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Origins of the Kinetic Isotope Effect (KIE)

Origin of isotope effects:

» Difference in frequencies of various vibrational modes of a molecule

- No important difference in the potential energy of the system
- However, difference in vibrational states, quantified by the formula:

e,= (n+%)hv, where n=0,1,2,...

* The vibrational modes for bond stretches > dominated by n=0, with e,=1/2hv

e, = zero-point energy (ZPE)

\ Dissociation limit

A A

AE! Morse potential and vibrational energy levels:

C-H zero point energy

\U/ C-D zero point energy

M. Gomez-Gallego, M. A. Sierra, Chem. Rev. 2011, 111, 4857-4963




Origins of the Kinetic Isotope Effect (KIE)

Importance of the reduced mass and force constant:

e,= (n+%)hv, where n=0,1,2,...

) ) 1 k i 1
Vibration frequency v : - — |— -
q y Y, mmmm)  Proportional to /mr

21T\ m

r

With m,: reduced mass and k: force constant

k
my nnan m, m. = m;m, m,: “Heavy” atom (C, N, O, ...)
r m, + m, m,: “Light” atom (H, D, ...)
>
A%
Implications in KIE: "
7'y
H and D different mass (1.00797 / 2.01410)
SO for C'H VS C'D: mr(c_H) < mr(C_D) % ZPE;\(prod)
> Vey > Vep g
ﬂ . \Y# l ZPEA(react)
- light isotopologue (e.g., 180)
\/ heavy isotopologue (e.g.,'80)
ZPE.,> ZPE :
Reaction Coordinate
Current Opinion in Chemical Biology

Scheme: A. J. Bennet, Curr. Opin. Struct. Biol. 2012, 16, 472-478 6



Origins of the Kinetic Isotope Effect (KIE)

Implications in KIE:

ZPE ., >ZPE., =mm) Homolysis of C-D require more energy = slower

Same principle with heavier atom (12/13C, 16/18Q, 14/15N, )

With AE: activation energy

BUT mass difference smaller = KIE smaller

A

Potential

Magnitude of the observed KIE: Energy

AZPEtransition state « AZPEreactants 9 AAEH/D important

Impacted by different factors:

- Vibrations of the bond undergoing reaction
- Geometry of the TS (linear vs non-linear)
- Degree of bond breaking/making

- Position of the TS (exothermic, endothermic, thermoneutral) ZpER = reactants zero point energy difference

ZpETS = Transition state zero point energy difference

Y

Reaction coordinate

Scheme: M. Gomez-Gallego, M. A. Sierra, Chem. Rev. 2011, 111, 4857-4963 7



Types of Kinetic Isotope Effect (KIE)

Primary Kinetic Isotope Effects:
Y P rI/\\I/H/D r./\\/FG

- Bond breaking event at the X-H/X-D bond
* If k,/k, = 1: C-H/D not functionalized during the rate-determining step (or very small KIE)

* Classical primary KIE: 1<< k,/ky < 6.5-7* = The C-H bond functionalization is the rate-
determining step**

e Usually in the Transition State (TS): Bond partially broken or new bond start to form

- Attenuation of KIE

*Maximum kH/kD < 6.5-7 for a bond 100% broken during the transition state (at T=298 K, with IR (C-H stretch) = 3000 cm-?)
**: In parallel experiments, see later in the presentation
T. G. Traylor, K. W. Will, W-P. Fann, S. Tsuchiya, B. E. Dunlap, J. Am. Chem. Soc. 1992, 114, 1308-1312



Types of Kinetic Isotope Effect (KIE)

Primary Kinetic Isotope Effects:

- Bond breaking event at the X-H/X-D bond
* If k,/k, = 1: C-H/D not functionalized during the rate-determining step (or very small KIE)

* Classical primary KIE: 1<< k,/ky < 6.5-7* = The C-H bond functionalization is the rate-
determining step**

e Usually in the Transition State (TS): Bond partially broken or new bond start to form
—> Attenuation of KIE

Example: Mechanism of aliphatic hydroxylation by Fe(lll) porphyrins (Traylor et al., 1992)

*Maximum kH/kD < 6.5-7 for a bond 100% broken during the transition state (at T=298 K, with IR (C-H stretch) = 3000 cm-?)
**: In parallel experiments, see later in the presentation 9
T. G. Traylor, K. W. Will, W-P. Fann, S. Tsuchiya, B. E. Dunlap, J. Am. Chem. Soc. 1992, 114, 1308-1312



Types of Kinetic Isotope Effect (KIE)

Primary Kinetic Isotope Effects:

Example: Mechanism of aliphatic hydroxylation by Fe(lll) porphyrins (Traylor et al., 1992)

—> Comparison of the reaction rate with H/D-substrates [Fe]=0

[Fe] o)

> H

OH |[kylkp=5 i ;
D ‘ Br Br !
' Ar: 2,6-diCIPh 1
gb -0 gb Dxbf’
+
k
D/H /

Hydrogen atom abstraction
Rate-determining step

m=m) Large KIE,,;, + no skeleton rearrangement (no cation): | Radical cage mechanism

Similar to KIE for the enzyme-catalyzed reaction: Good model

T. G. Traylor, K. W. Will, W-P. Fann, S. Tsuchiya, B. E. Dunlap, J. Am. Chem. Soc. 1992, 114, 1308-1312



Types of Kinetic Isotope Effect (KIE)

Secondary Kinetic Isotope Effects:

- X-H/X-D not functionalized, remote from the reacting bond

i . H/D X
Via Rehybridization: R R
RN B DIH%\FR
R
R X

- Difference in force constant (k) for out-of-plane bend
sp® = sp?: Secondary KIE, , ~1.1-1.2

sp? = sp? : Inverse KIE, , = 0.8-0.9

P —————————————————

In-plane bend Out-of-plane bend

—H —H
) </ ' ‘_/

' 1350 cm™! 1350 cm""!

v H) y: H
1350 cm™ 800 cm™



Types of Kinetic Isotope Effect (KIE)

Secondary Kinetic Isotope Effects:

- X-H/X-D not functionalized, remote from the reacting bond

P —————————————————

H/D X |

Via Rehybridization: R ' In-plane bend  Out-of-plane bend |
R)\(R —_— DIH%\FR ! -~ N !
R ! } >_ :
R '\ —H w—H .
X : \ </ \ ‘_/ :
' 1350 cm™! 1350 cm™!
- Difference in force constant (k) for out-of-plane bend !
1 '/'H> '/’ H :
p3 > spZ: Eo=1.1-1.2 | \ = l
> sp-: Secondary KIE,p ' 1350 cm”’ 800 cm"! :
sp? = sp: Inverse KIE,,, = 0.8-0.9
H/D H/D
Bl  H/D | HID
.~ g-X Secondary KIE r” "-FG
Via electronic effect / hyperconjugation (in the rate-determining step): L:\ /,;)' ek - L:\ /,;)'

—> Example: Sy1 mechanism, B-secondary KIE (Shiner et al., 1963)

kulkp = 1.14/D

H._H H._H H._H

H.__H Me ./ OH Me . /OEt

£ - SO O O
H 6:4 EtOH:H,0

kulkp = 0.99 45 °C 52% 19% 23%

V. J. Shiner, J. S. Humphrey, J. Am. Chem. Soc. 1963, 85, 2416-2419



Types of Kinetic Isotope Effect (KIE)

Secondary Kinetic Isotope Effects:

Example: Investigation toward D-Amino acid oxidase mechanism (Fitzpatrick et al., 1997)

* Enzyme catalyzing oxidation of amino acids to imino acids using FAD as coenzyme.

FAD-Enzyme
4\ Base - +NH2
R - T TR i -
HaN+ CO, 3“:002 Mechanism ? CO R)J\COZ
2
H3N FADH,

e Difficulty to analyze the direct reaction with amino acid carbanion

- Nitroalkane anion used, stable at physiologic pH

m==) Studies of the secondary kinetic isotope effect at the carbanion position

J. M. Denu, P. F. Fitzpatrick, J. Biol. Chem. 1994, 269, 15054-15059
K. A. Kurtz, P. F. Fitzpatrick, J. Am. Chem. Soc. 1997, 119, 1155-1156



Types of Kinetic Isotope Effect (KIE)

Secondary Kinetic Isotope Effects:

Example: Investigation toward D-Amino acid oxidase mechanism (Fitzpatrick et al., 1997)

Path A I;[ \f
DIH ;@ \f Nucleophilic attack
: D/H N

02
Path B \f Alcal recombination
Electron transfer

D/H No2

FAD

kulkp = 0.84

Hypothesis:
In path A: Change in hybridization from sp? to sp3 = Inverse isotope effect predicted
In path B: No hybridization change = Little or no isotope effect expected

Conclusion: k,,/k, = 0.84 = Inverse secondary isotope effect: Support path A

K. A. Kurtz, P. F. Fitzpatrick, J. Am. Chem. Soc. 1997, 119, 1155-1156



Types of Kinetic Isotope Effect (KIE)

Steric Isotope Effects:

» Effective size of H/D important
—> Vibrational amplitude of D smaller: D appears smaller than H

Example: Racemization of 9,10-dihydro-4,5-dimethylphenanthrenes (Mislow et al., 1963)

kH/kD = 0.87

. Steric clash

O

________________

) k,/ky,=0.87 > Racemization faster with X = D (D effectively smaller)

K. Mislow, R. Graeve, A. J. Gordon, G. H. Wahl, J. Am. Chem. Soc. 1963, 85, 1199-1200

15



Types of Kinetic Isotope Effect (KIE)

Equilibrium Isotope Effects (EIE):

- In case of reversible reaction, partial fractionation may occur via equilibrium:

K1y | k1p _k1,/k1,
R-H == P-H | R-D =—= P-D Kea =12, /K2,

k2 : k2 H 77D

H D
A A
D H H D
Potential | AE” > AE , Potential | AE™> AE ,
Energy | Equilibrium favors products with H Energy | Equilibrium favors products with D
TS TS

Reaction coordinate Reaction coordinate

H
Hs

C
Example: Carbocation equilibrium involving 1,2-hydride shift i§ch3
(Saunders et al., 1977)

—_—
-~

-142 °C

CHs

O

Keq

=1.9

Scheme: M. Gomez-Gallego, M. A. Sierra, Chem. Rev. 2011, 111, 4857-4963

M. Saunders, L. Telkowski, M. R. Kates, J. Am. Chem. Soc. 1977, 99, 8070-8071

H
CD,

16



Types of Kinetic Isotope Effect (KIE)

Solvent Isotope Effects:

* Alcohols O-H, amines N-H, amides N-H, thiols S-H: readily exchange H/D in D,0/MeOD

Scrambling equilibrium

¢
RX-H + S—D =—= RX-D + S—H
—> Fractionation factor, @ Keg=@ = %

- Via solvation of the activated complex

- Via hydrogen transfer



Types of Kinetic Isotope Effect (KIE)

Solvent Isotope Effects:

* Alcohols O-H, amines N-H, amides N-H, thiols S-H: readily exchange H/D in D,0/MeOD

Scrambling equilibrium

¢
RX-H + S—=D =—= RX-D + S—H

. . _ . _[S-H][X-D]
- Fractionation factor, ¢ Keq=@ = [S—D][X=H]
- Via solvation of the activated complex
- Via hydrogen transfer
Example: Hydrolysis of Cr-carbene in aqueous acetonitrile (Bernasconi et al., 1995) EW““:A\O/H/D
oM 0] : ﬂll)D
€  0.01-0.04 M KOH - . !
(OC)sCr > (OC)-Cr—OH | MeOH E _ OMe :
’ :<CH3 1:1 CH3CN/H(D),0 (OC)Cr ' HgC) ' ; (OC)5Cr:\\<C
! H
kh,o/kp,o = 3.83-4.15 ! RDS ?

—> Solvent isotope effects used for Proton inventories = Nb of H transferred or impacted in the RDS
(often used in enzymatic mechanism investigation)

C. F. Bernasconi, F. X. Flores, W. Sun, J. Am. Chem. Soc. 1995, 117,4875-4880
More information on it in sub-chapter of Chapter 8 — Modern Physical Organic Chemistry



Types of Kinetic Isotope Effect (KIE)

Tunneling effect:

Sometimes KIE,; , > 50 observed

—> Attributed to quantum mechanical tunneling

!

Quantum mechanical phenomenon where the wave-function for the molecule penetrates through
the energetic barrier rather than over it.

\

Tunneling reaction pathway

Classical energetic reaction pathway

- Very common under cryogenic conditions (decrease classical energetic reaction pathways)

‘ One of the simplest analyses of tunneling: Bell’s modification of Arrhenius equation

19



Types of Kinetic Isotope Effect (KIE)

Bell’s modification of Arrhenius equation:

k = QAeE/RT

A: Arrhenius parameter
E: Height of the barrier

Q: Tunneling correction factor

Q=34

o

B

eOl

(Be™ - aeF)

=E/RT

B 2am?(2mE)Y/2
- h

Width of the ba:lrrier

From B term: very sensitive to the mass of the tunneling particle > # between H and D

m==)  Huge impact on the kinetic

Lighter H atom can tunnel more readily than D
= KIE,, value higher than theorical maximum

20



Types of Kinetic Isotope Effect (KIE)

Examples of tunneling effect:

* Selenoxide elimination (Kwart et al., 1981) a|B
N Ph T s o ®
mse,Ph 40-85 °C ©/\/ s§ 2a = Oi823 ll-l
! + 5 N ’
X 0O- Selenoxide elimination ox T /C C\ 4
X=HorD
1 CYLIC ARRANGEMENT LEADING
[AE,]?P = 2.52 kcal.mol™ >> [AE]"P TO TUNNELING H-TRANSFER
2a=0.82 A < normal C-H bond (1.1 A) IN SELENOXIDE THERMOLYSIS

* Rearrangement of 2,4,6-tri-tert-butylphenyl radical (Ingold et al., 1976)

H KIEnp = 80, at - 30 °C LN,
CH; KIEyp = 1400, at-100°C H,C.J ° CH,
CH3 KIEwp = 13000, at - 150 °C H3C CH3

Theorical maximum:

KIEH/D = 17, at-30°C H3C CH3
KIEnp = 53, at - 100 °C CH3
KIEnp = 260, at - 150 °C

L. D. Kwart, A. G. Horgan, H. Kwart, J. Am. Chem. Soc. 1981, 103, 1232-1234
G. Brunton, D. Griller, L. R. C. Barclay, K. U. Ingold, J. Am. Chem. Soc. 1976, 98, 6803-6811 21



Classical experiments

Three main experiments with deuterated substrates:

PR H  C-H functionalization (7 FG

n SN | s
1] | = I |
SN rate constant = ky V.-V
1. Parallel reactions
r./\\/D C-D functionalization - FG
1 | - N |
v rate constant = kp  “._-~
KIE = kHIkD
1:1 ratio, excess
H D Fe-X FG FG
ey NN LGN 1.0 equiv RN RN
2. Intermolecular competition N, Ty _(0eauiv) oo
O .o O .o S S
SMy SMp Py Pp
KIE = Py/Pp
or via analysis of remaining SM
D D FG
. (7 X Y C-H/D functionalization PR Y RN Y
3. Intramolecular competition N N N
“S7H “TUNFG ~$7H
Pu Pp

E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
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Classical experiments

Three main experiments with deuterated substrates:

A H _ . . . A FG
, ’\\/ C-H functionalization p ’\/
I [}

ENges rate constant = ky = Y. .
1. Parallel reactions
r./\\/D c-D functionalization‘ n/\\/FG

1 | 1 |
v _? rate constant = kg =~ Y. -~

-
~

KIE = kHIkD

* Relative rates measured
* Affected by catalyst decomposition and induction periods

* If strong primary KIE, C-H functionalization = rate-determining step (= RDS)
(turnover-limiting step for catalytic reaction)

* No KIE observed if C-H functionalization happen after RDS
Possible small KIE if before RDS (in case of equilibrium isotope effect)

E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
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Classical experiments

Three main experiments with deuterated substrates:

1:1 ratio, excess
FG-X
eas SGANN H AN D (1.0 equiv)
2. Intermolecular competition I [ I R
SMy SMp
KIE = Py/Pp
or via analysis of remaining SM

Alternatively from consumed SM ratio

If no KIE, C-H bond cleavage not RDS

If strong primary KIE, not necessary RDS !
(If RDS before and not involving the substrate)

Example: ligand dissociation, oxidative addition to another
molecule, metal oxo formation, ...

- C-H functionalization product-determining step

KIE measured from ratio PH/PD (i.e. 1:1 mixture cyclohexane:cyclohexane-d,, used)

step not involving the substrate
that undergoes
A C-H bond cleavage

'

C—-H cleavage

¥

s

Reaction Coqrdinate
(Experiment A: no KIE;|B, C: KIE observed

E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066-3072.

24



Classical experiments

Example: Palladium-catalyzed oxidative arylating carbocyclization of allenynes (Bickvall et al., 2018)

* Intermolecular competition

(PhBO)3; 0.5 equiv. MeO,.C CO-Me MeO.C CO,Me
MeO,C CO,Me MeO,C CO,Me Pd(OAC), (5 mol%) 2 2 2 2
BQ (1.1 equiv)
H50 (5.0 equiv)
dry THF-dg (0.1 M)
CDs cp, YT Ph CD, D

25°C

KIEH/D =8.7+1

Parallel reaction = induction period: required pre-stirring

MeO,C_ CO,Me

MeOzC COzMe
(PhBO); 0.5 equiv D)S \ﬁ%

Pd(OAc), (5 mol%) "pre-stirring

BQ (1.1 equiv) . >
H,0 (3.0 equiv) 25°C,3h dry THF- dos (0.1 M)
dry THF-dg (1 mL) 25°C Ph CH(D),H(P)
Parallel reactions

rateini,HIrateini’D =9.0 +1

T. Bartholomeyzik, R. Pendrill, R. Lihammar, T. Jiang, G. Widmalm, J-E. Backvall, J. Am. Chem. Soc. 2018, 140, 298-309



Classical experiments

Example: Palladium-catalyzed oxidative arylating carbocyclization of allenynes (Bickvall et al., 2018)

KIE (competition experiment) = 8.7 = KIE (parallel experiment) =9.0

=> Strong KIE: Allenic C-H cleavage turnover-limiting step

' »
. turnover-fimiting

%‘;Pd’/\l\ allenic
X ;{ C-H cleavage

reoxidation L,PdX;

=/

E
L,Pd(0) ""'3\_’
Hx
/
dmecharism: ) ) s
Proposed mechanism: pn 7 2a Io
reductive
elimination J
- f“'\”j
L' Ph cyclization/
migratory insertion
XB{OH); b~
transmetalation PhBOH) Y % M4

L = neutral ligand (e.g. BQ, HQ, THF, H;O, etc )
X = anionic ligand (e.g. AcO™, HOCgH,O, etc.)

T. Bartholomeyzik, R. Pendrill, R. Lihammar, T. Jiang, G. Widmalm, J-E. Backvall, J. Am. Chem. Soc. 2018, 140, 298-309
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Classical experiments

Three main experiments with deuterated substrates:

D D
. RN Y C-HID functionalization PN Y
3. Intramolecular competition N i
Y7 H ¥ FG
Py

* KIE measured from ratio P,/P,
e OftenY =directing group
* If no KIE, C-H bond cleavage not RDS

e If strong primary KIE, not necessary RDS !
(If RDS before or equilibrium)

E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066-3072.
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Classical experiments

Example: Pd-catalyzed one-pot Suzuki-Miyaura coupling/C-H direct arylation (Hultin et al., 2010)

* Intramolecular competition: Strong KIE

D AI'B OH)2
Pd,(dba);
o._Cl DPEPhos
]/ CsF, C82CO3
Cl 1,4-dioxane
Ar: p-F- CGH4

* Intermolecular competition: no KIE

~1.0:1.0
Pd,(dba)s
O AT AO~-A"  DPEPhos O
]/ + ]/ | AT
Cl S Cl CsF, CSZCO3 S =
ds 1,4-dioxane ds
binding of the substrate
that undergoes
. . . . - A C-H bond cleavage
- C-H functionalization not turnover-limiting step ¥
C-H cleavage
T i

) Turnover-limiting step: Oxidative addition to C-Cl bond o

-

Reaction Coordinate 3
(Experiment A, B: no KIE; C: KIE observed)

L. M. Geary, P. G. Hultin, Eur. J. Org. Chem. 2010, 5563-5573

28
Scheme: E. M. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066-3072.



Classical experiments

Example: Cu-catalyzed arylation of remote C(sp3)-H bonds in carboxamides and sulfonamides
(Our group — 2018)

* Intramolecular competition: Strong KIE,,

0 Cu(trifluoro-acac), HN/tBu HN/tBu
B 2,2'-bipyridine
~tBu NaOifBu 0 o
: + Ar—B(OH) -
F "2 PhCF3 (0.2 M Ar Ar
(2 equiv) rt3 §\l 2 M)
D » N2 D H
Ratio 6.76:1
H KIEy,p = 3.38
e Parallel experiments: Small KIE,,;p H/D
Cu(trifluoro-acac) ~tBu
o 2 HN
2,2'-bipyridine
N/tBu NaOtBu o
I + Ar—B(OH > 24Y%
F O o, 02 m) Ar ’
CHs (2 equiv) rt, No 2 min
o KIEyp = 1.33
0 Cu(trifluoro-acac), yn- BY
2,2'-bipyridine
N/tBu NaOtBu o
I + Ar—B(OH > 18%
F ) O pncr, 02 M) Ar ’
CDs (2 equiv) rt, No 2 min o D

I:> Only minimal contributions of the 1,5-HAT in the overall reaction rate

Z. li, Q. Wang, J. Zhu, Angew. Chem. Int. Ed. 2018, 57,13288-13292 29



KIE measured at natural-abundance

Deuterium kinetic isotope effects by natural-abundance deuterium NMR spectroscopy
(Pascal et al., 1984)

2H natural abundance: 0.01-0.02%

______________

Q. Q. O

Hio H4D H1oD>
~99.82% ~0.18% ~0.0003%
Not observed
Ny
hv

MeO,C~ ~CO,Me

D
MeO,C._/.CO,Me
H

Me0,C CO,Me

i MeOzC HCOzMe MeOZC HCOzMe MeOZC HCO2Me MeOzC HCOzMe
H | H %H D %H %D

5 D

| D

Major product

C-D functionalized:
"D-transferred" product

C-H functionalized: "D-retained" products

Formula KIEH/D: kH/kD= (Dretained/Dtransferred)[1/(n_1)]

n: number of chemically equivalent sites in the reactant

R. A. Pascal, Jr., M. W. Baum, C. K. Wagner, L. R. Rodgers, J. Am. Chem. Soc. 1984, 106, 5377-5378 30



KIE measured at natural-abundance

Dretained
H functionalized

Dtra nsferred
D functionalized

38.4 MHz natural-abundance 2H NMR spectrum

k/ko= (Dretainea! Disansterrea) [1/(n-1)]= (11.0/0.46)[1/(12-1)]= 2.2

Control experiment: Photolysis in presence of 1:1 cyclohexane:cyclohexane-d,,

ky/kp= 2.2 (determined by GC-MS) = Agreement of the methods

Interpretation: Transfer of C-H/D bond = During the rate-determining step

Limitations: Low resolution/lower sensitivity

- Require good amount of product and good separation of the peaks
= In some cases, uncertainty on the exact value of KIE

R. A. Pascal, Jr., M. W. Baum, C. K. Wagner, L. R. Rodgers, J. Am. Chem. Soc. 1984, 106, 5377-5378
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KIE measured at natural-abundance

High-precision determination of small ?H and *3C KIE at natural abundance (Singleton and Thomas, 1995)

HsC . H3C
_25°C
Reaction studied: \( Elé 0
xylenes
o}

Principle: Fractional enrichment of the isotopically slower-reacting starting materials during the

reaction.

Difference of kinetic 0 O

C H3C
3 C\ o 3
\( H + Z D o+, &, o)

xylenes

Initial minor isotopic SM: Ry

Fractional conversion, F

__________________________________________

If react slower, proportion increases

D. A. Singleton, A. A. Thomas, J. Am. Chem. Soc. 1995, 117, 9357-9358



KIE measured at natural-abundance

Principle: Fractional enrichment of the isotopically slower-reacting starting materials during the

reaction.
Difference of kinetic o) O
C _ HsC
3 C\ ° 3
\f H PO oy, 25%C 0
xylenes

Initial minor isotopic SM: Ry

H3C E H.C 13c\ E
\i . E 3 ~~~"H + H3C Zah E
> S N E

If react slower, proportion increases

KIE_,,. = In(1-F)/In[(1-F)R/R,]

calcd

F: “fractional” conversion of reactant
R/R,: proportion of minor isotopic component in recovered starting material compared to the original starting material

D. A. Singleton, A. A. Thomas, J. Am. Chem. Soc. 1995, 117, 9357-9358



KIE measured at natural-abundance

In practice: The reaction is stopped before the end, at a conversion (F) > 70% (here, 98.9%).

KIE,,,.q = In(1-F)/In[(1-F)R/R,]

calcd

Uncertainties in calculated small KIE determined by NMR integrations (relatively low precision)
dominated by AKIE:

SKIE ~In(1-F) |
8(R/R;) 2(R/Ro) = 7R InZ[(1=FIR/Ry] A(F/Ro)

' AKIEg =
— More F increases, smaller becomes AKIE,

Consequence: Higher is the conversion, higher is the precision for small KIE determinations

NB: Possible to analyze the product when F < 20%.

(Other parameter to take in account in cases of large KIE or if (R/R,) can be very precisely determined: AKIE;)

D. A. Singleton, A. A. Thomas, J. Am. Chem. Soc. 1995, 117, 9357-9358 34



KIE measured at natural-abundance

Classical KIE,,¢/;3¢ values: 0.99 < KIE < 1.04

0.956 —> CH, used as internal reference.

1.001 l - KIE for C2, C3, H3: no/very small KIE (as

Ref. 1.00
N \ 1H e 1.022 expected for non-reacting atoms).
Ref. 1.00 — H3C
¥ TH =< 0.908

I _H < 0.938 —> Important KIE for C1 and C4 (Slower reaction

H 4 3 with C1 or C4 = 13C).
0990~ / o> 1,017
1.000 T = Important inverse KIE for H1 and H4 (faster
0.968 reaction with H1 and H4 = D).

Interpretation:

KIE at C1 and C4 consistent with the concerted mechanism proposed
Inverse KIE for H1 and H4 results from the sp? = sp3 rehybridization in the TS

Difference in KIE for H1s and H4s suggests some asynchronicity in bond formation

D. A. Singleton, A. A. Thomas, J. Am. Chem. Soc. 1995, 117, 9357-9358 35



KIE measured at natural-abundance

Example: Mechanism of epoxidation of cyclohexenone with tert-butyl hydroperoxide
(Singleton et al., 2007)

tBUOOH
- Investigations to determine rate-determining step DBU @o
—_—
DCE
— Natural-abundance KIE,,¢/,3c determined
1.001
Ref. 1.000 @) Predicted KIEs
1.010 axial addition (10) 1004 1008 1027 0997 0999
\ / equatorial addition (13) 1004 1007 1031 1.001  1.001
6 2 axial ring-closure (12) 1.006 1.012 0997 099 0999
equatorial ring-closure (15) 1005 1.012 1000 09599 1.001
5 3=<—1.032
0998~ * ~_
1.004

Strong primary KIE,,./,;cat C3 and moderate one at C2 - Match with predicted KIEs

) 1,4-addition of tBuOO- rate-limiting step

C. F. Christian, T. Takeya, M. S. Szymanski, D. A. Singleton, J. Org. Chem. 2007, 72, 6183-6189



KIE measured at natural-abundance

Advantages:

- No synthesis of deuterated substrate necessary
- Measurements of detailed small KIE can be quickly obtained.
- Low influence of impurities in the analyzed compounds (if not overlapping in NMR)

—> Access to important information on reacting atoms.

Limitations:

- Require the reaction to be scalable enough to recover remaining starting materials (few %)
and that it could be isolated from a large amount of products.

In Singleton and Thomas’ case, they distilled off the remaining isoprene from the reaction
mixture (at 98,9% of conversion, starting from 1.0 mol of isoprene).

- The reaction should be irreversible.

- The reaction mechanism must not change during the course of the reaction

D. A. Singleton, A. A. Thomas, J. Am. Chem. Soc. 1995, 117, 9357-9358 37



KIE measured at natural-abundance

Use of polarization transfer NMR for 13C KIE measurements at natural abundance
(Jacobsen et al., 2017)

Principle: DEPT (distortionless enhancement by polarization transfer)

- Transfer the larger gyromagnetic ratio of 'H to 13C to increase the sensitivity (x3) or reduce the
time of experiment acquisition (x9)

Example: Investigation of this thiourea-catalyzed glycosylation i g CFs |
E N (0] S E
MeO 0. .Cl Catalyst* (5 mol%) OBn NJ\N °
€ BnOH (2 equiv) 5 H o H o
MeO ‘OMe  |5oputylene oxide ‘OMe . H o H
OMe (1.1 equiv) OMe Lo N\[rN E
toluene (0.1 M), rt 5 s :
8
i--"""'""""'"""""'"'""""_"_"""_"_"_"_"_": Catalyst* I
: Bn_OH (» Bn_OH (» : -------------------------------
: o) o l.cl o l.cl
' MeO MeO A MeO 5+ |
H 2 | » ., . X
Mechanism ? . MeO OMe MeO ‘OMe  MeO ‘OMe !
! OMe OMe OMe
| Via SN1 Via SN2 Via asynchronous SN2 |

Y. Park, K. C. Harper, N. Khul, E. E. Kwan, R. Y. Liu, E. N. Jacobsen, Science 2017, 355, 162-166
E. E. Kwan, Y. Park, H. A. Besser, T. L. Anderson, E. N. Jacobsen, J. Am. Chem. Soc. 2017, 139, 43-46



KIE measured at natural-abundance

O_..Cl Catalyst* (5 mol%) 0._OBn
MeO BnOH (2 equiv) Meo/\/igf
MeO ‘OMe Isobutylene oxide MeO ‘OMe
OMe (1.1 equiv) OMe
toluene (0.1 M), rt

Measurement of 13C KIE and comparison to predicted value

 S\2 classical 13CKIE range = 1.03-1.09
1. 003 1.000  Sy!classical EIE range = 0.98-1.01

/OBn Asynchronous S,? classical 33CKIE range = 0.99-1.02
MeO™ 5 1 . ane Mmoo oo

Experimental KIE

> 1l __1.006
MeO f 32 ""OMe <——Ref. 1.00 Small/normal KIEs observed for C1, C2 and C5
1000 OMe™1.001 —> Low for a synchronous Sy2 process
- Indicating significant oxocarbenium character in the TS
. Sylpredicted KIE | |  Sy2predicted KE |
| 1 o11 0.981 | | 1. 007 0999 !
/OBn : /OBn :
 MeO __1.007: . MeO /1 006 !
: MeOf o “'OMe | MeOf 3 “OMe
. 1.000' OMe 1 0999’ OMe 5

Y. Park, K. C. Harper, N. Khul, E. E. Kwan, R. Y. Liu, E. N. Jacobsen, Science 2017, 355, 162-166

E. E. Kwan, Y. Park, H. A. Besser, T. L. Anderson, E. N. Jacobsen, J. Am. Chem. Soc. 2017, 139, 43-46 39



KIE measured at natural-abundance

Conclusion:

- Significant oxocarbenium character in the transition state
- Suggest asynchronous reaction mechanism with a large degree of charge separation

Could not conclude on the exact mechanism

- Cooperative mechanism via dual activation of Nu and E

Anomeric carbon

DFT calculated transition structure:

BnOH activation

Difference compared to Singleton’s method:

= Only 13C-H accessible (DEPT)
- Increase in sensitivity (Lower amount required or shorter acquisition time).

Y. Park, K. C. Harper, N. Khul, E. E. Kwan, R. Y. Liu, E. N. Jacobsen, Science 2017, 355, 162-166
E. E. Kwan, Y. Park, H. A. Besser, T. L. Anderson, E. N. Jacobsen, J. Am. Chem. Soc. 2017, 139, 43-46
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Conclusion and outlook

* Very powerful information:

= On the rate-determining step (primary KIE)
- On the mechanism (comparison of mechanisms, solvent effect, ...)

e Particularly used for C-H functionalization (Large values for primary KIE)

* Routinely used nowadays

- 8195 references on Scifinder containing the words “kinetic isotope effect” in the abstract
However, careful choice of the experiments necessary = easy to draw wrong conclusions
* Most of the time = Required synthesis of deuterated substrate

Alternatively, KIE measured at natural-abundance

- Often require scalable reaction: low sensitivity or long acquisition time experiments

mmm) Development of more sensitive methods

41



Conclusion and outlook

* Development of more sensitive methods

Example: Use of MQF NMR for Concerted S Ar (Jacobsen et al., 2018)
Use of Multiple-quantum filtered spectra (MQF) to obtain KIE;,¢/15¢

MQF = 1°F NMR {1 H decoupled} NMR where parent 2C-1°F peak removed

= Only 13C-1°F satellite integrals remaining: accurate integration

—> Hugh gain in sensitivity: 13.6 times (per F) greater than 3C NMR signal

Table 1| Comparison of KIE measurements

a 0 |'| o Br BuyNF F
Meo” et | Me 7 ——
% Y | %, 2C F3CO THF FsCO
N \WF | | N \“‘F
\ III lll Long-range 6 7
" r‘"} \i"’“f"l'"gg Method Time (h) KIE (s.e.)
b 18 1
°| T [ | 5G9 1 Singleton (300mg)® 9.9 1.058(6),1.060(6)
\ / i
| \
|‘ '. / \ Jl || 2 MQF (50 mg)® 46 1.057(5),1.065(6)
L// I
/
1250 \‘\_\J \ 3 MQF (50mg) 52 1.057(3),1.062(4)
¢ ) 1319 4 MQF (50 mg)*® 52 1.059(4),1.060(4)
R N\
- 5 MQF (10mg) 9.9 1.061(8)
o | [ 4
| 6 MQF (50 mg) 07 1.055(10)
626 g2 630 622 634 838 Consensus (s.d.):  1.059(3)
™F ghemical shift (ppm) Samples are pure unless otherwise noted. Acquisition times ane given for each pair of partial
and full conversion samples. Pairs of KIEs refer to independent chemical replicates. Ermor bars
Fig. 2 | Assessing “C isotopic fractionation by suppressing NMR signals from fluorine atoms bound to ®C. a, Standard F['H} spectrum showing the (in parentheses) refer to standard errors (s.e.) of the mean (t distribution) and reflect technical
parent “C-*F peak flanked by two “C-F satellites. b, The standard spectrum in a, enlarged 125x. Accurate satellite integrals cannot be obtained directly :‘a"l'z':': d“rltn “:::s '"“'le Tedas_“:f"f"rd"’fﬁ"fslw" aa:‘g‘r:a-'dhh:aria.-'-C;F:::;Tzrr!cefj
due to overlap with the parent peak. ¢, MQF ®F{'"H} spectrum. Suppression of the parent peak allows accurate integration of the satellites. ° Ll GIRErAIse FOTEC 5.0, sancard desia Bon. LS are eerenced o T, TR are

referenced to “C-"F. “Unpurified sample. *Shigemi tube used.

E. E. Kwan, Y. Zeng, H. A. Besser, E. N. Jacobsen, Nature Chem. 2018, 10, 917-923 42



Thank you for your attention



