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I. Introduction

Ligands are of great importance in coordination chemistry because they can strongly
influence the chemical and physical properties of the metal complexes. Usually, a rational
combination of ligands and metal centers is used to design metal complexes with specific
properties which recommend them as valuable candidates for various applications in biology,
catalysis or materials science.!!!

The donor ability, the number and the type of the donor atoms, the structure and the
flexibility of the skeleton of a desired ligand are important factors which should be considered
in order to predict further electronic and steric effects resulted by coordination to certain metals
or organometallic fragments. The possibilities to control carefully the electronic environment
around the metal center and, consequently, the reactivity and the stability of the designed metal
complexes, are of continuously increased interest and a high number of papers describing new
coordination compounds are published each year.

Transition metals, due to their specific properties and their disponibility to
accommodate electron pairs from various ligands in their free orbitals, were largely used in
coordination chemistry and their complexes found applications as catalysts (e.g. Pd, Pt, Rh, Ir,
Ru compounds)!?! or as antitumor or antibacterial agents (e.g. Pt, Ag, Au containing species)."!
At a lesser extent were investigated main group metal and organometallic compounds, both in
catalysis and in biology. It was observed that main group organometallic complexes can be
stabilized by using either bulky organic groups or aromatic groups decorated with pendant arms
and donor atoms, capable for intramolecular E—M interactions (E = N, O, S, Se), which can
generate hypercoordinated species.l*! According to Arduengo, hypervalent or hypercoordinated
compounds are those based on main group elements surrounded by more than eight electrons
in their coordination sphere and they can be designated as N-X-L species, where N = number
of electrons about the metal X and L = number of donor atoms directly bond to the metal X.!"]

The presence of such bonds has attracted considerable interest, especially in last
decades, since it strengthens the thermal and hydrolytic stability, influence the chemical
reactivity, the biological properties and allows the access to novel types of compounds which
are convenient models for studying fundamental applications. A large number of publications
discuss their role in (i) stabilization of main group elements in their low oxidation states, (ii)
design of chiral species with significant catalytic activity, (7ii) single source precursors for

MOCVD, (iv) active therapeutic agents, (v) formation of supramolecular networks.



The present work presents the original contributions brought by the studies performed
on the chemistry of hypervalent organophosphorus(IIl) and organoantimony(IIl) compounds
containing aromatic organic groups with potential for intramolecular N—E (E = P, Sb)
interactions. Literature data relevant for the new compounds discussed in this work are also
presented.

In this work are described triorganophosphanes of type [2-(Et2NCH2)CsH4]nPh3.nP (n =
0-2) and organoantimony complexes of types [2-(Me2NCH2)CsH4]2SbX (X = Cl, OTf, ONO»)
and [RN(CH2C¢H4)2]SbL (R = Bn, PhCH2CH2, MeOCH>CH2, L = Cl, OTf, ONOy). The
triorganophosphanes were employed as P,N ligands towards copper (1), silver(I) and gold(I)
salts and were oxidized to the triorganophosphane chalcogenides [2-(Etz2NCH2)CsH4]nPhznPE
(E =S, Se), while the antimony(II) compounds were investigated as catalysts in the Henry

(nitroaldol) reaction.
I1. Organophosphorus ligands and their metal complexes.
I1.2.1. Triarylphosphanes with 2-(Et.NCH;)CsH4 groups
Preparation

[2-(Etc2NCH2)CsH4]PhoP (1) and [2-(EtaNCH2)CsH4]2PhP (2) were prepared using a
similar procedure as that one described in literature for compounds bearing 2-Me;NCH»
pendant arms, slightly modified due to the higher sensitivity to moisture and oxygen.
Phosphanes 1 and 2 were isolated as colorless oils and stored in the glovebox, under inert

atmosphere. The reactions employed in the synthesis are presented in Scheme II.1.
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Scheme I1.1.
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NMR spectroscopy

The solution behavior of all these compounds was investigated by multinuclear NMR
('H, 1C, 3'P) spectroscopy. From the NMR spectra the presence of the expected organic
moieties was confirmed in each case. The 'H NMR spectra of phosphanes 1 and 2 are shown

in Figures II.1 and I1.2, respectively.
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Figure I1.1. '"H NMR spectrum of compound 1, in CDCls.
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Figure I1.2. '"H NMR spectrum of compound 2, in CD>Cl..

For compound 2, bearing two 2-(Eto2NCH2)CsH4 groups, the NMR spectrum suggest
their equivalence in solution. The '"H NMR resonances of the CH.N(CH>CH3), moieties bring
no clear evidence for an intramolecular N—P coordination in solution, at least in case of
compound 1, for which a broad singlet was assigned for the CH>N protons. By contrast, an
ABX spin system was observed in the 'H NMR spectrum of 2 for the nonequivalent CH>N
protons, thus suggesting the existence of an intramolecular N—P coordination in this case. The
3P NMR spectra in Figure 1.3 present in both cases only one singlet resonance, thus being

consistent with the presence of only one species in solution.
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Figure I1.3. >'P NMR spectrum of compounds 1(up) and 2(down), in CDCl;.

I1.2.2. Triorganophosphane sulfides and selenides

Preparation

Oxidation of the starting phosphanes 1 and 2 with elemental sulphur or selenium

powder, under anhydrous conditions, was performed as depicted in Scheme 11.2.
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Scheme I1.2.

The obtained phosphane chalcogenides 3-6 were isolated as pale-yellow

microcrystalline solids, soluble in common organic solvents.
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NMR spectroscopy

The NMR spectra (Figures 4 and 5) confirmed the expected composition and structure.

For the triorganophosphane chalcogenides 3 and 4, bearing one 2-(Et2NCH2)CsHa group, only

broad resonances were observed in the aliphatic region, while for compounds 5 and 6, with two

2-(EttNCH2)CsHs groups, the resonances for the aliphatic protons are well resolved, giving

rise to a triplet and a quartet for the ethyl protons and an AB spin system for the diastereotopic
CsH4CH>N protons.
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Figure I1.4. '"H NMR spectra of compounds 3 (down) and 4 (up), in CDCl;.
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Figure I1.5. '"H NMR spectra of compounds 5 (down) and 6 (up), in CDCl;.



The '"H NMR spectra suggest a dynamic behavior in solution, at room temperature, for
compounds 3 and 4, involving decoordination, inversion at nitrogen and re-coordination, while
for compounds 5 and 6 we assume that the intramolecular coordination is preserved in solution
even at room temperature.

The 3'P NMR spectra present for each of these four compounds only one singlet
resonance, thus being consistent with the presence of only one species in solution. In the case
of compounds 4 and 6, due to the direct bond between the phosphorus atom and the selenium
atom, selenium satellites are observed in their *'P NMR spectra, determined by *!P-"’Se NMR

couplings.
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Figure I1.6. >'P NMR spectra of compounds 4 (up) and 6 (down), in CDCl;.
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Figure I1.7. ”7Se NMR spectra of compounds 4 (up) and 6 (down), in CDCls.
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Consequently, for compound 4 a doublet was observed in the 7/Se NMR at § -263.1
ppm, with a coupling constant 'Jsec.p of 723.7 Hz, almost identical to the value found in the *'P
NMR spectrum of this compound, 'Jp.se 722.2 Hz. Similarly, in the case of compound 6 the
same interactions could be observed, a doublet in the ”’Se NMR at § -191.5 ppm, with a
coupling constant 'Jse.p of 709.6 Hz, almost identical to the value found in the *'P NMR
spectrum of this compound, respectively Jp.se 710.6 Hz (Figure 11.7.)

Mass spectrometry

ESI+ MS studies were performed for the triarylphosphane chalcogenides. In every case
the spectra present the peaks characteristic for the pseudo-molecular ion [M + H*] (top) and
the simulated peak for the compound (bottom). The ESI+ mass spectrum of compound 4
presents the characteristic peak for the pseudo-molecular ion [{2-(Et2NCH2)CsHa4} PhoPSe +
H'] at m/z 428.1035 (Figure I1.8).
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Figure I1.8. ESI+ mass spectrum of compound 4 showing the peaks at m/z 355.0145 (43)

[M — NEt; + H'] and at m/z 428.1035 (100) [M + H'].

Single-crystal X-ray diffraction studies

Single-crystals suitable for X-ray diffraction studies were obtained for the

chalcogenides 3, 4 and 5, the molecular structures are depicted in Figures 11.9, Figure I1.10 and



Figure II.11, respectively. Compound 3 displays a monomeric structure, with a distorted
tetrahedral coordination geometry around the phosphorus atom. In both compounds 3 and 4,

the P=S interatomic distance is consistent with a double bond (1.947(3) A).

Figure I1.9. Ortep-like representation of compound 3, with thermal ellipsoids at 20%

probability level. Hydrogen atoms were omitted for clarity.

Figure I1.10. Ortep-like representation of compound 4, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

In the case of compound 4 a distorted tetrahedral coordination geometry is realized
around the phosphorus atom as well, with bond angles ranging from 106.6(1)° (C1-P1-C18)
to 114.2(8)° (C12—-P1-Sel). As expected, the P=Se interatomic distance is consistent with a
double bond of 2.114(7) A.



Figure I1.11. Ortep-like representation of compound 5, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

Compound 5 displays a monomeric structure, with a distorted tetrahedral coordination
geometry around the phosphorus atom, with bond angles varying from 103.45(19)° (C1-P1-
C18) to 116.60(14)° (C18-P1-S1).

I1.2.3. Group 11 metal complexes

Preparation

The metal complexes 7, 9, 10 and 12 were isolated as colorless solids, whereas the
silver containing compounds 8 and 11 could not be isolated in a pure form, due to
decomposition. The copper complexes 7 and 10 are stable at room temperature in the presence

of air, while the gold complexes 9 and 12 are air stable only at low temperatures.
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NMR spectroscopy

All metal complexes were investigated in solution by multinuclear NMR ('H, *C,3'P).
For the species containing triflato ligands, 'F NMR was also employed for their
characterization. The desired composition and purity were confirmed in each case.

For compounds 7 and 10 broad signals can be observed in the *'P NMR, thus suggesting

the direct bonding of the phosphorus to the metal center.
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Figure I1.12. *'P NMR spectra of complexes 7 (up) and 10 (down), in CDCls.
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The silver complexes showed broad resonances, thus suggesting a dynamic behavior in

solution and, possibly, the existence of minor species in equilibrium with the major compound.
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Figure I1.13."H NMR spectrum of complex 11, in CDCls.

The 'F NMR spectra of the silver complexes (Figure 11.14) display one sharp singlet
in each case around -77 ppm. This confirms the presence of fluorine in the complex and the
formation of the silver(I) complex.

While in the case of complex 8 a very broad singlet was observed, in the case of
complex 11 the presence of a doublet with broad bands confirms the formation of a phosphorus-

silver bond, with a characteristic coupling constant 'Jp.ag = 616.1 Hz (Figure 11.15).
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Figure I1.14. °F NMR spectrum of complexes 8 (up) and 11 (down), in CDCls.
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Figure I1.15. *'P NMR spectrum of complexes 8 (up) and 11 (down), in CDCl;.

In the case of the gold complexes the resonances corresponding to the ethyl protons in
both compounds are resolved in a triplet and a quartet. Concerning the CsH4CH>N protons,
they appear as a singlet, in complex 9, thus suggesting a dynamic behavior of the pendant arm
in solution. For complex 12, the presence of an AB spin system suggests a different behavior

for the CsH4CH>N protons, i.e. the free movement of the pendant arms is prevented.
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Figure I11.16. '"H NMR spectrum of complexes 9 (up) and 12 (down), in CDCl;.
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In both cases the expected resonances can be observed in the *'P NMR (Figure 11.17).
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Figure I1.17. *'P NMR spectrum of complexes 9 (up) and 12 (down), in CDCl;.

Mass spectrometry

ESI+ MS studies were performed for all metal complexes. In some cases, the spectra
present the peaks characteristic for the pseudo-molecular ion [M + H'], while for the others
only the peaks characteristic for the cations formed by chlorine elimination, was observed. In
case of complex 7, the peak corresponding for the cation [{2-(Et2NCH2)CsHa} PhoPCu]” was
observed as a base peak at m/z=410.1109. In the case of complex 10, the peak for the pseudo-
molecular ion [{2-(Et2NCH2)CsHa}2PhPCuCl + H'] was present at m/z = 531.1768 with a
lower intensity, while the base peak is displayed at m/z = 495.1999 and corresponds to the
cation [ {2-(Et;NCH2)CsHs}2PhPCu]".

Single-crystal X-ray diffraction studies

The copper complexes 7 and 10 formed dimeric associations, with a distorted
tetrahedral geometry around each copper atom. The triorganophosphane ligand, in both
compounds, acts as a bidentate chelating P, N moiety towards the copper center. The dimeric
association is realized in both compounds by bridging chlorine atoms (Cul--C11'2.3593(9) A
in 7 and 2.3317(13) A in 10, vs. Zrvaw(Cu,Cl) 3.20 A [12]),

In complex 10 the two 2-(Et;2NCH2)CsHa groups that are attached to the phosphorus
atom behave in opposite ways, more precisely, one of them is intramolecularly coordinated to

the copper centre through a strong N—Cu interaction (2.19 A vs. Zrvaw(Cu,N) 2.94 A [121) at

13



that time the other one remains hanging free, with the N2/N2' atoms forced far away from the

coordination sphere of phosphorus or copper.

Figure I1.18. Ortep-like representation of compound 7, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

Figure I1.19. Ortep-like representation of compound 10, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

The intramolecular N—Cu interaction gives rise to two six membered CuPC3N rings
in each case. These rings are not planar, they are folded around the imaginary axes P1---C7 and
P1'--C7"in 7 and P1---C13 and P1'--C13" in 10, presenting twisted boat conformations.

A planar chirality is induced by the intramolecular N—Cu coordination.*”] The
complexes crystallized as a mixture of R and S isomers that are interconnected in Ry;, Sy and
Sni, Ryi-dimers in both cases. By applying the skew line convention,*’! the structure of the
copper complexes might be discussed in terms of 4 and ¢ isomers. Therefore, compounds 7 and
10 crystalize as a racemate of Acu1/dcur and dcui/Acur dimers, where J and A refer to the chirality

of the six-membered chelate rings associated with copper.
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Figure I1.20. Ortep-like representation of compound 12, with thermal ellipsoids at 50%

probability level. Hydrogen atoms were omitted for clarity.

The gold complex 12 has a monomeric structure, with a linear geometry around the
gold center, the Cl1-Aul—P1 angle is almost linear (176.78(2)°). In this case the
triorganophosphane ligand does not behave as a chelating agent towards the metal center,

The molecules are associated into polymeric chains in which the chlorine atom from
one molecule forms with one hydrogen atom from the phenyl ring of a neighboring molecule

a hydrogen--halogen interaction (H24--C11 2.73 A).

I1.3. Conclusions

e Two new phosphanes, [2-(Et2NCH2)Ce¢Hs]PhoP (1) and [2-(Et2NCH2)CeHa]oPhP (2),
were obtained as yellowish oils and they were structurally characterized in solution.

e The phosphanes 1 and 2 were used in oxidation reactions with elemental chalcogens
(sulphur and selenium), thus resulting four new triorganophosphane chalcogenides: [2-
(Et2NCH2)CsH4]PhaoPS (3), [2-(Et2NCH2)CsHa]PhoPSe (4), [2-(Et2NCH2)CsHa]2PhPS
(5) and [2-(Et2NCH2)CsH4]2PhPSe (6).

e Six new group 11 metal complexes were obtained using the two phosphanes and the
appropriate metal salts: [2-(Eta2NCH2)CsH4]PhoPCuCl (7), [2-
(EtaNCH2)CsHs]PhoPAgOTE  (8), [2-(Et2NCH2)CsH4]PhoPAUCl — (9), [2-
(Et2NCH2)CsHs].PhPCuCl (10), [2-(EteNCH2)Ce¢H4]oPhPAgOTE (11) and [2-
(EzNCH2)CsH4]2PhPAuCI (12).

e The NMR studies does not suggest clearly a C,N coordination pattern of the 2-

Et:NCH2CsHs group in solution, except compound 2. In the cases of the species with
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two 2-EtotNCH2C¢Hs aryl groups, each of them with a pendant arm capable of
intramolecular coordination, the NMR spectra suggest their equivalence in solution.
The solid-state structures of the two triorganophosphane chalcogenides exhibit
monomeric structures, with a distorted tetrahedral coordination geometry around
phosphorus, with the interatomic distances between phosphorus and sulphur consistent
with a double bond.

The solid-state structures of the two copper complexes present dimeric associations
with a distorted tetrahedral environment around each copper atom, while the association
takes place through the bridging chlorine atoms. In both compounds the
triorganophosphane ligand behaves as a bidentate chelating P,N moiety towards the
metal centre.

The X-ray diffraction studies of the gold complex present a molecular structure with a
linear geometry about the gold center. In this case the triorganophosphane ligand does
not behave as a chelating agent towards the metal center and the molecules are further

associated in polymeric chains by CH---Cl interactions.
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II1. Organoantimony compounds

II1.2.1. Diorganoantimony compounds with 2-(Me2NCH:)CsH4 groups

Preparation

The procedures used for the synthesis of the new hypercoordinated antimony(III)
compounds, bearing aryl groups with pendant arms with nitrogen donor atoms are depicted in
Scheme III.11. The diarylantimony chloride 13 was prepared according to a literature method,
starting from [2-(MexNCH2)CsH4]3Sb and SbCls.

Compounds 14 and 15 were obtained starting from compound 13 and the appropriate
silver salt in a 1:1 molar ratio. All compounds were obtained in good yields, isolated as

colorless or white-pink / white-beige solids, well soluble in common organic solvents.

Scheme II1.1.

NMR spectroscopy

The solution behavior of compounds 13-15 was investigated by multinuclear NMR
spectroscopy ('H, *C, '"F where appropriate). The spectra confirmed the presence of the
expected compounds. For all three compounds the 'H NMR exhibit rather broad singlet
resonances for the NMe> and CH: protons, as well as for the aromatic ring proton in position
6, ortho to antimony. This pattern in the NMR spectra at room temperature suggests either a
rapid equilibrium between the two nitrogen pendant arms, one coordinated to antimony and the

other not, or a rapid dissociation/ re-coordination process of both pendant arms.
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Figure I11.1. Stacked '"H NMR spectra of compounds 13 (top), 14 (middle) and 15 (bottom),
in CDCls.
Mass spectrometry
ESI+ MS studies were performed for all three compounds and for each one the spectrum

presents the peak characteristic for the expected cation: [M-CI]" in the case of compound 13,

[M-NOs]" in case of compound 14, and [M-OT{]" in case of compound 15.

IR spectroscopy

The IR spectrum of compound 14 shows strong, broad bands at 1458 / 1285 cm’!, which
suggest a chelating bidentate coordination of the anionic NO;~ ligand."* In the case of
compound 15 the IR spectrum also shows strong bands at 1292 / 1030 cm !, which were
assigned to the vas(SO2) and vs(SO;) vibrations of the triflate anion, thus suggesting a

monodentate behavior of this ligand.!””]

Single-crystal X-ray diffraction studies

The molecular structure of compound 13 was already described previously. In this
work, crystals suitable for single-crystal X-ray diffraction studies have been obtained for

compounds 14 and the hydrolysis product 15h. In the case of compound 14, both nitrogen
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atoms of the two 2-(Me2NCH2)CsH4 substituents are intramolecularly coordinated to the metal

centre.

Figure II1.2. Ortep-like representation of compound 14, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

Figure II1.3. Ortep-like representation of compound 15h, with thermal ellipsoids at 50%

probability level. Hydrogen atoms were omitted for clarity.

The shorter bond is the one positioned #rans to the O(1) atom, while the weaker
one is the one in frans to the C(1) atom. These intramolecular N—Sb interactions give
rise to two five-membered NC3Sb chelate rings which are not planar, but folded along
the imaginary Sb- - Cuethylene axis, and the nitrogen atom is placed out of the best plane
defined by the residual SbCs fragment. This induces planar chirality, with the aromatic

ring as the chiral plane and the nitrogen atom as the pilot atom. Isomers are given as Sy

19



and Ry."*"] The other ligand, i.e. the NO;~ anionic ligand acts as an anisobidentate
(chelating) ligand [O(1)-Sb(1) 2.375(3) / O(3)—Sb(1) 3.145(3) A, cf. Zrvaw(Sb,0) 3.60
A2l with the weaker O(3)—Sb(1) interaction bisecting the open N(2)---Sb(1)-O(1)
bond angle [120.20(9)°]. This results in a /4-Sh-6 hypercoordinated species for which
the overall coordination geometry can be described as distorted pentagonal pyramidal.
The crystal of 14 contains a 1:1 mixture of (Csp1)(pSn1,pRN2)-14 and (Asp1)(PRN1,pSN2)-

14 isomers.

Figure I11.4. Dimeric association of (Csp1)(pSn1,pRN2) and (Asp1)(pRN1,pSN2) 1SOmers in
compound 14 (hydrogen atoms not involved in intermolecular H---O contacts were omitted

for clarity). Symmetry equivalent positions -x, -y, 2-z are given by “prime”.

Further stabilization of the compound is given by © Sb-*-Phcentroid interactions as
well as by intermolecular and intramolecular H---O contacts of the two isomers. Further

H---O inter-dimers contacts of 2.51 A lead to a supramolecular network (Figure II1.5).

Figure IIL.5. Best view of a supramolecular layer in the crystal of 14, built through weak
inter-dimers H--O contacts of 2.51 A (only hydrogens involved in hydrogen contacts are

shown). Symmetry equivalent positions -1/2+x, 1/2-y, 1/2+z are given by “double prime”.
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During our attempts to grow single-crystals of compound 15 we obtained a
hydrolysis product, the ionic species [{2-(MexNH"CH2)CeHa} {2-
(MexNCH»)CeH4} SbOH][CF3SO3]™ (15h), this was possible through the intermediary
formation of the ionic species [{2-(Me2NCH2)Ce¢Ha}>Sb(H20)] [CF3SO3] followed by
the abstraction of one of the hydrogen atoms in the water molecule by the nitrogen in
the pendant arm. If we look at the hypercoordinated /0-Sb-4 cation formed, a distorted
pseudo trigonal bipyramidal (see-saw) coordination geometry is formed around the
antimony centre, with the hydroxo oxygen and the intramolecularly coordinated
nitrogen in apices [N(1)-Sb(1)—O(1) 159.65(4)°]. The crystal contains a 1:1 mixture of
(Csb1)(pSn1)-15h and (Asp1)(pRn1)-15h isomers of the cation. Besides the strong
hydrogen bond based on the proton at nitrogen in the pendant arm and the oxygen
bonded to the metal centre [H(2)---O(1) 1.604 A, N(2)-H(2)---O(1) 168.00°], other
weaker hydrogen-oxygen contacts are established between oxygen atoms in the triflate
anion and hydrogen atoms in the cations [O(2)---H(1) 2.14 A, O3---H9C 2.56 A,
04--H17A 2.55 A, O4--H17C 2.48 A]. Other important interactions can be observed at
the supramolecular level, where C-H = (Arcentroid) [C(7)-
H(7B)methylene * - ATcentroid { C(1)-C(6)} 2.87 A, y = 23°] contribute to the formation of a
supramolecular architecture, in which parallel polymeric chains are connected in a

layered, waved structure (Figure II1.6 and Figure I11.7).

Figure I11.6. A layer of the supramolecular network in the crystal of 15h (view along axis b).
Only hydrogens involved in short cation-anion contacts are shown. Symmetry equivalent

positions //2+x, 1/2-y, 1-z are given by “prime”.
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Figure II1.7. View along axis a of the supramolecular structure of 15h.

I11.2.2. Diorganoantimony compounds containing the

CsHsCH:N(CH:CsHa): fragment

Preparation
The starting organic ligand was synthesized in high yields using a known procedure,

i.e. an amine alkylation reaction between 2—bromobenzyl bromide and benzylamine, as

depicted in Scheme I11.2.1"7]

Bf X

Scheme I11.2.

The new diorganoantimony compounds containing organic groups with nitrogen as a
donor atom were prepared according to the following steps: starting from the previously
synthesized ligand, the first step required the lithiation of the bromide using n-BuLi in the
appropriate molar ratio, followed by a second step based on the addition of freshly sublimed
SbCls, thus resulting in the formation of the diorganoantimony chloride 16. Using the chloride
5 and the appropriate silver salts, compounds 17 and 18 were obtained in very good yields,

according to Scheme II1.3.
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NMR spectroscopy

Scheme I11.3.

The '"H NMR spectra of compounds 16 - 18 (Figure 111.8) display an AB spin system

for the benzylic protons (H7), due to the constrains imposed by the formed eight membered

ring.
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Figure II1.8. '"H NMR spectra of compounds 16 (up), 17 (middle) and 18 (down), in CDCl;.



Depending on the inorganic ligand, the signals tend to be more deshielded as we go
from CI” to OTf and further to NO3~, and this behavior can be explained by the influence of
the intramolecular N—Sb interaction, which is strongest in compound 16, then compound 18
and lastly compound 17, in accordance with the growing electronegative character of the
inorganic ligands. The CH> protons, Hg of the pendant arm appear as singlets inside the AB
spin system for the benzylic protons Hy. In the aromatic region, only two sets of resonances are
present, indicating that the two phenyl rings attached to antimony are equivalent.

The '°F NMR of compound 18 displays one sharp singlet around -77 ppm, this confirms
the presence of fluorine in the compound and the fact that there are no unreacted starting

materials with fluorine.
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Figure I11.9. '°F NMR spectrum of compound 18, in CDCl;.

Mass spectrometry

ESI+ MS studies were performed for all three compounds. In every case the spectrum
presents the peaks characteristic for the cation: [M- C1]" in the case of compound 16, [M-NOs]"
in the case of compound 17 and [M-OT{]" in the case of compound 18. One example is

presented in Figure I11.10.
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Figure I11.10. ESI+ mass spectrum of compound 16 showing the peak at m/z 406.0537 (100)
[M-CI]".
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IR spectroscopy

In the IR spectrum compound 17 shows strong, broad bands at 1495/ 1270 cm!, which
might suggest a chelating bidentate coordination of the anionic NO;~ ligand.” The IR
spectrum of compound 18 shows strong bands at 1265/ 1030 cm ™!, which were assigned to the

vas(SO2) and vs(SO2) vibrations of the triflate anion.[”!

Single-crystal X-ray diffraction studies

Suitable crystals for single-crystal X-ray diffraction have been obtained for compounds
16 and 18. The crystal of compound 16 contains two independent molecules in the unit cell,
and they have almost identical molecular parameters, therefore we will discuss the data of one

molecule since the two molecules have similar characteristics.

Figure III.11. Ortep-like representation of compound 16 (molecule 16a), with thermal

ellipsoids at 30% probability level. Hydrogen atoms were omitted for clarity.

These compounds display a butterfly-like structure, containing two fused NCsSb five-
membered rings and, as a consequence, this fact lead to a /0-Sh-4 hypercoordinated species for
compound 16, with a distorted pseudo trigonal bipyramidal (see-saw) environment about
antimony [CI(1)-Sb(1)-N(1) 160.31(10)° in molecule 16a]. Another important aspect in this
molecule is the chirality induced by the nonplanar NC3Sb five-membered rings, which results
in 1:1 racemic mixtures of (pR',pR?) and (pS',pS?) isomers (superscript indices “1” and “2” are
assigned for the two fused NC3Sb rings in a butterfly-like molecule) in the crystal of 16.

The molecular structure of compound 18 (Figure II1.12), shows several similarities with

compound 16 with regard to the diorganoantimony(III) fragment.
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Figure II1.12. Ortep-like representation of compound 18, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

The butterfly-like structure is present here as well, containing two fused NC3Sb five-
membered rings. The species can be classified as a /10-Sb-4 hypercoordinated species, with a
distorted pseudo trigonal bipyramidal (see-saw) environment around antimony O(1)-Sb(1)—
N(1) 153.5(2)° or, due to the presence of the weak Sb(1)---O(2) contact (3.473(6) A, cf.
Trvaw(Sb,0) 3.60 A) determined by a bydentate coordination of the OTf ligand, a 12-Sh-5
hypercoordinated species can be assumed. The chirality induced by the nonplanar NC3Sb five-
membered rings results in a 1:1 racemic mixture of (pR',pR?) and (pS',pS?) isomers, as
previously described for compound 16.

For both compounds, supramolecular associations are formed in their crystals.

Figure I11.13. Ledder-like polymeric association in 16. Symmetry equivalen positions x,

1+y, z; and 2-x, I-y, 1-z are given by “prime”’and “double prime”, respectively.
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I11.2.3. Diorganoantimony compounds containing the
CeHsCH>CH:N(CH:CsHy): fragment

Preparation

The starting organic ligand was synthesized from an amine alkylation reaction between
2-bromobenzyl bromide and 2—phenylethylamine. The new diorganoantimony compounds
containing organic groups with nitrogen as a donor atom were prepared by the lithiation of the
bromide using n-BuLi, followed by the addition of freshly sublimed SbCls, thus resulting in
the formation of compound 19. Reactions between the chloride 19 and the appropriate silver
salts were performed as described in Scheme I11.4, for the synthesis of compounds 20 and 21,

which were isolated in very good yields.

n-BuLi E SbCly | N
Br Br L L Sb

cl
19
AQV
AgOTf
0
Sib
Q
L
20 S'b
Q
O:/Tfo
FIoF
21
Scheme I11.4.

NMR spectroscopy

The solution behavior of all three new organoantimony compounds was investigated
by multinuclear NMR (‘H, *C) spectroscopy. The 'H NMR spectra of compounds 19- 21 are
shown in Figure III.14.

27



5,m s
6 cl 8 9
P
?psn
e80e
s~Fgh 7

5,3, mply 6

8 o 0 [ 8 9
‘ _,UIJ : "oz i A |

m
ips
3 7

p
E )
[ 2 :
[ 4 N
o 7
3 s~F~gb '
|

6 I

|

6 53,mp 540 OTf |
|

i LAl & | !
A ML : I A

36 84 82 80 78 76 74 7.2 7.0 6.8 66 6.4 6.2 6.0 58 56 54 52 50 48 46 44 4.2 40 3.8 3.6 3.4 3.2 3.0 2.8
f1 (ppm)

Figure II1.14. '"H NMR spectra of compounds 19 (up), 20 (middle) and 21 (down), in CDCl;.

Mass spectrometry
ESI+ MS studies were performed for all three compounds. In every case the spectrum
presents the peaks characteristic for the cation: [M — CI]" in the case of compound 19, [M -

NOs]" in the case of compound 20, and [M - OTf]" in the case of compound 21.

Single-crystal X-ray diffraction studies

Single-crystals were obtained for compound 19, the diorganoantimony(IIl) fragment
shows similar parameters to other compounds that contain similar fragments, already described
in literature, with a strong transanular N—Sb intramolecular interaction as previously observed
in the related species [RN(CH2CsH4)2]SbL (L = Cl, R = ‘Bu, Cy; L = OSO,CF3, R = Cy,

Ph).[%378] The molecular structure of compound 19 is given in Figure I11.15.
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Figure I11.15. Ortep-like representation of compound 19, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

I11.2.4. Diorganoantimony compounds containing the

CH3;:0OCH:CH:N(CH:CsHy4): fragment

Preparation

The diorganoantimony compounds were prepared according to a two steps procedure.

The first step consisted in the lithiation of the bromide with #n-BuLi in the appropriate molar

ratio, followed by a second step when freshly sublimated SbClz was added, thus resulting the

diorganoantimony(III) chloride 22. Compounds 23 and 24 were obtained in very good yields

by reacting compound 22 with the appropriate silver salts, as illustrated in Scheme III.5.
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Scheme II1.5.
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NMR spectroscopy

The solution behavior of all three new organoantimony compounds was investigated
by 'H and *C NMR spectroscopy as well. The '"H NMR spectra of compounds 22 - 24 are
shown in Figure III.16.
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Figure II1.16. 'H NMR spectra of compounds 22 (up), 23 (middle) and 24 (down), in CDCl;.

The '"H NMR spectra of compounds 22 - 24 display the same pattern of signals in all
three cases. In the case of compounds 22 and 23, two multiplet resonances are present, which
were attributed to Ho and Hg, with the help of 2D NMR. The other two singlet signals were
attributed to Hio and H7. Similarly, to the previously discussed compounds, depending on the
inorganic ligand, the signals tend to be more deshielded as we go from CI” to OTf and further
to NO3™ and such a behaviour can be explained by the influence of the anionic ligand attached
to antimony upon the strength of the transannular N—Sb interaction, which varies in the order
22 > 24 > 23 and is correlated with the variation of the electronegative character of the
inorganic ligands.

The "F NMR spectrum of compound 24 displays one sharp singlet around -77 ppm,
slightly shifted when compared with the starting AgOTf. (Figure I11.17.)
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Figure I11.17. ’F NMR spectrum of compound 24, in CDCls.

Mass spectrometry
ESI+ MS studies were performed for all three compounds. In every case the spectra
present the peaks characteristic for the cation: [M — CI]" in the case of compound 22, [M -

NOs]" in the case of compound 23 and [M - OTf]" in the case of compound 24.

IR spectroscopy

In the IR spectrum compound 23 shows strong, broad bands at 1441 /1271 cm™!, which
might suggest a chelating bidentate coordination of the anionic NOs~ ligand."¥ The IR
spectrum of compound 24 shows three strong bands at 1288/ 1166/ 1019 cm™!, which were
assigned to the vas(SO2), vs(SO2) and v(SO) vibrations of the triflate anion.!””!

II1.2.5. Hypercoordinated triorganoantimony(III) compounds with
organic groups bearing two pendant arms

Preparation

The triorganoantimony(II1) compound 25 was synthesized by a salt elimination reaction
between the organolithium reagent and PhSbCl in 2:1 molar ratio (Scheme II1.6). The crude
reaction product was mixed with CH>Cly, thus it was extracted and after removal of the solvent

a beige powder was isolated.

\
N—

\
N_
T + PhSBCl, — & @% )
2
N_
25 /

Scheme I11.6.
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NMR spectroscopy

As it can be seen in Figure III.18, in the aliphatic region are present the expected
resonances, namely a singlet resonance for the methyl protons Hg and Ho in the four equivalent
CHj3 groups attached to nitrogen, while the resonance for the CH>N protons appears as an AB

spin system.
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Figure I11.18. 'H NMR spectrum of compound 25, in CDCls.

Mass spectrometry

ESI+ MS studies were performed for compound 25. The spectrum presents the peak
characteristic for the ion [M - {(Mea2NCH)CsH3}]" at a m/z value of 389.3333 (100%).

Single-crystal X-ray diffraction studies

Suitable crystals for single-crystal X-ray diffraction were obtained for compound 25.
The two 2,6-(MexNCH2)>Ce¢H3 groups have a different coordination behavior towards the
antimony atom; one of them has a V,C, N tridentate coordination pattern, while the other is only
in a bydentate C,N coordination mood attached to the metal. In this way a distorted octahedral
geometry is realized about antimony, with three N—Sb interactions, one of the four pendant
arms being pushed far away from the coordination sphere of antimony, at a non-bonding
distance of 5.02 A, which is much greater than the sum of the van der Waals radii of the two
elements (Zrvaw(N,Sb) = 3.74 A).[?l Based on the coordination sphere about antimony, this

compound can be described as a /4-Sh—6 hypercoordinated species.
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Figure II1.19. Ortep-like representation of compound 25, with thermal ellipsoids at 30%

probability level. Hydrogen atoms were omitted for clarity.

II1.3. Catalytic results and theoretical calculations

We employed five of the new hypercoordinated diorganoantimonmy(IIl) compounds
as catalysts in the Henry (nitroaldol) reaction, as displayed in Scheme II1.7.

OH
CHO cat./H,0 NO;
+ _NO2 e —
50 °C

Scheme II1.7.

By using a catalytical system that does not use any additional organic solvents we
ensure the viability of this process not only from a financial standpoint, but an ecological one
as well. The nitroaldol reaction is basically used in organic chemistry as a means of C—C bond
formation by the coupling of a nucleophile generated from a nitroalkane with a carbonyl
electrophile in base catalysis, thus resulting in f-nitroalcohols which are valuable intermediates
in organic synthesis. LDA, TMEDA, alkali metal hydroxides, alkoxides, tetrabutylamonium
hydroxide or transition metal complexes were already reported as catalysts in various
asymmetric Henry reactions.’®®! Untill now no organoantimony compound was employed as a
catalyst in the Henry reactions. Five of the new hypercoordinated organoantimony(III)
compounds with N—Sb intramolecular interactions described in this work were employed as
catalysts in such a transformation, namely [2-(Me2NCH2)CeH4]oSbL [L = ONO: (14),
OSO:CF; (15)] and [PhCH2N(CH2CsHa4)2]SbL [L = CI (16), ONO: (17), OSO.CFs (18)],
which, based on their stability and their dual Lewis acid/base properties, proved to be excellent

catalysts.
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Our experiments were based on the reaction between benzaldehyde and
nitromethane and the products were analysed by GC-MS and NMR spectroscopy. In
Table III.1 are given the catalytic results for the Henry addition of nitromethane to
benzaldehyde over hypercoordinated organoantimony(IIl) compounds.

Theoretical calculations of the total atomic charge on antimony and on the
weakest coordinated nitrogen, respectively were also performed and the data are
displayed in Table III.1. Complexes 13-15 and 16-18, that have a more positive charged
antimony coupled with a more negative charged nitrogen had a direct influence on the
increase of the activity (catalysts 14, 15 and 18) providing a complete conversion of the
benzaldehyde.

The other three catalysts, that have a less positive charge on the antimony centre
(catalysts 1, 5 and 6) favour dehydration of 1-hydroxy-2-nitro-ethylbenzene to 2-nitro-
styrene. Thus, the conclusion that the positive effect of the anion decreases in the
following order OSO>CF; > ONO; > Cl, catalyst 3 being the one with the highest

activity with an excellent TON (turnover number) of around 1.5x106.

Table III.1. Catalytic results for the Henry addition and the theoretical calculations.

13 (water soluble) 0.835/-0.208 | 91.3 70.2 29.8
14 (water soluble) 0.939/-0.211 | 100 100 0

15 (water soluble) 0.949/-0.231 | 100 100 0

16 (no solubility in water) 0.819/-0.229 | 89.3 66.8 332
17 (no solubility in water) 0911/-0.222 | 94.8 71.8 28.2
18 (no solubility in water) 0.932/-0.215 | 100 84.5 15.5
[2-(Me:NCH;)CsH4]SbCl; (no 0 0 0
solubility in water)

Ph3Sb (no solubility in water) 0 0 0
Me;NCH,CsHs (water soluble) 29.7 6.5 93.5
PhCH,N(CH»CsH4Br-2), (water 0 0 0
soluble)
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I11.4. Conclusions

e Two new hypercoordinated diorganoantimony(Ill) compounds, namely [2-
(Me2NCH2)CsH4]2SbL [L = ONO> (14) and OSO,CF; (15)], bearing two aromatic
groups with pendant arms capable of N—Sb intramolecular interactions, were prepared,
structurally characterized and investigated as catalysts in the Henry reaction.

e Three new hypercoordinated diorganoantimony(Ill) compounds, namely
[CsHsCH2N(CH2C6H4)2]SbL [L = CI (16), ONO2 (17) and OSO-CF3 (18)], based on a
butterfly-like tetrahydro-dibenzo[c,f][1,5]-azastibocine heterocyclic framework with a
N—Sb transannular interaction were prepared, structurally characterized and
investigated as catalysts in the Henry (nitroaldol) reaction.

e Three new hypercoordinated diorganoantimony(Ill) compounds, namely
[CsHsCH2CH2N(CH2CsHa4)2]SBL [L = C1 (19), ONO2 (20) and OSO2CF3 (21)], based
on a butterfly-like tetrahydro-dibenzol[c,f][1,5]-azastibocine heterocyclic framework
with a N—Sb transannular interaction were prepared and structurally characterized.

e Three new hypercoordinated diorganoantimony(Ill) compounds, namely
[CH30CH2CH2N(CH2CgH4)2]SbL [L = Cl1 (22), ONO; (23) and OSO2CF3 (24)], based
on a butterfly-like tetrahydro-dibenzo[c,f][1,5]-azastibocine heterocyclic framework
with a N—Sb transannular interaction were prepared and structurally characterized.

e One new hypercoordinated triorganoantimony(Ill) compound, namely [2,6-
(MexNCHb»)2C6H3]2(Ph)Sb (25), with organic groups bearing two pendant arms capable
of N—Sb intramolecular interactions, was prepared and structurally characterized.

® The NMR spectra of the compounds are consistent with the proposed species.

e The single-crystal X-ray diffraction studies evidenced two N—Sb intramolecular
interactions of different strengths (2.393(3)/ 3.219 A) in 14, and only a strong one
(2.5454(12) A) in the hydrolysis product 15h, in which the nitrogen atom in the second
pendant arm is pushed far away from the coordination sphere of antimony.

e The single-crystal X-ray diffraction studies also evidenced strong transannular N—Sb
interactions in compounds 16 and 18.

e The NO3™ ligand in 14 and the CF3SO3™ ligand in 18 act as bidentate moieties, thus
resulting in hexa- and penta-coordinated antimony, while in 15h and 16 antimony is

tetracoordinated by the donor atoms.
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e The single-crystal X-ray diffraction studies revealed the formation of /0-Sh-4
hypercoordinated species in 15h, 16 and 19, /2-Sb-5 in 18 and /4-Sh-6 in 14 and 25,
respectively.

e Compounds 14-18 were used as catalysts in the Henry reaction and excellent results
were obtained, in some cases even with 100% conversion and selectivity.

e The effect of the inorganic ligands, the positive charge on Sb and the negative charge
on N were studied and we can conclude that their positive effect on the catalytic process
decreases in the following order OSO>CF3 > ONO> > CI.

e The strength of the N—Sb transannular interaction depends on the substituents at the
antimony atom. In Table II1.2 is showed the correlation between the chemical shift of
the CH: protons (H7a, H7, Hs and Ho) and the values of the Hammett constants for the
anionic ligands attached to antimony in compounds 16 - 21. For the crystallographically
investigated compounds also the N—Sb distance is given.

Table IIL2. Summary of chemical shifts’ of CH> protons correlated with the Hammett
constants.

Compound Hammett H7a Hop Hg Ho dN—sb
constant, om | §(ppm) | d(ppm) | d(ppm) | d(ppm) (A)

R'SbCl (16) 0.37 3.89 4.12 4.06 2.409(4);

2.406(4)

R'SbONO; (17) 0.55 3.93 4.27 4.16

R'SbOSO,CFs; (18) | 0.56 4.06 4.33 4.20 2.324(6)

R?SbCl1 (19) 0.37 4.17 3.25 2.97 2.398(1)

R?SbONO; (20) 0.55 4.21 4.25 3.34 2.96

R*SbOSO,CFs; (21) | 0.56 4.29 4.41 3.57 2.94

R!'= CHzCsﬁs; R? = CH,CH,C6Hs; "Spectra were recorded in CDCls;
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