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a b s t r a c t

The Heck reaction of aryl bromide with a terminal alkene substrate having a chiral center at the allylic
position and a phenyl substituent at another terminal carbon is reported. An alkene migration to the
phenyl-substituted end carbon is observed, along with the typical Heck reaction. This zipper-type
migration occurs through multiple internal carbon bonds, and the stereochemistry of the internal
chiral center is completely retained during this process.

� 2015 Elsevier Ltd. All rights reserved.
Scheme 1. Heck reaction of terminal alkene with ArX.
1. Introduction

The Heck reaction is an important coupling reaction for the
formation of carbonecarbon bonds.1 The reaction involves the
addition of ArPdX to an alkene, followed by b-hydride elimination
to give an aryl substitution alkene.2 Typically, electronically biased
alkenes with no hydrogen atom at their allylic position are used.3

Otherwise, the reaction becomes sluggish and gives complex
regioisomeric mixtures.4 The Heck arylation of a terminal alkene,
such as I, affords two regioisomeric vinyl-type alkenes5 also allyl-
and homoallyl-type alkenes (Scheme 1). However, the stereo-
chemistry of the internal chiral center in the substrate, such as in II,
in the Heck reaction has not been investigated, most likely because
minimal 4-alkenyl bond migration occurs.6 The formation of the
isomeric alkene decreases in the order of vinyl, allyl(D2), homo-
allyl(D3) and further isomeric(D4) types of alkenes. However, we
are interested in the stereochemistry of the isomeric alkene(D4)
product in the Heck reaction in which a chiral center exists at the
allylic position of the terminal alkene, such as in the case of II.
x: þ81 75 595 4763; e-mail
For this purpose, the installation of an alkene-stabilizing sub-
stituent (R), e.g., a phenyl or ester group, may be required at the C-5
position of the substrate to increase its formation. Either racemi-
zation or retention of the chiral carbon center will provide details of
the alkene migration process in the Heck reaction. In this study, we
have found the following results: (i) the migration of an alkene
through three to five bonds to give the terminal styrenyl product in
30e40% yield when a phenyl group is installed at the terminal
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Table 1
Heck reactions of ArBr and terminal alkenes

3a–g 4a–g

ArBr

Ar

Et3N
DMF, 100 °C
sealed tube

Typical Heck 
   product

Migration
 product

Ph
Ph Phn = 0–2

n n

n

Ar
OR

OR OR

1a–d 2 , 7, 8, 9

Pd(0)-catalyst

Entry Compound Alkene Time (h) Product 3þ4 Yielda (%) Ratiob (3:4)

1 1a (L)-2 24 3aþ4ac 80 1:0.7
2 1b (L)-2 20 3bþ4bc 70 1:0.5
3 1c (L)-2 27 3cþ4cd 82 1:0.6
4 1d (L)-2 19 3dþ4dd 81 1:0.7
5 1b (D)-7 24 3eþ4ee 81 1:0.6
6 1b 8 24 3fþ4fc 66 1:0.4
7 1a 9 14 3gþ4gc 88 1:0.5

a Combined yield.
b Ratio was determined by 1H NMR.
c Compounds are separable by HPLC.
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carbon and (ii) the retention of the stereochemistry without race-
mization of the siloxy or methoxy chiral carbon center during the
migration process.

2. Results and discussion

We first examined the Heck reaction of chiral alkene (�)-2
having an (R)-TBSoxy group at the C-3 carbonwith aryl bromide 1a.
The reaction was conducted in DMF at 100 �C with Pd(OAc)2 and
Ph3P as the catalyst in the presence of Et3N to give (�)-3a in 47%
yield, alongwith its alkene regioisomer (�)-4a in 33% yield. No enol
silyl ether product was detected in the reaction mixture. Surpris-
ingly, product 4a was optically pure, with greater than 99% ee, as
determined by chiral HPLC.7 The reaction of the reverse combina-
tion of terminal alkene (þ)-5 and bromobenzene gave the same
products (�)-3a and (�)-4a in a ratio of 0.4:1 under the same re-
action conditions. In both cases, the alkenyl bond migrated to the
end-terminal position by chain walking of s-Pd complex, which
resembles a zipper reaction in the alkyne migration process
(Scheme 2).8
d Compounds are inseparable by HPLC.
e Exomethylene isomer was produced in less than 5% yield.

Scheme 2. Heck reaction of aryl bromide and alkene.
We examined this Pd-catalyzed migration process for other
terminal alkenes (�)-2 and (þ)-7e11 with aryl bromides 1aed
(Fig. 1); the results are shown in Table 1.

The reaction of (�)-2with o-(hydroxymethyl)bromobenzene 1b
gave (�)-3b and (�)-4b in 70% yield with a ratio of 1:0.5 (entry 2).
Similarly, the reaction of (�)-2with o- and p-bromotoluenes 1c and
1d afforded a mixture of 3c and 4c in 82% yield with a 1:0.6 ratio
and 3d and 4d in 81% yield with a 1:0.7 ratio (entries 3 and 4, re-
spectively). Methyl ether (þ)-7 afforded compounds (�)-3e and
(þ)-4e in 51% and 30% yields with 99% ee, respectively (entry 5). A
small amount of exomethylene isomer 3e0 was also isolated in this
Fig. 1. Structures of ArBr and terminal alkenes.
case. These results indicated that starting terminal a,b-unsaturated
alkene (n¼0) gave d,ε-unsaturated product in Heck arylation re-
action. The reaction of 8, which is a one-carbon-extended substrate
(n¼1) between the siloxy carbon center and the terminal phenyl
group, with 1b gave compounds 3f in 47% yield and 4f in 19% yield
with a ratio of 1:0.4 (entry 6). The alkene migration proceeded
again to the terminal end to form ε,z-unsaturated product 4f. The
reaction of the two-carbon-extended alkene 9 (n¼2) with 1b also
gave the typical Heck product 3g with z,h-unsaturated product 4g
in 88% yield with a ratio of 1:0.5 (entry 7). All of the isomers 4aeg
were obtained as side products in which the alkenyl bond iso-
merized to the conjugated positionwith the terminal phenyl group.
Surprisingly, in the case of 9, s-Pd complex moved over four carbon
bonds by chain walking to reach 1,5-transposition and furnished
styrenyl product.9 It is noteworthy that the internal chiral center
completely retain the stereochemistry during the process in all the
cases. While, the internal alkenes produced in the migration pro-
cess were poorly detected in the products.

When terminal alkene (þ)-10 bearing a hydroxy group instead
of a silyloxy or methoxy group was used with 1a, the typical Heck
product (�)-3h formed as an optically pure form in 21% yield and
no zipper product was produced. Instead, the migration process
terminated at the enol intermediate to afford ketone 12 in 57%
yield.6,9 The reaction of a simple 3-silyloxypentene 11 with 1a
exclusively gave the typical Heck product 3i in 89% yield
(Scheme 3).
Scheme 3. Heck Reaction of 1a with (þ)-10 and 11.
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We realized that the terminal phenyl group is essential for the
formation of the zipper product10 but questioned the necessity of
the internal siloxy group. The reaction of 5-phenylpentene with 1a
gave a mixture of regioisomeric alkenes 13 and zipper product 4j in
48% and 16% yields, respectively. However, the reaction of 1-hexene
with 1a gave a mixture of alkene isomers 14 and exomethylene
product 15 in 81% total yield. These results indicated that no zipper
reaction occurred in the absence of the terminal phenyl group
(Scheme 4).
Scheme 4. Heck reaction of 1a with 5-phenyl-1-pentene and n-hexene.
In the formation of (L)-4a, the migration process of the alkene
involves b-hydride elimination of HPdBr from the s-Pd complex
and the subsequent hydropalladation to the intermediary alkene.
Because zipper product 4a is chiral, its precursors, including s-Pd
complex I, II, and other intermediates, must be chiral (Scheme 5). If
HPdBr dissociates from the intermediate alkene completely, then
re-addition of HPdBr to the alkene would form a racemic s-Pd
adduct. Therefore, the intermediate alkenes must exist as a chiral
alkene p-Pd complex.
Scheme 5. Heck reaction intermediate.

Scheme 6. Heck reaction of 1a with deuterated 2.
During the migration, rearrangement of the protons occurs in
the formation of compound 4a. The identification of the protons of
4a originating from those of 2 would provide useful information
about the reaction mechanism.11 Experiments using deuterated
materials would reveal the process. Three deuterated analogs, 3d-2,
4d2-2, and 5d2-2, incorporated with deuterium at more than 99% of
the C-3, C-4, and C5 positions were prepared and subjected to the
reaction (Scheme 6). Mono-deuterated compound 3d-2 gave 3d-3a
and 2d-4a in a reaction where the deuterium at C-3 moved to the
next carbon at C-2 completely. The reaction of 4d2-2 gave 4d2-3a
and two deuterated compounds, 3d4d-4a and 3d-4a, in a ratio of
7:3. One of the two C-4 deuterium atoms transferred to the C-3
position completely, and 70% of the other deuterium atom
remained at the C-4 position. In the case of 5d2-2, in addition to
5d2-3a, 5-deuterio and 4,5-dideuterio compounds 5d-4a and 4d5d-
4a were obtained in a ratio of 7:3, where 30% of one deuterium
atom at C-5 moved to the C-4 position and the other deuterium
remained at C-5. The rearrangement is summarized at the bottom
of Scheme 6.
The reaction mechanism can be considered on the basis of
these results. The plausible mechanism is shown in Scheme 7.
First, the addition of ArPdBr derived from ArBr and the Pd0-
catalyst to alkene 2 generates two diastereoisomeric adducts A
and B. The syn-b-hydride elimination (S-b-E) of A and part of B
will provide 3 via the alkene(D1) p-Pd complex. On the other
hand, the S-b-E of the initial adduct B with H3 will give a chiral
alkene(D2) p-Pd complex, and rotational hydropalladation (mi-
gratory insertion) to the alkene affords a chiral C-3 substituted s-
Pd complex. In this step, H3 moves to the C-2 position. When the
two steps repeat, a chiral C-4 substituted s-Pd complex can form.
The S-b-E with H5 then leads to the alkene(D4) p-Pd complex.
De-coordination of the complex provides 4a consisting of C-4
(H4) and C-5 (H5) in a ratio of 70%. In another pathway, the
benzyl s-Pd complex is formed by rotational hydropalladation.
Finally, the formation of product 4 consisting of the C-4 (H5) and
C-5 (H5) protons in a ratio of 30% results in an anti-b-hydride
elimination pathway.12



Scheme 7. Plausible reaction mechanism of Zipper process in the Heck reaction.
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In summary, we observed that alkenemigration takes place over
multiple carbonecarbon bonds in terminal alkene substrates hav-
ing a phenyl substituent at another terminal carbon in the Heck
reaction. This migration proceeds without racemization at the in-
ternal chiral siloxy or methoxy carbon center. These results pro-
vided clear proof that a 1,3-transposition of the s-Pd complex via
the alkene p-Pd complex occurs by intramolecular migratory in-
sertionwithout dissociation of the alkene and HPdBr. More detail of
the study and synthetic applications are under progress.
3. Experimental

3.1. General

All reactions were run under an atmosphere of nitrogen. Sol-
vents and reagents were dried prior to use. Et2O and THF were
distilled from sodium benzophenone ketyl. CH2Cl2 was distilled
from P2O5 and toluene was distilled from CaH2. 1H NMR spectra
were recorded on JEOLJNM-ALM-270 (270 MHz) and Agilent Unity
Inova XL-400 (400 MHz). Proton chemical shifts were internally
referenced to the residual proton resonance in CDCl3 (d 7.26) and
CD2Cl2 (d 5.32). 13C NMR spectra were recorded on Agilent Unity
Inova XL-400 (100 MHz). Carbon chemical shifts were internally
referenced to the deuterated solvent signals in CDCl3 (d 77.00).
Mass spectra (MS) were recorded on JEOL JMC-GC MATE. Electron
impact (EI) spectra were performed at 70 eV for low and high
resolutionmass spectra. IR spectrawere taken on a JASCO FT/IR-410
using a thin film on NaCl plate. Optical rotations were recorded on
a JASCO P-2200. Chiral HPLC analyses were performed on a JASCO
PU-2080 using UV-2075 detector. Analytical thin layer chroma-
tography (TLC) was performed on Merck silica gel 60F254 plates.
Flash column chromatography was performed with Merck silica gel
60 (40e63 mm pore size).

3.2. Typical Heck reaction of aryl bromide and terminal
alkene

A mixture of alkene (0.1 mmol), aryl bromide (0.2 mmol), Ph3P
(20 mol %), Pd(OAc) (10 mol %) and Et3N (0.12 mmol) were dis-
solved in anhydrous DMF (0.2 M) in a sealed tube. The mixture was
heated at 100 �C under an argon atmosphere for the corresponding
time described in Table. After cooling to room temperature, ether
(70 mL) was added to the reaction mixture. The mixture was
washed with water three times (5 mL�3), and then with brine
(5 mL). The organic layer was dried over MgSO4, filtered, and
concentrated. The crude material was purified by flash chroma-
tography on silica gel to give the corresponding products. Some of
products were further purified by HPLC.

3.2.1. (R,E)-3-tert-Butyldimethylsilyloxy-1-[(2-methoxymethyl)-phe-
nyl]-5-phenylpent-1-ene (�)-3a. Colorless oil; Rf¼0.24 (2.5% EtOAc
in hexane), 0.53 (40% CH2Cl2 in hexane); [a]D22 �2.3 (c 0.78, CHCl3);
1H NMR (270 MHz, CDCl3) d 7.47 (1H, dd, J¼7.2, 1.9 Hz), 7.36e7.15
(8H, m), 6.81 (1H, d, J¼15.7 Hz), 6.12 (1H, dd, J¼15.7, 6.3 Hz), 4.50
(2H, s), 4.37 (1H, m), 3.39 (3H, s), 2.75e2.67 (2H, m), 1.96e1.87 (2H,
m), 0.94 (9H, s), 0.10 (3H, s), 0.07 (3H, s); 13C NMR (100MHz, CDCl3)
d 142.4, 136.5, 135.3, 134.9, 129.1, 128.4, 128.3, 128.1, 127.2, 126.4,
126.1, 125.7, 73.1, 72.8, 58.1, 40.1, 31.5, 25.9, 18.3, �4.2, �4.8; LRMS
(EI): m/z (rel. int. %) 396 (Mþ, 0.1), 364 (31), 339 (19), 117 (base);
HRMS (EI): Calcd for C25H36O2Si m/z 396.2484, found 396.2475;
>99% ee, [HPLC conditions; column Daicel OD-H, eluent 0.5% 2-
propanol in hexane, flow rate 1.0 mL/min, wavelength 254 nm,
tr(S)¼5.1 min, tr(R)¼6.8 min].

3.2.2. S,E)-3-tert-Butyldimethylsilyloxy-5-[(2-methoxymethyl)-phe-
nyl]-1-phenylpent-1-ene (�)-4a. Colorless oil; Rf¼0.24 (2.5% EtOAc
in hexane), 0.48 (40% CH2Cl2 in hexane); [a]D22 �18.6 (c 0.11, CHCl3);
1H NMR (270 MHz, CDCl3) d 7.40e7.14 (9H, m), 6.54 (1H, d,
J¼15.9 Hz), 6.23 (1H, dd, J¼15.9, 6.3 Hz), 4.46 (2H, s), 4.38 (1H, m),
3.38 (3H, s), 2.86e2.62 (2H, m), 1.90e1.81 (2H, m), 0.95 (9H, s), 0.11
(3H, s), 0.08 (3H, s); 13C NMR (100 MHz, CDCl3) d 141.0, 137.1, 135.7,
133.0, 129.3, 129.2, 129.0, 128.5, 127.9, 127.4, 126.4, 125.9, 73.4, 72.6,
58.2, 39.8, 28.1, 25.9, 18.3,�4.2,�4.7; LRMS (EI):m/z (rel. int. %) 396
(Mþ, 0.1), 364 (6), 339 (15), 232 (base); HRMS (EI): Calcd for
C25H36O2Si m/z 396.2484, found 396.2476; >99% ee, [HPLC condi-
tions: column Kromasil 5-AmyCoat, eluent 1% 2-propanol in hex-
ane, flow rate 0.5 mL/min, wavelength 254 nm, tr(S)¼8.0 min,
tr(R)¼10.5 min].

3.2.3. (R,E)-3-tert-Butyldimethylsilyloxy-1-[(2-hydroxymethyl)-phe-
nyl]-5-phenylpent-1-ene (�)-3b. Colorless oil; Rf¼0.40 (20% EtOAc
in hexane); [a]D20 �6.8 (c 0.50, EtOH); IR (CHCl3, cm�1): 3426; 1H
NMR (400 MHz, CDCl3) d 7.47 (1H, d, J¼7.2 Hz), 7.38 (1H, d,
J¼7.2 Hz), 7.31e7.26 (4H, m), 7.21e7.16 (3H, m), 6.85 (1H, d,
J¼14.6 Hz), 6.15 (1H, dd, J¼14.6, 6.2 Hz), 4.75 (2H, d, J¼5.6 Hz), 4.37
(1H, q, J¼6.2 Hz), 2.87e2.64 (2H, m), 1.99e1.86 (2H, m), 0.95 (9H, s),
0.10 (3H, s), 0.08 (3H, s); 13C NMR (100 MHz, CDCl3) d 142.5, 137.7,
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136.2, 135.9,128.5,128.5, 128.3, 128.3, 127.7, 126.4,126.1, 125.9, 73.2,
63.5, 40.2, 31.7, 26.1,18.4,�4.1,�4.6; LRMS (FAB)m/z 405 (MþNa)þ;
HRMS (FAB) Calcd for C24H34O2SiNa (MþNa)þ 405.2226, found
405.2229; >99% ee, [HPLC conditions: column Daicel OD-H, eluent
1% 2-propanol in hexane, flow rate 1.0 mL/min, wavelength
254 nm, tr(S)¼16 min, tr(R)¼24 min].

3.2.4. (S,E)-3-tert-Butyldimethylsilyloxy-5-[(2-hydroxymethyl)-phe-
nyl]-1-phenylpent-1-ene (�)-4b. Colorless oil; Rf¼0.40 (20% EtOAc
in hexane); [a]D20 �22.6 (c 0.40, EtOH); IR (CHCl3, cm�1): 3349; 1H
NMR (400 MHz, CDCl3) d 7.38e7.36 (3H, m), 7.34e7.30 (2H, t,
J¼10.0 Hz), 7.25e7.18(4H, m), 6.54 (1H, d, J¼16.2 Hz), 6.21 (1H, dd,
J¼16.2, 6.4 Hz), 4.73 (2H, d, J¼5.0 Hz), 4.39 (1H, q, J¼6.4 Hz), 2.84
(1H, m), 2.72 (1H, m), 1.91e1.86 (2H, m), 1.68 (1H, t, J¼5.9 Hz), 0.95
(9H, s), 0.11 (3H, s), 0.08 (3H, s); 13C NMR (100 MHz, CDCl3) d 140.5,
138.3, 137.0, 132.8, 129.5, 129.3, 128.6, 128.3, 128.0, 127.4, 126.4,
126.2, 73.4, 63.1, 39.9, 27.9, 25.9, 18.3, �4.2, �4.7; LRMS (FAB) m/z
405 (MþNa)þ; HRMS (FAB) Calcd for C24H34O2SiNa (MþNa)þ

405.2226, found 405.2229; >99% ee, [HPLC conditions: column
Daicel AD-H, eluent 1% 2-propanol in hexane, flow rate 1.0 mL/min,
wavelength 254 nm, tr(R)¼23 min, tr(S)¼27 min].

3.2.5. (R,E)-3-tert-Butyldimethylsilyloxy-1-(2-methylphenyl)-5-
phenylpent-1-ene (3c) and (S,E)-3-tert-butyldimethylsilyloxy-5-(2-
methylphenyl)-1-phenylpent-1-ene (4c). A mixture of 3c and 4c.
Colorless oil; Rf¼0.33 (2.5% EtOAc in hexane); 1H NMR (400 MHz,
CDCl3) d 7.45e7.11 (9H, m, 3cþ4c), 6.78 (0.62H, dd, J¼15.7, 1.0 Hz,
3c), 6.57 (0.38H, d, J¼15.9 Hz, 4c), 6.26 (0.38H, dd, J¼15.9, 6.4 Hz,
4c), 6.12 (0.62H, dd, J¼15.7, 6.3 Hz, 3c), 4.41e4.36 (1H, m, 3cþ4c),
2.81e2.65 (2H, m, 3cþ4c), 2.37 (1.86H, s, 3c), 2.33 (1.14H, s, 4c),
1.98e1.84 (2H, m, 3cþ4c), 0.98 (3.42H, s, 4c), 0.97 (5.58H, s, 3c), 0.14
(1.14H, s, 4c), 0.13 (1.86H, s, 3c), 0.10 (3H, s, 3cþ4c); 13C NMR
(100MHz, CDCl3) d 142.4 (3c), 140.6 (4c), 137.1 (4c), 136.3 (3c), 135.9
(4c), 135.4 (3c),134.4 (3c),133.0 (4c),130.2,130.1,129.3,128.7,128.5,
128.4, 128.3, 127.4, 127.3, 127.2, 126.4, 126.1 (4c), 125.9 (4c), 125.8,
125.7, 125.7, 73.4 (4c), 73.1 (3c), 40.1 (3c), 38.9 (4c), 31.5 (3c), 29.0
(4c), 25.9 (3c), 25.9 (4c), 19.9 (3c), 19.2 (4c), 18.3 (3c), 18.3 (4c),�4.2
(3c), �4.2 (4c), �4.7 (3c), �4.7 (4c).

3.2.6. (R,E)-3-tert-Butyldimethylsilyloxy-1-(4-methylphenyl)-5-
phenylpent-1-ene (3d) and (S,E)-3-tert-butyldimethylsilyloxy-5-(4-
methylphenyl)-1-phenylpent-1-ene (4d). A mixture of 3d and 4d.
Colorless oil; Rf¼0.33 (2.5% EtOAc in hexane); 1H NMR (400 MHz,
CDCl3) d 7.39e7.09 (9H, m, 3dþ4d), 6.53 (0.38H, dd, J¼15.9, 2.6 Hz,
4d), 6.47 (0.62H, d, J¼15.8 Hz, 3d), 6.20 (0.38H, ddd, J¼15.9, 6.5,
2.5 Hz, 4d), 6.15 (0.62H, dd, J¼15.8, 6.7 Hz, 3d), 4.36e4.29 (1H, m,
3dþ4d), 2.75e2.63 (2H, m, 3dþ4d), 2.34 (1.86H, s, 3d), 2.32 (1.14H,
s, 4d), 1.96e1.83 (2H, m, 3dþ4d), 0.94 (3.42H, s, 4d), 0.93 (5.58H, s,
3d), 0.09 (1.86H, s, 3d), 0.09 (1.14H, s, 4d), 0.06 (1.14H, s, 4d), 0.05
(1.86H, s, 3d); 13C NMR (100 MHz, CDCl3) d 142.4 (3d), 142.4 (4d),
139.3 (4d), 137.2 (3d), 137.1 (4d), 135.1 (4d), 134.3 (3d), 133.1 (4d),
133.1 (3d), 132.1 (3d), 129.3, 129.2, 129.0, 128.5, 128.4, 128.3, 128.3,
128.2, 127.4, 127.3, 126.4, 126.3, 125.7, 125.7, 73.2 (3d), 73.1 (4d),
40.2 (4d), 40.1 (3d), 31.6 (3d), 31.1 (4d), 25.9 (3d), 25.9 (4d), 21.2
(3d), 21.0 (4d), 18.3 (3d), 18.3 (4d), �4.1 (4d), �4.2 (3d), �4.7 (3d),
�4.7 (4d).

3.2.7. (R,E)-3-Methoxy[1-(2-methoxymethyl)phenyl]-5-phenyl-pent-
1-ene (�)-3e. Colorless oil; Rf¼0.35 (10% EtOAc in hexane); [a]D23

�9.5 (c 1.00, CHCl3); 1H NMR (400MHz, CDCl3) d 7.52 (1H, dd, J¼7.5,
1.5 Hz), 7.37e7.18 (8H, m), 6.84 (1H, d, J¼15.7 Hz), 5.98 (1H, dd,
J¼15.7, 7.9 Hz), 4.54 (1H, d, J¼11.7 Hz), 4.51 (1H, d, J¼11.7 Hz), 3.73
(1H, q, J¼7.9 Hz), 3.40 (3H, s), 3.36 (3H, s), 2.78e2.73 (2H, m), 2.05
(1H, m), 1.90 (1H, m); 13C NMR (100 MHz, CDCl3) d 142.0, 136.1,
134.9,132.3,129.7,129.3,128.5,128.3,128.2,127.5,126.2,125.8, 81.6,
72.8, 58.1, 56.2, 37.2, 31.6; LRMS (EI): m/z (rel. int. %) 296 (Mþ, 2),
264 (24), 191 (34), 159 (base); HRMS (EI): Calcd for C20H24O2 m/z
296.1776, found 296.1779; >99% ee, [HPLC conditions: column
Daicel OD-H, eluent 1% 2-propanol in hexane, flow rate 0.5 mL/min,
wavelength 254 nm, tr(S)¼21 min, tr(R)¼39 min].

3.2.8. (S,E)-3-Mehoxy[5-(2-methoxymethyl)phenyl]-1-phenyl-pent-
1-ene (þ)-4e. Colorless oil; Rf¼0.35 (10% EtOAc in hexane); [a]D24

þ2.3 (c 0.40, CHCl3); 1H NMR (400MHz, CDCl3) d 7.42e7.40 (2H, m),
7.37e7.31 (3H, m), 7.28e7.17 (4H, m), 6.56 (1H, d, J¼15.9 Hz), 6.10
(1H, dd, J¼15.9, 7.9 Hz), 4.48 (2H, s), 3.74 (1H, q, J¼7.9 Hz), 3.38 (3H,
s), 3.35 (3H, s), 2.85e2.70 (2H, m), 1.99 (1H, m), 1.86 (1H, m); 13C
NMR (100 MHz, CDCl3) d 140.6, 136.6, 135.7, 132.5, 130.0, 129.4,
129.1, 128.6, 128.0, 127.7, 126.5, 125.9, 81.8, 72.6, 58.2, 56.2, 37.0,
28.0; LRMS (EI): m/z (rel. int. %) 296 (Mþ, 0.9), 264 (28), 159 (20),
147 (base); HRMS (EI): Calcd for C20H24O2 m/z 296.1776, found
296.1773; >99% ee, [HPLC conditions: column Daicel AD-H column,
eluent 1% 2-propanol in hexane, flow rate 0.5 mL/min, wavelength
254 nm, tr(R)¼24 min, tr(S)¼34 min].

3.2.9. (R)-3-Methoxy[2-(2-methoxymethyl)phenyl]-1-phenyl-pent-
1-ene (�)-3e0. Colorless oil; Rf¼0.45 (10% EtOAc in hexane); [a]D23

�5.8 (c 0.65, CHCl3); 1H NMR (400 MHz, CDCl3) d 7.45 (1H, dd,
J¼6.9, 1.6 Hz), 7.31e7.21 (5H, m), 7.17e7.08 (3H, m), 5.46 (1H, dd,
J¼2.0, 1.3 Hz), 5.14 (1H, dd, J¼2.0, 0.4 Hz), 4.45 (1H, d, J¼11.4 Hz),
4.39 (1H, d, J¼11.4 Hz), 3.82 (1H, m), 3.48 (3H, s), 3.35 (3H, s), 2.80
(1H, ddd, J¼13.7, 10.2, 5.0 Hz), 2.59 (1H, ddd, J¼13.7, 10.0, 6.5 Hz),
1.79 (1H, m), 1.68 (1H, m); 13C NMR (100MHz, CDCl3) d 146.6, 142.0,
139.9, 135.6, 129.1, 128.9, 128.4, 128.3, 127.3, 127.3, 125.7, 115.7, 84.1
72.3, 58.1, 57.0, 36.0, 31.9; LRMS (EI): m/z (rel. int. %) 296 (Mþ, 13),
264 (10), 232 (9), 173 (base); HRMS (EI): Calcd for C20H24O2 m/z
296.1776, found 296.1769.

3.2.10. (E)-3-tert-Butyldimethylsilyloxy-1-[(2-hydroxymethyl)-phe-
nyl]-6-phenylhex-1-ene (3f). Colorless oil; Rf¼0.26 (10% EtOAc in
hexane); IR (neat, cm�1) 3337; 1H NMR (400 MHz, CDCl3) d 7.44
(1H, dd, J¼7.5, 1.9 Hz), 7.34 (1H, dd, J¼6.9, 2.0 Hz), 7.28e7.23 (4H,
m), 7.17e7.14 (3H, m), 6.79 (1H, dd, J¼15.6, 0.9 Hz), 6.08 (1H, dd,
J¼15.6, 6.3 Hz), 4.71 (2H, d, J¼3.9 Hz), 4.31 (1H, dtd, J¼6.3, 5.9,
0.9 Hz), 2.62 (2H, dd, J¼7.8, 7.1 Hz), 1.80e1.53 (4H, m), 0.91 (9H, s),
0.07 (3H, s), 0.05 (3H, s); 13C NMR (100 MHz, CDCl3) d 142.4, 137.5,
136.1, 136.0, 128.4, 128.3, 128.2, 128.1, 127.5, 126.2, 125.7, 125.6, 73.3,
63.4, 37.9, 35.9, 26.9, 25.9, 18.2, �4.3, �4.7; LRMS (FAB) m/z 419
(MþNa)þ; HRMS (FAB) Calcd for C25H36O2SiNam/z 419.2382, found
419.2378.

3.2.11. (E)-4-tert-Butyldimethylsilyloxy-6-[(2-hydroxymethyl)-phe-
nyl]-1-phenylhex-1-ene (4f). Colorless oil; Rf¼0.26 (10% EtOAc in
hexane); IR (neat, cm�1) 3389; 1H NMR (400 MHz, CDCl3)
d 7.37e7.17 (9H, m), 6.41 (1H, dd, J¼15.8, 1.2 Hz), 6.23 (1H, dt,
J¼15.8, 7.2 Hz), 4.71 (2H, d, J¼1.2 Hz), 3.90 (1H, m), 2.84 (1H, ddd,
J¼13.7, 11.3, 5.5 Hz), 2.67 (1H, ddd, J¼13.7, 11.5, 5.4 Hz), 2.44 (2H,
ddd, J¼7.2, 5.9, 1.2 Hz), 1.90e1.70 (2H, m), 0.94 (9H, s), 0.10 (3H, s),
0.10 (3H, s); 13C NMR (100 MHz, CDCl3) d 140.7, 138.2, 137.6, 132.2,
129.3, 128.5, 128.3, 128.0, 127.0, 126.8, 126.2, 126.0, 72.1, 63.1, 41.0,
38.6, 28.1, 25.9, 18.1, �4.3, �4.5; LRMS (FAB) m/z 419 (MþNa)þ;
HRMS (FAB) Calcd for C25H36O2SiNa (MþNa)þ m/z 419.2382, found
419.2388.

3.2.12. (E)-3-tert-Butyldimethylsilyloxy-1-[(2-hydroxymethyl)-phe-
nyl]-7-phenylhept-1-ene (3g). Colorless oil; Rf¼0.47 (20% EtOAc in
hexane); IR (neat, cm�1) 3390; 1H NMR (400 MHz, CDCl3) d 7.46
(1H, dd, J¼7.1, 1.8 Hz), 7.37 (1H, dd, J¼7.2, 2.0 Hz), 7.31e7.24 (4H, m),
7.19e7.15 (3H, m), 6.80 (1H, d, J¼15.7 Hz), 6.10 (1H, dd, J¼15.7,
6.3 Hz), 4.74 (2H, s), 4.29 (1H, dt, J¼6.3, 5.7 Hz), 2.62 (2H, dd, J¼8.0,
7.3 Hz), 1.69e1.39 (6H, m), 0.92 (9H, s), 0.08 (3H, s), 0.07 (3H, s); 13C
NMR (100 MHz, CDCl3) d 142.6, 137.5, 136.3, 136.1, 128.4, 128.2,
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128.1, 128.1, 127.4, 126.3, 125.6, 125.5, 73.5, 63.4, 38.2, 35.9, 31.5,
25.9, 25.0, 18.3, �4.3, �4.8; LRMS (FAB) m/z 433 (MþNa)þ; HRMS
(FAB) Calcd for C26H38O2SiNa (MþNa)þ m/z 433.2539, found
433.2543.

3.2.13. (E)-5-tert-Butyldimethylsilyloxy-7-[(2-hydroxymethyl)-phe-
nyl]-1-phenylhept-1-ene (4g). Colorless oil; Rf¼0.47 (20% EtOAc in
hexane); IR (neat, cm�1) 3399; 1H NMR (400 MHz, CDCl3)
d 7.39e7.18 (9H, m), 6.40 (1H, d, J¼15.8 Hz), 6.22 (1H, dt, J¼15.8,
6.9 Hz), 4.73 (2H, s), 3.84 (1H, tt, J¼5.7, 5.5 Hz), 2.80 (1H, ddd,
J¼13.7, 10.9, 6.0 Hz), 2.67 (1H, ddd, J¼13.7, 10.8, 5.9 Hz), 2.28 (1H, dt,
J¼6.9, 6.8 Hz), 2.26 (1H, dt, J¼6.9, 6.7 Hz), 1.86e1.67 (4H, m), 1.27
(1H, s), 0.94 (9H, s), 0.11 (3H, s), 0.10 (3H, s); 13C NMR (100 MHz,
CDCl3) 140.8, 138.2, 137.7, 130.6, 129.9, 129.3, 128.5, 128.3, 128.0,
126.9, 126.2, 125.9, 71.7, 63.1, 38.6, 36.6, 28.9, 28.0, 25.9, 18.1, �4.3,
�4.4; LRMS (FAB) m/z 433 (MþNa)þ; HRMS (FAB) Calcd for
C26H38O2SiNa (MþNa)þ m/z 433.2539, found 433.2545.

3.2.14. (R,E)-[1-(2-Methoxymethyl)phenyl]-5-phenylpent-1-en-3-ol
(3h). Colorless oil; Rf¼0.15 (20% EtOAc in hexane); [a]D25 �20.2 (c
0.30, CHCl3); IR (neat, cm�1): 3397; 1H NMR (400 MHz, CDCl3)
d 7.38 (1H, dd, J¼7.3, 1.6 Hz), 7.23e7.07 (8H, m), 6.76 (1H, d,
J¼15.7 Hz), 6.07 (1H, dd, J¼15.7, 6.8 Hz), 4.40 (2H, s), 4.23 (1H, m),
3.28 (3H, s), 2.73e2.61 (2H, m), 1.94e1.79 (3H, m); 13C NMR
(100 MHz, CDCl3) d 141.8, 136.1, 134.9, 134.5, 129.3, 128.5, 128.4,
128.2,127.5,127.4,126.1,125.9, 72.8, 72.4, 58.0, 38.7, 31.7; LRMS (EI):
m/z (rel. int. %) 282 (Mþ, 2), 250 (35), 159 (10), 145 (base); HRMS
(EI): Calcd for C19H22O2 m/z 282.1620, found 282.1614; >99% ee,
[HPLC conditions: column Daicel OJ-H, 3% eluent 2-propanol in
hexane, flow rate 1.0 mL/min, wavelength 254 nm, tr(R)¼47 min,
tr(S)¼50 min].

3.2.15. [1-(2-Methoxymethyl)phenyl]-5-phenylpentan-3-one
(12). Colorless oil; Rf¼0.27 (10% EtOAc in hexane); IR (neat, cm�1):
1713; 1H NMR (400 MHz, CDCl3) d 7.32e7.13 (9H, m), 4.44 (2H, s),
3.38 (3H, s), 2.94e2.89 (4H, m), 2.74e2.69 (4H, m); 13C NMR
(100 MHz, CDCl3) d 209.3, 141.0, 140.0, 135.7, 129.5, 129.3, 128.5,
128.3, 128.3, 126.2, 126.1, 72.9, 58.2, 44.4, 44.3, 29.8, 26.3; LRMS
(EI): m/z (rel. int. %) 282 (Mþ, 1), 250 (49), 145 (39), 134 (base);
HRMS (EI): Calcd for C19H22O2 m/z 282.1620, found 282.1627.

3.2.16. (E)-3-tert-Butyldimethylsilyloxy-1-[(2-methoxymethyl)-phe-
nyl]pent-1-ene (3i). Colorless oil; Rf¼0.39 (5% EtOAc in hexane); 1H
NMR (400 MHz, CDCl3) d 7.48 (1H, dd, J¼7.5, 1.6 Hz), 7.34 (1H, dd,
J¼7.3, 1.4 Hz), 7.30e7.21 (2H, m), 6.79 (1H, dd, J¼15.7, 1.3 Hz), 6.09
(1H, dd, J¼15.7, 6.2 Hz), 4.52 (1H, d, J¼12.9 Hz), 4.49 (1H, d,
J¼12.9 Hz), 4.24 (1H, qd, J¼6.2, 1.3 Hz), 3.40 (3H, s), 1.66e1.58 (2H,
m), 0.94 (9H, s), 0.94 (3H, t, J¼7.4 Hz), 0.11 (3H, s), 0.09 (3H, s); 13C
NMR (100 MHz, CDCl3) d 136.7, 135.6, 134.9, 129.0, 128.3, 128.0,
127.1, 126.1, 126.0, 74.8, 72.8, 58.1, 31.2, 25.9, 18.3, 9.6, �4.3, �4.8;
LRMS (EI): m/z (rel. int. %) 320 (Mþ, 0.5), 291 (23), 263 (20), 147
(base); HRMS (EI): Calcd for C19H32O2Si m/z 320.2172, found
320.2176.

3.2.17. A mixture of alkenes; (E)-[1-(2-methoxymethyl)phenyl]-5-
phenylpent-1-ene (13j), [1-(2-methoxymethyl)phenyl]-5-pheny-
lpent-2-ene, and 3-ene (13D2þD3) (ratio 13j:13
D2þD3¼1:0.5). Colorless oil; Rf¼0.36 (5% EtOAc in hexane); 1H
NMR (400MHz, CDCl3) d 7.51 (0.67H, dd, J¼7.7, 1.3 Hz, 3j), 7.38e7.18
(8H, m, 13jþ13D2DD3), 7.16 (0.33H, dd, J¼7.5, 1.9 Hz, 13D2DD3),
6.70 (0.67H, d, J¼15.7 Hz, 13j), 6.19 (0.67H, dt, J¼15.7, 6.9 Hz, 3j),
5.65e5.47 (0.66H, m, 13D2DD3), 4.54 (1.34H, s, 13j), 4.49 (0.66H, s,
13D2DD3), 3.44 (2.01H, s, 13j), 3.42 (0.99H, s, 13D2DD3), 3.42
(0.66H, d, J¼9.7 Hz, 13D2DD3), 2.83e2.70 (2H, m, 13jþ13D2DD3),
2.41e2.30 (2H, m, 13jþ13D2DD3), 1.90e1.83 (1.34H, m, 13j); 13C
NMR (100 MHz, CDCl3) d 142.3 (13j), 141.9 (13D2DD3), 139.1
(13D2DD3), 137.2 (13j), 135.8 (13D2DD3), 134.4 (13j), 132.8 (13j),
130.9 (13D2DD3), 129.5 (13D2DD3), 129.1 (13D2DD3), 129.1 (13j),
128.8 (13D2DD3), 128.5 (13j), 128.5 (13D2DD3), 128.3 (13j), 128.2
(13D2DD3), 128.0 (13j), 128.0 (13D2DD3), 127.2 (13j), 126.8 (13j),
126.1 (13D2DD3), 125.9 (13D2DD3), 125.9 (13j), 125.7 (13j), 72.8
(13j), 72.6 (30j), 58.2 (13D2DD3), 58.1 (13j), 35.9 (13D2DD3), 35.4
(13D2DD3), 35.3 (13j), 34.3 (13D2DD3), 32.8 (13j), 31.0 (13j).

3.2.18. (E)-[5-(2-Methoxymethyl)phenyl]-1-phenylpent-1-ene
(4j). Colorless oil; Rf¼0.36 (5% EtOAc in hexane); 1H NMR
(400 MHz, CDCl3) d 7.37e7.18 (9H, m), 6.43 (1H, dd, J¼15.7, 1.4 Hz),
6.26 (1H, dt, J¼15.7, 6.8 Hz), 4.48 (2H, s), 3.39 (3H, s), 2.74e2.70 (2H,
m), 2.30 (2H, dtd, J¼7.5, 6.8, 1.4 Hz), 1.83e1.76 (2H, m); 13C NMR
(100 MHz, CDCl3) d 141.0, 137.8, 135.6, 130.5, 130.2, 129.3, 129.1,
128.5, 127.9, 126.9, 125.9, 125.9, 72.7, 58.2, 32.9, 31.8, 30.7; LRMS
(EI): m/z (rel. int. %) 266 (Mþ, 9), 234 (27), 143 (37), 130 (base);
HRMS (EI): Calcd for C19H22O m/z 266.1671, found 266.1668.

3.3. Structure determination of the Heck product (L)-4a

3.3.1. Conversion of (�)-4a to (�)-6. Compound (�)-4a (28 mg,
0.071 mmol) was dissolved in CH2Cl2 (0.7 mL, 0.1 M) and the so-
lution was cooled to �78 �C. O3 was bubbled through the solution
until the starting material was consumed, which was monitored on
TLC. Excess of O3 was then removed by bubbling nitrogen through
the solution until the blue color had dissipated. MeOH (0.7 mL) and
sodium borohydride (26.7 mg, 0.705 mmol, 10 equiv) was then
added slowly and the mixture was stirred at room temperature.
After stirring for 0.5 h, water was added to the reaction mixture.
The mixture was extracted with CH2Cl2 three times. The combined
organic layer was dried over MgSO4, filtered and concentrated. The
crude product was chromatographed on silica gel to give (�)-6
(14 mg) in 61% yield. (S)-2-tert-Butyldimethylsilyloxy-4-[(2-
methoxymethyl)phenyl]butan-1-ol (�)-6. Colorless oil; Rf¼0.30
(20% EtOAc in hexane); [a]D25 �8.1 (c 0.30, EtOH); IR (neat, cm�1)
3444; 1H NMR (400 MHz, CDCl3) d 7.31 (1H, dd, J¼7.1, 2.0 Hz), 7.25
(1H, m), 7.20e7.16 (2H, m), 4.50 (1H, d, J¼11.4 Hz), 4.45 (1H, d,
J¼11.4 Hz), 3.85 (1H, m), 3.63 (1H, ddd, J¼11.2, 6.4, 4.2 Hz), 3.55 (1H,
ddd, J¼11.2, 6.4, 5.1 Hz), 3.39 (3H, s), 2.73 (1H, ddd, J¼13.7, 10.0,
7.1 Hz), 2.62 (1H, ddd, J¼13.7, 10.1, 6.8 Hz), 1.99 (1H, t, J¼6.4 Hz),
1.83e1.77 (2H, m), 0.93 (9H, s), 0.11 (3H, s), 0.10 (3H, s); 13C NMR
(100MHz, CDCl3) d 140.9,135.4,129.4,129.2,128.2,126.0, 72.8, 72.6,
66.1, 58.1, 35.4, 28.2, 25.8,18.1,�4.5,�4.6; LRMS (EI):m/z (rel. int. %)
324 (Mþ, 0.2), 307 (1), 293 (6), 235 (base); HRMS (EI): Calcd for
C18H32O3Si m/z 324.2121, found 324.2128.

3.3.2. Conversion of (þ)-5 to (�)-6. The same reaction described
above for (þ)-5 gave compound (�)-6 in 70% yield.
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