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Abstract

The thesis titled “Syntheses, Reactivities, and Applications of Ge(II) and Ga(II) Cations”
provides detailed information on the isolation and characterization of germylene and gallium
cations, as well as the catalytic and biological applications of Ge(II) and Ge(IV) compounds.

The thesis is divided into six chapters, each of which is briefly described below:

Chapter I: This chapter will cover the latest advancements in the chemistry of germylenes,
germylene cations, and low-valent gallium cations. It will also highlight the catalytic and

biological applications of germylenes.

Chapter 2: This chapter describes the standard methods for drying and cleaning glassware,
which is essential for chemistry under inert conditions. The techniques for manipulating
compounds that are susceptible to moisture and air are provided. The ways of purifying and
drying organic solvents and gases, the synthesis and purification of starting materials, and
the details of instruments used to characterize the compounds are presented. Additionally,
the sources for several commercially available chemicals and the software used for solving

crystal structures and carrying out computational studies are provided.

Chapter 3: Catalysis using low-valent main-group compounds is usually done under inert
conditions; no example of such catalysis has been doable entirely in ambient conditions until
now. This aspect is addressed in this work through an air- and water-stable germylene cation
([DPMGe][(OH)B(CesFs)s3] (301) (DPM = dipyrromethene); it efficiently catalyzes aldehyde
and ketone hydrosilylations under ambient conditions. Detailed theoretical studies reveal that
compound 301’s stability is bolstered by the interaction between the anion and germanium’s
frontier orbitals. However, the detachment of the anion (in the solution) alters the capability
of compound 301 to render exceptional catalytic efficiency. Compound 301 was synthesized

under ambient conditions by the equimolar reaction of DPMGeOH (1021) with B(CeF5)s.



Chapter 4: The biological applications of germylenes are limited to only one germylene, i.e.,
dipyrrinate (DPM) stabilized germylene hydroxide DPMGeOH. Thus, in this chapter, efforts
have been made to expand the biological applications of germanium compounds. The
antiproliferative effect and antimicrobial activity of germylene cation 301 on human cancer
cell lines and bacteria (both Gram-positive & Gram-negative) are reported, respectively.
Compound 301 is also soluble in DMSO (up to 10 mM) apart from being air- and water-
stable. Further, it was anticipated that the fluorinated DPM ligands might increase the
efficacy and solubility of the germanium compounds in biological studies. Accordingly,
perfluorophenyldipyrromethene (PhfDPM) ligand stabilized Ge(II) (PhYDPMGeCl (401),
PhFDPMGeOH (402), [Ph"DPMGe][(OH)B(CsFs)3] (403), and PhFDPMGeNC4sHy4 (405))
and Ge(IV) (Ph"DPMGe(Se)OH (404) and Phf DPMGe(Se)NC4H4 (406)) compounds were
synthesized. Considering their stability under ambient conditions and solubility in DMSO,
the antiproliferative effects (on Huh7, HCT116, and A549) and antimicrobial activities (on
E. coli and S. aureus bacteria) of compounds 401, 405, 406 are studied and reported in this

chapter.

Chapter 5: The aminotroponiminate (ATI) ligand stabilized bis(germylene cations) are
unknown, and this chapter addresses this lacuna. For the isolation of these cations, ATI-
stabilized bis(germylene) [ATIGeOCsH4sOGeATI] (501) was first synthesized starting from
germylene pyrrolide (ATIGeNC4H4; 210). In the reactions of compound 501 with GeCl»-(1,4-
dioxane) and SnCl, auto-ionization occurred to yield the first examples of ATI ligand
stabilized bis(germylene cations) [ATIGe(MCI3).GeATI] (M = Ge 502, Sn 503). These are
also the first examples of the anion-separated bis(germylene cations), with both the cationic
germanium and the anionic germanium/tin centers exhibiting a formal oxidation state of +2. In
contrast, the reactions of compound 501 with transition metal chlorides [RuClz(p-cymene)].

and [PdClI(allyD]2 yielded complexation products [ATIGe(RuClx(p-



cymene))OCeHsO(RuCl2(p-cymene))GeATI] (504) and
[ATIGe(PdClI(allyl))OCeH4O(PdCl(allyl))GeATI] (505), respectively, and not the auto-
ionization products. Additionally, since no ATI-stabilized bis(germachalcogenoesters) are
reported, the reactions of compound 501 with elemental sulfur and selenium are pursued and
bis(thiogermaester) [ATIGe(S)OCsH4sO(S)GeATI] (506) and  bis(selenogermaester)
[ATIGe(Se)OCeH4O(Se)GeATI] (507) are synthesized successfully. All synthesized
compounds were extensively characterized through multinuclear NMR spectroscopy and

single-crystal X-ray diffraction techniques.

Chapter 6: Aminotroponiminate (ATI) ligands have extensively stabilized low-valent group-
14 compounds. However, ATI-stabilized compounds with group-13 elements in their normal
valency and low-valent states are hardly known. Considering this, after exploring the chemistry
of Ge(II) cations using ATI stabilization, the synthesis of ATI-stabilized Ga(II) cations is being
studied in this chapter. Accordingly, ATI-stabilized Ga(Ill) dichloride ATIGaCl> (601) and
Ga(III) cation [(ATI)2Ga]GaCl4 (602) are synthesized starting from aminotroponimine ATIH
(208). The reduction of compound 601 using 2.5 and 4.5 equivalents of KCg led to digallane
dichloride ATI(Cl)Ga—Ga(CI)ATI (603) and trigallane dichloride ATI(Cl)Ga-Ga(ATI)-
Ga(C)ATI (604) with Ga(Il)-Ga(II) and Ga(II)-Ga(I)-Ga(I) cores, respectively. The treatment
of compound 603 with AgOTf resulted in ATlI-stabilized digallane dication [ATIGa-
GaATI][OTf]2 (605). The usage of a less bulky aminotropone ATH (207) as a ligand precursor
instead of the ATIH gave a pentacoordinate Ga(Ill) monochloride (AT)>GaCl (607). The
reaction of compound 607 with KCs led to a hexacoordinated Ga(Ill) compound (AT);Ga
(608). Treatment of 607 with AgOTf gave AT-stabilized Ga(Ill) cation [(AT).Ga]OTT (609),
which further reacted with DMAP to afford DMAP coordinated Ga(Ill) cation

[(AT).Ga<—DMAP][OTTf] (610; DMAP = 4-dimethylaminopyridine).



IR
ARG g e g «Ge(ll) MR Ga(ll) Hera=g ! Axavur, fpamefiedr ik
ST F el SR i Ferr & quaa iR AR B i THeR &
TS 8, 1Y B Ge(ll) 3R Ge(1V) TfTw! & IIRD 3R Sfads ST R fawgd STHeR!
UG S ¢ | I8 AR o sremdl | faviford &, e 8 udie o1 St e e fean

TR?IT%':

S/EGTY 1: T8 e S, Sl derH, iR HH-dferte NfergH Hera & TTa-
fagm A giferar SAfATl B HaR BN TP 3T, Tg T b IARD 3R Sfdep
YA DI HY ISR BT |

/€T 2: TG AT Hid P Tl B GG AR T B P AD e BT qUH BT ©,
Sl T Rl | FAShg uRRUTAT H S 3Taeges ¢ 1 31 Aeh] Bl FHTE i debrilep]
@ TR fobaT T § ST T 3R a1 & Ufa Wagiia §1 Sifde Iledeq 3R 1 &l Y
P R O & i, RIS T & FRAT0T 3R Yfgahron, 3R Aifiap! o1 faRiwarait
1 A & AT ITAIT fbT S aTet SUBRUT BT faaRol Ua fosan a1 § | 59 Sifafa,
H3 OIS FU Y IUAS AT & T 3R fohed TR &) ag iR TS
3T P & 1T SUIRT BT S a1t Wi dR BT STHBRT 47 & 718 &

ey 3. g - oo -y D! o1 SUUNT dXh ISR IrH=a: Ffesy fRufad
T o 17T §; 31 e T ISR G ave ¥ W Rufaal & Wva 8 gen 81 39 Ugq,

DI 3T HTH H TP gal- 3R UH-FRR SfHfelia Hermm ([DPMGe][(OH)B(C4Fs)s] (301) (DPM
— STUTSIIAA) & AT A TaIfdd fhar 71 §; I8 e fRUfqal # taeggs iR dleH
ISR & HRIAT I ISR T 5 | fovgd Jgifde Sieqa- gamd & & A

Vi



301 & FRRAT B I 3R THIH & Wi siifdeed & dia radia gR1 gad= U
BT g1 ETdifcs, I &7 (U H) JUTHRUl AH 301 B SRR ISR &l Dl
qUITId Tl g1 TfH 301 BT DPMGeOH (1021) 3MR B(CeFs); Pt JHM AR fNfemar
SRT Y fRufaal # Sty foar

ST 4 STHISTH & ifdd STIANT B WS had T SHIgA A b &, a1 [SuraRi—e

(DPM) gRT FRURT ST SRSIRTES DPMGeOH % | 39 & H, SHTH TIfTeh|
& Wifdd ST BT fIER A & T 6T U &1 AHT HIR BIRMGT Al 3R
Sadifear @F1 grm-uififed iR IH-A0fed) R JHfga derad 301 & TAmfehfea
qHTg 3R Uferrssifagd fafafd ot Raid &t 718 81 A% 301 DMSO (10 mM d%) §
YaRITd & 3R 84T 3R UMl & Ul RR i 81 59 SifaRed, a8 sram e/ 7 o i
F3fiRAcs DpM feris S diffte! o1 Sifaew sreggHl §f gyTaRitadn 3R gam=iear
DI 51 T 8| dGIIR, RUSRITHhHASURRRIAAT (Ph'DPM) ferife grRT fRufkd

Ge(IT) (Ph'DPMGeCl (401), Ph*DPMGeOH (402), [PhFDPMGe][(OH)B(CeFs):] (403), 3R
PhFDPMGeNC4H, (405)) 3TR Ge(IV) (PhAFDPMGe(Se)OH (404) 3N PhFDPMGe(Se)NC4Hs
(406)) TS BT Tawor forar T 39 gRaehy fufadl & f&Rar sik pMmso #
gaARNed &I ad g, AAE 401, 405, 3R 406 H TTNTAHICT UHTT (Huh7, HCT116,
3R A549 TR) 3R TferTsdhifaad MAfAfRT (£, coli 3R S, aureus SR TR) 31TTT 3R
Rore ot e F

SHEJIT 5. Eﬁ'@'@ﬁ&lﬁ? (ATI) foriis @ fRR ﬁlﬂ(germylene 3h<:|¢4'-|) 3T 3, 3R T
3T Y HH P ASYT BT g1 59 Bl DI T BT &b N, ATI-TRFEG

m(germylene) [ATIGeOCsH4OGeATI] (501) AR germylene pyrrolide (ATIGeNCsHz;

vii



210) T Iaifdd fopar Tam| Affes 501 Bt GeCl-(1,4-dioxane) 3R SnCl, & T1Y SifHferarait
d W-ommHieRu genm o ATl fofle @ fRR fS¥(germylene  derd)
[ATIGe(MClz):GeATI] (M = Ge 502, Sn 503) & Ugdl 3aIax0l U g¥| A Ht TARH-adx
¥ (germylene HeTa) & UgA ITERUI &, FoFH GHIl held-d STHHATH R TIAHS
/e g SuaRe SRy RUfd +2 ¥ gid &1 $9& fauiid, Affie 501 &t
GHHUT 4T FARTZS [RuClz(p-cymene)]2 3R [PdCI(allyl)], & 1Y Sif¥feraraft 7 TaeH
SAG  [ATIGe(RUCI(p-cymene))OCsHsO(RUCI:(p-cymene))GeATI]  (504) 3R
[ATIGe(PACI(allyl))OCsH4O(PACI(allyl))GeATI] (505) UG fhT, 3R -0 3G
Tet fou| 59 sifafad, dfes Bis ATI-IRIE ™ (germachalcogenoesters) T RTIE & &,
qMH 501 BT IATT Tebx 3R Jafom & Ty sififrarst &1 sraRur far mar sk

fSgaeTueR)  [ATIGe(S)OCsH:O(S)GeATI]  (506) 3R fSgE@AISHTRR)
[ATIGe(Se)OCsH40(Se)GeATl] (507) ThadTdd TRafd fby Me| quft Txaifda Gt

& TEURATY] NMR TR 3R Uahd-fohed Ta-X faad= dadb-ia! & A1ed ¥ s
w0 ¥ faaftd foan mar e e ! iR Uehd-fhed Tag-X faad- ae-ie! & mred 3
fareraT &t

eI 6: TEAICUIHTHAC (ATI) g = Fg-Smarh Wig-14 Afe! & A0S w4 4
fRR frar g1 graifes, ATI gRT RUNG THg-13 ddl & I da=d 3R fAg-smard
3faRyT3f H GiffTn] & TR | HH THGRI SUas ¢ | 38 & gU, 39 & H ATI RRI%d
Ga(IT) BT & LAY BT 3T fHaT ST T6T 8, S Ge(Il) e Bt TR &l
WIS & §IE fohaT a1 8 1 3P IR, ATI §RT fRURT Ga(I1l) STZFIRTZS ATIGaCl, (601)
3R Ga(IIl) FCA [(ATI).Ga]GaCls (602) BT T THAICIGIAET ATIH (208) ¥ fpan
AT D 601 BT 2.5 3R 4.5 GHAR KCs BT IWAN I fobar T, fored fitem
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SIZFIRTZS  ATI(C)Ga—Ga(CDATI (603) 3R feiIe SIZaIRIZS ATI(Cl)Ga-Ga(ATI)-
Ga(CD)ATI (604) U Y, FSH Ga(11)-Ga(11) 3R Ga(I1)-Ga(1)-Ga(Il) R HHT: € | T
603 BT AOTf & TIY ITIR HH R ATI-RING fSfam fSHeA [ATIGa-GaATI[OTS]»
(605) T 31| ATIH & SOl HH el THAICIUN ATH (207) BT ITINT dRb U feris
HHIR & T & T UeIDhIS1e8 Ga(lll) AHIGIRIZS (AT).GaCl (607) UT g3(T| AH
607 BT KCs P 1Y YA B3 R Th gRIDIS1eS Ga(Ill) NP (AT):Ga (608) UT
§3TI 607 B AgOTE P Y IUAR B W AT-FURT Ga(Ill) FEA [(AT),Ga]OTS (609)
T §3T, ST 37T DMAP & 1Y UfafshdT Sl § 3R DMAP gRT GHIT Ga(IIl) Hera-
[(AT),Ga<DMAP][OTf] (610; DMAP = 4-STSRfIenfi-rorgife) urd giar 3|
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6.3
List of Symbols and Abbreviations
ATI aminotroponiminate h hour
% percentage HOMO | highest occupied molecular orbital
degree HRMS | high-resolution mass spectrometry
°C degree centigrade Hz Hertz
MM micro molar I-Bu iso-butyl
A angstrom i-Pr iso-propyl
€ extinction coefficient IR infra-red
) (delta) chemical shift J coupling constant
A (lambda) wavelength K Kelvin
Dipp diisopropylphenyl Kcal kilocalorie
au atomic unit Kg kilogram
bs broad singlet LUMO |lowest unoccupied molecular orbital
Calcd calculated L Litre
COE cyclooctaene m/z mass-to-charge ratio
cm centimeter Me methyl
cp cyclopentadienyl M Molar
COD cyclooctadiene Mes mesityl
DCM dichloromethane mg milligram
d doublet MHz megahertz
dd double doublet min minute
DFT density functional theory mL milliliter
deg degree MO molecular orbital
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nbd norboranadiene Mp melting point

El electron ionization MS mass spectrometry
ESI electrospray ionization mmol millimole

Et ethyl NHC N-heterocyclic carbene

g gram NHGe N-heterocyclic germylene
I-Bu Iso-butyl nm nanometer
ppm parts per million n-Pr normal propyl
ppb parts per billion S Solvent

Ph phenyl t(pseudo) pseudo triplet

rt room temperature T temperature
n-Bu normal butyl t triplet
TMS Trimethyl silyl ad adamantyl

S singlet t-Bu tert-butyl

TMEDA tetramethyl ethylenediamine THF tetrahydrofuran

NMR nuclear magnetic resonance uv ultraviolet
DPM dipyrromethene a-DPM aza-dipyrromethene
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