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ABSTRACT

MECHANISTIC INVESTIGATIONS OFCATALYTIC ORGANIC REACTIONS

In-depth mechanistic investigations were carried out on nine catalytic organic
reactions reported in the literature. Therolinec a t a | -pairatbn df aldehydes;
prolinol derivativecatalyzed Michel and epoxidation reactions; bifunctional
(thio)urea/aminecatalyzedHluorination, U-hydroxylation, and Michael addition; borate
catalyzed aziridination; coppeaj( bromidecatalyzed U-amination; and the Suzuki
Miyaurareaction were studied. A higleslution picture of the turnovdimiting step for
each reaction was obtained through the use of catBddinetic isotope effects measured
at natural abundance and/or higlrel densityfunctional theory calculations.

The study of the-proline-catalyzed}amination of aldehydes, prolinol derivative
catalyzed epoxidation, and coppgrbromidecatalyzedJ-amination led to the discovery
that previously suggested mechanisms viezengruentvith our newly obtained data and
thus required revisiorNew key tansition states are proposeddasupported for each
reaction.

Interrogation of the prolinol derivativeand the bifunctional thioureal/tertiary
aminecatalyzed Michael additions, and the SuzMkyaurareaction generated a clearer
understanding of the meahatic discrepancies and studies reported in the literature.
Mechanistic controversies were resolyveohd evidence was supplied to differentiate

between prposed mechanisms.



Finally, in the investigation of the bifunctional urea/quaternamgmonium
catalyzd Ufluorination and U-hydroxylation, and borateatalyzed aziridination, our
studies were conducted to lend a better understanding of the reactions developed in the labs
of our synthetic collaborators. In some cases, the increased andéngtled to improved
methods.

All of these examples display the power of these physical orgaeimistrytools

to better understand mechanisms in organic catalysis.
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CHAPTER |: INTRODUCTION

1.1 Catalysis in Organic Chemistry

Organic reactions pervade every facetof M et her i1t 6s t he comb
in the automobile we take to get to work, the chemical synthesis reactions that create the
medi cine we wuse when weobre sick, or t he
production when we 0rnsexistumegeryyiece of lowe existenad. r e a
Understanding those reactions, however, can sometimes be incredibly complicated.

In order for a reaction to occur, the molecules must have the correct orientation and
the requisite energyln some cases, however, the energy required is not obtainable under
standard reaction conditions. For these reactions, chemists have developed catalysts. In
high school chemistry, studegysbarei easgbt
commonly, a figure of the type shown in Figure 1.1a is used to explain this. It takes a
certain amount of energy to surmount the barrier and turn starting mat&h&)srto
product Prod). A catalyst lowers this barrier and can augntaettransition stateTS)
making it more readily obtainabld@ (S).aThis is a simplistic view of catalysis and fairly
illustrative in some cases. Not all catalysts act this way. A deeper understanding of
transition state theory and mechanistic details leads to the development of the diagram in
Figure 1.1b. In this &2, a catalyst still lowers the overall energy barrier, but it now does
so through a series of steps. In this case, various transition states are added between starting

materials and produciT§:g TS2g and TSsg. Between these new transition states are



intermediateslt1 andInt2) which may or may not be observable throughout the course
of the reaction. Gaining a better understanding of any individual catalytic reaction can lead
to improved methods of synthesis resulting in more economical, greenemaned

efficient syntheses.

b

Energy

Reaction progression Reaction progression

Figure 1.1. Two conceptions of catalysis

The term fAcatal ysi aaomeammeysd d wro figeihdhred Gr e
meaningi | o a’sTkerterm was first used in 1835 Byns Jacob Berzelis descrption
of the work done two decades previousdmnttlieb Sigismund Constantin Kirchhaff his
discovery of the acid catalyzed conversion of starch to glutbsBver thenext two
hundred years, countless new catalytic systems have been discovered and studied
expanding the fields of chemical, pharmaceutical, agrochemical, and material syhthesis.
81t is estimated that 90% of all chemicals produced commerciallytioeiremanufacturing
to at least one step that is cataly2édfull review of all these methods and all these areas
is far beyond the scope of this thediut, for a better understanding of the results contained

within, it is pertinent to establish a basic knowledge of catalysts used in organic synthesis.



The use of transition metals, as catalysts, can date its history back to the turn of the
twentieth catury with work by Glaséf''and Ullmanf?2, but t he met hods
utility until becoming popularized in 1959 with the advent of the Wacker Prdcésshe
field then saw great expansion through the 1960s to the early 2000s with additions from
Tsuji and Tros!% Heck and Mizorokf?%, Kumada and Corrit?2 SonogashirZ;
Negish?*23 Grubbs, Schrock, an@hauvirf® 3% Stille, Walton, Kosugi, aniligita®®2®,

Suzuki and Miyaur® %8, Sharples®*® Hiyama and DenmafK*% and Buchwald and
Hartwig**“°to name a few. These advancements were the topics of the 2001, 2005, and
2010 Nobel Prizes in Chemistry. This branch of chemistry has spurred hundreds of
reactions and numerouswiews and is, without a doubt, one of the pillars of organic

synthesig8>°
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Figure 1.2. Timeline of notable transition-metal catalyzed reactions from 1952000



Even with its broad utility, transition metaltadysis presents a fair number of
drawbacks. Most notably, the use of heavy metals and generation of toxic byproducts can
lead to environmental destruction. Over the past few decades, tramsétiaHree
syntheses have increased in appreciaidhln the late 1990s and early 2000s, fueled by
the desire to break transitionetatdependence, a renaissancgdrefocusing on the use
of small organic molecules as catalysts. This mode of catalysis was coined
i or gan o cc®0nadf hesmost .camplete chronicles of the advancements made in
organocalysis is the two book series by Professors Benjamin List and Keiji Maruoka
calledAsymmetric Organocatalysad published by Thieme in thécience of Synthesis
series?® In their account, List and Maruoka separate the field based on one simple
principal: organocatalysts donate or accelgictrons or protons. Those that donate or
accept electrons are Lewis bases or Lewis acids, respectively; those that donate or accept
protons are Brgnsted acids or Brgnsted bases, respectively. These categories can be divided
even broader into covalent abtsts and noftovalent catalysts. The former effect their
transformations by covalently binding to one of the reactants to activate it for reaction. The
systems belonging to the latter classification activate their substrate through the use of
hydrogen bads or electrostatic interactions without ever forming a covalent bond to the
reactant. Herein, at least one example of all four members of the classifications put forth
by List and Maruoka will be discussed, but they will be more broadly separated by this
second classification. Lewis acids and bases will be discussed through the lens of covalent
catalysis iInCHAPTER Il. Brgnsted acids and bases will be discussed through the lens of

non-covalent catalysis iICHAPTER 1.



Primary and secondary amines are thost common catalysts used in covalent
organocatalysis. It has been long understood that these compounds have the ability to
condense with carborglontaining compounds to yield enamines and imirions.
Enamines are strong nucleophiles that can readiack various electrophilic centers to
yield new bonds between carbon and other heavy atoms. These reactions have been
catalyzed by enzymes since the beginning oflita.the mid1890s, Knoevenagel applied
this idea to organic synthesis in the form of the aldol reaétidhis reaction would go on
to inspire works over the next century particularly by Langenbeck, Miescher, and
Woodward, but woul dnodot & %The firdsstrideatavardraoge u nt i
common use of this mode of catalysis came in the-d&T¥s with the birth of thelajos
Parrisli Edeil Sauei Wiechertreactiont®®” This prolinecatalyzed, intermolecular, aldol
reaction paved the way for modestay organocatalysis. The wider applicability of the
reaction wasnodét fully realized and deemed
mid- to late1990s, the groups of &n Shi, Dan Yang, and Scott Denmark each
independently investigated the area of using small organic molecules to perform
asymmetric epoxidatiorf§.’° In the early 2000s, List and -aworkers showed that the
amino acidL-proline could be used to catalyze a range of reactions through enamine
catalysis’ ® Over the years, proline and proliderivatives have beenhewn to
productively catalyze Mannich reactioffs® Uaminoxylation reaction&® U
fluorinations!¥® U and o-amination$?8® U-alkylations® Michael addition$?® aldol
reactions? casade reaction® 8 and MortiaBaylis-Hillman reactions$? to name a few.

At the same time that Li stés chemistry

chemistry, David MacMil | an édos caglysstiAgainwas de



proline-derivatives weg employed to effect these transformations. This mode of catalysis
has also seen significant growth being used to catalyze -Bigés reaction®®,
cyclopropanatior’é®3, AzaMichael reaction$?° sulfaMichael addition$® indole
alkylations?” hydride reduction® amine conjugate additiod$, 1,3-dipolar
cycloadditions!®® Michael additions®, monofluorovinylations!®? FriedelCrafts
Alkylations 1% aldol reactiong® Nazarov Cyclizatiors!°® epoxidationd?® and the
synthesis of pyrimidine®/ spirooxinodles?® and cyclopentenoné8’ along with a
plethora of other examplé&

Themajority of the secondary amine catalysts used in both enamine and iminium
ion catalysis tend to fall into three general classes1{Bjoline and its derivatives; (B)
HayashiJgrgensen type; (C) MacMillian type. The first class gained popularity frem Lo s
publications and from the simplicity and availability of the substrate. Yujiro Hayashi and
Karl Anker Jgrgensen added substantially to these two fields with the independent
development of catalysts of Class'B1* The final class saw th@ost expansion in the

MacMillan lab?>8.80

(@] Me
O\ A ) ’ °
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@
N~ ~COOH MAr R N)\RZ
H H OR Ha
Class A Class B Class C

Figure 1. 3. Three basic classes of secondary amine catalysts

As the field of secondary amine catalysis expanded, other subsections of
organocatalysis began to develop as well. The groups of GlbfiouRovisS,
Enders'”'18 and Bod&"9*?! worked on the use df-heterocylcic carbenes for umplong
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chemistry. Fuchib®? and List?*!?4 developed phosphoric acids as competent catalysts,
and Takemott?® and Jacobséff introduced the power of thiourea catalysts.
Representatives of these catalysts are shown ind=igd.

R
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- ® O Ar\ )J\ W

\P//

0" “oH NN
: 00

R
R
0 C
e S S
NN 3 ~PC Bn~ -NJ\N‘“
\ 0~ ©OH
N—7/ H H
, Q o} NH,
Ar R

N-heterocyclic carbenes phosphoric acids thioureas

Figure 1.4. Basic catalysts employed in organocatalysis

The field of organocatalysis saw exponential growth through the first decade of the
twenty-first century, and continues to beetfocus of hundreds of publications each year.
Organocatalysis owes this explosion of use to the various advantages it presents over
transitionmetal catalysis: (1) Organocatalysts are typically insensitive to moisture and air,
making them easier to handlg2) they are frequently derived from simple, affordable
molecules; (3) they do not tend to produce toxic waste. Unfortunately, this mode of
catalysis does present drawbacks: (1) catalyst loadings are typically an order of magnitude
higher than their trasition-metal counterparts; (2) the catalysts can be promiscuous and
lead to sidereactions; (3) as of yet, the reaction scope is limited and does not include many
of the transformations accessibla organometallic methods. For these reasons, a

synergistt approach to catalysis is most beneficial. A better understanding of transition



metal catalysis and organocatalysis can help chemists develop new procedures that
overcome the shortcomings of one mode with the other. It is for this reason that we put
empha&is on a universal understanding of all branches of catalysis in organic synthesis.
This thesis comprises a discussion of nine investigations that delve into various fields of
catalysis in organic synthesis with the anticipation that a deeper mechamigtistanding

will lead to a more prolific development of reactions and methodologies.

1.2 Overview of Kinetic Isotope Effects

The study of oganic reaction mechanisms is pivotal to understanding regctivit
selectivity in reactions. Kinetic isotope effe (KIEs) allow an individual to observe how
specific atoms are reacting during tirst irreversible step of the reaction. This step is
commonly referred to as thatedetermining step (RDS) of a reaction. The substituting of
one isotope for another at neara positionwhich is tndergoing a bond change (making,
breaking or rehybridizing) typically leads to a change in rate of the reactféifhe KIE
is then the quotient of the rate constant for the reautittmthe natural abundance isotope,
and the rate constant for the rieaic with an alteredisotope(Equation 1)In many of the
common cases, the natural isotope is lighter than that of the altered isttope’id or

3H, 12C vs3C or'4C, *N vs N, %0 vs¥’0O ort®0).

KI E — knatural

altered
Equation 1. Simplest means of calculating an isotope effect given the ratesaafeaction with natural
(Knatura) @and heavy Kaitered) iSOtope substitutions

Frequently, measuring the KIE requires two experiments to be set up, both

essentially identical witlthe difference of whatsotopomer is usedFrom these two



reactions, two rates can be measured and the KIE can be deduced. Alterrtag\rely,
isotopomerscan be added to the same reaction and a competition experiment can be
designed if the experimettist is able to differentiatéhe reactivity ofthe two speciedf

the rate does not differ with substitutidaturais equal tokarereq and the KIE equals 1.

This is considered &unity isotope effecétand, in most classes, it suggests that the atom
being interrogatedoes not undergo a bond change at the RRf@litatively, itrepresents

that the vibrational energy well of the atom in the grestade is equal to that in the
transition state as shown in Figuré.1n Figure 16, the lower line inle starting material

well (red) represents thaergy ofthe relevant vibrational mode of theavier isotopomer,

the higher line (green) represetite same vibrational mode fibre lighter isotopomeihe
difference in heights corresponds to the diffeeem zerepoint energy (ZPE) of the bond
being analyzed whether the light or the heavy isotopomer is used. This calculation makes
use of Equation 2. With the reduced masg & the denominator, the energy will decrease

as the mass of the atoms involvedhe bond increaseTherefore the heavy isotopomer

will have a lower ZPE than the light isotopomer.

»
>

\

Potential energy

Reaction coordinate

Figure 1.5. Graphical representation of the difference in energy wells of material in the groundtate
versus the transiton state
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zpe="1 | K
ap\|m

Equation 2. Equation for determination of the zero-point energy of a bond. h®lanck's constant
k=force constant mr=reduced mas

These linedenoting the ZPE in the ground statee mimicked inthe transition
state which is represented by the orthogonal surface to the reaction coordinate. As can be
seen by thidigure, the energy the heavier isotopomer (red) has to over¢omzavy) is
equal to that which the | ight g Withdthe op o mer
knowledge of the activation energy required for these transition states, the Eyring equation
(Equation3) can be used to determine the rates of reactiouns to the fact that all nen
energy terms in the Eyring equation are constdiois a given reactionat a given
temperature, it becomes obvious that the rate of the reactwagertionalt o t hoé G

the reactionk A @), and wH efrthe kaktien ipdentical for two reactiohs

as is the case in Figure6d it can be deduced that the rates are the same. If the rates are
the same, theBquation 1 tells us théihe KIE equals 1.

DGY
_ KkeT

K RT
h

Equation 3. The Eyring equation. k=reactionrate;a =t r ans mi ssi kenBaloteZ hacmn @&st ;
constant; T=temperature;, h =P 1| a n ¢ k 6 dp@ergynR=tuniversal gas constant

Variations from this unity give rise to normal and inverse isotope effects. If the
energy well at the transition state islooseh an at t he Yigissmalerthanst at e,
o CGheavyas shown in Figur#.7a. In this case, using the same proportionality and equation

describé above, it can be deduced trete constant for thieghter isotopomer Kignt) is

11



greater tharthe rae constant for the heavier isotoponfieeavy) therefore the KIE would
be greater than (in cases when the natural isotope is the lighter isotdpes iscalled a

Anorisntegeeffed as a heavi er i slothegitenatvd casH,s

the energy well at the transiti’guislasgerat e

t han %edyas slip@n in Figure 107 Following the previous logkign: would be less
thankneavyand the KIE would be less tharfith cases when theatural isotope is the lighter

isotope) This is considerednafi i n visolope effed as t he heavi er

reaction

a) b)
an B ﬁ‘
|- — —
© ©
5 5
- —
& &

Reaction coordinate Reaction coordinate

Figure 1. 6. Graphical representation of the difference in energy wells of starting materiah the
ground-state versus the transition state for (a) a normal isotope effect; (b) invezssotope effect

The use otleuterium isotope effects (il@wdrogen/ Kdeuteriun) hasbeenusedto probe
reactions for decades due to the relative simplicityubsstutinghydrogen by deuterium
and the fact that deuterium is so much larger than hydrddes second fact results @am
easily measurab)éarge difference ofates!?12°Although installation of deuterium atoms

at many locations on anganic molecule is trivial, the need to labdbstuiates still presents

some difficulties: (1) not all locations in a molecule can be easily converted; (2) dedterium
rich substrates are significantly more costly; (3) many times equilibria are established in

deuteration experiments which result in the loss of material and the potential loss of the

he

i s

S O]

label. In 1986, Robert Pascal devised the first means to measure isotope effects at natural

12



abundancé?® Using?H NMR, Pascal and eworkers were able to quantify how frequently
a deuterium atom reacted as opposed to a chemically equivalent proton. This was certainly
an impressive advancement in Isibut it lacked wider applicability. The method could
only be used in the case where thessintramolecular competition between chemically
equivalent hydrogen atoms, something not guaranteed in all ¢asésermore, despite
the ubiquity of hydrogen ains in organic chemistry, mangactions do not involve a bond
change at a hydrogenoat at the RDS. These points begorequirementor other atom
KIEs.

The major downside to KIEs measured on atoms other than deuterium-gteavy
KIEs) is that as the dference in masses of the isotopes decreases, so too does the
magnitude of the isotope effe@euterium is 100% heavier than hydrogen, therefore the
difference in the reduced masses for Equation 2 is much largeing the difference in
energies, and, bgxtrapolation, the rates larger aedsier to quantify. In the case of the
naturally occurring isotopes of carbon, cardéhis only 8.3% heavier than carbd8. In
the case of the naturally occurring isotopes)gfgen oxygenl16is only6.3% heavier tha
oxygenl?7. These smaller differences result in much smaller isotope effects. Nevertheless,
the information that could be gleaned from these KIEs is potentially invaluable to
understandinpp  r eact i o n OMork theuwtoat rihie 4980s and 1990sing
labeled substrates in conjunction with spectrom&tiyj> gas chromatograph¥?, and
scintillation counting®¥ 39 allowed for the determinatianf kc.12/Kc-13, Kc-12/Ke-14, Kn-14/Kn-
15, andko-16/ko-18 isotope effects, but not unfib95wer e t he i deas of Pasc
at natural abundance combined with heatgym isotope effects.RE group of Daniel

Singleton at Texas A&M Universitijrst reporteda methodof precisely measuring carbon

13



isotope effectat natural abundanassing®>C NMR*°fifie Si ng!l e didmt met ho
require labeled substratemdallowed for simultaneous determination KfEs for every
carbon in the molecul@he method would later be expanded to invdlve/k+.2 andko-
16/k0-17-141'142

The Singleton method (and several of the other mentioned methakisy
advantage of the fact that, as the reaction progresses, the edrstating material
becomes enriched in the slower reactisgtopomer If a reaction is takerio a high
fractional percent conversion%} andthe unreacted material is-isolated, the isotopic
composition could be compared to material not subjectétetoeaction condition and the
change irelative isotopic compositiowould yield a KIE.In 1995, Singleton and Thomas
used the Diellder reaction between isoprene and maleic anhydride tehisshethod
on carbonl3 (Figure 1.§. After the majority otthe isoprene had reacted (high fractional
percent conversion) the reaction was quenched and the unreacted isoprene was isolated. A
sample of isoprene from the same batch, which had not been subjected to the reaction
conditions, was then compared to thés@ated material usintfC NMR. One aton{the
methyl group carboid) anatom that was unmistakabmpt involved in the reacti@ghwas
designated as a fistandardodo and the relati\
compared. This ratio (Rgrcould then be submitted to equation 3 (along with the fractional

percent conversion %) to determine the KIE*
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reaction conditions) F% conversion)

Figure 1.7. Singleton's original small KIE determination reaction

_ In(t- F%
In( F9%)? (VRO))

Equation 4. S a u n d equasioh aseceto calculatestarting material KIEs when giventhe fractional
conversion oflighter isotopomer (F%) and the proportion of minor isotopic component in recovered
material to that of starting material (R/Ro)

Since 1995, the Singleton method has been cited almost 300 times to give a deeper
undersanding @ reaction mechanismé% 148 This approaclis used extensively in almost
every projectdiscussed hereir\ detailed description of the method mocuremenand
the raw datafor each experimenare included in CHAPTER V: EXPERIMENTAL AND

COMPUTATIONAL DETAILS.

1.3 Computational M ethods

Computational chemistry has been expanding at an exponential rate with the
increase of both computer power anetigst in the theoretical prediction of reactivity.
1511n many cases, computatiomabdelsallow researchers to better understand selectivity

in reaction$®?, predict reactivit}?®, and even develop new methodo&sP”. In the
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interpretation of KIEsthe presence, absence, or location obanal or invers&IE can
frequentlybe enough to draw helpful qualitative anfnation about a reaction. There are
times, however, when more quantitative means are necessary to fully understanding the
transition state that gives rise to the observed changes imrtdie.case of the Diel&lder
reaction mentioned earlier, compupats gave insight on the asynchronicity of the
reactiont>® This acountwasthe first marriage of isotope effects experimentally measured
using the Singleton Method and computational predictions pfédictedvalues were in
triple digit agreement with the measdralues in almost all cases standing as a testament
to this synergy and leading tbe pairing of calculations with experimental measurements
becomingcommon place.

Calculations within thishesisconsist of higHevel density functional theory (DFT)
predictions of transition states and ground st#tilsough conputational chemistry brings
with it errors in approximations, the utmost care is taken to minimize these errors in our
projects Appropriate functionals and basis sets are chosen for each individual project based
oncomputational cost and benchmarks wtgaggest the best match for experimental data.
Solvent effects and dispersion corrections are taken into considetataid in a full
description of the reaction conditionkh many cases multiple methods are chosen to
describe a single system and treimdthe predictions are utilized instead of relying on the
accuracy of a single calculation. From these calculations, KIEs are predsitegdthe
method developed by Bigeleisen and Mafgerall proposednechanistic pathways far
complete understanding the potential energgurface (PES) of the reactiéif:>’

The BigeleiserMayer method assumes thgiantum mechanical tunneling is

absent Although tunnehg is frequently minimal in the case of heavy atomgjrogen
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movement has been proven to frequently induce tunneling and require corrections for
standard calculation$® To minimize errors due to tunnelintpe one-dimensionalnfinite
parabola or Wignetunneling correction is applied to all predicted KIEs in thisis!>%160

KIEs areincrediblysensitive to geometr\#’ For this reason, we finitipertinent to
model the same transition state several times using different functionals and methods each
leadingto an individual KIE prediction. Again, trends are observed thedaverage of

these methodss taken as the prediction for the system.
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CHAPTER |l: SECONDARY AMINE CATALYSIS

2.1 EnamineCatalysis

The idea of secondary aminescagalystshas already been discussed in Section
1.1, but here, we will take a deeper look into this class of reactions. First, the basic steps of
the reaction mech&am should be understood. The initial steps of a standard enamine
reaction are outlineth Figure 2.1. The secondary amine attacks the carklmamilnof the
reactantand creaes zwitterionic intermediaté. A proton transfer occurs (T$2o yield
carbinobminell. A generic acid, either from solution, or from a moiety on the catalyst
thenprotonates the hydroxyl group of the carbinolamine facilitating the loss of wa#r (TS
and the formation of the iminiwion intermediatdV. A generic base, again eithieom
solution or from a moiety on the catalyst deprotonatesitarbon and yields the enamine

intermediatéeV.
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Figure 2. 1. First steps of enamine catalysis

After formation of the enaminé¢he molecule is now a nucleophile which can add
to electrophiles to effect the transformations naadier The generidransition sate of
this stepis shown as TS6 in Figure 2.2. Tlstepresults in the formain of the product

iminium-ion VI, which urdergoeshydrolysisto yield the finalU-functionalizedoroduct.
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Figure 2. 2. Addition of an electrophile to an enamine

2.1.11sotope Effects Reveal the Mechanism of Enamine Formation in

L-ProlineC a t a | ~Amimation & Aldehydes

As mentioned earlier, List and woor ker s & advancement s
organocatalysis came from showing how versatile the natural amina.-gecaline (3)
could be in catalyzing reactionBhe groups of Houk and List developed a general model
for these eactions shown ifigure 2.3 This model follows the stepspresented ithe
above section, but several key elements are spdaditothe use of proline as the catalyst.
The carboxylic acid group on proline serves four major functions that allow it to facilitate
the reaction and give stereochemical conffaist, the group causes spec8&ghe anti-
enamine, to be preferredver the alternativesynenamine This is due to the steric
interaction between the carbegyoup and the hydrogen atoms on thearbon making
the synenamine higher in energ$econd, he carboxylic acid moietgicts asa directing
group fa the incoming electrophileontrolling the facial selectivityThird, as the
electrophile adds, the carboxylic acid group protonates theesdeeaiding to a more stable
intermediate(TS10). The combination of disfavoring theynenamine and directing the
electrophile to add to the same face as the carboxylicveasdthe basis texplain the

enantioselectivity of theeactionas illustrated irFigure 2.4
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Figure 2. 3. The Houk-List model of L-proline catalysis

/I\\_ _Z/\

R

Figure 2. 4. Enantiodetermining step in the HL model of proline catalysis (TS1D

In 2007, the groups of Seebach and Eschennidsetified two oxazolidinone
species,11 and 13, via 'H NMR spectroscopy and proposed an alternative model of
catalysis(Figure 2.5)'%2 This cycle ismarkedly different in that intermedia8eis not the
key intermediate. Instead, in the SeebBskbhenmoser pathway-ESpathway), the key

intermediate isynenamine carboxylaté2. The groups proposed tha E2 elimination

21



of 11yielded12 (TS14seebac) and thantramolecular lactonization occudeoncomitantly

with electrophileadditionin the enantiodetermining st€¢pS15).
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Figure 2.5. SeebachEschenmoser model of kproline catalysis

In 2010, Gschwind and eworkers proposed a thircthechanism combining
elements from both previous repottd.In the Gschwind Pathway, oxazolidinone
intermediatell, proposed in the -& pathway, leads to formation @nti-enamine
intermediate3, proposed in the #L pathway.In 2015,Gschwindand ceworkers recanted

their assessment and instead agreed with thepkthway as it was suggesté.
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Figure 2. 6. Gschwind's 2010 model of -proline catalysis

These three proposed mechanisms differ in four distinct w@dysThe key
intermediate (2) The mechanism of enamine fornaati (3) The role of oxazolidinone
intermediatell; and(4) The nature of the enantiodetermining st€pese differences are
summarized in Figure 2.7. The points of greatest interest to us were (2) The mechanism of
enamine formation, and (3) the role of azkdinone intermediatél. Prior work in the
Vetticatt Group decided tondertake a combined experimental and theorefitaind'*C
KIE study to probe this reaction and obtain the fasid insight into the transitioistate
geometry for enamine formati1* For this studythe U-amination of 3phenylpropanal
(1a) by dibenzyhzalicarboxylate 2a) was chosen as an archetypical reactrT.his
reactionhadbeen studied experimentdi®f 158 and computationally®, in the pastStudies
by Blackmond and cavorkers suggested that enamine formation, for pasticular
reaction was the rateletermining step®® Thus it stood to béhe perfect reaction to study

using kinetic isotope effec{&IEs).
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Figure 2.7. Distinguishing features of the three proposed mechanisms farproline catalysis

Scheme 21.Pr ol i ne caminaionyfaldethydds. Prototypical reaction chosen for KIE study
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Carbonl3 KIEs were measured using the earlier discussed methodology pioneered
by Singleton and cavorkers forla. The?H KIEs werealsomeasured for thethydrogens
of 1a. All KIEs are shown in Figure 2.&ualitatively, the large, normal, isotope effect on
C1 and thé}+hydrogens were determined to suggest that both of these atoms are involved

in the ratedetermining step of the reaatioThis is consistent with an E¢pe elimination.
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Figure 2.8. Experimental KIEs measured for the L-proline-catalyzed reaction of 1a with 2a. The two
sets of**C KIEs and two sets oPH KIEs represent independent experiments. The number in
parentheses shows the uncertainty in the last digit.

Calculations were performeldy other members of the Vetticatt growpich ruled
out all steps at involving enamine formation as well &S9. The convesion of
oxazolidinonellto eithersynenaminecarboxylatel2 or anti-enamineB (TS14-Seebach
or TS-Gschwind, respectively)however, could qualitatively account for the observed C1
andU-H KIEs. The involvement afieprotonation of the+-hydrogenwith concomitantCi
O bond breakagevould give rise to normal isotope effects being observed at each location
This concerted mechanism i s r eprmall-3eachst e d

plot in Figure 2.
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Figure 2.9. More O'Ferrall -Jencks plot for the possible pthways for conversion of 11 to 12

Attemptsto find such a transition state all ended in failuneits steadiransition
states wherein thei© bond had already been completelpkan were located This
represents the second step in antye reaction starting from iminium carboxylate
(bottom horizontal of th1o r e O 8Jéneks pldh Ih drder to temper the acidity of the
Uhydrogen atoms, in an attempt to find a transititate more in following with the
proposed concerted pathway, a novel mechanism was proposed wherein a bifunctional
acidbase protonates the pyrrolidine nitrogen of the catalyst with concomitant
deprotonation of theéthydrogen. This transition state is showm Figure2.10 This new
transition statd S14aresults in arN-protonatedsyn or anti-enamine carboxylaté 2 A H
This intermediate can then-eater the HL pathway through intramolecular proton transfer

to yield enamine carboxylic acil
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Figure 2.10. Newly proposed TS14

Many bifunctional bases were tested, bhe tbest fit for experimenivas the
prediction given whea produciproline compleeffeciedthe transformation aéxo11to
syn1 2 A Hhis transition statend predicted KIEs aghown in Figure 21 Considering
the lack of agreement in all other proposed transition stdategas decided thathe
predicted values for this transition stal&14q ,avereclosestto all the conclusons made
from the experimentameasurementgi.e. the large normal KIEs on C1 and the

hydrogens, and the small normal KIE on C2).

1. 005

(ﬂg"’ 43—>H <—1 031

- 1.002

Figure 2.11. Calculated gemetry and predicted KIEs of TS4a a
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This proposal is consistent witiwo key points made regarding the autocatalysis of
the reaction. First, it folowS e ebachdés proposal that the or]
to base catalysi$? The use of the bifunctional base is needed to effect the concerted E2
elimination proposed aBS14q .&8Second, this proposal suppdts ac k mond6s obset
thatreaction benefitsfromia cat al yti c cycl e ecompbekesorng on
sol ubl e pr 6% Then compkexd fdroexd tbetwieen the product and the proline
solubilizes the prolia in the acetonitrile reaction solvent.

The conclusioamade by this prior work most closely fits with the catalytic cycle
presented by Gschwind and-smrkers in 2010 (Figure 2.6 As mentionedearlier,
however, work in 2015 led Gschwind andworkers to recant their findings and side
instead with the proposal puirth by the HL pathway(Figure 2.4)!%* This new finding
gave cause to pausevoking the HoukList Pathway, one coukliggesthatT S8andTS9
are coeratedetermining. If this was true, the observed KIEaulsdbe reflective of both
steps and could explain both the flesgarnered by the Gschwind group and the Vetticatt
group.

In order to test this hypothesis, it was rationalized that one could artificially make
one step higher in energy than the other. This shift would then affect the KIEs measured.
We thereforeneasued the carborl 3 KIEs for the reaction usirigD-1aas the aldehyde.
If TS9, deprotonatiomf theU-carbon of iminiuni, was ceratedetermining, replacing the
protons by deuterium would increase the ba

rated e t e r mTha meagyredKIEs wouttienbetter reflectthe predictions fol S9.
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To probe this ided }D»-1a was synthesizednd he KIE for C1 wasietermined
using the Singleton Methdd® Two separate reactions wesken to 71.6- 2%and 71.0
+ 2% conversiorin the aldehyde substrafEhe reaction was monitoreda °H NMR using

DMSO-ds as an internal standar@he stacked spectra obtained from this methozl

shown in Figure 2.12

T -
==

——

Figure 2.12. Stacked NMR spectra showing percent conversion monitoring &¥D>-1a using DMSG
ds as an internal standard

Upon reisolation of the unreacted starting materidle tKIEs for C1 were
measured. The other carbon atoms were not measured Bsdhen was splitdue to
deuterium couplingnd all other values were expected to be unity. The measured KIEs,

along with the KIEs measured usibidH2-1a, and the predicted values f683 are shown

in Figure 2.13

1.024(4)
? 1.021(4)
~— 1.019(4)
1.020(3)

Bn 1.002

Figure 2.13. KIEs for (blue Arial) measure d

wibDt-lha ,U (r ed
italic) predicted for TS3

bol d)h-rlagagerur ed wi t
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If TS8 and TS9 were coratedetermining, the use df-Dy-1a should cause the
measured KIEs to resemble the valuedicted forTS9 more closely than the KIEs
measured with}H,-1a. This is not the case. Tihewly measured valuese inagreement
with the KIEs measured using ntabeled substrate therefore disqualifying the idea of co
ratedeterminingsteps The discrepncy betweemur study and that of Gschwind and-co
workers from 2015 is likely attributed to the electrophile employed in the reaction.
Gschwind andcavor k er s 0 s ttheskelaldel xreachon of 8rethylbutanal 3-
methylbutanahas numerous diffences from the electrophile used her@m,and could
likely lead to a difference in ratdetermining steps.

CoNCLUSION The combined experimental and theoretical KIE gtggorted here
provides a detailed picture of the transition state of the -dmEmining step for
the proline-catalyzed U-amination ofaldehydes. A mechanism involving anovel E2
elimination directly converting oxazolidinone intermedihi¢o theN-protonated enamine
1 2 Aislproposed. Thiprovides the first experimental evideribat intermediate 1 is
not parasitic, but actually a key reacting partner in the mechafismamine formation in

proline catalysis

2.1.2 Isotope EffectRevealDiscrepanciesh Current Mechanistic

Understanding oDiphenyprolinol Silyl EtherCatalyzedMVichael Reaction

of Aldehydes and Nitroolefins

INTRODUCTION The Michael addition of aldehydek3 to nitroolefins14 is a

powerful reaction that creates two, adjacent, stereogenic centers. In 2005, Hayashi and co

workers showed that this reaction could be catalyzed by dipgbretiybol silyl etherl5to
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obtain the desired product in 99%ee, 9:1 dr, and >70% vyield in most'tatewas
discovered, later on, that the addition of catalytic ant®ohacid (usually-nitrophenol

or acetic acid) increas¢he rate of the reaction without decreasing yaldelectivity! "

Scheme 22. Hayashi's Michael reaction

In the little more than a decade since this reaction was first introduced, it has
accrued almost 800 citationEhe reaction has alsomerated dair amount of contreersy
with regards tats mechanism. Very few groups, however, have actually examined the role
of the acid additivén accelerating the reactidit

Three mechanismsare proposed for this reactioffhe first was proposed by
Seebach and eworkersbetween2011-2013170172173Thjs catalytic cycle( her ei n ,
Seebach Cycleodo) involves condensation of
the enaminel7 by the same means described in the introduction of this chapten
nucleophilic attack of the enamine establishes #mdarnicarbon bond and yields the
iminium-nitronate intermediat&8. From this intermediate, the group suggested that two,
off-cycle, species could form. Eitheb,6-dihydro-1,2-oxazine N-oxide species19 or
cyclobutane specigX). Both of these species hdveen isolated and fully characterized in
the aforementioned studies. $aeh and cavorkers suggest that these are parasitic species
and deter from the catalytic cycle wheré®becomes protonated at the nitronatéooar

to form the produeiminium 21 which is finally hydrolyzed to yield product and promote
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catalyst turnover. The group supports their claim(bythe Huisgen test for (2+2)
cycloadditionsvia zwitterionic intermediates and ( 2) Acatchingo th

nitroolefin bearing a nucleopilic substituent"#*7>

Mm?

5 OTMS 13
R
H,O
oms Seebach Ph
N Ph
Cycle OTMS
. 47
R off-cycle

Rl\\\‘
18 \ off-cycle / 19
Ph

N Ph
:  OTMS
R NO,
él
20

Figure 2.14. Seebach and cavorkers' proposed catalytic cycle

The second mechanism comes from Blackmond anevarkers who have
performed numerous kinetic studies on this system and isolated several cyclobutanes and
oxazines™® The catalytic cycle the group prop-
conclusion about the offycle speciesAfter iminium-nitronatel8 forms Blackmord and
co-workers believe thaing-closure leads to theyclobutaneand consider it not a parasitic

intermediate but a cruciali c at al y st imtaesmtedhanigm. $he authers then
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propose thathe ring can open to either theaaine 19, or, after deprotonatiorenamine

nitronate22. These Afl eeti ng s pecPaspoducemammne.l ead t
The productnamineis thenpr ot onat ed, and the catalytic
proposal with hydrolysis of produatinium 21. The support for the cyclobutane being

oncycle comes from the observation thdiJdisubstituted aldehydes are almost
completely inactive. This is ratpaonesl i zed
crucial in the reaction, and, in March of 2012, the group presented EXSY NMR spectra
which led them to the conclusion that there existecequilibrium between cyclobutane

20a and enaminaitronate22a (Figure 2.16a}’’ These peaks were not observed in the

case ofJ U-disubstituted aldehydes thus leading the group to conclude that the cyclobutane
must be orcycle, and the next step must involveslos o f -protbneof thé aldehyde.
Furthermore, atdeuterium KIE of 3.25 was measured using-nompetitive kinetics

with U-D2-propanal and acetic aciti (Figure 2.16b)The simple qualitative interpretation

of this result was that tHg:proton is invobed in the rateletermining step.
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Figure 2.15. Blackmond and ceworkers' proposed catalytic cycle
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Figure 2. 16. Studies conductedby Blackmond and ceworkers; (a) EXSY NMR interpretations for
mono- and di-substituted aldehyde; (b) deuterium KIE measurement

In May of 2012 Seebach and eworkers performed the santeXSY NMR

experimentas Blackmond and eworkers obtainedthe same datebut drew the final

conclusion that the species in equilibrium with cyclobut2@ewas oxazinel9a.1’? The

group alsocontestedBl ac k mondd s

concl usi

on

based

enaminenitronate22a would not be stabldn August ofthe same yeaBlackmond and

cowor ker s

i ssued a

correction

t

(0]

t heir

and asserted that their datia imply a cyclobutane/oxazine equilibriutff In February

2013, Seebach and -wmrkersretractedtheir earliercontentionand, through truncated

groundstate calculationgoncluded that enamingitronate22a was sufficiently stable to

be a proposed intermetid’>*Ne v er t h el e sassesnenhod thegEXSYUNM®R s

results remained in favor of the cyclobutane/oxazine equilibridimally, in 2016,

ear |

Blackmond and cavorkers again published, reasserting their conclusion that cyclobutane
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20was a fAresting stateod ofeywele eansweaoftirelexastt , ar
path by which it was converted to prodectamine23.

In November 2012, a third mechanism was proposetthégroups of Imre Rai
and PetriPihko( her ei n, @t R&ThePauthoks sefute Pemdbdedds) .a s s eSS me
that the iminiumnitronate is ever formed on the basiscomputational anabys which
determineghatthe speciess prohibitively high inenergy.This is in contrast to two other
computational studies performed in 2008 and 260%2Pihko and ceworkerssuggest
thatthe enamine undergoes a (2+4) cycloaddition with the nitroolefin to yield oxB2ine
directly and orcycle The group then suggests that this species can undergo ring
contraction to form the cyclobutane as an-®ftle, parasitic intermedigtesupporting
Seebachdés conclusion,Thatcyceclfatcogt iBh aek,mo
Cycleo did, with p-cacbongbutawithithe added tondohit®iOn i t r o n
bond cleavageo yield productiminium 21. Spectroscopic studies led the authors to
observe an equilibrium between produminium 21 and producenamine23 in support
of Blackmondés findings. The Uagkyloittoplefinsade an
were also capable of undergoing the reaction, andndidcreate their cyclobutane
counterpartgFigure 2.18) This observation is used to support the conclusion that the
cycl obutane is not requiredytbeoriedter med,i
2017, the group performed a much moreda@pth computational studgontinuing to
support that iminiurmitronate 18 is created only during thasynchronous concerted
formation of oxazinel9, sincering closureflags behind carborcarbon bond formation

as observed through internal reaction coordinate calculations (IREs)
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Figure 2.17. Pihko and caworkers' proposed catalytic cycle

not observed

o Me Hys OTMS e OTMS s
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Figure 2.18. Observed phenomenomy Pihko and coworkers

The steadfast points on which all threechanismagree are: (1) The reaction takes

placevia an enamine pathway; (2yclobutane and>azne species are formed many
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cases (3) formation of the carbowarbon bond is reversible. This final point was made
abundantly evident by both Seebach angvookers as well as Blackmond andworkers,
and the energies calculated by Pihko angvoders agrees with the ratetermining step
happening after carberarbon lond formationln an attempt tonderstand the mechanism
and ratedetermining step of thiseaction we undertooka comprehensive mechanistic
studyusing our synergistic experimentaid computational KIE approach.

RESULTS AND DIscussIioN Study of this reaction began with prior work done in the

Vetticatt group utilizing the reaction figure 2.19 3-phenylpropanal3b) was used as

the aldehyde with the intent of being able to reisolaoth reacting partners for KIE
analysis.The reaction was run both with and withquhitrophenol as a coatalyst
additive. Reisolation of the aldehyde proved difficult, but two sets of measurements were
performed on the nitrostyren&4g) for both cowlitions as shown in Figure 2.1%he
observed 11.5% KIE on theb-carbon of the nitrostyrene agregsalitatively, with rate

determining protonation.

2.5mol%

O\/\Ph
N Ph O Ph

0 |
H 45 OTMS - | |
! Ph 15 ‘ |
H + \/\NOZ - H)J\/\/NOQ : Ph\/\
B |

w/ and w/o =
n Bn

13b 14a Toluene, RT 16b

Figure 2.19. Conditions used to first stud/ of the title reaction and KIEs; Lavender Arial numbers
were measured in the absence of acid -@atalyst, peachitalic numbers were measured in the
presence ofp-nitrophenol as a coecatalyst

The decision was then made to measure the isotope effectsgreence of acetic

acid as a ceatalyst. Due to the issues of purification it was decided that progESa! (
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would be used. KIE measurement using the system shown in Figureré/2@leda
discovery contradictory to the early conclusi®he 3% KIEols e r v e d -caronaf h e U
the nitrostyrene suggested € bond formatiornto bethe ratedetermining step of the
reaction.This measurement was repeated four times to ensure accuracy, and each time the
same qualitative conclusion was drawn: theedeterminng step(RDS) has changedlo

ensure that these measurements were accurate, two of the four experiments were performed

by another graduate student.

2.5mol%

O*Ph E
0 N Ph O Ph 1
H OTMS - !
| 15 - .
Ph _ |
H + \/\NOZ > H)J\_/\/Noz : Ph. -~
M

e Me : T
13a 14a Toluene, RT 16a

Figure 2.20. Conditions used in the seconetudy of the title reaction and KIEs

In order to assess whether the change in RDS was brought on by the change in
aldehyde (propandl3ainstead of 3phenylpropanal3b) or cocatalyst (acetic acid instead
of p-nitrophenol), the KIEs were measured for teaction ofLl3b and acetic acid anti3a
with no acid. The results from this line of inquiry continuted contradict earlier
conclusionsThe 2% KIE on th&-carbon wherd3band acetic acid are used (Figure 2.21a)
again suggest protonation is the RDS eawals thathanging the aldehyde changes the
nature of the RDS (Figure 22 compared to Figure 2.20). The reaction witaand no
co-catalyst(Figure 2.21bYyesulted ina normal KIE on thékcarbon, retaining the earlier
conclusion thaCi C bond formabn is the RDS, but the magnitude is now considerably
lower (Figure 2.21b compared to Figure 2.20).
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Figure 2. 21. Conditions used in thethird and fourth studies ofthe title reaction and KIEs

The decrease in observed KIE in the absence of acid led hyplo¢hesighat Q

C bond formatiorand protonation could be gatedetermining. When two transition states

are similar in energy, the observed KIE is a weighted value of the individual wansiti

states with respect to their relative enerdté484This appears to be the case in the reaction

performedwith 13ain theabsence of aci(Figure 2.21b) where the Kl&bsrved on the

U-carbon ofl4ais significantly reduced in magnitud@he unity KIE expectedt this

positionfor the protonation step would decrease the observed normal KIE expected from

the A C bond formation step. When acetic acid is added, the enetigy pfotonation step

is,intheorydecr eased

due

t

0]

a ¢ eWith theeaecgy bbabier ofr e | at i

protonation dwer,Ci C bond formation becomeasore rate determining
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This line of reasoning is supported by DFT calculations. Thé Bond forming
event was modeled with acetic acid at the B3LYRL&* level of theory®31® |IRCs
confirmed the conclusions drawn by Pihko anehaokers that, after GC bond formation,
the system spontaneoustyclizes to oxazine19. The isotope effects fot4a were
predicted from scaled vibrational frequencies usBQEFF98'8%1%The acetic acid was

strategicallyplaced to coordinate to the nitro groupldfa as this is vmere the negative

charge is building up during the transition state. The acid is stabilized by a weak hydrogen

bond from one of the phenyl groups on the catallysdbm this calculationwe see a
predicted KIE of 1.032n theU-carbon ofl4a Thisvalueis marginally higher than the
measured KIEs, but that can be attributed to protonation kstithg partially rate

determining.

Figure 2.22. DFT optimized transition state for carboncarbon bond formation and predicted KIEs
with acetic acid

To support that claim, the protonation of the nitronate carbon was modeled using

both the oxaziné% and the cyclobutan20a in following with the Pihko and Blackmond

cycles, repectively. In both cases, rifgpening is observed as concomitant with proton
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transfer For the transition from oxaziri®a, Figure 2.23a, thei® bond ofthe ring breaks

at 2.31A with arearly proton transfefThe nature of the proton transfstikely explained

by the three-bOHAIASA G shyadrl d gsehre d-oxygen. Thése ac i d
stabilizing interactions make the proton more acidic and therefore promote an early
transfer. In the case of the transition from the cyclobu28agFigure 2.23bthe geometry

of the cyclobutane does not allow for these interactions and the proton transfer is therefore
later, as is the ringpening with the ©C bond breaking at 2.74/&0th of these transition

states predict B-carbon KIE of 11.5% and atJ-carbonKIE of near unity Energetically

speaking, the transition from the oxazine (Figure 2.23a) is favored by ~10 kcal mol

(B3LYP-D3(BJ)/6:311++G**/SMD(toluene) // B3LYP/@1G*) 10119

a) b)

Figure 2. 23. Acetic acid protonation of the nitronate carbon of (a) oxazine intermediate; (b)
cyclobutane intermediate

If the transition state in Figure 2.2Ba~1.2 kcal mof lower in energy than theiC

C bond formation step in §iire 2.22, the weightddcarbon KIE would be a match for the
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1.029 observed experimentally. In addition, such a small gap would account for the
delicacy of the potential energy surface. Current predictions have a much greater difference
in these energies-3.3 kcal mofl'), but hese DFT methods are known to fail when
predicting energies for proton transfaersd a more comprehensive computational analysis
is underway*®

To investigate the potential energy surfate¢he absence of the -@atalyst Ci C
bond formatiorwas modeled without the acetic acid. Without the acidic prottalence
the buildup of negative charge on the nigooup the transition state becomes tatgth
the Q C bond distance decreasing0.2A. This results imlarge KIE predictionof 1.03%

as shown in Figure 242

Figure 2. 24. DFT optimized transition state for carboncarbon bond formation and predicted KIEs
with acetic acid

Although the species responsible for effecting the protonation is not known when
the cocatalyst is absent, oman assume that the prediction for thearbonfor protonation
by acetic acid (Figure 2.23) stands a decent example. In that case, considering the

predicted KIEs in Figure 2.23a and Figure 2.24, if the protonation step is ~0.4 kéal mol
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higher in energy than thei C bond formation, th&+carbon KIE would match the 1.015
observed value.

The conclusionthat, in the presence of acetic acid, € bond formation is almost
completely ratedetermining (for13a) is inconsistent with the 3.28-methyleneku/ko
measured by Blackmond and-amrkers forthis samereaction (Figure 2.161Y. Since no
hydrogen is forming or breaking bonds at the transition state modeled in Figure 2.22, a
unity kn/ko would be expectedhat is, of course, if this transition state was consistently
ratedetermining. As we have already shown, the energy difference be®i€ztond
formation and protonations incredibly delicate. In Blackmond and -eoor k er s 0
experimen, they measure the rate of the reaction WHH.-13aandacetic acid, and then
again withU-D,-13aandacetic acidds. Since deuterium is larger, it would likely raise the
energy barrier for protonation. If the two barriers sw#ally close, this chage would
cause a shift in the contribution of the twoRDSs. An analogous experiment was used
in the earlier section to disprove the possibility 0fRIDSs'** To provide support for this
line of reasoning'*C KIEs were measured employing the substrates used in Blackmond
and c o vkeexpemrnrerst. @hese conditions and measured KIEs are shown in Figure
2.25. The presence obrmal KIEs on both carbon atoms suggests that, in the presence of
deuterated substratesj € bond formation stops being completely rdétermining and
protonation becomes comparable in energy again (as is the case in the system without co

catalyst).
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Figure 2. 25. Conditions used in thefifth study of the title reaction and KIEs

ConcLusions From the experiments and calculations discussed above, it can be
seen that there is a very small diffecterbetween the energies of theGbond formation
and the protonation step. Three observations are made: (1) changing the substrate from 3
phenylpropanal3b to propanafl3a caused a change in the relative energies substantial
enough to cause a shift inet observed KIEs; (2) wheiBais used, adding acetic acid as a
co-catalyst also causes a shift in the relative energies as seen in the changing magnitude of
the KIEs; (3) labelindl3aand acetic acid with deuterium causes a change in the relative
energy @ the protonation event with leads to thebond formation no longer being
completely ratedetermining. In the light of these data, many of the amichs drawn in
the literatureare no longer at odds as the energy surface experimentally appeartato be f
enough that minor changissubstrates and conditiocguse notable changes in the energy
barriers and therefore do not allow for experimewts different conditions to be safely

compared
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2.2 filminium -iono Catalysis

As discussed in the introdueti, primary andsecondary amines have evolved a
second branch of organocatalysisninium-ion catalysis This work wasprimarily
pioneered by Dav P®dwasinowd that Lewiacitiswowd coordipate
to the carbonybxygen ofUb-unsaturated aldehydes and lower ¢imergy of thdowest
unoccupied molecular orbital (LUMO) of the substrate. This would then activafe the
carbon for nucleophilic attack due to the contributing resonance structure shbigure
2.26 MacMillan and co-workers proposed that amine could condense with the same
substrate and generate an iminion. This intermediate wouldct similar to the Lewis

acidcomplex by generating an analogeasonance structure ingtre 2.26

I O O
LA l
i1 F s
R R ®

AN AN

?K\HA |
Nar i i

€]

"iminium ion"

Figure 2.26. LUMO -lowering strategies

The mechanism for iminiusron formation isalmost identical to that of enamine
formation with the exception that tliéproton is not extracted. These stepe illustrated
in Figure 2.27 The iminiumion has been characterized in several casaseyf amine
salts as catalystand stoichiometric condtiort8%2% Under reutral amine conditions,

however, there has been very little evidence of this intermediate with one exception from
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Gschwind and cevorkers who characterized an iminition intermediate in an enamie
type reaction with.-proline2®! Nevertheless, the copious examptethe literatureof this

mode of activatiomprove it to be a valuable catalytic archetype.

O
R2 R \HL o° °0
R._.- R 1 R Rs Rs
N #b SR' —_— R1\K< /H _— R,]\R(r\H
R2 . D ®

" R-NH VR LR
R, R R, R
TS1 | TS2

f r - aE:
Vo ‘\ R. OH
b@ Y Rj O-H oH R 3
IS b . R, L N-r
R R, R N-R R, R
R, R R, R
TS4 [l TS3 ." .
carbinolamine
H
O\
R3
R1%®N,R'
R, R
v
iminium-ion

Figure 2.27. General mechanism for iminiumion formation

2.2.1Kinetic Isotope Effects Reveah Alternative Mechanism for

nl mi # iowadialysis

INTRODUCTION In 2005, the group of Karl Anker Jgrgensen reportedeélcendary

aminecatalyzedasymmetric epoxidation @ b-unsaturated aldehydes, @mals 24) with
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hydrogen peroxide26).1% At that time the group proposed a catalytic cyoheich in
following with the generic mode of reaction in Figur@wherein iminiumion 30 is

formed by standard addition of catalg3ato enal24, hydrogen peroxide attacks the now
activatedb-carbon, the resulting enamir@lA B then closes the ring yielding the product
iminium (33) which is easily hydrolyzed to afford product and bessturnover (Figure

2.28). Kinetic studies conducted in the same lab in 2014 suggested that the reaction was
autocatalytic when performed the biphasic dichloromethasveater solvent systeff?

From this deduction, and the observation of peroxyhydrate sp&gi@swas concluded

that the origin ofautocatalysisvas from theproduct acting as a phasansfer catalyst to
deliver the pemide unit to the organic layer. It was therefore concluded that the rate

determining stefRDS)was attack at thB-carbon(An .

Scheme 23. Jgrgensen's epoxidation

wr (@)
9 N Ar
2aH  oTms
H + H202 > O\\‘ H
| DCM, RT

R R = p-chlorophenyl = 24a/26a R
24 25 Ar = 3,5-(CF3),CgH3 26
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Figure 2.28. Jgrgensen group's proposed catalytic cycle

In 2013,DuarteandSantogublished a computational investigation of the reaction
and suggested several alter a®Fistntse Santos t he ]
group modified the formation of the iminidan by the inclusion of an explicit hydrogen
peroxide molecule in their calculations. This molechémivas suggested to coordinate to
the lost hydroxideon therefore activating the nucleophilic oxygen of the hydrogen
peroxide forb-carbon attack. Most notablyy addition tothe reworking of this part of the
catalytic cycle, the Santos group suggestietithe proton transfer from the initially formed
zwitterion @£8) to the neutral carbinolamin29) was theRDS of the reactio(Figure 2.29.
To gain a better understanding of this reaction, our group, along with the Jgrgensen group,

set out to perform synergistic-3C KIE and DFT analysi&*

49



26 wr
N Ar

24

€]
OH
%/' H OTMS
27a

®

r|\lR‘R" (NHR'R") NHR'R"

o), | 0°

2 g H R~ 28 | RDS
proton
°0H transfer
NR'R" NR'R"
HO =
OH
\Oll,, H |
R R 29

31 N
N RIR"
| H20,

HO> -HOOH |
R™ 30
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EXPERIMENTAL _KIE s The reaction withp-chlorocinnamaldehydg24a) was

chosen for this study. Four reactions were taken to 72 + 2%, 77 + 2%, 68 £ 2%, and 61 *

2% conversion as determined By NMR analysis of the crude reaction mixture after

reduction with sodium borohyide. Starting material was then recovergd column

chromatography and the isotopic composition was compared to métenathe same

batch of chemicathat hadnot beensubjected to the reaction roditions. Three samples

were reduced to the correspamglialcohol for comparison. This was done to decrease the

amount of time required for sample analysis on the NMR. One sample was analyzed as the

aldehyde to ensure the derivatization method was complete and did not influence the

isotopic composition of thenaterial. From the ratio of the isotopic composition of the

standard and the +igolated sample, KIEs were determinadthe standard wadf® The

KIEs for these four separate reactions are shown in Fijaée
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1.021
KIE1 0.998 (5) 1.026 E4)
KIE2 g-ggg g; o  1.027(5
KIE3 : 1.025 (3
IE4 1 00%998 ERNS 1‘1/.011 (4)( !
(Assurﬁed) \ < ]88‘71 Eg;
0.995 (4) 1.013(2)
0.998 (5) = 0.996 (4)
0.994 (3) Cl 0.991 (7)
1.001 (2) T 1.002 (5)
1.008 (1)
0.999 (2)
0.994 (3)
0.991 (2)
0.999 (1)

Figure 2.30. Measured KIEs from four independent experiments

QUALITATIVE INTERPRET ATION OF EXPE RIMENTAL KIE s Qualitatively, the large

primary KIE (22.5%) on the carbonyl carbo@1) suggests that this carbon is involved in

either a bondormation or bonetleavage at the ratetermining step. In addition, the
smaller, yet nowunity KIE (0.51%) onthe b-carbon C3) suggests that this carbon too is
involvedin a bond change at the RDAI other carbon atoms display a naarity isotope

effect. The assessment that these two atomiscdinenvolved in bond changes at the RDS

is inconsistentwith the poposal made by Santos in whickither of these atomss
undergoing a changm bonding? These data also call into
iminium-ion mechanism set forth by the Jargensen gf8tiplo single step can account

for bond changes at both locations. Therefore, a different proposal was needed to explain
the findings.

Three possible scenarios emerged as the mostllyk explanations of these
observations anevere investigatedFigure 2.3). The first possible explanation is the
iminium-ion formation and conjugate additionNjare ceRDSs. In this casethe energy
of the formation of the iminiuron (i.e.29Y 30) ard the energy of the nucleophilic attack

of hydrogen peroxide on thecarbon (ie.30+ 25 Y 31) are close enough in energy that
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the observed KIE would be a weighted average of the two individual steps. In this case, the
first TS (iminiumion formation) vould account for the KIE observed 64 and the second
TS (A~ } would account for the KIE observed G83.

The second explanation invokes a nucleophilic substitution from the carbinolamine
intermediate Z9) to directly form the peroxyenamin8l). This conerted transition state
(S\2g) would account for both obserCiaend KI Es
the hydroxyl group, and a bond is concomitantly being formed bet&and the
incoming peroxy group.

The thirdpossibility involvesa 1,3sigmatric rearrangement. In this scenario, the
peroxide anior25 first attack<C1 to yield peroxyamin&5, then rearranges to intermediate
31. This second ste@ &-shift) accounts for both of the observed isotope effectSlas
breaking a bond with the perogyoup whileC3 is forming a bond with the same group.

All three of these possibilgs are illustrated in Figure 2.3Due to the fact that all three
canqualitativelybe used to explain the observed KIEguantitatively analysis could be
performed thragh the use of density functional theory (DFT) analysisefute/support

certain scenarios
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Figure 2. 31. Three possible mechanisms leading to a qualitative agreement of observed KIESnk
bubbles indicate location of expected normal KIE

COMPUTATIONAL METHODS _ The entire system di6a-catalyzedepoxidation of

24a with 25 was modeled84 atoms) using the B3LYP functio®® 18/, ard 6-31G* basis
set®® as implemented by th&aussian09software packag®. Transition states and
intermediates were calculated for each step of the catalytic cycle to geneegterergy
profile. For all trangion structures explored, systematic conformational search was
carried out by varying three key criteria of the reaction: (1) orientation of the chiral moiety;
(2) pucker of the pyrrolidine ring; (3) orientation of the peroxitleese variations are
shown in Figure 232. From this searchthe lowest energyeometrieswere used to
calculate theoretical isotope effects. The KIEs were predicted from the vibrational
frequencies of the transition structuresinglSOEFF98% (with 0.9614 scaling facté?d).

An infinite parabold>® or Wignet®°tunneling correction was applieditelude the effects
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of tunneling on the reactioo assess the feasibility of the suggested transition, sates
extrapolated free energies were obtained by applying the free energy correction from the
aforementioned level of theory to single point energies conducted at the H3R(E3)/6
311++G**/SMD(water) level of theor}?t193206 The energies discussed herein are the
energies obtained by this method. For a thorough understamgBigyalues were also
calculated using ten other DFT methods with two different solvent continuum models
(these datare presented iBECTIONV: EXPERIMENTAL AND COMPUTATIONAL DETAILS to

avoid redundancy here).

a) Ar Ar @Ar Ars~OR
/ N / ./
Ar r
L

N N
OR A
AL L
SC-exo0 sc-endo sc-ap
b) H H
o7 o
~ X
pos-1 pos-2
c)
H H
H‘@p @%—‘ H*@%_| @%_(
©OH © 0 %0-OH
HO HO
orient-1 orient-2 orient-3 orient-4

Figure 2. 32 Parameters varied in systematic conformational search. (a) Orientation of chirahoiety
of the catalyst; (b) pucker of thepyrr olidine ring; (c) orientation of the peroxide

SCENARIO |: IMINIUM -ION FORMATION AND AN ARE CO-RDS Thetransition states

representing the formation of the iminition and Avqwere modeledvith the explicit
inclusion of hydrogen peroxide and hydroxide inrfollowing with the suggestion from
Santos and cworkers(Figure 2.3).2°2 Examinationof the formation of the iminium ion
(TS-iminium) shows that the hydrogen peroxide acts as a Brgnsted acid assisting in the

expulsion of the hydroxyl groupWVe a k |, al bei t interacdonsefrom the CHA A A
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catalyst stabilize the formation of this negatively charged comphexcalculatedgG’ for

this step is 7.8 kcal mdél Observation of the conjugate addition (Af ) shows that this
transitieanr Isytdatvei tokxggeniiord fornsng bt @.49 The calculated
&Y for this step is 19.3 kcal mél A o3’ of 11.5 kcal mof would correspond to sole
ratedetermining conjugate addition. That fact, coupled with the inappropriately low KIEs
predictedfor C1 and C3, effectively rules out this mechanistic scenario as a possible

explanation of the experimental KIEs

1.74',.,;?
X' ‘)1_13 2.49
1.36

C1 C2 C3
TS-iminium  1.014 0.997 1.000
TS-Ay: 1.003 0.998 1.006
Experimental 1.024 (2) 0.997 (1) 1.009 (2)

Figure 2.33. Lowest energy geometry for (a) TSminium; (b) TS-An ¢ (c) predicted and experimental
KIEs. Experimental KIEs are the weighted average of all measurements.

SCENARIO 1I: NUCLEOPHILIC ADDITION T Sn2 dThe Sy2 dransition state is

characterized by theynorientation of the leaving group (water) and the incoming
nucleophile (hydrogen peroxidé)his steeochemical course has been extensively studied

by Stork and other®"212 The C1i O bond breaks at 2.24A and th& @3 bond forms at

55



2.43A leadirg to a 2% KIE onC1 and a 0.8% KIE orC3. The magnitude of these
predictions is directly related to the distance of the forming or breaking bond.i¢& O

is more broken thuthe KIE is lower, whereas th@1i O is more formed resulting ia

larger isotope féect. Further credence is lent to this explanatoynthe predicted energy.

TSS\2a is not only energeti callbykcdlimob)iutbl e at
it is also 4.0 kcal md! lower in energy than T8n gnaking it the energeticallfavored

pathway for the reaction

C1 C2 C3
TS-SN2' 1.019 0.999 1.008
Experimental  1.024 (2) 0.997 (1) 1.009 (2)

Figure 2.34. Lowestenergy geometry and predicted KIEs for TSSy2 .cExperimental KIEs are the
weighted average of all measurements.

To continue to support the likelihood of this transition state, the transition state
leading to the enantiomer of product,-5& -ent, was moeled (Figure &5). ThisTS
was found to be 1.7 kcal mblhigher than TSS\2 @ corresponding to

enantiomeric excess of 89%, in good qualitative following with the observed 98%.
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Figure 2. 35. Lowed energy geometryfor TS-Sn2 -@nt

SCENARIO IlI: 1,3 SIGMATROPIC REARRANG EMENT An explicit water molecule

was includedin the investigation of th@ S-shift to makeit isoelectric with the key
transition states from the other two scenariosaoturatecomparison.n this TS the
peroxy groupundergoes a 1;8hift from C1, breaking at 2.47A, t€3, forming at 2.25A
(Figure 2.8). Again,we see the effect of the extarfitbond scission/formation on the KIE.
Only a 0.6% KIE is predicted f@1 as the peroxy group is more remdveom this center,
and almost double that is observed @& where the peroxy group is much closer. The
nature of this observation shows the 1miatch that this prediction provides for the KIEs.
In this case, the KIE o&3 is larger thanC1, in conflict with the experimental KIEs.
Further evidence to refute this transition state comes from the calcgi@ldaking21.2

kcal molt, 5.9kcal mot* higher than TSSw2 o .
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Cc1 Cc2 C3
TS-shift 1.006 0.998 1.011
Experimental 1,024 (2) 0.997 (1) 1.009 (2)

Figure 2.36. Lowest energy geometry and predicted KIEs for TShift. Experimental KIEs are the
weighted average of all measurements.

CONCLUSION It is clear that the typical nder st andi aAag@no fc afi iamiyrsii
cannot be rationalized with the data gathered. We therefore submit the alternative
mechanism, hereireferredtoas TSn2 a, as a means of expl aini
shedding a new light on this famous mode of catalysghould be noted that iminium
formation is still facile, in this cade7.5 kcal moft lower in energy than the proposed
RDS3 and therefore likely formsExperimental and predicted KIEs, along with
extrapolatecenergiessuggest that this species is anoftle, parasitic intermediate and
the productive pathwagonducts itself via thearbinolamine intermediao.

AVENUES FOR FUTURE RESEARCH It is expeced that this basic mode of catalysis

could be applied t o admnypesuglsophdeprovided therais ni n g
no acid additive in the reactiofrigure 237). Numerous reactions havween explained
usingt he fi-imdmd upnat h wa ynsteachprogréssiacthe mdwly proposed

Sn2 -type mechanism. A short list of some of the reactions currently under study in the
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Vetticatt lab is shown in Figure 38 and include conjugate additions of NHcover the

double bond, as well as more intricaterdno reactiong321°

o
J) HNR'R"
| Nuc—H
R

Figure 2.37. General application of novel 822 ¢ mec hani s m
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Figure 2.38. Systems under study for continued evidencef the novel 32 ¢ mec hani s m
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CHAPTER Ill: NON-COVALENT ORGANOCATALYSIS

3.1 Bifunctional Quaternary Amine-Urea

Chiral ammonium saltsepresent a powerful method of organocatal&iFhis
mode of catalysis begdo gain tractiormn the organic synthetic aamunity with examples
reported effecting conjugate additions to Up-unsaturated aldehyd@§ U
functionalizations ob-ketoester€? 225, epoxidation$*®-?? cyclopropanatiorfé®, cascade
reaction$?®, Strecker reactior®’, Aldol reactiong®!, Mannichtype reaction$2233
Darzens reactits?>, Michael addition$®>2% and Steglich rearrangaens®’, among
important examplesThe catalysts employed in these transformations tend to fithree
categories(Class D Cinchonaalkaloid based,K) binaphthyl basedFj (thio)urea based.
There are exames of these categories mixingor instanceFernandez and Lassaletta
found success adding a thiourea moiety to a cinchona framé#iofkere are also
examples of catalysts that do not fit any of these thredtynels?3? 244 Nevertheless, the

bulk of studies currently in the literature revolve around these three categories.

N N
N
r O A N R
1) e
R"
Class D Class E Class F

In 2014 the Waser Group alohannes Kepler Universitdah Linz, Austria

developed a library of catalysts fitting into Architype The group usethesebifunctional
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(thio)ureaquaternary ammonium salte catalyzeU-chlorinatiors,?*®> U-fluorinatiors,?4®
and U-hydroxylatiors**” of b-ketoestersMichael additiong*® and cascade reactidf%
This sectionwill focus on two particulacollaborations with the Waser group wherein

computational chemistriywasused to better understand the reactivity of these catalysts.

3.11 Bifunctional Ammonium Salt Catalyzed Asymmettifluorination of

bAKetoesters

INTRODUCTION In 2014, Novacek and Waser published the (thio}aresternary

ammonium saitatalyzed}Hluorination reaction ob-ketoesterg*® More than60 catalysts
were synthesized, but the final optimized catalyst was ca@8psihich, when combined
with b-ketoester36, N-fluorobenzenesulfonimidéNFSI) 37, and potassium phospka

(K3PQy) yieldedU-fluorinated producB9in 95% yield and 86% ee.

Scheme 31. U-luorination of b-ketoesters reported by Novacek and Waser

CO,Me
(0}
0 o 95% yield || "’HJ\N CO,Me
0 o 84% ee @
©f§_< . PhOzS\N,SOZPh 2 mol% 38b wcozt-bu rNMez

Ot-bu F KoPOy4 (2M) F Ar

m-xylene 38a) Ar =Ph

36 37 -10°C 39 38b) Ar = Np

38c) Ar =Py

In the initial manuscriptthe authors suggest thhe reaction likely proceeds by
dual activation of the substrateésiter the base deprotonates theketoesterto form the
enolate intermediateion-pairing betweenthe enolateand the quaternary ammonium
moiety are used to stabilize the two species amthfachiral complex The NFSI then
coordinates to the urea moiety and fluorine (as ‘3nsRransferregreferentially to one

face of theb-ketoester enolatéifter this publication, a collaboratidreganbetween the
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Vetticatt group and the Waser groupdevelop a better understandingtloé mechanism
and origin of enantioselectivity this reaction.

BINDING MODE _STUDY_ Computational investigations began in order to test the

hypothesis of activation presented by Novacek and Waser in 2014. The propdtised me
of activation was found (Figure 3. at the B3LYP/6-31G* level of theory®'188 As
predicted, th@xygen atoms on of the NF&bordinated to the hydrogen atoms of the urea
moiety on the catalysht distances of 1.94A and 2.20Ahe carbonyl oxygens of the
enol at e, c o oprotbnsofdhe gudterriary anmimoreéum thoidtpetween 2.05

2.44A.

Figure 3. 1. DFT optimized transition state for Waser's fluorination using BM1

In order to fully understand the potential energy surface of this reaction, it was then
proposed that the two substratesplate and NFSI, couldswitch their coordination
partners. This |l ed to the development of
transition state wha&BM(Q)aabdeHissmew pfofpsahwhs calged Mo d

ABi ndi ng BM2.dlee traneitio (State forBM2 was found in the same way as
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earlier mentioned and provided the structure shown in Fig@rén3BM2, the hydrogen
atoms of the urea moiety coordinate to the oxygen of the keto moiety of the enolate at
1.84A and 1.90A, and the carbonyltb® ester group coordinates most strongly to one of

t h ehydidgens of the quaternary ammonium moiety. The NSFI only forms one
coordination and that is to a hydrogen on one of the methyl groups of the quaternary

ammonium.

Figure 3.2. DFT optimized transition state far Waser's fluorination using BM2

These twaliastereomeric r ansi ti on states Y¥wasfeundcompar
to be 6.9 kcal mol in favor of BM2. This was an exciting discovery B&2 was not the
commonly reled upon mode of activation when dealing with ion pairs. Emboldened by
this discovery, and still interested in fully understanding the potential energy surface for
the reaction, two more binding modes were
(BM3) was oriented such that the enolate was coordinated to the urea hydrogens and the
NFSI approached from the reverse side of the quaternary ammonium. The reasoning behind
this proposal was that the aryl group on the quaternary ammonium could act as a steric

h ndr ance and dri ve reacti on from this i b
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enantioselectivityl Bi n d i n g BN4) vdas oridnted such that one proton of the urea
moiety activated the NFSI and the other activated the enolate. The reasoninig for th
orientation was to allow the bulk of thert-butyl group on the enolate to stick out and
away from any otheportion of the other molecule so as to minimize steric clashing. The
lowest energy transition states found BM3 andBM4 are shown in Figur8.3. Both

BM3 and BM4 were found to be less favorable thBM2 by 7.8 and 2.9 kcal md)

respectively.

a) b) (

Figure 3. 3. DFT optimized transition state for Waser's fluorination using (a) BM3; (b) BM4

SYSTEMATIC CONFORMATI ONAL ANALYSIS It should be notethat this transition

state search was carried out in a thorough fashibwe. catalyst employed in these
calculations havéayer of complexity due to the presencetbfee cruciall-bonds which

can rotate to give rise to different comhations. The quaternary ammonium group can

assume three different staggered conformations depending on the rotation about the bond
that connects it to the chirscaffold. These conformations, desiggdiild and number e

1-3, areshown in Figure 3. The catalyst alsbas a benzylic methyleratached to the
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quaternary ammonia. This also has thressfble staggered conformations, designébegd

as shown in Figure &.Finally, the catalystcontairs annaphthylgroupwhich can assume

four different positions: away from the reactive pocket, sticking down into the reactive
pocket, laying across the reactive pocket, or sticking straight out of the reactive pocket.
These conformatiorsred e s i g ooantha&redalsdishown in Figured3A representatie

array of all possible 36 confmations, for all four binding modes and both enantiomers
was tested. The majority of the located transition states have been omitted to avoid

repetition and onlyhe mosillu strative confomations are discussed.

Me” 1 "Me H " MeH Me™ T H
Ar H H Ar
Cy Cy Cy
H H H Ar Ar. H
ﬂ MeﬁMe MeﬁMe MeﬁMe
Ar H H
Al H : " i H( }H Al H i H
r r
7 °N N Ar N g

Figure3.4.Three rel evant angl e c on-boads expldardadcomputatonatiyu nd r ot &

PREDICTION AND ORIGIN OF ENANTIOSELECTIVIT Y Upon settling on the mode of

activationfor the major enantiomer of proddcBM2 being the most likeky the endeavor

was set fah to model the enantiomeric transition state and discover the origin of the
observed selectivitydgain, a battery of transition states were found varyindXte and
2angles, and investigating the different binding modes. In the end, the transitien st
shown in Figure Sawas determined to be the lowest in energy. Like its major enantiomer

counterpart, this TS assumeBM2 configuration. Due to the steric interaction of the-
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butyl group on the enolate, the nucleophile is shifted slightly cgubkm urea moiety to
split its hydrogen atoms, on to the ketapxygen and the other to the ester at 1.80A and
1.97A, respectivelyThe NFSI retained its single hydrogen bond tolifmeethyl group of
the quaternary Yafthess twoenantiomdrib teansiime &ates was found
to be 1.4 kcal molleading to a predicted ee of 86% which igktellentagreementvith

the observed 84%0On the basis of these calculatioasratonal design of catalyst was
undertakenThe Waser group had already synthesized and tested c8&dyshere the
aryl group off the quaternary ammonium isphenyl. The observed ee was%.7A
computational treatment of this new catalyst returned aqeedee of 7%. It was then
predicted that if the aryl group waxtended taa pyrenyl group, the Betivity would

increase to %b. Experimentallythis was vindicated and a%0ee was measured.

Figure 3.5. DFT optimized transition state for Waser's fluorination usingBM2, giving rise to the (a)
minor enantiomer of product; (b) major enantiomer of product; critical CH -F interactions
highlighted in pink

With these transition states identified, the question became: what ¢auke of

this selectivity? The lowest energy transition state for the major enantiameatalyzed
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by 38D, is re-printed in Figure 3.6b with a specific bond showpiimk. The corresponding

bond for the minor enantiomer is shown in Figure 3.6a. Thiscoonentional hydrogen

bond is 0.3A closer in the major enantiomer TS than the miinisrfrom this difference,

that we propose, comes the observed selectivity. Most practitioners of nucleophilic
fluorination will disregard this interactiginceNFSI isdelivering an electrophilic fluorine

(f or mal Foy It defires ddrRmorintuition that an electromnleficient fluorine should
coordinate to an acidic hydrogen. To provide a deeper insight into this observation, a
natural bond orde(NBO) analysiswas comlucted at the B3LYP/11+G** level of
theory!®1:2°0The electrostatic potential map generated from this clonl is shown in
Figure 36. As can be seen from this calculation, at the transition state, the fluorine still has

quite a bit of electron density around it, making it a reasonable hydbmgehaccepter.

Figure 3. 6. Electrostatic potential map generated for Waser fluorination

CoNcLUsION This project displays the great importance of-stassical hydrogen
bonds. Whereas the catalyst stilakes use of the classicatHNAQAB®Nding motif with

t he urea moi e toyhe £nolate the Hey miaraction wiscdvered in this
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trarsition state analysis is in a-lAR Aydrogen bond. It is from these nolassical

hydrogen bonds that this catalyst derives its versatility and substrate promiscuity.

3.1.2Bifunctional AmmoniumSalt Catalyzed AsymmetridHydroxylation

of bAKetoesters by Simultaneous Resolution of Oxaziridines

INTRODUCTION The collaboration between the Waser group and the Vetticatt

group continued to grow. In 2016, again we were asked to help the group understand
reaction they had developé&. This reaction is very similar to the abovementioned
fluorination. A slightly different catalyst is employetD}, but the structure remains similar

to that of38. It was found that the sanfeketoester36, is capable of undergoing
hydroxylation with the use of an oxaziridin&l, giving 95% yield and % ee(Scheme

3.2). Our assistance was solicited by the Waser group to better understand the reaction
using DFT calculations.

Scheme 32. U-hydroxylation of b-ketoesters reported by Waser and cavorkers

Tos Q
o) N 0 95% yield S .,,NJLN,Ar
: f(/ 0 0 5mol% 40 coyt-Bu JT%ee : SN
+ - > g 2
Ot-Bu MTBE OH A(r
Br -40°C
36 41 42 40) Ar = 3,5-(CF3),-CgH,

BINDING _MODE , CONFORMATIONAL , AND ENANTIOSELECTIVI TY STUDY All

binding modes were tested as earlier mentioned. For the majoioemamndf productBM2
again proved to be the lowest energy. In the case of the minor enantawerey BM4
now proved to be most favorable. These two transition states also showedUratgie
of 3 was preferable to that of 1 displayed in the fluation TSs(Figure 3.4) In the case
of the major enantioméFigure 3.7a)the enolate was again activated by thid Rydrogen

bonds of the urea moiety, but also one of the particularly acidic prattjasent tahe
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quaternary ammonium, establishing a%®.bond. A second}-proton coordinated to the
oxygen of the sulfonyl group on tleaziridineat 2.2¥ . For the minor enantioméfigure

3.7b) one proton from the urea moietgordinatedo the ester carbonyl of the enolate at
1.93v, the other to the sulftyl oxygen of theoxaziridineat 2.3&. The difference in
energies of these two transition states leads to a predicted ee of 97.2% which is in excellent

agreementvith the observed 97.0%.

a)

Figure 3.7. Lowest energy transitionstates leading to (a) major; (b) minor enantiomer of product

SIMULTANEOUS KINETIC RESOLUTION During the optimization of this reaction, a

curious phenomenon was observed. When an excess of ramamiddine41 was used,
the recovered material was almosmpletely enantiomerically pure (Scheme 3T3)is is
similar to the kinetic resolution reported by Liu andvearkers?®! This finding sparked
interest in obtaining a better understanding of the read¥en36 and(S,S)-41 combine

to make the enolateatalyst complex, it can react withlestr oxaziriding€S,S)-41or (R,R)-

41 to yield either productR)-42 or (S)-42 (Figure 3.8§. Based on the observation by the

Waser lab tha{R,R)-41 is leftover, it can be deduced that the enetatalyst complex
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preferentially reacts witliS,S)-41 leavingthe unconsumed starting material enriched in
the slower reacting enantiomer.

Scheme 33. Observation of kinetic resolution in U-hydroxylation of b-ketoesters

1.5eq 99% ee
@Eé_/( o 5 mol% (S,5)-40 @é,COzt Bu
Ot-Bu MTBE
-40°C
rec-41 (R)-42 (R,R)-41

S}

CF,
T JeR et
Ot-Bu NMezH H
F5;C @
36

(S,5)-40
match mis-match
Tos Tos
N |
) N
jof oy
Br Br
(S.5)-41 (R,R)-41
0 0 0
@é,cozt Bu @é,OH @é,COzt-Bu ©:[§,OH
TO,t-Bu OH CO,t-Bu
(R)-42 (S)-42 (R)-42 (5)-42

major minor

Figure 3. 8. Explanation of match/mismatch relationship
When enantiopuréS,S)-41 was added to a reaction containing racentalyst, a

>90% ee was still obseed in the product (Figure 3.9 This confirmsthat oxaziridine

(S5,9)-41 preferentially yieldproduct(R)-42regardless of the catalyst used. To understand
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this relationship, the mimatched -catalyst/oxaziridine pafS,S)-40/(R,R)-41 was
calculated using the same thorough systematwoseh discussed earliefhe lowest
energy transition state assunl2, with theurea coordinated to the enoalte at 1.93 and
1.80A and theUprotons of the quaternary ammonium coordinated to the oxaziridine

through norclassical hydrogen bonds of 2.33ah40, (Figure 3.10.

100

e (o)] o]
o o o

%ee of Product

N
o

0
-100 -80 -60 -40 -20 0 20 40 60 80 100

%ee of Catalyst

Figure 3.9. Linear effects studyusing enantiopure §,S)-oxaziridine

Figure 3.10. Mis-matchedoxaziridine/catalyst combination for the Waser hydroxylation
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Upon compariso of the matched TS (Figure7d) and the misnatched TS (Figure
3.10), it can be seen that the matched TS contains a bengfiesécking interaction
between the enolate and tbraziridine This interaction is highlighted iRigure 3.11
When (R,R)-41 is employedthe oxygen and nitrogeaf the oxaziridine ringare still
oriented in the same manner to deliver the oxygen terbéateand coordinate thesyt
group to the quaternary ammonium moiety, as shown in figure 3.11. The relative locations
of the aryl-group and the proton of the oxaziridjirewever arereversed This change
results in a loss aheenergetically favorable gitacking Thegp 3’ of these two transition
states is 0.8 kcal mdlin favor of the matched TS which would account fordbserved

preferential reactivity.

,ﬁ’“fk

Figure 3. 11 Highlighted pi-stacking in the match case of oxaziridine and product

CoNcLUsIoNs Kinetic studies in the form of a linear effects study, coupled with a
systematicDFT investigaton led to the understanding of this new reaction and the
observed kinetic resolution. As with tfleorination example, this different catalyst and
different electrophile prefer the same binding mode for the lowest energy confirmation:
coordinating the hyrogen atoms of the urea moiety to the enolate whil&mgdrogens

of the quaternary ammonium coordinate to the electrophile. The different shapes of the
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electrophiles lead to somsubtle differences in the overall geometry, but the general

understandingemains the same and can likely be extrapolated to similar systems.

3.2 Isotope Effects Revealransition State of Bifuncctional Thiourea-

tertiary Amine -catalyzed Michael Addition

NTRODUCTION In CHAPTER 3.1, the acidic hydrogen atoms in thiposition ofa

guaternary ammonium group were used in dual coordinatitmthe urea moiety of the
catalyst Here, we look at gertiaryaminethiourea catalyst. In this case, the tertiary amine
moiety can act asBrgnstedbase This activate one of the substratesnd creates a polar
N*iH bond that can serve aspatent hydrogeitbond donor.This particular class of
catalysts was introduced by Takemoto andwvookers in 2003and was demonstrated to
catalyze the Michael addition of malonatd§)(to nitro-olefins (14).12° The final, most
promising iteration of catalyst wat4 with a 3,5bis(trifluoromethyl)phenyl group
attached to one sidé the thiourea core and a chiral scaffold barring the tertiary amine on
the other.The reaction, at room temperature in toluene, boasted yieldsremtiomeric
excesss >90% for most substrates Si nce i ts i nception, Takem
to prowe successful at catalyzing a myriad of reactions inclutiegzaHenry reactiof?,
dynamic kinetic resolution of azlacto&s Michael addition tdJb-unsaturated imidé¥,

aldol reactios?™®, sp-alkylations®>®, andspiro-ketal formatio®’, aswell as many others.
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Scheme 34. Michael reaction published by Takemoto and ceworkers

o o ., 4410mor% ROOC. COOR Q .
e
Ar .
ROMOR toluene, RT Ar NO, FsC H)J\”\
43 14 45 a4 Me~  “Me

Al most 1,000 <citations haepet Despitelthewe d
extensive scrutinythe mechanism and exact understanding of thigrmtional activation
still remains a point of argumefi 2%° Takemot® proposed mechanism is shown in
Figure 3.B. Deprotonation o#3 by the tertiary amine moiety @4 leads to arenolate
protonated catalyst iepair intermediate. The now protonated catahgst been activated
for coordination. The next step in the mechanism is the Michael addition tbcémon
of the nitreolefin 14 forming the @ C bond. Finally, the Michael addug6 deprotonates

thetertiary amine to yield produdb and effect catalygurnover.

ROOC._ _COOR S
T /@x. 0 o
N F,C N~ NY
Ar G ’ H H RO/M\/J\OR

45 TS19

RO OR O O “4-H
Lo

44-H RO™ " "OR

° enolate-43

46 TS18

Ar/\/NOZ
14

Figure 3.12 Takemoto's proposed catalytic cycle
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Two major Abi nding modeso h aegadindbteee n s

method of activation of these substrates for the Michddition Bind Mode A BMA)
involves the thiourea hydrogens coordinating to the nitroolefin, and the protonated tertiary
amine coordinating to the malonate. Binding ModéBBIB) reverses the locations of the

two substrates activating the malonate withttioureamoietyand the nitroolefin with the

amine.

//
/s /'/‘
[©)

NM62
N\Me2 \
H d‘e// \\ o
e \\ OQ\//Od
e 0 o
PPN N
RO™ ™ “OR
Ar

Binding Mode A (BMA) Binding Mode B (BMB)

Figure 3.13. Proposed binding modes A and B

In order to support his proposed mechaniSakemoto and cavorkersperformed
kinetic studiesn 20052°8 The authorbservedhatthe reaction is first order A3, 14,
and44, suggesting that the ratketermining step involves all three sps. This study was
followed by two computational studies. The first, in 2006, by Liu and/arkers utilized
truncations of both the nitrolefin and the catalyst to build an energy profile of the
reaction?®! The autlors concludedthat the proton transfer to the nitoronatgbon is the
ratedetermining step. It is assessed that protonation at the oxygen is lower in energy, but
the tautomerization evemd yield the final producis too high in energy to consider the
pathway. Unfortunately, the geometry for the tautomerization event is not supplied by the

authors, and no mention of the step is given to confirm the findthdsiter that year,
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Papai and covorkers published a confliclg account® The authors contest Takemoto

andLi u o6 s pr BMAasspeeferred by aoimputationally showing tiEB is lower
inenergy by 2. kcalmotl. Further more, the groupds calc
that carborcarbon bond formation is the radetermining step.

The interest that #k e mot o6s ori gi nal paper has
widespread use of bifunctional thiourea catalygfises sufficientcause forgreater
understanding of this reactiamechanismln an attempt to settle the aforementioned
debates, weagainturned tothe combination oexpeaimental and theoretical carbdr3
kinetic isdope effect{KIEs). Herein are the resultemered from our study whichdeo
a highresolution picture of the transition state at the-d&termining step of the reaction.

13C KIE s: MEASUREMENT AND QUALI TATIVE INTERPRETATIO N To study this

mechanismthe reaction 0#43a, 14a, and44 was chgen as a prototypical reaction. Using

the same methodology discussed earlier, the KIEs were meaggratiown in Figure

3.15 a 3% normal isotopdfect was observed on thécarbon of43a. This suggests that

the first irreversible step for this substrate must involve a bond change at this carbon. Based
on the mechanism proposedHigure 3.3, this suggests that the first irreversible step for
43ais either deprotonation fro a ketone species to form the enoldiX7), or G C bond
formation T'S18). Also observed was a 3% normal isotope effect orUtbarbon ofl4a

the only step in which this carbon is involved isGCbond formation. With these data in
hand, the scenario grosed by Liu and caorkers involving rateletermining protonation

of thenitronatecarbon can be ted out. If this was the casenarmal isotope effect would

be expected on tHecarbon ofl4a.
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1.000

O o O 4410 mol% ROOC___COOR
+ XN — L
Ph
EtOMOEt toluene, RT Ar NO,
43a 14a 45a
1.029 (2)
0.993 (1)1.029 (4)
o o 1-88;(5) 0.997(2)l
e 2228 |
Me” SO O/T\Me X NO2
i ~ m
1.006 (3) T

1.034 (3) (assumed) 0994 (3)
1.030 (5)

0.999 (3)

. 7
1.000 0.999 (7)

(assumed)

Figure 3. 14. Experimental reaction conditions and measured KIEs

THEORETICAL INVESTIGA TION In order to lend further understanding to this

reaction, theoretical calculations were carried out and KIEs were predicted for all major

steps in the reactionh€ entire system was molded and optimized, without any truncations,

at the B3LYP/631+G** |level of theory employing a polarizable continuum solvent model

for toluene (the reaction solvent) as implemente@hayssian09and KIEs were obtained

from the scalé vibrational frequencies using tfROEFF98software packagt® 190.205.262

It stands to reason th&§17, the deprotonation @f3a can occur from two separate

species:i| the ketone form;ii() the enol form. In either case, the secondary amine on the

catalyst is employed as the base, and the urea moiety is used to coordinate to the uninvolved

oxygen atom(s). Using thBFT method from above, these two transition states were

located. Deprotonation from the enol form

kcal mol! lower in energy than from the

of the malonB84{o-deprot) proved tobe 1.9

ketone formS(7c-deprot). ON the basis of

energetics at room temperature (reaction temperature), this suggests that the enol form is

approximately 25 times more likely to be deprotonated.
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a) b)

Figure 3.15. Two methods of deprotonation investigated(a) C-deprotonation; (b) O-deprotonation

The KIEs were calculatedfdoth transition states andlleo the typical observance
of a small, albeit nownity, isotope effect on the-carbon forTS17c.deprot and a similar
isotope effect on thb-carbon forTS17o0-deprot. Both of these predictions are incongruent
with the measured isotope effect and allow us to consequiistiyeditTS17 as the rate

determining step.

1.010
1.005

0 o 1.001 (2)
/ 1.008 (2) TS10.qgeprot
Me/\oMo/T\ Me TS1c-dgeprot
f o
1.001 1.000

1.001 1.000 1.000
1.011 1.000 1.006 (3)

1.034 (3) (assumed) 0-994 (3)
1.030 (5)

Figure 3.16. Predicted KIEs for TS17 (blue italic numbers represent predicted KIEs for TSTo-deprot;
redbold numbersepresent predicted KIEs for TSI7c-deprot; black Arial numbers represent measured

KIES)

With regards toTS18, both BMA and BMB were examined using the above
method and both enantiomers of product were mol@lecensure that a complesearch

of the potential energy surface was condudtezglquantum mechanical method DFTB with
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the SlateiKoster @rametersvas employed to run simulatioffem several of the lowest
energytransition strucutregor both the major and minor enantiomé&t$2% A third
binding mode wakcated througlhis methodeminiscent o BMA (BMC). Unlike BMA,

in BMC the proton on the tertiary aminas well as the protons of the thiourea maqiety
coordinate to the nitroolefin. The protons dre tmethyl groups of tertiary amine are
involved in a hydrogen bond network to activate the malofaten our samplingBMC
proved to be the most favored by more than 1.3 kcal fioothe major enantiomer (Figure

3.18).

Figure 3.17. Calculated transition states leading to the major enantiomer of productia BMC

This mode of activation was not as easily accessible to the minor enantiomer
transition state owing to the fact that the malonate could not be appropriately aligned
themethgr oups 66 hydrogen atoms. Throughout t he

located and proved to be lower in energy than either of the three previously proposed
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configurations for the minor enantiomer. In this new orientatBi @), the thourea

moiety is split, one side activating one of the oxygens on the nitroolefin, and one activating
the malonate. The proton on the tertiary amine is coordinated to the second oxygen of the
nitroolefin, and twolJ-protons to the amine are coordinated to the second oxygen of the
malonate(Figure 3.19) This binding mode presents a transition state that is 2.2 kcal mol
higher in energy than the major enantiomer. At room temperature, this corresponds to an
enantiogcess of 96% which is in excellent agreement with the observed enantioselectivity

of 93%.

Figure 3.18. Calculated transition states leading to theninor enantiomer of product via BMD

Normal isotope effects angredicted forthe U-carbon of bothsubstrates (Figure
3.19). The 3.5% isotope effect is a slight over estimation of the measured value. This is
likely due to how late the transition stasan Figure 3.14rc.c = 2.08M). It can be noted
that the minor enantiomer TS (Figuel8) is much earlierrc.c = 2.4IM). This would

lead to a much smaller isotope effect. The experimentally observed isotope effect is a
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composite of all transition states and would therefore be lower than that predicted for just
the TS in Figur8.17. Rea@rdless, the prediction is in good qualitative agreement with the

measured value.

1.036
1.000  1.029 (2)
)

17 88;’ (2) 0.993 (1)1 029 (4

T TS2 X NO,
\ Exp 1
T 1,000 1.000 Exp 2 T

1.034  1.000 1.006 (3) T 0.997
1.034 (3) (assumed) 0.994 (3) 0.999 (3)
1.030 (5) 1.000 0.999 (7)

1.000
(assumed)

Figure 3.19. Predicted KIEs for TS2 (greenitalic numbers represent predicted KIEs for TS2; black
Arial numbers represent measured KIES)

Next, our attention turned to TS As with TS17, TS19 could plausibly proceed
through two separate transition stata$:pfotonation of the nitronate carbon to from
product; {i) protonation of the nitronate oxygen and thebssguent tautomerization to
form product(Figure 3.D). It is this first scenariol(S19-prot) Which Liu and ceworkers
suggest is the rat@etermining step. Whereas atalculated energiedo follow the same
trend as theirs, and we confirm that this scenis higher in energy than the alternative
(TS1%:-prot), we do not find it likely that any tautomerization event could make up for the
energygap between these two pathways. Regardlessnayrely on our predicted KIEs
to support the nature of the ratetermining stepl'heoretical KIEs were predicted for each
of these transition states and the results ad@agree witithe measured values. Unity
isotope effects are predicted for all carbon atomd3an and only in the case GfS19%-

prot IS @ normal KE predicted for any carbon dia. This prediction is a 2% KIE on the
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b-carbon which does not agree with the observed unity measurement at this location

(Figure 321).

a) b) f

Figure 3.20. Lowest energy geometries for TE via (a) O-protonation; (b) C-protonation

1.000
0.990  1.004
1.010 0.992  1.029 (2)
1.005 0.993 (1)1.029 (4)
0 0 1.001 (2) 0.997 (2)
- 1:008(2) st l
PN M P O-prot l >~ _NO
Me (0] (0] T Me TS1C-prot 2
f T B T
1.001 . Exp 2
1.0017  1.000 1.000 P T 0.993
1.011  1.000 1.006 (3) 1.018
1.034 (3) (assumed) 0.994 (3) 17-338 0.999 (3)
1.030 (5) 1000 0.999 (7)
(assumed)

Figure 3.21. Predicted KIEs for TS19 (blue italic numbers represent predicted KIEs for TSb-prot;
redbold numbersepresent predicted KIEs for TSIc-prot; black Arial numbers represent measured
KIEs)

CoNcLUSION Here we have repat anewinsight into a widely used reaction. The
bifunctional tertiary amine/thiourea catalyzed Michael addition of malonates to
nitroolefins helped pave the way for a newethodof catalysis. Since themany groups

have studied the reaction, but conadms conflicted. With our combined KIE and DFT
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study, we have been able to disprove the claims that the final protonation-is rate
determining, and discover a new binding mode that accounts for the observed

enantioselectivity in the reaction.

3.3A DFT investigation of borox catalyzed aziridination

INTRODUCTION Thus far, we have only discussed bifunctional -comalent

catalysis. Our group has also done work in the fieBrghsted Acidctatalysis?®® The heart
of this work came from a collaboration with the Wulff group from Michigan State
University. BINOL has been proven to be a very effective ligandoth transition metal
catalysisand organocatalysf8/?°¢ The use of BINOL 47a), as a ligand, however, is
notorious for giving | ow enantioselectivit
pocket, o0 that i s the space whercaveyeth s chi r .
displaced from the reactive center. Thimrdle is frequently overcome by the
ornamentation of the-& n d-podtions of the molecuf®®

In 1993 theWulff groupintroduceda newfamily of ligands for bororcatalysis>’®
Thesefi v a u lligared(FEigure 322) present a similar reactivity to theassicBINOL
scaffold but the chiral pocket was now focused around the center of reactiityngst
the numerougeactions that these ligands have proven to effect (see citations 3ffJjef [
the aziridination of imine&0) with diazo compound&1) is possibly the most notabié:
As expected, VANOL 48) and VAPOL @9) provide highly improved enanticand
di astereosel ect i v-subbsytuted BINOLPrévibuy Wdrkoyahe WulfB , 3 a
groupestablished a thorough understanding of the mechanism with the vaultels Jigan
not nearly as much research had been conducted to understand how BINOL derivatives

catalyze this reactiofi>?”3A collaborative effort wasindertakerbetween the Vetticatt
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Group and the Wulff group to shed more light on the use of BINOL to catalyze this
reaction.

reaction
center

chiral

BINOL infomation Vaulted Ligands

47aR = H (BINOL)

47b R =np 48 (VANOL) 49 (VAPOL)
Figure 3.22 BINOL and vaulted ligands
Scheme 35. Wulff aziridination
B(OPh)
e} 3
NE H Ligand ||Dg
X ’ %OEt tol 25024h‘ /A\
oluene, ,
Ar~ H N, Ar CO,Et
50 51 52

The assumption was made that the reaction would progress the same way for the
BINOL system as itloes for the VAPOL system. This @epicted in Figure 23. The
group found that the best way to effect this transformation was to heat B@Bhjhe
ligand for one hour, then remove all volatiles under vacuum. This process yielded what
was consideretl h e -cat@lysdgH-X* in Figure 323). In catalysis, the preatalyst acts
as a Brgnsted acid and delivers a proton to the imine sub§BaideX* - and50A Hthen
form a hydrogenbonded ion-pair complex This complex activates the imine for

nucleghilic attack by the diazeoacetats], (TS20 resulting in the formation d3, the

84



diazonium ion. Rotatiorbout the newly formedi-bond orients the molecule fonS

displacement ofliatomicnitrogen by the nitrogen originally of the imif€S21). After

this ring-closure, the proton on the nitrg is lost to yield the produeiziridine 7 and

regenerate the preatalyst.

0
OEt NP LI DS L DS -

| | Ph\H Ph” \H 4 &

Ph/l\H Ph/I\H TS20 HY N2 rotate | EIO:CQ H TS21 YA
® Ph CO,Et
50 50-H* o= N2 52
gauche-53 anti-53
"diazonium ion" "diazonium ion"
Ph_ _Ph

BINOL catalysts

O O

54b 55

Figure 3.23. Reaction mechanism for the Brgnsted Acid catalyzed aziridination of imines with diazo
compounds

When the vaulted ligands are used in this processsdleecatalytic species is
boroxinate 54a.?’> The supposition was made that BINOL would react similarly.
Crystallographiand spectroscopic studies, conducted by the Wulff gneaygaledthat
this is an erroneous conclusion.tbed, two catalytic species were observed: boroxinate
54b (akin to the vaulted catalysthdspiro-borate55. We then undéook a comptational
study of the reaction with the goalwfiderstanding the duality otalysigo gain a deeper

understanding ahe reaction.
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COMPUTATIONAL INVESTI_GATION Both facial attacks of S20 (Re TS20 and Sk

TS20) andboth possiblaing-closure eventsReTS21 and SFTS21) leading to52 were
modeled for both catalystst the B3LYP/631G* level of theory as implemented by the
Gaussian0%oftware packag€? 1882%|n the case of the system employBp as well as
that employings5 as catalystSiTS20 proved to be lower in energilanReTS20. The

optimized geometries of the§ Ssare shown in Figure 24.

a) b)

Figure 3.24. Lowest energy TSs foiSi-TS1 employing (a) spiro-borate 9; (b) boroxinate 8b as
catalyst

In the case of the system employisgjro-catalyst55, the ring closure from the
intermediatedyenerated aftesi-face attack was determined to be lower than that feam
face attack. This suggests that, wiénactsas the catalysiproduct(SS)-52 would be
preferred The enantioselectivityould bederived from thep @’ of SiTS21 and Re
TS21. (Figure3.25a). When boroxinat&4b is utilized aghe catalystSFTS21 washigher
thanall other predicted transition statéSigure 325b). This suggests thai-face attack is

faster, but reversible, causing the major piido be RR)-52 and the enantioselectivity
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derived from thep @ of Re TS20 andSiTS21. This finding suggests that the observed
poor selectivity of BINOL, for this reaction, 1sot due to the chiral information being
removed from the reactive pocketitbrom the two competing catalysts leading to opposite
enantiomers of product.

a) b)

AAG*=1.2 kcal/mol

active catal y‘.‘r active cat 'ﬂyg PG

PG N
= !
( @ O\ A ( L AN
Phy  “CO,Et T o’ H- " COEt
C ol O |3

|R_ I Lj [‘%_’I\‘ o

Figure 3.25. Energy diagrams regarding the title system catalyzed by (&5; (b) 54b

Our analysis then turnetb better understand the origin dfiis reversal in
enantioselectivity. A nowclassical hydrogebond between the benzhydryl CH and one of
the oxygen atoms of BINOL in th&db-catalyzedRe TS21 of 2.41A was identifie Figure
3.26) This hydrogen atom is acidic due to its proximity to twonaatic rings, and can
easily form a nortlassical hydrogebondwith the negative oxygen atom of the catalyst.
This interaction is missing ithe analogous TS for tfeb-catalyzed systertikely causing

the observed change in the energy profile.
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Figure 3. 26. Lowest energy TSor ReTS2 employingboroxinate 8b as catalystcritical CH -O
interaction highlighted in pink

It should be noted that tlp 8’ of Re TS20andSiTS21 is 1.5 kcal mot which
corresponds to a predicted selectivity of 89% ee at room temperature. If boroxinate catalyst
55 could be exclusively formed, it stands to be a very selective catalyst, rivaling those
derived from the vated ligands. Furthermore, it can be suggested that a protecting group
analogous to the benzhydryl grobpt substituted with electron withdrawing substituents
could make the methine proton more acidic and increase the strength of the hydrogen bond
leadingto an even greater selectivity.

ConcLUsioON Our computational study of this system lent a great deal of
understanding to the work done by our collaborators. The identification of the presence of
two different catalysts led us to model all relevant transistates forboth catalytic
systems and derive that the origin of poor selectivity, for the boatalyzed aziridination

of imines with diazo compounds with BINOL, n®t due to the lack of chiral information
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at the reaction center, but the fact that tlve different catalysts generate conflicting
enantiomers. A noslassical hydrogebond was located to rationalize this change and

may be exploited in further work to improve this reaction.
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CHAPTER IV: TRANSITION METAL CATALYZED REACTIONS

4.1 IsotopeEffects RevealPresence of Cti I ntermediate in U-Amination

Reaction

INTRODUCTION The synthesis dffamino carbonyls is an importamtocess in the

pharmaceutical industrf* 2’ Traditional methods for the preparation of these substrates
comefrom reacting the nucleophilid-carbon with an electrophilic amine. These methods
frequently result in requiring further steps to obtain the actually deSiegdino carbonyl
compound®??77281 Recently, work has beedone to use nitrogen nucleophiles to yield the
desired product directB?? In 2013, MacMillan and cevorkers presented an elegant
methodology taccesshese synthasusing coppen() bromide to catalyze the addition of
nucleophilic nitrogen containing cyclic and acyclic amines toWpmsition of esters,

ketones, and aldehydé&8.

Scheme 41.Ma ¢ Mi | l-amimatian rellction
)
H R
o) N, CuBrz 10 mol% R
' + 1 1 >
RJ\/R \._.%  air,DMSO,RT PLN
L
56 57 58

The authors propose two possible mechanisms for their regEigure 4.1) The
first explains the use of the copper catalyst to promote bromination Bkgbsition of
carbonyl compouné6 to yield anU-bromacarbonyl species. This species then undergoes

a substitution reactiod,S-Sv2, with an aminé7to yield produc68  The aut hor s o
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proposal involves the reductive elimination from a coppggpeciesTS-RE. This latter
propowl wasdiscredied in the manuscriftased on the observed poor catalytic activity of
copper() salts lackingbromine?®® Herein, we present an argument for the reductive
elimination TS usingxperimentally measured and theoretically predicted kinetic isotope

effects (KIEs) along with synthetic organic prolbes a part of a collaboration with

Professor Sherry Chemlerdés | ab at The St at
TS-Sp2 i TS-RE
Vi Sl
O  NH : N
Ph)J\{///Me T/ L SN
/7 H I O Me \ﬂ

Br

Figure 4. 1. Proposed key transition states of the two mechanisms proposed by MacMillan and-co
workers

RESULTS AND _DiscussioN We performed control reactions using+

bromopropiophenon&9, and piperidine57a, under three different conditions inder to

test the competency dhbromacarbonyl species in the title reaction (Scheh®. After

24hrs, no product was observedTB-Sy2 was the active pathway, then thee-formed
intermediate shoulbe able to yield productThis leads us to question the validity of the
presence of such a species in the cttabycle. The reaction betwe&® and secondary

amines has been shown to be successful under different coadfittowever, in our
hands, and, more i mportantly, und®&harleac Mi | |
et al. showed theseonditions to béneffective in producing an isolable-bromocarbonyl

which castgurther doubt abouthe legitimacy of this intermediabe the catalytic cyclg8®
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Scheme 42. Control reactions used to tat TS-Sv2
(6]

Me H conditions
+ O ——%—> No 58 observed
Br

a) air, DMSO, rt, CuBr, (10 mol%)
59 57a b) air, DMSO, rt, CuBr (10 mol%)
c) air, DMSO, rt,

To obtain a clearer picture of the reactikit:s were measuredor the reaction of
56aand57a, using™®*C NMR methodology at natural abundaiiEgure4.2) 14°The~1.5%
carbon13 KIE on thel-carbon is qualitatively consistent with a bond change occurring at
that position at the first irreversible step &a Qualitatively, this is consistent with both
TS-Sv2 andTS-RE being the RDS, therefoeecomputational investigation was required.

(0]
H

0 N CuBr; 10 mol% Ph)J\/Me
)K/Me * > N
Ph air, DMSO, RT O

56a 57a 58a

1.002 (2)
1.000 (1) 1.003 (2) 1.000 (3)

1.001 (2)\ l 0 &~ 1.001 (1)

Me
T \1.017(2)
1.000 7 1.005(2)  1.014 (3)
(Assumed) T 1.005 (3)
1.000 (1)
1.001 (2)

Figure 4. 2. Experimentally measured**C KIEs and reaction

QUANTITATIVE INTERPRETATION OF KI Es Predicted KIEs for fully ratéimiting

Sv2 displacement were based on transition structures locatedy uhe MO0O62X
functionaf® with a Grimme D3 dispersion correctf@f) and the polarizable continuum

modef®2 for dimethylsifoxide (DMSO). TheSDD basis sé¥’ was used for bromine and
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the 6-31+G** basis séf® was usedfor all other atoms. As before, transition state
calculations were carried out usiga u s s I, thenisotop@ 8ffects were calculated from
scaled frequencies usin§OEFF98 andan infinite parabola tunneling correction was
applied to the predicted KIE§®189190.205The geometry and predicted KIEs are shown in
Figure4.3. The predicted KIEs are in disagreement whth measured values. Although,
qualitatively, a normal isotope effect is observed onltarbon, theprediction suggests
that, if TS-Sn2 wasthe operational mechanistie observed value should be ~7% instead

of the ~1.5%seenexperimentally.

Figure 4. 3. DFT optimized TS Sv2 and predicted KIEs

This piece of evidence disproves the notion th&iS\2 is the ratedetermining
step, but it doesotrule out the entire pathway as suggested by MacMillan anwebckers.
Il n MacMi |l |l andébs proposed mechani sm, hehe
deprotonation evenvould involve the U-carbon and could, therefore, rationalize the
measured KIEdJsing the same level of theory described above (8&dis set onopper),
this transition stateTS-deprot) was located and the KIEs were predicted aswvshin
Figure 4.4287 For this tansition state, the catalyst (CupBis coordinate to thecarbony#
oxygen of the ketone in order to make thproton more acidic, and the react partner,

piperidine57a is used as the bas&hese predictions suggest tltprotonatiowould
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provide a KIE much smaller thahat experimentally observed. This refutes deprotonation
as the RDSnd, consequentiallygllows for the rejection of the mechanism favored by

MacMillan and ceworkers

1.003

1.005\0 l

Me
Ph

1.006

Figure 4.4. DFT optimized TS-deprot and predicted KIEs

With the TS-Sv2 mechanisndisproven our focus shiftedd the second proposed
mechanism: reductive elimination from @U((Figure 3.27a)The Cu(i) mechanism
would likely beginsimilarly to the 82 mechanism with coordination of the ketone and
subsequent deprotonation to yield the copper catalyst boumddnadate via the oxygen
atom 6l1o-enolate. Homolysis and consequential radical recombination would give the C
bound enolate as the ligarfdc-enolate (Figure 3.27h) This type of rearrangemehis
precedent in similar reacitoR® Coordination and deprotonation of the amine would give
a coppen() species with both substrates as ligaé2lsA second molecule of the copper
catalyst could then perform a disproportionation with the subgiatad copper to yield
a coppen) and the activated copper). Complex 63 can then undergo reductive
elimination to provide the product and copperDisproportionations andeductive

eliminatiors from coppenfl) complexeshave been investigated and supported both
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experimentall§?92°1 and theoreticalk???*® in other casesOxidation from the acid
generated during the process of the reaction and the ambient oxygen then effects catalyst

turnover.

a) H,0
7202 ClZJHBI'Z

Cu'Br
TS25 159 cur,

[
Cu'Br 10
58 R’
R
TS-RE 60 H

TS23 \»~HBr

cu'! cu'Br
R “NRY, o~

R 63 R)\Pf R'

. . i Radical 610.cnolate
Cu'Br Disproportionation recombination

Cu'Br, o

O c ,~NR"2 R cu'Br
u
R TS24

et
R' 61 C-enolate

62 HBr NHR',

I I
/Cu”Br Cu'Br Cu'Br 0

0 . 0 . . . )H/Cu”Br
L} R
RI ' R Rl
R)\P" R ~ R R)kg/ R)J\g/ R’

61O-enolate 64 61C-enolate

Figure4.5.(a) proposed catalytic cycle for medudtivel | ands
elimination; (b) mechanism for radical recombination

With this proposal, the next requirement was to see if the predicted KIEs would
matchour experimental value$he reductiveeliminationTS-RE was therefore modeled.

The geometry andredictedKIEs are shown in Figure 8.Due to the inherent instability
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of a Cu(l) intermediate, a molecule of DMSO (the reaction solvent) was employed to
coordinate to the coppefThe 1.016 KIE predicted for thekcarbon is in excellent
agreement with the ~1.5% KIE measured experimerdaltyis in following with literature

KIEs for reductive eliminations from Cu() intermediateg®

1.001
2.66

Figure 4.6. DFT optimized TS-RE and predicted KIEs

Further support fiothis pathway was provided by the collaborators in the Chemler
lab. The radical scavengép,2,6,6Tetramethylpiperidirl-yl)oxidanyl (TEMPO) was
added to a reaction db6a and 57a. The TEMPO adduct65a, was isolated and
characterizé (Scheme 4.3)This s interpreted to be evidence of the radicéérmediate

and likely comes from reaction between TEMPO &#d
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Scheme 43. Evidence of radical recombination by observation of TEM PO adduct

§ CuBrz (10mol%) )K(
/l\/Me *
Ph O air, DMSO, 1t ><j

TEMPO

56a 57a 65a

ConcLusIoN The KIEs for all proposed ratdgetermining steps are showrfigure
4.7. TS-deprot, provided an isotope effect too low to be considered as an explanation for
the observed measurementS-Sn2 was too highbut the KIE predictions based on fully

turnoverlimiting reductive eliminationT S-RE, arein excellent agreement

0
Ph)1kz/ Me

TS Carbon-1 Carbon-2 Carbon-3
SN2 1.001 1.073 1.001
deprot 1.009 1.006 1.001
RE 1.003 1.016 1.001
Exp1 1.005(2) 1.017 (2) 1.000 (3)
Exp2 1.005(3) 1.014 (3) 1.001 (1)

Figure 4.7. Predicted and measured KIEs for the title reaction

The use of KIEsaand DFT predictions havghed light onlie fact that the initially
proposed mechanism for copperbromidecatalyzed}-amination of carbonytontaining
compounds g likely incorrect and anechanism involving turnoveimiting reductive
elimination form a coppeii() intermediate is far more likely. This is an exciting protf

principle for the field of copper catalysss it stands as the first occasion evidence for a
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copper(i1) intermediate in &atalyticreaction is delivered without changing the reaction
conditions?®®

AVENUES FOR FUTURE RESEARCH ldeally, it would be proposed that, with a better

understanding of the reaction, one could use the turdmmiging step todevise an
asymmetric variant of this reactiow/ith that idea in mind, am silico study was briefly
performed, in our lab. Of the chiral ligands investigated, a bidentate pyokazelidine
ligand(Ligand*) was predicted to give the highest enantiagel#y. The DFT predicted

lowest energy transition states leading to the major and minor enantiomers are shown in
figure4.7aand 4. br espect i vel y. YiEh47 kaalanotcaréspondingto qppG
a predicted enantiomeric excess of 84Be originof this selectivity is credited to the
steric interactions between ttezt-butyl group on the catalyst and the methyl groupGaf

in the minor enantiomer transition state (highlighted in Figure F18).next step in this

project would be to obtaihigand* and optimize reaction conditions to yield the chiral

product.
0] Me Me
H
0 N CuBr,, Ligand* ph)K_/Me O/ S
)K/Me * O : lil S/N N~
Ph DMSQO, air, RT
O t-Bu
Ligand*

56a 57a (S)-58a

Figure 4. 8. Proposed asymmetricamination reaction
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Figure 4.9. DFT calculated transition statedeading to the @) major and (b) minor enantiomer of
product; steric interactions highlighted in yellow
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4.2 IsotopeEffects RevealNature of Transmetalation Transition State

in the Catalytic Suzuki-Miyaura Reaction

INTRODUCTION Palladium catalyzed cros®upling reactions are among the most

utilized reaction i n %lrepartculay, ahecoapling dfe mi st 6
arylhalides 66, with aryl boronic acids67, theiSu z uk i T Mi y astandsoutasa ct i o
the premier crossoupling meéhod. Its wide substrate tolerance, mild conditions, and
consistent reliability have led to extensive uses in medicinal, agricultural, and synthetic
chemistry’?®” Numerous studies have been conducted to better understand this reaction

both experimentalfi#2°8301 and theoreticalf?? 3%, Nevertheless, even over the course of

forty years, a thorough understanding of the mechanism of this reaction has evaded
chemists. Herein, we present a combiaggerimental andomputationapproach which

allows forthe elucidatiora highresolution glimpse into the nature of the species involved

in thetransmetalation step.
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X
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pre-TM mtermedlatﬂ od
ith Pd-O-B link
- ntage TS28 A “OH

71 Denmark 2016/2017
\/ 70
B(OH)2
67
Figure 4.10. Suzuki-Myaura reaction and proposed catalytic cycle

Work by Smith and cavorkers gave the first insight into the oxidative addition
step S26) of the reactiod® HPLC studies revealed that this step was the- rate
determining step (RDS) when aryl bromides were the coupling pd&vnerhen X=Br)
but not when aryl iodides were us€d7 when X=I). These conclusions were later
supported by kinetic studies with bulkygands carried out by Hartwig and -co

workers2973%The next steps in the catalytic cyclESR7 and TS28) have been a source
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of the greatest amount of scrutiny. Startingg 1979 wi th Suzuki and
was postulated that the added base attacked the boron to give a more nucleophilic aryl
center (Figure4.10a). This was supported by studies that showed boronate salts to be
competent reaction partnefs® In 1985, theassessment was altered to suggest the
possibility that the base forms an oxopalladium which acts as the nucleophile (Figure
4.1M).2% In 1998, Soderquist and -weorkers showed that different boron reagents and
different conditions affected which path was most acti¥@ver the past twenty years,

studies have continued to probe this Sfei?

a)
. °OH I X T
HO.__Ar OH 4
N Ar—Pd-X P OH
I?’ ¥, HOEEIS—Ar' - = ’, d\ oL .,
Ar O-B-Ar
OH OH o
H OH
b) o x° i Al
B(OH),Ar" HO—
ar—pa-x —~ e prpaoon BOHEAT //B\OH
Ar-Pd-Qf
L H ]

Figure 4.11. Two possible pathways to form the pregransmeallation species using (a) the boronate as
the nucleophile or (b) the oxopalladium as the nucleophile

Whereas work has been done extensively to identify the process by which-the pre
transmetalation speciés formed, the transient nature of this putative intermediate left it
unable to be observed by most standard methods. In 2016, Thomas and Denmark utilized
rapid-injection NMR and stoichiometric conditions to form three possible intermediates.
Preformed oxopalladium was added to boronic ack¥@t to yieldintermediate7la, a
tricoordinate €B-3 species. Combining a dimeric monoligated arylpalladium hydroxy
complex with boronic acid a78°C followed by warming te60°C and then cooling to

100°C led to the formation aflb, a dinuclear complex. Finally, diion of more boronic
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acid and methanol té1b gave specie3lc, a tetracoordinate-B-4 species. All three of
these species proved to be reactitdt was finally asserted that the identity of the-pre
transmetalation species could not be unambiguously determisméte methods at hand.
Later, in 2017, Denark and ceworkers resolved thatlb likely first converted to71c
before reaction, but the authors admitted that they could not confirm this
spectroscopically*?Here we report the results of a combined experimental and theoretical
13C kinetic istope effet (KIE) study that providéhe first experimental insights into the
transitionstate geometry for the transmetalation event and clarifies the identity of the pre

transmetalation species under catalytic conditions.

LR A
L O Ar-Pd-O-Pd-L H
\Pd/ \B/OH ® i L\P(;B/O\BG/OH
' ]
Ar Ar Ar\ e OH AT A “OH
HO™ "OH
71a 71b 71c

Figure 4.12. Denmark proposed pretransmetalation intermediates

EXPERIMENTAL _KIE s The reaction ofp-tert-butyliodobenzene 66a) and p-

toluylboronic aicd §7a), catalyzed by palladiumtetrakistriphenylphosphine (Pd§RPh
was chosen for the determination of experimeh@lKIEs at natural abundande.2011,
Carrow and Hartwig showed that, for sieeconditions the oxopalladium pathway is
favored by more than four orders of magnitude over the boronate pattwag!*C KIEs
were measured for bof6a and67ain thestandard wapy Juliet M. Macharia and Sungjin

Kim.1“°The results from their experimental measurements are summarized in Figure 4.12.
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1 mol% PdPhy

Me
/@/l /©/B(OH)2 2.5eq K,CO3 O
* >
t-Bu Me HoO/THF, reflux O
t-Bu
66a 67a 68a
1.000  1.001 (5)
(assumed) 1.005 (3) 1.000 1.036 (4)

0.999 (4) l

0.999 (2)  — Me

0.998 (5)
0.998 (2)

0.999 (4) l |
0.999 (3)
Me >®i_ 0.999 (3)
0.998 (2) Me T

(assumed) 1.035 (4)

| BoH),
/@:_ 1.002 (3)
Me T 1.002 (2)

0.999 (2)
0.999 (2)

Figure 4.13. Experimental conditions and determined KEs

QUALITATIVE INTERPRET ATION OF EXPERIMENTA L KIE s The unity KIE on the

carbon bearing the iodine 66a is qualitatively consistent with no differencekigi2 or

kc-13 leading to the conclusion that there is no bond change at this carbon at the rate
determining step. ThisuggestsI'S27, TS28, andTS29 are the only steps that could be
ratedeterminingas they do not involve a bond change at this carbbbis agreeswith
Smi t hés asfitiwaslsuggested that aryliodoides did not undergo dimatieg
oxidative additiorf®® The presence of a significant (3.5%) normal KIE on the carbon
bearing the boron d@7a reveals that this carbas undergoing a bond change at the RDS.
ConsequentlyTS27 and TS28 can be excluded as possible RDSs. The combination of
these two isotope effects provides support that transmetalali®R9) is the rate
determining step for the reaction studied. A gitative interpretation of the geometry of
this transition state and the exact species involved is deferred until both are predicted.

THEORETICAL _STUDIES To aid in this quantitative interpretation of the

experimental KIEs, transition structures foansmealation from 71a and 71c were
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computedusing 10 different method3 hetert-butyl group of the aryl halide was omitted

in the interest of computational coBbr a full comprehensive catalogue of all transition
states located, s€HAPTERV: EXPERIMENTAL AND COMPUTATIONAL DETAILS. As before,

the 13C KIEs were computed from the scaled vibrational frequencies of the respective
transition structures using the progrdBOEFF98and theinfinite parabola tunneling
correction was appliet?®181%°The average geometry and predicted Kidsthe boronic

acidfor both mechanisms are shown in Figure 4.13.

71c
H OH
PhsP~ g B O PhsP
S~o ’207A
220A
_/ \
Me

1.000 1.021

l l B(OH),
Me/#(j:_ 1.002

1.000

1.000 1.036

l l B(OH),
Me/@:— 1.001

0.999

Figure 4.14. Average DFT optimized geometry and predicted KIEs for the transmetalation event
occurring from 71a or 71c

The difference between the KIEs predicted for the transmetalation7#tarand
the transmetalation fromlc should be noted. As mosttdaobtainedria this method are
capable of measurinfC KIEs to within 0.5%, a 5% difference is a notable one. The
change originates from the difference in nucleophilicity of the migrating aryl group. In the
case of7 1a, the aryl group is leaving a neait, tricoordinate boron and the resulting product
will be a B". Thislossinsabi | ity mani f &8 with the borshedrbbn a s
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bond being almost completely brokes.¢ = 2.474) and the carbdrpalladium bond being
almost completely formedd.rq = 2.07A). The vibrational frequency becomes muted with
the carbon so close to the large palladium atom resulting in a smaller KIE: BEddZ 1c,
the aryl group is being transferred from a tetracoordinatedsilting in a neutral boran
the produt In this case, the increased electron density causes the aryl group to be more
nucleophi i ¢ and consequenAlshprt dorbiecarbdnSbondrgc iear | i
2.07A) and long carbdipalladium (c-pa = 2.20A) results in the carbon being farther away
from the dampening effect of the palladium. On the basis of this struatlaegerKIE
would be expected for the carbon bearing the boron. Intl@eds seen: 1.036.

The KIEs predicted for transmetalation occurring frgtic are in excellent
agreement wh those experimentally observed for the carbon bearing the evoforty
years the pretransmetalation intermediate has been surmised, but not until now has there
been evidence for the exact identity under catalytic conditions.

AVENUES FOR FUTURE RESEARCH We are aware of the fact that changes in aryl

halide®®, basé*®3!* boronic acid®®, andligand concentratiof? as well as other aspects
of the reaction conditionsan alter these results and change conclusisitisey have been
proven to cause variations in other aspects of the rea@imment work isundegvay, in

our lab, to develop a means of higfiroughput screening of these conditions to better
determine what affects the mechanism with the hope of being apelothis information

to developing better protocols in the future.
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CHAPTER V. EXPERIMENTAL AND COMPUTATIONAL DETAILS

5.1 General notes

5.1.1Experimental procedures

All reagentswere measuredpen to the atmospherand reactions were run in
sealed flasksMethylene chlorideacetonitrile,toluene chloroform, and tetrahydrofuran
were dried usig a J.C. Meyer solvent purification system. Alher solvents and
commercial reagents were used as provided, unless otherwise noted. Flash column
chromatography was performed employing6®8 um silica gel (SiliaFlash P60 from
Silicycle). Thinlayer chronmatography (TLC) was performed on silica gel 684plates
(EMD). Organic solutions werencentrated using a Bkii or Heidolphrotary evaporator.

'H and®™C NMR spectra were recorded in CR@xcept where noted) @nBruker
Avance |l 600, a BrukeAvance Il 400, or a Bruker AC 300 instrumenbata for'H
NMR are reported as follows: chemical shifpfpm), multiplicity (s = singlet, br s = broad
singlet, d = doublet, t = triplet, dd = doublet of doublets, m = multiplet), coupling constant
(Hz), integration, and assignment. Data R are repded in terms of chemical shift.

Spectra were processedi Top Spi nE.

5.1.2Computational methods

All calculations were carried out on the entire system being studied experimentally
except where noted truncations were made in the interest of conserving computational
resources. Lower level calculations were perfed using a smaller basis set (typically
doubleg) with no diffuse functions and polarization only on heavy atoms. After sufficient

exploration of the potential energy surface was made, most promising calculations were
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Aiscaled upd by employing polarization func
well as adding diffuse functions to heavy atoms in an implicit solvent model. $iogie
cal cul ations were performed typically wusin
calculations while employing a triplebasis set and polarization and dgéufunctions on
all atoms in a solvent model. The primarily used functional chosen in each section of this
thesis is based on a case study conducted of the benchmark reactions and measurements
carried out throughout the literature. Additional functiongigidally used for similar
systems is also employed as a means to observing computational trends when interpreting
data.

All calculations were carried out by use of tBaussian0%oftware packag&®
The default convergence criteria (Maximum fortgesholdi 4.5x10% RMS force
thresholdi 3x10* Maximum displacement threshoid 1.8x10°%; RMS displacement
thresholdi 1.2x103) were used for transition state and ground state optimizations.
A pruned grid having 75 radial shells and 302 angular points per shell was utilized.

All transition structures were characterized by a single imaginary frequency and
all ground states were confirmed to be minima (no imaginary frequen@psition states
were further characterized through the use of internal reaction coordinate (IRC)
calculations and subsequent geometry optimizations

All geometry figures were generated usi@YLview (CYLview, 1.0b; Legault, C.
Y., Université de Sherbrooke, 2009 (http://www.cylview.prg)

Geometries and raw energies for individual calculations are not included herein but

available upon request froBr. Mathew J. Vetticatt (vetticatt@binghamtedu).
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5.2 Secondary Amine Catalysis

5.2.1 Enamine catalysis

5.2.1.1Isotope Effects Reveal the Mechanism of Enamine Formation #Rtoline-

# A OA 1 hifafion pf Aldehydes

U-deuteration of 3ohenylpropanal

X
»
@] N 0]
H | 10mol% D |
H > D
D,0, 100°C
Ph Ph
3-phenylpropanal a-D,-3-phenylpropanal

In a pressured 100mL round bottom flask, 13.414g (100mmol) of 3
phenylpropanal, 0.7902g (10mmol) of pyridine, and 16mL of deuterium oxide were added.
The flask was stoppered and submerged in an oil bath set to100°C. Stirring progressed for
4hrs after which time thigask was allowed to cool. The contents were extracted three times
with methylene chloride, the organic layers were combined, dried, and concreted. The
percent deuterium incorporation was determined via NMR and the procedure was repeated

until full incorparation was observed adding fresh pyridine and deuterium oxide each time.
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i J L i

Figure 5.1 'H NMR of purified and fully deuterated U-D»-3-phenylpropanal

KIE Reaction witH}D,-3-phenyl propanal

Each KIE experiment was run at rooemperature using 15 mmol @fD>-3-
phenyl propanal, 13 mmol afiazeodibenzyldicarboxylatd.5 mmol ofL-proline, and
5mmol of DMSQd6 in ~80 mL of dry acetonitrile. Aliquots weextracted from the
reaction pot and subjected¥d NMR analysisat regulartime intervals The decrease in
signal produced by the starting material was monitosag the DMS@d6 as an internal
standard. The reactions were quenched at 71.6% and 71.0%e addition of half
saturated ammonium chloride after a final NMR spectwasn acquired. Theixture was
then extracted into ethglcetate and concentratidvacuo The crude mixture wdeaded
on a column and the unreacted aldehyide-D2-3-phenyl propanalvas isolated by elution
with a 9:1hexane:ethylacetate mixture. The isolated aldehyde was quantitatively reduced
to thecorresponding alcoh@bf U-D,-3-phenyl propanolpy reduction with 1.5 eq NaBH
in ethanol.The alcohol was theisolated by column chromatography using a 6:1 mixture

of hexane:ethylacetate. THE& isotopic composition of these samples was compared to a
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6Standardé sample of the alcohol obtained

reactionconditions.

5.2.12 Isotope Effects Reveal Discrepancies in Current Mechanistic Understanding

of Diphenvlprolinol Silyl Ether-CatalyzedMichael Reaction of Aldehydes and

Nitroolefins

Basic KIE reaction

2.5mol%

O%Ph
N Ph O Ph

o
H OTMS =
! Ph -
H + v/\NO2 > HMN%
R

w/ and w/o -
co-catalyst
Toluene, RT

To a roundbottom flask was added 25noiof the aldehyde, 2.983g (20mmol) of
nitrostyrene, 0.841g (5mmol) of dinitrobenzene (internal standard), and 20mL of dry
toluene. The solution was allowed to stir for ~60min to ensure full solvation of the internal
standard. <0.01mL was extracted (withexposing the solution to air), placed in an NMR
tube, and diluted with CD&IThis sample was used to confirm that no reaction had taken
place in the time since the starting materials were added together. Nextciitalyst was
used, 0.029mL (0.5mmpoR.5mol%) of acetic acid or 0.0696g (0.5mmol; 2.5mol%p-of
nitrophenol was added. Then 0.5mL of a 1M stock solutiofSp(i)-U ,-dgpphenyk2-
pyrrolidinemethanol trimethylsilyl ethein toluene (0.5mmol; 2.5mol%) was added.
Periodically, <0.01mL aliquotsvere removedfrom the reaction mixture, without
subjecting the reaction to air. The aliquot was diluted with chlorofbramd an NMR
spectrum was acquired. igdhitrobenzene was used as an internal standard and integrated

to 1.0000. The relative integran of the nitrostyrene doublet was compared to the relative
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integration of the nitrostyrene doublet from the spectrum obtained prior to the addition of
catalyst (i.e. t = Omin). Figure 5.2 shows the composite of this procedure in the case of
propanal All spectra are normalized to the same height using DNB as the standard; the
peak at 9.86ppm corresponds to the aldehyde hydrogen on the starting material (Propanal),
the peak at 9.77ppm corresponds to the aldehyde hydrogen of the major diastereomer of
the Michael adduct (Produgt), the peak at 8.44ppm corresponds to the four hydrogen
atoms of the 1 4initrobenzene standard, the peak at 8.07ppm corresponds to the hydrogen

on theb-carbon of the nitrostyrene

Propanal
Product,,; 1,4-dinitrobenzene nitrostyrene
"2016-11-09 HayMike KIE AFOH" 5 1 C:\BJ:u.ke,\:\.TupfiP].ni.Spli\examdaca. %
Scale : 1.169 [ =
. . -
ﬁ N t=75min 70.2% conversion °
A Jul |
"2016-11 HayMike KIE AFOH" 4 1 C:\Bruker\TopSpin3.Spl -:--.;‘.-.-.-—..7
Shift : 0.0006 ppm .3427 Hz
]
o
ll ] t=50min 48.5% conversion il
"2016-11-09 HayMike KIE AfOH" 3 1 C:\BLukeL‘.TupSme.5p15\examdata‘
Scaje : 1.5066 Shift : -0.0022 ppm = =-1.3219 Hz
<
o
F t =30min 32.3% conversion i M
"2016-11-09 HayMike KIE APOH™ 2 1 CI\BI\].‘!EI\.TUFSPLDB.Spls\ExmﬂELE'g
Spale : 1.6773 Shifc : 0.004Z2 ppm = 2.5458 Hz L
t =0min 0.0% conversion M o
e -
9!5 I ‘ ‘ ‘ a.‘o ‘ I I ‘ a.‘s I I I ‘ a.‘o [pp;n]

Figure 5. 2. Stacked NMR spectra showing the monitoring of percent conversion

When the reaction was deemed to have reached a high enough conversion, 20mL
of 1M HClq)was added to the flask astrred in. The organic layer was then extracted

with several volumes of methylene chloride. The combined organic layers were dried over
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sodium sulfate and concentrated/iacw. The nitrostyrene, aldehyde, and internal standard
was separated from the prad via column chromatography elui®:1 hexanes to ethyl

acetate.

KIE sample derivatization

Owing to the wideness of tHec a r b 'SOnNIMR signal, it was decided that a
reduction of the double bond was ideal to give clean integrations. The recovered material
was therefore derivatized in thalowing manneraccording to literature procedute.

Ph. -~ CHCl, S0 Ph._~
NO - NO
> iPrOH, NaBH, 2

NMR analysis was used to determine the amount of nitrostyrene in the recovered
mixture. 2.0g of silica gel and 3.0mL of isopropyl alcohol were added for every 1mmol of
observed nitrostyrene. The slurry was stirred as 8.0 mL of chloroform was added for every
1 mmol of nitrostyrene observed. At room temperature, 4.1mmol of sodium borohydride
was slowly added for every Immol of nitrostyrene observed. Another 8.0 mL of chloroform
every 1Immol of nitrostyrene was then added and used to wash the walls of thelfeask. T
solution was allowed to stir, at room temperature overnight in a sealed flask with a nitrogen
balloon attached. The next day, 0.1M aqueous hydrochloric acid was slowly added to
decompose the unreacted sodium borohydride. The resulting mixture waseexwéh
dichloromethane, dried over sodium sulfate and concentiatecicuo Quantitative
conversion was confirmed bYH NMR. The crude mixture was purified by column

chromatography eluting 7:3 hexanes to dichloromethane.
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Sample spectra for the determiiwen of isotopic enrichment

Standard:

T
[rel]
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H1.004.4340
fi 000.0000
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T T T T T
120 100
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12 [ren]
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(4.0478436
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@
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T
[ppm]

Integrations of Standard and Experimental NMR spectra (propanal with AcOH)

First Set
Standard
peak fidl fid2 fid3 fid4 fid5 fidé average | stddev
para | 1000.0000| 1000.0000 | 1000.0000| 1000.0000| 1000.000 | 1000.0000| 1000.0000| 0.0000
beta | 1037.8733| 1046.4454 | 1041.1258| 1040.8440| 1038.9415| 1037.9866| 1040.5361| 3.2092
alpha | 1025.6915| 1028.9429 | 1029.1979| 1028.7787| 1030.5043| 1028.1878| 1028.5505| 1.5967
ipso | 1016.3908 1015.0488| 1017.9747| 1020.9249| 1019.8365| 1018.0351| 2.4094
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ortho | 2006.7278| 2008.3089 | 2006.6659| 2007.7011| 2007.1093| 2008.1029| 2007.4360| 0.7040
meta | 2016.0691| 2018.9447 | 2019.3486| 2022.4804| 2022.2015| 2021.3851| 2020.0716] 2.4445
Experimental
peak fidl fid2 fid3 fid4 fid5 fidé average | stddev
para | 1000.0000| 1000.0000 | 1000.0000| 1000.0000| 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1045.2232| 1041.4836 | 1043.2641| 1043.8002| 1043.5602| 1041.9204| 1043.2086| 1.3543
alpha | 1066.5111| 1066.2633 | 1065.5766| 1066.2473| 1063.2520| 1068.9118| 1066.1270| 1.8168
ipso | 1013.7376| 1019.9125 | 1017.9880| 1020.1866| 1020.1778| 1025.6396| 1019.6070| 3.8527
ortho | 2006.1379| 2002.8944 | 2002.1765| 2007.7173| 2003.6284| 2006.1649| 2004.7866| 2.1931
meta | 2021.6401| 2022.1220 | 2020.1784| 2022.0288| 2022.2058| 2024.0732| 2022.0414| 1.2485
Conver: | 70.0%

peak KIE stdev

para 1.000 0.000

beta 1.002 0.003
alpha 1.031 0.002

ipso 1.001 0.004

ortho 0.999 0.001

meta 1.001 0.001

Second Set
Standard
peak fidl fid2 fid3 fid4 fid5 fid6 average | stddev

para | 1000.0000 | 1000.0000{ 1000.0000| 1000.0000| 1000.0000| 10000000 | 1000.0000| 0.0000
beta | 1029.3076 | 1031.1210| 1031.9848| 1028.6018| 1033.3925| 1028.5210| 1030.4881| 1.9949
alpha | 1027.2842 | 1025.9476| 1026.4507| 1026.5690| 1024.7922| 1025.6271| 1026.1118| 0.8604
ipso | 1022.8276 | 1021.1742| 1025.1716| 1025.4875| 1021.5610| 1020.6303| 1022.8087| 2.0849
ortho | 2010.7491 | 2009.4514| 2009.9200( 2014.8460| 2010.0588| 2009.2457| 2010.7118| 2.0921
meta | 2016.8588 | 2016.9053| 2018.5753| 2020.4595| 2017.6199| 2018.5989| 2018.1696| 1.3573
Experimental
peak fidl fid2 fid3 fid4 fid5 fid6 average | stddev
para | 1000.0000 | 1000.0000{ 1000.0000{ 1000.0000| 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1040.7695| 1035.2770| 1037.9617| 1031.2803| 1032.8995| 1037.0539| 1035.8737| 3.4648
alpha | 1053.2482 | 1051.4982| 1051.5706| 1047.9371| 1049.1983| 1051.2554| 1050.7846| 1.8996
ipso 1014.754 | 1017.9251| 1017.1935| 1012.9483| 1015.8937| 1016.1891| 1015.8174| 1.7800
ortho | 2009.6117 | 2013.7955| 2010.1689| 2007.7066| 2010.2697| 2009.7899| 2010.2237| 1.9830
meta | 2021.4742 | 2024.1021| 2020.4412| 2017.6832| 2019.6409| 2019.7568| 2020.5164| 2.1518

Conver: 57.0%
peak KIE stdev
para 1.000 0.000
beta 1.006 0.004
alpha 1.029 0.002
ipso 0.992 0.003
ortho 1.000 0.001
meta 1.001 0.001

Integrations of Standard and Experimental NMR spectra (propanal without AcOH)

First Set

Standard
peak fidl fid2 fid3 fid4 fid5 fidé average | stddev
ipso 1022.7555| 1022.5185| 1026.0998| 1023.8938| 1024.0952| 1022.9142| 1023.7128| 1.3310
ortho 1995.3003| 1995.6896| 2000.7250| 1998.1852| 1998.9388| 1999.5831| 1998.0703| 2.1654
meta | 2014.4230| 2013.7002| 2018.3061| 2017.9103| 2017.1921| 2018.2952| 2016.678 | 2.0490
para 1000.0000| 1000.0000| 1000.0000{ 1000.0000{ 1000.0000| 1000.0000|{ 1000.0000{ 0.0000
beta 1013.1568| 1013.9413| 1017.0522| 1016.6261| 1014.8331| 1013.7973| 1014.9011| 1.5994
alpha | 1026.0835| 1026.9657| 1028.4207| 1026.6536| 1026.9231| 1027.0653| 1027.0187| 0.7730

Experimental
peak fidl fid2 fid3 fid4 fid5 fid6 average | stddev
ipso 1023.4485| 1022.3218| 1021.3055| 1022.2237| 1024.0592| 1022.1835| 1022.5904| 0.9917
ortho 1996.8428| 1997.0992| 1994.5446| 1998.2946| 1997.3812| 1998.3591| 1997.0869| 1.3919
meta 2015.9812| 2016.0142| 2012.5741| 2017.5929| 2018.4552| 2018.4442| 2016.5103| 2.2233
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para 1000.0000| 1000.0000| 1000.0000{ 1000.0000{ 1000.0000| 1000.0000|{ 1000.0000{ 0.0000
beta 1028.1144| 1027.6075| 1024.0004| 1027.1103| 1026.2590| 1027.6665| 1026.7930| 1.5071
alpha | 1061.5135| 1060.8710| 1060.5872| 1062.2010| 1062.4009| 1060.4601| 1061.3390| 0.8316

Conver: 89.0%
peak KIE stdev
ipso 1.000 0.002
ortho 1.000 0.001
meta 1.000 0.001
para 1.000 0.000
beta 1.005 0.002
alpha 1.015 0.001

Second Set
Standard

peak fidl fid2 fid3 fid4 fid5 fidé average | stddev

ipso | 1032.2015| 1031.2764 | 1034.4567| 1032.0866| 1031.0818| 1027.0000| 1031.3505| 2.4462
ortho | 2006.9480| 2006.5719 | 2010.1161| 2007.6333| 2009.1704| 2008.6117| 2008.1752| 1.3652
meta | 2030.2370| 2028.9643 | 2032.7382| 2031.6224| 20313889 | 2032.3712| 2031.2203| 1.4054
para | 1000.0000/ 1000.0000 | 1000.0000| 1000.0000| 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1026.6569| 1027.0106 | 1029.7267| 1028.7464| 1027.5677| 1026.2287| 1027.6562| 1.3369
alpha | 1031.9573| 1032.6073 | 1033.2736| 1032.1781| 1031.9990| 1031.4193| 1032.2391| 0.6354

Experimental
peak fidl fid2 fid3 fid4 fid5 fidé average | stddev
ipso | 1031.4748| 1030.6023 | 1030.5454| 1030.9179| 1031.5775| 1026.5752| 1030.2839| 1.8678
ortho | 2005.5128| 2006.7431 | 2005.1626| 2008.0735| 2006.9063| 2008.842 | 2006.7638| 2.0171
meta | 2028.9216| 2030.4236 | 2027.9465| 2032.2543| 2032.6608| 2032.5190| 2030.7876| 2.0171
para | 1000.0000| 1000.0000 | 1000.0000| 1000.0000| 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1040.3994| 1040.4788 | 1037.2837| 1039.9208| 1038.8446| 1040.0793| 1030.5011 | 1.2346
alpha | 1066.3753| 1066.2465 | 1065.8393| 1068.2500| 1068.2500| 1067.4539| 1066.2374| 0.9198

Conver: 89.0%
peak KIE stdev
ipso 1.000 0.003
ortho 1.000 0.001
meta 1.000 0.001
para 1.000 0.000
beta 1.005 0.002

alpha 1.015 0.001

Integrationsof Standard and Experimental NMR spectragfi&nylpropanal with AcOH)

First Set

Standard
peak fidl fid2 fid3 fid4 fid5 fid6 average | stddev
para 1024.4845| 1015.3518| 1013.2158| 1016.4173| 1017.9200| 1017.5923| 1017.4970| 3.8239
ortho | 1991.7596| 1991.5436| 19940210 | 1995.7309| 1991.6177| 1998.9310| 1993.9340| 2.9669
meta | 1996.7653| 1995.7914| 1993.1710| 2002.2393| 1994.2511| 2001.1798| 1997.2330| 3.6967
ipso | 1000.0000| 1000.0000| 1000.0000|{ 1000.0000| 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1018.6777| 1016.7578| 1014.3905| 1008.4547| 1017.6131| 1019.3620| 1015.8760| 4.0269
alpha | 1018.6323| 1014.3434| 1017.5934| 1020.8238| 1016.0462| 1021.0915| 1018.0884| 2.6547

Experimental
peak fidl fid2 fid3 fid4 fid5 fidé average | stddev
para | 1014.8306| 1012.9864| 1009.5904| 1017.6627| 1016.0835| 1017.4085| 1014.7604| 3.0681
ortho | 1984.9158| 1986.7830| 1982.4934| 1989.1456| 1994.7012| 1994.3837| 1988.7371| 5.0005
meta | 1992.2583| 1989.5720| 1988.1132| 1996.2213| 2000.0955| 1996.2437| 1993.7507| 4.5617
ipso | 1000.0000| 1000.0000| 1000.0000| 1000.0000| 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1041.2902| 1043.5634| 1039.4743| 1043.0370| 1042.3315| 1048.5771| 1043.0456| 3.0728
alpha | 1023.5502| 1022.8101| 1015.4688| 1024.2466| 1025.9706| 1026.3276| 1023.0623| 3.9620
Conver: 76.0%
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peak KIE stdev
para 0.998 0.005
ortho 0.998 0.003
meta 0.999 0.003
ipso 1.000 0.000
beta 1.019 0.005
alpha 1.003 0.005
Second Set
Standard
peak fidl fid2 fid3 fid4 fid5 fid6 average | stddev
para | 1024.4845| 1015.3518| 1013.2158| 1016.4173| 1017.9200| 1017.5923| 1017.4970| 3.8239
ortho | 1991.7596| 1991.5436| 1994.0210| 1995.7309 | 1991.6177| 1998.9310| 1993.9340| 2.9669
meta | 1996.7653| 1995.7914| 1993.1710| 2002.2393 | 1994.2511| 2001.1798| 1997.2330| 3.6967
ipso | 1000.0000| 1000.0000| 1000.0000| 1000.0000 | 1000.0000| 1000.0000| 1000.0000| 0.0000
beta | 1018.6777| 1016.7578| 1014.396 | 1008.4547 | 1017.6131| 1019.3620| 1015.8760| 4.0269
alpha | 1018.6323| 1014.3434| 1017.5934| 1020.8238 | 1016.0462| 1021.0915| 1018.0884| 2.6547
Experimental

peak fidl fid2 fid3 fid4 fid5 fid6 average | stddev
para | 1014.6617| 1017.7366| 1016.4936] 1012.5741 1015.366 | 2.2496
ortho | 1982.1350| 1992.7292| 1985.2034| 1986.1085 1986.5440| 4.4603
meta | 1990.6432| 1993.3272| 1994.7065| 1991.8443 1992.6303| 1.7666
ipso | 1000.0000| 1000.0000|{ 1000.0000{ 1000.0000 1000.0000{ 0.0000
beta | 1046.9508| 1046.4595| 1041.7169| 1045.9181 1045.2613| 2.4003
alpha | 1022.9746] 1025.0561| 1026.1083| 1020.2741 1023.6033| 2.5732

Conver: 76.0%
peak KIE stdev
para 0.999 0.004
ortho 0.997 0.003
meta 0.998 0.002
ipso 1.000 0.000
beta 1.020 0.005
alpha 1.004 0.004

Energy profile

As stded in Chapter 2.1.2, the current prediction o’ of the Ci C bond
formation and the protonation is not yet in agreement with the conclusions drawn from the
experimental KIE study. Work in underway to rectify that, but the current energy profile
is shown below in Figure 5. With all transition states linked to intermediates by IRC
calculations and all energies extrapolated at thB3LYP-D3(BJ)/6

311+4G**/SMD(toluene) // B3LYP/631G* level of theory.
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Figure 5. 3. Current reaction profile for Hayashi's Michael reaction
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Procedure for3C KIE determination by analysis ofghlorocinnamyl alcohol

OH

Cl

4mol%
Lo~
o N otms
| Ar = 3,5-(CF3),CeH3 NaBH, (1.2 equiv.)
H,0, (1.3equiv.) MeOH 0°C
o CH,Cl,, RT -
293mg of (9-U ,-Bik[3,5bis(trifluoromethyl)phenyf2-pyrrolidinemethanol
trimethylsilyl ether (0.4mmol, 0.04quiv) was added

to a solution op-

chlorccinnamaldehydél.67g,, 10nmol, 1.0equiv) in CECl> (20mL) atroom temperature

followed by dopwise addition of drogen peroxide solution (1.14mL,rh&ol, 1.3equiv,

35 wt.% in BO). The reaction mixture was stirredrabm temperaturéor approximately
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3h before it was cooled to 0 °C and quenched by addition of N&854mg, 12mmaol,
1.2equiv) andcold MeOH (1@nL). The exact conversion was determinedHyNMR
analysis of the crude reaction mixture. The reaction mixture was stirred for 1 h before
saturated aqueous ammonium chlof@@mL) was added. The phases were separated and
the aqueougphase was extracted with C€l2 (3 x 15 mL).The combined organic phase
was dried over MgS@andconcentrged.p-Chlorocinnamyl alcohol was isolated by FC on
silica (EtOAc/pentane 10:90 to 3@y followed by a second purification by FC on silica

(CH2Cl,) as a wite solid

Procedure for3C KIE determination by analysis ofghlorocinnamaldehyde

4mol%
Ar
N Ar
0 H  oTMs

| Ar = 3,5-(CF3)206H3
H,0, (1.3equiv.)
CH,Cl,, RT

Cl Cl
The catalyst $)-U ,-Bis[3,5-bis(trifluoromethyl)pheny2-pyrrolidinemethanol

trimethylsilyl ether (1.195 g, 2 mmol, 0.1@quiv) was added to a solution pf

chloracinnamaldehydela (3.34 g, ® mmol, 1.0 equiv) in CkCl> (40 mL) at room

temperaturdollowed by additionof hydrogen peroxide solutio”.8mL, 26 mmol, 1.3

equiv, 35 wt.% in HO). Aliquots were removed periodically and quencbgdaddition of

NaBH; and MeOH to determine percent conversion. When the reaction had reached the

desired conversion, ateterminedoy *H NMR analysis, saturated agueous ammonium

chloride was added to halt the reactibhe phases were separated andatiigeouphase

was extracted with Ci#Ll.. The combined organic phase was dried ovesSi@a and
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concentreed. The unreacted starting maial was resolated by FCon silica
(EtOAc/hexanes 95:5).

The13C isotopic composition of the abodeK | E s a Tawas ednpanetl to a
0St andar dbaframtmepsdme batcfnot subjected to reaction conditign$o
ensure purity of this sample).835 g (5 mmol) was purified by FC on silica

(EtOAc/hexanes 95:5).

13C Sample preparation for NMR analysis

The first three KIE measurements were performed by analysis of three samples of
p-chlorccinnamylalcoholi Expl, Exp2, and ExpB re-isolated aftein-situ reduction of
the reaction mixture taken #& + 2%, 77 £ 2%and68 + 2% respectively. These samples
were compared to Stdl, Std2, and Std3, respectively, which were reduced unreacted
starting materialafrom the same batch as the respective expntal samples (Exp3).
These experiments were performed in dbegensetab as described in Section B of this
document. A fourth KIE measurement was performed by comparative analysis of two
samples ofia (not derivatized) Exp4 and Std4which were fom the same batch .
The reaction from which sample Exp4 was conducted was tak&h#®% conversion.
The experiments leading to these two samples weeperformed in the Vetticatt lab

following the procedure outlined in Section C of this document

KIE1

A sample was prepared from 166 mg ofiselated material from Expl was
transferred to a new 5 mm NMR tube quantitatively usiigLC grade deuterated
chloroform (CDC4). The sample was filled to a height of 5 cm. 163 mg of purified material

from StdlL was transferred to a new 5 mm NMR tube quantitatively udifgC grade
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CDCls. The sample was filled to a height of 5 cm. T#@& NMR spectra were recorded at

150 MHz using inverse gated decoupling with an acquisition time of 10 sec, a delay time
of 60 se (5 times T1), and 128 transients were used to acquire six spectra for both samples.
Integrations were numerically determined using a constant integration region (equal to 10
times the peakvidths at hakheight for each peak). The meta carbon was seinto
integration value of 2000.00. All integrals are listed belovepresented by FID1, FID2,

FID3, FID4, FID5, and FID6.

KIE2

A sample was prepared from 159 mg ofiselated material from Exp2 was
transferred to a new 5 mm NMR tube quantitatively ugiig.C grade deuterated
chloroform (CDCH4). The sample was filled to a height of 5 cm. 156 mg of purified material
from Std2 was transferred to a new 5 mm NMR tube quantitatively k#figC grade
CDCls. The sample was filled to a height of 5 cm. F#@ NMR spectra were recorded at
150 MHz using inverse gated decoupling with an acquisition time of 10 sec, a delay time
of 60 sec (5 times T1), and 128 transients were used to acquire six spectra for both samples.
Integrations were numerically determined using stant integration region (equal to 10
times the peakvidths at hakheight for each peak). The meta carbon was set to an
integration value of 2000.00. All integrals are listed belovepresented by FID7, FIDS,

FID9, FID10, FID11, and FID12.

KIE3
A samplewas prepared from 168 mg of-isolated material from Exp3 was
transferred to a new 5 mm NMR tube quantitatively usiigLC grade deuterated

chloroform (CDC4$). The sample was filled to a height of 5 cm. 163 mg of purified material
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from Std3 was transfezd to a new 5 mm NMR tube quantitatively usiiBLC grade
CDCls. The sample was filled to a height of 5 cm. T#@ NMR spectra were recorded at

150 MHz using inverse gated decoupling with an acquisition time of 10 sec, a delay time
of 60 sec (5 times T1ynd 128 transients were used to acquire six spectra for both samples.
Integrations were numerically determined using a constant integration region (equal to 10
times the peakvidths at hakheight for each peak). The meta carbon was set to an
integrationvalue of 2000.0000. All integrals are listeeélow represented by FID13,

FID14, FID15, FID16, FID17, and FID18.

KIE4

A sample was prepared from 307 mg ofiselated material from Exp4 was
transferred to a new 5 mm NMR tube quantitatively usiHigLC gradedeuterated
chloroform (CDCH4). The sample was filled to a height of 5 cm. 307 mg of purified material
from Std4 was transferred to a new 5 mm NMR tube quantitatively kg grade
deuterated chloroform (CDg§)l The sample was filled to a height of 5.cime**C NMR
spectra were recorded at 150 MHz using inverse gated decoupling with an acquisition time
of 5 sec, a delay time of 42 sec (5 times T1), and 128 transients were used to acquire seven
spectra for both samples. Integrations were numericallyrrdgted using a constant
integration region (equal to 10 times the pea#iths at hakheight for each peak). The
meta carbon was set to an integration value of 2000.0000. All integrals arebbsbed

represented by FID19, FID20, FID21, FID22, FID23, MGhd FID25
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Sample spectra for the determination of isotopic enrichment

For KIE 1, 2, and 3
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Integrations of Standard and Experimental Nsffectra

FID1-6 were obtained from KIE1. FIDTZ2 were obtained from KIE2. FID1B3
were obtained fnm KIE3. FID1925 were obtained from KIE4. The calculated KIEs for
each carbon atom from all 25 comparisons along with the average KIE and standard

deviations at a 95% confidence interval are also shown.
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Standard

FID1 FID2 FID3 FID4 FIDS FID6 FID7
Carbonyl| 999.9450| 995.1678 | 998.7200 | 1000.8705| 1000.1896| 991.1734 | 999.3382
alpha 1009.9400| 1008.5253| 1009.6639| 1006.8823| 1009.0799| 1011.2273| 1016.7798
beta 1004.6400| 1001.6036| 1004.2749| 1002.8434| 1007.9150| 1005.0845| 1021.7365
ipso 1003.8200| 1002.7052| 1002.6492| 1005.3689| 1006.5251| 1000.6444| 1009.9590
ortho 2000.0000 2000.0000| 2000.0000; 2000.0000| 2000.0000; 2000.0000| 2000.0000
meta 1997.9500| 1992.7937| 1999.8207| 1999.8992| 2001.5606| 1998.0436| 2001.3133
para 1005.0900| 1002.6279| 1001.7994| 1003.2964| 1003.1178| 1002.4769| 1017.3539
FID8 FID9 FID10 FID11 FID12 FID13 FID14
Carbonyl| 994.9161 | 1000.4009, 996.3514 | 991.2866 | 999.0613 | 997.1477 | 987.8562
alpha 1006.9993| 1003.5986| 1008.2950, 1009.2477| 1008.6778| 1012.3506| 1007.4926
beta 1015.787 | 1022.2499| 1020.1071| 1024.4772| 1012.2755| 1001.0561| 1000.8182
ipso 1003.0734| 1004.5855| 999.6574 | 1002.7479| 997.3259 | 1001.6707| 1003.8573
ortho 2000.0000] 2000.0000| 2000.0000| 2000.0000; 2000.0000 2000.0000| 2000.0000
meta 1993.1244| 1996.0091| 1994.8830] 19956872 | 1993.6511| 2015.2471| 2013.4102
para 1012.1689| 1016.3148| 1013.5592| 1015.4147| 1018.1231| 998.7126 | 995.8012
FID15 FID16 FID17 FID18 FID19 FID20 FID21
Carbonyl| 997.9377 | 996.2890 | 996.0902 | 990.8309 | 1022.3358| 1021.2684| 1026.0193
alpha 1006.0455| 1010.6613| 1012.1137| 1013.5130| 1009.0510| 1005.6209| 1009.6268
beta 1002.4195| 1006.5244| 1000.4638| 1002.2177| 1026.1832| 1027.7100| 1029.2155
ipso 1003.0011| 1007.3926| 1005.8330] 1005.4780| 1048.8826| 1049.0559| 1051.0140
ortho 2000.0000( 2000.0000| 2000.0000{ 2000.0000| 2000.@O0 | 2000.0000| 2000.0000
meta 2010.2040] 2015.9408| 2022.3142| 2017.0584| 2045.8204| 2047.3703| 2052.1031
para 994.6799 | 999.2388 | 997.0173 | 996.4283 | 1015.5494| 1014.2484| 1016.2770
FID22 FID23 FID24 FID25
Carbonyl| 1022.1287| 1023.6108| 1026.0809| 1022.8834
alpha 1002.6671| 1007.1519| 1009.8458| 1009.7016
beta 1027.6064| 1029.2976| 1026.2104| 1030.5278
ipso 1047.7568| 1049.1057| 1049.0315| 1049.1660
ortho 2000.0000( 2000.0000| 2000.0000f 2000.0000
meta 2046.7132| 2046.4900| 2048.7828| 2048.3092
para 10157240 1015.3491| 1014.3319| 1016.2536
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