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Symbols and abbrevations

NMR - Nuclear Magnetic Resonance

HR MAS - High Resolution Magic Angle Spinning
MO - Molecular orbital

HOMO - Highest occupied molecular orbital
LUMO - Lowest occupied molecular orbital

o - Sigma

n - Pi

CP MAS - Cross polarization Magic angle spinning
Fig - Figure

d - Doublet

d - Chemical shift

diso- Isotropic chemical shift

DCM - Dichloromethane

M - Multiplets

Me - Methyl

m/e - Mass to charge ratio

HMQC - Heteronuclear multiple quantum coherence
HSQC - Heterospin quantum coherence

tht - Tetrahydrothiophene

thf - Tetrahydrofuran

CSA - Chemical shift anisotropy

XPS - X ray photoelectron spectroscopy

Vrot - Rotational frequency

ns - Number of scans



dmf - Dimethylformamide

[M] * - Molecular ion

2D - Two dimensional

m.p. - Melting point

RT - Room temperature

S - Second

min - Minute

HP Dec - High power Decoupling
BET - Brunauer, Emmett and Teller
K - Kelvin

ICP - Inductively coupled plasma
ms - millisec

efg - Electric field gradient

hrs - hours

ESI - Electron spray ionization

El - Electron ionization
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1. Introduction

1.1 Immobilisation of metal complexes

Remarkable developments have taken place in homoogesind heterogenous catalysis over
the past few decades. Traditionally a comparisamwéen these two catalyses point out a
number of strong and weak poifttsThe definition of the active site at the molecukvel
and the variability in design are considered asii@ant advantages for homogenous
catalysis, while limited activity and stability wEly represent its weak points. On the other
hand, ease of separation, recovery, recycling dabilisy of catalysts are in favour of
heterogenous catalysis. Difficulties in the charazation at the molecular level, complexity
and reproducibility in preparation, negative eféech selectivity resulting from the occurance
of diffusion limitations, are doubtless disadvamiags when designing heterogenous

processes.

For this reason, there have been many approacheketerogenizing homogenous metal
complexes by attaching well defined molecular sgean supports which can be inorganic

materials or organic polymers- in other words.
immobilising molecular complexes

In principle, immobilised metal complexes enjoy #ie advantages of homogenous and
heterogenous systeffls Immobilisation of metal complexes on inorganicpports has
opened many tracks to more practical fine chemjmalcesséd. Several methods of
immobilisation which have been proposed are covalethering, adsorption, electrostatic
retention and encapsulation. Immobilisation viaatemt attachment of a ligand to the support
(scheme 1)is the most popular and versatile approach andahlasoad applicabilit§!, but
normally requires redesign of the ligand to getappropriate functionalization. An important
property of such heterogenized systems is that teaap attached to the support via stable

bonds experience no leaching. Some typical examydag) this approach are the silica and

1 H. U. Blaser, B. Pugin and M. Studém,Chiral Catalyst Immobilization and Recycling. D. E. De Vos, I. F. J
Vankelecom, and P. A. Jacobs, (eds) Wiley-VCH, Weim.200Q 1-15.

2W. C. Finch, R. D. Gillespie and D. Hedden, TMarks,J. Am. Chem. Soc. 199Q 112, 6221.

% S. Abramson, N. Bellocq and M. Lasper&ap. Catal. 200Q 13, 339.

* A. Kinting, H. Krause and M. Capka, Catal. 1985 25, 152.
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MCM-41 immobilised copper-bis(oxazoline) for Fri¢deafts reactiortd, silica immobilised
rhodium-diphosphine complex for hydroformylatdrand silica immobilised chromium (1)
salen complexes for the asymmetric ring openingpaixide&’.

—N N=
N. /
L,M B O/Cr\
HN
tBu tB
é
Si
S/ cl)/(l)(l)
Sio
2 7777777
Sio,

scheme 1: Covalent tethering

Occasionally, immobilisation via adsorption is pbks provided the complex is not removed
from its support as a result of competiting intéiats with solvents. As immobilisation by
adsorption can rely on weak van der Wals interastiothe stability of the supported catalyst
can be improved by modifying the catalyst and supfoo hydrogen bonding to occur. Chiral
rhodium catalysts have been immobilised in this \igheme 2)where a phosphine ligand
was modified to incorporate sulfonic acid groupschitare hydrogen bonded with the silanols

present on the surfdte

> A. Corma, H. Garcia, A. Mousaif, M. J. Sabatier ZRiber and A. Redouan€hem. Commun. 2002 1058.
6J. S. Albertus, Joost, N. H. Reek, Paul, C. J. &aamd P. W. N. M van Leeuweh,Am. Chem. Soc. 2001,
123, 8468- 8476.

" C. Baleizao, B. Gigante, M. J. Sabatier, H. Gaacid A. CormaAppl. Catal. A. 2002 288, 279.

8 C. Bianchini, P. Barbaro, V. Dal Santo, R. GobettoMeli, W. Oberhause, R. Psaro and F. Vizx,.
Synth. Catal. 2001, 41, 343.
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scheme 2: Adsorption

Solid support ion exchange capacity can be appdieshmobilise charged complexes through
ion pair formation or electrostatic retention. Evé#mugh the competetion with ionic
substrates and salts in solution is obvious, cl@ganic cations as well as anion exchangers
are readily available, namely zeolites and clags, layered double hydroxides, respectively.
Historically, the first strategy in this respect svahe immoblilisation of Box-copper
complexeqscheme 3)hrough ionic exchange on anionic supports andoleas thoroughly

investigated by Mayoral and co-workésince 1997.

L _ — 2+
+ \ 4+ +
M M M O _X_ o
oo 0 00 o6 ) SN0
R ca R

© ©
ANIONIC SUPPORT

scheme 3: Electrostatic retention

Immobilisation is also possible by steric inclusion entrapment of the active transition metal

complex in microporus supports. Encapsulation ofedal complex in the cages of a support

°J. M. Fraile, J. I. Garcia, J. A. Mayoral and Brflai, Tetra. Asymm. 1997, 8, 2089.
12



fully depends on the (respective) size of the cexpind the cage in which it is held sterically
to prevent leaching during the reaction. As catalggention requires the encapsulation of a
relatively large complex into cages only accessilieough windows of molecular
dimensions, the term ““ship-in-a-bottl§scheme 4)has been used for this methodology.
Intrinsically the size of the window not only detenes the retention of the complex, but also
limits the substrate size that can be used. Thihades particularly employed to immobilise
metal salen complexes within supercages of faejagite zeolite***]

Nincomplex in zeolite

scheme 4: Encapsulation

Of the four methodologies described, only two, nignoevalent tethering and electrostatic
interaction, have shown to provide reasonably etablipported systems. Adsorption
methodology provides relatively non-stable catalystven though it offers a relatively facile

method of immobilisation.

The topic of immobilisation has been the subjecsaferal hundred publications and several
reviews. Graham J. Hutchings and coworR@rdighlighted that immobilised catalysts can
give higher enantioselection when compared with -inomobilised counterparts and
addressed how high enantioselection in immobilisgdtems is achieved. H. Papp and
T.LutZ™ demonstrated the covalent bonding technique asnibst effective approach for
peptide bound immobilisation of Mn(lll)-salen coraepl and investigated the catalytic
epoxidation reaction. Pioneering work of Jose Aybtal et al**! on supported oxazoline
based complexes for a wide variety of enantioseleceactions; detected the surface effects,

103, B. Ogunwami and T. Beihem. Commun. 1997, 901.

M. J. Sabatier, A. Corma, A. Domenech, V. Forras ld. GarciaChem. Commun. 1997, 1285.
12p_ M. Morn and G. J. HutchingShem. Soc. Rev. 2004 33, 108-122.

13T Lutz and H. PapiKinteics and catalysis. 2007, 48, 176-182.

143, M. Fraile, J. I. Garcia and J. A. Mayoi@hord. Chem. Rev. 2008 252, 624-646.
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which opened the door to developments in new stberuical features of heterogenously
catalysed enantioselective reactions. A bidentabt®sphine complex anchored onto
mesoporous molecular sieve demonstrated by CatiMe&@ruddef® shows that the activity
of a catalyst for alkene hydrogenation was depenoiethe method of grafting. Furthermore,
immobilisation is persumed to be a hot area in dhena of biochemistry. A widespread
interest for enzyme immobilisatiBf has been noticed in recent years. The drivingeféoc
this interest in enzyme immobilisation is enhans&bility, repeated use, facile separation
from reaction mixture and the prevention of enzyuoetamination in products. Encapsulated
enzymes serve as useful building blocks for coottrn of biofunctional thin films with high

enzyme loadind¥.

Before 1980, characterization of the immobilisedarial at the molecular level was a great
barrier for the researchers. However, laterly il increasing availabilty of solid state NMR
techniques, the task of characterising the immsdxulispecies was made easier. To the best of
our knowledge, the first classical publication $ndying the immobilised complexes formed
via linkers with the use of solid state NMR wasHyfe and coworkef¥!. Recently Bluimel et
al*® described the immobilisation of phosphine linkarsl their complexes with various
methodolgies; they pointed out that the structurdgrity and mobility of the immobilised
metal complexes with respect to phosphine linkeeseasy to investigate by classical solid
state NMR and high resolution magic angle spinnfiH® MAS) NMR techniques. Even
elecrostatic bonding to the support via phosphonimmand leaching effects in the presence
of solvents could be probed by (HR MAS) NMR undalistic conditions.

15 C. M. Crudden, D. Allen, M. D. Mikoluk and J. Su®hem. Commun. 2001, 1154-1155.

18y, Wang and F. CarusGhem. Mater. 2005 17, 953-961.

7. Berni, H. C. Clark, J. A. Davies, C. A. FyfedaR. E. Wasylishen]. Am. Chem. Soc. 1982 104, 438.
18 C. Merckle, S. Haubrich, J. Bliimél,Organomet. Chem. 2001, 627, 44-54.
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1.2 Phosphinines and their metal complexes:

The ligands having an $hybridized phosphorus atom are an interesting afg#nosphorus
chemistry*®?°. The reason lies in the difference in electronicperties of these ligands as
compared to their nitrogen counterparts and clakictiary phosphin&s!. One class of such
phosphorus heterocycles are phosphinines (formedjled »* — phosphorines or
phosphabenzenés). The bonding situation and possible aromaticitypbbsphinines have
been disputed for a long time. In 1974 the stréctfrphosphinine was established with the
use of electron diffraction and microwave stéi§*'and proved to be planar. The P=C bond
strength was estimated as nearly 60 - 70% of tha®=C bond as a result of symmetry
allowed overlap between the grbitald®®. Later, spectroscopic studies and physicochemical
investigations clearly indicated the aromaticity phosphinine[§6]. Due to the lower
electronegativity of phosphorus, the P atom beagpsstive charge where as thecarbons
bear negative char§é®®. The opposite is observed in the case of pyridifibe P atom in
phosphinines behaves as a sigma donor towardsatheayclic G system but as an acceptor
in = sense. Phosphinines exhibit weak basic, or nublBopcharactéf®. This lack of
basicity has been accounted for by consideringngdacal factors. The internal C-P-C angle
takes a value of 180while pyridine has 117 The closing of this angle, results from the
lengthening of the carbon the hetero atom bond :(R-Z3 A; C-N: 1.35 A) which also
reflects the difficulty of the hetero atom in achigy sg hybridization. The recent
calculations have assessed that the lone pairridipg has 29.1% s character versus 63.8% in
phosphininéé”. Consequently for a strong bond to form with adestiproton, the lone pair
must gain an important p character and be diregtiorhis rehybridization is disfavored by
the strain imposed on the C-C-C angles that blbekopening of the internal C-P-C ar@]e
Correlation between core-ionization energies aratopr affinities support this assumption.

Due to the lack of basicity, phosphinines do natrfaclassical lewis acid - base adducts.

9P, Le FlochCoord. Chem. Rev. 2006 250, 627-681.

20|, Weber,Angew. Chem. Int. Ed. 2002 41, 563-572.

2L 3. Waluk, H. P. Klein, A. J. Ashe, Ill and J. MicBrganometallics. 1989 8, 2804.
#2G. Méarkl and C. MartinAngew. Chem. Int. Ed. Engl. 1974 13, 408.

A, J. Ashe lIl,Acc. Chem. Res. 1978 11, 153.

24T C. Wong and L.S. Bartell,Chem. Phys. 1974 61, 2840.

3 p. D. Burrow, A. J. Ashe, IlI, D. J. Belville, atd D. Jordan,). Am. Chem. Soc. 1982 104, 425.
%M. J. S. Dewar and A. Holddreterocycles. 1989 28, 1135.

?’P. Rosa, N. Mezailles, F. Mathey and P. Le FldcBrg. Chem. 1998 63, 4826.

2. Nyulazzi and G. Keglevicheteroatom. Chem. 1994 5, 131.

29H. Oehling and A. Schweidhosphorus. 1971, 203.

%0D. J. Berger, P. P. Gaspar, and J. F. Liebmdvipl. Sruct. (Theochem). 1995 51, 338.
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Phosphinines can be oxidized under classical donditleading to the disruption of
aromaticity. Owing to high reactivity, isolation tfie corresponding oxides in pure form
remained unsuccessfil.

Nucleophiles usually attack at the electropositie atom in phosphinines to give
phosphacyclohexadienyl anionéscheme 5) This particular electronic situation has
considerably hampered the synthetic developmenphafsphinines for a long time since
commonly used methodologies for the derivitizatidrmrenes and N,O,S heterocycles (proton

abstraction, metal-halogen exchange) are not calpkc

scheme 5

The first synthetic method for phosphinines wasi ldown by Markf? in 1966 who
synthesized 2,4,6-triphenyl phosphinine from theresponding pyrylium salt mediated by
O'/P exchange; with the source of PHvhich can be relatively diverse (P(@bH)?,
P(SiMe)s*) (scheme 6) Their successful synthesis unambiguously dematestrthat the
reactive Phosphorous carbon double bond could emtdynamically stabilized by
incorporation into aromatic structure. Recently \bogt and C. Miller demonstrated the
synthesis of various donor-functionalized phosptesj that introduced specific substituents

into the desired position of heterocyclic framekit .

L A Hettche and K. DimrottChem. Ber. 1973 106, 1001.

32.G. Méarkl, Angew. Chem. Int. Ed. Engl. 1966 5, 846.

3 K. Dimroth, N. Greif, W. Stade and F. W. Steubf&igew. Chem. Int. Ed. Engl. 1967, 6, 711.

3 G. Markl, F. Lieb and A. MerZAngew. Chem. Int. Ed. Engl. 1967, 6, 458.

% 1) C. Muller, E. A. Pidko, A. J. P. M. Staring, Mutz, A. L. Spek, R. A. van Santen and D. Vagjtem. Eur.
J. 2008 14, 4899-4905. 2) C. Muller, L. G. Lopez, H. Kooijmak L. Spek and D. Vogfletra. Lett. 2006 47,
2017-2020.
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For some time 2,4,6-triaryl substitiuted phosphasiremained the only easily accessible
derivatives. The development of new methods allowedsynthesis of different functional
derivatives. Among these, ring expansion of pholsi® and thermolysis of
tris(allyl)phosphin€™ are frequently employed for developing phosphisinés will be
shown later, titanacycle transfer reactions are atmactive and promising field of
investigations in the development of polyfunctiongbhosphinind&®®9. 1,3 2-

diazaphosphininéscheme 7)pbtained from

3 C. Charrier, H. Bonnard and F. MathdyQrg. Chem. 1982 47, 2376.

37P. Le Floch and F. Marthey, Chem. Soc., Chem. Commun. 1993 1295.

3 N. Mezailles, N. Avarvari, L. Ricard, F. MatheydR. Le Floch|norg. Chem. 1998 37, 5313-5316.
39 N. Avarvari, P. Le. Floch and F. Mathely Am. Chem. Soc. 1996 118, 11978.
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scheme 7

1,3,2- diazatitanacyclohexadiefi8sinitially synthesized by Doxsee ef*af**®! turned out
to be an efficient precursor for 2,3,5,6-tetrafimtal phosphinines via a N-Ti and N-P bond
metathesf$*. The two significant advantages of this route fingtly, the precursor 1,3,2-
diazaphosphinine can be obtained in fairly gootbgién a single pot reaction from gpMe,
and need not to be isolated before reacting whiingls. Secondly, the reaction with alkynes
procceed under mild condition due to the high pilaf the formal 1,4 dipole —-P=N-C=C.
The coordination chemistry of these P=C bond systemremarkably different from that of
classical C, N, P based systems. Thus consideolety<oordination through the P lone pair
(n* coordination), phosphinines are known to act askees donors than most of the
classical sphybridized phosphines featuring three P-C bondseB on MO calculations the
lone pair orbital is only the third highest occupierbital in phosphinines whereas it is the
HOMO in pyridiné***%47l Converselys donor ability of phosphinine is sharply reduced.
Neverthless, having a LUMO of lower energy, phosptas will act as bettex acceptor

ligand$'®. Obviously this particular electronic configuraticonfers a very unusual organic

“0K. M. Doxsee and J. B. Farahl, Am. Chem. Soc. 198§ 110, 7239.

“1 K. M. Doxsee and J. B. Farahl, Chem. Soc, Chem. Commun. 199Q 1452.

“2K. M. Doxsee, J. B. Farahi and H. HopeAm. Chem. Soc. 1991, 113, 8889.

“3K. M. Doxsee, J. J. J. Juliette, J. K. M. Moused &. ZientaraQrganometallics. 1993 12, 4682.
*N. Avarvari, P. Le. Floch, L. Ricard and F. Math€yganometallics. 1997, 16, 4089.

% J. Waluk, H. P. Klein, A. J. Ashe Ill, and J. MicBrganometallics. 1989 8, 2804.

“°T. Veszpremi, L. Nyulaszi, P. Varnai and J. Reffgta Chim. Hung.-Models Chem. 1993 130, 691.
*"P. D. Burrow, A. J. Ashe IlI, D. J. Belville and R. Jordan,). Am. Chem. Soc. 1982 104, 425.
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and coordination chemistry on phosphinines. Thesiteon metal complexes of phosphinines
with n%(s) and n°(x) coordination mode are widely knotth and the last few decades
reseachers have a great input in their applicatton homogenous catalysis like
hydroformylation, enantioselective catalysis, Dilder reaction ef¢®*®., Phosphinines also

behave asrt donor ligands. Interestingly, this low coordinatptiosphorus ligand can

accommodate various bonding modes and combinatidnbonding modes due to the
presence of the phosphorus atom lone pair anccavea and n* system(Fig 1).

@M }@P\w Cr '/©

M
M M

| F MAETJ
Fig 1

As mentioned, the most important electronic charétic of phosphinines is their stromg
accepting capacity which makes them ligands sutablthe stabilization of electron rich
transition metal complexes. Thus it is evident foamnation ofn* complexes of phosphinines
(2e-donor) is favoured by transition metals in lowidation states. A nice illustration for the
exceptional ability of phosphinines to stabilizetat® in low oxidation state was given by
Elschenbroich et al. who synthesised and charaetkrhomoleptic complex8¥ [Ni(n-
CsHsP)], [Cr(n*-CsHsP)]®Y and [Fef’-CsHsP)]®?. Historically, tetrakis (phosphinine)
Ni(0) is the first exampléFig 2).

“8 B. Breit, R. Winde, T. Mackewitz, R. Paciello aidHarms,Chem. Eur. J. 2001, 7, 3106.

“9E. F. DiMauro and M. C. Kozlowskj, Chem. Soc. Perkin. Trans, 2002 1, 439.

%0 C. Elschenbroich, M. Nowotny, A. Behrendt, W. Mas®id S. Wocaldd\ngew. Chem. Int. Ed. 1992 31,
1343.

°L C. Elschenbroich, S. Voss, O. Schiemann, A. Lipgett K. HarmsQrganometallics, 1998 17, 4417.

%2 C. Elschenbroich, M. Nowotny, A. Behrendt, K. Harrs. Wocaldo and J. PeblérAm. Chem. Soc. 1994
116, 6217.
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Fig 2

Whereas the late transition metals preferitteoordination, the)® mode predominates with
the early transition metdl¥. Further in the chemistry of phosphinines, thesttition
scheme of the ring plays a determinant role onotiteome of the complexation. A suitable
example to illustrate this is the synthesis of saod complex of chromium(0) of the bulky
2,4,6-tri(tert-butyl)phosphinif&’ (Fig 2). With iron, the introduction of only one bulky
trimethylsilyl group is sufficient to adopf coordinatioff”. Also with group 8 metals, &
ruthenium complex of 2,6-bis(trimethylsilyl)phosphrie was formed by reacting the ligand
with the [Ru§®-Cp*( n*-C4H10)Cl] complex in the presence of AgBEs chloride abstractor.
During the same study it was found that with poaipstituted phosphinines like the 2-
bromo-4,5-dimethylderivative (ElsPBr) a cationic classical® [Ru(n’>-Cp(CHsPBr)][BF 4]
complex is formed®. Cationic complexes of the [M(COD)](M = Rh, Ir) tin® coordinated
heterocycles were also obatined with group 9 metalshen a 2,6-
bis(trimethylsilyl)phosphinine was used as a ligamderestingly,n* coordination to give a

cationic complex occurs when only one trimethylsiisoup is preserit®.

A few other unusual bonding modes were also regddephosphinines. A first example was
given with the synthesis of stable phosphabenzyrmrocene compléX! (Fig 3). The
synthetic methodology for this complex is similarthat used for the synthesis of classfc
benzyne zirconocene complex and relies ditadbstraction followed by the elimination of

benzene or methane from the corresponding Zr(1viyatéve. u, n°> coordination mode (two

3P, L. Arnold, F. G. N. Cloke, K. Khan and P. SgétOrganomet. Chem. 1997, 77, 528.

> E. Knoch, F. Kremer, U. Schimdt, U. Zenneck, P.Elech and F. Mathey)rganometallics. 1996 15, 2713.
P, Le. Floch, F. Knoch, F. Kremer, F. Mathey, ch@®z, K. H. Thiele and U. Zennedgyr. J. Inorg. Chem.
1998 119.

*°N. Mezailles, L. Ricard, F. Mathey and P. Le. fo®rganometallics. 2001, 20, 3304.

" P. Le. Floch, L. Ricard and F. MathdyChem. Soc., Chem. Commun. 1993 789.
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electrons given by the lone pair of phosphorus tmal electrons by phosphorus carbon
double bond) was seen in the compx(Fig 3) which results from the reaction of a
phosphinine with a [Q#13(CO)q] clusteP?.

Me R/\

Me%ﬂil—»z/@( TN

Sp / @ (CO)3OH>)/OS(CO)3

PMeg Me CO)3

R =H, SiMezor t-Bu
Fig 3

The outcome of the reaction proved to be highlyedelent on the amount of phosphinine
used and the substitution scheme of the ridglydentate ligands featuring phosphinines have
also found application in coordination chemistrywug, classical Mn(l), Fe(l), Mo(l) bis(2-
phosphinyl)phosphinines were reported by reacting ligands with appropriate metal
precursors, [Mg(COXd, [Fe@ >-Cp)(COY]., [MoCp(CO}] respectivel{f®.

It has been seen that stability of phosphininenkiyavas found to be very dependent on the
oxidation state of the metdl. A prerequiste for an efficient catalyst is thdligbof the
ligand, or part of them (in case of hemilabile eys}, to accommodate variable oxidation
states involved in the catalytic cycle. In thisasyit could be expected that phosphinines are
not well-tailored for the development of efficierdtalyst systems, but still reports are made
of the successful application of the ligands irabyais. Breit et al showed that phosphinine
rhodium(l) complexes could be considered a usefdrdformylation catalyst for olefin&d!
(scheme 8) It was also shown that the phosphinine ligandddcsuccessfully address the

P, Le Floch, A. Kolb and F. Mathey, Chem. Soc., Chem. Commun. 1994 2065.

9 A, J. Arce, A. J. Deeming, Y. de Sanctis and Jni@, J. Chem. Soc., Chem. Commun. 1993 325.

0 K. Waschbusch, P. Le. Floch, L. Ricard and F. Mgtthem. Ber. Recl, 1997, 130, 843.

®1B. Breit, R. Paciello, B. Geisler and M. RéperA&, A-G), Ger. Pat, 1962196Chem. Abstr. 1999 130,
129496.
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difficulty of hydroformylation of internal olefinesvhich is of particular interest in both

synthetic organic and industrial contexts.

N [Rh(acac)(CO)] +C CHO CHO
CO/H, (20bar)
toluene, 25C *
R
0
C= »
R™FP "Ry
R = R, =Ph

scheme 8

n' phosphinine complexes of Ni(0) were employed asalyst in Wender's type [4+2]
cycloadditions. The only report based on catalygig® complexes was made by Zenneck and
coworkers who showed that is the use 1f Fe(0) complex of 2-trimethylsilyl-4,5-

dimethylphosphinine catalyzes the cyclotrimerizatid alkynes to form pyridin&é!

2. Bshm, H. Geiger, F. Knoch, S. Kummer, P. LechloF. Mathey, U. Schimdt and U. Zennkosphorus,
Sulfur, Slicon, 1996 109, 173.
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1.3 Phosphaferrocenes

Phosphaferrocenes, the first example of phosphélowraes, are considered to be the most
easily available low coordinate phosphorus ligarats the phosphorus atom in the
phosphaferrocene molecule is still nucleophilic wggio to act as a Lewis base to metal
centre€® and thereby constitute a very important classasfipounds. The compound 3,4-
dimethyl-1-phosphaferrocerf€ig 4) was first prepared by Mathey and coworkékin 1977.
Mathey conducted a detailed study of this and edlabmpound®-®!

o

P
Fe

Q

Fig 4

With the sp phosphorus atom as part of an aromatic phosphgégem coordinated to a CpFe
fragment, phosphaferrocenes constitute rather enligands which differ considerably from
the phosphine ligands having®spybrid phosphorus atoms in both electronic andicster
properties. Theoretical investigatiorevealed phosphaferrocene derivatives to be weakly
donating and strongly accepting ligands. This is due to the fact thatrtblectron lone pair
is energetically low-lying and their LUMO possessagely p character at the phosphorus
atom.

Unlike ferrocenes which can be deprotonated andeadily accessible to attack by a variety
of electrophiles, phosphaferrocenes cannot be tmpated. This obstructs an easy and
general access to functional derivatives of phosphacene. Electrophilic substitution is the
only known method for introducing substituents ba phospholyl ring of phosphaferrocene
moiety. The  formylatiofi”’, acylatio” and carboxylatidf® of  3,4-

dimethylphosphaferrocene in Friedel crafts or Véger reactions have been found to

%3 F. Mathey,J. Organomet. Chem. 199Q 149, 400.

 F. Mathey, A. Mitschler and R. Wejsd. Am. Chem. Soc. 1977, 99, 3537.

% X. Sava, L. Ricard, F. Mathey and P. Le Flobhganometallics. 200Q 19, 4899-4903.

® . Mathey, J. Fischer and J. H. NelsSinuct. Bonding. 1983 55, 154.

7 G. deLauzon, B. Deschamps, J. Fischer, F. Mathdya Mitschler,J. Am. Chem. Soc. 198Q 102, 994.
8 G. deLauzon, B. Deschamps and F. Mathéyv. J. Chim, 198Q 4, 683.
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procceed selectively at the phosphole ring, thefebying monofunctionalized products with
the additional substituents at the ortho-positibplmspholyl ring. The deactivating nature of
formyl, acyl and carboxylic ester functionality pemts the formation of disubstituted
derivatives. On the basis of pioneering work laimvd by Mathe{®, phosphaferrocene
constitutes an excellent building block for the elepment of chiral bidentate ligands by
introduction of an appropriate donor substituett ihe alpha position of the phospholyl ring,
thereby incorporating chirality into the system byeaking the planar symmetry of
phosphametallocene. Unlike ferrocene based ligamdshich bidentate coordination to a
metal centre is by two donor substituents, phosghatene coordinates via the ring P
aton{7°’71'72'73](Fig 5).

Ph
/
P—Ph
Op— Fl’d— Cl
Fe Cl

Fig 5

The steric properties of the molecule may be tuneshtroducing substituents on the Cp ring,
and the donor substitiuent on the phospholyl rizug loe widely modified on the basis of steric
bulk, the mode of donor function and the lengthhef backbone. The group of Gaft®has
ilustrated that formyl derivatives of phosphafeaoe are convenient building blocks for the
synthesis of various enantiomerically pure ligan@ieey succeeded in the separation of
enantiomers. Other bidentate ligands like bis(phafrocenyl)ferrocef@ and systems
featuring side functional arms were also prepafée. group of F® produced very efficient

phosphaferrocene-based catalysts and mixed ph@&spha#ne-oxazoline ligandBig 6).

9 C. Ganter, L. Brassat, C. Glinshéckel and B. Ga@eganometallics1997, 16, 2862-2867.

0. Brassat, B. Ganter and C. Gant@nem. Eur. J. 1998 4, 2148-2153.

L C. Ganter, L. Brassat and B. Ganténem. Ber. 1997 130, 1771-1776.

2H. Willms, W. Frank and C. Gante®rganometallics. 2009 28, 3049-3058.

3. Bitta, S. Fassbender, G. Reiss, W. Frank ar@ia@ter Organometallics. 2005 24, 5176-5179.
4 C. Ganter,). Chem. Soc., Dalton. Trans. 2001, 3541-3548.

> C. Ganter, C. Kaulen and U. Englé®rganometallics. 1999 18, 5444.

®R. Shintani, M. M. C. Lo and G. C. FOrg. Lett. 200Q 2, 3695.
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Fig 6

The group of Hayashi! elaborated the study of phosphaferrocenes withsymghesis of
phosphanyl substituted phosphaferroecenes via Hee ai enantiomerically pure chiral
phospholyl ligands. Palladium and platinum (ll)idaride complexes were also characterized
in the same context. Since-d; back bonding is not possible for s and p blocknelets
adduct bonds between main group compounds are Hprweak. Mathel/® recently came
out with the structural characterization of the i@oncomplex [octa-n-propyl-
diphosphaferrocene/Gagfl GaCl. Roberts and SilvEP! have provided NMR spectroscopic
evidence of a 3,3",4,4-tetramethyl-1,1’-diphospdrabcene/BE adduct in CDG solution.
Phosphaferrocene was also incorporated in tridedigands with two pentadant phosphinine
ligand$®?. Fewer efforts were achieved in the developmerdipliosphaferrocene so far. In
1988, Fu and coworkéf¥ succeeded in the separations of two enantiome(®-plienyl-3,4-

dimethyl)diphosphaferrocene.

Even though the organic chemistry of phosphaferresdias been widely studied on their use
as ligands, detailed investigation of their cooatiion chemistry is still continuing.
Phosphaferrocenes usually behave as two electroordmands, however very recently it
was demonstrated that the central iron atom cam @srdinate to transition metal centres.
For example the ligand shown (Rig 7), acts as a four electron donor - two electronagei
given by the lone pair and two additional by a bamding orbital at irof?.

"M. Ogasawara, K. Yoshida and T. Haya§higanometallics. 2001, 20, 3913.

8 X. Sava, M. Melaimi, N. Mezailles, L. Ricard, Fatihey and P. Le. Flochlew. J. Chem, 2002 26, 1378-
1383.

R. M. G. Roberts, J. Silver and A. S. Weltsy. J. Inorg. Chem. 2003 2049-2053.

80X. Sava, N. Mezailles, N. Maigrot, F. Nief, L. Ritl, F. Mathey and P. Le FlodBrganometallics, 1999 20,
4205.

813, Qiao, D. A. Hoic and G. F@rganometallics, 1998 17, 773.

82X. Sava, L. Ricard, F. Mathey and P. Le. Flo€hem. Eur. J. 2001, 3159.
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The most interesting applications of these low dowmte phosphorus ligands are in
homogenous catalysis. Fu and coworkers were tsietdireport the use of phosphaferrocenes
in homogenous catalysis. In 2000 it was showntti@i@application of [Rh(CODX)]PFs can

be applied as a catalyst in the enantioselectioenésization of allylic alcohols to the
corresponding aldehydéscheme 9)

. A(+) (5%) R, O
1 [Rh(COD),][PFg]
RNOH ) Ri\)L H
THF,100°C
e
R

scheme 9

The enantiopure phosphaferrocene oxazoline ligBnhbdave shown significant application in
enantioselective allylic alkylation catalyzed bylpdium salts(scheme 10)In 2001, Hayashi
et al made a phosphinyl substituted bidentate tigahich was successfully applied in the
asymmetric alkylation of rac-1,3-diphenyl-2-propergcetat€”. Ganter and his group

designed enantiomerically functionalized phosphat@nes in various asymmetric reactions.
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MeO,C._CO,Me

2.5%[Pd(n>-allyl)CI] , h/\/\[
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MeO,C~ “CO,Me
Fe
B -
O o
P* T R =t-Bu
W
R
scheme 10

They have shown that the palladium catalyzed allg@ikylation proceeds with a 78%
conversion vyield and an enantiomeric excess of [Pd%Copper(l) complexes of
phosphaferrocne - oxazoline ligaffdsincorporating a chiral phosphaferrocene moietyehav
also shown an interesting activity in the asymmetonjugative addition of diethylzinc to
acyclic enones to obtain the corresponding ketombsse ligands were also shown to be
successful in the Kinugasa reaction that affords $linthesis of beta lactams from the

intramolecular cyclisation of alkyne-nitrone derives®*.

8 R. Shintani and G. C. F@rg. Lett. 2002, 4, 3699.
8 R. Shintani and G. C. FAngew. Chem. Int. Ed, 2003 42, 4082.
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2. Goals

In recent years genuine breakthroughs for immabdisphosphorus containing ligands,
especially functionalized phosphines, and the espoeding complexes on inorganic
surfacé®> 8878881 came out as they can, in principle, combine all #uvantages of
homogenous and heterogenous catalysts: we leadnogdsolid state NMR and suspension
NMR spectroscopy served as a potent motor for tigessng the amorphous solids. Low
coordinated phosphorus heterocycles such as phuse#i*®? and phosphaferroceh&e>#4
show interesting properties in homogenous catalyidiss makes it worth investigating their

immobilisation to further improve their catalytiegformance.

For better erudition of the previous reports on imenobilisation of palladium catechol
phosphines on Tipsurfac€”, it is aimed to immobilise the newly reported pdllm
catechol phosphines on different specimens of,.TliQs proposed to study the behaviour of
these immobilised species in various solvents kgpsnsion NMR as the surface bound
complexes are possibly used in catalytic processhich the complexes are in contact with

the solvents.

It is also aspired to develop complexes of phospbs having similar functionality as
catechol phosphines and immobilise them on,TsOrface(Fig 8). The auxiliary aim is to
select silica as the carrier material for anchofungctionalized phosphininggig 9) via the

covalent tethering method.

8 C. Merckle, S. Haubrich and J. Bliim&| Organomet. Chem. 2001, 44, 627.

8 C. Merckle and J. BlumeRdv. Synth. Catal. 2003 345, 584.

87C. Merckle and J. BlumeTop. Catal. 2005 34, 5.

8 G. Tsiavaliaris, S. Haubrich, C. Merckle and JirBél, Synlett. 2001, 391.

8 F. Piestert, R. Fetouaki, M. Bogza, T. Oeser ar@liimel, Chem. Commun. 2005 1481.

“N. T. Lucas, J. M. Hook, A. M. Mc Donagh and S @lbran,Eur J. Inorg. Chem. 2005 496-503.
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X P X spacer

Silica

Fig 9

Metal nanoparticles have recieved particular &tienfor potential application in catalysis
and biochemistry. Gold nanoparticles stabilizedpbgsphinines have been reported in the
literaturé®™, but the knowledge of the ligand coordination tie gold surface remained
unclear. Thus another area of interest is to sgmhghosphinine stabilized gold nanopatrticles
(Fig 10)and characterize them for the first time’ MAS NMR spectroscopy together with
gold(l) phosphinine complexes as model compoundsiclw would possibly furnish a

conclusive model of the mode of ligand coordinatiorthe gold surface.

Ph Pphh P
SN Ph
Ph
Fig 10

With an sp hybridized phosphorus atom as part of the arompliospholyl system
coordinated to the CpFe fragment, the monophospbatné&! constitutes a rather unique

ligand system with moderatedonor and good-acceptor properties. As per understanding,

91 A. Moores, F. Goettmann, C. Sanchez and P. LehF@gwem.Commun. 2004 2842-2843.
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no report has been found based on immobilised musyghaferrocene. Thus it is projected
to anchor monophosphaferrocene on silica as th@osypwhich may open the gate for

heterogenised monophosphaferroceifés 11).

O spacer

Silica

Fig 11

In brief, the current study aim(® to synthesise novel functionalized phosphinined #ueir
complexes capable to anchor and to immobilise thenmorganic supporigii) to immobilise
reported palladium catechol phosphines on,Ta@d study the immobilised species and their
remobilisation in various solvents by suspensionRMii) to prepare some novel gold(1)
phosphinine complexes and phosphinine stabilizéd ganoparticles and study the mode of
ligand coordination on the gold surface® NMR spectroscopyiv) to develop and anchor
suitable functional derivative of monophosphafegerses onto inorganic surface by covalent
tethering method and to study the anchoring procg$3P MAS NMR spectroscopy.
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3. Immobilisation of metal complexes of phosphines

Phosphines are very important ligands for immoinigiscomplexes on oxidic suppdtts. For
the immobilisation of transition metal complexesngsfunctional phosphine ligands, several
strategies have been developetf. The complexes of immobilised phosphines are eyeplo
in various catalytic reactiold. For example, rhodium complexes of phosphine ligan
immobilised on silica supports via covalent tethgrhave often been extensively used for
hydroformylation reactiod¥’. Blumel et al described how the proper choice usfcfional
phosphine linkers can fruitfully be applied to ihemobilisation of metal complex&s®6-87]
They also investigated the properties of varioumganic oxides like Sig) TiO,, Al,O3 as
support materials for the immobilisation of biftieaal phosphine ligands and by using multi
nuclear solid state NMR spectroscopy as analytak, and described wether the ligand can

be immobilised cleanly and how strong the covalbemtding to the support .

3.1 Immobilisation of palladium catechol phosphinesn titania

In view of recent reports describing the synthesiscomplexes®®®! 1 (scheme 11)
containing a catechol phosphine ligand and dematnsty the use of catechol moieties to
immobilise these complexes on TLi@anopatrticles, it was anticipated that catechatisun

complexe and3 should likewise allow a similar interaction withmetsolid surface.

X2
Ph,P M——PPh,
i "OH HO’ i
OH OH

scheme 11: 1: Mp& PdBr,, PtCl;

%23, A. Raynor, J. M. Thomas, R. Raja, B. F. G. 3ohnR. G. Bell and M. K. Mantl&hem. Commun. 200Q
1925-1926.

%N. J. Meehan, M. Poliakoff, A. J. Sandee, J. NReek, P. C. J. Kamer and P. W. N. M. van Leeu@am.
Commun. 200Q 1497-1498.

% A. J. Sandee, J. N. H. Reek, P. C. J. Kamer aid.™N. M. van Leeuwen]. Am. Chem. Soc. 2001, 123, 8468
-8476.

% C. Merckle and J. BlimeGhem. Mater. 2001, 13, 3617-3623.

%N. T. Lucas, A. M. McDonagh, I. G. Dance, S. Bli€an and D. C. Craig)alton Trans. 2006 680-685.
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The complexe® and 3 were prepared as descibed in the literétliren order to verify the
initial hypothesis the deposition of the complexsnd 3 was studied and the resultant
materials characterised by solid state NMR spectq@g Immobilisation of the complex@s
and3 was accomplished by stirring GEl, solutions of2 and3 with solid TiG, and filtering
off the supernatant liquischeme 12)The immobilisation experiments were carried oithw
two different solid phases, viz. neutral titaniagfiek, TiQ; p.a., denoted as TdpH of 10%
dispersion in water ~ 7) and pyrogenic Ti@anoparticles (Degussa TH®25, denoted as NP-
TiO,) with a slightly acidic surface (pH of 4% dispersiin water ~ 3.5 - 4.5). Loading of the
complex onto the support was calculated from tlsilte of the elemental analysis of the
materials obtained as 60 mg/gastiO,, 48 mg/g of 3/TiO,, and 45 mg/g of3/NP-TiO..

The successful deposition of both complexes orstiie carriers was readily monitored by
solid-state*’P NMR spectroscopy. Th&P{*H} CP MAS spectra of the surface modified
materials are very similar to those of the purdygrgstalline complexeéFig 12) and display

a single intense sideband manifold with nearly anged positions of the isotropic line. The
spectra of samples &TiO, and 3/TiO, showed additional broad signals of low intensity
centered around -9 ppm, signals which were absetfiel spectra of the pure compleXEgy

12) and indicated a small amount of a second surfaced species to be present.

Cl,

Cla PPh,—Pd-Ph,R

Pth_Pd—P h2P

X1 Xy TiO,
OH HO CH,ClI,
X2 X,
X1 X5
2 |OH |H
3 |H OH

scheme 12immobilisation of palladium catechol phosphirZeasnd3 on TiO,.

7S, Chikkali and D. GudaEur. J. Inorg. Chem. 2006 3005-30009.
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The line widths of the signals for the surface utib complexes on TiOwere somewhat
larger (in case oR) or similar (in case oB) as those for the pure crystalline complexes
whereas the NP-Ti&supported complexes displayed an increase in latbe by nearly an
order of magnitud¢Fig 12). Similar effects have been repeatedly observeduddace-bound
phosphine complexB8 and also phosphine oxide PD (or PQL3) derived from the
corresponding ligand2 (or L3) of complex2 (or 3) but not for ligand itself nor its compleéx
(or 3) (Table 1) The major contribution to this broadening is praably a substantial
chemical shift dispersion which arises as a coresecgl of disordered surface environments.
The isotropic shifts of the second surface bouratigg are close to the chemical shifts of the

respective

. A A A

L e
100 50 0 - 50 -100 ppn

Fig 12 *P{*H} CP MAS NMR spectra of pure crystallif®v.: 7 kHz, ns: 64, contact time:
1 ms, pulse delay: 5 s (bottom trace) an@® ohmobilised on neutral titania,.:: 8 kHz, ns:
539, contact time: 5 ms, pulse delay: 6 s ¢Ji@iddle trace) and on Tihanoparticlesyo:

8 kHz, ns: 539, contact time: 1 ms, pulse delay{HP-TiQ, top trace).

% L. Bemi, H. C. Clark, J. A. Davies, D. Drexler, &.Fyfe and R. Wasylished, Organomet. Chem. 1982
224, C5.
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ligands (-13 to -15 ppriif’ and since the spectrum of a sample prepared bybilisation of
the ligand of3 on TiO, contained an identical line as the only signagsth lines were
assigned to the surface - bound phosphines. Toemdtion can be explained by cleavage of
the metal fron2 and3, and the observation of such decomplexation sugdleat2 and3 are
presumably less robust towards displacement optiwsphine ligands thah for which no

similar behavior has been obseW&d

Table 1 Solid-staté’P NMR isotropic chemical shift$i), linewidths
(Av12) and principal components of the CSA tensg) for complexe

and3.

Compound’ Siso Avip[Hz] 811 822 3 Q

[ppm] [ppm] [ppm] ©
2 22.4 120 97 22 -50 147
2/TiO, 20.8 300 72 28 -38 110
POL2 40.5 112 - - - -
2/TiO/CH.CI, 204 86 77 28 -43 120
2/TiO,/CH3CN 22.5 130 73 32 -40 113
3 17.5 160 80 23 -50 130
L3 -10.8 115 15 -12 -33 45
3/TiO, 17.7 100 82 19 -50 132
3/TiO,/CH.Cl» 16.8 150 81 17 -50 131
3/NP-TIO, 18.4 1100 - - - -

3INP-TiG,/CH, Cl;  19.1 600
3/NP-TiO,/CH3CN 18.7 700

3/INP-TiO,/MeCN- 17.2 900 - - - -
aminé®

[ TiO, = neutral titania (Merck p.a.), NP-Ti@ titania nanoparticles
(Degussa P25).

ol () = 811 - Bz,

[l CH;CN/NE (9:1).
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7T Tttt
100 50 0 - 50 ppm

Fig 13 *'P{'H} CP NMR spectra of non spinning samples of cijisia 2, ns: 2048, contact
time: 1 ms, pulse delay: 5 s (bottora)on TiO,, ns: 2048, contact time: 1 ms, pulse delay: 5 s
(middle) and a suspension2bn TiOG,/CH,Cl,, ns: 6144, contact time: 1 ms, pulse delay: 4 s
(top). The vertical lines were drawn for better gamson and illustrate the valueszgfof the

top trace.

Solid-state*’P{*H} CP NMR spectra of non spinning samples of purd aurface-boun@
and3 on neutral TiQ displayed characteristic powder patterns whictbktadeduction of the
principal components;; of the magnetic shielding tensors. Meaningful istapectra of
samples on NP-Ti©could not be obtained since the discontinuitiethim line shapes were
blurred by the large chemical shift dispersion. Themical shift parameters of puseand
3/TiO, (Table 1) do not differ appreciably where@TiO, displays a markedly lower
shielding anisotropy than pure crystallid€Fig 13). An explanation for this observation will

be given in sectio.2.

3.2 The study of immobilised - remobilised specidy/ suspension NMR
The classical analytical method for studying thenmbilised complexe& and3 is solid state
NMR"8. However, based on Yesinowski's pioneering worlsaspension NMR of modified

hydroxyapatite powders), this easy and practical method becomes more ane popular

% J. P. YesinowskiJ. Am. Chem. Soc. 1981, 103, 6266.
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among chemists in various fields of surface chamistigh-resolution magic angle spinning
(HR MAS) NMR spectroscopy combines the mobilisinfjuence of the solvent with the line
narrowing effect of MAS®. The equipment needed for HR MAS suspension NMR
spectroscopy are rotors which are equipped witltesgaand a screw with a small hole to
remove the surplus solvent. Therefore, HR MAS s thethod of choice of any sort of
mobile, but not homogenous species. With respedhéopossible use of surface bound
complexes in catalyst§, it was proposed to typify the behaviour of thetemals under
conditions that mimic those of a catalytic proceswhich the complexes are in contact with
the solvents and, especially in the case of C-Gscamupling reactions, a large excess of
strong bade”. It was therefore intended to measure slow spmiriR MAS NMR spectra of
suspensions of the immobilised comple2esd3 in different solvents.

In CH,Cl;

The slow-spinning’P {*H}CP MAS NMR spectra of suspensions 2TiO, and3/TiO, in
CH.CI, display sideband manifolds with practically thensachemical shifts as the dry
samplegqFig 14). Likewise, the anisotropic chemical shift parametg of 3/TiO, obtained
from a>'P{*H}CP NMR spectrum of a non spinning samplable 1) are the same as in the
dry material and in pur8. In the case o2/TiO,, however, the solvent induces a perceptible
increase in the CSA and the sparof the CSA tensor i2/TiO,/CH,Cl, is midway between
that in2/TiO, and crystallin€ (Fig 13, Table 1) It is unlikely that these changes arise from a
solvent-induced increase in the mobility of theface-bound complex since this should lower
the effective CSA. Instead, it is suggested that ¢ffect reflects variations in molecular
conformations which accompany the interaction ef ¢tbmplex with the surface. A possible
scenario, which has also been discussed# is that tethering of the OH- moieties to the
surface enforces changes in the orientation ot#techol units relative to crystallir®e thus
explaining the difference betwe@nand dry2/TiO,. Addition of a solvent might then either
induce further conformational changes or the oleskrdeviations may be interpreted as
directly reflecting the effects of solvation. Rjjrthe different arrangement of the OH moieties
is considered to induce a larger spatial separabiothe metal-phosphine unit from the
surface, and conformational changes are cleartypgesnounced than and have no visible

impact on the chemical shift.

100 3 Bluimel,Coord. Chem. Rev. 2008 252, 2410-2423.
1013, Chikkali, D. Gudat and M. Niemey&@hem. Commun. 2007, 981-983.
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Fig 14 3'P {*H} CP MAS NMR spectra of immobilised on neutral titania,o: 8 kHz, ns:
256, contact time: 1 ms, pulse delay: 8 s (topefrand on TiQCH,ClI, (bottom trace)pyo:
1.5 kHz, ns: 128, contact time: 1 ms, pulse delay:

In DMF

In contrast with the suspension in &, , the®'P CP MAS NMR spectra &/TiO, or 3/TiO,

in dmf displayed no signals at #Fig 15, top tracd However,'P{*H}MAS NMR spectra
recorded with direct excitation 6P showed two sharp lines that were not accompanjed
any rotational sideband&'P chemical shifts o2/TiO,/dmf are 34.3 and 18.6 ppm relative
signal intensities of 1:1.5 whil&/TiO./dmf was observed a(**P) = 32.4 and 18.8 ppm with
relative intensities of 1:0.7. The chemical shéi® similar to those of the cis and trans
isomers of complexe® and3 in solution. The occurrence of accidental unwargedation
can be excluded as the P oxide®@ind3 exhibt different isotropic chemical shifts(}'P) =

40 - 41 ppm both in solutiii! and as surface adsorbed species]. Acquisitiorpettsa of
non - spinning samples did not indicate any matezhges except a moderate broadening of
both lines(Fig 15, bottom trace The spectrum o®/TiO,/dmf displayed two further broad
lines of low intensity at = 79.4 and 26.6 ppm. The pairwise appearanceesktisignals in
this and in other spectra suggests that they bdoragsingle species which must then bear

two distinguishable phosphine ligands but furthaerctural assignment is unfeasibile.
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Fig 15 **P{"H} NMR spectra of a non spinninig sample ®fon TiO,Jdmf recorded with
cross polarisationyo: 1.5 kHz, ns: 256, contact time: 1 ms, pulse defag (top trace) and
direct excitation of thé'P nuclei, v 1.5 kHz, ns: 64, contact time: 1 ms, pulse delay:
(bottom trace).

Both the failure of the cross polarisation scheme the line narrowing in the static spectra
are typical for species undergoing isotropic motamd suggest that the complexes have
become detatched from the surface and are dissalvéite solvent. This hypothesis is in
accord with earlier results indicating that phogglsiimmobilised on Tigare highly prone to
leachind!®®, and was independently confirmed by the findingt tthe same signals were
observable if'P NMR spectra of solutions prepared by extractimgitnmobilised complex

with a larger volume of an appropriate solvent anldsequent filtration.

In CH3CN

Measurement of'P NMR spectra of suspensions3#TiO. in acetonitrile produced similar
results to those obtained in dmf. In contrast, ist@f the syster2/TiO,/CH3CN led to the
remarkable observation thafP CP MAS NMR spectra displayed spinning sideband
manifolds similar to those found f&/TiO,/CH,CI, (Fig 16, middle trace andrable 1)
whereas™P NMR spectra recorded without cross polarisatitowed, at the same time, two
narrow isotropic linegFig 16, bottom tracewith similar chemical shifts3{>'P) = 32.0, 18.3
ppm] as2/TiO,/dmf. As expected, the spectrum of a nonspinningpda recorded under
cross-polarisation displayed a powder lineshapeictwiis characterised by values éif
similar to those oR/TiO,/CH,Cl,, whereas the corresponding spectrum recorded diigct
31p excitation remained unchanged apart from aniiifaignt line broadening. These findings
are in agreement with previously published studies TiO, - immobilised phosphine
complexe&?®! and can be readily explained by assuming thatstiéace-bound compleX

102, Merckle and J. BlumeChem. Mater. 2005 17, 586.
103 ¢, Merckle and J. BlumeChem. Mater. 2001, 13, 3617.
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completely dissolves in acetonitrile, whereas,h@ tase o, only partial dissolution occurs
and a fraction of the complex remains on the carfike fact that the signal of the complexes
in solution under cross - polarisation conditioasmot be observed is due to the averaging of
the dipolar coupling, whereas the suppression@stgnal of the surface-bound species under
direct excitation of'P can be rationalised by assuming effective saturaif this resonance

due to a much longétP T, relaxation time.

MMJ\/\ MWM

T x x x x
100 50 0 -50 ppmr

Fig 16: **P{"H}NMR spectra of2/TiO-/CHsCN recorded (a) under cross polarisation with a
non spinning sample, ns: 256, contact time: 1 mksegpdelay: 4 s (top trace), (b) under cross-
polarisation and MASy,.: 1.5 kHz, ns: 128, contact time: 1 ms, pulse defag (middle
trace) and (c) with MAS and direct excitation oé fiP nuclei,v,o;: 1.5 kHz, ns: 128, contact
time: 1 ms, pulse delay: 4 s (bottom trace).

The validity of this assumption was confirmed by ttnding that the signals of surface -
bound and dissolved species were in fact both leisilb a spectrum recorded under direct

excitation pulses and longer relaxation delays.

In CH »Cl, or DMF containing 10 vol% Et3N
As palladium catalysed reactions are often caroietlin the presence of baS84° NMR
spectroscopic studies were extended to suspensfa@§iO, and3/TiO, in CH,CI, or dmf
containing 10 vol % of triethylamine. It was notdtht under these conditions complete
detatchment of the complexes from the surface make and that all signals detected were
now attributable to species in solution. The obseérghemical shifts revealed further tl2at
and3 had been transformed into new products. Samplesicing?2 displayed a single sharp
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line at 61.0 (in CKHCI/EtzN) or 56.8 ppm (in dmf/BN) which was assigned, on the basis of
the similarity with the data of analogous compolfidis to the bis(chelate) comple
(scheme 13)This hypothesis is further corroborated by tineliing that formation of the same

product was likewise observed upon treatment al@isn of 3 with excess triethylamine.

scheme 13

Samples containin@ gave complicated spectra indicative of the presesfca mixture of
several species which could not be further assigAsdntramolecular dehydrohalogenation
and formation of a chelate ring is in this casevpnted by the unfavourable positioning of
the OH groups, it is likely that an intermoleculemndensation pathway leading to the
formation of oligonuclear complexes is followed.

Analogous NMR spectroscopic studies of suspenswing/NP-TiO, produced spectra
showing a single spinning sideband manifold whghharacterized by a chemical shift that is
identical to that of the dry material, but the sighas a slightly reduced linewidth (sEable

1). In contrast to the previously described resuhsse findings give no evidence for either
detatchment of the immobilised complexes from tnéase, or the occurrence of similar base
induced reactions as had been observe@/fO, or 3/TiO,. The line narrowing effects are
well known in NMR spectra of suspensions of immsddi phosphine complex¥s1°® and
are, in the first place, attributable to the insexh librational mobility of surface bound
species that are in contact with the solN&fit;the rather moderate extent of the line
narrowing in the case (in comparison to known ca$esecedend®®°3 is persumably due
to the presence of a rather rigid molecular skealahe phosphine ligand employed.

194D, J. Brauer, M. Hingst, K. W. Kottsieper, C. Ljék Nickel, M. Tepper, O. Stelzer and W. S. ShieldrJ.
Organomet. Chem. 2002 645, 14-26.
15T Pposset and J. Bliimél,Am. Chem. Soc. 2006 128, 8394.

1635, Brenna, T. Posset, J. Furrer and J. Blu@adm. Eur. J, 2006 12, 2880.
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Summarising the results of the NMR studies preskntean be stated that the behaviour of
the surface - bound complexes depends on both tiecolar structures of the complexgs
and3 and, to an even larger extent, the propertieb@fcarrier material. Thus, deposition of
both complexes on neutral TiGs feasible but the complexes can be easily elbtedolar
solvents. Judging from the different solubilitiesacetonitrile 3 is slightly more mobile than

2. On the other han@ displays a larger sensitivity of the anisotrophemical shift data to
environmental influences, which correlates witHaser proximity of the catechol OH groups
(as potential surface binding sites) to the phogphatom and may be indictive of a closer
interaction between the phosphine complex and tinlace. The reactivity of the surface -
bound complexes in the presence of a base revedlshe catechol moieties are available for
chemical reactions and in connection with the edstatchment of the surface - bound
complexes, it was possible to conclude that thiasarbinding operates presumably by means
of adsorptive hydrogen - bonding interactions. M also in accord with previous findings
on the behaviour of Tigtethered phosphine compleX8d. In contrast, the immobilised
complexes on slightly acidic Tghanoparticles (NP-Tig) are definitely more tightly bound
and gave no spectroscopic evidence for either ttoeircence of leaching or of any base-
induced dehydrochlorination. Both findings are catitge®® with the view that the catechol
OH groups support an ester like interaction withtah@atoms on the surface which is
persumably more covalent in nature. Although it was yet possible to give a definite
explanation for this at first glance surprising &e@bur (it could be expected that formation of
the surface esters should be more favoured on tire basic surface) several arguments to
support the given interpretation can be proposedddition to the common place assumption
that the surfaces of nanoparticles often exhibibaeiced reactivity due to the larger
concentration of defect sites, one can argue statiBcation on NP-Ti@ benefits from acid
catalysis. Furthermore, the formation of catecleoksters in a weakly acidic environment is
no contradiction in itself as it is well known tratelate formation may increase the acidity of
the free OH functions. Regardless of the naturethef interaction, however, the NMR
spectroscopic studies indicate that the surfacedb@omplexes exist in the same manner as
the pure crystalline materials, ie exclusively asn$ configured complexes whereas in

solution an equibilirium mixture of cis and trassiners exists.
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3.3 Investigation of catalytic activity of immobilised palladium catechol

phosphines

The persistent attachment of the phosphine compléke surface stimulated to explore the
catalytic activity of3/NP-TiO,. 3/NP-TiO, was investigated as a catalyst for the Sonogashira
coupling of 4-iodo-nitrobenzene and phenyl aceglédombining both components for 24hrs
at room temperature in triethylamine in the preseofcopper iodide as cocatalyst and 10
mol% of the immobilised compleg on NP-TiQ produced, after chromatographic workup,
the expected coupling product in 70% yiédheme 14)The catalyst was recovered and has
been used for the second run which gave a yietB®&§ of the coupling product. The catalyst
recovered after the second run was again reusethéofurther run, but the yield of the

coupling product dropped to 10%.

NO,
NO, CH
. _3INP-TiO, _
C Cul |||
2] ;

scheme 14:Sonogashira coupling of 4-iodo-nitrobenzene andchplaeetylene usin@/NP-

TiO, as the catalyst.

ICP analysis of the solid recovered after eachdignlosed Pd loadings of 4.6, 2.6 and 2.6
mg (corresponding to 43, 24 and @@ol) of Pd g* NP-TiO,. These results revealed that the
loading of Pd dropped significantly after the firsin indicating the occurrence of catalyst
leaching during the reaction. However as the Pditgain the second and third run was the
same, the observed drop in the catalytic performaannot be attributed to leaching alone.
Presumably, chemical degradation of the compleadss responsible for this sudden drop in
catalytic performance. These results indicated 3HdP-TiO, can, in principle, be applied as

immobilised as it seems to be more tightly bounthtosurface of the support than the related
complex1®” and its use seems to offer no advantage when cechpéth the homogenous
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reaction with the related compl&xas a precatalyst which gave a yield of 90% ofdame

product in the same reaction time and with a coatgarcatalyst loadifty*.

To conclude, it has been demonstrated that catqamdphine complexe® and 3 can be
deposited on the surface of both neutral ;T&dd slightly acidic TiQ nanoparticles. The
characterisation of both dry specimens and suspesdiy>’P HR MAS NMR experiments
with or without the use of cross-polarisation rdgdahat, in the first case, the action of polar
solvents is sufficient to accomplish partial or ew@mplete detachment from the surface.
This finding is in accord with the assumption ttieg complexes are predominantly adsorbed
by means of hydrogen interactions. In contrast, pleres deposited on Tihanoparticles
with a slightly acidic surface showed more resistato leaching and failed to undergo base-
induced dehydrochlorination, thus suggesting atéigbounding mode which is presumably
more covalent in nature. The use of the heterogdriemplex as catalyst in a carbon - carbon
cross coupling reaction was also demonstratedsrctintext.
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4. Immobilisation of phosphinine derivatives on inoganic

supports

4.1 Synthesis of silyl alkoxy functionalized phosphines

As one objective of the project is to immobiliseopphinine units, it is planned to synthesise
phosphinines with silyl alkoxy functionalized link#éhat could dish up a proper candidate for
anchoring onto silica support. The requisite slfoxy functionalized phosphinines can be
synthesized based on the method which uses 1,&8z2qhosphinin®& (scheme 15)as the
precursor and relies on its high reactivity withkymles. The very reactive 1,3,2-
diazaphosphinine, was prepared an orange-red ciording to the literature procedure from
1,3,2-diazatitanacyclohexadienes by reaction wili; Rnd excess triethylamine via N-Ti /
CI-P bond metathestd. The 1,3,2-diazatitanacyclohexadiéfewas initially prepared by the
reaction of pivalonitrile with CJiMe, in toluene. Due to the high sensitivity of 1,3,2-
diazaphosphinine, it could not be isolated befoeaction with alkynes and was only
characterized by it3'P{*H} NMR shift at 272 ppm. The molarity of the toluemsolutions
obtained was determined by integeratior’’®*H} NMR signals after addition of a specific
amount of triphenylphosphine as the internal stehdBhe compound was obtained in nearly
40% yield.

@\_ ol MeLi ©\ Me _2BUCN W
i i -CH ~
@ cl @/ Me ) :fTi/\ :H

1)PC|3,'Cp2T|CI 2
2)EtsN,-Et,NHCI

scheme 15Synthesis of 1,3,2-diazaphosphinine
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To attain the requisite functionalized phosphiniappropriate silyl alkoxy functionalized
alkyne has to be developed primarily. The facilatlsgsis of such alkyné is shown in
scheme 1B°. The initial hydrosilylation of allyl triethoxy kine in the presence of
Karstedt's catalyst (3-3.5% platinum in a vinylnénated polydimethylsiloxane) gave 1-
triethoxy silyl-3- chlorodimethylsilylpropane, thepectroscopic data of which were identical
with those reported in the literattf8!. Hydrosilylation was followed by the dropwise
addition of phenylacetenyl lithium to 1-triethoxXys$i3-chlorodimethylsilylpropane at —78

in dichloromethane. The solution was concentrafest ¢he removal of precipitated lithium
chloride to obtain a brownish yellow oil which waistilled to afford6é as yellow oil in nearly
70% vyield. The alkynés was characterized by routine solution NMR techa&uThe'H
NMR spectrum ob showed a signal at 0.01 ppm which was attributedbkle dimethyl silyl
protons. The multiplets at 0.65 and 1.6 ppm wesggasd to the propyl protons. The triplet at
1.15 Jun = 7.2 Hz) and quartet at 3.7 ppfds = 8.1 Hz) were attributed to the methylene
and methoxy protons of the ethoxy group respegtivitie*C NMR spectrum o6 displayed
the resonances of dimethyl silyl carbons at 1.2 @mu those of propyl carbons at 14.89,
17.85 and 20.58 ppm. Signals at 18.65 and 58.65 wpne attributed to the silyl alkoxy
carbons. The triple bonded carbons were resonatdgilowfield regions at 93.75 and 106.03
ppm. Aromatic carbons were observed further dovehfae 123.59, 128.50 and 132.29 ppm.
The structure o6 was confirmed by electron ionization mass spectpyg which showed a

molecular ion peak at m/e = 364.2 [M]

| Karstedts catal ; ;
. yst
Siw C|/|SI\/\/SI(OE'[)3

H'TScl T T \—Si(OE,

CeHz—=Li
I
6

scheme 16Synthesis of silyl alkoxy functionalized alky6e

197F. J. LaRonde, A. M. Ragheb and M. A. Bro6k|loid. Polym. Sci. 2003 281, 391-400.
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So formed alkyne6 was then allowed to react with in equimolar amounts via [4+2]
addition/retro addition sequence to produce a IlgReazaphosphinine, which was not
isolated. The complete transformation was checkett® NMR spectroscopy which exhibits
signal at 306 ppm along with a signal of low inignat 300 ppm. The intermediates were
then reacted with phenylacetylera ahigher temperature, in another [4+2] addition/retro
addition sequencescheme 17)The crude mixture showedP{*H} NMR signals of a major
isomer at 240 ppm, which was however accompani#tdather minor isomers witftP{*H}
NMR shifts at 232, 208 and 201 ppm. All attemptsidolate these isomers by column
chromatography were not successful. The structirthe major isomer was assigned by
running *H,*'P-HMQC and'H,?*Si-HSQC NMR spectra. The 2D-NMR spectra allowed to
assign a doublet of doublet at 8.86 ppdud = 37.5 Hz anddy = 1.5 Hz) in the'H NMR
spectrum to the major isomer, which is attributaiolehe ortho proton in the phosphinine
ring. Furthermore, a doublet at 0.23 ppfid.§ = 1.5 Hz) was assigned to the protons of
dimethylsilyl group, proving that the silyl alkoXynctionality is attached to the ortho carbon
atom in the phosphinine ring. The protons of twerph rings appeared as multiplets in the
downfield regions 7.10 - 7.24 ppm and 7.28 - 7.8inpThis major isomer showed further
29Si NMR resonances at -46.5 and -2.5 ppm attribtaettie ethoxy siliyl and dimethyl silyl
groups, respectively. Based on these data, thetsteuwas depicted as shown (stheme
17). The attempt to ellucidate the structure of okemers was not successful. The similar
observation of isomeric products was previouslyorsg in the synthesis of other
functionalized phosphinines by the use of unsymigatalkyne like phenyl acetyleﬁ?—:].

If these isomeric mixtures are planned to immo®ibs silica, then it would give a mixture of
phosphinine ligands on the surface which woulddikar difficult to characterize. Therefore
the present methodolgy of preparing functionalizgtbsphinines capable to anchor on

inorganic surface could not be pursued furthethercreation of heterogenized phosphinines.
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Other isomers

2 — /

N Ph—="H H P//sl\H
EtO”/Si\
Eto OFEt

X = SiMe,(CH,)sSi(OEt)3

scheme 17Synthesis of silyl alkoxy functionalized phosphigin

4.2 Synthesis of hydroxy functionalized phosphinire

In the previous study the use of bifunctional chtecphosphine compounds to anchor
transition metal complexes ligated via the P atori©, bound by the catecholate group was
investigated, and by’P CP MAS NMR successful deposition of palladiumechol
phosphines on TiPwas observed. Based on these results, it wasedsfardevelop similar
functionalized phosphinines having hydroxy groupsvicinal positions of aromatic moiety
that might perform in a similar way as palladiuntechol phosphines ie soft phosphorus
donor preferentially coordinate to soft metal cestand the OH functionalities could bind to
hard TtV metal centres. The modular synthetic route elabdraty D. Vogt and C. Mull&r!
was adapted here for the requirement that leag/dooky functionalized phosphinines. This
involves the initial synthesis of alkoxy functioiza#ld phosphinines via pyrylium saft,
followed by the deprotection of alkoxy groups lewgto the requisite hydroxy functionalized

phosphinines.

Synthesis of chalcone derivatives

Pyrylium salt§*, precursor for phosphinines could be readily asdefrom chalcones
(scheme 18)obtained by aldol condensation of aromatic aldehyslith appropriate
acetophenones in basic medium. Chalcofe was made according to the reported
literaturé'®® and the same method has been adapted for theraiepaof two other
derivatives7b and7c. Chalcone§Fa and7c were obtained as yellow solids arlolas yellow

oil.

198 \/0gel, Organic syntheses. 1941, 1, 78.
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7a | H H H H
7b H H OMe OMe

7c OMe OMe H H

scheme 18:)iNaOH, Ethanol-water mixture

All these chalcone derivatives were characterizgddutine NMR spectroscopy and other

analytical techniques.

Synthesis of aryl pyrylium salts

Aryl pyrylium salts 8a — 8crequired were then obtained as yellow to orange&dsdby
tetrafluroboric acid mediated condensation of amprayriate chalcone with a suitable
acetophenone derivatiyecheme 19) Thus, tetrafluorboric acid (52% ethereal solutiar?
equiv) was added to a solution of the chalcone €g2iv) and acetyl derivative (1 eqiv) in
1,2-dichloroethane at 70. The addition of three-fold amount of ether te twoled reaction
mixture after refluxing for 5hrs led to precipitati of the pyrylium salts. All these pyrylium
salts8a — 8cwere characterized in detail by NMR, mass spectq@g and elemental analyses.
As a represenative of pyrylium sal& 2-(3',4’-dimethoxy phenyl)-4,6-diphenyl pyrylium
tetrafluoroborate was obtained as orange solid qf. r348C in 58% vyield from benzal
acetophenone and 3,4-dimethoxy acetophenone. T$ivpomode electron spray ionization
mass spectrum o8a showed the ion peak at m/e = 369.1 Dalton. ‘Fh&IMR of 8a showed
two different methoxy protons as singlets at 4.08 4.04 ppm. The two meta hydrogens of
the pyrylium ring were observed as doublets ab ®0m (Jy = 2.1 Hz) and 8.35 ppmyd =

2.2 Hz). The multiplets at 7.72 - 7.86 ppm, 8.8148 ppm and 8.54 - 8.58 ppm accounting
for nine protons are assigned to phenyl groups.
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R R, Rs R;i Rs Rs

8a H H H H OMe OMe
8b H H OMe OMe H H

8c OMe OMe H H OMe OMe

scheme 19: iiHBF, (52% ethereal solution), 1,2-dichloroethane, refkhrs.

Synthesis of methoxy functionalized phosphinines

The pyrylium tetrafluroborate®a — 8cwere then reacted with excess P(Si)en acetonitrile

at reflux temperature to give phosphinines whichensolated as pale yellow to yellow solids
20-36% vyield after flash chromatographic workuphwitexane and ethylacetate (10:1) as
eluants (scheme 20) All phosphinines were characterized by routinduttstn NMR

techniques and mass spectra as well as by elenzamatiyses.
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P(SiMe3)3
CH4CN

9a H H H H OMe OMe
9b H H OMe OMe H H
9c OMe OMe H H OMe OMe

scheme 20: Synthesis of methoxy functionalized phosphininem \aryl pyrylium

tetrafluroborates.

As a representaive, phosphininga (m.p.147C) was isolated in 32% yield after
chromatographic workup. THeP{*H} NMR spectrum displayed a singlet at 182 ppm. The
'H NMR spectrum displayed singlets at 3.41 ppm add Bpm corresponding to the protons
of the methoxy groups. The two distinct doubletlofiblets observed at 8.11 pprif = 5.9

Hz, “Jqu = 1.1 Hz) and 8.21 ppniXe = 5.8 Hz,*Juy = 1.2 Hz) were attributed to the aryl
protons in meta positions of the phosphinine ringe multiplets displayed at 7.18 - 7.36
ppm, 7.45 - 7.50 ppm, 7.71 - 774 ppm were assigodtie phenyl groups. The two ortho
carbon atoms of phosphinine ring resonated as dtsibt 171.9'(cp= 52.5 Hz) and 172 ppm
(*Jcp = 52.1 Hz) in the®*C NMR spectrum oBa Two further doublets observed at 131.39
ppm ¢Jcp= 11.3 Hz) and 131.63 ppmle = 11.2 Hz) were assigned to the meta carbons of
phosphinine ring. The doublet at 142.65 ppdas= 3.1 Hz) was assigned to the para carbon
in phosphinine heterocyclic ring. ThedCef two phenyl groups were resonated as doublets
at 136.5 ppm?(cp= 24.7 Hz) and 143.69 pprfiép= 24.5 Hz). The two singlets at 55.47 ppm
and 55.50 ppm were assigned to the two methoxyaoarkElectron ionization mass spectrum
of 9agavea molecular ion peak at m/e = 384.1 Dalton. Theglsicrystals
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- C23

'C24

o0

Bond length (A) Bond angle (A)
C(6)-P(1) 1.751(6) C(2)-P(1)-C(6) 101.6(3)
C(2)-P(1) 1.746(6) C(3)-C(2)-P(1) 123.6(5
C(2)-C(15) 1.495(8) C(15)-C(2)-P(1) 118.0(4)
C(6)-C(7) 1.480(8) C(3)-C(2)-C(15) 118.4(b)

Fig 17: ORTEP representation of the molecular structur®ain the crystal with some
selected bond lengths and bond angles; the cmygtaphic labelling is different from
numbering used for assignments of NMR spectra.

of 9a and 9c suitable for X-ray analysis were grown by slowfusfon of hexane into a
concentrated dichloromethane solution of the compgoThe compoun@®a crystallized in a
monoclinic unit cell with space group P(2)1/c. Thelecular structure along with the selected
bond lengths is shown ifrig 17. Here, the three phenyl rings are coplanar witd th
phosphorus containing ring. The C(6)-P(1) and ®@)) bond lengths are are 1.751 A and
1.756 A respectively. C(2)-P(1)-C(6) bond angld@4.6 and for C(3)-C(2)-P(1) is 1236
The molecule shows weak CH, O hydrogen bonds Gf{B3)---O(2): 2.53 A and C(14)-
H(14)---O(1): 2.58 A. Similar values of bond lengthnd bond angles were also observed in
other phosphinin&$®,

19p, Le Floch, D. Carmichael, L. Ricard and F. Mgttde Am. Chem. Soc. 1993 115, 10665-10670.
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The compoundc crystallized in triclinic unit cellith space group P-(Fig 18). The C(6)-
P(1) and C(2)-P(1) bond lengths are 1.746 A an8QLA respectively. The C(2)-P(1)-C(6)
bond angle is 101.8&nd for C(3)-C(2)-P(1) is 123.34ere, also the molecule shows weak
CH, O hydrogen bonds C(63I)-H(63A)---O(24): 2.6.Ad C(5)-H(5)---O(63): 2.55 A.

CB5 W C24

Ce41 ©

Bond length (A) Bond angle (A)

C(6)-P(1) 1.7461(13) | C(2)-P(1)-C(6) 101.88(6)

C(2)-P(1) 1.7500(13) | C(3)-C(2)-P(1) 123.34(10)

C(2)-C(21) 1.4911(17) | C(21)-C(2)-P(1) 115.83(9)

C(6)-C(61) 1.4912(17) | C(3)-C(2)-C(21)120.78(11)

Fig 18: ORTEP representation of the molecular structure9afin the crystal with some
selected bond lengths and bond angles; the cmygtaphic labelling is different from
numbering used for assignments of NMR spectra.

Deprotection of methoxy functionalized phosphinines

The slow addition of excess BBin CH,Cl, at low temperature to the solution of alkoxy
functionalized phosphinines in GEIl, followed by overnight stirring at room temperatige

a known literature meth&d' for the conversion of the methoxy groups in phasiples to
hydroxy groups. The phosphininé8a and 10b were isolated after aqueous work up as air

sensitive yellowish white powders in pure form frtime crude mixture after flash column

52



1. BBI’3/CH20|2

2. H,0
9aand9b 10aand10b
9a:R; = R, = OMe 10a: X1 =X, =0OH
R3:R4:H X3:X4:H
9h:Ri1=R,=H 10b: X;=X,=H
Rs = Ry = OMe X3=X4=0H

scheme 21Deprotection of methoxy functionalized phosphinines

chromatography with hexane: dichloromethane (1slglaant(scheme 21)All the hydroxy
functionalized phosphinines were characterizeddiyt®n NMR spectroscopy and elemental
analyses. Furthermore, their molecular formulaeeveemfirmed by electron ionization mass
spectroscopy. As a representative, the hydroxytiomalized phosphinin@0b, which melts
at 165C, was obtained as a white solid in 62% yield aispldyed a singlet at 185.3 ppm in
3p{’H} NMR spectrum. The disappearance of methoxy diria 'H and *C NMR
spectroscopy established the successful depratectioloublet observed at 8.08 ppri6 =
5.7 Hz) was attributed to the meta protons in the hetefacying. The multiplets at 6.58 -
6.81 ppm, 7.18 - 7.23 ppm, 7.65 - 7.68 ppm wergyaed to the thirteen aromatic protons of
phenyl groups. ThEC NMR spectrum ol0b exhibited a doublet at 171.87 pphice = 52.8
Hz) which was assigned to the ortho carbons of phioge ring. The two meta carbons of
phosphinine ring resonated as doublet at 133.42 Bfm= 12.0 Hz). The signal observed as
doublet at 141.53 ppntdp = 1.8 Hz) was assigned for the para carbon wilpeet to
phosphorus in the hetero moiety. Further the sireadbf10b was confirmed by mass spectral
analysis. The Electron ionization mass spectairhOb gavea molecular ion peak at m/e =
356.1 Dalton.
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4.3 Preparation of transition metal complexes of ptisphinines

In surveying the coordination chemistry of phospted®?, it is easily recognised that known
phosphinine complexes of group 11 are rather r&@ame copper(l) complexes were
reported* but a very little is known for silver and gold deatives. Schmidbaur et was
the first who came out with a gold(l) phosphinir@mplex, however, its spectroscopic and
structural data remained unknown. Later, the coatthn behaviour of 2,6-disilyl-substituted
phosphinines towards gold(l) was examined by F.heyatand Le Flodh*? who successfully
characterized the resultant gold(l) complexes bgcspscopic and X-ray crystal structural
analyses. The formation of botft andn® complexes was normally encountered for most
metals™*®. The two main factors that defined the preferredrdination mode are the nature
of metal precursor and substitution pattern oflig@nd. As the ultimate aim is to immobilise
the complexes of newly made hydroxy functionalizgebsphinines, the metal complexes
should be available as isolated compounds sincerwibe the study of the immobilised
complexes on the surface may lead to uninterpretadince gold is known to make linear
complexes with a single neutral P- donor lidatfland not having problem with other mode
of coordination, gold(l) precursor is a suitablendidate for forming complexes with the

newly synthesized phosphinines.

Gold (1) complex of methoxy functionalized phosphinines

The reaction of phosphinin®@a — 9cwith AuCl(tht) in dichloromethane was monitoreddan
procceeded cleanly at room temperature within 1% (cheme 22) The completion of the
reaction was checked B{P NMR spectroscopy. The complexé4¢a — 11owvere obtained as

pale yellow solids after precipitation with hexane.

10p e. Floch, L. Ricard and F. Math&yll. Soc. Chim. Fr, 1996 133, 691.

11K, C. Dash, J. Eberlein and H. Schmidba&ynth. Inorg. Met. Org. Chem. 1973 3, 375.

H12N. Mezailles, L. Ricard, F. Mathey and P. Le. Fideur. J. Inorg. Chem. 1999 2233-2241.

13 M. Doux, L. Ricard, F. Mathey, P. Le. Floch and\ezailles.Eur. J. Inorg. Chem. 2003 687-698.
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AuCl(tht)

9a -9c 1lla-11c
R R, Rs R4 Rs Re
9a H H H H OMe OMe
9b H H OMe OMe H H
9c OMe OMe H H OMe OMe
1lla H H H H OMe OMe
11b H H OMe OMe H H
1l1c OMe OMe H H OMe OMe

scheme 22Synthesis of gold(l) complexes of methoxy functited phosphinines

The complexila which melts at 142, was obtained in 96% yield. TR&®{*H} NMR of
11a displayed a singlet at 152.39 ppm. The large quzalar moment ot®’Au shortens the
relaxation time of this nucleus, thereby 13¢°’Au-*P) coupling was observed for complex
11a As expected, the coordination shift for tHe signal is negativeA@ = -30 ppm) inlla
This was in accordance with the reports as obtafoe®,6-disilyl-substituted phosphinine
gold(l) complexe’$*?. The meta protons (3,3’, -H) fit NMR of 11aresonated as doublet of
doublet at 8.40 ppniden = 22.7 Hz 3y = 1.7 Hz) and 8.49 ppnidip = 22.7 Hz,*Jyy = 1.6
Hz). As expected for other Au complexes, metal doation is accompanied by a usual
increase ofJsy With respect to the free ligandi¢y = 22.7 Hz(11a) vs 5.8 Hz(9a)). The
multiplets at 7.41 - 7.42 ppm, 7.49 - 7.59 ppm{Q77.74 ppm, 7.78 - 7.83 ppm account for
phenylic protons. The two singlets at 3.93 and & were attributed to the protons of two
methoxy groups. In thEC NMR spectrum, the-carbon atoms display a similar coordination
shift (A3 = -14) as had been observed in i NMR spectrum. The coordination shift of the
para carbon C-4 is negligible upon complexationd Afso the'Jsc varied from 52 Hz irfa

to 36 Hz inl1la The loss of lone pair effect (algebric increasehef coupling) and the high
degree of coordination at P atom (decrease of thgnitude of coupling) are the two

competing factors which generally observed in at@asxomplexes of tertiary phosphines are

55



responsible for this large variation in the couglzonstants. It was also noted that a very
large increase in th&pc coupling constant to the C-4 carbon from 3.2 HB®arto 26.3 Hz
occurred inlla Electron ionization mass spectrum of the compdltaigave molecular ion
peak at m/e = 616.0 [Nl Another peak at 384.1 was corresponded to tke ligand [M-
AuCI]*. The other two gold complexddb and1lc were characterized by NMR analyses.
The structures ofllb and 11c were further confirmed by electron ionization m®as
spectroscopyllb and 11c displayed the molecular ion peak at m/e = 676.d &Mh6.8

respectively.

The structure ofilla was confirmed by single X-ray crystal analysiseTdingle crystal of
11a suitable for analysis was grown by the slow diffasof hexane into a concentrated

solution of the compound in dichloromethane.

14, J. Jameson in Phosphorus-31NMR spectroscogtgiaochemical analysis (Eds: J. Verkade, L. DnRui
VCH Publishers, Inc, Deerfield Beach, Florid87, 205-230.
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Bond lengths (A) Bond angles (A)

CI(1A)-Au(1A) 2.2766(8) | P(1A)-Au(1A)-CI(1A) 175.88]

Au(1A)-P(1A) 2.2060(8) | C(6A)-P(1A)-C(2A) 107.13(15)

P(1A)-C(6A) 1.715(3) C(6A)-P(1A)-Au(1A) 126.39(10)

P(1A)-C(2A) 1.721(3) C(2A)-P(1A)-Au(1A) 126.45(11)

C(2A)-C(3A) 1.386(4) | C(3A)-C(2A)-C(15A) 121.5(3)

C(2A)-C(15A) 1.487(4) | C(3A)-C(2A)-P(1A) 120.0(2)

C(3A)-C(4A) 1.399(4) C(15A)-C(2A)-P(1A) 118.5(2)

Fig 19: ORTEP representation of the molecular structureldf in the crystal with some
selected bond lengths and bond angles; the crygtaphic labelling is different from
numbering used for assignments of NMR spectra.

An ORTEP drawing ofL1ais presented ifrig 19. The compound crystallizes in triclinic
with space group P-1. As expected for a LAuX complde complex adopts a linear
geometry with bond angle of 1758.%or P(1A)-Au(1A)-CI(1A). The Au(1A)-CI(1A) and
Au(1A)-P(1A) bond lengths are 2.277(1) dhd 2.206(8) A. The bond lengths and bond
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angles inllaare in good agreement with those observed fotrionsthylsilyl) phosphinine
gold(l) chloridé**? having Au-Cl and Au-P bond distances are 2.28&@nd 2.211(2) A
respectively. The Au(1A)-P(1A) bond length is skors compared to that observed for AuCl
in phosphine complexes (Au-P: 2.227(2) A, Au-CR88(2) A)**®). This shortening of bond
length is attributable to different hybridizatiofithe P atoms in the two species (formdl isp
11avs sp in tertiary phosphine) and thus quite normal. Rgreining bond lengths and bond
angles it is possible to elucidate further intengsinformation. The internal angle C(2A)-
P(1A)-C(6A) falls in the range 107.43vhich is quite large as compared to the parent
phosphininga (C-P-C = 101.9. This type of similar increase in value of bomdjles (C(2)-
P(1)-C(6)) was also oberved for other phosphininesgeneral upon complexation
[M(CsHsP)] (M = Cr, Mo, W}*® and is a direct consequence of the shorteningePEC
bonds are shortened (1.721(3) A and 1.715(3) A)peoed to the parent phosphinine
(1.746(6) A and 1.751(6) A). This shortening hadleen observed in other complexes such
as bis(trimetylsilyl) phosphinine gold(l) chlorif&! and MdCsHsP)(CO)™*7.

In addition to the neutral phosphinine- AuCl conxglella-11¢ also an ionic complekld
was readily obtained by treating two equivalentdigdnd 9a at low temperature with one
equivalent of AuCl(tht), followed by addition ofi\gr triflate as chloride abstractscheme
23).

AuCl(tht)

X

—
AgOTf
7" U owe

scheme 23Synthesis of cationic gold phosphinine compléx.

153 Attar, W. H. Bearden, N. W. Alock, E. C. Alyaad J. H. Nelsorinorg. Chem. 199Q 29, 425.
18P | e. Floch, D. Carmichael, L. Ricard, F. Math@y,Jut and C. Amatoré&rganometallics. 1992 11, 2475.
17, J. Ashe IIl, W. Butler, J. C. Colburn and S.uABrabi,J. Organomet. Chem, 1985 282, 233.
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The complex was obtained in 86% yield as a palewesolid after hexane precipitation and
displays &P NMR shift at 169 ppm. Here also the coordinasiit is still negative 43 = -

13) but lower as inla The'H NMR spectrum in CBCl, displayed two singlets at 3.89 and
3.91 ppm which were attributed to the methoxy pmston 11d. The multiplets at 6.96 - 7.00
ppm, 7.27 - 7.31 ppm, 7.48 - 7.59 ppm, 7.70 - pg®m were assigned for aromatic protons in
the phenyl rings. The two distinct doublet of d@itdt 8.27 {0y = 1.4 Hz,*3p = 13.6 Hz)
and 8.29 ppm*Qun = 1.3 Hz,%Jp = 13.7 Hz) were assigned to the meta protons én th
heterocyclic ring. Finally, the composition btd was confirmed by electron spin ionization
mass spectroscopy which displayed a peak at m/@6:29 Dalton that can be assigned to a
complex [Au@a)(CH;OH)] .

Gold (I) complex of hydroxy functionalized phosphinines:

Two positional isomers of hydroxy functionalizedogphinineslOa and10b upon treatment
with AuCl(tht) in thf at RT afforded the complex&8a and12b respectively(scheme 24)
The complexes were isolated as very pale yelloudsoh nearly 90 - 97% vyield by simple

precipitation from the reaction mixture.

AuCl(tht)
10a - 10b
Ry R Rs R4
10a OH OH H H
10b H H OH OH
12a OH OH H H
12b H H OH OH

scheme 24Synthesis of gold(l) complexes of hydroxy functibred phosphinines

The compoundl2a, which melted at 26, displayed &'P{*H} NMR chemical shift at
152.40 ppm. ThéH NMR spectrum ofl2aand12b exhibited similar signals like those faced
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in 11a Likewise, a marked increase in tfley coupling constant (from*Jey = 10.0 Hz in
10ato 22.4 Hz inl2aand>Jey = 5.7 Hz inl0b to 22.7 Hz in12b) of meta protons (H at C-3
& C-5) was observed. The Protons of phenyl grougsb# multiplets at 7.41 - 7.57 ppm,
7.77 - 7.88 ppm ii2aand 7.45 - 7.57 ppm, 7.84 - 7.88 ppmilkh. Both12aand12b were
analysed by electron ionization mass spectroscdfiyile 12b disclosed a peak at 587.02
corresponding to compleX,2a gaveonly a peak at 356.1 corresponding to the freentiga
The successful completion of the reaction confitha the ligand remains stable and that the
activation of the phosphinine core by the electratihdrawing effect of the metal atom does

not induce immediate addition of the acidic to thelectron system.

4.4 Immobilisation of phosphinine metal complexesrotitania

A study of the immobilisation af2aand12b on TiO, was undertaken. For this purpose, NP-
TiO, was selected, in accord with the previous findirtgat immobilised phosphine
complexes2 and 3 are definitely more tightly bound on NP-TiGhan on neutral titania.
Complexesl?2a — 12bwere stirred with previously preheated NP-Ti®@thf for 24 hrs at RT.
After filtering off the supernatant liquid, the reatl was washed with several portions of thf
and vacuum dried. The loading of the complexes W, Tvas estimated with the results
obtained from elemental analyses as 12.9 mg/fi2afNP-TiO, and 12.7 mg/g ol2l/NP-
TiO,. The*'P CP MAS NMR spectrum df2aNP-TiO; displayed a high field signal &&= 27
ppm with a small number of spinning side bafiig 20). The line width of the resonance
was found to be 2.9 k Hz and still larger than oid§) phosphinines. This increase in
linewidth in the solid state can be attributed ke tpresence of observable unresolved
splittings due to scalar and residual dipolar cimgpto the**’Au nucleu§*®, which is absent
in solution. A similar pattern was also seen 1@/NP-TiO,. For better erudition®P CP
MAS NMR spectra of the free ligan8a and the corresponding gold(l) compléxd,a were
also measure(Fig 20) and compared with those b2a/NP-TiO,. The observed asymmetrical
splitting of lines inllawas attributed to the coupling of the phosphoritk whe gold [ =
3/2); similar pattern was also seen for Au-phosphliompleX*®. Even though the isotropic
shift of the free complex and the TiGupported complexeslZa or 12/NP-TiO,) are
different, the profile of the isotropic ling quite similamhich supports the existence of Au to
P coordination il2b or 12aNP-TiO..

H8N. J. Clayden, C. M. Dobson and K. P. H. D. MidhdeChem. Soc. Dalton Trans. 1985 1811-1814.
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Fig 20 *'P CPMAS NMR spectraof 12aNP-TiO,, vt 8 kHz, ns: 2560, contact time: 1 ms,
pulse delay: 6 s (top tracedla v 8 kHz, ns: 512, contact time: 1 ms, pulse detg
(middle trace) an@a, vyor: 5 kHz, ns: 32, contact time: 1 ms, pulse delay:(bottom trace).

As only one*'P isotropic shiftwas observed in the immobilised material it is cléwt the
process of immobilisation is clean and that no sid&lucts are observed. However, the high
field position of the isotropic shift and the musinaller span of the chemical shielding tensor
as compared tdla (6 = 152.40 ppmscheme22) implies that during the immobilisation
process the phosphinine structure has been chabhgatP-TiO, or 12b NP-TiO, exhibit
3P NMR signals in the upfield region like that oéthnionic ligand in the complex reported
by Floch et at*>'* indicating that aromaticity within the ring hasebedisrupted. They
suggested that the synthesis of anions involveseaphilic attack at the electropositive P
atom of phosphinine ring. Thus by correlatiig CP MAS NMR ofL2a/NP-TiO, or 12b/NP-
TiO, with previously reported literatuté”, the surface bound phosphorus species was
assigned as ischeme 25The mechanism of the formation of the new speti&écheme
25) on TiG; surface involves the attack of nucleophilic reagéhat present in trace amount
on the TiQ surface at the electropositive phosphorus cerftyghosphinine, leading to the
transformation of aromatic structure into phosplbayexadienyl gold complex. Although

Au coordinated phosphinine is stable in the presesfc-OH groups, the complex did not

19 E. Deschamps, F. Mathey, C. Knobler and Y. Jea@riganometallics, 1984 3, 1150-1157.
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survive in immoblisation. Either the surface -Otbgps be more reactive and attackrto

system or the attack is promoted by high aciditiB-TiO,.

13
scheme 25

4.5 Immobilisation of phosphinine derivatives on dica

As the immobilisation of phosphinine gold(l) comy#s on TiQ had not fulfilled the
expectation, it was proposed to use silica as d@ngec material. Covalent tethering is the most
versatile approach for immobilisation in order tpess leaching of the immobilised ligands.
Silica is a popular support as it is resistant @gfainost solvents and also inexpensive and non
toxic. The silica based inorganic mesoporous nmelteare more affordable for liquid phase
reactions because they allow easy diffusion of tesds to the active sité&*?* Their
surface silinol groups can be functionalized byngstrialkoxysilanes with amine, thiol,
carboxylic acid, phenyl, cyano groups. These mategan be easily characterized by NMR
spectroscopic techniques. The silyl alkoxy funciicred phosphinines described in the
section4.1 would be suitable for anchoring them on silicae Tdescribed synthesis yielded
however, mixtures of isomers that would have tosbperated by chromatography. It was
already mentioned that such purification was natessful as the silyl alkoxy functionality
reacted with the column material and ending upeicodnposition products.

120p M. Price, J. H. Clark and D. J. MacquardigChem. Soc; Dalton Trans. 200Q 101-110.
121K Wilson, A. F. Lee, D. J. Macquarrie and J. Har, Appl. Cata. A. 2002, 228, 127-133.
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A slightly different approach can be made on thégard. This involves, designing of a
phosphinine with an auxiliary group that permite #masy purification of ligands, and of a
complementary carrier that can hold the newly desiigligand by covalent tethering. For this
purpose, hydroxy functionalized phosphinine andohalkyl functionalized silica were
selected, which may easily be coupled to give anphether function, thus immobilising
phosphinine on the silica surface. The requisitérdwy functionalized phosphinine can be
synthesized by using the procedure of Vogt and &ftil mediated with pyrylium saff!.
Hexagonal mesoporous silica (HM&) was selected as the inorganic support as its
preparation is straightforward does not requirerteed of strongly acidic conditions, is also
cost friendly with the use of a cheap and neueaiplate and, the material can be readily
functionalized with halo alkyl group.

Synthesis of hexagonal mesoporous silica

HMS which is less ordered than MCM-41 and SBA-15swaepared according to the
reported proceduté?, by adding tetraethoxysilane to a stirred solutdrethanol, water and
1-dodecylamine at ambient temperature. In ordaetoove the template (1-dodecylamine),
the white precipitate obtained after 24 hrs stiynmas calcined at 600 for 24 hrs(scheme
26).

EtOH/H ,0 OH

Si(OEt), -
1-dodecylamine

OH

scheme 26Synthesis of HMS

HMS was characterized B¥Si CP MAS NMR. Unmodified HMS displayed two broad
overlapping resonances at -110 and -102 ppm whahespond to & and @ bands,
respectively with & as major contribution of the bulk silica framerwQ" = S(OSi),(OH)a.
o] (Fig 22). @ sites correspond to bulk silicon nuclei with SifR$roup. A weak shoulder
observed at -93 ppm is attributed té §pecies. The ¥sites are those with single Si-OH

group that include both free and hydrogen bond&hais and @ corresponds to geminal

122p T Panev and T. J. Pinnavaaience, 1995 267, 865-867.
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silandiols. The assignments of Si resonances andasito those observed in unmodified
MCM-411%3,

Synthesis of chloropropyl functionalized HMS (CIPTES-HMYS)

A chloropropyl functionalization was introducedtotiMS by refluxing calcined HMS with
(3-chloropropyl) triethoxy silane in toluer{scheme 27)Functionalization onto HMS was
verified by running*C CP MAS and®Si CP MAS spectroscopy.

OH .
Cl~ " Si(OEt), O\Si/\/\ ol
OH Toluene o (|)Et
calcined HMS

scheme 27Synthesis of CIPTESI-HMS.

3¢ CP MAS NMR spectrum of the material exhibits remwes at 8.1, 23.6 and 43.9 ppm (
signals denoted as b, c in Fig 21) which were assigned to the three carbon nuclehef
grafted propyl chain, and signals at 13.0 and ppré (denoted as *) which were assigned to
the carbon nuclei of unreacted ethoxy groups atthcb the silicon atom in the tethifig
21). Similar assignments dfC NMR signals were observed in chloro propyl fuoetilized
MCM-41"%4 (Table 2).

1235 M. Bruno, A. C. Coelho, R. A. S. Ferreira, L.Carlos, M. Pilliinger, A. A. Valente, P. R. Claand I. S.
GoncalvesEur. J. Inorg. Chem. 2008 3786-3795.

124 gyjandi, E. A. Prasetyanto, S. C. Lee and S. E, Réicroporous and Mesoporous Materials, 2009 118, 134-
142.
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Fig 21: °C CP MAS NMR spectrum of CIPTESi-HMS$,: 8 kHz, ns: 4096, contact time:
1.8 ms, pulse delay: 5 s.

Table 2 **C CP MAS NMR chemical shifts [ppm] of silica supfso

Compound carbon atoms of ethoxy carbons
propyl chain
Chloropropyl
triethoxy 9.4,21.0,43.0 16.0, 58.0
functionalized
MCM-41
CIPTEStHMS 8.1, 23.6, 43.9 15.0, 57.6

The?°Si CP MAS spectrum of modified HMS (CIPTESi-HM8)splayed signals of QQ°
and G groups at —109, -101 and -90 ppm. Thé @sonance constitutes the major
contribution in the bulk silica frame wo(kig 22). This phenomenon is also observed in the
case of chloropropyl functionalized MCM%! species. The one additional less intense
band at -53 ppm can be assigned to Site of grafted organosilane species"[E
RSi(OSi),(OEt)s.] (Table 3). Since the intensity of Qresonance is quite large as compared
to @ and d the chance for finding *Tsites is little. This suggests that the productshest
described by the structures showrFig 21which is formed by condensing two of the three
alkoxy groups with surface -OH functions and repmtés the most frequently formed

structural motif for immobilised trialkoxy silanes.
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50 0 -50 -100 -150 ppm

Fig 22: °Si CP MAS NMR spectra of HMS)o: 8 kHz, ns: 2048, contact time: 1 ms, pulse
delay: 7.5 s (bottom trace) and CIPTESI-HM&: 9 kHz, ns: 3072, contact time: 1.4 ms,

pulse delay: 7.5 s (top traced. b, c and * represent carbon atoms of n-propyl group and
ethoxy group respectively.

Table 3 ?°Si CP MAS NMR chemical shifts [ppm] of silica supfs

Compound 4 Q@ & T

HMS (calcined) -110 -102 -93 -

CIPTEStHMS -109 -101 -90 -583

66



Synthesis of hydroxy functionalized phosphinine

The hydroxy functionalized phosphinine was prepdngthe method described in sectbi.
Benzal acetophenone was initially treated with 3hoey acetophenone to form 2-(3'-
methoxy phenyl)-4,6-diphenyl pyrylium tetraflurolee, 8d which on treatment with
P(SiMe)s, followed by flash chromatography with petrol etheethylacetate (2:1) as eluant
to give the corresponding phosphin@& The NMR spectral results of bo&d and9d were
identical with those reported in the literattffe The methoxy group irdd was then
deprotected with BBrin dichloromethane, followed by flash column chedography with
hexane-dichloromethane mixture (50 : 50) after agseworkup to give the requisite
phosphininel0d as white solid in 61% yiel(scheme 28)

0 A
e (
=

N

OMe |
e T
BF,
ad OMe
P(TMS);
1) BBrs
X
|j 2) H,0 ®
7T 7T
OMe OH
9d 10d

scheme 28Synthesis of hydroxy functionalized phosphinirgl.

The compound which melted at £83displayed a singlet ifi'P{*H}NMR spectrum. The

disappearance of methoxy signalstthand**C NMR spectroscopy confirmed the successful
deprotection. A doublet at 8.08 ppriie = 5.8 Hz) was assigned to meta protons in the
phosphinine ring. The multiplets at 6.56 - 6.61 p@M®7 - 6.99 ppm, 7.12 -7.28 ppm, 7.64 -
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7.69 ppm were attributable to aromatic protonshefgthenyl groups. THEC NMR spectrum
of 10d showed a doublet at 171.55 pphich = 52.3 Hz) and 171.87X%p = 52.5 Hz) which
was assigned to ortho carbons of the phosphinmge fihe two meta carbons of phosphinine
ring resonated as doublet at 131.83 ppige(= 10.2 Hz) and 132 ppm?Jp = 10.2 Hz). The
electron ionization mass spectrum of the compoumce g peak at 339.09 corresponding to

the ligand.

Immobilisation of hydroxy functionalized phosphinine onto CIPTES-HMS

The solution ofL0d in DCM was added dropwise at °Z8to a suspension of CIPTESi-HMS
in toluene containing excess triethyl amine as b@lse mixture is allowed to stir overnight at
room temperature. The supernatant liquid was étteoff and the materiddOd CIPTESI-
HMS was washed several portions of toluene and BQbtessively. It was then dried under

vacuum for 8 hrgscheme 29)

| X
/
S 7 C

N
SI/\/\CI +

OH
(CoHsg)3N
OEt

B | ©

v
SRS S

+ side products

scheme 29immobilisation of phosphinind,0d onto CIPTESIi-HMS

3l NMR measurements of the isolated material withssrpolarization led to grossly
distorted signal intensities and thus renderedyarsabf spectral results unreliable. Mobility

of the linker having alkyl chain attached to theface of HMS could be responsible for
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obstructing signal intensities fiP CP MAS of10d/ CIPTESi-HMS. The phenomenon had
also been detected in the case of phosphines intisezbion silica via linkers incorporating
alkyl chain§®. Therefore®'P NMR spectra ofLlOd/CIPTESi-HMS were measured with
simple high power decoupling. The surface boundsphmine together with other ill-defined
side products were evident frottlP HP Dec MAS NMRFig 23).

T
400 300 200

Fig 23: Solution®'P{*H} NMR of 10d (top trace) and solid stal&® {*H} MAS NMR spectra
of 10d/CIPTESi-HMS vror: 9 kHz, HP*H Decoupling (bottom trace).

In 3'P MAS NMR, the signal observed at 183 ppm wastatteid to immobilised phosphinine.
The comparison of the line widths of immobilisedddree phosphinin®a (Fig 20, bottom
trace, in sectiod.4,Avy,= 0.3 k Hz)showed a large increase fd/CIPTESI-HMS QAvy/,=

4.6 k Hz). The observed half width of the ligandlidd/ CIPTESI-HMS lies in the range of
covalently bound phosphine link€f4. In addition to this, formation of major amounts o
side products is visible by the observation of addal isotropic lines at 4.4, 18.2 and 45.1
ppm. From the integerals of'P NMR signals, it was found that only 25% of thgalid
retains its identity illOd/ CIPTESI-HMS. The two main side products at 4.4 48.2 ppm
are having similar intensities and also quite samihalf widths with 1.3 and 1.5 k Hz
respectively. The structural assignment of thede products was unfeasible. However, the

origin of these side products in the immobilisedemal could be that alkoxy groups present
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on the tether might attack at the electropositivetd® of the ligand leading to the disruption
of phosphinine moiety.

To conclude, some novel functionalized phosphinioearing hydroxy (or methoxy) groups
in the vicinal positions on the aromatic moiety &asynthesized and contributed as ligands
for coordination to gold(l). The immoblisation ohe gold(l) complexes of hydroxy
functionalized phosphinines on NP-TLi@as tested under standard conditd’B. CP MAS
NMR of the immobilised material revealed that phHosme moiety was changed structurally
during immobilisation process. Further silica wesaised as a carrier material for anchoring
phosphinine derivatives by covalent tethering meéthond spectral studies revealed that nearly
25% of the ligand retained its identity on the aaef of silica.
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5. Phosphinine stabilized gold nanoparticles

5.1 Gold nanoparticles

Gold is the subject of ancient themes of invesiogain the field of science. Gold has been
now applied in the context of emerging nanosciesug nanotechnology with nanoparticles
with self assembled monolayers (SAMS). Gold nanoparticles called Au NPs are the most
stable metal nanoparticl&$! and are considered to be a key material in tiiec2htury*>”.

In 1857 the formation of a deep red solution ofladhll gold was reported by Faraday by
reduction of an aqueous solution of chloroaurate@l)” with phosphorus in GS Faraday
studied the optical properties of thin films madeni colloidal solutions and noticed
reversible color changes of the films upon mecldntompression (from bluish-purple to
green upon pressurizifff’. In the middle ages colloidal gold was used in icied for the
diagonosis of syphill¥*139131132nd its use in medicine was continued iffl 2@ntury also.

In the 20" century different methods for gold colloidal prestéon were demonstrated. In the
last few decades colloidal gold have consideredthas subject of several revieW&
especially after the breakthrough of Schififdt*>**®land Brust et &£,

The synthesis of Au NPs by reducing gold(lll) datives introduced by Turkevitch in
1951*%% was the most popular one for a very long time. Timisthod involves citrate
reduction of HAuCJ in water and produces Au NPs of ca. 20 nm diam&enmid reported
the gold phosphine cluster (&(PPh)..Cle) in 1981, which remained unique due to its

narrow dispersity (1.4 nii®. Phosphine stabilized nanoparticles are also gwedursors

125 A. Mocanu, I. Cernica, G. Tomoaia, L. D Bobos,Horovitz and M. T. CotiselColloids and surfaces A .
Physico chem, Eng Asp. 2009 338, 93-101.

126M. A Hayat, Colloidal Gold , Principles, methoddampplication, Academic Press, San Diet@91

2T R. C. Elder et all. Am. Chem. Soc. 1985 107, 5024.

128 M. FaradayPhilos. Trans, 1857, 147, 145-181.

129R. L. Kahn, Serum diagnosis for syphilis. Inlainl chemistry, Alexander. J. Ed, The chemical loataq
New York.1928 11, 757.

%9 Hauser and E. A. A. Potabil@,Chem. Educ. 1952 456-458.

131D H. Brown and W. E SmithGhem. Soc. Rev. 198Q 9, 217-240.

132 A. D Hyatt and B. T. Eaton, Immuno gold electroicmmscopy in virus diagnosis and research, Eds. CRC
press, Boca Raton, FIL993
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135 G. Schmid, Clusters and colloids, Ed, VCH, weinhei994

1% G, Schmid Chem Rev. 1992 92, 1709-1727.
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for other functionalized nanoparticle building tsavith well defined metallic coréé”. The
possibility of using alkane thiols of different eéhdengths for the stabilization of Au NPs and
their analysis was reported by Mulvaney and Gieirsig993"*. The colloidal particles form
monolayers, and the core to core interparticle isgais determined by the size of the alkane
chains on the stabilizers used in the preparatfcsols. Later the Brust-Schiffrin metHof!

of Au NPs synthesis had a significant impact beeaiisallows the facile synthesis of
thermally and air stable NPs of reduced dispeesity controlled size. The synthesis is carried
out in a two phase system and uses the thiol ligahdt strongly bind gold due to soft
character of both gold and sulfur. These partidas be redissolved in commonly used
organic solvents without suffering decompositiod aneversible aggregation. These NPs can
also be functionalized like stable organic compauntihe Brust method was applied to
improve the synthesis of Schmids cluster {#RPh)1,Clg) using HAuC}.3H,O and
N(CgH15)Br in a water - toluene mixture to which BRind then NaBlwere added. It was
found that the cluster formed in this method hasftnmula (Ayei(PPh)2:Cls). Hutchison et
al**® described a safer, more convenient, and moretilersgnthesis of phosphine stabilized
nanoparticles analogous to those originally regblte Schmid. The synthesis eliminated the
use of boranes, could be carried out at ambienpeeature, permitted the use of a variety of

passivating phosphine ligands, and provided cowtrel particle core size.

The general formula of gold phosphinine clusterdAig.ly]"[X] n, where L is a ligand

bonded to the peripheral gold atoms of the clfi§térin most cases, gold clusters are
cationic, so they require counter ions(K# 0). Solvent molecules from the mother liquor are
often involved in the stabilisation of the clustArthorough study of the composition of Au
NPs involves the knowledge of stoichiometry, theudure of the gold skeleton and the
connectivity with the ligand. Elemental analyses fine determination of chemical

composition is considered to be a first approactthef characterization of such clusters.
However, the large molecular mass and inaccuracthefdata do not allow unambiguous
determination of their stoichiometry. Other physicemeasurements which include
conductivity analysis and osmometric measuremerdgsofien also unable to give clearly

interpretable results. In determining the exact auolar structure of gold clusters X-ray

140G, schén and U. Simofolloid. Polym. Sci. 1995 273, 101.

141, Bronstein, D. Chernyshov, P. Valetsky, N. Tkako, H. Lemmetyinen, J. Hartmann and S. Forster,
Langmuir. 1999 15, 83-91.

142 M. Brust, M. Walker, D. Bethell, D. J Schiffrin @fR. J. WhymanJ. Chem. Soc. Chem. Commun. 1995
1655-1656.

3w, W. Walter, Scott, M. Reed, Marvin, G. Warneddh HutshisonJ. Am. Chem. Soc, 2000 12890-12891.

72



analyses are thus indispensable although theircapipin is hampered by difficulties inherent
in the nature of cluster compounds. For clusteysisaby X-ray, a cluster contains a heavy
atom surrounded by a pool of inert light atomsaftids). To require a stable packing, the
inclusion of counter ions or solvent molecules atittes of clusters is necessary. As the
solvents being volatile and also due to the rotatidreedom of counter ions, the crystals are
of poor quality. The absence of rotational freedohthe ligands together with the strong
intercluster interactions is the relevant cause fbe rigorous attachment to the

crystallographic symmetry.

The chemical properties of large ligand stabilib@ahsition metals are limited. This is due to
their enhanced tendency to decompose in softitfhnThe partial dissociation of ligands
leads to fast aggregation processes through frégecsuatoms and finally to the precipitation
of the metdf*!. Therefore chemical reactions are limited to fasictions in the ligand
sphere3'P NMR investigations on phosphine stabilized chsste solution have shown that
phosphines are highly fluxiot¥. Due to the high fluxionality of phosphine ligandsly
one sharp®P NMR signal is observed for A4PPh):.Cls at room temperature although
19Au-3*P couplings are to be expected. The fluxional biehavis thought to result from
facile skeltal rearrangement, and is common tayaks of clusters. The studies showed that
there were differences between spectra in soluiot in the solid state which could be
related to fluxional behaviolif®. Thus if fluxional processes that occur in solntive frozen
out in the solid, the solid stat&®® NMR spectra would reveal more directly than thofsthe

solutions the phosphine environments and hencsttheture of the cluster.

5.2 Synthesis of phosphinine stabilized gold nanogeles

Classical tertiary phosphines with*spybridized phosphorus atom have been well explored
the size controlled synthesis of gold nanopartieled their applications in catalysis for the
past few decadB8”. Recently phosphinines have been investigatedherstabilization of
gold nanoparticles. The products were charactetizddrge angle XRD, TGA and IR spectra
thereby suggesting that phosphinine was graftethersurface gold metd. However, these

analytical methods have not been yet given presisectural information of how the

144 M. C. Dainie.Chem. Rev. 2004 104, 293-346.
145 A. Vollenbroek, P. C. Bouten, J. M. Trooster?Jvan der Berg and J. J. Boungrg. Chem. 198Q 19,
2685-2698.
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phosphinines interact with the gold surface. Alifflmgoordination in molecular phosphinine -
gold complex is only known to occur ift mode, phosphinines may bind to other to transition
metals in', n° or n° mode to a single metal atom; in clusters also miglinteraction of a
phosphinine with two or three metal atoms is knowoping that the solid state NMR
spectroscopy could be likely to gather informatioeised on the mode of interactions of
phosphinines on gold surface, gold nanoparticleg,8f5,6-tetraphenyl phosphinines in two
different ratios - Au NPs P- 0.2 (Au : P - 1 : 0dt)d Au NPs P- 0.5 (Au : P - 1 : 0.5) were
prepared according to the reported procédiirand were then characterized by solid state
NMR.

To begin with, 2,3,5,6-tetraphenyl phosphinine wwaspared by reacting 4,6- di-tert-butyl-
1,3,2-diazaphosphinine with excess of diphenyl yieeé at high temperature using the
previously described [4+2] cycloaddition - cycloeesion routé* (scheme 30) The ligand
was isolated as white powder from the crude mixhydélash chromatography with hexane :
toluene (8 : 2). The compound displayedR{*H} signal at 210 ppm'H and**C NMR data

were identical with those reported in the literefidf.

Ph Ph
)W\ PhCCPh [

N.N PH™ "P  "Ph

scheme 30Synthesis of 2,3,5,6-tetra phenyl phosphinine

The syntheses of phosphinine stabilized gold NBsgaded via the reduction of AuCl(tht) in
the presence of the phosphinine. The reductiongsowas carried out as described at room
temperature in thf by dropwise addition of sodiuapinthalenide solution to a mixture of the
complex and n molar equivalents of phosphinine (0.2 0.5)(scheme 31) The resulting
purple colored solution was stirred at room temjpeeafor six hrs. The purple solid obtained
after evapoartion of the solvent was washed sevenas with thf and hexanes to remove

both naphthalene and sodium salts.

146 M. Doux, L. Ricard, F. Mathey, P. Le. Floch and\ezailles,Eur. J. Inorg. Chem. 2003 687-698.
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o B Ph AuCl(tht) { Ph
Ph P/ Ph Na naphthalenide / P-- "--p\ /

— Ph
Ph Phph
Ph Ph-_" \
S Ph
Ph

AuNPsP-0.2:n=0.2
Au NPs P-0.5:n=0.5

scheme 31synthesis of Au NPs stabilized by 2,3,5,6- tetragyhphosphinines

5.3 The study of phosphinine - gold surface enviranent by **P CP MAS
NMR

In order to establish the chemical environmenhefgghosphinine stabilized nanopatrticles, the
materials with different phosphinines in gold ratiere charcterized b{P CP MAS NMR
spectroscopyFig 24 and25). The solid staté’P NMR spectra recorded at 400 M slzowed
several spinning side band manifolds with isotapiemical shifts of 178, 63.9, 35.7 and 17.5
ppm for Au NPs P-0.2 and 174, 63.9, 35.1 and 19 for Au NPs P-0.%Table 4). All
lines were either broad (Au NPs P-0.2) or showed §itructure (Au NPs P-0.5) attributable to
scalar and residual dipolar couplings of P whtfAu (I = 3/2). Such splittings have been
previously describétf>**"! Although simulation is in principle feasiBf&! it is not possible

to further analyze them due to lack on sufficieribrmation of efg tensors. The isotropic shift
Siso = 178 /176 ppnwith large intensityn the two Au NPs is similar as the values obseied
solution spectra of molecular Au(l) phosphinine piemes with s-coordinated ligands. This
suggests the presence of same coordination modeeiu NPs.The line widths of the
isotropic shifts aé = 176 (for Au NPs P-0.2) and 178 ppm (for Au NPs P-@rB)he solid
state spectra were 2.2 and 2.7 k Hz respectivdlgs@ values are much greater than those
observed in the solution spectra of gold(l) phosjids. One obvious reason for increase in
the line width in the solid state is dipolar broaithg due to"°’Au nuclei, which is absent in

the solution. Spinning of the probe at magic argiald not be able to remove the entire

147E_N. de Silva, G. A. Bowmaker and P. C.HedlyMol. Sr. 200Q 516, 263-272.
148p D. Boyle, B. J. Johnson, A. Buehler and L. lgnBlet, Inorg. Chem. 1986 25, 7-9.
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dipolar broadening as the quadrupolar interactiaihe gold is comparable in magnitude with
the Zeeman interactifi®. The failure to observe unusual chemical shiftexdremely short
relaxation times that may be attributed to intacexst of the nuclear spins with paramagnetic

electron spins indicates that Au NPs are diamagaeiil not metallic.

! [ ! [ ! I
30000 28000 Hz

*

L [rerrreTTT | I I B
400 300 200 100 0 -100 pprr

Fig 24: 3P CP MAS NMR spectrum of Au NPs P- Ou2y: 8.6 kHz, ns: 256, contact time: 1
ms, pulse delay: 3 s recorded at 400 M Hz.

1493, G. Hexem, M. H. Frey and S. J. OpellaAm. Chem. Soc. 1981, 103, 224.
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Fig 25: 3P CP MAS NMR spectrum of Au NPs P- Ouky: 10 k Hz, ns: 256, contact time: 1
ms, pulse delay: 4 s recorded at 400 M Hz.

In order to corroborate the assignment of the magtnse signhals to s-coordinated
phosphinine ligands on Au(l), the molecular complek was prepared for comparison
purpose. The reaction was carried out by stirriggivealent amounts of phosphinine and
AuCI(tht) in thf at RT for 15 min. The completiori the reaction was checked B¥ NMR
spectroscopy. The solution was concentrated analeayellow solid precipitated out by the
addition of excess hexane was characterized byneablution NMR techniquéscheme 32)

As encountered in other gold(l) phosphinines a dioation shift ofAd = -35 ppm was

observed.

Ph Ph Ph
| A AuCl(tht) |
/ /
P~ P~ "Ph

PP “Ph

scheme 32Synthesis of 2,3,5,6-tetra phenyl phosphinine dptd{oride14.
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An isotropic line at roughly the same chemicaltsbifl75 ppm along with the side bands was
noticed in the*'P CP MAS NMR spectrum of a solid sampleig 26). The observed
asymmetrical splitting of lines into four peaksatributed to scalar and residual dipolar
coupling of the phosphorus with the Au (I =3/2)n8ar patterns have been observed for
Au(l)-phosphine complex@gol. Attempts to simulation of the observed splitttogletermine
scalar and dipolar coupling constants remainedasitiée. The overall width of the isotropic
signal of complexL4 is found to be 1.9 k Hz which is comparable to lthe widths of Au
NPs P- 0.2and Au NPs P- 0.8Fig 24 andFig 25). The observed similarities between spectra
of 14 and Au NP support initial assignment that ligaadsn® coordinated to one Au atom;
the close analogy suggests that Au atom is alst).Au(

rrrTTry [rerTTTeeT [rerTTTeeT LI
30000 29000 Hz

*

N _

400 300 200 100 0 ppm

Fig 26: *'P CP MAS NMR spectrum df4, v 8 kHz, ns: 512, contact time: 1 ms, pulse
delay: 6 s recorded at 400 M Hz.

1503, W. Diesveld, E. M. Menger, H. T. Edzes and \W&eman,J. Am. Chem. Soc. 198Q 102, 7935-7936.
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Table 4. *'P CP MAS NMR chemical shifts of Au NPs and parent

complex:
Compound Biso
[ppm]
Au NPs P-0.2 176, 63.9,35.7 and 17.5
Au NPs P- 0.5 178, 63.9,35.1 and 19.4
14 175

To confirm that the asymmetric splitting pattersui from the interactions betweétP and
quadrupolar®Au nuclei,**P CP MAS NMR spectra of Au NPs P- 0.5 drtwere recorded
at 300 M Hz, expansions of isotropic lines in theedra of14 and Au NPs P- 0.5 are
presented in th€ig 27. The spectra were run at different field strengtbsabnse quadrupolar
induced splitting in contrast to scalar splitting dield dependent. A decrease in line width
was noticed for both the samples (1.9 to 1.7 KdlA4, 2.7 to 2.5 k Hz for Au NPs P- 0.5)
with decreasing field strength. The resolution bé tsignals ofl4 and Au NPs P- 0.5
measured at 400 M Hz become less apparent at 36{x.MAs the line separation and line
width are slightly field dependent, this decreasdine widths confirms the assignment to
qguadrupole induced splittings.
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Fig 27: The enlarged portions of the isotropic chemicaftsti*’P CP MAS NMR of Au NPs
P-0.5: recorded at) 400 MHz,vro: 4 kHz ,b) 300 MHz,vo: 4 k Hz andl4: recorded at)
400 MHz, v 9 kHz ,d) 300 MHz, 8 kHz.

For further analysis of the composition of Au N#&'°C CP MAS NMR spectrum of Au NP
P-0.5 was run and it displayed peaks at 126, 127184 ppm characterestics of napthalene
carbons in addition to the peaks correspondinghenpl carbongFig 28). This shows that

residual amount of naphthalene is also incorporat¢ide Au NPs.
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Fig 28: *C CP MAS NMR spectrum of Au NP-0.6: 9 k Hz, ns: 8192, contact time: 3 ms,
pulse delay: 5 s.

The assignedy' coordinated phosphinine ligands that are bondedu@l) would require
presence of appropriate counter ions. To clear XisS measurement of Au NPs were made
and gave the evidence for the existence ofi@lis in the samples. This finding confirmed
independently that these Au NPs appear likewisketin the form of cationic clusters with
chloride as the counter ion. The spectra recordetiffarent field strengths in the caselof

are field dependent indicating the assignment edogupolar induced splitting. For Au NP P-
0.5 the lines are field independent. This suggistisefg is persumably much larger ie the Au
is in a less symmetrical environmén. The observation of splitting in Au NP P-0.5
confirms that phosphinines remain persumably botma single Au. The observation of
broad lines without fine structure for Au NP-0.2ngdo be a more heterogenous environment

which induces additional line broadening.

To summarize, Au NPs of phosphinines with differgold - phosphorus ratios were prepared
according to a previously published procedure ahdracterized by’P CP MAS NMR
spectroscopy. The comparison of the spectral déta twose of authentic Au-phosphinine

complexes and also with XPS measurements suggtsie gold nanoparticles appeared to

be in the form of cationic clusters with the @k the counter ion and contained terminal P

coordinated phosphinine ligands together with dgmusition products.

151 C. Olivieri Alejandro,Solid State Magnetic Resonance. 1992 1, 345-353.
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6. Immobilisation of monophosphaferrocene

6.1 Anchoring of monophoshaferrocene onto HMS

There is a continuing interest in the chemistrypbbsphaferrocenes because of their use as
ligands in homogenous catalysts. Many reports hde@t with the unique combination
between theim acceptor properties, which makes them potentggnlds for soft catalytic
centres, and the planar chiral type structures igeal by ferrocene backbdft®”. The
chemical reactivity of phosphaferrocenes allowsretic electrophilic substitutiét! which
enables to introduce additional functional groums ithe phospholyl ring, thereby rendering
phosphaferrocene a planar chirality. In view ofitlpotential use for homogenous catalysis
and in regard of the fact that phosphaferrocenbgixeasonable stability and can tolerate a
wide range of experimental conditions, it seemedhvavhile to study the heterogenization of

monophosphaferrocene and study the immobilisedrmattdy solid state NMR.

The popular, non-toxic and chemically resistanticgil was proposed to apply for
heterogenising monophosphaferrocene by covaldmériagy. Immobilisation can be achieved
by introducing a suitable functionality onto the mophosphaferrocene and modifying the
silica support. For this purpose, 3,4-dimethyl nummmsphaferrocene and hexagonal
mesoporous silica (HMS) were selected. The syrghasihis monophosphaferrocene is quite
straight forward as described in the literafifte(scheme 33) 3,4-dimethyl-1-phenyl
phosphol€®?  is  first  synthesized from  2,3-dimethyl-1,3-butadie and
dichlorophenylphosphine, upon treatment with t-BuLyields 1-tert-butyl-3,4-
dimethylphosphoié“]. This product on heating with Fe[Cp(GR)in xylene at 168C forms
the corresponding monophosphaferrocene which wasftinctionalized with a formyl group
at the ortho position of phosphole ring by reactimgwith POCE and N-methyl-N-
phenylformamide (Vilsmeyer reaction) in dichloroimate. Spectroscopic data of 2-formyl-

3,4-dimethylmonophosphaferrocebt®@were identical with those reported in the literelfi.

152 A, Breque, F. Mathey and P. Savign@mthesis. 1981, 983-985.
153, Mathey Tetrahedron. 1972 28, 4171-4181.
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>—< . PPhcl, __Picoline i/—g t-BuLi irg

i i
Ph tBu
[CpFe(CO)l,
OHC@ HCON(CH 3)(Ph) @
Fe POCl; Fe

15

scheme 33Synthesis of 2-formyl-3,4-dimethylmonophosphafeerel 5

Functionalization of HMSwith 3-amino propyl tialkoxy silane

Calcined HMS was functionalized with 3-aminopropgilkoxysilane according to the
literature repoft>” (scheme 34)HMS was refluxed with 3-aminopropyl trialkoxy aile in
toluene for 24hrs. It was then filtered, washedwaiuene in several portions and dried under
vacuum. Organic loading of the materials was cateal from the results obtained from the
elemantal analyses as 23 x*1fol/g* and 22.6 x 18 mol/g" of the materials for APTESi-
HMS and APTMS-HMS respectively. The surface ardab® materials were determined by
measuring nitrogen isotherm at 77K. Calcined HMS &aBET surface area of 812g.
Upon surface functionalization of HMS with APTESidecrease in the HMS surface area to
about 537 rfy* was observed as expedtél. The materials APTESi-HMS and APTMSi-
HMS were further characterized B¢ CP MAS NMR and’Si CP MAS/MAS NMR.

154 AL R. Silva, K. Wilson, A. C. Whitwood, J. H. Claand C. FreireEur. J. Inorg. Chem. 2006 1275-1283.
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OH (RO)sSI™ > NH, O~
Si NH2
OH Toluene o |
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APTH8VS: R= OGHs
APTMSMS: R= OCHs

scheme 34Functionalization of HMS with 3-amino propyl tri@kysilane

250 200 150 100 50 0 -50 ppmr

Fig 29: **C CP MAS NMR spectrum of APTESi-HMS$,.: 8 kHz, ns: 4096, contact time:
1.8 ms, pulse delay: 5 s (bottom trace), APTMSI-HWS 8 k Hz, ns: 4096, contact time: 3
ms, pulse delay: 5 s (top tracea);b, c and* represent carbon atoms of n-propyl group and
methoxy / ethoxy group respectively.
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13C CP MAS NMR spectrum of APTESi-HM@ig 29) showed resonances at 6.5, 22.8 and
40.7 ppm, which were attributed t€H,Si, (-CH,).CH, and CH,;NH, carbon atoms of the
aminopropyl group respectively. In addition, signabserved at 13.5 and 56.6 ppm were
assigned to the ethoxy group bound to the silidcoman the tether*C CP MAS NMR(Fig

29) of APTMSI-HMS displayed chemical shifts at 8.1,24nd 41.5 ppm for the three carbon
atoms €H,Si, (-CH,),CH, and CH,;NH, in the propyl chain. The signal at 48.4 ppm was
assigned to the methoxy carbon attached to siliedhe tether. A less intense signal at 162
ppm in APTESI-HMS and APTMSIi-HMS was correspondedhe carbonate salts on the
silica surface. The relative signal intensitiesgrsgj that the products are best described by the
structures shown ifrig 29 which is formed by condensing two of the three ajkgroups
with surface —OH functions and represents the rfregiuently formed structural motif for

immobilised trialkoxy siland¥®!.

29Si CP-MAS NMR(Fig 30, middle trace Table 5) of APTESi-HMS gave resonances at —

111 and —102 ppm which are assigned t@@ G species of the silica framework

155 A, Tarafdar and P. Pramaniijcroporus and mesoporus materials. 2006 91, 221-224.
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50 0 -50 -100 ppm

Fig 30: 2°Si MAS NMR spectrap.o: 8 kHz, ns: 1536, pulse delay: 120 s (bottom iracel
CP MAS NMR,vro: 8 kHz, ns: 3072, contact time: 0.8 ms, pulseydélab s (middle trace) of
APTESI-HMS and CP MAS NMR spectra:: 9 kHz, ns: 3072, contact time: 1.4 ms, pulse
delay: 7.5 s (top trace) of HMS.

[Q"=S(OSi}(OH)..**%. @ sites correspond to bulk silicon nuclei with SifR$roup and
Q°® sites are those associated with single Si-OH gtbap includes both free and hydrogen
bonded silinols. Both type of silanes must be sfigtclose to the aminopropyl functions or
remaining surface OH-group$Si CP MAS NMR of the unmodified HMS showed an
additional weak signal attributable t& gite besides the‘@nd @ sites, with @ sites making
the major contributiorfFig 30, top tracé. Two additional bands as’ &nd F observed at —69
and —60 ppm if°Si CP-MAS NMR of APTESi-HMS were attributed to geaf organosilane
species [T = RS(OSi)(OEtk.]. A similar behaviour is normally observed in thegano
functionalized MCM-4%2%,

86



In 2°Si MAS NMR, connectivity between protons of proggther and any of the silicon
nuclei in the bulk material was diminished.??Si MAS NMR of APTESi-HMS showed
increased relative intensities of @d @ resonances of the silica frame-work as compared to
the T and T bands(Fig 30, middle tracg However @ and @ have also different relative
intensities with respect to each other. Crosspmdfion amplifies signals of Si close to
hydrogen. The Si atoms in the bulk are not acckss$d crosspolarisation as they are too
remote. The real quantification is further not fbesdue to the unknown influence of Tn

the case of°C CP MAS of APTESi-HMS only one environment for pybfunctionality was
observed, while fof°Si CP MAS NMR two environments are feasible. Thason could be
that**C nuclei are more remote from framework Si atordifferent environment, s&°C is

less sensitive to changes.

In APTMSi-HMS the bull®®Si CP MAS signals were observed at about —113 468 ppm
(Q* and @). The relative intensity of Qs slightly larger than & while silane resonances in
the tether being found at —67 and -61 pprhgiid ) with T2 has the major contributid{fFig

31, middle traceTable 5). Increased intensity of®Bites could indicate that mostly only two
of the three methoxy groups attached to the siletom in the tether have been consumed for

bonding with the surface -OH functions.
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Fig 31:2°Si MAS NMR v, 8 kHz, ns: 2048, pulse delay: 120 s (bottom fracel CP MAS
NMR, vro: 8 KHz, ns: 768, contact time: 1.8 ms, pulse deldy s (middle trace) of APTMSI-
HMS and CP MAS NMR spectray: 9 kHz, ns: 3072, contact time: 1.4 ms, pulseydelsb

s (top trace) of HMS.

Table 5.2°Si CP MAS NMR chemical shifts [ppm] of silica supfs

Compound
HMS
APTESI-HMS

APTMSIi-HMS

Q

-110
-111

-113

Q3 Q2 -I-3 -|-2

-102  -93
-102 - -69 -60
-103 - -67 -61
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Anchoring of monophosphaferrocene by Schiff condensation

The anchoring process 46 onto APTESI-HMS was carried out by Schiff condsimn
between the free amino group, covalently attaclwethé HMS surface, with the carbonyl
group of the ligandl5 in methanol. The anchored material obtained ditring off the
supernatant liquid was washed with methanol in sgy®rtions and dried under vacuut

CP MAS NMR spectrum recorded for the material dtedent rotational frequencies gave
very weak signals. However, tH&® HP Dec NMR showed a strong spinning side band
manifold around an isotropic line & = —76 ppm.”*C CP MAS NMR analysis of the
immobilised material has not given an adequatermndédion to elucidate the structure of the
immobilised species. Thus it was proposed to swmken relative homogenous compound by
Schiff condensation with n-propylamine. For thiggmse equivalent amount @6 and n-

propylamine was heated in methanol for 5(8heme 35)

OHC@ n-propylamine \/\N//Qd

Fe Fe

Q Q

scheme 35Schiff condensation df5 with n-propylamine.

The reaction mixture gave only of® NMR signal at =75 ppm. The structure of the pobd
from the reaction mixture was confirmed ¥y NMR analysis. ThéH NMR spectrum of the
compound displayed two distinct doublets at 8.1 e = 8.8 Hz) and 3.95 ppniXp =
37.4 Hz) corresponding to the protons of imino carbnd CH of phosphole ring. Cp protons
observed as a singlet at 4.2 ppm. The two metlodgs of phosphole ring resonated at 2.21
and 2.31 ppm. Propyl protons were resonated at, @.8F and 3.12 ppm respectively. All
attempts to isolate the compound by column chrografthy were not successful and led to
the decomposition products along with the stamiragerial.

Anchoring of monophosphaferrocene by one step reductive amination
As the anchoring of monophosphaferrocene by Scbifidensation has not come up with the
expectation, it was proposed to carry out the amecboof 15 onto APTESI-HMS and
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APTMSI-HMS by one-step reductive amination betwéss free amino group on the silica
surface and the formyl group of the ligab8lwith excess of mild reducing agent Naf&HN

in methanol. The anchored materials [CpFePNH]/ARTHES and [CpFePNH]/APTMSI-
HMS obtained after filtering off the supernataquiid, were washed with methanol in several

portions and dried under vacuystheme 36)

el
OHC‘?CP_){ APTRSI-HMS _ Q90 )Q@j

Sz

Fe NaBH4CN UN P

8 5

[CpFePNH]/ABSi-HMS: R = OEt
[CpFePNH]/ARBi-HMS: R = OMe

scheme 36Anchoring of15 onto APTESI-HMS/APTMSIi by one step reductive arntioma

Organic loading of the materials was calculatednfitbe results obtained from the elemantal
analyses as 25 x Tmol/g* and 24 x 1¢ mol/g'of the materials for [CpFePNH]/APTESI-
HMS. A further decrease was observed in BET surfacea to 397 Ay’ in
[CpFePNH]/APTESI-HMS as compared to that of APTEMS and HMS having 537 and
812 nfg™, respectivelyA similar profile was also reported in the [Cu(dehémmobilisation
upon functionalized HMS structdt&’. To compare the immobilised monophosphaferrocene
with homogenous system, one step reductive ammatid.5 with 3-aminopropyl triethoxy
silane was carried out in a similar condition aspliga for immobilised
monophosphaferrocen&P{*H} NMR spectrum of the reaction mixture displayggnals at
-75.4 ppm and a less intense one at -76.1 ppnthAlattempts to isolate the compound was
not successful. Thus it was adopted to develop tRA&/N functionalized
monophosphaferrocenes which lacks the trialkoxlysdyoups that may hamper the
purification of the desired one. In this respectndylamine was selected which upon
reductive amination witid5, followed by hydrolysis yielded the respective/lR/Aigand, 17
(scheme 37) in moderately good vyield, which was characterized rbutine analytical
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techniques3'P{*H} NMR spectrum displayed a single resonance at5fHm.'H NMR
spectrum of the compound displayed two singlets at

OHClCP_)f RNH, EC_DS\/NHR

P
Fe NaBH3CN Fe

Q Q

16:R = (CH,)3Si(OEt)s
17: R = CH,C¢Hs

scheme 37Synthesis of P/VN derivatives of monophosphafesnec

2.10 ppm and 2.17 ppm corresponding to two methyliigs of phospholyl ring. Doublet of
doublet observed at 3.16 ppfidp = 13.5 Hz) was assigned to methylene protons. pEa

at 3.63 ppm observed as a doubfét{= 37 Hz) was attributed to alpha proton with respe
to phosphorus of phosphole ring. Cp protons wesenated as singlet at 4.06 ppm with the
account of five protons. Protons of phenyl groupenvebserved as multiplet at 7.21 - 7.35
ppm. In**C NMR spectrum, the doublets at 76'J-f = 58.3 Hz) and 96.6 ppmJép= 58.9
Hz) were assigned far-Cs and the doublets at 94.641c6= 4.9 Hz) and 97.43 ppmiXp=

6.8 Hz) were assigned f@rCs with respect to phosphorus of phosphole rirgc&bons and
methyl carbons were resonated as singlets at 7§01 and 13.8 and 17.3 ppm respectively.
Further the structure of the compound was confirtmgdnass spectrum. Electron ionization
mass spectrum of the compound gave peak at m/d £\89 corresponding to the molecular

ion.

The®'P HP Dec NMR(Fig 32) of [CpFePNH]/APTESi-HMS showed, a strong signat 26

ppm with sideband manifolds.

91



200 100 0 - 100 -200 ppm
Fig 32: 3P HP Dec MAS NMR spectrum of [CpFePNH]/APTESi-HM&,: 15 kHz, ns:
1024, pulse delay: 5 s.

The isotropic line displayed a shoulder at the f@id side indicating the presence of two
different species with slightly different chemicahvironment. Deconvolution allowed to
determine the chemical shifts of both sites as ait® —72 ppm (relative intensity 12 : 3).
Besides these signals a signal of less intensitteced around 40 ppm was also visible as in
the case of the Schiff condensation. The signals7étppm was attributed to immobilised
monophosphaferrocene. As observed earlier theam imcrease in half width of the signal
upon immobilisation. The half width of [CpFePNH]/ABSIi-HMS is found to be 2.7 k Hz

while that of monophosphaferrocene is 0.9 k Hz.
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Fig 33:°C CP MAS NMR spectra of APTESi-HMS,:: 8 kHz, ns: 4096, contact time: 1.8
ms, pulse delay: 5 s (bottom trace), [CpFePNH]/ABIFEMS, v 8 kHz, ns: 8192, contact
time: 3 ms, pulse delay: 5 s (top traca)b, c and * represent carbon atoms of n-propyl
group and ethoxy group respectivetly;e, f, g represent carbon atoms of phosphaferrocene
moeity.

The'*C CP MAS NMR spectrum of [CpFePNH]/APTESIi-HMS gaignals at 7.3, 19.9 and
42.3 ppm which were assigned to the carbon atontiseopropyl tethe(Fig 33). A signal at
24.0 ppm were attributed to the methyl groups afgpihole ring. The signals at 69.6 and 93.6
ppm were assigned to the Cp ring carbons, and upeayecarbons and CH carbons of the
phosphole ring respectively. While comparing witRAESI-HMS, signals of SiOEt groups
are absent in [CpFePNH]/APTESI-HMS. But an addaiastrong signal was observed at 47.2
ppm. The appearance of this signal could be exgdhin a way that SIOEt groups had been
cleaved during the reductive coupling reaction #reteby rendering two diastereomers. The
possible mechanism of the reaction which is degidte the scheme 38involves the
nucleophilic attack of surface siloxide anion ni@d via the proton removal from the surface
—OH group by BHCN' at the silicon atom of SIOEt groups. Likewise theface siloxide
anion so formed could also undergo the nucleophifiack at the electron defficient imino

carbon formed during condensation giving rise @dhiral centre at the amino carbon atom.
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"ot 2/ (vOEt L
N=CH—FeP N=CH—FeP N=CH—FeP

H—FeP

E O
\O_

FeP = monophosphaferrocene
e = tether

scheme 38proposed mechanism for the immobilised monophogptadene formation.

This could give an explanation for the observesfcan additionaf'P signal with a shift of —

72 ppm near to the major signal. Thus the & signals (with one minor and the other

major) correspond to two diastreomeric forms of imtised monophosphaferrocenes.

29Si MAS NMR of the [CpFePNH]/APTESi-HMS gave broad &d @ resonances at —113

and —104 ppm respectively accounting for the builicas framework. ¥ and F bands

resonated at —69 ppm and —62 ppm were assigneao&ppaferrocene grafted silane species

with T3 resonance contributing major systéRig 34). As observed in the case of APTESI-

HMS the signal intensities of the bulk resonan€¥sand Q) in °Si CP MAS NMR of the
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50 0 -50 -100 ppmr

Fig 34:2°Si MAS, vror: 8 kHz, ns: 1536, pulse delay: 120 s and CP MASR\$pectrapo: 8
kHz, ns: 3072, contact time: 0.8 ms, pulse delay: s7of APTESI-HMS, ¢ andd), : ?°Si
MAS, vrot: 8 kHz, ns: 1536, pulse delay: 120 s and CP MASR\$pectrap,: 8 kHz, ns:
2048, contact time: 1.8 ms, pulse delay: 7.5 £pHePNH]/APTESI-HMSH andb).

[CpFePNH]/APTESI-HMS were diminished with respezttie intensities of grafted silane
resonances (Tand F) for the same reason as had been previously disdughe similar
values of resonances are also observed in MCM-#ttifinalized 3-triethoxysilyl propyl
ligand$'®®. In contrast to the earlier observation, unexmlgté’® HP Dec NMR of
monophosphaferrocene anchored APTMSI-HMS ([CpFePAIMTMSI-HMS) displayed a
very strong resonance at 40 ppm corresponding facgiside product (major contribution)
associated with weak signal at —78 ppm of the amthomonophosphaferrocene. This finding
is corroborated with the view that the nature dfoal groups on the silane tether is

persumably responsible for the unknown surface [gidduct.

1% G.Fan, S. Cheng, M. Zhu and X. Gappl. Organometal. Chem. 2007, 21, 670-675.
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6.2 Anchoring of monophosphaferrocene onto cappedMS
Monophosphaferrocene was also examined for andharimo capped HMS. In this contest,
APTESIi-HMS was first subjected to end capping wstlylating agerit®”**® in order to
remove the residual silanol groups on the surfdcelMS. In addition, trimethylsilylation
may also render the surface more hydrophobic armave stability against moisture and
mechanical compression.

Capping was done by treating APTESI-HMS with hextyldisilazane in toluene for 24hrs.
After filtering off the supernatant liquid, the real was rinsed with toluene in several
portions to get rid of any residual trace of hextyleisilazine(scheme 39)The capping of

residual silanol groups was monitored'8¢ CP MAS and”Si CP MAS NMR spectroscopy.

O NA. NH. a o)
AN —Si Si \
/s||M NH, / N 0-Si” ™>""NH,
/ O OEt O
OH OSiMe;

scheme 39Capping of APTESI-HMS

3¢ cP MAS NMR displayed a strong resonance at -pm, pvhich corresponds to capping
trimethylsilyl groups(Fig 35). The resonances at 7.7, 23.7 and 42.3 ppm comdsppto the
carbon atoms of propyl tether indicated that funwiity on the silica surface remained
unchanged. These values are nearly similar to tfmssd in APTESI-HMS. The signals of
very low intensity at 13.8 and 56.2 ppm were cqroesled to the ethoxy group which is
bound to the silicon atom in the tether. The re&@signal intensities suggest that the capped
product is best described by a structure showffrig 35, bottom tracgwhich is formed by
condensing the three alkoxy groups with surface —httions and represents the most

frequently formed structural motif for immobilisedpped trialkoxy silan€s®",

1573. C. Hicks, R. Dabestani, A. C. Buchanan Il &ndV. Joneslnorganic Chimia Acta. 2008 361, 3024-
3032.

8 M. W. McKittrick and C. W. Jones), Am. Chem. Soc. 2004 126, 3052-3053.

159B. Buszweski Chromatographia. 1989 28, 574-578.
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Fig 35: 1*C CP MAS NMR spectra of capped APTESi-HM&,: 5 kHz, ns: 8192, contact
time: 1.8 ms, pulse delay: 5 s (bottom trace), ABIHEMS, v,o: 8 kHz, ns: 4096, contact
time: 1.8 ms, pulse delay: 5 s (top traa)b, c and* represent carbon atoms of n-propyl
group and ethoxy / trimethyl siloxy group respeeiyv

Capping of silanol group was further revealed bgineing?°Si CP MAS spectrum which
exhibits a resonance at 8 ppm corresponding taethyh silyl group. The two signals were
observed for the Siframework at -112 and -102 ppm, respectively apoading to Qand

Q® sites with @ species in slightly larger contribution. As congmirto APTESi-HMS, the
intensity of @ sites get reducegFig 36). This is in accordance with the partial SiMapping

of silanol groups (& specied}®®. The?°Si CP MAS NMR spectrum also showed signals
attributable to Tand T sites at -69 and -61 ppm, respectively. The iritgns the T signal

is found to be greater than that in APTESI-HMS. Tihereased intensity of *Tsites upon
capping is in accord with the fact that residuflogly groups attached to silicon atom in the

tether has been consumed for forming bonds witlstiniace -OH functions.

97



r- T —r 7 T T T 1T T T T 1T
50 0 -50 - 100 -150 ppmr

Fig 36:2°Si CP MAS NMR spectra of capped APTESi-HMS;: 8 kHz, ns: 3072, contact
time: 4 ms, pulse delay: 7.5 s (bottom trace), ABIFHMS, vor: 8 kHz, ns: 3072, contact
time: 0.8 ms, pulse delay: 7.5 s (top trace).

The capped APTESI-HMS was then subjected for ameganonophosphaferrocene by single

QOSiMeg,

step reductive amination procedyseheme 4Q)

scheme 40Anchoring of15 onto capped APTESI-HMS by one step reductive aticina
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The anchored material ([CpFePNH]/cappedAPTESi-HM&)s monitored by*'P NMR,
which displayed the same pair of signals at -7& -ar2 ppm, as had been described before
(Fig 37).

rprrrrTTrTE [rerrrreeT [rorrrreeT [rerrrTeeT [rerrrTeTT [rerrrrTTT I
200 100 0 - 100 -200  ppm

Fig 37:*'P HP Dec MAS NMR of anchored monophosphaferrocene capped APTESI-
HMS, vror: 15 kHz, ns: 1024, pulse delay: 5 s.

A reduced intense side product centered aroundodDwas seen here also. The half width of
3P NMR signal of the major isomer is nearly the sameound in [CpFePNH]/ APTESi-
HMS. Eventhough the spectroscopic characterizaipri’P NMR helped in revealing the
anchoring of phosphaferrocene onto capped APTESEHM proved to be impossible to
gather information whether the capping had remaimgdct during the immobilisation
process or not. THEC CP MAS NMR of the material was measured and coetpaith that

of [CpFePNH]/ APTESIi-HMSFig 38).
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[CpFePNH]/APTESI-HMS

[CpFePNH]/cappedAPTESI-HMS

T T T T
250 200 150 100 50 0 -50 ppmr

Fig 38 *C CP MAS NMR spectra of capped APTESi-HM&,: 5 kHz, ns: 8192, contact
time: 1.8 ms, pulse delay: 5 s (bottom trace), [€RIRH]/ capped APTESI-HMSyp,q: 15 k
Hz, ns: 12288, contact time: 3 ms, pulse delay dheidrace: 5 s [CpFePNH]/APTESI-HMS,
Vot 8 KHz, ns: 8192, contact time: 3 ms, pulse debay:(top trace)a, b, c and* represent
carbon atoms of n-propyl group and trimethyl sikylayroup respectivelyd, e, f, g represent
carbon atoms of phosphaferrocene moeity.

The absence of a signal corresponding to trimesihygllgroup in [CpFePNH]/cappedAPTESI-
HMS revealed that end capping with trimethylsilybgp was no longer persisted in the
immobilised material. The signals at 6.8, 19.5 dddb ppm were assigned to the propyl
chain. The signal at 47.6 ppm was assigned torheacarbon. The resonance at 24.1 ppm
was attributed to the methyl groups of phosphohg.riCp ring and, quaternary and CH
carbons were observed at 69.8 and 92.6 ppm regelgctBased on these results the anchored

monophosphaferrocene is best described by thetsteuas shown ifscheme 40).

To conclude, monophosphaferrocene was attemptednobilise via covalent tethering onto
amino functionalized HMS materials by Schiff conslation. Solid state NMR studies have
not given a satisfactory explanation for the antigpprocess of the title compound. Thus the
immobilisation of monophosphaferrocene onto modifiéMS by reductive amination was

carried out and, anchored material so obtained stizdied and compared with the soluble
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molecular reference compounds by NMR methods. Thedys revealed that
monophosphaferrocene which was immobilised onto siiea surface exists in two
diastereomeric forms. Further the anchoring prooésmonophosphaferrocene onto capped
amino functionalized HMS was also investigated bljdsstate NMR methods and showed
that here also gave a product with same charatittryess uncapped material and that the

capping was removed during the immobilisation pssce
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7. Experimentals

7.1 General remarks

All manipulations were carried out under argon apiere and solvents were dried by

standard procedures unless otherwise mentioned.

Chemicals

The following chemicals were synthesized accordmte reported procedure:

Tris(trimethylsilyl) phosphiné®?, Bis{[(3-diphenylphosphanyl)-methyl]-benzene-1,2-
diol}palladiumdichloride  2°7,  Bis{[(3-diphenylphosphanyl)-methyl]-benzene-3 jéi}
palladiumdichloride 3°7,  AuCI(tht}**Y, 1-Triethoxysilyl-3-chlorodimethylsilylpropafé”,
3,4-dimethyl-1-phenylphosphéte?, benzylideneacetophendtd, 1-ter-butyl-3,4-
dimethylphospholé®®! 3,4-dimethylmonophosphaferrocéfe 2-formyl-3,4-
dimethylmonophosphaferrocd?fé 4,5-dit-butyl-1,3,2-diazaphosphinff®, 2,3,5,6-

tetraphenyl phosphiniffé, hexagonal mesoporus sili¢&.

All other chemicals were commercially available anachased from Acros, Aldrich, Fluka,

Merck, Strem.

Nuclear Magnetic Resonance Spectroscopgolution NMR spectra were recorded
with a Bruker AV 250 spectrometelH 250.1 MHz,*°C: 62.8 MHz,*'P: 101.2 MHz ?°Si:
79.49 MHz ) or AV 400 spectrometérC: 100.5 MHz3'P: 161.9 MHz2°Si: 79.49 MHz) at
303K. NMR spectra of solids or suspensions wererdsr with a Bruker Avance 400
spectrometer{C: 100.5 MHz,*'P: 161.9 MHz,*’Si: 79.49 MHz) equipped with a 4 mm
MAS probe. Solid samples were prepared in standa@ rotors and suspensions in HR
MAS rotors equipped with an additional tight PTHEaecer to prevent extrusion of the liquids.
MAS experiments were carried out by using spinripgeds between 3 and 5 k Hz (solids) or

1.5 to 6 k Hz (suspensions). Cross-polarisation apgdied using a ramp-shaped contact pulse

180G, Becker, H. Schimdt, G. Uhl, M. Regitz, W. Résetd U. J. Vogelbachemorg. Synth. 1990 27, 243-253.
181R. Uson, A. Laguna and M. Laguraprg. Synth, 1989 26, 85.
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and a mixing time between 3 and 5 ms if requiregadMirements on nonspinning solid
samples aiming at the observation of powder lineshaere made with a Hahn-echo pulse
sequence. Experiments aiming at the selective vasen of mobile species were carried out
with the standard pulse sequence used to recotdP€pectra in solution. It was found that
superior line shapes were in these cases obtafrdetoupling of'H was accomplished by
using a WALTZ-sequence rather tha the high power €Wecoupling scheme normally
applied for solid samples. Chemical shifts arerefeed to ext. TMS'f, *°C) or 85% HPO,

( = 40.480747 MHZ>'P).

Elemental Analysis: The C, H, N analyses were recorded on a PerkireEI@®0
CHSN/O.

El- Mass Spectrometry:Varian MAT 711, EI, 70 eV
ESI- Mass Spectrometry:Bruker Daltonics-micrOTOF-Q.
Melting point: Melting points were recorded with a Buchi B-545lting point apparatus.

Single Crystal X ray measurementsThe Diffractometer Nonius Kappa CCD and
Siemens P4 were used and the structure solutiosgefimements were carried out using
SHELXS, SHELXL, SHELXTL programmes.

BET measurements.The measurements were carried out with MicromarifiS§AP 2000

particle size analyzer.

7.2 Analytical data

1-Phenylacetenyldimethylsilyl-3-triethoxysilylpropane

|
CeH 5%|Si\/\/ Si(OEt);
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n-BuLi (2.3 mL, 5.8 mmol, 2.5 M solution in hexaneps added dropwise to a stirred
solution of phenyl acetylene (0.63 mL, 5.77 mmal}thf at —78C. Phenyl lithium acetylide
so formed was added dropwise to the solution of riethoxysilyl-3-
chlorodimethylsilylpropane (1.5 mL, 5.775 mmol) af8C. After addition the resulting
mixture was allowed to stir at room temperaturelfomrs. The solvent was then evacuated in
vacuum. Dichloromethane (15 mL) was added, stiamdl filtered to remove the precipitated
lithium chloride. The mixture was concentrated twain a brownish yelow oil which was

used for subsequent reactions without further jmation.
Yield: 1.6 g, 78%.

'H NMR (CDCls): & (ppm) = 0.01 (s, 6H, Si(Ch), 0.65 (m, 4H,
Me,SIiCH,CH,CH,SI(OEL:, 1.15 (t, *Juy = 7.2 Hz , 9H, Si(OCbkCHs)s), 1.6(m, 2H,
Me,SiCH,CH,CH,Si(OEt)), 3.7 (9,°J = 8.1 Hz , 6H, Si(GH,CHy)s), 7.15 - 7.2 (m, 2H,
Arom-H), 7.35 - 7.41(m, 3H, Arom-H).

13C NMR (CDCl3): & (ppm) = 1.2 (2C, MgSi), 14.89 (MeSiCH,CH,CH,Si(OEt)), 17.85
(Me;SiCH,CH,CH,Si(OEt)), 18.65 (3C, Si(OCbCH3)s3), 20.58
(Me;SiCH,CH,CH,Si(OEt)), 58.65 (3C, Si(GH,CHs)s), 93.75 (PhCSi), 106.03 (PBCSi),

123.59 (arom-C), 128.50 (2C, arom-C)), 132.29 (af®m

MS (El =70eV): m/e (%) = 364.2 (M).

3,5-Diphenyl-2-dimethyl (3’-triethoxysilyl propyl) silyl phosphinine

Ph XN Ph
| P A
H P /Si\H
EtO//Si\
EtO
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A solution of 4,5-dit-butyl-1,3,2-diazaphosphinin®.54 mmol) and 1-phenylacetenyl
dimethylsilyl-3-triethoxysilylpropane (0.2 g, 0.54mol) in toluene (5 mL) was heated at
10C°C for four hrs. The reaction was monitored®y NMR spectroscopy. After the solution
was cooled to room temperature, phenyl acetylerfeg02 mmol) was added and the reaction
mixture was heated further at £@0for 4 hrs. The completion of the reaction wasckld by
3p NMR. After the evaporation of the solvent, théloye oil so obtained was subjected to
flash column chromatography on silica using hex#émleene (2 : 8) mixture to give a mixture
of isomers.

31p{IH} NMR (C ¢Dg): & (ppm) = 240 (major isomer), 232, 208 and 201 @misomers).

'H NMR (C¢Ds) of major isomer0.15 (m,CH,Si(CHs),), 0.23 (d, Ju = 1.4Hz, SiCH3),),
0.84 (t, Si(OCHCHs3)3), 1.7 (m, CHCH2CH,Si(OCHCHs)s, 1.73 (m,CH2Si(OCHCHs)s),
3.81 (q, SIOCH.CHs)s), 7.10 - 7.24 (m, 6H, arom H), 7.28 - 7.41 (m, 4rhm H), 7.56 (m,
1H, arom H), 8.86 (ddf}up = 37.5 Hz*Jyy = 1.5 Hz, 1H, arom H).

29Si{"H} NMR (C ¢Ds) of major isomer-2.5 (Si(CH)s), -46.5 (Si(OCHCHs)s.

Benzylidene-3,4-dimethoxyacetophenone

@CH:CHCO QOMe

OMe

2.2 g of sodium hydroxide was dissolved in 20 mlwaiter. To this, 12 mL of EtOH was
added. 7.2 g (0.04 mol) of 3,4-dimethoxyacetophendaollowed by 4.16 g (0.04 mol) of
benzaldehyde was added 8C0The reaction mixture was stirred at RT for 4lirsvas then
poured into petroleum ether (50 mL) with vigorowisring. The yellow solid separated out
was washed with water until neutrality and drietheTcrude product was used for further

reaction.

Yield: 8.8g, 82% m.p: 72°C.
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Elemental Analysis: calcd (%) for G/H1605 (268.32): C 76.11, H 5.97; found C 75.85, H
6.05.

'H NMR (CDCl3): & (ppm) = 3.94 (s, 3H, -OCH 3.95 (s, 3H, -OCH), 6.89 (d,*Jun = 8.3
Hz, 1H, arom-H), 7.37-7.41 (m, 3H, arom-H), 7.49%0, = 15.6Hz, 1H, =CHPh), 7.60-7.68
(m, 4H, arom-H), 7.75 (dJun = 15.7Hz, 1H, =CHCO).

13c{*H} NMR (CDCl 3): &ppm) = 56.02 (-OCh), 56.05 (-OCH), 109.98, 110.91, 121.72,
122.97, 128.31, 128.88, 130.30, 131.28, 135.17,9843.49.30, 153.30 (arom-C, Vinyl-C),
188.57 (-CO).

MS (ESI): m/e (%) = 268.1 (100) [M].

2,3-Dimethoxybenzylidene acetophenone

QCH:CHCO@

MeO OMe

3.3 g of sodium hydroxide was dissolved in 30 mlwatter. To this 18.3 mL of EtOH was
added. 7.2 g (0.04 mol) of acetophenone, followed128 g (0.04 mol) of 2,3-dimethoxy
benzaldehyde was added to the reaction mixturéGit The reaction mixture was stirred at
RT for 4 hrs. It was then poured into petroleumeet{b0 mL) with vigorous stirring. The

yellow oil separated out was washed with water| urgutrality and dried. The crude product

was used for further reaction.
Yield: 9.0 g, 84%.
H NMR (CDCl3): & (ppm) = 3.82 (s, 3H, -OCH)i 3.84 (s, 3H, -OCkJ, 6.90 (d,3JHH =79

Hz, 1H, =CHPh), 7.04 (t, 1H, arom-H), 7.22 {d;y = 7.9 Hz, 1H, =CHCO-), 7.41-7.59 (m,
4H, arom-H), 7.97-8.11 (m, 3H, arom-H).
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13c{*H} NMR (CDCl 3): & (ppm) = 56.00 (-OCH), 61.60 (-OCH), 114.70, 119.59, 123.52,
124.16, 128.23, 128.48, 128.54, 129.07, 132.65,2B38139.59, 148.95, 153.19 (arom-C,
vinyl-C), 190.71 (-CO).

MS (ESI): m/e (%) = 268.1 (10) [M], 237.1(100) [M-2Me].

General Procedure for the synthesis of aryl pyrylim salts¥

Tetrafluroboric acid (52% ethereal solution, 2.2iig) was added dropwise at TOto a
solution of corresponding chalcone derivative @j&/) and acetyl derivative (1 eqiv) in 1,2-
dichloroethane (50 mL). The reaction mixture wetured for 6 hrs, it was then allowed to
cool to RT; followed by the addition of a threefadhount of ether. The solid which was

seperated out was washed with diethyl ether aredi dmder vacuum.

2-(3',4’-Dimethoxyphenyl)-4,6-diphenyltetrafluroborate

OMe
OMe

The pyrylium salt was obtained as orange solidmfigenzylidene acetophenone (12.96 g,
62.3 mmol), 3,4-dimethoxyacetophenone (5.61 g, 38iinol) and tetrafluroboric acid(52%

ethereal solution, 8.3 mL, 62.30 mmol).

Yield: 8.2 g, 58%m.p: 248C.

Elemental Analysis: calcd (%) for GsH2103B1F4 (456.25): C 65.81, H 4.64; found C 65.81,
H 4.32.

'H NMR (CD3COCD3): & (ppm) = 4.03 (s, -OCH3H), 4.04 (s, -OCH 3H), 7.35 (d, s =
8.7 Hz, 1H), 7.72-7.86 (m, 6H), 8.06 (Ghk 2.1 Hz, 1H), 8.32 (dd,ud = 8.5 Hz, 2.3 Hz,
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1H), 8.44-8.48 (m, 2H), 8.54-8.58 (m, 2H), 8.97 X¢h = 1.6 Hz, 1H), 9.00 (d,u = 1.6 Hz,
1H).

13C{*H} NMR (CD;COCDs): & (ppm) = 56.76 (-OCH), 56.81 (-OCH), 111.91, 113.37,
115.03, 115.62, 122.29, 125.45, 129.34 (2C), 13(24), 130.43, 130.82 (2C), 130.85 (2C),

134.20, 135.59 (2C), 151.35, 157.39, 166.12, 17A.33.19.

MS (ESI): m/e (%) = 369.15 (100) [M-BH *.

2,6-Di(3’,4’-dimethoxy phenyl)-4-phenyl pyrylium tetrafluroborate

The pyrylium salt was obtained as red solid froomayidene-3,4-dimethoxyacetophenone
(9.18 g, 34.24 mmol), 3,4-dimethoxyacetophenon@8(8}, 17.12 mmol) and tetrafluroboric
acid (52% ethereal solution, 4.6 mL, 34.24 mmol).

Yield: 4.27 g, 47%;m.p: 185.2C.

Elemental Analysis: calcd (%) for G/H250sB1F4 (516.31): C 62.81, H 4.88; found C 62.73,
H 4.48.

'H NMR (CD3COCD3): & (ppm) = 4.03 (s, 6H, 2 x -OG) 4.04 (s, 6H, 2 x -OC#), 7.34 (d,
Jun = 8.7 Hz, 2H), 7.70 - 7.86 (m, 3H), 8.03 (fln& 2.2 Hz, 2H), 8.24 (dd .} = 8.6 Hz,
Jun= 2.2 Hz, 2H), 8.35 - 8.39 (m, 2H), 8.86 (s, 2H).

BC{'H} NMR (CD3COCDs): & (ppm) = 55.72 (2 x -OC#), 55.85 (2 x -OCH), 110.58,
112.40, 113.31, 120.92, 121.54, 123.90, 125.81,5826127.04, 127.04 127.42, 127.80,
127.86, 128.55, 128.77, 129.01, 129.33, 129.86,283450.36, 155.96, 164.21, 169.90.
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MS(ESI): m/e (%) = 429.17 (100) [M-Bg] *.

4-(2',3’-Dimethoxyphenyl)-2,6-diphenyl pyrylium tetrafluroborate

The pyrylium salt was obtained as dark orange s@imn 2,3-dimethoxy benzylidene
acetophenone (10.53 g, 38.8 mmol), acetophenoté (AL, 19.4 mmol) and tetrafluroboric

acid (52% ethereal solution, 5.3 mL, 38.8 mmol).
Yield: 4.9 g, 56%m.p: 183°C.

Elemental Analysis: calcd (%) for GsH2103B1F4 (456.25): C 65.81, H 4.64; found C 64.42,
H 4.52.

'H NMR (CD3COCD3): & (ppm) = 3.95 (s, -OC#), 4.02 (s, -OCH), 7.40 (d, J4 = 8.0 Hz,
1H), 7.49 (dd, = 8.1 Hz, 1.4 Hz, 1H), 7.62 (ddyJ= 7.8 Hz, 1.6 Hz, 1H), 7.78 - 7.93 (m,
7H), 8.56 - 8.61 (m, 5H).

13C{*H} NMR (CD 3COCD5): 3(ppm) = 56.90 (-OCH}, 62.3 (-OCH), 119.51 (2C), 119.54
(2C), 123.40, 126.10, 129.09, 129.61 (4C), 130133,01 (4C), 136.10 (2C), 149.74, 154.47,

166.98, 171.65 (2C).

MS(EI = 70eV): m/e (%) = 369.1 (100) [M-BH] *.

109



2-(3'-Methoxyphenyl)-4,6-diphenyl pyrylium tetrafluroborate

X

|+/
() &

BF4'
OMe

The pyrylium salt was obtained as dark orange dotich benzylidene acetophenone (9.09 g,
43.69 mmol), 3-methoxy acetophenone (3.27 g, 2in8bl) and tetrafluroboric acid (52%
ethereal solution, 5.9 mL, 43.69 mmol).

Yield: 4.6 g, 60% m.p: 182C.

Elemental Analysis: calcd (%) for G4H100,B1F4 (426.23): C 67.63, H 4.49; found C 66.52,
H4.41.

Spectral data are identical with those reportettiénlitetrauré®!,

General procedure for the synthesis of methoxy funionalized
phosphinines:

The corresponding pyrylium salt (1 equiv) was desd in acetonitrile, and
tris(trimethylsilyl)phosphine (2.5 equiv) was adddropwise at RT. The resulting black
colored solution was heated af8Cfor 5 hrs. The formation of product was confirngd>'P
NMR spectroscopy. After cooling to room temperatuitee solvent was removed under
vacuum. The residue was dissolved in,CH and an appropriate amount of silica gel was
added. The solvent was evaporated, followed byhflasromatography with petroleum
ether\ethyl acetate (18.5:1.5) to give the corredpw phosphinine as pale yellow - yellow
solid.
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2-(3',4’-Dimethoxyphenyl)-4,6-diphenyl phosphinine

()
O OMe
OMe

Phosphinine was obtained as yellow solid from cpoading pyrylium salt (3.38 g, 7.2
mmol) and tris(trimethylsilyl)phosphine (4.42 ¢,.08 mmol) in acetonitrile (25 mL).

Yield: 0.87g (32%)m.p: 147C.

Elemental Analysis: calcd (%) for GsH2,0,P; (384.41): calcd. C 78.11, H 5.51; found. C
78.11, H 5.62.

31p{'H} NMR (C ¢De): 5 = 182.3 ppm.

'H NMR (C¢De): & (ppm) = 3.41 (s, -OCH 3H), 3.44 (s, -OCH 3H), 6.6 (33 = 8.2 Hz,
1H), 7.18 - 7.36 (m, 8H), 7.45 - 7.50 (m, 2H), 7-7.74 (m, 2H), 8.11 (dd}4p = 5.9 Hz,
*Jun = 1.1 Hz, 1H), 8.21 (ddJyp= 5.8 Hz,*Jy = 1.2 Hz, 1H).

B3C{*H} NMR (C ¢D¢): 8 (ppm) = 55.47 (-OCh), 55.50 (-OCH), 111.97 (d3Jcp= 13.4 Hz),
112.64, 120.11 (Jcp = 13.4 Hz), 125.48, 127.94, 127.97, 128.05, 12819834, 129.02
(2C), 129.05 (2C), 129.11, 131.39 {dsp= 11.4 Hz, C3/5), 131.63 (A)p = 11.3 Hz, C3/5),
136.50 (d2Jep= 24.7 Hz, Ca of Ph), 142.65 (fJep = 3.2 Hz, C4), 143.69 (dJcp= 24.5 Hz,
C-a of Ph), 144.33 (d®Jep= 13.9 Hz), 150.51, 171.91 (Hcp= 52.5 Hz, C2/C6), 172.14 (d,
LJep=52.1, C2/C8).

MS (EI = 70eV): m/e (%) = 384.1 (100) [M].
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2,6-Di(3’,4’-dimethoxy phenyl)-4-phenylphosphinine

XX
-
DAA®
MeO OMe

OMe OMe

Phosphinine was obtained as yellow solid from &poading pyrylium salt (2.09 g, 4.05
mmol) and tris(trimethylsilyl)phosphane (1.98 gl BB mmol) in acetonitrile (15 mL).

Yield: 0.40 g, 22%m.p: 125C.

Elemental Analysis calcd (%) for G7H2504P; (444.47): C 72.96, H 5.67; found C 72.96, H
5.67.

311 NMR (C ¢Dg): & (ppm) = 181.0.

'H NMR (C¢De): & (ppm) = 3.42 (s, 6H, 2 x -OGH 3.45 (s, 6H, 2 x -OC#), 6.68 (dJp=
8.2 Hz, 2H), 7.18 - 7.27 (m, 3H), 7.35 - 7.41 (H)47.53 - 7.57 (m, 2H), 8.24 (8)yp= 5.9
Hz, 2H).

13C{*H} NMR (CDg): & (ppm) = 55.49 (2 x -OCH)l, 55.51 (2 x -OCH), 112.00 (d?Jcp=
13.3 Hz, C3/5, 2C), 112.67 (2C), 120.14 {@e= 12.9 Hz, 2C), 127.96 (2C), 127.98 (2C),
129.11 (2C), 131.43 (dJcp= 11.9 Hz, 2C), 136.62 (dJcp= 24.6 Hz, Ca of Ph, 2C), 142.83
(d, ®Jcp= 3.5 Hz, C4), 144.42 (d)cp= 13.6 Hz, 2C), 150.52 (2C), 172.13 td;p= 52.1 Hz,
C2/Cs6, 2C).

MS(EI = 70eV): m/e (%) = 444.2 (100) [M].
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4-(2',3’-Dimethoxyphenyl)-2,6-diphenylphosphinine

Phosphinine was obtained as yellow solid from gpoading pyrylium salt (4.98 g, 10.92
mmol) and tris(trimethylsilyl)phosphine (6.19 mL1.84 mmol) in acetonitrile (30 mL).

Yield: 0.99, 22%; m.p: 112°C.

Elemental Analysiscalcd (%) for GsH»;0.P; (384.41): C 78.11, H 5.51; found C 77.12, H
5.76.

31p{*H} NMR (C ¢De): 8 (ppm) = 184.3.

'H NMR (C¢Dg): & (ppm) = 3.36 (s, 3H, -OCH 3.53 (s, 3H, -OCH, 6.61 (m, 1H), 6.97 (d,
Ju= 5.0 Hz, 2H), 7.10 - 7.24 (m, 6H), 7.71 - 7.73 @H), 8.25 (d3Jyp= 5.9 Hz, 2H).

13C{*H} (C¢De): & (ppm) = 55.60 (-OCH), 60.10 (-OCH), 112.82, 122.96 (d'Jcp= 2.04),
124.10, 127.68, 127.96, 128.01 (3C), 128.13, 12040, 133.70 (d°Jep= 12.1 Hz, C3/CS5,
2C), 137.14 (d*Jep= 2.7 Hz, C4), 141.4 (d)cp= 14.3 Hz), 143.62 (¢)cp= 24.3 Hz, Ca of

Ph, 2C), 147.41 (dJcp= 1.6 Hz), 153.68, 170.95 (Hlcp= 52.4 Hz, C2/C8, 2C).

MS(EI = 70eV): m/e (%) = 384.1 (100) [MT.
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2-(3'-Methoxy phenyl)-4,6-diphenylphosphinine

Yield: 1.2g, 36%m.p: 121°C

Elemental Analysis: calcd (%) for G4H140:P; (354.39): C 81.34, H 5.40; found C 81.43, H
5.50

Spectral data are identical with those reportettiénliteraturé®,

General procedure for the synthesis of hydroxy funitonalized phosphinines
The corresponding methoxy functionalized phospleinifl eqiv) was dissolved in
dichloromethane. To this BBr(10 eqiv) in CHCIl, was added dropwise at T8 The
reaction mixture was warmed to room temperatureadiogved to stir for about 24 hrs. It was
then poured into cooled degassed water and stiore@0 min. The dichloromethane layer
was separated and dried over MgSOhe crude mixture was then flash column
chromatographed with silica gel using hexane :ldidmethane (50 : 50) to obtain the title
product.

2-(3',4’-Dihydroxyphenyl)-4,6-diphenyl phosphinine

—
7T
OH

OH
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2-(3',4’-dihydroxyphenyl)-4,6-diphenylphosphinine aw obtained  from 2-(3',4'-
dimethoxyphenyl)-4,6-diphenylphosphinine (0.84 @ é&imol) and BByin CHCI, (1M) (11

mL, 11 mmol).

Yield: 0.5 g (63%);m.p: 192°C.

Elemental Analysis calcd (%) for GsH170,P; (356.36): calcd. C 77.52, H 4.81; found. C
77.70, H 5.55.

31p f'H} NMR (CD ,Cl,): & (ppm) = 181.1.

'H NMR (CDCl,): & (ppm) = 5.41 (s, br, 2 x -OH, 2H), 6.90 (dyF 8.3 Hz, 1H), 7.21 (m,
1H), 7.32 (m, 1H), 7.44 - 7.56 (m, 6H), 7.71 - 7(78 4H), 8.16 (dd*Juy = 1.2 Hz,3Jp =
9.1 Hz, 1H), 8.02 (m, 1H).

3c{H} NMR (CDCl,): & (ppm) = 114.88 (fJep = 13.1 Hz), 116.16 (2C), 120.53 fdcp

= 13.1 Hz), 127.91, 128.11 (2C), 128.14, 128.3®.42 (2C), 129.36, 131.38 (tcp= 11.9
Hz, C3/C5), 131.63 (dJcp = 12.2 Hz, C3/C5), 136.72 (8lcp = 24.8 Hz, Ca of Ph), 142.51
(d, *Jep = 3.3 Hz, C4), 143.61 (dJcp = 24.4 Hz, Ca of Ph), 144.37, 144.59 (2C), 144.76 (d,

*Jep = 2.1 Hz), 171.21 (dJcp = 51.7 Hz, C2/C6), 171.55 (Hicp = 51.2 Hz, C2/C6).

MS(EI = 70eV): m/e (%) = 356.1 (100) [MT.

4-(2',3'-Dihydroxyphenyl)-2,6-diphenyl phosphinine
O OH
OH
e
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4-(2’,3'-dihydroxy)phenyl-2,6-diphenylphosphinine aw obtained from 4-(2',3'-
dimethoxyphenyl)-4,6-diphenylphosphinine (0.7 @ thmol) and BBy (1M) (9 mL, 9 mmol)
in CH20|2.

Yield: 0.4 g (62.4%)m.p. 165°C.

Elemental Analysiscalcd (%) for GsH;70.P; (356.36) with ethylacetate: C 72.96, H 5.67,
found C 72.43, H 5.00.

31p f'H} NMR (CD ,Cl,): & (ppm) = 185.3.

'H NMR (CD.Cl,): & (ppm) = 4.85 (s, br, 2 x -OH, 2H), 6.58 - 6.81 @Hl), 7.18 - 7.23 (m,
5H), 7.65 - 7.68 (m, 4H), 8.08 (tp = 5.7 Hz, 2H).

13C{H} NMR (CD,Cly): & (ppm) = 115.05, 121.00 (2C), 122.42, 127.49 (ARQY.89 (2C),
128.14 (2C), 128.68, 129.18 (2C), 133.42%1ps = 12.1 Hz, C3/C5, 2C), 140.25 Hcp =
13.9 Hz), 141.53 (fep = 1.8 Hz, C4), 143.62 (dJcp = 24.1 Hz, Ca of Ph, 2C), 144.73
(2C), 171.87 (d*Jcp = 52.8, C2/C86, 2C).

MS(EI = 70eV): m/e (%) = 356.1 (100) [MT].

2-(3’-Hydroxyphenyl)-4,6-diphenylphosphinine

—
DAA®

OH

2-(3’-hydroxyphenyl)-4,6-diphenylphosphinine wagabed from 2-(3'-methoxyphenyl)-4,6-
diphenylphosphinine (0.7 g, 1.97 mmol) and BiarCH,ClI, (1M) (9.9 mL, 9.85 mmol).
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Yield: 0.41g (61.3%);m.p: 183C

Elemental Analysis calcd (%) for GsH170,P; (340.36): cald. C 81.17, H 5.46; found. C
81.33, H5.32.

31p f'H} NMR (CD ,Cl,): & (ppm) = 184.2.

'H NMR (CD.Cl,): & (ppm) = 3.96 (s, br, -OH, 1H), 6.56 - 6.61 (m, 161p7 - 6.99 (m, 1H),
7.03 (m, 1H), 7.12 - 7.28 (m, 7H), 7.39 (m, 2HB4- 7.69 (m, 2H), 8.08 (dJup = 5.8 Hz,
2H).

13C{*H} NMR (CDCl,): & (ppm) = 114.69 (d3Jcp = 12.7 Hz), 115.03 (dJep = 2.1 Hz),
120.06 (d3Jcp = 13.3 Hz), 127.91, 127.94, 128.04 (2C), 128.23.01 (4C), 130.02, 131.83
(d, 3Jcp = 10.2 Hz, C3/C5), 132.00 (8Jcp = 10.2 Hz, C3/C5), 142.40 (Eicp= 3.2 Hz, C4),
143.59 (d2Jcp = 24.0 Hz, Ca of Ph), 144.21 (®Jcp = 13.5 Hz), 145.02 (dJcp = 24.6 Hz,
C-a of Ph), 156.74 (2C), 171.55 (dlcp = 52.3 Hz, C2/C6), 171.87 (dJep = 52.5 Hz,
C2/C6).

MS(EI = 70eV): m/e (%) = 339.09 (100) [M-H].

General procedure for the synthesis of gold(l) conpxes of functionalized
phosphinines

The corresponding functionalized phosphinine (1iggand AuCl(tht) (1 equiv) were
weighed inside a glove box. Freshly distilled £ or thf was then added and the mixture
allowed to stir at RT for about 15min. The commetbf reaction was checked B NMR
spectroscopy. Reduction of volume, followed by Hmexaprecipitation afforded the

corresponding gold(l) complex as pale yellow - geillsolid.
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2-(3',4’-Dimethoxyphenyl)-4,6-diphenylphosphinine gld(l) chloride

OMe

O OMe
(N p—mic

The title complex was obtained as yellow solid fra2a(3’,4’-dimethoxyphenyl)-4,6-
diphenylphosphinine (0.14 g, 0.355 mmol) and AU@)({0.11 g, 0.355 mmol) in Gi&l, (5
mL).

Yield: 0.21g (96%)m.p: 142C.

Elemental Analysiscalcd (%) for GsH»10,P;Cl;Au; (616.83): calcd. C 48.70, H 3.44; found.
C 47.75, H 3.34.

3p{*H} NMR (CD ,Cl,): & (ppm) = 152.39.

'"H NMR (CD4Cly): & (ppm) = 3.93 (s, -OCH 3H), 3.99 (s, -OCk} 3H), 7.05 (d;'Jup = 8.0
Hz, 1H), 7.36 (dt!Jup = 8.2 Hz,>J34y = 2.1 Hz, 1H), 7.41 - 7.42 (m, 1H), 7.49 - 7.89 6H),
7.70 - 7.74 (m, 2H), 7.78 - 7.83(m, 2H), 8.40 (Wip = 22.7 Hz,"Jun = 1.7 Hz, H at C3/C5,
1H), 8.49 (dd3Jp = 22.7 Hz 4y = 1.6 Hz, H at C3/C5, 1H).

B¥c{*H} NMR (CDCl,): & (ppm) = 55.09 (s, -OCH\, 55.29 (s, -OCh), 111.07, 111.10,
111.13, 120.06 (d¥Jcp = 12.7 Hz), 126.93 (d\Jcp = 3.3 Hz), 127.63 (Jcp = 11.6 Hz),
128.03 (d*Jcp = 1.1 Hz), 128.40 (4C), 128.54 (Hcp = 2.1 Hz), 130.38 (fJep = 12.3 Hz),
134.97 (d2Jp = 10.1 Hz, C3/C5), 135.18 {dep = 10.6 Hz, C3/C5), 138.01 (&lcp = 12.0

Hz), 139.75 (d?Jcp = 5.7 Hz), 142.82 (dJcp = 26.2 Hz, C4), 148.97, 149.92 (dcp = 2.2

Hz), 158.83 (dJcp = 36.1 Hz, C2/C6), 158.84 (Hicp = 36.1 Hz, C2/C6).
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MS (El = 70eV): m/e (%) = 616.0 (100) [M[, 384.1 (50) [M-AuCI[".

2,6-Di (3’,4’-dimethoxy phenyl)-4-phenylphosphininegold(l) chloride

MeO OMe

Q /_\P—>Au—CI
()

MeO OMe
The title complex was obtained as a pale yellowdsobm 2,6-di(3’,4’-dimethoxy) phenyl-4-
phenylphosphinine (0.05 g, 0.112 mmol) and AuC)({Bt036 g, 0.112 mmol) in G&l, (5
mL).

Yield: 0.07g (94%)m.p: 145C.

Elemental Analysis: calcd (%) for G/H2504P.Cli AUy (676.89) with CHCI,: C 44.15, H
3.57; found C 44.39, H 3.88

31p{’H} NMR (CDCl,): & (ppm) = 150.40.
H NMR (CD,Cly): & (ppm) = 3.95 (s, 2 X -OCH6H), 3.99 (s, 2 X -OCH 6H), 7.04 (d*Jp
= 9.3 Hz, 2H), 7.34 - 7.42 (m, 4H), 7.49 - 7.60 @Hhl), 7.70 - 7.74 (m, 2H), 8.39 (T =

22.7 Hz, H at C3/C5, 2H).

MS(EI = 70eV): m/e (%) = 676.1 (100) [M], 444.1(75) [M-AuCIT".
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4-(2',3’-Dimethoxyphenyl)-2,6-diphenylphosphinine gld(l) chloride

MeQO OMe I
! Sl —mic

The title complex was obtained as white solid frofta(2’,3’-dimethoxy)phenyl-2,6-
diphenylphosphinine (0.07 g, 0.182 mmol) and Au)({0.058 g, 0.182 mmol) in GBI, (5
mL).

Yield: 0.11 g (98%)m.p: 147°C.

Elemental Analysis: calcd (%) for GsH210.P,Cl1Au; (616.83) with CHCI,: C 44.50, H
3.30; found C 44.47, H 3.21.

31p{!H} NMR (CDCl,): & (ppm) = 153.10.

'H NMR (CD4Cl,): & (ppm) = 3.75 (s, -OCH 3H), 3.95 (s, -OCk 3H), 7.02 - 7.09 (m,
2H), 7.17 - 7.24 (m, 1H), 7.53 - 7.61 (m, 6H), 7:7B84 (m, 4H), 8.41 (dJup = 22.9 Hz, H
at C3/C5, 2H).

3C{*H} NMR (CD.Cl,): & (ppm) = 56.3 (s, -OCH), 61.1 (s, -OCH), 113.74, 122.44 (d,
“Jep = 3.4 Hz), 124.86, 128.89 (d)cp = 12.0 Hz, 4C), 129.63(3C), 129.65 (2C), 129.72(d,
“Jop = 2.4 Hz, 2C), 135.11(dJcp = 5.3 Hz), 138.87 (fJep = 10.7 Hz, C3/C5), 139.10 (d,
?Jep = 11.9 Hz, C3/C5), 140.97 ( 8jcp = 27.9 Hz, C4), 146.83 (dJ)cp = 2.9 Hz), 153.75,
153.77, 158.87 (d,)cp = 38.5 Hz, C2/C8, 2C).

MS(ESI): m/e (%) = 670.07 (100) [M + ChD + NaJ".
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2,3,5,6-Tetraphenylphosphinine gold(l) chloride

QO

/ \P—>Au—CI

The title complex was obtained as a pale yellovdsivbm 2,3,5,6-tetraphenyl phosphinine
(0.15 g, 0.355 mmol) and AuCl(tht) (0.11 g, 0.35&at) in thf (5 mL).

Yield: 0.21 g (95%)m.p: 177.3C.

Elemental Analysis: calcd (%) for GgH2:PiCliAu; (632.88): C 55.04, H 3.34; found C
53.52, H 3.46.

$1pflH} NMR (CDCl,): & (ppm) = 175.

'H NMR (CD,Cly): & (ppm) = 7.20 - 7.31 (m, 2 xeBs, 10H), 7.34 (br s, 2 X ¢Els, 10H),
7.72 (d,*3p = 7.11 Hz, 1H, H at C4).

3c{*H} NMR (CDCl,): & (ppm) = 128.31 (2C), 128.57 (4C), 128.77 {@p = 1.42 Hz,
4C), 128.83 (2C), 129.88 (&)cp = 1.2 Hz, 4C), 130.89 (dJcp = 11.5 Hz, 4C), 135.79 (d,
3Jcp = 26.2 Hz, C4), 136.99 (dJcp = 12.2 Hz, 2C), 140.38 (dJcp = 8.9 Hz, 2C), 150.39 (d,

2Jep = 8.2 Hz, C3/C5, 2C), 156.27 (dcp= 34.2 Hz, C2/C8, 2C).

MS (El = 70eV): m/z (%) = 632.1 (100) [M[, 400.2 (75) [M-AuCl .

121



2-(3',4’-Dihydroxyphenyl)-4,6-diphenylphosphininegold(l) chloride

OH

O OH
Q 7 “p—~Au—Cl

The title complex was obtained as yellow solid fra2a(3’,4’-dihydroxyphenyl)-4,6-
diphenylphosphinine (0.1 g, 0.28 mmol) and AuC)({6t09 g, 0.28 mmol) in thf (5 mL).

Yield:0.15 g (90%)m.p: 202°C

Elemental Analysis: calcd (%) for GsH170,P1Cl1Au; (588.78): C 46.92, H 2.91; found C
47.84, H 3.53

3pfH} NMR (CDCl,): & (ppm) = 152.40.
'H NMR (CD,Cly): & (ppm) = 6.88 (dd®Jy = 0.8 Hz,*Jp = 8.2 Hz, 1H), 7.18 (df.Juy =
2.2 Hz,%3}p = 8.1 Hz, 1H), 7.28 (m, 1H), 7.41 - 7.57 (m, 6@A)77 - 7.88 (m, 4H), 8.44 (dd,

“Jun = 1.6 Hz,*3up = 22.4 Hz, 1H, H at C3/C5), 8.52 (ddyy = 1.6 Hz,*J}p = 22.4 Hz, 1H,
H at C3/C5).
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4-(2',3’-Dihydroxyphenyl)-2,6-diphenylphosphinine gld(l) chloride

HOQ OH
g =

The title complex was obtained as yellow solid frofa(2’,3-dihydroxyphenyl-2,6-
diphenylphosphinine (0.1g, 0.28 mmol) and AuCI({BtPp9 g, 0.28 mmol) in thf (5 mL).

Yield: 0.16g, (97%)m.p: 208C.

Elemental Analysis: calcd (%) for GsH170,P1Cl1Au; (588.78): C 46.92, H 2.91; found C
47.97, H 3.43.

*1pfH} NMR (CDCl,): & (ppm) = 153.17.

'H NMR (CDCly): & (ppm) = 6.74 - 6.86 (m, 2H), 6.93 (dtlly = 1.6 Hz,*Jp = 7.2 Hz,
1H), 7.45 - 7.57 (m, 6H), 7.84 - 7.88 (m, 4H), 8(87°3sp = 22.7 Hz, 2H, H at C3/C5).

MS (ESI): m/e (%) = 587.02 (100)[M-HJ.
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Bis(2-(3’,4’-dimethoxy)phenyl)-4,6-diphenylphosphime gold(l) triflate

2-(3',4’-dimethoxyphenyl)-4,6-diphenyl phosphinir{8.096 g, 0.2.5 mmol) and AuClI(tht)
(0.04 g, 0.125 mmol) were stirred in DCM (5 mL) fof mts at RT. The solution of silver
triflate (0.03 g, 0.125 mmol) in DCM was added dwige to the reaction mixture at 3
The mixture was warmed to RT and stirred. The cetignt of reaction was checked By
NMR spectroscopy. Reduction of volume, followeddrgcipitation and filtration yielded the

title complex.

Yield: 0.12 g, (86%)m.p: 242°C.

31p NMR (CD.Cl,): & (ppm) = 169.9.

'"H NMR (CD,Cly): & (ppm) = 3.89 (s, 2 x -OC#16H), 3.91 (s, 2 x -OCk 6H), 6.96 - 7.00

(m, 2H ), 7.27 - 7.31 (m, 4H), 7.48 - 7.59 (m, 12A)0 - 7.75 (m, 8H), 8.27 (d}n = 1.4
Hz, 33 = 13.6 Hz, 2H), 8.29 (dd)n = 1.3 Hz,*Jp = 13.8 Hz, 2H).

MS (ESI): m/e (%) = 996.24 [M - CESO; + CHOH]".
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General procedure for the immobilisation of hydroxy functionalized
phosphinine gold(l) chloride on TiO,

n*Gold(l) complex of hydroxy functionalized phosphmiai(0.25 mmol) dissolved in THF (20
mL) was added to TiO(1 g) (preheated at 8D for 4hrs). The suspension was stirred at RT
for about 24 hrs. It was then filtered, washed whih(3 x 20 mL) and dried under vacuum for
8 hrs.

2-(3',4’-Dihydroxyphenyl)-4,6-diphenyl phosphinine gold(l) chloride on
TiO,

Immobilised material was obtained from 2-(3',4’-gilnoxyphenyl)-4,6-diphenyl phosphinine
gold(l) chloride0.15 g (0.25 mmol) and TiKX1 g).

Elemental Analysis:found (%) C: 1.29,H : -

3p{IH} CP MAS: & (ppm) = 27.

4-(2',3'-Dihydroxyphenyl)-2,6-diphenyl phosphinine gold(l) chloride on
TiO,

Immobilised material was obtained from 4-(2’,3'-gilnoxyphenyl)-2,6-diphenyl phosphinine
gold(l) chloride0.15 g (0.25 mmol) and TiX1 g).

Elemental Analysis:found (%) C : 1.27,H : -

31p{H} CP MAS: & (ppm) = 25.

3-Chloropropyl triethoxy functionalized HMS (CIPTESIi-HMS)

AN
Si” >l

OEt
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A mixture of calcined HMS (3.00 g) in dry toluene50( mL) and (3-
chloropropyl)triethoxysilane (2.16 g, 9.00 mmol) smaefluxed for 24 hrs. The material was

filtered, washed with toluene (3 x 50 mL), and dnisxder vacuum at 80 for 8 hrs.

Elemental Analysis:found (%) C: 17.91, H: 2.93.
2%Si{'H}, CP MAS NMR: & (ppm) = -53 (F), -90 (JF), -101 (Q), -109 (J).

BC{'H}, CP MAS NMR: & (ppm) = 8.1 (-SEH.CH,CH,CI), 15.0 (-SIOCHCHS3), 23.6 (-
SiICH,CH,CH,CI), 43.9 (SICHCH,CH.CI), 57.6 (-SDCH,CHs).

Immobilisation of 2-(3’-hydroxyphenyl)-4,6-diphenylphosphinine onto

CIPTESI- HMS
N (|)EtO
[ |
SAa vt

Triethylamine (0.89 g, 8.8 mmol) was added to thgpsnsion of CIPTESI-HMS (0.85 g) in
toluene (7 mL). To this 2-(3-hydroxy)phenyl-4,6-dgnylphosphinine (0.3 g, 0.88 mmol) in
CH.Cl, (5 mL) was added dropwise at 2Z8 The suspension was then warmed to room
temperature and allowed to stir at RT for 24 hrsvas then filtered, washed successively
with toluene (3 x 20 mL) and DCM (3 x 20 mL) andedrunder vacuum for about 8 hrs.

Elemental Analysis:found (%) C: 17.91, H 2.93.
31p HP-Dec(MAS): 5 (ppm)= 183.
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General procedure for the synthesis of phosphininestabilized gold

nanoparticles

15 mL of sodium naphthalenide in thf (1 mmol in mQ of thf) was added dropwise to a
solution of an appropriate amount of 2,3,5,6- f@temylphosphinine and AuCl(tht) in thf (20
mL). The dark purple solution was allowed to stiRa for a couple of hrs. The dark purple
solid obtained after the removal of solvent undseuo, was washed with thf (2 x 15mL) and
hexane (2 x 15 mL).

Au NPs P-0.5

The dark purple solid was obtained from 2,3,5,6f@tenylphosphinine (0.31g, 0.78 mmol)
and AuCl(tht) (0.48 g, 1.5 mmol).

Elemental Analysis:calcd (%) for GgH21P; over gold: C 86.98, H 5.9; found C 46.89,
H 3.30.

31p{H} CP MAS: & (ppm) = 178.
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Au NPs P- 0.2

The dark purple solid was obtained from 2,3,5,6mtenylphosphinine (0.12 g, 0.3 mmol)
and AuCl(tht) (0.48 g, 1.5 mmol).

Elemental Analysis:calcd (%) for GgH»1P; over gold: C 43.85, H 2.66; found C 24.22,
H 1.76.

31pflH) CP MAS: & (ppm) = 176.

General procedure for the preparation of 3-Amino popyl functionalized

HMS

3-aminopropyltrialkoxysilane (9.0 mmol) was addedthie calcined HMS (3.0 g) in 50mL
toluene and was refluxed for 24hrs. It was th#aréd, washed with toluene (3 x 50mL) and

dried under vacuum.

a) APTESi-HMS

O\
Si” > NH,

-
O OEt

APTESI-HMS was obtained from 3-aminopropyltriethsikgne (2.1 mL, 9.0 mmol) and
HMS (3.0 g).

Elemental Analysis:found (%) C : 8.70, H : 2.39, N : 2.43.
2°Si{'H} CP MAS NMR: & (ppm) = -111 (&), -102 (F), -69 (), -60 (o).

B3C{*H} CP MAS NMR: & (ppm) = 6.5 (-SEH,CH,CH,NH;), 13.5 (-SIOCHCH5), 22.8 (-
SiICH,CH>CH,NH,), 40.7 (-SiCHCH,CH,NH), 56.6 (-SOCH,CHs).
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b) APTMSI-HMS

APTMSI-HMS was obtained from 3-aminopropyltrimetlgeane (1.6 mL, 9.0 mmol) and
HMS (3 g).

Elemental Analysis:found (%) C : 10.42, H: 2.81, N : 2.47.
2%Si{'H} CP MAS NMR: & (ppm) = -109 (&), -101 (), -67 (T, -61 (T).
13C{*H} CP MAS NMR: & (ppm) = 8.1 (-SEH,CH,CHyNH,), 24.4 (SiICHCH,CH;NHy),

41.5 (-SiICHCH,CH,NH,), 48.4 (-SDCH).

Capped APTESI-HMS

O\
O;Si/\/\ NH,

@)
SiMeg

A mixture of 1,1,1,3,3,3-hexamethyldisilazane (53¢, mmol) and APTESI-HMS (3)gn

toluene (20 mL) was stirred for 24 hrs at RT. Iswaen filtered, washed with toluene (3 x 50
mL) and dried under vacuum.

Elemental Analysis:found (%) C : 7.89, H: 2.30, N : 2.54.

29Sif"H} CP MAS NMR: & (ppm) = -112 (&), -102 (Q), -69 (P), -61 (T, 8 ((CH)3Si).
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BC{'H} CP MAS NMR: & (ppm) = -2.4 (CH3)sSi-), 7.7 (-SCH.CH,CH,NH,), 23.7
(SICH,CH,CH,NH,), 42.3 (-SiCHCH,CH,NH,).

Anchored monophosphaferrocene by Schiff condensato

2-formyl-3,4-dimethyl monophosphaferrocene (0.4L&2 mmol) was stirred with APTESI-
HMS (2 g) in dry methanol (15 mL) at %5 for 3days. The material was filtered, washed with

methanol (3 x 50 mL) and dried under vacuum fors3 h
Elemental Analysis:found (%) C: 13.49, H: 2.67, N: 2.22.

$1p{*H} HPDec MAS NMR: & (ppm) = -76.

General procedure for the immobilisation of monophsphaferrocene onto

HMS by reductive amination

2-formyl-3,4-dimethyl-1-phosphaferrocene (0.4 g,521. mmol) was added to the
functionalized HMS (2 g) in dry methanol. To thiscess NaBBHCN (5 equivalents) was

added and the reaction mixture was heated &€ 56r about 3 days. The material was

filtered, washed with methanol (3 x 50 mL) and waouwdried for 8hrs.

a) [CpFePNH]/APTESIi-HMS

Q T O
S HN 5
Fe

@

The anchored material was obtained from 2-formgtdimethyl-1-phosphaferrocene (0.4 g,
1.52 mmol), APTESI-HMS (2 g) and NaBEN (0.47 g, 7.6 mmol).

Ty

Elemental Analysis: found(%) C: 11.69, H: 2.94, N: 2.34
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3p{!H} CP MAS NMR: & (ppm) = -76 (major isomer), -72 (minor isomer)

2°Si{'H} CP MAS NMR: & (ppm) = -113 (&), -104 (3), -69 (B), -62 (TO).

Bc{H} CP MAS NMR: & (ppm) = 7.3 (-STH.CH,CH,NHCH,-), 19.9 (-
SICH,CH,CH;NHCH,-), 240 (2 x CH, methyl of phospholyl), 423 (-
SICH,CH,CH,NHCH,-), 47.2 (-SiCHCH,CH,NHCH-), 69.6 (GHs), 93.6 (quaternery C,
CH of phospholyl).

b) [CpFePNH/APTMSi-HMS

The anchored material was obtained from 2-formgdimethyl-1-phosphaferrocene (0.4 g,
1.52 mmol), APTMSI-HMS (2 g) and NaBBN (0.47 g, 7.6 mmol).

Elemental Analysis: found(%) C: 14.00, H: 2.55, N: 2.29.

31p{H} CP MAS NMR: 3 (ppm) = 40 (major product), -78 (minor product).

c) [CpFePNH] / capped APTESI-HMS

The anchored material was obtained from 2-formgtdimethyl-1-phosphaferrocene (0.4 g,
1.52 mmol), capped APTESI-HMS (2 g) and NaBN (0.47 g, 7.6 mmol).

Elemental Analysis: found(%) C: 14.12, H: 2.65, N: 2.38.
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31p{H} CP MAS NMR: 3 (ppm) = -76 (major isomer), -72 (minor isomer).

Bc{'H} CP MAS NMR: & (ppm) = 6.8 (-STH.CH,CH,NHCH,-), 19.5
(SICH,CH,CH,NHCH,-), 241 (2 x CH, methyl of phospholyl), 415 (-
SICH,CH,CH,NHCHy-), 47.6 (-SICHCH,CH,NHCH,-), 69.8 (GHs), 92.6 (quaternery C,
CH of phospholyl).

3,4-dimethyl phosphaferrocenyl-2-(N-propyl)methylimne

Hon

P
Fe

©

2-formyl-3,4-dimethylmonophosphaferrocene (0.1 §43mmol) and n-propylamine (0.31 g,
3.846 mmol) were heated in methanol (15 mL) forgl h

Yield: 1.02 g, (86%).
3p{!H} NMR (CD3OD): & (ppm) = -75.
'H NMR (CD30D): & (ppm) = 0.89 (t, 4k = 6.3 Hz, -CHCH,CH3), 1.57 (m, -CHCH,CHs),

2.21 (s, CH), 2.31 (s, CH), 3.12 (t, Jn = 7.1 Hz, €H,CH,CHs ), 3.95 (d,’Jup = 37.4 Hz,
CHP), 4.2 (s, €Hs), 8.17 (d,Jup = 8.8 Hz, CHN).

General procedure for the synthesis of amino funabnalized

monophosphaferrocene

The appropriate functionalized amine (1 equiv) waslded to 2-formyl-3,4-

dimethylmonophosphaferrocene (1 equiv) in methafaol.excess NaBECN (10 equvalent)
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was added, and the mixture was heated &€ 56r 5hrs. The mixture was then hydrolyzed
with deoxygenated water. The organic phase wasaepeand then passed through a short

plug of neutral alumina. The solvent was removedenivacuum to obtain an orange oil.

3,4-dimethyl phosphaferrocenyl -2-(N-3’-triethoxyslylpropyl) methylamine

&NH ~_Si(OEt),

P
Fe

©

The title compound was prepared from 2-formyl-3igh&thylmonophosphaferrocene (0.72 g,
2.76 mmol), benzylamine ( 0.64 mL, 2.76 mmol), amdess NaBECN ( 1.7 g, 27.6 mmol).

3p{!H} NMR (CD3OD): & (ppm) = -75.4 (major product) and 76.1(minor prct.

3,4-dimethyl phosphaferrocenyl - 2-(N-benzyl) methamine

o )
Q

The title compound was obtained from 2-formyl-3jhethylmonophosphaferrocene (0.72 g,
2.76 mmol), benzylamine (0.15 g, 2.76 mmol), anckss NaBHBCN (1.7 g, 27.6 mmol).

3p{’H} NMR (CDs0D): & (ppm) = -76.5.
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'H NMR (CD30D): & (ppm) = 2.10 (s, CHl 3H), 2.17 (s, Chl 3H), 3.16 (dd3J}p= 13.52
Hz, CH,NH, 2H), 3.32 (s, Chiof benzyl, 2H), 3.63 (e = 37.01 Hzo-H, 1H), 4.06 (s, Cp,
5H), 7.21 — 7.35 (m, s, 5H).

13C{'H} NMR (CDsOD): & (ppm) = 13.8 (s, Ch), 17.3 (s, CH), 53.73 (d2Jcp= 1.7 Hz,
CH;NH), 54.76 (s, Chl of benzyl), 73.01 (s, Cp), 76.70 (dcp = 58.3 Hz,a-C), 94.64 (d,
2Jep = 4.9 Hz,p-C), 96.26 (d,"Jcp = 58.9 Hz,a-C), 97.43 (dJcp = 6.8 Hz,p-C), 123.75,
129.47, 130.72, 140.5 (Arom-C).

MS(EI = 70 eV): m/e (%) = 351.1 (100) [M], 244.0 (44) [M - NHCHCsHs + HJ".

General procedure for the immobilisation of palladum catechol phosphines
on TiO,

Palladium catechol phosphines was stirred with,TTfOCH,Cl, for one day at RT. It was
then filtered, washed with GBI, and dried under vacuum.

Immobilisation of 2,3-dihydroxy palladium catecholphosphines on TiQ

Cl

|
Rd—Ph,P

Pphz—

TiO, immobilised palladium catechol phosphines wasionbthfrom 2,3-dihydroxy palladium
catechol phosphine (0.28 g, 0.36 mmol) and netifad (3 g) in CHCI, (25 mL).

31p{IH} CP MAS NMR: 8iso(ppm)= 20.8, 811= 97,82, = 22,833= -38

Suspension of TiQ (neutral) immobilised palladium-2,3-dihydroxy catechol

phosphines in CHCI,

3P CP MAS NMR: &iso (ppm) = 20.4,811= 77,855 = 28,533= -43.
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Suspension of TiQ (neutral) immobilised palladium-2,3-dihydroxy catechol

phosphines in DMF

3p CP MAS NMR: &, (ppm) = Nil

31pfH} MAS NMR: & (ppm)= 18.6 & 34.3 (1.5: 1), 26.6 & 79.4 (pairwise)

Suspension of TiQ (neutral) immobilised palladium-2,3-dihydroxy catechol
phosphines in CHCN

3p{IH} CP MAS NMR: 8o (ppm) = 22.5811= 73,52, = 32,833= -40.

31pfIH} MAS NMR: & (ppm)= 18.3 & 32.0

Suspension of TiQ (neutral) immobilised palladium-2,3-dihydroxy catechol
phosphines in DMF-NEg (9:1)

31p CP MAS NMR: &, (ppm)= Nil

31p{IH} MAS NMR: & (ppm) = 61.0

Suspension of TiQ (neutral) immobilised palladium-2,3-dihydroxy catechol
phosphines in CHCI, with 10 vol% NEt;

31pfIH} CP MAS NMR: &iso(ppm) = Nil

31p{'H} MAS NMR : & (ppm) = 61.0
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Immobilisation of 3,4-dihydroxy palladium catecholphosphines on TiQ

Cl,

TiO, immobilised palladium catechol phosphines wasionbthfrom 3,4-dihydroxy palladium
catechol phosphine (0.28g, 0.36mmol) and,T&y) in CH,Cl, (25ml).

Neutral TiO»

3piH} CP MAS NMR: 8o = 17.7 ,511= 82,85, = 19,833= -50.

NP-TiO;

31pIH} CP MAS NMR: &, = 18.4

Suspension of TiQ immobilised palladium-3,4-dihydroxy catechol

phosphines in CHCI,

Neutral TiO»

3piH} CP MAS NMR: 8o = 16.8,51:= 81,8,, = 17,833= -50.

NP-TiO,

31pfIH} CP MAS NMR: &, = 19.1

3p{'H} MAS NMR: &= Nil
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Suspension of TiQ immobilised palladium-3,4-dihydroxy catechol
phosphines in DMF

Neutral TiO,

31p{IH} CP MAS NMR: & = Nil

$1p(*H} MAS NMR: 5= 18.8 & 32.4 (0.7:1)

Suspension of TiQ immobilised palladium-3,4-dihydroxy catechol
phosphines in CHCN

Neutral TiO,

31p{I1H} CP MAS NMR: & = Nil

*1p{’H} MAS NMR: &= 19.4 & 32.6

NP-TiO;

$1p{IH} CP MAS NMR: &, = 18.4

Suspension of TiQ immobilised palladium-3,4-dihydroxy catechol
phosphines in CHCN with 10 vol % NEt;

NP-TiO;

31p{I1H} CP MAS NMR: 8o = 17.2

31p{’H} MAS NMR: &= Nil
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Sonogashira coupling of phenylacetylene with 4-lodutrobenzene catalyzed
by 3,4-dihydroxypalladium catechol phosphines,[PdG(L),] supported on
NP-TiO,

NO,

NO CH
o 3INP-TIO, _
é Cul ”|
C

Phenylacetylene (0.15 mL, 1.3 mmol), Cul (10 m@50mmol) and [PdG(L),]-TiO, (500
mg) were added to a solution of 4-iodonitrobenz@®emg, 0.32mmol) in triethyl amine (30
mL) and the suspension was stirred for one daya@amrtemperature. It was then filtered,
washed the solid residue with triethylamine (20)nfoth the filtrate and washings were
evacuated and, the resulting solid residue wasnth@graphed with short silica plug by
using CHCI,: hexane (3:7) as eluant to obtain the pale yekomhd as the product - (4-
nitrophenyl)phenylethyne (yield - 70%) after théveat evaporation.

H, NMR (CDCl3) 5 (ppm) =7.30-7.40 (m, 5H, Ph), 7.49-7.56 (m, 2HHINO,), 7.61-7.67
(m, 2H, QH4N02), 8.17-8.23 (m, 2H, 6H4N02).

NP-TiO, supported catalyst was reused for the secondytiataln which produced the yield

of 68% of the coupling product while the third dgtia run dropped the yield of the coupling
product to 10%.
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7.3 BET data

a) HMS
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Relative pressure

Area

Single Point Surface Area at P/Po 0.30 : 897 ma/g
BET Surface Area: 811ma3/g
Langmuir Surface Area: 1755 m2/g

BJH Adsorption Cumulative Surface Area of pores
between 8.50 and 1500.0 A Radius: 671ma3/g

BJH Desorption Cumulative Surface Area of pores
between 8.50 and 1500.0 A Radius: 944 ma3/g

Volume

Single Point Total Pore Volume of pores less than
536.16 A Radius at P/Po 0.981: 0.68 cm3/g

BJH Adsorption Cumulative Pore Volume of pores
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between 8.50 and 1500.0 A Radius: 0.52 cm3/g

BJH Desorption Cumulative Pore Volume of pores

between 8.5 and 1500.0 A Radius: 0.81 cmd/g

Pore Size
Average Pore Radius (2V/ A by BET): 16.75 A
BJH Adsorption Average Pore Radius (2V/ A): 15.59 A
BJH Desorption Average Pore Radius (2V/ A): 17.20 A

b) APTESI-HMS

— — IsJ [x]
= 8 &8 3

=

volume adsorbed (cm® g'l}

n 0z 0.4 a5 os 1 12
Relative pressure

Area

BET Surface Area: 536 m3/g

Pore Volume

Single Point Adsorption Total Pore Volume of poiess than
2321.01 A width at P/Po 0.99: 0.32 cmd/g
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BJH Adsorption Cumulative Pore Volume of pores
between 1.0 A and 1000.0 A width: 0.28 cm3/g

BJH Desorption Cumulative Pore Volume of pores

between 1.0 A and 1000.0 A width: 0.27cmd/g

Pore Size
Average pore width (4V/ A by BET): 24.06 A
BJH Adsorption average pore width (4V/ A): 23.56 A
BJH Desorption average pore width (4V/ A): 23.85 A

c) [CpFePNH)/APTESI-HMS

180

160 -
=140
120 -
100 -
a0
B0
40
20

3
m g

volhmne adsorhed (¢

a 0z 0,4 0g aog 1 1,2
Felative pressure

Area

BET Surface Area: 397 m3/g
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Pore Volume

Single Point Adsorption Total Pore Volume of poesss than
22167.73 A width at P/Po 0.99: 0.25 cm3/g

BJH Adsorption Cumulative Pore Volume of pores
between 1.0 A and 1000.0 A width: 0.23 cm3/g

BJH Desorption Cumulative Pore Volume of pores

between 1.0 A and 1000.0 A width: 0.23 cm3/g

Pore Size
Average pore width (4V/ A by BET): 25.75 A
BJH Adsorption average pore width (4V/ A): 24.4 A
BJH Desorption average pore width (4V/ A): 24.55 A
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8. Summary and outlook

Summary

The present study aimég to immobilise palladium catechol phosphines on;l@Ad study
the immobilised and remobilised species in varigot/ents by HR MAS NMR(ii) to
synthesise novel functionalized phosphinines armr tbomplexes capable to anchor on a
solid carrier, and to immobilise them on inorgasigports (iii) to develop some novel
gold(l) phosphinine complexes and phosphinine btaioi gold nanoparticles, and study the
mode of ligand coordination on the gold surface¥/CP MAS NMR spectroscopfiy) to
develop and anchor suitable functional derivatimesnonophosphaferrocenes onto inorganic
surface by covalent tethering method and studyatihehoring process by CP MAS NMR

spectroscopy.

For the first topic, two isomeric forms of palladiwcatechol phosphines were initially tested
for immobilisation on different specimens of TLieutral TiQ and slightly acidic TiQ
nanoparticles. Successful deposition of the congsl@n both materials was monitored*ty
CP MAS NMR. The study of both dry specimens andbensions by’P HR MAS NMR
experiments with and without cross polarization amagic angle spinning in combination
cleared that the complexes immobilised on neuti@} fedissolved in polar solvents, and that
the mobility of those species was greatly effedtgdhe ligand structure. The studies showed
that immobilised complexes on slightly acidic Fi@anoparticles are definitely more tightly
bound and gave no evidence for either the occuer@ideaching or of any base induced
reaction. However, eventhough the deposition oferes on neutral titania is feasible they
can be easily eluted by polar solvents. The usth@fimmobilised complex as catalyst in a

carbon - carbon cross coupling reaction was alswodstrated in this context.
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cl,

cly PPh,~Pd-Ph,R

PPh;Pd-Ph,P

X X% TiO,
OH HO CH,Cl,
X2 X,
X, [ X
2[OH [H
3[H |OH

The successful deposition of phosphine complexe$iOa motivated to develop complexes
of phosphinines having similar functionality on theomatic moiety that could serve as a
suitable candidate for the immobilisation on Ti@ this regard, two isomeric forms of novel
phosphinines bearing OH- functionalities in theinat positions of the aromatic moiety were
developed from the corresponding pyrylium salt dgming the modular procedure of Vogt
and MiilleF®,
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X4

BBr3/CH2C|2 3

O AuCI(tht)
Ry c?/ i 10a-10b xl
P(SiMe3)3

X3
- Rz X
R, .
o't
X2
T
Cl 12a-12b
Tio,
HO  OH

cof)

SO O
P R
\Au—CI \Au—CI

12a/TiO,

R; R, Rs R4 X1 Xz X3 X4

8a | OMe OMe H H 10a OH OH H H
8b H H OMe OMe 10b H H OH OH
9a | OMe OMe H H 12a OH OH H H
9b H H OMe OMe 12b H H OH OH

These species then served as ligands for the gewela of gold(l) complexes. The behavior
of so formed gold(l) phosphinine upon attempts tolwaheir immobilisation on TiQsurface
was monitored by*’P CP MAS NMR. Spectral studies revealed that tigankls were
successfully deposited on Ti®urfaces, but modified structurally during the inbitisation
process. The choice of silica as a solid carries a0 investigated; a functionalized
phosphinine was synthesised and anchored ontaca silirface. The characterization of the
supported material b¥P MAS NMR revealed that nearly 25% of the ligang hetained its
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identity on the carrier, but that the immobilisativas also accompanied by the formation of

decomposition products on the surface.

BBrg/CH 2C|2
N AN
| > | >
7T 0 o
OMe OH o)
9d 10d Et

7
0 O\/\Si\O:O

Au NPs of phosphinines with different gold - phospls ratios were prepared according to a

W

Q7

®

previously reported proced(i® and charaterized b}}P CP MAS NMR spectroscopy. The
comparison of the spectral data with those of entib Au-phosphinine complexes and also

with XPS measurements suggested that gold nancdeartappeared to be in the form of

cationic clusters with the Clas the counter ion and contained terminal P coatdd

phosphinine ligands bound to Au(l) centres, togetfith decomposition products.

A monophosphaferrocene was prep&rédnd attempted to immobilise via covalent tethering
onto amino functionalized HMS materials by Schidhdensation. However, spectral analysis
of the immobilised material has not given an adegugormation to eluicdate the structure
of the immobilised species. Thus the immobilisattdrmonophosphaferrocene by reductive
amination was carried out and, the anchored matsiabtained was studied and compared
with the relative soluble compounds by NMR methddse solid state NMR studies revealed
that monophosphaferrocene which was immobilised dhe silica surface exists in two

diastereomeric forms. Further the anchoring prooésmonophosphaferrocene onto capped
amino functionalized HMS was also investigated bljdsstate NMR methods and showed
that here also anchored monophosphaferrocene eridtgo diastereomeric forms but the

capping was not persistant in the immobilised niater
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Outlook

The immobilisation of monophosphaferrocene can xteneled further in future to other
functional derivatives of monophosphaferrocene. Thi®rmyl derivative  of
monophosphaferrocene can be reduced to the comdisigo alcohols which can be

immobilised onto modified chloro functionalizedisal surface as outlined below.
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Further it is also proposed to develop some sinilaN ligands with hydroxy functionality
on the aromatic ring as outlined below, which canused in future for immobilisation on

halo alkyl functionalized silica by covalent tetimgy.

Yol *
OHC 5 NH2CH2“©’OH &NH\)@/
Fe P
@ NaBH;CN Fe
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9. Zusammenfassung

Die vorliegende Studie hatte zum Ziel (i) Palladi@atecholphosphane auf TiCQzu
immobilisieren und die immobilisierten oder re-nerten Spezies mittels HR MAS NMR-
Spektroskopie zu untersuchen, (i) neuartige fumidlisierte Phosphinine und deren
Komplexe zu synthetisieren, die in der Lage singuf einem festen anorganischen
Tragermaterial verankert zu werden, (iii) neuati@old(l)-Phosphininkomplexe und
phosphininstabilisierte  Gold-Nanopartikel zu enteln und die Art der
Ligandenkoordination an der Goldoberflache mittéf® CP MAS NMR-Spektroskopie zu
untersuchen, (iv) funktionalsierte Derivate von Mphosphaferrocenen zu entwickeln und
auf anorganischen Tragermaterialien zu verankewjesden Verankerungsprozess mittels
CP MAS NMR-Spektroskopie zu untersuchen.

Im Rahmen des ersten Themas wurden zwei Isomees éfalladium-Catecholphosphans
zunachst in Bezug auf ihre Immobilisierung auf ebisdenen Arten von TiO - neutralem
und auf leicht sauren TgNanopartikeln — zu untersuchen. Die erfolgreich#agerung der
Komplexe auf beiden Materialien wurde mtP CP MAS NMR-Spektroskopie untersucht.
Die Untersuchung von sowohl trockenen also auchdsemitteln suspendierten Proben
mittels ' HR MAS NMR mit und ohne Kreuzpolarisation und gitaangle spinning"
konnte aufklaren, dass der Komplex, der auf neatmalliO, immobilisiert war, sich in
polaren Losemitteln abloste, und das die Mobildi#ser Spezies sehr von der Struktur der
Liganden abhing. Die Untersuchungen zeigten, dasaiexe, die auf leicht sauren O
Nanopartikeln immobilisiert waren, deutlich festggbunden waren und keine Anzeichen fir
Auslaugen oder irgendwelcher baseninduzierter Reat erkennen lieRen. Die
Verwendung der immobilisierten Komplexe als Katatgsen in einer Kohlenstoff-
Kohlenstoff-Kreuzkupplungsreaktion wurde ebenfdksnonstriert.
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Die erfolgreiche Fixierung von Phosphankomplexenf aliO, regte dazu an,
Phosphininkomplexe mit ahnlicher Funktionalitatdem aromatischen Gruppe zu entwickeln,
welche ebenfalls geeignet fir die Immobilisierumg TiO, sein konnten. In diesem Sinne
wurden, ausgehend von den entsprechenden Pyrylzensamit Hilfe der modularen
Prozedur von Vogt und Miller zwei isomere Formenartiger Phosphinine entwickelt, die

OH-Funktionalitat in den vicinalen Positionen desraatischen Gruppe aufweisen.
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Diese Spezies dienten dann als Liganden fur dighSge von Gold(l)-Komplexen. Das
Verhalten der so geformten Gold(l)-Phosphininkomele wurde wahrend der
Immobilisierungsversuche mittefP CP MAS NMR-Spektroskopie tiberwacht. Spektrale
Untersuchungen zeigten, dass die Liganden erfalgrauf der Ti@-Oberflache abgelagert
wurden, jedoch wahrenddessen strukturell modifizieurden. Auch Silika als festes
Tragermaterial wurde untersucht: Eine funktionatigis Phosphinin wurde synthetisiert und
auf der Silika-Oberflache verankert. Die Charakierung mit Hilfe von®’P MAS NMR-
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Spektroskopie zeigte, dass fast 25% des Ligandere $dentitdt auf dem Trager bewahrt

hatten, aber dennoch Abbauprodukte wahrend der bitisierung entstanden waren.

BBr3/CHzc|2
~ A
| > | >
ORA® SRA® o
/Sdi)/\/\m
OMe OH o]
9d 10d Et

>
Cha s

Gold-Nanopartikel von Phosphininen mit verschieden&old-Phosphor-Verhaltnissen
wurden anhand einer bekannten Vorschrift dargésteitl mittels®P CP MAS NMR-
Spektroskopie charakterisiert. Der Vergleich deek¥@ldaten mit denen von echten Gold-
Phosphininkomplexen und auch mit XPS-Messungere Ieghe, dass die Gold-Nanopartikel
in Form von kationischen Clustern mit Chlorid-Geigaen vorlagen, und dass sie terminal
P-koordinierte  Phosphininliganden an Gold(l)-Zentreenthielten, zusammen mit
Abbauprodukten.

Ein Monophosphaferrocen wurde synthetisiert undsiMehne unternommen, dies mit Hilfe
von kovalenten Ankern via Schiff-Kondesation an rofiinktionalisierten HMS-Materialien
zu immobilisieren. Festkdrper-NMR-spektroskopiscHégntersuchungen gaben keine
zufriedenstellende Aufklarung Uber den Immobilisregsprozess. Deshalb wurde die
Immobilisierung von Monophosphaferrocen mittelsulddzer Aminierung durchgefuhrt, und
das so gewonnene Material mit Hilfe von NMR-Methodantersucht und mit den
entsprechenden l6slichen Verbindungen verglichestkérper-NMR-Studien zeigten, dass
das immobilisierte Monophosphaferrocen in zwei tdi@meren Formen vorlag.

Weiterhin wurde die Verankerung von Monophosphafegn an verkapptes, amino-
funktionalisiertes HMS mit Hilfe von Festkérper-NMRethoden untersucht, und auch hier
zeigte sich, dass das verankerte Produkt in zwastBreomeren vorlag, aber die Verkappung

im immobilisierten Material nicht bestandig war.
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