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1. Introduction

Nucleophilic Substitution

Sn1 reaction

5 R1 Sul o R1 o R1
5t N
xdde e g
R3 R3 R2 R R3
undesired elimination, rearrangement racemization
Sn2 reaction
_ R R’ + S R
6 ~ @ /
X—{. 8 ™ "Ny _Sn2_ X--]L---Nu X, X—Nu
’R2 -, X
H H R? H
attack from the backside penta-coordinate TS stereoinversion;

intolerance for tertiary carbon
(Walden inversion)

Sgn1 reaction
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racemization
Sn2X reaction
1 o—hole
R 5" R R’
G Su2X I P
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attack from the front racemization

1) Zhang. X, Tan. C-H, Chem. 2021. 7. 1451-1486.
2) Marek, L. Chem. Sci., 2020, 11, 9378-9385



2. Sy1 reaction

2-1. About Sy1 reaction
"S\" stands for "nucleophilic substitution"
and the "1" says that the rate-determining step is unimolecular.

_ R R R
0 S+ Sn1 © ©
x5 —N s =Y~y ——— AN
R “ R
R3 R3 R? R3
undesired elimination, rearrangement racemization

reaction rate = k[R3C-X]

The Sy1 Mechanism

% %

\8"’ /8’_ Slow %+ - %+ Fast \

Step 1. O e L e oo C + L Step 2. /C - “‘“.YC—.\IU
substrate a carbocation V} B product

SN1 reactions happen in two steps:

1. The leaving group leaves, and the substrate forms a carbocation intermediate.
2. The nucleophile attacks the carbocation, forming the product.

Activation Energy and the Sy1 Reaction

A HsC *

> 4o - -RrO—

g HaGr /7B 1
(3} H3C HSC

c

L

OH (CH3);COH

Reaction coordinate
Relative reactivity of substrates towards Sy1 reaction

tertiary 3° > secondary 2° > primary 1° and methyl

1) Liu, X. Organic Chemistry | (Kwantlen Polytechnic University)
2) Ouellette, R. J. et. al. Principles of Organic Chemistry. 2015, 189-208



2. Sy1 reaction
2-2. Stereoinvertive substitutions through cationic intermediates

( ] )

Stereoinversion of tertiary alcohols to tertiary-alkyl isonitriles and amines
(Shenvi 2013)

OH 1. (CF3CO)0, py R1 R? - tert-OH inversion
. i

R1’\'"R3

RS
R2 2. Sc(OTf)3, TMSCN \"(Hz - stereo- and chemo-selective

i*')

g | o .

Ryan A. Shenvi

\
oscLn®©
1
oH 1. (CF3C0),0, Py 0° "R R\("Rs amines
R1’k R3 @ RS contact — > g ————> amides
2. Sc(OTf)3 (3 mol. %) R1—< R2 ion pair isothiocyanates
-I[-)'\C/II\SACBL(Cengfé ) TMSCN) up to 90% inversion
«Me
NC nPr. NC
MOH M‘M
HO : iPr Et Me Ho
H o 78% yield, 68% ee
69% yield, 91:9 dr 71% yield, 90:10 dr (from 86% ee) 59% yeild, 91:9 dr
e N
Intramolecular substitution of tertiary alcohols
A (Cook and Baik 2018) LnFe”

\
FeCls (0.25 equiv) OH M “R
OH AgSbFg (0.75 equiv) 4 N M
(R 3 A mol. sieves ®“R contact N e
o 'oluene, 0.1M, 40°C, 20 2 ion pair > Ts
NHTs NHTs

54-91% inversion Silas P‘Cook Mu-Hyun Baik

B (Samec and Repo 2019) LnFe®
HQ ;
R Fe(OTf); (10 mol %), OH AR
DCE + n-Hexane (1:1) /‘ X ‘f\I/I|R
X N;’(: oS Temp (°C). 48 h XH ~ contact e Ry ‘
R; Ph élk)’ll ion pair 85-99% inversion  Timo Repo Joseph S.M. Samec
\- y,
B (Samec and Repo 2019) Kinetic Studies
Secondary Alcohols , Tertiary Alcohols
OH Fe(OTf), (10 mol%) : e o
e 3 mol%; [ Fe(OTf) (10 mol%)
Ph MS (3A), DCE, o ' MS(SA)
1d o 40°C, 2h 2d, 2.36 x 10 ;n:‘,s" ' DCE :Tfrzf':xane 2u. 684 x 10 Ms-
OH Fe(OTf), (10 mol%) ' HO_ Me OH
OH — - . H,0 : Fe(OT1‘)3 (10 mol%)
Ph MS (3A), DCE, Ph™ 0 : M Hz0
1d’ 40°C, 2h 2d’. 4.86 x 10 M.s~! ! MS (3A)
4. - ' DCE + n-Hexane, 1
: T, 2h 2u’,6.76 x 10 M.s™

1) Shenvi, R. A. et. al. Nature. 2013, 501, 195-199
2) Cook, S. P et. al. Angew. Chem. Int. Ed. 2019, 58, 1727 —1731
3) Samec. J. S. M. et. al. Nature Communications. 2019, 10, 3826.



2. Sy1 reaction

2-3. Stereoconvergent substitutions through cationic intermediates

-
Chiral metal-complex-mediated substitution (Braun 2004)

Me Me
OTMS o Ph,
O‘ AT, 7 oW ome
. 0 /

C5 (10mol %)

) (S)-89 L OMe
rac-88 96% yield, 99% ee | C° F

il

Manfred Braun )

Me3S|OT|L*F2@ @ Me y
e
OTMS o Mo . : ~ \OTMS
C :j 5 Me3$|OT|L*F2

(S)-88 | (R)-88
fast 13C NMR study siow
(S) -89 88, 6. =83.3 (R)-89
88-C5: 6.¢c =119
88-TiF,: 8¢ =119
s )
Chiral metal-complex-mediated substitution (Braun 2004)
/\/TMS (6.0 equiv.)
1a (10 mol%)
AO TMSOT (1.0 equiv.) Me_“\\/
A = A * A
TN Et,0 (0.1 M), —78 °C, 24 h TN TN
T™MS T™S T™MS
2a-4n 0 0 CF3 3a-4n 4a-4n
tBu .
Me = j\;/( up to 95% yield, 98%ee, >100:1 (3:4) : _
Ph N{N N !
~ 3} CFs3 Eric Jacobsen
Ph 1a
\_ J/
Hammett plot  Proposed mechanism 1a
2f +=-5.48 :
AMe P ' 1 +TMS-OT
e M i :
2 . ! Me P 0 0*TMs
o ar ) : Ar>< d
o ' S . - g Aco_  Me
— S 5 ' T~ ~Ar
b . 4-Br ' N N Ar&
: H, H ™S
2T ' be'- Rate-
0 '4 0 '2 0 0 ‘2 0 '4 ' limiting TMSOAc
. ot : 1a-TMSOT
Kinetic data '
3.0r = Standard conditions : 0, O le) (o]
= Same excess 1
o5k « Different excess ' . ji % ji
= : \’r ’]" ] R‘\N ,Ar
< 20} ! H, H
N - 1 SSi_er
2 1sf o : ot s /\
— :4'." ] M
% 10k "" : > v Enantiodetermining
B ' Ar % -TfO-H
05F : ™S
ok . : , :
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0 0.05 0.10 0.15 ; P e N ™S

[2b] (M)

1) Braun, M. et. al. Angew. Chem. Int. Ed. 2004, 43, 534 -517
2) Jacobsen, E. N et. al. Nature. 2018, 556, 447-451. 5



3. Spy2 reaction

3-1. About Sy2 reaction
S\2 reaction, meaning Substitution, Nucleophilic and Bimolecular.

_ R R? i O R!
R - @ S 2 ) N\
X-/-,,gz T Nu N2, I x-- .-=-Nu X, 2\-\rNu
H H R? R™ |
attack from the backside penta-coordinate TS stereoinversion;

intolerance for tertiary carbon
reaction rate = k[Nu~][R;C-X]

The SN2 Mechanism C-Br bond begins to break,

bonding pair will become
lone pair on Br

H 2t : H

- Ho % 5 \ ¥ 5 )H oo

HBs +  CBr — [HO=CoBr |y HO—CT +Bp:
A \/7 | \ g
H 4 H
[13 ”» 2

T ;OoattaCk: fmlm b Transition State “umbrella flipped

away from leaving T
group; lone pair electrons “pentacoordinated inside om”_ ]
begins to form a new bond carbon” (Walden inversion)

Energy Diagram of Sy2 Mechanism

H H +
& S8
> HO---C---Br
oA |
2 H
w T.S.

CH4Br + OH"

CH3;OH + Br

Reaction coordinate

Relative reactivity of alkyl halides towards Sy2 reaction

methyl > primary 1° > secondary 2° >> tertiary 3°

1) Liu, X. Organic Chemistry | (Kwantlen Polytechnic University)
2) Ouellette, R. J. et. al. Principles of Organic Chemistry. 2015, 189-208
3) Walden, P. Berichte der deutschen chemischen Gesellschaft. 1896, 29, 133-138



3. Sy2 reaction
3-2. Stereoinvertive Sy2 substitutions at tertiary carbon centers

1. History
(Steavens and McNiven 1939) (Doering and Zeiss 1953)
Cl, CH H;C OCH
-, 3 3%, 3 £t Et
Et Et OPhtH CH,
MeOH
—— CHy  MeOH OCHs
65°C
3 4
Original report by Hughes and Ingold (methanolysis at 60 °C) Original report by Doering and WenssA (methanolysis at 60 °C)
34% optical activity 54% inversion of configuration
Same transformation with precise analytical tools by Miller and Rossier Same type of transformation with precise analytical tools by Miller and Rossier
(methanolysis at 25°C) (methanolysis at 25°C)
78% inversion of configuration 87% inversion of configuration

2. Sh2 nucleophilic ring-opening reactions at tertiary carbon centers

(Mascal 2010)

Na

® BuyN*N5™ (1.1 equiv)
(o]
PFs CHCl; or EtOH
Kinetic Data e b S AR SRR LALAE AAALE LALLD Lk
0.0030 ‘ A et I 1
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__ 00025 e T e i
T 00020 P, <> 0.0006 | b
° Jist & F 1
= A/“_." B
% 9:0015 /- y Concentration of azide (M) °°se"’e""5e“d°"gs‘°“’e’ X r ; g
-— j rate constant x 104 (s*)
§ . 0.0004 - -
8 ' 0.024 53202
0.0005 0.030 75+04 0.0002 - J
0.036 8603
0.0000 L " L 1 . | |
0 1000 2000 3000 4000 5000 6000 00000 vt e e
_ 0 0005 001 0015 002 0025 003 0035 0.04
Time (s)
- [NaN,] (M)
(" (Gansiuer 2017) A :
o) PhSiH3 (4 eq) OH
1 TBAF (20 mol%)
R OH . R1 7 OH
R? THF, RT, air R2 H
70—-88% yield
\_ J
+ ©
Ie) O’)H H ‘PE S Cﬁ)\OH C,H ? OH
PhS|H3, F /@\hlj&(c: . SN2 at RZO’S!‘ PhAT/\OH nCzHqs5
R - oﬁsi,y) RY| ~secondary ™| R! CJ\/O
5 FlR carbon v 1 3 5
Ph H
R1<?AOH TS12 1,2-diol' AGH g5 AAGlgs  ZHCOP]
R2 TS12 27.3 146.4
(1, 3, 0r 5comp) o 1 594 5.9
5comp: R' = R2 = Me. o ¥ i 7 IS = . 1530
©) ! \oH °Si’ TS12 241 81.7
PhSiHg F© | oGt S2 at oo 3 . 70
Si=H’ R | Tfertiary carbon 1J\ | e as .
F1H K = TS12 263 147.4
Ph R2 ’H SComp 54
TS13 "1 3-diol TS13 20.9 152.6

1) Hughes, E. D. et. al. Nature, 1950, 166, 679 2) Zeiss, H. H. et. al. J. Am. Chem. Soc., 1953, 75, 4733
3) Muller, P. et. al. J. Chem. Soc., Perkin Trans. 2000, 2, 2232 4) Mascal, M. et. al. J. Am. Chem. Soc. 2010, 132, 10662
5)Ganséauer, A. Angew. Chem. Int. Ed. 2017, 56, 9719-9722 6)Steven, P. G. et. al. J. Am. Chem. Soc., 1939, 61, 1295.



3. Spy2 reaction

3-2. Stereoinvertive Sy2 substitutions at tertiary carbon centers

3. Sn2 reaction of chiral tertiary halides
(lwasa 2012)

0 O7™W70 4
Jj\{COQW Cl lg,cozna Sp2 NaNj; (3 eq) Pd/BaS0, (10 mol%) . ﬁyco "
R! R" 2!
R 2Cu(0T), ke DMSO MeOH R? R
(12/10 mol%) 25-40 °C it o
- Syx2 displacement
X 80-98% ee RSH (3 eq), Et3N (6 eq) 1&002‘?3 ul\u tertiary carbon
7\ ° 21 examples > R 9
- \N “ OQ CH,Cly, 1t R2SR 18 examples
o]
2 O CsF (3 eq), 18-crown-6 (1 eq) CO.R?
» A ¢
X =H or OMe Q CH3CN, rt JlIZB/F
(lwasa 2017)
0 o) & Pd/C (5 mcc;l%) &
COOH i Me NaN, (Boc),
C1 (10 mol%) S (2.0 equiv) N (1.2 equiv) NHBoc
-Me ———————— —Me
NCS (1.2-1.5 eq) DMSO EtOAC
toluene 80°C,0.5h 25°C, 15 min
& H, (1atm) 8
R Ar 84%, 96% e.e. 92%, 96% e.e.
({7 ~ ‘/ )
PN NH, 0 9a R =Ph
1 i R-SNa (3.0 equiv) SR 93%, 95% e.e. ()
| \"’ \\T» i ~=Me
A c1 CHLCN, 0°C, 0.5-2 h 9b: R = n-octyl
T Nar  Ar=35-(Bu)LCeHs 96%, 95% e.e.
(Jacobsen 2015 0
o \_cl ?
o) OTMS C2 (10 mol%) . “/ph Sn2 NaN; C\):/§,Ph
10% hexane/MTBE C:tisﬁ‘N “N3
Ph 6 NCS, -30 °C, 12h tertiary chioride 7 : 8, 95% yield, 85% ee
91% yield, 90% ee o
CsF, 18- -6
0 o CF3 s crown oi%ph
tBuOH ‘F
tBu 60°C, 12h 9, 66% vield, 86% ee
N N o)
CN T(LH H CF
H o) 3 PhSNa o) Ph
Ar C2: Ar = 9-phenanthryl CH3CN “SPh
90°C, 12h 10, 25% yield, 90% ee

(Park 2017)
NaNj (2.5 eq) E 0
Ph o) (S,S)'NAS-BF (5 mol%) Ph (o) I Ph O&COOtBU
/k COOB RX (5 eq) COOtBus ) DMSO R\ X
u 5 0 3
Ph™ "O 50% KOH (5 eq) B R SNEP 65°C, 4h 13
Br 11 toluene, —40 °C
Foe tertiary bromide 12 ArOH (10 eq) Ph O CooIB
0/, vi 0 - > u
Q i up to 98% yield, 99% ee K,COs, toluene Ph () >
OO OO 60 °C, 10h 14 R OAr

+
N B

oe Yybe

F
(S,5)-NAS-Br

-n

1) lwasa, S. et. al. . Am. Chem. Soc. 2012, 134, 9836-9839
2) lwasa, S. et. al. Nature Communications. 2017, 5, 15600

3) Jacobsen. E. N. et. al. Tetrahedron Letters. 2015, 56, 3248-3430

4) Park, H-G. et. al. J. Org. Chem. 2017, 82, 4936-4943



3. Spy2 reaction

3-2. Stereoinvertive Sy2 substitutions at tertiary carbon centers
4. S2 Reactions of tertiary alchohol

[ Mitsunobu type reaction A
(Shi 2003)
(0) O
DIAD ,PPh
RO)S./OH + ArOH SR RO)S/Me ¥ ROVMe
" toluene
Et' Me gelene B OAr Me
(MaCarthy 2009) i, (2 60 51-58% yield
3l£€q 0)
O ADDP (2.2 eq) RO ester hydrolysis/ HooC
R’ O)S/OH PMe; (2 eq) R1O)S( hydrogenolysis 7/
R2 R3 THF, RT R2 N azide reduction R2 NH;
complete inversion
62—90% vyield
\_ J
Mechanism
A \ o)
: Mitsunobu Reagent o PPh; © NuH H
' : — _.N_OR
: )OL : Ro)LN’erOR RO™ N R R0 TN
: -N__OR | Fo) ® PPh;0 ®PPh;O
E RO N \I‘( E ’ ?RsRZ
i O ' Mitsunobu reaction \HO—YZ
\ R =Et (DEAD) : R
. R=i-Pr(DIAD) ! "y s PhRORL,
] R = Cy (ADDP) ": PhsPO + R71—-Nu o—\; Nu@

(" (Mukaiyama 2003 — 2007)
Me

Me
OH , thp\/_\‘ ® 0 0° | NuH ®_0 OH , R
% (1) nBuli_ { PhPCJ el PhoP ° Sn2_ R \(‘\R3
R3 3
RV R Me Me Nu

R RZR (2) PhyPCI A Me ,
1\ "'R3 5 R1I7AR . .
(1-2 eq) R RZR NUO\_R/l ko 70 inversion

Selected examples

PhQO, .\\Et \>/S Et CN \\Et
Ph>\Me @ X phA)\

__________________

Nucleophiles

E 0 : Ph Me Me
R)J\OH 99% inversion 94% inversion 98% inversion
: E PhCOO, Et PhCOO, Et
; ROH : X /\)\ OOOCPh
. RSH ! Ph  Me
+ (EtO),POCN >99% inversion 99% inversion 98% inversion
| TMSN, ! Ns Et
o ___. | Ph/\>\Me
94% inversion etc.

1) Shi, Y-J. et. al. Tetrahedro Letters 2003, 44, 3609-3611 2) MaCarthy, J. R. et. al. Org. Lett. 2009, 11, 807-810

3) Mukaiyama, T. et. al. J. Am. Chem. Soc. 2003, 125, 10538-10539 4) Mukaiyama, T. et. al. J. Am. Chem. Soc. 2004, 126, 7359-7367
5) Mukaiyama, T. et. al. Chem. Lett. 2004, 33, 1522-1523 6) Mukaiyama, T. et. al. Bull. Chem. Soc. Jpn. 2006, 79, 1106—-1117

7) Mukaiyama, T. et. al. Chem. Lett. 2007, 36, 2-7 8) Mukaiyama, T. et. al. Tetrahedron. 2007, 63, 6358—-6364

9) Mukaiyama, T. et. al. Chem. Lett. 2005, 34, 638-639 10) Mukaiyama, T. et. al. Bull. Chem. Soc. Jpn. 2006, 79, 780-790



4. Sy2X reaction

4-1. About S\2X reaction
“Sn2X” or “Sy2Hal” reactions means “halogenophilic nucleophilic substitution reactions”

1 o—hole
R 5" 1 1
N 0O Sn2X *’\R A R
R2 Nu —/—» X—-Nu 2\\@ Nu—X — Z)vNU
R3 R R3 R R3
attack from the front racemization
R—X-3Nu
halogen-bonded
intermediate
1.History

Lithium-halogen exchange (Witting and Gilman 1930s)

R D Sn2X
’\\X+L|/\/\—>N

REN_9 ] REN_ |

X-nBu
+ nBu-X
ate complex

X-ray crystal structure of “ate complex” (Farnham 1986)

C)
F F FE F
1. CoFsl .
i ——— =it .
F F F F

2.Halogenating agents

Alkyl halides activated by adjacent EWGs are also known as electrophilic halogenating agents,
typically containing N-X bonds; for example, NCS, NBS, and NIS.

_.-Activator
(@] @] O
,/I< Activator /{
NN X - L\<N X or N-X Activator
(@) 0 O

1) Witting, G. et. al.Ber. Dtsch. Chem. Ges. A/B. 1938, 71, 1903—-1912.
2) Gilman, H. et. al. J. Am. Chem. Soc. 1939, 61, 106—109.
3) Farnham, W. B. et. al.J. Am. Chem. Soc. 108, 2449-2451.
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4-1. About S\2X reaction
“Sn2X” or “Sy2Hal” reactions means “halogenophilic nucleophilic substitution reactions”
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1) Witting, G. et. al.Ber. Dtsch. Chem. Ges. A/B. 1938, 71, 1903—-1912.
2) Gilman, H. et. al. J. Am. Chem. Soc. 1939, 61, 106—109.
3) Farnham, W. B. et. al.J. Am. Chem. Soc. 108, 2449-2451.
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4. Sy2X reaction

( )
Enantioconvergent Sy2X reactions of tertiary halides (Tan 2019)
R1 ‘"frontside attack" R1 R Chira(IDCation X@ s
© oumo %
P i [ el — e
R2 R3 R2 3 2\ \‘ u
halogen-bonded
intermediate prochlral
L Choon-Hong Tan
5 o) YAr Ph1 R1 R' Ph
r . \
+ L PN (5mol%) N® N
NC A7 sk = )] Ph— I L )-ph
COOR - NC N N/ N
racemic mezl(t)yl%ne o COOB . Féz x© |\2{2
tertiary bromide - 80% - 98% yield Pentanidium (PN)
86% - 93% ee
Hammett plot Carbanion-exchange experiments
08 YQ YQ
06 b y=257x+0.13 a PN4 (5 mol%) \Qj/
oa | Fe=097 2b mesitylene NC” -
COOMe COOMe -50 °C, 12h COOMe COOMe
zo2} I 1m-H (1.0 equiv.) 3n: 53% yield, 86% ee 30: 45% yield, 77% ee
< (0]
< 0t
§ S SK S ,Br
- 02t \ | 2b
04 |
1m-H
-0.6 | ¥ OMe ° carbanion exchange
ikttt NG
gl . NC COOMe COOMe
08 02 -01 0 01 02 03 cooNe a mixture of two carbanions
Substitution Constant ¢
Ph O
® Ph
K Q  pNas mol%) Y
© + Br\S)kPh - Br + S
b COOMe mes:)tylene COOMe HE COOMe
1a-A 8a (1.2 equiv.) -90°C.4h
1a: 12% yield, 0% ee 3a: 66% yield, 82% ee
PN4 (5 mol%) YQ
mesitylene
COOM -50 °C, 12h COOMe
2b (0.6 equiv.) 1i (recovered) 3k COOMe
(+)-1|, 90% ee 1i (recovered): 40% yield, 0% ee; (+)-3k: 53% yield, 87% ee
(-)-1i, 77% ee 1i (recovered): 36% vyield, 0% ee; (+)-3k: 50% yield, 87% ee
N @ + (N \ﬁ/\ ¥ N/\ﬁ t
s chk] |48 Cika
Proposed Sy2X pathway g 27.1| ! i
- Br B CN
o E | o>_s F‘CN R>‘SC?"B' cN R;\rks ?
AFYS‘SkAr S TSA TS-B TS-D
[T
(e} 0 s N
[ S
‘ eS)kAr 'g [N‘l)\
S Q
2 3 } bk e, 21
= s ® ¢ 4
@S)k Ar Bra )J\ : OYAI' z “qg\\;m\ )l‘ .......... Q
( reversible K ) -Br R J : “e\ L - 255 [ 9
Br c)/ E R o Y3
/]\ COOMe int-A
NCXCOOMe Nc T coowme 'gtz ‘ ¥ \
H@ \ cat-enolate CN sulfenyl bromide (Nf\i’h
" A=
R % 1 CN
) S
NC EoolL | \0 Iy % \OJI><BCrN #(/ q\\ o
T 2.00 8
‘ cat-sm1 + sm2 int-B ~
-9.2 i
products @ c 0@ s OJ\R products

SN2 reaction coordinate Sn2X reaction coordinate

1) Tan, C-H. et. al. Science, 2019, 363, 400-404
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4. Sy2X reaction

4 )
Enantioconveraent S..2X reactions of tertiarv halides (Tan 2020)
B PN N
NG "+ NaNs , NC)/ 3 (KR)
COOR iPr,0 COOR
base free

up to 50% yield
s factor: 22 - 75

R base-mediated R

Br _ PN _ Br racemization Br | PN.NaNy N

Nc)( o |norl | Rcemizaton Sx2 )/ ° (DKR)

COOR K,CO4 COOR COOR COOR
(sat. aq.) ‘ o R — 67% - 86% yield

o b b yie

+OH NC ©  Br-OH -OH T 86% - 97% ee

Sn2X COOR
L J

(a) Previously reported basic conditions (Tan 2019) (b) Further control experiments

NaN3; (2.0 equiv.)
sat. aq. K,COj3 (0.2 mL) Br conditons Br
Br PN1 (3.0 mol%) ~Na B PN1 (3 mol%) NC™ co,tBu
(';I)C1aCOOtBU iPry,0 (1.0 mL) cha COOtBu ()-1a 970/3 eeu iPr,0 (1.0 mlL), -40°C recovered 1a

-40 °C, 3~4 days

base-mediated 86% yield, 94% ee Conditions: (1) add nothing: after 10 h, ee value of (-)-1a maintained

(2) H20 (0.2 mL): after 10 h, ee value of (-)-1a maintained
(3) sat. aq. K,CO3 (0.2 mL): < 10 min, racemic 1a obtained
(4) solid K,CO3 (0.2 g): 2h, racemic 1a obtained

Ph 1 r Ph, 1t Ph 1
Ph, " '21 Ph Rri Ph N 1R1 Ph R! Ph
@N N ON L ON: Ph AN
th(’ SN TNLgt Sh2X PR N7 =N, Ph=\? 251 N INFENL
¥ Ph e PR e AR : R PR
HO 5 o HO-Br
cat-sm4 Hon"Br_]QCN HO™ "B ey /@/CN
+ L _
R-bromide int-K AG=-1.7 TS-K AG¥=157 int-M  AG=157
AG = 0.0 kcal/mol
el | Computational method: M11/def2TZVP//oniom:M11/6-31 G(d,p):PMGI 1
R'= Ph R [ Ph R T Ph Ri
N R! Ph %N R' Ph R1
Ph AL ONT L ON [\l @Nf%
Sn2X NN N PITWTSESNL NS
cat-sm4 N R (F)’ . R PR . e
+
S-bromide HO®--- Br—2 HO®-Bre2*~ 0 foaro”
O— &) Q _
_ o]
AG = 0.0 kcal/mol intL AG=-58 TS-L AGEt=94 int-N AG=0.3
Ph, N’R1R1 Ph R1 [P R o BE:
.8y I“ S 5
RS, = AN~ N j N @N\
HE TS N cat-Br
R o R “oR R PR +
N3 P o] o S-product
- ©
catfm5 Ng /%é? Nse--{%—Br
R-bromide L _
AG = 0.0 kcal/mol int-0 AG=-0.1 TS-0 AG#*=246 AG=-75
& cl | Computational method: M11/def2TZVP//oniom:M11/6-31G(d,p):PMé |
. — _
R'= Ph: R‘l Ph" R1 i
N R! Ph N R! Ph
@ ®N-
cat-sm5 P A NN PPN cat-Br
+ —_— R Pﬁ R PR R-pr+oduct
S-bromide o  SCN © | CN
N3 ﬁBr N3""(--Br
AG = 0.0 kcal/mol int-P AG=-4.7 TSP AGt=16.8 AG=-75

1) Tan, C-H. et. al. Angew. Chem, 2020, 132, 9140-9143
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4. Sy2X reaction

( )
C(sp®)—-C(sp®)Bond Formation (Tan 2021) < .
(0]
CO,'Bu ) (
_>(Bf = . PN1 (5mol %) R S Ph, N NPh
*
oMo o 2 ):N/>®_N:<N ]
Racemic R CN Ph 8 ‘Ph
tertiary bromides R> <R
R= benzyl, alkyl 21 examples o
R'= Me éMe )éll high ee; high dr Pentanidium (PN)
\ i i J
(@) carbanion-exchange experiment Ph (C) Reactions with enantioenriched tertiary bromides o
e o g £0,Bu
(1) PN1 (5 mol %), CO,Me gr Ph PN1 (S mol %) -
o ) 1a-H, 47% yield —>( COzMe
Ph Cs,CO3 (1.5 equiv) aley NC CSZCO3 (1.5 equiv) g
_XBr ©:‘§7CO 'Bu ° P CO?tB“ COMe 51uene, -20 °C ph— CN
R .
CO,Me (2) sat. NH,CI Br (+)-23, 57:/° ee 22c: 78% yield, 87% ee, 9:1 dr
1a 21c after 8 h CO.Bu (-)-23, 45% ee 22c: 75% yield, 85% ee, 9:1 dr
) ] ) 23, racemic bromide (d) Base-medlated racemization
(b) carbanion-trapping experiment 40% yield N1 (5 ol o
mo
Ph— g [FOMe BG1 (5mol%) CN T P g
NG + + ¢ BG1 (5 mol %) cOo.'Bu CSZCO3 (1.5 equiv) ;
CO,Bu CO,Me 4M aq. KOH ‘BuO,C 24 (+)-23, 57% ee 2 toluene, -20 °C CO,'Bu
0O . .
1d 12 equiv. 50 equiv toluene, 0 054% yield, 40% ee (-)-23, 45% ee 23, racemized bromide

Proposed mechanism

® 0
0o PN1 O@ Su2X &O{Bu @ PN1 o]
. B N COzMe ACOZMe E;Eg’ rfast Br
CO,'Bu ase 3 \
2 O CoztB“ 2~ CN coszu CO,'Bu
. o +)-23
High ee; high d
21c COZMG an ee: high e Base medlated racemlzat|on
RZ CN
= 3 o s
o ~ Newman projection: —N ~N- Newman projection:
& 0 oo PN o
5 b CB6k \ A & "coor
o ~NT Bn X Me Bn
/W BN
< (Hon R oR
N N7 N N - Br
> \
o
o CN TS4 TS3
3 TS1 "0,
° 24.4 Br
] Me
o
&
g ’/—N Q
-‘§ P N» g N
§) 00 \N,;\:sﬁ;h N
~Br.. ' 0 o INT8
'g R R
kS 0
) r N s
N EN-
m l\ N"):‘Tﬁ';k:h\ N P
\ [ \_J'N:\
CcN SN
Br ! o o INT7
Bn” coome
INT2
16
e
[N N
RS PPN
'o o
dj@)
INT1
27.6 - S INT3 + PDT?_
R=MBu -27.6 -27.1
INT3 + PDT Bn INT3 + PDT
Direct Sy2 Sn2X-Sp2 reaction coordinate

1) Tan, C-H. et. al. CCS. Chem, 2021, 3, 2192-2200. 2) Tan, C-H. et. al. ChemRxiv. 2021
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5. Mechanistic Aspects

5-1. SN2 VS SNZX
(Rorowitz 1971)

©
1 & Sn2X ? /3\ ® B° ©oFPPhs
R*K( PPh; —N"5- R1J§/R PhsP—Br | —— ]
R? R R? R1J\(
R2
. Ph Ph o
Cl M 0 ®; _aMe Ph
pr RS2 R c®  NaoH L + Memp=o
PR H CsH; Ph CsH- Tinversion 7 CHzPh ST
Ph H C3Hy
(-)-(S)-MPPP (P atom)
Ph
O Ph © Mea; ©]
~ P\
Br™N S _Me Sn2X Ph 9 CHy © NaOH 'Ph
Ph R e YN M ———— 37 — o=p—Me
P Br CsHy BréP\ Ph |(rl13ve:3|or)1 inversion \C3H7
atom
(-)-(S)-MPPP Cahy Ph Ph  (Patom)
(Strohmann 2004)
Retention
2BnCl . Phog
-78°C Me” \_N" >
-2 LiCl
- Ph,MeSiBn (S)-6
pn, SiPhaMe 2L b+ 94 %, e.r. = 94:6
'Si ———> 7S S
Me” N\ Y -78cc.sh MeT N\
(S)-5 4 Inversion
er.>99:1 2 BnBr _ Me.,_
-78°C Ph’S'\_
+ Ph,MeSiLi 2 Libr N: >
- Ph,MeSiBn (R)-6
92 %, e.r. = 5:95
| ! B Rl Hp é l|?1 R'=Me
. . - . 2 _
RS T Rz--l-Sl""C""CI —> R2Si, R*=Ph
=7 S —ci® rf CHPh Rz o )
(R)-8 (S)-9 (S)-6
(TS-1/Cl:R'=R?=R3=H)
R’ R’ en X R’ Ph
SI_ BnBr | © ) Sli + !
R2+Si | g2 SiT BrCe, | T RMON v H
R3/ @ RS Y H RS Br H
(R)-8 (S)-10 (S)-11 12
(TS-2Br:R'=R?=R®=H)
R’ R'
R' = Me '

SiiR? < PhCH,—SI2—B
2 _ 7N 2 ol r
R? = Ph PhCH; g3 BrO :

R®= CHN ) i RR
2 (R)-6 13

1) Borowitz, I. J. et. al. J. Org. Chem. 1971, 36, 88-97.
2) Strohman, C. Angew. Chem. Int. Ed. 2004, 43, 1011-1014.



5. Mechanistic Aspects
5-2. Nucleophilies

Nucleophile Halides (Sn2X rate constant in 1-mol~'+s™")

Ar-C=C-Cl Ar-C=C-Br Ar-C=C-l
S~ C+X(23x%x107% X (47.7) X (9 x 10%
EtS™ C+X(9x 1073 X (23.5) X (3 x 10%
SOs*" c X (0.355) X (40)
HS™ C X (0.101) X(19)
PhS™ - X (0.040) X (15)
CN~ - X (8.1 x 107) X (0.023)
(RO),PO™ - X X
S,05%~ - C+X(23x%x1079 X (2.56 x 1079
OH~ (o C+X X
I~ - no reaction X
CNS™ - no reaction no reaction
N3~ - no reaction no reaction

Summary of attack on carbon (C) or on halogen (X) and the rate constants in the Sy2X reactions.
Originally reported by the Verploegh and Drenth group.

5-3. EWGs on Sy2 reaction

X X X
F R o 5~ 35—
F /\éko R o E Ty oR X R X4
H H "\ '~ \ AN
g e : : 7N STH LTSH
T@ O T@ F Nu®- © Nu©- © Nu -
Nu Nu Nu
5-4. Conclusion
Sn2X
* Relative reactivity of alkyl halides towards Sy2X reaction |- > Br = CI- = F~

* Halogenophilic SN2X reaction prefers soft nucleophile
and a highly polarizable soft halogen. (HSAB)

SN2X and SN2

+ SN2X and SN2 reactions can be promoted by adjacent EWGs

(1) the inductive effect of EWGs makes the carbon atoms more electron deficient

(2) EWGs can suppress potential competing SN1 reaction by destabilization of carbocation
intermediates;

(3) tertiary carbons bonded to carbonyl or cyanide carbons, which are sp2 or sp-hybridized, are
less sterically hindered for nucleophilic attack than sp3-hybridized alkyl groups.

1) Drenth, W. et. al. Recl. Trav. Chim. Pays-Bas 1971, 90, 765-778.
2) Brannen,W. T. et. al. J. Am. Chem. Soc. 1964, 86, 4645—4650.

3) Tan, C-H. et. al. ChemRxiv. 2021 15



