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Abstract

The work in the thesis titled “Metal-Organic Frameworks Supported Earth-Abundant Metal
Catalysts for Sustainable Chemical Synthesis™ includes the fabricating of MOF materials as
catalytic systems to carry out different types of organic transformations using earth-abundant
base metals as active catalytic sites. The different sorts of chemical transformations involved
in this work are asymmetric reductions, amine formylation using CO», nitro reductions with
hydrosilanes, etc. This thesis is comprised of six chapters.

Chapter 1: This chapter commences with an introductory overview of heterogeneous catalysts,
emphasizing the fundamental distinctions between single-site and multi-site solid supports.
Following a concise definition of single-site solid supports, the narrative delves into a
comprehensive examination of metal-organic frameworks (MOFs), tracing their historical
evolution. The discussion extends to various modification methods and the tailored structuring
of frameworks to achieve specific properties in MOFs-based materials. Additionally, the
chapter provides an elaborate exploration of diverse synthetic approaches for MOF synthesis,
elucidating their applications in processes such as drug delivery, chemical sensing, gas storage,
and heterogeneous catalysis. The latter part of the chapter intricately examines UiO-type

MOFs, offering insights into their isoreticular nature and core characteristics.

Chapter 2: This chapter provides a comprehensive account of the general experimental
techniques utilized in conducting research projects. It offers detailed descriptions of the
chemicals employed, including various solvents and reagents. Additionally, the chapter covers
the handling of air and moisture-sensitive reactions, cleaning and drying of glassware, the
purification of reagents and products, and the method for drying solvents, all discussed in
thorough detail. Furthermore, the chapter delves into an in-depth exploration of various
instrumentation techniques used for characterizing catalysts and studying reaction pathways. It
also includes a brief discussion of the software employed for in-depth theoretical studies and a

detailed examination of reaction mechanisms.

Chapter 3: This work presents a novel approach to advancing environmentally benign
asymmetric catalysis, with a specific focus on developing heterogeneous single-site
enantioselective catalysts derived from naturally occurring amino acids and abundant metals.
The methodology encompasses the deliberate grafting of amino acids into the pores of a MOF,
followed by subsequent post-synthetic metalation using an iron precursor. The resulting MOF-

based catalyst, designated as L-valim-UiO-Fe, demonstrates outstanding efficacy in catalysing



hydrosilylation of carbonyl compounds, achieving enantiomeric excesses surpassing 99 % in
large number of examples. Remarkably, L-valim-UiO-Fe exhibits exceptional catalytic
activity, boasting high turnover numbers reaching up to 10,000. Furthermore, the catalyst
showcases remarkable recyclability, enduring over 15 cycles without noticeable diminishing
of activity and enantioselectivity. L-valim-UiO-Fe outperforms its homogeneous counterpart
by establishing a robust single-site catalytic environment within the MOF through eftective
site isolation. Hence the work included in this chapter contributes to a significant advancement
of asymmetric catalysis, offering an efficient, recyclable, and highly selective catalyst system

in line with green and sustainable chemistry principles.

Chapter 4: The development of heterogeneous chiral catalysts for enantioselective synthesis
of optically active compounds, utilizing cost-effective earth-abundant base metals, is of
paramount importance. This study focuses on the development of a MOF catalyst
functionalized with amino alcohol for the enantioselective reduction of unsymmetrical
carbonyl groups into enantiopure alcohols, employing earth-abundant iron as the active base-
metal. The chiral vol-UiO-68-FeCl catalyst was synthesized by grafting enantiopure amino
alcohol into the porous framework via imine formation. Metalation of the resulting MOF with
FeCl> in THF yielded the desired vol-UiO-68-FeCI(THF); MOF catalyst, vol-UiO-68-
FeCI(THF)s, exhibiting octahedral coordination around the Fe2+ active sites, as confirmed by
X-ray absorption spectroscopy (XAS) analysis. Treatment of vol-UiO-68-FeCl with
LiCH>SiMes generated vol-UiO-68-Fe, an active catalyst for the asymmetric hydrosilylation
and hydroboration of unsymmetrical ketones. The vol-UiO-68-Fe displayed high activity and
enantioselectivity, achieving up to 99 % enantiomeric excess (ee) and an impressive turnover
number of 15,000. Furthermore, the catalyst demonstrated robust reusability without a
significant loss in its activity. In-depth mechanistic characterizations of the synthesized catalyst
were conducted through spectroscopic, computational, and kinetic studies. The mechanistic
insights suggest that Fe-H serves as an active catalytic precursor, undergoing hydride insertion
followed by sigma-bond metathesis, resulting in optically pure silyl ether. This work
underscores the significance of MOFs as chiral heterogeneous catalysts, derived from naturally
occurring feedstocks such as base metals and chiral amino acids, for carrying out asymmetric

conversions.

Chapter 5: N-Formylation of amines with CO: as a cheap and non-toxic Cl-feedstock and
hydrosilane reducing agent is a practical and environment-friendly method to synthesize

formamides. This study describes an efficient and chemoselective mono-N-formylation of

Vi



amines using CO> and phenylsilane under mild conditions using a porous MOF-supported
single-site cobalt catalyst (pyrim-UiO-Co). The pyrim-UiO-Co MOF has a UiO-topology, and
its organic linkers bear a pyridylimine ligated Co catalytic moiety. A wide range of aliphatic
and aromatic amines are transformed into desired N-formamides in moderate to excellent yields
under 1-5 bar COs. Pyrim-UiO-Co is tolerant to various functional groups and could be
recycled and reused at least 10 times. Mechanistic investigation using kinetic, spectroscopic,
and density functional theory studies suggests that the formylation of benzylamine proceeds
sequentially via oxidative addition of PhSiHs and CO; insertion, followed by a turn-over
limiting reaction with an amine. Our work highlights the importance of MOF-based Earth-
abundant metal catalysts for the practical and eco-friendly synthesis of fine chemicals using

cheap feedstocks.

Chapter 6: Reducing nitro compounds to amines is a fundamental reaction in producing
valuable chemicals in industry. In this work we report the synthesis and characterization of a
zirconium MOF-supported salicylaldimine-cobalt(Il) chloride (salim-UiO-CoCl), and its
application in the catalytic reduction of nitro compounds. Salim-UiO-Co displayed excellent
catalytic activity in chemoselective reduction of aromatic and aliphatic nitro compounds to the
corresponding amines in the presence of phenylsilane as a reducing agent under mild reaction
conditions. Salim-UiO-Co catalyzed nitro reduction had a broad substrate scope with excellent
tolerance to diverse functional groups, including easily reducible ones such as aldehyde, keto,
nitrile, and alkene. Salim-UiO-Co MOF catalyst could be recycled and reused at least 14 times
without noticeable losing activity and selectivity. Density functional theory (DFT) studies
along with spectroscopic analysis were employed to get into a comprehensive investigation of
the reaction mechanism. This work underscores the significance of MOF-supported single-site
base-metal catalysts for the sustainable and cost-effective synthesis of chemical feedstocks and

fine chemicals.

Vi



HARTRT
"JeATd Hiha R & R Aed-siifAe thiad waffa gudt-veRr @mn # org
IARF" XM arett iR & Ifchg IAR® W=Zel & U H QAfl-IRR SMUR rgaii H1
JUART R (AT UBHR &b BIa-db URadH! Bl IR B b (oY ISR YUMferd! & =0 &
THNUE AHRET &1 a0 i 51 39 & & Wi fafid UeR & IR alkad—
& SRAMA BNl CO, BT IUUNT BIb JATHRUI, TS IRSH b I Herdl, 3l 59
R o B8 3 M gl

/7Y 195 ST fauH IBRD| & YRS SIdidh & A1 & gidl &, forad Taa-
TrEe 3R 9g-Tge 3 TH & & god iR R SR foar w81 teha-Tge 39
IS B T A gRUTST & d1G, HUT UTd-PTa-dh Gid (THATH) & S offd &
I UARTRI® AT HT Uar aTieh ¢ | aai THSI-31UTRd Jrap & fafkmy 7o &t
T 3 o o fafe =i fafdal ofR Suvarsii @1 siey WRaT a& el g8 ol
S SR, 3T THSIUH H=eyul & fore fafde Ridfes et 1 faxgd @ie uar
VAN P T PRAT 5| T BT IRIs U IR SH-UBR & UIJ-PA-P G Bt
TR I O HRal 8, SN 31 SMFARCHER UHfd 3R o7 faRwarsti & siaefd uem
HRAT g

Segrg 2: U8 A Y URASHS & ddia § SUART B o[ drelt 9=
TN db-ih] b1 T ATID [daR0l UG Bl ¢ | I8 fafid Hicded SR sifidta!
Ifed Tgad ! BT fawqgd faaRur UaM oal ¢ | 59 SifaRad, s7eara & gaT iR =H1-
Hae-T=ia ufafsharstt & fAues, Hia & Ja-i & 9bTs 3R O, SHGHS! SR IdE!
P Y, 3R Aicdeq o1 Jam o1 fAfy, Foft IR fwarR 3 == 1 1S 81 5T 3t 3fearg
IER®! DI Fafgd H SR ufafesan ATl &1 siere == & fore IuahT &t o areht fafta
USR] dH-Ib! B e Wiol |R YHI STadl 51 STH 167 JGifdd HTIT & oY
T HteaTR Bt Aierd ==t R ufafshar dF & faxga ofig +ff e g1

S/E7Y 3-8 DT YGIaRUNY 30 T TR SRTART Ppefera BT 3N g™ P fold T a1
ERHI0 UG Bl &, o Urpfaes =0 ¥ UTg o arl ot TRTS SR TR ergeli &
U AU Thd-arge TAfeaRidided RS fahRid o+ R faxy e+ fear man g1 59

viii




TG H UIg-STeHd oid (THUH) & el § ST TRIS & THTeIdhR AT JMaa
2, 3T 1 AR & 3UGd BT IUANT R Ure-Ridfess ergemur fasar wrar g1 ufvomet
MOF-3THTRT SAR®, fo L-valim-UiO-Fe & ¥ B I a1 T §, Hrai-at AiRIep!
¥ SRR 1 IANRT TR H IFY UUEHIRGT UelRid Hrdr 8, s Tem o
IaTERUN T 99% & 31w TSRS ST U ol ¢ | Iea-1g ¥4 9, L-valim-
UiO-Fe SRITYRUN IERS TTfafafdr vefRid odr 8, St 10,000 9% Uga- alct 3o eHailaR
TS BT GIAT BT & | $AD SA], IARD I YD Ul &HAT USRI BT &, SNl
ATy 3R o1l TG H Iea@-1 HH & o1 15 F i b db Hrd gl
81 L-valim-UiO-Fe THTdT TISC 3TTE & ATEH A MOF & HidR T Aoigd Thd-918¢
IR TR RATUT R 30 Tl THAGE I JgaRk UG ol g1 AT 39
3T B e SRl SRt IR & He@yul Wi & INTe <dl 8, S 8Rd SR
femre YA fagm Rigidl & SiFU U6 $3d, T T 3R S 9 Tdd SGRS
TOTTCH 1 URTHRT Bl 6

/T 4: AT GHTE fl-TR SMYR Uil &1 IUTNT B g, APt wfha aiffiet
& Tfcaidfded v & fou favy fora SOR® &1 fawm™ sidd deaydl 81 78
TG ST ehIed B Y HATHD UT-BIEHD o (THATH) ISRS & [AHN R
FEd g, o for SR wraifae gl B! TAISER siehied H HH B & e qfshy
SMYR-YTY & =0 T Geat-TeR A § dg o1 Haiford -l 5| foRe afegd-Uio-68-FeCl
IARE P AT T34 & A1ed ¥ fgyul gig § THfesiuR onfiFl siepigd &1 I
PP G fasam T A1l THF & FeCl, o T1Y GRUMTH MOF & TR UT ¥ difd vol-
UiO-68-FeCI(THF)3; MOF S®R®, vol-UiO-68-FeCl(THF); T g3, Sl Fe2* Tfthd A1gcl
¥ IR} 3R AHTHAS AT UeRid HdT §, ST fb gy &t 718 § Ta-X Sia=nyor
T IHIUT (TFRIUTH) faRAWUT| LiCH,SiMes & 1 dlegH-UiO-68-FeCl &1 IUDR, I
AIegH-Ui0-68-Fe, SRTHIHT GIRSIRITICIRM SR SRTAMT DI & SRS & iy
TS fhd SRS | Vol-Ui0-68-Fe 7 3= TR 3R TA-lsitafdefadt ualia ot forasy
99% TACI3ARS SHfafkad §3) 3R 15,000 BT YHTIRITH c+H3iTaR AT U g5 | 3IH
ST, SAR® A -t ffafey 7 foreht Hea@yul Jowar & fom doigd g vaieadn &1
TR fhan It IAR® & T IAdd AT qUM T Rep 10, I 3R
TSt ST & AT ¥ fhy MU 9| A9 e ¥ Udl 9adl § fd Fe-H Udh Alohd

iX




IIRP 3Ugd & ©9 H B Hdl &, ol R1-8is AR & 91e gRass AfiieH I
ToRdT g, forae aRumasy SiifPwmdt Yo R R eI 81 I8 S Afda
TR ! IRT R & ol o Ao SR R sl uhis S Uigsfae =0 9 Ui oH
I Biewia ¥ T R favd 8RS & FU H THSUE & Hgd S J9iihd Bl 6|

377 5: U T 3R IR vl W1-wlekid SR RSN HH HRA d1d Toic & =4
o Hhafi2 & 1Y THTSH BT TA-HIAZ AR BIAHSs S AN B BT UH ATIGING
3R TafaRUI-3pd TRIPT § | TG T Uh IRINT Y- BIaeb ol (THSNTH)-THfq
UHA-TIgC Hldlee SORS (URRA-GIMR3N-H3M) & IUIN FRdb geb URUfGdl &
a2 SR BFART BT ITIN B THST & TP S SR BHERIGET HIHI-TA-
WHFTR BT qufe BT 81 USRA-gssn-Tan THaiuw & gamgan-cramarot §, 3R
TS FFD Kied 8 URReEimET fRiics 8 IR i giaT 51 Tibled iR
WIAfeH THRA &1 T faqd oRaa 1-5 aR Hei2 F ded 7eH I IHT Yaer & aifed
T-BAMES # 96d ot ¢l fURkm-gsmssi-wen fafta srafae Tt & ufd afew] &
3R 3T HH J HH 10 IR TAHAHIBRUN 3R Y SUINT ol o bl §1 HIgAICH,
WIRRSIUH 3R T7d HATES RIGid eag-l $HT ITANT dxd gu IFad S I Tal
AT & fob SIS BT BIHARM PhSiH3 3R CO, TR & fiRitsicd Sils & d1ead
Y B TU Y 3 9gdl 8, 3P d1¢ U AR & 1Y TH-3eR Tfaa ufafesar gt 81
SHART BT I HISCIh BT SUINT B Siedl IAH! &b TGRS R TATaRUI-3Hd
HRAYT & OI0 THSIUE - 31eMRd Gedl-UeR o7 SOR® & H5d R TP SIadl 5

S/ 6: ATSS! AMDI DI LA T HH HIAT SR H TeadM Il & Idled d Th
Hifae gfafar 51 39 H1 & 50 SRSIATH uig-seHe ord-gdiid SfarifesangH-
PlET () FARES QfH-gengan-Teiiud) & IIA0 3R defor quia iR A1ger
QD! DI SARG B & 9B STHINT BT RAKE FA § | eH-GMS -3 7 §oob
gfafear fRUfTal & dgd T &1 B3 d1d Tole o & U H BiAaRic &1 Sulfd & uifda
3R Ry 1SS! Al Bt SIHRIGed Ul § IPY IR Taiare UeRid o1 aeid-
TS 31-I3HT SANT A5l Bl A fafay Hrafers Tug! & [ SHy Te-Riddar &
TP AP IR GRRT T, FoRiH TiesgIg s, Bic), ASesd 3R Teh ol SR 9 & H
T I qg WA 1 IAm-gemgen-dell wHINE IARE & Tfafafy &R




FIAAD A H SWIG HHT & o7 HH F B 14 IR GBI 3R G: ITART faar
S g&dl g1 Ufafshd & & e Jig & Y WaeRe U 9%y & Y g9d
FHrIfd® Rigid (SUwe) srerad S i fdar a1 Tl 98 SRl INRHS Bleiad
3R gfear TEAl & s 3R ANTd THTE JRAWUT & e TH3Nuw-THiid Thd-ase
II-Hed SORS & Agd Bl ¥@ifdd Bl g

Xi



Table of contents

L0 11 T N i
ACKNOWIEdEmMENTtS. . .cuuiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietieetitateeaeeeaeenns ii
13 Tt e v
I3 ] A 03 0 T XX
List of Tables....cviuiieiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicr it eeererreeeneeneane xxviii
List of Schemes.....cccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii e e e XXX
Chapter 1: Introduction......c.ooeiieiieiiiiiiiiiiiiiieiiiiiiiiiiiiiiiitiiiietietiatttcescessans 1
1.1. Heterogeneous CatalySts. ......ueuuintitit i e et e e ettt eee e et et e eeaaeaneanenns 2
1.2. Metal-organic framework. ..........o.oveiiiiniiiii i 3
1.3. Initial advancements in MOF ... ... i e 5
1.3.1. Historical background..............cooiiiiiiiiiii e, 5
1.3.2. Nomenclature of MOF....... ..o i 6

1.4. Diverse methods for synthesis 0f MOF ... ...t 7
1.4.1. Solvothermal method.............coiiiiiii e 10
1.4.2. Mechanochemical method............c.oooiiiiii i 10
1.4.3. Electrochemical method..............c.cooiii i 11
1.4.4. Microwave-assisted method.............coooiiiiiiiiiiii 11

1.5. Strategies employed for activation of MOF............c i 12
1.5.1. Solvent eXchange. ... .. ..o 13
1.5.2. GUESE TEMOVAL. ...ttt e 13

1.6. Tailoring of MOF fOr CatalySiS......o.euueriitiitiiiiiie i ee e 14
1.6.1. MOF functionalization via unsaturation over metal clusters........................ 14

1.6.2. Functionalization of MOF by utilizing Metal complexes

N Organic lNKETrS. .. ...t e 15

1.6.3. MOF functionalization via post-synthetic route............c..coveiiiiiieeinininnnne. 16
1.6.3.1. PSMs over organic lINKers. ...........ocoiiiniiiiii i 17
1.6.3.2. PSMs over metal nodes (SBUS).....c.vivniiiiiiiiiiiiii e 18

1.6.3.3. PSMs via metal ion eXchange.............oovvveivciieiiiieiie e, 19

1.7. Applications Of MOF ... e e 19

Xii



1.7.1. MOF as gas storage and separation materials................ccooviiiiiiininnnennnn 21

1.7.2. MOF as drug delivery agents. ......cu.ueuiuerirrineiiineieee et eeeeiieee e 22
1.7.3. MOF as chemical SENSOIS. .......uuiiirritintinert et e ee e e e 22
1.7.4. MOF as in crystalline sponge method............coooiiiiiiiiiiiiiiiiie, 23
1.7.5. MOF as heterogeneous Catalysts......cccceeieeirrirreieiiiire e e e 26
1.7.5.1. Catalysis reactions at metal nodes............ccoeviviiiiiiiiiiiiiiii e, 27

1.7.5.2. Catalysis reactions at organic linkers..............c.cooviiiiiiiiiiiiiinnn, 32

1.7.5.3. MOF-based biomimetic catalysis..........c.oovuiiviiiiiiniiniiiiineenen 37

L8 UIO MOKF ..o e 39
1.8.1. Isoreticular nature of UIO MOF...... ..o 40

1.9. OUtliNg OF thesSiS. .. .eueeet it e 41
L10. RETEIEINCES. . . .eneeteei et e e e e e e e 42
Chapter 2: General experimental procedure and techniques..........c.cccceveeineinnnnne. 50
2.1. Starting materials, solvents, and r€agents. ..........veueuiitireereneeenieneieeneeeeaan 50
2.2. Glassware cleaning and drying procedure..............ooiiiiiiiiiiiiiiiiiiie e ieieane 50
2.3. Procedure of solvents and reagent drying.............coooviiiiiiiiniiiiiiiiiiieee e, 51
2.4. Instrumental Methods. .........ooiiiiiii 51
2.5. Handling and sampling of air-sensitive reactions and compounds......................... 51
2.6. Analytical or instrumental techniques............cooviiiiiiiiii e, 52
2.6.1. GC-MS/GC-FID.....iiiiit i e 52
2.6.2. HPLC .. e e 52
2003 BE T e e 52
2004 FT-IR . oo e 53
2.6.5. PXRD ...t 53
2.0.6. TGA . .o e 53
2.6.7. NMR . L 53
2.6.8. TCP-OES. ...t 53
2.6.9. SEM-EDS .. .ottt e 54
2.60.10. TEM. .ot e e 54
20, L. X P S 54



2.6.12. HRMS ..o 54
2.6.13. XA S 54

2.7. Theoretical studies and details of software employed.............cccoviiiviiiiiniann.. 55

Chapter 3: Utilizing amino acid-functionalized metal-organic frameworks for

asymmetric base-metal catalysiS........ccooeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii, 58

3L INOAUCTION. « ettt e 58
3.2. Results and diSCUSSIONS. «.c.uuuuininint it 62
3.2.1. Synthesis and characterization of the L-valim-UiO-Fe MOF........................ 62
3.2.2. L-valim-UiO-Fe catalyzed asymmetric hydrosilylation of ketones................. 64

3.2.3. Mechanistic investigation for L-valim-UiO-Fe catalyzed asymmetric

hydrosilylation of KEtOnes. ..........o.eiiiiiiiiiii e, 68

3.3. EXperimental SECHION. ... ..uvueint ittt e e 70
3.3.1. General €XPeriment. . ......uu.intini ettt et e e 70
3.3.2. Synthesis and characterization of chiral L-valim-UiO MOF......................... 70

3.3.2.1. Synthesis of dimethyl-2'-amino-[1,1":4',1"-terphenyl]-4,4"-
dicarboXylate. ... .ot 70
3.3.2.2. Synthesis of 2'-amino-[1,1":4',1"-terphenyl]-4,4"-dicarboxylic

ACTA. e 71

3.3.2.3. Synthesis of L-val-UiO-MOF via PSM of UiO-68-NHa...................... 72
3.3.2.4. PSM of L-val-UiO MOF to L-valim-UiO MOF.................ccc.oooeenn. 73
3.3.3. Synthesis of L-valim-UiO-FeCIMOF...........cccoiiiiiiiiice e 76
3.3.4. Synthesis of chiral L-valim-UiO-Fe MOF................cooiiiiiiiiiiiiieienns 79
3.3.5. Catalytic reactions with L-valim-UiO-Fe MOF.....................coooiiein.L. 79

3.3.5.1. General procedure for L-valim-UiO-Fe MOF catalysed hydrosilylation of

KEEOMES . ... ettt e 79

3.3.5.2. Heterogeneity test of L-valim-UiO-Fe MOF..............ccooiiiiiiiiiinnnn. 80
3.3.5.3. Recyclability test for hydrosilylation of ketones.................cooovevinne.. 81
3.3.6. Synthesis and catalysis with homogeneous control (L-valim-FeCl)................ 83

3.3.6.1. Synthesis of (S,E)-3-methyl-N-phenyl-2-((pyridin-2-
ylmethylene)amino)butanamide..............cooiiiiiiiiiiiiiiiiiiii &3

Xiv



3.3.6.2. Metalation of (S,E)-3-methyl-N-phenyl-2-((pyridin-2-

ylmethylene)amino)butanamide with FeCla..............c.ooooiiiii. 84
3.3.6.3. Homogeneous control L-valim-Fe catalyzed hydrosilylation of
o1 0] 0] 1157 1 ) 1 U< 85
3.3.7. Investigation of the role of chiral amino acid moiety in catalytic activity
and enantioselectivity of chiral MOF-catalysts...............cooeiiiiiiiiiiiiniin. 85
3.3.7.1. Synthesis of pyrim-UiO-FeCla.........cocooiiiiiiiiiiiiiii 85
3.3.7.2. Pyrim-UiO-Fe catalyzed hydrosilylation of acetophenone................... 86
3.3.8. Determination of the rate law for L-valim-UiO-Fe MOF catalyzed
hydrosilylation of acetophenone..........c...ovuiiiiiiiiiiiii e 86
3.3.9. Characterization and analysis of % ee of products by NMR, GC and
HPLC @nalysis. ... e e e e e e e e e e 88
3.3.9. 1. NMR @nalySiS. .. ueueentiniie ittt 88
3.3.9.2. Analysis of products by GC-MS and GC-FID...............c.cooiiiinenn.. 95
3.3.10. DFT calculations. ... ......oooiiiiiiii e, 97
3.3.10.1. Cartesian coordinates of optimized structures.................cccevvvenennn. 100
3.3.11. X-ray absorption spectroscopic analysiS..........c.ccvvevreirriirerieenninnennennenn, 104
33111 XANES @nalysiS. . .ouveueeereitiete et eeeeneenes 104
33012 EXAFS fitting. ..oeoniiiiiii i 104
KT 20 DR € L0 21 | D I o 1ol 1 v: P 108
3313 NMR SPECLIA. . .ttt ettt et ettt e e e ee e e eae e 123
33014, IMIASS SPECIIA. .ttt eee ettt ettt e et ettt 126
3.4, CONCIUSION. . uettt e et 127
3.5 RETEIENCES. . c.eeeieiiie e 128
Chapter 4: Chiral Iron(II)-Ctatalyst within Valinol-Grafted Metal-Organic
Frameworks for Enantioselective Reduction of Ketones...........c.cccceevuenien. 135
O B 11 U1 (0 L3 To/ 1o D PP 136
4.2. Results and diSCUSSIONS. . .. ... eeuuntnteeit ettt ee ettt et et ee et e e e e 138
4.2.1. Synthesis and characterization of the vol-UiO-68-Fe MOF-.....................c.eee. 138
4.2.2. Vol-UiO-68-Fe catalyzed asymmetric hydrosilylation of ketones. ....................... 140

XV



4.2.3. Investigating the Mechanism of asymmetric hydrosilylation of ketones

catalyzed by VOI-UIO-68-F€. .......ccouiiiiiiiiii e 144
4.2.4. Vol-UiO-68-Fe catalyzed asymmetric hydroboration of ketones......................... 148
4.3, EXperimental SECtION. ... ..evvuuntieit ettt et 149
4.3.1. General EXPeriment. ... ...oo.oiiiiniiiiiii e e 149
4.3.2. Synthesis and characterization of L-valinol-functionalized
UiO-68 MOF (vOl-UiO-68 MOF).....c.oiiiiiiiiiiiiiiiiii i 150
4.3.2.1. Synthesis of 2'-formyl-[1,1":4',1"-terphenyl]-4,4"-dicarboxylic acid...... 150
4.3.2.2. Synthesis of vol-UiO-68 MOF via PSM of UiO-68-CHO MOF........... 152
4.3.3. Synthesis and characterization of vol-UiO-68-FeH....................ccoeeiiiin. 153
4.3.3.1. Synthesis of vol-UiO-68-FeH.........c..ccooiiiiiiiiiiii e, 153
4.3.3.2. Characterization of vol-UiO-68-FeH by quantification of H>
after reaction with water.................oo 153
4.3.4. Catalytic reactions with vol-UiO-68-Fe MOF..............cccviiiiiiiiiinnn... 156

4.3.4.1. General procedure for vol-UiO-68-Fe MOF catalyzed

hydrosilylation of KEtones...........ovveviiiiiiiiiiiiinie e, 156
4.3.4.2. General procedure for vol-UiO-68-Fe MOF catalyzed

hydrosilylation of ketones using phenylsilane................................ 157
4.3.4.3. General procedure for vol-UiO-68-Fe MOF catalyzed

hydroboration of Ketones. ...........coooivieiiiiiiiiiiiiii e 157
4.3.4.4. Heterogeneity test of vol-UiO-68-Fe MOF.............c.cooviiiiininnnn 158
4.3.4.5. Recyclability test. . ..ouuiiiii e 158

4.3.4.6. Comparative study between vol-UiO-68 and its homogenous
control for hydrosilyation of ketone................ocooeiiiiiiiii 161
4.3.5. Determination of the rate law for vol-UiO-68-Fe MOF catalyzed
hydrosilylation of 4-methoxyacetophenone.................coooeiiiiiiinninn.. 162
4.3.6. Characterization and analysis of % ee of products by NMR,

GCand HPLC ... .. 164
4.3.6.1. NMR @nalySiS....ooveiriiiieeeieieiiieee e et aaeas 164
4.3.6.2. Analysis of products by GC-MS and GC-FID................cccooiiinnn. 167

4.3.7. DFT calculations. ... ....couiiuiniit i e e 169
4.3.7.1. Cartesian coordinates of optimized Structures..............cocevvvrivineninnn. 172

XVi



4.3.8. X-ray absorption spectroscopic analysiS..........c.ccevevvrieiiiiiiiieiiinniienennnn. 175
4.3.8.1. XANES @nalysSiS.....ouevtiuiitiiitiitieeet i aee s 175
4.3.82. EXAFS fitting....ouveiiii i 176
4.3.9. XPS analysis of vol-UiO-68-FeCl MOF and vol-UiO-68-FeH.....................180
4.3.10. GC-FID and HPLC SPeCtra. . ......evuiieriiieeeitiateeteeeeeeeeeeereeeaeenee e 182
0 B R N1 R 1 ) ] P 191
A4 CONCIUSION. ..ttt e e 195
A5, RETCICICES. ettt et 196
Chapter 5: A supported pyridylimine—cobalt catalyst for N-formylation of
amines USING CO2...uvvenininiinininumeiiiieieiiiiiiiiieieitieiceieteerecacnenesecen 202
S L INEOAUCTION. ¢t et e e et et e e e e e et et e 203
5.2. Results and diSCUSSIONS. . ... ...uutenititi ettt et e 205
5.2.1. Synthesis and characterization of the pyrim-UiO-Co(THF) MOF-........................ 205
5.2.2. Pyrim-UiO-Co(THF) catalyzed N-formylation of primary amines and
anilines using CO2 and PhSiH3........oviininiie e e e 209
5.2.3. Pyrim-UiO-Co(THF) catalyzed N-formylation of secondary amines............... 214
5.2.4. Identification of the active sites and catalyst resting state........................... 216
5.2.5. Mechanistic investigation of Pyrim-UiO-Co(THF) catalyzed
N-formylation of amines using COz and PhSiH3z..............ooooiiiiiiinn, 217
5.3, Experimental SECtON. ......uintitiie et e 221
5.3.1. General @XPerimeNt. .. ...ueeie ettt et et et eet et ettt e eaeaeanaan 221
5.3.2. Synthesis and characterization of pyridylimine-functionalized
UIO-68 MOF ... e 221
5.3.2.1. Synthesis of UiO-68-NH2 MOF...........c.oiiiiiiiiiiiiiiin 221
5.3.2.2. Post synthetic modification of synthesized UiO-68-NH, MOF-............ 221
5.3.2.3 Analysis of digested pyrim-UiO MOF by 'THNMR.......................... 222
5.3.3. Post synthetic metalation of pyrim-UiO-MOF..............c.cociiiiiiiiiiiii. 223
5.3.3.1. Synthesis of pryim-UiO-CoCla........cccoiiiiiiiiiiiiiiiiniieieeae, 223
5.3.4. Synthesis of pyrim-UiO-Co(THF).........cccooiiiiiii 224

5.3.5. Catalytic reactions with pyrim-UiO-Co(THF)...........c..ccoooiiiiiiinnn 225

XVii



5.3.5.1.General procedure for pyrim-UiO-Co(THF) catalyzed

N-formylation of amines using phenylsilane.....................c...ooi 225
5.3.5.2. A Typical procedure for pyrim-UiO-Co(THF) catalyzed

N-formylation of benzylamine.............ccooooiiiiii i 225
5.3.5.3. Test for “heterogeneity’ of pyrim-UiO-Co(THF) in

N-formylation of @mines...........ovuiniiiitiiiiiiiiii e, 226
5. 3.5 Hg st o et e 227
5.3.5.5. Recycling of pyrim-UiO-Co(THF) for the N-formylation

Of DENZYIaMINES. ...ttt 228

5.3.5.6. Investigation of the effect of pore sizes on the rate

OF CAALYSIS. «uenee it 229

5.3.6. Determination of the rate law for pyrim-UiO-Co(THF) catalyzed
N-formylation of benzylamine...............cooovviiiiiii i 231
5.3.7. Analysis of products by GC-MS........coiiiiiiiii e, 231
5.3.8. X-ray absorption spectroscopic analysis..........ccevieiiieiiiiiineriiiinennannn. 234
5.3.8.1. XANES @nalysiS.....uuueneeniitiieiiitiii i e 234
5.3.8.2. EXAFS fitting using DFT optimized structures............c..ccceoevevennnn. 234
5.3.9. DFT calculations. .........o.iuiiiiiiitiiii e 241
5.3.9.1. Cartesian coordinates of optimized structures..............coeeevereenennnn. 244
5.3.10. XPS @nalySiS. . .ouunitintitietie e 248
5.4, CONCIUSION. ...ttt ettt ettt r st sb et s bt b e sb e eesbesnesbe et enbeennenae 250
5.5 REIEIEINCES. ..ottt sttt ettt sa e ne e ene s 251

Chapter 6: Selective Reduction of Nitro Compounds by Organosilanes Catalyzed

by a Zirconium Metal-Organic Framework Supported

Salicylaldimine-Cobalt(I) ComplexX.........cccoviiiiiiiiiiiiiiiiiiieiininninnnn, 258

6.1, INtrOdUCTION. . uete ettt ettt 259
6.2. Results and diSCUSSIONS. ... .euuineir it 260
6.2.1. Synthesis and characterization of the salim-UiO-CoCl MOF...................... 260
6.2.2. Salim-UiO-CoCl catalyzed reduction of nitroarenes and its derivatives......... 263
6.2.3. Mechanistic investigation of the catalytic reduction.....................cooeiviuien. 268

6.3. EXperimental SECtION. ......ouiuuiuitiiit et 272
6.3.1. General €XPerimeNnt.........oueuteniitit ettt re et eteaeeeaanas 272

6.3.2. Synthesis and characterization of salicylaldehyde-functionalized

Xviii



UIO-68 MOFS.....iiiiiiiiii e 272

6.3.2.1.Synthesis of UiO-68-NH2MOF.........coooiiiiiiiiiiiiieee, 272
6.3.2.2. Post synthetic modification of as-synthesized UiO-68-NH> MOF-.........273
6.3.2.3. Analysis of digested salim-UiO MOF by 'THNMR........................... 273
6.3.3. Post synthetic metalation of salim-UiO-MOF....................coooiiiiiinnn. 274
6.3.3.1. Synthesis of salim-UiO-CoCl............c.cociiiiiiiiiiiiiiiiiinee e, 274
6.3.4. Catalytic reactions with salim-UiO-CoCl...............ccooviiiiiiiiiiii i, 275

6.3.4.1. General procedure for salim-UiO-CoCl catalyzed reduction

of nitro functional group compounds using phenylsilane................... 275

6.3.4.2. A typical procedure for salim-UiO-CoCl catalyzed

reduction of nitrobenzne...............c.cooiiii i 275
6.3.4.3. Test for “heterogeneity” of salim-UiO-CoCl in reduction
of I-nitronaphthalene. ... 277
0.3 4.4 HE oSt c .ottt e 278
6.3.4.5. Recycling of salim-UiO-CoCl for the reduction
of nitrobenzene to aniline..............ooooiiiiiiiiiiiii i 278
6.3.5. Characterization of products. ..........ooeviiiiiiiiiiii e 281
6.3.5.1. GC-MS @nalysSiS. ...ueeueiniititiet et e e e e e e e e 281
6.3.5.2. NMR @nalySiS. .. .eutiniitiitiiiiee e 282
6.3.6. X-ray abSOrption SPECIIOSCOPY .. vurntenennentenint et eteateeaneteneneaneereneeenns 288
6.3.6.1. XANES analysis.....ccoueuuiriiitiitiiiiii it 288
6.3.6.2. EXAFS fitting using DFT optimized structures..............cc.cecevennnne. 288
6.3.7. DFT calculations. ...........o.oiiiiiitiiiiii e 290
6.3.7.1. Cartesian coordinates of optimized structures..............cccccevrveneennnen. 293
6.3.8. XPS analySis. . ouuiiiiiiiii i e e e 297
0.4, CONCIUSION. .. e\ vttt e 300
6.5, RefOrenCeS. ... ueeit i e 301

Reflecting on overall PhD work: Insights, Lessons Learned, and Future Impact......306

List of Publications.........cccciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiciincncnenaes 309
AUthors Profile......cccoeiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiic it e 311

XiX



List of Figures

Figure Captions. ......coovuiuiiiiiiiiiiiiiiiiiiiiiii it s s Page no.
1.1. Schematic representation of Single-site heterogeneous catalyst..............c..covvinenne 3
1.2. Schematic representation of MOF and its constituents..............cceeevievieiiiinninnnnn... 4
1.3. Examples of various types of SBUs involve in synthesis of MOF........................... 8
1.4. Examples of various types of organic linkers involve in synthesis of MOF................ 9
1.5. Schematic representation of the methods used for activation of MOF..................... 13
1.6. Metal-functionalized 2-pymo and bzim based organic linkers.......................co.e.e. 16
1.7. Different methods for post-synthetic functionalization of MOF............................ 17
1.8. Proline functionality over Cr SBUs of MIL-101 via PSM.........coooiiiiiiiiiiinnn 18
1.9. Distinct applications associated with MOFs.............ccooiiiiiiiiiiiiiiiiieeeeee 21
1.10. Various sites of catalysis functionalities within the MOF........................c 26
1.11. Facile coordination of substrate via expansion of co-ordination sites or
by displacement of ligand on metal center..............ccoeiiviiiiiiiiiiiiiiiiiin 27
1.12. Removal of co-ordinating solvent to create vacant site therefore a substrate
can bind or interact with the metal center...............cccrininiiiniieniccee 28
1.13. Methods for introducing active catalytic sites on MOF linkers............................ 33
1.14. Structures of various ligands discussed in section 1.7.4.2..........cccoiiiiiiiniiniinnn.. 34
1.15. Isoreticular MOFs based on the size of organic linkers...................cocoiiit 40
1.16. Isoreticular MOFs based on the difference in functionalities over organic linkers......40
1.17. Different ligands employed in isoreticular Zr-based MOFs............ccccoeviiiiiinnn.n 41
3.1. Synthesis of chiral D-POST-1.......cooiiiii e, 60
3.2. Post-synthetic grafting of oligopeptides within the pores of MOF......................... 61
3.3. Synthesis of L-valine functionalized chiral MOF and its metalation with FeCl.......... 62
3.4. Plots showing the correlation of % conversion of 1a and the corresponding % ee
of product 2a with time (min) using L-valim-UiO-68-Fe (0.5 mol% Fe)........ccccccue.. 67
3.5. a) Proposed catalytic cycle and the stereochemical models of hydrosilylation
AL 208 Kt 69
b) DFT-calculated reaction energy profile diagram of L-valim-UiO-Fe
catalyzed asymmetric hydrosilylation of acetophenone at 298 K........................ 69

XX



3.6. '"H NMR spectrum (400 MHz, DMSO-ds) of L-val-UiO MOF digested

in K3PO4/D20 followed by neutralization...........c.cecevviiiiiniiienininniniiiniiniennen. 73
3.7.'"H NMR spectrum (400 MHz, DMSO-d) of L-valim-UiO-MOF digested

N K3PO4/D2O/DMSOds. . cveneeeieeeee et et aee e 74
3.8. IR spectra of L-val-UiO-MOF (black) and L-valim-UiO-MOF (red)...................... 75
3.9. TGA curve of freshly prepared L-valim-UIO MOF.................ccooiiiiiiinL. 75
3.10. Images of L-valim-UiO MOF (left) and L-valim-UiO-FeCl MOF (right)................76
3.11. (a) TGA curve of freshly prepared L-valim-UiO-FeCl MOF...............c...coenint. 77

(b) TGA curve of freshly prepared L-valim-UiO-FeCl MOF (black) and

L-valim-UiO MOF (red) from 200-800 °C........ccoeurririiiiiiiiiiiiiiiieieeenennn 77

3.12. PXRD patterns of UiO-68-MOFS.......cccoiiriiiiiiiii it 77
3.13. Nitrogen sorption isotherms (77 K) of L-valim-UiO, L-valim-UiO-FeCl,

and L-valim-UiO-Fe after run 16 of hydrosilylation of acetophenone................... 78
3.14. HK pore size distribution of L-valim-UiO and L-valim-UiO-FeCl...........cccccocuruenen. 78
3.15. TEM image of L-valim-UiO-FeCl...........ccoiiiiiiiiiiiiiiiiii e 78
3.16. Heterogeneity test of L-valim-UiO-Fe catalysed asymmetric reduction of

CyclopropylphenylKetone. ..........cuiriiiiiiiiii e 80
3.17. Plot for % GC-yield and the corresponding % ee of silyl ether (2a) at various runs

in the recycle of L-valim-UiO-Fe for hydrosilylation of acetophenone.................. 82
3.18. PXRD patterns of L-valim-UiO-Fe MOF after catalysis.............cccovviiiiiinninennn 82
3.19. Synthesis of L-valim-FeCl...........oi e, 83
3.20. Synthesis of pyrim-UiO-FeClo MOF.........ccoiiiiii e, 85
3.21. Kinetic plots of initial rates (d[product]/df) for hydrosilation of 1a versus

initial concentrations of iron and la for the first 30 min.............c.c.coooiiii. 87
3.22. Plot of initial rate (d[product]/df) versus [(EtO)>MeSiH Jinitial for first 30 min

(10 % conversion) in THE ... e 87
3.23. Optimized structure of L-valim-FeCI(THF)...........cccoiiiiiiiiiiiiiii e 97
3.24. Atomic charge distribution of L-valim-FeCI(THF)...............oocooiiiiiiiin. 98
3.25. Optimized structure of L-valim-Fe[Si(OEt)2Me] (INT-1) and atomic charge

distribution of L-valim-Fe[Si(OEt).Me] (INT-1) as calculated by NBO

POPUIAtION ANALYSIS. ... eenteni et 98
3.26. Optimized structure of INT-2(S) (L-valim-Fe[(S)-C(Ph){OSi(OEt)>Me}(Me)])........99

XXi



3.27.
3.28.

3.29.
3.30.
3.31.
3.32.
3.33.
3.34.
3.35.

3.36.
3.37.
3.38.
3.39.
3.40.
3.41.
3.42.
3.43.
3.44.
3.45.
3.46.
3.47.
3.48.
3.49.
3.50.
3.51.
3.52.
3.53.
3.54.
3.55.
3.56.
3.57.
3.58.

Optimized structure of the TS-1(S) of S-pathway at room temperature................. 100
Fe K-edge XANES spectra of FeCl,, L-valim-UiO-FeCl, and

(L-valim)Fe-[(S)C(Ph)(Me){OSiMe(OEt).} ] after hydrosilylation of 1a............... 104
EXAFS spectra and fits in R-space at the Fe K-edge of L-valim-UiO-FeCI(THF)...105
EXAFS fitting of L-valim-UiO-Fe recovered after hydrosilylation of la............... 105
GC trace and integration data of racemic 1-phenylethanol................................ 108
GC trace and integration data of (S)-1-phenylethanol......................cooie 108
GC trace and integration data of racemic 4-(1-hydroxyethyl)phenol.................... 109
GC trace and integration data of (S)-4-(1-hydroxyethyl)phenol.......................... 109
GC trace and integration data of racemic

4-(1-hydroxy-2-methylpropyl)phenol .......... ... 110
GC trace and integration data of (S)-4-(1-hydroxy-2-methylpropyl)phenol.............110
GC trace and integration data of racemic 1-(4-bromophenyl)ethanol................... 111
GC trace and integration data of (S)-1-(4-bromophenyl)ethanol......................... 111
GC trace and integration data of racemic of cyclopropyl(phenyl)methanol............ 112
GC trace and integration data of (R)-cyclopropyl(phenyl)methanol..................... 112
GC trace and integration data of racemic phenyl(o-tolyl)methanol..................... 113
GC trace and integration data of (S)-phenyl(o-tolyl)methanol........................... 113
GC trace and integration data of racemic 1-(pyridine-2-yl)ethanol..................... 114
GC trace and integration data of (S)-1-(pyridin-2-yl)ethanol............................. 114
GC trace and integration data of racemic (2-aminophenyl)(phenyl)methanol......... 115
GC trace and integration data of (R)-(2-aminophenyl)(phenyl)methanol............... 115
GC trace and integration data of racemic 1-(pyridin-4-yl)ethanol....................... 116
GC trace and integration data of (R)-1-(pyridin-4-yl)ethanol............................ 116
GC trace and integration data of racemic 1-(naphthalen-2-yl)ethanol.................. 117
GC trace and integration data of (S)-1-(naphthalen-2-yl)ethanol........................ 117
GC trace and integration data of racemic 1-(4-methoxyphenyl)ethanol................ 118
GC trace and integration data of (S5)-1-(4-methoxyphenyl)ethanol...................... 118
GC trace and integration data of racemic 1-(4-nitrophenyl)ethanol......................119
GC trace and integration data of (S)-1-(4-nitrophenyl)ethanol........................... 119
HPLC trace and integration data of racemic 3-(1-hydroxyethyl)phenol.................120
HPLC trace and integration data of (S5)-3-(1-hydroxyethyl)phenol...................... 120
GC trace and integration data of racemic 1-(thiophen-2-yl)ethanol..................... 121
GC trace and integration data of (S)-1-(thiophen-2-yl)ethanol........................... 121

XXii



3.59. GC trace and integration data of racemic 6-methylhept-5-en-2-ol prepared........... 122
3.60. GC trace and integration data of (R)-6-methylhept-5-en-2-ol........................... 122
3.61. '"H NMR (400 MHz, DMSO-ds) spectra of 2'-amino-[1,1":4',1"-

terphenyl]-4,4"-dicarboxylic acid.............cooiiiiiiiii 123
3.62. >*C NMR (100 MHz, DMSO-dj) spectra of 2'-amino-[1,1':4',1"-
terphenyl]-4,4"-dicarboxylic acid...........coeiiiiiiiiiii 123
3.63. "H NMR spectrum (400 MHz, DMSO-ds) of digested L-valim-UiO-MOF after
hydrosilylation of acetophenone............c.ocoiiiiiiiiiiiii e 124
3.64. '"HNMR (400 MHz, DMSO-ds) spectrum of (S)-tert-butyl (3-methyl-
1-oxo0-1-(phenylamino)butan-2-yl)carbamate (boc-protected L-val)....................124
3.65. '"H NMR (400 MHz, DMSO-ds) spectra of (S)-2-amino-3-methyl-
N-phenylbutanamide (L-val)........cccooiiiiiiiii e 125

3.66. '"H NMR (400 MHz, DMSO-ds) spectra of (S,E)-3-methyl-N-phenyl-

2-((pyridin-2-ylmethylene)amino)butanamide (L-valim).................cceieiiininin. 125
3.67. m/z of (S,E)-3-methyl-N-phenyl-2-((pyridin-2-ylmethylene)amino)butanamide......126
3.68. GC-MS spectra of (S,E)-3-methyl-N-phenyl-2-((pyridin-2-ylmethylene)

amino)butanamide (L-valim)...........coooiiiiiiiii 126
3.69. L-valim-UiO-Fe MOF carrying out asymmetric reductions with excellent ee

OF UP 10 99 D01ttt ettt ettt st b e nae e 127
4.1. Immobilization of chiral auxiliaries into the heterogeneous supports.................... 137
4.2. Solid supported chiral [Co(Salen)] cOmpPleX.......coevueruiiiniiiiiiiiiiiiiiiieeaanen. 137

4.3. Synthesis of aldehyde-functionalized UiO-68-MOF, its postsynthetic

functionalization with L-valinol and, the metalation of chiral valinol-

functionalized UiO-68 MOF (vol-UiO-68) with iron...................ccoeeiviiiininnnn.. 139
4.4. PXRD patterns of simulated UiO-68 MOF, freshly prepared pristine UiO-68-CHO,

vol-UiO-68, and vol-UiO-68-FeCl..........c.oiiiiiiiii i 140
4.5. BET nitrogen sorption isotherms (77 K) of vol-UiO-68, and vol-UiO-68-FeCl.........140

4.6. PXRD patterns of vol-UiO-68-Fe after hydrosilylation & hydroboration of 4-

methoXyacetophenone. ... .....oouiini it e 144
4.7. Mechanistic proposal for vol-UiO-68-Fe catalyzed asymmetric hydrosilylation

OF KETOM@S. ettt e 146
4.8. DFT-calculated Gibbs free enthalpy reaction profile diagram of vol-UiO-Fe

catalyzed hydrosilylation of 4-methoxyacetophenone................c.coviiiiiiinnn. 147
4.9. IR spectra UiO-68-CHO, vol-UiO-68, vol-UiO-68-FeCl, and vol-UiO-68-FeH........154

podll



4.10.
4.11.
4.12.
4.13.

4.14.

4.15.

4.16.
4.17.

4.18.

4.19.

4.20.

4.21.

4.22.
4.23.
4.24.
4.25.
4.26.
4.27.
4.28.
4.29.
4.30.
4.31.
4.32.
4.33.
4.34.

TGA curve of freshly prepared vol-UiO-68 and vol-UiO-68-FeCl.............cc.ccceue.e. 155
a) TEM image of vol-UiO-68-FeCl, b) TEM-EDX analysis of vol-UiO-68-FeCl.....156
Heterogeneity test of vol-UiO-68-Fe for the hydrosilylation of isobutyrophenone...158
% GC-yield and the corresponding % ee of silyl ether (2a) at several runs in the
recycle of vol-UiO-68-Fe for hydrosilylation of 4-methoxyacetophenone................. 160
% GC-yield and the corresponding % ee of borate ester (4a) at several runs in the
recycle of vol-UiO-68-Fe for hydroboration of 4-methoxyacetophenone.................. 161
Plots of initial rates -(d[substrate]/df) for hydrosilyaltion of

4-methoxyacetophenone vs iron and substrate concentration............cccceeeevereveeceeennen. 163
Plot for initial rate (d[product]/dt) versus [(EtO)xMeSiH].............ocoiiiiiinnnn... 164
(a) DFT-optimized structure of vol-UiO-68-FeCI(THF)3, and

(b) Atomic charge distribution of vol-UiO-68-FeCI(THF)3.........cccooeiiiieiinnnen. 169
DFT-optimized structures of intermediates and transition states of the proposed
CALALYLIC CYCIC. . ntnt ittt e 171
W(E) XAS spectra of metallic Fe(0), vol-UiO-68-FeCl, vol-UiO-68-FeH,
vol-UiO-68-Fe after hydrosilylation of 4-methoxyacetophenone and FeCl............ 176
DFT optimized model and Fe K-edge EXAFS spectra of vol-UiO-68-FeCl and

itS fItS iN RoSPACE. . .u it 177
DFT optimized model and EXAFS spectra and fits in R-space at the Fe K-edge

of vol-UiO-68-Fe after hydrosilylation of 4-methoxyacetophenone............c.ccoeunee.... 179
XPS data of voI-UiO-68-FeCl........ccoiuiiiiiiiii e 180
Fe 2p XPS spectrum of vol-UiO-68-FeCl..........ccoiiiiiiiiiiiiiiiiiiicieee, 180
Zr 3d XPS spectrum of vOI-UiO=68-FeCl........ccccooerriiniriieieieieeiesceieseeieseeie e 181
XPS data of vol-UiO-68-FeH.........ccooiiiiii i 181
Fe 2p XPS spectrum of vol-UiO-68-FeH............cooooiiiiiiiiiii 182
Zr 3d XPS spectrum of vol-UiO-68-FeH..............coooiiiiiiiii e, 182
GC trace and integration data of racemic 4-(1-hydroxyethyl)phenol................... 183
GC trace and integration data (S)-4-(1-hydroxyethyl)phenol............................ 183
GC trace and integration data of racemic 4-(1-hydroxy-2-methylpropyl)phenol......184
GC trace and integration data of (S)-4-(1-hydroxy-2-methylpropyl)phenol............184
GC trace and integration data of racemic 1-(4-nitrophenyl)ethanol..................... 185
GC trace and integration data of (S)-1-(4-nitrophenyl)ethanol........................... 185
GC trace and integration data of racemic 1-(thiophen-2-yl)ethanol..................... 186

XXiV



4.35. GC trace and integration data of (S)-1-(thiophen-2-yl)ethanol........................... 186

4.36. GC trace and integration data of racemic 1-(naphthalen-2-yl)ethanol.................. 187
4.37. GC trace and integration data of (S)-1-(naphthalen-2-yl)ethanol........................ 187
4.38. GC trace and integration data of racemic 6-methylhept-5-en-2-ol....................... 188
4.39. GC trace and integration data of (R)-6-methylhept-5-en-2-ol..................c...c.... 188
4.40. HPLC trace and integration data of racemic 3-(1-hydroxyethyl)phenol................ 189
4.41. HPLC trace and integration data of (S)-3-(1-hydroxyethyl)phenol...................... 189
4.42. HPLC trace and integration data of racemic 3-(1-hydroxyethyl)phenol................ 190
4.43. HPLC trace and integration data of (S)-3-(1-hydroxyethyl)phenol....................... 190
4.44. "H NMR of (2,5-dibromophenyl)methylene diacetate....................c.oeevreennnn... 191
4.45. 3C NMR of (2,5-dibromophenyl)methylene diacetate...................ccevveeiunnnn.n. 191
4.46. '"H NMR of dimethyl 2'-formyl-[1,1":4',1"-terphenyl]-4,4"-dicarboxylate.............. 192
4.47. 3C NMR of dimethyl 2'-formyl-[1,1":4",1"-terphenyl]-4,4"-dicarboxylate............. 192
4.48. '"H NMR of 2'-formyl-[1,1":4',1"-terphenyl]-4,4"-dicarboxylic acid..................... 193
4.49. "TH NMR spectrum of UiO-68-CHO MOF digested in K3sPO4/D,O/DMSO-d.......... 193
4.50. '"H NMR spectrum of vol-UiO-68 MOF digested in K3PO4/D>0/DMSO-d.......... 194
4.51. "TH NMR of synthesized (S, E)-2-(benzylideneamino)-3-methylbutan-1-ol.............194
4.52. Vol-UiO-68-Fe catalyzed asymmetric reduction reactions.................coeevevenennnn. 195
5.1. Synthesis of UiO-MOF supported single-site pyridylimine-cobalt catalyst

for N-formylation of amines using CO2........ccooiiiiiiiiiiiiiiiiiiiii e 206
5.2. PXRD patterns of the simulated UiO-68 MOF, pristine UiO-68-NH>,

pyrim-UiO-MOF, and pyrim-MOF-CoCla.........c.iiiiiiiiiiiiiiiiiiiiiie e 206
5.3. SEM image of a pyrim-MOF-Coparticle...........coooviiiiiiiiiiiiiii e, 208
5.4. SEM-EDX mapping of Co and Zr in the respective pyrim-MOF-Co particle............208
5.5. Co K-edge XANES spectra of Co-foil, CoClz, pyrim-UiO-CoCla,

pyrim-UiO-Co(THF) and pyrim-UiO-Co after catalysis...........ccc.ceeevenvennenn.......209
5.6. PXRD patterns of simulated UiO-68 MOF and as-synthesized UiO-68-NH2> MOF,

pyrim-UiO-68 MOF, pyrim-UiO-CoClz, pyrim-MOF-Co(THF), and

pyrim-MOF-Co after hydroformylation of benzyl amine using PhSiHs..................217
5.7. Proposed catalytic cycle of pyrim-UiO-Co(THF) catalyzed N-formylation

of amines using CO2 and phenylsilane............c..cooiiiiiiiiiiii i 218

5.8. Kinetic plots of initial rates (d[benzyl amine]/df) for N-formylation of

XXV



benzylamine versus initial concentrations of cobalt and benzylamine....................219
5.9. Kinetic plots of initial rates (d[benzyl amine]/df) for N-formylation of
benzylamine versus initial concentrations of PhSiH3 and initial Pcoo......................219

5.10. The DFT calculated free energy diagram at 353 K for pyrim-UiO-Co(THF)

catalyzed N-formylation of benzyl amines using CO> and silane........................ 220
5.11. "H NMR spectrum (500 MHz, DMSO-d6) of pyrim-UiO MOF

digested in KsPO4/D2O/DMSO=d6...uuvnriniieiiiiiiii e 222
5.12. TGA curve of freshly prepared (a) UiO-68-NH>, and (b) pyrim-UiO-CoCl..

(¢) TGA curve from 200-650 CC.....ourinriiii e e 224
5.13. Heterogeneity test of pyrim-UiO-Co(THF) for the N-formylation of amines.......... 226
5.14. Hg test in the N-formylation with pyrim-UiO-Co(THF).................c.coiin. 227
5.15. Recycle and reuse of pyrim-UiO-Co(THF) in N-formylation of benzylamine........228

5.16. Plot for % GC-yield of N-benzylformamide at various runs in the recycle
experiments of pyrim-MOF-Co catalyst in formylation of benzyl amine............... 229

5.17. N-formylation of 4-methoxybenzylamine catalyzed by pyrim-UiO-Co(THF)

with that of pyrim-UiO-66-Co under identical reaction conditions...........c.cceceevuennenne. 230
5.18. EXAFS spectrum and fits of pyrim-MOF-CoCl; in R-space at the Co K-edge........234
5.19. DFT-optimized structure of (pyrim)CoClo(THF)2.....oiiiiiiiiiiiiiiiiiiee e, 235
5.20. EXAFS spectrum and fits of pyrim-MOF-Co(THF) in R-space at the Co K-edge.....237
5.21. DFT-optimized structure of pyrim-UiO-Co(THF).........c..ooviiiiiiiiiii, 237
5.22. EXAFS spectrum and fits of pyrim-MOF-Co after N-formylation of benzylamine

in R-space at the Co K-€d@e.......cuvnuiiniiiiiiii i e 239
5.23. DFT-optimized structure of pyrim-UiO-Co(THF).........c..coooiiiiiiiiii, 239
5.24. EXAFS spectra in R space are 0-6 A of pyrim-UiO-Co(THF), pyrim-UiO-Co

after catalysis and Co foil.........coo i 241
5.25. DFT-optimized structure of (pyrim)CoClo(THF)2....ovviiiiiiiiiiiiieieee e, 242
5.26. DFT-optimized structure of pyrim-UiO-Co(THF) (INT=1).........ccooiiiiiiiiiiinann. 242
5.27. DFT-optimized structures of intermediates and transition states of the catalytic

cycle in pyrim-UiO-Co catalyzed N-formylation reaction............cc...cooovuvinnennen. 243
5.28. XPS data of pyrim-UiO-CoCla........c.iuiuiiiiiiiiii e 248
5.29. Co 2p XPS spectrum of pyrim-UiO-CoCla.........cooiiiiiiiiiiiiiiiiiieee e, 248
5.30. Zr 3d XPS spectrum of pyrim-UiO-CoCl: after catalysis.........cccccevvvevrineinininnnnn. 249
5.31. Co 2p XPS spectrum of pyrim-UiO-Co(THF)........ccccoiiiiiiiiiiiiie 249

XXVi



5.32. Pyrim-UiO-Co(THF) MOF for N-formylation of amines...........c...c.cooevennninn.e. 250

6.1. Pyrim-UiO-Co(THF) MOF for N-formylation of amines............c..ccooiiviiiiiininnin. 260
6.2. PXRD patterns of the simulated UiO-68 MOF, pristine UiO-68-NHa,

salim-UiO-MOF, and salim-UiO-CoOCl..........oiiiiiiiiiii i, 261
6.3. TGA curve of freshly prepared (a) UiO-68-NH> and (b) salim-UiO-CoCl (c¢) TGA

curve of freshly prepared UiO-68-NH> and salim-UiO-CoCl from 200-700 °C............262
6.4. Co K-edge XANES spectra of Co-foil, CoCl», and salim-UiO-CoCl......................... 263
6.5. PXRD patterns of the simulated UiO-68 MOF, pristine UiO-68-NH>, and

salim-UiO-Co recovered after catalysiS.........cooeviiiiiiiiiiiiiii i 269
6.6. SEM image of salim-UiO-Co particles recovered after catalysis and the

SEM-EDX mapping of Co and Zr of the respective particles................ccveeieviiinnnn. 269
6.7. Co K-edge XANES spectra of Co-foil, CoCly, salim-UiO-CoCl, and

salim-UiO-Co after catalysis. . ... ...oueveiiiniiiit i e 270
6.8. Proposed catalytic cycle of salim-UiO-Co catalyzed reduction of nitroarenes.............. 270
6.9. DFT-calculated Gibbs free enthalpy reaction profile diagram.......................ooenee. 271
6.10. "H NMR spectrum of salim-UiO MOF digested in K3PO4/D>0O/DMSO-d...............2 74
6.11. Heterogeneity test of salim-UiO-CoCl for the reduction of 1-nitronaphthalene........... 277
6.12. Hg test in the reduction of 1-fluoro-4-nitrobenzene with salim-UiO-CoCl..................278
6.13. Recycle and reuse of salim-UiO-CoCl in reduction of nitrobenzene........................ 279
6.14. Recycle plot of salim-UiO-CoCl in reduction of nitrobenzene.....................cccceeee. 279
6.15. (a) EXAFS spectra and fits of salim-UiO-CoCl in the R space at the Co K-edge

(b) DFT optimized structure of salim-CoCl moiety in salim-UiO-CoCl................... 289

6.16. EXAFS spectrum of salim-UiO-Co fitted with different % metallic Co................... 289
6.17. DFT optimized structure of salim-UiO-CoCI(THF)..............coocoiiiiiiin. 291
6.18. DFT-optimized structures of intermediates and transition states............................ 293
6.19. XPS data of salim-UiO-CoCl before catalysis...........covuiiivriiiiiiiiniiininiinene. 297
6.20. Co 2p XPS spectra of salim-UiO-CoCl MOF before catalysis...........cccooeveiininennen.. 297
6.21. Zr 3d XPS spectra of salim-UiO-CoCl MOF before catalysis............c.ccoeveeviiennin. 298
6.22. XPS data of salim-UiO-Co after catalysis........ccccceeieeriircierseeiieniesie e 298
6.23. Co 2p XPS spectrum of salim-UiO-Co after catalysis..........ccoovveiiiiiiiiiiininnnn... 299
6.24. Zr 3d XPS spectrum of salim-UiO-Co after catalysiS.........cceovveviiiiiiiniiiinininennn. 299
6.25. Salim-UiO-Co catalyst for chemoselective reduction of nitro compounds................ 300

XXVii



List of Tables

Table no. Title of the table Page no.

Table 3.1. L-valim-UiO-Fe-catalyzed asymmetric hydrosilylation of ketones..........................
Table 3.2. Optimization of L-valim-UiO-Fe MOF catalyzed hydrosilylation of ketones.......
Table 3.3. % Yield, % ee, and % leaching of metals during the recycling...................
Table 3.4. The GC retention time of products...........cccooeviiiiiiiiiiiiiiiiieaen,
Table 3.5. NBO charge population analysis of L-valim-FeCI(THF)..........................
Table 3.6. NBO charge population analysis of L-valim-Fe[Si(OEt)Me]....................
Table 3.7. Summary of EXAFS fitting parameters L-valim-UiO-FeCI(THF)..............
Table 3.8. Summary of EXAFS fitting parameters INT-2(S)..........ccoooiiiiiiininnnnn..
Table 4.1. Asymmetric hydrosilylation of ketones catalyzed by Vol-UiO-68-Fe MOFs......
Table 4.2. Asymmetric hydroboration of ketones catalyzed by vol-UiO-68-Fe MOFs....
Table 4.3. % Yield, % ee, and leaching of metals during the recycling......................
Table 4.4. GC-MS and GC-FID analysis of products..............ccoviiiiiiiiiiiiiiniinnnnn..
Table 4.5. NBO charge population analysis of vol-UiO-68-FeCI(THF)s....................
Table 4.6. Summary of EXAFS fitting parameters vol-UiO-68-FeCI(THF)s...............

Table 4.7. Summary of EXAFS fitting parameters vol-UiO-68-

-Fe(S-OCH(Me)(Ar°™®) after hydrosilylation................ccoevvniiueiunnnn..
Table 5.1. Formylating agents commonly used in N-formylation of amines....................

Table 5.2. Optimization reaction conditions for the N-formylation of benzylamine.......

Table 5.3. Pyrim-UiO-Co(THF)-catalyzed N-formylation of primary benzylamines

and anilines using COz2 and PhSiHz.......coooiiiiiiiii e

Table 5.4. % GC-Yield of N-benzylformamide, the leaching of Co at various

runs of the recycling of pyrim-UiO-Co(THF)..........coooiiiiiiiiiiii..
Table 5.5. The GC-MS retention times of the arene substrates and the products...........
Table 5.6. Atoms coordinates used for EXAFS fitting of pyrim-UiO-CoCl(THF)........
Table 5.7. Summary of EXAFS fitting parameters of pyrim-UiO-CoCl2(THF)a...........
Table 5.8. Atoms coordinates used for EXAFS fitting of pyrim-UiO-Co(THF)............
Table 5.9. Summary of EXAFS fitting parameters of pyrim-UiO-Co(THF)................

Table 5.10. Summary of EXAFS fitting of pyrim-UiO-Co recovered after

hydroformylation of benzyl amine with PhSiHz.................coooiiinin,
Table 6.1. Optimization for salim-UiO-Co catalyzed reduction of nitrobenzene...........

Table 6.2. Salim-UiO catalyzed reduction of nittroarenes derivatives.......................

XXViii

65
.80



Table 6.3. Optimization reaction conditions for the reduction of nitrobenzene................ 276

Table 6.4. % GC-Yield of aniline, the leaching of Co at various runs.................cccoeene 280
Table 6.5. The GC-MS retention times of the arene substrates and the products.............. 281
Table 6.6. Summary of EXAFS fitting parameters of salim-UiO-CoCI(THF)................. 290

XXiX



List of schemes

Scheme no. Scheme caption Page no.
1.1. MOF-5 catalyzed p-alkylation of aromatic compounds..............cvviiuiiiniiiiiinnnnn 6
1.2. Thermal activation of Cu metal sites in HKUST-1 MOF.............c.cooooiiiiii 15
1.3. Synthesis of gold (Au) functionalized IRMOF-3 via PSM on organic linkers........... 18
1.4. Metal-ion exchange in MOF SBUs via post-synthetic ion exchange..................... 19
1.5. MIL-101-SO3H catalysed Nozaki-Hiyama allenylation reaction.......................... 28
1.6. UiO-66-(COOH)2 catalysed Levulinic acid esterification in presence of ethanol...... 29
1.7. Conversion of Glucose to HMF by phosphorylated NU-1000 MOF...................... 29
1.8. In-MOF catalysed reduction of nitro groups present in organic compounds............. 31
1.9. Al(BDC)3 MOF catalysed hydrogenation of olefins.............cocoveviiiiiiiiiiin.. 31
1.10. Pd-MOF catalysed Suzuki-coupling reaction............c..cooviiiiiiiinininiinnninnee. 31
1.11. Asymmetric esterification reaction catalysed by chiral MOF (POST-1)................. 35
1.12. Synthesis of gold (Au) functionalized IRMOF-3 via PSM on organic linkers......... 36
5.1. Pyrim-UiO-Co(THF) catalyzed N-formylation of secondary amines..................... 215

XXX



