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Tandem reactions
(or domino reaction or cascade reaction)

chemical process that comprises at least two
consecutive reactions such that each subsequent
reaction occurs only in virtue of the chemical

functionality formed in the previous step

main benefits = high atom economy and reduction of

waste
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Tandem hydroformylation - other reaction(s)

SUBSTRATE

e PRODUCT
aldehyde

intermediate

Regioselectivity

p)
enantioselective Catalysed:
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N-Condensation

R,
N.
A"
Oxidation R, Acetylation
HOI/O A R20 0R2
Ra<-R3 I
* R1 H * R1
Oxid. R20 Wittig
Reduction
R,P=/
OH 3
L= j
- —_—
* R1 A R1
Metal cat. Organocat.
O
RS J OH
-0 R, .
Rz/)i R OH
2 *
* R1 ! R
Hydroacylation 1
Aldol

a) C-1 Building Blocks in Organic Synthesis 1. Additions to Alkenes, Alkynes, and Carbonyl Compounds, Vol.1, van Leeuwen, P. W. N. M.
Thieme, Stuttgart, Germany, 2013. b)Breit, B. Aldehydes: synthesis by hydroformylation of alkenes in Science of Synthesis, Vol. 25, Thieme,
Stuttgart, Germany, 2007.
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Tandem hydroformylation-hydrogenation

F{/§ = R/\/\OH

Linear 1-alkanols (n-alcohols) are widely used in industry as
solvents and precursors of detergents and plasticizers

Investigated for a long time using Co-, Rh-, Ru-, and Pd-
based systems

Usually low chemo- and regioselectivity



¥ g,
ROV VikGL {‘Egg DEPARTAMENT DE QUIMICA FISICA I INORGANICA

Tandem hydroformylation-hydrogenation
Supramolecular catalyst system

[Rhacac(CO),], Lig 3
CO/H5 (1:1, 40 bar), Me

R% - RMOH 2
40 °C, CH,Cl, ,24 h R)\/OH
yield (%) linear /branched
ANNNNF 87 92/8
BzO” NN F 93 83/17 MO
0
M~~ 08 91/9 PPh; ™ N Nt{NHz

/ 3 NH,

Good regioselectivities
but not great

L. Diab, T. Smejkal, J. Geier, B. Breit, Angew. Chem. Int. Ed. 48 (2009) 8022—-8026
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Tandem hydroformylation-hydrogenation
Supramolecular catalyst system

Ph,P 5 /- "
Rh-H 0 iy
N 3 PhoP. CIL @  enp
R R R Q. Rh
L R L
M il

Guanidinium unit operates by hydrogen bonding, decreasing the energy level of
the lowest unoccupied molecular orbital (LUMO) of the substrate, and
activating the substrate for a transition-metal-catalyzed reaction.

L. Diab, T. Smejkal, J. Geier, B. Breit, Angew. Chem. Int. Ed. 48 (2009) 8022—-8026
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Tandem hydroformylation-hydrogenation
Cooperative ligand system

[Rh(acac)(CO),] 0.5 mol%

3 (5mol%), 7 (5 mol%)
NG o~ Impr'ove.d
CO/H, (1/1, 20 bar) l /b ratio
toluene (1M), 80 °C I:b up to 99:1
Yield 70-99%
R= Cy, CH3(CH2)5, (CH2)4OH, (CH2)4OTHP, (CH2)4OBH,
deSigned to self- (CH2)40ACc,(CH2)gOTBS, PANHCO,(CH»)4
assemble in the
resence of a Rh(I)
pcen’rer to forma \m N'H‘“D
chelating catalyst Ph.P” N7 SO P
system that acts as H HN" N = )
a highly active and 7 = HN
regioselective @_ﬁ | - He. 3 PPh;
hydroformylation formylation® N FPh2 j‘,\ e Hydro-
catalyst [Rh] H i Rl . HNTONT Y genaten 1 en)
o nooH AN
o ' PPh;

) ¢
R »__H-[RhLy]

D. Fuchs, G. Rousseau, L. Diab, U. Gellrich, B. Breit Angew. Chem. Int. Ed. 51 (2012) 2178-2182,
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Tandem hydroformylation-hydrogenation
Bifunctional ligand: BISBI

Idea: to combine the high n/i ratio achieved by BISBT in HF
and the high hydrogenation activity of trialkylphosphines for
the selective formation of alcohols

[Rh(acac)(CO), (1mol%)  CgHy M0 cgHy ™>""0H
ligand (1-10% n n
CeHiy X +CO+H, gand { ) »
EtOH J J
, ~ ~J_CHO ~J_OH

BISBI: R = Ph O CaHr CgHy7
Me-BISBI: R = CHj PR; i i
nHex-BISBI: R= nHex
neoPent-BISBI: R= neoPent PR, Alcohols yield up to 97%
iPr-BISBI: R = iPr total n/i up to 5.3/1

Me-BISBI was the best performing ligand
protic solvents were essential for the reaction
in aprotic solvents, the main product was the aldehyde

T. Ichihara, K. Nakano, M. Katayama, K. Nozaki, Chem. Asian J. 3 (2008) 1722—-1728
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Tandem hydroformylation-hydrogenation
Rh/Ru dual catalyst system

Mixture of two catalysts was used zo ‘ :

* linear-selective hydroformylation step: Rh/XANTPHOS o—H—0 -

* aldehyde-selective hydrogenation: Shvo's catalyst T el
Pl;} » QBF“H*’RT@ PhPh
OC o occo
Ph— =0 Al _ 20 T RCH20H Ph—__o"
— Ph OH Ph 0. - ! 0
F'h\‘f{:f:h -CO, -H; F,FT“:’T RCHO Pﬁ H +CO Pr;fT?

R}IRCD Ej‘xpg R}J\Eh D > e Ph

\~...~ o W o S
oc 4y oc" 4 oc’ 4 H-.f o g@ co

L H R-

both hydroformylation and hydrogenation steps were very slow
Hydrogenation slowed down by the presence of CO

At 120 °C and with prolonged reaction time n-alcohol was obtained in 90%
yield

K. Takahashi, M., Yamashita, T., Ichihara, K., Nakano, K. Nozaki Angew Chem. Int. Ed. 49 (2010) 4488-4490



S A S I
Rovita 1 ViRl {‘Egg DEPARTAMENT DE QUIMICA FISICA I INORGANICA

Tandem hydroformylation-hydrogenation
On water reaction with Rh/ XANTPHOS catalyst

Rh/XANTPHOS was originally reported as n-selective
hydroformylation catalyst and does not catalyze hydrogenation in
apolar solvents

[Rh(acac)(CO), S/Rh = 1000 OH
xantphos L/IRh =3 \t-')‘L
“*H_h -
S COIH, 1:2 36 bar T ok 5
ROH H O =18 n

IS0
110°C 4h then 160°C _
20h 893.2% yield

899.7% selectivity for alcohol
14.3/1 nfiso ratio

In this very polar reaction medium, the long hydrophobic aliphatic chains were
pushed together, increasing the local substrate concentration= "on water” effect

The formation of cationic Rh species would also be favored and could explain the
results

O. Diebolt, C. Mueller, D. Vogt, Catal. Sci. Technol. 2 (2012) 773-777
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Tandem hydroformylation-hydrogenation
Solid support reactions

rhodium-diphosphine complex immobilized on silica using the sol-gel
technique and by a direct anchoring to commercially available silica.

Sol-gel immabilized [RhA]

ot COM,; =50 bar 11 lW':'l S T
5 toluene 5 "
80 °C, 328h 97
98% 90% selectivity
far n aleshal
4 Qpph ) 1-octene octane
2
(OMe)sSI~ "N © / \_/
@Pth silica . .
e N - Switching between HF
\- J K v

and hydrogenation

I
X 0 Ro—co X  0-Rh*CO catalvsts
v at '
R R
PH Ph

A’
Ph Ph
hydroformylation hydrogenation
k 1-propanol /\
nonanal nonanol

A.J. Sandee, J.N.H. Reek, P.C.J. Kamer, PW.N.M. van Leeuwen, J. Am. Chem. Soc. 123 (2001) 8468-8476
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Tandem hydroformylations with CC bond formations
HF/aldol condensation

0 0.1mol% [Rh{CO)s(acac)], 0.2 mol% Naphos o
5 mol% pyrroliding, 5 mol?: benzoic acid H
RS H COIH; 10 bar, NMP T\ g
65 °C, 16 @
R= alkyl - .
- yield (58-858%)
P PPh; nfiso up to 991
T synthesis of o,B-unsaturated
Naphos | aldehydes from olefins

cooperative rhodium/phosphine and organocatalyst system

to avoid hydrogenation of products, low temperature was used along
with low partial pressure of H2 (5 bar, 1/1 ratio to CO)

X. Fang, R. Jackstell, R. Franke, M. Beller, Chem. Eur. J. 20 (2014) 13210-13216
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Tandem hydroformylations with CC bond formations
HF/aldol condensation/ hydrogenation

0.1mol% [Rh(CO),(acac)], 0.2 mol% Naphos

O 5 mol% pyrrolidine, 5 mol% benzoic acid /\/\)J\
R + R1J\ ~ R R

CO/H5 (5:15 bar), 100 °C, 5h
R= alky! yield (71-93%)
n/iso up to 99/1

R'= alkyl, aryl

Rh, CO/H, Rh, Hy

0 M _
R/\) R’ > R/\/l\/l'L R1 H20 » R/\/\)j\ R

efficient synthesis of ketones starting from olefins

higher temperature higher and partial pressure of H, necessary for the
hydrogenation step

X. Fang, R. Jackstell, A. Bcrner, M. Beller, Chem. Eur. J. 20 (2014) 15692-15696
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Tandem hydroformylations with CC bond formations
HF /enantioselective cross aldol reactions

L-proline as the organocatalyst

Entry Substrat Ketone = Product Yield Syn:anti
e solvent [%]lc] [d]

CO/H,,
Rh(acac)(CO), CH O

J Py A
| g 76 / O P(OPh)s, L-prol
Q +)J\ condltlo?'ms prOInFi O/J\
o R 47 /
C,(/ o o CO/H,, x
\Q\é:j\)\ [Rh]

89 1.5:1

7 CHO |, ione Loorol
Cry 33 1.5-1 acetone, L-proline \}’ H
CH O NG\
o@ : H
5 03/\)K 71 1:1 d\
OH o L -

_M 59 1:2.7
( AR, 76 1:1.9

0.5 mol% Rh(acac) (CO)2,20/20 bar CO/H2, 2 mol% P(OPh)3, 30 mol% I-
proLine, 40 “C, 72 h.

S. Chercheja, P. Eilbracht, Adv. Synth. Catal. 349 (2007) 1897-1905.
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Tandem hydroformylations with CC bond formations
HF /enantioselective cross aldol reactions

L-proline as the organocatalyst
1. [Rh(CO),(acac)]/ligand 7

ethylene:H,:CO (1:1:1), OH OH
30 bar, L-proline Z
0 DMF (5.5M). 5 °C, 48h _ K;/LR m
] : 07 >N~ PPh,
R 2. NaBH4 MeOH Me H
yield: 66-99%
R =iPr, Cy, Ph, p-FPh, 3-Pyr VRS

0. Q.
1. [Rh(CO)z(acac)] 1 mol% 0O H = OMe

6-DPPon 10 mol%
H-:CO (1:1), 20 bar,

iIsobutyraldehyde 500 mol% OR oH @\
PN OMe

L-proline, DMF, 15 °C, 44h _
J - : R= n-C¢H,, 86% vield, dr 19:1, ee 97%
R 2.NaBHs, MeOH, 0°C, 1h R~ R= Ph 50% yield, dr 50%, ee 99%

B. Breit et al. Adv. Synth. Catal. 349 (2007) 1891-1895; J. Am. Chem. Soc. 125 (2003) 6608-6609; Adv. Synth. Catal. 347
(2005) 1488-1494.
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Tandem hydroformylations with CC bond formations
AHF/enantioselective cross aldol reactions

L-proline as the organocatalyst

CO/H,,
o Rh(acac)(CO), o OH O OH
i i (RLPh 5
s+ f awmmne A e L Toen
L-proline, acetone CH Rz
conditions 3 CH,
2020 barCO/H,, (25,48)-cniraphite: syn: anti = 1.3:1, 72% ee: 98% ee
[Rhacac(CO)s] (2R, 4R)-chiraphite: syn: anti = 6.6:1, 93% ee: 69% ee
(2R, 4R)-chiraphite 4

72h 40 °C

acetone, L-proline

Ph”" “CHO
(S)-2, 96%, 73% ee

| OMe
MeO O

(2R, 4R}-Chiraphite

S. Chercheja, S.K. Nadakudity, P. Eilbracht, Adv. Synth. Catal. 352 (2010) 637643
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Tandem hydroformylations with CC bond formations
HF /enantioselective Mannich reaction

L-proline as the organocatalyst

R CO/H, 20/20 bar R
o 0.5 mol% Rh(acac)(CO),
Q s S 2 mol% P(OPh)s N
n 30 mol% L-proline,
NH,

: "NH O
CH,Cl,/acetone 4/1, Q)\/U\
40 °C, 72h )n

n=1,3
R=CIl F, OMe yield: 25-52%
ee: 32-74%
R o COMH; + Ar
>_\ Ar [Rh] and proline R NH O
- * I * - * 5
R R R R R
+

S. Chercheja, T. Rothenbuecher, P. Eilbracht, Adv. Synth. Catal. 351 (2009) 339-344.
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Tandem hydroformylations with CC bond formations
One-pot HF/organocatalyzed SN1 alkylation

[Rh]
CO/H, c
+
R~ E ,organocatalyst_; RJ\?O
[Rh]
CO/H, -H;0
E+
o organocatalyst \ e
Rz — | RN
not isolated E R

J. Stiller, A.J. Vorholt, K.A. Ostrowski, A. Behr, M. Christmann, Chem. Eur. J. 18 (2012) 9496-9499
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Tandem hydroformylations with CC bond formations
One-pot HF/organocatalyzed SN1 alkylation

[RR{CaH 5001l (1 mafs)

Rh ¥ [FulZHg 2] (1 mits)
30 bar COMMy {11}
[RN(C7H15CO2)2] (1 mol%) «al HFf step PPPB (1 motk) —
[Ru(CsHs)o] (1 mol%) Ru cocat s Y o
30 bar CO/H5 (1:1) 1 ¥ {12 mof) A TR

dppb (1 mol%) waleric acid (12 mal%) Ar = 4'IN[§H_J:IEICEH4

SN CHCL, 18 h, &80 °C
)
TN 9 1eq > \/\/j\/\
No®  Substrate t[h]  Yield [%]®  ee [%]®

‘(‘;a}:g:mh’mmm%) Ar = 4-(N(CHz),)CoHq L - m 6 6 %
2 ’ ® h 16 S8 91
OH i P L N
Q*Ar 3 ” B [ - 2
OH .
(0, || ek O
MeoN 9 NMez | | Ar = 3 5-(CF3)-CoHa 4 “f\ 6 8 9
|, Electrophile ,1‘!]
n
precursor 5 “‘]; 6 8 93 (93) (d.r. 1)
6 H;ﬁhﬁw% 6 8 &
The Ru co-catalyst not only enhanced the L
HF step, but also improved the A S 9% (80) (. 31)
o ° ° ']
conversion in the organocatalytic I
reaction. ’ " o )
9 h 16 L. -

J. Stiller, A.J. Vorholt, K.A. Ostrowski, A. Behr, M. Christmann, Chem. Eur. J. 18 (2012) 9496-9499
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

Substituted indoles = "privileged structures” owing to their binding
ability to many different types of receptors

NR>
NRy R
///\ CO/Ho/[Rh)/H* N
/ R phenylhydrazine N
11 -H,0, - NH5 H 14
CO/H,/[Rh]
‘ H*, - NH5
NR,
NR, R
R phenylhydrazine
i |
/ -H20 @\N,N
O H
12 13

three steps:

 the in situ generation of oxo aldehyde 12

* its conversion to aryl hydrazones 13

« [3,3]-sigmatropic rearrangement to the final product 14
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

1. CO/H2, 50:10 bar,
[Rh(acac)(CO)2] 1mol%
O\ )\/ 1eq PTSA { NPht
NH NPht -
N

THF 100 °C, 3d
c:Ph2 H

R=H, 4-Cl, 2-Cl, 2-CH3, 4-Br yield: 42-78%

Indole derivatives with a tryptamine scaffold (3-aminoethyl indole) are
important compounds and many of these are known as synthetic
medicines and physiologically active substances (serotonin, melatonin,
psilocin, etc.).

P. Koehling, A.M. Schmidt, P. Eilbracht, Org. Lett. 5 (2003) 3213-3216
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

Synthesis of branched tryptamines and homo
tryptamines in water

\\ ™
| -SO;Na

/ HO3SSO3H
Cf \Q i

PPh PPh
Na038 SO;Na 216 2
R\
r NR
R R 1. 0.3 mol % Rh(acac)(CO),
| = 1.5 mol % 15 or 16 R

Soyte o s ane
+ 2N Z R 2.50/10 bar CO/ H,, AN
R R H 4wt % H,S0,, 3 days, 100°C. R H

Up to 99% yield

A.M. Schmidt, P. Eilbracht, J. Org. Chem. 70 (2005) 5528-5535; A.M. Schmidt, P. Eilbracht, Org. Biomol. Chem. 3 (2005)
2333-2343
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis
synthesis towards non-branched tryptamides

R Riy
3 N—R2
Ry 17 ]
! NHMH; N
- = R
R, 3
ZHM TR A
23 M
30 H
Entry  Oflefin 23 Hydrazine 17 Yield 30 Entry Olefin 23 Hydrazine 17 Yield 30
1 2Zcn=1.F,=H, 17a ™, 5 fin=1LR,=Et, 17a B
R, = ts) _f{ MHis R, = a0) {”'\N ac
©\N 30a, 59% @f} N
Y 4 30e, 59%
2 Bain=1R = 17a ™ 6 hin=2R = 17a Is
R, =pht) g Npht Et, R, = ts) N
30b, 51% | ST
N L7 30f 58%
H M
H
3 Bain=1LR, = 17j I ™ 7 pm=1R, = 17a ~
R, = pht) Oy A Mot Et, R, = eoc) [ e
R N 30g 51%
4 2dein=1.R, = 17a [ 8 Biin=1,R, =Et. 17a _
Et, R, = ts) [ nee R, =bz) N~F2
oo { L
H 30d, 81% M aon, 32%

Cond.: {a) 1 eq 17, 1 eq 23, 0.3 mol% Rh{acac){CO},, 3 mol® XANTPHOS, 10 bar CO, 10 bar H;, 68 h, 70 *C. (b) 4 wit% H,50,-THF, 2 h, 80 °C.

A.M. Schmidt, P. Eilbracht, Org. Biomol. Chem. 3 (2005) 2333-2343
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis
Synthesis of chiral tryptamines and homologues

1. CO/H5, 10:10 bar, R
[Rh(acac)(CO)»] Tmol%
. XANTPHOS 10mol% N-R?
R R PhNHNH» _ N\ R®
I/ THF 80°C, 3d N
R’ 2. indolization H
91-98%ee 91-98%ee
Obtained by Yields up to 76%
enantioselective Ir complete retention
catalyzed allylation of chirality

B.P. Bondzic, A. Farwick, J. Liebich, P. Eilbracht, Org. Biomol. Chem. 20 (2008) 3723-3731
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

R
a) 1 eq. phenylhydrazine,
g 0.5 mol% Rh(acac)(CO)s, N\
R 10 mol% BIPHEPHOS, Ph
10 bar CO, 10 bar H2, N
100 °C, 3 d; 18
17 b) 4 Wt% H,SO4 (R= OBz: 54%)
THF, reflux, 3h. (R= NCGHE; 60%)
Rg:/R:" CR(:I;HZ RR@
R? R R2 cho . . .
Ql When internal or cyclic olefins
" are used, 2,3 disubstited indoles
RZ_R’ . R? A1 .
(\[ (] or carbazoles (in the case of
R® R3- . .
@N,N' o ) cyclic olefins) can also be
" obtained
[H‘]l R® $£H
2 2
R2 o R RF§1 -
3 R2
[I,\? Aiaron Y O )
H N R

P. Linnepe, A.M. Schmidt, P. Eilbracht, Org. Biomol. Chem. 4 (2006) 302—313
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

Cyclic olefins: ring size effect

Rh{acac){CO), )(>
phenyl hydrazlne ,ﬁhd_‘_ ’A%
@]n 1.0 eq. PTSA, w ,,xﬁ_

100°C, 1d.

13

Entry n CO (bar) H; (bar) 19(%) 20(%)
1 L] 50 20 98 -

2 0 20 0 95 -

3 2 50 20 &0 11

4 2 20 50 a0 59

* In the case of pentene, the carbazole product 19 is obtainedregardless
of ratio of syngas

« For six membered or higher cyclic olefins, hydrogenation of the spiro
imino intermediate was possible and 20 was isolated in good yield

P. Linnepe, A.M. Schmidt, P. Eilbracht, Org. Biomol. Chem. 4 (2006) 302—313
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

Hydroformylation/tetrahydro-p-carboline synthesis

| R
NH2 NT
s
ENTS R1 q& TN
2 1.1 mol% Rh(acac)( CO / N
R 50 bar CO, 10 bar H2 1
21 THF, 100 °C, 3d 23

2.4w% H,S0,, 2h, reflux

R= Ph, Et, Pr, p-MeO- 2 o 112
Ph, 0-MeO-Ph, p-Cl- ylela= 41-85%
Ph, p-CF-Ph ee= 93-98%

good overall yields with clear preference for the formation of
5-subsituted THBCs 23.
3-substituted carbolines 22 were isolated as racemates while
B-substituted retained enantiopurity of starting material

B.P. Bondzic, P. Eilbracht, Org. Lett. 10 (2008) 3433-3436.
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Tandem hydroformylations with CC bond formations
hydroformylation/Fischer indole synthesis

Hydroformylation/tetrahydro-p-carboline synthesis

he | . H PG
N R 14, N NPG
PG N\
H+ . a— N — B R
- - - 2 N H
N N™ = R
(Rh] H 22
E:N_PG CO/H, R
/ PhNHNH, _ - \
R PG R H NfPG (e
N
21 H* @Q + @/,g/\'H N
Ph aN ey R
\ / H H _ 23
N—NH L

B.P. Bondzic, P. Eilbracht, Org. Lett. 10 (2008) 3433-3436.
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Tandem hydroformylations with CC bond formations
hydroformylation/Pictet-Spengler reaction

NH,  RE.. [Rh(acac)(CO)],

N ,ﬂ . 50/10 bar CO/H, (N
+ () >

\ 1 g2+ M CSA, CHoCly y

RB
H T 80-110C R—~{
R1=a| | arvl T > 68h 2 gf')n
kyr ry . R v
R2 RS = H, alkyl, aryl Yields 45-82%
23 CO/Hy, [Rh] \H
]\ H*, solvent N\ R1
. . . . 17> R2 tryptamine H )
cyclic or 1,1 disubstituted olefins as R R
substrates I ‘
CO/Hs, [Rh] -H,0
5 @
RICHO tryptamine CEQ::NH R’
R™ "R H H R3 R?

B.P. Bondzic, P. Eilbracht, Org. Biomol. Chem. 6 (2008) 4059-4063
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Tandem hydroformylations with CC bond formations

HF/carbonyl ene cyclization reaction

O(o-DPPF)
R\/[/J\KR
24

R=H, Me, iPr, Cy,

nBu, Ph, CH,OTIPS

[Rh(CO)(acac)] (1.8 mol%)
. P(OPh), (7.2 mol%),
CO/H, (1:1) 40 bar

-
o

THF 70 °C, 48h

then SnCl4(THF), (20 mol%)
THF, 70 °C

one pot

(FPPo-D)O

/

R
25

HO

47-74% yield
E/Z up to 99/1

O

e

Fe PPhy
>

(S,)-0-DPPF or (R))

planar-chiral catalyst-directing group (o-DPPF) moiety attached to the
symmetrical bis-2-propenyl-methanol for diastereotopic alkene group and face
discrimination in the HF of 24 to selectively form the syn-aldehyde

A. Bigot, D. Breuninger, B. Breit, Org. Lett. 10 (2008) 5321-5324.B. Breit, A. Bigot, Chem. Commun. (2008) 6498—-6500.
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Tandem hydroformylations with CC bond formations

HF/carbonyl ene cyclization reaction

R t
(FPP0-D)Ojg)\_—-..
H o py-O-
A H"snol,

R

O(CDG*) a. [Rh], coligand,

. ene
W CO/H, (1:1) O(o-DPPF) bathway |
b. Lewis acid (FPPo-D)O ——>  2,6-dideoxy
: (|) / — ™ carbosugars
~

Me Me i HO
24 R R R
(+)or (-)-26
>99% ee
0
Prins
Pathway 26 T O(o- DPPF)

(0

R
SInCI,, \
FPPo-D)O ~0 __,
( ) v ?YO SnCI4
. HF /

Q PPh,
 carbonyl ene cyclization ’ =
- cleavage of the directing group in the same pot gave both optical
antipodes of 25, either starting from (Sp)-o-DPPF ester or its (Rp)

enantiomer
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Tandem hydroformylations with CC bond formations
HF /decarboxylative Knoevenagel reaction

Hydroalkenylatlon +
COZH

Py/ Z )
H,/CO H,0, CO»
R/\/\ HO,C._CO,H

MNucleophilic f_
Catalysis
D V/ /_. T‘%{I % WCOEH A)
Cco, 1

N
(cat.)
H CO,H

~{JCHO + CHACOH), f‘ /(»W

H.0 15 H\Cf’z— N et o
DBU cO L—. CoH B
M 2 A - s a T ,{"‘};‘,//;\/ 2 )
Base-Catalyzed cos _ . |'_|
Double Bond 17 ? 18 0" "o CO, 2
Isomerization a,pfy = 1:99

S.T. Kemme, T. Smejkal, B. Breit, Adv. Synth. Catal. 350 (2008) 989-994; S.T. Kemme, T. Smejkal, B. Breit, Chem.
Eur. J. 16 (2010) 3423-3433
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Tandem hydroformylations with CC bond formations
HF /decarboxylative Knoevenagel reaction

One-Pot

RTAP- R COM  Gae

ol Knoevenagel
%, _Hydroformylation™ ~~._-CHO
CO,H 9%a-e
RW z
CM
, . S CN 11a-e
Knoeve- { CHy{CO;H),
nagel | pyridine,
pyrrolidine o | ‘*»
_COH _IRN3.COM, ~ prp” N O
RS Decarboxylative Mz NH;
Hydroformylation 12a_e 13 T
NH.
Entry  Substrate Product Yield [%]™

N NN P =+ decarboxylative Knoevenagel
CHO CHO ° °
2 (J (77 s peaction/ decarboxylative HF

CHO CHO -
3 Y \|/\/ 12c g3l -

A I 2 carbon-chain elongation
5 PR T CHO phWCHO 12e 73le

B. Breit et al. , Adv. Synth. Catal. 350 (2008) 989-994; Chem. Eur. J. 16 (2010) 3423-3433
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Tandem hydroformylations with CC bond formations
hydroformylation/Wittig reaction

PPh, [Rh(HXCO)PPhs)]

Ph;P=CMeCOR

R

| Eo
L E o

20 bar H,/CO (1:1).
toluene, 90 °C, 48 h,

O(o-DPPB)
O
R =

Me

O(o-DPPB)Me

Me 30

|

The E-selectivity of
the olefination step stems from
O the intrinsically high E-
preference
of stabilized phosphorus ylides.

R

The syn-diastereocontrol= directed hydroformylation step using the o-DPPB group.

O{e-DFPEY
iFr
Me
Of{o-DPPB)
JPr
Me
OPiv G(o-DPPE)

[Rh(H)CO)PPhs)]
PhsP=CMeCOR

20 bar H,/CO (1:1).
ioluene, 0 °C, 48 h,

Syn/anti  Yield
Clo-DPPEiMe
, OFt
iPr 96/4 75
Me o
O{o-DPPB)e
. Me 93/7 78
iFr
Me o
OPiv O{o-DPPEMe 92/8 60
- Me
Me MWe Q

B. Breit, S.K. Zahn, Tetrahedron 61 (2005) 6171-6179.
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Tandem hydroformylations with CC bond formations
hydroformylation/Wittig reaction

[Rh(H)(CO)(PPhs)s],
PPhy 20 bar Hy/CO (1:1), O(o-DPPB)
Ph3P=CHCOMe /k‘/\/\ﬂ/Me
o "0 = R
- )\{ toluene, 90°C, 48 h Me 0O
Me 31

29

Using mono-substituted ylides, the saturated
ketone was obtained

B. Breit, S.K. Zahn, Tetrahedron 61 (2005) 6171-6179.
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Tandem hydroformylations with CC bond formations
HF/Wittig reaction/Aza-Michael addition

G?P. PG’ | G _pPG!
N CO/H, GP N C
32 Ph3P=/;3HCOX ] H

—COX 1PG*—H '

G1P\ 3 2 b 2p_ 1
/I\D - ase G“P. N/PG
R RJ\/\/\COX
33

preparation of a, B-unsaturated carbonyl compounds from unsubstituted
stabilized ylides and chiral allylic amines

A. Farwick, G. Helmchen, Adv. Synth. Catal. 352 (2010) 1023-1032.
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Tandem hydroformylations with CC bond formations
HF/Wittig reaction

H/CO {1 atm, 1:1)

5.3 Rhiacac)(CO): (1 mol%:) 203 203
T;Et R Biphephos (5 mol%) WRR /TH &
w2+ PhgP=CHCOX - P + L
R T~ ? loluene (0.06 M), 50 °C, 5 13 h R'T T cox R ™7 7 Teox
1 2 (1.5 equiv.) 3 4

R' = n-Pr, Ph, n-Hept, CHaOCPh;, CH20Si(f-Bu)Phs .
>
R?, R = CHO, Boc, Phth, Cbz Ratio 3/4 > 80/20

X = OMe, Me, N{OMe)Me E/Z > 90/10
Yields > 75%

Biphephos (BF)

A. Farwick, G. Helmchen, Adv. Synth. Catal. 352 (2010) 1023-1032.
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Tandem hydroformylations with CC bond formations
HF -Wittig olefination-Pyran synthesis

on H,/CO = 1/1 o
OH @]
/I\(VV\ Jbar, toluene W\vu\ tBuOK (0.8eq) RJO -
R X Rh/Ligand/S/Ylide R O/\ ' > 2
n 1/20/1000/1100 n rt., 20 min
= OEt Toluene n
R= Me, Et, Pr, Tol Ph3P¢\|f
@]

~ | L )t R
[;E_, HOTONTPAG 0 ’?'/ F;‘/A"
P “ — H 'ﬂ [Fh'-n] CO/H,
S ok Ui
O«_N_ _PAr,

U \ Ar
| A
6-DTBBPPon J U R

cis-pyrans obtained in excellent yields (87-93%) and
diastereo selectivities

Q. Ruan, L. Zhou, B. Breit, Catal. Commun. 53 (2014) 87-90
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Tandem hydroformylations with CC bond formations
Asymmetric HF -Wittig reaction

Ph"’} ‘-__{F'h

HIN _(_\J. SN N AHF _L
LN

e =) .
T /ol AHF 1 oteiration

= A = R "CHO
HH}__ N '}ﬂEF R, PEHRE
'

(5,5, 5)-bisdazaphos 1

G. W. Wong, C. R. Landis Angew. Chem. Int. Ed. 2013, 52, 1564-1567
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Tandem hydroformylations with CC bond formations
Asymmetric HF -Wittig reaction

0.1 meal [(1)RRHICD),] R
AD” 4 PhpCRIRE — o PR HCETT .:-:)”I‘f’* I“n'
1.2 aguiv) chloroform, G0°C
- 2
PhiPO
Entry Product t [h] E/Z*¥  Yield[3]  ee[3f one-pot ’l‘"-,:Hg
fc) AHFINDIAHF L P
1 = AcO” F TCOLE
1 AcD” T TCOLE 18 =95:5 79 o9 085 M 89% cony [ —
2a . 6%, yield N
. 140 psig | (over 3 steps), 95:5 d.r. L 140 paig
2 AcD” 008 15 =95:5 46 99 HgtC0 (1:1) i HalCO (1:1)
b : l 0.2 malt [(1)RRHICO),] :
J toluene THF | ; ! chloroform
3 MO COE 18 =955 68 %0 60°C, 2h | . | 40°C. 18 h
2c T f :
[ | _."-
J - PhyP—C, 085 M |
4 AcO U COMe 21 =05:5 71 a7 L 1.3 equiv CO.Et J
2d
. BoD” CHQ| T 1 H|’
1L o chioratorm, 40°C, Smn | 4e0” ™ CCOE!
5 Ae0” 18 =955 67 98 - PhyPO
2e O 154

G. W. Wong, C. R. Landis Angew. Chem. Int. Ed. 2013, 52, 1564-1567
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Asymmetric HF -Wittig reaction

UNIVERSITAT
ROVIRA I VIRGILI
1) 1 ol [RhlacaciiCo);)]
0.1 ol 1
o 1440 peig Hai GO (1:1)
N THF, 607G, 025 h
{:'r LN 212
equiv FhyPCHCOLEL
=/ 0 10,90 ),
D76 M 140 psig Ha/COH{1:1)
chlarafarm, 80°C, 15 h
PhaPO

1) 2 el [(1RRHICD);]
140 paig HaCO (12 1)

o
. Cm‘l‘*’“*w:a
—

|
“‘\'-D 3a

BE% yield
85% B8 S48 EIZ rabo

"
T’ﬁuﬂ"‘tﬁ’[\éﬁ“cniﬂ

B /%]/% THF, 80°C. 3 h
e b
el 5 2) 1.3 equiv PhaPCHCO.EL,  MEO E;% o otemr
CH_ECI J2R*C 16 R i falic
arsm ~ PhaPO 92% ee 818 E/Z ratio
Che 0.2 mol% [(RNHICONE]  rpapy—
M 140 peig COH. ;o]
! } + PRyPCHCOZEL - Hv’l'\”-ﬁ%l:ﬂ o
— chloroform, 80°C, 20 h 2
B4% yiekd
o et 945 EI2 ratio
130.2 mol [{1RhH(CO0]
140 psig H/CO (1:1)
toluene/THF, 40°C, 4 h :
Py e = S e OH
- 2) 1.5 equiv PhyPCHCO.EL 4
' {065 W), 14
chlorafarm, 2575, 3 h
. 45°C, 941 ou
3) 3.5 squiv DIBAL, THF Bkt
250, 20 h 52% yield (over 3 steps]
AHFANG FhiFO 83:7 (1EAEW1E 42)
silica gel
1\-F/\ thmmat&gﬂpﬂy ’/I-\
ph.-“"?u"‘n.,_\___- o COLEL F‘-_|r_l_--“"l--u_m.-"' _\_\_.__-ﬁcanl
' 3d”

11006 molls [Rbfacec)(C0):]
0.5mole 1

140 psig HaCOY101)
THF, 2.6 h, G0°C

Bz

o

® O
2 inauhmf,ikum

140 paky Ho OO 11}
THF 15 h, B0°C

[Bﬂl“fJYD“~.’Em
o

0
k]
3 (nBuP. 2
140 psig HCO{1-1) J\_,J
- [mo Oy

THF, 6.5 h, 40°C o

'\rﬁ CHO

0
S e et
o o]

4-hydroxyvalerate trimer
(179 yield of isoalied product
based on vinyl benzoate)

* 0
EID’J\-J;J‘\]’G'TH%’M‘D%
|:| :

4-hydroosyvalarate dirmer
118% yield of isclaled product
besad on vinyl benzoate]

0
@
4 nBuiP._H
=]

THF, 1 h, 25°C
— {rBu) PO

G. W. Wong, C. R. Landis Angew. Chem. Int. Ed. 2013, 52, 1564-1567
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Tandem hydroformylations with CC bond formations
HF/Arylation reaction with boronic acids

tandem
ffﬁ_:—:—_ﬁ__—___xm
. CHO . HO. Bh
: R'
R Rh/PPh, ;H’J\“: ! R" _ HO.__R" R
‘“ﬂ-_-’ﬁ I 1 '
= R E-D.l'HE ! P ,EHD: I'-'lCI-I-Eu A R’ + E__,--‘\'/_,J\_\_[:}H
oME | R 4o ROV
i . | z H-
5 SRS R . ! 6 7
R'=H, CH,4

Transformation of olefins into secondary alcohols
Highest yields using styrene derivatives as substrates and
Ph-B(OH)2 as alkylating agents

A.R. Almeida, R.D. Dias, C.J.P. Monteiro, A.R. Abreu, P.M.P. Gois, J.C. Bayon, M.M. Pereiraa, Adv. Synth. Catal.
356 (2014) 1223-1228
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Tandem hydroformylations with CC bond formations
HF/cyclization reaction of enantioenriched N-

allylpyrroles

{.n" W COMz (1), i I'I.h (A F A
H.0
N*  30bkar I B Vs S Y OH - 0 | Sy |
R"L\-’ﬁ RhyCO,3, R
klane, 125°C  |F R

36 36
R =Ma : - T3%
B = isa-Pr intramolecular electrophilic 20
R =n-Pr substitution T5%

Experimental conditions were key to avoid
racemization and enhance regioselectivity

R. Settambolo, G. Guazzelli, A. Mandoli, R. Lazzaroni, Tetrahedron: Asymmetry 15 (2004) 1821-1823.
G. Guazzelli, R. Lazzaroni, R. Settambolo, Beilstein J. Org. Chem. 4 (2008) 2.
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Tandem hydroformylation/elimination reactions
HF/decarboxylation of o,B-unsaturated carboxylic acids

0 %_\ ijj:j:“ 3 STCPS-

o o L OL0  Binding and deprotonation of
Ao L-"ﬁ.“.f.‘.g substrate to the ligand
R " o « a-selective HF
PPt )/ « Decarboxylation of a-formyl
ol oy intermediate
Al
5 v b "
[/\./V\r{]\m F“f*»ﬁél é“: =
| CHO a L Lo ::HEI ]
j/\iﬂ Decarboxylative HF

Formal reduction of a,f-unsaturated acids to aldehydes

T. Smejkal, B. Breit, Angew. Chem. Int. Ed. 47 (2008) 3946-3949
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Tandem hydroformylation/elimination reactions
HF/decarboxylation of o,B-unsaturated carboxylic acids

[Rh{acac)(CO),)1 =1:10
13 bar CO/MH2 (1:1),

R,.-"':‘\\__,COOH > R/‘\V-'CHO
CH,Cl,, 25 °C, 24 h;

Entry Product Yield (%)
1 NS NNLACHO 91

[\/’ _~~_-CHO

\l/-\,CHO
4 )\/*“\/CHO 92
3 )%/\*/\,»CHO 4 . . .
; SO good yields obtained with
v D o substrates possesing olefins,
: HO Ly~ cHo . alcohols, amides,acetals or
: D e . carboxilic acids in side chain
10 8s” " ~.-CHO 74

E\C?{‘J}.\‘,.CIIO
1 e 75
2 B0 [_,:r.;-.u.c.no .

TBSO{ y~._-CHO
13 ‘8 a5
14 5 OA\H?F/GI 18 68
- @H\LFDHTJ/CHD .

0

16 Ho O 50 T. Smejkal, B. Breit, Angew. Chem. Int. Ed. 47 (2008) 39463949

&
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Tandem hydroformylation/elimination reactions
hydroformylation/B-elimination of o-DPPB esters

O(o-DPPB) [Rhacac(CO),]
R1/Ku pase o, Rr\l\/\}O
i -O(0-DPPB) R?
A
O(0o-DPPB) |
R1MO
:\RQ

The 0-DPPB group = controller for regioselectivity of the hydroformylation
subsequently eliminated in situ by mild standard bases.

A.E. Bruch, A. Gebert, B. Breit, Synthesis 14 (2008) 2169-2176.
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Tandem hydroformylation/elimination reactions
hydroformylation/B-elimination of o-DPPB esters

Substrate Time (h) Base (equiv) Product Yield(%)
Ofo-DPPB)
p WGHD
‘H’L\/ 3 EtaN(1.1) 7 96
7 Me
Oi{o-DPPB) . 2 CHO
or _,J\f; 24 K;CO5 (0.1) "Pr/\rll; 67
O(o-DPPB) CHO
=
A # 24 K2C03 (0.1) g 92
Cy d Me
O(o-DPPB) CHO
':f/?"\““‘[/
42 HNEL; (2.0 86
r.::v’l\"”f/k““ 20 Et
O(o-DPPE}) MeO.C. -~ _-CHO
MeO.C.__A = 24 K2C03 (0.1) 1N 78
C(o-DPFB) MeO,C._~_-CHO
MQOEC\[/]\"/"' 24 EtaN (1.1) w 84
e
O(o-DPPB) L CHO
Phw 24 EtzN(1.1) Ph/V\r...]; -
Of{o-DPPB) TBDPSO. N CHO
TBDOPSO. A - 48 EaN(5.0) V/\Et’ %

[RhiCO}acac] (1.8 mol%), CO/H; (40 bar), THF {c= 0.1 M), tandem process, base present during hydroformylation.

A.E. Bruch, A. Gebert, B. Breit, Synthesis 14 (2008) 2169-2176.
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Tandem hydroformylation in the presence of
N-nucleophiles
Hydroaminomethylation

Hydroformylation Condensation Hydrogenation
H,/CO . Rz\Nst H,
H
R1/\/_\' /\)l B — R1M\N'R2 /_\ R/\/\N’RZ
R -H,0 ) 1
Cat. SN\ ™ 2 1) Cat. _ II2
3 3

 First discovered by Reppe et al. at BASF in 1950
 Direct synthesis of amines via autotandem reaction
* Readily available reagents

« High atom economy process

a) Kalck, P.; Urrutigoity, M. Chem. Rev. 2018, 118, 3833-3861. b) Chen, C.; Dong, X-Q.; Zhang, X. Org. Chem. Front.
2016, 3, 1359-1370.
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Hydroaminomethylation

Monosubstituted alkenes

N
L
Fs.. R
. 4 2hy-Ma__Rheat | H.,MM'RE s R
H H,/CO d
3

.R
/ R1/\/\N 3 \ / 82 \
1 N~
R, L R3
n:iso up to >99:1 R4

>99% amine selectivity

R

n:iso up to 12:88
up to 98% amine selectivity

L o
@) !

PPh PPh e
2 2 phyp
2

T o) -
g ‘®<©>2/ \ﬁ”@ﬂ Y,

-
~ N>2Qo/
(L™
-
et
a) Ahmed, M.; Seayad, A. M.; Jackstell, R.; Beller, M. J. Am. Chem. Soc. 2003, 125, 10311-10318. b) Li, S.; Huang, K.; Zhang, J.; Wu, W.;
Zhang, X. Org. Lett. 2013, 15, 3078-3081. c) Routaboul, L.; Buch, C.; Klein, H.; Jackstell, R.; Beller, M. Tetrahedron Lett. 2005, 46, 7401-

7405. d) Moballigh, A.; Cathleen, B.; Lucie, R.; Ralf, J.; Holger, K.; Anke, S.; Matthias, B. Chem. Eur. J. 2007, 13, 1594-1601.

e,

{
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Hydroaminomethylation

1,2-disubstituted alkenes

n:iso up to 39:1
83% amine selectivity

‘Bu 'Bu
f,\r LI
P ArsP PAr, O

Ar P

OO pr A ArsP O PAr, O O
| P
Ar

G0

a) Holger, K.; Ralf, J.; Klaus-Diether, W.; Cornelia, B.; Matthias, B. Angew. Chem. Int. Ed. 2001, 40, 3408-3411. b) Seayad,
A.; Ahmed, M.; Klein, H.; Jackstell, R.; Gross, T.; Beller, M. Science 2002, 297, 1676-1678. c) Liu, G.; Huang, K.; Cao, B.;
Chang, M.; Li, S.; Yu, S.; Zhou, L.; Wu, W.; Zhang, X. Org. Lett. 2012, 14, 102-105.
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Hydroaminomethylation

1,1-disubstituted alkenes

7 ) O O
s S

up to 57% vyield up to 93% vyield
[Rh(acac)(CO),] [Rh(p-Cl)(COD)],

\
C° B s
I

n:iso up to >99:1
up to 90% amine selectivity /

\H\_)
s

</

a) Rische, T.; Eilbracht, P. Tetrahedron 1999, 55, 1915-1920. b) Li, S.; Huang, K.; Zhang, J.; Wu, W.; Zhang, X. Org. Lett. 2013, 15, 1036-1039.
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Hydroaminomethylation in the synthesis of
dendrimers

oy
iy
Ao
a 0 Seq BN, [#nicod O :"'"'-H L
e o 50 par C0 50 bar Hy, - =]
[ 1 N, 120°C.72h
2 4 e g . —
4! i
Tr ..‘_‘-"‘-,hl e, ]
% A SN
o i !
."I |'r 4 :I:\ihl‘:Pi'
a '!\-\._h..-5'-.|'\- I"-'.;
|_ oW Ak,
- —_ =T, 2dh
4. ar-. i
) o .
9 | i L @

. ..-f'!"*q oM - i" ) o
I -,;:_I__!% L . e =] D= -l
L 0 | r [*] H

] P EE ] ¥ L
N T -
i w K00y, 18-krown-8 !
J' 'L L:'fjl h 5T HH
G —,
. A Y D
W '] —f
N - et
ety - Y T
5, o o e (P
= g e
45

F. Kog, P. Eilbracht, Tetrahedron 60 (2004) 8465-8476.



ROVIRA I VIRGILI

S A H
UNIVERSITAT {‘E g4 DEPARTAMENT DE QUIMICA FISICA I INORGANICA

Hydroaminomethylation in the synthesis of
dendrimers

o
a 0,56 B, [Rhicod Ol -—"-{&_L\
o ] B0t G0 50 bar H2, . NTH
[:“'f ’ 120 2,720 —
S 587 - —
5/ N,
i N
-
a3 T . R
W .
D"i‘*-ul-:'fh'n
« -
— Pt Hy
5o,
fi ‘:I F!T_.:?d-'l
~~.=-x;.= BEH
_J.H =) A
[ [ | .!J
I|_ 'F'-:-'\.-"
nd o= 1
(] 1 eg 42, [Rcod)Cils, " r|"-' ey
3 E0bar CO 50 bar Mg H!
oM 120 °C, 72h —
L TS I
'-«_HI g = H'wl_ﬁ__
l:lll I IH- .-I'kl'_ lhlq:l—'\'\.\.\. D
{,:*- N M™% P T
— e = b
¢ J“-'cn oA e
o 4% L"":.-"'J

F. Kog, P. Eilbracht, Tetrahedron 60 (2004) 8465-8476.
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Tandem hydroformylation/indolization of
Z-niTrocinnamaldehydes

OEt [RhH(CO)(PPh3)4]
CO/H,=1/1,80 bar
R X~ OEt 2 R
toluene, 80°C
NO, R=H, Cl, OMe

yields > 99%

This reaction sequence required efficient hydroformylation,
reduction of the nitro group and intramolecular amino reduction
followed by dehydration
best yield obtained when [RhH(CO)(PPh3);] was the catalyst

M. Marchetti, S. Paganelli, D. Carbonia, F. Ulgheria, G. Del Pontec, J. Mol. Catal. A 288 (2008) 103-108.
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Chiral amines
- Significant roles as building blocks in the synthesis of
pharmaceuticals and agrochemicals
« At least one chiral amine subunit in ca. 35% of the top 200 small
molecule drugs sold in 2018

« High interest in their synthesis from readily available sources

(0]
N
N/é >7 : ? OH
F =~ /N NH,
N (6)
NH, O !
F F
Januvia Jentadueto | Synthroid
(Sitagliptin) (Llnagllptln) (Levothyroxine)
$3.7 Billion $2.2 Billion OH $7.8 Million

i

Velcade Sensipar Xeljanz
(Bortezomib) (Cinacalcet) (Tofacitinib)
$2.3 Billion $1.8 Billion $1.8 Billion

Yin, O,; Shi, Y, Wang, J.; Zhang, X. Chem. Soc. Rev., 2020, 49, 6141
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Asymmetric hydroaminomethylation

R .R Rh cat.
R1/\ + 2~u 3 —_—>
H,/CO

 Extensively studied

» Phosphorus ligands and |, ., H,
carbenes applied

* Rh and Ru used as w2

R,
N. N.
metals Oj\ o Resy-Rs N —=
R

1 -Hzo R.]/\Aﬁ)‘R:; e R1/\/AN,R3
Branched Linear II2 IIQ
2 2

a) Kalck, P.; Urrutigoity, M. Chem. Rev. 2018, 118, 3833-3861. b) Chen, C.; Dong, X-Q.; Zhang, X. Org. Chem. Front. 2016, 3, 1359-1370. c)
Eilbracht, P.; Schmidt, A. M. In Transition Metals for Organic Synthesis, 2nd ed.; Beller, M., Bolm, C., Eds.; Wiley-VCH: Weinheim, Germany,
2004; Vol. 1, pp 57-85. d) Crozet, D.; Urrutigoity, M.; Kalck, P. ChemCatChem 2011, 3, 1102-1118.
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Asymmetric hydroaminomethylation

S 90
L PR,
X + O L * tBU tBU
N H,/CO

H
High Conversion 0% ee 0% ee )
Good regio to iso product B
High selectivity to amines Ph @P
Ph Fe
_F LD

O 0% ee 0% ee
Rh/L3
R
(S) R A

‘ [ ;\ 0
AG = -12.2 kcal-mol”’ {j D \
. PPh, N

AG = -12.8 kcal-mol™

Crozet, D.; Kefalidis, C. E,; Urritigoity, M.; Maron, L.; Kalck, P. ACS Catal. 2014, 4, 435-447.



S A S I
Rovita 1 ViRl %gg DEPARTAMENT DE QUIMICA FISICA I INORGANICA

Indirect Rh-catalyzed asymmetric HAM

Metal and organocatalyzed asymmetric HAM

yield up to 99%
ee up to >99%

R
Ph Ph Reducing agent OO
N t t OH
sz BuO,C CO,'Bu o._,
_P
g ) L
H
R

Han and coworkers Org. Lett. 2017, 19, 1076-1079 60
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Indirect Rh-catalyzed asymmetric HAM

Rh-catalyzed interrupted asymmetric HAM

Ts
L4

N
X Rh/L
= NHTs R
H,/CO

yield up to 96%
ee up to 95%

Reducing agent

HSIEty/BF 3-Et,0

Zhang and coworkers J. Am. Chem. Soc. 2016, 138, 9017-9020.
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Rh-catalyzed asymmetric hydroaminomethylation
of a-substituted acrylates and acrylamides

/ \ R3~N‘R4
X R3\ R4 L /q/x
R'])H( R2 * H H2/CO R1 R2
O @)
H,/CO
H>
R .R
(o) R3\ /R4 3§N 4
| N
H P
—_—
X -H,0 X
R1 R2 R1 R2
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y-aminobutyric acids and derivatives

* Play an important role in the neurological system RyspRe
* Great importance in bioorganic and medicinal chemistry

 Scaffold present in large number of natural products | R Y Re

(o

) Cf :

\ 3 T AT e
e Qwémk LA

CCR2 antagonist
RWAY (brain imaging) CCRS5 antagonist (HIV drug) (inflammatory processes )

a) Maslivetc, V. A.; Rubina, M.; Rubin, M. Org. Biomol. Chem. 2015, 13, 8993-8996 b) Butora, G. et al. Bioorg. Med. Chem. Lett. 2006, 16, 4715-4722. c)
Pike, V. et al. Eur. J. Nucl. Med. Mol. Imaging, 2007, 34, 1670-1682. d) Long, Y. et al. Bioorg. Med. Chem. Lett. 2010, 20, 2219-2223.
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HAM of a-alkyl acrylates

Reaction conditions

v
N P,
o Rh (1 mol%) @ T
)H(O\ . [ ] L (1.2 mol%) _ NP
0 N

t
10 bar (H,/CO, 4:1), B
solvent, 90°C, 16h

[Rh(acac)(CO),] [Rh(COD),]BF,

[Rh(acac)(CO),] toluene/DCE toluene/DCE

toluene
o (o] (o)
° ()
() \
N
7,

(J ()

0
O
O 4% vyield 38% yield 63% vyield
45% vyield 72% ee 73% ee
Stops at the Uncomplete Full conversion
enamine reaction High yield

64

Catal. Sci. Technol., 2020, 10, 630634
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HAM of o-alkyl acrylates |

Scope of amines 1
Bu
R1~N,R2
[Rh(COD),]BF 4 (1 mol%)
)H(o\ , RinyRo L (1.2 mol%) _
H 10 bar (H,/CO, 4:1) _O
O 2 , ~

tol/DCE, 90°C, 16h

Boc

60%, 73% ee 50%, 72% ee 50%, 68% ee 50%, n.d.% ee 19%, 60% ee
[Rh(acac)(CO),]

65

Catal. Sci. Technol., 2020, 10, 630634
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HAM of o-alkyl acrylates OBl

= W
P
i
Bu
Boc
® 0 O
N ’\© N HN
théroa vq/ V<( théfoa théfoa
(0] (0] (0] (0]
48%, 75% ee 37%, 76% ee 50%, 71% ee 30% n.d.% ee 18% 66% ee
Boc
Scope of () ©» O 0
substrates ) 30 ) ) "
{__OEt {__OEt {__OEt {__OEt
(0] (0] (0] 0]
96%, 84% ee 70%, >80% ee 55%, >80% ee 92%, n.d.% ee 55%, 77% ee
Boc
® ® O
HN
OEt O/<r O/<r G/q/ N OEt
(0]
75%, 86% ee 55%, n.d.% ee 74%' 84% ee 50%, 84% ee 50%, 86% ee
66

Catal. Sci. Technol., 2020, 10, 630634
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Phenyl-substituted acrylates e
OEt Ry -Re [Rh] _ OEt
0 H H,/CO 0
tol/DCE

Only alkene hydrogenation products detected

Catal. Sci. Technol., 2020, 10, 630-634
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High-Pressure NMR studies | | !
N “tBu
CP H <P QNIE"\\\
P OC/,,, tBu
[Rh(acac)(CO),] H,/CO e [RhH(L)] /GO e P,R|h—CO

\P BF,

P,
P )
P P( \P 1 I
C /© oc Rh C@o ﬁc' Rh—co
ele

[Rh(COD),IBF, - + H/c;gds A &/ p/ ~co b"

P, R\ _‘ BF4
CP’ Rh“é
P ( @E
g H,/CO I
CO, rt
l tBu

BF
CP/"Rh“S_‘ ' )
P” 7S ) ’
S = solvent CP/,,RH\\CO_‘ BF4 co, A - CP/,. CI:C.?\CO_‘ BF4
P~ YCo -CO P’Rh‘CO
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HAM of a-alkyl acrylates

AHF

[Condensation)

.

Rate determining step

Catal. Sci. Technol., 2020, 10, 630-634
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HAM of o-alkyl acrylamides

Asymmetric hydroformylation

[Rh(acac)(CO),] (1 mol%) OHC
( Ligand (1.2 mol%) K OHC ( (
N._~ > N~ N~ N~
o 10 bar_lgoef:ls 1:1) o
n Linear Branched Hydrogenated

90 °C, 16 h, 900 r.p.m.

Ligand screening

Ph

o 0 o N
I / P (Sax)
i D

Ph
Conv. 0% Conv. 2% tBu
Cy o

tB
—p-0 /O - P
O o-P O;O
‘& ES
(Sax)
Conv. 99%, ee 73% /

Conv. 74%, ee 4% \

Org. Lett. 2020, 22, 9036—9040

Conv. 64%, ee 8%
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HAM of o-alkyl acrylamides

Ll
4 \\
1

N
o//l\%
R

67%, 84% ee

* N

/\N/\ O
@)

75%, 86% ee

0 N7 O
N [ j Rh/L . o%\/\/N\)
N DCE/tol, H,/CO -
. R 0
H OOO
QO § g0,

57%,70% ee 78%, 84% ee

/\N/\ K
65%, 78% ee 59%, 84% ee

Org. Lett. 2020, 22, 9036—9040
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HAM of a-alkyl acrylamides

AN

Oé\f + ’\N/\‘ Rh/L > OJW*/\/N\,"
R DCE/tol, H,/CO

/\N/\ o NS NBoc
_N
79%, 85% ee 73%, 84% ee 4% 82% ee |
/\N/\ I/ O NS H
N AN
=
48%, 82% ee 56%, 78% ee

Org. Lett. 2020, 22, 9036—9040
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HAM of o-alkyl acrylamides

O MeO”

N
@) +

Z

\

O
is®
2

S ROL . N_J OMe
<.~ 2-Me-THF/tol, Hy/
co

Ir-Zz

64%, 82% ee

Org. Lett. 2020, 22, 9036—9040



UNIVERSITAT ¥ g,
ROVIRA 1 VIRGILI {‘Egg DEPARTAMENT DE QUIMICA FISICA I INORGANICA

[ b acae K CCHs]
L\W\i Lizand /\@ fﬂ\[i V\VE
Aldehydes
MO 0 e T

A0, | 6h, 00 I|||'|1
[oluene (2 ml)

74
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A) 1,1-diarylethenes

H
\(NW/ R4
HO

Rh(acac)(CO), (1 mol%), L1 (1.2 mol%) RN O o O
' R P~
MeTHF, CO, H, (30 bar 2:1), R 2 O 0P do
Ro 125°C, 16 h Tolterodine derivatives Q P

53%, 41% ee

Q. T A “

Rh(acac)(CO), (1 mol%) 0]

O O L2 (1.2 mol%)
HOR®

MeTHF, CO, H, (30 bar 2:1)
>100°C, 20 h

0 Conv. 52%

O - 90%
ee 46%

75
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Tandem hydroformylation/intramolecular
hydroaminomethylation

Conditions A4
HACO 11 {BD bar) 5 Me.
NHR  Rhacack GO, (09 mol®) R‘N 3
i Xantphas (18 malt [:"-‘rd A

CHCE 80 °"C 18 h
B2  cobning

a Ri=Ph R2=08n T (98%, s

B Ri=Ph R2Z=CHH4-MeDIEHE) 84% [05% aa)

¢ Ri1=3-PFy RZ=CH2E-MeDOGHE, 5T (DET aa)

id =3-F':.' R = e 51 I;JE-'W'E.;I + Ez.;qqne.:.
Corditions 2:

Ha/GO 5:1 (30 bar)
NH;  RhfjacackCo, (0.9 moi%)

L .= Bighephos (1.8 mel%) N=%  HRRC  HNT

R / -
: * H"’"’“’ MeOH, g
CHCl, 50 °"C. 24 h a3 18-20h
F=Ph 575% (B8% ea) F3% (965
R = n-Head 53% BooG

P. Diibon, A. Farwick, G. Helmchen, Synlett 9 (2009) 1413—1416.
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Tandem hydroformylation/cyclization sequence

; H
MHTs -::-;j-Hth-:.:mJ;-“rcll:llill-ﬂ:u] [LOWe I"*-."»} Ta'u'f
fid E5 B &7
|
e O
-H—‘r"l'”'“ 4 AT e

oxidation of the resulting enamine derivative provided
pseudoconhydrine, one of the alkaloids from hemlock

use of the bulky bisphosphite BIPHEPHOS resulted
in complete selectivity for the linear isomer 65

R.W. Bates, K. Sivarajan, B.F. Straub, J. Org. Chem. 76 (2011) 68446848
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Alkyne-mediated domino hydroformylation/double

cyclization
HO.
.________H [Rhi{acachiCO);] Acll. R = 2 gleprs P H
= RISHEPHCE _! I H fomTib L
. - e --'H.\, o - e N
Cu ) ey (7 o (TR (O
M pTSA, ACOH, 60 C H_",I'-.I- £ 'v.ll-a-'.'.!l-l k- T M- “-"
o T o o u
TE ?3 EEsnirormnine
aR=FPh 1% Tia Ta%
bR = 4-MaOFEh (PUMF) 3% Tdb BE1%%
& R = 08N
R Sol R
// [Rh)/CO/H, |
( m H ‘ H*/Protic Solvent X m(
N\_) m=1or2 N
01 O 6
[Rh].’CO/H2 +Sol, -H 1
R
|

%p hadpo

Electron donating group on the phenyl moiety enhances the
nucleophilicity of the triple bond moiety

W.-H. Chiou, Y.-H. Lin, G.-T. Chen, Y.-K. Gao, Y.-C. Tseng, C.-L. Kao, J.-C. Tsai, Chem. Commun. 47 (2011) 3562-3564
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Hydroformylation of homoallylic azides
/L/“\x Ho/CO (1:1) 5 bar /(\/CHO

Rh(COjzlacac) 1 mol% R™ "Ny

R biphephos 3 mol %
1 THF, 85 °C, 4 h 2
substrate product yield”
=
Ph N4 1a Ph/(hla\éHo 13 BT
Me o Me
O o CHO
N Na 92%
ib h 2 |solated yield after silica gel chromatography.

/(‘% p - b Rh(CO),(acac) 1 mol%, biphephos 3 mol %, pTSA-H,0
PN A e 8"“ 10 mol %, H,/CO (1:1) 5 bar, MeOH [0.04 M], 50 °C, 4 h.
m o o ¢ Rh(CO),(acac) 2 mol %, triphenylphosphite 8 mol%,
N | iy N, 2 B4% H,/CO (1:1) 20 bar, THF [0.04 M], 65 °C, 24 h.

=
LE S HN:,C”O 92%
N le N 2e

=
~"N, ~ Nach 89%
N0 1f o 2f

OTBS X oT8s
89%
Ph Ny Ph N cHO

H " g 2
I [ lo
H (1]
MGOQC N3 MBOzC NGC O
H 1h H 2h

T. Spangenberg, B. Breit, A. Mann, Org. Lett. 11 (2009) 261-264
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Hydroformylation of homoallylic azides

X
i LI B € ¥ one-pot hydroformylation/
N? then H, 5 bar, PA(OH)»/C, "N hyd rogenation
o THF, rt, ovemnight (S)-anabasine 10
1e, 94% ee 81% one pot 94% ee

Ho/CO, [Rh] 0/{_> HCHO aq (\/l/{_>
then TFA, tol CHO HCDzH

593?;1”:%'21 11a, 94% ee 1!13?1‘);?2'% (&)-nicotine 12 hYdrOfOrmYIGT|On/SChm|dT

94% ee rearrangement
. H
o (j/(l
Y::éw'mz N*”e*'vﬁvo ~
Ar ™ Ar :
| I : m" 11b

access to pyrrolidine and piperidine alkaloidses

T. Spangenberg, B. Breit, A. Mann, Org. Lett. 11 (2009) 261-264
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Tandem hydroformylation/reductive
sulphonamidation

& Tmal¥: [RhCO =facs])]
L _NHy 4 mol% Naphos D
Rt

H:" 5.\.'\.
0 COVH: 10040 bar,

o e,

H'I"% +

e RE

= @

Toluana®isOH 11
R'= alkyl, ary Silica gel 25 mg. yield (40-80%)
R¥= alkyl, anyl 120 °C, 20 S0 up 1o B

_.,-'
%,I l PPhy
i

[__.L_-'.“ﬂ\_l:_ .W.f 'F'F'h;.
By '“.'\;L__.-'

e

Maphos

harsh conditions were required for the condensation step
(120 -C, 20 h) due to the low nucleophilicity of the reagent

K. Dong, X. Fang, R. Jackstell, M. Beller, Chem. Commun. 51 (2015) 5059-5062
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Tandem hydroformylation-acetalization
intermolecular HF/acetalization

Hydroformylation/acetalization of «-
and B-pinene

[Rh{cod [OME]l; 0.125 mol% i -
o .'_-\:\. i . ; = I‘I P __.-.-I*: r&
a*'*] PIOSIBUPHG 125 malthy EIOH _ e
L com, = 111, 80 bar o UL
100 °C, EXIH.
_ _CHIO CH{DEL
[Rhi{cod i OMe|]; 0.125 molsh, [ [
I‘-,_;_F_ vy PO-o-1HuPh)3 1.256 molts - E3OH -
L~ ©ONHy = 1:1, 80 bar P " ﬁf,
100 *C, ErOH. ' -

M.C. de Freitas, C.G. Vieira, E.N. dos Santos, E.V. Gusevskaya, ChemCatChem 5 (2013) 1884-1890

For intermolecular HF/acetalization, the reaction must be
carried out in the presence of an alcohol

H.M. Colquhoun, D.J. Thompson, M.V. Twigg, Carbonylation-Direct Synthesis of Carbonyl Compounds, Plenum, New York,
1991; P. Kalck, Y. Peres, J. Jenck, Adv. Organomet. Chem. 32 (1991) 121-146; M. Beller, B. Cornils, C.D. Frohning, C.W.
Kohlpaintner, J. Mol. Catal. 104 (1995) 17-85; X. Jin, K. Zhao, F. Kong, F. Cui, Q. Liu, Y. Zhang, Catal. Lett. 144 (2014)
192-196; A.B. El, J. Tijani, M. Fettouhi, J. Mol. Catal. A 230 (2005) 9-16.



UNIVERSITAT

S A S I
ROVIRA 1 VIRGILI {‘Egg DEPARTAMENT DE QUIMICA FISICA I INORGANICA

Tandem hydroformylation-acetalization
intramolecular HF /acetalization

COH,
'i"' oH [fh i OH O 'EH OH
=, S e, H.'i:. ! - e e
_|:. - . . e .Ir.:l_r.____ ._I._J-._. ._i'-._._- . l:-:l I:\.'I < = |.D - =
oH i'fl oH i ¢|| OH ﬁ,“ ] H ':I.J-' ':':'-\.I..-J
TE L
GV, '
OH OH Fihjig CH OH " .
1 H; & S A e Mallys. '}.'-.-" “':-l-""'llz""Ia
'h- = g ™ ' I. -
AR OO0
v OH Py [ PPh; SPh
ariphne mull mesmiphos |

spontaneous formation of lactols by
subsequent intramolecular cyclisation

C. Miiller, D. Vogt, R. Leino, Chem. Eur. J. 14 (2008) 10539-10542.




S A S I
Rovi 1 ViR {‘Egg DEPARTAMENT DE QUIMICA FISICA I INORGANICA

CONCLUSIONS

* A vast number of new reaction sequences under
hydroformylation conditions were developed

 Efficient synthetic methodology for the
production of structurally complex molecules

« direct route towards enantioenriched fine
chemicals starting from widely available and cheap
olefins.



