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ABSTRACT

APPLICATION OF MECHANISTIC REVELATIONS TOWARDS DEVELOPMENT OF
NOVEL REACTIONS

By
Kumar Dilip Ashtekar

Mechanistic investigations of the sought-after organic reactions-the Morita Baylis
Hilman reaction and halofunctionalization of olefins has led to insightful and critical
mechanistic discernments. Tools such as quantum chemical computational analysis,
labeling experiments, kinetic isotopic effects, and kinetics studies (RPKA) were employed
towards a comprehensive analysis of these reactions. These mechanistic revelations
were applied towards development of three novel reactions a.) [4+2] formal cycloaddition
towards asymmetric synthesis of dihydropyrans, b.) halenium ion initiated
diastereoselective cascade spiroketalization of alkenoic ketones and c.) lodenium ion
initiated cascade towards a diastereoselective synthesis of tricyclic molecules with an
octahydroquinoline core. This dissertation describes in detail the tools that were involved
in probing the mechanistic nuances and a rational approach designed towards reaction

discovery and optimization endeavors.
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CHAPTER I: A MECHANISTICALLY INSPIRED APPROACH TOWARDS THE DEVELOPMENT
OF A CATALYTIC ASYMMETRIC FORMAL [4+2] ADDITION OF ETHYL-2,3-BUTADIENOATE
WITH ACYCLIC ENONES

I.1. Introduction.

The Morita Baylis-Hillman reaction has been extensively studied for its utility to forge C-C
bonds catalyzed by nitrogen and phosphorus based Lewis bases.'® Recent advancements
include the development of catalytic asymmetric variants.*” A stereotypical Morita Baylis-Hillman
reaction and its established mechanism are depicted in Figure I-1. The robustness of this reaction
in terms of its atom economy and utility of the resulting products have led towards an extensive
exploration of electrophiles that can serve as good Michael acceptors. Allene esters are one such

class of Michael acceptors, which expand the repertoire of products resulting from the Baylis-

Figure I-1. A prototypical Morita Baylis-Hillman reaction
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Hillman reaction. The subsequent reactions add to the complexity of the final structures.” In the
latter context, the use of chiral nitrogen or phosphorus based Lewis bases have been reported
with various secondary electrophiles;®'® however development of a reaction with acyclic enones

as secondary electrophiles has not been explored until recently.'®

Figure I-2. Phosphine® and quinuclidine® catalytic pathway for allene ester mediated
addition reaction
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I.2. Mechanistically inspired approach.

As shown in Figure I-1, the rate determining step (RDS) in a Baylis-Hillman reaction is the
proton transfer step followed by a ‘fast expulsion of the catalyst. Considering our endeavor in

19 our interest was piqued by the possibility of

developing synthetic routes to heterocyclic nuclei,
exploiting the slow proton transfer event associated with an amine catalyzed Baylis-Hillman
reaction and syphoning the reaction pathway towards a cyclized product. This can be
implemented by an appropriate choice of secondary electrophile, thus allowing a robust access to
a library of complex dihydropyrans as key intermediates for constructing complex motifs.?*%°
Figure I-2 illustrates the divergence in products obtained from the reaction of I-1 with
allenoate I-2, catalyzed with either phosphines® or amines.? Two main factors seem to contribute
to the formation of cyclic products in the phosphine catalyzed pathway: (a) the presence of ‘@’
orbitals on phosphorus that support an expanded valence shell, enable the reaction of the
transient enolates I-6a and I-6¢ in the manner depicted to generate ylides 1-6b and 1-6d; (b) a

rapid proton transfer in ylides I-6b and I-6d initiates catalyst turnover. Nitrogen, on the other hand,

cannot exhibit similar genre of reactivity, as the lack of ‘d’ orbitals precludes ylide formation under

Figure I-3. Hypothetical pathways for a formal [4+2] addition reaction.

Path A
e} 3
/\ n R O R3 R
EtO,C
® oxy-anion 3
RSN aattack NR; |.9 trap o R
[4+2] adduct
R3— |2 OrCHs(I 8)
Path B o ® R
OEt EtO NR3
EtO,C 1@ 2 2> 1 ?
NR; R R R |
MR, % A5 T oarion B0
RN r-attack @o = );rap
3
o 110 R2 [4+2] adduct



the mild reaction conditions. Consequently, proton transfer leading to the illustrated elimination
(Figure 1-2, I-7a— I-7b), albeit slowly,?’ results in the formation of o~substituted allenes.

Our venture into the use of acyclic enones was based on the assumption that the
increased conformational flexibility of the enolate intermediate could lead to a facile ring closure in
preference to the slow proton transfer. As depicted Figure I-3, cyclization of the hard oxyanion
onto the hard enamine, as opposed to that observed with phosphine catalysis (cyclization of the
softer carbon onto the softer vinylphosphonium, see Figure 1-2) would yield a specific
dihydropyran product based on whether the reaction proceeds through path A or path B. Either
pathway will be a manifestation of a regioselective attack of the amine-allene ester adduct on the
secondary electrophile-chalcone. An o-attack of the amine-allene ester adduct on the chalcone
will result in the formation of I1-9 whereas, a y-attack of the same adduct on the chalcone will yield
intermediate 1-10. Cyclization of this intermediate oxyanion (I-10) via interamolecular Michael
addition seems more feasible in comparison to its counterpart 1-9, which would require

intermediacy of a putative primary methylene anion.

I.3. Results and discussions.

1.3.1. Preliminary results.

To probe the experimental outcome and validate our hypothesis, a variety of enones as
possible secondary electrophiles were screened for reactivity with allene ester I-2. Allene ester I-
8, incapable of proton transfer, was also chosen to further facilitate the cyclization of 1-9 or I-10. In
the event, treatment of acyclic enones (see Table I-1) with ethyl-2-methyl-2,3-butadienoate (I-8) in
the presence of 20 mol % DABCO provided no product and the secondary electrophile was
recovered unreacted. The inertness of I-8 in this reaction may be attributed to sterics as a result of

the o-methyl group substitution, rendering the intermediate enolate incapable of attacking the



secondary electrophile (enone). To the contrary, ethyl-2,3-butadienoate (I-2) provided good yields
of the formal [4 + 2] adducts, albeit via the unanticipated attack of the yenolate derived from the
activation of I-2 with DABCO (Figure 3, enolate I-2a). In fact, previous studies with 1-2 only report

products that arise from o-substitution during the Baylis-Hillman reaction.®'° Figure I-4 illustrates

Table I-1. Preliminary results for [4+2] addition reaction.

CO,Et 20 mol % DABCO

1-2
(2.0 equiv)

»  Products

Electrophile (1.0 equiv)
toluene, rt, 48 h

entry electrophile products yields?

Q i 1-10
-10a
70%
1 Ph/\)]\ph /fj\/CO Et (76°/o°)b
10 Ph" Y07 T

Ph O
15%¢
EtO,C on
-10b
o Ph
I-11a
N o
2 Ph/\)K /@\V cot 55%

I-11
Ph
<. _CHO I-12a
3 Ph™ | 75%
N COQEt o
1-12 o)
(@]
4 PhMPh No Reaction
-13

“Isolated vyields after column chromatography. Due to thermal sensitivity of the products
solvents were removed under vacuum without heating. “Reaction was performed in presence
of 4 A MS. °Not observed under anhydrous conditions.



the proposed mechanism leading to the observed products in Table I-1, highlighting the
substitution of the allene ester (I-2a— 1-2b) and subsequent oxygen trap (I-2b— 1-2¢) to yield the
dihydropyran without proton transfer. Although product I-10a, formed by the jy-attack of the allene
predominates, a minor fraction of o~substituted allene product I-10b was observed (Table I-1,
entry 1). Optimization of reaction conditions revealed that the presence of adventitious water
leads to the formation of I-10b. The same reaction charged with 4A molecular sieves under argon
atmosphere yields I-10a exclusively. As shown in Table I-1, several secondary electrophiles with
varying substitution patterns were employed to investigate the scope of this reaction. Enones I-11
and 1-12 provide the corresponding dihydropyran product as anticipated (Table I-1, entries 2 and

3). Dypnone (I-13), a B,B-disubstituted enone (entry 4), did not yield product, presumably

Figure I-4. Proposed mechanism for the formal [4+2] addition.

0]
\H + 20-50 mol % DABCO
H toluene (0.1M), RO 2

rt, 48 h

EtO,C

CO.Et



indicating the intolerance of the reaction to increased sterics at the B-position of the enone. It is
noteworthy that the isolated mass balance of the latter reactions was the unreacted enone. The
allene ester I-2 does decompose at room temperature regardless of the absence or presence of
the secondary electrophile, an observation that was helpful in further optimization of this reaction,

leading to high yields of products as will be described below.
1.3.2. Optimization of reaction variables and development of an asymmetric protocol.

To explored the possibility of enantiocontrol at C4, several cinchona alkaloids (and their
derivatives) were employed as chiral amine catalysts for the Baylis-Hillman reaction. Chalcone I-
10 was chosen as the model substrate in the reaction of I-2 as the primary electrophile using 10
mol % of the chiral amine for initial screening efforts; the reactions were performed in toluene at
room temperature. Preliminary results were encouraging since every catalyst that furnished the
desired product displayed enantioselectivity, with most surpassing 90% ee. Not surprisingly, the
monohydrochloride salts of cinchonine (I-G) and cinchonidine (I-H) did not yield product,
suggesting that the quinuclidine nitrogen is necessary to carry out catalysis.

Although the initial screening delivered the desired products in good enantiomeric excess,
the low yields (10-20%) were clearly a problem. Surprisingly, increasing catalyst loading up to 30
mol % did not make any quantifiable difference in the isolated yields. Hatekeyama’s catalyst (I-E),
which reportedly enhances the rate of reaction through hydrogen bonding with secondary
electrophiles,® marginally improved the yield (30%), although the ee suffered in the process
(59%). Any attempt to externally activate the secondary electrophile by addition of acidic or basic
additives led to faster decomposition of I-2. A screen of different solvents with a large range of
polarities was not conclusive, with comparable efficiencies for both polar and nonpolar solvents.

We next resorted to a concentration study, mindful of the tendency for cinchona alkaloids

to aggregate at high concentrations (which often leads to deterioration of their catalytic and



stereoinductive ability).?>*® Gratifyingly, the highest yields were obtained under neat reaction
conditions (see Table I-2), providing the products in both synthetically useful quantities, and also,
maintaining high enantiomeric excess. Since, the catalyst and chalcone are both solids, the

loading of I-2 up to 3-4 equivalents was necessary to provide medium with efficient mixing.

Figure I-5. Catalyst screening for development of asymmetric formal [4+2] addition.

COEt 10 mol % catalyst

: O % O N f toluene, (0.09 M), 1t
: 110 -2 24-48 h

(2 equiv)

/

H

z—
\

(+)-Quinidine (I-B) Dihydroquinidine (I-C)
I-10a-S, 19% vyield, 94% ee I-10a-S, 17% vyield, 96% ee
OMe
Hydroquinidine-9-
phenanthryl ether (I-A)
I-10a-S, 20% yield, 98% ee

Hatekeyama's catalyst (I-E) (-)-Quinine (I-F)
O I-10a-S, 30% yield, 59% ee  |.10a-R, 12% vyield, 82% ee
(DHQ),AQN (I-D)

I-10a-R, 15% vyield, 94% ee

/N
N=
o
| = "
N~ H
OMe
(+)-Cinchonine (-)-Cinchonidine Hydroquinidine-4-
Hydrochloride (I-G) Hydrochloride (I-H) methyl-2-quinolyl ether (I-1)
no reaction no reaction I-10a-S, 10% yield, 97% ee



Table I-2. Solvent screening and concentration studies.

0 n Etozcj 10 mol% Quinidine (I-B)
ORAs | ‘
H solveont (0.18M), rt,
1-10 -2 4AMS, 48 h
(2.0 equiv)

Entry Solvent/Conditions Rel. Polarity Yield Product % ee’
1 MeOH (3A MS) 0.762 10% I-10a-S 33
2 CHsCN 0.460 17% I-10a-S 95
3 DMF (3A MS) 0.386 N.R.
4 Acetone 0.355 20% I-10a-S 98
5 CH.Cl, 0.309 Trace I-10a-S N.D.
6 CHCl; 0.259 Trace I-10a-S N.D.
7 EtOAc 0.228 N.R.
8 THF 0.207 N.R.
9 Ether 0.117 15% I-10a-S N.D.
10 Benzene 0.111 Trace I-10a-S N.D.
11 Hexanes 0.009 N.R.
12 Cyclohexane 0.006 N.R.
13 Toluene (0.09M) 0.099 19% I-10a-S 94
14 Toluene (0.9M) 0.099 52% I-10a-S 96
15 Toluene (1.8M) 0.099 61% I-10a-S 95
16 Toluene (3.0M) 0.099 65% I-10a-S 95
17 Toluene (9.0M) 0.099 80% I-10a-S 95
18 neat, 5 equiv. I-2¢ 91% I-10a-S 95
19 neat, 3 equiv. 2, cat. I-A 93% I-10a-S 97
20 neat, 3 equiv. 2, cat. I-F? 67% I-10a-R 84
21 neat, 3 equiv. 2, cat. I-C? 89%" I-10a-S 94
22 neat, 3 equiv. 2, cat. I-D 89% I-10a-R 88

“catalyst loading was 20 mol%. °reaction was performed on 1g scale of chalcone. ‘ratios

were determined by chiral HPLC analysis. “Polarity relative to water (H,O = 1.000)

(N.R. = No Reaction, N.D. = Not Determined).
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The increased concentration along with the higher equivalence of I-2 leads to a faster
reaction rate prior to its degradation via non-productive pathways. It is also noteworthy that no
significant deleterious effects result from the self-aggregation of cinchona alkaloids or their
derivatives, most probably because stereochemical induction results after the addition of the
catalyst to the allenoate (I-2). Aggregation of the zwitterionic intermediate is less likely as
compared to the neutral catalyst.

The scope of the reaction was tested with a number of enones as secondary electrophiles,
employing the best four catalysts (I-A through 1-D) displayed in Figure I-5. It is evident from the
results that electron donation through R’ does not favor the formation of transient oxyanion upon
attack of the amine-allenoate adduct and therefore furnishes low product yield (Table I-3, entries 2
and 9). Although, electron withdrawing R? groups gave better yields (entries 4, 5 and 8), the yields
are not affected dramatically by electron donating groups (entries 6, 7, 11 and 16). Aliphatic
enones provided the desired products in lower yields (Table I-3, entries 13-15); presumably,
under basic condition, the rate of self-condensation via aldol reaction is faster than the desired
formal [4+2] addition. '"H NMR studies of the crude reaction mixture validates this premise.

Aromatic and heteroaromatic enones were stable under the reaction condition and
furnished good yields of the desired products with excellent enantioselectivity. Moreover, we were
able to access both enantiomers by a simple switch of the pseudo-enantiomeric catalyst.
Regardless of electronic and steric factors, the enantioselectivity of the reaction was not greatly

influenced by the substitution pattern on either R' or R
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Table I-3. Substrate scope for the catalytic asymmetric formal [4+2] addition.

2
0 CO,Et R*
J\/\ 10 mol% catalyst
R"™S7"R2 neat, 48 h, rt L e CO,Et
R1” 0
(1.0 equiv) (3 equiv) (RorS)

Entry R! R? Catalyst Product VYield %ee
1 Ph Ph I-A 10a-S 93% 97
I-B? 10a-S 87% 95

I-Cc? 10a-S 89%  94°

I-D 10a-R 89% 88

2 p-OMe-CgH. Ph I-A 14a-S 39% 96
I-B? 14a-S 31% 96
I-C? 14a-S N.D. N.D.

I-D 14a-R 42% 82

3 p-NO,-CgH4 o-naphthyl I-A 15a-S 97% 97
I-B? 15a-S >99% 97°

I-C? 15a-S 94% 97

I-D 15a-R 94% 90

4 Ph p-CN-CgH4 I-A 16a-S 81% 97
I-B? 16a-S 74% 90

I-C? 16a-S 81% 91

I-D 16a-R 55% 89
5 Ph p-Br-CeH, I-A 17a-S 92% 96
I-B? 17a-S 94% 93¢
I-Cc? 17a-S 89% 93¢
I-D 17a-R 82% 91¢
6 Ph p-OMe-CgH, I-A 18a-S 60% 96
I-B? 18a-S 62%  95¢
I-Cc? 18a-S 68%  95¢
I-D 18a-R 529%  83¢

Enantiomeric ratios were determined by chiral HPLC. “Catalyst loading was 20 mol%.
Reactions were performed on 1 g scale of chalcone. “Enantiomers could not be resolved by
HPLC analysis. “Reactions were performed usina 4 equiv of allenoate (I-2).
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Table I-3. (cont'd)

Entry R' R? Catalyst ~ Product Yield %ee
7 p-NO»-CeH, p-OMe-CgH, I-A 19a-S 58% 957
I-B? 19a-S 61% 93¢
I-C? 19a-S 64% 93¢
I-D 19a-R 49% 847
8 p-CHs-CsH. p-Cl-m-NO,-CgHj I-A 20a-S 66% 907
I-B? 20a-S 60% 88
I-C? 20a-S 63%  86°
I-D 20a-R 50%  92°
9 p-MeQO-CgH, p-Br-CgH, I-A 21a-S 16% 95
I-B? 21a-S 16% 94
I-C* 21a-S N.D. N.D.
I-D 21a-R 15% 85
10 0-MeO-CgH, p-F-CeH, I-A 22a-S  >99% 97°
I-B? 22a-S 63% 96
I-C? 22a-S 85%  95°¢
I-D 22a-R 63% 817
11 0-Br-CgH, 2-furanyl I-A 23a-S 61% 96
I-B? I-23a-S  46% 93
I-C* I-23a-S  68% 93
I-D I-23a-R  52% 79
12 m-Br-CgH,4 p-Ph-CgH, I-A I-24a-S  98%  98°
I-B? I-24a-S  96% 96
I-C* I-24a-S  98% 96
I-D I-24a-R  70% 79
13 CHs n-CsH1q I-A I-25a-S  12% 86
I-B? I-25a-S  10% 87
I-C* I25a-S  N.D. N.D.
I-D I-25a-R  11% 77

Enantiomeric ratios were determined by chiral HPLC. “Catalyst loading was 20 mol%.
PReactions were performed on 1 g scale of chalcone. “Enantiomers could not be resolved by
HPLC analysis. “Reactions were performed usina 4 equiv of allenoate (I-2).
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Table I-3. (cont'd)

Entry R’ R? Catalyst Product Yield %ee
14 H Ph I-A I-12a-S  45% 95
I-B? I-12a-S  36% 96
I-C* I-12a-S  38% 95
I-D I-12a-R  30% 80
15 H n-CsH; I-A I-26a-S  13% N.D.°
I-B? I-26a-S  18% N.D.
I-C* I-26a-S  17% N.D.°
I-D I-26a-R  12% N.D.°
16 0-Cl-CgH, p-OMe-CgH, I-A I-27a-S  >99% 97¢
I-B? I-27a-S  85%  94¢
I-C? I-27a-S  91% 957
I-D I-27a-R  58% 77°
17 p-1-CgH. p-Br-CgH, I-A I-28a-S  51%  95°
I-B? I-28a-S  48% 92°
I-C? I-28a-S  42%  92°
I-D I-28a-R  36% 87°

Enantiomeric ratios were determined by chiral HPLC. “Catalyst loading was 20 mol%.
PReactions were performed on 1 g scale of chalcone. “Enantiomers could not be resolved by
HPLC analysis. “Reactions were performed usina 4 equiv of allenoate (I-2).

1.3.3. Elucidation of mechanistic nuances of the formal [4+2] addition.

Figure I-4 depicts a putative mechanism for the formation of the desired dihydropyran

products.

Several attempts to investigate the mechanistic underpinnings via NMR studies failed

to provide any conclusive evidence. The transient adducts could not be observed as individual

species under the NMR time scale as evident by broadning of the spectral lines. Gratifyingly,

evidence for the proposed mechanism was obtained from ESI-MS analyses of reaction

intermediates. Figure I-6a depicts mass spectrum of a 1:1 mixture of quinidine (I-B) with allene

ester I-2. Present in the mass spectrum is clear evidence for addition of the cinchona alkaloid I-B

13



to allene ester I-2 (structure I- B1). In the absence of an enone, a second equivalent of allenoate

I-2 functions as the secondary electrophi

le (structure 1-B2). Addition of 1.0 equiv of enone I-15 to

the latter mixture yields the spectrum in Figure I-6b, with evidence for the anticipated intermediate

Figure 1-6. ESI-MS based analysis during the formation of I-15a-(S).
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Figure I-7. Putative intermediates in the formal [4+2] addition reaction.

— LB-Electrophile A--Electrophile A

LB Path A
(Lewis Base) — > LB-Electrophile A
+ —» LB-Electrophile A--Electrophile B
Electrophile A
+ — LB-Electrophile B--Electrophile B
. Path B .
Electrophile B L LB-Electrophile B

—> L B-Electrophile B--Electrophile A

(structure 1-B3) on route to the observed product (I-15a-S). Under the reaction conditions
employed, a second addition of I-2 to the adduct I-B3 is also observable (structure I-B4).
Furthermore, the relative ratio of I-B:I1-B1 changes dramitically upon inclusion of enone I-15 in the
reaction mixture, as observed by the intensity of corresponding spectral lines. As depicted in
Figure I-7, the results obtained from ESI-MS studies clearly indicate that the reaction mixture
comprises of several adducts in equilibrium, which syphon into the final product via an irreversible
ring closure of the oxyanion. A detailed computational work on this reaction was recently
published by Yu and co-workers®” which supports the initially proposed mechanism (Figure 1-4).
To probe the basis for stereoinduction, an exhaustive DFT calculation at the B3LYP/6-
31G* level using toluene as solvent, was performed. A large number of possible reaction
trajectories (>20) for the approach of chalcone relative to the adduct of catalyst I-B and 1-2 were
examined. The results revealed that the difference in energy for the two diastereomeric transition
states is 2.5 kcal/mol in favor of the observed (S)- enantiomer (Figure I-8). This is in excellent
agreement with the experimentally observed selectivity of 98:2 er. The two transition states in
Figure I-8 orient the reacting molecules such that a close proximity of the counter ions
(electrostatic stabilization) is achieved. The gauche interaction encountered in TS2 (highlighted
bonds in red) makes this transition state energetically more demanding than the orientation

suggested in TS1.
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Figure I-8. Origin of enantioselectivity (diastereomeric transition states TS1 and TS2
determined at B3LYP/6-31G*/SM8 level). The gauche interactions (highlighted in red bonds)
makes TS2 energetically less favored than TS1.

experimental result: 5 5
o COLEt 10 mol% Ph | OH I
Quinidine : A i
Ph)J\/\ PR+ > | b Y :
toluene (0.9M) . COEt ' N~ :
48 h, rt Ph™ O : !
(3 equiv) 85% yield ; OMe 5
98:2 er ! !
Quinidine !
theoretical result:
TS1 * B mk

Re face attack on chalcone
(S)-enantiomer Si face attack on chalcone
(favored by ~2.5 kcal/mol) (R)-enantiomer

AAGH(gxperimental) = 2.4 Kcal/mol

AAGHcalculatedy = 2.5 Kcal/mol B3LYP/6-31G*SM8 (Toluene)

In summary, exploiting the key mechanistic disparity (rate of proton tranfer) between
phosphine and amine catalysis, a hypothetical formal [4+2] reaction was designed and
successfully executed towards the construction of novel dihydropyrans. Gratifyingly, the
commercially available cinchona alkaloids catalysts displayed excellent levels of enantioinduction
to render this process catalytic and asymmetric. The insights gained upon development of this
mechanistically inspired approach towards syphoning a reaction pathway based on differencial

rates of proton transfer, offered us as well as several other research groups with novel
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approaches for extension of this methodology towards accessing different heterocyclic cores in a

catalytic asymmetric manner. %8

1.3.4. Stereoselective functionalization of substituted dihydropyrans.

The synthetic utility of this transformation is dictated by its ability to access both
enantiomers with excellent selectivity and its tolerance to various functional groups under solvent
free conditions at room temperature. Interestingly, by exploiting the stereocenter and the rigid
framework of these molecules one can imagine a plethora of electrophiles reacting at the
nucleophilic ‘enol ether’ in a stereoselective mode, moreover, upon electrophilic functionalization
at C3, the resulting oxacarbenium can undergo attack by nucleophiles, also in a stereoselective
manner. As a demonstration of its applicability, Rho(OAc), mediated cyclopropanation of 1-24a-(S)
provided product I-24b in 74% isolated yield as a single isomer by NMR (Scheme I-1). The crystal
structure of 1-24b provides the absolute stereochemistry of the product, suggesting that the C4
substituent is the stereochemical driver in this reaction. It is noteworthy that the stereocenter at

the methine carbon, o to the carbethoxy group, is also controlled by the C4 substituent.

Scheme I-1. Rh (Il) mediated cyclopropanation of I-24a-S and crystal structure of 1-24b.

O N7~ COEt

(1.2 equiv)
| RhyOAc),  EtO,Cr
0 X _COLEt 0.2 M CH,Cl, X _-COEt
rt, 4 h
Br
Br I-24b X
I-24a (S) 74% yield (83% brsm) Crystal structure
(98% ee) (single isomerby NMR) | ofl-24b |
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1.4.1. Application towards synthesis of ‘Danishefsky-type’ chiral dienes.

Scheme I-2. One-pot protocol for consecutive [4+2] additions.

electronically and element of
sterically biased stereocontrol
diene
i l R
CO.Et 1’\)1\/\ 2 R ST\
H/ = RU ™ e R . 3|\‘ R EWG
: ' ' —_—
E .
chiral amine R1TN"0 Ny COEt Diels-Alder
Cata|yst reaction
- 1-26 . I-27
-2
vinylogous

5 contiguous stereocenters

carbonate
As depicted in Scheme I-1, employment of cinchona alkaloid catalyzed formal [4+2]
addition of acyclic enones and allenoate I-2 creates an asymmetric center at C4 with efficient
stereocontrol, providing a handle for further stereochemical functionalizations of the
dihydropyrans. The encouraging result obtained from Rh (Il) catalyzed cyclopropanation of 1-24a
led us to expanding this methodology towards construction of ‘Danishefsky type’ dienes. As
shown in Scheme I-2, use of dibenzal acetones in place of simple enones should yield the
corresponding dihydropyrans (I-26) with tethered dienes that can be subjected to a concomitant
Diels-Alder reaction. This would furnish highly functionalized stereopentads such as 1-27,
incorporating 5 contiguous stereocenters. The goal is to develop a one pot protocol to access
compounds I-27.
Table I-4 depicts the current substrate scope for formation of the intermediate dienes (I-
26). Although, these dienes displayed lower efficiency towards Diels-Alder reactions in
comparison to Danishefsky diene, elevated temperatures indeed furnished the desired Diels-Alder
adducts in high yields. The current ‘one-pot’ optimized conditions involve stirring a neat mixture
comprising of 10 mol% DHQD-9-phenanthryl ether as a chiral amine catalyst, 2.0-3.0 equiv. of
allene ester I-2 with enones 1-26 at room temperature for 24-48 h. This is followed by an addition
of 1.5 equiv. dienophile in toluene (1M) to furnish the adducts 1-27 in excellent yields and

enantioinduction. These products are excellent synthons for diastereoselective functionalization
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Table I-4. Substrate scope for the catalytic asymmetric formal [4+2] addition of dienones

o)
/\)J\/\ R2

CO.Et R1TNA AR P EEGECCETTEEEEEEEEE \
I-25 ! |
> | COEt| !
10 mol% 17X A 2 | !
catalystI-A, rt, 48h R o ! !
I-2 I-26 5 :
entry R1 = R2 product yield % ee
1 CeHs I-26a 98% 98 ; i
2 p-OMe-CeH,, 1-26b 50% 94 | i
o o Hydroquinidine-9- !
3 0-Br-CeHg I-26¢ 93% 88 . phenanthryl ether (I-A) |
4 1-naphthyl I-26d 77% 92 e ;

5 p-Br-CgHy I-26e 92% 94

Enantiomeric ratios were determined by chiral HPLC. Yields displayed are isolated vyields.
Reaction represented in entry 1 was performed twice on 1.0 g scale of dibenzalacetone.

towards assembly of natural products incorporating the tetrahydropyranyl core. Table I-5
represents the results of the ‘one-pot’ protocol using dibenzalacetone 1-25. Current efforts are
focused on exploring the scope of substituted dibenzal acetones and the dienophiles. The
mechanistic studies and substrate scope exploration related to this project is currently pursued by
Mr. Xinliang Ding (graduate student) and Mr. Christopher Rahn (undergraduate student) in Prof.

Borhan’s lab (MSU).
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Table I-5. Preliminary results for one-pot protocol for consecutive [4+2] addition.

dibenzalacetone Ph dienophile
CO.Et 1-25 (1.5 equiv)
(1.0 equiv) | tﬂ%egce (g-é I\:I])
> | 2-
10 mol% ph N o N COE T
1-2 catalyst I-A, Diels-Alder
(2.0 equiv) rt, 48 h, 98% 1-26a reaction
- 98% ee -
entry dienophile product yield
5 0~ Pn
o o] B
1 U 78%
CN ph
NC_ CN NeVCY H
2 >:< NC I-27a-2 92%
NC CN E
Ph 0 X COLEt
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I.5. Experimental section.

I.5.1. General information.

All reactions were carried out in flame dried glassware under an atmosphere of dry
nitrogen or argon. 4 A molecular sieves were dried at 160 °C under 0.25 mtorr pressure prior to
use. Unless otherwise mentioned, solvents were purified as follows. THF and diethyl ether were
distilled from sodium benzophenone ketyl. Methylene chloride, acetonitrile and triethylamine were
dried over CaH, and freshly distilled prior to use. DMF was dried over MgSOy,, distilled and stored
over 4 A molecular sieves. CHCI; was initially washed with water to remove ethanol, distilled and
stored over 4 A molecular sieves. Toluene was dried over CaH,, distilled and stored over 4 A
molecular sieves at least for 48 hours prior to use. Where ever necessary, commercially available
enones were either distilled or recrystallized from appropriate solvents prior to use. Ethyl-2,3-
butadienoate was synthesized as per reported procedure.®® All the other commercially available
reagents and solvents were used as received unless otherwise mentioned.

'H NMR spectra were obtained using either 300 MHz Inova, 500 MHz Varian or 600 MHz
Varian NMR spectrometer, while '*C NMR spectra were measured on 75 MHz Inova, 125 MHz
Varian or 150 MHz Varian NMR spectrometer and referenced using deuterated chloroform, unless
otherwise mentioned. The corresponding chemical shifts are reported relative to chemical shift of
the residual solvent. Infrared spectra were reported on a Nicolet IR/42 spectrometer FT-IR (thin
film, NaCl cells). For HRMS (ESI) analysis, Waters 2795 (Alliance HT) instrument was used and
the reference used was Polyethylene Glycol (PEG).

Column chromatography was performed using Silicycle 60A, 35-75 um silica gel. Pre-
coated 0.25 mm thick silica gel 60 F254 plates were used for analytical TLC and visualized using
UV light, iodine, potassium permanganate stain, p-anisaldehyde stain or phosphomolybdic acid in

EtOH stain. Chiral HPLC analysis was done using DAICEL CHIRALPAK OJ-H and OD-H
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columns. Optical rotations were measure in chloroform and acquired on a Jasco P-2000

polarimeter at 20 °C and 589 nm.

I.5.2. General procedure for formal [4+2] addition of ethyl 2,3-butadienoate and acyclic

enones.

Asymmetric variant.

R2
\)OL CO,Et  10-20 mol% catalyst
N + o—
2 1
R R neat, rt, 48 h » | 0\ COZE
I-2 1-10a to 1-28a
110 to 1-28 (34 oquiv) ol

At room temperature, in a 1 dram vial flushed under nitrogen, 0.09 mmol of the enone was
transferred followed by 0.27-0.36 mmol (3-4 equiv) of ethyl-2,3-butadienoate. To this resulting
slurry was added 10-20 mol% of the corresponding catalyst (changing the order of addition of
reagents and catalyst does not make any difference in the isolated yields and enantioselectivity)
and the mixture was stirred at room temperature for 48 h. The resulting viscous dark brown gel
was diluted with 2-3 drops of dichloromethane and directly purified by silica gel chromatography

using hexanes-ethyl acetate as eluents.
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Racemic variant.

R
EtO,C Rz/\)LR

1 fj\/
7| > |
. 0 . _CO,Et
50 mol% DABCO R, 0 2

” rt, 0.09 M toluene,

e OI(;ZqUiV) 48 h (*)1-10a to I-28a

At room temperature, in a 1 dram vial, 0.18 mmol (2 equiv.) of ethyl-2,3-butadienoate was
dissolved in dry toluene (1 mL, 0.09M). To this solution were added 0.09 mmol of the secondary
electrophile along with 2-5 mg (10-50 mol%) of 1,4-diazabicyclo [2,2,2] octane (DABCO) and the
resulting mixture was stirred at room temperature. The reaction was monitored by TLC. Usually in
about 48 h, the solvent was removed under a stream of nitrogen or under vacuum (do not heat
over a water bath) and residue was directly purified by silica gel chromatography using hexanes-
ethyl acetate as eluents
Note: Do not heat the collective fractions (from silica gel chromatography) to remove the eluents.

The fractions should be concentrated mostly under the influence of vacuum.
I.5.3. Characterization of products.
Analytical data for dihydropyrans I-10a to 1-28a:

Ph

|
o /ﬁoj\vcoza

I-10a

(E)-ethyl-2-(4,6-diphenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-10a): Using 10 mol%

catalyst I-A, 27.0 mg of pure product was isolated (93% yield). Pale yellow solid, mp 82 °C; 'H
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NMR (300 MHz, CDCl;) & 7.62-7.65 (2H, m.), 7.22-7.41 (8H, m.), 5.78 (1H, d, J = 3.6 Hz), 5.71
(1H, s.), 4.08-4.15 (2H, m.), 3.69-3.78 (2H, m.), 3.16 (1H, dd, J = 10.2, 6.6 Hz.), 1.25 (3H, t, J =
7.2 Hz.) ppm; '*C NMR (75 MHz, CDCl;) d 167.3, 166.4, 149.3, 143.1, 133.4, 128.7, 128.6, 128.4,
127.3, 126.9, 124.5, 103.4, 99.4, 59.6, 35.9, 30.8, 14.3 ppm; IR (film) 3080, 2980, 1707 (s), 1660
(s), 1643 (s), 1495, 1282, 1167, 1119 (s) 758 cm™. HRMS (ESI) Calculated Mass for Cp1H»;Os:
321.1491 ([M+H]"), Found 321.1505 ([M+H]*), chiral HPLC analysis was done using DAICEL
CHIRALPAK OJ-H column, R;= 21.8 min (minor) and 26.6 min (major), I-10a-S (94% ee): [a]3’= -

139 (c = 0.1, CHCly).

Ph O

EtO,C
2 Ph

1-10b

(E)-ethyl-5-0x0-3,5-diphenyl-2-vinylidenepentanoate (I-10b): Using 20 mol% DABCO, 4.5 mg
of 10b was isolated as a side product (15% vyield). Colorless oil, 'H NMR (500 MHz, CDCls) &
7.90-7.93 (2H, m.), 7.5-7.54 (1H, m.), 7.40-7.44 (2H, m.), 7.25-7.32 (2H, m.), 7.16-7.20 (1H, m.),
5.25 (1H, dd, J = 2.5, 14.0 Hz), 5.15 (1H, dd, J = 3.0, 14.0 Hz), 4.23-4.54 (1H, m.), 4.06-4.15 (2H,
m.), 3.56 (1H, dd, J = 9, 17.5 Hz), 3.24 (1H, m.), 1.17 (3H, t, J = 7.0 Hz.) ppm; '*C NMR (125
MHz, CDCl;) & 213.1, 197.5, 166.0, 142.7, 137.0, 133.0, 128.6, 128.4, 128.1, 127.9, 127.8, 126.7,
104.3, 81.5, 61.1, 44.3, 39.0, 14.1 ppm; IR (film) 3080, 2982, 1942, 1713 (s), 1688 (s), 1597,
1448, 1248(s), 1101, 1047, 752 cm”. HRMS (ESI) Calculated Mass for CyiH»1O5: 321.1491

(IM+HJ"), Found 321.1487 ((M+H]").
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Ph

|
E
Hac/éj\/002 t

I-11a

(E)-ethyl-2-(6-methyl-4-phenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-11a): Using 20
mol% DABCO, 13.0 mg of pure product was isolated (55% yield). Colorless oil, 'H NMR (500
MHz, CDCl3) & 7.18-7.29 (5H, m.), 5.48 (1H, s.), 4.93 (1H, d, J = 0.5 Hz), 4.05-4.09 (2H, m.),
3.41-3.59 (2H, m.), 3.30 (1H, dd, J = 8, 14.5 Hz), 1.90 (3H, t, J = 1 Hz.), 1.17-1.24 (3H, m.) ppm;
3C NMR (125 MHz, CDCls) 5 167.4, 166.9, 148.7, 143.6, 128.5, 127.2, 126.7, 102.8, 98.7, 59.5,
35.5, 30.8, 19.1, 14.3 ppm; IR (film) 3085, 2982, 1711 (s), 1649 (s), 1373, 1269, 1176, 1110 (s),
846 cm™'. HRMS (ESI) Calculated Mass for CigH19Os: 259.1334 ([M+H]*), Found 259.1331
([M+HF").

Ph

|
Et
ﬁoj\/COZ

I-12a

(E)-ethyl-2-(4-phenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-12a): Using 10 mol% catalyst
I-A, 10.0 mg of pure product was isolated (45% yield). Colorless oil, '"H NMR (300 MHz, CDCls) &
7.23-7.36 (4H, m.), 6.58 (1H, dd, J = 2.1, 6.3 Hz.), 5.41 (1H, s.), 5.22-5.25 (1H, m.), 4.07-4.20
(2H, m.), 3.58-3.69 (1H, m.), 3.15 (1H, dd, J = 7.5, 14.4 Hz.), 1.22-1.34 (3H, m.) ppm; *C NMR
(125 MHz, CDCl3) 6 167.2, 166.0, 142.8, 140.9, 128.6, 127.2, 126.8, 107.8, 99.3, 77.2, 59.6, 34.8,
31.0, 14.3 ppm; IR (film) 3080, 2982, 1711 (s), 1653 (s), 1371, 1223, 1163 (s), 1109 (s), 846, 756
cm™. HRMS (ESI) Calculated Mass for CysH1705: 245.1178 ([M+H]*), Found 245.1176 ([M+H]").

Chiral HPLC analysis was done using DAICEL CHIRALPAK OJ-H column (1% isopropanol in n-

25



hexanes at 1.0 mL/min), R;= 11.5 min (minor) and 17.5 min (major), I-12a-S (95% ee): [a]3°

139 (c = 0.1, CHCly).

(E)-ethyl-2-(6-(4-methoxyphenyl)-4-phenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate  (I-14a):
Using 10 mol% catalyst I-A, 12.0 mg of pure product was isolated (39% yield). White solid, mp 91
°C, 'H NMR (500 MHz, CDCls) d 7.59-7.57 (2H, dd, J = 10.0, 3.0 Hz.), 7.32-7.35 (2H, m.), 7.24-
7.30 (3H, m.), 6.91-7.93 (2H, dd, J = 10.0, 3.0 Hz.), 5.70 (1H, s.), 5.61 (1H, d, J = 4.0 Hz), 4.17-
4.10 (2H, m.), 3.85 (8H, s.), 3.76-3.70 (2H, m.), 3.19-3.13 (1H, m.), 1.26 (3H, t, J = 7.5 Hz.) ppm;
®*C NMR (125 MHz, CDCl;) & 167.3, 166.6, 160.1, 149.1, 143.4, 128.6,127.3, 126.8, 126.1,
125.9, 113.8, 101.6, 99.2, 59.6, 55.3, 35.9, 30.9, 14.3 ppm; IR (film) 3062, 2980, 2838, 1707 (s),
1646 (s), 1513, 1373, 1282, 1253(s), 1175, 1120(s), 1045, 836 cm™. HRMS (ESI) Calculated
Mass for CooH230,4: 351.1596 ([M+H]*), Found 351.1586 ([M+H]*). Chiral HPLC analysis was done
using DAICEL CHIRALPAK OJ-H column (5% isopropanol in n-hexanes at 1.0 mL/min), R;= 37.3

min (minor) and 54.7 min (major), I-14a-S (96% ee): [a]3’=-161 (c = 0.05, CHCl5).
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I-15a

(E)-ethyl-2-(4-(naphthalen-1-yl)-6-(4-nitrophenyl)-3,4-dihydro-2H-pyran-2-ylidene) acetate (I-
15a): Using 1 g of enone I-15 and 20 mol% catalyst I-B, 1.36 g of pure product was isolated
(>99% yield). Yellowish orange solid, mp 125 °C. 'H NMR (600 MHz, CDCls) d 8.23 (2H, d, J=9.0
Hz.), 8.10 (1H, d, J=9.0 Hz.), 7.90 (1H, d, J=8.4 Hz.), 7.80 (2H, d, J=9.0 Hz.), 7.78 (1H, d, J =
7.8 Hz.),7.57 (1H,t, J=7.2Hz.), 7.51 (1H,t, J=6.6 Hz), 7.43 (1H,t, J=7.2 Hz.), 7.38 (1H, t, J=
6.0 Hz.), 6.08 (1H, d, J=4.2 Hz.), 5.77 (1H, s.), 4.61-4.58 (1H, m.), 4.08-4.04 (2H, m.), 3.92 (1H,
dd, J = 15.0, 6.0 Hz.), 3.34 (1H, dd, J = 15.0, 8.4 Hz.), 1.17 (3H, t, J = 7.2 Hz.) ppm; °C NMR
(150 MHz, CDCl;) 5 166.8, 165.4, 147.9, 147.7, 139.3, 137.6, 134.1, 131.0, 129.2, 128.0, 126.6,
125.8, 125.5, 125.1, 124.3, 123.8, 122.7, 107.6, 100.6, 59.9, 32.0, 29.4, 14.2 ppm; IR (film) 3056,
2925, 2855, 1703 (s), 1656 (s), 1597, 1518 (s), 1344 (s), 1286, 1119(s), 1051, 858, 777 cm™
HRMS (ESI) Calculated Mass for CsH2NOs: 416.1498 ([M+H]"), Found 416.1492 ([M+H]"). Chiral
HPLC analysis was done using DAICEL CHIRALPAK OD-H column (30% isopropanol in n-
hexanes at 1.0 mL/min), R;= 30.2 min (minor) and 39.8 min (major), I-15a-S (97% ee): [a]3’= -10

(c = 0.1, CHCly).
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oo COzE

I-16a

(E)-ethyl-2-(4-(4-cyanophenyl)-6-phenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-16a):
Using 10 mol% catalyst I-A, 25.0 mg of pure product was isolated (81% vyield). Crystalline pale
yellow solid, mp 123 °C. '"H NMR (600 MHz, CDCls) 5 7.62-7.59 (4H, m.), 7.40-7.34 (5H, m.),
5.71-5.70 (2H, m.), 4.13-4.06 (2H, m.), 3.81 (1H, dd, J = 12.0, 6.6 Hz.), 3.55 (1H, dd, J= 15.0, 6.0
Hz.), 3.35 (1H, dd, J = 15.6, 7.2 Hz.), 1.23 (3H, t, J = 7.2 Hz.) ppm; "°C NMR (125 MHz, CDCl3) &
167.1, 165.1, 150.3, 148.5, 133.0, 132.5, 129.1, 128.5, 128.3, 124.6, 118.8, 110.9, 101.2, 100.3,
59.8, 36.0, 30.2, 14.3 ppm; IR (film) 3063, 2981, 2228, 1706 (s), 1649 (s), 1608, 1374, 1281,
1166, 1120(s), 1048, 846, 761 cm™ HRMS (ESI) Calculated Mass for C,HxoNO3: 346.1443
([M+H7"), Found 346.1447 ([M+H]"). Chiral HPLC analysis was done using DAICEL CHIRALPAK
OD-H column (13% isopropanol in n-hexanes at 1.0 mL/min), R;= 13.9 min (minor) and 17.3 min

(major), I-16a-S (97% ee): [a]3’=-94 (c = 0.1, CHCl5).
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Br

1-17a

(E)-ethyl-2-(4-(4-bromophenyl)-6-phenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-17a):
Using 10 mol% catalyst I-A, 33.4 mg of pure product was isolated (96% vyield). White solid, mp
129 °C. '"H NMR (600 MHz, CDCls) 3 7.61 (2H, d, J = 6.6 Hz.), 7.42 (2H, dd, J = 11.4, 3.0 Hz.),
7.38-7.32 (3H, m.), 7.14-7.12 (2H, m.), 5.71 (1H, d, J = 4.8 Hz.), 5.69 (1H, s.), 4.13-4.07 (2H, m.),
3.72-3.69 (1H, m.), 3.58 (1H, dd, J = 15.0, 6.0 Hz.), 1.23 (38H, t, J = 7.2 Hz.) ppm; "°C NMR (150
MHz, CDCl;) & 167.2, 165.8, 149.7, 142.1, 133.2, 131.8, 129.1, 128.9, 128.5, 124.6, 120.7, 102.4,
99.8, 59.8, 35.4, 30.6, 14.3 ppm; IR (film) 3061, 2980, 1706 (s), 1648 (s), 1489, 1374, 1281,
1166, 1120(s), 1050, 847, 820, 760 cm™- HRMS (ESI) Calculated Mass for C»;H,;03Br: 399.0596
([M+H7"), Found 399.0592 ([M+H]"). Chiral HPLC analysis was done using DAICEL CHIRALPAK
OJ-H column (5% isopropanol in n-hexanes at 1.0 mL/min), R; = 23.9 min (minor) and 34.1 min

(major), I-17a-S (96% ee): [a]3’= -76 (c = 0.07, CHCly).

OMe

(E)-ethyl-2-(4-(4-methoxyphenyl)-6-phenyl-3,4-dihydro-2H-pyran-2-ylidene)acetate  (I-18a):

Using 10 mol% catalyst I-A, 19.0 mg of pure product was isolated (60% yield). White solid, mp 86
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°C."H NMR (600 MHz, CDCl3) 3 7.61 (1H, t, J = 2.4 Hz.), 7.38-7.35 (2H, m.), 7.32 (1H, tt, J= 7.2,
4.8,1.8 Hz.), 7.18-7.16 (2H, m), 6.84 (2H, dt, J= 9.6, 5.4, 3.0 Hz.), 5.74 (1H, d, J = 4.2 Hz.), 5.68
(1H, s.), 4.14-4.08 (2H, m.), 3.78 (3H, s.), 3.70-3.67 (1H, m.), 3.64 (1H, dd, J = 15.0, 6.0 Hz.),
3.15 (1H, dd, J = 15.0, 7.8 Hz.), 1.23 (3H, t, J = 6.6 Hz.) ppm; *C NMR (150 MHz, CDCl5) &
167.3, 166.6, 158.5, 149.2, 135.2, 133.5, 128.7, 128.4, 124.5, 114.1, 103.7, 99.4, 59.6, 55.3,
35.1, 31.0, 14.3 ppm; IR (film) 3028, 2928, 1704 (s), 1649 (s), 1512, 1374, 1251, 1118 (s), 1046,
829, 761 cm™. HRMS (ESI) Calculated Mass for CooH2304: 351.1596 ([M+H]*), Found 351.1591
([M+H71"). Chiral HPLC analysis was done using DAICEL CHIRALPAK OJ-H column (15%
isopropanol in n-hexanes at 1.0 mL/min), R; = 18.3 min (minor) and 30.5 min (major), I-18a-S

(96% ee): [a]3’=-179 (c = 0.1, CHClj).

OMe

(E)-ethyl-2-(4-(4-methoxyphenyl)-6-(4-nitrophenyl)-3,4-dihydro-2H-pyran-2-ylidene) acetate
(I-19a): Using 10 mol% catalyst I-A, 21.0 mg of pure product was isolated (58% yield). Thick
yellow oil. '"H NMR (600 MHz, CDCl;) & 8.31-8.09 (1H, m.), 7.76 (2H, dd, J = 11.4, 2.4 Hz.), 7.15
(2H, dd, J = 12.0, 3.0 Hz.), 6.87-6.84 (2H, m), 5.95 (1H, d, J = 4.2 Hz.), 5.72 (1H, s.), 4.15-4.09
(2H, m.), 3.78 (3H, s.), 3.74-3.74 (1H, m.), 3.67 (1H, dd, J = 15.6, 6.0 Hz.), 3.17 (1H, dd, J = 15.0,
7.8 Hz.), 1.24 (3H, t, J = 7.2 Hz.) ppm; "*C NMR (150 MHz, CDCl;) & 166.9, 165.5, 158.7, 147.7,

147.4,139.4, 134.3, 128.3, 125.1, 123.8, 114.2, 107.9, 100.3, 59.9, 55.3, 35.3, 30.6, 14.3 ppm; IR
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(film) 3076, 2981, 1708 (s), 1659 (s), 1515 (s), 1344 (s), 1286, 1171, 1119 (s), 860, 752 cm".
HRMS (ESI) Calculated Mass for Co,H2oNQOg: 396.1447 ([M+H]"), Found 396.1447 ([M+H]*"). Chiral

HPLC analysis was done using DAICEL CHIRALPAK OD-H column (10% isopropanol in n-

hexanes at 1.0 mL/min), R; = 22.6 min (minor) and 42.9 min (major), I-19a-S (95% ee): [a]3°

262 (c = 0.15, CHCly).

(E)-ethyl-2-(4-(4-chloro-3-nitrophenyl)-6-(p-tolyl)-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-
20a): Using 10 mol% catalyst I-A, 24.4 mg of pure product was isolated (66% yield). Viscous
yellow oil. '"H NMR (600 MHz, CDCls) & 7.76 (1H, d, J = 2.4 Hz.), 7.51-7.48 (3H, m.), 7.41 (1H, dd,
J=8.4,24Hz),719 (2H, d, J = 8.4 Hz.), 5.72 (1H, s.), 5.63 (1H, d, J = 2.4 Hz.), 4.12-4.08 (2H,
m.), 3.80 (1H, dd, J = 11.4, 6.6 Hz.), 3.50 (1H, dd, J = 15.6, 6.6 Hz.), 3.41 (1H, dd, J = 15.0, 6.6
Hz.), 2.36 (3H, s.), 1.23 (3H, t, J = 7.2 Hz.) ppm; *C NMR (150 MHz, CDCl;) 3 167.0, 164.7,
150.7, 143.8, 139.4, 132.2, 132.1, 130.0, 129.2, 125.4, 124.6, 124.4, 100.5, 99.6, 59.9, 35.1,
30.0, 21.3, 14.3 ppm; IR (film) 3071, 2982, 2927, 1707 (s), 1650 (s), 1537 (s), 1478, 1352, 1282,
1175, 1121(s), 1048, 823, 731 cm™ HRMS (ESI) Calculated Mass for C,H»NOsCl: 414.1108

([M+H7"), Found 414.1109 ([M+H]"). Chiral HPLC analysis was done using DAICEL CHIRALPAK
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OD-H column (5% isopropanol in n-hexanes at 0.7 mL/min), R;= 20.0 min (minor) and 26.5 min

(major), I-20a-S (90% ee): [a]3’= -275 (c = 0.07, CHCly).

(E)-ethyl-2-(4-(4-bromophenyl)-6-(4-methoxyphenyl)-3,4-dihydro-2H-pyran-2-ylidene)

acetate (I-21a): Using 10 mol% catalyst I-A, 6.2 mg of pure product was isolated (16% yield).
Brown yellow oil. '"H NMR (600 MHz, CDCls) & 7.53 (2H, d, J=9.0 Hz.), 7.41 (2H, d, J = 8.4 Hz.),
7.13 (2H, d, J=8.4 Hz.), 7.89 (2H, d, J = 9.0 Hz.), 5.67 (1H, s.), 5.57 (1H, d, J = 4.2 Hz.), 4.15-
4.07 (2H, m.), 3.81 (3H, s.), 3.69-3.58 (1H, m.), 3.56 (1H, dd, J=15.0, 6.0 Hz.), 3.21 (1H, dd, J =
15.6, 8.4 Hz.), 1.23 (3H, t, J = 7.2 Hz.) ppm; "*C NMR (150 MHz, CDCl;) & 167.3, 166.0, 160.1,
149.5, 142.3, 131.7, 129.1, 126.0, 125.9, 120.7, 113.8, 100.65, 99.6, 59.7, 55.4, 35.4, 30.7, 14.3
ppm; IR (film) 3072, 2980, 2937, 1733 (s), 1602 (s), 1512, 1490, 1371, 1257(s), 1173(s), 1117,
1028, 836, 732 cm™ HRMS (ESI) Calculated Mass for CxH,04Br: 429.0701 ([M+H]*), Found
429.0693 ([M+H]"). Chiral HPLC analysis was done using DAICEL CHIRALPAK OJ-H column
(32% isopropanol in n-hexanes at 1.0 mL/min), Ry= 20.9 min (minor) and 33.7 min (major), I-21a-

S (95% ee): [a]2’= -123 (¢ = 0.1, CHCly).
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(E)-ethyl-2-(4-(4-fluorophenyl)-6-(2-methoxyphenyl)-3,4-dihydro-2H-pyran-2-ylidene)

acetate (I-22a): Using 10 mol% catalyst I-A, 32.8 mg of pure product was isolated (>99% vyield).
Thick pale yellow oil. '"H NMR (600 MHz, CDCl3) 3 7.59 (1H, dd, J = 7.8, 1.8 Hz.), 7.30 (1H, m.),
7.26-7.23 (2H, m.), 7.00-6.97 (3H, m.), 6.94 (1H, d, J = 8.4Hz.), 5.97 (1H, d, J = 4.2 Hz.), 5.61
(1H, s.), 4.11-4.07 (2H, m.), 3.84 (3H, s.), 3.74-3.72 (1H, m.), 3.61 (1H, dd, J = 15.0, 6.0 Hz.),
3.18 (1H, dd, J = 15.6, 8.4 Hz.), 1.22 (3H, t, J = 7.2 Hz.) ppm; *C NMR (150 MHz, CDCl5) &
167.4, 166.7, 162.5 (d, 'Jor = 243.2 Hz.), 157.1, 146.4, 139.1 (d, “Jor = 3.5 Hz.), 129.7, 128.9 (d,
%Jor = 8.0 Hz.), 128.2, 122.5, 120.5, 115.4 (d, °Jcr = 21.2 Hz.), 111.3, 108.2, 98.9, 59.6, 55.6,
35.3, 31.1, 14.3 ppm; IR (film) 3071, 2979, 1706 (s), 1645 (s), 1508 (s), 1374, 1257, 1119 (s),
1051, 1023, 835, 755 cm™. HRMS (ESI) Calculated Mass for CyH2,04F: 369.1502 ([M+H]"),
Found 369.1515 ([M+H]"). Chiral HPLC analysis was done using DAICEL CHIRALPAK OD-H
column (1% isopropanol in n-hexanes at 0.7 mL/min), R;= 15.9 min (minor) and 18.7 min (major),

I-22a-S (97% ee): [a]¥’=-144 (c = 0.1, CHCly).
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I-23a

(E)-ethyl-2-(6-(2-bromophenyl)-4-(furan-2-yl)-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-23a):
Using 10 mol% catalyst I-A, 21.4 mg of pure product was isolated (61% yield). Thick brown oil. 'H
NMR (600 MHz, CDCl;) 8 7.59 (1H, d, J= 6.6 Hz.), 7.40 (1H, dd, J= 7.8, 1.8 Hz.), 7.34 (1H, dd, J
=2.4,12Hz.),7.30 (1H, dt, J=4.8, 1.2 Hz), 7.21 (1H, m.), 6.29 (1H, t, J=3.0 Hz.), 6.16 (1H, d, J
= 3.0 Hz.), 5.61 (1H, s.), 5.49 (1H, d, J = 4.8 Hz.), 4.15-4.12 (2H, m.), 3.83-3.80 (1H, m.), 3.58
(1H, dd, J = 15.0, 6.0 Hz.), 3.47 (1H, dd, J = 15.0, 7.2 Hz.), 1.25 (3H, t, J = 6.6 Hz.) ppm; "°C
NMR (150 MHz, CDCl;) & 167.2, 165.8, 155.1, 150.1, 141.8, 135.4, 133.3, 130.9, 130.4, 127.3,
122.5, 110.2, 105.4, 105.38, 99.9, 59.8, 29.7, 27.4, 14.3 ppm; IR (film) 3064, 2976, 1735, 1701
(s), 1651 (s), 1560, 1292, 1173, 1116 (s), 1045, 1021, 847, 780 cm™. HRMS (ESI) Calculated
Mass for C4gH;504Br: 389.0388 ([M+H]"), Found 389.0387 ([M+H]"). Chiral HPLC analysis was
done using DAICEL CHIRALPAK OJ-H column (2% isopropanol in n-hexanes at 1.0 mL/min), R;=

19.7 min (minor) and 24.2 min (major), I-23a-S (96% ee): [a]3’=-112 (c = 0.1, CHCly).
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I-24a

(E)-ethyl-2-(4-([1,1'-biphenyl]-4-yl)-6-(3-bromophenyl)-3,4-dihydro-2H-pyran-2-ylide-ne)

acetate (I-24a): Using 1 g of enone 1-24 and 10 mol% catalyst I-A, 1.28 g of pure product was
isolated (98% vyield). Pale yellow solid, mp 102 °C. '"H NMR (600 MHz, CDCl3) & 7.78 (1H, t, J =
1.2 Hz.), 7.57 (1H, t, J = 1.8 Hz.), 7.56-7.53 (4H, m.), 7.46 (1H, d, J = 6.0 Hz.), 7.42 (2H, t, J= 7.8
Hz.), 7.34-7.32 (8H, m.), 7.24 (1H, t, J= 6.6 Hz), 5.81 (1H, d, J= 3.6 Hz.), 5.73 (1H, s.), 4.16-4.08
(2H, m.), 3.80-3.77 (1H, m.), 3.72 (1H, dd, J=15.0, 6.0 Hz.), 3.22 (1H, dd, J=15.6, 8.4 Hz.), 1.24
(3H, t, J = 6.0 Hz.) ppm; *C NMR (150 MHz, CDCl;) & 167.1, 165.9, 148.0, 141.8, 140.8, 140.0,
135.4, 131.7, 129.9, 128.8, 127.7, 127.6, 127.5, 127.2, 127.0, 123.1, 122.7, 104.5, 99.9, 59.8,
35.6, 30.6, 14.3 ppm; IR (film) 3062, 2980, 2902, 1706 (s), 1658 (s), 1562, 1483, 1374, 1277,
1167, 1119(s), 1050, 847, 765 cm™ HRMS (ESI) Calculated Mass for Cx;H.,O3Br: 475.0909
([M+H7"), Found 475.0901 ([M+H]"). Chiral HPLC analysis was done using DAICEL CHIRALPAK
OJ-H column (40% isopropanol in n-hexanes at 1.0 mL/min), R;= 29.7 min (minor) and 77.6 min

(major), I-24a-S (98% ee): [a]3’=-93 (c = 0.1, CHCl5).
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I-25a

(E)-ethyl-2-(6-methyl-4-pentyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-25a): Using 10 mol%
catalyst I-A, 3.0 mg of pure product was isolated (12% yield). Colorless oil, '"H NMR (600 MHz,
CDClg) & 5.34 (1H,s.), 4.75 (1H, d, J = 3.6 Hz.), 4.12 (2H, q, J = 7.2 Hz.), 3.26 (1H, dd, J = 15.0,
6.0 Hz.), 2.73 (1H, dd, J = 15.0, 7.8 Hz.), 2.16 (1H, m.), 1.80 (3H, dd, J = 1.8, 1.2 Hz.), 1.32-1.27
(5H, m.), 1.25-1.20 (6H, m.), 0.86 (3H, t, J = 6.6 Hz.) ppm; '*C NMR (150 MHz, CDCl;) & 168.4,
167.8, 147.4, 104.2, 98.0, 59.5, 35.4, 31.8, 29.7, 29.3, 28.4, 26.3, 22.5, 19.0, 14.4, 14.0 ppm; IR
(film) 2956, 2924, 2853, 1711 (s), 1647 (s), 1379, 1267, 1116(s), 1050 cm™. HRMS (ESI)
Calculated Mass for CysHzs03: 253.1804 ([M+H]*), Found 253.1804 ([M+H]*). Chiral HPLC
analysis was done using DAICEL CHIRALPAK OJ-H column (100% n-hexanes at 0.7 mL/min), R;

= 21.6 min (minor) and 27.1 min (major), I-25a-S (86% ee): [a]3°= -25 (c = 0.05, CHCl5).

|
o)

I-26a

X COOEt

(E)-ethyl-2-(4-propyl-3,4-dihydro-2H-pyran-2-ylidene)acetate (I-26a): Using 20 mol% catalyst
I-B, 3.5 mg of pure product was isolated (18% vyield). Colorless oil, '"H NMR (600 MHz, CDCl;) &
6.33 (1H, d, J = 6.6 Hz.), 5.45 (1H, s.), 5.02 (1H, dd, J = 6.0, 4.2 Hz.), 4.15-4.11 (2H, m.), 3.29
(1H, dd, J = 6.0, 15.0 Hz.), 2.86 (1H, dd, J = 15.0, 7.8 Hz.), 2.36-2.31 (1H, m.), 0.89 (3H, t, J= 7.2

Hz.) ppm; *C NMR (150 MHz, CDCl;) 3 167.54, 167.48, 139.8, 109.2, 98.6, 59.6, 37.3, 28.43,
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28.37, 19.8, 14.4, 14.0 ppm; IR (film) 3076, 2989, 1710 (s), 1651 (s), 1220, 1167, 1100 (s), 845
cm”. HRMS (ESI) Calculated Mass for C1oH;g03: 211.1329 ([M+H]*), Found 211.1331 ([M+H]").
Chiral HPLC analysis could not be done as analytically desirable resolution of the enantiomers

was not possible using various chiral columns.

(E)-ethyl-2-(6-(2-chlorophenyl)-4-(4-methoxyphenyl)-3,4-dihydro-2H-pyran-2-ylidene)

acetate (I-27a): Using 10 mol% catalyst I-A, 35.0 mg of pure product was isolated (>99% yield).
Thick colorless oil. 'H NMR (500 MHz, CDCls) & 7.47-7.45 (1H, m.), 7.42-7.40 (1H, m.), 7.30-7.25
(2H, m.), 7.23-7.20 (2H, m), 6.86-6.84 (2H, m.), 5.59 (1H, s.), 5.53 (1H, d, J = 3.5 Hz.), 4.12-4.06
(2H, m.), 3.78 (3H, s.), 3.70-3.62 (2H, m.), 3.18 (1H, dd, J = 15.0, 7.0 Hz.), 1.22 (3H, t, J = 7.0
Hz.) ppm; ®C NMR (125 MHz, CDCls) & 167.3, 166.5, 158.6, 148.2, 135.0, 133.6, 133.0, 130.5,
130.2, 130.0, 128.4, 126.7, 114.1, 109.1, 99.4, 59.6, 55.3, 35.2, 31.1, 14.3 ppm; IR (film) 3064,
2980, 1704 (s), 1649 (s), 1512, 1350, 1251, 1116 (s), 1039, 850, 760 cm’'. HRMS (ESI)
Calculated Mass for CaH»04Cl: 385.1207 ([M+H]*), Found 385.1209 ([M+H]*). Chiral HPLC
analysis was done using DAICEL CHIRALPAK OD-H column (1% isopropanol in n-hexanes at 0.7
mL/min), R; = 19.4 min (minor) and 22.9 min (major), 1-27a-S (97% ee): [a]3’= -114 (c = 1.6,

CHCly).
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1-28a

(E)-ethyl-2-(4-(4-bromophenyl)-6-(4-iodophenyl)-3,4-dihydro-2H-pyran-2-ylidene) acetate (I-
28a): Using 10 mol% catalyst I-A, 24.0 mg of pure product was isolated (51% yield). Yellow solid,
mp 74 °C. 'H NMR (500 MHz, CDCls) & 7.70 (2H, dt, J = 9.0, 4.0, 2.5 Hz.), 7.42 (2H, dt, J = 9.0,
45,25 Hz.), 7.33 (2H, dt, J= 9.2, 4.5, 2.5 Hz.), 7.10 (2H, dt, J = 9.0, 4.0, 2.5 Hz.), 5.71 (1H, d, J
= 4.5 Hz.), 5.68 (1H, s.), 4.13-4.08 (2H, m.), 4.07-3.66 (1H, m.), 3.58 (1H, dd, J = 15.0, 6.0 Hz.),
3.21 (1H, dd, J = 15.0, 7.5 Hz.), 1.23 (3H, t, J = 7.0 Hz.) ppm; *C NMR (125 MHz, CDCl5) &
167.0, 165.4, 148.9, 141.8, 137.6, 132.8, 131.8, 129.1, 126.2, 120.8, 103.0, 100.1, 94.6, 59.8,
35.4, 30.4, 14.3 ppm; IR (film) 3076, 2924, 1703 (s), 1652 (s), 1487, 1282, 1118 (s), 1005, 887,
853 cm™. HRMS (ESI) Calculated Mass for CyH;s03Brl: 524.9562 ([M+H]*), Found 524.9558
([M+H7"). Chiral HPLC analysis was done using DAICEL CHIRALPAK OD-H column (1%
isopropanol in n-hexanes at 1.0 mL/min), R; = 15.7 min (minor) and 23.6 min (major), I-28a-S

(95% ee): [a]3’=-117 (c = 0.8, CHClj).
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1.5.4. Synthesis of 1-24b.

O N7 COOEt

(1.2 equiv.)
| o~ X COEt Rh,(OAC),
O 0.2 M CHJCl,
rt, 4h
Br
Br |-24b
I-24a-S 74% yield (83% brsm)
(98% ee) (single isomer by NMR)

In a 1 dram vial, initially purged with argon, was taken 100 mg (0.21 mmol) of I-24a-S
along with 5 mol% of Rhy(OAc), in CH,Cl, (0.5 mL). The resulting green suspension containing 4A
MS (10% by weight) was stirred at room temperature while a solution of 29 mg (0.25 mmol, 1.2
equiv.) of ethyl diazoacetate in CH,Cl, (0.5 mL) was added drop wise over a period of 3 h (Note:
The addition has to be slow and dropwise or else significant amount of diethyl fumarate is formed
which co-elutes with the desired product during silica gel column chromatography and can only be
separated after successive recrystallizations of 1-24b). After the addition was complete, the
resulting mixture was allowed to stir at room temperature for another hour. The solvent was then
partially evaporated under a stream of nitrogen and the slurry was loaded directly on a silica gel
column. A flash silica gel chromatography using ethyl acetate and hexanes as eluents afforded I-

24b as a crystalline white solid (88 mg, 74% yield).
Analytical data for 1-24b:

Crystalline white solid, mp 147 °C. '"H NMR (600 MHz, CDCl3) & 7.58-7.56 (4H, m.), 7.44-7.41

(3H, m.), 7.40-7.38 (2H, m.), 7.36 (1H, t, J= 1.2 Hz.), 7.34 (1H, tt, J = 6.6, 2.4, 1.2 Hz.), 7.22 (1H,
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d, J = 7.8 Hz.), 7.16-7.14 (1H, m.), 5.63 (1H, s.), 4.25-4.20 (2H, m.), 4.11 (2H, q, J = 7.2 Hz.),
3.98-3.94 (1H, m.), 2.44-2.39 (1H, m.), 2.30-2.25 (2H, m.), 1.29 (3H, t, J = 6.6 Hz.), 1.24 (3H, t, J
= 6.6 Hz.) ppm; '*C NMR (150 MHz, CDCl;) & 171.0, 167.6, 167.0, 142.2, 142.1, 140.7, 140.2,
130.9, 130.3, 128.8, 127.63, 127.61, 127.3, 127.1, 123.1, 122.7, 97.7, 63.3, 61.0, 59.6, 35.1,
31.0, 30.5, 14.4, 14.3 ppm; IR (film) 3057, 2981, 1730 (s), 1704 (s), 1644 (s), 1596, 1486, 1375,
1348, 1231, 1170 (s), 1119 (s), 1049, 763, 659 cm'. HRMS (ESI) Calculated Mass for

Ca1H300sBr: 561.1276 ([M+H]"), Found 561.1271 ([M+H]"), [a]3°=-50 (c = 0.15, CHCl5).
I.5.5. General Procedure for synthesis of chalcones.

(Enones I-10 through 1-14, 1-25, and 1-26 were procured from commercial sources.)

0]

0] 0]
6M NaOH, MeOH
R1J\H * )J\RZ > R1/\)LR2

rt

In a 50 ml round bottom flask, 8.56 mmol of the respective acetophenone was charged
with the corresponding benzaldehyde (8.56 mmol) and the mixture was then dissolved in
methanol (8.0 mL). This solution was rapidly stirred at room temperature when, 6M NaOH (4.3
mL) was added dropwise. The reaction mixture warmed up rapidly forming a cloudy suspension.
Even though, in most cases the product crashed out of the solution within 5-10 min, the reaction
mixture was allowed to stir at room temperature for another hour (overnight in case of 1-22). The
precipitated solid was filtered through a Buchner funnel, washed with water (50.0 mL) to remove
the alkali, dried and then recrystallized using appropriate solvents. For isolation of product 1-22
(oil), the reaction mixture was allowed to stir overnight. It was then poured over ice (20 g) and the

resulting mixture was extracted with ethyl acetate (10 x 3 mL). The combined extracts were
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washed with brine, dried over sodium sulfate, concentrated and finally subjected to purification by

silica gel flash column chromatography.

1-15

(E)-3-(naphthalen-1-yl)-1-(4-nitrophenyl)prop-2-en-1-one (I-15): 71% yield, recrystallized from
hot ethyl acetate and MeOH (EtOAc: MeOH = 5:1), bright yellow solid, mp 150-151 °C (lit.** 144-
146 °C) 'H NMR (600 MHz, CDCls) 5 8.71 (1H, d, J = 15.6 Hz.), 8.36-8.34 (2H, m.), 8.22-8.17
(3H, m.), 7.96-7.89 (3H, m.), 7.61-7.52 (4H, m.) ppm; "*C NMR (150 MHz, CDCl;) 5 188.9, 150.3,
143.8, 143.2, 134.0, 132.0, 131.9, 131.8, 129.7, 129.1, 127.5, 126.7, 125.6, 125.6, 124.1, 123.9,

123.4 ppm.

(E)-4-(3-ox0-3-phenylprop-1-en-1-yl)benzonitrile (I-16): 91% yield, recrystallized from hot
ethanol, pale yellow solid, mp 157 °C (lit.*' 140-141 °C) '"H NMR (500 MHz, CDCl;) & 8.02-8.00
(2H, m.), 7.76 (1H, d, J = 15.5 Hz.), 7.75-7.69 (4H, m.), 7.62-7.58 (2H, m.), 7.53-7.50 (2H, m.)
ppm; '*C NMR (125 MHz, CDCls) 5 189.7, 142.1, 139.2, 137.7, 133.3, 132.7, 128.8, 128.7, 128.6,

125.1, 118.4, 113.5 ppm.
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(E)-3-(4-bromophenyl)-1-phenylprop-2-en-1-one (I-17): 71% vyield, recrystallized from hot
ethanol, pale yellow solid, mp 125 °C (lit.** 127-128 °C) '"H NMR (600 MHz, CDCl;) & 8.00 (2H,
m.), 7.72 (1H, d, J = 18.6 Hz.), 7.60-7.56 (1H, m.), 7.56-7.48 (7H, m.) ppm; '*C NMR (125 MHz,

CDCl3) 6 190.2, 143.3, 138.0, 133.8, 132.9, 132.2, 129.8, 128.7, 128.5, 124.8, 122.6 ppm.

0]

70
OMe

1-18

(E)-3-(4-methoxyphenyl)-1-phenylprop-2-en-1-one (I-18): 71% yield, recrystallized from hot
ethanol, pale yellow solid, mp 78 °C (lit.** 76-77.5 °C) '"H NMR (500 MHz, CDCIs) 3 8.00-7.98 (2H,
m.), 7.71 (1H, d, J = 15.5 Hz.), 7.60-7.54 (3H, m.), 7.49-7.46 (2H, m.), 7.40 (1H, d, J = 15.5 Hz.),
6.92 (2H, dt, J = 9.5, 5.0, 3.0 Hz.), 3.84 (3H, s.) ppm; '*C NMR (125 MHz, CDCl;) d 190.6, 161.7,

144.7,138.5, 132.5, 130.2, 128.5, 128.4, 127.6, 119.8, 114.4, 55.4 ppm.

0]

ShAe
O,N OMe

1-19

(E)-3-(4-methoxyphenyl)-1-(4-nitrophenyl)prop-2-en-1-one (I-19): 71% vyield, recrystallized

from hot ethanol, pale yellow solid, mp 185 °C (lit.** 177-178 °C) 'H NMR (500 MHz, CDCls) &
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8.32 (2H, d, J = 7.5 Hz.), 8.10 (2H, d, J = 7.0 Hz.), 7.80 (1H, d, J = 13.0 Hz.), 7.60 (2H, d, J = 7.5
Hz.), 7.34 (1H, d, J = 13.0 Hz.), 6.93 (2H, d, J = 7.0 Hz.), 3.85 (3H, s.) ppm; °C NMR (125 MHz,

CDCl3) 6 189.0, 162.3, 149.9, 146.7, 143.5, 130.6, 129.3, 127.0, 123.8, 118.9, 114.6, 55.5 ppm.

0]
Cl
1-20
(E)-3-(4-chloro-3-nitrophenyl)-1-(p-tolyl)prop-2-en-1-one (I-20): 82% yield, recrystallized from
hot ethyl acetate, crystalline dirty yellow solid, mp 158 °C. 'H NMR (600 MHz, CDCI3) 6 8.11 (1H,
d, J=1.8Hz.), 7.92 (2H, dd, J= 6.6, 1.8 Hz.), 7.72-7.69 (2H, m.), 7.59-7.56 (2H, m.), 7.30 (1H, d,
J = 8.4 Hz.), 2.43 (3H, s.) ppm; ®*C NMR (150 MHz, CDCl;) 5 188.8, 148.3, 144.4, 139.9, 135.2,
134.9, 132.5, 132.4, 129.5, 128.7, 128.2, 124.9, 124.4, 21.7 ppm. IR (film) 3070, 2914, 1660 (s),

1602 (s), 1527(s), 1476, 1339 (s), 1310, 1183, 979, 809 cm™. HRMS (ESI) Calculated Mass for

C16H13NO5Cl: 302.0584 ([M+H]*), Found 302.0578 ([M+H]").

O

jenae!
MeO Br

1-21

(E)-3-(4-bromophenyl)-1-(4-methoxyphenyl)prop-2-en-1-one (I-21): 90% yield, recrystallized
from hot ethyl acetate, crystalline white solid, mp 157 °C (lit.*> 152-153 °C). '"H NMR (600 MHz,
CDCls) & 8.01 (2H, dd, J = 7.2, 1.8 Hz.), 7.71 (1H, d, J = 15.6 Hz.), 7.53-7.47 (5H, m.), 6.97 (2H,
dd, J= 7.2, 2.4 Hz.), 3.87 (3H, s.) ppm; °C NMR (150 MHz, CDCl5) 5 188.3, 163.5, 142.5, 134.0,

132.1, 130.9, 130.8, 129.7, 124.5, 122.4, 113.9, 55.5 ppm.
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1-22

(E)-3-(4-fluorophenyl)-1-(2-methoxyphenyl)prop-2-en-1-one (I-22): 87% yield, pale yellow oil.
'H NMR (600 MHz, CDCl3) & 7.60 (1H, dd, J = 7.2, 1.8 Hz.), 7.58-7.53 (3H, m.), 7.46-7.43 (1H,
m.), 7.29 (1H, d, J = 15.6 Hz.), 7.07-7.04 (2H, m.), 7.03-7.00 (1H, m.), 7.97 (1H, d, J = 8.4 Hz.),
3.87 (3H, s.) ppm; *C NMR (150 MHz, CDCl3) 5 192.6, 163.8 (d, "Jcr = 250.1 Hz.), 158.1, 141.7,
132.9, 131.3 (d, “Ucr = 2.9 Hz.), 130.3, 130.2 (d, °Jor = 8.6 Hz.), 129.1, 126.7 (d, °Jcr = 2.3 Hz.),
120.7, 115.9 (d, 2Jer=21.8 Hz.), 111.6, 55.7 ppm. IR (film) 3072, 2934, 1658 (s), 1599 (s), 1507
(s), 1485, 1327, 1235 (s), 1159, 1021, 830, 759 cm'. HRMS (ESI) Calculated Mass for

C16H140:F: 257.0978 ([M+H]*), Found 257.0980 ([M+H]*).

0]

L
Br

1-23

(E)-1-(2-bromophenyl)-3-(furan-2-yl)prop-2-en-1-one (I-23):*® 98% yield, brown oil, '"H NMR
(600 MHz, CDCl3) 8 7.61 (1H, d, J = 7.8 Hz.), 7.51 (1H, s.), 7.40-7.35 (2H, m.), 7.31-7.28(1H, m.),
7.18 (1H, d, J = 15.6 Hz.), 6.67 (1H, d, J = 3.6 Hz.), 6.48-6.47 (1H, m.) ppm; "*C NMR (150 MHz,
CDCls) & 190.1, 151.0, 145.5, 141.1, 133.4, 132.2, 131.3, 129.1, 127.3, 123.5, 119.4, 116.7,

112.8 ppm.
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(E)-3-([1,1'-biphenyl]-4-yl)-1-(3-bromophenyl)prop-2-en-1-one (I-24): 84% yield, recrystallized
from hot ethyl acetate and dichloromethane (EtOAc : DCM = 5:1), needle shaped crystalline
yellow solid, mp 132 °C. 'H NMR (600 MHz, CDCls) & 8.14 (1H, t, J = 1.8 Hz.), 7.95-7.93 (1H, m.),
7.85 (1H, d, J = 15.6 Hz.), 7.72-7.69 (3H, m.), 7.66-7.64 (2H, m.), 7.63-7.61 (2H, m.), 7.50-7.44
(3H, m.), 7.39-7.36 (2H, m.) ppm; *C NMR (150 MHz, CDCl;) & 188.9, 145.2, 143.6, 140.1,
140.0, 135.6, 133.6, 131.5, 130.2, 129.1, 128.9, 128.0, 127.6, 127.1, 127.0, 123.0, 121.2 ppm. IR
(film) 3067, 2921, 1656 (s), 1606 (s), 1561, 1486, 1417, 1312, 1209, 763 cm”'. HRMS (ESI)

Calculated Mass for C,1H50OBr: 363.0385 ([M+H]*), Found 363.0389 ([M+H]*).

Cl O

<aaeW

1-27

(E)-1-(2-chlorophenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (1-27): 89% vyield, recrystallized
from hot ethanol, crystalline yellow solid, mp 81 °C (lit.*” 80-81 °C). '"H NMR (500 MHz, CDCl;) &
7.51-7.48 (2H, m.), 7.45-7.37 (4H, m.), 7.33 (1H, dt, J = 9.0, 7.5, 1.0 Hz.), 6.98 (1H, d, J = 16.0
Hz.), 6.90 (2H, dt, J = 10.0, 5.0, 3.0 Hz.), 3.82 (3H, s.) ppm; '*C NMR (125 MHz, CDCl3) 3 193.9,

162.0, 146.4, 139.4, 131.2, 131.1, 130.4, 130.2, 129.2, 127.1, 126.8, 124.1, 114.5, 55.4 ppm.
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1-28

(E)-3-(4-bromophenyl)-1-(4-iodophenyl)prop-2-en-1-one (I-28):*® 64% vyield, recrystallized from
hot chloroform, flaky crystalline light brown solid, mp 190 °C. '"H NMR (500 MHz, CDCls) 5 7.85
(2H, dt, J= 8.5, 4.0, 2.0 Hz.), 7.74-7.69 (3H, m.), 7.55-7.53 (2H, m.), 7.48 (2H, dt, /= 8.5, 3.5, 1.5
Hz.), 7.43 (2H, d, J = 16.0 Hz.) ppm; ®*C NMR (125 MHz, CDCl;) & 189.3, 143.9, 138.0, 137.3,
133.6, 132.3, 129.9, 129.8, 125.1, 122.0, 100.8 ppm.

0-° pn

O%;ij('jiﬂaq

- 0~ COEt

ethyl (E)-2-((3aS,4R,95,9aS,9b R)-1,3-diox0-4,9-diphenyl-1,3,3a,4,8,9,9a,9b-octahydro-7 H-
furo[3,4-flchromen-7-ylidene)acetate: Crystalline white solid, mp 184-188 °C. '"H NMR (500
MHz, CDCls) & 7.44-7.43 (4H, m.), 7.42-7.40 (2H, m.), 7.38-7.34 (2H, m.), 7.23-7.22 (2H, m.),
5.73 (1H, dd, J = 3.0, 3.5 Hz.), 5.54 (1H, d, J = 2.0 Hz.), 4.33 (1H, dd, J = 3.0, 16.0 Hz.), 4.16 (2H,
ddd, J= 1.0, 7.0, 15.0 Hz.), 3.95 (1H, dddd, J = 3.0, 12.0, 13.5, 15.0 Hz.), 3.80-3.77 (1H, m.), 3.46
(1H, t, J = 9.5 Hz.), 3.33 (1H, dd, J = 5.0, 9.0 Hz.), 2.89 (1H, dddd, J = 3.0, 5.0, 7.0, 10.0 Hz.),
2.58 (1H, dddd, J = 2.0, 13.5, 16.0, 16.0 Hz.), ppm; *C NMR (125 MHz, CDCl;) 5 170.7, 168.7,
167.3, 166.9, 151.5, 140.2, 137.5, 133.0, 129.7, 129.2, 128.7, 128.5, 128.3, 128.0, 127.9, 127.5,
104.7, 98.0, 69.2, 64.0, 59.8, 47.8, 42.9, 42.8, 41.3, 35.1, 31.5, 14.3 ppm; IR (film) 3062, 2928,
2854, 1779 (s), 1701, 1629 (s), 1337, 1170, 1135 (s), 939, 703 cm™. HRMS (ESI) Calculated

Mass for Ca;H2506: 445.1651 ([M+H]"), Found 445.1653 ([M+H]"), [a]3°= +74.5 (c = 1.0, CHxCly).

The relative stereochemistry is assigned based on NOESY experiments.
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CN ph
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NC
NC 1-27a-2
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ethyl 2-((4S,4aS,7S,E)-5,5,6,6-tetracyano-4,7-diphenyl-3,4,4a,5,6,7-hexahydro-2H-chromen-
2-ylidene)acetate: Off white solid, decomposes above 160 °C.'H NMR (500 MHz, CDCl3) & 7.51-
7.46 (5H, m.), 7.42-7.37 (5H, m.), 5.75 (1H, dd, J = 2.0, 3.0 Hz.), 5.67 (1H, br. s.), 4.45 (1H, t, J =
3.0 Hz.), 4.09-4.05 (2H, m.), 3.66-3.58 (3H, m.), 3.54 (1H, ddd, J = 0.5, 7.0, 15.0 Hz.), 1.18 (3H, t,
J = 5.5 Hz.) ppm; *C NMR (125 MHz, CDCls) & 166.3, 164.4, 146.2, 137.7, 132.1, 130.5, 130.5,
129.6, 129.4, 129.0, 127.9, 111.0, 109.9, 109.3, 108.3, 105.6, 101.1, 60.1, 46.3, 44.9, 44.7, 41.5,
40.5, 32.7, 14.2 ppm; HRMS (ESI) Calculated Mass for CagH23N4O3: 475.1770 ([M+H]"), Found

4751770 (M+HT").
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1.5.6. Quantum Mechanical Modeling Studies.

Full optimizations on all conformations of the model systems in simulated toluene as a
solvent were performed at the B3LYP/6-31G*/SM8 (toluene) level using the Spartan-10 software
running on Macintosh platform. To verify convergence and consistency of the optimizations, a
number of examples were re-optimized from multiple starting points; energetic variations of 0.02
kcal/mol or less were found among these calculated structures. To confirm that each structure
was a true minimum, vibrational analyses were performed; because analytical second derivatives
are not available in SM8 solvated wavefunctions, these analyses relied on finite difference
calculations. Their consistency was checked in multiple runs, and showed negligible variation. For
comparison, the relative enthalpies (AH°,) calculated by including zero-point and thermal
corrections to 298.15 K are given in kcal/mol. Importantly, differences between relative E and
relative H® values are generally small enough that either set of data could be used to arrive at the
conclusions. All Transition State structures were validated as first-order stationary points (i.e. a
single imaginary frequency) by vibrational analysis. Single-point solvation energies in simulated
toluene were calculated at the B3LYP/6-31G*/SM8 level of theory. All values are in kcal/mol or

hartrees.
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CHAPTER II: NUCLEOPHILE ASSISTED ALKENE ACTIVATION-ELECTRONIC AND
STRUCTURAL IDENTITY OF OLEFINS IN HALOFUNCTIONALIZATION REACTIONS

I1.1. Introduction.

Electrophilic activation of carbon-carbon double bonds is one of the most versatile
functional group transformations in organic chemistry, offering robust access to a diverse range of
substructures.” Stereoselective alkene functionalization reactions have attracted sustained
interest for the past four decades.>® The results have been a number of landmark alkene
functionalization reactions such as epoxidations, dihydroxylations, aminohydroxylations,
hydrogenations, cyclopropanations, hydrometalations, Diels-Alder reactions and aziridinations to
name a few.*® Mechanistically, most of these reactions are thought to proceed via electrophilic
activation of the alkene resulting in a cationic adduct followed by a concomitant attack of a
nucleophile that intercepts the cationic intermediate. Electrophilic halofunctionalization of olefins is
a sub-class of these reactions and arguably one of the most sought-after transformations in
organic chemistry that allows access to a myriad of indispensible products. This field is withessing
an immense progress since the past few years, predominantly in the development of
stereoselective reactions.”'® The key towards the success of any sought-after transformation
relies on a rational approach that is substantiated by its well-established mechanistic foundations.
Although halofunctionalization of olefins has seen great recent progress, the field of
stereoselective alkene halogenation has mainly advanced via a trial-and-error approach and is
still in its infancy when compared to other olefin functionalization reactions mentioned above.

To efficiently develop new halofunctionalization reactions, the detailed nature of attack on
alkenes by halenium ion donors must be understood, along with the structural and electronic
character of any resulting intermediates. Despite the enormous precedent dedicated towards

understanding the mechanistic underpinnings of haliranium ions,'®® the factors that dictate the
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Figure II-1: a. Catalytic asymmetric chlorolactonization of alkenoic acids. b. Proposed working
models
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kinetic and stereochemical stability of halonium ions and their electronic and structural identity in

solution still remains elusive.

11.2. Results and discussion.

11.2.1. Preliminary results and mechanistic arguments against the classical intermediates.

Over the past five years, efforts in our group have focused on developing catalytic
asymmetric halofunctionalization of alkenes and on elucidation of their mechanistic underpinnings.

Our early report in 2010 described the first catalytic, highly enantioselective chlorolactonization of
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1,1- disubstituted alkenoic acids using (DHQD),PHAL as a chiral amine catalyst and 1,3-dichloro-
5,5-diphenylhydantoin (DCDPH) as a chlorenium source (Figure Il-1a).*” Based on initial NMR
experiments, the proposed model invoked an ammonium ion (protonated or chlorinated) at the
quinuclidine centered nitrogen engaging either a hydrogen bonded complex or a tight ion pair
(Figure 1l-1b) resulting in the diastereotopic nature of the two protons on the hydantoin motif
embedded within the chiral cleft of the catalyst. Proceeding studies by Dr. Roozbeh Yousefi using
labeled substrate 1I-1D (Figure [I-2) revealed that the addition across the 1,1-disubstituted olefin
ensues under the reaction conditions to yield predominantly a syn-adduct. This observation is
highly intriguing and at the same time, counterintuitive from a mechanistic viewpoint where, in the
field of halofunctionalization of alkenes, the classical notion of cyclic-bridged haliranium ions as

putative intermediates is firmly established. Kinetic studies (Reaction Progress Kinetic Analysis

Figure 1I-2: Deuterium labeling of 1,1-alkenoic acid 1lI-1D reveal high enantiofacial selectivity of
the initial chlorenium attack, and predominant formation of the syn-adduct.
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techniques-RPKA, pioneered by the Blackmond group®) performed by Dr. Yousefi have aided in
determining the molecularity of the asymmetric chlorolactonization reaction. The reaction has
zero-order dependence on the substrate concentration (suggesting saturation kinetics of the
catalyst), and first order dependence on catalyst and chlorohydantoin concentrations. Taken
together, these results suggest that the rate-determining step in these transformations is either
the binding of the substrate to the catalyst or the transfer of the chlorine atom to the alkene in the

substrate-hydantoin-catalyst ternary complex.

Nevertheless, the predominant ‘syn’ addition of the halogen and the nucleophile across the
alkene, as probed from lI-1D (Figure 1I-2), strongly argues against the intermediacy of a bridged

chloriranium ion."® Hence, in accordance to the studies by Fahey, Poutsma, and Sauers,?*%%

we
postulated the intermediacy of a chloromethyl carbenium ion in the asymmetric

chlorolactonization.®

Computational analysis to elucidate the possibility of bridged chloronium ion intermediate

(chloriranium ion):

The possibility of participation by a bridged chloronium species was assessed using

quantum chemical modeling at several levels of theory. In all cases, geometry optimization led to
structures with near tetrahedral angles for the key £C*-C-Cl angle at the CH>CI group; a bridged
chloronium was never found as an energy minimum, even when calculations were started with the
Cl atom centrally positioned as it is in CgH4CI+, the chloronium ion from (ethylene + CI)+ ion.

Interestingly even in structures calculated in the “gas phase” (i.e. no solvent simulation), where
the otherwise unstabilized cation would benefit most from delocalization by bridging, no such
minimum was found. Figure 1I-3 depicts the geometry minimized model at the B3LYP/6-31G* level

obtained from chlorenium addition to substrate ll-1. As noted, several symmetrically bridged

56



Figure 1I-3: A geometry minimization of II-1 with CI" ion always reveals a chloromethyl
carbenium ion with no evidence for bridging tendency of chlorine atom. The following
calculations were performed at the B3LYP/6-31G* (SM8) level of theory.

end-on view of (lI-1 + CI)* ion Lateral View of (II-1 + CI)*

2C*-C-Cl = 108.8° (gas phase)
£C*-C-Cl = 109.6° (SM8-CHCls)

chloronium starting points were explored, but the end result was always found to be the open

chloromethyl carbenium ion shown above in Figure II-3.

If the chiral catalyst (DHQD)>PHAL, somehow held the aryl ring in an orientation that

inhibited effective conjugation with the cation center, perhaps the resulting destabilized cation
would compensate by distorting to a bridging mode. To probe this possibility, the intermediate
cation was geometrically minimized at the same levels of theory as described above, but now with
the phenyl ring constrained at an angle of 90° with respect to the n-system under consideration

(i.e. orthogonal to the 1,1-disubstituted olefin); see Figure II-4. Despite this enforced (and artificial)
switch in the electronics, there was little change to the local geometry at the —CH>CI group, or to

the rotational potential energy surface. Furthermore, experimental results do show a response to
donor substitution on the aryl ring, indicating that resonance is not shut off between the phenyl
and the putative carbocation. These results clearly argue against the intermediacy of any bridged

chloronium species (chloriranium ion).
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Figure II-4: A restricted (dihedral angle) geometry minimization of II-1 with CI" ion also reveals a
chloromethyl carbenium ion with no evidence for bridging tendency of chlorine atom. The
following calculations were performed at the B3LYP/6-31G* (SM8) level of theory.

/

restricted dihedral
angle

End-on view of restricted (II-1 + CI)* ion Lateral view of restricted (II-1 + CI)* ion
2C*-C-Cl =100.0°

Interestingly, the cation’s structure depicted above does have the C-Cl bond aligned
ideally for hyperconjugation with the cationic center. Regardless of bridging, if this structure were
in a deep enough energy well, it might function like a bridged intermediate by directing
nucleophilic attack to the opposite face. To probe this issue, we resorted to a-methylstyrene as a
more computationally tractable system, uncomplicated by the conformational dynamics of the

carboxylate side-chain. We then examined the potential energy (PE) surfaces for rotation about
the C+'CHQC| bond in the cation as calculated at the HF/6-31G*, MP2/6-31G*, B3LYP/6-31G*,
and B3LYP/6-311++G** levels. The validity of this model was confirmed by comparing the minima
from the above calculations based on the full substrate to the CgH1oc|+ ion structures obtained

from chlorenium addition to a-methylstyrene. As before, only open carbocation minimum energy

geometries were found. For instance, the B3LYP/6-31G* optimized structure does find a minimum

with the C-Cl bond aligned with the carbocation's empty 2p orbital, but it shows a ~C*-c-Cl angle

of 108.8°, and the face-switching barrier to rotation of the CH2ClI group is calculated to be only 1.6

kcal/mol in the gas phase, roughly half the value for methyl group rotation in ethane. This
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calculated number is further lowered to 0.9 kcal/mol (B3LYP/6-31G*/SM8) by simulated solvation

in CHCls.

Conclusions from computational analysis of lI-1 + CI" ion (cationic adduct):

(a) Based on the above calculations, assuming chlorenium delivery to the alkene forms an
ionic intermediate, it is an open chloromethyl benzylic carbenium ion, rather than a bridged
chloronium species.

(b) Although such chloromethyl carbenium ions have energy minima with the C-Cl bond
aligned with the carbocation's empty 2p orbital, and the 2C*-C-ClI angle is slightly smaller than the

tetrahedral angle, the face-switching barrier to rotation of the CH,CI group is low as noted above.
Interestingly, a second minimum in which the chlorine lies in the plane of the cation is also found.

This structure, which offers no stereopreference to either face, is only 1.2 kcal/mol above the out-
of-plane minimum, and CHClI3 solvation lowers this difference to just 0.4 kcal/mol at the B3LYP/6-

31G*/SM8 level. Overall, this ensemble of structures may be understood as conformationally free,
offering no stereodirection to the lactone closure step. We note here that Haubenstock and
Sauers arrived at essentially the same conclusions on their more sophisticated calculations on the
simpler styrene- and butadiene-derived systems.>%*’

(c) The preference for the open chloromethyl carbenium ion form is not isolated to styryl
systems that can form stabilized benzylic cations; computational analysis of chlorenium addition
to 2-methylpropene displays similar behavior. This small system is amenable to calculations at
significantly more rigorous levels of theory. Rotation barriers for the resulting chloromethyl

carbenium ion evaluated at different levels of theory and based on gas-phase optimized

geometries are tabulated below:
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Barrier to rotation in Barrier to rotation in
Level of Theory

gas phase (kcal/mol) CHCl3 (kcal/mol)
B3LYP/6-31G* 3.20 3.14**
B3LYP/6-311++G** 3.16 3.07*
G3MP2//B3LYP/6-31G* 4.19 2.44*

*Solvation correction computed using B3LYP/6-31G* wavefunction

**Reoptimization in “solvent” lowers this barrier to 3.06 kcal/mol

Notably, even in this non-conjugated system, the calculated barriers to rotation of the C-C
bond (gas phase) are too low to imply any preference for the chlorine atom to bridge over. As

anticipated, an exhaustive computational analysis to probe the interaction of a “naked” chlorenium
ion (CI+) and the alkenoic acid II-1, leads to transfer of charge from the highly electronegative

halenium atom to a carbon based cation. This analysis, however, does not capture the entirety of
the existing components in the reaction mixture, especially the counter anion of the halenium
donor.

Furthermore, a counterintuitive result, as shown in Scheme II-1, is highlighted by substrate
lI-2. The electron donating methoxy substituent in 1I-2 is expected to readily form and stabilize the
proposed chloromethyl carbenium ion intermediate to a greater extent in comparison to substrate
lI-1. Hence, one would expect a greater level of stereoinduction in the corresponding
chlorolactone II-2a. The results displayed in Scheme 1l-1 argue otherwise; lI-2 was observed to be
the least selective substrate, yielding a nearly racemic product mixture. To probe the possibility of
product racemization under reaction conditions, the racemic product llI-2a was subjected to
enantiomeric resolution via HPLC (see Scheme I1l-2a). The enantiomers were subjected

separately to the standard reaction conditions as shown in Scheme 1l-2b. The lactone product
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was found to be stereochemically stable under the standard reaction conditions. The possibility of
olefin to olefin transfer of the chlorenium as a stereo-randomizing pathway was also probed. The
results are detailed as follows (see Scheme II-2¢):

Alkenoic acid lI-2 was premixed with enantiopure HPLC isolates, with (+)-1l-2a (R) in the
ratio 1:1 and with (-)-1l-2a (S) in the ratio 5:1, respectively (ratios were confirmed by 'H NMR
analysis of the mixtures using appropriate delay time). In two separate experiments, these
mixtures were exposed to the standard reaction conditions. Interestingly, the results reveal that
the enantiopure lactone resisted racemization under the reaction conditions. It should be noted
that chlorolactonization of lI-2 yields lI-2a as a racemate under standard reaction conditions. In
the first reaction where 1:1 mixture of ll-2:(+)- lI-2a (R) is employed, the racemate arising from 11-2

contributes one third of (-)-5(S) to the final product accounting for an enantiomeric ratio of

Scheme II-1. Stereoselectivity observed for 1I-1 and 1I-2, argues against the
chloromethylcarbenium ion as a putative intermediate.

® (DHQD),PHAL (10 mol%)
OH DCDMH (1.1 equiv)
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Scheme II-2. Probing the possibility of racemization of ll-2a under standard reaction conditions
employed for asymmetric chlorolactonization.
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~75:25, hence the observed 52% ee. Similarly, the 17% ee observed in the latter case can be
attributed to about 5/12" of the fractional contribution of (-)-1-2a (S) from II-2.

These results clearly demonstrates that once formed, either of the enantiomers, (+)-1I-2a
(R) and (-)-1I-2a (S) do not undergo ring opening under the reaction conditions causing errosion of
ees.

Another set of data that argues against the putative halomethyl carbenium ion pathway in
chlorolactonization of 1l-1 is the significant differences in rates of reactions when the carboxylic
acid moiety in lI-1 is substituted by different nucleophiles. As shown in Scheme II-3 below, the
observed differences in rates cannot be possibly explained by considering the classical

hypothesis, which limits the rate determining intermediate to the interaction of a bare “naked”

Scheme II-3. The rate determining-classically perceived intermediates (A and B) fail to explain
the following observed rate differences.
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halenium ion and the olefin leading to the formation of either (A) or (B). Overall, these outcomes

call for a comprehensive mechanistic probing of halofunctionalization of alkenes in general.
11.2.2. Mechanistic background.

Mechanistically, halofunctionalization of alkenes has been extensively studied since their
discovery. The exclusive formation of anti-adducts during halogenation of olefins let to the first
proposal by Kimball in 1937 for the intermediacy of symmetrically bridged haliranium ions (three
membered cyclic intermediates; see Figure 1I-5, intermediate 1).'%***' As described above, studies
from our own lab as well as those of Fahey, Sauers and others, have reported firm evidence
against the intermediacy of haliranium ions in halofunctionalization reactions.'®**%%% The
observation of both syn and anti-adducts from halofunctionalizations of styrylic substrates suggest
instead halomethyl carbenium ions intermediates (Figure II-5, intermediate 11).%* Furthermore, the

seminal work by Fahey, Poutsma, Williams and several others have demonstrated cases where

either of these classically perceived halonium ion intermediates (I or II) fail to provide an

Figure II-5. Path A and path B represent the rate determining-classically perceived
intermediates (I and Il) involved in electrophilic addition to alkenes.

Classical Perception of Electrophilic Addition to Alkenes:

(X=H,F, Cl,Br |, S, Se, HgL,)

-X
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explanation of the observed experimental outcomes. For instance, a.) frans-2-butene and
isobutylene exhibit similar rates for dichlorination even though the latter can form a more stable 3°
carbenium ion,?; b.) for dichlorination of a given alkene, a change in solvent polarity displays a
counterintuitive switch in the stereoselectivity where non-polar solvents strongly favor syn-

19,22,32,
)

addition, c.) stereoselectivity of dichlorination is markedly different for stilbene,

acenaphthylene and phenanthrene where all three substrates have the ability to form a stabilized
benzylic cation,®**; d.) dichlorination of trans di-tert-butylethylene gives products of methyl
migration (suggesting carbocationic intermediates) along with the desired dichloride adduct
whereas, the highly sterically encumbered cis analogue (anticipated to form a carbenium ion more
likely than its trans isomer as this event would relieve about 12 kcal/mol of steric strain) yields
exclusive anti-adducts with no trace of rearrangement products,®; and, e.) most strikingly,
addition of catalytic amounts of halide anions accelerates dihalogenation of olefins, establishing a

crucial role for a nucleophile in the rate determining step.?®*°

11.2.3. Computational analysis for probing alternative mechanistic pathways.

Mechanistically, halofunctionalization of n-systems are thought to be well-understood
reactions; in Sophomore Organic chemistry texts show these as two-step processes: (1)
electrophilic attack on the alkene functionality to form a cationic adduct, and (2) interception of this
adduct by a nucleophile (Figure II-5, paths A and B) to yield the addition product. Olefins that
benefit from extended conjugation with aromatic substituents do not have any preference to form
the bridged haliranium ion intermediates; instead they may form the halocarbenium intermediate
as shown in path B. To probe the validity of this pathway in the asymmetric chlorolactonization of
lI-1 initiated by (DHQD),PHAL as a chiral amine catalyst and 1,3-dichloro-5,5-dimethylhydantoin
(DCDMH) as the terminal chlorenium source, we resorted to transition state analysis at the

B3LYP/6-31G*/SM8 (CHCI,) level of theory. Several starting points (geometries) were considered
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to obtain a transition state structure for the formation of the proposed chloromethyl carbenium ion.
However, none of the geometries led to a defined transition state towards formation of the
carbenium ion. In presence of the donor anion, the chlorenium atom could not be transferred to
olefin.

This observation led to an important question in halogenation chemistry: energetically,
what is the cost of transferring a halenium ion from its donor to an olefin? In other words, what are
the relative “Halenium Affinities” of the olefin and the donor anion and, can we quantify the
propensity of an alkene towards capture of a halenium ion from its donor? To address these
questions, we introduce a previously unexplored parameter -Halenium Affinity (HalA)- as a
quantitative descriptor of the bond strengths of various functional groups to halenium ions.*” The
HalA scale ranks potential halenium ion acceptors based on their ability to stabilize a ‘free
halenium ion’. Alkenes in particular but other Lewis bases as well, such as amines, amides,
carbonyls and ether oxygens, etc. have been classified on the HalA scale. The influences of
subtle electronic and steric variations, as well as the less predictable anchimeric and
stereoelectronic effects, are intrinsically accounted for by HalA computations, providing
quantitative assessments beyond simple ‘chemical intuition’. Specifically, we define the HalA

value for a given Lewis base (.LB) as the DFT calculated (gas phase) energy change upon
attachment of a halenium ion (X+), as shown in the dashed box below. The acceptor fragment

may be neutral or anionic (i.e. the X-LB complex is cationic or neutral), leading to two distinct

cases:

neutral acceptor. AHxn (X+ +:LB — X—LB+)

anionic acceptor. AHy, (X+ +:LB” — X-LB)
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The HalA values in kcal/mol are derived at T = 298.15 K (unless noted otherwise) as in equation

(1) and (2):
5
HalA = —AE,, — AZPE — AE'yy, + 2 RT (1)
3n—-6
, Nh'l)i
E'yip(T) = 2 SNRVRT — 1 (2)

i=1
where; AEiec) = E(electronic)(X-LB adduct) — [E electronic)(:LB) + E(electronic) (X+)]; zero point
energy change AZPE = ZPE(X-LB adduct) — ZPE(:LB); AE’ wip) = E’ip)(X-LB adduct) — E’ yip)(:LB)
i.e. difference in temperature dependence of vibrational energy; N is Avogadro’s number:
23 IR , i _34 . th o
6.022x10"" mol™', h is Planck’s constant: 6.62606957(29)x10™ " J-s, and n; is the i vibrational

frequency. Finally, the 5/2 RT quantity accounts for translational degrees of freedom and the ideal
gas value for the change from two particles to one. The ground state energy of the halenium ion is
calculated for its triplet state.

Qualitative reactivity ranking of potential halogen attack sites using HalA computations can
be made using the HalA table (see Figure 1I-6) whereas quantitative comparison of affinities can
be established by computing the full structures using optimum solvation models. Figure 11-6
provides the HalA (Cl) scale for various functional groups to allow a qualitative comparison. As
shown, functional groups (acceptors) undergoing extended conjugation with the substituents
attached, span a larger range of HalA. For instance, alkenes, alkynes, amines, aromatic
compounds etc. whose HOMO can be easily altered based on the electronics of the substituents,
display a wider range of HalA values in comparison to epoxides or alcohols where the attached
substituents can only exert a weaker inductive effect. The HalA scale has been experimentally
verified by analysis of the equilibrium ratios of various chloropyridinium salts. Ms. Nastaran

Marzijarani performed an exhaustive survey of experiments on chloropyridinium salts and
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Figure 1I-6. The HalA (Cl) scale based on theoretical estimates of over 500 chlorenium ion
acceptors.

Thiols and Sulfides

Epoxides
Aromatics
Tertiary Amines
Heteroczcles
Enones Secondary Amines
Phosphines
Primary Amines
Aliphatic alcohols Alkenes
T | I:Alkynes_:
Pyridines
Phenols
I100 | 1|24 | 14|8 | 17|2 | 196|3 22|o

HalA (Cl) scale in kcal/mol for common functional groups

displayed that the predicted HalA values are in excellent agreement with the experimentally
determined ratios.

A relative comparison of halenium affinities can facilitate (a) a rational approach towards
choice of compatible nucleophiles (especially when the nucleophilic atom is embedded within
motifs that have similar steric/electronic profiles) (b) it can account for the modulation of HalA
values of alkenes by the anchimeric assistance of neighboring functionalities; this aspect
underscores the importance of quantitatively evaluating HalA values on full structures rather than
on truncated models. Furthermore, subtle electronic perturbations leading to modulations of HalA
values are also accounted for in the calculations, (c) accurate predictions of chemoselectivity

towards development of halenium initiated cascade/Domino reactions, and (d) most importantly,
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Figure 1I-7. HalA (CI) predictions at the B3LYP/6-31G*/SM8(CHCI3) level of theory predicts the
alkenoic acid II-1 to be inefficient to capture the chlorenium atom from DCDMH.
Cl
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(0] N 0 181.1 kcal/mol
T
Cl
this tool can be employed as an indirect probe to verify the possibility of halenium ion transfer
between two acceptors.

Application of HalA computation to cholorolactonization reveals that the alkenoic acid II-1
cannot compete in terms of its halenium affinity to capture a chlorenium atom from DCDMH. The
olefin has a 18.7 kcal/mol lower HalA (Cl) in comparison to the anion of the chlorenium donor.
However, the reaction does proceed in practice and goes to completion at -40 °C in about 6 h.
This raises an imperative question as to what phenomenon allows compensation for the 13.7
kcal/mol difference in HalA values? An exhaustive search for transition state structure led us to an
interesting finding wherein, the nucleophile plays a key role by interacting with the olefin and
eventually exalts its HOMO energy, allowing it to capture the halenium ion. Figure II-8 depicts the
calculated transition state for the above chlorolactonization where two molecules of the alkenoic
acid are involved in strong H-bonding interactions with the two most basic sites on the catalyst

(the quinuclidine nitrogens). This interaction serves benefits the reaction in multiple ways: a. the
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Figure 1I-8. Calculated transition state structure for the asymmetric chlorolactonization of II-1
catalyzed by (DHQD),PHAL at the B3LYP/6-31G*/SM8(CHCI3) level of theory.

(DHQD),PHAL a ! ® — (vellow) \

(grey) E_Kr/\s

LS
‘ Alkenoic acid
Front View Ii-1 | Side View
(green)

substrate based olefin is occluded within the chiral cleft of (DHQD).PHAL, b. the H-bonded
complex enhances the nucleophilic character of the carboxyl moiety promoting a stronger pre-
polarization of the olefin via nucleophile-olefin interaction (enhancing its HOMO energy) and, c.
the C2-carbonyl of DCDMH is electrostatically attracted to the ammonium center, allowing a pre-
disposition of the reactants in a spatial setting, enhancing the rate of the reaction as well as
imparting the observed enantioinduction.

Among all the features, the assistance of nucleophile is of utmost importance towards
initiating the chlorenium atom transfer. To further probe this hypothesis, which we dub as
“Nucleophile Assisted Alkene Activation” (NAAA), the following theoretical and experimental

studies are presented.
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11.3. Nucleophile Assisted Alkene Activation (NAAA)

1.3.1. The classical perception of halonium ions.

In path A or B in Figure 1I-5, the conventional mechanism would view the electrophilic
halenium attack to form bridged halonium or an open halo-carbenium ion as the rate-determining
step. This allows the electronic nature of substituents directly attached to the olefin to influence
the formation of intermediate 1 (either symmetrically or asymmetrically bridged) and/or
intermediate I1. Three inferences arise from this picture: (i) The reaction rate should be governed
by the first step, forming intermediates T or II; (ii) the stereo-preference and regioselectivity of the
nucleophilic attack should be dictated by the stereoelectronic identity of T and II; and, (iii)
nucleophilic attack (step 2) should have no significant bearing on the rate of the overall addition.
Despite these well-defined features, numerous previously reported experimental outcomes are not
well explained by this classical scenario. The major drawback in this analysis is the uncharted role

of the nucleophile and the counter anion of the halenium donor.

11.3.2. Halenium affinity (HalA) as a mechanistic probe.

As described earlier, the HalA scale ranks potential halenium ion acceptors based on their
ability to stabilize a free halenium ion. Although this is an indirect approach, the HalA values serve
as quantitative descriptors of the bond strengths of various functional groups to halenium ions. To
probe the classical approach, wherein a donor transfers a halenium ion onto an olefin leading to a
haliranium ion (or halocarbenium ion) in proximity with its donor counter anion, we resorted to
comparison of their relative HalA values (Figure 11-9). The SM8 model for simulated chloroform (a
typical solvent for halogenation reactions) was employed for this HalA assessment. The role of
the byproduct anion after halenium ion delivery has received relatively little attention in
mechanistic descriptions of electrophilic halogenations. A handful of reports have explored

bridged halonium ions with counterions such as trifluoromethylsulfonate, BF,
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Figure 1I-9. a. Relative HalA values (B3LYP/6-31G*/SM8-CHCIs)for some prototypical alkenes
in comparison to 1-methylcyclohexene. b. Relative HalA values of anions of commonly used
halenium ion donors in comparison to 1-methylcyclohexene. Values in parenthesis are absolute
HalA values. c. Classical mechanistic perception leading to charged intermediates. d.
Competition between neutral and anionic acceptors for capture of chlorenium ion (complex-A)
and competition between two neutral acceptors (complex-B).
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and antimony (VI) halides, anions with extremely low halenium affinity.*>**2 In contrast, the most
commonly employed halenium donors in halo-functionalization of olefins are imide-based
reagents or dihalogens themselves, whose counter anions have higher halenium affinities
(compare HalA values in Figure 1I-9 a and b).

To validate the HalA assessments, a theoretical competition for a chlorenium ion was set
up between dichloroisocyanurate anion (with the lowest HalA-Cl value among imide based donors

studied to date) and styrene as the alkene acceptor (Figure 11-9 d, complex A). The B3LYP/6-
31G*/SM8 (CHCI3) level of theory reveals only a weak Van der Waals interaction between styrene

and the chlorine in this complex, without a trace of olefin re-hybridization. The TCCA imide
nitrogen, on the other hand, retains its N-Cl bonding at a distance (1.74 A) almost equidistant to
the other two N-CI bonds (1.72 A). A similar competition between diethylsulfide (mimicking the

chlorenium ion donor-chlorodiethylsulfonium hexachloroantimonate)®

and styrene finds the
chlorenium ion again shared unequally between the two ‘neutral’ acceptors. However; in this case
the styrene is the stronger acceptor, pulling the chlorine close (1.96 A; see complex B). Since
reaction of neutral species to form ionic products in general is energetically uphill in organic
solvents, transfer of chlorenium ion to olefins by expulsion of an anionic donor is not an optimum
choice for a reaction pathway (Figure 11-9 c). Due to the high electronegativity of halogens, during
a halofunctionalization reaction, the halenium atom will break the bond to the donor atom only
after it has acquired enough electron density from the acceptor. Hence, to ensure complete
transfer of halenium ion from a donor haloimide to an acceptor alkene, the HalA of the anionic
imidate (after the N-X bond is severed) should be less than the corresponding alkene. In essence,
anionic species will always outcompete a neutral acceptor to capture a halenium ion (Figure 11-9 b

and d). Yet reagents such as TCCA are not only successful but also highly reactive in electrophilic

halofunctionalizations of alkenes. What enables olefins to react with these imide based halenium
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ion donors? The following series of experiments provides evidence for activation by the
nucleophilic partner, presumably by exalting the HOMO of the t-system and thereby increasing its
nucleophilicity. This hypothesis accords with the Salem-Klopman equation that quantifies the
degree of perturbation of molecular orbitals upon interaction of electrophiles and nucleophiles with
a n-system.’**® The following set of experimetnal results validate the HalA predictions.

As represented in Figure 11-10, the classical mechanistic perception of
halofunctionalization of olefins predicts the transfer of a halenium ion from a donor to an olefin
leading to a bridged haliranium ion (or halocarbenium ion) in proximity with its donor counter
anion. To elucidate the thermodynamics of this process, we resorted to comparison of HalA
values. The SM8 model for simulated chloroform (a typical solvent for halogenation reactions) was
employed for this HalA assessment.

A competition reaction was set up between tetra-n-butylammonium succinimidate (anionic

Figure 11-10. Classical perception of halofunctionalization of olefins.
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Figure II-11. '"H NMR spectra, (CDCls, rt, dark): a. N-chlorosuccinimide (NCS), b. tetra-n-
butylammonium succinimidate, c. 1,3-dichloro-5,5-dimethylhydantoin (DCDMH), d. a 1:1
mixture of succinimide anion and DCDMH, the '"H NMR resonances depict the succinimide
anion abstracts the chlorenium ion completely from DCDMH owing to the higher HalA value of
succinimide anion (AHalA = 8.9 kcal/mol).
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