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B-Amino esters

A direct and selective method for thg-dehydrogenation of esters using palladium catalpsi
the presence of free O-H and N-H functionalitieseigorted herein. Allypalladium catalys
allows for preservation of readily oxidizable fuiecialities such as amines and alcohols
Furthermore, an economical protocol using LDA waseloped for the dehydrogenation

2009 Elsevier Ltd. All rights reserved.

1. Introduction

Methodologies with defined chemoselectivity profilese
important for the practical synthesis of complexgaoric
materials. In particular, the ability to oxidize specific
functional group in the presence of another allowrsstrategic
orchestration of sequential synthetic transfornmatiteading to
efficient multistep syntheses. The functional graompatibility
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Figure 1. Allyl-palladium catalysis for carbony, -
dehydrogenation
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of methods to dehydrogenate carbonyl compounds has
historically been limited to substrates that do hawe other
oxidation-prone functionalities owing to the stromggctrophilic
oxidants employed in such methdds.

Our group has recently reported that a variety abaayl
compounds, including estéts can be transformed to their
unsaturated counterparts via conversion to the ematates and
treatment with catalytic Pd(ll) and stoichiometritylaoxidant
(Figure 1). Our initial repott described the use of this approach
for the dehydrogenation of nitriles and esters, smosequently
we demonstrated the applicability of this mechanigtradigm
to amide®, carboxylic acid®, and ketongé? Interestingly, we
found in the case of amide dehydrogenation our atettould
tolerate oxidation-prone functionality such as tected
alcohols and N-H containing amide substrates, whiobldc
readily undergo oxidation to the corresponding Cy%taems™
The key to obtaining complete conversion and syithidy
useful vyields was forming the dianion with lithium
cyclohexyl(2,6-diisopropylphenyl)amide (LiCyan) dseas a
hindered amide base.

In this report, we extend our earlier findings toe th
dehydrogenation of O-H- and N-H-containing esters and
additionally disclose a more cost-effective protoassing
inexpensive LDA for the specific case df-amino ester
dehydrogenation. The success of allyl-palladiurtalgais for
these selective oxidation reactions is remarkablesicering the
known propensity for Pd(ll) to coordinate to and rewsidize
oxygeni- and nitrogefrbased nucleophiles.



2 Tetrahedron

2. Results and Discussion

In our initial attempts to dehydrogenate esfex in the
presence of a free alcohol, reaction conditionsvipusly
reported by our group were examined (Table 1). fdaetion
proceeds via formation of a zinc enolate, translagéta to Pd
and subsequenp-hydride elimination. To our delight, the
conditions reported for dehydrogenation of amidestrfy 1) in
the presence of free O-H and N-H functionalities weerecessful
and provided slightly improved conversion as coragato our
original conditions for ester and nitrile dehydroggon
(Entries 2-3). Zn(TMR)(Entries 4-5), which was utilized for the
dehydrogenation of carboxylic acids and ketonesygut to be
minimally effective for this transformation.

Table 1.Application of previously reported conditions

i) LiNR, i) ZnCl,
HO _~_~_-CO0,Bu i PaGivICT, > HO\/\/\/COZ“BU
1a allyl oxidant, THF 2a
Entry Conditions Base Allyl Oxidant  Yield (%)?
1 amides? LiCyan -OAc 90%
2 esters?? LiTMP -OPiv 87%
3 nitriles?2 LiTMP -OAc 80%
4 ketones?4 Zn(TMP), -OP(O)(OEY), 21%
5 acids2® Zn(TMP), e 2LiCl -OAc 3%

2Yields were determined by "H-NMR analysis using dibromomethane as internal
standard.

2.1 Optimization

Table 2 shows a further examination of reaction @@ for
the dehydrogenation dfa. The combination of allyl pivalate and
LDA (Entry 1) led to slightly higher conversion thallyl acetate
and LDA (Entry 2). Additionally, LDA outperformed othe

commercial bases such as LHMDS (Entry 3), and LiNCyde

(Entry 4). Nonetheless, the optimal conditions fthis
transformation utilize LiCyan as the lithium andidbase
(Entry 5). Examination of the equivalents of basel ZnC}
additive (Entries 6-7) demonstrated that formatibithe dianion
with an excess of Znglwas critical to achieving high
conversion.

Table 2.Optimization of ester dehydrogenation

HOw_~_~_COZBu i) LINR; ii) ZnCl, HO\/WCOZ'BU
iii) [Pd(allyl)Cl],
1a allyl pivalate, THF 2a
Entry Base Equiv Base Equiv ZnCl, Yield (%)?
1 LDA 25 40 79
2 LDAP 25 40 72
3 LHMDS 25 40 51
4 LiNCy, 25 40 43
5 LiCyan 25 40 89
6 LiCyan 25 2.0 62
7 LiCyan 1.2 4.0 0 (21)

2Yields were determined by "H-NMR analysis using dibromomethane as internal
standard.- Conversion is shown in parentheses. PAllyl acetate was used instead of
allyl pivalate.

2.2 Scope of tert-butyl ester dehydrogenation
Figure 2. Scope otert-butyl ester dehydrogenation
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?solated yields.

With these conditions in hand, we evaluated a waoétert-
butyl esters with free O-H and N-H functionalitiesgihie 2). A
lactam @b), indole @c), and aniline Zd) were all tolerated and
led to the generation of the dehydrogenated comganrhigh
yields. Both secondar®€) and primary alcohols2g) remained
intact as did a free phend@ff.

More challenging methyl esters such as methyl
4-hydroxycyclohexane carboxylate proceeded with loywelds.
This is partially due to lower solubility of the td&nt dianion,
as compared to thert-butyl esters.

2.3 Intermolecular experiments

In order to further probe the scope of this reactend
monstrate its robustness, a variety of commecdaipounds
with free O-H and N-H functionalities were introduced a
additives to the standard reaction conditions fdre t
dehydrogenation of estégwith LiCyan (Figure 3). The change
in yield of the dehydrogenated produ2g) relative to the control
experiment without an additive was evaluated {NMR
analysis. The yield d?gwithout additives is consistently around
99%. The additive was introduced directly after #gtarting
material (g), and an extra equivalent of the base presumably
deprotonated the additive during the enolate foionastage.
The reaction proceeded with good to excellent caioprin the
presence of a variety of additives. Amines andirssl (Figure
3A) are well tolerated, as are a variety of nitropased
heterocycles (Figure 3B). Amides, carbamates,lactdms also
did not impact the reaction (Figure 3C). Additiweh free O-
Hs such as carboxylic acids, oximes, and phenolgu(€i 3D)
showed minimal inhibition of the reaction. Alcohadsch as
cholesterol and even oxidation-prone benzyl alcaleohained
intact without significantly affecting the dehydroggion.
Neither oxidation nor dehydrogenation of any theditaves was
observed.

The addition of thiophenol led to a decreased yadl@g to
44% however, thioanisole did not significantly inhikthe
catalytic cycle providing 74% dlg. Water (Figure 3D) notably
decreased the yield dlg to 59% suggesting that hydroxide
affects the reaction beyond quenching the availbble. These



intermolecular studies suggest a wider scope fors#lective B-Amino acid derivatives are commonly occurring in
dehydrogenation of esters than what is demonstmtejure 2. unnatural  peptides, natural products, and heteliocyc
ompounds. Incorporatin@-amino acids into the peptide
ackbone of pharmaceutically active compounds kas lshown
to increase drug potenéyDehydrogenation of these compounds
is therefore a desirable transformation to aichengynthesis g3-
i) LiCyan amino acid derivative§.In the dehydrogenation of methyl ester
: 1 equiv additive ii) ZnCl, 0 3a, LDA outperformed LiCyan, LiTMP, and Zn(TMP)Table
pr\~C0zBu ii) 2.5 mol% [Pd(allyl)Cl > pr 028U 3). With 4 equivalents of ZnGl up to 90% conversion could be
19 allyl pivalate, 60 °C, THF 2 obtained. Moreover, LDA is an economical and prodesadly
base for this transformation.

Figure 3. Intermolecular dehydrogenation in the presence og
free O-H and N-H compounds
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' " : of B-amino methyl esters with common protecting groupsewe
i Ph. .Ph TMS. .TMS (/\JN synthesized (Table 4). It was determined that numotected
" : amino esters were more efficiently dehydrogenateth ttheir
' diprotected analogues. For example,N-dibenzylated 3b

1% 99% 96% 95% ; provided a significantly lower yield than substrada. In

: N"Me it Me Me ; addition, B-amino esters protected with Cb&c), Piv (3d), and

: 75% ' Me Me ; Bz (3e) groups underwent dehydrogenation in good to exaell
b S M yields. Substitution at the- or B-positions led to decomposition
:" C - Amides and Lactams 5 of the starting materials under the reaction comuatt

: o} :

el L D=

: E Table 4.Scope of3-amino ester dehydrogenation

; 97% 80% 99% :

H o H

. O Me :

: o} Me i .

: ©[ N - i R2, ~_COMe — VIDADZNCL _ g2 coMe

; Ph Me . " iii [Pd(allyCll, -
N 89% __________________ 9 3%99% __________ H R 3 allyl acetate, 60 °C, THF R 4
; D - O-H groups : Substrate R' R Yield (%)°
; o Me N0, oH Bh :

: Ph)LOH 1/ Ph” Ph_|_OH : 3a H Boc 81
: Ph : 3b Bn Bn 55
; 91% 81% 94% 74% ;

H : 3c H Cbz 90
Me M : 3d H Piv 82
: Me—|—0H oK PR OH !

H Me N / 3e H Bz 75
! HO !

H 63% 59% 99% 90% : 2lsolated yields.

2Yields of 2g were determined by "H-NMR analysis using dibromomethane as

internal standard. .
3. Conclusion

In conclusion, we have demonstrated the scope ddr est
dehydrogenation in the presence of free O-H and N-H
functionalities. In addition, we have identifiechighly practical
and inexpensive protocol for the dehydrogenation3-afmino
acid derivatives that may find utility in the sye#lis of unnatural
amino acids and peptides. The robustness anditiliaof this

2.4 -Aminoester optimization

Table 3.Optimization offf-amino ester dehydrogenation

i) 3 equiv LDA . . . . .
i ; reaction in the presence of a variety of coordirmatgroups
Boc CO,Me iiy 4 equiv ZnCl; Boc x_CO,Me . . . -
N N2 N A provokes questions about the role and identity e active
iii) [Pd(ally)Cl], alladium catalyst in these transformations. Tigly has also
3a 4a
allyl acetate, 60 °C, THF highlighted the unique interplay between the sedectf amide
Entry Variation from Standard Conditions  Yield (%)? base and allyl oxidant .for eﬁicient.dehydrogenatbj differ_ent
- substrates. These topics, along with further mastarstudies,
1 none 817 (°0) are currently under investigation in our laboratory
2 6 equiv ZnCl, 59 (88)
3 3 equiv LiCyan 75 (81) )
4 3 equiv LITMP 52 (60) 4. Experimental
5 3 equiv Zn(TMP)5, no ZnCl, 0(32) 4.1 General experimental procedure
6 3 equiv Zn(TMP),, 3 equiv ZnCl, 0(13) All reactions were carried out under an inert nitroge
2Yields were determined by "H-NMR analysis using dibromomethane as atmosphere with dry SOIYentS under anhydrc_)us camditiinless
internal standard. Conversions are in parentheses. PIsolated yield. otherwise stated. Reactions were capped with a rudgpeum or

Teflon—coated silicon microwave cap unless otherveitsted.
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Stainless steel cannulas or syringes were usednsfar solvent
and air-/moisture-sensitive reagents. Reaction® wesnitored
by thin-layer chromatography (TLC) and carried ont0.25 mm
Merck silica gel plates (60F-254) using UV light a&se

visualizing agent. Potassium permanganate andidit aolution

of p-anisaldehyde were used as developing agentsh Etdsmn

chromatography employed SiliaFlasR60 (40-60um, 230-400
mesh) silica gel purchased from SiliCycle Inc.

4.2 Materials

All reaction solvents were purified using a Seca aatv
purification system by Glass Contour. The molariy
n-butyllithium solutions were determined by titratiowith
N-benzylbenzamide. All other reagents were used esivied
without further purification, unless otherwise stated

4.3 Instrumentation

All new compounds were characterized by means pfHR
NMR, C NMR, FT-IR (thin fim from CHCI,), and
high-resolution mass spectroscopy (HR-MS). Copfethe ‘H

Tetrahedron

To a —40 °C solution oN-cyclohexyl-2,6-diisopropylaniline
(CyanH) (135 mg, 0.52 mmol, 2.6 equiv) in THF (4 rOLO5 M)
was addedn-butyllithium (0.20 mL, 0.50 mmol, 2.5 M in
hexanes, 2.5 equiv). After 3-5 mins, the reactidxtume became
cloudy and was stirred for 1 hour. A stock solutidnhe desired
substrate(0.20 mmol, 1.0 equiv) in THF (0.4 mL, 0.5 M) was
added, the reaction quickly became translucent, veasl stirred
for 1 hour more at the same temperature. A solutio@nCl,
(1.6 mL, 0.80 mmol, 0.5 M in THF, 4.0 equiv) was addand
the reaction was stirred for 1 hour. The stock tgmiu of
[Pd(allyDCl], (1.8 mg, 0.0050 mmol, 2.5 mol %) and allyl
pivalate (38uL, 0.24 mmol, 1.2 equiv) in THF (0.2 mL, 1.2 M)
was added. The reaction mixture was removed from-4@e°C
bath, placed into a preheated oil bath, and statddast 12 hours
until completion (as determined by TLC &1 NMR analysis).
The reaction was cooled to room temperature and apeehby
the addition of sat. aq. N&I (15 mL). The reaction mixture was
diluted with EtOAc (5 mL) and the organic phase wassspd.
The aqueous phase was extracted with EtOAc (3 x 5 md }ee
combined organic layers were washed with brine (10, miti¢d
over anhydrous N&Q,, filtered, and concentrated under reduced
pressure by rotary evaporation.

and ®*C NMR spectra can be found in the Supplementary*-5-2 General dehydrogenationfminoesters gb):

Material. NMR spectra were recorded using a Variah Ki®iz

To a —40 °C solution of diisopropylamine (56 pul4@mmol,

NMR spectrometer or a Varian 600 MHz NMR spectrometer2-0 €quiv) in THF (2.0 mL, 0.2 M) was addeebutyllithium

All "H NMR data are reported thunits, parts per million (ppm),
and were calibrated relative to the signal for neaicthloroform
(7.26 ppm) in deuterochloroform (CD{I All **C NMR data are
reported in ppm relative to CDQ[77.16 ppm) and were obtained
with 'H decoupling. The following abbreviations or
combinations thereof were used to explain the nlidifiies:

s = singlet, d = doublet, t = triplet, q = quartgtlin = quintet,
br = broad, m = multiplet, and a = apparent. Alldjiectra were
taken on an FT-IR/Raman Thermo Nicolet 6700. HR-M& da
was recorded on a Bruker microTOF mass spectromssieg
ESI-TOF (electrospray ionization-time of flight).

4.4 Solutions

4.4.1 Zinc chloride stock solution (0.5 M in THF):

Finely powdered anhydrous Zn({0.68 g, 5.0 mmol) was
weighed into a 50-mL flame-dried flask in the gldwex under
an inert atmosphere. The flask was taken out dbeedox and
placed under vacuum. The flask was heated with adwafor
2 min under vacuum and then back filled with nitnogghis
process was repeated 3 times). After the flask wasedoto
ambient temperature, the flask was back filled wittiogen,
THF (10 mL) was added, and the suspension was vigbrou
stirred for 1-2 hours before it was used.

Notee Commercial 1.9 M ZnGl solution in 2-Me THF and
freshly prepared Znglstock solution in THF can be used
interchangeably.

4.4.2 Palladium stock solution:

(0.16 mL, 0.4 mmol, 2.5 M in hexanes, 2.0 equivy ahe
reaction was stirred for 1 hour at the same tempezatA stock
solution of desired substrate (0.20 mmol, 1.0 equiv THF
(0.4 mL, 0.5 M) was slowly added, and the reactioxtume was
stirred for 1 hour at —40 °C to form a light-yelld®weterogeneous
mixture. A solution of ZnGl(0.42 mL, 0.80 mmol, 1.9 M in
2-MeTHF, 4.0 equiv) was added, and the reaction twaed for

1 hour to give a homogeneous solution. The statltion of
[Pd(allyCI], (1.8 mg, 0.0050 mmol, 2.5 mol %) and allyl acetate
(26.0 uL, 0.24 mmol, 1.2 equiv) in THF (0.2 mL, 1.2 M) was
added. The reaction mixture was removed from @€ bath,
placed into a 60 °C preheated oil bath and stifoedl2 hours.
The reaction was cooled to room temperature andaipeehwith
the addition of sat. aq. N&I (15 mL). The reaction mixture was
diluted with EtOAc (5 mL), and the organic phase wamssed.
The aqueous phase was extracted with EtOAc (3 x 5 md }ee
combined organic layers were washed with brine (10, mii¢d
over anhydrous N&Q,, filtered, and concentrated under reduced
pressure by rotary evaporation.

4.5.3 General dehydrogenation of free NA-aminoesters 8):

To a —40 °C solution of diisopropylamine (84, 0L60 mmol,
3.0 equiv) in THF (2.5 mL, 0.24 M) was addedbutyllithium
(0.24 mL, 0.60 mmol, 2.5 M in hexanes, 3.0 equand the
reaction was stirred for 1 hour at the same tempezatA stock
solution of desired substrate (0.20 mmol, 1.0 equnviHF (0.4
mL, 0.5 M) was slowly added, and the reaction mixtwas
stirred for 1 hour at —40 °C to form a light-yelld®weterogeneous
mixture. A solution of ZnGl(0.42 mL, 0.80 mmol, 1.9 M in 2-
MeTHF, 4.0 equiv) was added and stirred for 1 heougive a
homogeneous solution. Then the stock solutiorPd{&llyl)Cl],

[Pd(allyl)CI], was weighed into a flame dried vial which was (1.8 mg, 0.0050 mmol, 2.5 mol %) and allyl acet&6.0 uL,

evacuated and backfilled with nitrogen. Allyl oxidaand THF
were added sequentially and the solution was stirfed
0.5-1 hour.

4.5 General Procedures

4.5.1 General dehydrogenation of tert-butyl estéjs (

0.24 mmol, 1.2 equiv) in THF (0.2 mL, 1.2 M) was add The
reaction mixture was removed from the —40 °C balticqd into
a 60 °C preheated oil bath and stirred for 12 hoditse reaction
was cooled to room temperature and quenched witladdéion
of sat. aq. NHCI (15 mL). The reaction mixture was diluted
with EtOAc (5 mL), and the organic phase was separafdt
aqueous phase was extracted with EtOAc (3 x 5 mL) had t
combined organic layers were washed with brine (10, mii¢d



over anhydrous N&Q,, filtered, and concentrated under reducedadded 4-dimethylaminopyridine (DMAP) (61.1 mg, 0.5thaoh,

pressure by rotary evaporation.

4.6 Substrate Synthesis

Estersld’, 1f°, 1™ 3a'®, and3b'! were synthesized according
to previously published procedures.

4.6.1 Allyl pivalate $1-1)

3-Bromopropene (50.0 mL, 0.60 mol, 3.0 equiv) wasealdto
a flask containing ¥CO; (36.0 g, 0.26 mol, 1.3 equiv) and
pivalic acid (20.4 g, 0.20 mol, 1.0 equiv). DMF (56Q.) was
added.
temperature for 48 hours. The reaction was dilwté@t water
(1.0 L) and EtOAc (500 mL). The organic layer wasasafed
and the aqueous phase was extracted with EtOAc (3 xrk)0
The organic layers were combined and washed with waég
mL) and brine (2 x 500 mL). The organic layer wagdl over

anhydrous Ng0Q,, filtered, and concentrated under reduced 3.4-Aminophenyl)propanoic acid

pressure by rotary evaporation. The crude oil waslldd by

vacuum distillation to yield allyl pivalate as aladess oil

(19.67 g, 69%). This procedure was modified fromvjus

syntheses and spectral data values match those fham
literature™ R; = 0.69 (hexanes/EtOAc = 5:fH NMR (400

MHz, CDCk): 6 5.96-5.86 (m, 1H), 5.30 (dd,= 17.2, 1.6 Hz,
1H), 5.21 (ddJ = 10.4, 1.2 Hz 1H), 4.56 (di,= 5.6, 1.6 Hz, 2H)
1.22 (s, 9H)°C NMR (101 MHz, CDC}): § 178.3, 132.6, 117.6,
65.0, 38.9, 27.3R (cm™): 1730, 1280, 1144, 962, 93BSI-

HRMS (m/2: [M+H]" calc’d for GH;s0,": 143.1067; found:
143.1075.

4.6.2 tert-butyl 11-((2-ox0-1,2,3,4-tetrahydroquines-
yl)oxy)undecanoatelb)

tert-Butyl 11-bromoundecanoate was prepared accordirgy to
previously published procedute.To a solution oftert-Butyl
11-bromoundecanoate (321 mg, 1.0 mmol, 1.0 equivibMF
(2.0 mL, 0.50 M) was added 7-hydroxy-3,4-dihydroauim-
2(1H)-one (163 mg, 1.0 mmol, 1.0 equiv) andC; (163 mg,
1.2 mmol, 1.2 equiv). The mixture was placed intpr@heated
80 °C oil bath and stirred for 26 hours. The resglmixture was
cooled to room temperature and water (50 mL) was ddithe
mixture was diluted with EtOAc (80 mL), and the orgaphase
was separated. The aqueous phase was extracted t@itkc E
(3 x 40 mL) and the combined organic layers were w@shith
water (100 mL), brine (100 mL), dried over anhydroigsSO,,
filtered, and concentrated under reduced pressyrerobary
evaporation. Purification by flash column chrongaéphy on
silica gel (hexanes/EtOAc 3:1 to 2:1) afforded ttitke
compound (258 mg, 64%) as an off-white solidR; = 0.22
(hexanes/EtOAc = 2:TH NMR (400 MHz, CDC})): 5 7.91 (ad,
1H), 7.04 (dJ = 8.4 Hz, 1H), 6.51 (dd} = 8.4, 2.4 Hz1H), 6.31
(br s, 1H), 3.91 (t) = 6.6 Hz, 2H), 2.89 () = 7.6 Hz, 2H), 2.61
(t, J = 7.6 Hz, 2H), 2.20 (tJ = 7.4 Hz, 2H), 1.78-1.72 (m, 2H),
1.62-1.55 (m, 2H), 1.44 (s, 9H), 1.44-1.39 (m, 2H291(br s,
10H) *C NMR (151 MHz, CDC}): § 173.5, 171.7, 158.9, 138.2,
128.8, 115.7, 108.8, 102.3, 80.1, 68.3, 35.8, 32986, 29.5,
29.5, 29.4, 29.4, 29.2, 28.3, 26.1, 25.2, 2&R7(cm): 2928,
1682, 1368, 1265, 1190, 11EBI-HRMS (m/2: [M+H]" calc'd
for C,yJH3gNO;": 388.2846; found: 388.2826.

4.6.3 tert-Butyl 4-(1H-indol-3-yl)butanoatéd)

This procedure was modified from a previous litem@tu
report?® To a 0 °C solution of 4-f-indol-3-yl)butanoic acid
(0.989 g, 4.9 mmol, 1.0 equiv) in GEl, (20.0 mL, 0.25 M) was

0.1 equiv),tert-butanol (2.4 mL, 25 mmol, 5.0 equiv) ahgN*-
dicyclohexylcarbodiimide (DCC) (1.12 g, 5.4 mmoll Equiv).
After stirring for 5 min at 0 °C, the mixture wasrstd for
17 hours at 23 °C. After filtration through Celitde mixture
was concentrated under reduced pressure by rotagoeation.
Purification by flash column chromatography on csili gel
(hexanes/EtOAc = 6:1) afforded the title compound46. g,
44%) as an off-white solidR; = 0.40 (CHCL,) 'H NMR (400
MHz, CDCL): & 7.99 (br s, 1H), 7.62 (d,= 7.6 Hz, 1H), 7.35 (d,
J=8.0Hz, 1H), 7.20 (1 = 7.2 Hz, 1H), 7.12 (1] = 7.4 Hz, 1H),
6.99 (s, 1H), 2.80 (1) = 7.4 Hz, 2H), 2.31 (&) = 7.4 Hz, 2H),
2.05-2.01 (m, 2H), 1.46 (s, 9HC NMR (151 MHz, CDCJ): &
173.3, 136.5, 127.6, 122.0, 121.6, 119.3, 119.5.0,1111.2,

The mixture was stirred vigorously at amibiengg > 354, 28.3, 25.7, 24IR (cmiY): 3416, 2976, 1708, 1264,

1151 ESI-HRMS (m/2: [M+Na]" calc'd for GgH,,NNaG,':
282.1465; found: 282.1540.

4.6.4 tert-Butyl 3-(4-((tert-
butoxycarbonyl)amino)phenyl)propanoafel)

(2.0 g, 6.0 mmol,
1.0 equiv) was dissolved in dry THF (15 mL, 0.4 Mpi-tert-
butyl dicarbonate (1.5 mL, 6.5 mmol, 1.1 equiv) veasled and
the reaction was stirred at ambient temperaturé2dnours. The
solvent was removed by reduced pressure rotary estpo.
The residue was dissolved in gk, (4.0 mL, 1.5 M) then
DMAP (76 mg, 0.62 mmol, 0.10 equiv) angrt-butanol
(0.72 mL, 7.5 mmol, 1.3 equiv) were added. A solutidrdCC
(2.57 g, 7.3 mmol, 1.2 equiv) in GHI, (6.0 mL, 1.0 M) was
added to the solution of starting material. Thaction quickly
became cloudy and was stirred for 2 hours more diiearh
temperature. The reaction was filtered through l#eCglug, and
concentrated under reduced pressure by rotary estiqo.
Purification by flash chromatography on silica gel
(hexanes/EtOAc = 10:1 to 8:1) afforded the titled poond as a
white solid (1.42 g, 73%)R; = 0.65 (hexanes/EtOAc = 2:1i
NMR (600 MHz, CDC}): 6 7.18 (d,J = 8.4 Hz, 2H), 7.04 (d,
J=8.4 Hz, 2H), 2.90 (1] = 7.5 Hz, 2H), 2.53 (t] = 7.8 Hz, 2H),
1.41 (s, 18H)"*C NMR (151 MHz, CDCJ): & 172.4, 153.0,
136.5, 135.6, 128.9, 80.5, 37.3, 30.6, 28.5, 28.Zcm ): 2977,
1727, 1526, 1367, 1236, 115@SI-HRMS (m/2: [M+Na]*
calc'd for GgH,sNaNO,": 344.1832; found: 344.1870.

4.6.5Lithocholic tert-butyl esterlg)

This procedure was modified from a previous literatu
report** To a solution of lithocholic acid (1.01 g, 2.7 mmo
1.0 equiv) in THF (24 mL, 0.12 M) at O °C, was addedpwise
trifluoracetic anhydride (3.0 mL, 21 mmol, 7.8 egui After
stirring for 1.5 hours at 0 °C, the mixture was tieelawith
tert-butanol (7.0 mL, 73 mmol, 28 equiv) and let stil0atC for
12 hours. The reaction was neutralized with sat. Nid,OH
(5 mL) and let stir at 23°C for 6 hours. The r@attvas diluted
with EtO (20 mL) and washed with ag. 1M NaOH (40 mL),
water (40 ml), and brine (40 mL). The organic layexs dried
over anhydrous N&Q,, filtered, and concentrated under reduced
pressure by rotary evaporation. Recrystallizatiamf hot water
gave lithocholigert-butyl ester (1.03 g, 81%) as a white powder.
R; = 0.32 (hexanes/EtOAc = 3:1 NMR (600 MHz, CDCJ): &
3.63-3.62 (m, 1H), 3.50 (br s, 1H) 2.28-2.23 (m, 14}5-2.09
(m, 1H), 1.96 (dtJ = 12.6, 3.0 Hz, 1H), 1.89-1.72 (m, 5H),
1.67-1.65 (m, 1H), 1.58-1.50 (m, 2H), 1.44 (s, 9H)211.36
(m, 6H), 1.36-1.19 (m, 6H), 1.16-1.08 (m, 5H), 1.0040(m,
1H), 0.92 (s, 3H), 0.90 (d] = 6.6 Hz, 3H), 0.64 (s, 3H)’C
NMR (151 MHz, CDC})): & 173.9, 80.0, 72.0, 56.6, 56.2, 42.9,
42.2, 40.6, 40.3, 36.6, 36.0, 35.5, 35.5, 34.77,331.2, 30.7,
28.4, 28.3, 27.4, 26.6, 24.4, 23.5, 21.0, 18.42 1R. (cm"):
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2928, 1729, 1264, 115ESI-HRMS (m/2): [M+H] " calc'd for
C,aH105': 433.3676; found: 433.3699.

4.6.6-Cbz amino estei3€)

B-Alanine methyl esté? (515 mg, 5.0 mmol, 1.0 equiv) was
dissolved in a 1:1 mixture of methanol and w#g& mL, 0.25
M) then cooled to 0 °C. NaHG@1.1 g, 12.5 mmol, 2.5 equiv)
was added to the stirred solution, followed by dropvaddition
of CbzCl (2.2 mL, 15.0 mmol, 3.0 equiv). After gtig for
10 min at O °C, the reaction mixture was removednftbe ice
bath, warmed to ambient temperature, and stirredlZohours.
The volatile organics were removed by rotary evajpama the
residue was diluted with EtOAc (30 mL) and sat. aq,8IH50
mL), and the organic phase was separated. Theoagyghase

was extracted with EtOAc (2 x 20 mL), and the combinedafforded 2a as a yellow oil (25.8 mg, 69%). R;

organic layers were washed with brine (40 mL), driecro

Tetrahedron

(hexanes/EtOAc = 1:1'H NMR (400 MHz, CDC)): §
7.77-7.75 (m, 2H), 7.51-7.47 (m, 1H), 7.44-7.41 (H), .85
(br s, 1H), 3.73 (¢J = 6.0 Hz, 2H), 3.72 (s, 3H), 2.66 {= 6.0
Hz, 2H) ®C NMR (101 MHz, CDCJ): & 173.5, 167.4, 134.5,
131.6, 128.7, 127.1, 52.0, 35.4, 33R (cm’): 3332, 1735,
1640, 1536, 1264, 70ESI-HRMS (m/2: [M+H]" calc’'d for
C.:H1.NO;™: 208.0968; found: 208.09609.

4.7 Product Characterization

4.7.1 tert-Butyl (E)-6-hydroxyhex-2-enoafa)
The reaction was stirred at 60 °C for 16 hours. 3%nof

[Pd(ally)Cl], was used. Purification by flash column
chromatography on silica gel (hexanes/EtOAc = 6:1118)
= 0.10

(hexanes/EtOAc = 3:1). The spectral data are cemsistith

anhydrous NgO,, filtered, and concentrated under reducedthose reported in the literatufe*H NMR (400 MHz, CDCJ): &

pressure by rotary evaporation. Purification bgslfi column
chromatography on silica gel (hexanes/EtOAc = 3:fgrdéd -
amino ester3c (749 mg, 64%) as a colorless oilR; = 0.20
(hexanes/EtOAc = 3:1)H NMR (400 MHz, CDCY): & 7.38-
7.29 (m, 5H), 5.29 (br s, 1H), 5.09 (s, 2H), 3.6834), 3.47 (q,
J = 6.0 Hz, 2H), 2.55 () = 6.0 Hz, 2H)"*C NMR (101 MHz,
CDCly): 8 172.9, 156.4, 136.6, 128.6, 128.2, 128.2, 66.89,51
36.7, 34.4IR (cm): 3337, 2954, 1720, 1526, 1247, 688I-
HRMS (m/2: [M+H]" calc’d for G,H;sNO,": 238.1074; found:
238.1071.

4.6.7-Piv amino ester3d)

B-Alanine methyl estér (515 mg, 5.0 mmol, 1.0 equiv) was
dissolved in CHCI, (20 mL, 0.25 M) and cooled to 0 °C.
Triethylamine (1.1 mL, 7.5 mmol, 1.5 equiv) was adide the
stirred solution followed by dropwise addition of Elv
(0.80 mL, 6.5 mmol, 1.3 equiv). After stirring f@0 min at 0
°C, the reaction mixture was removed from the ici baarmed
to room temperature, and stirred for 12 hours. fEaetion was
stopped by the addition of sat. aqg. )dH (50 mL), and the
organic phase was separated. The aqueous phasetvaiesl
with EtOAc (2 x 20 mL) and the combined organic laysese
washed with sat. ag. NaHG@0 mL), dried over anhydrous
N&SQ, filtered, and concentrated under reduced presbyre
rotary evaporation. Purification by flash colunfimr@amatography
on silica gel (hexanes/EtOAc = 1:1) afford@@émino estei3d
(673 mg, 72%) as a white solidR; = 0.30 (hexanes/EtOAc =
1:1)™H NMR (400 MHz, CDC}): § 6.30 (br s, 1H), 3.70 (s, 3H),
3.50 (q,J = 6.0 Hz, 2H), 2.53 (] = 6.0 Hz, 2H), 1.18 (s, 9HJC
NMR (101 MHz, CDC}): 5 178.6, 173.5, 51.9, 38.8, 35.0, 33.9,
27.6IR (cm™): 3364, 2956, 1740, 1642, 1528, 11H3I-HRMS
(m/2: [M+H]" calc’d for GHgNO;": 188.1281; found: 188.1279.

4.6.84-Benzoyl amino esteB¢)

B-Alanine methyl estéf (515 mg, 5.0 mmol, 1.0 equiv) was
dissolved in THF(20 mL, 0.25 M) and cooled to 0 °C.
Triethylamine (1.1 mL, 7.5 mmol, 1.5 equiv) was adide the
stirred solution followed by dropwise addition of B4AG.76 mL,
6.5 mmol, 1.3 equiv). After stirring for 10 min @t °C, the
reaction mixture was removed from the ice bath, wdrtogoom
temperature, and stirred for 12 hours. The reaatias stopped
by the addition of sat. ag. N@I (50 mL), diluted with EtOAc
(15 mL), and the organic phase was separated. dheoas
phase was extracted with EtOAc (2 x 20 mL) and the dosab
organic layers were washed with sat. aq. Nakl@O mL), dried

6.90-6.83 (m, 1H), 5.77 (d, = 15.2 Hz, 1H), 3.68 (br s, 2H),
2.31-2.25 (m, 2H), 1.76-1.69 (m, 2H), 1.48 (s, 9¥Q) NMR
(101 MHz, CDCJ): 5 166.1, 147.2, 123.6, 80.3, 62.2, 31.1, 28.5,
28.3 IR (cm™): 1710, 1368, 1264, 114ESI-HRMS (m/2):
[M+H] " calc’d for GgH1¢O5™: 187.1329; found: 187.1251.

4.7.2 tert-Butyl (E)-11-((2-ox0-1,2,3,4-tetrahyduiplin-8-
yl)oxy)undec-2-enoatelf)

The reaction was stirred at 60 °C for 5 hours. 3biwe
LiCyan base were used. Purification by flash column
chromatography on silica gel (hexanes/ EtOAc = 10:12:1)
afforded the title product as a white solid (31 n%§%).
R; = 0.22 (hexanes/EtOAc = 2:1JH NMR (400 MHz, CDCJ):
88.82 (s, 1H), 7.02 (d} = 8.0 Hz, 1H), 6.85 (dt] = 15.6, 7.2 Hz,
1H), 6.51 (dd,) = 8.4, 2.4 Hz, 1H), 6.38 (d,= 2.4 Hz, 1H), 5.73
(d,J=15.6 Hz, 1H), 3.91 () = 6.8 Hz, 2H), 2.88 () = 7.6 Hz,
2H), 2.61 (tJ = 6.8 Hz, 2H), 2.16 (q] = 6.8 Hz, 2H), 1.74 (quin,
J = 7.6 Hz, 2H), 1.47-1.28 (m, 19HJC NMR (101 MHz,
CDCly): 4 172.3, 166.3, 158.9, 148.2, 138.3, 128.7, 12316,7,
108.8, 102.4, 80.1, 68.2, 32.1, 31.2, 29.4, 2993,228.3, 28.2,
26.1, 24.7R (cm™): 2855, 1681, 1368, 1264, 11E51-HRMS
(m/2: [M+H]" calc'd for GsH3NO;: 386.2690; found:
386.2371.

4.7.3 tert-Butyl (E)-4-(1H-indol-3-yl)but-2-eno&(2c)

The reaction was stirred at 90 °C for 12 hours. 3%nof
[Pd(ally)Cl], was used. 3.0 equiv of LiCyan were used.
Purification by flash column chromatography on csili gel
(hexanes/ED = 6:1) afforded the product as a pale-yellow solid
(39.8 mg, 77%). R; = 0.40 (CHCl) '"H NMR (400 MHz,
CDCly): 8 8.04 (br s, 1H), 7.55 (d] = 8.0 Hz, 1H), 7.38 (d,
J=8.0 Hz, 1H), 7.21 () = 7.6 Hz, 1H), 7.15-7.05 (m, 2H), 7.03
(s, 1H), 5.79 (dJ = 15.6 Hz, 1H), 3.63 (d] = 6.4 Hz, 2H), 1.46
(s, 9H) °C NMR (151 MHz, CDCJ): & 166.3, 146.3, 136.4,
127.3, 122.3, 119.7, 119.0, 112.5, 111.3, 80.33,288.1IR
(cm™): 3410, 1695, 1392, 1264, 1168I-HRMS (m/2: [M+H]*
calc’d for GgHooNO,"™: 258.1489; found: 258.2284.

4.7.4 tert-Butyl (E)-3-(4-((tert-
butoxycarbonyl)amino)phenyl)acrylated

The reaction was stirred at 80 °C for 16 hours. 3%nof
[Pd(ally)Cl], was used. Purification by flash column
chromatography on silica gel (hexaneglEt 9:1) afforded the
product as an off white solid (50.0 mg, 78%)R; = 0.15
(hexanes/BO = 6:1)'H NMR (400 MHz, CDC)): § 7.52 (d,

over anhydrous N&Q,, filtered, and concentrated under reduced) = 16.0 Hz, 1H) ,7.44 (d] = 8.4 Hz, 2H), 7.37 (d] = 8.4 Hz,

pressure by rotary evaporation. Purification byskilacolumn
chromatography on silica gel (hexanes/EtOAc = 1:fpreéd
B-amino ester3e (703 mg, 68%) as a white solidR; = 0.31

2H), 6.56 (s, 1H), 6.27 (dJ = 15.6 Hz, 1H), 1.52 (s, 18H)
3C NMR (151 MHz, CDCY): § 166.7, 152.5, 143.1, 140.1,
129.5, 129.1, 118.6, 118.4, 80.5, 28.4, 28R4 (cmi’): 2977,



1705, 1522, 1319, 114BSI-HRMS (m/2: [M+Na]" calc’'d for
C1gH,sNNaQ,": 342.1676; found: 342.1649.

4.7.5 Lithocholic (E)-tert-butylenoat@d)

The reaction was stirred at 60 °C for 16 hours.ifieation by
flash column chromatography on silica gel (hexdEg® 3:1)
afforded the product as a white foam (64.8 mg, 7Rpo¥» 0.32
(hexanes/EtOAc = 3:TH NMR (400 MHz, CDC)): § 6.72 (dd,
J = 15.6, 8.8 Hz, 1H), 5.64 (d,= 15.6 Hz, 1H), 3.66-3.59 (m,
1H), 2.27-2.19 (m, 1H), 1.96-1.93 (m, 1H), 1.97-1185 §H),
1.48 (s, 9H), 1.44-1.18 (m, 15H), 1.07-1.05 (m, 5H92Q(s,
3H), 0.67 (s, 3HY*C NMR (101 MHz, CDC})): § 166.7, 153.7,
120.7, 80.1, 72.0, 56.5, 55.3, 43.1, 42.2, 40.62,489.7, 36.6,
36.0, 35.5, 34.7, 30.7, 28.4, 28.3, 27.3, 26.54,223.5, 20.9,
19.4, 12.4R (cm™): 2928, 1713, 1366, 11HSI-HRMS (m/2):
[M+H] " calc'd for GgH,705": 431.3520; found: 431.3531.

4.7.6 tert-Butyl (E)-3-(4-hydroxyphenyl)acrylatéj)(

The reaction was stirred at 80 °C for 16 hours.ifieation by
flash column chromatography on silica gel (hexaf#gd = 5:1)
afforded the product as a pale-yellow oil (33.1 mM§%). The
spectral data are consistent with those reporteldeiterature'’
R; = 0.31 (hexanes/EtOAc = 3:1 NMR (400 MHz, CDC}): &
7.53 (d,J = 16.0 Hz, 1H), 7.42 (d) = 8.4 Hz, 2H), 6.82 (d,
J = 8.8 Hz, 2H), 6.23 (dJ = 16.0 Hz, 1H), 5.36 (br s, 1H), 1.53
(s, 9H) °C NMR (101 MHz, CDCJ): & 157.3, 143.3, 129.9,
117.9, 115.9, 110.2, 80.5, 31.7, 31.4, 29.9, 224 ,IR (cm™):
2977, 1674, 1604, 1514, 1264, 114BESI-HRMS (m/2:
[M+Na]" calc’d for GgH;NaNQ;": 243.0992; found: 243.1012.

4.7.7 Methyl (E)-3-((tert-butoxycarbonyl)amino)aetd @a)

Purification by flash column chromatography on csiligel
(hexanes/EtOAc = 11:1) afforded the title productaasight-
yellow oil (32.6 mg, 81%). The spectral data areststent with
those reported in the literatufe.R; = 0.50 (hexanes/EtOAc =
7:1) '"H NMR (400 MHz, CDCJ): 6 9.58 (br s, 1H), 7.23 (1 =
10.4 Hz, 1H), 5.00 (d] = 8.8 Hz, 1H), 3.70 (s, 3H), 1.48 (s, 9H)
¥C NMR (101 MHz, CDCJ): 5 169.6, 152.3, 140.6, 93.6, 82.1,
51.2, 28.2R (cm): 3342, 2980, 1740, 1689, 1634, 1380, 1211,
1147, 802ESI-HRMS (m/2: [M+H]" calc'd for GH;NO,":
202.1074; found: 202.1078.

4.7.8 Methyl (E)-3-(dibenzylamino)acrylab)

Purification by flash column chromatography on csiligel
(hexanes/EtOAc = 5:1) afforded the title product asle-yellow
solid (30.9 mg, 55%). The spectral data are ctersisvith those
reported in the literaturé. R; = 0.22 (hexanes/EtOAc = 5:1)
'H NMR (400 MHz, CDC)): 5 7.81 (d,J = 13.2 Hz, 1H),
7.36-7.28 (m, 6H), 7.18-7.16 (m, 4H), 4.80J¢ 13.2 Hz, 1H),
4.30 (s, 4H), 3.67 (s, 3HJC NMR (101 MHz, CDC}): 5 170.3,
152.9, 136.1, 128.9, 127.9, 127.6, 85.6, SR7(cm): 2946,
1688, 1609, 1350, 1142, 791, 6&SI-HRMS (m/2: [M+H]"
calc’d for GgH,oNO,"™: 282.1489; found: 282.1488.

4.7.9 Methyl (E)-3-(((benzyloxy)carbonyl)amino)aatgl 4c)

Purification by flash column chromatography on csiligel
(hexanes/EtOAc = 20:1) afforded the title productaasight-
yellow oil (42.3 mg, 90%).R; = 0.25 (hexanes/EtOAc = 11:1)
'H NMR (400 MHz, CDC)): 6 9.81 (br s, 1H), 7.39-7.34
(m, 5H), 7.28 (tJ = 10.0 Hz, 1H), 5.22 (s, 2H), 5.07 @= 8.4
Hz, 1H), 3.71 (s, 3HY*C NMR (101 MHz, CDCJ): & 169.3,
153.4, 140.2, 135.4, 128.7, 128.7, 128.4, 94.91,6B1.3IR
(cm™): 3326, 2952, 1740, 1686, 1632, 1392, 1174, ESI-
HRMS (m/2: [M+H]" calc’d for G,H.NO,": 236.0917; found:
236.0914.

4.7.10 Methyl (E)-3-pivalamidoacrylatéd)

Purification by flash column chromatography oncsiligel
(hexanes/EtOAc = 13:1) afforded the title productaasight-
yellow oil (30.4 mg, 82%).R; = 0.23 (hexanes/EtOAc = 11:1)
'"H NMR (400 MHz, CDCJ): & 10.83 (br s, 1H), 7.52 (dd,
J=10.8, 8.8 Hz, 1H), 5.15 (d,= 8.8 Hz, 1H), 3.73 (s, 3H), 1.27
(s, 9H) ®C NMR (101 MHz, CDC)): & 177.0, 170.0, 139.2,
96.0, 51.4, 39.4, 27.R (cm): 3340, 2963, 1683, 1622, 1378,
1201, 1154, 805, 70ESI-HRMS (m/2: [M+H]" calc’d for
CoHigNO;™: 186.1125; found: 186.1126.

4.7.11 Methyl (E)-3-benzamidoacrylate)

Purification by flash column chromatography on csiligel
(hexanes/EtOAc = 13:1) afforded the title productaashite
solid (30.8 mg, 75%).R; = 0.20 (hexanes/EtOAc = 11:1). The
spectral data are consistent with those reporteldeiterature”
'H NMR (500 MHz, CDC)): 6 11.47 (br s, 1H), 7.95 (d,= 7.5
Hz, 2H), 7.75 (ddJ = 11.0, 8.5 Hz, 1H), 7.58 {,= 7.5 Hz, 1H),
7.50 (t,J = 7.5 Hz, 2H), 5.27 (dJ = 8.5 Hz, 1H), 3.77 (s, 3H)
®C NMR (126 MHz, CDC)): 5 170.1, 164.6, 139.1, 133.0,
132.3, 129.0, 127.8, 96.8, 51IR (cm™): 3332, 2950, 1682,
1619, 1378, 1180, 805, 6%SI-HRMS (m/2): [M+H] " calc’d for
Cy;1H1,NO;™: 206.0812; found: 206.0811.
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