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Abstract: New tetraphosphorus ligands
have been developed and applied in
the rhodium-catalyzed regioselective
hydroformylation of a variety of func-
tionalized allyl and vinyl derivatives.
Remarkably high linear selectivity was
obtained by these tetraphosphorus li-
gands. The ligand that bears strong
electron-withdrawing 2,4-difluorophen-

affording linear aldehydes. The Rh/tet-
raphosphorus ligand catalyst is highly
effective to produce linear aldehydes
from functionalized allyl derivatives
with heteroatoms or aromatic groups
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directly adjacent to the allyl group. For
vinyl derivatives, the ligand is highly
linear selective for acrylic derivatives,
styrene, vinyl pyridine, and vinyl phtha-
limide. Linear to branch ratios of 26:1
and 10:1 were obtained for the hydro-
formylation of styrene and allyl cya-
nide, respectively.

yl groups is the most effective one in

Introduction

Hydroformylation of alkenes is one of the most important
homogenous catalytic processes to produce aldehydes and
alcohols. The process provides versatile intermediates and
building blocks for pharmaceuticals, agrochemicals, and
commodity and fine chemicals. Production of aldehydes is
estimated at over 9 million tons per year.!! Currently, highly
reactive rhodium catalysts modified with monodentate or bi-
dentate ligands are employed in most commercial hydrofor-
mylation processes. Although the process has been commer-
cialized for many decades, it is still under constant develop-
ment to address and improve reaction speed, catalyst stabili-
ty, and product selectivity.’! Over the past few decades,
many ligand systems have been developed. Some elegant ex-
amples include Devon’s bisbi,B! van Leeuwen’s xantphos
and bisphosphoramidite,” Beller’s naphos®! Union Car-
bide’s biphephos,””! and DuPont/DSM’s bulky phosphites.”!
Hydroformylation of vinyl and allyl derivatives is a cost-
effective process to produce functionalized linear or
branched aldehydes from readily available cheap starting
materials. The functionalized aldehydes produced from the
hydroformylation process can be further converted to dia-
ldehydes, diols, diacids, amino aldehydes, amino alcohols, or
amino acids, which can be used as versatile building blocks
in organic synthesis such as indolization, alkylation, amina-
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tion, and amide coupling to make polymers, macrocycles,
and pharmaceutical intermediates.”®! For example, some bio-
logically important compounds can be prepared by regiose-
lective hydroformylation of vinyl and allyl derivatives. As
shown in Figure 1, y-aminobutyric acid (GABA) and 5-hy-
droxytryptamine (Serotonin) are two important naturally
occurring neurotransmitters that have important regulation
roles in the central nervous system of humans.” Cinacalcet
is a calcimimetic drug developed by Amgen and used for
the treatment of hyperparathyroidism.'”! The linear selec-
tive hydroformylation of styrene derivatives can be used to
prepare Cinacalcet and its analogues. The development of
hydroformylation technology on functionalized olefins can
provide a variety of functionalized aldehydes as building
blocks to explore potential chemical structure space in drug
optimization.
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Figure 1. Biologically active compounds can be prepared by hydroformy-
lation of functionalized vinyl and allyl derivatives. PG = protecting group.

However, many vinyl and allyl derivatives have intrinsic
properties to afford branched aldehydes due to the chelating
effect from the neighboring heteroatoms or arenes; there-
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linear aldehydes in high yields
from allyl and vinyl derivatives
is largely unsolved. It has been
a challenging task to develop
catalysts for these substrates to
afford highly linear aldehydes. In the early 1990s, Botteghi
et al. reported a linear-to-branch (I/b) ratio of 4.9 for the hy-
droformylation of allyl cyanide using a platinum complex.'?!
Buchwald et al. observed typical 1/b ratios from 1.8 to 18 for
a few allyl derivatives using Union Carbide’s biphephos
ligand.™ Recently, several ligand systems (SUPRAphos li-
gands by Reek,' 6-DPPon ligands by Breit,®! and hemi-
spherical phosphites by Matt!®)) have been reported to
afford linear selectivities ranging from 72 to 77 % for the hy-
droformylation of styrene. Beller et al. reported linear selec-
tivities of 85 and 98 % for styrene and N-vinylphthalimide,
repectively, using a palladium-based catalyst modified by
the 2-(dicyclohexylphosphino)-1-(2-(dicyclohexyl-phosphi-
no)naphthalen-1-yl)-1H-pyrrole ligand.”! Our group have
reported the development of pyrrole based tetraphosphorus
ligands for highly linear selective hydroformylation of un-
functionalized simple olefins and styrenes."’! A linear-to-
branch (I/b) ratio of 22 was obtained for the hydroformyla-
tion of styrene. Herein, we would like to report our most
recent development of new tetraphosphorus ligands that can
afford unprecedented high linear selectivity for the hydro-
formylation of a variety of allyl and vinyl derivatives.

5¢ 90%

Results and Discussion

The structures of the pyrrole-based tetraphosphorus ligands
are depicted in Figure 2. Ligand 1 was previously reported
and used as a benchmark in this study."” The synthesis of li-
gands 2—4 is shown in Scheme 1. The tetraiodide compound

R=H
R = 4-Cl-CgH,

R = 2,4-F,-CgHs
R = 4-MeO-CgH,

BWN =

Figure 2. Tetraphosphorus ligands.
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Scheme 1. Synthesis of ligands 2—4.

5 was prepared by oxidative homo coupling of 1,3-dimethox-
ybenzene, followed by iodination.'”? Starting from com-
pound 5, compounds 6a and 6b were prepared by Suzuki
coupling of the tetraiodide with the corresponding boronic
acids using [PdCL,(PPh;),] or [Pd(PPh;),] as the catalyst.
Treatment of compounds 6a and 6b with boron tribromide
removed the methyl ether protection and afforded tetraols
7a and 7b in 88 and 95 % yields, respectively. Compound 6¢
was obtained by first removing the methyl ether protection
and installing the methoxymethyl ether (MOM) protection
instead, followed by Suzuki coupling of compound 5¢ with
4-methoxyphenyl boronic acid. The MOM protection groups
can be removed under mild conditions with 4-methoxyphen-
yl groups untouched. Treatment of compound 6¢ with con-
centrated HCI removed the MOM protection and afforded
compound 7¢ in 95% yield. Chlorodipyrrolylphosphine was
prepared by reacting pyrrole with PCl; in a stoichiometric
ratio under the presence of triethylamine,*” and it was
freshly distilled before immediate use in the next step. Final-
ly, the couplings of tetraols 7a, 7b, and 7¢ with chlorodipyr-
rolylphosphine afforded the tetraphosphorus ligands 2-4 in
yields ranging from 20 to 36 %.

After the preparation of ligands 14, the hydroformyla-
tion of functionalized allyl and vinyl derivatives was then in-
vestigated. Allyl cyanide, which usually gives branched alde-
hyde in hydroformylation, was selected as the model sub-
strate to test the effectiveness of the new ligands. Ligand
1 was first applied to optimize the hydroformylation condi-
tions of allyl cyanide with respect to CO/H, pressure and re-
action temperature. The rhodium catalyst was prepared in
situ by mixing the tetraphosphorus ligand with [Rh-
(acac)(CO),] (acac=acetylacetonate) in toluene. The effect
of CO/H, pressure was tested with pressure ranging from 5/
5 to 30/30 atm (Table 1, entries 1-4). With the increase of
CO/H, pressure, the regioselectivity decreases. The highest
regioselectivity was obtained under a CO/H, pressure of 5/
5 atm with a linear-to-branch ratio of 5.2 (Table 1, entry 1).
However, a slightly higher percentage of olefin isomer was
observed at this pressure, indicating that the 3-H elimination
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Table 1. Hydroformylation of allyl cyanide with ligands 1-4.1
[Rhj/ligand

Ne"cHot NETY
CoH, cHO

/\/CN

Entry Ligand T [°C] CO/H,[atm] ¢[h] I/b® Isom.! [%] TON

1 1 100 5/5 1 52 8 855
2 1 100 10/10 1 28 8 871
3 1 100 20/20 1 21 6 920
4 1 100 30/30 1 1.9 5 913
5 1 60 5/5 1 40 10 800
6 1 80 5/5 1 43 8 819
7 1 120 5/5 1 52 3 857
8 1 100 5/5 0.5 53 10 828
9 2 100 5/5 0.5 79 11 778
10 3 100 5/5 0.5 103 16 728
11 4 100 515 0.5 46 9 779

[a] S/C=1000, [Rh(acac)(CO),]=1.0 mm, ligand/Rh=4:1, toluene as sol-
vent, decane as internal standard. [b] Linear/branched ratio, determined
by GC. [c] Percent of isomer. [d] Turnover number to all aldehydes, de-
termined by GC.

was facilitated under lower CO/H, pressures. The facilitation
of B-H elimination made the reaction more reversible to the
starting material, thus may also contribute to the improve-
ment of regioselectivity. Under high CO/H, pressure, the
chelating ligand in the Rh complex may be partially dis-
placed by CO, resulting in unselective catalyst species and
therefore lowering linear selectivity.!"! The effect of reaction
temperature was also investigated (Table 1, entries 1 and 5-
7). There was a slight increase in regioselectivity with 1/
b ratios improved from 4.0 to 5.2 when the temperature was
raised from 60 to 100°C. For temperatures above 100°C, the
1/b ratio did not change too much. The observed percentage
of olefin isomer decreased with the increase of reaction tem-
perature. Overall, better linear-to-branch ratios were ob-
tained under lower CO/H, pressure and at higher reaction
temperature.

The ligand effect on the hydroformylation regioselectivity
is remarkable. Compared with ligand 1, the substituents at
the para position of the phenyl moiety indeed affected the
regioselectivity significantly. An electron-withdrawing group
has a positive effect on the linear selectivity and an increas-
ing trend is observed when the substituent is changing from
a strong electron-donating group to a strong electron-with-
drawing group. The highest linear selectivity was afforded
with ligand 3 (Table 1, entry 10, 1/b=10.3), which bears two
strong electron-withdrawing fluoro groups on the phenyl
ring; in contrast, the methoxy group, which is a strong elec-
tron-donating group, afforded the lowest linear selectivity
(Table 1, entry 11, 1/b=4.6). Furthermore, compared with
ligand 1, the attachment of a 4-methoxyphenyl group at the
3,3',5,5'-positions of the biphenyl backbone in ligand 4 did
not result in a significant change in linear selectivity
(Table 1, entry 8 vs. entry 11), indicating that there is little
steric effect at the 3,3',5,5'-positions on the regioselectivity
for the hydroformylation of allyl cyanide. As for the catalyst
activity, the electronic effect is not large, and a moderate de-
crease in turnover number (TON) was observed with an in-
creased electron-withdrawing property (Table 1, entries 9—
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11). It is well documented in the literature that allyl cyanide
is a substrate that favors branched aldehyde formation.!"! In
sharp contrast, the tetraphosphorus ligands 1-4 afforded the
terminal aldehyde with high linear selectivity. To the best of
our knowledge, ligand 3 afforded the highest linear selectivi-
ty for the hydroformylation of allyl cyanide ever reported.

Next, ligand 3 was applied in the hydroformylation of
functionalized allyl derivatives. The results are summarized
in Table 2. We were pleased to find that ligand 3 is effective
and highly regioselective to produce linear aldehydes from
allyl derivatives bearing various functional groups. After 2 h
at 120°C, the hydroformylation of allyl acetate and allyl
phenyl ether afforded the corresponding aldehydes in 94
and 83 % yields, respectively, with high linear selectivities (1/
b>18, Table 2, entries 2 and 3). In addition, silyl and siloxy
groups were tolerated under the hydroformylation condi-
tions, and the allyl derivatives with these functional groups
were converted to the corresponding aldehydes with linear
to branched ratios of >43 (Table 2, entries 4 and 5). For
allyl benzene, aldehydes (65 %) were obtained with a linear-
to-branch ratio of 36; however, the percentage of olefin iso-
merization was high because its isomer, f-methylstyrene, is
more stable and much less reactive than the starting materi-
al (31 % isomer, Table 2, entry 6). The hydroformylation of
primary and secondary amines usually resulted in complex
reaction mixtures because of the potential further reactions
of the amino group with the aldehydes; however, the hydro-
formylation of the protected amine as phthalimide afforded
aldehydes in 92 % yield with high linear selectivity (I/lb=13,
Table 2, entry 7).

Table 2. Hydroformylation of allyl derivatives with ligand 3.1
Rh]/Ligand 3
/\/R [RhliLig R™"CHo * R/\/

COMH, CHO
Entry Olefin Conv.["! Alde. 1/b4 Isom.!!
(%] [%] (%]
N
11 P 89 73 10 16
A0
2 z 79)/ 95 94 26 <1
/\/o
3 94 83 18 3
/\/O\ nd
4 Sl'\ 60 44 51 14
L
5 S 53 51 43 2

6 A/© 96 64 36 31
=
[0}
7 J—N;:Q 99 92 13 7
O

[a] S/IC=1000, [Rh(acac)(CO),]=1.0 mm, ligand/Rh ratio=4:1, CO/H,=
5/5 atm, 120°C, reaction time 2 h, toluene as solvent, decane as internal
standard, reaction results determined by GC or isolated product. [b] Con-
version of starting material. [c] Percent of total aldehydes. [d] Linear/
branched ratio, determined by GC or NMR spectroscopy. [e] Percent of
isomerization of starting material. [f] 100°C, 0.5 h.
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Table 3. Hydroformylation of vinyl derivatives with ligand 3.1

[Rh]/Ligand 3 R
AR ——— Riepo + \I/
CO/H, CHO

Entry Olefin Conv." Alde. 17614 Hydr.!

[%] [%] [%]

O
1 /\Iof h 81 78 345 0
2 /\[(OVK 77 77 66 0
(@]

OEt
3 ~ 91 89 107 0
OEt
N
4 Z ~ 88 88 464 0
(o]
=
5 89 81 26 8
4 S
6 LN 95 64 20 31
(0]
7 /—N;\:Q 95 55 94 40
(o]
|
8 o Si< 45 45 26 0
(0]
9 N I 80 80 0.8 0

[a] S/C=1000, [Rh(acac)(CO),]=1.0 mm, ligand/Rh ratio=4:1, CO/H,=
5/5 atm, 120°C, reaction time 2 h, toluene as solvent, decane as internal
standard, reaction results determined by GC or isolated product. [b] Con-
version of starting material. [c] Percent of total aldehydes. [d] Linear/
branched ratio, determined by GC or NMR spectroscopy. [e] Percent of
hydrogenation of starting material.

Finally, ligand 3 was applied in the hydroformylation of
functionalized vinyl derivatives. The results were summar-
ized in Table 3. As expected, the catalyst is very effective
and highly linear selective for the hydroformylation of a vari-
ety of vinyl derivatives. For vinyl acrylic substrates (Table 3,
entries 1-4), remarkably high linear selectivities (I/b>66)
were obtained. The catalyst was also found to be highly
linear selective for the hydroformylation of styrene and 4-vi-
nylpyridine, and linear-to-branched ratios of 26 and 20 were
obtained, respectively (Table 3, entries 5 and 6). The hydro-
formylation of N-vinylphthalimide afforded 55% aldehyde
products with a linear-to-branched ratio of 9.4 (Table 3,
entry 7). Lastly, vinyl ether and ester were tested for their
regioselectivities. The hydroformylation of trimethylsilyl
vinyl ether afforded aldehydes with a linear-to-branched
ratio of 2.6 (Table 3, entry 8). But for vinyl acetate, the
linear-to-branched ratio is only 0.8 (Table 3, entry 9). It is
worth noting that for most of the substrates listed in
Tables 2 and 3, we usually observed only a small amount (<
2%) of hydrogenation product under the hydroformylation
conditions, but for styrene, 4-vinylpyridine, and N-vinyl-
phthalimide, about 8, 31, and 40% of olefin hydrogenation
products were observed under the hydroformylation condi-
tions (Table 3, entries 5-7).

Styrene is a well-studied substrate that favors the forma-
tion of the branched aldehyde in hydroformylation because
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the branched Rh-styrene complex linked at the a carbon is
stabilized by an n? coordination from the phenyl ring ortho
to the Rh-C(a) link. The high linear selectivity of ligand 3 is
unique and remarkable in that it was able to override the in-
trinsic branch preference of styrene in the Rh—styrene com-
plex by ligand effects. To the best of our knowledge, ligand
3 afforded the highest linear selectivity (I/b=26, Table 3,
entry 5) for the hydroformylation of styrene ever reported.

To summarize our observations on the hydroformylation
regioselectivity of allyl and vinyl derivatives catalyzed by
the Rh/ligand 3 catalyst listed in Tables2 and 3, several
structural features of the functionalized alkenes are worth
mentioning: 1) for a terminal olefin for which the y-atom is
carbon (allyl derivatives, vinyl acrylic derivatives, styrene, 4-
vinylpyridine), the heteroatom or aromatic group has little
effect on directing the regioselectivity, and high linear selec-
tivity is observed; 2) for a terminal olefin for which the vy-
atom is nitrogen (N-vinylphthalimide), the amino group
needs to be protected, and high linear selectivity is ob-
served; and 3) for a terminal olefin for which the y-atom is
oxygen (vinyl ether and acetate), mild to poor linear selec-
tivity is observed. For example, allyl acetate, vinyl acetate,
and methyl acrylate are compounds with high structural sim-
ilarity; however, the high linear selectivities of allyl acetate
(/b=26, Table 2, entry2) and methyl acrylate (I/b=345,
Table 3, entry 1) are in sharp contrast with the low linear se-
lectivity of vinyl acetate (I/b=0.8, Table 3, entry 9). This
sharp contrast indicates that under the influence of ligand 3,
the oxygen bearing functional groups in methyl acrylate and
allyl acetate are not able to coordinate to the Rh center ef-
fectively and hence stabilize the branched Rh-alkyl complex
as the y-ester group in vinyl acetate does; therefore, high
linear selectivities were obtained for allyl acetate and
methyl acrylate but not for vinyl acetate.

The reaction mechanism of the hydroformylation of
simple unfunctionalized olefins catalyzed by Rh/Ph;P has
been well studied over decades. Wilkinson’s dissociation
mechanism is generally accepted,'® and the regioselectivity
has been explained to arise from the energy difference for
the formations of linear and branched metal-alkyl com-
plexes. Many functionalized allyl and vinyl derivatives have
an intrinsic tendency to produce branched aldehydes due to
the chelating effect from the neighboring heteroatoms or
arenes; however, the Rh/tetraphosphorus catalyst system in
this report is able to reverse this branch preference and to
afford linear aldehydes with high regioselectivities. Further
studies are required to completely elucidate the mechanism
in detail.

Conclusion

New tetraphosphorus ligands have been developed and ap-
plied in the rhodium-catalyzed regioselective hydroformyla-
tion of a series of functionalized allyl and vinyl derivatives.
For the hydroformylation of allyl cyanide, in contrast to the
commonly observed branch selectivity reported in the litera-
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ture, remarkably high linear selectivity was obtained by
these tetraphosphorus ligands. The strong electron-with-
drawing 2.4-difluorophenyl substituted ligand 3 is particular-
ly effective in affording high linear selectivity. The Rh/tetra-
phosphorus ligand system reported herein is highly efficient
in producing functionalized terminal aldehydes, which is
complementary to other catalyst systems that mainly pro-
duce branched aldehydes. Ligand 3 is highly effective to pro-
duce linear aldehydes for allyl derivatives with substituents
containing heteroatoms such as O, N, and Si adjacent to the
allyl group. For vinyl derivatives, ligand 3 is highly linear se-
lective for acrylic derivatives, styrene, vinyl pyridine, and
vinyl phthalimide. Linear-to-branch ratios of 26 and 10 were
obtained for the hydroformylation of styrene and allyl cya-
nide, respectively. The Rh/tetraphosphorus ligand system
makes it possible to prepare functionalized terminal alde-
hydes from readily available vinyl and allyl derivatives
through hydroformylation with high linear selectivity.

Experimental Section

General information: All reactions and manipulations were performed in
a nitrogen-filled glovebox or using standard Schlenk techniques, unless
otherwise noted. All reagents and solvents were purchased from commer-
cial vendors (Aldrich or TCI) unless otherwise noted. The reagents were
used without further purification. Column chromatography was per-
formed using 200400 mesh silica gel supplied by Natland International
Corporation. Thin layer chromatography (TLC) was performed on
0.25 mm silica 60-F plates. "H NMR, "C NMR, “F NMR, and *P NMR
spectra were recorded on a Bruker Avance 400 MHz NMR spectrometer.
All chemical shifts are reported in ppm. GC analysis was carried out on
an Agilent 7890 gas chromatograph using capillary columns.

Typical hydroformylation procedure: Tetraphosphorus ligand (4 pmol)
and [Rh(acac)(CO),] (1 pmol in 100 pL toluene, charged as stock solu-
tion) were added to an 8 mL glass vial with a magnetic stirring bar. The
mixture was stirred for 5 min. Then allyl cyanide (1 mmol) was added,
followed by the addition of n-decane (100 uL) as the internal standard.
Additional toluene was added to bring the total reaction volume to
1 mL. The reaction mixture was then transferred to an autoclave. The au-
toclave was sealed and purged with nitrogen at least four times and sub-
sequently charged with CO (5 atm) and H, (5 atm). The autoclave was
then immersed in a preheated oil bath and was well stirred. After the de-
sired reaction time, the autoclave was taken out of the oil bath and
cooled in cold water. The pressure was carefully released in a well-venti-
lated hood. The reaction mixture was immediately analyzed by GC and/
or proton NMR spectroscopy to determine regioselectivity, conversion,
and turnover number.

Synthesis of 3,3,5,5-tetraiodo-2,2',6,6'-tetra(methoxymethoxy)-1,1"-bi-
phenyl (5c¢): A solution of 3,3',5,5'-tetraiodo-1,1"-biphenyl-2,2",6,6'-tetraol
(4.0 g, 5.54 mmol) in THF (10 mL) was added dropwise at 0°C to a mix-
ture of THF (15 mL) and NaH (640 mg, 26.6 mmol) in a 250 mL round
bottom flask in an ice bath. After 1 h, the reaction mixture was allowed
to warm to room temperature, and stirred for an additional 3 h. Methoxy-
methyl chloride (2.1 g, 26 mmol) in THF (10 mL) was added dropwise to
the resulting reaction mixture. The reaction mixture was allowed to stir
at room temperature for an additional 12 h. TLC indicated full conver-
sion. The reaction mixture was poured into Et,0 (300 mL) and washed
extensively with 3N NaOH (3x75mL). The organic layers were then
combined, dried with MgSO,, and concentrated to give the MOM-pro-
tected compound Se as an off-white solid (4.9 g, 98% yield). '"H NMR
(400 MHz, CDCl;): 0=8.289 (s, 2H), 4.914 (s, 8H), 2.987 ppm (s, 12H);
BCNMR (100 MHz, CDCL): 6=1559, 1474, 1263, 1002, 87.8,
56.9 ppm.
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Synthesis of 3,3,5,5-tetra(4-chlorophenyl)-2,2’,6,6'-tetramethoxy-1,1"-bi-
phenyl (6a): A mixture of compound 5 (0.5 g, 0.64 mmol), 4-chlorophenyl
boronic acid (0.8 g, 5.12 mmol), [Pd(PPhs),] (0.148 g, 0.128 mmol), and
K,CO; (0.706 g, 5.12 mmol) in dioxane (10 mL) was stirred under N, for
24 h at 85°C. The resulting reaction mixture was diluted by 50 mL water
and extracted with EtOAc (3x75mL). The organic layers were com-
bined, dried with MgSO,, and concentrated to remove the solvent. The
solid residue was subjected to silica gel flash chromatography (10%
CH,C, in hexane), which afforded compound 6a as a white solid (0.44 g,
95% vyield). "H NMR (400 MHz, CDCLy): 6=7.555 (d, J=8.4 Hz, 8H),
7.394 (d, J=8.4 Hz, 8H), 7.346 (s, 2H), 3.363 ppm (s, 12H); *C NMR
(100 MHz, CDCl;): 6=156.0, 137.0, 133.3, 132.4, 130.5, 129.6, 128.8,
124.4, 60.7 ppm.

Synthesis of 3,3,5,5'-tetra(2,4-difluorophenyl)-2,2,6,6'-tetramethoxy-1,1'-
biphenyl (6b): A mixture of compound 5 (5 g, 6.4 mmol), 2,4-difluoro-
phenyl boronic acid (6 g, 38 mmol), [PdCL,(PPh;),] (0.89 g, 1.28 mmol),
and K,CO; (7.06 g, 51.2 mmol) in dioxane (50 mL) was stirred under N,
for 24 h at 85°C. The resulting reaction mixture was diluted by 100 mL
water and extracted with EtOAc (3x100 mL). The organic layers were
combined, passed through a silica plug, and then dried with MgSO, and
concentrated to remove the solvent. The solid residue was recrystallized
from 1,2-dichloroethane (DCE) to afford compound 6b as a white solid
(42 g, 90% yield). '"H NMR (400 MHz, DMSO): 6=7.648 (q, /=8.0 Hz,
4H), 7.368 (dt, J,=9.8 Hz, J,=2.6, 4H), 7.359 (s, 2H), 3.323 ppm (s,
12H); "CNMR (100 MHz, CDCly): 6=162.6 (d, Joz=247.4), 160.6 (d,
Jer=250.0), 157.1, 133.4, 132.4 (q, Jop=4.7), 123.9, 123.4, 122.1 (dd, Jor=
16.0, 3.7), 1112 (dd, J=21.0, 3.6), 104.1 (t, Jer=25.7), 60.6 ppm;
“F NMR (376.5 MHz, CDCl,): 6 =—109.6, —111.2 ppm.

Synthesis of 3,3,5,5-tetra(4-methoxyphenyl)-2,2,6,6"-tetra(methoxyme-
thoxy)-1,1’-biphenyl (6¢): A mixture of compound 5¢ (2.95 g, 3.3 mmol),
4-methoxyphenyl boronic acid (5.4 ¢, 36 mmol), [Pd(PPh;),] (0.148 g,
0.26 mmol), and K,CO; (5.1 g, 37 mmol) in dioxane (40 mL) was stirred
under N, for 24 h at 85°C. The resulting reaction mixture was diluted by
50 mL water, extracted with EtOAc (3x75 mL). The organic layers were
combined, dried with MgSO,, and passed through a silica gel plug. The
solvent was then evaporated to afford compound 6¢ as an off-white solid
(2.4 g, 89% yield). '"HNMR (400 MHz, CDCl;): 6=7.536 (d, J=8.8 Hz,
8H), 7.325 (s, 2H), 6.955 (dd, J,=6.8 Hz, J,=2.0 Hz, 8H), 4.607 (s, 8H),
3.845 (s, 12H), 2.859 ppm (s, 12H); "C NMR (100 MHz, CDCL): 6=
158.9, 152.8, 132.3, 131.3, 131.2, 130.6, 125.1, 114.0, 98.5, 56.3, 55.5 ppm.
Synthesis of 3,3,5,5'-tetra(4-chlorophenyl)-1,1'-biphenyl-2,2’,6,6"-tetraol
(7a): Compound 6a (1.75 g, 2.44 mmol) and CH,Cl, (50 mL) were added
to a 250 mL Schlenk flask. The resulting solution was cooled to —78°C in
a dry ice/acetone bath. Boron tribromide (1.05mL, 10.8 mmol) was
added dropwise to the cooled solution. The reaction mixture was allowed
to warm to room temperature and stirred for 5 h. After cooling to 0°C,
water (50 mL) was added dropwise to quench the reaction. The organic
phase was separated and the aqueous phase was extracted with diethyl
ether (3x50 mL). The combined organic layers were dried over Na,SO,
and concentrated under reduced pressure. The crude product was puri-
fied by recrystallization from methanol to give the title compound 7a as
a white solid (1.4 g, 88%). 'HNMR (400 MHz, DMSO): 6=8.099 (s,
4H), 7.610 (dd, J,=6.8 Hz, J,=2.0 Hz, 8H), 7.438 (dd, J,=6.8 Hz, J,=
2.0 Hz, 8H), 7.163 ppm (s, 2H); *C NMR (100 MHz, DMSO): 6=153.1,
137.9, 131.4, 131.0, 130.6, 127.9, 120.0, 109.7 ppm.

Synthesis of 3,3',5,5'-tetra(2,4-difluorophenyl)-1,1’-biphenyl-2,2’,6,6'-tet-
raol (7b): Compound 6b (4.2 g, 5.8 mmol) and CH,Cl, (50 mL) were
added to a 250 mL Schlenk flask. The resulting solution was cooled to
—78°C in a dry ice/acetone bath. Boron tribromide (2.7 mL, 28.6 mmol)
was added dropwise to the cooled solution. The reaction mixture was al-
lowed to warm to room temperature and stirred for 5 h. After cooling to
0°C, water (50 mL) was added dropwise to quench the reaction. The or-
ganic phase was separated and the aqueous phase was extracted with
EtOAc (3x50mL). The combined organic layers were dried over
Na,SO,, passed through a small pad of silica gel, and concentrated to
remove the solvent. The crude product was purified by recrystallization
from methanol to give the title compound 7b as a white solid (3.8 g,
98%). 'HNMR (400 MHz, DMSO): 6=8.155 (s, 4H), 7.504 (q, J=
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8.1 Hz, 4H), 7.232 (dt, J,=9.9 Hz, J,=2.6 Hz, 4H), 7.107 (dt, J,=8.7 Hz,
J,=2.7Hz, 4H), 6.983 ppm (s, 2H); "C NMR (100 MHz, DMSO): 6=
161.3 (dd, J=245.0, 11.4), 159.7 (dd, J=248.1, 12.2), 153.7, 133.6 (dd,
Jep=94, 52), 132.6, 122.7, 114.2, 111.1 (dd, J=208, 3.2), 110.1,
103.8 ppm (t, Jor=26.3); “FNMR (376.5 MHz, DMSO): 6=-109.3,
—112.7 ppm.

Synthesis of 3,3,5,5'-tetra(4-methoxyphenyl)-1,1"-biphenyl-2,2,6,6'-tetraol
(7¢): Compound 6¢ (1.75¢g, 5.8 mmol), CH,Cl, (16 mL), and MeOH
(24 mL) were added to a 250 mL flask, followed by 36 % concentrated
HCI (16 mL). The reaction mixture was stirred and refluxed for 6 h.
After that, the reaction mixture was concentrated, diluted with 20 mL
water and extracted with CH,Cl, (3x50mL). The combined organic
layers were dried over Na,SO,, and passed through a small pad of silica
gel. The solvent was then removed under reduced pressure to afford the
tetraol product 7¢ as a white solid (1.3 g, 95%). 'HNMR (400 MHz,
CDCl,): 6=7.508 (d, /J=8.4 Hz, 8H), 7.346 (s, 2H), 6.989 (d, /=8.8 Hz,
8H), 5.428 (s, 4H), 3.848 ppm (s, 12H); *C NMR (100 MHz, CDCl,): 6 =
159.0, 150.7, 132.9, 130.4, 129.3, 121.5, 114.3, 105.3, 55.4 ppm.

Synthesis of 3,3',5,5-tetra(4-chlorophenyl)-2,2’,6,6"-tetra((di-1-pyrrolyl-
phosphino)oxy)-1,1"-biphenyl (2): A solution of triethylamine (1.4 mL) in
THF (10 mL) and a solution of compound 7a (1.321 g, 2 mmol) in THF
(30 mL) at room temperature were added dropwise to a solution of chlor-
odipyrrolyphosphine (8.8 mmol, 1.75 g) in THF (10 mL). The Et;N'HCI
salts were formed immediately after the addition. The reaction mixture
was stirred overnight (=12 h) at room temperature. The Et;N'HCI salts
were then filtered off and the solvent was removed under vacuum. The
crude product was recrystallized from hexane to afford the title ligand 2
as a white solid (0.51 g, 20%). "H NMR (400 MHz, CDCl;): 6 =7.069 (s,
2H), 7.066 (d, J=8.5 Hz, 8H), (s, 2H), 6.893 (d, /=8.5 Hz, 8H), 6.517 (s,
16H), 6.098 ppm (t, J=2.1 Hz, 16H); "*CNMR (100 MHz, CDCL,): =
149.6, 134.6, 134.5, 134.0, 130.7, 130.6, 128.4, 120.8, 120.3, 112.1 ppm;
'PNMR (162 MHz, CDCly): 6=105.7;, HRMS (ES*) caled for
CesHs;NgO,P,Cl,: 1307.1738 [M]*; found: 1307.1609.

Synthesis of 3,3',5,5'-tetra(2,4-difluorophenyl)-2,2',6,6'-tetra((di-1-pyrro-
lylphosphino)oxy)-1,1'-biphenyl (3): A solution of triethylamine (1.4 mL)
in THF (10 mL) and a solution of compound 7b (1.333 g, 2 mmol) in
THF (30 mL) at room temperature were added dropwise to a solution of
chlorodipyrrolyphosphine (8.8 mmol, 1.75g) in THF (10mL). The
Et;N-HCI salts were formed immediately after the addition. The reaction
mixture was stirred overnight (~12h) at room temperature. The
Et;N-HCI salts were then filtered off and the solvent was removed under
vacuum. The crude product was recrystallized from hexane to afford the
title ligand 3 as a white solid (0.95 g, 36 % ). '"H NMR (400 MHz, CDCl,):
0=7.168 (s, 2H), 6.706 (dt, J;=9.4 Hz, J,=2.4 Hz, 4H), 6.638 (m, 4H),
6.554 (m, 4H), 6.530 (s, 16H), 6.079 ppm (t, J=2.1 Hz, 16H); "C NMR
(100 MHz, CDCl;): 6=163.2 (dd, J=250.9, 12.6 Hz), 160.3 (dd, Jer=
250.0, 12.6 Hz), 151.2, 136.2, 133.1 (dd, J=10.1, 4.0 Hz), 124.5, 121.0,
120.2, 119.8 (dd, Joz=15.1, 3.0 Hz), 112.1, 111.4 (dd, J=21.1, 4.0 Hz),
104.1 ppm (t, Jor=24.7 Hz); *'P NMR (162 MHz, CDCL,): 6 =105.8 ppm;
YFNMR (376.5 MHz, CDCl;): 6=-108.7, —109.8 ppm; HRMS (ES*)
caled for CggHyNgO FyP,: 1315.2543 [M]*; found: 1315.2672.

Synthesis of 3,3,5,5'-tetra(4-methoxyphenyl)-2,2’,6,6"-tetra((di-1-pyrrolyl-
phosphino)oxy)-1,1'-biphenyl (4): A solution of triethylamine (1.4 mL) in
THF (10 mL) and a solution of compound 7¢ (1.285 g, 2 mmol) in THF
(30 mL) were added dropwise to a solution of chlorodipyrrolyphosphine
(8.8 mmol, 1.75 g) in THF (10 mL) at room temperature. The Et;N-HCI
salts were formed immediately after the addition. The reaction mixture
was stirred overnight (/12 h) at room temperature. The Et;N-HCI salts
were then filtered off and the solvent was removed under vacuum. The
crude product was recrystallized from hexane to afford the title ligand 4
as a white solid (0.75 g, 29%). '"H NMR (400 MHz, CDCl): 6 =7.155 (s,
2H), 7.020 (d, J=8.4 Hz, 8H), 6.668 (d, /=8.8 Hz, 8H), 6.510 (s, 16H),
6.061 (t, J=2.0Hz, 16H), 3.806 ppm (s, 12H); “C NMR (100 MHz,
CDCl;): 6=159.0, 134.8, 130.9, 130.7, 128.9, 121.0, 120.9, 120.8, 113.8,
111.7, 553 ppm; *'P NMR (162 MHz, CDCl,): 6=105.7; HRMS (ES*)
caled for C,,HgNgOgP,: 1291.3719 [M]7; found: 1291.3721.

Synthesis of N-allylphthalimide (Table2, entry7 olefin): Potassium
phthalimide (1.0 g, 5.4 mmol), tetrabutylammonium bromide (30 mg,
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0.2 mmol), and DMF (25 mL) were added to a 125 mL flask. Allyl chlo-
ride (0.44 mL, 5.4 mmol) was added dropwise over 10 min. The reaction
mixture was stirred at room temperature for 12 h. The reaction was
quenched by water (20 mL) and was stirred at 0°C for 10 min. The result-
ing precipitate was filtered off, washed with water, and recrystallized
from ethanol to yield the desired product (0.9g, 90%). 'HNMR
(400 MHz, CDCL): 6=7.861 (m, 2H), 7.725 (m, 2H), 5.894 (m,1H),
5.255 (dd, J,=16.8Hz, J,=13Hz, 1H), 5.199 (dd, J,=10.5Hz, J,=
1.3 Hz, 1H), 4.301 ppm (d, J=5.6 Hz, 2H); *C NMR (100 MHz, CDCl,):
0=167.9, 134.0, 132.2, 131.6, 123.3, 117.8, 40.1 ppm.

Synthesis of 4-(1,3-dioxoisoindolin-2-yl)butanal (Table 2, entry 7): The
typical hydroformylation procedure was followed. Once the reaction was
complete, the solvent was removed under vacuum. The resultant crude
product was subjected to flash column chromatography (silica gel, 25 %
EtOAc/Hexane). 'HNMR (400 MHz, CDCLy): 0=9.779 (t, /=12 Hz,
1H), 7.840 (m, 2H), 7.733 (m, 2H), 3.742 (t, J=7.2 Hz, 2H), 2.556 (dt,
J1=73Hz, J,=12Hz, 2H), 2.030 ppm (m, 2H); "CNMR (100 MHz,
CDCl;): 6=200.8, 168.3, 134.0, 132.0, 123.2, 41.0, 37.1, 21.1 ppm.
Synthesis of 3-(1,3-dioxoisoindolin-2-yl)propanal (Table 3, entry 7): The
typical hydroformylation procedure was followed. Once the reaction was
complete, the solvent was removed under vacuum. The resulted crude
product was subjected to flash column chromatography (silica gel, 25 %
EtOAc/Hexane). 'HNMR (400 MHz, CDCl;): 6=9.828 (t, /=12 Hz,
1H), 7.837 (m, 2H), 7.731 (m, 2H), 4.035 (t, J=7.0 Hz, 2H), 2.893 ppm
(dt, J,=7.1Hz, J,=1.4 Hz, 2H); *CNMR (100 MHz, CDCL,): 6=199.4,
168.0, 134.1, 132.0, 123.4, 42.4, 31.7 ppm.
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Hydroformylation o~y X o + XY New tetraphosphorus ligands have
COM, CHO been developed and applied in the
C. Cai, S. Yu, B. Cao, P LT NG X/\/ rhodium-catalyzed regiose'lective
X. Zhang*...........cc........ - CO,H2 CHO hydroformylation of a variety of allyl
and vinyl olefins (see scheme).

New Tetraphosphorus Ligands for . O R=24-F,Ph Remarkably high linear selectivities
Highly Linear Selective Hydroformyla- CN P o Nij S0 5o e ety were obtained by these ligands. Linear
tion of Allyl and Vinyl Derivatives CN P” O %p- (j to branch ratios of 26:1 and 10:1 were

| hi {\‘ I obtained for the hydroformylation of
styrene and allyl cyanide, respectively.
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