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ABSTRACT

In organic synthesis, controlling stereochemistry can be a challenge whether you are
working with small molecules or larger natural products. Current chiral bases, such as Sparteine,
are difficult to make or expensive to purchase. Their other drawback is that many chiral bases only
can access one stereochemical configuration, not both. In the work presented here, progress has
been made towards developing a chiral base from an amino acid derivative, L-valine. The chiral
base has been fully synthesized. The use of the amino acid starting material, allows for us to make
both the R and S selective amino acid. Efforts are being made to determine the efficacy of the base

to control stereochemistry.
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CHAPTER 1. DESIGN OF ANOVEL CHIRAL BASE

1.1 Introduction to Chiral Bases

Stereogenic carbons are important features in the synthesis of many drugs and natural
products.t:23 Often in nature, enzymes selectively interact with only one sterecisomer of a given
ligand. When building libraries for screening potential drug candidates, all stereoisomers are
considered and must be synthesized to determine the most effective inhibitor.2:3 Additionally,
enantiomers tend to be difficult to separate by standard purification methods. Thus, the ability to
conduct a stereoselective synthesis is essential to organic chemistry.2 A variety of approaches have
been taken to accomplish this; one such method is the use of a chiral base. Chiral bases involve a
basic functional group nearby a stereocenter with a bulky substituent, effectively only allowing
the removal a proton from one face of a prochiral or achiral substrate.

The biggest problem with lithium diisopropylamide is its inability to remove the proton
stereoselectivity, resulting in racemic mixtures. Chiral bases provide an alternative pathway to
stereoselectivity. By using a chiral base, the proton can be stereoselectively removed, which can

result in a chiral product (Figure 1-1).4

Me

H - -

oﬁ Me—/)[o\f.fﬁ1

I = [

R Li Me N-H
\N/H )\

R me” Me

Achiral Chiral

Figure 1-1: Unbiased vs. Selective Deprotonation of Achiral and Chiral Base Transition State

A common chiral base is sparteine. Sparteine is a natural product that is derived from bitter
lupine seed in 1851, but its total chemical synthesis was achieved in the late 1940’s by Nelson and
Beyler from the University of Illinois.#°® In the 1950’s, several other papers were published by

Nelson and Arnet explaining other synthetic strategies to produce sparteine.*®
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Figure 1-2: Structure of (-)-Sparteine

Scientists were able to show that they could forma chiral product with over 95% ee.> Major
problems with sparteine include a lengthy synthesis and difficulty accessing the other enantiomer.®
The synthesis of sparteine starts with L-lysine, a natural amino acid. ®

Since lithium diisopropylamide has been used successfully to exhibit achiral behavior,
researchers have developed chiral lithium amides. In 1980, Whitesell and Felman were able to
demonstrate enantioselective deprotonation with chiral lithium amide bases.” Their work showed
moderate enantioselectivity, but they noticed that the highest levels of asymmetric induction
involved compounds with enhanced steric bulk. Hodgson and Gibbs®8? took the research a bit
further, and began to test other chiral lithium amides, including proline, which is also an amino
acid. Unfortunately, they are only able to use the (S) enantiomer.

In our work, we hope to also use an unhindered amino acid as a building block to access a
chiral base through a more concise synthesis, but also use the design of the chiral lithium amides

to take advantage of the simplicity of testing conditions.
1.2 Design of Novel Chiral Base

The design of our material draws inspiration from lithium diisopropylamide following the
general guidelines of chiral base structure. To mimic diisopropylamide, our goal is to have two
isopropy! groups on each side. The isopropyl groups will act as our bulky substituent. There will
be a stereocenter near the amine. The stereocenter will need to have and a chelating group (X) to
stabilize the other hydrogen on the same face. Figure 1-2 shows the general design of what the

A

Figure 1-3: General Design of the Chiral Base

ideal chiral base should look like.
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The ideal starting materials is an unhindered amino acid. This will allow for both the R and
S enantiomers to be formed depending on the stereochemistry of the original amine. When
examining the compound retrosynthetically, we determined the amino acid we should use is L-

valine (Scheme 1-1).

H
X X X NH,

L-valine

Scheme 1-1: Retrosynthetic Analysis of Target Chiral Base

L-valine is the ideal molecule since one of the bulky isopropyl substituents is already
present. The other half of the molecule could be converted into an amide with isopropylamine and
then reduced to the target base.

The chelating agent can be introduced early on. Since having two amines would not be
conducive to our focus, the original amine in valine needs to be converted. The material can be
converted to an alcohol using a diazotization/ hydrolysis reaction. The resulting hydroxyl group is
both an electron donor and acceptor, and our target base needs to only have a chelating ligand. By
converting thealcohol into an ether, we can access a chelating ligand that is only an electron donor.

This approach led us to the target chiral base molecule shown in Figure 1-4.

A

Target Chiral Base
Figure 1-4: Final Design of Target Chiral Base
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CHAPTER 2. SYNTHESISOFA NOVEL CHIRAL BASE

2.1 Initial Approach of the Synthesis

When we first began our approach, we had decided to use L-valine as our starting material.
It mimics half of diisopropylamine, which is our achiral amine, with the isopropyl group already
present. Our original approach involved converting the amine on L-valine into a hydroxyl group
by a diazotization reaction. Compound 2.1 would be subjected to Williamson ether conditions to
form the ether group. Compound 2.2 could then be converted into the acid chloride, which would
then react with isopropylamine. This would install the other isopropyl group and give use
compound 2.3. The amide (2.3) would be reduced with LiAlH4 to result in compound 2.4, which

Is our target amine. This theoretical approach is summarized in Scheme 2-1.

0 0]
)\(M _NaNO, CH,l, NaH )\Hk
?
OH
HzSO4 A OH THF OM
H €
H,0 0°C to RT
L-valine 2.1 o/n 2.2
1) (COCI),
DMF (cat), DCM M J\ LiAlH, J\
’
2)Diisopropylamine THF E
DIPEA, MeCN OMe 0°C to RT OMe
2.3 2.4

Scheme 2-1: Initial Approach to Form the Chiral Amine

We discovered that we could purchase compound 2.1, so the need to synthesize it was unnecessary.
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2.2 Synthesis of the Ether

One of the main reactions was the synthesis of the ether group on carbon two. Our first
approach was to use Williamson ether synthesis reaction conditions (Scheme 2-2).1° The
Williamson ether synthesis conditions provided a 73% yield of compound 2.2. The product was a
light-yellow oil. The first few times the reaction was run, the NaH was not rinsed with hexanes,
which may have negatively impacted the reaction. This led us to look at alternative routes. Later,
the same conditions were tried again, but the NaH was washed and there was an improvement in
yield from less than 10% to 73%. The reaction continued to go forward smoothly and worked,

even on a large scale.

o
)\Hk CH;l, NaH
OH -
THF

(0]
Ao

OH OMe
0°C to RT
o/n
2.1 730, 2.2
(0]
H,S0, 0 CH;I, NaH Q
eon —
OH MeOH OMe OMe
OH reflux OH THF OMe
3 hr 0°C to RT
61% o/n

2.1 2.5

2.6

Scheme 2-2: Williamson Ether Synthesis and Fisher Esterification

Another approach was taken early on (Scheme 2-2). Compound 2.1 was subjected to a

Fisher esterification!!.12, then the Williamson ether conditions were examined to see if the overall

yield would be improved. The yield of the Fisher esterification was 61%. Compound 2.5 was then

subjected to Williamson etherification conditions, but compound 2.6 was not formed.
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(0) (0]
EER— -
OH Solvent OMe

OH Reflux OMe

2.1 2.6

Scheme 2-3: Formation of the Methyl Ester and Ether Simultaneously

The other alternative, was to form the ether and the ester simultaneously (Scheme 2-3).

Compound 2.1 was subjected to the conditions summarized in table 2-1.

Table 2-1:Screening conditions for simultaneous synthesis of methyl ester and ether

Base Solvent Yield (%)
K2COs3 MeCN NR
K2CO3 DMF NR
Cs2C03 MeCN <12
Cs2CO3 DMF 15

We discovered that K2COzwas not a strong enough base for these reaction conditions, but
Cs2CO3zwas sufficient. When the reaction was run in MeCN, there was formation of the some of
the product, but the 'THNMR showed that the product was not pure. The same issue occurred when
the reaction was run in DMF. Removing the DMF proved to be nearly impossible. Yields were
very low, once the product was able to be purified, and did not get over 15%. Heating the reaction
to reflux did not result in an improved yield. With compound 2.6, we attempted to saponify to

reform the carboxylic acid (Scheme 2-4).13

(0] 1) NaOH (3M) (§)
)\HJ\ ? )\Hk
OMe OH
2) HC1 3M)

OMe OMe

2.6 2.2

Scheme 2-4: Saponification of Methyl Ester 2.6
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The saponification of 2.6 did not result in formation of compound 2.2. This may have been
due to the small amount of starting material used. In the end, the Williamson ether conditions
provided us with the original product (2.2) we had targeted, so we continued forward with that

method.

2.3 Formation of the Amide

The next step in our synthesis was to form the amide. Using the compound 2.2, we looked
at two pathways to form the amide (2.3). The first approach was to form the acyl chloride, followed
by the subsequent addition of the amine (Scheme 2-5).14 The product produced was a colorless
solid in 70-80% yield. The product had a melting point of 39-41°C.

0 1) (COCN), 0
DMF (cat), DCM J\
OH - N
2)Diisopropylamine H
M
OMe DIPEA, MeCN OMe
79%

2.2 23

Scheme 2-5: Conditions for Acid Chloride Coupling

The other approach was to use coupling reagents in a one-step approach. The goal was to

simplify the overall synthesis of the material (Scheme 2-6).1°

Diisopropylamine, DIPEA

0] 0]
Racemization Suppressor J\
OH - N
Solvent H

OMe OMe
Temperature

2.2 2.3

Scheme 2-6: General Reaction for the Synthesis of Amide 2.3
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We attempted to use several coupling agents: EDCI, DCC, HATU, HBTU, and PyBOP
(Table 2-2). To suppress racemization, HOBt and HOAt were used.

Table 2-2. Table of Amide Coupling Conditions

. Racemization Solvent Temperature Yield (%)
Coupling Agent Suppressant C)

EDCI HOBt DMF 25 73
EDCI HOBt MeCN 25 84*
EDCI - MeCN 0 NR
DCC HOBt MeCN 25 0*
DCC - MeCN 0 NR
HATU HOAt MeCN 25 78
HBTU HOBt MeCN 25 0*
HBTU - MeCN 0 NR
PyBOP - MeCN 0 NR

When using EDCI, the reaction proceeded with a higher yield if the reaction was run in
MeCN than in DMF. The issue with DMF, was the inability to remove it from the sample before,
during, and after purification. Brine washes and column chromatography were insufficient. In
MeCN, the reaction proceeded more cleanly, but when the reaction was scaled up, there was a
water impurity that remained. The used of Na2SO4 was unable to remove the excess water. The
water issue was also present when HBTU and DCC were used. We believed this may be due to
the presence of the HOBt hydrate. To circumvent this, we attempted to lower the temperature of
the reaction, so the additive was not needed. These reactions did not result in any product. The use
of PyBop did not result in any conversion of starting material. HATU did not have the same
problem. The reaction proceeded forward cleanly and resulted in a yield of 78%. The use of HATU
and formation of the chloride both cleanly resulted in compound 2.3 with high yields.

2.4 Reduction of the Amide

The first attempt to reduce the amide was to expose compound 2.5 to LiAlH4 to reduce the

amide as shown in Scheme 2-7. 16
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TH
0°C to RT

o EJ\ LiAlH, )\ﬁ J\

2.3 2.4
Scheme 2-7: Attempted Reduction of Amide

The reduction of 2.3 resulted in some challenges. LiAlIH4 should cleanly reduce the amide
(Scheme 2-7), but it did not. There were issues in separating the amine from the aluminum salts.
Several different attempts were made to purify the product but were unsuccessful. The secondary
amine was not stable enough to be exposed tosilica, so a different alternative had to be taken.

The other reaction examined was a reduction using BHs*SMe: (Scheme 2-8). The solvent
was changed from THF to toluene, when papers indicated that toluene was a better solvent to use.
The reflux temperature could be increased, which sped the reaction up from 12 hours to 4 hours.

Fewer equivalents of BHs*SMe2 were needed.'’: 18

1) BMS, Toluene
0°C to Reflux

i 4h
)\(U\NJ\ ) Bocso - )\‘ANJ\

H Boc
OMe
MeCN OMe
O/N
2.3 51% 2.7

Scheme 2-8: Reduction of Amide and Protection Step

When purification was attempted at this step, there were other impurities within the sample
as indicated by NMR. By protecting the amine as a Boc carbamate, we were able to synthesize
compound 2.7.1° This compound was more stable and therefore able to be purified. The yield over
the two steps was increased from 26% to 51% with the solvent change. We believe the increase in
yield was primarily due to the solvent change in the reduction step, since the Boc protections

showed 100% conversion via TLC. The product recovered was a yellow oil. Determining the
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presence of compound 2.7 was difficult since the product is a mixture of two rotamers. The 1H-
NMR and 13C-NMR were not definitive, but MS confirmed the presence of compound 2.7.

2.5 Deprotection of the Amine

The amine (2.7) was deprotected using TFA in CH2Clz. The resultant TFA salt was
neutralized using basic water and extracted into CH2Cl2 (Scheme 2-9).%° The product is the TFA
salt and is a white solid. The material is stored and used as a salt. The yield of the reaction was

approximately 85%.

OMe _
)\ﬁ _TFA 3 TFA
H
Boc CHzClz “N-H
4h )\
85%

2.7 2.8

Scheme 2-9: Deprotection of Amine 2.7

2.6 Testing the Chiral Amine

To test the efficacy of the chiral amine, we tested it in two model reactions. The first was
the base-promoted ring opening of an achiral epoxide and the other was a selective enolization of
an achiral ketone. We used LDA as our achiral comparison. For the epoxide opening, cyclohexene
oxide (2.9) was chosen as the test system.2? The amine of interest was deprotonated by n-BuL.i in
THF and cooled to -78°C, after which cyclohexene oxide was added to the solution and reacted at
-50° C for 25 hours (Scheme 2-10).
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0 Diisopropylamine OH

nBulLi
-
(j THF
-78°C to 0° C to -78° C to -50° C
2.9 25h 2.10a

OH
0 Amine 2.8

@ nBuLi
'
THF
~78°C to 0° C to -78° C to -50° C
25h

2.10b
2.9

Scheme 2-10: Formation of the Allylic Alcohol from Achiral Epoxide Opening

The formation of the allylic alcohol results in a slightly yellow oil. The yield is about 30%
for both the LDA and chiral amine examples. To test for % ee, the purified compounds of 2.10a
and 2.10b are analyzed with a chiral GC.2! The chiral GC can separate the enantiomers, unlike
traditional chromatographic techniques. You can identify the two peaks using the racemic sample
that was synthesized with LDA. The area under the curve gives you the amounts of each of the
enantiomers. The amounts are compared to determine the % ee of the resulting product. The
racemic mixture is needed to determine what the retention time of the product is, so when looking
at the chiral sample, it is easy to find. This study is still ongoing for this system.

For the enolization study, 4-tert-butylcyclhexanone (2.11) was chosen as the model
system.?2 The amine of interest was deprotonated by n-BuLi in THF and cooled to -78°C, after
which 4-tert-butylcyclohexanone was added to the solution and reacted for 30 minutes. TMSCI

was subsequently added and reacted for 1 hour (Scheme 2-11).
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1) Diisopropylamine
nBuLi, THF
-78° C to 0° C to -78° C

OTMS

>
2) TMSCI
-78° C to RT
1h

2.11 2.12a

1) Amine 2.8
nBuLi, THF
-78° C to 0°C to -78° C

OTMS

2) TMSCI
-78° C to RT
1h
2.11 2.12b

Scheme 2-11 Formation of the Enolate from Achiral Ketone

The formation of the silyl enol ether showed full conversion via TLC. However, the
instability of the silyl enol ether prevented purification, and therefore percent yield determination.

This material is subjected to chiral GC crude. The results to determine % ee are still ongoing.
2.7 Conclusion

We have successfully synthesized a new chiral base. The advantage of this design is that the
amine can be made in either the R or S configuration. Unlike sparteine, both enantiomers can be
accessed. This eliminates the need for complex chiral auxiliaries that help control the
stereochemistry if a chiral base is inaccessible. The simplicity of the synthesis also makes it a
viable solution. The overall yield of the synthesis is 12%, but there is still room for improvement.

The efficacy of the material is still undetermined currently as chiral GC datais still being collected.
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APPENDIX A. EXPERIMENTAL PROCEDURES

o
PN .

(S)-2-methoxy-3-methylbutanoic acid (2.2).

Sodium hydride (1.02 g, 25.4 mmol) was added to a round bottom flask and was cooled to 0°C. In
a separate flask, starting material (1.00 g, 8.47 mmol) was dissolved in THF (21.2 mL). The
resulting solution was added dropwise tothe flask containing the sodium hydride. After 30 minutes,
iodomethane (2.63 mL, 42.3 mmol) was added dropwise to the solution. The raction was stirred
and warmed to room temperature (12 h). The reaction was quenched with water and acidified to
pH 2 with 6M HCI, after which it was extracted with ethyl acetate and dried over sodium sulfate.
Purification by flash chromatography (40% ethyl acetate/ hexanes) afforded the product as a
yellow oil, in 73% vyield. (815 mg); 'H NMR (400 MHz, CDCl3) & 9.68 (s, 1H), 3.54 (d, J= 4.9
Hz, 1H), 3.40 (s, 3H), 2.08 (pd, J= 4.9 Hz, 1H), 0.96 (dd, J=15.8, 6.9 Hz, 6H) ppm; 13C NMR 100
MHz, CDClI3) 6 177.57, 85.31, 58.77, 31.28, 18.53, 17.12; ESI-MS M/z 132

PN

(S)-N-isopropyl-2-methoxy-3-methylbutanamide (2.3).

Method 1: To a solution of (S)-2-methoxy-3-methylbutanoic acid (945 mg, 7.2 mmol) in
dichloromethane (35.7 mL, 0.2M) was added a catalytic amount of dimethylformamide. The
solution was cooled to 0° C and oxalyl chloride (1.23 mL, 12.3 mmol) was added dropwise. Once
complete (1h), the solvent was removed in vacuo and the crude oil was redissolved in acetonitrile
(17.9 mL). DIPEA (2.50 mL, 14.3 mmol) was added, after 5 min isopropylamine (1.20 mL, 14.3
mmol) was added and stirred overnight (12h). Method 2: (S)-2-methoxy-3-methylbutanoic acid
(815 mg, 6.2 mmol) was dissolved in acetonitrile (15.4 mL) along with HATU (3.52 g, 9.3 mmol),
HOAUt (1.26 g, 9.3 mmol), and DIPEA (3.22 mL, 18.5 mmol). After 5 min, isopropylamine (2.65
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mL, 30.8 mmol) was added and the reaction stirred overnight (12 h). Acetonitrile and excess amine
were evaporated, and 3M NaOH was added to adjust the pH to 12. The aqueous solution was
extracted with ethyl acetate and dried over sodium sulfate. Purification by flash chromatography
(30% ethyl acetate/ hexanes) afforded the product as a colorless solid in 69% vyield (732 mg); tH
NMR (400 MHz, CDCls) 8 6.27 (s, 1H), 4.11 (dp, J= 8.5 Hz, 1H), 3.40-3.34 (m, 4H), 2.06 (pd, J=
6.9 Hz, 1H), 1.16 (dd, J=8.9, 6.6 Hz, 6H), 0.98 (d, J= 6.9 Hz, 3H), 0.87 (d, J= 6.8 Hz, 3H) ppm;
13C NMR (400 MHz, CDClz) 6 170.9, 87.3, 59.2, 40.5, 31.3, 22.8, 22.7, 18.9, 16.6; ESI-MS M/z

173; mp= 39-41°C
(0]
MOMe

OH

Methyl-(S)-2-hydroxy-3-methylbutanoate (2.5)

(S)-2-methoxy-3-methylbutanoic acid (50 mg, 0.42 mmol) was dissolved in MeOH (2.1 mL) and
H2S04 (225 pL, 4.23 mmol) was added dropwise. The reaction was heated to reflux for 3h. The
reaction was cooled, and pentane added to azeotrope H2SO4 in vacuo. The crude product was
diluted with Et20 and washed with saturated NaHCO3 (3x) and brine. The organic layer was
dried over sodium sulfate and concentrated in vacuo and afforded the product as a yellow oil in
61% yield (34 mg). 1H NMR (400 MHz, Chloroform-d) & 4.03 (d, J = 3.6 Hz, 1H), 3.77 (s, 3H),
2.71 (s, 1H), 2.05 (td, J = 6.9, 3.6 Hz, 1H), 1.00 (d, J = 6.9 Hz, 3H), 0.85 (d, J = 6.9 Hz, 3H)
ppm; 3C NMR (100 MHz, Chloroform-d) § 175.27, 74.94, 52.25, 32.04, 18.62, 15.89.

0]
)\HkOMe
OMe
Methyl-(S)-2-methoxy-3-metylybutanoate (2.6)
To a flame-dried round bottom, was added Cs2CO3 (414 mg, 1.30 mmol). (S)-2-methoxy-3-

methylbutanoic acid (50 mg, 0.42 mmol) was dissolved in anhydrous DMF (1.1 mL) and the

solution added to the reaction flask dropwise. The reaction was stirred for 30 minutes CHsl (131
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ML, 2.12 mmol) was added dropwise. The reaction was stirred overnight (12h, after which it was
diluted with water and extracted with Et20. The organic layer was washed with brine (3X) and
dried over sodium sulfate and evaporated in vacuo Purification with flash chromatography (10%
ethyl acetate/ hexanes) afforded the product in 31% yield (18 mg). *H NMR (400 MHz,
Chloroform-d) 5 4.77 (d, J = 4.4 Hz, 1H), 3.81 (s, 3H), 3.76 (s, 3H), 2.24 (td, J = 6.9, 4.4 Hz,
1H), 1.02 (d, J = 6.9 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H) ppm; 13C NMR (100 MHz, CDCl3)
169.8, 155.4, 79.8, 79.4, 55.0, 52.1, 51.9, 30.1, 30.0, 18.5, 16.9.

Ao

OMe

tert-Butyl-(S)-N-isopropyl-N-((2-methoxy-3-methyl)butyl)-carbamate (2.7).

In a flame-dried flask under nitrogen, (S)-N-isopropyl-2-methoxy-3-methylbutanamide (730 mg,
4.21 mmol) was dissolved in toluene (10.5 mL) and cooled to 0°C. BMS was added dropwise to
the reaction (4.0 mL, 42 mmol) and the reaction was warmed to room temperature and heated to
reflux (40°C) for 4h. The reaction was cooled to -10°C and quenched by the dropwise addition of
cold methanol. The pH was adjusted to 12 by the addition of 3M NaOH, and extracted with EtOAc,
and dried over sodium sulfate and reduced in vacuo.

The resulting oil was dissolved in THF (10.5 mL) and Boc2O was added (4.60 g, 21.1 mmol) to
the reaction flask. The reaction was run overnight (12 h), after which water was added to the flask
and the pH adjusted to 12 with 3M NaOH, extracted with EtOAc, and dried over sodium sulfate.
Purification by flash chromatography (10% ethyl acetate/hexanes) afforded the product asa yellow
oil and in 51 % yield (216 mg): *H NMR (400 MHz, CDCl3) 8 3.89 (t,J = 6.7 Hz, OH), 3.82 — 3.77
(m, 1H), 3.69 (td,J = 10.2, 4.2, 3.3 Hz, 1H), 3.40 (d, J = 2.0 Hz, 3H), 3.33 (dd, J = 12.6, 2.0 Hz,
2H), 3.23-3.10 (m, 1H), 2.87 — 2.63 (m, 1H), 2.59 — 2.42 (m, 2H), 2.01 (qd, J =6.7, 2.1 Hz, 2H),
1.49 (s, 6H), 1.46 — 1.37 (m, 1H), 1.37 — 1.26 (m, 2H), 1.30 — 1.25 (m, 1H), 1.25 - 1.19 (m, 3H),
1.18 (dd,J = 7.0, 3.4 Hz, 2H), 1.14 (td, J = 5.5, 4.1, 2.1 Hz, 5H), 1.00 — 0.92 (m, 1H), 0.96 — 0.81
(m, 11H), 0.79 (s, 1H) ppm; 3C NMR (100 MHz, CDCl3) 6 171.0, 170.0, 146.6, 85.0, 82.3, 80.0,
79.1, 63.8, 63.4, 60.2, 58.4, 57.9, 56.8, 55.9, 54.1, 51.7, 50.80, 49.9, 40.7, 36.1, 31.1, 30.1, 29.6,
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28.5, 28.1, 27.8, 27.3, 26.4, 26.1, 22.4, 22.4, 22.1, 22.0, 21.8, 20.8, 18.7, 18.4, 18.2, 18.0, 17.8,
17.7,17.6,17.4,16.1, 16.0, 15.3, 14.1; ESI-MS M/z 259

(S)-N-isopropyl-2-methoxy-3-methylbutan-1-ammonium trifluoroacetate (2.8).
Tert-Butyl-(S)-N-isopropyl-N-((2-methoxy-3-methyl)butyl)-carbamate (216 mg, 0.83 mmol) was
added to a reaction flask and dissolved in CH2Cl2 (5.0 mL). TFA (5.00 mL) was added dropwise
to the solution and the reaction stirred for 4h. TFA was removed by washing the crude product
with CH2Clz. The resulting solid was suspended in MeOH and filtered through glass wool. The
filtrate was evapoarated to dryness under educed pressure to afford the product as a white solid in
85% yield (113 mg); 1H NMR (400 MHz, MeOD) & 3.41 (s, 2H), 3.31 — 3.20 (m, 1H), 3.01 —2.91
(m, 1H), 2.85 (dd, J=12.7, 9.7 Hz, 1H), 2.08 (pd, J = 7.0, 4.8 Hz, 1H), 1.33 — 1.24 (m, 5H), 0.97
(dd,J=6.7,0.9 Hz, 3H),0.92 (d, J = 7.0 Hz, 2H) ppm; 13C NMR (100 MHz, MeOD) & 81.7, 56.3,
50.1, 45.0), 28.0, 21.1, 18.5, 18.0, 16.9, 15.1; ESI-MS M/z 273

OH

O

Diisopropylamine (86 pL, 0.61 mmol) was dissolved in anhydrous THF (2.04 mL) and cooled to

2-cyclohexen-1-ol (2.10a)

-78°C. n-BuLi (0.35 mL, 0.56 mmol) was added dropwise to the solution, which was warmed to
0°C over 30 min and then cooled to -78°C. Cyclohexenoxide (52 pL, 0.51 mmol) was added
dropwise to the reaction, which was warmed to -50°C and allowed to react for 25h. The reaction
was quenched by the addition of aqueous NH4CI (5M) and extracted with Et2O. The combined

organic layer was washed with H20 followed by brine. The organic layer was dried over sodium
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sulfate and purified by flash chromatography (25% acetone/hexanes) to afford the product as a

yellow oil in 15% yield.

OH

2-Cyclohexen-1-ol (2.10b)

Compound 2.8 (167 mg, 0.61 mmol) was dissolved in anhydrous THF (2.04 mL) and cooled to -
78°C. n-BuLi (0.70 mL, 1.12 mmol) was added dropwise to the solution, which was warmed to
0°C over 30 min and then cooled to -78°C. Cyclohexenoxide (52 pL, 0.51 mmol) was added
dropwise to the reaction, which was warmed to -50°C and allowed to react for 25h. The reaction
was quenched by the addition of aqueous NH4Cl (5M) and extracted with Et2O. The combined
organic layer was washed with H20 followed by brine. The organic layer was dried over sodium
sulfate and purified by flash chromatography (25% acetone/hexanes) to afford the product as a

yellow oil in 21% yield.

OTMS

rac-4-tert-butyl-cyclohex-1-en-1-yl-oxy-trimethylsilane (2.12a)

Diisopropylamine (22 pL, 0.16 mmol) was dissolved in anhydrous THF (0.52 mL and cooled to
-78°C. n-BuL.i (89 pL, 0.14 mmol) was added dropwise to the reaction, which was warmed to 0°
C over 30 min then cooled to -78°C. A solution of 4-tert-butylcyclohexanone (20 mg, 0.13
mmol) in THF was added dropwise to the reaction, which then stirred for 30 min. TMSCI (31
uL, 0.25 mmol) was added dropwise to the reaction, which was allowed to stir and warm to

room temperature over 1h. The crude silyl enol ether was used for the chiral GC studies.
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OTMS

4-tert-butyl-cyclohex-1-en-1-yl-oxy-trimethylsilane (2.12a)

Diisopropylamine (22 pL, 0.16 mmol) was dissolved in anhydrous THF (0.52 mL and cooled to
-78°C. n-BuLi (178.0 pL, 0.29 mmol) was added dropwise to the reaction, which was warmed to
0° C over 30 min then cooled to -78°C. A solution of 4-tert-butylcyclohexanone (20 mg, 0.13
mmol) in THF was added dropwise to the reaction, which thenstirred for 30 min. TMSCI (31
uL, 0.25 mmol) was added dropwise to the reaction, which was allowed to stir and warm to

room temperature over 1h. The crude silyl enol ether was used for the chiral GC studies.
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APPENDIX B. NMR DATA

30



60

€60
+6°0

960
60

660

+0°¢
S0'¢
S0'¢
£0C
£0C
£0°C
80°C
60°C
01T'C
01Tz
e

6€°E
6€°E

€5°¢
€5°¢

b€

9TL—

896 —

OH

OMe

2.2

31

L

Figure B1: tHNMR of Compound 2.2

=00¢
860

Frot

T T T
10.5 10.0 9.5

11.5 11.0

8.5

9.0

12.0

f1 (ppm)



43

OH
OMe

2.2

177.57

—85.31
77.26 CDCI3
76.94 CDCI3
76.63 CDCI3

A
\

58.77

31.28

bty

18.53

17.12

e
210 200 190

—
180

—
170

—
160

—
150

T T T T T T T T T T T T T
140 130 120 110 100 90 80
f1 (ppm)

Figure B2: 13 CNMR of Compound 2.2



980
480
L6'0
66'0

4
9T'T

8T'T
fdVix4
€0°C
¥0'C
S0°¢
90°¢

JAVN4
80°C

0T'C

LE'E

Jﬂ

_ 0@

U

k

b

om.mV.
LE'E
JAVR 4

60t
0Tt

ay
€Ty

vy
9T'v

L39 —

€10ad 9T’ L —

=

ONJ\

OMe

2.3

33

—=

Fevo

Foe9

Fes0

3.0

6.0

6.5

—
8.0

9.0

12.0

0.0

0.5

3.5

4.0

10.5 10.0 9.5

11.5 11.0

-1

-1.0

-0.5

20 1.5 1.0

2.5

4.5

5.0

5.5

7.0

7.5

8.5

f1 (ppm)

Figure B3: tHNMR of Compound 2.3



143

77.23 CDCI3
76.91 CDCI3
76.59 CDCI3

o
@ ool o~ a =] MmMANOoO O
o ~ ~ < I} N &
N ~ o =} — NN R
- © n < () NN

Tz

OMe

2.3

WWMWWWWWMMWWMMMWWMWMWW M o A b

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1
f1 (ppm)

Figure B4: 13CNMR of Compound 2.3




Ge

2.5

— 4.04
—3.77

2.80

2.07
2.05
2.04

086
0.4

— 7T ' T T T T T T T T T T
12.0 11.5 11.0 10.5 10.0 9.5

— T
90 85 80 75 70 65 6.0

5.5

—
5.0

4.5

4.0

Figure B5: tHNMR of Compound 2.5

3.5

3.0



9¢

Mmomm
QOO
[agalya)
~ (GRUNE)
o T NO T n < N
" N Qo N < © @
~ ~N O O o o o un
— NN wn ™ -
~Ne [
(0)
OMe
OH
2.5
|
LJw»wwm(mm Vot e Y J‘W*LWMMW
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1

Figure B6: 13CNMR of Compound 2.5



10°T \
€0°T

e

ve'e
Ss¢e

9t
9L'E AN

08¢
18°€ V.

V4
LLY v

9¢’L—

OMe

OMe

2.6

37

AN

9E°E
Seee

Fert

~86'C |

Nyre

T T T T T T T
10.5 10.0 9.5

12.0

9.0

8.5

11.5 11.0

f1 (ppm)

Figure B7: tHNMR of Compound 2.6



8¢

g g [)RYe) oo T m o N -
a 7 NN Y Qo a - Q ¥ o
() wn DO O WO n o o~ o o @ O
— — NN NN S n wn wn mMm ™M ~—
~ ¥ % Y \/
(0]
OMe
OMe
2.6
|
|
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -1

f1 (ppm)

Figure B8: 13 CNMR of Compound 2.6



€10a0 £9'9L
€10d0 66'9Z
€100 0€°LL

60°6Z
10°08
6C'C8
€0°S8

T9°9pT —

SS'69T ~
S6°04T

PN

B
OMe ¢

2.7

39

AR

MY i

f1 (ppm)

Figure B9: 3CNMR of Compound 2.7



160

2.8

40

Fe60

160
Rort
it
Fooe

12.0

0.0

0.5

3.0

4.0

10.5 10.0 9.5 9.0 8.0 6.5 6.0

11.5 11.0

-1

-1.0

-0.5

20 1.5 1.0

4.5 3.5 2.5

5.0

5.5

7.0

7.5

8.5

f1 (ppm)

Figure B10: tHNMR of Compound 2.8



144

wn WO - N=OOMNLWIT O 0 =N WNn
© N1V NG O Qungo®rg
— OWOONNMNNNUOY ~N — 00 0 O N
0 NN (o] AN o
| SN | SN/
WOMe
TFA
H
/
+N_H
2.8
| I
| \ ! ' I
| il
s L Ak V Il AN PR Ml " A datddth A TRRR Y Aoy n Ju.J
A bt N o VM P " T LAY ! podaasuda]

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20
f1 (ppm)

Figure B11: 23 CNMR of Compound 2



1)

2)
3)

4)

®)
(6)

(7)

(8)

©)

(10)

(11)

(12)

REFERENCES

Brooks, W. H., Guida, W. C., & Daniel, K. G. (2011). The Significance of Chirality
in Drug Design and Development. Current topics in medicinal chemistry, 11(7),
760-770.

Christmann, M., & Brase, S. (2007). Asymmetric Synthesis: The Essentials. Wiley.

Gnas, Y., & Glorius, F. (2006). Chiral Auxiliaries - Principles and Recent
Applications. Synthesis, 2006(12), 1899-1930. https://doi.org/10.1055/s-2006-
942399

Anet, E., Hughes, G. K., & Ritchies, E. (1950). A Synthesis of
Sparteine. Nature, 165(4184), 35-36. https://doi.org/10.1038/165035a0

Ritchies, E., Nature 1950, 165 (4184), 35-36.

Whitesell, J. K., & Felman, S. W. (1980). Asymmetric induction. 3. Enantioselective
deprotonation by chiral lithium amide bases. The Journal of Organic
Chemistry, 45(4), 755-756.

Whitesell, J. K., & Felman, S. W. (1980). Asymmetric induction. 3. Enantioselective
deprotonation by chiral lithium amide bases. The Journal of Organic
Chemistry, 45(4), 755-756. https://doi.org/10.1021/j001292a055

Hodgson, D. M., & Gibbs, A. R. (1997). On the mechanism of lithium amide-
induced rearrangements of 4-substituted cyclopentene oxides to
cyclopentenols. Tetrahedron Letters, 38(51), 8907-

8910. https://doi.org/https://doi.org/10.1016/S0040-4039(97)10358-6

Hodgson, D. M., Gibbs, A.R., & Lee, G.P. (1996). Enantioselective
desymmetrisation of achiral epoxides. Tetrahedron, 52(46), 14361-
14384. https://doi.org/https://doi.org/10.1016/0040-4020(96)00888-5

Williamson, A. (1850). XLV. Theory of &therification. The London, Edinburgh, and
Dublin Philosophical Magazine and Journal of Science, 37(251), 350-
356. https://doi.org/10.1080/14786445008646627

Fischer, E., & Speier, A. (1895). Darstellung der Ester. Berichte der deutschen
chemischen Gesellschaft, 28(3), 3252-
3258. https://doi.org/https://doi.org/10.1002/cber.189502803176

Zimmermann, H., & Rudolph, J. (1965). Protonic States and the Mechanism of
Acid-Catalysed Esterification. Angewandte Chemie International Edition in
English, 4(1), 40-49. https://doi.org/https://doi.org/10.1002/anie.196500401

42



(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Gassman, P. G., & Schenk, W. N. (1977). A general procedure for the base-
promoted hydrolysis of hindered esters at ambient temperatures. The Journal of
Organic Chemistry, 42(5), 918-920. https://doi.org/10.1021/jo00425a040

Edwards, A., & Rubin, M. (2016). Efficient one-pot synthesis of 1-arylcycloprop-2-
ene-1-carboxamides. Organic & biomolecular chemistry, 14(10), 2883-2890.
https://doi.org/10.1039/c60b00156d

Dunetz, J. R., Magano, J., & Weisenburger, G. A. (2016). Large-Scale Applications
of Amide Coupling Reagents for the Synthesis of Pharmaceuticals. Organic Process
Research & Development, 20(2), 140-177. https://doi.org/10.1021/0p500305s

Assimomytis, N., Sariyannis, Y., Stavropoulos, G., Tsoungas, P. G., Varvounis, G.,
& Cordopatis, P. (2009). Anionic ortho-Fries Rearrangement, a Facile Route to
Arenol-Based Mannich Bases. Synlett, 2009(17), 2777-2782.

Bonnat, M., Hercouet, A., & Corre, M. L. (1991). Effect of the Temperature on the
Stoichiometry of Borane Dimethyl Sulfide Reduction of Secondary and Tertiary
Amides. Synthetic Communications, 21(15-16), 1579-

1582. https://doi.org/10.1080/00397919108021056

Brown, H. C., & Heim, P. (1973). Selective reductions. XVI11. Fast reaction of
primary, secondary, and tertiary amides with diborane. Simple, convenient
procedure for the conversion of amides to the corresponding amines. The Journal of
Organic Chemistry, 38(5), 912-916. https://doi.org/10.1021/jo00945a015

T. W. Green, P. G. M. Wuts, Protective Groups in Organic Synthesis, Wiley-
Interscience, New York, 1999, 518-525, 736-739.

Xiao, Y., Jung, D.,Gund, T., & Malhotra, S. V. (2006). An experimental and
theoretical study of the enantioselective deprotonation of cyclohexene oxide with
isopinocampheyl-based chiral lithium amides. Journal of molecular modeling, 12(5),
681-686. https://doi.org/10.1007/s00894-006-0114-2

Patil, R. A., Weatherly, C. A., & Armstrong, D. W. (2018). Chapter 11 - Chiral Gas
Chromatography. In P. L. Polavarapu (Ed.), Chiral Analysis (Second Edition) (pp.
468-505). Elsevier. https://doi.org/https://doi.org/10.1016/B978-0-444-64027-
7.00012-4

Koga, K. (1994). Asymmetric synthesis mediated by chiral ligands. Pure and
Applied Chemistry, 66(7), 1487-1492. https://doi.org/d0i:10.1351/pac199466071487

43



