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Synopsis of

Bis(phosphinimino)amide supported monomeric heteroleptic boron
complexes: Synthetic, reactivity and structural studies



1. Introduction

[N,N’]-bidentate monoanionic ligands such as p-diketiminato,’
bis(phosphinimino)methanide? and acyclic phosphazene® represent important classes of
ligands having various interesting structural and physical properties. These ligands are
capable of forming stable six-membered metallacycles/chelates with various metal ions.
Obviously, the robustness of these metallacycles depends not only on the steric bulk but also
on the electronic features of the ligand. The latter feature is reflected in the ligand due to the
presence of C/N, C/P/N and P/N atoms in their backbone. We were stuck by the close
resemblance, in both steric demand and denticity, among the aryl substituted acyclic
phosphazene, p-diketiminato and bis(phosphinimino)methanide. Metal complexes of these
ligands have proved to be of great utility in polymerization,* catalysis* or synthetic low-

coordinate metal environments.®

Use of monoanionic sterically bulky P/N ligands with N3P, backbones was
considered to be ideal for our purpose and will be the central theme of the present work to
elaborate the basic chemistry of group 13 halide, hydride and methyl derivatives. The longer
P—N bond compared to the C—N bond is supposed to provide planar and flexible chelates,

better donor ability of this ligand compared to the C/N based ligand attracted our attention.

A literature survey revealed that there is potential scope for the development of
heteroleptic complexes of group 13 elements and further development of their reaction
chemistry. This is particularly true in the case of bis(phosphinimino)amide based complexes
of group 13 and especially for boron complexes, a very limited number of such complexes
are known with this ligand. The complexes of group 13 elements with
bis(phosphinimino)amide have been largely of the type; N(PCI;NMe,),BX, (X = CI, F,
0S0,CF3)° complexes of B, three complexes of Al; [N(PCI,NMe,),AlMeX; X = ClI,

O-CgH2-2,4,6-tBus]’ & [N(PPh,NSiMes),AlMe,]®, no complex of Ga and only one complex



of In; [N(PPh,NSiMes),InMe,]® were reported prior to this work. The importance of such
complexes has been demonstrated in the synthesis of several novel compounds such as

borondihydride, cationic boron, thioxo— and selenoxo—borane complexes.

2. Objective(s) and scope
Utilization of steric and electronic properties of the ligand to stabilize metal ions to
form stable complexes to perform further reaction chemistry on these complexes have been

the interest of the present work.

Owing to less development in the area of cationic boron complexes and complexes of
boron with chalcogens, the central theme of our work is to explore synthetic methods to
prepare such derivatives. The P=N moieties have strong donor capability as compared to
C=N moieties. The advantage of facile donation of electrons, to the central atom, by P=N
moieties made us interested to work with a bis(phosphinimino)amide ligands with N3P,
backbones. Donor property of these ligands have been compared with the known systems
with the (C3N,) backbone of g-diketiminato and (CP,N;) of bis(phosphinimino)methanide
ligands. Selection of central atom and metal ions and synthesis of their complexes with the

chosen ligands were undertaken with the following objectives:

(i) Stable and soluble heteroleptic complexes of group 13 element to explore their

reaction chemistry.

(i) Synthesis of thioxo— and selenoxo—borane complexes via reaction of borondihydride

complex as a precursor with heavier chalcogens (S or Se).

(ii1) Application of borondihydride complex for the synthesis of stable three coordinated

cationic borenium complexes.



3. Description of the research work

3.1. Synthesis of ligands with N3P, backbone for the preparation of six membered

N3P,M metallacycles:

In the present research work, Staudinger reaction on tetraphenyldiphosphazane (Ph,P),NH
with mesitylazide (2,4,6-Me3CgH;N3) or 2,6-diisopropylphenylazide (2,6-iPr,CsH3sN3)
evolved nitrogen and gave the compounds, [(2,4,6-Me3CgH,)-N-P(Phy)-N=P(Ph;)NH-(2,4,6-
MesCgHz)]  (LiH) and  [(2,6-iPr,CeHs)-N-P(Ph2)-N=P(Ph;)NH-(2,6-iPr,CsHs)]  (L.H)
(Scheme 1). Compounds L;H and L,H have been used in their monoanionic form as [N,N']

bidentate bis(phosphinimino)amide ligands having aryl groups at the terminal nitrogen atoms.

H Ph N Ph
| \P/ %P/
™~
Ph N Ph P | | ~Ph
\P/ \P/ + 2eq. AN ——— N HN
2N / \
Ph/ \Ph 2 Ar Ar

(LH) with Ar = 2,4,6-Me;CgH,
(L H) with Ar = 2,6-Pr,CgHs

Scheme 1. Synthesis of bis(phosphinimino)amine ligands [(2,4,6-Me3CgH,)-N-P(Ph,)-
N:P(th)NH-(2,4,6-ME3C6H2)] (L]_H) and [(2,6-iPr2C6H3)-N-P(Ph2)-N:P(Phg)NH-(2,6-
iPr2C6H3)] (LZH)

The ligands, LiH and L,H and their lithium derivatives have been used for the synthesis of

various group 13 element complexes in the present research work.

( N o Ar Ph Ph Ar )
S/ AN
P——N _N\ /_
/ \L|<—O/ N Li—O
N A T A
N AW
/
Ph"  Ph \Ar PP
(1) 2)
L Ar = 2,4,6-Me;CgH, Ar = 2,6-iPryCeHj )

Chart 1. Lithium derivatives L;Li-OEt;, (1) and L,Li-THF (2) of bis(phosphinimino)amines.



The lithium derivatives of above ligands (Chart 1), have been prepared by deprotonation
using nBuLi in coordinating solvent (Et,O for 1 and THF for 2). These lithium derivates have

further been used to prepare metal complexes under salt metathesis.

3.2. Synthesis of monomeric heteroleptic group 13 complexes:
In this section, the syntheses of various group 13 heteroleptic complexes have been
shown. These complexes are supported by bis(phosphinimino)amide ligands and have been

organized in the following subsections

(1) Synthesis of six membered N3P,M chelates of group 13 dihalides.
(i)  Preparation of aluminumdimethyl, aluminumdihydride and borondihydride
complexes.
(ii1)  Nucleophilic substitution reactions on borondihydride complexes.
3.2.1. Synthesis of six membered N3P,M chelates of group 13 dihalides:

The reaction of L;1Li-OEt; (1) with MCl; leads to the formation of L;MX, (M =B, X
=F@3);M=AIl X=Cl (4); M=Ga, X=CI (5); M =In, X =Br (6)) with the elimination of
LiX (Scheme 2). Complexes 3-6 have been characterized thoroughly by mass spectrometry,
single crystal X-ray diffraction technique and heteronuclear NMR (*H, °C, *'P{*H}, ‘°F and

1B as applicable).

Ph N Ph Ph N Ph
/\ ~ \p< 1. nBulLi, Et,0 o \P<
Ph ” | Ph -78°C Ph/” | Ph M=B,X=F (3)
—»
M = Al, X = CI (4)
N HN N N
Ar— NAr 2. MX3 Ar” \M/ SAr M =Ga, X =CI(5)
/\ M =1In, X = Br (6)
Ar = 2,4,6-Me;CgH, X Yy

Scheme 2. Synthesis of dihalo derivatives 3-6 of group 13 elements.
Single crystal X-ray structure of compounds 3 and 6 showed that metal centres are present in

a distorted tetrahedral geometry
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Figure 1. Solid state structures of L1BF, (3) and L;InBr; (6).
After successful isolation of hetroleptic group 13 dihalide complexes we were also interested
in the synthesis of chloroborane species. Therefore, the reaction of L;H and L,H with
BH,CI-SMe, was undertaken that gave L;BHCI (7) and L,BHCI (8) (Scheme 3)

accompanied by evolution of H; at elevated temperature.

Ph N Ph Ph SN
Ph’” |\ph 1.2 69, MesSBH,CI / \ M
N B
N HN ~
Ar/ \Ar \\P N/ Cl
P Vo
Ph  Ar

LBHCI (7) Ar = 2,4,6-Me3CeH, (L4H)
L,BHCI (8) Ar = 2,6-iPr,CgHs (LpH)

Scheme 3. Synthesis of heteroleptic chloroborane complexes L;BHCI (7) and L,BHCI (8).
3.2.2. Preparation of aluminumdimethyl, aluminumdihydride and borondihydride :
Reaction of LiH with equivalent amount of AlMes, AlH3-NMe,Et and BH3-SMe,

gave respectively, L;AlMe;, (9), L;AlH, (10) and L1BH, (11) complexes with the evolution

of methane and hydrogen gas (Scheme 4).

Vi



Ph Ph Ph N Ph Ph N Ph

N\, = \ N N, 2 N,
/P/ AlMes /F’/ \F’< BH;+SMe, /P/ P
-

Ph | || Ph 2d| [ ——— | | “Pn
N AlH3*NMe,Et N N N N
A7 \A|/ Sar A’ Nar NN
<~ \ e X\

X (L4H) H
X = Me (9), H (10) Ar = 2,4,6-MezCgH, (11)

Scheme 4. Synthesis of aluminumdimethyl L;AlMe; (9) and aluminumdihydride L;AlIH; (10)
derivatives and borondihydride complex L;BH; (11).

These compounds have been characterized thoroughly by multinuclear NMR, IR and HRMS.
Spectroscopic formulation of these compounds were consistent with the structure obtained

from single crystal X-ray characterization.

*
{V .N PU Up PO
P
oN N@ - a 4
Al h
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O
®
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9) (11)

Figure 2. Crystal structures of L;AlMe; (9) and L;BH, (11).

3.2.3. Nucleophilic substitution reactions on a borondihydride complex:

Nucleophilic substitution reactions were performed on the borondihydride complex
L1BH; (11) to isolate the borondichloride complex L;BCl; (12), the hydridebromide complex
L.BHBr (13), the hydrideiodide complex L;BHI (14), and the hydride triflate complex
L:BHOSO,CF3 (15) of boron (Scheme 5). Compounds 12-15 thus prepared have been
characterized thoroughly by multinuclear NMR, IR and HRMS. Except in the case of
complex 12, the di-substituion of hydrides of complex 11 was not achieved, even with the use

of excess reagents.
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F’h/ \ph Ar
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Ph Ph Ar
AW V4
PN O80,CF5
/ \ CF3;080,H, RT
N
\\ toluene
PN OS0,CF3
7\
Ph PR Ar

(16)

Ar = 2,4 8-MeyCgH,
(11}

HC! « dioxane, RT /
_..._...__.__.._»

toluens

C,H5Br, reflux

toluene

Chl, RT /
e ]
teluene

Scheme 5. Nucleophilic substitution reactions on borondihydride complex L;BH; (11).

3.3. Synthesis of thioxo— and selenoxo—boranes:

Treatment of L;BH; (11) with two equivalents of sulfur and selenium gave the thioxo—

(16) and selenoxo—borane (17) complexes with evolution of H,S and H,Se gas, respectively

(Scheme 6).

Ar=24 ,6-M93C5H2

E=S5(16), Se (17)

Scheme 6. Synthesis of thioxoborane L;B=S (16) and selenoxoborane L;B=Se (17).

Solid state structures of compounds 16 and 17 have been elucidated by single crystal X-ray

diffraction technique that revealed three coordinated boron atoms containing two N and S (or

viii



Se) in a terminal double bonded B=S(Se) fashion. Formation of compounds 16 and 17 was
followed by multinuclear NMR including *'B NMR that showed very broad signals typical

for a three coordinated boron centers.

e
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@
@
Se
[
s
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Figure 3. Crystal structures of L;B=S (16) and L;B=Se (17).
The electronic structure of compound 16 was also investigated by geometry optimization that
reproduced the structure obtained from X— ray method. The Kohn-Sham (KS) orbitals clearly
show that the HOMO corresponds to the sulfur lone pair and HOMO-1 corresponds to the B-

S w bond (Figure. 4).

HOMO HOMO-1

Figure 4. Frontier Kohn-Sham orbitals on the B=S unit of compound L;B=S (16).



3.4. Cationic boron complexes:

Neutral three coordinated boron species are common Lewis acids and have been useful
in many aspects of synthetic organic chemistry. Anionic complexes such as MBH, (M = Li,
Na or K) are frequently used as reducing agents, and more recently their involvement in the
synthesis of frustrated Lewis pairs have been explored. In contrast to the neutral and anionic
species the cationic complexes of boron are less explored. In the literature the cationic
species of boron have been classified, on the basis of coordination number of boron center, as
borinium, borenium and boronium cation for two, three and four coordinate boron centers,

respectively (Chart 2).

©]
R—B—R ® B..
R/ \ / \ "/R
R L R
borinium borenium boronium

Chart 2. Classification of boron cations.

A few known examples related to borenium cations have been shown in (Chart 3).

[BCeFs)al®

X
Ar =2 .8-iPryCgHs X=H,DorF M=BorAl
D E F

Chart 3. Known examples of borenium cations.



3.4.1. Synthesis of borenium complexes:

In this section, the synthesis of various boron cationic complexes has been shown.
These complexes have been supported by bis(phosphinimino)amide ligands and have been

organized in the following subsections

(i)  Synthesis of chloro—and hydro—borenium complexes.

(i) Synthesis of a boronium complex.

The reaction of borondihydride species LiBH, (11) with either 3 equivalents of BH,Cl-SMe,
or one equivalent of BCl; affords the first hydroborenium species [L;BH]'[HBCIs]™ (18)
(Scheme 7) without the need for a weakly coordinating anion. Compound 18 can also be

prepared by reacting LiH with three equivalents of BH,CIl-SMe, at reflux temperature

(Scheme 7).
Path-1
pl—n \P/_N/ 1 eq. BCly P=—N Her /C'
/ \ o /CI 3eq. BCl / \ /H toluens,12h RT _ / \ o B\C|
—————— _—
N B @B\ N B or N B )
\\ / \ cl toluene,12h \\ / \H 3 eq. Me,S+BH,CI \\ /\ cl
/P\—N\ cl cl Reflux BN toluene,12h Reflux P\—N\ H
Ph’ Ph o Ar o e P’ Ph CAr
19) L{BH; (11) (18)
Ar = 2,4 6-MesCeHy
Path-2
Ph N Ph
\P/ %F‘/
e ~
Ph || | “en 3 6q. Me,S+BH,Cl
N HN toluene,12h Reflux
Ar/ \Ar
L4H)

Ar= 2,4,6-M93C5H2

Scheme 7. Synthesis of cationic boron complexes [Li:BH] [HBCI;] (18) and
[L:BCI]'[BCls] (19).

Reaction of 11 with 3 equivalents of BCl; under reflux conditions produced a
chloroborenium cation via exchange hydride and chloride exchange followed by abstraction

of chloride to afford [L;BCI]"[BCl4] (19) (Scheme 7).
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Figure 5. Solid state structures of [L;BH] " [HBCls] (18) and [L;BCI]*[BCl,] (19).
Another type of boron cation was synthesize by treating L;BH, (11) with one equivalent of
B(CsFs); and [Ph3C][B(CeFs)s] that leads to hydride abstraction to give the products

[L1BH]'[HB(CsFs)3] (20) and [L1BH]'[B(CsFs)s] (21), respectively (Scheme 8).

Ph Ph  Ar Ph Ph  Ar
N_S s N /S /
/F’:N\ /H /P:N\

B(CeFs)a

N N o N NI

\\F,_N/ \H [Ph3CIB(CsFs)al \\ / \H
NN VANIERN

Ph/ Ph Ar Ph Ph Ar
(11)

Ar =2,4,8-Me;CgH, A = HB(C4F5)5 (20); B(CoFs)s (21)

Scheme 8. Synthesis of hydroborenium species [L;BH][HB(CsFs)3] (20) and
[L1BH]"[B(CsFs)al (21).

3.4.2. Synthesis of a boronium complex:

Addition of 1 equivalent of DMAP (4-dimethylaminopyridine) to a solution of
borenium cation [L;BH]'[B(C¢sFs)s] (21) leads to the DMAP adduct of it in the form of a
boronium complex, [LiBH-DMAP][B(C¢Fs)s] (22) (Scheme 9). Compound 22 was

characterized by multinuclear NMR, IR and HRMS.
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\\ / \ B(CsFs)s  toluene \\ / \ oo

P\—N\ /P\—N\ H
Ph/ Ph  Ar PW’  Ph  Ar
(21) — (22) -

Ar =246 MesCgH,
Scheme 9. Synthesis of hydroboronium complex [L1BH-DMAP] " [B(CeFs)4] (22).
4. Conclusions/Summary of the work

A variety of halide, hydride and methyl derivatives of group 13 (mostly B and Al) have
been isolated using a rational approach that relies on designing an appropriate sterically and
electronically robust ligand based on bis(phosphinimino)amide with N3P, skeletons. The
work proved the capability of bis(phosphinimino)amide ligands to offer firm support in the
form of kinetic and thermodynamic stability to the group 13 halides and hydrides. The
borondihydride species mentioned in this work could be used as a candidates to explore the
chemistry of double bonded chalcogen derivatives and various cationic borane complexes. In
summary, the present work shows the synthesis of several novel compounds including

borondihydride species, its thioxo— and selenoxo—boron and cationic boron derivatives.
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1.1 Introduction

Incorporation of main group elements within the ligand frameworks have far flung
interest for inorganic chemists to afford interesting complexes of elements across the periodic
table from the view point of unusual bonding, structural arrangement, novel reactivity and
variety of stable coordination numbers and oxidation states." These complexes have been
commonly achieved by the use of [N,N’]-bidentate monoanionic ligands that can strongly
chelate these metal ions. Robustness of such systems can depend on the size of the chelate
ring in addition to the effect of the steric and electronic factors of the supporting ligand.
These chelates have largely been of two types: (i) the ones with the metal ion residing in a
four membered heteroatom ring® and (ii) the other type where the metal ion is a part of a six
membered heteroatom ring.* The former type of chelate skeleton is limited to NXNM rings
(X =B, C, N, P, or S) (Chart 1)? and the latter type is mainly dominated by B-diketiminates
(CsN,M), ™ bis(phosphinimino)methanide (CN,P,M)*¢*** and bis(phosphinimino)amides
(N3P,M) (Chart 2).%2P

R R

R
]
N

R_gée R_C< SN N 4 z;<<-;

-A
=-A

N N *7’ N

R R R R

boraamidinates amidinates triazenides sulfinamidinates  iminophosphonamide

Chart 1. Popular four membered chelating ligands.

In the context of six membered chelate rings,* the B-diketiminato ligands have
dominated the literature in which these ligands have been used for the stabilization of unusual
low-coordinate/low valent metal environments,® polymerization catalysts® etc. The imino

group (-C=NR) is isoelectronic to the oxo group (-C=0) and is able to donate a lone pair of



electrons to interact with the metal ions. The R-groups on the ‘N’ provide the necessary steric
bulk to control the metal nuclearity and coordination number in addition to stabilizing the
metal centre in an appropriate oxidation state. A variety of imino analogues of p-block
elements of groups 14, 15 and 16 have been utilized as ligands in coordination chemistry.
After the imino groups (—C=NR), the incorporation of aza-phosphorus (-(R2)P=NR) group in
ligand backbones has gained more attention in coordination chemistry and has found large
applications in homogeneous catalysis.'® Incorporation of phosphorus in the ligand backbone
offers a great advantage over carbon in the sense that phosphorus can exhibit a rich
substitutional chemistry and a range of geometrical environments making it more versatile in

nature.
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Chart 2. Popular six membered chelating ligands.

Another advantage of P-N based ligands over the C-N based ligands is the easy
assessment of the reaction progress by **P NMR due to the appreciable sensitivity of the *'P
nucleus and a large chemical shift range. After p-diketiminates ligands,
bis(phosphinimino)methanides (Chart 2) became more popular due to the above mentioned
features. Bis(phosphinimino)methanides can act as monoanionic® as well as dianionic®
ligand systems to form six membered chelates or carbene type bond formation, respectively.
A literature survey revealed that bis(phosphinimino)methanide ligands have been used for the

synthesis of a large number of main group,'® transition metal, and lanthanide complexes®**°



as well as, having been used for the activation of small molecules,” homogeneous
catalysis™° and organic synthesis.™

Another type of ligand similar to bis(phosphinimino)methanides are
bis(phosphinimino)amides (Chart 2) which have gained a lot of attention but usage of these

12b complexes of s-block™” and

ligands has largely been limited to the transition metals,
lanthanides.? Bis(phosphinimino)amide ligands contain a common unit [NR=P(R)],N similar
to iminophosphorane ligand. Replacement of an R group in iminophosphorane A (Chart 3) at
phosphorus with an imino function (=NR) leads to the formation of monoanionic, dianionic
and trianionic systems (B, C and D, Chart 3), respectively. Neutral aza phosphazenes [
(R2)P=N-], are isoelectronic to silioxanes [-(R2)Si—O-], and exist as polymeric or cyclic
compounds such as cyclotriphospatrizene E (Chart 3) commonly known as
cyclophosphazenes. Chemistry of cyclophosphazenes mainly revolves around two themes:
Nucleophilic substitution reactions of halogenocyclophosphazenes and ring-opening
polymerization of N3PsCls to the linear polydichlorophosphazene.*f
-
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Chart 3. Various forms of iminophosphorane compounds.

Another class of P/N ligands are the monoanionic diiminodiphosphazenates F (Chart
3) which contain terminal imino and bridged aza groups. A literature survey reveals that
acyclic phosphazenes with chlorine substituted P atoms have been used to prepare metal
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complexes®™® but their reaction chemistry could be hampered due to the possibility of
chlorine or other similar reactive groups participating in other side reaction in the main
course of reaction. In order to be used as innocent ligand, bis(phosphinimino)amides
frameworks should have nonreactive groups on the P as well as on the N atoms. Various
reports on bis(phosphinimino)amides with dimethylamine substituted P and trimethylsilane
substituted N may overcome some of these challenges nevertheless,! the presence of
relatively bulky and non-reactive, preferably C based aryl substituents on P and N atoms of
bis(phosphinimino)amide can be considered as ideal candidates in this regard.®*2
Surprisingly, prior to this work the structurally characterized neutral complexes of
bis(phosphinimino)amide with group 13 elements comprised only [(N(PCI;NMe,)2)BX;] (X
= Cl, F, 0SO,CF3)'% complexes of B, three complexes of Al; [(N(PCI,NMe,),)AlMeX]; X =
Cl, O—CgH,-2,4,6-tBus]® & [(N(PPh,NSiMes);)AlMe;],*** no complex of Ga and only one
complex of In; [(N(PPh,NSiMes),)InMe,].1** The bis(phosphinimino)amide ligand
[N(Me,PNSiMe3),]H with one equivalent of NaH and KH in toluene at reflux gave the
corresponding alkali metal salt [Na,2{N(Me,PNSiMes),}] and [KN(Me-PNSiMes)]... 1" The
corresponding lithium derivative, [Li.{N(Ph,PNSiMes),},]*** was prepared by the reaction
of [N(Ph,PNSiMe3),]JH with one equivalent of nBuLi. The sodium complex
[Na{N((Me2N),PNSiMes).},] and lithium complex [Li{N(Ph,PNSiMej3),}.] are dimeric in

the solid state,'*?

whereas the potassium complex exists as a polymer in the solid state,
involving imino-N of dimethylamino side groups as well as aza-N in metal coordination.™™
Calcium [Ca{N((Me;N),PNSiMe3),},] and barium derivatives [Ba{N((Me2N),PNSiMes),}-]
were synthesised by the reaction of [N(Me,PNSiMej3),]H with [M(N(SiMe3),).] (M = Ca, Ba)
where distorted octahedral coordination spheres, effectively shielded by two bulky tridentate

ligands, were observed.'*



In fact, as mentioned above, only two compounds [N(PPh,NSiMes),AlMe;] and
[N(PPhaNSiMes),InMe,] representing structurally characterized examples from group 13
based on aryl substituted P atoms in bis(phosphinimino)amide ligand™'® were prepared by
Roesky and co-workers by the reaction of neutral bis(phosphinimino)amide ligand with one
equivalent of MMes; (M = Al, Ga, In). The solid state structures of these complexes showed a
monomeric N3P,M chelate so that the overall result is a six-membered ring system in a twist-
boat conformation.

The work described in this thesis focuses on monoanionic bis(phosphinimino)amides
ligands of the form F (Chart 3). The advantage of bis(phosphinimino)amides ligands is their
facile synthesis which further allows for an easy modification of their steric and electronic
properties through variation of the substituents on the nitrogen atoms.

The bis(phosphinimino)amides can be synthesized by two main routes: (i) reaction of
trihalophosphorane with excess ammonia followed by deprotonation and silylation (path
a).! (ii) By the reaction of tetraphenyldiphosphazane [NH(PPh,),] with organic azides under

elevated temperatures (path b)® (Chart 4).
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Chart 4. Synthetic routes to bis(phosphinimino)amide ligand.



In view of the scarcity of structurally characterized neutral complexes of group 13
elements with bis(phosphinimino)amides, the essence of the present work is to synthesize
novel group 13 metal complexes with aryl substituted P and N atoms of
bis(phosphinimino)amide ligand. Consequently, we report, in this chapter of the thesis, on the
synthesis, characterization and structure of the [N,N’] donor ligand [HN(Ph,PN(2,4,6-

Me3CgH>))2] (L1H) and its mononuclear complexes with group 13 elements.
1.2 Results and Discussion

The ligand [HN(Ph,P(2,4,6-Me3C6Hy)).] (L1H) was synthesized from the reaction of
tetraphenyldiphosphazane (Ph,P),NH" with mesitylazide'® in toluene, and purified by
recrystallization from toluene (Scheme 1). The *H NMR spectrum of L;H showed two
singlets at 1.86 and 2.03 ppm corresponding to the o- and p-Me of the mesityl group. The
aromatic meta-hydrogen of the mesityl group appeared as a singlet at 6.53 ppm and the
remaining aromatic hydrogens appeared as a multiplet between 7.59-7.54 and 7.22-7.10
ppm. The signal for NH was not detected in its *"H NMR spectrum. The **C NMR spectrum
of L;H showed the expected P-C couplings and the number of signals in *C NMR were also
consistent with its composition. The *P{*H} NMR of L;H showed a single resonance at 2.35

ppm which is considerably up-field shifted compared to (Ph,P),NH (42.54 ppm).

Ph N Ph Ph N Ph
\F’/ \\P/ }? \P/ %p/
ph/ ” [\ph 24,6MesCeHaN; pr N _Ph 26-PrCeHsNg Ph/ “ I\Ph

- P R > N HN
N HN - v \ o
Toluene, RT Toluene, 80 °C
Ar/ \Ar Ph Ph Ar/ \Ar
Ar= 2;4,6-M93C6H2 Ar= 2,6—iPr206H3
LiH LoH

Scheme 1. Synthesis of bis(phosphinimino)amine (LiH and L,H).

The sharp absorption band around 3313 cm™ in the IR spectrum of L;H can be attributed to
the N-H stretching frequency. The mass spectrum of L;H showed the base peak at m/z =

652.3016 that is also the molecular ion peak [M+H]". The ligand [HN(Ph,P(2,6-iPr.CsHs)).]
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(LoH) was synthesized following the literature  procedure by reacting
tetraphenyldiphosphazane  (Ph,P),NH"> with 2 6-diisopropylphenylazide’’ in toluene
(Scheme 1). The spectroscopic characterization of ligand L,H was consistent with the
reported data.® Single crystals of L;H and L,H suitable for X-ray structural analysis were
grown from toluene solution at 4 °C. The ligands L;H and L,H crystallize in the monoclinic

system with C2/c and triclinic system with P1 space group (Table 1, Figure 1), respectively.

Figure 1. Solid state structure of the ligand (L;H). All hydrogen atoms except the one on
N(1) have been omitted for clarity. Thermal ellipsoids have been drawn at 30% probability.
Selected bond lengths [A] and bond angles [°]: N(1)-P(1) 1.652(2), N(2)-P(1) 1.560(2),
N(2)-P(2) 1.612(2), N(3)-P(2) 1.563(2); P(1)-N(1)-H(1) 118.90(2), P(1)-N(2)-P(2)
140.20(1), N(1)-P(1)-N(2) 108.58(2), N(2)-P(2)-N(3) 120.73(2).

The P,N3 backbone of L;H adopts a zig-zag arrangement with the P(1)-N(2)-P(2)
core in a bent geometry with an angle of 140.20(1)° and the terminal nitrogen atoms have the
mesityl substituents oriented in mutually transoid arrangement, whereas in ligand L,H, the
P,N3; backbone adopts a regular arrangement with the P(1)-N(2)-P(2) core in a bent

geometry with an angle of 134.96(1)° and the terminal nitrogen atoms have the 2,6-



diisopropylphenyl substituents oriented in mutually cisoid arrangement The two phenyl
groups in LiH on each phosphorus atom are arranged above and below the P-N-P plane,
whereas in L,H two phenyl groups on each phosphorus atom are arranged above the P—-N-P
plane.

The N(3)-P(2) and N(2)-P(1) bonds of L;H (1.563(2) and 1.560(2) A) are shorter due
to the double bond character as compared to the N(2)-P(2) and N(1)-P(1) distances
{1.612(2) and 1.652(2) A} that are expected to exhibit single P-N bonds. The bond angles of
N(1)-P(1)-N(2) and N(2)-P(2)-N(3) respectively, are 108.58(2)° and 120.73(2)°. The N(2)-
P(2) and N(2)-P(1) bonds for L,H (1.579(6) and 1.582(3) A) are shorter due to double bond
character as compared to N(3)-P(2) and N(1)-P(1) distances {1.611(3) and 1.617(3) A} that
are expected to exhibit single P-N bonds. The bond angles of N(1)-P(1)-N(2) and N(2)-

P(2)-N(3) respectively, are 111.47(1)° and 112.37(1)°.

Figure 2: Single crystal structure of ligand (L,H). All hydrogen atoms, except that on N(3),
have been omitted for clarity. Thermal ellipsoids have been drawn at 30% probability.
Selected bond lengths [A] and bond angles [°]: N(1)-P(1) 1.617(3), N(2)-P(1) 1.582(3),
N(2)-P(2) 1.579(6), N(3)-P(2) 1.611(3), N(1)-P(1)-N(2) 111.47(1), P(1)-N(2)-P(2)

134.96(1), N(2)-P(2)-N(3) 112.37(1).



Treatment of the ligands LiH and L,H with LiN(SiMes), or nBuLi in Et,O forms
[L;Li-OEt,] (1.1) and [L,Li-OEt;] (1.2) (Scheme 2), respectively. Compounds 1.1 and 1.2
are white crystalline solids that are highly sensitive to moisture. Compounds 1.1 and 1.2 were
characterized by ‘H, *C, *P{*H} and 'Li NMR spectroscopy and their solid state structures

were elucidated by single crystal X-ray structural analyses.

Ar Ar
Ph  Ph Ph  Ph
\p/—-— / Ph N Ph \me /
/ \ — e rsec %P< nBulit-78°C  / \\ a
N -0 " ph/“ l P e TN Li -—0
AN / pu— 2 N RN N\ / -
/F’\—N A " RN
Ph  ph \Ar PR Ph \
(1) (1.2)
Ar = 2,4 6-MesCeH, Ar = 2,6-Pr,CyHs

Scheme 2. Synthesis of the lithium derivatives [L;Li-OEt;] (1.1) and [L,Li-OEt;] (1.2) of
bis(phosphinimino)amines L;H and L,H.

The *H NMR spectra of compounds 1.1 and 1.2 showed that the lithium atom was
coordinated with a molecule of Et,O for 1.1 (a triplet at 0.67 ppm and a quartet at 2.79 ppm)
and for 1.2 (a triplet at 0.46 ppm and a quartet at 2.81 ppm), respectively. The *H NMR
spectrum of LiH (1.1) showed two overlapped singlets at 2.21 and 2.23 ppm corresponding
to the o- and p-Me of the mesityl group. Other features in the *H NMR spectrum of 1.1 were
consistent with the ligand skeleton. The *'P{"H} NMR spectrum of 1.1 (1.75 ppm) showed a
signal that is slightly upfield shifted as compared to its precursor LiH (2.35 ppm). The ‘Li
NMR of 1.1 showed a signal at 1.23 ppm. The *H NMR spectrum of L,H (1.2) showed a
doublet at 1.03 ppm corresponding to the CH(CHz3), of 2,6-diisopropylphenyl group. Other
features in the 'H NMR spectrum of 1.2 were consistent with the ligand skeleton. The
$pf'H} NMR spectrum of 1.2 showed a signal (2.81 ppm) that is slightly upfield shifted as

compared to its precursor L,H (6.5 ppm). The ‘Li NMR of 1.2 showed a signal at 1.06 ppm.
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Figure 3. Solid state structure of compound 1.1. All hydrogen atoms have been deleted for
clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond lengths [A]
and bond angles [°]: Li(1)-N(1) 1.921(1), Li(1)-N(3) 1.964(2), Li(1)-O(1) 1.918(2), N(1)-
P(1) 1.588(2), N(2)-P(1) 1.591(2), N(2)-P(2) 1.590(2), N(3)-P(2) 1.593(2), P(1)-N(2)-P(2)
132.78(2), P(1)-N(1)-Li(1) 115.41(2), N(3)-Li(1)-N(1) 110.35(1), P(2)-N(3)-Li(1)
120.65(2), O(1)-Li(1)-N(1) 115.56(2), O(1)-Li(1)-N(3) 134.02(1).

Crystals suitable for single crystal X-ray analysis of compound 1.1 were grown from
Et,0 at 4 °C. Compound 1.1 crystallized in monoclinic system with space group P2:/n (Table
2, Figure 3). The solid state structure of compound 1.1 confirmed Et,O coordination to the
lithium centre in a three coordinated environment. The N3P,Li six-membered ring is highly
puckered, almost in a form of a boat with P(1) and N(3) forming bow and stern of it and other
atoms of this six membered chelate N(1), N(2), P(2) and Li(1) are nearly planar. The average
P—N distance in the N3P, backbone of the ligand in 1.1 is 1.590 A. The Li-N bond distances
(1.964(1) and 1.921(1) A), the Li(1)-O(1) bond length (1.918(2) A) and N(3)-Li(1)-N(1)
bond angle (110.35(1)°) in 1.1 are comparable to that seen in three coordinate Li bound to

Et,O and amide nitrogens in [HC{Ph,PN(2,4,6-MesCsH,)},Li-OEt,].*
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Figure 4: Single crystal X-ray structure of compound 1.2. All hydrogen atoms and two
phenyl rings on phosphorus have been omitted for clarity. Thermal ellipsoids have been
drawn at 30% probability. Selected bond lengths [A] and bond angles [°]: Li(1)-N(1)
1.951(1), Li(1)-N(3)1.988(2), Li(1)-0O(1) 1.934(0), N(1)-P(1) 1.599(1), N(2)-P(1) 1.585(2),
N(2)-P(2) 1.593(1), N(3)-P(2) 1.596(1), P(1)-N(2)-P(2) 137.7(1), Li(1)-N(1)-P(2)
116.74(2), N(3)-Li(1)-N(1) 115.77(1), Li(1)-N(3)-P(2) 113.18(1), O(1)-Li(1)-N(1)
121.26(2), O(1)-Li(1)-N(3) 122.79(2).

Crystals suitable for single crystal X-ray analysis of compound 1.2 were grown from
THF at 4 °C. Compound 1.2 crystallized in a monoclinic system with space group P2;/n
(Table 2, Figure 4). The solid state structure of compound 1.2 showed THF coordination to
the lithium centre in a three coordinated environment. The N3P,Li six-membered ring is
highly puckered, almost in a form of a boat with P(1) and N(3) forming bow and stern of it
and other atoms of this six membered chelate N(1), N(2), P(2) and Li(1) are nearly planar.
The average PN distance in the N3P, backbone of 1.2 is 1.590 A. The Li—N bond distances
(1.951(1) and 1.988(2) A) in 1.2 are comparable to the p-diketiminate lithium complex
[HC{CH3CN(2,6-iPr,CeHs)},Li- THF] (1.958 A).** The Li—O bond distances (1.934(0) A) in

1.2 are longer than that in p-diketiminate lithium complex, [HC{CH3;CN(2,6-
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iProCeHs)}-Li-THF] (1.790 A), and showed that weak coordination of oxygen to lithium in
1.2 as compared to the later complex. The N(1)-Li(1)-N(3) bond angle 1.2 is (115.77(1)°) is
wider than that in [HC{CH3CN(2,6-iPr,CsHz)},Li- THF] (95.5).%%

As shown in Scheme 3, a borondifluoride complex L;BF; (1.3) was prepared by the

reaction of BF; with in situ generated lithium derivative of the bis(phosphinimino)amide

ligand.
Ph N Ph Ph N Ph
N X 1. nBul, ELO o Xvp”
- g o -~ ~
) | 2 P | P
—
N HN 2. BF,OEt, N N
A Sar a” N A
7\
Ar = 2,4,6-MesCgH, o F

Scheme 3. Synthesis of borondifluoride complex L;BF; (1.3) with bis(phosphinimino)amide.

Compound 1.3 was characterized by *H, **C, *P{*H},"*F and 'B NMR spectroscopy
and its solid state structure was elucidated by single crystal X-ray structural analysis. The *H
NMR spectrum of 1.3 showed two singlets at 2.0 and 2.21 ppm corresponding to the o- and
p-Me of the mesityl group. Other features in the *"H NMR spectrum of 1.3 were consistent
with the ligand skeleton. The *P{*H} NMR of 1.3 showed a single resonance at 23.43 ppm
which is considerably down-field shifted compared to 1.1 (1.75 ppm) and L;H (2.35 ppm).
The **F NMR spectrum of complex 1.3 showed an expected quartet (-132.6 ppm) due to B-F
coupling ("Jg.r = 35.4 Hz) and the *'B NMR also exhibits a triplet (2 ppm) due to this B-F
coupling. Each signal of this triplet carried features resulting a triplet of a triplets (tt) (Figure
5.) due to coupling with two P atoms of the ligand backbone (3Js.r =~ 9 Hz). The HRMS
investigations under +ve ion mode of 1.3 revealed the signal at m/z = 700.2974 (calculated
m/z = 700.3000) for [M]" and m/z = 680.2986 (calculated m/z = 680.2938) as the base peak

corresponding to the [M - F - H]".
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Figure 5. () *°F NMR spectrum of compound 1.3 showing B-F coupling for BF,. (b) 'B

NMR spectrum of compound 1.3 showing B-F coupling for BF, fragment.

Figure 6. Solid state structure of compound L;BF;, (1.3). All hydrogen atoms have been
deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths [A] and bond angles [°]: B(1)-N(1) 1.565(4), B(1)-N(3) 1.571(4), B(1)-F(1)
1.395(3), B(1)-F(2) 1.398(4), P(1)-N(1) 1.634(2), P(2)-N(3) 1.635(2), P(1)-N(2) 1.589(3),
P(2)-N(2) 1.581(3); N(1)-B(1)-N(3) 114.12(2), F(1)-B(1)-F(2) 107.03(2), P(1)-N(1)-B(1)
125.21(2), P(2)-N(3)-B(1) 125.73(2), P(1)-N(2)-P(2) 128.63(1), F(2)-B(1)-N(1) 108.23(2),
F(2)-B(1)-N(3) 109.65(2), F(1)-B(1)-N(1) 109.86(2), F(1)-B(1)-N(3) 107.72(2), N(2)-
P(2)-N(3) 110.47(1), N(2)-P(1)-N(1) 110.42(2).

Compound 1.3 crystallizes in the monoclinic system with space group P2:/c with 1
molecule in the asymmetric unit (Table 3, Figure 6). The molecular unit of complex 1.3
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showed a distorted tetrahedral geometry around boron. The B-F bond length of 1.395(3) and
1.398(4) A in complex 1.3 (Figure 6) is comparable to the p-diketiminate borondifluoride
complex, [HC{tBUCN(2,6-iPr,CsH3)}.BF,] (1.564 and 1.560 A). The F(1)-B(1)-F(2) bond
angle (107.03(2)°) in compound 1.3 also compares well with 108.73° seen in
[HC{tBUCN(2,6-iPr,CsH3)}.BF,]* and the N(1)-B(1)-N(3) bond angle in 1.3 (114.12(2)°) is
slightly wider than that in [HC{tBuCN(2,6-iPr,CsH3)},BF,] (110.66°)."

The heteroleptic dichloride of aluminium L;AICI; (1.4) and gallium L;GaCl, (1.5)
supported by bis(phosphinoimine)amide have been prepared by the reaction of appropriate
metal halides, MCl3 with in situ generated lithium derivative of the ligand (Scheme 4). These
complexes have been characterized by 'H and other heteronuclear *C, and *'P{"H} NMR
spectroscopy. The *P{*H} NMR spectra of the reactions between in situ generated 1.1 and
MCIs, have been very useful in preliminary investigations that showed a single resonance in
each case {(23.7 ppm for 1.4 (M = Al, X = Cl); 24 ppm and for 1.5 (M = Ga, X = Cl)} that
was different from 1.1 (1.75 ppm). The *H NMR spectrum of 1.4 and 1.5 each showed two
singlets at 2.02 and 2.18 and 2.05 and 2.17 ppm, respectively corresponding to the o- and p-
Me of the mesityl group. Other features in the *H NMR spectrum of 1.4 and 1.5 were

consistent with the ligand skeleton.

Ph N Ph Ph N Ph
/\p/ Xp” 1. nBuLi, ELO /\p/ \\P<
Ph l Ph -78°C Ph H | Ph
—
N HN 2. MCl, N N
A SAr A Ny DA

L4H

VRN
Ar = 2.4,6-Me;CqHo c” T

M = Al (1.4), Ga (1.5)
Scheme 4. Synthesis of aluminumdichloride L;AICI; (1.4) and galliumdichloride L;GaCl,
(1.5) complexes with bis(phosphinimino)amide.
The HRMS investigations under +ve ion mode of 1.4 and 1.5 revealed the signal at

m/z = 712.2332 (calculated m/z = 712.2358) for 1.4 [M - Cl - H]" and m/z = 756.1733
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(calculated m/z = 756.1798) as the base peak corresponding to the [M - ClI - H]" for 1.5.

Complexes 1.4 and 1.5 were subsequently characterized by single crystal X-ray structures.
Compounds 1.4 and 1.5 crystallize in the monoclinic system with space group P2;/c

with 1 molecule in the asymmetric unit (Table 3 and 4). The molecular unit of complexes 1.4

and 1.5 showed a distorted tetrahedral geometry around the metal centers.

Figure 7. Solid state structure of compound L;AICl; (1.4). All hydrogen atoms have been
deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths [A] and bond angles [°]: N(2)-P(1) 1.592(2), N(2)-P(2) 1.582(2), Al(1)-N(1)
1.869(3), Al(1)-N(3) 1.880(3), N(1)-P(1) 1.646(2), N(3)-P(2) 1.649(3), Al(1)-CI(1)
2.151(2), Al(1)-CI(2) 2.138(2); P(2)-N(2)-P(1) 132.32(2), P(1)-N(1)-Al(1) 119.68(1), P(2)—
N(3)-Al(1) 122.83(1), N(1)-Al(1)-N(3) 108.08(2), N(1)-Al(1)-CI(1) 112.76(9), N(3)-
Al(1)-CI(1) 107.68(9), CI(2)Al(1)-CI(1) 106.57(6), N(2)-P(1)-N(1) 111.44(13), N(2)-P(2)
N(3) 111.18(1).

The AI-CI bond length of 2.151(2) and 2.138(2) A in complex 1.4 (Figure 7) is
comparable to that in [HC{MeCN(2,6-iPr,CsHs)},AICI,] (2.134 and 2.118 A)® and
[HC{Ph,PN(2,4,6-Me3CsH,)},AICI,] (2.160 and 2.137 A).** The CI(1)-Al(1)-CI(2) bond

angle (106.57(6)°) in compound 1.4 compares well with 108.02° seen in [HC{MeCN(2,6-
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iPr,CsH3) },AICI]? and [HC{Ph,PN(2,4,6-MesCsH,)},AICI,] (106.46°).%% The N(1)-Al(1)-
N(3) bond angle in 5 (108.08(2)°) is wider than that in [HC{MeCN(2,6-iPr,CsHz3)},AlICI,]?

(99.36°) but narrower than that in [HC{Ph,PN(2,4,6-Me;CsH,)}>AICI,] (113.01°).1%

Figure 8. Molecular structure of compound L,GaCl, (1.5). All hydrogen atoms have been
deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths [A] and bond angles [°]: N(1)-P(1) 1.640(3), N(3)-P(2) 1.645(4), N(2)-P(1)
1.587(3), N(2)-P(2) 1.584(3), Ga(1)-N(1) 1.917(3), Ga(1)-N(3) 1.924(3), Ga(1)-Cl(1)
2.172(1), Ga(1)-CI(2) 2.193(1); P(1)-N(1)-Ga(1) 117.85(2), P(2)-N(2)-P(1) 134.1(2), P(2)-
N(3)-Ga(1) 121.19(2), N(2)-P(2)-N(3) 111.23(2), N(1)-Ga(1)-N(3) 108.96(1), N(1)-Ga(1)-
CI(1) 108.31(1), N(1)-Ga(1)-CI(2) 112.47(1), N(3)-Ga(1)-CI(1) 113.31(1), N(3)-Ga(l)-
CI(2) 107.50(1), CI(1)-Ga(1)-CI(2) 106.35(6).

Compound 1.5 is the first example of a structurally characterized gallium(lll)
complex with a bis(phosphinimino)amide ligand (Figure 8). The Ga-Cl bond length of
2.172(1) and 2.193(1) A in complex 1.5 are comparable to the corresponding bonds in
[HC{MeCN(2,6-iPr,CsH3)}.GaCl,] (2.228 and 2218 A)® and [HC{Ph,PN(2,4,6-
MesCgsH,)}.GaCl,] (2.199 and 2.169 A).*® The CI(1)-Ga(1)-CI(2) bond angle (106.35(6)°) in
compound 1.5 compares well with similar angle (105.91°) seen in [HC{Ph,PN(2,4,6-
MesCsH2)},GaCl,]*® and is slightly narrower than that in [HC{MeCN(2,6-
iPr,CeH3)}.GaCl,] (110.20°).2° The N(1)-Ga(1)-N(3) bond angle in 1.5 (108.96(1)°) is wider
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than that in [HC{MeCN(2,6-iPr,C¢Hs)},GaCl,] (100.2°) but narrower than that in
[HC{Ph,PN(2,4,6-Me3CsH,)}.GaCl,] (111.21°).%
The indiumdibromide complex of bis(phosphinoimine)amide L;InBr, (1.6) was

prepared by the reaction of InBrs with the in situ generated lithium derivative of the ligand

(Scheme 5).
Ph N Ph Ph N Ph
/\p/ %p< 1, nBuli, E4,0 /\p/ %p;:
o | e 22 P | P
__._._._._._>.
N HN 2. InBrs N N
Ar L H SAr Ar” \ln/ TAr
1
Ar=2,4,6-Me;CoH, Br/ \B,
(1.6)

Scheme 5. Synthesis of indiumdibromide complex L;InBr; (1.6) with
bis(phosphinimino)amide.

Compound 1.6 was characterized by *H, **C and *'P{*H} NMR spectroscopy and its
solid state structure was elucidated by single crystal X-ray structural analysis. The *H NMR
spectrum of 1.6 showed two singlets at 2.08 and 2.17 ppm corresponding to the o- and p-Me
of the mesityl group. Other features in the *H NMR spectrum of 1.6 were consistent with the
ligand skeleton. The *P{*H} NMR of 1.6 showed a single resonance at 21.0 ppm which is
considerably down-field shifted compared to 1.1 (1.75 ppm) and L;H (2.35 ppm). The
HRMS investigations under +ve ion mode of 1.6 revealed the signal at m/z = 925.0316
(calculated m/z = 925.0244) as the base peak corresponding to the [M - H]".

Compound 1.6 crystallizes in tetragonal system with space group 1-4,d. Complex 1.6
is the first example of a structurally characterized indium(lll)dihalide complex with a
bis(phosphinimino)amide ligand (Figure 9, Table 4). The central indium atom is chelated in a
puckered N3P»In six membered ring with the bromine atoms oriented above and below this

plane leaving In center in a distorted tetrahedral arrangement. The In-Br bond lengths of
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2.507(1) A can be compared with the corresponding distances in [N{(CH,CH,NEt,),}InBr;]
(2.522(13).** The Br(1)-In(1)-Br(1’) bond angle of 103.78(1) in compound 1.6 is narrower
than that in [N{(CH2CH,NEt,),}InBr,] (111.13(6)°).?! The In-N bond distances in compound

1.6 are 2.113(2) A.

Figure 9. Solid state structure of compound 1.6. All hydrogen atoms have been deleted for
clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond lengths [A]
and bond angles [°]: In(1)-N(1) 2.113(2), In(1)-Br(1) 2.507(1), P(1)-N(1) 1.641(2), P(1)-
N(2) 1.5677(12); N(1)-In(1)-N(1’) 104.95(2), Br(1)-In(1)-Br(1’) 103.78(1), P(1)-N(1)-
In(1) 119.47(1), P(1)-N(2)-P(1’) 146.65(2), N(1)-In(1)-Br(1) 111.55(6), N(2)-P(1)-N(1)
110.99(9).

Reaction of L;jH (L = [N{Ph,PN(2,4,6-Me3CsH2)}.] ) with 1.2 equivalent of
BH,CI:SMe; in toluene at 80 °C (Scheme 6) results in the formation of chloroborane complex
L:BHCI (1.7). To the best of our knowledge compound 1.7 is the first example of structurally
characterized monomeric chloroborane complex. The only other chlorobarane molecule
reported in the literature is B-diketiminato supported [HC{CMeN(2,6-Me,CsHs).}]BHCI
characterized only by spectroscopic and spectrometric techniques®® and lacks the structural

investigation by X-ray technique.

19



Ph Ar

Ph
Ph N Ph \ /
:‘p/ \\p/ PN
P |\ph 12 00 MeiS-BH;0l / N M
N B
N HN ~
N Sar \\P N/ ¢l
7\
Ph” pn ar

L1BHCE (1.7) Ar= 2,4,6-‘\/'6305"'2 (E.q H)
L,BHCI (1.8) Ar = 2,6-Pr,CsHs (LoH)

Scheme 6. Synthesis of heteroleptic chloroborane complexes L;BHCI (1.7) and L,BHCI (1.8).

Compound 1.7 was characterized by spectroscopic, spectrometric, and single crystal X-
ray techniques. The IR spectrum of 1.7 showed the B—H stretch at 2464 cm™. The HRMS
investigations under +ve ion mode of 1.7 revealed the signal at m/z = 662.3130 (calculated m/z
= 662.3111) that corresponds to the loss of CI” from the [M + H]*. The *H NMR spectrum of
1.7 showed two singlets at 1.70 and 2.32 ppm corresponding to the o- and p-Me of the mesityl
group. In the *H NMR spectrum of complex 1.7, the BH resonance appeared as a broad signal
around 4.29 ppm and other signals were consistent with the ligand framework in the complex.
A downfield shift in the *P{*H} NMR spectrum of 1.7 (22.5 ppm) was observed when
compared to ligand LH (2.35 ppm). The **B NMR spectrum of 1.7 showed a sharp singlet at
7.06 ppm. Single crystals of 1.7 suitable for X-ray structural analysis were grown from toluene.
Compound 1.7 crystallizes in the orthorhombic crystal system with P2,2,2; space group (Figure
10, Table 5). The coordination environment around boron is distorted tetrahedral. The central
NsP,B ring in 1.7 slightly deviates from planarity. The B-H bond length in 1.7 (1.112(2) A) is
slightly shorter than the B-H distance reported in L1BH, (1.11) (1.116 A) (vida infra). The B-
N distances in 1.7 (1.537(3) and 1.559(3) A) are slightly shorter than 1.11 (1.588(5) and
1.615(5) A) (vide infra). The N(1)-B(1)-N(3) bond angle in 1.7 (114.38(2)°) is wider than the

N-B-N bond angle in 1.11 (110.60(2)°) (vida infra).
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Figure 10. Solid state structure of complex L;BHCI (1.7). All hydrogen atoms except on
boron have been deleted for clarity. Thermal ellipsoids have been drawn at 50% probability.
Selected bond lengths (A) and bond angles (°): B(1)-H(1) 1.112(2), B(1)-CI(1) 1.981(2),
B(1)-N(1) 1.537(3), B(1)-N(3) 1.559(3), N(1)-P(1) 1.644(2), N(2)-P(1) 1.590(2), N(2)-P(2)
1.587(2), N(3)-P(2) 1.641(2), N(1)-B(1)-N(3) 114.38(2), N(1)-B(1)-CI(1) 111.47(2), N(3)-
B(1)-CI(1) 105.96(1), H(1)-B(1)-CI(1) 98.84(9).

In a similar manner, reaction of LoH (L, = [N{Ph,PN(2,6-iPr,CsH,)}.] ) with 1.2
equivalent of BH,CIl-'SMe, in toluene at 110 °C (Scheme 6) results in the formation of
chloroborane complex L,BHCI (1.8). Compound 1.8 was characterized by spectroscopic and
spectrometric techniques. The IR spectrum of 1.8 showed the B—H stretch at 2463 cm™. The
HRMS investigations under +ve ion mode of 1.8 revealed the signal at m/z = 746.3942
(calculated m/z = 746.3972) that corresponds to the loss of CI” from the [M + H]*. The *H NMR
spectrum of 1.8 showed two doublets at 0.37 and 0.99 ppm corresponding to the CH(CHj3), of
the 2,6-diisopropylphenyl group. In the *H NMR spectrum of complex 1.8, the BH resonance
appeared as a broad signal around 4.68 ppm and other signals were consistent with the ligand
framework in the complex. A downfield shift in the **P{*H} NMR spectrum of 1.8 (25.22 ppm)
was observed when compared to ligand L,H (6.5 ppm). The **B NMR spectrum of 1.8 showed

a sharp doublet (3.27 ppm) due to B-H coupling (*Jg.1 = 163.8 Hz).
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Compound L;AlMe; (1.9) was prepared by reacting AlMe3 with L;H in Et,O at -30
°C (Scheme 7). The 'H NMR spectrum of 1.9 showed two singlets at 1.90 and 2.22 ppm
corresponding to the o- and p-Me of the mesityl group. The AlMe protons resonated at -1.0
ppm in the *H NMR spectrum of 1.9, the corresponding carbon is seen at -6.12 ppm in its **C
NMR spectrum and the **P{*H} NMR spectrum of 1.9 revealed the backbone phosphorus to
appear at 18.9 ppm which is considerably downfield shifted as compared to L;H (2.35 ppm).

The signal at m/z = 692.2852 in the mass spectrum of 1.9 is due to [M]" which is also the

base peak.
Ph N Ph Ph Ph
\P/ \\\P Al \P//N\P/
€3

Ph/ll ] Ph ——— 3 Ph/l “\Ph

N HN N N
Ar/ \Ar Ar/ \AE/ \Ar

(LeH) e’ e

Ar = 2,4 6-Me;CgH, {1.9)

Scheme 7. Synthesis of aluminumdimethyl complex L;AlMe; (1.9).

Compound 1.9 crystallizes in the monoclinic system (space group P2,/c) (Table 5,
Figure 11). The chelated Al atom in the complex is four coordinated with distorted
tetrahedral environment around it. The ligand skeleton in the six membered chelate is
puckered with the Me substituents oriented above and below this chelate and pointing away
from this. The C(43)-Al(1)-C(44) angle in 1.9 is 108.90(2)°. The N(1)-Al(1)-N(3) bond
angle in 1.9 is 103.54(2)°. The Al-Me bond lengths of 1.984(3) and 1.966(3) A in complex
1.9 are comparable to the corresponding bond lengths in [N(Ph,PNSiMes),AlMe;] (1.971(2)
and 1.988(2) A)M p-diketiminate aluminumdimethyl complex [HC{MeCN(2,6-
iPr,CeHs)}AIMe,]  (1.963 and  1.971  A)®  and  bis(phosphinimino)methanide
aluminumdimethyl complex [HC{Ph,PN(SiMes)},AlMe;] (1.984 and 1.986 A).>* While
Me(1)-Al(1)-Me(2) bond angle (108.90(2)°) in compound 1.9 is narrower than that seen in

[N(Ph,PNSiMes),AlMe,] (115.11(12)°),*** [HC{MeCN(2,6-iPr,CsHz)}.AlMe,] (117.39°)3
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and [HC{Ph,PN(SiMes)},AlMe;] (111.5°).2* The N(1)-Al(1)-N(3) bond angle in 1.9
(103.54(2)°) is wider than that in [HC{MeCN(2,6-iPr,CsH3)}>AlMe,] (96.17°)% but narrower
than that in [N(Ph,PNSiMes),AlMe,] (108.92(7)°)"® and [HC{Ph,PN(SiMes)}.AlMe;]

(111.5(1)°).%

Figure 11. Solid state structure of compound L;AlMe, (1.9). All hydrogen atoms have been
deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths [A] and bond angles [°]: Al(1)-C(44) 1.984(3), Al(1)-C(43) 1.966(3), N(2)-P(2)
1.590(2), N(2)-P(1) 1.585(2), Al(1)-N(1) 1.936(2), N(1)-P(1) 1.632(2), Al(1)-N(3) 1.923(2),
N(3)-P(2) 1.627(2); N(1)-Al(1)-N(3) 103.54(2), P(1)-N(1)-Al(1) 124.89(12), P(2)-N(3)-
Al(1) 121.89(11), C(43)-Al(1)-C(44) 108.90(2).

Similarly, when the ligand LiH was reacted with AlH3;-NMe,Et and BH3-SMe; in
toluene formed the corresponding complexes [{N(Ph,PN(2,4,6-Me3Cg¢H>)).}AlIH,] (1.10) and
[{N(Ph2PN(2,4,6-Me3CsH2))2}BH-] (1.11) (Scheme 8) were formed. Complex 1.11 is a rare
example of borondihydride complex where a dihydroboronium species is chelated with a
cyclic monoanionic ligand.™®® To our surprise, even the much celebrated p-diketiminato

ligands have no borondihydride complex known.?® Encapsulation of BH, unit in the ligand
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backbone in complex 1.11 was possible due to the absence of any reactive H on the ligand
backbone that excludes any hydrogen migration?® or insertion of ligand atoms in the B-H
bonds.**¢ Complexes 1.10 and 1.11 were characterized by *H NMR spectroscopy that
showed the AIH and BH to appear as broad signals around 3.97 and 3.23 ppm, respectively.
A slightly upfieid shift in the *P{"H} NMR spectrum of 1.10 (18.8 ppm) was observed
comparable to that of 1.9 (18.9 ppm) whereas, a slightly downfield shift in the **P{"H} NMR
spectrum of 1.11 (19.2 ppm) was observed comparable to that of 1.9 (18.9 ppm). The **

NMR spectrum of 1.11 showed a sharp signal at -5.2 ppm that is typical of boron in a
tetrahedral environment. The IR spectrum of 1.10 and 1.11 showed symmetric and
asymmetric stretch corresponding to Al-H and B—H stretches at 1820, 1757 and 2296, 2294
cm, respectively. The mass spectra of 1.10 and 1.11 showed the base peak at m/z =

678.2725 and 665.2986 corresponding to [M - H]" and [M + H]", respectively.

Ph N Ph N Ph
NP N SN N AN
P N AlHyNMe,Et /P g BH3«SMe, / AN

Ph [ i] Ph ——— pr” | i Ph ———» I “ Ph

N N N HN N N
N4 >Ai/ Sar A ar A’ \;a/ N
N LyH) M
(1‘1 0) Ar = 2,4,6-ME3C6H2 (1_11)

Scheme 8. Synthesis of aluminumdihydride L,AlH; (1.10) and borondihydride L;BH; (1.11)
complexes with bis(phosphinimino)amide.

Compound 1.10 crystallizes in a monoclinic system (space group P2;/n) and 1.11
crystallizes in triclinic system (space group Pi) (Table 6, Figure 12 and 13). The chelated
atom in both the complexes are four coordinated with distorted tetrahedral environment
around them. The ligand skeleton in the six membered chelate is puckered with the H
substituents oriented above and below this chelate and pointing away from this. The H(1A)-

Al(1)-H(1B) and H(1A)-B(1)-H(1B) angle in 1.10 and 1.11, respectively, are 115.88(1) and
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111.58(2)°. The N(1)-Al(1)-N(3) and N(1)-B(1)-N(3) bond angles in 1.10 and 1.11,

respectively, are 105.28(1) and 110.60(2)°.

Figure 12. Single crystal structure of compound L;AlH; (1.10). All hydrogen atoms have
been omitted except those on Al for clarity. Thermal ellipsoids have been drawn at 30%
probability. Selected bond lengths [A] and bond angles [°] H(a)-Al(1) 1.617(6), H(b)-Al(1)
1.617(6), N(2)-P(2) 1.574(6), N(2)-P(1) 1.578(5), N(1)- AIl(1) 1.901(4), N(3)-Al(1)
1.900(5), N(3)-P(1) 1.630(1), P(2)-N(1)-Al(1) 126.01(1), P(1)-N(2)-P(2) 137.5(1), P(1)-
N(3)-Al(1) 122.63(1), H(a)-Al(1)-H(b) 115.88(1), N(3)-Al(1)-N(1) 105.28(1).

The B-H bond lengths in complex L;BH, (1.11), 1.116(3) and 1.148(3) A are
comparable to that in [CIC{Ph,PN(2,4,6-MesCsH2)}.BH,] (1.12(5) and 1.13(2) A) and the
H(1A)-B(1)-H(1B) bond angle of 111.58(2)° is in agreement with the corresponding angle in
[CIC{Ph,PN(2,4,6-MesCsH-)}BH,] (113.93°)."*d The B-N distances in 1.11 (1.588(5) and
1.615(5) A) and N(1)-B(1)-N(3) bond angle (110.60(2)°) compare well with the respective
metric parameters  in [CIC{Ph,PN(2,4,6-MesCsH)}.BH,] (1.585(3), 1.596(3) A and

110.59(15)°).1x%!
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Figure 13. Solid state structure of compound L;BH; (1.11). All hydrogen atoms and THF
molecule present in the crystal lattice have been deleted for clarity. Thermal ellipsoids have
been drawn at 30% probability. Selected bond lengths [A] and bond angles [°]: B(1)-N(1)
1.588(5), B(1)-N(3) 1.615(5), B(1)-H(1A) 1.116(3), B(1)-H(1B) 1.148(3), N(1)-P(1)
1.623(4), N(3)-P(2) 1.631(4), N(2)-P(1) 1.593(3), N(2)-P(2) 1.594(4); N(1)-B(1)-N(3)
110.60(2), H(1A)-B(1)-H(1B) 111.58(2), P(1)-N(1)-B(1) 110.04(2), P(2)-N(3)-B(1)
116.71(2), P(1)-N(2)-P(2) 126.59(2).

Reaction of L;BH, (1.11) (L1 = [N{Ph,PN(2,4,6-Me3C¢H,)}.] ) with 2.2 equivalent
of HCl-dioxane in toluene at 80 °C (Scheme 9) results in the formation of a mixture of
products (dichloroborane complex L:BCl, (1.12) and [L:BCI]*[BClL]). The 'H NMR
spectrum of 1.12 showed singlets 1.68 and 2.30 ppm corresponding to the o- and p-Me of the
mesityl group. These major signals were overlapped with a minor impurity of side product
[[L:BCI]'[BCls] (3.2) ; synthesis and characterization of this product to be discussed in
detail in (Chapter 3).The *P{*H} NMR spectrum of 1.12 revealed the backbone phosphorus
to appear at 26.1 ppm which is considerably downfield shifted as compared to LiH or its
starting material 1.11 (vide supra), the minor impurity was seen at 26.3 ppm. The signal at
m/z = 696.2674 in the mass spectrum of 1.12 was due to [M - CI]” which was also the base
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peak. The signal could be due to the minor product. Attempts made to separate 1.12 from 3.2
was not successful due to their similar solubility behaviour.

Ph Ph Ph Ar Ph Ph Ar
Ph\ / ;’AIr N/ / N/ /
pP—=N P

N/ \B/H 2% HCl'dioxan; N/ wN\B/C[ + r\l/?:l\\t“s/cE CE\;::CI
A VA AVA \VARER/:

VAR /NN AN
Ph o Ar PW  Ph  Ar PW Ph Ar
Ar =24 6-MesCgH, Maijor Minor
111 (1.12) (3.2)

Scheme 9. Synthesis of dichloroborane L;BCl, (1.12) complex of bis(phosphinimino)amide.
Similarly, when L;BH; (1.11) was reacted with excess (10 equivalent) of C,HsBr and
CHjsl in toluene at 110 °C and at room temperature, formed the corresponding complexes
[{N(Ph,PN(2,4,6-MesCsH,)),}BHBI] (1.13) and [{N(Ph,PN(2,4,6-MesCsH>)).}BHI] (1.14),
respectively (Scheme 10) were formed. Complexes 1.13 and 1.14 were characterized by *H
NMR spectroscopy that showed the BH to appear as a broad signal around 4.10 and 4.25
ppm, respectively. A slightly downfield shift in the *'P{*H} NMR spectrum of 1.13 (22.47

ppm) and 1.11 (22.56 ppm) were observed, comparable to that of 1.11 (19.2 ppm).

Ph Ph Ar Ph
Ph / Ph\ / y ph\ / /Ar
p===N M P——N H 5 e |

N/ \B/ - CHl, excess N/ \B/ C,H5Br, excess - N/ \B/H
\\ / \ RT, toluene \\ / \ reflux, toluene \\ / \

B e ! P—N H SN By
7/ \ /\
PR P \A PR Pn \Ar P’ \Ph Mar
Hy
Ar = 2,4,6-M83C5H2
114 aan .13

Scheme 10. Synthesis of bromoborane L;BHBr (1.13) and iodoborane L;BHI (1.13)
complexes of bis(phosphinimino)amide.
The B NMR spectrum of 1.13 showed a broad signal at 0.65 ppm that is typical of
boron in a tetrahedral environment however, no signal for 1.14 was detected in its *'B NMR.

The IR spectrum of 1.13 and 1.14 showed B—H stretches at 2542 and 2548 cm™, respectively.
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The mass spectrum of 1.13 and 1.14 showed the base peak at m/z = 662.3015 and 662.3052
corresponding to [M - Br]" and [M - 1], respectively.

Following the same strategy, reaction of L;BH, (1.11) (L = [N{Ph,PN(2,4,6-
Me3CeH2)}2] ) with 2.0 equivalent of TfOH in toluene at room temperature (Scheme 11)

resulted in the formation of complex L;BHOT (1.15). The *H NMR spectrum of 1.15

ph\;,ih_N/A; H Phy /Ph /Ar
e PN H

/ \ / CF30S0;H, excess / \ /
N B — 5

\\P_N/ \H RT. toluene \\p——N e
Ph/ \Ph \Ar Ph/ \Ph \Ar o
Ar = 2,4,5‘M93C5H2

(1.11) (1.15)

Scheme 11. Synthesis of triflicborane (1.15) complex of bis(phosphinimino)amide.
showed two singlets at 1.72 and 2.32 ppm corresponding to the o- and p-Me of the mesityl
group and the BH appeared as a broad signal around 4.33 ppm, respectively. The *P{*H}
NMR spectrum of 1.15 revealed the backbone phosphorus to appear at 22.76 ppm which is
considerably downfield shifted as compared to L;H or its starting material 1.11 (vide supra)
however, no *'B signal for 1.15 was detected in its *'B NMR spectrum. The signal at m/z =

662.3012 in the mass spectrum of 1.15 was due to [M - OTf]" which was also the base peak.

1.3 Conclusions

In conclusion, we have reported on the syntheses, spectroscopic and structural
investigations of group 13 complexes of a new ligand, [N(Ph,PN(2,4,6-Me3sCsH)),] that
offers monoanionic chelate binding to the metal ions. The unique feature of this ligand is that
it carries non-reactive phenyl substituents on P and mesityl substituent on terminal N atoms
of the ligand backbone. This property in combination with good donor characteristics of the
ligand has been realized in the synthesis of stable borondihydride, aluminumdihydride and
aluminumdimethyl complexes. Additionally, monochloroborane complexes, dihalo
complexes of B(l11), Al(1I1), Ga(lll) and In(I1l) have also been reported in this chapter that
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adopt a distorted tetrahedral arrangement. Further, we explored the reaction chemistry of a
borondihydride complex in the synthesis of a variety of neutral and cationic complexes. In
this chapter we described on mono substituted bromo, iodo and triflate complexes derived
from substituted borondihydride complex. Further reaction chemistry of borondihydride

complex has been discussed in Chapters 2 and 3.
1.4 Experimental Section

1.4.1 General procedure

All syntheses were carried out under an inert atmosphere of dinitrogen in oven dried
glassware using standard Schlenk techniques® or a glovebox where O and H,O levels were
maintained usually below 0.1 ppm. All the glassware was dried at 150 °C in an oven for at
least 12 h and assembled hot and cooled in vacuo prior to use. Solvents were purified by
MBRAUN solvent purification system MB SPS-800. THF was dried over (Na/benzophenone
ketyl) and distilled under nitrogen and degassed prior to use. For NMR, CDCI3 was dried over
4 A molecular sieves whereas C¢Dg was dried over Na.
1.4.2 Starting materials

All chemicals used in this work were purchased from commercial sources and were
used without further purification. The starting materials HN(PPh,),,"> 2,4,6-Me;CgHoN3™
and 2,6-iPr,CsHsNs'" were synthesized as per the procedure mentioned in the literature.
1.4.3 Physical measurements

The *H, °C, *P{*H} and 'B NMR spectra were recorded with a Bruker 400 MHz
spectrometer with TMS, H3PO, (85 %) , CFCl3, LiCl and BF3-OEt, respectively, as external
references and chemical shifts were reported in ppm. Down-field shifts relative to the
reference were quoted positive while the up-field shifts were assigned negative values. High

resolution mass spectra were recorded on a Waters SYNAPT G2-S instrument. IR spectra of
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the complexes were recorded in the range 4000—400 cm ™' using a Perkin Elmer Lambda 35-
spectrophotometer. The C-H stretch of aromatic moiety of the complexes is over shadowed
(2800-3000 cm™) by Nujol absorption and hence not included in the list of bands in the
experimental section. The absorptions of the characteristic functional groups were only
assigned and other absorptions (moderate to very strong) were only listed. Melting points
were obtained in sealed capillaries on a Biichi B-540 melting point instrument.

Single crystal X-ray diffraction data for L;H, 1.1, 1.3-1.8 and 1.11 were collected on a
Bruker AXS KAPPA APEX-II CCD diffractometer (Monochromatic MoKa radiation)
equipped with Oxford cryosystem 700 plus at 100 K. Data collection and unit cell refinement
for the data sets were done using the Bruker APPEX-I1I suite, data reduction and integration
were performed using SAINTV 7.685A (Bruker AXS, 2009) and absorption corrections and
scaling were done using SADABSV2008/1 (Bruker AXS, 2009). Single crystal X-ray
diffraction data for L,H, 1.2 and 1.10 were collected using a Rigaku XtaLAB mini
diffractometer equipped with Mercury375M CCD detector. The data were collected with
graphite monochromatic MoKa radiation (A = 0.71073 A) at 100.0(2) K using scans. During
the data collection, the detector distance was maintained at 50 mm (constant) and the detector
was placed at 20 = 29.85° (fixed) for all the data sets. The data collection and data reduction
were done using Crystal Clear suite.?® The crystal structures were solved by using either
OLEX2%" or WINGX package using SHELXS-97 and the structure were refined using
SHELXL-97 2008.2% All non hydrogen atoms were refined anisotropically. Hydrogen atom
were fixed at geometrically calculated positions and were refined by using the riding model
except for the hydrides in complexes 1.7, 1.10 and 1.11. Half a molecule of disordered Et,O
molecule found in the asymmetric unit of 1.4-1.6 and 1.9 could not be treated using standard

commands available in SHELXL. The squeeze method was used to remove the contribution
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of this disordered molecule from the original hkl file. The resulting squeezed hkl file was
used for further refinement.

1.4.4 Synthetic procedures

Synthesis  of  [HN(Ph,PN(2,4,6-Me3Cg¢H2)),]  (LiH):  Tetraphenyldiphosphazane
((PhaP)2NH)(12.7 g, 33.0 mmol) was dissolved in dry toluene (150 mL), and a solution of
mesityl azide (10.63 g, 66.0 mmol) in toluene (40 mL) was added drop-wise. Rapid evolution
of nitrogen gas was observed and stirring was continued for overnight. Concentration of the
solution to half volume and storage at 0 °C for one day afforded crystalline solid that was
collected by filtration and washed with hexane. X-ray quality crystals were grown from a
toluene solution at 4 °C. Yield: (14 g , 65%). M.p. 187-190 °C. IR (v cm™, KBr): 3313,
3059, 2959, 2913, 1604, 1477, 1431, 1346, 1259, 1218, 1109, 1036, 922, 854, 695, 532. 'H
NMR (400 MHz, CDCls, 6 ppm): 1.86 (s, 0-CH3 12 H), 2.03 (s, p-CH3, 6 H), 6.53 (s, 2,4,6-
Me3CeHy, 4 H), 7.22-7.10 (m, Ph, 12 H), 7.59-7.54 (m, Ph, 8 H), (the NH signal did not
appear). *C NMR (100 MHz, CDCls, 6 ppm): 20.6 (s, p-CHa), 21.0 (s, 0-CHs), 127.6 (d, Jc.p
= 13.4 Hz, aromatic), 128.8 (s, aromatic), 130.3 (s, aromatic), 130.7 (s, aromatic), 131.6 (d,
Jcp = 10.6 Hz, aromatic), 134.4 (d, Jc-p = 6.2 Hz, aromatic), 136.5 (dd, Jcp =131 Hz & 4.4
Hz, aromatic), 140.3 (s, aromatic). *P{*H} NMR (162 MHz, CDCls, 6 ppm): 2.35. Mass
spectrum (+ve ion, EI), m/z = calculated (found): 652.3010 (652.3016) [M+H]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH>)),}Li-OEt;] (1.1): To a solution of L;H (0.65 g, 1.0
mmol) in Et,O (15 mL) at -78 °C was added a solution of LiN(SiMe3), (0.18 g, 1.1 mmol) or
nBuLi (1.6 m in hexane, 0.7 mL, 1.1 mmol) in Et,O (5 mL) dropwise. The mixture was
warmed to room temperature and a clear solution was obtained that was stirred for another 2
h. Concentration of the solution to 5 mL and storage at -10 °C, gave colourless block shaped
crystal after 3 days. Yield: (0.62 g, 85%). M.p. 196 °C. IR (v cm™, Nujol): 1306, 1260, 1096,

1020, 799, 528. *H NMR (400 MHz, C¢Dg, 6 ppm): 0.67 (t, *Ju.s = 7.0 Hz, OCH,CHs, 6 H).
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2.21 & 2.23 (two overlapped singlet o- & p-CHs, 18 H), 2.79 (q, 3Jy.n = 7.0 Hz, OCH,CHs, 4
H), 6.84 (s, 2,4,6-Me3CgH>, 4 H), 7.03 (m, Ph, 12 H), 7.93-7.89 (m, Ph, 8 H). *C NMR (100
MHz, Cg¢Dg, 0 ppm): 14.0 (s, OCH2CH3), 20.6 (s, p-CHs), 21.1 (s, 0-CHg3), 64.7 (s,
OCH,CHj3), 127.3 (d, Jcp = 12.5 Hz, aromatic), 128.4 (b, aromatic), 128.9 (s, aromatic),
129.2 (s, aromatic), 131.3 (d, Jcp = 10 Hz, aromatic), 133.9 (d, Jcp = 6.7 Hz, aromatic),
139.3 (dd, Jc.p = 118 & 4.6 Hz, aromatic), 146.1 (b, aromatic). *'P{"H} NMR (162 MHz,
CsDs, 0 ppm): 1.75. 'Li NMR (155 MHz, C¢Ds, 6 ppm): 1.23.

Synthesis of [{N(Ph,PN(2,6-iPr,CsHs)),}Li-OEt;] (1.2): To a solution of L,H (1.1 g, 1.5
mmol) in Et,0 was added nBuLi (1.6 m in hexane, 1 mL, 1.6 mmol) at -78 °C drop by drop.
The mixture was warmed to room temperature and a clear solution was obtained that was
stirred for another 2 h. The solvent was evaporated under vaccum and crystal grown from
THF at 4 °C. Yield: (0.98 mg, 80%) M.p: 214-216 °C. IR (v cm™, Nujol): 1967, 1905, 1815,
1767, 1587, 1446 1112, 912, 774 717, 665, 562. *H NMR (400 MHz, C¢Ds, J ppm): 0.46 (t,
3Jin = 6.8 Hz, OCH,CHs, 6 H), 1.03 (d, Ju.4 = 6.0 Hz, CH(CHs),, 24 H), 2.81 (q, *Jun =
6.8 Hz, OCH,CHs, 4 H), 3.92 (sept, *Ju.4 = 6.8 Hz, CH(CHs),, 4H), 7.10-7.0 (m, Ar, 18 H),
7.70-7.66 (m, Ar, 8 H). *C NMR (100 MHz, CgDs, 6 ppm): 12.4 (s, CH(CHa),), 24.0 (s,
OCH,CHj3), 28.1 (s, CH(CHj3),), 61.4 (s, OCH,CH3), 121.4 (d, Jcp = 3.0 Hz, aromatic), 123.5
(d, Jc.p = 2.3 Hz, aromatic), 127.3 (d, Jc.p = 12.3 Hz, aromatic), 129.3 (s, aromatic), 131.3 (d,
Jcp = 9.7 Hz, aromatic), 138.4 (dd, Jc.p = 117.3 & 4.1 Hz, aromatic), 144.4 (d, Jcp = 6.6 Hz,
aromatic), 146.1 (d, Jc.p = 6.6 Hz, aromatic). *P{*H} NMR (162 MHz, C¢Ds, 5 ppm): 2.81.
"Li NMR (155 MHz, C¢Ds, 6 ppm): 1.06.

Synthesis of [{N(Ph,PN(2,4,6-Me3C¢H>)).}BF,] (1.3): To a solution of L;H (0.65 g, 1.0
mmol) in Et,O (50 mL) was added nBuLi (1.6 m in hexane, 0.7 mL,1.1 mmol) drop-wise at -
78 °C. A clear solution was obtained when the mixture was brought to room temperature and

further stirring for 3 h at room temperature. This reaction mixture was then added at -78 °C to
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a solution of BF3-Et,0 (0.14 mL, d = 1.15 g/mL) drop-wise at -78 °C and was allowed to
come to room temperature and stirred for another 6 hours. The precipitate formed was filtered
off and the filtrated was reduced in volume to half. Colorless crystals of 1.3 were obtained at
4 °C in 2 days. Yield: (0.36 g, 53%). M.p. 233-236 °C. IR (v cm™, Nujol): 1588, 1461, 1374,
1246, 1216, 1200, 1112, 1077, 1037, 997, 959, 917, 880, 694. *H NMR (400 MHz, CDCls, ¢
ppm): 2.0 (s, 0-CH3 12 H), 2.21 (s, p-CH3 6 H), 6.71 (s, 2,4,6-MesCgHy, 4 H), 7.34-7.29 (m,
Ph, 8 H), 7.49-7.46 (m, Ph, 4 H), 7.74-7.69 (m, Ph, 8 H), **C NMR (100 MHz, CDCls, ¢
ppm): 20.4 (s, 0-CHj3), 20.8 (s, p-CH3), 127.7 (d, Jcp = 13.5 Hz, aromatic), 129.4 (s,
aromatic), 131.4 (s, aromatic), 132.5 (d, Jc.p = 10.9 Hz, aromatic), 132.7 (dd, Jcp = 124 &
2.9 Hz, aromatic), 135.1 (s, aromatic), 135.5 (b, aromatic), 139.7 (b, aromatic). *P{*H}
NMR (162 MHz, CDCls, 6 ppm): 23.43 (broad). *°F NMR (376.5 MHz, CDCls, 6 ppm): —
132.6 (g, “Jr.e = 35.4 Hz). "B NMR (128.4 MHz, CDCls, 6 ppm): 2 (tt, *Jg.r = 35.4 & 2Jpp =
9 Hz). Mass spectrum (+ve ion, El), m/z = calculated (found): 700.3000 (700.2974) [M]",
680.2938 (680.2986) [M-F-H]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH>))-}AICI;] (1.4): To a solution of L;H (0.65 g, 1.0
mmol) in Et,O (50 mL) was added nBuLi (1.6 m in hexane, 0.7 mL,1.1 mmol) drop-wise at -
78 °C. A clear solution was obtained when the mixture was brought to room temperature and
further stirring for 3 h at room temperature. This reaction mixture was then added at -78 °C to
a solution of AICI3 in 10 ml diethyl ether (0.13 g, 1.0 mmol) drop-wise and was allowed to
come to room temperature and stirred for another 8 hours. The precipitate formed was filtered
off and the filtrated was reduced in volume to half. Colorless crystals of 1.4 were obtained at
4°C in 2 days. Yield: (0.45 g, 60 %). M.p. 298-302 °C. IR (v cm™, Nujol): 1590, 1464, 1377,
1260, 1107, 1027, 975, 854, 798, 698, 586, 531. *H NMR (400 MHz, CDCls, § ppm): 2.02 (s,
0-CHs 12 H), 2.18 (s, p-CHs, 6 H), 6.67 (s, 2,4,6-MesCgHo, 4 H), 7.29-7.24 (m, Ph, 8 H),

7.48-7.44 (m, Ph, 4 H), 7.58-7.52 (m, Ph, 8 H), half a molecule of OEt, was also observed
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{1.22 (t, *Jy.n = 7.0 Hz, OCH,CHj3), 3.49 (q, *Jun = 7.0 Hz, OCH,CHa)}, this is also
consistent with the X-ray structure. **C NMR (100 MHz, CDCls, 6 ppm): 15.3 (s, OCH,CHs),
20.7 (s, p-CHg3), 21.2 (s, 0-CH3), 65.9 (s, OCH,CHs), 127.7 (d, Jc.p = 13.6 Hz, aromatic),
129.9 (s, aromatic), 131.3 (d, Jcp = 3.7 Hz, aromatic), 131.6 (s, aromatic), 132.5 (m,
aromatic), 135.1 (b, aromatic), 135.3 (b, aromatic) 138.4 (b, aromatic). **P{"H} NMR (162
MHz, CDCls, 6 ppm): 23.7. Mass spectrum (+ve ion, El), m/z = calculated (found): 712.2358

(712.2322) [M - CI - H]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CgsH>)),}GaCl,] (1.5): To a solution of L;H (0.65 g, 1.0
mmol) in Et,O (50 mL) was added nBuLi (1.6 m in hexane, 0.7 mL,1.1 mmol) drop-wise at -
78 °C. A clear solution was obtained when the mixture was brought to room temperature and
further stirring for 3 hours at room temperature. This reaction mixture was then added at -78
°C to a solution of GaClsz in 10 mL diethyl ether (0.18 g, 1.0 mmol) drop-wise and was
allowed to come to room temperature and stirred for another 8 h. The precipitate formed was
filtered off and the filtrated was reduced in volume to half. Colorless crystals of 1.5 were
obtained from Et,O at 4 °C in 3 days. Yield: (0.48 g, 60%). M.p. 238-240 °C. IR (v cm™,
Nujol): 1458, 1376, 1260, 1149, 1105, 1024, 852, 802, 583, 526. 'H NMR (400 MHz, CDCls,
§ ppm): 2.05 (s, 0-CHs, 12 H), 2.17 (s, p-CHa, 6 H), 6.66 (s, 2,4,6-MesCgH,, 4 H), 7.29-7.24
(m, Ph, 8 H), 7.47-7.43 (m, Ph, 4 H), 7.59-7.54 (m, Ph, 8 H), half a molecule of OEt, was
also observed {1.22 (t, %34 = 7.0 Hz, OCH,CHs3), 3.49 (q, %J4.n = 7.0 Hz, OCH,CHa3)}, this
is also consistent with the X-ray structure. **C NMR (100 MHz, CDCls, 6 ppm): 15.3 (s,
OCH,CHj3), 20.7 (s, p-CH3), 21.1 (s, 0-CH3), 65.9 (s, OCH,CH3), 127.7 (d, Jcp = 13.7 Hz,
aromatic), 129.7 (s, aromatic), 131.7 (s, aromatic), 131.9 (dd, Jcp = 124 & 3.8 Hz, aromatic),
132.3 (d, Jcp = 11 Hz, aromatic), 135.1 (b, aromatic), 136.1 (b, aromatic), 138.3 (b,
aromatic). *'P{*H} NMR (162 MHz, CDCls, 5 ppm): 24. Mass spectrum (+ve ion, EI), m/z =

calculated (found): 792.1565 (792.1526) [M]", 756.1798 (756.1773) [M - CI - H]".
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Synthesis of [{N(Ph,PN(2,4,6-Me3CsH>)).}InBr,] (1.6): To a solution of L;H (0.65 g, 1.0
mmol) in Et,O (50 mL) was added nBuLi (1.6 m in hexane, 0.7 mL, 1.1 mmol) drop-wise at -
78 °C. A clear solution was obtained when the mixture was brought to room temperature and
further stirring for 3 h at room temperature. This reaction mixture was then added at -78 °C to
a solution of InBrz in 10 ml diethyl ether (0.36 g, 1.0 mmol) drop-wise and was allowed to
come to room temperature and stirred for another 8 h. The precipitate formed was filtered off
and the filtrated was reduced in volume to half. Colorless crystals of 1.6 were obtained from
the concentrated mother liquor at room temperature in 5 days. Yield: (0.55 g, 60%). M.p.
266-268 °C. IR (v cm™, Nujol): 1590, 1331, 1256, 1101, 1022, 794, 566. H NMR (400
MHz, CDCl3, ¢ ppm): 2.08 (s, 0-CH3 12 H), 2.17 (s, p-CH3 6 H), 6.68 (s, 2,4,6-Me3C¢H>, 4
H), 7.26-7.21 (m, Ph, 8 H), 7.44-7.40 (m, Ph, 4 H), 7.55-7.50 (m, Ph, 8 H), half a molecule of
OEt; was also observed {1.22 (t, *Ju.y = 7.0 Hz, OCH,CHs), 3.49 (q, %Jun = 7.0 Hz,
OCH,CHa)}, this is also consistent with the X-ray structure. *C NMR (100 MHz, CDCls, ¢
ppm): 15.3 (s, OCH,CHj3), 20.8 (s, p-CH3), 21.3 (s, 0-CHj3), 65.9 (s, OCH,CHj3), 127.8 (d, Jcp
= 13.2 Hz, aromatic), 129.61 (s, aromatic), 131.49 (s, aromatic), 131.93 (d, Jcp = 10.5 Hz,
aromatic), 132.3 (dd, 122 & 4.2 Hz, aromatic), 134.6 (d, Jc.p = 3.1 Hz, aromatic), 137.3 (d,
Je-p = 5.2 Hz, aromatic), 137.7 (d, Jc.p = 6.4 Hz, aromatic). *P{*H} NMR (162 MHz, CDCl;,
o ppm): 21. Mass spectrum (+ve ion, EI), m/z = calculated (found): 925.0244 (925.0316) [M -
H]™.

Synthesis of [{(2,4,6-Me;CsH,NPPh;),N}BHCI] (1.7): To a solution of L;H (2.60 g, 4.0
mmol) in toluene (120 mL) at room temperature was added BH,Cl-Me,S (0.48 mL, 10 m in
Me,S, 4.8 mmol). This reaction mixture was heated for 12 h at 80 °C. Evaporation of all
volatiles under vacuum afforded a white solid. This was crystallized from toluene at room
temperature. Yield: (2.23 g, 80 %). M.p. 253-255 °C. IR (v cm™, KBr): 2917, 2464 (B-H

stretch), 1588, 1480, 1437, 1376, 1229, 1159, 1113, 1023, 985, 697. 'H NMR (400 MHz,
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CDCls, 6 ppm): 1.70 (s, 0-CH3, 12 H), 2.32 (s, p-CH3 6 H), 4.29 (broad, BH), 6.88 (s, 2,4,6-
MesCgH,, 4 H), 7.68-7.57 (m, Ph, 16 H), 7.86-7.83 (m, Ph, 4 H). *C NMR (100 MHz,
CDCls, 6 ppm): 19.2 (s, 0-CHj3), 20.5 (s, p-CHs3), 125.4 (d, Jcp = 2.0 Hz, aromatic), 126.9 (d,
Jcp = 2.0 Hz, aromatic), 129.3 (m not resolved, due to Jcp & Jc.g, aromatic), 130.5 (s,
aromatic), 132.4 (m not resolved, due to Jc.p & Jc-g, aromatic), 134.1 (s, aromatic), 134.9 (s,
aromatic), 136.3 (s, aromatic), 138.9 (s, aromatic).*P{*H} NMR (162 MHz, CDCls, § ppm):
22.5. "B NMR (128.4 MHz, CDCls, § ppm): 7.01. Mass spectrum (+ve ion, El), m/z =
calculated (found): 663.3111 (661.3130) [M + H— CI]".

Synthesis of [{N(Ph,PN(2,6-iPr,C¢Hs)).}BHCI] (1.8): To a solution of L,H (2.94 g, 4.0
mmol) in toluene (120 mL) at room temperature was added BH,Cl-Me,S (0.48 mL, 10 m in
Me,S, 4.8 mmol). This reaction mixture was heated for 12 h at 110 °C gave a white
precipitate. This solution was filtered to give a white solid. Yield: (2.46 g, 80 %). M.p. 272-
274 °C. IR (v cm™, KBr): 2970, 2922, 2873, 2564, 2463 (B-H stretch), 1590, 1463, 1439,
1311, 1140, 1115, 1015, 934, 804, 775, 738, 694. *H NMR (400 MHz, CDCls, 6 ppm): 0.37
(d, 334+ = 6.0 Hz, CH(CHa),, 12 H), 0.99 (d, Jy.y = 6.0 Hz, -CH(CHs),, 12 H), 2.98 (sept,
3Jh-+ = 6.0 Hz, CH(CHa),, 4 H), 4.68 (broad, BH), 7.14-7.12 (m, Ar, 4 H), 7.45-7.41 (m, A,
10 H), 7.56 (m, Ar, 8 H) 7.81-7.78 (m, Ar, 4 H). *C NMR (100 MHz, CDCls, § ppm): 20.7
(s, -CH(CHz3),), 26.2 (s, CH(CHz3),), 29.6 (s, CH(CHj3),), 124.0 (s, aromatic), 125.1 (s,
aromatic), 125.3 (s, aromatic), 129.2 (d, Jcp = 14.3, aromatic), 129.8 (s, aromatic), 132.8 (d,
Jep = 11.6, aromatic), 134.7 (s, aromatic) 146.7 (s, aromatic).*'P{*H} NMR (162 MHz,
CDCls, § ppm): 25.22. B NMR (128.4 MHz, CDCls3, § ppm): 3.27 (d, Jg.+1 163.8 Hz). Mass
spectrum (+ve ion, El), m/z = calculated (found): 779.3505 (779.3475) [M - H]® and
746.3972 (746.3942) [M - CI]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH,)).}AIMe;] (1.9): To a solution of L;H (1.30 g, 2.0

mmol) in Et,O (50 mL) was added AlMe3 (1.1 mL, 2 m in toluene, 2.2 mmol) at -78 °C drop
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by drop. After warming to room temperature the initial light turbidity disappeared to give a
clear solution. Solvent was removed under vacuum to half of the initial volume and storage at
4 °C afforded colorless crystals of 1.9 in 3 days. Yield: (1.28 g, 90%). M.p. 236-239 °C. IR
(v.em™, Nujol): 1592, 1437, 1242, 1197, 1144, 1114, 989, 853, 805, 747, 692, 653, 524. *H
NMR (400 MHz, CDCls3, 6 ppm): —1.0 (s, AlMe, 6 H), 1.90 (s, 0-CH3 12 H), 2.22 (s, p-CH3 6
H), 6.69 (s, 2,4,6-MesCgHy, 4 H), 7.29-7.24 (m, Ph, 8 H), 7.45-7.40 (m, Ph, 4 H), 7.61-7.56
(m, Ph, 8 H), half a molecule of OEt, was also observed {1.24 (t, *Jy.4 = 7.0 Hz, OCH,CHy),
3.51 (q, *Ju-n = 7.0 Hz, OCH,CHz3)}, this is also consistent with the X-ray structure. *C
NMR (100 MHz, CDCls, ¢ ppm): —6.1 (s, AlMe), 15.3 (s, OCH,CHj3), 20.6 (s, 0-CHs), 20.7
(s, p-CHg), 65.9 (s, OCH,CHpg), 127.5 (d, Jcp = 13.2 Hz, aromatic), 129.4 (s, aromatic), 130.8
(s, aromatic), 132.2 (d, Jc.p = 10.5 Hz, aromatic), 133.6 (m, aromatic), 134.1 (dd, Jc.p = 120
& 3.6 Hz, aromatic), 137.9 (b, aromatic). *'P{"H} NMR (162 MHz, CDCls, 5 ppm): 18.9.
Mass spectrum (+ve ion, El), m/z = calculated (found): 692.2904 (692.2852) [M]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CgsH>)),}AIH;] (1.10): To a solution of L;H (2.60 g, 4.0
mmol) in toluene (60 mL) at 10 °C was added AlIH3;-NMezEt (8 mL, 0.5 m in toluene, 4
mmol). The initial turbid solution became clear after the reaction mixture was brought to
room temperature and was further stirred for 24 h. Evaporation of all volatiles under vacuum
afforded a pale yellow solid. This was crystallized from toluene at 4 °C. Yield: (2.5 g, 92.2
%). M.p. 169-171 °C. IR (v cm™, KBr): 3060, 2914, 2854, 1820, 1757 (Al-H stretch), 1478,
1434, 1297, 1215, 1205, 1115, 996, 947, 850, 783, 694. *H NMR (400 MHz, CDCls, 5 ppm):
2.05 (s, 0-CH3 12 H), 2.25 (s, p-CH3 6 H), 3.97 (broad, AlH), 6.76 (s, 2,4,6-MesCgHo, 4 H),
7.34-7.28 (m, Ph, 8 H), 7.50-7.46 (m, Ph, 4 H), 7.67-7.62 (m, Ph, 8 H), **C NMR (100 MHz,
CDCl3, 6 ppm): 20.5 (s, 0-CHj3), 20.8 (s, p-CHj3), 127.7 (m not resolved, due to Jcp & Jc.s,
aromatic), 129.7 (s, aromatic), 131.1 (s, aromatic), 132.0 (m not resolved, due to Jc.p & Jc-B,

aromatic), 133.5 (dd, Jc.p = 121 & 3.6 Hz, aromatic), 134.3 (b, aromatic), 136.8 (b, aromatic),
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138.1 (b, aromatic). *P{*H} NMR (162 MHz, CDCls, 5 ppm): 18.78. Mass spectrum (+ve
ion, El), m/z = calculated (found): 678.2748 (678.2725) [M — H]".

Synthesis of [{N(Ph,PN(2,4,6-Me3;CsH>)),}BH>] (1.11): To a solution of L;H (2.60 g, 4.0
mmol) in toluene (50 mL) at - 40 °C was added BH3-Me;S (0.4 mL, 10 m in Me,S, 4 mmol).
The initial turbid solution became clear after the reaction mixture was brought to room
temperature and was further stirred for 24 h. Evaporation of all volatiles under vacuum
afforded a white solid. This was crystallized from THF at -20 °C. Yield: (2.55 g, 96.7 %).
M.p. 222-225 °C. IR (v cm™, Nujol): 2296, 2294 (B-H stretch), 1587, 1373, 1303, 1105,
1057, 1022, 969, 947, 880, 637, 529. *H NMR (400 MHz, CDCls, 6 ppm): 1.96 (s, 0-CH3 12
H), 2.23 (s, p-CH3 6 H), 3.23 (broad, BH), 6.72 (s, 2,4,6-Me3C¢H>, 4 H), 7.38-7.34 (m, Ph, 8
H), 7.49-7.45 (m, Ph, 4 H), 7.85-7.80 (m, Ph, 8 H), *C NMR (100 MHz, CDCls, § ppm):
20.2 (s, 0-CHj3), 20.9 (s, p-CHs), 127.8 (m not resolved, due to Jcp & Jc-g, aromatic), 129.3
(s, aromatic), 131.0 (s, aromatic), 132.0 (m not resolved, due to Jcp & Jc-g, aromatic), 134.0
(s, aromatic), 134.41 (dd, Jcp = 121 & 2.1 Hz, aromatic), 137.9 (b, aromatic), 140.7 (s,
aromatic). *'P{*H} NMR (162 MHz, CDCls, § ppm): 19.2. 'B NMR (128.4 MHz, CDCls, ¢
ppm): —5.2. Mass spectrum (+ve ion, El), m/z = calculated (found): 665.3267 (665.2986) [M
+H]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH>)),}BCl;] (1.12): To a solution of L;BH, (1.11)
(1.33 g, 2.0 mmol) in toluene (40 mL) at room temperature was added HCl-dioxane (1.1 mL,
4 m in dioxane, 4.4 mmol). The reaction mixture was further stirred for 2 h. This reaction
mixture was heated for 12 h at 80 °C. Evaporation of all volatiless under vacuum afforded a
white solid gave a mixture of two products. The other product identified to be
[L:BCI]'[BCl4] is discussed in detail along with its exclusive synthesis, spectroscopic and
structural characterization in chapter 3 compound 3.2. Crude yield: (1.02 g, 70 %). M.p. 153-

155 °C. IR (v cm™, KBr): 3063, 2970, 2925, 1483, 1438, 1371, 1277, 1116, 1019, 804, 693.
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'H NMR (400 MHz, CDCls, 6 ppm): 1.68 (overlapped singlet, o-CHs 12 H), 2.30 (s, p-CH3 6
H), 6.87 (s, 2,4,6-Me3CsH>, 4 H), 7.63-7.55 (m, Ph, 16 H), 7.84-7.80 (m, Ph, 4 H). *C NMR
(100 MHz, CDCls, ¢ ppm): 19.2 (s, 0-CH3), 21.0 (s, p-CHs), 125.5 (d, Jc.p = 2.2 Hz,
aromatic), 126.7 (d, Jcp = 2.2 Hz, aromatic), 129.2 (m not resolved, due to Jcp & Jcs,
aromatic), 130.0 (s, aromatic), 131.0 (s, aromatic), 132.5 (m not resolved, due to Jcp & Jcs,
aromatic), 134.6 (s, aromatic), 137.4 (s, aromatic), 139.4 (s, aromatic).>'P{*H} NMR (162
MHz, CDCls, d ppm): 26.1. !B NMR (128.4 MHz, CDCls, ppm): 8 7.2. Mass spectrum (+ve
ion, El), m/z = calculated (found): 696.2643 (696.2674) [M — CI]".

Synthesis of [{N(Ph,PN(2,4,6-Me3;C¢H))2}BHBYr] (1.13): To a solution of L;BH, (1.11)
(1.33 g, 2.0 mmol) in toluene (40 mL) at room temperature was added C,HsBr (0.74 mL, 10
mmol). This reaction mixture was heated for 12 h at 110 °C to produce a white precipitate.
Filteration and subsequently washing of this precipitate with hexane afforded a white solid.
Yield: (1.19 g, 80 %). M.p. 218-221 °C. IR (v cm™, KBr): 3060, 2921, 2542 (B-H stretch),
1588, 1483, 1435, 1360, 1326, 1214, 1116, 1026, 727, 697. 'H NMR (400 MHz, CDCl3, o
ppm): 1.50 (s, 0-CH3 12 H), 2.11 (s, p-CH3 6 H), 4.10 (broad, BH), 6.68 (s, 2,4,6-Me3;C¢H>, 4
H), 7.48-7.39 (m, Ph, 16 H), 7.68-7.64 (m, Ph, 4 H). **C NMR (100 MHz, CDCls;, 6 ppm):
19.1 (s, 0-CHj3), 20.8 (s, p-CH3), 124.9 (d, Jc.p = 1.8 Hz, aromatic), 126.2 (d, Jc.p = 1.8 Hz,
aromatic), 129.3 (m not resolved, due to Jc.p & Jc.g, aromatic), 130.5 (s, aromatic), 132.3 (m
not resolved, due to Jc.p & Jc.g, aromatic), 134.0 (s, aromatic), 136.2 (s, aromatic), 138.8 (s,
aromatic). *'P{"H} NMR (162 MHz, CDCls, § ppm): 22.5. *'B NMR (128.4 MHz, CDCls,
ppm): 6 0.7. Mass spectrum (+ve ion, EI), m/z = calculated (found): 662.3032 (662.3015) [M
—Br]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CgsH,)),}BHI] (1.14): To a solution of L;BH, (1.11)
(1.326 g, 2.0 mmol) in toluene (40 mL) at room temperature was added CHsl (0.6 mL, 10

mmol). The reaction mixture was further stirred for 12 h at room temperature gave a white
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precipitate. Filtration and subsequently washing of this precipitate with hexane afforded a
white solid. Yield: (1.26 g, 80 %). M.p. 263-265 °C. IR (v cm™, KBr): 3051, 2918, 2548 (B-
H stretch), 1587, 1481, 1437, 1357, 1329, 1301, 1116, 730, 693. 'H NMR (400 MHz, CDCls,
o ppm): 1.61 (s, 0-CH3 12 H), 2.23 (s, p-CH3 6 H), 4.25 (broad, BH), 6.79 (s, 2,4,6-Me3sCgHo,
4 H), 7.59-7.50 (m, Ph, 16 H), 7.79-7.75 (m, Ph, 4 H). *C NMR (100 MHz, CDCls, 5 ppm):
19.2 (s, 0-CHj3), 20.9 (s, p-CHs), 125.0 (d, Jcp = 1.5 Hz, aromatic), 126.3 (d, Jc.p = 1.5 Hz,
aromatic), 129.4 (m not resolved, due to Jcp & Jc.g, aromatic), 130.6 (s, aromatic), 132.4 (m
not resolved, due to Jc.p & Jc., aromatic), 134.1 (s, aromatic), 134.9 (s, aromatic), 136.3 (s,
aromatic), 138.9 (s, aromatic).*'P{"H} NMR (162 MHz, CDCls, é ppm): 22.6. Mass spectrum
(+ve ion, El), m/z = calculated (found): 662.3032 (662.3052) [M — I]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH,)),}BH(OTT)] (1.15): To a solution of L1BH; (1.11)
(1.326 g, 2.0 mmol) in toluene (40 mL) at room temperature was added TfOH (0.18 mL, 2
mmol). The reaction mixture was further stirred for 3 h at room temperature gave viscous
liquid. Evaporation of all volatiless under vacuum and subsequently washing with hexane
afforded a white semisolid. Yield: (1.2 g, 75 %). IR (v cm™, nujol): 3067, 2959, 2862, 2553,
(B-FlSUeUﬂD,1609,1587,1483,1440,1404,1329,1197,1025,913,733,688.1H NMR (400
MHz, CDCls, 6 ppm): 1.72 (s, 0-CH3 12 H), 2.32 (s, p-CH3 6 H), 4.33 (broad, BH), 6.9 (s,
2,4,6-Me3CgHo, 4 H), 7.7-7.56 (m, Ph, 16 H), 7.83-7.8 (m, Ph, 4 H). *C NMR (100 MHz,
CDCls, 0 ppm): 19.1 (s, 0-CH3), 20.8 (s, p-CHs), 119.1 (q, Jcr = 318 Hz, CF3), 125.2 (d, Jcp
= 2.0 Hz, aromatic), 126.4 (d, Jc.p = 2.0 Hz, aromatic), 129.3 (m not resolved, due to Jc.p &
Jc-s, aromatic), 130.6 (s, aromatic), 132.5 (m not resolved, due to Jcp & Jc.g, aromatic),
134.2 (s, aromatic), 134.8 (s, aromatic), 136.4 (s, aromatic), 139.0 (s, aromatic). *°F NMR
(376 MHz, CDCls, d ppm): —77.79 (s, 3F, -CF3). **P{"H} NMR (162 MHz, CDCls, § ppm):
22.7. Mass spectrum (+ve ion, EI), m/z = calculated (found): 662.3032 (662.3012) [M —

OTf]".
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1.5 Crystallographic Data

Table 1. Crystal data and structure refinement details for compounds L;H and L,H.

Compound L:H L.H
Empirical Formula Ca2Ha3N3P2 CagHs4N3P2
Formula mass 651.7 734.88
T (K) 100 (2) 100 (2)
Crystal system monoclinic Triclinic
Space Group C2/c P1
a(A) 34.3934 (2) 9.0338(2)
b (A) 9.5807 (6) 10.6913(2)
c(A) 20.9481 (1) 22.207(3)
a (°) 90 92.389(6)
B () 90.553 (3) 99.361(4)
7 (°) 90 104.789(7)
V (A) 6902.35 (8) 2038.4(6)
Z 8 2
Deatc (g cm™) 1.25 1.197
M (MoKa) (mm™) 0.161 0.144
F (000) 2768 786
6 range (°) 2.2-25.0 0.8-25.4
Index range -40< h<34 -10<h<10
-11< k<11 -12<k<9
—24< 1<24 —26<1<26
Reflections collected 20792 7463
Independent reflections 6094 4104
Data/restraints/parameters 6094/0/434 4104/0/499
R1, wR2 [I > 20(1)]™ 0.037, 0.083 0.0780, 0.1598
R1, wR2 (all data) ¥ 0.052, 0.090 0.1211, 0.1956
GOF 1.025 1.139
AP max, minl € A 0.313, -0.349 0.381, -0.460

[a] R1 = 3||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))/=w|Fo*[]
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Table 2. Crystal data and structure refinement details for compounds 1.1 and 1.2.

Compound 1.1

1.2

Empirical Formula CasHs52N3P201 LIy

Formula mass 731.8
T (K) 100 (2)
Crystal system Monoclinic
Space Group P21/n
a(A) 11.3598 (3)
b (A) 22.6450 (5)
c(A) 15.6810 (3)
o (°) 90
B(°) 93.225(1)
7 (©) 90
V (A) 4027.4 (2)
Z 4
Deatc (g cm™®) 1.21
M (MoKa) (mm™) 0.146
F (000) 1560
6 range (°) 1.6-25
Index range -13< h <13
-26< k <25
-18<1 <14
Reflections collected 23430
Independent reflections 7188
Data/restraints/parameters 7188/0/486
R1, WR2 [ > 20(1)]™ 0.047,0.114
R1, wR2 (all data) ¥ 0.072, 0.132
GOF 1.071
AP max, min/ € A3 0.576, -0.386

Cs2Hs2N3P201 L1

813.93
100 (2)
monoclinic
P2:/n
10.6944
22.7223(2)
18.6697(1)
90
91.515(4)
90
4355.2(5)
4
1.192
0.137
1744
1.0-25.4
~12< h<12
—27 < k=27
—22< 122
8284
7064
7064/0/540
0.0478, 0.1120
0.0578, 0.1198
1.083
0.314, -0.333

[a] R1 = 3||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))%/=w|Fo?[]2
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Table 3. Crystal data and structure refinement details for compounds 1.3 and 1.4.

Compound 1.3 1.4
Empirical Formula Ca2H42B1F2N3P; Ca2H42AILCILN3P,
Formula mass 699.6 748.6
T (K) 100 (2) 100 (2)
Crystal system monoclinic monoclinic
Space Group P2i/c P2i/c
a(A) 12.8293(5) 12.9383(1)
b (A) 17.3644(7) 13.3965(1)
c (A) 16.3545(8) 24.2002(2)
a (°) 90 90
B(°) 96.254(3) 104.261(4)
y (%) 90 90
V (A) 3621.7(3) 4065.3(6)
Z 4 4
Deatc (g cm™) 1.28 1.22
M (MoKa) (mm™) 0.165 0.293
F (000) 1472 1568
6 range (°) 1.7-2.54 2.2-25.4
Index range -15<h <15 -15<h<15
—20<k<I18 -15<k<12
-19<1<18 —28<1<28
Reflections collected 23519 28365
Independent reflections 6631 7437
Data/restraints/parameters 6631/0/457 7437/0/457
R1, WR2 [I > 20(1)]™ 0.047, 0.106 0.040, 0.104
R1, wR2 (all data) ¥ 0.076, 0.120 0.052, 0.115
GOF 1.005 1.094
AP max, minl € A 0.420, -0.407 0.540, -0.428

[a] R1 = 3||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))%/=w|Fo?[*]2
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Table 4. Crystal data and structure refinement details for compounds 1.5 and 1.6.

Compound

1.5

1.6

Empirical Formula
Formula mass
T (K)
Crystal system
Space Group
a(A)
b (A)
c (A)
a(°)
B ()
7 (©)
V (A)
Z
Deaic (g cm™)
M (MoKa) (mm™)
F (000)
6 range (°)

Index range

Reflections collected
Independent reflections
Data/restraints/parameters
R1, WR2 [ > 20(1)]™
R1, wR2 (all data) ¥
GOF
AP max, min/ € A3

C2Ha2CloGaiN3sP,

791.4
100 (2)
monoclinic
P2;/c
12.9263(2)
13.3939(2)
24.1728(4)
90
104.200(7)
90
4057.2(1)
4
1.35
0.925
1640
2.2-25.0
-15<h<14
-16<k<10
—29<1<28
21901
7124
7124/0/457
0.041, 0.104
0.058, 0.159
1.027
0.372, -0.557

Ca2Ha2In1BraN3zP;

925.4
100 (2)
tetragonal
I-4,d
28.5397(1)
28.5397(1)
10.5564(7)
90
90
90
8598.8(8)
8
1.43
2.514
3712
1.4-25.3
-34<h<33
-33<k<34
-12<1<12
24753
3939
3939/0/230
0.027, 0.071
0.029, 0.072
1.054
0.267, -0.406

[a] R1 = 3||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))%/=w|Fo?[]2
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Table 5. Crystal data and structure refinement details for compounds 1.7 and 1.9.

Compound 1.7 1.9
Empirical Formula Ca2H43N3P,BCI CasHasAl1N3P
Formula mass 698.05 707.8
T (K) 100 (2) 100 (2)
Crystal system Orthorhombic monoclinic
Space Group P21212; P2i/c
a(A) 11.4021(1) 12.8957(2)
b (A) 17.1329(2) 13.5065(2)
c (A) 18.7089(2) 24.3740(4)
a (°) 90 90
B () 90 103.800(3)
y (%) 90 90
V (A) 3654.8(6) 4122.9(1)
Z 4 4
Deatc (g cm™) 1.268 1.14
M (MoKa) (mm™) 0.227 0.159
F (000) 1474 1504
6 range (°) 2.38-26.94 1.6-25.4
Index range -13<h<11 -15< h<15
-20<k<20 -14< k<16
—22<1<22 —27<1<29
Reflections collected 22566 30465
Independent reflections 6690 7556
Data/restraints/parameters 6690/0/451 7556/0/459
R1, WR2 [I > 20(1)]™ 0.0322, 0.0746 0.045, 0.115
R1, wR2 (all data) ¥ 0.0376, 0.777 0.060, 0.121
GOF 1.041 1.060
AP max, minl € A 0.337, -0.302 0.407, -0.420

[a] R1 = 3||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))%/=w|Fo?[]2
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Table 6. Crystal data and structure refinement details for compounds 1.10 and 1.11.

Compound 1.10 1.11
Empirical Formula Ca2HasAl1N3P, Cy2H44B1N3P2- THF
Formula mass 679.77 733.6
T(K) 100(2) 100(2)
Crystal system monoclinic triclinic
Space Group P21/n P1
a(A) 14.050(2) 10.7108(7)
b (A) 17.349(3) 13.7747(8)
c (A) 15.439(3) 14.2804(8)
a (°) 90 85.004(4)
£ (°) 96.119(1) 76.209(4)
y (%) 90 80.07(4)
V (A) 3741.8(1) 2013.2(2)
Z 4 2
Deatc (g cm™) 1.21 1.21
M (MoKa) (mm™) 0.173 0.147
F (000) 1441 780
6 range (°) 3.0-25.3 2.0-25.0
Index range -16<h<16 -12<h<12
-20<k<20 -16<k<16
-18<1<18 -16<1<16
Reflections collected 33017 16804
Independent reflections 6821 7088
Data/restraints/parameters 6821/0/446 7088/0/492
R1, WR2 [I > 20(1)]™ 0.072, 0.1700 0.054, 0.150
R1, wR2 (all data) ¥ 0.1048, 0.2051 0.076, 0.162
GOF 1.027 1.048
AP max, minl € A 0.580, -0.550 0.990, -0.912

[a] R1 = Z||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))/=w|Fo*[*]2
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2.1 Introduction

In the present work, we were interested in utilizing a sterically demanding acyclic
phosphazene ligand (L;) [L1 = {N(Ph,PN(2,4,6-Me3CgsH,)).} ] that offers a [N,N’] chelate to
the main group metal ions. The primary aim was to incorporate main group elements with a
double bond with chalcogens using this ligand. Generation of metal chalcogen double bonds
has attracted the attention of inorganic chemists in the past two decades. Heavy analogues of
group 14 elements with double bonded chalcogens are very well known.! In contrast, group
13 elements with double bonded chalcogens of the type (RM=E) [[M =B, Al) (E=0, S, Se
and Te)] are barely known due to their high reactivity and unstable nature under normal
conditions. A literature survey revealed that alumoxanes (RAIO), for n > 1 can be obtained
by controlled reaction of organoaluminum compounds with either water or water containing
salt or (Me;SiO)s. In the field of aluminum chalcogen double bonded compounds Roesky and
co-workers reported the first monoalumoxane [CHC{(Me)NCH,CH,NEt,},Al=0] stabilized
by a Lewis acid, [B(C¢Fs)3].” Very recently Inoue and co-workers reported the first aluminum
telluride LAI=Te (L = 1,3-(2,6-diisopropylphenyl)-imidazolin-2-imine) double bond
stabilized by N-heterocyclic carbenes.?

The double bonded boron chalcogen species have been known for a long time and
have been trapped, as the transient species Tbht-B=S (Tbt = 2,4,6-
tris{bis(trimethylsilyl)methyl}phenyl), with 1,3-butadienes in [4+2]cycloaddition reactions
(Scheme 1),* but due to the high reactivity of these species their isolation could not be
achieved till 2010. In the last decade, isolation of a few stable compounds of the type RB=0O
gave a breakthrough in oxoborane chemistry (Chart 1).> This quest started with the synthesis
of the first neutral oxoborane complex | (Chart 1) reported by Cowley and co-workers in
2005. This molecule was stabilized with a Lewis acid (AICl3) and was formed via controlled

hydrolysis of [(HC(CMe),(NCsFs)2)BCI]" [AICI,]". Successful isolation of this stable neutral
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oxoborane and short B-O distance (1.304 A) determined by X-ray, confirmed the presence
of ‘B=0’. In 2011, Cui and co-workers reported neutral as well as anionic oxoborane species
Il and 111 (Chart 1) stabilized by Lewis acid [B(Ce¢Fs);s and BCls] and N-heterocyclic

carbenes (NHCs), respectively.®

Ph\ ’Ph
[ Ph >../< . s S/STRS ) SlNEes
SN/ 120 °C / . | i Ph MesSi
Tbt-—-B\ P N > Tot—B _ J Ph-Sn_ S’ SiMe,
Ph 7 \S/ \
s PH Ph Tht =
Sitdes
>\.../< 1[4.‘.2] Tx 3 Me,Si
Ph SiMes
TAN

— »~ [Tbt—B=S] + [ \Sn=8]
Scheme 1. Trapping experiments of thioxoborane (Tht-B=S) with 1,3-butadine leading to
[4+2] cycloaddition product.

Both of these (neutral as well as anionic oxoborane) species were prepared using
borinic acid and were supported by B-dikitiminato ligands. In 2014, Kinjo and co-workers
reported a 1,2,4,3-triazaborole based neutral oxoborane stabilized by a Lewis acid (AICI3) IV
(Chart 1).” In 2010, Braunschweig and co-workers reported the first Lewis acid free boron-
oxygen triply bonded compound, supported by late transition metal fragment
[(PCys),BrPt(B=0)] V (Chart 1).® This compound was formed via liberation of
trimethylsilyloromide  from the boron-bromine oxidative addition product of
dibromo(trimethylsiloxy)borane and [Pt(PCys)2].

Exploring this chemistry in 2010, Cui and co-workers produced the first isolable
stable molecule of thioxo- and selenoxo-borane VI (Chart 1, Scheme 2).° Their approach
relied on use of N-heterocyclic carbenes (NHCs) to isolate an expected B(l) species instead
resulted in the isolation of a hydroborane complex. Further, oxidative insertion of S and Se

into the B-H bond followed by 1,3-sigmatropic hydrogen migration to the ligand backbone

resulted in the formation of stable thioxo- and selenoxo-borane compounds.
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Ar = 2,6-Me,CeHs E=SorSe
Scheme 2. Synthesis of the first stable thioxo- and selenoxo-borane compounds.

In a similar pattern, Inoue and co-workers (2014) reported a boron cation, containing a
boron-sulfur double bond VII (Chart 1)*° supported by a bulky bis(imidazolin-2-iminato)
ligand, but the corresponding Se analogue has not yet been reported. Therefore, we believe
that the notion to explore the synthesis and characterization of stable molecules of boron
bonded with heavier chalcogens as thiol/selenol and doubly bonded derivatives (thioxo- and

selenoxo-borane) is an important step towards the study of electronic structure, bonding, and

chemical reactivity of these classes of compounds.
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Chart 1. Structurally characterized compounds of boron containing double and triple bonds

with chalcogens.
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Lack of a suitable starting materials and a rational synthetic routes are major synthetic
challenges in this area. The alkyl or aryl borinic (R,BOH) and boronic (RB(OH),) acids™*
can be easily prepared and have been extensively used in organic synthesis as building blocks
and as intermediates in Suzuki coupling.? In contrast to these borinic and boronic species the
thio- and seleno-boric acid derivatives, R,BEH and RB(EH), have not been much explored (E
=S, Se).’**" These heavy analogues of borinic and boronic acids are generally detected in the
reactions of halogenoboranes with H,E.** At high temperature thio derivatives led to
elimination of hydrocarbons to generate diborylsulfanes (R,BSBR>) and further loss of H,S

led to borthiins (RBS)z and tri-organylboranes (Scheme 3)."

Me,B(SPh) + HoX —20C o Me,BXH) + PhXH
X=8o0rSe
» [(R;BSBRy)] + H,
2 R,BSH A
» 2/3(RBS); * 2RH
A

3 (R;BSBR;) ——» 2/3 (RBS); + 3 BR,

Scheme 3. Synthesis of diborylsulfanes and borthiins.

The Se analogues of these compounds are even rarer; the compounds BX3.,(SeH), (X
= Cl, Br, 1) have been studied by vibrational spectroscopy.*’ The oxidative addition of S and
Se into the Al-H bonds in allanes has been established and it could be an alternative route to
prepare the B-EH or B(EH), derivatives (E = S, Se).'® These thio- and seleno-boric acid
derivatives can be considered as the important precursors in order to synthesize thioxo- and
selenoxo-borane compounds.

Recently, we reported on the synthesis and characterization of a dihydroboron
species, L;BH; (1.11) complexed with a bulky monoanionic bis(phosphinimino)amide ligand
(L1 = [N(Ph,PN(2,4,6-MesCsH>))-]).* Selection of bis(phosphinimino)amide ligand was
induced to mitigate the known facile tendency of H migration from/or to the boron atom in
boranes.” However, this ligand was expected to behave innocently to support dithiol and
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diselenol functionality via oxidative insertion of elemental S or Se on reacting with
L1BH; (1.11). The efforts to prepare dithiol and diselenol derivatives led to the sequential
insertion of S and Se into the B-H® bonds and subsequent elimination of H,S and H,Se gas to
afford a facile synthesis of terminal ‘B=S’ and ‘B=Se’ moieties supported by bulky
bis(phosphinimino)amides. The formation of these boron doubly bonded chalcogen species
was confirmed by multinuclear NMR, IR, mass spectrometry and X-ray diffraction
techniques.
2.2 Results and Discussion

The reaction of L;BH; (1.11) with two equivalents of elemental S or Se in toluene at
room temperature and at 80 °C respectively, resulted in complete consumption of the chalcogen
with concomitant evolution of H,S and H,Se leading to the formation of L;B=S (2.1) and
L1B=Se (2.2) (L1 = [N(Ph,PN(2,4,6-Me3sCsH5)),] ) (Scheme 4) in good yields. Confirmation of
the identity of gases was done by passing into a solution of lead acetate/CuSQO, (for H,S) and
water (for H,Se to form colloidal Se). To rule out any H, evolution from the possible
intermediate L;B(SH)H species, leading to 2.1, we performed a stoichiometric reaction
between L;BH, (1.11) and S (1:1). To our surprise, as monitored by in-situ *P{*H} NMR
measurements, almost half of the starting material was consumed to form only 2.1 and the
remaining half of L;BH, (1.11) was present unreacted. This not only supports the
intramolecular evolution of H,S but also suggests that the insertion of S in the B-H bond of
L;B(SH)H to be more facile than that in L;BH; (1.11) itself with concomitant release of H,S to
form 2.1. The experimental behaviour of the Se analogue 2.2 was found to be similar to that of
2.1.

Thus, this synthetic method represents an attainable and facile route for the preparation of

novel compounds with boron chalcogen double bonds. The intermediate dithiol (or diselenol)

species turned out to be kinetically labile leading to intramolecular H,S or H,Se evolution. This
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is presumably due to the wider N-B-N bite angle offered by the chelating
bis(phosphinimino)amide ligand thus, bringing the two B-SH bonds in a proximity close

enough to eliminate H,S or H,Se (vide infra).

VLl NP LI P Ph AT
PN pi:N P——N
/ \ / E / \ /EH \
N — N —E
\\P N/ \H N\ Ney| TE \\P N/
_ N —_—
N \
pr’ \Ph Nar o’ \Ph Sae Pr’ Veh A
As = 2,46-MeaCaHy - - E=8(21), Se (2.2)

Scheme 4: Synthesis of thioxoborane, L;B=S (2.1) and selenoxoborane, L;B=Se (2.2).

Compounds 2.1 and 2.2 have been unambiguously characterized by means of
spectroscopic, spectrometric, and crystallographic techniques. Both 2.1 and 2.2 are thermally
quite stable and undergo decomposition with melting at 187 and 190 °C, respectively. The
HRMS investigations of 2.1 revealed the [M-H]" at m/z = 693.2664 (calculated m/z =
693.2675), similarly a peak at m/z = 742.3522 (calculated m/z = 742.2201) in 2.2 was due to
[M*]. The IR spectrum of 2.1 showed a sharp band (1096 cm ™) which can be assigned to the
B=S fragment.® The corresponding stretching mode for 2.2 appeared at 1076 cm>.° The *H
NMR resonance for 0-CHj3 and p-CH3 group on mesityl substituents of the ligand backbone for
2.1 (1.86 and 2.23 ppm) and for 2.2 (1.85 and 2.23 ppm) were in accordance with the ligand
backbone and composition. No other appreciable signals were detected in the crude products
which can be attributed to any residual/adventitious SH/SeH moiety. The *'P{*H} spectrum of
2.1 and 2.2 showed a sharp single resonance at 23.5 and 21.63 ppm respectively, which is
downfield shifted as compared to its precursor 1.11 (19.2 ppm).* The B NMR spectrum of
2.1 (and 2.2) revealed a broad resonance at 41 ppm (and 45.2 ppm), suggesting a low local
symmetry around the boron atom for three coordinated boron species.®? This also excludes the
possibility of any dimer formation (B,S,/B,Se;, core), due to [2+2] addition of the B=S/B=Se

bonds in the solution state.
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Figure 1. Solid state structure of L;B=S (2.1). All hydrogen atoms and THF molecule have
been deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths [A] and bond angles [°]: B(1)-S(1) 1.752(5), B(1)-N(1) 1.494(5), N(1)-P(1) 1.661(3),
N(2)-P(1) 1.575(3), C(1)-N(1) 1.471(5), P(1)-C(1) 1.817(5), P(1)-C(16) 1.805(4), N(1)-B(1)-
N(19) 117.10(2), N(1)-B(1)-S(1) 121.45(1), N(2)-P(1)-N(1) 109.83(1), P(1)-N(2)-P(1¢)
128.77(5), C(1)-N(1)-P(1) 114.80(3), C(16)-P(1)-C(10) 109.05(2), N(1)-P(1)-C(10)
109.94(2), N(1)-P(1)-C(16) 110.25(2), N(2)-P(1)-C(10) 109.56(2), N(2)-C(16)-C(16) 108.16
).

Single crystals of 2.1 and 2.2 suitable for X-ray structural analysis were obtained,
respectively, from their THF and toluene solutions. Compounds 2.1 and 2.2 were found to
crystallize in the orthorhombic space group Pnc2 and the tetragonal space group 144/a,
respectively. The X-ray crystal structures of 2.1 and 2.2 (shown in Figures. 1 and 2) are in
agreement with spectroscopic and HRMS characterizations. Both the molecules possess boron
atoms in a three coordinated arrangement of a puckered N3P,B six-membered ring. Two
terminal N atoms of the ligand and the doubly bonded terminal S (or Se) atom form the
requisite bonds with the B atom. The two terminal N atoms and S (or Se) atom in compound
2.1 (and 2.2) are bonded to the B atom in a trigonal planar arrangement (sum of angles at B was

found to be 360°). The mesityl substituents on these terminal N atoms are oriented
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perpendicular to the N-B(S, Se)-N plane and provide necessary steric protection. The phenyl
rings on the remote P atom of the ligand backbone are arranged above and below the P-N-P
plane. The two phenyl rings attached to a P atom are approximately transverse to each other,
with a dihedral angle of 65° between the two phenyl planes. On each P atom, one of the phenyl
groups is in the same plane as the mesityl group attached to the diagonally opposite N atom.
Interestingly, the central N atom on the ligand is in the same plane as N-B(S,Se)-N plane, with
one of the P atom located above and the other P atom below this plane. The metric parameters
observed in 2.1 and 2.2 are not unusual. The B(1)-S(1) bond length in compound 2.1 (1.752(8)
A) and B(1)-Se(1) distance in 2.2 (1.871(5) A) are in agreement to that seen in the only known
examples of this type, [HC{(CMe)(2,6-Me,CsH3N)},]BE (1.741(2) A, E = S; 1.896(4) A, E =
Se).? The B-N distances among compound 2.1 and 2.2 are comparable and lie in the range
(1.494(5)-1.498(6) A) and agree with the reported values.® The delocalization of the negative
charge on the ligand backbone is rather non-uniform as reflected in the two types of P-N bond
lengths in both 2.1 and 2.2. In compound 2.2 the terminal P-N distances 1.667(3) and 1.659(3)
A are slightly longer than the P(2)-N(2) and P(1)-N(2) bond length (1.578(3) and 1.577(3) A)
suggesting that the negative charge largely resides on the remote P-N-P moiety. The trigonal
planar N,BS and N,BSe moieties in 2.1 and 2.2 respectively, exhibit the N-B-N bite angle of
117.10(2)° and 117.80(3)°. These angles are wider than the corresponding angle in 2.1
(110.60(2)°). This wider bite angle would certainly have its effect in bringing the two thiol (or
selenol) groups in the intermediate LiB(EH), close enough to facilitate intramolecular
evolution of H,E (vide supra). The N-B-N angle of 2.1 and 2.2 is also wider than that in
[HC{(CMe)(2,6-Me,CeH3N)},1BS  (111.52°) and [HC{(CMe)(2,6-Me,CsH3N)}.]BSe

(112.6°),° respectively.
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Figure 2. Single crystal X-ray structure of L;B=Se (2.2). All hydrogen atoms have been
deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths [A] and bond angles [°]: B(1)-Se(1) 1.871(5), B(1)-N(1) 1.498(6), B(1)-N(3) 1.495(6),
N(1)-P(1) 1.659(3), N(2)-P(1) 1.577(3), N(2)-P(2) 1.578(3), N(3)-P(2) 1.667(3), C(1)-N(1)
1.462(5), C(16)-P(1) 1.800(4), C(28)-P(2) 1.799(4), C(10)-P(1) 1.794(4), C(22)-P(2)
1.794(4), N(3)-C(34) 1.458(5), N(1)-B(1)-N(3) 117.82(3), N(1)-B(1)-Se(1) 121.34(3), N(3)-
B(1)-Se(1) 120.83(3), N(2)-P(2)-N(3) 109.34(2), N(2)-P(1)-N(1) 109.67(2), P(2)-N(2)-P(1)
128.71(2), C(22)-P(2)-C(28) 107.82(2), C(22)-P(2)-N(3) 110.16(2), N(3)-P(2)-C(28)
113.81(2), N(2)-P(2)-C(22) 109.50(2), N(2)-P(2)-C(28) 106.08(2), C(10)-P(1)-C(16)
107.30(4), C(10)-P(1)-N(2) 111.41(2), C(16)-P(1)-N(2) 110.84(2), N(1)-P(1)-C(10)
110.41(2), N(1)-P(1)-C(16) 111.88(2), C(1)-N(1)-B(1) 119.35(3), C(1)-N(1)-P(1) 117.27(3),
B(1)-N(1)-P(1) 123.22(3), C(34)-N(3)-P(2) 116.83(2), C(34)-N(3)-B(1) 116.91(3).

In order to understand the geometric features of X-ray structures, we have performed a
geometry optimization of compound 2.1 at B3LYP/cc-pVDZ level of theory. The optimized
structure correctly reproduces the experimental crystal structure (within 1-3 % for bond lengths
and 0.5-1.5 % for bond-angles). The planarity of N3BS unit, the extent of ring puckering and
the relative orientations of phenyl groups and mesityl groups are also well reproduced. All

attempts to obtain alternative structures by geometry optimization starting with different
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orientations of phenyl and mesityl groups yielded the same optimized structure. This clearly
shows that these geometrical features arise due to electronic factors.

To gain further insight into the nature of bonding in these complexes, we make use of
the delocalized Kohn-Sham (KS) orbitals along with localized orbitals produced through the
natural bond orbital (NBO) analysis. The frontier KS orbitals involving the BS unit and the
ligand atoms of the ring are plotted in Figure. 3. Clearly, the HOMO corresponds to sulfur
lone pair, the HOMO-1 to the B-S =« bond, and HOMO-8 to the B-S ¢ bond. The NBO
calculation yields a ¢ orbital (1.976¢) and a = orbital (1.966¢) localized on B-S unit with
strong polarization towards S. The NBO analysis shows a positive charge of +0.69e on B and
a negative charge of -0.55e on S. Therefore, the B-S bond can be clearly considered as a polar
double-bond. The NBOs corresponding to B-N bonds are in-plane nitrogen lone pairs
(1.622¢) with significant interaction with two boron-centered NBOs (0.438e, 0.474e) clearly

confirming a B-N coordination bond.

S Ip (HOMO) BS 1 (HOMO-1)

B-S o (HOMO-8) BS m* (LUMO+17)

Figure 3. Frontier Kohn-Sham orbitals on B=S unit of compound 2.1.
The three KS occupied n orbitals shown in Figure. 4 are mainly nitrogen centered
with almost no contribution from phosphorus atoms. While two of these are centered on
terminal nitrogen atoms with a partial delocalization over the B-S unit, the other one is
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mainly centered on the central nitrogen. The corresponding NBOs are found to be mainly
nitrogen centered lone pairs. This indicates the absence of significant resonant delocalization
of m electrons. A NICS value of [1.0 ppm] computed at the ring center also confirms the
absence of aromaticity. The central and terminal nitrogens carry negative charge of -1.44e
and -1.1e respectively, in contrast to positive charge of +2.04e carried by each phosphorus
atom. An additional in-plane ¢ orbital mainly centered on the central nitrogen atom supports
the view that this atom carries maximum negative charge.

Based on X-ray data and results of geometry optimization and calculation of NBO
charges several Lewis structures can be drawn for compound 2.1 (Scheme 5). Form |
corresponds to a doubly iminophosphorane-stablized species with a formal negative charge at
a B atom. Positive charges at P atom (phoshonium) and a negative charge at the central N

atom maintain the electrical neutrality. Form I11 is similar to form I in a manner that it also

Sym 1 (HOMO-17) Antisym 1T (HOMO-6)

Central N Tr (HOMO-7)  Central N o (HOMO-18)

Figure 4. &t orbitals of the N3P,B ring and o orbitals of the central N of compound 2.1.
represents an iminophosphorane-stablized thioxoborane species with the negatively charged B
atom and a formal positive charge at one of the P atoms, whereas it differs from form I with
respect to the central N-P—N portion of the ligand with the other P atom forming a P=N with
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the central N atom. The short central P-N distances (1.575(3) A) compared to terminal P-N
distances (1.661(3) A) as observed in X-ray are supportive of it. Form Il being the donor
stabilized B=S fragment (thioxoborenium) possesses a formal positive charge at the B atom and
a negative charge at the central N atom representing a zwitterionic structure of 2.1. Form IV
represents a neutral structure with the terminal nitrogens forming a N—B donor and a N-B
covalent bond and maintains the P—N distances in the ligand backbone between single (1.78 A)
and double (1.56 A) PN bonds. Overall, a strong electron transfer from the two terminal N

atoms to the [B=S]" fragment in compound 2.1 is indicated to result in a stable thioxoborane.

Ph Ph A
Ph\ /Ph /Ar Ph\@/F’h /Ai’ Ph\@/Ph Ar N P r
pP——N P—N P—N PN
/" Ne / \e /N
o /st ON /st  — N\\ B -t \\ B==g
PN PN P—N P——N
AN ~N AN
Ph/ \Ph \Ar Ph/®Ph \Ar Ph/ Ph \Ar Ph/ Ph  Ar
I 1 m, m v, IV

Ar=24 ,6'M93C5H2
+2.04
(+1.52)

Ph. Ph Ar
N/ s
PiN"-1.10 (-0.87)

-1.44 N +0.69B=8-0.55

P—~N -1.10 (-0.87)

N
Ph/ Ph Ar
+2.04

(+1.52)

NBO charges

Scheme 5. Resonance structures for thioxoborane, LB=S (3), forms III and TV represent
symmetrical resonance structure for half of Il and IV respectively, and NBO charges.
Numbers in the parentheses denote consolidated NBO charges whereas other numbers are

bare NBO charges.
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2.3 Conclusions

In conclusion, we have demonstrated a facile and rational synthetic strategy for the
preparation of terminal doubly bonded boron chalcogen compounds. We think that the
resulting compounds L;B=E (E = S or Se) are novel precursors to attempt interesting reaction
chemistry. From theoretical calculations performed on L;B=S, we can conclude that most of
the negative charge in the ligand backbone is located on the terminal and remote nitrogen
atoms and that the HOMO belongs to the S lone pair and can be easily donated to Lewis

acids.
2.4 Experimental Section

2.4.1 Starting materials

All chemicals used in this work were purchased from commercial sources and were
used without further purification.
2.4.2 General procedure

All syntheses were carried out under an inert atmosphere of dinitrogen in oven dried
glassware using standard Schlenk techniques® or a glovebox where O, and H,O levels were
maintained usually below 0.1 ppm. All the glassware were dried at 150 °C in an oven for at
least 12 h and assembled hot and cooled in vacuo prior to use. Solvents were purified by
MBRAUN solvent purification system MB SPS-800. THF was dried over (Na/benzophenone
ketyl) and distilled under nitrogen and degassed prior to use. CDCl3; for NMR was dried over
4 A molecular sieves.
2.4.3 Physical measurements

The 'H, *C, *P{"H} and 'B NMR spectra were recorded with a Bruker 400 MHz
spectrometer with TMS, H3PO, (85 %) and BF3-OEt;, respectively, as external references and

chemical shifts were reported in ppm. Downfield shifts relative to the reference were quoted
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positive while the upfield shifts were assigned negative values. High resolution mass spectra

were recorded on a Waters SYNAPT G2—S instrument. IR spectra of the complexes were
recorded in the range 4000-400 cm ' using a Perkin Elmer Lambda 35-spectrophotometer
over KBr plates. The absorptions of the characteristic functional groups were only assigned
and other absorptions (moderate to very strong) were only listed. Melting points were
obtained in sealed capillaries on a Buchi B-540 melting point instrument.

Single crystal X-ray diffraction data for 2.1 were collected on a Bruker AXS KAPPA
APEX-II CCD diffractometer (Monochromatic MoKa radiation) equipped with Oxford
cryosystem 700 plus at 100 K. Data collection and unit cell refinement for the data sets were
done using the Bruker APPEX-II suite, data reduction and integration were performed using
SAINTV 7.685A (Bruker AXS, 2009) and absorption corrections and scaling were done
using SADABSV2008/1 (Bruker AXS, 2009). Single crystal X-ray diffraction data for 2.2
were collected using a Rigaku XtaLAB mini diffractometer equipped with Mercury375M
CCD detector. The data were collected with graphite monochromatic MoKa radiation (A =
0.71073 A) at 100.0(2) K using scans. During the data collection, the detector distance was
maintained at 50 mm (constant) and the detector was placed at 20 = 29.85° (fixed) for all the
data sets. The data collection and data reduction were done using Crystal Clear suite.”* The
crystal structures were solved by using either OLEX2%* or WINGX package using SHELXS-
97 and the structure were refined using SHELXL-97 2008.2° All non hydrogen atoms were
refined anisotropically. A disordered THF molecule found in the asymmetric unit of 2.1
could not be treated using standard commands available in SHELXL. The squeeze method
was used to remove the contribution of this disordered molecule from the original hkl file.

The resulting squeezed hkl file was used for further refinement.
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2.4.4 Theoretical calculations

DFT calculations for geometry optimization of compound 2.1 were carried out at B3LYP/cc-
pVDZ level of theory with Gaussian 09 package.?* NBO charge analysis has been done at
DFT optimized geometry.”

2.4.5 Synthetic procedure

Synthesis of [{N(Ph,PN(2,4,6-Me;CsH>)).} B=S] (2.1): To a solution of L;BH, (1.11) (1.98 g,
3.0 mmol) in toluene (50 mL) at 0 °C was added Sg (192 mg, 6 mmol in 40 mL toluene). The
initial clear solution became turbid and eventually yielded a precipitate over a period of 24
hours of stirring at room temperature. This precipitate was isolated by filtration and washed
with cold toluene on the filter stick to afford a white solid. This was crystallized from THF at -
10 °C. Yield: (1.35 g, 65 %). M.p. 187-190 °C. IR (v cm™, KBr): 3046, 2929, 2875, 1479, 1436,
1261, 1216, 1202, 1151, 1112, 1096 (s, B=S), 1050, 1001, 945, 850, 828, 748, 724, 688, 551,
526. 'H NMR (400 MHz, CDCls, 6 ppm): 1.86 (s, 0-CH3 12 H), 2.23 (s, p-CHs 6 H), 6.68 (s,
2,4,6-Me3CgHo, 4 H), 7.36-7.31 (m, Ph, 8 H), 7.58-7.52 (m, Ph, 12 H) ppm; *C NMR (100
MHz, CDCl3, 6 ppm): 20.4 (s, 0-CH3), 21.1 (s, p-CHg3), 127.9 (d, Jc.p = 13.7 Hz, aromatic),
129.8 (dd, Jcp = 123.5 & 3.0 Hz, aromatic), 129.9 (s, aromatic), 132.5 (s, aromatic), 132.8 (d,
Jcp = 11.2 Hz, aromatic), 135.9 (s, aromatic), 136.5 (s, aromatic), 138.2 (s, aromatic) ppm;
$1pfIH} NMR (162 MHz, CDCls, 6 ppm): 23.5 ppm; B NMR (128.4 MHz, CDCls): 6 = 41.0
ppm (br). Mass spectrum (+ve ion, EI), m/z = calculated (found): 693.2675 (693.2664) [M—H]".
Synthesis of [{N(Ph,PN(2,4,6-Me3CgsH>)).} B=Se] (2.2): Toluene (40 mL) was added to a
flask containing L;BH, (1.11) (1.326 g, 2.0 mmol) and elemental Se (0.32 g, 4.0 mmol) at
room temperature. Heating at 80 °C for 2 hours gave light greenish solution that was
filtered while hot and pure 2.2 was collected as pale-green powder from this solution at
room temperature. The mother liquor gave crystals of 2.2 at 4 °C. Yield: (1.02 g, 69 %).

M.p. 185-187 °C. IR (v cm™, KBr): 3050, 2919, 2861, 1479, 1437, 1262, 1214, 1201, 1152,
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1112, 1076 (s, B=Se), 998, 851, 827, 747, 725, 695, 563, 520. 'H NMR (400 MHz, CDCls3,
o ppm): 1.85 (s, 0-CH3 12 H), 2.23 (s, p-CH3 6 H), 6.69 (s, 2,4,6-Me3CgH,, 4 H), 7.31-
7.36 (m, Ph, 8 H), 7.53-7.58 (m, Ph, 12 H) ppm. **C NMR (100 MHz, CDCl3 6 ppm):
20.6 (s, 0-CH3), 21.1 (s, p-CH3), 128.0 (d, Jcp = 13.6 Hz, aromatic), 128.8 (d, Jcp = 2.8
Hz, aromatic), 130.0 (s, aromatic), 132.6 (s, aromatic), 132.9 (d, Jc.p = 11.1 Hz, aromatic),
136.2 (s, aromatic), 136.9 (b, aromatic), 138.3(s, aromatic) ppm. **P{*H} NMR (162 MHz,
CDCl; 5 ppm):21.6 ppm. B NMR (128.4 MHz, CDCl; § ppm): 45.2 (br) ppm. Mass

spectrum (+ve ion, EI), m/z = calculated (found): 742.2201 (742.3522) [M™].
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2.5 Crystallographic Data

Table 1. Crystal data and structure refinement details for compounds 2.1 and 2.2.

Compound 2.1 2.2

Empirical Formula Ca2H4oN3P2,BS Cq2H4oN3P,BSe

Formula mass 693.60 740.49

T (K) 100 (2) 100 (2)

Crystal system Orthorhombic Tetragonal

Space Group Pnc2 14,/a

a(A) 16.3428(2) 37.392(3)

b (A) 15.9077(1) 37.392(3)

c(A) 15.6847(1) 10.8529(1)

a (°) 90 90

B (°) 90 90

7 (°) 90 90

V (A) 4077.7(4) 15174(3)

Z 4 16

Deaic (g cm™) 1.13 1.297

M (MoKa) (mm™) 0.189 1.108

F (000) 1464 6144

0 range (°) 2.25-25.36 3.08-25.35

Index range -19<h<19 -45<h <45
-19<k<19 -42 <k <45
-18<1<18 -13<1<12

Reflections collected 63447 46219

Independent reflections 7460 6935

Data/restraints/parameters 7460/0/450 6935/0/448

R1, WR2 [I > 26(D)]* 0.0341,0.0884 0.0632,0.1326

R1, wR2 (all data) 0.0378,0.0901 0.0822,0.1459

GOF 1.058 1.102

AP max, min/ € A 0.17,-0.17 0.60,-0.59

[a] R1 = ||Fo| — |[Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?|)/zw|Fo*]2
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3.1 Introduction

The chemistry of cations from p-block elements is very rich and has been dominated by
cations derived from the elements of group 13, 14 and 15. These cations have been classified
either on the basis of same number of valence electrons or their similar geometry. On the
basis of number of valence electrons these cation have been classified as onium-, enium- and
inium-cations with 8, 6 and 4 valance electron (ve). Our interest is centered on enium-cations
(6ve) of group 13 in general and borenium cations in particular that are three coordinated 6ve
species. A brief introductory remark about isoelectronic enium-cations of group 14 and 15 is
presented below before a detailed account of borenium cations from group 13 is presented.
Three coordinated 6ve cations from group 14 as enium-cations have general formula
[R:E]" (E = C, Si, Ge, Sn, Pb). Representative examples of [RsE]" cations are presented
below in Chart 1. This area of group 14 enium-cations has been reviewed from time to time
and a plethora of examples are known. The first structurally characterized carbenium was
tert-butyl cation with [Sh,F11]™ as the counter anion.?® Later, another similar tert-butyl cation
was characterized with [HCB1:Clyi]™ anion.® In 2000, the first fluorinated carbocation
[(CH3),CF][AsFs]” was structurally characterized and later on highly substituted [(m-
CF3CsH4)(CsFs)CF]" derivative, containing the less coordinating [As,F11]” anion have shown
only weak interaction between the ions.>“ Some more examples of carbocation have been
depicted in (Chart 1).%f Apart from carbocations, silylium ions are most electrophilic cations
known so far and show very high Lewis acidity. To stabilize tricordinate silylium ions
without appreciable any anion coordination, a highly bulky ligand is required (Chart 1).%*®

Just like silicon, enium ions of Ge, Sn an Pb also need high steric demand in order to shield

their cationic centre as shown below (Chart 1).%*
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Cl Br |
R = OtBu R=iPr E = Ge, Sn

Chart 1. Representative examples of some structurally characterized enium-cations of group

14 elements.

Group 15 enium-cations have general formula [R.E]" (E = P, As, Sb, Bi) where
trivalent state of the central atom and a lone pair maintains an electron count of 6ve. In the
past, the chemistry of highly reactive phosphenium ion [P(R/Y),] was part of many studies.
Stability of these phosphenium ions increases with the n—donor ability of the substituents and
their Lewis acidity is enhanced by using substituents with a stronger electron withdrawing
inductive effect for example in the series [P(NH.),]" < [PCI(NH,)]" < [PCl,]*.** Similar to
cations of other main group elements, use of weakly coordinating anions has been very
instrumental in developing the chemistry of pnictogen cations as well.

Until 2012, there were no reports on structurally characterized phosphenium cations
with at least one halogen and pseudohalogen substituent at the P center. The structures of
[PX(NR2)]" (R = TMS; X = Cl, N3, NCO, NCS) and (R = iPr; X = Cl, N3)** were determined
by X-ray crystallography and [GaCl,]" was the counter anion in all these cases. Some more
examples of heavier pnictogen cations in +3 oxidation state have been shown below and

these were typically synthesized through halide abstraction with Lewis acids (Chart 2).%*"
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Chart 2. Representative examples of some pnictogen cations with formal oxidation state of

+3.

The pnictonium cations (oxidation state +V) and the halopnictonium cations [PnX4]"
with pnictogen atoms in oxidation state +V are not related to the present work and therefore
have not been discussed.

Above discussion gives a brief account of 6 valence electron isoelectronic cations of the type
[R3E]" (E = group 14) and [R,E]" (E = group 15 elements). The following section of the
introduction will discuss another type of isoelectronic three coordinated cations [R;E«L]"
from group 13 elements (Chart 3)°*" with the focus on the lighter congener boron that forms

borenium cations [RoB«L]".
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Chart 3. Representative examples of some heavier group 13 cations (based on Al, Ga, In and
TI).
Cationic species of boron are classified on the basis of the coordination number at the

boron centre. The popular terms for two, three and four coordinate cationic boron centres

L L
i o
® B
R—B—R BL SNR
R R L R
Borinium Borenium Boronium
(A) (B) (€

Chart 4. Types of cationic boron species.
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are borinium, borenium and boronium cations, respectively. As shown in (Chart 4) borinium
(A), borenium (B) and boronium cations (C) are two coordinated (with two o bond), three
coordinated (with two o and one dative bond) and four coordinated (with two ¢ and two
dative bonds) species, respectively. Our main focus lies in borenium cations however,
borinium and boronium are also discussed briefly in this thesis. Despite a broader range of
known related borenium species the discussion is restricted to hydro- and chloro-borenium
species to make the contents simpler.

Borinium cations are (A, Chart 4) two coordinated and highly reactive species with
extraordinary Lewis acidity due to the presence of two empty p-orbitals at boron. It is also
notable that borinium cations are analogous to the ‘two-coordinate carbon dications (R,C**)’
but due to the high reactivity of these borinium cations (R,B"), only high vaccum mass
spectrometry was speculated to be the best possible way to detect these cations in the gas
phase by using low molecular weight boron species (R3B; R = H, Me, Et, F, Cl, OR, SMe)

(Scheme 1) until 1981.°

GH + BMe; — = BMe, + CHy+ G
G = CHy, H,S and CH,0O
Scheme 1. Detection of short lived borinium species under vaccum using mass spectrometry.
The first attempt made by French and co-workers in 1958, revealed the detection of a
borinium ion mixture by reacting diphenylchloroborane (Ph,BCI) with AICI3 in nitrobenzene
or phenyl ethyl ketone.”® However, later re-examination of the same reaction revealed the
formation of borenium and boronium species instead of borinium.”®® In 1982, Néth and co-
workers isolated the first structurally characterized borinium species via bromide abstraction
from the amidoboron bromide (tmp)B(NMe,)Br (tmp = 2,2,6,6-tetramethylpiperidino) by

AlBr; to afford [tmp=B=NMe,]'[AIBr,]", which showed the requirement of lone pair
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donating substituents that can compensate for the electron deficiency on boron via dative ©
bond (A, Chart 5).2 In 1986, Kolle and N&th once again synthesized borinium species
adapting the same strategy via abstraction of chloride using Lewis acid AICI; (B, Chart 5).°
Both the molecules were prepared by abstraction of halide from subsequent amidoboron
halide and showed allene type arrangements with nearly linear geometry of the N-B-N

moiety.

~ 5
z @O
2.
= =
[0 ]
T 7
5 we
& |
; =
lwa <]

HCB,,Clyyl~ or [(CoFs)4Bl
(A) (B) {C)

Chart 5. Some known examples of borinium species.

After a very long gap of activity in the area of synthetic cationic boron chemistry, in
2002 Stephan and co-workers reported the first borinium species bis(tri-
tertbutylphosphinimide) [(t-BusPN),B]" via hydride abstraction from [(t-BusPN),BH] using
trityl salt [PhsCB(C¢Fs)s], which showed that the Lewis acidic boron centre, was sterically
protected by the phosphinimide ligand and thus allowed the delocalization of positive charge
over four adjacent pnictogen centres (Scheme 2).*° Later in 2014, Fukushima and co-workers
isolated another borinium species which was stabilized by the diarylated group instead of

lone pair donating substituents (C, Chart 5)."*

|
B [PhsClB(CFs)al )
PBusgt——N N""PfBus » | BusP—=N—B—NI""P{Bus
PhsCH

@
[B(CSF@.]

Scheme 2. Synthesis of bis(tri-tert-butylphosphinimide) borinium species.
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Borenium species (B, chart 4) are three coordinated species having two o and one
dative bond (from a Lewis base) that occupy the third coordination site on boron, making
them more stable than the borinium species. Lewis acidity of these borenium species are
expected to be less in comparison to the borinium species but still better than its neutral form
due to the combined effect of the net positive charge and empty p-orbital located at boron.
Lewis acidity of borenium species spans a wide range, depending on the substituent attached
to the boron atom. Lewis acidity of borenium species largely depends on the steric as well as
the electronic availability of the vacant p-orbital on the boron atom. For example, highly
substituted [9-BBN-NEts] [NTf,] (A, Chart 6)** have additional hyperconjugative
interaction with proximal o-bonds compared to [BH2-NMes][1]” (B, Chart 6),*> however, the
steric congestion in A discourage A form becoming an effective Lewis acid as compared to
B. In this case the steric factor is dominating over the electronic factor. However, the
relatively less hindered B-diketiminato derived borenium ion (C, Chart 6)** is unlikely to
interfere sterically with an incoming nucleophile (such as a chloride ion) but still does not
react to form tetra-coordinated boron adduct, because the boron p-orbital is strongly
populated due to the involvement of the aromatic n-system, showing dominance of the

electronic factors.

=

o H\@ W

B—NEts B NMey NGNS

|
INTF,|® iI® FBF°
(A) (B) (€
Chart 6. Evaluation of steric vs electronic factors in controlling Lewis acid of borenium
species.
The three examples that were published prior to 1985 were discussed in a review by

N&th™ and a more detailed review published by Piers and co-worker showed an increase in
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the number of reports on these cations, ™ focusing mainly on the synthetic methods for
borenium complexes. One of the two most common methods of borenium ion generation is
Lewis acid mediated halide or hydride abstraction from four coordinated neutral boron

complexes (Scheme 3).'°

Ar Ar Ar
/ / ./
—I\K PhBCl, \8/ 2 AlCl; \B@——Ph
\ / \ / \Ci \ / ®
N N N [aLCl|
AN N AN
Ar Ar Ar

Ar= 2,6-iPr2C5H3

Scheme 3. Lewis acid mediated halide abstraction resulting in borenium species.

In 1987, Jutzi and co-workers reported borenium species (A and B, Chart 7)*" from
the reaction of dichloro(n*—pentamethylcyclopentadienyl)borane with bulky nitrogen donor
based acridine and phenanthridine. In 1991, Kuhn and co-workers also reported borenium
species by the abstraction of a fluoride ion via Lewis acidic BF3-OEt,, supported by a
B—diketiminato ligand (C, Chart 7).2* A few reported examples of borenium cations”*4322%

A to F have been shown below (Chart 7).

— /
O N\
; ; e ®
4 @ B—F
B N & N
C\/ ci® \_/ /e N\ / \ N/ -
O e \
A B c
Ph Mes
i ~p o
N N/ v — \IL/
/ \ @ ' g O
N B—cl <
N Ve
C|/F; N\ {MCL] /t\ [BAr)
cl
X = [Gabry or [NT,] Ar = 3,5-Ch-CeH
D E

F

Chart 7. Examples of borenium cations.
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Applying the same protocol in 2008, Piers and co-workers synthesized the
monohydroborenium cation based on the dipyromethane ligand [(BODIPY)BH]" stabilized
by a bulky weakly coordinating anion [B(CsFs)s]” (Scheme 4)."® In the same manner, Gabbai
and co-workers reported the dimesitylborenium cation [Mes,B-DMAP]* [OTf]™ via reaction

of dimesitylfluoroborane with trimethylsilyl triflate and DMAP.*

" [Et3SHB(CoF5)4]
E;SiF

DIBAL-H

L = DMAP

)
H  [B(CeFs)d

hydroboronium hydroborenium

Scheme 4. Synthesis of monohydroborenium cation [(BODIPY)BH]", based on
dipyromethane ligand.
In a similar process, Vedejs and co-workers prepared a reactive borenium ion based
on 2,3-benzazaborolidine via hydride abstraction, using trityl salt [PhsC][BF4].%° A variety of

borenium species have been prepared in the last decade exploiting tertiary amines,? various

21g, 22

pyridines or N-heterocyclic carbenes (NHCs)??*?® for stabilization and have been used

21b-e,21c,24 219,25

for  hydrogenation,”"  borylation, hydrosilylation, haloborylation,?*

21123025 and Diels-Alder transformation®” of a diverse range of substituents. In

hydroboration
this area Vedejs and co-worker demonstrated the ability of borenium species, derived from
hindered amine borane complexes, to undergo intramolecular aliphatic C—H borylation.?® In

the same manner, Ingleson and co-workers demonstrated the ability of borenium ions to
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direct arene borylation by using of catecholboron chloride as the starting material.?*® The
same group also demonstrated the ability of borenium ions, [X,BL]" (X = halide, L = 2-
DMAP) in haloboration of internal alkynes to generate tetrasubstituted alkenes.?*® The same
group also successfully demonstrated the hydride ion affinity of borenium cations to activate
H, in frustrated Lewis pairs®® and then usage of [(acridine)BCI,]" as a strong boron- and
carbon-based Lewis acid.*® Recently, the same group once again showed the ability of
borenium species for complete reductive cleavage of CO molecules using [(H2B(NEt3))2(u—
H)]*.3" Similarly, Stephan and co-workers showed the hydride ion affinity of borenium
species derived from [(1iPr2)(BCsH14)][B(CsFs)4] [liPr2 = C3H(NiPr),], to activate H, in the
presence of tBusP.>" The same borenium species also acts as a metal free catalyst for
hydrogenation of imines and enamines at room temperature.

Boronium species (C, Chart 4) are four coordinate boron species having two ¢ and
two dative bonds (L) offering them more stability, less reactivity and less Lewis acidic
character than the borinium and boronium species. A few examples of boronium

cations'"?3312 A to E are presented below (Chart 8).
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Chart 8. Examples of boronium cations.
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Among all types of boron cation discussed above the four coordinate boron cations are more
prevalent in literature in comparison to two coordinated and three coordinated boron cations.
However, the chemistry of three coordinate boron species has attracted more attention due to
a balance of ease of synthesis, stability, reactivity and Lewis acidity in comparison to difficult
synthetic routes to be adopted for borinium ions due to their high reactivity whereas, the high
coordination number of boronium form makes them easy to prepare but compromise their
Lewis acidity.

Recently, our group reported on the synthesis and characterization of a dihydroboron
species, L;BH; (1.11) complex with a bulky monoanionic bis(phosphinimino)amide ligand
(Ly = [N(Ph,PN(2,4,6-MesCgH-))2] ).** Here, we were interested in preparing a series of
borenium species by using two different methods: (1) hydride-halide exchange followed by

halide abstraction and (I1) Lewis acid mediated hydride abstraction.

3.2 Results and Discussion
Reaction of L;BH, (1.11) with three equivalents of BH,CI-SMe, in toluene at 60 °C (Path 1,

Scheme 5) results in the formation of the hydroborenium species [LiBH]'[HBCIs]™ (3.1).
Compound 3.1 has also been conveniently prepared by other alternative routes as shown in
Scheme 5; Path 2 involving the reaction of 1.11 with one equivalent of BCl; and Path 3 by
reacting LiH with three equivalents of BH,CI-SMe, at 110 °C. While the course of reaction
is straight forward for Path 2 the reaction through Path 1 proceeds via hydride abstraction by
the Lewis acid, BCl; formed in-situ, and BH3 as the other possible product whereas Path 3

involves hydrogen evolution to first give L;BHCI®

which subsequently reacts with the
second equivalent of BH,Cl-SMe, to generate BH,Cl, that undergoes metathesis with the
third equivalent of BH,Cl-SMe, to generate BH3 and BHCI; counter anion. To the best of

our knowledge, compound 3.1 is the first example of a stable hydroborenium ion, containing

a simple anion [BHCI;3], that does not require a bulky weakly coordinating anion for
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15,10,11,15,36

stability. The only hydroborenium cation reported in the literature is

dipyrromethene

Ph.  Ph Ar Ph. Ph  Ar Ph  Ph Ar
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Scheme 5: Synthesis of a hydroborenium cation, [L1:BH] [HBCl3] (3.1).

complexed with a substituted boron atom, [(BODIPY)BH]" that is stabilized by a bulky weakly
coordinating anion, [B(Cg¢Fs)s]”.}” Other notable hydrido boron cations include the
hexaphenylcarbodiphosphorane stabilized dihydrido borenium cation,
[(PhsP),CBH,]*[HB(CgFs)s] reported by Alcarazo and coworkers®” and the work of Chen et al.
on three coordinate [BH4], [I], and [OTf] salts of dicationic hydrido boron complexes
stabilized by carbodicarbene.® Compound 3.1 was characterized by spectroscopic,
spectrometric, and single crystal X-ray techniques. The HRMS investigations under +ve ion
mode of 3.1 revealed the signal at m/z = 662.3032 (calculated m/z = 662.3043) as the base peak
corresponding to the cationic moiety [M-BHCI3]*. The IR spectrum of 3.1 showed the B—H
stretch at 2545 and 2470 cm™.3* In the 'H NMR spectrum of complex 3.1 the BH resonance
appeared as a broad signal around 4.27 ppm and 0-CH3 and p-CHg; were observed at 1.67 and
2.29 ppm, respectively. A downfield shift in the *!P{*H} NMR spectrum of 3.1 (22.7 ppm)

was observed when compared to L;BH, (19.2 ppm).3* The !B NMR spectrum of 3.1 showed a
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sharp doublet at 3.30 ppm with *Jg. of 164.3 Hz, this signal can be attributed to the anionic
moiety of 3.1.%° The signal for B atom of the cationic moiety is not detected perhaps due to the

low local symmetry around this boron atom.

ez

Figure. 1 Solid state structure of [L;BH]" [BHCIs] (3.1). All hydrogen atoms except on

boron atoms have been deleted for clarity. Thermal ellipsoids have been drawn at 30%
probability. Selected bond lengths [A] and bond angles [°]: B(1)-H(1) 1.110(2), B(1)-N(1)
1.432(5), B(1)-N(3) 1.437(1), N(1)-P(2) 1.680(2), N(2)-P(1) 1.580(5), N(2)-P(2) 1.579(1),
N(3)-P(1) 1.679(4), P(2)-C(1) 1.797(2), P(2)-C(16) 1.796(2), P(1)-C(22) 1.798(2), P(1)-
C(28) 1.788(2), N(3)-C(34) 1.460(2), N(1)-C(1) 1.457(2), B(2)-H(2) 1.070(3), B(2)-CI(1)
1.866(2), B(2)-CI(2) 1.839(3), B(2)-CI(3) 1.866(2), N(1)-B(1)-N(3) 125.8(1), N(1)}-B(1)-
H(1) 1185(1), N(3)-B(1)-H(1) 115.6(1), N(2)-P(2-N(1) 107.8(1), N(2)-P(1)-N(3)
108.3(1), C(1)-N(1)-B(1) 116.68(1), C(1)-N(1)-P(2) 120.26(1), C(12)-P(2)-C(16)
105.87(1), C(12)-P(2)-N(1) 112.33(1), C(16)-P(2)-N(1) 109.95(1), C(33)-N(3)-B(1)
116.61(1), C(33)-N(3)-P(1) 121.13(1), C(27)-P(1)-C(22) 107.52(1), C(22)-P(1)-N(3)
104.94(1), C(27)-P(1)-N(3) 110.15(1), C(22)-P(1)-N(2) 110.66(1), C(27)-P(1}-N(2)
110.76(1), H(2)-B(2)-Cl(1) 111.4(1), H(2)-B(2)-CI(2) 107.5(1), H(2)-B(2)-CI(3) 110.8(1),

CI(1)-B(2)-CI(2) 109.1(1), CI(1)-B(2)-CI(3) 109.2(1), CI(2)-B(2)-CI(3) 108.7(1).
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Single crystals of 3.1 suitable for X-ray structural analysis were grown from toluene.
Compound 3.1 crystallizes in the monoclinic crystal system with P2;/n space group (Figure 1).
In the solid state ion pairs of a molecule of 3.1 are well separated, probably due to the bulky
nature of the cationic moiety, and the molecules of 3.1 are also discrete showing no
intermolecular interactions. The coordination environment around cationic boron is distorted
trigonal planar whereas the anionic part exhibits a distorted tetrahedral geometry. The central
N3P,B ring in 3.1 slightly deviates from planarity. The B-H bond length (1.110(2) A) in the
cationic part of 1 is longer than the B-H distance in its counter anion (1.070(3) A) and that
reported in the BODIPY derived borenium ion (0.950 A)."” The B-N distances in 3.1 (1.432(5)
and 1.437(1) A) are slightly shorter than that in its precursor L;BH, (1.588(5) and 1.615(5) A).
The N(1)-B(1)-N(3) bond angle in 3.1 (125.75(1)°) is wider than the N-B-N bond angle in its
precursor L;BH, (110.60(2)°).*

To investigate the reaction chemistry of the newly synthesized hydroborenium species,
[L:BH]" [BHCIs] (3.1) oxidative addition of sulfur into the B-H bonds was attempted with an
anticipation to isolate the cationic mercaptoborane compound, [L;BSH]® [BHCIs]". The
reaction of sulfur with compound 3.1 does not progress at room temperature however, under
reflux conditions in toluene the insertion of sulfur presumably occurs converting the hydride
into a thiol function which due to the presence of HBCI;3  anion releases HCI and formation of
[L:H2]"CI™ as the only isolable soluble product. Use of Et3N or lutidine as bases in the reaction
lead to the isolation a mixture of ammonium salts and [L;H2]*CI". In the *H NMR spectrum of
complex [L1H,]"CI” the NH resonance appeared as a broad signal around 8.66 ppm and 0-CHs
and p-CHs were observed at 2.03 and 2.07 ppm, respectively. A downfield shift in the *P{*H}
NMR spectrum of [L1H,]"CI~ (16.0 ppm) was observed when compared to L;H (2.3).

The reaction of L;BH, with 3 equivalent of BCl3 in toluene (Scheme 6) under reflux gave a

chloroborenium species, [L;BCI]'[BCl4] (3.2). The synthetic approach to prepare 3.2 is quite
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unique in the sense that it involves the exchange of hydrides with chlorides and subsequent
abstraction of one of the chloride by BCl3 to afford the chloroborenium ion. Generation of the
borenium cation by halide or hydride abstraction is known™ but metathesis of B-H to B-Cl and
subsequent abstraction of chlorine in a single reaction/in situ is reported /tested for the first
time. The overall course of the reaction is metathesis of L;BH, to L;BCl, and abstraction of
chloride from L;BCl, by the third equivalent of BCls leading to the formation of [L;BCI]*
[BCl4] ion pair. Lewis acidity of BCl3 has been estimated to be comparable to that of B(CgFs)3
however, the later has also been exploited as a precursor to weakly coordinating anion
[XB(CgFs)s] formed as a consequence of hydride abstraction by it (X = H or CgFs). In the
present case we believe that the strong donor characteristic of the bis(phosphinimino)amide
ligand offers necessary stability to the resulting boron cation and at the same time
enables/encourages BCl; to abstract the chloride from L;BCI; to form the [BCl4]™ counter ion.
This methodology in principle eliminates the necessity of a weakly coordinating anions
however, as expected this ligand also supports the borenium cations generated using B(CgFs)3

or weakly coordinating anion [B(CgFs)4] .

Ph Ph A Ph h F
VA Noley” cl
P==N Cle .~
/ \B/ 3 eq. BCl, N/ o . B¢
N »
\\ / \H foluene,12h Reflux \\ / \ 5
PN Pq"'""'N\ Cl
Ph/ \Ph \Ar Ph/ Ph Ar

(1.1} 3.2}

Scheme 6. Synthesis of chloroborenium complex, [L1BCI]'[BCl4]™ (3.2).
Compound 3.2 was characterized by spectroscopic, spectrometric and single crystal X-ray
techniques. The HRMS investigations under +ve ion mode of 3.2 revealed the signal at m/z

696.2628 (calculated m/z = 696.2643) that can be assigned to the cation [L;BCI]" or [M-BCl,]".
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Figure 2. Solid state structure of [LBCI]*'[BCIs]” (3.2). All hydrogen atoms have been
deleted for clarity. Thermal ellipsoids have been drawn at 30% probability. Selected bond
lengths (A) and bond angles (°): B(1)-CI(1) 1.782(1), B(1)-N(1) 1.462(1), B(1)-N(3)
1.453(1), N(1)-P(1) 1.701(2), N(2)-P(1) 1.613(7), N(2)-P(2) 1.611(6), N(3)-P(2) 1.717(8),
P(2)-C(22) 1.830(1), P(2)-C(28) 1.834(1), P(1)-C(10) 1.814(9), P(1)-C(16) 1.826(8), N(3)-
C(34) 1.519(9), N(1)-C(1) 1.503(1), B(2)-CI(2) 1.876(1), B(2)-CI(3) 1.884(1), B(2)-Cl(4)
1.887(1), B(2)-CI(5) 1.870(2), N(1)-B(1)-N(3) 124.01(7), N(1)-B(1)-CI(1) 118.14(6),
N(3)-B(1)-CI(1) 117.86(6), N(2)-P(1)-N(1) 109.48(3), N(2)-P(2)-N(3) 108.22(3), C(22)-
P(2)-C(28) 108.67(3), C(28)-P(2)-N(2) 106.91(3), C(22)-P(2)-N(2) 111.78(3), C(34)-
N(3)-B(1) 121.30(6), C(34)-N(3)-P(2) 115.13(4), C(10)-P(1)-C(16) 107.84(3), C(10)-P(1)-
N(2) 108.20(3), C(16)-P(1)-N(2) 111.02(3), C(16)-P(1)-N(1) 109.60(3), C(10)-P(1)-N(1)
110.67(3), C(1)-N(1)-B(1) 121.06(6), C(1)-N(1)-P(1) 119.24(4), CI(2)-B(2)-CI(3)
109.04(5), CI(2)-B(2)-Cl(4) 108.64(5), Cl(2)-B(2)-CI(5) 110.35(5), CI(3)-B(2)-Cl(4)
108.94(5).

The *H NMR spectrum of complex 3.2 showed 0-CH; and p-CHs at 1.68 and 2.34 ppm,
respectively and other peaks are consistent with the backbone. A downfield shift in the *P{*H}
NMR signal of 3.2 (26.26 ppm) was observed when compared to L;BH, (1.11) (19.2 ppm).**
The "B NMR spectrum of 3.2 showed a sharp singlet at 7.14 ppm, the signal is most likely

due to [BCI,] . The cationic boron centre probably gives a signal too broad to be observed.
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Single crystals of 3.2 suitable for X-ray structural analysis were grown from THF. Compound
3.2 crystallizes in the monoclinic crystal system with P23/n space group (Figure 2). The
coordination environment around boron is distorted trigonal planar whereas the anion [BCl4]™
as expected exhibits a distorted tetrahedral geometry. The central N3P,B ring in 3.2 slightly
deviates from planarity. The B-Cl bond length (1.782(2) A) in the cationic part of 3.2 is shorter
than the B-CI distance in its counter anion (1.876(1) A) and comparable to that reported in B-
diketiminato  derived  borenium  ion  [(HC(CMe)2(NCsFs),)BCI]'[AICI,]™™®  and
boratophosphazene derived borenium ion [(N(PCl,)2(NCHs3),)BCI][AICI,] %% (1.740 and 1.752
A), respectively. The B-N distances in 3.2 (1.445(2) and 1.432(3) A) are slightly shorter than
that in its precursor (1.588(5) and 1.615(5) A). The N-B-N bond angle in 3.2 (123.9(3)°) is
comparable to that reported in boratophosphazene derived borenium ion
[(N(PCI,)2(NCH3)2)BCIT[AICI,]” (124.0°) and wider than the N-B-N bond angle in P-
diketiminato derived borenium ion [(HC(CMe,),(NCsFs),)BCI]'AICI,] (117.2°).

The reaction of L;BH; (1.11) with the Lewis acids B(CgFs)s or [Ph3sC][B(CgFs)4] in
toluene (Scheme 7) proceed under hydride abstraction to yield the corresponding

hydroborenium species [L1BH]" [A]" [A = HB(CsFs)s (3.3), B(C¢Fs)4 (3.4)].

r Ph Ph Ar
\P/:N/ & \P/_N/
. / \B / B(CgFs)a / \B ® o
—_ T
or [A]
\\PMN/ \H [Ph;CHB{CgFs)al \\P—-—-—N/ \H
o e N o’ Ve A

1.41 A = HB(CgFs)a (3.3}, B(CsFs)4 (3.4)
Scheme 7. Synthesis of hydroborenium complexes [L;BH]* [HB(CsFs)s] (3.3) and

[LsBH]" [B(CeFs)a] (3.4).

Compounds 3.3 and 3.4 showed good solubility in polar solvents and separated as liquid

clathrate from benzene and toluene, addition of n-hexane to these clathrates afforded off-white
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solids. Compounds 3.3 and 3.4 were characterized by spectroscopic and spectrometric
techniques. Due to clathrate nature of these molecules, single crystals could not be grown and
limited their characterization by X-ray technique. The *H NMR spectrum of the hydroborenium
species 3.3 and 3.4 showed a broad peak at 4.38 ppm for hydride and showed downfield shift as
compared to its precursor 1.11(19.2 ppm). The *H NMR resonance signals for 0-CH; and p-
CHs; groups on mesityl substituents of the ligand for 3.3 (1.75 and 1.72 ppm) and for 3.4 (2.33
and 2.32 ppm) were in accordance with the ligand backbone and composition of these
molecules. The *P{*H} spectra of 3.3 and 3.4 showed sharp single resonances at 22.7 and
22.6 ppm respectively, which were downfield shifted as compared to their precursor 1.11 (19.2
ppm).** The "B NMR spectrum of 3.3 showed a sharp doublet at -24.4 ppm with *Jg.; of 88
Hz, this signal can be attributed to the anionic moiety [HB(CgFs)s]” of 3.3.* The B NMR
spectrum of 3.4 showed a sharp singlet at -16.6, this signal can be attributed to the anionic
moiety [B(CsFs)s]” of 3.4.** The signal for B atom of the cationic moiety in both compounds
was not detected perhaps due to the low local symmetry around the cationic boron centre. The
YF NMR spectrum of 3.3 showed a doublet at —132.2 ppm with *J-.r = 18.8 Hz, a triplet at
~164.4 ppm with *J..¢ = 20.3 Hz, and a multiplet at —166.9 ppm as expected for perfluorinated
phenyl rings. The *F NMR spectrum of 3.4 showed a broad peak at —132.2 ppm, a triplet at
—162.2 ppm with 3.k =20.7Hz, anda multiplet at —166.8 ppm as expected for perfluorinated
phenyl rings. The *H NMR, aliphatic region of *C NMR and *P{*H} spectrum of 3.4 were
identical to that of 3.3. These counter ions independent chemical shifts for the cationic parts of
3.3 and 3.4, with same cation, suggested well separated counter ions for these molecules.
Moreover, the °F and !B NMR features of 3.4 correlated well with that of [PhsC][B(CsFs)a]*
again emphasizing the presence of well separated counter ions in 3.3 and 3.4. The El mass
spectrum (+ve ion) of 3.3 and 3.4 showed the cationic fragment, [M-HB(CsFs)3]" and [M-

B(CsFs)4]" as the base peak at m/z = 662.3025 and 662.3021, respectively. The IR spectrum of
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3.3 showed the B-H stretching bands at 2558 and 2254 cm™ for the cationic and anionic
moieties. Similarly, the IR spectrum of 3.4 revealed the B-H stretch for the cationic moiety at
2549 cm™.

The reaction of [L;BH]"[B(CsFs)a] (3.4) with DMAP in toluene (Scheme 8) formed the

expected adduct, yielding the corresponding hydroboronium species
[L:BH-DMAP]'[B(CgFs)4] .
_ \ @
N
Ph\ /Ph /Ar P P A 7 |
PN P——N Na=
/ \o o DMAP / N K &
N B By, > | N B (B(CeFs))
\\ / \ toluene \\ / \
PQ““N\ H /P\ N\ H
Ph/ Ph Ar Ph Ph Ar
{3.4) L (3.5) —

Ar= 2,4 6-Me;CgH,
Scheme 8. Synthesis of a hydroboronium complex [L;BH-DMAP]'[B(C¢Fs)4] (3.5).
The *H NMR spectrum of the hydroboronium species 3.5 showed a broad peak at 4.07
ppm for hydride and showed upfield shift (of about 0.3 ppm) as compared to its precursor
3.4. The 'H NMR resonance signals for 3.5 showed two 0-CHj; peaks, the one at 1.99 ppm for
(3H) and the second appeared as broad singlet from 1.39-1.92 ppm (9H) and the
corrosponding p-CHs were seen at 2.22 ppm respectively, and the rest of the signals were in
accordance with the ligand backbone and composition. The *H NMR resonance signals for
DMAP in 3.5 appeared at 2.97 ppm. The **P{"H} spectrum of 3.5 showed up as a sharp
single resonance at 21.9, which is upfield shifted as compared to its precursor 3.4 (22.6
ppm).”® The B NMR spectrum of 3.5 showed a sharp singlet at -16.6, this signal can be
attributed to the anionic moiety [B(CeFs)s]” of 3.5.%* The signal for B atom of the cationic
moiety in 3.5 was not detected. The *F NMR spectrum of 3.5 showed a broad peak at —132.5

ppm, a triplet at —163.1 ppm with *Jz¢ = 20.7 Hz, and a multiplet at —166.8 ppm as expected

for perfluorinated phenyl rings. The EI mass spectrum (+ve ion) of 3.5 showed the cationic
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fragment, [M+H -B(C¢Fs)4]” as the base peak at m/z = 785.3979. The IR spectrum of 3.5
showed the B-H strectching bands at 2430 cm™. From the above data i.e NMR and IR, we
can clearly confirm that the hydroborenium species in 3.4 is Lewis acidic in nature to
coordinate with DMAP to form a hydroboronium compound.

3.3 Conclusion

In conclusion we have demonstrated the synthesis of hydroborenium and
chloroborenium species with or without bulky anion supported by bis(phosphinimino)amide
ligand. Hydroborenium species showed good Lewis acidity with the reaction of DMAP.
Further studies of the Lewis acidity of these borenium species is underway.

3.4 Experimental Section

3.4.1 General procedure

All the syntheses were carried out under an inert atmosphere of dinitrogen in oven
dried glassware using standard Schlenk techniques® or a glovebox where O, and H;0 levels
were maintained usually below 0.1 ppm. All the glassware were dried at 150 °C in an oven
for at least 12 h and assembled hot and cooled in vacuo prior to use. Solvents were purified
by MBRAUN solvent purification system MB SPS-800. THF was dried over
(Na/benzophenone ketyl) and distilled under nitrogen and degassed prior to use. CDCI; for
NMR was dried over 4 A molecular sieves.
3.4.2 Starting materials

All the chemicals used in this work were purchased from commercial sources and were
used without further purification. [PhsC][B(CsFs)s]** was synthesized as per the procedure

mentioned in the literature.
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3.4.3 Physical measurements

The 'H, ¥*C, *P{*H} and B NMR spectra were recorded with a Bruker 400 MHz
spectrometer with TMS, H3PO4 (85 %) and BF5-OEt, respectively, as external references and
chemical shifts were reported in ppm. Downfield shifts relative to the reference were quoted
positive while the upfield shifts were assigned negative values. High resolution mass spectra
were recorded on a Waters SYNAPT G2—S instrument. IR spectra of the complexes were
recorded in the range 4000-400 cm ' using a Perkin Elmer Lambda 35-spectrophotometer
over KBr plates. The absorptions of the characteristic functional groups were only assigned
and other absorptions (moderate to very strong) were only listed. Melting points were
obtained in sealed capillaries on a Buchi B-540 melting point instrument.
Single crystal X-ray diffraction data for 3.1 and 3.2 were collected using a Rigaku XtaLAB
mini diffractometer equipped with Mercury375M CCD detector. The data were collected
with graphite monochromatic MoKa radiation (A = 0.71073 A) at 100.0(2) K using scans.
During the data collection, the detector distance was maintained at 50 mm (constant) and the
detector was placed at 20 = 29.85° (fixed) for all the data sets. The data collection and data
reduction were done using Crystal Clear suite.** The crystal structures were solved by using
either OLEX2* or WINGX package using SHELXS-97 and the structure were refined using
SHELXL-97 2008.% All non hydrogen atoms were refined anisotropically.
3.4.4 Synthetic procedure
Synthesis of [{N(Ph,PN(2,4,6-MesC¢H>)).}BH]'BHCI;™ (3.1): To a solution of L;H (2.60 g,
4.0 mmol) in toluene (50 mL) at - 30 °C was added BH,CI-Me,S (1.20 mL, 12 mmol, 10 M
in Me,S). The reaction mixture was brought to room temperature and was stirred for 2 hours
followed by reflux for 12 hours. Evaporation of all volatiless under vacuum afforded a white
solid that was washed with (2 x 20 mL) hexane and dried under vacuum. This material

obtained was crystallized from toluene at room temperature. Yield: (2.81 g, 89.6 %). M.p.
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175-177 °C. IR (v cm™, KBr): = 3051, 2962, 2923, 2545, 2470 (B-H stretch), 1587, 1438,
1328, 1296, 1191, 1116, 1023,726. *H NMR (400 MHz, CDCls, d ppm): 1.67 (s, 0-CHs, 12
H), 2.29 (s, p-CH3 6 H), 4.27 (broad, BH), 6.85 (s, 2,4,6-MesCgH,, 4 H), 7.65-7.54 (m, Ph,
16 H), 7.82-7.78 (m, Ph, 4 H). *C NMR (100 MHz, CDCls, 6 ppm): 19.3 (s, 0-CHg), 20.9 (s,
p-CHs), 125.1 (d, Jcp = 2.0 Hz, aromatic), 126.4 (d, Jc.p = 2.0 Hz, aromatic), 129.4 (m not
resolved, due to Jcp & Jc-g, aromatic), 130.6 (s, aromatic), 132.5 (m not resolved, due to Jc.p
& Jc.s, aromatic), 134.2 (s, aromatic), 134.9 (s, aromatic), 136.4 (s, aromatic), 139.0 (s,
aromatic). **P{*H} NMR (162 MHz, CDCls, § ppm): 22.7. !B NMR (128.4 MHz, CDCls, ¢
ppm): 3.3 (d, YJg.y = 164.3 Hz). Mass spectrum (+ve ion, El), m/z = calculated (found):
662.3032 (662.3043) [M-BHCl,]".

Alternative synthesis for (3.1): (a) To a solution of L;BH, (1.11) (2.65 g, 4.0 mmol) in
toluene (40 mL) at - 30 °C was added BH,Cl-Me,S (1.2 mL, 10 M in Me,S, 12 mmol). The
reaction mixture was brought to room temperature and was further heated at 60 °C for 5
hours. Evaporation of all volatiless under vacuum afforded white sticky solid. This sticky
solid was washed with (2 x 20 mL) hexane to give white solid. Yield: (2.62 g, 84 %).

(b) To a solution of L1BH; (1.11) (2.65 g, 4.0 mmol) in toluene (40 mL) at - 30 °C was added
BCl; (4 mL, 1 M in toluene, 4 mmol). The reaction mixture was brought to room temperature
and was further stirred for 12 hours. Evaporation of all volatiles under vacuum afforded white
solid. Yield: (2.9 g, 93 %).

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH,))2}H2] * CI™: To a mixture of [L;BH]'BHCI3™ (3.1)
(1.56 g, 2.0 mmol) and sulfur (0.064 g, 2.0 mmol ) at - 30 °C was added (40 mL) toluene. In
the same solution was added EtsN (0.28 mL, 2 mmol). The reaction mixture was brought to
room temperature and was further heated at 110 °C for 12 hours. Evaporation of all volatiless
under vacuum afforded white solid. *H NMR (400 MHz, CDCls, 6 ppm): 2.03 (s, 0-CH3 12

H), 2.07 (s, p-CH3, 6 H), 6.53 (s, 2,4,6-MesCgHy, 4 H), 7.19 (m, Ph, 8 H), 7.35 (m, Ph, 4 H),
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7.65 (m, Ph, 6 H), 7.76 (m, Ph, 2 H), 8.66 (broad, NH). **P{*H} NMR (162 MHz, CDCls, §
ppm): 16.0.

Synthesis of [{N(Ph;PN(2,4,6-MesCgsH,))-}BCI'BCl;~ (3.2): To a solution of L;BH,
(1.11) (2.65 g, 4.0 mmol) in toluene (40 mL) at - 70 °C was added BCl; (12 mL, 1 M in
toluene, 12 mmol). The reaction mixture was brought to room temperature and was further
stirred for 12 hours. The reaction mixture was refluxed for 12 hours. Evaporation of all
volatiles under vacuum afforded a white solid. This was crystallized from THF at room
temperature. Yield: (3.05 g, 90 %). M.p. 152-154 °C. IR (v cm™, KBr): 2923, 1588, 1476,
1438, 1288, 1225, 1114, 695. 'H NMR (400 MHz, CDCls, 6 ppm): 1.68 (s, 0-CH3z 12 H),
2.34 (s, p-CHs 6 H), 6.88 (s, 2,4,6-MesCgHo, 4 H), 7.63-7.55 (m, Ph, 16 H), 7.84-7.80 (m, Ph,
4 H). *C NMR (100 MHz, CDCls, § ppm): 19.2 (s, 0-CH3), 21.0 (s, p-CH3), 124.4 (d, Jcp =
2.0 Hz, aromatic), 125.7 (d, Jc-p = 2.0 Hz, aromatic), 129.4 (m not resolved, due to Jc.p & Jc-
g, aromatic), 130.8 (s, aromatic), 132.2 (s, aromatic), 132.9 (m not resolved, due to Jc.p & Jc-
s, aromatic), 135.1 (s, aromatic), 136.9 (s, aromatic), 139.4 (s, aromatic).*P{*H} NMR (162
MHz, CDCls, § ppm): 26.3. "'B NMR (128.4 MHz, CDCls, ppm): 6 7.1. Mass spectrum (+ve
ion, EI), m/z = calculated (found): 696.2643 (696.2628) [M]".

Synthesis of [{N(Ph,PN(2,4,6-Me3CsH>)),}BH] [HB(CsFs)s]™ (3.3):

A toluene solution (10 mL) of B(CgFs)s (0.52 g, 1.0 mmol) was added dropwise at room
temperature to a solution of complex L;BH, (1.11) (0.66 g, 1.0 mmol) in toluene (10 mL).
The mixture was stirred for 0.5 h during which transparent oily compound formed. After
removal of all volatiles under vacuum the oil was washed with hexane (30 mL) gave an off
white solid.Yield : (1.05 g, 90 %). M.p: 106-108 °C. IR (v cm™, nujol): 2962, 2927, 2861,
2558 (B-H stretch), 1646, 1508, 1465, 1380, 1329, 1301, 1117, 970, 909,735, 650, 538. 'H
NMR (400 MHz, CDCl3, ¢ ppm): 1.75 (s, 12 H, 0-Me), 2.33 (s, 6 H, p-Me), 4.38 (broad, 1 H,

B-H), 6.91 (5, 2,4,6-MesCsHy, 4 H), 7.61-7.56 (m, 8 H, Ph), 7.75-7.69 (m, 8 H, Ph),
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7.82-7.78 (m, 4H, Ph). *C NMR (100 MHz, CDCls, 6 ppm): 19.1 (s, 0-CHs), 20.7 (s, p-
CH3), 125.3 (d not resolved, due to Jcp & Jc-g, aromatic), 126.5 (d not resolved, due to Jcp
& Jc.g, aromatic), 129.2 (m not resolved, due to Jcp & Jc-g, aromatic), 130.6 (s, aromatic),
132.6 (m not resolved, due to Jcp & Jc.g, aromatic), 134.2 (s, aromatic), 134.7 (s, aromatic),
135.4 (m not resolved, due to Jcr & Jcg, aromatic) 136.5 (s, aromatic), 137.7 (m not
resolved, due to Jc.r & Jc-g, aromatic), 139.1 (s, aromatic), 147.2 (m not resolved, due to Jc.r
& Jc.g, aromatic), 149.5 (m not resolved, due to Jcr & Jc.s, aromatic). **P{"H} NMR (162
MHz, CDCls, 6 ppm): 22.7. *°F NMR (376 MHz, CDCls, 6 ppm): —133.12 (d, *Jr.r = 18.8 Hz,
6F, 0-CgFs), —164.15 (t, *J.r = 20.3 Hz, 3F, p-CsFs), —166.9 (m, 6F, m-CgFs). B NMR (128
MHz, CDCl3, 6 ppm): —24.4 (d, Jg-y = 88.0 Hz). Mass spectrum (+ve ion, El), m/z =
calculated (found): 662.3032 (662.3025) [M-HB(CgFs)s] "

Synthesis of [{N(Ph,PN(2,4,6-Me3;CsH>))2}BH] [B(CsFs)a]™ (3.4):

A toluene (10 mL) solution of [Ph3C][B(CsFs)s] (0.93 g, 1.0 mmol) was added dropwise at
room temperature to a solution of complex LiBH; (1.11) (0.66 g, 1.0 mmol) in toluene (10
mL). The mixture was stirred for 0.5 h during which yellow oil droplets developed. After
removal of all volatiles under vacuum, the oil was washed with hexane (30 mL) that gave a
white solid.Yield: (1.12 g, 85 %). M.p: 110-112 °C. IR (v cm™, nujol): 2931, 2857, 2549 (B-
H stretch), 1644, 1454, 1058, 969, 853, 829, 722, 586. *H NMR (400 MHz, CDCls, § ppm):
1.72 (s, 12 H, 0-Me), 2.32 (s, 6 H, p-Me), 4.38 (broad, 1 H, B—H), 6.89 (s, 2,4,6-Me3CgH, 4
H), 7.58-7.53 (m, 8 H, Ph), 7.71-7.66 (m, 8 H, Ph), 7.79-7.76 (m, 4H, Ph). *C NMR (100
MHz, CDCl3, 6 ppm): 19.1 (s, 0-CH3), 20.7 (s, p-CHz), 124.3 (d not resolved, due to Jc.p &
Jc-s, aromatic), 125.5 (d not resolved, due to Jc.p & Jc-g, aromatic), 129.2 (m not resolved,
due to Jcp & Jc.g, aromatic), 130.6 (s, aromatic), 132.6 (m not resolved, due to Jcp & Jc.s,
aromatic), 134.2 (s, aromatic), 134.7 (s, aromatic), 135.4 (m not resolved, due to Jc.r & Jc-B,

aromatic) 136.5 (s, aromatic), 137.7 (m not resolved, due to Jc.r & Jc.g, aromatic), 139.1 (s,
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aromatic), 147.2 (m not resolved, due to Jc.r & Jc-g, aromatic), 149.5 (m not resolved, due to
Jo-r & Je.g, aromatic). *'P{*H} NMR (162 MHz, CDCls, é ppm): 22.6. *°F NMR (376 MHz,
CDCl3, 6 ppm): —132.5 (b, 8F, 0-CeFs), —162.2 (t, *Je.¢ = 20.7 Hz, 4F, p-C¢Fs), —166.8 (m, 8F,
m-CsFs). 'B NMR (128 MHz, CDCls, 6 ppm): —16.6. Mass spectrum (+ve ion, El), m/z =

calculated (found): 662.3032 (662.3021) [M-B(CsFs).]".

Synthesis of [{N(Ph,PN(2,4,6-MesCgH>))-}BH-DMAP]*[B(CsFs)a]” (3.5):

A toluene solution (10 mL) of DMAP (61 mg, 0.5 mmol) was added dropwise at room
temperature to a solution of complex [L1BH][B(CsFs)s]” (0.67 g, 0.5 mmol) in toluene (10
mL). The mixture was stirred for 2 h during which oily nature of the compound disappeared.
After removal of all volatiles under vacuum and washing the residue with hexane (30 mL)
gave a off white solid. Yield : (0.66 g, 90 %). M.p: 83-85 °C. IR (v cm™, nujol): 2958, 2924,
2861, 2430 (B-H stretch), 1627, 1458, 1259, 1079, 976, 820, 689, 575. 'H NMR (400 MHz,
CDCls, ¢ ppm): 1.39-1.92 (b, 9 H, 0-Me), 1.99 (s, 3 H, 0-Me), 2.22 (s, 6 H, p-Me), 2.97 (s, 6
H, NMey,), 4.07 (broad, 1 H, B-H), 6.25 (b, 2 H, Ph), 6.73 (s, 2,4,6-Me3CeHo, 4 H), 7.24-7.17
(m, 5 H, Ph), 7.35-7.30 (m, 3 H, Ph), 7.47 (b, 6 H, Ph), 7.65-7.61 (m, 3H, Ph), 7.79 (b, 5 H,
Ph). 3C NMR (100 MHz, CDCls, 6 ppm): 20.1(p-CHs), 20.6 (m, 0-CHa)*, 39.2, 105.8 (m,
aromatic), 126.3 (s, aromatic), 128.3 (s, aromatic), 128.5 (d not resolved, due to Jcp & Jc.g,
aromatic), 129.3 (s, aromatic), 129.5(s, aromatic), 130.4 (m, aromatic), 131.6 (m, aromatic),
131.9 (m, aromatic), 132.2 (d not resolved, due to Jcp & Jcg, aromatic), 132.8 (m,
aromatic), 135.1 (m, aromatic), 135.6 (s, aromatic), 137.0 (m, aromatic), 137.6 (m,
aromatic), 143.9, 147.0 ((m, aromatic), 149.4 (m, aromatic). **P{"H} NMR (162 MHz,
CDCl3, 6 ppm): 21.9. °F NMR (376 MHz, CDCls, § ppm): —132.5 (b, 8F, 0-C¢Fs), —~163.10
(t, 3Je.e = 20.7 Hz, 4F, p-CeFs), —166.78 (m, 8F, m-C¢Fs). 'B NMR (128 MHz, CDCls, &
ppm): —16.6. Mass spectrum (+ve ion, EI), m/z = calculated (found): 785.3956 (785.3979) [M

+H]™.
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(m)* = 'H NMR showed two different type of 0-CH; which also reflected in **C NMR to

giving a multiplet of two different type of carbons.
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3.5 Crystallographic Data

Table 1. Crystal data and structure refinement details for compounds 3.1 and 3.2.

Compound 3.1 3.2

Chemical formula C42H44N3P282C|3 C42H42N3P282C|5

R1, wR2 [I1>24(1)]®
R1, wR2 (all data)®®

GOF

0.0442,0.1194
0.0476, 0.1231
1.026

Molar mass 780.80 849.68
Crystal system Monoclinic Monoclinic
Space group P21/n P2i/c
T (K) 100 (2) 100 (2)
a(A) 10.3449(2) 13.917(4)
b (A) 24.2326(4) 18.051(6)
c(A) 16.1667(3) 17.021(6)
a (°) 90.00 90
B () 92.304(7) 100.71(2)
v (©) 90.00 90
vV (A% 4049.5(1) 4201(2)
Z 4 4
D(calcd.) [g-cm ] 1.28 1.343
w(Mo-Ky) [mm™] 0.339 0.456
Index range -12<h<12 -16<h<16
-29<k<29 21<k<21
-19<1<19 -20<1<20
Reflections collected 28454 38515
Independent reflections 7400 7709
Data/restraints/parameters 7400/0/489 7709/0/493

0.075/0.1653
0.1936,0.2344
0.9786

[a] R1 = ||Fo| — |Fc|l/Z|Fol. wR2 = [Ew(|Fo?| — |Fc?))/zw|Fo?[*]2
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Chapter 4

4.1 Summary

Looking back in the recent past, the chemistry of p-block elements have received a lot
of attention not just to study fundamental aspects including structure and bonding in the
molecules but also to explore their applications as Lewis acids to catalysts and catalyst
promoters. The work presented in the thesis delineates synthesis and characterization of [N,
N’] chelate complexes of group 13 elements and their reaction chemistry. The work mainly
poised around boron and its cationic complexes which can be interesting candidates for
potential applications from catalysis to molecular transformations. In recent years, in the field
of main group chemistry Group 13 cationic complexes especially boron cations have gained
more attention and have been used for organic transformation reactions.

Owing to less development in the area of cationic boron complexes and complexes of
boron with chalcogens, the central theme of our work is to explore synthetic methods to
prepare such derivatives. The ligands based on P=N moieties have been chosen due to their
strong donor capability as compare to the ligands with C=N moieties. The advantage of facile
donation of electrons, to the central atom, by P=N moieties made us interested to work with
bis(phosphinimino)amide ligand with N3P, backbone. Therefore, donor properties of these
ligands have been compared with the known systems with the (C3N,) backbone of pg-
diketiminato and (CP2N,) of bis(phosphinimino)methanide ligands. Selection of central atom
and metal ions and synthesis of their complexes with the chosen ligands were undertaken
with the following objectives:

() Stable and soluble heteroleptic complexes of group 13 element to explore their

reaction chemistry.

(i) Synthesis of thioxo— and selenoxo—borane complexes via reaction of

borondihydride complex as a precursor with heavier chalcogens (S or Se).
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(iii)  Application of borondihydride complex for the synthesis of stable three
coordinated cationic borenium complexes.

A chapter wise summary of the results obtained is presented below:
Summary of Chapter 1
In the present work monoanionic [N,N’] chelating ligands based on N3P, skeleton were used.
Based on the substitution on N, these ligands were named as [HN(Ph,PN(2,4,6-Me3CsH>))]
(L1H) and [HN(Ph,PN(2,6-iPr,CgHs))2] (L2H). These ligands have been prepared by
reactions of tetraphenyldiphosphazane (Ph,P),NH with mesitylazide 2,4,6-Me3;CgH,N3 and a
bulky azide 2,6-iPr,CsHsN3; The ligands can be easily deprotonated using nBuLi or
Li[N(SiMe3);] in Et;0 to yield [{N(Ph,PN(2,4,6-Me3CsH>)).}Li-OEt;] L;Li-OEt, (1.1) and
[{N(Ph,PN(2,6-iPr,CgH3)).}Li-OEt,] L,Li-OEt, (1.2), respectively. These derivatives were
useful as the alternating source of the ligands to prepare the metal complexes under salt

metathesis reactions with metal halide sources.

The reactions of 1.1 with the trihalides, MX3 of group 13 elements afforded the
corresponding dihalide complexes, [{N(Ph,PN(2,4,6-Me3CsH>)).3MX;] LiMX; (M =B, X =
F(1.3); M=Al X=Cl(14); M=Ga, X=Cl (1.5); M =In, X = Br (1.6). The reactions of
LiH and L,H with BH,CI-SMe, gave the corresponding mononuclear complexes
[{N(Ph,PN(2,4,6-Me3CsH,)).}BHCI] (L1BHCI (1.7)) and [{N(Ph,PN(2,6-iPr,CsHs)),}BHCI]
(L2BHCI (1.8)) respectively, as rare examples of monochloroborane complexes. Similarly,
the reactions of L;H with AlMe;, AlH3-NMeyEt and BH3-SMe; respectively, gave the
corresponding mononuclear complexes, [{N(Ph,PN(2,4,6-Me3C¢H,)).}AIMe;] (L1AlMe,
(1.9)), [{N(Ph,PN(2,4,6-Me3Ce¢H2))2}AIH,] (LiAIH, (1.10)), and a rare borondihydride
[{N(Ph,PN(2,4,6-Me3CeHy))2}BH2]  (LiBH, (1.11)). These complexes are six-membered
[N,N’] chelates of the monoanionic N3P, ligand backbone. The molecular unit of complexes

showed a distorted tetrahedral geometry around central atom. All the complexes reported in
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Chapter 1 have been isolated in good yields and would serve as useful synthons to elaborate
their reaction chemistry.

Especially the complex LiBH; (1.11) turned out to be a good synthon to elaborate its
reaction chemistry which has been further discussed in the same chapter showing that the
treatment of borondihydride complex L;BH, (1.11) with 2 equivalent of HCI gave the
borondichloride complex L;BCl, (1.12). In contrast, the hydridebromide complex L;BHBr
(1.13) and hydrideiodide complexes L;BHI (1.14) were prepared by reacting L;BH, (1.11)
with excess of C,HsBr and CHsl, respectively. The hydride triflate complex L;BH(OSO,CF3)
(1.15) was prepared by reacting L1;BH, (1.11) of 2 equivalent of TfOH at room temperature.
Use of L;BH, (1.11) as a synthon has been further discussed in Chapters 2 and 3.

Summary of Chapter 2

The unusual reactivity of borondihydride complex L;BH, (1.11) with elemental sulfur
and selenium had been investigated. The reactions involved oxidative insertion of S and Se
into B-H bonds with subsequent release of H,S (or H,Se) from the intermediate species
(L1B(SH), or L;1B(SeH),) resulting in the formation of stable compounds with terminal
boron-chalcogen double bonds L;B=S (2.1) and L;B=Se (2.2). The electronic structures of
L.B=S and L;B=Se were elucidated by multi-nuclear NMR and single crystal X-ray
diffraction methods which showed B atom to be present in a trigonal planar arrangement. The
mesityl substituents on the terminal N atoms of the ligand are oriented perpendicular to the
N-B(S, Se)-N plane and provide necessary steric protection. Ab initio calculations on L;B=S
(2.1) are in excellent agreement with its experimental structure and clearly support the

existence of boron-sulfur double bond.
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Summary of Chapter 3

The last chapter of the thesis described our interest to further explore the reactivity of

L1BH; (1.11) to synthesize the cationic boron complexes and studies on their Lewis acid
character.
The reaction of a borondihydride species L1BH; (1.11) with 3 equivalents of BH,CI-SMe, or
one equivalent of BCl; afforded the first stable monohydroborenium ion, [LiBH]'[HBCls]
(3.1) that is stable without a weakly coordinating bulky anion. Compound 3.1 can also be
prepared directly by refluxing L;H with 3 equivalents of BH,Cl-SMe..

Complex L;BH; (1.11) on reaction with 3 equivalents of BCl; undergoes metathesis
reaction to afford L;BCI, and subsequent abstraction of chlorine with the third equivalent of
BCl; gave the chloroborenium ion, [L1BCI]" [BCl4] (3.2). Solid state structure of complexes
3.1 and 3.2 revealed that the ion pairs in both the molecules are well separated. Moreover, no
interaction between the boron cation and the anions ([HBCls] and [BCl4] ) was detected.
Additionally, a facile synthesis of hydroborenium complexes [L1BH]'[HB(CsFs)3] (3.3) and
[L1BH]'[B(CsFs)s]” (3.4) via hydride abstraction, using Lewis acid (B(CgFs)s) or weakly
coordinating ion pair [Ph3C][B(CsFs)4], from L1BH; (1.11) had been carried out. The counter
ion independent chemical shifts for the cationic parts of 3.1, 3.2 and 3.4 with different anions,
suggested well separated ions for these molecules. Complex 3.4 easily forms an adduct with
4-dimethylaminopyridine (DMAP) [L;BH(DMAP)]'[B(CsFs)s] (3.5) exhibiting its Lewis

acid behaviour.
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4.2 Future directions

The dihalides, aluminumdihydride, borondihydride and aluminumdimethyl complexes
synthesized in this work are good synthons for further reaction chemistry. Borondihydride
and aluminumdihydride complexes represent an interesting class of compounds due to their
ability to deliver hydride ions and usefulness in hydroboration and hydroalumination
reaction. In the future outlook, these borondihydride species could prove to be useful
precursors to synthesize the unknown dithiol/diselenol derivatives of boron.

Based on the facts mentioned above the following could be the future prospect of this
chemistry:
(i) Synthesis of cationic organoaluminum complexes from the dimethylaluminum complex
with a variety of counter anions can be undertaken and their application in Lewis acid
catalytic processes can be tested.
(if) Variation in the steric bulk of the bis(phosphinimino)amide ligand the possibility to
stabilize the dithiol/diselenol derivatives of boron can be explored. In order to achieve this
goal substituents bulkier than mesityl group on the terminal N atoms of the ligand can be
utilized with the anticipation that the steric bulk will provide Kinetic stability to
dithiol/diselenol derivatives.
(iii) The tendency of L;B=S (or L;B=Se) as Lewis bases can be explored to form adducts
with Lewis acids. The Lewis basic tendency of L;B=S is supported by theoretical
calculations that showed the HOMO to be predominantly S lone pair.
(iv) The borondihydride complex, LiBH, prepared in this work could be utilized in the
reduction of CO, as well as a source of hydride in organic transformations.
(v) The hydridoborenium cations can easily form adducts with N or P based Lewis bases and
can be further developed into a new type of frustrated Lewis pairs with the aim to apply them

in as imine reduction, hydrogenation, small molecule activation and CO, reduction etc.
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Fig. S1 'H NMR (400 MHz, CDCls) spectrum of [HN(Ph,PN(2,4,6-Me;CsHoN)),] (L1H).
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Fig. S2 *C NMR (100 MHz, CDClI3) spectrum of [HN(Ph,PN(2,4,6-Me;CsH,N)),] (L1H).
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Fig. S3 *P{*H} NMR (162 MHz, CDCls) spectrum of [HN(Ph,PN(2,4,6-Me;CsH,N)),] (L.H).
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Fig. S4 'H NMR (400 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}Li-OEt,] (1.1).
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Fig. S5 3C NMR (100 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}Li-OEt,] (1.1).
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Fig. S6 *'P{*H} NMR (162 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}Li-OEt,] (1.1).
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Fig. S8 'H NMR (400 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN)),}Li-OEt,] (1.2).
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Fig. S9 °C NMR (100 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN)),}Li-OEt,] (1.2).
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Fig. S10 **P{"H} NMR (162 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN)),}Li-OEt,] (1.2).
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Fig. S11 7Li NMR (155 MHz, C¢Ds) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN))}Li-OEt2] (1.2).
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Fig. S12 'H NMR (400 MHz, CDClI3) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BF,] (1.3).
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Fig. S13 *C NMR (100 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BF,] (1.3).
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Fig. S14 **P{"H} NMR (162 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BF,] (1.3).
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Fig. S16 °F NMR (376 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BF,] (1.3).
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Fig. S18 **C NMR (100 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}AICL,] (1.4).
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Fig. S19 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}AICI,] (1.4).
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Fig. S20 'H NMR (400 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;C¢H,N)),}GaCl,] (1.5).
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Fig. S21 C NMR (100 MHz, CDCl,) spectrum of [{N(Ph,PN(2,4,6-Me3CsH,N)),}GaCl,] (1.5).
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Fig. S22 *'P{"H} NMR (162 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}GaCl] (1.5).
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Fig. S23 'H NMR (400 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}InBr,] (1.6).
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Fig. S24 3C NMR (100 MHz, CDCl,) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}InBr,] (1.6).

124



Ph\P/N\P/Ph
- ~
L
N N
A \ In/ SAr
7N\

Br Br
Ar = 2,4,6-Me;CoHy

T T T T
100 50 0 -50 -100 -150 -200 ppm

Fig. S25 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}InBr;] (1.6).
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Fig. S26 'H NMR (400 MHz, CDClIs) spectrum of [{N(Ph,PN(2,4,6-Me;C¢H,N)),}BHCI] (1.7).

125



Ar = 2,4,6-Me3CgH,

v sy IO MW

T T T T T T T T T T T T T T T T T
150 140 130 120 110 100 20 80 70 60 50 40 30 20 10 0 ppm

Fig. S27 *C NMR (100 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BHCI] (L.7).
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Fig. S28 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHCI] (1.7).
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Fig. S29 B NMR (128 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BHCI] (1.7).
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Fig. S30 'H NMR (400 MHz, CDCl5) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN)),}BHCI] (1.8).
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Fig. S31 *C NMR (100 MHz, CDCl5) spectrum of [{N(Ph,PN(2,6-iPr,CsH;N)),}BHCI] (1.8).
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Fig. $32 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN)),}BHCI] (1.8).
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Fig. S33 "B NMR (128 MHz, CDCl5) spectrum of [{N(Ph,PN(2,6-iPr,CsHsN)),}BHCI] 1.8).
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Fig. $34 *H NMR (400 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}AIMe,] (1.9).
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Fig. S35 3C NMR (100 MHz, CDCl,) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}AIMe;] (1.9).
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Fig. $36 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}AlIMe,] (1.9).
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Fig. $38 *C NMR (100 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}AIH,] (1.10).
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Fig. S39 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}AIH;] (1.10).
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Fig. S40 'H NMR (400 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH;] (1.11).
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Fig. S41 *C NMR (100 MHz, CDClI5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH,] (1.11).
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Fig. S44 'H NMR (400 MHz, CDCl) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BCl,] (1.12).
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Fig. $45 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH;N)),}BCl,] (1.12).
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Fig. S46 *C NMR (100 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BCl,] (1.12).
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Fig. S48 'H NMR (400 MHz, CDClIs) spectrum of [{N(Ph,PN(2,4,6-Me;C¢H,N)),}BHBr] (1.13).
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Fig. S49 C NMR (100 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHBI] (1.13).
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Fig. S50 *P{'*H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHBr]
(1.13).
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Fig. S51 "B NMR (128 MHz, CDCl;) spectrum [{N(Ph,PN(2,4,6-MesCsH,N)),}BHBI] (1.13).

Ph\P/N\P/Ph
- ~
Ph “ | Ph
N N
AN g A
TN

Ar=2 .4.6-M93C5H2

| I T T LI R B T T " M| i R T [ HE B T T T
9 8 7 6 5 4 3 2 1 0 ppm

Fig. S52 'H NMR (400 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHI] (1.14).
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Fig. S53 *C NMR (100 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BHI] (1.14).
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Fig. S54 **P{"H} NMR (162 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHI] (1.14).
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Fig. S55 'H NMR (400 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHOTT] (1.15).
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Fig. S56 °C NMR (100 MHz, CDCl,) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHOT] (1.15).
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Fig. S57 *'P{'H} NMR (162 MHz, CDCI5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHOTf]

(1.15).
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Fig. S58 °F NMR (376 MHz, CDCl5)spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BHOT] (1.15).
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Fig. S59 'H NMR (400 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CeH,N)),}BS] (2.1).
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Fig. S60 **C NMR (100 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BS] (2.1).
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Fig. S61 *'P{*H} NMR (162 MHz, CDCl) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BS] (2.1).
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Fig. $62 B NMR (128 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BS] (2.1).
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Fig. S63 'H NMR (400 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BSe] (2.2).
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Fig. S64 **C NMR (100 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BSe] (2.2).
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Fig. $65 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BSe] (2.2).
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Fig. $66 'B NMR (128 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH;N)),}BSe] (2.2).



Ph_ Ph
Sy 4 o
~
/ \B@ ° B\CI
A VAN cl
PN
o’ en A

Ar= 2,4,6-M8306H2

TN | J

T T T T T \ T \ T T \ \ T T \ T T
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 ppm

Fig. S67 *H NMR (400 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [BHCI5]
3.1).
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Fig. $68 °C NMR (100 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [BHCI;]
(3.1).

146



Ph Ph  Ar

>P/:N/‘¥ He cl
® B

N T

P—N_ H
N\
e’ Nen ac

Ar = 2,4,6-MeaCeHa

90 80 70 60 50 40 30 20 10 0 -10 -20 -30 ppm

Fig. S69 *P{"H} NMR (162 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-
M93C5H2N))2}BH]+[BHCI3]7 (31)
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Fig. S70 'B NMR (128 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [BHCI;]
(3.1).
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Fig. S71 *H NMR (400 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}H,]'[CI] .
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Fig. S72 *C NMR (100 MHz, CDClI;) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),3H.] [CI] .
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Fig. S73 *P{*H} NMR (162 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}H,]'[CI] .
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Fig. S74 'H NMR (400 MHz, CDClIs) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH]*[BCL] (3.2).
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Fig. S75 ®C NMR (100 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [BCL]"
(3.2).
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Fig. S76 *P{"H} NMR (162 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [BCl,]°
(3.2).
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Fig. S77 B NMR (128 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [BCL]"

(3.2).
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Fig. S78 'H NMR (400 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH] [HB(CeFs)s]

(3.3).
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Fig. S79 *C NMR (100 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH] [HB(CeFs)s]
(3.3).

\P/= N/
(%
AN

P——N H
\ HB(CgFs)3
Ph/ Ph \Al‘

Ar = 2.4.6-Me3CgH,

T T
100 50 0 -50 -100 -150 -200 ppm

Fig. S80 *P{H} NMR (162 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-
Me;CsH,N)).}BH] [HB(CeFs)s] (3.3).
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Fig. S81 "B NMR (128 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH]* [HB(CeFs)s]
(3.3).
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Fig. S82 °F NMR (376 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH] [HB(CeFs)s]
(3.3).
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Fig. $83 'H NMR (400 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-MesCsH,N)),}BH] [B(CeFs)a]
(3.4).
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Fig. S84 **C NMR (100 MHz, CDCls) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH] [B(CeFs)s]
(3.4).
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Fig. S8 *P{"M} NMR (162 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-
Me;CeH:N)),}BH]"[B(CeFs)s] (3.4).
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Fig. S86 “'B NMR (128 MHz, CDCl5) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH]*[B(CsFs)a]
(3.4)
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Fig. S87 *F NMR (376 MHz, CDClI;) spectrum of [{N(Ph,PN(2,4,6-Me;CsH,N)),}BH]*[B(CsFs)a]
(3.4).
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Fig. S88 'H NMR (400 MHz, CDCly) spectrum  of  [{N(Ph,PN(2,4,6-

MesCeH,N)),}BH-DMAP]'[B(CeFs)s] (3.5).
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Figg S89 ®C NMR (100 MHz, CDCly) spectrum of  [{N(Ph,PN(2,4,6-
MesCsH2N)),}BH-DMAP][B(CsFs)s] (3.5).
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Fig. S90 *P{"M} NMR (162 MHz, CDCl;) spectrum of [{N(Ph,PN(2,4,6-
Me;CsH,N)),}BH-DMAP]*[B(CeFs)a] (3.5).
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Fig. S91 "B NMR (128 MHz, CDCl;) spectrum of  [{N(Ph,PN(2,4,6-
Me;CsH,N)),3BH-DMAP] [B(CeFs)a]™ (3.5).
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Fig. S92 F NMR (376 MHz, CDCl;) spectrum of  [{N(Ph,PN(2,4,6-
Me;CqH,N)),}BH-DMAP]*[B(CeFs)a] (3.5).
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