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ABSTRACTS

One important aspect of Mizoroki-Heck reaction is regioselectivity of olefin
insertion. For electronically biased olefins, such as acrylates, the aryl group will
add to the olefinic carbon carrying lower electron density. For electronically
unbiased aliphatic olefins, that do not carry directing groups, it was a longstanding
problem to realize high regioselectivity. In this thesis, we provided some solutions

to this old problem.

The thesis is divided into two parts. The first part deals with realizing
regioselective arylation of aliphatic olefins using aryl triflates (Scheme I). In
particular, a new ferrocene bisphosphine, dnpf bearing P-1-naphthyl groups, gave
high regioselectivity for reactions of PhOTf and other unhindered aryl triflates.
The ligand dnpf is now commercialized by Sigma-Aldrich. Our experimental and
DFT studies in collaboration with Dr. Yunpeng Lu indicated that the bulky dnpf
ligand sterically impeded terminal insertion, an alternative minor pathway.

2-5% Pd(dba),
4-10% ligand Ar

ArOTf  + 2 n-Hex + isomers
urotropine Z “n-Hex
DMA, 80 °C ~10 - 1
@—PRZ R ligand
F phenyl dppf

e
@_ 1-naphthyl dnpf
PR, isopropyl dippf
Scheme 1 Heck reaction of aliphatic olefins and aryl triflates.

The second part is about selective Heck reaction of alphatic olefins and aryl
bromides (Scheme 2). The new method can also be applied to a-selective Heck
reaction of styrenes. The selectivity was again controlled by the bisphosphine dnpf.
The use of methanol solvent was the key to this success. Hydrogen bonding
promotes halide dissociation from neutral aryl-Pd center to generate cationic

aryl-Pd species for olefin insertion. Acidic additive n-BusN'HCI was also needed to
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promote halide dissociation. DFT calculation of halide dissociation was conducted
by Prof. Hajime Hirao. It pointed out the hydrogen bonding between methanol and

bromide ion affected halide dissociation both thermodynamically and kinetically.

Arl"'u/\R
catalyst: Pd(OAc),/dnpf ol Ar
: 2
ABr s TR A R * Me)\ﬁ R
nBusN, nBusNHCI _ _
R = alkyl MeOH, 50 °C desired isomer
4 Meﬂ"\(\R,
Ar

L —P(1-Naph),
Fe
L —P(1-Naph),

ligand: dnpf

unwanted isomers

selectivity: ~10:1

Scheme 2 Heck reaction of terminal olefins and aryl halides.
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CHAPTER ONE
Heck Reaction of Aliphatic Olefins and Aryl Triflates

1.1 Introduction

Heck reaction, the palladium-catalyzed arylation of alkenes' was discovered by
Mizoroki* and Heck’ independently in the early 1970s. Initially, Heck prepared
arylpalladium salts by exchange reactions between Pd(OAc), or PdCl, and
aryl-mercurials, -lead or -tin compounds. The stoichiometric amounts of palladium
salts react with alkenes to form arylalkenes.* Subsequently, palladium was found
to react with aryl iodides directly to form organo-palladium salts. The

stoichiometric version of the reaction was refined into a catalytic system.

Among the aryl halides, bromides worked poorly and chlorides very poorly, due to
slow oxidative addition. Triarylphosphine was then found to greatly help the
reaction with bromides. The challenging aryl chlorides were discovered by Fu ef al.
to react effectively in the presence of electron-rich tri-ferz-butylphosphine.” A
broad range of mono- and disubstituted olefins could react with aryl bromides as
well as activated aryl chlorides at room temperature with Pd/P(z-Bu); serving as
the catalyst. Electron-neutral and electron-rich aryl chlorides proceed at elevated
temperature. Aryltriflates were initially introduced by Cabri et al. in the
internal-selective arylation of electron-rich vinyl ethers® and Hayashi ef al. in the
asymmetric arylation of 2,3-dihydrofuran’, where in both cases bidentate

phosphine ligands were applied.

Heck reaction has been extensively explored in the past forty years. Among the
many aspects in Heck reaction, one critical aspect is the regioselectivity of olefin
insertion. The selectivity issue originates from the migratory insertion step as
shown in the catalytic cycle (Figure 1.1). In the neutral pathway, a neutral ligand L
dissociates to create a vacant site for olefins to bind. The aryl group could add to
the internal position of olefins to deliver branched product or terminal position to

deliver linear product. In the case of acrylates, selective terminal insertion was
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observed as shown below.

L,Pd°
+y- 2
A L = PPh Ar-X
deprotonation = 3 o -
NR3 oxidative addition
1 X
H—Pd'-L Ar—Pd'-L
L L a
/(_\ ﬂ/\cone
A coMe
)l( L
X S
B-hydride elimination S—pdll-L Ar—llDd”—L olefin binding
Ar R
CO,Me CO,Me
S = Solvent

S-migratory insertion

Figure 1.1 Catalytic cycle of Heck reaction in neutral pathway.

1.1.1 Application of regioselective Heck reaction

The Heck reaction has been widely applied in the syntheses of natural products®
and biologically active compounds’. For example, intramolecular Heck reaction
was used to form the eight-membered ring of Paclitaxel'® and the skeleton of

Morphine'' (Scheme 1.1).

Pd(PPhs),
KoCOs, CHsCN
(o)

Paclitaxel (Taxol®)

OMe OH
10% Pd(CF3CO),(PPh O O
A I( t3 12232:C 3)2 OBn steps g \ OH
solvents,
R 77 Me /=7

Morphine

OBn

Scheme 1.1 Application of intramolecular Heck reaction in the syntheses of
Paclitaxel and Morphine.



Heck reaction of styrenes routinely gives stilbenes in high terminal selectivity. In
another application, the reaction was applied in kilogram synthesis of AZD3409, a
pro-drug developed by AstraZeneca for the treatment of breast cancer and other

tumors (Scheme 1.2)."

O,N 4% PdCl, O2N
. /\@\ 4% P(OEt)3 O
cl F 10% n-BusNBr =
COzMe N82CO3, DMA COzMe

1.3 equiv. 90 °C, 4h
90%

N
i | steps
N S
0 UANH

N
H
H
F O N._ CO,iPr
O O _-SMe

AZD3409

Scheme 1.2 Synthesis of pro-drug AZD3409.

1.1.2 Catalytic pathways

The regioselectivity of the Heck reaction is influenced by many factors, including
electronic properties of olefin, chelating groups on olefins, catalytic pathways and

nature of Pd catalysts.

One key factor that greatly influences the regioselectivity of olefin insertion is the
catalytic pathway. Three major pathways can operate in olefin insertion. One is the
neutral pathway, whereby a neutral ligand dissociates from the square-planer
palladium center to provide a vacant site for the olefin insertion."” The second one
is the anionic pathway, whereby the neutral phosphine is replaced by an anionic
halide or acetate ligand.'* The third pathway is the cationic pathway, whereby the
olefin inserts into a cationic aryl-palladium species ligated by a chelating

bisphosphine (Figure 1.2).°”
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Neutral Pathway

L. A L L Ar 7 coMe
r - N Ar L L
Nog == pd] —— pq” +L - Ar | MeOCA, .
X X T o
e
2 MeO,C
Anionic Pathway
ISEPAN S
X_ X1 7 COMe Al
/Pd :Pd’ Meozc\/\Ar
Ar X D >~

Cationic Pathway

N

® N ® Ar1®
LA X LA R | Al L. J\T Ar
roX L I 2 0R

OR

Figure 1.2 Pathways for olefin insertion.

The neutral pathway usually takes place in the presence of monophosphine ligands
(e.g. PPh;) and using aryl halides as substrates. Coordination of olefin takes place
with dissociation of one phosphine ligand since a strong Pd-X (X=I, Br, Cl) bond
will not ionize in common organic solvents and in the absence of halide

abstractors. '’

In the neutral pathway, both electron-poor acrylates and styrenes give almost
exclusively linear products (Figure 1.3); electron-rich vinyl ethers normally
generate a mixture of Heck products. Aliphatic olefins lacking directing groups
usually give a mixture of isomers. For example, Heck et al. reported ~1:1 ratio of
the (E)-styrene product versus other isomers using Pd(OAc), and PPh; as

catatlyst.”” The often-cited 4:1 selectivity represents the best-scenario result.

In the anionic pathway as described by Jeffery et al., the regioselectivity is very
similar to that observed in the neutral pathway.” "> Acrylates and styrenes give

1316 and vinyl ethers give 3:1 terminal selectivity.'* The

linear selectivity,
phosphine-free anionic arylpalladium species was recently isolated and studied by

Hartwig et al. The results were similar to the regioselectivity observed under
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catalytic conditions. The ligandless anionic species was described by Hartwig et al.

to be the intermediate in the reaction.'*

60 20
Neutral 1({1 100 40 ¢ 80 l
Path /\COZMG \/\Ph \/\OHBU \/\alkyl
40 100 80
Cationic N %0 l ¢ 2 l
Path Z>co,Me \/\Ph Z 0By \/\alkyl

Figure 1.3 Influence of catalytic pathway on olefins.

In the cationic pathway, coordination of olefin takes place with the loss of an anion
ligand (Figure 1.3). It commonly occurs when bisphosphines are used as
supporting ligands and aryl triflates as substrates, since triflate anion is a good
leaving group.'” In cases where aryl halides were used as the substrates, toxic
thallium or silver salts were used to promote halides ionization to access the
cationic aryl-Pd species.’ In recent years, Xiao ef al. reported that ammonium salts
can also promote halide ionization in Heck reaction of electron-rich olefins and
aryl halides."® Alcoholic solvents such as ethylene glycol could also help halide

dissociation from neutral arylpalladium centers by hydrogen bonding (see Chapter

m."

In the cationic pathway, the regioselectivty was very different from the neutral
ones. Cabri et al. reported that vinyl ethers and other electron-rich olefins gave
excellent internal regioselectivity (up to 99:1).° The cationic insertion transition
state is relatively early as compare to neutral ones. There is a significant amount of
partial positive charge established on the vinylic carbon that forms the new C-C
bond. The charge can be resonance-stabilized by the neighboring oxygen or
nitrogen atoms.”” For styrenes, selective insertion into internal position is very

difficult.”! Under Cabri’s condition, ~1:1 ratio was obtained.’ Recently, Xiao et al.
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documented ~1:1 internal selectivity for most substrate pairs of styrenes; in the
best scenario, 9:1 selectivity was obtained for p-MeO-styrene.'” For aliphatic
olefins, the insertion could be biased towards internal position to some degree.'’
However, high internal selectivity was rare. For example, Xiao et al. reported that

19,22

w-hydroxyolefins gave around 4:1 selectivity. In most cases before our

investigation, the regioselectivity was only around 2:1.
1.1.3 Regioselectivity of aliphatic olefins
1.1.3.1 Terminal selectivity for aliphatic olefin carrying directing groups

The presence of polar directing groups on aliphatic olefins can induce high ratio of
terminal arylation.”” For example, Heck ef al. reported that allylic alcohol gave
terminal insertion exclusively to generate a mixture of cinnamyl alcohols and
aldehydes.”* Under other conditions reported by Jeffery er al., either cinnamyl
alcohols or aldehydes/ketones could be selectively obtained (Scheme 1.3).2* We
proposed that the high terminal selectivity for allylic alcohol is caused by internal
hydrogen bonding between the hydroxyl group and Pd-bound acetate or chloride
ligands (Scheme 1.3).

AgOAc, neat, 70-75 °C

[ 3% Pd(OAc),, 6% PPh '
©/+ o~ OH 2% PdOAc), &% PPh, H O)\ — P "oH

|

73%

1 equiv 8 equiv PPhs ’

0] © i
! 2% Pd(OAC), W \— H
+ /\/OH N -
NaHCO3, nBuyNCI Cl—-Pd-Ph
DMF, 30-55 °C i
)
1 equiv 2 equiv 82%

Scheme 1.3 Terminal arylation of allylic alcohol.

Acetate group was another example of directing groups as reported by Jiao ef al. in
allylic arylation reaction (Scheme 1.4).”> In reactions of allylic acetate, silver

carbonate was used to remove halides and to generate cationic arylpalladium
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complex for directed insertion.

PhX + /\/OAC 5% Pd(OAc),
AQQCOQ,

1 equiv 2 equiv

Ph._~_OAc
PhH, reflux, air X =1, 94%I(E)

X = Br, 65%/(E)

Scheme 1.4 Acetate as chelating group in Heck reaction.

The chelating strategy was also used in oxidative Heck reaction (Scheme 1.5).

26

Many functional groups, such as alcohols, ketones, esters, carboxylic acids,

carboxamides, amines and thioethers, could function as chelating groups. More

than 20:1 terminal selectivity was observed in most cases.

a)

6% Pd(I'Pr)(OTs),

7

/

B\ 0

MeO W . o 20% Cu(OTf),
I ° DMA, O,, 40 °C

MeO 5 =
m

95% yield
10:1 for (E)-styrene

0]

18-24h
3 equiv
b)
o O)\s’ . ‘s/io
COMe P pg(oac), ™"
CIHZC%/\ * A
=2 cOH, BQ
" (HO).B dioxane, rt, 4 h
(@] SBu
HOW W\@
COzMe
B a>20:1,80% yield B a>20:1,56% yield

Scheme 1.5 Chelation-controlled oxidative Heck reaction.

A
ClecJ\M/\V '

n=2

B a>20:1,80% yield

B a>8:1,68% yield

In decarboxylative Heck reaction, ester groups can play the role of directing

groups (Scheme 1.6). >’ More than 10:1 terminal selectivity was obtained in most

cases. Only electron-rich aryl rings were reported to be decarboxylated efficiently.

Unfunctionalized bulky vinylcyclohexene only delivered ~4:1 terminal selectivity.
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OMe
X CO,Et

OMe CO,Et
2
CO,Et MeO
COOH 2 5-10% Pd(O,CCF3), B, E :Z>20:1

N
= CO,Et BQ, 1-AdCOOH *

DMSO/DMF/Dioxane OMe CO,Et
120°C,1h
CO,Et
MeO

a

+ other isomers

MeO

B : a: other isomers = 13:1:0, 72% yield

Scheme 1.6 Chelation-controlled decarboxylative Heck reaction.
1.1.3.2 Terminal selectivity for aliphatic olefin without directing groups

For aliphatic olefins that lack of directing groups, a complex mixture of isomers

d."*** In the neutral pathway, the olefins were terminally arylated,

usually resulte
but the selectivity was not good. As one example shown in Scheme 1.7, the
reaction of phenyl bromide and 1-hexene generated only 44% of the (E)-styrene

isomer together with an equal amount of isomers."

Br 2% Pd(OAc),, 4% PPh
N 2 3 Ph_~_~~_~ + other isomers
TMEDA, neat Ao b
100 °C, 41h a: 44% yield

a:b=1:1
Scheme 1.7 Arylation of 1-hexene.
Santelli’s tetraphosphine gave ~1:1 ratio of trans-styrene to all other isomers.”
The best scenario of Santelli’s gave ~4:1 selectivity when electron-deficient ArBr
was used (Scheme 1.8).*° Electron-neutral and electron-rich ones gave much lower

selectivity.
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™ n-CsH17
Br [PdT(CgHs)Cl]z \,(©N
edic
\[(©/ + X n-CgHyz T.XE' 0] + + other isomers
DMA, 110 °C

o) 2 equiv Nn-CgHq7

PhoP
Ph Pﬁzpphz 0 a
2
PPh
2 B «a: other isomers = 76:10:14

Tedicyp 96% total yield

Scheme 1.8 Palladium-tetraphosphine catalyzed terminal selective arylation of
aliphatic olefins.

Recently, Sigman et al reported regioselective Heck-Matsuda reaction of
electronically unbiased olefins using aryldiazonium salts (Scheme 1.9).!
1-Dodecene was reported to give 10:1 selectivity of (E)-styrenes (as determined by
'"H NMR spectroscopy). However, in our hands we observed ~2:1 ratio of
(E)-styrene versus all other isomers (judged by by GC and GCMS). Some

diarylation byproducts were also observed.

3% Pd,dbas

DMA, rt, 20 min
1.1 equiv a b

Ph i
PhN,BF, + /\n_cmH21 \/\n_CmH21 + isomers

selectivity of a = 10:1

a:b=2:1(ourresults)

Scheme 1.9 Terminally selective arylation of electronically unbiased olefins with
aryl diazonium sallts.

1.1.3.3 Internal selectivity for aliphatic olefins

In 1990s, Cabri et al. reported that olefin insertion into cationic aryl-Pd
intermediates could be biased toward the internal position.'” However, the
selectivity was too low to be synthetically useful. Among aliphatic olefins, allylic
alcohol was an exception that gave excellent internal selectivity. The inductive
effect quickly diminishes in the example of homoallylic alcohol and the selectivity

dropped to 2:1 (Scheme 1.10).
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2.5% Pd(OAc),

Ar
OH 5% dppf
3-AcCgH,OTf + > OH Arw_~__OH

Et;N, DMF ZV NS
80 °C >99 : 1

2.5% Pd(OACc),

2.8% dppp

PhOTf + A >"0H Ph A

Et;N, DMF NOH TN 0N

100 °C 26:1

Scheme 1.10 Heck reaction of aryl triflates with allylic and homoallylic alcohols.

In oxidative Heck reaction using vinylboronic acids, Stahl et al. disclosed high
internal vinylation of aliphatic olefins. A bulky phenanthroline-type ligand was

used to induce internal selectivity (Scheme 1.11).*

10% Pd(TFA),

OH 20% Neocuproine
I + /\ - 2 P /\)L
ph B oy n-Hex 20% LITFA Ph n-Hex

a: f=20:1

Neocuproine

Scheme 1.11 Internal vinylation of aliphatic olefin in oxidative Heck reaction.

Most recently, Jamison et al. reported Heck reaction of aliphatic olefins and benzyl
chlorides in high internal selectivity, by using nickel catalysts.*® It was proposed

that steric effect was dominant in the internal benzylation (Scheme 1.12).

10% Ni(cod),

20% PCy,Ph n-Hex a2
Ph™ Cl + 2 n-Hex Ph/\ﬂ/ Ph” " n-Hex
, Et,SiOTY,
S equiv Et;N 6 equiv o B

rt
94% yield, a:p3 > 95:5

Scheme 1.12 Internally selective benzylation of aliphatic olefin with nickel
catalyst.
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1.2 Results and discussion

In a typical Cabri’s condition, the internal selectivity for aliphatic olefins was only
about 2:1. We hypothesized that a bulky bisphosphine may be able to enhance the
regioselectivity by inhibiting terminal insertion. In the terminal-insertion transition
state, the alkyl chain is close to P-substituents of bisphosphines and hence more
sensitive to the ligand environment (Figure 1.4).

a) Internal insertion

P /AH® P _H NR
<P/Pd\/\—><P/P < AI’ __*NRy %\ < PdO
/
R

b) Terminal insertion

® ®
pd p\ Ar—l P\ /HA —l + NR3 Ar P\
<p/Pd\8 < LN RsNH @ % * Pd®
P -Rs ’
( % ] P
R

Figure 1.4 Internal and terminal arylation of olefins.

After screening various bisphosphines, we found a set of ferrocenyl bisphosphine
ligands can deliver good internal selectivity. More than 10:1 ratio of the desired
Heck product to the sum of all other isomers was obtained in most cases (Scheme
1.13). The major products were a-alkylstyrenes, which can be readily converted to
various chiral building blocks via asymmetric catalytic hydrogenation,
hydroacylation and hydroborylation.** They are also intermediates in asymmetric
synthesis of bioactive natural products’ and some drug candidates®.
a-Alkylstyrenes used to be prepared from cross-couplings of 2-alkenyl
electrophiles or 2-alkenylmetal reagents. Our new Heck method directly used

simple olefins and did not require prior chemical activation of these olefins.
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2-5% Pd(dba),
4-10% ligand Ar

ArOTf  + 2 n-Hex + isomers
urotropine Z~ “n-Hex
DMA, 80 °C 10 - 1
this work
R ligand N
L 2—PR, gan (
Fe phenyl dppf NI_-N
@—PR 1-naphthyl dnpf LN/
2 isopropyl dippf urotropine

Scheme 1.13 Intermolecular Heck reactions of aliphatic olefins.

1.2.1 Condition optimization

This part of work was conducted in collaboration with Dr. Xinfeng Ren in our
group. Initially, we used a model reaction of 1-naphthyl triflate and 1-octene and
used dppf as ligand (7able 1.1). A dramatic effect of bases was observed.
Significant reduction of aryl triflate was observed when triethylamine and Hiinig’s
base were used as base.”’ Inorganic bases such as lithium carbonate and sodium
carbonate seldom cause reduction of aryl triflate, but the catalytic reactivity was
lower in DMA. To our delight, when urotropine was used as base, no reduction
byproduct was detected and Heck products were formed in almost quantitative
yield. The ratio of the desired isomer, 2-aryl-1-octene versus all other isomers was
13:1, as determined by GC. As many as five isomers of the Heck products were

detected by GC.

Urotropine is a relatively weak base with pKa value of 5.05 for its conjugate
acid.®® Thus it does not bind strongly to a cationic (dppf)Pd(Ar) species.
Furthermore, according to Bredt’s rule, its hydrogen « to nitrogen atoms will be
slow to donate hydrides to the palladium(II) center. In contrast, when more basic
and donating DBU and DABCO were used, little Heck products resulted. Other

non-coordinating bases such as 2,6-lutidine and proton sponge gave 50-70% yield.
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Table 1.1 Effect of bases in Heck reaction with 1-napthyl triflate.”
2% Pd(dba),

1-Naph-OTf + 2 >p-Hex 4% dppf N + isomers + naphthalene
base, DMA n-Hex
80°C,5h (24 h)
Entry Base 1-Naph-OTf Desired Isomers” | Selectivity’ | Naphthalene”
Conversion” Product’ (%) (%)
(%) (%0)
1 Li,COs 68 (75) | 56 (56) | 5 %) | 11 (1) | 1 )
2 Na,CO; 59 (68) | 50 (52) | 4 6|12 (1) | 1 )
3 Et;N 100 56 4 12 36
4 i-Pr,NEt 100 77 7 12 15
5 Cy,NMe 100 46 3 13 51
6 urotropine 100 93 7 14 <1
7 2,6-lutidine 82 1) | 70 (74) | 6 M| 1 (1) | <1 (1)
8 proton sponge | 63 (74) | 52 SH |5 6) |10 (10) | <1 @)
9 DBU 3 12) | 2 2|0 ) | - 0 0)
10 DABCO 0 © 0 © 0 ) | - 0 0)

“Reaction condition: 1-Naph-OTf (0.20 mmol, 1 equiv), 1-octene (0.40 mmol, 2 equiv), Pd(dba),
(0.004 mmol, 2 mol%), dppf (0.008 mmol, 4 mol%), base (0.40 mmol, 2 equiv), DMA (1.2 mL).
The numbers in parentheses refer to 24 hours results. “Conversion and yield were calculated by
comparing starting material and product peak intergration to integration of internal standard using
GC analysis. “Selectivity refers to the ratio of desired isomer to all the other isomers.

In the reaction of 1-naphthyl triflate, we also examined many other bisphosphines
as supporting ligands (7able 1.2). To our delight, ferrocene 1,1'-bisphosphines
were particularly selective in delivering the desired isomer. When dppf was used,
13:1 selectivity and 93% GC yield were obtained. Dippf improved the selectivity
to 57:1, but the yield was only 43% after 24 hours (entry 15).

1,1'-Bis[di(cyclohexyl)phosphino]ferrocene provided similar results as dippf (entry
16).
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Table 1.2 Ligand effect in Heck reaction of 1-naphthyl triflate.”

2% Pd(dba),

4% ligand Ar

1-Naph-OTf + = >n-Hex + isomers
urotropine, DMA n-Hex
80°C,5h (24 h)
1-Naph-OTf ) b
Entry Ligand Conversion” Desn{ed Isomers Selectivity”
Product’ (%) (%)

(%0)
1 dppe 19 (65) | 8 (35) |5 21 | 1.6 (1.6)
2 dppp 100 80 20 4.0
3 dppb 38 (40) | 25 (26) 4|95 (6.6)
4 dpppent 10 (3512 3|0 (17) | NA (0.3)
5 dppbz 39 (69) | 22 39 | 12 21 | 1.9 (1.8)
6 DPEphos 42 (57) | 36 44) | 3 (6) | 14.1 (6.8)
7 Xantphos 7 (12) | <1 1| <1 (1) | NA (0.9)
8 (R)-BINAP 92 (100) | 79 85) | 12 (13) | 6.4 (6.5)
9 dppf 100 93 13.6
10 | Dppt” 83 (87) | 68 (71) (7) | 11.1 (10.2)
11 | d(o-tolyl)pf 63 (65) | 54 (54) 4) | 135 (13.5)
12 | d(o-biphenyl)pf 100 71 26 2.6
13 | dnpf 47 97) | 38 (89) (5) | 184 (17.2)
14 | d(2-naphthyl)pf 100 89 10.2
15 | dippf 54 (59) | 43 43 |1 (1) | 57.3 (57.3)
16 | d(Cy)pf 62 (63) | 50 (50) | <1 (1) | 84.8 (42.9)
17 | d(3,5-di-t-butylphenyl)pf 48 (60) | 36 43) | 4 (5) | 8.0 (7.9)
18 | d(p-methoxyphenyl)pf 59 (69) | 46 51) | 4 (5) | 10.7 (9.0)
19 | d(p-trifluromethylphenyl)pf | 100 93 7 12.8
20 | +-Bu;PHBF, (8 mol%) 18 (83) |3 16) | 9 (55) 103

“Reaction condition: 1-Naph-OTf (0.20 mmol, 1 equiv), 1-octene (0.40 mmol, 2 equiv), Pd(dba),
(0.004 mmol, 2 mol%), ligand (0.008 mmol, 4 mol%), urotropine (0.40 mmol, 2 equiv), DMA (1.2

mL). The numbers in parentheses refer to 24 hours results. “Conversion and yield were calculated

by comparing starting material and product peak intergration to integration of internal standard

using GC analysis. “Selectivity refers to the ratio of desired isomer to all the other isomers. ¢ 1.2

equiv of 1-octene was used instead of 2 equiv.

Later, we examined other aryl triflates using dppf as ligand. We found that the

selectivity was highly dependent on aryl electrophiles. For example, if phenyl

triflate contained a large ortho t-butyl group, dppf gave 50:1 selectivity. However,

for phenyl triflate, only 4:1 selectivity was observed (Figure 1.5).
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2% Pd(dba),

4% ligand Ar
Aryl-OTf + 1-octene + isomers
urotropine, DMA Z~ “n-Hex

80°C,10h

Aryl dnpf dppf dippf

phenyl? 11:1 4:1  (complex)

1-naphthyl 18:1 13:1 57:1

o-t-butylphenyl 2:1 50:1 22:1

45% Pd(dba), and 10% ligand

Figure 1.5 Interplay between ligands and aryl triflates on selectivity. The ratio of
desired Heck isomer to all other isomers was shown.

L —PAr Ar = Ar = Ar= ©i{
2 Me
F3C MeO

Fe
©_PAF2 d(p-trifluromethylphenyl)pf  d(p-methoxyphenyl)pf  d(o-Tol)pf
‘Bu
Ar = @f Ar = Ar = O Ar=
Ph O
Bu
d(o-biphenyl)pf d(3,5-di-t-butylphenyl)pf dnpf d(2-naphthyl)pf

Figure 1.6 Examples of ferrocene 1,1'"-bisphosphines.

In order to improve the internal selectivity for phenyl triflate, we then tried to
modify dppf ligand by introducing -electron-withdrawing p-CFs; group or
electron-donating p-MeO groups on phenyl rings (Figure 1.6). Unfortunately,
changing electronic properties of dppf did not affect the selectivity (7able 1.3,
entry 17, 18). Introducing ortho-groups on the P-phenyl rings had little influence,
either (entry 10, 1I). Installation of meta-substituent lowered the catalytic
reactivity, but did not affect the selectivity (entry 16). Fortunately, eventually we
found that, dnpf bearing 1-naphthyl groups can give 9:1 selectivity (entry 12). The
presence of 2-naphthyl group on phosphorous atoms did not have a beneficial
effect (enty 13). When 5% of palladium and 10% of dnpf were used as the catalyst,
the selectivity was increased slightly (11:1, 7able 1.4, enty 12). No significant

improvement was found for other ligands when an increased catalyst loading was
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applied (7Table 1.4). The selectivity (7:1, Table 1.4, enty 13) dropped when 1.2

equiv of 1-octene was used.

Table 1.3 Ligand effect in Heck reaction of phenyl triflate.”

2% Pd(dba),

PhOTf+ 2 n-Hex 4% ligand % + isomers
urotropine, DMA n-Hex
80°C,5h (24 h)
PhOTTf Desired b
) .y b Isomers e
Entry Ligand Conversion Product %) Selectivity
(%0) (%)

1 dppe 14 “42) | 6 (14) |8 (18) | 0.8 (0.8)
2 dppp 88 99) | 45 (46) | 37 (45| 1.2 (1.0)
3 dppb 16 21) | 4 5)|3 5)| 14 (1.0)
4 dpppent 21 (37 |3 M6 (16)| 0.6 (0.5)
5 dppbz 28 60) | 12 (29 |11 (25| 1.1 (1.1)
6 DPEphos 30 62) | 6 (16) | 11 (32) | 0.6 (0.5)
7 Xantphos 7 (12) | <1 2)|<1 & |NA (0.5
8 (R)-BINAP 22 Y |7 13|16 (22)| 1.1 (0.6)
9 dppf 98  (100) | 73 (74| 19 (21)] 3.8 (3.5)
10 | d(o-Tol)pf 89  (100) [ 65 (76) | 19 (21)| 34 (3.6)
11 | d(o-biphenyl)pf 87  (100) | 60  (67) |24 (28) 2.5 24
12 | dnpf 95 (100) | 84 (85) |9 9|90 (9.1)
13 | d(2-naphthyl)pf 100 63 17 3.7
14 | dippf 13 a7 | <1 H|<1l (@ |NA (04
15 | d(Cy)pf 29 32) | 4 @ |14 (19)]03 (0.2)
16 | d(3,5-di-t-butylphenyl)pf 81 92) |43 (50) |13 (17)| 3.4 (2.9)
17 | d(p-methoxyphenyl)pf 74 92) |42 (7)) |13 (19|32 (3.0
18 | d(p-trifluromethylphenyl)pf | 94  (100) | 61  (68) | 20 (22) | 3.2 (3.0
19 | +-Bu;PHBF, (8 mol%) 2 @<t (03)]|<1 ()| NA (0.1

“Reaction condition: PhOTf (0.20 mmol, 1 equiv), 1-octene (0.40 mmol, 2 equiv), Pd(dba), (0.004
mmol, 2 mol%), ligand (0.008 mmol, 4 mol%), urotropine (0.40 mmol, 2 equiv), DMA (1.2 mL).
The numbers in parentheses refer to 24 hours results. “Conversion and yield were calculated by
comparing starting material and product peak intergration to integration of internal standard using

GC analysis. “Selectivity refers to the ratio of desired isomer to all the other isomers.

23



Table 1.4 Ligand effect in Heck reaction of phenyl triflate with 5% of Pd loading.”

5% Pd(dba),

o/ i Ph
PhOTf+ 2 p-Hex 10% ligand + isomers
urotropine, DMA n-Hex
80°C,5h (24 h)
PhOTf . b
. b Desired Isomers .
Entry Ligand Conversion b Selectivity
Product” (%) (%)
(%)
1 dppe 19 (40) | 6 19) |8 (24)] 0.8 (0.8
2 dppp 100 55 42 1.3
3 dppb 31 (36) | 8 ® 5 ® |14 (1.0
4 dpppent 42 84) |7 19) | 16 (42) | 0.5 (0.5
5 dppbz 38 83) | 19 42|19 3|1 (1.1)
6 DPEphos 58  (100) | 13 29) |25 (59|05 (0.5
7 Xantphos 7 18) |0 ® | <t (©)]- (1)
8 (R)-BINAP 35 89) | 10 22) | 12 (46) | 0.8  (0.5)
9 dppf 100 77 20 3.8
10 | d(o-Tol)pf 100 71 28 2.5
11 d(o-biphenyl)pf | 100 67 29 2.3
12 | dnpf 100 91 8 115
13 | Dnpf’ 90  (100) | 66 69) | 8 |77 (73
14 | d(2-naphthyl)pf | 100 51 14 3.6
15 | dippf 61 (78) | 8 @ 132 (49 (02 (0.1)

“Reaction condition: PhOTf (0.20 mmol, 1 equiv), 1-octene (0.40 mmol, 2 equiv), Pd(dba), (0.01
mmol, 5 mol%), ligand (0.02 mmol, 10 mol%), urotropine (0.40 mmol, 2 equiv), DMA (1.2 mL).
The numbers in parentheses refer to 24 hours results. “Conversion and yield were calculated by
comparing starting material and product peak intergration to integration of internal standard using
GC analysis. “Selectivity refers to the ratio of desired isomer to all the other isomers. ¢ 1.2 equiv of

1-octene was used.
1.2.2 Substrate scope of aryl triflates and aliphatic olefins

We classified aryl triflates into three types according to the size of their
ortho-substituents. Each type can be coupled with a model olefin 1-octene in good

internal selectivity, by using a different ferrocene ligand (Scheme 1.14).

For unhindered aryl electrophiles carrying no ortho groups, dnpf can give >10:1
selectivity in most cases. When either electron-donating p-MeO group or

electron-withdrawing p-CO,Et group was present on aryl triflates, the selectivity
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was slightly lower. Heteroaryl triflates derived from indole and quinoline worked

well. An alkenyl triflate can also couple selectively.

For aryl electrophiles carrying small ortho substituents, dippf afforded the desired
isomer almost exclusively in most cases. Both ortho-C-Cl bond and ortho-nitrile
group were tolerated. In the case of o-anisyl triflate, dnpf was found to be more
selective than dippf (10:1 versus 7:1). Furthermore, dippf did not give full

conversion.

For aryl electrophiles carrying large ortho groups, dppf proved to be the ligand of
choice. Even sterically demanding 2-mesityl triflate coupled in high selectivity at
100 °C. Notably ortho polar groups such as nitro and N,N-dimethylamino group

were tolerated.

Ar
2-5% Pd(dba),/L
ArOTf + =
7 “n-Hex urotropine 2\ n-Hex

DMA, 80 °C

(a) Aryl without ortho substituent, L = dnpf
Y

SN GO U

Y = OPh 89% (1 -)
93% (11:1) t-Bu 92% (1

0- Q0 Ty GO

Y=tBu 93% (161
CO,Et 91%3(91 ) 9% (11:1) 82% (10:1) 85% (13:1)

OMe 74% (7 1)

93% (11:1) 92% (13:1)

(b) Aryl with small ortho substituent, L = dippf

'y o % Y = Me 71% (60:1)
Cl 77% (>100:1)
/©/ _§© CN 74% (60:1),10% Pd
OMe 94% (10:1), L = dnpf
74% (>100:1) 68% (70:1)
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(c) Aryl with large ortho substituent, L = dppf

v Y=NO, 83% (11:1)
CO,Me 81% (10:1)
NMe, 81% (23:1)
t-Bu  86% (50:1)
87% (27:1), 100 °C

Scheme 1.14 Scope of organic triflates in Heck reaction of 1-octene. The ratio of
branched Heck products to all other isomers is given in brackets.

We also studied the scope of terminal olefins with three typical aryl triflates of
each type (Scheme 1.15). Many polar groups on olefins were compatible, such as
ester, nitrile, phthalimide, sulfonamide and even unprotected alcohols. Both
homoallylic and bishomoallylic alcohols coupled with unhindered aryl triflates in
unprecedented >10:1 selectivity.'”'**® Some terminal olefins, for example,
vinylcyclohexane can also be used. In a reaction of o-tolyl triflate and very
hindered fert-butylethylene, the aryl group added preferentially to the more
hindered internal position in 9:1 selectivity using dppf ligand. Allylbenzene is
prone to undergo palladium hydride-catalyzed olefin isomerization. It also reacted

smoothly.*’

2-5% Pd(dba),/L AT
AOTE + g 2o Pdldba), )\R

urotropine
DMA, 80 °C

(a) Ar = p-t-butylphenyl, L = dnpf

FJ\ }HJ< 5¢_Ph N\ OH

94% (10:1) 78% (13:1) 93% (15:1) 1.20 gram, 92% (12:1)

X . PN
S oH 35_~_-CO,Me nyy\/\/\OAc /
@)

91% (38:1)

96% (10:1) 95% (12:1) 98% (15:1)
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(b) Ar = o-tolyl, L = dippf

A O S

68% (9:1) 89% (66:1)
10% Pd, L = dppf

o]
‘\‘Jj\/\OBn ‘}J\/\/CN ‘\JJJ\/NHTS ;f\/\/COQMe ;ﬁ\/\/\%

725 (19:1) 78% (70:1)  86% (100:0) 87% (28:1)
O

71% (85:1) 74% (29:1),10% Pd  86% (87:1)

85% (69:1)

(c) Ar = o-t-butylphenyl, L = dppf

XO F\)\ }i)< 2P »<_OH

91% (>100:1)  94% (45:1)  93% (48:1)  94% (93:1)  71% (100:0)

S S0oH R OH 3{_-NHTs Yo~ COzMe »_~_CN

96% (29:1) 94% (23:1) 92% (100:0) 94% (21:1),100°C  78% (39:1)

Scheme 1.15 Scope of olefins in Heck reactions of model aryl triflates. The ratios

of branched Heck products to all other isomers were given in brackets.

We have scaled up one reaction to gram scale. 5-Hydroxy-1-pentene produced 1.2
gram of the Heck product without loss of selectivity (12:1) (Scheme 1.16). The

desired isomer was separated from other isomers by silica gel flash

chromatography.
Bu
5% Pd(dba),
p-t-BUCeH,OTF + "oy 10% dnpf
urotropine, 2 equiv
6.0 mmol 2 equiv DMA, 80 °C _ oH

1.2 g, 92% yield (12:1)

Scheme 1.16 Gram-scale synthesis of 3-(p-tert-butylphenyl)-3-butene-1-ol.
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1.2.3 Acrolein acetal

To our delight, our current conditions with acrolein acetal gave high internal
selectivity in the presence of dppf ligand (Scheme 1.17). When dnpf was used, the
reaction was slower due to the steric interaction between the ligand and olefin.
Lithium carbonate was more effective than urotropine. The hydrolysis product of

2-arylacrolein was known to be unstable at room temperature.*!

2% Pd(dba), Ar
0,
pBUCGH,OTT + A OFt 4% ot _~_OFt
OFt Li,CO5 et
DMA, 80 °C
74% (11:1)
5% Pd(dba), Ar
0-t-BUCEH,OTf + /\/OEt 10% dppf /S/OE'(
DMA, 80 °C

92% (67:1)

Scheme 1.17 a-Arylation of acrolein acetal.

In Heck reaction of acrylates, aryl groups selectively insert at the electron-poor
terminal-position.*> Under ligandless conditions reported by Cacchi ef al., terminal
insertion almost exclusively provided.* In order to form a-arylacrylates,
cross-couplings of a-halogenated or a-metallated acrylates were often employed**.

When we applied our catalytic condition to acrylates, no reaction occurred.
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1.2.4 Internal arylation of styrenes

The (dnpf)Pd catalyst was successfully applied to regioselective Heck reaction of
styrenes in collaboration with Mr. Yinjun Zou in our group recently (Scheme
1.18).% Styrenes favor terminal insertion to generate (E)-stilbenes under many
Heck conditions.*»>*!*1415¢46 Under our catalytic conditions, dnpf gave high ratio
of internal-insertion products. Under Cabri’s condition, the internal selectivity of
styrene was only 3:1. Some vinyl triflates also worked well in THF to produce

1,3-dienes. This method was applied to synthesis of Bexarotene, an anticancer

drug.
a)
tBu
5% Pd(dba),
10% dnpf Ar
+ Z>pn ° P NN
OTf urotropine, DMA Ph Ph
80°C,12h
93%, a : B = 42:1
b)
Me_ Me 10 2% Pd(dba), Me_ Me
O, =2 (LT
tropine
Me COEt U0 Me CO,Et
Me Me THF, 80 °C Me® Me ?

95% vyield, 26:1 selectivity

Me_ Me
> e
MeOH Me CO,Et
Me Me

89%
Bexarotene (anticancer drug)

Scheme 1.18 a) a-Arylation of styrenes with aryl triflates; b) Synthesis of

Bexarotene.
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1.2.5 Decomposition of dnpf ligand

In the model reaction between p-fert-butylphenyl triflate and 1-octene, we
observed a small amount of byproduct derived from 1-naphthyl insertion into
I-octene. This is due to aryl exchange between dnpf ligand and aryl-Pd species
(Scheme 1.19).* More byproduct of this kind was detected when electron-rich
p-anisyl triflate was the substrate (Scheme 1.19). Other aryl triflates seldom caused

this side reaction.

A g —|® Ar\' CAr© Arspl / ® g Ar
y \ OTfe p\ OTf© OTf@
Ar Ar byproduct

Ar = 1-naphthyl
Ar'= p-tert-butyl

oTf 5% Pd(dba),/dnpf n-Hex
+ 2 n-Hex
urotropine
MeO O

DMA, 80 °C

(Scheme 1.14a)
byproduct

Scheme 1.19 Side reaction via aryl exchange.

1.2.6 Unsuccessful substrates
Some aryl triflates, such as p-Me,N-phenyl triflate and 2-indolyl triflate, did not
react under our standard conditions. Electron-poor p-CFs-phenyl triflate showed

very poor reactivity.

The reactivity of 4-tert-butylcyclohex-1-enyl triflate was low under our Heck
conditions, less than 10% of desired product was obtained with ~3:1 selectivity.
1-Phenylvinyl triflate produced 30% of desired product with a selectivity of 15:1
in the solvent of cyclopentyl methyl ether. The vinyl triflate of
2-methyl-1H-inden-3-yl triflate only produced a small amount of Heck products
although the substrates were fully consumed. The vinyl triflate derived from

1,3-diphenylpropane-1,3-dione produced very little isomers under our Heck
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reaction conditions.

Terminal olefins bearing halide, ketone, aldehyde and acetal groups did not

generate the desired products (Figure 1.7).

oTf OTf
N
MeZN Fgc

COOMe

OTf oTf oTf o OT
LI o e

Figure 1.7 Unsuccessful substrates under our Heck conditions.
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1.3 Mechanistic study

1.3.1 Stoichiometric reaction of (dnpf)Pd(Ph)Br complex

We prepared the oxidative-addition complex from Pd(dba),, dnpf and PhBr in
order to probe the origin of high internal selectivity of dnpf (Scheme 1.20a). When
(dnpf)Pd(Ph)Br was treated with 5 equivalents of 1-octene in the presence of silver
triflate, it gave the Heck isomer in 68% yield and 10:1 internal selectivity (Scheme
1.20b). This is consistent with experimental results obtained from the catalytic
conditions. Silver triflate was needed to abstract the bromide and generate the

putative cationic phenyl-palladium species.

a)
Pd(dba), + dnpf + PhBr (dnpf)Pd(Ph)Br
) . . Toluene, rt-80°C
1 equiv 1 equiv 5 equiv
b)
dnpf, urotropine Ph
(dnpf)PA(Ph)Br + AgOTf + 1-octene v UTOOPING | PN
DMA, rt, 24 h Zn-Hex

1.1 equiv 5 equiv
68% (10:1)

Scheme 1.20 a) Synthesis of [(dnpf)Pd(Ph)Br] complex, b) Stoichiometric
insertion of 1-octene into [(dnpf)Pd(Ph)Br].

1.3.2 X-ray structure of (dnpf)Pd(Ph)Br complex

Single-crystal X-ray diffraction analysis of the bromide complex showed some
unusual structural features (Figure 1.8).** a) The backbone of dnpf adopts a nearly
eclipsed ferrocene conformation, unlike staggered ones in related dppf
complexes.” Edge-to-edge interactions between two neighbouring P-naphthyl
groups were identified to enforce this unusual conformation. b) The coordination
geometry was significantly distorted from square planarity. For example, the bond
angles of /P1-Pd-C(phenyl) and P2-Pd-Br were deviated from linearity

by >10°. ¢) Both the Pd-phenyl group and bromine atom were forced substantially
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out of the P1-Pd-P2 coordination plane. The distortion was caused by close contact

with the neighboring P-naphthyl groups of dnpf.

Figure 1.8 ORTEP of (dnpf)Pd(Ph)Br complex. Important bond angles (°):
/ Br—Pd—C=84, ~ P1-Pd-P2=103; £ P2-Pd—C=168, £ PI1-Pd—Br=166.

1.3.3 DFT study of relative energy of transition states

In collaboration with Dr. Yunpeng Lu, we have also conducted DFT calculation
(PBE1PBE) on the insertion step using propene as the model olefin. The purpose
was to understand the effect of ligands and ortho groups on Pd-phenyl groups on
regioselectivity. Three model oxidative-addition complexes were used to calculate
the relative electronic energy (AE) of transition states (TSs) for olefin insertion. We
used three cationic complexes of [(dppf)Pd(Ph)]", [(dppf)Pd(o-t-butylphenyl)]” and
[(dnpf)Pd(Ph)]". For each cationic complex, four types of ground states (i.e., olefin
comformers) were calculated. Assuming fast equilibrium among olefin conformers,

regioselectivity would be dictated by the difference between TS.

From cationic [(dppf)Pd(Ph)(propene)]’, the difference of AE between the
predominant TS(terminal) and TS(internal) was calculated to be 2 kcal/mol (Figure
1.9a). However, from the corresponding complex of

[(dppf)Pd(o-t-butylphenyl)(propene)]’, the energy difference increased to 4.5
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kcal/mol (Figure 1.9b). The reason was that the TS of terminal insertion was more

sensitive to steric influence than that of internal insertion.

When dppf was changed to dnpf in the cationic complex, the difference between
AEs in [(dnpf)Pd(Ph)(propene)]” was raised to 2.3 kcal/mol (Figure 1.9c). The

calculation was thus in agreement with our observed selectivity, 11:1 versus 4:1.

a) (dppf)Pd(Ph)(propene)

TS (internal) + 0.0 kcal mol™ TS (internal) + 0.3 kcal mol™

P
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b) (dppf)Pd(o-t-butylphenyl)(propene)

TS (terminal) + 4.5 kcal mol™ TS (terminal) + 5.5 kcal mol™

TS (internal) + 0.0 kcal mol”" TS (internal) + 4.6 kcal mol™
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¢) (dnpf)Pd(Ph)(propene)

TS (terminal) + 2.3 kcal mol™ TS (terminal) + 2.7 kcal mol™

TS (internal) + 0.0 kcal mol™ TS (internal) + 0.0 kcal mol™
Figure 1.9 Transition states for terminal and internal propene insertion in cationic

Pd(Il) complexes and their relative energies.

1.4  Summary

In summary, we have realized a general method for selective Heck reaction of
terminal olefins with aryl triflates. The ratio of the desired products of
2-aryl-1-alkenes versus the sum of all other isomers was generally >10:1. When
aryl triflates carried ortho-substituents, internal arylation was almost exclusive.
Our experimental and computational studies indicated that dnpf improved internal
selectivity by inhibiting the alternative pathway of terminal insertion via steric

effect.
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1.5 Experimental section

1.5.1 General

'H NMR spectra were acquired on Bruker 400 MHz or 300 MHz spectrometers
and chemical shifts were recorded relative to tetramethylsilane (6 0.00) or residual
protiated solvent (CDCl;: 6 7.26). Multiplicities were given as: s (singlet), d
(doublet), t (triplet), q (quartet) and m (multiplet). The number of protons (n) for a
given resonance was indicated by nH. Coupling constants were reported as a J
value in Hz. C NMR spectra were obtained at 100 MHz on 400 MHz or 75 MHz
on 300 MHz instruments and chemical shifts were recorded relative to solvent
resonance (CDCl;: 8 77.16; CD,Cl,: & 53.84). F NMR spectra were obtained at
376 MHz on a 400 MHz instrument. *'P NMR spectra were obtained at 121 MHz
on 300 MHz instrument or 162 MHz on 400 MHz instrument. Proof of purity of
new compounds was demonstrated with copies of 'H, B¢, *'P and "F NMR

spectra.

Glassware was dried in a 120 °C oven for at least 2 hours before use. Dry
N,N-dimethyacetamide (Acros) was degassed by argon bubbling and stored over
activated 4 A molecular sieve beads in argon filled glove box before use. Dry
hexane, diethyl ether and dichloromethane were collected from a solvent
purification system containing a column of activated alumina (1 m x 2) under
argon. Dry THF was freshly distilled from sodium/benzophenone under argon
before use. All of anhydrous solvents were stored in Schlenk tubes in an

argon-filled glove box.

Unless noted otherwise, commercially available chemicals were used without
further purification. Dry N,N,N’,N'-tetramethylethlenediamine (TMEDA),
diisopropylethylamine (DIPEA), triethylamine, and tributylamine were distilled
from CaH, under argon before use. The GC internal standard, n-dodecane was
degassed with argon bubbling and dried over activated 4 A molecular sieve beads

for a few days in the glove box before use.
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Thin-layer chromatography (TLC) was conducted with Merck 60 F254 coated
silica gel plate (0.2 mm thickness). Flash chromatography was performed using
Merck silica gel 60 (0.040-0.063 mm) or SiliCycle silica gel F60 (0.040-0.063

mm).

Gas chromatography (GC) analysis was performed on a Shimadzu GC-2010
instrument with Agilent J] & W GC column DB-5MS-UIL. GC/MS analysis was
conducted on a Thermo Scientific DSQ II single quadrupole GC/MS instrument
with Agilent J & W GC column DB-5MS-UI. ESI/MS analysis was conducted on a
ThermoFinnigan LCQ Fleet MS spectrometer. Elemental analysis was conducted

on Perkin Elmer 2400 Series Il CHNS/O Analyzer.
1.5.2 Syntheses of ligands

N,N-Bis(diethylamino)chlorophosphine [685-83-6]. The titled product was
prepared according to a reported procedure.”® Under argon, freshly distilled
phosphorous trichloride (5.20 mL, 60.0 mmol) was dissolved in 200 mL of dry
diethyl ether in a dry 500-mL three-neck round-bottom flask. After the stirred
solution was chilled to -20 °C in an ice/salt bath, diethylamine (24.8 mL, 240
mmol) was added dropwise via a pressure equalizing addition funnel. After the
addition, the reaction mixture was allowed to warm up to room temperature and
stirred for 12 hours. The white salt was removed by filtration under argon. The
filtrate was concentrated under reduced pressure and the crude product was
distilled at reduced pressure (200 mTorr, 70 °C) to give the pure product as
colorless oil (10.80 g, 86% yield).

'H NMR (400 MHz, CDCls): 6 3.16 (br s, 8H), 1.16-1.12 (t, J= 7.1 Hz, 12H).

3P NMR (162 MHz, CDCLy): & 151.4.
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1, 1'-Bis(dichlorophosphino)ferrocene [142691-70-1]. The titled product was
prepared according to a reported procedure with some modification.”® Under argon,
ferrocene (1.86 g, 10.0 mmol) and dry N,N,N’,N'-tetramethylethlenediamine (2.44
g, 21.0 mmol) was dissolved in 50 mL of dry hexane. The stirred solution was
treated with dropwise addition of a solution of #-BuLi in cyclohexane (2.03 M,
10.30 mL, 21.0 mmol) at room temperature. After the mixture was stirred for
additional 20 hours under argon, the resulting orange suspension was cooled to -78
°C in a dry ice/acetone bath and treated with dropwise addition of a solution of
N,N-bis(diethylamino) -chlorophosphine (4.42 g, 21.0 mmol) in 14 mL of dry THF.
After the addition, the stirred mixture was allowed to warm up to rt and stirred
overnight. The complete consumption of CIP(NEt,), was confirmed by *'P NMR
spectroscopy. The reaction mixture was chilled to -78 °C under argon and treated
with dropwise addition of a 4 M solution of HCI in cyclohexane (40.0 mL, 160.0
mmol). After stirring at room temperature for additional 10 hours, the salt was
removed by filtration in the argon-filled glove box. The filtrate was concentrated
under reduced pressure to give the pure product as yellow powder (3.20 g, 83%
yield).

'H NMR (300 MHz, CDCl3): & 4.72 (pseudosinglet, 8H).

3P NMR (121 MHz, CDCl3): & 163.1.

Me

©\P Me

Me Fe

PQ

S

1,1'-Bis(di(o-tolyl)phosphino)ferrocene [73881-42-4]. The titled compound was
prepared according to reported procedure® with modifications. Lithium wire (83
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mg, 12.0 mmol) was cut into small pieces and placed in a dry 25-mL reaction tube.
After the atmosphere was switched to argon, 1 mL of dry diethyl ether was added
to cover the lithium chips, followed by addition of o-tolyl bromide (513 mg, 3.0
mmol) in 3 mL of dry diethyl ether. After the reaction mixture was stirred at room
temperature overnight, the solution was transferred to another dry 25-mL reaction
tube via a cannula and chilled in an ice/water bath. A solution of
1,1'-bis(dichlorophosphino)ferrocene (194 mg, 0.50 mmol) in 15 mL of dry diethyl
ether was added dropwise via a syringe. The reaction mixture was then allowed to
warm up to room temperature and stirred overnight. The completion of the reaction
was confirmed by *'P NMR spectroscopy. The resulting yellow suspension was
quenched with 1 mL of methanol and then loaded on a Buchner funnel. The yellow
solid was collected and washed sequentially with water (15 mL x 2), methanol (15

mL x 2) and diethyl ether (15 mL) to give the pure product as yellow solid (230 mg,
75% yield).

'H NMR (300 MHz, CDCls): § 7.19-7.10 (m, 8H), 7.04-6.93 (m, 8H), 4.23 (s, 4H),

4.06 (s, 4H), 2.46 (s, 12H).

3P NMR (121 MHz, CDCl3): & -36.7.

Ph

&~

Ph Fe

PQ

Ph@

1,1'-Bis[di(o-biphenyl)phosphino]ferrocene. Under argon, to an oven-dried
25-mL reaction tube was added 2.5 mL of dry THF, o-bromobiphenyl (373 mg, 1.6
mmol) and dry N,N,N’N'-tetramethylethlenediamine (174 mg, 1.5 mmol). The
solution was chilled to -78 °C in a dry ice/acetone bath followed by dropwise

addition of a 2.1 M solution of n-BuLi in cyclohexane (0.72 mL, 1.5 mmol). After

the reaction mixture was stirred at -78 °C for 2 hours, a solution of
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1,1'-bis(dichlorophosphino)ferrocene (97 mg, 0.25 mmol) in 3 mL of dry THF was
added dropwise with vigorous stirring. After that, the reaction mixture was allowed
to warm up to room temperature and kept stirred overnight. The completion of
reaction was confirmed by °'P NMR spectroscopy. At the completion of the
reaction, it was quenched by 1 mL of methanol and the solvent was evaporated to
dryness. The residue was suspended in methanol and the yellow insoluble
precipitate was collected on a Buchner funnel and washed sequentially with water
(10 mL x 2), methanol (10 mL x 2) and diethyl ether (10 mL) to give yellow
powder as pure product (148 mg, 69% yield).

'H NMR (400 MHz, CDCl;): § 7.31-7.11 (m, 24H), 7.00 (dd, J = 7.5 Hz, 3.0 Hz,
4H), 6.81 (d, J= 7.1 Hz, 8H), 3.40 (s, 4H), 3.38 (s, 4H).

C NMR (100 MHz, CDCl3): & 147.1 (d, Jep= 28.1 Hz), 142.0 (d, Jep = 4.4 Hz)
137.8 (d, Jep = 18.4 Hz), 135.0, 130.4 (d, Jcp = 4.3 Hz), 130.3 (d, Jcp = 4.6 Hz),
128.3,127.8, 127.1, 126.9, 78.2 (d, Jcp = 11.2 Hz), 73.0 (d, Jcp = 12.7 Hz), 72.0.
3P NMR (162 MHz, CDCl3): & -33.8.

MS (ESI): Calcd for CssHysFeP5: 858.76. Found [M+1]: 859.13.

Bu
QtBu
@P
‘Bu. : Fe QtBu
P Bu
Bu Bu

1, 1'-Bis[di(3,5-di-tert-butylphenyl)phosphino]ferrocene. Under argon, to an
oven-dried 25-mL reaction tube was added 3 mL of dry THF, 3,5-di-fert-butyl
phenyl bromide (942 mg, 3.5 mmol) and dry N,N,N’,N'-tetramethylethlenediamine
(349 mg, 3.0 mmol). The solution was chilled to -78 °C in a dry ice/acetone bath
followed by dropwise addition of a 2.0 M solution of n-BuLi in cyclohexane (1.5
mL, 3.0 mmol). After the reaction mixture was stirred at -78 °C for 3 hours, a

solution of 1,1'-bis(dichlorophosphino)ferrocene (179 mg, 0.5 mmol) in 3 mL of
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dry THF was added dropwise with vigorous stirring. After that, the reaction
mixture was allowed to warm up to room temperature and kept stirred overnight.
The completion of reaction was confirmed by *'P NMR spectroscopy. At the
completion of the reaction, it was quenched by 1 mL of methanol and the solvent
was evaporated to dryness. The residue was suspended in methanol and the yellow
insoluble was collected on a Buchner funnel and washed sequentially with water
(10 mL x 2), methanol (10 mL x 2) and diethyl ether (10 mL) to give yellow
powder as pure product (338 mg, 67% yield).

'H NMR (400 MHz, CDCls): § 7.32-7.31 (m, 4H), 7.21-7.19 (dd, /= 8.2 Hz, 1.8
Hz, 4H), 4.20-4.19 (m, 4H), 3.99-3.97 (m, 4H), 1.24 (s, 72H).

BC NMR (100 MHz, CDCl3): 8150.2 (d, Jep= 6.8 Hz), 137.7 (d, Jep = 8.2 Hz)
128.2 (d, Jcp = 10.1 Hz), 122.5, 78.3 (d, Jcp = 7.0 Hz), 73.3 (d, Jcp = 3.8 Hz), 72.2,
35.0,31.6.

3P NMR (162 MHz, CDCLy): & -16.2.

MS (ESI): Calcd for C¢sHooFeP, 1002.60. Found [M+1]: 1003.53.

2

1, 1’-Bis[di(1-naphthyl)phosphino]ferrocene. Under argon, 1-bromonaphthalene
(4.04 g, 19.5 mmol) and N,N,N’N'-tetramethylethlenediamine (2.09 g, 18.0 mmol)
were added to a dryl00-mL reaction flask containing 30 mL of dry THF. The
resulting solution was then chilled to -78 °C in a dry ice/acetone bath and treated
with dropwise addition of a 2.03 M solution of #-BuLi in cyclohexane (8.87 mL,
18.0 mmol). After stirring at -78 °C for two more hours, the resulting yellow
suspension was treated with dropwise addition of a solution of

1,1’-bis(dichlorophosphino)ferrocene (1.16 g, 3.0 mmol) in 25 mL of dry THF
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with vigorous stirring. After the addition, the reaction mixture was allowed to
warm up to room temperature and kept stirred overnight. The completion of
reaction was confirmed by *'P NMR spectroscopy. The reaction was quenched by
~1 mL of methanol and the solvent was removed under reduced pressure. The
resulting residue was dissolved in 15 mL of dichloromethane and passed through a
pad of silica gel (60 g) with dichloromethane washings (200 mL). The filtrate was
concentrated under reduced pressure and the resulting yellowish residue was
suspended in 100 mL of hexane. The insoluble solid was collected on a Bucher
funnel and washed with 5 mL of acetone to give the pure product (1.36 g, 60%
yield).

"H NMR (300 MHz, CDCls): § 8.70-8.65 (m, 4H), 7.81-7.73 (m, 8H), 7.46-7.40
(m, 8H), 7.23-7.20 (d, J = 7.9 Hz, 4H), 7.12-7.08 (m, 4H), 3.97 (t, /= 1.6 Hz, 4H),
3.88 (d, /= 1.8 Hz, 4H).

BC NMR (100 MHz, CD,CL): & 136.6 (d, Jep = 12.6 Hz), 135.5 (d, Jep = 23.4 Hz),
133.8 (d, Jep = 4.6 Hz), 132.7, 129.6, 129.1 (d, Jcp = 1.6 Hz), 126.48 (d, Jcp = 2.2
Hz), 126.28 (d, Jcp = 28.4 Hz), 126.24 (d, Jcp = 0.9 Hz), 125.6 (d, Jcp = 0.9 Hz),
76.8 (d, Jcp = 5.5 Hz), 74.8 (d, Jcp = 15.6 Hz), 72.8 (d, Jcp = 3.9 Hz).

3P NMR (121 MHz, CDCLy): & -40.7.

MS (ESI): Calcd for CsoHsgFeP,: 754.61. Found [M+1]: 755.26.

o

(=
O

1, 1'-Bis[di(cyclohexyl)phosphino]ferrocene[146960-90-9]. The product was
prepared according to reported procedure®® with modifications. To an oven-dried
100 mL reaction flask under argon atmosphere was added Ferrocene (372 mg, 2.0
mmol) and 15 mL of dry hexane. To the solution formed was added TMEDA (488

mg, 4.2 mmol) followed by addition of n-butyllithium (2.1 M in cyclohexane, 2.0
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mL, 4.2 mmol) at room temperature with stirring. After stirring at room
temperature for 24 hours, the reaction mixture was pre-cooled at -78°C dry-ice
acetone bath. To the lithium salt formed was added dicyclohexylchlorophosphine
(1.02 g, 4.4 mmol) dropwise with vigorous stirring under argon. The reaction
mixture was stirred over night allowing spontaneous rising of the temperature with
evaporation of dry-ice. The completion of reaction was monitored by crude
phosphorous NMR. The reaction mixture was applied on silica gel pad using 150
mL of frit funnel in argon filled glove box and flushed first with hexane to remove
un-reacted ferrocene and then a mixture solvent of hexane/ethyl acetate (20:1) to
flush out desired product. After removal of solvent under vacuum the ligand was

obtained as yellow powder (960 mg, 83% yield).

'H NMR (400 MHz, CDCl3): 8. 4.25-4.24 (m, 4H), 4.14-4.13 (m, 4H), 1.93-1.00
(m, 44H).
3P NMR (162 MHz, CDCLy): § -8.1 (5).

s

1, 1’-Bis[di(2-naphthyl)phosphino]ferrocene [73881-43-3]. Under argon, a dry
25-mL Schlenk tube was sequentially charged with 2-bromonaphthalene (673 mg,
3.3 mmol), 5 mL of freshly distilled THF and TMEDA (348 mg, 3.0 mmol). After
the solution was cooled to -78 °C in a dry ice/acetone bath, it was treated with
dropwise addition of a 2.03 M solution of n-BuLi in cyclohexane (1.48 mL, 3.0
mmol). After the addition, the solution was stirred for 2 hours at -78 °C and then
treated with dropwise addition of a solution of
1,1'-bis(dichlorophosphino)ferrocene (194 mg, 0.5 mmol) in 3 mL of dry THF

with vigorous stirring. Then, the reaction mixture was allowed to warm up to room
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temperature spontaneously and stirred at room temperature overnight. The
completion of the reaction was confirmed by >'P NMR spectroscopy. The reaction
was quenched by ethanol (~1 mL) and the solvent was removed under reduced
pressure. The resulting residue was dissolved in ~7 mL of dichloromethane and
passed through a pad of silica gel (25 g) with dichloromethane washings (80 mL).
The filtrate was concentrated under reduced pressure and the yellowish residue
was suspended in 50 mL of hexane. The yellow insoluble was collected on a
Buchner funnel and washed with acetone (5 mL) to give the desired product (213

mg, 56% yield).

'H NMR (400 MHz, CDCl3): § 7.83 (d, J = 8.8 Hz, 4H), 7.78-7.76 (m, 4H),
7.73-7.71 (m, 4H), 7.62 (d, J = 8.4 Hz, 4H), 7.49-7.43 (m, 8H), 7.29 (m, 4H), 4.32
(dd, Jun = 1.8 Hz, Jpu = 1.8 Hz, 4H), 4.09 (dd, Juy = 3.6 Hz, Jpu = 1.8 Hz, 4H).
3P NMR (162 MHz, CDCl3): & -15.9.

1.5.3 Syntheses of substrates

General procedure: Under argon, a solution of parent or substituted phenol (10.0
mmol) in 20 mL of dry dichloromethane was chilled to 0 °C. Analytical grade
pyridine (1.60 mL, 20.0 mmol) and trifluoromethanesulfonic anhydride (2.0 mL,
12.0 mmol) were then added sequentially to the stirred solution. After the addition,
the reaction mixture was warmed up to 25 °C and stirred for 5 h until the phenol
was fully consumed (monitored by TLC). The product was purified by silica gel
flash chromatography. The general procedure was used for the isolation of aryl

triflates unless indicated otherwise.

©/0Tf

Phenyl trifluoromethanesulfonate [17763-67-6]. The titled product was obtained

as colorless oil (1.84 g, 80%) after flash chromatography (hexane).

'H NMR (400 MHz, CDCls): & 7.49-7.43 (m, 2H), 7.42-7.37 (m, 1H), 7.30-7.27
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(m, 2H).

1-Naphthyl trifluoromethanesulfonate [3857-83-8]. The titled product was
obtained as white solid (2.66 g, 96%) after flash chromatography (hexane).

'H NMR (400 MHz, CDCl;): & 7.94-7.87 (m, 3H), 7.76 (d, J = 2.4 Hz, 1H),
7.61-7.55 (m, 2H), 7.38 (dd, J=9.0 Hz, 2.4 Hz, 1H).

oTf

m-Xylyl trifluoromethanesulfonate [219667-41-1]. The titled product was
obtained as colorless oil (2.42g, 95%) after flash chromatography (hexane).
'H NMR (400 MHz, CDCl5): § 7.00 (s, 1H), 6.88 (s, 2H), 2.35 (s, 6H).

©/0Tf

OPh
m-Phenoxyphenyl trifluoromethanesulfonate [864772-16-7]. The titled product
was obtained as colorless oil (2.87 g, 90%) after flash chromatography
(hexane/ethyl acetate 20:1).
'H NMR (400 MHz, CDCls): & 7.42-7.36 (m, 3H), 7.22-7.18 (m, 1H), 7.06-7.03
(m, 2H), 7.02-6.98 (m, 2H), 6.90-6.89 (pseudotriplet, /= 2.3 Hz, 1H).

oTf

t-Bu
m-(tert-Butyl)phenyl trifluoromethanesulfonate [201851-06-1]. The titled
product was obtained as colorless oil (2.70 g, 96%) after flash chromatography
(hexane).
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"H NMR (400 MHz, CDCl3): & 7.42-7.35 (m, 2H), 7.25-7.24 (pseudotriplet, J = 2.0
Hz, 1H), 7.10-7.07 (m, 1H), 1.33 (s, 9H).

t-Bu

p-tert-Butylphenyl trifluoromethanesulfonate [154318-75-9]. The titled product
was obtained as colorless oil (2.58 g, 91%) after flash chromatography (hexane).
'H NMR (400 MHz, CDCly): § 7.45-7.43 (d, J = 8.6 Hz, 2H), 7.20-7.17 (d, J = 8.6
Hz, 2H), 1.33 (s, 9H).

EtO,C

p-(Ethoxycarbony)phenyl trifluoromethanesulfonate [125261-30-5]. The titled
product was obtained as colorless oil (2.77 g, 93%) after flash chromatography
(hexane/ethyl acetate 30:1).

'H NMR (400 MHz, CDCLs): & 8.17-8.13 (m, 2H), 7.37-7.33 (m, 2H), 4.40 (q, J =
7.1 Hz, 2H), 1.40 (t,J = 7.1 Hz, 3H).

MeO

p-Anisyl trifluoromethanesulfonate [59099-58-0]. The titled product was
obtained as colorless oil (2.27 g, 89%) after flash chromatography (hexane/ethyl
acetate 20:1).
'H NMR (400 MHz, CDCl3): § 7.19 (d, J = 9.1 Hz, 2H), 6.92 (d, J = 9.1 Hz, 2H),
3.82 (s, 3H).

OTf

N

“~ I

8-Quinolinyl trifluoromethanesulfonate [108530-08-1]. The titled product was
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obtained as white solid (2.72 g, 96%) after flash chromatography (hexane/ethyl
acetate 10:1).

'H NMR (400 MHz, CDCls): § 9.06 (d, J = 4.2 Hz, 1H), 8.24-8.22 (d, J = 8.3 Hz,
1H), 7.88-7.86 (d, J= 8.0 Hz, 1H), 7.64-7.52 (m, 3H).

OTf
(T

N

H
5-Indolyl trifluoromethanesulfonate [128373-13-7]. The compound was
prepared according to a reported procedure with modification (replacing pyridine
with triethylamine).” The titled compound was obtained as light yellow solid (1.13
g, 86%) after flash chromatography using 1:4 EA/hexane as eluent.
'H NMR (400 MHz, CDCls): & 8.32 (br s, 1H), 7.55 (s, 1H), 7.37 (d, J = 8.9 Hz,
1H), 7.30 (s, 1H), 7.09 (d, J = 8.9 Hz, 1H), 6.60 (s, 1H).

oTf
avl
A
Boc
N-(t-Butoxycarbonyl)-5-indolyl trifluoromethanesulfonate [1247868-60-5].
The compound was prepared according to a reported procedure with some

modification.>*

Under argon, 4-(N,N-dimethylamino)pyridine (24.4 mg, 0.20
mmol), 5-indolyl trilfate (530 mg, 2.0 mmol) and dry THF (10 mL) were added
into a 20-mL vial containing a magnetic stirring bar. Then Boc anhydride (480 mg,
2.2 mmol) was added dropwise and the reaction mixture was kept stirring for
additional 14 hours. At the conclusion of the reaction, the solvent was removed
under reduced pressure and the residue was directly subjected to flash
chromatography (1:9 Et,O/hexane as eluent). The titled compound was obtained as
white solid (716 mg, 97 %).

'H NMR (500 MHz, CDCls): 6 8.21 (d, J=9.0 Hz, 1H), 7.69 (d, J= 3.7 Hz, 1H),

7.47 (d,J=2.5Hz, 1H), 7.21 (dd, J=9.1, 2.5 Hz, 1H), 6.60 (dd, J= 3.7 Hz, 1H),
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1.68 (s, 9H).

‘ OTf

3,4-Dihydro-1-naphthyl trifluoromethanesulfonate [123994-49-0]. Under argon,
to a solution of 1-tetralone (731 mg, 5.0 mmol) in 20 mL of dry dichloromethane at
room temperature was added sodium carbonate (848 mg, 8.0 mmol) in one portion.
Trifluoromethanesulfonic anhydride (1.68 mL, 10.0 mmol) was then added
dropwise with vigorous stirring. The reaction was stirred for 24 hours at room
temperature until completion. The titled product was obtained as colorless oil (918
mg, 66%) after flash chromatography (hexane).

'H NMR (400 MHz, CDCls): § 7.37-7.33 (m, 1H), 7.29-7.24 (m, 2H), 7.20-7.15
(m, 1H), 6.03-6.00 (t, /= 4.8 Hz, 1H), 2.89-2.85 (t, /= 8.2 Hz, 2H), 2.54-2.49 (td,
J=8.2 Hz, 4.8 Hz, 2H).

O oTf

1-Naphthyl trifluoromethanesulfonate [99747-74-7]. The titled product was
obtained as colorless oil (2.46 g, 89%) after flash chromatography (hexane).

'H NMR (400 MHz, CDCls): & 8.09 (d, J = 8.4 Hz, 1H), 7.92 (d, J = 7.6 Hz, 1H),
7.88 (dd, J=7.6 Hz, 2.0 Hz, 1H), 7.68-7.58 (m, 2H), 7.51-7.46 (m, 2H).

2,5-Dimethylphenyl trifluoromethanesulfonate [79644-40-9]. The titled product
was obtained as colorless oil (2.27 g, 89%) after flash chromatography (hexane).

'H NMR (400 MHz, CDCls): 8 7.17 (d, J = 1.1 Hz, 1H), 7.08-7.04 (m, 2H), 2.35 (s,
3H), 2.33 (s, 3H).
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o-Tolyl trifluoromethanesulfonate [66107-34-4]. The titled product was obtained
as colorless oil (2.09 g, 87% yield) after flash chromatography (hexane).
'H NMR (400 MHz, CDCl3): § 7.31-7.23 (m, 4H), 2.39 (s, 3H).

Cr,

Cl

0-Chlorophenyl trifluoromethanesulfonate [66107-36-6]. The titled product was
obtained as colorless oil (2.83 g, 92%) after flash chromatography (hexane/ethyl

acetate 30:1).

'H NMR (400 MHz, CDCls): § 7.55-7.52 (m, 1H), 7.37-7.32 (m, 3H).

Cr
CN
0-Cyanophenyl trifluoromethanesulfonate [138313-23-2]. The titled product
was obtained as colorless oil (2.20 g, 88%) after flash chromatography

(hexane/ethyl acetate 10:1).

'"H NMR (400 MHz, CDCl3): & 7.80-7.72 (m, 2H), 7.56-7.50 (m, 2H).

oTf
©:0Me
0-Anisyl trifluoromethanesulfonate [59099-58-0]. The titled product was
obtained as colorless oil (2.50 g, 96%) after flash chromatography (hexane/ethyl
acetate 20:1).
'H NMR (400 MHz, CDCls): & 7.33 (ddd, J = 8.4, 8.0, 1.6 Hz, 1H), 7.22 (dd, J =

8.0, 1.6 Hz, 1H), 7.04 (dd, J = 8.4, 1.4 Hz, 1H), 6.98 (pseudotriplet of doublet, J =
8.0, 1.4 Hz, 1H), 3.92 (s, 3H).
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oTf

2-Mesityl trifluoromethanesulfonate [125261-32-7]. The titled product was
obtained as colorless oil (2.28 g, 85%) after flash chromatography (hexane/ethyl
acetae 40:1).

'"H NMR (400 MHz, CDCLy): 8 6.91 (s, 2H), 2.34 (s, 6H), 2.28 (s, 3H).

oTf
(L,
o-Nitrophenyl trifluoromethanesulfonate [132993-22-7]. The titled product was
obtained as colorless oil (2.60 g, 92%) after flash chromatography (hexane/ethyl
acetate 10:1).
'H NMR (400 MHz, CDCl3): & 8.20-8.17 (dd, J = 8.1, 1.6 Hz, 1H), 7.79-7.74

pseudotriplet of doublet, J = 7.9, 1.7 Hz, 1H), 7.62-7.58 (pseudotriplet of doublet,
J=1.9, 1.3 Hz, 1H), 7.49-7.47 (dd, J=8.2, 0.8 Hz, 1H).

L,
COzMe

0-(Methoxycarbonyl)phenyl trifluoromethanesulfonate [17763-70-1]. The titled
product was obtained as colorless oil (2.70 g, 95%) after flash chromatography
(hexane/ethyl acetate 20:1).

'H NMR (400 MHz, CDCl3): & 8.11-8.09 (dd, J = 7.8, 1.8 Hz, 1H), 7.66-7.61 (ddd,
J=283,7.6,1.8 Hz, 1H), 7.51-7.46 (pseudotriplet of doublet, J = 7.6, 1.1 Hz, 1H),
7.32-7.26 (d, J= 8.3 Hz, 1H), 3.97(s, 3H).

L,
NMe2
2-(N,N-Dimethylamino)phenyl trifluoromethanesulfonate.

0-(N,N-Dimethylamino)-phenol was prepared according to a reported procedure.”
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The titled product was obtained as colorless oil (2.10 g, 78%) after flash
chromatography (hexane/ethyl acetate 20:1).

"H NMR (400 MHz, CDCl5): & 7.30-7.26 (pseudotriplet of doublet, J= 7.8, 1.6 Hz,
1H), 7.17-7.14 (dd, J = 8.1, 1.4 Hz, 1H), 7.11-7.08 (dd, J = 8.1, 1.5 Hz, 1H),
7.02-6.97 (pseudotriplet of doublet, J= 7.8, 1.6 Hz, 1H), 2.80 (s, 6H).

C NMR (100 MHz, CDCl3): & 147.1, 143.8, 129.4, 122.9, 122.7, 120.9, 43.5.

F NMR (376 MHz, CDCl3): & -74.7.

MS (ESI): Calcd for CoH;0F3NO;S: 269.24. Found [M+1]: 270.04.

©10Tf
t-Bu
o(-tert-Butyl)phenyl trifluoromethanesulfonate [198206-03-0]. The titled
product was obtained as colorless oil (2.72 g, 96%) after flash chromatography
(hexane).

'H NMR (400 MHz, CDCl3): & 7.49-7.46 (m, 1H), 7.36-7.34 (m, 1H), 7.29-7.27
(m, 2H), 1.43 (s, 9H).

2" 0Bn

3-Butenyl benzyl ether [70388-33-9]. The titled product was prepared according
to a reported procedure.”® Under argon, sodium hydride in mineral oil (60% wt,
0.63 g, 15.0 mmol) was washed with dry THF (10 mL x 2) and then suspended in
25 mL of dry THF. The stirred suspension was chilled in a 0 °C bath and then
treated with dropwise addition of 3-butene-1-ol (0.72 g, 10.0 mmol). The mixture
was stirred at 0 °C for 1 h and treated with dropwise addition of benzyl bromide
(1.88 g, 11.0 mmol). The reaction mixture was then stirred at 25 °C overnight. At
the conclusion of the reaction, the insoluble salt was removed by filtration. After
the filtrate was concentrated on a rotary evaporator under reduced pressure, the
resulting residue was purified by flash chromatography (hexane/ethyl acetate 100:1
to 50:1) to give the desired product as colorless oil (1.29 g, 73%).

'H NMR (400 MHz, CDCls): 87.35-7.26 (m, 5H), 5.90-5.80 (m, 1H), 5.13-5.03 (m,
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2H), 4.52 (s, 2H), 3.53 (t, J = 6.7 Hz, 2H), 2.41-2.38 (m, 2H).

_~NHTs

Allyl N-p-tolylsulfonamide [50487-71-3]. The titled product was prepared
according to a reported procedure.”’ Under argon, allylamine (571 mg, 10.0 mmol),
triethylamine (4.20 mL, 30.0 mmol) and 4-(V, N-dimethylamino)pyridine (61 mg,
0.50 mmol) were added to 50 mL of dry dichloromethane. After the solution was
chilled in an ice/water bath, p-tosyl chloride (2.10 g, 11.0 mmol) was added in one
portion against argon flow. The resulting reaction mixture was stirred at room
temperature for 4 h until the reaction finished. The mixture was directly subjected
to flash chromatography (hexane/ethyl acetate 5:1) to give the desire product as
white solid (1.95 g, 93%).

'H NMR (400 MHz, CDCls): & 7.77-7.75 (d, J = 8.3 Hz, 2H), 7.33-7.31 (d, J = 8.3
Hz, 2H), 5.78-5.68 (m, 1H), 5.20-5.09 (m, 2H), 4.38 (br, 1H), 3.61-3.57 (m, 2H),

2.44 (s, 3H).
@)
(@)

N-(5-Hexenyl)phthalimide [52898-33-6]. The titled product was prepared
according to a reported procedure.’® Under argon, potassium phthalimide (926 mg,
5.0 mmol) and tetrabutylammonium iodide (23 mg, 0.063 mmol) were suspended
in 20 mL of analytical grade benzene in a dry 100-mL two-neck round-bottom
flask. 6-Bromo-1-hexene (408 mg, 2.5 mmol) was then added to the stirred
suspension via syringe and the reaction mixture was refluxed for one day. At the
conclusion of the reaction, it was cooled down to room temperature, diluted with
diethyl ether (40 mL) and filtered through Celite with diethyl ether washings. The
filtrate was collected and the solvent was removed under reduced pressure. The
crude product was subjected flash chromatography (30:1 to 10:1 hexane/ethyl
acetate) to afford the titled product as pale yellow oil (551 mg, 96% yield).
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"H NMR (400 MHz, CDCL3): & 7.85-7.82 (m, 2H), 7.73-7.70 (m, 2H), 5.82-5.75
(m, 1H), 5.03-4.93 (m, 2H), 3.71-3.67 (t, J = 7.3 Hz, 2H), 2.13-2.07 (m, 2H),
1.73-1.66 (m, 2H), 1.48-1.41 (m, 2H).

1.5.4 Optimization of conditions

Typical Procedure: In an argon-filled glove box, a dry 4-mL vial containing a
magnetic stir bar was charged with 2 mol% Pd(dba), (2.3 mg, 0.004 mmol), 4 mol%
dppf (4.4 mg, 0.008 mmol) and 1.2 mL of dry DMA. After prestirring at room
temperature for 10 minutes, 1-naphthyl triflate (0.20 mmol, 55.2 mg), 1-octene (2
equiv, 0.40 mmol, 44.9 mg), urotropine (2 equiv, 0.40 mmol, 56 mg) and
I-dodecane (20 pl; GC internal standard) were added sequentially via syringe. The
vial was capped tightly and the mixture was heated with vigorous stirring in an 80
°C aluminum heating block (internal temperature). Aliquots were taken from the
reaction mixture in the glove box after 5 hours and 24 hours and passed through a
short plug of silica gel with diethyl ether washings. The filtrate was subjected to
GC analysis to determine the conversion of aryl triflate, yield and selectivity of the
Heck reaction products. The isomers of the products were identified by GCMS and
the structure of the major isomer was assigned based on "H NMR spectroscopy of
the purified sample. 'H NMR spectroscopy was not suitable for determination of
the amount of minor isomers due to low signal intensity and overlap of signals on

the 'H NMR spectra.

1.5.5 Isolation of Heck reaction products

Typical procedure: In an argon-filled glove box, a dry 25-mL Schlenk tube
containing a magnetic stir bar was charged with Pd(dba), (14.3 mg, 0.025 mmol),
1,1'-bis[di(1-naphthyl)phosphino]ferrocene (dnpf) (37.7 mg, 0.050 mmol) and 3
mL of dry DMA. After prestirring at room temperature for 10 minutes, aryl triflate
(0.50 mmol), aliphatic olefin (2 equiv, 1.0 mmol), and urotropine (2 equiv, 1.0

mmol, 140 mg) were added sequentially via syringe. The Schlenk tube was capped
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tightly and the mixture was heated with vigorous stirring in an 80 °C oil bath
(external temperature). After the aryl triflate was fully consumed (monitored by
GC), the reaction mixture was cooled to rt and passed through a pad of silica gel
with diethyl ether washings (for most isolations) to remove DMA. The filtrate was
concentrated under reduced pressure and the residue was directly subjected to
silica gel flash chromatography for purification. The isomers of the products were
identified by GCMS and the structure of the major isomer was assigned based on
'H NMR spectroscopy of the purified sample. The ratio of the desired regioisomer
versus all other isomers in the crude product was determined by GC analysis. The
number of minor isomers can vary from 1 to 5 (detected by GC and GCMYS),
depending on the substrates and catalysts. Note: 'H NMR spectroscopy was not
suitable for determination of the amount of minor isomers due to low signal
intensity and overlap of signals on 'H NMR spectra.

The typical procedure was used for all the isolation using 0.50 mmol of organic

triflates, unless stated otherwise.

2-Phenyl-1-octene [5698-49-7]. The reaction was set up with 5% Pd(dba), and 10%
1,1'-bis[di(1-naphthyl)phosphino]ferrocene (dnpf) and the reaction mixture was
stirred at 80 °C for 14 hours. The product was purified by flash chromatography
(hexane) as colorless oil (89 mg, 94%). The ratio of the desired regioisomer versus
all other isomers in the crude product was determined to be 11:1 by GC. The minor
isomers cannot be fully separated by silica gel chromatography.

'H NMR (400 MHz, CDCly): § 7.42-7.39 (m, 2H), 7.34-7.30 (m, 2H), 7.28-7.24
(m, 1H), 5.26 (d, J= 1.3 Hz, 1H), 5.05 (d, /= 1.3 Hz, 1H), 2.50 (t, /= 7.5 Hz, 2H),
1.44 (pseudoquintet, J = 7.3 Hz, 2H), 1.36-1.26 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H).
GCMS (EI): Calcd for Cj4Hyo: 188.16. Found: 188.1.
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2-(2-Naphthyl)-1-octene [119796-17-7]. The reaction was set up with 5%
Pd(dba), and 10% dnpf and the reaction mixture was stirred at 80 °C for 18 hours.
The product was purified by flash chromatography (hexane) as colorless oil (110
mg, 92%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 13:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.82-7.77 (m, 4H), 7.58 (dd, J = 8.6, 1.8 Hz, 1H),
7.48-7.42 (m, 2H), 5.40 (d, /= 1.4 Hz, 1H), 5.16-5.15 (m, 1H), 2.61 (t,J= 7.6 Hz,
2H), 1.52-1.48 (m, 2H), 1.37-1.27 (m, 6H), 0.87 (t, /= 7.0 Hz, 3H).

GCMS (EI): Calcd for C gHyp: 238.17. Found: 238.1.

2-(m-Xylyl)-1-octene. The reaction was set up with 2% Pd(dba), and 4% dnpf and
the reaction mixture was stirred at 80 °C for 17 hours. The product was purified by
flash chromatography (hexane) as colorless oil (101 mg, 93%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 11:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.01 (s, 2H), 6.91 (s, 1H), 5.21 (d, J= 1.4 Hz, 1H),
5.01-5.00 (m, 1H), 2.46 (t, J = 7.5 Hz, 2H), 2.31 (s, 6H), 1.45-1.42 (m 2H),
1.34-1.26 (m, 6H), 0.87 (t, /= 6.8 Hz, 3H).

BC NMR (100 MHz, CDCls): & 149.2, 141.8, 137.7, 129.0, 124.2, 111.7, 35.6,
31.8,29.2,28.4,22.8,21.5, 14.2.

GCMS (EI): Calcd for Ci6Hp4: 216.36. Found: 216.1.
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OPh
2-(m-Phenoxyphenyl)-1-octene. The reaction was set up with 2% Pd(dba), and 4%
dnpf and the reaction mixture was stirred at 80 °C for 29 hours. The product was
purified by flash chromatography (hexane) as colorless oil (125 mg, 89%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 16:1 by GC.
'H NMR (400 MHz, CDCls): § 7.32-7.27 (m, 2H), 7.24-7.22 (m, 1H), 7.12
(doublet of pseudotriplet, J = 7.8, 1.3 Hz, 1H), 7.08-7.04 (m, 2H), 6.99-6.96 (m,
2H), 6.87-6.84 (m, 1H), 5.22 (d, J = 1.3 Hz, 1H), 5.01-5.00 (m, 1H), 2.41 (t, J =
6.9 Hz, 2H), 1.42-1.38 (m, 2H), 1.30-1.20 (m, 6H), 0.83 (t, J = 6.8 Hz, 3H).
BC NMR (100 MHz, CDCly): & 157.5, 157.2, 148.3, 143.6, 129.9, 129.6, 123.3,
121.3,118.8,117.8, 117.1, 112.7,35.4, 31.8, 29.1, 28.4, 22.8, 14.2.
GCMS (EI): Caled for Cy0H240: 280.40. Found: 280.1.

t-Bu
2-(m-tert-Butylphenyl)-1-octene. The reaction was set up with 5% Pd(dba), and
10% dnpf and the reaction mixture was stirred at 80 °C for 14 hours. The product
was purified by flash chromatography (hexane) as colorless oil (113 mg, 92%).
The ratio of the desired regioisomer versus all other isomers in the crude product
was determined to be 15:1 by GC.
'"H NMR (400 MHz, CDClLy): & 7.43-7.42 (pseudotriplet, J = 1.6 Hz, 1H),
7.31-7.20 (m, 3H), 5.25 (d, /= 1.5 Hz, 1H), 5.04-5.03 (m, 1H), 2.49 (t, J = 6.9 Hz,
2H), 1.51-1.42 (m, 2H), 1.33-1.26 (m, 15H), 0.87 (t, J= 6.9 Hz, 3H).
BC NMR (100 MHz, CDCls): & 151.0, 149.5, 141.4, 128.0, 124.4, 123.5, 123.3,
111.8,35.6,34.8,31.8,31.5,29.2,28.4,22.8, 14.2.
GCMS (EI): Calcd for CigHys: 244.41. Found: 244.1.
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t-Bu

2-(p-tert-Butylphenyl)-1-octene. The reaction was set up with 5% Pd(dba), and
10% dnpf and the reaction mixture was stirred at 80 °C for 14 hours. The product
was purified by flash chromatography (hexane) as colorless oil (113 mg, 93%).
The ratio of the desired regioisomer versus all other isomers in the crude product
was determined to be 16:1 by GC.

'H NMR (400 MHz, CDCls): & 7.35 (pseudosinglet, 4H), 5.25 (d, J = 1.5 Hz, 1H),
5.01-5.00 (m, 1H), 2.48 (t, J= 7.6 Hz, 2H), 1.48-1.44 (m, 2H), 1.35-1.27 (m, 15H),
0.87 (t, J= 6.8 Hz, 3H).

BC NMR (100 MHz, CDCls): & 150.3, 148.5, 138.6, 125.8, 125.3, 111.4, 35.4,
34.6,31.9,31.5,29.3,28.5,22.8, 14.2.

GCMS (EI): Calcd for CigHys: 244.41. Found: 244.1.

EtO,C

2-(p-Ethoxycarbonylphenyl)-1-octene. The reaction was set up with 5% Pd(dba),
and 10% dnpf and the reaction mixture was stirred at 80 °C for 22 hours. The
product was purified by flash chromatography (hexane/ethyl acetate 20:1) as
colorless oil (119 mg, 91%). The ratio of the desired regioisomer versus all other
isomers in the crude product was determined to be 9:1 by GC.

'H NMR (400 MHz, CDCl5): & 8.01-7.98 (m, 2H), 7.47-7.44 (m, 2H), 5.34 (d, J =
1.2 Hz, 1H), 5.15-5.14 (m, 1H), 4.37 (q, J = 7.1 Hz, 2H), 2.50 (t, /= 7.1 Hz, 2H),
1.55-1.25 (m, 11H), 0.87 (t, /= 6.9 Hz, 3H).

B3C NMR (100 MHz, CDCL): & 166.6, 148.2, 146.1, 129.7, 129.4, 126.2, 114.0,
61.0,35.3,31.8,29.1,28.3,22.7, 14.5, 14.2.

GCMS (EI): Caled for C;7H240: 260.37. Found: 260.1.
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MeO

2-(p-Anisyl)-1-octene [129182-23-6]. The reaction was set up with 5% Pd(dba),
and 10% dnpf and the reaction mixture was stirred at 80 °C for 22 hours. The
product was purified by flash chromatography (hexane/ethyl acetate 100:1 to 20:1)
as colorless oil (81 mg, 74%). The ratio of the desired regioisomer versus all other
isomers in the crude product was determined to be 7:1 by GC. The minor isomers
cannot be separated from the desired product by silica gel chromatography.

'H NMR (400 MHz, CDCl3): & 7.36-7.34 (m, 2H), 6.87-6.85 (m, 2H), 5.18 (d, J =
1.4 Hz, 1H), 4.97-4.96 (m, 1H), 3.81 (s, 3H), 2.46 (t, /= 7.5 Hz, 2H), 1.46-1.42 (m,
2H), 1.34-1.24 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H).

GCMS (EI): Calcd for C;sH»,0: 218.17. Found: 218.1.

N

s

2-(8-Quinolinyl)-1-octene. The reaction was set up with 5% Pd(dba), and 10%
dnpf and the reaction mixture was stirred at 80 °C for 48 hours. The product was
purified by flash chromatography (hexane/ethyl acetate 25:1) as colorless oil (111
mg, 93%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 11:1 by GC.
'H NMR (400 MHz, CDCl3): § 8.95 (dd, J=4.0, 1.6 Hz, 1H), 8.14 (dd, J=8.3, 1.4
Hz, 1H), 7.74 (dd, J = 7.8, 1.4 Hz, 1H), 7.52-7.48 (m, 2H), 7.38 (dd, J = 8.2, 4.2
Hz, 1H), 5.35 (s, 1H), 5.13 (s, 1H), 2.77 (t, J = 7.1 Hz, 2H), 1.31-1.22 (m, 8H),
0.83 (t, J= 6.8 Hz, 3H).
BC NMR (100 MHz, CDCly): & 151.9, 149.9, 146.4, 143.1, 136.3, 129.3, 128.5,
127.3,126.3, 121.0, 114.5, 37.9, 31.9, 29.1, 28.3, 22.7, 14.2.
GCMS (EI): Caled for C;7H;N: 239.36. Found: 239.1.
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N
Boc

N-(tert-butoxycarbonyl)-5-(2-octenyl)indole. The reaction was set up with 5%
Pd(dba), and 10% dnpf and the reaction mixture was stirred at 80 °C for 21 hours.
The product was purified by flash chromatography (hexane/ethyl acetate 30:1) as
colorless oil (134 mg, 82%). The ratio of the desired regioisomer versus all other
isomers in the crude product was determined to be 10:1 by GC.

'H NMR (400 MHz, CDCls):  8.06 (d, J = 8.4 Hz, 1H), 7.58-7.57 (m, 2H), 7.8 (dd,
J=28.6, 1.8 Hz, 1H), 6.55 (d, /= 3.5 Hz, 1H), 5.26 (d, J = 1.7 Hz, 1H), 5.05-5.04
(m, 1H), 2.55 (t, J = 7.4 Hz, 2H), 1.67 (s, 9H), 1.55-1.41 (m, 2H), 1.36-1.24 (m,
6H), 0.86 (t,J= 6.8 Hz, 3H).

BC NMR (100 MHz, CDCls): & 149.9, 149.2, 136.4, 134.6, 130.8, 126.4, 123.0,
118.6, 114.9, 111.6, 107.6, 83.8, 36.0, 31.8, 29.2, 28.5, 28.4, 22.8, 14.2.

GCMS (EI): Calcd for Ci¢Hy N [M-Boc+H]: 227.17. Found: 227.0.

2-(3,4-Dihydro-1-naphthyl)-1-octene. The reaction was set up with 5% Pd(dba),
and 10% dnpf and the reaction mixture was stirred at 80 °C for 18 hours. The
product was purified by flash chromatography (hexane) as colorless oil (103 mg,
85%). The ratio of the desired regioisomer versus all other isomers in the crude
product was determined to be 13:1 by GC.
'H NMR (400 MHz, CDCl3): & 7.17-7.11 (m, 4H), 5.91 (t, J = 4.6 Hz, 1H), 5.05 (s,
1H), 499 (d, J = 1.1 Hz, 1H), 2.75 (t, J = 7.9 Hz, 2H), 2.29-2.21 (m, 4H),
1.39-1.22 (m, 8H), 0.86 (t, /= 6.7 Hz, 3H).
BC NMR (100 MHz, CDCl): & 149.7, 140.8, 136.8, 134.4, 127.6, 126.8, 126.4,
125.6, 125.1, 113.5, 36.0, 31.9, 29.0, 28.5, 28.3, 23.3, 22.8, 14.2.
GCMS (EI): Calcd for CigHy4: 240.38. Found: 240.1.
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2-(1-Naphthyl)-1-octene [101720-90-5]. The reaction was set up with 5%
Pd(dba), and 10% 1,1'-bis(diisopropylphosphino)ferrocene (dippf) and stirred at
80 °C for 38 hours. The product was purified by flash chromatography (hexane) as
colorless oil (88 mg, 74%). The ratio of the desired regioisomer versus all other
isomers in the crude product was determined to be 137:1 by GC.

The same reaction was also conducted with 2% Pd(dba), and 4%
1,1'-bis(diphenylphosphino)ferrocene (dippf) and stirred at 80 °C for 6 hours. The
product was purified by flash chromatography (hexane) as colorless oil (108 mg,
91%). The ratio of the desired regioisomer versus all other isomers in the crude
product was determined to be 13:1 by GC.

'H NMR (400 MHz, CDCl): & 8.04-8.02 (m, 1H), 7.86-7.83 (m, 1H), 7.76 (d, J =
7.2 Hz, 1H), 7.48-7.41 (m, 3H), 7.28-7.26 (m, 1H), 5.38-5.37 (m, 1H), 5.05 (d, J =
2.2 Hz, 1H), 2.50 (t,J = 7.5 Hz, 2H), 1.44-1.21 (m, 8H), 0.85 (t, /= 6.8 Hz, 3H).
GCMS (EI): Calcd for CigHyp: 238.17. Found: 238.1.

2-(2,5-Dimethylphenyl)-1-octene. The reaction was set up with 5% Pd(dba), and
10% dippf and stirred at 80 °C for 20 hours. The product was purified by flash
chromatography (hexane) as colorless oil (74 mg, 68%). The ratio of the desired
regioisomer versus all other isomers in the crude product was determined to be
70:1 by GC.

'H NMR (400 MHz, CDCls): & 7.05 (d, J = 7.7 Hz, 1H), 6.97 (dd, J=7.7, 1.2 Hz,
1H), 6.88 (d, J = 1.2 Hz, 1H), 5.14-5.13 (m, 1H), 4.82 (d, J = 2.1 Hz, 1H),
2.32-2.28 (m, 5H), 2.24 (s, 3H), 1.40-1.23 (m, 8H), 0.87 (t, /= 6.8 Hz, 3H).

BC NMR (100 MHz, CDCly): & 150.6, 143.4, 134.8, 131.8, 130.1, 129.1, 127.5,
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113.3,37.99, 31.9, 29.3, 28.0, 22.8, 21.1, 19.5, 14.2.
GCMS (EI): Calcd for CigH4: 216.36. Found: 216.1.

2-(0-Toly)-1-octene. The reaction was set up with 5% Pd(dba), and 10% dippf and
stirred at 80 °C for 20 hours. The product was purified by flash chromatography
(hexane) as colorless oil (72 mg, 71%). The ratio of the desired regioisomer versus
all other isomers in the crude product was determined to be 60:1 by GC.

'H NMR (400 MHz, CDCl3): § 7.25-7.11 (m, 3H), 7.07-7.05 (m, 1H), 5.17-5.15 (m,
1H), 4.84 (d, J = 2.1 Hz, 1H), 2.33-2.29 (m, 5H), 1.40-1.23 (m, 8H), 0.87 (t, J =
6.8 Hz, 3H).

BC NMR (100 MHz, CDCls): & 150.5, 143.5, 134.9, 130.2, 128.5, 126.8, 125.4,
113.8,37.98, 31.9, 29.2, 28.0, 22.8, 20.0, 14.2.

GCMS (EI): Calcd for C;sHpp: 202.34. Found: 202.2.

Cl
2-(0-Chlorophenyl)-1-octene. The reaction was set up with 5% Pd(dba), and 10%
dippf and stirred at 80 °C for 38 hours. The product was purified by flash
chromatography (hexane) as colorless oil (86 mg, 77%). The ratio of the desired
regioisomer versus all other isomers in the crude product was determined to be
123:1 by GC.
'H NMR (400 MHz, CDCl): & 7.36-7.34 (m, 1H), 7.21-7.14 (m, 3H), 5.22-5.21
(m, 1H), 4.96-4.95 (m, 1H), 2.43 (t, /= 7.3 Hz, 2H), 1.39-1.23 (m, 8H), 0.87 (t,J =
6.9 Hz, 3H).
BC NMR (100 MHz, CDCls): & 149.0, 142.3, 132.2, 130.5, 129.7, 128.2, 126.6,
115.1,36.9,31.8,29.1, 27.9, 22.8, 14.2.
GCMS (EI): Calcd for C4H 9Cl: 222.75. Found: 222.1.
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CN
2-(0-Cyanophenyl)-1-octene. The reaction was set up with 10% Pd(dba), and 12%
dippf and stirred at 80 °C for 53 hours. The product was purified by flash
chromatography (30:1 hexane/ ethyl acetate) as colorless oil (79 mg, 74%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 60:1 by GC.
"H NMR (400 MHz, CDCls): 6 7.67-7.65 (m, 1H), 7.53 (pseudotriplet of doublet, J
=17.7,1.4 Hz, 1H), 7.36-7.32 (m, 2H), 5.36-5.35 (m, 1H), 5.19 (s, 1H), 2.50 (t, J =
7.2 Hz, 2H), 1.41-1.23 (m, 8H), 0.86 (t, /= 6.9 Hz, 3H).
BC NMR (100 MHz, CDCly): & 147.3, 147.1, 133.4, 132.5, 128.6, 127.4, 118.7,
117.2,111.3,37.0, 31.7, 28.9, 28.0, 22.7, 14.2.
GCMS (EI): Calcd for CysHgN: 213.32. Found: 213.1.

OMe
2-(0-Anisyl)-1-octene [1046468-80-7]. The reaction was set up with 5% Pd(dba),
and 10% dnpf and the reaction mixture was stirred at 80 °C for 24 hours. The
product was purified by flash chromatography (hexane/ethyl acetate 50:1) as
colorless oil (103 mg, 94%). The ratio of the desired regioisomer versus all other
isomers in the crude product was determined to be 10:1 by GC. When dippf and
dppf was used as ligand, the selectivity was 7:1 and 5:1, respectively.
'H NMR (400 MHz, CDCls): & 7.26-7.21 (m, 1H), 7.13 (dd, J = 7.4, 1.8 Hz, 1H),
6.92 (pseudotriplet of doublet, J = 7.4, 1.0 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H),
5.13-5.12 (m, 1H), 4.99 (d, J = 2.2 Hz, 1H), 3.82 (s, 2H), 2.48-2.44 (t, J = 7.1 Hz,
2H), 1.35-1.21 (m, 8H), 0.87-0.84 (t, J = 6.9 Hz, 3H).
GCMS (EI): Calcd for C;sH»,0: 218.17. Found: 218.1.
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2-(2-Mesityl)-1-octene. The reaction was set up with 2% Pd(dba), and 4% dppf
and stirred at 100 °C for 24 hours. The product was purified by flash
chromatography (hexane) as colorless oil (109 mg, 95%). The ratio of the desired
regioisomer versus all other isomers in the crude product was determined to be
27:1 by GC.

'H NMR (400 MHz, CDCl5): & 6.85 (s, 2H), 5.24-5.22 (m, 1H), 4.79-4.78 (m, 1H),
2.26 (s, 3H), 2.20-2.15 (m, 8H), 1.52-1.47 (m, 2H), 1.35-1.29 (m, 6H), 0.88 (t, J =
6.8 Hz, 3H).

BC NMR (100 MHz, CDCls): & 149.1, 140.7, 135.8, 135.0, 128.2, 113.0, 37.3,
32.0,29.5,27.6,22.8,21.1, 20.0, 14.2.

GCMS (EI): Calcd for Cj7Hz6: 230.39. Found: 230.2.

NO,

2-(o-Nitrophenyl)-1-octene. The reaction was set up with 10% Pd(dba), and 12%
dppf and stirred at 80 °C for 44 hours. The product was purified by flash
chromatography (30:1 hexane/ ethyl acetate) as colorless oil (97 mg, 83%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 11:1 by GC. The minor isomers cannot be fully separated by
silica gel chromatography.

'H NMR (400 MHz, CDCls): & 7.86 (dd, J = 8.1, 1.2 Hz, 1H), 7.54 (pseudotriplet
of doublet, J = 7.6, 1.2 Hz, 1H), 7.40 (ddd, J= 8.1, 7.6, 1.4 Hz, 1H), 7.30 (dd, J =
7.6, 1.4 Hz, 1H), 5.17-5.16 (m, 1H), 4.97-4.96 (m, 1H), 2.34 (t, J = 7.6 Hz, 2H),
1.44-1.23 (m, 8H), 0.87 (t, /= 6.9 Hz, 3H).

BC NMR (100 MHz, CDCl;): & 148.5, 147.5, 138.8, 132.6, 131.2, 128.0, 124.2,
114.3,36.8, 31.8,29.1, 28.1, 22.7, 14.2.

GCMS (EI): Caled for C4H19NO;: 233.31. Found: 233.1.
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CO,Me

2-(0o-Methoxycarbonylphenyl)-1-octene. The reaction was set up with 2%
Pd(dba), and 4% dppf and stirred at 80 °C for 19 hours. The product was purified
by flash chromatography (30:1 hexane/ethyl acetate) as colorless oil (100 mg,
81%). The ratio of the desired regioisomer versus all other isomers in the crude
product was determined to be 10:1 by GC.

'H NMR (400 MHz, CDCls): & 7.79 (dd, J = 7.8, 1.2 Hz, 1H), 7.44 (pseudotriplet
of doublet, J = 7.5, 1.4 Hz, 1H), 7.31 (pseudotriplet of doublet, J = 7.6, 1.3 Hz,
1H), 7.21 (dd, J = 7.6, 1.1 Hz, 1H), 5.09-5.08 (m, 1H), 4.87-4.86 (m, 1H), 3.84 (s,
3H), 2.36 (t,J=7.6 Hz, 2H), 1.42-1.23 (m, 8H), 0.86 (t, J = 6.9 Hz, 3H).

C NMR (100 MHz, CDCls): 5 168.6, 151.2, 144.9, 131.5, 129.94, 129.90, 129.8,
127.0, 112.6, 52.1,37.7,31.9, 29.2, 28.2, 22.8, 14.2.

GCMS (EI): Calcd for CisH2,0;: 246.34. Found: 246.1.

NMe,

2-[0-(N,N-Dimethylamino)phenyl]-1-octene. The reaction was set up with 10%
Pd(dba), and 12% dppf and stirred at 80 °C for 15 hours. The product was purified
by flash chromatography (hexane) as colorless oil (100 mg, 81%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 23:1 by GC.

'H NMR (400 MHz, CDCl;): & 7.20 (ddd, J = 8.1, 7.4, 1.8 Hz, 1H), 7.09 (dd, J =
7.5, 1.7 Hz, 1H), 6.94 (dd, J = 8.0, 1.0 Hz, 1H), 6.90 (pseudotriplet of doublet, J =
7.4, 1.2 Hz, 1H), 5.07-5.06 (m, 1H), 5.04-5.03 (m, 1H), 2.72 (s, 6H), 2.54 (t, J =
6.5 Hz, 2H), 1.26-1.22 (m, 8H), 0.85 (t, /= 6.9 Hz, 3H).

BC NMR (100 MHz, CDCly): § 153.4, 150.9, 136.5, 131.3, 127.9, 121.4, 117.4,
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113.1, 43.6, 34.5, 31.8,29.2, 28.4,22.8, 14.2.
GCMS (EI): Calcd for Ci¢HysN: 231.38. Found: 231.2.

t-Bu
2-(o-tert-Butylphenyl)-1-octene. The reaction was set up with 2% Pd(dba), and 4%
1,1'-bis(diphenylphosphino)ferrocene (dppf) and stirred at 80 °C for 45 hours. The
product was purified by flash chromatography (hexane) as colorless oil (105 mg,
86%). The ratio of the desired regioisomer versus all other isomers in the crude
product was determined to be 50:1 by GC.
'H NMR (400 MHz, CDCls): & 7.44 (dd, J = 8.0, 1.2 Hz, 1H), 7.19 (pseudotriplet
of doublet, J = 7.6, 1.6 Hz, 1H), 7.11 (pseudotriplet of doublet, J = 7.4, 1.2 Hz,
1H), 6.93 (dd, J=17.5, 1.6 Hz, 1H), 5.16-5.15 (m, 1H), 4.92 (s, 1H), 2.30 (t,J= 7.8
Hz, 2H), 1.57-1.55 (m, 2H), 1.39-1.30 (m, 15H), 0.88 (t, /= 6.8 Hz, 3H).
BC NMR (100 MHz, CDCls): & 153.1, 146.9, 143.7, 131.3, 127.1, 126.7, 125.1,
113.5, 40.0, 36.8, 32.4, 32.0, 29.4, 27.8, 22.8, 14.3.
GCMS (EI): Calcd for CigHys: 244.41. Found: 244.2.

t-Bu

2-(p-tert-Butylphenyl)-4-methyl-1-pentene. The reaction was set up with 5%
Pd(dba), and 10% dnpf and stirred at 80 °C for 16 hours. The product was purified
by flash chromatography (hexane) as colorless oil (99 mg, 94%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 10:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.33 (pseudosinglet, 4H), 5.26 (d, J = 1.8 Hz, 1H),
498 (d, J = 1.3 Hz, 1H), 2.36 (d, J = 7.2 Hz, 2H), 1.68 (m, 1H), 1.32 (s, 9H),
0.88-0.87 (d, J= 6.7 Hz, 6H).
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BC NMR (100 MHz, CDCl3): & 150.3, 147.6, 138.5, 126.0, 125.3, 112.9, 45.3,
34.6, 31.5, 26.5, 22.6.
GCMS (EI): Calcd for Cj6Hz4: 216.36. Found: 216.1.

t-Bu

t-Bu
2-(p-tert-Butylphenyl)-4,4-dimethyl-1-pentene. The reaction was set up with 5%
Pd(dba), and 10% dnpf and stirred at 80 °C for 24 hours. The product was purified
by flash chromatography (hexane) as colorless oil (90 mg, 78%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 13:1 by GC. The minor isomers cannot be fully separated by silica gel
chromatography.
'H NMR (400 MHz, CDCls): & 7.30 (pseudosinglet, 4H), 5.24 (d, J = 2.0 Hz, 1H),
4.97-4.96 (m, 1H), 2.45 (s, 2H), 1.31 (s, 9H), 0.80 (s, 9H).
BC NMR (100 MHz, CDCls): & 150.0, 147.4, 140.7, 126.3, 125.1, 115.7, 48.9,
34.6,31.9,31.5,31.5.
GCMS (EI): Calcd for Cj7Hz6: 230.39. Found: 230.1.

t-Bu

Ph

2-(p-tert-Butylphenyl)-3-phenyl-1-propene. The reaction was set up with 5%
Pd(dba), and 10% dnpf and stirred at 80 °C for 16 hours. The product was purified
by flash chromatography (hexane) as colorless oil (116 mg, 93%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 15:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.40-7.38 (m, 2H), 7.32-7.16 (m, 7H), 5.50 (s, 1H),
4.96 (s, 1H), 3.82 (s, 2H), 1.30 (s, 9H).
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BC NMR (100 MHz, CDCl3): 6 150.6, 146.5, 139.9, 137.9, 129.1, 128.5, 126.2,
125.8,125.3, 114.1, 41.7, 34.6, 31.4.
GCMS (EI): Calcd for Cj9Hpp: 250.38. Found: 250.1.

t-Bu

OH
3-(p-tert-Butylphenyl)-3-butene-1-ol [1134201-55-0]. The reaction was set up

with 5% Pd(dba), and 10% dnpf and stirred at 80 °C for 16 hours. The product was
purified by flash chromatography (hexane/ethyl acetate 10:1 to 5:1) as colorless oil
(95 mg, 96%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 10:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.36 (pseudosinglet, 4H), 5.41 (d, J = 1.3 Hz, 1H),
5.12-5.12 (m, 1H), 3.73 (t, J = 6.4 Hz, 2H), 2.78 (td, J = 6.4, 0.9 Hz, 2H), 1.48 (br
s, 1H), 1.32 (s, 9H).

GCMS (EI): Calcd for Ci4Hyo: 204.15. Found: 204.1.
t-Bu

OH

4-(p-tert-Butylphenyl)-4-pentene-1-ol. The 0.5 mmol-scale reaction was set up
with 5 mol% Pd(dba), and 10 mol% dnpf and the reaction finished after stirring at
80 °C for 7 hours. The product was purified by flash chromatography
(hexane/ethyl acetate 10:1 to 5:1) as colorless oil (101 mg, 95%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 12:1 by GC.

Gram-scale procedure using a Schlenk manifold: In air, a 100-mL dry Schlenk
tube containing a magnetic stir bar was charged with Pd(dba), (172 mg, 0.30 mmol)
and dnpf (453 mg, 0.60 mmol). The atmosphere was switched to argon after three

cycles of evacuation and refilling with argon. Degassed dry DMA (30 mL) was
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then added. After stirring for 10 minutes at rt, the mixture was treated with
p-tert-butylphenyl triflate (1.69 g, 6.0 mmol), 4-pentene-1-ol (2 equiv, 1.03 g, 12.0
mmol), and urotropine (2 equiv, 1.68 g, 12.0 mmol). The reaction tube was capped
tightly and the mixture was heated with vigorous stirring in an 80 °C oil bath
(external temperature). The aryl triflate was fully consumed after 7 hours
(monitored by GC). At the conculsion of the reaction, the mixture was diluted with
40 mL of water and extracted with ethyl acetate (40 mL x 4). The organic extracts
were washed with brine (40 mL x 2) and dried over anhydrous sodium sulfate.
After concentration of the filtrate on a rotary evaporator in vacuo, the residue was
subjected to flash chromatography using 1:5 EA/hexane as eluent. The titled
compound was obtained as colorless oil (1.20 g, 92% yield). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to bel2:1 by GC.

"H NMR (400 MHz, CDCl3): & 7.35 (pseudosinglet, 4H), 5.29 (s, 1H), 5.05 (s, 1H),
3.66 (t, J = 6.4 Hz, 2H), 2.59 (s, J = 7.5 Hz, 2H), 1.73 (tt, J = 7.5, 6.4 Hz, 2H),
1.40 (br s, 1H), 1.32 (s, 9H).

BC NMR (100 MHz, CDCls): & 150.6, 147.7, 138.0, 125.8, 125.4, 112.0, 62.6,
34.6,31.6,31.5,31.4.

GCMS (EI): Calcd for C;sH»,0: 218.33. Found: 218.1.

t-Bu

O

OMe
Methyl 5-(p-tert-butylphenyl)-5-hexenoate. The reaction was set up with 5%

Pd(dba), and 10% dnpf and stirred at 80 °C for 16 hours. Product was purified by
flash chromatography (hexane/ethyl acetate 30:1) as colorless oil (124 mg, 95%).
The ratio of the desired regioisomer versus all other isomers in the crude product
was determined to be 12:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.35 (pseudosinglet, 4H), 5.30 (d, J = 1.1 Hz, 1H),
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5.03-5.02 (m, 1H), 3.66 (s, 3H), 2.54 (t, J = 7.4 Hz, 2H), 2.34 (t, J = 7.4 Hz, 2H),
2.80 (pseudoquintet, J = 7.4 Hz, 2H), 1.32 (s, 9H).

BC NMR (100 MHz, CDCls): § 174.2, 150.6, 147.2, 137.9, 125.8, 125.4, 112.3,
51.6, 34.65, 34.62, 33.6, 31.4, 23.6.

GCMS (EI): Calcd for C17H240;: 260.37. Found: 260.1.

t-Bu

@)

o

5-(p-tert-Butylphenyl)-5-hexeneyl acetate. The reaction was set up with 5%
Pd(dba), and 10% dnpf and stirred at 80 °C for 24 hours. Flash chromatography
(hexane/ethyl acetate 20:1) gave the desired product contaminated with the excess
olefin starting material. The latter was removed by distillation at reduced pressure
(200 mTorr) at 40 °C and the pure product was thus obtained as colorless oil (134
mg, 98%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 15:1 by GC.

"H NMR (400 MHz, CDCls): & 7.34 (pseudosinglet, 4H), 5.28 (s, 1H), 5.02 (s, 1H),
4.05 (t, J=6.6 Hz, 2H), 2.52 (t, J= 7.5 Hz, 1H), 2.02 (s, 3H), 1.65 (pseudoquintet,
J=17.1Hz, 2H), 1.53 (m, 2H), 1.32 (s, 9H).

BC NMR (100 MHz, CDCly): § 171.3, 150.5, 147.8, 138.2, 125.8, 125.3, 112.0,
64.5,34.9,34.6,31.5,28.3,24.6, 21.1.

GCMS (EI): Calcd for CigHy60;: 274.40. Found: 274.1.

t-Bu
O
N‘;
O

N-[5-(p-tert-Butylphenyl)-5-hexenyl]phthalimide. The reaction was set up with 5%
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Pd(dba),, 10% dnpf, p-(tert-butyl)phenyl triflate (1.2 equiv, 0.60 mmol, 169 mg)
and N-(5-hexenyl)phthalimide (1.0 equiv, 0.50 mmol, 115 mg). After stirring at 80
°C for 22 hours, the titled compound was purified by flash chromatography
(hexane/ethyl acetate 10:1 to 5:1) as colorless oil (165 mg, 91%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 38:1 by GC. When the reaction was conducted with an excess of the olefin
starting material, it was difficult to separate it from the product by flash
chromatography.

'H NMR (400 MHz, CDCls): 6 7.83 (dd, J= 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.1
Hz, 2H), 7.32 (pseudosinglet, 4H), 5.26 (d, J = 1.4 Hz, 1H), 5.03-5.02 (m, 1H),
3.68 (t,J=17.3 Hz, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.72 (pseudoquintet, J = 7.5 Hz,
2H), 1.50 (pseudoquintet, J = 7.5 Hz, 2H), 1.31 (s, 9H).

BC NMR (100 MHz, CDCls): & 168.6, 150.5, 147.7, 138.2, 134.0, 132.4, 125.9,
125.3,123.3, 112.1, 38.0, 34.9, 34.6, 31.5, 28.3, 25.6.

GCMS (EI): Calcd for C4H,7NO;: 361.48. Found: 361.1.

2-(0-Tolyl)-4-methyl-1-pentene. The reaction was set up with 5% Pd(dba), and 10%
dippf and stirred at 80 °C for 2 days. The product was purified by flash
chromatography (hexane) as colorless oil (62 mg, 71%). The ratio of the desired
regioisomer versus all other isomers in the crude product was determined to be
85:1 by GC.

'H NMR (400 MHz, CDCl3): & 7.17-7.06 (m, 4H), 5.16-5.15 (m, 1H), 4.90 (d, J =
1.1 Hz, 1H), 2.31 (s, 3H), 2.23 (d, J = 7.0 Hz, 2H), 1.52 (triplet of septet, J = 7.0,
6.6 Hz, 1H), 0.89 (d, J = 6.6 Hz, 6H).

BC NMR (100 MHz, CDCls): & 149.2, 143.2, 135.0, 130.3, 128.6, 126.8, 125.5,
115.2,47.5,26.2,22.7,20.1.

GCMS (EI): Calcd for Cj3H;s: 174.28. Found: 174.1.
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1-Cyclohexyl-1-(o-tolyl)ethene. The reaction was set up with 10% Pd(dba), and
12% dippf and stirred at 80 °C for 24 hours. The product was purified by flash
chromatography (hexane) as colorless oil (69 mg, 74%). The ratio of the desired
regioisomer versus all other isomers in the crude product was determined to be
29:1 by GC.

'H NMR (400 MHz, CDCls): & 7.18-7.10 (m, 3H), 7.04-7.02 (m, 1H), 5.13
(pseudotriplet, J = 1.5 Hz, 1H), 4.81 (d, /= 1.6 Hz, 1H), 2.26 (s, 3H), 2.14-2.08 (m,
1H), 1.84-1.65 (m, 5H), 1.28-1.12 (m, 5H).

C NMR (100 MHz, CDCly): & 155.4, 143.9, 135.2, 130.1, 128.8, 126.6, 125.2,
111.4,44.8,32.2,26.9, 26.5, 20.1.

GCMS (EI): Calcd for C;sHyo: 200.32. Found: 200.1.

(
J

2-(o-Tolyl)-3-phenyl-1-propene [53423-45-3]. The reaction was set up with 5%
Pd(dba), and 10% dippf and stirred at 80 °C for 24 hours. The product was purified
by flash chromatography (hexane) as colorless oil (84 mg, 86%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 87:1 by GC.
'H NMR (400 MHz, CDCls): & 7.27-7.06 (m, 8H), 7.00 (d, J = 7.1 Hz, 1H),
5.08-5.07 (m, 1H), 4.93-4.92 (m, 1H), 3.60 (s, 2H), 2.24 (s, 3H).
GCMS (EI): Calcd for Cj6Hj6: 208.13. Found: 208.0.
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2-(o-Tolyl)neopentene [27561-42-8]. The reaction was set up with 10% Pd(dba),,
12% dppf and 5 equiv of neopentene (2.50 mmol, 210 mg) and stirred at 80 °C for
3 days. The product was purified by flash chromatography (hexane) as colorless oil
(59 mg, 68%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 9:1 by GC. The minor isomer cannot be fully
separated by silica gel chromatography. When dippf was used as ligand, little Heck
product was formed.

'H NMR (400 MHz, CDCl3): § 7.17-7.10 (m, 3H), 7.03 (d, J = 7.4 Hz, 1H), 5.29 (s,
1H), 4.75 (s, 1H), 2.25 (s, 3H), 1.11 (s, 9H).

GCMS (EI): Calcd for Ci3Hys: 174.14. Found: 174.0.

OBn
3-(o-Tolyl)-3-butenyl benzyl ether. The reaction was set up with 10% Pd(dba),

and 12% dippf and stirred at 80 °C for 24 hours. The product was purified by flash
chromatography (hexane to 10:1 hexane/ethyl acetate) as colorless oil (90 mg,
72%). The ratio of the desired regioisomer versus all other isomers in the crude
product was determined to be 79:1 by GC.

'H NMR (400 MHz, CDCls): § 7.34-7.24 (m, 5H), 7.17-7.08 (m, 4H), 5.27-5.26
(m, 1H), 4.94 (d, /= 1.9 Hz, 1H), 4.46 (s, 2H), 3.50 (t, /= 6.9 Hz, 2H), 2.68 (t, J =
6.9 Hz, 2H), 2.29 (s, 3H).

C NMR (100 MHz, CDCls): & 146.8, 142.5, 138.6, 135.1, 130.2, 128.54, 128.47,
127.8, 127.6, 127.0, 125.5, 115.8, 73.0, 68.7, 38.0, 20.0.

GCMS (EI): Calcd for C;gH,00: 252.35. Found: 253.1.

OH
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3-(o-Tolyl)-3-butene-1-ol [1134201-46-9]. The reaction was set up with 5%
Pd(dba), and 10% dippf and stirred at 80 °C for 21 hours. The product was purified
by flash chromatography (hexane/ethyl acetate 5:1) as colorless oil (72 mg, 88%).
The ratio of the desired regioisomer versus all other isomers in the crude product
was determined to be 66:1 by GC.

'H NMR (400 MHz, CDCl;): & 7.19-7.12 (m, 3H), 7.08-7.07 (m, 1H), 5.28 (m,
1H), 5.00 (d, J = 1.8 Hz, 1H), 3.64 (t, J = 6.3 Hz, 2H), 2.62 (s, J = 6.3 Hz, 2H),
2.31 (s, 3H), 1.48 (br s, 1H).

GCMS (EI): Calcd for C;1H40: 162.10. Found: 162.0.

O
N-[5-(o-Tolyl)-5-hexenyl]phthalimide. The reaction was set up with 5% Pd(dba),
and 10% dippf and stirred at 80 °C for 2 days. The product was purified by flash
chromatography (50:1 hexane/ethyl acetate) as colorless oil (130 mg, 85%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 69:1 by GC.
'H NMR (400 MHz, CDCls): & 7.84-7.82 (m, 2H), 7.72-7.69 (m, 2H), 7.14-7.02
(m, 4H), 5.18-5.16 (m, 1H), 4.86 (d, J=2.0 Hz, 1H), 3.66 (t, /= 7.3 Hz, 2H), 2.37
(t, J = 7.3 Hz, 2H), 2.27 (s, 3H), 1.68 (pseudoquintet, J = 7.6 Hz, 2H), 1.39
(pseudoquintet, J = 7.9 Hz, 2H).
BC NMR (100 MHz, CDCls): & 168.6, 149.6, 142.9, 134.9, 134.0, 132.3, 130.2,
128.5, 126.9, 125.5, 123.3, 114.3, 38.0, 37.3, 28.4, 25.1, 20.0.
GCMS (EI): Calcd for C,;H,1NO;: 319.40. Found: 319.1.

NHTs

N-2-(o-Tolyl)allyl p-tolylsulfonamide. The reaction was set up with 5% Pd(dba),
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and 10% dippf and stirred at 80 °C for 2 days. The product was purified by flash
chromatography (hexane to 10:1 hexane/ethyl acetate) as colorless oil (123 mg,
82%). Only one regioisomer was detected in the crude product by GC.

'H NMR (400 MHz, CDCl3): § 7.68 (d, J = 8.3 Hz, 2H), 7.26 (d, J = 8.1 Hz, 2H),
7.20-7.08 (m, 3H), 6.92 (d, J = 7.4 Hz, 1H), 5.39-5.38 (m, 1H), 5.00 (s, 1H), 4.49
(brt,J=6.4 Hz, 1H), 3.81 (d, J= 6.4 Hz, 2H), 2.42 (s, 3H), 2.17 (s, 3H).

BC NMR (100 MHz, CDCls): & 144.6, 143.6, 139.3, 137.0, 135.4, 130.5, 129.8,
128.7,127.9,127.3, 1259, 116.2, 48.4,21.7, 19.8.

GCMS (EI): Calcd for C7H9NO,S: 301.40. Found: 301.0.

)

OMe
Methyl 5-(o-tolyl)-5-hexenoate. The reaction was set up with 5% Pd(dba), and 10%

dippf and stirred at 80 °C for 2 days. The product was purified by flash
chromatography (30:1 hexane/ethyl acetate) as colorless oil (95 mg, 87%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 28:1 by GC.

'H NMR (400 MHz, CDCl3): § 7.18-7.11 (m, 3H), 7.07-7.04 (m, 1H), 5.20-5.19 (m,
1H), 4.90-4.89 (m, 1H), 3.65 (s, 3H), 2.38-2.32 (m, 4H), 2.29 (s, 3H), 1.73
(pseudoquintet, J = 7.6 Hz, 2H).

BC NMR (100 MHz, CDCls): & 174.1, 149.1, 142.8, 134.9, 130.3, 128.5, 127.0,
125.6, 114.5,51.6,37.1, 33.7, 23.2, 20.0.

GCMS (EI): Calcd for C4H 30;: 218.29. Found: 218.1.

CN

5-(o-Tolyl)-5-hexenenitrile. The reaction was set up with 5% Pd(dba), and 10%

dippf and stirred at 80 °C for 2 days. The product was purified by flash
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chromatography (hexane to 15:1 hexane/ethyl acetate) as colorless oil (73 mg,
78%). The ratio of the desired regioisomer versus all other isomers in the crude
product was determined to be 70:1 by GC.

'H NMR (400 MHz, CDCls): & 7.19-7.12 (m, 3H), 7.05 (d, J = 6.8 Hz, 1H),
5.25-5.24 (m, 1H), 4.96-4.95 (m, 1H), 2.51 (t, J = 7.5 Hz, 2H), 2.35 (t, /= 7.1 Hz,
2H), 2.29 (s, 3H), 1.73 (tt, J= 7.5, 7.1 Hz, 2H).

BC NMR (100 MHz, CDCls): & 147.8, 141.9, 134.9, 130.5, 128.4, 127.4, 125.8,
119.6, 115.7, 36.5, 23.7, 20.0, 16.8.

GCMS (EI): Calcd for Cj3H;sN: 185.26. Found: 185.1.

t-Bu

1-(o-tert-Butylphenyl)-1-cyclohexylethene. The reaction was set up with 2%
Pd(dba), and 4% dppf and stirred at 80 °C for 3 days. The product was purified by
flash chromatography (hexane) as colorless oil (110 mg, 91%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 114:1 by GC.

'H NMR (400 MHz, CDCl;): & 7.46 (dd, J = 8.1, 1.3 Hz, 1H), 7.21 (ddd, J = 8.1,
7.2, 1.6 Hz, 1H), 7.09 (ddd, J="7.5, 7.2, 1.3 Hz, 1H), 6.91 (dd, J=17.5, 1.6 Hz, 1H),
5.15-5.14 (m, 1H), 4.88 (d, /= 1.6 Hz, 1H), 2.10-1.18 (m, 20H).

BC NMR (100 MHz, CDCls): & 158.6, 147.1, 142.8, 132.8, 127.6, 126.8, 124.7,
112.1,45.9, 37.0, 33.8 and 31.2 (broad; 2 rotomers at 25 °C), 32.7, 27.1, 26.7.
GCMS (EI): Calcd for CigHye: 242.40. Found: 242.1.

t-Bu

2-(o-tert-Butylphenyl)-4-methyl-1-pentene. The reaction was set up with 2%

Pd(dba), and 4% dppf and stirred at 80 °C for 40 hours. The product was purified

by flash chromatography (hexane) as colorless oil (102 mg, 94%). The ratio of the
76



desired regioisomer versus all other isomers in the crude product was determined
to be 45:1 by GC.

'H NMR (400 MHz, CDCls): & 7.45 (dd, J = 8.0, 1.3 Hz, 1H), 7.19 (ddd, J = 8.0,
7.2, 1.6 Hz, 1H), 7.11 (ddd, J= 7.5, 7.2, 1.3 Hz, 1H), 6.91 (dd, J= 7.5, 1.6 Hz, 1H),
5.14-5.13 (m, 1H), 4.96 (d, J = 2.0 Hz, 1H), 2.22 (d, J = 7.0 Hz, 2H), 1.84 (triplet
of septet, /= 7.0, 6.6 Hz, 1H), 1.40 (s, 9H), 0.97 (d, J = 6.6 Hz, 6H).

BC NMR (100 MHz, CDCls): & 151.3, 147.1, 143.3, 131.5, 127.3, 126.7, 125.1,
115.3, 49.8, 37.0, 32.6, 25.6, 22.9.

GCMS (EI): Calcd for Cj6Hz4: 216.36. Found: 216.1.

t-Bu

2-(o-tert-Butylphenyl)-4,4-dimethyl-1-pentene. The reaction was set up with 2%
Pd(dba), and 4% dppf and stirred at 80 °C for 43 hours. The product was purified
by flash chromatography (hexane) as colorless oil (107 mg, 93%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 48:1 by GC.

'H NMR (400 MHz, CDCls): & 7.43 (d, J = 7.6 Hz, 1H), 7.20-7.16 (m, 1H),
7.08-7.05 (m, 2H), 5.19-5.18 (m. 1H), 5.05 (d, J = 2.2 Hz, 1H), 2.37 (d, /= 0.7 Hz,
2H), 1.41 (s, 9H), 0.91 (s, 9H).

C NMR (100 MHz, CDCly): § 151.5, 147.0, 144.2, 132.5, 127.8, 126.7, 125.1,
117.3, 54.0, 37.0, 32.9, 32.1, 30.5.

GCMS (EI): Calcd for Cj7Hz6: 230.39. Found: 230.1.

t-Bu I O

2-(o-tert-Butyphenyl)-3-phenyl-1-propene. The reaction was set up with 5%
Pd(dba), and 6% dppf and stirred at 80 °C for 26 hours. The product was purified
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by flash chromatography (hexane) as colorless oil (117 mg, 94%). The ratio of the
desired regioisomer versus all other isomers in the crude product was determined
to be 93:1 by GC.

'H NMR (400 MHz, CDCl;): & 7.47 (dd, J = 8.0, 1.3 Hz, 1H), 7.35-7.31 (m, 2H),
7.26-7.18 (m, 4H), 7.08 (ddd, J = 7.6, 7.2, 1.3 Hz, 1H), 6.84 (dd, J = 7.6, 1.6 Hz,
1H), 4.99-4.98 (m, 1H), 4.90-4.89 (m, 1H), 3.64 (s, 2H), 1.47 (s, 9H).

BC NMR (100 MHz, CDCls): & 152.5, 147.2, 142.9, 138.9, 131.5, 130.0, 128.5,
127.1, 126.9, 126.5, 125.2, 116.1, 46.7, 37.0, 32.5.

GCMS (EI): Calcd for Cj9Hpp: 250.38. Found: 250.2.

t-Bu
OH

2-(o-tert-Butylphenyl)allyl alcohol. The reaction was set up with 3 equiv of allyl
alcohol (87 mg, 1.50 mmol), 10% Pd(dba), and 12% dppf and stirred at 80 °C for
48 hours. The product was purified by flash chromatography (20:1 to 10:1 hexane/
ethyl acetate) as colorless oil (67 mg, 71%). Only one regioisomer was detected in
the crude mixture by GC. When 2 equiv of allylic alcohol was used, lower
conversion resulted.

'H NMR (400 MHz, CDCls): & 7.47 (dd, J = 8.1, 1.2 Hz, 1H), 7.24 (ddd, J = 8.1,
7.3,1.6 Hz, 1H), 7.15 (ddd, J=7.5, 7.3, 1.2 Hz, 1H), 6.97 (dd, J= 7.5, 1.6 Hz, 1H),
5.52-5.51 (m, 1H), 5.12-5.11 (m, 1H), 4.32 (t, /= 6.3 Hz, 2H), 1.72 (t, /= 6.3 Hz,
1H), 1.40 (s, 9H).

BC NMR (100 MHz, CDCls): & 152.0, 148.1, 139.2, 131.7, 127.5, 127.2, 125.4,
113.1, 67.8, 36.9, 32.3.

GCMS (EI): Calcd for C;3H;30: 190.28. Found: 190.0.

t-Bu

OH
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3-(o-tert-Butylphenyl)-3-butene-1-ol. The reaction was set up with 2% Pd(dba),
and 4% dppf and stirred at 80 °C for 3 days. The product was purified by flash
chromatography (3:1 hexane/ ethyl acetate) as colorless oil (98 mg, 96%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 29:1 by GC.

'H NMR (400 MHz, CDCl;): & 7.46 (dd, J = 8.1, 1.2 Hz, 1H), 7.22 (ddd, J = 8.1,
7.3, 1.6 Hz, 1H), 7.13 (ddd, J=7.5, 7.3, 1.2 Hz, 1H), 6.92 (dd, J= 7.5, 1.6 Hz, 1H),
5.27-5.26 (m, 1H), 5.06 (d, J = 1.7 Hz, 1H), 3.82 (td, J = 6.3, 5.8 Hz, 2H), 2.64 (t,
J=6.3 Hz, 2H), 1.49 (t,J= 5.8 Hz, 1H), 1.40 (s, 9H).

BC NMR (100 MHz, CDCly): & 149.4, 147.2, 142.1, 131.3, 127.4, 127.1, 125.3,
116.4, 60.4, 43.0, 36.9, 32.5.

GCMS (EI): Calcd for Ci4H»00: 204.31. Found: 204.1.

t-Bu
OH

4-(o-tert-Butylphenyl)-4-pentene-1-ol. The reaction was set up with 2% Pd(dba),
and 4% dppf and stirred at 80 °C for 3 days. The product was purified by flash
chromatography (3:1 hexane/ ethyl acetate) as colorless oil (103 mg, 94%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 23:1 by GC.

'H NMR (400 MHz, CDCls): & 7.45 (dd, J = 8.1, 1.2 Hz, 1H), 7.20 (ddd, J = 8.1,
7.6, 1.6 Hz, 1H), 7.12 (ddd, J=7.6, 7.5, 1.2 Hz, 1H), 6.94 (dd, J= 7.5, 1.6 Hz, 1H),
5.20-5.19 (m, 1H), 4.96 (d, J = 1.2 Hz, 1H), 3.72 (pseudoquintet, J = 6.0 Hz, 2H),
242 (t,J="7.8 Hz, 2H), 1.85 (tt, J=7.8, 6.0 Hz, 2H), 1.39 (s, 9H), 1.27 (br s, 1H).
BC NMR (100 MHz, CDCls): & 152.3, 147.0, 143.2, 131.3, 127.2, 126.9, 125.2,
114.0, 62.9, 36.9, 36.1, 32.4, 31.0.

GCMS (EI): Calcd for C;sH»,0: 218.33. Found: 218.1.
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t-Bu
NHTs

N-2-(p-tert-butylphenyl)allyl p-tolylsulfonamide. The reaction was set up with
10% Pd(dba), and 12% dppf and stirred at 80 °C for 40 hours. The titled compound
was purified by flash chromatography (5:1 hexane/ethyl acetate) as white solid
(157 mg, 92%). Only one regioisomer was detected in the crude mixture by GC.

'H NMR (400 MHz, CDCls): & 7.72 (d, J = 8.3 Hz, 2H), 7.42 (dd, J= 8.1, 1.1 Hz,
1H), 7.28 (d, J = 8.3 Hz, 2H), 7.22 (ddd, J = 8.1, 7.7, 1.6 Hz, 1H), 7.10 (ddd, J =
7.7,7.6, 1.1 Hz, 1H), 6.85 (dd, J= 7.6, 1.6 Hz, 1H), 5.45 (d, J= 1.0 Hz, 1H), 5.08
(d, J= 1.1 Hz, 1H), 4.67 (br t, J = 6.6 Hz, 1H), 3.78 (d, J = 6.6 Hz, 2H), 2.41 (s,
3H), 1.30 (s, 9H).

C NMR (100 MHz, CDCly): & 147.8, 147.5, 143.7, 139.1, 137.0, 131.6, 129.9,
127.7,127.4, 127.3, 125.6, 115.5, 49.9, 36.8, 32.2, 21.7.

GCMS (EI): Calcd for Co0H,sNO,S: 343.48. Found: 343.1.

t-Bu O
OMe
Methyl 5-(o-tert-butylphenyl)-5-hexenoate. The reaction was set up with 2%

Pd(dba), and 4% dppf and stirred at 100 °C for 24 hours. The titled compound was
purified by flash chromatography (30:1 hexane/ ethyl acetate) as colorless oil (123
mg, 95%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 21:1 by GC.

'H NMR (400 MHz, CDCls): & 7.44 (d, J = 8.0 Hz, 1H), 7.22 (dd, J = 8.0, 7.6 Hz,
1H), 7.10 (dd, J = 7.6, 7.5 Hz, 1H), 6.92 (d, J = 7.5 Hz, 1H), 5.19 (s, 1H), 4.97 (s,
1H), 3.67 (s, 3H), 2.41-2.33 (m, 4H), 1.93-1.89 (m, 2H), 1.38 (s, 9H).

BC NMR (100 MHz, CDCly): & 174.1, 151.9, 147.0, 143.0, 131.3, 127.2, 126.9,
125.3,114.2,51.7,39.2, 36.8, 33.9, 32.4, 23.1.

GCMS (EI): Caled for C;7H240: 260.37. Found: 260.1.
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t-Bu
CN

5-(p-tert-Butylphenyl)-5-hexenenitrile. The reaction was set up with 10%
Pd(dba), and 12% dnpf and stirred at 80 °C for 25 hours. The titled compound was
purified by flash chromatography (20:1 hexane/ ethyl acetate) as colorless oil (89
mg, 78%). The ratio of the desired isomer versus all other isomers in the crude
product was determined to be 39:1 by GC.

'H NMR (400 MHz, CDCls): & 7.46 (dd, J = 8.1, 1.2 Hz, 1H), 7.22 (ddd, J = 8.1,
7.5, 1.6 Hz, 1H), 7.13 (pseudotriplet of doublet, J = 7.5, 1.2 Hz, 1H), 6.88 (dd, J =
7.5, 1.6 Hz, 1H), 5.20-5.19 (m, 1H), 5.02 (d, J = 1.1 Hz, 1H), 2.49 (t, J = 7.8 Hz,
2H), 2.42 (t,J=17.1 Hz, 2H), 1.92 (tt, J = 7.8, 7.1 Hz, 2H), 1.39 (s, 9H).

BC NMR (100 MHz, CDCls): & 150.8, 147.1, 142.1, 131.2, 127.4, 127.2, 125.3,
119.6, 115.1, 38.7, 36.9, 32.4, 23.7, 17.1.

GCMS (EI): Calcd for Cj¢H,N: 227.34. Found: 227.1.

t-Bu

OEt
OEt

2-(p-tert-Butylphenyl)acrolein diethyl acetal. The reaction was set up with 2 mol%
Pd(dba),, 4 mol% dppf and lithium carbonate (74 mg, 1.0 mmol) as base and the
reaction finished after stirring at 80 °C for 34 hours. The product was purified by
flash chromatography (hexane/ethyl acetate 25:1) as colorless oil (97 mg, 74%).
The ratio of the desired regioisomer versus all other isomers in the crude product
was determined to be 11:1 by GC. Some ethyl esters (<10%) were also isolated as
byproducts. When the ligand dppf was replaced by dnpf, low conversion resulted.

When urotropine was used as base, low conversion resulted.
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'H NMR (400 MHz, CDCls): & 7.48-7.46 (m, 2H), 7.35-7.33 (m, 2H), 5.55 (d, J =
1.4 Hz, 1H), 5.51 (s, 1H), 5.24 (s, 1H), 3.65 (dq, J=9.4, 7.1 Hz, 2H), 3.55 (dq, J =
9.4,7.1 Hz, 2H), 1.32 (s, 9H), 1.22 (t,J = 7.1 Hz, 6H).

BC NMR (100 MHz, CDCly): & 150.7, 144.6, 135.7, 126.5, 125.2, 115.1, 102.0,
61.5,34.6,31.4,15.3.

GCMS (EI): Calcd for Ci7H60;: 262.39. Found: 262.1.

t-Bu
OEt

OEt
2-(p-tert-Butylphenyl)acrolein diethyl acetal. The reaction was set up with 5%

Pd(dba),, 10% dppf and lithium carbonate (74 mg, 1.0 mmol) as base. The reaction
mixture was stirred at 80 °C for 41 hours. The product was purified by flash
chromatography (20:1 hexane/ ethyl acetate) as colorless oil (120 mg, 92%). The
ratio of the desired regioisomer versus all other isomers in the crude product was
determined to be 67:1 by GC. When urotropine was used as base, lower conversion

resulted.

'H NMR (400 MHz, CDCl;): & 7.44 (dd, J = 8.1, 1.2 Hz, 1H), 7.22 (ddd, J = 7.6,
1.6 Hz, 1H), 7.12 (pseudotriplet of doublet, J = 7.6, 1.2 Hz, 1H), 7.00 (dd, J = 7.6,
1.6 Hz, 1H), 5.69-5.68 (m, 1H), 5.17 (d, J = 2.1 Hz, 1H), 4.98 (s, 1H), 3.75-3.67
(m, 2H), 3.54-3.47 (m, 2H), 1.39 (s, 9H), 1.22 (t, J= 7.1 Hz, 6H).

C NMR (100 MHz, CD,Cl,): & 148.3, 148.1, 139.3, 132.6, 127.41, 127.35, 125.1,
117.0, 103.0, 61.8 (br s), 37.1, 32.6, 15.3.

GCMS (EI): Calcd for C17H260;: 262.39. Found: 262.1.

82



1.5.6 Mechanistic study

Synthesis of (dnpf)Pd(Ph)Br. In an argon-filled glove box, a 25-mL Schlenk
tube containing a magnetic stir bar was charged with Pd(dba), (115 mg, 0.20
mmol), dnpf (151 mg, 0.20 mmol) and dry toluene (10 mL). After stirring for 10
min at room temperature, phenyl bromide (3 equiv, 94 mg, 0.60 mmol) was added.
The reaction was stirred at rt for 3 hours followed by stirring in an 80 °C oil bath
for another 3 hours. The progress of the reaction was monitored by *'P NMR
spectroscopy. Then the solvent was removed in vacuo and the residue subjected to
flash chromatography with DCM as eluent. The titled compound was obtained as
yellow powder in 94% purity (84 mg, 41%). The complex was dissolved in hot
~1:8 DCM/toluene and the solution was allowed to cool down to rt. Slow
evaporation of solvents over a few days at rt gave orange single crystals suitable

for X-ray crystallographic analysis.

'H NMR (400 MHz, CDCl3): § 9.85-9.76 (m, 3H), 9.57 (d, J = 8.0 Hz, 1H), 8.16
(pseudotriplet, J = 9.1 Hz, 2H), 8.05-8.00 (m, 2H), 7.95-7.89 (m, 3H), 7.84 (d, J =
8.1 Hz, 2H), 7.74-7.66 (m, 3H), 7.62 (pseudotriplet, J = 7.5 Hz, 1H), 7.46-7.32 (m,
5H), 7.27-7.21 (m, 1H), 7.13 (d, J = 8.6 Hz, 2H), 7.00-6.92 (m, 2H), 6.82-6.78 (m,
1H), 6.56-6.51 (m, 2H), 6.30 (pseudotriplet, J = 7.0 Hz, 1H), 5.95 (br s, 1H), 5.61
(brs, 1H), 4.57 (s, 1H), 4.41 (s, 1H), 4.15 (s, 2H), 3.97 (pseudosinglet, 4H).

BC NMR (100 MHz, CD,Cly): & 154.3 (d, J = 125.7 Hz), 144.7 (d, J = 33.2 Hz),
143.9 (d, J =30.5 Hz), 138.3 (br s), 135.2 (d, J = 3.6 Hz), 135.1 (d, J = 4.2 Hz),
134.5 (2 overlapping signals), 134.4, 134.2, 133.9 (d, J = 14.1 Hz), 133.7, 133.5 (d,
J=12.3 Hz), 133.0, 132.4, 131.0, 130.8, 129.9, 129.8, 129.7, 129.6, 129.5, 129.3,
129.1, 129.0, 128.9, 128.7, 128.6, 128.4, 127.2, 126.7, 126.4, 126.2, 126.1, 125.9
(2 overlapping signals), 125.6, 125.2 (d, J = 3.8 Hz), 125.0, 124.8, 124.7, 124.6,
122.0,93.1 (dd, J=44.2,10.9 Hz), 86.7 (dd, J=33.7, 2.2 Hz), 77.1 (d, J = 5.4 Hz),
76.1 (d, J=11.0 Hz), 75.5 (d, J = 3.7 Hz), 74.9 (d, J = 10.2 Hz), 70.9 (d, J = 4.6
Hz), 70.5 (d, J= 6.3 Hz), 70.0 (d, J = 3.0 Hz), 69.7 (d, J = 4.3 Hz). Some doublets
may have been recorded as singlets.
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3P NMR (162 MHz, CDCls): 6 28.7 (d, J = 28.1 Hz), 13.9 (d, J = 28.1 Hz)
ESI/MS: calcd for Cs¢H41FeP,Pd [M-Br]: 937.11. Found: 936.92.
Anal. Calcd for Cs¢Hy1BrFeP,Pd: C, 66.29; H, 4.5.

Stoichiometric study of 1-octene insertion into (dnpf)Pd(Ph)Br in the
presence of AgOTf. In an argon-filled glove box, a 4-mL vial containing a
magnetic stir bar was charged with (dnpf)Pd(Ph)Br (20.0 mg, 0.020 mmol), dnpf
(1 equiv, 15.1 mg, 0.020 mmol) and dry DMA (0.50 mL). After stirring at rt for 5
min, l-octene (5 equiv, 11.2 mg, 0.10 mmol), 5 pL of dodecane (GC internal
standard), AgOTf (1.2 equiv, 6.2 mg, 0.024 mmol) and urotropine (5 equiv, 14 mg,
0.10 mmol) were sequentially added and the vial was then capped and covered
with aluminum foil. The reaction mixture was vigorously stirred at room
temperature in the glove box. At intervals, an aliquot was removed and passed
through a short plug of silica gel. The filtrate was subjected to GC analysis to
determine yield and selectivity of the Heck products. The calibrated GC yields of
the Heck product after 1, 5 and 24 hours were determined to be 61%, 64% and
68%, respectively. The selectivity of 2-phenyl-1-octene versus all other isomers
was determined to be 10:1 and remained constant at different conversions. The

isomers of Heck products were confirmed by GCMS.
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CHAPTER TWO
Heck Reaction of Terminal Olefins and Aryl Halides

2.1 Introduction

Heck reaction is widely used in preparation of agrochemicals, drugs, fragrances

1b,59

and advanced materials. The Heck reaction of acrylates and styrenes introduce

aryl groups selectively at terminal positions. Aliphatic olefins that lack electronic

13,28a,30,60
002050 Furthermore,

biases and directing groups gave a mixture of Heck isomers.
double-bond migration was often seen in both starting material of aliphatic olefins
and Heck products by the action of Pd-hydride species. This made selective Heck

reaction of aliphatic olefins more difficult to achieve.

Previously, we have reported internal-selective Heck reaction of aliphatic olefins
using a bulky ferrocenyl bisphosphine dnpf to impede the undesired terminal
insertion (Fig. 2.1).°" The reaction of ArOTf gave a key cationic arylpalladium
species for olefin insertion. The method was a significant improvement of the

171939 We wondered whether it is possible to expand the scope of

Cabri's results.
this transformation from rather expensive aryl triflates to readily available aryl

halides.

Previously, Xiao et al. reported regioselective Heck reaction of ArBr using allylic
alcohol and other w-hydroxy olefins. Ionic liquid was used to promote ionization
of neutral aryl-palladium halides®. Around 4:1 regioselectivity was observed in

most cases (Scheme 2.1).

Ph
4% Pd(OAc),, 8% dppp
PhBr + -~ OH o PA(OA),, 8% __OH
1:1 [bmim][BF,J/DMSO
115°C, 36 h 86% vyield, a : = > 99:1
) N*Me BF,
N~
nBu ¢
[Bmim][BF 4]
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Ph

1% Pd(OAC),, 2% dppp
PhBr + < " “OH . NOH
1:1 [bmim][BF ;J/DMSO

115°C, 24 h

72% vyield, a: f=3.5:1
Scheme 2.1 Arylation of unsaturated alcohols with aryl bromide in ionic liquid.

Xiao et al. also reported that ammonium salt EtsN'HBF4 can promote halide
dissociation from neutral Pd complexes in Heck reaction of vinyl ethers and vinyl
amines with aryl bromides.'® The solvent can be ionic liquid or DMF. The scope of

electrophiles was limited to electron-deficient aryl chlorides (Scheme 2.2).

2.5% Pd(OAC),

0 O"Bn +
PhBr + - O"Buy 5% dppp B, 9
iPr,NH, NEt;HBF, Ph Ph
2 equiv [Bmim][BF 4], 115 °C
4 94% yield

>99:1 regioselectivity

0
4% Pd(OAc), O"Bu

cl 0
R Et;N, NEt;HBF, R

DMF,135°c R

R= COMe  95%
CN 83%
CO,Me  90%

Scheme 2.2 Proton donors accelerated a-selective arylation of electron-rich

olefins.

Recently, Xiao et al showed that ethylene glycol can help the ionization of
chlorides from neutral complexes in Heck reaction between aryl halides and vinyl
ethers or styrenes (Scheme 2.3)."”%* Based on DFT calculations, they proposed that
hydrogen bonding between ethylene glycol and the chloride helped halide

¥ A simple dissociative

dissociation from neutral aryl-palladium complexes.
pathway was examined to produce a cationic aryl-palladium complex carrying a

vacant site. No computational details on other possible pathways were reported.
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P(p-MeOPh),
cl <: .
/©/ ¢ oy 1% Pd(OAC), 1.5% —P(p-MeOPh), /@)k
MeO 3 equiv 2)KH281 Ethylene glycol, 145 °C, 10 h o
88% vyield

Scheme 2.3 Ethylene glycol as hydrogen-bond donor in arylation of olefins with

aryl chlorides.

Historically, methanol solvent was used to promote halide dissociation in
Schrock-Osborn's preparation of cationic rhodium and iridium catalysts for olefin
hydrogenation.”® It was also used to prepare cationic complexes of ruthenium and

osmium.*
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2.2 Results and discussion

Initially, we tried to use silver salts as halide abstractors in a model reaction of
I-naphthyl bromide and 1-octene. However, almost no Heck product was obtained
in DMA with silver triflate. After many experiments, we were only able to obtain
<40% yield of the desired product in dichloroethane solvent. With Pd(OAc), and
dppf as catalyst, ~5:1 selectivity was obtained in the best scenario. Phenyl bromide
also did not couple with 1-octene in DMA with silver salts. Less than 5% of Heck
products were produced with poor 2:1 selectivity using dnpf ligand and methanol
solvent. The failure of silver salts may be attributed to the competitive binding of

silver salts to phosphine ligands.

After screening various conditions for phenyl bromide and 1-octene, we found that
a combination of palladium acetate and dnpf formed the most active and selective
catalyst in methanol with »-BusN'HCI additive. The desired Heck isomer was
obtained in 83% yield and 11:1 selectivity (7able 2.1). The selectivity refers to the
ratio of the amount of desired product to the sum of all other isomers. After
catalytic hydrogenation of the crude mixture, the selectivity was determined to be
16:1 (Scheme 2.4). Thus, a very small amount of desired isomer underwent in situ

olefin isomerization under catalytic conditions.

Ph WHBU
5% Pd(OAc), Bh

10% dnpf Ph
PhBr + 2~ " "nBuy
) ) n-BusN 2 equiv NnBu * M )\Pﬂ\ B
equrv n-BUNHCI 1equiv  yogirad jsomer ey
MeOH, 50 °C, 24 h

unwanted isomers

desired isomer : all other isomers = 11:1
intrinsic regioselectivity o : = 16:1

Scheme 2.4 The ratio of a-phenylation of 1-octene to [-phenylation of 1-octene.
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2.2.1 Effects of ligands, palladium, solvents and additives

Bisphosphine ligand dnpf formed the most selective and active ligand in our model

reaction (7able 2.1). Bulky tri-tert-butylphosphine salt gave little desired isomer.

Another ferrocenyl bisphosphine dppf gave only 14% of desired isomer. Dippf,

dppe, dppp, dppb, Xantphos and rac-BINAP were almost inactive in the model

reaction.

Table 2.1 Effect of ligands.”

5% Pd(OAC),
10% ligand Ph

PhBr+ # “n-Hex , + isomers
n-BuzN 2 equiv n-Hex

n-BusN-HCI 1 equiv

MeOH, 50 °C, 24 h
Entry Ligand PhBr Desired Isomers’  Selectivity®

Conv’ (%) isomer” (%) (%)
1 dppe 19 0 0 -
2 dppp 8 0 0 -
3 dppb 5 0 0 -
4 Xantphos 12 0 0 -
5 rac-BINAP 12 2 0 -
6 DPEphos 86 5 47 0.1
7 dppf 39 14 2 7
8 dippf 17 2 1 2
9 dnpf 99 83 8 11
10 d(2-naphthyl)pf 27 5 7 0.8

“Reaction condition: PhBr(0.10 mmol, 1 equiv), 1-octene (0.20 mmol, 2 equiv), MeOH (0.5 mL).

"Conversion and yield were calculated by comparing starting material and product peak intergration

to integration of internal standard using GC analysis. “Selectivity refers to the ratio of desired

1somer to all the other isomers.
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When Pd(OAc), was replaced by Pd(dba), or Pdy(dba);, <10% converstion of
PhBr was observed and no Heck product was formed (7able 2.2). The dba might
bind strongly to the active (dnpf)Pd’ catalyst under our conditions and thus reduce
its effective concentration.®® Pd(acac), almost give similar results compared with

Pd(OAc), while Pd(CF3CO,), showed lower reactivity.

Table 2.2 Effect of palladium source.”

5% Pd Ph
0,
PhBr+ < “n-Hex 10% dnpt , )\ + isomers
n-BusN 2 equiv n-Hex

n-BusN'HCI 1 equiv
MeOH, 50 °C, 24 h

Entry  Pd source PhBr Desired Other Selectivity”
Conv’ (%)  isomer” (%) isomers’ (%)
1 Pd(OAc), 99 83 8 11
2 Pd(acac), 98 77 7 11
3 Pd(CF;CO,), 74 63 5 12
4 Pd(dba), 7 0 0 -
5 Pdy(dba); 8 0 0 -

“Reaction condition: PhBr(0.10 mmol, 1 equiv), 1-octene (0.20 mmol, 2 equiv), MeOH (0.5 mL).
"Conversion and yield were calculated by comparing starting material and product peak intergration
to integration of internal standard using GC analysis. “Selectivity refers to the ratio of desired
isomer to all the other isomers.

Notably, the desired Heck process could only proceed in methanol solvent. In other
alcoholic solvents, the catalytic activity dropped quickly as the polarity of alcohols
decreased. (7able 2.3) For example, no desired Heck product was even found in
tert-butanol. Other common solvents did not give Heck product at all, including

acetonitrile, DMA, DMF, NMP, DMSO, acetone, 1,4-dioxane and toluene (7able
2.3).
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Table 2.3 Effect of solvents on model reaction.”

5% Pd(OAc), Ph
0,
PhBr+ < “n-Hex 10% dnpf /J\ + isomers
n-BuzN 2 equiv n-Hex
n-BuzN'HCI 1 equiv
solvent, 50 °C, 24 h

Entry Solvent PhBr Desired Selectivity”
Conv’ (%)  isomer” (%)
1 MeOH 99 83 11
2 EtOH 55 38 10
3 nBuOH 45 32 11
4 iPrOH 20 6 10
5 BuOH 15 0
6 Ethylene glycol 39 13 4
7 MeCN 14 0 -
8 DMF 13 0 -
9 DMA 12 0 -
10 NMP 10 0 -
11 DMPU 16 0 -
12 DMSO 16 0 -
13 Toluene 10 0 -
14 1,4-Dioxane 10 0 -

“Reaction condition: PhBr(0.10 mmol, 1 equiv), 1-octene (0.20 mmol, 2 equiv), MeOH (0.5 mL).
’Conversion and yield were calculated by comparing starting material and product peak intergration
to integration of internal standard using GC analysis. “Selectivity refers to the ratio of desired
isomer to all the other isomers.

Acidic additive nBusN'HCI was also important for this reaction. Without it, the
model reaction with phenyl bromide proceeded at 80 °C, but gave moderate yield
and selectivity. In the presence of 1 equivalent of #n-BuzN'HCI, the reaction
temperature could be lowered down to 50 °C and gave 83% yield and 11:1
selectivity after 24 hours (Table 2.4, entry 2). n-BusN-HOTT had little effect (entry
3). When n-BusNCl or n-BusNBr was added as additive, the yield was only 60%:;
they probably increased ionic strength of the reaction medium (entries 4 and 5).
Surprisingly, the use of n-Et;N-HCI together with n-Et;N was not effective (entry

6). The use of a Lewis acid ZnCl, did not benefit the model reaction (entry 7).
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Table 2.4 Effect of additives on the model Heck reaction. The conversion of PhBr,
the yield of the desired isomer and internal selectivity were determined by GC.

5% Pd(OAC),

10% dnpf Ph
PhBr+ < “n-Hex Sl + isomers
base 2 equiv n-Hex

additive 1 equiv
MeOH, 50 °C, 24 h

Entry Additive Colr)lg’g(r% ) isfrr?;ge((‘l’ %) Selectivity”
1 None 64 41 5
2 nBusN-HCI 99 83 11
3 nBusN-HOTf 60 45 6
4 nBuwNCl 80 65 7
5 nBusNBr 71 57 11
6 Et;:N-HCI, Et;N 16 13 5
7 ZnCl, 61 44 5

“Reaction condition: PhBr(0.10 mmol, 1 equiv), 1-octene (0.20 mmol, 2 equiv), MeOH (0.5 mL).
’Conversion and yield were calculated by comparing starting material and product peak intergration
to integration of internal standard using GC analysis. “Selectivity refers to the ratio of desired

isomer to all the other isomers.

2.2.2 Substrates of aliphatic olefins and aryl halides

With the established conditions in hand, we examined various terminal olefins in
reactions with p-tert-butylphenyl bromide (Fig. 2.1). Polar groups such as nitriles,
esters and phthalimides can be present. Even unprotected alcohols did not
advertently affect the desired Heck pathway.'”"**° While allylbenzene was known
to undergo palladium hydride-catalyzed olefin isomerisation, it coupled well under
our conditions.” Selective insertion was also seen with vinylcyclohexane at the

internal position.

Allylic alcohol did not couple to give the desired product. N-Tosyl allylamine did
not react and significant migration of double bond of starting material was
observed. Bulky 3,3-dimethyl-1-butene reacted with p-tert-butylphenylbromide to

give linear product with selectivity of ~15:1.
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el
\©\ * R e e
5 nBusN, nBusNHCI

r
MeOH, 50 °C

A~Ph - tBu /\/O

86%y, s 10:1 86%y, s 10:1 76%y,s11:1 91%y, s 11:1

96% vy, s 10:1 75%vy, s 15:1 92%y, s 33:1
Z " 0H N OH
72%y,s 11:1 8%y, s 14:1
80 °C 80 °C

Figure 2.1 Examples of aliphatic olefins.

Aryl bromides bearing various para- and meta-substituents can couple efficiently
(Fig. 2.2). Heteroaryl bromides derived from benzothiazole, indole and quinoline
also coupled well. One alkenyl bromide, 4-bromo-1,2-dihydro-

naphthalene produced a 1,3-diene in good selectivity. However, for aryl bromides
bearing ortho-substituents, such as o-tolyl bromide and 1-naphthyl bromide, only
moderate yields were obtained due to competing reduction of aryl bromides to
arenes. Alkylamines were known to donate hydrides to arylpalladium species and
led to reduction.”” The slow olefin insertion of the hindered aryl group on Pd

centers may be the origin of the problem.
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5% Pd(OAC),

10% dnpf Ar
ArBr  + 7 “nHex S )\
nBusN, nBusNHCI Z~ “nHex
MeOH, 50 °C

Br /©/ Br /@/ Br ©/ Br
tBu MeO Ac

85%.ys 10T 929y, 51711 87%y,s13:1  78%y, S 9

80 °C
MeO Br Br Q Br
MeO I I
OMe 81%y, s 11:1 85%, s 9:1
91%, y s 16:1 80°C
Br

AN

N Br XN Br
Me— jij L~ N
S N
67%y, s 10:1
10% Pd, 80 °C

vy}
o
(¢}

72%y, s 16:1 91%y, s 20:1

80 °C
f C[Br Br
S w O
46% vy, s 8:1 54%y, s 8:1 72%y, s 6:1

80 °C 80°C

Figure 2.2 Examples of aryl and vinyl bromides.

In a cyclic amine DABCO, its hydrogens «to nitrogens are slow to eliminate
because it would give a bridgehead iminium specie according to Bredt’s rule.®
Indeed, when we replaced n-tributylamine with DABCO, the reduction was
minimized to <5% (Fig. 2.3). In the modified procedure, the n-BusN-HCI additive
was unnecessary. Furthermore, we found in some cases the less hindered dppf

performed better than dnpf.

The new procedure can be applied to electron-poor aryl chlorides (Figure 2.3).
Electron-neutral and electron-rich aryl chlorides did not react due to slow oxidative
addition. Aryl iodides, such as phenyl iodide and 1-iodonaphthalene, gave poor

internal selectivity (3:1).
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5% Pd(OAc),

Ar
10% dnpf
ArX + /\nHex )\
DABCO 7" “nHex
MeOH, 80 °C
Br

Br Br
& Cron
& e .

85%y,s 10:1, dppf  86%y, s 9:1 79%y, s 12:1, dppf

MeOZC F3C

80%y,s 9:1,10% Pd 63%y,s 12:1

Figure 2.3 Examples of aryl bromides and chlorides (no acidic additive was used).

As an example of application, we used the new method to access arylalkene A
directly from homoallylic alcohol (Scheme 2.5). Dppf afforded better yield than
dnpf. Alkene A was an early-stage intermediate in Padwa's total synthesis of

minfiensine. It was previously made via Suzuki coupling of a functionalized

arylboron reagent and an alkenyl iodide.**

10% Pd(OAc),

Br H
12% dppf
“ N PN,

NHAc DABCO

MeOH, 80 °C A
o .
(this work) 76%y, s >100:1
. I 2
B(pin) cat. Pd(PPh3), g OH
: steps
(b) + NOH A e N
NHA N32003 . A Py Me
c 63%y H N
Tol/EtOH, 65 °C
(Padwa et al. 2011) Minfiensine

Scheme 2.5 One example of synthetic application.
2.2.3 Unsuccessful substrates

Some aryl bromides did not give satisfactory results in reactions with 1-octene

under our catalytic reactions (Figure 2.4).

a) p-NMe,-phenyl bromide generated a mixture of isomers.
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b) Some electron-deficient aryl bromides showed poor reactivity and gave only
~3:1 selectivity. This can be attributed to slow halide dissociation on Pd centers

because of electronic effect.
c¢) Some electron-deficient ortho-substituted aryl bromides showed poor reactivity.
d) Hindered aryl bromides such as bromomesitylene showed very low reactivity.

e) 3-Bromo-N-methylindole only produced reduction product of N-methylindole.

5-Bromoisoquinoline produced little Heck product.

f) A vinyl bromide, a-bromostyrene, did not generate the desired Heck products

under our catalytic reactions.

Br i Br Br
o o 0
Me,N N\ ~N

A: a mixture of isomers  B: reduction of ArBr A: no product B: trace product

Br
XN Br Br Br
w
N CN F3C M902C

A: low yield A: low conversion A &B:s4:1 A & B: low yield
s 3:1 s 3:1 s 3:1

L CL * CL
Cl CN 'Pr
A: low yield s 12:1

B- low conversion s 41 A & B: trace products  B: low conversion B: low conversion

s 11:1 s 4:1

Figure 2.4 Unsuccessful substrates. Condition A: condition I with dnpf , n-Bus;N
and "Bu;N HCI; Condition B: conditon II with dppf or dnpf, DABCO.

2.2.4 Internal selective arylation of styrenes

1,1-Diarylethylenes are core structures in anticancer agents bexarotene®’ and
isocombretastatins A.®® Under most Heck conditions, stilbenes were major

products and selective a-arylation of styrene was difficult to achieve.”'*® We
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previously reported internal-selective arylation of styrenes with aryl triflates.” The
new Heck procedure can be applied to styrenes to give 1,1'-diarylethenes (Scheme
2.6). The minor isomers of stilbenes can be easily removed by flash

chromatography.
tBu

10% Pd(OAc), O
tBu . /\Q 12% dnpf
Br R nBusN, nBusNHCI =
MeOH, 50 °C
R

R=H 76%y,s13:1
R=0Me 81%y, s 11:1
R=Cl 67%y,s11:1,80°C

Scheme 2.6 Examples of Heck reaction of aromatic olefins.

In the reaction of 1,3-dibromophenol with styrene, no reaction was observed.
Protecting the hydroxy group with methoxylmethyl or methyl group, did not help

the reaction either (Scheme 2.7).

Br Br

OH/OMe/OMOM
OH/OMe/OMOM | T ¢
Ph

Br

Scheme 2.7 Unsuccessful reaction with styrene.

2.3 Mechanistic study

2.3.1 Stoichiometric reaction of (dnpf)Pd(Ph)Br complex

Experimentally, when we treated (dnpf)Pd(phenyl)(Br) with 5 equiv of 1-octene in
methanol, the expected Heck isomer was produced in 69% vyield and 15:1
selectivity after 24 hours at room temperature (Scheme 2.8). The internal
selectivity was exceptionally high in initial hours, which was characteristic of
olefin insertion into the cationic complex [(dnpf)Pd(Ph)]" species. In comparison,
no Heck product was detected if the methanol solvent was replaced by 1,4-dioxane

or DMA. Thus, we gained indirect evidence that methanol solvent helped
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ionization of bromide from the neutral aryl palladium complex to produce the key

cationic [(dnpf)Pd(Ph)]" species.

We also noticed that the selectivity in methanol dropped progressively over time,
which was consistent with in situ product isomerization under catalytic conditions.
The inclusion of the nBusN-HCl1 additive had little influence on the reaction
outcome. The neutral palladium bromide complex was poorly soluble in methanol,

which interfered with the kinetic studies.

nBusN 5 equiv Ph

MeOH, RT /‘\n—Hex

1h, 28%, 52:1
5h, 58%, 25:1
24 h, 69%, 15:1

Scheme 2.8 Stoichiometric reactions of olefin insertion. Both the yield and
selectivity of the desired isomer were determined by GC.

(dnpf)PA(Ph)Br + 2 n-Hex

5 equiv

We tried to detect the cationic aryl palladium species in a solution of
(dnpf)Pd(Ph)(Br) in 1:1 MeOH/DCM by *'P NMR spectroscopy, but to no avail.
Only the neutral complex was detected at room temperature. The neutral complex
was barely soluble in MeOH alone. When nBusN-HCI (5 equiv) was included,
(dnpf)Pd(Ph)(Cl) was detected. Its ratio to the neutral bromide complex was 2:1

after 2 hours at room temperature (Scheme 2.9).

(dnpf)Pd(Ph)Br + n-BusN'HCI =< (dnpf)Pd(Ph)CI
5 equiv 1:1 MeOH/DCM , RT
3P NMR 3P NMR
830.5(d, J = 27.6 Hz) §31.9(d, J = 26.9 Hz)
14.8(d, J = 29.2 Hz) 15.9(d, J = 27.2 Hz)

Scheme 2.9 Anions exchange in mixture solvent of MeOH and DCM.
2.3.2 DFT study of hydrogen-bonding-assisted concerted substitution

DFT calculations were performed by Prof. Hajime Hirao in collaboration, on the
step of halide ionization from (dnpf)Pd(phenyl)(Br). We found that both methanol
and the MesNH" acted together to lower the activation barrier of halide ionization

and to shift the equilibrium towards halide ionization (Figure 2.5). No significant
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effect of the hydrogen bonding was seen in the oxidative addition of (dnpf)Pd” and

ArBr, thus it was not considered herein.

(a) Dissociative substitution

+ +
Lo b o Lot MeOH Lot N
Pd —H> Pd Pd AE*= AE = +17.5 kcal/mol
/N / /N
Ph Br PR o Ph (I-)IMe (for the first step)
cationic
intermediate
(b) Associative substitution
H\O,Me L L +
Lot MeOH LT -Br N
/Pd\ —— Pd — /Pd\
PW  Br P Br P’ O-Me
H

no pentavalent
intermediate

(c) Hydrogen-bonding-assisted substitution aided by one MeOH

L Lo Lo L mel? L ’
\Pd/ h — \Pd{"O/ . \Pd/ AE = +4.7 kcal/mol
- \ \
PH Br PH L H pr’ o-Me|  AE*=+13.3 kcal/mol
r /
H

transition state Br

(d) Hydrogen-bonding-assisted substitution aided by two MeOHs

LoLge L. L ¥ *
®) Me L L
o o— \Pd{/c\y . o AE = +3.0 kcal/mol
N 2R\
P Br PR % H P’ “o-Me | AE*= +12.5 kcal/mol
R /
H : ‘H
MeO' H -
MeO Br
transition state H
MeO
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(e) Hydrogen-bonding-assisted substitution aided by both MeOH and Me+3NH

Me + +
L. Lo Lo b Me L. L
Pd T | PdQ ) | g AE = +0.0 kcal/mol
\ /N
Ph" Br PR % .-H Ph" 0 Me]  AE*= +10.6 kealimol
Me3N +,H Br
Me3N
+H

transition state MesN

Figure 2.5 Possible pathways for halide ionization in methanol. The B3LYP DFT
functional was used in conjunction with the Lanl2dz ECP basis set for Fe and Pd.
The solvent effect in methanol was taken into account by IEFPCM. The supporting
ligand (L and L) was dnpf-

When we modeled a simple dissociative pathway (a), no energy minimum could be
located for the cationic arylpalladium species as the Pd-Br distance was increased.
The fully ionized arylpalladium species was about 17 kcal/mol higher in energy
than the neutral species. In a simple associative pathway (b), no stable intermediate
could be located for the putative pentacoordinate species, either.”’ Instead, the

pentacoordinate species was found to be an energy maximum.

Instead, a new pathway (c) was found to be energetically more favorable, which
we coined "hydrogen-bonding-assisted concerted substitution". In the ground state,
methanol does not coordinate to the metal center. The "pentavalent" species with
methanol approaching the Pd center was found to be a transition state instead of
an intermediate. Importantly, in the entire course of ligand displacement, the
bromide remained hydrogen-bonded to the incoming methanol. Consequently, the
barrier was reduced to 13 kcal/mol and the whole process became endergonic only

by 4 kcal/mol.

Furthermore, when two methanol molecules acted in concert via double hydrogen
bonding with the bromide, the barrier was further reduced and the substitution
process became less endergonic (Figure. 2.5d). When an analogous ionization
pathway was calculated by replacing two methanol molecules with 1,4-dioxane, no

stable species can be found that involved new coordination of dioxane oxygen to
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the Pd center and hydrogen bonding between a-CH bonds of dioxane and the

bromide.

Calculations using one explicit MeOH molecule and one Me;NH cation as dual
hydrogen bond donors further reduced the barrier to 11 kcal/mol. The whole

process became almost thermoneutral (Figure. 2.5 e).

2.4 Summary

In conclusion, we realized herein a quite general method for regioselective Heck
reaction of aliphatic alkenes at internal sites, using aryl halides. In comparison,
existing methods used to provide a mixture of isomers. Based on DFT studies, a
new pathway for concerted halide displacement by methanol was identified, which
we coined "hydrogen-bonding-assisted concerted substitution". Mechanistically, it
was different from common associative or dissociative substitutions on transition
metal complexes. In the concerted pathway, the transition state was stabilized by
internal hydrogen bonding between the incoming methanol and departing bromide
ion. We have gained indirect evidence to support the special role played by
methanol solution in promoting halide dissociation in stoichiometric olefin

insertion.
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2.5 Experimental section

2.5.1. General

'H NMR spectra were acquired on Bruker 400 MHz spectrometers and chemical
shifts were recorded relative to tetramethylsilane (& 0.00) or residual protiated
solvent (CDCls: & 7.26). Multiplicities were given as: s (singlet), d (doublet), t
(triplet), q (quartet) and m (multiplet). The number of protons (n) for a given
resonance was indicated by nH. Coupling constants were reported as a J value in
Hz. >C NMR spectra were obtained at 100 MHz on 400 MHz instruments and
chemical shifts were recorded relative to solvent resonance (CDCls: 6 77.16).
Proof of purity of new compounds was demonstrated with copies of 'H and "*C
spectra. Flash chromatography was performed using Merck silica gel 60
(0.040-0.063 mm). Gas chromatography (GC) analysis was performed on a
Shimadzu GC-2010 instrument with Agilent ] & W GC column DB-5MS-UL
GC/MS analysis was conducted on a Thermo Scientific DSQ II single quadrupole
GC/MS instrument with Agilent J] & W GC column DB-5MS-UL

1,1'-Bis[di(1-naphthyl)phosphino]ferrocene and 1,1’-bis[di(2-naphthyl)phosphino]
-ferrocene were prepared according to our previous reported procedures.’’
N-(2-Bromophenyl)acetamide’”, N-(5-hexenyl)phthalimide®”, tert-butyl
5-bromo-1H-indole-1-carboxylate” and 1-bromo-3,4-dihydronaphthalene” was
prepared by using reported procedures. Methanol was distilled over sodium under

argon atmosphere and stored in a Schlenk tube in an argon-filled glove box.
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2.5.2. Condition optimization for Heck reaction

Typical procedure using 0.1 mmol of PhBr: In an argon-filled glove box, a dry
4-mL vial containing a magnetic stir bar was charged with Pd(OAc), (5 mol%, 1.1
mg, 0.005 mmol), dnpf (10 mol%, 7.5 mg, 0.010 mmol) and 0.5 mL of dry
Methanol. After stirring at room temperature for 10 minutes, phenyl bromide (0.1
mmol, 15.7 mg), 1-octene (2 equiv, 0.20 mmol, 22.4 mg) and tri-n-butyl amine (2
equiv, 0.20 mmol, 37 mg) were added sequentially via syringe. To the reaction
mixture was added tri-n-butylamine hydrochloride (1 equiv, 0.10 mmol, 22.2 mg)
at last. The vial was capped tightly and the mixture was heated with vigorous
stirring in aluminum heating block maintained at 50 °C. After stirring for 24 hours,
the reaction mixture was cooled to room temperature and 1-dodecane was added
(10 pl). The reaction mixture was diluted with dichloromethane to give a
homogeneous solution. Aliquots were taken and passed through a short plug of
silica gel with diethyl ether washings. The filtrate was subjected to GC analysis to
determine the conversion of aryl bromide, yield and selectivity of the Heck
products. The isomers of the products were identified by GCMS. 'H NMR
spectroscopy was unsuitable to determine the amount of minor isomers due to low

signal intensity and overlap of signals on the 'H NMR spectra.
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Table 2.5 Effect of base without using acidic additives.

5% Pd(OAc),
10% dnpf

Ph

PhBr+ < “n-Hex _ + isomers
base 2 equiv n-Hex
MeOH, 80 °C, 24 h
Entry | Base Conv (%) | Desired Selectivity
isomer (%)
1 NaOAc 7 1 0.2
2 Li,CO; 67 36 2
3 K5POq 100 6 0.3
4 Et;N 43 20 2
5 DIPEA 61 38 3
6 Cy,NMe 96 70
7 Urotropine 37 24 2.5
8 2,6-Lutidine 8 4 1
9 Proton sponge 91 61 3
10 DBU 40 12 2
11 DABCO 1.2 equiv 17 12 2
12 DABCO 24 16 3
13 nBu;N 99 60 4
Table 2.6 Effect of base together with acidic additives.
5% Pd(OAC), on
PhBr+ 2 “n-Hex 1% dnef , + isomers
base 2 equiv n-Hex
additive 1 equiv
MeOH, 50 °C, 24 h
Entry | Base + Additive Conv (%) | Desired Selectivity
isomer (%)
1 nBusN 2 equiv 64 41 5
2 nBusN 2 equiv
65 48 7
nBusN'HCI 0.2 equiv
3 nBusN 2 equiv
80 63 10
nBusN'HCI 0.5 equiv
5 nBusN 2 equiv
11
nBusN'HCI 1 equiv 9 83
6 nBusN 2 equiv
4
nBusN'HOTT 1 equiv 60 > 6
7 nBusN 2 equiv
nBusN'HOTSs 1 equiv >9 30 35
8 nBusN 2 equiv
nBwNCI 1 equiv 80 65 7
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9 nBusN 2 equiv
71 57 11
nBwNBr 1 equiv
10 nBusN 2 equiv
nBusNOAc 1 equiv 37 39 6
11 Et:N 2 equiv
1 1
Et;:N'HC1 1 equiv 6 3 >
12 DIPEA 2 equiv
2 1 2
DIPEAHOTt 1 equiv 0 3
13 nBusN 2 equiv
1 44
ZnCl, 1 equiv 6 >
14 nBusN 2 equiv
1 2
Zn(OTf), 1 equiv 36 3
15 nBusN 2 equiv
4 14 2
Sc(OTf); 1 equiv 0
16 DABCO 1.2 equiv 8 8 14
Table 2.7 Amount of the olefin and catalyst.
5% Pd Ph
PhBr + =~ “n-Hex % AT _ PN + isomers
n-BusN 2 equiv n-Hex
n-BusN'HCI 1 equiv
MeOH, 50 °C, 15 h
Entry | 1-Octene Conversion | Desired Isomers | Selectivity
of PhBr (%) | product (%) (%)
1 1.2 equiv 47 25 6 4
2 1.5 equiv 56 34 6 5
3 2 equiv 86 70 6 11
4° 2 equiv 53 40 4 10

“ Catalyst: 2% of Pd(OAc), and 4% of dnpf.

Table 2.8 Effect of bases in Heck reaction of 1-naphthyl bromide using 0.1 mmol

of ArBr.
5% Pd(OAC),
0 1-Naphthyl _
1-Naphthylbromide + Zn-Hex 10% dppf. + isomers
base 2 equiv n-Hex
MeOH, 80 °C, 24 h
Entry | Base Conv | Desired isomer | Selectivity ArH
(%) (%) (%)
1 nBusN 2 equiv 100 61 10 21
2 nBusN 2 equiv
100 59 11 27
nBusN'HCI 1 equiv
3¢ nBusN 2 equiv 100 48 8 38
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nBusN'HCI 1 equiv
4 DABCO 2 equiv 100 88 10 3
5¢ DABCO 2 equiv 63 52 6 2
6 DABCO 1.2 equiv 100 83 9 5
7 DABCO 2 equiv

DABCOHCI 1 equiv 95 84 ? 2
8 Cy>,NMe 2 equiv 99 78 9 13
9 DIPEA 2 equiv 100 53 9 32
10 EtsN 2 equiv 100 79 10 11
11 2,6-Lutidine 2 equiv 41 32 8 1
12 Protor‘l sponge 100 28 10 )

2 equiv
13 Li,CO; 2 equiv 100 81 9 3
14 Urotropine 2 equiv 87 67 9 3

“ Using Dnpf as supporting ligand.
2.5.3. Isolation of Heck products

Typical procedure | using tri-n-butylamine hydrochloride additive: In an
argon-filled glove box, to a dry 10-mL Schlenk tube containing a magnetic stir bar
was charged Pd(OAc); (5.6 mg, 0.025 mmol), dnpf (37.7 mg, 0.05 mmol) and 2.5
mL of dry methanol. After stirring at room temperature for 10 minutes, aryl
bromide (0.5 mmol), terminal olefin (2 equiv, 1.0 mmol), tri-rn-butylamine (2 equiv,
1.0 mmol, 185 mg) and tri-n-butylamine hydrochloride (1 equiv, 0.5 mmol, 111 mg)
were added sequentially. The Schlenk tube was capped tightly and the mixture was
heated with vigorous stirring in a 50 °C oil bath. After the aryl bromide was fully
consumed (monitored by GC), the reaction mixture was cooled to room
temperature and the solvent was removed on a rotary evaporator under reduced
pressure. The resulting residue was purified by silica gel flash chromatography.
The isomers in a reaction mixture were identified by GCMS. In the crude product,
the ratio of the desired isomer versus all other isomers was determined by GC
unless stated otherwise. The minor isomers can vary from 1 to 8 depending on the
substrates, catalysts and conditions (detected by GC and GCMS). The typical
procedure was used for all the isolation on 0.50 mmol scales (aryl bromides),

unless stated otherwise. Note: 'H NMR spectroscopy was unsuitable to determine
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the amount of minor isomers due to low signal intensity and overlap of signals on

"H NMR spectra.

Typical procedure Il without using tri-n-butylamine hydrochloride additive:
In an argon-filled glove box, to a dry 10-mL Schlenk tube containing a magnetic
stir bar was charged Pd(OAc), (5.6 mg, 0.025 mmol), dnpf (37.7 mg, 0.05 mmol)
and 2.5 mL of dry methanol. After stirring at room temperature for 10 minutes, aryl
bromide (0.50 mmol), aliphatic olefin (2 equiv, 1.0 mmol) and DABCO (1.2 equiv,
0.6 mmol, 67 mg) were added sequentially. The Schlenk tube was capped tightly
and the mixture was heated with vigorous stirring in an 80 °C oil bath. After the
aryl bromide was fully consumed (monitored by GC), the reaction mixture was

worked up as described above.

t-Bu

Ph
p-tert-Butyl-1-benzylstyrene [1393539-25-7]. The reaction was set up following
typical procedure I with 10% Pd(OAc),, 12% dnpf and 3 equiv of allylbenzene and
stirred at 50 °C for 2 days. The product was purified by flash chromatography
(hexane) as colorless oil (107 mg, 86%). The ratio of the desired isomer versus all
other isomers in the crude product was determined to be 10:1 by GC. 10:1 after

purification.
'H NMR (400 MHz, CDCl3): & 7.41-7.36 (m, 2H), 7.32-7.16 (m, 7H), 5.51 (d, J =

1.0 Hz, 1H), 4.96 (d, J= 1.0 Hz, 1H), 3.82 (s, 2H), 1.30 (s, 9H).
GCMS (EI): Calcd for Cj9Hpp: 250.38. Found: 250.1.
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t-Bu

p-tert-Butyl-1-cyclohexylstyrene. The reaction was set up following typical
procedure I with 10% Pd(OAc),, 12% dnpf and 5 equivalent of olefin and stirred at
80 °C for 32 hours. The product was purified by flash chromatography (hexane) as
colorless oil (104 mg, 86%). The ratio of the desired isomer versus all other
isomers in the crude product was determined to be 10:1 by GC. 10:1 after
purification. When 2 equivalents of the olefin was used, only 62% of the desired

product was obtained with 13:1 selectivity.

'H NMR (400 MHz, CDCls): & 7.34-7.25 (m, 4H), 5.14 (d, J = 1.1 Hz, 1H), 4.97
(m, 1H), 2.44-2.38 (m, 1H), 1.86-1.69 (m, 5H), 1.37-1.12 (m, 14H).

BC NMR (100 MHz, CDCls): & 154.8, 150.0, 140.0, 126.3 (2 overlapping signals),
125.2(x2), 109.8, 42.6, 34.6, 33.0, 31.5, 27.0, 26.6.

GCMS (EI): Calcd for CigHps: 242.2. Found: 242.2.

t-Bu

t-Bu

p-tert-Butyl-1-neopentylstyrene [1393539-22-4]. The reaction was set up
following typical procedure I with 5% Pd(OAc), and 10% dnpf and stirred at 50 °C
for 3 days. The product was purified by flash chromatography (hexane) as
colorless oil (89 mg, 76%). The ratio of the desired isomer versus all other isomers

in the crude product was determined to be 11:1 by GC. 13:1 after purification.

'H NMR (400 MHz, CDCL3): & 7.30 (ws, 4H), 5.24-523 (d, J = 2.1 Hz, 1H),
4.97-4.96 (m, 1H), 2.45 (s, 2H), 1.31 (s, 9H), 0.81 (s, 9H).
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GCMS (EI): Calcd for Cj7Hz6: 230.39. Found: 230.1.

t-Bu

p-tert-Butyl-1-(cyclopentylmethyl)styrene . The reaction was set up following
typical procedure I with 5% Pd(OAc), and 10% dnpf and stirred at 50 °C for 3
days. The product was purified by flash chromatography (hexane) as colorless oil
(110 mg, 91%). The ratio of the desired isomer versus all other isomers in the

crude product was determined to be 11:1 by GC. 11 :1 after purification.

'"H NMR (400 MHz, CDCls): § 7.34 (ys, 4H), 5.23 (s, 1H), 5.00 (s, 1H), 2.49-2.47
(d, J = 7.4 Hz, 2H), 1.98-1.91 (m, 1H), 1.71-1.65 (m, 2H), 1.62-1.57 (m, 2H),
1.49-1.44 (m, 2H), 1.32 (s, 9H), 1.20-1.11 (m, 2H).

13C NMR (100 MHz, CDCL): & 150.3, 148.1, 138.7, 125.0, 125.2, 112.2, 42.1,
38.3, 34.6, 32.6, 31.5, 25.2.

GCMS (EI): Calcd for CigHys: 242.2. Found: 242.1.
t-Bu

CO,Me
Methyl 5-(p-tert-butylphenyl)-5-hexenoate [1393539-26-8]. The reaction was set
up following typical procedure I with 10% Pd(OAc), and 12% dnpf and stirred at
50 °C for 2 days. The product was purified by flash chromatography (hexane/ethyl
acetate 10:1) as colorless oil (125 mg, 96%). The ratio of the desired isomer versus
all other isomerswas determined by GC to be 10:1 in the crude product and 10:1

after purification.

'H NMR (400 MHz, CDCls): 6 7.35 (ys, 4H), 5.30 (d, J = 1.1 Hz, 1H), 5.03-5.02
(m, 1H), 3.66 (s, 3H), 2.54 (t, J= 7.4 Hz, 2H), 2.34 (t, J= 7.4 Hz, 2H), 1.80 (yqn,
J=17.4Hz, 2H), 1.32 (s, 9H).
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GCMS (EI): Calcd for C17H240;: 260.37. Found: 260.1.

t-Bu

CN

5-(p-tert-Butylphenyl)-5-hexenenitrile. The reaction was set up following typical
procedure I with 10% Pd(OAc), and 12% dnpf and stirred at 50 °C for 2 days. The
product was purified by flash chromatography (hexane/ethyl acetate 20:1) as
colorless oil (85 mg, 75%). The ratio of the desired isomer versus all other isomers

in the crude product was determined to be 15:1 by GC. 12:1 after purification.

'H NMR (400 MHz, CDCl3): & 7.37-7.25 (m, 4H), 5.34 (s, 1H), 5.09 (d, J= 1.0 Hz,
1H), 2.68 (t, J = 7.2 Hz, 2H), 2.32 (t, J = 7.1 Hz, 2H), 1.81 (yqn, J = 7.2 Hz, 2H),
1.32 (s, 9H).

BC NMR (100 MHz, CDCly): & 151.3, 146.2, 137.4, 126.2, 125.9, 120.1, 113.8,
35.0,34.4,31.8,24.2,16.8.

GCMS (EI): Calcd for Ci6H2N: 227.3. Found: 227.0.

t-Bu

0]

O
2-p-tert-Butylphenyl-6-phthalimido-1-hexene [1393539-33-7]. The reaction was
set up following typical procedure I with 10% Pd(OAc), and 12% dnpf and stirred
at 50 °C for 29 hours. The desired product and starting material coeluted during
flash chromatography (hexane/ethyl acetate 10:1). The desired product was

obtained as colorless oil after bulb-to-bulb distillation to remove unreacted starting

material (167mg, 92%). The ratio of the desired isomer versus all other isomers in
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the crude product was determined to be 33:1 by GC.

'H NMR (400 MHz, CDCl3): § 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.1
Hz, 2H), 7.32 (ys, 4H), 5.26 (d, J= 1.4 Hz, 1H), 5.03-5.02 (m, 1H), 3.68 (t,J=7.3
Hz, 2H), 2.54 (t, J = 7.5 Hz, 2H), 1.72 (yqn, J = 7.5 Hz, 2H), 1.50 (yqn, J = 7.5
Hz, 2H), 1.31 (s, 9H).

GCMS (EI): Calcd for Co4H,7NO;: 361.48. Found: 361.1.

t-Bu

OH

2-(p-tert-Butylphenyl)-1-butene-4-ol [1134201-55-0]. The reaction was set up
following typical procedure I with 10% Pd(OAc),, 12% dnpf and 3 equivalents of
olefin and stirred at 80 °C for one day. The product was purified by flash
chromatography (hexane/ethyl acetate 10:1) followed by using bulb to bulb
distillation (for removal of tri-n-butylamine) as colorless oil (74 mg, 72%). The
ratio of the desired isomer versus all other isomers in the crude product was

determined to be 11:1 by GC. 11:1 after purification.

'H NMR (400 MHz, CDCls): & 7.36 (ys, 4H), 5.41 (d, J = 1.3 Hz, 1H), 5.12-5.12
(m, 1H), 3.73 (t, J = 6.4 Hz, 2H), 2.78 (td, J = 6.4, 0.9 Hz, 2H), 1.48 (br s, 1H),
1.32 (s, 9H).

GCMS (EI): Calcd for Ci4Hyo: 204.15. Found: 204.1.

t-Bu

OH

2-(p-tert-Butylphenyl)-1-pentene-5-ol [1393539-27-9]. The reaction was set up
following typical procedure I with 5% Pd(OAc), and 10% dnpf and stirred at 80 °C

for 28 hours. The product was purified by flash chromatography (hexane/ethyl
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acetate 10:1 to 5:1) followed by using bulb to bulb distillation (for removal of
tri-n-butylamine) as colorless oil (85 mg, 78%). The ratio of the desired isomer
versus all other isomers in the crude product was determined to be 14:1 by GC.

14:1 after purification.

'H NMR (400 MHz, CDCls): §7.35 (ys, 4H), 5.29 (s, 1H), 5.05 (s, 1H), 3.66 (t, J
= 6.4 Hz, 2H), 2.59 (t, J = 7.5 Hz, 2H), 1.73 (tt, J = 7.5, 6.4 Hz, 2H), 1.40 (br s,
1H), 1.32 (s, 9H).

GCMS (EI): Calcd for C;sH»,0: 218.33. Found: 218.1.

2-Phenyl-1-octene [5698-49-7]. The reaction was set up following typical
procedure I with 5% Pd(OAc), and 10% dnpf and the reaction mixture was stirred
at 50 °C for 2 days. The product was purified by flash chromatography (hexane) as
colorless oil (80 mg, 85%). The ratio of the desired isomer versus all other isomers

in the crude product was determined to be 10:1 by GC. 10:1 after purification.

'H NMR (400 MHz, CDCly): § 7.42-7.39 (m, 2H), 7.34-7.30 (m, 2H), 7.28-7.24
(m, 1H), 5.26 (d, J= 1.3 Hz, 1H), 5.05 (d, /= 1.3 Hz, 1H), 2.50 (t, /= 7.5 Hz, 2H),
1.44 (yqn, J= 7.3 Hz, 2H), 1.36-1.26 (m, 6H), 0.87 (t, /= 6.8 Hz, 3H).

GCMS (EI): Calcd for Cj4Hyo: 188.16. Found: 188.1.

t-Bu

2-(p-tert-Butylphenyl)-1-octene [1393538-91-4]. The reaction was set up
following typical procedure I with 5% Pd(OAc), and 10% dnpf and the reaction
mixture was stirred at 50 °C for 2 days. The product was purified by flash

chromatography (hexane) as colorless oil (112 mg, 92%). The ratio of the desired
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isomer versus all other isomers in the crude product was determined to be 17:1 by

GC. 12:1 after purification.

'H NMR (400 MHz, CDCl3): § 7.35 (s, 4H), 5.25 (d, J = 1.5 Hz, 1H), 5.01-5.00
(m, 1H), 2.48 (t,J = 7.6 Hz, 2H), 1.48-1.44 (m, 2H), 1.35-1.27 (m, 15H), 0.87 (t, J
= 6.8 Hz, 3H).

GCMS (EI): Calcd for CigHys: 244.41. Found: 244.1.

MeO

2-(p-Anisyl)-1-octene [129182-23-6]. The reaction was set up following typical
procedure I with 5% Pd(OAc), and 10% dnpf and the reaction mixture was stirred
at 50 °C for 3 days. The product was purified by flash chromatography (hexane) as
colorless oil (95 mg, 87%). The ratio of the desired isomer versus all other isomers

in the crude product was determined to be 13:1 by GC. 15:1 after purification.

'"H NMR (400 MHz, CDCl;): § 7.36-7.34 (m, 2H), 6.87-6.85 (m, 2H), 5.18 (d, J =
1.4 Hz, 1H), 4.97-4.96 (m, 1H), 3.81 (s, 3H), 2.46 (t, J= 7.5 Hz, 2H), 1.46-1.42 (m,
2H), 1.34-1.24 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H).

GCMS (EI): Calcd for C;sH»,0: 218.17. Found: 218.1.

Me
(@)

2-(p-Acetylphenyl)-1-octene [688805-09-6]. The reaction was set up following
typical procedure I with 5% Pd(OAc),, 10% dnpf and 3 equivalents of 1-octene
and the reaction mixture was stirred in 80 °C oil bath for 2 days. The product was
purified by flash chromatography (hexane/ethyl acetate 50:1) as colorless oil (90
mg, 78%). The ratio of the desired isomer versus all other isomers in the crude

product was determined to be 9:1 by GC. 13:1 after purification.
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'H NMR (400 MHz, CDCls): § 7.92 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H),
5.35 (s, 1H), 5.16 (d, J = 1.1 Hz, 1H), 2.60 (s, 3H), 2.51 (t, J = 7.5 Hz, 2H),
1.47-1.39 (m, 2H), 1.35-1.26 (m, 6H), 0.87 (t, /= 6.8 Hz, 3H).

GCMS (EI): Caled for C;sH2,0: 230.17. Found: 230.2.

MeO

OMe
2-(3,5-Dimethoxyphenyl)-1-octene [499237-38-6]. The reaction was set up
following typical procedure I with 5% Pd(OAc), and 10% dnpf and the reaction
mixture was stirred at 50 °C for 2 days. The product was purified by flash
chromatography (hexane/ethyl acetate 20: 1) as colorless oil (113 mg, 91%). The
ratio of the desired isomer versus all other isomers in the crude product was
determined to be 16:1 by GC. 16:1 after purification.
'H NMR (400 MHz, CDCls): & 6.55 (d, J = 2.2 Hz, 2H), 6.39 (t, J = 2.2 Hz, 1H),
5.25 (s, 1H), 5.04 (s, 1H), 3.80 (s, 6H), 2.46-2.42 (t, J= 7.5 Hz, 2H), 1.47-1.40 (m,
2H), 1.33-1.27 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H).
GCMS (EI): Calcd for CisHy40;: 248.18. Found: 248.2.

MeO l I

2-(6-Methoxy-2-naphthyl)-1-octene. The reaction was set up following typical
procedure I with 5% Pd(OAc),, 10% dnpf and 3 equivalents of 1-octene and the
reaction mixture was stirred in an 80 °C oil bath for 2 days. The product was
purified by flash chromatography (hexane/ethyl acetate 50:1) as colorless oil (108
mg, 81%). The ratio of the desired isomer versus all other isomers in the crude
product was determined to be 11:1 by GC. 11:1 after purification.

'H NMR (400 MHz, CDCly): 8§ 7.75-7.67 (m, 3H), 7.55 (d, J = 8.6, 1.8 Hz, 1H),
7.15-7.10 (m, 2H), 5.37 (d, /= 1.3 Hz, 1H), 5.11 (m, 1H), 3.91 (s, 3H), 2.60 (t, J =
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7.5 Hz, 2H), 1.51-1.47 (m, 2H), 1.37-1.25 (m, 6H), 0.87 (t, /= 6.9 Hz, 3H).

BC NMR (100 MHz, CDCl): & 157.8, 148.7, 136.7, 134.0, 129.8, 129.0, 126.7,
125.4,124.6, 119.0, 111.9, 105.7, 55.4, 35.5, 31.8, 29.2, 28.5, 22.8, 14.2.

GCMS (EI): Caled for Ci9H240: 268.2. Found: 268.2.

3,4-Dihydro-1-(1-octe-2-nyl)naphthalene [1393538-99-2]. The reaction was set
up following typical procedure I by using 5% Pd(OAc), and 10% dnpf and the
reaction mixture was stirred at 50 °C for 3 days. The product was purified by flash
chromatography (hexane) as colorless oil (102 mg, 85%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 9:1 by
GC. (46:1 after purification)

'H NMR (400 MHz, CDCls): & 7.16-7.12 (m, 4H), 5.92 (t, J = 4.6 Hz, 1H), 5.05
(m, 1H), 4.99 (d, J = 2.4 Hz, 1H), 2.75 (t, J = 7.9 Hz, 2H), 2.29-2.22 (m, 4H),
1.53-1.34 (m, 2H), 1.29-1.21 (m, 6H), 0.86 (t, J = 4.6 Hz, 3H).

GCMS (EI): Calcd for CigHy4: 240.38. Found: 240.1.

_</N

S
2-(2-Methyl-5-benzothiazolyl)-1-octene . The reaction was set up following
typical procedure I by using 5% Pd(OAc), and 10% dnpf and the reaction mixture
was stirred at 50 °C for 24 hours. The product was purified by flash
chromatography (hexane/ethyl acetate 30:1) as colorless oil (94 mg, 72%). The
ratio of the desired isomer versus all other isomers in the crude product was
determined to be 16:1 by GC. 18:1 after purification.
'H NMR (400 MHz, CDCls): § 7.97 (d, J = 1.6 Hz, 1H), 7.75 (d, J = 8.3 Hz, 1H),
7.42 (dd, J=8.3, 1.7 Hz, 1H), 5.34 (d, /= 1.4 Hz, 1H), 5.12 (m, 1H), 2.83 (s, 3H),
2.56 (td, J=17.6, 0.7 Hz), 1.63-1.36 (m, 2H), 1.34-1.23 (m, 6H), 0.86 (t,J = 6.8 Hz,
3H).
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BC NMR (100 MHz, CDCl3): 6 167.5, 153.9, 148.5, 139.9, 134.5, 123.4, 121.1,
119.9, 112.8, 35.8, 31.8, 29.2, 28.5, 22.8, 20.3, 14.2.
GCMS (EI): Calcd for Cj¢H,NS: 259.1. Found: 259.1.

X

7z

N
2-(3-Quinolinyl)-1-octene. The reaction was set up following typical procedure I
by using 10% Pd(OAc),, 15% dnpf and 5 equivalent of olefin and the reaction
mixture was stirred at 80 °C for 3 days. The product was purified by flash
chromatography (hexane/ethyl acetate 10: 1 containing 1% triethylamine) and
subsequent vacuum distillation (to remove tri-n-butylamine) as colorless oil (80
mg, 67%). The ratio of the desired regioisomer versus all other isomers in the
crude product was determined to be 10:1 by GC. 10:1 after purification.
When 15% Pd and 18% dnpf were used as catalyst and 3 equiv of the olefin was
used, 61% yield and 6:1 selectivity was obtained after 4 days at 80 °C.
'H NMR (400 MHz, CDCl;): § 9.02 (d, J = 2.2 Hz, 1H), 8.10-8.07 (m, 2H), 7.81 (d,
J = 8.2 Hz, 1H), 7.70-7.66 (m, 1H), 7.56-7.52 (m, 1H), 5.47 (s, 1H), 5.26 (d, J =
1.0 Hz, 1H), 2.62 (t, J = 7.5 Hz, 2H), 1.52-1.46 (m, 2H), 1.38-1.25 (m, 6H), 0.87 (t,
J=6.9 Hz, 3H).
BC NMR (100 MHz, CDCly): & 149.7, 147.5, 145.9, 134.1, 132.1, 129.3, 129.2,
128.1, 127.9, 126.9, 114.4, 35.3,31.8, 29.1, 28.2, 22.7, 14.2.
GCMS (EI): Caled for Ci7H2N: 239.2. Found: 239.1.

4

N
Boc

N-(t-Butoxycarbonyl)-5-(2-octenyl)indole [1393538-97-0]. The reaction was set
up following typical procedure I by using 5% Pd(OAc), and 10% dnpf and the

reaction mixture was stirred at 80 °C for 20 hours. The product was purified by
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flash chromatography (hexane/ethyl acetate 50:1) as colorless oil (149 mg, 91%).
The ratio of the desired isomer versus all other isomers in both the crude and
purified samples was determined to be 20:1 by NMR spectroscopy.

'H NMR (400 MHz, CDCl3): § 8.05 (d, J = 8.6 Hz, 1H), 7.58-7.57 (m, 2H), 7.38
(dd, J = 8.6, 1.7 Hz, 1H), 6.58 (d, J = 3.5 Hz, 1H), 5.26 (d, J = 1.7 Hz, 1H), 5.04
(m, 1H), 2.55 (t, J = 7.4 Hz, 2H), 1.67 (s, 9H), 1.55-1.41 (m, 2H), 1.36-1.24 (m,
6H), 0.86 (t,J= 6.8 Hz, 3H).

GCMS (EI): Caled for CjsHz N [M-Boc+H]: 227.17. Found: 227.0.

2-(1-Naphthyl)-1-octene [101720-90-5]. The reaction was set up following typical
procedure I by using 5% Pd(OAc), and 10% dppf and the reaction mixture was
stirred in 80 °C oil bath for 38 hours. The product was purified by flash
chromatography (hexane) as colorless oil (102 mg, 85%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 10:1 by
GC. 12:1 after purification. When 5% Pd(OAc), and 10% dppf were used as
catalyst, 52% yield and 6:1 selectivity was obtained after 24 h at 80 °C.

Typical procedure I by using 5% Pd(OAc), and 10% dnpf and the reaction mixture
was stirred in 80 °C oil bath for 17 hours. The product was purified by flash
chromatography (hexane) as colorless oil (55 mg, 46%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 8:1 by
GC. 34:1 after purification. The reduction byproduct naphthalene was about 25%.
'H NMR (400 MHz, CDCl5): & 8.04-8.02 (m, 1H), 7.86-7.83 (m, 1H), 7.76 (d, J =
7.2 Hz, 1H), 7.48-7.41 (m, 3H), 7.28-7.26 (m, 1H), 5.38-5.37 (m, 1H), 5.05 (d, J =
2.2 Hz, 1H), 2.50 (t, J = 7.5 Hz, 2H), 1.44-1.21 (m, 8H), 0.85 (t, J= 6.8 Hz, 3H).
GCMS (EI): Calcd for CisHp,: 238.17. Found: 238.1.
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Me
2-(0-Toly)-1-octene [1393539-01-9]. The reaction was set up following typical
procedure I by using 5% Pd(OAc), and 10% dnpf and the reaction mixture was
stirred in 80 °C oil bath for 2 days. The product was purified by flash
chromatography (hexane) as colorless oil (87 mg, 86%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 9:1 by
GC. 11:1 after purification.
Typical procedure I by using 5% Pd(OAc), and 10% dnpf and the reaction mixture
was stirred in 80 °C oil bath for 2 days. The product was purified by flash
chromatography (hexane) as colorless oil (55 mg, 54%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 8:1 by
GC. 13:1 after purification. A significant amount of ArBr reduction was observed
by GC.
'H NMR (400 MHz, CDCls): § 7.25-7.11 (m, 3H), 7.07-7.05 (m, 1H), 5.17-5.15 (m,
1H), 4.84 (d, J = 2.1 Hz, 1H), 2.33-2.29 (m, 5H), 1.40-1.23 (m, 8H), 0.87 (t, J =
6.8 Hz, 3H).
GCMS (EI): Calcd for CsHpp: 202.34. Found: 202.2.

OMe

2-(0-Anisyl)-1-octene [1046468-80-7]. The reaction was set up following typical
procedure I with 5% Pd(OAc), and 10% dnpf and the reaction mixture was stirred
at 50 °C for 2 days. The product was purified by flash chromatography (hexane) as
colorless oil (78 mg, 72%). The ratio of the desired isomer versus all other isomers
in the crude product was determined to be 6:1 by GC. 7:1 after purification.

'H NMR (400 MHz, CDCl3): & 7.26-7.21 (m, 1H), 7.13 (dd, J = 7.4, 1.8 Hz, 1H),
6.92 (ytd, J= 7.4, 1.0 Hz, 1H), 6.87 (d, J = 8.2 Hz, 1H), 5.13-5.12 (m, 1H), 4.99
(d, J=2.2 Hz, 1H), 3.82 (s, 2H), 2.46 (t, J = 7.1 Hz, 2H), 1.35-1.21 (m, 8H), 0.86
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(t,J=6.9 Hz, 3H).
GCMS (EI): Calcd for C;sH»,0: 218.17. Found: 218.1.

Qg)w

3-(2-Octenyl)benzothiophene. The reaction was set up following typical
procedure II by using 5% Pd(OAc), and 10% dppf and the reaction mixture was
stirred in 80 °C oil bath for 38 hours. The product was purified by flash
chromatography (hexane) as colorless oil (96 mg, 79%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 12:1 by
GC. 12:1 after purification. When 5% Pd(OAc), and 10% dnpf were used as
catalyst, low yield and 4:1 selectivity resulted after 24 h at 80 °C.

'H NMR (400 MHz, CDCl3): & 7.93-7.84 (m, 2H), 7.40-7.32 (m, 2H), 7.23 (s, 1H),
5.31-5.30 (m, 1H), 5.26 (d, /= 1.6 Hz, 1H), 2.52 (t, J = 7.5 Hz, 2H), 1.48-1.40 (m,
2H), 1.35-1.21 (m, 6H), 0.85 (t, J = 6.8 Hz, 3H).

BC NMR (100 MHz, CDCly): & 144.1, 140.6, 138.8, 138.3, 124.3, 124.2, 123 .4,
122.9,122.3,114.4,37.7,31.8,29.1, 28.3, 22.8, 14.2.

GCMS (EI): Calcd for Ci6Hz0S: 244.1. Found: 244.1

MeO,C

2-(p-Methoxycarbonylphenyl)-1-octene [947607-39-8]. The reaction was set up
following typical procedure II by using 10% Pd(OAc),, 12% dnpf, 3 equivalents of
I-octene and 2 equivalents of DABCO and the reaction mixture was stirred in 80
°C oil bath for 5 days. The product was purified by flash chromatography (hexane)
as colorless oil (99 mg, 80%). The ratio of the desired isomer versus all other
isomers in the crude product was determined to be 9:1 by GC. 11:1 after

purification.
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'H NMR (400 MHz, CDCl5): & 8.00-7.97 (m, 2H), 7.47-7.44 (m, 2H), 5.34 (s, 1H),
5.15 (d, J = 1.2 Hz, 1H), 3.92 (s, 3H), 2.50 (t, J = 7.5 Hz, 2H), 1.54-1.41(m, 2H),
1.34-1.26 (m, 6H), 0.87 (t, J = 6.8 Hz, 3H).

GCMS (EI): Calcd for CigH2,0;: 246.16. Found: 246.1.

FsC

2-(p-Trifluoromethylphenyl)-1-octene [947607-37-6]. The reaction was set up
following typical procedure II by using 5% Pd(OAc),, 10% dnpf, 5 equivalent of
I-octene and 2 equivalents of DABCO and the reaction mixture was stirred in 80
°C oil bath for 3 days (70% conversion of ArBr). The product was purified by flash
chromatography (hexane) as colorless oil (80 mg, 63%). The ratio of the desired
isomer versus all other isomers in the crude product was determined to be 12:1 by
GC. 12:1 after purification.

'H NMR (400 MHz, CDCl3): § 7.57 (d, J = 8.3 Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H),
5.31 (s, 1H), 5.15-5.14 (m, 1H), 2.50 (t, J = 7.5 Hz, 2H), 1.45-1.35 (m, 2H),
1.34-1.26 (m, 6H), 0.87 (t, /= 6.8 Hz, 3H).

GCMS (EI): Calcd for CsH gF3: 256.14. Found: 256.0.

NHAc
OH

2-(0-Acetamidophenyl)-1-penten-5-ol [1312597-98-0]. The reaction was set up
following typical procedure Il by using 10% Pd(OAc),, 12% dppf, 3 equivalents of
the olefin and 2 equivalents of DABCO and the reaction mixture was stirred in 80
°C oil bath for 2 days. The product was purified by silica gel chromatography
(hexane/ethyl acetate 1:2 containing 1% triethylamine) as yellow colored oil and
only desired product was found from NMR spectrum (78 mg, 76%). The product
was found to decompose on untreated silica gel and thus, powder silica gel must be
treated first with triethylamine before dry packing. The ratio of the desired isomer

versus all other isomers in the crude product was >100:1 as determined by GC.
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'H NMR (400 MHz, CDCl3): & 8.21 (d, J = 8.2 Hz, 1H), 8.12 (br s, 1H), 7.30-7.25
(m, 1H), 7.10-7.06 (m, 2H), 5.44 (d, J= 1.1 Hz, 1H), 5.13 (s, 1H), 3.70-3.66 (yq, J
=5.0 Hz, 2H), 2.63 (t, J = 5.6 Hz, 2H), 2.11 (s, 3H), 1.70 (br s, 1H).

MS (ESI): Caled for C;,H sNO;: 205.11. Found [M+1]: 205.98.
t-Bu

a-(p-t-Butylphenyl)styrene [17582-85-3]. The reaction was set up following
typical procedure I with 10% Pd(OAc), and 12% dnpf and stirred at 50 °C for 2
days. The product was purified by flash chromatography (hexane) as colorless oil
(90 mg, 76%). The ratio of the desired isomer versus all other isomers in the crude
product was determined to be 13:1 by GC. 88:1 after purification.

'H NMR (400 MHz, CDCl;): § 7.35-7.25 (m, 9H), 5.45 (d, J = 1.2 Hz, 1H), 5.40 (d,
J=1.2 Hz, 1H), 1.34 (s, 9H).

GCMS (EI): Calcd for CigHyo: 236.16. Found: 236.1.

t-Bu

l OMe

1-(p-t-Butylphenyl)-1-(p-methoxyphenyl)ethene [124419-76-7]. The reaction
was set up following typical procedure I with 10% Pd(OAc),,12% dnpf,
p-(tert-butyl)bromobenzene (1.5 equiv, 0.75 mmol, 160 mg) and p-methoxystyrene
(1.0 equiv, 0.50 mmol, 67 mg) and stirred at 50 °C for 2 days. The product was
purified by flash chromatography (hexane) as white solid (107 mg, 81%). The ratio
of the desired isomer versus all other isomers in the crude product was determined
to be 11:1 by GC. 66:1 after purification.

'H NMR (400 MHz, CDCls): § 7.36-7.33 (m, 2H), 7.31-7.25 (m, 4H), 6.88-6.84
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(m, 2H), 5.35-5.34 (m, 2H), 3.83 (s, 3H), 1.34 (s, 9H).
GCMS (EI): Caled for C9H»,0: 266.17. Found: 266.1.

t-Bu

I Cl

1-(p-t-Butylphenyl)-1-(p-chlorophenyl)ethene. The reaction was set up following
typical procedure I with 10% Pd(OAc),, 20% dnpf, p-t-butylphenyl bromide (1.5
equiv, 0.75 mmol, 160 mg) and p-chlorostyrene (1.0 equiv, 0.50 mmol, 69 mg) and
stirred at 80 °C for 2 days. The product was purified by flash chromatography
(hexane) as white solid (91 mg, 67%). The ratio of the desired isomer versus all
other isomers in the crude product was determined to be 11:1 by GC. 48:1 after
purification.

'H NMR (400 MHz, CDCl;): § 7.36-7.33 (m, 2H), 7.29-7.28 (m, 4H), 7.26-7.23
(m, 2H), 5.45 (d,J= 1.1 Hz, 1H), 5.38 (d, /= 1.1 Hz, 1H), 1.33 (s, 9H).

BC NMR (100 MHz, CDCly): & 151.2, 148.9, 140.3, 138.1, 133.6, 129.8, 128.4,
127.9,125.3,114.3,34.7, 31.5.

GCMS (EI): Calcd for C;gH9Cl: 270.8. Found: 270.1.
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2.5.4 Mechanistic studies

Synthesis of (dnpf)Pd(Ph)Br [1393539-72-4]. The complex was synthesized
according to our previously reported procedure with some modification.") In an
argon-filled glove box, to a 25-mL Schlenk tube containing a magnetic stirring bar
was added Pd(dba), (172 mg, 0.30 mmol), dnpf (226 mg, 0.30 mmol) and dry
toluene (15 mL). After stirring at room temperature for 10 minutes, PhBr (3 equiv,
141 mg, 0.90 mmol) was added. The reaction mixture was stirred at room
temperature for 3 hours and then in an 80°C oil bath for 2 days. The progress of the
reaction was monitored by *'P NMR spectroscopy. After cooling down to room
temperature, the yellow precipitation was collected by filtration in the air. The
contaminant of palladium black was removed after the yellow powder was
dissolved in dichloromethane and filtered through a pad of Celite. The filtrate was
concentrated to dryness to give the titled complex in 98% purity (240 mg, 78%).

'H NMR (400 MHz, CDCl3): § 9.85-9.76 (m, 3H), 9.57 (d, J = 8.0 Hz, 1H), 8.16
(pseudotriplet, J = 9.1 Hz, 2H), 8.05-8.00 (m, 2H), 7.95-7.89 (m, 3H), 7.84 (d, J =
8.1 Hz, 1H), 7.74-7.66 (m, 3H), 7.62 (pseudotriplet, J = 7.5 Hz, 1H), 7.46-7.32 (m,
5H), 7.27-7.21 (m, 2H), 7.13 (d, J = 8.6 Hz, 2H), 7.00-6.92 (m, 2H), 6.82-6.78 (m,
1H), 6.56-6.51 (m, 2H), 6.30 (pseudotriplet, J = 7.0 Hz, 1H), 5.95 (br s, 1H), 5.61
(brs, 1H), 4.57 (s, 1H), 4.41 (s, 1H), 4.15 (s, 2H), 3.97 (pseudosinglet, 4H).
3'PNMR (162 MHz, CDCls): § 28.7 (d, J = 28.1 Hz), 13.9 (d, J = 28.1 Hz)

Stoichiometric reaction between (dnpf)Pd(Ph)Br and 1-octene in methanol. To
oven-dried 4-mL vial equipped with a magnetic stirring bar in an argon-filled glove
box was added the complex (dnpf)Pd(Ph)Br (20.4 mg, 0.02 mmol) followed by dry
methanol (0.5 mL). To this suspension was then added 1-octene (5 equiv, 11.2 mg,
0.10 mmol), nBusN (5 equiv, 18.5 mg, 0.10 mmol) and GC standard
1,2-dimethoxybenzene (5.0 uL). The reaction mixture was vigorously stirred at
room temperature and at intervals aliquots of the sample were taken and passed

through a short plug of silica gel with diethyl ether washings. The filtrate was
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analyzed by GC to determine the yield and the selectivity of Heck products. In a
separate experiment, nBusN'HCI (2.5 equiv, 11 mg, 0.05 mmol) was included as

additive and the results were also listed below (Condition B).

Condition A:
(dnpfPA(Ph)Br + 2 n-Hex n-BusN S equiv i
MeOH, RT n-Hex
0.02 mmol 5 equiv veratrol Sul
Condition B:
n-BuzN 5 equiv
@npPAPBr + 2 n-Hex n-BusN'HCI 2.5 equiv ;E
MeOH, RT n-Hex
0.02 mmol 5 equiv veratrol 5ul
Entry Condition Time Desired Trans
isomer (%) selectivity

1 A 10 min 11 >100:1
2 B 10 min 10 >100:1
3 A 30 min 19 >100:1
4 B 30 min 15 >100:1
5 A l1h 28 52:1
6 B l1h 24 55:1
7 A 5h 58 25:1
8 B 5h 57 26:1
9 A 24 h 69 15:1
10 B 24 h 67 17:1
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APPENDIX
X-ray Data of (Dnpf)Pd(Ph)Br
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Crystal data and structure refinement for (Dnpf)Pd(Ph)Br

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

108.370(3)°.

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

-29<=]<=28

Reflections collected
Independent reflections
Completeness to theta = 28.33°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

zhou48

C70 H57 Br Fe P2 Pd

1202.26

103(2) K

0.71073 A

Monoclinic

C2/c

a=231.8096(16) A o= 90°.
b =16.6964(8) A B=

c=21.7812(13) A v = 90°.
10978.6(10) A3

8

1.455 Mg/m3

1.422 mm-1
4912
0.30 x 0.22 x 0.12 mm3

1.58 to 28.33°.
-42<=h<=42, -20<=k<=22,

54267

13635 [R(int) = 0.1268]

99.6 %

Semi-empirical from equivalents
0.8479 and 0.6750

Full-matrix least-squares on F2
13635/416/736
1.046

R1=0.0617, wR2 =0.1368
R1=0.1274, wR2 = 0.1858

1.599 and -1.779 e.A-3
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