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cat. [Fe]
A promoter

Ny + 3H, ———————= 2NH;3
300-500 °C,
60-180 bar

CO, +4H, ——— > CH; +2H,0
300-400 °C,
approx. 30 bar

C Knowles

Ho
MeO COOH Rh(L*) MeO COOH
_—
NHA
AcO c ACO NHAc
Noyori
o o (R) or (2:2) L*-Ru on 0
R1JJ\/U\OR2 R1€N)J\OR2
excellent
o H, on % ee's
JJ\ (R) or (S) L*-Ru j\
R3 R4 base R3 * R4
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$373 Million
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Chapter 4
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Standard Lewis acid/base interactions
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LA— * \\\\“/LB\ I ~ LA—LB,,
"o,
Lewis acid Lewis base Lewis acid-base adduct
(electron acceptor) (electron donor)

(donor acceptor bond formation)

Frustrated Lewis pair interactions
Vo - ¥ SN
0 - PO 9

Frustrated Lewis Pair
(sterically inhibited bond formation)
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= H—&H
R2 Ha R H
5 mol% B(CgFs)3
Ph.  CO,Et DABCO f‘h\ /C('?'zEt
/N
H  CO,Et Hy H  COEt
R 5 mol% B(CgFs)s R H
- /
Y=0 Ha Hs—o
R' R’
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{ OKSr &

X !

X, ,.-Bn
Ph™ N Ph/go

* — +
H,0 .B

L2 HN"

R3SiH

. HO-E

E = H or R3Si

s A
1 i B
| ,Bn' -
| Ph)\l\ll ! Ph E
: . H Hydrolysis 4
| HO-SiR, | TE=RsSi HO-E
‘. __________r onamine

Observed

products

n
H
N+
Ph)\l\ll/Bn

E

AA0f SLINR V2 & 86 0y OEDNBH 0O a2 NEESR
200 S dzyRwW3 aZNAISWS R+ YAy Sovl yR oSyl R
9FNIe 62N] 2y NBRUDBDWHSOR YaMyf Hoy25yaa o a NI LI2 N.
SUD I X ydRKm&E . dzadCS RO Ma S12K{: 01 d w2 RFOBHRS Sl Q 0
RAOKf 2 NEB § y{LBrRBY (S O2 Yy RVYNFSa 6SNB 20601 Ay SR
2T AAVRGSKERSE YRNS WENEBraA y S& dza SR G2 SELX 2 NEF
NEBIljdzA NBYSyida 2F (KS &deaiby oSEBRSIHaF BT WacikS
g2 SEOSL@mad b2Glofex GKS aedadsSy RAR y2i i
Y2RSN} GSf @ AGSNROI tfe@ Sy Odzyo SNBR Ol Nb 2y
FOSG2LKSy2ySos 3ALBS FFLHANI @ 26 @8AStRa 02Vl
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B(CgFs)3 (1 mol%)

o Me,PhSiH (1.2 eq) R R
S+ ArNH, A NA
R” R wet'o-DCB, 100°c  H~ N
le 1.2 eq 15h
q ) 18 examples

40 - 99% yield

Selected examples CF;

Ph Me
N,Ph N,Ph
H H ©/\H CF3

40% 64% 67%

NO,
/©/ N’Ph
©/\H /@/\H
MeO

40% 99%

{ OKSWp SO NI e ¢g2N)] 2y ./ C OFrdGlrfeaSR NBRdz0Oa @S |
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g GSN) G2t SN yOS Ay (GKS LINBaSyOS 27F @I NA:
' YAY | &§ DREWVIBO'® KAf AGa || GAFofS OFaGrtead F2NJ

I OARE wH Ay a FAMNDI &l Ay 2 (oi®2 Wi dzAlyid & S/ GAORE
AYONBDHSRSRNDI aA0A(e ANNBOBLABRABYSY 85 LINBE R
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200 AYSW WNRY2F aAYLIE S It RSKeRSa yR (1SiG2y
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A 0 FLP-borane (cat.) R

Ph” “H 2 100 °C Ph” 1 H
i B(CgFs); .
OMe Irreversible deprotonation of H,O-BArs |
NH;  NH; NH3 NHz  NH,
10 12 14 16 18
pK, in MeCN
Protodeboronation [Oj \‘/
N NH3
NH H,
+ 3 BPh;
B BPhj (10 mol%)
0 Me,PhSiH (3.5 eq) R R
ML+ ReNH, - X R
R™ R 'wet' MeCN, 100 °C N
1eq 1.2eq 25 h? or 30 h®

19 examples

32 -98% yield
Selected examples

Me
)\ .Bn -Bn ~nBu
eslive
90°/oa 75%b 450/0b
_.B

e e

N H

MeO
84%3 98%*

{ OKSP | YAYS &dzoad NI GS ao02L)S G2f SN yOS dzy RSNJ
T2N) . H@NDgRE 6AGK KAIKDP SHANK | 1 GRFSIRe NBR dide 3.5t F
aeadsSyo

I AAYAf N BYILINPEORK 4ER2 NJBHNRSOSE 2LISR |y
OFLGlFfeaSR NBRdzOa®P8 I YNPRIADY LIRIR § BR G K
SOGNBYAO YR aGSNAO GdzyAy3a g2dxZ R 6S NBI
02Nl ySa ¢gAGK 3INIRdzZEf OKI y&ESZ2dzF RIEKRA KNI AKS

2Ya FNmMEERESo2y 2y (GKS FNBf &dzoasilddsSyida |
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1L GSNI O2@ N®RSlio PN UiMpEIS 0t S (2 OF NNB 2 dz
FYAYlLoa2y 2% YNESalLgzRAYVHIR mMmYM Nloa2 o0SGsSSy
Mn YRE:HA QR WR 2&a Ay 3 G2 dzSyWSE | 1an  {KKeRISNERSOE S
MoMdH SO2 Y RIFNE ' YAYSa FHNRYcl GBNRENENNYRY SE
fAYAGSR &St S0rRiya ® Fi RS 1@yStara NI y adSpR: GFINR Y
OKSm@2NIyS OFraGrfead 6SNBE 2060FAYSR FNRY | N
gla akKz2gy G2 060S OFLIofS 2F LIBENE2NNVYRII NBRE

15 (10 mol%)

2
H, (20 bar) HiyR
O N +
P + RZ%NH, /{\ 1 H,0
1 toluene, R R
ROR 80°C,72h H

30 examples
17 - 95% vyield

_____________________________________________________________________

(o] Cl % Cl cl cl
] [
& BoRease é'( j@
cl Cl Cl
13 14 15

_____________________________________________________________________

Selected examples

_Ph .Bn
N N Cl N,Bn
H H H

78% 90% 33%
B
N = ” "
_N
50% 95%

{OKSWS 2 GSNJ G2t SN yd C[t OFdFrftegaSR"NBRdzOs @S

I Y2NB NBOSYy(d oOoONBITIOKNRdAdZZAK AYy NBRdAzOam@S | YA
62Nl SNEP® ¢KSe& [AYSR (G2 SyKFIyOS GKS NBI Os @A
LINSOA2dzaf e OKIf{SYRIFEABKAUDOKLE t 42 0 Hzff D2 NLI2 N
IANRPdzLJa fA1S | f02K2fax ' YAYSas yR OFNb2Ee&f

a (KSe 0iG la aeyikKSeWNASHYRIISR BRENIGK&E dz
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AaONBSYyAy3a | ONRIRYRRBRVABYRWEE { RSKR RE&Y | YRl Y
/ hhl k h)JIMNRIdzZIOK SEBPY SG 2y Sa 6 SNB  yywriie acdNBB yiBRS
' YAYySa aONBSySi 8 &NB alif pSy T RYA WEKE QUIKEINA y SF
Lt 1et AIONBBFBERYEBERSt f Sy i & A SFREK AOSAS iyKRA adEdy’ >
dzZa SR ¢1 C FyR a{ (2 NBY:2&5 (IMISK 26R GASYND oL INERf RedzC
{ S LK gzmnd

16a (5 mol%)
o oH H, (20 bar) RH a i
U+ HoN=R!—=NH, NCR! —=NHp» * M0
R” “H NG THF, 4A MS TN
100 °C, 6 h? COOH

Teq 1eq
14 examples of aldehydes (29-99% isolated yield)

21 examples of amines (34-99% isolated yield*)

Cl % Cl
F F x i i
E B E ‘one compound yield estimated by NMR
H F F H other conditions were sometimes required
E L (2 h°. At 80 bar H,°. 10 mol% 16a°. 15 mol% 16a®. 15 hf. 18 h9.)
16a

Selected examples

SO

0
nd%C >99% 29%
CONH,
_Bn /©/
N N ; “NO, N
H <l H

34%° 47%C4f 96%Cdf
{ OKSi®S a 2 MRHdaNGOY il  t ea SR NBRdAzOa®8 | YAY Il a2y

| 2AKAYR BRI R (KS GWNERSRYSHPSt 2L | asadsSy 0
INBRdzOa @S IIYYRA yaldeoByS @) tdaSa/lis 2y @ ¢KA & &d2daidsSy L
FTNRY | tVRISKRERG V2 LIKGKEF £ A0 | Yy K§ROK &  FRNRY |
NEaSHNDK A& Iy SEOSttSyid SEIFYLES 2F 6KIG C
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16a (10 mol%)

o) H, (80 bar) H
I+ HN-R! - IRt + om0
R™ "H THF, 4A MS R |
100 °C, 15 h H
1eq 1 eq
COOH E I
©ifo ; @Eﬁ'\' N\ 7/
17 H 5 H H

________________________

3 examples of amines (77-96% yield)
isoindolinones

5 examples of amines (66-99% yield)
3-aminophthalic anhydrides

Selected examples

o) o)
CUp) T oo
H H HH OH

96% 94%
H H
H H
o P
) : S
H J HOOC S
o

77% 62%
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28408y LINEZI
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OKIFffSyasSa NBYlIAYyS>S &ddzOK |a GKS t26SNI NBI O
Ol tK5&EBPISYSNIE fAYAlla2ya FINB faz Olf
20KSN) C[t W IDBWOI 83@Pp8&tHh21LI¥YSyida FAY (2 IRR
SylrofAy3a C[t adesaAlySar aa Alf2l y29UaS NAINBOSK @ RE IS NT § d

OH



f2IRAYy3a a €26 & nom Y2fi2d ! RR

O«
[
—
D
ax
[

A8 YYSONRO @S NHAM®RBESR2 MBC[Ota2yad® ¢KSaAaS | RII
aeaidsSvya Of 2aSNI ggStta 2F NBI Qo BRBS JISWR Syl
GKSNBE | NB &daff I NBLJAdZANBYSY(d F2NJ FdzNI KSNJI A

The development of moisturlerant boranes has been crucial in the use of FLPs as
catalysts in reductive aminations as the reaction must proceed even in the presence of

a superstoichiometric amount of water, which is derived from imine formation and
therefore cannot be avoide (OK )8! £ 1 8t I YAYS& NBLINBaASyd |
Ca2NIOFSi I f 2aSR NBERROZSII 21 YAAKYSABKA ¥ A5 BNIDH ZHSARO
O2YLJ NBR (2 INRBRfIYAYSAZ ¢KROKtXNIASS aBISiyI fya
NERdzOsa @3S ' YAYlI o2y d Kadsal NBa S SBNE y& SIER 5 dxy
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0 KA& {TeKBIASY RO K WS & RSN & 6 KA OK KI @S &S
¢tKSaS AyOfdzRS (GKS &adeyikKSaira |yR TdzyOa2yl
GNF yaF2NX¥I a2y 2DSY LISNF2NYSR OAale yNBEKRBEG a6
Ly (KRAYPESK LINPINBaad KIFa 0SSyAwmmEBIN: iyBSs | NJ
OFGFrfeaSR NBRdzZOa @S FYAYyla2yas gKAOK Aa az2)
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Y2 SOWKSHG ® RIRODONIDYORIYAS NI 6t S G2 adNBy3d . N
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H, Rk R)J\R f /T\H .
B(CeFs); ——» ROM T T R)\R R RZ0-BCHF ),
RO H-B(CeFs)s (O
- 6! 5)3

{OKSS C[t OFdGlrfteaSR KeRNRISYyl a2y 2F OF Nb2yetf
SGKSNEBI tvega2x gSy i ao
¢KS ! aKfS& 3INRdzZL) 6SNB S@Sylddzrftte FotS G2 |1
' YOASY:G O2yRAs2ya 02LISY ANE G§SOKYyAOFf 3ANI
dzaSuv®d Ly (GKA& OFasSsy GKS LINBaSyoOoS 12a& w2 SNJ
0FaA0 Sy2dAaAK (2 mRIBNBIaCIyd (I1SH GKEB A YLRZ NI y i
LINE&SYyOS 2F 461 GSNI Ay GKS NBIF Osz2zy YAEIGJNS
I OKAS®S (KS alyYS KAIK O2y@SNBAZ2Y '3 HES NE
Y2 2 FGWAKSH.to@i YR MuinKk S INB 1O 2y (G221 o
SlidA @t Syd 2F 4FGSNIIYR mMny K2dz2NB 6AGK p 8§
02y GSQD K Qs
B(CgF5)3 (2.5 mol%) o

)Oj\ H,O (1 or 5 eq) 4\
Me™ Me H, (50 bar), dioxane R R H

100 °C
H,O (1 eq) -39 hr
H,0 (5 eq)- 108 hr

92% conversion

{ OKSNR RNR ISY Il a2y 2INBOSARY S2 B yOHINGS2 dza | Y 2 dzy

MO8 PK2Ra (2 ! OKARES ™ EAG Stkh & 2 / S NN ¢
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Gfte &af 26 SR,LINGS ANBIBGo 2y nl ViR AT BF
@S KeéRNEEGiydzeRY AP LUNISY ARSI s & |
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I O O 6RYF OPAY O2ANII2 KA MNFEKB2t 2 NRA v Sa 2dNKEkd22 NI S a2
ddzoaill yoalfftéd RSONBI BSERSE! GSNI| ODERNREY DY @
SGKSNBIFt az2f @Syl ¢1 C IMAOREBEPEINT GAGK G GSN

H, (20 - 100 bar) : ci Ci 5
0 16a (10 mol%) OH 5 Foog  F :
)J\ 1 > 4\ , F F
R™ R THF, 55 °C Rl 5
: F !
11 examples | H F F £ H !
-95 % vi ! :
45 - 95 % yield | 16a
Selectexamples ~  TTTTTTTTToooooTTTTmmooooos
OH OH H OH
X
Me H OH H
H
cl Cl MeO A
60% 95% 60% 73%
100 bar, 137 hr 20 bar, 40 hr 20 bar, 40 hr 20 bar, 40 hr, 80 °C

{ OKSiMS / I Nb2yef KeRNRISYl o2y mk®dAYI Y2AadlddzN

la LI NG 2F (ESH NI HS & SBEKND » RAFIEKRF AAP dzLJA 6 @
SYL) 2vy&xaywH et Y2ASeaSa a 2yS 2F (KS s8Rt NI
St adeOwSaaFdz £ & aehliizk SHAKSRISOH G NJEBYR Y2 A 3
O  IifKeSA NB Rido2e 2 6 RIFRH d FRE NI | y K& RNR dréith O2 Yy RA
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MPlPAaAKS Al yRE NI GGk (BRASSTRR f @ NBRAzOSER: s KSyY
OC2yOIREKA WmpOGh K Ef 2ad oSySUla FTNRBY UsMdINE SR
catalyst19a, which had been exposefr 30 minutes to air (43% humidity and 2@)

increasing the temperature to 10% led to 84% conversiofK& LINE GARSR SEG N
LINEYAAAY I SOARSYOS TZNISNE S OBY IINRAGSIR (1 KBA &l
0KS YSaArdet &adzaes idByll G2PENIGIOKS A0 yRI NR
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H, (4 bar)

A 19a (10 mol%) ! Me Me !

_ | F B F :

N™ 'R 105 °C, 17 hr N" R ©F F!

_ toluene ! !
R=H,Me R =H, 80% W FF b
Me, 86% ! F !

(isolated yields under E 19a !
optimised conditions) |
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NJ< 7 or BCF (0.5 mol%) HNJ<

| H, (100 atm) H
H H
2.5 mol% PhCHO
Wet toluene

10 mol% scavenger
80 °C, 18 hours

R F

(tBu)ZPAQB(CGFS)Z B(CeFs)3
BCF

F F 100% conversion

7 Et;SiH (10 mol%)
99% conversion
TIBAL (10 mol%)

{OKSMS C[t OFriGrteasSR (GKS KeRNRISYylI a2y 2F AYAy
a0l SYy3aSNE (2 NBY2@S AYLz2NRARSa FyR NB3ISy

Mdnd @& YYS TiNANY yC§ twS | Osa 2y a
hy§F22NIFTRNR @KS dzaS 2F C[t OF (I f a@@lat Sh &
SYylya2aSt SOa@®S KERNRISYylaz2y F2N aUySé¢ OKS)
NEGASSG AY wnnm aidlGdSR GKIFIG Fa2YYSGUINRO KéRN
prE: 2F (LR TRYR aOm> 2F o0SyOK aolrtS OFidlfes
AYRAEAN NEDH 2 RSOBRSEKEMIISNDSy (y2Sa 2 YWHE NRES
0KSR2 NBLINBaSyd (GKS AYyRdzaGNRI f RSLISYRSyYyC
' 38 YYSUONRO KeRNR3IASYyl a2ya | NBE 2DSy LISNF2NY
I YR A NAIRaddinen to theNighicost of these rare metal catalysts, it is @l f
1y2sy GKIFG GKS NBY20I € 2F ¢a OFrdartead N
O2yasitidziSa | aA3ayAUOry(ld O2ail F2NJ 0KS RNHA
Gl fdzl 6fS | &AeiVESRIENIARD Kt@aRN2 ISyl a2yad 6AGK Ly
0S SEOSttSyid F2NJ NBRdzOAY3a AYRAzZAGNRFE OF GI f
C2N) SEWBPLI®ISt daih 6t S AYISNYSRAIFIGS&asS aeyikSa
KERNRISYloa2yaz I NB (K®SHSNDERAKREHSH Y § §FRY SR,
iKS FyoilidzaaA@dS RNHzZA Ayi& OIRSHE) @S¢ RSEH RARN S|
YIRS 2y | BmanZnann G LISNI @SMNJ a0l tS yR (K¢



HsCO/I Ir / Josiphos 1 H3CO
H5 10 bar, 50 °C Hie,
A SN ’ NH
>10,000 t per year
80% ee

Ir / Josiphos2 H
_N H, 10 bar, rt :NH

>100 kg per year
90% ee
OMe OMe

2 Josiphos1 R = Ph, R' = 3,5-Xyl
Me

Fe PR,  Josiphos2 R = 3,5-Me2-4-OMe-Ph, !

@ R'=tBu

{ OKSIWS Ly RIGAIGINR Y G SNYSRAFGS O2YLR2dzyRa | NB | O
AYAYS KERNBISYyRadz2yRI0I f a0l €S aeyaSYizaAad OKE 2K\ N

ANARAdzZY OFGFt@aSR | adYY&INALDY KERINRAISY | 2@yt 2 T4
RNHz2 AYGSNYSRAIFGS RSEGNBYSGK2 NIy GALF | ¢

h@SNJ 1KS 3 020INInm SIEYSASNBEOdza SR 2 C[ Blylilyto@ s SR &
KERNRISYl a2y I yiRa AKER NREMNIRK NBRty#&AA RS | NNI &
O2YLRdzy Ras Ay Of dzRbvfy/S0 S\NEBA YNBSS &5 | aymtyeSta sSy 2 ¢
Sy2K$®S |ttt &aSSy adkONESAayaTr dit S I NRSVaV SEImA20NI K & |
K& RNEP a X AeTalzpal vy

nn



R. R«

b\]\ NH OTMS OTMS

RZ R1* R2 R~ RZ

R’ R’
up to 99% ee

—  » R

*R2

up to 99% ee

R\N,R1 R\N,R1 0 o
- > Z "R — » . R
R? X R?
R3 R3
up to 99% ee up to 92% ee

R R’
A - o) OH
E—— e
~ J{ )J\ 1 )*\ 1
N R N R R R R R
H

up to 99% ee
up to 98% ee

CAJdzNB{ St SOG SEIFYLX S& 2F &dzoadNl (iSa 6KAOK KI ¢
C[ LR Id2NB | RézlmI®SR FTNRY

/| KANAGI yc[otS OIF G SI2NRA&ASR Ay UGKNBS gFeay LO .
YR | OKADE AANFENE Y2 SIOUR I Q2 CPSMESE @ LLLO AY
O2y il AYyAy3a +y | O{/ONISIMB[KS HyrR) SNJ QIKRALDS fL L[L. A
RSPSt 2LISRET RSALIAGS (GKS NBfla@Sfte KAIK ydzye
LL Fa@YYSGNRO Oldarteada KI@S aSSy airdayau
y2iSs2NIKe GKIFIG FT2NSAKNBYRBIEARBRISAYRY & 820 &
LINE G2y OGN yaFTSN aGSL) RRCGRESHYEE IONBB A&l X OKI
Oft SINJ 6 KSOUKSNJ I OKANYft [. g2ddZ R ONBIFIGS KA
SELX IAY AG&a dzyREWNRSGSt 2LISR NB&aSI NDK®



Type | Type |l Type lI

LA LB - LA 1B
Q LA LB
O = chiral scaffold/auxilliary

chirality expected to be imparted
B here once LB has left reaction centre

A

_______________________________

R2 LB-H
Y=N —
R3 \R‘] Proton

R3 \R1 Hydride R3 \R'l
Transfer

Delivery

|
Z.
+
*
Z.

prochiral intermediate

LB H-bonded to substrate to impart chirality

C (does not leave the reaction centre)
R! LBH | R? H-LB LAH R’ H !
=0 . )=C+ 5—0
R2 Proton | R3 Hydride R3 !

Transfer Delivery

_________________________________

prochiral intermediate
{ OKSYIS» DSYSNIf GKNBS QuuSASAtSHMy 2&F NB Kaz®a 2y C[ t
2F AYAYySa& (2 AYLI NI Syl ye 2 & 80SS/CKIAMRNRY X &K MER b8 K
NBERdzOsa 2y 2F 1S02ySa (2 AYLI NI Sylyo@&a&trSOo A

A m oA~ £

¢ KSNE 6BNBSNESEHGBA Ssa 2y INCRGEAEDEENWMERK C{ & G

i KSNB YINBe (A2y2RA BARdzF £ aé & i S eSS oty 8 & Si 2
RAAOdzZA SR KKEANR AKE&EA IRG (GKS GKNBS (eLiSa 27
LIN2IAINBAB X2 AYAGSR (2 3INBlIGte AYLNROSR Syly

¢ L33 KIANY E [ !
¢KS UNERG Fa@8YYSUNRO KERNRISYl o2y dzaAy3d CJt

GKS UNRG OFilfeo@KERRARHBFINRY RBEOSYWY Ay D
2F Iy AYAYS (02 | OKANIf FTYAYSd | yTF2Nldzyl
NEBI Osa2y 2yfeé LINRPOSSRSR 46A0GK mo: SSod |1 26850



gAGK QdnliING eI W8 RETBANRSYY SO bWINB&ASY i SR GKS LINRY
A8 YYSONRO KeCRRNRYE®Y | a2y 0

20 (10 mol%)
N H, (20 atm) un-En

Ph)l\ toluene, 65 °C Ph)*\

>99% conversion
13% ee
20 =

Cer/B\Cst
{ OK $1\a8 A NRQIF (O[fEeeaYSYRS IFNAR O KO RNRPAOSYyERBR2Fe GKS OKA
H gBP N

Since this initial report, the majority of enantioselective FLP catalysis has involved
developing chiral LA¢. 8 LJS L &deéadsSvya Ay ¢gKAOK GKS [! A
0SSY R2YAYI fi0SHRK SINS wirkK.S! NNBER & ( Y 205883G 0l
CKSAS (eLIKIDPSOxSRhKSIABSR 08 KERNRO2NIoaz2y
01 @M 2NJ GKS LING &I Bo S OKANI t | dzEAEf AL NB O
AAAAAA Ly St S3l
ONBSyAy3 ySg OKANIE C[t OlFdGrfeadaz oKAOK
AGSNAOIffe KAYRSNARY3I | NBf 3INEPdzLIaH WkoF 2 KS o
0KS | A8YYSGUNRO KERNRBIASYIl a2 ¢ OR BV AtykSaa | y R
a2aidsSYy AyGSNBa&EosyIfLA bomgeNdsBEeRnenti K Ssitu, dcdughl

hydroboration of the chiral diene scaffold with HER€)>. They were able to use catalyst
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22a to successfully hydrogenatsome aryl amines asymmetrically (9 exampldsje

yields obtained were good to excellent (§38%) and the enantioselectivities were also

good relative tothe rest of the FLP field (7898% ee)5 dz LINR LJI2 A SR dza Ay 3
SGKSNE AyauSIR 2F 1Stz2ySa g1 a | Of SOSNI RS
2y SAGKSNI aARS 2 FOHIKISE Ka® NRESHYSI v 24/ ¢ KEABNS
MH SEI YL Sa 2F aS02yRINE | f 02K 2¢d@dwiS NBy RINI
GSNE 3J22R Syl yozyd@ANNMO®SEEO0SaaSa oy



A Ar Ar
O F HB(CeF Oe
(Cos)e B(CoFs):
X\ in situ generated B(CeFs)2
OO chiral LA component OO
Ar Ar

22alb
Ph HB(CgF5), (2.5-10 mol%) Ph
B N" 22a (1.25-5 mol%) HN”
l - H
Ar)\R H, 20 bar, rt, mesitylene  aAr” >R
Ar = 9 examples

63-98% vyield
tBu 78-89% ee
S

2013
tBu tBu
C
0 OTMS QoTMS OH
RH)L protection Rﬁ)\ FLPcat._R! =3 deprotection R1\|/:\R3
R2 R2 R2 R?
D 1. HB(CFs), (10 mol%)
OTMS  22b (5 mol%), PtBug (10 mol%), OH
o 1 R
Rl - H, 40 bar, toluene, 50 °C, 24 hr _ R R3
2 2. TBAF, toluene, rt, 0.5 hr R2
R we
12 examples
93-99% vyield
2'3;14 Ar = 3,5-tBu,CgHs- = 89-99% ee
tBu tBu

{ OKS1MSP DSYSNIft aO0OKSYlFIoaO 28I & Watkhdod & da 23vSWSIINIAGICS R
KERNRISYloa2y 2F AVMY@ae vHEyEA OKKARKNE REBYS2y 3
AAfef Sy®mife YYBKNREET KERNRISY o2y 2F niawiad Sy2t

¢ @& WS/ KMALNFGENT Y2 SOdz F NJ C[ t &
R LIBF 32YYSUNARO OFidlfeadax oFlaSR 2y AY(ONF Y2
d OKSYWSP ¢KSasS KIS 0SSy NBfla@gSte adz00Saat
AYAYS NBRdAzOsa2y ® C2NJ SEF YLIX ST GKS A yuloNI Y2 ¢
| OKASOSR Y2REWNMGED & VBt R2RENHN 1S Sykiyhd 2 YSNA
d OK SHHBOM®OZMRM2 § KSNJ AYUSNY 2t SOdzf  NJ F a2 YYSGNAC
OKANI f | WRWAEAINI2ZVIS I 0 A Y [ {LEK KD ORANIAE | NOI |

nn



- o~ LA A

LINBOA2dzat @ YSyesz2ySRiRAEKSa DONBEFSER 6B a5 Hz0
yO2YLl2dzyRd 6KAOK $6SNB | YAE 2F AYAySa | yR
TNRY LR2N (2 SBoSDt SyR @aASOARAND&@n O NEAY T ¢
G dai¥Oro

A Ph Nl %
)NI\, 23 (20 mol%) /'\ _BH(CgFs),
H, 60 bar, rt Ar Me : PHMes,
Ar Me 96 hr, DCM H Fe
5 examples
40-61% yield 23
42-69% ee
i O
imi 24 (2.5-10 mol%
imine ( o) amine +l!l
or H, 2 bar, rt H
enamine 20 hr, MTBE 8 exampl_es ~BH(CgFs),
34-95% yield OO
32-99% ee 24
{ OKSIMMSP | a& KeRINBIB Y 02y 2F AYAYySa dzaAy3d I FSN

OF GmbE®diI! 38 YYSINRO KeRNRIASYl o2y 2F AYAySakSyl
FYAY202NI ySwC[t OFGFEfeado

¢CeLI§/ KAMNY £ [

C2NJ Gél)lsS L IyR LL |a@8YYSUNRO Cc[t OFGlrfeadn:
OKANYftAlGed ¢KS OKFffSyaAy3a aeyiakKSara 27F OfF
a0l 2t R4S EOMMNNBY EHh BNENBFOSRA OG0 G(KSANI dza S o

| KANYt [S6ArAa olFasSa o[.av FNB KAIKte aidlots
F2NJ F A8YYSUNRO OFdFfteara Ay 020K I OFRSYAO
LL OlFdrfeadas GKSNB FINB (62 LINB2ZFNEA OKI
SLWISYRSY (G 2y GKS &ddz0ad N} iS> aLISOAUOFfte 4
f SOGNRYa 2y (GKS adadzoaliKS8SaamiipN: tBRAa2yKS
KS OKANIf [So6ra ol aA0 I RRAGIOS AdAffdio BykeNl (oS
SO2yR OKIFftSyaS Aa NBfFGISR G2 GKS YSOKI yA
UNRGZ GKS [. YI@& 06S NBfSFaSR FNRY (KS NBI C
A8 YYSUONARO AYyRdzOa2y® LRSIfféesr a®SyDNRISRE

N oy o0

QX

np



A

GKS [. g2dzf R y20 06S NBftSIFIaSR FTNRY GKS
AYUSNY2ft SOdz { QK Snyiz SN ES2 yLANR G 2y RSt A OSNE  F
OS ydi NB

hyS 2F GKS FS¢6 a8YYSGUNARO KeRNRISyYyloa2ya | (
0§KS NBOSy il 5Ld8id A KtOdTheAggbdpE@eened various chiral oxazolines

(which are relatively weakly Lewis basic), to convert ketaings & SO2 Yy R®HNE | f
¢ KNP dZAK OKSNHA S[RF FRuISEHAY S £ O2K2fa 6SNB 2
ASySNItfte ZPpBEROGAGRREZ2BE0I (S (2 FazR SEW ye
d OKSYWE KSe T2Uu&R2 yiKa (o6 S Ny ySEE SiGiiaoNRayl dzS y (i &
0KS | NBEf 3INPRzHI 2 NI dISSIRS NP S INEBY S a
OldlrtealO a2aiGSYZ 6KAft ABNBt 8O0 WHY ABS

GKIG 6KAf&AG RAFf186K3 SEFY $a2HpBINENBRA BRI (R
YIENBAYLF &l QRiyL& INBREIEY 8&SHr ¢

o B(p-HCgF4)3 (10 mol%)

)]\ 25 (20 mol%) H OH
R R H, 40 bar R>\R'
toluene/cyclohexane (1:1)
30°C 29 examples
yield (43-96%)
O ee (68-87%)
Ph—%/\N
25 pn
select examples
Hy OH He OH
Me He OH Me
Ph N
(:f\ \)\Me /©)\
Cl CeFs
74% (87% ee) 95% (64% ee) 96% (80% ee)
{ OK@{\QS l 38 YYSUONRO K@ I?N\EEISYI- a2y 2Z2dp YéﬁTZﬂfﬁJé dza ’

| /CGL'b@)nTZMpc

9yl ysa2aSt SOa@S wSRdz0a @S ! YAYl a2ya
[ AYAGSR $2N] KIF&a GF{1Sy LIXIFOS (2 RS@St2L) |
“BK2y 3 BYR] DR NB L2 NISR dzah yE Ha YRS I NI R did (



perform a BCeatalysed diastereoselective reductive amination of ketones usimg
YSGKef oSymd fl POKBIB6 ¢ KS aeadSY aK246SR | 0N
G2f SNI yOS 6A0GK SERES Syl ©IBHRIK E2WR 614215t
Chps B AgbidiR (®RXao and cavorkers who had reported a racemic synthesis
of tetrahydroquinoxalineg O K $1¥g&dapted their previous work to allow for the use
of in situ generated chiral boran@7®P¢ K S A NJ (a2ef aiNGEYW BNRfy IS 2 F | £
adz0 3o U dzSYi 8§01 2K2G8BISNE (KS 0Said Sylye2z2aSt S
0KS 2yS | NBEf ¥ deda aricSgsgsios w S§ ivikeiyed aeadSy d
aAflLySa Fa GKS NBRdAzE ylriae S (INNSIBoRYGBA BRS¢
F YAVl o228 RNBRE&EY y2i 085Sy I OKASOSRO®

Zhong et al.

B(CgFs)s (1 mol%)

k 4A MS toluene, 60 °C, 8h
S
R N
©/\ 2) NH3-BH3 (1.2 eq) H
0°C,12h
1.2eq 24 examples
81 -95% yield

80 - 99% de

Xiao et al.
o HoN HB(CgFs), (10 mol%)/ 26 (5 mol%)

H
RI ‘ /\ Ph,SiH, (4 eq) C[N
.
= j\*
EtO o) H,oN THF, 70 °C N R
H

1.1eq 5 examples
83 - 90% vyield
fBu fBu 47 - 76% o
B(CeFs)2

in situ
generated
catalyst

26

tBu 27 tBu

{ OKSIGSEI YL Sa 2F | a8YYSGUNAO NBRdzOa @S | YAY Il a2
SYLX 2 eCRANIES frk SWREf 0 Syfae fISHEXA Y3 BYY2Y AL 02N}y
NEBRdz®G MY ® S +Ff d RSOASEBRS (I NJaG s &ayin @k 2l RSF | o

G SGN KeRNE Ij GudI2EH NBFEBo @3 I YA Y ol2KRe RINIMRSE & A€
42 dND S o



CdzidzZNB 5S@St2LIYSyda F2NJ! a8 YYSUaNA
h@dSNItfxX GKS C[t OKSYAA(INER RA&Odza™® BRS LINE ¢
-a@YYSUNRO NBRdzOa 2y 2F dzyal 1dzZNy G SR 02 Y LR dzy
a02LJS F2N) Aa@8YYSONRO C[t ©062N}ryS OFdlrteas
RSOSt BLIVSY GFIF NI KIS 06SSy ftAYAGSR (2 AYAyYy:
SEIF YLX S& SELI yRAYy3 NBaSHNDK Ayilz 1S8iG2ySa
A8 YYSONRO AyRdzOa2y O2dzZ R 0S AYLINR@SROD |
@Y (KSaAE 2T 2YBNWG yYi2z OKKdeNB o02NF yS&asz Y2NB
[ SeAa o0lFasSa 2NJ GKS O2YO0AYSR dzaS 2F OKA NI f
OdzNNBy G LIA2YySSNAYy3a g2N)] fle&a (GKS F2dzyRlI a2
I 88 YYSGUNARO C{t OKERNBASH EoBKAOK gAfft dzZ o Yl
UStRo

Qx

LG KF&a 0SSy KeLR(iKSaAaSR o0& YdzZ aLX S Sadlof
RSOSt21L) Iy Cpot2iXe AKSY [ 4KSFNR2OKISS LJIzZNLIZNS QR
Aad (G2 ONBFGS I OKANYf LIRO1S0G 06SiGsSSy GKS
Syl yo2aSe/ShaxB (& 6

Achiral substrate

o @

< Chiral

Pocket< H iLBO

O = chiral Chiral Product

CA IdaNBDNI LKA O f NBLNBaSyilos2y 2F (GKS LNRLRAS
(KNRdZAK (KS O22LI3N} oS dza s 2FSYI OKANSE S P Ok i
6CAIdNBE NBLINRRAzZOSR FNRY aStSy Sid |

ny



MA@ 2 NI g8&NRISYla2ya AY [ 2y ey dz2 dz

MOPDEY SNI f LYGNRBRdAzOs2Yy (2 Ct26 [/ KSYRA:
| 2yoydz2dza b2¢g OKSYAAGNR Aa |y Ft4adSNyladS |
LG Aa | GSOKyAldzS GKFEG KFEa JIFAYSR &A3IyAUC
AYRdAzaGNBXI Rdz§ G2 AdGa oAt AmdARwEGR @B OQAORG!
O2yoydz2dzA b2¢g &2alSY O2yarada 2F @I NA2dz
0S AyadrtfSR 2N NBY2@SR Ay | (3858 8¢ OFRINR
SEGNBYSteée oSGARInEE de6aiSya o

I oFaA0 aeadsSy gAatft O2yidlAy 2yS 2NJ Y2NB
YEGSNAFfAaTX OFGrteadga FYyR 20KSNJ NBIF3aSyida i:
0S5 RStAQGSNBR (2 G(GKS b2g aeaidsSy GeLmdrEte ¢
UNBRG NBIFOK | YAESNI 6KAOK Aa GKS 2LIJ2 NI dzy
NEIjdzA NERX FyR F2N) G4KS ait201 az2tdmzzya G2
NBIF3Syia ySSR (G2 068 |RRSR &SljdsSyasaltte Iy
AUBABR GKNRAAK FfGSNAYy3a GKS fSy3aagk 27F (dzo
KFra 06SSy ONBIFIGSR GKNRIAK (GKS YAEAYy3I 2F NI
AYGUNRBRdzOa2y 2F 3l aX (G(KS YAEGdZNB Attt 06S |
RSAANBGRe 2y O2yRAo2yad ¢KS&S gAtt 0S5 02y (N
GKSNBE 3l a4 KlFa 0SSy AYUNRRdIdzOSR>: gAff 0SS 02\
aeaisSvya GKS NBI Os2y YAEGdINBE Oly 068 @zttt SOL

I YR LJzN¢ O @@ By OKSYAAGNE A&  O02YLX SE USEtR
O2yadzyAy3a LINRPOSaa G2 2LlYAaS |yR LISNF2NY
I RGFy Gl 3S2dza G2 OFNNE 2dzi I GNIyaF2NNlaz2y

Ay @dSaNeySy a o

n o



Fluid and Reagent

Delivery
Reagent A -
A = N | com | [ %
pump { LT | = L
Reagent N 7N I S 6 6

/pump Heater/ | i Pressure |
cooler | Reactor ! i Regulation :
v z . =

Q Collection

B® =

Coil  Packed-bed :

T- Y- Cross Chip
F > + ;

CAJWaNB. NBIF {R26y 2F GKS o6l ard 02YLRySyGa GKIG
a2aisSyYy Ay Q@iLizRNYF Aroz@ N & O

C2NJ NBl Oo2ya 1BNEYNFARI ¥y G26y23GS G(KFG GKS
aYSh Aa y20 GKS O2NNBOO sle G2 RSGSNXAYS i
bNB&ARSYOS o YS: tra BOK Bt ©32//a dZOR DO 82/ tzd SR OKS YA
f 2y 3SNI NBaAaARSYOS oaYSa 6FYyR GKSNBT2NB 2y 3!
RSONBIFaAy3a GKS b2g NIGS 2F NBI ISy 29N DieK
2T GKS aeadsSy OFy 6S AYyONBlFaSR aAavYLX eT oe@
O2YLRyYySylta 2F GKS Db2¢g aeaiasSy 2N dz&XKy3I €D
LINE ANBaAadA2Y 2F (GKS NBIFOa2y A& y2 f2y3ISNI oI
iKS NBIF3ISyiGa INB t20FGSR Ay GKS (St Sa02LISF
I £ OEA OUOOAI
I £/ OEA OUOOAI
9lj dzt @@ S S ljlid2 oyt Odzf | S NBAARSYOS aYS Ay

OAOEAAI

Merh R yaGlr3Sa G2 |1 @RNRIASYyla2ya Ay Cf :
Ct26 OKSYAaiNR KeRNRISYyla2y Aa ¢Stft Sadlof
2F AYRAZAGNA LI ff eCAHEEE (I 6RA OR YA Od/ RS 61 Oa @S
FANRPOKSYAOFfas St SO0NPYWAOPLOKS RRAINR2A SIYYR 2F1
KeERNR3ISYy A& RSTEAOGSNBR SAUGKSNI 6& 3JIa Oef Ay
ddz0 aSljdzSyiGte YAESR Ay 6AGK (K JaMNE86t 26 2 F

pn



OKSYAaiNR KeRNRIASYylozyad LRaasSaa Ylye | RJAI
SEIFYLX ST b2¢ OKSYAAGNER KeéRNRIASyle2yam | NB
fAljdzZAR O2y il O O2YLI NBR (2 GN)}RAa2YIlf KeF
RA&GAHZY NIGS Ayd2 "iKS bNRa ONRIYO 0322yTaZS yilikds NI o
a2t OSyiG A& t26SNP . & LINBaadz2NAaiAy3d GKS NBI
AYONBI a8Rtt §YLINBaadzNAaSR o GOK NBIF Oez2ya |
I OF RSYAO fl o0&z (i A& &A% 1552 2NIYSBIEa S 618 02
NEI Oo2ya" Ag¥gRERPHOKDPAE | fa2 KAIKE& blYYlIof
SE20KSNX¥AO RSi(G2yloe2yr 6KAOK YI18a Al | &A
NBIlj dZA NS KAIK LINBaaddz2NBa"dikBSaNARTShaE QAVEYIN
SELRYySyosltftée gKSy alOlftAy3a dzJ NBIF Os2yad Ay
al FSie O2yOSNI™av NBYIF Ay O2yaidl yido

(x)-Oxomaritidine Artesmisinin (R)-Rolipram
natural product antimalarial antidepressant
O
MeO Q NH
0]
MeO
MeO

5 Step Flow synthesis

Step 2 - Reduction of imine 4 Step Flow synthesis

Step 1 - Reduction of
artemisinic acid followed by Step 3 - Reduction of -NO,
functionalisation

CAJwWaB{ St SOG SEIFYLX S& 2F AYRddzZAGNRAI ff& NBf SO

O2YLX SGSteé& o6& b2g OKSYAAGNR MWYR Ay O2NLJ2 NI
Ct2¢ OKSYAAOGNER 20SNA aSOSNIft 20KSNJ IFRGIyi(l
0SYISNI NBLINPRdAzOAGAT AGE aAyOS AlG Ay@2ft @Sa
NEBlF O®2Yy&FbSGSNI 650 dzaS KAIK GSYLISNF GdzZNBa |
YEAYGFEAYSRET GKSNBoeé AYyONBlFraiAya GKS NBI Oas
O2yRAa2ya 2DSY NBIljdZANBR F2 N IKRRN2ESY | €2 ¥ &
OKSY24St SOo@Atie 0S80FdzasS AG | RSBALISTRDY GINE
LINE RIDIGXIFI AYIFAYAY3I YIENNRBg GSYLISNI G§GdzNB gAY
Ffaz2 LINPGJARSE | OINE KARNERYSSNBFOS DPSHAYy L @2 N
f 2AKST2ANIGSANBy2ygt 2FaIyaAORQRY 2t 23454 &dzOK
SO0 NB OPRPEW A2 Ti NE



MO @EAARILIZ NISR /FdlFfteada Ay Cf2¢

¢ KS 20 KSGUSNRPISYyS2dza OF Gl feabadiryyt@ARSRAZE I
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Boranes also have thaotential to be embedded into a solid support within a packed

bed reactor or catalyst cartridge and as a resultchfalysed reactions in flow could

occur heterogeneously. There are numerous examples of heterogeneous and
homogeneous general Léatalysed tansformations such as Diefdder reactions and

FriedelCrafts acylations which have been carried out in i\ Y M
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As highlighted isection 1.3.1 a successful borane based FLP hydrogenation is a complex
balancing act of steric and electronmodifications. Moreover, aiming to perform
reductive amination reactions, which generate one equivalent of water gsrdguct,

the use of moisture tolerant FLP boranes as catalysts seemed ob¥td&sFor
example, at 1 mol% borane catalyst loading, there would be as much as 100 equivalents
of water with respects to the borane catalyst and as a result, it is crucial that the boranes
chosen should be able to perform under these conditions. The key piep@f boranes

which must be finely tuned to attain optimal reactivity can be summaris&d as
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due to their oxophilic nature, requiring excellent mastering of synthetic techniques.
Replicating literature synthesis methods would help us improve our skills and explore

new synthetic routes, which could then be applied te 8ynthesis of novel FLP borane.
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Homoleptic triaryl boranes

X "BuLi (3 eq)
X lithiation
Br (3 eq) route
X Mg or
X @ X iPrMgCl (3 eq)
—_—
X X Grignard
Br (3 eq) route

Heteroleptic triaryl boranes

X
X X
@ (2.5 eq)
X X
Y

BMj; (1 eq)

Organometallic
route

Y = MgBr, Li, Cu, Zn, SnMe,

X X
Ao
X X

X
X E X
X X X X
MgBr
o
Grignard
X X route

X X X
O O
Li (3eq) | BM;(1eq) « X X «
— >
B
X
i o, X
X X X X X X
(o1 T
X X
MgBr M =F, Cl, or Br
(3 eq) X =R, H or halogen
X X X X 5
X X X X !
AW @ (125 eq) @ |
X X X E
B—M I
X '
X
X Organometalhc :
X route '
X X X
X X 1
X X :
X X ‘
X X '
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X X X X 5
MgBr X X !
> B ,
Grignard X X E
route !
X X X X !
X '
- . X
X X X X X
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X Li
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X @ X route
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highly polar ~ % R F
. (2 eq)
organometallic
reagents F F 28b F F
MgBr or Li F
BMj; X . B-M
Grignard or Lithiation 30
M = Cl or Br route F F
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less reactive (1 eq)
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reagents Cl Cl
Cl Cl Br
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BBr3 Cl B\
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& ey
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Ihave found that using BRKsalts resulted in higher yields than directly attacking boron
trinalides (e.g. B&EERO) with organometallic compounds. This method allowed us to
produce three pure moistur¢olerant heteroleptic triaryl boranes on gramscale for
use as catalysfd.10- 2.43 g) Due to challenges in purifyid@b, which will be discussed
in more detail in thesection2.2.15, the previous inability to isolate a pure sample of
19a and initialresults ofbatch reactionswhere 19b appeared to be less reactive for

our intended applicationlabandoned the synthesis @Ba
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In each of our attempts to synthesise our target moisture tolerant boranes, the
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Whilst there is precedent for the use of FbBranes as catalysts for reductive
aminationsthere are limitations to these systems, as discussed in section. T.3e3e
limitations are generally regarding the substrate scoplghatic and secondary amines
as well as ketonesat the time of writing, have seen limited succeB&Pcatalysed
reductive aminations have similarly seen limiedamples which have led to cyclisatjon
especiallyto form cyclic amines such as piperidines or pyrrolididsymmetric versions
of these reactions are also extremely limited, with batlkamplesof asymmetric

reductive amination®eing discussed in section 1.3.4.

As discussed in introduction, somaoisturetolerant boranes have been developed and
seem particularly relevant for using in reductive amination as water is formed as a
byproductin the reaction(Scheme40).22 Despite theselevelopments these moisture
tolerant boranes have not been used systematically to evaluate the scope in amine and
carbonyls in reductive amination reactions. This will constitute the first objective of this

chapter.



Establishedeductive amination systemsuch as benzaldehyde and anili@heme
41), will be used to benchmark our catalysts and set up. Thidwelii determine which
catalyst is most suitable for these transformatiorfS8ubject to the creation of a
successful system, aliphatic amines, starting with benzylamine, will be scréetgd

to improve previous performances from Fhé&ranes. Whilst reductive aminations with
alkyl amines can bperformed with BPk as was discussed in the introductjahis
would not be adaptable to hydrogen and as a result, it is still important to provide

effective FLborane catalystsvhichare not limited to aryl amines.
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Focus on N-containing heterocyclic scaffold reaction with ketones

Intramolecular reductive amination
BAr; = 16a/b and 19b
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* Possible asymmetric
reaction with ketones
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A Literature precedents
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R Fu 2015,
Zhang 2020
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2015
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H 0 16b (1 mol%)
H !
Ph” \/\)‘\©\ PhMe,SiH (3.5 eq)
51a F

anh. solvent (1 M)

80°C,17h
52a
16b
Entry Solvent Yield (%) Conversion (%)
1 THF 90 100
2 EtOAC 93 100
3 MeCN 17 60
4 Toluene 27 53
5 o-DCB 7 50
6 TBME 29 55
7 CPME 2 45
8 Anisole 4 35
9 2-Me THF 43 60
107 THF 99 100
118 EtOAC 98 100
120 wgSGQ 91 90 100
13 EtOAC 72 100
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H Q 16b (1 mol%) E 5

~N PhMe,SiH (3.5 eq) : Cl cl |
Ph : - - i
N - .

51a F EtOAc (1 M) L FLF B Eol

x°C,yh ! E

Fotep F
Entry  Time ¢ hours) Temp (x°C) Yield (%) Conversion (%)
1 1 80 10 48
2 3 80 27 66
3 6 80 36 77
4 17 80 96 100
5 17 80 96 100
6 17 60 41 72
7 17 40 5 19
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H % 16b (1 mol%) i m@m
Ph/N PhMe,SiH (3.5 eq) | F = 5
N P F B Fo
51a £ EtOAc (x M) L Fol |
80°C, 17 h ; FoE :
52a ' E
. F o ieb F
Entry Conc.XM) Yield (%) Conversion (%)

1 1 96 100

2 2 95 100

3 0.5 95 100
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(0] BAr3 (x mol%)
H\/\)\@ PhMe,SiH (3.5 eq) O\©\
Ph” N
EtOAc (1 M) x F
o Ph
51a F 80°C, 17 h
52a

! CHs |
cl cl cl cl HaC CH, 5
5 F F F F F F 5
- 8 FF 8 FoF B F !
i FF FF FF
5 F'otea F Fo1ep F Foqep F
Entry BAg Catalyst loadingefnol%)  Yield (%) Conversion (%)

1 16b 1 96 100

2 16a 1 96 100

3 19b 1 4 60

4 BCF 1 97 100

5 BPh 1 66 92

6 16b 0.5 88 96

7 16b 0.25 40 80

8 none - 0 55
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X 0 16b (1 mol%) ! . .
Ph Reductant (x eq) : F .
> N i B
51a F EtOAc (1 M) |I3h F E F F
5 F F
5 F

T

80°C,17h
52a

16b F

Entry Reductant Reductant Yield (%) Conversioh
equivalentyx) (%)
1 PhMeSiH 3.5 96 100
2 PhSiH 35 67 100
3 PMHS 35 63 91
4 Hantzsch ester 3.5 99 100
5 I / hiY 3.5 trace 2
6 H. (20 bar) - 0 58
7 PhMeSiH 2.5 93 100
8 PhMe:SiH 2 91 100
9 PhMe:SiH 1.2 10 42
10 I/ hil 35 97 100
11 I/ hil 1.2 96 100
122 I/ hil 1.2 o8 100
13 Hantzsch ester 3.5 52 78
14 none - 0 28
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GKIFG2@2WzNa@aiSY 61+ a LINPOSSRAY BYadAORIRE AR YA f
0NJ yaAa2gK IS S NF2NYVSR | REIAND 2235 YSENERL S t
MC@B I OdE Sev izl ( K2 dzim 2 NBY E[ Kk YR dza A yld #mDug S lj dzA
doff 200 A yBHIE Kpysr NBISOR2 F dzaAy3d 2yt e F2NY
NBRdzOGFyG 61 & NROodzaAlG Sy2dzaK (2 6AGKAGE YR i
gAGK2dzi | NBRWONR F dzNI KRB RUBIBERAG @AWBIIR 6 S

F2dzy R | y2@St Ay {lNILGSR © (5084 ¢ NY h[riSRiaC SINIRIER d2ARS
LJe NNE ¢t W R AN | Oo 2y a4 OND TR 0408 oS | t 1 &f |
LINA Y| NBE FyR aSoz2yrlIINE (KRS ya$KRd@adYEKS YI yy
GKAOK GKS KeRNRARS Y2ASie Aa G\ ydaynSmeEB/R al
Of SI NKSK B dzo a Slj dzS yai2 dxEBRT $0l82 9zN2 B f SHRNRP WA Yy I T

OH cat. H3P02 D
R)\/\/XH R

-H,0 X
53 54
S-configuration R-configuration

R = Aryl, propargyl, allyl, alkyl

X=0,S, NAr
Hooo |

O:F\’\’

transition state proposed for |l| Ne)
H5PO, catalysed Sy2-type i Ill
reaction mechanism (X = NPh) .0 !

H SR
Ph 'Tl
Ph

{OKSWS t K2aALK2YyAO | OAR OFGFfeaasSR ydzOf S2LKAEAOD
AYUNI Y2 SOd# ¥ NI®O02 Ot A&l a2y ®

LG Aad LRR&aaArofsS (KlaR dolH ORBOBRS SEKSNAIYYS & A
gAGK2dzi GKS LINERNS WSS 108 TikdiRBaa@ i I NBI Os 2
GAGKYEBORINHZEEY I mdu SljdA gl t Syida 2¥tlel pid:ao
& A B FdE S@y aPdNK A WG NI Y2 SOdzt | NI [ Sd@ YISNIK A y&ELIS K
aK2dzf R 0SS SELX 2NBRRISHVYIGKS &€ oz aBH &2 BRA 6 R &
02 Of A O avmWASHab B @K AINT f  LIK 268 LOK: 2ANSBSY R SGIANR O
NB RdzOd @ \A V% NaROdA A y 3 | | y § IOKGKEBSE G S NJ

Py



R? R2 !
/©/ 57 (5 mol%) /©/ :
N HN ;

| toluene, 50 °C J<
CO,Et Hantzsch ester (1.4 eq) R ~CO,Et

55a-k 18-23h 56a-k

11 examples : 57 :
85 -98% yield  N----mmommmememenooooos '

Select examples 94 - 99% ee

HNO HNO HNO O

COzEt 3C(HZC)5 CO,Et COzEt 4- OMe06H4 CO,Et
56a 56b 56¢ 56d
93%, 96% ee 90%, 96% ee 88%, 99% ee 96%, 94% ee

-
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16b (1 mol%)

! cl’ :\( Cl
o H PhMe,SiH (3.5 eq) ("X”\ : F F
R1JJ\/\®/N\R2 > N R1 : F B F
h EtOAc (1 M) 2 5
51a-e 80°C,17h :
52a-e | FF
- F

n=1or2 | F 1eb

Ph F Ph Ph OMe

96% (52a) 93%" (52b) 0% (52¢)
48%" (52d) 0% (52e)

~ A L oA
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58 M H

o .
H 16b (1 mol%) F 2 PhMe,;Si-O H
_N PhMe,SiH, (3.5 e 2
2 . CI) +
Ph a l\ll H, or b, H
Sta F EtOAcor THF (1 M) Pho PhMe,Si-0 1
o a
80°C, 17 h 59
0] 16b (10 mol%) Hi Hi
©)J\H + HZN/\© PhMe,SiH, (3.5 eq) - ©/\N/\©
H
EtOAc (1 M)
1a 2g 100 °C, 17 h 4ag
u Wa m
| ) M
\ ‘
JW _/ \\_& ) \_____J.Mtl_ ; \M_ e wd S
k| W, T I
I | Tl
‘ V ‘ I 7 3
l o | I “ ‘ | "l “ L
.. , VAN O
. ‘IH B "'L~¢__L’\"d_ N ._IPJJ'-‘.|.-‘- ...... A l] \ ‘.'e.u‘-,liw_w“‘|'|L o I“ T AR I
| & t
\ J%
4:5 4:0 3:5 3‘.0 2:5 2:0 1:5 1:0 IJ‘.5 ppm‘
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BAr3 (5 mol%)

QO 0
SN anh. solvent, 100 °C ”
ymM, zh
3ae or ke 4ae or ke
X

X ae=H,ke=F

i CHs '

cl cl cl cl HaC CH,

i Pl F . FoLF - FoolF i

B i R e

5 F 16a F Fqeb F F 19 F

Entry X BAg Solvent Conc Hq(xbar) Time Yield (%)
(ymMm) (zhours)
1 F - EtOAC 5 40 18 0
2 F 16a EtOAcC 5 40 2 16
3 F 16a EtOAcC 5 40 24 16
4 F 16a EtOAcC 5 60 18 67
5 F 16a EtOAC 5 20 18 35
6° F 16a THF 50 20 2 32
72 F 16a THF 50 20 6 32
8 H 16a THF 50 20 2 99
9?2 H 16a THF 50 20 2 99
17 F 16a THF 50 20 2 92
112 H 16a EtOAC 50 20 2 8
12 H 16a EtOAC 10 30 18 12
13 H 16a EtOAC 5 80 2 32
142 H 16b THF 50 20 2 99
152 H 19b THF 50 20 2 2
162 H BCF THF 50 20 2 0
172 H BPh THF 50 20 2 0
FRSGSNY MYy SIRERB BdzwA y 3 Y S @oAAGEO ISNAS d22NNBWSii K& f 0d Sy T Sy S
m) a {
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BAr; (5 mol%)

O 0
N
©/\N solvent, 4A MS ©/\”
100 °C
3ae or ke
50 mM. 2 h " 4ae or ke

X ae=H,ke=F

cl Cl cl cl
Pl F F F
F F F B F
F F F F
16a T
Entry X BAB Solvent Yield (%)
1 H 16a THF 99
2 F 16a THF 97
3 F 16a 2-Me THF 13
4 F 16a Propylenecarbonate 2
5@ F 16a THF 97
6° F 16b THF 97
720 F 16b THF 99
FRSGSNYMy SIREFO BdzvA y 3 | Y S aoAAGaeot iSNAS d2NIRWSi K f 0 Sy 1 Sy §
2Yan{®w &G o®SyilftRSKeERS FyR m Sl FyAftAyS
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a0 O2YLI NBR (2 (K2&S8S 2LlYAAaBGRS TRBU Ga RNWR ES
g a LSRR aa@MNRK Ke@RNRBIASY o6Hn &l/NEAYF RNBIKSy?2
O2yRA9a2ya& LINBOA2dzat & 2LlYAASR T2 NENDHRIROs O S
MEOYUNE TOX GKS NBRAZOp@S | AY & §IS&2HMiERD ¢ Q AE LI2
MO P

Cl oMMRAALI @& 2dzNJ FgSYLIia Id O2yRdzOsy3 Ay
OOl oA Y3 KeERNREI SR BENKERNFASY o2y NBI Oa:
'y R &S onrLaviBBNER Vb GllilyRCHEKAOAGSR aAYAT NI OF Gt
2dzNJ 6Satazr GKSNB g1 a Y2NB 762 SNFCBENK & dzL.
Ke RN®F8Y | SNBAMSR M8 yBRACGNS I ASRIMKS YR &1 RA Y :
¢l oME} A YARSRALIGE (2 LISNF2NYXY AYyIiNF Y2t SOdzZ I NJ NBFR
KeRNRISYy D

16a (10 mol%) | cl cl :

o) H, (20 bar) : F F 5

§ additive : B ;
Ph” N P F Fi
THF (50 mM) ! F o :

31a F 100 °C, x h Ph ! T FF i

16a ©
Entry Time Additive Yield (%) Conversion (%)
(xh)

12 2 4A MS 0 100

20 2 - 0 25

3 2 - 0 58

4 24 TMSOTF (10 mol%) 0 100

5 24 TMSOTf (1 eq) 0 100
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Synthesis of alternative starting materials

Amine functionality exploration

CI'+H2 (1.2 eq)
0 -~ SoMe 0
n K,CO5 (2.5 eq) n R'-Li (1 eq) O
N = n
Cl Cl THF/H,O (10:1) /O\N Cl THF, -78°C R1MCI

61a-d | e2and 63a-b

62a,n =1, 76% (over 2 steps) n=2
RV Pl 62b n =2 97% 63a, R' = 4-FPh, 39%
62c, n = 3, 96% 63b, R" = 2-OMePh, 28%
o 62d, n = 4, 98%
Ph-NH, (1.1 eq)
)K/\ Et3N (2 eq)
HO Cl THF, A
60
O
n
1M /Ph

R N
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. Ring size exploration I
| 1 :
R . (\/L Q :
) \ R e
| Ph Ph Ph Ph |

{ Ig
N R

I :
Bn .

{ OKSVSdzi d2NB LI F Yy SR SELI yaA2y 2F AYAGNI Y2t $Odz

AYyOf dzZRAY 3 RYNISNES RAdzIENE a0+ INbNEISEBY (§ SRV EKS 3 4 B

/| NHzOX tzfi izZBlB @62 NJ] &aK2dz R FAY G2 RS@St2L) |y
Py F2NIdzy (St ées R@@dd R ly2fil QY 055 oaBPSY 8 KS
I YRS 2 LISNF 2NY 2dzNJ AY G NI Y2 eSO dekd RISOE OE KR 6§
6 { OKBWLS/® (i KSI yF dziad2NBYzS G NRA O G ONEIX Ry X ya 22 daNy J &
0KNRdzZZK GKS FTRIFILIFa2y 2F OdKNNBNE LI A &K b B Y A
I $ELX 2A 0y 3 clpgkiS2 KOG B P |



16b (1 mol%)

H o Chiral LB (x mol%)
N i . *
Ph” Nn PhMe,SiH (3.5 eq) Q\Q\
|
51 R EtOAc (1 M) Ph R

80°C,17h 52

Chiral LBs _ E
: o%
, Ph |
N
Ph 25

| Du et al. 2020

H % Chiral LA (1 mol%)
Ph/NNn PhMe,SiH (3.5 eq) O\Q\
51 R EtOAc (

80 °C, 17h

' Chiral LA

-
B(CeFs)2 |
OO B(CGFS)Z i
Ar 65 |

| Ar=3,5:(3,5-tBuyCeHs),CeHs !

. Du et al. 2015
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A Hoshimoto et al. 2018

16a (5 - 15 mol%)

o H, (20 - 80 bar) R'1<H
L+ HN-R! LRt T H0
R” H THF, 4A MS g

100°C,6-18h
1eq 1eq

B Starting conditions

BAr; (5 mol%)
H,N H, (20 bar)
- N
@ Sk
THF, 100 °C
50 mM 4ae

1 mLmin™!
inert Ti cartridge

H3C CH3

@ A
ﬁi?/@ gEap e, ﬁih
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Excess Hj Water Valve
outlet outlet
Closing Reaction
Valve
Back pressure
+— S regulator
g o Pressure
25 sensor Y
QE: % CatCart® col _|Pre-heater| [ Bubble HPLC
o atLart™ column unit detector pump
Pressure "

sensor
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