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Conformational Effects of Fully Substituted Carbons

General Observation

\_X ~ C e .
H>¥ ki o H \>|< subsitition on carbon atoms tethering
Y v H Y two reaction centers

accelerates the rate of cyclization
Me :\_ X k2 Me :\\ X
AL - WA
Me Y Me Y
R \_X k3 R \\X

>:¥ = >\/| kl ) k2 ) k3
Y
R Y R = Et, i—Pr, CO,Et, etc. R

H \\—X Me \\—X R \\—X
H Y Me Y R Y
01 > 0, > 03 $1 < P < ¢P3

Thorpeblingold Effect
(1915)

Sir Jocelyn Field Thorpe Christopher Kelk Ingold
(1872 B 1940) (1893 B 1970)



Conformational Effects of Fully Substituted Carbons
ThorpebPlIngold Hypothesis: BaeyerOs Strain Hypothesis

BaeyerOs Ring Strain Hypothesis (1885)

VII. Die vier Valenzen des Kohlenstoffatoms wirken
in den Richtungen, welche den Mittelpunkt der Kugel mit
den Tetraederecken verbinden, und welche mit einander
einen Winkel von 109% 28’ machen.

Die Richtung der Anziehung kann eine Ablenkung er-
fahren, die jedoch eine mit der Grésse der Letzteren
wachsende Spannung zur Folge hat.

Adolf Von Baeyer
(1835 b 1917)

OThe four valences of the carbon atom act in the directions that connect the center of a sphere with the corners of a
tetrahedron and that form an angle of 109° 28Qwith each other. The direction of the attraction can experience
a deviation that will, however, cause and increase in strain correlating with the degree of this deviationO

Ring Strain: [> > > O > |:>

Internal Angle: 60° 90° 120° 108°

Meijere, A. Angew. Chem. Int. Ed. 2005, 44, 78367840
Von Baeyer, A. Ber. Dtsch. Chem. Ges. 1885, 18, 22692281



Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

# i

¥ X
C,' C <« C
C /< ) ! c :> ! How does restricting one angle
C C C

effect the others?

| =7
=" =#=109.28 " =120°
H="2
Hypothesis A Hypothesis B
(109°28’— 2z) (109°28’ —y)
e O 120>->C¢- (109°28’- 22)—b @ - CLonnrn1200-5CL--(109°28%)—b
o= 2e N6 No—=26/ NG
(109°28" — 2z) (109°28’ —y)
Fig. (a). Fig. ().

: opposite angle (! ) remains
All other substituents PP gle (1) o
constant and space distributed

distribute evenly in space .
y P between remaining two angles (#)

Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915, 107, 108091106



Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

(109°28’ — 2z) C (109(“}28’—-31)
C——oC C
aC_/_ _________ 1209“\'0’/(109028'— 2$)mb a*-C/~-12O°\0/(109°28’)-—~b
No—0c” \@ NC —c/ e
(109°28’ — 2z) (109°28’—y)
Fig. (a). Fig. (b).

B = opposite angle remains
A = All other substituents PP g

constant and space distributed

distribute evenly in space -
between remaining two angles

I CO,H CO,H

CO,H . 2 Me 2

1 ( 109.28°
¢‘ R '¢' Me '4'
CO,H CO,H CO,H
If ! is large, " will be small and If I =109.28° small rings
small rings will be stabilized Stability of small ring will not be stabilized
systems

Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915, 107, 10801106



Conformational Effects of Fully Substituted Carbons
Thorpeblingold Hypothesis

(109°28’ — 22) o (109("}28’—-30C
C——=C C -
a(‘,/_ _________ 1209\0/(1090281_ 2&2)""-6 a = C/ """" 1200\0/(109028’)"—6
Noe——0o” \u \C'—-—C/ \0
(109°28’ — 2z) (109°28’—y)
Fig. (a). Fig. (b).

_ B = opposite angle remains
A = All other substituents o
constant and space distributed

distribute evenly in space .
between remaining two angles

I CO,H CO,H

COZH R ! 2 Me 2

1 ( 109.28°
. R . Me
COZH COZH COzH
cyclohexane more stable dimethyl equally as stable
supports hypothesis A Stability of small ring supports hypothesis B
systems

Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915, 107, 1080D1106



Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

(109°28’ — 2z) C (109("}28’—-21)
C——~C C
aC/ _________ 1209,_\0"4(109028l_ 2a:)--b a C/ """" 1200\0/(109028’)"-b
Ne—0c” e No—-c” \a
(109°28’ — 2z) (109°28’—y)
Fig. (a). Fig. (b).

B = opposite angle remains
A = All other substituents PP 9

constant and space distributed

distribute evenly in space -
between remaining two angles

CO,H CO,H 0
Me KMNO, Me Conc. HCI Me ,°
» NO reaction Me
Me ‘. reﬂux Me o 240 OC
CO,H CO.H sealed tube
2 2 H02C
CO,H CO,H
KMnO, _ Conc. HCI _
y NO reaction ’ No reaction
~ reflux ~ 240 °C
CO,H CO,H  sealed tube

Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915, 107, 10801106
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Thorpeblngold Hypothesis

(109°28’ — 2z)

C——~C C
a... C/ 120°\0/ (109°28’- 22)—b

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

Ne—0c” e
(109°28"— 2z)
Fig. (a).

A = All other substituents

distribute evenly in space

CO,H
Me KMnO,4
» N0 reaction
Me ~ reflux
CO,H
CO,H
KMnO4
» N0 reaction
~ reflux
CO,H

Me

Me

CO,H

CO,H

CO,H

CO,H

Conc. HCI

o
240 °C
sealed tube

Conc. HCI

>
240 °C
sealed tube

Beesley, R. M.; Ingold, C. K.; Thorpe, J. F. J. Chem. Soc. 1915, 107, 10801106

O

Me =
Me

HO,C

Nno reaction



Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

Failure of BaeyerOs strain theory:

cyclo- cyclo- cyclo- cyclo-
Ring ... ... Propane. Butane. Pentane. Hexane.
Angle of strain (Baeyer) ... 24-7° 9.7° 0-7° 5-3°
Heat absorbed (S. and K.) ... 38-1 42-6 16-1 14-3 cals.

OThe discordance is most pronouncedO B Christopher Keller Ingold (1921)

IngoldOs atomic

B Os theory: i
aeyerQOs theory volume hypothesis

polymethylene chains will have the same bond tetrahedrons will distribute subsituents evenly
angles as substituted methylene chains according to their atomic volume
H H H H
R R R R R R R R
S K S K
" = 109.28° =1 (H volume) " 5 109.28° =1 (H volume)
Me Me Me Me )(
R R R R R R R R
n — 109280 = V (C VOIUme) n - 109280 = V (C VOIume)

Ingold, C. K. J. Chem. Soc., Trans. 1921, 119, 305329



Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

Failure of BaeyerOs strain theory:

cyclo- cyclo- cyclo- cyclo-
Ring ... ... Propane. Butane. Pentane. Hexane.
Angle of strain (Baeyer) ... 24-7° 9.7° 0-7° 5-3°
Heat absorbed (S. and K.) ... 38-1 42-6 16-1 14-3 cals.

OThe discordance is most pronouncedO B Christopher Keller Ingold (1921)

Visin ¢ — visin §=(V}— vt) sin @ sin ¢ IngoldOs atomic
volume hypothesis
Vicot @+ v cot p= 4/ 2(Vw)i,
tetrahedrons will distribute subsituents evenly

cosec @ =1+ vs. “/6( Vo)t - (Vi+ ’U*). according to their atomic volume
2(Vo)t — (V3 -h)

H H
R R R R
1l K K
| =109.28° =" (H volume)

R\>\/</R Me. Me )(
| = 115.3° R\>\§/R RWR

1 =112.2°(lit.) | < 109.28° =V (C volume)

Jung, M. E., Piizzi, G. Chem. Rev. 2005, 105, 17351766
Ingold, C. K. J. Chem. Soc., Trans. 1921, 119, 305329



Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

Et><Et Me><Me Me><H Q H><H y
Cx/C Cx/C Cx-C CC Cx/C CxC
11 107° | =109.5° | =112.5° I =113.0° | =115.3° I =116.9°
Et. Et Me. Me Me. H H H
O§'><NH OQ\»><NH OQ\»><NH O NH O§8<NH O% iNH
HN—§ HN—< HN—& HN HN—§ HN—§
o) o) o) o) o) o)
A B C D E F

Stability to Hydrolysis

Ingold, C. K.; Sako, S.; Thorpe, J. F. J. Chem. Soc., Trans. 1922, 121, 11771198




Conformational Effects of Fully Substituted Carbons

Thorpeblngold Hypothesis

Et><Et Me><Me Me><H Q H><H y
c<_cC c_cC c_cC c<_cC c_cC c_cC
11 107° | =109.50 | =112.5° I =113.0° | =115.3° | =116.9°
Et. FEt Me. Me Me. H H H
§'><NH O NH OQ\»><NH O NH OQ\»><NH O NH
HN—& HN—< HN—§ HN HN—§ HN—&
0 0 0 0 0 0
A B C D E F
m -
:g 60 .- R ; Dichylhydantiin ]
QD
o \ o
g‘s X Oir, O
©0 Ry,
& . O - . ,"4'!(5‘-» B
NN %,
.§ A0 %"ﬁ- ,!"5”‘
Lhed % o, » ©
§ “i‘ \ng"‘r R C \%——
Pg) 204 . 6';' &
ay F E D
0 o0 * :;1'0 I(‘)O ! l_f;'() ! 2..00 :,.50 B 0(')0 3;0 minalis,

Ingold, C. K.; Sako, S.; Thorpe, J. F. J. Chem. Soc., Trans. 1922, 121, 11771198




Conformational Effects of Fully Substituted Carbons
Thorpeblngold Hypothesis

Et ><Et M e><M e M e><H Q H><H y

C_—/C C—/C C—/C C_—/C C—/C C—/C
11 107° l =109.5° | =112.5° l =113.0° | =115.3° l =116.9°

Et Et Me Me Me H H H

O§8<NH O§\»><NH O NH O NH O§'><NH © NH
HN HN—§ HN—& HN HN HN—&

O (@) (@) (@) (@) O
A B C D E F
+y
Sﬂp&-opanagﬁi_rghgdnnl’oin F
+10k Hﬂdaﬂ(‘o(n E
05 wBul‘anewhgdantaln D ,
Methylhydantorn C 29. k. log,o%’.
) cycloPropanespirohydantoin ... 116-9 138 +1-14
o b Hydantoin ...........covvvevennninn. 1153 11-2 4-1-05
e Demethathgdantiin B cycloButanespirohydantoin ...... 1130 263 +0-42
% eyt Methylhydantoin .................. 112-5 228 +0-36
= 08 Dimethylhydantoin ............... 1095 0:551 —0-26
Diethylhydantoin A\ Diethylhydantoin .................. 107-0 0-146 —0-84
-0 |
-45 1 . A 1 N f L "
20 "e ne e H2 “o ws 06 104 d egrees,

-— 2,6

Ingold, C. K.; Sako, S.; Thorpe, J. F. J. Chem. Soc., Trans. 1922, 121, 11771198



Conformational Effects of Fully Substituted Carbons

Early Experimental Evidence

R, Ro

HO kreI R, S R>
R; Ry R1 R
Me Me Me
HO HO\)\ HO HO
"¢ cl j/\a cl
Me
krel =1 kre| =55 kre| =21 krel = 248
Me Me Me Me Me
HO HO HO HO
Cl Cl Cl Cl
Me Me Me Me Me Me Me
Kie| = 252 Kie) = 1360 Ko = 2040 Ko = 11,600

substitution provides >10* rate enhancement

Nilsson, H.; Smith, L. Z. Phys. Chem. 1933, 166A, 136



Conformational Effects of Fully Substituted Carbons

Early Experimental Evidence

Ry R» o
HO kreI R, R
Cl
R, Ry Rq Ro
I
HO HOW o~
Cl 7(\0
H H
Kret = 1 Ko = SlOW
>0
'2 Hp' Cl
HO —~
>(\CI M M
Me Me € €
Kie = 252 ke = fast

OH and RDCI forced in close proximity
by dimethyl induced valency deviation

Nilsson, H.; Smith, L. Z. Phys. Chem. 1933, 166A, 136



Conformational Effects of Fully Substituted Carbons

Early Experimental Evidence

R
Br\/\/\/\ kreI |
Lo -
H
Me Me
NH NH /\></NH
Br/\/\/ ? Br/\/>< ’ Br ?
Me Me
krel =1 kre| =2.19 krel = 158
Et_ Et iPre iPr Ph_ Ph
NH /\></NH /\></NH NH
Br/\></ 2 Br 2 Br 2 Br/>(\/ 2
Me Me
krel =594 kre| = 9190 kre| = 5250 kre| = 0.158

substitution provides >10% rate enhancement

Brown, R. F.; Van Gulick, N. M. J. Org. Chem. 1956, 21, 1046
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Early Experimental Evidence

Br\/R\/\/\ NH, e > [ T}

H

Me_ Me
NH NH A~ KM
Br” NN Br/\/>< i Br ’
Me” Me

kre| =1 kre| =2.19 krel =158

Et. Et iPr_ iPr Ph. Ph
NH /\></NH /\></NH NH
Br/\></ 2 Br 2 Br 2 Br/>(\/ 2
Me” Me

kre| =594 kre| =9190 kre| = 5250 krel = (0.158

Can a 2-3° tetrahedral angle change account for a rate enhancement of >50007?

Brown, R. F.; Van Gulick, N. M. J. Org. Chem. 1956, 21, 1046
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Me\/\/\
Me

=\

I H° = 10.53 kcal/mol

AllingerbZalkow Thermodynamic Analysis

Me, Me

Me
Me

m|/Me

Me

I H° = 10.45 kcal/mol

“\

Me
Me

m(Me

Me

I HO = 9.35 kcal/mol

| S° =966 callK | S°=15.39 cal/lK | S°=13.85 cal/lK
Keq ~ 10°7 Keq ~ 109° Keq ~ 1094
R Me, Me Me X2 Me, Me*  x2
Me\/\/\ — H@H . __ H@H Ve -
Me = o Me ™ meAd/Me Me
Me R

0 gauche interactions
H

S| = B

H

6 gauche interactions (! = 6)

2 gauche interactions

'

H

Me@R
§: 5 Me =— X6
H R

Me

Me X2

8 gauche interactions (! = 6)

Allinger, N. L.; Zalkow, V. J. Org. Chem. 1960, 25, 701

4 gauche interactions
H
Me@R
§ : \ Me =
H R
Me

Me

8 gauche interactions (! =4)

X2

X6



Conformational Effects of Fully Substituted Carbons

Deconvoluting the Thorpeblingold and Reactive Rotamer Hypotheses

H H H Me Me><Me
MeéMe MeéMe Mex_~Me
11 112.2° I =111.1° I =109.9°

Thorpeblingold
Valency Deviation

Is it possible to test each independently?

Me

Reactive Rotamer
Hypothesis



Conformational Effects of Fully Substituted Carbons

Deconvoluting the Thorpeblingold and Reactive Rotamer Hypotheses

H H H Me Me Me

X X X

Mex._~Me Mex._~Me Mex._~Me
11 112.2° I =111.1° | =109.9°

Thorpe—ingold
Valency Deviation

X
Me Me Meé/\ Hé\\Y
S Y —
H H H H H H

Reactive Rotamer
Hypothesis

n(HZC) — (CHZ)n n(HZC) — (CHZ)n
11 112.2° 1 112.7°

strain of cyclobutane ring forces internal
angle to be larger than polymethylene

Me A Me : 6
H@H HH

cyclobutane confers similar gouche
effects as gembdimethyl

Jung, M. E.; Gervay, J. J. Am. Chem. Soc. 1991, 113, 224
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Deconvoluting the Thorpe—Ingold and Reactive Rotamer Hypotheses

@X

O . _CO,Me ke
(@)

x \([)l/\/

R

CO2Me

@XO

NN COQMe
@)
K \[(l/\/

Kee1 =1
| ~112.2°

7\

CO,Me
0 \n/\/

reI =208
I ~112.7°

43\(0

\ COzMe
(@)
Me \I(])/\/

kre| =835
' ~111.1

O>< e

Me Me

ko =2123
| ~109.5°

rate enhancement is due
primarily to Reactive
Rotamer Hypothesis

\o e
H HANH
H H< Me
R R™ O

Rfifﬁfﬂ

reactive conformer

Jung, M. E.; Gervay, J. J. Am. Chem. Soc. 1991, 113, 224



Conformational Effects of Fully Substituted Carbons
Deconvoluting the Thorpeblingold and Reactive Rotamer Hypotheses

R

a s
o \n/\/ .~ y
R R O
Rate enhancement for 5 member ring

CO,Me
\ o) . CO,Me \ o) . CO,Me
o \"/\/ 0 \n/\/
H H O Me O
formation is due primarily to reactive

Kie) = 1 Kie| = 8.35 rotamer effect
I ~112.2° l ~111.1

/ \ /\
o) . _CO,Me o) X _CO,Me
o) \n/\/ @) \n/\/ rate difference is said to be the result
o)

Me Me o of cyclobutyl ring strain and not
Thorpeblngold angle contraction

Ko = 208 Ko = 2123
| ~112.7° | ~109.5°

Jung, M. E.; Gervay, J. J. Am. Chem. Soc. 1991, 113, 224
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Deconvoluting the Thorpe—Ingold and Reactive Rotamer Hypotheses

Me Me
Me/\/él\/\Me Me 4 Me
3 3
450 120
400 100
- 350 =
Q 13 Q 80
- -
< 2 <
|
o 2 =2
o Q.
o 1 O 3
o Q.
1
vyoo3 ’ A 1003 Ag
e — 8214 !
a17.1 _g s17.7 Y
4683.7 ,{fxuhf Y 5 2632.71 >
= 348.39 1t = 348.39 1
- 261.75 HHHH F -4 261.765 4
JIX 111l L
196.66 [Y{{HHH1T snusuusadl| 196.66 |
L L S @ =B N e =@ = =
s 5 2 = % = & = S mos
DIHEDRAL C3-C4g

DIHEDRAL C3-C4a

R

R
B, N
H H H H

R H
180° 60°
anti gauche

Wilson, S. R.; Cui, W.; Moskowitz, J. W.; Schmidt, K. E. J. Comput. Chem. 1991, 12, 342
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H H H Me
MeéMe Me%/<Me
0 =112.2° 0 =111.1°

Thorpe-Ingold
Valency Deviation

Facilitated Transition
Hypothesis

General Consensus

Me Me
>< Me
MeXN_~/Me H
— (0]
0 =109.9 v
Stereopopulation

Control

Reactive Rotamer
Hypothesis

Relief of
Ground-State
Strain

Origin of rate acceleration

is believed to be largely
system dependant

gem—disubstituent effect

Jung, M. E.; Piizzi, G. Chem. Rev. 2005, 105, 1735
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H H H Me
MeéMe MeéMe
11 112.2° I =111.1°

Thorpeblingold

General Consensus

Me_ Me X\
X MeT\Me Me H v
Me< S Me — Y —
H<'H H'H H'H

| =109.9° Me H

Reactive Rotamer

Valency Deviation Hypothesis
Facilitated Transition Stereopopulation Relief of
: GroundbState
Hypothesis Control _
Strain
Origin of rate acceleration -
is believed to be largely | N OThorpeDIr]gold
EffectO

system dependant

Jung, M. E.; Piizzi, G. Chem. Rev. 2005, 105, 1735
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Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in C—H Functionalization

Pd(OAc), (10 mol%), Me
[o]
M .L (20 mol /o)., IS Me
N Vo o~ LioCOj3 (1 equiv.) _ _ o)
R— EWG .
| _ OH AgOAc (4 equiv.),
CeFs, 80 °C, 48 h EWG
Cl
Me Me Me Me
MeO Me
Me Me Me Me
@) @) @) @)
Me
CO,Et CO,Et CO,Et CO,Et
67% yield 92% yield 80% yield 59% yield
Me Me Me I\:/Ie Me
MeO MeO MeO -
Me Me Me 0 Me
@) @) @)
Meo Meo Meo .'IO)J\N COZH
0 0 H
7
g SO,Et vMe L
Me EtO OEt
53% yield 89% yield 66% yield

Lu, Y.; Wang, D.; Engle, K. M.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 5916



Conformational Effects of Fully Substituted Carbons
OThorpebPIngoldO Effect in CBH Functionalization

Pd(OAc), (10 mol%),

Me
0
Me L LC(CZ)O (TOM)).' ) R—L o Me
| equiv. [
f X Me /\ 2 3 d - = O
R— EWG :
[ _ OH AgOAc (4 equiv.),
CgFg, 80 °C, 48 h EWG
Me
Me MeO Me MeO Me
@) @) (@) @)
MeO
CO,Et CO,Et CO,Et CO,Et
43% vyield 63% yield 60% vyield 28% vyield
OH Me
H@H H@H Me Me
Me Me HO<<”Me :
Ph Ph M M " . @) Me
gauche (2x) gauche (2x) e>< € e>< . )]\
Me<_Me Me<_Me ‘0 H CO,H
OH H
H@H H@H | =109.9° | =111.1° Me” “Me L
Me H HO Me
Ph Ph

gauche (1x)

gauche (2x)

Lu, Y.; Wang, D.; Engle, K. M.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 5916



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in CBH Functionalization

EtO,C

R, R, EtO,C R, R,
Pd(OPiv), (10 mol%), H
AgOPiv (3 equiv.)
© A o,k - ©
R, 2 DCE, 90 °C R,
H H N// R, 18 h H N// R,
H
tBu tBu EtO,C tBu tBu EtO,C tBu tBu
H H H
O O O
H Me Et
H N// H H N// Me H N// Et
15% yield 60% vyield 52% vyield

(meta:para:ortho) = (59:33:8)

tBu tBu
| H
O
H N//

50% vyield
(meta:para:ortho) = (88:7:5)

EtO,C

(meta:para:ortho) = (91:7:2)

tBu tBu
| H
@)
H =
N 7

51% vyield
(meta:para:ortho) = (91:5:4)

EtO,C

(meta:para:ortho) = (93:6:1)

EtO,C tBu tBu
| H
@)
iBu
H = i
NE IBu
63% vyield

(meta:para:ortho) = (95:4:1)

Leow, D.; Li, G.; Mei, T.-S.; Yu, J. -Q. Nature 2012, 486, 518
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“Thorpe—Ingold” Effect in C—H Functionalization

tBu tBu EtO,C tBu tBu
Pd(OPiv), (10 mol%), H
AgOPiv (3 equiv.)
© A Co,Et - ©
iBu 2 DCE, 90 °C iBu
H & i 18 h H NZ  iBu
H
EtO,C EtO,C EtO,C
-2 -2 -2
Me F CN
86% yield 52% yield 54% yield
(meta:other) = (94.:6) (meta:.other) = (75:25) (meta:other) = (98:2)
EtO,C EtO,C EtO,C
| | |
Me Br tBuO,C
89% yield 77% yield 42% yield

(meta:other) = (91:9)

(meta:other) = (90:10)

(meta:other) = (98:2)

Leow, D.; Li, G.; Mei, T.-S.; Yu, J. -Q. Nature 2012, 486, 518



Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in C—H Functionalization

tBu tBu EtO,C tBu tBu
Pd(OPiv), (10 mol%), H
AgOPiv (3 equiv.)
O ZCOoLEt > ©
iBu 2 DCE, 90 °C iBu
H H N// iBu 18 h H N// iBu
H
Me
iBu O=<
iBu ~ O tBu
N, /[ O Me
{Bu o N=pg~ T tBu
tBu \_ % -H- -
Monomeric Pd T.S. is selective Dimeric Pd T.S. is selective Pd-Ag T.S. also selective
for ortho—functionalization for meta—functionalization for meta—functionalization

gem—diisobutyl groups likely play a role in stabilizing the larger ring T.S

Yang, Y. -F.; Cheng, G. -J.; Liu, P.; Leow, D.; Sun, T. -Y.; Chen, P,;
Zhang, X.; Yu, J. -Q.; Wu, Y. -D.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 344



Conformational Effects of Fully Substituted Carbons
OThorpebPIngoldO Effect in CBH Functionalization

Pd(OAc), (10 mol%),

H H
AcbGlybPOH (20 mol%)
ZCOE TaS A (3 equ) TEP
H N gOAC ( Oeq“"")’ Et0,C7 X N
! . 55 °C, 24 h ! G
0
N NA
o >s s
R,N R,N R,N
F
® O
= =
NZ NZ
20% vyield 80% vyield 82% vyield

(meta:other) = (1:1.6)

O\\ //O
_S
R,N
OMe
H
N// H
86% vyield

(meta:para:ortho) = (1:3.1:3)

(meta:para:ortho) = (1:1.4:1)

O\\ //O
_S
RoN
OMe
Me
N// Me
81% yield

(meta:para:ortho) = (13:3.2:1)

(meta:para:ortho) = (1:4:1)

O\\ //O
_S
R,N
OMe
iBu
N// iIBu
78% yield

(meta:other) = (>20:1)

Yang, G.; Lindovsa, P.; Zhu, D.; Kim, J.; Wang, P.; Tang, R. -Y.; Movassaghi, M.; Yu, J. -Q. J. Am. Chem. Soc. 2014, 136, 10807



Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in C—H Functionalization

Pd(OAc), (10 mol%),

H H
Ac—Gly—OH (20 mol%)
ZCOE TS equ) TP
H N 9 C(Oeq“"")’ Et0,C7 X N
! DG 55°C, 24 h L DG
Boc
N
H/
EtO,C7 "X N\ EtO,C7 X \ H EtO,.C7 "X N\
DG DG DG
76% yield 60% yield 82% yield
(meta:other) = (>20:1) (meta:other) = (>20:1) (meta:other) = (>20:1)
DG: N
_S
R,N
OMe
iBu
49% yield 75% yield N// iBu
(meta.other) = (16:1) (meta.other) = (>20:1)

Yang, G.; Lindovsa, P.; Zhu, D.; Kim, J.; Wang, P.; Tang, R. -Y.; Movassaghi, M.; Yu, J. -Q. J. Am. Chem. Soc. 2014, 136, 10807



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in CBH Functionalization

o)
R Pd(OACc), (10 mol%), R CO,H
R OH | AgTFA (2.0 equiv.) R%/
O - O
N H HFIP (0.1 M) N Ar
J\)\ "o 120°C, 20h J\/l\
A coH Pry_co,H Me\ co,H
H%/ H%/ Me%/
o) o) O
\ll\l Ar \lN Ar \lN Ar
Me)\/LMe Me)\/l\Me Me)\/l\Me
10% yield 8% vield 80% vyield
Me  co,H Me co,H Me co,H Me co,H
ey ey ey ey
o) o) o) o)
SN Ar SN Ar N N A
I | L . L/
Me Ph Me Me Me R
PhthN'
52% yield 68% vyield 45% vyield 80% vyield (1:1.6 mono:di)

Zhu, Ru, -Y.; Liu, L. -Y.; Park, H. S.; Hong. K.; Wu, Y.; Senayake, C. H.; Yu, J. -Q. J. Am. Chem. Soc. 2017, 139, 16080



Conformational Effects of Fully Substituted Carbons
OThorpebIngoldO Effect in CBH Functionalization

iPr\ /iPr iPr\ /iPr DG:
SIS Pd(OAc), (15 mol%) Si.
DG 2 DG
AcDGIlyDOH (30 mol%), ;‘\O
XN H Ag,CO3 (2.0 equiv.) X H
' |
R— : —> R—
! = CuCl (1 equiv.), CuCN (3 equiv.) ! — | X
i DCE:HFIP (10:1) CN NN
H 90 °C, 30 h H

Bag, S.; Jayarajan, R.; Dutta, U.; Chowdhury, R.; Mondal, R.; Maiti, D. Angew. Chem. Int. Ed. 2017, 56, 12538



Conformational Effects of Fully Substituted Carbons

OThorpebIngoldO Effect in CBH Functionalization

iPry ,iPr iPreiPr DG:
Si_ Pd(OAc), (15 mol%) S1N
DG DG
AcDBGlyDOH (30 mol%), “S\o
A H Ag,CO3 (2.0 equiv.) A H
R—- : —> R—-
_ CuCl (1 equiv.), CuCN (3 equiv.) _~ | N
H DCE:HFIP (10:1) CN NN
H 90°C, 30h H
iPr\ ./iPr iPr\ ./iPr iPr\ ./iPr iPr\ _/iPr
Si_ Si_ Si_ Si_
DG DG DG DG
CF30
CN CN MeO CN Me CN
78% vyield 71% vyield 74% vyield 75% vyield
(meta:other) = (20:1) (meta:other) = (16:1) (meta:other) = (18:1) (meta:other) = (20:1)
iPr\ _/iPr iPr\ ./iPr iPr\ I/iPr iPr\ /iPr
Si_ Si_ Si_ Si_
DG DG DG DG
F CN CF; CN CN f “CN
OMe Cl
63% vyield 65% yield 81% vyield 71% yield

(meta:other) = (>20:1)

(meta:other) = (20:1)

(meta:other) = (20:1)

(meta:.other) = (>20:1)

Bag, S.; Jayarajan, R.; Dutta, U.; Chowdhury, R.; Mondal, R.; Maiti, D. Angew. Chem. Int. Ed. 2017, 56, 12538



Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in C—H Functionalization

Pd(OAc), (10 mol%),

)

DG Ac—Phe—OH (20 mol%)> DG
CO,Et AgOAc (3 equiv.),
H H HFIP, 90°C, 36 h S )
H
O iPr

)]\ O\\S//O iPI’\S./ P
|
%~ o “a,‘/ ~0 H‘/ S0

N
) @

i

N N
) @

43% yield 55% yield 82% yield
multiple products (para:other) = (1:1) (para:other) = (20:1)

c — S — Si

sp? sp® sp®

Bag, S.; Patra, T.; Modak, A.; Deb, A.; Maity, S.; Dutta, U.;
Dey, A.; Kancherla, R.; Maji, A.; Hazra, A.; Bera, M.; Maiti, D.; J. Am. Chem. Soc. 2015, 137, 11888



Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in C—H Functionalization

Pd(OAc), (10 mol%),

DG AcbPhebOH (20 mol%)> DG
2 cok AgOAc (3 equiv.), N
H H HFIP, 90°C, 36 h EtO;C H
H H
Me
EtO,C7 X EtO,C7 X Me EtO,C7 X CFs EtO,C7 X Me
71% yield 96% yield 55% yield 63% yield
(para:other) = (8:1) (para :other) = (7:1) (para:other) = (6:1) (para:other) = (16:1)
- DG: iPr\Si/iPr
N
/M\eojii(\ | P
DG /\D/\DG DG
ORI F ORI Etozc/\(©/\ O
| | COZEtl N\\
49% yield 76% yield 70% yield
(para :other) = (9:1) (para:other) = (8:1) (para:other) = (15:1) ‘

Bag, S.; Patra, T.; Modak, A.; Deb, A.; Maity, S.; Dutta, U.;
Dey, A.; Kancherla, R.; Maji, A.; Hazra, A.; Bera, M.; Maiti, D.; J. Am. Chem. Soc. 2015, 137, 11888



Conformational Effects of Fully Substituted Carbons

Outline

Complex Molecule Synthesis
— (—)-Indolizidine 223AB and Alkaloid (—)-250B
— Zaragozic acid C

— tricholomalide A and (—)-guanacastepene



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Complex Molecule Synthesis

N E—

ﬁPr nBu

(D) b Indolizidine 223AB

Key Step:
One Pot Double Cyclization

Alkaloid (B) B 205B

Smith, A. B, lll; Kim, D.-S. J. Org. Chem. 2006, 71, 2547



Conformational Effects of Fully Substituted Carbons
“Thorpe—Ingold” Effect in Complex Molecule Synthesis

H
OH a. MsCl, Et3N, S H

S THF, rt, 1 h NS N

VS nBu > :
Iy b. K,COg3, MeOH, rt, 3 h: N - hBu

nPr o : nPr

: 5% Na-Hg, Na,HPO,, spr  NBu | (-) - Indolizidine

NHTs ,3.5h 223AB

95% yield (2 steps)

Smith, A. B., lll; Kim, D.-S. J. Org. Chem. 2006, 71, 2547



Conformational Effects of Fully Substituted Carbons
“Thorpe—Ingold” Effect in Complex Molecule Synthesis

H
OH a. MsCl, Et3N, S H
S THF, rt, 1 h NS N
: :S nBu :
nPr OH b. K,CO3, MeOH, rt, 3 h; N L hBu
_ 5% Na—-Hg, Na,HPO,, =Py nBu (—) — Indolizidine
NHTs t,3.5h 223AB
95% yield (2 steps)
OH OMs
S S
MsCI K>CO
VS nBu — 3 VS nBu| —2_ % 5
nPr OH nPr OMs
NHTs NHTs
H — —
s H
N Raney Ni
; - Y VS B
S Y EtOH, Hy, rt N
(=) — Indolizidine 69% yield : 3
223AB P T

Smith, A. B., lll; Kim, D.-S. J. Org. Chem. 2006, 71, 2547



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Complex Molecule Synthesis

H
OH a. MsCl, EtsN, S H
S THF, rt, 1 h S N
VS nBu ' :
b. K,CO3, MeOH, rt, 3 h: N : hBu
nPr OH 0 : nPr
5% NabHg, NaHPO,, =or  hBu | (D) D Indolizidine
NHTS t, 3.5h 223AB
95% yield (2 steps)
OH OMs
H a. MsCl, Et3N, H H
H nBu THF, rt, 1 h _ H
nPr OH b. K,CO3, MeOH, rt, 3 h; NTs
NHTs 55% yield (2 steps) ner
S H QMSOMS
H M Dithiane stabilizes folded conformation
S N,’.: nBu and brings groups closer in proximity

Smith, A. B., lll; Kim, D.-S. J. Org. Chem. 2006, 71, 2547



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Complex Molecule Synthesis

H
OH a. MsCl, EtsN, S H

S THF, rt, 1 h S N

VS nBu :
! b. K,CO3, MeOH, 1t, 3 h; N - hBuU

nPr 0 - nPr

_ 5% NabHg, Na,HPO,, =or  hBu | (D) D Indolizidine

NHTs ,3.5h 223AB

95% vyield (2 steps)

a. MsCl, Et3N,
THF rt, 1 h
’

b. K,CO3, MeOH, rt, 3 h;
5% NabHg, Na,HPO,,
rt, 15 h
70% yield (2 steps)

Alkaloid (B) B 205B

Smith, A. B., lll; Kim, D.-S. J. Org. Chem. 2006, 71, 2547



Conformational Effects of Fully Substituted Carbons
OThorpeBPlIngoldO Effect in Complex Molecule Synthesis

Bn
Me"’
OAC
H H OAc
Bn O C02 M COztBU
5 CO CO,tBu
HO C tBuQ,C
Me 2 Me UQZ OH
zaragozic acid C
TMSO OB LTy OBn
{BUO,C n ’ /E
O
TBSO!:-
ﬁ TBSOr:- © V 0 )]\ Bng/\
0O tBuO,C TBS
tBUOZC -
tBuO,C tBuO,C OTBS

Nicewicz, D. A.; Satterfield, A. D.; Schmitt, D. C.; Johnson, J. S. J. Am. Chem. Soc. 2008, 130, 17281



Conformational Effects of Fully Substituted Carbons

OThorpebPIngoldO Effect in Complex Molecule Synthesis

OBn TMSO
LDA, LiBr tBUO,C OBn
° 0" X0 2DMeTHF, -78°C to -55 °C; TBSO!
: O
TBSO,, then TMSCI TBSO!, g
tBuO,C - COytBu 73% yield (>20:1 d.r.) tBuO,C
tBuO,C OTBS tBUO,C
0
@) Me
Smi @)
@) 2
Me/u\)\/ \H/\Br —> OH
38% vyield
O d Me
3:1d.r. R
Me
1
/Sm\o Me '\_/Iei
2N <
Me . I
Me == 7 O H /O
H Sm”"o

Fully substituted carbons assist in

stabilizing folded conformation

necessary for selective cyclization

7 membered transition state often not OtightO
enough for efficient diastereobcontrol

Molander, G. A.; Etter, J. B.; Harring, L.S.; Thorel, P.-J. J. Am. Chem. Soc. 1991, 113, 8036
Nicewicz, D. A.; Satterfield, A. D.; Schmitt, D. C.; Johnson, J. S. J. Am. Chem. Soc. 2008, 130, 17281



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Complex Molecule Synthesis

tricholomalide A

carbon anode
0.1 M LiCIO,4

2,6-lutidine
MeCN, iPrOH

R R
' o
— H —
TMSO o / @) 0 /

Me Me
carbon anode
0.1 M LiCIO,4
. . >
— 2,6-lutidine IN= —
TMSO O N MeCN, iPrOH O %
61% yield
. carbon anode . ot
0.1 M LIiCIO, TMSO _|
— - H
— 2,6-lutidine IN= —>
TMSO O MeCN, iPrOH o O Y 2%
0% yield —
Sperry, J. B.; Wright, D. L. J. Am. Chem. Soc. 2005, 127, 8034



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Complex Molecule Synthesis

Current, Amps

R carbon anode R
0.1 M LiCIO,4
- - »
— 2,6-lutidine AN=
TMSO O N MeCN, iPrOH O Ow
3.00E-05 \/

4
uuuuuuuu

S

//

\

=/

O0-00F+00—
O-00=+00

-2.00E-01  0.00E+00

2.00E-01 4.00E-01 6.00E-01 8.00E-01 1.00E+00 1.20E+00 1.40E+00 1.60E+00 1.80E+00
Potential, V

Sperry, J. B.; Wright, D. L. J. Am. Chem. Soc. 2005, 127, 8034



Conformational Effects of Fully Substituted Carbons
“Thorpe—Ingold” Effect in Complex Molecule Synthesis

Me Me

(—)-guanacastepene

Me Me
o Me \\ RVC anode
..~ Me 0.1 M LiCIO,
W' > o
TBSO \ N 0B 2,6-lutidine TBSO
" MeOH/DCM (1:4)
TBSO MeO
- e - e
—TBS
i Me Me | i |

Miller, A. K.; Hughes, C. C.; Kennedy-Smith, J. J.; Gradl, S. N.; Trauner, D. J. Am. Chem. Soc. 2006, 128, 17057



Conformational Effects of Fully Substituted Carbons

Outline

Drug Discovery



Conformational Effects of Fully Substituted Carbons

Conformational Effects in Medicinal Chemistry

F

NS Me” X

NT o |

N

@\"/Nw /N\N 7

H |::> </, o
N_ O = P

N N U

\ /

96 nm 0.2 nm

OMagic MethylO effect forces the low energy conformer (unbound)
to match the low energy binding conformer

Can we achieve similar levels of control in acyclic systems?

Schonherr, H.; Cernak, T. Angew. Chem. Int. Ed. 2013, 52, 12256



Conformational Effects of Fully Substituted Carbons

Conformational Effects in Medicinal Chemistry

Me Me
Me Me
120
100
=z
o 80 '
-
3
=2
Z W
[+
1003, E:aﬂ
_g,é' 38-1271.'14 N
£ 52 &8 < 8 g8
DIHEDRAL C3-C4a
R F
R R E
(ST SN
Me Me Me Me H H R
R H H” R
180° 60° gauche CDH! — CHF!"
anti gauche conformer stabilization

GembDisubstituent Effect

Fluorine Gauche Effect

Gillis, E. P.; Eastman, K. J.; Hill, M. D.; Donnelly, D. J.; Meanwell, N. A. J. Med. Chem. 2015, 58, 8315
Wilson, S. R.; Cui, W.; Moskowitz, J. W.; Schmidt, K. E. J. Comput. Chem. 1991, 12, 342



Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in Medicinal Chemistry

O
>~NH OH OH
HN H - H
O N I:> O\/\/N\R
S L1 (y
OMe

CaR |C50 =11 IJM

H
N

Li/
OMe

2.3 uM

OMe

ZT

Me Me

>100 uM

H
N
\/\©\OMG 51’/

LS_,/

>100 yM >100 uM
OMe H
H QQ/N
N
Me Me
Me Me
13 uM 2.3 uM

Marquis, R. W. et. al. J. Med. Chem. 2009, 52, 3982

H
N

lﬁ/
L L
OMe

>100 uM

o
NS

0.45 uM



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Medicinal Chemistry

Me Me

>\*NH OH OH
N O\)\/H>(\©\ —) ©/O\/\/H
OMe

CaR |C50 =11 lJ.M

Me
H
Me Me NHR
Ar

2.3 UM

OH
H
O\)\/N NHR
__ HSH
©/ \/\©\ — H@H gembdimethyl group stabilizes
OMe Ar

folded conformation
>100 uM

Marquis, R. W. et. al. J. Med. Chem. 2009, 52, 3982



Cl

Conformational Effects of Fully Substituted Carbons
OThorpebIngoldO Effect in Medicinal Chemistry

O

>~NH OH CN OH
HN H > H
@) N |:> Cl O\/\/N
Me Me Me Me OO

OMe

CaR IC50 =11 lJ.M CaR |C50 =43 nM

)

/),
-

CN OH

=
3

a 3
0=\ a ®
o ® N2
e ° ¥ €13
% & C U

Marquis, R. W. et. al. J. Med. Chem. 2009, 52, 3982



Conformational Effects of Fully Substituted Carbons
“Thorpe—Ingold” Effect in Medicinal Chemistry

EtO Cl Z\(V)/Y X
CI CI n
“'/EOJ:SMG : /,' O ..\SMe
HO - OH Jij\

: HO” " oH
OH OH
hSGLT1 IC50 = 36 nm Improve potency, reduce F%
OH* H
H H Me. No N Q
N_ _N_ _%, HCI, MeOH N S
(\N)S( N -~ Me>g — Meo& N
MeN\) Me Me (O 4 ‘\ Me Me Q
IC50=1.8 Nm - -
E|’:0= <1% MeOH Increase hydrolytic
stability

Accelerated by Thorpe-ingold Effect?

Goodwin, N. C. et. al. J. Med. Chem. 2017, 60, 710



Conformational Effects of Fully Substituted Carbons

“Thorpe—Ingold” Effect in Medicinal Chemistry

EtO Cl
I . O

SMe

L. =
HO X OH

OH

hSGLT1 |C50 =36 nm

‘*”
wSMe

HO ; OH
OH

Improve potency, reduce F%

N
VR
MeN Me Me (O

ICs50= 1.8 Nm
stable? = No

Orey

IC50 = 16 nm
stable? = No

ﬁ”x

MeN

ICs0=1.1TNm
stable? = No*

mfx

NMe, Me Me

IC50 = 17nm
stable? = Yes

O
H H
N N
MeN H H O
IC50 = 8.4 nm

stable? = No*

h&

NMe, Me Me

IC50 = 22 nm
stable? = Yes

Goodwin, N. C. et. al. J. Med. Chem. 2017, 60, 710



Conformational Effects of Fully Substituted Carbons
OThorpePIngoldO Effect in Medicinal Chemistry

EtO Cl - v X
Av
HO : OH HO OH

OH OH

hSGLT1 IC50 = 36 Nm Improve potency, reduce F%

O

Ry JKK R
D e e 1 T
Me Me QO NMe, NMe, Me Me
Me
. Q)S( \"/ \(v)/m"‘ Flexible amides aleviate this A 1,3 strain and increase

Me Me stability while maintaining potency

lone pair orthogonal to !
system increases reactivity

Goodwin, N. C. et. al. J. Med. Chem. 2017, 60, 710



Questions?
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