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Abstract

This thesis entitled “Development of single-site metal-organic framework-catalysts for
sustainable organic transformations” presents the details of the synthesis of earth-abundant
metal-based catalysts supported on metal-organic frameworks, their characterizations, and
applications in various catalytic reactions. The thesis focuses on the utility of developed

catalysts in asymmetric catalysis, hydrogenation catalysis, and methane oxidation.

Chapter 1: This chapter provides a brief overview of Metal-Organic Frameworks (MOFs),
their characteristics, and potential applications. The significance of MOFs as single-site
heterogeneous catalysts in numerous industrially significant catalysis processes, such as
hydrogenations, oxidations, and asymmetric synthesis, is also covered in detail. With the
help of the previously described examples, various methods that have been used to create
MOF-based catalysts are explained in this section. The value of base metal catalysts is also

discussed.

Chapter 2: This chapter has a detailed description of general techniques followed in the
research work. This chapter includes a description of the chemicals used in this work. The
experimental procedures for the purification of reagents and products, drying of solvents,
and handling of air and moisture-sensitive compounds have been stated. It has details of
the instrument techniques utilized for the characterization of catalysts and compounds, and
also the sample preparation for the same. It also has the details of the software used in

theoretical research.

Chapter 3: The development of chemoselective and heterogeneous earth-abundant metal
catalysts is essential for sustainable chemical synthesis. We report a highly efficient,
chemoselective, and reusable single-site nickel(Il) hydride catalyst based on robust and
porous aluminum MOF (DUT-5) for the hydrogenation of nitro and nitrile compounds to
the corresponding amines. The nickel hydride catalyst was prepared by the metalation of
aluminum hydroxide SBUs of DUT-5 having the formula of Al(p2-OH)(bpdc) (bpdc =4,4’-
biphenyldicarboxylate) with NiBr, followed by the reaction with NaEt;BH. DUT-5-NiH
has shown excellent functional group tolerance in the hydrogenation of various aromatic
and aliphatic nitro and nitrile compounds under 1 bar H», and could be recycled and reused
at least 10 times. By changing the reaction conditions of the hydrogenation of nitriles,
symmetric or unsymmetric secondary amines were also afforded selectively. The

experimental and computational studies suggested reversible nitrile coordination to nickel



followed by 1,2-insertion of the coordinated nitrile into nickel-hydride bond occurring in

the turnover limiting step.

Chapter 4: DUT-5-NiH catalyst synthesized in chapter 3 was an active catalyst for
chemoselective hydrogenolysis of carbon—oxygen (C—O) bonds in aryl ethers to afford
hydrocarbons under atmospheric hydrogen pressure in the absence of any base, which is
important for the generation of fuels from biomass. The reaction kinetic studies suggested
that the initial rate of hydrogenolysis has first-order dependency on the substrate and
catalyst and zero order dependency on the pressure of hydrogen. This work highlights the
potential of DUT-5-NiH catalysts for the production of biofuels from biomass.

Chapter 5: Chemoselective deoxygenation of carbonyls and alcohols using hydrogen by
heterogeneous base-metal catalysts is crucial for the sustainable production of fine
chemicals and biofuels. We report an aluminum MOF (DUT-5) node supported cobalt(II)
hydride, which is a highly chemoselective and recyclable heterogeneous catalyst for
deoxygenation of a range of aromatic and aliphatic ketones, aldehydes, primary and
secondary alcohols, including biomass-derived substrates under 1 bar H>. The single-site
cobalt catalyst (DUT-5-CoH) was easily prepared by post-synthetic metalation of the SBUs
of DUT-5 with CoCl, followed by the reaction of NaEt;BH. X-ray photoelectron
spectroscopy (XPS) and X-ray absorption near-edge spectroscopy (XANES) indicated the
presence of Co' and AI'™ centers in DUT-5-CoH and DUT-5-Co after catalysis. The
coordination environment of the cobalt-center of DUT-5-Co before and after catalysis was
established by extended X-ray fine structure spectroscopy (EXAFS) and density functional
theory (DFT). The kinetic and computational data suggest reversible carbonyl coordination
to cobalt preceding the turnover-limiting step, which involves 1,2-insertion of the
coordinated carbonyl into the cobalt-hydride bond. The unique coordination environment
of the cobalt ion ligated by oxo-nodes within the porous framework and the rate-
independency on the pressure of H> allow the deoxygenation reactions to occur

chemoselectively under ambient hydrogen pressure.

Chapter 6: The development of heterogeneous, chemoselective, and tandem catalytic
systems using abundant metals is vital for the synthesis of fine and commodity chemicals.
We report a robust and recyclable single-site cobalt-hydride catalyst based on a porous
aluminum MOF (DUT-5) for chemoselective hydrogenation of arenes. The DUT-5 node
supported cobalt(Il) hydride (DUT-5-CoH) is a versatile solid catalyst for chemoselective

vi



hydrogenation of a range of non-polar and polar arenes, including heteroarenes such as
pyridines, quinolines, isoquinolines, indoles, and furans to afford cycloalkanes and
saturated heterocycles in excellent yields. DUT-5-CoH exhibited an excellent functional
group tolerance and could be reusable at least five times without decreased activity. The
same MOF-Co catalyst was also efficient for tandem hydrogenation-hydrodeoxygenation
of aryl carbonyl compounds, including biomass-derived platform molecules such as
furfural and hydroxymethylfurfural to cycloalkanes. In the case of hydrogenation of
cumene, our spectroscopic, kinetic, and density functional theory (DFT) studies suggest the
insertion of trisubstituted alkene intermediate into the Co—H bond occurring in the turnover
limiting step. Our work highlights the potential of MOF-supported single-site base-metal
catalysts for the sustainable and environment-friendly industrial production of chemicals

and biofuels.

Chapter 7: The development of highly efficient and enantioselective heterogeneous
catalysts based on earth-abundant elements and inexpensive chiral ligands is essential for
environment-friendly and economical production of optically active compounds. We report
a strategy of synthesizing chiral amino alcohol-functionalized MOF to produce highly
enantioselective single-site base-metal catalysts for asymmetric organic transformations.
The chiral MOF (vol-UiO) was prepared by grafting of chiral amino alcohol such as L-
valinol within the pores of aldehyde-functionalized UiO-MOF via formation of imine
linkages. The metalation of vol-UiO with FeClz in THF gives amino alcohol coordinated
octahedral Fe' species of vol-FeCI(THF); within the MOF as determined by X-ray
absorption spectroscopy. Upon activation with LiCH;SiMes, vol-UiO-Fe catalyzed
hydrosilylation and hydroboration of a range of aliphatic and aromatic carbonyls to afford
the corresponding chiral alcohols with enantiomeric excesses up to 99%. Vol-UiO-Fe
catalysts have high turnover numbers of up to 15000 and could be reused minumum 10
times without any loss of activity and enantioselectivity. The spectroscopic, kinetic and
computational studies suggest iron-hydride as the catalytic species, which undergoes
enantioselective 1,2-insertion of carbonyl to give iron-alkoxide intermediate. The
subsequent 6-bond metathesis between Fe—O bond and Si—H bond of silane produces chiral
silyl ether. This work highlights the importance of MOFs as the tunable molecular material
for designing chiral solid catalysts based on inexpensive natural feedstocks such as chiral

amino acids and base-metals for asymmetric organic transformations.
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Chapter 8: Developing highly efficient catalysts for chemoselective oxidation of methane
to methanol under mild conditions is a grand challenge. We report a successful design and
synthesis of a heterogeneous single-site cobalt-hydroxide catalyst [Ce-UiO-Co(OH)]
supported by the nodes of a cerium MOF (Ce-UiO-66 MOF), which is efficient in partial
methane oxidation using hydrogen peroxide at 80 °C, giving an extraordinarily high
methanol yield of 2166 mmolge! in 99% selectivity with a TON of 3250. Ce-UiO-Co
catalyst is significantly more active and selective than its iso-structural zirconium analogue
Zr-UiO-Co in methane to methanol conversion. Experimental and computational studies
suggest the formation of Co(5?-hydroperoxide) intermediate coordinating with one ua-O~
and two neutral carboxylate oxygens of Ce™* oxo nodes within the pores of Ce-UiO-66,
which undergoes 6-bond metathesis with methane C—H bond in the turn-over limiting step
of the catalytic cycle. The significantly lower activation energy of Ce-UiO-Co than Zr-
UiO-Co is due to the highly electron-deficient nature of the cobalt ion of the Co(7*-O2H)
species supported by the Ce-UiO nodes, which promotes facile C—H activation of methane
via o-bond metathesis. This MOF-based catalyst design holds promise in developing
molecular electrophilic abundant metal catalysts for chemoselective functionalization of

saturated hydrocarbons.
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ARIRA:
"feehTS Breife TRadHl & fofY Thal-AIge UTd-Blei-d hHaD-Iake P faebra:
TS T8 R Y- PeS dRae, 3P A0 9uH R faflrd IARS ufafwarss &
SFVRINT! TR AR gRat-TeR A1 § oTg-SeTRd SoR® & U=evuT & fqarur vga
B! g | R SR IARM, BRG SHIHRU SBRT 3R WA Sl # fasmRid
ISP B IUAI R Hd B

S 1 T8 ™ UIG-HIEHDG hHdaw (MOF), 3! faRmarstt 3R durfaa

VAN BT U T Sfaciier] UM HRdl &l BIESIoHIdRUl, JTaiidhRul 3R
ST TAT0T S &g, ST U ¥ Agayul SR ufshanat § Uewha-urge favd
IR & 0 H THINTE &1 Agd Hl faaR ¥ HaR fobar 1 g | ugd afvld Sarevun
D1 TG F, MOF-3UTRT IBR® §-1H & o ST ot o1+ areft fafte faferi o1 59

W T AT | SR 4T SARD o Hed W1 = &1 718 g

SET2: 3 A H UM B A SUATS ST+ aTeh AT A1 Bl faegd faavur
g1 39 M H 39 B H IUANT fohT S aTel G| &1 9Ui- M g | T
3R ISl Bt Y[G, Tleded & @M, 3R g1 3R T & ufa Yag=ia qfiaw! Bt
SSfeiTT & o TS Ufshanafi &1 &gl T 8 | SUH SARD IR AMTDT &b wefor qui
& ToTT IUTNT & S aTel! SUSHRUT db-iteh] o1 fAaR0T &, 3R 39 e T dart +f
21 3T Jgifae SrIuU™ & IUgiT fpu O aTal Witedar &1 faavur 4 2|

e 3. fedhTs; WA A & foru S SR faws gedt-vR AEn & org
IIRG FI BN RIS g1 §H 13! 3R AR AMDI & BIESIoHIBRl & oy

ST SR & o Ao SR IRIRT TgHIFTH THSUE (DUT-5) & 3HTUR R Th
AP FIW, FHNAfGT 3R G: T Uhd-ase Fad (Gd) s1E38s 3ar®
oI RUIE I g1 FPhd e123188 IARS B DUT-5 & TegHIIH SRSIISS SBU

F YIIHIU gRI dOR fear M ot R Al(-OH)(bpde) (bpde = 4,4°-
biphenyldicarboxylate) T JF I, ISECACI Q?famf‘qﬁ 3R, & 1Y NaE;BH 10T & 1Y
yfaferar g8 1 DUT-5-NiH 1 IR H, & dgd grifed 3R Tiiithicd A1sgl 3R Arscrsd
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RDT & GRS & IPT HRED g oWl & AT Th ATTdH JeHce
TSR B, 3R 39U HH ¥ HH 10 IR TAAHIBR0T 3R TH: SUTNT fhdr o qhell g
AZCISA & BIRGISHIBUl Bt Udfsha UG &1 Sgaio:, Taflra a1 sy areafiis
3R 1t g U ¥ a8 o T o7l TANTES 3R SR HETA! A
ed & fou ufdadt Asesa g &1 gd faar, o a1 e-isiiay ifd wror o
B aTd M d-grseRs i B uaf<ad A13eRd & 1,2-JiRIe &1 gra fdbar |

eI 4: A 3 T YRAMNT DUT-5-NiH RS bl ot SR o1 srqufRfa o
JgHSHU BISSISH Gald & d8d 813 IPIad ®I dg- ®X- & (a4 URA SR T HTa-
HTRISH (C-0) TE & HHNGCT BRSO & T U Althd IARS oI, S
IR ¥ SuF 31 Uit & fon Teayl g1 wfafosan Tifast srerat 3 gema faan i
BTG ISHITCIRI & TRMN® TR H Tatce 3R IoR® TR Ugd 3 kel iR 0, &
G919 R YA TS (1R g1 I8 &1 T § 9ld 389 & 3dTG & i DUT-5-

NiH IIRD Dt &HdT IR YBT SrAdl 2|

e 5 T SMYR-UTY SIRD GRT T2 o B SUTNT HRP HIE (e 3R b
&1 HHNGCd SISfaiToMRH 3id ! 3R Sid 3¢ & fedhrs, Ided & fo

AU 8| 89 U T MOF (DUT -5) Al 9adH dlaTee (fgca) eRS8E &1
f¥O1E #xd §, S 1 IR H, & ded IHN -0 JeRe ey Tied Juiferd 3R uferhfes
e, Ufeserss, UUftie 3R ATeafiies 3fehigd Pt Uh SRId & SIATRISHRH &
fore te ol FHNAfded SR TAHdIHIHRUT favH IERF | Tha-e Hialke
JERP (DUT-5-CoH) DI T T AT 2 & 14 DUT -5 & SBU & UIRe-
Ridfesw AeaxM gRT dUR foar T o1, S a1e Tiusc! 3 i &t ufafear gaadt
TR Iegaae WaeRSIUT (XPS) 3R TH-Y IRy FAde-feraR Wee keIl
(XANES) T IERUI& &1 DUT-5-Co 3R DUT-5-Co H Co' 3R Al gl ol JufRfa

&1 Ibd faT IR Y Ugd 3R &1¢ H DUT-5-Co & hldlec-5g b1 H-GY ardIax 0l

faxaIivd ToX 3l TRaH1 WYt (EXAFS) 3R O+ driidid Rigid (DFT)
SR RTIT foram T 4T | TS SfR e Rd STl e 3NeaR-THHd TR ¥ Ugd HidTee




& forg ufdadt sralf-el TH-ad &1 g1 d 3, forg#d CoH sl # wrf-ad Sreifd &1

1,2-GiRe A g1 IR &1 & HiaR S8y gRT ferfics dlalee A &1
3{fg<I TH-aY AR 3R TF 2 & ga1d W -k akawr g1ggior gard & dgd
Sreifadiorem ufafparsell & FARAfGed 0 ¥ Al it B

e 6: TR AT | Y13l o1 ITANT B [auH, ARG R SFIIHH IRD
guferdl &1 faT 3l 3R a¥g YW & AW & o Ag@yul 81 §H WA &

HORIfaed gIEgloMI®RUl & U T IRSRT TegHI=aH THSNTW (DUT -5) & 3MTUR

TR TH Holgd 3R JA-dHIHR0 G Uhd-UIse Hlalee-gl3ses IoRe® &I Rule
FRA 8| DUT -5 718 THfid diaree (fgdt) B38IES (DUT-5-CoH) TR-yd1g 3R ydig

W Bt Th JGA P ARG BIEGISHIBRU & [T T SgHE! 319 IR ¢,
o ISPV USIaR H AEaleh 3R AW geNTRihd I 9a/%d &3+ & fou

ureRfes, feHifem, smgaife-ifed, 231 3R BRI oY g2 MW & | DUT-5-CoH

A TH SPT HRATHS Tg AGW[AT &1 TR fhar 3R HH Al & o sa 4 &4
U IR GH: TS B 9ehdl | 981 THIUB-R3N IaRS TR Sreie A &
U BTSSR UI-BTR SIS STeRiToRIH & forg i gparet o, forad Srar- g
QIEWHIH 3] S BRERA 3R BRI IahHRd 4 Aeddiedn-d IMad & | FgfH
& BIESIGHIHRU & AHA H, SHAR WaeRe U, TTfasl 3R ¥-d HaEs Rigid
(DFT) & TR HfHd a1 & §14 a0 B Co-H dis T Treusiegcs Yoo

ZeHIfSUC & TIRTe &1 Y9 & € | TART HTH I[TIA! 3R o 349 & fehrss 3R
TR0 & 3G d e IJae- & o wHeiue Jafifd Tha-uke a9-Acd

IARD D! &HdAT IR USRI STddl 2|

ey 7: VB U ¥ by AMDH! & TR0l & 3% d 3R [HHEd A &
fort gl R a@l SR T foRa fofigd & SUR W Il $a 8k
ufRsiafaed fawd IER® &1 fawM I g1 g1 SR wref~e uRad=i &
fore srafdes Ufcsiieifdea RiTd-Trge s9-Acd SARD BT IdTad B & ol frd
U Sfeh g d- BT THAHTE B YA 3 Bi UHITG &1 RAE R g1 Fora
MOF (vol-UiO) & iR TEAT 3ichigd S8 Td-aferiel 3 TftetT gRT aaR faear
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T, S 3 fiidsl & T8 & A1ed ¥ TS g3se-haRFdRSS UiO-MOF & f&al &
IR oTI THF T THSHITA 2 & 1Y vol-UiO T YTIHRUT TaH-X SfaRITHUT e kb IUt
gr1 Fufitd MOF & WidR afegH- vol-FeCI(THF); &1 TRAT 3icdhigd AR
3ffaeTesd Fe!l TSTIl T €1 LiCH,SiMes & 1Y Fiohd0l W, vol-UiO-Fe 7 99% T
AR sifafvadar & Ty Tefdd foRa siehigd &1 98- o34 & foe uferhfes
3R YT FE Bt T 4Tl & SRS 3R FESEIRTA Bl IR
e | AegH-gaME3il-Tr SARE | 15000 TP B! I TH3MNER AT gl § 3R Tfafafer
3R tfeaiRafdefact & fot ft e & f8FT1 10 SR =gAdH &1 44: IUaiT fasar S
bl 8 | W RepI1Uep, Tl 3TR PR 3feg ISR Uolfad! & ¥ | dle-
TREES HI I <d &, off AIE-3MehIags Aadl o & U HEi-a &
iR siafaed 1,2-TfRTeH ¥ ToRdT 81 R & Fe-0 a1 3R Si-H 8¢ & &4 901G
& o-als AR R Rl SR $T IMIGA BT 5 | T8 HTH MOF & Hed Bl Tl
WD BIeK IR oY foRd T TRiE SR il Hefd grahidedl TIdd &
forT SMYR-4Tgsfl & YR R iR 3N IORS P! S8 I3 & [T S 3 A
3{TUIfdes TR & U H IR HRdTe |

/g7 8: oo URFRUFTTT | YA & fog Hide & pHbdfaed 3ifefieru & forg
IS HIA SERD [AH AT AT TS T A & | §H U a0 Uhdl-TT3¢ blaTee-
IS SIRIRS JIRP [Ce-UiO-Co(OH)] & THhd fSTZ iR TZawur ot R vd §
S U RTH MOF (Ce-Ui0-66 MOF) & 189 gRT IHd 8, 5t 80 fooht Afcray =
g SIoM WRIGIES T ITART T 3R MAT SHiaiiemu & H3a 8, o 2166
mmolge,! T STYRY I TYATA ST T § 3250 B TON & 1Y 99% TGATHBAT
Tl Ce-UiO-Co IIR® AYATA IRl & forg HIUA H (U SMeuyeN- RS
FR®IaH TATGT Zr-Ui0-Co B JaT | ST 31fed Tfehd 3R Ig-Tdew 8 | Uraifie
3R HIGCIAT g <15 J Tdl Iadl § o Co'l(2-hydroperoxide) THA TG
TH 14-0 3R Ce-Ui0-66 F el F iR Ce ) T & & deR Pralaaie
SIS & W1 TG DT 8, S SERP Tsh P <-3faR Wiy @Rt § Hid= -
H TF 88 & 1Y o-d1s HeTARRT F TORdT 8| Zr-Ui0-Co & gaT | Ce-UiO-Co Bt
HIP! HH BT FHoll Ce-UiO-Co 15T gRT TFHRST TE Co(?-0,H)) TS & HidTee
3T B SATYH G -BHH Uil b BRUI g, Sl o-81-8 HeTdRN & ATeqd I HA
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& GgS C-H I8 THINTH-3MUTRT IGRD [Sole I gRSIDIad & haRdGed
ARSI o T 3MUIfde oiacifthiere UeR HIAT H Ul IORS [ & |
qTeT AT 5|
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