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Abstract

Graham J. Haun
EFFORTS TOWARDS THE DISCOVERY OF NOVEL METHODS FOR THE
SYNTHESIS OF PHARMACOLOGICALLY RELEVANT MOLECULAR
SCAFFOLDS
2017-2018
Dr. Gustavo Moura-Letts
Master of Science in Pharmaceutical Sciences

With the introductions of pharmaceuticals into modern day society many people
have been using them to improve their lives. Due to this high increase in demand along
with the ever-growing concern of environmental impact pharmaceutical companies have
been pressed to synthesis new and existing drugs at a higher rate. This increased rate can
cause low yield drugs or have a heavy environmental impact. As the use of
pharmaceuticals becomes more widespread the need for greener and simpler organic
synthesis methods to make these pharmaceuticals becomes more needed.

Herein is reported the methodological development of different
pharmacologically relevant scaffolds. This work shows Titanium Dioxide (TiO2, rutile)
as well as Hydroxylamine-O-Sulfonic Acid (HOSA) can be employed to make a scaffold
that is commonly used for the synthesis of amino acids. This work also presents two
methods for the formation of heterocyclic compounds that have been found to have
antibacterial properties. These works highlight the value of simple methodology to

achieve relevant scaffolds for pharmaceuticals.
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Chapter 1

Sulfonylamidonitriles

1.1 Introduction to the Strecker Reaction and Titanium Dioxide

Scaffolds that contain an aminonitrile are of significant importance in organic
chemistry'-2, and are typically prepared through a nucleophilic addition of a cyanide to an
imine known as the Strecker reaction.>> The Strecker reaction allows for the formation of

pharmaceutically relevant molecular scaffolds such as o-amino acids (Figure 1).%*
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Figure 1. Various modes of a-aminonitrile activity



Traditionally the Strecker reaction is carried out with the use of bulky and expensive
catalysts’!! (Figure 2) that are efficient but tend to be toxic and are the cause of wasteful
and tedious workups.'? 13 Ti-catalyzed Strecker reactions are commonly run in toluene
using 10% mol of the Ti-catalyst. These conditions allow for the increase of
enantioselectivity and stereoselectivity, at -20°C, of the nitrile formed. The
stereoselectivity was also seen to decrease upon heating usually around 0-10°C. Different
heterogenous catalysts in the presence of polymeric sulfuric acid'4, molecular sieves'?,
nanosized material'®, heteropolyacids, and supported complexes have all shown to
improve the efficiency of this reaction in terms of cost, recovery, and separation but the

toxicity and waste management still persist.!’-2°

* 0.1 eq. catalyst
éf' 15;“- 0.1 eq. NEi, o
* - , |__, r
NFa it 15eq7iPrOH g __ };]_F.\\ R Ar 1B
| A Et0” "CH toluene / hex R’:{CN o winyl
= R (1:0ar1:1) R H, alkyl
rt,B-14h A otolyl 2B-Me-CoH,

for R'=alkyl: 2.5 eq.

Figure 2. Nitrile Synthesis Using an Aluminum Catalyst

The synthesis of sulfonylamidonitriles relies on the nucleophilic addition of

cyanide to a sulfonylimine (Figure 3) which is an important Strecker-type reaction.!"*



Other methods for the synthesis of these scaffolds have relied on organic sources of
cyanide and transition metals in order to achieve higher levels of selectivity and
efficiency.?*2® These transition metals included an La-catalyst using HCN as the cyanide
source. The La-catalyst dissolved more in EtCN than toluene while still providing the
same enantioselectivity. This lead to high enantioselectivity of the nitrile with a,p3-
Unsaturated aldimines while aliphatic aldimines gave poor enantioselectivity. These
reactions ran the catalyst in 10 mol percent while the reaction ran at -20°C for 20 hours.
The La-catalyst was also poorly activated and needed upwards of 50 mol percent of an
additive to achieve the desired enantioselectivity. Due to the high cost and toxicity of
these reagents attention has shifted to the development of cyanide sources that are less

expensive and toxic while being easy to dispose of.2’-*

Figure 3. General Structure of a Sulfonylimine

It has been shown that titanium dioxide (TiO2, rutile) can be used as a catalyst
support®® and allows for the modulation of catalytic activities such as dehydrogenation

and hydrodesulfurization.>!-* Rutile nanoparticles have been used as a catalyst to
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synthesize quinolinones via a domino hydrolysis/ aldol condensation/ Michael addition
reaction.>* Rutile is the mineral form of titanium dioxide, which is the most abundant
natural source of titanium.*> 3® The nontoxic nature as well as the high physical and

chemical stability have led to rutile being researched in a wide variety of fields.?’

1.2 Results and Discussion

With the knowledge that sulfonylamidonitriles formation is usually not a green
reaction, we set out to find optimal conditions in which this reaction would be a one pot
green reaction. Optimization began with the addition of excess sulfonamide (Table 1,
Entry 1). This showed high conversion to the imine but a low conversion to the product.
Phase transfer catalysts have commonly been used in Strecker reactions and through the
addition of tetrabutylammonium iodide (TBAI) in the solvent tetrahydrofuran (THF) the
yield of the reaction increased significantly (Table 1, Entry 5). Lewis acids have also
been known to promote Strecker reactions and found that decreasing the strength of the
Lewis acid promoted the reaction further showing that rutile was the best promoter
(Table 1, Entry 7, 9 ,10-11). Other metal oxides were than tested and it was observed that
rutile was the best promoter (Table 1, Entry 13-16). Upon changing the stoichiometric

amounts of rutile, the optimal conditions were arrived upon (Table 1, Entry 19).



Table 1

Sulfonylamindonitrile Synthesis Optimization Studies

o] O\\S//O O\\S//O O\\S//O CN
| . "NH, conditions /@ N= + \”’l\l :

1 2
Entry Solvent Promoter  molar ratio? CN Conversion? Yield 2°
1 H,O - 1:2:1:2 NaCN 90% 64%
2 CHCl3 - 1:2:1:2 cyanohydrin 88% 50%
3 CHCl3 - 1:2:1:2 TMSCN 84% 55%
4 THF/H,O - 1:2:1:2 NaCN 95% 68%
5 THF TBAI 1:2:1:2 NaCN 93% 66%
6 THF/H,0 TBAI 1:1:1:2 NaCN 71% 59%
7 THF TiCly 1:1:1:2 cyanohydrin 78% 40%
8 THF Ti(EtO)4 1:1:1:2 cyanohydrin 89% 62%
9 THF Ti(EtO)4/TBAI  1:1:1:2 NaCN 95% 75%
10 THF TiO,° 1:1:1:2 NaCN 90% 90%
11 THF TiO,/TBAIC 1:1:1:2 NaCN 95% 89%
12 H,0 Tio, 1:1:1:2 NaCN 99% 97%
13 H,O ZrO, 1:1:1:2 NaCN 88% 75%
14 H,O Fe,O3 1:1:1:2 NaCN 82% 55%
15 H,O ZnO 1:1:1:2 NaCN 80% 71%
16 H,O MgO 1:1:1:2 NaCN 88% 64%
17 H,0 TiO,® 1:1:1:2f NaCN 95% 82%
18 H,O TiO,? 1:1:0.5:2 NaCN 99% 92%
19 H,O Tioy? 1:1:0.2:2 NaCN 99% 93%
20 H,0 TiOy? 1:1:0.1:2 NaCN 80% 71%
21 H,0 TiO, 1:1:0.2:1° NaCN 80% 62%

Reaction conditions: tolualdehyde (0.1 mmol), toluenesulfonamide (0.1 mmol) and rutile (0.02 mmol)
were mixed in H,O and then NaCN (0.2 mmol) was added as a 4M H,O solution.

a) Molar ratio: Aldehyde:Sulfonamide:Rutile:NaCN. b)Reaction conversion measured by 'H NMR.
c) Isolated yield. d) TiO, as Rutile. e) TiO, as Anatase. f) Reaction with 1 equiv. of NaHCO3.

With the optimal conditions in hand we moved on to test the scope of this

reaction. It was found that aliphatic aldehydes converted to the nitrile in excellent yields



(Table 2, Entry 1-3). Aromatic aldehydes also proved to have excellent yields including
cinnamaldehyde (Table 2, Entry 4-11). As expected electron donating groups proved to
have excellent yields with this method (Table 2, Entry 6-7). Electron withdrawing groups
also proved to have good yields (Table 2, Entry 10-11). Molecules with electron
withdrawing groups were observed to perform background reactions and required

purification through a silica gel column.



Table 2

Sulfonylamindonitrile Synthesis Scope

Oy P OO ¢N
fo) N Rutile, NaCN S 4\
M- 2 - NNy
R H THF/H,0 R
Entry Aldehyde Sulfonylamidonitrile Conversion? Yield? Entry Aldehyde Sulfonylamidonitrile Conversion® Yield?
Oy 0 ¢N Q O‘\s"o N
0 oSl L | N
1 | N CH 93% 88% 7 H 99% 91%°
CoHisg H 7H15
MeO OMe
[N ,/O CN e} O\\S//O CN
S /k | N
2 I N C4H 95% 90% 8 H 90% 85%
CsHg H 3Hg Q
Q, O cN
o 0\\3/,0 CN Q 4
3 W) /©/ H#/ 99% 99% 9 <Oj©) /©/ H o 9% 90%
© (o)
NS oNpe]
? O\S\, CN ? S\N CN
4 ©/\) /©/ H/K/\® 99% 92% 10 /@2 /©/ H 95% 75%°
Cl Cl
95% 88% 1" 96% 80%°

0,0 c¢N
) S
[SNpe) N
9 < L
6 [j/ g & HJD\

98%

O, O ¢N
Q 14
N
jegp el
O:N NO,

97%

a) Reaction conversion measured by "H NMR. b) Isolated yield. c) Isolated through automated silica gel chromatography.

Tests to determine the scope of sulfonamides were done using cinnamaldehyde

due to them having the greatest yields. Pharmacologically relevant sulfonamides were

tested and found to have excellent yields (Table 3, Entry 2-3). High chirality transfer was

testing using t-buytlsulfonamide and the reaction showed poor yields (Table 3, Entry 4).



Tests were done on other aldehydes with the test sulfonamides to see if the reactions

would still proceed in high yields (Table 3, Entry 5-9).



Table 3

Sulfonylamidonitrile Sulfonamide Synthesis Scope

o] Rutile, NaCN 0, .0 ¢cN
)k + O\\S//O - R/S‘ 4\
R 'H RS 'NH, THF/H,0 s H R,Ra(H)
Entry Aldehyde Sulfonamide Sulfonylamidonitrile  Conversion? Yield?
(\:) ONPY O\\S//O oN
1 sl s \N/K/\ 93% 88%
Ph/\) 7NHj N on
(ON ,/O O\\S,/O CN
2 “NH = ‘N/K/\ 95% 90%
2
Ph/\) S S, s N Ph
0,0 cN
NH S\
3 ‘ 2 N 99% 99%
Ph/\) Q D/ H Ph
O,N O,N
o) 0 (‘s‘) CN
4 \ S, N /K/\ 93% <5%
ONpY 0., 0O ¢cN
\ N <
5 ﬁf o Srg o
O,N O,N
o, 0
o, ,/o Ny’ CN
6 "NH, \\s N 98% 90%
\ S
O O CN
0\\ Y S
= N
7 /@) C( NH, S Hb 99% 95%
OMe
o, 0
0, 0 <o M
=" N
8 < "NH, a_s H o 9% 75%¢
\ S )
(¢}
9 86%

S o

a) Reaction conversion measured by 'H NMR. b) Isolated yield.
c) Isolated through automated silica gel chromatography.



The recyclability of the rutile as a catalyst was tested and was found that after
four cycles of reuse the time required for the reaction to complete increased (Table 4,
Entry 4). After six cycles the yield of the reaction decreased slightly (Table 4, Entry 6)

while, by cycle ten the reaction was no longer viable (Table 4, Entry 10).

Table 4

Sulfonylamidonitrile Rutile Recyclability Study

ON /,O \\//

O\\S//O CN
k : j “NH, Condltlons/©/ /@/ 'N- \Z :
i : H
2

Cycle 1¢ Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9 Cycle 10
Conversion®  100% 100% 100% 100% 100% 100% 95%  95% 95% 95%
Yield of 2° 92% 91% 92%  94% 90% 90%  86% 84% 66% 48%

Amount of TIO,* 80mg 80mg 79mg 73mg 73mg 75mg 71% 68mg 65 mg 64mg
Timed 3h 3h 3h  3h 6h 6h 6h 6h 12h 12 h

a. Reaction conversion was measured by "H-NMR. b. Isolated yields.
c. Reaction scale was 5 mmol (20 mol% of TiO,, 80 mg). d. Reaction was monitored by TLC.
e. TiO, was allowed to settle and was then filtered. This operation was repeated with 10 mL of H,O

to remove traces of NaCN.

The reaction mechanism starts with the chelation of rutile to each oxygen
molecule (Figure 4). After this the primary amine of the sulfonamide attacks the carbonyl
carbon and pushes the electrons up to the oxygen. After proton transfer the lone pair on

the amine pushes toward the carbon-nitrogen bond and displaces water. This forms an

10



imine that can now be attacked by the cyanide which, after proton transfer and an

aqueous workup forms the final sulfonylamidonitrile product.

SN Soy=(r
HRH
Product 1 Ry

Figure 4. Proposed Mechanism of the Sulfonylamidonitrile Reaction

1.3 Conclusion

This method shows the development of an efficient and novel synthesis of
sulfonylamidonitriles in the presence of rutile as a catalyst. The data provided shows that
aliphatic and aromatic aldehydes undergo this reaction in excellent yields with complete
conversion. Moreover, the presented data shows that a variety of substituted sulfonamides

are ideal for this reaction. Rutile has also been shown through these experiments to be



easily recovered and reused for 8 cycles with no significant loss of productivity. The
proposed mechanism also postulates that rutile provides a Lewis acidic environment that
allows for multiple interaction sites on the rutile, enhancing the rate of cyanide addition

across the imine intermediate.

1.4 Experimental

Reagents were obtained from Aldrich Chemical, Acros Organics or Alfa Aesar and
used without further purification. Solvents were obtained from EMD Miliphore DrySol
and degassed with nitrogen. Reactions were performed in 4-mL glass vials with magnetic
stirring. TLC was performed on 0.25 mm E. Merck silica gel 60 F254 plates and visualized
under UV light (254 nm) or by staining with potassium permanganate (KMnO4). Silica
flash chromatography was performed on E. Merck 230-400 mesh silica gel 60. Automated
chromatography was performed on an ISOLERA Prime instrument with 10 g. SNAP silica
gel normal phase cartridges using a flow rate of 12.0 mL/min and a gradient of 0- 30%
EtOAc in Heptanes over 12 column volumes with UV detection at 254 nm. NMR spectra
were recorded on Varian Mercury II 400 MHz Spectrometer at 9 24 °C in CDCIl3 unless
otherwise indicated. Chemical shifts are expressed in ppm relative to solvent signals:

CDCls (*H, 7.23 ppm; '3C, 77.0 ppm; coupling constants are expressed in Hz.

12



1.4.1. General method for the synthesis of Sulfonylamidonitriles. In a 4-mL
reaction vial, aldehyde (0.1 mmol, 1.0 equiv), sulfonaamide (0.1 mmol, 1.0 equiv.), ruitle
(0.02 mmol, 0.2 equiv) were dissolved in a 4 mL solution of de-ionized H,O with (0.2
mmol, 2 equiv) NaCN. The solution was stirred at RT for 3 h or until complete conversion,
determined by TLC. The reaction was concentrated by rotary evaporation to afford the
crude product. The product was directly characterized unless traces of impurities required

purification by automated silica gel flash chromatography (few examples).

1.4.2. Synthesis of Sulfonylamidonitriles from Table 2.

0.0 ¢CN

\,

sl
/©/ H/<C7H15

N-(1-cyanooctyl)-4-methylbenzenesulfonamide (2a): Sulfonylamidonitrile 2a was
obtained (27 mg, 88%) as a pale-yellow oil. TLC: Rr0.64 (2:1 heptanes/EtOAc). '"H
NMR (400 MHz, CDCl3): d 7.76 (d, J=7.5 Hz, 2H), 7.28 (d, /= 7.5 Hz, 2H), 4.22 (t, J
=7.1 Hz, 1H), 2.48 (s, 3H), 1.75 (ddd, J = 7.3, 6.9, 6.4 Hz, 2H), 1.48-1.44 (m, 2H), 1.27-
1.23 (m, 8H), 0.82 (t, /= 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl5): d 144.6, 136.0,
130.1, 127.2, 117.5, 44.4, 34.0, 31.6, 28.8, 28.5, 25.0, 22.6, 21.6, 14.0 ppm. ESI-MS m/z

(rel int): (pos) 309.1 ((M+H]", 100); (neg) 307.1 ((M—H]", 100).

13



N-(1-cyanohexyl)-4-methylbenzenesulfonamide (2b): Sulfonylamidonitrile 2b was
obtained (25 mg, 91%) as a colorless oil. TLC: R;0.64 (2:1 heptanes/EtOAc). "H NMR
(400 MHz, CDCl3): d 7.78 (d, J=7.3 Hz, 2H), 7.26 (d, J= 7.3 Hz, 2H), 6.02 (bs, 1H),
4.17 (t,J= 6.8 Hz, 1H), 2.48 (s, 3H), 1.78 (ddd, /= 7.5, 7.0, 6.4 Hz, 2H), 1.42-1.25 (m,
4H), 0.75 (t, J = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCls): d 144.3, 135.8, 129.8, 127.0,
117.5,44.1,33.1,26.8, 21.5, 21.4, 13.4 ppm. ESI-MS m/z (rel int): (pos) 267.1 ((M+H]",

100); (neg) 265.1 ((M—HT", 100).

N-(1-cyanobutyl)-4 imethylbenzenesulfonamide (2¢): Sulfonylamidonitrile 2¢ was
obtained (22 mg, 90%) as a colorless oil. TLC: R;0.64 (2:1 heptanes/EtOAc). '"H NMR
(400 MHz, CDCl3): d 7.81 (d, J = 7.2 Hz, 2H), 7.28 (d, J= 7.2 Hz, 2H), 5.78 (bs, 1H),
4.20 (bs, 1H), 2.48 (s, 3H), 1.78 (dt, J = 7.3, 6.9 Hz, 2H), 1.52-1.49 (m, 2H), 0.98 (t, J =
6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3): d 144.6, 135.9, 130.0, 127.2, 117.5, 44.1,

35.9,21.6, 18.4, 13.0 ppm. ESILIMS m/z (rel int): (pos) 253.2 ((M+H]", 100); (neg)

251.2 ((M—HT, 100).
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N-(1-cyano-2[ 'methylpropyl)-4-methylbenzenesulfonamide (2d): Sulfonylamidonitrile
2d was obtained (25 mg, 99%) as a palelyellow oil. TLC: R/0.64 (2:1 heptanes/EtOAc).
'"H NMR (400 MHz, CDCl3): d 7.75 (d, J = 7.1 Hz, 2H), 7.29 (d, J = 7.1 Hz, 2H), 5.58 (d,
J=5.7Hz, 1H), 4.02 (d, /J=6.2 Hz, 1H), 2.48 (s, 3H), 1.78 (sd, J= 7.3, 6.8 Hz, 1H), 1.03
(d,J=7.3Hz,3H), 1.01 (d,J= 7.3 Hz, 3H). ¥3C NMR (100 MHz, CDCl5): d 144.3, 135.9,
129.9, 127.0, 116.6, 50.5, 32.2, 21.5, 18.3, 17.6 ppm. ESI-MS m/z (rel int): (pos) 253.2

(IM+H]", 100); (neg) 251.2 ((MHT, 100).

NUI(10cyano[3[1phenylpropyl)[/4-methylbenzenesulfonamide (2e):
Sulfonylamidonitrile 2e was obtained (29 mg, 92%) as a pale! lyellow oil. TLC: R/0.68
(2:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCls): d 7.76 (d, J = 7.3 Hz, 2H), 7.28-
7.24 (m, 5H), 7.09 (d, J=7.3 Hz, 2H), 6.11 (bs, 1H), 4.22 (t,J=7.1 Hz, 1H), 2.77 (t, J =
6.6 Hz, 2H), 2.48 (s, 3H), 2.06 (tt, J= 7.1, 6.6 Hz, 2H). 3C NMR (100 MHz, CDCl5): d
144.3, 138.7, 135.6, 129.8, 128.5, 128.1, 127.0, 126.4, 117.3, 43.4, 34.9, 30.8, 21.3 ppm.

ESI-MS m/z (rel int): (pos) 315.1 ((M+H]", 100); (neg) 313.1 ((MJH], 100).
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N-(cyano(phenyl)methyl)-4 /methylbenzenesulfonamide (2f):
Sulfonylamidonitrile 2f was obtained (25 mg, 89%) as a colorless oil. TLC: R/0.60 (2:1
heptanes/EtOAc). 'THLINMR (400 MHz, CDCls): d 7.72 (d, J= 7.1 Hz, 2H), 7.25-7.22
(m, 5H), 7.01 (d, J= 7.1 Hz, 2H), 6.28 (bs, 1H), 4.28 (s, 1H), 2.48 (s, 3H). 1*C NMR
(100 MHz, CDCls): d 144.7, 139.1, 135.2, 129.6, 128.3, 128.0, 127.5, 126.3, 116.0, 43.4,

21.3 ppm. ESILIMS m/z (rel int): (pos) 287.2 ((M+H]", 100); (neg) 285.2 ([M-H], 100).

N-(cyano(p-tolyl)methyl)-4-methylbenzenesulfonamide (2): Sulfonylamidonitrile was
obtained (29 mg, 97%) as a pale-yellow oil. TLC: Rr0.62 (2:1 heptanes/EtOAc). 'H
NMR (400 MHz, CDCl3): d 7.76 (d, J= 7.1 Hz, 2H), 7.29 (d, /= 7.2 Hz, 2H), 7.25 (d, J
=7.2 Hz, 2H), 7.19 (d, J = 7.1 Hz, 2H), 5.43 (s, 1H), 2.48 (s, 3H), 2.28 (s, 3H). *C NMR
(100 MHz, CDCl3): d 144.5, 139.9, 136.0, 130.0, 129.6, 129.1, 127.3, 127.0, 116.5, 47.9,

21.6, 21.1 ppm. ESI-MS m/z (rel int): (pos) 301.1 ((M+H]", 100); (neg) 299.1 (M H],

100).
16
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N-(cyano(4 /methoxyphenyl)methyl)-4-methylbenzenesulfonamide (2g): Purification
by automated silica gel flash chromatography (10 g cartridge, 12 ml/min. 20:1
heptanes/EtOAc to 1:4 heptanes/EtOAc over 12 min) yielded sulfonylamidonitrile 2g (29
mg, 91%) as a white solid. TLC: Ry 0.42 (2:1 heptanes/EtOAc). "TH NMR (400 MHz,
CDCl3): d 7.76 (d, J= 7.1 Hz, 2H), 7.34117.32 (m, 4H), 7.28 (d, J = 7.1 Hz, 2H), 5.32 (s,
1H), 3.76 (s, 3H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCls): d 160.4, 144.5, 135.9, 129.9,
128.5,127.2,124.0, 116.5, 114.5, 55.3, 47.6, 21.6 ppm. ESI-MS m/z (rel int): (pos) 317.2

(IM+H]*, 100); (neg) 315.2 ([M-HT, 100).
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Nll(cyano(naphthalen-2-yl)methyl)-4-methylbenzenesulfonamide (2h):
Sulfonylamidonitrile 2h was obtained (28 mg, 85%) as a colorless oil. TLC: R/0.55 (2:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3): d 7.99 (d, J = 7.1 Hz, 1H), 7.81 (d, J =
7.2 Hz, 2H), 7.76 (d, J= 7.2 Hz, 2H), 7.67 (d, J= 7.1 Hz, 1H), 7.54 (t, J = 7.1 Hz, 2H),
7.29 (t,J=7.2 Hz, 1H), 7.23 (d, J=7.2 Hz, 2H), 6.02 (bs, 1H), 5.49 (bs, 1H), 2.46 (s,
3H). BC NMR (100 MHz, CDCl3): d 144.6, 135.6, 133.9, 131.1, 129.9, 129.0, 127.8,

127.3,126.9, 126.6, 126.5, 124.9, 122.3, 116.4, 46.3, 21.6 ppm. ESI-MS m/z (rel int):

(pos) 337.2 ((M+H]", 100); (neg) 335.2 ((M[HT, 100).
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N-(benzo|d][1,3]dioxol-5-yl(cyano)methyl)-4-methylbenzenesulfonamide (2i):
Sulfonylamidonitrile 2i was obtained (30 mg, 90%) as a pale-yellow oil. TLC: Rr0.35
(2:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3): d 7.74 (d, J = 7.1 Hz, 2H), 7.43 (d,
J=17.1Hz,2H), 7.21 (s, 1H), 6.97 (d, J= 7.3 Hz, 1H), 6.73 (d, J= 7.3 Hz, 1H), 5.82 (s,
2H), 5.34 (s, 1H), 2.48 (s, 3H). 13C NMR (100 MHz, CDCl3): d 149.2, 146.3, 142.5,
141.0, 128.7, 128.3, 126.5, 121.4, 118.6, 110.8, 107.8, 101.6, 54.7, 22.6 ppm. ESI-MS

m/z (rel int): (pos) 331.1 ([M+H]", 100); (neg) 329.1 ([M-H], 100).
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N-((4-chlorophenyl)(cyano)methyl)-4-methylbenzenesulfonamide (2j): Purification by
automated silica gel flash chromatography (10 g cartridge, 12 ml/min. 20:1
heptanes/EtOAc to 1:4 heptanes/EtOAc over 12 min) yielded sulfonylamidonitrile 2j (24
mg, 75%) as a colorless oil. TLC: Ry 0.69 (2:1 heptanes/EtOAc). 'H NMR (400 MHz,
CDCl3): d 7.76 (d, J=7.3 Hz, 2H), 7.36-7.33 (m, 6H), 5.75 (bs, 1H), 5.45 (s, 1H), 2.48 (s,
3H). 3C NMR (100 MHz, CDCl3): d 140.8, 135.9, 135.7, 130.6, 130.0, 129.5, 128.4,
127.2,116.0,47.5,21.6 ppm. ESI-MS m/z (rel int) (pos) 321.1 ((M+H]", 100); (neg) 319.1

(IM-HT, 100).
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N-(cyano(4-nitrophenyl)methyl)-4-methylbenzenesulfonamide (2k): Purification by
automated silica gel flash chromatography (10 g cartridge, 12 ml/min. 20:1
heptanes/EtOAc to 1:4 heptanes/EtOAc over 12 min) yielded sulfonylamidonitrile 2k (26
mg, 80%) as a white solid. TLC: Ry 0.58 (2:1 heptanes/EtOAc). '"H NMR (400 MHz,
CDCl): d 8.24 (d, J=7.0 Hz, 2H), 7.78 (d, /= 7.0 Hz, 2H), 7.19 (d, /= 7.0 Hz, 2H), 7.49
(d, J= 7.0 Hz, 2H), 5.34 (s, 1H), 2.48 (s, 3H). 3C NMR (100 MHz, CDCls): d 148.5,
142.1, 141.2, 138.4, 129.6, 128.1, 118.0, 54.1, 22.6 ppm. ESI-MS m/z (rel int): (pos) 332.2

(IM+H]*, 100); (neg) 330.2 ((M—HT, 100).
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1.4.3. Synthesis of Sulfonylamidonitriles from Table 3.

0., O cN
/S\N
H Ph

N-(10cyano-3-phenylpropyl)methanesulfonamide (21): Purification by automated silica
gel flash chromatography (10 g cartridge, 12 ml/min. 20:1 heptanes/EtOAc to 1:4
heptanes/EtOAc over 12 min) yielded indole 21 (22 mg, 92%) as a colorless oil. TLC: Ry
0.51 (2:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCIl3): d 7.28-7.20 (m, 5H), 5.61 (bs,
1H), 4.26 (t, J= 7.1 Hz, 1H), 3.05 (s, 3H), 2.79 (t, J = 6.6 Hz, 2H), 2.17 (tt, J= 7.1, 6.6
Hz, 2H). 13C NMR (100 MHz, CDCls): d 138.6, 128.8, 128.4, 126.8, 118.2, 43.8, 41.3,
35.0, 31.1 ppm. ESI-MS m/z (rel int): (pos) 239.1 ((M+H]", 100); (neg) 237.1 ((M-H]J,

100).

N_s H Ph

N-(1-cyano! |3-phenylpropyl)thiophene( 12-sulfonamide (2m) Sulfonylamidonitrile
2m was obtained (27 mg, 90%) as a pale-yellow oil. TLC: Rr0.40 (2:1 heptanes/EtOAc).
'TH NMR (400 MHz, CDCls): d 7.65 (d, J= 7.3 Hz, 2H), 7.28(17.16 (m, 6H), 4.26 (t, J =
6.5 Hz, 1H), 2.75 (t, J = 6.2 Hz, 2H), 2.15 (tt, J = 6.6, 6.2 Hz, 2H). '3C NMR (100 MHz,
CDCls): d 138.6, 133.6, 133.4, 128.9, 128.4, 127.8, 126.8, 117.0, 44.0, 35.4, 31.1 ppm.

ESI[IMS m/z (rel int): (pos) 307.2 ((M+H]", 100); (neg) 305.2 ((M[IH]", 100).
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N-(1-cyano!13-phenylpropyl)-4-nitrobenzenesulfonamide (2n): Sulfonylamidonitrile
2n was obtained (33 mg, 97%) as a white solid. TLC: R;0.57 (2:1 heptanes/EtOAc). 'H
NMR (400 MHz, CDCl3): d 8.35 (d, /J=7.1 Hz, 2H), 8.04 (d, /= 7.1 Hz, 2H), 7.28-7.16
(m, 5H), 4.22 (t, J= 6.4 Hz, 1H), 2.79 (t, J = 6.6 Hz, 2H), 2.20 (tt, /= 6.9, 6.4 Hz, 2H),
1.27 (bs, 1H). 3C NMR (100 MHz, CDCls): d 150.4, 144.5, 138.3, 128.9, 128.8, 128.5,
128.4,128.3, 127.0, 124.6, 116.9, 43.8, 35.1, 31.0 ppm. ESITITMS m/z (rel int): (pos)

346.2 (IM+H]", 100); (neg) 344.2 ((M-HJ", 100).

AN

N-(1-cyano[3-phenylpropyl)trifluoromethanesulfonamide (20): Sulfonylamidonitrile
20 was obtained (26 mg, 91%) as a pale-yellow oil. TLC: R;0.58 (2:1 heptanes/EtOAc).
'TH NMR (400 MHz, CDCl3): d 7.32-7.27 (m, 5H), 4.42 (t, J = 6.8 Hz, 1H), 2.77 (t,J =
6.6 Hz, 2H), 2.24 (tt, J = 6.9, 6.5 Hz, 2H). 1*C NMR (100 MHz, CDCl;): d 138.0, 128.9,
128.4, 127.1, 126.6, 120.8 (q, J = 250 Hz, CF3), 116.6, 45.0, 35.6, 31.0 ppm. ESI-MS

m/z (rel int): (pos) 293.1 ((M+H]", 100); (neg) 291.1 ((MLH], 100).

23



N-(cyano(4-methoxyphenyl)methyl)-4-nitrobenzenesulfonamide (2q): Purification by
automated silica gel flash chromatography (10 g cartridge, 12 ml/min. 20:1
heptanes/EtOAc to 1:4 heptanes/EtOAc over 12 min) yielded sulfonylamidonitrile 2q (30
mg, 86%) as a white solid. TLC: R;0.40 (2:1 heptanes/EtOAc). "H NMR (400 MHz,
CDCl3): d 8.42 (d, J=7.3 Hz, 2H), 8.08 (d, /= 7.3 Hz, 2H), 7.28 (d, J=7.1 Hz, 2H), 6.88
(d, J=7.1 Hz, 2H), 5.52 (s, 1H), 3.78 (s, 3H). 13C NMR (100 MHz, CDCl;3): d 160.9,
150.2,144.9, 128.7, 128.6, 128.3, 124.6, 123.1, 116.0, 114.5, 55.4, 47.9 ppm. ESI-MS m/z

(rel int): (pos) 348.2 ([M+H]", 100); (neg) 346.2 ((M-HT, 100).

N-(cyano(p-tolyl)methyl)thiophene-2-sulfonamide (2r): Sulfonylamidonitrile 2r was
obtained (26 mg, 90%) as a pale-yellow oil. TLC: R;0.45 (2:1 heptanes/EtOAc). 'H
NMR (400 MHz, CDCl3): d 7.70 (d, J= 8.8 Hz, 2H), 7.29 (d, /= 7.1 Hz, 2H), 7.21 (d, J
=7.1 Hz, 2H), 7.16 (d, J = 8.8 Hz, 1H), 5.50 (s, 1H), 5.41 (s, 1H), 2.35 (s, 3H). *C NMR
(100 MHz, CDCls): d 140.1, 139.8, 133.6, 133.4, 130.0, 128.7, 127.8, 127.0, 116.2, 48.1,

21.1 ppm. ESI-MS m/z (rel int): (pos) 293.1 ((M+H]", 100); (neg) 291.1 ([M-H]", 100).
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N-(1-cyanobutyl)-4-nitrobenzenesulfonamide (2s): Sulfonylamidonitrile 2s was
obtained (26 mg, 93%) as a pale[lyellow oil. TLC: R;0.62 (2:1 heptanes/EtOAc). 'H
NMR (400 MHz, CDCl3): d 8.42 (d, /= 7.1 Hz, 2H), 8.08 (d, /= 7.1 Hz, 2H), 4.26 (t, J
=6.2 Hz, 1H), 1.76 (dt,J= 7.3, 6.9 Hz, 2H), 1.54-1.50 (m, 2H), 0.99 (t, J = 6.8 Hz, 3H).

13C NMR (100 MHz, CDCl3): d 150.4, 144.8,
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130.6, 128.6, 124.6, 117.2, 44.3, 35.6, 18.4, 13.0 ppm. ESI-MS m/z (rel int): (pos) 284.1

(IM+H]", 100); (neg) 282.1 ([M-HT, 100).

0.0 cN
S,

Iy
O,N

N-(1-cyanooctyl)-4-nitrobenzenesulfonamide (2t): Sulfonylamidonitrile 2t was
obtained (31 mg, 90%) as a palelyellow oil. TLC: R;0.66 (2:1 heptanes/EtOAc). 'H
NMR (400 MHz, CDCL): d 8.48 (d, J= 7.3 Hz, 2H), 8.12 (d, /= 7.1 Hz, 2H), 4.26 (t, J
= 6.4 Hz, 1H), 1.80 (dt, J= 7.3, 6.9 Hz, 2H), 1.52-1.48 (m, 2H), 1.32[11.25 (m, 8H), 0.84
(t,J=6.8 Hz, 3H). 3C NMR (100 MHz, CDCl3): d 150.4, 144.8, 128.5, 124.6, 117.2,
44.5,33.7,31.5, 28.8, 28.8, 25.0, 22.5, 14.0 ppm. ESI-MS m/z (rel int): (pos) 340.1

(IM+HT", 100); (neg) 338.1 ((M-HT", 100).
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1.4.4. '"H NMR and *C NMR of Sulfonylamidonitriles.
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Chapter 2

Nitriles

2.1 Introduction to the Synthesis of Nitriles

Nitriles (Figure 5) are seen as key molecular scaffolds in organic chemistry and
are used for the preparation of other functional groups, dyes, materials, and natural
products.*® Nitriles have also been seen as a reoccurring pharmacophore in some
commercially available drugs causing a need for a more efficient method of their

synthesis to be developed.**->2

N=——mR

Figure 5. General Structure of a Nitrile

Most synthesis of nitriles rely on the displacement of a good leaving group by
toxic cyanide sources such as potassium cyanide (KCN) and copper cyanide (CuCN).>3-0
One method that uses CuCN relies on a three-step process to achieve the desired nitrile.
In this method an aromatic primary amine is added with sulfuric acid at 0°C. After
stirring for 30 minutes sodium nitrite is dissolved in water and added to the reaction still
at 0°C. This reaction mixture was then filtered, and the filtrate was combined with
sodium carbonate, copper cyanide, and sodium cyanide in water. This method requires
harsh reagents that are then separated, filtered, and washed with hot water. Other methods
for the synthesis of these molecules involve the dehydration of amides and oximes under
high temperature or harsh reagents.®"%> An example of these harsh reagents is a Uranium
catalyzed reaction using N-methyl-N-(trimethylsiyl)trifluoroacetamide (MSTFA) as a
dehydration reagent. In the presence of 3 equivalence of MSTFA and 5 mol percent

UO2(NO3), hexahydrate in toluene at 100°C excellent chemoselectivity and yield were

42



observed. Without these two reagents the reaction to the nitrile is not observed.
Diminishing the amount of MSTFA produced lower yields while lowering the
temperature had the same result. These methods generally suffer in poor substrate scope,
difficulty of purifications, low yields, toxicity of reagents, generation of large amounts of
organic waste, and use of expensive and sensitive catalysts.®*’! Through a variety of
different labs it has been shown that Cu(Il) and TEMPO with NH4OAc and Ag
nanoparticles with K4Fe(CN)s effectively promote the formation of nitriles from
aldehydes’* ™ while, O-(4-CF3-benzoyl)-hydroxylamine and CSA being used as an
organic catalyst have been shown to promote the same reaction with a larger scope.” 7
Due to these factors a metal free, general synthesis method for nitriles from aldehydes

was in need of development.”’

2.2 Nitrile Discovery
Early work in the Moura-Letts research group was able to highlight the
diastereoselective synthesis of diaziridines using Hydroxylamine O-Sulfonic Acid
(HOSA) as the source of nitrogen from ketones and aldehydes.”® When optimizing this
reaction, the researchers discovered a competing pathway that was analyzed and found
to be a nitrile. After optimization this competing nitrile pathway led to obtaining nitriles

in good to excellent yields with high chemoselectivity.

o N

\ bz
NH,OSO3H, aniline NH =~
H "CHCI;, NaHCO,, rt

1, 12% 2, 8%

Figure 6. Discovery of Competing Nitrile Pathway

The competition between these two pathways comes from the initial condensation

step which allows for both products to be formed (Figure 6). The heterocyclic diaziridine
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is formed from the initial condensation of the aldehyde and aniline. Whereas the nitrile

condensation requires an initial Aldehyde-HOSA condensation.

After optimization of both pathways it becomes clear that the reaction media is

the cause for forming the desired chemoselectivity of the desire products (Figure 7).

Organic Amine
e} Organic Solvent H

(A) "N
Ph/\)J\H Inorganic HOSA Ph/\//N Ph

Inorganic Base

Inorganic HOSA
0] Aqueous media N

(B) Z
Ph/\)J\H Organic Acid P~

Figure 7. Exploiting Heterogeneous Composition to Control Reaction

By using polar organic solvent (Figure 7A), the diaziridine is obtained in good to
excellent yields. This reaction media promotes the condensation of the aldehyde and aniline
through a heterogeneous reaction mixture. The inorganic HOSA is slowly introduced to
the reaction which allows for the aldehyde-aniline condensation which prompts the
diaziridine formation. Using aqueous media promotes the nitrile pathway allowing for the

aldehyde-HOSA condensation to take place (Figure 7B).

2.3 Results and Discussion

The Optimization studies looked at a large range of organic solvents, additives, and
temperature to determine the best conditions for this reaction to proceed accordingly. It
was found that the reaction yield was increased significantly by increasing the
stoichiometric ratio of hydroxylamine to aldehyde. By increasing this ratio to 2:1 the yield

for the reaction was 45% (Table 5, Entry 1). Upon further testing it was found that the
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molar equivalence of hydroxylamine could be lowered while not affecting the yield of the
reaction while under thermal conditions (Table 5, Entry 6).

A large array of solvents were used to better understand this reaction including
several ionic liquids (Table 5, Entry 14-17). Despite this large array of solvents, the best
results were found to be in aqueous medium with water as the solvent (Table 5, Entry 18-
22). Upon mild heating and an exogenous acid (1 molar equivalent, acetic acid) the reaction
was found to produce the nitrile in excellent yields (Table 5, Entry 19). Upon discovering
the optimal conditions for this reaction, we sought to determine the scope by looking into

the effects of different functional groups on the aldehyde.

Table 5
Nitrile Synthesis Optimization Studies

(@] _N
NH,OSO3H -
conditions

Entry Stoichiometry?  Solvent  Additive’ Temperature Yield®

1 1:2 CHCl3 none rt 45%
2 1:1.5 CHCly none rt 44%
3 1:1.5 H,O none rt 38%
4 1:1.5 ACN none rt 25%
5 1:1.5 CHCl3 none 40°C 48%
6 1:1.5 CHCI; none 50 °C 64%
7 1:1.5 CICH,CH,CI  none 60 °C 58%
8 1:1.5 CICH,CH,CI  none 80°C 60%
9 1:1.5 H,0 none 50 °C 58%
10 1:1.5 ACN none 50 °C 60%
11 1:1.5 DMSO none 50 °C 40%
12 1:1.5 CICH,CH,CI  PTSA 50 °C 75%
13 1:1.5 CICH,CH,CI  TFA 50 °C 79%
14 1:1.5 [TMG][LA] none 50 °C 53%
15 115 [TMG]LA]  TFA 50 °C 84%
16 1:1.5 [TMGPS][TFA] none 50 °C 80%
17 115  [TMGPS|[TFA] H,0 50 °C 82%
18 115 H,0 TFA 50 °C 91%
19 1:1.5 H,O aceticacid 50 °C 95%
20 1:15 Vinegar none 50 °C 94%
21 1:1.25 H,O aceticacid 50 °C 93%
22 1:11 H,O acetic acid 50 °C 94%

a. Aldehyde:NH,0OSO3H. b.1 equiv. of additive. c. Isolated yields.
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Aliphatic aldehydes reacted to the nitrile in good to excellent yields under the
optimized reaction conditions (Table 6, Entry 1-6). The alpha-beta unsaturated aldehydes
also reacted to the nitrile in good to excellent yields (Table 6, Entry 8-11). In some cases,
trace impurities were detected by proton NMR and were purified by standard silica gel

column to isolate the product (Table 6, Entry 9).

Table 6

Aliphatic and Alpha-beta unsaturated Nitrile Synthesis Scope

R._O HOSA R
e o acid, 50° N
H H,0, Acetic acid, 50 °C N
Entry Aldehyde Nitrile Yield®? Entry Aldehyde Nitrile Yield®?

1

TBDPSO o
o550 6 N TBDPSO\/\\\N 80954
H

©\/\"¢0 @\/\
NI
H =N
o) - Owo ///\/\\\ 80%°
N 0,
N
3 o 94% H =
N
" A Me0\©\/\"¢ "
9 O \Q\/\ 87%
N
H
Ph
= o} = 86%
Y\)\f Y\)\\\N o
H
= (0]

=
TR RN 92%
i N

H

10

0 R VN
. W\/\f \\N 90%°
/\/\\\N

5 /\/\fo

H

88%

a. Reaction conditions: Aldehyde (1 mmol), Acetci acid (1 mmol),

1 mL of H,O and HOSA (1.5 mmol) were mixed and heated to 50 °C for 6h.
b. Isolated yields. c.Reaction crude was purified by standard silica gel
chromatography. d. Reaction in CICH,CH,Cl and PTSA.

Similar to the nitriles in Table 6 the aromatic aldehydes under the optimized
reaction conditions afforded good to excellent yields. Different functionalization was
added to the benzene ring, such as, electron withdrawing groups (Table 7, Entry 14-15).
These groups showed a slight decrease in percent yield but upon further stirring for 16 hrs.
instead of the standard 6 hrs. the reaction went to completion. The aromatic nitriles along
with the aliphatic and alpha-beta unsaturated nitriles all were obtained in high purity with

no purification required except for one compound (Table 7, Entry 14).
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Table 7

Aromatic Nitrile Synthesis Scope

£

0 NH,0S03H
H H,0, Acetic acid, 50 °C

SN

Entry? Aldehyde Nitrile Yield? Entry? Aldehyde Nitrile Yield?
X X
Ul SN 9¢
o)
H N " SN 85%
1=X=Br 1=X=Br 92% H o
2=X=Me 2=X=Me 97% OMe OMe
3=X=0Me 3=X=0Me 93% HO HO
4=X=H 4=X=H 95% 12 o
— — — — 0
5=X=Cl 5=X=Cl 94% MeO MeO Sy 08%
6 N7 N~ H
~ ‘ 0 ~ ‘ 91% OH OH
Sh
cl 4 cl 18 0 %
N
A
N
NO. NO.
H 14 2 2
8 o 0 - 86%7
cl Cl S 89% ! Sy
H
OMe OMe 15 NO> NO.
9 MeO MeO 829%Cd
o 93% 0 Ny
N
0 H 0 § OHH
10 % OH
o 0 o < 97% 16 0 95%
~ N
H H SN

=z

a. Reaction conditions: Aldehyde (1 mmol), Acetci acid (1 mmol), 1 mL of H,O and NH,OSOzH (1.1 mmol) were mixed and heated to 50 °C for 6h. b.
Isolated yields. ¢.Reaction crude was purified by standard silica gel chromatography. d. Reaction achieved 100% conversion after 16h.

There are two proposed mechanisms for this reaction (Figure 8). Mechanism A

involves a condensation to get the sulfonylimine. The oxygen attached to nitrogen attacks

a proton which then allows water to attack the imine hydrogen and kick off the sulfonyl

group allowing for the formation of the nitrile. Mechanism B also starts with a

condensation to the sulfonylimine but then performs a syn-elimination to form the nitrile.
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Mechanism A

o //O\\S’/O syn-elimination
N N
NH,OSO3H n-"OH
Ay e, 105
H,0, acid H

Mechanism B

Figure 8. Proposed Mechanism for the Synthesis of Nitriles

2.4 Conclusion

This method provides a robust and versatile way to access the nitrile functional group
in good to excellent yields. The scope of this method extends to aromatic, conjugated, and
aliphatic aldehydes without the need for purification. Substitution along the aromatic ring
does not have any effect on the efficiency of the reaction. The mild conditions of this
reaction also allow for the incorporation of a variety of functional groups. The mechanisms
proposed for this reaction rely on an elimination step to form the nitrile instead of going

through an oxime or amide formation.

2.5 Experimental

Reagents were obtained from Aldrich Chemical, Acros Organics or Alfa Aesar and
used without further purification. Solvents were obtained from EMD Miliphore DrySol
and degassed with nitrogen. Reactions were performed in 4- mL glass vials with magnetic
stirring. TLC was performed on 0.25 mm E. Merck silica gel 60 F254 plates and visualized
under UV light (254 nm) or by staining with potassium permanganate (KMnQOs). Silica
flash chromatography was performed on E. Merck 230-400 mesh silica gel 60. Automated
chromatography was performed on an ISOLERA Prime instrument with 10 g. SNAP silica
gel normal phase cartridges using a flow rate of 12.0 mL/min and a gradient of 0- 30%

EtOAc in Heptanes over 12 column volumes with UV detection at 254 nm. NMR spectra
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were recorded on Varian Mercury II 400 MHz Spectrometer at 9 24 °C in CDCIl3 unless
otherwise indicated. Chemical shifts are expressed in ppm relative to solvent signals:

CDCls (*H, 7.23 ppm; '3C, 77.0 ppm; coupling constants are expressed in Hz.

2.5.1. General method for the synthesis of Nitriles. In a 4-mL reaction vial,
aldehyde (1.0 mmol, 1.0 equiv) and HOSA (1.1 mmol, 1.1 equiv.) were dissolved in 3 mL
of de-ionized H>O with (1 mmol, 1 equiv) acetic acid. The solution was stirred at 50 °C for
6 h or until complete conversion, determined by TLC. The reaction was quenched with
aqueous 10% NaHCO3 (1 mL) and the resulting mixture was extracted with EtOAc (3 x 10
mL), dried (Na;SOs), filtered, and concentrated by rotary evaporation to afford the crude
product. The product was directly characterized unless traces of impurities required

purification by automated silica gel flash chromatography (few examples).

2.5.2. Synthesis of Nitriles from Table 6.

SN

3-Phenylpropanenitrile (T2A): Aldehyde (100mg, 0.75mMol) produced nitrile 2a

N

(93mg, 95%) as a clear oil. TLC: R¢0.47 (3:1 Heptanes/EtOAc). IR (thin film) 2250 cm™.
TH-NMR (400 MHz, CDCl5): 7.38-7.29 (m, 5H), 2.99 (t, ] = 7.3 Hz, 2H), 2.64 (t, J= 7.3Hz,
2H). BC-NMR (100MHz, CDCI3): 138.0, 128.8, 128.2, 127.1, 119.1, 31.4, 19.2 ppm. ESI-

MS m/z (re lint): (pos) 132.1 ([M+H]", 100); (neg) 130.1 ([M-H],100).

NS
©/\\N

2-Phenylacetonitrile (T2B): Aldehyde (100mg, 0.83mMol) produced nitrile 2b (89mg,
92%) as a clear oil. TLC: Rr 0.48 (3:1 Heptanes/EtOAc). IR (thin film) 2255 cm’!. 'H-

NMR (400 MHz, CDCls): 7.43-7.38 (m, 5H), 3.76 (s, 2H). ¥*C-NMR (100MHz, CDCl5)
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129.8, 128.9, 127.8, 127.8, 117.8, 23.4 ppm. ESI-MS m/z (re lint): (pos) 118.1 ((M+H]",

100); (neg) 116.1 ((M-HJ",100).

NS
SN

3-(4-Isopropylphenyl)-2-methylpropanenitrile (T2C): Aldehyde (100mg, 0.53 mMol)
produced nitrile 2¢ (93mg, 94%) as a clear oil. TLC: Rr 0.68 (3:1 Heptanes/EtOAc). IR
(thin film) 2290 cm™'. '"H-NMR (400 MHz, CDCl3): 7.23 (q, J = 6.8 Hz, 4H), 2.91-2.73
(m, 4H), 1.31 (d, J = 6.8 Hz, 3H), 1.23 (d, J = 6.8 Hz, 6H). *C-NMR (100MHz, CDCl;)
147.8, 134.1, 128.9, 126.7, 122.7, 39.6, 33.7, 27.6, 23.9, 17.6 ppm. ESI-MS m/z (re lint):

(pos) 188.1 ([M+H]", 100); (neg) 186.1 ([M-HJ,100).

\/\/\/\\\

N

Octanenitrile (T2D): Aldehyde (100mg, 1.16 mMol) produced nitrile 2e (85 mg, 88%) as
a light-yellow oil. TLC: R¢0.58 (3:1 Heptanes/EtOAc). IR (thin film) 2240 cm™'. '"H-NMR
(400 MHz, CDCl3): 2.28 (t,J = 7.1 Hz, 2H), 1.65 (quintet, J = 6.9 Hz, 2H), 1.47 (sextet, J
= 6.9 Hz, 2H), 0.88 (t, ] = 6.9 Hz, 3H). 3C-NMR (100MHz, CDCls) 119.7, 26.6, 22.0,

16.7, 13.1 ppm. ESI-MS m/z (re lint): (pos) 84.1 ((M+H]", 100); (neg) 82.1 ([M-H]",100).

/\/\\\

N

Pentanenitrile (T2E): Aldehyde (100mg, 1.16 mMol) produced nitrile 2e (85 mg, 88%)
as a light-yellow oil. TLC: Rr 0.58 (3:1 Heptanes/EtOAc). IR (thin film) 2240 cm™. 'H-
NMR (400 MHz, CDCl): 2.28 (t, J = 7.1 Hz, 2H), 1.65 (quintet, J = 6.9 Hz, 2H), 1.47

(sextet, J = 6.9 Hz, 2H), 0.88 (t, ] = 6.9 Hz, 3H). 3C-NMR (100MHz, CDCl3) 119.7, 26.6,
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22.0,16.7, 13.1 ppm. ESI-MS m/z (re lint): (pos) 84.1 ((M+H]", 100); (neg) 82.1 ((M-H]

,100).

IR

N N

Glutaronitrile (T2F): Aldehyde (100mg, 1.03 mMol) produced nitrile 2f (83 mg, 86%) as
a clear oil. TLC: R¢0.71 (3:1 Heptanes/EtOAc). IR (thin film) 2250 cm™. "TH-NMR (400
MHz, CDCls): 2.51 (t,J =7.3 Hz, 4H), 3.74 (quintet, J = 7.3 Hz, 2H). 3C-NMR (100MHz,
CDCI3) 117.7,21.6, 16.2 ppm. ESI-MS m/z (re lint): (pos) 95.1 ((M+H]", 100); (neg) 93.1

([M-HT,100).

=
©\/\\\

Cinnamonitrile (T2G): Aldehyde (100mg, 0.76 mMol) produced nitrile 2g (83 mg, 89%)

N

as a light-yellow oil. TLC: Rr 0.75 (3:1 Heptanes/EtOAc). IR (thin film) 2210 cm™. 'H-
NMR (400 MHz, CDCl3): 7.41-7.32 (m, 6H), 5.78 (d, J = 16.1 Hz, 1H). BC-NMR
(100MHz, CDCl3) 150.4, 133.3, 131.0, 128.9, 127.2, 118.0, 96.1 ppm. ESI-MS m/z (re

lint): (pos) 130.1 ((M+H]", 100); (neg) 128.1 ([M-HT,100).

MeO
\©\/\\
AN

(E)-3-(4-Methoxyphenyl)-acrylonitrile (T2H): Aldehyde (100mg, 0.62 mMol) produced

N

nitrile 2h (86 mg, 87%) as a white solid. TLC: Rr 0.42 (3:1 Heptanes/EtOAc). IR (thin
film) 2215 cm™'. "H-NMR (400 MHz, CDCl3): 7.29 (d, J = 6.6 Hz, 2H), 7.25 (d, ] = 16.5
Hz, 1H), 6.93 (d, J = 6.6 Hz, 2H), 5.83 (d, J = 16.3 Hz, 1H), 3.89 (s, 3H). 3C-NMR
(100MHz, CDCl3) 162.0, 150.0, 129.0, 126.3, 118.7, 114.5, 93.3, 55.4 ppm. ESI-MS m/z

(re lint): (pos) 160.1 ((M+H]",100); (neg) 158.1 ((M-H],100).
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(E)-5-Methyl-2-phenylhex-2-enenitrile (T2I): Aldehyde (100mg, 0.53 mMol) produced
nitrile 2i (84 mg, 86%) as a clear oil. TLC: Rf 0.69 (3:1 Heptanes/EtOAc). IR (thin film)
2205 cm™. "TH-NMR (400 MHz, CDCl3): 7.49-7.43 (m, 5H), 6.71 (t, J = 6.8 Hz, 1H), 2.25
(dd, J = 7.5, 6.8 Hz, 2H), 1.79-1.75 (m, 1H), (d, J = 7.1 Hz, 6H). 3C-NMR (100MHz,
CDCl;) 148.9, 136.4, 129.4, 128.8, 125.5,116.2, 107.5, 37.5, 28.8, 22.4 ppm. ESI-MS m/z

(re lint): (pos) 186.1 ((M+H]", 100); (neg) 184.1 ([M-H],100).

=
\/\/\\\

N

(E)-Hex-2-enenitrile (T2J): Aldehyde (100mg, 1.02 mMol) produced nitrile 2j (89 mg,
92%) as a clear oil. TLC: R 0.66 (3:1 Heptanes/EtOAc). IR (thin film) 2210 cm’. 'H-
NMR (400 MHz, CDCL): 6.91 (dt, J = 16.1, 7.1 Hz, 1H), 5.27 (d, J = 16.1Hz, 1H), 2.24
(dt,J =7.3,7.1 Hz, 2H), 1.47 (sextet, J = 7.3 Hz, 2H), 0.82 (t, ] = 6.9 Hz, 3H). *C-NMR
(100MHz, CDCl3) 155.8, 117.4, 99.6, 35.1, 20.8, 13.3 ppm. ESI-MS m/z (re lint): (pos)

96.1 ((M+H]", 100); (neg) 94.1 ([M-HJ,100).

2.5.3. Synthesis of Nitriles from Table 7.

N

4-Bromobenzonitrile (T3A): Aldehyde (100mg, 0.54 mMol) produced nitrile 3a (90mg,

N

92%) as a white solid. TLC: R¢0.70 (3:1 Heptanes/EtOAc). IR (thin film) 2215 cm™'. 'H-
NMR (400 MHz, CDCl3): 7.62 (d, J = 7.1 Hz, 2H), 7.49 (d, J = 7.1 Hz, 2H). ¥C-NMR
(100MHz, CDCI3) 133.4, 132.6, 128.0, 118.0, 111.2 ppm. ESI-MS m/z (re lint): (pos)

182.0 ([M+H]", 100); (neg) 180.0 ([M-HJ,100).
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4-Methylbenzonitrile (T3B): Aldehyde (100mg, 0.83 mMol) produced nitrile 3b (94mg,

N

97%) as a clear oil. TLC: R 0.66 (3:1 Heptanes/EtOAc). IR (thin film) 2210 cm™. 'H-
NMR (400 MHz, CDCl3): 7.54 (d, J = 7.0 Hz, 2H), 7.27 (d, ] = 7.1Hz, 2H), 2.44 (s, 3H).
I3C-NMR (100MHz, CDCl3) 143.6, 132.0, 129.8, 119.1, 109.2, 21.8 ppm. ESI-MS m/z

(re lint): (pos) 118.1 ((M+H]", 100); (neg) 116.1 ([M-H]’,100).

X

4-Methoxybenzonitrile (T3C): Aldehyde (100mg, 0.74mMol) produced nitrile 3¢ (94mg,

N

93%) as a white solid. TLC: R¢0.44 (3:1 Heptanes/EtOAc). IR (thin film) 2210 cm™. 'H-
NMR (400 MHz, CDCls): 7.52 (d, J = 7.3 Hz, 2H), 6.91 (d, J = 7.3 Hz, 2H), 3.78 (s, 3H).
I3C-NMR (100MHz, CDCl3) 162.8, 133.9, 119.2, 114.7, 103.9, 55.5 ppm. ESI-MS m/z

(re lint): (pos) 134.1 ((M+H]", 100); (neg) 132.1 ([M-H],100).

SN

Benzonitrile (T3D): Aldehyde (100mg, 0.94 mMol) produced nitrile 3d (92mg, 95%) as

N

a clear liquid. TLC: Rr 0.68 (3:1 Heptanes/EtOAc). IR (thin film) 2220 cm™'. "H-NMR
(400 MHz, CDCl3): 7.52-7.32 (m, 5H). BC-NMR (100MHz, CDCl3) 132.3, 131.5, 128.6,
118.3, 111.7 ppm. ESI-MS m/z (re lint): (pos) 104.1 ((M+H]", 100); (neg) 102.1 ([M-H]

,100).
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4-Chlorobenzonitrile (T3E): Aldehyde (100mg, 0.71 mMol) produced nitrile 3e (91mg,

N

94%) as a white solid. TLC: R¢0.75 (3:1 Heptanes/EtOAc). IR (thin film) 2220 cm™'. 'H-
NMR (400 MHz, CDCl3): 7.58 (d, J = 7.1 Hz, 2H), 7.47 (d, J = 7.1 Hz, 2H). 3C-NMR
(100MHz, CDCIl3) 139.5, 133.4, 129.7, 118.0, 110.7 ppm. ESI-MS m/z (re lint): (pos)

138.0 ([M+H]", 100); (neg) 136.0 ([M-HJ,100).

Isonicotinonitrile (T3F): Aldehyde (100mg, 0.93 mMol) produced nitrile 3f (88mg, 91%)
as a white solid. TLC: R¢ 0.14 (3:1 Heptanes/EtOAc). IR (thin film) 2225 cm™!. 'TH-NMR
(400 MHz, CDCl3): 8.53 (d,J = 6.8 Hz, 2H), 7.52 (d, J = 6.8 Hz, 2H). ¥*C-NMR (100MHz,
CDCl3) 150.7, 125.2, 120.4, 116.3 ppm. ESI-MS m/z (re lint): (pos) 105.1 ((M+H]", 100);

(neg) 103.1 ([M-HT,100).

Cl
Cljij\\\

3,4-Dichlorobenzonitrile (T3G): Aldehyde (100mg, 0.57 mMol) produced nitrile 3g

N

(86mg, 89%) as a white solid. TLC: Rr 0.56 (3:1 Heptanes/EtOAc). IR (thin film) 2224
cm™'. 1H-NMR (400 MHz, CDCl3): 7.63 (d, J = 6.6 Hz, 1H), 7.50 (s, 1H), 7.29 (d, ] = 6.6
Hz, 1H). 3C-NMR (100MHz, CDCl3) 140.0, 137.7, 134.5,130.2, 127.8,115.2, 111.8 ppm.

ESI-MS m/z (re lint): (pos) 172.0 ((M+H]", 100); (neg) 170.0 ((M-H]",100).
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3-Chlorobenzonitrile (T3H): Aldehyde (100mg, 0.71 mMol) produced nitrile 3h (87 mg,

N

89%) as a white solid. TLC: R¢0.54 (3:1 Heptanes/EtOAc). IR (thin film) 2225 cm™. 'H-
NMR (400 MHz, CDCl3): 7.63 (s, 1H), 7.58-7.51 (m, 2H), 7.41 (t, J = 6.9 Hz, 1H). 13C-
NMR (100MHz, CDCls) 135.1, 133.1, 131.8, 130.4, 130.2, 117.3, 113.8 ppm. ESI-MS

m/z (re lint): (pos) 138.0 ((M+H]", 100); (neg) 136.0 ((M-H],100).

OMe
MeO

NS
SN

3,4-Dimethoxybenzonitrile (T3I): Aldehyde (100mg, 0.60 mMol) produced nitrile 3i (91
mg, 93%) as a white solid. TLC: R¢ 0.29 (3:1 Heptanes/EtOAc). IR (thin film) 2215 cm™.
'TH-NMR (400 MHz, CDCls): 7.25 (d, J = 6.8 Hz, 1H), 7.03 (s, 1H), 6.82 (d, J = 6.8 Hz,
1H), 3.92 (s, 3H), 3.87 (s, 3H). '3C-NMR (100MHz, CDCls) 152.7, 149.1, 126.4, 119.1,
113.8, 111.1, 103.8, 56.1, 56.0 ppm. ESI-MS m/z (re lint): (pos) 164.1 ((M+H]", 100);

(neg) 162.1 ([M-HJ,100).

SOW

Benzo[d][1,3]dioxole-5-carbonitrile (T3J): Aldehyde (100mg, 0.67 mMol) produced

N

nitrile 3j (96 mg, 97%) as a white solid. TLC: Rr0.38 (3:1 Heptanes/EtOAc). IR (thin film)
2210 cm™. "TH-NMR (400 MHz, CDCl3): 7.21 (d, J = 6.8 Hz, 1H), 6.99 (s, 1H), 6.77 (d, J
=6.8 Hz, 1H), 6.02 (s, 2H). 3C-NMR (100MHz, CDCl3) 151.5, 147.9,128.1,118.8, 111.3,
109.0, 104.8, 102.2 ppm. ESI-MS m/z (re lint): (pos) 148.1 ([M+H]", 100); (neg) 146.1

(IM-HT,100).
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4-Naphtonitrile (T3K): Aldehyde (100mg, 0.67 mMol) produced nitrile 3k (96 mg, 85%)

N

as a tan solid. TLC: R¢ 0.77 (3:1 Heptanes/EtOAc). IR (thin film) 2205 cm™'. "TH-NMR
(400 MHz, CDCIl5): 8.19 (d, J = 6.6 Hz, 1H), 8.04 (d, J = 6.6 Hz, 1H), 7.87 (t, ] = 6.9 Hz,
2H), 7.65 (d, ] = 6.8 Hz, 1H), 7.58 (d, ] = 6.8 Hz, 1H), 7.47 (d, J = 6.8 Hz, 1H). ¥3C-NMR
(100MHz, CDCIls) 133.2, 132.8, 132.5, 132.2, 128.6, 128.5, 127.4, 125.0, 124.8, 117.7,

110.0 ppm. ESI-MS m/z (re lint): (pos) 154.1 ((M+H]", 100); (neg) 152.1 ([M-H]’,100).

OMe
HO

MeO \\N

4-Hydroxy-3,5-dimethoxybenzonitrile (T3L): Aldehyde (100mg, 0.55 mMol) produced
nitrile 31 (96 mg, 98%) as a white solid. TLC: R 0.12 (3:1 Heptanes/EtOAc). IR (thin film)
3450, 2240 cm'. TH-NMR (400 MHz, CDCl3): 6.82 (s, 2H), 3.87 (s, 6H). *C-NMR
(100MHz, CDCl3) 147.1,139.2,119.3, 109.1, 102.2, 56.5 ppm. ESI-MS m/z (re lint): (pos)

180.1 ([M+H]", 100); (neg) 178.1 ([M-HJ,100).

OH

NS
SN

3-Hydroxybenzonitirle (T3M): Aldehyde (100mg, 0.66mMol) produced nitrile 3n (84
mg, 86%) as a light yellow solid. TLC: Rr0.53 (3:1 Heptanes/EtOAc). IR (thin film) 2240
cm’'. "TH-NMR (400 MHz, CDCl3): 8.33-8.31 (m, 1H), 7.92-7.89 (m, 1H), 7.84- 7.82 (m,
2H). BC-NMR (100MHz, CDCl3) 135.5, 134.3, 133.7, 125.5, 114.9, 108.0 ppm. ESI-MS

m/z (re lint): (pos) 149.1 ((M+H]", 100); (neg) 147.1 ((M-H]’,100).
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\\N
2-Nitrobenzonitrile (T3N): Aldehyde (100mg, 0.66mMol) produced nitrile 3n (84 mg,
86%) as a light yellow solid. TLC: R¢0.53 (3:1 Heptanes/EtOAc). IR (thin film) 2240 cm™
. TH-NMR (400 MHz, CDCls): 8.33-8.31 (m, 1H), 7.92-7.89 (m, 1H), 7.84- 7.82 (m, 2H).

BC-NMR (100MHz, CDCl3) 135.5, 134.3, 133.7, 125.5, 114.9, 108.0 ppm. ESI-MS m/z

(re lint): (pos) 149.1 ((M+H]", 100); (neg) 147.1 ([M-H]’,100).

NO»

NS
~N

3-Nitrobenzonitrile (T30): Aldehyde (100mg, 0.66 mMol) produced nitrile 30 (80 mg,
82%) as a light yellow solid. TLC: R¢0.55 (3:1 Heptanes/EtOAc). IR (thin film) 2235 cm™
. TH-NMR (400 MHz, CDCl3): 8.51 (s, 1H), 8.44 (d, ] = 6.6 Hz, 1H), 7.96 (d, ] = 6.6 Hz,
1H), 7.74 (dt, J = 6.6 Hz, 1H). 13C-NMR (100MHz, CDCl3) 137.6, 130.6, 127.5, 127.4,
127.2, 116.5, 114.1 ppm. ESI-MS m/z (re lint): (pos) 149.1 ([M+H]", 100); (neg) 147.1

(IM-HT,100).

Cr.
\\N

2-Hydroxybenzonitrile (T3P): Aldehyde (100mg, 0.82 mMol) produced nitrile 3p
(93mg, 95%) as a white solid. TLC: R¢0.29 (3:1 Heptanes/EtOAc). IR (thin film) 3460,
2250 cm™'. 1H-NMR (400 MHz, CDCl5): 7.52-7.44 (m, 2H), 7.39 (bs, 1H), 7.07 (d, ] =
7.1 Hz, 1H), 6.97 (t, ] = 7.1 Hz, 1H). ¥C-NMR (100MHz, CDCIl3) 159.4, 135.3, 135.2,

133.3,120.9, 116.9, 99.3 ppm. ESI-MS m/z (re lint): (pos) 120.1 ((M+H]", 100); (neg)

118.1 ((M-HT,100).
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2.5.4. '"H NMR and 3C NMR of Nitriles.
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Chapter 3

Nitrone Dipolar Cycloaddition

3.1 Introduction to the Nitrone Dipolar Cycloaddition

Isoxazolidines (Figure 9) have been a relevant pharmaceutical scaffold for the last
50 years and even appear in many commercially available drugs.’>** This scaffold has also
been found to have biological activity while also mimicking a wide range of natural
building blocks.?*%® The synthesis of this scaffold has been an important part of organic

chemistry for these reasons.

HN-C.

Figure 9. General Structure of an Isoxazolidine

The most successful reaction for the synthesis of isoxazolidines has been the 1, 3-
dipolar cycloaddition of nitrones (Figure 10) with an a, B-unsaturated aldehyde.®-** This
reaction has a high energetic demand®* that is usually countered through Lewis acid
catalysis that is able to enhance the conversion, scope, reaction rates, and the different types

of selectivites such as regio-, enantio-, and diastero-.>>*
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Figure 10. General Structure of a Nitrone

Previous research has shown that when a nitrone is reacted in the presences of an
Fe or Ru Lewis acid catalyst produced the endo product of the [3+2] cycloaddition. This
high preference for the endo product as seen by the Kiindig group did not allow for an
exo selective Ru catalyst to be used. The low solubility of nitrones also caused a different
set of nitrones to be considered due to the long reaction times and the low stability of the
Fe catalyst. Using a cyclic set of nitrones Kiindig was able to use the Fe or Ru catalysts
which led to excellents yields and moderate stereoselectivity. When compared it was seen
that the Fe catalyst was better than the Ru catalyst in terms of selectivity due to the Fe
catalyst having a larger catalyst site while, the Ru catalyst was a slightly weaker Lewis

acid.

Even though these Lewis acid catalyzed reactions do enhance the regio- and
diastereoselectivities there are no clear trends that allow for the prediction of these
outcomes.'% 1% Some computational studies have shown that there exists an electronic
bias for the 3, 5-isoxazolidine when carbonyls and cyano groups are on the dipolarophile.
These studies have also shown that the 3, 4-isoxazolidine is favored with other electron
withdrawing groups on the dipolarophile.!®” Similar calculations show a clear preference
for the endo product (Figure ) while, also predicting that thermal or Lewis acid promoted
nitrone dipolar cycloadditions have similar regioselective tendencies.'®!!> There are no

reported efforts to rationalize these tendencies.

There are a variety of methods to obtain substituted nitrones for cycloadditions
depends upon the added functionality of the nitrone.”® 122 Vinyl nitrones are a specific

type of nitrone that allow for the synthesis of highly complex heterocycles. These nitrones
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are synthesized through the condensation of conjugated carbonyls and hydroxylamines.'?*

125 With these two substrates a highly functionalized isoxazolidine can be synthesized.'?®

3.2 Pharmaceutical Relevance

Resistant antibiotic bacterial strains have resulted in a large demand for small
molecule antibiotics. Beta Lactams have historically filled this rule since the advent of

penicillin due to their powerful antibacterial properties.

or CeHyy IMP

. S, [RCulBr, N

Y PMmP PhiPr,NEt, MeCN, t , E§

o 2 CH: O

P TN
| \
R = N N R’ = CH,(4-tBu-C H,
i _
e

Figure 11. Enantioselective Synthesis of Beta Lactams

Using nitrones an enantioselective synthesis of beta lactams (Figure 11) has
significant applications in the pharmaceutical industry.'?” Even though lactams have been
historically used for bacterial infection treatment, new structural motifs are becoming
more required to fight bacterial evolution. One motif can be synthesized from the

1soxazolidine scaffold.
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Cbz Me O NH, OH
NS N | <
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Figure 12. Reductive Cleavage of N-O Bond to Afford Negamycin

Through reductive cleavage of the nitrogen-oxygen bond pharmaceutically
relevant amino acids can be formed (Figure 12). With the conformation of the
isoxazolidine preserved the total synthesis of the natural product, Negamycin can be
achieved.!?® This natural product has several functional groups that can be modified to

produce novel antibacterial pharmaceuticals.

3.3 Results and Discussion

With the importance of highly structured isoxazolidines, a library of 3-Vinyl-4-
Carbonyl-Isoxazolidines from conjugated carbonyls and simple hydroxylamines was

synthesized. This synthesis followed the mechanism of a traditional [3+2] cycloaddition.

During optimization studies after acrolein (Table 8 -B) underwent a condensation
with N-Benzylhydroxylamine, the resulting product underwent a dipolar cycloaddition
with unreacted acrolein instead of the dipolarphile (Table 8 - A). This reaction led us to
hypothesis the optimal enal - dipolarphile pair. This hypothesized pair made the reaction

able to proceed as a one pot conversion without losing chemoselectivity.

Temperature was screened next to determine if the yield of the reaction would
increase. It was found that increasing the temperature to 80°C afforded the highest
percent yield while going past this point reduced the diastereoselective of the reaction
(Table 8, Entry 7 and 8). Decreasing the temperature did not help improve the
diastereoselectivity and decreased the conversion to the desired cycloadduct (Table 8,

Entry 6).
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While trying to lower the energetic requirement for this reaction several Lewis
acid metal catalysts were tested. The rates of the reaction were noticed to increase along
with a modest increase in diasteroselectivity, while the percent yield of the reaction
decreased (Table 8, Entry 12). The small increase in diasteroselectivity with the Lewis
acid metal catalysts did not make up for the loss in percent yield and so thermal

conditions remained the most optimal.

Table 8

3-Vinyl-4-Carbonyl-Isoxazolidine Reaction Optimization

Ox
OMePh\\\‘(z\’ omephwo
-0
MeO N-O N
\Q\N o BnNHOH Brl Bn
A~O T AT aAdditive c D
Solvent 0\\_
A g \\—(\l WQ
N-O
-0
N Bn
Bn
E F

Entry? Enal Dipolarophile Additive® Solvent Time Temperature %Yield of C:D:E:F°  d.r°

1 B B none DCE 48h rt 0:0:20:2 8:1
2 B9 A none DCE 48h rt 5:1:10:2 8:1
3 B A none DCE 48h rt 8:2:6:2 6:1
4 A B none DCE 48h rt 40:4:0:0 10:1
5 A B none DCE 48h 40 °C 53:6:0:0 15:1
6 A B none DCE 16h 60 °C 64:9:0:0 15:1
7 A B none DCE 16h 80 °C 88:4:0:0 15:1
8 A B none DCE 18h 90 °C 80:16:0:0 10:1
9 A B none dioxane 16h 80 °C 80:4:0:0 15:1
107 A B none Acetonitrile  16h 80 °C 73:8:0:0 15:1
11 A B none DMF 16h 80 °C 64:12:0:0 15:1
12 A B Cu(OTf), DCE 6h rt 64:28:0:0 20:1
13 A B Cu(OAc), DCE 6h rt 35:24:0:0 20:1
14 A B AgOTf DCE 6h rt 53:22:0:0 20:1
15 A B AuOTf DCE 6h rt 48:20:0:0 15:1
16 A B Fe(OTf)3 DCE 6h rt 46:32:0:0 15:1

a. Ratio of enal:dipolarophile:hydroxylamine, 1:2:1. b. Isolated yields. c. Ratio for the major isomer,
measured by "H-NMR. d. ratio of enal:dipolarophile is 1:1. e. Lewis acid were added in 20 mol%.
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With the optimal conditions we set out to determine the scope of this reaction.
Cinnamaldehyde was reluctant to perform the cycloaddition as a dipolarphile so para-
methoxy cinnamaldehyde was used instead. This prevented any side cycloadditions as
previously seen with cinnamaldehyde allowing the reaction to be a one pot reaction.
Simple enals and enones were observed to be suitable dipolarphiles. Straight enal alkyl
chains showed traces of regioexcess (Table 9, Entry 1-3), while enal alkyl chain
branching afforded complete regioselectivity as observed in methacrolein (Table 9, Entry
4). Similar regioselectivity was seen in both cyclic and acyclic ketones. This similarity

did see a drop in diasteroselectivity (Table 9, Entry 4-7).
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Table 9

Dipolarphile Scope: Aldehydes and Ketones

Ox. R
MeO Dipolarophile MeO B R MeO = N
+ BnNHOH \ + \ o)
~0 Dichloroethane, 0.5M N-©O N-©O
Bn Bn
3-vinyl-4-formyl-isoxazolidine 3-vinyl-5-formyl-isoxazolidine
3,4-VFI 3,5-VFI
Entry’ Dipolarophile Product %Yield of 3,4-VCI?  %Yield of 3,5-VCI? dr’
Ox
MeO B
1 P \ 88 4 15:1
N-O
Bn
e}
MeO =
' CsH7
2 CyHp~O \ 90 2 16:1
N-O
Bn
Ox
MeO E
3 NP \ 84 4 15:1
N-O
Bn
o}
MeO H |
4 )vo A 0 91 12:1
N-O
Br
o}
o MeO
5 /\f \ 0 90 12:1
N-O
Bn
o)
o MeO
6 /\i \ Et 0 ) 12:1
N-O
Bn
0 MeO o
7 i:f \ 0 73 12:1
/N/O
Bn

1. Ratio of enal:dipolarophile:hydroxylamine, 1:2:1. 2. Isolated yields. 3. Ratio for the major isomer,
measured by "H-NMR.

The scope was expanded further by changing the functional group of the enal.
Acrylonitrile was used as a dipolarphile and afforded the 3-Vinyl-4-Formyl-Isoxazolidine
(Table 10, Entry 1). Bulkier esters were found to produce the 3-Vinyl-5-Formyl-

Isoxazolidine (Table 10, Entry 4 & 5).



Table 10

Dipolarphile Scope: Nitriles and Esters

MeO
Me0\©\/\/ Dipolarophile .
+
O TBANHOH i loroethane, 0.5M
Bn
3-vinyl-4-formyl-isoxazolidine 3-vinyl-5-formyl-isoxazolidine
3,4-VFI 3,5-VFI
Entry’ Dipolarophile Product %Yield of 3,4-VFI2  %Yield of 3,5-VFI? dr.’
MeO
1 /\\\N 95 0 15:1
2 0 91 16:1
3 0 84 15:1
4 88 18:1
\
Et~o o kf/o O/Et
5 ONYO MeO \ ; 0 89 18:1
O.
Et N-©

Bn

1. Ratio of enal:dipolarophile:hydroxylamine, 1:2:1. 2. Isolated yields. 3. Measured by "H-NMR.
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Table 11

Dipole Scope
o o
Ph Ph
\ + \ °
o N-O N-O
R _-~_0 *+BnNHOH / /
NFINF Dichloroethane, 0.5M Bn Bn
3-vinylhexahydro 3-vinylhexahydro
benzoisoxazol-4-one benzoisoxazol-7-one
3,4-vBI 3,7-vBI
Entry’ Enal Product % of 3,4-VBI? % of 3,7-VBF  d.r.}

1 @\/VO : \\._<‘\\r 0 0 73 15:1
/ ~ N’O
Bn
MezN MezN O
2 \ 0 79 16:1
~.0 N-O
Br
wo
N-O
Br

0 88 15:1

0 84 12:1

4 \/WO 4/-—&
C3H7 /N’

o
74 o
Bn
5 O 4/_(Q§O 0 86 12:1
7\
Br
o
74 o)
B

6 NN 0 80 14:1

-0
N-
/

n

1. Ratio of enal:dipolarophile:hydroxylamine, 1:2:1. 2. Isolated yields. 3. Measured by 'H-NMR.

3.4 Conclusion

This method shows the regioselectivity of conjugated dipolarphiles to produce
either the 3-Vinyl-4-Formyl-Isoxazolidine or the 3-Vinyl-5-Formyl-Isoxazolidine
selectively. The scope of this reactions extends to aliphatic enals, conjugated nitriles and

esters, and enones with a diverse substitution with no need for cumbersome purifications
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while maintaining excellent yields. The high selectivity can be attributed to the
orthogonal reactivity of bulky substituted conjugated carbonyls as enals and unsubstituted
conjugated carbonyls as dipolarophiles. The regioselectivity of the diplolar cycloaddition
is determined through the substitution pattern of the dipolarophile. The above-mentioned
selectivity inhibits the formation of background products making the overall method

simple and highly efficient.

3.5 Experimental

Reagents were obtained from Aldrich Chemical, Acros Organics or Alfa Aesar
and used without further purification. Solvents were obtained from EMD Miliphore
DrySol and degassed with nitrogen. Reactions were performed in 4- mL glass vials with
magnetic stirring. TLC was performed on 0.25 mm E. Merck silica gel 60 F254 plates
and visualized under UV light (254 nm) or by staining with potassium permanganate
(KMnOg). Silica flash chromatography was performed on E. Merck 230-400 mesh silica
gel 60. Automated chromatography was performed on a ISOLERA Prime instrument
with 10 g. SNAP silica gel normal phase cartridges using a flow rate of 12.0 mL/min and
a gradient of 0- 20% EtOAc in Heptanes over 12 column volumes with UV detection at
254 nm. NMR spectra were recorded on Varian Mercury 11 400 MHz Spectrometer at 24
°C in CDCl; unless otherwise indicated. Chemical shifts are expressed in ppm relative to
solvent signals: CDCl; (‘H, 7.23 ppm; *C, 77.0 ppm; coupling constants are expressed in

Hz).

3.5.1. General method for the synthesis of Vinyl Isozazolidines. In a 4- mL
glass vial, 1 mMol enal and 1.1 eq. hydroxylamine were dissolved in 1 mL acetonitrile.
The mixture was stirred at room temperature for five minutes after which 3 molar
equivalents dipolarphile was added. The reaction was stirred vigorously at 80°C for 16
hours. The organic was extracted with 150 mL diethyl ether. The organic layer was
washed with 3-25 mL aliquots of (10%) aqueous sodium bicarbonate. The organic layer
was dried with 3-25 mL aliquots of saturated aqueous brine solution (NaCl). The organic

layer is finally isolated and dried over anhydrous sodium sulfate, filtered, and
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concentrated by rotary evaporation to afford the crude product. The crude product is
filtered through silica gel over a gradient of 4:1 Heptanes/EtOAc over 12 column

volumes to obtain the respective isoxazolidine in good to excellent yields.

3.5.2. Synthesis of Vinyl Isoxazolidines from Table 9 and 11.

Ox.
MeO E
\
/N/O
Bn
(3S,4S)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidine-4-carbaldehyde (T2A):

Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine 2a (115mg, 90%) as a yellow oil. TLC: Rr 0.20 (3:1
heptanes/EtOAc). 'TH NMR (400 MHz, CDCl3) § 9.74 (dd, J =2.4, 0.7 Hz, 1H), 7.41 - 7.26
(m, 7H), 6.89 - 6.82 (m, 2H), 6.60 (d, J = 15.8 Hz, 1H), 6.08 (dd, J = 15.8, 8.5 Hz, 1H),
4.23 (dd, J = 8.9, 4.0 Hz, 1H), 4.15 - 4.07 (m, 2H), 3.80 (d, J = 0.7 Hz, 3H), 3.77 (d, J =
14.0 Hz, 1H), 3.61 (t,J = 8.3 Hz, 1H), 3.31 (dddd, J =8.3,7.1, 3.9, 2.4 Hz, 1H). 3*C NMR
(101 MHz, CDCls) & 198.82, 159.67, 137.14, 134.53, 128.78, 128.26, 127.82, 127.30,

123.05, 114.03, 65.45, 61.61, 55.27.

MeO E
N-O
Bn
(3S,4S,5R)-2-benzyl-3-((E)-4-methoxystyryl)-5-propylisoxazolidine-4-carbaldehyde
(T2B): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 2b (100mg, 70%) as a yellow oil. TLC: Rt

0.20 (3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) § 9.75 (dd, J = 2.7, 0.7 Hz, 1H),
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7.52 - 7.24 (m, 7TH), 6.96 - 6.84 (m, 2H), 6.54 (d, ] = 15.8 Hz, 1H), 6.06 (dd, ] = 15.7, 8.5
Hz, 1H), 4.51 - 4.17 (m, 1H), 4.13 (d, J = 14.3 Hz, 1H), 3.81 (d, J = 0.7 Hz, 3H), 3.7 -
3.61 (m, 1H), 3.01 (ddd, ] = 7.8, 5.4, 2.7 Hz, 1H), 1.87 (dddd, J = 13.4, 9.7, 7.8, 5.6 Hz,
1H), 1.60 (ddt, J = 13.5, 9.6, 5.9 Hz, 1H), 1.47 - 1.30 (m, 2H), 0.93 (td, J = 7.4, 3.1 Hz,
3H). 3C NMR (101 MHz, CDCl;) & 198.89, 159.62, 137.34, 133.85, 128.55, 128.16,

127.81, 127.08, 123.69, 114.03, 76.92, 76.46, 67.75, 55.30, 37.26, 19.16, 13.87.

MeO E

(3S,4S,5R)-2-benzyl-3-((E)-4-methoxystyryl)-5-methylisoxazolidine-4-carbaldehyde

(T2C): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 2¢ (85mg, 70%) as a plae oil. TLC: R 0.31
(3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) § 9.76 (t, J = 2.0 Hz, 1H), 7.39 - 7.25
(m, 9H), 6.88 - 6.85 (m, 2H), 6.53 (d, J = 15.9 Hz, 1H), 6.13 - 6.05 (m, 1H), 4.52 - 4.47
(m, 1H), 4.13 (d, J =14.2 Hz, 1H), 3.85 (d, J = 14.3 Hz, 1H), 3.81 (d, J = 1.5 Hz, 3H), 3.75
(d, J = 6.7 Hz, 1H), 2.97 (s, 1H), 1.43 (dd, J = 6.2, 1.5 Hz, 3H). 3C NMR (101 MHz,
CDCl3) 6 198.76 , 133.80 , 128.56 , 128.23 , 127.81 , 127.15, 123.75 , 114.04 , 73.10 ,

68.94,59.37,55.30,20.72 .

MeO =

B

(BR,5S5)-2-benzyl-3-((E)-4-methoxystyryl)-5-methylisoxazolidine-5-carbaldehyde

(T2D): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 2d (165mg, 90%) as a yellow oil. TLC: Rt

0.35 (3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCls) 8 9.59 (s, 1H), 7.39 (d, J = 7.1
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Hz, 2H), 7.35 - 7.29 (m, 4H), 7.25 (tt, ] = 6.0, 1.6 Hz, 1H), 6.93 - 6.78 (m, 2H), 6.53 (d, ]
= 15.8 Hz, 1H), 5.89 (ddd, J = 15.8, 8.8, 0.6 Hz, 1H), 4.19 (d, ] = 14.8 Hz, 1H), 3.81 (d, J
= 0.6 Hz, 3H), 3.76 (d, ] = 14.8 Hz, 1H), 3.43 (q, ] = 8.3 Hz, 1H), 2.52 (dd, J = 12.7, 7.8
Hz, 1H), 2.25 (dd, J = 12.7, 8.4 Hz, 1H), 1.30 (s, 3H). 3C NMR (101 MHz, CDCL) &
205.12, 133.59, 128.35, 128.18, 127.72, 127.08, 124.71, 114.02, 69.67, 59.15, 55.30,

44.00, 19.07.

MeO ?
\
N-O

Br

1-((3R,5S)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidin-5-yl)ethan-1-one (T2E):
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine 2e (180mg, 80%) as a yellow oil. TLC: Rf 0.45 (3:1
heptanes/EtOAc). '"H NMR (400 MHz, CDCls) & 7.38 (d, J = 7.1 Hz, 2H), 7.33 (ddd, J =
4.3,2.5, 1.3 Hz, 4H), 7.28 - 7.22 (m, 1H), 6.91 - 6.81 (m, 2H), 6.55 (d, J = 15.8 Hz, 1H),
591 (dd, J =15.8, 8.6 Hz, 1H), 4.28 (dd, J = 9.5, 4.7 Hz, 1H), 4.17 (d, ] = 14.1 Hz, 1H),
3.80(d,J=0.8 Hz, 3H), 3.69 (d, ] = 14.1 Hz, 1H), 3.34 (q, J = 8.3 Hz, 1H), 2.71 (ddd, J =
12.8, 9.4, 7.8 Hz, 1H), 2.38 (ddd, J = 13.0, 8.5, 4.7 Hz, 1H), 2.10 (d, J = 0.8 Hz, 3H). 13C
NMR (101 MHz, Chloroform-d) 6 133.77, 128.88, 128.11, 127.68, 127.18, 124.50, 114.00,

80.46, 69.38, 59.72, 55.27, 38.97, 25.35.

MeO O
\ Et

N-O
Bn/

1-((3R,5S)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidin-5-yl)propan-1-one(T2F):
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over 12 column

volumes) yielded the isoxazolidine 2f (105mg, 70%) as a pale oil. TLC: R¢0.50 (3:1
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heptanes/EtOAc). 'TH NMR (400 MHz, CDCls) § 7.41 - 7.21 (m, 8H), 6.89 - 6.83 (m, 2H),
6.54 (d, ] = 15.8 Hz, 1H), 5.91 (dd, J = 15.9, 8.5 Hz, 1H), 4.33 (dd, J = 9.4, 4.9 Hz, 1H),
4.16 (d,] = 14.1 Hz, 1H), 3.81 (d, J = 0.7 Hz, 3H), 3.69 (d, ] = 14.1 Hz, 1H), 3.35 (q, ] =
8.3 Hz, 1H), 2.75 - 2.68 (m, 1H), 2.65 - 2.56 (m, 1H), 2.46 (ddd, = 11.5, 7.2, 4.4 Hz, 1H),
2.42 -2.36 (m, 1H), 0.95 (td, ] = 7.3, 0.6 Hz, 3H). 3C NMR (101 MHz, CDCL3) § 159.51
,137.57,133.73,128.89,128.10, 127.70, 127.19, 124.59 , 114.02 , 69.45 , 59.76 , 55.30

,39.09,30.54,7.13 .

MeO

(3S,3aR,7aS)-2-benzyl-3-((E)-4-methoxystyryl)hexahydrobenzo[d]isoxazol-7(4H)-

one (T2G): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 2g (110mg, 65%) as a yellow oil. TLC: R¢
0.15 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) § 7.40 - 7.34 (m, 2H), 7.34 - 7.26
(m, 4H), 7.24 - 7.20 (m, 1H), 6.87 - 6.81 (m, 2H), 6.58 (d, J = 15.8 Hz, 1H), 6.09 - 6.00
(m, 1H), 4.56 (dt,J=7.7,4.3 Hz, 1H), 4.09 (d, J = 14.1 Hz, 1H), 3.87 - 3.78 (m, 5H), 2.99
(t, J=6.7 Hz, 1H), 2.50 (dt, J = 17.0, 5.1 Hz, 1H), 2.33 (ddd, J = 16.6, 10.2, 6.1 Hz, 1H),
2.06 - 1.96 (m, 1H), 1.95 - 1.87 (m, 2H), 1.86 - 1.78 (m, 1H). 3C NMR (101 MHz, CDCI3)
0 137.44 ,133.07 , 12891 , 128.16 , 127.70 , 127.15, 125.01 , 113.90 , 70.47 , 60.77 ,

55.24,39.88,26.43,19.01.

N-O
Bn
(3S,3aR,7aS)-2-benzyl-3-((E)-styryl)hexahydrobenzo|[d]isoxazol-7(4H)-one  (T4A):
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine 4a (165mg, 92%) as a white solid. TLC: R¢ 0.25 (3:1

heptanes/EtOAc). 'H NMR (400 MHz, CDCl3) § 7.39 (dd, J = 8.2, 6.5 Hz, 4H), 7.32 (t, J
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= 7.4 Hz, 4H), 7.28 - 7.23 (m, 2H), 6.67 (d, ] = 15.9 Hz, 1H), 6.22 (dd, J = 15.9, 7.9 Hz,
1H), 4.59 (dt, J=7.8, 4.3 Hz, 1H), 4.10 (d, ] = 14.0 Hz, 1H), 3.93 (dd, ] = 7.9, 5.9 Hz, 1H),
3.87 (d, J = 14.0 Hz, 1H), 3.01 (t, ] = 6.6 Hz, 1H), 2.52 (dt, ] = 16.8, 5.0 Hz, 1H), 2.36
(ddd, T=16.5, 10.2, 6.2 Hz, 1H), 2.09 - 1.99 (m, 1H), 1.93 (dq, J = 9.8, 4.4 Hz, 2H), 1.84
(ddd, J = 14.0, 7.1, 3.7 Hz, 1H). *C NMR (101 MHz, CDCL) § 209.20, 137.41, 136.48,
133.49, 128.99, 128.55, 128.23, 127.82, 127.49, 127.25, 126.54, 76.77, 70.16, 60.75,

60.50, 40.02, 26.42, 19.17.

Me,N

N-O
B

(3S,3aR,7aS)-2-benzyl-3-((E)-4-(dimethylamino)styryl)hexahydrobenzo[d]isoxazol-

7(4H)-one (T4B): Purification by automated silica gel flash chromatography (10 g
cartridge, 14 ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in
Heptanes over 12 column volumes) yielded the isoxazolidine 4b (178mg, 70%) as a red
oil. TLC: Rf 0.19 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) § 7.40 - 7.28 (m,
6H), 7.25 - 7.22 (m, 1H), 6.67 (dd, J = 8.9, 2.6 Hz, 2H), 6.56 (d, J = 15.8 Hz, 1H), 5.98
(ddd, J =15.7, 8.1, 1.0 Hz, 1H), 4.57 (dt, J = 7.6, 4.2 Hz, 1H), 4.12 (d, ] = 14.1 Hz, 1H),
3.80(d,J=10.6 Hz, 1H), 3.01 (t,J = 6.9 Hz, 1H), 2.96 (d, J = 1.0 Hz, 6H), 2.54 - 2.30 (m,
3H), 2.09 - 1.92 (m, 2H), 1.91 - 1.82 (m, 2H). '3C NMR (101 MHz, CDCl3) & 209.42,
150.26, 137.60, 133.80, 128.98, 128.17, 127.56, 127.13, 122.60, 122.53, 112.32, 76.72,

70.95, 60.91, 60.13, 40.49, 39.81, 26.54, 18.96.

N-©O
B
(3S,3aR,7aS)-2-benzyl-3-(2-methylprop-1-en-1-yl)hexahydrobenzo|[d]isoxazol-7(4H)-
one (T4D): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 4d (100mg, 88%) as a yellow oil. TLC: Rt

0.40 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) & 7.36 - 7.28 (m, 4H), 7.25 - 7.21
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(m, 1H), 5.19 (ddd, J =9.4, 2.5, 1.3 Hz, 1H), 4.55 - 4.48 (m, 1H), 3.98 (d, ] = 14.1 Hz, 1H),
3.87 (s, 1H), 3.76 (d, T = 14.1 Hz, 1H), 2.88 (t, = 7.3 Hz, 1H), 2.47 (dt, J = 17.0, 5.1 Hz,
1H), 2.36 - 2.28 (m, 1H), 2.08 - 1.98 (m, 1H), 1.88 - 1.78 (m, 3H), 1.71 (dd, J = 16.9, 1.3
Hz, 6H). *C NMR (101 MHz, CDCL) & 209.84, 137.68, 136.10, 128.81, 128.13, 127.08,

76.57, 66.73, 61.00, 39.49, 26.65, 26.05, 18.67, 18.47.

CsH- / N-©O
Bn/

(3S,3aR,7aS)-2-benzyl-3-((E)-pent-1-en-1-yl)hexahydrobenzo[d]isoxazol-7(4H)-one

(T4E): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 4e (110mg, 80%) as a yellow oil. TLC: R¢
0.42 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) § 7.36 (dd, J = 5.9, 1.9 Hz, 3H),
7.31 (d, J=7.1 Hz, 2H), 5.70 (dt, J = 15.3, 6.8 Hz, 1H), 5.46 - 5.39 (m, 1H), 4.50 (dt, J =
8.0,4.2 Hz, 1H), 4.05 (d, J = 14.1 Hz, 1H), 3.75 (d, J = 14.1 Hz, 1H), 3.58 (t, J = 7.6 Hz,
1H), 2.92 (t, J = 7.2 Hz, 1H), 2.50 - 2.45 (m, 1H), 2.31 (ddd, J = 16.7, 10.1, 6.2 Hz, 2H),
2.01 (d,J=7.3Hz,2H), 1.90 - 1.81 (m, 3H), 1.38 (d, J =7.3 Hz, 2H), 0.87 (d, ] =7.3 Hz,
3H). BC NMR (101 MHz, CDCl3) & 209.49, 137.56, 135.84, 128.92, 128.87, 128.16,

127.12,76.37,70.71, 60.66, 59.94, 39.64, 34.39, 26.56, 22.13, 18.77, 13.59.

4 Bn/N/o
(3S,3aR,7aS)-2-benzyl-3-((E)-prop-1-en-1-yl)hexahydrobenzo|d]isoxazol-7(4H)-one
(T4F): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 4f (209mg, 70%) as a yellow oil. TLC: R¢
0.38 (3:1 heptanes/EtOAc). 'H NMR (400 MHz, CDCl3) 6 7.36 (d, J = 7.0 Hz, 2H), 7.30

(t,J = 7.4 Hz, 2H), 7.25 - 7.20 (m, 1H), 5.78 - 5.65 (m, 1H), 5.45 (ddd, J = 15.2, 8.4, 2.0
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Hz, 1H), 4.48 (dt, ] = 8.1, 4.2 Hz, 1H), 4.09 - 4.00 (m, 1H), 3.76 (dd, J = 19.8, 14.1 Hz,
1H), 3.56 (t, J = 7.5 Hz, 1H), 2.90 (t, ] = 7.3 Hz, 1H), 2.46 (dt, ] = 16.5, 5.1 Hz, 1H), 2.34
-2.23 (m, 1H), 2.03 - 1.95 (m, 1H), 1.88 - 1.76 (m, 3H), 1.70 (dd, I = 6.5, 1.6 Hz, 3H). 3C
NMR (101 MHz, CDCls) § 209.51, 137.51, 130.50, 128.82, 128.06, 127.07, 76.26, 70.68,

60.42, 39.54, 26.44, 18.63, 17.86.

(3S,3aR,7aS)-2-benzyl-3-((1E,3E)-penta-1,3-dien-1-yl)hexahydrobenzo|d]isoxazol-

7(4H)-one (T4I): Purification by automated silica gel flash chromatography (10 g
cartridge, 14 ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in
Heptanes over 12 column volumes) yielded the isoxazolidine 4i (104mg, 80% yield) as a
yellow oil. TLC: R¢0.49 (3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) 6 7.37 - 7.23
(m, 5H), 6.25 (dd, J = 15.2, 10.4 Hz, 1H), 6.08 - 5.96 (m, 1H), 5.80 - 5.65 (m, 1H), 5.52
(dd, J=15.2, 8.1 Hz, 1H), 4.51 (ddt, J =11.5, 7.7, 4.2 Hz, 1H), 4.04 (d, J = 14.1 Hz, 1H),
3.74 (d, J = 14.1 Hz, 1H), 3.66 (t, ] = 7.2 Hz, 1H), 2.92 (dd, J = 8.7, 5.2 Hz, 1H), 2.51 -
2.43 (m, 1H), 2.35 - 2.27 (m, 1H), 2.03 - 1.95 (m, 1H), 1.91 - 1.84 (m, 2H), 1.80 (ddd, J =
6.9,5.4,2.5Hz, 1H), 1.77 - 1.73 (m, 3H). '3C NMR (101 MHz, CDCl3) § 209.31, 137.49,
134.26, 130.62, 130.53, 128.85, 128.13, 127.11, 76.49, 70.31, 60.74, 39.73, 26.46, 18.84,

18.07.

3.5.3. Synthesis of Vinyl Isoxazolidines from Table 10.

N

\
MeO E
Q\\\__(\,

N-O
Br

pu—

(3S,4R)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidine-4-carbonitrile (T3A):
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over 12 column

volumes) yielded the isoxazolidine 3a (80mg, 90%) as a pale oil. TLC: Rf 0.20 (3:1
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heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) & 7.42 - 7.38 (m, 2H), 7.36 - 7.24 (m, 5H),
6.95 - 6.83 (m, 2H), 6.68 (d, ] = 15.8 Hz, 1H), 6.20 (dd, J = 15.8, 8.9 Hz, 1H), 4.30 (t,J =
8.6 Hz, 1H), 4.18 (d, J = 14.3 Hz, 1H), 4.08 (dd, J = 8.4, 6.7 Hz, 1H), 3.82 (d, J = 0.5 Hz,
3H), 3.71 (d, J = 14.3 Hz, 1H), 3.61 (td, J = 8.5, 6.7 Hz, 1H), 3.51 (t, ] = 8.2 Hz, 1H). 13C
NMR (101 MHz, CDCl;) 8 136.95 , 136.61 , 128.74 , 128.44 , 128.30, 128.22 , 127.46 ,

119.86, 114.09 , 69.99, 68.68 , 55.33 , 38.48.

B
MeO OtBu
\ o

N-O
Bn/

tert-butyl-(3R,5S)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidine-5-carboxylate

(T3B): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 3b (90mg, 90%) as a pale oil. TLC: R¢0.56
(3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) 8 7.44 - 7.40 (m, 2H), 7.31 (dd, J =
8.3, 6.0 Hz, 4H), 7.26 - 7.22 (m, 1H), 6.89 - 6.84 (m, 2H), 6.56 (d, J = 15.9 Hz, 1H), 5.99
(dd, J =15.8, 8.2 Hz, 1H), 4.50 (dd, J = 8.2, 5.2 Hz, 1H), 4.14 - 4.01 (m, 2H), 3.81 (d, J =
0.8 Hz, 3H), 3.67 - 3.59 (m, 1H), 2.57 (t, J = 8.4 Hz, 2H), 1.51 (s, 9H). 1*C NMR (101
MHz, CDCl3) ¢ 171.23, 159.47, 137.79, 133.31, 128.98, 128.24, 127.67, 127.12, 124.40,

114.02, 81.69, 75.64, 68.04, 60.68, 55.29, 40.66, 28.04.

MeO =

B

Methyl-(3R,5S)-2-benzyl-3-((E)-4-methoxystyryl)-5-methylisoxazolidine-5-

carboxylate (T3C): Purification by automated silica gel flash chromatography (10 g
cartridge, 14 ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in
Heptanes over 12 column volumes) yielded the isoxazolidine 3¢ (105mg, 90%) as a yellow

oil. TLC: R¢ 0.50 (3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCL3) § 7.47 - 7.37 (m,
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2H), 7.30 (ddd, J = 8.2, 4.4, 1.5 Hz, 4H), 7.25 - 7.19 (m, 1H), 6.93 - 6.79 (m, 2H), 6.50 (d,
J=15.9 Hz, 1H), 5.95 (ddd, J = 15.8, 8.7, 1.3 Hz, 1H), 4.20 (d, J = 15.4 Hz, 1H), 3.86 -
3.74 (m, 7H), 3.44 (q, J = 8.4 Hz, 1H), 2.82 (ddd, J = 12.8, 8.6, 1.3 Hz, 1H), 2.31 (ddd, J =
12.9, 8.0, 1.4 Hz, 1H), 1.57 (s, 1H), 1.50 (d, ] = 1.3 Hz, 3H). *C NMR (101 MHz, CDCl)
5 159.45, 137.53, 133.50, 129.08, 128.18, 128.01, 127.68, 126.77, 124.72, 113.98, 81.10,

69.44, 58.71, 55.28, 52.32, 46.07, 23.71.

Bu\
o _.Bu

0] 0]
MeO
OWO
/N’O
Bn

dibutyl (3S,4R,5S)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidine-4,5-dicarboxylate
(T3D): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 3d (120mg, 90%) as a white solid. TLC: R¢
0.62 (3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) § 7.43 - 7.37 (m, 2H), 7.34 - 7.28
(m, 4H), 7.26 - 7.21 (m, 1H), 6.91 - 6.83 (m, 2H), 6.63 (d, J = 15.8 Hz, 1H), 5.97 (dd, J =
15.8, 8.5 Hz, 1H), 4.21 - 4.14 (m, 2H), 4.12 - 4.02 (m, 4H), 3.91 (t, ] = 9.0 Hz, 1H), 3.81
(d, J = 0.6 Hz, 3H), 3.67 - 3.60 (m, 1H), 1.67 - 1.54 (m, 4H), 1.44 - 1.30 (m, 4H), 0.91
(ddd, J =29.9, 7.6, 7.1 Hz, 6H). 3C NMR (101 MHz, CDCI3) § 169.22, 159.68, 137.34,
135.24, 128.99, 128.83, 128.25, 127.87, 127.27, 122.01, 114.01, 76.67, 72.19, 65.23,

60.25, 56.97, 55.31, 30.45, 19.07, 13.68.

\
JEt
OQ//O o
MeO \ ; 0
/,\ro
Bn

diethyl (3S,4S,5S)-2-benzyl-3-((E)-4-methoxystyryl)isoxazolidine-4,5-dicarboxylate
(T3E): Purification by automated silica gel flash chromatography (10 g cartridge, 14
ml/min. 2 column volumes of 100% Heptanes followed by 0-33% EtOAc in Heptanes over
12 column volumes) yielded the isoxazolidine 3e (118mg, 90%) as a white solid. TLC: R¢

0.35 (3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCI3) § 7.46 - 7.43 (m, 2H), 7.33 (dq,
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J=8.7,223, 1.5 Hz, 4H), 7.29 (d, J = 1.5 Hz, 1H), 6.88 - 6.85 (m, 2H), 6.62 (d, ] = 15.8
Hz, 1H), 6.02 (dd, J = 15.9, 8.6 Hz, 1H), 4.87 (d, ] = 4.3 Hz, 1H), 4.24 (tdd, ] = 15.0, 7.5,
3.7 Hz, 5H), 3.86 (d, ] = 15.2 Hz, 1H), 3.81 (s, 3H), 3.74 (dd, J = 8.2, 4.3 Hz, 1H), 3.65 -
3.58 (m, 1H), 1.31 (d, J = 7.1 Hz, 3H), 1.25 (d, J = 7.1 Hz, 3H). 1*C NMR (101 MHz,
CDCls) 8 171.35, 171.04, 159.67, 137.22, 135.12, 128.85, 128.10, 128.08, 127.87, 126.96,

122.64, 114.02, 77.16, 73.48, 61.59, 61.50, 58.74, 57.28, 55.30, 14.19, 14.12.

3.5.4. '"H NMR and 3C NMR of Vinyl Isoxazolidines.
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Chapter 4:

Nitrone Intramolecular Cycloaddition

4.1 Pharmaceutical Relevance

Proposed by Smith!%, the 1,3-dipolar cycloaddition reaction is an outstanding
methodology for the synthesis of five-membered-ring-containing heterocycles.!!¢ 117- 130-
133 This reaction involves the combination of a 1,3-dipole with a dipolarophile. The
methodology of this reaction found widespread application in a variety of fields like
materials science, natural product synthesis, and biological chemistry. This methodology
gained recognition in the 1960s through seminal work by Huisgen.!**!*® Among the 1,3-
dipoles the nitrone stands out as the most widely employed in dipolar cycloadditions. 37143
Their high stability along with their ease of access and biological significance may be why
nitrones are so widely used. Depending on the dipolarophile and isoxazole or isoxazolidine
skeletons are formed in their reactions with alkenes or alkynes, respectively. These
heterocycles are found in a variety of natural products and can be converted into 1,3-amino

alcohols, which are precursors of B-amino acids and B-lactams, through reductive ring

opening.'**

4.2 Chromeoisoxazole Methodology

Formation of the chromeoisoxazole (Figure 13) has been limited to methods using

t145

heat'* and grinding.'*® These methods while affective are often times tedious and wasteful.

The use of photocatalysts has become widely used in organic chemistry to facility reactions

that would either never happen or would be extremely slow!*7 148
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Ph,, I/\H R

N <__
£ ~So" Zn(OTf),, CH,Cl,

-
OO \kﬁ eq. Et3N ,40°C

Figure 13. Formation of Chromeoisoxazole Using a Zinc Catalyst Under Mild Conditions

Zhao was able to form the chromeoisoxazoles in good yields as a mixture of
diastereomers. These chromeoisoxazoles were formed using a nitrone, this was formed
through the condensation of a hydroxylamine and an aldehyde using 5% mol glacial acetic
acid. This was able to lead to the nitrone (Figure 14). With the nitrone Zhao was then able
to form the chromeoisokxazole by refluxing the nitrone in chloroform for 48 hours at 40°C

(Figure 15). This reaction lead to a mixture of diastereomers in good yields.'*

Ph,,
o CHO (S
Ya, 0
T OH HOAC, CH,Cl, D\)
HNOH ¥
MgSOy, 86%

Figure 14. Nitrone formation from Zhao

Ph"'I/\R R
: L

A N‘“‘o‘

CH,Cl, 40°C  py, |

(9] !
LT e

Figure 15. Chromeoisoxazole formation from Zhao
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Compared to using heat for this reaction another method that is employed is
grinding!#* 1°°. Bhutia used two types of grinding tests to determine the best method for
the formation of chromeoisoxazoles. The first method was a gentle grinding where they
found that after 15 minutes the nitrone was formed while gentle heating was required for
the formation of the chromeoisoxazole instead of intermediate grinding for 12 hours at
room temperature. The other method employed was liquid assisted grinding (LAG).!>!
This method compared three solvents: chloroform, ethanol, and acetonitrile. These three
solvents showed similar speeds for the formation of the nitrone compared to the gentle
grinding method. The chromeoisoxazole formation was low yielding and so Bhutia stuck

with the gentle grinding method.

Photocatalyzed reactions have become a major field in organic chemistry over the
past few years, mainly due to visible light being in natural abundance, environmentally
benign, renewable, and easy to handle.!*” 1*157 The rapid development of this field has
led to the development of new and simpler organic reactions. These reactions range from
coupling reactions'®, alkyl-vinyl product formation'>’, sulfur ylides formation'®’, and
ring closing reactions'®! 12 to name a few. Tris(2,2"-bipyridyl)dichlororuthenium(II)
hexahydrate (Ru(bpy);Cl2*6H20) has been used in an oxidative cross-dehydrogenative

coupling (CDC).!63

The CDC method used glycine and styrene as substrates to explore the reaction
conditions.'®® The screening began with the use of Ru(bpy)s;(PFs)2 in 1 mol percent in
combination with 10 mol percent of a Lewis acid cocatalyst Cu(OTf); in acetonitrile
under irradiation of a 3W blue LED bulb for 4 hours. Upon further screening
Ru(bpy);Cl*6H>0O was found to be the best photocatalyst under these conditions and
gave a yield of 75% after 4 hours. With further testing it was found that the best Lewis
acid cocatalyst was Cu(OTf), while acetonitrile proved to be the best medium and the
photocatalyst could be reduced to 1 mol percent. Further testing of the light source
showed that under a 26W fluorescent lamp the reaction was able to proceed to

completion but was slower to complete at 15 hours. Under the irradiation of direct
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sunlight, the reaction was able to proceed in 6 hours affording a 74% yield which helped
to show the utility of the protocol. Zhang also found that molecular oxygen played a role
in the system upon finding that the reaction did not yield the desired product under argon.
The conditions were able to show that substituted styrenes, naphtyl ethylenes, 1,2-
disubstituted alkenes, aliphatic alkenes, and conjugated dienes. It was noted by Zhang
that the aliphatic alkenes had reduced yields compared to their styrene counter parts.
Alkenes with strong electron-withdrawing groups were also noted to not be suited for this

reaction.

The scope of the glycine esters were also explored by Zhang and were found to
give relatively good yields. Para-substituted glycine’s were found to give the best yields
for these conditions, it was also noted that 3,5-dimethyl substituted glycine was also able
to obtain a relatively lower yield of the product. The ester fragment was also explored by
Zhang and found that small, large, and bulky ester were suitable for this reaction along
with glycine amide and glycine derived dipeptide. Other substrates tried were a-amino
carbonyls species such as ketones and amino nitriles, but these were found to give trace

products or no reaction respectively.

4.3 Results and Discussion

Since a photocatalyst was being used for this transformation multiple catalysts were
tested to see which was the best. These tests were run in the solvent acetonitrile due to
some of the catalysts not dissolving in other medium. These catalysts tended to allow the
product to undergo hydrolysis back to the starting aldehyde or they caused no reaction at
all. Ru(Bpy)s is a common photocatalyst used in many different organic synthesis methods
and provided an 82% yield of the product (Table 12, Entry 1). Other metal catalysts were
used that are found in light mediated organic synthesis and they were found to give good
to moderate yields (Table 12, Entry 2-4). Two organic photocatalysts were also used and

were found to give poor yields or no reaction (Table 12, Entry 5-6).
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Table 12

Catalyst Optimization Table

Bn\N+O‘ Bn_ o
| White Light N-=
©\) 0.005M in ACN w
O/\/\ 1 Day o
5% Cat.
Entry Catalyst Yield

1 Ru(Bpy)3 82%

2 Ir(p-F-ppy)3 75%

3 [Ru(bpz)3][PFg]2 87%

4 [I{dFcF3ppy}2(bpy)]PFe 51%

5 Tetrabromofluorescein 19%

6 Hematoxylin 0%

The formation of chromeoisoxazoles has been traditionally done using high heats.
During the optimization process of these compounds the existing methods were tested to
observe the viability of this reaction (Table 13, Entry 3). Optomization then focused on
visible light after a nitrone was placed on the windowsill to react overnight (Table 13, Entry
5). It was observed that by decreasing the concentration of the reaction the yields would
increase significantly (Table 13, Entry 8-11). Upon the addition of a photocatalyst the
yields are observed to increase even further when added in five molar percent (Table 13,
Entry 12). Through the addition of triethylamine, it was observed that the reaction yields
became excellent. This is due to a possible radical mechanism involving the triethylamine

(Figure 16).
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Figure 16. Proposed Mechanism for the Formation of Chromenoisoxazoles

Table 13

Chromeoisoxazole Synthesis Optomization

©

Bn\%,o solvent in N-O
| additive
H
o o)

Entry Additive Solvent T Concentration  Yield?
1 none Benzene rt 0.01M 0%
2 none Benzene 60°C 0.01M 32%
3 None Benzene 80°C 0.01M 91%
4 visible light Benzene 0.01M 18%
5 visible light ACN 0.01M 20%
6 visible light CH,Cl, rt 0.01M 32%
7 visible light MeOH rt 0.01M 28%
8 visible light ACN 0.02M 18%
9 visible light ACN 0.03M 15%
10 visible light ACN 0.05M 32%
11 visible light ACN rt 0.005M 42%
12 Ru(bpy)3Cls 5mol% ACN 0.005M 64%
13 Ru(bpy)3Cls 1mol% ACN 0.005M 44%
14 Ru(bpy)3Cl, 10mol% ACN rt 0.005M 55%
15 Ru(bpy)sCl, 5%/EtsN 1 equiv. ACN 0.005M 98%
16 Ru(bpy)sCls 5%/Et3N 1.5equiv. ACN 0.005M 95%

a.lsolated yields.
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With the optimal condition in hand for this reaction we sought to determine the
scope. Different substitution around the aromatic ring was tested for these reactions such
as the meta position which showed excellent yields (Table 14, Entry 2). A fused ring was
also test and was found to have excellent yields as well (Table 14, Entry 3). Multiple
substitutions around the aromatic ring were tested all found to produce excellent yields
(Table 14, Entry 4-6 and 10-12). Electron donating groups were also found to give
excellent yields (Table 14, Entry 2 and 7). Electron withdrawing groups were tested as well
and no difference between the donating and withdrawing groups were noticed (Table 14,
Entry 4-6, 8, 10-12). As expected ketones were found to produce excellent yields as well

(Table 14, Entry 10-12).
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Table 14

Chromeoisoxazole Synthesis Aromatic Scope

€)
) Bn,
BnN-© Ru(bpy)s (5 mol%) N0
‘ —_—
| X ACN, Et;N @fﬁ%{
Rq/ 0/\/ R o
Entry Nitrone Product® Yield2? Entry Nitrone Product® Yield??
)
S) B Bn ®O Bn\
Bn. ®. n, ~g- —0
n N (o} " N-O ‘N H N
1 ‘ 98% 7 92%
H _ H
N
o o ) )
S) Bn
Bn\%/o ‘N-0 o O Bn.
\ H Bn\N/O H N-O
2 H 97% 8 E | F 96%
o/\/ o P H
S S 0/\/ (0]
S B
Bn.®.0 n o
N N-O ® Bn,
‘ H Bn\N/O N-O
Pz H
o/\/ Yo)
O O o/\/ 0
€ o
©) Bn, ) Bn,
Bn\N,O » N-O Bn\N/o N-O
4! ‘ ! 95Y% 10 © ‘ c 95%
H ° H °
0/\/ fo) 0/\/ o
| | Br Br
€)
) Bn,
Bn\‘N/O " N-O Bn\ﬁ/oe Bn‘N_o
Cl
5 © \Q\)ﬁﬁi 94% 1 cl ‘ C';@?ﬁz 96%
AN H
(o) (o] 0/\/ o
Cl Cl
o S B
©) Bn, @ n,
Bn\N/o ; N-O Bn\N,O N-O
Br- ‘ Br- ‘
6 H 91% 12 H 90%
o/\/ o o/\/ (o)
Br Br NO, NO,

a. Reaction conditions: Nitrone (1 mmol), Ru(bpy)s (0.05 mmol), EtzN (1 mmol) in ACN for 12h. b. Isolated yields.
c. Reaction crude was purified by standard silica gel chromatography.

have any effect on the reaction. When placing methyl groups on the 1, 2, and 3 positions
the yields all trended towards excellent and did not deviate from each other to any
significant degree (Table 15, Entry 1-3). Bulky groups were tested to determine if there

would be any significant effects on the yields and upon testing were found to also be

We also wanted to test if changed the allyl ether group in the ortho position would

excellent yielding (Table 15, Entry 4-5).
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Table 15

Chromeoisoxazole Synthesis Allyl Ester Scope

©
® Bn
Bn\-© Ru(bpy)s (5 mol%) L N
| > 3
©\) ACN, Et;N R
R? R
= “
o/"v\‘/\R3 o~ "R
Entry Nitrone Product® Yield2b
Bn\®,0
| @f ©f53
Bn\®,O@ Bn,

N-O

| H

2 ©\) H 97%
0 IN )
Bn\@o

o SR -

Bn
Bn\®/0 ‘N_o
H
4 ©\) 92%
/\)\ "
(o)
Q Bn
Bn.® 0 H ‘N-O
5 | Ph 96%
H
o/\/\Ph (o}
S) Bn
Bn.®0 N-O

a. Reaction conditions: Nitrone (1 mmol), Ru(bpy); (0.05 mmol),
EtsN (1 mmol) in ACN for 12h. b. Isolated yields.
¢. Reaction crude was purified by standard silica gel chromatography.

The robustness of this reaction was also attested by changing the hydroxylamine
used during the nitrone formation. Small groups were tested and found to form the
cycloadduct in excellent yields (Table 16, Entry 3). Likewise, bulky groups were tested

and found to oxidize back to the aldehyde and did not form the desired product. Finally,
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two different types of rings were tested an aromatic and a nonaromatic both of which

formed the chromeoisoxazole in excellent yields (Table 16, Entry 4 and 1).

Table 16

Chromeoisoxazole Synthesis Hydroxylamine Scope

o
® R
R.N-C Ru(bpy)s (5 mol%) 4 N0
\ _— -
©\) ACN, Et;N Qfﬁgl;—
o/\/\ o
Entry Nitrone Product® Yield2?
o
® Cy,
Cy\N,O ) N-O
1 ! 96%
H
o/\/\ o
€
® Ph_
Phn-© N-Q
[ H
2 95%
H
0/\/\ fo)
o
©) Me_
Me\N/O N-O

3 ‘ H 94%
H
0/\/\ o

a. Reaction conditions: Nitrone (1 mmol), Ru(bpy)s (0.05 mmol),
EtsN (1 mmol) in ACN for 12h. b. Isolated yields.
c. Reaction crude was purified by standard silica gel chromatography.

4.4 Conclusion

Using visible light and a photocatalyst the formation of chromeoisoxazole has
been shown without requiring harsh conditions. Multiple substitutions on the aromatic
ring have shown no difference in yield while providing diverse substitutions of the
aromatic ring. Changing the allyl ether has also shown to form the chromeoisoxazole in
excellent yields. The mechanism for the formation of the chromeoisoxazoles has been

proposed via a catalytic mechanism involving a radical.
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4.5 Experimental

Reagents were obtained from Aldrich Chemical, Acros Organics or Alfa Aesar
and used without further purification. Solvents were obtained from EMD Miliphore
DrySol and degassed with nitrogen. Reactions were performed in 4- mL glass vials with
magnetic stirring. TLC was performed on 0.25 mm E. Merck silica gel 60 F254 plates
and visualized under UV light (254 nm) or by staining with potassium permanganate
(KMnOQs). Silica flash chromatography was performed on E. Merck 230-400 mesh silica
gel 60. Automated chromatography was performed on a ISOLERA Prime instrument
with 10 g. SNAP silica gel normal phase cartridges using a flow rate of 12.0 mL/min and
a gradient of 0- 20% EtOAc in Heptanes over 12 column volumes with UV detection at
254 nm. NMR spectra were recorded on Varian Mercury I 400 MHz Spectrometer at 24
°C in CDCl; unless otherwise indicated. Chemical shifts are expressed in ppm relative to
solvent signals: CDCl; (‘H, 7.23 ppm; *C, 77.0 ppm; coupling constants are expressed in

Hz).

4.5.1. General method for the synthesis of Chromeoisoxazoles.

In a 20- mL glass vial, 1 eq. nitrone and 0.05 eq. Ru(Bpy)s were dissolved in 7mL
acetonitrile. The reaction was stirred vigorously under white light for 22 hours at room
temperature. The substrate is concentrated by rotary evaporation to afford the crude
product. The crude product is filtered through silica gel over a gradient of 9:1
Heptanes/EtOAc over 12 column volumes to obtain the respective chromeoisoxazole in

good to excellent yields.
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4.5.2. Chromeoisoxazoles from Table 14.

1-benzyl-9b-methyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (18.6mg, 93%) as a white solid. TLC: Rf0.20 (3:1
heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) 8 7.49 - 7.44 (m, 1H), 7.37 (d, J=7.6
Hz, 2H), 7.33 - 7.27 (m, 2H), 7.27 - 7.15 (m, 2H), 6.98 (t, /= 7.5 Hz, 1H), 6.89 (d, J =
8.5 Hz, 1H), 4.28 - 4.14 (m, 3H), 4.01 - 3.82 (m, 3H), 2.84 - 2.76 (m, 1H), 1.56 (s, 3H).
I3C NMR (101 MHz, CDCl3) 6 128.59 , 128.49 , 128.37,128.21, 126.94, 121.21,

117.07 ,67.05,65.28 , 54.95 .

Cl

1-benzyl-6-bromo-8-chloro-9b-methyl-1,3a,4,9b-tetrahydro-3H-chromeno|[4,3-
clisoxazole: Purification by automated silica gel flash chromatography (10 g cartridge,
14 ml/min. 2 column volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes
over 12 column volumes) yielded the isoxazolidine (19mg, 95%) as a yellow solid. TLC:
R¢0.40 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, Chloroform-d) & 7.44 - 7.37 (m, 4H),
7.32 (td, J=17.5, 1.8 Hz, 2H), 7.28 - 7.24 (m, 1H), 4.43 - 4.37 (m, 1H), 4.30 - 4.20 (m,
2H), 4.02 - 3.85 (m, 3H), 2.85 (dddd, J=9.0, 6.0, 4.4, 2.8 Hz, 1H). 3C NMR (101 MHz,
Chloroform-d) 6 137.63 , 131.68 , 128.40, 128.38 , 128.33 , 128.31, 127.70, 127.68 ,

127.21,127.19,66.87,65.34 ,64.22 ,55.02,29.69 , 23.65 .
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1-benzyl-1,3a,4,9b-tetrahydro-3H-chromeno|[4,3-c]isoxazole: Purification by
automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column volumes
of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column volumes)
yielded the isoxazolidine (19.6mg, 98%) as a yellow solid. TLC: R¢0.52 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 6 7.44 - 7.40 (m, 2H), 7.34 (td, J = 7.5,
6.9, 1.1 Hz, 2H), 7.30 - 7.25 (m, 1H), 7.19 (dd, J = 8.4, 6.5 Hz, 2H), 6.95 - 6.87 (m, 2H),
432 (td, J=8.2,0.9 Hz, 1H), 4.25 (d, /= 13.2 Hz, 1H), 4.19 - 4.16 (m, 2H), 4.04 (d, J =
13.1 Hz, 1H), 3.95 (d, /= 6.9 Hz, 1H), 3.83 (dd, J=8.1, 4.7 Hz, 1H), 3.14 - 3.05 (m,
1H). 3C NMR (101 MHz, CDCl3) 6 130.84 , 129.05, 128.95, 128.39, 127.42, 121.21 ,

117.01,67.57,65.70, 61.70 , 60.44 , 39.84 .

Cl

1-benzyl-6,8-dichloro-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole:
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12
column volumes) yielded the isoxazolidine (18.8mg, 94%) as a yellow solid. TLC: Ry
0.38 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) & 7.44 - 7.36 (m, 4H), 7.33 (d, J
=7.0 Hz, 1H), 7.25 (d, /= 2.4 Hz, 1H), 6.99 (d, J = 2.4 Hz, 1H), 4.35 (t,J = 8.3 Hz, 1H),
4.27-4.19 (m, 2H), 4.10 (d, J = 2.1 Hz, 2H), 4.01 (d, /= 7.3 Hz, 1H), 3.90 (dd, J = 8.3,
5.1 Hz, 1H), 3.21 - 3.11 (m, 1H). ®C NMR (101 MHz, CDCl3) 8 136.63 , 129.16,

129.11,129.07, 128.93 , 128.63 , 127.83 , 67.44 , 66.26 , 61.03 , 60.69 , 39.66 .
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1-benzyl-8-fluoro-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification by
automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column volumes
of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column volumes)
yielded the isoxazolidine (19.2mg, 96%) as a brown solid. TLC: Rr 0.3 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 6 7.46 - 7.42 (m, 2H), 7.37 (td, J = 7.7,
7.3, 1.6 Hz, 2H), 7.32 (dd, J=7.0, 1.6 Hz, 1H), 6.91 - 6.80 (m, 3H), 4.35 (td, /=8.3, 1.3
Hz, 1H), 4.16 - 4.11 (m, 4H), 4.01 (d, J= 7.3 Hz, 1H), 3.89 (ddd, J=8.1, 5.1, 1.3 Hz,
1H), 3.19 - 3.10 (m, 1H). '3C NMR (101 MHz, CDCl3) § 136.95, 129.11 , 128.56 ,
127.68 ,118.07,117.99,116.50, 116.27, 11599, 115.76 , 67.63 , 65.75 , 61.26 , 60.71

,39.88.

6-allyl-1-benzyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification by
automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column volumes
of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column volumes)
yielded the isoxazolidine (19.4mg, 97%) as a yellow solid. TLC: R 0.56 (3:1
heptanes/EtOAc). 'H NMR (400 MHz, CDCl3) 8 7.45 - 7.41 (m, 2H), 7.37 - 7.33 (m,
2H), 7.31 - 7.26 (m, 1H), 7.08 (d, J = 7.6 Hz, 2H), 6.89 (t, /= 7.5 Hz, 1H), 6.00 (ddt, J =

17.8,9.5, 6.5 Hz, 1H), 5.08 - 5.03 (m, 2H), 4.34 - 4.25 (m, 2H), 4.18 (d, /= 5.9 Hz, 2H),
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4.03 (d, J=13.2 Hz, 1H), 3.95 (d, J= 7.0 Hz, 1H), 3.83 (dd, J = 8.1, 4.6 Hz, 1H), 3.39
(dd, J=6.7,2.1 Hz, 2H), 3.13 - 3.04 (m, 1H). 3C NMR (101 MHz, CDCl5) 5 136.78 ,
129.34, 128.96, 128.89 , 128.37 , 127.38 , 120.79 , 115.45 , 67.63 , 65.90 , 62.09 , 60.46

,40.04 ,34.07 .

1-benzyl-6,8-diiodo-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (19.0mg, 95%) as a yellow solid. TLC: Rr0.37 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 6 7.92 (d, J = 2.1 Hz, 1H), 7.44 - 7.29
(m, 6H), 4.34 (td, /= 8.2, 0.8 Hz, 1H), 4.25 - 4.22 (m, 2H), 4.10 (s, 2H), 3.97 (d,J= 7.1
Hz, 1H), 3.88 (dd, J= 8.3, 4.8 Hz, 1H), 3.18 - 3.09 (m, 1H). 3C NMR (101 MHz,
CDCl3) 6 145.82,139.60, 136.61 , 129.09, 128.61 , 127.84 , 124.35, 83.96 , 67.44 ,

66.55,61.20, 60.75,39.92 .

1-benzyl-6,8-diiodo-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (19.2mg, 96%) as a brown solid. TLC: Rr 0.4 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) § 7.60 - 7.52 (m, 1H), 7.38 (d, J=5.6

Hz, 3H), 7.34 - 7.29 (m, 2H), 7.26 - 7.21 (m, 1H), 6.76 (s, 1H), 4.26 - 4.19 (m, 2H), 4.11
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(dd, J=11.5, 3.1 Hz, 1H), 3.91 - 3.83 (m, 2H), 2.77 (dtd, J = 8.9, 5.4, 3.2 Hz, 1H), 2.30
(s, 3H), 1.57 (s, 3H). ¥C NMR (101 MHz, CDCl3) 5 138.08 , 129.94 , 128.72 , 128.57,

128.45,128.41,128.24 ,127.05, 126.99, 119.09, 66.97 , 63.32, 54.90 , 29.69 , 19.80 .

1-benzyl-6-methyl-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (18.4mg, 92%) as a brown-yellow solid. TLC: R¢
0.48 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) & 7.48 - 7.45 (m, 1H), 7.42 -
7.36 (m, 2H), 7.34 - 7.29 (m, 1H), 7.10 (t, J = 8.4 Hz, 2H), 6.89 (td, /= 7.5, 1.3 Hz, 1H),
4.35-4.29 (m, 2H), 4.25 - 4.20 (m, 2H), 4.05 (d, /= 13.3 Hz, 1H), 3.95 (d, /= 6.9 Hz,
1H), 3.85 (dd, J= 8.1, 4.6 Hz, 1H), 3.08 (qt, J= 6.5, 4.8 Hz, 1H). >*C NMR (101 MHz,
CDCl3) 6 137.65,130.23 , 128.98 , 128.46 , 128.40, 127.39, 120.56 , 120.01 , 67.62,

65.88,62.16,60.44 ,39.98,16.13 .

NO,
1-benzyl-6-methyl-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (18.0mg, 90%) as a yellow solid. TLC: R¢0.24 (3:1
heptanes/EtOAc). '"H NMR (400 MHz, CDCl3) 8 7.56 - 7.50 (m, 2H), 7.39 (d, J = 7.3
Hz, 2H), 7.35 - 7.30 (m, 2H), 7.28 - 7.23 (m, 1H), 4.42 (dd, J=11.7, 4.5 Hz, 1H), 4.34 -

4.24 (m, 2H), 4.04 - 3.87 (m, 3H), 2.93 - 2.86 (m, 1H), 2.34 (s, 3H), 1.61 (s, 3H). 13C
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NMR (101 MHz, CDCl;) 6 133.93 , 130.12, 128.45 , 128.34, 127.23 , 124.95, 66.92 ,

65.27,63.93 ,54.99,45.90,23.79,20.59 .

Br

1-benzyl-6,8-dibromo-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole:
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12
column volumes) yielded the isoxazolidine (18.2mg, 91%) as a yellow solid. TLC: Ry
0.33 (3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 6 7.55 (d, J = 2.3 Hz, 1H), 7.44
-7.35 (m, 4H), 7.34 - 7.29 (m, 1H), 7.15 (d, J=2.3 Hz, 1H), 4.35 (t, /= 8.3 Hz, 1H),
4.26 (d, J=5.1 Hz, 2H), 4.10 (s, 2H), 4.01 (d, J = 7.2 Hz, 1H), 3.90 (dd, J = 8.3, 4.9 Hz,
1H), 3.16 (td, J=7.7, 5.0 Hz, 1H). 3C NMR (101 MHz, CDCl3)  136.59 , 134.67 ,

132.59,129.10, 128.76 , 128.62 , 127.84 , 67.45 , 66.38 , 61.13 ,60.71 , 39.74 .

3-benzyl-3,3a,11,11a-tetrahydro-1H-benzo[7,8]chromeno[4,3-c]isoxazole:
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12
column volumes) yielded the isoxazolidine (18.4mg, 92%) as a yellow solid. TLC: Rt
0.28 (3:1 heptanes/EtOAc). "H NMR (400 MHz, CDCl3) & 7.84 - 7.66 (m, 3H), 7.40
(dhept, J=20.6, 7.3 Hz, 7H), 7.10 (d, /= 8.9 Hz, 1H), 4.88 (d,J=7.7 Hz, 1H), 4.47 (t, J

= 8.6 Hz, 1H), 4.30 - 3.94 (m, SH), 3.37 (s, 1H). 3C NMR (101 MHz, CDCls) § 137.48 ,
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129.86,129.41 , 128.43 , 128.35, 127.60, 126.46 , 123.69 , 118.61 , 68.01 , 66.26 ,

59.02, 58.93,40.62 .

4.5.3. Chromeoisoxazoles from Table 15.

1-benzyl-3a-methyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (18.8mg, 94%) as a brown-orange solid. TLC: Ry
0.63 (3:1 heptanes/EtOAc). "H NMR (400 MHz, CDCl3) 6 7.43 - 7.38 (m, 2H), 7.31
(ddd, J=17.6, 6.3, 1.4 Hz, 2H), 7.27 - 7.20 (m, 3H), 6.97 - 6.89 (m, 2H), 4.37 (d, J=13.6
Hz, 1H), 4.25 - 4.14 (m, 2H), 4.05 - 3.95 (m, 2H), 3.87 (d, /= 6.8 Hz, 1H), 2.49 (tt, J =
7.4,5.0 Hz, 1H), 1.38 (d, J = 6.2 Hz, 3H). 3C NMR (101 MHz, CDCl3) 4 130.97,
129.26, 128.77,128.39, 128.21,127.17,121.01 , 117.16 , 74.84 , 65.44 , 62.32 , 60.53

,46.68 ,29.69 .

1-benzyl-4-methyl-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (19.2mg, 96%) as a white solid. TLC: R¢0.45 (3:1
heptanes/EtOAc). 'H NMR (400 MHz, CDCl3) 8 7.47 - 7.41 (m, 2H), 7.36 (ddt, J = 7.4,
5.7, 1.2 Hz, 2H), 7.31 - 7.23 (m, 3H), 6.99 - 6.93 (m, 2H), 4.43 (d, /= 13.6 Hz, 1H), 4.29
(ddd, J=8.5,7.6, 1.2 Hz, 1H), 4.20 (dq, /= 12.0, 6.6 Hz, 1H), 3.97 (d, J= 13.4 Hz, 1H),
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3.85 - 3.73 (m, 2H), 2.63 (dtdd, J=9.8, 6.3, 3.5, 1.1 Hz, 1H), 1.43 (dd, /= 6.3, 1.3 Hz,
3H). 13C NMR (101 MHz, CDCl3) 8 137.71 , 130.79 , 129.29 , 128.83 , 128.35 , 127.31,

120.77,117.09,71.76 ,67.83 , 62.62 , 60.41 ,46.08 , 19.44 .

\1-benzyl-3-methyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (19.4mg, 97%) as a white solid. TLC: R¢0.43 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 6 7.41 (d, J = 12.1 Hz, 2H), 7.37 - 7.30
(m, 2H), 7.29 - 7.21 (m, 3H), 6.95 (td, /= 8.3, 3.9 Hz, 2H), 4.39 (dd, /= 13.6, 4.1 Hz,
1H), 4.27 - 4.14 (m, 2H), 4.06 - 3.96 (m, 2H), 3.88 (t,J= 5.2 Hz, 1H), 2.50 (dt, J= 9.8,
4.8 Hz, 1H), 1.42 - 1.37 (m, 3H). 13C NMR (101 MHz, CDCl3) § 131.01, 129.28,
128.80, 128.79, 128.23 ,127.18,121.03 , 117.18 , 74.85 , 65.47 , 62.35, 60.57 , 46.70 ,

20.10.

1-benzyl-3a-methyl-3-(4-methylpent-3-en-1-yl)-1,3a,4,9b-tetrahydro-3H-
chromeno|4,3-c]isoxazole: Purification by automated silica gel flash chromatography
(10 g cartridge, 14 ml/min. 2 column volumes of 100% Heptanes followed by 0-15%
EtOAc in Heptanes over 12 column volumes) yielded the isoxazolidine (18.6mg, 93%) as

a white solid. TLC: R¢0.63 (3:1 heptanes/EtOAc). 'TH NMR (400 MHz, CDCl3) & 7.39
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(d,J=17.3 Hz, 2H), 7.26 (ddd, J = 13.0, 9.3, 2.8 Hz, 5H), 6.95 - 6.90 (m, 2H), 5.10 (td, J
=17.2,3.5Hz, 1H), 4.48 (d, J= 14.1 Hz, 1H), 431 (td, J=10.2, 9.7, 3.1 Hz, 1H), 4.21
(dd, J=10.8, 4.9 Hz, 1H), 3.95 (dd, J = 14.5, 3.0 Hz, 1H), 3.85 (d, J= 5.8 Hz, 1H), 2.57
(dt, J=10.3, 5.3 Hz, 1H), 2.07 (dt, /= 11.9, 6.8 Hz, 2H), 1.69 (d, J = 3.3 Hz, 3H), 1.61
(d, J=3.6 Hz, 3H), 1.26 (d, /= 4.1 Hz, 3H). 3C NMR (101 MHz, CDCls) § 131.14,
129.31, 12833, 128.05, 126.80 , 123.87, 120.62 , 116.97 , 64.75 , 62.89 , 59.86 , 45.83

,42.81,25.67,23.12,20.42 .

1-benzyl-3,3-dimethyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole:
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12
column volumes) yielded the isoxazolidine (18.4mg, 92%) as a white solid. TLC: R¢ 0.55
(3:1 heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 8 7.39 (d, J = 7.3 Hz, 2H), 7.31 -
7.20 (m, 5H), 6.95 - 6.89 (m, 2H), 4.49 (dd, J = 14.3, 2.7 Hz, 1H), 4.37 - 4.20 (m, 2H),
4.02 -3.91 (m, 2H), 2.49 (tt,J="7.7,2.9 Hz, 1H), 1.38 (d, J= 2.7 Hz, 3H), 1.30 (d, J =
2.7 Hz, 3H). BC NMR (101 MHz, CDCl3) § 131.03 , 129.31, 128.30, 128.08 , 126.84 ,

120.63 ,116.98 , 64.55,62.68 , 60.01 , 47.50,30.12,22.71 .

1-benzyl-3-phenyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column

volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
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volumes) yielded the isoxazolidine (19.2mg, 96%) as a white solid. TLC: R¢ 0.5 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) 6 7.45 (dt, J = 6.5, 1.6 Hz, 5H), 7.41 -
7.29 (m, 6H), 7.29 - 7.21 (m, 3H), 6.98 - 6.92 (m, 2H), 4.42 (d, J = 13.5 Hz, 1H), 4.34
(dd,J=11.3,7.0 Hz, 1H), 4.25 (dd, J=11.3, 4.3 Hz, 1H), 4.20 (d, /= 13.5 Hz, 1H), 4.12
(d, J=7.0 Hz, 1H), 2.87 (qd, J = 6.8, 4.3 Hz, 1H). 3C NMR (101 MHz, CDCl3) 4 130.85
,129.33,129.07, 128.66 , 128.61 , 128.29, 128.08 , 127.32,126.53 , 121.24,117.22,

80.96 , 65.24,62.44,60.95 , 48.29 .

4.5.4. Chromeoisoxazoles from Table 16.

Q

N-O

sof

1-cyclohexyl-3-methyl-1,3a,4,9b-tetrahydro-3H-chromeno|[4,3-c]isoxazole:
Purification by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2
column volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12
column volumes) yielded the isoxazolidine (19.2mg, 96%) as a yellow solid. TLC: R¢ 0.5
(3:1 heptanes/EtOAc). '"H NMR (400 MHz, CDCls) 8 7.24 (dd, J= 8.8, 7.2 Hz, 1H), 7.15
(ddd, J=8.6,7.5, 1.7 Hz, 1H), 6.94 (td, /= 7.5, 1.3 Hz, 1H), 6.82 (dd, /= 8.2, 1.2 Hz,
1H), 4.30 (d, J=7.2 Hz, 1H), 4.19 (d, /= 4.3 Hz, 2H), 4.07 (p, /= 6.3 Hz, 1H), 2.83 (tt,
J=10.9,3.4Hz, 1H), 2.43 (tt, /=7.2,4.3 Hz, 1H), 2.25 - 2.19 (m, 1H), 1.86 (d, J=12.1
Hz, 2H), 1.70 - 1.62 (m, 2H), 1.53 - 1.46 (m, 2H), 1.37 (d, J=6.2 Hz, 3H), 1.32 - 1.23
(m, 3H). BC NMR (101 MHz, CDCl3) 4 130.57 , 128.60 , 121.31, 116.82, 64.33 , 62.57

,57.22,46.75,32.27,27.31,26.12,25.54,25.20, 19.81 .
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3-methyl-1-phenyl-1,3a,4,9b-tetrahydro-3H-chromeno|4,3-c]isoxazole: Purification
by automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column
volumes of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column
volumes) yielded the isoxazolidine (19.0mg, 95%) as a brown solid. TLC: R 0.45 (3:1
heptanes/EtOAc). "TH NMR (400 MHz, CDCl3) & 7.33 (dd, J = 8.6, 7.1 Hz, 2H), 7.25 (dd,
J=17.1,1.6 Hz, 2H), 7.22 - 7.17 (m, 1H), 7.10 (dq, J = 7.2, 1.6 Hz, 2H), 6.92 - 6.86 (m,
2H), 4.63 (d, J= 6.9 Hz, 1H), 4.35 - 4.29 (m, 1H), 4.26 (d, /= 3.6 Hz, 1H), 4.20 (dd, J =
11.6, 5.5 Hz, 1H), 2.54 (tdd, J=7.0, 5.4, 3.6 Hz, 1H), 1.52 (s, 3H). *C NMR (101 MHz,
CDCl) 6 130.62 , 129.18 , 128.75,128.70, 123.68 , 121.24, 118.08 , 116.87 , 75.91 ,

64.48 ,64.19,46.51,19.90 .

1,3-dimethyl-1,3a,4,9b-tetrahydro-3H-chromeno[4,3-c]isoxazole: Purification by
automated silica gel flash chromatography (10 g cartridge, 14 ml/min. 2 column volumes
of 100% Heptanes followed by 0-15% EtOAc in Heptanes over 12 column volumes)
yielded the isoxazolidine (18.8mg, 94%) as a white solid. TLC: R¢0.33 (3:1
heptanes/EtOAc). 'H NMR (400 MHz, CDCl3) 8 7.27 - 7.19 (m, 2H), 6.97 - 6.90 (m,
2H), 4.15 - 4.06 (m, 2H), 4.00 - 3.92 (m, 1H), 3.48 (s, 1H), 2.85 (s, 3H), 2.45 (td, /= 7.9,
7.4,3.5 Hz, 1H), 1.39 (d, J = 6.2 Hz, 3H). 3C NMR (101 MHz, CDCl3)  130.66 ,

12942 ,121.01,117.34,74.71 ,65.88 ,64.93 ,47.45 ,43.35,19.72

122



4.5.5. '"H NMR and 3C NMR of Chromeoisoxazoles.

acqfil
ANP-84-P

w10 —

~ LI0L9%—

959509 —
o EZSET9
S99p°59—

SESH'PL—

TIE0TZL "
~ Ob8TLTT
LpET mNﬁV

£8BL8TT
866'8¢T
L0BT'6TT
1S00'TEL \.

@ ThERET

on T199'55T—

10

13 12

acqfil
ANP-84-P

-10

| L ‘m L { l‘ J h
220 210 200 150 180 170 160 150 140 130 120 i %10 ) 100 90 80 70 60 50 40 30 20 10
ppm

230

acqfil
ANP-102

‘JT €67

00'T

-

Feaz
M._.lom.m
|

6L0
60
$T'T
J.MQ.N

0T
M.rmﬁ.ﬁ

f1 (ppm)

10

13 12

acgfil

b689'62—

BESE 5 —

00SE'E9~
{EBT'S9—
£05049~"

£0L0LTT—
180° 11—

STb6'91
6502'821
00LE°8TT
LiBFBTT
9065871
9ESH'BET —

ANP-102

-10

220 210 200 190 180 170 160 150 140 130 120 g %10 ) 100 90 80 70 60 50 40 30 20 10
1 (ppm

230




Br

Cl

acqfil
ANP-154

€T
u\-m._
S6'E

9SPIEC—

SI69'6—

5910'55—

o 29T~
£0bE'S9—
62899

Hewsn

© BTl
01 LT
Bb9271
H00LL2T
660E'STT
0ZEE'8TL

™ zegegzl
£POP'8TT
S099'TET
2789 IET 7
979261 —

@

13 12 11 10

ANP-157-Carbon

acgfil

-10

10

20

30

40

50

60

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70
f1 (ppm)

13 12 11 10
f1 (ppm)

220

230

GH-2017-188-P

acqfil
acqfil

60 BT —

£LL0°0—

0604°09~
512979
092878 —
490 TE,

L9BOETT~
SOTT6TT—
7692021
090221
wmﬁm,mNAy
[4514:r8
HSE'8TT
OES'BCT
ZBBT'6CT
906 '0ET
680L/ET

TOIE¥ST—

GH-2017-188-P

LLIL

1 JH‘M

-10

220 210 200 190 180 170 160 150 140 130 120 2 %10 ) 100 90 80 70 60 50 40 30 20 10
1 (ppm

230




|.¢r§

= =00T

=580
Boez

=-88'0

‘N-0
N YL
L

Bn

GH-2017-111-189-P

acqfil

LL896C—

o~ BL9G—

BEES'09—
;M 191£29—
00F'59——

00b8'bL—

(ppm)

fl

PEST LTI~
806611~
ETI0'TZI ="
N~ 989TZZL
Terzeri
6E6E°821
TELLBTT
S856'821
909T'6Z1
D 1bi6'0ET
PSLLLET

o GHEISST—

12 11 10

13
GH-2107-111-189-P-4

acqfil

-10

220 210 200 190 180 170 160 150 140 130 120 f1%10 : 100 9 8 70 60 50 40 30 20 10
ppm

230

GH-2017-111-195-5-P

acqfil

g

i

jm«

EN

00’1t

660
80
+0°T
08'T

0T
20T

58T
T
8E°T
are
0T

f1 (ppm)

10

12

13

acgfi

0P8 66—

TEPP' 09~
9869'19-"
£00£'59—
LS9

L600°LTT~
L6T9°0ZT~_
I TZI-"
TEBG'OTT

S9TF£ZT V

TE6EBZT
8Lv6'921
890621
V0T \

OVOFLET

890951 —

GH-2017-11I-195-5-P

-10

220 210 200 190 180 170 160 150 140 130 120 & %10 ) 100 90 80 70 60 50 40 30 20 10
ppm

230




‘N-0

o £8'0

acqfil

Cl

Lvmm,o
Vﬂﬁmm

Cl

GH-2017-1v-8-P

-1

££99'66—

L169'09

- t6z019-
SE9T99I~
BLER LI

Ecrsszzr

© Oopberel
LT
68722l
8978YTT
T929'821
~ HEE8ZI
8TL0'6TT
1501621
sror'ezl
TEEIOET—

T0ZZ 081 —

10

12

13
GH-2017-1V-8-P

acdfil

L | hhl

-10

220 210 200 190 180 170 160 150 140 130 120 n%m)mu 9 80 70 60 50 40 30 20 10
ppm

230

acqgfil

GH-2017-1V-14-P

‘JTNQN

480
0T
20T

6
f1 (ppm)

10

12

13

09/8'6€—

660409~
2650197
L6b2'59—
962029

T85L'STT
9066'STI
069Z°'9TT

686F 911
£S86LTT
9590°811
68L9LTT
1655821 S
801621 i

E8b6'9ET—

Tei6'65T—
CESE'RST—

GH-2017-1V-14-P

acqfil

-10

220 210 200 190 180 170 160 150 140 130 120 fl%10)1:1(1 90 80 70 60 50 40 30 20 10
ppm

230

126



acqfil

LTNN.—
——=-002

| reve
uk\mm.o

ot

80T

oz

F86'T

00T

860
M st

7w
——==iur
\ 802

GH-2017-1V-41-P

f1 (ppm)

10

12

13

acqgfil

0S£0'vE—

T6E0°0b—

995b'09~
106079
T1968'59 —
6529'¢9—"

PESPSTI—
ESELOTT
968L°0ZT i
PBLELLT
¥SST'8LT W

9ELEBZT
¥C68'8TT
SBS6'8Z1
STPE'LT
BEBLOEL
S«m.hm_

698F°EST—

GH-2017-IV-41-P

-10

20 10

30

110 100 90 80 70 60 50
f1 (ppm)

120

220 210 200 190 180 170 160 150 140 130

230

GH-2017-1v-42-2-P

acqgfil

6776'6E—

90b4 09~
102197
£665'99~
b9

3

1656'€8 —
¥55'98—

6
fi (ppm)

mh.\mJnNH/
0LERLET

6609'82T i//
ses0eeT

7

TIT99ET—
6965661 —

LIRS —

TLBY' ST —

12 11 10

13

ifil
GH-2017-1V-42-2-P

al

Ll

-10

220 210 200 190 180 170 160 150 140 130 120 f %10 ) 100 90 80 70 60 50 40 30 20 10
ppm

230




Cl

GH-2017-1V-45-P

acqgfil

o
=
L= L o L s
L ©
g
o
=7 ; Fo sre—
£108°61— —_— - m
\ | ., usvez— 4 =3
4
. L @
10 g oT86'6E—
|
| s L s
g [ 'LTE.N
2660°b5— -
260
An\ [Fea YTCEEY I w SSEF09~
3 \.‘. o1l iz} c?mﬂ.wwl\
| 69— — 0EBEI—
_ Lo (61509
LT +6°0
b1 T e o o] R
L ek
il @ o't
qu_
591
| L o
(=3}
F
| Fun
| (=3
FE
T veeosl = e
0814921 € £
a
Fes wssa L88 LoS
= B9OLLT b T
halZ 4 = © 9900021
| 0287821 — m 2655 DN—H#
—-80 9:0v821 r
| L~  o6btser - —— Mmu_w - mwmwwwk
2011 L9582 P E— I ¢
Eoct 991821 = L8 as%u il
A S9E6'62T i MJB.N VELE'TT \
| vert ESOP'9ET ~— J ik 5522061
| |, owosEr = =] LvLET—
7 - ]
g THBE0ST— F m O
1 el \
= Z o |, aEsi—
L2 c
- m
o
o~
|- w - L o
=
(=]
0
g2
-
b= | g L
it
(=]
F 2
L~ =2
] L~
o
S
o =
h Y (8]
™ T [} r
= i (=]
I -8 z 22
™~ ™ :
= — ~
=3 o =8 ]
S1 ra 54 ET
B0 o] g5

-10

220 210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

230




GH-2017-1vV-46-P

acqfil

01'T
S6'T
20T
M/nm T

f1 (ppm)

12 1 10

13

acqfil

885 07—
8E6L'ET—

96—

+006'Sh—
6867 ¥5—

PBZ6'69
¥TLTS9—
#1269

PESEHET
nmNNNN_M
8BEE'8TT
8ZSH'8ZT
ELIT'0ET .“
SLTE'EET
99ELET 7
9pSB'8cT

T€89'I —

GH-2017-1V-46-P

-10

50 40 30 20 10

60

Al
70

110 100 90 80
f1 (ppm)

120

220 210 200 190 180 170 160 150 140 130
Br
Br

230

GH-2017-1V-49-P

acqfil

oot

80
60
€0

90

f1 (ppm)

12 11 10

13

acqfil

PRELGE—

PETL09~
bIeT19-"
LLLE99~
TESH29—

T028'T1T~
EVETEIT

566941
Z9EBLTT /
PI29BTL
5852°821
£960'6Z1

.\
rvmmnﬁ
Es.E %
2885°9ET

5695°1ST—

GH-2017-1v-49-P

-10

220 210 200 190 180 170 160 150 140 130 120 n%m ; 100 9% 8 70 60 S0 40 30 20 10
ppm

230




L1,

-10

60 50 40 30 20 10

70

L

90

GH-2017-1v-50-P

acgfil

o
-
L= o [
=3
=
Lo Fo
o
5
o
| Sp—y o0 |
L9190 — g
e o ™ esrsy—
w
16685 -
9£T0'65 3 5056'09~
e Fmo e
8657'99~ 98E2'59 "
L0089 o
SELLIL _
STENLL £6'0
Fo 5 bl
Wmm.v 90T LL & Ert 65608 —
80T
88°0 201
) L2 7 580
—re30 = .
L i 80|
o
2 612411
. oy . 9b00er
[= [3 [ a4l
L 6rmw MW e EW 1265921
1025°8T1 = = wieeen
td mmﬁm.m:/ & T cE80'8Er
8669°C2T =) 5687821
qmme.uﬁ/ o wm.mw.www
£009421
e ocma.mﬁW [~ veoe
SHE'ET R 09€T 621
ETTF'62T ! 182E°62L
918671 TISEOET
5798'621 =] 96k LET—
Foo  ZZETEED 27 oo BEOTORT—
B1BHLET
(=3
3
-
I - L o oEESSSI—
O
A
o
L =3
. m - =
2
2}
- -
[ — (=3 [ -
2
=)
[=]
Lo~ o L~y
— s =
=
£ S 2
8 " g J
[}
L m :U_J = g [ %.
o > o = v &
T q T
= ur o
= o =R ==
g2 2 51 &%
o c T
80 © 80

2200 210 200 180 180 170 160 150 140 130 120 110 100
f1 (ppm)

230

130



N-O

GH-2018-V-41-P

acqfil

e
167
7

LEE
.Jmm z

f1 (ppm)

10

12

13

acqfil

256861 —

BETS G —

LEBT'HY
(38 a ]

811664 —

SZL89TT
LYROETT W
TISH 02T~
89ET'1ZI~"
SO8Y'EZT~"
050£'621
LESLET W
ST8T'6Z1
8LIF0ET
E£E0B'SET

BELD'IST—
£256'p5T—

GH-2018-v-41-P

-10

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
1 (ppm)
N-O

220

230

GH-2018-V-42-F1

acqfil

Eore
Re67
Rsrz

65T
e
50T

80T

T

e £80
——-g60

160
ﬂMr\ ST

-1

f1 (ppm)

10

12

i3

acqfil

OTTR6T~

9492°ZE "

SOPL9P—

i it
169529~
TZEE I~

1662 b —

£S18'9TT—
80€° 121
vmvm.amav

9209 BT —~
LELSDET—

£L¥00'55T—

GH-2018-V-42-F1

-10

20 10

30

220 210 200 190 180 170 160 150 140 130 120 110 100 S0 80 70 60 50
f1 (ppm)

230




GH-2018-V-54-P

acqfil

=T

0e's
=0T

fi (ppm)

10

12

13

acqfil

oL —

PBIT'0E—

L6V I —

£800°09~—
654979 —
TESS'H9—

$095°6L—

068691~
TBIF6IT~
6HES0TT
S0¥B'97T~_
EEBO'BZT

THEO'TET
9080°8ET

BLECSST—

GH-2018-V-54-Carbon

-10

Lo
110 100 90 80 70 60 50 40 30 20 10
1 (ppm)

120

=

: lm |
220 210 200 190 180 170 160 150 140 130

230

GH-2018-V-69-P

acqfil

00T

=67

=140

E-68'0
F-p1Z

08T
R ivd

f1 (ppm)

12 11 10

13

acqfil

TETLBT—

T9bEEr—
bty —

SLT6PI~
75/8'59~"

80TLPL—

PEPELTT~
9TPERIT—
¥800' 12T~

9STH 62T~
8BSY'0ET "

ZETL'GST—

GH-2018-V-69-Carbon

-10

h L
110 100 90 80 70 60 50 40 30 20 10

1 (ppm)

‘ | 1 \
220 210 200 190 180 170 180 150 140 130 120

230




GH-2018-V-70-P

acqfil

L
E e egsorr—
2910 —
Pl —
7999'5—
R
~g7'¢
e
TvEE 060876 —
S0EB'SE—
=ocz[ ™
001
7958°65—
Loy 006879~
65 P9 —
o1t
YETE T
2t
T eET
s
7 =
A
\_w
o W
2
8596911
419021
L998°EET
$651).
TS &Ea:%
i pers TEEE BTl —=
AET 535%
, 66ETTET
{ LHRTBET—
-]
i<
LS
2
|
L~
=
e
e
s
3
@
=
-
e
gz
80

-10

T Gl
220 210 200 190 180 170 160 150 140 130 120 5 1(.10 ) 100 a0 80 70 60 50 40 30 20 10
ppm

230




10.

11.

References

Enders, D.; Shilvock, J. P., Some recent applications of [small alpha]-amino
nitrile chemistry. Chemical Society Reviews 2000, 29 (5), 359-373.

Denis, L.; Thierry, L. G.; Charles, M., The Chemistry of Vicinal Diamines.
Angewandte Chemie International Edition 1998, 37 (19), 2580-2627.

Haruro, I.; Susumu, K.; Shii, K., Catalytic, Enantioselective Synthesis of o
Aminonitriles with a Novel Zirconium Catalyst. Angewandte Chemie
International Edition 1998, 37 (22), 3186-3188.

Surendra, K.; Krishnaveni, N. S.; Mahesh, A.; Rao, K. R., Supramolecular
Catalysis of Strecker Reaction in Water under Neutral Conditions in the Presence
of B-Cyclodextrin. The Journal of Organic Chemistry 2006, 71 (6), 2532-2534.

Prakash, G. K. S.; Mathew, T.; Panja, C.; Alconcel, S.; Vaghoo, H.; Do, C.;
Olah, G. A., Gallium (III) triflate catalyzed efficient Strecker reaction of ketones

and their fluorinated analogs. Proceedings of the National Academy of Sciences
2007, 104 (10), 3703-3706.

Liu, B.; Feng, X.; Chen, F.; Zhang, G.; Cui, X.; Jiang, Y., Enantioselective
Strecker Reaction Promoted by Chiral N-Oxides. Synlett 2001, 2001 (10), 1551-
1554.

Yan, X.; Xiao, H.; Shaohua, G.; Jinglun, H.; Yuehong, W.; Xiaoming, F.,
Enantioselective Cyanosilylation of Ketones Catalyzed by a Nitrogen !
Containing Bifunctional Catalyst. Advanced Synthesis & Catalysis 2006, 348 (4[]
5), 538-544.

Cruz-Acosta, F.; Santos-Exposito, A.; de Armas, P.; Garcia-Tellado, F., Lewis
base-catalyzed three-component Strecker reaction on water. An efficient manifold
for the direct [small alpha]-cyanoamination of ketones and aldehydes. Chemical
Communications 2009, (44), 6839-6841.

Sigman, M. S.; Jacobsen, E. N., Schiff Base Catalysts for the Asymmetric
Strecker Reaction Identified and Optimized from Parallel Synthetic Libraries.
Journal of the American Chemical Society 1998, 120 (19), 4901-4902.

Porter, J. R.; Wirschun, W. G.; Kuntz, K. W.; Snapper, M. L.; Hoveyda, A. H.,
Ti-Catalyzed Regio- and Enantioselective Synthesis of Unsaturated a-Amino

Nitriles, Amides, and Acids. Catalyst Identification through Screening of Parallel
Libraries. Journal of the American Chemical Society 2000, 122 (11), 2657-2658.

Masumoto, S.; Usuda, H.; Suzuki, M.; Kanai, M.; Shibasaki, M., Catalytic
Enantioselective Strecker Reaction of Ketoimines. Journal of the American
Chemical Society 2003, 125 (19), 5634-5635.

134



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wang, J.; Liu, X.; Feng, X., Asymmetric Strecker Reactions. Chemical Reviews
2011, 711 (11), 6947-6983.

Jun, W.; Xiaolei, H.; Jun, J.; Shaohua, G.; Xiao, H.; Xiaohua, L.; Xiaoming,
F., Asymmetric Activation of tropos 2,2'[1Biphenol with Cinchonine Generates
an Effective Catalyst for the Asymmetric Strecker Reaction of N[/ Tosyll
Protected Aldimines and Ketoimines. Angewandte Chemie International Edition
2007, 46 (44), 8468-8470.

Wang, W.; Wang, Y.; Wu, B.; Cong, R.; Gao, W.; Qin, B.; Yang, T,
Octahedra-based molecular sieve aluminoborate (PKU-1) as solid acid for
heterogeneously catalyzed Strecker reaction. Catalysis Communications 2015, 58,
174-178.

Levin, E.; Ivry, E.; Diesendruck, C. E.; Lemcoff, N. G., Water in N-Heterocyclic
Carbene-Assisted Catalysis. Chemical Reviews 2015, 115 (11), 4607-4692.

M., S. A.; Balamurugan, R.; L., C. C. L.; Chuanzhao, L.; V., G. M.; Kazuhiko,
Y., Selfl |Supported Chiral Titanium Cluster (SCTC) as a Robust Catalyst for the
Asymmetric Cyanation of Imines under Batch and Continuous Flow at Room
Temperature. Chemistry — A European Journal 2012, 18 (18), 5693-5700.

Clark, J. H., Catalysis for Green Chemistry. Pure and Applied Chemistry 2001, 73
(1), 103-111.

Corma, A.; Garcia, H., Lewis Acids: From Conventional Homogeneous to Green
Homogeneous and Heterogeneous Catalysis. Chemical Reviews 2003, 103 (11),
4307-4366.

Walsh, P. J.; Li, H.; de Parrodi, C. A., A Green Chemistry Approach to
Asymmetric Catalysis: Solvent-Free and Highly Concentrated Reactions.
Chemical Reviews 2007, 107 (6), 2503-2545.

Wegman, M. A.; Elzinga, J. M.; Neeleman, E.; van Rantwijk, F.; Sheldon, R.
A., Salt-free esterification of [small alpha]-amino acids catalysed by zeolite H-
USY. Green Chemistry 2001, 3 (2), 61-64.

Kantam, M. L.; Mahendar, K.; Sreedhar, B.; Choudary, B. M., Synthesis of a-
amino nitriles through Strecker reaction of aldimines and ketoimines by using
nanocrystalline magnesium oxide. Tetrahedron 2008, 64 (15), 3351-3360.

Kadam, S. T.; Thirupathi, P.; Kim, S. S., Dimethylsulfoxide-Promoted Strecker
Reaction of N-Tosylaldimines with Cyanoformate. Synthesis 2011, 2011 (06),
919-923.

Jun, W.; Wentao, W.; Wei, L.; Xiaolei, H.; Ke, S.; Cheng, T.; Xiaohua, L.;
Xiaoming, F., Asymmetric Cyanation of Aldehydes, Ketones, Aldimines, and
Ketimines Catalyzed by a Versatile Catalyst Generated from Cinchona Alkaloid,
Achiral Substituted 2,2'[ /Biphenol and Tetraisopropyl Titanate. Chemistry — A
European Journal 2009, 15 (43), 11642-11659.

135



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Hatano, M.; Hattori, Y.; Furuya, Y.; Ishihara, K., Chiral Lanthanum(III)-
Binaphthyldisulfonate Complexes for Catalytic Enantioselective Strecker
Reaction. Organic Letters 2009, 11 (11), 2321-2324.

Liu, Y.; Shirakawa, S.; Maruoka, K., Phase-Transfer-Catalyzed Asymmetric
Conjugate Cyanation of Alkylidenemalonates with KCN in the Presence of a
Brensted Acid Additive. Organic Letters 2013, 15 (6), 1230-1233.

Sone, T.; Yamaguchi, A.; Matsunaga, S.; Shibasaki, M., Catalytic Asymmetric
Synthesis of 2,2-Disubstituted Terminal Epoxides via Dimethyloxosulfonium
Methylide Addition to Ketones. Journal of the American Chemical Society 2008,
130 (31), 10078-10079.

Shah, S.; Singh, B., Catalyst-free, facile, and an efficient synthesis of a-
aminonitriles employing Zn(CN)2 as an ecofriendly cyanating agent. Tetrahedron
Letters 2012, 53 (2), 151-156.

Nakamura, S.; Sato, N.; Sugimoto, M.; Toru, T., A new approach to
enantioselective cyanation of imines with Et2AICN. Tetrahedron: Asymmetry
2004, 15 (9), 1513-1516.

Vachal, P.; Jacobsen, E. N., Structure-Based Analysis and Optimization of a
Highly Enantioselective Catalyst for the Strecker Reaction. Journal of the
American Chemical Society 2002, 124 (34), 10012-10014.

D'Agata, A.; Fasulo, S.; Dallas, L. J.; Fisher, A. S.; Maisano, M.; Readman, J.
W.; Jha, A. N., Enhanced toxicity of ‘bulk' titanium dioxide compared to ‘fresh'’
and ‘aged' nano-TiO2 in marine mussels (Mytilus galloprovincialis).
Nanotoxicology 2014, 8 (5), 549-558.

Kim, T. S.; Stiehl, J. D.; Reeves, C. T.; Meyer, R. J.; Mullins, C. B., Cryogenic
CO Oxidation on TiO2-Supported Gold Nanoclusters Precovered with Atomic
Oxygen. Journal of the American Chemical Society 2003, 125 (8), 2018-2019.

Lin, S. D.; Bollinger, M.; Vannice, M. A., Low temperature CO oxidation over
Au/Ti02 and Au/Si02 catalysts. Catalysis Letters 1993, 17 (3), 245-262.

Yan, W.; Mahurin, S. M.; Pan, Z.; Overbury, S. H.; Dai, S., Ultrastable Au
Nanocatalyst Supported on Surface-Modified TiO2 Nanocrystals. Journal of the
American Chemical Society 2005, 127 (30), 10480-10481.

Ubba, E.; Nawaz Khan, F.-R.; Jeong, E. D.; Chung, E. H., TiO2 nano crystallites
catalyzed water mediated microwave assisted regioselective three component
domino hydrolysis/aldol condensation/Michael addition reaction of 3-(1,5-dioxo-
1,5-diphenylpentan-3-yl)quinolin-2(1H)-one. RSC Advances 2014, 4 (100),
57016-57025.

136



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Eschemann, T. O.; Bitter, J. H.; de Jong, K. P., Effects of loading and synthesis
method of titania-supported cobalt catalysts for Fischer—Tropsch synthesis.
Catalysis Today 2014, 228, 89-95.

Mor, G. K.; Shankar, K.; Paulose, M.; Varghese, O. K.; Grimes, C. A., Use of
Highly-Ordered TiO2 Nanotube Arrays in Dye-Sensitized Solar Cells. Nano
Letters 2006, 6 (2), 215-218.

Y.UG., G.; Y.UUS.,H.; W.,S.;J., M., Superior Electrode Performance of
Nanostructured Mesoporous TiO2 (Anatase) through Efficient Hierarchical
Mixed Conducting Networks. Advanced Materials 2007, 19 (16), 2087-2091.

Miller, J. S.; Manson, J. L., Designer Magnets Containing Cyanides and Nitriles.
Accounts of Chemical Research 2001, 34 (7), 563-570.

Fleming, F. F.; Yao, L.; Ravikumar, P. C.; Funk, L.; Shook, B. C., Nitrile-
Containing Pharmaceuticals: Efficacious Roles of the Nitrile Pharmacophore.
Journal of Medicinal Chemistry 2010, 53 (22), 7902-7917.

F. Fleming, F., Nitrile-containing natural products. Natural Product Reports
1999, 16 (5), 597-606.

MacFaul, P. A.; Morley, A. D.; Crawford, J. J., A simple in vitro assay for
assessing the reactivity of nitrile containing compounds. Bioorganic & Medicinal
Chemistry Letters 2009, 19 (4), 1136-1138.

B,K.C; M,,L.K.; A,M.M.; M.,,0.].; F.,,B. W.; E., L. N., Access to
Nitriles from Aldehydes Mediated by an Oxoammonium Salt. Angewandte
Chemie International Edition 2015, 54 (14), 4241-4245.

Rokade, B. V.; Prabhu, K. R., Chemoselective Schmidt Reaction Mediated by
Triflic Acid: Selective Synthesis of Nitriles from Aldehydes. The Journal of
Organic Chemistry 2012, 77 (12), 5364-5370.

R., G. R.; Debashis, C., Felll[ICatalyzed Synthesis of Primary Amides from
Aldehydes. European Journal of Organic Chemistry 2011, 2011 (12), 2226-2229.

Sridhar, M.; Reddy, M. K. K.; Sairam, V. V.; Raveendra, J.; Godala, K. R.;
Narsaiah, C.; Ramanaiah, B. C.; Reddy, C. S., Acetohydroxamic acid: a new
reagent for efficient synthesis of nitriles directly from aldehydes using Bi(OTf)3
as the catalyst. Tetrahedron Letters 2012, 53 (27), 3421-3424.

Yin, W.; Wang, C.; Huang, Y., Highly Practical Synthesis of Nitriles and
Heterocycles from Alcohols under Mild Conditions by Aerobic Double
Dehydrogenative Catalysis. Organic Letters 2013, 15 (8), 1850-1853.

Reeves, J. T.; Malapit, C. A.; Buono, F. G.; Sidhu, K. P.; Marsini, M. A_;
Sader, C. A.; Fandrick, K. R.; Busacca, C. A.; Senanayake, C. H.,
Transnitrilation from Dimethylmalononitrile to Aryl Grignard and Lithium

137



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

Reagents: A Practical Method for Aryl Nitrile Synthesis. Journal of the American
Chemical Society 2015, 137 (29), 9481-9488.

Zhibin, S.; Yuxuan, Y.; Yifan, D.; Yan, Z.; Jianbo, W., Palladium(II)
Catalyzed Direct Conversion of Methyl Arenes into Aromatic Nitriles.
Angewandte Chemie International Edition 2013, 52 (40), 10573-10576.

Lambert, K. M.; Bobbitt, J. M.; Eldirany, S. A.; Wiberg, K. B.; Bailey, W. F.,
Facile Oxidation of Primary Amines to Nitriles Using an Oxoammonium Salt.
Organic Letters 2014, 16 (24), 6484-6487.

Rokade, B. V.; Malekar, S. K.; Prabhu, K. R., A novel oxidative transformation
of alcohols to nitriles: an efficient utility of azides as a nitrogen source. Chemical
Communications 2012, 48 (44), 5506-5508.

Yu, L.; Li, H.; Zhang, X.; Ye,J.; Liu, J.; Xu, Q.; Lautens, M.,
Organoselenium-Catalyzed Mild Dehydration of Aldoximes: An Unexpected
Practical Method for Organonitrile Synthesis. Organic Letters 2014, 16 (5), 1346-
1349.

Pazhamalai, A.; Helfried, N.; Matthias, B., A General Rhodium![ |Catalyzed
Cyanation of Aryl and Alkenyl Boronic Acids. Angewandte Chemie International
Edition 2011, 50 (2), 519-522.

Traugott, S., Ueber die Ersetzung der Amid[gruppe durch Chlor, Brom und Cyan
in den aromatischen Substanzen. Berichte der deutschen chemischen Gesellschaft
1884, 17 (2), 2650-2653.

W., R. K.; Erich, S., Das am Ringkohlenstoff gebundene Halogen und sein Ersatz
durch andere Substituenten. I. Mitteilung: Ersatz des Halogens durch die
Carboxylgruppe. Berichte der deutschen chemischen Gesellschaft (A and B
Series) 1919, 52 (8), 1749-1756.

Kochi, J. K., The Mechanism of the Sandmeyer and Meerwein Reactions. Journal
of the American Chemical Society 1957, 79 (11), 2942-2948.

Nielsen, M. A.; Nielsen, M. K.; Pittelkow, T., Scale-Up and Safety Evaluation of
a Sandmeyer Reaction. Organic Process Research & Development 2004, § (6),
1059-1064.

Pradal, A.; Evano, G., A vinylic Rosenmund-von Braun reaction: practical
synthesis of acrylonitriles. Chemical Communications 2014, 50 (80), 11907-
11910.

Mowry, D. T., The Preparation of Nitriles. Chemical Reviews 1948, 42 (2), 189-
283.

138



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Anbarasan, P.; Schareina, T.; Beller, M., Recent developments and perspectives
in palladium-catalyzed cyanation of aryl halides: synthesis of benzonitriles.
Chemical Society Reviews 2011, 40 (10), 5049-5067.

Nasrollahzadeh, M.; Jaleh, B.; Fakhri, P.; Zahraei, A.; Ghadery, E., Synthesis
and catalytic activity of carbon supported copper nanoparticles for the synthesis
of aryl nitriles and 1,2,3-triazoles. RSC Advances 2015, 5 (4), 2785-2793.

Stephan, E., Straightforward Uranium/|Catalyzed Dehydration of Primary
Amides to Nitriles. Chemistry — A European Journal 2011, 17 (34), 9316-9319.

Kazuaki, I.; Yoshiro, F.; Hisashi, Y., Rhenium(VII) Oxo Complexes as
Extremely Active Catalysts in the Dehydration of Primary Amides and Aldoximes
to Nitriles. Angewandte Chemie International Edition 2002, 41 (16), 2983-2986.

Zhou, S.; Junge, K.; Addis, D.; Das, S.; Beller, M., A General and Convenient
Catalytic Synthesis of Nitriles from Amides and Silanes. Organic Letters 2009,
11(11),2461-2464.

Stephens, C. R.; Bianco, E. J.; Pilgrim, F. J., A New Reagent for Dehydrating
Primary Amides Under Mild Conditions. Journal of the American Chemical
Society 1955, 77 (6), 1701-1702.

Kazuya, Y.; Hiroshi, F.; Yoshiyuki, O.; Miyuki, K.; Noritaka, M., A Tungsten—
Tin Mixed Hydroxide as an Efficient Heterogeneous Catalyst for Dehydration of
Aldoximes to Nitriles. Angewandte Chemie International Edition 2007, 46 (21),
3922-3925.

Erman, M. B.; Snow, J. W.; Williams, M. J., A new efficient method for the
conversion of aldehydes into nitriles using ammonia and hydrogen peroxide.
Tetrahedron Letters 2000, 41 (35), 6749-6752.

Iida, S.; Togo, H., Direct oxidative conversion of alcohols and amines to nitriles
with molecular iodine and DIH in aq NH3. Tetrahedron 2007, 63 (34), 8274-
8281.

Arora, P. K.; Sayre, L. M., Copper-ammonia mediated oxidation of carbonyl
compounds. Tetrahedron Letters 1991, 32 (8), 1007-1010.

Shigekazu, Y.; Yasuyuki, Y., A Catalytic Synthesis of Nitriles from Aldehydes
and Alcohols in the Presence of Aqueous Ammonia by Oxidation with NiSO4—
K28S208. Chemistry Letters 1990, 19 (4), 571-574.

Bajpai, A. R.; Deshpande, A. B.; Samant, S. D., An Efficient one-pot Synthesis
of Aromatic Nitriles from Aldehydes Using Fe Modified K10. Synthetic
Communications 2000, 30 (15), 2785-2791.

139



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Biere, H.; Russe, R., Eine einfache methode zur nitrilbildung unter
kettenverldngerung von aktiven alkylgruppen. Tetrahedron Letters 1979, 20 (16),
1361-1362.

Noh, J.-H.; Kim, J., Aerobic Oxidative Conversion of Aromatic Aldehydes to
Nitriles Using a Nitroxyl/NOx Catalyst System. The Journal of Organic
Chemistry 2015, 80 (22), 11624-11628.

Ge, J.-1.; Yao, C.-Z.; Wang, M.-M.; Zheng, H.-X.; Kang, Y.-B.; Li, Y.,
Transition-Metal-Free Deacylative Cleavage of Unstrained C(sp3)—-C(sp2) Bonds:
Cyanide-Free Access to Aryl and Aliphatic Nitriles from Ketones and Aldehydes.
Organic Letters 2016, 18 (2), 228-231.

Das, V. K.; Harsh, S. N.; Karak, N., Highly efficient and active silver
nanoparticle catalyzed conversion of aldehydes into nitriles: a greener,
convenient, and versatile ‘NOSE’ approach. Tetrahedron Letters 2016, 57 (5),
549-553.

An, X.-D.; Yu, S., Direct Synthesis of Nitriles from Aldehydes Using an O-
Benzoyl Hydroxylamine (BHA) as the Nitrogen Source. Organic Letters 2015, 17
(20), 5064-5067.

Laulhé, S.; Gori, S. S.; Nantz, M. H., A Chemoselective, One-Pot Transformation
of Aldehydes to Nitriles. The Journal of Organic Chemistry 2012, 77 (20), 9334-
9337.

Quinn, D. J.; Haun, G. J.; Moura-Letts, G., Direct synthesis of nitriles from
aldehydes with hydroxylamine-O-sulfonic acid in acidic water. Tetrahedron
Letters 2016, 57 (34), 3844-3847.

Beebe, A. W.; Dohmeier, E. F.; Moura-Letts, G., Diastereoselective synthesis of
substituted diaziridines from simple ketones and aldehydes. Chemical
Communications 2015, 51 (70), 13511-13514.

Berthet, M.; Cheviet, T.; Dujardin, G.; Parrot, I.; Martinez, J., Isoxazolidine: A
Privileged Scaffold for Organic and Medicinal Chemistry. Chemical Reviews
2016, /16 (24), 15235-15283.

Yotsu-Yamashita, M.; Kim, Y. H.; Dudley, S. C.; Choudhary, G.; Pfahnl, A_;
Oshima, Y.; Daly, J. W., The structure of zetekitoxin AB, a saxitoxin analog from
the Panamanian golden frog <em>Atelopus zeteki</em>: A potent sodium-
channel blocker. Proceedings of the National Academy of Sciences of the United
States of America 2004, 101 (13), 4346-4351.

Kisan, K. R.; RailJShung, L., Copper[]Catalyzed Three|Component Annulations
of Alkenes, Nitrosoarenes, and N[ /Hydroxyallylamines To Form Fused
Oxazinane/Isoxazolidine Heterocycles. Angewandte Chemie International Edition
2017, 56 (8), 2035-2039.

140



82.

&3.

&4.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Cornil, J.; Gonnard, L.; Bensoussan, C.; Serra-Muns, A.; Gnamm, C.;
Commandeur, C.; Commandeur, M.; Reymond, S.; Guérinot, A.; Cossy, J.,
Iron- and Indium-Catalyzed Reactions toward Nitrogen- and Oxygen-Containing
Saturated Heterocycles. Accounts of Chemical Research 2015, 48 (3), 761-773.

Shyamal, C.; Indranil, C.; Birgit, W.; Gabriel, D. C.; Armido, S., Stereospecific
Formal [3+2] Dipolar Cycloaddition of Cyclopropanes with Nitrosoarenes: An

Approach to Isoxazolidines. Angewandte Chemie International Edition 2014, 53
(23), 5964-5968.

Zhang, G.-L.; Riicker, G.; Breitmaier, E.; Nieger, M.; Mayer, R.; Steinbeck, C.,
Alkaloids from Dactylicapnos torulosa. Phytochemistry 1995, 40 (1), 299-305.

Xie, J.; Xue, Q.; Jin, H.; Li, H.; Cheng, Y.; Zhu, C., A visible-light-promoted
aerobic C-H/C-N cleavage cascade to isoxazolidine skeletons. Chemical Science
2013, 4 (3), 1281-1286.

Koyama, K.; Hirasawa, Y.; Nugroho, A. E.; Hosoya, T.; Hoe, T. C.; Chan, K.-
L.; Morita, H., Alsmaphorazines A and B, Novel Indole Alkaloids from Alstonia
pneumatophora. Organic Letters 2010, 12 (18), 4188-4191.

Hong, A. Y.; Vanderwal, C. D., A Synthesis of Alsmaphorazine B Demonstrates
the Chemical Feasibility of a New Biogenetic Hypothesis. Journal of the
American Chemical Society 2015, 137 (23), 7306-7309.

Krenske, E. H.; Patel, A.; Houk, K. N., Does Nature Click? Theoretical
Prediction of an Enzyme-Catalyzed Transannular 1,3-Dipolar Cycloaddition in
the Biosynthesis of Lycojaponicumins A and B. Journal of the American
Chemical Society 2013, 135 (46), 17638-17642.

Pellissier, H., Asymmetric organocatalytic cycloadditions. Tetrahedron 2012, 68
(10), 2197-2232.

Gothelf, K. V.; Jorgensen, K. A., Asymmetric 1,3-Dipolar Cycloaddition
Reactions. Chemical Reviews 1998, 98 (2), 863-910.

Stanley, L. M.; Sibi, M. P., Enantioselective Copper-Catalyzed 1,3-Dipolar
Cycloadditions. Chemical Reviews 2008, 108 (8), 2887-2902.

Nair, V.; Suja, T. D., Intramolecular 1,3-dipolar cycloaddition reactions in
targeted syntheses. Tetrahedron 2007, 63 (50), 12247-12275.

Tiecco, M.; Testaferri, L.; Marini, F.; Sternativo, S.; Santi, C.; Bagnoli, L.;
Temperini, A., Optically active isoxazolidines and 1,3-amino alcohols by
asymmetric selenocyclization reactions of O-allyl oximes. Tetrahedron:
Asymmetry 2001, 12 (21), 3053-3059.

141



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Carmona, D.; Lamata, M. P.; Viguri, F.; Rodriguez, R.; Oro, L. A.; Lahoz, F.
J.; Balana, A. I.; Tejero, T.; Merino, P., Enantioselective 1,3-Dipolar
Cycloaddition of Nitrones to Methacrolein Catalyzed by (n5-C5Me5)M{(R)-
Prophos} Containing Complexes (M = Rh, Ir; (R)-Prophos = 1,2-
bis(Diphenylphosphino)propane): On the Origin of the Enantioselectivity.
Journal of the American Chemical Society 2005, 127 (38), 13386-13398.

Viton, F.; Bernardinelli, G.; Kiindig, E. P., Iron and Ruthenium Lewis Acid
Catalyzed Asymmetric 1,3-Dipolar Cycloaddition Reactions between Nitrones
and Enals. Journal of the American Chemical Society 2002, 124 (18), 4968-4969.

Mita, T.; Ohtsuki, N.; Ikeno, T.; Yamada, T., Enantioselective 1,3-Dipolar
Cycloaddition of Nitrones Catalyzed by Optically Active Cationic Cobalt(III)
Complexes. Organic Letters 2002, 4 (15), 2457-2460.

Satoko, K.; Natsuki, O.; Tsuyoshi, M.; Youichi, K.; Tomoko, A.; Taketo, L;
Tohru, Y., Enantioselective 1,3-Dipolar Cycloaddition Reaction of Nitrones with
a,B-Unsaturated Aldehydes Catalyzed by Cationic 3-
Oxobutylideneaminatocobalt(IIl) Complexes. Bulletin of the Chemical Society of
Japan 2003, 76 (11), 2197-2207.

Shirahase, M.; Kanemasa, S.; Oderaotoshi, Y., Chiral DBFOX/Ph Complex
Catalyzed Enantioselective Nitrone Cycloadditions to o,3-Unsaturated Aldehydes.
Organic Letters 2004, 6 (5), 675-678.

Daniel, C.; Pilar, L. M.; Fernando, V.; Joaquina, F.; Néstor, G.; J.,L. F;
Luisa, M. M.; A., O. L., Chiral Halfl |Sandwich Ruthenium(II) Complexes as
Catalysts in 1,3[1Dipolar Cycloaddition Reactions of Nitrones with Methacrolein.
European Journal of Inorganic Chemistry 2006, 2006 (16), 3155-3166.

Carmona, D.; Lamata, M. P.; Viguri, F.; Rodriguez, R.; Oro, L. A.; Balana, A.
I.; Lahoz, F. J.; Tejero, T.; Merino, P.; Franco, S.; Montesa, 1., The Complete
Characterization of a Rhodium Lewis Acid—Dipolarophile Complex as an
Intermediate for the Enantioselective Catalytic 1,3-Dipolar Cycloaddition of C,N-
Diphenylnitrone to Methacrolein. Journal of the American Chemical Society
2004, 126 (9), 2716-2717.

Daniel, C.; Pilar, L. M.; Fernando, V.; Ricardo, R.; Thomas, F.; J.,L.F.; T.,
D. L; A., O. L., Asymmetric 1,3[Dipolar Cycloaddition Reaction between o,
Unsaturated Aldehydes and Nitrones Catalyzed by Well[/Defined Iridium or
Rhodium Catalysts. Advanced Synthesis & Catalysis 2007, 349 (10), 1751-1758.

Barba, C.; Carmona, D.; Garcia, J. I.; Lamata, M. P.; Mayoral, J. A.;
Salvatella, L.; Viguri, F., Conformational Preferences of Methacrolein in
Diels—Alder and 1,3-Dipolar Cycloaddition Reactions. The Journal of Organic
Chemistry 2006, 71 (26), 9831-9840.

Takemura, H.; Komeshima, N.; Takahashi, I.; Hashimoto, S.-i.; Ikota, N.;
Tomioka, K.; Koga, K., Stereochemical aspects of asymmetric diels-alder reaction
catalyzed by chiral alkoxyaluminum dichlorides. Tetrahedron Letters 1987, 28
(46), 5687-5690.

142



104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

Rebiere, F.; Riant, O.; Kagan, H. B., Asymmetric Diels-Alder reaction catalysed
by some chiral Lewis acids. Tetrahedron: Asymmetry 1990, 1 (3), 199-214.

Maruoka, K.; Murase, N.; Yamamoto, H., Chiral helical Lewis acids for
asymmetric Diels-Alder catalysts. The Journal of Organic Chemistry 1993, 58
(11),2938-2939.

Peter, K. E.; Bernadette, B.; Gérald, B., Asymmetric Diels—Alder Reactions
Catalyzed by a Chiral Iron Lewis Acid. Angewandte Chemie International Edition
in English 1994, 33 (18), 1856-1858.

Ishihara, K.; Yamamoto, H., Bronsted Acid Assisted Chiral Lewis Acid (BLA)
Catalyst for Asymmetric Diels-Alder Reaction. Journal of the American Chemical
Society 1994, 116 (4), 1561-1562.

Reilly, M.; Oh, T., Chiral Lewis acids derived from 1,8-naphthalenediylbis-
(dichloroborane): Mechanistic aspects. Tetrahedron Letters 1995, 36 (2), 221-
224,

Carmona, D.; Cativiela, C.; Garcia-Correas, R.; Lahoz, F. J.; Lamata, M. P_;
Lopez, J. A.; De Viu, M. P. L.-R.; Oro, L. A.; Jose, E. S.; Viguri, F., Chiral
rhodium complexes as catalysts in Diels-Alder reactions. Chemical
Communications 1996, (10), 1247-1248.

L. Davies, D.; Fawcett, J.; A. Garratt, S.; R. Russell, D., Chiral arene ruthenium
complexes as asymmetric Diels-Alder catalysts. Chemical Communications 1997,
(15), 1351-1352.

E. Bruin, M.; Peter Kundig, E., A new chiral ligand for the Fe-Lewis acid
catalysed asymmetric Diels-Alder reaction. Chemical Communications 1998,
(23), 2635-2636.

Carmona, D.; Lahoz, F.J.; Elipe, S.; Oro, L. A.; Lamata, M. P.; Viguri, F.;
Mir, C.; Cativiela, C.; Lépez-Ram de Viu, M. P., Synthesis, Characterization,
Properties, and Asymmetric Catalytic Diels—Alder Reactions of Chiral-at-Metal
Imino—Iridium(IIT) Complexes. Organometallics 1998, 17 (14), 2986-2995.

Ishihara, K.; Kurihara, H.; Matsumoto, M.; Yamamoto, H., Design of Brensted
Acid-Assisted Chiral Lewis Acid (BLA) Catalysts for Highly Enantioselective
Diels—Alder Reactions. Journal of the American Chemical Society 1998, 120
(28), 6920-6930.

Jones, G. B.; Guzel, M.; Heaton, S. B., Enantioselective catalysis using planar
chiral n6-arene chromium complexes: 1,2-diols as cycloaddition catalysts.
Tetrahedron: Asymmetry 2000, 11 (21), 4303-4320.

Faller, J. W.; Grimmond, B. J.; D'Alliessi, D. G., An Application of Electronic
Asymmetry to Highly Enantioselective Catalytic Diels—Alder Reactions. Journal
of the American Chemical Society 2001, 123 (11), 2525-2529.

143



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Pellissier, H., Asymmetric 1,3-dipolar cycloadditions. Tetrahedron 2007, 63 (16),
3235-3285.

Hashimoto, T.; Maruoka, K., Recent Advances of Catalytic Asymmetric 1,3-
Dipolar Cycloadditions. Chemical Reviews 2015, 115 (11), 5366-5412.

Mo, D.-L.; Wink, D. A.; Anderson, L. L., Preparation and Rearrangement of N-
Vinyl Nitrones: Synthesis of Spiroisoxazolines and Fluorene-Tethered Isoxazoles.
Organic Letters 2012, 14 (20), 5180-5183.

Itaru, N.; Masashi, O.; Yoshinori, S.; Masahiro, T., Synthesis of Azepine
Derivatives by Rhodium[]Catalyzed Tandem 2,31
Rearrangement/Heterocyclization. Angewandte Chemie International Edition
2012, 57 (43), 10816-10819.

Chavannavar, A. P.; Oliver, A. G.; Ashfeld, B. L., An umpolung approach
toward N-aryl nitrone construction: a phosphine-mediated addition of 1,2-
dicarbonyls to nitroso electrophiles. Chemical Communications 2014, 50 (74),
10853-10856.

Peng, X.-X.; Deng, Y.-J.; Yang, X.-L.; Zhang, L.; Yu, W.; Han, B., Iminoxyl
Radical-Promoted Dichotomous Cyclizations: Efficient Oxyoximation and
Aminooximation of Alkenes. Organic Letters 2014, 16 (17), 4650-4653.

Fraboni, A. J.; Brenner-Moyer, S. E., Dienamine-Catalyzed Nitrone Formation
via Redox Reaction. Organic Letters 2016, 18 (9), 2146-2149.

Chen, C.-H.; Liu, Q.-Q.; Ma, X.-P.; Feng, Y.; Liang, C.; Pan, C.-X.; Su, G.-F.;
Mo, D.-L., Copper-Catalyzed Selective N-Vinylation of 3-
(Hydroxyimino)indolin-2-ones with Alkenyl Boronic Acids: Synthesis of N-Vinyl
Nitrones and Spirooxindoles. The Journal of Organic Chemistry 2017, 82 (12),
6417-6425.

Michael, R. E.; Chando, K. M.; Sammakia, T., Synthesis of N-Vinyl Nitrones via
1,4-Conjugate Elimination. The Journal of Organic Chemistry 2015, 80 (13),
6930-6935.

Denmark, S. E.; Montgomery, J. I., A General Synthesis of N-Vinyl Nitrones. The
Journal of Organic Chemistry 2006, 71 (16), 6211-6220.

Quinn, D. J.; Tumbelty, L. N.; Moscarello, E. M.; Paneque, A. N.; Zinsky, A.
H.; Russ, M. P.; Haun, G. J.; Cinti, N. A.; Dare, R. M.; Moura-Letts, G., One-
pot synthesis of vinylisoxazolidines from simple hydroxylamines and conjugated
carbonyls. Tetrahedron Letters 2017, 58 (50), 4682-4686.

Evans, D. A.; Miller, S. J.; Lectka, T.; von Matt, P., Chiral
Bis(oxazoline)copper(Il) Complexes as Lewis Acid Catalysts for the
Enantioselective Diels—Alder Reaction. Journal of the American Chemical
Society 1999, 121 (33), 7559-7573.

144



128. Bates, R. W.; Khanizeman, R. i. N.; Hirao, H.; Tay, Y. S.; Sae-Lao, P., A total
synthesis of (+)-negamycin through isoxazolidine allylation. Organic &
Biomolecular Chemistry 2014, 12 (27), 4879-4884.

129.  Smith, L. I., Aliphatic Diazo Compounds, Nitrones, and Structurally Analogous
Compounds. Systems Capable of Undergoing 1,3-Additions. Chemical Reviews
1938, 23 (2), 193-285.

130. Singh, M. S.; Chowdhury, S.; Koley, S., Progress in 1,3-dipolar cycloadditions in
the recent decade: an update to strategic development towards the arsenal of
organic synthesis. Tetrahedron 2016, 72 (13), 1603-1644.

131. Kanemasa, S., Cornerstone Works for Catalytic 1,3-Dipolar Cycloaddition
Reactions. Heterocycles 2010, 82, 87-200.

132. Kissane, M.; Maguire, A. R., Asymmetric 1,3-dipolar cycloadditions of
acrylamides. Chemical Society Reviews 2010, 39 (2), 845-883.

133.  Najera, C.; Sansano, J. M., 1,3-Dipolar cycloadditions: applications to the
synthesis of antiviral agents. Organic & Biomolecular Chemistry 2009, 7 (22),
4567-4581.

134. Rolf, H., 1,300Dipolar Cycloadditions. Past and Future. Angewandte Chemie
International Edition in English 1963, 2 (10), 565-598.

135.  R., H., Kinetics and Mechanism of 1,3 Dipolar Cycloadditions. Angewandte
Chemie International Edition in English 1963, 2 (11), 633-645.

136. R., H., Cycloadditions — Definition, Classification, and Characterization.
Angewandte Chemie International Edition in English 1968, 7 (5), 321-328.

137. Mandal, B.; Basu, B., Synthesis of f-Lactams Through Alkyne—Nitrone
Cycloadditions. In f-Lactams: Unique Structures of Distinction for Novel
Molecules, Banik, B. K., Ed. Springer Berlin Heidelberg: Berlin, Heidelberg,
2013; pp 85-110.

138.  Yang, J., Recent Developments in Nitrone Chemistry: Some Novel
Transformations. Synlett 2012, 23 (16), 2293-2297.

139. Nguyen, T. B.; Martel, A.; Gaulon-Nourry, C.; Dhal, R.; Dujardin, G., 1,3-
Dipolar Cycloadditions of Nitrones to Hetero-substituted Alkenes Part 2: Sila-,
Thia-, Phospha- and Halo-substituted Alkenes. Organic Preparations and
Procedures International 2012, 44 (1), 1-81.

145



140. Bokach, N. A.; Kuznetsov, M. L.; Kukushkin, V. Y., 1,3-Dipolar cycloaddition
of nitrone-type dipoles to uncomplexed and metal-bound substrates bearing the
CN triple bond. Coordination Chemistry Reviews 2011, 255 (23), 2946-2967.

141. Nguyen, T. B.; Martel, A.; Gaulon, C.; Dhal, R.; Dujardin, G., 1,3-Dipolar
Cycloadditions of Nitrones to Heterosubstituted Alkenes. Part 1: Oxa and Aza-

substituted Alkenes. Organic Preparations and Procedures International 2010,
42 (5), 387-431.

142. Alberto, B.; Francesca, C.; Stefano, C.; M., C. F.; Andrea, G., Stereocontrolled
Cyclic Nitrone Cycloaddition Strategy for the Synthesis of Pyrrolizidine and
Indolizidine Alkaloids. Chemistry — A European Journal 2009, 15 (32), 7808-
7821.

143.  Ruck-Braun, K.; Freysoldt, T. H. E.; Wierschem, F., 1,3-Dipolar cycloaddition
on solid supports: nitrone approach towards isoxazolidines and isoxazolines and
subsequent transformations. Chemical Society Reviews 2005, 34 (6), 507-516.

144. Lait, S. M.; Rankic, D. A.; Keay, B. A., 1,3-Aminoalcohols and Their
Derivatives in Asymmetric Organic Synthesis. Chemical Reviews 2007, 107 (3),
767-796.

145.  Zhao, Q.; Han, F.; Romero, D. L., A Stereoselective Intramolecular 1,3-Dipolar
Nitrone Cycloaddition for the Synthesis of Substituted Chromanes. The Journal of
Organic Chemistry 2002, 67 (10), 3317-3322.

146. Bhutia, Z. T.; P, G.; Malik, A.; Kumar, V.; Chatterjee, A.; Roy, B. G.;
Banerjee, M., In situ mechanochemical synthesis of nitrones followed by 1,3-
dipolar cycloaddition: a catalyst-free, "green" route to cis-fused chromano([4,3-
clisoxazoles. RSC Advances 2015, 5 (120), 99566-99572.

147.  Yoon, T. P.; Ischay, M. A.; Du, J., Visible light photocatalysis as a greener
approach to photochemical synthesis. Nature Chemistry 2010, 2, 527.

148. Douglas, J. J.; Sevrin, M. J.; Stephenson, C. R. J., Visible Light Photocatalysis:
Applications and New Disconnections in the Synthesis of Pharmaceutical Agents.
Organic Process Research & Development 2016, 20 (7), 1134-1147.

149. Harris, K. D. M., How grinding evolves. Nature Chemistry 2012, 5, 12.

150. James, S. L.; Adams, C.J.; Bolm, C.; Braga, D.; Collier, P.; Fris¢i¢, T.;
Grepioni, F.; Harris, K. D. M.; Hyett, G.; Jones, W.; Krebs, A.; Mack, J.;
Maini, L.; Orpen, A. G.; Parkin, I. P.; Shearouse, W. C.; Steed, J. W.; Waddell,
D. C., Mechanochemistry: opportunities for new and cleaner synthesis. Chemical
Society Reviews 2012, 41 (1), 413-447.

151. Bowmaker, G. A., Solvent-assisted mechanochemistry. Chemical
Communications 2013, 49 (4), 334-348.

146



152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Zeitler, K., Photoredox Catalysis with Visible Light. Angewandte Chemie
International Edition 2009, 48 (52), 9785-9789.

Narayanam, J. M. R.; Stephenson, C. R. J., Visible light photoredox catalysis:
applications in organic synthesis. Chemical Society Reviews 2011, 40 (1), 102-
113.

Shi, L.; Xia, W., Photoredox functionalization of C—H bonds adjacent to a
nitrogen atom. Chemical Society Reviews 2012, 41 (23), 7687-7697.

Xuan, J.; Xiao, W.-J., Visible-Light Photoredox Catalysis. Angewandte Chemie
International Edition 2012, 51 (28), 6828-6838.

Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C., Visible Light Photoredox
Catalysis with Transition Metal Complexes: Applications in Organic Synthesis.
Chemical Reviews 2013, 113 (7), 5322-5363.

Corrigan, N.; Shanmugam, S.; Xu, J.; Boyer, C., Photocatalysis in organic and
polymer synthesis. Chemical Society Reviews 2016, 45 (22), 6165-6212.

Zhang, P.; Le, C. C.; MacMillan, D. W. C., Silyl Radical Activation of Alkyl
Halides in Metallaphotoredox Catalysis: A Unique Pathway for Cross-
Electrophile Coupling. Journal of the American Chemical Society 2016, 138 (26),
8084-8087.

Noble, A.; McCarver, S. J.; MacMillan, D. W. C., Merging Photoredox and
Nickel Catalysis: Decarboxylative Cross-Coupling of Carboxylic Acids with
Vinyl Halides. Journal of the American Chemical Society 2015, 137 (2), 624-627.

Klose, I.; Misale, A.; Maulide, N., Synthesis and Photocatalytic Reactivity of
Vinylsulfonium Ylides. The Journal of Organic Chemistry 2016, 81 (16), 7201-
7210.

Park, K. H.; Joo, H. S.; Ahn, K. L; Jun, K., One step synthesis of 4-ethoxy-
1,2,3,4-tetrahydroquinoline from nitroarene and ethanol: A TiO2 mediated
photocatalytic reaction. Tetrahedron Letters 1995, 36 (33), 5943-5946.

Ohtani, B.; Kusakabe, S.; Okada, K.; Tsuru, S.; Izawa, K.; Amino, Y.;
Nishimoto, S.-i., Stereoselective synthesis of piperidine-2,6-dicarboxylic acids by
photocatalytic reaction of aqueous cadmium(Il) sulfide dispersion. Tetrahedron
Letters 1995, 36 (18), 3189-3192.

Yang, X.; Li, L.; Li, Y.; Zhang, Y., Visible-Light-Induced Photocatalytic
Aerobic Oxidative Csp3—H Functionalization of Glycine Derivatives: Synthesis of
Substituted Quinolines. The Journal of Organic Chemistry 2016, 81 (24), 12433-
12442.

147



164. Tyson, E. L.; Farney, E. P.; Yoon, T. P., Photocatalytic [2 + 2] Cycloadditions of
Enones with Cleavable Redox Auxiliaries. Organic Letters 2012, 14 (4), 1110-
1113.

148



	Efforts towards the discovery of novel methods for the synthesis of pharmacologically relevant molecular scaffolds
	Let us know how access to this document benefits you - share your thoughts on our feedback form.
	Recommended Citation

	Microsoft Word - 612282_pdfconv_698479_C3B89652-BDCF-11E8-8415-17734D662D30.docx

