-iPr-MeO-Biphep)(n6-p-cymene)](SbF6)2, C7
[RuCI((R)-'Pr-MeO-Biphep)(n®-p-cymene)]Cl (39.6 mg, 0.05 mmol)
and AgSbFg (34.1 mg 0.10 mmol) were dissolved in 1 ml dichlo-
romethane and the resulting suspension was refluxed overnight. Then the
precipitate of AgCl was removed by filtration through Celite. The evapo-
ration of the solvent i.v. afforded the product.

Color: red. Yield: 42.5 mg (74%). Anal. Calcd for C36Hs40,F;,P,RuSb,
(1153.4): C,37.49; H, 4.72. Found: C, 37.51; H, 5.32. FAB-MS: Calcd
MZ?* 681.9; Found M2*+SbF¢ 917.7; M?* 682.1; M2*-p-cymene 548.0. NMR (DRX400, CD,Cl,): 3IP,
82.6 (d, 39),27.3 (d, 39); 13C (selected), 168.7 (d, 11, bb), 157.8 (d, 18, bb), 138.6 (d, 8, bb), 134.2 (d, 42,
bb), 133.3 (d, 8, bb), 132.3 (d, 22, bb), 126.3 (cy), 124.5(bb), 122.7 (bb), 115.4 (d, 2, bb), 107.7 (d, 2, bb),
102.5 (bb), 102.4 (cy), 100.8 (cy), 98.6 (cy), 95.7 (cy), 93.0 (bb), 90.5 (cy), 79.1 (d, 21, bb), 57.0 (OCH3),
56.0 (OCHj3), 29.1 (CH(CHj3),), 24.6 (CH(CH3),), 19.9 (CH(CHj3),), 19.7 (CHs); 'H, 8.01 (dt, 9.1, 8.3,
1H, bb), 7.61 (2H, bb), 7.24 (d, 7.8, 1H, bb), 7.08 (t, 8.6, 7.8, 1H, bb), 6.95 (d, 8.3, 1H, bb), 6.71 (d, 6.7,
1H, cyH), 595 (d, 6.2, 1H, cyH), 5.75 (br, 1H, cyH), 5.06 (d, 6.2, 1H, cyH), 3.78 (s, 3H, OCHj3), 3.54 (s,
3H, OCHj;), 240 (s, 3H, CH3), 2.09-0.86 (34H), 0.72 (3H), 0.31 (m, 1H).

Synthesis of [Ru((S)-MeO-Biphep)(n°-C4Hg)}(SbF),, C8

[RuCl((S)—MeO—Biphep)(n6-C6H6)]Cl (219.8 mg, 0.26 mmol) and AgSbFg

(179.2 mg 0.52 mmol were dissolved in 1 ml dichloromethane and the ®—|(SbFe)2
resulting suspension was refluxed overnight. The precipitate of AgCl was fil- Flu

tered using Celite and the the solvent was removed i.v. to afford the product.
Color: red. Yield: 296.2 mg (92%). Anal. Calcd for Cy4H;gF,P,RuSb,
(1233.3): C,42.85; H, 3.11. Found: C,42.79; H, 3.61. FAB-MS: Calcd M?*:
761.8; Found M2*+SbF¢-benzene: 919.3; M?* 761.4; M?**-benzene 688.5.
NMR (DRX500, CD,Cl,): 3!P, 64.7 (d, 49), 15.4 (d, 49); 3C, 176.6 (bb),
157.6 (bb), 135.6 (bb), 134.2 (bb), 134.1 (bb), 134.0 (bb), 123.0 (bb), 120.9 (bb), 115.4 (bb), 107.6 (bb),
90.9 (bb), 86.0 (bb), 100.8 (CsHg), 58.3 (OCH3), 56.7 (OCH3); 14, 8.15 (1H, bb), 7.38 (1H, bb), 7.27 (1H,
bb), 7.26 (1H, bb), 6.99 (1H, bb), 6.75 (1H, bb), 5.68 (s, CcHy), 4.16 (s, 3H, OCH3), 3.78 (s, 3H, OCHj3).
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Synthesis of [Ru(Binap)(n®-p-cymene)](SbFg),, C9

[RuCl(Binap)(n6—p—cymene)]C1 (185.0 mg, 0.20 mmol) and AgSbF¢

(137.0 mg 0.40 mmol) were dissolved in 6 ml dichloromethane. The —®<—| (SbFele
resulting suspension was stirred for 24h at 40°C. Then the precipitate Flu

of AgCl was filtered and the solvent was removed i.v. to afford the

P"
2/Pth
product. ‘

Color: red. Yield: 2162 mg (87%). Anal. Caled for O ‘

Cs4Hy6F,Po,RUSH, H,O (1242.6): C, 48.13; H, 3.59. Found: C,

48.10; H, 3.85. FAB-MS: Calcd M?* 857.9; Found M2*+SbF 1092 6;

M?*+SbF¢-p-cymene 958.6; M2* 857.9; M2*-p-cymene 721.2. NMR (DRX400, CD,Cl,, 253 K): 31P, 68.7
(d, 44), 3.3 (d, 44); 13C (selected), 145.3 (bb), 142.0 (bb), 138.3 (bb), 135.5 (bb), 134.0 (bb), 133.8 (bb),
133.2 (bb), 133.0 (bb), 131.7 (bb), 131.6 (bb), 130.2 (bb), 129.8 (bb), 129.7 (bb), 128.8 (bb), 128.6 (bb),
126.0 (cy), 125.4 (bb), 125.1 (bb), 124.7 (bb), 114.0 (cy), 107.6 (cy), 104.0 (cy), 104.0 (cy), 98.0 (bb), 92.0
(cy), 67.5 (bb), 29.2 (CH(CH3),), 24.1 (CH(CH3),), 18.3 (CH(CH3),), 17.4 (CH3); 'H, 8.66 (dd, 9.5, 1.9,
1H, bb), 8.56 (dd, 9.2,5.2,1H, bb), 8.31 (d, 8.0, 1H, bb), 8.13-7.51 (24H), 7 .44 (t,8.7,7.6, 1H, bb), 7.34 (t,
9.6,8.6, 1H,bb), 7.22 (t,9.1,7.7, 1H, bb), 6.74 (t,8.9,7.5, 1H, bb), 6.27 (d, 6.8, 1H, cyH), 5.79 (d, 6.1,
1H, cyH), 5.59 (br, 1H, cyH), 5.56 (d, 8.8, 1H, bb), 4.55 (d, 6.7, 1H, cyH), 1.78 (s, 3H, CH3),0.71 (d, 6 4,
3H, CH(CH3),),0.02 (m, 1H, CH(CH3),), 0.00 (br, 3H, CH(CH3),).

Synthesis of [Ru(Binap)(n6-C6H6)](SbFG)z, C10

[RuCl(Binap)(nG—C6H6)]Cl (226.9 mg, 0.26 mmol) and AgSbF¢ (178.4

mg 0.52 mmol were dissolved in 2 ml dichloromethane and the resulting <= (SbFe)2
suspension was refluxed overnight. Then the precipitate of AgCl was fil- - \u

tered using Celite and then the solvent was removed i.v. to afford the Pth PPh,

product. ‘

Color: red. Yield: 285.6 mg (86%). Anal. Calcd for C5qH;gF;,P,RuSb, O ‘

(1273.4): C, 47.16; H, 3.01. Found: C, 47.06; H, 3.12. FAB-MS: Calcd O

M?* 801.9; Found M2*+SbF¢ 1036.3; M2*+SbF¢-benzene 958.2; M2+

801.4; M?*-benzene 730.4. NMR (DPX300, CD,Cl,): 3!P, 64.0 (d, 46), 19.0 (d, 46); 13C (selected), 146.8
(d, 26, bb), 144.9 (d, 9, bb), 138.3 (d, 8, bb), 136.1 (bb), 133.8 (bb), 133.6 (bb), 133.6 (bb), 133.4 (bb),
131.2 (bb), 1300 (bb), 129.3 (bb), 126.8 (d, 6, bb), 126.1 (bb), 125.2 (bb), 103.1 (C4Hg), 101.7 (bb), 73.0
(bb); 'H, 8.45 (d, 9.4, 1H, bb), 8.23 (d, 8.4, 1H, bb), 8.13-8.06 (2H), 7.97-7.55 (20H), 7.41 (2H, bb), 6.87
(t,79,7.5,1H), 6.16 (m, 2H), 5.94 (d, 8.8, 1H, bb), 5.84 (2H), 5.72 (s, C¢cHp).
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Synthesis of [RuH((S)-MeO-Biphep)(n6-p-cymene)]SbF6, C11
[RuCl((S)—MeO—Biphep)(n6—p-cymene)]Cl (156.3 mg, 0.18 mmol) and

AgSbFg (120.4, 0.35 mmol) were dissolved in 1 ml dichloromethane. The —<><
resulting suspension was refluxed overnight. The precipitate of AgCl was W‘JU
filtered using Celite and the solvent was evporated i.v. 5 ml methanol was PhoP” \PPh:{
added to the remaining powder. The color changed from red to yellow. A Q
3lp_NMR spectrum of the sample recorded within 5 minutes, showed com- b O
OMe

plete conversion. The solution was concentrated to 1 ml methanol during
which time the yellow product precipitated. After 1h the orange solution was removed by use of a syringe
and then the remaining powder was washed with 2x3 ml methanol. The yellow product was dried i.v.
Color: yellow. Yield: 158.2 mg (83%). Anal. Calcd for C4gH40,F¢P,RuSb, MeOH (1053.7). C, 54.26; H,
4.52. Found: C, 54.21; H, 4.66. FAB-MS: Calcd M* 818.0; Found M++SbF6 1053.3; M++SbF6—p-cyrnene
902.2; M* 817.4; M*-p-cymene-H 683.0. NMR (DRX400, CD,Cl,): 31p, 51.0 (d, 46), 50.4 (d, 46); 13C
(selected), 157.3 (bb), 157.0 (bb), 137.2 (bb), 134.2 (bb), 127.0 (bb), 125.7 (bb), 121.0 (bb), 199.2 (bb),
115.7 (cy), 112.4 (cy), 111.2 (bb), 110.6 (bb), 97.8 (cy), 97.5 (cy), 96.3 (cy), 91.5 (cy), 54.7 (OCH3), 54.6
(OCHy), 32.2 (CH(CHj3),), 23.5 (CH(CHj3),), 23.2 (CH(CHj3),), 204 (CHz); H, 8.07-6.87 (26H), 7.40
(bb, 1H), 7.12 (1H, bb), 7.07 (1H, bb), 7.03 (1H, bb), 6.30 (d, 5.5, 1H, bb), 6.27 (d, 5.5, 1H, bb), 6.00 (d,
6.6,1H,cyH),5.74 (d, 6.6, 1H, cyH), 4.05 (d, 6.6, 1H, cyH), 3.74 (d, 6.6, 1H, cyH), 3.26 (s, 3H, OCHj3),
3.19(s,3H,0CH3),2.44 (m, 1H, CH(CH3),),2.12 (s, 3H, CH3), 1.26 (d, 7.0, 3H, CH(CHj3),),0.92 (d, 7 0,
3H, CH(CHj3),),-10.10 (q, 39.7, 31.6, 1H, RuH).

Synthesis of [RuH(Binap)(‘r]6-p-cymene)]SbF6, C12
[Ru(Binap)(n6—p—cymene)](SbF6)2 (744 mg, 0.06 mmol) was dis-

SbF
solved in 2 ml methanol. The resulting orange solution was then stirred —®—< ¢
at room temperature. After 15 minutes the yellow product began to pre- Flu

< DS
cipitate. The suspension was stirred for another 2h after which the PhoP }:th
2

orange solution was removed using a syringe. The remaining powder ‘
was washed with 2x1 ml methanol. The resulting yellow product was O
dried i.v. Color: yellow. Yield: 484 mg (71%). Anal. Calcd for O
Cs4H47F1,P,RuSb, H,0 (1132.8): C, 58.28; H, 4.40. Found: C, 57.92;

H, 4.80. FAB-MS: Calcd M* 858.5; Found M* 858 4; M*-p-cymene 722.8. NMR (DRX400, CD,Cl,): 3 1P,
52.8 (d, 47), 52.0 (d, 47); 3C (selected), 116.8 (br d, cy), 113.0 (cy), 98.3 (cy), 97.3 (d, 5, cy), 96.5 (d, 6,
cy), 91.7 (d, 5, cy), 32.3 (CH(CHs;),), 23.8 (CH(CH3),), 23.4 (CH(CHj3),), 20.5 (CHy); H,8.13 (1,102,
8.6, 1H),7.86 (t,10.6, 8.9, 1H), 7.77 (d, 8.5, 1H), 7.70 (t, 10.8, 7.9, 1H), 7.66-7.50 (12H), 7.38-7.28 (3H),
7.24 (t,9.3,7.5, 1H), 6.92-6.54 (10H), 6.12 (dd, 13.0, 12.4,2H), 597 (d, 5.8, 1H, cyH), 5.71 (d, 5.8, 1H,
cyH),4.08 (d,5.8, 1H, cyH), 3.84 (d, 5.8, 1H, cyH), 2.41 (m, 1H, CH(CH3),), 2.10 (s, 3H, CH3), 1.23 (d,
6.6,3H, CH(CHj3),),0.93 (d, 6.6, 3H, CH(CH3),), -9.79 (q,40.6, 29.2, 1H, RuH).
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Synthesis of [Ru(NCMe)((S)-MeO-Biphep)(n6-p-cymene)](SbF6)2, C13
[RuClI((S)-MeO-Biphep) (nﬁ-p-cymene)]Cl (32.1 mg, 0.035 mmol)
SbF
and AgSbFg (24.9, 0.072 mmol) were dissolved in 1 ml dichlo- —®—<—|( ol
|
Ru

romethane. The resulting suspension was refluxed overnight. The

" precipitate of AgCl was filtrated using Celite. Acetonitrile (6 41,0.11 thP\N I\:.;2N0Me
mmol) was added to the remaining red solution. After the color O
change from red to yellow, the solvent was evporated i.v. The O
remaining powder was washed with 3x1 ml Et,0O and was dried i.v. OMeOMe

Color: yellow. Yield: 426 mg (92%). Anal. Caled for

Cs7H5F{,NO,P,RuSb, (1330.4): C,45.14; H,3.71; N, 1.05. Found: C,45.13; H, 3.88; N, 0.94. FAB-MS:
Calcd M2* 859.0; Found M2*+SbFg 1096.1; M?*-acetonitrile 818.2. NMR (DPX500, CD,Cl,): 3P, 43.7
(d,51),28.9(d, 51); 13C, 159.9 (d, 13, bb), 158.1 (d, 14, bb), 132.1(CH;CN), 130.4 (bb), 129.9 (bb), 129.5
(bb), 129.5 (bb), 126.0 (bb), 125.9 (bb), 125.8 (d, 4, bb), 123.9 (d, 7,bb), 117.8 (d, 7, cy), 1172 (cy), 114.4
(d, 3, bb), 114.0 (d, 3, bb), 108.3 (cy), 1014 (cy), 101.3 (d, 8, cy), 85.6 (cy), 56.0 (OCH3), 55.6 (OCH3),
31.7 (CH(CHs),), 22.6 (CH(CH3),), 22.4 (CH(CH3),), 19.2 (CH3), 4.7 (CH;CN); 'H, 7.91-7.27 (20H),
7.18 (dd, 10.8, 8.1, 1H, bb), 7.08 (dt, 8.6, 8.3,2.8, 1H, bb), 6.91-6.80 (4H), 6.5 (d, 8.6, 1H, bb), 5.97 (d,
6.4, 1H, cyH), 4.88 (d, 7.0, 1H, cyH), 478 (brd, 6.2, 1H, cyH), 3.60 (s, 3H, OCH3), 3.46 (s, 3H, OCH3),
3.03 (m, 1H, CH(CH3),), 1.87 (s, 3H, CH3), 1.72 (s, 3H, CH;CN), 1.48 (d, 6.8, 3H, CH(CH3),), 1.09 (d,
6.8, 3H, CH(CH}),).

Synthesis of [Ru(NCPh)((S)-MeO-Biphep)(n6-p-cymene](SbFs)z, C14
[RuCl((S)-MeO—Biphep)(nG—p-cymene)]Cl (67.8 mg, 0.08 mmol) and

AgSbFg (522, 0.15 mmol) were dissolved in 1 ml dichloromethane —<—<< (SbFele
and the resulting suspension was refluxed overnight. The precipitate f!lu

of AgCl was filtrated using Celite. Benzonitril (20 g1, 0.19 mmol) PhoP '\);:‘CP“

was added to the remaining red solution. The color change from red O

to yellow and then the solvent was evporated i.v. The remaining yel- O

low powder was washed with 5x1 ml Et,O and then dried i.v. OM%Me

Color: yellow. Yield: 1092 mg (98%). Anal. Caled for

CssHs F|,NO,P,RuSb, (1392.5): C, 47.44; H, 3.69; N, 1.01. Found: C,47.56; H,3.81; N, 1.15. FAB-MS:
Calcd M2+ 921 0; Found M2*+SbF 1158.1; M**-benzonitrile 818.2. NMR (DRX400, CD,Cl,): 3P, 43.7
(d,51),28.8 (d, 51); 13C (selected), 159.8 (d, 13, bb), 158.2 (d, 14, bb), 130.2 (bb), 129.8 (bb), 128.9 (bb),
126.1 (bb), 125.8 (bb), 125.1 (bb), 123.7 (bb), 118.4 (cy), 117.9 (d, 7, cy), 114.6 (d, 3,bb), 114.3 (d, 3, bb),
109.4 (cy), 1023 (cy), 101.3 (d, 8, cy), 85.6 (cy), 56.0 (OCH3), 55.5 (OCH;), 32.1(C(CHy),), 23.5
(C(CH3),), 21.3 (C(CH3),), 19.1 (CH3); 'H, 7.90-7.24 (23H), 7.08 (2H, bb and cyH), 6.96 (ddd, 11.0,7.5,
14, 1H, bb), 6.84 (ddd, 12.0, 8.2, 0.9, 1H, bb), 6.69-6.52 (SH), 6.01 (d, 6.4, 1H, cyH), 5.12 (d, 7.3, IH,
cyH),4.80 (brd, 6.4, 1H, cyH), 3.60 (s, 3H, OCH3), 3.46 (s, 3H, OCH3), 3.02 (m, 1H, CH(CHj3),), 1.89 (s,
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3H,CHj3;),1.51(d, 6.8,3H, CH(CH3),), 1.12 (d, 7.0, 3H, CH(CH3),).

Synthesis of [Ru(NCCH=CH2)((S)-MeO-Biphep)(n6-p-cymene)](SbF6)2, C15
[RuC1((S)-MeO—Biphep)(n6—p—cymene)]Cl (46.7 mg, 0.05 mmol) and

. : . —<> |0k
AgSbFg (35.4,0.10 mmol) were dissolved in 1 ml dichloromethane. The
resulting suspension was refluxed overnight. The precipitate of AgCl FLJ
, : - php” | “NCCH=CH,
was filtrated using Celite. Acrylonitrile (3 g1, 0.08 mmol) was added to Ph,

the remaining red solution. After the color changed from red to yellow, O
the solvent was evporated i.v. The remaining powder was washed with hve O

5x1 ml Et,O and was dried i.v. OMe

Color: yellow. Yield: 65.4 mg (97%). Anal. Calcd for C5;HygF;,NO,P,RuSb, H,0O (1342.5): C, 44.99; H,
3.75; N, 1.03. Found: C, 44.94; H, 3.99; N, 0.94. FAB-MS: Calcd M%* 871.0; Found M2++SbF6 1106.2;
M?*-acrylonitrile 818.0. NMR (DPX400, CD,Cl,): 3P, 438 (d, 50), 28.6 (d, 50); 13C, 160.0 (bb), 158.3
(bb), 143.9 (CH,CHCN), 130.4 (bb), 130.3 (bb), 130.1 (CH,CHCN), 129.1 (bb), 126.0 (bb), 125.9 (bb),
125.9 (bb), 125.5 (bb), 123.8 (bb), 118.0 (cy), 117.8 (cy), 1145 (bb), 144.1 (bb), 109.1 (cy), 106.1
(CH,CHCN), 102.3 (cy), 101.6 (cy), 85.8 (cy), 56.0 (OCHj3), 55.3 (OCHj3), 32.1 (CH(CHj3),), 23.2
(CH(CH3),),22.1 (CH(CH3),), 19.3 (CH3); 'H, 7.87-7.24 (20H), 7.19 (dt, 8.3,8.1, 3.3, 1H, bb), 7.10 (ddd,
104,79,1.1, 1H,bb),7.07 (td, 8.6,8.3,2.8, 1H, bb), 6.94 (d, 7.2, cyH), 6.82 (ddd, 11.9,8.3,0.9, 1H, bb),
6.78 (d, 8.4, 1H, bb), 6.54 (d, 8.4, 1H, bb), 6.00 (d, 6.4, 1H, cyH), 598 (d, 12, IH, CH,CHCN), 5.50 (dd,
17.8,120, 1H, CH,CHCN), 501 (d, 12.0, 1H, CH,CHCN), 4.95 (d, 7.2, 1H, cyH),4.77 (d, 6.4, 1H, cyH),
3.58 (s, 3H, OCHj3), 346 (s, 3H, OCHj3), 3.00 (m, 1H, CH(CHs),), 1.86 (s, 3H, CH3), 149 (d, 6.9, 3H,
CH(CHj3),), 1.10 (d, 6.9, 3H, CH(CHj3),).

Synthesis of [Ru(NCEt)(Binap)(n6-p-cymene)](SbF6)2, Cle6

Propionitrile (1.7 pl, 0.02 mmol) was added to a solution of

SbF
[Ru(Binap)(m®-p-cymene)](SbFq), (31.5 mg, 0.02 mmol) in 1 ml —©—< (SoFele
dichloromethane. After the immediate color change from orange to plu
S IS
yellow, the solvent was evaporated i.v. The remaining yellow product Ph,P~ &PhNCMe
2

was dried i.v. ‘

Color: yellow. Yield: 27.7 mg (99%). Anal. Calcd for O
Cs7Hs F1,NP,RuSb, (1384.6): C,49.45; H,3.71; N, 1.01. Found: C, ‘

49.46; H, 391; N, 1.07. FAB-MS: Calecd M?*: 913.1; Found

M2*4+SbFg: 1147.5; M**-propionitrile: 857.7. NMR (DRX300, CD,Cl,): 3!P, 44.2 (d, 51), 294 (d, 51);
13C (selected), 135.5 (CH;CH,CN), 118.0 (cy), 118.0 (cy), 108.5 (cy), 102.3 (cy), 100.8 (cy), 86.2 (cy),
31.9 (CH(CH3;),), 23.1 (CH(CH3),), 22.2 (CH(CH3),), 19.1 (CH3), 14.1 (CH3CH,CN), 8.4 (CH;CH,CN);
H, 7.96 (dd, 8.9, 1.8, 1H), 7.88 (t, 9.9, 9.3, 2H), 7.83-7.76 (4H), 7.69 (t, 9.5, 8.3, 2H), 7.53-7.40 (4H),
7.38-7.27 (4H), 7.16 (dt,9.1,7.9, 1.3, 1H), 7.09-7.02 (2H), 6.87 (d, 6.8, 1H, cyH), 6.87 (d, 6.8, 1H, cyH),
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6.64 (d, 8.7, 1H), 5.86 (d, 6.4, 1H, cyH), 5.59 (d, 8.8, 1H), 5.06 (d, 6.8, 1H, cyH), 4.66 (d, 6.4, 1H, cyH),
3.00 (m, 1H, CH(CH,),), 2.52 (m, 1H, CH3CH,CN), 1.86 (m, 1H, CH;CH,CN), 1.84 (s, 3H, CHj;), 149
(d,6.8,3H, CH(CH}),), 1.10 (d, 6.8, 3H, CH(CHj),), 0.38 (t, 3H, CH;CH,CN).

Synthesis of [Ru(NCPh)(Binap)(ns-p-cymene)](SbF6)2, C17

Benzonitrile (3.3 pl, 0.03 mmol) was added to a solution of

[Ru(Binap)(n®-p-cymene)](SbFg), (39.1 mg, 0.03 mmol) in 1 ml —®—<—| (S0Fe)2
dichloromethane. After an immediate color change from orange to Flu

yellow, the solvent was evaporated. The remaining yellow powder thPf’ L:hNCPh

was washed with 4x3 ml Et,O and dried i.v. ‘ i

Color: yellow. Yield: 348 mg (81%). Anal. Calcd for O 0

Cg1Hs F,NP,RuSb, H,O (1432.6): C, 50.50; H, 3.68; N, 0.97. ‘

Found: C, 5048; H, 3.78; N, 1.09. FAB-MS: Calcd M2+ 961.2;

Found M2*+SbFg 1196.0; M?*-benzonitrile 858.1. NMR (DRX400, CD,Cl,): 3'P, 44.5 (d, 51), 29.9 (d,
51); B¢ (selected), 118.7 (cy), 118.3 (cy), 109.2 (cy), 102.6 (cy), 101.3 (cy), 864 (cy), 32.3 (CH(CH3),),
23.7 (CH(CH3),), 21.6 (CH(CHy),), 19.2 (CHy); 'H, 8.11-6.90 (35H), 6.67 (d, 8.2, 1H), 6.09 (d, 6.1, 2H),
594 (d,70,2H, 1H=cyH),5.18 (d, 6.1, 1H, cyH), 4.69 (d, 7.0, 1H, cyH), 3.01 (m, 1H, CH(CH3)2), 1.86
(s,3H,CH3), 148 (d, 6.0, 3H, CH(CH3),), 1.10 (d, 6.0, 3H, CH(CH3),).

Synthesis of [Ru(NCCH=CH2)(Binap)(nﬁ-p-cymene)](SbF6)2, C18
Acrylonitrile (1.6 pl, 002 mmol) was added to a solution of

(SbFe)
[Ru(Binap)(n®-p-cymene)](SbFg), (28.3 mg, 0.02 mmol) in 1.5 ml ~®—< o

dichloromethane solution. After the immediate color change from

u
orange to yellow, the solvent was evaporated i.v. The yellow remain- Ph P’/ \\NCCH=CH2
ing powder was washed with 2x3 ml Et,O and then dried i.v. ‘ ’

Color: yellow. Yield: 152 mg (55%). Anal. Calcd for O ‘
Cs7H49F ,NP,RuSb, (1382.6): C,49.52; H,3.57; N, 1.01. Found: C, ‘

4938; H, 3.71; N, 1.04. FAB-MS: Calcd M%* 911.1; Found

M2*+SbFg 1148.1; M2*-acrylonitrile 858.1. NMR (DPX400, CD,Cl,): 3'P, 44 3 (d, 50), 29.5 (d, 50); '*C
(selected), 143.6 (CH,CHCN), 129.6 (CH,CHCN), 117.6 (cy), 117.6 (cy), 108.7 (cy), 106.2 (CH,CHCN),
102.4 (cy), 101.4 (cy), 86.6 (cy), 31.9 (CH(CH3),), 23.0 (CH(CH3),), 22.1 (CH(CH;),), 19.2 (CH;); 'H,
7.91-7.64 (10H), 7.56-7.24 ((H), 7.15 (t,9.2,7.9, 1H), 7.07 (t,9.6,7.6,2H), 6.95 (d, 6.8, 1H, cyH), 6.63 (d,
8.7, 1H), 5.99 (d, 8.7, 1H), 592 (d, 5.9, 1H, cyH), 5.66 (d, 3, 15, 1H, CH,CHCN), 5.60 (d, 3, 1H,
CH,CHCN),5.04 (d,6.8, 1H, cyH), 4.68 (d,5.9, 1H, cyH), 375 (dd, 3, 15, 1H, CH,CHCN), 3.01 (m, 1H,
CH(CH3),), 1.84 (s, 3H, CH;), 1.47 (d, 6.8, 3H, CH(CH3),), 1.08 (d, 6.8, 3H, CH(CH3),).
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Synthesis of [Ru(CNCH,CO,Et)((S)-MeO-Biphep)(n®-p-cymene)1(SbF),, C19
[RuCl((S)-MeO-Biphep)(n6—p-cymene)]Cl (350 mg, 0.04 mmol)
(SbFg)
and AgSbFg (253, 0.08 mmol) were dissolved in 1 ml dichlo- -—@—<_| o
[
Ru

romethane. The resulting suspension was refluxed overnight. The F
"\ SeNCH,CO,Et

precipitate of AgCl was filtrated using Celite. Ethyl isocyanoacetate Ph,P PPh
(7 u1,0.06 mmol) was added to the remaining red solution. An imme- O

diate color change from red to yellow occurred after which the sol- O
vent was evporated. The remaining powder was with 3x1 ml Et,O OM%Me

and 3x1 ml pentane. The yellow product was dried i.v.

Color: yellow. Yield: 54.1 mg (95%). Anal. Calcd for C53Hs3F,NO,P,RuSb, (1402.50): C, 45.39; H,
3.81; N, 1.00. Found: C, 45.11; H, 4.05; N, 1.10. FAB-MS: Calcd M?* 931.0; Found M2*+SbFg 1165.9.
NMR (DRX300, CD,Cl,): 31p 448 (d, 40), 28.5 (d, 40); 13C (selected), 163.7 (CNCH,CO,CH,CH3),
159.8 (bb), 158.2 (bb), 144.2 (CNCH,CO,CH,CHj3), 131.7 (bb), 1304 (bb), 129.4 (bb), 129.3 (bb), 126 4
(bb), 125.8 (bb), 1254 (cy), 125.2 (bb), 122.9 (bb), 122.8 (cy), 114.5 (bb), 114.3 (bb), 111.3 (cy), 103.9
(cy), 1020 (cy), 98.1 (cy), 639 (CNCH,CO,CH,CH3), 55.8 (OCHj3), 556 (OCHj;), 47.1
(CNCH,CO,CH,CH3), 31.2 (CH(CHs3),), 24.1 (CH(CHj),), 20.6 (CH(CHj3),), 19.6 (CHj3), 14.1
(CNCH,CO,CH,CH,); 'H, 7.87-7.34 (20H), 7.30 (dt, 8.6, 8.2, 3.3, 1H, bb), 7.20-7.05 (3H), 6.92-6.80
(3H), 6.55 (d, 84, 1H, bb), 487 (d, 6.8, 1H, cyH), 4.68 (d, 7.0, 1H, cyH), 445 (m, 2H,
CNCH,CO,CH,CHj3),4.12 (d, 189, 1H, CNCH,CO,CH,CH3,), 3.56 (d, 18.9, 1H, CNCH,CO,CH,CHj3),
3.55 (s, 3H, OCH3), 346 (s, 3H, OCH3), 3.32 (m, 1H, CH(CH3;),), 2.00 (s, 3H, CH3), 141 (d, 6.8, 3H,
CH(CH3),), 140 (t, 3H, CNCH,CO,CH,CHj3),0.97 (d, 6.8, 3H, CH(CHj3),).

Synthesis of [Ru(CNCH2COzEt)(Binap)(nG-p-cymene)](SbF6)2, C20

Ethyl isocyanoacetate (4.5 u1, 0.04 mmol) was added to a solution of

[Ru(Binap)(n°-p-cymene)](SbFg), (50.3 mg, 0.04 mmol) in 1 ml —®—< (SbFe)e
dichloromethane. An immediate color change from orange to yellow Flu

occurred. 3'P-NMR recorded within 5 minutes after adding the iso- thP'f L;CNCH?CO?&
cyanoacetate, showed complete conversion of the starting material to ‘ ’

the product. The solvent was evaporated i.v. and then the remaining O ‘

powder was washed with 2x3 ml Et,O. The yellow product was dried ‘

iv.

Color: yellow. Anal. Calcd for C5gHs3F,NO,P,RuSb, (1442.6): C, 49.12; H, 3.70; N, 0.97. Found: C,
4839; H, 4.14; N, 1.27. FAB-MS: Calcd M?* 971.1; Found M?* +SbFq 1207.9; M?**-p-cymene 836.9.
NMR (DRX300, CD,Cl,): 3'P, 46.0 (d, 40), 29.8 (d, 40); 13C (selected), 163.7 (CNCH,CO,CH,CH3),
142.8 (CNCH,CO,CH,CHjy), 125.7 (cy), 123.2 (cy), 111.2 (cy), 103.7 (cy), 1027 (cy), 98.6 (cy), 64.3
(CNCH,CO,CH,CH3), 473 (CNCH,CO,CH,CH;), 312 (CH(CH3),), 244 (CH(CH3)y), 205
(CH(CH3),), 19.6 (CH3), 14.1 (CNCH,CO,CH,CH3); 'H, 8.01-7.02 (31H), 6.80 (d, 6.6, 1H, cyH), 6.60




Chapter 2 43

(d, 89, 1H), 6.00 (d, 89, 1H), 477 (d, 6.6, 1H, cyH), 475 (d, 60, 1H, cyH), 441 (m, 2H,
CNCH,CO,CH,CH3), 4.24 (d, 19, 2H, CNCH,CO,CH,CHs), 3.37 (m, 1H, CH(CH;),), 3.23 (d, 19, 2H,
CNCH,CO,CH,CH3), 1.95 (s, 3H, CH3), 142 (t, 3H, CNCH,CO,CH,CH3), 1.37 (d, 6.8, 3H, CH(CH3),),
0.94 (d, 6.8, 3H, CH(CH3),).

Synthesis of [Ru(CNBut)(Binap)(n“-p-cymene)](SbF6)2, c21
Tert-butyl isocyanide (4.2 ul, 0.04 mmol) was added to a solution of

SbF,
[Ru(Binap)(n®-p-cymene)](SbFg), (50.0 mg, 0.04 mmol) in 1 ml ——@—<_|( o2
u

dichloromethane. A color change from orange to yellow occurred

immediately. A 3Ip_NMR recorded within 5 minutes after adding the thP'/ \P:‘CNBUt
tert-butyl isocyanide, showed complete conversion of the starting ‘ ’
material to the product. The solvent was evaporated i.v. and then the O ‘
remaining powder was washed with 3x3 ml Et,O and 1x2 ml pen- ‘

tane. As 'H-NMR indicated still free tert-butyl isocyanide, the pow-

der was washed another time with 2x3 ml Et,O. The yellow product was dried i.v.

Color: yellow. Anal. Calcd for CsgHssF1,NP,RuSb, (1412.6): C, 50.17; H, 3.92; N, 0.99. Found: C, 49.93;
H, 401; N, 1.12. FAB-MS: Calcd M?* 941.1; Found M**+SbFq 1176.2; M?*-p-cymene 807.1. NMR
(DPX400, CD,Cly): 3'P, 46.3 (d, 42), 30.0 (d, 42); '3C, 126.2 (cy), 120.8 (cy), 113.3 (cy), 103.2 (cy),
102.6 (cy), 97.5 (cy), 62.5 (NC(CH3)3), 32.0 (CH(CHj3),), 29.1 (NC(CH3)3), 23.3 (CH(CHj3),), 21.8
(CH(CH3),), 19.6 (CH3); 'H, 8.07-6.90 (31H), 6.76 (d, 5.8, 1H, cyH), 6.66 (d, 8.7, 1H), 5.78 (d, 8.7, 1H),
484 (d, 6.7, 1H, cyH), 4.68 (d, 5.8, 1H, cyH), 2.94 (m, 1H, CH(CH3),), 1.89 (s, 3H, CH3), 1.48 (d, 6.8,
3H, CH(CHj3),), 1.06 (s, 3H, NC(CH3)3), 1.03 (d, 6.8, 3H, CH(CH3),).
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2.5.3 Selected NMR-data

Table 7: Selected NMR-data [Ru((S)-MeO-Biphep)(n6-p-cymene)](SbF6)2, Cé

10

1
L©_<M (SbFe)2
12 |

17

position position

83p
1 7.7
2 67.1

81H 8 B¢ 8H 6 Bc
1 - 930 1' -
2 - 1723 2! - 1570
3 7.36 107.7 3 6.56 1150
4 8.23 1410 4' 7.04 132.6
5 7.88 1214 5 6.57 121.8
6 - 80.1 6' - 1347
7 392 571 7 358 56.5
8 2.16 18.6 13 5.17 100.7
9 - 108.0 14 - 1234
10 557 925 15 1.77 295
11 429 103.6 16 1.01 25.1
12 595 103.8 17 047 17.9
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Table 8: Selected NMR-data [Ru((R)-Propyl-MeO-Biphep)(n%-p-cymene)](SbFg),, C7

10 11
12 | 13

17

position position

831p
1 273
2 82.6

3'H s Bc 5'H 8 Bc
1 - 102.5 1 - 1323
2 - 168.7 2' - 157.8
3 7.24 107.7 3 6.95 1154
4 8.01 138.6 4 7.61 1333
5 7.61 1245 5 7.08 1227
6 - 79.1 6' - 1342
7 3.78 570 7 3.54 56.0
8 240 19.7 13 5.06 98.6
9 - 100.8 14 - 126.3
10 557 957 15 1.79 29.1
11 595 90.5 16 1.08 24.6
12 6.71 1024 17 121 199
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Table 9: Selected NMR-data [Ru((S)-MeO-Biphep)(n6-C6H6)](SbF6)2, C8

10

position

§3p
1 154
2 64.7

31H 8 Bc 5 1H 8 Bc
1 - 909 1 - 134.1
2 - 176.6 2! - 157.6
3 726 107.6 3 6.99 1154
4 8.15 1340 4' 727 1342
5 738 120.9 5 6.57 1230
6 - 864 6' - 1356
7 4.16 583 7 3.78 56.7
9-14 5.68 100.8
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Table 10: Selected NMR-data for [Ru(Binap)(nG-p-cymene)](SbF6)2, C9

13 14
1112 17 18 19| (SbFg)2
15 I 16

20

position position

83lp
1 33
2 68.7

5 1H s Bc 5 TH 8 Bc
1 - 98.0 1 - 1453
2 - 1420 2! - 1332
3 - 130.0 3 - 1355
4 8.66 138.3 4 7.57 133.8
5 8.56 1254 5 7.34 124.7
6 - 67.5 6' - 131.7
7 7.54 128.6 7' 5.56 125.1
8 7.60 133.0 8 7.59 128.8
9 7.77 134.0 9' 7.44 129.7
10 8.31 131.6 10’ 7.22 129.8
11 1.78 174 16 5.59 1040
12 - 1140 17 - 1260
13 6.27 1040 18 0.02 292
14 4.55 107.6 19 0.71 24.1
15 5.79 920 20 0.00 183
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Table 11: Selected NMR-data for [Ru(Binap)(nﬁ-C6H6)](SbF6)2, C10

position

33p
1 190
2 64.0

8 H 8 B3¢ 5 H 8 13¢
1 - 101.7 1 - 146.1
2 - 1449 2! - 133.8
3 - 1334 3 - 136.1
4 845 138.3 4 7.92 1334
5 7.92 126.8 5 7.40 126.1
6 - 730 6' -
7 7.61 7' 5.94 125.7
8 7.71 133.6 8' 742 1300
9 7.85 9' 7.66
10 823 131.2 10' 7.95 129.3
12-17 572 103.1
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Chapter 3

Ru(II)-MeO-Biphep-Arene Dications: Catalysis and
Unexpected Cyclometallation/Insertion

3.1 Abstract

Reactions of [Ru(arene)(MeO-Biphep)](SbFg), (arene = n6-p-cymene, 5, or n6-ben-
zene, 6) with several terminal acetylene compounds, lead to products C1-C6 derived
from cyclometallation of one of the P-phenyl rings, followed by insertion of the acety-
lene derivative into the new Ru-C bond. The solid-state structure of the n6-benzene com-
plex C6, derived from phenylacetylene, has been determined by X-ray diffraction. The
dicationic complexes 1 and 2 catalyse the reaction of benzoic acid with 1-pentyne or 1-
octyne to form enol esters. Using octyne-d;, deuterium-labelling experiments show
scrambling of the deuterium atom. A new Ru-allenylidene complex, C7, was prepared

and used in the catalytic reaction.
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3.2 Introduction

Enol esters (Figure 1) have been used in two major areas: polymerisation and acylation.
Vinyl acetate, the simplest enol ester, is the key monomer for the production of polyvinyl
acetate. Vinyl acetate was industrially prepared by addition of acetic acid to acetylene at
170-250°C in presence of zinc or mercury(Il) acetate on activated charcoal. These condi-
tions are not tolerated by optically active acids. Currently, the vinyl acetate production is
based on the addition of acetic acid to ethylene in the presence of a palladium(II) catalyst
under oxidative conditions.! However, this method is not applicable to bulky acids or

amino acid derivatives.

R1
1 1
RzYO\ZK RZ\H/O\Z/\R1 F«2\"/o\)1
2
0O R O 0

gem E Y4

Figure 1. gem-, E- and Z-enol esters.

In organic synthesis enol esters can be used as mild and efficient acylating reagents. Mild
acylation reagents are especially required to produce biologically and optically active
amides from o-amino acids without racemisation® or for the protection of a functional
group to enhance the enantioselective hydrogenation of substrates.> Thus, there is a need
for enviromentally friendly, mild catalysts for producing enol esters which tolerate a

broad class of substrates.

The addition of carboxylic acids to terminal alkynes is known to be catalysed by mercury
salts,* strong acids,’ or Lewis acids 5 Since ruthenium complexes can act as Lewis acids,
they can activate the carbon-carbon triple bond of various alkynes upon coordination.
Coupling of the alkyne with the carboxylate could occur via three different pathways as

suggested in Scheme 1.
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Scheme 1. Three different possibilities for the coupling between the cooridinated terminal

alkyne and the carboxylic acid.

The first pathway, I, involves the insertion of the triple bond into a (carboxylate)O-Ru(II)
bond for which two coordination sites at the Ru(Il) complex are required. A second path-
way, II, suggested in the literature,’ involves the formation of a hydrido-carboxylate-
Ru(IV) complex by oxidative addition of the carboxylic acid to a Ru(II) complex. This
process is followed by an insertion of the acetylene into the Ru(IV)-H bond. The reduc-
tive elimination could afford the enol esters and regenerate a Ru(Il) species. However,
such a process is less likely to occur as it would involve a Ru(IV) intermediate. An alter-
native pathway, I11, starts with the coordination of the terminal alkyne to Ru(II) followed
by an external attack of the nucleophilic carboxylate on the activated alkyne. This path-
way utilises one coordination site at Ru(Il). Pathway III will be explained below in more

detail as it is often encountered in the literature 310

OH Ru cat.
R—=— H + \"/ \”/ \]/

Scheme 2. The Ru-catalysed nucleophilic addition of a carboxylic acid to terminal alkynes

resulting in the gem-enol ester.

It has been reported that terminal alkynes undergo regioselective nucleophilic addition of
carboxylic acids upon heating with various ruthenium complexes such as Ru(COD),
(COD = cyclooc:tadiene),7’11 [RuC12(1r](’-arene)(PR3)]9’12 and Ru3(CO)12.13 Generally,
the nucleophilic attack of the carboxylic acid occurs regioselectively at the C2 position

of the alkyne to afford enol esters bearing gem-olefins (Scheme 2).
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N

R
1 R._ _OH 1,n=4 ' \)
R—=——H + Y _ R\”/o 2/1 Z, 98%
o) o)

R= n-C4Hg
R'=Ph

1
R'\"/O\z/\R E, 2%

Phg / § 0]
( 2 )n
AN
Ph2P A

Scheme 3. The [Ru(thP(CH2)4PPh2)(n3 -CH,CMe=CH,),], 1, catalysed nucleophilic addition

of benzoic acid to 1-hexyne resulting in the Z- and E-enol esters.

However, Dixneuf et al.®!0 have recently reported that m-allyl ruthenium complexes
bearing alkyldiphosphine ligands [Ru(thP(CHz)nPth)(n3-CH2CMe=CH2)2], n=1-
4), 1, catalyse the regioselective attack of carboxylic acids at the C1 position of alkynes
producing Z- and E-enol esters (anti-Markovnikov). Z-Enol esters can be obtained with
high regio- and stereoselectivities upon treatment of terminal alkynes with various car-
boxylic acids in the presence of 1 (n = 4), especially for the reaction between 1-hexyne

and benzoic acid as depicted in Scheme 3.

The catalytic cycles A1, A2 and B2 depicted in Scheme 4 might account for the differ-
ences in regioselectivity obtained when using RuCl;, Ru(COD), (COD = cyclooctadi-
ene), [RuCl2(n6-arene)] and Ru3(CO)y, or on the other hand [Ru(thP(CH2)4PPh2)(n3-
CH,CMe=CH,),], 1, as catalyst precursor. All three possible cycles start with the coordi-
nation of the terminal alkyne via its triple bond leading to complex 1 which has two iso-

meric structures, 1a and 1b.
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As the positive charge at structure 1a is located at the less substituted carbon of the coor-
dinated terminal alkyne, the nucleophilic attack of the carboxylate takes place at this car-
bon affording Ru(Il)-acyloxyvinyl 2a. On subsequent protonolysis of the Ru(II)-C bond
in 2a, the gem-enol ester is liberated (catalytic cylce Al).

When the partial positive charge is located at the more substituted carbon, structure 1b,
the attack of the carboxylate affords Ru(II)-acyloxyvinyl 2b. Protonation of complex 2b

produces the E- and Z-enol esters (catalytic cycle B1).

H__ H®)
G=C{
o R(H)
0
R E,Z
Ru_  H(R) J
2b =c{_
of R(H)

Scheme 4. Possible catalytic cycles A1, B1 and B2 for the external attack of carboxylic acid to

terminal alkyne.

Catalytic cycle B2 is based on the proton tautomers of 1, Ru(II)-alkynyl complex 3
which leads to the Ru(Il)-vinylidene complex 4. Nucleophilic attack of the carboxalate at
the more positive carbon C2 of the vinylidene affords Ru(II)-acyloxyvinyl complex 2b.
Upon protonolysis the E- and Z-enol ester are liberated as in cycle B1.

The selective formation of the Z-isomer when using 1 (n = 4) suggests a Ru(II) interme-

diate of type 2b in which the carboxylate is trans to Ru(II) due to the steric reasons.'?
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3.3 Results and discussion
3.3.1 Catalysis and cyclometallation/insertion

The chelating ligand MeO-Biphep, L1, can act as a 6e- donor to Ru(II) with the third pair
of electrons stemming from a double bond immediately adjacent to one of the two ter-
tiary phosphine donors. A number of these complexes have been preparedm’15 including
5 and 6 as shown in Figure 2. In principle dications 5 and 6 could be catalyst precursors
as the biaryl double bond is not strongly coordinated to Ru(II), thus allowing 16e species

to be formed.

_®2\(3b&.k <> |(SoFek
| |

_"Ru _.,Ru
PhoP” \ PhoP” \
! PPh, ! PPh,
OMej ‘g OMej ‘g
OMe OMe
5 6

Figure 2. The dicationic Ru(II)-arene complexes 5 and 6 in which the diphosphine ligand MeO-

Biphep acts acting as a 6e donor.

We find that the reaction of 1-pentyne (at 35°C) or 1-octyne (at 60°C) with benzoic acid,
catalysed by the Ru(II)-n6-arene complexes 5 and 6 (5 mol%), proceeds smoothly, but
relatively slowly (96 h and 24 h respectively) as shown in Scheme 5. Little or no trace of
the terminal olefin has been found, so that the reaction is highly regioselective. However,
both cis and trans internal olefin products are observed in the ratio 7:3. Phenylacetylene

did not afford an enol ester and an explanation for this will be suggested later.
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C io
HC=CR + oH & 1:2CaHCl

R = n-CsHy or n-CgHsa catalyst 5 or 6 o R

_®_< (SbFe)2 <;\>_’—|(SbFs)2
|

l
_._Ru

Scheme 5. The addition of benzoic acid to the terminal alkynes 1-pentyne and 1-octyne catalysed

by Ru(II)-n6-arene complexes 5 and 6.

Using S as precursor, a catalytic reaction involving 1-octyne and benzoic acid has been
monitored using 3'P_NMR. The signals for complex 5 are present at the beginning of the
transformation (although its 31p resonances are broad suggesting dynamic behaviour)
along with two additional species. One of these, which we have not yet satisfactorily
identiﬁed,16 slowly disappears to leave a second complex, Cla, as an isolable material.
However, if Cla is allowed to remain in the catalytic solution, it slowly converts com-
pletely to an isomer, C1b, which is also isolable and readily identified (see Figure 3).
Since the reaction is slow at room temperature we have isolated both Cla and C1b sepa-

rately from a reaction with1-octyne (without added acid).
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f (SbFg)2 , |(SbF6)2
| |
Ru Ru
B \\ R . - \\
PhoP PhoP

Cla R = CH,CH>CH2CHoCH,CHg Cib

Figure 3. The orthometallation/insertion products Cla and Cl1b.

Given the structures for Cla and C1b, we suggest that these products arise via the mech-
anism depicted in Scheme 6. After dissociation of the n2 double bond of one of the P-
aryl rings, complex 5 undergoes intramolecular C-H activation which leads to the ortho-
metallated intermediate 7.17-18 This reaction could involve an attack of the electrophilic
dicationic Ru(Il) center on the C-H bond of the P-aryl as described in the literature for
palladium-mediated cyclometallations.19’20 Such an electrophilic substitution obviously
depends on both the electronic density at the metal and that in the C-H bond that is to be
activated.

An n6 to n* isomerisation of the coordinated p-cymene in 7 opens a coordination posi-
tion for either simultaneous or subsequent alkyne coordination affording 82! The affinity
of alkynes for organometallic Ru(II) species is well documented in the literature.>? The
difference in the coordination mode of the terminal alkyne (i.e. 8a vs 8b) to Ru(II) might
originate from steric factors.!”

The next step leading to intermediate 9 could occur via the nucleophilic attack of the
orthoruthenated carbon at the terminal alkyne (i.e. insertion). This might be a concerted
process as well; i.e. the Ru(II) attacks the remaining carbon of the triple bond as has been

1.23 The attack at the least substituted carbon leads via

recently suggested by Pfeffer et a
8a to 9a while attack to the most substituted carbon affords 8b via 9b. Protolysis of 9

affords the products Cla and C1b in which the olefin is m—coordinated to Ru(II).
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Although this reaction implies a step from a monocationic Ru(II) complex to a more
electrophilic dicationic Ru(II) species, it could be driven by steric reasons. The kinetic
product Cla bearing a terminal olefin readily isomerises via 9a, 8a, 8b, 8a to the thermo-

dynamically more stable C1b having an internal olefin.

: : (SbFe)2 . |SbFg
PP = MeO-Biphep

Ru R|u R= n-C6H13

P / p* \ SbFg
= P \_/P

Ru
A H* H*
P \ SbFg P \ SbFe’
_F

. |SbFs SbFs
R
F‘l u H* -'FJU H*
P\\“\..«' \ \ SbFe P\‘\\\v“ \ \ SbFg
9a 9b

| R
Ru Ru
; - \\ a P\\\\‘.--“ \\\
r F
Cla cib

Scheme 6. A possible mechanism leading to orthometallation/insertion products Cla and C1b.
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Although the insertion of alkynes into the transition metal-carbon bonds is a rapidly
growing area of transition metal chemistry (especially with Pd) 20 there are only a few
examples described in the literature concerned with alkyne insertion into orthometallated

Ru(II) complexes. The most related ones are briefly described below.

Me
PPh, ; X
| _co  xc=cH RN /PheP
RuZ_ H--O
O/ l Cl \Ru
N\, -~ 1 >co
N~y  PPhs cr” |
5 PPh,
10 11
X = H, Ph

R = Me, Et, Ph, p-MeCgHg4, p-CICgH4

Scheme 7. The insertion of acetlyene/phenylactetylene into the Ru-C bond of 10 leading to the

products 11.

Chakravorty et al 24 have reported the (regiospecific) insertion of acetlyene/phenylactet-
ylene into the Ru-C bond of 10 leading to the products 11. The hydrogen-bonded zwitter
-ionic iminium-phenolato function is retained on going from 10 to 11, even though the
Ru-O bond is believed to be temporarily cleaved during the insertion process to allow

initial anchoring of the alkyne (Scheme 7).

Jia et al.?> have found that the reaction of [RuCl(PCP)(PPhs)], 12, with phenylacetylene
gave the unusual coupling product 13 as shown in Scheme 8. The following mechanism

has been proposed.

Scheme 8. The reaction of 12 with phenylacetylene gave the unusual coupling product 13.
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The coordinatively unsaturated complex 12 reacts with phenylacetylene to give initially
the nz-acetylene complex which then rearranges to form the vinylidene complex
[RuCl(=C=CHPh)(PPh3)(PCP)]. Migratory insertion of the aryl group of the PCP ligand

at the a-carbon of the vinylidene ligand would produce complex 13.

Pfeffer et al.'’?> have shown that the reactions of the cycloruthenated complexes
[RuCI(C)N)(arene)] (CN = CcH4yCH,NMe,,  (R)-(+)-CcH4CH(Me)NMe,,
C¢H,(OCH,0-2,3)CH,NMe,) (arene = n6-benzene, n6-p-cymene), 14, with internal
alkynes lead to the formation of novel Ru(0) sandwich complexes of the type 16 via the
postulated intermediate 15 (Scheme 9). The formation of these heterocyclic units occurs
with good chemo- and regioselectivity, asymmetric alkynes being incorporated in such a
way that the acetylene carbon with the sterically least demanding substituent becomes

attached to the nitrogen atom of the arylamine.

Y® Y@—IPFG

R|uH Vi RuO

\\“‘-' \ Q
cI® \ - + R—=— g2 NaPFs
MeN_ /= — " MeOH
R 14

16

alkyne insertion
y \ Y®\_’PF6

reductive elimination

Ru
Meo,N—
RZ
f” > A
\ 1
a—_J/ R

postulated intermediate 15

Scheme 9. The alkyne insertion reaction of 14 to 16 with the postulated intermediate 15.




62 Ru(Il)-MeO-Biphep-Arene Dications: Catalysis and Unexpected Cyclometallation/Insertion

Independent of the catalytic chemistry, we could synthesise and characterise the com-
plexes C1-C6 via reactions of the Ru(II)-diphosphine n® p-cymene complex 5 and the n®
benzene analogue 6 with only the appropriate terminal alkyne, as shown in Scheme 10.
The isomers differ in that, in one case, a terminal, but in the other an internal olefin has

been found.

(SbFg)2

| ,_—‘(SbFs)g |

Ru HCCR Ru
\ R'=n-CeHia, n-CaH7, Ph \\ R

OMe O OMe O C1a, R =n-CgHy3

OM C2a, R= I’I-CgH7
e ] OMe €3 R=Ph

heat and/or time
for R =CgH7, CsH13

(SbFe)2

C1b, R =n-CgHi3
OMe C2b, R = n-C3Hy

@’(Sb'zek ——I(SbFs)z

'J“ HCCR
R = n-CgHya, n-CaHy, Ph

Ph2P

O PPhz PhP
OMe O C4, R =n-CgHy3

OMe C5, R =n-C3H;
2 C6, R =Ph

Scheme 10. Preparation and numbering of orthometalated/insertion compounds C1-C6.
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Ru 18
\\ 19 CH,CH,CHoCHoCH,CHs

PhP.

OMe

Figure 4. Fragment of compound Cla.

The 1® p-cymene complex Cla (and related derivatives) could be characterised via multi-
dimensional NMR methods.?® The routine one-bond and long-range 3¢, 1H-correlations
proved to be the most useful of these NMR methods in that they reveal, for Cla, the two
olefinic carbons at § = 554 (13C18) and & = 133.0%7 (13C19) at relatively low frequency.
The important fragment of product Cla is shown in Figure 4 and'>C-NMR data for the

analogous n-propyl, C2a, and phenyl, C3, complexes are given in Table 1.

Figure 5 shows a section of the 2D 13C.1H-NMR-one-bond-correlation for the crystal-
line phenyl complex C3 and shows the two terminal olefinic protons, H18a and H18b, on
the terminal olefinic carbon C18. These terminal olefinic protons are somewhat unusual
in that a) they do not show a significant 2J(IH,IH) value and b) only one of the two pro-

tons, H18b, is coupled to a single 3lp spin.
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OMe | [OMe
Hi18a cy ¢y H18b
cy .

-46.0
-46.5
-47.0
-47.5
-48.0
-6(180)

LN SULANL D LA AL A N AL LI (LA A R ML AL AL AR

8('H) 55 5.0 4.5 4.0 3.5

Figure 5. Section of the 13C.1H one-bond-correlation of C3 showing the two terminal olefinic
protons, H18a and H18b, on the terminal olefinic carbon C18. Note that H18b and an OMe signal
overlap (400 MHz, CD,Cl,, ambient temperature).

R CH,CH,;CH,CHoCH>CH3
\\\ 19
PhP

OMe

Figure 6. Fragment of compound C1b.

The internal olefin isomeric complexes Clb and C2b are also readily recognised via
3C.NMR; e.g. for C1b & = 85.2 (C18) and & = 89.1 (C19).28 The assignment of the
trans isomer has been made via the relative large 12.6 Hz 3J('H,'H) coupling constant?’
observed for H19. The important fragment of the structure of C1b is shown in Figure 6

and selected NMR-data for these compounds are also given in Table 1.
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The analogous reaction of HC=CR (R = n-CgH; 3, n-C3H; and Ph) with the nS-benzene
complex 6 afforded exclusively the terminal isomer products, C4-C6. Cla, C2a and C3,
as well as C4-C6 which are proposed to be kinetic products. Selected NMR-data for C4-
C6 are given in Table 1 and more extensively in Section 3.8.3. For the phenylacetylene

derivative C6, a crystal suitable for X-ray diffraction could be obtained.

Table 1: Selected 13C and 'H chemical shifts for C1-C6.

R
RUQ Rui3 19
\ N\ 19 \ R
P P

C1b, C2b C1a, C2a, C3-C6

Complex 13¢c18 13¢c19 IH18a/b 1H19
n6-p-cymene

Cla,R=n-CeH;; |554 133.0 5.00/3.75 -
Clb,R=n-CH;; |856 89.2 3.11 591
C2a,R = n-C3H, 55.1 a 5.03/3.73 -
C2b, R =n-C3H; 852 89.1 3.12 592
C3,R=Ph 470 a 5.93/342 -
nﬁ-benzene

C4,R =n-C¢H; 55.1 137.4 5.38/3.31 -
C5,R =n-C3H, 554 137.0 5.37/3.30 -
C6,R =Ph 51.0 a 6.18/2.98 -

2 Not assignable due to the lack of long-range correlations.




66 Ru(I1)-MeO-Biphep-Arene Dications: Catalysis and Unexpected Cyclometallation/Insertion

3.3.2 Solid-state structure of C6

The solid state structure of C6 has been determined by X-ray diffraction methods. An
ORTEP view of the cation is shown in Figure 7. The immediate coordination sphere
around the Ru(Il) consists of the two P-donors, the complexed olefin and the six carbon
atoms of the n6-benzene ligand. The structure shows a distorted piano-stool arrangement
with the olefinic double bond as the third leg. Selected bond lengths are given in Table 2

and the bond angles in Table 3.

Figure 7. ORTEP view of cation of C6, 50% ellipsoid, from one of the two molecules present in

the unit cell. Hydrogen atoms are omitted for clarity.

The two Ru-C(olefin) separations are markedly different: 2.413(14) A for Ru(1)-C(18)

and 2.246(12) A for Ru(1)-C(19). This corresponds to a strongly asymmetric arrange-

ment of the double bond with respect to the Ru(Il) 3031
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Ru
Hw N
ph 4 PPhs
C(2) ¢
17 18

Figure 8. The Ru(II)-arene olefin complexes 17 and 18.

Faller et al.1>>2 have reported the structure of 17 as having Ru-C(1) and Ru-C(2) bond
distances of 2.195(6) A and 2.216(6) A respectively, i.e. relatively short separations. In
the arene olefin Ru(II)-complex, 18, the bond distances between Ru-C(1) and Ru-C(2),
2.34(3) A and 2.31(3) A, respectively, are relatively long. The n>-bonding distances in
[Ru{(n>-1-3):?-5.6)-CgH; }(CH;CN)(Binap)]BF; at ca. 2.40 A are also quite long.’!
Taken together with the observed olefinic C(18)-C(19) distance of 1.362(19) A (which is
only slightly longer than a normal uncomplexed double bond, ca. 1.34 A), it can be con-
cluded that the molecular crowding in C6 results in a fairly weak Ru(II)-olefin bond.
The six Ru-C(arene) separations fall in the range 2.290(14)-2.331(16) A, with the aver-
age ca. 2.30 A. Inspection of the X-ray literature3? for n6-benzene Ru(II)-complexes
suggests that routine Ru-C separations should be of the order of 2.15-2.24 A, with the
average at ca. 2.20 A. Consequently, these data also suggest some crowding.

The Ru(1)-P(1) and Ru(1)-P(2) distances are 2.353(4) A and 2361(4) A, respectively ,
which are both fairly routine3* as is the P(1)-Ru(1)-P(2) bite angle of ca. 87°.

Table 2: Selected Bond Lengths (f&) for the cation in C6.

Ru(1)-C(18) 2.246(12) C(18)-C(19) 1.362(19)

Ru(1)-C(19) 2.413(14) C(19)-C(20) 1.510(19)
Ru(1)-P(1) 2.353(4) C(19)-C(26) 1.499(19)
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Table 2: Selected Bond Lengths (10&) for the cation in C6.

Ru(1)-C(18) 2.246(12) C(18)-C(19) 1.362(19)
Ru(1)-P(2) 2.361(4) P(1)-C(6) 1.844(13)
Ru(1)-C(9) 2.286(14) P(2)-C(6") 1.830(14)
Ru(1)-C(10) 2.290(15) P(2)-C(38) 1.808(15)
Ru(1)-C(11) 2297(17) P(2)-C(44) 1.812(14)
Ru(1)-C(12) 2.330(16)
Ru(19-C(13) 2.289(15)
Ru(1)-C(14) 2.305(15)

Table 3: Selected Bond Angles (deg) for the Cation in C6.
P(1)-Ru(1)-P(2) 86.67(13) C(18)-C(19)-C(20) | 117.3(12)
P(1)-Ru(1)-C(18) | 98.9(4) C(18)-C(19)-C(26) | 123.7(12)
P(1)-Ru(1)-C(19) | 77.4(3) C(20)-C(19)-C(26) | 112.8(13)
P(2)-Ru(1)-(C18) | 82.4(3)

P(2)-Ru(1)-C(19) 106.6(3)
C(18)-Ru(1)-C(19) | 33.7(5)
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3.3.1 Reactions with octyne-d;

It was hoped that deuterium labeling might provide mechanistic insight (see Scheme 4
for possible catalytic cycles). However, the catalytic reaction of § with C¢gH3C=CD (>
95% D) and benzoic acid resulted in almost random deuterium incorporation, i.e. the

four isomers (a-d) have been obsereved as shown in Scheme 11.

PhC(0)O R PhC(0)Q R

D H H D
a, combined a+c 47% b, 37%

cis-isomer 70%

PhC(O)Q, H PhC(O)Q, D

trans-isomer 30% — —
D R H R

¢, combined a+¢ 47% d, 16%

Scheme 11. The four isomeric products of the catalytic reaction of C¢H3C=CD (> 95% D) and

benzoic acid catalysed by 5.

The lack of observed selectivity35 is consistent with H(D) exchange of the complexed
alkyne with the acid proton of the benzoic acid. There is no indication of deuterium

incorporation into the ortho position of the phenyl groups in 5.
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3.3.4 Allenylidene complex C7

It was conceivable that a carbene complex might be involved in the catalytic reaction.
Consequently, the allenylidene compound C7 was synthesised as shown in Figure 9.
Treatment of [Ru(n6-p-cymene)(MeO-Biphep)](SbF6)2, 5, with 2-methyl-3-butyn-2-ol
in methylene chloride at room temperature leads to complex C7 within a few hours. The
allene carbons of complex C7 were characterised by using 13C-IH-long-range, NMR-
methods. Carbons C18, C19 and C20 show characteristic 13C.NMR chemical shifts, d =
305.1, 8 = 204.0 and & = 178.2 respectively.?

3
I
1+ HC=C—C—CHs

C7

Figure 9. The reaction resulting in compound C7.

To the best of our knowlegde, C7 is the first dicationic Ru(Il)-arene allenylidene com-
plex described in the literature. However, a few monocationic Ru(Il) arene allenylidene
complexes are known. Nolan et al 30 have reported the solid state structure of
[Ru=C=C=CPh2(IMes)(Cl)(n6-p-cymene)]PF6 (IMes = 1,3-bis(24,6-trimethylphe-
nyl)imidazol-2-ylidene) complex, 19 (see Figure 10), by treatment of
[Ru(IMes)(Cl)z(n6-p-cymene)] with 1,1-diphenylprop-2-ynyl alcohol in the presence of
an equivalent of NaPFg. Dixneuf et al3” have described the synthesis of
[Ru=C=C=CPh2(PPh3)(Cl)(n6—C6Me6)]PF6, 20 (see Figure 10), and have reported the
13C-NMR chemical shifts for the Ru=C, =C= and =CPh,, 8 = 288.3,8 = 191.0 and =

167.0 respectively. The chemical shifts of C7 are in agreement with these values.
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W \C ’ \
I Sea Cxc
Ph
19 20 Ph

Figure 10. The moncationic Ru(II) né—arene allenylidne complexes 19 and 20.

The reaction of 1-octyne and benzoic acid catalysed by C7 gives the cis and trans inter-

nal olefin products, detected previously, in the ratio 7:3 in slightly lower yield (60%).

During the catalysis with compound C7 the 3Ip.NMR spectra indicated several com-

plexes as products from the allenylidene complex. Complex C7 disappears and the main

component was found to be C1b. The reaction rate is ca. the same as for 5. This suggests

that the new carbene itself is not responsible for the catalysis.
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3.4 Conclusions

The chemistry of Scheme 10 is readily summarised. There would seem to be a not very
stable, as yet not detected, cyclometallated species, which reacts with the three alkynes
to give C1-C6. There is a kinetic, terminal olefin, insertion product, which can be iso-
lated, and in some cases, a more thermodynamically stable trans olefin insertion product,
also isolable. The cyclometallation/insertion phenylacetylene products C3 and C6 are
sufficiently stable such that they do not react further to afford organic product. An indica-
tion for this is the stability of C6 over weeks in solution during crystal growth. On the
other hand, the 1-pentyne and 1-octyne reaction products are capable of catalysing the

chemistry of Scheme 3. The mechanism of the reaction remains uncertain.
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3.5 Experimental

3.5.1 Crystallography

Air stable, orange crystals of C6 were obtained by slow diffusion of pentane into a saturated CH,Cl, solu-
tion. A prismatic single crystal was mounted on a glass capillary and a data set were collected on a Sie-
mens SMART platform diffractometer equipped with a CCD detector. Data reduction plus corrections for
Lorentz polarization and absorption were performed using the programs SAINT?® and SADABS.* The
structure was solved by direct methods and refined by full-matrix least-squares (versus F%) with the
SHELXTL program pac:kage:.40 The SbFg molecules are disordered and were described as a rigid group.
Crystal data and structure refinements are summarized in Table 4 and 5. Two molecules are present in the

unit cell. The bond distances and the conformation are not significantly different.
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Table 4: Crystal data and parameters of the data collection of compound C6

Emperical formula Cs,H44F120,P,RuSb,
Formula weight (g/mol) 133538

Crystal size (mm) 0.64 x 0.08 x 0.02
Crystal system triclinic

Unit cell dimensions (A, deg)

a=13.976 (2),a =72.619(3)
b=14.859(2), B = 66.23(3)
c=15.136(2),y=78.34

Volume (A% 2733.2(7)
Space group Pl
Formula unit pro cell (Z) 2
p(calculated) (g cm™) 1.623
Absorption coefficient p (mm’!) 1.391
F(000) 1312
Temperature (K) 298(2)

Data collection

Siemens SMART CCD Dectector

Monochromator; Wavelength

Graphite-Monochromator; A(MoKa) = 0.71073 A

Collection method

Hemisphere, w-scan

Theta range for data collection

144 <6<23.27

h(min), h(max); k(max), k(min); /(min), /(max)

-15,15; -16, 16; -11, 16

Collected reflections

15531

Independent reflections

10624 (R(int) = 0.0478)

Absorption correction

empirical (SADABS)

Structure solution

SHELXS-97 (direct methods)

Structure refinement

SHELXL-97 (full matrix least-square of F 2)

Number of parameters 564

Number of parameters restraints 27
Transmission coefficient (max/min) 0.9727/0.4697
WR for |F,|? > 20(|F1? 0.1270

wR for all reflections 0.1476

R for |F,|? > 20(|F)? 0.0477

R for all reflections 0.0672
Goodness of Fit (GooF) for |F,* > 20(|F1? 1.037
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Table 5: Final position (x 10 and isotropic equivalent displacement parameters (A% x 10%) for C6

x y z U(eq)
Ru(1) 13291(1) 3525(1) 6961(1) 37(1)
P(1) 12450(3) 5073(2) 6862(3) 37(1)
o(1) 9961(8) 5224(8) 10389(8) 59(3)
c 11100(11) 5243(10) 8775(11) 47(4)
) 10449(10) 4481(10) 8842(10) 434)
F(1) 11750(40) 5880(20) 2370(40) 440(30)
Sb(1) 11008(1) 6936(1) 2681(1) 94(1)
Sb(2) 15842(1) 11782(1) 634(1) 96(1)
P(2) 12193(3) 3184(3) 8659(3) 39(1)
0OQ2) 9080(8) 5733(8) 8902(8) 60(3)
C(2) 10773(12) 5594(11) 9613(12) 54(4)
C(2) 9366(12) 4792(13) 8983(11) 534)
F(2) 10420(30) 7242(16) 1772(19) 301(18)
C@3") 8704(12) 4091(15) 9185(11) 62(5)
C@3) 11320(15) 6318(12) 9592(13) 67(5)
F(3) 10029(19) 6144(18) 3394(18) 269(16)
C4) 12105(15) 6646(13) 8757(15) 76(6)
C4") 9051(13) 3193(12) 9246(11) 53(4)
F(4) 12110(20) 7600(30) 2100(20) 340(20)
C(5) 12423(13) 6303(10) 7973(12) 55(4)
C(5") 10085(12) 2900(11) 9116(9) 49(4)
F(5) 11480(30) 6677(19) 3664(17) 276(15)
C(6) 11925(10) 5596(9) 7947(10) 39(3)
C(6) 10799(10) 3541(10) 8888(9) 37(3)
F(6) 10250(20) 7910(16) 3150(20) 269(15)
Cc( 7999(14) 6053(16) 9313(19) 97(7)
Cc( 9596(18) 5564(18) 11281(16) 110(9)
F(T) 17249(9) 11629(16) 100(30) 293(18)
F(8) 15680(20) 12055(18) -558(12) 240(14)
(&89 14927(11) 3969(12) 5926(14) 63(5)
F(9) 15870(20) 13009(11) 550(20) 270(16)
C(10) 14884(12) 3807(12) 6870(13) 55(4)
F(10) 14429(9) 11970(20) 1200(30) 360(20)
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Table 5: Final position (x 10™) and isotropic equivalent displacement parameters (A% x 10%) for C6

x y z Uteg)
can 14655(11) 2909(13) 7510(13) 60(4)
R(11) 15720(20) 11531(18) 1911(11) 224(10)
F(12) 15829(14) 10533(9) 751(16) 189(9)
c(12) 14478(12) 2208(12) 7176(13) 58(4)
c(13) 14500(11) 2424(12) 6229(12) 54(4)
F(13) 6639(18) 15755(15) 622411 19709)
c(14) 14709(11) 3334(12) 5546(13) 62(5)
F(14) 5813(15) 16244(14) 8686(10) 177(8)
F(15) 5355(13) 15112(12) 7879(16) 180(8)
F(16) 7148(10) 16945(9) 7058(16) 163(8)
F(17) 5284(14) 16922(10) 7076(17) 183(9)
C(18) 12089(11) 2824(9) 6830(10) 36)3)
F(18) 7295(11) 15116(8) 7712(14) 142(6)
C(19) 12216(10) 4582(10) 6033(11) 41(4)
F(19) 14385(8) 10283(8) 6730(9) 94(4)
C(20) 11346(11) 4379(9) 6121(10) 20)
F(20) 12497(7) 10530(7) 6718(10) 88(4)
cel 11330(10) 5120(9) 6565(10) 39(3)
F21) 14042(10) 10451(8) 5123(7) 99(4)
c22) 10498(10) 5811(9) 6688(10) 4103)
F22) 14816(7) 8776(8) 5986(11) 110(4)
c23) 9715(11) 5789(10) 6372(10) 46(4)
F(23) 12836(8) 9024(7) 6037(8) 83(3)
CQ4) 9735(12) 5099(11) 5978(12) 54(4)
F(24) 13171(10) 8866(7) 7677(7) 99(4)
c@s) 10562(12) 4394(12) 5809(12) 54(4)
C(26) 12832(12) 3521(11) 4977(10) 49(4)
cen 13132(11) 2619(12) 4727(12) 53(4)
C(28) 13685(13) 2612(13) 3731(13) 64(5)
C(29) 13953(13) 3395(12) 3011(13) 60(4)
C(30) 13611(15) 4261(14) 3267(14) 76(6)
cG1) 13020(12) 4329(11) 4209(10) 51(4)
C(32) 13241(10) 5958(9) 5837(10) 41(3)
C@33) 12931(12) 6425(11) 5066(11) 54(4)
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Table 5: Final position (x 10*%) and isotropic equivalent displacement parameters (A% x 10%) for C6

x y z Uteg)
C(34) 13532(16) 7092(12) 4247(14) 79(6)
C(35) 14488(17) 7275(16) 4322(17) 92(7)
C(36) 14747(16) 6834(15) 5046(16) 78(6)
C(37) 14140(13) 6166(11) 5838(13) 60(4)
C(38) 12350(11) 1924(10) 9181(10) 44(4)
C(39) 12809(12) 1605(12) 9882(11) 53(4)
C(40) 12971(14) 613(14) 10311(13) 73(5)
c(@1) 12602(15) 9(12) 10038(14) 65(5)
C(42) 12225(16) 269(14) 9331(14) 76(5)
C(43) 12097(14) 1216(10) 8905(12) 58(4)
C(44) 12389(11) 3670(10) 9532(10) 45(3)
C(45) 11704(14) 3479(12) 10481(11) 60(4)
C(46) 11817(19) 3784(16) 11204(14) 91(7)
C@7) 12670(20) 4242(19) 10965(18) 108(8)
C(48) 13334(19) 4464(17) 10045(19) 101(8)
C(49) 13220(14) 4173(12) 9301(13) 62(4)
Ru(lA) 9570(1) 9654(1) 5867(1) 36(1)
Sb(1A) 6265(1) 16027(1) 7442(1) 67(1)
P(1A) 8017(3) 10682(2) 6069(3) 34(1)
C(1A") 9124(10) 12327(9) 4189(9) 34(3)
O(1A) 8492(8) 12936(7) 2638(7) 57(3)
C(1A) 8167(10) 11967(9) 4221(9) 34(3)
Sb(2A) 13642(1) 9622(1) 6376(1) 56(1)
P(2A) 10255(3) 10566(2) 4209(3) 36(1)
C(2A) 7894(11) 12306(10) 3407(11) 47(4)
0(2A) 7995(8) 13763(7) 4294(8) 54(3)
C(2A") 8968(12) 13310(10) 4154(10) 45(4)
C(AY) 9880(13) 13764(10) 4002(10) 51(4)
C(3A) 7009(12) 12025(11) 3345(12) 59(4)
C(4A) 6429(13) 11369(12) 4159(13) 66(5)
C(4AY 10822(11) 13264(11) 3846(10) 47(4)
C(5A) 10916(11) 12333(10) 3901(10) 40(3)
C(5A) 6745(11) 10972(11) 4997(11) 47(4)
C(6A) 7596(9) 11264(9) 5017(10) 36(3)
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Table 5: Final position (x 10"%) and isotropic equivalent displacement parameters (A2 x 103) for C6

x y z Utegy
C(6A") 10077(10) 11857(9) 4060(9) 35(3)
C(7TAY) 7824(15) 14735(12) 4282(14) 72(5)
C(7A) 8283(16) 13280(15) 1729(11) 83(7)
C(9A) 10031(15) 8391(10) 5173(13) 67(6)
C(10A) 10837(14) 8410(11) 5507(15) 58(4)
C(11A) 10570(12) 8380(9) 6482(12) 49(4)
C(12A) 9516(12) 8319(10) 7151(11) 49(4)
C(13A) 8783(12) 8284(9) 6855(12) 48(4)
C(14A) 8996(13) 8344(10) 5821(14) 57(4)
C(18A) 10516(10) 10560(10) 6104(10) 40(3)
C(19A) 9593(11) 10572(9) 6957(11) 41(4)
C(20A) 8888(11) 11442(10) 6941(10) 41(3)
C(21A) 8149(10) 11617(9) 6507(10) 35(3)
C(224A) 7506(10) 12478(10) 6459(10) 42(4)
C(23A) 7606(13) 13127(10) 6896(11) 52(4)
C(24A) 8359(14) 12953(11) 7321(12) 59(5)
C(25A) 8976(14) 12139(11) 7365(12) 57(4)
C(26A) 9500(11) 9982(10) 7996(10) 42(3)
C(27A) 10360(13) 9477(11) 8187(12) 56(4)
C(28A) 10264(16) 8955(12) 9131(14) 71(5)
C(29A) 9200(20) 8952(18) 9839(15) 109(9)
C(30A) 8425(16) 9411(17) 9659(16) 88(7)
C(31A) 8604(13) 9925(13) 8749(11) 60(4)
C(32A) 6875(11) 10125(10) 7084(11) 43(3)
C(33A) 6427(11) 10435(11) 7930(11) 52(4)
C(34A) 5595(12) 9962(13) 8748(12) 65(5)
C(35A) 5269(14) 9207(14) 8657(16) 81(6)
C(36A) 5731(12) 8895(11) 7784(15) 67(5)
C(37A) 6536(11) 9330(10) 7014(12) 53(4)
C(38A) 9708(11) 10498(10) 3297(10) 43(3)
C(39A) 10143(13) 11037(12) 2340(11) 58(4)
C(40A)) 9854(16) 11014(14) 1599(13) 73(5)
C(41A) 9100(16) 10415(17) 1826(15) 84(6)
C(42A) 8665(16) 9883(14) 2761(17) 80(6)
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Table 5: Final position (x 10%) and isotropic equivalent displacement parameters (A% x 103 for C6

x y 2z Uteo
C(43A) 8929(12) 9930(11) 3513(11) 50(4)
C(44A) 11621(10) 10167(9) 3647(11) 41(3)
C(45A) 11904(12) 9591(11) 2972(11) 51(4)
C(46A) 12914(13) 9237(11) 2545(12) 61(4)
C(47A) 13719(14) 9418(12) 2789(13) 70(5)
C(484) 13483(11) 9987(12) 3465(12) 58(4)
C(49A) 12419(12) 10294(11) 3927(12) 54(4)
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3.5.2 Synthesis

All reactions with air- or moisture-sensitive materials were carried out under Argon using standard Schlenk
techniques. The solvents used for synthetic and recrystallisation purposes were of “puriss p.a” quality, pur-
chased from Fluka AG, Riedel-de-Hden or Merck. Methanol was distilled from magnesium. Diethylether
was distilled from Na-K-Almagam. Dichloromethane and pentane were distilled from CaHj. 1,2-Dichloro-
ethane was distilled from P,0,. The deuterated solvents CDCl;, CD,Cl, and D,O were purchased from
Cambridge Isotope Laboratories. CD,Cl, was distilled and dried over CaH, before use.
[Ru((S)-MeO-Biphep)(n6-p—cymene)](SbF6)2 (5) and [Ru((S)-MeO-Biphep)(n6-benzene)](SbF6)2 6)
were prepared according to the literature and references therein AL (8)-(2,2’-Bis(diphenylphosphino)-6,6’-
bismethoxy-1,1’-biphenyl) ((S)-MeO-Biphep, L1a) was provided by F. Hoffmann-La Roche AG. All the
other chemicals were commercial products used as received.

The routine 3'P{'H}-, 13C{!H}-, ?H- and 'H-NMR spectra were measured in CD,Cl, on either a Brucker
AdvanceDPX2 50 [frequency in MHz: 31p . 101.26, Be. 62.90, . 250.14] or Brucker AdvanceDPX300
[frequency in MHz: 31p. 12149, 13C : 7547, 'H : 300.13] or Brucker AdvanceDRX400 [frequency in
MHz: 31P : 161.98, 13C : 100.61, 'H : 400.13] or Brucker AdvanceDRX500 [frequency in MHz: 3p .
202.46, B 125.75, g . 500.13] at room temperature unless stated. The two-dimensional 1H-IH—DQF-
COSY, *'p-1H-INV-COSY, 3C-'"H-HMQC, '3>C-'H-HMBC and 'H-NOESY experiments were carried
out at either Brucker AdvanceDRX400 or Brucker Advance DRX500.

The chemical shifts § are given in ppm and the coupling constants J are given in Hertz. The multiplicity is
denoted by the following abbreviations: s: singlet; d: doublet; t: triplet; m: multiplet; dd: doublet of dou-
blet; ddd: doublet of dd; dt: doublet of triplet; br : broad. Other abbreviations used are bb: backbone of
{S}-MeO-Biphep; cy: aromatic carbon of p-cymene ligand; cyH: aromatic proton of p-cymene ligand.
Elemental analysis (EA) and EI-MS and FAB-MS spectra were performed by the service of the “Laborato-
rium fiir Organische Chemie der ETH Ziirich”.
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Synthesis of Cla
1-Octyne (8 ul, 0.051 mmol) was added to a solution of

Ru((S)-MeO-Biphep)(n® SbE(), (662 mg, 0.051 _‘(SbFs)z
[Ru((S)-MeO-Biphep)(n®-p-cymene)](SbF¢), (66.2 mg, 0. <_1 >
mmol) in 2 ml 1,2-C,H4Cl,. After 2.5 h at room temperature, |

the 3'P-NMR spectrum indicated a full conversion to the prod-
uct. The solvent was evaporated i.v. and the resulting powder

PhP.
was washed with 5x1 ml Et,0. The orange product was dried O

i.v. to afford the complex in 93% yield. During the 2D-NMR O
characterisation the thermodynamically more stable product OMeOMe R =n-Cetia
C1b appeared.

Color: orange. Yield: 66.4 mg (93%). Anal. Calcd for C5¢HgoP2O,RuSbyF5.HyO (1399.7): C, 47.45; H,
4.40. Found: C, 47.09; H, 4.40. FAB-MS: calcd. M2+ 928.2; found M2+—p-cymene-C8H15+ZSbF6, 1031.0;
M?*_p-cymene-CgH,5+SbFs, 919.0; MZ**-p-cymene, 7920; MZ?**p-cymene-CgH;s, 682.9; NMR
(DRX400, CD,Cl,): 3'P, 45.6 (d, 48), 38.7 (d, 48); 3C, 158.3 (bb), 158.0 (bb), 145.4 (H,C=CRPh-),
136.0-126.7, 124.9 (bb), 123.3 (bb), 121.7 (cy), 114.7 (bb), 114.6 (bb), 106.3 (cy), 103.3 (cy), 102.5 (cy),
100.8 (cy), 554 (H,C=CRPh-), 553 (OCHj), 55.1 (OCHj), 46.3 (-CH,(CH,)4CHj3), 32.3 (-
CH,CHy(CHy)3CH3), 31.8 (<(CH;),CH»(CH,),CH3), 31.0 (CH(CHj)y), 25.1 (-(CH,)3CH,CH,CHy),
22.9 (CH(CHs),), 22.8 (-(CH»)4CH,CH3), 20.5 (CH(CH3),), 20.0 (CH3), 14.1 (-(CH,)sCH3); 'H, 7.10-
7.94 (m, 22H), 6.92 (dd, 11.2, 11.6, 1H, H,C=CRPh-), 6.86 (d, 6.8, 1H, cyH), 6.55 (d, 8.4, 1H, bb), 6.43
(d, 84, 1H, bb), 6.18 (d, 6.8, 1H, cyH), 597 (d, 6.8, 1H, cyH), 5.88 (d, 6.8, 1H, cyH), 500 (s, 1H,
H,C=CRPh-), 3.75 (d, 10.3, 1H, H,C=CRPh-), 344 (s, 3H, OCH3), 3.25 (s, 3H, OCH3), 2.35 (m, 1H,
CH(CH3;),), 2.18 (br s, 3H, CH3), 1.09-1.68 (m, 10H, -(CH,)sCH3), 0.96 (d, 7.0, 3H, CH(CH3),), 0.89 (t,
7.2,3H, -(CH,)sCH3),0.70 (d, 7.0, 3H, CH(CH3),).

Synthesis of C1b

1-Octyne (7 ul, 0.047 mmol) was added to a solution of
[Ru((S)-MeO-Biphep)(n®-p-cymene)I(SbF¢), (61.0 mg, 0.047 _®_<_‘(Sb%)2
mmol) in 0.5 ml CD,Cl,. The resulting orange solution was J R

heated at 35°C for 48h. The solvent was then evaporated i.v. and o \\\

the resulting powder was washed with 5x1 ml Et,O and 1x1 ml PhP

CH,Cl,. The orange product was dried i.v. to afford the product. O

Color: orange. Yield: 283 mg (92%). Anal. Calcd for O
CsgHgoP,O,RUSb,F1, HyO (1399.7): C,47.45; H, 4 .41. Found: OMe R =n-CeHys

C, 47.33; H, 4.46. FAB-MS: Calcd. M%* 928 2; Found M2+—p-

cymene-CgH, 4+2SbFg, 1031.0; M%**-p-cymene-CgH;4+SbFg, 919.0; M%*-p-cymene, 792.0; M**-p-
cymene-CgH 4, 682.9. NMR (DRX400, CD,Cly): 3'P, 39.9 (d, 56), 45.5 (d, 56); 13C, 159.4 (bb), 158.0
(bb), 144.0 (RHC=CHPh-), 132.0-135.5,128.1-130.9, 127.6 (bb), 126.6 (bb), 126.1 (cy), 126.0 (bb), 124.9
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(bb), 123.1 (bb), 115.3 (bb), 114.5 (bb), 108.6 (cy), 106.3 (cy), 103.0 (cy), 95.4 (cy), 89.2 (RHC=CHPh-),
85.6 (RHC=CHPh-), 55.6 (OCHy), 55.4 (OCH3), 42.8 (-CH,(CH,),CHs), 34.7 (-CH,CH,(CH,);CHj),
32.3 (-(CH,),CH,(CH,),CH3), 32.2 (CH(CH3),), 29.5 (-(CH,)3CH,CH,CHy), 25.1 (CH(CHs),), 23.0 (-
(CH,),CH,CH3), 20.2 (CH3), 18.5 (CH(CHs),), 14.2 (-(CH,)sCHs); 'H, 7.04-8.08 (m, 25H), 6.84 (dd,
7.5,10.8, 1H, RHC=CHPh-), 6.62 (d, 8.4, 1H, cyH), 6.54 (br s, 1H, bb), 6.11 (d, 6.8, 1H, cyH), 591 (d,
12.7, 1H, RHC=CHPh-), 5.10 (d, 6.8, 1H, cyH), 5.01 (br s, 1H, cyH), 3.37 (s, 3H, OCH3), 331 (s, 3H,
OCH3),3.11 (d, 12.7, 1H, RHC=CHPh-), 2.65 (m, 1H, CH(CH,),), 2.00 (br s, 3H, CH;), 1.12 (d,7.0, 3H,
CH(CH3), ),0.59 (d,7.0, 3H, CH(CH}),).

In Situ Preparation and Characterization of C2a
1-Pentyne (6 ul, 0.061 mmol) was added to a solution of
[Ru((S)-MeO—Biphep)(‘r](’-p-cymene)](SbF6)2 “4) (542 mg,

S—"
0.042 mmol) in 0.5 ml CD,Cl,. After 12h at room temperature I
Ru
the 3'P-NMR spectrum indicated a full conversion to one prod- - \\ R
Ph,P

uct which was characterized in situ by 2D-NMR methods (only PhP.

selected NMR-data for C2a are given). The reaction proceeded O

to the thermodynamically more stable isomer C2b during these O

measurements. R =n-Cshy
NMR (DRX400, CD,Cl,): 1P, 39.0 (d, 49), 45.7 (d, 49); 1*C,
158.3 (bb), 157.9 (bb), 145.2 (H,C=CRPh-), 136.3 (H,C=CRPh-), 134.2 (H,C=CRPh-), 133.8 (cy), 132.4
(H,C=CRPh-), 130.5 (bb), 129.6 (bb), 129.1 (H,C=CRPh-), 1284 (bb), 128.4 (bb), 127.2 (bb), 126.7
(H,C=CRPh-), 126.4 (bb), 124.9 (bb), 123.4 (bb), 122.1 (cy), 114.6 (bb), 114.5 (bb), 106.7 (cy), 103.5
(cy), 102.3 (cy), 100.1 (cy), 55.4 (OCHj3), 55.1 (H2C=CRPh-), 55.0 (OCHy), 48.0 (-CH,CH,CH3), 30.9
(CH(CH3),), 25.6 (-CH,CH,CH3), 23.1 (CH(CH3),), 20.0 (CH3), 19.8 (CH(CH3),), 13.8 (-CH,CH,CH3);
'H, 7.64 (bb), 7.40 (H,C=CRPh-), 7.28 (bb), 7.24 (bb), 7.21 (H,C=CRPh-), 7.16 (H,C=CRPh-), 7.12
(bb), 6.91 (H,C=CRPh-), 6.89 (d, 7.2, 1H, cyH), 6.54 (d, 8.4, 1H, bb), 6.42 (d, 84, 1H, bb), 6.14 (d, 7.2,
1H, cyH), 6.04 (d, 7.2, 1H, cyH), 597 (d, 7.2, 1H, cyH), 5.03 (s, |H, H,C=CRPh-), 3.40 (s, 3H, OCH3),
373 (d, 99, 1H, H,C=CRPh-), 3.24 (s, 3H, OCHj), 247 (m, 1H, -CH,CH,CHj3), 2.29 (m, 1H,
CH(CH3),),2.20 (m, 1H, -CH,CH,CH3), 2.09 (br s, 3H, CHj3), 1.50 (m, 1H, -CH,CH,CH3), 1.32 (m, 1H,
-CH,CH,CH3), 096 (t, 7.4, 3H, -CH,CH,CHj3), 0.96 (d, 6.8, 3H, CH(CHj3),), 0.66 (d, 6.8, 3H,
CH(CH3)y).
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Synthesis of C2b

4 Equivalents of 1-pentyne (10 u1, 0.10 mmol) were added to a

solution of [Ru((S)-MeO-Biphep)(n°-p-cymene)](SbFg), (31.6 —.®—-<A—I(Sb':6)2
mg, 0.025 mmol) in 0.5 ml CD,Cl,. The remaining orange solu- 'J R

tion was heated at 35°C for 48 hours. The solvent was evapo- - \\\

rated i.v. and the resulting powder was washed with 5x1 ml PhP

Et,0. The orange product was dried i.v. O

Color: orange. Yield: 29.5 mg (87%). Anal. Calcd for O
Cs3Hs4P,0,RuSb,F 5, Et,O (1357.6): C, 47.82; H, 4.51. OMeOMe R =n-C3H,
Found: C, 47.45; H, 4.48. FAB-MS: Calcd. M2+ 886.1; Found

M2+ 887.1; M2*-p-cymene, 750.0; M2*-p-cymene-CsHy, 682.9. NMR (DRX400, CD,Cl,): 3P, 39.7 (d,
56), 45.4 (d, 56); 13C, 159.1 (bb), 157.4 (bb), 144.8, 132.4-134.9, 129.5-131.1, 127.6 (bb), 126.3 (bb),
125.3 (bb), 126.1 (cy), 124.9 (bb), 123.1 (bb), 115.0 (bb), 114.2 (bb), 108.4 (cy), 106.2 (cy), 102.6 (cy),
95.2 (cy), 89.1 (RHC=CHPh-), 85.2 (RHC=CHPh-), 55.5 (OCHj3), 55.3 (OCH3), 44.4 (-CH,CH,CH3),
319 (CH(CHgy),), 27.7 (-CH,CH,CHj3), 25.1 (CH(CHj3),), 20.1 (CHj3), 18.3 (CH(CHj),), 14.0 (-
CH,CH,CH3); 'H, 6.91-8.09 (m, 24H), 6 83 (dd, 1H, H,C=CRP#k-), 6.61 (d, 8.1, 1H, bb), 6.53 (d, 8.3, 1H,
bb), 6.09 (d,7.2, 1H, cyH),5.92 (d, 12.6, 1H, RHC=CHPh-), 507 (d, 7.2, 1H, cyH),5.00 (d, 6.4, 1H, cyH),
3.36 (s, 3H, OCH3), 3.31 (s, 3H, OCH3y), 3.12 (m, 1H, RHC=CHPh-), 2.79 (m, 1H, -CH,CH,CH3), 2.65
(m, 1H, CH(CH3),), 2.10 (m, 1H, -CH,CH,CH3), 2.00 (br s, 3H, CH3), 1.92 (m, 1H, -CH,CH,CHj3), 1.92
(m, 1H, -CH,CH,CHy), 1.10 (d, 6.9, 3H, CH(CH3),), 1.29 (t, 7.3, 3H, -CH,CH,CH3), 0.59 (d, 6.9, 3H,
CH(CH3),).

Synthesis of C3

Phenylacetylene (5 ul, 0.046 mmol) was added to a solution of
[Ru((S)-MeO-Biphep)m®-p-cymene))(SbFy), (30.0 mg, 0.023 _®_< (SbFe:
mmol) in 1 ml 1,2-C,H4Cl,. After 2.5h at room temperature the

3IpP.NMR spectrum showed full conversion to the product. The \\\“_w,,.R“\ R

solvent was evaporated i.v. and the resulting powder was PP PhP.

washed with 5x1 ml Et,O. The orange product was dried i.v. O

Color: orange. Yield: 30.7 mg (96%). Anal. Calcd for O
CsgHsPy0pRuSboF; (1391.5): C, 48.34; H, 3.77. Found: €, OMe R=FPh

48.29; H, 3.72. FAB-MS: Calcd. M%* 920.1; Found M?*,919.1;

M2*p-cymene, 785 0; M?*-p-cymene-CgH-, 683.0. NMR (DRX400, CD,Cl,): *'P, 41.4 (d, 54), 45.0 (d,
54); 13C, 158.8 (bb), 157.8 (bb), 147.9, 126.0-135.2,120.9,120.3, 114.6 (bb), 113.9 (bb), 108.8 (cy), 102.5
(cy), 93.1 (cy), 55.4 (OCH3), 55.3 (OCH3), 47.0 (H,C=CPhPh-), 26 .4 (cy), 24.5 (cy), 19.4 (cy), 17.6 (cy);
H, 6.92-8.12 (m, 29H), 6.53 (d, 8.3, 1H, bb), 6.44 (d, 8.4, 1H, bb), 6.05 (d, 6.7, 1H, cyH), 593 (s, 1H,
H,C=CPhPh-), 5.82 (d, 7.2, 1H, cyH), 5.65 (d, 7.2, 1H, cyH), 342 (d, 1.10, 1H, H,C=CPhPh-), 3.42 (s,
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3H, OCHj), 3.34 (s, 3H, OCHj), 1.50 (br s, 1H, CHj), 0.53 (d, 7.0, 1H, CH(CH3),), -0.22 (d, 6.6, 1H,
CH(CH3),), -0.41 (m, IH, CH(CH}),).

Synthesis of C4

1-Octyne (7 ul,0.048 mmol) was added to a solution of [Ru((S)-
MeO-Biphep)(nS-benzene))(SbFy), (51.4 mg, 0.042 mmol) in 1 @j(SbFe)e
ml CD,Cl, The remaining orange solution was heated at 35°C Fju

for 48h. The solvent was evaporated i.v. and the resulting powder \\

Phop”
was washed with 5x1 ml Et,O. The orange product was dried i.v. ! PhP

Color: orange. Yield: 613 mg (95%). Anal. Calcd for

Cs,Hs,P,0,RuSb,F,, (1343.5): C, 46.49; H, 3.90. Found: C, O R = n-Gebrg
46.83; H, 4.38. FAB-MS: Calcd. M?* 872.1; Found M?*-ben- OMe
zene-CgH5+2SbF¢, 1029.1; M2+—benzene-C8H15+SbF6, 919.1;
M?*-benzene, 793.1; M**-benzene-CgH; s, 683.0. NMR (DRX400, CD,Cl,): 3P, 362 (d, 51), 45.8 (d,
51); 13C, 158.8 (bb), 157.8 (bb), 1464 (H,C=CRPh-), 1374 (H,C=CRPh-), 129.4-135.3, 126.9 (bb),
126.4 (bb), 125.9 (bb), 125.6 (bb), 123.1 (bb), 114.7 (bb), 114.3 (bd), 104,3 (C4Hg), 55.1 (OCH3), 55.1
(OCH3), 55.1 (H,C=CRPh-), 455 (-CHy(CH,),CHj3), 31.7 (-CH,CH)CH,);CH3), 306 (-
(CH,),CH,(CH,),CHs), 29.3 (-(CH,);CH,CH,CH3), 22.6 (-(CH,),CH,CH3), 140 ((CHy)sCH3); 'H,
7.15-7.89 (m, 22H), 6.98 (dd, 7.7, 11.5, 1H), 6.60 (d, 8.6, 1H, bb), 6.43 (d, 8.4, 1H, bb), 6.14 (s, 6H,
CeHg), 5.38 (s, 1H, H,C=CRPh-), 3.41 (s, 3H, OCHj;), 331 (d, 10.6, 1H, H,C=CRPh-), 3.24 (s, 3H,
OCH3), 3.24 (m, 1H, -CH,(CH,),CH3), 2.09 (m, 1H, -CH,(CH,),CH3).

OMe

Synthesis of C5

2.5 Equivalents of 1-pentyne (10 ul, 0.048 mmol) were added to

a solution of [Ru((S)-MeO-Biphep)(n®-benzene)](SbFy), (47.4 ®_‘(Sbm2
mg, 0.038 mmol) in 1 ml CD,Cl,. The remaining orange solution
was heated at 35°C for 48h. The solvent was evaporated i.v. and pth“‘w“'
the resulting powder was washed with 5x1 ml Et,O. The orange PhP

product was dried i.v. Color: orange. Yield: 47.5 mg (96%). Anal. O

Calcd for Cy9HygP,0O,RuSb,F5 Et,O (1301.5): C, 46.28; H, O R = n-CaHy
4.11. Found: C, 46.28; H, 4.11. FAB-MS: Calcd. M%* 830.0; OMe OMe

Found M2+-benzene, 749 .0; M2+—benzene-C5H9, 683.0. NMR

(DRX400, CD,Cl,): 3P, 362 (d, 51), 45.7 (d, 51); 13C, 158.9 (bb), 157.9 (bb), 146.2 (bb), 137.0
(H,C=CRPh-), 133.1-134.0, 1328, 132.2, 129.3-131.1, 126.6 (bb), 132.1 (bb), 114.8 (bb), 114.5 (bb),
1044 (C4Hg), 554 (H,C=CRPh-), 554 (OCHj), 55.2 (OCHj), 474 (-CH,CH,CHj3), 236 (-
CH,CH,CH,), 13.8 (-CH,CH,CH3); 'H, 7.13-7.93 (m, 22H), 6.97 (dd, 8.1, 11.0, 1H), 6.60 (d, 8.5, 1H,
bb), 6.43 (d, 8.5, 1H, bb), 6.18 (s, 6H, CgHy), 5.37 (s, 1H, H,C=CRPh-), 3.41 (s, 3H, OCH3), 3.30 (4, 10.8,
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1H, H,C=CRPh-), 3.25 (s, 3H, OCHj), 3.19 (m, 1H, -CH,CH,CHy), 2.12 (m, 1H, -CH,CH,CH3), 1.33
(m, 1H, -CH,CH,CH3), 0.89 (1, 7.5, 3H, -CH,CH,CH3), 0.77 (m, 1H, -CH,CH,CHj).

Synthesis of C6

Phenylacetylene (10 g1, 0.091 mmol) was added to a solution of
[Ru((S)-MeO-Biphep)(n®-benzene)](SbFg), (39.5 mg, 0.032 mmol) @jﬁbmz
in 0.5 ml CD,Cl,. The remaining orange solution was heated at Flu

35°C for 3h. The solvent was evaporated i.v. and the resulting pow- thp@f*‘" \\ R

Color: orange. Yield: 415 mg (97%). Anal. Caled for
Cs,Hy4P,0,RUSb,F |, (1335.4): C, 47.72; H, 3.86. Found: C,47.38; O
H, 3.62. FAB-MS: Calcd. M2+ 884.1; Found M2+—benzene+SbF6, OMe
1021.7; M?*-benzene, 785.9. NMR (DRX400, CD,Cl,): *'P, 36.4

(d, 53), 46.0 (d, 53); 13C, 159.2 (bb), 158.0 (bb), 147.1 (H,C=CPhPh-), 129.9-133.4, 126.7(bb), 126.2
(bb), 125.8 (bb), 125.8 (bb), 123.6 (bb), 115.0 (bb), 1145 (bb), 55.6 (OCHj3), 554 (OCH3), 510
(H,C=CPhPh-); 'H, 6.42-8.59 (m, 30H), 6.18 (s, 1H, H,C=CPhPh-), 5.64 (s, 6H, C¢Hy), 3.47 (s, 3H,
OCH3),3.31 (s, 3H,0CH3),2.98 (d, 10.5, 1H, H,C=CPhPh-).

der was washed with 5x1 ml Et,O. The orange product was dried i.v. ! PhP

R=Ph
OMe

Synthesis of C7

2-Methyl-3-butyn-2-ol (6 ul,0.101 mmol) was added to a solu-
tion of [Ru((S)—MeO—Biphep)(n6-p-cymene)](SbF6)2 (61.4 mg, _®_<
0.048 mmol) in 1.5 ml CD,Cl,. The remaining solution J
changed color from red to yellow. 31p_NMR indicated after 1.5h - \\C\

(SbFg)2

full conversion to the product. The solvent was evaporated i.v. PPh, CII
and the remaining powder was washed with 3x1 ml Et,O upon O CHy
which the color changed to purple. The purple powder was O

dried i.v. OMe

Color: orange. Yield: 58.6 mg (90%). Anal. Calcd for

Cs3Hs5,P,O,RuSb,Fy5 (1355.49): C, 46.96; H, 3.87. Found: C, 46.80; H, 3.96. FAB-MS: Calcd. M2+
884.1; Found M?* 885.2; M?*-p-cymene, 749.8; M2*-p-cymene-CsHg, 683.1. NMR (DRX400, CD,Cl,):
31p, 31.9 (d, 38), 47.7 (d, 38); 13C, 305.1 (CCCMe,), 2040 (CCCMe,), 178.2 (CCCMe,), 1599 (bb),
158.3 (bb), 129.5-133.3, 126.1, 1234, 120.1, 120.6, 114 4 (bb), 114.3 (bb), 114.3 (cy), 108.8 (cy), 107.2
(cy), 105.5 (cy), 56.1 (OCH3), 55.7 (OCHy), 38.3 (CCCMe,), 32.3 (CH(CH3),), 23.0 (CH(CHj3),), 20.2
(CHj), 21.9 (CH(CH3),); 'H, 6.81-7.77 (m, 27H), 6.57 (d, 8.6, 1H, bb), 4.87 (d, 6.5, 1H, cyH), 4.72 (d,
7.2, 1H, cyH), 3.61 (s, 3H, OCHj3), 3.44 (s, 3H, OCH3), 2.90 (m, 1H, CH(CHj3),), 2.04 (br s, 3H, CHj3),
1.81 (s, 6H, CCCMe;), 1.49 (d, 7.0, 3H, CH(CHj3),), 1.02 (d, 7.0, 3H, CH(CH3),).
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Pen-1-en-yl Benzoate (cat 5)

Benzoic acid (105.0 mg, 0.86 mmol), 1-pentyne (85 ul, 0.86 mmol) and catalyst S (55.7 mg, 0.043 mmol)
in 1 ml 1,2-C,H,Cl, were stirred at 35°C for 96h in a closed ampule under inert atmosphere (Ar). The
product was purified by preparative TLC (eluent 95% hexane/5% ethyl acetate) to afford 39.3 mg (24%)
of the Pen-1-en-yl benzoate (cis:trans, 69%:31%).

Pen-1-en-yl Benzoate (cat 6)

Benzoic acid (104.8 mg, 0.86 mmol), 1-pentyne (85 ul, 0.86 mmol) and catalyst 6 (55.3 mg, 0.045 mmol)
in 1 mL 1,2-C,H4Cl, were stirred at 35°C for 96h in a closed ampule under inert atmosphere (Ar). The
product was purified by preparative TLC (eluent 95% hexane/5% ethyl acetate) to afford 29.4 mg (18%) of
the Pen-1-en-yl benzoate (cis:trans, 75%:25%).

Characterisation of Pen-1-en-yl Benzoate

NMR (DPX300, CDCl5): 13C, (major product, Z-product), 164.0 (C=0), 134.7 (CH), 133.8 (CH), 130.0
(CH), 1299 (CH), 128.9 (CH), 115.1 (CH), 27.1 (CH,), 22.8 (CH,), 14.1 (CH3); (minor product, E-prod-
uct) 164.3 (C=0), 136.1 (CH), 133.7 (CH), 130.3 (CH), 129.7 (CH), 128.8 (CH), 115.9 (CH), 29.8 (CHy),
23.1 (CH,), 14.0 (CH3); 'H, 8.08-8.16, 7.57-7.66, 7.44-7.54,7.34 (m, 12.3), 7.30 (m, 6.4), 5.63 (dt, 12.3,
7.7),5.04 (dt, 74, 6.4),2.30 (m), 2.08 (m), 1.41-1.57,0.99 (t,7.4),0.97 (t,7.4).

Oct-1-en-yl Benzoate (cat 5)

Benzoic acid (106.0 mg, 0.87 mmol), 1-octyne (130 k1, 0.88 mmol) and catalyst 5 (54.6 mg, 0.044 mmol)
in 1 mL 1,2-C,H4Cl, were stirred at 60°C for 24h in a closed ampule under inert atmosphere (Ar). The
reaction mixture was washed with aqueous NaHCQOj solution and dried over MgSOy,. The product was
purified by silica gel chromatography (eluent 95% hexane/5% ethyl acetate) to afford 135.7 mg (71%) of
the Oct-1-en-yl benzoate (Z.E, 73%:27%).

Oct-1-en-yl Benzoate (cat 6)

Benzoic acid (105.4 mg, 0.86 mmol), 1-octyne (130 1, 0.88 mmol) and catalyst 6 (56.0 mg, 0.043 mmol)
in 1 mL 1,2-C,H,Cl, were stirred at 60°C for 24h in a closed ampule under inert atmosphere (Ar). The
reaction mixture was washed with aqueous NaHCOj3 solution and dried over MgSOy,. The product was
purified by silica gel chromatography (eluent 95% hexane/5% ethyl acetate) to afford 122.4 mg (64%) of
the Oct-1-en-yl benzoate (Z:E, 80%:20%).

Oct-1-en-yl Benzoate (cat C7)

Benzoic acid (53.9 mg, 0.44 mmol), 1-octyne (65 pl, 0.44 mmol) and catalyst C7 (31.2 mg, 0.023 mmol)
in 0.5 mL 1,2-C,H,Cl, were stirred at 60°C for 24h in a closed ampule under inert atmosphere (Ar). The
reaction mixture was washed with aqueous NaHCOj solution and dried over MgSO,. The product was
purified by silica gel chromatography (eluent 95% hexane/5% ethyl acetate) to afford 60.6 mg (62%) of the
Oct-1-en-yl benzoate (Z:E, 70%:30%).

Characterisation of Oct-1-en-yl Benzoate.

NMR (DPX300, CDCly): 13C, (major product, Z-product), 164.0 (C=0), 134.6 (CH), 133.8 (CH), 130.3
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(CH), 129.9 (CH), 128.9 (CH), 115.3 (CH), 32.7 (CH,), 29.6 (CH3,), 29.3 (CH,), 25.0 (CH,), 23.0 (CH,),
14.5 (CHj3); (minor isomer, E-product) 164.0 (C=0), 136.0 (CH), 133.7 (CH), 129.8 (CH), 128.8 (CH),
116.1 (CH), 32.0 (CH,), 30.0 (CH,), 29.2 (CH,), 27.8 (CH,), 23.1 (CH,), 14.5 (CHy); 'H, 8.09-8.17,7.56-
7.66,7.44-7.54,7.34 (minor isomer, dt, 12.5, 1.5), 7.29 (major isomer, dt, 6.4, 1.5), 5.63 (minor isomer, dt,
12.5,7.4),5.03 (major isomer, dt, 7.4, 6.4), 2.32 (major isomer, m), 2.10 (minor isomer, m), 0.81-1.00 (m),
1.20-1.55 (m),

Synthesis of 1-octyne-d;

To 1-octyne (1 mL, 6.8 mmol), MeLi (5 mL, 0.1584 M in Et,0) was slowly added. After 0.5h stirring, the
reaction mixture was quenched with 5 mL D,0. The volume of the reaction mixture was increased by add-
ing 5 mL dried Et,O. The two liquid layers were separated and the Et,O layer was dried over MgSOj.
Evaporation of the Et,O lead to the colorless product. NMR (DPX300): 24 (aceton), 2.23 (br s); 1H (dg-
aceton), 2.16 (2H, t, 6.6), 1.22-1.57 (8H, m),0.90 (3H, t, 6.9).

Catalytic reaction with 1-octyne-d;

Benzoic acid (105.7 mg, 0.87 mmol), 1-octyne-d; (130 1, 0.88 mmol) and catalyst 5 (54.0 mg, 0.043
mmol) in 1 mL 1,2-C,H,Cl, were stirred at 60°C for 24 h. The same conditions and work-up as for cataly-
sis with 1-octyne were applied.

NMR (DPX300): 2H (aceton), 7.31 (37%, br s), 5.70 (16%, br s}, 509 (47%, br s); 'H (dg-aceton), 8.05-
8.15,7.64-7.73,7.51-7.60, 7.33 (minor isomer, dt, 12.5, 1.5), 7.27 (major isomer, dt, 6.4, 1.5), 5.58 (minor
isomer, dt, 12.5, 7.4), 5.08 (major isomer, dt, 7.4, 6.4), 2.32 (major isomer, m), 2.10 (minor isomer, m),

0.80-0.99 (m), 1.21-1.57 (m).
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3.5.3. Selected NMR-data

Table 6: Selected NMR-data for Cla

position position

83p
1 45.6
2 38.7

3'H 8 B¢ 5 H 8 B¢
1 - 128.4 1 - 129.6
2 - 158.0 2! - 1583
3 6.43 114.7 3 6.55 114.6
4 725 130.6 4' 7.14 129.7
5 7.63 1249 5' 732 1233
6 - 128.3 6' - 1269
7 344 553 7' 3.25 55.1
8 2.18 200 18(a/b) 5.00/3.75 554
9 - 121.7 19 - 1330
10 6.18 102.5 20 - 1454
11 5.88 103.3 21 - 136.0
12 6.86 100.8 22 6.92 1344
13 597 106.3 23 723 129.1
14 - 134.1 34 742 1325
15 235 310 25 720 126.7
16 0.70 205
17 0.96 229
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Table 7: Selected NMR-data for C1b

position position

33p
1 455
2 399

5 H 8 B¢ 5 1H 8 Bc
1 - 129.6 1 - 1249
2 - 158.0 2' - 1594
3 6.54 1153 3 6.62 1145
4 7.13 1304 4' 7.26 129.8
5 7.37 126.0 5' 7.37 123.1
6 - 126.6 6' - 1284
7 337 556 7 331 554
8 2.00 202 18 3.11 85.6
9 - 127.6 19 591 89.2
10 5.10 103.0 20 - 144 8
11 6.11 108.6 21 - 1312
12 738 954 22 6.84 1339
13 5.01 106.3 23 734 128.8
14 - 126.1 34 7.61 1336
15 2.65 322 25 7.54 128 4
16 0.59 185
17 1.12 25.1
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Table 8: Selected NMR-data for C2a

10 SbF,
8 9 i\ 14 1 16 |(SbFe)2

12 l 13 17
Ru 18
26 27 28
\\ 19 _CH,CH,CHa
P

PhoP
Ph

7 OMe
M

position position

531p
1 45.7
2 39.0

81H 8 B3¢ 51H 8 3¢
1 - 128.4 1 - 126 .4
2 - 1579 2! - 158.3
3 6.42 114.6 3 6.54 1145
4 7.24 130.5 4 7.12 129.6
5 7.64 1249 5 7.28 1234
6 - 1284 6' - 1272
7 324 550 7 3.40 554
8 2.09 20.0 18(a/b) 503/3.73 | 554
9 - 122.1 19 -
10 6.14 102.3 20 - 1452
11 597 1035 21 - 1363
12 6.89 100.1 22 6.91 1342
13 6.04 106.7 23 721 129.1
14 - 133.8 34 7.40 1324
15 2.29 309 25 7.16 126.7
16 0.66 19.8 26 2201247 | 480
17 0.96 23.1 27 132/150 | 25.6

28 0.96 13.8
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Table 9: Selected NMR-data for C2b

10 11 16 |(SbFeg)2
14 15 l

g
12 13 26 1

7
H,CH,CH
CHz 2CHs

27

position position

83lp
1 454
2 39.7

51H 8 Bc 51H s Bc
1 - 129.3 1 - 1245
2 - 1574 2' - 159.1
3 6.53 115.0 3 6.61 1142
4 7.12 130.3 4' 7.26 129.7
5 737 1253 5' 7.38 1231
6 - 126.3 6' - 127.6
7 336 555 7' 3.31 553
8 2.00 20.1 18 3.12 852
9 - 127.7 19 592 89.1
10 5.07 102.6 20 - 144 8
11 6.09 108.4 21 - 132.7
12 740 95.2 22 6.83 133.8
13 5.00 106.2 23 7.33 128.5
14 - 126.1 24 7.61 133.8
15 2.65 319 25 7.54 128.3
16 0.59 18.5 26 2.10/2.79 44 4
17 1.10 251 27 1.92/1.92 27.7

28 1.29 14.0
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Table 10: Selected NMR-data for C3

16 |(SbFg)2

position position

33p
1 450
2 414

3'H s 13 5'H 5 B¢
1 - 126.0 1' - 128.8
2 - 158.8 2! - 157.8
3 6.53 1139 3 6.44 114.6
4 7.12 129.5 4' 7.17 130.6
5 7.17 1245 5 7.48 126.0
6 - 129.9 6' - 130.8
7 342 554 7' 334 553
8 1.50 194 18(a/b) 5.93/3.42 470
9 - 125.2 19 -
10 5.65 102.5 20 - 1479
11 6.05 108.0
12 7.17 93.1
13 5.82 106 .4
14 - 130.7
15 -041 264
16 0.53 245
17 -0.22 17.6
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Table 11: Selected NMR-data for C4

0 10 1 i (SbFg)2
12 I 13
Ru 18
\\‘\“....-‘ — 19 R
PhoP
Ph

P

R =n-CeHy3
7 OMe
position position
§3p
1 45.8
2 32.6
3'H 8 B3¢ 8 H 8 13¢
1 - 128.3 1 - 1259
2 - 157.8 2' - 158.8
3 6.53 114.7 3 6.44 1143
4 7.12 130.7 4' 7.17 129.7
5 7.17 125.6 5' 7.48 123.1
6 - 1264 6' - 1269
7 342 55.1 7 334 55.1
9-14 6.14 104.3 18(a/b) 5.38/3.31 55.1
19 - 1374
20 - 146 .4
21 - 1334
22 6.98 1349
23 7.34 1292
24 7.58 133.8
25 7.40 126.2
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Table 12: Selected NMR-data for C5

1

1
p S g

12 13

1
o \\\“\
P

P

0
ﬁJu 18
Ph

——l(SbFs)z

26 27 28
19 CH,CH,CH,

7 OMe
position position
8 3p
1 45.7
2 326
8 H 3 B¢ 3 'H & B3¢
1 - 128.3 1 - 125.8
2 - 1579 2' - 158.9
3 6.43 114.8 3 6.60 1145
4 7.23 130.9 4' 7.25 129.9
5 7.59 125.6 5 7.63 123.1
6 - 126.3 6' - 126.6
7 3.25 552 7' 341 554
9-14 6.18 104.4 18(a/b) 5.37/3.30 554
19 - 1370
26 3.19/2.12 474 20 - 146.2
27 1.33/0.77 23.6 21 - 133.5
28 0.89 13.8 22 6.97 134.8
23 7.34 1292
24 7.58 133.6
25 7.40 126.5
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Table 13: Selected NMR-data for C6

position position
8 3p
1 46.0
2 364
31H 8 B¢ 5 1H 8 Bc
1 - 128.3 1 - 128.7
2 - 159.2 2! - 158.0
3 6.68 1145 3 6.49 1150
4 731 133.8 4 7.25 1337
5 7.70 123.6 s 7.65 1258
6 - 126.7 6' - 126.2
7 347 556 7' 3.31 554
9-14 5.64 105.3 18 6.12/2.98 510
19 -
20 - 147.1
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Chapter 4

P-C Bond Splitting: Induced by CF;SO;H, HBF, and (BuyN)(Ph3SiF,)
4.1 Abstract

The solid-state structures of the precursors [Ru(OAc),((S)-L1a)] or [Ru(OAc),((R)-
L1b)] ((S)-L1la = (5)-MeO-Biphep and (R)-L1b = (R)-3,5-di-~-Bu-MeO-Biphep)
respectively 9a and 9b are reported.

Reaction of [Ru(OAc),(L1a or L2)] (L2 = Binap), respectively 9a and 10, with wet
CF3SO5H (= HOTY) in 1,2-dichloroethane at 90°C results in stereospecific P-C bond
breaking to afford the cationic triflates [Ru(OTf)(6’-diphenylphosphino-1’-(2-
dimethoxy)-biphenyl)(PPh,OH)](OTf), C1, and [Ru(OTf)(6’-diphenylphosphino-1-
naphthyl) (PPh,OH)](OTf), C2. Formally, the H* protonates the acetate and water adds
stereospecifically across the P-C bond with the resulting arene ring complexed n6 to the
Ru(II). The solid-state structures of C1 and C2 are reported.

A related reaction of [Ru(OAc),(L1a, L1b or L2)] with HBF, gives P-C bond cleavage
with the formation of compounds, C3-C5, which contains the new phosphinite anion
(C12Hy1BF,0,P), derived from hydrolysis of the BF,™ anion. The solid-state structure of
C4 is reported. NMR studies at -60°C on the reaction mixture derived from
Ru(OAc),(L2) and HBF, show an HF addition product, C6, containing a Ru-F---H moi-
ety with 1J(1°F,'H) = 66 Hz. Warming of this mixture to 0°C give P-C bond breaking
and isolable complexes, C7a and C7b, containing the fluorophosphine, Ph,PF. Complex
C8, a Ru-Cl-analog of C7 with complexed Ph,PF, has also been isolated.

Reaction of [Ru(L2)(arene)](SbFg), (arene = n6-p-cymene, 26, or n6-benzene, 27) with
(BuyN)(Ph3SiF,) leads to cyclometallated products C9 and C10 which arises via P-C
bond breaking and P-F bond making.
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4.2 Introduction

Since naproxen and many other chiral 2-acrylpropionic acids represent high-value phar-
maceutical products, there has been significant interest in the development of a practical
process based on the efficient asymmetric hydrogenation of the 2-arylacrylic acids. An
important breakthrough using [Ru(OAc),(Binap)] as a catalyst precursor was achieved

by Noyori et al. (Scheme 1.1

OO COzH  Ru(OAc)»(Binap) COLH
MeO CH5OH, MeO

H,, 135 atm., 12 hours
substrate/cat. = 215 97% ee reported

Scheme 1. The asymmetric hydrogenation of 2-(6’-methoxy-2’-naphlthyl)acrylic acid using

[Ru(OAc),(Binap)] as catalyst precursor.

Monsanto? has reported attempts to optimise the preparation of the [Ru(OAc),(Binap)]
catalyst which is derived from the reaction between NaOAc and Ruz(Binap)2C14(NEt3).3
The latter is obtained from the reaction of [Ru(COD)Cl,], (COD = 1,5-cyclooctadiene)
with Binap in presence of an excess triethylamine. The mixture of chloro-ruthenium-
Binap complexes obtained from the one-pot reaction carried out in the absence of
NaOAc, catalyses the asymmetric hydrogenation of 2-(6’-methoxy-2’-naphlthyl)acrylic
acid with excellent rates and enantioselectivities. However, complex 1 in which one of
the phosphorus-naphthyl bonds in the Binap ligand was cleaved, was found to be inac-

tive.
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Since 1 accounted for a large portion of the mixed complexes (ca. 50%), it was obvious
that the catalytic activity of the mixed species would be substantially increased if the for-

mation of 1 could be avoided.

Clearly, P-C bond cleavage can represent an undesirable (but interesting) side reaction in
homogeneous catalysis. It is of importance to understand the mechanisms of these reac-

tions in order to improve our understanding of catalytic relevant mechanistic processes.

Interesting new metal complexes derived from P-C bond cleavage have been described in
the literature.*> For example, van Leeuwen et al.% have described the rearrangement of
the cyclic platinum alkoxide 2 to 3 as shown in Scheme 2. Alkoxide complexes are inter-
mediates in industrial processes such as the conversion of syngas to methanol or ethylene
glycol. Complex 2 is believed to rearrange via a nucleophilic attack at the coordinated
phosphorus center by the alkoxy group, followed by a shift of a phenyl group from the
phosphorus to platinum. Possibly, this type of P-C bond splitting reaction is related to the

decomposition of arylphosphines in syngas reactions with late transition-metal catalysts.

:2 A | j
O-RR, P PR, P
H  p R _ar, Oy 0
“0-pR, SNO— CH; \O—Pﬁ2®CH2

2,R=Ph 3,R=Ph

Scheme 2. The P-C bond cleavage in cyclic platinum complex 2 resulting in complex 3.

Protonation of organometallic compounds is a well-established means of generating-
metal-bound hydrides. However, it can also result in undesired P-C bond cleavage.
Although examples are scarce, Morris et al 7 have recently reported on a P-C bond cleav-
age induced by HBF, in the Mo-arene complexes (Scheme 3). Additon of HBF, to
[Mo(n6-PhPPh2)(dppe)(PPh3)] (dppe = Ph,PCH,CH,PPh,), 4, in benzene leads to com-

plex 5 in which a new P-F bond is generated, and to hydroxyphosphine complex 6
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@PPhZ HBF,4, HoO Q <T3

CeHe
A\ HPPhg* Mo ppngr T Ne—pphyoH
."I', - 3 2 2
Ph,P \ ‘PPhs . HOBFy  PhoP \\H PhaP \\H
8 PPh L_PPhe
2
4 5 6

Scheme 3. P-C bond cleavage induced by protonation of complex 4 resulting in 5 and 6.

Another P-C bond cleavage along with C-F bond activation has been reported by Mil-
stein et al 2 Upon reaction of [IrMe(PEts3)3], 7, with hexaftuorobenzene at 60°C in ben-

zene, complex 8 together with methane and ethylene were genearated.

F
PEt - CHy PFEt
EtaP\I _PEts . F. F vy FEtSP\Ir _PFEt
/N N
Me” PEts F F F PEts
F F
7 F

8

Scheme 4. P-C bond splitting in Ir(I)-complex 7 resulting in fluoro-phosphine Ir(1)-complex 8.




Chapter 4 103

4.3 Results and discussion

4.3.1 Solid-state structures of precursor

Given the interest in asymmetric hydrogenation,9 several [Ru(OAc)2(biphosphine)]10’11
complexes have been prepared and studied. Treatment of [Ru(OAc)Z(n6-p-cymene)]
with (S)-MeO-Biphep'? ((S)-L1a), (R)-3,5-di-t-Bu-MeO-Biphep'? ((R)-L1c) or Binap'>
(L2) in toluene affords the yellow solids of [Ru(OAc),((S)-L1a)], (R)-L1c or L2, respec-
tively 9a, 9b and 10, in good yields (Scheme 5). Suitable crystals of 9a and 9b for X-ray
diffraction could be obtained from a saturated toluene solution. The syntheses of these
comple:xesz"14 has been described in the literature, however, no solid-state structures for

9a and 9b have been reported so far.

O Dot
MeO P toluene, A MeO PR | 0O

+ Ru(OAc)>(n%-p-cymene) ———

MeO p -p-cymene 0’ ™0
Rg R2 O !

L1a,R=Ph 9a, R = Ph

L1b, R = 3,5-di-t-butyl-CgH3 9b, R = 3,5-di-t-butyl-CgH3

oot oo
P toluene, A e

+ Ru(OAc)(n-p-cymene) —————

p - p-cymene )
O™ eocts

L2 10

Scheme 5. Preparation of complexes 9a, 9b and 10.
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The structures of 9a and 9b were determined by X-ray diffraction and views of the cat-
ions are shown in Figures 1 and 2, respectively. The immediate coordination spheres of
both cations contain two anionic bidentate acetate ligands and two phosphorus donors of
the biarylphosphine ligand. The structures show a distorted octahedral coordination
geometry around Ru(Il). Table 1 shows a list of selected bond lengths and bond angles
for 9a and 9b.

U/ c<32 —.-.l

‘\ % I“‘ P(2)
Y "II'

(
ol 0(2)

014y AL V&L

(A A =
R
<>

Figure 1. View of the structure of the cation of 9a, 50% ellipsoids. The oxygen atoms attached to

P(1) and P(2) are clearly visible as well as the atropisomeric MeO-Biphep ligand (L1a).

The bond distances of Ru-O trans to the phosphorus atoms are both ca. 2.21 A for 9a
and ca. 2.22-2.23 A for 9b. These are considerably longer than the Ru-O separations
trans to the oxygen atoms, ca. 2.11-2.12 A for 9a and 2.10-2.13 A for 9b. This difference
is consistent with the high trans influence of the strongly o-donating phosphorus ligand
atom. Noyori et al.1 have reported the solid-state structure of [Ru(OAc),(Binap)], 10,
as having an average Ru-O separations (trans to phosphorus) of ca. 2.20 A and the aver-
age Ru-O separations (trans to oxygen) of 2.13 A. The Ru-O separations of ca. 2.20 A

(trans to  phosphorus) and ca. 2.12 A (trans to oxygen) in
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[Ru(OzCCMe=CHMe)2(Binap)]11 are consistent with the observed averages for 9a and
9b.

The Ru(1)-P(1) and Ru(1)-P(2) separations are ca. 2.24 A for 9a and 2.22 A for 9b. The
bond angles P(1)-Ru(1)-P(2) are ca. 92° for both complexes. Again these are consistent

with the values reported in the literature for these types of complexc:s.1 115

Figure 2. View of the structure of the cation of 9b, 50% ellipsoids.

Table 1: Selected bond lengths (A) and bond angles (deg) for 9a and 9b.

9a 9%
Ru(1)-P(1) 2.2356(14) 2.225(2)
Ru(1)-P(2) 2.2355(15) 2.223(3)
Ru(1)-0(2) 2.208(4) 2.132(7)
Ru(1)-0(3) 2.111(4) 2.231(7)
Ru(1)-0(4) 2.208(4) 2.097(8)
Ru(1)-0(5) 2.119(4) 2213(8)
0(2)-C(32)/C(64) 1.247(8) 1.296(13)
0(3)-C(32)/C(64) 1.265(7) 1.253(13)
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Table 1: Selected bond lengths (;X) and bond angles (deg) for 9a and 9b.

9a 9b
0(4)-C(34)/C(66) 1.254(8) 1.273(19)
O(5)-C(34)/C(66) 1.283(8) 1.206(19)
P(1)-Ru(1)-P(2) 92.73(5) 92.44(10)
0O(2)-C(32)/C(64)-0(3) 120.0(6) 119.5(11)
0(4)-C(34)/C(66)-0(5) 118.7(6) 122.5(14)
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4.3.2 P-C bond splitting induced by CF;SO;H

As part of our study on structural properties of the biarylphosphine ligands MeO-Biphep
and Binap,14’16’17 [Ru(OAc),(L1a or L2)] (L1a = MeO-Biphep and L2 = Binap), 9a and
10 respectively, were allowed to react with slightly more than two equivalents of wet
CF;SO3H (= HOTY) in 1,2-dichloroethane at 90°C. These conditions resulted in ste-
reospecific (vide infra) P-C bond breaking to afford the products C1 and C2 in a few
hours in good yield (Scheme 6). A new chiral center has been created on the Ru(II)-atom.
The complexes C1 and C2 contain a hydroxyphosphine ligand (PPh,OH), a coordinated
triflate and an asymmetric n6-complexation of one of the aryl rings of the new
P(biaryl)Ph, ligand. Formally, the H" protonates the acetate and the water adds across
the P-C bond.

Lot _l OTf

O Ph, 2 HOT, H0 PheP — R PPh,OH
MeO R 1,2-C5H4Clp 90°C e
" Ru(OAc), oA
MeO P . C
Phy OMe
9a C1

Keli _|0Tf
OO Ph, 2 HOTf, H,0 PheP— R~ pPh,0H
X 1,2-CoHaCl2 90°C |
/RU(OAC)g -2 HOAG > P
™ a

10 c2

Scheme 6. The preparation of complexes C1 and C2.

Several related reactions leading to hydroxyphosphines and complexes thereof are
known in the literature, e.g. the synthesis of (CgF5CH,),POH, 11, and it’s complexation

to Ru(II) as shown in Scheme 7.1% The ligand 11 was prepared by reacting bis(pentafluo-
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robenzyl)bromophosphine with lithium aluminium hydride in diethylether. The reaction
of ligand 11 with half an equivalent of [RuClQ(nG-l -3,5-Me3CgH3)l, in dichloromethane
affords Ru(Il)-hydroxyphosphine complex 12.

CHaCla :é|

(CeFsCH2),POH + 0.5 [RuCIz(n6-1,3,5-Me305H3)]2

reflux Ru
\\\“" \
1 (CeFsCHa)oP \ Ci
| ¢l
HO
12

Scheme 7. The reaction leading to hydroxyphosphine Ru(II)-complex 12.

Recently, the treatment of [Os(n5-C5H5)C1(Ph2PH)(PiPr3)], 13,with TIPFg in wet ace-
tone  affording the  cationic hydridophosphine ~ complex [Ost(nS-
C5H5)(Ph2POH)(PiPr3)]PF6 has been reported.19 D,0 experiments have indicated that
this reaction proceeds via  hydride-phosphido intermediate, [OsH(nS-
C5H5)(PPh2)(PiPr3)]+, which is generated by intramolecular P-H oxidative addition of
the unsaturated [Os(n5-C5H5)(PHPh2)(PiPr3)]+. Once the hydrido-phosphide species is
formed, the HO-H addition to the Os-phosphido bond affords 13. However, the P-C bond
splitting mechanism as described above, is unlikely to be the case for our Ru-chemistry

as it involves oxidative addition leading to a Ru(IV) species.

The solution structures for the new P(OH)Ph, complexes C1 and C2 were confirmed by
multinuclear, multidimensional NMR spectroscopy.20 Their 3P spectra show the
expected AX pattern, with the complexed Ph,POH ligand appearing at higher frequency
(& =104.1in C1 and 114.5 in C2). Their B¢ spectrum show six, and their 'H spectra,
four (C1) or three (C2) resonances from the coordinated ring, all strongly shifted to
lower frequencies, due to the complexation 2122 The complexed arene protons were con-
nected to their corresponding B¢ signals via a 2-D 13¢,'H correlation. A section of the
spectrum for C1 is shown in Figure 3. It depicts the cross-peaks for the four 13C and 'H
resonances of the complexed n6-ring. The chemical shifts appear at relatively low fre-

quency, indicative of complexation.
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Figure 3. A section of the 13¢_1Y correlation for C1 (400 MHz, CD,Cl,, ambient temperature).

The PPh,OH hydroxy-proton for C1 and C2 are observed at 6 = 9.66, and 10.02, respec-
tively. For C2, the OH-proton can be correlated to its 3p signal, P1, via a 2D-NMR 31p.
H correlation. Figure 4 shows a section of this spectrum in which the correlation to the
OH-proton is clear, as are the two strong sets of cross-peaks due to the two sets of ortho
P-phenyl protons. There are weak correlations to the meta protons and one of the protons
of the complexed ring. The high frequency position of the OH-proton combined with its
relatively slow exchange observed with water in the solvent (based on 2-D exchange

spectroscopy) suggests that the OH is hydrogen bonded.

The '°F spectrum for C1 and C2 reveals two separate triflate absorptions for each com-
plex. A 19 IH-HOESY experiment shows a close contact between the uncomplexed
OTf and the OH-proton. 19F. and 'H-diffusion measurements?? have confirmed the H-
bonding of the uncomplexed triflate for C2 in solution.?* Table 12 (Section 4.5.3) shows
a selection of lH, 13C, 198 and 3P NMR data for C1 and C2.
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Figure 4. Section of the 'P-H correlation for compound C2 (400 MHz, CD,Cl,, ambient tem-

perature).

The observation of a single diasteromer in the NMR spectra of C1 and C2 is thought to
be due to kinetic control of the P-C bond splitting. Starting from e.g., racemic MeO-
Biphep, the new phosphorus ligand moves from the position indicated by the arrows in
Figure 5 to the stereogenic Ru(Il)-atom such that either the (R,R)- or (§,5)-diasteromer,
or (R,S)- or (S,R)-diastereomers, is formed. Solution NMR measurements show that
these complexes do not epimerize rapidly on the NMR time scale at ambient tempera-

ture.

o WPPhOH [OTf

Figure 5. The kinetic controlled P-C bond splitting.
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Another stereospecific P-C bond splitting reaction starting from C1 and C2 has been
described recently.5 Complexes C1 and C2 undergo rapid stereospecific alcoholysis to
afford complexes of type 14 as depicted in Scheme 8 for C2. A new chiral center has
been created on the P-atom. A dicationic solvent complex which starts to dissociate in
the transition state has been suggested. At the same time the phenyl bridges the Ru and P
atoms and nearby H-bonded solvent begins to form the new P-O bond. Protonation of
these Ru-phenyl complexes using an excess of HOTf in dichloromethane affords a reac-
tion in which the Ru-phenyl group migrates from the metal back to the P atom without

loss of stereogenicity at the Ru atom.

Kl _|0Tf Ph _|0Tf

PhoP— Ru ROH, -HOTT PP — T‘\\PPh(OH)OR

<

o ~~PPh,OH ———

O _|— HOTY, -ROH O >=|=<
S P’

O R = Me, Et, Prl Q

Cc2 14

Scheme 8. The stereospecific reaction of C2 leading in complex 14.

The structures of C1 and C2 were determined by X-ray diffraction. The immediate coor-
dination spheres both contain an asymmetric n6-arene, one oxygen of the triflate anion
and two phosphorus donors: one from the new monodentate P(OH)Ph, ligand and the
second from the P(biaryl)Ph, ligand. The oxygen-atoms attached to the P(1) donors are
clearly visible. Table 2 shows a list of selected bond lengths and bond angles for these

complexes. The views of the cations are shown in Figures 6 and 7.
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Figure 6. View of the structure of the cation of C1, 50% ellipsoids. The oxygen attached to P(1)

is clearly visible, and the n6-comp1exation is indicated by dotted lines.

Table 2: Selected Bond Lengths (A) and Bond Angles (deg) for the Cations C1 and C2.

C1 c2

Ru(1)-P(1) 2.3105(16) 2.2865(14)
Ru(1)-P(2) 2.3529(16) 2.3389(14)
Ru(1)-0(2) 2.178(4) 2.155(4)
Ru(1)-C(1) 2.136(5) 2.135(5)
Ru(1)-C(6) 2.153(6) 2.161(5)
Ru(1)-C(4) 2.306(6) 2.321(5)
Ru(1)-C(5) 2.290(6) 2.300(5)
Ru(1)-C(2) 2.408(6) 2.480(5)
Ru(1)-C(3) 2.347(6) 2477(5)
P(1)-OH 1.583(4) 1.591(4)
P(1)-Ru(1)-P(2) 89.59(6) 91.76(5)
P(1)-Ru(1)-0(2) 93.31(12) 94.64(11)
P(2)-Ru(1)-P(2) 96.87(13) 94.73(11)
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Figure 7. View of the structure of the cation of C2, 50% ellipsoids. The oxygen attached to P(1)

is clearly visible, and the n6—complexation is indicated by dotted lines.

There are relatively few structurally characterised ruthenium triflate complexes known in
the literature. The Ru-O bond length of ca. 230 A in trans-
[Ru(OTf)(C=NH)(dppe),]OTf (dppe = Phy,PCH,CH,PPhy), 15, is relatively large,®
especially when compared with the complexes [Ru(dppe)(CO),(OTf),] , 16, and
[Ru(dppe)(CO)(H,0)(OTf),], 17.26 The Ru-O(OTf) bond lengths in these complexes are
ca. 2.18-2.20 A for 16 and ca. 2.20 A for 17. Thus, the Ru(1)-O(2) bond lengths for C1
and C2, 2.178(4) A and 2.155(4) A, respectively, fall at the lower end of the known
range (ca 2.12-2.30 A) for this bond.2>27
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Figure 8. Ru(Il)-complexes 15, 16, and 17 bearing OTf-ligands.

No evidence has been found for an intramolecular H-bond between the P(OH) and an
oxygen of the complexed triflate. However, a short separations of 1.8 A for C1 has been
found between the assigned position of the hydroxyl-H and an oxygen of the uncom-
plexed triflate. This H-bond also exists in solution as proven by NMR experiments

described above.

The Ru(1)-P separations, ca. 2.31 A and 2.35 A for C1 and ca. 2.29 A and 2.34 A for C2,
are routine. However, the six Ru(1)-C arene bond lengths in both C1 and C2 are very dif-
ferent and seem to exist in three groups of two. Two distances are relatively short, Ru-
C(1) and Ru-C(6),ca 2.13-2.16 A, but fairly normal 2128 Two are slightly longer, Ru(1)-
C(4) and Ru(1)-C(5), 2.29-2.32 A and two are quite long, Ru(1)-C(2) and Ru(1)-C(3), ca
2.35-248 A.

Inspection of the X-ray literature for arene complexes of Ru(Il) suggests that routine Ru-
C separations in a variety of substituted and simple Ru-arene complexes should be of the
order of 2.15-2.28 A with the average at ca 223A2% Specifically, the observed values at
2.480(5) A and 2.477(5) A for C(2) and C(3) in C2 suggest a weak interaction. These
differences might be related to steric effects, in that the longer distances involve the two

sterically hindered fully substituted arene carbons.
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Moreover, in C2 modest intra-molecular 13C coordination chemical shifts, A, 14.9 ppm
and 24.6 ppm, for the complexed arene carbons C2 and C3, relative to the 41.4 ppm and
62.7 ppm values of Ad found for C1 and C6 (Table 3) have been found. These data sup-
porting a weak interaction between Ru-C2 and Ru-C3. For C2 it is probably correct to

consider the arene bonding as closer to n4 than to n6.

Table 3: 13C coordination chemical shifts, Ad, for C1 and C2.

Lot ot Lo ]er

PhoP— Ru-
67—~ PPh2OH

c2
Ad 13C C1 Ad13C C2

1'-1 333 41.1
6'-6 64.4 62.7
4'4 342 320
5'-5 229 20.3
2'-2 12.2 14.9
3-3 33.6 24.6

It is interesting that Ru-C1 and Ru-C6 are relatively short, as these were the two arene
carbons involved in the 1)2-olefin bonding shown in e.g., 19 and 20. This suggests that the
metal does not release C1 and C6 during the change from the nz-mode to the n6-mode,
but has simply slipped across the face of the arene. Also the n6 bonding mode in C1 and
C2 is not completely unexpected as the n6-mode has also been found in the Ru(II)-
dialkyl complexes 21. The molecule achieves this structure by dissociating one tertiary

phosphine donor.
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_®_< (SbFe)2 €>_—| (SbFe)2 “‘\\\R'
| |
e

Ru Ru
Phap"/ | PhoP \

! PPh, I PPh,
O O ‘ R = 3,5-di-t-Bu-CeHg
M e O R' = Me, CH,SiMes

19 20 21

Figure 9. The biaryl biphosphine ligands MeO-Biphep and Binap as 6e (19 and 20)
repectively 8e (21) donor ligands.

Taking the NMR- and X-ray data together with the stereospecificty of the reaction, we
propose a mechanism for the formation of C1 and C2 which involves an intermediate
bearing the additional coordination of one of the biaryl double bonds of the biphosphine
ligand. To further our mechanistic understanding, and to extend this chemistry to another

strong acid, HBF, was allowed to react with 9a, 9b and 10.
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4.3.3 P-C bond splitting induced by HBF 4

Reaction of complexes [Ru(OAc),(Lla, L1b or L2)], 9a, 9b and 10, (L1a = MeO-
Biphep, L1b = 3,5-di-+-Bu-MeO-Biphep and L2 = Binap) with HBF4/H,O in 1,2-
dichloroethane at 90 °C affords the products C3-CS5 respectively, after ca. 6 hours
(Scheme 9). Initially, the reactions were done in an NMR-tube containing adventitous
water. Under these conditions, the formation of the products was slow and diastereomers
were observed since the Ru-atom represents a stereogenic center. The slow kinetics are

thought to be responsible for ligand dissociation during the hydrolys, i.e. epimerisation

(vide infra).

O 2 eq. HBF 4+Et;0 B Y F
N s
Re H20 o8
MeO R 1,2-CoHqCl,,90°C OR~F
Ru(OAc), - Ro.P— Ru -
MeO P’ -2HOAc MeO | PR,
R, |

OMe C3,R=Ph

9a, R =Ph C4, R = 3,5-di-t-Bu-CgH3

9b, R = 3,5-di-t-Bu-CgHg3

2 eq. HBF4+Et,0 F.8~ F‘~H £

Ph H20 o—8-
OO ? 1,2-C5H4Clp 90°C SO

-2 HOAc

Scheme 9. The preparation of complexes C3-CS5.

The rather unusual complexes C3-C5 contain new P-O and B-O bonds in addition to an
n6-arene interaction with Ru(II). This n6-arene stems from complexation of the biaryl
ring previously connected to the P-donor. The bis-phosphine bidentate has been cleaved
to afford two different chelating ligands. Formally, C3-CS5 contain the phosphinite anion,
(C,H;1BF,0,P) which, to our knowledge, is as yet unknown. This ligand arises via a
hydrolysis reaction of BF,". The second BF, is held close to (C{;,H;;BF,0,P) via a
hydrogen-bond as shown by 19g.1H HOESY and diffusion measurements 2324
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Several examples of related ligands are known, e.g. complex
[PtC1((OP(OMe),),BF,)(PEt3)] which is prepared by treating
[PtCI((OP(OMe),),H)(PEt3)] with BF;-Et,0.3°

R
F3B/ ‘H\ ::F
O0—B.
=~ \O\F
PhoP— Ru~G
2 /7 ~. PPhy
(<=
c5

The major features of the structure of C3-CS were determined via one and two-dimen-
sional multinuclear NMR spectroscopy.20 Specifically:

i) C5 shows an AX 3'P NMR spectrum with one unexpectedly high frequency 31p signal,
0=116.6 (2.](3 1P,31P) = 52 Hz). This 31p chemical shift is consistent with a complexed

3 Normally these kinds of Ru(II) complexes have their 3lp signals in

P-O phosphinite.
the region 30-70 ppm.

i1) The boron decoupled I9F NMR spectrum reveals an ABX spin system (X = 31p) for
the two nonequivalent fluorine signals of the BF, (without decoupling these signals are
quite broad) plus the BF, ~ anion. The presence of 3lp coupling to the g signals is con-
sistent with the proposed new-phosphinite fragment. Figure 10 shows 19F and 3!P reso-

nances for (in this case) the two diastereomers of CS5.

J "

J SC°F) 142 144 146

T ¥ T T T T T T T
3¢'P) 120 110 100 90 80 70 60 50

Figure 10. 19E. and 3'P-NMR spectra for C5 (400 MHz, CD,Cl,, ambient temperature). Top:
BF, region showing two sets of I9F resonances for each of the nonequivalent F atoms of the BF,.
Bottom: The nonequivalent 3!P resonances. When expanded, one can see the second set of 3p

signals.
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iii) The !'B spectrum shows the signals for the new ligand plus the uncomplexed BF,.

iv) In both the 'H and 1*C spectra one observes three relatively low frequency absorp-
tions, due to the three CH-types in the n6-arcne moiety. For C5 these three carbon sig-
nals appear at 73.3, 95.1 and 105.7 ppm exactly where one expects 13C resonances for
arenes complexed to Ru(II).22 Table 13 (Section 4.5.3) shows a selection of Iy, 3¢, 19

and 3P NMR data for C3 and CS5.

A rather poor crystal of C3, R = Ph, was obtained. However, it was adequate to confirm
the solid-state structure (see Figure 11). The data are just sufficient for a qualitative anal-

ysis. The view shows the aryl né-arene bonding as well as the new phosphinite.

Figure 11. View of one of the two independent molecules of C3. It readily displays the coordi-

nated n6-arene as well as the new phosphinite.

With the goal of identifying intermediates in the P-C bond splitting reaction, a set of
NMR spectra of mixed solutions of [Ru(OAc),(Binap)] with 2.2 equivalents of
HBF,-Et,O were measured at low temperature. Several species in solutions have been

observed (Scheme 10).
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|BF4
_-H,
OO Ph, 2 eq. HBF+Et,0 OO ﬁ“z oF o
R CD.Cl,, 0.5h, -60°C TRy
/RU(OAC)g p’
O SOLARR

2 l1 .5h, 0°C

~OAc or H>O BF4

Scheme 10. Chemistry of [Ru(OAc),(Binap)]with HBF,.

The first major component (ca 8 times more abundant than the others), can be assigned to
C6, a structure in which Binap functions as a 6e donor'*1032 based on the observed very
low frequency 31p chemical shift, & = 6.3, of the 3'P spin adjacent to the complexed ole-
fin. The second phosphorus signal appears at its normal position d = 80.6, 2j3p3lp ) =
45 Hz. This represents yet another, albeit rare, example of the complexation of the adja-

cent biaryl double bond.

The BF,  anion has been cleaved to afford a Ru-F--H interaction plus Et,0-BF3 whose

identity has been confirmed via comparison with an independent sample:.33 Complex C6
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shows a 1°F signal at 6 = 18.3, with a coupling to the proton of 66 Hz and a second spin-

spin coupling to only one of the two 3lp signals, 157 Hz.3*

There is a 'H signal35 at & = 11.20, with 1J(19F,1H) = 66 Hz. The complexed acetate
methyl signal is found at relatively low frequency, 6 = 0.66, due to the anisotropy of a
proximate P-Phenyl ring. However, its 13C chemical shift is routine, & = 20.2 (5 1>CO =
166.1).These NMR data for C6 are summarized below.

& \
p”’ T~O IG = 166.1
Ph,
= 80.6 CHg
JpF =157 & =20.2 (3C)
Jpp =45 5 =0.66 ('H)

Cé

There are very few M-F-H complexes,36’37 although some M-F---H-F derivatives are
known.38 These latter can be considered as examples of intermolecular hydrogen bond-
ing involving a metal fluoride complex and an outer sphere HF. In the compound
[RuH(HF,)(dmpe)] (dmpe = Me,PCH,CH,PMe,), 22, two different 'J(!°F,'H) values,
one large, 274 Hz for the strong H-F interaction, and a much smaller one, <30 Hz, for the

H---F moiety are observed (Figure 12) 39

F
F"H/ H
R, I P
Ry
1
R =PPhs
22 23 24

Figure 12. The Ru(Il)-F complexes 22, 23 and 24.
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Crabtree et al. 36 have reported the effect of a pendant group on the stabilisation of a
MFH complex. A 1J(1°F,'H) value of 52 Hz has been observed for complex 23, while for
the protonated derivative 24, a much larger value, 440 Hz, has been found. The latter
observation is consistent with 24 being a N---H-F complex, rather than having a hydro-
gen-bonded N-H---F system as in complex 23. Consequently, given the value of 66 Hz,
the HF bond in C6 is weak, and the complex can be considered as possessing a stabilised

Ru-F complex.

Models for C6 suggest that if the acetate was bound in a bidentate mode, the observed
methyl 'H chemical shift would be incorrect. However, H-bonding of the acetate oxygen
to the hydrogen of the HF places the methyl group correctly. The possibility that water is
involved in the H-bond network and/or that it functions as a sixth ligand cannot be

excluded.

Most of the reported complexes combining fluoride and phosphine ligands contain
strong m-acceptor CO-ligands, e.g. [RuF,(CO),(PEtPh,),] 40 The CO-ligands are trans
to the fluoride ligands and thus create push-pull interactions. Although five-coordinate
electronically unsaturated fluoro complexes are exceedingly rare,*! it has been shown
that fluoride can be used to stabilise 16e species of relatively soft metals ions such as
Ru(Il), e.g. in complex [RuF(dppp),]PF¢ (dppp = Ph,PCH,CH,CH,PPh,), 25, which
has adoll)ted a distorted trigonal-bipyramidal geometries in order to optimise the st-dona-

tion of the F atom to the metal *2

|PF6
PPh,

PhoPu, R| .
~Ru—
PhoP”” |

bPth

25
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,0 BF4

C7a and C7b

Warming the solution containing C6 to 0 °C affords the fluoro-phosphine complexes
C7a and C7b. Formally, the proton of the HF (or one from proximate water) cleaves the
P-C bond while forming the new P-F bond. The fluoro-phosphine complexes C7 exist as
a mixture of two components, C7a and C7b, and show the characteristic very large
1J(1P,19F) values, ca 948 Hz*? (and 956 Hz) as well as 2J('P*'P) values, 54 Hz (and 52
Hz). The n6-arene bonding is supported by the 'H and !3C data which reveal the
expected low frequencies shifts (Table 14, Section 4.5.3).

Ph,P—Ru.
2 ~PPhF

cs

Reaction of the mixture containing C7a and C7b with an excess of LiCl afforded the
chloro, fluoro-phosphine complex C8 as a single product, in which only the oxygen
donor ligand has been substituted. This observation supports the idea that only one dias-
tereomer is formed if the reaction proceeds quickly. Chloro-compound C8 could be iso-
lated in 74% yield and its structure proof followed in analogy to C7. Figure 13 shows
the '°F and 3'P resonances for C8 with their characteristic large one-bond spin-spin
interactions. Table 14 (Section 4.5.3) shows a selection of 4, B¢, 19F and 3lp NMR
data for C7 and C8.
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L
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8("F) -121 -122 -123 -124

L _|

5'P) 160 140 120 100 80 60

Figure 13. I9F. and 3'P-NMR spectra for C8 (400 MHz, CD,Cl,, ambient temperature). Top:
19F.NMR spectrum showing the large 1J31P,'F) for the complexed Ph,P-F ligand. Bottom: 3p.
NMR spectrum showing the L (Gh hs 3) coupling and if expanded also the 2j31p3p) coupling.

Another case of phosphorus fluorination by HBF, has been reported by Kiindig et al 44
Treatment of [Cr(n6-naphthalene)(P(OMe)3)] with an excess of HBF, did not result in
the expected protonated metal comples but in the fluoro-phosphine complex [Cr(nﬁ-

naphthalene)((OMe),PF)].

In summary, once the proximate double bond of biaryl phosphine ligand complexes to
Ru(ID), it is relatively easy to cleave the P-C bond with the metal attaining an 18e config-

uration by sliding form the nz-mode to the n6-arene.
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4.3.4 P-C bond splitting induced by (BuyN)(Ph3SiF5)

The Ru-F complex C6 is an intermediate in the P-C bond reaction induced by HBF, as
described in the previous section. The products C3-C5 contain a complexed diphenyl-
fluoro-phosphine ligand with the BF,™ anion functioning as the source of the fluoride. It
seemed of interest to attempt the preparation of a Ru-F species via an independent route,
as the fluoride is transferred initially to the metal and only later to the P-atom. To this end
(BuyN)(Ph3SiF5) ,45 a soluble fluoride source, was allowed to react with the Binap (L2)
dications [Ru(L2)(arene)](SbF¢), (arene = n6-p-cymene, 26, or n6-benzene, 27) as
depicted in Scheme 11.

(BugN)(Ph3SiFy)

PhoP’ -78 °C, CD,Cl»
PPhy - (BugN)(SbF)
‘ - PhySiF

<> &R
|

Ru
(BugN)(Ph3SiF,)

pth‘\ \ -78 °C, CD.Cl,
PPhy - (BusN)(SbF)
‘ - PhySiF
I 27 Cc10

Scheme 11. The reaction of the Ru(Il) complexes [Ru(Binap)(arene)}(SbFg), (arene = T]6—p—

cymene, 26, or n6-benzene, 27) with (BuyN)(Ph;SiF,) leading to the orthometallated products
C9 and C10.
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As shown in Scheme 11 the products C9 and C10 are the cyclometallated fluorophos-
phine derivatives. Obviously the complexed P-donor is sufficiently electrophilic to
accept the fluoride anion with resulting cleavage of the P-C bond. In C9 and C10 the
Ru(Il) coordinates the (formally) negative charged carbon, whereas in the chemistry of

HBF,4/H,0, one observes protonation.

Compounds C9 and C10 were identified by 1H,13¢, 19F and 3P NMR spectroscopy. The
PFPh, ligand is readily identified via its large 'J(!P,'°F) value (936 Hz (C9), 951 Hz
(C10)) and its high frequency 3'P chemical shift (181.7 ppm (C9), 180.4 ppm (C10)).43
The cyclometallated carbons are observed at 147.0 ppm and 145.6 for C9 and C10,
respectively. Figure 14 shows the 19F and 3'p NMR-spectra of the cation of compound
C10.

Figure 14. I°F and >'P NMR spectra of the cation of C10. Top: PFPh, region showing the 3
NMR resonance for the F atom of the new PFPh,-ligand with a large 173p °F) coupling con-
stant and the smaller 3J(3'P,1°F) coupling constant. Bottom: the nonequivalent 3P NMR reso-
nances. The high frequency signal show the large AP, F) if expanded also the 2J(31P,3 Ip)

coupling constant.

Since the biaryl phosphine ligand Binap (L2) readily complexes an adjacent biaryl dou-
ble bond, this coordination introduces some strain in the complexes 26 and 27. Reaction
with (BuyN)(PhSiF,) readily leads to P-C bond cleavage (which releases the strain) and

the formation of cyclometallated complexes C9 and C10.
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4.4 Conclusions

This chapter introduces a number of new and relatively unusual complexes. Many of the
reactions discussed are unprecedented. The results described above clearly show that, in
the absence of suitable ligands, acid-promoted stereospecific P-C bond cleavage and n6-
arene complexation can be facile in Ru(II)-complexes of both 9 and 10. In the presence
of triflic acid plus adventitious water, complexed diphenyl hydroxy-phosphine (Ph,POH)
is produced, C1 and C2. With water and HBF,, the complexes C3-CS5 (which contain
the new phosphinite anion (C;,H;BF,0,P) derived from hydrolysis of the BF," anion)
were synthesised. The epimerisation of C3-C5 using adventitious water can now be
rationalized in terms of slow hydrolysis thereby allowing sufficient time for ligand disso-

ciation.

In the HBF, chemistry with Binap, a novel Ru-F---H, C6, intermediate was detected at

-60°C in which the Binap acts as a 6e donor, using both phosphorus atoms and one dou-
ble bond of the adjacent biaryl ring. Once the proximate double bond complexes to
Ru(Il), it is relatively easy to cleave the P-C bond, with the metal attaining an 18e config-
uration by sliding from the nz-mode to the n6-arene. This precoordination mode in C6
causes stereoselective P-C bond splitting on warming to 0°C, giving fluorophosphine
complexes, C7a and C7b. Complex C8, a Ru-Cl-analog of C7 with complexed Ph,PF,

has also been isolated.

The strained Ru(ll)-complexes 26 and 27 readily react with the fluoride source
(BuyN)(Ph;SiF,) to afford the cyclometallated products C9 and C10 via P-C bond break-
ing and P-F bond making.
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4.5 Experimental

4.5.1 Crystallography

Crystals of 9a,9b, C1, C2 and C4 were mounted on glass capillaries and data sets covering a hemisphere
were collected on a Siemens SMART platform diffractometer equipped with a CCD detector (w-scans with
0.3° step width). Data reduction, corrections for Lorentz polarisation and absorption were performed using
the programs SAINT*S and SADABS.*7 The structures were solved by direct methods and refined by full-
matrix least squares (versus F 2) with the SHELXTL program package 48 All non-hydrogen atoms except
the atoms belonging to disordered groups or solvent molecules were refined with anisotropic, all hydrogen
atoms at calculated positions with common isotropic thermal parameters for each group.

In 9b many atoms showed a considerably strong positional disorder. Wherever possible, a split model was
applied. Crystallographic data and details of the structure determinations for 9a and 9b are given in Tables
4,7 and 8.

In C1 one triflate anion is strongly disordered. Initially, the observed electron density was described with
several partially occupied fluorine atom positions. Later, on a more illustrative description of the disorder,
consisting of two partially occupied anion positions has been selected. The occupation factors refined to
values of 0.533(4) and 0.467(4), respectively. To achieve a stable refinement, the geometry of the affected
anion had to be fixed by different constraints and the thermal displacement factors were assumed to be
equal for all atoms belonging to this anion. The same geometric constraints were applied for both possible
anion positions and a common isotropic displacement parameter was used for the affected atoms. The
somewhat larger R-values are certainly acceptable considering that there is now a model for the observerd
disorder available. Crystallographic data and details of the structure determinations are given in Tables 5
and 9.

In C2, all the triflate anions, one phenyl group and a not further specified solvent molecule showed a con-
siderably strong positional disorder. Wherever possible, a split model was applied. The solvent molecule
was described with partially occupied C atom positions with a common isotropic displacement parameter.
Unfortunately, in C2 there are electron density peaks (C(1L) to C(3L)) located in a large void of the struc-
ture which could not be interpreted in terms of a clearly identified solvent. These peaks were included in
the refinement, the effect of neglecting them on the R-value is relatively small (improvement of R1 of
about 0.4%). Crystallographic data and details of the structure determinations are given in Tables 5 and 10.
For C4 all selected crystals showed very broad reflections, which made indexing and integration very diffi-
cult and affected the quality of the results. This is reflected by the relatively high R-values. Also as a con-
senquence, an anisotropic refinement of the thermal displacement parameters was not possible, and all
atoms had to be refined isotropically. All hydrogen atoms were placed on calculated positions and refined
according to the riding model. One BF, anion showed strong positional disorder and had to be refined as a

rigid group. Crystallographic data and details of the structure determinations are given in Tables 6 and 11.
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Table 4: Crystal data and parameters of the dat collection of compounds 9a and 9b.

Emperical formula C4,H3306P,Ru (9a) C74H;0,06P,Ru (9b)
Formula weight (g/mol) 801.76 1250.61
Crystal size (mm) 0.80x0.20x0.10 0.58x0.40x0.08
Crystal system orthorhombic monoclinic
Unit cell dimensions (A, deg) a=17.822(3) a=15.644(2)
b =19.508(3)) b =25.702(4), B = 99.36(3)
c=25881(4) ¢=2041003)
Volume (A%) 8998(2) 8097(2)
Space group P2,2,2 P2
Formula unit pro cell (2) 8 4
p(calculated) (g cm‘3) 1.184 1.026
Absorption coefficient u (mm™!) 0.459 0.275
F(000) 3296 2672
Temperature (K) 293(2) 293(2)

Data collection

Siemens SMART CCD diffractometer

Siemens SMART CCD diffractometer

Monochromator; Wavelength

Graphite-Monochromator;
AMMoKa) =0.71073 A

Graphite-Monochromator;
MMoKa) =0.71073 A

Detector distance; Collection method

d = 30 mm; Hemisphere, w-scan

d = 60 mm; Hemisphere, w-scan

Theta range for data collection

131<6<24.74

128 <6 <2083

h(min), k(max); k(max), k(min);
I(min), /(max)

-15,20; -19, 22; -29, 30

-15,15; -25, 15; -20, 20

Collected reflections

58299

26120

Independent reflections

15364 (R(int) =0.0791)

26120 (R(int) = 0.0455)

Absorption correction

empirical (SADABS)

empirical (SADABS)

Structure solution

SHELXS-96 (direct methods)

SHELXS-96 (direct methods)

Structure refinement

SHELXL-96
(full matrix least-square of F2)

SHELXL-96
(full matrix least-square of F?)

for |F 2 > 20(F1

Number of parameters 920 1457

Number of parameters restraints 0 13
Transmission coefficient (max/min) 0.9555/0.7103 0.9783/0.8567
wR for |F,|? > 20(]/F)? 0.1110 0.1465

WwR for all reflections 0.1252 0.1605

R for |F,2 > 20(/F1 0.0419 0.0584

R for all reflections 0.0704 0.0788
Goodness of Fit (GooF) 1.062 1.023
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Table 5: Crystal data and parameters of the data collection of compounds C1 and C2.

Emperical formula C4oH34FO9P,RuS, (C1) Cy6.83H34Fs07P,RUS, (C2)
Formula weight (g/mol) 999.80 1049.83

Crystal size (mm) 036x0.32x022 0.50x 0.18 x 0.08

Crystal system monoclinic triclinic

Unit cell dimensions (A, deg) a=21.020(3) a=15.099(2), a = 108.20(3)

b=10.2942(15), B = 117.16(3)
¢ =21.626(3)

b=16.131(2), f = 103.14(3)
c=19.817(3),y = 94.34(3)

Volume (A% 4163.4(11) 4408.7(12)
Space group P24/c P1
Formula unit pro cell (Z) 4 4
p(calculated) (g cm'3) 1.595 1.582
Absorption coefficient p (mm™!) 0.639 0.601
F(000) 2024 2124
Temperature (K) 293(2) 293(2)

Data collection

Siemens SMART CCD diffractometer

Siemens SMART CCD diffractometer

Monochromator; Wavelength

Graphite-Monochromator;
MMoKa) =0.71073 A

Graphite-Monochromator;
AMMoKa) =0.71073 A

Detector distance; Collection method

d = 30 mm; Hemisphere, w-scan

d = 40 mm; Hemisphere, w-scan

Theta range for data collection

1.89 <6<2640

1.12<06<24.74

h(min), k(max}; k(max), k(min);
I(min), /(max)

-25,26; -8,12;-27,27

-17,17; -18,18; -23,23

Collected reflections

25182

24430

Independent reflections

8492 (R(int) = 0.0545)

14887 (R(int) = 0.0486)

Absorption correction

empirical (SADABS)

empirical (SADABS)

Structure solution

SHELXS-96 (direct methods)

SHELXS-96 (direct methods)

Structure refinement

SHELXL-96
(full matrix least-square of F° 2)

SHELXL-96
(full matrix least-square of F’ 2)

Number of parameters 512 1156

Number of parameters restraints 0 0
Transmission coefficient (max/min) 0.8627/0.7888 0.9535/0.7535
wR for |F,|2 > 20(F? 0.1664 0.1245

wR for all reflections 0.1911 0.1483

R for |F, 0|2 > 20(|F? 0.0647 0.0504

R for all reflections 0.1022 0.0890
Goodness of Fit (GooF) 1.038 0.976

for |2 > 20(|F)*
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Table 6: Crystal data and parameters of the data collection of compound C4.

Emperical formula

C3 8H33B2F604P2Ru

Formula weight (g/mol)

1302.26

Crystal size (mm) 1.10x0.60x 0.16
Crystal system monoclinic
Unit cell dimensions (A, deg) a=10.326(2)
b =20.068(4), = 94.858(4)
¢ =19.624(4)
Volume (A3 4052.2(14)
Space group P2
Formula unit pro cell (Z) 4
p(calculated) (g cm'3) 1.397
Absorption coefficient u (mm!) 0.530
F(000) 1724
Temperature (K) 293

Data collection

Siemens SMART CCD diffractometer

Monochromator; Wavelength

Graphite-Monochromator;
MMoKa) =0.71073 A

Detector distance; Collection method

d = 50 mm; Hemisphere, w-scan

Theta range for data collection

104 <98<20.82

h(min), A(max); k(max), k(min);
I(min), /(max)

-9,10;-19,20; -19, 19

Collected reflections

13617

Independent reflections

8061 (R(int) = 0.0870)

Absorption correction

empirical (SADABS)

Structure solution

SHELXS-96 (direct methods)

Structure refinement

SHELXL-96
(full matrix least-square of F* 2)

for |F,f* > 20(/F12

Number of parameters 436

Number of parameters restraints 20
Transmission coefficient (max/min) 0.9200/0.5932
wR for |F,|> > 20()F? 03423

WwR for all reflections 0.3649

R for |F,|? > 20(|F? 0.1442

R for all reflections 0.1702
Goodness of Fit (GooF) 1312
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Table 7: Final position (x 10'4) and isotropic equivalent displacement parameters (Az X 103) for 9a.

x y z Uleq)
Ru(1) 7630(1) 13729(1) 7397(1) 44(1)
P(1) 7583(1) 13321(1) 6591(1) 41(1)
P(2) 7697(1) 12680(1) 7741(1) 49(1)
o(1) 6768(2) 10802(2) 6850(2) 58(1)
0Q2) 7253(3) 14243(2) 8111(2) 61(1)
(076)) 6473(2) 13889(2) 7523(2) 55(1)
o 7940(3) 14780(2) 7164(2) 61(1)
0o(5) 8772(2) 14032(2) 7418(2) 61(1)
oY 7963(2) 11123(2) 6124(2) 56(1)
c(1) 7080(3) 11952(3) 6710(2) 42(1)
Cc©) 6545(3) 11434(3) 6689(2) 45(1)
(¢/) 5817(3) 11578(2) 6519(2) 53(2)
C@) 5632(3) 12245(3) 6362(2) 56(2)
C(5) 6168(3) 12756(3) 6375(2) 502)
c1Y 7860(3) 11771(3) 6879(2) 41(1)
@) 8307(3) 11347(3) 6559(2) 46(1)
c@3) 9032(3) 11197(3) 6680(3) 57(2)
Cc@) 9327(4) 11467(3) 7129(3) 61(2)
(5" 8926(3) 11869(3) 7453(3) 52(2)
(6" 8174(3) 12036(3) 7329(2) 44(1)
(7" 8417(4) 10805(3) 5738(2) 62(2)
C(6) 6899(3) 12621(3) 6549(2) 40(1)
C(7) 6238(4) 10255(3) 6844(3) 85(2)
C(8) 7188(3) 13963(3) 6143(2) 46(1)
C(9) 6682(4) 14436(3) 6328(3) 64(2)
C(10) 6378(4) 14921(4) 5991(3) 77(2)
C(11) 6561(4) 14930(4) 5480(3) 75(2)
C(12) 7037(5) 14452(4) 5279(3) 92(3)
C(13) N 7358(4j - 13969(3) 5619(2) 73(2)
C(14) 8413(3) 13021(39 6232(2) 44(1)
C(15) 9119(3) 13231(3) 6379(3) 55(2)
C(16) 9736(3) 13066(3) 6092(3) 63(2)
c(17) 9668(3) 12690(3) 5652(2) 56(2)
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Table 7: Final position (x 10") and isotropic equivalent displacement parameters (A? x 103) for 9a.

x y z Uleq)
C(18) 8969(3) 12459(3) 5504(2) 50(2)
C(19) 8357(3) 12626(3) 5789(2) 47(1)
C(20) 8268(4) 12661(4) 8338(3) 72(2)
cey 8265(6) 12087(5) 8659(3) 104(3)
C(22) 8723(8) 12075(7) 9093(5) 160(5)
C(23) 9194(9) 12642(7) 9201(5) 167(6)
C(24) 9203(7) 13197(5) 8880(4) 146(5)
C(25) 8754(5) 13201(4) 8441(3) 99(3)
C(26) 6368(4) 12260(3) 8007(2) 57(2)
C(27) 6662(4) 11580(4) 7934(3) 67(2)
C(28) 6070(4) 11280(4) 8195(39 74(2)
C(29) 5667(5) 11643(5) 8530(3) 88(2)
C(30) 5860(5) 12332(5) 8618(3) 101(3)
c3l) 6457(5) 12633(4) 8352(3) 84(2)
C@32) 6602(4) 14216(3) 7935(3) 57Q2)
C(33) 5978(5) 14570(4) 8192(3) 95(3)
C(34) 8606(4) 14646(4) 7282(3) 62(2)
C(35) 9220(5) 15181(4) 7276(4) 110(3)
Ru(1A) 7285(1) 7659(1) 9059(1) 37(1)
P(1A) 7061(1) 8636(1) 8638(1) 42(1)
P(2A) 7620(1) 7102(1) 8344(1) 39(1)
O(1A) 6991(3) 7803(2) 6767(2) 74(1)
0O(2A) 7127(2) 6695(2) 9497(1) S51(1)
0O(3A) 6204(2) 7215(2) 9108(1) 46(1)
O(4A) 7343(2) 8174(2) 9823(1) 48(1)
0O(5A) 8340(2) 7944(2) 9360(2) 47(1)
O(1'A) 7825(3) 9048(2) 7023(2) 72(1)
C(1A) 6967(3) 8230(3) 7606(2) 47(1)
C(2A) 6565(4) 8073(3) 7160(2) 57(2)
C(3A) 5792(4) 8171(4) 7136(3) 76(2)
C@4A) 5424(4) 8416(4) 7543(3) 75(2)
C(5A) 5791(3) 8594(3) 7981(3) 57(2)
C(6A) 6566(3) 8494(3) 8021(2) 45(1)
C(I'A) 7796(3) 8137(3) 7609(2) 48(1)
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P-C Bond Splitting: Induced by CH3SO3;H, HBF yand (Bu N)(Ph3SiF,)

Table 7: Final position (x 10%) and isotropic equivalent displacement parameters (A2 x 103) for 9a.

x y z Uleq)
C(2'A) 8232(4) 8577(3) 7298(2) 57(2)
CG'A) 9004(4) 8523(4) 7274(3) 66(2)
C(4'A) 9360(4) 8021(3) 7576(3) 69(2)
C(5'A) 8952(3) 7575(39 7877(2) 54(2)
C(6'A) 8174(3) 7632(3) 7898(2) 43(1)
C(T'A) 8250(5) 9495(4) 6693(4) 111(3)
C(7A) 6613(6) 7607(6) 6304(3) 125(4)
C(8A) 6433(3) 9155(3) 9036(2) 512)
C(9A) 5812(4) 8834(3) 9259(3) 64(2)
C(10A) 5324(4) 9188(5) 9585(3) 86(2)
C(11A) 5455(6) 9874(5) 9698(3) 94(3)
C(12A) 6086(6) 10191(4) 9486(3) 101(3)
C(13A) 6565(4) 9832(3) 9146(3) 77(2)
C(14A) 8471(4) 9256(3) 8693(3) 742)
C(15A) 9016(4) 9754(4) 8580(4) 99(3)
C(16A) 8828(5) 10258(4) 8228(4) 89(3)
C(17A) 8160(4) 10271(3) 7983(3) 76(2)
C(18A) 7632(4) 977239 8095(2) 62(2)
C(19A) 7775(3) 9259(3) 8461(2) 51(2)
C(20A) 8220(3) 6393(3) 8550(2) 42(1)
CQ14) 8050(4) 5716(3) 8468(3) 60(2)
C(22A) 8478(4) 5193(3) 8686(3) 76(2)
C(23A) 9092(4) 5350(3) 8996(3) 67(2)
C(24A) 9270(3) 6032(3) 9092(3) 58(2)
C(25A) 8833(3) 6545(3) 8877(29 49(2)
C(26A) 6978(3) 6686(3) 7892(2) 45(1)
C(27A) 7252(4) 6346(3) 7467(2) 59(2)
C(28A) 6797(4) 6036(4) 7122(3) 74(2)
C(29A) 6017(4) 6070(4) 7191(3) 74(2)
C(30A) 5718(4) 6420(3) 7603(2) 65(2)
C(31A) 6197(3) 6718(3) 7953(2) 53(2)
C(324) 6453(4) 6726(3) 9383(2) 50(2)
C(33A) 5911(4) 6175(3) 9569(3) 76(2)
C(34A) 8040(4) 8171(3) 9773(2) 49(2)
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Table 7: Final position (x 10™) and isotropic equivalent displacement parameters (A? x 103) for 9a.

x

y

zZ

Uleq)

C(35A)

8563(4)

8430(4)

10188(3)

87(2)

Table 8: Final position (x 104 and isotropic equivalent displacement parameters (A2 x 10%) for 9b.

x y z Uleq)
Ru(1) 2371(1) 3020(3) 7762(1) 66(1)
P(1) 2903(2) 3061(3) 8840(1) 54(1)
P(2) 1547(2) 2338(3) 7901(1) 58(1)
o) 667(4) 1989(4) 9867(3) 74(2)
0(2) 1345(4) 3574(4) 7673(4) 75(2)
0(3) 1629(6) 3202(5) 6761(4) 96(3)
0O4) 3466(5) 2677(5) 7469(4) 92(2)
O(5) 3368(7) 3520(5) 7427(5) 104(3)
o1 2476(4) 1799(4) 10354(3) 69(2)
Cc(1) 1709(6) 2513(5) 9455(4) 50(2)
C©2) 1019(6) 2478(5) 9810(5) 60(3)
Cc@3) 704(7) 2914(6) 10091(5) 73(3)
C(4) 1075(7) 3401(6) 10003(5) 75(3)
C(5) 1720(6) 3429(5) 9632(5) 67(3)
C(6) 2055(5) 3003(5) 9356(4) 49(2)
C(7) -1(8) 1929(6) 10258(7) 113(5)
cay 2045(6) 2007(5) 9221(5) 55(3)
C(2) 2427(6) 1644(5) 9715(5) 60(3)
C(3) 2735(7) 1173(5) 9533(6) 76(3)
Cc4) 2655(7) 1045(5) 8870(6) 78(3)
C(5" 2301(7) 1389(5) 8371(5) 69(3)
C(6) 1990(6) 1867(5) 8543(5) 52(2)
(1) 2403(10) 1398(5) 10825(6) 115(5)
C(8) 3754(6) 2626(5) 9278(5) 57(3)
C9) 4175(7) 2296(5) 8933(6) 75(3)
CQ0) 4827(8) 1972(6) 9256(8) 98(4)
c(n 5324(8) 1592(4) 8876(8) 173(8)
C(12) 5077(17) 1601(12) 8104(8) 168(6)
C(12X) 4735(16) 1239(8) 8370(13) 168(6)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (Bu N)(Ph3SiF,)

Table 8: Final position (x 10"*) and isotropic equivalent displacement parameters (A2 x 103) for 9b.

x y z Uleq)
C(13) 6330(10) 1639(12) 9045(14) 168(6)
C(13X) 5780(18) 1987(8) 8467(15) 168(6)
C(14) 5070(20) 1044(7) 9116(15) 168(6)
C(14X) 6043(16) 1238(8) 9264(14) 168(8)
C(15) 5030(7) 2011(6) 9926(8) 90(4)
C(16) 4604(7) 2354(5) 10293(6) 71(3)
C(17 4883(7) 2384(6) 11037(7) 100(4)
c(18) 4879(12) 1809(7) 11355(8) 175(8)
c(19) 5851(9) 2557(7) 11196(8) 157(7)
C(20) 4314812) 2726(9) 11365(7) 202(11)
C2n 3957(6) 2657(5) 9966(5) 61(3)
C(22) 3388(6) 3715(¢5) 8998(4) 53(2)
C(23) 4241(6) 3796(5) 9282(5) 59(3)
C(24) 4614(7) 4281(6) 9305(5) 70(3)
C(25) 5567(7) 4367(6) 9618(7) 93(4)
C(26) 6080(20) 4530(14) 9049(17) 136(5)
C(26X) 5840(20) 4923(14) 9532(17) 136(5)
C@27) 6060(20) 3913(14) 9952(17) 136(5)
C(27X) 6110(20) 3971(14) 9223(16) 136(5)
C(28) 5600(20) 4816(14) 10167(17) 136(5)
C(28X) 5680(20) 4210(14) 10335(18) 136(5)
C(29) 4108(8) 4693(5) 9018(6) 78(3)
C(30) 3258(8) 4631(5) 8731(5) 74(3)
C(@31) 2646(10) 5082(6) 8382(7) 107(5)
Cc(32) 3022(13) 5608(6) 8546(10) 185(8)
C(33) 1731(10) 5068(7) 8604(8) 149(7)
C(34) 2493(14) 4991(7) 7639(8) 178(8)
C(35) 2913(7) 4143(5) 8712(5) 74(3)
C(36) 432(6) 2374(5) 8060(4) 58(3)
k7)) 22(6) 2850(5) 8149(4) 53(3)
C(38) -850(8) 2845(5) 8233(5) 69(3)
C(39) -1331(8) 3368(6) 8318(7) 96(4)
C(40) -738(10) 3832(6) 8397(8) 125(5)
C@41) -1689(10) 3327(7) 8998(8) 158(7)
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Table 8: Final position (x 10'4) and isotropic equivalent displacement parameters (;&2 X 103) for 9b.

x y z Uleq)
C42) -2067(11) 3405(7) 7743(8) 187(9)
C(43) -1288(6) 2383(6) 8236(5) 70(3)
C(44) -902(6) 1900(5) 8149(4) 57(3)
C(5) -1420(7) 1398(5) 8146(5) 70(3)
C(46) -932(8) 914(5) 7913(6) 89(4)
@) -2292(7) 1451(6) T674(6) 102(4)
C(48) -1592(8) 1288(6) 8859(6) 112(4)
C(49) -19(6) 1909(5) 8080(4) 59(3)
C(50) 1424(6) 1991(5) 7100(4) 61(3)
1) 605(7) 1962(5) 6697(5) 64(3)
C(52) 526(7) 1778(5) 6051(5) 61(3)
C(53) -396(7) 1767(5) 5631(5) 76(3)
C(54) -741(9) 2329(6) 5526(7) 1178(5)
C(55) -1006(8) 1447(7) 5965(7) 126(5)
C(56) -390(10) 1550(7) 4929(6) 130(6)
C(57) 1257(8) 1607(5) 5829(5) 68(3)
C(58) 2076(7) 1639(5) 6206(5) 68(3)
C(59) 2895(8) 1475(6) 5929(5) 84(3)
C(60) 3494(17) 1973(11) 5969(14) 106(3)
C(60X) 3069(17) 1905(11) 5417(14) 106(3)
C(61) 2620(17) 1305(11) 5184(14) 106(3)
C(61X) 2803(17) 917(11) 5604(14) 106(3)
C(62) 3359(18) 1054(12) 6363(14) 106(3)
C(62X) 3737(18) 1421(12) 6470(14) 106(3)
C(63) 2147(7) 1833(5) 6855(5) 71(3)
C(64) 1180(8) 3513(6) 7035(7) 84(4)
C(65) 496(9) 3824(7) 6668(7) 142(6)
C(66) 3719(11) 3122(10) 7305(7) 123(6)
C(67) 4611(10) 3128(8) 7012(9) 193(9)
Ru(1A) 72(1) 3394(3) 2438(1) 54(1)
P(1A) 797(2) 4106(3) 2817(1) 50(1)
0O(1A) -410(5) 4598(4) 4944(3) 77(2)
C(I'A) 551(6) 3941(5) 4297(5) 58(3)
O(1'A) 1442(5) 4525(4) 5002(3) 90(2)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (Bu,N)(Ph3SiF,)

Table 8: Final position (x 10'4) and isotropic equivalent displacement parameters (;\2 X 103) for 9b.

x y z Uleq)
C(1A) 128(6) 4410(5) 3955(5) 55(2)
P(2A) -497(2) 3313(3) 3367(1) 52(1)
0(2A) -1052(4) 3705(4) 1820(3) 70(2)
C(2A) -344(7) 4739(5) 4298(5) 68(3)
C(2'A) 1241(7) 4016(6) 4853(5) 66(3)
O(3A) -840(5) 2860(5) 1806(4) 88(3)
C(3AY) 1610(7) 3586(6) 5208(5) 76(3)
C(3A) -135(7) 5177(5) 4010(6) 78(3)
O(4A) 835(5) 3275(4) 1636(3) 78(2)
C(4A) -657(7) 5315(5) 3361(6) 73(3)
C@4'A) 1355(7) 3101(6) 5030(5) 83(3)
O(5A) 1159(4) 2886(4) 2600(3) 64(2)
C(5'A) 721(6) 3016(5) 4483(5) 66(3)
C(5A) -197(6) 5006(5) 3017(5) 56(3)
C(6'A) 301(5) 3437(5) 4112(4) 48(2)
C(6A) 203(6) 4548(5) 3291(5) 51(2)
C(7A) -442(11) 4997(6) 5408(6) 127(6)
C(7'A) 2061(11) 4612(7) 5586(7) 151(7)
C(8A) 1876(6) 4116(5) 3333(4) 51(2)
C(9A) 2249(6) 4592(5) 3539(5) 61(3)
C(10A) 3104(7) 4612(5) 3890(5) 73(3)
C(11A) 3522(7) 5166(5) 4074(6) 92(4)
C(12A) 2811(18) 5588(11) 4105(15) 117(4)
C(13A) 4139(19) 5311(11) 3523(13) 117(4)
C(14A) 4089(17) 5135(10) 4801(14) 117(4)
C(12Y) 3610(30) 5464(14) 3387(18) 117(4)
C(13Y) 4500(20) 5102(13) 4419(18) 117(4)
C(14Y) 2940(20) 5485(14) 4530(20) 117(4)
C(15A) 3541(7) 4151(6) 4027(5) 70(3)
C(16A) 3189(7) 3679(6) 3849(5) 72(3)
C(17A) 3696(8) 3184(6) 4016(7) 102(4)
C(18A) 4452(9) 3185(6) 3598(8) 145(6)
C(19A) 4076(9) 3173(6) 4774(7) 142(6)
C(20A) 3163(10) 2694(6) 3864(9) 151(6)
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Table 8: Final position (x 10%) and isotropic equivalent displacement parameters (A2 x 10%) for 9b.

x y z Uleq)
C(21A) 2342(6) 3670(5) 3493(5) 61(3)
C(22A) 993(6) 4451(4) 2058(4) 51Q2)
C(23A) 1829(6) 4480(4) 1919(4) 51Q2)
C(24A) 1981(6) 4647(4) 1295(5) 52(2)
C(25A) 2925(6) 4638(5) 1153(5) 63(3)
C(26A) 2997(8) 4880(6) 476(6) 104(4)
C(Q27A) 3531(17) 4957(5) 1692(6) 93(4)
C(28A) 3256(7) 4082(6) 1178(6) 96(4)
C(29A) 1264(7) 4791(5) 823(5) 61(3)
C(30A) 414(6) 4751(5) 953(5) 55(2)
C(31A) -368(7) 4892(5) 437(5) 75(3)
C(324) -698(17) 5430(11) 598(13) 95(6)
C(32Y) -1028(17) 5195(11) 763(12) 95(6)
C(33A) -1008(19) 4405(12) 352(15) 112(7)
C(33Y) -687(19) 4405(12) 76(15) 112(7)
C(34A) -99(19) 4901(12) -318(14) 104(6)
C(34Y) -43(18) 5190(12) -213(14) 104(6)
C(35A) 287(6) 4570(4) 1572(5) 55(3)
C(36A) -1433(6) 3667(5) 3550(5) 54(2)
C(37A) -1660(6) 3672(5) 4202(5) 64(3)
C(38A) -2397(6) 3894(5) 4345(5) 71(3)
C(39A) 2634(7) 3876(7) 5028(6) 99(4)
C(40A) -1922(9) 3699(8) 5549(6) 149(7)
C(41A) -2820(16) 4438(11) 5222(9) 275(18)
C(42A) -3375(13) 3534(13) 5014(8) 309(19)
C(43A) -2929(7) 4125(6) 3834(6) 84(3)
C(44A) 2743(7) 4152(5) 3178(5) 69(3)
C(45A) -3375(9) 4401(7) 2614(7) 103(4)
C(46A) -4134(13) 4664(11) 2847(12) 259(13)
C(47A) -3864(13) 4022(9) 2192(9) 203(10)
C(48A) -2922(13) 4719(11) 2193(14) 330(20)
C(49A) -1982(6) 3923(5) 3059(5) 63(3)
C(50A) -846(6) 2631(5) 3409(4) 53(2)
C(51A) -314(7) 2260(5) 3227(5) 61(3)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (BuyN)(Ph3SiF,)

Table 8: Final position (x 10 and isotropic equivalent displacement parameters (A? x 10°) for 9b.

x y z Ul(eq)
C(52A) -561(8) 1725(5) 3150(5) 68(3)
C(53A) 85(9) 1335(5) 2936(7) 89(4)
C(54A) 983(10) 1404(7) 3351(11) 182(9)
C(55A) -193(11) 774(7) 3026(8) 153(6)
C(56A) 93(18) 1412(8) 221709) 239(14)
C(57A) -1381(8) 1605(5) 3262(5) 67(3)
C(58A) -1939(7) 1967(5) 3441(4) 60(3)
C(59A) -2863(7) 1817(6) 3556(6) 89(4)
C(60A) -3076(19) 2152(13) 4200(15) 118(4)
C(60Y) -2871(19) 1778(13) 4278(15) 118(4)
C(61A) 2891(18) 1254(12) 3830(14) 118(4)
C(61Y) -3304(19) 1535(13) 2899(15) 118(4)
C(62A) -3461(19) 2021(13) 3000(16) 118(4)
C(62Y) -3471(19) 2306(12) 3472(16) 118(4)
C(63A) -1667(6) 2478(5) 3515(4) 54(3)
C(64A) -1251(8) 3248(7) 1572(6) 81(4)
C(65A) -1992(7) 3180(6) 1010(6) 127(6)
C(66A) 1298(7) 2971(6) 2012(6) 72(3)
C(67A) 2080(8) 2678(6) 1799(7) 119(5)

Table 9: Final position (x 10'*) and isotropic equivalent displacement parameters (A2 x 10%) for C1.

x y z Uleq)
Ru(l) 2686(1) 6700(1) 250(1) 32(1)
S(1) 1373(1) 8812(2) -652(1) 63(1)
P(1) 2881(1) 6716(2) 1391(1) 38(1)
P(2) 2170(1) 4624(1) 107(1) 36(1)
o(1) 2925(2) 4965(4) -1001(2) 50(1)
0(2) 1696(2) 7802(4) -116(2) 46(1)
03) 3378(2) 5506(4) 1760(2) 51(2)
O(4A) 667(8) 8197(11) -1215(6) 74(2)
0O(4B) 926(8) 8396(11) -1330(6) 74(2)
O(5A) 1767(7) 9476(12) -879(7) 64(2)
O(5B) 1936(7) 9830(12) -609(7) 64(2)
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Table 9: Final position (x 104 and isotropic equivalent displacement parameters (A2 x 10%) for C1.

x y z Uleq)
o) 4707(2) 4108(5) 528(3) 64(1)
F(1) 1377(4) 10329(6) 302(4) 143(3)
F(2) 460(3) 9146(6) -175(4) 135(3)
F(3) 568(3) 10754(5) -726(4) 125(2)
C(h) 3490(3) 5535(5) 178(3) 38(1)
CcQ) 31133) 5924(6) -544(3) 40(1)
Cc3) 2917(3) 7229(6) -686(3) 45(1)
C(d) 3228(4) 8179(6) -158(4) 51(2)
C(5) 3709(3) 7849(6) 501(3) 46(1)
C(6) 3832(3) 6503(5) 688(3) 41(1)
() 2528(5) 5272(8) -1730(4) 76(2)
cay 3538(3) 4133(5) 372(3) 38(1)
c@) 4165(4) 3425(6) 553(3) 50(2)
c@3) 4189(4) 2150(7) 746(4) 632)
Cc@) 3606(4) 1571(6) 757(4) 63(2)
(5" 2972(4) 2254(6) 561(4) 53(2)
C(6) 2945(3) 3561(5) 376(3) 39(1)
(7 5350(5) 3427(9) 659(5) 98(3)
C(®) 1667(3) 3999(5) 545(3) 41(1)
C9) 923(4) 3971(7) 193(4) 61(2)
C(10) 543(4) 3528(9) 528(4) 77Q2)
can 886(5) 3094(8) 1204(4) 79Q2)
C(12) 1621(5) 3093(8) 1545(4) 68(2)
C(13) 2009(4) 3540(6) 1221(3) 50(2)
C(13) 2009(4) 3540(6) 1221(3) 50(2)
C(14) 1588(3) 4231(6) -805(3) 45(1)
C(15) 1619(4) 3028(7) -1085(4) 64(2)
C(16) 1152(5) 2761(10) -1773(4) 81(3)
cQ7) 673(5) 3674(10) -2184(4) 83(3)
C(18) 640(4) 4860(9) -1913(4) 74Q2)
C(19) 1100(4) 5138(7) -1229(3) 56(2)
C(20) 3389(3) 8128(6) 1868(3) 46(2)
Q1) 4128(4) 8059(8) 2266(4) 68(2)
C(22) 4510(5) 9140(10) 2616(4) 82(3)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (BuyN)(Ph3SiF;)

Table 9: Final position (x 10%) and isotropic equivalent displacement parameters (A% x 10%) for C1.

x y z Uleq)
C(23) 4171(6) 10295(9) 2559(4) 83(3)
cQ4) 3447(6) 10372(8) 2180(5) 79(3)
C@5) 3052(4) 9305(7) 1818(4) 59(2)
C(26) 2156(3) 6690(6) 1632(3) 45(1)
cen 1478(4) 7074(10) 1190(4) 83(3)
C(28) 950(5) 7114(13) 1410(6) 112(4)
C(29) 1102(5) 6731(10) 2064(5) 89(3)
C(30) 1760(5) 6284(9) 2496(4) 76(2)
c3 2297(4) 6286(8) 2292(4) 62(2)
C(32) 914(5) 9812(8) -300(6) 81(3)
S(1B) 2112) 10911(3) -1591(2) 101(1)
Q) 4051(5) 9674(8) -1833(4) 160(2)
Q2 3806(5) 12587(11) -1002(5) 160(2)
Q3 4658(8) 11751(12) -1617(7) 160(2)
Q4 3246(8) 10733(13) -1160(6) 160(2)
Q5) 3630(12) 11460(30) -1172(10) 160(2)
Q(6) 3089(8) 11854(13) -1946(8) 160(2)
QN 4891(9) 10698(15) -825(9) 160(2)
Q@®) 3579(10) 11659(15) 2287(9) 160(2)
Q9 4037(9) 10587(15) -580(9) 160(2)

Table 10: Final position (x 10%) and isotropic equivalent displacement parameters (A2x 103 for C2.

x y z Uleq)
Ru(1) 4541(1) 1267(1) 7730(1) 35(1)
P(1) 3419(1) 1663(1) 8317(1) 39(1)
P(2) 3922(1) 1861(1) 6822(1) 37(1)
(1) 4065(3) 82(3) 6797(3) 36(1)
C(Q2) 5021(3) 159(3) 6751(3) 36(1)
CcQ3) 5738(4) 359(3) 7420(3) 41(1) '
C@) 5481(4) 312(3) 8069(3) 43(1)
C(5) 4606(4) 12(3) 8047(3) 46(1)
C(6) 3857(4) -76(3) 7415(3) 40(1)
cn 5265(4) 119(4) 6099(3) 48(1)
C(8) 6162(4) 303(4) 6115(3) 60(2)
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Table 10: Final position (x 10 and isotropic equivalent displacement parameters (A% x10%) for C2.

x y z Uleq)
C©®) 6870(4) 551(4) 6774(3) 59(2)
C(10) 6651(4) 574(4) 7410(3) 50(1)
Cc(1" 3330(3) 90(3) 6156(3) 37(1)
C2") 2729(3) -706(3) 5619(3) 41(1)
C(3"H 2172(4) -652(4) 4975(3) 47(1)
Cc@4) 2095(4) 186(4) 4913(3) 49(1)
C(5) 2583(4) 942(4) 5450(3) 48(1)
C(6") 3213(3) 897(3) 6078(3) 39(1)
(1) 2824(4) -1543(4) 5706(3) 58(2)
C(8" 2267(5) -2277(4) 5184(4) 75(2)
cO)H 1692(5) -2215(5) 4544(4) 73(2)
C(109 1644(4) -1428(4) 4444(3) 60(2)
can 3292(4) 2809(4) 8707(3) 50(1)
C(12) 2530(5) 2968(5) 8985(4) 82(2)
C(13) 2400(6) 3837(6) 9304(5) 106(3)
C(14) 3037(7) 4527(5) 9341(5) 100(3)
C(15) 3788(6) 4365(5) 9089(5) 100(3)
C(16) 3904(5) 3506(4) 8755(4) 72(2)
C(17) 3580(4) 1292(4) 9100(3) 45(1)
C(18) 4317(4) 1728(5) 9708(3) 66(2)
C(19) 4544(5) 1358(6) 10262(3) 86(2)
C(20) 4050(6) 600(7) 10219(4) 87(3)
C(21) 3324(5) 181(5) 9637(4) 77(2)
C(22) 3076(4) 520(4) 9069(3) 59(2)
C(23) 3184(4) 2713(3) 6898(3) 44(1)
C(24) 2277(4) 2524(4) 6898(3) 49(1)
C(25) 1728(4) 3172(4) 6989(3) 60(2)
C(26) 2078(5) 4017(5) 7081(4) 79(2)
cen 2964(6) 4207(4) 7051(5) 100(3)
C(28) 3528(5) 3559(4) 6974(4) 80(2)
C(29) 4832(4) 2265(4) 6474(3) 49(1)
C(300) 5761(11) 2363(11) 6849(8) 69(3)
C(30D) 5593(10) 2818(10) 6985(7) 69(3)
(C31C0) 6454(14) 2690(13) 6581(11) 95(4)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (BuyN)(Ph3SiF;)

Table 10: Final position (x 10'%) and isotropic equivalent displacement parameters (A% x 10%) for C2.

x y z Uleq)
C(31D) 6315(12) 3146(12) 6762(10) 95(4)
C(32) 6235/6) 2925(6) 5991(5) 100(3)
C(330) 5348(11) 2970(10) 5681(8) 7703)
C(33D) 5486(10) 2226(10) 5460(8) 7703)
C(34C) 4637(9) 2599(9) 5921(7) 63(2)
C(34D) 4754(9) 1918(8) 5685(7) 63(2)
C(35) 7123(6) 3368(8) 8893(6) 126(4)
S(1) 6275(1) 2675(1) 9088(1) 84(1)
o) 2451(2) 1143(2) 7772(2) 48(1)
F(1) 7400(4) 2868(5) 8346(4) 201(4)
FQ2) 7849(4) 3667(5) 9485(4) 188(3)
F(3) 6815(5) 4025(4) 8765(4) 158(3)
0Q2) 5522(3) 2436(2) 8407(2) 60(1)
0@3) 6049(4) 3274(4) 9716(3) 109(2)
O(4) 6688(5) 1954(4) 9189(4) 161(3)
Ru(1B) 8025(1) 2517(1) 6977(1) 37(1)
P(1B) 9482(1) -2640(1) 6857(1) 40(1)
P(2B) 8239(1) -3136(1) 7916(1) 46(1)
O(1B) 10191(2) 2198(2) 7644(2) 45(1)
C(1B) 7985(3) -1399(3) 7901(3) 37(1)
C(2B) 6981(3) -1648(3) 7608(3) 37(1)
C(3B) 6602(4) -1840(3) 6837(3) 44(1)
C(4B) 7203(4) -1665(4) 6404(3) 47(1)
C(5B) 8090(4) -1225(3) 6731(3) 44(1)
C(6B) 8506(4) -1113(3) 7480(3) 39(1)
C(7B) 6391(4) -1783(3) 8033(3) 45(1)
C(8B) 5483(4) -2078(4) 7716(3) 59(2)
C(9B) 5110(4) -2302(4) 6957(4) 65(2)
C(10B) 5658(4) -2191(4) 6525(3) 60(2)
C(1%) 8417(3) -1386(3) 8663(3) 40(1)
CcE*) 8570(3) -597(4) 9279(3) 44(1)
Cc3*) 8940(4) -630(4) 9996(3) 53(2)
C@*) 9143(4) -1454(5) 10059(3) 69(2)
C(5%) 8985(4) -2193(4) 9465(3) 60(2)
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Table 10: Final position (x 10*) and isotropic equivalent displacement parameters (A2x 10%) for C2.

x y z Uleq)
C(6%) 8615(4) -2172(4) 8750(3) 47(1)
C(7*) 8380(4) 220(4) 9210(3) 54(2)
C(8*%) 8525(4) 962(4) 9818(4) 65(2)
C(9%) 8885(4) 913(5) 10515(4) 74(2)
C(10%) 9089(4) 146(5) 10602(3) 67(2)
C(11B) 7136(4) -3633(4) 7961(3) 53(2)
C(12B) 6447(4) -4084(4) 7335(4) 69(2)
C(13B) 5618(5) -4471(5) 7363(5) 88(2)
C(14B) 5467(5) -4405(5) 8033(5) 90(2)
C(15B) 6128(6) -3950(6) 8676(5) 97(3)
C(16B) 6966(5) -3572(5) 8634(4) 82(2)
C(17B) 8987(4) -3939(4) 8045(4) 67(2)
C(18B) 8623(6) -4824(5) 7807(6) 114(3)
C(19B) 9180(8) -5453(6) 7858(8) 174(6)
C(20B) 10105(8) -5189(7) 8169(8) 161(5)
C(21B) 10495(6) -4320(7) 8413(6) 125(4)
C(22B) 9926(5) -3685(5) 8345(4) 79(2)
C(23B) 9798(4) -2017(4) 6301(3) 45(1)
C(24B) 9370(4) -2312(4) 5547(3) 59(2)
C(25B) 9565(6) -1780(6) 5134(4) 80(2)
C(26B) 10158(6) -1015(6) 5464(6) 93(3)
C(27B) 10580(5) -728(5) 6190(5) 81(2)
C(28B) 10399(4) -1229(4) 6616(4) 60(2)
C(29B) 9788(4) -3712(4) 6445(3) 51(2)
C(30B) 9258(5) -4490(4) 6326(4) 82(2)
C(31B) 9579(7) -5288(5) 6031(5) 117(4)
C(32B) 10403(7) -5274(6) 5864(4) 106(3)
C(33B) 10925(6) -4514(6) 5984(4) 94(3)
C(34B) 10630(5) -37254) 6262(3) 68(2)
C(35B) 6581(9) -5121(8) 5026(6) 138(5)
S(1B) 7008(1) -3947(1) 5316(1) 81(1)
O(2B) 7431(3) -3753(2) 6112(2) 56(1)
O(3BA) 5952(13) -3788(12) 5395(10) 97(2)
O(3BB) 6371(6) -3484(5) 5104(4) 97(2)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (Bu N)(Ph3SiF ;)

Table 10: Final position (x 10%) and isotropic equivalent displacement parameters (A% x 10%) for C2.

x y z U(eq)
O(4BA) 7428(14) -3611(13) 4873(10) 98(2)
O(4BB) 7780(6) -4107(6) 491184) 98(2)
F(1B) 5965(7) -5196(6) 5376(5) 229(5)
F(2B) 6127(5) -5382(4) 4317(3) 1723)
F(3B) 7191(7) -5543(4) 5165(5) 236(5)
S(1) 10005(1) 1202(1) 7518(1) 62(1)
o(5) 10298(5) 1535(5) 6984(4) 132(3)
0(6) 9241(3) 563(3) 7162(4) 120(2)
o(7) 10758(3) 1076(4) 8016(3) 97(2)
C(36) 9577(6) 2127(6) 8060(5) 92(3)
F(4) 10199(5) 2783(4) 8440(5) 216(5)
F(5) 9214(6) 1890(5) 8522(4) 177(3)
F(6) 8924(4) 2368(3) 7659(3) 131(2)
S(2B) 12808(1) 2177(1) 7780(1) 64(1)
O(5B) 12819(4) -2603(5) 7042(39 140(3)
O(6B) 11955(3) -1897(4) 7853(3) 103(2)
O(7B) 13603(3) -1553(3) 8225(3) 90(2)
C(36B) 12879(7) -3032(6) 8182(7) 108(3)
C(36B) 12879(7) -3032(6) 8182(7) 108(3)
F(4B) 12779(6) -2703(6) 8859(4) 200(4)
F(5B) 13616(5) -3324(4) 8216(5) 212(4)
F(6B) 12178(4) -3691(3) 7792(4) 160(2)
C(iL) 110(30) 4260(20) 9913(19) 241(9)
C(2L) -1040(30) 4260(20) 9913(19) 241(9)
C(3L) 810(20) 4664(18) 10362(16) 24109)

Table 11: Final position (x 10%) and isotropic equivalent displacement parameters (A% x 10%) for C4.

x y z Uleq)
Ru(1) 3455(2) 6320(3) 3865(1) 28(1)
P(1) 4445(6) 7186(4) 4476(3) 32(2)
PQ2) 3845(6) 5523(4) 4758(3) 31(2)
F(1) 1712(15) 6904(9) 5487(8) 57(4)
F(2) 1336(16) 7815(10) 4795(8) 68(3)
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Table 11: Final position (x 10%) and isotropic equivalent displacement parameters (A% x 103 for C4.

x y z Uleq)
Q) 3140(30) 5371(15) 3099(13) 42(7)
o(1) 1882(15) 6784(9) 4308(7) 30(4)
02) 3487(16) 7413(9) 5004(8) 38(4)
0(3) 2980(18) 4719(11) 3204(9) 52(5)
(1) 4490(20) 5610(13) 3326(11) 29(6)
Cc@3) 2290(30) 5897(16) 2907(13) 46(7)
C@) 2700(20) 6518(13) 2787(11) 28(6)
C(5) 4020(20) 6678(15) 2846(12) 34(6)
C(6) 4880(20) 6221(13) 3141(10) 25(6)
J0)) 1690(30) 4470(20) 3022(16) 75(10)
cay 5370(20) 5124(14) 3760(13) 37(7)
@) 6380(20) 4771(14) 3502(12) 35(6)
Cc3) 7080(30) 4277(19) 3897(16) 71(10)
0(3) 6640(20) 4933(12) 2846(10) 62(6)
c@) 6730(30) 4161(19) 4530(16) 68(9)
C(5Y 5790(30) 4487(17) 4824(15) 57(8)
(6" 5080(20) 4998(14) 4421(12) 32(6)
(7 7940(30) 4824(17) 2655(14) 57(8)
C(8) 4700(20) 7918(14) 3944(12) 39(7)
o)) 3600(30) 8282(17) 3736(14) 56(8)
C(10) 3760(40) 8880(20) 3297(17) 82(11)
can 4870(40) 9030(30) 3170(20) 95(13)
cn 4870(40) 9030(30) 3170(20) 95(13)
C(12) 5970(40) 8720(20) 3353(18) 85(12)
C(13) 5840(40) 8100(20) 3756(16) 75(10)
C(14) 6010(20) 7128(13) 4956(11) 29(6)
C(15) 6220(30) 7484(18) 5556(15) 65(9)
C(16) 7430(30) 7489(19) 5893(16) 73(10)
camn 8410(30) 7069(19) 5636(16) 63(10)
C(18) 8200(30) 6777(18) 5086(15) 58(9)
C(19) 7030(30) 6771(16) 4724(14) 49(8)
C(20) 2470(20) 4998(14) 4802(12) 38(7)
c@ 2580(30) 4352(17) 5009(14) 58(9)
Cc(22) 1490(30) 3910(20) 5048(15) 69(10)
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P-C Bond Splitting: Induced by CH3SO3H, HBF yand (BuyN)(Ph3SiF)

Table 11: Final position (x 10*) and isotropic equivalent displacement parameters (A% x 10°) for C4.

x y z Uleq)
C(23) 230(30) 4175(19) 4957(16) 68(9)
C4) 30(50) 4850(30) 4760(20) 103(14)
C@5) 1190(30) 5261(18) 4711(14) 57(9)
C(26) 4370(30) 5679(16) 5658(14) 43(8)
cemn 3440(30) 5749(16) 6100(14) 54(8)
C(28) 3820(40) 5850(20) 6782(18) 77(10)
C(9) 5050(40) 5940(20) 6990(20) 102(13)
C(30) 6030(40) 5860(20) 6572(17) 80(11)
Cc@1 5700(30) 5734(18) 5872(16) 67(9)
B(2) -1020(30) 6604(17) 3125(15) 37(8)
B(1) 2100(30) 7203(18) 4925(15) 40(8)
F(3) -84(18) 7073(11) 3356(9) 76(5)
F(4) -2161(16) 6892(10) 3082(8) 65(5)
F(5) -713(18) 6369(12) 2492(9) 82(5)
F(6) -940(20) 6079(12) 3584(10) 94(7)
Ru(1A) 2606(2) 7666(3) 9522(1) 40(1)
P(1A) 3440(7) 8499(5) 8889(4) 39(2)
P(2A) 2986(7) 8226(5) 10565(3) 39(2)
F(1A) 677(18) 9363(11) 9487(9) 80(6)
FQA) 245(16) 9046(10) 8389(8) 64(5)
O(1A) 904(18) 8234(10) 9201(9) 49(5)
O(2A) 2382(16) 9069(10) 8861(8) 39(1)
O(3A) 2248(17) 6549(10) 10842(8) 46(5)
B(1A) 1020(40) 8970(20) 8944(18) 54(10)
C(1A) 3780(30) 6919(15) 10106(13) 41(7)
C(2A) 2480(30) 6621(16) 10208(14) 47(7)
C(GA) 1590(30) 6604(17) 9623(15) 61(9)
C@A) 1940(30) 6719(17) 8948(15) 58(9)
C(5A) 3300(30) 6852(16) 8865(14) 418)
C(6A) 4170(20) 6970(14) 9428(11) 33(6)
C(7A) 910(30) 6260(20) 10957(15) 66(9)
C(I'A) 4620(30) 7174(15) 10670(12) 41(7)
CQA) 5630(30) 6767(18) 10961(15) 59(9)
C(3'A) 6470(30) 7028(16) 11542(14) 54(8)
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Table 11: Final position (x 10" and isotropic equivalent displacement parameters (A2 x 10) for C4.

x y z Uleq)
0O(3'A) 5850(20) 6191(13) 10640(10) 72(6)
C@A) 6130(30) 7568(17) 11828(14) 56(8)
C(5'A) 5090(30) 7988(18) 11553(15) 60(9)
C(6'A) 4350(20) 7752(15) 10964(11) 32(6)
C(T'A) 7080(40) 5840(20) 10764(19) 92(12)
C(8A) 4980(20) 8893(13) 9088(12) 30(6)
C(9A) 6030(30) 8554(18) 9409(14) 57(8)
C(10A) 7200(30) 8883(18) 9506(15) 64(9)
C(11A) 7410(40) 9500(20) 9277(17) 77(11)
C(12A) 6360(40) 9810(30) 8950(20) 98(13)
C(13A) 5170(30) 9529(19) 8869(15) 67(9)
C(14A) 3550(30) 8193(16) 8028(13) 48(8)
C(15A) 2420(30) 8026(16) 7647(14) 52(8)
C(16A) 2480(30) 7720(20) 6994(16) 76(10)
C(17A) 3620(30) 7600(20) 6759(18) 84(11)
C(18A) 4700(40) 7780(20) 7131(17) 80(10)
C(19A) 4690(30) 8043(19) 7798(16) 71(10)
C(20A) 3420(30) 9057(18) 10708(14) 56(8)
C(21A) 4680(20) 9377(13) 10681(11) 28(6)
C(224) 4970(50) 10040(30) 10800(20) 107(14)
C(Q3A) 3950(50) 10450(30) 10970(20) 111(15)
C(24A) 2790(50) 10240(20) 11000(20) 102(14)
C(25A) 2370(30) 9490(20) 10880(16) 73(10)
C(26A) 1630(30) 8104(15) 11123(12) 41(7)
C@27A) 1870(30) 8140(15) 11846(12) 40(7)
C(28A) 850(40) 8080(20) 12238(19) 85(11)
C(29A) -420(30) 7997(16) 11920(14) 54(8)
C(30A) -660(30) 7976(17) 11243(15) 60(9)
C(31A) 350(30) 8049(18) 10828(17) 67(9)
B(2A) -1881(19) 7078(10) 8891(9) 140(20)
F(3A) -3092(17) 7071(13) 8641(11) 129(9)
F(4AA) -1220(30) 7550(30) 8580(30) 174(11)
F(4BA) -1400(40) 7694(13) 8910(60) 174(11)
F(5AA) -1310(30) 6491(15) 8820(40) 174(11)
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Table 11: Final position (x 10‘4) and isotropic equivalent displacement parameters (AZ X 103) for C4.

x y z Uleq)

F(5BA) -1160(30) 6700(50) 8490(40) 174(11)
F(6AA) -1820(30) 7230(40) 9563(12) 174(11)
F(6BA) -1760(40) 6820(60) 9520(30) 174(11)
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4.5.2 Synthesis

All reactions with air- or moisture-sensitive materials were carried out under Argon using standard Schlenk
techniques. The solvents used for synthetic and recrystallisation purposes were of “‘puriss p.a” quality, pur-
chased from Fluka AG, Riedel-de-Hden or Merck. Diethylether was distilled from sodium-benzophenone
ketyl. Hexane was destilled from sodium. Dichloromethane was distilled from CaH,. 1,2-Dichloroethane
was distilled from P,0O. The deuterated solvent CD,Cl, was purchased from Cambridge Isotope Labora-
tories. It was distilled and dried over CaH, before use.
Racemic-2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl (Binap) was purchased from Strem Chemicals.
Racemic-(6,6’-Dimethoxybiphenyl-2,2’-diyl)bis(diphenylphosphine oxide), (S)-(6,6’-Dimethoxybiphe-
nyl-2,2'-diyl)bis(diphenylphosphine) ((S)-MeO-Biphep) and (R)-3,5-di-tert-Bu-MeO-Biphep were given
by F. Hoffmann-La Roche AG. The reduction of this diphosphine oxide by reported methods gave the
ligand (rac)-(6,6’-Dimethoxybiphenyl-2,2’-diyl)bis(diphenylphosphine) (MeO-Biphep). [Ru(OAc),(MeO-
Biphep)], 9a, [Ru(OAc),((R)-3,5-di-tert-Bu-MeO-Biphep)], 9b, [Ru(OAc),(Binap)], 10, [Ru(Binap)(n®-
benzene)](SbFg),, 26, and [Ru(Binap)(n6-p-cymene)](SbF6)2, 27, were prepard according methods
reported in the literature.1649 All the other chemicals were commercial products used as received.

The routine 3'P{'H}-, 1*C{'H}-, 2H- and 'H-NMR spectra were measured in CD,Cl, on either a Brucker
AdvanceDPX250 [frequency in MHz: 3'P : 101.26, 13C : 62.90, 'H : 250.14] or Brucker AdvanceDPX300
[frequency in MHz: 3'P: 121.49, 19F : 28239, 13C : 75.47, IH : 300.13] or Brucker AdvanceDRX400 [fre-
quency in MHz: 31P : 161.98, 1°F : 376 .46, 13C : 100.61, 'H : 400.13] or Brucker AdvanceDRX500 [fre-
quency in MHz: 3p . 202 46, Be . 125.75, . 500.13] at room temperature unless stated. The two-
dimensional 'H-'H-DQF-COSY, 3!P-'H-INV-COSY, 3C-'"H-HMQC, '3C-'H-HMBC, °F-'H-NOESY
and 'H-NOESY experiments were carried out at either Brucker AdvanceDRX400 or Brucker
AdvanceDRX500.

The chemical shifts & are given in ppm and the coupling constants J are given in Hertz. The multiplicity is
denoted by the following abbreviations: s: singlet; d: doublet; t: triplet; m: multiplet; dd: doublet of dou-
blet; ddd: doublet of dd; dt: doublet of triplet; br : broad.

Elemental analysis (EA) and EI-MS and FAB-MS spectra were performed by the service of the “Laborato-

rium fiir Organische Chemie der ETH Ziirich”.
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Synthesis of C1
[Ru(OAc),(MeO-Biphep)] (60.8 mg, 0.08 mmol) was dissolved in 2
_ . . OT} _|OTf
mL of 1,2-dichloroethane and 2.1 equivalents of trifluoromethane- ohp
2P—Ru
sulfonic acid (14 mL, 0.16 mmol) added. The solution color turned MeO PPhOH
immediately from yellow to orange. After heating for 1 h at 90° C, the /
OMe

reaction mixture was filtered using a glass filter. The 1,2-dichloroet-
hane was evaporated under high vacuum. The crude reaction mixture was stirred and washed three times
with 1 mL of Et,0. The complex was recrystallized from dichloromethane-Et,0. A suitable crystal for X-
ray diffraction was obtained form the same mixture of solvents.

Color: orange. Yield: 59.2 mg (78%). Anal. Calcd for C4oH3409F¢P,S,Ru (999.84): C, 48.05; H, 3.43.
Found: C, 48.00; H, 3.56. FAB-MS: calcd M*-OTf 701.7; found 701.3; NMR (DRX400, CD,Cl,): 31P,
104.1 (d, 63),50.2 (d, 63); °F, -77.8 (s),-79.3 (s); 13C, 158.7 (d, 17), 146 .4 (d, 6), 143.9 (d, 62), 143.9 (d,
48),134.2 (d, 11), 133.8 (d, 10), 133.1, 133.2, 132.1 (d, 3), 131.8 (d, 3), 131.1 (br 5), 131.0, 130.8, 130.7,
129.4-128.8,128.3,128.2,127.8,125.6 (d, 1), 115.0 (d, 2), 102.7 (d,6),97.6 (d, 6),93.7 (d, 4),81.4 (d, 8),
79.6,56.9,56.4; 'H,9.66 (br s, 1H), 7.81-7.96 (4H),7.68 (dt, 8.0, 3.4,0.5, 1H), 7.64-7.49 (6H), 7.25-7.10
(8H), 7.02 (dt, 8.8,7.8,2.7, 1H), 6.94 (dt, 8.8,7.9, 3.1, 2H), 6.63 (dddd, 7.0, 6.6, 2.1, 1.4, 1H), 5.98 (dd,
70,15,0.7,1H),5.67 (ddd, 5.2,3.7, 1.4, 1H),5.22 (td,6.6,2.2,2.1,0.7, 1H), 3.94 (s, 3H), 2.99 (s, 3H).

Synthesis of C2
[Ru(OAc),(Binap)] (65.0 mg, 0.08 mmol) was dissolved in 2 mL of
. . . ) oTt _|0Tf
1,2-dichloroethane and 2.4 equivalents of trifluoromethanesulfonic
Pho,P—R
acid (16 mL, 0.18 mmol) added. The solution color turned immedi- 2 =S~ PPheOH

ately from yellow to orange. After heating for 1h at 90° C, the reac- O N~

tion mixture was filtered using a glass filter. The 1,2-dichloroethane Q

was evaporated under high vacuum. The crude reaction mixture was

stirred and washed three times with 1 mL of Et,0. The complex was recrystallized from dichloromethane-
Et,0. A suitable crystal for X-ray diffraction was obtained form the same mixture of solvents.

Color: orange. Yield: 59.6 mg (74%). Anal. Calcd for C46H340,F¢P,S,Ru (1039.94): C, 53.13; H, 3.30.
Found: C, 53.01; H, 3.44. FAB-MS: calcd M* 890.9; found 891.1; NMR (DRX400, CD,Cl,): 31P, 114.5
(d, 56), 534 (d, 56); 1°F, -78.2 (s), -79.5 (s); 3C, 142.6 (d, 60), 141.0 (d, 19), 140.7 (d, 56), 135.4 (d, 2),
135.2,134.9,134.9,134.8,1329,132.8,132.2-131.8,131.7, 131.6,131.5(d, 3),131.2 (d,3), 129.8, 129.6
d,2),129.5(d,2),129.3,129.2,129.1,129.0,128.8,128.6, 128 2, 128.1,127.7 (d,2),1274,125.1, 116 .9
)d,7), 110.6 (dd, 6, 2), 107.6 (d, 6), 100.0 (d, 8), 99.6 (d, 4), 77.9; 'H, 10.02(br s, 1H), 8.30 (dd, 8.5, 2.3,
1H), 8.20 (d, 8.3, 1H), 8.03 (d, 8.1, 1H, 7.95 (m, 1H), 7.86-7.75 (4H), 7.68 (m, 1H), 7.62-7.57 (3H), 7.54
(dd, 7.3,2.1, 1H), 7.40 (m, 1H), 7.26-7.10 (11H), 7.04 (dt, 9.3, 7.7, 2H), 6.97-6.89 (3H), 6.34 (d, 8.6, 1H),
5.84 (t,5.3,4.3,1H),5.54 (ddd, 7.3,5.3,2.3, 1H).
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Synthesis of C3
Method I: A solution of [Ru(OAc),((S)-MeO-Biphep)} (68.5 mg, 0.09 E

eh F
mmol) in 1 mL of CD,Cl, in an NMR tube was treated with 2.1 equiva- FaB™ H B;

o ~=F
lents of tetrafluoroboric acid (24 uL., 7.3 M in Et,0). After 28 days the RoP— R”‘;pﬁg
reaction mixture was transferred to a Schlenk tube and the solvent was dis- MeQ, __‘_ 2

N 2
tilled under high vacuum. The remaining yellow powder was three times
OMe R=Ph

washed with 2 mL of Et,O. Drying under vacuum afforded a pale yellow

powder in 61.2 mg (85%) yield. A yellow crystal was grown by slow diffision of diethyl ether into a
CH,Cl, solution of the product.

Method II: [Ru(OAc),(MeO-Biphep)] (120.4 mg, 0.15 mmol) was dissolved in 5 ml 1,2-dichloroethane.
After addition of tetrafluoroboric acid (30 gL, 7.3 M in Et,0), distilled water (10 xL) was added to the
resulting solution. The 31p_NMR showed full conversion to the product after heating the solution for ca 6 h
at 90° C. The solvent was removed in vacuo and the remaining residue was washed three times with pen-
tane.

Anal. Caled for C3gH340,4B,F¢PoRu.H,0 (853.31): C, 52.33; H, 4.13. Found: C, 52.04; H, 4.48. FAB-MS:
caled M* 766.3; found 766.9, 701.0 (100%, M+-BF,OH). NMR (DRX400, CD,Cl,): 31p 114.1 (br d, 55),
46.5 (d, 55); 1°F, -141.1 (d, 66), -141.1 (d, 66),-143.5 (d, 66), -143 .6 (d, 66),-151.5 (25%, s),-151.6 (75%,
s); 13C (DPX300), 159.0 (d, 17), 147.4 (d, 7), 144.5 (d, 54), 144.4 (d, 57), 133.6,133.5,133.4 (d, 4), 133.2
(d,4),1329(, 7), 1329 (d, 3), 132,2 (d, 3), 131.8 (d, 3), 131.4 (d, 3), 130.1 (d, 3), 130.0 129.9, 129.6-
129.1,128.8 (d, 24),128.0 (d, 11), 126.6 (d,49), 1260, 114.8,101.2 (d,7),96.4 (d,7),92.7 (d, 4), 80.6 (d,
8),75.4 (d, 5), 570 ,56.5; 1H,7.93 (m, 2H), 7.73 (dt, 8.7, 8.3, 3.2, 1H), 7.58-7.44 (9H), 7.36 (t,8.7,7.9,
1H), 7.31 (d, 8.3, 1H), 7.21 (m, 1H), 7.17 (m, 2H), 7.01-6.83 (6H), 6.49 (d, 6.7, 1H), 6.35 (t,7.0, 6.7, 1H),
5.43(1,5.8,3.9,1H),5.10 (br s, 1H), 4.54 (t,7.0, 5.8, 1H), 3.96 (s, 3H), 2.96 (s, 3H).

Synthesis of C4
Method I: A solution of [Ru(OAc),((R)-3,5-Di-+-Bu-MeO-
el F
Biphep)] (42,3 mg, 0.034 mmol) in 2 mL of CD,Cl, in an NMR FsB H\O-—B;
O—B~F

tube was treated with 2.1 equivalents of tetrafluoroboric acid (10 R.P— R }3

2 u ,F—‘—‘
u#L, 7.3 M in Et,0). After 18 days at 30° C the reaction mixture MeQ, _|_ 2
was transferred to a Schlenk tube. Washing three times with 5 mL

OMe R = 3,5-di-t-Bu-CgH3

of water and drying over MgSO, was followed by evaporation to

dryness. Drying under vacuum afforded a pale yellow powder in 78% yield.

Method II: [Ru(OAc),((R)-3,5-Di-t-Bu-MeO-Biphep)] (106.0 mg, 0.09 mmol) was dissolved in 1 ml 1,2-
dichloroethane. After addition of tetrafluoroboric acid (25 yL, 7.3 M in Et,0), distilled water (10 L) was
added to the resulting solution. The 31p_NMR showed full conversion to the product after heating the solu-
tion for ca 6h at 90° C. The solvent was removed in vacuo and the remaining residue was washed three

times with pentane.
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Anal. Caled for C7HggO4B,F¢P,RuH,0 (1302.26): C, 63.68; H, 7.64. Found: C, 63.62; H, 8.14. FAB-
MS: caled M* 1215.5; found 1215.5, 1149.4 (100%, M+-BF,0OH). NMR (DRX400, CD,Cl,): 3'P, 119.9
(d, 57), 46.3 (d, 57); '9F, -138.1 (d, 64), -138.2 (d, 64), -143.4 (d, 64), -143.5 (d, 64), -151.0 (25%, 5), -
151.1 (75%, s); 13C, 159.5 (d, 17), 151.6 (d, 10), 150.1 (d, 11), 147.0 (d, 8), 147.0 (d, 58), 146.1 (d, 53),
133.7 (d, 73), 133.0 (d, 44), 132.1 (d, 9), 1295 (d, 11), 129.2 (d, 23), 127.4, 1273, 127.0, 126.8, 126.3,
1262,1262,1250, 1249, 123.7, 1140, 102.6 (d, 7), 96.1 (d, 7), 92.1 (d, 4), 79.8 (d, 9), 75.7, 56.5, 56 2,
355,35.3,35.2,35.2,31.4,314,31.3,313; 1H,7.78 (d, 11, 1H),7.70 (dt, 8.5,8.1,3.0, 1H), 7.61 (m, 2H),
745 (m, 1H),7.27 (m, 2H), 7.24 (t,8.1,7.8, 1H), 7.06 (dd, 12.9, 1.7, 2H), 6.34 (7.3, 6.4, 1H), 6.23 (d, 6.8,
1H), 5.60 (s, 1H), 5.33 (t,5.0,4.1, 1H), 420 (t,6.7,5.9, 1H), 3.96 (s, 3H), 2.66 (s, 3H), 1.34 (s, 18H), 1.24
(s, 18H), 1.12 (s, 18H), 1.02 (s, 18H).

Synthesis of C5
Method I: [Ru(OAc),(Binap)] (77.7 mg, 0.09 mmol) was dissolved in 2 ml E
- F
1,2-dichloroethane. After addition of tetrafluoroboric acid (25 L, 7.3 M in FsB H\O—B":
C . . . 31 ",o‘\ \\F
Et,0), distilled water (10 uL) was added to the resulting solution. The °"P- Ph,P— R~ Pﬁ\o
< S 2

N P’

NMR showed full conversion to the product after heating the solution for O
3.5 h at 90° C. The solvent was removed in vacuo and the remaining resi-

due was washed three times with pentane. O
Method II: [Ru(OAc),(Binap)] (40.0 mg, 0.05 mmol) was dissolved in 2

mL 12-dichloroethane. This was followed by addition of 2.3 equivalents of tetrafluoroboric acid (15 uL,
7.3 M in Et,0). After ca. 48h at 65° C the resulting mixture was filtered using a glass filter and the 1,2-
dichloroethane was distilled under high vacuum. The crude reaction mixture was washed three times with
1 mL hexane. The product was recrystallized from a dichloromethane-ether mixture to afford 36.8 mg
(87%) of yellow product.

Anal. Calcd for C44H340,B,F¢P,Ru (893.38): C, 59.16; H, 3.84. Found: C, 59.07; H, 3.90. FAB-MS:
caled M* 805.6; found 805.8. NMR (DRX400, CD,CLy): 3'P, 116.6 (d, 52), 50.1 (d, 52); '°F, -140.4 @,
62), -140.5 (d, 62), -146.5 (d, 62), -146.6 (d, 62), -150.8 (25%, s), -150.8 (75%, s); 3¢, 1423 (, 53),
141.5 (d, 22), 135.1, 134.4, 1344, 1329, 132.8, 132.6, 132.1, 131.2, 130.6, 130.1, 1300, 129.8, 129.5,
128.8,128.7,128.4, 128 4, 127.7,125.4, 113.6 (d, 9), 110.0 (d, 6), 105.7 (d, 6), 102.4 (d, 4), 95.1 (d.9),
73.3; 'H, 8.43 (d, 8.3, 1H), 8.28 (dd, 8.8, 2.0, 1H), 8.24 (dd, 8.8, 2.0, 1H), 7.95 (d, 8.2, 1H), 7.92 (1, 8.2,
7.8, 1H), 7.84 (ddd, 8.3,6.9, 1.2, 1H),7.77 (dd,8.9,6 .9, 1H),7.71 (ddd, 8.3, 6.9, 1.2, 1H), 7.64-7.49 (5SH),
7.30 (brd,7.0,2.1),7.29-7.15 (4H), 7.10-7.00 (3H), 6.95 (dd, 8.8, 7.8, 1H), 6.90-6.79 (3H), 6.26 (br d, 8.6,
1H),5.93 (brd, 1H), 5.84 (dd,4.7,2.7, 1H), 5.15(ddd, 7.0,4.7,2.3, 1H).
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Preparation and/or Isolation products of low temperature NMR, C6-C8

[Ru(OAc),(Binap)] (41.1 mg, 0.05 mmol) was dissolved in 2 mL of CD,Cl,. The solution was cooled to -
78° C before 2.2 equivalents of tetrafluoroboric acid (15 uL, 7.3 M in Et,0) was added. The reaction was
then immediately monitored by NMR at -60° C. After 30 min, intermediate C6 was observed as the main
product. The mixture was then warmed to 0° C for 1.5 h to afford intermediates C7a and C7b. The reaction
mixture was then cooled to -60° C (to stabilize these intermediates), and C7a and C7b were characterised
via NMR methods (see selected data below for two isomers).

Major isomer: NMR (DRX400, -60° C, CD,Cl,): 3P, 181.8 (dd, 948, 54), 51.5 (dd, 54, 11); g, 1217
(dd, 948, 11); 13C, 106.3,101.8,77.7; 'H, 6.56 (d, 7.2, 1H), 6.07 (ddd, 7.2,5.3,2.7, 1H), 5.69 (dd, 5.3, 4.2,
1H).

Minor isomer: NMR (DRX400, -60° C, CD,Cl,): 3P, 183.6 (dd, 956, 52), 41.4 (dd, 52, 13); '°F,-115.5
(dd, 956, 13); 13C, 108.8, 103.8, 78 .4; 'H, 6.55 (br d, 7.3, 1H), 5.82 (ddd, 7.3, 5.2,2.3, 1H), 5.60 (dd, 5.2,
42,1H).

At -60° C, 23.6 mg (0.56 mmol) of LiCl was added to the yellow reaction mixture. The mixture became
immediately red in color. After stirring overnight, the reaction mixture was filtered through Celite. The sol-
vent was evaporated in vacuo and the product C8 was recrystallized from dichloromethane-ether to afford
32.3 (74%) of a red solid.

Anal. Calcd for C44H33BF5CIP,Ru.H,0 (866.02): C, 59.16; H, 3.84. Found: C, 59.07; H, 3.90. FAB-MS:
caled M* 780.26; found 780.89. NMR (DRX400, CD,Cl,): 3P, 176.7 (dd, 932, 59), 53.5 (d, 59); '°F, -
122.5 (d, 932), -153.5 (25%, s), -153.6 (75%, s); 13C, 144.2, 136 4, 1350, 133.9, 1338, 1337, 1329,
132.1,131.5,130.2,130.0, 129.8, 129.6-127.6, 125.5,113.2 (d, 6), 113.0 (d, 7), 109.0 (br d), 108.7 (br d),
101.4 (d, 11), 81.8; 'H, 8.24 (dd, 8.7, 2.3, 1H), 8.20 (d, 8.3, 1H), 8.03-7.80 (6H), 7.73 (1, 9.4, 7.4, 1H),
7.67-7.57 (4H), 7.53-7.42 (3H9, 7.40-7.11 (TH), 6.89-7.09 (7TH), 5.97 (br 5), 5.95 (br s).

Reaction of [Ru(Binap)(n6-p-cymene)}(SbF6)2 with (Bu4N)(Ph3SiF2), product C9
[Ru(Binap)(n6-p-cymene)](SbF¢), (18.8 mg, 0.014 mmol)

was dissolved in 1 ml CD,Cl, in an NMR-tube. The resulting —®—<—‘SbFe
red solution was cooled to -78° C before (BuyN)(Ph3SiF,) leu

(7.9 mg, 0.014 mmol), under a continous Ar flow, was added.

The color of the solution changed from red to yellow. A 3p
NMR-spectrum of the cooled solution, measured immedi-
ately, showed complete conversion of the starting Ru-com-
pound to a single new Ru-complex, C9. The solution was
allowed to come to room temperature and the complex C9 was characterised by NMR spectroscopic meth-
ods (see selected data below). Then the solvent was evaporated i.v. and washed 3x3 ml Et,0. The yellow
powder was dried i.v. This solid did not afford satisfactory microanalytic data. 'H-NMR indicated still
(BuyN)(SbF¢) and FSiPh;.
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FAB-MS: calcd M* 877.0; found 877.3, M*-p-cymene 743.3; NMR (DRX400, CD,Cl,): 31p 1817 (dd,
936, 50), 50.9 (dd, 50, 13); '°F, -139.1 (dd, 936, 13); 13C, 147.7,147.0, 144.1, 140 3, 140 3, 134.8, 134.3,
133.3, 1323, 131.9, 1293, 128.0, 127.6, 127.3, 1272, 126.2, 1259, 1250, 124.9, 124.2, 114.1, 103.8,
102.3,99.4,31.0,23.8,20.1, 17.4; 'H, 8.39 (d, 8.4, 1H), 7.76 (br d, 8.3, 1H), 7.70 (1H), 7.48 (1H), 7.33
(1H), 732 (1H), 7.30 (1H), 7.19 (1H), 6.79 (1H), 6.33 (d, 8.7, 1H), 6.67 (ddd, 8.8,7.8, 1.2, 1H), 6.12 (br d,
6.9, 1H), 6.09 (brd, 6.5, IH), 5.84 (brd, 6.7, 1H), 5.71 (d, 8.8, 1H), 5.56 (br d, 6.5, 1H), 2.56 (m, 1H), 1.67
(s,3H),1.03 (d, 6.9, 3H),0.13 (d, 6.9, 1H).

Reaction of [Ru(Binap)(n6-benzene)}(SbF6)2 with (BudN)(Ph3SiF2), product C10
[Ru(Binap)(n6-benzene)}(SbF¢), (33.5 mg, 0.03 mmol) was dis-
solved in 1 ml CD,Cl, in an NMR-tube. The resulting red solution @ ——\SbFB
was cooled to -78° C before (BuyN)(Ph3SiF,) (13.9 mg, 0.03 |

mmol), under a continous Ar flow, was added. The color of the
solution changed immediately from red to yellow. A 31p NMR-
spectrum of the cooled solution, measured immediately, showed

complete conversion of the starting Ru-compound to a single new

Ru-complex, C10. The solution was allowed to come to room tem-
perature and the complex C10 was characterised by NMR spectro-
scopic methods (see selected data below).

NMR (DRX400, CD,Cl,): 3'P, 180.4 (dd, 950, 48), 49.0 (dd, 48, 7); 'F, -137.2 (dd, 950, 7); 13C, 146 8,
145.6, 1442, 1403, 134.7, 134.2, 1332, 1319, 128.9, 128.6, 128.1, 127.3, 127.2, 126.6, 125.7, 124 3,
124.3,102.1; 'H, 8.53 (d, 8.6, 1H), 7.91 (dd, 8.6, 2.4, 1H), 7.83 (br d, 8.4, 1.5, 1H), 7.71 (1H), 7.64 (br d,
8.3,1.5,1H9,7.54 (1H),7.33 (ddd, 8.4,7.5, 1.1, 1H), 6.60 (ddd, 8.8,7.6, 1.3, 1H), 6.56 (ddd, 8.8,7.7, 1.5,
1H),5.68 (brd, 8.8, 1.1, 1H).

In an attempt to separate the metal complex from (BuyN)(SbFg) and FSiPhs, a second reaction was carried
on a 2.5-fold larger scale following the same procedure described previously but using dichloromethane at
room temperature. After five minutes the solvent was evaporated i.v. The resulting yellow powder was
washed with 3x1 ml Et,O. Slow diffusion of Et,O into a dichloromethane solution resulted in two crystal-
line materials (i.e. yellow and white crystals). X-ray diffraction measurements on the yellow crystals failed
to give a structure. An attempt was made to separate the two species on basis of the color of the crystals.
However, this solid did not afford satisfactory microanalytic data. The isolated yellow product is stable
under Ar and affords the same >'P, 1°F and 'H-NMR characteristics described above. However, in solution
it decomposes over a short period of time.

FAB-MS: calcd M* 820.9; found 820.2, M*-benzene 742.8, M+—PPh2F 614.0.
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4.5.3 Selected NMR data

Table 12: Selected NMR data for the complexes C1 and C2?

Pho
6!

2

PT Ru

. oTf _—IO%f

1
~~PPh,0OH

910

9 8 Cc2

position C1 C2

5 31p S19F 5 31p SI9Fe
1 104.1 -77.8 114.5 -78.2
2 50.2 -793 534 -79.5

8 1HP* 813c 6 1Hd 8 3¢
1 93.7 99.6
2 146 4 116.9
3 598 814 110.6
4 6.63 97.6 7.54 100.0
5 522 102.7 5.54 107.6
6 5.67 79.6 5.84 779
7 2.99 56.9 6.34 127.4
8 6.94 1354
9 7.78 134.8
10 8.03 1318
1' 127.8 1410
2! 158.7 131.7
3! 7.25 1150 1352
4' 7.68 131.8 8.30 1320
5! 7.15 125.6 7.81 1279
6' 1439 140.7
7' 394 56 .4 7.81 129.1
8 7.68 129.2
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Table 12: Selected NMR data for the complexes C1 and C2?

. oTt _]O?Ff

position C1 C2

9' 7.82 1277
10' 8.20 129.1
OH 9.66 10.02

4 400 MHz, CD,Cl, ambient temperature. b Exchange between OH and water. ¢ Correlation between P1
and OH. ¢ Exchange between OH and water. © No or slow exchange between OTf groups. fC1: H3, 5.98,
JAHH) =70,0.7,3JPH) = 1.5; H4, 6.63, JHH) = 7.0, 6.6, and 1.4, >J(PH) = 2.1; H5,5.22, JHH) =
6.6,5.2,and 0.7,3J(PH) =2.1; H6,5.67, JHH) = 52 and 1.4, >*J(PH) =3.7. C2: H4,7.54, 3JHH) =73,
3J(PH) =2.1; H5,5.54,J(HH) = 7.3 and 5.3, >J(PH) = 2.3; H6, 5.84 J(H H) = 5.3, >J(PH) =4 3.
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Table 13: Selected NMR data for the complexes C3 and C5?

C3

position C3 Cs

5 3p SIF 5 31p S19Fe
1 114.1 -143.5 (-143.6) 116.6 -146.5 (-146.6)
2 46.5 -141.1 (-141.1) 50.1 -140.4 (-140.5)

3'H 813c 5 H 8 3¢
1 92.7 102.7
2 1474 1136
3 6.49 80.6 110.0
4 6.35 96.4 730 95.1
5 4.54 101.2 5.15 105.7
6 543 754 5.85 733
7 2.96 57.0 6.26 127.7
8 6.95 134.8
9 7.92 136.3
10 8.43 130.3
1' 128.8 134.8
2! 159.0 1314
3 7.31 114.8 1415
4! 7.73 1329 8.24 131.7
5 7.36 126.6 7.71 1284
6' 144 4 1423
7' 3.96 56.0 7.95 1254
8' 7.84 129.9




160 P-C Bond Splitting: Induced by CH3SO3H, HBF yand (Bu N)(Ph3SiF,)

Table 13: Selected NMR data for the complexes C3 and C5?

position C3 Cs

9' 7.71 1284
10 8.20 129.1
Ha 5.10 5.95

4 400 MHz, CD,Cl, ambient temperature.
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Table 14: Selected NMR-data for the complexes C7a, C7b and C8

2
~OAc or H0 BF4

position C7a C8
F) 31P 619F ) 311) 619F
1 181.8 1277 1 1767 21225
2 51.5 2 53.5
5!H 8'3c 5H d13¢
4 5.69 106.3 1 109.0
5 6.07 777 2 1132
6 6.56 101.8 3 113.0
4 5.95 108.7
5 597 81.8
6 6.93 101.4
7 792 129.3
C7b 8 7.98 136.4
531p SF 9 7.16 132.1
1 183.6 1155 10 6.57 128.7
2 414 2! 1315
5H d3¢c 3! 135.0
4 5.60 108.8 4 8.24 132.1
5 5.82 78.4 5" 761 128.0
6 6.55 103.8 6' 1442
7' 794 129.0
8 7.84 130.0
9! 7.73 129.6
10" 8.20 125.5
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3 400 MHz, CD,Cl, ® Major isomer, -60 °C, assigment based on the observations of C8. © Minor isomer, -
60 °C, assigment based on the observations for C8. 4 Ambient temperature. ¢ C7a: H4, 5.69, 3JHH) =
53,3J(PH) = 4.2; H5, 6.07, >J(HH) = 7.2 and 5.3, J(PH) = 2.7; H6, 6.56, >J(H H) = 7.2. CTb: H4,5.60
3J(HH) =5.2,3/(PH) = 4.2; H5,6.07,3J(H.H) = 7.3 and 5.2, 3J(PH) = 2.3; H6,6.55, br d, >J(HH) =73
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