METALLYLENES AND METALLYLENE
CATIONS AS EFFICIENT CATALYSTS FOR
CYANOSILYLATION AND HYDROBORATION
REACTIONS

VIVEK KUMAR SINGH

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY, DELHI
JULY 2024



©lndian Institute of Technology Delhi (I11'TD), New Delhi, 2024



METALLYLENES AND METALLYLENE
CATIONS AS EFFICIENT CATALYSTS FOR
CYANOSILYLATION AND HYDROBORATION
REACTIONS

by
VIVEK KUMAR SINGH

Submitted
in fulfilment of the requirements of the degree of
Doctor of Philosophy
to the

DEPARTMENT OF CHEMISTRY
INDIAN INSTITUTE OF TECHNOLOGY, DELHI
JULY 2024



Dedicated to my Family



Certificate

This is to certify that the thesis entitled “Metallylenes and Metallylene Cations as Efficient
Catalysts for Cyanosilylation and Hydroboration Reactions” being submitted by Mr.
Vivek Kumar Singh (Entry Number: 2017CYZ8113) to the Indian Institute of Technology
Delhi for the award of the degree of Doctor of Philosophy is a record of original research work
carried out by him. Mr. Vivek Kumar Singh has worked under my supervision and has
fulfilled all the requirements for submitting his PhD thesis, which, to my knowledge, has

reached the requisite standard and is worthy of consideration for the award of the degree.

The work embodied in this thesis has not been submitted, in part or full, to other universities

or institutes to award any degree or diploma to the best of my knowledge.

Date: 03-07-2024 Prof. S. Nagendran
Place: New Delhi Thesis Supervisor
Department of Chemistry

Indian Institute of Technology Delhi

Hauz Khas, New Delhi-110016






Acknowledgements

After completing my M. Sc. degree in Chemistry from the Department of Chemistry, Banaras
Hindu University, Varanasi, I joined Prof. S. Nagendran’s research group as a research
scholar in July 2017. 1 was warmly welcomed by Prof. S. Nagendran and group members. |
would like to express my sincere gratitude to my supervisor Prof. S. Nagendran, for mentoring
me not only in academics but personally also. | learned several new synthetic techniques and
gained a lot of new research ideas from his vast knowledge and experience. It has been very
satisfying to gain various experiences by working in the low valent chemistry of group 14
elements under his guidance.

| wish to convey my sincere thanks to Prof. J. D. Singh, Prof. Ravi Sankar, Prof. N. Jain, and
Dr. S. Paria for their specialized teaching during my coursework at IIT Delhi. | am very
thankful to my SRC committee members, Prof. A. J. Elias, Dr. S. Paria, and Prof. S. Bhabani,
for their valuable suggestions during my comprehensive examination and PhD synopsis. | am
grateful to the Head, Prof. S. Pandey, for providing necessary facilities in the department and
to all other faculty members, instrument staff Mr. Alok, Mr. Manoj, Mrs. Purnima and Mrs.
Subhra and non-teaching staff for their help and assistance during my PhD journey.

I would like to thank Dr Mahendra, Dr Dharmendra, Dr Pritam, Pratima, Prakash,
Hemant, Akhil, Arvind, Manoj, and Vishal for creating a friendly environment in the lab and
providing useful suggestions. Thanks to Manjeet and Upanshu for helping me with NMR. | am
always grateful for the boundless care, support, and love of my parents (Smt. Bela Singh and
Shri Lalji Singh), brother (Amit), and sisters (Anshu and Anju) for always standing with me
and providing constant motivation throughout my life. Special thanks to Prabhakar, Rajashree,
Preeti, Ruchi, Swati, and Archishmati for making my PhD memorable. At last, | bow down to
the almighty God for blessing me with health, supportive people and all the good opportunities.

Vivek Kumar Singh






Abstract

The thesis entitled “Metallylenes and Metallylene Cations as Efficient Catalysts for
Cyanosilylation and Hydroboration Reactions” presents the details about the synthesis and
reactivity (substitution and oxidation reactions) of various germylenes and stannylenes. The

thesis is divided into six chapters. A brief description of each chapter is given below:

Chapter 1: This chapter illustrates N-heterocyclic germylenes and N-heterocyclic stannylenes
by discussing their synthesis and reactivity (nucleophilic substitution and oxidation reactions).
Furthermore, the applications of N-heterocyclic germylenes and stannylenes as catalysts are

discussed. Based on these aspects, the scope and objectives of the thesis are mentioned.

Chapter 2: This chapter details cleaning and drying glassware, drying of solvents for synthesis
and NMR spectroscopy, drying of gases, handling of air- and moisture-sensitive compounds,
synthesis of previously reported compounds, commercial sources of chemicals, and
instruments used for synthesis and characterization. Additionally, it mentions the software

utilized for the thesis work.

Chapter 3: Stannylenes have gained significant attention as catalysts in recent years. There
was no example of a functionalized stannylene functioning as a catalyst for the cyanosilylation
of aldehydes. Accordingly, this chapter describes the synthesis of functionalized stannylenes
(stannylene amide 302, stannylene pyrrolide 303, stannylene acetate 304, and stannylene
cyanide 305) and the catalytic application of compound 305. The first stannylene cyanide
[(L)SnCN] (305) can be obtained using the substitution reaction of either stannylene amide [(i-
Bu)2ATISNN(SiMes)2] (302) or stannylene pyrrolide [(i-Bu)2ATISn(NC4H4)] (303) or
stannylene acetate [(i-Bu).ATISn(OCOCHs3)] (304) using an excess of trimethylsilyl cyanide
(L = aminotroponiminate (ATI)). Catalytic cyanosilylation of a range of aliphatic and aromatic

aldehydes was performed using 0.1-2.0 mol% of compound 305 at rt-50 °C under solvent-
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free conditions in 0.33—2.0 h. The isolation of a structurally defined intermediate confirms the

mechanism of this catalytic process.

Chapter 4: In the previous chapter, the catalytic ability of a neutral metallylene in the
cyanosilylation of aldehydes was demonstrated. This chapter is devoted to catalysis by a
cationic metallylene. Accordingly, the synthesis of two new metallylene cations, [(i-
Bu)2ATIGe][B(CeFs)4] (401) and [(i-Bu)2ATISN][B(CsFs)4] (402), and the Ge(Il) cation’s
function as a catalyst in the cyanosilylation of aldehydes and ketones are showcased.
Compounds 401 and 402 were obtained by reacting germylene monochloride [(i-
Bu)2ATIGeCl] (101) and stannylene monochloride [(i-Bu).ATISnCI] (301) with [NaB(CeFs)4],
respectively (ATI = aminotroponiminate). The catalytic cyanosilylation of various aldehydes
and ketones using 0.075-0.75 mol% of compound 401 was achieved in 5-45 min. The catalytic
efficiency seen with aliphatic aldehydes was around 15800 h™!; this makes compound 401 the

best low-valent main-group catalyst for the cyanosilylation of aldehydes and ketones.

Chapter 5: Though various stannylenes and stannylene cations are used in homogenous
catalysis, bis(stannylenes) and bis(stannylene) cations are hardly explored as catalysts.
Although several types of bis(metallylenes) and bis(metallylene) cations are known, a class of
bis(metallylene) cations where a dianion separates two stannylene cation moieties is unknown.
Accordingly, this chapter illustrates the preparation of dianion-separated bis(stannylene)
cations and their catalytic applications for aldehyde and ketone hydroboration. The dianion-
separated bis(stannylene) cations [(i-Bu)2ATISn2(Zn2ls)] (501) and [(i-Bu)2ATISn2(Znl4)]
(502) are obtained by reacting stannylenes (302-304) with Znl> in a molar ratio of 2:3 (501)
and 1:1 (502) in toluene and THF, respectively (ATI = aminotroponiminate). Compounds 501

and 502 are the first examples of anion-separated bis(stannylene) cations. Remarkably,
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compounds 501 and 502 are found as the most efficient catalysts for the hydroboration of

aldehydes with TOF values of ~150,000 ht.,

Chapter 6: This chapter presents the attempted synthesis of stannacarbonyl compounds
through various strategies. Stannacarbonyl compounds are the tin analogs of carbonyl
compounds with a formal Sn(IV)=0 bond. Although several silacarbonyl and germacarbonyl
compounds are isolated as stable species, there has been no report on stannacarbonyl
compounds until now. This chapter presents the attempted synthesis of stannacarbonyl
compounds through various strategies. In the donor-first approach, aminotroponiminatotin-z-
oxo dimers 603, 604, and 607 were prepared as precursors. The reactions of dimers 603 and
604 with Lewis acids, such as SnClz and GeCl-1,4-dioxane, resulted in Sn(IV) compounds
605 and 606, not the desired stannacarbonyl compounds. Also, the reaction of compound 607
with Znlz gave the salt [(i-Bu)2ATIH2][Zn2l6][H2ATI(i-Bu).] (608). Considering these results,
the other strategy, the acceptor-first approach, was tried. In this method, stannylene—Lewis
acid adduct must be isolated first and then reacted with an oxygen source. Accordingly, the
reactions of stannylene amide 302 with SnCl» and GeCl»-1,4-dioxane were carried out; instead
of the expected stannylene adducts, stannylene monochloride 301 and
aminogermylene—SnCl, adduct 609 were obtained. Similarly, stannylene pyrrolide 304’s
reaction with Lewis acid B(CsFs)3 afforded stannylene cation [(i-Bu)ATISn][B(CsFs)3(py)]
(610) and not the desired adduct. Considering all these difficulties encountered with isolating
stannacarbonyl compounds with formal Sn=0 bonds, the reactions of stannylenes 302, 303,
and 305 with elemental sulfur were pursued to isolate thiostannacarbonyl compounds with
Sn=S bonds. Though these reactions did not afford the expected results, a tin-sulfur cluster
[{(i-Bu)2ATISN}4SneS10] (611) with a SneS1o core was obtained for the first time from

stannylene.
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IR

"HAIRITARIRM 3R RSN Hffharsii & fit $I@ IARF & 9 H Hearsad
3R Hearsed 4Ara <ie ard At fafte Smfsee ofk WA & IRavo ok
Sifforar=iterar (fRiTo SR sfffieRur sififoransl) & SR o fdaRor Uxgd Feat 5
iR w8 sremdl | fawiford ¢ | Ude e o1 i faarur =i fear man g:

AT 1: TT AT I TRV R fHferar=iierar (gfoerifthiae Ui ok
3fferfiepur Sif¥fehanafl) TR ==l PXb TH-BeRIATSIRID STHZAM 3R -SRI cerc
WS ! I T | ST 31eTal, SARS & FU H TH-gerIur™iaad g 3R
LA & SN IR =dl &1 71 § | 7 Ug Sl & SUR WR, fiRRT & arR 3R Se=al
B I T AT B

ST 2: T AT T i & Fi-i] bl YT 3R J@H, TRAT0T 3R TTTHINR T b Idt
o foTC faemaen! 1 @, 191 1 G@™, gaT 3R T4 & Ufd Haar=itel G| 1 FHTeH,
TS FATT U A & TRATT, AT 3 FIOIes Hieit iR T=AW0T & forg SuaiT vy
ST aTel SUehRUIT o1 faaRuT e 7T g | 58e Sfaiferd, $6H iRy B o forg uan foby

oM 9T G AR &1 Hf I gl

AT 3: BTA & a8l § LARAH 7 ISRP & U § Hgdyul &M 3HNd fodr gl
TCSERS P IAIRICIA & ot SAR® & *U # Sl WAgdH &1 Pis IaIexTl

&1 T | IGIHR, g AT HRATHD LA (AR THSS 302, WA UBRIARS

303, WA TIHRE 304, 3R LA TS 305) F AW 3R AFH 305 &
IR VN HT JuiH FHT 8 | Tga KeAZa A8 [(Ue) TIUAYIEA] (305), a1 af
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WARAT THES  [(i-Bu)ATISIN(SIMes),] (302) 1 W™ URRIAES  [(i-
Bu)>ATISN(NC4H,)] (303) TT LATST TITCE [(i-Bu)2ATISN(OCOCH3)] (304) T TfaiTa=
gfaferar &1 IUANT HRPb W a1 o Iobdl 31 cRuEared a=ags (@@ =
TACIAFE (UESHS)) &1 Sifdmar BT ITANT #xd g4l 0.33-2.0 °e I faams-gad
Ryl & q8 rt-50 °C R AP 305 P 0.1-2.0 mol% BT JUINT PR UAbed 3R
TR UCSRISS B Udh YT BT beleled AgRITIeI= faT 7T AT | TRAIHS T4
T RYTIYT Herad o1 SeTd 39 SORS Uiohdl & o &1 gfP Fxal g

AT 4: fUs 3reay H, TeSgIs & AR H Ueh dc® Hearsai &I SRS
&I 1 UaRI b1 T1 UT1 I8 1R YR Aedlgd= gRT SR & fofg waftd 5|
JEIOR, & U Heagdq YAl &7 TAW, [(i-Bu).ATIGe][B(CeFs)a] (401) 3R [(i-
Bu)2ATISN][B(CsFs)s] (402), 3R TTEISS 3R Bleid & J-RIfea # SARS & U
H Ge(ll) YA & &1 oI yekRia fear mr 81 Afie 401 3R 402 HH: S

AFARTSS [(i-Bu)2ATIGeCI] (101) 3MR WA HHIGARISS [(i-Bu)ATISnCI] (301) I
[NaB(CeFs)«] & T4 Ufafehan &b UTe fvu 7T & (ATI = TRFRMIAAC) | Tiffie 401 &
0.075-0.75 mol% T ITINT IR fAfHT UEEIZS 3R BICH BT SORD AT 5-
45 fie o gIR foam T 7| Tiethfe s Ufcsaiss o 1Y Gl T8 SOR® G&fdT TTH
15800 h'! &ft: T AP 401 B! TTEISS 3R PHieH P ARAIRIARM & forw Jaiaw F4-

el R-THE I3RG S8

AT 5: JY fafie RAgeH iR LA YA BT IUTNT JHRY IaRS | fhar
STaT 8, f9g (R rgei) 3R fog (@ergediF) 4ra-l &l SARS & U & YIS g1 GiofT STl
21 BTaife B3 UPR & g @eard) iR o @eagd) 4 =t & S srar g, fog




(UTfP) YT &1 Ub 7 SIgT Teb ST G WISl YT HIT oY 3T BT B,
3T 8 | TEI9R, T8 3 SRMTH-JUS fo (TS a) YAl &1 IR 3R Tfesgss
3R PICH BRGIEARTH & [T I IARS SITUANT I idl g1 SAMTA-guS fog
(AT YA [(i-Bu).ATISn2(Zn2le)] (501) 3R [(i-Bu)2ATISN2(Znls)] (502) AT
(302-304) BT Znl, & TTY UfAfehaT B WK hT SI1d & | g 3R ST | HHRT: 2:3
(501) 31R 1:1 (502) & &g 3IUTd H (T3S = TRARAIAAT) | Aiffie 501 3R 502 31EH-
Ty fo (REZEH) Y-I! & Ugd 3ale’yl § | e =4 ¥, Giffie 501 3R 502
~150,000 h' & ST Gl & 1Y UCSEIZS B BISSIARTA & U Ja P IORD
& ¥ H 4T SI1d 5 |

AT 6: T AT faftre U & Hregd ¥ KATBTSId ARDT & FLATUT BT G
T BT & | WS A ST Sn(1V)=0 S aTal HIaf-d AN o e
AT 8| gTald &S RIabaid 3R SHeEHIA d®! B fRR gofadl & ¥u o
3T 3T 1T B, AT 31 b RIS AT WR B RUIE 7T o §1 9% e
fafire Toifeat & mregd @ RATETEl—e fieh! & YAV BT TR TRdd ol § | aTdl-
gy eI #, TR eT-p- e fSTR 603, 604, 3R 607 BT 3FIgd & &T H
TR T T T | TR, 3R SSHiud,- 1,4- ST oY ey TS & a1y fEm
603 31K 604 @ ufaferaratt & TRUMHGR=T TITA(1V) T 605 3R 606 94, 7 P Tifda
RAGEAT e | §9F 3@, znl2 & Y e 607 31 ufafear ¥ 99 [(i-
Bu)2ATIH][Zn:16][H2ATI(i-Bu),] (608) e | -1 ulRumdl &l &1 B X9 d gT, goRI UM,
Wiepal-uya efBwin, sremm T 39 RAfd §, RARd- - 1ed TRIS Tsae & Ugd 3ia]
foran ST =nfR T SR fihR Sifaiior Hid & a1y ufdfsrar ! St a1t | dE99R, SnCl, 3R




GeCly-1,4-STS3HIRIT & T WA THISS 302 BI UffhaTy BT 712, SfUfE WS
TSaC & o, TR AHIGARISS 301 3R TRAMHH-»SnCl, T8 609 T gUI
S UBR, WA UIERIAES 304 B o8 TRIS B(CsFs)s & 1Y Ufdfehar ¥ wWAZeH
YT [(i-Bu)2ATISn][B(CeFs)s(py)] (610) T §3HT 3R difesd anT =gl firan| sfiu=nias
Sn=0 SIS & 1Y WATBTSId UMfebT BT SR B H 3 dTeil 37 ) S84l Bl &
T Tad gU, Hferd Tty & 1Y TATSEM 302, 303 3R 305 HI Ufafsharafi & sn=s §4 &
1Y TR TaE TbT BT ST B b fTT SUHTT 717 T gTeliich 34 Ufafohanait
Y 30ferd giRomy Ta1 i, ifded U8l IR SneS1o PR & 1Y TH feT-Teh aeeex [{(i-

Bu)2ATISN}4SNeS10] (611) WATSE T UTG fopam 7am o7 |
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