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Introduction of Maulide Professor

Educations
« 2013—: Full Professor of Organic Synthesis at the University of Vienna (AT)
« 2013: Habilitation at the Ruhr-Universitat Bochum (DE) Maulide, Nuno

« 2009-2013: Max-Planck-Research Group Leader at the Max-Planck Institut fur
Kohlenforschung (DE)

« 2007-2008: Postdoc at Stanford University (USA) (Prof. Barry M. Trost)

« 2007: Ph.D. at the Université catholique de Louvain (BE) (Prof. Istvan E. Markd)

« 2004: Master's Degree at the Ecole Polytechnique (FR) and Université catholique de Louvain (BE)
« 2003: Chemistry Degree at Instituto Superior Técnico (PT)

Research Areas

» Unusual or "unconventional” reactivity profiles of organic compounds

» High-energy reactive intermediates that can be generated under mild conditions and
subsequently lead to rearrangements, domino reaction sequences or catalytic asymmetric
transformations.

http://www.x-mol.com/university/faculty/44783



Recent Research of Maulide’s group
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Ynamides and Sulfur (I1V)

Amide Activation Ynamides Sulfur(lV)
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Characterization of Sulfoxide

o o
o) o
s+l 200 °C 1l s+
‘““ S\ — S,
Y SN
R1
€ pyramidal structure € with remarkable optical stability
€ R' R? = alkyl, alkenyl or aryl groups @ useful chiral auxiliary reagent
€ three ligand - lone pair electrons € O atoms have a certain nucleophilicity

Paul S. Engel, et al., J. Am. Chem. Soc., 1981, 103, 7689-7690.
http://www.x-mol.com/news/13948
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Intramolecular a-arylation by an Claisen Rearrangement

i Tf,0, collidi OTf H20 [
, colliaine 2
thO\/\)'LN 2—..
CH,Clp, M.W.
1 3
a-arylated

. lactone
.0 Claisen
2> .| rearrangement
collidine :

Intramolecular
7 Nt nucleophilic

¢
3 :
PhOAF = = @3\ O'E\g
i 1
B

oTf

A
keteniminium

€ Modest to good yields but a relatively narrow scope
€ High energy penalty: the inevitable transient loss of aromaticity during [3,3]-
rearrangement

V. Valerio, et al., Chem. Eur. J. 2011, 17, 4742 — 4745.




Attempts of Intermolecular Redox Arylation

~ 4
Y P or OgLN . .
HOTf L Y\C} R T ]203' Clalsen L_/O
R/ c|-|20|2 R NS ©zﬂ
4a ot ©
R = nC4oH»1 o D No Reactlon
keteniminium — —

€ This failure of benzyl alcohol to serve as the aryl donor might again be
attributed to the challenging transient loss of aromaticity upon [3,3]-sigmatropic
rearrangement.

Y. Minko, et al., Nature 2012, 490, 522 — 526.
K. C. M. Kurtz, et al., Tetrahedron 2006, 62, 3928 — 3938.



Bransted Acid Catalyzed Redox Arylation

OOTf'
o) b
q1;;;;/ G k_._u,isg

R = Alkyl, aryl, nitrile, ether, ester rrToiety
R2 = Alkyl, aryl

€ Bronsted acid catalyzed
€ metal-free transformation
& efficiently

€ under mild condition

B. Peng, et al., Angew. Chem. Int.Ed. 2014, 53, 8718 — 8721.

1 3
2 S, 2
Ph” "R? ©/ =

& s
E OTf
1 )\
N
-1 R“J)\QE‘ — » RIS L

€ broad functional groups
€ redox-neutral

€ atom-economic

€ good to excellent yields



Mechanism Study

> Selected labelling experiment L0

0
0
¥ 0 DOT (1.0 equiv)
N+ _S. \\/
% Ph” " “Ph 30 min

4a 5a (2.0 equiv) [D1}-7a

Supports that protonation of the ynamide triggers nucleophilic attack to the keteniminium

intermediate
O o
. / nCqoHa4 N/LL\
» Control experiment L0

S
© o) 9 /©/
Cl M
2:) /©/S\©\ HOTF (10 mol%) 7am ¢
= -
/ Me cl 30 min +

nCioHz1 4a 5m 0

0
nCioHz1 NJ(
s L°
Preference for the more electron-rich aryl moiety rules out an O
Sy-type mechanism

CIJ

B. Peng, et al., Angew. Chem. Int.Ed. 2014, 53, 8718 — 8721. 7am/7am' = 66:34
(97% yield)



Applications and Asymmetric Experiments

» Synthesis of a dibenzothiophene

O
OYO O nCyoHz; 0
N\) S HOTf (10 mol%) S N/(
% + - K/O
NC10H21 CH20|2, RT,1h
72% yield
* Product elaboration
0 0 O 0
nCoHz; N . Ni H nCqgH24 NJ(
O aney NI, Fp O
s (y; - ()
Ph acetone, RT

» Asymmetric experiments (screen of chiral auxiliaries)

O o0
O nCqoHz1
30 o HOTf (10 mol%) NJ(O € Demonstrated the
N\) + s > PhS feasibility for the
Z PP G tBu asymmetric arylation
B . °
nCoHz1 tBu (2.0 equiv) 78°CtoRT, 12 h y y

92%, d.r. =75:25
B. Peng, et al. Angew. Chem. Int.Ed. 2014, 53, 8718 — 8721.
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Asymmetric Explore

» Example of 1,3-chirality transfer from sulfur to carbon

O@ [3,3] o
0 9 Cle 2 rearrangement/ cl
7 Lactone formation
Cl\( + Ar“'S\/\R1 — | Cl cl) » ClI O
R1 /3\\\" S A ° "—,2
G ® Ar R' SAr
1 2 S S 4

This method is limited to the use of highly reactive dichloroketene and vinyl sulfoxides

» Unsuccessfull attempts of 1,4-chirality transfer

O O Q
. QOOEt
COOEt Me/% THO (1.5 eQulv)= > Me 0
£ MeCN, 2 h, rt O 0% ee
Me 87,
Me

This disappointing result is due to the instability of the sulfur center during the reaction

J. P. Marino, et al., J. Am. Chem. Soc. 1984, 106, 7643-7644.
D. Kaldre, et al., Angew. Chem. Int. Ed. 2017, 56, 1- 5.



Asymmetric Redox Arylation

8 - O
XR
9 R \)\ B9 Rx)k'/m
AR oS r. _TENH INF N rearrangement i
/ i @ E NS R . < TR
i Rs lr‘/’ ) RS
2 ’

e.r. up to 99.5:0.5
21 examples

€ The first example of a general 1,4-chirality transfer from sulfur to a carbon

€ Under mild conditions in an atom-economical manner

¢ Computational studies explain the experimentally observed correlation of the
enantioselectivity with both the catalyst and the substrate

D. Kaldre, et al., Angew. Chem. Int. Ed. 2017, 56, 1—
5.



Mechanism of Chirality Transfer
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€ Cis-(R) pathway has the smallest barrier is thus the most favored. The most probable

.. .a(R
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1,4-chirality transfer event
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7 777 7
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(S) pathway is generally the trans-(S)

D. Kaldre, et al., Angew. Chem. Int. Ed. 2017, 56, 1—

5.



Experiment Evidence

>
>
(9]
n

w

M cis-(R) ¥ trans-(S)
AAG =23

a) Gap between cis-(R) and trans-
(S) is largest for the ‘Bu and
smallest for the Me group

b) (R)and (S) barriers are similar
for TFTOH and very different for
the Tf,NH catalyst

$ 1
AG,gg pet’ [keal mol?]
o — ~ - - w o ~ o

tBu/S/TfO Cy/s/Tfo Me/S/TfO Me/N/TfO  Me/N/Tf2N

a) Enantioselectivity of two substituents b) Enantioselectivity of two catalysts
Entry® Catalyst Solvent Yield [%] e.r.l
/U\)< (50 mol %)
: 1 TfOH DCM 71 73:27

/@/ /©/ 2 TF,NH DCM 70 90.5:9.5
14a 14b
73% 87%

98.5:15e.r. 91.58.5e.r.

D. Kaldre, et al., Angew. Chem. Int. Ed. 2017, 56, 1—
5.



Structures of Transition States TS, g

» Conformations of TS, 5 from cis-(R) and trans-(S)

/ \\ / steric repulsion \
@ _oTf “(‘ ‘
> S

W ORI
H .0 " '
H.C :
s )2(5( SMe
H3C CH >

3
K cis-(R) favored /

» Comparison of the S-O and the newly formed C-C bond lengths in trans-(S)

steric repuIS|on » enantioselectivity
NTf,

—< >—s 27% 4< >7897,P , 4< >;39094

gy Tede b

Me/N/TfO Me/s/Tfo H Me/N/Ti2N o

- r(S-0)+r(C-C))/2
2.641 2.626 2.617 Ir( yr( )

€ Dependence of the enantio-selectivity on the catalyst for the ynamide substrate

D. Kaldre, et al., Angew. Chem. Int. Ed. 2017, 56, 1- 5.
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Importance of 1,4-Dicarbonyl Motifs

» Natural products

O o
OH
O:::/ODSugar o Ph
i E OH
i HO
~ "0
SN
MeO o
neosurugatoxin vulgamycin maoecrystal V

» Drug scaffolds

0 N O
HO\H)_KZ-, L N\;)\H/
S/ 0 Bn

-
Batimastat BMS-906024 Quassin
anticancer anticancer antineoplastic, food additive

M. P. DeMartino, et al., J. Am. Chem. Soc. 2008, 130, 11546—11560.
M. Whittaker, et al., Chem. Rev. 1999, 99, 2735-2776.
T. Fujisawa, et al., Bioorg. Med. Chem. 2002, 10, 2569-2581.



Current Strategies and Common Limitations

» Oxidative enolate coupling (Baran and Thomson)

0O o O O R
+
5 D COOR;  — =

R4 oxidant <R Ry O

|key 1,4-dicarbonyl motif |

» Umpolung / enolate alkylation (Decicco)

O O ( 0 )
0 R,
TfO.,, _COOR
R Ra Ry O
R
Ph key 1,4-dicarbonyl motif |

€ poor to moderate stereoselectivity € low functional group tolerance
€ quaternary centers unresolved € two chiral prefunctionalized starting materials
€ strongly basic conditions € troublesome matched/mismatched pairings

M. P. DeMartino, et al., J. Am. Chem. Soc. 2008,130, 11546—11560.
E. E. Robinson, et al., J. Am. Chem. Soc. 2008, 140, 1956—1965.
C. P. Decicco, et al., J. Org. Chem. 1996, 60, 4782—4785.



Maulide’s Approach for the Synthesis of 1,4-Dicarbonyls

o / R, O R, Bransted ﬁ;%d catalyst 0 9 Ry R,
>LN = + R\\S\%\R ) }LNJJ\/%(Rz
o) 4 o -

® Diastereodivergent method
@ Quaternary stereocenters
® Orthogonal to strongly basic conditions

- H* @® Traceless sulfur moiety H* R-SH
Chirality at sulfur controls absolute configuration
. Alkene geometry defines relative configuration H20
- 0 -
R
@) //\1 ( /\bo charge-
)\\%4\4 i I accelerated
O ~ O R3 —_— = N R1 -
X I o} O .
R"S%R O, = Rs sulfonium
: ¢ R'™WSNZ "R, | rearrangement
2
L R2 =

D. Kaldre, et al., Science 2018, 361, 664-667.



Substrate Scope

E-vinylsulfoxide gives Syn-1,4-dicarbonyls
R, o) Tf,NH (35 mol%) O 0 Rs

o)
i 3 H,0 (3 equiv :
O}X\N/ ¥ p-TOl“S\If\RB 2 { q )‘;_ OJLNJK;/\WRE syn
] R, CHyCl,0°C,25h “— R, ©
............................................................... L
Me Me Me Me Me

0 o) - o - 0 > i - o) : o) :
KA A A A KA LI e LA A,
/ At : .t ) : I : / : \f :
0
& ’ §:N’ ’ Ph” Y0 P~ Ph"0 . Sph P
o)

2g 2h 2i 2j 2k 21 2m*

83% (59%) 79% (63%) 71% (67%) 78% (63%) 88% (67%) 84% (78%) 67%
dr 8:1 d.r. 8:1 dr. 7:1 d.r. 16:1 d.r. 15:1 d.r. 10:1 d.r. >20:1
ee >98% ee >95% ee >95% ee >99% ee >99% ee >93%

Z-vinylsulfoxide gives Anti- 1 4- dicarbonyls
TfNH (35 mol%)

H20 (3 equiv) o
CH3Cl3, 0°C,25h

MeO” SO
20 2p 2q 2r 2s*
75% (68%) 80% (70%) 70% (56%) 62% (55%) 60% (53%) 76%
dr.8:1 d.r. 8:1 d.r. 8.5:1 d.r. 8:1 d.r. 14:1 dr. 11:1

ee >99% ee >99% ee >99% ee >99% ee >99% ee >99%




Access to All Possible Stereoisomers

’
L J.I\I/krr © 2 stereocenters
O N b 94 possible isomers
~ - v/ R O
H
O 0 Ry g B R
- B |
o’u\ N o .5_9/“6\“7/ 2 R ; A M
i H 8 Z-sulfoxide 0~ N ;
anti X ] - anti
R (@] O R: N @] o R '\_/ R 9]
ent-(2R,3S)-2n d ‘ 8 \%‘ / ~ (2S3R)-2n
69% (67%) R (S)-sulfoxide n-Oct (R)-sulfoxide 75;/0 (281%)
d.r. 8:1 Lo .r. 8
ee >99% chair-like TS - ee >99%
. R: (CHz)sPh =R
Sulfonium R1_( n_Bﬂa o&mé/
rearrangement
O
B H 7 (R)-sulfoxide i (S)-sulfoxide
R
o o R /\(1 <, 0 o R
A ~cH C VSR 7 N
ik 0" N™ < 5 i 0" N " syn
y / = H E-sulfoxide
R O O \ 0 R O
(28,35)-2a Cg ent-(2R,3R)-2a
85% (72%) | i 76% (71%)
d.r. 8:1 d.r. 8:1
ee >98% ee >98%

€ The stereochemistry at sulfur governs the absolute sense of chiral induction, double

bond geometry dictates the relative

D. Kaldre, et al., Science 2018, 361, 664-667.

stereochemistry of the final products.



Synthesis of All-carbon Quaternary Products

» Vinyl sulfoxide geometry controlled the quaternary carbon stereocenter

9 ¥
S
n-Oct"’ n-Oct* \
ﬂ Cul+BulLi Cul+MeMgBr
O O Bu O Me O Bu O OB
Me 1] (1] u \Me
H =
J\ J\Arr n-Oct® S\¢$\Bu O /\/\R n-Oct® S%Me OJLNMIT
J/ Tf,NH (20 mol%) o\/, Tf,NH (20 mol%) f
m H,O (3 equiv), CH,Cl, H,0 (3 equiv), CH,Cl, o
E-sulfoxide Z-sulfoxide
R = Me, 2t 91% (60%), d.r. 6:1, ee >98% R = Me, 2u 90% (79%), d.r. 6:1, ee >98 %
R =Ph, 2v 79% (71%), d.r. 8:1, ee >98% R = Ph, 2w 82% (78%), d.r. 5:1, ee >99 %

€ B, B-disubstituted alkenylsulfoxides access all-carbon quaternary stereocenters
€ Sulfoxide double bond geometry dictates relative and absolute configuration of
quaternary carbon stereocenter

D. Kaldre, et al., Science 2018, 361, 664-667.



Applications

» Comparison of Maulide’s method to state-of-the-art enolate coupling

B Enolate coupling 5 TfaNH (35 mol%) Q
3 O (3 equiv) 0, S. E Ph
/) pn LDA (2 equiv) o Ph H20 (3 eq 0 Tol” SN
il THF, -78 °C O’QN CHoCla, 0 °C E;F‘ P
I\( + = k{ - . or
iPr CO,R' then - R CO.R' then A\ Ph
Cu(2-ethylhexanoate); (2 equiv) NaOCl (3 equiv) 9\/(\,
Pinnick oxidation n-Oct'S /z
from E-sulfoxide (R=H, R'=H) 71%,d.r. 10.8: 1 (es99%)
from Z-sulfoxide (R=H, R'=H) 69%,d.r. 1 : 9.2 (es99%)

enolate coupling  (R=i-Pr,R'=t-Bu) 57%,d.r. 1.3 : 1

€ Both stereoisomers available, in high purity, under comparably mild, catalytic conditions

» Direct stereoselective access to succinate building blocks

0 0
TfNH (35 mol%) H
o)
g\r Ho0 (3 equiv), o O L-tert-Leucine e @ H 9 "o : N\:)LNHME
n-Oct* then Oxone® (1 equiv) )L N\)L R A B 4
o z ) ) . =
. 73%, dr.>051,  \ Q e Am'd%scguplmg O = AT MMP inhibitor
2 2 90 >99% ’ 6 MMP-1 4 nM
O}LN 5 ICs0 MMP-2 3 nM
] 7 MMP-9 9 nM

D. Kaldre, et al., Science 2018, 361, 664-667.
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Summary

O,\\__O

N

Z T ph R2

w

Bronsted Acid
catalyzed Redox
Arylation

metal-free transformation
under mild conditions
atom-economical

broad functional groups

|

o [ (3 |
@7 H — NTO |,
NOA_og Rr. .57 —
O\/J T 3 o N
‘.S. //k ® |) Lﬁ. *RB
R T R4 \'S\{—\/
R %m
R2 =
Rz
X . °
R 0 R4 Rs
ol G )% W 2R
/: S‘R" O If - \{r
8 J ’ - R O
Rs
Asymmetric Stereodivergent Synthesis
Redox Arylation of 1,4-Dicarbonyls
® 1,4-chirality transfer from sulfur to a carbon
® [3,3]-sulfonium rearrangement
® stereodivergent strategy
® quaternary carbon stereocenter

€ Computational studies correlation of the enantioselectivity with both catalyst and substrate
€ Stereochemistry at sulfur governs the absolute sense of chiral induction, whereas the
double bond geometry dictates the relative configuration of the final products

29
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(B) Unsuccessful attempts (7,4-chirality transfer)

O o) .
COOEt Me,lc;', TH,0 (1.5 equiv)
MeCN, 2 h, rt
Me
6a
°
l Tf,0

S p-ketoester
Me” ®\©\ Tfoe -
Me

L 8 _
configurationally stable
chiral S?

o]
COOEt
Yy
1
S72
Me 7
3.3
rearrangement
© Me
TfO 1é
O'®
Me
COOEt
; z CF
configurationally stable 1 ? 5|=C'2 3 -
chiral S? R-CH-CO-NICHI);  CFS03 (3
@
v {CF3507),0 J
RLCH-CON(CH3), —— 2 ]
) @ ‘ 2
i ®° 0S03CF3
I RL Cr— € = N(CH3) CFy50%
(o). R'=RA%=CHy e “c'”"c-'g[ Hilz CFy303 @)
(b). R'=CHy R7:H
fel RI=C5H5 'ﬁ"JzH coliidne
(d), R'=riH
R ® XOSG:'CFQ
N
nm—— C=C=NCH}), —e———— RRC=c
| alkenre ’/
2 ha0 r? CF35D38 {5 NICHI);
{6}
1 HgCp-C=C-CgHg
/O 2 Na(QH
{73-(15)
) 2
A! H5Cs O
H (16). (17)
o~ R?
HyCg Q!



bxss hindered
MIQT-
PNBSA f}"’:‘\}““
R—=—N" 0+ o ~F g ——ei & n R
1 0
4 70-125 °C -:&}'?'
n ™ 1 manimization of
dipole interaction
R 0 O
QTK A
N D
S
34 Ph
R 0 O
¥ If' NJ‘LQ
Q mJ\%\ H‘ F!?_J
o ol %R pNBSA ar
e—lt e toluene R 0 O
Pn)_/ : 80-100 °C z "o
5 Hﬂf“%h | “-( R
sy R 3g Ph
Scheme 12 Open in ﬁgureviewer| PowerPoint

Stereoselective Ficini-Claisen and Saucy-Marbet rearrangements with chiral
ynamides, PNB5A=p-nitrobenzenesulfonic acid,



Table S8. Calculated AG»9s* activation barriers of the chiral transfer step for different systems

t-butyl c-hexyl Me Me Me

(thioalkyne, (ynamide, (ynamide,

TfOH) TfOH) Tf2NH)

Cis (R) 268@2)" 28(53) 1.7(47) 440554 24(3.7)
Cis (S) 5.2 (7.0) 43(7.2) 44(1.7) 9.6 (12.0) -[c]

Trans (S) 4.9 (7.5) 37(61) 24(49) 27(53) 4.0(6.0)
Trans (R) 7.7(10.5) 7.0(10.0) 4.8(7.7) 5.8 (9.6) -[c]

AAGaos* 1] 233.3) 09(0.8) 07(0.2) -17(01) 1.6(2.3)




Asymmetric synthesis of sulfoxides

Scheme 1. Vanadium-catalyzed asymmetric oxidation of alkyl aryl X |
sulfides.
Ligand 1 (o) | | |
5. or (SF2/VO(acac)] i+ ﬂ N OH ﬂ N OH
©/ (1.0mal%) ~ [ [
Hzog, CH2C12, RT OH OH
3a (S)-4a 1a: X = NO, (S)-2
1b: X = {Bu

LY
H ,036‘-"' Direct electrophilic
[ activation of H;04

Nu

RS 'R2

R = 2,4,6-Et3CeH;

Confined Chiral Brensted Acid

@ moi%) 96% 95% 96%

er97.52.5 er 99.5:0.5 er 95.54.5

Mn(OTf), (1.0 mol %) o- Q
S L2 (1.0 mol %) ¥ NH HN
R"' "Rz h‘ R1-S\R2
HzOz {20 equiv) N . N
1 0.5-1.0h, 0°C 2 0:),"’(&:0
25 examples iPr
up to 92% yield, >99% ee L2

* wide substrate scope
* short reaction time

OH
(R)-2



Used as chiral sulfur reagent

R H
(A) (B)
M = Li or Zn, R = isobornyl
Figure 2
O
Ph QO Ph O T
O I plo 0 SN S‘pTO| HO | ~Ar > O
I\l\ 79% 80% ~ “nBu
nBu °H “/nBu nBu =
CO;Me

Ar = 1-Napht(2-OMe)



Highly modular and stereoselective synthesis of vinyl sulfoxides

? @®
DIBAL-H /@vs\//”\& >20:1 E:Z
Q R MgCl Q 9 T*
; i ,
g » +SRa 2 WS A <1:20 E:Z
OMenthyl . catalyst (2)
R;
. . _ 0 Ry
chiral sulfinate a[kyny,' sulfoxide M[CURz] g ’/)\
both enantiomers intermediate . WENFTR,
commercially available M = Li, Mg

D. Kaldre, et al., Angew. Chem. Int. Ed. 2017, 56, 2212-2215.
J. P. Marino, et al., J. Am. Chem. Soc. 1981, 103, 7687—7689.
H. Kosugi, et al., J. Org. Chem. 1987, 52, 1078-1082.



Bransted Acid Catalyzed Redox Arylation

[ 0 OTE) 05"83 DTf'_

o] . o N
-0 + ' :
E\) g —H+- Rl.,/N\) - R! 4 203.
Z T PhTR? gt “—0 1 .33, 5
a- e O
Ph" "R
R = Alkyl, aryl, nitrile, ether, ester moiety
R2 = Alkyl, aryl _
Mechanism study Q0
nCqoHa4 N/[(
DOTF (1.0 equiv) 0 _°

53%

S
'y o
N \) Cl Me
) 7am

nC1oHoy 4a  HOTf (10 mol%

P

30 min T 0 o

Z
+

D

0% %

R

s I\L/O Q nC1oHzy N/[Lo
) O 0
. Me Cl O

Supports that protonation of the 5m Me 7am' Cl

ynamide triggers nucleophilic attack
to the keteniminium intermediate Preference for the more electron-rich aryl moiety

rules out an Sy-type mechanism
B. Peng, et al., Angew. Chem. Int.Ed. 2014, 53, 8718 — 8721.



