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ABSTRACT OF THE DISSERTATION

Computational Explorations of Reactivities and Catalysis of Pericyclic Reactions

By

Jason Scott Fell
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2018

Professor Kendall N. Houk, Chair

This dissertation describes research that delves into exploring puzzling chemical
phenomena utilizing modern computational chemistry methods. Theoretical chemical models
that are coupled with quantum mechanical (QM) calculations can dissect complex chemical
reactions into many components that influence chemical reactivity and selectivity. Each chapter
of this dissertation demonstrates that QM calculations can help predict and explain the

complexities of chemical phenomena involving reaction mechanisms.

The first section (hapters 1 thru 4) details computational explorations of reactivities and
selectivities of pericyclic reactions. Pericyclic reactions are an important class of chemical

reactions wherein the reacting species form a cyclic transition state with aromatic delocalization.



Often these reactions occur with high degrees of regio- and stereoselectivity. Chapter 1 explores
the large differences in reactivity between cyclic 1- and 2-azadienes in Diels-Alder reactions.
Chapter 2 investigates how thiol addition to substituted oxanorbornadienes promotes a retro-
Diels-Alder reaction, as well as how the substitution pattern on the norbornadiene affects the
rates of fragmentation. Chapter 3 probes how an anion-accelerated Cope rearrangement is
inherently stereoselective. Chapter 4 explores if the enzyme iridoid synthase is a natural Diels-
Alderase by modeling the uncatalyzed Diels-Alder reaction and determining if the background

reaction is achievable and inherently stereoselective.

The second section, Chapter 5, delves into utilizing QM calculations to predict the
potential reactivity of a proposed catalyst to selectivity perform anti-Markovnikov hydrations of
olefins. Our calculations predict that the proposed di-manganese catalyst would produce the anti-
Markovnikov product preferentially to the Markovnikov product at a ratio as low as 12:1 and as

high as 100:1 depending on the catalyst ligands.

The third section (Chapters 6 and 7) tackle the stereoselectivity of chemical reactions
involving nucleophilic additions to aldehydes and imines. Chapter 6 explores the mechanism and
origins of the diastereoselectivity of cross-benzoin reactions of furfural and a-amino aldehydes
catalyzed by a triazolium-based NHC. Chapter 7 the polar-Felkin-Anh stereoselectivity of

nucleophilic addition to a-chiral imines in the presence of Lewis acid catalysts.
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Chapter 1

Origins of the Unfavorable Activation and Reaction Energies of 1-Azadiene Heterocycles

Compared to 2-Azadiene Heterocycles in Diels-Alder Reactions

Fell, J. S.; Martin, B. N.; Houk, K. N. J. Org. Chem. 2017, 82, 1912.



Abstract

The reactivities of butadiene, cyclopentadiene, furan, thiophene, pyrrole, and their 1-aza- and
2-azaderivatives in Diels—Alder reactions with ethylene and fumaronitrile were investigated with
density functional theory (M06-2X/6-311G(d,p)). The activation free energies for the Diels-Alder
reactions of cyclic 1-azadienes are 10-14 kcal mol higher than those of cyclic 2-azadienes, and
the reaction free energies are 17-20 kcal mol~* more endergonic. The distortion/interaction model
shows that the increased activation energies of cyclic 1-azadienes originate from increased
transition state distortion energies and unfavorable interaction energies, arising from addition to

the nitrogen terminus of the C=N bond.
Introduction

The hetero-Diels—Alder (DA) reaction is a [4 + 2] cycloaddition in which one or more
heteroatoms are integrated into the diene or dienophile. These reactions are efficient methods for
the synthesis of functionalized heterocycles. Common subclasses of the hetero-DA reaction are
the imino-DA involving an aza-dienophile, oxa-DA and aza-DA reactions, which are shown in

Scheme 1.1.1



Scheme 1.1. The common subclasses of the hetero-DA reactions: the aza-DA, imino-DA and the

oxa-DA reactions.
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The aza-DA reaction has significant synthetic utility in producing nitrogen-containing
heterocycles such as piperidines? and tetrahydroquinones,® which are valuable intermediates for
the synthesis of natural products.*® The Povarov reaction involves reactions of 2-azadienes with
electron rich alkenes in the presence of a Lewis acid catalyst (Scheme 1.2a),° and the formation of
benzoquinolines (Scheme 1.2b),” tetrahydroquinolines® 1 and hexahydropyrroloquinolines.** The
aza-DA reaction has applications in biorthogonal click chemistry such as tetrazine-alkyne'?
cycloadditions (Scheme 1.2¢c) and the Kondrat’eva ligation'>'* (Scheme 1.2d). Several recent
examples in the literature highlight 2-azadienes in aza-DA reactions to efficiently produce

quinolines.?>20



Scheme 1.2. Examples of azadienes utilized in various cycloaddition reactions.
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While 2-azadienes and oxazoles readily react with numerous dienophiles, DA reactions of 1-
azadienes and isoxazoles require high temperatures and catalysts.?! The 1-aza-DA reactions are
much less common than all-carbon DA reactions.?>?® Scheme 1.3 highlights earlier experimental
aza-DA reactions that attempted to utilize cyclic 1-azadienes but rather isomerized to 2-azadienes

before the subsequent cycloaddition reaction could occur.

Scheme 1.3. Two 1-azadienes that rearrange before entering into DA reactions.
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Jung and Shapiro attempted the aza-DA reaction of 2,3,4,5,5-pentachloro-1-
azacyclopentadiene with styrene (Scheme 1.3a), but discovered that the 1-azadiene rearranged to
the 2-azadiene, which then undergoes the cycloaddition.?* They proposed that there is a lower
thermodynamic driving force in reactions of 1-azadienes versus 2-azadienes. VVogel et al. studied
intramolecular DA reactions of the butenyl pyrroles shown in Scheme 1.3b. They were only able
to isolate the 2-azadiene product, and computed this to be favored as well.?> A theoretical study
from our group showed that the reaction of oxazole with ethylene is exergonic while that of
isoxazole is endergonic.?! The unfavorable thermodynamics and lower reactivity of isoxazole were
thought to involve the loss of conjugation of the enamine in the bicyclic product from the isoxazole

reaction.

Boger et al. reported the first asymmetric aza-DA reaction of N-sulfonyl-1-azabutadiene with
enol ethers.?® This reaction of a 1-azadiene occurs at room temperature and without a catalyst,
however this DA reaction is made favorable by the diene being activated and acyclic and utilizing
electron rich dienophiles. There are recent examples in the literature of unactivated acyclic 1-
azadienes that require high temperatures and Lewis acid catalysts to react in cycloaddition

reactions.?’-2°

Our group has recently explored the reactivity of benzene and six-membered azabenzenes with
ethylene in DA reactions.®® The activation barriers decrease with each replacement of CH with N,
and the reaction becomes highly regioselective to form C-C bonds than C-N bonds. The formation
of two C-C bonds is favored by 15 kcal mol~ over reactions where one C-C and one C-N bond
are formed, and the formation of two C-N bonds is least favored. The diene becomes less aromatic
with each nitrogen replacement, which consequently reduces the energy to distort the diene and

increases the interaction energy between the diene and dienophile. Our general interest in



understanding cycloaddition chemistry has prompted us to further investigate the effect of

introducing a nitrogen atom within 5-membered heterocycles.

We have employed density functional theory (DFT) calculations to predict the activation and
reaction enthalpies and free energies of the DA reactions involving acyclic and heterocyclic dienes
shown in Scheme 1.4 with ethylene (a) and fumaronitrile (trans-1,2-dicyanoethylene (b)). We
have utilized the distortion/interaction (D/1) or Activation Strain model®3® to analyze the
differences in activation energies between the 1-aza- and 2-azadiene cycloadditions. We report a
detailed analysis of the differences in activation and reaction energies of DA reactions of

unactivated cyclic all-carbon containing dienes, 1-aza- and 2-azadienes.

Scheme 1.4. The dienes and dienophiles studied here.
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Computational Methods

All calculations were performed with Gaussian 09.3° Gas-phase ground state and transition state
geometries were optimized with Truhlar’s M06-2X functional®® and the 6-311G(d,p) basis set.
These have been found by our group to give relatively accurate energies for cycloaddition
reactions.*1*? Vibrational frequencies were computed to determine if the optimized structures are
minima or saddle points on the potential energy surface corresponding to ground state and
transition state geometries, respectively. Free energies were calculated for 1 atm at 298.15 K.
Truhlar’s quasiharmonic correction was applied in order to reduce error in estimation of entropies
arising from the treatment of low frequency vibrational modes as harmonic oscillations by setting
all frequencies less than 100 cm™ to 100 cm™.43% Molecular structures are displayed with

CYLview.®
Results

We first compared our calculated M06-2X/6-311G(d,p) enthalpies to measured experimental
enthalpies of formation. We compared the differences in experimental and calculated enthalpies
of formation (44 Hs°) of oxazole (2), isoxazole (3), imidazole (11) and pyrazole (12), which are

shown in Figure 1.1.

//—O N-O //—S N-S
N A U N2 U
2 3 11 12
AH°r(Exp.) -3.71+0.13 18.78 £0.13 306+1.8 403+2.1
AAH®/(Exp.) 22.49+0.13 129428
AAH®(Calc.) 25.6 118

Figure 1.1. Experimental and calculated heats of formation, in units of kcal mol™.



The calculated A4H;° for 2 and 3 is 25.6 kcal mol™, and the calculated A4H;° for 11 and 12 is
11.8 kcal mol™. The experimental A4H:° for 2 and 3 are 22.49 + 0.13 kcal mol™, * and the
experimental A4H;° for 11 and 12 are 12.7 + 1.4 kcal mol~1.4” Our M06-2X/6-311G(d,p) calculated
enthalpies are in good agreement with the experimentally measured enthalpies. Note the less

reactive 3 and 12 are much less stable than the more reactive 2 and 11!

Figure 1.2 shows the computed transition structures of the DA reaction of ethylene with dienes 1
thru 15. The activation free energies and enthalpies are provided below the corresponding
transition structure. The top, middle, and bottom rows display the carbadienes, 2-azadienes and 1-

azadienes, respectively.
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Figure 1.2. The DA transition states of ethylene with each diene in this study displayed with the
associated free energies and enthalpies of activation. Energies and distances are in units of kcal

mol*and A, respectively.

The activation free energies of the DA reactions of ethylene (a) with the carbadienes (1, 4, 7,
10 and 13) range from 30 to 43 kcal mol. The introduction of a nitrogen atom at the 2-position
within the diene (dienes 2, 5, 8, 11 and 14) decreases the barrier by only 1 to 3 kcal mol™.
However, a nitrogen atom at the 1-position of the diene portion(dienes 3, 6, 9, 12 and 15)

increases the barrier by 9 to 11 kcal mol~ in all five cases.

The transition structures of the DA reactions of ethylene with the symmetrical carbadienes,
(1,4,7,10and 13)a-TS, are all concerted and synchronous. The transition structures of the 1-

aza- and 2-azadienes are also concerted but asynchronous. The asynchronicities of bond



formation for (2, 5, 8, 11 and 14)a-TS are 0.09 to 0.12 A, with the shortest forming bond at
positions 4 and 5. Transition structures (3, 6, 9 and 12)a-TS have an asynchronicity of 0.08 to
0.11 A, with the shortest forming bond at positions 1 and 6, with the exception of 15a-TS this is
synchronous. The forming bonds in the 1-azadiene transition structures are 0.03 to 0.15 A shorter
compared to forming bonds in the transition structures of the carbadienes, which is an indication
of later transition states with increased activation energies for those endothermic reactions, in

accord with the Hammond Postulate.*®

We also investigated the free energies and enthalpies of reaction for the DA reaction of
ethylene with the dienes. The cycloadducts for each reaction are displayed in Figure 1.3 with the
associated reaction free energy and enthalpy. The top, middle, and bottom rows display the
cycloadducts of the DA reaction of ethylene (a) with the carbadienes, 2-azadienes and 1-

azadienes, respectively.
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Carbadienes )
1a 4a 7a 10a 13a

AGyn (AH ) 3.1 (-11.1) -13.0 (-27.5) 4.0 (-10.3) 11.9 (-2.5) -25.0 (-38.7)
X
i,
N
2-azadienes 1 .
2a 5a 8a 11a 14a
AGy (AHiyn) B 2.1 (-12.1) -16.1 (-30.6) 1.2 (-13.0) 10.4 (-3.9) -31.3 (-45.7) ]
|
7
1-azadienes |
3a 6a 12a 15a
AGyn (AHn) 19.9 (5.6) 3.4 (-11.2) 21.9 (7.6) 30.9 (16.5) -24.0 (-38.5)

Figure 1.3. The cycloadducts of the DA reaction of ethylene with each diene in this study
displayed with the associated free energies and enthalpies of reaction. Energies and distances are

in units of kcal mol and A, respectively.

Cyclopentadiene (4), butadiene (13), 2H-pyrrole (5), 2-azabutadiene (14) and 1-azabutadiene
(15) are the only dienes in the study with exergonic free energies of reaction. The DA reactions
of the 2-azadienes with ethylene have reaction free energies 1 to 3 kcal mol~* more exergonic
than the reactions with the carbadienes, while the DA reactions of the 1-azadienes with ethylene

are 16 to 20 kcal mol* more endergonic.

We have also calculated the same free energies using the more realistic dienophile,
fumaronitrile (b). The results of these calculations are tabulated in the SI. With fumaronitrile the

activation free energy changes range from +1.6 to —11.8 kcal mol, while the reaction free
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energy change between —2.0 to +5.8 kcal mol~. Although the cyano groups usually increase
reactivity as expected, these groups also make the reaction thermodynamics less favorable

because the cyanos are removed from conjugation during the reaction.

Nitrogen substitution at either the 1- or 2-position within a diene has a remarkable influence
on the activation and reaction free energies for DA reactions. We also studied the influence of
multiple nitrogen substitution within a diene. We compared the activation and reaction energies
of furan (1), oxazole (2), isoxazole (3) and oxadiazoles (16, 17, 18 and 19. Figure 1.4 shows the

respective transition structures and cycloadducts.

,1 95
D m
203 1.94% :212 17a-TS
AGt A / ( 5 | - g 5 —_: — :,r ) [ '-__:‘ i 56.7
kecalmol™| % N 08: iz i, —
12} L 19a-TS
42.7
Aern ,& —% 33 O
kcal mol™
. 17 7

Figure 4. The computed activation and reaction free energies for DA reactions of several N,O-

heterocycles with ethylene.

The introduction of a second nitrogen atom at the 3-position of oxazole (corresponding to the
2-position of the diene unit, diene 16) has only a small influence on the energetics. However,

introducing a nitrogen at the 2-position of furan (corresponding to the 1-position of the diene unit,

12



dienes 18 and 19) raises the barrier by 9-11 kcal mol™ and the free energy of reaction by 17-21
kcal mol™ compared to that of dienes 1, 2 and 16. When a second nitrogen is introduced at the 4-
position of isoxazole (corresponding to the 1-position of the diene unit, diene 17), the free energy
barrier increase 22 kcal mol™ and the reaction energy is 30 kcal mol~* more endergonic than that

of furan.
Discussion

To understand these general reactivity trends, we have explored the origins of the low reactivity
of 1-azadienes compared to 2-azadienes using the distortion/interaction model.?> We follow this
discussion with an explanation of the reactivity trends observed for different heterocycles based
upon reaction free energies and diene aromaticities. We first compare the activation free energy

with the reaction free energies for the cyclic dienes. The results are given in Figure 1.5.

Carbadienes A 1-Azadienes 2-Azadienes
55.0 - a9 a2
50.0
45.0 - 7 ek

40.0 g8 ¢ .10

U+ o
|

15 .

3501, & e 2

300 = 1375 0 y=0379x +38.7
e 2=0.77

AG* (kcal mol™)

250 T T T T T T 1
-35.0 -250 -15.0 -5.0 5.0 150 250 35.0
AG,, (kcal mol™?)

Figure 1.5. Plot of AG* vs. AGxn for the reaction of ethylene with all of the dienes.

There is a modest correlation (R? = 0.77) between the activation and reaction free energies. The
slope is near 0.5, expected by Dimroth, Evan-Polanyi, Hammond and Marcus models.*® The DA
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reactions of furan (1), oxazole (2), cyclopentadiene (4) 3H-pyrrole (5), butadiene (13), 2-
azabutadiene (14) and 1-azabutadiene (15) with ethylene are predicted to have similar reactivity.
2H-pyrrole (6), thiophene (7), thiazole (8), pyrrole (9) and imidazole (11) are predicted to have
DA reactions that are endergonic and reaction rates 3 to 5 orders of magnitude slower than the
previous group of dienes. The 1-azadienes isoxazole (3), isothiazole (9), and pyrazole (12) (the
three black triangles furthest right in Figure 4) are predicted to have DA reactions that are highly

endergonic as well as reaction rates 7 to 13 orders of magnitude slower than the first group.

The reaction free energies for the different heterocycles can be correlated with the heterocycle
aromaticity. Aromaticity can be quantified in many ways. The aromatic stabilization energy (ASE)
is the energy of stabilization arising from cyclic delocalization of m electrons.’%! For five-
membered heterocycles, Schleyer et al. devised a homodesmotic scheme for calculating the ASE

shown in Scheme 1.5.%1

Scheme 1.5. Schleyer’s homodesmotic scheme for calculating the aromatic stabilization energy

ASE of heterocycles.

Y. Y. PN
O + X ) + i,,xal + X7 X TASE(8H)
X X3 X5=X3
\\1 Xy + x/> < ‘x4 +
Xy~ Xs

Y =CH,, NH, O or S
X=CHorN

The equation balances the number of single and double bonds on each side of the equation, as
well as conjugation, so only the enthalpy (AH) gain from cyclic conjugation is measured. The

MO06-2X/6-311G(d,p) calculated ASE of the cyclic dienes are listed in Table 1.1 as AH.
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Table 1.1. The calculated ASE (AH) of the cyclic dienes using Schleyer’s homodesmotic scheme.
The method for calculating energies was M06-2X/6-311G(d,p). The bond distances and energies

are reported in units of Angstroms and kcal mol ™, respectively.

Carbadienes
ASE (AH)

2-Azadienes

ASE (AH)

X.
)

1-Azadienes

ASE (AH)

Figure 1.6 shows a plot of the AGixn for the DA reactions of the cyclic dienes (1-12) with

ethylene versus the aromaticity (ASE) of the diene.
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Carbadienes a 1-Azadienes = 2-Azadienes

35.0 12
30.0 L
25.0
20.0 y=13x-07 &~
15.0 R2= 0.99"_..--"' 3 10

10.0 U

5.0 1.
A6 y=14x-173

0.0 2 g R2=0.98
5.0 |
-10.0 4
-15.0 '
-20.0
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ASE (kcal mol™)

» o

AG,, (kcal mol™")

Figure 1.6. The correlations of AGixn versus cyclic diene aromaticity (ASE) of the carbadienes

(blue diamonds), 1-azadienes (black triangles) and 2-azadienes (orange squares).

There is a good correlation between diene aromaticities and the free energies of reactions of
each set of dienes. The reaction free energies of 1-azadienes (black triangles) are nearly 16 kcal
mol higher than the 2-azadienes (orange squares) and the carbadienes (blue diamonds). As each

diene becomes more aromatic, the energy of reaction becomes more endergonic.

To understand the origin of the reactivity differences between 1-aza- and 2-azadienes, the
activation energies have been analyzed with the D/I (or activation strain®3**) model. The D/l model
dissects the activation energy (AE?) into two components: the distortion (AE4*) and interaction
(AEi*) energies.?13252 E s the electronic energy. The AEq* is the energy required to distort the
reactants into their respective TS* geometries. The AE;* is a consequence of closed shell repulsions
(steric effects), occupied-vacant orbital interactions (charge-transfer), and electrostatic and
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polarization effects. The D/l model has been used to explain the reactivity of DA cycloadditions.®*-

37 Recently we have shown that the poor reactivity of cyclohexadiene and cycloheptadiene relative

to that of cyclopentadiene is related to the differences in distortion energies.*

Figure 1.7 shows a plot of the electronic energies of activation versus the distortion energies.

AEY (kcal mol™)

Carbadienes a 1-Azadienes

45.0

40.0

35.0

30.0

25.0

20.0

15.0

10.0

2-Azadienes

12 15
A A
3.
1%
6 m 13
A 14
el
2
y=0.87x-4.5
2= (.86

200 250 30.0 350 400 450 50.0

AE%4 (kcal mol™)

Figure 1.7. AE* vs. AE¢* for the DA reaction of ethylene with the dienes.

There is a reasonably good correlation between the activation energies and the distortion

energies. It is significantly more difficult to distort 1-azadienes as opposed to 2-azadienes or the

carbadienes. This was found in studies of DA reactions of benzene and six-membered poly-aza-

heterocycles in previous studies by our group.3°2® It is due to the unfavorable energetics of addition

to C=N 7 bonds and the poorer overlap of orbitals involving N and C in forming a new ¢ bond.®

With the exception of the acyclic dienes (13, 14 and 15), the energy required to distort the cyclic
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1-azadienes is 31 to 50 kcal mol™ while the cyclic 2-azadienes, cyclopentadienes and

monoheterocycles require 23 to 40 kcal mol™ to distort.

In addition to the single point analysis at the transition state, we have also carried out the D/I
analysis along the reaction coordinate for oxazole (2) and isoxazole (3). The total electronic energy
(AE), distortion energy (AE_dist) and interaction energy (AE_int) are plotted versus the average
dihedral angle (wave.) Of the bending oxygen atom for oxazole (black) and isoxazole (orange) are

displayed in Figure 1.8.

—a—[soxazole AE dist—a—Isoxazole AE int —8—Isoxazole AE
—8— Oxazole AE_dist —b—Oxazole AE int —S—Oxazole AE

15 o 0
e | P oy ENEE ,
D P /
35.0 /
o = 0-1-2-3 gy = 0-4-322 A —n
DAve, — {f-':'l + C'-':;"rz y g

AFE (keal mol")

2.0 4.0 6.0 8.0 10,0 12.0 140 160 18.0
m,iw [G}

Figure 1.8. Plots of total energy, distortion energy and interaction energy versus the average
dihedral angle of the bending oxygen atom of oxazole (black lines) and isoxazole (orange lines) in

the DA reaction with ethylene. The last points to the right are the respective transition states.

The transition state of 2 with ethylene occurs earlier than that of 3, consistent with the greater

exothermicity of the reaction of 2. The total energies for 2 are always lower along the reaction
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coordinate than 3. The change in distortion energy over the reaction coordinate is slightly elevated
for 2 compared to 3 until the transition state is reached, where the difference in distortion energies
is 7.8 kcal mol™ in favor of oxazole (2). Along the reaction coordinate the interaction energy is
always more favorable for 2 due to the greater orbital overlap of carbon than of nitrogen and
ethylenes p-orbital.>** The interacting p-orbital of nitrogen in 3 is more contracted, resulting in
less favorable interaction energy. As we have previously reported in the aza-DA reaction of
azabenzenes with ethylene, the replacement of CH with N increases the reactivity of the diene
primarily due to more favorable interaction energy along the reaction coordinate.*® We showed
earlier that reaction barriers correlate very closely with distortion energies, but the calculations in

Figure 8 showed that the interaction energies influence the position of the transition state.

Another way to look at this focuses on the thermodynamic contribution to the activation
barriers. The difference in reaction energies shifts the transition states to favor the oxazole reaction
all along the reaction path. To explain the difference in reaction energies for addition to C=C and
C=N bonds, we evaluated what bonds are being broken and formed in each DA reaction. A set of

isodesmic reactions for each aza-substituted diene is shown in Figure 1.9.
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2H,

a | I | —— 1 | | aH=-389kcaimor"
b) ,UJH || —2e~ HH | | AH=-34.9 keal mol™!
o N, 1l 2 rlle || aH=-27.5keal mor
d) b | — ,LHz I AH = 7.4 keal mol™*

Figure 1.9. a) Expressions for bond changes in the DA reaction of ethylene with furan (1) and
cyclopentadiene (4), b) oxazole (2) and 3H-pyrrole (5), and c) isoxazole (3) and 2H-pyrrole (6).
d) The energy differences between these reactions can be expressed isodesmically. Computations

were performed using M06-2X/6-311G(d,p).

In the DA reactions with carbadienes three double bonds are converted into two single bonds
and one double bond (Figure 1.9a), calculations on this transformation gives a calculated enthalpy
of -34.9 kcal molt. When 2-azadienes react (i.e.: oxazole, 2, and 3H-pyrrole, 5), two C=C and one
C=N bonds are converted to two C—C and one C=N (Figure 1.9b), which of course has the same
enthalpy as the reaction with carbadienes. The reactions of 1-azadienes (i.e.: isoxazole, 3, and 2H-
pyrrole, 6) differ in that one C=N and one C=C bonds are converted to one C-N and one C-C
(Figure 1.9¢); this has an overall reaction enthalpy of -27.5 kcal mol. The difference between
these reactions can be written as the conversion of one C=N and one C-C to one C-N and one C=C
bonds (Figure 1.9d), which has an enthalpy of +7.4 kcal mol™. The experimental enthalpies of
hydrogenation of methanimine and ethylene are -32.5 + 0.1 and -21.62 + 0.1 kcal mol*
respectively.>®->® The M06-2X energetics (Figure 1.10) are in agreement with experiment. These
two measurements indicate that it is thermodynamically more favorable to convert a C=C © bond

to a C-C single bond as compared to the C=N to C-N transformation.
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Figure 1.10. Calculated M06-2X/6-311G(d,p) enthalpies of hydrogenation of simple dienes.

Bond strength energy is related to the difference in electronegativity of the two atoms involved.
This is the basis of Pauling’s definition of electronegativity.>® Pauling, Sanderson, and others have
shown that bond energy is proportional to the differences in electronegativity between the
constituent atoms in the bond.>*% In the cycloadditions, the C(sp?)-X(sp?) double bond is being
converted to a C(sp®)-X(sp®) single bond. Conversion to the more saturated system becomes more
difficult as X becomes more electronegative, and as two polar bonds (the double bond) are

converted to one polar bond.

An additional contributing factor involves the change in hybridization that occurs upon addition
to the N of a C=N double bond. In this process, the sp? lone pair on N becomes an sp® lone pair:
the decrease in s-character is destabilizing as well. This has been discussed previously by Borden

et al. in comparing electronic structures and reactions of nitrenes and carbenes.

These energetic trends nicely rationalize why the cyclic 1-azadienes are less reactive than the
non-aza- or 2-azadienes. However we find only small differences for the acyclic cases. This
intrinsic difference is counteracted by the stabilizing enamine resonance in the product of the DA
reactions of 1-azadienes. We have calculated the enthalpic cost of loss of conjugation in an allylic

amine, shown in Figure 1.11.
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Figure 1.11. Enthalpy of rotation and deconjugation of nitrogen in acetaldehyde enamine,

calculated using M06-2X/6-311G(d,p).

We find there is a 5.6 kcal mol enthalpy cost to disrupt the nitrogen conjugation by rotation.
This enthalpy cost is present in the product of reaction of all of the cyclic 1-azadienes. In the
reaction of 15 and a, the enthalpic cost of addition to a C=N bond is mostly counteracted by the
nitrogen lone pair conjugation in the non-planar enamine product. We earlier note the importance

of this factor in causing isoxazole to be far less reactive than oxazole.?!
Conclusions

The Diels-Alder reactions of a variety of acyclic and substituted heterocyclic dienes with
ethylene and fumaronitrile have been investigated using DFT. Activation and reaction energies
increase with respective diene aromaticity. The significant difference between the reactivities of
1-aza- and 2-azadienes is related to the thermodynamics of these reactions. The distortion energies
nicely correlate with reactants and the origins of this correlation is shown to be related to the
overall thermodynamics of the reaction. Addition to a C=N bond is intrinsically less favorable than
addition to a C=C bond, and the former require more energy to distort in the transition states for
1-azadienes in these DA reactions. In acyclic 1-azadienes there is a compensation due to the
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conjugation of the developing sp® nitrogen lone pair with the double bond, which is not possible

in the adducts from cyclic 1-azadienes.
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Chapter 2

Theoretical analysis of the retro-Diels-Alder reactivity of oxanorbornadiene thiol and

amine adducts

Fell, J. S.; Lopez, S. A.; Higginson, C. J.; Finn, M. G.; Houk, K. N. Org. Lett. 2017, 19, 4504.
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The thiol-promoted retro-[4+2] cycloadditions! of 7-oxanorbornadienes have been reported by
Finn and coworkers.?® Oxanorbornadienes bearing electron withdrawing substituents undergo
rapid conjugate addition of amines and thiolates,*> and a subsequent retro-[4+2] cycloaddition
(Scheme 2.1). The thiol addition step is fast, while the fragmentation is rate-determining. The
nature of the substituents at the oxanorbornadienes affects the rate of fragmentation, with
oxanorbornene adduct half-lives ranging from 1 hour to 8 months. The mild conditions of this
chemistry make it useful for in vivo drug delivery®’ and degradable materials synthesis,® where

the thiol is often a cysteine residue.

Scheme 2.1. Conjugate addition of B-mercaptoethanol to oxanorbornadienes, followed by retro-

[4+2] cycloaddition to pro-duce substituted furans and thiomaleate.
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Ri=Ry=H t4/2 = 12 hours

Rs=Me; R, =H ty, =55 hours
R1 = R2 = Me t1/2 =1 hour

Finn and coworkers rationalized this range of half-lives by hyperconjugative effects and
intramolecular hydrogen bonding, illustrated in Figure 2.1. The transition structures were thought
to be stabilized via sulfur lone pair orbital (n) hyperconjugation into the carbon-carbon o* orbital
of the breaking bond. An intramolecular hydrogen bond is also possible in non-aqueous

environments, such as DMSO, in which the kinetics were determined.
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Figure 2.1. n—c* hyperconjugation by sulfur (left) and intramolecular hydrogen bonding (right).

Our general interest in understanding cycloaddition reactivity prompted us to study the origins
of substituent effects on retro-[4+2] reactivity of 7-oxanorbornadienes. We have used the MO6-
2X%10 density functional that has been previously shown to give relatively accurate energies for
cycloaddition reactions.''? We utilized the 6-31+G(d) basis set for geometry optimizations, and
DMSO solvation effects were accounted for with single point energy calculations utilizing a
polarization continuum model with a 6-311+G(d,p) basis set. Reactions of molecules in Figure 2.2

were studied.

e

CO,Me ébfcone %cozm

COQMe COzMe COZMe
4
%COZM(% CO,Me %COQMe
H  “co,Me Me COzMe Me COZMe
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Figure 2.2. 7-Oxanorbornadienes (1a-3a) and the 7-oxanorbornene adducts after thiol (1b-3b) and

amine (1c-3c) addition.



Figure 2.3 shows transition structures and product dienophiles for oxanorbornadiene (1a and a)
and the thiol (1b and b) and amino (1c and c) oxanorbornene adducts. TS-1a is asynchronous; one
of the ester substituents is conjugated with the m-bond participating in the retro-[4+2]
cycloaddition, while the other methyl ester is orthogonal to the forming n-bond but conjugated to
the pre-existing n-bond. We previously have found that available p-orbitals of dienophile
substituents are aligned orthogonal in order to maximize the stabilization of developing partial
negative charge in asynchronous transition structures.*®> Both TS-1b and TS-1c have the same
characteristics as the orthogonal substituent is at the more fully cleaved bond in the transition state.
All three transition structures are concerted, but asynchronous; the newly-forming bond lengths
differ by 0.34 A, 0.62 A and 0.42 A, respectively. The degree of asynchronicity is related to the
increased stabilization of a partial negative charge. The calculated charges on the forming
dienophile fragments in the transition state are -0.3, -0.2 and -0.2 for fragments 1b, 1c and 1a,
respectively. The nitrogen and sulfur atoms inductively stabilize these partial charges, resulting in

asynchronous transition states.
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Figure 2.3. TS-1a, TS-1b, and TS-1c with respective alkyne (a) and alkene (b and c) products.
Activation and reaction free energies are in kcal mol. Breaking bond distances and C-X-C=C

dihedral angles are reported in Angstroms and degrees, respectively. AG* for 1 ATM, 25 °C.

Fragmentations of 7-oxanorbornadienes typically require temperatures above 100 °C, but thiol-
and amine-promoted fragmentations can take place in vivo at 37 °C.8 The computed activation free
energies in Figure 2.3 are consistent with these experimental conditions. The activation free
energies for TS-1b and TS-1c are 10.8 and 6.4 kcal mol lower than for TS-1a, respectively. The
lone pairs on the sulfur and nitrogen atoms in TS-1b and TS-1c are orthogonal to the anti-bonding

orbitals of the breaking C-C bond, contrary to expectation in Figure 2.1. We calculated the C-X-
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C=C dihedral angle in b and ¢ product alkenes to be 171° and 168°, respectively. The sulfur and
nitrogen atoms in the product alkenes are fully conjugated with the n-bond and B-ester. The
reaction thermodynamics also favors the formation of these polar alkenes that are push-pull
stabilized; the fragmentation of 1b and 1c are exergonic (AGmn = —1.9 and —12.2 kcal mol?,
respectively), while the reaction of 1a is endergonic (AGxn = +8.6 kcal mol™). The formation of

the two alkenes is kinetically and thermodynamically favored over alkynes.

Next, we explored how the retro-[4+2] reactivity depends on the bridgehead substitution pattern
of the bicyclic intermediates. We performed calculations only on systems substituted with methyl
groups to minimize the sampling of conformers. The retro-[4+2] transition structures of the thiol-
oxanorbornene adducts are shown in Figure 2.4 with corresponding free energies of activation.
Experimental activation free energies are listed for comparison, and were calculated from the

experimental half-lives listed in Scheme 1 using the Eyring equation.

AGE =216 AGt . =226 AG*_,, =20.1

calc

AGiexp =924.0 AG*eXP =24.9 AGJIEexp =229

Figure 2.4. TS-1b, TS-2b and TS-3b, and computed and experimental activation free energies
(kcal mol™?). Breaking carbon-carbon bond distances are reported in Angstroms. AG¥exp are
determined from rate constants at 37 °C using the Eyring equation; AG*caic were computed at 25

°C.
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All three transition structures are concerted, but highly asynchronous. The carbon B to the
thioether has a shorter breaking bond distance to C2 of the furan (Cp—C2) than the carbon a to the
thioether and C4 of the furan (Ca—C4). Along the reaction, the transition state shift to more
product-like geometries (longer breaking bonds) opposite to the Hammond postulate but consistent

with greater transition state stabilization.'*

Our calculations predict the correct order of reactivity, and the computed free energies differ
from experimental activation free energies by 2.3 - 2.4 kcal mol?l. We utilize the
Distortion/Interaction (D/I) or Activation Strain model to dissect the activation energies into
distortion and interaction energies.'®>*° The D/I model is used to analyze the activation energies of
bimolecular reactions. The distortion term (AE4*) represents the energy required to distort the
reactants into their respective transition state geometries without allowing the fragments to
interact. The interaction energy (AEi*) is the difference between the activation energy and
distortion energy, which represents energy gained from favorable orbital interactions. From the
D/1 model we will obtain the distortion and interaction energies from the [4+2] reaction of maleates

and furans to produce the oxanorbornene adducts.

We performed D/I analysis on TS-1b, TS-2b, and TS-3b. Figure 2.5 shows these transition
structures with corresponding AE*, AE¢*, and AE;* for the [4+2] reaction. The interaction energies
become more negative with each bridgehead methyl substitution. Methyl substitution makes the
forming diene fragment more electron-rich, which improves the orbital interaction with the
electron-deficient dienophile. The HOMO energies of the furan increase along the series 1b, 2b
and 3b (-8.54, -8.20 and —-7.88 eV). A methyl on the shorter forming bond (R:) exerts a

destabilizing steric effect, increasing the distortion energy from 33 to 35 kcal mol™. The second
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methyl (R2) is well separated from the diene and shows no steric effect. TS-2b and TS-3b have

the same distortion energy.

CO2Me

R,

_— S COzMe
il
HO

Ry
l[4+2]

AE =331
CO2Me AEii =-25.8

o - Q
N
7= A AEF =74
COzMe

Figure 2.5. TS-1b, TS-2b and TS-3b with corresponding AE*, AE4, and AEi* for the [4+2]

reaction. Energies and distances are reported in units of kcal mol and Angstroms, respectively.

Frontier molecular orbital effects, manifested as AE*, are responsible for the differences in
reactivity based on the substitution pattern. With each addition of a methyl group the diene
becomes more electron rich, increasing favorable interaction energy with the dienophile
(thiomaleate, a). This favorable change in interaction energy is counteracted by an increase in
unfavorable distortion energy by a single substituent from steric repulsion. Modulation of the furan
electronic structure can be used to fine tune the retro-[4+2] reactivity to expand the utility of this

chemistry in drug delivery applications.

The utility of the thiol and amine-activated retro-Diels-Alder reactions has been explained by
theoretical analysis, and these principles can be used to fine tune the substrates to further the

application of these reactions.
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Abstract

We report useful new lithium-assisted asymmetric anion-accelerated amino-Cope rearrangement
cascades. A strategic nitrogen atom chiral auxiliary serves three critical roles, by 1) enabling in
situ assembly of the chiral 3-amino-1,5-diene precursor, 2) facilitating the rearrangement via a
lithium enolate chelate, and 3) imparting its influence on consecutive inter- or intramolecular C-C
or C-X bond-forming events via resulting chiral enamide intermediates or imine products. The
mechanism of the amino Cope rearrangement was explored with density functional theory. A
stepwise dissociation-recombination mechanism was found to be favored. The stereochemistry of
the chiral auxiliary determines the stereochemistry of the Cope product by influencing the
orientation of the lithium dienolate and sulfinyl imine fragments in the recombination step. These
robust asymmetric anion-accelerated amino-Cope enabled cascades open the door for rapid and

predictable assembly of complex chiral acyclic and cyclic nitrogen-containing motifs in one-pot.
Introduction

The oxy-Cope rearrangement! is an important transformation in organic chemistry whose
applications and impact grew rapidly following the disclosure of an anion-accelerated variant by
the David Evans group? in 1975.2 The corresponding 3-amino-Cope rearrangement has not
received much attention in the last forty years* despite the obvious opportunities for designing
asymmetric vari-ants and attractive bond-forming potential of the resulting enamine products

(Figure 3.1).
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Figure 3.1. Anion-Accelerated Amino-Cope Rearrangement: A Neglected Class of Sigmatropic

Rearrangements.

Three research groups have briefly investigated the anion-accelerated amino-Cope reaction, but
as of yet these contributions have not captured the attention of the broader synthetic chemistry
community. Insights from these early contributions help paint a picture of why adaptation of
Evans’ observations in regard to the 3-amino variant is not as straight forward as one might gather.
The first report from a team of Merck-Frosst scientists demonstrated, for a specific series of N-
alkyl-substituted substrates,> the feasibility of this reaction and that it proceeded at far lower
temperatures than the anionic-oxy Cope rearrangement. These low-yielding reactions (9-44%)
were mainly plagued by a competing [1,3]-rearrangement, which strongly suggested a
nonconcerted pathway (Scheme 3.1). Inspired by this study, Meyers and Houk evaluated the
anionic rearrangement behavior of several 3-amino-Cope substrates.® These substrates failed to
rearrange; instead, they either did not react, decomposed, or deallylated. A rigorous computational
investigation concluded that the anionic 3-amino-Cope rearrangement proceeds via a stepwise

mechanism wherein the 3-amino-1,5-diene dissociates and then recombines.
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Scheme 3.1. First Anion-Accelerated Amino-Cope Rearrangements Example (Merck-Frosst,

1993).5
n-BulLi cl}l\_/\/\,_ h C|} '
18-20°C Xx-SPh M |
solvent, additive : :
then H;0" Bt i_._..SPh
R = Me, Bn, iPr, tBu [1,3]-product
t+-BuOK H t+-BuOK
n-BuLi, THF : O n-BuLi, THF

50°C - 50°C
Hs0" : H30+ NHBn

73% H 65%

Allin reported that a chiral auxiliary could be used for the anion-accelerated amino-Cope
rearrangement (Scheme 3.2).” Unfortunately, elevated temperatures were required and significant
stereochemical erosion was observed when chiral N-benzyl substituents were employed.
Optimizations revealed that amino-alcohol chiral auxiliaries could somewhat improve this erosion
challenge, but this was accomplished at a cost of using excess n-butyl lithium and much higher
(reflux) temperatures. Reaction outcomes varied greatly when substrate substituents were altered.®
Allin also concluded that the rearrangement proceeded through a nonconcerted pathway. Neither
the Merck-Frosst group nor Allin attempted to harness the reactivity of the resulting enamide

intermediate or imine product.
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Scheme 3.2. Only Reported Asymmetric Anion-Accelerated Amino-Cope Rearrangement Studies

(Professor Allin).’
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It is evident that the anion-accelerated amino-Cope rearrangement can be realized, but multiple
significant obstacles need to be addressed for it to be a useful synthetic tool. Perhaps the most
challenging of these obstacles is highlighted by experimental and computational data that strongly
suggest a nonconcerted mechanism, wherein the amino-diene undergoes a heterolytic cleavage
followed by reunification in one of two ways (net [3,3]- or [1,3]-rearrangement) or fully
dissociating. Arguably, the most impactful substituent for this reaction is the nitrogen atom
substituent. To date, only a handful of alkyl substituents have been evaluated, none of which have
proven to be a good match. We propose that judicious choice of the appropriate chiral N-substituent
could not only address the aforementioned rearrangement challenges but also enable assembly of
the chiral 1,5-amino-diene Cope precursor in situ. Inspired by the success of our recent one-pot

asymmetric synthesis of 3-pyrrolines,® we postulated that a chiral sulfinamide® group might
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represent a suitable nitrogen atom substituent. The auxiliaries used to form such imines are stable,
inexpensive,t*and readily available in both enantiomeric forms. We envisioned that anion-
stabilized nucleophiles could selectively add to the chiral imine and that the resultinga-adduct
would then undergo an anion-accelerated 3-amino-Cope rearrangement (Scheme 3.3). The
resulting chiral enamide could then be trapped in the same pot by an electrophile in an inter- or
intramolecular fashion. The chiral auxiliary could at this point be used to control a fourth
consecutive step by treatment of the chiral imine with a nucleophile. In this proposed anionic
cascade, the chiral auxiliary strategically directs all four steps (a-addition, rearrangement, enamide
trapping, and imine addition) enabling access to a diverse array of complex chiral cyclic and

acyclic products with multiple useful functional group handles.

Scheme 3.3. Anion-Accelerated Amino-Cope Rearrangement Cascade.
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Results and Discussion

We have put the anion-accelerated amino-Cope rearrangement hypothesis to the test and are

pleased to report that it has exceeded our most optimistic expectations (Scheme 3.4). When
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conjugated chiral imines are treated with lithium bis-(trimethylsilyl)amide (LIHMDS) in the
presence of ethyl B-methyl cinnamate, at low temperature, selective enolatea-addition takes place
immediately followed by the proposed anion-accelerated amino-Cope rearrangement upon slight
warming of the reaction mixture. Unexpectedly, the anionic cascade proceeded to cleanly undergo
an intramolecular 6-exo-trig cyclization wherein the chiral enamide attacked a Z-enoate to form
the six-membered ring products shown (Scheme 3.4) in excellent yields as single stereoisomers.
Both aryl and alkyl imine substituents are tolerated. The nitrogen atom chiral auxiliary suppressed
the previously deleterious competing [1,3]-rearrangement pathway, and regardless of the exact
nature of the mechanism, the rearrangement proceeded without stereo-chemical erosion.'? This
new anion-accelerated amino-Cope rearrangement cascade affords complex chiral cyclohexanone
products in high yields as single stereoisomers.'®* An X-ray crystal structure of one of the
cyclization products (1) unambiguously established the overall structure and the absolute
configuration of the newly formed stereocenter. An attractive practical application of this anion-
accelerated amino-Cope rearrangement is its ability to provide ready access to either enantiomeric
series (1 and 2). These examples represent the first useful asymmetric anion-accelerated amino-
Cope rearrangement reaction. This new anionic reaction cascade is not limited to cinnamate
nucleophiles (1-17). For example, ethyl 3,3-dimethyl acrylate and its trifluoromethyl derivative
are also well-matched. The fluorinated nucleophile performs particularly well, affording chiral
cyclohexenone products (18-26) decorated with a trifluoromethyl group in 60-82% yields. The
success of this particular nucleophile is noteworthy given the importance of trifluoromethyl groups
in drug discovery as evident from our recent pharmaceutical structureanalysis.** Ethyl 3,3-
dimethyl acrylate (27-31) also performs well, affording the chiral products in good to very good

yields. When comparing the reactivity of the nucleophiles, we observe that the trifluoromethyl-
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substituted nucleophile (R = CFz) affords the rearrangement products more rapidly, at lower
temperature, and in uniformly high yields. Aryl-substituted nucleophiles perform well with the
methyl-substituted nucleophile being the slowest. The product enamide moiety has the potential
to react in a variety of useful ways. For example, treatment with N-bromo succinimide (NBS)

stereo-selectively incorporates a bromine atom (32) in 78% vyield.

Scheme 3.4. One-Pot Anion-Accelerated Amino-Cope Rearrangement Cascade.
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We postulated that if the acrylate nucleophile was substituted with an a-substituent the enamide

cyclization scenarios observed for thep-substituted nucleophile (Scheme 3.4) could be suppressed,
thus opening the door for diverting the rearrangement toward formation of chiral acyclic products.
Toward that end, when ethyl tiglate (34, Scheme 3.5) is employed as nucleophile, the anion-
accelerated amino-Cope rearrangement proceeds at -78 °C to afford a product (37) wherein the

resulting enoate is of the E- instead of Z-configuration, which shuts down cyclohexenone
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formation and affords an acyclic product instead. This promising reaction outcome creates
opportunities for designing synthetic routes toward an incredible diversity of chiral acyclic
products. Remarkably, we can isolate the intermediate enamine (37), which then readily converts
to an imine (38). This has allowedus to confirm that both intermediate double bonds (enamine and
enoate) are of E-configuration. The intermediate chiralenamide anion (36) can be trapped in situ
with electrophiles. For example, exposure to allyl bromide results in exclusiveN-allylation (40),
while addition of an electrophilic bromide trapsat carbon (39). Bromination affords exclusively an
a,0-dibromo product. We have demonstrated this one-pot anionic cascadefor nineE-conjugate
imines (38 and 41-48), all of whichafford chiral acyclic products!® as single stereoisomer
ingenerally excellent yields. When a Z-conjugated imine (49) ise mployed, a single sterecisomer
of a product (50) with opposite configuration at the newly created stereocenter (R) is obtained.®
In our original hypothesis (Scheme 3.3), we postulated that the anionic cascade could be pushed
even further by adding a second nucleophile to the imine resulting from trapping of the
intermediate enamide. This second in situ nucleophilic addition step would add another
stereocenter, thus significantly increasing the complexity of the products. We have realized this
reaction outcome as part of our efforts to unambiguously confirm the stereochemistry of the
products presented in Scheme 3.5. Indium-mediated allylation of imine 42'7and reduction of the
resulting ester provided separable diastereomers of the amino alcohols (dr 3:1). Diene ring-closing
metathesis reaction using second-generation Hoveyda-Grubbs (HG-11)*® catalyst afforded
cycloheptenes 51 and 52. Crystals of sufficient quality (52) enabled X-ray analysis, which
surprisingly revealed that the absolute configuration of the newly formed stereocenter was

opposite to that observed forf-substituted nucleophiles (Scheme 3.4).1° The most plausible
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explanation for this outcome is that the initial nucleophilic attack onto the chiral imine proceeded

from the opposite face.

Scheme 3.5. Altering Nucleophile Substitution Diverts Anion-Accelerated Amino-Cope

Rearrangement Cascade.
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We were curious to learn how the intermediate enamide, which we have already demonstrated
can undergo an in situ 6-exo-trig cyclization (Scheme 4) or be trapped in an intermolecular fashion
(Scheme 3.5), would behave if presented with alternative cyclization choices. For this adventure,
we postulated that y-brominated 3,3-dimethyl acrylate (53) would present the intermediate
rearrangement product (an enamide) with a competing 3-exo-tet cyclization scenario. Treatment
of the imines shown in Scheme 3.6 with the lithium enolate of 53 triggered an anionic cascade
wherein the amino-Cope rearrangement proceeded at -78 °C followed by 3-exo-tet cyclization to
form a cyclopropane imine, which then further proceeded to react with the enolate again affording
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the products shown as single isomer (54-57).2! Incredibly, seven stereocenters were established in
this one-pot amino-Cope-enabled anionic cascade. Finally, to further highlight the wide range of
cyclization pathways the intermediate chiral enamide offers, we designed a substrate (58) with a
strategic leaving group being part of the imine instead of the nucleophile. Treatment of this
substrate with ethyl tiglate proceeded as expected with the anionic cascade being initiated with
selectivea-addition (59) followed by anion-accelerated amino-Cope rearrangement (60). We were
excited to see that the enamide rearrangement product did indeed engage the benzylic bromidein

a 5-exo-tet cyclization as proposed to afford a chiral indane product (61) in very good yield.

Scheme 3.6. Alternative Enamide Cyclizations (3- and 5-exo-tet).
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Density functional theory (DFT) with the M06-2X functional and 6-311+G(d,p) basis set was
employed to elucidate the mechanism of the amino-Cope rearrangement (Figure 3.2).The model
includes a lithium counterion and two explicit THF solvent molecules as well as a polarizable

continuum model for THF solvent.
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Figure 3.2. DFT-calculated mechanism of the anion-accelerated amino-Cope rearrangement. The
structures of the recombination TS and the R and S products as shown. Distances and energies are
given in units of Angstroms and kcal mol, respectively. Hydrogens on the THF solvent molecules

were omitted for clarity.

The favored mechanism was found to be a stepwise dissociative mechanism. The first step
(TS1) in the rearrangement mechanism is the cleavage of the C3-C4to form a lithium dienolate
and sulfinyl imine. The sulfinyl imine can be formed as the E- (shown in Figure 3.2) or Z-imine;
the E-imine is more stable by 5.0 kcal mol. These fragments recombine in a chair transition state
(TS2) to form the new carbon-carbon bond, which we calculate to have a slightly higher energy

than TS1 by 1.2 kcal mol™. Additionally, there is a 1.5 kcal mol™? preference for the transition
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structure that forms the observed S-product. The reaction is calculated to be exergonic for the
formation of both product isomers, with a 1.8 kcal mol™ (nearly 16:1 S/R product ratio) preference
for the observed S-product. The origin of this preference arises from the conformation of the
sulfinamide required to coordinate to the lithium counterion. In the R transition state, the sulfur
and nitrogen atom lone pairs are syn to one another while in the S transition state they are anti to
one another. The lone pair repulsion in the R transition state and product is also found in the
corresponding conformers of the isolated imine (2.5 kcal mol™). A smaller lone pair repulsion on
conformations has been observed in iminyl anions® and is well-known for peroxides and
hydroxyl-amines. Our model shows that there is a kinetic and thermodynamic preference for the
formation of the observed S-product due to the stereochemistry of the sulfinamide and the

coordination geometry of the transition state (TS2).
Conclusions

In summary, we have developed useful new asymmetric anion-accelerated amino-Cope
rearrangement reactions. A chiral sulfinamide nitrogen atom substituent ensures that the
rearrangement is stereoselective and high yielding. This same chiral auxiliary enables assembly of
the amino-Cope substrate in situ and imparts its influence on both the enamide rearrangement
product and the resulting chiral imine. We have demonstrated that this amino-Cope enabled
anionic cascade can be controlled to afford either chiral cyclic or acyclic products by use of
appropriate nucleophiles and electrophiles. The possibilities for programming this fertile new
anionic cascade for synthetic target purposes seem plentiful. Our efforts are currently focused on
further deciphering the stepwise dissociation-recombination reaction mechanism as well as
investigating and applying this new asymmetric anion-accelerated amino-Cope rearrangement

cascade.
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Chapter 4

Computational Evaluation of the Mechanism of the Intramolecular Cyclization of 8-

Oxogeranial

Fell, J. S.
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The Diels-Alder (DA) reaction has enormous utility in synthetic organic chemistry.® First
reported in 1928, the DA reaction results in the formation of an unsaturated six-membered ring
and establishes up to four stereocenters. Consequently, many chemical methods for catalyzing the
DA reaction have been developed, yet there are few examples of the DA reaction being involved
in biosynthesis.?3 Enzymes capable of catalyzing complex products via the DA reaction are called
Diels-Alderases.* While some headway has been made towards identifying and understanding
Diels-Alderases, an understanding of the scope of enzymatic reactions of this type remains
elusive.® Liu et al. discovered the first Diels-Alderase directly responsible for the catalysis of a
DA reaction in nature.® We hope to identify new modes of catalysis for DA cycloadditions that

inspire new catalysts by studying Diels-Alderases.

O’Connor et al. proposed that the enzyme iridoid synthase (IS) catalyzes the 1,4-reduction of 8-
oxogeranial to 8-oxogeraniol in the presence of NAD(P)H.” A subsequent cyclization reaction
occurs that produces cis-trans-nepetalactol, a bicyclic intermediate which interconverts to cis-
trans-iridoidals (Scheme 4.1a). The cyclization reaction likely occurs stereoselectively to form the
cis-fused bicyclic intermediate, and may occur through a concerted (inverse electron demand oxa-
DA) or stepwise pathway proceeding through a zwitterionic intermediate. No evidence classifying
iridoid synthase as a hetero-Diels-Alderase is presently available, and there is little information

available about hetero-Diels-Alderases.?*
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Scheme 4.1. The reduction of 8-oxogernial to either an enol (a) or enolate (b) that undergoes a

cyclization to produce the bicyclic intermediate.

8-oxogeranial 8-oxogeraniolate cis-trans-nepetalactolate

Further studies of IS by the O’Connor, Guo and Oldfield groups have produced crystal structures
of the enzyme.!®!! These crystallization studies suggested that the reactive intermediate in the
cyclization reaction is an enolate (8-oxogeraniolate, Scheme 4.1b). The enolate species would be
stabilized by a hydrogen bond from a neighboring tyrosine residue in the IS active site. The enolate

would be more reactive in cycloaddition reactions than the neutral enol.!?

Motivated by our interest
in DA reactions in biology® we have undertaken a computational study of the cyclization

mechanism of 8-oxogeraniolate.

Quantum mechanical calculations were performed using Gaussian 09 Revision D.01."
Stationary points were located using the M06-2X'* functional with the 6-311++G(d,p) basis set.
Frequency calculations revealed a single negative frequency for transition states and no negative
frequencies for minima. Water was used as a solvent to stabilize charges and to mimic biological
conditions. Solvation was considered by using the integral equation formalism polarizable
continuum model" for both geometry and frequency calculations. Unscaled frequencies were then

used to calculate zero-point energy and thermal corrections assuming a standard state of 1 atm and
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298.15 K. All quantum mechanical calculations were performed using tight convergence criteria,
and an “ultrafine” numerical integration grid, consisting of 99 radial shells and 590 angular points
per shell. Truhlar’s quasiharmonic correction was applied to mitigate error in estimation of
entropies arising from the treatment of low vibrational modes as harmonic oscillations by setting
all frequencies less than 100 cm™ to 100 cm™.!%!7 Conformational searches were performed using
the MMFF force field in Maestro 11.0.'® We utilized the Monte Carlo multiple minimum method
with Oren-Spedicato variable metric minimization for optimized conformational sampling.

Molecular structure images were produced with the CYLview program.'’

The [4 + 2] cyclization of 8-oxogeraniolate involves the formation of a carbon-oxygen bond.
This classifies the reaction as an oxa-DA reaction. The enolate acts as a dienophile and can assume
the E and Z orientations which are nearly isoenergetic. Figure 4.1 shows the first transition
structures for the eight possible stereoisomers. The nomenclature for each stereoisomer (TS1-[(1)-
(2)-(3)]) is assigned by: (1) the relative orientation of the bicyclic ring fusion (cis or trans), (2)
relative orientation of the five-membered ring to the C3 methyl group (cis or trans) and (3) the
orientation of the alkoxide (endo or exo). Bond formation occurs by a stepwise mechanism, with

the first transition state being the rate determining step.
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Figure 4.1. The first transition state of the stepwise oxa-DA reaction of 8-oxogeraniolate. Ring
junction hydrogens are highlighted in green for clarity. Free energies and distances are reported

in units of kcal mol* and Angstroms, respectively. Free energies are relative to 8-oxogeraniolate.

The stereochemistry of the fused rings is determined in the first transition state of the mechanism.
The transition structures that form the observed product have cis-trans stereochemistry, the
orientation of the alkoxide was not determined experimentally. The lowest energy transition
structure is TS1-[trans-trans-exo], which would lead to an unobserved trans-fused bicyclic
intermediate. The two transition structures that would form the observed products are TS1-[cis-
trans-endo] and TS1-[cis-trans-exo], which are 0.7 and 5.0 kcal mol™ higher in energy than the
lowest energy transition structure. The energy difference between the lowest energy transition
structures would lead to an unobserved:observed product ratio of nearly 3:1. The background oxa-

DA reaction is inherently non-stereoselective.
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A low energy intermediate is formed after the first transition state, before the O10—C1 bond is
formed. The subsequent intermediate, second transition state and product species that are formed
for TS1-[cis-trans-endo] and TS1-[trans-trans-exo] are shown in Figure 4.2. The formation of
the O10—C1 bond (TS2) is nearly barrierless relative to the energy of the intermediates. The energies
of the bicyclic products that are formed are exergonic by 11.7 and 9.9 kcal mol™ for the cis-trans-
endo and trans-trans-exo stereoisomers, respectively. Interestingly the free energy for the
intermediate of the trans-trans-exo stereoisomer (Int-[trans-trans-exo]) is 2.2 kcal mol™ lower
than that of the bicyclic product ([trans-trans-exo]). Int-[trans-trans-exo] will eventually become
protonated and form an iridodial species that is not observed until later biosynthetic steps. For the
cis-trans-endo isomer, the intermediate (Int-[cis-trans-endo]) is higher in energy than the bicyclic
product ([cis-trans-endo]) by 1.6 kcal mol. [cis-trans-endo] will become protonated to form cis-
trans-nepetalactol. The two products from this reaction are predicted to be the [cis-trans-endo]
bicyclic product and the Int-[trans-trans-exo] monocyclic product at a relative

bicyclic:monocyclic product ratio of 1:1.8.
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Figure 4.2. The subsequent low energy intermediates, second transition states and products that
form from TS1-[cis-trans-endo] (top row) and TS1-[trans-trans-exo] (bottom row). Ring junction

hydrogens are highlighted in green for clarity. Free energies and distances are reported in units of

kcal mol and Angstroms, respectively.

The background intramolecular reaction of 8-oxogeraniolate is a stepwise oxa-DA reaction of
the enolate to the acrylaldehyde. The products of this intramolecular reaction would be monocyclic
and bicyclic products that will become protonated to form trams-iridodials and cis-trans-

nepetalactol.
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Chapter 5

Computational investigation of anti-Markovnikov hydration of olefins by a di-Manganese

catalyst
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Chemical reactions that are addition across a carbon-carbon double bond occur through a
mechanism that involves a carbocation intermediate. When addition occurs across an
unsymmetrical double bond, the new group adds to the carbon atom with the most alkyl
substituents, known as Markovnikov addition.! The formation of radical intermediates and the
use of catalysts are required to reverse this selective addition, known as anti-Markovnikov

addition.?* Scheme 5.1 shows the Markovnikov and anti-Markovnikov hydration of propene.

Scheme 5.1. Propene reacting with water to form the Markovnikov (2-propanol) and anti-

Markovnikov (1-propanol) products.

H,0 OH H
/\ )\ + )\
H OH

Markovnikov Anti-Markovnikov
Product Product

Developments of catalysts that can perform anti-Markovnikov hydrations to alkenes can be

useful in chemical synthesis. Previous di-Manganese catalysts have been successfully
synthesized and characterized that can perform epoxidation reactions of stilbenes and styrenes
(Scheme 5.2a).° This catalyst can be altered to potentially catalyze the anti-Markovnikov
hydration of olefins (Scheme 5.2b). In this study we have performed quantum mechanical
calculations to determine the free energies of the anti-Markovnikov hydration of propene using a
truncated version of the di-Manganese catalysts (Scheme 5.2c). The method used, B3LYP, is
rather approximate for such systems, but our goal here was to screen potential catalysts to
determine if barriers were low enough to make catalysis feasible, and to ensure that anti-
Markovnikov hydration would be preferred. Our experimental collaborators, the Robert Grubbs
group at Caltech, plan to test these predictions, and higher accuracy calculations would be

performed once experimental data to compare are available.
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Scheme 5.2. The previously synthesized di-Manganese catalyst (a), the proposed anti-

Markovnikov catalyst (b), and the truncated catalyst used in this computational analysis (c).
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known catalyst proposed truncated
anti-Markovnikov catalyst
catalyst

Quantum mechanical calculations were performed using Gaussian 09 Revision D.01.°
Stationary points were located using the B3LYP’? functional with the 6-311G(d) basis set and
the LANL2DZ pseudopotential*'. Energies were corrected with larger basis set single point
calculations using the B3LYP function and the 6-311+G(d,p) basis set and the LANL2DZ
pseudopotential. Frequency calculations revealed a single negative frequency for transition states
and no negative frequencies for minima. Unscaled frequencies were then used to calculate zero
point energy (ZPE) and thermal corrections assuming a standard state of 1 atm and 298.15 K.
Truhlar’s quasiharmonic correction was applied to mitigate error in estimation of entropies arising
from the treatment of low vibrational modes as harmonic oscillations by setting all frequencies
less than 100 cm™ to 100 cm™.2213 Molecular structures representations were produced with the

CYLview program.*

We initially calculated the enthalpies of the hydration reaction of propene and compared these

enthalpies to the experimental heats of formation of 1- and 2-propanol, shown in Figure 5.1. Our
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calculations underestimate the enthalpies by 3 kcal mol™, however we accurately predict the

formation of 2-propanol is favored by nearly 4 kcal mol=.*>

H,0 H OH
OH H A

AH
AHp, (Calc) - 6.1 -99 38
AH,p, (Exp.) - 8.28 1227 4.0

Figure 5.1. Comparison of calculated and experimental enthalpies of propene hydration.

Enthalpies are in units of kcal mol.

With the truncated catalyst with chlorine axial ligands, the first transition structure for both
Markovnikov and anti-Markovnikov addition to propene were calculated. The catalyst can be in
two spin states: doublet and quartet. Each Markovnikov and anti-Markovnikov transition
structure was calculated in both spin states. The free energies for these four transition structures
are shown in Table 5.1. The calculated free energy differences between the two catalyst spin
states is 0.2 kcal mol in favor of the quartet spin state, which we reason that the two spin states
are respectively isoenergetic. The free energies of the doublet and quartet transition structures are
respective to the doublet and quartet catalyst spin states. The catalyst in the quartet spin state is
predicted to perform hydration reactions by nearly 10 kcal mol~ lower than the doublet spin
state. In the quartet spin state, the rate of anti-Markovnikov hydration of propene is estimated to

be 40 times greater than Markovnikov hydration.

Table 5.1. The Markovnikov and anti-Markovnikov transition structures for the doublet and
quartet spin states with the truncated catalyst. Chlorine atoms are highlighted in green. Free

energies are reported in units of kcal mol=,
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anti-Mark. TS1

Mark. TS1

Spin State:

Doublet
Quartet

AGH
32.6
20.7

AGH
35.0
23.0

With the catalyst in the quartet spin state, the remaining steps of the catalytic cycle of anti-

Markovnikov hydration of propene were computationally investigated, which is shown in Figure

5.2 with the respective calculated free energies. The catalytic cycle begins with the catalyst

(middle left) reacting with propene to produce the first low energy intermediate (Int1, top

middle). This low energy intermediate then converts to a second low energy intermediate (Int2,

middle right) through a hydrogen transfer from the hydroxyl ligand of the second manganese.

This intermediate reacts with water to produce 1-propanol and the isocatalyst, which is overall

endergonic. The isocatalyst tautomerizes back to the starting state with a very low barrier of 3.0

kcal mol and start the hydration cycle again.
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Catalyst K y
Tautomerization

AG*=3.0

Isocatalyst

AG =104

Figure 5.2. The catalytic cycle of anti-Markovnikov hydration of propene by the quartet state of

the catalyst. Free energies are in units of kcal mol .

The hydration mechanism was further investigated with axial bromine ligands and without any
axial ligands, which would leave the catalyst as a cation. The latter calculation was performed to
model the efficiency and regioselectivity that would be expected if ligands that coordinate more
weakly than halogens were employed. The lowest anti-Markovnikov hydration free energy
barriers are listed in table 5.2 with the relative free energy differences for Markovnikov
hydrations. The catalyst with bromine axial ligands is calculated to perform hydrations of olefins
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at nearly the same rate as the catalyst with chlorine ligands, but with a smaller ratio of anti-
Markovnikov to Markovnikov products (12:1 compared to 40:1 with chlorine ligands). If the
catalyst were to have no axial ligands the rate of hydration is predicted to be greatly increased
with a greater ratio of anti-Markovnikov to Markovnikov products (nearly 171:1).

Table 5.2. The anti-Markovnikov hydration free energy barriers with respective free energy

differences for Markovnikov hydration. Free energies are reported in units of kcal mol™.

anti-Markovnikov Markovnikov

Axial Ligand AG* AAGH
20.7 +2.3

Br 20.7 +1.6

No Ligands 9.5 +3.2

Our computations predict that the proposed catalyst will perform preferential anti-Markovnikov
hydration of olefins at room temperature. We predict that there would be an approximate 40:1
ratio of anti-Markovnikov/Markovnikov products with chlorine ligands, 12:1 with bromine
ligands, and over 100:1 with no axial ligands. A cationic catalyst with no axial ligands is also
predicted to perform hydrations at an increased rate compared to a catalyst with chlorine or
bromine ligands. This suggests that a catalyst with a more poorly coordinating ligand would be

the most effective catalyst.
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Abstract

The mechanism and origins of syn- and anti-selectivity of cross-benzoin reactions with furfural
and o amino aldehydes were investigated using density functional theory. N-Boc-a-amino
aldehydes were found to react with anti-selectivity, while N-Bn-N-Boc protected o amino
aldehydes react with syn-selectivity. The change in selectivity is a result of an intramolecular
hydrogen bond with the N-Boc-a amine and aldehyde, which induces a conformation of the a-
carbon that places the a alkyl group anti to the incoming nucleophile. Switching to N Bn-N-Boc
protected o amine removes the hydrogen bond, and induces a new conformation of the a carbon
that places the amine anti-periplanar to the approaching nucleophile. These steric interactions are

rationalized by a Felkin-Anh model.
Introduction

The benzoin reaction, first reported in 1832 by Wohler and Liebig,* produces an acyloin from
the coupling of two aldehydes. Ukai? and Breslow? later reported the use of thiazolium salts in
the presence of base as catalysts for the benzoin reaction. The use of N-heterocyclic carbenes
(NHC) to catalyze benzoin reactions have been widely reported in recent years.* The
homocoupling of aldehydes with NHC’s have had great success with impressive
enantioselectives.® However, heterocoupling between two different aldehydes in cross-benzoin
reactions are substantially more challenging due to the lack of regioselectivity.® The product
mixture of cross-benzoin reactions will contain four total products: two homobenzoin (Scheme

6.1, a and b) and two cross-benzoin products (Scheme 6.1, ¢ and d).
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Scheme 6.1. General cross-benzoin reaction.

o R (@] O (0] O
2
RJ + Olr NHC R1)S/R1 + RZJH/Rz + R1)S/R2 + Rz)%/&
! OH OH OH OH
a b c d

Recently the Gravel group has developed the first chemoselective cross-benzoin reactions
between aromatic and aliphatic aldehydes catalyzed by triazolium based NHCs.” Further
experimental and computational studies performed by the Gravel group explored the kinetics and
chemoselectivity of the preference for the formation of an NHC adduct (Breslow intermediate)®
with alkyl aldehydes.® Previous studies performed by Connon, Zeitler and co-workers have
demonstrated that the electron nature and steric bulk of the substrates greatly affects the
chemoselectivity in cross acyloin-reactions.® The Gravel group further demonstrated that
installing bulky electron-withdrawing groups close to the reaction center can further influence
chemoselectivity. N-Boc-protected a-amino aldehydes demonstrated to be excellent partners
with either aliphatic or hetereoaromatic aldehydes and are diastereoselective (Scheme 6.2, entries
1-3).10 Utilizing N-Bn-N-Boc-a-amino aldehydes (Scheme 6.2, entry 4) still affords high
chemoselectivity, however the diastereoselectivity reverses.! Specifically, N-Boc-protected
a-amino aldehydes mainly affords the anti product, while N-Bn-N-Boc-protected a-amino

aldehydes lead to syn product.
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Scheme 6.2. Diastereoselective NHC catalyzed cross-benzoin reactions.
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The reversal in diastereoselectivities for these a-amino aldehydes was rationalized by the

presence of a hydrogen bond occurring between the N-Boc and aldehyde groups (Scheme

6.3a).1! This hydrogen bond induces the groups on the a-carbon to be in a conformation that

places the R group anti to the approaching nucleophile. When the amine group is replaced with

N-Bn-N-Boc, this hydrogen bond is lost, and the a-carbon will rotate into a different

conformation that will place the R group syn to the approaching nucleophile (Scheme 6.3b).
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Scheme 6.3. The cross-benzoin reaction of N-Boc- a-amino aldehydes yields the anti-product as
the major product due to a hydrogen bond between the amine and aldehyde (a). When the cross-
benzoin reaction is performed with N-Bn-N-Boc-a-amino aldehydes the product selectivity
changes to the syn-product from the loss of a hydrogen bond (b).
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The mechanism for the NHC-catalyzed cross-benzoin reaction of 2-furaldehyde and protected
a-amino aldehyde is shown in Scheme 6.4.3'? Deprotonation of the triazolium precatalyst (1)
generates the active NHC catalyst (11). This nucleophilic species attacks 2-furaldehyde to form
the Breslow intermediate (111). The Breslow intermediate then attacks the a-amino aldehyde and
undergoes a proton transfer (IV). Collapse of this intermediate (1) releases the benzoin product

(V) and regenerates the catalyst to repeat the cycle.”®
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Scheme 6.4. Proposed mechanism of NHC-catalyzed cross-benzoin reaction
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Previous density functional theory (DFT) investigations into the benzoin reaction have focused
primarily on non-NHC catalysts.'* Computational studies that have included NHC catalysts have
primarily focused on the Stetter reaction.'* In 2004 Houk et al. published the first major study of
benzoin reactions, focusing exclusively on the carbon—carbon bond formation step between the
Breslow intermediate and second aldehyde.® In order to firmly establish the origins of
diastereoselectivity, there needs to be more thorough mechanistic studies. We have performed a
DFT study to generate a detailed mechanism and to elucidate the diastereoselectivity of this

reaction.
Computational Methods

All DFT calculations were performed using Gaussian 09 software package.® Gas-phase
ground state and transition state geometries were optimized with the B3LYP functional®’ and the
6-31G(d) basis set. Geometry optimizations were followed by single-point calculations using the
B3LYP function with Grimme’s dispersion correction'® (B3LYP-D3(BJ)) and the def2-TZVPP*®

basis set with toluene implicit solvent using the SMD? solvent model. These methods have been
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shown to give good results in related stereoselectivity studies.?! Vibrational frequencies were
computed to determine if the optimized structures are minima or saddle points on the potential
energy surface corresponding to ground state and transition state geometries, respectively. Free
energies were calculated for 1 atm at 298.15 K. Conformational searches were performed using
the MMFF force field in Maestro 11.0.22 We utilized the Monte Carlo multiple minimum method
with Oren-Spedicato variable metric minimization for optimized conformational sampling.?®

Molecular structures are displayed with CY Lview.?*
Results and Discussion

Gravel et al. had previously reported the DFT computed mechanism of the homo- and cross-
benzoin reactions of alky and aryl aldehydes.® They had reported that the generation of the active
carbene catalyst (11) is barrierless and the free energy of the carbene species is 1.4 kcal mol™
higher. Species 11 attacks furfural to generate the Breslow intermediate (111). Ensuing steps are
reported using the lowest energy configuration of the Breslow intermediate, named (E)-s-trans.
See the supporting information for full analysis of the major Breslow intermediate

configurations.

We first investigated the mechanism of the cross-benzoin reaction between (E)-s-trans with N-
Boc-alaninal, which is illustrated in Figure 6.1 with free energies relative to the separated
reactants. Throughout this reaction there are four possible diastereomers for the carbon—carbon
bond forming step (TS1-a), the succeeding intermediate (Int-a) and the release of the catalyst
and cross-benzoin product (TS2-a). Each of these diastereomers is identified by the absolute
stereochemistry of the carbons of the newly generated alcohol of the a-amino aldehyde and the

alcohol/alkoxide of the Breslow intermediate. The removal of the catalyst results in the loss of a
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stereocenter due to the formation of a ketone, which leaves two enantiomeric products that have

the hydroxyl and methyl groups either syn or anti (syn-Prod-a and anti-Prod-a, respectively).

anti-Prod-a syn-Prod-a
N-Boc-Alaninal (E)-s-trans (Major) (Minor)

Figure 6.1. Free energy profile of the cross-benzoin reaction of (E)-s-trans with N-Boc-
alaninal. The energies for each diastereomer is listed in order from top to bottom as (S,S), (S,R),
(R,S) and (R,R). Energies are in units of kcal mol™.

The (R,S) and (R,R) diastereomers lead to the anti product (anti-Prod-a), and the (S,S) and
(S,R) diastereomers lead to the syn product (syn-Prod-a). The formation of the cross-benzoin
products are exergonic, with a preference for the anti product by 0.5 kcal mol* which would
give a 2:1 product ratio of anti:syn. The rate determining steps for forming the anti and syn
products are TS2-a-(R,R) and TS1-a-(S,S) with free energies of 16.9 and 19.5 kcal mol,
respectively. The differences in our calculated free energies for the products and rate determining
steps reveals both a kinetic and thermodynamic preference for the anti product (anti-Prod-a),

which is consistent with the experimental results shown in Scheme 6.1.
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The nucleophilic attack of (E)-s-trans to N-Boc-alaninal during the first step in the
mechanism is the rate determining step for producing the minor (syn) product. There is a 5.4 kcal
mol~ energy difference between the transition structures that lead to the anti (TS1-a-(R,R)) and
syn (TS1-a-(S,S)) products. These transition structures are shown as Newman projections along
the a-carbon-aldehyde carbon bond of N-Boc-alaninal in Figure 6.2. The presence of a hydrogen
bond (2.12 A) in TS1-a-(R,R) induces a conformation of N-Boc-alaninal that places the methyl
group anti to (E)-s-trans, with a measure dihedral angle of 153.7° (highlighted in green). In
TS1-a-(S,S) there is a weak hydrogen bond (2.97 A) which places the methyl group gauche to
the approaching (E)-s-trans, with a calculated dihedral angle is 85.8°. The hydrogen bond

induces a conformation that will place the methyl group anti in the transition state.

1537

TS1-a-(R,R) TS1-a-(S,S)
anti syn
AAGH = +5.4 kcal mol™!

Figure 6.2. Newman projections of TS1-a-(S,S) and TS1-a-(R,R) for the cross-benzoin reaction
of (E)-s-trans and N-Boc-alaninal are shown with free energies. Distances for the carbon-
carbon formation and hydrogen bond are in units of A. Atoms included in the calculated dihedral
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angle are highlight in green. Hydrogen atoms on the Boc group and Breslow intermediate are
hidden for clarity.

We then investigated the cross-benzoin reaction between (E)-s-trans with N-Boc-valinal and
N-Boc-phenylalaninal. The relative energy differences between for the free energies of reaction
and activation are listed in Table 1. The formation of the anti product is favored in the reaction
of (E)-s-trans with both N-Boc-valinal and N-Boc-phenylalaninal by 2.3 and 0.7 kcal mol ™,
respectively. The predicted ratio of anti:syn for N-Boc-alaninal and N-Boc-phenylalaninal
precisely match the experimental ratios. The rate determining step for the syn product is 0.3 kcal
mol~* lower than the anti for the reaction involving N-Boc-valinal, however we predict that the
thermodynamics control this specific reaction due to the large energy difference favoring the anti

product (2.3 kcal mol™?).

o SN E
N- B o =

0 N CeFs 0 NHBoo N o
BocHN\)J\H + l o \/ OH + \ OH
R HO \ anti-Prod-a syn-Prod-a
(E)-s-trans (Major) (Minor)

AAGH AAGr, Predicted Experimental
R (anti- syn) (anti-syn) anti: syn anti: syn

Me -2.6 -0.5 2:1 2:1
iPr +0.3 -23 33:1 7:1
Bn -1.8 -0.7 3:1 3:1

Table 6.1. Free energy profile of the cross-benzoin reaction of (E)-s-trans with N-Boc-valinal
and N-Boc-phneylalaninal. Energies are in units of kcal mol=,

The syn and anti product preference for the cross-benzoin reaction of N-Bn-N-Boc-alaninal
deviates from the previous aldehydes. The free energy profile for this reaction is illustrated in
Figure 6.3. The major product in the cross-benzoin reaction of N-Bn-N-Boc-alaninal is the syn
product, as opposed to the preference for the formation of the syn product for N-Boc-protected a-

amino aldehydes. The mechanism is stepwise with the first step being the formation of a carbon-
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carbon bond (TS1-d) between (E)-s-trans and N-Bn-N-Boc-alaninal to form the succeeding
intermediate (Int-d). The NHC catalyst breaks from the intermediate (TS2-d) which leaves the

products (syn-Prod-d and anti-Prod-d).
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Figure 6.3. Free energy profile of the cross-benzoin reaction of (E)-s-trans with of N-Bn-N-
Boc-alaninal. The energies for each diastereomer is listed in order from top to bottom as (S,S),
(S,R), (R,S) and (R,R). Energies are in units of kcal mol™.

The free energies of formation for the syn and anti products are exergonic and are nearly
isoenergetic (AAGixn = 0.1 kcal mol ™). The rate determining step for the formation of the anti
and syn products are TS1-d-(R,R) and TS1-d-(S,S) with free energies of 22.8 and 21.9 kcal mol~
! respectively. Based upon the calculated free energy barriers the predicted ratio of observed
syn:anti products is 4:1, which is in excellent agreement with experimental observations. These
transition structures are shown as Newman projections along the a-carbon-aldehyde carbon bond

of N-Bn-N-Boc-alaninal in Figure 6.4.
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TS1-d-(S,S) TS1-d-(R,R)
syn anti
AAGH = 0.9 kcal mol™

J(«a TS2-d-(S,S) TS2-d-(R,R)
syn anti
AAGH = 0.7 keal mol™

Figure 6.4. (top) Relative free energies (kcal mol™) and Newman projections of TS1-d-(R,R)
and TS1-d-(S,S) along the C(aldehyde)-C(a) bond. (bottom) Relative free energies (kcal mol™2)
and Newman projections of TS2-d-(R,R) and TS2-d-(S,S) along the C(ketone)-C(a) bond.
Distances are in units of A. Dihedral angle is highlight in green. Hydrogens on the Boc, Bn and
NHC moieties are omitted for clarity.
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In the previous N-Boc-protected systems the alkyl substituent a to the aldehyde are placed anti
to the nucleophile due to steric interactions and a stabilizing hydrogen bond. Without the
stabilizing hydrogen bond the sterically largest group, the N-Boc-N-Bn amine, is anti to the
nucleophile. For TS1-d-(S,S) the amine group on the a-carbon is nearly anti-periplanar to the
approaching (E)-s-trans, with a calculated dihedral angle is 152.3° (highlighted in green). This
conformation is maintained in TS2-d-(S,S) with the furfural moiety anti to the N-Boc-N-Bn
amine. In TS1-d-(R,R), the amine group is gauche to the approaching (E)-s-trans, with a
calculated dihedral angle of 66.3°. This steric clash between (E)-s-trans and the N-Bn-N-Boc
protected amine destabilizes the anti transition state, which impedes the formation of the anti
product. In TS2-d-(R,R) the back carbon rotates the furfural moiety anti to the N-Boc-N-Bn
amine, however this rotation results in a loss of enhanced gauche interactions. The switch in

preference due to the lack of a hydrogen bond in the N-Boc-N-Bn protected amines.
Conclusion

We have explored the mechanism and diastereoselectivities of the cross-benzoin reactions of a-
amino aldehydes and furfural catalyzed by NHC. The cross-benzoin reaction proceeds through a
stepwise mechanism. Firstly, furfural reacts with the NHC catalyst to form a Breslow
intermediate. The intermediate forms a new carbon-carbon bond with an a-amino aldehyde,
which is then followed by the regeneration of the NHC. An intramolecular hydrogen bond
influences the conformation of the groups on the a-carbon of the a-amino aldehyde, which
places the alkyl group anti to the nucleophile. When the amine is replaced with an N-Bn-N-Boc
protected amine there is a loss of the hydrogen bond, which induces a new conformation on the

a-carbon based on the steric priorities of each group. The a-amine group becomes the sterically
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larger than the a-alkyl substituent, which places the amine anti to the nucleophile. This reversal

in steric priorities places the a-alkyl substituent syn to the newly formed hydroxyl group.
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