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What’s Isotope ??

@

Hydrogen Deuterium Tritium

Carbon Carbon
12C 13C

Same number of protons and electrons
Same chemical properties

# humber of neutrons

# atomic mass

Carbon
14C
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I An Old Story

@ 1919 - Francis W. Aston discovered isotopes
Nobel Prize of Chemistry in 1922

1927 - He determined the atomic weight of hydrogen

o

@ 1929-W.F Giauque and H. W. Johnston proved
than ordinary oxygen contained 1O and 180

@ 1932-H.C. Urey reported the existence of heavy
hydrogen which he named deuterium and
heavy water (D,O) - Then, he described the
enrichment of D in water by electolysis
Nobel Prize of Chemistry in 1934

@ 1933-G.N.Lewis and R. T. MacDonald reported
the isolation of a small quantity of heavy
water by distillation

@ 1934 - More than 200 papers described the use,
isolation and properties of deuterium.




Isotope Effects : Theoretical Approach
And

Use in Mechanism Explorations



Isotope Effect : a Physical Origin

Vibrational energy
for C-H at r.t.

Zero Point Energy (ZPE)

Internuclear Distance (r)

Harmonic oscillator approximation

En=(n-1).hv

l
v= 1 K
2n.c 7

p= mil.m2
m1 + m2




I The Eyring Theory of Absolute Rates

Vibration Stretching
Energy Energy AGe.q-AGep>0
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A @ """ @ if C-H bond is broken

Activated & during the rate-determining
complex step
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g: Energy activation for rupture of the C-D bond
w /
/ Energy activation for rupture of the C-H bond
ZPE ¢y
ZPE
(C-D) Bond Type U  ZPE (kcal.mol)
> C-H 0.92
. . - . 4.1
Reaction Coordinate c-D 1.71 3 oz

H. Eyring, A. J. Sherman, Chem. Phys., 1933, 1, 435 ‘ /



The Westheimer Model - Hammond Postulat
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Thermoneutral
Processus

Energy

Exothermic
Processus

Endothermic
Processus

Reaction coordinate

AAZPE = AZPE¢y - AZPEc.p

Maximal KIE with symmetrical T.S.

F. H. Whestheimer, Chem. Rev., 1961, 61, 295 - G. H. Hammond , JACS, 1955, 77, 334 ‘ 8



Kinetic Isotope Effects Onto Acidity

pKa in water = 8.5 H;N ¥
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J. E. Dixon, T. C. Bruice, JACS, 1969, 92, 905 9



Solvent Kinetic Isotope Effects

« On-water » chemistry : ¥ Reaction mixture must be heteregeneous
v" Interface must be with aguous phase
v' Reaction catalyzed on-water also catalyzed by H+
v Solvent isotope effect — Slower rate with D,O

® O S
S + HL O =™ SH + OH_ —2 product
o-H - Proposed Mechanism
/
1
H H,O
/O\H
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o \lo CO,Me
MeoJ\/\COOZMe == Meo)\/\coozm —>
Rate determining @ CO,Me
step

Up to twice faster than in THF or DCM

KIE = 1.4 with D,0 ‘
J. K. Beattie, C. S. P. McEarlen, C. B. W. Phippen, Chem. Eur. J., 2010, 16, 8972 10



Non-linear Transition States

- @ - 3
A B Y ¢

Non-linear symmetric
transition state

i Stretching —-\‘ Bending

\yc\ \yc\

Major distortion
of the bond going to
The T.S.

Bending vibrational are energitacally lower than stretching
vibrational modes - KIE less important ~ 1.5t0 4.5



Non-linear Transition States
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M. F. Hawthorne, E. S. Lewis, JACS, 1958, 80, 4296




PKIE in Catalyzed C-H Bond Functionalizations

H C-H bond EG
R r."‘\\'/ functionalization r,"\\\l/
“.cs#  rateconstant=ky ANPS « Rate Determining Step »
KIE = kH/kD
C-H bond
AP . .- A FG
R R functlonallzatlon> ANy
v rate constant=kp ¢
aFG
yead AN
v C-H or C-D bond v
i R functionalization =)
« Product Determining Step » H » H
F
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RT\ /;JI (.
Rp Pp
S DG , CHorCDbond DG e re DG Y
\n'J‘\/ functionalization A P « Product Determining Step »
>
” KIE=[P,J/[Pp] ? ¢

E. M Simmons, J. F. Hartwig, ACIE, 2012, 51, 3066 ‘ 13



PKIE in Catalyzed C-H Bond Functionalizations

step not invalving the subsirate binding of the subsirate
that undergoas that undergoes
L—H cleavage C—H bond cleavage C—H bond clravage
A
1 T C-H cleavage 1 C—H cleavage
AG Ay
- - -
Reaction Coordinats 1 Reaction Coordinate 2 Reaction Coordinate 3
[Exparirnant A, B, T KIE ob&erved) (Experament &: no KIE: B, C: KIE obsersed) (Experirment A, B: no KIE; C: KIE ohsersed)
k
-l' L —H claavage —:L l

C—H cleavage

Reaction Coordinate 4 Reaction Coordinate 5
(Experimend &, B, T polential KIE) {Experiment & no KIE; B, C: pobential KIE)

E. M Simmons, J. F. Hartwig, ACIE, 2012, 51, 3066 14



PKIE in Catalyzed C-H Bond Functionalizations

A TS 1
; C—H cleavage

TS 2

\J

Complexity in catalytic reaction

E. M Simmons, J. F. Hartwig, ACIE, 2012, 51, 3066



PKIE in Catalyzed C-H Bond Functionalizations

ArBH(OH),
H Cl' [Pd,(dba)s] 2.5mol% H D
OW/ DPEphos 5mol% o O
@: i CsF, CsCO, > @%Ar + @;%Ar
D dioxane
PKIE =4.0
H Cl H
H oﬁ/ H 0
& ArBH(OH), )—Ar
H H [Pd,(dba)s] 2.5mol% H
DPEphos 5mol% H _
Cl CsF, CsCO, o b PKIE=1.0
D o dioxane D fo)
Ar
D D Ci D 7
D D

C-H bond cleavage not occures during the « turn-over determining step »
but is the product determining step — In fact TDS is the oxidative addition
of the C-CI bond

L. M. Geary, P. G. Hultin, Eur. J. Org. Chem., 2010, 5563 ‘ 16



Secondary Kinetic Isotope Effects

Normal SKIE

Hybridization changing onto & position
- Decreasing of p character
-Sp > sp?->sp

H(D) H(D)

Aoe —> =§

Hyperconjugation

in B position
H(D)
(DH R? ) R®
2\“—\@|\R3 - 3:(
R R R4 R1 R4

Inverse SKIE

Hybridization changing onto & position
- Increasing of p character
-Sp > sp? > sp?

Nu OH
HD) — )VH(NDl;

Steric effect in &, B, Y or other position

)L; N ~FHO)
H(D) Nu



An Simple Example of Mechanism Determination

'
'
.
'
: HJl\l/Ph + Ph)\Ph
.
'
'
.

cat. (20 mol%)
H,0 (100 mol%)
NEt; (100 mol%)
AcOH (10 mol%)
toluene, r.t.,, 48h

F,C N

Fs;C

<
A

Ph—‘\ph Me
H

r

A. R. Brown, W.-H. Kuo, E. N. Jacobsen, JACS, 2010, 132, 9286




An Simple Example of Mechanism Determination

\a —4-—7-

DA

©

%0

\©

\

®\r® ®
N

C-H bond is approximatively
0.005 A larger than C-D bond

Main SKIE : change in

hybridization sp3 - sp?

Normal KIE

(0 6‘4‘\
H)k(Ph /

CF,
Q I
FsC HJL
M

Main SKIE : steric effects
Inverse KIE

KIE=1.2

A. R. Brown, W.-H. Kuo, E. N. Jacobsen, JACS, 2010, 132, 9286




I Observed KIE Are the Sum of all the KIEs

12-

Monocationic and neutral
molecule encapsulation

Host =[Ga,L¢]'* ¥,

S D B oy, O

[Dol [Ds] [Del [D44]

= o) ol <,

- HOST-PEt, +

J. S. Mugridge, R. S. Bergamn, K. N. Raymond, ACIE, 2010, 49, 3635 ‘ 20




Observed KIE Are the Sum of all the KIEs

[Dol [Ds] [Del [Dq4]
KIE 1.0 0.98 0.932 0.888
A
Bending
+
Steric
KIE

Energy

Reaction coordinate ‘
J. S. Mugridge, R. S. Bergamn, K. N. Raymond, ACIE, 2010, 49, 3635 21



The Singleton

Method

T



I The Singleton Method

Drawbacks of the previous methods :

- precision in absolute rate measurements
- difficulties for observation of small KIE
- arduous synthesis of isotopically labeled material

xR
R1—@ R1—@
R1—@ R1—@
D) *D
Starting
Material

A great idea : « as any reaction proceeds, the starting materials are fractionatively
enriched in isotopically slower-reacting components »

0 e YOO
—>

Isotopic R1—@ R—@
R1_@ Enrichment J

Recovering
Starting Material

RIR, = (1 - F)(WKIE)-1

A. A. Thomas, D. A. Singleton, JACS, 1995, 117, 9357

R/R,, the proportion of a minor isotopic component in recovered
material compared to the original starting material,

F, the fractional convertion of reactants

KIE, relative rate for the major/minor isotopic components

23




I The Singleton Method

H3C\< 5°C
xylenes
1.005 0.81

1.00 /
(internal\& H/1'103

standard)
H,;C Ny - 0.63

XM= 074

H
0.96/ f H\ 1.103

0.999
0.86

2H and 13C isotopic composition

of isoprene recovered from a reaction

to 98.9% completion

H3C o R/IR, = (1 - |:)(1/KIE)-1

1.001
1.00

1.022
(internal

\ H e
standard) H
) H;C ANy 0.908
- x-H 0.938
0.990 f H N 1.017

1.000
0.968

2H and 13C calculated from
the equation above

Quick obtention of highly detailed KIE informations employing

routine instruments

A. A. Thomas, D. A. Singleton, JACS, 1995, 117, 9357



The Singleton Method — Mechanistic Studies

| |
. o Lewis Acid JLA) o o !
g 0, I > (I)I . > OI_J|/ :
: | | '
| |
. Lewis Acid Catalyzed [2+2] reaction .
| |
|l o o oo on o on on om B Bm B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B B B Em i |
Experimental observations :
(@ 1% BF5;.OEt (0] O
L o+ ] - - A
+
C H . o,
y H/U\TBS cy/ “1BS cy’ “TBS
MAJ. Min
F B@ T i T Concerted or
3 o5 o F3B\O_ o Stepwise mechanism ?
HC TBS H%I-ﬁTBS What is the origin
y Cy H of the selectivity ?

D. A. Singleton, Y. Wang, H. W. Yang, D. Romo, ACIE, 2002, 41, 1572



The Singleton Method — Mechanistic Studies

o] 0.998 o] 1.023

1.025 \0—‘7/ 1.028 \0~74/
<«— 1.014 (- 1036
“TBS TBS

13C KIE at natural abundance

Stepwise mechanism proposed
with different limiting steps

@
o o
)OL I o o—/
+  —— —_—
C H H’? ((TBS J
y HJLTBS cy’ “TBS

rate-determining rate-determining
step for the step for the

trans p-lactone cis p-lactone

D. A. Singleton, Y. Wang, H. W. Yang, D. Romo, ACIE, 2002, 41, 1572 ‘ 26



The Singleton Method — Mechanistic Studies

6
o Q o o0’
CyJLH 'S > H%‘%TBS — > )—J(
H™ "TBS Cy TBS
rate-determining rate-determining
step for the step for the
trans p-lactone cis p-lactone
LATLTBS IA H
' R oo
. -
2 ]
[}

TBS

0 ,_Sh
Cy

“TBS TBS

D. A. Singleton, Y. Wang, H. W. Yang, D. Romo, ACIE, 2002, 41, 1572 ‘ 27



The Singleton Method — Mechanistic Studies

. H;C CH
1
1 Oxone fo) 0)% 3
: cH cat* (20% mol) cH E;tl,/
' 0°C o)
: 92% H3C)r
! Shi Epoxidation 95.7% ee CH,
' cat*
T CHj | i ch, A
: HiC—K_ HsC—< :
: o0 o /0 _/---R' :
: » 0 !.\\\/ 0 XS O ! 1\ R ”/ .
HiC™ en, | M€ en i
— —
e 3
@ ©

‘-------'



The Singleton Method — Mechanistic Studies

1.001  1.006 1.002

N Y ¥ v

X _CH3 C
1.000 ©/\/‘\ |::> e / )
1.000 é» \ 1.021 N

. 1.000
internal asynchronous
standard y
&Q—r‘\ « Natural » asynchronicity
2.32\ §2.0 non-hindred catalyst
T.S. for the favor T.S. for the disfavor
enantiomer

enantiomer

2.35; i2.0

\




Deuteration of Enantiotopic Position

|
1 1
[ |
: O  (S)-Me-CBS (0.1eq) OH H P, :
: BH,-DMS (0.8eq) ™ o .
: > NsBI 1

|
: THF, 0°C \ '
: (S)-Me-CBS |
. 1
' J

Corey-Bakshi-Shibata Reduction

Origin of Stereoselectivity 77

« In asymmetric reactions, the symmetry element
that makes these prochiral groups chemically equivalent is broken
in a deterministic way in the transition state »

M. P. Meyer, Org. Lett., 2009, 11, 43338 ‘ 30
- H. Zhu, D. J. O'Leary, M. P. Meyer, ACIE, 2012, 124, 12060



Deuteration of Enantiotopic Position

(0] OH
CH; 2 CH;
(j)\f:CH"' (S)-Me-CBS (0.1eq) (ﬁcm
BH,-DMS (0.8¢q) Measurement of the overall KIE
> OH A
THF, 0°C <
80-95%

resulting from 2H-substitution
upon the enantiotopic group

| N ~CH;
(S)}-Me-CBS (0.1eq) | _J H
BH,-DMS (0.8eq)

THF, 0°C
80-95%

Measurement of the ration
of KIE resulting from each
B deuterated enantiotopic group
- Unreacted starting
material is reduced with
(S)-Me-CBS

M. P. Meyer, Org. Lett., 2009, 11, 43338

- H. Zhu, D. J. O'Leary, M. P. Meyer, ACIE, 2012, 124, 12060 ‘ -



Deuteration of Enantiotopic Position

Ph,
( i\; | o / H oPO-S  KIE ¢ = 0.939
pro-R _
N"B Boat-like T.S.
Ph H’B H KIEpro.rps = 0.965 favorised
H KIEpro.s.05 = 0.974
Computed T.S. and KIE obtained
B-Me
2'M
J 4 Je [ 2.26A
BH —— A single close
J 5 Pro-R proximity between
258 A\ 2814 4 Aﬂ A CBS cat. and the prochiral
f._J substrate
Pro-S 6-H (B-Me and pro-S)
Computed calculations

M. P. Meyer, Org. Lett., 2009, 11, 43338 ‘ 37
- H. Zhu, D. J. O'Leary, M. P. Meyer, ACIE, 2012, 124, 12060



The Singleton method

For acetophenone, enantioselectivity is not B-alkyl hindrance-dependant :

(@) H

(S)-alk-CBS cat.
CH;3 g ©/\CH3 > 96% ee

alk = H, Me, Et, n-Bu

U

-IIO

o
- -
Boat-like
> transition-state
(S)-Me-CBS cat. Two T.S. for the same
o) ] 1 catalystic reaction
Chair-like
> transition-state

M. P. Meyer, Org. Lett., 2009, 11, 43338
- H. Zhu, D. J. O'Leary, M. P. Meyer, ACIE, 2012, 124, 12060



Isotopes in Organic Synthesis :
An Efficient

Directing and Protecting Group

1=



Deuterium as Directing Group

tl‘-Bu B f—Bu tl‘-Bu ]

(o) NvPh - Y

t-BulLi, -78°C, . .

Li Li

99 5 J —
—>

Ortholithiation Anion

more stable translocation more reactive

78°C 16h

A. Ahmed, J. Clayden, M. Rowley, Tetrahedron Lett., 1998, 39, 6103 ‘ 35



| Deuterium as Directing Group

D7(D ; tD-I\BIItIl?I[JI Proved ortho-lithiation
OO ] followed by anion translocation
—>
3. Mel
74% 3:1dr
f—Bu
O NP 1. t-BuLi
=T Direct lithiation
D
2. DMPU in o position of
—_—
3. Mel nitrogen atom
t-Bu D
\ \
O-__N D
Ph-ds
H . Me
OO 1. t-Buli, OO Deuterium
-78°C, 2h
2. Mel as
or ¢-Bu H —  » or ¢-Bu H protecting group
\ \ M
O._N H o) NJ< e

L -

A. Ahmed, J. Clayden, M. Rowley, Tetrahedron Lett., 1998, 39, 6103



Deuterium as Directing Group

OYNi-PrZ Nl Pr2 Ni- Pr2
o
/@ s-Buli,
TMEDA 1. -78 to 0°C
: MeO
WeO P 1hE, 78°C 2NHCL 863 (onl 50
.............ﬁ................. - ®&® o o o o o o o oo o0
O~ Ni-Pr, Nl -Pr, ortho-Frles .
Y rearrangement ~ 26% * mixture
X Q O
MeO CH; eO CJLNi-PrZ
- Hz - H,
| Bu HMPA,THF i-Pr;N H
P D 1. s-BulL.i, THF,
b -50°C, 24h OO -78°C, 70 min. O‘ D
- - 2. H20 77%
E@ o oo eoccocscscscaes - .........o..
O.__Ni-Pr O+ __Ni-Pr
i-Pr,N—4 E 2 2
Bu . Bu H Li

J. Clayden, J. H. Pink, N. Westlund, F. X. Wilson, Tetrahedron Lett., 1998, 39, 8377
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Stable
tetracycle

Deuterium as Protecting Group

OH (o) OH
MeO

R N NR' H4C
OH

Leucoaziridinomitosenes

%NR'

ORII

NN
GN. Dir

Unstable
tetracycle

E. Vedejs, J. Little, JACS, 2002, 124,

749

NR'

Stable
tetracycle



Deuterium as Protecting Group

OR"

CO,Et CO,Et
SnB
) = @ — @ b s N
N NR' N
N\\({SnBu3 I':ll CPh,
N
CPh,
NaHMDS CO,Et
COEt THF/DMPU
SnB
\ + MsO TN\ nBus » N
N 60°C N SnBu;
H CPh,
47% N
CPh;
CO,Et 1. MeLi, -65°C
N\ 2. EtOH - Complex
N SnBu, Mixture
N
CPh,

E. Vedejs, J. Little, JACS, 2002, 124, 749 39



Deuterium as Protecting Group

CO,Et CO,Et p COEt

1. MelLi, -65°C
2. EtOD
NL(/SﬂBu:; NL(/S"BU?, N D N NCPh3

N N N
CPh3 CPh3 CPh3
55 % 36% 9%
N\ J
A Y g A
CO,Et CO,Et
A\ Li N\ H
N SnBuj N Li
N N
CPh, CPh;

E. Vedejs, J. Little, JACS, 2002, 124, 749 40



Deuterium as Protecting Group

CO,E 1. PhLi, -78°C COAEt
2. EtOD
N—H > N—p
N\\(/SnBu;; NL(/SI'IBU:;
N N
CPh, CPh;

1. MeLi, -65°C CO,Et CO,Et H CO,Et
2. EtOH
> N—H + N—H + D
N SnBuj N H N NCPh,
3 ~{
CPh; CPh,
5 % 17% 78%
KIE ~ 35

E. Vedejs, J. Little, JACS, 2002, 124, 749

41



Deuterium as Protecting Group

Tf,0,
2,6-di-t-BuPy
then DBU
-

Desired alkyne Byproduct
66% if X=H 30% if X=H
81% if X=D 9% ifX=D

M. Miyashita, M. Sasaki, I. Hattori, M. Sakai, K. Tanino, Science, 2004, 305, 495 I 42



Deuterium as Protecting Group

(-)-N-methylwelwitindoline C
isothiocyanate

AgOTf, Phl(OAc),

bathophenantroline
o

CH,CN, 82°C

Nitrene Insertion

\ 15 2 \ Ve ci
H,NH Me AgOTf, Phl(OAc), HN M
Vi’ M bathophenantroline )0 N ©
o e Me

> o .

(o) (@)

N CH3CN, 82°C N

Me Me

Nitrene Insertion
60% 8%

K. W. Quasdorf, A. D. Huters, M. W. Lodewyk, D. J. Tantillo, N. Garg, JACS, 2012, 134, 1396 ‘ 43



Conclusion

@ Useful tool for mechanism determination

@ \Very simple studies with the Singleton method

@ An efficient protecting group for carbon atom
K. B. Wiberg, Chem. Rev., 1955, 55, 713 F. H. Westheimer, Chem. Rev., 1961, 61, 295
M. Gomez-Gallego, M. A. Sierra, Chem. Rev., 2011, 111, 4857

J. Atzrodt, V. Derdau, T. Fey, J. Zimmermann, ACIE, 2007, 46, 7744

M. Wolfsberg, W. A. Van Hook, P. Paneth, Isotope Effects In The Chemical, Geological,
And Biosciences, Springer, 2010

R. Knowles - Mac Millan group meeting, sept. 2005,
Kinetic Isotope Effects in Organic Synthesis
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