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ABSTRACT

Hydrogen transfer reactions are among the most fundamental organic reactions. They are
involved in nearly all enzyme-catalyzed reactions necessary for the sustenance of life, and
they are often involved in key steps in synthetically useful reductions. Notable among
synthetically useful reactions are the class of reactions known as C-H bond
functionalization. It is surprising, then, that this most fundamental chemical event is so
poorly understood. To address this knowledge gap, we have developed new experimental
and computational approaches that allow interrogation of the core physical nature of cyclic
hydrogen transfer reactions. In general, our laboratory utilizes kinetic isotope effects (KIES)
to probe chemical reactions. This technique involves accurately determining how
replacement of atoms with their heavier isotopes affects the reaction rate (or product
distribution). In order to extract the most insightful information from KIE studies, suitable
experiments and measurement methods need to be well-designed and carefully executed.

This dissertation is composed of four chapters. The first chapter serves as a general
introduction that lays out the background of the mechanistic study of cyclic hydrogen
transfer, the concepts of kinetic isotope effect and a concise review of traditional and new
techniques that utilize KIEs to elucidate reaction mechanisms. The remaining chapters
present three unique studies that culminate in a unified view of cyclic hydrogen transfers.
Each study is designed to interrogate the key physical aspects of a synthetically useful and
mechanistically interesting hydrogen transfer. The first study explores the Chugaev
elimination, which is used to transform alcohols into alkenes in a typically regioselective
manner. In this study, we have used a combination of intermolecular and intramolecular
’H KIE measurements to demonstrate that this reaction is dominated by quantum
mechanical behavior even though it occurs at elevated temperatures. Comparison between
the experimental and computational results imply that the observed KIEs are influenced by
the location of the bottleneck (or transition state) which is found to be dependent on the
isotopic substitution. Chapter 3 explores the Cope elimination, which can be used to install
alkenes adjacent to an amine, demonstrated that seemingly simple cyclic hydrogen transfer
reactions can proceed simultaneously via multiple mechanisms depending upon driving
force and temperatures. Our approaches in the Cope and Chugaev eliminations were then
utilized to explore an exciting new C—H functionalization reaction developed by DuBois.
This study demonstrates that cyclic H-transfers mediated by a Ru-nitrene species are
fundamentally similar to relatively simpler syn-p eliminations in terms of the involvement
of quantum mechanical phenomena. The reaction models built with prototype reactions
can be generalized to more complicated metal catalyzed reactions to facilitate a better
understanding of the reaction in terms of both reactivity and selectivity.
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Chapter 1. Introduction and Background

1.1. Importance of Reaction Mechanisms

An accurate understanding of the reaction mechanism has the potential to enable rational
reaction design. A reaction mechanism describes the fundamental changes in bonding that
accompany the conversion of reactant(s) into product(s) during a chemical reaction.* In the
context of a reaction pathway, perfect understanding of reaction mechanism informs the
depiction of the geometry and energies of the reacting molecule(s) at each stage of the
reaction process.!

Reaction mechanism plays an important role in guiding drug design, synthetic
methodology, and theoretical model refinement. Firstly, knowing the transition structure
(TS) of an enzymatic reaction allows scientists to design transition state mimics as
inhibitors, which have the potential to become biologically active drugs. For example,
Schramm et al. designed several enzyme inhibitors according to the transition state
structure constructed from Kinetic isotope effect studies.?* Secondly, in small organic
molecule chemistry, the reaction mechanism does not only provide an arrow pushing
scheme of a reaction but also provides insight into the factors that govern the reactivity and
selectivity of a reaction, the latter of which is indispensable for designing the catalyst,
reagents and conditions for a given synthetic process.>>® Last but not least, the mechanistic
study tests the limit of theoretical models and thus helps to advance the field of theoretical
chemistry. The rate and product distribution of organic reactions are now mainly explained
and predicted by the transition state theory (TST) developed by Eyring.” However, it has
been found that TST fails to predict the experimental results when a dynamical effect or
quantum mechanical effect is significant (when the deviation of reaction rate or selectivity
from TST is so great and cannot be accounted for by experimental error).8° As a result,
exploring the mechanism of reactions that do not obey TST should offer more data upon
which more refined computational methods can be conceived.

As discussed above, reaction mechanism is essential to understaning both enzymatic
reactions and small molecule organic reactions. This dissertation focuses on studying the
mechanism of small molecule organic reactions. In particular, the basic origins of the
kinetic isotope effect as a mechanistic tool will be developed and then applied in the context
of three fundamental hydrogen transfer reactions.

1.2. Hydrogen Transfer Reactions: Importance, Limitations in Current
Understanding and the Scope of this Dissertation

Hydrogen transfer is perhaps the most fundamental and ubiquitous process in biochemical
and synthetically useful reactions. In biological systems, hydrogen transfer is important in
the transferring of a reducing equivalent from the cofactors to the substrates in
oxidoreductase-catalyzed reactions, which is one of the major categories of enzymatic



reactions. Hydrogen transfer also characterizes proton transfers, which accompany the
manifold general acid-catalyzed reaction steps found in enzyme mechanism. In synthetic
chemistry, hydrogen transfer is inherent to transformations ranging from p-hydride
eliminations to organocatalytic reactions, to C-H functionalizations accomplished using
metal carbenoid or nitrenoid species.

Quantum mechanical behavior frequently has significant effects on hydrogen transfer
processes due to the substantial wave-like properties of the hydrogen atom, as predicted by
the de Broglie wavelength (A=h/(2mE)Y2. Relatively thorough experimental studies and
reliable theoretical models were carried out and built for proton-coupled electron transfer
(PCET)!! and atom-diatomic collinear reactions*?. Surprisingly, the quantum tunneling
effects remain poorly understood for many heterolytic polyatomic reactions. As a result,
many current models for enzyme-catalyzed and synthetic reactions are lacking in physical
detail.

In order to address the knowledge gap, our laboratory has put effort into studying the
tunneling phenomena in cyclic hydrogen transfer reactions, which involve a cyclic
transition structure (usually a five-membered or six-membered ring) that contains the
hydrogen donor, the transferred hydrogen atom and the hydrogen acceptor in one fragment.
The cyclic transition structure is a common feature in intramolecular eliminations and
catalyst-substrate complex reactions. Enzymatic hydrogen transfer does not necessarily go
through a cyclic transition state, but it is effectively an intramolecular process that occurs
within the enzyme-substrate ‘supermolecule’.’® Because of the similarities between
enzyme-catalyzed reactions and unimolecular reactions, insights gained from our research
can find applicability to systems as diverse as new synthetic methodologies to the
development of more refined transition state mimic inhibitors.

In this dissertation, the author will present three mechanistic studies: two on intramolecular
eliminations (Figure 1 A, B) and one on ruthenium catalyzed C-H amination (Figure 1 C).

S._S
H Hx/ﬁ/
Lo heat N
A T . + 0=C=S + HS—
' octadecane
X X
o
H O
HJS N heat /
B o T 7 Y+ HON
: pmso L \
X
o}
2.5 mol% [Ru,(hp),Cl] \\s//o

H o PHIOCBY, HN® O
o
C. © 4AMS

trichloropropane

Figure 1. Reactions studied in this dissertation. A) Chugaev elimination; B) Cope elimination; C) C-H
amination catalyzed by ruthenium catalyst.



1.3.General Introduction to Kinetic Isotope Effect

Kinetic isotope effect (KIE) is an effect in which the isotope substitution changes the
reaction rate.! By convention, KIE is reported as a ratio of rate constants between light
and heavy isotopologues (compounds of identical chemical composition but which differ
only in isotopic composition) or isotopomers (isomers having the same number of each
isotopic atom but differing in their positions (Equation 1).14

KIE = Kiight/Kheavy Equation 1

KIEs have been observed for numerous isotopic pairs of elements, including hydrogen
(*H/?H; *H/PH), carbon (*2C/*3C; 2C/*4C), oxygen (*%0/*80; %0/170), nitrogen (**N/*°N)
and chlorine (*CI/3’CI)!, among which ?H KIE (ku/kp) is relatively large in magnitude
and easier to measure compared to that of other heavy atoms. ?H KIE is also the most
suitable mechanistic tool for studying hydrogen transfer reactions. This dissertation will
solely focus on the discussion of ?H KIE. KIEs are classified into primary and secondary
KIE, and the definition and application of each type will be elaborated in the following
subsections.

1.3.1. Primary Kinetic Isotope Effect

Primary Kinetic isotope effects (often written as 1° KIE) are attributed to bond breaking or
forming at the isotopic substitution site.X* The origin of 1° KIEs can be illustrated by the
simplified model shown in Figure 2A. Kinetic isotope effect arises from the zero-point
energy (ZPE) difference in chemical bonds between protiated and deuterated reactants,
and is indeed a quantum mechanical phenomenon. According to the Born-Oppenheimer

N
A.
PEairs -
Dissociation limit oy
___________________________ Eﬂ
= ]
g0 B
] —
c ©
= =
2 g
= o
5 Ea D Ea H Q.
2
o
[~
Phen | X7 T ZPE 4t reace
ZPEc.p)

Bond length Reaction Coordinate
Orthogonal
coordinate

Figure 2. Diagrams illustrating the origin primary KIE. A) The potential energy diagram of a carbon-
hydrogen bond with zero-point energy levels for H and D shown. B) A reaction coordinate diagram showing
that a residual ZPE difference between C-H and C-D bonds at the TS diminishes the isotope effect.*



principle, the potential energy surface of a reaction does not change with isotopic
substitution.’® In a quantum mechanical world, the energy stored in chemical bonds is
quantized and the ground state energy (zero-point energy) of a harmonic oscillator is
proportional to the vibrational frequency (Equation 2).

ZPE = % hcv Equation 2
V= L k_f Equation 3
2nCc \ u
k=A(T) g E/RT Equation 4
k (Eap—Eap)/RT
KIE=—"—= A g P Equation 5

_H
kD

Here h is Planck’s constant, c is the speed of light and ¥ is the frequency of a bond vibration
in wavenumber (cm™). Equation 3 indicates that the frequency is proportional to the square
root of the force constant ks, and is inversely proportional to the square root of the reduced
mass (for a diatomic molecule: p=mz-mz/(m1+m)) . The force constant is the same for a
C-H bond and a C-D bond, while the reduced mass is greatly affected by the mass of the
hydrogen atom (similar to other heavy atom-hydrogen bond, e.g. O-H, N-H, etc.).
Substituting proton with deuterium increases the reduced mass, and thus lowers the zero-
point energy as shown in Figure 2A.1 Assuming the bond of interest is completely broken
and has no vibration at the transition state, the activation energy (Ea) is determined by the
reactant zero-point energy: deuterated compound has smaller zero-point energy and hence
larger activation energy (Ea,p-Ean=ZPEc.n-ZPEc.p). According to the Arrhenius equation
(Equation 4), the reaction with greater energy barrier (activation energy) reacts slower. The
assumptions in Equation 4 are simplistic, however. A more comprehensive model by
Westheimer'® demonstrates that the net effects of isotopic substitution are exerted on
vibrations other than the stretching vibration of the bond that is cleaved (Figure 2B). When
the assumption of complete loss of ZPE at the transition state is dropped, the KIE can be
estimated using Equation 5 from the activation energy difference, given that An/Ap~1
without considering quantum tunneling. When the ZPE difference is smaller at the
transition state than at the reactant state (Eap-Ean = ZPEdqiff-react-ZPEdifr-1s >0), as it is in
primary KIEs, the observed kun/kp is greater than one. A KIE that is greater than one is
called normal KIE.

The semiclassical upper limit of primary KIE can be estimated by considering breaking a
sp? carbon-hydrogen bond at 298K. The frequency of a sp® C-H bond stretching is around
3000 cm™ and that of a C-D bond is 2200 cm™.%’ Substituting the frequencies into Equation
2 and Equation 5 gives a KIE of 6.9 at 298K (p. 26 in Ref.>®). If the bending modes are also



considered and assumed to be totally lost at TS, the upper limit of 1° KIE is predicted to
be 15~20 (p. 130 in Ref.’). Most observed KIEs are smaller than this maximum possible
value because the bond that is cleaved in the reaction does not completely break at the
transition state for most cases. In accordance with Westheimer’s model (p. 426~428 in
Ref.l, 16), reactions with unsymmetrical location of TS (strong endo- or exoenergetic
reactions) or with bent TS have attenuated KIEs.

The primary KIE is a very powerful tool for mechanistic study, providing physical
information that is peculiar to the bond forming/breaking process that cannot be obtained
from other kinetic studies. A substantial primary KIE (usually 1° KIE > 2) is often accepted
as an evidence of bond forming or breaking in the rate-determining step. The size of the
KIE can also offer some clue to the nature of the bond breaking/forming event: hydrogen
atom abstraction reactions are known to have relatively large 1° KIE (12~14, the larger
than semiclassical limit value is attributed to tunneling), while hydride shift reactions have
smaller 1° KIEs (=2).*® However, due to kinetic complexity, interpreting KIEs, especially
in enzyme-catalyzed reactions, can be more complicated than just categorizing a KIE as
being large, medium or small. A single KIE measurement is really a scalar measurement,
providing only magnitude. Primary KIEs are sometimes measured as a function of
temperature to generate an Arrhenius plot (In(KIE) vs. 1/T). Arrhenius plots can yield
further insight into the physical origins of observed KIEs'®, as will be discussed in the
following subsections.

1.3.2. Secondary Kinetic Isotope Effect

Secondary kinetic isotope effects (2° KIE) arise from isotopic substitution at positions
where no bond breaking or forming occurs. Similar to 1° KIEs, 2° KIEs result from the
ZPE difference between C-H and C-D at TS versus the reactant (Eap-Ean = ZPEdiff-react-
ZPEditr.ts). Since the isotopically labelled bond is not broken or made during the reaction,
2° KIE is produced from the vibrational modes that are orthogonal to the reaction
coordinate and undergo change(s) during the transition from the reactant to the saddle point
(Figure 2). Such changes usually include one or more of the following processes: (1) re-
hybridization (e.g. sp® = sp?, sp? = sp?), (2) changes in hyperconjugation, and (3) the
development or relief of steric repulsion.*



Figure 3. Potential energy diagram illustrating that
the 2° KIE originates from the difference in ZPE
contained in TS and the reactants.
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Secondary KIEs can be either normal (KIE>1) or inverse (KIE<1). When the bonds
proceed from a “tight” to a “loose” vibrational configuration, for example from sp® to sp?
hybridization, a normal 2° KIE will be generated. Transition from “loose” to “tight”
vibrations will yield an inverse 2° KIE. For example, when the bonds encounter steric
repulsion at the transition state, the potential energy well is steeper and ZPE difference
between C-H and C-D is larger at the transition state than at the reactant well. As a result,
deuterated isotopologues react faster than protiated isotopologues when steric occlusion
increases at the transition state relative to that present at the reactant state.

Despite its comparatively small magnitude, the 2° KIE has been found to be an
information-rich observable with regards to the nature of the transition state.?® As discussed
above, 2° KIE can reflect the bond force constant changes arising from various
physicochemical processes, and such information is very useful in developing cogent
models of transition structure when interpreted in the context of chemical intuition.?°

1.4.Quantum Mechanical Effects Upon Hydrogen Transfer
1.4.1. The Nature and Physical Principles of Quantum Tunneling

Section 1.3 discussed the influences of one type of quantum mechanical effect upon isotope
effects, namely the energy quantization of bound modes of vibrations - frequently the
principal component of isotope effects in reactions that behave classically.  Another
quantum behavior that influences all chemical reactions to varying degrees is quantum
tunneling, which arises from the wavelike behavior that manifests in the unbound degrees
of freedom. Tunneling is a quantum mechanical phenomenon involving penetration of the
wave function for the molecule through the potential energy barrier of the reaction rather
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Figure 4. A figure demonstrating an example of ground-state nuclear tunneling along the reaction coordinate.
“R” labels the reactant well and “P” labels the product well. E is the barrier height and 2a is the barrier
width. The blue line represents the probability density function of a particle at the ground energy level. The
area of the overlap region of reactant and product probability density functions denotes the probability of
tunneling.?

than over it (Figure 4).t According to classical mechanics, a particle of mass m and energy
W has to overcome the potential barrier (W>E) in order to transform reactant(s) into the
product(s), and the probability of the reaction to take place is zero if W is less than E.
According to quantum mechanics, however, the probability of a particle to appear on the
product side is finite even when W<E and it increases gradually with increasing W and
tends to unity when W tends to infinity.?? The quantum mechanical solution of the transit
probability or permeability G of a parabolic potential barrier with height E and width 2a
was obtained by Bell (Equation 6) using the WKB approximation.?

_ 1
1+e?

GW)

Equation 6

B =27*a(2mE)'? /h
y=1-W/E

As early as in 1933, Bell demonstrated that the tunneling effect is not negligible in some
chemical reactions and recognized the necessity of quantum mechanical treatment for
reactions - especially those involving the motion of light atoms like hydrogen.?? In 1958,
Bell® introduced a multiplicative correction factor Q: to Eyring’s’ semiclassical rate
constant expression (Equation 7), as shown in Equation 8. kg is Boltzmann’s constant, AG* is



Gibbs free energy change from the reactant to the transition state, and v* is the imaginary
frequency of the transition state.

K. T :
k = ';] L ACTRT Equation 7
kK. T
ktunnel = Qt ) l;] € ACTRT Equation 8
Ly
2 u?  7u’ _
~ =1+—+ + (U< 27
Q sin Ly 24 ' 5760 ( ) Equation 9
i
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Qt is in the form of Equation 9 only when u is less than 27, which corresponds to [v¥| less
than 1000cm™ at room temperature. This is the case of most chemistry problems we are
interested in. The first two terms in the expanded form of Q is identical to Wigner’s
correction that was derived at an earlier time. Since then, more sophisticated theories and
computational methods have been developed and embedded in computer programs, one of
which is called POLYRATE.?*

1.4.2. The Phenomenological Manifestations of the Tunnel Effect

Since the development of the theories that predict tunneling effect on chemical kinetics,
efforts have been made to the design and execute experiments capable of quantitatively
testing these theories. The primary H/D KIE is the most useful experimental tool for
investigating tunneling.!* Several criteria for the diagnosing significant contributions from
the tunnel effect have been determined from model calculations and justified by
experimental results.'>%>2" These criteria are summarized below:

(1) The magnitude of the KIE exceeds the semiclassical limit. The tunneling correction Qx
increases with increasing u according to Equation 9, which means Q: increases with
decreasing particle mass (Qw>Qw). Saunders proposed kn/kp>12 at 25 °C to be a
reasonable indication of tunneling (p. 141 in Ref.?®). However, KIEs smaller than the
maximum can contain contributions from tunneling as well. As discussed in section
1.3.1, KIEs are usually less than the maximum because of compensatory vibrations that
develop at the TS. A small semiclassical KIE amplified by the tunnel effect can still be
below the semiclassical limit.



(2) The plot of In(kn/ko) vs. /T is nonlinear at low temperatures. The Arrhenius plot of
the rate constant (In(k) vs. 1/T) should be linear if the tunnel effect on the reaction rate
is negligible (Equation 10). Tunneling is most important at low temperatures as Q

In(k) =In(A) —%- Equation 10

|~

E,,—E
In(ky /k5) = In(A, 1 A)+ =202t Equation 11
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.
increases with decreasing temperature. The Arrhenius plot of rate constant should
deviate from linearity and curve up at low temperatures (Figure 5A)%". As a result,
In(KIE) should violate the linear relationship with 1/T at lower temperatures, since the
rate constant of H is more affected by tunneling than its heavier isotope D (Figure 5B).
In(KIE) is expected to plateau at very low temperatures, when tunneling affect H and
D to the similar degree.

30 - T (UK) 0 00005 0001 00015 0002 00025 0003 00035 0.004
/T (1/K)

Figure 5.A) Arrhenius plot of rate constant of protium and deuterium. B) Arrhenius plot of KIE (kn/kp).

The Arrhenius pre-exponential factor ratio (An/Ap) is significantly greater than or less than
unity. It was predicted by Bell (p. 88-90 in Ref.?) that An/Ap should be restricted to the
range of 0.5-v/2 and close to unity. The range was later refined by Stern and Weston to
0.7-v'2. This manifest can be understood with the illustration of Figure 5B and Equation 11.
In(An/Ap) is the y intercept of In(kn/kp). At high temperatures, the KIE follows
semiclassical TST and In(kn/kp) intercept with y axis close to zero. At lower temperatures,
the graph becomes steeper and should intercept with y axis at a lower value than 0.5 Figure
5B). At extremely low temperatures, the Arrhenius plot plateaus out and the y intercept is
expected to be higher than the semiclassical limit +/2. This criterion is sometimes more
useful than criterion (2), because a curved Arrhenius plot can appear linear over a narrow
temperature range.
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(3) The rule of the geometric mean (RGM)?? is violated. RGM predicts that the rate
constant ratio between the protiated species to the double deuterated species should be
the product of the KIE of the two singly deuterated species (Equation 12). The first

Ky = Ky . i =1 KIEx2 KIE Equation 12

kDD I(DH HD

letter in the subscript of k stands for the atom that is being transferred and the second
letter denotes the atom that is retained, so RGM is also an equation of 1°KIE and 2°
KIE. In systems where tunneling effect is important, however, RGM is violated®*=32,

1.5. Traditional and New Experimental Methods for KIE Measurement

Measuring the kinetic isotope effect experimentally has become routine in chemistry and
biology laboratories. The experimental design of determining the ratio of rate constants
depends on the nature of the reaction to be studied (order of the reaction, fast or slow
reaction), the positions of interest and the kind of information (rate-limiting step, product-
limiting step, or the TS structure) to be extracted.

The standard and mostly applied types of experiments for KIE measurement!®>® are
summarized as method (A), (B) and (C). The methods are illustrated with hydrogen KIE,
but are applicable on KIEs of other atoms.

(A)Non-competitive method
The rate constant for the light (e.g. H) and heavy (e.g. D) isotopomers can be measured

k

SH—Hpr

k
Sp —P2» Pp

Figure 6. General schemes of two independent reactions of the same type but with different isotopomers
as the starting material.

separately from two reaction runs in different containers by spectrophotometers (Figure
6). The KIE is then calculated from the ratio of the obtained rate constants (Equation 1).
This method is straightforward, but the accuracy can be harmed by any inconsistency
in the conditions (temperature, impurity, concentration etc.) between the two parallel
reactions.

(B) Intermolecular competition method
Instead of running two separate reactions, the two isotopomers (e.g. protiated and
deuterated) can be placed in the same container and react under exactly same the
conditions. Based on the rate law, the rate constant ratio in this situation equals the ratio

10
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of logarithm of one minus fractional conversion F (Equation 13). [Sx] is the concentration
of the starting material containing X isotope at fraction Fx, and [Sx]o is the initial
concentration.

[S.]
5.1, _na-F)
In(M) In(l-F;)
[Solo

_In(l-F,)
" In[A-F,)-R/R,

k

KIE, ., = k_H Equation 13
D

Equation 14

_ In(-F,)
" In[L- (F4R, /Ry)]

KIE Equation 15

roSol g _[Sol g _[R]
.1 [Sul " IR

Equation 13 can be rearranged into Equation 14 and Equation 15. In such situation, no real
time kinetic measurement is needed, only Ro, Fx, R or Rp are needed. Ro and R are the
initial and final molar ratio between the isotopic starting material respectively, and R,
is the ratio of the products, and these ratios can be directly measured by mass
spectrometer or nuclear magnetic resonance (NMR). (p.95-100 in Ref.1%)

(C) Intramolecular competition method

The third method involves molecule that possesses more than one chemically
equivalent positions, and some of these positions are labelled and some are unlabeled
(p.93-94 in Ref.2®). The reaction at the labelled position will compete with the reaction
at the unlabeled position (Figure 7). The rate constant ratio can be easily determined
from the ratio between the corresponding product during the reaction, and the percent
conversion does not affect the result. It needs to be pointed out that the KIE calculated
this way is not a pure primary KIE but is “contaminated” by a secondary KIE. More
discussion on how to make this type of KIE more informative will be placed in the
following text and Chapter 2.

k
D YH,.D, + ZH

XH,,D
m*=n kDH
—> YHDn,: + ZD

Figure 7.General scheme of intramolecular rate competition.®
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KIE _ I(HD _ [ZH] _ [YHm—an]

intra = = = Equation 16
" koy [2D] [YH,D,,]

Shortcomings of the above traditional methods are:

(1) The above methods are only useful for the type of reaction that proceeds in a one single
pathway. The KIE valued in the traditional ways can provide little useful mechanistic
information if the reaction undergoes multiple pathways.

(2) Primary or secondary KIE cannot be measured directly by a single method in some
cases. For example, considering a molecule that has two chemically equivalent hydrogen
positions: i) If the position is fully labeled (double deuterated), the intermolecular
competition between unlabeled (HH) versus fully labeled (DD) molecule will generate rate
ratio of knn/Kop, which is a composite KIE can equals 1° KIEx2 ° KIE (Equation 12). ii) If
the position is partially labeled (singly deuterated), the intermolecular competition
reactions between HH and HD will give a KIE which is a composite of the 1° KIE and 2 °
KIE. iii) If intramolecular competitive method is applied with partially labeled reactant,
then as discussed in method (C) above, the resulting KIE is ratio of the primary KIE to the
secondary KIE (1° KIE/2 ° KIE) as is illustrated in the experiments described in Chapter
2). Since the isolated primary and secondary KIEs are most useful for building reaction
mechanism models, methods need to be develop in order to evaluate pure 1° KIE and 2°
KIE instead of a composite KIE.

In order to maximize the utility of KIEs as an experimental observable, new KIE
measurement methods have been developed and are described in method (D) and (E) below.

(D) Product specific intermolecular KIE

Xiang and Meyer® developed a method that allows one to evaluate the isotope effect
on the rate constant of multiple reaction pathways (Figure 8). The KIE for product P;
that is formed through pathway i can be calculated from Equation 17, in which KIEinter iS
standard intermolecular KIE that can be evaluated with Equation 14. Although this
method was first demonstrated with the *C KIE of the cobalt mediated C-C bond
formation between cyclopentene and 1-phenyl-1-propyne, it can be generalized to KIE
measurement for other elements and for other multi-pathway reactions. Product-
specific KIEs are unique in that they quantify fractionation that occurs in both product-
and rate-determining steps.

12
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— Pl —_— Pl
k * “k

S —2> P2 S —2> *P2
k

L Pa — Pn

Figure 8. A general scheme of a reaction with multiple reaction pathways. Reactant S undergoes
pathway i with rate constant k; to produce product P; (i=1, 2...n). The “*” signifies the heavier isotope
(e.g. D, 13C, etc.).

GLRD/P]
KIE(PJ) = KIEinter In— Equation 17
CRD/P]

(E) Combination of intramolecular and intermolecular measurement method
A method of isolating primary and secondary KIE from intermolecular and
intramolecular KIE has been developed to resolve the shortcoming #2 of traditional
methods. The new method adopts both intramolecular and intermolecular competitive
experiments as shown in Figure 9. In the new method, KIEintr is measured by method
(B) and KlEintra is measured by method (C).

k
XHH ——» YH + byproduct(H)
Intermolecular k In(1-F
ompetition: i kup KIE _Kk _Ind-Fy)
competition: XHD ——» | — > YD * byproduct(H) Mk, In(1-F)
k;’)”
YH + byproduct(D) Equation 14
kHD
Intramolecular > YD + byproduci(H) KIE . = knp _ [YD]
competition: kpy T kpy  [YH]
— YH + byproduct(D)
Equation 16

Figure 9. Intermolecular competition and intramolecular completion KIE measurements are combined
to study a reaction.

According to the definitions, 1° and 2° KIE can be expressed as:
1°KIE = L
- k Equation 18
DH

13
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2°KIE = kﬂ Equation 19

HD
Dividing both sides of Equation 18 by Equation 19 gives:

1°KIE
KIE;y s = m Equation 20

Examining the intermolecular competition scheme in Figure 9 closely, intermolecular
can be expressed as follows:

k2K,

KIE, =—=
inter _HD k2 kDH + kHD

Equation 21

Dividing both the numerator and denominator of Equation 21 by knny and comparing with
Equation 18 and Equation 19 gives:

2 2
Kk 1 1 Equation 22

+
1°KIE  2°KIE

KIE

inter _HD = k

(DH) (HD)

k(HH) k(DH)

Solving Equation 20 and Equation 22 for 1° KIE and 2° KIE affords:

1°KIE = |<IEInter (1;_ KIElntra) Equation 23
2°KIE = KIE e (1+V/KIE,ya) Equation 24

2

The errors of primary and secondary KIE calculated this way are propagated as follow:

14
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° ° Equation 25
A1°K|E:£ alﬁ e+ J1°KIE -AKIE, .. quation
2 aKIEinter aKIEintra
A2°KIE=% Jﬂ o+ ZZKIE KiE,,, Equation 26
inter intra

1°and 2° KIE can be calculated with Equation 23 and Equation 24, for reactions whose primary
and/or secondary KIE cannot be measured directly by one type of traditional KIE
measurement experiment. Note that this method is only valid for reactions whose rate-
determining step is the same as the product-determining step.

1.6.Computational Methods for Calculating Kinetic Isotope Effect
1.6.1. Bigeleisen Equation

Traditional computation of kinetic isotope effects is based on the theory of absolute
reaction rates or transition state theory (TST) developed by Eyring et. al.” The expression
for absolute reaction rate is often called Eyring equation and has a general form as shown
in Equation 7. Equation 7 can be written in equivalent but more detailed and computationally
useful form as in Equation 27 and Equation 28. The former is based on the thermodynamic
relationship between free energy, enthalpy, and entropy: AG = AH — TAS. The latter is
based on statistical mechanics, where Qg and Q are the partition function, per unit volume,
of the reactant R and of the transition structure with the decomposition mode excluded.®
Eciass IS the classical molar heat of reaction that does not include the zero-point energy
contribution. The partition function Q is the product of translational, rotational and
vibrational partition functions (Q=QtransQrotQuib).

KeT  ant _ast
k = l;,] L@ MHYRT o ASH/R Equation 27
K = kB_TQ_ .o Folass/RT Equation 28
h Qg

The classical activation energy, Ecass, is identical for different isotopologues or
isotopomers, leading to a cancellation that yields the KIE as a compound ratio of partition
functions corresponding to the reactant and transition structure species (Equation 29).

Ky _ Qi Qo

— <H Equation 29

_H +
kD QD QR,H
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Bigeleisen®** derived an equation for KIE based on the transition state theory and the
principle of quantum mechanical treatment of isotopic equilibria developed by himself and
Mayer®. Equation 30 is the most convenient expression of the Bigeleisen equation.’®

Uip + Ui H
Ky Vins WU, e? l-ele Woy 2 gt
KIEso = (k_)sc = H ( : U ) B ) H( "Tug -1 —ui,D) Equation 30
D Vnm, iD iH g tiH i Ui’H 5 —e
e - €
hv,
U =——
KT

KIEs can be conveniently calculated with the Bigeleisen equation by plugging in the
normal mode frequencies of the transition state structure (vi*) and the reactant (vi) of the
light and heavy isotopomers. frequencies can be easily obtained by normal mode frequency
calculation of the optimized electronic molecular structure carried out by an electronic
structure software package. All structures used in this dissertation were optimized using
Gaussian 09%°.

The Bigeleisen equation treats the bound vibrations quantum mechanically and includes
the effect of the ZPE, but the unbound imaginary vibrational mode is treated classically
and no tunneling effect is considered, so the resulting KIE is called semiclassical KIE
(KIEsc). Tunneling can be included in the KIE calculation by multiplying the semiclassical
KIE by the ratio of Bell’s correction factor Qt (Equation 31).

_Quw

KIEtunnel - Q_
t,D

-KIE,, Equation 31

1.6.2. POLYRATE

KIEs can also be calculated with the program - POLYRATE?*, which computes rate
constant of not only the semiclassical transition state theory (TST) but also the canonical
variational theory (CVT). The program also computes various types of tunneling
corrections including the Wigner’s correction (similar to Bell’s correction, more
information in section 1.4.1), zero-curvature tunneling (ZCT) correction, small curvature
tunneling (SCT) correction and large curvature tunneling (LCT) correction.

POLYRATE can be used as a standalone program with an analytical potential energy
surface (PES), but it is more widely used with GAUSSRATE? as the interface to Gaussian
09. GAUSSRATE contains codes that can call Gaussian to calculate the energies, gradients
and Hessians at specific geometries when POLYRATE needs the information for the PES.
Calculating the dynamic process directly from ab initio electronic structure properties like
what GAUSSRATE does is called direct dynamics®®.

16
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CVT: The canonical variational transition state theory (CVT or VTST)*%*2 js developed
to improve the TST, whereby the dividing surface is positioned in such a way as to
variationally minimize the rate constant. TST rate constant is calculated by evaluating the
one-way flux of trajectories through the transition state in the product direction. In a
multidimensional model of reaction potential energy surface, the transition state is a
hypersurface (the dividing surface) that passes through the saddle point and is
perpendicular to the minimum energy pathway (MEP) of the reaction. The error of TST is
rooted in its assumption. The fundamental assumption of TST is the “dynamic bottleneck
assumption” that assumes molecules passing the transition state all proceed to transform
into the product and do not re-cross back to the reactant side. Thus, the rate constants
predicted by TST is and upper bound of the true result because re-crossing does occur and
diminish the rate. One way to improve TST is to vary the location of the dividing surface
to minimized the rate constant.

The saddle point is the maximum along the reaction coordinate (s, the MEP) but a minimum
in other dimensions on the potential energy surface (Figure 10). “s” is set to be 0 at the
saddle point by conventional and also in POLYRATE. The potential energy (V) discussed
here is classical and does not contain zero-point energy correction. The TST rate constant
is calculated by plugging in Vimax for Eciass in Equation 28, as shown in

KTST _ KeT ’Q o Vina [RT
(s=0) ™
h Qg

Vax:V|s:O

Equation 32
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b t
) efv‘scv'r IRT _ kBT .efAGmaxﬂRT — min k(T,S) Equation 33
S

Qr h

In CVT, the dividing surface is not constrained to include the saddle point, but is frequently
shifted toward the reactant side or the product side depending on the result from
maximizing the variational free energy of activation AG (Figure 10). The CVT rate
constant (k°VT) calculated at s€VT where AG is at the maximum at a certain temperature is
the minimum rate constant along the reaction coordinate (Equation 33).** Vimax and AG,,,qy
are usually located at different s. As a result, CVT minimizes the re-crossing effect by
finding the dynamical bottleneck.

|O

kCVT (SCVT ,T) :kBTT_

The potential energy V reflects only the heat of the reaction and is indeed the enthalpy term.
While the conventional TST consider only enthalpy in choosing the bottleneck, CVT also
considers the entropic effects and zero-point energy effects associated with the Q*/Qr term,
so CVT should be, in principle, more accurate.*!

SCT: Small curvature tunneling (SCT) correction in POLYRATE-version 2010 is based
on centrifugal-dominant small-curvature semiclassical adiabatic ground-state (CD-
SCSAG) method*#34°_ While Wigner correction includes only the tunneling effect from
the imaginary vibration mode at the saddle point, SCT choose a curved reaction path in the
classically forbidden region and includes the coupling between the reaction-coordinate
motion with multiple other bound vibrational modes*® (Figure 10). The corner cutting
reaction path results in a thinner energy barrier and a larger transmission probability. SCT
correction on the CVT rate constant has been shown to generate more accurate results than
one-dimensional tunneling correction.'24
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Chapter 2. Mechanistic Study of the Chugaev Elimination

2.1 Mechanistic Background and Synthetic Utility of the Chugaev Elimination

The Chugaev elimination is an intramolecular syn-p-elimination reaction that forms olefins
from the corresponding xanthate esters [ROC(S)SR’]. The mechanism of the Chugaev
elimination is well established. During the course of the reaction, the double-bonded sulfur
of the xanthate abstracts one B-hydrogen atom via a six-membered cyclic transition state;
a double bond is then formed in a concerted hydrogen removal and carbon-oxygen bond
breakage step; the by-product rapidly decomposes to carbonyl sulfide (O=C=S) and
methanethiol (CHsSH) (Figure 11)*748,

Figure 11. Chugaev elimination reaction mechanism, using the elimination of S-methyl O-(2-phenyl) ethyl
xanthate (1) as an example

The Chugaev elimination is a simple yet useful conversion in synthetic chemistry. The
reaction has been frequently adopted in the key synthetic routes to many natural and
pharmaceutical products to transform alcohols to the corresponding olefins.**>® The
Chugaev elimination is advantageous in that the byproducts are gaseous, which makes
workup and purification negligible in most cases. Furthermore, the Chugaev elimination is
a valuable model for mechanistic study because it is serves as a comparison with the Swern
Oxidation where the intramolecular H/D KIE exhibits features that indicate that tunneling
is important, although the observed KIE is minute even at low temperatures.®® The
Chugaev elimination serves as a contrast

In the project that will be elaborated in this chapter, the kinetic isotope effect of transferring
the B-hydrogen atom in the Chugaev elimination of S-methyl O-(2-phenyl) ethyl xanthate
(1) along with its various para-substituted analogs has been studied carefully. Conclusions
about tunneling effect in the reactions will be drawn based on both experimental and
computational results.

2.2. Methods

2.2.1. Intramolecular KIE Measurement
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The intramolecular KIEs were measured according to method (C) described in section 1.5
by quantifying the isotopic product (2 and di:-2) distribution of the elimination of mono-
deuterated S-methyl O-(2-phenyl) ethyl xanthate (di-1) (Figure 12). The KIE was
calculated with Equation 16. In this case, KIEinra=[d1-2]/[2].

D
D S S\ k(HD) WHP dl-2
j)/ heat / = H

H N s
AN = — Isolate = Analyze by NMR
‘ J H H Octadecane \ e "
kioH) N P2
d;-1 Hs

Figure 12. The method for measuring intramolecular ?H KIE at the benzylic position of d;-1.

In order to explore the temperature dependence of the intramolecular KIE, the
measurement was carried out at eight different temperatures: 180°C, 190°C, 200°C, 210°C,
230°C, 250°C, 270°C and 290°C.The product ratio was determined using quantitative *H
NMR (peak H: vs. peak Hs). Five replicate experiment were performed for each
temperature. The final result was obtained by averaging among the five replicas. The same
procedure was followed for measuring the intramolecular KIE of other para-substituted
substrates.

2.1.2. Intermolecular KIE Measurement

The HH/HD intermolecular KIE (KIE_ inter Hp) Was measured by running competition
reactions between protiated xanthate (1) and mono-deuterated xanthate (di-1) to 40~50%
conversion, and then by analyzing the reaction mixture and the re-isolated reactant (Figure
13). The KIE was calculated with Equation 13 in section 1.5 method (B). In this specific

HbSYS\i ki=2k b-sYS\ |
Hp i F Hog !
N fo) o e X |
e . T heat Ha‘ Ha |
! octadecane
1], ! [1] |
D
! N Xy e
N L ? S S_ |
S S ! 2~ "(HD) "™ (DH)) S ! ~
Hi N ! Hb: 1
D \1;/ | Famy D;-2 L ©)§Djo/
! heat | 7 “Hg
H H ! 1 H a
a e 1 octadecane e " ! :
[D1-1]y [ NP | [D;-1]
= Hs
2
Ro =[D1-1]o/ [1]o R=[Dy-1]/[1]

Figure 13. The method for measuring HH/HD intermolecular ?H KIE.
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experiment, the KIE is expressed in Equation 34. The percent conversion was determined by
comparing the 'H NMR peak integration between the product (Hp and Hs) and the re-
isolated reactants (Ha’); and the isotopic fractionation was determined by integrating peak
Ha, Hb, Ha> and Hy'.

Kk InA—F..)
KIE, —1__ (S Equation 34
inter _HD k2 |I’](1— F(HD)) qua‘ 1on

where

_(1-F)1+R)

1-F)1+2)
1- F(HH) - 7R

0

and

1+R 1= Py = 1

1+ =
R

The HH vs. DD inter-molecular KIE (KIE _inter pp) Was measured by the same method. The
equation for KIE inter pp IS Equation 35.

k InL-Fpy)

KIE, =-1= i
inter _DD k, In(l-F DD)) Equation 35

2.1.3. Primary and Secondary KIE Calculations

It is not possible to measure 1° nor 2° KIE directly by measuring intra or inter molecular
KIE for the Chugaev elimination of 1, because the two benzylic hydrogen atoms of 1 are
chemically equivalent and cannot be distinguished by the sulfur atom that abstracts them.
Fortunately, Chugaev elimination is a concerted one-step reaction and its rate- and product
determining step is the same. In such systems, primary and secondary KIE can be
calculated from intramolecular and intermolecular KIE based on method (E) in section 1.5.

2.1.4. Computational Methods

The computational KIE was calculated from the rate constants computed by running direct
dynamics with GAUSSRATE? as the interface between POLYRATE?* and Gaussian 09%¢.
The geometry optimization, gradient and hessian calculations along the MEP were
performed using M06-2X functional, 6-31+G(d,p) basis set and SMD solvent model for
heptane.

The transition state is localized using both TST and CVT theories, and quantum tunneling
effects were calculated with SCT (described in section 1.6.2). Rate constant was calculated
for each of the isotopologs (Figure 14): Kmn), Kon) and kwpy. The direct dynamic
calculations were done in the reaction coordinate range of -1 <s < 1, at which range the
tunneling properties were found to converge.
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Figure 14. Three isotopologs of 1 for POLYRATE calculations™*

2.3. Results and Discussion
2.3.1. Temperature Dependence of 2H KIEs

The temperature dependence of intramolecular KIE for Chugaev elimination was examined
over the temperature range from 180 °C to 290 °C. Based the experimental and
computational data (Figure 15), there are three major informative observations. First, the
Arrhenius pre-exponential factor Aup/Apn obtained from the linear fit of the experimental
data is well within the semiclassical limit. The Anup/Apn obtained is 0.76, and the
semiclassical range is 0.7 to 1.4. Second, the experimental data possess a concave-upward
Arrhenius relationship, which is indicative of tunneling. However, this evidence is not
invulnerable because the degree of curvature is so small. Third, the experimental data are
smaller than those predicted by semiclassical TST especially at high temperatures. This
observation is contrary to what is frequently observed, since semiclassical TST with no
tunneling correction typically generate KIE lower than the experimental values even in
case where tunneling is thought to have the smallest influence®®.
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Figure 15. The Arrhenius plots of intramolecular H/D KIE measured from experiments and computed by
POLYRATE at transition state theory (TST) level. The KIE values are also tabulated in Table 1.
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The intramolecular KIE results of the Chugaev elimination provide ambiguous evidence
for tunneling, which is not dissimilar to other syn-B-elimination reactions. About thirty
years ago, Harold Kwart studied the temperature dependence of the intramolecular KIEs
of a series of syn-B-eliminations and generated linear Arrhenius relationship in all the
systems he studied®®8, Many of the intramolecular KIE Kwart observed were of low
magnitude even in systems where tunneling plays a significant role (e.g.
Knp/Knp=Anp/Anp=2.2 for amine oxide thermolysis from 90°C to 210°C®®). Recent work
by Giagou and Meyer on Swern oxidation of benzyl alcohol observed a concave-up
Arrhenius plot with abnormally small intramolecular KIE (2.53 at -78 °C)8.

Intramolecular KIE can be expressed as the ratio of primary and secondary KIE as shown
in Equation 20, so the low magnitude of intramolecular KIE can be attributed to an
abnormally low primary KIE or an abnormally high secondary KIE. In order to examine
primary and secondary KIE separately instead of as a ratio, intermolecular KIEs were
measured by running competition reaction between protiated- and mono-deuterated-
xanthate (results are in Table 1).

Table 1. Intramolecular and intermolecular KIE of the Chugaev elimination.

T (QC) Kl E_intra Kl E_intra Kl E_inter Kl E_inter

(TST_POLYRATE) HHvs.HD HHvs.DD

180 2.62+0.05 2.88 2.49+0.08 -

190 2.45+0.04 2.82 2.13+0.15 6.64+0.12

200 2.44+0.02 2.76 1.96+0.19 --

210 2.29+0.04 2.70 1.86+0.09

230 2.24+0.01 2.59 1.73+0.06

250 2.14+0.02 2.48 1.56+0.07

270 2.10+0.01 2.39 1.55+0.04

290 2.04+0.01 2.32 --

*Data are experimental results otherwise stated.

The primary and secondary KIEs calculated from the experimental intramolecular and
intermolecular KIEs both possess concave-up Arrhenius plots (Figure 16). By comparing the
experimental KIEs with those predicted by TST, it can be found that transition state theory
approximates the primary KIE better than the secondary KIE, and the secondary KIE is
underestimated much by TST (Figure 16). This means that the secondary KIE that occurs at
a position where no hydrogen atom transfer from the donor to the acceptor occurs is more
amplified by tunneling effect than is the primary KIE when compared to the semiclassical
TST KIE values (Qtexpt) 2° > Qtexpt) 1°) as shown in Table 2. The magnitude of the
secondary KIEs at low temperatures are found to be exceptionally big. The secondary KIE
at 180 °C is 1.72 and is the largest secondary KIE measured to our knowledge. The
intermolecular KIE between protiated and dideuterated xanthates (HH vs. DD) serves as
another evidence of intensive tunneling. According to the rule of the geometric mean
(RGM), knn/kpp should be the product of 1° and 2° KIE (section 1.4.2). At 190 °C, 1° KIE
x 2° KIE = 3.67x 1.50 = 5.505 (Table 2). This value is smaller than the dideuterated

23



24

intermolecular KIE (KIE inter(HH vs. bD), Table 1), indicating a great tunneling factor in the
reaction.
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Figure 16. The Arrhenius plots of primary and secondary KIE of Chugaev elimination obtained from
experiments and POLYRATE calculation of TST rate constants with M06-2X/6-31+G(d,p) functional/basis
set.

The abnormally inflated magnitude of the 2° KIE is not predicted by the one-dimensional
tunneling model, which predicts that tunneling affects the atom being transferred the most.
Our findings imply the significance of tunneling effect not only for the atom that is being
transferred but also for other atoms. This observation is not surprising if the saddle point’s
vibrational modes are examined. Although the hydrogen atom that remains on the o carbon
is not transferred from a donor to an acceptor, it undergoes rehybridization from the sp® to
sp? state, which can be considered as a certain mode of motion Figure 17. Such

Figure 17. The saddle point structure for the
Chugaev elimination. The blue arrows represent
the displacement vectors of the imaginary
vibrational mode. r; is the distant between the o-
carbon and the transferred hydrogen and r» is the
distance between the transferred hydrogen and
the double bonded sulfur.
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motion of the hydrogen at the “secondary” position also exhibit quantum behavior. This
hypothesis is not evoked for the first time. It was proposed by Saunders in a model

calculation research work in 1984.%°

Table 2. Experimental and computational primary and secondary KIEs for Chugaev elimination.

T(OC) expt. 2 | TST b I CVT b I CVT/ SCTb kTST/ kCVT Qt (expt.) ¢ Q; (CVT/SCT) d &(Bell) ¢
1° KIE
180 4.51£0.15 | 3.03 2.22 2.58 1.36 1.486 1.138 1.127
190 3.67£0.25 | 297 2.19 2.52 1.36 1.236 1.134 1.120
200 3.36+0.34 2.89 2.15 2.46 1.35 1.163 1.131 1.114
210 3.06+0.16 2.83 2.11 2.41 1.34 1.083 1.128 1.109
230 2.80£0.09 | 2.71 2.04 2.33 1.33 1.032 1.123 1.099
250 2.44+0.11 2.59 1.98 2.24 1.31 0.943 1.119 1.090
270 2.40+0.07 | 2.50 1.92 2.17 1.30 0.963 1.116 1.083
2° KIE
180 1.72+0.05 1.05 1.11 1.13 0.95 1.635 1.018 1.0230
190 1.50+0.10 1.05 1.11 1.12 0.95 1.421 1.016 1.0218
200 1.38+0.14 1.05 1.11 1.12 0.95 1.315 1.015 1.0207
210 1.34+0.07 1.05 1.11 1.12 0.95 1.276 1.015 1.0198
230 1.25+0.04 1.05 1.11 1.12 0.95 1.191 1.013 1.0180
250 1.14+0.05 1.04 1.11 1.11 0.94 1.094 1.012 1.0164
270 1.15+0.03 1.04 1.10 1.11 0.95 1.099 1.011 1.0151

@ Data calculated from experimental KlEina and KlEinter.

b Data calculated from POLYRATE output.

¢ Qt expt) =KIE(expt.) / KIE(TST). ¢ Q¢ cvrisct) = kEVTCACKSCT (¢ values are from POLYRATE output;
kCVTICAG s the transmission coefficient at CVT level of theory, and «5C7 is the small curvature tunneling
transmission coefficient.) ¢ Qe is calculated with Equation 9.

To seek theoretical model to quantitatively explain our experimental data, POLYRATE
calculations were carried out. Canonical variational transition state theory (CVT) was used
to calculate KIEs and was found to approximate the secondary KIE better than TST did.
As Table 2 shows, CVT elevates 2° KIEs and lowers 1° KIE relative to TST. The
variationally optimized transition structures of the Chugaev elimination were found to be
shifted to the product side on the reaction coordinate (Figure 18). The CVT transition state

V¢ (kcal/mol)

168

162
160
158
156
154

s (A)

0.2

0.4

0.6

HH

DH

HD

Figure 18. Adiabatic ground-state energy (V.°) diagram for HH, DH and HD reaction species. The reaction
coordinate “s” is in mass-scaled angstrom. V& =V(vep) + ZPE.
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is located 0.137 A away from the saddle point for HH species (from naturally abundant
reactant), 0.121 A for DH species (the deuterated hydrogen is transferred) and 0.146 A for
HD species (the deuterated hydrogen is retained) at 180 °C (Table 3). Small curvature
tunneling (SCT) and Bell’s correction factors were calculated to approximate the tunneling
effect (Table 2), but none of the methods seems to reproduce the experimental results. A
previous publication states that quantum correction is important for calculating the absolute
rate constant and variationally optimized bottleneck location is important for calculation
KIE.®

Table 3. Bottleneck properties of the Chugaev elimination.

HH DH HD
sAy | nd) [ nA) | s@A [nd) [ n@) | s@A)? | n@) | n@)
Saddle 0 1.27 1.79 the same as HH the same as HH
Point
CVT at -0.137 1.24 1.78 -0.121 1.24 1.48 -0.146 1.21 1.82
180 °C
CVT at -0.139 1.21 1.82 -0.134 1.21 1.82 -0.149 1.21 1.82
290 °C

@Reaction coordinate “s” is reported in mass-scaled angstrom.

2.3.2. Effects of Driving Force upon ?H KIEs

The intramolecular KIE for the xanthates with the electron donating group methoxy group
(-OMe) and the electron withdrawing group nitro group (-NO) at the para position on the
benzene ring possess similar temperature dependence as does the unsubstituted (H at the
para position) xanthate. The Arrhenius plots of the reaction with -OMe and -NO:
substituents are linear (Figure 19).
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The linear free energy relationship (LFER) was studied for Chugaev elimination with five
different substituents (-OMe, -Me, -H, -Cl, -NOz). The natural logarithm of intramolecular
KIEs were plotted over the substituent parameter cpara (Figure 20). The plots shown are
similar to Hammett plots that plot the natural logarithm of the ratio between rate constant
of substituent X and that the reference substitient H (kx/kn) over Hammett parameters
(o values).®! Recent research by Sigman and co-workers shows that structure-activity
relationship can also be efficiently studied by correlating the various types of reaction-
related properties (reaction rate, KIE, enantioselectivity etc.) to the structure-related
parameters (Hammett electronic parameters, Taft steric parameters®? etc.).6.6364

p=0.1546
1 R? = 0.8287 ‘i’

® 270C

Ln(intra_KIE)

O 190C

-04

G para

Figure 20. Plots of natural logarithm of intramolecular KIE of Chugaev elimination vs opara Values at 190 °C
and 270 °C.

The free-energy linear correlation of the intramolecular KIES to opara is excellent at the
higher temperature (270 °C) but poor at the lower temperature (190 °C) (Figure 20). As the
temperature dependency of 1° and 2° KIEs shows, the Chugaev elimination is more
affected by tunneling effect at 190 °C than at 270 °C. This indicates that tunneling makes
the Hammett-type plot deviate from linearity. Another feature of the free-energy
relationship of Chugaev elimination is the small magnitude of the p values (0.13 at 270 °C
and 0.15 at 190 °C), meaning the KIEs for the reaction do not depend strongly on the
substituents.

Figure 21 shows the free-energy correlation of intermolecular, 1° and 2° KIES t0 Gpara iS
poor at 190 °C (R? = 0.2). This observation is expected and is consistent with the first
conclusion drawn for LFER of the intramolecular KIE, because great tunneling effect is
reflected in the intermolecular, 1° and 2° KIEs at 190 °C.
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Figure 21. Plots of natural logarithm of intermolecular, 1° and 2° KIEs of Chugaev elimination vs opara
values at 190 °C

2.4. Conclusion

This chapter explored the hydrogen transfer mechanism of Chugaev elimination using a
combined experimental and computational approach. The former include the combination
of intramolecular and intermolecular KIE measurement along with LFER studies. Several
insightful conclusions can be drawn from this work.

First, this chapter demonstrates the utility of a new method of extracting primary and
secondary KIEs from experimental determinations of intramolecular and intermolecular
KIEs in systems where primary and secondary KIEs cannot be measured directly. This new
method enables the exploration of physical phenomena, including the multi-dimensional
nature inherent to tunneling with appreciable curvature. This approach to extracting
primary and secondary KIEs as an experimental observables appropriate to C—H
functionalization at methylene groups demonstrates promise in elucidating the roles of
physical phenomena in hydrogen transfer reactions.

Second, quantum tunneling is found to affect both primary and secondary KIE of Chugaev
elimination according to their concave-up Arrhenius plots, but amplifies the secondary KIE
more than the primary KIE. The exceedingly inflated secondary KIE accounts for the
suppressed intramolecular KIE and is a result of the motion of the non-transfered hydrogen
in the transition state. The trend in the experimental KIEs can be approximated by CVT
calculation to a moderate degree, implying that the location of the dynamic bottleneck is
dependent on isotopic substitution. Variational effects are important in determining the
KIE. While POLYRATE results reproduce some of the observed trends in the experimental
KIEs, none of the models for tunneling within POLYRATE reproduce the trends in a
guantitative fashion. One-dimensional tunnel corrections also fail. The experimental data
included in this chapter demonstrate a need for a more robust model for hydrogen tunneling.
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Finally, LFER studies show that the concerted cyclic hydrogen transfer process in the
Chugaev elimination has shallow dependence on the substituent, indicating the transition
state structure is not influenced much by the electronic property of the benzene ring. It is
also shown that tunneling effect interrupts the linearity of the relationship between free-
energy and the Hammett parameter.

2.5. Experimental Section

Chemicals: styrene (Sigma-Aldrich), styrene-a-d: (Sigma-Aldrich), 4-methoxystyrene
(Acros Organics), 4-methylstyrene (TCI), 4-Chlorostyrene (Acros Organics), 4-
nitrobenzaldehyde (Sigma-Aldrich), 4-(trifluoromethyl)benzaldehyde (Sigma- Aldrich),
sodium borohydride (Sigma-Aldrich), sodium borodeuteride (Sigma-Aldrich), iodine
(Sigma-Aldrich), 30% hydrogen peroxide solution (Fischer Scientific), sodium hydroxide
(Sigma-Aldrich), sodium hydride (Sigma-Aldrich), carbon disulfide (Sigma-Aldrich),
iodomethane (Sigma-Aldrich), acetic acid (Sigma-Aldrich), sodium chloride (Fischer
Scientific), magnesium sulfate(Fischer Scientific), triphenylphosphine (Sigma-Aldrich),
potassium carbonate (Sigma-Aldrich), tetrahydrofuran (THF) (anhydrous, Acros Organics),
octadecane (Acros Organics), pentane (Fischer Scientific), diethyl ether (Fischer
Scientific), chloroform-d (Sigma-Aldrich), 5A molecular sieves (Fischer), silica gel (40-
63 mm, SORBTECH), deionized water (from household deionizer)

General: All reagents were commercially obtained otherwise noted. All reactions were
carried out in flame-dried glassware and under nitrogen atmosphere. 5A molecular sieves
were activated by heating under the vacuum and were saved in sealed round bottom flask
for no longer than one week prior to use. Moisture-sensitive liquids (e.g. THF) were dried
over activated 5A molecular sieves for at least 24 hours. Gastight syringe or stainless steel
cannula were used to transfer air- and moisture- sensitive liquids. Column chromatography
was performed with silica gel (particle size 40-63 um) under reported solvent condition. In
temperature controlled reaction experiments, the temperature was regulated by J-KEM,
Model 210 thermo-controller (with thermocouple type J). Proton and deuterium nuclear
magnetic resonance (*H NMR and ?H NMR) spectra were obtained on Varian 400 MR
NMR spectrometer (400 MHz) or Agilent ProPulse 500 MHz NMR spectrometer. The
NMR data are reported as follows: chemical shifts (3) in ppm, multiplicity (s=singlet,
d=doublet, t=triplet, dd=doublet of doublets, tt=triplet of triplets, m=multiplet, br=broad),
integration.

2.5.1. Material Preparation

a. General procedure for synthesizing substituted styrenes

29



30

(0]
/\ka |CH3, PPH3, K2C03 (ﬁA\
XJV/ THF, reflux, 20h x/‘\/
X = NOz, CF3

Figure 22. The reaction scheme of the synthesis of substituted styrene

In a 500ml 3-neck round bottom flask (RBF) that was equipped with an additional funnel
and a condenser 350ml anhydrous THF was added. Triphenylphosphine (25g, 95.3mmol,
1.5 equiv.) and iodomethane (6ml, 13.68g, 96.4mmol, 1.5 equiv.) were added in to the RBF
and stirred for 10 minutes. Potassium carbonate (279, 195.3mmol, 3 equiv.) was added into
the reaction mixture and stirred for 10 minutes, followed by addition of the corresponding
para-substituted benzaldehyde (66.2mmol). The reaction mixture was refluxed for 20 hours.
The cooled reaction mixture was mixed 500ml water. The mixture was stirred rigorously
and extracted with 2x350ml ethyl ether. The organic layer was washed with 500ml
saturated sodium chloride solution and dried with magnesium sulfate. The isolated product
was purified by flash column chromatography under the conditions given bellow:

4-nitrostyrene: Purified by chromatography on silica gel (95:5 pentane: ethyl), colorless
liquid; *H NMR (CDCls, 400MHz) §: 5.46(d, 1H), 5.9(d, 1H), 6.7-6.8(dd, 1H), 7.5(d, 2H),
8.2(d, 2H).

4-(trifluoromethyl)styrene: Purified by chromatography on silica gel (95:5 pentane:
ethyl), colorless liquid; *H NMR (CDCls, 400MHz) &: 5.3(d, 1H), 5.78(d, 1H), 6.6-6.7(dd,
1H), 7.4 (d, 2H), 7.5 (d, 2H).

(Note: 4-ntirostyrene and 4-(trifluoromethyl)styrene were synthesized from the
corresponding benzaldehyde via Wittig reaction due to the relatively high price of these
two types of styrene. Other substituted styrenes were obtained commercially.)

b. General procedure for synthesizing 2-phenylethanols®®

H
. 1) NaBD,, lpin THF ﬁK/OH
XQA 2) H,0,, H,0, NaOH Jv/

X

X = H, OCHg, CHg, CI, NO,, CF4

Figure 23. The reaction scheme for the synthesis of 2-phenylethanols

200 ml anhydrous THF was added into a dry, 500ml, 3-neck RBF (round bottom flask)
which is equipped with an egg-shaped stir bar and a pressure-equilibrated addition funnel.
120ml THF was added to the additional funnel. Sodium borodeuteride (57.6 mmol, 0.5
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equiv.) was added into in the RBF and allowed to dissolve in THF by stirring. lodine (23
mmol, 0.2 equiv.) was added into the addition funnel and allowed to dissolve in THF by
gently swirling. The iodine solution was added into the RBF drop-wise over 1.5 hour in ice
bath. The corresponding styrene (115.2 mmol) was added slowly into the RBF. The
reaction mixture was warmed up to room temperature while being stirred for 2 hours.
100ml 30% hydrogen peroxide solution and 100ml 3M sodium hydroxide solution was
mixed. The resulting mixture was added into the reaction flask slowly with caution over
ice bath. The mixture was then extracted with 3x200ml ethyl ether. The combined organic
layers were washed with 500ml saturated sodium chloride solution, dried with magnesium
sulfate and followed by removal of the solvent by rotary evaporation under reduced
pressure. The crude product was purified by flash silica gel column chromatography under
conditions given bellow.

di-2-phenylethanol: Purified by chromatography on silica gel (3:1 pentane: ethyl ether),
clear liquid (55%); *H NMR (CDCls, 400MHz) &: 1.85 (broad s, 1H), 2.8 (tt, 1H), 3.85 (d,
2H), 7.0-7.4 (m, 5H).

d>-2-phenylethanol: The general procedure was followed, except that styrene-o-dz is used
as the reactant instead of regular styrene. The product is purified on silica gel (3:1 pentane:
ethyl ether), clear liquid (77%). *H NMR (CDCls, 400MHz) &: 1.85 (broad s, 1H), 3.83 (d,
2H), 7.0-7.4 (m, 5H).

2-phenylethanol: The general procedure was followed, except that sodium borohydride
was used instead of sodium borodeuteride. The product is purified on silica gel (3:1 pentane:
ethyl ether), clear liquid (77%); *H NMR (CDCls, 400MHz) &: 1.85 (broad s, 1H), 2.8 (t,
2H), 3.85 (t, 2H), 7.0-7.4 (m, 5H).

di-2-(4-methoxyphenyl) ethanol: Purified by chromatography on silica gel (55:45
pentane: ethyl ether), clear liquid (61%); *H NMR (CDCls, 400MHz) 6: 1.85 (s, 1H), 2.8(t,
1H), 3.75 (s, 3H) 3.8(d, 2H), 6.85 (d, 2H), 7.1 (d, 2H).

di-2-(4-methylphenyl) ethanol: Purified by chromatography on silica gel (1:1 pentane:
ethyl ether), clear liquid (65%); 'H NMR (CDCls, 400MHz) &: 1.85 (s, 1H), 2.3 (s, 3H),
2.8(tt, 1H), 3.85(d, 2H), 7.0-7.2 (m, 4H).

di-2-(4-chlorolphenyl) ethanol: Purified by chromatography on silica gel (1:1 pentane:
ethyl ether), clear liquid (61%); *H NMR (CDCls, 400MHz) &: 1.85 (s, 1H), 2.3 (s, 3H),
2.8(tt, 1H), 3.85(d, 2H), 7.1 (d 2H), 7.22 (d, 2H).

di-2-(4-nitrophenyl) ethanol: Purified by chromatography on silica gel (1: 1 pentane:
ethyl ether), clear liquid (50%); *H NMR (CDCIs, 400MHz) &: 1.85 (s, 1H), 2.95(tt, 1H),
3.85(d, 2H), 7.5(d, 2H), 8.2(d, 2H).

d1-2-(4-trifluorophenyl) ethanol: Purified by chromatography on silica gel (1: 1 pentane:
ethyl ether), clear liquid (50%); *H NMR (CDCls, 400MHz) &: 1.75 (s, 1H), 2.8(tt, 1H),
3.75(d, 2H), 7.3 (d, 2H), 7.4 (d, 2H).
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c. General procedure for synthesizing S-methyl xanthates 6

N\ /

D D
H H
‘ ‘on  D)NaH O)@OYS\
) 2) CS2 s S
3) CH3I

X= H, OCH3, CH3, C|, NOZ, CF3

Figure 24.The reaction scheme for the synthesis of S-methyl xanthates

Sodium hydride (60% w/w in mineral oil, 140mmol, 2.5 equiv.) was placed in a dry,
nitrogen purged 2000ml 2-neck RBF. 600 ml anhydrous THF was added to the RBF,
followed by the corresponding phenylethanol (56mmol). The reaction mixture was stirred
at ambient temperature for 30 minutes and then carbon disulfide (4.2ml, 5.3g, 70mmol,
1.25 equiv.) was added, followed by another 30-minute stir. lodomethane (4.4ml, 10.03g,
70mmol, 1.25 equiv.) was added. The reaction mixture was stirred for 30 minutes and then
quenched with acetic acid solution (10ml glacial acetic acid in 500ml deionized water).
The product was extracted with 3x200ml ethyl ether. The collected organic layers were
washed with 500ml saturated sodium chloride solution and dried by magnesium sulfate.
Ethyl ether was removed by rotary evaporation under reduced pressure. The product was
purified by flash column chromatography under conditions provided bellow.

S-methyl O-(di-2-phenylethyl) xanthate (d:-1): Purified by chromatography on silica gel
(9:1 pentane: dichloromethane), light yellow oil (82%); *H NMR (CDCls, 400MHz) &:
2.5(s, 3H), 3.05(tt, 1H), 4.78(d, 2H), 7.2-7.4 (m, 5H).

S-methyl O-(d2-2-phenylethyl) xanthate (d.-1): Purified by chromatography on silica gel
(9:1 pentane: dichloromethane), light yellow oil (63%); *H NMR (CDCls, 400MHz) &:
2.5(s, 3H), 4.76(s, 2H), 7.2-7.4 (m, 5H).

S-methyl O-(2-phenylethyl) xanthate (1): Purified by chromatography on silica gel (9:1
pentane: dichloromethane), light yellow oil (61%); *H NMR (CDCls, 400MHz) &: 2.5(s,
3H), 3.05(t, 2H), 4.78(t, 2H), 7.2-7.4 (m, 5H).

S-methyl O-(d1-2-(4-methoxyphenyl) ethyl) xanthate: Purified by chromatography on
silica gel (9:1 pentane: ethyl ether), light yellow oil (63%); *H NMR (CDCls, 400MHz): §
2.5(s, 3H), 3.05(tt, 1H), 4.78(d, 2H), 6.85 (d, 2H), 7.1 (d, 2H).

S-methyl O-(di-2-(4-methylphenyl) ethyl) xanthate: Purified by chromatography on
silica gel (pentane), light yellow oil. *tH NMR (CDCl3, 400MHz) &: 2.3 (s, 3H), 2.5(s, 3H),
3.05(tt, 1H), 4.78(d, 2H), 7.0-7.2 (m, 4H).
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S-methyl O-(di-2-(4-chlorophenyl) ethyl) xanthate: Purified by chromatography on
silica gel (pentane), light yellow oil. *H NMR (CDCls, 400MHz) &: 2.3 (s, 3H), 2.5(s, 3H),
3.05(tt, 1H), 4.78(d, 2H), 7.1 (d 2H), 7.22 (d, 2H).

S-methyl O-(d1-2-(4-nitrophenyl) ethyl) xanthate: Purified by chromatography on silica
gel (pentane), yellow powder. *H NMR (CDCls, 400MHz) &: 82.5(s, 3H), 3.2(tt, 1H), 4.8(d,
2H), 7.4(d, 2H), 8.2(d, 2H).

S-methyl  O-(di-2-(4-(trifluoromethyl)phenyl)ethyl)  xanthate:  Purified by
chromatography on silica gel (pentane), light yellow oil. *tH NMR (CDCls, 400MHz) &:
2.45(s, 3H), 3.15(tt, 1H), 4.72(d, 2H), 7.3(d, 2H), 7.5(d, 2H).

2.5.2. Procedure for KIE Measurement

A 25 ml, 3-neck RBF was assembled with a condenser on the middle neck and an adapted
thermocouple (J-KEM type J) on one of side necks. Octadecane (6ml, 4.67g, pre-warmed
to liquid) was added to the RBF and heated to the desired temperature under the regulation
of the thermo-controller (J-KEM Model 210). 200ul substrate (pure mono-deuterated
xanthate or a mixture of protiated and deuterated xanthates) was quickly added into the
RBF through the third neck. The reaction was brought to completion for intramolecular
KIE measurement or to halfway-done for intermolecular KIE measurement (monitored by
NMR, Table 4).

Table 4. The time required for Chugaev elimination of differently substituted xanthates to reach
40% completion or to complete.

40% CONVERSION COMPLETION
Substituent -H -H -OCH; -NO, @ -CH3 -Cl -CF;3
290°C - 5min | 5min 5 min
270°C 2 min 20 sec 25min  15min  20min 20 min | 20 min = 20 min
250°C 5 min 25h 30min 3h
230°C 40 min 5h 3h 5h
210°C 3h 20 min 30h
200°C 4h 40 h 8h 20h
190°C 155h 68 h 70h 68h
180°C 3 days 15 days

Note: (1) Intermolecular KIEs (HH/HD and HH/DD) were not measured at 290 °C because the reaction went
too fast to be brought halfway-done in a reliable way. (2) 50 mg 1,3,5-trimethoxybenzene was added as an
internal standard in experiments at 180°C and 190°C to insure the accuracy of the fractional conversion
measurement. This pre-caution was taken to avoid the influence caused by the evaporation of styrene over
long experimental duration.
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The reaction mixture was then cooled down to around 40°C in a cold water bath. The
thermocouple and the condenser were rinsed down with 3 ml pentane so that all the
products could be collected. The products (for intramolecular KIE measurement) or the
remaining reactants (for intermolecular KIE measurement) were isolated and purified by
column chromatography with pentane, and then analyzed by Varian 400MHz NMR
spectrometer. About 100 ul sample was dissolved in 0.5 ml CDClz in 5 mm NORELL®
507-HP-7 NMR tube. The parameters used for the quantitative *H NMR measurement are
in Table 5.

Table 5. The parameters used for quantitative ‘H NMR measurement on Varian 400 MR
spectrometer for the Chugaev elimination products and reactans.

Substituent  longest T1#(s)  di®(s) pwc(us) at(s) ntt s VT (°C)

H 6.353 35 13
OMe 5.065 26 14
Styrene NO> 5.730 30 125
CH3 5.964 30 135
Cl 5.876 30 14
H 4,577 25 135 4 16 2 30
OMe 3.959 20 14
Xanthate NO, 3.768 20 13.5
CH3 4.149 20 135
Cl 3.995 25 135

2 T1 measurement experiment was setup by the “dotl” function in Agilent VnmrJ (previously Varian)
software.  di=5xT; ¢ pw = pulse width ¢ at = acquisition time © nt = number of scan fss = number of
dummy scan
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Chapter 3. Mechanistic Study of the Cope Elimination

3.1. Mechanistic Background and Synthetic Utility of the Cope Elimination

Cope elimination is the pyrolytic decomposition of tertiary amine oxides discovered by
Cope in 1949.%7 The well accepted mechanism of the reaction is that the oxygen atom on
the tertiary nitrogen center attacks the B-hydrogen atom and a cyclic five-member
transition state is formed and then decomposed to an alkene and N,N-
dialkylhydroxylamine.*854%8 The reaction has been found to be stereoselective and forms
cis-alkene as the only or major product.>*®° In synthetic chemistry, Cope elimination has
been extensively utilized to install olefins stereoselectively to tertiary amine sites under
mild conditions. 6%

® > i

0 e |

Y eat X /
WI/\I\ = NS \Ni [ \/ P + HO*N\

Figure 25. The well accepted mechanism of the Cope elimination reaction. The elimination of N,N-dimethyl-
2-phenylethanamine oxide is illustrated as an example.

Cope elimination is different from other syn-B eliminations like ester pyrolysis and
Chugaev elimination in several ways. First, Cope elimination has smaller reaction barrier
and the reaction takes place with mild heating (85-115 °C).*® The temperature for ester
pyrolysis is 300-550 °C and Chugaev elimination is 100-250°C. Second, the transition state
of ester pyrolysis and Chugaev elimination is a six-membered ring structure, while that of
Cope elimination is a five-membered ring structure. Most importantly, the nucleophile -N-
O in Cope elimination, is much more basic than -C=0 and -C=S in ester thermolysis and
Chugaev elimination, so Cope elimination is expected to be driven more by the abstraction
of the B-hydrogen.

This chapter studies of the hydrogen transfer mechanism of the Cope elimination of 2-
phenylethyldimethyl amine oxide and its para-substituted derivatives through kinetic
isotope effect and linear free energy relationship (LFER). Whether Cope elimination
deviates from the typical syn-p elimination mechanism will also be examined.

3.2. Methods
3.2.1. Intramolecular KIE measurement

Intramolecular competitive reaction (method (C) section 1.5) of the mono-deuterated 2-
phenylethyldimethyl amine oxide (di-3-a ~ e) and its para-substituted derivatives were
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performed to measure intramolecular KIE (Figure 26). Temperature dependence of the KIE
was studied over the temperature range of 60°C-160°C for -OMe, -H and -CF3 substituents.

© D
H |~
X g\ Khp | )
‘ =
XN heat X
d;-3-a: X=H . < KIEintra= kip / kon
oo DMSO H
d1-3-b: X:OCH3 K M
d1-3-c: X:CF3 DH H ‘
dy-3-d: X=CHs — A/
dq-3-e: X=ClI _

Figure 26. The scheme of intramolecular KIE measurement of the Cope elimination of 2-(p-substituted-
phenylethyldimethyl amine N-oxide.

KIE experimental measurements carried out were summarized below:

Intramolecular KIE of di:-3-a & di-3-c at: 60, 80, 100, 120, 140, 160°C.
Intramolecular KIE of d;1-3-b at: 60, 80, 100, 110, 120, 140, 160°C.
Intramolecular KIE of d;-3-d & di-3-e at: 80°C.

3.2.2. LFER studies

Roughly equal amount of 3-a, b, ¢, d and e (20 ul each) were mixed with 10 mg 1,3,5-
trimethoxybenzene (internal standard) and dissolved in 0.5 ml DMSO-ds. The resulting
solution was placed in a NORELL® 509-UP-7 NMR tube and quantitative 13C NMR
spectra were taken to determine the initial amount of each substrate relative to the internal
standard. The mixture was heated to 80 °C or 120 °C, so the five substrate would undergo
Cope elimination at the same time under the same condition. After 10 min at 80 °C or 1
minute at 120 °C, the reaction was quenched by chilling in ice-cold water.The solution in
the NMR tube was measured again by 3C NMR for the relative amount of each amine
oxide remained after the reaction. Detailed procedure for taking quantitative **C NMR can
be found in section 3.5.3. The rate constant for substituent X relative to that for subsituent
H can be calculated from the relative fractional conversion F by Equation 36 based on the
first-order rate law. The Hammett relationship (Equation 37) was then studied by analyzing
the plot of In(kx/kw) versus cpara.

ke, Inl-F,)

—_— =" Equation 36

k, Inl-F,) auaen
Ky .

In(k—) =p- 0y Equation 37

H
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3.3. Results and Discussion

3.3.1. The Temperature Dependence of the Intramolecular KIE for Three Different
Substituents.

The temperature dependence of intramolecular KIE for Cope elimination is found to be
influenced by the substituent at the para-position on the benzene ring 2-
phenylethyldimethyl amine N-oxide (Figure 27). This is opposite to what is observed in
Chugaev elimination.
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- £
422
0.8 + 1
‘ ; s ¢
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® ®
¢ s . .
06 T & 1 T T = 1

— :
2.3 24 25 26 2.7 2.8 29 3.0 3.1
1/T (1000K™)

Figure 27. The Arrhenius plots of intramolecular KIE for H, methoxy (OMe) and trifluoromethyl (CFs3)
substituted amine-oxides.

The reaction with the electronically neutral substituent -H has a small slope for the
Arrhenius plot. The intramolecular KIE of reaction with the electron withdrawing group -
CF3 has temperature independent Arrhenius plot. The KIEs are consistently around 2.0
over 100 °C temperature range, meaning Eap-Ean =0. More interestingly, the Arrhenius
plot of the reaction with the electron donating group -OMe appears to be biphasic. There
IS a temperature independent phase in the high-temperature region (> 120 °C) and an
increasing phase at the low-temperature region (< 110 °C).

The temperature independence in -CFs Arrhenius plot is unusual. Although In(KIE) is
expected to curve up and eventually plateau with decreasing temperatures (increasing 1/T)
due to the presence of tunneling as discussed in section 1.4.2, the temperature
independence region occurs at very low temperature (<100K, -173°C) and is unlikely to be
reached at commonly accessible reaction temperatures.'®*”* Kwart et. al. studied the
temperature dependence of the intramolecular KIE of Cope elimination of amine oxide
with -H substituent (di-3-a) in diglyme and they also found a temperature independent
Arrhenius plot (the KIE remained at ~2.2 between 91 °C to 210 °C).%® The temperature
independence was explained with a bent, cyclic transition structure.®® (Our experiments
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were carried out in DMSO solvent and were consistent with the results obtained by Kwart
et. el. in the same solvent.®’)

Kwart’s explanation with a bent TS is not satisfactory because it cannot explain the fact
that the temperature dependence of the intramolecular KIE changes as a function of
substituents. If a bent and cyclic TS is a common feature for Cope elimination, reactions
with different substituents should exhibit similar temperature dependence. The dramatic
change in the pattern of temperature dependence (biphasic temperature dependence for -
OMe to temperature independence for -CFs3) leads to the guess that the nature of the
structure of the TS changes as substituent changes. The TS structure change can be caused
by change of reaction mechanism or change of rate-determining step.
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Semiclassical KIEs were calculated with frequencies of the syn-B-elimination TS. The
computational results were compared with the experimental ones (Figure 28). The slightly
temperature dependent and temperature independent intramolecular KIEs for -H and -CF3
are shown to be smaller than the semiclassical values in Figure 28 B, C. Most interestingly,
the plots for -OMe show that the biphasic Arrhenius plot matches the semiclassical KIEs
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at lower temperatures but is lower in value at higher temperatures (Figure 28A). The
observations imply that 1) the Cope elimination for -OMe follows the syn-B-elimination
mechanism and can be modeled by the syn-B-elimination transition state at high
temperatures (120°C to 160°C); 2) Cope elimination reactions for -OMe at low
temperatures (<110°C), -H and -CF3, may go through another mechanism that generate
smaller and temperature independent KIEs.

3.3.2. The LFER of the Cope Elimination.

The linear free energy relationship (LFER) was examined for the Cope elimination in order
to understand the substituent effect on the temperature dependence. The reaction rates of
Cope elimination were found to vary a lot with substituent species: ranging from 15
minutes for -CF3 at to 18 hours for -OMe at 60 °C (Table 6). On the contrary, Chugaev
eliminations with different substituent proceed in the same time scale (Table 4). The
Hammett relationship was plotted with five various substituents (-OMe, -Me, -H, -Cl, -CF3)
at 80 °C and 120 °C (Figure 29). The Hammett plots at both temperatures have quasi-linear
correlation (R2 = 0.92). In both cases, the sensitivity constant Rho are larger than one
(p > 1), meaning 1) the Cope elimination is sensitive to substituent more than the reference
reaction (deprotonation of benzoic acid), and 2) significant amount of negative charge is
built at the TS of the reaction.

e120C o
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3 R2=0.9277 .-
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Figure 29. The Hammett plots (In(kx/kn) vS. opara) Of the Cope elimination reaction at 80 °C and 120 °C.

Moreover, the Rho value at 120 °C is twice as much as the Rho value at 80 °C, which
contradicts to what is expected by the Hammett equation (Equation 37). If the Cope
elimination follows the same mechanism at different temperatures, the slope of the

Hammett plot should decrease with increasing temperature (p %). The increased

p at high temperatures indicate that Cope elimination shift to a mechanism that generate
more negative charge at the transition state when more thermal energy is available. This
second type of mechanism involved is very likely to be E1cB-elimination (unimolecular
conjugate base elimination) mechanism, as the negatively charged oxygen in the amine
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oxide is weakly basic (the pKa of the conjugate acid is around 4.1) and the benzylic
hydrogens are slightly acidic. At high temperature, -N-O" abstracts a benzylic hydrogen
and to generate a carbonanion that can be stabilized by the p-CFs-benzene ring. In the
following step, the double bond is formed and the leaving group (R2NOH) is expelled.

3.4. Conclusion

The observations from the temperature dependence of experimental and computational
intramolecular KIEs and LFER studies altogether point to the conclusion that Cope
elimination has two competitive reaction mechanism: syn-B-elimination and E1cB-
elimination. The former is a single-step process and the latter is a two-step process. The
choice between the two types of mechanism is influenced by the substrate structure and the
temperature.

syn-B-elimination ElcB-elimination

-— _—
Linear Arrhenius Temperature independence
temperature (two-step process)
dependence

Figure 30. The potential energy diagram of the two types of possible reaction mechanism for Cope
elimination.

The Cope elimination tend to undergo step-wise E1cB mechanistic pathway when there is
an electron withdrawing group (e.g. -CFs3) on the benzene ring to stabilize the negative
charge built at the TS, or excessive thermal energy to facilitate the hydrogen abstraction
process. The intramolecular KIE measured in E1cB case is an averaged value resulted from
a two-step reaction. With presence of electron donating group (e.g. -OMe), syn-j-
elimination will dominate especially at low temperatures. In most of the cases, Cope
elimination proceed through a mixture of the two types of mechanism. The temperature
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effect on the two pathways can cancel each other out, resulting in temperature
independence. The tunneling effect, which is expected to be a non-negligible component
in the hydrogen transfer process in the Cope elimination, cannot be evaluated directly from
the intramolecular KIE results due to the kinetic complexity.

3.5. Experimental Section

Chemicals: styrene (Sigma-Aldrich), 4-(trifluoromethyl)styrene (Sigma-Aldrich), 4-
chlorostyrene (Sigma-Aldrich), 4-methylstyrene (Sigma-Aldrich), 4-methoxystyrene
(Sigma-Aldrich), sodium borohydride (Sigma-Aldrich), sodium borodeuteride (Sigma-
Aldrich), iodine (Sigma-Aldrich), 30% hydrogen peroxide solution (Fischer), 50 wt. %
hydrogen peroxide solution (Sigma-Aldrich), sodium hydroxide (Sigma-Aldrich),
triphenylphosphine  (Sigma-Aldrich), bromine (reagent grade, Sigma-Aldrich),
dimethylamine solution( 2M in THF, Sigma-Aldrich), formaldehyde solution (37 wt. % in
H20, Sigma-Aldrich), 88% formic acid (Fisher), tetrahydrofuran (THF) (anhydrous, Acros
Organics), dimethyl sulfoxide (DMSO) (anhydrous, Acros Organics), magnesium
sulfate(Fischer), pentane (Fischer), diethyl ether (Fischer), chloroform-d (Sigma-Aldrich),
Acetone-ds (Sigma-Aldrich), 4A Molecular Sieves (Fischer), Silica Gel (40-63um,
SORBTECH), deionized water (from household deionizer)

General: All reagents were commercially obtained otherwise noted. THF, DMSO and
dichloromethane were dried by activated 4A Molecular Sieves no longer than one week
prior to use. 4A Molecular Sieves were activated by flame-drying under vacuum. All
reactions were carried out in flame-dried glassware and under N2 atmosphere otherwise
stated. Column chromatography was performed with silica gel (porosity 60A, particle size
40-63um) under reported solvent condition. Thin layer chromatography (TLC) were
performed with Silica G TLC Plates from SORBENT TECHNOLOGIES. Developed TLC
was viewed under an ultraviolet lamp. In temperature controlled reaction experiments, the
temperature was regulated by J-KEM, Model 210 thermo-controller (with thermocouple
type J). H spectra were obtained on Varian 400 MR NMR spectrometer (400 MHz). The
NMR data are reported as follows: chemical shifts (3) in ppm, multiplicity (s=singlet,
d=doublet, t=triplet, dd=doublet of doublets, tt=triplet of triplets, m=multiplet, br=broad),
integration.

3.5.1. Material preparation

a. General procedure for synthesizing (2-bromoethyl) benzenes
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Figure 31. The reaction scheme for the synthesis of (2-bromoethyl) benzenes.

The di-para-substituted (2-bromoethyl) benzenes were synthesized by brominating the
corresponding di1-2-phenylethanol (Figure 31). The di-2-phenylethanols were synthesized
from the corresponding styrene in the same way described in Chapter 2 section 2.5.1. To a
dry 250 ml 2-neck round bottom flask, 100 ml anhydrous dichloromethane was added,
followed by triphenylphosphine (5.13 g, 19.6 mmol, 1.2 equiv.). While stirring, bromine
(Iml, 19.6 mmol, 1.2 equiv.) was added dropwise with caution. The solution turned murky
and white after the addition of bromine. The solution was stirred for 30 minutes. The
corresoponding di-2-phenylethanol (16.3 mmol) was added to the solution and the reaction
mixture turned clear soon. The reaction mixture was stirred for one hour. 300 ml pentane
was added to decrease the solubility of the by-product triphenylphosphine oxide (O=PPhs).
The solution was stirred for 3 hours and then filtered to get rid of the white precipitate
O=PPha. The filtrate was condensed to 50 ml by rotary evaporator under reduced pressure.
Repeat the pentane addition (100 ml) and filtration procedure until no white precipitate was
formed. The solvent was removed by rotary evaporation and the product was obtained. The
physical appearance and *H NMR peaks of each product are listed below:

d1-1-(2-bromoethyl) benzene: clear liquid; *H NMR (CDCls, 400MHz) &: 3.05(tt, 1H),
3.43(d, 2H), 7.08-7.23 (m, 5H).

d1-1-(2-bromoethyl)-4-methoxy benzene: clear liquid; *H NMR (CDCls, 400MHz) &:
2.94(tt, 1H), 3.36-3.38(d, 2H), 3.64(s, 3H), 6.7(d,2H), 6.99(d, 2H).

d1-1-(2-bromoethyl)-4-(trifluoromethyl) benzene: clear liquid; *H NMR (CDCls,
400MHz) &: 3.2(tt, 1H), 3.55(d, 2H), 7.33(d,2H), 7.56(d, 2H).

b. General procedure for synthesizing (para-substituted) phenylethyl dimethylamines

(i) From bromoethyl benzenes via Sn? reaction:

ﬁ)@m NH(CH), (>10eq) H
A O
=

X
X =0CHgs, CF3

Figure 32. The synthesis of (para-substituted) phenylethyl dimethylamines from bromoethylbenzenes.
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In a dry 150 ml 2-neck RBF that was equipped with a stir bar and assembled with a 50 ml

additional funnel at the upright neck, add 50ml 2M dimethylamine (80 mmol, 12.5 equiv.)

THF solution through the side neck. The corresponding (2-bromoethyl) benzene (6.1 mmol)
was dissolved in 15 ml anhydrous THF, and the resulting solution was transferred into the

additional funnel. While stirring the solution in the RBF, the (2-bromoethyl) benzene THF

solution was added slowly drop-by-drop to the RBF by adjusting the stopper of the

additional funnel. This process took up to several hours. After the completion of the

addition, the solution is stirred for 3 hours. The solution was filtered through a piece of

cotton and then condensed by rotary evaporation. The resulting colorless liquid is the

phenylethyl dimethylamine.

d1-N,N-Dimethylphenethylamine: colorless liquid; *H NMR (CDCls, 400MHz) &: 2.29(s,
6H), 2.51-2.53(d, 2H), 2.73-2.77(tt, 1H), 7.16(d, 2H), 7.23(d, 2H).

d1-N,N-Dimethyl-4-methoxyphenethylamine: colorless liquid; *H NMR (CDCls,
400MHz) &: 2.26(s, 6H), 2.45(d, 2H), 2.68(tt, 1H), 3.75(s, 3H), 6.78(d, 2H), 7.08(d, 2H).

d1-N,N-Dimethyl-4-(trifluoromethyl)phenethylamine: colorless liquid; 'H NMR
(CDCls, 400MHz) &: 2.28(s, 6H), 2.52(d, 2H), 2.79(tt, 1H), 7.27(m, 2H), 7.51(m, 2H).

(if) From the phenylethylamine through Eschweiler-Clarke reaction:

D D
H CH,0 (2¢q) HL
AN el (2eq) O/K/ b
Xv reflux XN

X= CH3, Cl

Figure 33. The synthesis of (para-substituted) phenylethyl dimethylamines from phenylethylamine.

d1-2-(4-methyl-phenylethyl)amine and d:-2-(4-chloro-phenylethyl)amine was obtained
from another graduate student Thomas Giagou in our lab and was synthesized from the
corresponding benzaldehyde through another pathway. In a dry 2-neck 25ml RBF that is
equipped with a condenser, 7.5ml deionized water was added, followed by the
corresponding phenylethylamine (3.12 mmol) and 37% formaldehyde solution (6.24
mmol). The solution was stirred for 5 minutes. 88% formaldehyde solution (6.24 mmol)
was added. The reaction mixture was stirred and refluxed for 3 days. After cooling down,
sodium hydroxide (3.12 mmol) was added. The solution was stirred for 10 minutes, and
then extracted with 3x3ml ethyl ether. The solvent was removed by rotary evaporation.

d1-N,N-Dimethyl-4-methylphenethylamine: colorless liquid; *H NMR (CDCls, 400MHz)
d: 2.26(s, 6H), 2.28(s, 3H), 2.46-2.50(d, 2H), 2.7(tt, 1H), 7.06 (s, 4H).

d1-N,N-Dimethyl-4-chlorophenethylamine: colorless liquid; *H NMR (CDCls, 400MHz)
d: 2.25(s, 6H), 2.45-2.49(d, 2H), 2.7(tt, 1H), 7.1(d, 2H), 7.2(d, 2H).
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c. General procedure for synthesizing N,N-dimethyl-2-phenylethanamine oxides

D
ﬁ)@“‘r\l\ 50% H,0,
XJ\/ 2- propanol

reflux

%

X =H, OCHa, CF3, CHa, Cl

Figure 34. The synthesis of (para-substituted)phenylethyl dimethyl amine oxides.

In a 50ml 2-neck RBF with one neck connected to a condenser, add 10 ml 2-propanol,
followed by the corresponding (para-substituted) phenylethyldimethylamine (4.58 mmol)
and 2ml hydrogen peroxide. The reaction mixture was stirred at heated at 60 °C for 24
hours. After the reaction completed, the solvents (2-propanol and water) were removed by
a belt vacuum pump with an acetone/dry ice cold trap. The structure of the products was
confirmed by *H NMR with Acetone-ds or D20 as the solvent for better solubility of the
product and peak separation than CDCls.

N,N-dimethyl-2-phenylethanamine oxide: viscous colorless liquid; *H NMR (Acetone-
de, 400MHz) 6: 3.25 (t, 1H), 3.33 (s, 6H), 3.59-3.61 (d,2H), 7.22-7.36 (m, 5H).

N,N-dimethyl-2-(4-methoxyphenyl)ethylamine oxide: viscous colorless liquid; *H NMR
(Acetone-ds, 400MHz) &: 3.15 (t, 1H), 3.34 (s, 6H), 3.57-3.59 (d,2H), 3.73 (s, 3H), 6.83-
6.85 (d, 2H), 7.24-7.26 (d, 2H).

N,N-dimethyl-2-(4-(trifluoromethyl)phenyl)ethylamine oxide: viscous colorless liquid;
'H NMR (D20, 400MHz) &: 3.15 (t, 1H), 3.28 (s, 6H), 3.58 (d,2H), 7.33-7.36 (d, 2H), 7.39-
7.41 (d, 2H).

N,N-dimethyl-2-(4-methylphenyl)ethylamine oxide: viscous colorless liquid; *H NMR
(Acetone-ds, 400MHz) 6: 2.26(s, 3H), 3.18 (t, 1H), 3.35 (s, 6H), 3.60 (d,2H), 7.1 (d, 2H),
7.2 (d, 2H).

N,N-dimethyl-2-(4-chlorophenyl)ethylamine oxide: viscous colorless liquid; *H NMR
(Acetone-ds, 400MHz) &: 3.25 (t, 1H), 3.34 (s, 6H), 3.63 (d,2H), 7.28-7.30 (d, 2H), 7.35-
7.37 (d, 2H).

3.5.2. The Procedure for KIE measurements

A 25 ml, 3-neck RBF was fitted with a condenser in the middle neck and a thermocouple
(J-KEM type J) in one of the side necks. 9.5 ml DMSO was added to the RBF and heated
to the desired temperature under the regulation of the thermo-controller (J-KEM Model
210). 150 pl amine oxide was dissolved in 0.5 ml DMSO and the resulting solution was
quickly added through the third neck into the round bottom flask. The reaction was brought
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to completion for intramolecular KIE measurement (the time needed for differently
substituted amine oxides at each experimental temperature is shown in Table 6). After the
reaction completed, the mixture was then cooled down in a cold-water bath. The
thermocouple and the condenser were rinsed down with 3 ml pentane so that all the
products could be collected. The mixture was transferred to a reparatory funnel and
extracted by 2 ml pentane for four times. The combined organic layers were condensed by
rotary evaporation under reduced pressure. The isolated products (styrene) were then
analyzed by quantitative 'H NMR (the same conditions and parameters used for the
corresponding styrene in the Chugaev elimination study Table 5 were applied).

Table 6. The reaction time for each substituted amine oxide at various experimental temperatures.

-H? -OCH; -CH3 -Cl -CF;
160 °C 3 min 4 min® - - <3 min
140 °C 15 min 15min® - - < 3min
120 °C 40 min 40 min ° - - 5 min
110 °C - 55 min - - --
100 °C 2h40min | 2 h45min - - 5 min
80 °C 5h 5h 15 min 40 min 10 min
60 °C 18 h 18 h - - 15 min

a Experiments performed by Thomas Giagou (previous PhD student);  Experiments partly (1 to 3 replica out
of 5) performed by Thomas Giagou.

3.5.3. T1 Measurement for 2*C NMR in the LFER study

In order to measure the amount of each substituted amine oxide relative to the internal
standard precisely, the recycle delay di parameter needs to be calibrated in order to generate
13C NMR spectra whose peak intensity is proportional to the concentration of the
corresponding chemical species (quantitative NMR). d: is determined by the spin-lattice
relaxation time (T1). The recycle delay d: should be about five times Ty in quantitative
NMR measurement.

T1 is measured by the “inversion-recovery” ">’3 method in the following steps (the sample
for NMR measurement was prepared as described in section 3.2.2.):

First, a 180°- 1 -90° pulse sequence for *H decoupled *3C measurement experiment was
brought up and copied to a new directory. di was set to be an estimated sufficient value for
most *C signals (usually 60 ~100 sec, and d1=100 sec was used for this work). The delay
time 1 (d2 in this NMR experiment on the TopSpin software for Bruker NMR) between the
two pulses was set to be zero. The resulting spectrum was phased so that all the peaks are
inverted. The phased spectrum was saved.

Second, eleven experiments of 180°- t -90° pulse sequence were set up with d1 = 60 sec,
and d> =4,5,6,7,8,9, 10, 11, 12, 13, 14 sec respectively. The resulting spectra were
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phased applying the same phasing parameters (PHCO, PHC1) used for the spectrum
obtained in the first step (d1 = 60 sec, d2 = 0 sec).

Finally, the twelve spectra from the previous two steps were compared, and the one with
vanished peaks or peaks starting to turn up was identified and the d2 was recorded. T1 was
then calculated by Equation 38.

d .
T, = —Zndlt Equation 38
In2

In the experiment for the Cope elimination LFER study, peaks were found to flip at
d2,nun=12 sec, so T1 was calculated to be 17 sec and d1 =5 x T1 = 85 sec.

46



Chapter 4. Mechanistic Study of Ru-Catalyzed C-H functionalization

4.1. Synthetic Utility and Mechanistic Background of the Du Bois C-H Amination

C-H amination in which a nitrenoid (a metal complex coordinated nitrene) inserts into a
ubiquitous carbon-hydrogen bond is a new C-H functionalization method developed within
the last two decades and has broad potential to become enabling technology for drug
discovery and synthesis.” C-H functionalization has been an active area of research and
has drawn much attention to the chemistry community due to its advantages over classical
organic synthesis: (1) The method can access wider range of modification sites on organic
molecules compared to the traditional functional group modification method that is
restricted to the locations of reactive functional groups; (2) The method can avoid complex
multi-step synthesis and enables the economical synthesis of potential pharmaceutical
target compounds.’>”® Earlier approaches to functionalize C-H bonds are through the
insertion of reactive metal complex into a C-H bond by oxidative addition or metathesis
etc. and are generally called “C-H activation”.”*"® Functionalizing C-H bonds by reactive
metal-carbene or metal-nitrene offers an alternative approach and is more economic (high
turnover number) and more selective,’276-"8

Given the ubiquity of nitrogen atoms in biologically active compounds, C-H amination is
a valuable synthetic method and is likely to find widespread application in pharmaceutical
industry. The intramolecular C-H amination method developed by Du Bois and colleagues
has already demonstrated success in synthesizing complex natural products in
stereoseletive fashion.”®8! However, compared to its analogous reactions of metal carbenes,
the reactions of metal nitrenes are still less developed.’>®? The mechanism of nitrenoid
mediated C-H functionalization has not been well established yet, which is one major factor

a.concerted | EWG H
—— N N
M]” I
" M] Rf\Rz
] o /KR EWG. H
N-Atom _[C] EWG., ~[M] o N
Source  cat. [M] ( R{ Ry
nitrenoid EWG R1 }
t— : [\‘ij + .
b. step-wise M Ry
N-radical
bound to

metal

Figure 35. Possible mechanisms for C-H amination with metal-nitrene.883
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that impedes the development of C-H amination. Most publications on this topic focus on
reporting the outcomes of scanning the catalyst design, substrate scope and reaction
conditions, and only a few research projects include mechanistic studies®4,

There are two mechanistic questions need to be answered. The first question is whether the
new carbon-nitrogen bond forms through a single-step direct nitrenoid insertaion or a
stepwise procedure during which a hydrogen atom is abstracted and a diradical species is
formed first and the C-N bond is formed in the following step (Figure 35). The second
question is closely related to the first question and it interrogates the multiplicity of the
nitrene. If the reactive nitrene is a triplet, the diradical pathway is more likely to happen;
and if the nitrene is in singlet state, the concerted pathway dominates.

To address the knowledge gap in C-H amination mechanism, the new reaction using a
sulfamate (4) as the nitrogen source, tetrakis(2-oxypyridinato)diruthenium(ll, I11) chlroride
[Ru2(hp)2]CI] as the catalyst, and bis(tert-butylcarbonyloxy)iodobenzene (Phl(O2C'Bu))
as the oxidant was studied through kinetic isotope effect (Figure 36). This reaction was
reported very recently by Du Bois and collegues and was found to favor C-H bond
amination to w-bond functionalization to form cyclic structure (~7:3) when the substrate is
unsaturated.®* [Ruz(hp)4]CI] provides chemoselectivity that contradicts to its structural
analogy Rh2(OAc)s and is a promising catalyst. The experimental and computational
studies reported suggest that [Ruz(hp)s4]Cl]-catalyzed reaction go through a stepwise
mechanism.® Temperature dependence of intra-molecular KIE, intermolecular KIE and
computational studies were carried out in this research project to gain more insights into
the reaction mechanism.

0
0" N
0 0
5 mol% HN,\\S//\O /R:UL/R\‘U{CI
O\\SP [Ru,(hp)4Cl] | Oj/,\/’\j
CNTTOTINR, phi(0,C'BuU), N
= 4A MS
Ru,(hp),Cl
4 1,2-dichloroethane [Ruz(hp)Cll

Figure 36. [Ruz(hp)4] Cl]-catalyzed C-H amination of 3-phenylpropyl sulfamate (4).

4.2 Method
4.2.1. Intramolecular KIE

Intramolecular KIE for ruthenium catalyzed C-H amination was measured by quantifying
the deuterium fractionation in the products generated from 2,3-d2>-3-phenylpropyl
sulfamate (d2-4) (Figure 37). The measurement was carried out for three times at each of
the temperatures: 0 °C, 20 °C, 40 °C, 60 °C, 80 °C.
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Figure 37. A scheme that demonstrates the intramolecular competition between C-H vs. C-D
functionalization catalyzed by [Ruz(hp)4Cl].

Deuterium (3H) NMR was used to quantify the product ratio as it gave cleaner spectra and
thus more accurate KIE results. The deuterium label at the y position (D) undergoes
reaction (either being transferred to the nitrogen or staying on the same carbon but
transformed from a secondary to a tertiary hydrogen) and is where the intramolecular KIE
is produced. On the other hand, the deuterium label at the  position (Da) keeps intact
during the reaction and serves as an internal reference. 3 and y position in d»-4 have equal
deuterated rate (Ds=Dp), which was confirmed by 2H NMR. The exchangeable amine
hydrogen Dq was found to be lost after work-up and purification process (being exchanged
with H20 in the environment) and was not used for KIE calculations. According to Equation

16, the intramolecular KIE for C-H amination can be calculated via: KIEintra= —[y_?;]_sl =

4.2.2. Intermolecular KIE

Intermolecular competitive reactions were carried out between S-di-4 and d2-4 as shown
in Figure 38. The same as in the intramolecular KIE measurement, the deuterium label Dy
serves as an internal reference label, and 2H NMR is used to measure the isotopomers ratio.
The initial and final ratio (Ro and R) between the reactants $-d1-4 and d2-4 were determined
from the integration values of D,, Db, Do and Dy. The intermolecular KIE is calculated
with Equation 35 based on method (B) in section 1.5.
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Figure 38. A scheme that illustrates the intermolecular KIE experimental design for Ru-catalyzed C-H
amination.

4.3.Results and Discussion

4.3.1. Temperature Dependence of Intramolecular H KIEs
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Figure 39. The Arrhenius plot of the intramolecular KIE of the Ru-catalyzed C-H amination.

The intramolecular KIEs of the [Ruz(hp)4]Cl] catalyzed C-H amination of d>-4 were
observed to be from 6.86 to 5.39 over the temperature range of 0 °C to 80 °C. These values
are smaller than what is expected for the H-atom abstraction process (KIE =~ 12-14). The
observed values are probably diminished by the secondary KIE in the same manner as in
the Chugaev elimination (see Chapter 2). The plot of In(KIE) vs 1/T was found to be very
linear (R?=0.98). The Arrhenius pre-exponential factor (In(An/Ap)) is 2.78 (larger than 1.2,
indicating tunneling).
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The intermolecular KIE was measured for the reaction at 80 °C and was close to 1 (0.98),
indicating that the H-atom abstraction step is not the rate-determining step. The nitrenoid
formation usually has the highest energy barrier and thus the rate-determining step in the
metal-mediated C-H functionalization.® As a result, the intermolecular KIE is not useful
for studying the H transfer process in this case. Computational study may provide some
useful information (such as the primary and secondary KIE that cannot be measured by
experiments) if appropriate model is available.

4.3.2. The Effect of Magnetic Field on the Intramolecular KIE of the Ru-catalyzed C-
H Amination

In order to probe the multiplicity of the reactive metal-nitrene species, the effect of external
magnetic field on intramolecular KIE was explored. The experimental design is based on
the principle of energy quantization of particles with non-zero spin angular momentum
(paramagnetic). A particle with gyromagnetic ratio y and magnetic quantum number m will
shift in energy by the amount of Emagnetic in an external field of strength B.

E =—hyBm Equation 39

magnetic
It was proposed that the nitrene in Ru-catalyzed C-H amination reaction has a triplet ground
state and when coordinate with the quartet [Ruz(hp)s]CI] catalyst becomes a doublet
species.® The energy of the doublet nitrenoid complex is expected to change in a magnetic
field and may be hopefully reflected in the value of the KIE (decreasing with increasing
magnetic field).

The C-H amination of the sulfamate d»-4 catalyzed by [Ruz(hp)s]CI] was prepared in an
NMR tube and let to proceed inside an NMR spectrometer to take advantage of the strong
magnetic field generated consistently by the machine. Intramolecular KIE was measured
for reaction in the magnetic field of the 400 MHz NMR and 600 MHz NMR, and compared
with the results obtained in the magnetic field of earth.

Table 7. Intramolecular KIE of Ru-catalyzed C-H amination in three different external magnetic fields.

External Magnetic Field ~0T 94T3 141T?®

KIEinta 59+0.10 | 59+0.04 | 5.8+0.07
2 generated by Varian 400 MHz NMR spectrometer ® generated by Bruker 600 MHz NMR spectrometer

As Table 7 shows, no significant difference was observed between the intramolecular KIEs
taken in various external magnetic field. This negative results may due to the tininess and
complexity of the magnetic field induced energy split. The energetic change of the
nitrenoid in a magnetic field may be too trivial to be measured by KIE. In addition, the
nitrene is such reaction is not in free state but bound to a metal (ruthenium in this case) that
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has non-zero net spin angular momentum and produce a local magnetic field that makes
the situation more complicated. Electron spin resonance (ESR) spectroscopy that measure
the energy split of electrons instead of atomic nuclei may be useful to determine the
electronic nature of metal-nitrenes and metal-carbenes.

4.3. Experimental Section

Chemicals: cynnamyl alcholol (98%, Sigma-Aldrich), lithium aluminum hydride (Sigma-
Aldrich), lithium aluminum deuteride (Sigma-Aldrich), deuterium oxide (Sigma-Aldrich),
tetrahydrofuran (THF) (anhydrous, Acros Organics), chlorosulfonyl isocyanate (98%,
Sigma-Aldrich), formic acid (Sigma-Aldrich), acetonitrile  (Sigma-Aldrich),
dimethylacetamide (Fischer), ruthium (111) chloride hydrate (ReagentPlus, Sigma-Aldrich),
acetic anhydride (Sigma-Aldrich), acetic acid (Sigma-Aldrich), lithium chloride (Sigma-
Aldrich), 2-hydroxypyridine (97%, Sigma-Aldrich), chlorobenzene (Sigma-Aldrich),
bis(tert-butylcarbonyloxy)iodobenzene  (97%, Sigma-Aldrich), 1,2-dichloroethane
(anhydrous, Sigma-Aldrich), magnesium sulfate(Fischer), sodium sulfate (Fisher), pentane
(Fischer), ethyl ether (Fischer), chloroform-d (Sigma-Aldrich), benzene-ds (Sigma-
Aldrich), 4A Molecular Sieves (Fischer), Silica Gel (40-63um, SORBTECH), deionized
water (from household deionizer), TLC Plates (SORBENT TECHNOLOGIES)

General: All reagents were commercially obtained otherwise noted. THF and 1,2-
dichloroethane were dried by activated 4A molecular sieves no longer than one week prior
to use. 4A molecular sieves were activated by flame-drying under vacuum no longer than
one week prior to use and stored in tightly sealed container. All reactions were carried out
in flame-dried glassware and under N2 atmosphere otherwise stated. Column
chromatography was performed with silica gel (porosity 60A, particle size 40-63um) under
reported solvent condition. Thin layer chromatography (TLC) were performed with Silica
Gel. Proton NMR spectra were obtained on Varian 400 MR NMR spectrometer (400 MHz).
Deuterium NMR spectra were obtained on Bruker 600 MHz NMR. The NMR data are
reported as follows: chemical shifts (8) in ppm, multiplicity (s=singlet, d=doublet, t=triplet,
dd=doublet of doublets, tt=triplet of triplets, g=quintet, gt=quintet of triplet, m=multiplet,
br=broad), integration.

4.3.1. Material Preparation

a. The synthesis of 3-phenyl-1-propanols®
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Figure 40. The synthesis of 3-phenyl-1-propanols. A. 2,3-d»-3-pheyl-1-propanol; B. 2-d;-3-pheyl-1-propanol;

In a 250 ml 2-neck RBF with a stir bar, add 50 ml anhydrous THF. Cynnamyl alcohol (5¢,
37 mmol) was added to the RBF, the solution was stirred to allow the cynnamyl alcohol to
dissolve. The solution was cooled down to 0 °C in an ice bath, after which lithium
aluminum deuteride (1.56g, 37 mmol, 1 equiv.) was added. The solution was stirred
overnight, and the ice bath was allowed to warm up to room temperature. Deuterium oxide
(Iml, 56 mmol, 1.5 equiv., for 2,3-d>-3-phenyl-1-propanol) or deionized water (1 ml ,56
mmol, 1.5 equiv., for 2-d1-3-pheynl-1-propanol) or was added slowly and stirred for one
hour (Figure 40). 200ml deionized water was added, and the mixture was extracted with
3x50ml ethyl ether. The combined organic layers were washed with saturated sodium
chloride solution and then dried with magnesium sulfate. The solvent was removed by
rotary evaporator under reduced pressure. The product was purified by chromatography on
silica gel (55:45 pentane: ethyl ether).

2-d1-3-phenyl-1-propanol: colorless liquid (65%); *H NMR (CDCls, 400MHz) &: 1.46 (s,
-OH), 1.88 (qt, H), 2.71 (d, 2H), 3.67 (d,2H), 7.19-7.21 (m, 3H), 7.26-7.31 (m, 2H).

2,3-d2-3-pheyl-1-propanol: colorless liquid (80%); *H NMR (CDCls, 400MHz) &: 1.35 (s,
-OH), 1.87 (br m, H), 2.68 (d, H), 3.67 (d,2H), 7.19-7.21 (m, 3H), 7.26-7.31 (m, 2H).

b. The synthesis of the 3-phenylpropyl sulfamates®+8’

0.0
N\ > . . \ 7/
: s, .C” + .
Step 1: >N formic acid o> Nh, + GO+ CO
chlorosulfonyl sulfamoyl
isocyanate chloride

Rq \\ // (@) O

cI-> NH i
Step 2: W 2 (W

R,=D, R,=H: B-d;-4
R,=D, R,=D: d2-4

Figure 41. The general steps for synthesizyng 3-phenylpropyl sulfamates.
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Formic acid (4 ml, 108 mmol, 3 equiv.) was added dropwise to ice cold chlorosulfonyl
isocyanate (9.4 ml, 108 mmol, 3 equiv.) with vigorous stirring, in a 250 ml 2-neck round
bottom flask. The mixture started to produce gases immediately and solidified within a few
minutes. 37.5 ml acetonitrile was added to the white mass and the resulting clear solution
was slowly warmed to room temperature over 5 hours. The flask was placed in an ice bath
again. 3-phenylproplyl sulfamate (36 mmol) was dissolved in 15 ml dimethylacetamide
and the resulting solution was added slowly in the ice cold reaction mixture in the round
bottom flask. The reaction mixture was warmed up to room temperature and stirred
overnight. 50 ml deionized water was added to quench the reaction. The mixture was
extracted with 3x15ml ethyl ether. The combined organic layers were washed with brine
and dried with sodium sulfate. The solvent was removed through rotary evaporation. The
product was purified by chromatography on silica gel (2:3 pentane: ethyl ether).

2-d1-3-phenylpropyl sulfamate (B-di-4): white solid (62%); *H NMR (CsHs, 400MHz) &:
1.72 (t, 1H), 2.48-2.51 (d, 2H), 4.08 (d, 2H), 6.94-7.13 (m, 5H).

2, 3-d2-3-phenylpropyl sulfamate (d2-4): white solid (51%); *H NMR (CsDs, 400MHz) &:
1.56 (m, 1H), 2.34-2.36 (d, 1H), 3.34 (s, -NH2), 3.71 (d, 2H), 6.94-7.13 (m, 5H).

c. The preparation of [Ru2(OAc)4Cl]

Ruthenium (111) chloride hydrate (1g, 3.75 mmol) was combined with 25 ml glacial acetic
acid, 7 ml acetic anhydride and lithium chloride (1g, 23.75 mmol, 6 equiv) in a 2-neck
round bottom flask that was equipped with a condenser. The brown-black solution was
heated under reflux while stirring for 3 days. Following this time, the solution was cooled
to room temperature and the supernant was decanted. The solids were suspended in 20 ml
ethyl ether and allow to settle to the bottom. The supernant was decanted. The remaining
solids were transferred onto a Buchner funnel and washed with 10 ml deionized water, 10
ml acetone, and 10 ml ethyl ether. More ethyl ether was used to rinse the dark red solid
until the filtrate becomes clear. The resulting solid was dried in a vacuum oven (80°C) to
give clay-red powder (0.73g, 30%).

d. The preparation of [Ruz(hp)4Cl]

60 ml chlorobenzene was added in a 150 ml 2-neck round bottom flask, followed by 2-
hydroxypyridine (0.57g, 6 mmol, 10 equiv) and [Ru2(OAc)sCI] (0.73g, 0.6 mmol). The
round bottom flask was equipped with a short-path distillation head and the mixture was
stirred and distilled until about 5 ml liquid left. Another 60 ml chlorobenzene was added
to the flask and the mixture was distilled for a second time. This procedure was repeated
for a total of twelve times. 50 ml 1:1 Et>O/pentane solution was added to the remaining
chlorobenzene mixture after the last distillation process. The solution was filtered through
a sintered glass funnel. The filter cake was rinsed with 300 ml Et.O until the filtrate ran
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clear (pale yellow). The isolated solid was dried in a vacuum oven (80°C) and the resulting
final product is burgundy red powder.

4.3.2. Temperature Controlled Ru-catalyzed C-H Amination and KIE Measurement

1 ml 1,2-dichloroethane, sulfamate (d»-4 for intramolecular KIE, f-di1-4 and d>-4 mixture
for intermolecular KIE, 80 mg, 0.37 mmol), and bis(tert-butylcarbonyloxy)iodobenzene
(PhI(O2'CBu)2, 0.23g, 0.56 mmol, 1.5 equiv.) were mixed in a 5 ml Fisherbrand™ class B
glass vial with a stir bar. The reaction vial was incubated in a temperature regulated reaction
chamber in the Mettler Toledo EasyMax 102 synthesis workstation. The reaction chamber
was filled with aluminum bath beads for better heat conduction. After incubating for one
hour, the reaction vial was added Ruz[hp]4Cl (10mg, 0.016 mmol, 5 mol%). The reaction
was initiated after the addition of the catalyst and allowed to proceed until substantial
conversion had been reached. The time the experiment was performed and the percent
conversion reached are given in Table 8.

Table 8. The time for which the Ru-catalyzed C-H amination reacted for intramolecular and
intermolecular KIE measurement of at various temperatures. (The percentage the reaction
proceeded during the experimental period is included in the parenthesis.)

0°C 20 °C 40 °C 60 °C 80 °C
KIEinw 112h(30%) | 71h(30%) | 36h(80%) | 24h(70%) | 24 h (80%)
KIEinter — _ _ _ 12 h (67%)

After the temperature controlled reaction, the reaction mixture was cooled down and
immediately filtered through a Buchner funnel that contains a 2cm-thick layer of Celite
topped with a thin layer of basic alumina on the top of the filter paper. The filter cake was
rinsed by 5ml ethyl ether. The filtrate was condensed under reduced pressure and the
product(s) was purified by column chromatography (1.6:1 pentane: Et2O). The product is
not UV-active, so the TLC plate containing the product was visualized by heating after
being treated with p-anisaldehyde stain (pink-light purple, Rf=0.38).

The isolated product was dissolved in 0.5 ml benzene and placed in an NORELL® 509-
UP-7 5mm NMR tube. Overnight, the product would recrystallize out. The supernant that
contained impurities (trace amount of the reactant that couldn’t be separated from the
column chromatography) was decanted. 0.5 ml 95:5 CsHe : CsDs was added to the NMR
tube to dissolved the recrystallized product. The lowest amount deuterated solvent was
used to increase the signal to noise ratio (S/N) in the 2H NMR. The resulting sample was
analyzed by taking *H-decoupled and 2H-detected NMR spectra on the Bruker 600 MHz
NMR. The longest T1 measured for the deuterium signals is 0.2 sec (by the “inversion-
recovery” method described in section 3.5.3). The parameters used to acquire the
quantitative 2H NMR spectra are: d1=1.4 sec, p1= 150 usec, plw1=6.6 W, plw12=0.027 W
(for decoupling). The appropriate number of scans were used to make sure S/N > 500.
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SUMMARY

This dissertation reported the research work that aims to rationalize the mechanism of
synthetically useful and mechanistically interesting organic reactions by means of
measuring and interpreting physical organic observables. The physical rule and molecular
properties underlying the reactivity and selectivity of organic reactions uncovered by
mechanistic study can be useful in guiding the design of enzyme inhibitor and new
synthetic methodology.

Kinetic isotope effect is a very powerful physical organic observable for deciphering
reaction mechanism, but require efficient experimental design and accurate interpretation.
The research work on the Chugaev elimination, presented in chapter 2, unmasked the
extraordinary secondary KIEs that are elevated by quantum tunneling, which suppressed
the intramolecular KIEs which are previously considered to be “classical”. The research
project demonstrated our new method that extracts the primary and secondary KIEs from
the intramolecular and intermolecular KIEs. The results indicate the need for a more robust
model that can account for the multi-dimensionality of tunneling. The work on the Cope
elimination, which is reported in chapter 3, indicate that kinetic complexity can result in
“pseudo tunneling” phenomenon: temperature independence of the Arrhenius plot of the
KIEs. Unfortunately, many enzyme-catalyzed and organometall-catalyzed reactions
proceed through multiple steps and even exhibit several mechanistic pathways, cautions
must be used when interpreting the temperature effect on KIE. The knowledge gained from
studying the two prototype reactions (Chugaev elimination and Cope elimination) was
applied to study the more exciting Ru-catalyzed C-H functionalization, presented in
chapter 4. Experiments were designed and executed to probe the short-lived nitrenoid
intermediate that dictates the chemoselectivity of the reaction. The study of magnetic effect
upon the reaction generated negative results and showed the KIE may not be a sensitive
observable for probing electronic multiplicity. Temperature dependence of the
intramolecular KIE resembled the Chugaev elimination, implying the physical rules we
learned for simple unimolecular elimination can be generalized to understand more
complicated organic reactions.
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