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Asymmetric catalysis has been playing an important role in modern
synthetic chemistry. In the past decades, chiral ligands especially phosphorus
chiral ligands, have demonstrated their power in transition metal catalyzed
asymmetric reactions. New chiral ligands with high efficiency, selectivity and
generality are always the key for the campaign of asymmetric reactions. In this
dissertation, we will focus on design of new chiral phosphorus ligands and their
applications in  rhodium-catalyzed asymmetric hydrogenation and
hydroformytation.

In chapter 1, the air stable bisphosphole BIBOP ligand was applied in
asymmetric hydroformylation, the new rhodium based catalytic system was

demonstrated to be very effective for vinyl acetate, allyl alkenes and styrene



derivatives. A new synthetic route for a chiral U-lactone via asymmetric
hydroformylation was established. Computational studies were conducted for
a deeper insight of the reaction mechanism.

In chapter 2, a ligand library was screened for achieving rhodium
catalyzed asymmetric hydroformylation of challenging 1,1-disubstituted
alkenes. The BIBOP ligand successfully hydroformylated
1-(trifluoromethyl)-ethenyl acetate into a very useful precursor for drug
synthesis, with good enantioselectivity. A branched product favoring approach
was discovered for hydroformylation of U-(trifluoromethyl) styrene. Up to 68%
ee was achieved with DuanPhos .

Chapter 3 discussed the application of a novel cooperative catalyst
system in asymmetric hydrogenation. Indole derivatives were hydrogenated
via hydrogen bonding, with excellent enantioselectivity. The mechanistic
studies supported a proton mediated tautormerization-hydrogenation
sequence. Dimerization of ZhaoPhos was proposed for explaining the

observed nonlinear effect.
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Chapter 1

Application of BIBOP Ligands in Rhodium-Catalyzed Asymmetric

Hydroformylation

1.1 Introduction

Hydroformylation was accidently discovered by Roelen in 1938,* during his
investigations of Fischeri Tropsch process using cobalt catalyst, which is also
cal |l ed 0 o xltchasphecone @re Ddthe largest homogenous catalytic
processes in industry. Today, over 10 million tons of oxo products are
produced per year worldwide. As a metal-mediated process, Cobalt catalysts
dominated in the early age, despite their low reactivity and harsh reaction
condition. In 1968,° Wilkinson and co-workers reported the first
rhodium-catalyzed hydroformylation, they demonstrated the much higher
reactivity and milder condition with phosphine binded Rh complexes
comparing to those with cobalt catalysts. Ever since then, other metals (Ir, Ru,
Fe etc.) have been widely studied for hydroformylation. The following series of
the activities of the unmodified metal is generally accepted:?

Rh>> Co > Ir, Ru> Os > Pt > Pd >> Fe > Ni
Due to the major advantages of Rh complexes in hydroformylation, regarding
reactivity and condition, Rh quickly dominates the area, by 1995, ~80% of

hydroformylation was conducted with rhodium.*



Hydroformylation of alkenes normally generates a mixture of branched and
linear aldehyde products (Figure 1.1). Experimental results imply that ligand

properties play a pivotal role in the regioselectivity during the formation of

aldehydes.
Catalyst J\
/S + R\/\CHO
R CO/M, R”* “CHO
Branched Linear

Figure 1.1 General reaction equation for hydroformylation

In the early 1960s Breslow and Heck were the first to propose a
mechanism for the cobalt-catalyzed hydroformylation.” The so-called
dissociative mechanism is widely accepted and is applied with little
modifications also to the phosphine and phosphite modified rhodium-catalyzed
hydroformylation (Figure1.2).® Thus, starting from different Rh(l)-sources
under syngas pressure and in the presence of donor ligands L such as
phosphines, phosphites or carbon monoxide, trigonal bipyramidal complex A is
formed (18 valence electron species) as a key intermediate. Dissociation of
one ligand L from this complex generates the coordinatively unsaturated and
hence, catalytically active 16 valence electron species B. The main catalyst
cycle starts with the coordination of alkene preferably in the equatorial position
thus furnishing trigonal bipyramidal hydrido olefin complex C. Alkene insertion
into the Rh-H bond (hydrometallation) takes place to form isomeric tetragonal
alkyl rhodium complexes D and E. Subsequent coordination of carbon

monoxide (IV) yields trigonal bipyramidal complexes F and G, respectively.



Migratory insertion of the alkyl group to one of the coordinated carbon

monoxide ligands generates tetragonal acyl complexes H and I. Oxidative

addition of molecular hydrogen forms tetragonal bipyramidal rhodium(ll)

complexes J and K. Subsequent reductive elimination liberates the isomeric

linear and branched aldehydes and regenerates the catalytically active species

B (Figure 1.2)
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Figure 1.2 Current mechanistic description for the rhodium-catalyzed
hydroformylation of alkenes

Kinetic studies of the unmodified rhodium catalyst suggest that, the

oxidative addition of dihydrogen is the rate determining step for linear

alkenes.” This is in accord with computational studies for the unmodified cobalt

catalyst® as well as for a [HRh(CO)»(PHs),] catalyst system.® However, kinetic



studies of the triphenylphosphine modified rhodium catalyst indicate that even
for sterically less demanding alkenes, the rate determining step is early in the
catalytic cycle, may be either the alkene addition or insertion step.

Asymmetric hydroformylation is most efficient and direct approach for
constructing chiral aldehydes.*® Chiral aldehydes are important building blocks
for modern organic synthesis, which can be easily transform into chiral amines,

alcohol, carboxylic acid, alkenes etc (Figure 1.3).

| Rh/L*, CO/H, reduction
—_— —_— OH
R R™ * "CHO R™ *
alcohol

o,
«\7%
eductlve n
mination J\
R™ * "COOH
acid
R Ro
alkene amine

Figure 1.3 Transformations of chiral aldehydes

In contrast to the finely developed linear selective hydroformylation reaction,
the asymmetric hydroformylation has not been studied extensively until the
early 1A8yan@diris .hydroformylation suffers from the difficulty of
controlling  chemoselectivity  (hydroformylation,  hydrogenation  and
isomerization), resioselectivity (branched and linear) and enantioselectivity (ee
value), whittling its potential in industry application. Thus far, only a few of the
chiral phosphorus ligands have been applied to asymmetric hydroformylation

with decent results (Figure 1.4).
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Figure 1.4 Chiral phosphorus ligands for asymmetric hydroformylation

In 1997, Takaya and coworkers reported the milestone chiral
phosphine-phosphite ligand (R,S)-Binaphos 1 for highly efficient and
enantioselective asymmetric hydroformylation, which is capable to
hydroformylate styrene derivatives, ethyl acetate and allyl cyanide when
combined with rhodium complexes, with moderate to good regioselectivity
favoring branched aldehyde products, and good to excellent
enantioselectivity.'* Meanwhile, Babin and Whiteker at Union Carbide reported
the so called Chiraphite 2, this ligand was prepared from a chiral

(2R,4R)-pentane-2, 4-diol backbone. It was the first successful diphosphite

Ph

s
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Y
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O Ph PR
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ligand that achieved over 90 % ee in the asymmetric hydroformylation of
styrene under mild reaction conditions.'* In 2000, Esphos 3 and related
ligands were developed by Wills and co-workers and successfully tested for
asymmetric hydroformylation of vinyl acetate.’® In 2004, Klosin and co-workers
at Dow Chemical reported a diphosphite ligand, known as Kelliphite 7,** with a
non-chiral 2,2-biphenol backbone and chiral phosphite moieties, for
asymmetric hydroformylation. Significantly enhanced efficiency for the
asymmetric hydroformylation of a wide range of substrates was achieved with
a series of bisphospholane ligands discovered by Dow Chemical group in
cooperationwithL a n d i s 6ia 2005t o panicular Diazaphospholane 5 and
its enantiomer, belonging to a family of ligands called BDP, is nhow one of the
most efficient chiral ligands for hydroformylation of ethyl acetate, styrene and
allyl cyanide.*

Interestingly, (R,R)-Ph-BPE 6, which an excellent ligand for asymmetric
hydrogenation of various substrates, performs very decently in asymmetric

hydrogenation as well,*®

implying potential applications of chiral ligands for
hydrogenation in the more challenging area of asymmetric hydroformylation.
Indeed, Huang and coworkers from Amgen had proved that TangPhos 7
(developed by our group for asymmetric hydrogenation) can hydroformylate
cyclic alkenes with over 90% ee, which was better than the famous

Binaphos.!” Binapine 8 was found to be having moderated reactivity and

excellent enantioselectivity in hydroformylation of the three classic types of



alkene substrates.'® Recently, Buchwald group has successfully applied other
famous ligands for hydrogenation DuanPhos 9 in the hydroformylation of a
challenging 1,1-disubstituted olefin, in which the precursor of an important
building block  for many  active pharmaceutical ingredients
2-trifluoromethyllactic acid was obtained (Figure 1.5).*°

J\ CO/M, F3C><CHO NaClO, F3C}(COOH Fgc,/(?gNHAQ’S(DzEt
FsC~ ~OAc H3C™ "OAc H3C” ~OAc HsC™ “OAc ¢

N
92% ee

Pyruvate dehydrogenase Q—N
kinase inhibitor

+ Rh(acac)(CO), Type Il diabetes

110 °C, 18 h, 31 atm CO/H,

Figure 1.5 Application of DuanPhos in asymmetric hydroformylation of
1,1-disubstituted olefin

1.2 Synthesis of BIBOP ligands and their applications in asymmetric
hydrogenation

In the field of transition metal catalyzed asymmetric reactions, the
development of efficient chiral ligands for wide range of substrates plays an
very important role. The C-2 symmetric, P-chiral TangPhos 7%° and DuanPhos
9%! developed by our group have been demonstrated to be very powerful
ligands for asymmetric hydrogenation of extensive substrates. However, there
are some drawbacks for these two ligands preventing them from even boarder
applications in practical processes: (1) they are very sensitive to air, due to
their strong electron donating property on the phosphorus centers; (2)

modifications on these two ligands are barely possible, due to the unique



starting materials or process for their synthesis. Inspired by the successes of
TangPhos and DuanPhos in industry, Tang? and coworkers from Boehringer
Ingelheim designed and synthesized a new family of P-chiral
bisdihydrobenzooxaphosphole BIBOP ligands, which are air-stable and highly
tunable regarding electronic and stereo properties. The synthetic routes for

BIBOP ligands are as follow (Figure 1.6 and 1.7):

i) tBuMgCl, THF, -10 °C

ii) 1,3-dimethoxylbenze OMe .
~Cl nBulLi, 0°C to rt nBuLi, TMEDA
0 > / >
Cl iii) 30% H,0, R=0 l,, -78 °C
0,
80% OMe )V 80%
OMe
i) BBrs, CICH,CH,CI, 60 °C
/! }
R=0 i) K,COs, DMF, 60 °C
OMe )V OMe
90%
1

00

(+)-menthyl 0
chloroformate >
TEA, CH,Cl, R=0 @:
-~ r —— CD)
crystalization EtOH-H,0

42% 412, WO 100%

(R)-12
>99 de >99% ee

Figure 1.6 Synthesis of Chiral
3-tert-Butyl-2,3-dihydrobenzo[d][1,3]oxaphosphol-4-ol Oxide ((R)-12)

Preparation of racemic 12 was accomplished from
methyldichlorophosphine in four steps. Reaction of methyldichlorophosphine
with t-butylmagnesium chloride and 2,6- dimethoxyphenyllithium followed by

oxidation with H,O, provided phosphine oxide 10 in 80% yield. lodination of 10



was accomplished by deprotonation with nBuLi followed by addition of 12 to
form iodo compound 11 in 80% yield. Demethylation with boron tribromide as
the reagent followed by cyclization with K,CO3 as the base in DMF afforded

racemic 12 in 90% vyield over two steps. Efficient resolution of 12 was
successfully accomplished by converting to its menthyl carbonate. The
diastereomerically pure isomer 13 was isolated in 42% vyield after single
crystallization. Basic hydrolysis of carbonate 13 afforded enantiomerically pure

compound (R)-12 quantitatively.

Mel, K,CO3, DMF (for 15b)

o) H,, Pd(OH),/C o
PhNTf,, TEA > EtOAc (for 15a) >
CH2C|2 rt or

95% PhB(OH), (for 15¢)

14 trimethylboroxine (for 15d) 15a: R = H (95%)

szdbqs, PCys 15b: R = OMe (95%)
KF, dioxane 15¢c: R = Ph (85%)
15d: R = Me (64%)

o HH 0 HH
LDA, CuCIZ @[ HSIC|3 TEA O o
P P
THF, -78 0C toluene H

tBu tBu tBu Bu
16a: R = H (60%) BIBOP Ligands
16b: R = OMe (67%) 17a: R = H (93%)
16c: R = Ph (60%) 17b: R = OMe (80%)
16d: R = Me (74%) 17c: R = Ph (84%)

17d: R = Me (86%)
Figure 1.7 Syntheses of BIBOP Ligands

From (R)-12 different substituents (H, OMe, Ph, or Me) were installed at the

4 position of the benzene ring (Figure 1.7). Then, 15a was obtained by

converting (R)-12 to its triflate 14 followed by hydrogenolysis in 90% overall

yield. Methylation of (R)-3 using Mel and potassium carbonate provided 15b in
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95% isolated yield. The phenyl-substituted product 15¢ was formed by Suzuki
coupling from 14 and phenylboronic acid in 85% vyield. Similarly, the
methyl-substituted compound 15d was prepared in 64% vyield from the triflate
and trimethyl boroxine. Homocouplings of 15a-d, mediated with LDA and
CuCl, as the reagents afforded 16a-d in 60-74% isolated yields as single
isomeric coupling products. Reduction of 16a-d with HSICl; provided a series
of BIBOP ligands 17 as white solids in high yields.

The BIBOP series ligands showed excellent performance for Rh catalyzed
asymmetric hydrogenation of U-Arylenamides and U- (Acylamino)acrylic Acid

Derivatives:?

Rh[(nbd)BIBOP]BF,4 (1 mol%)
JL > Ar)\

Ar” “NHCOR .
CHgHy, H, (100 psi), 12h, 0°C

NHCOR
up to >99% ee

* Rh[(nbd)BIBOP]BF,4 (1 mol%) COOR'
COOR r e Y%
ArT N 3 Ar Y

NHCOR o om0 NHCH,OR
eOH, H, (100 psi), 12h, 0°C up to >99% ee

Figure 1.8 Asymmetric hydrogenation with Rh-BIBOP complex

1.3 Application of BIBOP ligands in asymmetric hydroformylation
1.3.1 Asymmetric hydroformylation of vinyl acetate derivatives with
BIBOP ligands

As mentioned in section 1.1, there have been a few examples of

application of bidentated chiral phosphorus ligands (which normally used for
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asymmetric hydrogenation) in asymmetric hydroformylation. Realizing the
tunable potential, suitable electronic property and stereo rigidity of BIBOP
ligands, we envisioned that these ligands could be effective for rhodium
catalyzed asymmetric hydroformylation. Thus, cooperating with researchers
from Boehringer Ingelheim, we initiated our exploration of applying the BIBOP

ligands (Figure 1.9) in asymmetric hydroformylation (AHF).

oHHo OHHO
: E’ E’
tB

tBu OMe Bu  1BU Ope
(R)-BIBOP (18a) (R)-MeO-BIBOP (18b)
o HH o o HH o
soaseleos:
tBu tBu Ph tB tBu Me
(R)-Ph-BIBOP (18c) (R)-Me-BIBOP (18d)

Figure 1.9 BIBOP ligands for asymmetric hydroformylation

Our initial investigation started with the classic vinyl acetate (19) as the
model substrate. Excess ligand with high L/Rh ratio was commonly required
to stabilize the catalytically active complex under high temperature conditions
in  hydroformylation reactions to maintain catalyst activity and
enantioselectivity.”® The Rh/L ratio of 1:3.0 was applied at 60 N for 20 h in
toluene in the presence of 1.0 mol% of Rh(acac)(CO), and 3.0 mol% of

(R)-BIBOP (18a) under 20 bar syngas (CO/H, = 10/10). To our delight, vinyl
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acetate was fully hydroformylated with 25:1 branch to linear regio-isomeric
ratio and 91:9 er of the branched isomer. Furthermore, the ligand was found
to be stable under the reaction conditions and no access ligand is required.
Same conversion and enantioselectivity were obtained with a slight excess
ligand loading at Rh/1a ratio of 1:1.2 (Table 1.1, entry 3).

Table 1.1 AHF screening of vinyl acetate 19%

O CHO 0]
O Rh(acac)(CO), 1.0 mol % )L )\
. + CHO
)LO/\ ligand - 0 )LO/\/
toluene, 60 °C, 20 h

19 branched (b) linear (I)
entry L Rh/L CO/H, Z;St\,/ b:lP er®
1 18a 1:3.0 10/10 >99 25:1 91.0:9.0
2 18a 1:2.0 10/10 >99 20.6:11  91.3:8.7
3 18a 1:1.2 10/10 >99 20:1 91.5:8.5
4 18a 1:0.9 10/10 >99 13:1 72.5:27.5
5 18a 1:1.2 5/15 >99 27:1 91.2:8.8
6 18a 1:1.2 15/5 >99 27:1 91.0:9.0
7 18b 1:1.2 10/10 >99 >200:1 95.3:4.7
8 18c 1:1.2 10/10 28 12:1 71.0:29.0
9 18d 1:1.2 10/10 96.4 20:1 51.0:49.0

4 Reaction conditions: 19 (1.0 mmol) catalyzed by Rh-ligand in toluene (0.5
mL) at 60 N for 20 h under syngas pressure of 20 bar. ° Conversions and
branch to linear ratio (b:l) of the products were determined by ‘H NMR
spectroscopy. ¢ Determined by Chiral GC.

Next, CO patrtial pressure was varied since it affects both the conversion
and regio- and enantioselectivity of AHF.?® The catalyst system turns out to be

robust towards the CO pressure. Decreasing the partial CO pressure in CO/H,
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from 10/10 to 5/15 (Table 1.1, entry 5) or increasing the CO pressure to 15/5
(Table 1.1, entry 6), conversions remained >99%. Both the b:l ratios and the
enantiomeric ratios are the same under different CO pressures (entries 3, 5
and 6). Syngas pressure of CO/H, = 10/10 was selected for further studies.

Among the BIBOP ligands, the Ph substituent (18c) led to low conversion
and enantioselectivity (Table 1.1, entry 8). The Me substituent (18d) also led to
low enantiomeric ratio although providing almost full conversion (Table 1.1,
entry 9). To our delight, (R)-MeO-BIBOP (18b) provided an increased
regioselectivity at the b:l ratio of >200:1 and higher enantioselectivity at
95.3:4.7 er (Table 1.1, entry 7). On the other hand, the structural related
Duanphos and Tangphos Iligands produced poor reactivity and
enantioselectivity.

With the optimized reaction conditions in hand, AHF of vinyl acetate
derivatives was explored in the presence of MeO-BIBOP ligand (Table 1.2).
The conditions are applicable to both the aliphatic and aromatic substituents.
All the substrates were successfully converted to the desired aldehydes with
excellent enantioselectivities of up to 95.3:4.7 er. It is noteworthy that the
regioselectivities are outstanding with the branch to linear aldehyde ratio (b:l)
of upto 415:1 (entry 4).

Table 1.2 AHF of vinyl acetate derivatives

0 Rh(acac)(CO), 1.0 mol % o) CHO e)
- - 0,
P /\(R) MeO-BIBOP (18b) 1.2 mol % P /l\ D ~_CHO
R™ N0 - R” "0 R™ "0
CO/Hy = 10/10 bar

toluene, 60 °C, 20 h branched (b) linear (1)
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entry  substrate product conv (%)? b:I? er®
0] CHO
1 R = CH; (20) )j\o/k >99 285:1 95.3:4.7
21
0] CHO

2 R =t-Bu (22) >HL0)\ >99 127:1 95.2:4.8
23

O CHO
3 R = n-C;H;s (24) C7H15)J\o/'\ >99 269:1 94555
25
0] CHO
4 R = n-CgHyo (26) chw)l\o)\ >99 415:1  94.4:5.6
27
O CHO

5 R = Ph (28) ©)ko/'\ >99 37:1 95.0:5.0
29

2 Conversions and branch to linear ratio (b:) were determined by *H NMR

spectroscopy, see the Supporting Information. b Determined by Chiral GC.

For better understanding of the origin of enantioselectivity, computational
studies were conducted for the hydroformylation process of vinyl acetate in the
presence of (R)-BIPOP ligand (18a) (Figure 1.10). All calculations were
performed with Gaussian 09%* at the DFT level of theory employing UB3LYP?
and the LANL2DZ basis set with ECP for Rh* and UB3LYP-gCP-D3/6-31G(d)
for all other atoms. The geometrical counterpoise (gCP)?>’ and dispersion
(D3)?® corrections of Grimme et al. were applied to all stationary points to

correct for basis set superposition error with 6-31G(d) and missing VDW
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dispersion in B3LYP, respectively. Based on the reported mechanism,?® the
calculated rate-determining transition state of the stereochemically defining
Rh-hydride olefin insertion shows that the vinyl group binds to the rhodium
center to position the acetate away from the bulky tert-butyl group of the
BIBOP ligand. In this orientation the Si-face of the olefin is bound to the
rhodium center and ultimately receives the carbonyl functionality, generating
the R-configuration of the aldehyde. This result is in consistence to the

experimental data.

I
U

Figure 1.10 DFT (UB3LYP/LanL2DZ for Rh; UB3LYP-gCP-D3/6-31G(d)
for all other atoms) calculated transition state for the Rh-hydride olefin insertion
and stereochemical model.

1.3.2 Asymmetric hydroformylation of allylic substrates with BIBOP
ligands

Encouraged by the successes of AHF of vinyl acetate derivatives with
BIBOP ligands, AHF was tested on a series of allylic derivatives (Table 1.3).

Allylic compounds are particularly challenging for AHF due to the potential of
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double bond migration®® and difficulty of regioselectivity control.** To our glad,
for benzoyl-, phthaloyl-, and p-MePhSO,- protected allylic amines 30, 32 and
34, enantiomeric ratios of 89.2:10.8, 87.3:12.7 and 92.2:7.8 were obtained
respectively in the presence of (R)-BIBOP ligand (Table 1.3, entries 1, 2 and 3).
The resulting amide-protected chiral b?-amino aldehydes are useful synthons
that can be transformed into important building blocks such as chiral b?-amino
acids and amino alcohols.** The protecting groups can then be removed
according to the known procedures.®* Encouraged by the success of the
AHF of N-functionalized allyl substrates, Ph- and O-functionalized allylic
substrates were also evaluated. For the aryl allyl substrates 36 and 38 that
are lack of directing groups, 93.0:7.0 er and 88:12 er were obtained for
aldehydes 37 and 39, nevertheless modest b:l ratios. Allyl acetate 40 gave
excellent enantioselectivity at 93.3:6.7 er and good regioselectivity of b:l at 7.7
(Table 1.3, entry 6).

Table 1.3 AHF of the allylic substrates

Rh(acac)(CO), (0.5 mol %)

&  (R)-BIBOP (18a) (0.6 mo] %$/Y + RT"cHo
> CHO
CO/H, = 15/5 bar, 20 h .
2 ar branched (b) linear (1)

toluene, 60 °C
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entry substrate product conv b:k er°
(%0
o) O
1 ©)LN/\/ ©)LH/Y >99 801  892:10¢
H CHO
30 31
0 0
=
2 NN N 99 1121 87.3127
CHO
O 32 O 33
Oy O O 0
N7 N7
S\N/\/ S\N
3 H H 34599 301 922738
34 35
OMe OMe
=
4 >99 12:1 93.0:7.0
36 CHO
37
- IJT
5 /©/\/ a2, O >0 111 881119
Cl 28
0
6 )l\o/\/ )LO/Y >99 771 9336.7
40 41 CHO
TBS. 5 TBS<
7 0" d >09 201 888112
42 43 CHO
PhO/\/ PhO
8 CHO >09 41:1 86.8:13.2
44 45

2 Conversions and branch to linear ratio (b:l) were determined by *H NMR

spectroscopy. ? Determined by Chiral GC and HPLC.
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1.3.3 Asymmetric hydroformylation of styrene substrates with BIBOP
ligands

Simple styrene is a classic substrate for rhodium catalyzed AHF, up to
today, there have been a number of chiral ligands®* reported to be able to offer
moderate to excellent enantioselectivity (Figure 1.11). We thus sought to apply
our air stable BIBOP ligands into rhodium catalyzed AHF of styrene

derivatives.

N 0.03-0.5 mol% [Rh], 0.1-1.5 mol% ligand , CHO
solvent, CO/H,, temperature

6/1 to 65/1 b/l
60% to 99%ee

Figure 1.11 AHF of the simple styrene

When 0.5 mol% Rh(acac)(CO), and 0.6 mol% (R)-BIBOP were applied with
15/5 bar of syngas under 60 N for 20 hours, all the tested styrene substrates

were completely hydroformylated (Figure 1.12).
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CHO
N 0:5 mol% Rh(acac)(CO),, 0.6 mol% (R)-BIBOP . CHO
x‘©/\ > X . x‘©/\/
toluene, CO/H, = 15/5 bar, 60 °C, 20 h
b |

>99% conv

CHO F CHO Cl CHO Br CHO
yield 87% 93% 86% 85%
b/l 10.2 21.3 9.3 6.7
er 88.4/11.6 93.1/6.9 92.5/7.5 80.3:19.7
47 48 49 50
F  CHO
OMe CHO F CHO . 7o
©/K ©\)\ F F F3C
F 3
F
yield 85% 94% 95% 84%
b/l 8.5 >100 >100 17.4
er 94.2/5.8 94.3/5.7 86.9:13.1 66.2:33.8
51 52 53 54

yield: isolated yield of corresponding branched alcohol
Figure 1.12 AHF of the styrene derivatives

Excellent region -(up to >100/1 b/l) and enantioselectivity (up to 94/6 er)
were obtained. Comparing to the simple styrene, when 2-position of the phenyl
ring is occupied by small to median sized groups (compound 48, 49, 50, 51),
the enantioselectivies were significantly higher. Noticeably, when the
substitutions are strong electron-withdrawing fluoro groups, the regioselectivity
for AHF was dramatically enhanced, probably because strong
electron-withdrawing ability of fluoro groups significantly decreases the
electron density of b-carbon of the double bond, facilitating the hydride

insertion to occur in b-carbon, resulting in the branched aldehyde products.
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1.3.4 Synthesis of chiral lactone via AHF of styrene derivatives

Chiral lactones are widely distributed in nature, and are important building
blocks for many pharmaceutic ingredients.>> During our exploration of
expanding the substrate scope of AHF with BIBOP ligands, we accidentally
found new way to synthesize a type of chiral G-lactone (Figure 1.13).

Os_OEt Ox-OFEL O0x©
HO
0.5 mol% Rh(acac)(CO),, 0.6 mol% (R)-BIBOP 1. NaBH,, MeOH
N > > 0°C 30 min > A
toluene, CO/H, = 15/5 bar, 60 °C, 20 h 2. H,0

55 56 57

85% vyield for 2 steps
95.1:49 er

Figure 1.13 Synthesis of chiral G-lactone via AHF

While studying AHF of ethyl 2-vinylbenzoate 55 with BIBOP ligand, we
performed a simple reduction to the aldehyde products for HPLC
measurement purpose. To our surprise, a chiral U-lactone 57 was formed via
spontaneous ring closing process under the workup condition, with 85% yield
and over 90% ee.

To further expand this application of AHF and improve the
enantioselectivity, we synthesized the amide analogs 58 of ethyl

2-vinylbenzoate following reported C-H activation procedures (Figure 1.14) *®:
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OsCl Os_NR, A 0Ac
; ; O NR
HNR, 1.1 equiv 10 equiv 2
2 q - q -
Et3N 1.3 equiv, CH,Cl, [Cp RNCly]; 5 mol% A
rt. 18 h AgSbFg 20 mol%
1.0 equiv MeOH, 65 °C, 48 h
HNR, = morpholine 58a HNR, = morpholine
95% yield 70% yield

HNR, = diisopropylamin 58b HNR, = diisopropylamin

63.4% yield 60% yield

Figure 1.14 Synthesis of amide substrates

Although the resulting amides were successfully hydroformylated with
decent vyields, the ring closing for the formation of U-lactone failed in the
workup step. Thus, we have to focus on the optimization of enantioselectivity

in AHF of the original ethyl 2-vinylbenzoate derivatives in the future.

1.4 Conclusion

In  summary, bisdihydrobenzooxaphosphole BIBOP ligands were
successfully applied in rhodium catalyzed asymmetric hydroformylation
reactions. The ease of synthesis and excellent air stability make BIBOP
ligands standing out as unique ligand structure in the field of hydroformylation.
A wide range of monosubstituted olefins have been converted to chiral
aldehydes with excellent conversions and good-to-excellent
enantioselectivities. A chiral U-lactone was obtained by AHF and subsequent
simple reduction workup. Computational studies provide insights into the
reaction mechanism, in particular the Rh-hydride olefin insertion processes in

AHF of vinyl acetate.
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1.5 Experiment Section
1.5.1 General remarks

Commercially available reagents were used without further purification.
The BIBOP ligands were synthesized according to literature procedures.
N-allylamides were synthesized following previously reported procedures, and
all characterization data were consistent with those reported for these
compounds. All asymmetric hydroformylation reactions were performed in an
inert atmosphere using standard Schlenk techniques. Enantiomeric excesses

were determined by Agilent GC 7890A or Agilent HPLC 1200 series.

1.5.2 General procedure for the preparation of amides 58

The indicated benzoyl chloride (1.0 equiv) was added, under nitrogen, to a
solution of the amine (1.1 equiv) and triethylamine (1.3 equiv) in CH,Cl, (10
mL, 0.50 M) at ambient temperature. After stirring for 18 h, the reaction mixture
was diluted with CH,Cl, (10 mL) and washed successively with HCI (20 mL,
1.0 M) and brine (20 mL). The organic layer was dried over MgSOu,
concentrated, and purified as indicated. The formed amides were placed in an
oven-dried tube with stir bar, 7 equivalent vinyl acetate, 5 mol% [Cp*RhCl.],
and 20 mol% AgSbFs were added, the tube was then sealed with a Teflon
screw cap. The reaction mixture was placed into a temperature-controlled oil

bath at 65 €. After 48 hours the reaction mixture was cooled to ambient
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temperature. The crude reaction mixture was concentrated and then purified to

give the indicated amide product 58.

1.5.3 General procedure for the asymmetric hydroformylation

In a glovebox under nitrogen, ligand (0.012 mmol) and [Rh(acac)(CO),]
(0.01 mmol in 0.4 mL toluene) were added to a 2 mL vial. After stirring for 10
minutes, the substrate (1.0 mmol) and additional solvent were added to bring
the total volume of the reaction mixture to 0.5 mL. The vial was transferred into
an autoclave and taken out of the glovebox. Hydrogen and carbon monoxide
were added sequentially. The reaction mixture was stirred at 60 °C for 20
hours. The reaction was cooled and the pressure was carefully released in a
well-ventilated fume hood. The conversion and branch to linear ratio of this
reaction were determined by *H NMR spectroscopy from the crude reaction
mixture. The enantiomeric excess was determined by GC analysis with a
Supel codbs Bet a De x 225 col umn or
corresponding alcohol resulting from the sodium borohydride reduction of the
aldehyde.

2-(2-fluorophenyl)propan-1-ol (48):

OH

by

Cl
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93% vyield, 93.1/6.9 er. *H NMR (400 MHz, CDCls) U  176.82 @n, 4H),
3.857 3.55 (m, 2H), 3.26 (h, J = 6.9 Hz, 1H), 2.04 (d, J = 18.7 Hz, 1H), 1.24 ,

J =17.4 Hz, 3H).

2-(2-chlorophenyl)propan-1-ol (49):

OH
Cl

86% vield, 92.5/7.5 er. *H NMR (400 MHz, CDCls) U i76.93 (m, 4H),
3.73 (dddd, J = 39.9, 10.8, 6.4, 1.5 Hz, 2H), 3.52 (h, J = 6.7 Hz, 1H), 1.71 (s,

1H), 1.28 (d, J = 7.0 Hz, 3H).

2-(2-methoxyphenyl)propan-1-ol (51):

OH
OMe

85% vyield, 94.2/5.8 er. *H NMR (400 MHz, CDCl;) U 7 . P=011.§, 44 ,
Hz, 2H), 6.99 1 6.90 (m, 1H), 6.87 (d, J = 8.4 Hz, 1H), 3.81 (s, 3H), 3.77 i 3.60

(m, 2H), 3.49 1 3.35 (m, 1H), 1.86 i 1.59 (m, 1H), 1.25 (d, J = 7.1 Hz, 3H).

2-(2,6-difluorophenyl)propan-1-ol (52):

OH
F
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94% vyield, 94.3/5.7 er. *H NMR (500 MHz, CDCls) U 77.03 @n, 1H),
6.961 6.73 (m, 2H), 3.95 i 3.69 (m, 2H), 3.42 (h, J = 7.2 Hz, 1H), 2.04 (d, J =

12.4 Hz, 1H), 1.29 (dd, J = 31.3, 7.1 Hz, 3H).

2-(perfluorophenyl)propan-1-ol (53):

OH

95% vyield, 86.9/13.1 er. *H NMR (500 MHz, CDCl;) o 3 .J8 1.6 Hzd ,

2H), 3.55 1 3.31 (m, 1H), 2.35 (s, 1H), 1.34 (d, J = 7.2 Hz, 3H).

2-(4-(trifluoromethyl)phenyl)propan-1-ol (54):

OH

FaC
84% vield, 66.2/33.8 er. *H NMR (500 MHz, CDCl;) & 7 J5 8.2 Hzd ,
2H), 7.34 (d, J = 8.1 Hz, 2H), 3.751 3.60 (m, 2H), 2.98 (h, J = 6.6 Hz, 1H), 1.77

(dd, J = 51.8, 42.8 Hz, 1H), 1.27 (d, J = 7.0 Hz, 3H).

4-methylisochroman-1-one (57):

OO0
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90% vield, 95.1/4.9 er. *H NMR (500 MHz, CDCl;) & 8 .J& 9.8 Kzd ,
1H), 7.58 (t, J = 7.6 Hz, 1H), 7.39 (t, J = 7.6 Hz, 1H), 7.31 (t, J = 5.9 Hz, 1H),
4.51 (dd, J = 11.0, 4.1 Hz, 1H), 4.24 (dd, J = 10.9, 6.6 Hz, 1H), 3.26 i 3.04 (m,

1H), 1.37 (d, J = 7.2 Hz, 3H).

1.5.4 GC and HPLC analysis of the chiral aldehydes
References for chiral separation methods are included. Isolated yields,
NMR spectral and HRMS data are provided for chiral aldehydes 21 and 23,

which are unreported as AHF products.

O CHO
)J\ /l\ (R)-1-oxopropan-2-yl acetate (21)
o

Enantiomeric excess was deter mi nec
Beta Dex 225 column: 100 °C, stay 5 mins, 4 °C/min to 160 °C, stay 5 mins,

flow rate = 1.0 mL/min, tminor= 7.6 MIN, tmaor= 9.3 min; 95.3:4.7 er.

FIOT A, (0B1015RT-TW05F07010)
oA
50
80 3
704
e
50
mé § o~
30 "~ >
-\ A
wé ' ' :
0:.,....,....,....,....,....,....,....,....,._
75 7.75 8 8.25 8.5 8.75 ] 9.25 9.5 mi
Peak FRetTime Type Width Area Height Area
# [min] [min] [pAa*s] [pa] %
e R R e e R — |
1 7.555 BB 0.0495 62.82764 18.08755 49.83560

2 9.312 BE 0.0529 63.24215 16.43451 50.16440
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FID1 A, (0B1015RT-1\004F0D601.0)
pA ]
a0
m_
&
0 e &
603 o
%03
0]
30 0
3
20 s
10 3
L L I T L AL L L L L L B | 1 1T
1.5 1775 8 B.25 BS B75 9 925 9.5 imin
Peak RetTime Type Width Area Height Area
£ [min] [min] [ph*=] [pA] %
e B | —=—= | ——————- | === | === |-————-—- |
1 7.585 BB 0.0435 17.38674 £.24105 4.68528
2 9.178 MM 0.1259 353.70642 46.8B3174 95.31472
O CHO .
/k (R)-1-oxopropan-2-yl pivalate (23)
0
Enantiomeric excess was determined by GC with a
Supel cods Bet a DE&Cstag 2mbins,et80/minntmnl100 °G, Btay 5
mins, flow rate = 1.0 mL/min, tminor= 42.3  MIN, tmajor = 43.2 min; 95.2:4.8 er.
FID1 A, (071415RTW023F0501.D)
pA 3
90
80
?B—;
60
50 & 2
40—? i@o'ﬁa EE.’ST"@‘;
] o3
30—; g
103 '
Dq_u-' " s 4 s 42 e "4 ' ads a4 | ads i
Peak FRetTime Type Width Area Height Area
# [min] [min] [pA*=] [pA] %
] | ====]====-== | ====mmmm- | === R |
1 42.312 MM 0.2239 266.15427 19.80965 49.96276
2 43,173 MM 0.2488 266.55099 17.85264 50.03724
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(R)-1-oxopropan-2-yl octanoate (25)
Enantiomeric excess was determined by GC with a
Supelcobs Bet a De°C, stay36 miesoflowiraen= 1.0 in3/r@in,



