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1. Introduction

Hydrogen bonding

basics Bond strength ranges from 1-2 kcal/mol
donor acceptor to 39 kcal/mol in extreme cases (HF,)~
H---Y—R'
R=x’ Bond characater ranges from
electrostatic to mostly covalent
XY=N,O,F
X o}
|
- IMIL, AHTA
Y Y O
X I Vot
R'” R? R'” R? )\O"
7 Me

Lewis acid catalysis

-Low catalyst loadings

-Strong Lewis acid/base interactions

-Tunable at ligand, metal
-Water sensitive

Urea vs. Thiourea

R’ R2

Desired Interaction
- Moderate acidity
- Low dimerization potential

- Induce directionality in substrate
. J/

Hydrogen bond catalysis

-Higher catalyst loadings
-Weaker substrate/catalyst interactions
-Tunable catalyst structure
-Water stable

o H

R R
e
I I :

H H :
pK, ~ 26 5

i

readily dimerizes,
inefficient catalysis

...................

Additional Hydrogen-Bond Donor Catalysts

Ar Ar

TADDOL

e.g. Hajos-Parrish
reaction

S
R. _R
NJ\N
| |
H H

pK, ~ 20
less prone to
dimerize, higher TOF

OH OH Oﬁo
| |

H H

bisphenol squaramide
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2.1,2-Additions
2a. Strecker Reaction

R

Ilnker\ R1

/N
—_—

—_—

parallel ligand library of solid-phase
supported Schiff bases

0} NH; NH, HCI NH,
HCN H,O N
—_—
RJ\H R)\CN R)\COQH
4 1\
- Yk I Q
N
N
1
higher ee without resin
4th generation catalyst
highest generality Bu 0COBu

J

highest ee obtained without metal
optimized amino acid, diamine, and salicylaldehyde
fragments

1.1 (4 mol%)

0
NT TR PhMe, 15 h, r.t J\ A~
)|\ + HCN L FsC N R

Y 2. TFAA )\
R ScN
0 o
/
F3C N/\/ F3C)J\N/\Ph E:(;\J\H/CF
Ph)\CN tBu/'\CN CN O

74%, 95% ee

o}
3C)J\N/\Ph
iPr/'\CN

80% ee with 1 (4 mol%)
97% ee with 2 (1 mol%)

88%, 96% ee

88%, 91% ee

.

m/k)l\

2
thiourea enables
lower loading and
temperature (- 78 °C)

ks

tBu OCOtBu

Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120, 4901.

https://doi.org/10.1021/ja980139y.

Sigman, M. S.; Jacobsen, E. N. Angew. Chem.

, Int. Ed. 2000, 39, 1279.

https://doi.org/10.1002/(SIC1)1521-3773(20000403)39:7<1279::AID-ANIE1279>3.0.CO;2-U

Vachal, P; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 10012.

https://doi.org/10.1021/ja027246]

Ph Ph
2. H,SO,, HCI, H,0
) NHBoc
N)\Ph 1.3 (0.5 mol%) > HN )\Ph 3. NaOH, NaHCO;, g
)l\ KCN, AcOH, H,0, PhMe )\ 4. Boc,0 CO.H
R H 0°C,4-8h R CN 5. recrystallize 2
87-90% ee 98-99% ee
NHBoGc Me NHBoc Me NHBoc
H M H
8Bu” YCO,H Co, € €O,
Me
65% 51% 51%
14 g scale 3.5 g scale 4 g scale
— — %
S IPh s N
H %N\ CFy
9—N H
Me. BUYY N Me fBu S
SNTN TSN ! z
Ph_< o Se- o N N” N CF
Ph j \r \HAH H ’
Ph N/ Ph O
\r Q'r Bu 3
PhH N /
calculated at B3LYP/6-31G(d)
Zuend, S.; Jacobsen, E. N. Nature 2009, 461, 968. https://doi.org/10.1038/nature08484
Zuend, S.; Jacobsen, E. N. J. Am. Chem. Soc. 2009, 131, 15358.
https://doi.org/10.1021/ja9058958
2b. Mannich Reaction
ent-1 (10 mol%)
OTMS NBoc PhMe. rt., 25 h (@] NHBoc
MeO H Ph iPrO R
relatively fast background reaction 92% conversion
(45% conversion with 47% ee
no catalyst at r.t.)
OTBS OTBS OTBS OTBS
MeO EtO iPro iPrO
rt,5.5h rt,3.5h rt.2.0h -40°C, 48 h
54% ee 63% ee 68% ee 91% ee
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4.5 mo%) 2d. Acyl-Mannich on Isoquinolines
. mol7o
/OQS JNEOC PhMe, 48 h, -30 or —40 °C O NHBoc
; 2. TFA, 2 min i 1. TrocCl (1.1 equiv.)
iPrO H Ar iPrO Ar Et,0, 0 °C to . R_' S
R{i@ 2.6 (10mol%) Z NTroc
1 e
O  NHBoc O  NHBoc - Za OTBS :
Me Bu S }\ ) \COZiPr
iPro Ph  iPro | X Ph nll z Jj\ . QiPr
95%, 97% 99%, 98% 2 ~ \HAH H\ Me TfOo
, ee s ee
(] 0 {J (1] N o N \ \
o NHBoc ~ . NTroc . NTroc
4 HO : : Me fBu S
iPro = co,Pr co,Pr N A P
0 Bu Bu 75%, 92% 67%, 83% Me \HAH N
84%, 91% ee L 0, 9270 68 0, 657 €€ o N
Me Ph
Wenzel, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 12964. AN 6 U
https://doi.org/10.1021/ja028353g
TBSO NTroc
2¢. Nitro-Mannich (Aza-Henr 5 Taylor, M. S.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2005,
( y) 86%, 60% ee \CO Pr 44, 6700. https://doi.org/10.1002/anie.200502277
catalyst (10 mol%) NHBoc 2
NBoc N02 base . .
Py [ > Ph)\rNog 2e. Ketone Cyanosilylation
Ph H Me
Me
cat = ent-1, base = Et;N 2.1:1dr, 50% ee o} 7 (5 mol%) TMSO. CN
cat = 5, base = iPr,NEt 15:1.dr, 92% ee TMSCN > >
R R? CF3;CH,0H, DCM R R2
NHBoc -78°C
NBoc NO, 5 (10 mol%)
)]\ r iPr,NEt, PhMe, 18 h, 0 °C A NO,
> r
A TH Me 4 A mol. sieves . TMSO, CN TMSO, CN Bu S
e S S
Q Q H E
Ph>\Me Ph/\)\nsu Me” \HANJ\N“‘
NHBoc NHBoc NHBoc 96%, 97% ee 97%, 93% ee H H
NO, NO, NO, © 7 N(nPr)
Ph Ph S TMSO, CN TMSO
Me Me Me \ 0 Me l\llle Bu S Br 8 WCN — e ] E:
< e
96%, 15:1 syn:anti 87%, 92% ee 95%, 6:1 syn:anti Me/N \H/\N)]\N\\‘ m !
92% ee 93% ee H H S IN\Me
NHBoc o} NHAC H }N\ H
5 95%, 97% ee 97%, 91% ee W—N H \
Ph NO,  85%, 4:1 syn:anti Bu' H ! ,//N
95% ee 0 BN
Jacobsen, E. N. J. Am. Chem. Soc. 2005, 127, 8964. A . ph
oTBsS https://doi.org/10.1021/ja052511x Me Ve
Yoon, T. P.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2004, 44, 466. Jacobsen, E. N. J. Am. Chem. Soc. 2007, 129, 15872. — -
https://doi.org/10.1002/anie.200461814 https://doi.org/10.1021/ja0735352 calculated at B3LYP/6-31G(d)
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2f. Morita-Baylis-Hillman

j\ 8 (40 mol%)
R H DMAP (40 mol%)

R elas]Ps

88%, 33% ee 67%, 60% ee HN\?S
oH 0 8 HN CF,
72%, 90% ee _ s <
OH O
(10 mol%)
)J\ R
MeCN 0°C
OH O OH O p
Me CF3
Ph
80%, 83% ee 63%, 94% ee H)J\H CF,

55%, 60% ee

Nagasawa, K. Tetrahedron Lett. 2004, 45, 5589. https://doi.org/10.1016/j.tetlet.2004.05.137
Wang, W. Org. Lett. 2005, 7, 4293. https://doi.org/10.1021/01051822

CF,
S
FsC N
Ill | \ o Increased enantioinduction by
N chiral tethering initial nucleophile to the
- o | )]\ hydrogen-bond donor
inker H R
This thiourea serves as a
Bifunctional Catalyst
+'}‘ ~Me
Me

Both methods suffer from a limited scope & generality.
Asymmetric Morita-Baylis-Hillman reactions are still an
active area of research!

29. Aza-Morita-Baylis-Hillman

N/NS CO,Me 4 (10 mol%) E‘HBOC
)|\ r DABCO, xylenes, 4 °C ~ CO,Me
> Ar
Ar H | 3 A mol. sieves /\ﬂ/
NHNs NHNs NHNs
X CO,Me A CO,Me X CO,Me CO,Me
YT ¢
o \_s
49%, 95% ee 25%, 98% ee 30%, 99% ee 27%, 91% ee

N \N_’) Ns\N_’)

H H
Ar WV ~NR, vs. Ar/ wmCO;Me
7%

CO,Me
R3N
matched, high ee mismatched, low ee
reacts faster in RDS reacts slower, precipitates

Low yields rationalized by one DABCO-adduct diastereomer, formed in high ee,
reacting productively while the other precipitates

Raheem, I. T.; Jacobsen, E. N. Adv. Synth. Catal. 2005, 347, 1701.
https://doi.org/10.1002/adsc.200505230
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3. 1,4-Addition
3a. Michael Addition

Et0,C_ _CO,Et

10 (10 mol%)
X _NO, Eto,c_ _co,et _ 1000mole)
RN ~ PhMe, 24 h, rt. NO,
R
Et0,C._ _CO,Et Et0,C._ _CO,Et
4 N\
NO, CF,
s
86%, 93% ee 74%, 90% ee F.C N)J\N“‘
Me H H
Et0,C_ _CO,Et  MeO,C. | .CO,Me _N.
\I/ I/ ° " "
NO \ J
Ph 2

88%, 81% ee 82%, 93% ee

Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672. https://doi.org/10.1021/ja036972z

HJ\ 11 (10 mol%)
R2 [
PhMe, 48 h, r.t.

1

o
m 0

Ph (0] nBu O
93%, 99% ee 78%, 95% ee

Me OMe
s s 11
~ nPr ~ Me )
O,N O,N

0 0 R'
R 12 (20 mol%) NO
H)k( e e HT ) :
DCM, 24 h, rt. ~
Me R Me
o] Me l¢) Ph
NO NO
Ph  Me PMBO Me H éu J\
N X -
91%, 99% ee 78%, 96% ee Bn” \H/\N N*
23:1dr 13:1dr H H
o NH,

94%, 99% ee
5.6:1dr

NO,

TBSO Me
Jacobsen, E. N. Angew. Chem., Int. Ed. 2006, 45, 6366. https://doi.org/10.1002/anie.200602221

(¢} (0]
/\)J\ 10 (10 mol%) )\)J\
R N Nu—H

H PhMe
MeO

NC CN MeO,C CN

Me N TBSO(CH,)s N
H H
MeO MeO

96%, 90% ee 56%, 87% ee 96%, 92% ee

Takemoto, Y. J. Am. Chem. Soc. 2006, 128, 9413. https://doi.org/10.1021/ja061364f

3b. Application in Total Synthesis

Ph (0] Bu O Me tBu S
] =
51%, 99% ee 78%, 86% ee D o o
>30:1 1, 11:1 dr 5:1rr, 10:1 dr Bn” \n/\N NS o 1-Naph o 1-Naph
| | ; ;
N N
. O H H HN cl
B \, , 2 H 1 19 @ H
ozN/Y\n/' Y 539%,97% ee \ p R _136mol%)
>30:1 rr O2N 1 \ CN PhMe \
Ph O A R then Zn, AcOH ON
Huang, H.; Jacobsen, E. N. J. Am. Chem. Soc. E‘oc THF, rt. E‘oc
2006, 128, 7170. R
https://doi.org/10.1021/ja0620890 — —
Chris Davis 5
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CF3
S
FsC N )J\N“'
H H
13 ¢ N SnPentyl
kopsinidine C yp Y

Ma, D. Angew. Chem., Int. Ed. 2018, 57, 10207. https://doi.org/10.1002/anie.201805905

R R
N/\/\COZR 11 (20 mol%) N COzR
R PhCO,H (20 mol%) R
DCM
o]

N CO,tBu HN CO,Me  BocN CO,Me
Ph
o o o

87%, 92% ee 92%, 84% ee 85%, 98% ee

X
/\C/§
TsN \ 11 (20 mol% > 5 g scale
NO; ( D, o ~w NTs 95%, 99% ee,
PhCO,H (20 mol%) H H single diastereomer
DCM

madangamine E

Dixon, D. J. Angew. Chem., Int. Ed. 2015, 54, 4899. https://doi.org/10.1002/anie.201411924
Dixon, D. J. J. Am. Chem. Soc. 2022, 144, 1407. https://doi.org/10.1021/jacs.1c12040

4. Anion-Binding Catalysis 4a. Pictet-Spengler

1. R'CHO (1.05 equiv.)

RS NH; Na,SO, _ RJIT )
NAc
A 2. AcCI (1.0 equiv.) N\ \
N 2,6-lutidine (1.0 equiv.) N
H 14 (5 mol%) H R!
Et,0, -78 °C to -40 °C
MeO iBu tBu S
| <
N ~ )J\ A
\ NAc \ NAc Bu” \[(\N N
H H
N N (o] N
H iPr H

67%, 85% ee

Et Me Ph
81%,93% ee Et

81%, 94% ee OTBDPS

Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126, 10558.
https://doi.org/10.1021/ja046259p

Mergott, D. J.; Jacobsen, E. N. Org. Lett. 2008, 10, 745.
https://doi.org/10.1021/0l702781q

R.— NH, 15 (20 mol%) RJI—
N / / \ NH
A\ \ R'CHO (1.1 equiv.) N\
PhCO,H (20 mol? N
N CO,H (20 mol%) N »

PhMe, r.t.

MeO CF3
NH NH Me iPr S
N 2 N P -
g 7, Bn N7 N CF
H Pr H NTON 3
82%, 99% ee 0 15

Klausen, R. S.; Jacobsen, E. N. Org. Lett. 2009, 11, 887. https://doi.org/10.1021/01802887h
Klausen, R. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2017, 139, 12299.

90%, 94% ee

https://doi.org/10.1021/jacs.7b06811
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RZ
R =
RS ) HoN o] 16 (10 mol%) R ~~ NBoc
L ~
N\ \ R1J\R2 PhCO,H (10 mol%) N /\
N PhMe, r.t.
H then Boc,O ":"
Me  (P-CICeHy) CF3
> NBoc
\ Me tBu S
] -
Ph N -
N \r \n/\N)]\N CF,
H H H
67%, 92% ee 95%, 76% ee Ph O

16
53%, 98% ee after trituration

Lee, Y.; Jacobsen, E. N. Org. Lett. 2011, 13, 5564. https://doi.org/10.1021/01202300t
4b. Anion-Binding Catalysis

1.BCly
X DCM, 0 °C to rt. R i A
R~ > o
_ 0 2.17 (10 mol%) = 0

TBME, OTBS

OMe -78°C /j\
OMe

CO,Me
' N\
CF,
0 o Bu S
N <
Me Me
CO,Me CO,Me \HAH N CFs
Me 5
82%, 87% ee 92%, 92% ee
Me 7
) o F
. J
S
MeO,C MeO,C w. U A o0 N
N N NuH
| |
85%, 92% ee 74%, 97% ee & wm om —— U + HCl
N e

Reisman, S. E.; Doyle, A. G.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 7198.
https://doi.org/10.1021/ja801514m

R N 18 (10 mol%) N / N o
AN S W)
TMSCI, TBME N
N HO R -78°C, 24 h N R
Br

88%, 96% ee e Bu

M S
I =
H n-pentyl ” N \[(\ N )J\ NS
H H H
o Me—_N~__Ph
r

N 18
\ 65%, 96% ee

H nBu

Raheem, I. T.; Jacobsen, E. N. J. Am. Chem. Soc. 2007, 129, 13404.
https://doi.org/10.1021/ja076179w

19 (15 mol%)
HCI (25 mol%)

4 AMS, TBME
-30°C,72h

OMe

CF;

0, 0,
72%, 94% ee ﬁBu s

S e
O

19
polynuclear aromatic stabilizes
cyclization intermediates via

77%,91% ee cation-1r stacking

iy

Knowles, R. R.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 5030.

https://doi.org/10.1021/ja101256v
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o B 20 (20 mol%) o Ar
)k( R )\ H,0 (100 mol%)
H -
A7 A Et,N (100 mol%) H 3 Ar
Me AcOH (10 mol%) Me R
PhMe, r.t., 72 h

22 (5 mol%)

|O Me AcCl, EtOH (30 mol%)
2 N Me PhMe, 24 h, r.t.
R— then
KHMDS (60 mol%)
10 min, r.t.

] (p-Br-CgHy) CF,
Ho 3 (p-Br-CeHs) S 79%, 35:1dr.
Me Ph Jj\ 96% ee
o, o FsC N N
61%, 91% ee H H
NH,
52%,85% ee ~ OMe L 20 ) oH
55%, 12:1 d.r.
Brown, A. R.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 9286. 80% ee
https://doi.org/10.1021/ja103618r Me
. J
Ar OH OH
Ar N Me = z
Ar SR 21 (10 mol%) X
)NC ©\/\> 4-NO,PhSOH (7 mol%) SR Me Me Me
A0 el 4 AMS, PhMe
' , 3 N -30°C,48h N N Ph
(racemic) N Cbz
H F 94%, >50:1 d.r. 78%, 8:1 d.r. 65%, 5:1 d.r. 49%, 9:1 d.r.
(3-F-CgHy) Ph Ph 96% ee 90% ee 83% ee 90% ee
(3-F-CgHy) N Ph N Ph N
SBn Y\SBn SMe — — %
N tBu S
> » > A
N ¢ N 22-HCl is less acidic than HCI, but this RoN R
H H Bu S complex reacts much faster than the Y\’?‘ ’}‘
+ = HCl-catalyzed background reaction and o) H H
97%. 95% ee 92%, 80% ee 72%, 84% ee RzHNY\ N N7 R provides high enantioselectivity \ -/
— =t [ ) I I N Cl
tBu S CF4 (@] H H Computational studies suggest Ho + \
Vo )J\ AF Ny N HBD-bound chloride O i\ Me
\(\ N N7 r tBu S Tl increases alkene nucleophilicity do
| | | H )]\ through electrostatic stabilization ~ Me
Ar O H H N
. N \ﬂA N7 N CF,
H \ " H H — —
' O\\ ,O (0]
& O
NO2
CS7 I 2
Ph/*S \ 0 Kutateladze, D. A.; Jacobsen, E. N. J. Am. Chem. Soc. 2021, 143, 20077.
L + PhPh d U ) https://doi.org/10.1021/jacs.1c10890
Kutateladze, D. A.; Jacobsen, E. N. J. Am. Chem. Soc. 2022, 144, 15812.
Lin, S.; Jacobsen, E. N. Nature Chem. 2012, 4, 817. https://doi.org/10.1038/nchem.1450 https://doi.org/10.1021/jacs.2c06688
8
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5. Bis-thiourea Catalysis 5a. Mechanistic Studies o
OSiR. R ~ )J\ - Ar
Initial anion-binding catalysts suffer from: How can reaction efficiency be improved? 3 '}‘ '}‘
- High catalyst loadings Detailed mechanistic understanding & o) R'._~ 2 H H
- Long reaction times rational catalyst design! OR N/
- Dilute reaction conditions R Cl 2 ¢}
Cl e —_—
1
osiR Bu S o R OsiRg R 7NcoRe
1 3 7 (10 mol%) 5 s RN : )]\ AF 2P+ \— R
R~ -
© OR? TBME, -78 °C mﬂﬂ N R'  OR?
1 O
R R
Cl R COZRZ 1L
. 1dSt °"d§" . 1:‘ ord:r no rate_ldtlependence on if two thioureas are present in RDS transition state:
rate dependence rate dependence silyl group
éBu S catalyst dimer resting state at high concentration
RoN ~ )]\ _ArF causes 1st order dependence
ores D
0 H catalyst monomer resting state at low concentration
2 N~ oBn 7N NS causes 2nd order dependence
4 N
H H O
H 17 (10 mol%) | l |
0 - o - N N \)\ off-cycle catalyst dimerization needs to be overcome for anion-binding,
OTBS TBME, -78 °C Ar \n/ z NR; yet two equivalents are needed in the RDS
H/D S Bu
Cl D~
0Bn o CO2Bn
D Inverse secondary KIE observed (ky/kp = 0.87) P N N
. . Py " 2 3y
implies rehybridization (sp“ to sp”) in RDS CF, CF,
CF, tBu s Bu S Bu S
A v A AL v AL
Bu S jﬂ NT @17 NN CFs ey Y NN cF,
N_ A~ J\ o o)
\ﬂA N7 N CF, / N/ 17
H H 4 \ N7 H 23
o] H H mixture of slowly conformationally rigid
7 interconvering (E) and (Z) .
E rotamers in solution F exclusively (Z) rotamer
. J

nonlinear rate dependence! 2
F S Bu
1st order 2nd order Ar
at high concentration  at low concentration ) . 66%, 92% ee 0 82%, 88% ee
catalyst dimers observed (Z)-17 dimer computationally with 17 with 17
in solution by NOE predicted to provide
also, nonlinear relationship between higher enantioselectivity Me O >95%,97% ee O >095%,96% ee
catalyst ee and product ee (2)-(2) and (E)~(E) also with 23 with 23
observed in solution Ph
implies influential catalyst-catalyst
interaction during catalysis Ford, D. D.; Jacobsen, E. N. ACS Catal. 2016, 6, 4616.
https://doi.org/10.1021/acscatal.6b01384
Ford, D. D.; Jacobsen, E. N. J. Am. Chem. Soc. 2016, 138, 7860. Lehnherr, D.; Jacobsen, E. N. Org. Lett. 2016, 18, 3214.
https://doi.org/10.1021/jacs.6b04686 https://doi.org/10.1021/acs.orglett.6b01435
9
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The
Bu S
RN A _AF X
2 \H/\N)J\N
|

i S LAH
R,N )J\ _AF
. Y
o] HoH

(10 mol%)
O H H
AY
_.-cl
E— II N\

Group
( \

MeOH (2 equw)
BnO IBO (1.1 equiv.)
BnO PhMe, r.t., 24 h
or Bu S 4H mode chloride binding l
SN R | F observed in the solid state
H H o) RoN _Ar
| | 2 \n/\N)\N (17),'NMe,CI
NN &J\ [ |
- NR, 0 H H
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CF,
N o
S
Me
83%, <1:50 p  BnO OMe NJ\N ©
BnO Me H H
N BnO 0
\ ’
Bu E---Cl (10 mol%)
4H Mode Anion Abstraction 2H Mode Anion Abstraction MeOH (2 equw) o H H
IBO (1.1 equiv.) N N Me
BnO o \n/
M
oTMS - < Bno PhMe, rt., 24 h I e
CF
0 Me \%\OM 3 o) N
e
Bu S CF3
cl 87%, 3:1 a:p BnO
N )J\ 0 BnO 25
24 (0.1 mol%) Me ™% N N B0 Ove
5mmol scale  TBME (0.5 M) 2 0 o) ~ d
3h,-78°C
25 (5 mol%)
H H o i
F.C H N N Me ROH IBO (2equiv) v&/OR
100x lower catalyst loading F \ﬂ/ ;\ Me (2 equiv.) o-dichlorobenzene
O S Cl
8x shorter reaction time H 24
Me —~ (0] designed to CF Ph
5x more concentrated MZY accommodate 3 OMe
OMe 4H mode F MeO
96%, 92% ee - 4 BnO _OBn
Kennedy, C. R.; Jacobsen, E. N. J. Am. Chem. Soc. 2016, 138, 13525

https://doi.org/10.1021/jacs.6b09205

MeO BnO _OBn Me0 _OMe
" ° \%w
) ) . &/ MSWOBn
Me OBn
5b. Glycosylation
MeO OMe

MeO -0

OBn
69%, 1:99 a:B 80%, 5:95 a:B 73%, 8:92 a:8
catalyst (5 mol%) MeO oM
IBO (1.1 equiv.) o BnO OBn BnO _OBn o
BnOH »  MeO ent-24 (5 mol%)
MeO (2 equiv.) PhMe, -40 °C MeO 0 ROH 0
4 OBn BnO (2 equiv.) 4 AMS, iPr,0 BnO 0 OMe
B 19h B
0 "0 oPosPh, nO NHBoc
Me 0 catalyst 17 1% 52:48 a: quant., 3:97 a:p
Me><| catalyst 24 15% 20:80 a:B
IBO ]
(electrophilic HCI trap) catalyst 25 88% 8:92 a:B y Y B

Park, Y.; Jacobsen, E. N. Science 2017, 355, 162. https://doi.org/10.1126/science.aal1875
Levi, S. M.; Jacobsen, E. N. Proc. Natl. Acad. Sci. U.S.A. 2018, 116, 35
https://doi.org/10.1073/pnas.1811186116
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Group

"0\ Bno 26 (5 mol%)
n mo 0
0. Me ROH (2 equiv.) BnOo
o /o\j\ 4 AMS, iPr,0
Bno ~p-0 Me 40°C, 18 h "
1 e Me
o

66%, 1:>30 a:p
Me Me Me Me
24 (10 mol%)
M
J; OXO ROH (1.0 equiv.) JV
Me NN | o 4AMS, iPr,0 MeX~O0"\\
50°C,24h OPMP
BnO
OPO4Ph, 43%, 1:14 a:B
OAc
MeO _OMe 1.27 (10 mol%) OTBDPS
o ROH 4AMS, Pr,0 MO
MeO 2. Ac,0, DMAP
M DCM, rt, 3h
®0  5po,Ph,

81%, 1:>20 G.B

CF, CF,
s Bu S
H Me™: H
0
H
H Me
Me
s

Mayfield, A. B.; Jacobsen, E. N. J. Am. Chem. Soc. 2020, 142, 4061.
https://doi.org/10.1021/jacs.0c00335

Li, Q.; Jacobsen, E. N. J. Am. Chem. Soc. 2020, 142, 11865.
https://doi.org/10.1021/jacs.0c04255

Li, Q.; Jacobsen, E. N. Nature 2022, 608, 74.
https://doi.org/10.1038/s41586-022-04958-w

5c. Propargylic Substitution

28 (5 mol%)
Ru-Ru (5 mol%)
AN OH R! N R
R— /\)\ 9:1 Et,O0:DCM, R—
= = -10° =
X Me 10°C,24 h X

1%* @%* //

90%, 39:1 d.r.
97% ee

Me

64%, 33:1d.r.

90%, >100:1 d.r.
97% ee

98% ee

. CF
/Cp 3

Anion-bound bis-thiourea
complex studied using
DFT and ROESY correlations

Ovian, J. M.; Jacobsen, E. N. Nature 2023, 616, 84.
https://doi.org/10.1038/s41586-023-05804-3
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6. Other Bifunctional Catalysts  6a. [5+2] Cycloaddition

29 (15 mol%) R o R
30 (15 mol%)
- R X
15 mol% AcOH
R3 PhMe, 40 °C, 72 h R® o
o) o) o) o)
Me oTBS
N N N N
o) o) o) o)
66%, 89% ee 54%, 95% ee 42%, 88% ee 70%, 89% ee
CF CF
® * Ph
s
I M
J NN
FaC N N CF, H H
H H Ph NH,
29 30
— - ¢
S Ph S
F F .
Ar'_ N )J\ NT Ar @ N N
I I ph H H NH
v A~
1 1
<. ¥
e
L Ar / —J
o)
> (o) 29 (20 mol%) H
N 30(20mol%) g0 N
Z Ot 15 mol% AcOH
3,4,5-F3Bz0 o) Me o
352 PhMe, rt., 72 h Me o

69%, 96% ee

Burns, N. Z.; Jacobsen, E. N. J. Am. Chem. Soc. 2011, 133, 14578.
https://doi.org/10.1021/ja206997e

Witten, M. R.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2014, 53, 5912.
https://doi.org/10.1002/anie.201402834

6b. Allyl & Homoallyl Amine Synthesis

MeO_ _R'
COLEt MeO R 31 (3 mol%) N
/\ A \H/ Et20,000136h /E\/\
R R CO,Et
MeO\N/Cbz MeO\N/AIIoc MeO\N/AIIoc
H P z P /\/\/-\/\
Me” NF okt ///\/\/\COZEt cl CO,Et

92%, 92% ee 85%, 96% ee 95%, 96% ee

No isomerization observced
with PPh3 or CyPPh,

H 31 (2 mol%) > H Ph

' CO,Et - N ' S

| / ——— R 7 COk;

¢ R ' | Me,N

: ; NT N -
H ! H H

{ : 0

Proposed Mechanism:

S S
R\N)J\NQ R\N)J\N

I . I

o E P
H. H Php H.  H PhpP
NS O e T N o2 | CO,Et
jj\ - T i
RO” N
|

H CO,Et

|
OMe OMe

T™MS

32 (20 mol%)
TMSCI (2 equiv.)

TBME, 4 °C, 48 h

(o]

N J(
N

X

SN

R 1
HO R
N //< N N NAlloc
0
H  72%, 90% ee Me“ | H  85%,88% ee H  83%, 92% ee
= =

Fang, Y.-Q.; Jacobsen, E. N. J. Am. Chem. Soc. 2014, 136, 17966.
https://doi.org/10.1021/ja5117638
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R )J\‘\,Ph Bu S
N N*™ -
RN ne Ao JU en
H Ho o\, \H/\N N
NS AN H H
N s o

i | O

Park, Y.; Jacobsen, E. N. J. Am. Chem. Soc. 2016, 138, 14848.
https://doi.org/10.1021/jacs.6b09736

ent-19 (10 mol%)

2
OMe R? TESOTF (10 mol%) BocHN R
)\ R1¢\/TMS BochH, Et,0, -50 °C, 48 h > /\/&
R OMe 2 ’ R H
F{1
BocHR  Me BocHN BocHN  Me
/-'\)]\/\ A
Ph Ph Ph Y
Me
82%, 90% ee Br 71%, 86% ee 34%, 97% ee 80%, >50:1 d.r.
98% ee
Ronchi, E.; Jacobsen, E. N. J. Am. Chem. Soc. 2021, 143, 7272.
https://doi.org/10.1021/jacs.1c03024
6¢c. 1,2-Boronate Rearrangement
Li*
. nBu _ - ’
BPin nBulLi (0.96 equiv.) BPin 33 (20 mol%) BPin
—_—

)\ Et,0, -78 °C, 5 min cl )\

Anticipated boronate substrate
for anion-binding provides low ee

nBu)'I"CI

78%, 48% ee

-35°C,16h

Cl Cl Cl

4 N\ ( N\
CF, cl
Me
tBu S éBu S/<é,0 Me
? N A SR
e N\H/\N)J\N CF, Me™' \n/\[}j N+ O‘~ ‘MEMe
H H e
5 o X
33 CF3
34H:X=H FsC
cl Cl o 34-Li: X =Li
. J (. J

Li*
33 (20 mol%) nBu _ -
BPin then nBulLi BPin BPin
cl )\CI Et,0, -78 °C, 5 min cl )\CI -35°C,16h nBu 'I"CI
Adding thiourea, then organolithium 68%, 92% ee
drastically improves ee!
Li*
) nBu - )
BPin nBuLi (0.96 equiv.) BPin 34-H (20 mol%) BPin
A - o
cl cl Et,0, -78 °C, 5 min cl cl -35°C,16 h By’ “cl

Thiourea-boronate complex 34-H 86%, 26% ee

is not an effective catalyst

. nBuLi (0.96 equiv.) .
BPin  Et,0,-78 °C, 15 min BPin

PN

u,

then 34-Li (20 mol%)

Cl Cl nBu Cl
-35°C,16 h
86%, 94% ee
Deprotonated 34-Li is the effective
catalyst generated in the above experiment
CH,Cl, (2 equiv.) Lit BPin
then LDA (1.05 equiv.) R_ - 34-Li (20 mol%)
_BPin > BPin - )
R Et,0, -78 °C, 15 min -35°C,20 h R” i

Cl Cl

BPin

MeO
Me BPin BPin BPin
)\)., Br\/\)-, . el
Me “cl “cl “cl

81%, 97% ee 75%, 97% ee 81%, 97% ee 74%, 96% ee

Sharma, H. A.; Jacobsen, E. N. Science 2021, 374, 752.
https://doi.org/10.1126/science.abm0386
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