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As a result of the highly ordered nature of the six membered transition state, predictions
are possible on the stereochemical outcome of the reaction based on the stereochemistry
at the double bond. Over the years the usefulness of the Claisen rearrangement has been
realized and the reaction has drawn the attention of numerous research groups, which has
been reflected in the large amounts of papers published in the literature on this reaction.*®
Because the product is a carbonyl compound, the equilibrium is usually favorable for

product formation.

The Claisen rearrangement has been an effective tool for the formation of quaternary
stereocenters for a long time.® However, until very recently with the advent of true
asymmetric catalysis (see section 2.1.3) the Claisen rearrangement has mostly been used
for the diastereoselective formation of quaternary stereocenters due to the highly ordered
nature of the chair-like transition state.>” The enantioselective variant of the reaction for
the asymmetric synthesis of quaternary stereocenters often required the use of chiral
auxiliaries®® or the use of stoichiometric amounts of chiral catalysts due to product
inhibition of the catalyst.® A review of the literature also notes the conspicuous absence
of the formation of aldehydes bearing quaternary stereocenters via the truly catalytic
Claisen rearrangement. All of these factors make the catalytic Claisen rearrangement a

particularly challenging reaction.
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prepared by Wittig reactions using ylides generated from allyloxymethylphosphonium

salts (Scheme 49).

R{\A . = (.S). R“’d\/\o/\/s\Ph R“N\/\O/\
® O
(0] © K O-t-Bu R

Scheme 49. Preparation of allyl vinyl ethers through the Wittig reaction.

2.1.2. Asymmetric Claisen rearrangement

In order to make chiral Claisen rearrangement products via an asymmetric route several
possibilities exist. If no external asymmetric induction is applied, the two separate
enantiomers can be separated via resolution but this obviously suffers from the
disadvantage of losing 50% of the unwanted enantiomer, a highly undesired outcome.
The first possibility is to transfer chirality from either the allylic or vinylic fragment of
the allyl vinyl ether to the chiral carbon through a complete [1,3]-chirality transfer
(remote stereocontrol), although other positions in the allyl vinyl ether substrate have also
be used to transfer the chirality. Alternatively, more than one chiral center can be used to
transfer the stereochemical information. The chiral allylic fragment can be obtained by
such well known processes like the Sharpless asymmetric epoxidation®, enantioselective

reduction of carbonyl compounds®! and enzymatic processes®. In the diastereoselective
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reaction proceeding through remote stereocontrol the chiral center is usually present

present to position one and six (Scheme 50).

R2 R2
X/\/\*R NG 4 R X/\/ NG y
1 ., X 1 .
L A R T SN
R2 RZ
Chiral center adjacent to C1 Chiral center adjacent to C6

Scheme 50. Diastereoselective reaction proceeding through remote stereocontrol.

Secondly, the asymmetric induction can be achieved through the use of a chiral auxiliary.
A review of the literature reveals the predominance of the chiral auxiliary in three main

positions of the allyl vinyl ether (X, Y, Z; Scheme 51).

Chiraﬂ/\
informatio?‘Y Y
I X&Z
V\

Positions of covalently bound chiral auxiliaries

Scheme 51. Asymmetric induction through the use of a chiral auxiliary.

Thirdly, asymmetric induction can be achieved through external asymmetric induction

via the use of a chiral catalyst. While there are numerous reports in the literature for
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examples that use stoichiometric quantities of catalyst (vide infra), the use of catalytic
quantities has thus far not found widespread use and is limited to certain specific types of
substrate class (vide infra). The former case, where stoichiometric quantities are required
has usually been used in the ester and amide enolate Claisen rearrangement. The ester or
amide substrate is reacted with a strong base at low temperature, forming the allyl vinyl
ether Claisen substrate in situ. Next, a Lewis acid together with the corresponding chiral
ligand is added which coordinates with the oxygen of the in situ formed enolate (Scheme
52). The disadvantage here is the requirement of adding equimolar quantities of chiral
Lewis acid complexes, necessary because the metal complex binds more strongly to the
carbonyl product than to the starting material. Hence, the reason for the sparsity of

examples in the literature for reaction that employ catalytic quantities of Lewis acid.

@ @ ML
o 1. base [ML] [ ]
K/\ V\
Scheme 52. Ester enolate Claisen rearrangement.
2.1.3. Asymmetric catalytic Claisen rearrangement
The first examples of a truly catalytic reaction were reported by Overman et al.®® of the

conversion of allyl amidates into the corresponding carbamates employing chiral

palladium catalysts. Uozumi and Hayashi tested a series of chiral oxazoline substituted
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ligands in the palladium(ll)-catalyzed rearrangement of a N-(4-(trifluoromethyl)phenyl)®*

substituted allyl imidate (Scheme 53).

I o
F4C PR N~ rc Py
Pd  Bn Ph” “NH
J\ X/ \X Ph
s
N > Nko +

RW 1,2-DCE R_A~F T
3
R = nPr 83°C 81% (70% ee) 0%
R = nPr 40°C 41% (76% ee) 3%
R = iPr 83°C 30% (81% ee) 37%

Scheme 53. Catalytic conversion of allyl amidates to carbamates.

It has been known for more than 20 years that achiral Al(IIl) Lewis acids are able to
accelerate the aliphatic Claisen rearrangement, however, as mentioned previously, their
applicability as catalysts is prevented by product inhibition.®® Al (111), B(l1I), and Mg(ll)
chiral Lewis acid complexes have been effective for the asymmetric reaction but have
not found applicability for a catalytic version of the reaction.®® In an interesting version
of the asymmetric reaction, quinine was used in greater than stoichiometric amounts as a

chiral base to effect an asymmetric Ireland-Claisen rearrangement (Scheme 54).57
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Scheme 54. Asymmetric Claisen rearrangements.
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A limited number of truly catalytic achiral metal catalysts that accelerate the Claisen
rearrangement have been reported, such as Pd(ll) complexes, ®® lanthanide (1)
complexes® and TiCls"®. Substituents on the allyl vinyl ether have a dramatic effect on
the rate of both metal promoted and metal catalyzed Claisen rearrangements. Hence, if a
particular metal Lewis acid is found to effectively catalyze the Claisen rearrangement of
a particular allyl vinyl ether substrate, this does not immediately qualify the metal as a
catalyst for a broad range of allyl vinyl ether substrates. Therefore, substrate structure, the
nature of the metal and associated ligands, as well as the structure of the product have to
be adjusted carefully to achieve efficient metal catalysis and avoid side reactions such as

ionization and/or product inhibition of the catalyst.

The breakthrough in the development of a truly catalytic version of the Claisen
rearrangement of simple allyl vinyl ethers only came as recently as 2001 when
Hiersemann et al. reported the discovery that several metal triflates, such as Cu(OTf).,
Lanthanide(OTf)s and Sc(OTf);, catalyzed the Claisen rearrangement of 2-
alkoxycarbonyl-substituted allyl vinyl ethers.”> A report on the asymmetric version of
the same reaction catalyzed by Cu?" complexes followed soon afterwards. " The
identification of Cu(OTf), as an efficient catalyst led to the report of the very first
asymmetric and truly catalytic Claisen rearrangement using the well known chiral

copper(Il) bis(oxazolines) (Figure 20).
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Figure 20. First catalysts for asymmetric Claisen rearrangement.

Using this approach enantiomeric excess values in the range 80-90% were reported.
Further studies into the substrate scope of the Claisen rearrangement using the
aforementioned 2-alkoxycarbonyl-substituted allyl vinyl ethers led to the discovery that
the known bench stable [Cu{(S,S)-t-Bu-box}](H20)(SbFe). (Figure 20) complex
combines efficient enantioface-differentiating capability and high Lewis acidity, proving

to be a powerful catalyst for the asymmetric Claisen rearrangement (Scheme 55).

i-Pro__0O 30 (10 mol%) TPSO o
/\;[ 4 AMS, CH,Cly, rt, 1.5 h
TPSO o) . = OPr

NG 98%, 99% ee o)

TPS = t-BuPh,Si

Scheme 55. Cu?* Lewis acid catalyzed rearrangement with complex 30.

Further extension of this work led to a report of the catalytic asymmetric Claisen
rearrangement of 2-alkoxycarbonyl-substituted allyl vinyl ethers containing two

stereogenic double bonds (Scheme 56).7%® The results clearly demonstrated a remarkable
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influence of the configuration of the double bond of the allyl vinyl ether and the nature of
the catalyst on the stereoselectivity of the rearrangement. Generally, use of an allyl vinyl
ether containing an E-configured allylic double bond frequently provides decreased

diastereoselectivities.

R
o)
i Z7 O'Pr
i-Pro. 0O 30 (10 mol%) 0
P 4 AMS, CH,Cl,, rt R
R’ 0
o)
| ge WOiPr
R/_ O
R'=H, OBn, OTPS, CH,0Bn yield: 97-99%
R® = Et, OBn, OTPS ee: 74-99%

Scheme 56. Catalytic asymmetric Claisen rearrangement with catalyst 30.

With the knowledge of earlier studies on the thermal Claisen rearrangement, the authors
suggest the catalytic cycle for the Cu(box)-complex (Figure 20) catalyzed reaction
(Scheme 57) proceeds via a highly polarized pericyclic transition state of considerably

lower activation energy (Figure 21).
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Scheme 57. Proposed cat. cycle for the (S,S)-30-catalyzed Claisen rearrangement.

Figure 21. Transition state for the (S,S)-30 catalyzed Claisen rearrangement.
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In 2008 the Jacobsen group reported on the first catalytic asymmetric Claisen
rearrangement with a hydrogen-bond donor catalyst.”* Guanidinium catalysts proved
ineffective to effect asymmetric induction, whilst high enantioselectivities were obtained
in the reaction carried out between 22 and 40°C over a period of several days with a
guanidinium BArF catalyst (Scheme 58). Optimal rates and enantioselectivities were
observed in hexanes, despite the fact that the guanidinium BArF catalyst is virtually
insoluble in the solvent, use of DCM or benzene resulted in slightly diminished
enantioselection, while no catalysis was observed with ethereal solvents such as Et2O or

TBME.

)
O R R
Meo)K/\R1 catalyst (20 mol %) W

O . > MeO
R, 4 hexanes
Rs up to 92% vyield, 96 % ee
@ CF3 @
NH,* BArF
L e o s
y N N BArF =

H H

Scheme 58. Catalytic Claisen rearrangement with chiral guanidinium catalyst.

In the same year and virtually simultaneously with the report by Jacobsen, the Kozlowski

group " discovered that allyloxy-indoles are another class of substrates that permit
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catalytic turnover. Using palladium complexes, they reported on the first asymmetric
catalytic Meerwein-Eschenmoser Claisen rearrangement, which involves the
transformation of 2-amino allyl vinyl ethers to y,5-unsaturated amides. The formation of
the intermediate hemiaminal usually requires forcing conditions, rendering the reaction
unsuitable for asymmetric catalysis in ordinary cases. Indole containing Claisen subtrates
were used for the reaction; despite the high activation energy typically required for
dearomatization accompanying the rearrangement, the substrates were amenable to
catalysis probably due to the nucleophilic nature of the C-3 carbon of the indole ring
(Scheme 59). The reaction was proposed to proceed via a chair-like transition state, with
both the oxygen of the allyl vinyl ether and the carbonyl oxygen of the ester moiety

binding to the Pd(Il) catalyst (Figure 22).

1) NCS
— R2
3 CO,R" Me-N  N-Me 3 R'0,C j
R __/ R
AN AN
0
H 2) Cl;CCO,H N
R4 Ho/\[‘( Me R4
R'= Me, Bn, i-Pr, t-Bu
R2= H, Me, Et
R3= H, OMe, Br
R%= H, OMe
R2 20 mol% R?
R'0,C . ° R'0,C
R3 j L Pd(SbF6)2 R3 <
A\ 0O > (0]
N DCM, 0°C
R4 H 100% conv R4

yield = 60-100%
ee = 35-92%

Scheme 59. Catalytic Meerwein-Eschenmoser Claisen rearrangement.
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Figure 22. Transition state for the Meerwein-Eschenmoser Claisen rearrangement.

Very recently, in 2012 Marisa Kozlowski et al’® reported the first asymmetric synthesis
of allenyl oxindoles and spirooxindoles by the catalytic enantioselective Saucy-Marbet
Claisen rearrangement, namely, the transformation of propargyl ethers to provide f-
substituted allenyl carbonyls (Scheme 60). The reaction gives rise to two classes of chiral
oxindoles containing newly formed quaternary centers: allenyl compounds and
spirocyclic lactones through a tandem rearrangement (Scheme 61). The tandem reactions
of silyl-substituted substrates permit rapid assembly of complex spirooxindoles, an
important class of biologically active structures in one operation. The discovery provides
promise for the general use of alkynyl vinyl ethers in catalytic, asymmetric

rearrangement reactions, providing an alternative route to valuable allenes.
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Scheme 60. Saucy—Marbet Claisen rearrangement.

NCS=N-chlorosuccinimide, MIDA=N-methyliminodiacetic acid, TMS=trimethylsilyl,
TES=triethylsilyl, TBS=tert-butylsilyl, TIPS=triisopropylsilyl.

R2
R'0,C \\
L*Pd(SbFg),
RS N—0
N H,O
H

Scheme 61. Tandem formation of a spirocyclic oxindole.
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O._H H. 2O
P | DMF, reflux Rg/ m
(= /= \
R [3.3] R
Scheme 63. Thermal Claisen rearrangement of O-alkylated substrates.
Table 13. Formation of O-alkylated and C-alkylated products.
Yield .
Yield
Entry Ar O-allylated (a) i o
(%) C-allylated (b) (%)
1a,b CH, 71 89
2a,b 4-MeC H, 80 85
3a,b 2,4-CL,C H, 82 69
4a,b 4-MeOC H, 66 88
5a,b 4-FCH, 65 55
6a,b 5-Br-2-MeOC H, 72 90
7a,b 4-t-BuC.H, 84 91

In order to determine the stereochemistry at the double bond, a NOESY 2D experiment
was carried out on the O-allylated substrate which determined E stereochemistry to be
present (Figure 23). It is possible that unfavorable steric interactions are present in the Z-
stereoisomer between the allyl group and the ethyl ester moiety. The E-product could be
favored due to weak m-interactions between the p-orbitals in the vinyl moiety of the allyl

group and the p-orbitals of the phenyl ring (Figure 23).
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Figure 23. Steric/electronic interactions present in E and Z stereocisomers.

2.2.2. Attempted catalytic Claisen rearrangement of allyl vinyl ethers derived from 3-

hydroxy aryl acrylates

With the knowledge that allyl vinyl ethers derived from 3-hydroxy aryl acrylates are
viable precursors for the thermal Claisen rearrangement, we set out to investigate whether

the catalytic asymmetric Claisen rearrangement was a viable procedure (Scheme 64).

O._H . o
N | solvent, catalyst, L

* \

CO,Et CO,Et
[3,3]

Scheme 64. Hypothetical asymmetric Claisen rearrangement of allyl vinyl ether.

Following from the reports by Hiersemann’, we first decided to investigate the
possibility of whether Cu(ll) would be an efficient catalyst for the catalytic Claisen
rearrangement. Our first attempt involved using allyl vinyl ether 1a (Table 13) as Claisen
substrate and Cu(OTf)2 as catalyst and DMF as solvent. Unfortunately, no reaction was

observed even after stirring the reaction mixture for 24 hours (Scheme 65).
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~O~ _H Cu(OTf), _0O

CO,Et DMF, 24h, rt CO,Et

Scheme 65. Attempted Claisen rearrangement with Cu(OTf), catalyst.

A brief foray was made into the investigation of Fe(ll) as a possible Lewis acid for the
catalytic Claisen rearrangement. First, we decided to make Fe(ll) pybox complexes with
a SbFe counterion to increase the Lewis acidity of the Fe(ll) metal center (Scheme 66).
This involved first preparing the dark red Fe(pybox)Cl. complex 31, followed by
displacement of the chloride counterions with the more weakly coordinating SbFs™ by the

addition of AgSbFe, resulting in a deep red solution of [Fe(pybox)](SbFe). complex 32.

]
(¢ SN o)
O | CHQClz, rt
wNH N + FeCly4H,0 — 7
24 h
]
N\
AR
a \Fe\/
CI/ Cl
31
— — 2®
]
AgSbFg o l SN o)

_—
WN—_ | 2SbFs +  AgCl
CH,Cly, 1t N—pf—N
3h
32

Scheme 66. Formation of [Fe(pybox)](SbFs)> complex 32.
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It is clear if an efficient reaction is to be achieved, future work may have to employ a
different approach. One possible area of exploration for future work could be
investigating the Meerwein-Eschenmoser-Claisen rearrangement of 2-amino allyl vinyl
ethers derived from 3-hydroxy aryl acrylates. This variant of the Claisen rearrangement is
particularly appealing because the main problem associated with allyl vinyl ethers
derived from 3-hydroxy aryl acrylates seems to be their low reactivity, and the 2-amino
group present in substrates of the Meerwein-Eschenmoser Claisen rearrangement is said
to increase the rate of the [3,3] rearrangement pericyclic step.”® The enamine could be
readily accessed through the reaction of 3-hydroxy aryl acrylate with NHs in dry solvent
or alternatively NH4OACc (soluble in alcohols), which could then serve as a substrate for
forming 2-amino allyl vinyl ethers (Scheme 75). Alternatively, the 2- position could also
be substituted with other groups which have been shown to accelerate the Claisen

rearrangement (Figure 25).°62
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Scheme 75. Proposed formation of y,6-unsaturated amides.
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Figure 25. Groups at the 2-position amenable to being added or changed.
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2.4.  General methods and experimental

General considerations: For reactions involving refluxing DMF (Table 13) and Claisen
rearrangement reactions involving Pd(ll), the solvent was degassed by flushing the
solvent for 30 minutes with N> while stirring the solvent with a magnetic stirring bar. All
reactions carried out under Lewis acid catalysis were carried out with solvent dried under

conventional methods and under a positive pressure of either Ar or No.

2.4.1. Formation of O-allylated substrates for Claisen rearrangement

O-allylated Claisen substrates (1-7, Table 13) could be prepared via a one pot protocol
starting from the aromatic aldehyde by either one of the two general procedures outlined

below (Method 1 and Method 2).

2.4.2. Experimental procedures for thermal Claisen Rearrangement

Method 1 (synthesis of ethyl (E)-3-(allyloxy)-2-phenylacrylate, (1a, Table 13):

To a flask was added anhydrous DCM (8 mL), followed by HBF4-OEt, (52 puL, 0.381
mmol) and benzaldehyde (0.386 mL, 3.8 mmol) at rt with stirring. Next, to a pressure
equalizing addition funnel was added DCM (2 mL) followed by EDA (0.2 mL, 1.90
mmol). The reaction flask was allowed to cool to -78 °C and was stirred at this

temperature for 30 minutes. After this time, the EDA/DCM mixture was added slowly
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dropwise to the reaction flask at -78 °C. The reaction was allowed to stir at this
temperature for 12 hours, and was then allowed to warm up slowly to rt, at which point
50% KOH (1.4 mL, 19.0 mmol) was added via a syringe slowly dropwise over a period
of ca. 1-2 minutes, followed by TBAI (70 mg, 0.190 mmol, 10 mol%) and allyl bromide
(165 pL, 1.90 mmol). The reaction mixture was allowed to stir for a further 12 hours at rt,
at which point the reaction was quenched by the addition of water (15 mL). The mixture
was stirred for a further 5 minutes, and the mixture was diluted with DCM (10 mL). The
phases were separated, and the aqueous phase extracted with DCM (2 x 25 mL). The
combined organic phases were dried over Na>SO4 and passed through a Celite pad (1 cm
high, 4 cm diameter fritted funnel, medium porosity). The solvent was concentrated
under vacuum to yield a yellow crude oil which was purified by chromatography (SiO2,
10% EtOAc/Hex) to yield ethyl (E)-3-(allyloxy)-2-phenylacrylate (Entry 1, Table 13; 269
mg, 61% yield) as a light yellow oil. *H NMR (300 MHz, CDCls): & 7.67 (s, 1H), 7.45-
7.30 (m, 5H), 5.92 (m, 1H), 5.4 (d, J = 17.4 Hz, 1H), 5.3 (d, J = 10.5 Hz, 1H), 4.53 (d, J
= 4.0 Hz, 2H), 4.28 (q, J = 7.1 Hz, 2H), 1.30 (t, J = 7.1 Hz, 3H). *C NMR (75 MHz,
CDCls): 8 167.6, 157.6, 132.7, 132.4, 130.2, 127.6, 126.9, 119.3, 111.9, 74.9, 60.2, 14.3.

HRMS: 233.1169 [calcd. for C1aH160s (M+H): 233.1177].

Method 2 (synthesis of (E)-Ethyl 3-(allyloxy)-2-p-tolylacrylate; Entry 2a, Table 13):

To a flask was added anhydrous DCM (52 mL), followed by TfOH (221 pL) and p-

tolualdehyde (1.47 mL, 12.5 mmol) at rt with stirring. The reaction mixture was cooled

down to -78 °C, at which point EDA (94 wt.%, 1.14 mL, 10.4 mmol) was slowly added
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dropwise via syringe. The reaction mixture was stirred at this temperature for 1 hour, and
was allowed to warm up slowly to rt, at which point 50% KOH (7.8 mL, 0.104 mol) was
added slowly dropwise via syringe. The mixture was stirred for 1-2 minutes and TBAI
(384 mg, 1.04 mmol, 10 mol%) was then added to the reaction flask. Finally, allyl
bromide (0.90 mL, 10.4 mmol) was added via syringe slowly dropwise to the reaction
flask with stirring. The reaction mixture was allowed to stir at this temperature for 12
hours, at which point the mixture was quenched with sat. NH4Cl (35 mL) and stirred
vigorously for ca. 5 minutes. The layers were separated, and the aqueous layer extracted
with DCM (2 x 25 mL). Combined organic extracts were washed with brine (25 mL), and
dried over Na,SO4. The mixture was then passed through a Celite pad (1 cm high, 4 cm
diameter fritted funnel, medium porosity). The solvent was concentrated under vacuum to
yield a dark yellow/red crude oil which was purified by chromatography (SiO2, 10%
EtOAc/Hex) to yield (E)-Ethyl 3-(allyloxy)-2-p-tolylacrylate (Entry 2, Table 13; 1.52g,
63%) yield as a yellow oil. *H NMR (300 MHz, CDCls): & 7.66 (s, 1H), 7.37-7.22 (m,
4H), 5.95 (m, 1H), 5.4 (d, J = 18.8 Hz, 1H), 5.35 (d, J = 10.5 Hz, 1H), 4.53 (d, J = 5.1 Hz,
2H), 4.30 (q, J = 7.1 Hz, 2H), 2.42 (s, 3H), 1.35 (t, J = 7.1 Hz, 3H). 3C NMR (75 MHz,
CDCIs): 6 167.7, 157.5, 136.5, 132.6, 129.7, 129.3, 127.7, 118.6, 111.9, 74.9, 60.2, 21.2,

14.4. HRMS: 247.1358 [calcd. for C15sH1803 (M+H): 247.1363].

Method 3 (Preparation of O-allylated Claisen substrates (a, Table 13) directly from 3-

hydroxy aryl acrylates):

As an example of a general procedure, ethyl (Z)-3-hydroxy-2-phenylacrylate 10 (1 mmol)

was dissolved in anhydrous DCM (5 mL), followed by addition of 50% KOH (10 eq.) added
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slowly at room temperature dropwise via syringe. The mixture is allowed to stir for 1-2
minutes, at which point TBAI (10 mol%) is added, followed by allyl bromide (1.2 eq.). The
reaction mixture is allowed to stir for 12 hours at rt, at which point the reaction is quenched
by the addition of sat. NH4ClI. The mixture is allowed to stir vigorously for ca. 5 minutes, and
the layers are then separated. The aqueous layer is extracted with DCM (2 x 25 mL), the
combined organic extracts are then washed over brine (25 mL) and dried over Na;SQOs, The
solution is then passed through a Celite pad (1 cm high, 4 cm diameter fritted funnel,
medium porosity), the solvent is concentrated under vacuum and the product purified by

chromatography (SiO2, 10% EtOAc/Hex) to yield 1a (71% yield) as a yellow oil.

(E)-Ethyl 3-(allyloxy)-2-(2,4-dichlorophenyl)acrylate (3a, Table 13).

According to the general procedure in Method 2, the O-alkylated compound was
synthesized in 61% vyield as a yellow oil. tH NMR (300 MHz, CDClz): § 7.65 (d, J = 2.6
Hz, 1H), 7.45 (d, J = 2.0 Hz, 1H), 7.27-7.17 (m, 2H), 5.86 (m, 1H), 5.35 (d, J = 12.5 Hz,
1H), 5.3 (d, J = 4.4 Hz, 1H), 4.52 (d, J = 4.2 Hz, 2H), 4.20 (q, J = 7.1 Hz, 2H), 1.25 (t, J
= 7.1 Hz, 3H). 3C NMR (75MHz, CDCls): § 166.6, 158.7, 135.2, 133.8, 133.0, 132.1,
130.7, 130.2, 129.1, 119.0, 109.3, 75.1, 60.4, 14.2. HRMS: 301.0472 [calcd. for

C14H14C1,05 (M+H): 301.0398].

(E)-Ethyl 3-(allyloxy)-2-(4-methoxyphenyl)acrylate (4a, Table 13).

According to the general procedure in Method 2, the O-alkylated compound was

synthesized in 50% yield as a yellow oil. *H NMR (300 MHz, CDCls): § 7.59 (s, 1H),
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7.33 (m, 2H), 6.92 (m, 2H), 5.93 (m, 1H), 5.4 (d, J = 17.9 Hz, 1H), 5.3 (d, J = 10.4 Hz,
1H), 452 (d, J = 5.4 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 3.81 (s, 3H), 1.30 (t, J = 7.1 Hz,
3H). C NMR (75 MHz, CDCls): § 167.8, 157.1, 132.5, 131.2, 129.5, 124.9, 118.7,
113.8, 111.5, 74.8, 60.2, 55.1, 14.3. HRMS: 263.1260 [calcd. for CisHig0s (M+H):

263.1283].

(E)-Ethyl 3-(allyloxy)-2-(4-fluorophenyl)acrylate (5a, Table 13).

According to the general procedure in Method 2, the O-alkylated compound was
synthesized in 55 % yield as a yellow oil. 'H NMR (300 MHz, CDCls): § 7.63 (d, J = 4.0
Hz, 1H), 7.36 (m, 2H), 7.05 (m, 2H), 5.90 (m, 1H), 5.35 (d, J = 14.7 Hz, 1H), 5.3 (d, J =
5.4 Hz, 1H), 4.53 (d, J = 5.4 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H ), 1.30 (t, J = 7.1 Hz, 3H) .
13C NMR (75 MHz, CDClg): & 167.4, 163.3, 158.2, 132.3, 131.8, 128.5, 118.9, 114.7,

111.0, 75.0, 60.3, 14.3. HRMS: 253.1237 [calcd. for C14H1sFOs (M+H): 251.1083].

(E)-Ethyl 3-(allyloxy)-2-(5-bromo-2-methoxyphenyl)acrylate (6a, Table 13).

According to the general procedure in Method 2, the O-alkylated compound was
synthesized in 63% vyield as a yellow oil. *H NMR (300 MHz, CDCls): § 7.59 (s, 1H),
7.39-7.28 (m, 2H), 6.77 (d, J = 8.7 Hz, 1H), 5.93 (m, 1H), 5.32 (d, J = 17.1 Hz, 1H), 5.28
(d, J = 9.6 Hz, 1H), 4.48 (d, J = 5.4 Hz, 2H), 4.20 (q, J = 7.1 Hz, 2H), 3.76 (s, 3H), 1.26

(t, J = 7.1 Hz, 3H). BC NMR (75 MHz, CDCls): § 167.2, 157.8, 156.4, 134.2, 132.4,
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131.4,124.2, 118.6, 112.4, 112.1, 108.0, 74.8, 60.1, 55.6, 14.3. HRMS: 341.0120 [calcd.

for C1sH17BrO4 (M+H): 341.0388].

(E)-Ethyl 2-(4-t-butylphenyl)-3-(allyloxy)acrylate (7a, Table 13).

According to the general procedure in Method 2, the O-alkylated compound was
synthesized in 72 % yield as a yellow oil. HRMS: 289.1797 [calcd. for C1gH2403 (M+H):
289.1803]. 'H NMR (300 MHz, CDCls): & 7.92 (s, 1H), 7.41-7.35 (m, 4H), 5.93 (m, 1H),
5.38 (d, J = 18.9 Hz, 1H), 5.32 (d, J = 10.8 Hz, 1H), 4.54 (d, J = 5.4 Hz, 2H), 4.26 (q, J =
7.1 Hz, 2H), 1.36 (s, 9H), 1.36 (t, J = 7.1 Hz, 3H). 1*C NMR (75 MHz, CDCls): & 167.8,

157.8, 149.5, 132.5, 129.5, 128.3, 124.5, 118.7, 111.6, 74.9, 60.2, 34.4, 31.2, 14.3.

Synthesis of ethyl 2-formyl-2-phenylpent-4-enoate (1b, Table 13). General procedure.

(E)-Ethyl-3-(allyloxy)-2-arylacrylate (1a, Table 13; 100 mg, 0.430 mmol) was added to a
flask, followed by DMF (5 mL). The solvent was degassed by flushing N> through the
solvent for 30 minutes and was then heated under reflux for 12 hours under N2 with the
aid of an oil bath, at which point the flask was cooled to rt. The reaction mixture was then
diluted with Et2O (20 mL) and H2O (20 mL). The layers were separated and the aqueous
layer was extracted with EtO (2 x 20 mL). The combined organic extracts were dried
over Na;SOs and washed with brine. Residual DMF was removed by azeotropic
distillation with xylenes. The crude mixture was purified by chromatography (SiO2, 10%

EtOAc/Hex) to yield 1b (89 mg, 89% yield) as a light yellow oil. *H NMR (300 MHz,
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CDCls): 6 9.95 (s, 1H), 7.44-7.23 (m, 5H), 5.76 (m, 1H), 5.13 (d, J = 18 Hz, 1H), 5.07 (d,
J=9.9 Hz, 1H), 4.28 (g, J = 7.1 Hz, 2H), 3.14 (dd, J = 6.3, 13.8 Hz, 1H), 2.88 (dd, J =
8.1, 13.8 Hz, 1H), 1.25 (t, J = 7.1 Hz, 3H). 3C NMR (75 MHz, CDCl3): § 196.3, 170.6,
135.0, 132.6, 129.0, 128.5, 127.8, 119.1, 65.6, 61.6, 37.5, 14.0. HRMS: 233.1000 [calcd.

for C14H1603 (M+H): 233.1177].

Ethyl 2-formyl-2-p-tolylpent-4-enoate (2b, Table 13).

Following the general procedure outlined above for the synthesis of 1b, 2b was
synthesized in 85% vyield as a yellow oil. *H NMR (300 MHz, CDCls): § 9.90 (s, 1H),
7.28-7.12 (m, 4H), 5.75 (m, 1H), 5.15 (d, J = 18.3 Hz, 1H), 5.08 (d, J = 10.5 Hz, 1H),
4.30 (q, J = 7.1 Hz, 2H), 3.12 (dd, J = 6.3, 13.8 Hz, 1H), 2.88 (dd, J = 8.1, 13.8 Hz, 1H),
1.25 (t, J = 7.1 Hz, 3H). C NMR (75MHz, CDCls): § 196.3, 170.8, 137.9, 132.8, 130.0,
129.0, 127.4, 118.9, 65.3, 61.5, 36.5, 20.8, 14.0. HRMS: 247.1346 [calcd. for C15H1803

(M+H): 247.1334].

Ethyl 2-(2,4-dichlorophenyl)-2-formylpent-4-enoate (3b, Table 13).

Following the general procedure outlined above for the synthesis of 1b, 3b was
synthesized in 69% vyield as a yellow oil. *H NMR (300 MHz, CDCls): § 10.32 (s, 1H),
7.72 (s, 1H), 7.44-7.28 (m, 2H), 5.75 (m, 1H), 5.2-5.1 (m, 2H), 4.25 (g, J = 7.1, 2H),
3.10 (dd, J = 6.3, 13.8 Hz, 1H), 2.94 (dd, J = 7.2, 14.1 Hz, 1H), 1.26 (t, J = 7.1 Hz, 3H).

13C NMR (75MHz, CDCls): § 198.0, 169.9, 134.6, 134.5, 133.9, 131.1, 130.5, 127.3,
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119.9, 64.0, 61.9, 37.7, 13.9. HRMS: 301.0397 [calcd. for Ci4H14Cl203 (M+H):

301.0398].

Ethyl 2-formyl-2-(4-methoxyphenyl)pent-4-enoate (4b, Table 13).

Following the general procedure outlined above for the synthesis of 1b, 4b was
synthesized in 88% vyield as a yellow oil. *H NMR (300 MHz, CDCls): § 9.87 (s, 1H),
7.28-6.86 (m, 4H), 5.80 (m, 1H), 5.13 (d, J = 18.6 Hz, 1H), 5.08 (d, J = 9.9 Hz, 1H), 4.30
(9, =7.1Hz, 2H ), 3.82 (s, 3H), 3.10 (dd, J = 6.3, 13.8 Hz, 1H), 2.87 (dd, J = 7.8, 13.8
Hz, 1H), 1.27 (t, J = 7.1 Hz, 3H). 3C NMR (75 MHz, CDCls): § 196.1, 170.9, 159.2,
132.7, 128.8, 126.8, 119.0, 114.4, 64.9, 61.5, 55.4, 36.5, 14.0. HRMS: 263.1284 [calcd.

for C1sH1804 (M+H): 263.1283].

Ethyl 2-(4-fluorophenyl)-2-formylpent-4-enoate (5b, Table 13).

Following the general procedure outlined above for the synthesis of 1b, 5b was
synthesized in 55% yield as a yellow oil. *H NMR (300MHz, CDCls): § 9.93 (s, 1H),
7.28-7.07 (m, 4H), 5.73 (m, 1H), 5.20-5.05 (m, 2H), 4.30 (q, J = 7.1 Hz, 2H), 3.11 (dd, J
= 6.6, 14.1 Hz, 1H), 2.88 (dd, J = 7.8, 14.1 Hz, 1H), 1.30 (t, J = 7.1 Hz, 3H). *C NMR
(75 MHz, CDCls): 6 196.0, 170.5, 160.5, 132.3, 130.7, 129.2, 116.1, 115.8, 65.0, 61.8,

36.8, 14.0. HRMS: 251.1072 [calcd. for C1aH1sFO3 (M+H): 251.1083].



