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1. Introduction

Since last few decades enormous developments in organic macrocycles domain have
allowed proliferation of a variety of molecular structures. The literature pertaining to organic
macrocycles encompasses a broad spectrum covering molecules such as crown ethers,
cryptands, calixarenes, cyclophanes etc. The macrocyclic structure where the framework is
constituted of inorganic elements has recently started to attracted attention and consequently
some important breakthroughs have been witnessed (see Chart). However, to match the
advancements already made with the organic systems, a considerably large amount of work is

needed with the inorganic macrocycles."

The slow progress in the area of inorganic
macrocycles can be understood due to the following difficulties: (i) compared to carbon, the
greater range of orbitals and hybridization states available with inorganic elements-lead to
mismatch of orbital sizes and result in weaker bonds between elements from two different
groups or period; (ii) variable oxidation states of inorganic elements-giving rise to formation
of multiple products with different oxidation state; (iii) hydrolytic instability-hampers the
separation of multiproduct; (iv) lack of a general synthetic strategy for inorganic systems
compared to the organic derivatives and (v) lower thermodynamic stability and polar nature
of bonds to these elements, leading to kinetically labile and/or thermodynamically less robust

arrangements.[l]

Nonetheless, in spite of the challenges mentioned above, it has been possible to assemble
a few robust inorganic macrocycles with stable arrangements. The Chart below shows
examples of well known inorganic macrocycles. The mercuracarborands (A) were one of the
early examples where the rigid linear geometry of ngJr atoms bridge {1,2-C,Bi0Hjo} units
into cyclic arrangements and exhibited acceptor type behaviour due to the Hg®". The inverse
crowns (B and C) are good examples that show acceptor properties to a broad range of
organic, inorganic and organometallic anions including highly unusual anions (2,5-C-H

il
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Chart: Some well known examples of inorganic macrocycles (A-H) and cyclophanes (I-L).

doubly deprotonated toluene B and tetrametallated ferrocene [(CsH3),Fe]* (C)). The donor
behaviour of inorganic macrocycle towards cation coordination was seen in a twelve-
membered phosph(V)azane macrocycle, [(Me;N),PN]s (E, captures Cu®") followed by
potassium complex of silicone analogue D of a crown ether. Cyclodiphosphazane, [CIP(p-
N7Bu)], and its derivatives’” have made significant mark as a building block to assemble
many inorganic macrocycles with different donor atoms (F-H). Chart above also shows
known examples of cyclophanes (I-K) containing Lewis acidic atoms in the bridges.””) The

incorporation of Lewis acidic elements would allow the fine-tuning of their acceptor type
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behaviour. The example of donor type of cyclophane is siloxane-bridged silacyclophanes (X
=CH, N, P) (L).[4] From the foregoing discussion it is understandable that the synthesis of a
wide variety of building blocks based on inorganic elements and their further incorporation

into macrocycles offers enormous possibility to explore this field.

2. Objective(s) and scope

Two main objectives of the present work are (a) Syntheses of new building blocks as
derivatives of [CIP(u-N#Bu)], and their further use to formulate new macrocycles; and (b) the
utilization of well known dianionic amidinate fragments, [RN(NR’)Q]ZZ_ in the form of
‘bis(trimethylsilyl)-N,N’-2,6-diaminopyridine ~ (bap) and  bis(trimethylsilyl)-N,N’-2,4-
diamino-6-(R)-triazine (bat)’ units to prepare the macrocyclic structures incorporating boron

and aluminum. These objectives were undertaken in the sequence detailed below:

(i) Syntheses of [CIP(u-N7Bu)], derived (P"/P"), [CIP(=E)(u-N7Bu),PCl] and all (PY),
[CIP(=E)(u-NBu)], (E =S, Se, NAr) building blocks.

(ii) Wurtz type reduction of [CIP(=S)(u-N7Bu)], to prepare S bridged macrocycle.

(iii) Syntheses of boraamidinate (N-B—N) bridged macrocycles using bap and bat units.

(iv) Syntheses of aluminum-amide (N—AI-N) bridged macrocycles using bap and bat units.
3. Description of the research work

3.1. Sequential functionalization and product isomeric distribution of cyclic-[CIP(p-

N7Bu)|,

The stepwise oxidation of cyclic-[CIP(u-N7Bu)], framework with organic azides and
chalcogens (S and Se), as monitored by in-situ *'P{'H} NMR, revealed that conversion of the
basic (PIH)2N2 framework leads to a mixture of cis and trans isomers of (PV)2N2 via the
(P"/PV)N, intermediates. Following are the examples of molecules prepared using this

approach:
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(i) Diazadiphosphetidines, [(ArN=)CIP(u-NtBu)], (Ar = 2,6-iPr,CsH;N; (1) and 2,4,6-
Mes;CsH>N3 (2)).

(ii) Monochalcogenido derivatives, [(Se=)CIP(u-NtBu),PCl] (3) and [(S=)CIP(u-
NtBu),PCI] (4).

(ii1)) Homo- and hetero-chalcogenido derivatives, [(S=)CIP(u-NtBu)], (5) and [(S=)CIP(u-

NtBu)>PCl(=Se)] (6).
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Figure 1. Syntheses of cyclic-(P"),N, products via the mixed valent cyclic-(P"'/P")N, intermediates.
3.2. Different pathways in the Wurtz reduction of [(S=)PCl(n-N7Bu)], with Na

Following the syntheses of cyclic-(P¥),N, and the mixed valent cyclic-(P"/PV)N,
compounds, we became interested to explore their utility in constructing macrocycles.
Therefore, we employed reduction of cyclodiphosphazane, [(S=)CIP(u-NzBu)], (5) with
metallic sodium that proceeds via two different pathways: One pathway leads to the
hexameric macrocycle, [(u-S)P(u-N¢Bu),P(=S)]s (7) (Figure 2) and the second yields a
colourless singlet biradicaloid dianion trans-[S-P(Cl)(u—NtBu)]zz_. In the solid state, the later
constitutes polymeric structures as three dimensional [{(S-)CIP(u-
N#Bu),PCI(S)}Na(Na-2THF)], (t)) and two dimensional [{(S-)CIP(u-
NzBu),PCI(S)}(Na-THF),], (9) networks. The electronic structure of the dianion core of 8

and 9 as P-centred biradicaloid was probed by computational studies on [S-P(Cl)(u-NMe)]zz'.
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Figure 2. Single crystal X-ray structure of S-bridged macrocycle 7 and its space filling model.
3.3. Boraamidinate bridged novel [3.3](2,6)pyridinophanes and a calix like trimer
(i) Syntheses of boraamidinate N-B—N bridged pyridinophanes

The use of boraamidinate (N-B—N) bridges to connect the dianionic amidinate
fragment, ‘bis(trimethylsilyl)-N,N’-2,6-diaminopyridine (bap) has been conceived that leads

to the formation of conformationally rigid anti- and syn-pyridinophanes (11 and 12).
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Figure 3. Syntheses of tetraazadibora[3.3](2,6)pyridinophanes (11 and 12) and the aluminum analogs

(18).
(ii) Synthesis of boraamidinate N-BH>—N bridged calix like trimer and macrocycles

The unprecedented reaction of bis(trimethylsilyl)-N,N’-2,4-diamino-6-(R)-triazine
(bat) with BH3-SMe; involved hydroboration of the (Me)C=N group of triazine leading to the

formation of a calix like trimer (13).
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Figure 4. Synthesis of a calix like trimer (13).

3.4. Assembly of pyridinophanes, molecular bowls and cryptands containing aluminum

The reaction of AlMe; and AIH; with bis(trimethylsilyl)-N,N’-2,6-diaminopyridine (bap) and
bis(trimethylsilyl)-N,N’-2,4-diamino-6-(R)-triazine (bat) smoothly affords pyridinophanes,
macrocycles and bowl shaped structures containing aluminum. The 1:1 and 1:2 reactions of
bap with AlMe; at room temperature affords methylaluminum complexes, [2-(Me3;SiN)-6-
(Me;SiNH)CsH3N]J(AlIMe;)  (16) and  [2-(MesSiN)-6-(MesSiNH)CsH3N],AIMe  (17),
respectively. Refluxing this 1:1 mixture produces a
tetraazadialumino[3.3](2,6)pyridinophane, [2,6-(Me3;SiN),CsHsN(AIMe)], (18). Alkoxy
bridged dimeric structure, [{2-(Me3;SiN)-6-(Me;SiNH)CsH;3;N},Al(u-OMe)], (19) was
obtained on exposure of 17 to open atmosphere as a result of oxygen insertion in Al-Me
bonds. On changing the bap and AlMes stoichiometry to 2:3, a bowl shaped structure, [2,6-
(Mes3SiN),CsH3sN(AlMe;)]o[AlIMe] (20) was obtained which was further reacted with the
Lewis acid, B(C¢Fs); to generate a stable monocationic species, [{2-(Me3;SiN),-6-

(Me3SiN),CsH3N 12 (AIMer)(AIMe)(AlMe)] [MeB(CeFs)3)]” (21) (Figure 5).

S|Me3 /@\ SiMe; S|Me3 /@\ SiMe,
N N

I\’Iessi\ m /S"VIea 3 eq. AlMes, / T Me\ m o MeN
HN—NNZ ~NH toluene, 3 h stirr Me., Al AI/ € B(C¢Fs); (leq.) Me, A/I I-l\l/ XI Me
(bap) 2 eq. Me” \ ,L\/ Me Me” \ T =
N N N N
Me3$| U \SiMe3 Me33| U SiMe,
(20) (21)  [MeB(CgFs);]

Figure 5. Synthesis of aluminum—amide bridged bowl type complex 20 and its monocation 21.
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Attempts to synthesize similar kind of bowl shaped structures with triazine systems resulted
in dinuclear aluminum triazine complexes, [2,4-(Me3;SiN),-6-(R)-C5N3](AlMe;), (R = Me
(22), NHSiMe; (23), Ph (24)). A similar 3:2 reaction of bap with AlH;-NMe,Et at room
temperature afforded an aluminum based [3.3.3]cryptand, [2,6-(Me;SiN),CsH3N];AlL (25)

(Figure 6).

Figure 6. Synthesis of dinuclear aluminum triazine complexes 22-24 and [3.3.3]cryptand 25.
4. Conclusions

The synopsis presents a brief account of our efforts to develop the area of inorganic
macrocycles, pyridinophanes and cryptands with a focus to use main group elements. The
oxidation of (P™), centers in [CIP(u-NBu)], to (PV), centers in [CIP(=E)(u-NBu)], (E = S,
Se, NAr) proceeds via (P"/PY) intermediates, [CIP(=E)(u-NtBu),PCl] in a stepwise manner
giving cis- and trans-[CIP(=E)(u-N#Bu),PCI] and cis- and trans-[CIP(=E)(u-NzBu)],

compounds.

The Wurtz-type coupling on a mixture of cis- and trans-[(S=)CIP(u-N7Bu)], with sodium
proceeds in two different reaction pathways, affording a sulfur-bridged hexameric
macrocycle [(u-S)P(u-NzBu),P(=S)]¢ as the result of head-to-tail cyclization. Whereas, the
biradicaloid dianion [S-P(CI)(u-N¢Bu)],>~ was formed under a different pathway involving
reduction of the P=S bonds to P-S bonds and forms 3D polymer, [{(S-)CIP(u-
NzBu),PCI(S)}Na(Na-THF,)], and 2D polymer, [{(S-)CIP(u-NzBu),PCI(S)}(Na-THF),], in

the solid-state.
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Further work on other macrocyclic topologies led to the discovery of novel
conformationally rigid tetraazadibora[3.3](2,6)pyridinophanes and their aluminum analogs
containing N-B-N (or N-Al-N) bridges that link substituted 2,6-diaminopyridine units. An
unprecedented reaction of substituted triazine, bis(trimethylsilyl)-N,N’-2,4-diamino-6-(Me)-
triazine with BH3-SMe; led to hydroboration and formation of a calix like structure. A bowl
shaped complex based on aluminum, [2,6-(Me;SiN),CsH3;N(AlMe,)],[AlMe] was formed on
reaction of AlMe; with bap. Aluminum based [3.3.3]cryptand, [2,6-(Me3;SiN),CsH3;N];Al,

was synthesized by a 3:2 reaction of bap with AIH;-NMe,Et.
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1.1 Introduction

Cyclodiphosph(Ill)azanes, [XP(u—NR)], are saturated, four-membered rings containing
alternate phosphorus(Ill) and nitrogen centers. Despite the fact that [CIP(u-NPh)], was the
first synthesized cyclophosphazane in 1894 by Michaelis and Schroeter from PCl; and aniline
hydrochloride,'"! the chemistry of cyclodiphosphazanes remained unexplored for about next
100 years until the next attempts were made to synthesize few metal complexes in the 1980s.
The X-ray structure of the first cyclodiphosphazane, [CIP(u-N/Bu)], was determined in 1971
and reactivity, structural and spectroscopic aspects were carried out after 1990s.!"! The
presence of lone pair as donor arms on phosphorus atoms allows cyclodiphosphazane, [ XP(p-
NzBu)], to coordinate with various metals easily while the functional group (X) attached to
phosphorus atoms can react with other molecules to give nice architectural structures. Last
two decades have witnessed an enormous use of phosphazanes in various areas. In this
direction, Balakrishna and coworkers have effectively used the donor property of phosphorus
atoms in [XP(u-NzBu)], to isolate various metal based macrocycles, homo- or

heteropolynuclear complexes, and coordination polymers (Figure 1.1).["
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Figure 1.1 Phosphorus lone pairs as donor arms Vs the reactivity of functional group on phosphorus

atoms.



On the other hand Kumaraswamy and coworkers have synthesized some inorganic-organic
hybrid macrocycles using [CIP(u-NzBu)], as building blocks against organic linkers. The
effective use of cyclodiphosphazane units as building blocks to prepare inorganic analogues
of crown ethers by Wright and coworkers has also drew the attention of scientific
community. Besides the macrocyclic area, the use of cyclodiphosphazane in organic reactions
by Balakrishna and Kumaraswamy and their coworkers have also created significant

interest.!"!

The creative use of cyclodiphosphazane as neutral and anionic building blocks with
main group or transition metal can be seen in variety of macrocycles, cages and clusters.
Although, the chemistry of cyclodiphosphazane have shown continuous progress in last two
decades but still it could not achieve the level what it deserves. Looking at the enormous
scope that this field has to offer, in terms of new inorganic macrocycles and polymers
containing P,N, framework, the discovery of new building blocks and a detailed
understanding of their formation is therefore warranted. Our interest in this area arose to
extend the less explored mixed valent, (P"MN, and (PY,)N, building blocks of
cyclodiphosphazane for the syntheses of macrocycles and polymers. The creative assembly of
these building blocks have allowed the isolation of several intriguing P/N inorganic
macrocycles classified as following types: (i) with all (P") atoms, [{P(n-NBu)}2(u-Y)]s (Y
= NH or O);¥ (ii) with alternating (P"™")/(P) atoms, [E=P(u-N7Bu),P(u-E)]Js (E = S, Se);!
(iii) with all (P) atoms, [(fBuN=)P(u-NBu)(u-E)]s (E = S, Se)!*! and (iv) more recently the
macrocycles with unique alternating (P"™),(PY), backbone [{(S=)P(u-NzBu),P(=S)} {u-(S-
P(u-NzBu),P-8)} s, all (P*) atoms [(S=)P(u-NrBu)sP(=S)(u-S)]s, [{(S=)P(u-NiBu)}a(u-Se)l
and [{(S=)P(u-NBu)}2(u-Se-Se)]s.”) The metallamacrocycles and polymeric/multi-metallic
assemblies involving transition metals!' (Cu, Ag, Au, Rh, Ru, Ir, Pd, Pt, Zn) as well as

complexes of main group elements!'® have also been matter of interest.
p group



Another motivation, which encouraged us to explore cyclodiphosphazanes based
building blocks, is the feasibility to explore the syntheses of anionic and radicaloid species
based on P,;N; scaffolds and to explore their coordination behaviour (Figure 1.2). In this
endeavour, Schulz and co-workers have used P,N; systems (and similar hybrid framework) to
design a variety of high temperature stable radicaloid by treating chlorocyclodiphosphazanes
with mild reducing agents (but containing bulky substituents) and their use in the activation
of small molecules.”’ Chivers and co-workers employed dichalcogenido based (P") species,
[(BuN(H){(E)P(u-N7Bu)} 1, (E = S, Se, Te) to generate double deprotonated P,N,-supported
ambidentate dianions, [/BuN{(E)P"(u—N¢Bu)}],> to produce “top-bottom” or “side-on”
chelation resulting into spirocyclic, macrocyclic, and ladder complexes of main group
elements and transition metals (Ag, Au, Hg, Rh).[”! Recently, we have reported the synthesis
of a stable biradicaloid dianion, trans-[(S-)PCl(u-N7Bu)],* isolated as its disodium salt (vide
infra).’) The aesthetic use of P,N, units has also been employed for many cages and clusters

with main group elements.!"!
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Figure 1.2 Some interesting species based on P,N, unit.



The literature survey reveals the availability of a plethora of (PHIZ)NZ and (PV2)N2 cyclic
Y Y

compounds™ however, the systematic study on the synthesis of cyclic (P"//PY)N, species has

" and PY) centers'™

not been undertaken. The inorganic macrocycles with alternating (P
highlight the need for such mixed valent (P"/P") species. Herein, we have investigated some

synthetic routes to prepare (P'),N, based imides and chalcogenido systems that proceed

through the stable mixed valent (P"/P") compounds.

1.2 Results and Discussion

Synthesis of [(2,6-iPr,CcH3;N=)CIP(n-N¢Bu)], (1), [(2,4,6-Me;CcH,N=)CIP(p-NrBu)]; (2),
[(Se=)CIP(u-N7Bu),PCl] (3), [(S=)CIP(n-N7Bu),PCl] (4), [(S=)CIP(n-N7Bu)], (5) and

[(S=)CIP(u-NrBu)(=Se)]. (6)

It is well known from literature that sulfur and selenium can oxidize (P"") centres to
afford (PY)=E moieties (where E = S, Se).'® In a similar way, easily available organic
azides could also be desired oxidants and give easy access to (P') derivatives.
Aromatic azides are interesting oxidant and oxidation of [fBuNHP(u-N7Bu)], with
PhN3 and p-MeC¢H4N3 was known."! However, prior to this work the only report to
access diazadiphosphetidines, [(2,4,6-Bus;CsH,N=)CIP(u-NR)], (R = Bu, Et;C, 1-
adamantyl) was based on the thermal decomposition of tetrazaphospholes and lacked
structural characterization of the products.!'” The present work is the first report on
the reactions of cis-[CIP(u-N7Bu)], with organic azides 2,6-iPr,CeHsN;!' ' and 2.4,6-
Me;CsHoN3. M) The reactions were performed in the presence of a solvent (toluene)
as well as under neat conditions that easily afforded [(ArN=)CIP(u-NtBu)], derivatives
1 (Ar = 2,6-iPr,C¢Hs) and 2 (Ar = 2.4,6-Me;C¢H,) (Scheme 1.1). The in-situ *'P{'H}
NMR monitoring of the reaction in refluxing toluene between [CIP(u-N7Bu)], and 2,6-

iPr,CcH3 N3 attributed to the formation of a mixture of cis (—66.47 ppm) and trans
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Scheme 1.1 Syntheses of [(ArN=)CIP(u-N7Bu)], (1) and (2) via intermediates 1a and 2a under neat

conditions and in the presence of toluene.
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Figure 1.3 In-situ *'P{'H} NMR spectrum to show the formation of cis and trans [(2,6-
iPr,C¢H3;N=)CIP(u-N7Bu),PCl] (1a) (intermediate mono(imino)phosphorane) detected during the
synthesis of [(2,6-iPr,CsH;N=)CIP(u-NzBu)], (1). Insets (I) and (II) show expansion for the spectral
region of mono(imino)phosphorane intermediates of 1.
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Figure 1.4 In-situ *'P{'"H} NMR spectrum (left image) after completion of the reaction showing cis
and trans [(2,6-iPr,CsH3;N=)CIP(u-N7Bu)], isomers (1). Inset shows expansion for the spectral region
for cis and trans isomeric products of 1. *'P{'"H} NMR spectrum (right side image) of trans [(2,6-

iPr2C6H3N=)C1P(u-NtBu)]2 (1)

(—69.73 ppm) isomers of 1 in approximately 1:1.3 ratio. Similarly, mesityl azide gave
the cis (—65.36 ppm) and trans (—64.73 ppm) isomers of 2 in approximately 1:2 ratio.
As depicted in Scheme 1.1, the reaction progresses via the cis- and trans-
mono(imino)phosphorane intermediates 1a and 2a (in approx. 1:1.5 ratio) followed by

™y centre to (PV) producing cis, trans

subsequent conversion of the remaining (P
diazadiphosphetidine products 1 and 2 (Scheme 1.1). The presence of two sets of
doublets (due to “Jp.p) in the in-situ *'P{'H} NMR spectrum (C¢Ds) confirmed the cis
and trans products with (P"/PY) centers. The doublets for the major isomer appeared
at 128.77 ppm (for P™) and —64.65 ppm (for P") with %Jp.p = 52 Hz) and the minor
isomer gave signals at 124.75 ppm (for P"") and —56.00 ppm (for PV) with 2Jp.p = 28
Hz as expected for 1a leading to 1. The HRMS spectrum of 1a showed signal at m/z =
449.1670 (caled. 449.1683, [M]"). Similarly, the *'P{'H} signals for the
mono(imino)phosphorane intermediate 2a leading to 2 were observed as two sets of
doublets; for minor isomer (129.13 and —59.18 ppm with “/p_p = 50 Hz) and for major
isomer (125.48 and —52.02 ppm with 2Jpp = 29 Hz). The HRMS spectrum of 2a

showed signal at m/z = 407.1200 (calcd. 407.1214, [M]"). Upon complete conversion
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Figure 1.5 In-situ *'P{'"H} NMR spectrum to show the formation of cis and trans [(2.4,6-

Me;C¢H,N=)CIP(1u-N#Bu),PCI] (intermediate mono(imino)phosphorane) (2a) detected during

the synthesis of [(2,4,6-Me;CsH,N=)CIP(u-NzBu)], (2). Insets (I) and (II) show expansion for

the spectral region of mono(imino)phosphorane intermediates of 2.
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Figure 1.6 In-situ *'P{'H} NMR spectrum (left image) of cis and trans [(2.4,6-

Me;C¢H,N=)CIP(u-N7Bu)], isomers (2). Inset shows expansion for the spectral region for cis

and trans isomeric products of 2. *'P{'"H} NMR spectrum (right side image) of trans [(2,4,6-

Me;CsHoN=)CIP(u-NBu)], (2).



of 1a to 1 and 2a to 2 their HRMS spectra gave signals at m/z 624.3027 (calcd. 624.3044,

[M]") and m/z = 540.2028 (calcd. 540.2105, [M]"), respectively.

Neat reactions of [CIP(u-NzBu)], with 2,6-iPr,C¢H3N; and 2.,4,6-Me;C¢H,N3 when
performed at elevated temperature gave similar ratio (vide supra) of the geometric isomers of
1 and 2 (Scheme 1.1). The isomers in these mixtures could be partially separated by
extracting the cis isomer (along with the traces of trans isomer and decomposed azide) with
hexane whereas the residue contained the trans isomer in pure form (by *'P{'H} NMR in
CDCl3) which gave crystals of the trans-[(2,6-iPr,CsH3sN=)CIP(u-N/Bu)], (1) (=70.04 ppm)

and trans-[(2,4,6-Me;CsH,N=)CIP(u-N7Bu)], (2) (—64.67 ppm).

Figure 1.7 Solid state structures of trans-[(2,6-iPr,C¢H;N=)CIP(u-N7Bu)], (1) (left) and trans-[(2,4,6-
Me;CsHoN=)CIP(u-N#Bu)], (2) (right). All hydrogen atoms have been omitted for clarity; ellipsoids
set at 50% probability. Selected bond lengths [A] and bond angles [°] for 1: P-Cl 2.051(9), P-N
1.678(8), P=N 1.486(4); N-P-N 84.94(4), P-N-P 95.06(3), N=P-CI 113.13(8), N-P-CI 124.93(2) and 2:
P-ClI 2.058(3), P-N 1.668(5), P=N 1.470(3); N-P-N 84.76(2), P-N-P 96.00(7), N=P-Cl 112.77(3), N-

P-C1 105.11(4).
As discussed above, the trans isomers of 1 and 2 can be purified by washing the impurities
along with the cis isomer therefore, the crystallization of trans 1 and 2 was feasible. However,

attempts to grow crystals of cis isomers of 1 and 2 remained unsuccessful. The single crystals

of trans 1 and 2 were grown from toluene and crystallize in triclinic and monoclinic crystal



system with P1 and P2,/c space group respectively (Table 1.1). The four membered
phosph(V)azane rings for both the compounds (Figure 1.7) are almost planar as reported for
their precursor, [ClP(u—NtBu)]z.[B] The tBu groups at the N atoms are staggered whereas the
2,6-iPr,C¢H3 and 2,4,6-Me;CgH, substituents at the exo-cyclic N atoms are in the same plane.
The angles between the mean planes PN, +-2,6-iPr,C¢H; were found to be 69.85° in 1 and

85.17° for P,Ny+-2,4,6-Me;C¢H, planes in 2.

Due to interesting applications of derivatives like [CIP(=E)(u-NR)], (E = S, Se)[3'5] and
very limited information available on the mixed valent (P"/PY) species, [(E=)CIP(u-
NBu),PCl], oxidation of [CIP(u-N7Bu)], with S and Se were performed and monitored by the
in-situ *'P{'"H} NMR with the aim to see if the synthesis of monochalcogenido (P"/PY)
species can be controlled and are intermediate compounds towards [CIP(=E)(u-NR)], (E =S,
Se). It has been observed that the reaction of [CIP(u-N7Bu)], with an equivalent amount of
selenium in boiling toluene takes ca. 12 h to afford the monoselenide, [(Se=)CIP(u-
N#Bu),PCl] (3) whereas the same reaction with sulfur took ca. 15 days to afford monosulfide
[(S=)CIP(u-NzBu),PCl] (4) (Scheme 1.2). The cis- and trans-[(E=)CIP(u-N7Bu),PCl] isomers
of the (P"/P") products formed in these reactions. In the *'P{'"H} NMR spectrum, the major
cis-[(Se=)CIP(u-N7Bu),PCl] (3) showed a set of two doublets containing their characteristic
7S¢ satellites and were attributed to AMX system. The doublet at 151.45 ppm corresponds to
(P"-Cl) (with “Jp.p = 15 Hz and "’Se satellites from [("’Se=)CIP(u-NBu),PCl], *J51p-717sc =
1350 Hz) and another doublet at 42.77 ppm for (PY(=Se)Cl) (with 2Jop = 15 Hz and ""Se
satellites from [(77Se=)ClP(p-NtBu)2PC1], 1J31P_77se = 950 Hz). The minor trans component
showed doublets at 167.58 (for P"-Cl) and 47.20 ppm (for PV (=Se)Cl) (with 2Jop = 36 Hz.
The 7’Se NMR of 3 showed expected doublets for cis and trans isomers respectively, at 232.0

("Jr1seaip = 953 Hz) and 345.0 ppm ('Jr7se31p = 945 Hz).
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Scheme 1.2 Syntheses of mixed valent (P"/PY) monochalcogenido derivatives [(Se=)CIP(p-

NBu),PCl] (3) and [(S=)CIP(u-N7Bu),PCl] (4), their *'P{'H} chemical shifts are also shown.

The neat reaction for the synthesis of 3 and 4 by heating [CIP(u-N7Bu)], with elemental
selenium or sulfur™ above 200 °C gave the same proportions of the cis and trans isomers as
was obtained from boiling toluene (vide supra) (Scheme 1.2). The IR spectra of compounds 3
and 4 showed the P=Se and P=S stretch at 557 and 915 cm™, respectively. The HRMS
spectrum of 3 and 4 respectively, showed the base peak at m/z = 354.9549 (calcd. 354.9561)

for [M+H]" and 307.0132 (calcd. 307.0121) for [M+H]".

The mixture of cis and trans isomers for 3 and 4 were low melting solids (40-44 °C)
which when stored at room temperature gave crystals of the cis isomer suitable for X-ray
diffraction (Figure 1.8) however crystals of the minor trans isomer could not be obtained
even after repeated efforts. Both 3 and 4 are isostructural with same unit cell parameters and
crystallized in the orthorhombic systems with Pbca space group (with Z° = 1). The crystal

structure of the cis isomer for 3 and 4 showed that the four membered phosphazane rings are
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Figure 1.8 Solid state structures of [(Se=)CIP(u-N#Bu),PCl] (3) (left) and [(S=)CIP(u-N#Bu),PCl] (4)
(right). All hydrogen atoms have been omitted for clarity; ellipsoids set at 50% probability. Selected
bond lengths [A] and bond angles [°] for 3: P(III)-Cl 2.136(3), P(V)-CI 2.041(3), P=Se 2.057(9), P1-
N1 1.671(1), P2-N2 1.711(2); P-N-P 96.73(2), N-P(III)-C1 102.83(2), N-P(V)-Cl 107.28(2), N-P-N
84.94(4) and 4: P(II1)-C1 2.135(2), P(V)-C1 2.043(2), P=S 1.909(6), P1-N1 1.671(3), P2-N2 1.712(2);
P-N-P 96.74(3), N-P(II)-C1 102.90(2), N-P(V)-CI 107.86(5), N-P-N 84.46(5).

almost planar where P"-CI1 bond lengths are slightly longer (2.1395(6) A (3) and
2.1352(19) A (4)) than that of PY-CI bond lengths (2.0460(6) A (3) and 2.043(2) A
(4)). Further, the N-P"™-Cl bond angles (102.89(5)° (3) and 102.86(12)° (4)) are
slightly narrower than N-PV-Cl (107.27(5)° and 108.08(6)° (3) and 106.91(11)° and
107.84(10)° (4)). Compound 3 forms 2D network where two P,N; units are connected
to each other due to weak fBu—H--Se-P(V) (3.018 A) interaction and the network
grows in one direction whereas (Figure 1.9), the second direction grows due to the
weak interaction tBu—H---CI-P(III) (2.908 A) between two P,N» units in one direction
(Figure 1.10). Unlike, 3 compound 4 shows three dimensional network formation due
to the weak interaction between fBu—H--CI-P(III) (2.837 A and 2.890 A) and

Bu—H--S-P(V) (2.944 A).
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Figure 1.9 Formation of two dimensional network due to the weak fBu-H:--Se-P(V) (3.018 A)

interaction between two units of 3.
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Figure 1.10 Formation of three dimensional network due to the weak fBu—H--CI1-P(III) (2.837 A and

2.890 A) and Bu-H--S-P(V) (2.944 A) interaction among different units of 3.
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It can be noted from the previous data that oxidation of both phosphorus atoms in
[CIP(n-NR)], with chalcogens steadily provides more proportion of cis over the trans isomer
of [CIP(=E)(u-NR)], on going down in the group 16 (cis:trans = 0,"% sl are 0:1, 3:1,
respectively). Therefore, oxidation of [CIP(u-N7Bu)], with sulfur was expected to yield cis-
and trans-[(S=)CIP(u-NzBu)], (5) with a proportion of cis isomer higher than oxygen but
lower than that of selenium compound. With this anticipation, a reaction of [CIP(u-N7Bu)],
with 2 equivalents of sulfur in boiling toluene was monitored by in-situ >'P{'H} NMR of the

reaction mixture (Scheme 1.3 and Figure 1.11).

207 ppm > 2 41.3 ppm > 404 ppm
\ . K\‘ neat reaction T / o
,F;/N\’\p‘ . L >200°C, 10 min S\\ N g CI\P/N\/P,Cl
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\ / \ S \\ 5
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Sg, toluene Sg, toluene
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N // N 'ﬁ/N\P’CI

\/~ b

Scheme 1.3 Reaction pathway for the synthesis of (P") disulfide derivative [(S=)CIP(u-NzBu)], (5).

As detailed in Scheme 1.3 and Figure 1.11, in 8 days the cis- and trans-[(S=)CIP(u-
NzBu),PCl] (4) can be detected as intermediates of this reaction with the traces of disulfide
[(S=)CIP(u-N7Bu)], (5) and unreacted [CIP(u-N7Bu)l,. As compared to the exclusive
synthesis of the monosulfide 4 (15 days reflux, Scheme 1.2), perhaps the use of more amount
of sulfur here enhanced the reaction rate (8 days reflux, Scheme 1.3). Further, in about 12
days all of the [CIP(u-N7Bu)], was consumed and the major amount of product constituted

the cis- and trans-[(S=)CIP(u-N7Bu),PCl] (4). The continued reflux for 20 days led to the
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formation of cis and trans disulfide [(S=)CIP(u-N#Bu)], (5). The signals at 40.47 and 41.32
ppm were assigned respectively to the cis and trans isomers of 5 in approximately 1.5:1 ratio.
The "H NMR spectrum of the isolated product showed a signal at 1.49 ppm for the cis isomer
and the trans isomer was seen as a hump to this signal (1.48 ppm). HRMS spectrum of the
product showed the base peak at m/z = 338.9830 (calcd 338.9842) for [M+H]". A neat
reaction to prepare cis- and trans-[(S=)CIP(u-N7Bu)], (5), when both the reactants were
heated above 200 °C, completes in 10 minutes without significantly affecting the proportion

of cis and trans products (Scheme 1.3).
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Figure 1.11 In-situ *'P{'H} NMR spectra (in C¢D¢) to monitor progress of the reaction in the

formation of cis- and trans-[(S=)CIP(u-N7Bu)], (5) in toluene.

Encouraged by the reactions discussed so far, we became interested to know the feasibility
for the synthesis of a hetero chalcogenido compound of the type [(S=)CIP(u-

NBu),PCI(=Se)]. This could be achieved via two different routes: (i) reaction of [(S=)CIP(u-
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N#Bu),PCl] (4) with 1 equivalent of Se and (ii) reaction of [(Se=)CIP(u-N7Bu),PCl] (3) with
1 equivalent of S. We attempted both the reactions under neat conditions above 200 °C that
gave cis- and trans-[(S=)CIP(u-N7Bu),PCI(=Se)] (6) along with considerable scrambling of
chalcogens to afford a mixture of homo-dichalcogenido [(E=)CIP(u-N7Bu)], (E = Se or S).
Most probably, the high reaction temperature promoted scrambling of S and Se in these
cases. Therefore, reaction of [(S=)CIP(u-NzBu),PCl] (4) with 1 equivalent of selenium in
boiling toluene was performed that took ca. 3 days to afford the mixture of cis- and trans-

[(S=)CIP(u-N7Bu),PCl(=Se)] (6) in approximately 5:1 ratio (Scheme 1.4) with negligible

scrambling.
43.5 ppm 44.2 ppm
/\N\ Se, toluene CI\ \ _CI Se\\ /N\’ LCl
CIP P(s)CI P\ TN R
S‘N\/ 3 days reflux / ‘s C'/ N S
20.9 ppm 21.9 ppm
(4) (cis) (6) (trans)

Scheme 1.4 Preparation of hetero-chalcogenido [(S=)CIP(u-N7Bu),PCI1(=Se)] (6).

The *'P{'"H} NMR spectrum of 6 can be attributed to AX spin system that showed two sets of
doublets in the PV region only, one at 44.15 and 21.93 ppm (with “Jp.p = 11 Hz) for the minor
trans isomer and another at 43.45 and 20.85 ppm (with *Jpp = 6 Hz) for the major cis isomer
(together with '’Se satellites attributed to the AA’X isotopomer containing one ''Se atom (I =
Vs, 7.6%, [(S=)CIP(u-NBu),PCI(=""Se)], 'J31p.775c = 946 Hz). The "'Se NMR spectrum of 6
showed a doublet of doublet at 169.07 ppm (1J77se_3lp =986 Hz, 3J77Se_31p = 15 Hz) for the cis
isomer similarly a doublet of doublet at 206.85 ppm (1J77se_3lp = 987 Hz, 3J77SQ_31P = 18 Hz)
was observed for the trans isomer. Similarly the IR spectrum of compound 6 showed the

characteristic P=S stretch at 908 cm’' whereas the P=Se stretch was observed at 573 cm .
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The HRMS spectrum of 6 showed the base peak at m/z = 385.9193 (calcd 385.9203) that was

also the molecular ion signal [M]".

1.3 Conclusions

In conclusion, we have demonstrated a stepwise conversion of chlorophosph(Ill)azane,
[CIP(u-N7Bu)], into [CIP(=E)(u-NBu)]l (E = NAr, S, Se). The in-situ *'P{'H} NMR
investigations reveal sequential conversion of the cyclic four membered (P™),N; into mixed
valent cis and trans (P"/PV)N, derivatives, [CIP(=E)(u-NBu),PCl] in the first step and cis
and trans (P"),N, products, [CIP(=E)(u-N7Bu),PCl] in the final step. These conversions can
be performed using refluxing toluene or under neat conditions at elevated temperatures.
These (P"/P") and all (P") compounds would serve as useful precursors to synthesize new
reactive species based on four-membered phosphazane systems as well as inorganic

macrocycles with new connectivity.

1.4 Experimental Section

1.4.1 General procedure

All syntheses were carried out under inert atmosphere of dry nitrogen in oven dried glassware
using standard Schlenk techniques or a glove box 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, CDCl; was dried over 4 A molecular

sieves whereas C¢Dg was dried over Na.
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1.4.2 Starting materials

All chemicals were purchased from Sigma-Aldrich and used without further purification. The
molecules 2,6-iPr,CeH3N3, M 2.4 6-Me;CoHoN5, P [ClP(u—NtBu)]z[za] were prepared using
literature procedures. Syntheses of the monosulfide [(S=)CIP(u-N7Bu),PCl] (4)®) and the

disulfide [(S=)CIP(u-N7Bu)], (5)"" under neat conditions are reported in the literature.
1.4.3 Physical measurements

IR spectra of the complexes were recorded in the range 4500-400 cm ™" with a Perkin—Elmer
Lambda 35-spectrophotometer. The 'H, *Cand*'P{'"H} NMR spectra were recorded with a
Bruker 400 MHz spectrometer with TMS and H3PO,4 (85%) as external reference whereas,
7’Se was recorded with a JEOL JNM—ECS spectrometer at operating frequencies of 76.28
MHz with Me,Se as external reference; chemical shift values are reported in ppm. High-

resolution mass spectrometry was performed with a Waters SYNAPT G2-S instrument.

Single crystal X-ray diffraction data of 1, 2 and 3 were collected using a Rigaku
XtaLAB mini diffractometer equipped with Mercury375M CCD detector. The data were
collected with MoK, radiation (A = 0.71073 A) using omega scans. During the data
collection, the detector distance was 49.9 mm (constant) and the detector was placed at 20 =
29.85° (fixed) for all the data sets. The data sets were collected Crystal Clear suite!"** and

11 Empirical absorption correction

were processed using CrysAlisPro version 1.171.39.7f!
using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm was done
using CrysAlisPro 1.171.39.7f. Single crystal X-ray diffraction data of 4 was collected on a
Bruker AXS KAPPA APEX-II CCD diffractometer with MoKa radiation using omega scans.
Unit cell determination and refinement and data collection were done using the Bruker

APPEX-II suite,"'*? data reduction and integration were performed using SAINT v8.34A

(Bruker, 2013)“4‘“ and absorption corrections and scaling were done using SADABS-2014/5
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(Bruker,2014/5)!"*!. All the crystal structures were solved through OLEX2!"*! package using

12l All non-hydrogen atoms were refined

XT!"e and the structures were refined using XL.!
anisotropically and all the H atoms were geometrically fixed and refined using the riding
model. The single crystals of trans 1 and 2 were grown from toluene and crystallize in
triclinic (with P1 space group and Z’ = 0.5) and monoclinic system (with P2;/c space group
and Z’ = 0.5) respectively (Table 1.1). One of the two isopropyl groups in 1 was found to be
disordered while one of the rBu groups in 2 was found to be disordered. These disordered

atoms were refined with appropriate use of PART, EADP and EXYZ commands. The N

atoms connected to the mesityl groups were also found to be disordered in 2.
1.4.4 Synthetic procedures

Synthesis of [(2,6-iPr,CsH3;N=)CIP(p-NtBu)], (1): A mixture of 2,6-iPr,CsH;N3 (0.73 g,
3.60 mmol) and [CIP(u-NtBu)], (0.50 g, 1.80 mmol) in a Schlenk tube was heated gradually
until the mixture started to boil and turned brownish (for ca 15 min). Subsequently, a brown
solid was obtained at room temperature. This brown solid was washed with hexane (7 mL) to
remove impurities that also dissolved the all of the cis isomer and portion of the trans
product. The white residue thus obtained was confirmed as pure trans isomer which was

crystallized from toluene at —10 °C. Yield (trans isomer): 0.28 g, 24.80 %.

Alternative synthesis of 1: The azide 2,6-iPr,C¢H3N3 (1.48 g, 7.30 mmol) was added at room
temperature to a solution of [CIP(u-N7Bu)], (1.0 g, 3.60 mmol) in toluene (30 mL). This
mixture was refluxed for 72 h and followed by removal of all volatiles under vacuum. The
residue obtained was washed with hexane (10 mL) to separate impurities that also dissolved
the cis isomer. The pure trans isomer was obtained as a white solid. Yield (trans isomer): 0.70
g, 31.00 %. Mp: 297-300 °C. IR (v em™', Nujol): 3050, 2965, 2869, 1550, 1462, 1365, 1254,
1192, 1135, 1077, 934, 908, 796, 748, 648, 558, 473. 'H NMR (400 MHz, CDCl3): 6 = 7.10
(d, 4H, *Jiy = 7.6 Hz, Ar), 6.98 (t, 2H, *Ji.y = 7.2 Hz, Ar), 3.54 (sept, 4H, CH(CHs),, *Jyn =
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6.8 Hz), 1.47 (s, 18H, C(CHs)3), 1.23 (d, 24H, CH(CHs),). >*C NMR (100 MHz, CDCls): § =
142.05, 123.05, 122.24, 57.22 (t, *Je.p = 2.0 Hz, C(CHs)3), 29.77 (t, *Jcp = 6.0 Hz, C(CHs)3),
28.79,27.93, 23.99. *'P{'"H} NMR (162 MHz, CDCl;): 6 = —70.04. HRMS (AP"): m/z calcd

for C32H52C12N4P22 (6243044) [M]+; found: (6243027)

Synthesis of [(2,4,6-Me;C¢H,N=)CIP(u-NtBu)], (2): Compound 2 was synthesized in a
manner similar to 1. The quantity of reactants taken were 2,4,6-Me;CsH,N;3 (0.58 g, 3.60

mmol) and [CIP(u-N7Bu)], (0.50 g, 1.80 mmol). Yield (trans isomer): 0.39 g, 40.10 %.

Alternative synthesis of 2: The reaction for the synthesis of 2 was analogous to that of 1
performed in toluene, the amount of reactants taken were 2,4,6-Me;C¢H,oN3 (1.20 g, 7.30
mmol) and [CIP(u-N/Bu)], (1.00 g, 3.60 mmol). This synthesis completed in 12 h. Yield
(trans isomer): 1.00 g, 52.60 %. Mp: 264-266 °C. IR (v cm'l,Nujol): 2975, 2938, 2808, 1561,
1396, 1397, 1370, 1257, 1192, 1073, 929, 902, 854, 820, 728, 660, 615, 578, 543, 499, 438.
'H NMR (400 MHz, CDCls): 6 = 6.86 (s, 4H, Ar), 2.35 (s, 12H, 0-CH3), 2.25 (s, 6H, p-CH3),
1.50 (s, 18H, C(CH3);) ppm. C NMR (100 MHz, CDCly): 6 = 137.03, 131.43, 130.88,
128.59, 57.33 (C(CHs)s), 29.96 (C(CHs)3), 20.80, 20.21 ppm. *'P{'H} NMR (162 MHz,
CDCl3): 6 = —64.67 ppm. HRMS (AP+): m/z calcd for CogHyoCloN4P,: (540.2105) [M]+;

found: (540.2028).

Synthesis of [(Se=)CIP(n-NtBu),PCl] (3): A mixture of [CIP(u-N7Bu)], (5.00 g, 18.20
mmol) and selenium powder (1.44 g, 18.20 mmol) was charged in a 100 mL Schlenk tube
and heated for 10 min at 200 °C to produce a transparent liquid which solidified when
brought to room temperature. This low melting solid was distilled under vacuum to obtain a
4:1 mixture of cis and trans isomers of 3 which was crystallized at —10 °C to get crystals

suitable for single crystal X-ray diffraction. Yield: 4.80 g, 74.30 %.
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Alternative synthesis of 3: A mixture of [CIP(u-N7Bu)], (15.00 g, 54.50 mmol) and selenium
powder (4.31 g, 54.50 mmol) in toluene (150 mL) was refluxed for 12 h under nitrogen. The
solution obtained was evaporated to dryness giving a solid which after distillation under
vacuum gave a 4:1 mixture of cis and trans isomers in sufficient purity for further analysis
and reactions. Yield: 14.80 g, 76.49 %. Mp: 42-45 °C. IR (v cm’™, Nujol): 2975, 2934, 2873,
1462, 1397, 1370, 1251, 1196, 1046, 926, 895, 806, 673, 557, 523 (vp=sc), 427. "H NMR (400
MHz, CDCL): 6 = 1.44 (C(CHs)3) ppm. *C NMR (100 MHz, CDCls): 6 = cis: 57.31, 30.21
(t, *Jep = 5.9 Hz, C(CHs);); trans: 6 = 57.25, 29.96 (t, *Je.p = 5.7 Hz, C(CH;)3) ppm. *'P{'H}
NMR (162 MHz, CDCl): cis: 6 = 151.45 (d, “J51p.31p = 15 Hz, with two satellite doublets
arising from [("’Se=)CIP(u-N#Bu),PCl], 'J31p-77sc = 1350 Hz), 42.77 (d, *J31p:31p= 15 Hz, with
two satellite doublets arising from [(77Se=)C1P(u-NtBu)2PC1], 3J31p_775e =950 Hz); trans: ¢ =
167.55 (d, “J31p31p = 36 Hz), 47.20 (d, 2J31p31p = 36 Hz) ppm; "'Se NMR (76.28 MHz,
CDCls): d = 345.93 (d, 'J7se31p = 945 Hz; trans isomer), 232.20 (d, 'J77se.31p = 953 Hz; cis
isomer) ppm. HRMS (AP+): m/z caled for CgH;9ClN,P,Se: (354.9561) [M+H]+; found:

(354.9549).

Synthesis of [(S=)CIP(n-NtBu),PCl] (4): A mixture of [CIP(u-N/Bu)], (15.00 g, 54.50
mmol) and sulfur powder (1.75 g, 54.70 mmol) in toluene (150 mL) was refluxed for 15 days
under nitrogen. The solution obtained was evaporated to dryness giving a solid which after
distillation under vacuum gave a 5:1 mixture of cis and trans isomers in sufficient purity for
further analysis and reactions. Yield: 15.45 g, 92.30%. Mp: 40-42 °C. IR (v cm™, Nujol):
2977, 2939, 2877, 1469, 1373, 1262, 1200, 1054, 915 (vp=s), 804, 746, 696, 596, 531.
HRMS-AP" (m/z) = obs: 307.0132, cal: 307.0121 [M+H]". The synthesis of 4 under neat

conditions and its spectroscopic data are available in the literature.™*"

Synthesis of [(S=)CIP(u-NtBu)], (5): Toluene (100 mL) was added to a mixture of [CIP(p-

NBu)], (2.50 g, 9.10 mmol) and sulfur (0.61 g, 19.00 mmol). This solution was refluxed
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(completion of reaction was monitored by in-situ >'P{'"H} NMR, that takes ca. 20 days). After
evaporation of all volatiles under vacuum a light yellow solid was obtained which on
extraction with hexane afforded a mixture of cis and trans isomers (1.5:1 ratio based on
3'p{'H} NMR) in sufficient purity for further analysis and reactions. Yield: 2.56 g, 83.00 %.
Mp: 102 °C. IR (v em™, Nujol): 2923, 2857, 1461, 1399, 1371, 1246, 1184, 1055, 911 (vp-s),
833, 782, 696, 599, 525, 474 cm™. "H NMR (400 MHz, dg-toluene): 6 = 1.49 (t, *Jup = 0.7
Hz, C(CHs)s, (cis)), 1.48 (t, “Jip = 0.7 Hz, C(CH3)s, (trans)) ppm. °C NMR (100 MHz, ds-
toluene): & = trans: 60.59 (s, C(CHs)3), 29.74 (t, *Jep = 5.1 Hz, C(CH3)3); cis: 60.39 (s,
C(CHs)3), 29.60 (t, *Jep = 5 Hz, C(CHs);) ppm. >'P{'"H} NMR (162 MHz, ds-toluene): 6 =
41.32 (trans), 40.47 (cis) ppm. HRMS (AP+): m/z caled for CgH;9CILN,P,S: (338.9842)

[M+H]"; found: (338.9830).

Alternative synthesis of 5: A mixture of [CIP(u-NzBu)], (5.00 g, 18.20 mmol) and sulfur
(1.22 g, 38.00 mmol) was heated at 200 °C in a Schlenk tube under nitrogen for 10 min. The
resulting light brown compound was cooled to room temperature and subsequently extracted
with hexane (60 mL) and filtered. The filtrate was evaporated to dryness to afford 5. Yield:
4.20 g, 68.10 %. The spectroscopic data and alternative synthesis of 5 are available in the

literature.®"

Synthesis of [(S=)CIP(u-NtBu),PCI(=Se)] (6): A mixture of [(S=)CIP(u-N7Bu)], (4) (0.50 g,
1.63 mmol) and selenium powder (0.13 g, 1.63 mmol) was refluxed in 40 mL toluene for 3
days under nitrogen. The solution was evaporated to dryness followed by extraction with
hexane. The hexane extract was dried under vacuum giving approximately a 5:1 mixture of
cis and trans isomers. The S and Se scrambling in this method was significantly less as
compared to the neat reaction at elevated temperatures, thus only traces of 5 and the
diselenide congener were detected in crude product. Yield: 0.57 g, 91.00%. Mp: 99-101 °C.

IR (v ecm™, Nujol): 2973, 2931, 2873, 1465, 1396, 1369, 1300, 1254, 1192, 1050, 908 (vp—s),
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819, 761, 685, 634, 619, 573 (vp—se). 'H NMR (400 MHz, CDCLs): § = 1.73 (C(CHs);). °C
NMR (100 MHz, CDCLy): 6 = cis: 60.96 (s, C(CHs)3), 30.03 (t, *Jep = 5.1 Hz, C(CHs)3);
trans: 0 = 61.28 (s, C(CHs)3), 30.20 (t, *Je.p = 4.9 Hz, C(CHs);) ppm. *'P{'H} NMR (162
MHz, CDCls): trans: § = 44.15 (d, 2J51p31p = 11 Hz), 21.93 (d, 2J51p31p = 11 Hz); cis: 0 =
43.45 (d, “J31p31p = 6.5 Hz), 20.85 (d, “J31p31p = 6.5 Hz, with two satellite doublets arising
from [(S=)CIP(u-N7Bu),PCI(=""Se)] at 23.64 and 17.80, 'J31p.77sc = 946 Hz) ppm. ”’Se NMR
(76.28 MHz, CDCLs): 6 = 169.07 (dd, 'Jr7se31p = 986 Hz, *Jrse31p = 15 Hz; cis isomer),
206.85 (dd, 'Jr7ses1p = 987 Hz, *Jr7se31p = 17.5 Hz; trans isomer) ppm. HRMS (AP"): m/z

calcd for CgH19CI,N,P,SeS: (385.9203) [M]+; found: (385.9193).
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1.5 Crystallographic Data

Table 1.5.1 Crystallographic data for compounds 1-4.

Compound™ 1 2 3 4

Chemical formula C;Hs,CLNGP,  CyeHuoCLN4P,  CgH sCLN,P,Se  CgH,sCl,N,P,S
Molar mass 625.61 541.46 354.04 307.14
Crystal system Triclinic Monoclinic Orthorhombic Orthorhombic
Space group Pi P2y/c Pbca Pbca

T[K] 298.0 100.0 100.0 100.0

a[A] 9.4320(10) 7.9874(8) 16.7565(8) 16.72(2)
b[A] 9.6044(9) 20.747(2) 10.2266(5) 10.185(13)

c [A] 11.5985(8) 8.9832(9) 17.0679(8) 17.19(2)

al°] 96.978(7) 90.0 90.0 90.0

L1° 103.926(8) 104.710(10) 90.0 90.0

y[°] 114.394(10) 90.0 90.0 90.0

VA% 899.30(16) 1439.9(3) 2924.8(2) 2928(6)

VA 1 2 8 8

D(caled.) [g-em™] 1.155 1.249 1.608 1.394
#(Mo-K,) [mm™'] 0.295 0.358 3.126 0.779
Reflections collected 12368 20540 40102 27001
Independent reflections 6136 5224 5340 4957
Data/restraints/parameters  6136/0/192 5224/0/201 5340/0/142 4957/0/142

R1LWR,[I>26(D)]™ 0.0701,0.1991  0.0748,0.1569 0.0338,0.0788  0.0571, 0.1305
R1, wR, (all data)™ 0.0860,0.2228  0.1472,0.1970  0.0488, 0.0856  0.1027, 0.1513
GOF 1.042 1.022 1.069 1.002

[a] R1 = X||Fo| — |Fc||/Z|Fo|. wR, = [Ew(|Fo’| — |Fc’|)/Zw|Fo’ ']
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Different Pathways in the Wurtz Reduction
of [(S=)PCl(n-N#Bu)], with Na Chapter 2

Abstract: Reduction of a mixture of isomeric cyclodiphosphazane, cis- and trans-
[(S=)CIP(u-N7Bu)], (5) with metallic sodium, under reflux in toluene, proceeds via two |
different pathways. One Wurtz-type pathway involves the elimination of NaCl from 5
followed by head-to-tail cyclization of the intermediate anion to give the hexameric
macrocycle, [(1-S)P(u-N#Bu),P(=S)]¢ (7). The other pathway involves reduction of the P=S
bonds of trans-[(S=)CIP(u-N#Bu)], (5) to generate a colourless singlet biradicaloid dianion
trans-[S-P(Cl)(u-N7Bu)],>, that is seen in the polymeric structures of three dimensional [ {(S-
)CIP(u-N#Bu),PCI(S)}Na(Na-THF;)], (8) and two  dimensional  [{(S-)CIP(u-
NBu),PCI(S)} (Na-THF),], (9). The electronic structure of the dianion core of 8 and 9 as P-

centred biradicaloid was supported by computational studies on [S-P(Cl)(u-NMe)],>.

28




2.1 Introduction

The expansion of diverse families of organic macrocycles has far reaching impacts on vast
area of molecular and supramolecular chemistry, extended across the fields of material and
coordination chemistry, and the biological area. Since last few decades, significant
developments in organic macrocycles domain have allowed proliferation of a variety of
molecular structures. Simple examples of organic macrocycles which have been extensively
investigated in numerous studies encompass a broad spectrum, such as: (a) crown ethers, (b)

porphyrins, (c) cryptands, (d) cyclophanes, (e) calixarenes, and (f) cavitands (Figure 2.1).!"!

(a) a crown ether (b) a porphyrin

/
OH OH QH HO

(d) a cyclophane (e) a calixarene (f) a cavitand
Figure 2.1 Some common organic macrocycles.

While organic macrocycles based on carbon frameworks have been a central theme of
modern chemistry, the functional inorganic macrocycles where the framework is constituted
solely from inorganic elements are rare. There is therefore a lot more work required to match

the well developed field of organic macromolecular chemistry.!"! The slow progress in the
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area of inorganic macrocycles can be understood due to the following difficulties: (i)
compared to carbon, the greater range of orbitals and hybridization states available with
inorganic elements-lead to mismatch of orbital sizes and result in weaker bonds between
elements from two different groups or period; (ii) variable oxidation states of inorganic
elements-giving rise to the formation of multiple products with different oxidation state; (iii)
hydrolytic instability-hampers the separation of multiproduct; (iv) lack of a general synthetic
strategy for inorganic systems compared to the organic derivatives and (v) lower
thermodynamic stability and polar nature of bonds to these elements, leading to kinetically
labile and/or thermodynamically less robust arrangements.!'! Figure 2.2 shows some recent
examples in the field of inorganic macrocycles which function as acceptors or as donors to a
broad range of organic, inorganic and organometallic anions. Of the few inorganic

macrocycles investigated so far, in limited cases where the host-guest chemistry has been

@ Inorganic macrocycles with acceptor properties (A-E) and donor properties (F-H)
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i N/ \k el
Hg C ~na_ /Na/N AN ~/Mg,NlPrz
N \ _Na
(A) (B) () (D)
[9]mercuracarborand-3 and [12]mercuracarborand-4; an inverse crown complex inverse crown complex
X=CI, Br of a Mg"/Na imido host of the ferrocenyl tetraanion
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) Si
. Me,N  NMe, s
(E) (F) (G) (H)
pentameric [{P(u-NBu)}>(NH)]s(HCI)
macrocycle with CI~ anion phosph(V)azene macrocycle potassium complex of lithium complex of [2.1.1]cryptand
coordinated in the caviety coordinating a Cu' ion a donor-type silicone macrocycle based on siloxane framework

Figure 2.2 Some well known examples of inorganic macrocycles (A-E: acceptor type, F-H: donor

type).
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explored, shows the acceptor type behaviour, particularly those based on electropositive

metals.[!!

Hawthorne’s mercuracarborands such as [9]mercuracarborand-3 (A) and
[12]mercuracarborand-4 (B) (X = Cl-, Br-) were the early examples of inorganic macrocycles
exhibiting acceptor type behaviour. These species take advantage of the rigid linear geometry
of Hg2+ atoms, that bridge {1,2-C,B;oHjo} units into cyclic arrangements and exhibited
acceptor type behaviour due to the electropositive character of Hg".'"" The ionically-bonded,
metallacyclic “inverse crowns” (C and D) introduced by Mulvey are good examples
exhibiting acceptor properties to a broad range of organic, inorganic and organometallic
anions including highly unusual anions (2,5-C-H doubly deprotonated toluene C and
tetrametallated ferrocene [(CsHs),Fe]* (D)).l""] Wright and coworkers have shown a nice
example of host—guest complex, [ {P(u-N7Bu)},(NH)]s(HCl) (E), composed of a pentameric,
[{P(u-NtBu)},(NH)]s macrocycle which coordinates to a Cl™ anion using the five NH groups
of the macrocyclic framework.""™ From the foregoing discussion it can be understand that in
contrast to organic macrocycle (generally donor type), inorganic macrocyclic area is
dominated by examples exhibiting acceptor type behaviour and very few donor type
inorganic macrocycles have been reported. An early example of donor type inorganic
macrocycles was seen in a twelve-membered phosph(V)azane macrocycle, [(Me,N),PN]¢ (F)

[11-m

that was found to coordinate Cu’>’ within its cavity.'"™ Other recent examples of cation
y p

coordination were seen in the case of cyclic silicones (G and H) (analogous to crown ether

and cryptands) which show their coordinating behaviour towards alkali metals.!'"?!

Cyclodiphosph(Ill)azanes, [XP(u-NzBu)], are well known precursors for many
inorganic and organic systems including P-N based macrocycles, metal complexation,!"
dichalcogen based systems. In the past decade or so, the [CIP(u-N7Bu)], units of cyclic
phosph(Ill)azanes have proved to be robust building blocks for the assembly of hybrid-type

inorganic-organic macrocycles [{P(u-NR)},(u-LL’)], (where LL’ is an organic linker).["#3*]
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Similarly, inorganic-type macrocycles with N-bridges [ {P(u-NR)}(u-NR)], (n =4 (I), and 5)

were obtained by the condensation reactions of [CIP(u-NR)], with [NH,P(u-NR)]; in the

presence of a Bronsted base.!"*" The significant use of [CIP(u-NR)], as a building block to

assemble intriguing macrocycles with different donor atoms have been shown in Figure 2.3

(I-VI).

Attempts have been made to mimic organic macrocycles using [CIP(u-NzBu)], as

potential building blocks with bridging elements (Se, O) other than N-bridged species. In this

series the O-bridged tetramer, [{P(u-N7Bu)},(u-O)]s (II) was the first example of such a

crown-type macrocycle.”*! However, the syntheses of this type of macrocycle are fought with
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(R-1-(2-naphthylethy! (R = iBu))

hexameric macrocycle with alternating (P'")/(PY) atoms, [Se=P(u-NfBu},P{p-Se)ls (IV) , with all (PY) atoms
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Figure 2.3 Examples of NH- and chalcogen bridged macrocycles based on [CIP(u-NR)], unit and its

derivatives.
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synthetic challenges and the approach used for N-bridged macrocycles (I) could not be
applied in this case. Therefore, the lack of a general approach led the necessity to investigate
other pathways to obtain crown-like phosphazane macrocycles of this class, with the ultimate
aim of developing a new area of host-guest chemistry. Switching from O- to S- or Se-bridged
inorganic macrocycles should have two important effects (i) expansion of the size of the
macrocyclic cavity and (ii) producing softer hosts for the coordination of a range of metal

1ons.

The extension of O-bridged systems to Se-macrocycles was achieved using Wurtz-
type reaction to afford a hexameric macrocycle, [(Se=)P(u-N7Bu),P(u-Se)ls (IV) by reaction
of Na metal with a cis and trans mixture of [(Se=)C1P(u—NtBu)]2.[3d] However, pre-
organization has been an important factor to construct the above mentioned macrocycles (I
and II), but the rational synthetic routes have not been much explored to segregate the
polymeric or undesirable aggregation formed during the course of macrocyclic syntheses.
The example of segregation can be seen apparently in the synthesis of selenium-bridged
hexamer, [(u-Se)P(u-NtBu),P(=Se)]s (IV) from its cis isomer on reducing the isomeric
mixture of cis and trans-[(Se=)CIP(u-N7Bu)], where the fate of trans isomer could not be
determined and can be considered to produce the polymeric product rather than macrocycle

due to lack of pre-organization.

More recently, a new high-yielding modular approach has also been developed to
synthesize a variety of chalcogenide (S- and Se-) bridged trimeric (III) and hexameric (V-VI)
inorganic macrocycles based on cyclophosphazane frameworks.”? This approach involves
the reaction of in-situ generated dianionic intermediate [E(S)P-(M-NR)]QZ_ (E=S or Se) with
electrophilic [CIP(u-NR)]; to give hexameric macrocycles with unique alternating (P™),(P¥),
backbone [{(S=)P(u-NtBu),P(=S)} {pu-(S-P(u-NtBu),P-S)}]3 (E = S (R = rBu, CHy#Bu), E =

Se (R-1-(2-naphthyl)ethyl (R = Bu)).’Y The reaction of this dianionic units with I, give
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mixed S, Se-chalcogenide trimeric macrocycles with PV variants of the type, [{(S=)P(u-
NBu)},(p-Se-Se)]s. Moreover, a hexameric macrocycle with all PV varients of the type,
[(S=)P(u-N7Bu),P(=S)(u-S)]¢ has also been reported by the oxidation of S-bridged

macrocycle [(u-S)P(u-NBu),P(=S)]s (7).5¢

In the present work, we have explored the analogous reaction of Na metal with cis-
and trans-[(S=)PCI(u-N7Bu)],» (5)."1 We show that unlike the related Se-system, two reaction
pathways occur in this case, (i) Wurtz-type coupling to give the S-bridged macrocycle [(u-
S)P(u-N7Bu),P(=S)]s (7) and (ii) the unexpected reduction of the P=S bonds of 5 to give the
trans biradicaloid dianion [S-P(Cl)(u-NtBu)]zz'. Our results suggest that the reaction pathway
is influenced by which isomer of the precursor 5 (cis or trans) is involved, with 7 potentially
arising from the cis- or trans-isomers and the [S-P(Cl)(u—NtBu)]zz' resulting from reduction of

the trans-isomer alone.

2.2 Results and Discussion

Synthesis of [(u-S)P(u-NBu);P(=S)]s (7), [{(S-)CIP(u-NsBu),PCI(S)}Na(Na-THF,)], (8)

and [{(S-)CIP(u-NBu),PCI(S)} (Na-THF),], (9)

Reaction of a mixture of cis- and trans-[(S=)CIP(u-N7Bu)], (5) (discussed in Chapter 1) with
excess sodium metal in toluene at reflux gave a mixture of products along with a brown
slurry (Scheme 2.1). The brown slurry was separated by filtration and storage of the filtrate at
room temperature for 3 days gave colorless crystals of [(u-S)P(u-N#Bu),P(=S)]¢ (7) in 13.6%
yield (with respect to 5 supplied). The presence of P and P centers in 7 was evident from
the room-temperature 31P{IH} NMR spectrum in dg-toluene that showed two apparent
doublet of doublets (P(HI) 159.9, and PV g1.2 ppm), resulting from P(HD-(,u-N)-P(V) (2J31p_31p =

35.4 Hz) and P(HD-(,u-S)-P(V) (Jsipsip = 12.5 Hz) coupling within the P,N, ring units and
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8and9.
NOoOWwnmo
i S : — T O
QDD D 8 N Moo
L wnwmw P PR ™ v v v
— o o /SN s @0 @ 0 ©

‘s s
o N
p‘\ - >(N/;P“s
JIL KL
N NG

PR Ll A
s p/ T\P
N s
@

———t————1——7——T——T——1——7——T——T——T——T— T —T———T————T——T——T——T——T——T——T——T——T——7—

Figure 2.4 *'P{'"H} NMR spectrum of S-bridged hexameric macrocycle, [(u-S)P(u-NBu),P(=S)]s (7).
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Figure 2.5 Single crystal X-ray structure (a) and space-filling diagram (b) of the hexameric
macrocycle [(u-S)P(u-NBu),P(=S)]s (7). As shown in (c) the centroids (Ct) of the six P,N, rings
constitute a chair conformation. All hydrogen atoms and toluene molecule have been omitted for
clarity. Selected bond lengths [A] and bond angles [°]: P=S 1.915(4), P(V)-S 2.092(4), P(III)-S
2.198(3), P(II)-N 1.715(1), P(V)-N 1.675(1); P-S-P 102.80(2), S-P(V)-N 105.44(2) 109.63(2), S-
P(II)-N 105.87(8) 98.77(3).

across the S-bridges of the macrocyclic arrangement (Figure 2.4). While the room-
temperature 'H and °C NMR spectra indicate the presence of only one fBu-environment.
These spectroscopic features are consistent with the subsequent single-crystal structure of 7.
In addition, high-resolution MS spectrum showed the presence of a prominent ion at m/z =

805.1230 (calcd. 805.1238) which we attribute to the dication of 7, [M+2H]*".

The single crystal X-ray structure of 7 confirms the formulation of this product as the
hexameric macrocycle, [(u-S)P(u-NzBu),P(=S)]¢s (Figure 2.5a). Eighteen atoms of the

macrocyclic framework of 7, [(P---P)(u-S)]¢ are non-planar in such a manner that the
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centroids of six P,N; rings form a chair conformation (Figure 2.5c). This cavity is slightly
smaller than that reported for isostructural Se-based hexameric macrocycle (8.2 A).P The
exo-P=S bonds [1.915(4) A] are as expected significantly shorter than the P-S single bonds
within the core of 7 [2.092(4)-2.198(3) A]. Sulfur-containing macrocycles are interesting
owing to the unusual redox properties of S and the ability to stabilize low-oxidation-state
metals.™ Cooper and co-workers have reported on sulfur analogues of crown ethers,!”!
hexathio-18-crown-6, (18S6) and hexathio-24-crown-6 (24S6), and their transition metal
[Cu(ID),” Cu(D)," Ni(11),/"** Co(I)!"#"] complexes. Prior to this work, phosphazane-based
macrocycles comprising of heavier group 16 element bridges were limited only to [(Se=)P(u-
NBu),P(u-Se)]ls (IV) and the di-chalcogenide (-E-E-) bridged trimers [(BuN=)P(u-
NBu),(p-E»)]s (E =S, Se) . Compound 7 represents a completely new type of S-based
macrocyclic arrangement, unique in possessing a large cavity size and a rigid, crown-like

arrangement even in the absence of a metal. Presence of pu-S bridging atoms in 7 and cisoid

geometry with respect to the P,N, rings makes it an ideal donor for metal coordination.

Extraction of the brown residue with THF at room temperature followed by
concentration of the solvent and storage for 2 days at room temperature gave colorless
crystals of [{(S-)CIP(u-N7Bu),PCI(S)}Na(Na-THF;)], (8) in 19.4% yield (with respect to 5
supplied). If the brown residue is extracted with hot THF, colorless crystals of [{(S-)CIP(u-
NzBu),PCI(S)}(Na-THF),], (9) were obtained at room temperature in 15.8% yield (with
respect to 5 supplied). Both 8 and 9 were shown later by single-crystal X-ray analysis to be
closely related, differing only in the extent of THF solvation of Na'. They contain the singlet
biradicaloid dianion"’ [S-P(Cl)(u-NtBu)]zz_ also supported by computational studies (Figure
2.6 and 2.10). This is colourless and gives sharp NMR signals (‘H, *'P and "*C) at room
temperature. This diamagnetism is similar to that seen recently by Schulz for a similar

biradicaloid [P(u-NTer)], (Ter = 2,6-Mes,-C¢H3, Mes = 2,4,6-Me3C6H2).[6] However, the
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biradicaloid dianion of 8 and 9 does not require steric protection using bulky substituents at

the N atoms. The stability of the dianion is probably due to the dual effects of P*") and the

electronegativity of the S and CI atoms attached to phosphorus.
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Figure 2.6 Biradicaloid dianion [S-P(Cl)(u-N7Bu)],”* generated from trans-[(S=)CIP(u-NBu)]s.
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Figure 2.7 Experimentally known, cyclo-butanediyl based four membered heterocyclic biradicaloids.
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To the best of our knowledge [S-P(Cl)(u-NBu)],* is the first example of a P,N,-based
biradicaloid dianion. Figure 2.7 shows various examples of experimentally known, four
membered heterocyclic biradicaloids of main group elements derived from cyclo-
butanediyl.[) Scheme 2.1 shows the mechanisms by which the macrocycle 7 and the singlet
biradicaloid [S-P(Cl)(u—NtBu)]gz_ dianion of 8 and 9 are generated. Like the previously
reported Se-analogue, the likely mechanism by which 7 is produced involves a reaction
sequence in which the first step is reduction of a P-Cl bond of the precursor 5. Although it is
tempting to suggest that 7 can only be generated from the cis-isomer of 5, there is an obvious
potential for P-lone pair inversion of the intermediate anion generated by the reduction of a
P-CI bond of the trans-isomer. However, it is clear that the trans-geometry of the [S-P(Cl)(u-
N7Bu)],> dianions found in the solid-state structures of 8 and 9 must result from reduction of

the P=S bonds of the trans isomer of the precursor 5.

Once isolated and dried under vacuum the spectroscopic and spectrometric data for 8
and 9 were found to be identical. Both compounds show a single resonance in their room-
temperature >'P{'H} NMR spectra in ds-THF (J 82.0 ppm), while their high-resolution MS
both show peak at m/z 503.0020 (8), 503.0000 (9) (calcd 503.0008) which we assign to
[M+H]" for the CgH,3P>N,S,Cl,Na, THF fragment. Furthermore, vacuum-dried crystals of 8
and 9 exhibit the same melting behavior (decomposing at ca. 320 °C). All of these features
strongly suggest the loss of most of the THF from both complexes, producing unsolvated
{Na,[S-P(Cl)(u-N7Bu)]»}, after drying under vacuum. The absence of coordinated THF in
both is confirmed by the 'H NMR spectrum which shows little or no THF remains. Further
support for the lability of the coordinated THF molecules comes from the fact that complex 9

can be crystallized from a solution of an isolated sample of 8 dissolved in hot THF.

The single-crystal X-ray structures of the 3D- and 2D-polymers [{(S-)CIP(u-

N#Bu),PCI(S)}Na(Na-THF)], (8) and [ {(S-)CIP(u-NBu),PCI(S)} (Na-THF),], (9) both show
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Figure 2.8 Perspective view of sections of the 3D polymer 8 and 2D polymer 9: Structures 8a and 9a
show top-bottom and side-on chelation of Na“ with the dianion [S-P(Cl)(u-N7Bu)],>. Structures 8b
and 9b show the formation of 8-membered [Na,Cl;S] and [Na,S,Cl,] rings, respectively. Structures 8c
and 9c¢ show sections of the infinite extended molecular structure of the 3D polymer 8 and 2D
polymer 9, respectively, /Bu and THF carbon atoms have been omitted for clarity in structures 8¢ and

9c.

the presence of the novel [(S-)ClP(u-NtBu)]zz' dianion. The P-CI bond lengths in the dianions
of 8 and 9 (1.984(4) and 1.975(1) A, respectively) are similar to those found in the precursor
[(S=)CIP(u-NBu)]> (5)! [1.996(3) A]. However, as expected there is a significant elongation
of the P-S bonds by 0.07-0.08 A in the dianion [S-P(Cl)(u-N/Bu)],> in 8 and 9 [1.987(6) A
and 1.989(3) A, respectively] compared to the P=S bond length in 5 [1.911(2) A], consistent
with the reduction of the double bond to a single bond (P=S to P-S). The essential difference

between the two arrangements of 8 and 9 stems from the presence of unsolvated and bis-THF
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Na' cations in 8 and exclusively mono-solvated Na" cations in 9. As noted previously, 8 is
converted into 9 after heating in THF solution. The structural relationship between the

polymeric arrangements of both compounds is shown schematically in Figure 2.8. Figure 2.9
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Figure 2.9 Sodium salts of (a) sulfur-, selenium-based and (b) tellurium-based phosphazane dianions
[(E=)(sBuN)P(u-N7Bu)],>, (¢) and (d) top-bottom (Cl, S’ and S, CI’) and side-on (S, Cl and S’, CI’)
chelation of the [S-P(C1)(u-N7Bu)],” dianion in the current work.

shows the building units of 8 and 9 and their relationship to previously reported molecular
Na-complexes of [(E=)(tBuN)P(u-NtBu)]22' (E =S, Se, Te) anions that bind only in a top-

bottom mode.'%!

The aggregation of 8 into a 3D polymer can be seen to result from two
cation coordination modes, (i) top-bottom (Cl, S’ and S, CI’) chelation of the Na(THF),
cations leads to 6-membered [NaS(P---P)NCI] ring units within the polymer in which these
cations have six-coordinate geometries (see Scheme 2.1 and structure 8a, Figure 2.8), and (i1)
side-on (S, Cl and S’, CI’) chelation of the unsolvated Na' cations produces 4-membered
[SPCINa] ring units in which the Na" cations are 4-coordinate (see Scheme 2.1 and structure
8a, Figure 2.8). The resulting units are further connected to each other by top-bottom
chelation of one unit with another to produce larger 8-membered [NasCI;S] rings (8b, Figure
2.8). These 8 membered rings associate to produce channels in the structure via [S-Na-Cl]

bridges. The arrangement in complex 9 is closely related (see structures 9a and 9b, Figure

2.8), only the absence of un-(THF)-solvated Na' cation means that the assembly cannot build
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into a 3D structure. Instead, a step-like 2D polymer (built up from [NasS,Cl,] 8-membered

rings) is formed (9¢, Figure 2.8).

To clarify the electronic nature of novel P,N,-based biradicaloid dianion shown in
Figure 2.6, we have carried out ab initio calculations on a simpler model compound in which
the /Bu groups have been replaced by methyl groups. The optimized geometry of the neutral
species was found to have C; symmetry and we have maintained this symmetry for the
dianion calculations. To describe the biradicaloid nature correctly, multi-reference CASSCF
and MRCI methods were used with aug-cc-pVDZ basis sets. A two-orbital active space
CAS(2,2) with A, and A, symmetry orbitals was found to describe the biradicaloid singlet
state adequately. After geometry optimization of the biradicaloid state at the CAS(2,2) level,
a single-point state-averaged CASSCF(2,2) calculation including three singlet and one triplet
states was carried out. This was followed by MRCI calculations on the lowest singlet and
triplet states for each symmetry. The results of these calculations along with other details can

be found in the supplementary information.

A, (occ 1.21) A, {occ 0.79)

w

Figure 2.10 Active orbitals of the model compound (with their symmetry and natural occupancies)
supporting the biradicaloid nature of the [S-P(Cl)(u-NMe)],* dianion.

As can be seen in Figure 2.10, the active orbitals, of the model compound, are
predominantly P-centered with small contributions from neighbouring S atom. Their natural

occupation numbers (1.21 for the A, and 0.79 for the A, orbital) are perfectly consistent with
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the biradicaloid nature of the dianion. The Mulliken population analysis showing a negative
charge of 0.75¢ on the S and a positive charge of 0.76e on the P atoms (as compared to -0.48e
on S and +1.57e on P for the neutral model compound) indicates that the additional electrons
have gone on to the P atoms. The Na cations found in 8 and 9 help to further stabilize the
resulting biradicaloid further through ionic interactions. The MRCI calculations show that the
A, symmetry biradicaloid state is separated by 0.5 kcal/mol from the lower-lying A,
symmetry open-shell triplet state. This is in agreement with the IUPAC definition of

biradicaloids.

2.3 Conclusions

In conclusion, on attempting a Wurtz-type coupling reaction using cis- and trans-[(S=)CIP(u-
NzBu)], (5) with sodium two different reaction pathways are found. The sulfur-bridged
hexameric macrocycle [(u-S)P(u-NBu),P(=S)]s (7) is the result of head-to-tail cyclization.
Whereas, the biradicaloid dianion [S-P(Cl)(p-NtBu)]zz' as its disodium salt formed from a
different pathway involving reduction of the P=S bonds of § to P-S bonds. In the solid state
this biradicaloid dianion assembles as a 3D polymer, [{(S-)CIP(u-N7Bu),PCI(S)}Na
(Na-THF,)], (8) at room temperature and that converts into a 2D polymer, [{(S-)CIP(u-
NzBu),PCI(S)}(Na-THF),], (9) after heating for a few minutes in THF. The electronic
structure of the dianion core of 8 and 9 as P-centered biradicaloid was supported by
computational studies on the model dianion [S-P(Cl)(p-NMe)]zz'. Future studies will explore
the host-guest behaviour of macrocycle 8 and explore the bonding and coordination

behaviour of the dianion [S-P(Cl)(u-NtBu)]zz'.
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2.4 Experimental Section

2.4.1 General procedure

All syntheses were carried out under an inert atmosphere of dinitrogen in oven dried
glassware using standard Schlenk techniques or a glove box where O, and H,O levels were
maintained usually below 0.1 ppm. 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.
2.4.2 Starting materials

All chemicals used in this work were purchased from commercial sources and were used

without further purification. [CIP(u-N7Bu)], was prepared as per the reported procedure.*”!

2.4.3 Physical measurements

The 'H, °C and 31P{IH} spectra were recorded with a Bruker 400 MHz spectrometer with
TMS and H3;PO4 (85 %) 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 Biichi B-540 melting point instrument.

Single-crystal X-ray diffraction data were collected with 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 of the data sets were

44



done with the Bruker APPEX-II suite, data reduction and integration were performed with
SAINT V7.685A (Bruker AXS, 2009), and absorption corrections and scaling were done
with SADABS V2008/1 (Bruker AXS, 2009). The structures were solved by direct methods
and refined by full-matrix least-squares procedures by using the SHELXL-97 software

package in the Olex2 suite. All non-hydrogen atoms were refined anisotropically.
2.4.4 Details of computational calculation of the model compound [S-P(Cl)(p-NMe)]zz'

Ab initio calculations were carried out using MOLPRO package[13] at CASSCF and MRCI
levels with aug-cc-pVDZ basis sets. The Ci symmetry was imposed in all calculations. The
active space employed was the two-orbital-two-electron active space CAS(2,2) including
one-orbital of Ag and Au symmetries. Geometry optimization of the biradical singlet state
was carried out using this active space. At the optimized geometry, single-point calculations
were carried out at CASSCF and MRCI levels of theory. The state-averaged calculations used
all the three resulting singlet states (2 Ag states and 1 Au symmetry open-shell singlet) and
one Au symmetry triplet state. The MRCI calculations were performed using internally
contracted MRCI wave function, (in literature many varients of MRCI wave functions are
available), method used in this work was developed by Werner and co-workers. The new
internally contraction scheme would enable the highly correlated electronic structure
calculations to the large molecules and molecules containing heavy atoms."'¥ The active

orbitals at CAS(2,2)/cc-pVDZ level have been visualzed with MOLEKEL package.[ls]
2.4.5 Synthetic procedure

Synthesis of [(u-S)P(n-N7Bu),P(=S)]¢ (7), 3D polymer (8) and 2D polymer (9): A mixture
of 5 (1.02 g, 3.0 mmol) and sodium (0.33 g, 14.3 mmol) in toluene (60 mL) was refluxed for
16 h. The resulting brown slurry was filtered off and the filtrate was concentrated till some

solid just started to appear. At this point the evaporation was stopped and the solid was
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dissolved by gentle heating. This solution gave crystals of [(u-S)P(u-N7Bu),P(=S)]¢ (7) at
room temperature in three days. Yield: 0.11 g, 13.6% (with respect to 5 supplied), Mp: 175
°C. The original brown residue was extracted with THF (40 mL) and filtered, on
concentration of this solution colourless crystals of the 3D polymer (8) were obtained at room
temperature in 2 days Yield: 0.22 g, 19.4% (with respect to 5 supplied), Mp: 320 °C
(decomp). Using the correct stoichiometric ratio of Na metal relative to 5 resulted in a

slightly reduced yield of 7.

In repetitions of this reaction, extraction of the brown residue with hot THF gave
crystals of 2D polymer 9 only. Yield: 0.180 g, 15.8% (with respect to 5 supplied), Mp 320 °C
(decomp). Subsequently, it was also confirmed that the room temperature THF extract of 8
when heated (or dried crystals of 8 when dissolved in THF with heating), led to irreversible
conversion of 8 to 9. Spectroscopic data for 8 and 9 were identical. Once extracted from their

mother liquor compounds 7-9 showed very limited solubility in wide range of solvents.

Spectroscopic data for [(p-S)P(p-N#Bu),P(=S)]¢ (7): IR (KBr): 2971, 1625, 1460, 1397,
1368, 1259, 1197, 1081, 1026, 899, 807, 715, 669, 616, 581, 535 cm™. "H NMR (400 MHz,
dg-toluene): 6 = 1.60 (s, C(CH3)3). *'P{'"H} NMR (162 MHz, dg-toluene): d = 159.9 (dd, Je(m-
NPv) = 35.4 Hz, Joamyuspev) = 12.5 Hz), 81.2 (dd Jeevyun-pam = 35.4 Hz, Joevyus-pam = 12.5

Hz). HRMS (AP"): m/z caled for CosHssPeNeSe: (805.1238) [M+2HT*'; found: (805.1230).

Spectroscopic data for 3D polymer (8) and 2D polymer (9): IR (KBr): 2958, 1634,
1386, 1362, 1250, 1201, 1047, 928, 883, 809, 653, 527 cm™. 'H NMR: (400 MHz, ds-
THF): 6 = 1.77 (s, C(CHj3)3). >C NMR (100 MHz, ds-THF): J = 56.3 (s, C(CHs)3), 30.0
(t, Jp« = 4.7 Hz, C(CHs)3). *'P{'H} NMR (162 MHz, ds-THF): 6 = 82.0 ppm. '"H NMR
(400 MHz, D,0): 6 = 1.67 (s, C(CH3);). >C NMR (100 MHz, D,0): 6 = 58.1 (s,

C(CHs)3), 30.8 (t, Jp.. = 4.5 Hz, C(CH3)3). *'P{'"H} NMR (162 MHz, D,0): 6 = 82.5
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ppm. HRMS (AP+): m/z caled for CgH;gP>N,S,Cl,Nay- THF: (503.0008) [M+H]+; found:

(503.0020) (for 8), (503.0000) (for 9).

2.5 Crystallography Data

Table 2.1. Crystallographic data for compounds 7-9.

Compound™ 7 8 9

Chemical formula CoH 19N, P> S, C3HeCl4N4Nays CgH7CINNaOPS
O4P4S4

Molar mass 281.32 1056.76 264.69

Crystal system Cubic Triclinic Monoclinic

Space group Pa-3 Pi P2/c

T[K] 100(2) 100(2) 100(2)

a[A] 20.663(2) 12.721(5) 12.047(2)

b[A] 20.663(2) 12.855(5) 9.135(2)

c[A] 20.663(2) 17.454(6) 11.822(2)

a[°] 90 106.43(4 90

L1°] 90 102.73(6) 100.16(3)

y[°] 90 99.86(3) 90

v [A’] 8823(2) 2585.9(3) 1280.8(3)

Z 24 2 4

D(caled.) [grem ] 1.271 1.357 1.373

#(Mo-K) [mm™'] 0.555 0.585 0.590

Reflections collected 89716 39413 17332

Independent reflections 2695 9441 2332

Data/restraints/parameters 2695/0/142 9441/0/499 2332/0/130

R1,wR,[I>26(D)]™ 0.0588,0.1625 0.0634, 0.636 0.0301, 0.0886

R1, wR; (all data)[a] 0.0902,0.1856 0.0821,0.1729  0.0332, 0.0922

GOF 1.067 1.096 1.099

[a] R1 = 3||Fo| — |Fc||[/Z|Fo|, wR> = [EW(|[Fo?| — |F*))/Zw|Fo?[*]"
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3.1 Introduction

The bonding characteristics of a ligand play a very important role to control the stability,
chemical properties and subsequent applications of a coordination compound. Therefore,
designing and/or selection of a suitable ligand is a crucial step to modulate coordination
abilities (denticity) along with its electronic and steric features.!"! In this context, the use of
pyridine ring in dianionic chelating amidinate fragment [R'N(NR),],> (R'N = pyridine, R =
alkyl/aryl) provides combination of various coordination modes and flexibility whereas, the
fine tuning of substituents on nitrogen and carbon atoms allows the modifications in steric as
well as electronic properties, leading to enormous structural diversity and therefore modified

property in inorganic chemistry.

RI

R A\ R
R, A3\ R \MJ_\/
N @\N N'e\NletN

Y s

Amidinate unit
R/R' = alkyl/aryl

Typical amidinates (left) and 2,6-diaminopyridne system (right) showing amidinate units

2,6-disubstituted pyridine based systems have been important precursors to stabilize multiply

2 as well as complexes of some transition® and lanthanide and actinide

bonded systems
elements!*! where the substituents on their appended nitrogen atoms were altered to modify
the ligand characteristics. The work groups of Kempe, Guillet and Trifonov have used N,N'-
bis-(trimethylsilyl)-pyridine-2,6-diamine unit to synthesize several metal complexes of
lithium, copper and cobalt (A-E) (Figure 3.1).”! Tsai and coworkers have used dilithiated
2,6-diamidopyridine units to assemble metallacycles based on chromium (F) which are very
useful precursor to generate quintuple metal-metal bonds (G).!®! The same group has also

used dilithiated 2,6-diamidopyridine to prepare acyclic and cyclic oligogermanes (H).!"”
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a) Lithium complexes of bis(trimethylsilyl)-N,N'-2,6-diaminopyridine unit

X
R
R\ I P / R | = /R
N N N N Z~N
R. H H R s L NTONTTN
\NH HN R—NH (I)Etz R Lot ", B -_!_‘i
Li 6 L i B Lit—S
\N/ \N ~ | \N/L|I 'il “2 ] R—N-" I,LI E I 5 R
P \ y ~ N_Li/N\ \N"—’—’—' i"":""l -N
HN I S LN
/ \ R E0 HN—R Z N'.-—IT-I:: y P
R N
R = SiMej3, S = PhCN R/ s \R
(A) (B) (C)
Li complex dimeric Li complex Li cluster

b) Metallacycle and multiple bonds
. o AL
\ P
I | NH y N

. AN - j \N/Cu\\ \ \/ ~N
N N ZCcl—B
\ /R —{ Br—C =G U Cuz— u r
AN H r u/ \,\|
C

R< / =
N N
H Co—=Co N \/ \ \ / T\,
JRNVA e\ f =
N— N~ N R N—zN< N HN<
RZ LT R / I\ R
X R = SiMe; R X~ R
(D) (E)
Co complex Cu cluster

R Me N
P R I \ \ /
R~N N RNy =N-R Nge-Ge—Ge Ly

N
\ \./ \ / \N Ge
M. M cr Cr/ = I
/\ \ / \ // G N /
N N N N N-Gez:/—Ge— e\
R’N 73 | R R_’N 7 I “R / ] & N
R (F) Me (G) X (H)
Me
dimeric metallacycle Cr-Cr quintuple bond cyclic oligogermanes
R= 2,6—/Pr206H3

R= 2,6-/Pr206H3
M = Cr(THF), R = 2,6-iPr,CgH3, R' = Me
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when M =8n, Ge , R = Si-iPr3, R"'=H
c) Alkylyttrium/lutetium complexes of amidine-amidopyridinate ligands

Figure 3.1 Examples of known molecular assemblies based on 2,6-substituted diaminopyridine unit

emphasizing on their diverse application as building blocks.
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Figure 3.2: Examples of: I) cyclophanes (A) and syn/anti pyridinophanes (B-C); II)
[3.3](2,6)pyridinophanes with bridge containing trimethylene unit (D) and different donor atoms (E-

H); present work (A = acceptor atom (B, Al)).

Trifonov and coworkers have reported multidentate chelating ligand system by
combining amidopyridinate and amidine fragments to synthesize organolanthanides
(alkylyttrium and lutetium bisalkyl) complexes of amidine—amidopyridinate ligands
and their intramolecular C(sp’)—H activation and reactivity studies (I-J).[*! Many other

classical examples include designing of organic donor type molecules/hosts such as,

] ]

crown ethers,” azacalixpyridine,"'” macrocycles and cryptands,!'"! with 2,6-

disubstituted pyridine units. In particular, such systems have been used as hosts for
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transition and lanthanide ions, which possess valuable luminescence properties, as
well as of being great importance in inorganic synthesis as catalysts.[4] The literature
survey shows a huge work particularly on 2,6-disubstituted pyridine based motifs to
design the organic pyridinophanes, and their derivatives which show significant
applications as pyridoxal models and for metal complexation.[12’13] In comparison to
conventional cyclophanes (A), the introduction of pyridine rings between the bridging
units in pyridinophanes results in tunable conformations and additional donor sites.
Two types of [3.3]pyridinophanes based on the substitution pattern/position of the
pyridine ring, are well known, the first type contains the 3,5-disubstituted pyridine
units and provide the building blocks for [3.3](3,5)pyridinophanes (B), the second type
consists of 2,6-disubstituted pyridine units to assemble [3.3](2,6)pyridinophanes (C)
(Figure 3.2).'Y The [3.3]-bridges that connect the 2,6-disubstituted pyridine rings in
pyridinophanes have either been trimethylene —(CH.);— (D), or heteroatom bridges
that contain donor atoms such as —CH,-D-CH,— (D = NH, O, S, Se) (E), —SiMe,-O-
SiMe,— (F) and —CR’-P(CR;,)-CR’— (G) or —CR’-PH(=CR;)-CR’— (H) (R = R’ =

SiMes) ]

syn(chair/chair) syn(boat/chair) syn(boat/boat) syn(boat/boat)
A = acceptoratom

Figure 3.3 syn-[3.3](2,6)pyridinophanes with different conformations.

Here it is noteworthy to mention that [3.3] pyridinophanes are expected to have two
possible isomers i.e, syn and anti, due to the different orientation of pyridine rings across the
[3.3] bridges. Out of these two isomers the syn isomer in solution is dynamic in nature and

expected to have three stable conformers due to the flipping of bridge between chair and boat
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form in solution. The dynamic nature of these conformeric structures such as chair/chair(CC)
(similar to cyclooctane ring), chair/boat(CB) and boat/boat(BB) can be elucidated by the
variable temperature NMR spectroscopy and computational study (Figure 3.3). It is clear
from the examples mentioned above on [3.3](2,6)-pyridinophanes that their [3.3]-bridges
have been based on either completely carbon or along with donor heteroatoms whereas, the
pyridinophanes containing acceptor atoms in the [3.3]-bridges have not been explored (I).!'®!
Herein, we have analyzed the concept that whether the presence of a suitably placed acceptor
atom in the bridge would be crucial in bringing conformational rigidity by engaging the
pyridine N to interact with itself. As a consequence of successful application of this concept
we have assembled conformationally rigid novel tetraazadibora[3.3](2,6)pyridinophanes (11

and 12) and their aluminum analogue (Chapter 4, compound 18) involving donor-acceptor

interactions between pyridine nitrogen with group 13 acceptors in the bridges.

3.2 Results and Discussion

Colorless crystals of lithium bis(trimethylsilyl)-N,N’-2,6-diamidopyridine (bapLi,) (10)** as a
hexanuclear lithium amido cluster was obtained at —4 °C using reported method by the

]

reaction of bis(trimethylsilyl)-N,N’-2,6-diaminopyridine!'”!  with 2 equivalents of nBuLi in

hexane (Scheme 3.1). The molecular structure of 10 is depicted in Figure 3.4, which consists

of three dianionic diamido ligands coordinated to six Li atoms, where two lithium ions are

Q. N —
IS ~NH_neuti 78°C Oy . S L®  Bon-78°C » N \ ~ SiMe;

AL TS L —_— e
) \ hexane, -nBuH ) \ hexane, -LiCl = /B"f,"‘CI

Me;Si SiMes Me;Si SiMes N NTO
MesSi” > N
3 AY
bapLi» (10) SiMe;

anti-pyridinophane (11)

Scheme 3.1 synthesis of anti tetraazadibora[3.3](2,6)pyridinophane (11) via bapLi, (10).
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Figure 3.4 Solid state structure of bapLi, (10) with thermal ellipsoids at the 50% probability level.
Selected bond distances [A] and angles [°]: N(1)-Li(3) 2.192(13), N(1)-Li(4) 2.184(13), N(1)-Li(5)
2.324(13), N(2)-Li(2) 1.966(13), N(2)-Li(5) 1.977(12), N(3)-Li(3) 2.050(13), N(3)-Li(4) 1.975(12),
N(7)-Li(1) 2.068(12), N(7)-Li(5) 2.098(12), N(8)-Li(1) 2.048(13), N(8)-Li(6) 1.959(13), N(9)-Li(4)
1.967(12), N(9)-Li(5) 2.032(12), Li(1)---Li(2) 3.277(16), Li(1)---Li(3) 3.079(17), Li(1)---Li(5)
2.920(16), Li(1)--Li(6) 2.568(17), Li(2)---Li(5) 2.937(16), Li(2)---Li(6) 2.694(18), Li(3)---Li(4)
2.731(16), Li(4)---Li(5) 2.565(17); N(1)-Li(5)-N(2) 64.49(4), N(1)-Li(3)-N(3) 65.34(2),
N(1)-Li(4)-N(3) 66.72(4), Li(3)-N(1)-Li(4) 77.23(5), Li(3)-N(1)-Li(5) 106.6(5), Li(4)-N(1)-Li(5)
69.28(4), Li(2)-N(2)-Li(5) 95.7(5), N(2)-Li(2)-N(5) 151.6(7), N(2)-Li(5)-N(7) 143.8(6),
N(2)-Li(5)-N(9) 149.2(7), Li(1)-N(7)-Li(5) 88.99(5), Li(1)-N(8)-Li(6) 79.7(5), N(7)-Li(1)-N(8)
68.7(4).

four coordinated and other four are three coordinated. The structure also shows the
coordination of one of the pyridine nitrogen to two lithium ions whereas the nitrogen atoms
of two other pyridine rings are coordinated to three lithium ions. The stoichiometric reaction
of bapLi, (10) with BCl; in hexane (Scheme 3.1) afforded a brown solid which on
crystallization from hexane at 4 °C in a few days gave colorless crystals of the

tetraazadibora[3.3](2,6) pyridinophane (11) (yield 37.4 %). The single resonance at 8.11 ppm
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in the ''"B NMR spectrum of this product indicated the presence of tetra-coordinated boron.
Two signals for the SiMe; groups in the "H NMR (0.33 and 0.08 ppm), *C NMR (1.96 and
0.16 ppm) and *’Si NMR (6.29 and 4.18 ppm) spectra indicated two magnetically different
SiMe; groups on each pyridine ring. Additionally, five signals in the BC NMR spectra also
support the asymmetric environment around each pyridine ring. Based on the HRMS
spectrum, the composition of this compound was expected as dimer of two bap units bridged
by two B-Cl units due to the peak at m/z 595.2179 (cal. 595.2201) for [M+H]", and was later

confirmed by the single crystal X-ray diffraction analysis (see below).

The solid state structure of pyridinophane 11 was determined using single crystal X-
ray diffraction. Compound 11 crystallized in the triclinic system with P1 space group. The
pyridinophane 11 adopts an anti conformation in the solid state with chair-chair form of the
central eight membered [N4B,C,] ring (Figure 3.5c) similar to that observed in cyclooctane
chair-chair conformation. The coordination of pyridine N to the B atom (Npy--B) plays a
crucial role in making this pyridinophane conformationally rigid and results in two planar
four membered [N,BC] chelate that are fused to two diagonally opposite edges (B-N) of the
central eight membered [N4B,C;] ring. Thus the presence of tetra-coordinated boron and the
mutual trans orientation of the chlorides are the key factors to provide conformational rigidity
to the molecule. The SiMe; groups on the N-B-N bridges adopt gauche conformation to
reduce the steric congestion around the central [N4B,C;] ring. Overall, both pyridine rings in
the pyridinophane 11 are bridged by two boraamidinate [N-B-N] bridges, the covalent B-N
bonds in 4-membered [N,BC] rings as expected are shorter than the coordinate B-N bonds.
The N---N separation between two pyridine rings in 11 is 3.185 A (Figure 3.5) and their
centroids are 5.505 A apart. The central [N4;B,C;] ring shows a short B---B separation (3.618
A) much closer as compared to remotely related [4.4]paracyclophane (8.26 A).1'™ The

structure of 11 showed the weak C—H---Cl interaction (2.939 A) between one of the hydrogen
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Figure 3.5 Solid state structure of tetraazadibora|3.3](2,6)pyridinophane 11; (a) with parallel py rings
and trans chlorides and showing Npy---B interaction; (b) showing central 8 membered [N,4B,C,] ring;
and (c) the chair-chair conformation of the central [N4B,C;] ring and anti arrangement of py rings.
Thermal ellipsoids are shown at 50% probability level. Selected bond distances [A] and angles [°]:
BI1-Cll1 1.8726(16), B2-CI2 1.8566(16), B1-N1 1.6465(19), B1-N2 1.5546(19), B2-N3 1.4831(19),
B2-N4 1.6554(19), B1-N5 1.4743(19); N2-B1-N1 82.85(9), N5-B1-N1 116.28(12), N5-B1-N2
117.54(12), N6-B2-N3 118.30(12), N4-B2-N3 115.98(11), N6-B2-N4 82.29(9), NI1-BI-Cll
108.63(9), N2-B1-Cl1 114.29(10), N5-BI-Cl1 113.51(10), N4-B2-C12 109.14(9), N3-B2-CI2
113.54(10), N3-B2-CI2 113.54(10), BI1-N2-Sil 132.35(9), BI-N5-Si3 122.79(10), B2-N3-Si2

124.15(10), B2-N6-Si4 135.70(10).
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Figure 3.6 Formation of one dimensional network due to the weak C—H---Cl interaction (2.939 A and

2.745 A) between units of tetraazadibora[3.3](2,6)pyridinophane (11).

on SiMes group with the chloride atoms of another unit and the another weak interaction
(2.745 A) between the hydrogen of pyridine ring of one unit with the chloride atoms of

another unit (Figure 3.6).

Similar reaction of bapLi, (10) with HBCI,-SMe, in pentane for 12 h afforded an
orange coloured sticky material which on crystallization from pentane at —20 °C produced
orange crystals of the tetraazadibora[3.3](2,6)pyridinophane (12) (21 % yield) (Scheme 3.2).
The IR spectrum of 12 showed a band at 2450 cm ' attributed as the B-H stretch.["”) A single
resonance at 27 ppm in the ''B NMR spectrum of 12 was assigned to three-coordinated boron
centre (unlike the "B NMR signal for tetra-coordinated boron in 11 (8.11 ppm)). Contrary to
the pyridinophane 11, the single peak for SiMe; groups in the 'H NMR (0.05 ppm), °C NMR
(1.2 ppm) and *°Si NMR (11 ppm) spectra attributed to a symmetrical structure of 12. The
HRMS pattern at m/z 527.2979 (cal. 527.2992 [M+H]") suggested that 12 also exists as dimer

of two bap units bridged by two B-H groups.
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Scheme 3.2 Synthesis of syn tetraazadibora[3.3](2,6)pyridinophane (12)

High sensitivity of bapLi, (10) towards adventitious moisture and an extra step
involved in the synthesis of 12 prompted us to discover alternate, convenient and high
yielding synthesis by reacting equimolar amounts of bis(trimethylsilyl)-N,N’-2,6-
diaminopyridine with BH3-SMe; in toluene at 0 °C (for 3 h) followed by reflux for 28
h. Based on the in-situ NMR investigations, this reaction first leads to the formation of
the adduct [bis(trimethylsilyl)-N,N’-2,6-diaminopyridine]-BH; (12a) (Scheme 3.2).
This adduct formation was identified by a broad quartet at —23.43 to —25.67 ppm in
"B NMR and the presence of a broad B—H signal in both IR (2324 cm ') and 'H NMR
(2.11-1.79 ppm) spectra. The N—H peak for adduct 12a was observed as downfield

shifted at 6.38 ppm in '"H NMR spectrum (c.f. 4.46 ppm for starting material) also a
pp P
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red shift in the IR frequency for the N-H stretch at 3302 cm (3394 cm ', compared to
starting material). Refluxing the adduct 12a in toluene for 28 h produced exclusively
compound 12 in more than 88 % yield. The formation of this product could be easily
followed due to the disappearance of N—H signal (present in starting material) in IR as
well as in "H NMR spectra. Moreover, the appearance of a new signal at 2450 cm ™' in
IR spectrum and the presence of a peak at 28 ppm in ''B NMR spectrum articulate that

the N—H protons have been displaced by the boron atoms.

H1 '@
S

-
Ha

Figure 3.7 Solid state structure of trihydridoborane adduct with bis(trimethylsilyl)-N,N’-2,6-
diaminopyridine (12a). All hydrogens except that on boron and nitrogen have been omitted for clarity.
Thermal ellipsoids are drawn at 50% probability. Selected bond lengths [A] and angles [°]: B1-H1
0.960(4), B1-H2 0.960(4), B1-H3 0.960(4), N1-H1 0.769(3), N3-H3 0.684(2), B1-N2 1.601(3); N2-
B1-H4 109.47(2), N2-B1-H5 109.47(2), N2-B1-H6 109.47(2), H4-B1-H5 109.47(3), H5-B1-H6

109.47(3), H4-B1-H6 109.47(3).

The solid state structure of adduct 12a and pyridinophane 12 were determined using
single crystal X-ray diffraction. Adduct 12a crystallized in the monoclinic system with
P2,,c space group whereas, pyridinophane 12 crystallized in the triclinic system with
P1 space group. Single crystal X-ray structure of 12a showed the formation of borane-
pyridine adduct with a B-N distance of 1.601(3) A. Other features of 12a were

consistent with the spectroscopic data.
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Figure 3.8 Solid state structure of tetraazadibora[3.3](2,6)pyridinophane 12; (a) depicting the
pyridinophane form of 12 with syn orientation of py rings and mutual cis orientation of
hydrides and absence of Npy---B interaction; (b) Syn (boat, boat) conformation of 12, and (c)
the boat conformation of the central C,N4B, ring. Thermal ellipsoids are shown at the 50%
probability level; selected bond distances [A] and angles [°]: B1-H1 1.27(3), B2-H2 1.14(3),
B1-N1 1.417(5), B1-N2 1.437(5), B2-N4 1.447(5), B2-N5 1.423(5), N1-Sil 1.764(3), N2-Si3
1.770(3), N4-Si2 1.773(3), N5-Si4 1.767(3); N1-B1-N2 129.3(4), N4-B2-N5 128.4(4), N1-B1-
H1 115.3(14), N2-B1-H1 115.3(14), N4-B2-H2 118.2(15), N5-B2-H2 113.3(15) Sil-N1-B1

120.1(3), Si3-N2-B1 117.6(3), Si2-N4-B2 119.6(3), Si4-N5-B2 124.1(3).

Unlike 11, the pyridine rings in 12 occupy syn conformation possibly due to absence
of the coordination of pyridine nitrogen with the boron (Figure 3.8). The similar B-N bond

lengths and three-coordinated planar arrangement around boron atoms in the N-B-N bridges

63



(sum of bond angles 359.93°) are suggestive of considerable electronic delocalization leading
to partial double bond character and rigidity in these bridges. The structure of 12 showed the
pyridinophane structure comprised of the central twelve membered [N3;BC;], ring. The B---B
separation between transannular B atoms in 12 is 5.736 A in contrast to 11 (which showed
close B---B separation 3.618 A) causing the centroids of the pyridine rings to move closer in
12 (3.282 A) as compared to 11 (5.506 A). The N-B-N and N-B-H bond angles in 12
respectively, lie in the range (128.41-129.37°) and (113.32-118.26°). The hydrides on B
atoms have mutual cis orientation. The structure of 12 showed the weak C—H:--N interaction
(2.518 A) between the para hydrogen on pyridine ring and the nitrogen atom on pyridine ring

of another molecule hence forms one dimensional network (Figure 3.9).

s

Figure 3.9 Formation of one dimensional network due to the weak C—H---N interaction (2.518 A)

between adjacent units of tetraazadibora[3.3](2,6)pyridinophane (12) in the solid state.

The 'H NMR spectra of the pyridinophane 11 at various temperatures are shown in
Figure 3.10. At 15 °C, two broad, partially coalesced lines (6.05 and 5.82 ppm) are seen for
the pyridine H at 3- and 5-positions; complete coalescence occurs on raising the temperature
to 30 °C and the single broad peak starts to broaden as the temperature is raised further to 45
°C. At 60 °C a clear broad doublet was observed (5.97 ppm, J = 8 Hz) due to fast

exchange/switching of B between the two N,N’ donor pairs of a bap unit and the result is the
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Figure 3.10 Variable temperature 'H NMR spectra (in dg-toluene) of pyridinophane 11 to show its

conformational rigidity.
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Figure 3.11 Variable temperature ''B NMR spectra (in dg-toluene) of pyridinophane 11 to show its

conformational rigidity.
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AX, pattern for pyridyl hydrogens. Below 0 °C, the static spectrum with clear coupling
constants (J = 8 Hz) was observed demonstrating that in cold solutions (below 0 °C) 11 is
static with respect to any exchange processes. Below 0 °C, two sets of doublets for hydrogens
at 3- and 5-position of pyridyl were observed as they become chemically and magnetically
different and the three H of a pyridyl unit form AMX spin system. The H at 4-position of the
pyridyl shows two overlapped doublets which coincidently appear as a triplet below 0 °C. ''B
NMR spectra of 11 at various temperatures showed a single resonance at 8.4 ppm (Figure
3.11) indicating that boron centres remained in the same coordination static state as far as the
"B NMR time scale is concerned, except slight variation in the peak width due to the change
in temperature. The "H NMR spectra of the pyridinophane 12 in the temperature range +50 to
—60 °C are shown in Figure 3.12. The spectra show that the NMR spectral feature (a doublet
(6.07 ppm, J = 8 Hz) and a triplet (6.72 ppm, J = 8 Hz) due to pyridiyl hydrogens and a
singlet due to SiMes group (0.19 ppm)) of 12 remains unchanged at elevated as well as lower

temperatures indicating its conformational rigidity in solution.
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Figure 3.12 Variable temperature '"H NMR spectra (in dg-toluene) of pyridinophane 12 to show its

conformational rigidity.

66



Similar to the formation of 12, the reaction of BH3;-SMe, with bis(trimethylsilyl)-N,N’-
2,4-diamino-6-(Me)-triazine (BDMT) was also expected to produce a cyclic structure with
evolution of H, gas however, in this case an unexpected product was obtained due to the
Markovnikov hydroboration (addition of B—H bond) of one of the Me-C=N bond of triazine
ring (Scheme 3.3). The reaction did not show any visible evolution of H, gas however, after
few minutes the solution turned from slight turbid to clear transparent. The HRMS spectrum
of the isolated product showed the presence of a signal at 849.5459 (calcd. 849.5459 for

[M']) indicating the formation of a cyclic trimer.

N\ 7 BHjSMe,

—Si /Il\ /)\ Si—  toluene

N~~~ N 3h RTstirr \

Scheme 3.3 Synthesis of an unprecedented boraamidinate bridged calix like trimer (13).

The initial spectroscopic investigation of this trimer showed the presence of unreacted N—H
bonds (3355 cm ') with a newly emerged B—H signals (2331 ¢m ') in the IR spectrum. The
"H NMR spectrum also showed N—H signals at three different positions (5.59, 5.06 and 4.89
ppm) with each corresponding to two NH protons (Figure 3.13). A broad signal at 2.64 ppm
(B—H) for 6 hydrogens in 'H NMR spectrum in addition to a broad signal at —13.13 ppm in
"B NMR spectrum attributed to the tetracoordinated boron centre. On looking carefully, the

"H NMR spectrum showed a drastic shift (2.20 ppm for BDMT) for the methyl groups
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Figure 3.13 Comparative 'H NMR spectra of BDMT (bottom) in reaction with BH;-SMe, yielding a
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Figure 3.14 Comparative ?C NMR spectra of BDMT (bottom) in reaction with BH;-SMe, yielding a

calix like trimer (13) (top).
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(Ar—Me) of triazine rings, observed as two separate sets of doublets (1.13 and 1.07 ppm) in
3:6 ratio with a coupling of 4 Hz (Figure 3.13). In addition to these two doublets a set of two
newly emerged quartets (4.40 and 4.22 ppm) was also observed (Ar—H) showing a 1:2 ratio
with a coupling of 4 Hz. The ratio (1:2) and coupling constant (4 Hz) of both these doublets
and quartets features indicated that the aromaticity of triazine ring has been diminished by the
addition of B—H bonds across the Me-C=N bond of triazine ring. "H NMR (0.27, 0.25 and
0.24 ppm), *C NMR (0.69, 0.65 and 0.62 ppm) and *’Si NMR (5.07, 4.90 and 4.63 ppm)
spectra showed three different signals for SiMe; groups (Figure 3.14). Overall these

observations indicate the presence of two types of triazine rings in 1:2 ratios which was later
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Figure 3.15 Heteronuclear NMR spectra (CDCls) to show the formation of BDMT-BH; adduct and
subsequent formation of the trimer (13) in the reaction mixture after 5 min: (a) "H NMR spectrum; (b)

C NMR spectrum; (¢) ''B NMR spectrum and (d) *’Si NMR spectrum.
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confirmed by the single crystal structure of 13. This trimeric macrocycle was stable
against air and moisture for weeks without decomposition, also it is highly
hydrophobic and showed no decomposition in CDCl3—D,0O mixture as analyzed by
NMR even after 2 days. The careful investigation of trimeric product attributed its
very fast formation (in 15 minute only) therefore attempt to isolate the intermediate
triazine-borane adduct (13¢) during the course of the reaction in pure form was not
possible. However, a mixture of trimeric macrocycle was obtained along with the
expected intermediate triazine-borane adduct on acquiring the NMR data at very less
time (5 min reaction). 'H and >C NMR spectra of adduct 13¢ were consistent with its
expected values along with the signals at -23.04 and 8.24 ppm respectively, in ''B and

*Si NMR spectra which confirmed its formation (Figure 3.15).

The single crystal X-ray structure of trimeric macrocycle 13 showed its two
isomorphic structures, one in orthorhombic and the other in monoclinic system with P222 and
P2,/c space group, respectively (Figure 3.16). Both of these isomorphic structures are almost
mirror image to each other and consist of a 12 member macrocycle that is comprised of a
trimeric unit connected through three boraamidinate (N—B—N) units where each boron centre
is connected to two hydride groups. The structure corroborates the formulation of a trimeric
macrocycle by the hydroboration of triazine ring instead of reacting to the terminal N—H
groups. The reduction of triazine rings in both isomorphs could be seen by the tetrahedral
geometry around the carbons after hydroboration. The average bond lengths of reduced C—N
bond in triazine rings are 1.458 A (N1-C1, N2-C1 in 13) and 1.487 A (N1-C1, N3-C1 in 13°)
showing single bond character whereas, the rest of backbone still contain the double bond
character 1.33—1.34 A for all C=N (Figure 3.13). As observed in "B NMR (-13.13 ppm) the
tetrahedral geometry around boron centres was also supported by the X-ray structure

attributing their connection to two reduced triazine units and two hydride atoms.
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Figure 3.16 Solid state structures of the calix like trimer (13) with thermal ellipsoids at the 50%
probability level; (a) and (b) show single crystal X-ray structure for 13 and its isomeric structure 13’
respectively along with their calixarene view as (c) and (d). Selected bond distances [A] and angles
[°]: for 13: B-H 0.970(11), B1-N2 1.546(9), B1-N3 1.552(7), B2-N4 1.533(7), B2-N5 1.568(11), B3-
N1 1.562(9), B3-N6 1.551(9), C1-N1 1.470(7), C1-N2 1.455(7); N2-B1-N3 109.06(3), N4-B2-N5
110.37(11), N1-B3-N6 108.74(6), H-B1-H 108.29(6), N1-C1-N2 110.59(9), N3-C2-N4 111.32(6); for
13’: B-H 1.163(4), B1-N2 1.548(11), B1-N3 1.584(11), B2-N4 1.552(3), B2-N5 1.573(5), B3-N1
1.556(3), B3-N6 1.564(11), C1-N1 1.472(6), C1-N2 1.468(7); N2-B1-N3 107.05(5), N4-B2-N5

110.04(3), N1-B3-N6 107.25(2), H-B1-H 111.19(7), NI1-C1-N2 110.40(5), N3-C2-N4 109.32(4).
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The formation of the trimeric macrocycle can be seen as linkage of three reduced triazine
units by intermolecular coordinate N—B bonds that keep them intact even in solution which
can be seen by the presence of two types of signals (2:1) in heteronuclear NMR spectra and
consistent with the X-ray structure where one of the ring is oriented opposite to other two

comprising a calix type of structure.
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Figure 3.17 Energy profile diagram: for schematically depicted plausible mechanism for the

complexes (13a-13d and 13) involved in dearomative hydroboration of BDMT.

Attempts to hydroborate all C=N bonds of triazine ring using either excess of
BHj3-SMe; or with Lewis acid, B(C¢Fs); as catalyst were unsuccessful.”! To clarify
the nature of transformation involved during the dearomative hydroboration the
geometries of different structures of BDMT and borane (13a-d and 13) have been
optimized using density functional theory (DFT/B3LYP) in their ground states. The

geometry optimization and frequency calculations of all these structures have been
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carried out at B3LYP/6-311++G(d,p) level. The results of these calculations were in
good agreement with the experimental observations and show the formation of trimer

through a series of transformations between borane and BDMT.

Figure 3.17 depicts the energy profile diagram for the intermediate species involved
during the dearomative hydroboration. The energy profile suggested that out of two possible
adducts (13b and 13c¢) of BDMT-BHj3 the reaction proceeds through the formation of more
stable adduct 13¢ (AG = —15.2 kcal/mol) (more stable than 13b (AG = 1.2 kcal/mole)). The
adduct 13¢ undergoes dearomatization of the triazine rings via hydroboration and forms, 13d
(AG = -3.4 kcal/mol) as the dearomatized product. The self sorting of three molecules of 13d

affords a highly stable macrocycle as a trimer 13 (AG =—58.3 kcal/mol).
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Figure 3.18 Some known examples of complexes for the catalytic reduction of pyridine based

systems.

Catalytic reduction of heteroaromatic rings is one of the important process and the reduced
products obtained such as piperidines and partially reduced azacyclic compounds, serve as
important building blocks for the syntheses of many bioactive alkaloids and commercial

drugs. The first approach on catalytic hydroboration by Hill and coworkers was reported in
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2011 to afford dearomatized derivatives of pyridines,”*” this approach has drawn enormous
interest but still there are only few catalysts known (Figure 3.18) and have been dominated by
metals. However in 2012, Crudden and co-workers used borenium salt for the hydroboration
of acridine but the first example of metal-free approach was reported by Li, Wang and co-
workers in 2015.1!"! Figure 3.18 shows examples of catalysts known so far for hydroboration

of pyridines whereas, the hydroboration of triazine systems is still unknown.*”!
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R = NH(SiMe,) (14), Ph (15) |
H

Scheme 3.4 synthesis of triazine-borane adducts; TTT-BH; (14) and BDPT-BH; (15).

To see the feasibility of extension of this strategy, we employed two more substrate,
namely tris(trimethylsilyl)-N,N’,N’’-2.4,6-triamino-triazine (TTT) and bis(trimethylsilyl)-
N,N’-2,4-diamino-6-(Phenyl)-triazine (BDPT) and their reaction with BH3;-SMe, at 0 °C in
equimolar ratio. The products obtained in these reactions were confirmed as the simple
adducts TTT-BH; (14) and BDPT-BH; (15). The formation of these adducts were identified
by a broad quartet at —24.55 (14) and —24.07 ppm (15) in their "B NMR spectrum and the
presence of a broad B—H signal in both IR (2324 cm ™' (14) and 2340 cm ™' (15)) as well as in
'H NMR spectrum (1.95 (14) and 1.92 ppm (15)). For adduct 14 the N-H peak was observed
as downfield shifted at 6.34 ppm in 'H NMR (4.49 ppm for starting material) also with a
lower shift of N-H stretching frequency (3394 cm (starting material) to 3302 cm ') in its IR
spectrum. The similar downfield shift (6.63 ppm) was observed for the N—H signal of adduct
15 (4.84 ppm in starting material). The solid state structures of 14 and 15 corroborate the

formulation of TTT-BH3 (14) and BDPT-BHj3 (15) adducts (Figure 3.19).
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Figure 3.19 Single crystal X—ray structure of TTT-BH; (14) (left) and BDPT-BH; (15) (right). All
hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and angles [°]: for 14:
B1-H1 1.10(3), BI-N2 1.598(3), N2-C5 1.375(3), N2-C4 1.367(3), N4-C9 1.349(3), N6—C9
1.348(3); N4-C5-N2 123.69(19), N6—C4-N2 124.03(19), N6—-C9-N4 125.3(2); 15: N1-B1 1.598(3),

BI-H1 0.9800, C5-N3 1.3374(14), N1-C4 1.3705(16); C4-N3 C5 115.89(12)

123.91(12).

AG(Kcal/mol) =

AG(Kcal/mol) =

Figure 3.20 Free energy values of triazine adducts: BDMT-BH; (13a and 13¢), TTT-BH; (14) and

BDPT-BH; (15).

Figure 3.20 shows the comparison of calculated free energy values for different adduct

structures which are possible to form between the borane and triazine systems,

-15.2 (13¢)

1.2 (13b)
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bis(trimethylsilyl)-N,N’-2,4-diamino-6-(R)-triazine (bat) (R = Me, NH(SiMe3), Ph) (used in
this work). The results of these calculations show that in case I (R = Me) borane forms a
stable adduct 13¢ at position 1 (nitrogen) (AG = —15.2 kcal/mol) of triazine ring whereas, the
borane adduct 13b at position 3 of triazine ring is less stable (AG = 1.2 kcal/mol). In case II,
(R = NH(SiMe3)) the triazine ring can form only one adduct 14, (AG = —9.40 kcal/mol) which
is than case the adduct 13b. Case III shows that in comparison to position 1 (AG = 0.32
kcal/mol) of triazine ring the adduct (15) formation is more feasible at position 3 (AG =
—18.89 kcal/mol). The conclusion from these calculations matched well with the experimental

observations.

3.3 Conclusions

In summary, the synthesis of boron containing conformationally rigid “N-B-N”
heteroatomic bridged [3.3](2,6)pyridinophanes have been demonstrated for the first
time. The crucial factor to incorporate conformational rigidity in these pyridinophanes
is the presence of Npy---B donor-acceptor interactions with the py ring present in the
proximity. These macrocyclic structures are a step closer towards the highly
unexplored pyridinophanes assembled using inorganic linkers.

We have shown two different pathways for reactivity of borane with bap and BDMT:
(1) evolution of H; gas due to basic nature of hydride (B—H) resulting in the formation
of tetraazadibora[3.3](2,6)pyridinophane (12), (ii) another pathway involves reducing
nature of hydride (B—H) result in formation of an unexpected boraamidinate bridged

calix like trimer (13).

The work presents first dearomative hydroboration of triazine system under
ambient catalyst free condition. The pathway involve in this transformation has been

supported by the DFT calculations on different species between BDMT and borane.
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The similar attempt with TTT and BDPT systems could not undergo hydroboration
and gave their corresponding adducts 14 and 15 at room temperature. The stability of

adducts 14 and 15 were also in accordance with the outcomes from DFT calculation.

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,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. CDCI; for NMR was dried over

4 A molecular sieves.
3.4.2 Starting materials

All manipulations were performed under nitrogen/argon atmosphere using Schlenk line or
glove box techniques. All chemicals were purchased from Sigma-Aldrich and used without
further purification. The starting materials bis(trimethylsilyl)-N,N’-2,6-diaminopyridine,[17]
lithium bis(trimethylsilyl)-N,N’-2,6-diamidopyridine[sa] and bis(trimethylsilyl)-N,N’-2 4-
diamino-6-(R)-triazine (bat) (R = Me, NH(SiMes), Ph)!**! were prepared by following the

reported procedures.
3.4.3 Physical measurements

The IH, 13C, and ''B NMR spectra were recorded with a Bruker 400 MHz spectrometer with

TMS and BF;-OEt, respectively, as external references and chemical shifts were reported in
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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. 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 of 11 was collected on a Bruker AXS KAPPA
APEX-II CCD diffractometer with MoKo radiation using omega scans. Unit cell
determination and refinement and data collection were done using the Bruker APPEX-II
suite, data reduction and integration were performed using SAINT v8.34A (Bruker, 2013) and
absorption corrections and scaling were done using SADABS-2014/5 (Bruker,2014/5). Single
crystal X-ray diffraction data of 12a, 12 and 13 were collected using a Rigaku XtaLAB mini
diffractometer equipped with Mercury375M CCD detector. The data were collected with
MoK, radiation (A = 0.71073 A) using omega scans. During the data collection, the detector
distance was 49.9 mm (constant) and the detector was placed at 20 = 29.85° (fixed) for all the

24 and

data sets. The data collection and data reduction were done using Crystal Clear suite.
all the crystal structures were solved through OLEX2 package[25] using XT and the structures
were refined using XL.*®! All non hydrogen atoms were refined anisotropically. All the

figures were generated using Mercury 3.2. The geometric data reported here are taken from

the CIF.
3.4.4 Synthetic procedure

Synthesis of tetraazadibora|3.3](2,6)pyridinophane (11): A solution of LLi, (10) (19.76
mmol, 5.24 g) in hexane (150 mL) was added slowly to a solution of BCl; (19.8 mL, 19.76
mmol, I M in toluene) in hexane (150 mL) at —78 °C. The reaction mixture allowed to warm
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to room temperature and stirred for further 12 hours. The mixture was then filtered to remove
LiCl and the volume of the filtrate was reduced to (250 mL) and stored at 4 °C to afford
transparent crystals of 11. Yield: 2.2 g (37.42 %). Mp: 247-251 °C. IR (Nujol) v: 3085, 2923,
2852, 1601, 1456), 1401, 1342, 1287, 1250, 1096, 1029, 956, 912, 846, 794, 728, 682, 599,
510, 420 cm . 'H NMR (400 MHz, CDCL): § = 7.55 (t, 2H, p—ArH, *Jiy.y = 8 Hz), 6.21
(broad, 4H, m—ArH), 0.33 (s, 18H, SiMe3), 0.08 (s, 18H, SiMes) ppm. *C NMR (100 MHz,
CDCl3): 6 = 164.0, 155.9, 143.9, 112.5, 101.8, 1.9 (SiMes), 0.2 (SiMe3) ppm. ''B NMR (128
MHz, CDCls): 6 = 8.1 ppm. ’Si NMR (79.5 MHz, CDCL): 6 = 6.29, 4.18 ppm. HRMS

(AP"): m/z caled for CarHasBoCloNgSis: (595.2201) [M+H]'; found: (595.2179).

Synthesis of tetraazadibora|3.3](2,6)pyridinophane (12): A solution of LLi, (10) (19.76
mmol, 5.24 g) in hexane (70 mL) was added slowly to a solution of BHCI,-SMe; (2.3 mL,
19.76 mmol, 8.7 M in SMe,) in hexane (100 mL) at —78 °C. The reaction mixture allowed to
come at room temperature and stirred for further 12 hours. The mixture was then filtered to
remove LiCl and the volume of the filtrate was reduced to (10 mL) and stored at —20 °C to
afford transparent crystals of 12. Yield: 1.1 g (21.0 %). Mp: 116-120 °C. IR (in Nujol) v:
3051, 2955, 2855, 2444, 1938, 1581, 1453, 1355, 1258, 1017, 842 cm . 'H NMR (400 MHz,
CDCl3): 6 = 7.02 (t, 2H, p—ArH, *Ji.y = 7.6 Hz), 6.17 (d, 4H, m—ArH, *Jyy = 7.6 Hz), 0.05
(s, 36H, SiMe;) ppm. °C NMR (100 MHz, CDCls): § = 157.5, 137.7, 119.4, 1.2 (SiMes)
ppm. 'B NMR (128 MHz, CDCl;): 6 = 27.0 ppm. *’Si NMR (79.5 MHz, CDCls): 6 = 11

ppm. HRMS (AP"): m/z caled for CpHasBaNgSis: (527.2979) [M+H]'; found: (527.2992).

Synthesis of trihydridoborane adduct with bis(trimethylsilyl)-N,N’-2,6-diaminopyridine
(12a): A solution of BH3-SMe; (0.4 mL, 3.9 mmol, 10 M in SMe,) was added slowly to a
stirred solution of bis(trimethylsilyl)-N,N’-2,6-diaminopyridine (1.0 g, 3.9 mmol) in pentane
(30 mL) at 0 °C. The reaction mixture was allowed to come to room temperature and stirred

for 12 hours. This was followed by removal of all volatiles under vacuum to afford a white
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solid (99.0 % conversion). This solid was crystallized by hexane solution at 4 °C. Yield: 0.88
g (84.4 %). Mp: 97-100 °C. IR (Nujol) v: 3302 (N-H), 2958, 2924, 2856, 2324 (B-H), 1623,
1582, 1466, 1381, 1313, 1255, 1221, 1176, 1108, 1057, 935, 846, 778, 730, 699, 625, 567,
455 cm ™. "H NMR (400 MHz, CDCls): 6 = 7.25 (t, 1H, p-ArH, Ar, *Jyu = 8.0 Hz), 6.38 (s,
2H, m—ArH, NH), 5.96 (d, 2H, Ar, *Jiy.u = 8 Hz), 0.32 (s, 18H, SiMes) ppm. *C NMR (100
MHz, CDCl3): 6 = 156.2, 138.2, 98.4, 0.3 SiMe; ppm. *’Si NMR (79.5 MHz, CDCls): 6 = 5.5
ppm. ''B NMR (128 MHz, CDCl;): § = —24.5 (broad) ppm. HRMS (AP"): m/z calcd for

C11HasBN;Sis: (266.1683) [M—H]'; found: (266.1671).

Alternative synthesis of tetraazadiboral3.3](2,6)pyridinophane (12): The freshly made
adduct 12a (using the above method) (5.3 g, 19.76 mmol) was dissolved in toluene (70 mL)
and refluxed for 28 hours. Alternatively, BHs;-SMe, (2 mL, 19.76 mmol, 10 M in SMe,) was
added slowly to a stirred solution of bis(trimethylsilyl)-N,N’-2,6-diaminopyridine (5.0 g,
19.76 mmol) in toluene (80 mL) at 0 °C. The reaction mixture was allowed to come to room
temperature and stirred for 2 hours at room temperature, followed by reflux for next 28 hours.
In both the approaches, on reflux after half an hour there was a change in color of the reaction
mixture from transparent to orange colour. After 28 hours, all the volatiles were removed
under vacuum to afford an orange solid. Yield: 4.2 g (88 %). The spectroscopic

characterization of this product was identical to that mentioned above.

Synthesis of calix like trimer (13): BH;-SMe; (3.72 mmol) was added slowly to a stirred
solution of BDMT (1.0 g, 3.72 mmol) in toluene (30 mL) at 0 °C. The reaction mixture was
allowed to come to room temperature and stirred for 24 h. All the volatiles were removed
under vacuum to give white solid. This solid was crystallized at —10 °C in pentane. Yield:
0.91 g (86.3 %). Mp: 86-90 °C. IR (Nujol) v: 3355 (N-H), 2957, 2925, 2859, 2331 (B-H),
1639, 1582, 1457, 1371, 1333, 1252, 1202, 1110, 1016, 887, 845, 785, 736, 700, 620 cm ",

'"H NMR (400 MHz, CDCl3): § = 5.39 (s, 2H, NH), 5.06 (s, 2H, NH), 4.89 (s, 2H, NH), 4.40
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(q, 2H, CH, *Jiy = 4 Hz), 4.22 (q, 1H, CH, *Ji.y = 4 Hz), 2.64 (broad singlet, 6H, BH), 1.13
(d, 3H, CH;, *Jun = 4 Hz), 1.07 (d, 6H, CH3, *Jun = 4 Hz), 0.27 (s, 18H, SiMe;), 0.24 (d,
36H, SiMes). >C NMR (100 MHz, CDCLs): = 161.97, 161.38, 161.22, 66.38, 65.56, 18.00,
15.68, 0.69 SiMes, 0.65 SiMes, 0.62 SiMes. 2Si NMR (79.5 MHz, CDCls): § = 5.07, 4.90,
4.63. "B NMR (128 MHz, CDCl3): § = —13.13. HRMS (AP"): m/z calcd for C3oH7sB3Ns5Si:

(849.5459), [M"]; found: 849.5459.

Synthesis of TTT-BH3 (14): BH;-SMe, (2.9 mmol) was added slowly to a stirred solution of
TTT (1.0 g, 2.9 mmol) in hexane (10 mL) at 0 °C. The reaction mixture was allowed to come
to room temperature and stirred for 12 h. All the volatiles were removed under vacuum to
give tinted solid. This solid gave colorless crystals on crystallizing from pentane at -30 °C.
Yield: 0.87 g (84.4 %). Mp. 122-124 °C. IR (Nuyjol) v: 3357 (N-H), 3312 (N-H), 2954, 2927,
2858, 2335 (B—H), 1602, 1547, 1465, 1248, 1131, 1104, 935, 842, 759, 732, 701, 632 cm .
'H NMR (400 MHz, CDCLs): 6 = 6.51, 6.34 (br, 2H, NH), 4.49 (s, 1H, NH), 1.96-1.69 (br,
3H, BH), 0.30 (s, 27H, SiMe3). >*C NMR (100 MHz, CDCl3): 6 = 165.1, 162.9, 0.15 SiMe;,
—0.14 SiMe;s. *Si NMR (79.5 MHz, CDCls): 6 = 7.31 (SiMe3), 6.24 (SiMe3). ''B NMR (128
MHz, CDCls): § = —24.32 (broad). HRMS (AP"): m/z caled for Ci,H33BNgSis: (355.2093)

[M—H]"; found: (355.2077).

Synthesis of BDPT-BHj; (15): BH;-SMe, (3.0 mmol) was added slowly to a stirred solution
of BDPT (1.0 g, 3.0 mmol) in hexane (20 mL) at 0 °C. The reaction mixture was allowed to
come to room temperature and stirred for 12 h. All the volatiles were removed under vacuum
to give white crystalline solid. This solid gave colorless crystals on crystallizing with toluene
at 4 °C. Yield: 0.83 g (80.1 %). Mp: 153—-155 °C. IR (Nujol) v: 3344 (N-H), 2925, 2857,
2340 (B-H), 1585, 1536, 1469, 1419, 1378, 1246, 1144, 936, 846, 774, 732, 702, 654, 623,
578 cm™'. "H NMR (400 MHz, CDCl3): = 8.34 (d, 2H, *Ji_u = 8 Hz, Ar), 7.50 (m, 3H, Ar),

6.63 (s, 2H, NH), 1.92 (br, 3H, BH), 0.42 (s, 18H, SiMes). >°C NMR (100 MHz, CDCls): 6 =
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167.4, 163.4, 135.6, 135.5, 128.8, 128.6, —0.24 SiMe;. 2Si NMR (79.5 MHz, CDCL): 6 =
8.78 (SiMe;). ''B NMR (128 MHz, CDCls): § = —24.07 (broad). HRMS (AP"): m/z caled for

C15HasBNsSis: (345.1976) [M]'; obs: (345.1976).
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3.5 Crystallographic Data

Table 3.1 Crystallographic data for compounds 10-12.

Compound™ 10 11 12a 12

Chemical formula C33HsoLigNsSis  CppHiBaClNgSis  CpiHa BN3Si,  CyHuy

B,N,Siy
Molar mass 183.15 595.50 267.34 526.61
Crystal system orthorhombic triclinic monoclinic triclinic
Space group Pca2, Fi P2/c Fi
T'[K] 100(2) 100(2) 280(2) 100(2)
a[A] 20.4630(15) 11.3419(4) 7.1703(17) 6.5190(18)
b[A] 19.7303(15) 14.9551(5) 18.860(4) 14.118(3)
c[A] 24.1098(19) 16.2731(5) 12.843(3) 17.136(6)
o [°] 90 98.8330(10) 90 84.72(4
BI°] 90 110.2060(10) 98.818(12) 89.46(6)
v [°] 90 102.878(2) 90 84.14(3)
Vv [AY] 9734.1(13) 2443.71(14) 1716.2(6) 1562.3(8)
z 8 2 4 2
D(caled.) [grem™] 1.081 1.214 1.035 1.120
#(Mo-K,) [mm'] 0.203 0.369 0.193 0.211
Reflections collected 22256 18442 12182 12117
Independent reflections 15925 8893 3885 5321
Data/restraints/parameters  15925/0/1005  8893/0/505 3885/0/172 5321/0/327
RLWR,[I>20(D)]" 0.0714,0.1603  0.0269, 0.0707  0.0516, 0.1407  0.0699,
0.1600
R1, WR; (all data)™ 0.1004,0.1860  0.0310,0.0737  0.0623,0.1542  0.1093,
0.2064
GOF 1.054 1.046 1.060 1.010

[a] R1 = Z||Fo| — |Fc||[/Z|Fol, wR, = [EW(|Fo?| — |[F2 ) /Zw|Fo* ]
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Table 3.2 Crystallographic data for compounds 13-15.

Compound™

13

13

14

15

Chemical formula

Molar mass

Crystal system

Space group
T[K]

a[A]

b [A]

¢ [A]

a[°]

pl°]

v [°]

VN

zZ

D(caled.) [grem™]
#(Mo-K,) [mm']
Reflections collected
Independent reflections
Data/restraints/parameters
R1,wR[[>206(I)]""

R1, wR, (all data)™

GOF

C3OH78B3NISSi6

850.04
orthorhombic
P2,2,2,

100(2)
14.0559(16)
15.932(2)
23.274(3)

90

90

90

5212.0(11)

4

1.083

0.197

55613

11894
11894/0/564
0.0463, 0.1127
0.0512,0.1183

1.047

C32A5H84B3N158i6

886.11

monoclinic

P21/C

280(2)
14.207(2)
13.3504(19)
29.239(4)
90
99.330(7)
90
5472.5(14)
4

1.076
0.190
47216

12440

12440/0/588
0.0904, 0.2357

0.1252, 0.2833

1.028

C12H33BNgSi;
356.52
orthorhombic
P2,2,2,

100(2)
11.3362(15)
12.4711(17)
15.373(2)

90

90

90

2173.4(5)

4

1.090

0.223

23428

4964
4964/0/232
0.0337, 0.0836
0.0350, 0.0850

1.063

C7.5H14Bo 5N, 5Si
172.71
monoclinic
P2,/c

100(2)
15.467(5)
20.387(6)
7.1648(17)

90

92.726(10)

90

2256.7(11)

8

1.017

0.162

11798

2575
2575/0/115
0.0499, 0.1402
0.0539, 0.1441

1.091

[a] R1 = X||Fo| — |Fc|[/Z|Fol, wR, = [Ew(|F0?| — |[F ) /Zw|Fo* "]
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4.1 Introduction

There has been significant interest in the chemistry of group 13 compounds and particularly
aluminum has featured prominently in this area as an important metal to which most of the
ligands readily coordinate. Past five decades have been witnessed the discovery of a variety
of reagents and reactions involving organoaluminum compounds. In context of coordination
chemistry, aluminum complexes exhibit wide structural diversity with various bonding
features and structures, in addition to their utilities in preparative chemistry.'! The use of
various aluminum complexes is known to show a range of applications, such as ion-exchange

materials, catalysts, catalyst supports, flame retardants, molecular sieves and sensors.!?)

Among various ligand systems, amidinate units have attracted a considerable amount
of attention as versatile precursors to stabilize various complexes of aluminum due to their
robustness, ease of synthesis and modification by changing substituents. There has been a
plethora of amidinate units based on N,N’-disubstituted frameworks."”! In the past, numerous
research groups have worked on a variety of complexes based on aluminum that mostly
includes their mononuclear complexes.”! However, the use of aluminum to assemble its
macrocyclic systems is less known and largely depends on the selection of basic unit and the
designing of reaction pathway. In this context, 2,6-N,N’-disubstituted pyridine units of the
type, [RN(NR),],> (RN = pyridine) are important units due to the desired orientation of —
NR’ group in their dianionic chelating amidinate fragment which makes them ideal for
forming cyclic assemblies with suitable acceptors and provides a combination of various
coordination modes. In addition to this a variety of, substituents that can be installed on
nitrogen allows the modifications in steric as well as the fine tuning of electronic properties,

leading enormous diversity in inorganic chemistry."*!
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@ Known examples of aluminum based cyclophanes and a tetrameric macrocycles

IIDipp R
Bu tBu N Me A
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A N/ \AI/
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| I PPN TN

tBu tBu Me N
R Dipp
= tBu, -CH,tBu tetrameric aluminum amidinate
aluminum bridged [3.3.3] and [3.3] cyclophane R = phenyl, 4-tert-butylphenyl, Me

(Uhl and coworkers) Dipp = 2,6-diisopropylphenyl

(Reddy and coworkers)
‘ AIumlnum based dimeric macrocycles and a bowl shaped structure
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iminopyrrolidinates of aluminum dimeric macrocycle based an unusual bowl-shaped
R = iPr, nPr, n-Bu, iBu, sBu, tBu on guanidinate ligands aluminum-—nitrogen cage
(Barry and coworkers) (Jordan and coworkers) (Cowley and coworkers)

@ This work: Aluminum-amide bridged [3.3]pyridinophanes, bowl shaped structure and cryptand

_ X _ Me3si\ I . /SiMe3
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X : Me;Si | SiMe,
Me3S|
aluminum-amide bridged [3.3]pyridinophane (18) aluminum-amide bridged
and bowl type structure (20) cryptand (25)

Figure 4.1 known examples of aluminum based: A) cyclophanes and tetrameric macrocycles; B)

dimeric macrocycles and a bowl shaped structure and C) present work: aluminum-amide bridged,

[3.3](2,6)pyridinophane (18), bowl shaped structure (20) and cryptand (25).

In attempts to assemble macrocycles based on aluminum, Uhl and coworkers have used
hydroalumination approach to prepare a few aluminum bridged [3.3] and [3.3.3]cyclophanes,
which involve the addition of Al-H bond to C=C triple bond in the alkyl group connected

with the phenyl rings (Figure 4.1).") Reddy and coworkers have assembled tetrameric
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macrocycles based on aluminum amidine units.!” Barry and coworkers have used various
ligands to synthesize the dimethyl aluminum iminopyrrolidinate by reaction with AlMes at

room temperature.m

Jordan and coworkers have synthesized dimeric aluminum alkyl
complexes, {(u-hpp)-AlMe,}, supported by guanidinate ligands by the reaction of
1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidine (hppH) with AlMe3.[8] Cowley and
coworkers have synthesized an unusual cage-type compound, AlMe[Al-Me;{N(H),N(H)—

CsH3N} ], by 3:2 mole ratio reaction of AlMes and 2,6-diamin0pyridine.[9]

Continuing in this area, we felt that silylamide ligands based on amino-
pyridines/triazines would be of particular interest due to their readily and inexpensive
accessibility. This work involves the use of two building blocks, bis(trimethylsilyl)-N,N’—
2,6—diaminopyridine (bap) and bis(trimethylsilyl)-N,N’-2,4—diamino—6—(R)—triazine (bat) to
assemble aluminum—amide bridged macrocyclic systems including tetraazadialumino[3.3]

(2,6)pyridinophane (18), a bowl shaped structure (20) and [3.3.3]cryptand (25).

4.2 Results and Discussion

The equimolar (1:1) reaction between bis(trimethylsilyl)-N,N’-2,6—
diaminopyridine (bap) and AlMes in pentane at 0 °C over 6 h afforded a mononuclear
dimethyl-aluminum complex, [2—(Me3;SiN)-6—(Me;SiNH)CsH3N](AlMe,) (16)
(Scheme 4.1). The HRMS spectrum of 16 showed a signal at m/z 310.1702 (calcd.
310.1715 [M+H]") as the mononuclear complex (also supported by single crystal X-
ray structure). The occurrence of a signal at 3392 cm ™' in IR spectrum of 16 showed
the presence of N-H signal. Two singlets in the "H NMR (0.11 and —0.97 ppm) as well
as in the >C NMR (1.47 and 0.41 ppm) spectra of 16 attributed to the presence of an
AlMe; moiety. The SiMe; groups on bap skeleton in 16 appeared to be identical in

solution at room temperature and showed a single resonance in the 'H (0.30 ppm),
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(bap) N

/
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]

AlMe;/toluene
30 h reflux

Scheme 4.1 Synthesis of methyl-aluminum complexes, [2—(Me;SiN)—-6—(Me;SiNH)CsH;N](AlMe,)
(16), [2—(Me3SiN)-6—(Me;SiNH)CsH;N],AlMe (17) and tetraazadialumino[3.3](2,6)pyridinophane,
[2,6-(Me;SiN),CsH;NAIMe], (18-syn and 18-anti).

C (2.64 ppm) and »Si (8.58 ppm) NMR spectra. On changing the stoichiometry of bap and
AlMes to 2:1, the reaction at room temperature afforded a mononuclear complex, [2—
(Me3SiN)-6—(Me;SiNH)CsH3;N,AIMe (17) (Scheme 4.1). The formulation of 17 was
confirmed by the 'H and >C NMR spectra that clearly showed 2 equivalents of bap reacted
with 1 equivalent of AIMes. Unlike 16, the structure of 17 in the solution appeared to be more
rigid and showed different signals for a pair of SiMe; groups. Two equal intensity signals for
four SiMe; groups in the '"H NMR spectrum (0.27 and —0.07 ppm) were consistent with the
observation of two signals in the °C (1.21 and —0.10 ppm) and *Si (4.70 and —1.45 ppm)
NMR spectra. All these features indicated towards chemically non-equivalent environment
around the pyridine ring. The HRMS spectrum of complex 17 showed a peak at m/z =

531.2501 (calcd. 531.2520) corresponding to [M—Me+H]".
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The solid state structures of compounds 16 and 17 were confirmed by X-ray
diffraction analyses, and are illustrated in Figure 4.2. Details of the crystallographic analyses
for all these compounds are provided in Table 4.1. Compounds 16 and 17 crystallize in
monoclinic system with space group of P2i/c. The metric parameters within the ligand
framework in both of these compounds were very similar. The solid state structure of [2—
(Me3SiN)-6—(Me;SiNH)CsH;N](AIMe,), (16) confirmed its earlier formulation as
mononuclear bidentate pyridinato complex containing tetracoordinated aluminum that adopts

distorted tetrahedral geometry with two nitrogen atoms and two methyl groups attached to it.

| ',’/@\, . ) 3 NZA
@3 1 j O ]4 (9"@’ 0\”

)
la
Si1 N N3 '

,\.' /"}g '\"/ si2 , N4 N5 J o
¢ VAR ) or (
= H1 Al v ‘\ Si4‘

5 5
co 0“4 r‘b c1o A ™

Figure 4.2 Single crystal X-ray structure of [2—(Me;SiN)—-6—(Me;SiNH)CsH3N](AlMe,) (16) and [2—
(Me3SiN)-6—(Me3SiNH)CsH3N],AlMe (17). All hydrogen atoms have been omitted for clarity.
Selected bond lengths [A] and bond angles [°]: for (16): A11-N2 1.984(3), AI1-N3 1.903(3), A11-C9
1.954(3), Al1-C10 1.960(3), N1-Sil 1.747(3), N3-Si2 1.724(3); N2-All-N3 70.07(10),
C9-Al1-C10 120.78(15), C9-A11-N2 110.31(13), C10-Al1-N2 114.62(13), C9-AI1-N3 114.83(13),
C10-Al1-N3 115.43(14); for (17): All-N1 1.9238(17), Al1-N2 2.0551(18), All-C1 1.975(2),
NI1-Sil 1.7357(18), N3-Si2 1.7534(19); N1-Al1-N2 68.15(7), N1-Al1-N5 102.42(7), N1-Al1-C1

125.88(8), N2-Al1-N4 104.05(7).

This structure consists of a four membered [N,CAl] ring where, the pyridiyl and
amino sites of bap bind to aluminum centre. The molecular structure of [2—(Me;SiN)—6—

(MesSiNH)CsH3sN],AlMe (17) is comprised of a nice noncoplanar structure around the
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pentacoordinated aluminum centre where two of the bap units are oriented opposite to each
other constituting the uncyclized structure. The structure also forms N,N’ chelates where,
both the pyridiyl and amino sites of bap bind to aluminum centre to form [N,CAl] four

membered chelate while another amino site does not coordinate to aluminum.

The occurrence of N-H stretch in IR spectrum for 16 showed that it could not cyclize
at room temperature and it was further supported by its single crystal X-ray structure.
Therefore, to obtain the cyclic product the stoichiometric amount (1:1) of bap and AlMe;
were refluxed for 36 h which afforded an oily product that converted to a solid on drying for
a long time. This solid was further crystallized by dry pentane at =30 °C to produce colorless
crystals of tetraazadialumino[3.3](2,6)pyridinophane, [2,6-(Me;SiN),CsH;NAIMe], (18) in
65.5% yield (Scheme 4.1). The absence of N-H signal (present in starting material (bap)) in
IR and 'H NMR spectra of 18 corroborates complete deprotonation of both -NHSiMes units
of bap and a possible cyclization due to the liberation of methane gas. In addition, the
resonance at 0.49 ppm in 'H and 10.50 ppm in *C NMR spectra indicated the presence of
methyl group on aluminum. The "H NMR spectrum of 18 also showed a single peak (at 0.13
ppm) for the SiMe; groups whereas two signals were observed in the *’Si (3.76 and —2.38
ppm) and >C NMR spectra (2.23 and 0.45 ppm) for the SiMe; groups indicating different
orientation of SiMes groups. The presence of a triplet at 7.18 ppm and a broad singlet at 5.80
ppm could not clarify the different chemical environment for protons of pyridine ring
however the *C NMR attributes different peaks for all five carbons in pyridine ring. The
presence of these five signals for the pyridine ring is indicative of the coordination of
pyridine nitrogen to the Al (Npy--Al) (similar to pyridinophane 11, Chapter 3) (supported by
the X-ray structure later). The formation of pyridinophane 18 as the N-Al(Me)-N bridged
dimer was also indicated in the HRMS measurements that showed a signal at m/z 587.2708

(calcd. 587.2726 for [M+H]").
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Figure 4.3 Single crystal X-ray structure of tetraazadialumino[3.3](2,6)pyridinophane; (a)
syn(boat,boat) conformation (18-syn) and (b) the anti conformation (18-anti), (¢) and (d) show
another view of 18-syn and 18-anti, respectively. All hydrogen atoms have been omitted for clarity.
Selected bond lengths [A] and bond angles [°]: for 18-syn: Al11-N1 1.914(2), Al1-N2 1.838(2),
All-N6 1.941(2), A11-C1 1.939(3), N1-Sil 1.735(2), N2-Si2 1.742(2); N1-Al1-N2 113.81(10),
N2-All-N6 107.90(9), NI-AllI-N6 70.30(9), N1-Al1-C1 117.96(12), N2-Al1-C1 119.33(12),
N6-Al1-C1 117.45(12), for 18-anti: AI1-N1 1.851(2) AI1-N2 1.951(2), AI1-N3 1.900(2), A11-C6

1.944(3), N1-Sil 1.752(2), N3-Si2 1.730(2); N1-Al1-C6 114.25(11) N1-Al1-N3 117.99(10).

Attempts to synthesize 18 via refluxing 16 or the reaction of 17 with 1 eq. of AlMe; gave the
expected dimeric macrocycle, [2,6—(Me;SiN),CsH3;NAIMe], (18) along with a little amount

of [2,6-(Me3SiN),CsHsN(AIMe,),[AIMe] (20) (Scheme 4.1 and 4.3).
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Although the heteronuclear NMR for 18 showed its formation as the only product and
it was seen as the dimeric structure, [2,6-(Me3;SiN),CsH3;NAIMe], by HRMS. The structural
elucidation of tetraazadialumino[3.3](2,6)pyridinophane (18) by single crystal X-ray
diffraction authenticated its structure as syn(boat,boat) (18-syn) and anti (18-anti)
conformers. Both conformers of 18 have identical solution behaviour (NMR data at room
temperature) and both of them crystallized in the monoclinic system (space group P2;/c).
Both conformers of 18 are composed of eight membered [N4Al,C,] central ring providing the
basic framework of a [3.3](2,6)pyridinophane. The pyridine N within this framework
coordinate to Al centers (Npy---Al) and are responsible for the overall conformational rigidity
and the formation of two planar four member [N>AIC] chelates that are fused to two
diagonally opposite edges (AI-N) of the central eight membered [N4Al,C,] ring. This
coordination also explains the slight distortion in 18-syn conformer from a regular
syn(boat,boat) structure. The methyl groups on the N-Al(Me)-N bridges are mutually cis in
18-syn and trans in 18-anti (Figure 4.3). The separation between transannular Al atoms
(4.037 A for 18-syn and 3.732 A for 18-anti) compare well with the structurally related
tetraazadibora[3.3](2,6)pyridinophane 11 (B---B separation of 3.618 A, Chapter 3). The
distance between the centroids of the pyridine rings in 18-syn and 18-anti are 3.979 A and

6.060 A, respectively.

Surprisingly one reaction, among the repeated attempts for the reaction 17 under
reflux, afforded a product, [{2—(Me;SiN)—-6—(Me;SiNH)CsH;N},Al(u—OMe)], (19) that
contained methoxide bridges between two Al centres (Scheme 4.2). This product is the
consequence of insertion of oxygen between a pair of Al-Me bonds and has been isolated as a
light brown powder, which could be easily purified by washing with a small amount of cold

pentane.!'”! The formation of 19 was also seen, by exposing 17 to oxygen, whereas controlled
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Scheme 4.2 Synthesis of thombus core complex, [{2—(Me;SiN)-6—(Me;SiNH)CsH;N 1 Al(ui—OMe)],

(19).
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Figure 4.4. Comparison of 'H NMR spectra of bap with that of 19 to show the oxygen insertion in Al-
Me bonds in [2—(Me;SiN)-6—(Me;SiNH)CsH;N,AIMe (17) to  form  [{2—(Me;SiN)—6—
(Me;SiNH)CsH;N 1 Al(p—OMe) 1, (19).

Reaction of 17 with MeOH and H,O showed its decomposition. Similar to complex
17, the 'H (0.09 and —0.09 ppm) and *’Si NMR (2.77 and —4.08 ppm) spectra for complex 19

also showed the presence of two different types of SiMes groups. Also, the presence of a
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triplet (7.09 ppm) and two doublets (5.77 and 5.43 ppm) in the aromatic region supported
different environment for protons of pyridine rings. Complex 19 showed a singlet at 3.55
ppm (Figure 4.4) in its 'H NMR spectrum for the -OCHj3 and its corresponding signal in Be
NMR spectrum appeared at 51.32 ppm. The HRMS data showed an isotope distribution
pattern at m/z 1125.5431 (calc. 1125.5486 for [M']) which can be assigned as methoxide

bridged dinuclear complex 19.

The solid state structure of compound [{2—(Me3;SiN)—6—(Me;SiNH)CsH3N},Al(p—
OMe)], (19) confirmed its formulation as the dimeric species where each hexacoordinated
aluminum centre is coordinated to nitrogen of two pyridine rings of different bap ligands in
axial position with the AI-N distance of 2.025-2.043 A. The equatorial positions of

aluminum are occupied with two bridging oxygen atoms and two amino sites of different bap

Figure 4.5 Single crystal X-ray structure of [{2—(Me;SiN)—-6—(Me;SiNH)CsH3N },Al(u—OMe)], (19).
All hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and bond angles [°]:
Al1-N2 2.040(3), AI1-N3 1.986(4), Al1-C1 1.954(3), Al1-O1 1.887(4), A12-O1 1.889(3), N1-Sil
1.746(4), N3-Si2 1.741(4), Al1-Al2 2.997(3), O1-C1 1.438(5); O1-Al1-O1" 75.0(2), O1-Al1-N2
99.14(15), C1-O1-All 128.0(3).
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ligands with the lengths of Al-O 1.888-1.898 A and AI-N 1.994-2.007 A.'""! This dimeric
structure consists of a four member rhombus [AlO]; ring where, the four units of bap binds to
two aluminum centres through pyridiyl and one of the amido sites while the other as amino
site doesn’t coordinate to aluminum. Both the aluminum centres are -OMe bridged consisting
slightly distorted octahedral geometry with a distance of 3.004 A (Al---Al) and 2.298 A

(O---0).

Although, an unusual bowl-shaped aluminum-nitrogen cage compound was synthesized
by Cowley and coworkers in 2005 by the reaction of trialkyls with bifunctional primary
amines (Figure 4.1)."No significant attention however, has been paid thereafter to perform
such reactions with this kind of systems. Our further investigation on the reaction between
bap and AlMej; in 2:3 stoichiometry at room temperature for 2 h resulted in the formation of a
bowl shaped cage, [2,6—-(Me;SiN),CsHsN(AlMe,)],[AlMe] (20). Initial characterization of
this product showed the disappearance of N-H signals in IR as well as in '"H NMR spectra
that were similar to complex 18. However, the "H NMR spectrum also showed the presence
of three Al-Me signals in 1:2:2 proportion (for 3H:6H:6H) ratios at —0.23, —0.55 and —1.50
ppm which can be attributed to the formation of a dimeric structure of 16 with an additional
diagonal (N—AI-N) bridge between two bap moieties via the elimination of methane gas
(Scheme 4.3). The values for these three Al-Me signals were also consistent in BC NMR
spectrum at —0.06, —2.01, —8.22 ppm. The presence of a single peak for SiMes group in 'H,
C and ’Si NMR spectra for 20 indicates the symmetrical nature of this molecule. Further
the signal at m/z 659.3218 (calcd. 659.3246) in HRMS corroborated the formation of 20 as a
diagonally aluminum bridged species. The formation of 20 can be compared with the
formation of bowl shaped structure by Jones and coworkers.”) Scheme 4.3 shows the
formation of 20 through the dimerization of two [2—(Me;SiN)—6—(Me;SiNH)CsH3;N](AlMe,)

(16) molecules followed by the reaction with one extra equivalent of AlMes.
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Figure 4.6 Single crystal X-ray structure of [2,6—(Me;SiN),CsH;N(AlMe,)]:[AlMe] (20) (left
image — side view, right image — top view). All hydrogen atoms have been omitted for clarity.
Selected bond lengths [A] and bond angles [°]: AI1-N1 1.997(3), AI1-N6 1.901(7), Al1-C1
1.952(13), All-C2 1.976(5), AI3—C5 1.968(11); NI1-All-N6 105.93(10), N2-AI3—-N5

114.17(6), C1-A11-C2 109.77(11).

The X-ray structural analysis of [2,6—(Me3;SiN),CsH3;N(AIMe;)]2[AlMe] (20)
showed its bicyclic nature where two bapAlMe, units are connected to each other via a

diagonal bridge (N—AI-N) (Figure 4.6). This structure can be considered as the
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dimeric form of 16 connected via an aluminum bridge. The structure showed that both
of the pyridine rings are almost perpendicular to each other constituting bowl shaped
symmetry. The cyclic structure consists of three aluminum centres, out of them two
terminal aluminum centres are tetracoordinated having tetrahedral geometry whereas
the third one is pentacoordinated having square pyramidal geometry. Both the
tetracoordinated terminal aluminum centres have two methyl groups where one of the
methyl groups orient towards inside and the other one orients away from the
macrocyclic cavity hence, both of these methyl groups are chemically non-equivalent

as seen in the "H NMR spectrum.

The facile synthesis, structural rigidity and presence of several reactive methyl
groups on 20 encouraged us to see its reaction chemistry with Lewis acid, B(CesFs)s.
Indeed it was found to be very interesting candidate to generate cationic species. On
performing its NMR tube reaction with a Lewis acid, B(Cg¢Fs); in CDCIl; a stable
monocationic species, [2—(Me3SiN),—6— (Me3SiN),CsH3;N]>(AlMe,)(AlMe) [AlMe]
[MeB(CsFs)3)] (21) was obtained. This cationic species was stable at room temprature
for several weeks and does not show the possible CH; and C¢Fs exchange between the
cationic and anionic part. Compound 21 settled as clathrate oil from solvents like
benzene and toluene whereas it dissolved freely in polar solvents like chloroform and
THF. Several attempts to crystallize the cationic species were unsuccessful. The initial
evidence towards the cation formation was seen by a change in '"H NMR spectrum in
the signal intensity for terminal Al-Me of 20 in few minutes. The presence of four
signals for a total of twelve methyl protons with a ratio of 1:1:1:1 (for 3H:3H:3H:3H)
at 0.15, 0.20, 0.24 and —1.24 ppm for Al-Me show that one of the terminal methyl
groups (Al-Me) had been abstracted by B(C¢Fs); to form a new B—Me bond (at 0.52

ppm) as the counter anion [MeB(CgFs);] (Figure 4.6).
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Figure 4.6. Comparison of 'H NMR (400 MHz, CDCl;) spectra to show the formation of
monocationic macrocycle, [2—(Me;SiN),—6—(Me;SiN),CsH;N],(AlMe,)(AlMe) TAIMe][MeB
(C6F5)3)] (21) from [2,6—(Me3SiN),CsH;N(AIMe,)],[AlMe] (20) and its in-situ reaction with
B(C¢F5)s.

Another indication for the monocation formation was seen by the presence of two
different equal intensity signals for SiMes groups in 'H (0.41 and 0.31 ppm), °C (1.66
and 1.30 ppm) and °Si NMR (20.33 and 5.88 ppm) spectra in addition to two doublets
(6.53 and 6.15 ppm) and a triplet (7.56 ppm) in aromatic region which indicated the
nonequivalent chemical environemt around the aluminum centres of 21 in comprision
to its precursor, 20 (Figure 4.6). The chemical nonequivalency of carbon atoms around
the pyridine ring could also be seen by the presence of five carbons signals in *C
NMR spectrum. ''B NMR spectrum of 21 showed the tetracoordinated anionic borane
due to a sharp signal at —14.92 ppm. An attempt to genetrate the cation on other

aluminum centres resulted in several indistinguishable products. Attempt to synthesize
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Scheme 4.4. Synthesis of aluminum-amide complexes, [2,4—(Me;SiN),—6—(R)-C;N3](AlMe,), (R =
Me (22), NHSiMe; (23), Ph (24)).

similar bowl shaped structures by reacting 1 eq. of bis(trimethylsilyl)-N,N’-2,4-
diamino—6—(R)—triazine (bat) systems (R = Me, NH(SiMes), Ph) with 1.5 eq. AlMe;
couldn’t afford the expected product however, on optimising the reaction of 1 eq. bat
at room temperature in toluene with 2 eq. of AlMe; gave a dinuclear aluminum
complex with AlMe, groups [2,4-(Me3;SiN),—6—(R)-C3sN3](AlMe,), (R = Me (22),
NHSiMes; (23), Ph (24)) (Scheme 4.4). Initial investigation of all these reactions
(22—-24) showed vigorous evolution of methane gas leading to a slight turbid to
transparent solutions. The disappearance of N—H signals in IR spectrum as well as in
"H NMR spectrum confirmed the deprotonation of both amino protons however, the
presence of Al-Me signals for 22 as a single peak (12H) at —0.69 ppm, two singlets
(with 6H each) at —0.63, —0.68 ppm for 23 and a single resonance (12H) at —0.61 ppm

for 24 with respect to other signals attributed formation of dinuclear
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dimethylaluminium complex. The chemical shift values in >*C NMR spectrum for
complexes 22 (—10.73 ppm), 23 (-9.01 ppm) and 24 (—0.07 ppm) were consistent with
the observations in '"H NMR spectrum of the corresponding molecules. *Si NMR
spectra showed signal at 3.13 (22), 8.56, 1.32, 0.57 (23) and 3.18 (24) ppm. Moreover,
the signal at m/z = 382.1971 (calcd. 382.1984), 453.2155 (caled. 453.2175) and
4442126 (calcd. 444.2140, [M+H]") in HRMS confirmed the formation of 22-24 as

dinuclear dimethylaluminum complexes.

Figure 4.7 Single crystal X-ray structure of [2,4—(Me;SiN),—6—(Ph)—C;N;](AlMe,), (24). All
hydrogen atoms have been omitted for clarity. Selected bond lengths [A] and bond angles [°]:
Al1-N2 1.940(3), AI1-N2 1.984(3), Al1-C1 1.949(3), AI1-C2 1.950(3), AI12-C3 1.963(3),
Al2—-C4 1.963(3), N1-Sil 1.748(3), N4-Si2 1.754(3); N1-Al1-N2 69.29(10), N3-Al2-N4
70.10(10), CI1-All-C2 121.15(15), C3-Al2-C4 121.82(15), CI1-All-N1 118.00(13),
C2—-Al1-N1 110.42(13), C1-Al1-N2 114.29(13), C2—-Al1-N2 112.60(13), C3—-AI2-N3

119.25(13), C4—-AI2-N3 115.23(13), C3-A12-N3 115.23(13), C4-Al2-N4 113.68(14).

Repeated efforts to crystallize compounds 22 and 23 were unsuccessful due to gel
formation on storing these complexes for several days however, complex 24 could be

crystallized and its single crystal X-ray structure analysis revealed that it crystallized in

105



triclinic system with Pi space group. The solid state structure of complex 24 showed that both
the aluminum centres are tetracoordinated and adopt distorted tetrahedral geometry with two
nitrogen atoms and two methyl atoms forming a four membered [N,CAl] ring (Figure 4.7).
This structure consists of two four member [AICN,] chelate ring where both the triazine and
amido sites of bat bind to centre in comparison to dialkyl complex 16 (pyridiyl nitrogen is
bonded to Al and one of the amino site is not interacting with Al). The guanidinate bite
angles (N-AI-N) in 24 are acute 69.02°-69.77° and are comparable to the amidinate bite
angles in [2—(Me;SiN)—-6—(Me;SiNH)CsH3N](AlMe,) (16) range. In complex 24 the observed

Al-C bond lengths are almost identical (1.950(4) and 1.963(4) A).
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Scheme 4.5. Synthesis of aluminum based cryptand, [2,6—(Me;SiN),CsH;N];Al (25)

Attempts to obtain the structure similar to 12 (Chapter 3) and 18 using equimolar amount of
AlH3-NMe,Et and bap were unsuccessful however, a 3:2 ratio reaction between bap with
AlH3-NMeyEt in toluene proceeded over 12 h to afford a sticky product which on
crystallization at —-20 ©°C produced colorless crystals of a [3.3]cryptand, [2,6—
(MesSiN),CsH3N]3AlL (25) in 56.2% yield (Scheme 4.5). The absence of N—H signal (present
in the starting material (bap)) in IR and "H NMR spectra of 25 showed that both N—H protons
have been abstracted. The presence of only one signal for SiMes groups in 'H (0.11 ppm), "*C
(1.68 ppm) and *°Si (0.02 ppm) NMR spectra attributed the symmetric nature of the product.
The HRMS data showed a m/z pattern at 807.3423 [M'], (calcd. 807.3453), which can be

assigned to bicyclic molecule, where three bap units are connected by two Al centres.
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Figure 4.8 Single crystal X-ray structure of aluminum based cryptand, [2,6—
(Me;SiN),CsH3;N];Aly (25). All hydrogen atoms have been omitted for clarity. Selected bond
lengths [A] and bond angles [°]: A11-N2 1.844(5), Al1-N4 1.941(5), Al11-N5 1.848(5),
N2-Sil 1.732(5), N3-Si2 1.723(5), N5-Si3 1.749(4), All---All 3.425(4), N1---N4 3.209(5),
N4---N4’> 3.004(7); N2—Al1-N3 116.20(4), N2—-Al1-N5 118.95(2), N3—-All-N4 70.24(4),

N3—-Al1-N5 106.80(2), N2—-Al1-N4 113.11(2).

Single crystal X-ray structural analysis of 25 showed that it crystallized in orthorhombic
system with (€222, space group. The cryptand 25 comprised of two tetracoordinated
aluminum atoms adopting distorted tetrahedral geometry flanked with three units of bap
ligand (Figure 4.8). The coordination results in the formation of two central rings (i) two ten
membered, [NsALCs] rings flanked with four -SiMes, where two pyridine rings are connected
by N-AI-N arms, and (ii) a eight membered, [N4ALC;] rings flanked with four -SiMes, where

two pyridine rings are connected by N-AI-N arms. The crystal structure of compound 25
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showed the Al---Al distance of 3.425(4) A, however the N---N distance between nitrogen

atoms of two pyridine rings are 3.209(5) A (N;---Ny) and 3.004(4) A (N4---Ny).

It is noteworthy, that in the case of the BH3-SMe, reaction with bap, a dimeric
structure was obtained as tetraazadibora[3.3](2,6)pyridinophane (12) (Chapter 3) whereas, the
reaction of AlIH3'NEtMe, could not afford the analogous structure. Figure 4.9 depicts a
comparison between the boron (85 pm) and aluminum (143) atomic radii. Perhaps, in the case
of tetraazadibora[3.3](2,6)pyridinophane (12) the third unit of bap could not be
accommodated between the boron atoms due to their small atomic radii. Whereas, the bigger
atom aluminum allowed the third bap unit to form third bridge to a macrocyclic precursor
under evolution of H,. The overall result is the formation of a cryptand like structure.

9 Atomic radii = 85 pm Atomic radii = 143 pm
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Figure 4.9. Structural comparison of tetraazadibora[3.3](2,6)pyridinophane (12) and the aluminum

based cryptand, [2,6—(Me;SiN),CsH;N];Al (25).

4.3 Conclusions

In summary, a variety of organoaluminum species are synthesized by changing the
stoichiometry of bap and AlMe;. These complexes include aluminum-methyl

complexes, [2—(Me3;SiN)—-6—(Me;SiNH)CsH3;N](AlMe,) (16), [2—(MesSiN)—6—(Me;Si
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NH)CsH3N],AlMe (17), tetraazadialumino[3.3](2,6)pyridinophane, [2,6-(Me;SiN),
CsHisNAIMe], (18-syn and 18-anti). The sensitivity of complex 17 towards oxygen
was used to afford methoxy bridged dimeric structure, [{2—(Me3;SiN)—6—
(Me;SiNH)CsH3N 1 Al(u1—OMe)]> (19). On changing the bap and AlMe; (2:3)
stoichiometry a bowl type structure, [2,6—(Me3SiN),CsH3sN(AlIMe,)].[AlMe] (20) was
obtained which was further reacted with Lewis acid, B(C¢Fs); to generate its
monocationic species, [2—(Me3SiN),—6—(Me3SiN),CsH3;N],(AlMe,)(AlMe) [AlMe]
[MeB(CsFs)3)] (21). The attempts to synthesize similar kind of bowl structures with
the triazine systems resulted in their bis substituted dinuclear dimethylaluminum
complexes, [2,4—(Me3;SiN),—6—(R)—C3N3](AlMe»), (R = Me (22), NHSiMes; (23), Ph
(24)). We have also showed a facile synthesis of aluminum based cryptand, [2,6—

(Me;SiN),CsH3N]3Al (25) by the reaction of bap with AIH;-NMe,Et.

4.4 Experimental Section

4.4.1 General procedure

All manipulations were performed under nitrogen/argon atmosphere using Schlenk line or
glove box techniques. 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.
4.4.2 Starting materials

All chemicals were purchased from Sigma-Aldrich and used without further purification.
Solution of Al,Meg (1 M in toluene) was used in all experiments and effective concentration
with respect to the monomer AlMe; was 2 M. It is to be noted that the monomer AlMe; exists
in vapor phase formed from its dimer Al,Me¢ (present in the condensed phase). The starting

materials bis(trimethylsilyl)-N,N’-2,6-diaminopyridine (bap)!'*! and bis(trimethylsilyl)-N,N’-
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2,4-diamino—6—(R)—triazine (bat) systems (R = Me, NH(SiMe3), Ph)!"*! were prepared by

following the reported procedures.
4.4.3 Physical measurements

The IH, 13C, 29Si, "B and "F NMR spectra were recorded with a Bruker 400 MHz
spectrometer with TMS, BF;-OEt, and CFCl; respectively, as external references. 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 4000400 cm ' using a Perkin Elmer Lambda 35-spectrophotometer. 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.

All single crystal X-ray diffraction data were collected using a Rigaku XtalLAB 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
OLEX2!") and the structure were refined using XL.!"® All non hydrogen atoms were refined

anisotropically.
4.4.4 Synthetic procedure
Synthesis of [2—(Me;SiN)—-6—(Me3SiNH)CsH3N](AlMe3) (16):

AlMes (12 mmol, 6.0 mL, 2.0 M in toluene) was added slowly to a stirred solution of bap

(3.0 g, 11.8 mmol) in hexane (40 mL) at 0 °C. The reaction mixture was allowed to come to
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room temperature and stirred for 6 h. All volatiles were removed under vacuum to give a
sticky material, which was further crystallized from pentane at —30 °C. Yield: 1.8 g (49.28
%). Mp: 240 °C (decomp.). IR (nujol) v : 3392 (N-H), 2955, 2922, 2853, 1596, 1457, 1392,
1298, 1249, 1196, 1049, 890, 840, 784, 694, 494, 449 cm™'. "H NMR (400 MHz, C¢Ds): 6 =
6.79 (t, IH, Ar, *Ju = 8.0 Hz), 6.14 (d, 2H, Ar, *Jy = 8 Hz), 0.30 (s, 18H, SiMe3), —0.11 (s,
3H, AlMe), —0.97 (s, 3H, AlMe). °C NMR (100 MHz, C¢De): & = 165.1, 143.2, 111.9, 2.64
(SiMe3), 1.47 (AlMe), —0.41 (AlMe). ’Si NMR (79.5 MHz, C4Dg): & = 8.58. HRMS (AP"):

m/z caled for C3H0AIN3Sis: (310.1715), [M+H]'; found: (310.1702).
Synthesis of [2—(Me3SiN)-6—(Me3;SiNH)CsH;3;N|,AlMe (17):

AlMe; (10.0 mmol, 5.0 mL, 2.0 M in toluene) was added slowly to a stirred solution of bap
(5.0 g, 19.8 mmol) in hexane (60 mL) at 0 °C. The reaction mixture was allowed to come to
room temperature and stirred for 24 h. All volatiles were removed under vacuum to give a
sticky solid which was further crystallized with pentane at —30 °C. Yield: 4.1 g (75.7 %). Mp:
92-94 °C. IR (nujol) v: 3393 (N-H), 2924, 2957, 1596, 1458, 1373, 1298, 1259, 1160, 1096,
1071, 1028, 840, 783, 719, 695, 620, 492 cm . 'H NMR (400 MHz, CDCly): § = 7.21 (t, 2H,
Ar, *Jun = 8.0 Hz), 5.87 (d, 2H, Ar, *Jiu = 8 Hz), 5.66 (d, 2H, Ar, *Ju.u = 8 Hz), 3.89 (s, 2H,
NH), 0.27 (s, 18H, SiMes), 0.07 (s, 18H, SiMe;) —0.72 (s, 3H, AlMes). °C NMR (100 MHz,
CDCls): & = 165.45, 154.90, 141.70, 99.23, 95.35, 1.21 (SiMes), 0.26 (AlMe;), —0.10
(SiMes). 2Si NMR (79.5 MHz, CDCLy): & = 4.70 (SiMe3), —1.45 (SiMes). HRMS (AP"): m/z

caled for Co3HsoAINGSia: (531.2520) [M—Me+H]'; obs: (531.2501).

Synthesis of tetraazadialumino[3.3](2,6)pyridinophane, [2,6-(Me3;SiN),CsH3;NAlIMe],

(18):

AlMes (19.76 mmol, 9.9 mL, 2.0 M in toluene) was added slowly to a stirred solution of

bis(trimethylsilyl)-N,N’-2,6-diaminopyridine (5.0 g, 19.76 mmol) in toluene (80 mL) at 0 °C.
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The reaction mixture was allowed to come to room temperature and stirred for 1 hour
followed by 36 hours of reflux. All volatiles were removed under vacuum to give an oily
material, which was crystallized with dry pentane (40 mL) at — 30 °C. Yield: 3.8 g (65.5 %).
Mp: 268-272 °C. IR (nujol) v: 3084, 2956, 2928, 2857, 1593, 1547, 1454, 1394, 1351, 1256,
1192, 1159, 1064, 904, 844, 734, 687, 634, 531, 474 cm™'. "H NMR (400 MHz, CDCl3): § =
7.16 (t, 2H, p—ArH, Ar, 3JH_H = 8.0 Hz), 5.79 (broad singlet, 4H, m—ArH, Ar), 0.13 (s, 36H,
SiMes), —0.49 (s, 6H, AlMe) ppm. *C NMR (100 MHz, CDCl3): 6 = 165.5, 154.9, 143.2,
109.5, 102.1, 2.3 (SiMe3), 0.5 (SiMe3), —10.5 (AIMe) ppm. ’Si NMR (79.5 MHz, CDCl;): ¢
= 3.76 (SiMe3), —2.38 (SiMes) ppm. HRMS (AP+): m/z caled for Cp4H49AlNgSiy: (587.2726)

[M+H]"; found: (587.2708).

Synthesis of methoxy bridged dimer [{2—(Me;SiN)—-6—(Me;SiNH)CsH3N},Al(p—OMe)],

(19):

A solution of 17 (1g, 1.83 mmol) in 40 mL hexane was stirred for 6 days under oxygen
atmosphere. All volatiles were removed under vacuum and subsequently washed with cold
pentane to afford compound 19 as white solid which was further crystallized from toluene at
—20 °C. Yield: 0.45 g (43.7 %). Mp: 268-272 °C. IR (nujol) v: 3390 (N-H), 2954, 2927,
2857, 1596, 1568, 1456, 1374, 1299, 1251, 1163, 1098 (O-Me), 1071, 839, 778,747, 723,
689, 632, 594, 553, 468, 431 cm™'. 'H NMR (400 MHz, CDCLs): & = 7.09 (t, 4H, Ar, *Juy =
8.0 Hz), 5.77 (d, 4H, Ar, *Juy = 8 Hz), 5.43 (d, 4H, Ar, *Juy = 8 Hz), 4.07 (s, 4H, N-H),
3.55 (s, 12H, —~OMe), 0.09 (s, 36H, SiMe3), —0.09 (s, 36H, SiMes). °C NMR (100 MHz,
CDCls): & = 166.9, 156.2, 140.8, 98.9, 94.6, 51.3 (-OMe), 1.09 (SiMe3), 0.07 (SiMes). **Si
NMR (79.5 MHz, CDCL): & = 2.77 (SiMe3), —4.08 (SiMe;). HRMS (AP"): m/z calcd for

C46H94A12N12028i81 (1 1255486) [M]+, found: (1 1255431)
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Synthesis of bowl shaped aluminum cage, [2,6—(Me3;SiN),CsH3;N(AlMe;,)|:[AlMe] (20):

AlMe; (6.0 mmol, 3.0 mL, 2.0 M in toluene) was added slowly to a stirred solution of bap
(1.0 g, 3.9 mmol) in toluene (15 mL) at 0 °C. The reaction mixture was allowed to come to
room temperature and stirred for 2 h. On evaporating all volatiles, a white solid was obtained
which on crystallization with hexane at —30 °C afforded colorless crystals. Yield: 0.90 g (69.2
%). Mp: 161-164 °C. IR (nujol) v: 2956, 2921, 2857, 1600, 1547, 1458, 1390, 1337, 1256,
1192, 1170, 1085, 1050, 893, 847, 727, 691, 574, 489, 446 cm'. 'H NMR (400 MHz,
CDCly): & = 7.46 (t, 2H, Ar, *Jun = 8.0 Hz), 6.35 (d, 4H, Ar, *Juu = 8 Hz), 0.25 (s, 36H,
SiMes), —0.23 (s, 3H, AlMe), —0.55 (s, 6H, AlMe), —1.50 (s, 6H, AlMe). *C NMR (100
MHz, CDCls): & = 164.86, 142.91, 111.54, 2.64 SiMes, —0.06 (AlMe), —2.01 (AlMe), —8.23
(AIMe). ’Si NMR (79.5 MHz, CDCL): & = 8.88. HRMS (AP"): m/z caled for

C7HssAlsNGSis: (659.3246) [M+H]'; obs: (659.3218).

Synthesis of [2—(MegsiN)2—6—(Me3,SiN)2C5H3N]z(AlMez)(AlMe)+[AlMe][MeB(C6F5)3)]_

Q1)

B(CsFs); (0.4 mmol, 0.21 g) and [2,6—(Me3SiN),CsHsN(AlMe,),[AlMe] (20) (0.4 mmol,
0.26 g) were mixed in 5 mL of hexane and stirred for 1h. On evaporating all volatiles an oily
product was obtained. Yield: 0.45 g (96.2 %). IR (nujol) v : 2955, 2924, 2855, 1604, 1549,
1460, 1378, 1264, 1172, 1089, 848, 800, 725 cm™'. "H NMR (400 MHz, CDCls): & = 7.56 (t,
2H, Ar, *Jun = 8.0 Hz), 6.53 (d, 2H, Ar, *Ju.u = 8 Hz), 6.15 (d, 2H, Ar, *Juy = 8 Hz), 0.52
(broad s, 3H, BMe), 0.41 (s, 18H, SiMes), 0.31 (s, 18H, SiMe;s), 0.15 (s, 3H, AlMe), —0.20 (s,
3H, AlMe), —0.25 (s, 3H, AlMe), —1.24 (s, 3H, "AlMe). °C NMR (100 MHz, CDCl): & =
165.6, 155.3, 144.8, 112.3, 109.3, 1.66 (SiMes), —5.17 (AlMe), —6.35 (AlMe), —6.86 (AlMe),
—7.72 (AlMe). "F NMR (376 MHz, CDCl3): & = —132.6 (d, 6F, Jr_r = 18.8 Hz, 0—C¢Fs), —

164.90 (t, 3F, Jrr = 18.8 Hz, p—C¢Fs), —167.31 (t, 6F, Jr_r = 18.8 Hz, m—C¢Fs). ''B NMR
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(128 MHz, CDCly): & = —14.92. °Si NMR (79.5 MHz, CDCL): & = 20.23, 5.88. HRMS

(AP"): m/z caled for Co6Hs4AlsNgSiy: (643.2933) [M—[MeB(C4Fs)3)] 1'; found: (643.2921).
Synthesis of [2,4—(Me;SiN),—6—(Me)—C3N3](AlMe;), (22):

AlMes; (3.0 mmol, 1.5 mL, 2.0 M in toluene) was added slowly to a stirred solution of
6—methyl-bat (0.54 g, 2.0 mmol) in toluene (10 mL) at 0 °C. The reaction mixture was
allowed to come to room temperature and stirred for 3 h. On evaporating all volatiles a white
solid was obtained in good yield. Yield: 0.69 g (90.4 %). Mp: 161-164 °C. IR (nujol) v :
2956, 2921, 2855, 1603, 1494, 1459, 1378, 1355, 1251, 1193, 1150, 893, 876, 845, 756, 717,
690, 593, 427 cm™'. '"H NMR (400 MHz, CDClL): & = 2.07 (s, 3H, Ar-Me), 0.22 (s, 18H,
SiMe3), —0.69 (s, 12H, AlMe). °C NMR (100 MHz, CDCls): & = 166.67, 165.73, 20.91 (Ar-
Me), —0.13 (SiMe3), —10.73 (AIMe). *Si NMR (79.5 MHz, CDCl;): & = 3.13. HRMS (AP"):

m/z caled for C14H34ALNsSia: (382.1984) [M]'; found: (382.1971).
Synthesis of [2,4—(Me;SiN);—6—(Me;SiNH)-C;N;](AlMey); (23):

AlMes; (3.0 mmol, 1.5 mL, 2.0 M in toluene) was added slowly to a stirred solution of
6—Me;SiNH—triazine (0.68 g, 2.0 mmol) in toluene (10 mL) at 0 °C. The reaction mixture
was allowed to come to room temperature and stirred for 3 h. On evaporating all volatiles,
oily product was obtained which gave sticky compound after drying for a long period. Yield:
0.86 g (94.6 %). Mp: 185-190 °C. IR (nujol) v: 2956, 2926, 2856, 1590, 1551, 1466, 1389,
1155, 1097, 1024, 843, 804, 723, 689 cm™'. '"H NMR (400 MHz, CDCls): § = 0.34 (s, 9H,
SiMe;z), 0.21 and 0.20 (s, 18H, SiMes), —0.63 and —0.68 (s, 12H, AlMe). *C NMR (100
MHz, CDCl3): 6 = 168.0, 163.15, 161.79, 0.82 (SiMe3), 0.38 (SiMe3), 0.11 (SiMes), —9.01
(AlMe), —10.13 (AlMe). Si NMR (79.5 MHz, CDCls): & = 8.65, 1.32, 0.57. HRMS (AP"):

m/z caled for C1gH30A1LNGSis: (453.2175) [M]'; found: (453.2155).
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Synthesis of [2,4—(Me3SiN),—6—(Ph)—C;N3]|(AlMe,); (24):

AlMes; (3.0 mmol, 1.5 mL, 2.0 M in toluene) was added slowly to a stirred solution of
6—phenyl-bat (0.66 g, 2.0 mmol) in toluene (10 mL) at 0 °C. The reaction mixture was
allowed to come to room temperature and stirred for 3 h. On evaporating all volatiles a
orange solid was obtained which on crystallization with pentane at —30 °C afforded colorless
crystals. Yield: 0.83 g (93.5 %). Mp: 212-215 °C. IR (nujol) v : 2926, 2853, 1601, 1567,
1540, 1459, 1374, 1251, 1220, 1193, 1047, 1024, 954, 847, 781, 693, 592, 431 cm'. 'H
NMR (400 MHz, CDCls): 6 = 7.75, (d, 2H), 7.53 (m, 3H), 0.27 (s, 18H, SiMes), —0.61 (s,
12H, AlMe). °C NMR (100 MHz, CDCls): & = 166.99, 163.28, 133.62, 131.08, 129.66,
129.02, 128.14, 127.01, —0.07 SiMes, —10.19 (AlMe). ’Si NMR (79.5 MHz, CDCls): § =

3.18. HRMS (AP"): m/z calcd for CoH3sA1,N5Sis: (444.2140) [M]'; found: (444.2126).
Synthesis of cryptand, [2,6— (Me3SiN),CsH3N]3AlL (25):

AlH3'NMe,Et (3.9 mmol, 8 mL, 0.5 M in toluene) was added slowly to a stirred solution of
bap (1.0 g, 3.9 mmol) in toluene (40 mL) at 0 °C. The reaction mixture was allowed to come
to room temperature and stirred for 12 h. All the volatiles were removed under vacuum to
give a white solid, which was further crystallized from toluene at —20 °C. Yield: 0.59 g (56.2
%). Mp: 156-158 °C. IR (nujol) v: 2956, 2900, 1599, 1453, 1393, 1304, 1251, 1151, 1028,
842, 789, 718, 688, 622 cm ™. "H NMR (400 MHz, CDCl3): & = 7.20 (t, 3H, Ar, *Jyy = 8.0
Hz), 5.90 (d, 6H, Ar, *Ji.y = 8 Hz), 0.11 (s, 54H, SiMes). °C NMR (100 MHz, CDCl3): & =
163.7, 142.1, 102.2, 1.83 (SiMe3). *Si NMR (79.5 MHz, CDCl;): & = 0.02. HRMS (AP"):

m/z calcd for C33Hg3AlNoSig: (807.3453) [M]+; found: (807.3423).
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4.5 Crystallographic Data

Table 4.1 Crystallographic data for compounds 16—18.

Compound" 16 17 18-syn 18-anti
Chemical formula Ci3HpsAINsSi,  CosHssAINGSi;  CasHusALNgSi;  CoyHiysALN(Siy
Molar mass 309.54 590.09 587.00 587.00
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2/c P2,/c P2,/c P2,/c

T[K] 100(2) 100(2) 100(2) 100(2)

a[A] 6.379(2) 12.1076(8) 17.2486(9) 11.6602(13)
b[A] 13.613(3) 11.8845(8) 12.6136(7) 12.6412(10)
c[A] 22.304(7) 24.8155(18)  16.1018(9) 12.9228(15)
a[] 90 90 90 90

B L] 94.760(13) 94.202(4) 91.704(5) 116.275(14)

v [°] 90 90 90 90

VAT 1930.1(10) 3561.2(4) 3501.7(3) 1708.0(4)

4 4 4 4 4

D(caled.) [g-em™] 1.065 1.101 1113 1.141
#(Mo-K,) [mm'] 0.223 0.216 0.242 0.248
Reflections collected 10902 37445 48197 24025
Independent reflections 3410 8103 12480 6131
Data/restraints/parameters  3410/0/184 8103/0/356 12480/0/339 6131/0/170
R1LwRy[1>20(])]" 0.0651,0.1657 0.0554,0.1370 0.0715,0.1627  0.0814/0.2115

R1, wR, (all data)™

GOF

0.0801, 0.1857

1.149

0.0687, 0.1491

1.098

0.1322, 0.1912

1.039

0.1129/0.2436

1.081

[a] RI = X||Fol-|Fc|/Z|Fol|, wR; = [Ew(|Fo*-F|)/Zw|Fo*[]"
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Table 4.2 Crystallographic data for compounds 19, 20, 24 and 25.

Compound™ 19 20 24 25
Chemical formula CyHyAINGOSi;  CpHs;ALNGSi;  CroHssALNsSi,  CasHgsALNGSig
Molar mass 563.00 659.08 443.66 404.21
Crystal system monoclinic orthorhombic triclinic orthorhombic
Space group C2/c Pben Pi 222,

T'[K] 100(3) 100(2) 100(2) 100(2)

a [A] 22.068(9) 18.013(7) 6.4274(10) 17.001(3)
b[A] 19.511(7) 14.239(6) 11.1271(18) 20.578(4)
c[A] 15.850(6) 15.420(6) 18.495(3) 14.373(2)
a[°] 90 90 90.182(8) 90

pI°] 110.104(14) 90 91.260(13) 90

v [°] 90 90 95.106(10) 90

VN 6409(4) 3955(3) 1317.2(4) 5028.3(16)
Z 8 4 4 4

D(caled.) [grem’’] 1.167 1.107 1.119 1.068
#(Mo-Ky) [mm™] 0.239 0.242 0.215 0.232
Reflections collected 12580 13462 13843 6914
Independent reflections 5488 4420 6007 3335
Data/restraints/parameters  5488/0/338 4420/0/191 6007/0/263 5335/0/236

R1,WR[I>25(D)]™

R1, wR, (all data)™

GOF

0.0771, 0.2010
0.1252, 0.2553

1.009

0.0722, 0.1886
0.1098, 0.2223

1.069

0.0676, 0.1778
0.0932, 0.2175

1.222

0.0710, 0.1327
0.1139, 0.1630

0.988

[a] RI = X||Fol-|Fc|/Z|Fol|, wR; = [Ew(|[Fo’|-F’ ) /Ew|Fo ]
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