REACTION OF BULKY MAIN GROUP
METAL(Il) AMIDES WITH

POLYFUNCTIONAL PHENOL SUBSTRATES

By
Anthony E. Wetherby Jr.

Bachelor of Science in Chemistry
Clarkson University
Potsdam, New York

2004

Submitted to the Faculty of the
Graduate College of the
Oklahoma State University

in partial fulfillment of
the requirements for
the Degree of
DOCTOR OF PHILOSOPHY OR OTHER
July, 2009



REACTION OF BULKY MAIN GROUP
METAL(Il) AMIDES WITH

POLYFUNCTIONAL PHENOL SUBSTRATES

Dissertation Approved:

Dr. Charles S. Weinert

Dissertation Adviser

Dr. Allen Apblett

Dr. Nicholas Materer

Dr. LeGrande Slaughter

Dr. Earl Mitchell Jr.

Dr. A. Gordon Emslie

Dean of the Graduate College



Dedication
To my wife Mary and daughter Kiera: Thank you for your unconditional love and

support. Without you none of what | have accomplished would be possible.

Acknowledgements

| first wish to thank my wife, daughter, and family without whom none of this
work would be possible. You support and inspire me always and for that | am eternally
grateful. Thank you to my advisor Dr. Charles S. Weinert for your teachings and
advising. | have learned more from you than | could ever thank you for. You have
improved my skills and shown me what it takes to be truly successful in this fieldk Tha
you also for the experiences at the Gordo, which | enjoyed immensely. §maduate
committee, thank you for the classes you have taught and the guidance amsl yesss
have given me. Thank you to Dr. lob and Gianna for their assistance with
instrumentation and guidance throughout my graduated experience. To the Clemons
family, thank you for being our family away from home and giving my famigngjth in
trying times. To my friends thank you for all of your help and the experienaeshadr
have made the work worth it. I will miss you all. To the hallmark girls, pabpeesent,
thank you for extra work, the entertainment and Henrys. To the Weinert group reember
who are also my good friends, thank you for ice cream babies, explosions, broken
glassware and headaches. Thank you also for our discussions, team work and enjoyable

working environment. The success of our group and its individual members is a direct



result of our cohesive nature, desire to teach each other things and a williogne $iset
extra mile and help each other without thought of personal gains. To all | haverejet he
thank you and good luck in your future endeavors. And lastly, thank you to Jameson.

You are the only one that is always happy to see me.



TABLE OF CONTENTS

Chapter Page
Chapter 1
L. INTRODUCTION ..o e 1
11 Te [8To3 T0] o HUTET TR 1
RO B IEINCES ... e e 22
Chapter 2
METAL-DEPENDENT REACTIONS OF BULKY METAL(Il) AMIDES

M[N(SiMe 3)5], WITH 3,3"-DISUBSTITUTED BINAPHTHOLS
(HO)2C20H10(SiR3)2-3,3": SELECTIVE CONVERSION OF ONE

EQUIVALENT —OH GROUP TO A SILYL ETHER -OSiMeé 3.....cccccevvuvneeee. 22

11 o To {8 o3 1 o] o PP PPPPPPPUPUPPPTPN 22

RESUIES ANd DISSCUSION ....ciiiiiiiiiiiieeeeeeeet et e e e e e e e e eeees 25

(O] o[ 11 5] o] o PP PPPPPPPPPPPPPRN 55

EXPEIMENTAL ... e ————————————— 56
Chapter 3

REACTION OF BIS(BIS(TRIMETHYLSILYL)AMIDO)MERCURY(I) WI  TH
3,3"-DISUBSTITUTED BINAPHTHOLS: CYCLIZATION VIA AN
INTRAMOLECULAR ELECTROPHILIC AROMATIC SUBSTITUTION
REACTION .o 67



Chapter Page

TakngeTo I8 1o} [0)] o WP UT TR PR STR 67
RESUILS QN DISSCUSION ... e e e 68
CONCIUSIONS . e e e e e e 99
EXPEIMENTAL ... 100

Chapter 4

SYNTHESIS AND STRUCTURE OF AN UNUSUAL GERMANIUM(II)
CALIX[4]JARENE COMPLEX AND THE FIRST GERMANIUM(II)
CALIX[8]JARENE COMPLEX AND THEIR REACTIVITY WITH DIIRON

NONACARBONY L ..ttt e e e et e e e e e e e e e eenns 107

1o To (8] ox 1 o] o RSP PPPPTTPPPRPRPIN 107

RESUILS N0 DISSCUSION ....uvvviiiiiiiiiiiiiiieeeeee e e e e e e e e s e st e e e e e e e e e e e e e e eaaaaanans 111

CONCIUSIONS ...ttt r e e et e e e e e e e e e e e e e s s e s s ananes 137

EXPEIMENTAL ... 138
Chapter 5

SYNTHESIS AND CRYSTAL STRUCTURE OF A GERMANIUM(II)

CALIX[6]JARENE CONTAINING UNUSUAL DIAMIDOSILYL ETHER

GROUPS ...t ettt e e e e ettt e e e e e e s s bbb e e e e e e eansrraeeeeeeans 142

1 0o [0 [1 i o] o FO PP PPPPPPRR 142

RESUIES ANd DISSCUSIONS ..ottt e et e e e e e e e e 144

(0] o Tod [0 1] [0] o - TR RSURRPPPP 163

EXPEIMENTAL ......ccoiiiiieeeeee e e e e e e 163
REFERENGCES. ... ..ottt e ettt e e e e e e sttt e e e e e e s s e e e e e e e nnnreees 169

Vi



LIST OF TABLES

Table Page
Chapter 1
1.1: Bond angles and distances for {Ge[CH(SIME2 ------oveeeeeeeriiiiiiiiiiiiiiceee e 8
1.2: Selected bond angles and distances for Ge[NgBIMe..........oovvveviiiiiinnnnnnnn. 13
Chapter 2
2.1:"H NMR spectroscopic data for the reactions of M[N(Sie with (R)-1.....29
2.2: Results of silylation reactions using various metal (Il) amides..........c.cc...........
2.3: Selected bond distances (A) and angles (degfA0(..........c..cceevrvrveeennn.. 54
2.4: Crystallographic data for compou@HL0..........oooiiiiiiiiiiiiii e 66
Chapter 3
3.1: Selected bond distances (A) and angles (°) for com@aund...................... 72
3.2: Selected bond distances (A) and angles (°) for compdands.................... 75
3.3: Selected bond distances (A) and angles (°) for comptund...................... 91
3.4: Selected bond distances (A) and angles (°) for compdunds.................... 93
3.5: UVvisible data for PXX andia-d (in CgHg solution) ...........ccooooeiiiiiiiiiiiiinnnnns 96
3.6: Fluorescence data for compouddsl (in GsHg solution) ..............cooevvveeiinnnns 98
3.7: Crystallographic data for compourd@sand4a-C.........cccoeeeeeeeeeevveeeeeeiiinnnnnns 106

Vii



Table Page

Chapter 4
4.1: Selected bond distances (A) and angles (°) for comgaund.................... 112
4.2: Selected bond distances (A) and angles (°) for com@®ids.................. 122
4.3: Selected bond distances (A) and angles (°) for compbQgids.................. 129
4.4: Crystallographic data for compourdd$-CeHs, and7-CsHe.....ocevvvveeerennnnnn. 141
Chapter 5
5.1: Selected bond distances (A) and angles (deg) for comfpaund............... 146
5.2: Electrospray mass spectrometry data for compbund................ccccceeennnn. 156

viii



LIST OF SCHEMES

Schemes Page
Chapter 1

1.1: Reaction of M(CQ)M = Cr, Mo, or W) with SN(NR)2......cceovvreriiiiiiiiiiiiiiiiinns 2
1.2: Reaction of M(CQ)M = Cr, Mo, or W) with Ge(NR)2 ......ccoeveviiieeeiiiiiiiieiiinns 2
1.3: Reaction of 7,7-disubstituted-7-germabenzonorbornadiene to y{&&d R.....3
1.4: UV irradiation of diaryl bissilylgermanium compounds ............cccceeviiieeeneiininnne. 4
1.5: Photochemical deazotination of dimethyldiazidogermangG®@k)o)........... 4
1.6: Photolytical splitting of strained cyclogermanes...........cccccvvvvvvvviiiiiiiiiiiie e, 4
1.7: Synthesis of bis[bis(trimethylsilyl)methyl] germanium(l& veaction of

bis(trimethylsilyl)methyl-lithium and germanium(ll) amide..............cceeeeeeneeeee. 6
1.8:CH activation of alkanes and ethers with Ge[CH(SiMe&);], and Phi ........... 8
1.9: CH activation of cyanide containing compounds with Ge[CH(§{Mand

1Yo 5 PP 9
1.10: CH activation of amine containing compounds with Ge[CH(§{Mend

o PR UPERPTPRR 9
1.11: Insertion o5e[CH(SiMe),]2 into CH bonds of keytones in the presence of
1Yo L RSP 10

1.12: Insertion of Ge[CH(SiM)]. into OH bonds in the absence of MgCl......10
1.13: Previous preparation of Ge[N(SH}i (NRz2 = N(SIM&)2)...vvvvivviieiieeeeennnn. 11
1.14: Synthesis of the germaniumdichlorigé-dioxane precursor compound

via the formation of the highly acidic trichlorogermanium hydride
INEEIMEAIALE. ...ttt e e e e e e e e e e e e e eeeenerenanna 14



Sche

1.15

1.16:
1.17:

1.18:
1.19:
1.20:
1.21:
1.22:
1.23:

1.24
1.25
1.26

mes Page

: Reaction of triphenylphosphine with germaniumtetrachloride and
tADULYIINNYANAE ..o 15
Reaction of triphenylphosphoniumtrichlorogermanate with triethyl amise....
Reaction of triethylammoniumtrichlorogermanate with three equivalents
lithium hexamethyldiSIlazane .............oouuiuiiiiii e 15
A few reactions of Ge[N(SiM)g], with transition metal compounds............ 16
Example of the formation of a Ge-Sibond...........ccccoeeveiiiiiii, 17
Example of the formation of a Ge-O bond ...........cccccovveiiiiiiiiiiii, 17
Example of the formation of Ge-N bond and subsequent reactions................. 18
Examples of the formation of Ge-S, Ge-Se and Ge-Te bonds................cc....... 18
Synthesis of [Ge(OAth

(n =2 and ArO = OgH,Me3-2,4,6 0f OCEHPI2-2,6) .....eoeveeeeeeeereereeenenns 19

: Synthesis of [Ge(OANArO = OCGHIMES) ...ooeeeeeiieieieeeeee e 20

: Synthesis of [Ge(OAD(ArO = OGHMe-4-BU2-2,6) .....c.ccvevvveeevieciernan 20
: Synthesis of [Ge(OAih
(n=1and ArO = OgH3Ph-2,6 or OGHPH-2,3,5,6) ...coovvvviieeeeiiiiiiiiieeeee 20

Chapter 2

2.1:
2.2:
2.3:
2.4:
2.5:

2.6:
2.7:
2.8:
2.9:

Selected interconversions of alcohols to silyl ethers ............cccovvviviicccceeen. 23
Selective interconversions of alcohols to silyl ethers............cocoeeiiiiiii, 24
Reaction ofR)-1 with 1 equivalent of M[N(SiMg]. (M = Be, Zn, Ge)........ 25
Reaction ofR)-1 with M[N(SiMes),]. (M = Be, Zn, Ge) proposed pathway...27
Reaction of Ln[N(SiMg,]s with 1.1 equivalents of 3,3
bis(diphenylphosphinoylmethyl)-1;8i-2,2"-naphthol ..............cccccinnn. 37
Reaction ofR)-1 with M[N(SiMes3)2]2 (M = Ca, MQ) ..cevvvvveiiiiiiiieiieeeeeeeeeeee 38
Reaction ofS)-8 With GE[N(SIME)2]2 . cvveeeeeeeeiieiiiieeeeieee e 50
Reaction ofR)-1 With GE[N(SIME)2] 2. eeeeeieeeeiiiiiieeeeiiieeiee e 51
Protection of 1;1Bi-2,2"-Naphthol ..o 57



Schemes Page

2.10: Lithiation of protected binaphthol SPeCIes...........cooiviiiiiiiiiiiiii s 58

2.11: Silylation of lithiated SPECIES .........coviiiiiiiii e 59

2.12: Deprotection to afford the 3,@isubstituted binaphthol.................ccccceeeee. 60
Chapter 3

3.1: Reaction of 3;3isubstituted binaphthol2&-e)with 1 equivalent of

0| TSI =) P EPR PP 68
3.2: Reaction of 3;3disubstituted binaphthol2#-e)with 2 equivalents of

HOIN(SIM) 2] 2ottt et ettt ettt e e e e e e e e e e e e e e eeeeenennnnes 69
3.3: Reaction of the pentacyclic compo@advith a second equivalent of

0| TSI =) PRSP 76
3.4: Proposed pathway for the formation of the mercuratealo complexes.....83

3.5: Proposed pathway for the formation of compo®admd4a from the

mercurated complexesC andD ...........ouuiiiiiiiiii e 84
Chapter 4
4.1: Reaction of calix[4]arene with 2 equivalents of Ge[N(S)Me................... 111
4.2: Proposed pathway for the reaction of calix[4]arene with 1 and 2 equivalents
OF GEIN(SIME)2] 2: -+ttt e 117
4.3: Reaction of calix[8]arene with 4 equivalents of Ge[N(SIML................... 120
4.4: Reaction of {calix[8]}Ggwith 4 equivalents of BECO)gy..........uvvvvrriiinrnnnnn. 127
4.5: Reaction of (Bp2,6-Me-4-GH0),Ge with FE(CO......vovevvverriveereieernee, 132
4.6: Reaction of {p-Blcalix[8]arene}Ge with F&(CO........ccccvvvrveevrreeeeeeeannne, 132

Xi



Schemes Page
Chapter 5

5.1: Reaction of calix[6]arene with 3 equivalents of Ge[N()MEL................... 144

5.2: Proposed fragmentation Pattern .............uuueiiiiiiiie e et e e e e 157

5.3: Proposed pathway for the reaction of calix[6]arene with 3 equivalents of
GG[N(SIMQ)z]z ................................................................................................ 161

Xii



LIST OF FIGURES

Figure Page

Chapter 1

1.1:
1.2:
1.3:

X-ray crystal structure of {Ge[CH(SIME]} 2.....cevvrmmmmmmrmiiiiiiiie e 7
X-ray crystal structure of GE[N(SINE 2. .. -ccoeeeeerieieiiiiii e 12
Expected structures for monomeric M{RB.. () singlet andl) triplet

[0 (010 1 T S = 1 13

Chapter 2

2.1:°Be NMR with 2 equivalents dR)-1 to show intermediate peaks................... 33

2.2:'H-NMR of the reaction product between TMS binol and 4 equivalents of

2.3:

2.4:

A series ofH-NMR (hydroxyl proton region) with first half of

Zn[N(SiMg),]» to show reaction rate. Spectrajwas recorded within the

first 5 minutes of reaction time. Subsequent spectra were recorded at 10
MINUEE INTEIVAIS ... e e e e e e e e s 43
Completion ofH-NMR series (hydroxyl proton region) after second half of
Zn[N(SiMg),], was added. Spectdeande were recorded at 5 minute

(=] V7= 1 PSR UU PP PPTTTUPUPRRRP 46

2.5:'H-NMR comparison between a spectrum showing intermediate peaks during

2.6:

the reactiofa) and one showing no visible intermediafi@supon reaction
(o0 ] 1.4]0] =3 1T o T 49
ORTEP diagram ¢§)-10. Thermal ellipsoids are drawn at 50% probability..53

Xiii



Figure Page
Chapter 3

3.1: ORTEP diagram of compouBd Thermal ellipsoids are drawn at 50%

1] 0= o111 Y2 71
3.2: ORTEP diagram of compousd Thermal ellipsoids are drawn at 50%

PrODADIILY ... 74
3.3: Full*H-NMR of compound 3#a) as well as 2 expanded hydroxyl proton

regions showing intermediates/prod(icisand a completed reaction with

evidence of only product formatif) .............uuveiriiiiiiiiin s 79
3.4:'H-NMR of compound 4a crystals. No observed peaks in the hydroxyl proton

region Of the SPECIIUM ......ooeiiee e e e e e e e e e e e e e eeeeaannnes 80
3.5:3%C-NMR of compound 4a. Spectru@) shows a full spectrungb) is an

expanded region fortn100.0 to 140.0 ppm provided for clarity ........................ 82

3.6: ORTEP diagram of compound 4b. Thermal ellipsoids are drawn at 50%

1] 0= o111 Y2 90
3.7: ORTEP diagram of compound 4c. Thermal ellipsoids are drawn at 50%

PrODADIILY ... 92
3.8: ORTEP Stacking diagram of compound 4a (b-axis). Thermal ellipsoids are

drawn at 50% Probability.........cccoeeeeieeieiiee e ———————————— 94
3.9: ORTEP Stacking diagram of compound 4a (a-axis). Thermal ellipsoids are

drawn at 50% Probability..........ccooeeiii i 95
3.10: Absorbance sperctra for compoudas.............coovviiiiiiiiiiiiiiii e 97
3.11: Numbering scheme for tHé-NMR spectra 08a-d............cccooeeeveeceeenn.. 100

Chapter 4

4.1: Structure of W{Bucalix[4]arene)Cl and
bis(calix[4]arene-11,23-dicarboxylato) dirhodium complex............cccccevvvnneee 108

Xiv



Figure Page

4.2: Structure of phosphorus containiBgcalix[4]arene and arsenic containing

BUCAIX[AJAIENE ...ttt et ts e et ees st e aaeeanes 109
4.3: Structure of [BUAIX]GE........ccveeeeeeeeeeeee ettt 110
4.4: Structural isomers of [RIRIX™S2Ge........oooeeeeeeeeeeeeeeeeeeeeeeeeeeen, 110
4.5: ORTEP diagram df Thermal ellipsoids are drawn at 50 % probability......112
4.6: Structure of {CaliX[A]}GR......coi i 114
4.7: Structure of [Ge(Q8l3(Pr),-2,6)], and [Ge(OGHx(Me)s2,4,6)]5 .............. 114
4.8:"H-NMR of expanded methylene region for compond.............cc.c.......... 116
4.9:"H-NMR 0f COMPOUNGL. .......oovevieieiecee ettt 119
4.10: ORTEP diagram 6fCsHgs. The benzene molecule is not shown, and

thermal ellipsoids are drawn at 50 % probability ..........ccccoeeeiiiiiiiiinin, 121
4.11: Wireframe drawing @& The germanium atoms are drawn in blue, the

oxygen atoms in red, and the carbon atoms in grey............eveeieiiiiiieeeeeeeenn. 124
4.12*H-NMR of methylene region for COmpouBd..............cccveeeevevieieeeeene 125

4.13: ORTEP diagram of the complete moleculé G§Hs. The benzene

molecule is not shown, and thermal ellipsoids are drawn at 50 %

PrODADIIITY ... 128
4.14: ORTEP diagram of the asymmetric unif @sHs. Thermal ellipsoids

are drawn at 50 % probability .........cccooveieiiiiiiiiiee e, 131
4.15*H-NMR of expanded methylene region for compo@nd........................ 136

Chapter 5

5.1: ORTEP diagram of compouhd Thermal ellipsoids are drawn at 50%

(1] o= 1 o111 YRS 145
5.2: Structures of {calix[4]}Gg(2), {calix[8]}Ge4 (3) and

[(CeH3{C6H3Pr2-2,6}2-2,6)GENH]2 (4) ..ot 147
5.3: Expanded methylene region of theNMR spectrum for compount........ 151

XV



Figure Page

5.4: 2D COSY NMR spectrum for compound..........ccccoeeeeeiiiiiiiiiiiiiiiiiienn e 152
5.5:8H decoupled®Si NIMR .......cooiiieeece ettt 154
5.6:H COUPIEAPIST NIMIR ...t 155

5.7: Structures of {(OH)(calix[4]arene)P},
{(OH)(ptert-butylcalix[4]arene)SiMe}, {(OH)(calix[4]arene)As}, and
{(OH)(ptert-butylcaliX[4]ar€NEAS} ......ccoooe i 160

XVi



CHAPTER |

INTRODUCTION

The initial interest in organogermanium compounds was a result of their
perceived technological importance. Nearly 62 years later technolagjalédations still
drive this chemistry, with research having intensified, citing the thermaogbmature of
these compounds as well as their uses in the field of semi-conductors and their
prospective biological and optical applicatibnés a result of this interest, the chemistry
germylene compounds, pioneered in 1948 by M. Lesbre and J. Satgé at University of
Toulouse, France, has grown considerably over this time in order to meet teataiologi
demands. Steady advances in the synthesis and characterization of these compounds
have been achieved due greatly to the advances made in spectroscopic methods.
Impressive efforts made in both carbene and stannylene chemistry hasth@duthe
progress of germylene chemistry. This is due to the fact that germybmbs cegarded
as heavy carbene anologbiaad compliment the analogous stannylene type reactions,
since they often demonstrate similar reactivity. One example of staergel
germylene compounds reacting similarly is the reaction of Sf)¢N&t Ge(NR): (R =
N(SiMe3)) with M(CO) (M = Cr, Mo, or W)? It has been observed that both the
Sn(NR), (Scheme 1.Hand the Ge(NR. (Scheme 1.% reactions result in ligand

substitution reactions which afford a final transition metal containing prolaict t



has one of the CO ligands replaced with a M{NRM = Sn or Ge).

_ [M(CO)¢l _
Sn[N(SiM&)2] >  [M'(CO)s{Sn[N(SiMe3),] 5}
M'=Cr, Mo or W

Scheme 1.1:Reaction of M(COQ)(M = Cr, Mo, or W) with Sn(NR),.?

_ [M'(CO)¢l _
Ge[N(SiM&)2]» > [M'(CO)s{Ge[N(SiMes),] o}
M'=Cr, Mo or W

Scheme 1.2Reaction of M(CQ)(M = Cr, Mo, or W) with Ge[N(SiMg)]2.2

Germylene compounds have been observed as a number of forms including

polymers, dimers, and monomeric species. The type of compound formed is greatly

influenced by the ligands attached to the germanium atom, with species gdnitikiyn

electron withdrawing ligands having been shown to stabilize the formation of monomeri

germylenes. In these cases the electronic configuration of the germaphzon{fiound,

which consists of a lone pair of electrons and a vacant p-orbital, results in diverse

chemistry. The lone pair of electrons, housed i“agwidized orbital, allows the

germylene to act as a lewis base via donation of its electron density to othes.spe

Germylenes also exhibit lewis acidity resulting from the acceptahelectron density

into their vacant p-orbitaf$.



To date several methods for the synthesis of germylene compounds are known.
One of the more common methods for the synthesis of free germylene compounds
consists of the reaction between tetraphenylgermole and dehydrobéBzkeme 1.3}
This reaction results in the formation of a 7,7-disubstituted -7-germabenzonorbamadi
intermediate. Subsequent heating or UV irradiation affords the germylene tpnduicic
can then be isolated via a hydrocarbon matrix at 77 K to prevent the formation of a

polymeric species.

R R \ / Ph

\
P € _Ph Ge

P
Ph
L - ) — e voe + JOIO
or hv
P Ph P

P
Ph Ph

R = Me, Et, Bu, Ph or 4-MePh

Scheme 1.3:Reaction of 7,7-disubstituted-7-germabenzonorbornadiene to yielel'R

Other reactions affording germylenes include UV irradiation of diaryilydiggrmanium
compoundg$Scheme 1.4) the photochemical deazotination of dimethyldiazidogermane
(Me,Ge(Ns),) (Scheme 1.5) and the photolytical cleavage of strained cyclogermanes

containing Ge-Ge bondScheme 1.6}



ArzGe(SiMeg)zL Ar,Ge + M@Si—SiMes

Ar = e.g. Ph, 4-MePh, 2,6-Meh, 2,6-E5-Ph, Mesityl and 2,4,&r,-Ph

Scheme 1.4:UV irradiation of diaryl bissilylgermanium compourtds.

Me,Ge(Ny), v Me,Ge
-3 N

Scheme 1.5:Photochemical deazotination of dimethyldiazidogermane@dé\:),).

Me,Ge-GeMe, 32

Scheme 1.6:Photolytical splitting of strained cyclogermartes.

Despite the multitude of synthetic routes for the preparation of germylbaeasotation

and characterization of these compounds has been difficult. This is a result of the fa
that most monomeric germylenes, produced by these and related methods, direedhort-
highly reactive species that undergo rapid polymerization. In order to study thes
compounds, it has been necessary to isolate them either in a hydrocarbon matrix at 77 K

or via chemical trapping methods, which commonly employ 1,3-dienes or Benzil.



Although most germylenes are unstable, stable compounds that are resistant
toward polymerization have been prepared by the attachment bulky ligands to the
germanium(ll) center. These ligands include aryl, alkyl, amido, aryloxo anbialaib
groups and have been shown to kinetically and thermodynamically stabiliz¢ eyeem
such that they are present in a monomer-dimer equilibrium or in a completely eramom
state? Of these ligand types, the two most commonly used bulky ligands to date are the
disyl (CH(SiMg),) and trimethylsilylamido ([N(SiMg]) groups, which afford the
bis[bis(trimethylsilyl)methyl] germanium(ll) (Ge[CH(SiME].) and
bis[bis(trimethylsilyl)amido]germanium(ll) (Ge[N(SiMg].) germylenes (respectively).
The monomeric nature of these germylenes stems from the selection ofgthiéicasitly
bulky ligands which aid in the stability of the species in two main ways. First, the
absence of anf-hydrogens and the presence @tsilicon impedes metal-ligand
decomposition through &elimination pathway. The second way in which these bulky
ligands stabilize the monomeric state is by inhibiting access to the retal through
steric effects which limits further reactivity. An additional featuré these two
compounds share is the presence of a significant number of methyl groups. Along wit
providing steric bulk, the methyl groups provide the added benefit of enhancing the
solubility of these compounds in hydrocarbon solvents. This in turn makes the
manipulation of these germylenes facile.

Although similar in bulk, these two common germylenes are synthesized by
different methods, exhibit different solid state structures, and have been shaffiord a

wide range of reactivity. The first of the two best known stable germylen



bis[bis(trimethylsilyl)methyl] germanium(ll) (Ge[CH(SiMp].) can be prepared via the

reaction of bis(trimethylsilyl)methyl-lithium and germanium(ll) a@{Scheme 1.75.

' . . OEb
2Li[CH(SiMes)y] + Ge[N(SiMe)al2 50 Hoc™

Ge[CH(SiMe)2]> + 2LI[N(SiMe3)7]
Scheme 1.7Synthesis of bis[bis(trimethylsilyl)methyl] germanium(ll) vigaction of

bis(trimethylsilyl)methyl-lithium and germanium(ll) amide.

The resulting germylene has been observed to be dimeric in the crystalle(&igure

1.1Y, but in solution reacts as if it were monomeric. This monomeric reaction behavior
can be attributed to the weak nature of germanium-germanium bond. The germanium-
germanium bond measures 2.347(2)A, which is indicative of a Ge=Ge double bond,

while the average germanium-carbon bond distance measures 2.011(3)A and the Ge-Ge-

C bond angles are 113.7(3)° and 122.3{2)°.



C13

Gel Gel’

Figure 1.1: X-ray crystal structure of {Ge[CH(SiMp]} 2.°



Table 1.1:Selected bond angles and distances for {Ge[CH($i}}e.°

Bond Lengths (A) Bond Angles (©)
Ge(1) — Ge(1') 2.347(2) Ge(1') - Ge(1) — C(14) 122.3(2)
Ge(1) — C(14) 1.979(9) Ge(1) — C(13) — Si(1) 119.1(4)
Ge(1) - C(13) 2.042(8) Ge(1) — C(13) - Si(2) 110.0(4)
Ge(1) - C(14) — Si(3) 113.9(4)
Ge(1) — C(14) — Si(4) 121.8(4)

Reactions involving Ge[CH(SiMg)]. generally involve CH activation in a
variety of compounds including alkanesthers’ cyanide€ amine$ and ketoned®
Most of these reactions require Mg@©F Phl to afford CH insertion, and have been
shown to yield vastly different products in their absence. Several examphesef t

reactions are shown beldBchemes 1.8-1.12)*

(SiMeg,HC, |
G€

(SiMey),HC”

(SiMes)oHC, I

G C _
(SiMeg),HC oho (S'M%)ZHC';G/' )
o (SiMes),HC
0 O, )@
\ /
(SiMegHC,

/Ge + Phl O
(SiMe),HC

. G€
(S'M%)ZHC’«GG/ ! I (SiMeg),HC”

(SiMes),HC” >/O
(SiMegpHC, I

. (Ge\
(SiMez),HC Ph

Scheme 1.8CH activation of alkanes and ethers with Ge[CH(SiMe),], and Phl’



(TMS)HC_  H
\G o
(TMS)HC_ ~ H (TMS)HC™  “CH,CN
Ge. CN
(TMS)HC  “ch (TMS)ZHC\GeiH
CH,CN CHCN (TMS),HC”  “CH(CHs)(CN)

NC(CJR A;HZCN

Ge

(TMS)ZHC/ \CH(TMS)Z

/C(CHZ)4CN \§5CH2CN
(TMS)HC_~ CN (TMS),HC_~ CN

Ge, 8 _H
(TMS),HC” N A (TMS)HC~ "N~ (TMS)HC_~ H

< /
N (TMS),HC

Scheme 1.9:CH activation of cyanide containing compounds with Ge[CH(g)p&nd

MgCl,.2
(SiMegHC, |
G
(SiMey),HC” KN/
(SiMey)HC, |
oL/
(SiMe3),HC N N
{ O
N
\ |
N
(SiMes)zHC\ O (SiMes),HC, I
\ Ge + Phi (’G/
(SiMe3),HC, [ (SiMey),HC or (SiMeg),HC H
"Ge/ / \—N/\
(SiMegHC”  N—N / L )
O M
+
(SiMeg),HC, |
ce (SiMegHC, |
(SiMey),HC @ O
N (SiMes),HC Ny
7\ \—N\

Scheme 1.10:CH activation of amine containing compounds with Ge[CH(S)Meand

Phi!?



(0] R
\

N

0]

(@]
? RR % (MesSi)HC \/ﬁ’\ O R R
cd “Ge s
H @&~ + MgCh —— — » Ge.

(MesSi),HC”

2 eq. MgC}
RC(O)CH;

(Me3Si)2HC\ /C|
Ge

(MesSi,HC”  H R = CH(SiMe),

Scheme 1.11:Insertion ofGe[CH(SiMe),]2 into CH bonds of keytones in the presence

of MgCl,.*°

R

j

/e\H 0 \/K
v)k i

o
(MesSi)HC, A
- JGe _— +
(Me38i)2HC

R = CH(SiMe),

Scheme 1.12:Insertion of Ge[CH(SiMg,]. into OH bonds in the absence of Mgé&)
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The second of the two most well-known bulky germylenes, germanium(ll) amide,
takes advantage of the use of the bulky, electron withdrawing trimethylsiidagnoups
pioneered by Biirger and Wannagao stabilize the monomeric state. As found for the
disyl ligand, the trimethylsilyl amido group stabilizes the monomerte staa result of
the absence of arfjthydrogens and the presence @fsilicon. An additional feature
that works to stabilize the monomeric state for this compound is the electhainaming
nature of the trimethylsilylamido ligands which results in an electron deficietal
center, rendering the lone pair of electrons less reactive.

A thermochromic yellow/orange liquid at room temperature, Ge[N(§i}4e
becomes colorless upon cooling to -196*@nd is typically prepared via the reaction
of germaniumdichloridd,4-dioxane with two equivalents of lithium
hexamethyldisilazane. This reaction results in the formation of the desimaglgne,

two equivalents of lithium chloride and 1,4-dioxane as the by-prodacteme 1.18*

GeCb(1,4-dioxane) + 2 LINR——> Ge(NR)> + 2LICI + 1,4-dioxane

Scheme 1.13:Previous preparation of Ge[N(SiN)g, (NR, = N(SiMey),).*

The X-ray crystal structure of germanium(ll) am{ggure 1.2) exhibits a bent singlet

state geometry rather than a linear triplet staigure 1.3)"* with the germanium —

nitrogen bond distances measuring 1.873(5) and 1.878(5) A, while the N — Ge — N angle

measures 107.1(2)(Table 1.2)*
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Figure 1.2: X-ray crystal structure of Ge[N(SiMg]..*
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RleN\\
/g@ R'R°N g@
Jo

NR!R?

RIR2N

aJ b) (
Figure 1.3: Expected structures for monomeric M(N&),. (a) singlet andl) triplet

ground staté’

Table 1.2: Selected bond angles and distances for Ge[N(§iMé&

Bond Lengths (A Bond Angles ©
Ge — N(1) 1.878(5) N(L) — Ge — N(2) 107.1(2)
Ge — N(2) 1.873(5) Si(1) — N(1) = Si(2) 120.7(3)
N(L) - Si(1) 1.751(5) Si(3) — N(2) — Si(4) 120.5(3)
N(1) - Si(2) 1.749(5) Ge — N(1) — Si(1) 124.4(3)
N(2) - Si(3) 1.757(5) Ge — N(1) — Si(2) 113.0(3)
N(2) — Si(4) 1.749(6) Ge — N(2) — Si(3) 125.3(3)

Ge — N(2) — Si(4) 112.2(3)

Although feasible, the formation of Ge[N(Siljg- via the reaction of
germaniumdichloridd,4-dioxane with two equivalents of lithium hexamethyldisilazane
results in only moderate yields. This is due to the presence of side reactiomsgesul
from the highly acidic trichlorogermanium hydride intermediate produced dilming

synthesis of the germaniumdichloritlgl-dioxane precursor compou(tcheme 1.14)

13



Et,O
2 > [HGeCh]

GeCl, + BusSnH 1,4-dioxane -

“HCl GeC}, - dioxane

Scheme 1.14:Synthesis of the germaniumdichloritig-dioxane precursor compound

via the formation of the highly acidic trichlorogermanium hydride intermefigt

In an effort to improve upon the yield this synthetic route, Roskamp and coworkers
reported a synthesis of Ge[N(Sipg. through a stabilized
triphenylphosphoniumtrichlorogermanate intermediate in £89bhis method involves a
multistep synthesis beginning with the reaction of triphenylphosphine witragarm
tetrachloride and tributyltinhydride in diethyl ether at room temperatwiel the
triphenylphosphoniumtrichlorogermanate as well as tributyltinchloBdaeéme 1.15
The triphenylphosphoniumtrichlorogermanate is then reacted with triethylaonynedd
triethylammoniumtrichlorogermanate and triphenylphospHiuhiéme 1.1 Lastly,
triethylammoniumtrichlorogermanate is reacted with three equivalentkiafm
hexamethyldisilazane to afford Ge[N(Sipg. in 70 — 77 % vyield as well as
triethylamine, lithium chloride and hexamethyldisilazane as by-prod8cte(me

1.17.2 In addition to the formation of a stabilized intermediate that reduces side
reactions, most of the final by-products of this reaction are volatile weads lto a facile

work-up?!?
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nBusSnH
—_—>

+ -
PhsPH GeC
Et,O, RT s s

PP + Ge(d

Scheme 1.15Reaction of triphenylphosphine with germaniumtetrachloride and

tributyltinhydride®®

CH,Cl,

+ —
= Et;NH GeCk + PhP

+ —
PhPH GeCh + EgN

Scheme 1.16Reaction of triphenylphosphoniumtrichlorogermanate with triethyl

amine®®

- ¢ 3 eq. LIN(TMS) _
ClsGeHNES THE > Ge[N(TMS),], + 3LiCl

+ HN(TMS), + NEg

Scheme 1.17Reaction of triethylammoniumtrichlorogermanate with three equivalents of

lithium hexamethyldisilazan®.

The reactivity of Ge[N(SiMg),]. has been shown to be versatile, allowing for
some CH insertion reactions similar to those observed for the Ge[CH{)giMes well as
many different types of reactions involving both transition and main group metal
compounds. This germanium(ll) amide has also been used for the preparation of a

variety of germanium aryloxides via a protonolysis reaction.
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With regard to the reactivity of metal (1) amides (M = Ge or Sn) wéhdition
metals, a variety of processes have been reported. These include the reaction of
germylenes and stanylenes (MXM = Ge or Sn) with transition metal compounds of
the general formula, M -X". The versatility of these reagents has been studied and is
exemplified by the fact that the reactions can be categorized into one of gga®n ty
These seven types of reactions include;NiXacting as a terminal ligandij)(acting as a
bridging ligand, i{i) inserting into a M— X" bond which creates a new ligand with the
formula MXX", (iv) reacting as al-centered nucleophile with respect to a transition
metal hydride containing compound to generate a new $pp¥cies where X = M, (V)
acting as a Xtransfer reagentyi) oxidatively adding to Mcenter in a low oxidation
state via a C — H bond insertion in M(BJRwith concomitant cyclometallation ovi{)
acting as a reducing ageéntOne example of a reaction of Ge[N(Si}4e with a
transition metal was given Bcheme 1.2 and a few more examples of these types of

reactions are provided below $theme 1.18:*

[(R3P)LNiGe[N(SiMe;),]5] + 2 cod [M'(CO)s{Ge[N(SiMes);] 2}

[Ni(cod),]
CeHs + [M'(CO)dl
2 PR M' = Cr, Mo or W
R =Ph or Me

Ge[N(SiM&)2]>

[Py [M'(CO)A(nbNMO or W

[Pt{Ge[N(SiMe3)2] 2} 3] trans-[M'(CO)4{Ge[N(SiMe3),] 2} 2]

Scheme 1.18:A few reactions of Ge[N(SiMg], with transition metal compounds?

16



The reactivity of Ge[N(SiMg),]. with organic molecules and other main group
metals has also been observed to afford a wide range of products, including the
formation of Ge-St> Ge-O Ge-N!’" Ge-S!® Ge-Se'® and Ge-T¥ bonds as well as

many others. A variety of reactions are shown belo@cinemes 1.19-1.298

Mez/Si\

Me3Si),N i
Mg _ CGeNSMe)l, (MesSIN | /?G\'T'_(S'Me?’)z
Y > R—N—S\I H ?I—N—R

| N, N
R RK

R = CH'Bu

Schemel.19Example of the formation of a Ge-Si bohd.

OH MesSk, | -C&. - SiMes CH,Cl, N__/
+ Lo T HNGMe O—Ge sl
‘ MesSi SiMe;  -HN(SiMes) - \

Scheme 1.20:Example of the formation of a Ge-O botfd.
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Ge[N(SiMey),], + (MeO)COC(N)CO(OMe)

L = N(SiMey),

L,Ge= N— N= C[CO(OMe)}

Sio, HC(N,)COPh
+
H,O N

EtOH il
+N
Ge(OHbL _&_coph
Y L2Ge<
N—N=C[CO(OMe
OEt | [CO( )b
L2Ge< H
ITI—N:C[CO(OMe)]Z
H

Scheme 1.21Example of the formation of Ge-N bond and subsequent oeadfi

1/n [M(NRp)(1- S)}

18 S
R = SiMg

Ge[N(SiM&).]>

Se Te

1/n [M(NRz)z(M- Se)]1 (RZN)ZM_-lre
Te—M(NRy),

Scheme 1.22Examples of the formation of Ge-S, Ge-Se and Ge-Te b§nds.
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Along with the reactions between Ge[N(Si)h: with transition and main group
metals, this species has been widely applied for the gereadtgermanium(ll)
aryloxides. The germanium(ll) aryloxides form either nmaecs or dimers depending on
the steric bulk of the ancillary ligands. Dimeric speciesha®en observed when the
aryl groups are either (QB,Mes-2,4,6Y° or (OGH4Pr-2,6)° The formation of
monomeric species has been observed when the aryl greu@@H;Mesy),*°
(OCsH-Me-4-Bu,-2,6)2° (OCsHsPh-2,6)° and (OGHPh,-2,3,5,6)*° Reaction schemes

for synthesis of these compounds are given beldBciremes 1.23-1.28°2°

,?\r
4 HOAr O\
2 Ge[N(SiMg)y], ———" » ArOn----G< Ge—=OAr + 4HN(SiMe),
CeHe o’
|
Ar

HsC 'Pr
HaC 'P

Scheme 1.23:Synthesis of [Ge(OAg)n (n = 2 and ArO = OgH,Mes-2,4,6 or

OC6H3Pr2-2,6)"
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MesSi_ _Ge _SiM
+ / \ ~
O MesSi SiMe; -2 HN(SlMQ;,)Z Ge/

Scheme 1.24Synthesis of [Ge(OAs) (ArO = OCsHsMesy).*°

. n-CeH
Ge[N(SiMe)l, + 2Ar0H —n-coHia 4@0\66/@— + 2 HN(SiMe),

ArO =

Scheme 1.25:Synthesis of [Ge(OAg) (ArO = OGH,.Me-4-Bu-2,6)?°

. 2 HOAr A0
Ge[N(SiMg)s], —————— Ge + 2HN(SiMe),
CeHe Ar0’

P P Ph
ArO = D—Z:> or
P P Ph
Scheme 1.26:Synthesis of [Ge(OAg)n (n = 1 and ArO = OgH3Ph-2,6 or OGHPhy-

2,3,5,6)"°
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The germanium(ll) amide Ge[N(SiM)g]; has also been observed to react with
3,3 -disubstituted binaphthols and the major calixareirethe former process, one of
the two —OH groups of the binaphthol is converted to asihér (-OSiMeg) or a
chelated binaphthoxide is generated. The product formdgpends on the steric bulk of
the 3,3 -substituents. Reactions of Ge[N(S¥lewith calixarenes generates complexes
which contain germanium(ll) sites bond to the phenoliggexyatoms of the calixarene

framework. These processes are the foci of the followiagtehns.
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CHAPTER Il

METAL-DEPENDENT REACTIONS OF BULKY METAL(Il) AMIDES
M[N(SiMes)], WITH 3,3 -DISUBSTITUTED BINAPHTHOLS (HO)CaH10(SiRs)2-
3,3": SELECTIVE CONVERSION OF ONE EQUIVALENT —OH GROUP TO A

SILYL ETHER -OSiMeg

Introduction

The protection of a hydroxyl group is an important proaessultistep organic
synthesis, which allows for the manipulation of a compaamdi subsequent regeneration
of the reactive —OH moiety. Of the various hydroxyl groupemion schemes, the
formation of silyl ethers is frequently used due to theie edipreparation, stability under
a variety of conditions and the fact that the group candaa/et to regenerate the —OH
group in a facile manner by the fluoride ion as a resuti@ktrength and stability of the
Si-F bond?* Several preparative processes for silyl ethers exist,thétmost common
being the addition of trialkylsilyl groups. These groupsude trimethylsilyl (TMS),
triethylsilyl (TES),tert-butyldimethylsilyl (TBDMS), tritso-propylsilyl (TIPS), andert-
butyldiphenylsilyl (TBDPSY?** Generally the protecting group is chosen on the basis of
stability of the Si-O bond toward acids or bases. The stabflithis bond has been

found to be dependent on the identities of the alkyl groupsdto the silicon atom with
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the Si-O bond of the -OSIM€OTMS) group being the weakest under both types of
conditions?®> One method of producing a trimethylsilyl ether involvesithe
ofhexamethyldisilazane HN(SiMg in the presence of various catalytic reagents.
Molecular iodiné*, Me;SiCP>*® amides or imid&d, copper(ll) porphrying®

trimethylsilyl triflate > tetrabutylammonium fluorid&, ZnCh,** metal chloride

complexe$? tungstophosphoric acftd silica chloride** zirconium sulfophenyl
phosphonaté& montmorillonite clay’® and zeolite¥ are some of the catalysts that can be

used. Several examples of these interconversions are $lebovnin scheme 2.1.

HMDS (0.8 equiv.), 4 (0.01 equiv.)
R-OH » R-OSiMg
CH.Cl,, RT

3ROH + (CH)3SiCl + (CHy)sSiNHSI(CHy)s > 3ROSI(CHy)3 + NH,CI

HMDS (0.7 mol),

ZnCl, (0.05 mol
CHE—Q—CHZOH 2 ) CH3—©7CHZOSiM%
CHaCN,

10 min.
Scheme 2.1Selected interconversions of alcohols to silyl ethe

The selective silylation of one hydroxyl groupaimmolecule that contains two or
more hydroxyl moieties is highly useful for syntleetpplications. Many systems have
been shown to afford silyl ether produtté?#34¢48-55ych as 5,5-dimethyl-1,3-

bis(trimethylsilyl)hydantoin or 5,5-dimethyl-1,34fiert-butyldimethylsilyl)hydantoir’
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PhPSIR; in the presence of diethyl azodicarboxylate pitdluenesulfonaté’ silyl
methallylsulfinates® and E4SiH in the presence of AuCl(xantphd$which results in
the preferential silylation of a primary alcoholtive presence of secondary and tertiary
hydroxyls (some selective silylation reactions gttewn below). Despite the synthetic
relevance, however, regioselective silylation o ef®©H group in the presence of other

identical hydroxyl groups has yet to be reported.

OH

OH
%\/\OH + /l\/SOzSi(Etb > %\/\OSi(Et)g

WOH
OH

OH
cat. TBAF/CHCIl,
+ > .
OOC, 15h OH OSI(Cl_b)?:
e} OH
(CHg)3Sk_ N)k N _Si(CHg)3
Me” o
Me

Scheme 2.2Selective interconversions of alcohols to silylezth

Bulky metal(ll) amides M[N(SiMg)]. (M = Ge, Cd, Hg) have been shown to
react with binapthof§ and calixarené8 via a protonolysis reaction to yield several

interesting products. The outcome of the reactadmaetal(ll) amides (M = Be, Mg, Ca,
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Zn, Cd, Hg, Ge, Sn) with 3'&lisubstituted binapthols was found to depend en th
identity of the metal. The products obtained reslifrom several different processes,
including the cyclization of the Binaphthol substréo furnish 1,7-disubstituteqmbri-
xanthenoxanthanes, formation of polynuclear comgdsuraving bridging binaphthoxide
ligands®® complex formatiori™ *°and the selective silylation of one of the two toyd/l
groups of the binaphthat. The mercury(ll) or cadmium(ll) amides resultedain
cyclization reaction that generated previously wvin 1,7-disubstitutederi-
xanthenoxanthan&dwhile the germanium(ll), beryllium(ll), and zin&(amides

produced mono-silylated binaphthol species. Thalte obtained clearly indicated that
the identity of the metal not only affected theunatof the products obtained, but also the

rate of the reaction.

Results and Discussion

The reaction between binapth{®)-1 and one equivalent of M[N(SiMp]. (M =
Be, Zn, Ge), was performed in a Schlenk tube irebra and was heated at 85°C for one
hour(Scheme 2.3) Upon completion of the reaction, and aqueoukumthe
monosilylated ether produ(R)-2 was isolated in greater than 85% vyield in all three
cases. The product was characterizeHbiMR spectroscopy and high resolution mass
spectrometry.

1). 1 eq. M[N(SiM@)4]»
GHs, 85°C, 1h

o * HN(SMe), + HNSiMe; + NHp + (MOX ()

M = Be, 91 %; M = Zn, 88 %; M = Ge, 89 %
Scheme 2.3Reaction ofR)-1 with 1 equivalent of M[N(SiMg)-]. (M = Be, Zn, Ge)
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Use of one equivalent of the metal(ll) amide predd product in which only one of the
two equivalent hydroxyl groups was converted tdyh sther, while the other group
remained unchanged, thus leaving it available $erin subsequent reactions. The
relative rates of these reactions were observée toetal dependent, with the most rapid
conversion ofR)-1 to (R)-2 taking place within 10 minutes when Be[N(Si)}: was
employed as the silylation reagent. The use of Z&[Me3),], resulted in the conversion
of (R)-1to (R)-2 within 20 minutes. When the Ge[N(SilpJg. reagent was used the rate
of reaction was greatly diminished, requiring actean time of 40 minutes. Other
silylation reactions were performed with varioustah@) amides to ascertain the
dependence of the reaction rate on the identith@metal. Becaug®)-1 and(R)-2

exhibit distinct resonances for their respectivdrbyyl protons, it was possible to use
'H-NMR spectroscopy to probe the reactiofR)1 with M[N(SiMes);], - NTHF (M =

Be, Zn, Ge, Sn, n =0; M = Mg, Ca, n = 2), whicloakd for the identification of several

proposed intermediates in reaction pathway shov8threme 2.4
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M[N(SiMe3)al,
- HN(SiMey),

SiMe3 SiMes

H,NSiMe;

OM[NH(SiMey)]
OH HN(SiMes),

OM[N(SiMe3),] —
OH

o

"NSiMes

O

N siMes

(R)-6 (R-3
(R)-2
(R-1
SiMes

OM[NH(SiMe3)]
s OSiMey

HN(SiMeg)y| | HaN

(R-1 OM[NH] (R)-2
- NH3 1 OSIMeg - R I —
-R-7
® “SsiMey
(R-7

Scheme 2.4Reaction of R)-1 with M[N(SiMes);]» (M = Be, Zn, Ge) proposed pathway.

The monosilylated intermediates were stable endghthey were detectable Hy-

NMR spectroscopy even though they are presentonglex equilibrium with the
reaction intermediates. All silylation reactiongially involve the loss of one —
N(SiMe;), as the free hexamethyldisilazane ( HN(SiMg. The metal of the remaining
—M[N(SiMe3),] fragment is bound to one of the oxygen atomdefliinaphthol, leaving
the —SiMg groups in close enough proximity to permit thesfar of the trimethylsilyl

group to the remaining hydroxyl.
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'H-NMR spectroscopy proved to be a useful tool fonitoring and evaluating
the rates of silylation. A resonance was obseatexichemical shift of 5.02 ppm for the
single hydroxyl of the monosilylated prodB)-2, where as a peak for the two
equivalent hydroxyl groups of binapthol react@®t1 was observed at 4.87 ppm. In
most cases a third resonance was seen at 5.30ndpal, was attributed to the reaction
intermediatgR)-3, the stability of which was observed to dependhenidentity of the
metal. Table 2.1illustrates the observed reaction times as wethasntegrated
intensities for each of the three hydroxyl resoearfor a series of silylation reactions,
while Table 2.2provides qualitative information about the ranfesaction times and
reactivity when varying the metal (1) amide empdy All data fofTables 2.1- 2.2vere

collected at 70°C.
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Table 2.1 'H NMR spectroscopic data for the reactions of M[IM&)]. with (R)-1.

Entry Equiv. Time Intensity of Intensity of Intensity of
M[N(SiMe3),]> (min) Resonance for Resonance Resonance
(R)-2 for (R)-1 for
(R)-3
1 0.5 Be 5 93.5% 6.5 % 0%
10 100 % 0 % 0%
2 1.0 Be 5 69.5 % 30.5% 0%
10 100 % 0% 0%
3 0.5 M¢? 5 7.5 % 92.5 % <1%
55 30 % 61.5 % 8.5%
155 33.5% 58 % 8.5 %
4 1.0 Mg® 5 7.5 % 88 % 4.5 %
55 19 % 72 % 9%
105 41.5 % 41.5 % 17 %
190 72 % 75 % 20.5 %
5 0.5 Cd 5 0% 81 % 19 %
155 0% 83 % 17 %
6 0.5Zn 5 10 % 84.5 % 55%
10 12 % 82 % 6 %
15 23 % 75 % 2%
20 27 % 72 % 1%
40 35 % 65 % 0%
7 1.0Zn 5 75 % 0% 25 %
10 91 % 0% 9%
15 97.5% 0% 2.5 %
20 100 % 0% 0%
8 0.5 Ge 5 7.5 % 86.5 % 6 %
10 7.5 % 86.5 % 6 %
40 11 % 89 % <1%
9 1.0 Ge 5 3.5% 95 % 1.5%
10 20.5 % 78 % 1.5 %
15 69.5 % 30.5% 0%
20 100 % 0% 0%
10 0.5 Sif 5 5% 95 % 0%
10 6.5 % 93 % 0.5%
15 8 % 91 % 1%
45 11.5% 87 % 1.5%
100 14.5 % 85.5 % 0 %

& Silylation and formation of a polynuclear spediesh occur.
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Table 2.2: Results of silylation reactions using various métalamides.

Metal Reaction Completion Time (Min)
Be[N(SiM&;);]2 <5
Zn[N(SiMez)2)2 4-7
Ge[N(SiM&),]2 20-25

Mg[N(SiMe3)z], - 2THF 4" (hours)
Sn[N(SiMey),].° 12(hours)

Ca[N(SiMe),], - 2THP Unexpected Results
Pb[N(SiMe),],° Unexpected Results
Hg[N(SiMes)],° Unexpected Results
Cd[N(SiMe&),],° Unexpected Results

& Silylation and formation of a polynuclear spediesh occur
® Formation of polynuclear species exclusively

¢ Formation of cyclized species
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These data clearly indicate a metal dependenckeorate of reaction. In both
entries 1 and 2, the reaction of 0.5 and 1 equialef Be[N(SiMeg),]. (respectively)
with binaphthol(R)-1, produced no observable intermediate and theiosaached
completion within 10 minutes. THel-NMR spectra of these reaction mixtures indicates
that(R)-1 is completely consumed in the reaction. Threaetimaal resonances attributed
to the formation of the monsilylated prod(B)-2 were also observed. Two of these
resonances @t0.51 and 0.48 ppm arise from two distinct —Sigeoups in the 3- and'3
positions that are no longer magnetically equiviaddter silylation. The third resonance
is a result of the presence of the -OSildmup and was observeddat0.30 ppm.

To further investigate the reaction pathway, B&iN{e;),].» was treated with 1, 2,
3 and 4 molar equivalents @R)-1, by adding successive equivalentg®F1 to the NMR
tube throughout the experiment. Usiiie NMR it was determined that all four —SiMe
groups present on the bisamide are available ®iruproduct formation. These
reactions also provided evidence for the formatibtihe reaction intermediat¢R)-4 and
(R)-7 (Figure 2.1) As the ratio of Be[N(SiMg;]. to (R)-1 was decreased, as sequential
equivalents ofR)-1 were added to the NMR tube, a change in the velatitensities of
the resonances for the intermediate species was\aas It was expected that the
intensity of the peak that correspond¢Rd-4 would be diminished as compared to the
resonance corresponding(i®)-7 when the ratio ofR)-1 to Be[N(SiMeg),], was
increasedecause fewer —SiM@roups are available for transfer to the adjac€i
moiety in the binaphthol. The limited availalyilif the —SiMe groups eventually
results in the exclusive generation of the —-OM}NiHoiety of (R)-7 rather than the

production of the —OM[NH(SiMg] moiety of (R)-4 as the ratio of Be[N(SiMg], to
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(R)-1 approaches 1:4. On the basis of these assumptii8e chemical shifts for
intermediategR)-4 and(R)-7 were assigned by observing the relative intergignge of
the two peaks as the stoichiometric ratio was darie

The reaction of Be[N(SiMgy], with 1 equivalent ofR)-1 in CsDg at 70°C
resulted in the appearance of two main featurésLat0 and 1.8 ppm in tH8e NMR
spectrum. Both of these resonances were shifted fine peak of the starting bisamide
which is observed @t 9.4 ppm°>’ It was observed that the intensity of the peak at
10.0 ppm was approximately 1.5 times greater iansity than the resonancedet.8
ppm, leading to the assignment of these resondadés intermediate@dR)-4 and(R)-7
(respectively). In both th#4-NMR and®Be NMR spectra, no additional changes in the
appearance of the spectra were observed afterrl At rate of reaction indicates that
all of the Be[N(SiMeg),]. is consumed quickly and is supported by the fa&t heither a
resonance for intermediat®)-3 or the starting amide is observed in iBe NMR
spectrum. The correspondifig-NMR spectrum for the reaction between 1 equiviadén
Be[N(SiMe&;),]. and one equivalent dR)-1 provided further support for the proposed
pathway, since seven peaks located in the chemstiélrange ob 0.4 to -0.3 ppm were
observed. These peaks were attributed to the SEMéhgroups present on the two
intermediategR)-4 and(R)-7. Adding a second equivalent @)-1 to the NMR tube
resulted in spectra with the same resonances itB#h&IMR as shown below. However,
the resonance attributed (f®)-4 found at6 10.0 ppm was now approximately half the
intensity of that for the resonance(8)-7 found ats 1.8 ppm. This indicated that the
intermediatgR)-7 was now present in greater abundance, as expeotadhe reaction

stoichiometry.
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Figure 2.1: °Be NMR with 2 equivalents ¢R)-1 to show intermediate peaks
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The reaction of Be[N(SiMg]. with four equivalents ofR)-1 yielded a product
with a spectrum that contained a single resonanéd & ppm which corresponds to the
intermediatgR)-7. This indicates that intermedigf)-7 remains in solution along with
the produc(R)-2; (R)-7 subsequently results in product formation throtighloss of
NHs, which is generated via the transfer of a protomf(R)-1 to (R)-7. When the
reaction is conducted on preparative scale alhi@rmediatdR)-7 is converted product
during aqueous workup. The quantity of the proslfiatmed and the intensities of the
resonances in the NMR spectra indicate that all ¥&iMe; groups are available for
transfer to one of the hydroxyl groups(B)-1, which occurs via cleavage of the
nitrogen-silicon bond during the protonolysis réact resulting in the formation of the
silylated produc{R)-2 as well as hexamethyldisilizane and ammonia. esee for
reactivity of this nature has been observed irr¢laetion of Be[N(SiMg),]. with HSPh,
which also produces NH¥® The'H-NMR spectrgFigure 2.2) corresponding to the
reaction of Be[N(SiMg),]. with 4 equivalents ofR)-1 exhibits three non equivalent —
SiMe; peaks fo(R)-7 at 0.43, 0.04 and -0.35 ppm as well as two resmesat 0.095 and
0.07 ppm. The resonance at 0.095 ppm is of waatansity than the peak at 0.07 and
is attributed to free HN(SiMg,, where as the resonance at 0.07 ppm is assigned to
H.NSiMes;.>® The assignment of the featuresdt.07 ppm to BENSiMe; is tentative,
however, since this species has been observedisygmdisproportionation to

HN(SiMes), and NH at temperatures greater than room temperature.
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The reaction of the magnesium and calcium amide$(BiMes),], - 2THF (M =
Mg, Ca) with(R)-1 occurred at a significantly slower rate than thaderved for the
beryllium amide as illustrated by entries 3-5 irblBa2.1. Reaction dR)-1 with 0.5
equivalents of Mg[N(SiMg]. - 2THF resulted in only minimal product formation
(35%) after 55 minutes as shown*NMR. No change was observed in the spectrum
after 24 hours, with the resonance & 30 ppm for the intermediafR)-3 being still
visible in the'H-NMR spectrum. Similarly, the reaction using &duivalent of
Mg[N(SiMes);]. - 2THF converts more ¢R)-1 to (R)-2, but also produces a
significantly greater amount @R)-3. Reacting 0.5 equivalents of Ca[N(Sij)i -
2THF with (R)-1 resulted in no formation ¢R)-2; however significant amounts (R)-3
were generated as shown*NMR spectroscopy and were found to be stable in
solution for long periods of time. In each of theélsree reactions a gelatinous material
was present in the NMR tube. It is likely that twempound observed is a polynuclear
metal complex that contains bridging binaphthodigands. Attempts to readR)-1 with
1.0 equivalents of Ca[N(SiMg]. - 2THF produced the gelatinous material relatively
quickly such that a satisfactory NMR could not liamed.

The formation of metal complexes having bridgimgglphthoxide ligands has
been reported for other large metals with ionigiradd electronegativities similar to that
of C&*(1.06A and 1.00 (Pauling) respectivel{)f**® One example of such a complex
results from the reaction of La[N(SiM)g]; with 3,3-bis(diphenylphosphinoylmethyl)-
1,1'-bi-2,2’-naphthol, which furnishes a dinuclear lanthanumglex incorporating

three bridging binaphthoxide ligan®fs(Scheme 2.%5hown below)
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1.1 equiv. SE + 1 equiv. La[N(SiMej3);]3

Scheme 2.5Reaction of Ln[N(SiMg),]; with 1.1 equivalents of 3,3

bis(diphenylphosphinoylmethyl)-1-bi-2,2"-naphthol.

The generation of a related polynuclear complex aday be occurring in the reactions
with the magnesium amide. However, this has nehlm®nfirmed since x-ray quality

crystals of the product have not yet been obtained.
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Based on the results observed in the magnesiuncaaidm experiments, it was
determined that the stability of the intermedi@g3 is an important factor in the
outcome of the reaction, either resulting in theegation of a polynuclear complex with
bridging binaphthoxide ligands (reactiBcheme 2.&6hown below), or formation of the
mono silylated produdR)-2. If the intermediat¢R)-3 was consumed rapidly, the
reaction results in conversion @)-3 to the other intermediatéR)-4 and(R)-7,
ultimately leading to the formation of the majooguct(R)-2. If the intermediatéR)-3
remains in solution for extended periods of timayaver, polynuclear complexes with

bridging binapthoxide ligands result from the oueoof the reaction.

* SiMe; *

MIN(SiMeg)sl2 OMIN(SiMe3),] n([R)-1

n > . _—
- HN(SiMe3), 2 OMIN(SiMeg)o] - 2n HN(SiM&y),»
™ SiMey
MesSi
M HO
M 0.,
EY
\S|Me3 Megsl/'
L _n

Scheme 2.6Reaction of R)-1 with M[N(SiMe3);]» (M = Ca, Mg).

There are three main factors that contribute ¢ostability of(R)-3, and hence the
formation of the polynuclear complex in the casilsath magnesium and calcium
bisamide. The first is the strength of the nitrogdicon bond. As the strength of this

interaction increases, so does the stability @rmediatgR)-3, since the —SiMggroups
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are tightly bound to the nitrogen and thus the pngjity for their transfer to the
neighboring hydroxyl oxygen atom is inhibited. Tigmate effect of a strong Si-N
bond is the impedance of the formation of the othermediate¢R)-4 and(R)-7 that are
formed leading to the generation(8)-2. Two additional interrelated factors include the
strength of the metal-nitrogen bond and the sttenfithe metal-oxygen bond. If the
metal-nitrogen bond strength is weaker than th#ti@imetal-oxygen bond, the reaction
will proceed towards the formation of the polynacleomplex via interaction of the
intermediatgR)-3 with an additional molecule of starting mate(R)-1 (Scheme 2
resulting in thdoss of hexamethydisilazane HN(Sipte This can be used to rationalize
why reactions involving Ca[N(SiM]. - 2THF formed the polynuclear complexes more
readily than those involving the Mg[N(SiM)g], - 2THF species. The metal-nitrogen
bond strength is expected to decrease down a gresuyiing in an increase in the
nitrogen-silicon bond strength, which is consist&ith the experimental data. Finally
there is also a correlation with the absolute hesdrof the metal cent&tsvhich suggests
a stronger M-O bond would be formed with berylliversus that with magnesium,
calcium, and the other metals employed as a reselthanced orbital overlap. A strong
metal-oxygen bond coupled with a strong metal-ggrobond as in the beryllium case
results in a weaker nitrogen-silicon bond, whidowas for the migration of the
trimethysilyl group to the adjacent oxygen atonthaf remaining hydroxyl moiety. This
results in a reduction of the stability of the mbediate(R)-3, and resulting in the
formation of produc{R)-2 as opposed to the formation of the polynuclear derp
Reactions of the group 12 metal(ll) amides M[N(SiMe (M=Zn, Cd, Hg) also

were found to be metal dependent. Of these threegesp only the zinc derivative
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generated the silylated prodB)-2 from (R)-1. The cadmium(ll) and mercury(ll)
species instead result in an intramolecular elpbific aromatic substitution reaction to
furnish either a pentacyclic species or 1,7-bisigthylsilyl)peri-xanthenoxanthane
depending on the reaction stoichiometry empla¥ed@he reaction of Zn[N(SiMg,]»
with (R)-1 proceeds cleanly to provide the monosilylated fpmbaol (R)-2. The success
of this reaction is particularly advantageous beeadn[N(SiMg),], is commercially
available and is not highly air or moisture semsitwhich allows for its use in synthesis
under a slow purge of nitrogen as rather than reguthe use of rigorous air-sensitive
techniques. Thus, the ease of this reaction miakegseful tool for organic synthesis.
The reactions of Zn[N(SiMg)], with (R)-1 were monitored byH-NMR
spectroscopy, and the experimental data is showntiies 6 and 7 ofable 2.1 The
reaction of 0.5 equivalents of Zn[N(Sik)g. with (R)-1 only yielded 35% of product
(R)-2 after 40 minutes. The hydroxyl resonance attabub intermediatéR)-3 was
observed initially, but was found to be absentradteeaction time of 40 minutes. The
peak ab 0.20 ppm corresponding to the protons of Zn[N(S)yle was also absent after
40 minutes; however, the two resonances@090 and 0.48 ppm corresponding to free
hexamethyldisilazane and unreac(By1 were still present after the reaction had
reached completion (a series'BENMR spectra are shown Figure 2.3. These data
indicate that although all of the Zn[N(Sik)g. had been completely consumed,
intermediates species remain in addition to thenéat monosilylated produ@R)-2 and

free hexamethyldisilazane.
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Figure 2.3: A series ofH-NMR (hydroxyl proton region) with first half of
Zn[N(SiMes);]» to show reaction rate. Spectraywas recorded within the first 5

minutes of reaction time. Subsequent spectra vem@ded at 10 minute intervals.
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The addition of a second 0.5 equivalent of Zn[N(&)Y]. to the NMR tube
resulted in the complete consumptionR¥-1 and the formation of botfR)-2 and(R)-3
in a ratio of 96:4 after 5 minutes. After an aghtl 2 minutes of reaction time the
resonance for the intermedigi®)-3 had completely disappeared, and only the resonance
for (R)-2 and HN(SiMg),remained. In a separate experimé@R};1 was treated with 1
equivalent of Zn[N(SiMg-], directly. The'H-NMR spectrum for this reaction exhibited
peaks for(R)-2 and(R)-3 after 5 minutes, but the resonances(R)r1 were absent at this
time (Figure 2.4). After a reaction time of 20 minutes, only theaeance fo(R)-2 was
present. These data suggest that treating Zn[NéspiM with (R)-1 in a 1:1 ratio results
in complete conversion to the silylated prod{®t2. Therefore, it can be concluded that
the reactivity of Zn[N(SiMeg);].is similar to that of Be[N(SiMg]», although the
absence of a resonance (B-3 in the reaction with the beryllium amide indicatleat

the reaction involving the Zn amide proceeds digatty slower rate.
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Figure 2.4: Completion of'H-NMR series (hydroxyl proton region) after secdvadf of

Zn[N(SiMes),]» was added. Spectdaande were recorded at 5 minute intervals.
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The group 14 metal amides Ge[N(Sily» and Sn[N(SiMg),]. have also been
employed for the conversion (R)-1to (R)-2. When 0.5 equivalents of Sn[N(Sipjig-
were reacted witfR)-1, only a 14.5% conversion {&)-2 was observedTable 2.1,
entry 10). Reacting 1.0 equivalent of Sn[N(SiMe with (R)-1 led to the formation of a
viscous material consistent with the aforementiop@gnuclear binaphthoxide
complexes observed in the reactions of the magmeand calcium amides. However,
the germanium species was found to react in aaimibnner to that of the beryllium and
zinc amides. The treatment(@)-1 with 0.5 molar equivalents of Ge[N(Sik)g»
generated 11% dqR)-2 after 40 minutes. The generation and subsequ&suoaption of
(R)-3 was also observed as the reaction proceeded.ngd@dsecond equivalent of the Ge
amide to the NMR tube resulted in the conversiothefremainindR)-1 to the product
(R)-2, and the signal @t 5.47 ppm for the intermediafB)-3 was no longer present.
Reaction of{R)-1 with 1.0 equivalent of Ge[N(SiMg]. resulted in the complete
conversion ofR)-1 to the productR)-2 within 20 minutes. During the reaction, the
resonance for intermediatie)-3 was visible ab 5.47 ppm for the first 12 minutes, after
which time it was abseiftH-NMR comparison, Figure 2.5) A second downfield
resonance was also visible during this tim& at22 ppm, which was assigned to the
second hydroxyl-containing intermediate spei®st. This species appears to be only
transiently stable, and rapidly undergoes a silglg transfer to fornfR)-7. It was also
found that the intensities of intermedia(B¥-3 and(R)-6 decreased at the same rate and

subsequently disappeared from theNMR spectrum at the same time.
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Figure 2.5: *H-NMR comparison between a spectrum showing intdiate peaks
during the reactiofa) and one showing no visible intermediafi@supon reaction

completion.
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The reaction of metal(ll) amides (M= Be, Zn, Gesaabccurs with the more
sterically encumbered binaphtH{&-3-3"-bis(dimethylphenylsilyl)-1,1bi-2,2"-naphthol
(9-8. The germanium species reacts with this subsgerterating botkS)-9 and a
chelated germylene produ@®)-10in 27% and 48% vyields (respectively) when
Ge[N(SiMe&),]. is reacted witl{S)-8 in a 2:1 ratio. A similar outcome was not observed
for the beryllium and zinc amides where o(y-9 was formed in the reaction. The
formation of(S)-10 results from the protonolysis reaction betweenNg8{Me;),], and
(9-8 as shown irscheme 2.7 Similar reactivity of the germanium(ll) amideytmot for
the other metal bisamides, has been reported éaretdction of Ge[N(SiMg,]» with (R)-
1in a 2:1 molar ratio which resulted in the forrmatof the producfR)-2, as well as the

bis (binaphthoxide) germylene compléRR)-11) " as shown below iEquation 2.8

Ge[N(SiMe&)2]2
_—
CsHe

(9-10 (9-9
48 % 27 %

Scheme 2.7Reaction ofS)-8 with Ge[N(SiMey),]».
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1 eq. Ge[N(SiMg)al,
CeHe, 75°C, 10
- HN(SiMey),
- HoNSiMeg
- NH;

(RR)-11

Scheme 2.8Reaction ofR)-1 with Ge[N(SiMey)2]-.

Reactions employing Be and Zn did not exhibit tiisctivity presumably due to the
more rapid rate at which these two species cong&¥teto furnish the silylated product
(9-9.

The compoundS)-10 was characterized by NMR spectroscopy and X-ray
crystallography® An ORTEP diagram of)-10is shown irFigure 2.6and bond
distances and angles are collectedable 2.3 The germanium-oxygen bond distances
are slightly elongated when compared to thoseefd¢hated specig®®,R)-11 at an
average of length of 1.874(3)A versus 1.814(2)TAis is likely due to the larger 3;3
substituents attached to the binaphthol ring$jfl0, as well as the chelate effect of the
seven-membered GgQ, ring. The O-Ge-O bond angle in prod(®F10 was found to
be 97.9(1)°, which is slightly larger than thatloé (R R)-11 species which measures
89.4(7¥. This is a significant deviation from the expecigeal bond angle of 90° and
may also be attributed to the chelating naturdefiinaphthol. The two binaphthol rings
are rotated by 64.6° relative to one another vetsiparent binaphthol, where the
relative orientation of the rings approachesd0¥his is also an effect of the
incorporation of the binaphthol ligand into the @mbered ring. The Ge-N bond
distance is relatively long at 2.107(4)A, whichiridicative of a dative interaction

between the lone pair of electrons from the nitrogem and a vacant p-orbital of the
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germanium(ll) center. The presence of Nithis crystal structure indicates that
ammonia is being generated in this reaction asduyat of the silylation reaction ¢§)-8

to furnish(9)-9.

52



QD C29 C32 C33

Figure 2.6: ORTEP diagram ofS)-10. Thermal ellipsoids are drawn at 50% probability.
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Table 2.3 Selected bond distances (A) and angles (dedBfet0.

Ge(1) - O(1)
Ge(1) - O(2)
Ge(1) - N(1)
0(1) - C(1)
0(2) — C(20)
C(10) — C(11)
C(1) - C(10)

C(11) - C(20)

1.886(3)
1.863(3)
2.107(4)
1.363(5)
1.364(4)
1.501(5)
1.380(5)

1.390(5)

O(1) - Ge(1) - 0O(2)
0(1) - Ge(1) — N(1)
0(2) — Ge(1) — N(1)
C(10) — C(1) - O(1)
C(11) — C(20) - O(2)
C(1) - O(1) - Ge()

C(20) — O(2) - Ge(1)

97.9(1)
81.6(1)
96.2(1)
120.7(4)
120.6(3)
118.9(2)

122.4(2)

C(1) — C(10) — C(11) — C(20%4.6(1)

Reaction of more sterically encumbered binaphtivitls metal(ll) amides were

not successful. No reaction was observed upoimtiegd of eithe(S)-3,3'-

bis(diphenylmethylsilyl)-1,xbi-2,2"-naphthol or(S)-3,3"-bis(triphenylsilyl)-1,1-bi-2,2'-

naphthol with the metal(ll) amides M[N(SiMg]. - nTHF (M = Be, Zn, Ge, Sn,n=0; M

= Mg, Ca, n = 2). Furthermore, the related stron{il) amides did not serve for the

conversion ofR)-1to (R)-2. The failure of these reactions is likely an effef the steric

bulk of the phenyl groups in the 3- and 3"- posisiowhich would hinder the accessibility

of the hydroxyl groups and make it difficult to geate the intermedia{®)-3, which is

key for the process to occur.
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Conclusions

The bulky metal(ll) amides M[N(SiMg]. (M= Be, Zn, Ge) have been observed
to cleanly transfer a —SiM@roup to an oxygen atom of one of the hydroxylugoof
either(R)-3,3-bis(trimethylsilyl)-1,1-bi-2,2"-naphthol (R)-1) or (§-3,3'-
bis(dimethylphenylsilyl)-1,Ebi-2,2"-napthol (S)-8) to furnish a silyl ether group. The
pathway of the reaction involves a cleavage of3hl bonds in the
bis(trimethylsilyl)amido ligands of the M[N(SiMg]. reagents, ultimately leading to the
formation of ammonia and the silyl ether speci@B.four —SiMe; groups are potentially
available for transfer in this reaction as showrstigchiometric’Be NMR studies. The
comparative rates and competing processes inditatt¢he relative strength of the Si-N
bond of the metal(ll) amide dictates the rate efrdaction.

Qualitative NMR experiments demonstrated thatr#aetion of(R)-1 with one
equivalent M[N(SiMe),].-n THF (M = Be, Zn, Ge, Sn, n =0; M = Mg, Ca, 8Hs
dependent on the identity of the metal. The mitaides M[N(SiMg),]. (M = Be, Zn
or Ge) were shown to cleanly and exclusively furrilee mono silyl ether produ(iR)-2
in excellent yields, with the rate of reaction lgeobserved to decrease in the order
M=Be > M=Zn > M=Ge. The magnesium and tin amidexipced som¢R)-2, but were
shown to preferentially react wi(R)-1 to form a polynuclear species having bridging
naphthoxide ligands, and the reaction of Ca[N(S)Me- 2THF with(R)-1 was observed
to undergo the formation of the polynuclear speebdusively. When one methyl group
of (R)-1 is exchanged for a phenyl group in the 3,3 -gillgitituents ((SB), the
beryllium or zinc amides exclusively convert oneH-@roup of the substrate to a

—OSiMg moiety to furnisiS)-9, where as thgermanium(ll) amide producé€S)- 9 as a
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minor product (yield = 27%) and the germanium(ihaphthoxide complekS)-10 as the
major product (yield = 48%).

The outcome of the reactions of beryllium, zind germanium amides wiifR)-
1 all are similar despite the fact that they hagaisicant differences in hardness and
oxophilicity. Furthermore, the silylation reactiappears to be dependent on the
proximity of the two hydroxyl moieties, since theyist be close enough for the —SgMe
group transfer to occur during the intermediatesplaf the reaction. Increasing the
steric bulk of the substituents at the 3,3" posgimcreases the distance between the two
hydroxyl groups as the relative angle of rotatibthe two naphtyl rings increases.
When the hydroxyl groups are too far apart thetr@a®o longer proceeds, as
demonstrated by the absence of the reaction ah#tal(ll) amides with the sterically

encumbered 3;3diphenylmethylsilyl) or 3,3(triphenylsilyl) binaphthols.

Experimental

General Considerations:Caution! Bel N(SMe3),] 2 istoxic, a known carcinogen,
and should be handled in a well-ventilated fume hood using proper personal protective
equipment. All manipulations were carried out using standgiaebox, Schlenk line,
and syringe techniqués. *H, °C and®Be NMR spectra were recorded using a Varian
Inova spectrometer operating at 400, 100.6, or BB42 (respectively)."H and**C
NMR spectra were referenced to resonances §bg @hile °Be NMR spectra were
referenced to external 1.0 M Be(B)@in D,O. High resolution MS data were obtained

at Purdue University and elemental analysis wasiged by Desert Analytics.
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Preparation of (R)-1

The reactanfR)-1 was prepared following the standard preparatioteasribed
by Buismaret al. with a few modification$® Protection of the two hydroxyl groups was
achieved by adding 18.130g (23.95ml) of ethyl vietyler slowly via syringe to a
solution of 18.0g ofR)-1,1-Bi-2-naphthol in dichloromethane (50 to 200mlxiB00mI
schlenk flask under a nitrogen atmosphere. Omm®tighly mixed, a catalytic amount
(1.578g, 10 mole %) of pyridinium toluene-4-sulftmaas added and the reaction was
left to stir at room temperature for 3 days undemert atmosphere (scheme 2.9). Upon
the completion of the reaction the remaining catalyas quenched with 100ml of
deionized water resulting in a burnt orange colgrexdtiuct. Product isolation was
achieved via extraction with diethyl ether (50-1008x) and a brine solution (50-100ml,
3x). The organic phase was separated and driedaogdrous magnesium sulfate.
Gravity filtration was used to remove the magnessutiate and the remaining organic

solvent was removeieh vacuo yielding the protected binaphthol product as #oyebil.

1.4eq. /\OEt
O
s—o ||
2. 10 Mole % . 5N T
) OCHOCH,CHs
3. CH,Cl 1, wOCHOCHCH;
! CHg

Scheme 2.9Protection of 1,1Bi-2,2"-Naphthol.
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Lithiation of the 3 and 3positions of the protected binapthol was achidwed
reacting 69.3g (100ml, 4 molar equivalents) of tyblithium (2.5M in hexanes) in
diethyl ether with the protected binaphthol in mamnsimilar to that of the protection
reaction Gcheme 2.1) The mixture was stirred over night at room tenapure under a
nitrogen atmosphere. Product separation was asthigia Canulation of the brown
colored solid product to a fritted filter using agnsitive procedures. The product was
then washed three times with dry diethyl ether @meld under reduced pressure to

remove any remaining ether.

CH .
o<|:H30(:rbCH3 T
1 deq N OCHOCHCH;
dg_ﬂ,.o&:sCHZCHs 2. CHCH0CH,CH; . ~OCHOCHCH,
E : CHs
"""" N

Scheme 2.10Lithiation of protected binaphthol species.

Silylation of the 3 and "Jpositions was affected by reacting 3.10g oG®IEI
with 3.657g of the protected lithiated salt in abtydrofuran overnightScheme 2.11L
The same aqueous work up that was used for theqgtiar procedure was then applied

to yield the protected trimethylsilyl binol.
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Equation 2.11:Silylation of lithiated species.

Deprotection of the protected trimethysilyl bin#pdl was accomplished by
reflux in anhydrous ethyl alcohol with 0.208g (10m36lar equivalents) the catalysts
pyridinium toluene-4-sulfonat&SCheme 2.12 The reaction was allowed to cool and
unreacted catalyst was quenched with deionizedrwdiee organic layer was extracted
with 100ml of diethyl ether (3x), followed by washeith a brine solution (100ml, 3x).
The product was dried over anhydrous MgSiltered via gravity filtration. Lastly the
product was subjected to column chromatographygusib000ml flash column packed
with .060-.200mm pore diameter silica gel from Agyoemicals. The eluent used
consisted of an 80:20 hexane to ethyl acetate nextall fractions were rotovaped and
evacuated on a Schlenk line to yield the desiredyxt(R)-1 as a white solid. The

purity of each fraction was then assessed UsiyMR.
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Scheme 2.12Deprotection to afford the 3;8lisubstituted binaphthol.

Preparation of (R)-8 and (S)-8
The preparation of reactar{i®)-8 and(S)-8 followed the same protocol as was
used for the synthesis @R)-1, using PhMgSiCl to afford silylation of the 3,"3ositions

rather than MgSiCl.

Preparation of Ge[N(SiMe&3)2]

Ge[N(SiMe),]. was prepared following protocols similar to thésend in the
literature™® " To a solution of germanium(1V) chloride (38.023ig diethyl ether (200-
250ml) in a 500ml schlenk flask was slowly add&ohienyl phosphine (46.507g ) and
tributyl tin hydride (51.606g, 47.00ml). The reatewere allowed to stir for 15 minutes,
after which time the diethyl ether was canulatddhatl dry dichloromethane (100ml)
was added to the reaction vessel. The mixturestiaed until the entire solid dissolved.
Fresh diethyl ether (50ml) was then added andeéetion was placed in a freezer to sit
overnight. Removal of the solvents via canulatiofipwed by three washes with diethyl
ether (50ml) and evacuation of the remaining vigatunder reduced pressure yielded

PhPHGeC} as a pure white powder.
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To a solution of P#PHGeC} (69.048g obtained from reaction 1) in
dichloromethane (200ml) was slowly added triethyiree (15.797g, 87.04ml, 4 molar
equivalents) in a reaction vessel being cooled staadard ice bath. Once all of the
triethyl amine was added, the ice bath was remawelthe reaction was allowed to come
to, and stir at room temperature for 90 minuteke $olvent was then removed by way of
Schlenk line evacuation procedures and the reaataswashed with hexane (50ml, 5x).

Lastly a solution of lithium bis(trimethylsilyl)aiche (26.123g, 73.978ml, 2.8
molar equivalents) in tetrahydrofuran was canulatéalthe product from the previous
reaction with the solution being kept 4C0via an ice bath. The solution was left to stir
at room temperature overnight. Once completeaheest was evacuated from the
reaction and the remaining liquid was filtered tigb a fritted filter containing Celite.

The remaining liquid was subjected to short pastiltiition at a temperature of &5,

under a reduced pressure, affording Ge[N(S)Mgas the final product in the form of a
reddish-orange liquid. Allowing the product to ttmroom temperature produced some
crystalline material, with the product fully becargia yellowish-orange crystalline solid
after sitting in a freezer for a short tim#4-NMR was used to verify the composition

and purity of the product.

Preparation of Other Metal(ll) Amides
The other metal(ll) amides Be[N(SiMg»,"> Mg[N(SiMes),]»-2 THF/®""
Ca[N(SiMey),]»-2 THF!® Zn[N(SiMes),]»,”® and Sn[N(SiMe);]."* were prepared

according to literature procedures or slight vaoiat thereof.
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Preparation of (R)-2 using Be[N(SiMg)2]»

To a solution ofR)-1 (0.749 g, 1.74 mmol) in benzene (10 ml) was added
solution of Be[N(SiMeg),]2 (0.582 g, 1.76 mmol) in 20-30ml benzene. Thetreac
mixture was sealed in a Schlenk tube and heat®8 & for 1 h. The tube was opened in
air, the organic phase was washed with deionize¢drnfa x 10 ml). The organic phase
was separated, dried over anhydrous Mg®@d the benzene was remowvedacuo to
yield 0.795¢g (a 91% yield) ¢R)-2. *H-NMR (CsDs, 25°C) & 8.15 (s, 1 H, 4-H), 8.12 (s,
1 H, 4-H), 7.74 (d, 1 HJ = 9.0 Hz, 9-H), 7.70 (d, 1 H,= 9.0 Hz, 9-H), 7.28 — 6.94 (m,
6H, aromatics), 5.02 (s, 1 H, H), 0.51 (s, 9H, -SiMg3), 0.48 (s, 9H, -SiMe3"), -0.30
(s, 9H, -OSiMeg) ppm. **C-NMR (CsDs, 25°C) 5 158.0, 157.0, 139.1, 137.8, 136.0,
135.8, 130.8, 130.2, 130.0, 129.2, 129.0, 128.9,1A425.9, 125.8, 125.0, 123.9, 117.6,
115.4, 1.3, 0.5, -0.3 ppm. HRMS: Calcd. fopldssO,Si,: mz502.2180. Found:

502.2180.

Preparation of (R)-2 using Zn[N(SiM&;),].

In a manner identical to the reaction(Bj-1 with Be[N(SiMe)2]», a solution of
(R)-1(1.571 g, 3.648 mmol) and Zn[N(SiNg, (1.425 g, 3.690 mmol) in 60 mL of
benzene was heated at 85 °C for 1 h to furnish2lgedf (R)-2 (88 %) after aqueous

workup.

Preparation of (R)-2 using Ge[N(SiMg)2]

In a manner identical to the reaction(Bj-1 with Be[N(SiMe);]., a solution of

(R)-1(0.775 g, 1.80 mmol) and Ge[N(SiNg> (0.712 g, 1.81 mmol) in 35 ml of
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benzene was heated at 85 °C for 1 h to furnish20g86f(R)-2 (89 %) after aqueous

workup.

NMR Scale Reactions of 1 equiv. M[N(SiMg,]. with (R)-1 (M = Be, Mg, Ca, Zn,
Ge, Sn)

A representative procedure is as follows: To atsmh of (R)-1 (0.050 g, 0.12
mmol) in benzenel (0.50 mL) was added 0.5 equiv. Zn[N(Si§i. (0.022 g (0.057
mmol) in benzenek (0.25 mL) in an NMR tube, which was inserted iatpreheated (70
°C) NMR spectrometer. The spectrum was recordsdatessive 5 min intervals after
mixing the sample. After a total reaction time46fmin, an additional 0.5 equiv. of
ZNn[N(SiMes),]» (0.022 g (0.057 mmol) in benzedg{0.25 mL) was added via syringe,
and the spectrum was recorded at 5 min intervBfte® reaction was shown to be
complete after 20 min. An identical procedure Yadi®wed for the other M[N(SiMg)]
reagents usinfR)-1 (0.050 g, 0.12 mmol) and the following amounts@dy equiv. of
metal(ll) amide: M = Be (0.019 g, 0.058 mmol); Mvig (0.0238, 0.057 mmol); M = Ca
(0.025, 0.057 mmol); M = Ge (0.023 g, 0.057 mmMl);= Sn (0.026 g, 0.057 mmol).
For reactions using 1.0 equiv. metal(ll) amide: Me=(0.038 g, 0.12 mmol); M = Mg
(0.050, 0.12 mmol); M = Ca (0.052, 0.12 mmol); M&e (0.046 g, 0.12 mmol); M = Sn

(0.051 g, 0.12 mmol).

Reaction of Be[N(SiMe),]. with (R)-1: °Be NMR Study.

A solution of Be[N(SiMg),]» (0.078 g, 0.24 mmol) was prepared in benzéne-

(0.50 mL) in a NMR tube and it8e NMR spectrum was recorded. A solutior(R}f-1
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(0.103 g, 0.239 mmol) in benzedg{0.20 mL) was added via syringe. The sample was
mixed and inserted into the NMR spectrometer, whiels preheated to atf@) and the
°Be NMR spectrum was recorded 5 min after mixiAglditional spectra were recorded
at regular (10 min) intervals over 1 h. Similadysecond equiv. ¢R)-1 (0.103 g, 0.239
mmol) in benzenel (0.20 mL) was added to the tube, and the progred® reaction

was observed over a 1 h period. Addition of ahfeir2 equiv. ofR)-1 (0.208 g, 0.483
mmol) in benzenel (0.20 mL) and monitoring the reaction #8e NMR spectroscopy

indicated the reaction had gone to completion.

Preparation of (R,R)-11/(R)-2"°

To a solution of Ge[N(SiMg;]. (0.658 g, 1.67 mmol) in benzene (10 mL) was
added a solution dR)-1 (1.46 g, 3.39 mmol) in benzene (5 mIThe reaction mixture
was sealed in a Schlenk tube and heated’& &% 18 h, after which time pale-yellow
crystals had precipitated. The reaction mixturs alowed to cool and was filtered on a
fritted glass funnel. The solvent was removed ftomfiltrate, and the resulting material
was subsequently recrystallized twice to furnishremaystalline product, yielding a total
of 0.573 g of (R,R)t1 (32%). Evaporation of the combined mother ligudarsished
0.302 g of(R)-2 (36%). *H-NMR for (R,R)-L1 (CsDg, 25 °C)8 8.16 (s, 2 H, 4,4
hydrogens), 7.69 (d, 28J(H, H) = 8.1 Hz, 6,6hydrogens), 7.46 (d, 2 RJ(H, H) = 8.1
Hz, 8,8 hydrogens), 7.28-6.83 (aromatics, 14 H), 0.68 (4, -OSiCH3), 0.24 (s, 18 H, -
SiCHs), -0.28 (s, 18 H, - SiBs) ppm. **C NMR (GsDe): § 157.3 C-O-Ge), 138.2¢-O-

SiMe), 134.9, 129.8, 128.9-126.8 (aromatics), 12€-B{Mes), 123.9 C-SiMes), 5.4
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(OSICH3), 2.8 (SCH3), -0.6 (SCH3) ppm. Anal. Calcd. for £gH7404SisGe: C, 64.72; H,

6.93. Found: C, 63.44; H, 6.83.

Preparation of (S)-9/(S)-10

To a solution of Ge[N(SiM#£,]2(0.197 g, 0.50 mmol) in benzene ( 5ml) was
added a solution d5)-9 (0.563 g, 1.02 mmol) in benzene (5 ml). The rieaanixture
was sealed in a Schlenk tube and heated at 85 ABflo, after which time colorless
crystals of(S)-11 had precipitated. The reaction mixture was alloveedool and was
filtered on a glass fritted funnel to yield 0.1451S)-10(48%). Evaporation of the
mother liquor furnished 0.0885 g (27%)(8}-9. *H-NMR for (9)-10 (CsDs, 25 °C)s
8.18 (s, 2 H, 4,4hydrogens), 7.79 (dJ(H,H) = 8.1 Hz, 2 H, 6,6hydrogens), 7.58 (m, 4
H, aromatics), 7.35 (dJ)(H, H) = 8.4 Hz, 8,8hydrogens), 7.14 - 7.08 (m, 10 H,
aromatics), 6.94 - 6.92 (m, 2 H, aromatics), 05/%(H, -Si(¢3).Ph), 0.68 (s, 6 H, -
Si(CH3)-Ph) ppm.*H-NMR for (S)-9 (CeDs, 25 °C)5 8.04 (s, 1 H, 4-H), 7.96 (s, 1 H-4
H), 7.90 (d, 1 HJ = 6.9 Hz, 9-H), 7.70 — 6.90 (m, 17 H, aromatié&s);7 (s, 1 H, -©l),

0.76 (s, 6H, -Si(€l3).Ph), 0.72 (s, 6H, -Si(Es).Ph), -0.50 (s, 9H, -OSiMEppm.

X-Ray Crystal Structure of (S)-10

A colorless block 0.10 x 0.10 x 0.10 min size was mounted on a Cryoloop
with Paratone oil. Data were then collected intabgen gas stream at 208(2) K using
phi and omega scans. Crystal-to-detector distaase60 mm and the exposure time was
10 seconds per frame using a scan width of 0.3fta Dollection was 97.6% complete to

25.00° inO. A total of 8663 reflections were collected comgrthe indices, -10<x<=3,
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-12<=%<=5, -45<4<=47. 6711 reflections were found to be symmetdependent, with
an Ry of 0.0278. Indexing and unit cell refinement gated a primitive, orthorhombic
lattice. The space group was found to be P2(122{)XNo. 19). The data were
integrated using the Bruker SAINT software progiamd scaled using the SADABS
software program. Solution by direct methods (8®4) produced a complete heavy-
atom phasing model consistent with the proposenattstre. All non-hydrogen atoms
were refined anisotropically by full-matrix leagftmres (SHELXL-97). All hydrogen
atoms were placed using a riding model. Theirtpmss were constrained relative to
their parent atom using the appropriate HFIX commnarSHELXL-97. Selected

crystallographic data for compouf®-10is given below inTable 2.4

Table 2.4 Crystallographic data for compourfs)-(0

formula GeH3:GeNQGSh
space group P2,212;
a(A) 8.373(5)
b (A) 10.529(6)
c(A) 36.10(2)
a (%) 90
B () 90
7 (%) 90
V (A% 3183(3)
Z 4
peaic (g cmit) 1.341
temperature (K) 208(2)
radiation Moka
wavelength (A) 0.71073
R 0.0490
Ry 0.1069
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CHAPTER IlI

REACTION OF BIS(BIS(TRIMETHYLSILYL)AMIDO)MERCURY((Il) WITH 3,3"-
DISUBSTITUTED BINAPHTHOLS: CYCLIZATION VIA AN INTRAMOLECULAR

ELECTROPHILIC AROMATIC SUBSTITUTION REACTION

Introduction

Polycyclic aromatic and heteroaromatic compounde feeen of significant
interest due to their electronic properties andfdlcethat they might be used as organic
conductor$®®® Recently, the long-known heteroaromatic spepéeisxanthenoxanthene
(6,12-dioxaanthanthrene, PXX) has been employednumber of both orgarfic®® and
inorganié” charge transfer complexes as well as conductit®, szcluding cobaft' 2
salts and iroff*° phthalocyaninato complexes. The PXX compoundi@ncbmplexes
have been successfully used as organic and ina/gagenic conductor§®, with the
PXX also having also found applications as pigniegitedients. Originally the
hexacyclic species (6, 12-dioxaanthanthrene) waggoed by the reaction of 1;hi-
2,2 -naphthol with copper(ll) acetat® while the synthesis of substituted derivatives of
PXX were previously unknown.

We have developed a methodology for the preparatid® XX and its derivatives

using the sterically encumbered mercury(ll) ami@dgN{SiMes)-]- (1).”° The reaction of

Hg[N(SiMe;3),]. with 1,1-bi-2,2"-naphthol was shown to cleanly furnish PXX, while
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similar reactions using 3, @lisubstituted-1,%bi-2-naphtols were observed to afford 1,7-
disubstitued derivatives of PXX in high yields, wi¢he later materials are potentially
useful in combinations with organic molecules amarganic complexes to furnish
potentially conductive materials. Four 1,7-silglgbstituted derivatives of PXX were
prepared, and the reaction leading to these spe€iesinvestigated vitH and***Hg

NMR spectroscopy.

Results and Discussions

The reaction of the mercury(ll) amide Hg[N(Siit (1) with 3,3-disubstituted-
1,1'-bi-2,2’-naphthols 2a-d) or the unsubstituted parent molecule’hit2,2 -naphthol
(2e) were observed to undergo an intramolecular elpbitic aromatic substitution
reaction involving mercuration of the hydroxyl gpsufollowed by attack at the 9-
position of the adjacent naphthyl ring and subsetjegtrusion of elemental mercury.
This resulted in the formation of either pentaaydr hexacyclic fused species depending
on the reaction stoichiometry employed (ReacBchemes 3.-nd3.2 are shown

below).

OO R ‘O R ‘O R
OH 1 eq. Hg[N(SiMe)J]> (1) OH . o)
OH CeHe, 24 h, 85°C o) o.

‘O R R ‘ ‘ R ‘ ‘

+ HN(SiMe&y), + Hg

2aR =SiMg 3a R =SiMg 4a R = SiMg
2bR = SiMePh 3b R = SiMePh 4b R = SiMePh
2cR = SiMePh 3c R = SiMePh 4c R = SiMePh
2dR = SiPh 3d R=SiPh 4d R = SiPh
2eR=H 3e R=H 4e R = H (PPX)

Scheme 3.1Reaction of 3,3disubstituted binaphthol24-e)with 1 equivalent of

HQ[N(SiMe)2]2
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2 eq. HgIN(SiMe)2l> (1)
CeHe, 24 h,85°C

+ 4HN(SMe), + 2Hg

2a R = SiMg 4a R = SiMg
2b R = SiMePh 4b R = SiMePh
2¢ R = SiMePh 4c R = SiMePh
2d R = SiPh 4d R = SiPh
2e R=H 4e R = H (PXX)

Scheme 3.2Reaction of 3,3disubstituted binaphthol2#-e)with 2 equivalents of

HIN(SiMes)z]2.

The reaction of one equivalent of Hg[N(Sij¢, and2a was performed on a
preparative scale in benzene at a temperature®@f &ser 12 hours. Throughout the
course of the reaction, various color changes wbserved. Initially, upon the addition
of 2ato the mecury(ll) amide, the reaction mixture inaiag¢ely turned dark yellow in
color, and after five minutes of heating a darkpbefred solution was observed. Upon
completion of the reaction, the solution was yelgneen in color and beads of mercury
metal were clearly visible in the bottom of theatéan vessel. Filtration of the mixture
in air and removal of solveir vacuo yielded an orange/yellow solid. The crude product
was then analyzed usiri-NMR spectroscopy, and four resonances were ebehilin
the alkylsilyl region ab 0.54, 0.51, 0.46, and 0.43 ppm indicating theges of the
starting materiala (6 0.46 ppm) and two other species.

The crude product was recrystalized from a leoiziene solution to furnish the

pentacyclic compound (Dibenzo[a,kl]xanthen-133&d)n 37% yield. This was
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confirmed via X-ray crystallographic analysis, and**C NMR spectroscopy, and by
elemental analysis. An ORTEP diagram of the pgutaccompound3ais shown in
Figure 3.1, and selected bond angles and distances aretedllgTable 3.1 The two
intracyclic C-O bond distances 8a between O(1) and C(10) and O(1) and C(13)
(1.383(2) A and 1.380(2) A, respectively) are ngaténtical to the exocyclic O(2)-
C(20) bond distance of 1.378(2) A. Furthermore,fthe-ring system is not planar, but
rather puckered as indicated by the torsion araflés64 ° and 4.44 ° in the central@

ring about O(1)-C(10)-C(9)-C(11) and O(1)-C(13)-2¥LC(11), respectively.
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Fig. 3.1: ORTEP diagram of compoudd Thermal ellipsoids are drawn at 50%

probability.
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Table 3.1 Selected bond distances (A) and angles (°)dorppund3a.

O(1) - C(10) 1.383(2) | C(9) - C(11) 1.473(2)
O(1) - C(13) 1.380(2) | Si(1) - C(19) 1.883(2)
0(2) — C(20) 1.378(2) | Si(2)-C@) 1.882(2)
C(1)-C(2) 1.373(3) | C(11)-C(12) 1.428(2)
C(1) — C(10) 1.416(3) | C(11) - C(20) 1.386(2
C(2)-C@3) 1.411(3) | C(12)-C(13) 1.404(2)
C@3)-C(4) 1.412(3) | C(12)-C(17) 1.414(2)
C@3)-C(8) 1.421(3) | C(13)-C(14) 1.367(3)
C(4) - C(5) 1.343(4) | C(14)-C(15) 1.401(3)
C(5) — C(6) 1.380(4) | C(15)- C(16) 1.355(3)
C(6) — C(7) 1.381(3) | C(16)-C(17) 1.420(3)
C(7) - C(8) 1.412(3) | C(17)-C(18) 1.413(3)
C(8) - C(9) 1.447(2) | C(18)—C(19) 1.371(3)
C(9) — C(10) 1.380(3) | C(19) - C(20) 1.425(3
O(1) - C(10) - C(1) 113.1(2) | O(1) - C(13) - C(12) 20D(2)
O(1) - C(13) - C(14) 1175(2) | O(2)-C(20)—C(11) |124.6(2)
O(2) — C(20) — C(19) 112.9(2) | Si(1) - C(19) - C(18) | 122.8(2)
Si(1) — C(19) — C(20) 119.2(2) | Si(2)-C(1) -C(2) 122.8(2)
Si(2) - C(1) — C(10) 121.1(2) | C(10)=C(1)-C(2) 16D0(2)
C(1)-C(2)-C(3) 122.8(2) | C(10)— C(9) - C(11) 18%(2)
C(2) - C(3) - C(4) 121.4(2) | C(11)-C(12)—C(13) | 201(2)
C(2) - C(3) - C(8) 119.4(2) | C(11)-C(12)—C(17) | 21B(2)
C(3) - C(4) - C(5) 121.6(2) | C(12)—C(13)—C(14) | 22B(2)
C(3) - C(8) - C(9) 118.9(2) | C(12)—C(17)-C(16) | 191(2)
C(4) — C(5) - C(6) 119.9(2) | C(12)—C(17)—C(18) | 174(2)
C(5) — C(6) - C(7) 121.1(2) | C(13)- O(1) - C(10) 9B(2)
C(6) — C(7) - C(8) 120.5(2) | C(13)-C(12)-C(17) | 17B(2)
C(7) - C(8) - C(8) 11752) | C(13)-C(14)-C(15) | 19B(2)
C(7) - C(8) - C(3) 123.4(2) | C(14)—C(15)—C(16) | 207(2)
C(8)— C(3) - C(4) 119.1(2) | C(15)-C(16)—C(17) | 207(2)
C(8) — C(9) — C(10) 116.5(2) | C(16)—C(17)—C(18) | 123.4(2)
C(8) - C(9) — C(11) 124.8(2) | C(17)—C(18)—C(19) | 122.3(2)
C(9) — C(10) - C(1) 125.2(2) | C(18)—C(19)—C(20) | 118.0(2)
C(9) — C(10) - O(1) 121.7(2) | C(19)—C(20)—C(11) | 122.6(2)
C(9) — C(11) — C(12) 116.1(2) | C(20)-C(11)-C(12) | 116.0(2)
C(9) — C(11) — C(20) 127.7(2)
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Further recrystalization attempts resulted in threnfation of cubic-shaped
crystals that differed in appearance from the foabed crystals which were identified as
the pentacyclic compour8h. X-ray crystallography confirmed that the idendf this
second material was the highly symmetric hexacywimpoundta. The two halves of
of the moleculeta are related through a center of inversion locatdtie center of the
C(9)-C(9) inneranular bond. Other symmetry elements irelad; axis and ay, mirror
plane, leading to the assignment of @ point group for this molecule. An ORTEP
diagram is showrFigure 3.2and selected bond distances and angles are eadllect
Table 3.2 The C-O bond distances4a were found to be 1.393(3) A, which is
significantly elongated relative to the distance$.883(2) A and 1.380(2) A observed in
compound3a. In contrast to the pentacyclic compo8a]l the hexacyclic compounth

was shown to be completely planar.
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Fig. 3.2: ORTEP diagram of compoud@d. Thermal ellipsoids are drawn at 50%

probability.
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Table 3.2 Selected bond distances (A) and angles (°) forpmundsta.

Selected Bonds in 4a

4a Bond Distances (A)

0O(1) - C(10) 1.394(3)
o(1) - C(7) 1.393(3)
Si(1) - C(1) 1.888(3)
C()-C(2 1.386(4)
C(1) - C(10) 1.419(4)
C(2) - C(3) 1.419(4)
C(3)-C(4) 1.417(4)
C(3) —C(8) 1.417(4)
C(4) — C(5) 1.358(5)
C(5) — C(6) 1.407(5)
C(6) — C(7) 1.358(4)
C(7) — C(8) 1.404(4)
C(8) — C(9) 1.404(4)
C(9) - C(9) 1.439(5)
C(9) — C(10) 1.366(4)
Selected Bonds in 4a 4a Bond Angles (°)
0O(1)-C(10)-C(1) 116.9(3)
0O(1) — C(10) — C(9) 121.2(2)
O(1) - C(7) — C(6) 118.0(3)
O(1) - C(7) — C(8) 120.8(2)
Si(1) - C(1) - C(2) 123.0(2)
Si(1) — C(1) — C(10) 120.8(2)
C(1)-C(2) - C(3) 124.3(3)
C(2)-C(3)-C(4) 125.8(3)
C(2) - C(3) - C(8) 117.1(3)
C(3)—C(4) - C(5) 120.8(3)
C(3) - C(8) - C(7) 120.6(3)
C(3) - C(8) — C(9) 119.2(3)
C(4) — C(5) — C(6) 121.9(3)
C(4) - C(3) - C(8) 117.0(3)
C(5) — C(6) — C(7) 118.5(3)
C(6) — C(7) - C(8) 121.2(3)
C(7) — C(8) — C(9) 120.2(3)
C(8) — C(9) — C(10) 121.4(3)
C(8)-C(9)-C(9 117.8(3)
C(9) — C(10) — C(2) 121.9(3)
C(10) - C(1) — C(2) 116.0(3)
C(10)-C(9)-C(9 120.8(3)
C(10) - O(1) — C(7) 119.2(2)
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The reaction of the pentacyclic specsaswvith an additional equivalent of
Hg[N(SiMes),], at 85C resulted in quantitative conversiord@after a reaction time of
18 hrs as shown BYH-NMR spectroscopy. A preparative scale reactioten the same

reaction conditions furnisheth from 3ain 85% yield according t8cheme 3.3

I I SiMe3 I I SiMe3
OH 1 eq. Hg[N(SiMg)]» (1) (@]
B¢
MesSti

+ 2HN(SiMg), + Hg

CeHe, 24 h,85°C o) I l
MesSi

3a 4a
85 %

Scheme 3.3Reaction of the pentacyclic compouBawith a second equivalent of

HIN(SiMes)]2.

Compound8a and4a were further characterized by NM&4(and**C)
spectroscopy and elemental analysis. *HiIMR spectrum oBa (Figure 3.3)
displayed a resonancedad.20 ppm corresponding to the single hydroxyl grptesent
in the molecule, while two featuresé@®.54 ppm and 0.51 ppm correspond to the two
non-equivalent —SiMggroups. Thé>C-NMR of 3a exhibited the expected 22
resonances with signals&t0.6 and -0.7 ppm corresponding to the two trimethylsilyl
groups, and a peak &t120.4 ppm arising from the carbon atom directtgcited to the
single hydroxyl group. Both th#1 and**C NMR spectra for compounth (Figures 3.4
and3.5, respectively) exhibited single resonances forsjrametrically related

trimethylsilyl groups at chemical shifts of 0.44np@and -0.9 ppm (respectively). Ten
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additional features ranging froénl.3 to 153.0 ppm were observed in tf@&NMR for
the carbons present in the rings, with two distpeztks being observedal53.0 ppm

ands 111.0 ppm arising from the oxygen-bound C(7) a(atoms, respectively.
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Figure 3.3: Full *H-NMR of compound 34a) as well as 2 expanded hydroxyl proton

regions showing intermediates/produ@isand a completed reaction with evidence of

only product formatiorc).
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Figure 3.4:'H-NMR of compound 4a crystals. No observed peakhé hydroxyl

proton region of the spectrum.
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b)

Figure 3.5:*C-NMR of compound 4a. Spectru@ shows a full spectruntb) is an

expanded region for 100.0 to 140.0 ppm provided for clarity.

The formation of3a and4awas also confirmed using Gas Chromatography/ Mass
Spectrometry (GCMS) with a column temperature &f 25. Analysis of a crude
product obtained from the reaction2a with two equivalents of Hg[N(SiMg]»
revealed a single peak with a retention time ob9binutes. The mass spectrum
displayed a base peak at m/z = 426, with a featomesponding to the parent molecule

4aalso being visible at an m/z of 428. The fragragoh pattern observed corresponded
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to the sequential loss of all six methyl groupgaf The chromatograph of the product
mixture isolated from the reaction of one equivald@Hg[N(SiMe;),], and2a exhibited
two peaks with retention times of 29.8 and 95.2utes. The mass spectrum of the first
material eluted exhibited a base peak at m/z =cé8@sponding to the parent compound
3a. A second peak at m/z = 398 arising from the tdd4svo oxygen atoms was observed,
as well as a fragmentation pattern resulting frobengequential loss of all six methyl
groups. The second material eluted(95.2 min) was shown to be identical to that
obtained foda. Analysis of the product obtained accordingtiheme 3.4lso indicated
the presence of onlgompounda

To probe the reaction pathway leading to the foioneof 3a and4a, an NMR
scale reaction was conducted by combining Hg[N(Q)Mewith 2ain GDg using a 1:1
stoichiometric ratio. The reaction was monitorét1-NMR spectroscopy at 26, and
the resulting observations can be correlated tspeeies present in the proposed
pathway shown iischemes 3.4nd3.5.

e -
on L,

1+ - =

OH [(MesSi);N]JHgO [(Me3Si);N]HgO
C“O ©
SiMe3

MesSi MesSt

2a

A, t-complex C, o-complex

SiMes

o
H OHg[N(SiMey),]
[(Me3Si)N]HgO.
©

MEgS'

B, m-complex D, c-complex

Scheme 3.4Proposed pathway for the formation of the mercaratendo complexes.
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3a

D ANGMe),

Me3S'

Scheme 3.5:Proposed pathway for the formation of compouBaland4a from the

mercurated complexesC andD.

After the first 5 minutes of reaction, the mixturad become intensely yellow in color
with a resonance becoming clearly visiblé & 41 ppm, that is shifted downfield form
the original hydroxyl resonance f@a (6 4.81 ppm). The integrated intensity of the new
resonance was approximately one third of thatHerimitial hydroxyl feature
corresponding to compourd#, and this new feature is attributed to the fororatf the
intermediatet-complexA, resulting from the displacement of one —N(SiMdégand

from Hg[N(SiMe;);]» upon reaction with a single —OH group. The istenolor

observed is likely a result of the donation of &lee density from the aromatic ring
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system to the neighboring —OHg[N(Sijig moiety in the intermediate-complexA at
the beginning of the intramolecular electrophilioraatic substitution reaction. At this
time the alkyl region of the spectrum containe@éhfieatures &t 0.24, 0.46 and 0.10
ppm arising from the —SiMgroups of the mercury(ll) amide, compowaand
HN(SiMe;), respectively, with the integrated intensitiestfoe resonances of -
OHg[N(SiMe3)3]. moiety and HN(SiMg. being approximately 2:1. Three less intense
peaks were also present in the alkyl region ogrertrum. Two of these resonances at
0.61 and -0.04 corresponding to the magneticaltginvalent —SiMgof intermediater-
complexA with the third resonance being observed at -Odth porresponding to the
equivalent —SiMggroups of intermediate-complexB (relative intensities of 1:1:2).
After 3 hours of reaction time at 25°C the solntiad become dark purple/red in
color with the two resonancesé&®.24 and 0.10 ppm now present in a ratio of 1:1,
indicating that approximately half of the initialencury(ll) amide had been converted to
HN(SiMe;3),. Also at this time, the resonance&.41 ppm was absent. After 12 hours
of reaction at 25°C the intense color had fadeal dark yellow and small beads of
mercury metal were present in the bottom of the NiMIBe.  Analysis of theH-NMR
spectrum at this time revealed that the remainahgtion contained a mixture of the
pentacyclic specie3a, hexacyclic specie$a and starting binaphth@a. Peaks
corresponding to the presence of starting binapt2awere observed @4.81 and 0.46
ppm due to the two equivalent hydroxyl groups drelttvo equivalent trimethylsilyl
groups, respectively. Resonances for comp@aabpeared in the spectruméat.20,
0.54 and 0.51 ppm, arising from the single hydra@glup and the two magnetically non-

equivalent —SiMggroups (respectively). The presence of compalawsulted in the
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appearance of a resonancé at43 ppm corresponding to its two equivalent —SiMe
groups. Integration of the peaks attributed totkinee components of the mixture
indicated thaRa, 3a and4awere present in approximately a 2:2:1 ratio.

To further investigate the reaction pathway, tfeetien of 2 equivalents of
mercury(ll) amide with 1 equivalent @ain CsDg at 25°C was monitored By*Hg-

NMR spectroscopy. The*Hg spectrum of the Hg[N(SiM}],» starting material
contained a single resonance a®92.4 ppm (relative to Hg(Gh?) with a half-height
line width(Avay,) of 242 Hz resulting from coupling of tH&Hg nucleus I(= %) to the
quadrupolaN nucleus (= 1). Peak values were referenced to Hg{ehbyy first
obtaining a spectrum of Hg(NJ in DO and then setting its resonance to -2400 ppm
relative to neat Hg(Ch atd 0 ppm After 20 minutes, tHé®Hg-NMR spectrum of the
reaction mixture exhibited a peak for Hg[N(Sij)i> as well as two sharper features at
-1408 ppm Avy, = 92 Hz) and -1452 ppm Av1» = 95 Hz) with approximately equal
intensities. After a reaction time of 2 hours,lbmsonances had decreased in intensity
significantly, and after 3 hours the two peaks waly slightly visible relative to the
baseline. The peaks were absent after a totaioaaane of 4 hours.

A similar ***Hg-NMR study involving the reaction of Hg[N(SiM#g]. with
compounclain a 1:1 ratio (in €D at 25C) resulted in a spectrum with the same two
sharp resonances appearing at408 ppm Avi, = 102 Hz) and -1452 ppm Avy, =
100 Hz) after 20 minutes. In this case however piak intensity of the upfield peak at
-1452 ppm was twice that of the resonancg-4408 ppm, indicating that the former
feature arises as a result of the formation ohtlb@omercurated intermediate After 4

hours of reaction time, both resonances were absartisequent spectra acquired in
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regular 1 hour intervals over the course of a 24r Iperiod for the reaction @a with
both one and two equivalents of Hg[N(Sij)i$ resulted in no additional features.

The proposed intermediat&sD shown in scheme 3 are presumed to be generated
via an intramolecular reaction between the —OHg[ME),] moiety and the carbon
atom at the 9-position of the adjacent naphthyj,nmith precedence for these reactions
having been observed for several related systeii&The first step in the
intramolecular electrophilic aromatic substituti@actions involves the formation of the
two donor-acceptat-complexes A and B, resulting in intensely colosetltions
observed throughout the initial phases of the reast Our spectroscopic studies suggest
that these intermediates are present for seveuathas the reactions slowly undergo
conversion to their corresponding Wheland intermiedi §-complexes,C and D), which
is consistent with other electrophilic aromatic stithition reactions where the conversion
of n-complexes ta-complexes has been shown to be a slow prd@&8¥ The
conversion oft — tocs-complexes in electrophilic aromatic substitutieactions are

known to occur in a stepwise fashidi®

and the charge transfeicomplexes
involving mercury(ll) have been shown to be colospecies’*** Another possible
reaction pathway involves the formation of rad&aécies, but this does not appear to
occur in this system since irradiation by UV lighnhot required for the reactions to
occur®and no magnetic anomalies were observed whenngdabeése reactions B
NMR spectroscopy.

Absorbance spectra of the reaction mixture®astl with 2 equivalents of

Hg[N(SiMe;),], were acquired after a reaction time of 1.5 houssthis point, the

reaction solutions were intensely colored, ancefimh reaction a peak was observed at
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342 nm, 345 nm, 347 nm and 348 nm2ard respectively, due to the presence ofithe
complexesA andB. The observed bathochromic shift among the alsmd maxima is
attributed to the increasing number of phenyl gsoafpached to the silicon atom
throughout the reaction seri2a-d, which makes tha-system more delocalized. Upon
their formation, the Wheland intermedia@&ndD presumably eliminate HN(SiMg in
a rapid reaction to give the C-Hg-O fused speEiendF. Mercury metal is then
extruded from the reaction leading to the formabbthe interannular C-O bonds 8
and4aas shown irBcheme 3.5 Similar examples of this process have been tegdor
several phenolic systems bearing O-vinylmercunssutents-'° as well as systems
employing fluorinated benzeHé or alkenyl acetaté¥ as reagents. In these examples
the application of heat led to the cleavage oHigeO bond and the formation of a new
C-O bond resulting in the non-mercurated final medd and mercury metal as a by-
product.

The reaction of Hg[N(SiMg.]. with the more sterically encumbered Binaphthols
2b (R = SiMePh),2c (R = SiMePh), and2d (R = SiPh) proceeded in an identical
fashion to that of the reaction involvi2g, as shown irBchemes 3.nd3.2 Analysis of
the crude products of the reaction betw2brd and 1 equivalent of HQ[N(SiMp)]-
using*H-NMR spectroscopy indicated the presence of Hmtpentacyclic (3b-d) and the
hexacylic speciestp-d), as well as the starting materials (2b-d) irttalée cases, with
the hydroxyl resonances f8b-d being observed @t4.19, 4.15, and 4.36 ppm
(respectively). The reaction of binaphthalsd with 2 equivalents of Hg[N(SiMg]»
cleanly furnished the hexacyclic derivatividsd with no evidence of the pentacyclic

species and complete consumption of the startirtgnaés as observed Bii-NMR
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spectroscopy. Isolation of the hexacyclic deriwediéb-d resulted in yields of 84%b),
85% @c) and 49% 4d).

Recrystallization of the three crude product migsufrom hot benzene resulted in
X-ray quality crystals for bothb and4c, but notdd, as only an amorphous powder was
obtained in this case. The ORTEP diagramébadind4c are shown below ifigures
3.6and3.8 (respectively) and bond angles and distancesadlected inTables 3.3and

3.4
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Fig. 3.6: ORTEP diagram of compound 4b. Thermal ellipsaidsdrawn at 50%

probability.
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Table 3.3 Selected bond distances (A) and angles (°) forpound4b.

Selected Bonds in 4b

4b Bond Distances (A)

O(1) — C(10) 1.416(2)
O(1) - C(7) 1.402(2)
Si(1) — C(1) 1.896(2)
C(1)-C(2 1.384(2)
C(1) — C(10) 1.416(2)
C(2) — C(3) 1.427(2)
C(3)-C(4) 1.408(2)
C(3) — C(8) 1.411(2)
C(4) — C(5) 1.365(2)
C(5) — C(6) 1.401(2)
C(6) — C(7) 1.344(2)
C(7) - C(8) 1.417(2)
C(8) — C(9) 1.398(2)
C(9) - C(9) 1.440(3)
C(9) — C(10) 1.372(2)
Selected Bonds in 4b 4b Bond Angles (°)
O(1) — C(10) — C(1) 117.3(2)
0O(1) — C(10) — C(9) 120.4(2)
O(1) — C(7) — C(6) 120.7(2)
O(1)—-C(7)-C(8) 118.5(2)
Si(1) - C(1) — C(2) 121.9(2)
Si(1) — C(1) — C(10) 122.2(2)
C(1)-C(2)-C(3) 124.5(2)
C(2)—C(3)-C(4) 125.2(2)
C(2) — C(3) - C(8) 116.3(2)
C(3)—C(4) - C(5) 119.9(2)
C(3)—C(8) - C(7) 119.6(2)
C(3)—C(8)—C(9) 120.5(2)
C(4) — C(5) — C(6) 121.7(2)
C(4)—C(3)—C(8) 118.4(2)
C(5) — C(6) — C(7) 119.5(2)
C(6) — C(7) — C(8) 120.8(2)
C(7) — C(8) — C(9) 119.9(2)
C(8) — C(9) — C(10) 120.5(2)
C8)-C(9-CH 118.1(2)
C(9) — C(10) — C(1) 122.3(2)
C(10) - C(1) — C(2) 115.9(2)
C(10)—C(9) - C(9 121.4(2)
C(10) — O(1) — C(7) 119.6(2)
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Fig. 3.7: ORTEP diagram of compound 4c. Thermal ellipsaigsdrawn at 50%

probability.
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Table 3.4 Selected bond distances (A) and angles (°) forpoundsic.

Selected Bonds in 4c

4c Bond Distances (A)

0O(1) — C(10) 1.399(3)
o(1) - C(7) 1.402(3)
Si(1) - C(1) 1.879(3)
C1)-C(2 1.394(3)
C(1) - C(10) 1.416(3)
C(2) - C(3) 1.422(3)
C(3)-C(4) 1.408(3)
C(3) —C(8) 1.415(3)
C(4) — C(5) 1.363(4)
C(5) — C(6) 1.407(3)
C(6) — C(7) 1.356(3)
C(7) - C(8) 1.395(3)
C(@8)-C(9) 1.405(3)
C(9) - C(9) 1.439(5)
C(9) — C(10) 1.362(3)
Selected Bonds in 4c 4c Bond Angles (°)
0O(1)-C(10)-C(1) 116.6(2)
0O(1) - C(10) - C(9) 120.6(2)
O(1) - C(7) - C(6) 117.6(2)
O(1)-C(7)-C(8) 121.1(2)
Si(1) - C(1) - C(2) 122.7(2)
Si(1) - C(1) - C(10) 121.9(2)
C(1)-C(2)-C(@3) 124.4(2)
C(2)-C(3)—-C(4) 125.3(2)
C(2) - C(3) - C(8) 116.8(2)
C(3)-C(4)-C(5) 120.0(2)
C(3)-C(8)—C(7) 120.2(2)
C(3) - C(8) —C(9) 119.7(2)
C(4) - C(5) - C(6) 121.9(3)
CH4) - C(3)—C(8) 118.0(2)
C(5) - C(6) — C(7) 118.6(3)
C(6) — C(7) — C(8) 121.3(2)
C(7)-C(8) — C(9) 120.1(2)
C(8) - C(9) — C(10) 120.9(2)
C8)-C(9-CH 117.7(3)
C(9) - C(10) - C(2) 122.8(2)
C(10)-C(1)-C(2) 115.4(2)
C(10)-C(9)-C(9 121.4(3)
C(10)-0(1) - C(7) 119.1(2)
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As found in the structure dfa, the hexacyclic ring systems 4t and4c are planar with
Con symmetry and similar bond lengths and angles topound4a, indicating that an
increase in the steric nature of the —SgRoup has little effect on the overall hexacyclic
ring structure. The C-O bonds4di-care substantially longer than the two intracy€lic
O bonds oBa (1.383(2) and 1.380(2) A) due to the planarityhaf hexacyclic ring
systems, which enforces an elongated carbon-oxggetact. The presence of bulky
trialkylsilyl substituents also results in longeiGCbonds iMda-cthan are seen in the
unsubstituted parent compound PXX (1.381(9) A), wuheir electron donating nature
which results in an even more electron enrichechatiz environment’ Each of the
three structures @fa-c contains individual molecules that are allignealnsstacking

interactions, such that there are they are arraimgeadolumns along each of the three

crystallographic axesee figures 3.8 and 3.9 shown below)

Fig. 3.8: ORTEP Stacking diagram of compound 4a (b-axi$)ermal ellipsoids are

drawn at 50% probability.
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Fig. 3.9: ORTEP Stacking diagram of compound 4a (a-axi$iermal ellipsoids are

drawn at 50% probability.

Reaction of the unsubstituted binaphtBelwith 2 equivalents of Hg[N(SiMg].
furnishesperi-xanthenoxanthene (6,12-dioxaanthanthrene, PXX)pasrmed by both
'H-NMR and UV-Visible spectroscopy, in 79 % yiéfd. This is a significant
improvement over the previous method of synthesigshvconsisted of reacting 1;Bi-
2,2'-Naphthol with Cu(@CCHs) to obtain a 52% yielt’® A collection of absorbance

data for PXX¥*2and its 1,7-disubstituted derivativea(d) are provided ifTable 3.5
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Table 3.5UV/visible data for PXX anda-d (in C¢Hg solution).

Amax(NmM) loge Amax(nNM) | loge
PPX 313 3.67 da 282 4.28
327 3.83 293 4.26
371 3.38 319 3.72
392 3.71 334 3.92
416 4.05 400 3.83
443 4.17 425 4.20
454 4.33
4b 281 4.25 4c 278 4.15
293 4.17 293 4.06
321 3.74 322 3.63
335 3.92 337 3.83
404 3.72 406 3.58
428 4.09 431 3.96
457 4.22 460 4.10
4d 279 4.21
293 4.07
323 3.67
337 3.70
407 3.29
432 3.38
462 3.36

As anticipated the structurally similar compounéfld&-d have very similar absorbance
spectra which contain several pronounced absorldzarogsshown below in figure
3.10)resulting fromr > = transitions. These spectra are also similaraodahthe
spectrum for parent PXX molecule, with the mairiedénces being that a slight

bathochromatic shift is observed as the steric butke silicon atom increases.
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Figure 3.10:Absorbance sperctra for compourtisd.

Compound#la-d were also observed to fluoresce in both soluti@i§) and crystalline
form. The solution emission data #a-d in benzene are collectedTable 3.6 given

below.
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Table 3.6Fluorescence data for compouridsd (in GsHg solution).

Compound | Aexcitatior Aemissiol Compound|  Aexcitatior Aemissiol
4a 334 452 4b 335 452
471 482
483 515
500 534
529 573 (sh)
566 (sh)
4c 337 452 4d 338 459
485 490
527 519
557 (sh) 538 (sh)
585 (sh) 583 (sh)

Compound4a exhibited four well defined emission maxima betwd&0-500nm with an
additional feature being observed at 529nm. This®an spectra obtained from
compoundgib-d exhibit similar features to that da with the main differences being a
slight red shift and the lack of defined bandsCGfi &nd 529nm. Benzene solutions of all
four species appear yellow-green in color wherdiated with a shortwave UVP lamp.
Speciegic and4d appeared more intensely yellow in color, whichtisibuted to the
greater number of phenyl substituents, resultingniincrease in the possible number of
n > m transitions.

The lighter congeners of Hg[N(SiMg],, containing either zinc or cadmium, also
react with the binaphth@a. The reaction of 1 equivalent of CA[N(Sijgg, with 2a
exhibited similar behavior to that of the mercufyfimide case, resulting in the
formation of both compoundda and4a as observed bYH-NMR. The spectrum also
contains a resonanced®b.16 ppm corresponding to the cadmium analogtefnmediate
speciedA after heating at 85°C for 48 h (scheme 1), indigathat this species remains in

solution. The reaction also generated a gelatipoesipitate which is likely a polymeric
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cadmium-binaphthol product. The reaction of Cd[IM&s),]. with 2 equivalents c2a
also formed the gelatinous species as well as cantgpés, the presence of which was
indicated by"H-NMR.

The reaction of Zn[N(SiMg]. with compounda exhibited a drastically
different outcome from that which was observechmmercury and cadmium cases.
Regardless of the stoichiometry employed, the r@agroceeds to furnish
HOGC,0H10(0SiMey)-2'-(SiMe3),-3,3, were the source of the —Siygroup is the —
N(SiMe;), ligands of Zn[N(SiMeg);].. Other metal(ll) amides have shown similar
reactivity with2a including the germanium derivative (Ge[N(Si§)i-)"° and the group

2 and 14 compounds M[N(SiMg]» (M = Be, Mg, Ca, Sn, PG}.

Conclusions

The mercury(ll) amide Hg[N(SiMg]. has been employed to promote both
single and double cyclization reactions of'3j&ubstitituted-1,1bi-2,2"-naphthols,
resulting in the formation of five new compoundsnedl as the conversion of 1-bi-
2,2 -napththol to the known specipari-xanthenoxanthene (PXX). The structures of the
three 1,7-disubstituted PXX derivatives were oladirand the pathway of the reactions
was investigated, indicating that the cyclizatieaations proceed via an intermolecular
electrophilic aromatic substitution reaction. Reats involving Cd[N(SiMe),]. proceed
in a similar manner, furnishing similar product$ile reactions using the zinc congener

afford silyl ethers.
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Experimental

General Considerations:Caution! All compounds containing mercury or cadmium
should be regarded as extremely toxic. Proper personal protective equipment is essential
when handling these materials. All air-sensitive compounds were manipulated gsin
standard Schlenk line, syringe, and glovebox tephes’® The starting materials
Hg[N(SiMes),]."® and2a-d”® were prepared according to literature methodsignts
variations thereof. All solvents were dried andified using a Glass Contour solvent
purification system.*H and**C NMR spectra were recorded using a Varian GeniD2
instrument operating at 300 MH) or 75.5 MHz {°C). Spectral assignments for the
'H NMR spectra ofta-d were made based on the numbering scheme shown brelo

Figure 3.11

Figure 3.11:Numbering scheme for tHel-NMR spectra offa-d
The!®*Hg spectra were recorded using a Varian Inova #6@ument operating at
71.5 MHz and were referenced to a 1.0 M solutioRlgfNGOs)., in D,O set ab — 2400

ppm (relative to neat Hg(Gp ats 0 ppm)*****® UV-Visible spectra were obtained
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using a Perkin Elmer Agilent UV/visible spectrosg@ystem with a benzene blank.
Fluorescence spectra were acquired employing dankene solutions using a Horaba
Fluorolog-3 instrument. Samples analyzed by GCi#%e run on a Shimadzu QP2010S
instrument operating at 250 °C. Elemental analysa® conducted by Desert Analytics

(Tucson, AZ).

Preparation of Compound 3a

To a solution ofl (0.310 g, 0.594 mmol) in benzene (10 ml) in a &ckltube
was added a solution 8&(0.258 g, 0.599 mmol) in benzene (10 ml) undgr Whe
reaction mixture became dark yellow in color anhéd dark purple/red after stirring for
2 h at 85°C. Heating was continued for 12 h afteich time the reaction mixture had
become yellow in color and beads of mercury metakwisible in the reaction vessel.
The Schlenk tube was opened in air, the reactiotuma was filtered through Celite and
the volatiles were removed vacuo to yield an orange/yellow solid. Recrystallizatiof
the crude product from hot benzene (5 ml) furnisBee¢D.117 g, 45%) as transparent
yellow crystals.*H-NMR(CgDs, 25 °C)5 7.87 (s, 1H, C184), 7.76 (s, 1H, CH), 7.63
(d,J=8.4 Hz, 1H, C144), 7.38 — 7.19 (m, 4H, aromatics), 7.06J(t 7.5 Hz, 1H, C15-
H), 6.85 (dJ = 7.5 Hz, 1H, C164), 4.20 (s, 1H, -®), 0.54 (s, 9H, -Si(B3)3), 0.52 (s,
9H, -Si(tH3)3) ppm. *C-NMR (CsDs, 25 °C)5 136.9, 133.9, 130.5, 129.3, 128.2, 128.1,
127.9, 127.8, 127.5, 127.4, 127.3, 127.1, 124.4,51A24.2, 120.4, 119.6, 108.1, 10.1,
7.2,-0.6, -0.7 ppm. UV-Vis (s, 25 °C):Amax 282, 293, 319, 334, 400, 425, 454 nm.

Anal. Calc. for GgH-90-Si: C, 72.70; H, 6.81. Found: C, 72.62; H, 6.69%.
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Preparation of Compound 4a

To a solution ofl (0.242 g, 0.465 mmol) in benzene (10 ml) was addgdlution
of 2a(0.100 g, 0.233 mmol) in benzene (10 ml) in a &ckltube under N The solution
became dark yellow in color and was dark purpleafer stirring for 1 h at 85 °C.
Heating was continued for an additional 24 h aftkich time the solution was
green/yellow in color. The tube was opened intae,reaction mixture was filtered
through Celite, and the volatiles were remowedacuo to yield a yellow solid which
was recrystallized from hot benzene (5 ml) to fsindia (0.0967 g, 97%) as transparent
yellow crystals.*H-NMR spectra (@Ds, 25 °C)s 7.38 (s, 2H, 2,1H), 6.89 (m, 4H,
4,12H and 5,13H), 6.47 (dJ = 7.2 Hz, 2H, 6,14), 0.44 (s, 18H, -Si(83)3) ppm. *3C-
NMR (CgDg, 25 °C)6 153.0, 132.3, 131.4, 129.1, 127.0, 122.9, 121,d, 108.5, 1.3, -

0.9 ppm. Anal. Calc. for £H260.Six: C, 73.21; H, 6.15. Found: C, 73.33; H, 6.21%.

Reaction of 3a with an Additional Equivalent of Hg[N(SiMe&),]

To a solution o8a (0.037 mg, 0.086 mmol) in benzene (5 mL) in a &ckltube
was added a solution @f(0.045 g, 0.086 mmol) in benzene (5 mL) under Whe
Schlenk tube was sealed and heated for 18 ho@&s%. The tube was opened in air,
the solution was filtered through Celite, and tbé&atiles were removeih vacuo to yield
4a(0.032 g, 86%).

Preparation of 3b/4b

Compound2b was reacted with in an identical fashion as f@a, using2b

(0.100 g, 0.180 mmol) ard(0.094 g, 0.180 mmol) resulting in a mixture3tfand4b as

shown by*H NMR spectroscopy.
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Preparation of 3c/4c
Compound2cwas reacted with in an identical fashion as f@ga, using2c (0.100
g, 0.147 mmol) and (0.077 g, 0.148 mmol) resulting in a mixture3ofand4c as shown

by *H NMR spectroscopy.

Preparation of 3d/4d
Compound2d was reacted with in an identical fashion as f@ga, using2d
(0.100 g, 0.125 mmol) ard(0.065 g, 0.125 mmol) resulting in a mixture3ofand4d as

shown by *H NMR spectroscopy.

Preparation of 4b

Compoundb was prepared in an analogous fashion addarsing2b (0.254 g,
0.368 mmol) and. (0.477 g, 0.737 mmol). Yield dfc. 0.131g (84%).*H-NMR (C¢Ds,
25 °C)$ 7.65 — 7.63 (M, 4HNntCsHs)SiMey), 7.34 (s, 2H, 2,1H), 7.32 — 7.20 (m, 8H,
(0-CgHs)SiMe,, (p-CeHs)SiMe,, and 4,12H), 6.77 (dJ = 4.8 Hz, 2H, 6,14), 6.38 (t,J
= 4.8 Hz, 2H, 5,13), 0.68 (s, 12H, -SiPh(ds),) ppm. **C-NMR (CsDs, 25 °C)
exhibited resonances &t.37.8, 134.5, 133.4, 131.3, 129.4, 128.1, 122%,d, 123.0,

120.2, 111.1, 108.6, 102.6, 1.3, -2.1 ppm.

Preparation of 4c
Compounddc was prepared in an analogous fashion agddarsing2c (0.250 g,
0.368 mmol) and. (0.384 g, 0.737 mmol). Yield dfc: 0.213g (85%)."H-NMR (C¢Ds,

25°C)6 7.66 — 7.63 (m, 8H, -SiMeRmeta-H), 7.47 — 7.30 (m, 18H. aromatics), 6.98 (s,
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2H, 2,11H), 1.01 (s, 6H, 3ilePhp). *C NMR (CDCE, 25 °C)5 135.5, 135.2, 134.6,
134.3,134.2, 129.9, 129.7, 128.1, 127.9, 127.8,21220.4, 109.0, 1.3, -2.6 ppm. UV-
Vis (CeHe, 25 °C):hmax 278, 293, 322, 337, 406, 431, 460 nm. Anal. (alc.

C46H3402Si2: C, 81.87; H, 5.08. Found: C, 81.60; H, 5.54%.

Preparation of 4d

Compound4d was prepared in an analogous fashiosaasing2d (0.250 g,
0.312 mmol) and (0.325 g, 0.624 mmol). Yield dfd: 0.121g (49%).*H NMR
(CDCl, 25 °C)s 7.85 — 7.63 (m, 12H, -SiRImeta-H), 7.61 — 7.10 (m, 26H, aromatics).
13C NMR (CDCE, 25 °C)$ 136.7, 136.0, 125.8, 135.7, 135.6, 135.4, 13(®6,3, 129.9,
129.6, 128.4, 128.2, 128.0, 1.4 ppm. UV-VigHE, 25 °C):Amax 279, 293, 323, 337,

407, 432, 462 nm.

Reaction of 1 with 2e

As for 4a,compoundl (0.728 g, 1.40 mmol) and I;Bi-2,2"-Naphthol2e (0.200
g, 0.699 mmol) were reacted to furnygi- xanthenoxanthene (PXX, 0.156 g, 79%).
H-NMR (CgDs, 25 °C)8 6.88 (d,J = 9.0 Hz), 2H, H), 6.81 (d,J = 4.8 Hz, 2H, k), 6.80
(d,J=3.6 Hz, 2H, H), 6.69 (d,J = 9.0 Hz, 2H, H), 6.56 (dd,J = 3.6 Hz,J = 4.8 Hz, 2H,

Hs) ppm. UV-Vis (GHs, 25 °C):hmax 290, 313, 327, 392, 416, 443 nm.
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Reaction of 2a with 1 Equivalent of Cd[N(SiMg)-]»
A solution of Cd[N(SiMeg),]. (0.025 g, 0.0578 mmol) ingDs (0.3 mL) was
added to a solution &a (0.025 g, 0.0580 mmol) ingDs (0.3 mL) and the progress of

the reaction was monitored by NMR spectroscopy.

Reaction of 2a with 2 Equivalent of Cd[N(SiMg)-]»
A solution of Cd[N(SiMg);]» (0.201 g, 0.464 mmol) indDs (0.5 mL) was added
to a solution oRa (0.100 g, 0.232 mmol) indDs (0.3 mL) and the progress of the

reaction was monitored B4 NMR spectroscopy.

X-ray Structure Determination

Diffraction intensity data were collected with auBer SMART APEX I
diffractometer. Crystallographic data and detaflX-ray studies are shown irable
3.7. Absorption corrections were applied for all dayaSADABS. The structures were
solved using direct methods, completed by diffeeghaurier syntheses, and refined by
full matrix least squares proceduresrén All non-hydrogen atoms were refined with
anisotropic displacement coefficients and hydrogms were treated as idealized
contributions. All software and sources of scattgfactors are contained in the
SHEXTL (6.1) program package (G. Sheldrick, Bruk&S, Madison, WI). ORTEP

diagrams were drawn using the ORTEP3 program (Eadrugia, Glasgow).
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Table 3.7Crystallographic data for compounga and4a-c

3a 4da 4b 4c
Formula QeHnggSiz CzeHzeOzSiz C36H30028i2 C45H34028i2
Space group P2;/c P2i/c P-1 Pbca
a (A) 14.821(3) | 6.6114(7)] 8.3392(6 16.751(4)
b (A) 12.578(3) 8.5488(9) 9.3961(7 12.492(3)
c(A) 14.290(4) 20.676(2)| 10.1356(6) 17.074(3)
a (°) 90 90 70.071(4) 90
B (°) 115.47(1) 94.993(8) 71.293(4 90
y (°) 90 90 73.480(4) 90
V (A3 2404.9(1) 1164.2(2) 716.93(9 3572.9(1)
Z 4 2 1 4
peac(g cmi®) 1.184 1.217 1.276 1.258
Temperature (K) 293 293 293 293
Radiation Mo Ku Mo Ko Mo Ko Mo Ka
Wavelength (A) 0.71073 0.71073 0.71073 0.71073
R 0.0473 0.0513 0.0531 0.059
Rw 0.1126 0.1504 0.1078 0.1110
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CHAPTER IV

SYNTHESIS AND STRUCTURE OF AN UNUSUAL GERMANIUM(II)
CALIX[4]JARENE COMPLEX AND THE FIRST GERMANIUM(II) CALIX[8]JARENE

COMPLEX AND THEIR REACTIVITY WITH DIIRON NONACARBONYL

Introduction

Calixarenes are highly useful macrocyclic compoumbdigh have a variable
cavity size and have a variety of applicationshie areas of molecular self-assembly,
ionic and molecular recognition and cataly2fs:*>A number of transition-metal and
main-group complexes using these species as ligamdsbeen preparétf**These
species include examples such as-Bi(calix[4]arene)Gf*® and the bis(calix[4]arene-
11,23-dicarboxylato) dirhodium compléxigure 4.1)*° for transition metals and

phosphorous* and arseni¢Figure 4.2)*** containing compounds for main group metals.
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Figure 4.1: Structure of WitBucalix[4]arene)Cl and bis(calix[4]arene-11,23-

dicarboxylato) dirhodium complex
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Figure 4.2: Structure of phosphorus containiByicalix[4]arene and arsenic containing

'‘Bucalix[4]arene

Calixarene complexes containing germanium are“fat& and prior to our
investigations, only three materials having germambound directly to the calixarene
oxygen atoms have been synthesized and structatahacterized***' These include

147

the calix[4]arene complex [Bealix]Ge,, shown below iFigure 4.3 **” and the two

structural isomers of [BealixX™%?Ge shown ifFigure 4.4
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Figure 4.3: Structure of [Blcalix]Ge.

M. SiMey

endo exo
(M = Ge) (M =Ge)

Figure 4.4: Structural isomers of [Bealix™9?Ge.

As part of an ongoing investigation of germaniulyl@tde chemistry we have prepared
the related unsubstituted germanium(ll) calix[4t@reomplex and also the first
germanium calix[8]arene complex and have also deted the X-ray crystal structures
of each>® All of the germanium(ll) centers in both of thesenplexes have a lone pair

of electrons available for donation to other megaiters, and thus these species could be
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useful platforms for the support of multiple mairogp or transition-metal fragments.
We have investigated the reaction of both complex#sFe(CO), resulting in the
formation of a germanium iron macrocycle containgnght iron atoms in the case of the

germanium calix[8]arene compound.

Results and Discussion

Reaction of calix[4]arene with 2 equivalents of ¥&iMes),] . furnishes the
complex {calix[4]}Ge, (1) in 56% yield. The formation df proceeds via a protonolysis
reaction resulting the liberation of four equivdkenf free HN(SiMeg),. The structure of
1 has been determined and a reaction scheme and ©&&gram are shown below in
Scheme 4.JandFigure 4.5respectively, while selected bond distances antearare

collected inTable 4.1

o 2 eq. Ge[N(SiMggl>
CeDs -

Scheme 4.1Reaction of calix[4]arene with 2 equivalents of B¢iMes)]».

+ 4 HN(SiMey),
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C4

C3 C5

C6

Cl4 Cl

Figure 4.5 ORTEP diagram df. Thermal ellipsoids are drawn at 50 % probability

Table 4.1.Selected bond distances (A) and angles (°) forpmmda.

Ge(1) - O(1) 1.845(1) Ge(1)—0(2)—Ge(1  107.89(6)

Ge(l) — O(2) 1.989(1) O(1) - Ge(1) — O(2) 91.72(6)

Ge(l) - O(2) 1.987(1) 0(2) - Ge(1) — O(R 72.11(6)
C(1) — O(1) 1.373(3) Ge(1) — O(1) — C(1) 117.9(1)
C(13) - O(2) 1.385(2) Ge(l) — O(2) — C(13) 126.5(1)
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The two germanium centers are related bgyihetry, and each is bound to three
different oxygen atoms. The shorter Ge(1)-O(1)atlise is representative of a typical
germanium(ll)-phenolic oxygen bond whereas the gdted Ge(1)-O(2) and Ge(1)-
O(2")distance can be regarded as two dative Ge(ll) bonds which arise from donation
of a lone pair of electrons on oxygen to the vagaatbital on germaniurf**?***The
germanium centers ihare formally in the +2 oxidation state, and theel@airs of
electrons present are stereochemically active amt put and away from the central
Ge0, rhombus. The @.Ge-Q,, and bond angles ihare close to the expected value
of 90°, while the angles inside the central rhomdmes107.89(6)° for Ge(1)-O(2)-Gé)1
and 72.11(6)° for O(2)-Ge(1)-O(2 The aromatic rings attached to the O(1) and)O(1
atoms are bent back, such that they lie above ‘Gefilthe opposite side of the
Ge0O,rhombus, and the closest contact between the argpos and the germanium
atoms is 3.28 A, indicating the absence of any Getgpe interactions.

The bonding environment in the &1 rhombus Figure 4.6) closely resembles
that of the germanium(ll) aryloxide compounds [G&Bs(Pr).-2,6)], and
[Ge(OGH2(Me)s2,4,6)]-, Figure 4.7, both of which contain bridging aryloxide
groups™* The bond distances and angles for theGzehombi in these compounds are
similar to that of compountl averaging 1.824(5)A for the Gag@ bonds, 1.990(8)A for

the Ge-Q, bond lengths and 72.19(5)° for the averageG2-Q, angle.
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Figure 4.7: Structure of [Ge(OgH3(Pr),-2,6)], and [Ge(OGH2(Me)s2,4,6)] ..
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Furthermore, the structure bfand thetert-butyl calix[4]arene ([Blcalix]Ge) (2)**" are
nearly identical, with these two species havingdhime Ge-@Qmnand Ge-@ bond
distances within experimental error averaging 1(888and 1.999(8)A respectively as
well as the same +Ge-Q,, and @-Ge-Q, bond angles within experimental error
averaging 92.1(8)° and 73.08° respectively. Thectiires of the two possible isomers of
the only other crystallographically characterizednganium(ll) calixarene
[Bu'calixX™%Ge (3) differ considerably fronl and2 in that3 contains only one
germanium atom and can adopt eithepanor anendo isomeric form* In theexo
isomer, the germanium atom is formally bound tot¥h@ unsubstituted oxygen atoms
with Ge-O distances of 1.765(6) and 1.842(6) A, alsd exhibits long dative
interactions with the oxygen atoms of the two —O&ilgroups measuring 2.421(5) and
2.486(5) A. In thendo isomer, the Ge-O distances are 1.841(5) and 158%3and

there are no dative interactions with the oxygemat of the trimethylsiloxy groups. The
formal Ge-O single bonds in tieado isomer are similar to those bfwhile the absence
of elongated dative interactions are a result efsieric crowding of the —OSiNM@roups
which point outward from the center of the macréeyo 3.

While free calix[4]arene undergoes a rapid exclkdmgween cone and inverted
cone configurations in solutidi® the presence of the bridging oxygen atoms attatthed
the two germanium centers enforces structuralitigid 1. TheH-NMR spectrum
obtained forl (Figure 4.8) correlates with its solid-state structure, wh&sonances for
protons directed toward the central,Ggrhombus are shifted downfield versus those
pointing away from this moiety, which are obserf@dboth themeta andpara protons

of the aromatic rings. The two sets of bridgingmykene units of the calix[4]arene
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ligand system are also magnetically non-equivalehere the protons attached to C(7)
and C(14) directed toward the &8 rhombus give rise to a doubletoad.41 ppm J =
12.9 Hz), and those attached to these two carlwonsaand directed away from the
Ge0, fragment appear as a doublet &23 ppmJ = 12.9 Hz). The down field
resonances associated with the protons directearttsthe rhombus are a result of the
magnetic anisotropy from both thesystems of the aromatic rings and the germanium

atoms.

4.4 4.2 4 3.8 3.6 3.4 3.2 3

o My JUL Wm

ppm

Figure 4.8:'H-NMR of expanded methylene region for compodand

The pathway for the formation @fwas determined to occur in a stepwise manner
and was monitored usirtgd-NMR spectroscopy by the introduction of sequéntia
aliquots of Ge[N(SiMg)]. to a solution of calix[4]arene ingDs. The diagnostic
resonances for this investigation were those obtidging methylene units as well as the

hydroxyl resonances of the calix[4]arene systeralix{Zl]arene exhibits a singlet &t
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10.21 ppm in gDg arising from the four equivalent hydroxyl protoasd the methylene
resonances for this compound appear as two bredgrés centered &t4.12 and 3.28
ppm due to the rapid interconversion of the maarbcying system from a cone to an
inverted cone configuration?® These correspond to the axial and equatorial ~CH
groups, respectively.

Addition of 1 equivalent of Ge[N(SiM}p]. to a GDg solution of calix[4]arene
results in the formation of two intermediate spsdiand5 as well as the final produtt

(Scheme 4.2)

o 1 eq. Ge[N(SiMg),]»
CeDs

1.1 eq. Ge[N(SiMg)l»
De

R = SiMe;
Scheme 4.2Proposed pathway for the reaction of calix[4]arestd 1 and 2 equivalents

of GG[N(SIMQ)z]z
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Two singlets for the nonequivalent —OH groupd efere visible ab 9.50 and 9.18 ppm
(intensity ratio 1:2) , while a third singlet&¥.74 ppm arises from the two equivalent —
OH groups ob. The integrated intensity of the feature 3orvas approximately half of
that of the two resonances observed4oi he feature at 10.21 ppm for the
calix[4]arene starting material was also still prets The formation ot and5 was also
reflected in the signals for the methylene grouphe calix[4]arene system as there were
six sets of doublets visible in the methylene regibthe'H-NMR spectrum at this time.
The signals at 4.41 and 3.23 ppm correspondltdhose ab 4.38 J = 12.9 Hz) and

3.26 J = 13.8 Hz) ppm correspond4pand those &t 4.33 J = 13.8 Hz) and 3.18 =

13.5 Hz) ppm correspond 5 where the assignments #and5 are based on the
integrated intensities of the respective peaksinglet att 0.90 ppm was also visible

due to the formation of HN(SiM}, and a singlet & 0.28 ppm can be attributed to the
trimethylsilyl groups oft. Addition of a further 0.5 equivalent of Ge[N(S&yb]. to the
NMR tube resulted in an increase in intensity @f lydroxyl resonance at7.74 ppm for

5, while the hydroxyl resonance férand calix[4]arene were much less intense. The
methylene resonances #had also diminished, while those fband5 had increased in
intensity. Increasing the amount of Ge[N(S§\p to a slight excess of 2.2 equivalents
resulted in the consumption of the remaining cdlxfene starting material and complete

conversion o# and5 to compound. (Figure 4.9).
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ppm

Figure 4.9:*"H-NMR of compoundL.

The reaction of calix[8]arene with 4 equivalent$e[N(SiMe&s),], also
proceeded via a protonolysis reaction that liberétN(SiMe),, resulting in the
formation of the tetragermanium species {calix[8§&6) in excellent yield (89%)

(Scheme 4.3)
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4 Ge[N(SiMe),], + calix[8larene—Cee

85°C, 48 h + 8 HN(SiM&y),

Scheme 4.3Reaction of calix[8]arene with 4 equivalents of B¢piMes)]».

The structure 06-CsHg was determined and an ORTEP diagram is show#gure 4.1Q

while selected bond distances and angles are tadllécTable 4.2
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Figure 4.10 ORTEP diagram dd-CsHs. The benzene molecule is not shown, and
thermal ellipsoids are drawn at 50 % probability.
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Table 4.2Selected bond distances (A) and angles (°) for cam@6-CsHe.

Ge(1) - O(1)
Ge(l) - O(2)
Ge(l) - O(4)
Ge(2) - O(2)
Ge(2) - O(3)
Ge(2) - O(4)
Ge(3) — O(5)
Ge(3) - O(7)
Ge(3) — O(8)
Ge(4) - O(6)
Ge(4) - O(7)
Ge(4) — O(8)
O(1) — Gpsd11)
0(2) ~ Gosd21)
O(3) — Gosd31)
O(4) — Gosd41)
O(5) — Gosd51)
O(6) — Gosd71)
O(7) — Gosd81)
O(8) — Gpsd61)

1.834(4)
2.036(3)
2.012(3)
1.970(3)
1.833(4)
2.000(3)
1.837(4)
2.019(3)
2.030(3)
1.828(4)
1.980(3)
1.953(4)
1.379(5)
1.401(5)
1.374(7)
1.401(5)
1.379(6)
1.386(6)
1.408(6)
1.409(6)

0(1) — Ge(1) - O(2)
O(1) — Ge(1) - O(4)
0(2) — Ge(1) - O(4)
0(2) — Ge(2) - O(3)
0(3) — Ge(2) - O(4)
0(2) — Ge(2) - O(4)
0(5) — Ge(3) - O(7)
0(5) — Ge(3) — O(8)
O(7) — Ge(3) - O(8)
0(6) — Ge(4) — O(7)
0(6) — Ge(4) — O(8)
O(7) — Ge(4) — O(8)

Ge(1) - 0(2) — Ge(2)

Ge(1) — O(4) — Ge(2)

Ge(3) - O(7) — Ge(4)

Ge(3) - O(8) — Ge(4)

93.7(2)
90.9(1)
72.0(1)
94.4(2)
92.3(2)
73.6(1)
93.0(2)
92.1(2)
71.7(2)
95.2(2)
93.1(2)
74.2(1)
106.5(1)
106.3(1)
106.1(1)

106.7(1)
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The four germanium atoms éare assembled in pairs on opposite sides of theaule,
and each germanium is bound to three oxygen atorimsrh rhombi in a similar fashion
to1l. The Ge-O bonds to the terminal oxygen atomskshorter than those to the
bridging oxygens, which have an average distande833(4) A that is considerably
shorter than the corresponding distancek in

Both of the GgD, rhombi in6 have essentially the same geometry, where the
individual fragments are skewed such that one GalStance is shorter than the other
for each of the four germanium atofiable 4.2) The Q..,wGe-Qy; bond angles deviate
significantly from 90° with an average value of§2)° while the @-Ge-Q,; angles
within the GeO, rhombi have an average value of 72.9(2)°. TheaaeeGe-@-Ge
bond angle within the G, fragments is 106.4(1)°. The Ge(1)-O(2)-Ge(2)-O(4)
rhombus is puckered by 8.2° while the other fragrnentaining Ge(3)-O(7)-Ge(4)-O(8)
is puckered by 7.3°, and this contrasts with thecgire ofl where the G£, moiety is
completely planar. The overall shape of the mdkeoesembles a deep U-shaped bowl
with two of the aromatic rings, containing C(31)36) and C(71)-C(76) bent inward
toward the center of the molecule. The distan¢edren C(34) and C(74) at the smallest
part of the top of the bowl measures 6.878A. Aefvame diagram illustrating the

structure ob is shown inFigure 4.11
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Figure 4.11 Wireframe drawing 06. The germanium atoms are drawn in blue, the
oxygen atoms in red, and the carbon atoms in grey.
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As found forl, the individual protons of the eight methyleneugp® in the calix[8]arene
macrocycle are magnetically nonequivalent. Eacthyhene carbon contains 2 hydrogen
atoms, labeled andB corresponding to the hydrogen atom directed inwé&vdards the
center of the molecule and away from the centéh@inolecule respectively. The
presence of a £axis of symmetry in solution results in the appeae of eight doublets

for these protons in tH#l-NMR spectrun{Figure 4.12)of 6.

T R R T

5.6 5.1 4.6 4.1 3.6 3.1
ppm

Figure 4.12:'H-NMR of methylene region for compousd

One resonance appears far downfield at73 ppm J = 16.8 Hz) that can be attributed to
the hydrogen atoms H(4a) and H(8a) bound to C(d)&8), which are located at the

bottom of the bowl-shaped geometry of the moleenié point inward toward each of the
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two GeO, rhombi. In the solid-state structureGfH(8a) has two close contacts with
O(1) and O(5) measuring at 2.32(1) and 2.52(1)e8pectively, while H(4a) has two
similar close contacts O(1) and O(4) measuring@@)Band 2.46(1) A, respectively, all
of which are within the sum of the van der Waatliiraf hydrogen and oxygen (2.60
A).**° There are two additional close contacts betweeraHD(5) and H(8a)-O(1)
measuring 2.67(1) and 2.60(1) A, respectively. fiteximity of these K to the GgO,
rhombi again led to a downfield shift resultingrfr@nisotropic effects.

The hydrogen atom H(1a) has two close contacts @{t) (2.48(1) A) and O(2)
(2.47(1) A), and H(5a) has close contacts with @¢&) O(8) measuring 2.52(1) and
2.50(1) A, respectively. These two protons, which directed inward toward the &8
rhombi, result in the appearance of a doublét&a?7 ppmJ = 12.6 Hz) in théH-NMR
of 6, and a second set of closely spaced doubleétd &0 ppm J = 15.8 Hz) and 4.57(
=15.0 Hz) ppm can be attributed to the four protitsched to C(2) and C(3) and C(6)
and C(7), respectively, which are directed inwandard the two G£, rhombi. The
remaining eight hydrogen atoms on each of the nhertleygroups are directed outward
from the two GgO.rhombi and have chemical shifts in the rangé 8f48-3.22 ppm.
One feature appears upfieldda®.24 ppm J = 12.6 Hz) arising from the two protons
attached to C(1) and C(5) which are located aadtsts of 4.46 and 4.47 A, respectively,
from the centroids of the two &@, rhombi in6.

The presence of lone pairs of electrons on thedeumanium(ll) atoms i6
renders this molecule a potentially useful platfédomthe support of multiple

coordinatively unsaturated transition-metal centénsorder to investigate this postulate,
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compounds was reacted with 4 equivalents oLE&0), resulting in the isolation of a

ruby-red solid in good yield (73%$cheme 4.4)

LF Fel,
o€
CgH o \O
’ |
L X 4
7

Scheme 4.4Reaction of {calix[8]}Geq with 4 equivalents of RECO).

The product was isolated and identified to be ttaicon complex’ upon obtaining its
X-ray crystal structure. Compouicrystallizes with one molecule of benzene in the
unit cell and an ORTEP diagram dfs shown inFigure 4.13 while selected bond

distances and angles are collectedable 4.3
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Figure 4.13 ORTEP diagram of the complete molecul& &xHs. The benzene

molecule is not shown, and thermal ellipsoids aesvd at 50 % probability.
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Table 4.3Selected bond distances (A) and angles (°) for cam@7-CsHs

Ge(1) - 0(1) 1.788(2) O(1) — Ge(1) - O(2) 103.7(1)
Ge(1) - 0(2) 1.772(2) O(1) - Ge(1) - 116.77(7)
Fe(1)
Ge(1) — Fe(1) 2.3543(5) 0O(1) - Ge(1) - 119.70(7)
Fe(2)
Ge(1) — Fe(2) 2.3244(6) 0(2) — Ge(1) - 115.91(7)
Fe(1)
Fe(1) — Fe(2) 2.8407(6) 0(2) — Ge(1) - 124.55(8)
Fe(2)
Fe(1) — C(16) 1.812(3) Fe(1) — Ge(1) - 74.77(2)
Fe(2)
Fe(1) — C(17) 1.810(4) Ge(1) - Fe(1) - 52.14(2)
Fe(2)
Fe(1) — C(18) 1.778(4) Ge(1) — Fe(2) - 53.10(2)
Fe(1)
Fe(1) — C(22) 1.826(4) Ge(1) - Fe(1) - 90.6(1)
C(16)
Fe(2) — C(15) 1.837(4) Ge(1) - Fe(1) - 90.0(2)
c@v)
Fe(2) — C(19) 1.791(4) Ge(1) - Fe(1) - 96.3(1)
C(18)
Fe(2) — C(20) 1.808(4) Ge(1) - Fe(1) - 154.5(1)
C(22)
Fe(2) — C(21) 1.806(4) Ge(1) - Fe(2) - 140.5(1)
C(15)
C(15) - O(6) 1.120(5) Ge(1) — Fe(2) - 108.0(1)
C(19)
C(16) — O(3) 1.131(4) Ge(1) — Fe(2) - 85.9(1)
C(20)
C(17)-0(4) 1.129(5) Ge(1) — Fe(2) - 87.6(1)
C(21)
C(18) - O(5) 1.150(4)
1.125(5)
C(19) - O(8)
1.140(5)
C(20) - O(10)
1.139(5)
C(21) - O(9)
1.121(4)
C(22) — O(7)
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The overall complex has fourfold symmetry, anddéhgare structure can be generated
from the asymmetric unit which consists of a germanatom, a F£€CO)s moiety, two

phenyl rings, and two methylene groups. The stinecdf this fragment is shown in

Figure 4.14
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08

Figure 4.14 ORTEP diagram of the asymmetric uniffe€Hs. Thermal ellipsoids are
drawn at 50 % probability.
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Initially, we expected the reaction 6fwith Fe(CO) to affect cleavage of the Fe-
Fe bond leading to the coordination of a Fe(o@9iety to each of the germanium
centers with concomitant formation of free Fe(g®hich was observed in the reaction
of (Bu'»-2,6-Me-4-GH-0),Ge with Fe(CO) resulting in the formation & (Scheme
4.5)" A similar reaction was also observed in the ieaadf {p-Bu'scalix[8]arene}Ge

with Fe(CO)s, which yielded {p-Blcalix[8]arene}Geg[Fe(CO)]» (9) (Scheme 4.6}°®

oG + Fez(CO)g
e Fe(CO); O\ G e/
OC_ ’Z <~ CO

oc” >co

Scheme 4.5Reaction of (Bls-2,6-Me-4-GH,0),Ge with Fe(CO.

4 Fe(CO)
CeHg, 90 °C , 24 h
-2 Fe(CO}

Scheme 4.6Reaction of {p-Blcalix[8]arene}Ge with F&(CO).
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Instead, reductive decarbonylation involving extvaof one bridging CO group from
Fe(CO) and formation of four triangular GeFéaree-membered rings was observed.
The reaction involves formal oxidation of the Geras from the +2 to the +4 oxidation
state as the diiron fragments are regarded #€6%° anions. The difference in the
reactivity betweei® and the germylene compl&with Fe(CO) likely stems from the
electronic attributes of the @@, moieties versus a discrete germanium(ll) atonBir,¢
2,6-Me-4-GH,0),Ge. The oxidation state of germanium is cleartiigated by the Ge-O
distances it¥, which measure 1.772(2) and 1.788(2) A and aneseptative of Ge(IV)-
O single bonds. Each germanium center is, thus)dlly bound to two oxygen atoms
and any dative-type bridging interactions are ahsenich is expected since
germanium(lV) does not have a vacant p-orbital taataccommodate electron density
from donor atoms or molecules; the p-orbital isilabde when it is in the +2 oxidation
state.

Formation of7 also results in the reduction of each of the fdlyreero valent
iron atoms of F€CO) to the -1 formal oxidation state with loss of aaebonyl ligand.
Thus, the reaction of HEO) with the germanium atoms of the calix[8]arene claxp
can be regarded as a two-electron transfer frorh efithe four germanium centers to a
bonded pair of iron atoms to generate the di-femabiety. The Gekdriangles are
planar, and each of the iron atoms in these grbapsapproximate &&ymmetry. The
iron-iron bond length if7 is 2.8407(6) A while the two Ge-Fe distances measu
2.3543(5) and 2.3244(6) A. The Fe-Fe distanciérdianion of
[(PhaP),N]5[Fe(CO)]-2CHCN is 2.787(2) A>° which like 7 has no bridging carbonyl

ligands. The introduction qf-bridging germanium(lV) atoms results in an elomyat
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of the Fe-Fe bond due to electron donation fronF&gCO)* anion to the
germanium(lV) metal center.

The germanium atoms @fare in a highly disordered tetrahedral environment
enforced by the presence of the GefReieties. The O(1)-Ge(1)-O(2) angle is
compressed to 103.7(1)° from the ideal value of30%and the two O-Ge-Fe angles are
widened to 119.70(7)° and 124.55(8)°. The Fe(1(t{=Ee(2) angle is highly distorted
from the ideal value measuring 74.77(2)°. The geoyrat the germanium centers is a
result of the presence of the strained Gefangles, and the bond angles within these
groups are also significantly distorted from thdeal values of 60°. The internal angles
in the GeFegtriangles measure 52.14(2)°, 53.10(2)°, and 72)77¢r the Ge(1)-Fe(1)-
Fe(2), Ge(1)-Fe(2)-Fe(1), and Fe(1)-Ge(1)-Fe(2)emdrespectively), indicating the
presence of significant angle strain in these nmeset

The spirocyclic complex Ge[HEO)g]» (10)°***?contains two FECO)* groups
bridged by a bare germanium(lV) atom, and the strecf10 has been reported on two
separate occasion3-***The two reported structures that were determimechearly
identical, with one having an average Ge-Fe digtari@.40(1) A and an average Fe-Fe
bond length of 2.823(2) &' and the other having average Ge-Fe and Fe-Fendistaf
2.407(2) and 2.823(3) A, respectivéy. The longer Ge-Fe and shorter Fe-Fe distances
in 10 versus those i are likely a result of the attachment of the tveonganium atoms
in 7 to electron-withdrawing phenolic oxygen atoms usra second BECO)> moiety
in 10. The average Fe-Ge-Fe bond angléGr{among the two structure reports) is
71.9(1)° while the average Ge-Fe-Fe bond anglé.i5)°r"'%*both of which are more

acute than the corresponding angleg due to the spirocyclic geometry 10.
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The geometries at the iron atom7iand10 are identical but the C-O bond lengths
in 7 are shorter than the corresponding distancé$,ifi* again resulting from the
germanium atoms i being bond to electron-withdrawing phenolic oxygéomms. The
average bond distances for the C-O groups poimtirigyard from the Gekdriangle
(C(15)-0(6) and C(22)-0(7)) ihis 1.120(4) A while the corresponding C-O groups f
10 have an average distance of 1.134(7§*Ahe three sets of C-O distances remaining
in 7 average 1.135(4), 1.140(4), and 1.132(4) A wiitedorresponding distanceslid
are 1.140(7), 1.138(7), and 1.148(7%A.

These differences are manifested in the infrapedtsum of7 in CH,Cl,, which
contains four carbonyl stretching bands at 2109922044, and 2020 ¢h This differs
from the expected two bands that would be obseiwethe axial and equatorial CO
ligands if the molecule where to have idealizedsymmetry. The presence of the large
calix[8]areneGg“ligand” however results in a reduction in symnyegtiom G, to G at
each of the iron atoms, which leads to the foueolable bands. Each of these bands
appear at higher energy than the correspondingdRifes fod 0 in CH,Cl, (2076, 2050,
2033, and 2011 c).*®? These structural and spectroscopic differenceisatel that the
C-O bonds ir¥ are stronger than thoseif since the F£CO)* groups in7 are more
strongly bound to the germanium atoms than tho4®,ivhich results in less electron
density for Fe-CO backbonding to the carbonyl gsou

The'H-NMR spectrum of recorded in CBCN indicates that the molecule
retains its rigid structure in solution. There frer doublets for each of the magnetically
nonequivalent methylene protoffgure 4.15)of 7, as also found in thég4-NMR

spectra of compoundsand6.
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ppm

Figure 4.15:H-NMR of expanded methylene region for compoind

A resonance at 4.70 ppm J = 10.2 Hz) arises from the protons attached tg @fich
are directed toward the GeRedangles while that at 3.42 ppm { = 10.2 Hz)
corresponds to the protons on C(7) which are diceatvay from this fragment. The
other two doublets &t 4.12 J = 12.9 Hz) and 3.72 ppnd € 12.9 Hz) are assigned to the
protons attached to C(11), which are directed tdvead away from the GefFtiangles,
respectively.

Several other carbonyl compounds containing théeggtructural motif have
been reported and characteriZ8d®as have complexes containing Ge@i@ngles-**
175 |n addition, a number of higher nuclearity clusteontainingus-*"*"°or p4-
germanium atom¥>170174180-18G6 e, arraysi®> ¥ or rings containing germanium,

6,188-191,

iron, and coba are also well known. The synthesis of these sgdgpically
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involve using germanium(lV), while preparative resiinvolving the oxidation of
germanium(ll) precursors such as that employedh®isynthesis of are more
uncommon. One notable exception is the synthégistgN][Fe(COp(us-CO)(us-
Ge{Fe(CO)}] from [EtsN],[Fex(CO)] and Ges.'”® Reaction ofl with 2 equivalents of
Fe(CO) neither furnished a complex similarZaor resulted in the formation of Ge-
Fe(CO) fragments. Although a reaction did occur, thedpiads were identified a@sand
fine particles of iron metal. Presumably, the deocaylation of Fg(CO)y by complexi
results in an unstable species, which released #ike remaining carbonyl ligands to

furnish the iron metal.

Conclusions

We have prepared and structurally characterizedutwusual germanium(ll)
calixarene complexes via the protonolysis readbetween the bulky germanium(ll)
amide Ge[N(SiMg),]. and calix[4]arene or calix[8]arene. The formemgdex is highly
symmetric and contains two germanium atoms arrangacentral Gg€, rhombus,
while the latter species represents the first garama(ll)-calix[8]arene complex and
contains two of these @@, rhombi located inside a bowl-shaped macrocyclee latter
complex reacts with RFECO) via a redox process involving the elimination of @l
the oxidation of Ge(ll) to Ge(1V) to give a highdymmetric octairon complex containing
four GeFe triangles attached to the macrocyclic calix[8]&&amework. This process
indicates that these germanium(ll) calixarenesseame as platforms for the support of

multiple transition-metal centers.
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Experimental

General Considerations:All manipulations were carried out under an inest N
atmosphere using standard glovebox, Schlenk, aimggytechnique& Solvents were
dried and purified using a Glass Contour solventfisation system. Calix[4]arene,
calix[8]arene, and RECO) were purchased from Aldrich and used without ferrth
purification, and Ge[N(SiM&-], was prepared according to the literature meffiot*
Infrared spectra were obtained using a Hewlett-BackT-IR spectrometer, and NMR
spectra were recorded on either a Varian Gemind 20@& Varian Unity INOVA 400
operating at 300 or 400 MHz, respectively, and weferenced to residual protio
solvent. The numbering system used below refetisabin the crystal structures 6,

and7.

Synthesis of {Calix[4]}Ge (1).

To a solution of calix[4]arene (0.404 g, 0.952 nhino benzene (25 ml) in a
Schlenk tube was added a solution of Ge[N(SIMg(0.750 g, 1.91 mmol) in benzene (5
ml). The tube was sealed with a Teflon plug, dredreaction was heated at 85 °C in an
oil bath for 24 hours. The volatiles were remoiredacou to yield an off-white solid,
which was washed with hexane (3 x 5 ml) and submatyurecrystallized from hot
benzene (10 ml) to yieltl (0.301g, 56%) as colorless crystatsi NMR (CsDs, 25 °C)d
7.07 (d,J = 7.5 Hz, 4Hmeta-H C(1) — C(6)), 6.86 (t) = 7.5 Hz, 2Hpara-H C(1) —

C(6)), 6.68 (d,) = 7.5 Hz, 4Hmeta-H C(8) — C(13)), 6.16 (dl = 7.5 Hz, 2Hpara-H
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C(8) — C(13)), 4.41 (d] = 13.2 Hz, 4H, -C(B2-), 3.23 (dJ = 12.9 Hz, 4H, -C(14),-)

ppm.

Stepwise Reaction of Ge[N(SiMg]. with Calix[4]arene.

To a solution of calix[4]arene (0.095 g, 0.22 mjmolbenzene-«l(0.50 ml) in a
screw top NMR tube was added a solution of Ge[NE)hL (0.088 g, 0.22 mmol) in
benzene-gl(0.25 ml). TheH-NMR spectrum was recorded 30 minutes after mixirey
sample. The NMR tube was subsequently openeceigltvebox and an additional
solution of Ge[N(SiMeg)2]» (0.043 g, 0.11 mmol) in benzeng{@.15 ml) was added.

After the reaction mixture was mixed, thé-NMR spectrum of the sample was recorded.
This process was repeated with further additioGefN(SiMe&;),]» (0.051 g, 0.013 mmol)

to the tube.

Synthesis of {Calix[8]}Ge (6).

To a solution of calix[8]arene (0.252 g, 0.297 nhino benzene (20 ml) in a
Schlenk tube was added a solution of Ge[N(SiMg(0.514 g, 1.31 mmol) in benzene
(10 ml). The tube was sealed with a Teflon plugl the reaction was heated at 85 °C in
an oil bath for 48 hours. The volatiles were reetbin vacuo to yield an off-white solid,
which was washed with hexane (3 x 5 ml) and subsatyurecrystallized from hot
benzene (10 ml) to yieldl (0.298 g, 89%) as colorless crystatsl NMR (C¢Ds, 25 °C)s
7.26 (d,J = 7.5 Hz, 1Hmeta-H C(55)), 7.25 (dJ = 7.5 Hz, 1Hmeta-H C(15)), 7.09 (d,
J=7.5Hz, 1Hmeta-H C(43)), 7.08 (dJ = 7.5 Hz, 1Hmeta-H C(85)), 6.95 — 6.85 (m,

aromatics, 9 H), 6.79 — 6.91 (m, aromatics, 8 H§6€d,J = 7.5 Hz, 1 Hmeta-H C(35)),
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6.11 (t,J = 7.8 Hz, 1Hpara-H C(24)), 5.97 (dJ = 7.8 Hz, IHmeta-H C(25)), 5.83 (¢
= 16.8 Hz, 2H, H(4a) and H(8a)), 4.77 Jds 12.6 Hz, 2H, H(1b) and H(5b)), 4.60 (d,
= 15.8 Hz, 2H, H(2b) and H(3b)), 4.57 (= 15.0 Hz, 2H, H(6b) and H(7b)), 3.46 (d,
= 15.8 Hz, 2H, H(2a) and H(3a)), 3.43 Jds 16.8 Hz, 2H, H(4b) and H(8b)), 3.41 (d,

=15.0 Hz, 2H, H(6a) and H(7a)), 3.24 {d& 12.6 Hz, 2H, H(1a) and H(5a)) ppm.

Synthesis of {Calix[8]}Ge[Fex(CO)s]4 (7).

To a solution 06 (0.150 g, 0.132 mmol) in benzene (15 ml) in a S&ckltube
was added a suspension 0f() (0.212 g, 0.583 mmol) in benzene (20 ml). Thetub
was sealed with a Teflon plug, and the mixture hested at 85 °C for 24 hours. The
reaction mixture was filtered, and the solid washe with benzene (4 x 10 ml) to yield
a dark red filtrate. The volatiles were removedacuo to yield’ as a dark-red solid
(0.240 g, 73%).*H NMR (CDsCN, 25 °C)5 7.13 — 6.97 (m, aromatics, 8 H), 6.84 — 6.57
(m, aromatics, 18 H), 4.70 (d= 10.2 Hz, 8H, H(7b)), 4.12 (d,= 12.9 Hz, 8H, H(11a)),
3.72 (d,J = 12.9 Hz, 8H, H(11b)), 3.43 (d,= 10.2 Hz, 8H, H(7a)) ppm. IR (GAL):
2109(w), 2059(s), 2044(m), and 2020(s) cnUV/visible (CHCN): Amax 327 nm § =

3.32 x 1d L mol* cmi?).
X-ray Structure Determinations.

Diffraction intensity data were collected with ei®ens P4/CCD diffractometer.

Crystallographic data and details of the X-ray gtace shown iTable 4.4
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Table 4.4.Crystallographic data for compountlss-CgHg, and7-CsHe.

1 6 CsHe 7-CsHe
formula GsH20Ge04 Ce2HasGesOg CsoHoaFesGesOo0
space group Pbca P-1 P4(2)In
a(A) 16.988(1) 12.923(4) 18.4671(6)
b (A) 8.8914(7) 13.690(4) 18.4671(6)
c(A) 14.630(2) 14.589(4) 15.956(1)
a (%) 90 92.868(6) 90
B () 90 96.527(6) 90
y (°) 90 93.774(6) 90
V (A% 2209.9(3) 2554(1) 5441.5(4)
Z 4 2 4
peaic (9 cnit) 1.700 1.571 1.603
temperature (K) 100(2) 198(2) 203(2)
radiation Moka MoKa MoKa
wavelength (A) 0.71073 0.71073 0.71073
R 0.0290 0.0654 0.0476
Rw 0.0483 0.0815 0.0577

Absorption corrections were applied for all dataS3ADABS. The structures were
solved using direct methods, completed by Fousreses, and refined by full-matrix
least-squares procedures dn Rll non-hydrogen atoms were refined with anisptc
displacement coefficients, and hydrogen atoms weeded as idealized contributions.
All software and sources of scattering factorscamrgtained in the SHELXTL (5.10)
program package (G. Sheldrick, Bruker XRD, Madidath). ORTEP diagrams were

drawn using the ORTEPS3 program (L. J. Farrugias@a).
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CHAPTER V

SYNTHESIS AND CRYSTAL STRUCTURE OF A GERMANIUM(II)

CALIX[6]JARENE CONTAINING UNUSUAL DIAMIDOSILYL ETHER GROUPS

Introduction

Calix[n]arenes are an important class of macrosyttiat contain four or more phenol
moieties connected together by methylene bridgé®se species have applications in
the areas of catalysis, self-assembly, and moleoul@nic recognition, and can also

serve as platforms for the support of single ortiplal transition- or main group-metal

é16-122,130,131,144,195-2,0§ncl uding Si |iCOlJ195’196’205'2 u]S’<’>0,1'311,195,197-

center % phosphor

202206207 and arsenié®. Variation of the number of phenolic subunitssere in the
molecule allows control over the cavity size inghasystems, which in turn has a
profound effect on their properties and reactivitjne presence or absence of
conformational rigidity, which is typically influeed by the attachment of peripheral
substituents to theara-positions (or upper rim) of the aromatic ringsaiso important in
this regarc‘i..lG,117,119,209-211

Calix[6]arenes have been shown to be more flexttda calix[4]- and

calix[8]arenes bearing identicpdra-substituents by variable temperature NMR spectral

studies’*??**Several oxygen-functionalized calix[6]arenes hagen employed for the
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&:2142263nd some bimetallic complexes containing group 2

complexation of metal ion
or 4 metal¥’”***bound directly to the oxygen atoms have been peepalhese
bimetallic complexes containing group 2 or 4 mesaksuncommon, presumably due to
the high conformational mobility of the hexamerssus the related tetramers and
octamers. We have described the synthesis arciigtes of calix[4]- and calix[8]arene
complexes containing two or four germanium(ll) si(eespectively) bound to the oxygen
atoms of the macrocycles which were prepared wdathtonolysis reaction of
Ge[N(SiMey)]. with thepara-unsubstituted parent calixaremésThe structure of these
two compounds were similar in that the germaniuomatwere incorporated into &&
rhombi each having one terminal and two bridging@attachments. The calix[8]arene
species was also shown to undergo a redox reaettbri-e(CO) resulting in an octa-
iron compound containing four GeReiangles, where Ge(ll) is oxidized to Ge(IV).

In light of these results, we attempted to pre@asanilar complex by treatment
of thepara-unsubstituted calix[6]arene with three equival@it&e[N(SiMe),]..
Instead of forming a complex containing axGgrhombus as observed in the reactions of
Ge[N(SiMe&),]. with calix[4]- and calix[8]arene, the reactiontbé germanium amide
with the calix[6]arene substrate furnished a compiaving a GeNO rhombus which
contains a bridging amide group and has two gemmamitoms bound to three of six
oxygen atoms present in the macrocycle. One ofdhmaining three oxygen atoms has
been incorporated into a —OSipmoiety while the other two have been incorporated

into structurally unprecedented —OSi(H)(N#groups.
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Results and Discussion
Treatment of calix[6]arene with three equivalerit&Se[N(SiMe)]. yielded

complexl1 in 41% vyield as shown iBcheme 5.1

3 equiv. Ge[N(SiMg)z],

CgHg, 85°C, 72 h
- HN(SiMe3),

@)

Scheme 5.1Reaction of calix[6]arene with 3 equivalents of B¢piMes)] .

The identity ofl was ascertained by obtaining its X-ray crystalctire, and an ORTEP
diagram ofl is shown inFigure 5.1 while selected bond distances and angles are
collected inTable 5.1 The presence of larger than normal thermalsigbs for the
nitrogen atoms ofigure 5.1is indicative of the fact that the two silicon ai® to which

the —NH groups are bond are disordered over two positions.
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Figure 5.1. ORTEP diagram of compoudd Thermal ellipsoids are drawn at 50%

probability.
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Table 5.1Selected bond distances (A) and angles (deg) fopoandl

Ge(1) - O(1) 1.860(3) O(1) - Ge(1) - O(3) 91.4(1)
Ge(1) - O(3) 1.992(3) O(1) - Ge(1) — N(5) 89.7(1)
Ge(1) - N(5) 2.011(4) 0(2) - Ge(2) — O(3) 91.6(1)
Ge(2) - 0(2) 1.835(3) 0(2) - Ge(2) - N(5) 91.4(1)
Ge(2) — O(3) 1.993(3) 0(3) - Ge(1) - N(5) 77.1(1)
Ge(2) — N(5) 1.995(4) O(3) — Ge(2) — N(5) 77.4(1)
Si(1) — O(6) 1.664(3) Ge(1) - O(3) - Ge(2) 103.0(1)
Si(2) — O(5) 1.696(5) Ge(1) — N(5) — Ge(2) 102.3(2)
Si(2) - N(3) 1.816(8) O(5) - Si(2) — N(3) 111.6(3)
Si(2) — N(4) 1.715(8) O(5) — Si(2) — N(4) 108.2(3)
Si(3) — O(4Y 1.712(4) N(3) — Si(2) — N(4) 122.8(5)
Si(3) — N(L)* 1.700(8) O(4) - Si(3) - N(%) 112.4(4)
Si(3) - N(2)* 1.806(9) O(4) - Si(3) - N(2) 108.8(4)
N(1) — Si(3) — N(2f 119.6(4)

* The atoms of Si(2) and Si(3) are disordered owerfositions. The tabulated values

are an average for the two positions.

Of the six phenolic oxygen atoms present,ithree are bound to the two Ge atoms in
either a terminal or bridging fashion while the eening three oxygen atoms have been
incorporated into either —OSiMer —OSi(H)(NH). groups. We have previously

observed the transformation of hydroxyl groupgitoethylsiloxy groups in the reactions
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of 3,3-disubstituted binaphthols with metal(ll) amidesNi§iMes),]. (M = Be, Zn, Ge,
Sny> however, the conversion of —OH groups to silyld@si has not been previously
described.

Compoundl contains an unusual bridging —hHjroup between the two
germanium centers, and the structur@ odn be compared to the two related calixarene
complexes {calix[4]}Ge (2) and {calix[8]}Ge; (3)>* as well as the dimeric species
[(C6H3{C6H3PH2-2,6}2-2,6)GeNI-i]2 (4), shown inFigure 5.2 which also contains

bridging —NH- moieties?*°

2 3
(3 0
NH,
S

» O

4
Figure 5.2: Structures of {calix[4]}Ge (2), {calix[8]}Ge (3) and[(CsHs{C sHsPI,-

2,6},-2,6)GeNH)], (4).
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Similar to the GgO, rhombus in compoun® the GeNO rhombus adopts a planar
geometry. The Ge(1)-O(3)-Ge(2) angle of 103.0ElL¥gnificantly more acute than the
Ge-Q,-Ge angles ir2 and3 which range from 106.1(1) to 107.89(8)°Furthermore, the
Ge(1)-N(5)-Ge(2) angle measures 102.3(2)°, whichase obtuse than the average Ge-
Np-Ge angles ir (100.0(1)°F* The O(3)-Ge(1)-N(5) and O(3)-Ge(2)-N(5) angles
average 77.3(1)° which are wider than the@e-Q,, angles ir2 and3 but more acute
thaan the h-Ge-N, ligand angles id. These structural differences can be attributed t
the presence of two different types of bridgingedan1, and the internal angles in the
GeNO rhombus can be regarded as being intermediatebe the Gg£, rhombi of2
and3 and the GgN, rhombus of.

The terminal Ge(1)-O(1) and Ge(2)-O(2) bond lengiti are typical for
germanium(ll)-oxygen distances and are comparaifledse in compoundsand3™ as
well as in other Ge(ll) aryloxidé¥'#>147:231.232 The pridging Ge(1)-0O(3) and Ge(2)-O(3)
bond lengths il are 1.992(3) and 1.993(3) A (respectively) whigh ietween the
average Ge-gbond distances i2 (1.988 A) andB (2.000 A}*. The bridging N atom is
not symmetrically disposed between the two gernmaratoms irnl as indicated by the
two different Ge-N bond lengths measuring 2.01a%) 1.995(4) A. These distances are
shorter than those found in the structurd afich has an average Ge-N distance of
2.013(3) &*. The Ge-N distances Ihare longer than those in germanium(ll)
compounds bearing ligands with terminal Ge-N bonmusuding the well-known bulky
bisamide Ge[N(SiMg-]. which has Ge-N bond lengths of 1.873(5) and 1B7&¢>
and the bis(piperidinato) complex Ge[psMes-2,2,6,6} which has distances of 1.87(1)

and 1.90(1) &** However, the Ge-N distanceslirare considerably shorter than those in
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divalent germanium compounds having dativesNse bonds including those in [Ge(2-
{(Me3Si),C}-CsHsN)R] which measure 2.082(4) or 2.089(7) A (R = ECH(PPh),,
respectivelyf®® These distances are also shorter than those idivalent binhapthoxide
complex R)-[Ge{0,CaH1o(SiMesPh)-3, 3 HNH 3} (d Ge-N = 2.093(4) A) which
contains a coordinated NHholeculd® and also in [Ge{OCH(Cf-} ANH »,Ph}] (d Ge-N
=2.092(3) A) which contains a coordinated anilinelecule?*®

The three remaining oxygen atomsliare each attached to a silicon atom. One
of these is incorporated into a —OSiMayl ether group which arises from the transfier o
the —SiMg moiety from a —N(SiMg ligand in Ge[N(SiMg),]. to the phenolic oxygen
atom>® The geometry of the silyl ether moiety is norméthvan approximant tetrahedral
environment at silicon and a typical Si-O bondatise of 1.664(3) A. The Si-Op
angle is 123.7(2)° and the —SiMgroup is directed outward from the central cavityhe
molecule. The other two oxygen atoms have bearpocated into unusual —
OSi(H)(NH)2 groups. The silicon atoms in both of these grarnesdisordered over two
positions (50% occupancy) which also result in ezfdihe nitrogen atoms of the four
attached —Nklgroups also being disordered over two positiofise four nitrogen atoms
were also disordered with very small positionatetégnces over the two individual
positions, and these were refined with a broadtléparameter which resulted in large
ellipsoids present in the ORTEP plotlofFigure 5.1)

The Si-N bond distances (when taking into consitien the disorder of the
silicon atoms) are 1.816(8), 1.715(8), 1.700(8} &r806(9) A while, the N-Si-N angles
are 122.8(5) and 199.6(4)° at Si(2) and Si(3),@etypely. Diaminosilyl ether groups

similar to those attached to O(4) and O(5) imave not been described previously and
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thus a direct comparison to other structurally abtarized species is not possible.
However, a few small molecules containing =\Jfioups bound to silicon and having —
NH. and —OH groups attached to the same silicon atora heen reported’?*® The
structure of MesSi(NH,), has Si-N bond distances of 1.713(2) and 1.717(@hda N-
Si-N angle of 106.89(5f while that of B{xSi(OH)NH, exhibits a Si-N bond distance
of 1.746(4) A=’

The average of the four Si-N bond distances i54(8) A in1 which is longer
than the corresponding bond distance ifyBI(OH)NH,. 2" This can be attributed to the
attachment of the —Si(H)(NJimoieties inl to a phenolic oxygen atom which is electron
withdrawing and leads to a stronger O-Si bond,ltiespin a weaker/longer Si-N bond.
The two N-Si-N angles ith average 121.2(5)° which is significantly more @etthan the
N-Si-N angle in MesSi(NH,)».2® This structural difference is expected sincelatter
compound contains two sterically encumbering megityups, while compoundi
instead has only a proton and an oxygen atom btwsiicon.

Spectroscopicf, *C and®°Si NMR) data in benzends are consistent with the
solid-state structure df. Similar to compound® and3, the conformational flexibility of
1 is restricted versus the calix[6]arene startingemal due to the presence of the,©
rhombus and the relatively large —OSiMad —OSi(H)(NH), groups. This renders all
of the individual protons of the six methylene anit1 magnetically non-equivalent,
resulting in twelve distinct doublets in thd-NMR spectrum in the chemical shift range

6 3.1-4.8 ppm which are divided into two sets offsiatureqFigure 5.3)
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Figure 5.3: Expanded methylene region of th&-NMR spectrum for compount

The downfield grouping of resonances corresportiganethlylene protons directed
inward toward the G&O rhombus while the upfield features are attridutethose
directed away. This is due to the anisotropicaffef the aromatig-systems and the
presence of the germanium atoms.

In the downfield grouping of resonances, the deuals 4.74 0 = 13.2 Hz) ppm
is assigned to the proton attached to C(5) whichtiva close contacts with O(2) and
O(3) measuring 2.498 and 2.549 A (respectivelye fwo sets of closely grouped
doublets ab 4.66 J = 14.7 Hz) and 4.64)(= 12.6 Hz) ppm correspond to the protons
bound to C(4) and C(3) (respectively) due to themtive proximity to O(3) and O(1),
and the features at4.53 = 16.2 Hz) and 4.51)(= 11.7 Hz) ppm are assigned to the

protons attached to C(6) and C(2) (respectively) tutheir proximity to the silylated
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oxygen atoms O(4) and O(5). The remaining dowdlé®d.34 0 = 13.5 Hz) ppm arrises
from the proton attached to C(1) which only hag)l¢¥2.6 A) contacts with the
neighboring oxygen atoms.

Assignments for the upfield group of six doubkets based on a COSY NMR in

Figure 5.4

F2
(ppm)
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3.0
e

DY g
3.5+ (5
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5, 5
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Figure 5.4: 2D COSY NMR spectrum for compouid
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The doublet ad 3.53 §J = 16.2 Hz) ppm corresponds to the second protoamdbdo C(6),
while the four closely spaced features 832 J = 13.2 Hz), 3.30)= 14.7 Hz), 3.24
=13.5 Hz), and 3.23)(= 12.6 Hz) ppm arise from the remaining protonadted to
C(5), C(4), C(1) and C(3) (respectively). The remme ab 3.19 = 11.7 Hz) ppm
results from the second proton bound to C(2). @uée rigidity in the GE&NO rhombus,
the protons in the bridging -NHjroup also are magnetically non-equivalent, appgar
as two broad but clearly resolved doublets A166 ( = 9.6 Hz) and 1.04J(= 9.6 Hz)
ppm. The two Si-H protons are also non-equivaet appear as two singlets in the
NMR spectrum ab 6.34 and 6.32 ppm, while the —Si(Bkprotons appear as two
upfield singlets aé 0.27 and 0.24 ppm and the protons of the —OSil@ety appear as
a singlet a6 0.42 ppm. Th&*C-NMR spectrum of also is consistent with its solid-state
structure and exhibits six distinct lines for eathhe magnetically non-equivaleipiso-
andpara-carbon atoms as well as twelve lines for bothatttleo- andmeta-carbons.
Signals for the carbon atoms of the six methyleweigs as six peaks betwe&1-35
ppm and there is only one resonance in thez&igon of the spectrum atl.6 ppm
corresponding to the carbon atoms of the —OSjj&gtoup.

The®Si{*H} NMR (119.2MHz) spectrum of contains three singlets &20.79,
20.33, and 20.23 ppm, where the downfield resonarises from the silicon atom in the
—OSiMsg group and the two upfield resonances correspotitetsilicon atoms in the two
—Si(H)(NH). groups(Figure 5.5). The chemical shift for the silyl ether featusesimilar
to that of GHsOSiMe; which appears a@ 19.46ppnt>° The proton coupletfSi-NMR

spectrum ofl was also recorded at 119.2 MHz, and the singlé28t23 in theH-
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decoupled spectrum splits into a multiplet withheigf ten expected lines being clearly
discernabléFigure 5.6). This arises from the two-bond coupling betwdendilicon

atom and the protons of the methyl groups, witb@ptng constant of 6.43 Hz. The two
features for the —Si(H)(NPL groups are more complex due to the presence bfdrw-
bond Si-H and three bond Si-Nidoupling. Each of these features are expected to
appear as a doublet of quintets but their proxinmtghemical shifts resulted in overlap
with one another such that the expected one-bo#tl ®iupling could not be clearly

observed.

21.5 21.0 20.5 20.0 19.5 19.0 ppm

Figure 5.5: *H decoupled®Si NMR
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Figure 5.6: *H coupled®Si NMR

The mass spectrum of compouhwas also acquired using electrospray mass
spectrometry (positive ion mode), and exhibitedearcfragmentation pattern having nine
well-defined peaks which are listed and assignehinle 5.2 The proposed

fragmentation pattern is illustrated$theme 5.2
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Table 5.2 Electrospray mass spectrometry data for compdund

lon m/z Formula Relative
Intensity
(%)
la 988.5 [(CeH3)s(CHz)s0:Gex(NH2){OSi(H)(NH,),}0SiMes]H™  n/a
1b 927.5 [(CeHz)s(CH2)s0:Gex(NH2)OSi(H)(NH,),0SiMe;O]H* 2
1c 8985  [(CeH3)s(CH2)s0:Ge(NH2)OSiHOSiMeOH]H" 29
1d 826.4 [(CeH3)s(CH2)603G e (NH2) OSiHs(OH),H* 72
le 798.4 [(CoH3)6(CH2)602Gex(NH3)(OH),H* 100
1f  754.4 [(CeH3)s(CH2)s02Ge(NH)OSiHs(OH)s]H* 8
1g 726.4 [(CeH3)6(CH2)sOGe(NH)(OH)s]H* 12
1h 682.4 [(CeH3)s(CH2)6sO(NH2) OSiHs(OH),]H ™ 16
1i 654.4 [(CeH3)s(CH2)s(NH3)(OH)s]H™ 28
1j 637.3 [(CeH3)s(CHz)s(OH)e]H* 4
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1a - Si(H)(NH), 1b -2-NH 1c - SiMes 1d

= . _—> —_—
rrgtz Obgsr%fd mz=9275 +3H m/z= 898.5 e m'z= 826.4
- SiHy le - Ge 19 - Ge 1i
i3 Mz=798.4 T H > mz=726.4 +H > miz=654.4
1d i
m'z=826.4 NH3
- Ge 1f -Ge 1h - SiHg, - NH, 1j
+H m/z=754.4 +H m'z=682.4 +oOH m/z=637.3

Scheme 5.2Proposed fragmentation pattern.

Although the parent molecular ion at m/z = 988.5 wat observed a feature at m/z =
927.5 corresponding to the loss of one —Si(H){Nftagment and monoprotonation of
the remaining molecule was present in the spectrBobsequent fragmentations involve
the loss of the —SiMegroup, the two germanium atoms, the oxygen atamd the
bridging —NH- group. The —O and —NHjroups to which these fragments were bound
appear to be protonated during the course of tioisgss to yield —OH or Nd-groups
(respectively). Ultimately, all of the substitugim compound. udergo fragmentation to
produce the parent calix[6]arene in protonated form

The pathway for the formation afis likely complex, but two key aspects for the
generation of this species are evident. First,pmmmdl contains twelve protons
distributed among single bridging —MHand the two —Si(H)(NE2 groups. Since
calix[6]arene is the only proton source preserthereaction, all of these must originate

from this starting material. Furthermore, 2 egléaés of calix[6]arene must be
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consumed for every one equivalentlajenerated in the reaction since calix[6]arene
contains only six phenolic protons. This dictagsaximum theoretical yield of 50% for
1 with the concomitant formation of one or more othducts, and this postulate is
further supported by the complete consumption bx[@&arene in the reaction.
Compoundl has been isolated in a maximum of 41% during these of these studies.

Second, the —N(SiM ligands of Ge[N(SiMg)], are the source of both the
bridging —NH- group and the two —Si(H)(Nb$ groups inl. We have demonstrated that
Ge[N(SiMe&),]» reacts with binaphthols via formation of an intediate bearing a —
OGe[N(SiMe),] moiety which subsequently transfers a —Si¥fagment to the oxygen
atom of one —OH substituent of the binaphtfiolThis results in the generation of a
—OGe[NH(SiMeg)] group and this process can occur a second tiryeetd a —OGe[NE]
moiety which could then serve as the source obtidging amide irl. The —
Si(H)(NH), groups, however must ultimately result from tleenéthylation of a —SiMe
group during the course of the reaction. The fearedf a methyl group to gallium in the
reaction of GaGlwith Li[N(SiMej3);] has been reportéﬁ’, and similar methyl group
migrations have been found upon treatment of @a@th N(SiMe3); *** or SiMe, 2*2
The germanium atoms presentliclearly are not methylated, but the generation of
Me,Ge or CH might be expected to occur during the courseisfriémaction.

In order to probe the pathway for the formatioriohe progress of the reaction
of one, two and three equivalents of Ge[N(SiMle with calix[6]arene was monitored
over time usingH-NMR spectroscopy in benzemgin three separate experiments. The
methylene § 5.2-3.0 ppm) and alkylsily(0.4-0.0 ppm) regions of these spectra

contained diagnostic features which were compaved @ reaction period of 120 h in
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each case. Upon treatment of calix[6]arene wigg@ivalents of Ge[N(SiMgy]., a
resonance for the formation of free HN(Sg$eats 0.09 ppm was observed after 10
minutes at room temperature and Ge[N(SJ)¥le and a trace amount of calix[6]arene
were still present in solution. After heating 8smple at 85 °C for 1 hour, the aromatic
and methylene regions of the spectrum were complgxthe appearance of peaks$ at
0.42, 0.29 and 0.25 ppm indicated that compdunas already present in solution. The
absence of a resonanceédt0.50 ppm attributable to the six phenolic protohthe
calix[6]arene starting material also indicatedadiithis substrate had been consumed at
this time.

After heating the sample at 85 °C for a total bioéirs, the overall appearance of
the spectrum had simplified and suggested that oanghl was present in solution along
with a second intermediate species. The methylegien of the spectrum contained 24
distinct doublets divided into an upfield and doietd grouping of 12 features each.
Some overlap of these resonances was observeduistinct peaks @ 5.08 0 = 15.0
Hz), 4.43 § = 13.5 Hz), 3.15J= 12.3 Hz) and 3.13)(= 12.9 Hz) ppm were visible,
which clearly are not attributed iobut arise from a second compound present in
solution. Similarly, two additional peaksa&0.36 and 0.30 ppm in the alkylsilyl region
were observed at this time, as were two additidoainfield singlets ad 6.32 and 6.30
ppm, each arising from a Si-H proton.

The presence of the four features &t32, 6.30, 0.36 and 0.30 ppm along with
the structural rigidity evident in the intermediaf@ecies suggest that all or part of the
GeNO rhombus and the two —Si(H)(N} groups are generated prior to silylation of the

remaining hydroxyl group to generate the silyl etmeiety. Further evidence for this
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results from the presence of a broad singlétsa®2 ppm which suggests the presence of
a single hydroxyl group in the intermediate speci®snilar'H-NMR —OH features were
observed for the main group calixarenes {(OH)(dalarene)P} 6 5.4 ppmj*,
{(OH)(p-tert-butylcalix[4]arene)SiMe} § 4.59 ppmi®, {(OH)(calix[4]arene)As} 6 4.90
ppm)t* and {(OH)(ptert-butylcalix[4]areneAs} § 4.74 ppm)**, (see structures in

Figure 5.7) all of which have a single unbound —OH group tmde oxygen atoms

bound to the main group element.

Bu tgy 'Bu Bu

Figure 5.7: Structures of {(OH)(calix[4]arene)P}, {(OH)(fert-
butylcalix[4]arene)SiMe}, {(OH)(calix[4]arene)Asgnd {(OH)(piert-

butylcalix[4]areneAs}.
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The resonance at5.92 ppm had significantly reduced in intensityeaheating the
sample for a total of 48 hours, as had the twaifeatad 6.32 and 6.30 ppm and the
upfield peaks ab 0.36 and 0.30 ppm. We therefore postulate tlastiucture of the
intermediate detected Bi-NMR spectroscopy is that &fillustratedScheme 5.3which
undergoes an exchange of the —Silgeup attached to the nitrogen with the remaining

hydroxyl proton followed by closure of the 88 rhombus.

3 Ge[N(SiM&),]»

Several

Steps Ge[N(SIMQ;)z]z

AN
O—Ge/ IGe— @)

MesSi—NH

HSI(NH,), (HoN),SiH
‘o g

Scheme 5.3Proposed pathway for the reaction of calix[6]arestd 3 equivalents of

Ge[N(SiMey).]».
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After heating the sample for an additional 12 lonesices corresponding onlyXpfree
HN(SiMe;3),, and unreacted Ge[N(SiMeg]. remained. The appearance of the spectrum
remained unchanged with up to 120 hours of heati@p °C. Nearly identical results
were obtained when calix[6]arene was treated witlg@valents of Ge[N(SiMg)]»

under the same reaction conditions except that (Seje;),]. was absent after the
reaction had gone to completion. The outcomeisfgbocess is consistent with the
overall reaction stoichiometry since two germaniatioms are present in the framework
of 1. The'H-NMR spectra of the reaction of calix[6]arene witlequivalent of
Ge[N(SiMs&),]. in benzenads indicated the formation of a complex mixture oésigs
which includel and the intermediawhich remained present in solution even after
heating the reaction mixture for 120 hours.

In the course of these studies, no conclusiveeene for the formation of GeMe
or CH, was found which exhibit simildH-NMR resonances &t0.14 and 0.15 ppm in
benzeneds. However, identification of calix[6]arene as swurce of all of the protons in
the two —Si(H)(NH). groups and in the bridging -NHgroup was confirmed by the
reaction of three equivalents of Ge[N(Si)i with calix[6]areneds (prepared via the
reaction of calix[6]arene with a solution of 2.5M'Bi in hexanes followed by
quenching with BO) which contained six dueterated hydroxyl grouphe'H-NMR
spectrum of the resulting product contained orgyngle line ab 0.42 ppm arising from

the —OSiMg moiety as well as a feature corresponding to ueelagermanium amide.
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Conclusions

In conclusion the reactivity of calix[6]arene wiBe[N(SiMey),]. differs
considerably from that found in reactions involvicadix[4]arene and calix[8]arene.
Instead of forming complexes containing,Ggrhombi, the germanium calix[6]arene
complexl contains a central GdO rhombus incorporating three of six oxygen atais
the macrocycle. The remaining three oxygen ataene been converted to two —
OSi(H)(NH). moieties and one —OSiNlgroup. The pathway for the formationlois
likely complex, but involves the consumption of teguivalents of calix[6]arene for

each equivalent df produced in the reaction.

Experimental

All manipulations were carried out using standactilenk, syringe and glovebox
techniques? Calix[6]arene was purchased from Alfa Aesar aefNESiMey),], was
synthesized according to the published procetitfe'>® Solvents were dried using a
Glass Contour Solvent Purification System. OnetamddimensionalH-NMR spectra
were recorded at 400 MHz on a Varian Unity INOVAO&pectrometer and referenced to
residual protio solvent. For tiE-NMR assignments ift, the numbering scheme of the
carbon atoms corresponds to the crystal structuteie. —C(5)H- refers to a proton
bound to C(5)."*C-NMR spectra were recorded at a frequency of 1004& on a
Varian Unity INOVA 400 and referenced to the solvehile °Si-NMR were acquired
using a Varian Unity INOVA 600 operating at 119.Hkand were referenced to

external SiMg. Mass spectra were acquired using a Bruker Agilé60 LC/MSD
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System in acetonitrile solvent. Elemental analyss performed by Midwest Microlab,

LLC (Indianapolis, IN).

Synthesis of compound 1

To a solution of calix[6]arene (0.458 g, 0.719 mmolbenzene (10ml) was
added a solution of Ge[N(SiMkg]. (0.852 g, 2.17 mmol) in benzene (4ml). The migtur
was sealed in a Schlenk tube and heated at 852 fle. The solvent was removieu
vacuo to yield a white solid which was recrystallizedrfr hot benzene (5ml) to yieldas
colorless crystals which were washed with hexanei3ml) and driedn vacuo. Yield:
0.292 g (41 %).*H NMR (CgDs, 25 °C):8 7.29 — 6.75 (m, 18 H, aromatics), 6.34 (s, 1H,
-Si(H)(NH,),), 6.32 (s, 1H, -SH)(NH,),), 4.74 (d,J = 13.2 Hz, 1H —C(3),-), 4.66 (d,J
=14.7 Hz, 1H, -C(#)>-), 4.64 (dJ = 12.6 Hz, 1H, -C(3)>-), 4.53 (dJ = 16.2 Hz, 1H, -
C(6)Hy-), 4.51 (dJ = 11.7 Hz, 1H, -C(3)»-), 4.34 (dJ = 13.5 Hz, 1H, -C(By), 3.53
(d,J=16.2 Hz, 1H, -C(6)»-), 3.32 (dJ = 13.2 Hz, 1H, -C(3)»-), 3.30 (d,J = 14.7 Hz,
1H, -C(4H,-), 3.24 (dJ = 13.5 Hz, 1H, -C(B,-), 3.23 (d,J = 12.6 Hz, 1H, -C(3).-),
3.19 (dJ = 11.7 Hz, 1H, -C(2),-), 1.66 (br dJ = 9.6 Hz, 1H, -M-), 1.04 (br dJ = 9.6
Hz, 1H, -NH»-), 0.42 (s, 9H, -0OSi(83)3), 0.27 (s, 4H, -Si(H)(M),), 0.24 (s, 4H, -
Si(H)(NH.),) ppm. *C NMR (GsDs, 25 °C)$ 156.1, 154.4, 152.0, 151.6, 151.1, 150.8
(ipso-C), 136.8, 136.6, 136.4, 136.1, 135.9, 135.2,3,3433.3, 132.8, 132.6, 132.1,
132.0 (reta-C), 131.0, 130.8, 130.7, 130.5, 130.4, 130.3,8,229.7, 129.4, 129.3,
129.1, 128.8drtho-C), 123.6, 122.7, 122.3, 122.2, 120.9, 12p84-C), 34.2, 34.0,
33.9, 33.4, 33.1, 31.1GH-), 1.6 (-OSiCH3)3) ppm. 2°Si{*H} NMR (C¢Ds, 25 ° C):8

21.63, 21.17, and 21.07 ppm. IR (Nujol): 3348, @Z&55, 2720, 2664, 2288, 1916,
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1859, 1807, 1713, 1661, 1589 ¢mAnal. Calcd. for GH51GeNs06Sia: C, 54.74; H,

5.21. Found: 54.15; H, 5.41%.

NMR scale reaction of calix[6]arene with 3 equivaents of Ge[N(SiMp)]-
A solution of calix[6]arene (0.050 g, 0.078 mmiolpenzene-gl(.25 ml) was
treated with a solution of Ge[N(SiMg]. (0.093 g, 0.24 mmol) in benzeng{®5 ml) in

a screw-cap NMR tube.

NMR scale reaction of calix[6]arene with 2 equivaents of Ge[N(SiMp)]-
A solution of calix[6]arene (0.050 g, 0.078 mmiolpenzene-gl(.25 ml) was
treated with a solution of Ge[N(SiMg]. (0.062 g, 0.16 mmol) in benzeng{®5 ml) in

a screw-cap NMR tube.

NMR scale reaction of calix[6]arene with 2 equivaents of Ge[N(SiMp)]-
A solution of calix[6]arene (0.050 g, 0.078 mmiolpenzene-gl(.25 ml) was
treated with a solution of Ge[N(SiMg]. (0.031 g, 0.079 mmol) in benzeng{®5 ml)

in a screw-cap NMR tube.

Synthesis of calix[6]arene-¢

To a solution of calix[6]arene (0.300 g, 0.471 mmoldiethyl ether (30 ml) was
added a solution of 2.5 M B in hexanes (1.51 ml, 3.78 mmol) at -78 °C. Téaction
mixture was allowed to come to room temperatureveasi stirred for 4 h. The reaction

mixture was quenched with,D (5 ml) at -78 °C via cannula from a sure-seatl®ofThe
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organic layer was separated and dried over anhgdvimp5Q and the solvent was
removed invacuo to yield calix[6]arene-¢I(0.221 g, 72%). Th¥H-NMR spectrum of
the product recorded in benzengdid not exhibit an —OH resonance.
NMR scale reaction of calix[6]arene-d with 3 equivaents of Ge[N(SiMeg);]»

To a solution of calix[6]arenesd0.057 g, 0.088 mmol) in benzeng{d.35 ml)
was added a solution of Ge[N(Sipig2 (0.107 g, 0.272 mmol) in benzeng{d.30 ml).
The reaction mixture was heated in an oil bathifh and théH-NMR spectrum was

recorded.

X-ray crystal structure of 1- 0.5(GHys)

Diffraction intensity data were collected with a&®iens P4/CCD diffractometer.
Absorption corrections were applied for all datashyass. The structures were solved
using direct methods, completed by Fourier synthesid refined by full-matrix least
squares procedures oft FAll non-hydrogen atoms were refined with anieptc
displacement coefficients, and hydrogen atoms weeged as idealized contributors.
Contributions from the benzene solvent moleculeewemoved usingoueeze All
software and sources of scattering factors areagued in thespexr (5.10) program
package (G. Sheldrick, Bruker XRD, Madison, WI)RTEP diagrams were drawn using
the orter3 program (L.J. Farrugia, Glasgow).

Crystallographic data fdr- 0.5(GHs): Crystal size: 0.23 x 0.22 x 0.17 mm.
Crystal color and habit: colorless block. Empiricamula: GgHs4GeNsOsSiz. Formula
weight: 1026.42. Wavlength: 0.71073 A. Tempemta00(2) K. Crystal system:

triclinic. Space group: P-1. Unit cell dimensioas: 13.199(2) Ap = 14.774(2) Ac =
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16.569(4) A:x = 105.373(4) °f = 102.641(4) °y = 115.225(3) °. Volume = 2606.5(9)
A3 Z=2. Dac=1.309 g/ct Absorption coefficient = 1.274 mil F(000) = 1064.6-
Range for data collection = 1.67 — 25.00 °. Indmges: - 14 h<-15; -15<k<17; -19
<1<19. Reflections collected = 15228. Independefi¢ctions = 9124K;; = 0.0295).
Completeness t6 = 99.2 % ¢ = 25.00 °). Absorption correction = multi-scan.
Refinement method = full-matrix least-squaresdn Data/restraints/parameters =
9124/0/584. Goodness-of-fit ¢if = 1.014. FinaRindices [ > 25(1)]: Ry = 0.0581WR;
=0.1414.Rindices (all data)R; = 0.0884wR, = 0.1580. Largest difference in peak and

hole = 0.512 and -0.547 &A

167



References

(1)
)

®3)
(4)
()
(6)

(7)

(8)

9)

(10)
(11)
(12)
(13)
(14)
(15)

(16)

(17)
(18)
(19)
(20)

(21)
(22)

Neumann, W. RChem. Rev. 1991, 91, 311-334.

Lappert, M. F.; Rowe, R. Eoordination Chemistry Reviews 199Q 100,
267-292.

Cotton, J. D.; Davidson, P. J.; Lappert, MDBElton Trans. 1976 21,
2275-2286.

Chorley, R. W.; Hitchcock, P. B.; Lappert, M; Leung, W. P.; Power, P.
P.; Olmstead, M. MLnorg. Chim. Acta 1992 203-209.

Davidson, P. J.; Harris, D. H.; Lappert, MOalton Trans. 1976 21,
2268-2274.

Goldberg, D. E.; Hitchcock, P. B.; Lappert, M; MarkThomas, K.;
Thorne, A. J.; Fjeldberg, T.; Haaland, A.; SchglirB. E. R.J. Chem.
Soc., Dalton Trans. 1986 2387-2394.

Miller, K. A.; Bartolin, J. M.; O'Neill, R. M.Sweeder, R. D.; Thomas M.
Owens; Kampf, J. W.; Holl, M. M. B.; Wells, N. J.Am. Chem. Soc.
2003 125, 8986-8987.

Miller, K. A.; Watson, T. W.; John E. Bendér,Holl, M. M. B.; Kampf,
J. W.J. Am. Chem. Soc. 2001, 123, 982-983.

Walker, R. H.; Miller, K. A.; Scott, S. L.; @gan, Z. T.; Bartolin, J. M.;
Kampf, J. W.; Holl, M. M. BOrganometallics 2009 28, 2744—-2755.
Sweeder, R. D.; Miller, K. A.; Edwards, F, AVang, J.; Holl, M. M. B.;
Kampf, J. W.Organometallics 2003 22, 5054-5062.

Gynane, M. J. S.; Harris, D. H.; Lappert, M. Power, P. P.; Riviere, P.;
Riviere-Baudet, MDalton Trans. 1977, 20, 2004-20009.

Lappert, M. F.; Power, P. P.; Sanger, A.Rivastava, R. QVietal and
Metalloid Amides; John Wiley & Sons: New York, 1980.

Zhu, Q.; Ford, K. L.; Roskamp, E Heteroatom Chemistry 1992 3, 647-
9.

Litz, K. E.; John E. Bender, I.; Kampf, J.;Woll, M. M. B. Angew.
Chem. Int. Ed. Engl. 1997, 496-498.

Gehrhus, B.; Hitchcock, P. B.; Lappert, MARgew. Chem. Int. Ed. Engl.
1997 36, 2514-2516.

Dickie, D. A.; MaciIntosh, I. S.; Ino, D. [He, Q.; Labeodan, O. A;;
Jennings, M. C.; Schatte, G.; Walsbhy, C. J.; Clgeud. A. CCan. J.
Chem. 2008 86, 20-31.

Glidewell, C.; Lloyd, D.; Lumbard, K. W. Chem. Soc., Dalton Trans.
1987 501-508.

HITCHCOCK, P. B.; JASIM, H. A.; LAPPERT, M.;ALEUNG, W.-P.;
RAI A. K.; TAYLORS5, R. E.Polyhedron 1991, 10, 1203-1213.
Weinert, C. S.; Fenwick, A. E.; Fanwick, P, Eothwell, I. P.J. Chem.
Soc., Dalton Trans. 2003 532-539.

Cetinkays, B.; Giimriikcii, I.; Lappert, M..FAtwood, J. L.; Shakir, RI.
Am. Chem. Soc. 198Q 102, 2088-2089.

Nelson, T. D.; Crouch, D. Bynthesis 1996 9, 1031-1069.

Clarke, P. A.; Martin, W. H. GQnnu. Rep. Prog. Chem., Sect. B 2003 99,

168



(23)
(24)
(25)
(26)
(27)
(28)
(29)
(30)
(31)
(32)
(33)

(34)
(35)

(36)
(37)
(38)
(39)
(40)

(41)
(42)

(43)
(44)
(45)
(46)
(47)

(48)

84-103.

Green, T. W.; Wuts, P. G. Mrotective Groups in Organic Synthesis; 3rd
ed.; John Wiley and Sons: New York, 1999.

Jarowicki, K.; Kocienski, R. Chem. Soc., Perkin Trans. 1 1999 1589-
1615.

Jarowicki, K.; Kocienski, RContemporary Organic Synthesis 1995 2,
315-336.

Jarowicki, K.; Kocienski, RContemporay Organic Synthesis 1996 3,
397-431.

Jarowicki, K.; Kocienski, RContemporary Organic Synthesis 1997, 4,
454-492.

Jarowicki, K.; Kocienski, B. Chem. Soc., Perkin Trans. 1 1998 4005-
4037.

Jarowicki, K.; Kocienski, B. Chem. Soc., Perkin Trans. 1 200Q 2495-
2527.

Jarowicki, K.; Kocienski, Bl. Chem. Soc., Perkin Trans. 1 2001, 2109-
2135.

Muzart, JSynthesis 1993 11-27.

Spivey, A. C.; Leese, [Dnnu. Rep. Prog. Chem., Sect. B 2002 98, 41-60.
Spivey, A. C.; Srikaran, Rnnu. Rep. Prog. Chem., Sect. B 2001, 97, 41-
59.

Karimi, B.; Golshani, BJ. Org. Chem. 200Q 65, 7228-7230.

Gautret, P.; EI-Ghammarti, S.; Legrand, Aou@irier, D.; Rigo, BSynth.
Commun. 1996 26, 707-713.

Langer, S. H.; Connell, S.; Wendexr].IOrg. Chem. 1958 23, 50-58.
Bruynes, C. A.; Jurriens, T. B.Org. Chem. 1982 20, 3966-3969.
Akhlaghinia, B.; Asadi, M.; Safaee, E.; Heyutzor, M. Phosphorus,
Sulfur, Slicon Relat. Elem. 2004 179, 2099-2104.

Harada, T.; Kurokawa, H.; Kagamihara, Y.; dlam, S.; Inoue, A.; Oku,
A. J. Org. Chem. 1992 57, 1412-1421.

Tanabe, Y.; Mubakami, M.; Kitaichi, K.; Yosla, Y. Tetrahedron Lett.
1994 35, 8409-8412.

Firouzabadi, H.; B.Karinfynth. Commun. 1993 23, 1633-41.
Firouzabadi, H.; Sardarian, A. R.; Khayat,E Karimi; Tangcstanincjad,
S. Synth. Commun. 1997, 27, 2709-2719.

Firouzabadi, H.; Iranpoor, N.; Amani, K.; Nawzi, F.J. Chem. Soc.,
Perkin Trans. 1 2002 2601-2604.

Shirini, F.; Zolfigol, M. A.; Mohammadi, KPhosphorus, Sulfur, Slicon
Relat. Elem. 2003 178, 1567-1570.

Curhi, M.; Epifano, F.; Marcotullio, M. C.;dati, O.Synth. Commun.
1999 29, 541-546.

Zhang, Z.-H.; Li, T.-S.; Yang, F.; Fu, C.-§nth. Commun. 1998 28,
3105-31 14.

Tillu, V. H.; Jadhav, V. H.; Borate, H. B.;akharkar, R. DARKIVOC
2004 83-88.

Chaudhary, S. K.; Hernand&grahedron Lett. 1979 2, 99 - 102.

169



(49)
(50)
(51)
(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)
(62)
(63)
(64)
(65)
(66)
(67)
(68)
(69)
(70)

(71)
(72)

(73)

(74)

D’'Sa, B. A.; McLeod, D.; Verkade, J. &.0rg. Chem. 1997, 62, 5057-
5061.

Hayashi, M.; Matsuura, Y.; Watanabe, Tétrahedron Lett. 2004 45,
1409-1411.

Huang, X.; Craita, C.; Awad, L.; Vogel, ®hem. Commun 2005 1297—
1299.

Ito, H.; Takagi, K.; Miyahara, T.; Sawamulk&, Organic Letters 2005 7,
3001-3004.

Wetherby, A. E., Jr. ; Benson, S. D.; Wein€rtS.Inorg. Chim. Acta
2007, 360, 1977-1986.

Wetherby, A. E., Jr.; Goeller, L. R.; DiPaatgy A. G.; Rheingold, A. L.;
Weinert, C. SIinorg. Chem. 2007, 46, 7579-7586.

Wetherby, A. E., Jr.; Goeller, L. R.; DiPaatyy A. G.; Rheingold, A. L.;
Weinert, C. SInorg. Chem. 2008 47, 2162-2170.

No6th, H.; Schlosser, Dnorg. Chem. 1983 22, 2700-2703.

No6th, H.; Schlosser, [Eur. J. Inorg. Chem. 2003 2245-2254.
Chadwick, S.; Englich, U.; Ruhlandt-SengeAKgew. Chem. Int. Ed
1998 37, 3007-30009.

Wiberg, N.; Uhlenbrock, WChem. Ber. 1971, 104, 2643.

Emsley, JThe Elements; 3rd ed.; Clarendon Press: Oxford, 1998.
Arnold, P. L.; Natrajan, L. S.; Hall, J. Bird, S. J.; Wilson, CJ.
Organomet. Chem. 2002 647, 205-215.

Corden, J. P.; Errington, W.; Moore, P.; Rdge, M. G.; Wallbridge, M.
G. H.Dalton Trans. 2004 1846-1851.

Dong, C.; Zhang, J.; Zheng, W.; Zhang, L.; ¥y Choi, M. C. K.; Chan,
A. S. C.Tetrahedron: Asymmetry 200Q 11, 2449-2454.

Geldbach, T. J.; Chaplin, A. B.; Ha 'nni, K; Bcopelliti, R.; Dyson, P. J.
Organometallics 2005 24, 4974-4980.

Nagataki, T.; Tachi, Y.; Itoh, S.Mol. Catal. A: Chem. 2005 225, 103—
109.

Natrajan, L. S.; Blake, A. J.; Wilson, C.; Wa&einand, J. A.; Arnold, P.
L. Dalton Trans. 2004 3748-3755.

Natrajan, L. S.; Wilson, C.; Okuda, J.; AmhdP. L.Eur. J. Inorg. Chem.
2004 3724-3732.

Yu, X.; Marks, T. JOrganometallics 2007, 26, 365-376.

Pearson, R. Gnorg. Chem. 1988 27, 734-740.

Weinert, C. S.; Fanwick, P. E.; RothwelR?1.J. Chem. Soc., Dalton
Trans. 2002 2948-2950.

Mori, K.; Masuda, Y.; Kashino, 8cta Cryst. 1993 C49, 1224-1227.
Shriver, D. F.; Drezdzon, M. Ahe Manipulation of Air Sensitive
Compounds; 2nd ed.; John Wiley and Sons: New York, 1986.
Buisman, G. J. H.; Veen, L. A. v. d.; KloojkyiA. |.; Lange, W. G. J. d.;
Kamer, P. C. J.; Leeuwen, P. W. N. M. v.; Vogt@ganometallics
1997, 16, 2929-2939.

Gynane, M. J. S.; Harris, D. H.; Lappert, M. Power, P. P.; Rividre, P.;
Rividre-Baudet, MJ. Chem. Soc., Dalton Trans. 1977, 2004-2009.

170



(75)
(76)
(77)

(78)
(79)

(80)
(81)
(82)
(83)
(84)

(85)
(86)

(87)
(88)
(89)
(90)
(91)
(92)
(93)
(94)
(95)
(96)
(97)
(98)

(99)

Buerger, H.; Forker, C.; GoubeauManatsh. Chem. 1965 96, 597-601.
Bradley, D. C.; Hursthouse, M. B.; Ibrahim,A; Malik, K. M. A.;
Motevalli, M.; Moseler, R.; Powell, H.; RunnacldsD.; Sullivan, A. C.
Polyhedron 199Q 9, 2959-2964.

Engelhardt, L. M.; Jolly, B. S.; Junk, P. Baston, C. L.; Skelton, B. W.;
White, A. H.Australian Journal of Chemistry 1986 39, 1337-45.
Westerhausen, Nhorg. Chem. 1991, 30, 96-101.

Buerger, H.; Sawodny, W.; Wannagat JUOrganomet. Chem. 1965 3, |
| 3-120.

Deleuze, M. S1. Chem. Phys. 2002 116, 7012-7026.
Dimitrakopoulos, C. OR.R. L. Malenfant 2002 99, 99-117.

Dotz, F.; Brand, J. D.; Ito, S.; Gherghel,Mulllen, K.J. Am. Chem.
Soc. 200Q 122, 7707-7717.

Klauk, H.; Halik, M.; Zschieschang, U.; Sclin@.; Radlik, W.J. Appl.
Phys. 2002 92, 5259-5263.

Mori, T.; Takeuchi, H.; Fujikawa, H. Appl. Phys. 2005 97, 066101-
066103.

Mdiller, M.; Kubel, C.; Millen, KChem. Eur. J. 1998 4, 2099-2109.
Ramamurthy, V.; Schanze, K.ERls. Solid State and Surface
Photochemistry; CRC Press: New York, 2000.

Asari, T.; Kobayashi, N.; Naito, T.; Inabe,Bull. Chem. Soc. Jpn. 2001,
74, 53-58.

Hjorth, M.; Thorup, N.; Frederiksen, P.; Bgahard, K. Acta. Chem.
Scand. 1994 48, 139-43.

Asari, T.; Ishikawa, M.; Naito, T.; Matsudd,; Tajima, H.; Inabe, T.
Chem. Lett. 2005 34, 936-937.

Asari, T.; Naito, T.; Inabe, T.; Matsuda, Mgjima, H.Chem. Lett. 2004
33, 128-129.

Inabe, TMal. Cryst. Lig. Cryst. 2002 376, 225-232.

Inabe, T.; Asari, T.; Hasegawa, H.; Matsida,Gacho, E. H.;
Matsumura, N.; Takeda, S.; Takeda, K.; NaitoSmth. Met. 2003 133-
134, 515-518.

Takano, S.; Naito, T.; Inabe, Chem. Lett. 1998 1249-1250.
Hanasaki, N.; Matsuda, M.; Tajima, H.; Naifo, Inabe, T Synth. Met.
2003 133-134, 519-521.

Matsuda, M.; Asari, T.; Naito, T.; Inabe, Hanasaki, N.; Tajima, H.
Bull. Chem. Soc. Jpn. 2003 76, 1935—-1940.

Matsuda, M.; Hanasaki, N.; Tajima, H.; Naifo, Inabe, T.J. Chem.
Phys. Solids 2004 65, 749-752.

Doi, S.; Fujita, A.; Ikeura, S.; Inabe, T.aMunaga, YBull. Chem. Soc.
Jpn. 1979 52, 2494-2500.

Ikegami, K.; Matsunaga, Y.; Osafune, K.; Oaatt.Bull. Chem. Soc. Jpn.
1975 48, 341-342.

Sugimoto, A.; Kato, S.; Inoue, H.; Imoto,Bull. Chem. Soc. Jpn. 1976
49, 337-338.

(100) Pummerer, R.; Prell, E.; Rieche,Ghem. Ber. 1926 59, 2159-2161.

171



(101)
(102)
(103)
(104)
(105)
(106)
(107)
(108)
(109)
(110)
(111)

(112)
(113)

(114)
(115)
(116)

(117)
(118)

(119)
(120)

(121)

(122)

(123)
(124)
(125)
(126)
(127)

(128)

Lau, W.; Kochi, J. KJ. Org. Chem. 1986 51, 1801-1811.

Lau, W.; Kochi, J. KI. Am. Chem. Soc. 1986 108, 6720-6732.

Taylor, RElectrophilic Aromatic Substitution; John Wiley & Sons:
Chichester, 1991.

Bockman, T. M.; Kosynkin, D.; Kochi, J. K.Org. Chem. 1997, 62,
5811-5820.

Boga, C.; Vecchio, E. D.; Forlani, Eur. J. Org. Chem. 2004 1567-1571.
Hubig, S. M.; Kochi, J. Kl. Org. Chem. 200Q 65, 6807-6818.
Atherton, J. H.; Moodie, R. B.; Noble, D.RChem. Soc., Perkin Trans.
21999 699-705.

Hubig, S. M.; Kochi, J. KI. Am. Chem. Soc. 200Q 122, 8279-8288.
Morley, J. O.; Roberts, D. W..Org. Chem. 1997, 62, 7358-7363.
Foster, D. j.; Tobler, B. Am. Chem. Soc. 1961, 83, 851-855.

Fields, R.; Haszeldlne, R. N.; Palmer, Hetrahedron Lett. 1971, 1879-
1882.

Foster, D. J.; Tobler, E.Org. Chem. 1962 27, 834-837.

Blackburn, G. M.; Cameron, D. W.; Chan, H-8VJ. Chem. Soc. C 1966
1836-1842.

Brevard, C.; Granger, Randbook of High Resolution Multinuclear
NMR; John Wiley & Sons: New York, 1981.

Sens, M. A.; Wilson, N. K.; Ellis, P. D.; Gu, J. DJ. Mag. Reson. 1975
19, 323-336.

Asfari, Z.; Bohmer, V.; Harrowfield, J.; \Gans, JCalixarenes 2001;
Kluwer Academic Publishers: Dordrecht, The Nethedtg 2001.
Bohmer, VAngew. Chem. Int. Ed. Engl. 1995 34, 713-745.

de Namor, A. F. D.; Cleverley, R. M.; Zap&@amachea, M. LChem.
Rev. 1998 98, 2495-2525.

Gutsche, C. DCalixarenes Revisited; Royal Society of Chemistry:
Cambridge, 1998.

Hof, F.; Craig, S. L.; Nuckolls, C.; Rebdk, JrAngew. Chem. Int. Ed.
2002 41, 1488-1508.

Pochini, A.; Ungaro, Rn Comprehensive Supramolecular Chemistry;
Atwood, J. L., Davis, J. E. D., MacNicol, D. D.,\itey F., Pergamon
Press: New York, 1996; Vol. 2.

Vincens, J.; Bohmer, \Zalixarenes, A Vesatile Class of Macrocyclic
Compounds; Kluwer Academic Publishers: Dordrecht, The Neltads,
1991.

Brown, M.; Jablonski, @an. J. Chem. 2001, 79, 463-471.

Coquiere, D.; Marrot, J.; Reinaud,@em. Commun. 2006 3924-3926.
Cotton, F. A.; Daniels, L. M.; Lin, C.; Mg, C. A.Inorg. Chim. Acta
2003 347, 1-8.

Dorta, R.; Shimon, L. J. W.; Rozenberg, B&n-David, Y.; Milstein, D.
Inorg. Chem. 2003 42, 3160-3167.

Durr, S.; Bechlars, B.; Radius, ldorg. Chim. Acta 2006 359, 4215-
4226.

Estler, F.; Herdtweck, E.; Anwander,JRChem. Soc., Dalton Trans.

172



(129)
(130)

(131)
(132)

(133)
(134)
(135)
(136)
(137)

(138)
(139)

(140)
(141)
(142)
(143)
(144)
(145)
(146)

(147)
(148)

(149)
(150)
(151)
(152)
(153)
(154)
(155)

(156)
(157)

2002 3088-3089.

Jeunesse, C.; Armspach, D.; MattChem. Commun. 2005 5603-5614.
Khasnis, D. V.; Burton, J. M.; Lattman, Mhang, H.J. Chem. Soc.
Chem. Commun. 1991, 562-563.

Khasnis, D. V.; Lattman, M. Am. Chem. Soc. 199Q 112, 9423-9425.
Kotzen, N.; Goldberg, I.; Vigalok, Anorg. Chem. Commun. 2005 8,
1028-1030.

Loffler, F.; Luning, U.; Gohar, ®lew J. Chem. 200Q 24, 935-938.
MacLachlan, E. A.; Fryzuk, M. @rganometallics 2006 25, 1530-1543.
Marcos, P. M.; Mellah, B.; Ascenso, J. Ri¢ch&l, S.; Hubscher-Bruderd,
V. r.; Arnaud-Neu, FNew J. Chem. 2006 30, 1655-1661.
Pellet-Rostaing, S.; Regnouf-de-Vains, JEBmartine, R.; Fenet, B.
Inorg. Chem. Commun. 1999 2, 44-47.

Petrella, A. J.; Raston, C.J..Organomet. Chem. 2004 689, 4125-4136.
Radius, UZ. Anorg. Allg. Chem. 2004 630, 957-972.

Redshaw, C.; Rowan, M. A.; Warford, L.; HendD. M.; Arbaoui, A.;
Elsegood, M. R. J.; Dale, S. H.; Yamato, T.; Ca€a$}.; Matsui, S.;
Matsuura, SChem. Eur. J. 2007, 13, 1090-1107.

Seitz, J.; Maas, @hem. Commun. 2002 338-339.

Sliwa, WCroat. Chem. Acta 2002 75, 131-153.

Sliwa, W.J. Inclusion Phenom. Macrocyclic Chem. 2005 52, 13-37.

Xie, D.; Gutsche, C. . Org. Chem. 1998 63, 9270-9278.

Shang, S.; Khasnis, D. V.; Zhang, H.; Sm#allC.; Fan, M.; Lattman, M.
Inorg. Chem. 1995 34, 3610-3615.

Hascall, T.; Rheingold, A. L.; Guzeib, larRin, G.Chem. Commun.
1998 101-102.

Hockeymeyer, J.; Valentin, B.; Castel, Aiyi&e, P.; Satge, J.; Cardin, C.
J.; Teixeira, SMain Group Met. Chem. 1997, 20, 775-781.

McBurnett, B. G.; Cowley, A. Chem. Commun. 1999 17-18.

Ohta, T.; Sakurai, T.; Fujiwara, Kppl. Organometal. Chem. 2004 18,
431-437.

Sakurai, T.; Takeuchi, Heteroat. Chem. 2003 14, 365-373.

Sakurai, T.; Takeuchi, YAppl. Organometal. Chem. 2005 19, 372-376.
Takeuchi, Y.; Sakurai, T.; Tanaka,Main Group Met. Chem. 200Q 23,
311-316.

Weinert, C. S.; Fanwick, P. E.; RothwelR]Acta Crystallogr. 2002
E58, m718-m720.

Weinert, C. S.; Fanwick, P. E.; RothwelRlInorg. Chem. 2003 42,
6089-6094.

Weinert, C. S.; Fenwick, A. E.; Fanwick B, Rothwell, I. PJ. Chem.
Soc., Dalton Trans. 2003 532-539.

Lang, J.; Deckerova, V.; Czernek, J.; Lhpgk. Chem. Phys. 2005 122,
0445061-04405611.

Emsley, JThe Elements, 2cnd ed.; Clarendon Press: Oxford, 1991.
Hitchcock, P. B.; Lappert, M. F.; ThomasAS.Thorne, A. J.; Carty, A.
J.; Taylor, N. JJ. Organomet. Chem. 1986 315, 27-44.

173



(158)
(159)
(160)
(161)

(162)
(163)

(164)

(165)
(166)

(167)
(168)
(169)
(170)

(171)
(172)

(173)
(174)

(175)
(176)

177)
(178)
(179)
(180)
(181)

(182)

Green, R. A.; Rheingold, A. L.; Weinert,&£1norg. Chim. Acta 2009
362, 3159-3164.

Chin, H. B.; Smith, M. B.; Wilson, R. D.; BaR.J. Am. Chem. Soc. 1974
96, 5285-5287.

Anema, S. G.; Barris, G. C.; Mackay , K. Mi¢cholson, B. KJ.
Organomet. Chem. 1988 350, 207-215.

Batsanov, A. S.; Rybin, L. V.; Rybinskaya, M Struchkov, Y. TJ.
Organomet. Chem. 1983 249, 319-326.

Melzer, D.; Weiss, B. Organomet. Chem. 1983 255, 335-344.
Anema, S. G.; Mackay , K. M.; McLeod, L. ®licholson, B. K.;
Whittaker, J. MAngew. Chem. Int. Ed. Engl. 1986 25, 759-760.
Anema, S. G.; Mackay , K. M.; Nicholson,KB.Inorg. Chem. 1989 28,
3158-3164.

Bonny, A.; Mackay, K. M]. Chem. Soc., Dalton Trans. 1978 722-726.
Bonny, A.; Mackay, K. M.; Wong, F. $.Chem. Res., Synop. 1985 2,
40-41.

Kawano, Y.; Sugawara, K.; Tobita, H.; Ogirb Chem. Lett. 1994 293-
296.

Mohamed, B. A. S.; Kikuchi, M.; Hashimoto,; Heno, K.; Tobita, H.;
Ogino, H.Chem. Lett. 2004 33, 112-113.

Anema, S. G,; Lee, S. K.; Mackay, K. M.; Mdd, L. C.; Nicholson, B.
K.; Service, M.J. Chem. Soc., Dalton Trans. 1991 1209-1217.
Anema, S. G.; Lee, S. K.; Mackay, K. M.; hatson, B. K.; Service, Ml.
Chem. Soc., Dalton Trans. 1991, 1201-1208.

Foster, S. P.; Mackay, K. Nl.Organomet. Chem. 1982 238, C46-C48.
Gerlach, R. F.; Graham, B. W. L.; Mackay. M J. Organomet. Chem.
1979 182, 285-298.

Gerlach, R. F.; Mackay, K. M.; Nicholson,K.J. Chem. Soc., Dalton
Trans. 1981, 80-84.

Lee, S. K.; Mackay, K. M.; Nicholson, B. Iservice, MJ. Chem. Soc.,
Dalton Trans. 1992 1709-1716.

Wong, F. S.; Mackay , K. M. Chem. Res., Synop. 198Q 180.

Anema, S. G.; Mackay, K. M.; Nicholson, B.XChem. Soc., Dalton
Trans. 1996 3853-3858.

Anema, S. G.; Mackay, K. M.; Nicholson, B; Kiel, M. V.
Organometallics 199Q 9, 2436-2442.

Duffy, D. N.; Mackay, K. M.; Nicholson, B..KThomson, R. AJ. Chem.
Soc., Dalton Trans. 1982 1029-1034.

Whitmire, K. H.; Lagrone, C. B.; Churchil. R.; Fettinger, J. C.;
Robinson, B. HInorg. Chem. 1987, 26, 3491-3499.

Evans, C.; Mackay, K. M.; Nicholson, B. KXChem. Soc., Dalton Trans.
2001 1645-1649.

Foster, S. P.; Mackay, K. M.; Nicholson KB.J. Chem. Soc. Chem.
Commun. 1982 1156-1157.

Foster, S. P.; Mackay, K. M.; Nicholson KB.Inorg. Chem. 1985 24,
909-913.

174



(183)
(184)
(185)

(186)
(187)

(188)
(189)
(190)

(191)
(192)

(193)

(194)
(195)

(196)
(197)
(198)
(199)

(200)
(201)

(202)
(203)

(204)
(205)

(206)
(207)
(208)

(209)
(210)

Gerlach, R. F.; Mackay, K. M.; Nicholson,i.J. Organomet. Chem.
1979 178, C30-C32.

Lee, S. K.; Mackay, K. M.; Nicholson, B. &.Chem. Soc., Dalton Trans.
1993 715-722.

Audett, J. A.; Mackay, K. M. Chem. Soc., Dalton Trans. 1988 2635-
2643.

Bonny, A.; Mackay, K. MJ. Chem. Soc., Dalton Trans. 1978 1569-1573.
Lei, D.; Hampden-Smith, M. J.; Duesler, E. Nuffman, J. Clnorg.
Chem. 199Q 29, 795-798.

Anema, S. G.; Audett, J. A.; Mackay, K. Micholson, B. K.J. Chem.
Soc., Dalton Trans. 1988 2629-2634.

Anema, S. G.; Barris, G. C.; Mackay, K. Mi¢cholson, B. K.J.
Organomet. Chem. 1992 441, 35-43.

Anema, S. G.; Mackay, K. M.; Nicholson, B.JXOrganomet. Chem.
1989 371, 233-246.

Elder, M.; Hutcheon, W. LI. Chem. Soc., Dalton Trans. 1972 175-180.
Gynane, M. J. S.; Harris, D. H.; Lappert,it. Power, P. P.; Riviere, P.;
Riviere-Baudet, MJ. Chem. Soc., Dalton Trans. 1977, 2004-2009.
Harris, D. H.; Lapper, M. B. Chem. Soc. Chem. Commun. 1974 895-
896.

Zhu, Q.; Ford, K. L.; Roskamp, EHEteroat. Chem. 1992 3, 647-649.
Fan, M.; Shevchenko, I. V.; Voorhies, R. Eckert, S. F.; Zhang, H.;
Lattman, M.Inorg. Chem. 200Q 39, 4704-4712.

Fan, M.; Zhang, H.; Lattman, K@rganometallics 1996 15, 5216-5219.
Fan, M.; Zhang, H.; Lattman, i@hem. Commun. 1998 99-100.

FAN, M.; ZHANG, H.; LATTMAN, M.Phosphorus, Sulfur, Slicon

Relat. Elem. 1999 144-146, 257-260.

Fan, M.; Zhang, H.; Lattman, Mhosphorus, Sulfur, Slicon Relat. Elem.
2002 177, 1549-1551.

Fan, M.; Zhang, H.; Lattman, Miorg. Chem. 2006 45, 6490-6496.
Khasnis, D. V.; Burton, J. M.; McNelil, J.;Zantini, C. J.; Zhang, H.;
Lattman, M.Inorg. Chem. 1994 33, 2657-2662.

Khasnis, D. V.; Burton, J. M.; McNelil, J.;Zhang, H.; Lattman, M.
Phosphorus, Sulfur, Slicon Relat. Elem. 1993 75, 253-256.

Lattman, M. IlModern Aspects of Main Group Chemistry, Kemp(Ed.), R.
A., Ed.; ACS Symposium Series: 2006, p 237-251.

Redkevich, D. MAngew. Chem. Int. Ed. Engl. 2004 43, 558.

Shang, S.; Khasnis, D. V.; Burton, J. Mnt8g, C. J.; Fan, M.; Small, A.
C.; Lattman, MOrganometallics 1994 13, 5157-5159.

Shevchenko, I.; Zhang, H.; Lattman,Ikbrg. Chem. 1995 34, 5405-
5409.

Sood, P.; Koutha, M.; Fan, M.; Klichko, ¥hang, H.; Lattman, M.
Inorg. Chem. 2004 43, 2975-2980.

Sood, P.; Zhang, H.; Lattman, ®rganometallics 2002 21, 4442-4447.
Kanamathareddy, S.; Gutache, CJ.0Drg. Chem. 1992 57, 3160-3166.
Magrans, J. O.; Rincon, A. M.; Cuevas, lepéz-Prados, J.; Nieto, P. M.;

175



Pons, M.; Prados, P.; de Mendozal. Drg. Chem. 1998 63, 1079-1085.

(211) Shinkai, STetrahedron 1993 49, 8933-8968.

(212) Gutsche, C. D.; Bauer, L.JJAmM. Chem. Soc. 1985 107, 6052-6059.

(213) Iglesias-Sanchez, J. C.; Souto, B.; Pa&tad,; de Mendoza, J.; Prados, P.
J. Org. Chem. 2005 70, 10400-10407.

(214) Belhamel, K.; Nguyen, T. K. D.; Benamor, Mudwig, R.Eur. J. Inorg.
Chem. 2003 4110-4116.

(215) Boulet, B.; Bouvier-Capely, C.; Cossonnet,@te, G.Solvent Extr. lon
Exc. 2006 24, 319-330.

(216) Darbost, U.; Seneque, O.; Li, Y.; Bertho, [Barrot, J.; Rager, M.-N.;
Reinaud, O.; Jabin, Chem. Eur. J. 2007, 13, 2078-2088.

(217) Eggert, J. P. W.; Harrowfield, J. M.; Lunjrig); Skelton, B. W.; White,
A. H. Lanthanide(l11) ion coordination by a concave reagent 2006 25,
910-914.

(218) lzzet, G.; Akdas, H.; Hucher, N.; Giorgi,;Nrange, T.; Reinaud, O.
Inorg. Chem. 2006 45, 1069-1077.

(219) lzzet, G.; Rager, M.-N.; Reinaud, @alton Trans. 2007, 771-780.

(220) Obora, Y.; Liu, Y. K.; Jiang, L. H.; Takersk.; Tokunaga, M.; Tsuji, Y.
Organometallics 2005 24, 4-6.

(221) Obora, Y.; Liu, Y. K.; Kubouchi, S.; Tokureag\.; Tsuji, Y.Eur. J.
Inorg. Chem. 2006 222-230.

(222) Rondelez, Y.; Seneque, O.; Rager, M.-N.;l@ayfA. F.; Reinaud, O.
Chem. Eur. J. 200Q 6, 4218-4226.

(223) Seneque, O.; Rager, M.-N.; Giorgi, M.; P&nb.; Tomas, A.; Reinaud,
0. J. Am. Chem. Soc. 2005 127, 14833-14840.

(224) Seneque, O.; Rager, M.-N.; Giorgi, M.; RehaO.J. Am. Chem. Soc.
200Q 122, 6183-6189.

(225) Seneque, O.; Rondelez, Y.; Le Clainchelrisan, C.; Rager, M.-N.;
Giorgi, M.; Reinaud, OEur. J. Inorg. Chem. 2001, 2597-2604.

(226) Souane, R.; Hubscher, V.; Asfari, Z.; Arnalad Vicens, JTetrahedron
Lett. 2003 44, 9061-9064.

(227) Petrella, A. J.; Craig, D. C.; Lamb, R. Raston, C. L.; Roberts, N. K.
Dalton Trans. 2004 327-333.

(228) Petrella, A. J.; Roberts, N. K.; Craig, D; Raston, C. L.; Lamb, R. N.
Chem. Commun. 2003 2288-2289.

(229) Petrella, A. J.; Roberts, N. K.; Craig, D; Raston, C. L.; Lamb, R. N.
Chem. Commun. 2003 1014-1015.

(230) Stanciu, C.; Hino, S. S.; Stender, M.; RidsaA. F.; Olmstead, M. M;
Power, P. Plnorg. Chem. 2005 44, 2774-2780.

(231) Cetinkaya, B.; Gumrukcu, I.; Lappert, M.JFAmM. Chem. Soc. 198Q 102,
2088-2089.

(232) Weinert, C. S.; Fanwick, P. E.; RothwelRIDalton Trans. 2003 1795-
1802.

(233) Chorley, R. W.; Hitchcock, P. B.; Lappert, M; Leung, W. P.; Power, P.
P.; Olmstead, M. Mlnorg. Chim. Acta 1992 198-200, 203-209.

(234) Lappert, M. F.; Slade, M. d.Chem. Soc. Chem. Commun. 198Q 621-

176



(235)
(236)
(237)
(238)
(239)
(240)
(241)

(242)

622.

Benet, S.; Cardin, C. J.; Cardin, D. J.; €antine, S. P.; Heath, P.;
Rashid, H.; Teixeira, S.; Thorpe, J. H.; Todd, AQfganometallics 1999
18, 389-398.

Suh, S.; Hoffman, D. Mnorg. Chem. 1996 35, 6164-6169.

Reiche, C.; Kliem, S.; Klingebiel, U.; Nakeyer, M.; Voit, C.; Herbst-
Irmer, R.; Schmatz, S. Organomet. Chem. 2003 667, 24-34.
Ruhland-Senge, K.; Barlett, R. A.; OlmstdddM.; Power, P. PAngew.
Chem. Int. Ed. 1993 32, 425.

Schraml, J.; Kvicalova , M.; Blechta, V.;r@&k, JMag. Res. Chem.
1997, 35, 659-662.

Luo, B.; Young, V. G., Jr.; Gladfelter, W. 1. Organomet. Chem. 2002
649, 268-275.

Carmalt, C. J.; Mileham, J. D.; White, APJ; Williams, D. J.; Steed, J.
W. Inorg. Chem. 2001, 40, 6035-6038.

Schmidbaurr, H.; Findeiss, Whgew. Chem. Int. Ed. 1964 3, 696.

177



VITA
Anthony Edmund Wetherby Jr.
Candidate for the Degree of

Doctor of Philosophy

Dissertation: REACTION OF BULKY MAIN GROUP METALUI) AMIDES WITH
POLYFUNCTIONAL PHENOL SUB&RTES

Major Field: Chemistry

Biographical:
Personal Data: Born in Glens Falls, New York anuary 9, 1983

Education:
Bachelors of Science:
Chemistry, Clarkson University, December, 2004
Doctor of Philosophy:
Chemistry, Oklahoma State University, July 2009

Publications:
The author has published and presented work imnsesnand national

conferences.

Professional Memberships:
American Chemical Society (ACS)
Phi Lambda Upsilon (PLU): National Honorary CheatiSociety



Name: Anthony E. Wetherby Jr. Date of Degree: July020

Institution: Oklahoma State University Location: Stillwater, Oklahoma

Title of Study:REACTION OF BULKY MAIN GROUP METAL(Il) AMIDES
WITH POLYFUNCTIONAL PHENOL SUBSTRATES

Pages in Study: 177 Candidateterldegree of Doctor of Philosophy

Major Field: Chemistry

Scope and Method of Study: The purpose of thidystvas to afford the
selective protection of one functional group in pinesence of others. This is an
important process in synthetic chemistry. Severas of silylating agents have been
reported for the protection of hydroxyl groups,hwlitnited selectivity, harsh reaction
conditions and long reaction times. In an atteraphtrease silylation power and limit
the complexity and harshness of these reactiornsawve developed a novel method using
mild conditions to achieve silylation of one or tlwgdroxyl groups. Silyaltion reactions
were investigated for the reaction between 3,3Hoss$ituted-1,1'-bi-2,2’-napthol and
various metal(ll) amides. These reactions were toced usingH-NMR spectroscopy.
Studies were also done involving the reaction dNg®iMes),], with calix[4], [6] and
[8]arenes. Results were confirmed ##&NMR and X-ray Crystallography

Findings and Conclusions: We have developed almogthod using metal (II)
amides under mild conditions to achieve silylatddrone or two hydroxyl groups with
reaction times ranging from 10min-24hrs. Variatarthe metal furnished different rates
of reaction. The general trend in reaction rats manitored byH-NMR spectroscopy
and decreases in the order M= Be>Zn>Ge>Mg, witbleervable silylated products
using Sn, Pb or Ca amides. Reactions employingraury (II) amide resulted in an
unexpected outcome involving cyclization via forraatof a C-O bond. The reaction of
germanium (II) amide with calix[4], calix[6] andlcd8]arenes resulted in the formation
of compounds containing germanium rhombi as wethaformation of a unique
compound containing unusual diamidosilyl ether gsou

ADVISER’'S APPROVAL: Dr. Charles S. Weinert




