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Abstract

Frustrated Lewis pair&IP¥sare sterically precluded combinations of Lewis acids and Lewis bases that are
unable to form a Lewis adduct. The FLPs presented in this thesis are targeted towards the development

of novelhydrogenatiormethodsfor the reductive coupling of CG@o amines.

Firstly, we present FLPs based @B8rX Lewis acidR = alkyl and X Ci, OTf, NT$ or CIQ) for
the reductive coupling of G@nd amines in the presence ot Has for the synthesis of-fdrmamides.
R:SnX Lewis acids with larger R groups (e.g. cyclohexyl) and weakly coordinating >.gr@if,(NT$
or ClQ) presentedarger activity than Lewis acids with smaller R substituents (e.g. isopropyl) and strongly
coordinating X group (&€IAmong the tested catalyst€ySnOTf demonstrated the highesttivity (TON
> 300), stability in the presence of water and selectivity for. @duction. In turn, a variety of
functionalised amines was selectivelyfddmylated without the concomitant reduction of unsaturated

groups present in the substrate molecule.

Secondly, we present theolvent assistedynthesis of azoles froortho-substituted anilinesCQ
and H: gas Amine based solvents are-fidirmylated via theR:SnXFLP cataked Nformylation reaction
with CQ and H. SubsequenRSnXLewis aciccatalysedtransfer of the formyl groupto the otherwise
unreactiveortho-substituted aniline substratand cyclizationof N-formylated intermediate yields the
desired azole product. Solvent mixtures polyethyleneimine and Mhethylmorpholine(1:1) were the
most effectiveand allowed for a 7@imesincrease ircatalyticactivity of the systencompared tosimple
RsSnX Lewisacid promoted Normylations in sulfolane. The recordedtivitiesarein line with the best
transition metalcatalystdor the reaction.Consequentlyyarious functionalisedrtho-substituted anilines

were successfully transformed into the corresponding azoles at low catalyst logdingm|%)

Thirdly, we replacedthe tetravalent RSnX Lewis acidsy hexacoordinatetin (IV) salen and
salophen complexesvhich allows for greater variation in steric and electronic properties of the Lewis
acids and their FLP§he complexes can activate ghs at room temperature and act as hydrogenation
catalysts at temperatures >15C.The novel LA hydrogenated various imine substrates and acted.as CO
hydrogenation catalysts in the-fdrmylation reaction Lastly the operating temperaturs and pressures
of the N-formylations were reducedsingtransfer hydrogenations with-terpineneinstead of H. The
reactions are catalysed by metal triflates and proceed at 130°C and 4 bar of CO2 instead of 180°C and

>100 bar with kHland RSnX based FLPs

Keywords:FLPs, Lewicids, Lewis bases, catalysigrbon dioxide, idrogenation, Normylamines,



Shrnut

Frustrované Lewisovy pary (FLPs) jsou kombinace Lewisovych kyselin a Lewidaiytaré
nejsoul S &G SNRA Of GIOKLIWREA J2RAEG2 Al [ S6AE440 | Rdzldd C[ta L
navyvojnovycliK @ RN2 ISyl 6 yYNOK YSG2RX 1 S2YSyEQdaNBy. NERdz]l (A D)

bS2LINBS LiIjSRaill #dz2SYS C[ta IShKX(ROBWIGXFE DT[] SHA a2«
NT& nebo CI@) proNB Rdz] G A By S 1 2CRISYH ¥ BWN BEANRNO®a synfezaNi A |
F2NXYIFYARAD [Sgaazm AgSBENMAY ew wa ]l dzLIAY I YA o6yl Linjeo Oe
&1 dzLJA Y I YA -, NTY hdbinj@Q) vykaujide OON | 1 (A gAjiaa SARG/ e[ Sw A uRWe
ddzoaGAGdzSydGe oyl Lnjdo A &2 LINE LR f).0Medi testovabygiikataly2za®miR A y dze |
CySnOThykazay S2 @& OON {1 GAGAGdz 6¢hb B onn03X adlo6AfAlGdz @
WAl yS FTdzy16yS adzoaldAldzZz@NystRrPriye o085ica2888RyB0NS
A1 dzLIA Y LInjNG2YyeOK @ Y2t S{dz & adzoald N Gdzo

5+ S LIjSRalil@dz2SYS &deyiliSidzonHoatizAa G AA daz8 DY § DKz |
CQahlLX eydzdb ! YAY2@S Nibrylavangz2aks Retalyzov@rio@Iax RLEQ a H.
bt aft SRyé LinjSy2a F2N¥e&f20S a1l dzBnX Ba jifak neledki@vaitBod | y & [ S
substituovany anilinovy substrat a cyklizacéohnylovaného meziproduktu vedelki2 O R2 @I y.SYdz | T 2
{YSAA NRIT LR2dZOGSRSYSIRKEESEAKFRLSE XV WU ¢ dzY M0 b-dd8cdbre yS2g6
I g6 OSYy N Kty $ystdimh @4 Srovnani s jednoduchymifokmylacemi podporovanymi
Lewisovymi kyselinamgRYy - @ &adzt F2f F ydzd %l T ylFYSylLyS F{GA@AGR 2
LINfSOK2Ry&e0OK 1234 LINRB (dziz2z NBI 1 OA dorthoH A RWS @&LES O
LjSYSySyeée yI 2RLRZ2ONRF2NON i 2t& LA yNI1SY TFGNOS

51fS 2&8YS yI KNI RAf A 6:8nXhjegRoOrgirvariydikdmplex@einu $e& & S Ay
salenovymi a salofenovymigandyz 02 O dzY2 0z dz2S GSGEON GF NAIF oAt Aldz
vlastnostech Lewisovych kyselin a jejich FLPs. Komplexy mohou aktiydt 81y LInjA L1211 222 0S
LA&a206N 2112 1FaGlLmal & 208 (i KR aiyvu@selinchydegenovaly
NATYS AYAyd | LJAazoAfe 2ilviNF 2 NI &k feakdfdNNaRoNdgE bylye RNR 3 S
provozni teploty dlaky NF 2 Nl & f | ON a VYINOFFa 2 8 @R A-eieNEnInSYHON &
wSI 108 242dz (Gl tel20tye 1202 @eQmistoll8ORCTaf>100 Bas || LINR 6
H, a FLPs na bazighX.
YEN62 CIttZOI Serazge (eaStayes [SsArazge o+1Sz 11
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1.l ntroducti on
10WCNHzAGN)Y G§SR [ SéAa t I ANIRK

Gilbert N. Lewis proposed the theory of Lewis acids, Lewis bases and Lewis auldhetgarly 26

century. Accordinglylewis adductare composed of an electron acceptor (EA or Lewis acid (LA)) and an
electron donator (ED or Lewis Base (LB)) which have formed a pairing. The pair is formed due to the
donationof an electron paifrom the LB to the LA foring adative covalent bondFigure B). In contrast

FLR are combinations ofLA and LBhat are sterically energetically,or electronically precluded from
forming a dative covalent bon@Figure 1R Both Lewis adducts and FLPs can either be formed-ioter

intra-molecularly !

A) B)

\ . N\ TEVARVAR _»\\EA </
Yo o R g /> R

Lewis adduct FLP

F _ Me
EB_F + / \N _— FgB'--N‘[ \ /\B—Me + / \N — No B-N bond formed
F ::— :_ Me :<<_

Figurel: A)General scheme of intermolecular Lewis adduct formation anexampleeactionof 2,6-lutidine with Bk (left); B)
DSYSNIf NBIOGA2Yy &a0KSYS 27F |y AyilSNMedn&amze bbNohinteBastidra (G NI (G SR
between 2,6utidine and B(C#k (right).

In 1942Brownshowedthat upon exposing 2;utidine to Bka typical Lewis adduct was formed. However,
upon exposure of 2;futidine to the bulkier BMeno such adduct was formegFigure 1 and 2 In 1%9
Wittig found that when BPyand PPhare exposed tol-bromo-2-fluorobenzeneand magnesium, which
generates benzynim sity, a zwitterionic productvas formed by 1,2additionas opposed to thexpected
classid_ewis adducfFigure 2} Similar reaction occurs betweerityl anion and BP§ whichundergo1,2-
and 1,4 additions when exposed to butadiene instead of forming the Lewis adBust.catalytic reactio
GAGK 'y WCI[ t Q99 whm Piora refdalted thieBEG:): kayalysecydrosilylationof ketones
Twoyears later it was shown th&(GFs);and the ylide P¥PC(H)Rindergo thermal rearrangement from

a classic Lewis adduct to a zwitterionic $Blgure 2)*

N
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FLP Hydrogenation catalysis
Imines, carbonyls, alkenes etc.
Fs
F, F . /\ Small molecule activation
—_— pen| [ OB N,O, SO,, CO, CO, etc.
BMe; F(C5Fg),B- 2
\ / 576/2 . X
[N & Ph3c\)\+/ Ph Fs| | Leris acid based on:
Na F F Fs \B, Al, Ga, In, C, Sn, N, P )
| 1942 1959 1966 1996 1998 2006 2007 and beyond >
\ /’ ~~~~~~~
+ B(CgF5); as catalyst F F F, F
PPh . H
3 H,, OSiPh; +H, + /
/<R (Me3CgH,),P B(CgFs5); ———== (Me3C¢H,),P B(CgFs)2
- A -
BPh, ! -H, H
F F F F

Figure2: Timeline of important discoveries in the leagl to the modern FLFPhis figure was adapted from reference X.

Following on from these early examples of Lewis acid and Lewis base cooperative cataddl§, the
Stephan group published the first example of reversible dihydrogen activatiorphgsphaborand-LP
(Figure 2) This challenged the notion th&ansition metals are needed for the activation of dihydrogen

and hydrogenation catalysts

1.1 FLPs in catalysis.

1.1.1 Activation of small molecules by FLPs

Hydrogenations using dihydrogen allow for atom economic reduction reactions fosyhehesis of

molecules important in the petrochemical, pharmaceutical and food industiieBoth FLPs and

transition metals activate dihydrogen and other small molectffésThe mechanism that transition

metals activatedihydrogen and the mechanism that FLPs activate dihydrogen are theorized to be

similar’213Both can use orbitalsofand” f a8 YYSUNE (2 R2yI 4GS St SOGUNRY R:

FOOSLIi St SOGNRY RSyairide TNRY Hamidugh, therddgakhidnthe 2 F RA |

activation of dihydrogen with FLPs is still ongoing and there are different interpretations as to the exact

mechanism but in maninterpretations, it is believed that the orbital interactions between dihydrogen

andanFLP occurviay WSy O2dzy i SNJ O2Y L)X SEQ f fFigRe A 5Themaild S G S NP £

differencebetween FLPs and transition metaghat transition metadcan act as both the Lewis base and

as the Lewis acid leading to the homolytic splitting of dihydrogémcontrastFLR aremulti-component

systens where the Lewis basic moiety and Lewis acidic moiety are located on different atontsusnd

requires the formation ofan encounter complex!® The encounter complex is hypothesizéal

AYO2NLIR2 NI OGS || Ww3dsSSaidQ Y2tSOdA S 6KAOK GKSyYy Aa aLida
9



Lewis acid and Lewis base or by a donator acceptor interaction between FLP and the sukickte

allows FLPs tsplit H and toact as hydrogenation catalysts:

A) Heterolytic cleavage of small molecyles by FLP

LB@"\)
X-Y X N )
LAO) (LB ——— \ — 3 LBX'+ LAY
(Y oLA

FLP "Encounter complex"

0] O
)
H\ F5 F
F5 H—H H /_\+ 5

Figure3:! 0 DSY SNl f YSOKIyAayYy 2F avltt Y2t SO0dzERampl®adf NattivaliohByy o6& CJ[t
an intermolecular FLIB(GFs)s : dioxane]

1.1.2 FLP catalysed hydrogenations

FLPs catalyse the hydrogenationimines, enaminesiN-heterocyclic compoundsketones, esters, silyl

ethers,oxime ethers, alkenes, alkynespmaticsand other unsaturated moleculé&igure 41417

|

m o e z
Lo 3 - o 3= B
23 3 3 g ®2 T
3 a 5 2 5 Qo o
» o o » % 3 & .‘%
@ 3
R
RUR R . H R_< HN
I _2_ Ny OH
R R R R OSiMe;
R ,N—R R
R oH R
R—\ o>_ >—NH
R \ R O
R [
R R
Figure 4 Examples of products that can be synthesized by FLP ugiag thames of starting materials are stated below
products)
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The archetypical hydrogenation whines in the presence of dihydrogen gasceeds without an added
base for sufficiently basitnines which may act as the Lewis basic counterpart of the FLP catalyst
181¥ ncountercomplexforms, which heterolytically splits hydrogen géSigure5, steps | and 1l). This
results in a LAydride and a conjugate acid of the Lewis base. ThiyidAide then inserts the imine (or
iminium cation) reducing the imine to an amirleA complexKigureb, step 1l1). The resulting amiAeA
complex then dissociates liberating the amine prod#ig(re5, step 1) completing the reduction tfe

imine to an amine (Figurg).

" R FLP cat
=N —— >—NH
R' Rll H2 Rll
FLP
2) encounter complex
.R?
LA ____ H2

’K N\H

Figure5: 1) Reaction scheme for the FLP catalysed hydrogenatlon of iminesyaghté hydride source. 2) General mechanism
for FLP catalysed imine hydrogenation with substrate as the Lewis base

The reaction is mostly catalysed bgron-basedLewis acids. However, recently it has been shown that
heavier pblock based Lewis acids, including Sn, can hydrogenate imines and therefore can be compared
with boranes. The motivation to switch from bortrased acids to other main group acids was drilign

the need for catalysts with greater water and functional group tolerance in particular alcohols. Boranes
strongly interact withchydroxyl groups, which leads to dH#ORadductsthat are stronglyacidic[cf. H,O

pKa= 8.4 (MeCN)H.O-B(GFs): pKa<l (HO, est.)]which, in turn, when deprotonated by a Lewis base

leads to catalyst inactivity®20-2

The most notable class of heavybjock Lewis acids used in FLP chemistry aBn@Tf Lewis acids.

R{Yhe¢TF [S6Aa FOARA | NB & dzNBE I 5K D KT A NIEAEE dcRIBH \f v SR/
11



(Figureb) YR KIF & 06S5Sy OFtOdzf i8R (2 LiaidBeCl=6588a0d t | NJ K&

64.95kcalmolfor "BwSnH and[H-B(GFs)s] respectively)1820

] R R
( > | £ : | +
/B'Q Q/S n’ @
R R R R

Figure6: Diagram showing the isolbolity betweegBRspecies andsBrt cations.

Notably, the adducof "BwSrt with water is weaker than the adduaf B(GFs)s which results in higher
water and alcohol tolerance of this Lewis adftbwever "BuSnX does not form Fistead tending to

form a classical Lewis adduct as B groups do not provide enough steric hinderatacéhe tin Lewis
acidic centre Thidedto the replacement of théBu groups witfPr with the greater steric bulk precluding
adduct formation'PSnOThaNd 2,4,6 collidine(FLPis hence a knowsn/N FLPFLPIhas been shown

to efficiently hydrogenatémines, aldehydes arketones'®2°However,it failed in the direct reduction of

CQ, whichis aprominenttarget for FLP catalysed hydrogenations due to its promise as a renewable C1
source Neverthelessgdue to the formation of water as a byprodugpon 4e and 6e reductions of CQ

and the products of COeduction forming strong adducts with LAs, EaRalysedCQ reductiors with H,

remainedchallenging??

1.1.3 FLP catagd hydrogenations of GO

Carbon dioxide is a promising renewable C1 sotocéhe synthesis of fine chemicaligure?), fuels,

and polymers however, most of these syntheses require the reduction of,QUsing C@as a C1
feedstock would alloweduced reliance m fossil fuels as afeedstack and therefore contribute to

decreaing emissionsy turning the focus to CCYCarbon Capture Sequestration andUtilisation). 2324

12



R\
0" 0o
0
N i Ryo” Mo
H”YNOH  H” “H
R._R
0

CH, MeOH EOH _Ow

(Reductive C-0/S bond forming)
Hydrogenation -
to C1 products Hydrogenation
to C2 products
\ / C,- C, olefins

CO, + H, Long chain

/ \ hydrocarbons
co Aromatics
CO, -RWGS + CO,-FTS

(Reductive C-N bond forming)

R.
1}1&0 R\,}j/
o .-
A\
E R.. .~ -R
)
E=0,N,S, C(O)N R' R’

Figure7: Examples of usefproducts produced from the hydrogenation ofxgf0sing Hy) RWGS = Reverse Water Gas Shift,
FTS = Fischer Tropsch Synthesis.

CQ may be used to produce formic aqgiEigure 7), which is use@san H storage medium, in rubber
production and as a chemical precursor in various organic transformafiéi& Further hydrogenations
lead to formaldehyde and methanol, whichas value as fuel sourceand in chemical synthest&*
Reverse water gas shift and Fischer Tropsch type synthesis generate carbon monoe&de|€fths ad
long chain hydrocarbors:?%31Carbon dioxidenay also be reduceand incorporatednto aromatic rings,
variouscarbocycle®r coupled to nucleophiles such as amines, thiols or alc@liolwingfor the synthesis

of complex molecular scaffolds from ©@a partial or completeCQ deoxygenatior(Figure7). 232431

However, he valorisation of C{bften requires a high energy and a catalyst, dughermodynamic
stability of CQ (NG I' b o tbc ). P We dalists are most often based on transition metals, in
particular,the platinum group metals Ré&®4 R3¢ P£738 pde3 #1041 Platinum group metals are rare
and expensive therefore there has been a push to developgh@dogenation with kg methods using
earth abundant metals and nemetalsincluding FLP% Earlyexamplesof FLP catalyse@Q reductions

focused on stoichiometrireactionusing boron based FLA=gure8). %

13



PR:
IIB’O N\B
R:P 0O E
CH,OBR, N

|
\ 0.1 mol% \ PR,
CO; + S—BHj; > Or CO; + S—>BHj3 » (CH30BO);
/ 343K / 333K
(CH3;0BO);

Figure8: Examples of hydroborations of &ftalysed by FLPs comprising boron Lewis acids and P/N Lewis bases.

B/P FLPs have been shown to efficiently activatghGth inter- and intramolecularlyRigure8). However,
these FLPs requirestoichiometric reducing agents such as:B¥e or NH-BH; instead of Hyg for
catalytic reductiong? StrongLewisadduct formation withformic acid methanoland waterproduced by
direct hydrogenation of CQusing H gas hindeed or completely inhibiteccatalyticturnover.*? Notably,
this was observed byoRtaine and colleaguagpon CQhydrogenation with blland 1-BR-2-NMe,-GHs (R
=(2,4,6MesGH: 1, 2,4,5MeGH:),) catalysts that resulted in stoichiometric hydrogenation@@® to a

mixture offormyl, acetal and methoxglerivativesof the FLP Lewis aci@Bgure 9).43

\N/ \N/
BR CO,, H, (4 bar BR',
2 2, Ha ( ) -~
-RH
R =2,4,6 -Mes;CgH, R'= OCOH
OCH,0
OCH,4

Figure9: Example of stoichiometric reduction of ®@th H, catalysed by B/N FLP.

Elimination of methanol from [TMPH][MeOB(GF)] (TMP = 2,2,6;6etramethylpiperiding was
demonstratedby h Q1 | NB | y Rogédrert witiSthe3egSedtial reduction of G@ith H; to the
methoxide levef? The reaction wapromoted by[B(GFs) : TMR FLP leaithg to the formation of [TMP
H][MeO-B(GFs)] over 6 days at 16€C in a yield of 25%igurel0). 4?

14



B(CeFs)s _ o
HB(CeF ) \-
‘ Hy [HB(CeFs)sl  co, 4 B(CeFs)s
+
TMP-H )
TMP-H
BIN (FLP)
B(CeFs)3
H
H%—O\ Hz  H Ha H
H B(CeFs)s  BIN (FLP) >=o+ B/N (FLP) )\
-~ -
+ H B(CeFs)s o~ No*
TMP-H + ! i
TMP BRs BRs
H—Q
\- +
B(CeFs)3 TMP-H
+
TMP-H

Figurel0: Simplified sheméor the synthesis of [TMA][MeO-B(GFs)] from CQ and H promoted by [B(§Fs) : TMP] FLP

In the reaction[HB(GFs)] was able to effectively hydrogenate @@formate at pressures as loas 1 bar
and at temperature®f 110°C. This demonstratethe relative ease of 2&€Q reductions by main group
hydrides. Howeverto achievefurther reductions of C@increased temperatures were required@hich
lead to LAdecomposition byprotodearylation Water produced in the reaction binds the LA &€
prototanes the aryl ring and eliminates it in the foAnylH The resultingHOB(6F). further decompose
into the inactive boroxifOB(GFs)) (Figure 1). As a result, it was not possible liberate MeOHfrom
[TMPH][MeO-B(GFs)] without the protodearylation which precluded catalytic turnovers.

H2Q
B(CgFs);
A A
H - BOH(CgFs5), ————> 0OB(C¢Fs)
N “HCgFs “HC¢Fs
H
H—)—oH
H . N/ H MeOH
B(CeFs)3 L» MeOB(CeFs)y ———— > +
H -HCgF 5 “HCeFs  Catalyst decomposition
N products

Figurel1: Mechanism for the decomposition of boranes during the synthesis of MeOH jrand ICQ.
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Toovercome the issue of cleavitige formateand methoxy fronthe formatoborate and methoxyborate

products respectivelyStephan and colleagues employed the usfesilyl halides** Thiswas able to

efficiently cleave the formatoand methoxy groups from the boroncentdr QG Ay 3 | & |y, W2 E& 3¢
in the[B(GFs)s : 2,6- lutidine] FLP, allowing for turnovéFigurel?). Moreover, thesilyl halidegpromoted

the reaction at lower temperatures (1GC vs 160 F 2 NJ h QI I NXE Thergidte ntigatirig $hé 3 dzS a 0
temperature induced decomposition of the boraneghichwas furtherinhibited by the silyl halide acting

as a drying agenpreventingwater-assisteddecomposition(Figure 1). The system achiedeup to 8

turnovers of MgOSiMe at 2 barsof CQ and4 barsof Hyin 40 hours®*

B(CeFs)3 | Et I|Et I|Et et
H,/ CO, Ng; NG Si~ or Mesl or CH
H /SI\O/ or Et7 I‘O/\O’ I‘Et 3 4
MesSiBr Y
Et,Sil

Figure12: Mechanism for the synthesis of varioupfducts fromCQ and H catalysed by an FLP and assisted by a silyl halide.

Zhang and colleagues employed a simalgproach in which Bg&)swas found to form a Lewis pair with
M.CQ (M= Na, K, Csyvherethe group 1 metalion assisted in cleavage of the formate from the boron
center thus allowing for turnove(Figure B).** Zhang and cavorkers also found that addition of
potassium metal to the reaction greatly increased the turnover of the reaction (653 (without) vs. 3941
(with)) wherein the potassium metal likely dried the reactionsity, prevented LA decomposition and
assisted in formate cleavagdowever, loth these systemshare the nee@f an additional sacrificial Lewis
acid or other additiveto cleave thedesired product andiry the reaction, whichdecreases the overall

atom economy of the reaction by producing wastuch as K and Si oxides.

F H
Arf Ar
K ArfL_.O O\B_.ArF Ha K I';EB—H & Ar.:}?,---o:(
2l Af \ﬂ/ 1A Ar ArF OK
Aff O Af Ar
2
K2-[BCF-CO3] Arf = -C¢Fs

Figure B: Hydrogenation of C&atalysed by a XCQ and B(GFs) Lewis pair
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2.0 Reductive coupling reactions of &4nd amines.

2.1 N-formylation of amines from GO

Reductive couplingfaminesand CQrepresents an alternative pathway to utilize dOsynthesiswhich
contraststo the synthesis of formic acid, methanol or methane. Formic acid, methanol and methane are
potentially viable ways to turn GOnto fuels, but the prices of these chemicals are set by the
petrochemical industras they are commonly produced from natural §&¥ Therefore, prize competitive
synthesisof these fuelsfrom CQ hydrogenationremains a challengéhe reductive couplingf amines

and CQmay be able taircumvent this issue by producing valuable produetsich can offset somef

the costs of CCU technologies used to isolate.€®-formylation of amineswith CQ and Hyg) is one
example of a Cfeductive couplingeactionby way ofCQ hydrogenationto the formate level and then
condensatiorof the formate with anamine substratgFigure #).4°The produed Nformylaminesare

useful as fine chemicals, solvents, pharmaceuticals and as precursors in organic syffthesis.

O

o’

H catalyst I\|l/
R/ R, + CO, + Hy ————» R R, + H,O

Figurel4: General reaction scheme of thefdfmylation of amines with Hand CQ

2.1.1 NFormylation of amines from @énd H catalysed by transition metal complexes.

The Nformylation of amineswith CQ andH; is cataly®d by various transition metal containing species
including but not limited to complexe@igure 5) and material$ %% Most notable are ruthenium
complexes which, while using supercriticaLb0CQ) as the solvent were shown to achieve up to 7.4 x
10° turnovers® Initial studies by Jessop et al found tiRuCl(PMey)4 iswasable to formylatea variety of
secondanamines a variety of carbamates of secondary amines and of ammonium carbaaha@0°C
and 130 atmpartial pressure (pp) c€Q and 80 atmppH..%® The reaction has since been completed by a

variety of metals including, but not limited to, RHr,>2 Fe>® Ca*and PP®

i
Me N H oy Me _ ff Pr
b ~PiPr, | Cl

—Co
| "Cl

Figurel5: Examples of transition metahtalysts, whicttan complete the hydrogenation of £ahd its reductive coupling to
amines.
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The N-formylation is hypothesized to proceed via the production of a dialkylammonium
dialkylcarbamatg&® which forms a salt with the amine substrate and subsequewntindensesin the
presence of formic aciithto the formamide productiberating water as a byprodu¢Figure B). Jessop et

al. have also reported the-fdrmylation of aniline usinfRuCl(PMe)s] and1,8-diazabicyclo[5.4.0Jundec
7-ene (DBUY° The nature of the phosphine ligand attached to the Ru center has also been shown to have
a major effect on the activity moving from Pbe PhhPCHCHPPh (dppe) lead to an increase of the TON
from 3.7 x 16to 7.4 x 16°>%turnovers demonstratinghe facile tuning of the Ru catalysts for the reaction.
The current most active catalyst for thefdfmylation of amines with CGand His [(P"P"*NP)RuCIH(CO)
which has demonstrated turnovers of up to 1.85 X 4070 bar C&H, (1:1) at 120°C> However, this
activity comes at the cost of chemoselectivty as the ruthenium complexes mentioned above are unable
to selectively reduce G@ver other reducible functional groug4>*>*Functional tolerance is imperative

for the syntheisis of complex pharmaceutically relative formamigesssiblycontaining many other

functional groups?®>0>8

Me
AR,
N—M—CO
AN
| R CO,
H
R1\N,R2 -Hzo R1\ rR2 H o
-~ hig
J\ m Ha
0”7 H + o)
I I
Risy-Re Risg-Re RisgRe H,
L, H o
oo Me o F
.0
N—M—CO
AN
TR
H

Figurel6: Proposed mechanisof the Nformylation of amines with Hand CQcatalysed byransition metatpincer complex
(the catalyst activation step is omitted fdadty). R = phosphine and M = Ru, Co, Fe

Despite the success of noble metals and Ru in partictilare has been a notable improvement in the
number of systemswhichinvolve nonprecious metals, most notably FeCc* and Cu*® Nevertheless,
much likethe platinum group metals Fe & Co are not fully chemoselective for the reduction.oh @@

presence of other functional group¥-°8
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Uniquely, one of the mly examplsthat is selective is Cu(OAcCu(OAc)in combination with DMAP4¢
Dimethylaminopyridinehasbeen shown to selectively hydrogenate £®er other reducible functional
groupsin the Nformylation reactionleading to the ability to functionalise amines containing alkenes,

esters, amides, nitriles and halidgggure ). 4°

Cat. o
H COp Hp (1:1,80bar) N 4 1.0
R/N\R o ,N\ 2
THF RO R

Cat. = 10 mol% Cu(OAc),, DMAP

O\ O\

\)f[][] 5\] II -
0% H)\ o)o<

Figurel7: General scheme for thefdrmylation of amines catasgd by Cu(OA@]{top) Examples of substrates containing
unsaturated groups which were tolerated by Cu(@icthe presence of Hjas and Cgbottom).

Nevertheless, Cu(OA@h combination with DMAP remains a rare example of chemoselectivity among

transition metal catalysts utilizing:lds the reductant.

2.1.2 NFormylation of amines from G€atalysedy main group catalysts aihgdrosilans.

In contrast to transitiormetals,selective Nformylation of amines with C@is frequently observedavith
main group hydridesnstead of H.°%® More specificallyhydrosilane or boranes, and a main group
catalyst(Figure 8) such ad.ewisbase or ionic liquid*®® Sacrificial hydrides provide many advantages: 1)
they tend to be far more selective for the hydrogenation ot 6@r other functional grougs6.792) they
tend to run at lower temperatures and pressufé$®717and 3) they tend to be easier to store and handle
than H gas’® For the Nformylation of aminesvith CQ, hydrosilane, like Ph$k, are the most ubiquitous

sacrificial reductants used
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Figurel8: Examples obrganocatalysts and inorganic salts, whigdtalyse the reactionf N-formylation of amines with GO
and hydrosilanes

Organic superbases such as DBU have been shown to activate fo@n a DBUCQ adduct which is
hypothesized to allow hydrosilane reducti&hOrganic superbases have also been hypothesized to
activate SH bondsviaa $2-typeinteraction, whichincreases the hydride donor ability of thgdrosilane

and promotesCQ reduction (Figure B). Other superbases bases suchtdazabicyclo[4.4.0]de&-ene

(TBD) are known to form carbamatasth CQ [TBDCOO]or in combination with thesubstrate amine

we . 51 eCO@f“Ibsuchcasesit has been calculated that the activation of thgdrosilanefor CQ
reduction occurviathe carbamate and not the free Lewis b&8¢€”"“Carbenes are anothavell-known

class of catalysts for the-fdrmylation of C@with hydrosilane.” Theyare hypothesized to activate GO
much in the same way as the organic bases descritheve;they form a complex with the substrate
amine and activate theydrosilaneviaa carbamate & typeinteraction’® Organic salts and ionic liquids
arethe third well established class of catalysts for tdormylation ofamines withCQ andhydrosilane.

Like carbenes and organic superbases they are hypothesized to act as nucleophiles to activate
hydrosilanes for CQeduction®%%8 Their activityis attributed mainly to the anion, whetie cation have

a minor effect based on its pairing enef§yrhe reaction is then favoureslith cations that have minimal
pairing energy wittthe anion To assess the effect of the anion [TBA][X] (X = F, CI, Br and I) were tested
and a trend of activity was established wifTBAF being most active anfiTBAI being least!"®
Interestingly Lewis acids such as dB{}e can also catalyse the-fdrmylation of amines withCQ and
hydrosilane. B(GFs)s is hypothesized to interact with thhydrosilaneby activating the hydridevia p*-
coordination B(GFs)sis also hypothesized to activate 8@alt K S »-pHillidfluorine atom of the aryl ring
Moreover,B(GFs)s may also activate the aminga a donor acceptor interaction between théd boron

centre and the substrate nitrogefd.
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Figure19: Examples ohow organocatalysts activateydrosilansvia carbamates for the reduction of €0

In contrast to transition metgITM)complexes described in section 2.lhgdrosilane tend to be far more
selective for the reduction of GE#5%®1This is believed to be due to the high affinity for.@Bertion into

main group hydride bonds over the reaction with other functional groups. Whilst TM complexes often
require high C@pressurego proceed hydrosilana and boraneoften run under ambient pressurand
temperature As suchhydrosilanes and boranes have been shown to tolerate a wide range of functional

groups including but not limited to ketones, ethers, esters, alkenes, halides, and imin¢Bigice

20).61,70,74,75

LI Y©Y© Q

#°
HN.
/@NH&O NH__O N
i L “

O
Figure20: Examples of amines containing other reducible functional groups that are tolerated in the presence of hydrosilanes
for the Nformylation of amines with GO
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Moreover, hydrosilane in combination withbase catalysdemonstrateincreased reactivity towards
aromatic aminesver aliphatic ong>3°6:6%61n contrast TM complexes ract primarily with alkyl amines
and examples of aromatic amine functionalizatimmain rare.*® This differenceis explained by the
different reaction mechanism3.he mechanism of hydrogiation of CQfor the Nformylation of amines
differs depending on the basicity of the amine substr&tEor amines of low basicisuch as aromatic
amines the substrate forms a carbamate wi@Q only in the presence of aalsecatalyst. Tie resulting
carbamate then activates the hydrosilatmvards C@reductionto aformoxysilanewhich is then cleaved
by the substrate forming thdesiredformamide product and liberating a silanokfOH). For amines of
high basicity, the initial carbamate formatiorsjgontaneousandan external base is not requirebue to
higher stability of carbamates formed from highly basic amines,second step irolves protonation of
the hydrosilane formation of silykcarbamate and liberation ofH.. The siljdicarbamate is then
hydrogenated by another equivalent bfdrosilaneleading to the formation of the formamide product

(Figure21).®

(Pathway for amines of low basicit))

0 . (0] (0]
H CO, + LB L CO2 + RsSiH § RoNH F
N ~c R‘N OH > O > _NJ
R™ R . L “R;SiOH R R
R LB SiH 3
(Pathway for amines of high basicity (and excess hydrosilane))
o] ) O
H CO, _ i R3SiH R R3SiH |//
No, = R<N“ “oH > N7 OSiR, > o Ne
R™ R b -H, R -R3SiOSIR,
'NH
R R

Figure2l: Proposed mechanisms for the reduction of BChydrosilanes.

Interestingly while carbamates activatydrosilanes for CQ hydrogenationviaan $2 type mechanism
(Figure22) carbamates inhibit transitiometal catalysts by ligating to free coordination site(s) on the
metal, which is required for Hactivation, and protonation of metal hydrides leading to the reversibility

of H activation.®®
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Figure22: Carbmates used in the activation of hydrosilanbes (left) and in the inhibition of transition metal tcatght3

Aromatic amines and other amines of low basicggct sluggishly with formic agiavhich is the main
reaction pathway for N-formylation of aminescatalysed by TMs®25355 However, in the case of
hydrosilans the aromaticamineinsteadreactswith a formylsiloxane, whiclunlike formic acid readily
reacts with amines of low basicit¥his allowssystems utilizindwydrosilane to N-formylation aromatic

amineswith CQ. "®

The ability to Normylate aromatic amines and the high selectivity of main group hydrides towargs CO
hydrogenation over other functional groups (Figur@ 2nakes them the reductant of choice in small
laboratory scale reactions of fine chemicals, where selectivity is key. However, since hydrosilanes are
sacrificial reagents, they produce a lot of unnecessary waste in the form of silanols and siloxanes, which
decreases the atom efficiency of the reaction and complicates product purific&tiorcontrast, TMs in
combination with H produce only water as the reaction byproduct. Therefore, there is an interest in
developing main group catalysts that can form selective main group hydrdgtu from H thereby
combiningthe high chemoselectivity of main group hydrides with the mitigation of waste by usiag H

the hydride source.
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3.0Aims of thesis.

The research presented in this thesis was conducted with the goal of developing novel FLPs for catalytic
hydrogenationsf CQ and reductive coupling reactions of @@ith amines This work was motivated by

the lack of efficient water tolerant main group catalyststtoe N-formylation of amines with CQutilizing

H. gas or other atom efficient hydride source and by the lack of selectivity forédictionover other

redudble functional groups presented by transition metal catalysts developed for théioeac

The lack of water tolerant FLPs has hindered the use of FLPslieddQive coupling reactions
with H; as water is the main byproduct of the reaction. In general, main group catalysts rely on the use of
an auxiliary hydride source such lagdrosilans or boranedut there are no examples of main group
catalysts that can conduct the-fdrmylation of aminesith molecularhydrogen as the reductant. FLPs
cangeneratemain group hydride$n situfrom H, gasand due to the facile insertion of GOnto main
group hydridebonds FLPs may provide a pathwayards selectivé&-formylation of aminesitilizing CQ@
and H without the concomitant reduction obther reducible functional groupsrhismay provide an
advantage over trangon metal complexes, which usually require hig) pressuresand demonstrate

low chemoselectivity towards reduction of other reducible functional groups

We aim to use tin based FL®sgenerate tin hydridesyiasplitting of hydrogen gas. Tin hydrides
have been shown previously to insert O6to the tin-hydride bond. Therefore, &vaim to use these
generated tin hydrides to reduce €i@ situto generate tin formates, which like formoxysilanes can react
with amines to produce formamides.As tin hydrides arbeavier congeners of known reducing agents
such as hydrosilanes, which preferentially reduce @@r other functional groups, we believe they will
behave similarly leading to the ability to synthesise variously functionaliziedndmides from Ceand
H.

A secondary goal of this thesis is to expand the scope of Lewis acids that can act as part of FLP
hydrogenation catalystsGenerally, FLPare based orsimple Lewis acidsuch asboranes, alanes or
stannanes, however there are many complexes of main group metals which exceed the standard valence
of group 13 and 14 Lewis acids. Main group metal complexes may provide a way to expand the electronic
and steric properties of Lewis asidsed in FLPwhich is required to expand FLP hydrogenation chemistry
asit has been hypothesized thabmmonly applied_ewis acids, particularly boranes, have reached an
impasse in terms of the modulation of their steric and electronic properliesrefore we sought to use

Schiff base complexes of tin to expand the scope of LFevids acidsWe aim to synthesizevarious
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hexacoordinated tiiVV)salen and salophecomplexes We aim to modify theshexacoordinated tin(1V)
complexeshy varying the X ligand and the aromatic substituents and we aim tdhestability to act as

hydrogenation catalystey hydrogenating polar functional groups such as imines.

Main group Lewis acids also catalyse transfer hydrogenations using an organic molecule such as
isopropanol or glycerol. Transfer hydrogenations are often run at lower temperatures and pressures than
their counterparts utilizing fHgas. Therefore, we aim to develop an efficient synthetic method in which
simple Lewis acids, such as commercially available metal trilatadilize -terpinene as a ksurrogate
to reduce C®@and reductively coupling it to amines. This method will allow the reactions to rlowatr
temperatures and pressures than known LQ0upling methodologiesvhile simultaneously generating

only value added products
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4.0 Summary of the results

4.1 Tincatalysed reductive coupling of amines with @@l H

Carbon dioxide has promise as a renewable C1 sotrcproduce fuels, pharmacologically active
compounds and fine chemicasHowever oftentimes this process requires the reduction of & to

that effect H> gas is the most atom economical reductdhTransition metals have been known for many
decades to reduce G@sing hydrogen gas. One notable reaction in the field efr€fction with H gas

is the Nformylation of amines in which G@ reduced to formate and coupled to an amine (primary or
secondary) liberating water as the by product. Many transition metal complexes, such as those based on
Ru® Rh®" Ir,>2 Pd® Fe® and C6&* have been shown to efficiently complete this reaction (Figure 2.1).
However, despite their high activity very few of these metal compleaeselectively hydrogenate GO

over other reducible functionagroups, whichvastly limits the scope of substratéisat can undergo N
formylation® One alternative to transition metal complexes and ¢hs is to use a stoichiometric
reductant such as hydrosilaneor borane along with a catalyst often comprising a basic compotient.
Examples include amines, metal salts, carbenes and solvents like DM&@l@nolactone Hydrosilans

and boranes are often able to selectively hydrogenate @@r other functional groups which is one
notable advantage of using main group hydrides overditaon metal hydride$®5°7475To that effectwe
RSOARSR (2 &aiddzReé WCNHzZGNI G§SR [ S6A & whbskrbbhtiGtyi§ C[ t 40 X
unguenched in solutiohFLPs are mostly comprised of a main group Lewis acid like a borane or stannane
which along witran N/P based Lewis base have been shown to activate small molecules includasy H
8Most FLPs, however, do not hydrogenate,@ad the FLPs which have demonstrated efficient CO
reductionoften use an additive like a silyl halide or potassium metal to achieve turrfé¢&Fhis is the

result of the Lewis acids propensity to strongly bind the resulting formate and therefore requires an
exogenous acid to assist in formate cleavage. FLPs are also often intolerant to water, which as the

byproduct of the Nformylation reactionhas hampered their use in this reaction thus 34t
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Scheme 2.1A: General scheme for thefdrmylation of amines usingztnd CQ. B: Examples of transition metals which can
complete the Normylation of amines usingztdnd CQ. C: Lewis acids used in this study.

One promising set of FLPs are those comprising Sn Lewis acids and N Lewis bases. Sn/N FLPs have been
shown to efficiently hydrogenate imines and carbonyls as well as catalysing the reductive amination of a
wide array of ketones and aldehydes in the presené H gas of which water is the gyroduct!®2!
Therefore, we use@PrSnOTf: 2,480llidine] (FLP) as the starting point from which to study tHé-
formylationreaction. To model the reaction morpholine was chosen as the substrate as morpholine is the
model substrate of choice for transition metal systeth®Initial reactions were run at 18C, 30 bar K

and 4 bar COFLP catated hydrogenations are most often run in aromatic or ethereal solvents, however,
due to the temperature constraints solvents like THF and Diethyl ether were unsuitable. Aromatic solvents
were also tested such as toluene and-tljBhlorobenzene and whilst #ir boiling points were appropriate

their ability to solubilize the morpholinium carbamatehich results from C£rapture by morpholing

was limitedthus creating a mass transfergilemthat hindered the desired reactioff To this effect we
screened high boiling and dipolar aprotic solvents and found that among them sulfolane was the best for
the reaction which is line with DMSO and DMF being efficient solvents in the c@&& refduction with

hydrosilane 5962

Optimising the reaction conditions disclosed that upon increasing the temperature frof@€ 160
180°C,increased the Normylmorpholine yield from 25% to 57% but in the temperature regime of@80
- 200°C the vyield slightly decreased (Figure 2.2). This is the result of the energetic benefit of increased
temperature being outweighed by the decomposition of the LA component as evidenced by GC presence
of 'PiSn, produced by high temperature disproportiationfESnOTf, after the reactionnd¢rease of b
pressure had a positive effect on the reaction in the regime of 20 bar to 100 bar and plateaued between

100 bar and 120 bar. We attribute this to the hydrogen binding or activation being rate limiting in this
27



process as is common with FI*PChanges in the pressure of §m 1 bar to 4 bar increased the yield.

However, at pressures above 4 bar the reactivity of the system decreased. Investigation of the system

disclosed that it is due to higher partial pressusCQ favouring carbamic acid formationvhich

protonates the RSntH and therefore reversing hydrogen activatiand decreasinghe overall activity.

The large disparity in partial pressures ofand CQ@(molar ratio >12.% again suggests that hydrogen

activation is slow and is psibly rate limiting.
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Figure 22: Optimization of reaction conditions: morpholine (0.5 mmBLP1(10 mol%), sulfolane (5 mL), 24 h and unless
otherwise specified H100 bar), C&(4 bar), temperature (453 K); a) Effect of,@@rtial pressure at a constant partial pressure

of H, (30 bar); b) Effect of +partial pressure; c) Effect of reaction temperature. All reactions were repeated in triplicate, and the
reaction product was quantified Bi# NMR with DCM as the internal standard. Error bars represent one standard deviation

Under the optimized reaction conditions, FLP1 yieldefdihylmorpholine in 57% yield with a turnover

frequency of 0.25 fi(Table 2.1)TheLewis acid ability to cleave asand stabilityis related to the nature

of the R and X groups. In order to expand the scope of waterant tin Lewis acids wsynthesized a

series or BSnX Lewis acids (Figure 2.3), wherevamed the nature of the R and X grou@nlyLewis

acids withlarge R groupsere preparedas smaller R groups could preclude FLP catalysisedvisadduct

formation and larger R groups may assist in hydrostadbility (Table 2.1).

cl, RMgCI R

Cl—sn—Cl ———— > R=-$n—R + MgCl
Cl THF, reflux, 1d R
R HOTf R

R=Sn—=R ———® R-Sn—OTf + RH
R CHCl3, 60°C, 3d R
Cy, AgX Cy,

Cy—Sn—Cl Cy=pn=X + AgCl
ey DCM, RT, 3d Cy

Alkylation

Protodealkylation

Metal-halogen exchange

Scheme A: General syntheses 0§ X Léstarting vial) alkylation of Sn@Wwith Grignard reagent) protodealkylation using
triflic acid and3) metathalogen exchange using 4gX salt.
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By running the E5nX Lewis acids under optimisamhditions,we were able toestablishCySnOTf as the
most efficient Lewis aci(lTable 2.1)We believe this is the case due to the increased bulk of cyclohexyl
compared to the isopropyl group mitigating the formation of the tetdtyl RSn species thus increasing
the stability of the catalysis demonstrated by increase in the maximum turnover number from 162 with
[PBSNOTE 2,4,6c0llidine]to >300 with[CySnOTt 2,4,6¢ollidine] FLP

Entry Lewis Acid Loading (mol%) Yield (%) TOF [H]®
1 'PESNOTf 10 57 0.25
2 BuSnOTf 10 43 0.17
3 NpheSnOTf 10 39 0.17
4 CySnOTf 10 95¢ -

5 CySnCIQ 10 83 -

6 CySNNTS 10 82 -

7 CySnCl 10 70 0.29

8 CySnOTH 1 28 1.16

9 CySnCl@ 1 17 0.71
10 CySnNTS 1 16 0.67
11 - 0 0 0
12 'PRLSn(OTH 10 28 0.13
13 'PrSNOTf 10 95 -

Table 2.1:Optimisation of Lewis acid component of FLP by varying alkyl and X substituenfe@eftpn conditions:
morpholine (1 mmol), sulfolane (4 mL), LA: 2¢bfidine (110 mol%), C£X4 bar), H (100 bar), 453 K, 24 h, average yield after
three runs. Yield was determined ¥y NMR with an internal standard.

Triflate (OT) was found to be the best X group fors8yX Lewis acids when compared to the more
coordinating Chls the increased acidity aids in hydrogen activation. Triflate was also found to outperform
both triflimide (NT$) and perchlorate (ClQ) despite their increased acidity, which, was confirmed by the
GuttmanBeckett method. The decreased activity is likely due to a decrease in water tolerance or stability.
Varying the Lewis base component of the FLP found @a5rOTf: 2,4,6colliding was the most efficient
Lewis acid/base pa(iTable 2.2)
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Entry Lewis acid Lewis basé Yield (%) TOF [h]°

1 'PrSNOTH Collidiné 57 0.25
2 'PrSnOTH - 44 0.21
3 CySnOTH Collidiné 28 1.16
4 CySnOTH - 15 0.63
5 CySnOTH TMRH® 20 0.73
6 CySnOTH TMRMeP 17 0.71

Table 2.2 Optimisation of Lewis base RSnX: LB FLAReaction conditions: morpholine (1 mmol), sulfolane (4 mL), LA: 2,4,6
collidine (310 mol%), Cg4 bar), H (100 bar), 453 K, 24 h, average yield after three runs. Yield was determifted\ibyR
with an internal standard.

With an efficient system dtand,we conducted a substrate scope focusing on substrates containing other

reducide functional groups (Figure 2.3

o
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Figure 2.3 Substrate scope for the-tdrmylation reaction with COH, and CySnOTf catalyst. Reaction conditions: amine (1
mmol), sulfolane (4 mL), LA : 24dlidine (2 mol%), G4 bars), K (100 bars), 453 K, 24 h. Yields were determineé¢HiyMR
with DCM as internal standar@sd structures confirmed by &@ds.

In order tohighlight kinetic differences and reactivity between substrates the reastivarerun at 2

mol% catalyst loadings to achieve low to moderate conversions. We found that secondary amines
containing no other reducible functional groups such as substrat8swere efficiently formylated,
however3 proceeded at a much slower rate due to the increased steric hinderance of the isopropyl groups
on the amine. Substratd, which contains an alcohol functionalityas also efficiently formylated

demonstrating the alohol tolerance of catalyst. Unsaturated groups such as the alkene, amide and

30



carboxylic acid on substrat&s6 and 7 respectively were tolerated with no concomitant hydrogenation.
However, the ester functionality of substrat® partially decomposed toa mixture of ethyl 1
formylpiperidine2-carboxylate and Mormylpiperidine in the ratio of 7 to .3The ester functionality
positioned one carbon atom away from the nitrogen also reduced the reaction rate compared with
morpholine and this may be due to steric hindrance. Ultimately the ability to formylate amines containing
other functional groups is of the utmost importance for formamides with biological applications as
pharmacological structure activity relationships are very sensitive. Substgatesd 10, containing
aromatic rings, were found to be unreactive which may be due to aromatic amines low nucleophilicity.
Benzylaming10) undergoes a side reaction to form a mixture obBhzytl-phenylmethanimine and
dibenzylamine in the 24 test Most substrates were found to scale with catalyst loading (2 mol% vs 10
mol%), however, subsites 3, 5,and 6 did not scale directly with catalyst loading. In the caseéNof
allylmethylaming5) showed significant over reduction of @the N-methylation product as confirmed

by GEMS. Whereas in the reaction of substré@i¢here was a buildip of CySn(OCOH) suggesting slow

formate transfer is concomitant with a decrease in activity.
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Figure 2.4 Proposed reaction mechanidor the Nformylation reaction with C©H and CySnOTf catalyst.

Based on our resulisynthesis of postulated reaction intermediat@sd previous literature we propose
the mechanism shown above (Figure R.Eirst, we posit that Hs split heterolytically into &SnH and
an ammonium trilate salt (Step 1) with 2,4-6ollidine as the base. Despite morpholine also being a

suitable base for the activation of g@orpholine tends to react with G@rming a carbamate lowering
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the in-situbasicity of morpholine. This is supped by the addition of 2,4 8ollidine increasig the activity

(see table 2.2 Secondly, C@s reduced by insertion into the $thbond formingRSrOCHO as is also the
case forhydrosilans. Facile insertion of Ganto tin hydrides has been previously demonstratéd.
However, #tempted reduction of C@to tin formate without the amine substrate resulted in the
hydrogenation of the aromatic ring of 2,4 @ollidineindicating that the C&reduction is base assisted as

is the case for hydrosilane reductan&ynthesis and direct reaction of tin formate with morpholine was
fast and efficiently produced the formamide product. Formate transfer was found to even proceed under
high partial pressures of G&nd was uninhibited at 6 bar or 30 bar. This suggests that the lower partial
pressures required for the overall reaction may be daehigher partial pressures of g@ffecting the
hydrogen activation step. This may procedd the carbamic acid, that is formed, rendering hydrogen
activation reversiblevia protonation of the SrH bond. The formation of the formamide product may be
formed in one of two waysl) as described above the substrate interacts with the tin formate generating
the formamide and a tin hydroxide which can be protonated by the ammonium triflate eliminating water
and regenerating the catalyst (Steps llla and IVajedtif step IVa is possible we synthesisedSaGQH

and morpholinium triflate (added in catalytic amounts (10 mol%)) to replicate this step. Within 24hrs the
reaction did occur, however, it was 9x slower than starting the reaction fros8nQyTf suggesting that
while this step is possible it may not be the main pathway. Alternatively, pathway 2) (steps Illb and I1Vb)
the formate group may be eliminated by hydrogenation from the tin centre leading to the de&action

of morpholine and formatewhich is a kawn pathway for transition metal catalyst (Schestepsliib

and IVb). Starting the reaction from @nOCOH and morpholinium triflate results in the same rate as
starting from C¥snOH and morpholinium triflate suggesting that this reactiay proceedsia the slow
R:SnOH cycleOn the other hand, starting the reaction wii@ySnOCOH2,4,6-colliding results in twice

the activity in the Nformylation of morpholine compared tawhen morpholinium triflate is included

suggesting thatery little morpholinium triflate is formed during the overall reaction.

In conclusionwe have developed an efficient system in which Sn/N FLPs can catalytically reduce
CQ in the presence of amines and fas to form formamides. We found thag$hX LAs and 2,4,6
collidine can efficiently catgde the Nformylation of morpholine with a max TON > 300 and a TOF ofd
1.16h%. We also found that Sn/N FLPs are selective for the reductionaf@@other reducible functional
groups leading to the synthesis of various functionalized amides. Catalyst optimization showed that upon
varying the R groups frofRr to Cy resulted in an increased in-r@e increase in stability and atime

increase in activity. Withhiese improvements imind, we have shown that FLPs have the potential to
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replace the very selective main group hydrides for the valorization eft@mides while maintaining

functional tolerance.

4.2 Frustrated Lewis Pairs Catalyse the Solaststed Synthesis of Azoles from ortho
Substituted Anilines, G@nd H

While the [RSnX : 2,4,@0llidine] FLPs catade the selective fformylationof secondary aliphatic amines,
the system was completely unreactive towards aromatic amif&s. address the issugse undertook a
study on the synthesis of azoles frartho-subtituted anilinesOrtho-substituted anilines, in contrast to
aniline, form heterocycliproducts upon Normylation and cyclization (Figure 3.1), whiabts as a
thermodynamic driving force for the reactioifhe Nformylation of ortho-substituted anilines can be
achieved using G@nd H in the presence of a transition metal complex of PRuU>® Cd? and with A&
nanoparticles, however high catalyst loadings (6106 mol%) are a prerequisite for high activity.
Therefore, new strategies are required for the synthesis of azolesdrtm-substituted anilinestilizing

CQand H.
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Cr™ L, o @Ew
+
E R’N‘ -R,NH -H,0
B
NH; TM cat. N\/
+ COp +Hy—/™ =
E -HQO
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R’N‘R + C02 "’Hz_> \|
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: :NHZ
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Figure 3.1:A) formation of azoles from orthsubstituted anilines using a formamide as a C1 source catalyst by a Lewis acid. B)
Reductive coupling of G® ortho-substituted anilines in the presence offét the synthesis of azoles. C) Formylation of aliphatic
amines andn situtransfer to an orthesubstituted aniline to form azoles catalysed by an FLP.
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Frustrated Lewis pairs (FLPs) are a potential alternative to transition metal complexes for catalytic N
formylation of ortho-substituted anilines as they can hydrogenate, @Dthe presence of Hfor the
reductive coupling of C@and aliphatic amine& Due to the ability of FLPs to complete thddimylation
reaction,we propose a method in which an aliphatic aminiH®rmylated and then transfers thiarmyl
groupin situto ortho-substituted aniline. The transfsimultaneously recycles the amiaed since itis a

LA catalged reaction itwould be effective with an FLP catalyst (figureG.1nitially the reaction to
convertortho-phenylenediamine to benzimidazole was attempted usisignRbased FLPs in combination
with N-methylmorpholine (0.05 mol%) (NMM) as a Lewis base in pure sulfolane at 18(96 ddr) and

CQ (4 bar) which resulted in a TOF of only 0.22 lupon increasing the amount of NMM to promote
WSy O2dzy i SNJ O2YLX SEQ ¥F2 N¥YI (i%aR1g00 inél%f NMKD. (The @hkréasde inA y O NB |
rate was only observed for high concentrations of NMM and not at 100 mol% whiglsnggest that an
increase in NMM may assist the reaction in ways other than assistingctivation. Increased
concentrations of NMM may also activatetho-phenylenediaminevia deprotonation, increasing its
nucleophilicity and its reactivity with €§n(OCOH), the formylation agent. Therefore, we posited the use
of aliphatic amines as a surrogatghichwouldbe preferentially formylated and transfer formylabetho-

phenylenediaminen situas is the case withydrosilanes and DMF48°

Polyethyleneimine (600 MW, PEI) was selected as the surrogate amine due to its ability to act as
a LB and its ability to be-fdrmylated. Upon addition of 0.1 mL of PEI to the reaction the activity increased
10-fold to 2.23 ht which further increased to 11.8in a 1:1 mixture of PEI : sulfolane. The activity
increase further to 16.8"hupon replacement of the sulfolane for NMM (1:1 mix of NMREI) likely due
to amines, like NMM, being able to solubilise, @5 f t & ¢Stf Fa AYyONBlFaay3a af
O2YLX SEQ ¥F2NXI (A 2'ynétche@sKh® activity®f tideThestvrathbryium Katalyst for the
reaction (12.1 R) under equivalent pressures. Morpholine was also found to acnadtormylation

surrogate and transfer formylation agent leading to similar activity as PEI.

To understand the reaction pathway, we attempted several control experiments (Figure 3.2).
Firstly, we attempted to hydrogenate the product of C&apture by ortho-phenylenediamine, 2
KERNRE&BOSYTAYARIFIT 2t SS 6KAOK LINPOGSR dzyadzOO0S&aa¥dz N
hydrogenation in the reaction mechanism. In the case of the reaction without PEI, to test whether
[CySNNTS: NMM] was able to cyclise the formylatedtho-phenylenediamine, Aminoacetanilide was
added to the reaction anevas quantitatively cyclised. The synthesis of benzimidazole under the same

conditions resulted in 65% yield suggesting the cyclisation is not rate determining. To test whether the
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formylated PEI could act as a formate transfer agent, PEI was formylated without the presente-of
phenylene diamine, isolate@x-situ and then reacted directly withortho-phenylenediamine, which

resulted in the formation of benzimidazole at temperatures above 140°C (Figure 3.2C).
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NH, NH, s N

Figure 3.2P033|ble pathways for benzimidazole synthesis fratimosphenyenediamine CQ and H catalysed by FLPs.

With an efficient system in placea substrate scope was conducted with varioaho-substituted
anilines(Figure 3.3) The substrate scope was conducted at catalyst loading of Q.2 mol% and in
mixtures of 11 or 4:1 NMM:PEIPrimary diamines with alkyl ring substituents;3, were efficient
formylated and cyclised. Substrates containing methdxand halides4&6) were also converted to their
respective azoles. Interesting substrateand6 also resulted in some benzimidazole. This is the result of
catalytic dehalogenation by the FLP and may be the reason for poor product yield. Substrataining
the ester functionality was found to be unreactive. Substrates witbubtituents 8 and 9) were both
converted to the desed azole with minimal loss in activity. Indicating increased N bulk does not hinder
the reaction. Substrat&Oresulted in the selective synthesis of two different products depending gn CO
partial pressurdFigure 3.4)At higher partial pressurd®bwas formed with the imine functionality intact
and at lower partial pressures the imine functionality was also hydrogenated forb@iagnterstingly
both molecules are drug precursors witldc being a precursor to quinethazone (antihypertensive and

diuretic), fenquizone (diuretic) and methaqualone (sedative and hypndtic).
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Figure 3.3 Substrate scope for the tandem synthesis of azoles withke@nd [CySnNTS NMM] catalyst Reaction conditions:
amine (10mmol), NMM (4 mL), LA (0.01 mmol), 1 mL PEI(€Bars), H(96 bars), 180 °C, 22 hrs; the yields were determined
by IH NMR with an internal standard, and the structures were confirmed BYI&Yield in brackets indicates isolated yield.
Superscripts indicate catalyst loading. *DBU instead of NMM. **10 bagm€@ad of 4 bars GO
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Figure 3.4 Pressure controlled synthesis of 10b or 10c starting freamihobenzamide.

Lastly, substrates containing a nemtrogen ortho-heteroatom (1 & 12) were tested. Whilst
benzothiazole was efficiently formed in the presence of DBU (replacing NMM) benzodiazot form

asobservedwith transition metal catalysts.
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In conclusionwe were able to develop an efficient solvesssisted synthesis of azoles from,CO
using Has the reductantSecondary aminefcreasethe reaction rate in several ways, most importantly
by acting as a scaffqldihichis preferentially formylated and then transfethe formate to the substrate
which then cyclises forming the desired product. For this purpose, mixturédvidfl: PEI lead to the
highest increase in activity compared to pure sulfolane. As a result, the TOF of'i6 @hpar with the
besttransition metals for this reaction. This strategy of producing a transfer formylation soustteand
recycling the amine may provide a way to increasertimberof efficient systems for the synthesis of
azoles form Cg&and H.

4.3 Hexacoordinated ticomplexesatalyse imine hydrogenation with H

The use of Shased Lewis acids in FLP catalysed hydrogenations are so far limited to tbERSaX
LAs!®2L798Nwhich are limited in scope and hensteric and electronic propertiegqually, triaryl Lewis

acid of boron, aluminium, gallium and indium have a narrow margin of maneuverability for electronic and
steric tuning while maintaining stability of the E%° Particularly, they lack the structural diversity of

transition metal complexes, which use ligands to finee the properties of the complexes.

Therefore we sought to use coordination complexes of tin, nansehiff base complexg® expand upon

the LAs that can achieve FLP catalysed hydrogenations of functional géahjf bases were chosen as
ligands as they can stabilise various oxidation states of tin and tin salen complexes are known Lewis acid
catalysts$%%° Moreover, their ability to act as hydrogenation catalysts was tested on the FLP model

reaction of imine hydrogenatio(Figure 4.1)

R

R
H
FLP catalyst R

Figure 4.1: Hydrogenation of imines withdatalysed by FLP catalysts.
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Figure 42: Structures of Schiff base complexes of tin used in this study for the hydrogenation of imines.

In this study we used complexes of th&hXtype where L= saleff“salen, salophen ant'salophen and

X= CI or OTf for the hydrogenation of imir{€ggure 4.2 A crystal structure of2- Cb] is shown below
(Figure 4.3and the DFT calculated structure of its FLP witlerdbutyl-1-phenylmethanimine

@ sn

@ d

Figure 43: (A) Xray structure of2-Cb] and (B) calculated FLP structure at the IPRHEB8®3BJ/def2QZVP level.

Initial studies on the hydrogenation activity of the complexes elucidated that the ability to activate
hydrogen gas was directly linked to coordination strength of the X group whéadth > 1-CI(OTf) >-1
38



Cb. Hydrogen activation was testeia HD scrambling and-10Tf} and :CI(OTfscrambled HD (10 bar)

at 25 °C and 60 °C respectivaihereas 1Ch showed no ability to scramble HD gas under the conditions

tested. This trend was further affirmed by the acceptor numbers (AN) of the lexap as calculatelly
the GuttmanBeckett method where {OTf} > 1-CI(OTf) >-C}. Incidentally 2Cb had an AN = 0 due to

the lack of a free binding site due to ts&ongcoordination of the ClIndicating a free buling sitevia a

labile ligandis required as a prerequisite of; Hictivation. Interetingly neither complex {OTf}or 1-

Cl(OTf)displayed any ability to hydrogenate-tBrt-butyl-1-phenylmethanimine at the temperatures

required for hydrogen activation. This is in line with the Hgtrogen ion affinityKl1A of the complexes,
1-(OTf)or 1-CI(OTf), being high at 1170 and 660rial* respectivelyand associated low hydride donor

ability. Hydrogenation of imine, #&rt-butyl-1-phenylmethanimine, proceeded at 180 46d at 50 bars

of H.. Under these conditionsl-Ck was also an efficientatalyst suggestinthat chloride becomes a

sufficient leaving group under tisereaction conditiongTable 4.1)Removing the bulk by replacing the

tert-butyl groups (complex-£b) lead to an increase in yield from 23% to 53%.

ENTRY

© 00N Ol WN P

il il
N RO

13

L4SﬂX2 (5 mol%

) H
©ANJ< o (50ba) ©)\NJ<
17 h H

T=150°C-180°C

CATALYST SOLVENT TEMPERATURE (°C) YIELD (%)
1-(OTH sulfolane 180 10
1-CI(OTH) sulfolane 180 49
1-Cb sulfolane 180 29
2-Cb sulfolane 180 53
3-Cb sulfolane 180 42
4-Cb sulfolane 180 28
1-(OTf) toluene 180 30
1-CI(OTY) toluene 180 86
1-Cb toluene 180 84
2-Cb toluene 180 98
1-Cb toluene 150 NR
2-Cb toluene 150 27
2-Chb collidine 180 85

Table 4.1 Optimisation of the hydrogenation of-fdrt-butyl-1-phenylmethanimine by tin Schiff base complexes by varying the

temperature, solvent andtpressure of the reaction.
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This suggests that thert-butyl groups hinder the reactioand thatincreased steric hinderance decreases
hydrogenation performance. Movingdm salen to salophen there was a decrease in yield to 42% and

28% from 3Ch and 4Cb respectively.

With 2-Ck we varied the solvent and found that toluemggave a quantitative yield of the desired
amine and that it i® more suitable solvent for the reaction than sulfolameollidine, which can also act
as a Lewis bas@&oluene also increased the performance gfdTfyand L:CI(OTf) likely as a result of the
increased solubility of Hcompared to sulfolaneTemperature also had a large effect on the reaction
where a decrease in tempenate lead to a decrease in yield witH: from 98% to 28% at 18@°and 150

°C respectively.
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Figure 44: Substrate scope for the hydrogenation of imines {§b2Reaction conditionsmine (1 mmol), toluene (4 mL) and LA
(5 mol%), k(50 bars), 180 °C, 17 h. All yields were determinét lWMR with CHBr, as the internal standard, and all structures
were confirmed by E®S. a) 70 bar b) Extended reaction time to 48 h.

With an efficient system at hand a series of imines were tested in the hydrogenation reaction
catalysed by 2C}b at 180 °C, 50 bar ofzHand in toluene (Figure 4.4). Substratewas quantitatively
hydrogenated under the reaction conditions. Substrates contaieilegtronwithdrawing groups, 2-4,
decreased the activity of the system, and in the case of the nitro grouppletaty pacified the reactivity.

This can be attributed to the Lewis base of the reaction, which is also the substrate, being lessithasic a
therefore less likely to activate,hvith 2-Cb Substrates containing methoxy grou @lso lead to a
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decrease in activity. Substrates containing hydroxy gro@p& (7) ortho to the imine functionality
completely stoppedhe reaction. This hydroxy substituentBsinstedacidic and therefore the inhibition
may be attributed to reversible hydrogen activation by protonation of the tin hydride. Varying the alkyl
substituents 8 to 17) formtert-butyl to -Hex,-Cy, ¢Ph,¢Bn resulted in the formation of the target amine,

with the notable tolerance of thertho-methyl substituent 11).

L4SnX2

Figure 4.4 Proposed catalytic cycle for the hydrogenation of imines catalysed by tin (IV) salen complexes.

The substrate acts as the LB in both sulfolane and toluene as the tin(IV) salen coraptkxes
solventlack the ability to do so by themselves. As mentioned, previously a free binding site must be
available to activate Hgas ad in accordance with previous literature the following catalytic cycle was
proposed (Figure 4.4).Initially the X ligand dissociates from the tin centre (stgmfter which an
WSy O 20dpynfiléx N8l formed by the newly generategShX species and the substrat@his then
activaiesH; gas generating a tin hydride and an iminium salt (stefdll). The tin hydride species inserts
the iminiumcationgenerating an aminegEnX complexvhichdissociates regenerating the active catalyst
LSnX.

In conclusion, we have developed a series of tin(IVV) Schiff base comphetesxpand the
current library of Lewis acids usedibRhat can scramble HD gasd be used in catalytic hydrogenations
Thehexacoordinated tin(IV) salen and salophen complexesasily sterically and electronically modified
for further fine tuning of reactivityOptimization ofreactionconditions for imine hydrogenatiorevealed
optimal reaction conditions o180 °C and 50 bar;Hjas in toluene. Interestingly the catalysthich

displayed thelowest ability to activate hydrogen gasvas the most efficient catalyst for imine
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hydrogenation suggestintpat hydrogen activation is not rate limitingvhich is rare for FLP mediated
hydrogenations. We believthat the use of main group metal complexes will allow access to new

chemoselectivity and reactivityccessible with FLP hydrogenation catalysts

4.4 Unpublished resultsindium(ll)triflate catalyses the transfdrydrogenation of C£2o

formate for the Nformylation of amines.

Transition metals catalyse the-fidrmylation of aminesvith CQ and H but are oftentimes not
chemoselective for COreduction over other reducible functional grps’®526° Similarly, FLPsalso
catalyse the Normylation of aminesvith CQ and H but, unlike the TM catalystare chemoselective for
CQ hydrogenation’®” However, the operating pressures requiregach 100 bar of total pressure of
which 96 baris hydrogen gasnd only4 baisis CQ. Whilst i is the most atom economic hydride source
there are issues witlits generation, highstorage and compressiotost.®>°2 Moreover, high-pressure
plants and specialized equipmesite needed for its practical and safe utilizati@nealternative to using
hydrogen gass auxiliary hydride sources orBurrogates such as hydrosilanétwever, there aralso
disadvantageto usinghydrosilanes or borane€ne notable disadvantagetigt hydrosilanes or boranes
generateundesirable reaction wastim the form of silanols, boronic acids and oxides of both boron and

silicon %378

t 20SyGAlrt FfGSNYyFGAGSa NB a2 OFffSR WiNlyafFsSN
that can have a hydride abstracted by a Lewis aad transferred to the desired substrate such as.CO
A major advantage of transfer hydrogaion sources is that useful byproductse produced as part of
these reactions, for example;O& YSy S 6 T NP YtergiredeRs ait inpoytantXl@vouring agent,
it also has medicinalses,andit is a common ligand in transition metal chemistty! Other common by
products from transfer hydrogenation are acetone (from oxidation of isopropamblich is a common
laboratory solvent and lactic acid (from glycerol oxidation) is a common preservative and flavouring agent

in food production 25

Transfer hydrogenation sources have been used in conjunction with a wide variety of metals such
as R&, Ir1% Col% Mn,1%2 Fgl% Al%4 Ga% and In% to hydrogenate nitriles?”1% ketones® and
alkenes®amongstother functional group$®219310R°and Irl®are also known téransfer hydrogenate
CQ to both formic acid and methanol with the aid of a sacrificial basd an alcohol hydride source

(Schemeb.1A). Therequirement ofsacrificial base decreases the overall atom economy and, along with
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the use of high pressures, represents an area for improvement withint@@sfer hydrogenation
reactions (CeIH).

A 0
TM- cat (0]
COo, + ' > JI- 7 \HL‘
2 - O
HO\)\/OH Base H™ "O OH
T=80°C-180°C
0 Ro
B // 3 mol% InBrs
R¢ | >
y-terpinene (1.5 eq)
Rs CH,Cl, (0.2 M), rt or
50 °C
C - This work
O,
H . 3
N 5-10 mol% InOTf3 N
+ R7 Ry » R ‘Rz
130 - 150 °C, Yields up
COZ (4 bar) to 91%
Cr/\NJ 1-5mol% InOTf, . O,\J j
+
+
N 130 °C, HN
CO, (4 bar)

Scheméb.1: A) General scheme of transfer hydrogenation of to@ormate catalysedby transition metal complexes (cations are
omitted for clarity) B) Indium catalysefransfer hydrogenation o2-Alkynyl Enonegor the reductive cyclisation towards
trisubstituted furansC)Indium catalysed transfer hydrogenation of £2@d reductive coupling to amines and Indium catalysed
hydrogenation of CQo formate.

SuccessfuCQTH reductive coupling reactions could open an avenue to upcyclar@@imultaneously
form useful byproducts whichwould increase the economic efficiency of the process; Lievis acids
have been shown to effectively catalysmansfer K @ RNR 3 Sy | (i -fetigeae* (SkHeryled. 1By
suggestinghat they are a compatible hydrideAcombination hence they were selected the starting

point for main group LA catalys&DQTHtowards reductive coupling of G@ amines in this study

In this study we demonstrate that commercially available Indium triflate catal@%H with -

terpineneto [DBUH][formatepndp-cymene ashe co-product, when DBU is employed as a b&Seheme
5.1C) andreductive coupling of C@o aminesto yield Nformyl aminesand p-cymene ashe co-product

(Schemes.1C andb.2).
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Scheme 5.2Transfer hydrogenation reactions of £&x0d reductive coupling to morpholine catsdy by indium tritriflate.
Solvent: DMSO (2 mLXWS i K& f Y 2 NLIK 2 f -fengiSened(mLY [ 0 F YR !

Tostudy the reaction, morpholine was selected as the model substrate. Initial optimizditicloesedhat
Indium triflate is the most efficientand suitablecatalyst when compared to other metal triflatelsie to

its high acidity, hydrolytic stability and low toxicifyaple5.1)110111

Entry LA LB Temp CQ Time (hours) Yield (%)
(°C) Pressure (bar)

1 GaOT§ NMM 130 4 48 56

2 INOT§ NMM 130 4 48 65

3 YbOTS NMM 130 4 48 30

4 AlOT% NMM 130 4 48 32

5 INC} NMM 130 4 48 31

6 INOT§ DBU 130 4 48 26*

7 INOT% 2,4,6-col 130 4 48 31

8 INOT§ NMM 130 4 48 26**

Table 5.1:Optimisation of Lewis acid for the g® reaction and subsequent reductive coupling to morphddMSO
(2 mL), Nmethylmorpholineé m  Y-fenpizene! (1 mL), catalysi@ mol%)* Formation of 0.6 mmol formic acid
(equivalent to 13 turnoversg¥ Run with 0.5mol% of InOFhich achieved 52 turnovers

The initial reactiompressure, solvent, catalykiading,and Lewis basesere selected based on the results
of our previously reported Mormylation reactions®®” Temperatureand quantity of transfer hydride
source were selected based other main group Lewis acid catady transfer hydrogenation reactions.
The optimization of the solvent revealed that a large excesstefpineneisrequired for the reaction to
proceed efficiently but above 1 mL (catiie excess) there was no perceived increase in act{fiaple
5.2). Thisis in line with othetransferhydrogenationreactions where thehydride sourceas usuallyused
in excesg?106.108.1121135The removal of either DMSO or-Nethylmorpholine (NMM) decreased the

activity likely due to Nmnethylmorpholinég? role as the Lewis bagequired for deprotonation ofa
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Wheland intermediate, which is the proposed intermediafiter hydride abstractionfrom ! -terpinene.
Other bases such as DBU and 2ghbidine were tested and thB-formylationreaction did notproceed
efficiently (seeappendix 4able S1). DMSO is hecessary to solubilise all readtapgsticularly carbamate
salts formed from the reaction of morpholine with £€Qhe reaction was found to be temperature
dependent with increasing yields from 9Cto 150 °C(19% to 49% over 22 hrs). Full conversion was

achieved upon running the reaction for 48 hrs at 18@&Ad 4 bars of CO

Entry 5a{h k ba Temperature {C) INOTR(Mol%) Yield (%)
terp (mL)

1 2.0/1.0/05 90 10 15
2 20/1.0/1.0 90 10 19
3 2.0/1.0/15 90 10 17
4 25/05/1.0 90 10 12
5 15/15/1.0 90 10 11
6 20/1.0/1.0 110 10 29
7 20/1.0/1.0 130 10 35
8 20/1.0/1.0 150 10 49
92 20/1.0/1.0 130 5 65
107 20/1.0/1.0 150 10 91
11 2.0/1.0/1.0 130 0 0

Table 52: Effect of solvent and of temperature on the In§XEtalysed transfer hydrogenation of €4id its reductive coupling
to aminesReaction conditions: Morpholine (1 mmol), LA = Ia@T3 (4 bar), 22 hrsaverage yield after three runs. Yields were
determined by*H NMR with an internal standard. a) 48 hrs. NMMerpineneand DMSO were both used as received without
further drying or purification.

With an efficient system dband, we investigatel the substrate scopgHgure 5.1) of the reaction. The
substrate scope waiitially investigated with10 mol% catalyst loading and reaction times of 48turs
achieve high conversions. However, at 18@aAd at10 mol% catalyst loading some substrates did not
proceed efficientlylikely due to the elevated temperatures and the catalyst promoting the decomposition
of the product and/or formate, which is known to occur at these temperatures. To test whethawstor
In(OTf) catalyses the decomposition of formic acid we added formic acid and 1a(@&) NMR tube
containing DMSO and NMM and heated it to 1804t 130 Cthe formic acid decomposed into hydrogen

gas overnightTherefore, he remainder of the scope was run at 1¥ahd with 5 mol% catalyst loading.
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Figure 5.1:Substrate scope for the-tdrmylation reaction with C£' -terpineneand InOT; catalyst. Reaction conditions: amine
(2 mmol),DMSQO2 mL),NMM (1 mL){ -terpinene (1 mL), A(5 mol%) CQ (4 bars),130°C 48 h. Yields were determined Bl
NMR and structures confirmed by -GIS* Reaction run at 150C** reaction run for 24 h at 130Cand with 6 bars CO**
reaction run with 6 bars GO** * 0.1 mL of polyethyleneimine (MW = 1200) added.

Alkyl aminesuch as morpholinéelf, dimethylammonium dimethyl carbamat@)(N-methylpiperazineJ)
and pyrrolidine 4) were all successfullprmylated The system was found to be functionally tolerant
towards the presence dlcohols §) and alkenes€) with no evidence of concomitant reduction thfe
unsaturated bondInOT{was able to formylate primary amines like7 showed evidence df-cyclohexy
N-methylformamideas well in 10% vyield. Interestingly there was no evidencefoiridylation of acety
piperazine 8), instead the reaction furnished only theiNethylated product. DMSO is also a known C1
synthon for theN-methylation of aminesThe reaction igatalysed byformic acid which is formed by
CQTHin situprior to the N-formylation. To test whether the carbon sourcethre Nmethylationreaction

was CQor DMSO the reaction was run with DM8£as a solventwhich showed that the carbon source
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was DMSO, as evidenced by the®€C 3IAGAYy I | aLISOGNHZY Ay 6KAOK SI OK
2 mass unit¢seeappendix 4ection8.2). Substrate3 demonstrated soméN-methylated products as well
which were detected by GRS Toachieve Nformylation of3 and 8 the reactions were performed at a
lower temperature and at an increased £p@essureto disfavour the DMSO decomposition pathway and
favour CQhydrogenation This resulted in a yield of 57% and 64% 3brand 8b respectively. The ester
functionality of substrateéd was partially removed during the reaction resulting in only 10% yiel®lof

Thisis likely due to the high acidity of In(G:sT10was found to be selectively moformylated unlikell

which undetthe standard conditionsesulted ina mixure of products including monéormylated product
andtrace amounts of the biformaylated productinddimethylated productasdetected by G@BAS This
system can also successfully formylate and cyolite-substituted anilines and convert them to azoles

as evidenced by substratd® and 13 with 12 being particularly active. This reactivity was achieved by
utilising polyethyleneimine as a scaffold whistpreferentially N-formylated andafter transfer of the
formate to an ortho-substituted aniline yieldl the desired products 12b, 13b, 14b and 13b after
cyclisation This procedure was adapted from our previous work on solvent assisted FLP catalysed CO

hydrogenationsAniline(16) wasfound to be unreactive to Normylation or Nmethylation.

5 mol% InOTf3
’
/’L 150 °C, CO, (4 bar) N
o DMSO /&O
H
D\|/D
5 mol% InOTf; N
-
N 150 °C, CO, (4 bar) \
o DMSO-dg

O>r

Scheme 5.3Control experiments for the-Methylation of8 catalysed by InOTf

In conclusion we have developed a mild and chemoselective approach for the synthedmmiides
from CQI y Rerpinene catalysed by metal triflates producingymene as ao-product. In contrast to
our previous work this synthesis proceeds at 50 °C l¢graperatureand at 25x lower starting pressure.
Indium(lll) triflate is the most efficient catalyst for the reaction over other group 13 trifldfieis is
believed to be a result of the increased water tolerance of In(QMgr Ga(OT$)and Al(OTE DFT

calculations are ongoing to elucidate the mechanism of the reaction.
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5.0 Conclusions

In conclusion we devel@a 7 new RSnX LAs¢hat in combination withnitrogenous LBs were able to
selectively hydrogenate G@nd reductively couple theesultingformate to aminescontaining various

other reducible functional groupso selectively form formamideandwater as the only byproduct. This
marks a major advance in water tolerant FLP hydrogenatioh<CQ as previousFLP catalysed GO
hydrogenations involved a sacrificial component to both dry the readti@ituand cleave the resulting

C1 products.

We then expanded the catalytic activity RiSnXbased FL$*0 the synthesis o&zoles from C&
H. and ortho-substituted anilines. In this study we found thaSRX were able to reductively couple CO
to ortho-substituted anilines, which are both aromatic and primafiglding the desired azole products
after spontaneous cyclisatioM.o increase the activity of our®X catalysed system we employed the
use of polyethyleneimine as a-catalyst. Polyethyleneimine, in the presencehaf FLP catalyst and O
is preferentially formylated and then transfethe formate to theortho-substituted anilines, which then
cyclized yielding the desired products. By this methatalytic activity orpar with the best TM catalysts

for this synthesi®f azoles were achieved.

Thirdly, to expand the scope of LAs that can be used in FLPs we developed various Schiff base
complexes of tin. The activity of the complexes was probed using imine hydrogenation as a target reaction.
We found thattin(IV) salen and salophen complexes were easily sterically and electronically tuned by
varying the nature of the ligafeldromatic substituents, the nature of the moiety which bridged the two
halves of the ligand and of the X groups attached to the metal center. Interestingly the catalystevith t
lowest activity in hydrogen activation had the highest activity for the imine hydrogenation. This challenges

the well accepted notion that Hactivation is the rate limiting step in FLP hydrogenation catalysis.

Lastly, we sought to developcatalyticsystemfor the Nformylation reactionwhich operated at
lower pressures and temperatureEmploying transfer hydrogenation of €®ith ! -terpinene as the
hydride source as opposed to-kh combination with In(OTf)allowedthe reductive coughg of CQ to
amines to form formamides. The temperatuaed pressureof this reaction was 5@Cand 94 badower
respectivelythan our previous reductive coupling reactions with ,A®(OTf} and /-terpinene also
promoted the formation ofazoles using the solvent assisted mettomn ortho-substituted aniliesand

CQ demonstrating the generality of the method. Ultimately this work will assist in the development of
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main group systems which can reductively valorize@®@ allow for an alternative to the widespread use

of transition metal catalysts.
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ED Electron donor
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Pr iso-propyl
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‘Bu tertiary-butyl
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Hex n-hexyl
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dppe 1,2-Bis(diphenylphosphino)ethane
R alkyl
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DBU
RWGS
FTS
TMP
MeOH
CCuU
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Tin-catalyzed reductive coupling of amines with
CO; and H,¥
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Reductive coupling of amines with CO, and H; can be catalyzed by transition metals. However, functional
graup (FG) tolerance is improved when using auliary main group hydrides (instead of Hz), which makes
thamn mare suitable for the synthesis of functionalized molecules. Replacing awdliary main group hydrides
with frustrated Lewis pairs [FLPs) can, in theory, generate comparably selective hydddes in situ from H;
activation. Herein, we report the selective N-fomyation of amines wia CO,; hydogenation catalyzed by a
serbes of RsSaX (R = alkyl, X = O OTE NTfz, CiOs) Lewis acids, which farm an FLP with the amine substrate
ardlor 2.4.6-collidine. FLP dihydrogen activation leads to the in situ formation of an RySn-H species with
excellert selactivity toward CO; hydrogenation over other reducible FGs. Consequently, amines containing
alkeres, amides, esters, and carboxylic acids can be N-formylated with CO; and Hj. Increasing the sterc
bulk of the alkyl substituents prevents the redistribution of the R3SnX Lewis adid to RySn and RzSnX;, which
is the primary cause of catalyst decormpostion. CysSnOTF reached tumowvers of =300 and amine
conversions of up to 100%. In addition to synthesis, isolation, and testing of key intermediates for their
reactivity, we identified an off-cycle intermediate by in operando 'H NMR spectroscopy and therefore
propose a mecharistic cycle. By avoiding the use of any transition metals or awdliary main group hydrides,
our procedune opens a pathway for developing transition-metal -free CO; hydrogenation methods utilising
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rsclifcatalysis hydrogen gas.

Introduction

Carbon dioxide may be used as a renewable C1 source
produce fine chemicals, pharmaceuticals and fuels.'™
However, many applications require COz reduction. For this
purpose, H, is the most atom-economical reductant. Since
reversible dihydrogen activation by phosphaboranes® first
highlighted the potential of small-molecule activation by
main-group frustrated Lewis pairs (FLPs), FLPs have been
shown to activate other small molecules, including CO,% N,07
and $0,,*" amongst others.™ In addition, FLPs can also
promote  the catalytic reduction of wvarious organic
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reaction solvent, kinstle tests of isdated nermedistes, heterooyele reduction,
amalysic of catalyste, Guiman-Heckett anmalysiz, catalyst stability tests and
benzplarin ivity, in sitw NMR and substrate scope analysis
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substrates.”" ™ Direct COz hydrogenation by FLPs and Ha
has, nevertheless, proved mare difficult."''*'7

Using FLPs, €O, is stoichiometrically reduced to methanol
with H, by B(CsF;)s and 2,2,66-tetramethylpiperidine
(TMP)." However, at the high temperatures of this reaction,
Lewis acid (LA) decomposition by the byproduct H,O
precludes catalysis."™® A similar catalytic hydrogenation with
B{CsFs); and 26-lutidine requires a silyl halide, which
captures the products in situ and assists LA-oxygen bond
splitting, promoting turnover.™ In turn, CO, reduction to
formate by H, with B(CcFs)s and excess M,CO; (M = Li, Na,
Cs) only results in high tumover numbers (TONs) in the
presence of potassium metal, which acts as a hydroxyl
scavenger.®! In the absence of additives, FLPs promote CO,
reduction when using auxiliary reductants such as
hydrosilanes or hydroboranes, !4

An alternative approach to catalytic CO, reduction with Hy
consists of reductive coupling of CO, and amines. For
example, N-formylation (Scheme 14) simultaneously yvields
valuable products, including solvents,® ™ pharmacologically
relevant compounds, ™ and synthetic building blocks.*'**

FLP-catalyzed reductive coupling of amines with CO, and
H,, however, remains unprecedented. Although transition-
metals (TMs) such as Ru,** Rh,* Fe™~° and Co® complexes

Catal Sei Technol. 2023,13, 637-644 | 637
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Scheme 1 A} N-formyation of amines with CO; and Hx B} examples
of transition metal catalysts; C) Lewis acid components of FLP catalysts
reported in this study.

andfor salts (Scheme 1B) catalyze N-formylation reactions
with ©0; and H; at 10°-10° TONs, only a few of these
reactions are selective for CO, reduction over other
reducible FGs** Given their lack of selectivity and the
search for inexpensive, greener catalysts, ThM-free catalysts
have emerged, including carbenes, ™ ionic liquids™*
and inorganic salts.**' These TM-free catalysts tend to
be selective to CO; reduction over other reducible FGs
and more active toward N-formylation of aromatic amines
than TM catalysts*® However, they require auxiliary,
main-group hydride sources such as hydrosilanes or
hydroboranes. As a result, the atom economy of these
reactions is low.

In theory, FLPs and H; may replace these auxiliary main-
group hydrides by in situ generation of comparable reducing
agents with potentially high selectivity to CO, hydrogenation.
Catalytic turnovers would then be achieved by formate
transfer to an amine and elimination of water from the FLPs.
Nevertheless, other than a few exceptions, FLPs tend to be
water sensitive,">“™** This property of FLPs might have
hindered the development of FLP catalysts for reductive
N-functionalization of amines with C0, and H,.

In this study, we developed several novel water-tolerant
FLPs comprising R;SnX LAs (where R = alkyl group and X =
Cl, OTf, NTf, or ClO,} in combination with the amine
substrate or 2,4,6~collidine as the Lewis base (LB). These FLPs
efficiently catalyzed N-formylation of various amines with
C0, and H, at 453 K, under 100 bar H, and 4 bar COQ,
pressure, in sulfolane ([CH,)S0;) solvent. Low partial
pressures of CO, were beneficial for this reaction catalyzed
by our water tolerant FLPs, in contrast to TM catalysts, thus
demonstrating the comparative ease of CO, reduction by
main group hydrides. Consequently, amines can be
selectively N-formylated with CO, and H, in the presence of
other FGs (alkenes, amides, esters, and carboxylic acids)
without concomitant reduction.
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Results and discussion

Considering the success of hydrosilanes as selective CO,
reducing agents*™* in previous N-formylation reactions, we
studied group 14-based FLPs as H, activation catalysts for in
site generation of group 14 hydrides. Our initial study was
performed using ['PrsSnOT: 2,4,6-colliding] (FLP1), as it is a
water tolerant FLP.” To model the reaction with FLP1
morpholine was chosen as the model substrate at 453 K,'* 30
bar of Hy (ref. 2} and 4 bar of CO, (Scheme 2). Morpholine
was selected because it is often the model substrate of choice
for TM catalysts for this reaction and the product
(N-formylmorpholing) can be used as a solvent and as an
anticorrosive agent in the petrochemical industry.®*™*7

Although FLP reactions have been almost exclusively
performed in aromatic or ethereal solvents, ™ the low
solubility of carbamate salts (formed from amines and CO,)
in these media render them unsuitable for the target
application. After screening high-boiling-point solvents, we
identified  dipolar  aprotic  solvents, such  as
N-methylpyrrolidone (NMP) and sulfolane, compatible with
these RiSnX/base FLPs as the most suitable reaction media
(see ESIf) In line with these results, the related
dimethylformamide (DMF) and dimethylsulfoxide (DMSO)
have been previously shown to be the most efficient solvent
systems for N-functionalization of amines with CO, using
main group hydrides.*** % Considering its lower toxicity,
sulfolane was selected for further reactions.

Increasing the CO, partial pressure from 1 bar to 4 bar
improved the formation of formamide from 16% to 26%
(Fig. 1A) most likely due to the increase in the rate of CO,
insertion into the Sn-H bond. By contrast, partial pressures
above 4 bar lowered the reactivity of the system (Fig. 14).

This reaction slowed down at higher partial pressures of
€0y, but reactions catalyzed by TMs, such as Co® and Ru®*
complexes, use partial pressures of 30-35 bar CO; and a
typical equimolar ratio of H, o CO,. Equivalent experiments
using partial pressures of H, and CO, of 30 bar with FLP1,
however, resulted in only 14% conversion, in contrast to 26%
at 4 bar of C0,. This difference implies that in the
N-formylation reaction CQ, insertion into the Sn-H bond is
easier with FLP1 than with previously reported TM
N-formylation catalysts and that high selectivity to CO,
reduction may be reached.

Increasing the H; partial pressure increased morpholine
conversion (Fig. 1B) rapidly up to 50 bar, and more gradually
up to 100 bar. The disparity between H, and CO. partial
pressure, and a Hyt0-CO, molar ratio >12.5 suggest that

B PrySnOTE : 2,4, 6-Col ,0
N+ cop ¢ Hy Lt + H:0
{4 bar) (30 bar) 453 K En]
s}

Scheme 2 N-formylation of mompholine with COz and Hz catalyzed
by [PrsSnOTH: 2.4.6-collidine).
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Fig. 1 Optimization of reaction conditions: morpholine (0.5 mmol), FLP1 (10 molX), sulfolane {5 mLL 24 h and unless otherwise specified Hz (100
lbar), COz {4 bar), temperature (453 K); A) effect of CO: partial pressure at a constant partial pressure of Hz (30 bar]; B) effect of Hz partial pressure;
C) effect of reaction temperature. All reactions were repeated in triplicate, and the reaction product was quartified by "H NMR with DCM as the

intemal standard. Error bars represent one standard deviation.

hydrogen activation by FLP1 is slow and possibly the rate
determining step, as observed in numerous examples for FLP
hydrogenation systems.™

Increasing the reaction temperature also increased
morpholine conversion up to 453 K (Fig. 1C). At higher
temperatures, 'H NMR and GC-MS measurements indicated
that the LA component of FLP1 redistributes to 'Pr,Sn, which
is clearly identified by mass spectrometry measurement (291
mfz) with a characteristic tin isotopic pattern, and
presumably to 'Pr,Sn(OTf), which is the expected
thermodynamic product of the redistribution.™~*After
synthesizing and testing authentic 'PrSn(OTfl: 24,6
collidine (FLP1b), we found that this product is also an active
catalyst in the presence of a suitable base, albeit with a lower
activity (Table 1, compare entries 1 and 12).

At temperatures above 453 K, the favourable temperature
effect is, at least in part, balanced out by the decrease in the
amount of the mare active 'Pr:SnOTf LA and its conversion

Table 1 Effect of R and X groups of Rs5nX and Rz5nXz on N-formdation
of mompholine in the presence of 24.6-collidine

Entry  Lewis acid Loading (mol%)  Yield (%) TOF'[h™]
1 ‘PraSnOTF 10 57 0,25
2 *Bu,SnOTf 10 43 017
3 NphsSnOTf 10 39 0,17
4 CySnOTE 10 95° —

5 CySnclo, 10 B3 —

' Cy;SnNTE, 10 8y —

7 CpSncl 10 70 0,29
8 Cy:SnOTE i 28 L16
Q9 CySnClOy, 1 i7 071
10 CySnNTE, 1 16 0.67
11 = 0 0 0
12 PraSn{OTH)2 10 28 0,13
13 PrySn0Tf 10 a5 ke

Reaction conditions: morpholine (1 mmal), sulfolane (4 mL), LA
24,6-collidine (1-10 mal%), CO, (4 bar), Hy (100 bar), 453 K, 24 h,
average yield after three runs. Yield was determined by "H NMR with
an internal standard. * 48 h reaction. ® TOF was only caleulated for
reactions that did not approach thermodynamic conversions,
¢ Morpholine was completely consumed Le 100% conversion.

This jounal is @ The Rayal Saciety of Chamistry 2023

to 'Pr,Sn(0TH), (and inactive 'Pr,Sn). This conversion to 'Pr,-
Sn[OTf), may partly account for the plateau observed at
higher temperatures (Fig. 1C; vide infra). Further testing of
FLP1 stability at 453 K in a 2-week long reaction revealed that
the maximum TON of the system in the N-formylation of
morpholine with CO, and H, is 162 (see ESIF).

The stability and ability of LA to split H, is closely related
to the identity of the B**** and X groups™ attached to the tin
center. However, only FLP1 and ['PrsSnNTf: 2,4 6-collidine]
were demonstrated to be both water tolerant and active FLP
hydrogenation catalysts. Hence, to improve the activity and
stability of the system and to expand the scope of water-
tolerant, tin-based FLPs, we tested various RsSnX species
(Table 1) under optimized N-formylation reaction conditions:
morpholine (1 mmol), sulfolane (4 mL), [LA: 2,4 6-collidine]
(10 mol%), CO, (4 bar), H, (100 bar}, 453 K, 24 h. Only R
groups larger than isopropyl (R = Nph, "Bu & Cy; Fig. 2} were
considered because excessively small groups could preclude
FLP-type chemistry due to adduct formation,*® whereas larger
steric profiles should promote water stability of FLPs,*” and
should hinder the undesirable redistribution reaction for
FLP1, which likely involves two R;SnX molecules in a
bimolecular mechanism® and thus be inhibited by increased
steric hindrance, ** 7"

The increase in Lewis acid steric hindrance from FLP1 to
“Bu 3SnOTH: 246-collidine (FLP2} or to NphsSnOTf: 24,6
collidine (FLP3) decreased the N-formylmorpholine yield to

R
g w0 AL
R"R
r Cy *Bu Nph

Q o O:§’P D‘:\;SJP_QLS:’O O:E':F o
X FCF pd Nkr, &0

5N
O oTf NTH =7y

Fig. 2 Structures of RaSnX Lewis acid tested as components of FLP
catalysts for the N-fomylation of morpholine.
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43 and 39%, respectively (Table 1, entries 1-3). In addition,
the buildup of tin formate and hydride as confirmed by
diagnostic resonances in the "H NMR spectrum [at 8.58 and
5.67 ppm respectively) suggests that too large an increase in
steric bulk can either slow CO, insertion into the tin-hydride
bond and/or hinder formate transfer to the amine substrate.
Nevertheless, CysSnOTH: 2,4 6collidine (FLP4) showed 100%
morpholine conversion and 95% N-formylmorphaoline yield
(Table 1, entry 4) without CysSnOTf redistribution or other
decomposition. The maximum TON for FLP4 exceeded 300
(see ESIf), thus confirming that FLP4 is more stable than
FLPL.

For the Cy;SnX: 2,4,6-collidine system, the X moiety was
subsequently investigated using the conjugate bases of three
other strong Brensted acids: perchlorate (Cl0,7) (FLES),
trifluoromethansulfonimidate (NTE™) (FLP6), and chloride
(FLP7). All but chloride gave full conversion in 24 h at 10
mol% loading (Table 1, entries 5-7) and so were tested at a
loading of 1 mol% (Table 1, entries 8-10) for accurate
comparison. Although Cy;SnNTf, and CysSnCl0, are more
Lewis acidic than Cy:5nOTf, as determined using the
Gutmann-Beckett method (see ESIf) and hence FLP5 and
FLP6 should be better able to activate H; however, their
catalytic activity in the N-formylation reaction was lower than
that of FLP4, indicating a decrease in water tolerance or
stability. Nevertheless, FLP4-FLP?7 demonstrated higher
activity than FLP1 (Table 1, entries 1 and 4-7), confirming
the superiority of Cy;SnX over 'PriSnX in tin-based FLP-
catalyzed hydrogenation reactions.

Both 24,6-collidine and morpholine can act as the Lewis
base in FLP catalysis. While morpholine is the stronger Lewis
base, and is hence expected to better promote H, activation,
its reactivity with 00, decreases its basicity under the
reaction conditions (vide infra) resulting in higher FLP
activity of FLP1 than that of 'Pr:SnOTf: morpholine (FLP1c)
(Table 2 entries 1 and 2). Similar results were obtained for
FLP4 and Cy:SnOTf:  morpholine  (FLP4b), where
N-formylmorpholine was obtained in 28% and 15% yield
respectively (Table 2, entries 3 and 4).

Table 2 Effect of an added Lewis base on N-formylation of morpholine
with 'PrsSn OTF and CyzSnOTF LAs

Entry Lewis acid Lewis base® Yield (%) TOF [h™]
1 iPr,SnOTE Collidine® 57 0.25
2 'PrySnOTH — a4 0,21
3 Cy;SnOTE Collidine® 28 1.16
4 Cy,SnOTH — 15 0.63
5 Cy,SnOTE TMP-H" 20 0,73
6 CysSnOTH TMP-Me® 17 0.71

Reaction conditions: morpholine (1 mmal), sulfolane (4 mL), COy (4
bar), Ha (100 bar), 453 K, 24 h, average vield after th'rl:e runs. Yield

was determined by "H NMR with an internal standard. * 10 mol% of
Fl.]',’lrml%uf]'-‘l.]) ¢ Added Lewis base and where no base is
indicated morpholine acts as the Lewis base. TMP-H is 2,2,6,6 -
tetramethyl piperidine and TMP-Me is 12,266 -
pentamethylpiperidine.
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In combination with Cy:SnOTf the use of 2,266
tetramethylpiperidine [TMP-H) (FLP4c) and 1,2,2,6,6-penta-
methylpiperidine (TMP-Me) (FLP4d) instead of 2,4 6-colldine
resulted in 20 and 18% yield respectively (Table 2, entries 5
and &), which are both lower than obtained with FLP4
(Table 2 entry 3) under equivalent reaction conditions.
Moreover, TMP-Me showed signs of instability in the
presence of CysSnOTf and when FLP4d was used in the
reaction in the absence of Hs, the system still achieved 3%
yield of N-formylmorpholine indicating a possible hydride
abstraction from TMP-Me by Cy;SnOTf and subsequent CO,
reduction wia transfer hydrogenation rather than H,
activation. N-formylation of TMP-H has not been observed
presumably due to its large steric profile.

Due to its highest activity, substrate scope was explored
with FLP4 as the catalyst at low-to-moderate conversions,
which were achieved with 2 mol% of the catalyst for both
highly and poorly reactive substrates, to highlight kinetic
differences in reactivity between various amines (Fig. 3).
Secondary  amines  such  as maorpholine (1),
N-methylpiperazine (2} and diisopropylamine (3) were all
successfully N-formylated. However, (3) proceeded at a much
slower rate, most likely due to the increased steric profile of
the amine. The tertiary amine (2}, aloohol (4) alkene (5) and
amide (6] functional groups were well tolerated. These results

& Qe

10NJ||1'\“" 28 1h
Yigld o™ = g5oy

) _L,‘%
it e g*v FO)L”‘
2

T':lN Ima¥ _ 4 3
Yield' o™ = gaeg

Tor.““’“ a
Yiehd'0mer® = g0,

N

A ?YHQ ¢

O COE
3 COgEt . Cs
TONETeN 5 5 3 TOMImH=
Yield 1070% = 119, Yield 1M = g5,

(\f"“ O/\OH @r”"? @““""

TON"”'\= 16 TCI L =0
Yiald'#™% = gtk Viald "% = 0%
f\f”"\. ,gi‘v”-._ Cr\ ©/\H

]
TONm o 15 ° TON""‘" o

Yield 0T w Ag Yiek "™ = g
Fig. 3 Substrate scope for the N-formylation reaction with COy, H;
and Cys5nOTf catalyst. Reaction conditions: amine (1 mmol. sulfolane
{4 mL), LA: 2.4, 6-collidine (2 mol¥), COz (4 bars] Hz (100 bars] 453 K,
Hthel.dswuedetm‘ri‘mdbylH MMR and structures confirmed by
GC-MS.
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demaonstrate the high tolerance of the system to alcohol
functionalities, which usually inhibit FLP reactivity.
Moreover, concomitant reduction of the alkene (5) or the
amide (6) double bonds was not observed. Carboxylic acid FG
(7) was also tolerated although the reaction was 7 times
slower than with morpholine presumably due to the
reversibility of H, activation wia protonation of the tin-
hydride. Partial elimination of the ester FG (8] resulted in a
mixture of ethyl 1-formylpiperidine-2-carboxylate and
N-formylpiperidine in the ratio of 7 to 3. The reaction rate
also decreased when positioning the ester group next to the
reactive amine. Accordingly, steric hindrance might have
played a key role in this deceleration. Moreover, such
functional group tolerance is the key to the synthesis of
N-formamides with  biological applications  because
pharmacological structure activity relationships are extremely
sensitive and N-formylated compounds are known to
modulate  physiological processes related to  sepsis,
Alzheimer's disease, and respiratory failure 39

Aromatic (9) and benzylic (10} amines were unreactive
towards N-formylation. The poor reactivity of aromatic
amines, which may be attributed to their low nucleophilicity,
matches that of TM-atalyzed reactions.”® Benzylamine
undergoes a side reaction to form a mixture of N-benzyl1-
phenylmethanimine and dibenzylamine in the 24 h test (see
ESIf).

To demonstrate the synthetic utility of the protocol the
substrate scope was performed at higher conversion rates
(using 10 mol% catalyst loading). The conversions of
morpholine (1), N-methylpiperazine (2}, N-formyl4-
piperidinemethanol (4], isonipecotic acid (7} and ethyl
pipecolinate (8) all scaled directly with catalyst loading. The
conversions of diisopropylamine (3), N-allylmethylamine (5)
and 1-acetylpiperazine (6), however, did not scale directly
with catalyst loading. The reaction of N-allylmethylamine (5}
showed significant €0, over reduction to N-methylation
product, as confirmed by GC-MS, of the substrate which
likely contributed to the decreased presence of the N-formyl
product. Analysis of the reaction of l-acetylpiperazine (6) by
"H NMER showed a buildup of Cys5n(0COH) suggesting slow
formate transfer and concurrent decrease in yield. Analysis of
the reaction of diisopropylamine (6) by 'H NMR showed
build of Sn-H suggesting this amine slowed down insertion
into the tin hydride bond which is likely due to the steric
bulk of the amine being less suited to activate the Lewis acid
hydride bond.

Based on our results and on previous literature, we
proposed the following catalytic cycle (Scheme 3):

In the first step, H, is split heterolytically into tin hydride
and ammonium triflate (Scheme 3, step 1),°'543%57 where
the amine substrate or 2,4,6-collidine acts as the FLP base
(Table 1, entry 1 (FLP1) and 13 (FLP1c)}. Although the amine
would be usually the stronger base, strong bases react with
COy (Scheme 44), which results in lower in situ basicity of the
amines and a beneficial effect of the much weaker base 2,4,6-
collidine. As shown in Table 2, the reaction with 24,6
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Scheme 3 Catalytic cycle proposed for the N-formylation of amines
with CO; and H; catalyzed by tin-based FLPs.

collidine (FLP1) achieves higher conversion than the reaction
without (FLP1c) where morpholine acts as the Lewis base.
This is also the case for Cy;SnOTE, when collidine is removed
from the reaction (FLP4b) the rate is reduced by half As
often occurs with FLPs,™ Ha spliting is likely the rate-
determining step, judging by the required H, pressure and
by the disparity between H; and CQ, partial pressures
suitable for the productive reaction. In addition, H,
activation is partly inhibited by reversible water”® binding to
FLP, but CQ; binding to FLP was not observed in this system.
In situ "H NMR experiments at 4 bar CO, and 100 bar H,
between 298 K and 393 K revealed that morpholine captures
C0O. to form a carbamic acid (Scheme 4A), as shown by peaks
at § = 3,19, 3.66 and 8.37 ppm in a 4:4:1 ratio (see ESIT),
rather than the expected carbamate salt (Scheme 4B}, which
precipitates from low polarity solvents, CO, capture by FLP1
or FLP1e or subsequent inhibition of FLP reactivity were not
observed either (Scheme 4C).'? Based on these results, above
4 bar COj, the morpholine-carbamic acid eguilibrium may
hinder N-formylation™ by inhibiting formate transfer or by
protonating the tin hydride, leading to reversible hydrogen
activation from FLP1. Further mechanistic insights are
needed to confirm these hypotheses,

i 1)

{)";\OH

:(:jme_H Q¢
; K

c
i,
'PraSnOTE
E(Hj + 00, ——= G "{-sa’iﬂ + [HBase][OTN
! P

Scheme 4 A) Reaction of mompholine with CO: to carbamic acid in
sulfolane; Bl reaction of morpholine with CO: to carbamate salt in
low-polarity media; C) hypothetical trapping of CO; by FLPL.
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In the second step, CO, is reduced by the tin hydride to
tin formate (Scheme 3, step I} facile CO, insertion into tin
hydride bonds has been repeatedly demonstrated, ™" and is
even reversible for some tin hydrides, such as tri-n-butyltin
hydride.®' Attempted CO; reduction to tin formate by FLP4
without morpholine resulted only in the reduction of 2,4,6-
collidine (indicated by the absence of the aromatic peak and
the presence of two new methyl group signals in 'H NMR,
see ESIF). No tin formate was formed, suggesting that the
presence of an amine may assist CQ, insertion into the Cyy
Sn-H tin hydride bond, as observed for hydrosilane
reductants.**Alternatively the reversibility of CO, insertion
into the Cy;Sn-H tin hydride bond may be ruled out as has
been shown previously that 0O, elimination from Cys
Sn(OCOH) is not reversible, with neither CO nor CQ, being
formed at temperatures of up to 463 K. Instead, Cyr
Sn(OCOH) decomposes into an insoluble orange solid.** The
decomposition of CysSn(OCOH) at elevated temperatures
may also explain the conversion platean observed at
temperatures above 463 K

Synthesis of CySn[OCOH) and its direct reaction with
morpholine shows that formate transfer between the tin
formate and amine substrate is fast, and subsequently forms
the formamide product (Scheme 3, step Illa see ESI} for
details). The formate transfer is uninhibited, even at high
partial pressures of CO,, as evidenced by the same
conversion in the direct reaction of Cy:Sn{OCOH) with
morphaline at & bar CO, and 30 bar CO, (determined by *H
NMR). Considering that the formate transfer reaction yield is
the same at higher partial pressures of COQ,, the off-cycle
equilibrivm between carbamic acid and amine may instead
negatively affect hydrogen activation because protonation of
the hydride may render H, activation reversible as opposed
to hindering formate transfer.

The formamide product may be formed via two possible
pathways, either by (1) direct formate transfer from the LA to
the amine (Scheme 3 step Ia) or (2) formate elimination
from the LA and subsequent formylation of the amine
(Scheme 3 step IIb). Pathway 1 would result in the formation
of CysSnOH, and water would be eliminated
(Scheme 3, steps Ila and IVa) by its protonation, as
previously shown for reversible binding of water by FLP1."
We synthesized Cy:SnOH and morpholinium triflate to
replicate the last step of the cycle. After 24 hours, the
reaction of CysSnOH, 246-collidine and morpholinium
triflate (all present in catalytic amounts (10 mol%)) was 9
times slower for the N-formylation of morpholine than for
FLP4 under the same partial pressures of H; and C0, and at
the same reaction temperature, This may mean that the
reaction does not proceed exclusively via the hydroxide.

Instead, an alternate reduction pathway, like pathway 2,
may be responsible such as the elimination of formate from
Cys5n(OCOH), leading to the direct reaction of morpholine
and formate, which is a known pathway for transition metal
catalyst (Scheme 3 steps IIb and IVb).*® Starting the
N-formylation of morpholine at CysSn(OCOH]), 2,4 6-collidine
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and morpholinium triflate (all present in catalytic amounts
(10 mol]), which can both form the hydroxide and
eliminate the formate, resulted in the same rate as starting
from Cy;Sn0OH and morpholinium triflate, Le. 9 times slower
than the reaction of FLP4 with morpholine under the same
conditions thus suggesting that this reaction proceeds via the
hydroxide, However, running the standard reaction with Cys-
Sn[OCOH): 2,4,6collidine as the catalyst (10 mol%) resulted
in twice as much conversion as with Cy:Sn[OCOH} 24,6-
collidine and morpholinium triflate in 24 h, showing that
very little morpholinium triflate is likely formed during the
reaction and that the reaction may proceed viz formate
elimination (Scheme 3 steps IIb and IVb).

Conclusions

In conclusion, tin-based FLPs catalytically reduce CO; to
formate with H,. Once CO;, is reduced by the tin hydride to
tin formate, the subsequent formate transfer o the amine
substrate forms the formamide product. The N-formylation
reaction is catalyzed by RsSnX LAs, which, together with the
amine substrate or an additional LB such as 2 ,4,6-collidine,
form the active FLP catalyst. Lewis bases that do not react
with CO, seem to form more active FLP catalysts for the
N-formylation reaction than stronger bases that react with
C0O,.The R and X groups of the LA have a strong effect on
both catalyst activity and stability,. With a TOF of 1.16 h™
and TOMN >300, FLP4 is 4 times more active and at least 2
times more stable than our initial FLP1 catalyst. These
improvements in the stability and activity of the LA catalyst
and its selectivity to €O, reduction show promise for further
developments of FLP-catalyzed reductions of CO, and for the
replacement of sacrificial main group hydrides in reductive
coupling reactions of amines with CO,. FLPs have the
potential to replace the now very selective auxiliary main
group hydrides with H,, while maintaining comparable FG
tolerance.
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