Enantioselective, Lewis Base-Catalyzed,
Functionalization of Alkenes




Projects: Variable Success Along the Way
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Lewis Base Catalysis: n-¢*
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Incorporation of Sulfur into Organic Molecules

Common reactions that employ sulfur:
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Sulfenofunctionalization in the Denmark Lab: 2011-2017

4 \
- I 4 [9) ) Me v .o 1
R X eWISp%?ﬁg Fc)ﬁta yst R X N Se Generates vicinal stereocenters
U ™ e U ™ -SPh N:F‘(NR v" Clean reaction profiles
- ) 2Ulo o « o0 . ..
4 PhS ‘e 0 e 2 +* Sub-ambient conditions
X = OH, NHTs ___PhthSPh _ ¢ Strong acid present
Lewis base catalyst
\_ J
MsO~
Thioetherification - 2011  Thioetherification - 2017 ! OH o)
——

Q v “N*—sPh _SPh
Nu O Pf;)\ O
MsOH + R1/k:/R2 00 N\)\ H

R, O R, O

via alcohols via phenols

Sulfenoamination - 2014 Sulfenoamination - 2017 » VSO=
Ts Ts P NMR: ~80 ppm SPh _
Catalyst resting state

R._N R__N rHal OQ N/\,:’ée)\
PhS\U PhS™ MsO Nu N,P\N Crystallographic

R, )\/ R, N )\ evidence
&Ph 31P NMR: ~60 ppm

via amines via anilines

Carbosulfenylation - 2013 a-su|feny|ation -2014

0 0
R2
A Lo el
RT R?

electron-rich arenes via enoxy silanes

NuH \R1l>/o—

LB—" Vo

Rate- and Enantiodetermining step

J. Am. Chem. Soc. 2011, 133, 15308. J. Org. Chem. 2014, 79 (1), 140—171. J. Am. Chem. Soc. 2014, 136 (25), 8915-8918. J. Am. Chem. Soc. 2014, 136 3
(37), 13016—13028. J. Org. Chem. 2017, 82 (6), 3192—3222. J. Org. Chem. 2017, 82 (7), 3826—3843. Nature Chem. 2014, 6, 1056.



Advances in Lewis Base Cataly51s HFIP as an Enabl

ing Solvent
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Initial Investigations and Substrate Synthesis

Numbers in parentheses are NMR yields

Panger, J. L.; Denmark, S. E. Org. Lett. 2020, 22, 2501-2505.
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Preliminary Findings
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Development of a Highly Reactive Lewis Base Catalyst
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2. Catalyst modification to render decreased Lewis basicity

OO OH 1.NaH, THF, 0 °C to 23 °C OO O, , Se OO o_Se
_ > P-N(i-Pr),| —— N4
I I OH 2. (i-Pr),NPCl,, -78 °C to 23 °C O e o’ 23°C, 1h I I o’ N

5 mmol - - (R)-LB
95%




Comparing Lewis Bases: BINOL vs. BINAM
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Development of a Novel Selenophosphoramidate Catalyst
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Scope with BINAM-Derived Lewis Base Catalyst
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Scope with BINOL-Derived Lewis Base Catalyst
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Poorly Performing Substrates
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Assessment of Alkene Geometries
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Derivatizations
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Unsuccesstul Sulfenofunctionalizations of Z-Alkenes

A) First catalytic, enantioselective sulfenofunctionalization (Denmark, 2011):
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Which effects lead to poor recognition of Z-configured
alkenes?

Are there catalyst scaffolds that can better accommodate
different alkenes geometries?

What reactivity differences between E and Z-alkenes exist?

Denmark, S. E.; Kornfilt, D. J. P.; Vogler, T. J. Am. Chem. Soc. 2011, 133, 15308—15311. Denmark, S. E.; Chi, H. M. J. Am. Chem. Soc. 2014, 136, 8915—8918.

Panger, J. L.; Denmark, S. E. Org. Lett. 2020, 22, 2501-2505.



Z-Alkene-Selective Catalyst Screen
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Matviitsuk, A.; Panger, J. L.; Denmark, S. E. ACS. Catal. 2022, 12, 7377-7385.



Investigating the Origin of Enantioselectivity: Solvent Effects

SAryl
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Entry Substrate Conditions Product e.r. Entry Substrate Conditions AB d er.
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HO . Ph . |antiA
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1. There is negligible effect on enantioselectivity by the solvent.
2. (£)-Styryl alkenes are recognized well by the catalyst but (Z)-alkyl-substituted alkenes are not.

3. Insights into relative rates and kinetic selectivity of differently substituted alkenes.

Matviitsuk, A.; Panger, J. L.; Denmark, S. E. ACS. Catal. 2022, 12, 7377-7385.
* Denotes er obtained from corresponding sulfone



Further Studies and Analysis of E vs. Z-Alkenes

Competition experiment between trans and cis-f-methylstyrene
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. J ' =26 .
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Matviitsuk, A.; Panger, J. L.; Denmark, S. E. ACS. Catal. 2022, 12, 7377-7385. 20
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Substrate Scope for /nfermolecular Sulfenofunctionalizations

R R Nu W
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1 8
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83%, 96:4 er 78%, 98:2 er 230/60 64:36 dgs(znt’ SYN) 9%, 98:2er  54%, 964 er : Me Me Me

oer . '

NHAr = 4-Cl Aniline major’ Elminor : Ph)I/ Ph/K!/ Ph/'i/
____________________________________________________________________________________________________ ' Aryl Aryl Aryl
Cyclic Alkenes ArHN SA I 1 79%, 95:5 er 80%, 94:6 er 69%, 90:10 er

ry .
NHAr NHAr NHAr . %
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; Ph
Oxygen Nucleophiles OAGC SAnyl OBz SAryl Aryl
OPNP : Me ‘_Me : .
Ve Ph/'\!Me * PN e Ph)\! * PRy : 68%, 95:5 er
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Aryl . ..
96%, 95:5 er (90:10)" 9%, 90:10 er (93:7)""; 98%, 93:7 er with A. Matviitsuk

Matviitsuk, A.; Panger, J. L.; Denmark, S. E. ACS. Catal. 2022, 12, 7377-7385.
* Denotes er obtained from corresponding dinitrobenzamide. ** Denotes mixture of constitutional isomers.
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Substrate Scope for Intramolecular Sulfenofunctionalizations

SAmI

R Lewis Base (0.1 equiv) Nu : Nu
Nu PhthSAryl {00 oao) I(j R
n HFIP (0.25-0.5 M); 23 °C, 16-24 h  ArylS ’
substrate product yield (%) er
Phe o
Ph/i/ j/\) 63 98:2
OH ArylS Observations on cyclizations of variable tether length
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PhX N 88 97:3 L
NHTs : o
ArylS (1) Heterocycles include: furan, pyrrolidine, lactone,

SAryl

m/lL 3 (0] 97:3
/m):o 8  g7.13ar
MeO

pyran, and oxazoline.

(2) Kinetic exo product observed as major unless the

S SAryI product would be a 4-membered ring
OO OO 92 98:2
(3) Degree of stereo-erosion (4-OMe) not equal to
SAryl intermolecular capture (64:36 dr)

/U /\O 84 95:5

Ph“Yy Ph ?Ary' T

PN Ph O 64 96:4 "

NS0 /\[N,>—Ph with A. Matviitsuk "8 ®

Matviitsuk, A.; Panger, J. L.; Denmark, S. E. ACS. Catal. 2022, 12, 7377-7385.
* Denotes er obtained from corresponding sulfone




Rationalization for Exo/Endo Selectivity

H

H

s )
From trans: ArylS

@HWOH Standard c;ondltlons>

(0%)
SAryl

Ph

(100%); 98:2 er

(0

cis or trans From cis: Ph—\__0O J/\J
/\E) ArylS

(81%); 97:3 er

(19%); er ND

~ Standard @, OH Thermodynamic Ph O
OH Conditions 4\ roduct
©/\/\/\ - ArylSi')i p L)
H ArylS
) trans-endo-TS )
N oH Standard Prrout)i:trlgl SAryI
Conditions
AryIS
cis-endo-TS cis-exo-TS
SAryl Ph, O
N OH

Standard conditions

/\[)< Aryls

(100%); 96:4 er*  not observed

L Disfavored endo TS

Favored exo TS

Stronger 1,3-diaxial interactions
lead to improved selectivity

Matviitsuk, A.; Panger, J. L.; Denmark, S. E. ACS. Catal. 2022, 12, 7377-7385.

* Denotes er obtained from corresponding sulfone
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Summary of Sulfenofunctionalization Reactions

Matviitsuk, A.; Panger, J. L.; Denmark, S. E. Angew. Chem. Int. Ed. 2020, 59, 19796-19819. 24



Shifting Perspectives on Selenium

The gas has the odor of sulphuretted hydrogen gas, when it is
diluted with air; but if it is breathed less diluted, it produces a
painful sensation in the nose and a violent inflammation, ending
in a catarrh, which continues for a considerable length of time. | Catarrh: excessive discharge or buildup of mucus in the
am still suffering from having breathed, some days ago, a bubble o or throat

of selenuretted hydrogeous gas, no larger than a small pea.

Scarcely had I perceived the hepatic taste in the fauces, when I  Fauces: arched opening at the back of the mouth
experienced another acute sensation: I was seized with a
giddiness, which, however, soon left me, and the sensibility of the ~ Schneiderian: ‘nasal’ Nb"fﬁ
schneiderian membrane was so far destroyed that the strongest ]
ammonia produced scarcely any effect upon the nose.

Ta
In 200+ years of selenium research, academic opinion =

shifted from avoidance (toxicity concerns) to
acceptance by way of its malleable chemical properties.

Organoselenium
Compounds in

The recommended daily dietary allowance of Biology and Medicine

Synthesis, Biological and Therapeutic Treatments

selenium can be obtained by one Brazil-nut

»

ROYAL SOCIETY
w OF CHEMISTRY

Bust of Berzelius in selenium

Letter from J. Berzelius to A. Marcet 6 February 1818. Marcet wrote on 25 March to John Bostock in order for the information to be published (4nnals of Philosophy, X1 (1818), 291-93). 25



Sulfur vs. Selenium

"Anything sulfur can do, selenium can do better.

" - Hans Reich

Redox Activities of Sulfur and Selenium

Nu

Nu

ArS=SAr ﬂ» Arst 7 AlSe —_— R)\/\R — R)\G[)/\R Stoichiometric in sulfur
1 2 1 2
Ar Ar
[O] REXR, [0] " NU
Nu Nu
rse-sor TV o pesgt * A5 . —— Aemg, RH(%”RZ
R1 R2 R»])Y\Rz R1 R2 Nu
eAr ® eAr Catalytic in selenium
Se"/Ser IIyulUAy‘ldhlUlllLdllUll
(0.05 equiv) O .
o PhaSes (5 equiv) via: - @ dH)
A~ 20 S0 M
OH ' 57 e s - —— -
HO” /—/_ Reversible Oxidations of Selenium
e HO,C o
d.r. >99:1 Peroxyseleninic acid S él R- &L e
R-7°-R ‘——‘ R —l s R-Se-
fast 8
Seleniranium ion intermediates (™-acid) - (I? (l?
0.05 equiv via: [O] _S4
0 thsez( q ) O H S'ED R ~R : R ~R fas_>t R 8 R
PIFA'(1.05 equiv) :
PhNLoH | Ph/<|---- \

\CozH

Seleniranium ion

26



General Mechanism of Selentum-Catalyzed Difunctionalization of Alkenes

Nu RSeSeR Classes of oxidants:

+ pyrylium
R R R R, 1. Peroxo/Persulfate 3.0 |
1\/\/ ? 1\/\/ l[o] 2. N-F Reagents 4. o O reagents
Nu
RSe™X N2 —Cl R R
Nu-H and/or base >/V / N X_ S + 0
2 BF, | . | 2
RT™NTER R“NOR
: 2
R X
1\)\:’ \/Q R2 R =H, Me
Nu X=BF,, OTf

-H O
\ *Se /f ™ C CIDTFA
O
[O] -Cl SOTFA

1. There are 2 distinct oxidation events with different oxidation potentials

2. Second displacement occurs on highly hindered carbon
a) Competition between nucleophilic attack and elimination




Chiral, Electrophilic Organoselenium Reagents: Stoichiometric Sell

OMe

SeR*
©/§ + R*SeX CH,Cl,/MeOH . ©/|\/
/> \

B : N il el "

SMe : O s _\\ Lewis base activation of Group 16 '

SMe SeOTf A : . :

SeOSO;H SeOT SeOTf |l _ h Rn n—>o lYRn
Me O SeOSOzH U . &/ eoeeeecieiii e b ’ :
8 5

effect of chalcogen bonding on Set
electrophilic organoselenides

Temp (c).  -30 30 7 78 25 X
Yield (%): 72 90 73 " 95 Increased conformational rigidity from chalcogen bond
d.r.: 98:2 90:10 97:3 74:26 < 1 3t 1 '

R* YR @(\'Y h R
H Se R, et ot 2

. ol o - NL - /N 7\, minor
e I{L\i - =Tast R Y ~—xK—=sow— Rf Se H
1 K4 2 R*

Evidence of DKR mechanism by olefin-to-olefin transfer
\ R1 .!._| R* R"I‘H ® /
)~~ e’~’3

Data obtained from Bradley Gilbert thesis. Chem. Rev. 2010, 110, 4357. J. Am. Chem. Soc. 1998, 120, 3376-3381. J. Am. Chem. Soc. 2009, 131, 3490-3492. 28




Recent Advances in Selentum Redox Catalysis

Diamination - 2019

Diselenide cat. (5 mol%) /l(l)\
0 2,4,6-MesPyF BF4 (1.3 equiv)
JL + Ph/\/\OBn . TsN NTs
TsHN” “NHTs NaF (2.5 equjv) .
MeCN (0.2 M); 23 C, 24 h P *—OBn

0
*se oTBS kse 0 X *se © Ase 0
MeO i i MeO i i l/ MeO i i MeO i i OO

89%, 82:18 e.r. 87%, 90:10 e.r. 69%, 73:27 e.r. 89%, 93:7 e.r.

Oxyamination - 2021

Diselenide cat. (10 mol%)

G
O 2,4,6-Me3PyF BF4 (1.3 equiv)
T Ph0Bn NG

NHTs DCE (0.2 M); 23 C, 24 h r)\/
P ""—OBn

Use of N-Fluorocollidinium limits substrate scope, is atom-inefficient, and requires special handling procedures

Tao, Z.; Gilbert, B. B.; Denmark, S. E. J. Am. Chem. Soc. 2019, 141, 19161-19170.
Mumford, E.; Hemric, B. N.; Denmark, S. E. J. Am. Chem. Soc. 2021, 143, 13408—13417.



Transition to Electrochemical Oxidation

. .. . . o Model Reaction
Many reports of achiral, stoichiometric selenofunctionalizations

O
Pt (-) SeR
C (| ’ T HN)LNHT O
A 18 mA, KI, MeCN S S : "
+ RSeSeR - \ .\ Electrochemical conditions TSNJ(N
N > Ts + g
H H Diselenide catalyst Ph)\-/ + side-products?
PR~ X
Asymmetric, intermolecular oxyselenenylation-deselenenylation (Wirth - 2006) X =M?3Iq;|_(|:28?vrl‘e
22
diselenide catalyst (x equiv) OMe
Ph""X~"~CO,Me ELNBRypauil) o /'\/\ ‘
H2804 ) Pt: Ivieoi_l Ph COzMe |
3 mA; Pt | ’
Ph_ O

o Et Me Me

@(\OMe @\/\OH @(\OH @(\sa
Se), Se), Se), Se),

0.1 equiv Se cat. 0.1 equivSe cat. 0.1 equivSecat. 0.05 equiv Se cat.

0.2 equiv Et4NBr 0.2 equiv Et4NBr 0.1 equiv Et4qNBr 0.5 equiv Et;NBr
56% yield, 59:41 er 29% vyield, 72:28 er 55% yield, 53:47 er 38% yield, 83:17 er

Optimization performed on IKA Electrasyn

Niyomura, O.; Cox, M.; Wirth, T. Synlett 2006, 251-254. 30



Orienting Experiments & Preliminary Findings

300

250

200

150

100

50

] e ek -e + PhSe
Electrochemical Cell Verlflcatuf PhSe—_SePh Phse* o \"V) OMe
PhSESEPh (0.5 g === === semm e e e e e e e e e e e e e OMe
Kl (0.25 equiv); 23 o o B mA Z
X MeCN:H,0 (10:1, ¢ iy iy S 6h
| = 6.0 mA, undividg Se O 2-Np Se O 2-Np
26 mg O MeO MeO". 4513301;@“;(;?\/'81?0? o gM t
0.25 | o yield of produc
(0.25 mmol) Ase OJ\Z-Np > Lit: 50% isolated yield
g i MeO o 0 0]
anode cathog
—_—
. JI Se* O)LZ-Np 4 o )
Se” O “2-Np MeO
-e
MeO — \C@ J;Se O | X
\ : / MeO t i ~
PhSeSePh_SOmV/S Se* Cat_loomv L (Ar*Se)Z
500
1683, 269 450 1994, 437
400
350 0.1 M Bu,;NBF, in MeCN
0.1 M Bu,;NBF, in MeCN 300 7.5 mM Ar*SeSeAr*
10 mM PhSeSePh 250 glassy carbon disc (WE)
glassy carbon disc (WE) 500 1334, 151 Platinum (CE)
Platinum (CE) 150 Ag/AgClI (RE)
Ag/AgCI (RE)
100
» g_——————//
" — 0
500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
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Optimization of Enantioselective Diamination of Alkenes

PhSeggP%Q).Z equiv) /(l)l\
O + X NCE’;U‘4BF4 (0.8%eduil) TsN™ "NTs Other optimization experiments performed however a
TsHN)LNHTs MeCN:H,0 (10:1, 91T mMy P o substrate change was employed to leverage known reactivity
| = 6.0 mA, undivided cell
74 mg ,
0.2 | 1 equiv no product observed
(0.2 mmol) w/ or w/o KI
First real hit...
. CF oo T T T T I @)
PhSeSePh (0.1 equiv) )\3 : OH I /l(
0 Et,NBr (1 gayliv !
) \/\g " B“j(NE%F;\(,S.%;M)) P70 | o~ OMe 1 TS\"NTs . .
| o — A~ OMe | | O Rigorous drying of electrolytes
HFIP:MeCN (5:1; 33 mM) . : required to remove water
18 mg (0.1 mmol) 3 F/mol : 62% NMR vield I Me
(s yie I .
not observed : 49% isolated yield : 13% NMR yield
Result prompted a search into reaction parameters including...
« Electrolytic mediators  Constant voltage of amperage? « Solvent blend
- Supporting electrolytes * Electrode choice « Faradaic efficiency
(O-tequv)
dAp*Se)2 O
o C | C,3.0mA 3F/mol  Ts_ A o
: N
Et,NCI (1.3 £94ix) - NTs
A" 0Me BUNBF, [ 0 N~ OMe
(NHTs)2CO (1.5 equiv) —% H
Me
55% 18%




Unexpected Source of Oxygen Capture 1in Electrochemical System

Chemoselectivity of water capture

R Ph
O’OH Water capture Direct capture OH
KO Vit J@  Estercapure MOR ; WOR
- T
P  “SePh P “SePh ePh

t-Bu ester provides evidence for indirect ‘water’ capture
U J U\{\JIV}

(PhSe)2 (0.1 m) o

Et,NBF,
X Ot-Bu Et,NCI (1.3 equiv) TsN NTS
ENEBRROE 0 eau) h)__/
C | C,3.0F/mol p “—CO,t-Bu p “SePh

HFIP:MeCN (1:5, 50 mM)

10% NMR yield 12% NMRyield 11% NMR yield

+ 40% remaining SM.

O

TsN/u\

O O
NTs O O
when using the chiral catalyst... /]
P  »—CO.t-Bup “SeAr P

38% NMR yield 9% NMRyield 14% NMR yield




Preliminary Experiments and Outlook

Another substrate?

Goal 1: Obtain comparable yields for enantioselective diamination:

o oy

A _Bn : |

©/\/\O B:‘J4N BF4 §Oegm .~ TsN NTs
(NHT DAOUIV) -,
FTOEPIEE oy _oen

40 mg (68%)
95:5 er

0.1 mmol HFIP:MeCN (1:5, 50 mM)

r

\_

(0.1 equiv) A
0 B 1 2 o N
R Bu NBI(: TR N“™0
NHTs 4By -
©/\/ + Electrochemical conditions .R

V.1

unlvl

(Ar*Se)2 \ _ o)
X ELNCI (1-ehyily J§ 75% NMR yield
BuyNBF, TsN” “NTs y
15 No alkene remaining
N Bsiek 2810 equiv) 28 mg (57%): 95:5 er
0.1 mmol | C. 3.0 F/mol P “,
HFIP:MeCN (1:5, 50 mM)
4 .
(0.1 equiv)
B e i
4 .
Bu,NBF, %&g% TsN” "NTs

Sl

\_

'

(NHTs)2C0 (1.5 equiv)
Electrochemical conditions

R

N

oxyamination:

Goal 3: Expand the scope for enantioselective alkene difunctionalizations:

Goal 2: Obtain comparable yields for enantioselective

s

\_

N

s

. Nu Nu Nu
O D
w —_— w .
eAr Nu'
J

\.

Nu
« R xArx ‘. R
+ . _ . —> . Or =
©/\/ (bis)-nucleophile g\ R ©/\N/u
J

N
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