DEVELOPMENT OF STRATEGIES FOR THE
CONSTRUCTION OF C-C AND C-S/N BONDS BY
USING SILYLIUM IONS AND IT’S APPLICATION

JABIR KHAN

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY DELHI
SEPTEMBER 2024



©Indian Institute of Technology Delhi (II'TD), New Delhi, 2024



Development of Strategies for the Construction of
C—C and C-S/N Bonds by Using Silylium lons and
It’s Application

by

Jabir Khan

(Entry No. 2019CYZ8124)

Submitted

In fulfilment of the requirement of the degree of Doctor of Philosophy

to the

Department of Chemistry

Indian Institute of Technology Delhi
September 2024



DEDICATED
TO



CERTIFICATE

This is to certify that the thesis entitled “Development of Strategies for the Construction of C—C
and C—S/N Bonds by Using Silylium Ions and its Application” being submitted by Mr. Jabir Khan
to the Indian Institute of Technology Delhi, for the award of the degree of Doctor of Philosophy, is
a record of bonafide research work carried out by him. Mr. Jabir Khan has worked under my
supervision and guidance and has fulfilled all the requirements for the submission of a Ph.D. thesis,
which to my knowledge has reached the requisite standard and is worthy of consideration for the

award of a Ph.D. degree.

The work embodied in this thesis has not been submitted, in part or full, to another university or

institute for the award of any degree or diploma.

Dr. Chinmoy Kumar Hazra
Research Supervisor,

Associate Professor,

Department of Chemistry

Indian Institute of Technology Delhi
Hauz Khas, New Delhi-110016, India.



Acknowledgements

First and foremost, I would like to take this opportunity to thank my research supervisor, Prof.
Chinmoy K. Hazra for his constant inspiration, patience, and direction which has enhanced me
as a student, a chemist, and as a human being. His vast research experience and skills in silicon
chemistry and organocatalytic chemistry have helped me a lot to complete this work. I wish to
express my gratitude to him for mentoring me not only in academics but personally also. I would
also like to thank him for keeping confidence in me, with the responsibilities of the lab. He has set
a standard as a perfect teacher, and I see him as a teaching idol in my life. I would like to extend
my gratitude to Mrs. Anwesha Ghosh who treated us like family members with her delicious dishes
at home on various occasions.

I would like to thank, Prof. Siddharth Pandey, Head, Dept. of Chemistry, and former head of
Department Prof. Anil J. Elias and Prof. N. D. Kurur for providing me necessary research facilities.
I would like to thank my student research committee (SRC) members, Prof. N. Paint and Prof. S.
R. Roy and Prof. S. Shah for their time, interest, suggestions, and helpful comments. I would also
like to greatly acknowledge Prof. S. Nagendran, coordinator of the X-ray facility. I would like to
extend my sincere thanks to all the faculty of this department for their support.

I would like to acknowledge all the teachers I have learned from since childhood, I would not have
reached my present position without their guidance, blessings, and prayers.

I also thank Mr. Manoj, Mrs. Poornima, Mr. Ankush, Mr. Kuily, and Miss. Shubhra for recording
NMR, HRMS, and IR spectra. I also thank Mr. Virender Sharma, in charge of the central glass-
blowing facility for his timely help. I am thankful to all the members of the department, who helped

me to carry out my work successfully.



I can’t find words to express my gratitude to my postdoctoral seniors, Dr. Neha Taneja, Dr.

Nagaraju, and Dr. Sankalan for their help and support whenever I required their advice.

I thank my fellow lab mates, Naveen, Aparna, Sanjay, Rina, Pragya, Rahul, Sikandar, Riya, Rima,
and Khyati for creating a brotherhood atmosphere throughout my Ph.D. work. I want to thank all
the project students, Shiv Prashan, Sandeep, Sobha, Sagar, and Kanhaiya for their love, affection,
and help towards me. I am very grateful to all of them. Thanks to Naved, Vishal, Joshi, Partha,
Vishali, and all my colleagues for providing a great work environment, and for help and chats. I
thank all my Ph.D. friends with whom I had spent memorable moments at IIT Delhi. I would like
to acknowledge my other friends from school, B.Sc. and M. Sc for their moral support and
motivation, which drives me to give my best.

[ wish to convey my utmost respect to my parents, Mr. Isha Khan and Mrs. Vahiden, who sacrificed
the best period of their lives and invested it in my education and well-being. Their love, affection,
support, blessings, and prayers for me are priceless. I want to acknowledge my family members
Hibjul, Sabbir, Varseeda, Gattu, Shahid, Jabrudeen, and Aaditya for their love and moral support.
I acknowledge the Council of Scientific & Industrial Research (CSIR), Govt. of India, for
providing me with a junior and senior research fellowship. I also thank DST, UGC, IRD, and IIT

Delhi for financial assistance in my research.

Jabir Khan



ABSTRACT

The thesis entitled "Development of Strategies for the Construction of C—C and C—S/N Bonds by Using
Silylium Ions and its Application" presents the results obtained from the research work carried out on the
silicone chemistry, development of synthetic methodologies, sustainable catalysis, in the advancement of
typical Friedel-Crafts alkylation reactions and reductive Friedel-Crafts alkylation. Detailed mechanistic
investigation to reveal the possible catalytic cycle and synthesis of bioactive molecules and late-stage
functionalization of natural products to afford the value-added chemicals. The accompanied research work

has been divided into eight chapters.

Chapter 1 Recently, there has been a significant focus on using catalysts in small amounts to assist the
Friedel-Crafts and reductive Friedel-Crafts alkylation reactions. These techniques follow crucial pathways
to form both carbon-carbon (C—C) and carbon-heteroatom (C—S/N) bonds. In this chapter, the described
novel catalytic methodologies are presented as superior alternatives to traditional Friedel-Crafts conditions
due to their ability to handle benzyl-, propargyl-, and allyl alcohols, as well as styrenes, thus avoiding the
need for dangerous benzyl halides. Furthermore, these techniques require the catalytic amount of catalyst
to produce a wide range of molecules. At the beginning of the chapter, we summarize the historical origins
and traditional explanations of the Friedel-Crafts and reductive Friedel-Crafts reactions, intending to
provide more detailed information on the environmentally friendly substances currently in use. This serves
as an example of our dedication to promoting more sustainable methods for synthesis. This chapter provides
a concise overview of the historical background and pivotal role of silylium ions in facilitating
hydrosilylation reactions involving carbonyl groups, imines, styrenes, and aromatic rings. Additionally,
emphasis is placed on using silylium ions as Lewis acids within various reactions. Within the scope of
silylium ions, particular attention is directed towards the employment of silylium ions as catalysts in
Friedel-Crafts and reductive Friedel-Crafts alkylations of arenes, leading to the formation of carbon-carbon
(C-C) and carbon-heteroatom (C-S/N) bonds.

Chapter 2 Herein, a mild metal-free and efficacious route for the synthesis of biologically important 3-aryl
oxindole derivatives is described. Using Lambert salt-initiated hydroarylation of isatin, a diverse array of
mono-arylated, symmetrical/unsymmetrical double arylated products, and deoxygenated hydroarylated
products could be synthesized from the single starting substrate in good to excellent yields. A preliminary
mechanistic study revealed that the reaction proceeds via a mono-arylated product followed by a
nucleophilic attack by another electron-rich arene nucleophile under mild conditions. The potential of
newly synthesized symmetric/unsymmetric 3,3-disubstituted oxindole, 3-substituted 3-hydroxy oxindoles,

3,3-di(indolyl)indolin-2-ones, and a-aryl-oxindoles as valuable building blocks is further illustrated.
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Chapter 3 In this chapter, a mild, metal-free, robust approach for synthesizing valuable and sterically
demanding unsymmetrical 3,3-disubstituted 2-oxindoles via reductive cyclization of a-ketoamides is
reported. This operationally simple protocol is initiated by silyl cation and further catalyzed by Brensted
acid. We have utilized a wide range of arenes, amines, and thiols as coupling partners with various a-
ketoamides. The products were afforded excellent regioselectivity and good functional group tolerance.
This procedure provides easy access to the scaffolds of azonazine and its derivatives with excellent syn-

diastereoselectivity bearing all-carbon quaternary stereocenters.

Chapter 4 Owing to the importance of carbon-heteroatom in synthetic organic chemistry and
pharmaceuticals, developing reliable and catalyst-free methods for their construction exhibits a significant
goal of high practical value for modern chemistry. The currently known approaches typically rely on pre-
functionalized substrates or on combining catalysts with reducing agents incurring substantial costs and
time. Herein, we report an expeditious HFIP-assisted direct reductive C—S, C—N, and C-X (X = CL, I)
coupling of carbonyl compounds with different nucleophiles using Me,SiCIH as a mild reducing reagent.
In this protocol, the solvent HFIP is essential for the activation of the carbonyl group. This approach is
effective, operationally simple, and scalable. The methodology features a broad substrate scope and high
functional group compatibility, demonstrating the synthetic potential in late-stage modification of bioactive
molecules. Combining control experiments with ab initio computational simulations we also propose the

mechanism for this coupling reaction.

Chapter 5 A metal-free one-pot route for synthesizing 1,1-unsymmetrical diaryl alkanes has been realized
via reductive Friedel-Crafts alkylation of arenes with carbonyl compounds in 1,1,1,3,3.,3,-
hexafluoroisopropanol (HFIP) solvent. This strategy can tolerate a broad scope of substrates with diverse
functionalities. Such an efficient transformation of carbonyl compounds occurs through reduction with
silane (Me»SiCIH) followed by a nucleophilic attack by the arenes to get the alkylated products. The
developed protocol offers a promising avenue for converting indoline-2,3-dione into a-aryl oxindoles with
excellent yields. The reaction involves reduction with Me,SiCIH, followed by the attack of arenes in the
presence of catalyst TfOH. Our design protocol has the advantage of scalability and remarkable functional
group tolerance. The control experiments provide insight into the reaction mechanism and suggest an ionic
mechanism and the important role of HFIP and Me,SiCIH. Also, adaptable for the late-stage
functionalization of various natural products and drug molecules such as Sesamol, Thymol, Paracetamol,
Menthol, and Nerol. Notably, the method has been successfully employed for the efficient synthesis of the

blood thinner drug Phenprocoumon and rodent control agent Coumatetralyl.

Chapter 6 A metal-free strategy has been developed for the a-arylation of carboxylic acids, secondary

amides, and esters employing arenes as key reagents. This process entails the Lewis-acid catalyzed
\
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reductive Friedel-Crafts alkylation of aromatic and heterocyclic arenes with a-ketoacids, facilitated by
silane as a reductant in HFIP solvent. The transformation is highly efficient and mild, providing significant
advantages over existing protocols. Notably, the method exhibits exceptional tolerance towards various
functional groups, enabling late-stage functionalization of pharmaceutical compounds and natural products
such as Thymol, and Sesamol. The reaction mechanism has been studied through control experiments,
providing valuable insight. This one-step reductive Friedel-Crafts type protocol has been successfully used
in the synthesis of various commercially available drugs, such as Adiphenine, Piperidolate, derivatives of
Ketoprofen, Ibuprofen, and Flurbiprofen, and Bromopropylate pesticide. Furthermore, after the gram-scale
synthesis, the solvent (HFIP) was recovered, demonstrating the method's suitability for industrial

applications.

Chapter 7 The use of (para)-formaldehyde for the selective reductive methylation of C(sp?)—H and N—H
bonds, utilizing a combination of silane and hexafluoroisopropanol (HFIP) as activators, is reported.
Overcoming the complexity of C(sp?)—H methylation on aryl and heteroaryl substrates, the process utilizes
Friedel-Crafts alkylation, followed by silane as a hydride donor under mild acidic medium. The developed
protocol offers a promising avenue for converting amines into their monomethylated counterparts with
excellent yields. Mechanistic insights into the reductive methylation process are provided, highlighting the
role of silane and HFIP in achieving good selectivity. This scalable transformation is well-suited for general
alkylation using various non-activated aliphatic aldehydes under mild conditions in a shorter reaction time
and is also adaptable for the late-stage methylation of pharmaceuticals and natural products. Notably, the
method has been successfully employed for the efficient synthesis of the antifungal drug Butenafine and

non-steroidal anti-inflammatory drug (NSAID) Flurbiprofen derivative.

Chapter 8 gives the overall conclusions of the entire work carried out in the present study and

future outline.
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ARIRA

fferfere 3ot SiR 3T VAT HT ITANT Hh -1 3R F-w/e aie & fAnfor 3 ferg xorifaat
&1 fapr 2 arelt G Riferes 1= Yo fasi, Ridfes usfadl & fawry, fdsrs W ey iy
HI Y YT IR Ugd HRelt ¢ | IR0, AR plsd-Hied tfehare ufafsanst ok Refaca
PISA-HUey UehaeH @1 Iafd H| FWifdd IAR® T 3R Tfaed s & I=Awor 3R
Hegafdd I b1 Ig B b [Tt Ui ITG ob aR-TRUT fohaTRAeAd Pl Uehe - o ford fawgd
Trad offd | Sord MY BT 1 3113 3rearal | faufora fosar mar g |

T 1 81 51 H, PISa-pTHey SR Refaed plod-shied UehaR ufdfharsit # Fgrdn & forg
BTt AT H IAR® B ITANT B IR Hedqu! & a1 1 g | T ddhriids Pla--dbra- (I1-Hh) iR
PIe-geRITCH (H-TH/T) Q1 818 I & g Agayul ARl &7 S[aR0 63l § | 39 S #, afvfd
T SRS UG DI SfTdt-, TIRATE- 3R TTet Sehled & TIY-1 W Bl GHIEH BI 3!
&I & BRI URURSD HISd-hIucy R & S5k fadbed & T H TRgd ol 71 5, 39 UHR
FAAD do3d gAISsy &1 ATTIH Y 991 SIdl &1 S SIQTdl, 7 db-id! Bl Sl & Uh
I T BT ST IR & [T IARD B SGRD AHT DI SHTARADBT BT 6 | HETT B ST
A g0 plod-suey R Refdea wisa-wuey ufafparst ot dfoeiie Safr ik uRuR®
RIS BT YRI < &, TTepT ILRT IdHH H ST H 311 I1dl TaiaR0l & Sd erf iR e
fIRId TSR Y& &A1 § | T8 TR0 & forg 3ifere fehras akish! ! aTal o & Wfd AR JHYTr
1 U IaTERVI § | TS AT BIa-Iel THg!, 3HIE, LIEH 3R Wiafed Rl 4 S grggiiiferaz
gfafsrarett & gfaurse a9 & Riferfermm smoel ot tfaeie gyufiy sik agaygu! yftyes o1 T
3{adIh UaH &Rl & | 39 Sifafkaq, fafta ufafsarett & ffefery sma-i & GRa tRis & wu o
IUINT A R SR fear o ®1 R st & R #, fhed-ped § IR & w0 §
fforferos smm & e SR W= & Refded BRsd- Sy TrhlsavH R ARy ea= faar Srar
8, SR rda-are (@) iR FHreF-geRiue™ &1 fAHiur gar g | W-Ta/e) sis|

AT 2 T, Sfdew U I Ag@yul 3-TRT siifadsia SRafed & Txawur & fore Ue g urd-gad
3R YHTAGHRY A &1 qU {1 T § | STe o oic AH -SRI BTSRRI Bl SUANT HRah,
THd RS Tedee § AMI-UIRACS, THM/SRMHT S9d TRdcs Il 3R SfiRfivhcs
TRSURACS I B T A3y sael &) 3/ ¥ IPY YR & I fbar S oo 31 Th
YRS orad 31T J UdT Il & fob ufafhar te A-uRaes Sdre & Hiegd § 3 st 8, e
S1E Beoh IR § Ueb 3 SelaeiH- 9 QA feRmaithTsel §RT Gfamdiith i gHe Bl €1 7d
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Ioitd gafiaemaia 3 3-faufownfia sifRisia, 3-ufaeitd 3-gseia sifRisid, 3,3-
SIEIfaZSIfed-2-a, 3R o-THa- RIS & Jeua fafeET sated & U 8 &M &I 31 ffyd
IR

AT 3 T&1, o- PSS & RSfed ThIhHRul & AIeqH ¥ HeuaH 3R fRR =0 I HivT aret S/afda
3,3-faRufue 2-SifRISIeT & AT &= & folT T godhbl, UTg-Had, AoTed S IuN S 747 g
g fohaTere U 9 W Uiciopla Rifret ST §RT [ (61 T-1 & 31R 3 s s TS gR1 3aiRd
forar T B 1 5 AT o BT SE & 1Y T PR & w0 § WY, THTEH 3R Risied & th
fRqa SRaa &1 IuANT fban B 1 Idre Sy Afmafaefact ok 3/ rafers T4 Te-=iad o
IUTS Al Tg URHAT HTA-HTe HIeR RIRARIR a1 ISPy R smeiaRafaefad &
ool 3R 3% Safed & A=l dd ST Ugd U -l g |

AT 4 RiAfeH FHefe T 97 3R BHRgfewe § HTe--geiiied & Al & HRUI, 3D
fafor & fore fasai 3R SAR®-Had aie! &1 faem 3y 8- fagm & foe 3= saragie
e 1 U Heeaqul 1ed TafRid el § 1 acH 8 91 eI 3 aR W gd-frarfia geuged
1 yafed AN 3R JHY WG B d1d Tolel ! &l 63 aTal SARS & aio W Ak avd g1 399,
1 U e HH B Al UHHS & =0 T Me,SiCIH T ITANT HRab (AT Glaaamrsd & A1y
FHIET-d AP & MY TEUHSMSH-Teradl Ua Y Vefdea T-wy, W-wr, ok H-uag @ =
Hrug, 3118) g Pt RO FRd g1 39 Werdbid 3, fadmgs tauwsisd Hei—d T8 & Ifhau &
forg smaza® g1 U8 TSI uHd, URare U 9 R SR Whaad ¢ | SRV H Aud J&ice
T 3R I HAES g SHadl M g, Sl Sfged SU[el & oX-=Rur I # Ridfesw
&I T USRI Bt & | = vt o) welt 3fAfea g emiet Rigais & Iy e e 89 39 g
gfaferar & fre & &1 ot vard aad |

ST 5 1, 1-HTHHT START 3fech~g B YA B o oT8 Teb UTd-Jad Uh-GIc AR &1 1,1,1,3,3,3,-
FTRUEARIZNUUAIT (TAUHSMEUl H Sed dqfe & Ty W & Rsfaed Wisd-Hueq
TehdTE & ATe0H ¥ Aoy far mar 1 faame. g8 umHifa fafay eriamarst ard Jeey &
Y R P g+ B Thdl & | BIEN-d ATeh] BT YT S URGdH R (Me,SiCIH) & I1Y HHt
& AW W BT 7, e 918 TehTgaies SdTE U - & foll W gRT Yfaadiithiersd g9a gid
2| faaRid MeieTa Sy UeIaR & I1Y SSITH-2,3-STH &l o-TIRT RIS H uRafdd & &
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3T T 3R HFIP 3R Me,SiCIH T Hg@yul YfHhT BT gd &d § | ST SfaTdT, T, YT,
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