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Abstract of the thesis entitled “Synthesis of Novel Chiral Bipyrimidine
Diphosphine and Aminoalcohol Ligands and their Application in Asymmetric

Catalysis”

Submitted by Chen Gang
For the degree of Doctor of Philosophy
At The Hong Kong Polytechnic University in July, 2003

Palladium-catalyzed asymmetric allylic alkylation (AAA) is one of the most
powerful tools for the sterically controlled introduction of carbon-carbon and
carbon-heteroatom bond formation. In this thesis work, a novel chiral atropisomeric
diphosphine ligand, 5,5’-bis(diphenylphosphino)-1,1',3,3'-tetramethyl-4,4'-
bipyrimidine-2,2',6,6’-(1H,1'H,3H,3'H)-tetrone (PM-Phos) was developed, whose
palladium complex exhibited good to excellent enantioselectivity in catalytic
asymmetric allylic alkylation.

PM-Phos is the first bipyrimidine-type diphosphine ligand. The synthetic
highlight includes an interesting “halogen-dance” reaction, a crucially modified
Ullmann coupling procedure and an unexpected methyl group rearrangement. With
the palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate with
malonates as a model reaction, the asymmetric induction properties of PM-Phos was
preliminarily tested. In this reaction, the optimal nucleophile was dimethyl malonate,
the optimal solvent was CH,CI, and the optimal base was NaOAc. The catalytic

activity of the PM-Phos palladium complex was excellent especially at room



temperature. The enantioselectivity was fair at room temperature, but good at 0°C and

almost excellent at a lower temperature (up to 95% ee at -40 °C).

Another part of this thesis work is the synthesis of novel chiral amino alcohol
ligands. With L-valine as starting material, new amino alcohol ligands with two
stereogenic centers, i.e., 1R-[2'-(6’-methoxynaphthyl)]-2S-amino-3-methylbutan-1-ol
(4-6a) and 1R-[2'-(6'-methoxynaphthyl)]-2S-pyrrolidinyl-3-methylbutan-1-ol (4-8),
were synthesized. The enantioselective borane reduction of acetophenone catalyzed
by the amino alcohols 4-6a provided high ee’s (up to 97%). The enantioselective
diethylzinc addition to aldehydes catalyzed by the N,N-cycloalkylated amino alcohol
4-8 also afforded the corresponding chiral secondary alcohols with good to excellent

ee’s (up to 98%).

The third part of this thesis work is based on chiral ruthenium-complex catalysts
recycled by ion exchangers and their application in asymmetric hydrogenation. The
ruthenium complex of P-Phos was an excellent catalyst for the asymmetric
hydrogenation of B-ketoesters. After the reaction, the catalyst was separated easily by
a column packed with silica gel-based ion exchanger and was used in the subsequent
recycling runs of the reaction with a slight loss of enantioselectivity and activity. This
result indicates that the special nitrogen-containing feature of P-Phos favors the
stability and recyclability of its ruthenium complex catalyst in asymmetric

hydrogenation.



ABBREVIATIONS

Ar aryl

BICP bis(diphenylphosphino)-dicyclopentane

BINAP 2, 2'-bis(diphenylphosphino)-1,1'-binaphthyl

BINAPO 2,2'-bis(diphenylphospinyl)-1,1'-binaphthyl

BINOL 1,1'-bi-2-naphthol (or 2,2’-dihydroxy-1,1'-binaphthyl)

BIPHEP 2,2'-bis(diphenylphosphino)-1,1'-biphenyl

Bn benzyl

BPPM N-(terbutoxycarbonyl)-4-(diphenylphosphino)-2-
[(diphenylphosphino)methyl]pyrrolidine

BSA N,O-bis(trimethylsilyl)acetamide

Bu or n-Bu normal (primary) butyl

t-Bu tert-butyl

Chiraphos 2,3-bis(diphenylphosphino)butane

COD 1,5-cyclooctadiene

Cp cyclopentadienyl

DAIB 3-exo-(dimethylamino)isoborneol

DBTA dibenzoyl-L-tartaric acid

de diasteromeric excess

Deguphos 1-substituted 3,4-bis(diphenylphosphino)pyrrolidine

dehydronaproxen 2-(6’-methoxy-2'-naphthyl)propenoic acid

DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane

DIPAMP 1,2-bis[(0o-methoxyphenyl)phenylphosphino]-1,1'-biphenyl

DMF dimethylformamide

DuPHOS substituted 1,2-bis(phospholano)benzene

L-DOPA L-3-(3,4-dihydroxyphenyl)analine
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Chapter 1
Asymmetric Catalysis and Asymmetric

Palladium-Catalyzed Allylic Alkylations

1.1. Principles of Asymmetric Catalysis 2?2
1.1.1 Chirality and Asymmetric Synthesis

Molecular chirality is a principal element in nature that plays a key role in life and
in scientific research. A wide range of biological and physical functions is generated
through precise molecular recognition that requires matching of chirality. Biological
systems, in most cases, recognized the members of a pair of enantiomers as different
substances, and the two enantiomers will elicit different responses. Thus, one
enantiomer may act as a very effective therapeutic drug whereas the opposite
enantiomer may be highly toxic. So it has been shown for many pharmaceuticals that
only one enantiomer contains all of the desired activity, and the other is not. Therefore,
the preparation of enantiomerically pure compounds plays a critical role in the
development of pharmaceuticals, agrochemicals, flavors, fragrances and other
biologically active materials.

It is the responsibility of synthetic chemists to provide highly efficient and reliable
methods for the synthesis of desired compounds in an enantiomerically pure state,
which is 100% enantiomeric excess.

So far, several ways have been developed to obtain optically pure organic

compounds which are listed in the following:

14



1. Isolation from nature.

2. Fermentation.

3. Resolution methods including chemical resolution, chiral chromatography,
kinetic resolution and so on.

4. Asymmetric transformation.

5. Asymmetric synthesis.

Among the above stated methods, asymmetric synthesis is the most feasible,
accessible and potential technique. The importance and practicality of asymmetric
synthesis as a tool to obtain enantiomerically pure or enriched compounds has been
fully acknowledged by chemists in synthetic organic chemistry, medicinal chemistry,
agricultural chemistry, natural products chemistry, pharmaceutical industries, and
agricultural industries. This prominence is due to the explosive development of newer
and more efficient methods created by the efforts of many scientists during the past 30
years.

Asymmetric synthesis is especially defined as the reactions in which a prochiral
(non-chiral or achiral) substrate is converted to a chiral unit with enantiomeric excess
under chiral inducing agents (including chiral reagents, chiral auxiliaries and chiral
catalysts). If a chiral catalyst is used, the reaction can be called asymmetric catalytic
reaction, in which, the little amount asymmetric catalyst usually coordinates with the
substrate or reagent to form an active and stereoselective intermediate firstly and give

a chiral product finally and then catalyst is released for next catalytic recycle.

15



1.1.2. Asymmetric Catalysis

Among various asymmetric reactions, the most desirable and the most challenging
is catalytic asymmetric synthesis since one chiral catalyst can create millions of chiral
product molecules, just as enzymes do in biological systems. So, catalytic asymmetric
synthesis has significant economic advantages over stoichiometric asymmetric
synthesis in industrial scale production of enantiomerically pure compounds.
However, until the early 1970’s, the resolution of racemates was the most usual
method in preparation of chiral compounds. Catalytic asymmetric synthesis of chiral
compounds was still a dream. The advances in this area turned chemists dreams into
reality. One major breakthrough in this pursuit came from the incorporation of chiral
ligangds in transition metal catalysts. The Monsanto L-dopa process was successfully
commercialized in mid-70’s based on the asymmetric hydrogenation of prochiral
olefin. This technology has become an industrial flagship in asymmetric catalysis
since its successful commercialization in the mid 1970°s(Scheme 1-1).

So far, a large number of catalytic asymmetric reactions have been developed.
These reactions can be classified into some principle categories as the follows:
1.  Asymmetric hydrogenation.
2. Asymmetric isomerization.
3. Asymmetric cyclopropanation.

4. Asymmetric oxidation including epoxidation and dihydroxylation.

16
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Scheme 1-1. The Monsando L-Dopa process

5. Asymmetric carbonylation.

6. Asymmetric hydrosilylation.

~

Asymmetric C-C bond forming reactions such as Allylic Allylation, Grinard
cross-coupling and Aldol reactions.
8. Asymmetric phase transfer reaction.
9. Other Asymmetric reactions.

Among the significant achievements in basic research: (i) asymmetric
hydrogenation of a-acetaminoacrylate, a ground-breaking work by Knowles et al.; (ii)

the Sharpless epoxidation by Sharpless et al.; and (iii) the second-generation
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asymmetric hydrogenation processes developed by Noyori et al. deserve particular
attention because of the tremendous impact that these processes have made in
synthetic organic chemistry. In fact, a number of catalytic asymmetric reactions,
including the “Takasago Process” (asymmetric isomerization), the “Sumitomo
Process” (asymmetric cyclopropanation), and the “Arco Process” (asymmetric
Sharpless epoxidation) have been commercialized in 1980s. These Processes
supplement the epoch-making “Monsanto Process”. Extensive research on new and
effective catalytic asymmetric reactions will surely continue beyond the year 2000,
and catalytic asymmetric processes promoted by man-made chiral catalysts will

become mainstream chemical technology in the 21st century.

1.1.3. Asymmetric Catalysts

Usually, the most effective asymmetric catalysts are coordinated complexes of
transition metals and chiral ligands, and due to this kind of special composition, the
complexes can show not only effective catalytic activity, but also high
enantioselectivity. The usually used chiral ligands for preparing asymmetric catalysts
can also been classified into several main categories such as phospine ligand, amino
alcohol ligand, diamine ligand, phosphine amine ligand and so on. Among these
ligands, chiral phosphine ligands take a very important part among which the most

famous is BINAP.
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1.1.4. The General mechanism of Asymmetric Catalysis

@ : Chiral Ligand M: Metal S: Substrate  R: reactant

Cordination Cordination
M M
Releasing Reaction
S-R
~
M|
S

/\
» T

Scheme 1-2

The general mechanism of asymmetric catalysis is outlined above (Scheme 1-2).
In most cases, a complex of chiral ligand and transition metal forms the asymmetric
catalyst which provides chiral induction to the reaction. The function of the central
transition metal is to activate the reaction and hence provide the catalytic activity,
while the chiral ligand is responsible for providing an asymmetric environment for the
reaction. At the first step of a usual catalytic cycle, the substrate coordinates with the

central metal of the catalyst, and then the reactant coordinates with the metal too or
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reacts with the activated substrate directly, and finally the product forms in the chiral
environment and is released from the catalyst. That’s the overall general process for

what happens in asymmetric catalytic reaction.

1.2. Asymmetric Allylic Alkylations (AAA) *
1.2.1. Introduction

Efficient and reliable amplification of chirality has borne its greatest fruit with
transition metal-catalyzed reactions since enantiocontrol may often be imposed by
replacing an achiral or chiral racemic ligand with one that is chiral and scalemic.
While the most thoroughly developed enantioselective transition metal-catalyzed
reactions are those involving transfer of oxygen (epoxidation and dihydroxylation) >°
and molecular hydrogen,” the area of enantioselective transition metal-catalyzed
allylic alkylations which may involve C-C as well as C-X (X = H or heteroatom) bond
formation.®™® has attracted much research attention in recent years. The synthetic
utility of transition metal-catalyzed allylic alkylations has been soundly demonstrated
since its introduction nearly three decades ago.**? Allylic reactions usually refer to
processes which result in nucleophilic displacements on allylic substrates (Scheme
1-3).

Catalyst

\/\x + NU7 \/\NU + X

Scheme 1-3.
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Such reactions have been recorded with a broad range of metal complexes
including those derived from nickel, palladium, platinum, rhodium, iron, ruthenium,
molybdenum, and tungsten, among which palladium is the most effective. Virtually,
all of the efforts to date in asymmetrization of the reactions have focused on

palladium-catalyzed reactions

Bringing asymmetric induction to such reactions represents an important new
dimension to their use in synthesis. There are two general classes of reactions of the
type represented in Scheme 1-3 which differ in the nature of the nucleophile. "Hard"
nucleophiles, defined as those derived from conjugate acids whose pK, > 25, normally
effect such reactions by attachment of the nucleophile to the metal followed by
reductive elimination as depicted in Scheme 1-4. This process has not been
extensively developed in the achiral version. The lack of such development probably
stems, in part, from its duplication of organocopper chemistry. On the other the hand,
the reaction with "soft" nucleophiles, defined as those derived from conjugate acids
whose pK, < 25, normally follows a different course as outlined in Scheme 1-5.
Intrinsic to this pathway is the fact that bond breaking and making events occur
outside the coordination sphere of the metal, i.e., on the face of the n-allyl unit
opposite the transition metal and its attendant ligands. Thus, the leaving group and the
nucleophile are segregated from the chiral environment of the ligand by the n-allyl

moiety.
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Scheme 1-4. Allylic Alkylation with Hard Nucleophiles

Scheme 1-5. Allylic Alkylation with Soft Nucleophiles

The first example of an enantioselective palladium-catalyzed allylic substitution
reaction with a stabilized nucleophile was reported in 1977 by Barry Trost.?® Since
this beginning, much work has been done to harness the asymmetric potential of
allylic alkylations, but only recently have these reactions developed into processes
where high enantioselectivities may be realized with a wide range of substrates in a

predictable fashion. The lag time in this development may stem from the
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stereochemical requirements that the chiral ligands must somehow reach across the
plane of the allyl fragment to transfer their chirality to the event responsible for the

enantiodiscrimination.

1.2.2. The General Mechanism and Catalytic Cycle of Asymmetric

Allylic Alkylation

The mechanism of metal-catalyzed alllylic alkylation is generally believed to
involve the four fundamental steps illustrated in Scheme 1-6.%"°.The key feature of
the catalytic cycle is the intermediacy of (n-allyl)metal compex. Its generation and
subsequent reaction represent, respectively, the bond-breaking and —making events in
which the source of chiral induction can be derived. Depending on the structure of the
substrate, every step provides an opportunity for enantioselection, except for
decomplexation, which occurs after bond formation. Because the rates of these
catalytic steps are delicately balanced, both the rate-limiting step and the

selectivity-determining step may vary depending on the reaction conditions.
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Scheme 1-6. Catalytic cycle of transition metal catalyzed allylic alkylation.

Although ionization usually proceeds with inversion of stereochemistry regardless
of the nucleophile, the addition of a nucleophile involves two pathways in which the
nature of the nucleopile leads to different stereochemical consequences (Scheme 1-7).
The “soft” (stabilized) nucleophiles, defined as those derived from conjugate acids
whose pK, < 25, usually add to the ally ligand from the side opposite to the metal,
giving rise to product with overall retention of stereochemistry.**** On the other hand,
with “hard” (unstabilized) nucleophiles (pK, > 25), the addition normally occurs via
transmetallation where the nucleophile attacks the metal center of the mn-allyl

intermediate and the resultant adduct collapses to product by reductive elimination,
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resulting in inversion of stereochemistry.>**° Exceptions to these generalities have

been claimed.

L L L,,,,'.® ﬁL
RA~_R d /O* “ LR |
Y -t — RSCR
X lonization Q ) Stablized Nu lilu
- Retention
Nu

Unstablized Nu
L., R FEzledL_Jcti%/e o -
1 imination '
/Qi/%I/R‘ J\(
. Nu

Nu

Inversion

Scheme 1-7. Addition of stabilized and unstabilized nucleophiles.

In the alkylation with most commonly used stabilized nucleophiles, one quite
obvious problem associated with this process is the physical separation between the
chiral ligand and the reaction site. Both bond-breaking and —forming occur on the =
-allyl face opposite the metal and its attendant ligand. Thus, efficient transfer of the
chirality over the ally barrier is a key to a successful strategy for asymmetric allylic

alkylation.

1.2.3. Chiral Induction and Opportunities for Enantiodiscrimination
For a process to provide 100% enantiomeric excess in 100% vyield, the

enantiodetermining step must involve the distinction between enantiotopic groups or
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faces. All popular enantioselective transition metal-catalyzed reactions involve
additions to n systems. In contrast, allylic alkylations involve displacements at sp®
centers. The ability to convert racemic starting material into optically pure material in
such an event-completely, without the waste of a kinetic resolution-presently is almost
unique to transition metal-catalyzed allylic alkylations, the exception being those
processes involving a dynamic Kinetic resolution such as in the hydrogenation of
substituted B-keto esters. The general catalytic cycle for transition metal-catalyzed
allylic alkylations by stabilized nucleophiles is composed of five primary steps
(Scheme 1-6). These steps are (a) metal-olefin complexation, (b) ionization, (c)
enantioface discrimination of the m-allyl complex, (d) nucleophilic attack at
enantiotopic termini, and (e) enantioface discrimination in the nucleophile.
Decomplexation of the metal from the olefinic product cannot change the
stereochemistry of the product.

A unique feature of the transition-metal-catalyzed allylic alkylation is its ability to
convert starting materials of various symmetry types, such as racemic, meso- and
achiral compounds, into optically pure material. Strategies to effect such
transformations derive from recognition of the stereochemical courses in each step of
the catalytic cycle and analysis of symmetry elements in the substrate or intermediate.
Figure 1-1 summarizes the potential sources of enantiodiscrimination in transition

metal-catalyzed allylic alkylations in these steps.
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Type A Type B Type C

X X
Enantiotopic Enantiotopic Enantiotopic
Leaving Group Termini of the Allyl Faces Exchange
Type D Type E

-~ N

Enantiotopic Enantiotopic
Faces of Olefin Faces of Nucleophile

Figure 1-1. Sources of enantiodiscrimination in transition metal-catalyzed allylic

alkylations.

The first strategy involves discrimination between enantiotopic leaving groups
(Type A). In the second approach, two enantiomers of a racemic substrate converge
into a metal r-allyl complex wherin preferential attack of the nucleophile at one of
either allylic termini leads to asymmetric induction, a process that may be referred to
as a dynamic Kinetic enantioselective transformation (Type B). The third requires
differentiation between two enantiotopic transition states in the nucleophilic addition

to rapidly interconverting enantiomericr—allyl intermediates, also a dynamic Kkinetic
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enantioselective transformation (Type C). Alternatively, an enantiomeric intermediate
is generated from enantiofacial complexation of an alkene (Type D). When the
nucleophile is a prochiral compound of a rapidly equilibrating racemic mixture,

asymmetric induction can be also possible at the nucleophile (Type E).

1.2.4. Chiral Ligands

The problem in metal-catalyzes allylic alkylation has naturally led to design of
chiral catalysts in such a way that asymmetry is effectively transmitted to the reaction
event occurring distal to the ligand. As depicted in Figure 1-2, Three concepts have

been proposed:

1) Attaching a functional techer to the ligand to induce interaction with an

incoming nucleophile .***?

2) Imposing electronic desymmetrization on the donor atoms of the ligand
whereby defferent bond lengths a and b promote differential reactivity at each allylic

terminus.*®

3) Providing the substrate with chiral space, which may derive, for example, by a
propeller-like arry of aryl groups whose chirality is induced by a conformational bias

of edge-face interactions which, in turn, ultimately originates from primary
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stereogenic centers.** In all of these cases, non-C, symmetric as well as symmetric

ligands may be envisioned.

P b “pd
SN, N,
Type | Type I Type lll

Figure 1-2. Concepts used in ligand design.

As many endeavors in transition metal catalysis, the design, synthesis and
screening of chiral ligands have played a pivotal role in the development of the
asymmetric allylic alkylation reaction. A series of C,-symmetry diphospines such as
DiPAMP, chiraphos, DIOP, and BINAP, which gave high enantioselectivities in
asymmetric hydrogenations, were used in early work. However, these “borrowed
ligands” exhibited only modest performance in this area. Soon after, many new
ligands have been developed by modifying these relatively simple structured ligands.
Virtually all of the elements constituting a chiral ligand such as the type of symmetry,
donor atoms, node of denticity (e.g., mono- vs. bidentation), and combination of these
have been explored. Consequently, impressive progress has been made in the design

of ligands, which are primarily for AAA.

Figure 1-3 to Figure 1-6 show a selection of some ligands that have been

successfully used in the palladium-catalyzed AAA reaction. They are classified into
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four categories: 1) chiral phosphines, 2) dinitrogen ligands, 3) P,N-chelate ligands,

and 4) mixed chelated ligands.

The chirality at the phosphorus atom such as in DIPAMP, which was originally
thought a necessary element, is not required to achieve high enantioselectivity.
Neither is Co-symmetry of the ligand although it provides a simple way of reducing
the number of possible transition states by a factor of two 50. A growing number of
new ligands, which lack C,-symmetry, have given successful results in many different
reactions. In addition, it has been shown that high enantioselectivities can also be
obtained from the use of several monophosphines. Another notable feature of the
ligand morphology is the diverse source of the ligand chirality. Starting from the point
chirality of phosphorous and carbon atoms, various types of stereogenicity such as

axial and planar chirality and combination of these have been utilized.

Although most of the early studies focused on the use of phosphine ligands,
recently, nitrogen ligands have been used in enantioselective allylic alkylations with

increasing frequency. Both sp? (imine) and sp® (amine) hybridized nitrogens have
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Figure 1-3. Some chiral ligands based on phosphorus for AAA
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Figure 1-4. Some Chiral dinitrogen ligands for AAA

been proved effective as donor atoms. As shown through the examples, a remarkably
high level of enantioselectivity has been recorded with the dinitrogen ligands listed in
Figure 1-4. However, up to the present, such strong donor-type ligands have

exhibited limited scope in the catalytic processes.

32



\O
3 O \.N PPh
e N 2
S/N PPh, Ph S/N PPh,
R R
33a: R=iPr
33b: R=Ph
33c: R=tBu 34 35
Co O O O
N
N PPh, N PPh; PPh,
36 37 38

Figure 1-5. Some Chiral P,N-chelate ligands for AAA

The distinct electronic (i.e., electronic desymmetrization) and steric properties of
different donor atoms influence the reactivity of allyl substrates through the metal.
Much interest has recently been drawn to this type of ligand, resulting in the synthesis
of a variety of ligands involving metal coordination by both N and P as illustrated in
Figurel-5. Bidentate ligands with different ligating atoms such as
phosphinooxazolines can lead to high enantioselectivity. It is thought that the
oxazoline moiety provides the source of asymmetry and the phosphorus atom
enhances reactivity. The stereochemical outcome is most consistent with the
mechanism involving nucleophilic addition trans to the phosphorus atom as supported

by X-ray and NMR studies.

33



“/Ph

\ Ph
&Y > Lo O
But SPh

39a,b,c,d,e:

X=S, O, P-NP, P-2-Biphenylyl, Se 40 41

PPh,

»-\\COZH "”Pphz

CO,H

42 43 44

Figure 1-6. Some chiral ligands with mixed donor atoms for AAA

Variations on this theme have led to the design of mixed chelate-type ligands as
shown in Figure 1-6. Bidentate ligands derived from various combinations of
phosphorus, nitrogen, oxygen, sulphur, and selenium are able to provide high
enantioselectivity. Similar to the P,N-chelate ligands, the origin of enantioselectivity
has been proposed to be the preferential nucleophilic attack trans to the better n
-acceptor. However, the poor binding ability of some donor atoms raises doubts as to
the bidentate binding of these ligands. Therefore, the results obtained with these

ligands should be interpreted with caution.
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1.3. Palladium-Catalyzed Allylic Allylations with Stabilized

Nucleophiles

Palladium-catalyzed allylic alkylations can be classified into two categories which
use stabilized nucleophiles or unstabilized nucleophiles respectively. The later has not
been extensively developed into asymmetric reactions. So we’ll focus on the reactions

with stabilized nucleophiles.

Palladium-catalyzed allylic alkylation can also be classified by the sources of

enantiodiscrimination or the drives of chiral induction into the following categories.

® AAA induced by enantioselective ionization.
® AAA induced by desymmetrization of meso-n-allyl complexes.
® AAA induced by enantioselection involving enantioface exchange.

® Enantioselective alkylation of prochiral nucleophiles.

We’ll focus to illustrate the AAA induced by desymmetrization of meso-n-allyl
complexes as much as possible because it has been studied much intensively and
usually acts as the first model reaction to test the catalytic properties of a newly

synthesized chiral ligand.

Desymmetrization of Meso-n-Allyl Complexes:

1. Alkylation of 1,3-Diarylallyl Substrates with Carbon Nucleophiles
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The 1,3-diphenylallyl system was introduced as a test substrate to contrast with
the 1,1,3-triphenylallyl system in order to probe the importance of different
mechanisms for asymmetric induction.*® Early results with BINAP and BINAPO
were encouraging (Scheme 1-7). Subsequently, this substrate has become the
"standard" to compare different chiral ligands. The sensitivity of this system to the
reaction conditions becomes evident from the significant difference in ee which is

observed when different Pd(0) sources are used (Schemel1-7).%

O O O O
)J\/”\ (dba)3Pd, - CHClg
R)-BINAP
(R) S
+
BSA, THF O O
OAc 60 °C
X
73% yield, 92% ee
Scheme 1-7

Since the nucleophile is directly involved in the enantiodiscriminating step, its
structure is expected to affect the ee. In terms of structure, both the constitution (i.e.,
malonate, 1,3-diketone, disulfone, etc.) and the nature of the ion pair play roles. Thus,
the ee shows a dependence on how the nucleophile is generated. While the sodium
salts are frequently employed, the potential for aggregate formation obfuscates the
true nature of the nucleophile. For example, alkylation of 45 with dimethyl

sodiomalonate using ligand 38 gives the alkylation product in 67% ee in THF and
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Pd(OAc),
(S)-BINAP
BSA, THF, 66°C

(dba)3Pd2 ! CHC|3
(R)-BINAP
BSA, THF, 60°C

81% yield, 55%, ee 71% yield, 85% ee

Scheme 1-8

78% ee in acetonitrile; but using the sodium salt with 15-crown-5 in acetonitrile
increases it to 95%.*" Thus, changing the nature of the ion pair has a significant effect
on ee. In many cases, the Dbest ee's are obtained by use of
N,O-bis(trimethylsilyl)acetamide (BSA), sometimes in the presence of added acetate
ion.*> Reactions performed with ligand 28 reveal an effect of halide ion under these
conditions with the ee increasing from 51% with iodide and 67% with bromide to

83% with chloride.*®

Table 1-1 summarizes the enantioselectivities obtained in the alkylation of the

diphenylallyl system with stabilized nucleophiles using various different ligand
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designs (Scheme 1-9). The enantioselectivities are the best reported in the reference

given (whether optimized or not).

OAc Nu
O AN O Cat. Pd(0), Ligand O AN O
Nucleophile
Nucleophile
Na Na
O O O O

a = + BSA a =
HgCOJJ\/kOCHg, H3COMOCH3

+ 15-crown-5

O O Na

O O
b b
HgCOJJ\/U\OCHg, >
C,Hs0 OC,Hs

e AN c + BSA

d )J\/\ + BSA d (PhSO,),CH, + BSA

e = e
HoC O)KH\OCH:‘; (PhS0,),CHNa

Scheme 1-9
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Table 1-1. Allylic Alkylation of 1,3-Diphenylprop-2-enyl Acetate with Carbon Nucleophiles

entry  ligand Nu® Pd source % yield % ee Ref.
1 38 a*®  [C4HsPd]BF, nd <79 47

2 36 a  [Pd(OAc),] 95 96 49

3 26 a®  [CsHsPd]PFe 81 95 50,51
4 2 a  [CsHsPdCI], 86 90 52

5 isosparteine a®  [CsHsPd]PFs 87 82 50,51
6 40 a  [CsHsPdCI], 89 81 53

7 15 a  [(dba)s;:CHCI]; 60 49 54

8 10b a  [CsHsPdCI], 40 92 55

9 10c a  [CsHsPdCI], 85 96 56

10 (S)-(-)-BINAP a  [CsHsPdCI], 80 34 57

11 PROLIPHOS a®  [CsHsPd]BF, 99 30 58,59
12 31 b [CsHsPdCI]; 89 99 60

13 33b b®  [CsHsPdCI], 99 99 61,62
14 33a b®  [CsHsPdCI]; 98 08 61,62,63
15 22 b [CsHsPdCI]; 97 97 64

16 39%aa b®  [CsHsPdCI]; 92 96 65,66
17 37 b®  [CsHsPdCI]; 96 96 67

18 23 b®  [CsHsPdCI]; 97 95 68

19 25 b [(dba),Pd] 83 95 69
20 3% b [CsHsPdCI]; 50-84 95 63
21 11 b®  [CsHsPAOTH] 93 70,71
22 39bb b®  [CsHsPdCI]; 100 92 66
23 18aa b®  [CsHsPdCI]; 56 92 72
24 24 b®  [CsHsPdCI], 98 91 73
25 (S)-(-)-BINAP b®  [CsHsPdCI]; 85 90 47
26 21b b®  [CsHsPdCI]; 97 88 64
27 34 b®  [CsHsPdCI]; 85 85 61
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28 28 b [CsHsPd]PFs 70 84 48

29 8a b [(dba)sPd,-CHCI]s 88 79 46
30 38 b®  [CsHsPd]BF, nd 79 47
31 39c b®  [CsHsPdCI], 98 78 63
32 30 a  [CsHsPdCI]; 86 77 64
33 18b b®  [CsHsPdCI], 86 60 72
34 10b ¢ [CsHsPdCI]; 97 90 55
35 2 a  [CsHsPd]CIO, 9 22 74
36 3 ¢ [CsHsPdCI]; 88 0 55
37 33bb d°  [CsHsPdCI], 98 97 61
38 (S)-(-)-BINAP d  [(dba);Pd,-CHCIs] 73 92 46
39 (S)-(-)-BINAP e [CsHsPdCI], 92 95 57
40 2 e [CsHsPdCI] 98 91 57
41 (S,R)-BPPFA e [CsHsPdCI], 79 52 57
43 33b f [CsHsPdCI], 98 97 61
44 20 g [Pd(OAC),] 68 85 75
45 (S)-(-)-BINAP h  [(dba)sPd,-CHCI,] 46 66 46
46 33a i [CsHsPdCI], 87 88 76
47 33a i [CsHsPdCI, 78 93 65

3 In THF (for a-j, see eq 26).° In DMF. In CH,CL,.% In CH;CN.¢ In CD,Cl,.

Table 1-1 reveals that a wide variety of bidentate ligands ranging from
bisphosphines to aminophosphines to bisamines are capable of inducing high ee in
this case. One notable feature of the diphenylallyl system is the prominence of ligands
which lack C, symmetry.®**® The enantiomeric excess obtained for ligand 28 (entry
28) was more than twice as high as either of the closely related two C, symmetrical

isomers.*® The most extensive and general advances for acyclic substrates bearing
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bulky substituents have come with the development and study of
(phosphinoaryl)oxazoline ligands (entries 13, 14, and 31).** These ligands give
diarylallyl adducts with high enantioselectivities in excellent yields. A wide range of
(phosphinoaryl)oxazolines may be easily prepared in two steps from readily available
chiral amino alcohols (Scheme 1-10). The highest enantioselectivities seem to come

from 33a (R =i-Pr) and 33c (R = t-Bu).

NH,
1. cat. ZnCl, R/\/OH

0

CN 2. KPPh, lJ

F PhoP N
R

33
Scheme 1-10

Oxazoline ligands (entries 13, 14, and 26) do not exchange enantiofaces during

the reaction. Alkylation of optically pure (R)-46 with dimethyl malonate and BSA

H3CO,C._CO,CHz

:

= CH,(CO,CHg),
X KOAc, 23 °C 47
:
CHg 2 mol%
[Pd(C3Hs)ClL
46 Ligand

HaCO,C._CO,CHs

W,
5\
W,

Scheme 1-11
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using triphenylphosphine afforded only the regioisomers (R)-47 and (S)-48 in close to

a 1:1 ratio with each in enantiomerically pure form (Scheme 1-11).

Ligands 21b, (+)-ent-33b, and 33b afforded (R)-47 and (S)-48 in 93:7, 99:1, and
1:99 ratios, respectively. Again, these regioisomers were enantiomerically pure. This
strongly suggests a double inversion mechanism without enantioface exchange. This
example illustrates the ability of the ligand to dictate regiochemistry, albeit in a
relatively unbiased case. The prospect for such chiral ligands to control
regioselectivity is potentially an exciting solution to a long-standing issue in allylic

alkylation.

The many early attempts to use ligands such as BINAP and DIOP in these
reactions met with disappointing results. However, entries 10, 25, 37, 38, 39, and 44
demonstrate the importance of reaction conditions in achieving good
enantioselectivities. In this case, (S)-BINAP can give enantiomeric excesses as low as
34% with dimethyl sodiomalonate in THF or as high as 90% with dimethyl
malonate/BSA in dichloromethane. The use of sodiomalonates does not preclude
good ee's; if the sodium salt of 2-acetamidomalonate is used, then BINAP provides
the desired alkylation product with 94% ee.”” The factors responsible for the good
enantioselectivities available with 2-acetamidomalonate may extend beyond simple
steric interactions since dimethyl malonate and 2-acetamidomalonate afford products

of opposite configuration. The lesson here is a simple one. Reaction conditions can
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and should be optimized for each new ligand/substrate/nucleophile combination in

order to assess ligand efficacy.

2. Other Reactions featured with Desymmetrization of Meso-n-Allyl Complexes:

With the mechanism of desymmetrization of Meso-n-Allyl Complexes, there are

still other types of asymmetric allylic alkylation reactions, such as:

® Alkylation of 1,3-Diarylallyl Substrates with Heteroatom Nucleophiles;
® Alkylation of Acyclic 1,3-Dialkylallyl Substrates;

® _Alkylation of Cyclic Allylic Substrates.

However, we mainly focused on the alkylation of 1,3-diarylallyl substrates with

carbon nucleophiles to preliminarily test the catalytic properties of our ligands.

1.4, Summary

In the past two decades great strides have been made in developing the
palladium-catalyzed allylic alkylations. Various approaches have led to better
understanding of the reaction, and good enantioselectivities have been obtained. Many
reactions have been developed and have reached a level where they can emulate other
well-developed asymmetric catalytic methods. Compared to asymmetric
hydrogenation and oxygenation, allylic alkylations have two special and very useful

features which are:
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® Asymmetric allylic alkylation can form many different bond to carbon, such

as C-C, C-N and C-O in high stereoselective fasion.

® Their mechanisms are more complicated. The stereodynamic processes
involved in each step of the catalytic cycle provide different mechanisms for
enantioselection and ample opportunities for developing corresponding
asymmetric reactions. Furthermore, both reacting partners, the nucleophile

and allyl unit can be the site for asymmetric induction.

1.5. The Aims and Objectives of this Project

The exceptional chemoselectivity and synthetic versatility of asymmetric allylic
alkylation have resulted in a number of new strategies for the synthesis of natural
products and have found elegant applications. As is evident from the research work in
the past years, the potential of the asymmetric allylation reactions will lead to
continuing efforts to discover efficient catalysts and reaction systems. So, the

objectives of this thesis are to:

® Synthesize novel chiral diphosphine ligand.

As we know, a variety of chiral diphospine ligands have been synthesized and
successfully applied to asymmetric catalytic reactions. So, the opportunities to
synthesize new chiral diphosphine ligands become very rare. It is much difficult and

challenging to create a totally novel chiral diphosphine ligand (particularly with new
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structure motif). However, a totally novel ligand should have some special properties
in asymmetric catalysis. So one of the main purposes of this project is try to find a

new method to synthesize a totally novel chiral diphosphine ligand.

® Apply the novel diphosphine ligand to asymmetric allylic alkylations.

Unlike that in asymmetric hydrogenation, among all the chiral diphosphine
ligands, few exhibit good performance in asymmetric allylic alkylations. So, it is also
a purpose for us to synthesize a proprietary diphosphine ligand which is good

especially for asymmetric allylic alkylations.
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Chapter 2
Synthesis of a Novel Chiral Bipyrimidyl
Diphosphine ligand (PM-Phos):
5, 5-Bis(diphenylphosphino)-1, 1, 3, 3'-tetramethyl-4,

4'-bipyrimidine-2, 2, 6, 6'-(1H, 1'H, 3H, 3'H)-tetrone

2.1. Chiral Diphosphine Ligands

2.1.1. Introduction

Homogeneous asymmetric catalysis involving chiral phosphine ligands is
currently one of the most extensively studied areas in chemistry. As a matter of fact,
the design and synthesis of chiral phosphine ligands have played a significant role in
the development of efficient transition metal catalyzed reactions. Among all aspects
of research in this field, much effort has been placed in the preparation and
application of new chiral diphosphine ligands. So far, a number of optically pure
diphosphines have been synthesized and evaluated aiming at higher enantioselectivity,
such as DIPAMP,”” DIOP,"® Chirophos,”® Norphos,®® BPPM,® DEGphos,® BINAP,%
Duphos,®* BPE,* BICP,® SpiroOP,®® PENNEPHOS,® BisP,® MiniPhos,?
Binaphane,”® PHANEPHOS®! and TangPhos.*> Some typical chiral diphosphines are
summarized in Figure 2-1. Among these ligands, BINAP, a fully arylated C,
symmetrical diphosphine is one of the most effective chiral ligands reported in the

literature.
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Figure 2-1. Some Chiral diphospine ligands
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Recently, Pai and Chan et al. *** successfully synthesized a novel atropisomeric
heteroatom-containing diphosphine ligand P-Phos, whose ruthenium complexes were
found to catalyze the asymmetric hydrogenation of a wide range of substrates with
excellent enantioselectivity. This new catalyst can be recycled by a simple phase
separation which makes this new ligand commercially attractive.

The search for more practical and efficient ligands is one of the main goals in
asymmetric catalysis. And in light of these prominent pioneer results, the main target
of this thesis is to explore the opportunities in synthesis of a novel chiral diphospine

ligand and to investigate its asymmetric catalytic properties.

2.1.2. Synthetic Methods of Diphosphine Ligands

Although each chiral diphosphine ligand has its own synthetic route and
resolution method, some typical methods do exist as illustrated by the synthetic
method of BINAP and P-phos.
® Synthetic methods of BINAP:®

The synthetic methods of BINAP can illustrate the general methods of the
synthesis of ordinary diphosphine ligands. The first practical methods for the
synthesis of BINAPs were reported in 1986.* Since then, a series of BINAP
analogues have been prepared according to the standard synthetic route (Scheme 2-1).
However, this route requires harsh conditions for the coversion of binaphthol to the

corresponding dibromide and tedious optical resolution of BINAP derivatives.
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Cai et al. *® of Merck developed a new method for direct asymmetric synthesis of
BINAP by use of nickel-catalyzed coupling reaction of easily accessible chiral
2,2'-bis((trifluromethanesulfonyl)oxy)-1,1"-binaphthyl in the presence of DABCO

IllOO

(Scheme 2-2). Similarly, Laneman et al.” of Monsanto reported the nickel-catalyzed

cross-coupling of chiral 2,2'-bis((trifluromethanesulfonyl)oxy)-1,1'-binaphthyl

oo, , aa, o, a, .
0 oo o™

rac-Binol rac-Dibromide

‘O P(O)Ph2 iV-Vi) OO P(O)Ph2 Vii) ‘O PPh2
OO P(O)Ph; i E P(O)Ph, ! O PPh,
rac-BINAPO (R)-BINAPO (R)-BINAP

i) Br2, PPh3, 230 °C; ii)Mg; iii) Ph2P(O)CI; iv) (2R,3R)-(-)-di-O-benzoyltartaric
acid; v) fractional crystallization; vi) NaOH; vii) CI3SiH, PhNMe2

Scheme 2-1.

with chlorodiphenylphosphine in the presence of zinc. These methods, however, have

some drawbacks in industrialization, such as use of pyrophoric diphenylphosphine or

moisture-sensitive chlorodiphenylphosphine.
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aorb

a) Ph,PH, NiCl,(dppe), DABCO / 75% yield (Merck);
b) Ph,PCl, NiCl,(dppe), Zn / 52% yield (Monsanto)

Scheme 2-2.

Recently, Sayo and Zhang et al.’®*

reported two procedures for the synthesis of
chiral BINAPs by using the metal-catalyzed coupling reaction of
2.2'-bis((trifluromethanesulfonyl)oxy)-1,1"-binaphthyl with diarylphosphine oxides,
which are readily prepared by the reaction of aryl-magnisium halide with diethyl
phosphate and easy to handle in large quantity. The first one is well illustrated by
coupling of (R)- 2.2-bis((trifluromethanesulfonyl)oxy)-1,1'-binaphthyl  with
diphenylphosphine oxide, which proceeded smoothly in the presence of
1,2-bis(diphenylphosphino)ethane (dppe) and nickel (I1) chloride to give a mixture
of (R)-BINAP, (R)-BINAP(O), (R)-BINAPO. This mixture was then reduced by a
mixture of trichlorosilane and N,N-dimethylaniline in refluxing toluene, giving
(R)-BINAP in 96% yield (Scheme 2-3). This procedure has been successfully applied

to the synthesis of a series of known of new chiral BINAP ligands in reasonable to

good yields.
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! l OH i) ! l PPh, OO P(O)Ph, OO P(O)Ph,
] OH ] PPh, * l l PPh, T l l P(O)Ph,

(R)-Binol (R)-BINAP (R)-BINAP(O) (R)-BINAPO

||) OO PPh2
OO PPh; ii) Cl3SiH, PhNMe,

(R)-BINAP

i) PhoP(O)H, NiCly(dppe);

Scheme 2-3

® Synthetic method of P-Phos

In contrast to the tremendous success achieved in the use of chiral arylphosphine
ligands in transition metal-catalyzed asymmetric reactions, chiral phosphine ligands
containing heterocyclic moieties such as pyridyl groups have been relatively
unexplored even though the expansion of the scope of the metal phosphine chemistry
with the rich chemistry of heterocyclic functionalities is quite obvious. Some
transition metal complexes with pyridylphosphine ligands had been synthesized and
found to be inactive in homogeneous hydrogenations.> However, we have
successfully developed a class of dipyridylphosphine ligands: P-Phos, Tol-P-Phos and
Xyl-P-Phos and found their Ru(ll) and Rh(l) complexes to be highly effective in the

catalytic asymmetric hydrogenation and other reactions™

. In some asymmetric
reactions, its performance is better than BINAP. The reason is that the unique

N-containing feature and the different hindrance (provided by OMe groups) of these
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ligands favor the reactions, while the unfavorable coordination possibility of nitrogen
atoms is removed by the strong shielding ability of the OMe groups.

The synthetic route for P-Phos ligand is outline in Scheme 2-4. The most special

= | i) B
< . g
MeO N OMe MeO N OMe
PPh; P(O)Ph,
ii) = Br i) pZ Br
— < - ]
MeO N OMe MeO N~ “OMe
OMe OMe
N™ N N
| P | P
MeO P(O)Ph; MeO P(O)Ph,
MeO._~~_P(O)Ph; MeO. A P(O)Ph;
NS N |
V) OMe OMe
OMe
N
|
i ¥z
v) MeO P(O)Ph, _
MeO._A\_P(O)Ph; vi)
N
OMe
OMe OMe
N™ N N
| P | _
MeO PPh, MeO PPh,
MeO. | PPh, MeO.__A\, - PPh,
NS N |
OMe OMe
i) Bry, CCly, -30~-40°C, ,76%; ii) LDA, THF, -78°C, then CIPPh,, 95%; iii) H,O,, Acetone, 0°C, 96%;
iv) Cu, DMF, 140°C, 80%, v) 1. (-)-DBTA or (+)-DBTA, 2.Fractional crystallization, 3. 10% aqueous
NaOH, 70%; vi) HSIiCl3, EtzN, Toluene, reflux, >90%.

Scheme 2-4. Synthetic route of P-Phos
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feature in the synthesis of this proprietary ligand is that we employed Ullmann
coupling to synthesize a C,-symmetry diphosphine ligand. Although the ligand
contains nitrogen atoms which may form H-bonds with DBTA and interfere the
optical resolution process, the ligand was successfully resolved by the DBTA with our

efforts.

2.2. Synthesis of Novel Chiral Bipyrimidine Diphosphine
ligand (PM-Phos): 5,5-Bis(diphenylphosphino)-1,1',3,

3-tetramethyl-4,4"-bipyrimidine-2,2',6,6'-(1H, 1'H, 3H, 3'H)-tetrone

2.2.1. Design of the ligand

As we know, the design and synthesis of chiral phosphine ligands have played a
significant role in the development of efficient transition metal catalyzed reactions.
Along with the great success in the synthesis and application of BINAP, a series of
Co-symmetry aryl diphosphine ligands have been synthesized, which can be roughly
classified into the following categories:

e Binaphthyl type, such as BINAP.

e Biphenyl type, such as BIPHEMP and MeO-BIPHEP.

e Bipyridine type, such as P-PHOS, Tol-P-Phos and Xyl-P-Phos.

e Other types.

So, one question is whether there is still possibility to develop other types of

Co-symmetric aryl diphosphine ligands. Although at this time it is very difficult to
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develop a new type of these ligands, the main target of this thesis was determined to
seek this rare possibility. The following ligands (Figure 2-2) can be called as
bipyrimidine, biquinoline and biisoquinoline diphosphine ligands, they may give

some potential and promising leads in developing novel diphosphine ligands.

D OptionButtonl
OMe Ar
NZ IN | SN
=
MeO PPh, PPh,
MeO._~ | PPh, | o PPh:
Na N _N
OMe Ar

Figure 2-2. Some potential diphosphine ligands

Encouraged by the success of our proprietary diphosphine ligand P-Phos, we
planned to synthesize a bipyrimidine type diphosphine ligand which was like P-Phos.
This was our proposed target in an effort of developing a novel chiral diphosphine
ligand. However, we enventually got a ligand with totally different structure motif,

i.e., our realized target was totally different from our proposed target (Figure 2-3).
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2
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P-Phos Proposed Target Realized Target

Figure 2-3. The proposed target and realized target.

2.2.2. Synthetic Route

Chiral bipyrimidine-type diphosphine ligand has not been synthesized before. Even
ordinary pyrimidine phosphine ligands have not been reported so far. So it is a great
adventure or challenge to try to synthesize such a ligand. As this is an unexplored field,
there may be some potential opportunities. In the synthesis of this kind of ligand which
is depicted in Scheme 2-5, we met many challenges and found very interesting

chemistry, which are outlined in the followings.

® Rearrangement in step ii) (Scheme 2-5):

In step ii), whereby the diphenylphosphine moiety was introduced to the molecular
structure of compound 2-2, the bromine group and the diphenylphosphine substituent
appeared at positions other than their expected locations. This unforeseen “exchange”

was so complete that almost no unrearranged product could be found after the reaction.
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i) Bry, CCly, 0°C, 88%; ii) LDA, THF, -78°C, then CIPPh,, 76%; iii) H,O,, Acetone, 0°C, 92%;
iv) Cu, DMF, Na2C03,140°C, 40%, v) 1. (-)-DBTA or (+)-DBTA, 2.Fractional crystallization, 3. 10%
aqueous NaOH, 75%; vi) HSICls, Et3N, Toluene, 140°C in autoclave, 75%.

Scheme 2-5. Synthetic route of PM-Phos
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And after recrystallization, compound 2-3 was isolated in very pure state and no
unrearranged product could be detected by NMR.

In the step ii), compound 2-2 was first lithiated by LDA. In the lithiation of
halopymidine compounds, halogen migration is a common phenomenon. This was first

103 and its mechanism was explained by Queguiner et al.'®.

discovered by Bunnet
According to their explanation, a likely mechanism for step ii) is proposed as shown in
Scheme 2-6. First, compound 2-2 was lithiated by LDA at low temperature. The
lithiation was ortho directed by the bromine group to give intermediate A, which was
not stable because of the repulsion effect of the two electron pairs. The subsequent
bromine ortho-migration was sufficiently fast to give intermidiate B, whose negative
and positive ion were stabilized by the electron-withdrawing effect of the two nitrogen
atoms and the neighboring electron-donating effect of the ortho methoxy group

respectively. So, the bromine migration was driven by these stabilization effects. Then,

in the final step, intermediate B was treated with the electrophile PPh,Cl to give product

OMe ﬂ/le Repulsion Effect OMe
I\f =N LDA, -78 °C NI S >/ Fast NN
- = |
Meo)\%H Meo% 9 Meo,)\@”k Br
I
Br Br ®
Li
2-2
A B
OMe PPh,CI
>,
Pz
Meo)\/kBr
PPh,
2-3

Scheme 2-6. The proposed mechanism for bromine migration in step ii).



2-3. In the synthesis of P-Phos, there is the same bromine migration problem.*®
However, as there is only one nitrogen atom in the molecular structure of the starting
material of P-Phos, the repulsion effect of electron pairs does not exist and the
stabilization effect of nitrogen atom is not strong enough. So, the bromine migration is
not as facile as in the present case. Hence, by careful manipulation the bromine
migration was avoided in the synthesis of P-Phos as shown in Scheme 2-7. Although in
the synthesis of PM-Phos this kind of rearrangement was inevitable, it turned out to be

critical to synthesize an unexpected novel ligand.

OMe OMe OMe
'\f X LDA, -78 °C ’\f A Slow N
- - 5 |
= =
MeO MeO Li® Mea, 5 “Br
Br Br ©
Li
PPh,CI PPh,CI
OMe ©OMe
S i
=
MeO” > “PPh, MeO Br
Br PPh,
Major Product Minor By-product

Scheme 2-7 The bromine migration in the synthesis of P-Phos

® Rearrangement in step iv) (Scheme 2-5):
In the coupling step, the methyl groups rearranged from the oxygen atoms to the

nitrogen atoms. Thus, in this step two reactions had occurred, namely homoaryl
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coupling and rearrangement, respectively. However, we do not know which reaction
took place first or whether they occured simultaneously. Another very special feature is
that there was no partially rearranged product; i.e., only one product 2-5 was obtained
from the reaction system. This implies that the mechanism of the reaction should be
very interesting and need further exploration. As this stage, it is hard for us to propose a
reasonable explanation of the mechanism. However, the stabilization effects should still
be the driving factor of the rearrangement. Overall, the coupling and the strange but

complete rearrangement resulted in synthesis of a totally novel diphosphine dioxide 2-5.

® Modified Ullmann Coupling:

It is worthy to state that under usual Ullmann coupling condition which is refluxing
in DMF with copper, we could only get an unknown polymeric copper complex
byproduct which could only dissolve in hydrochloric acid or aqueous ammonia solution,
and we could not obtain any desired product 2-5. Thus we developed a modified
Ullmann reaction condition by the addition of sodium carbonate. This method was able
to effectively facilitate the coupling of compound 2-4. It was anticipated that by adding
sodium carbonate continuous removal of the produced copper ion from the reaction
system might be effected by copper carbonate precipitate formation. Sodium carbonate,
potassium carbonate and sodium oxylate should have the same function, but sodium
carbonate appeared to be the best. This method was initially created by us, it has not
been reported before and it had been proved to be effective and critical to realize the

coupling of compound 2-4.
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® Modified reduction method

Compound 2-5 was optically resolved successfully with the conventional DBTA
reagent. However, in the final step it was very difficult to reduce compound 2-6 under
the usual reduction condition which is refluxing with SiHClzand EtsN in toluene. The
usual reduction condition is much efficient for the reduction of P-Phos-oxide, however,
it had almost no effect in the reduction of compound 2-6. We had tried other reduction
methods and failed at all. And finally, we found that performing the reaction in an
autoclave could solve this problem. In an autoclave, the temperature was able to be

maintained thoroughly under a higher pressure, which should much favor the reaction.

2.3. Experimental

2.3.1. General Method

Unless specially noted, all experiments were carried out under a dry nitrogen
atmosphere. The preparation of the samples and the setup of reactions were either
performed in a nitrogen-filled continuous purge MBRAUN lab master 130 glovebox or
using standard Schlenk-type techniques. Column chromatography was carried out on
silica gel (Merck, 60A, 230-400 mesh). Analytical thin layer chromatography was

performed on Merck silica gel 60 F-254 pre-coated plates.

2.3.2. Apparatus
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Unless otherwise indicated, NMR spectra were recorded on a Varian 500 using
chloroform as an internal standard for *H and **C spectra and HsPO, in D,O as an
external standard for *'P spectra. For all NMR spectra, signals are reported in ppm unit
and coupling constants were given in hertz. Melting points were measured using an
Electrothermal 9100 apparatus in capillaries and the data were uncorrected. Optical
rotations were measured on a Perkin-Elmer model 341 polarimeter at 25°C. spectra
Mass analyses were performed on a Finnigan model Mat 95 ST mass spectrometer.

HPLC analyses were performed using a Hewlett-Packard model HP 1050 LC.

2.3.3. Chemicals and Solvents

The commercial chemicals and reagents were used as received without further
purification. Toluene, diethyl ether and tetrahydrofuran (THF) were refluxed and then
distilled from sodium sand under nitrogen with benzophenone as indicator. Hexane,
pyridine, triethylamine, dimethylformamide and dichloromethane were refluxed and

then distilled from calcium hydride.

2.3.4. Preparation of 5-Bromo-2,4-dimethoxypyrimidine (2-2)

OCHg
OCHg PR
P Br, / CCly, 0°C N7 N
N "N L
A HaCO
H3CO Br
2-1 2-2

Scheme2-8
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To a mixture of 2,4-dimethoxy pyrimidine (8.4 g, 60.0 mmol) and carbon
tetrachloride (80 mL) with a magnetic stirrer was slowly added a solution of bromine
(3.1 mL, 9.6g, 60 mmol) in carbon tetrachloride (40 mL) at 0 °C in 2 h. The reaction
mixture was stirred at 0°C for 12 h. The solution was neutralized with saturated sodium
carbonate aqueous solution at 0°C, and washed with water for three times. The organic
layer was separated and dried with anhydrous sodium sulfate, the solvent carbon
tetrachloride was recovered by distillation. The residue was extracted with
dichloromethane, and purified by flash chromatography with dichloromethane as eluant.
The eluate was concentrated in vacuo and the solvent was completely removed off.
Finally, the residue was purified by recrystallization in hexane to give a pure product

2-2 (11.6g, yield 88%) as colorless crystal.

M.p.: 63 °C
'H NMR (CDCly): 83.71 (s, 3H, OCHs3), 3.79 (s, 3H, OCHg), 8.02 (s, 1H).

BC-NMR (CDCls): 854.85, 55.18, 98.05, 159.09, 164.22, 166.66.

X-ray diffraction experiment:
Single crystal of 2-2 was obtained by slowly evaporating solvent from the solution
of 2-2 in dichloromethane and hexane. The crystal structure determined by Xx-ray

diffraction is exhibited in Figure 2-4.
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Figure 2-4. ORTEP drawing of 2-2

Selected Crystal data for 2-2: CgH;BrN,O,, M = 219.05, Orthorhombic, Space group
Fdd2, a = 12.439(6) A, b = 37.312(10) A, ¢ = 6.997(3) A, o. = 90°, p = 90°, y = 90°, V
=3248(2) A3, 2 =16, D, = 1.792 Mg/m®, T = 294(2) K, Goodness-of-fit on F, 1.005,
R1=10.1130
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Table 2-1. Selected Bond lengths [A] and angles [°] for (R)-2-2.

Bond lengths [A]

Br(1)-C(3) 1.853(5) o(1)-C(1) 1.329(5)

0(2)-C(4) 1.306(4) N(1)-C(1) 1.334(6)

N(1)-C(2) 1.359(6) N(2)-C(4) 1.267(4)

N(2)-C(1) 1.327(5) C(2)-C(3) 1.391(6)

C(3)-C(4) 1.434(7)

Angles [°]
C(1)-0(1)-C(5) 121.1(4) C(4)-0(2)-C(6) 114.1(3)
C(1)-N(1)-C(2) 115.5(4) C(4)-N(2)-C(1) 120.2(4)
N(2)-C(1)-0(1) 115.5(4) N(2)-C(1)-N(1) 125.7(4)
O(1)-C(1)-N(1) 118.6(3) N(1)-C(2)-C(3) 121.7(5)
C(2)-C(3)-C(4) 116.3(4) C(2)-C(3)-Br(1) 121.7(4)
C(4)-C(3)-Br(1) 122.0(3) N(2)-C(4)-0(2) 125.1(4)

N(2)-C(4)-C(3) 120.5(4) 0(2)-C(4)-C(3) 114.4(3)
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2.3.5. Preparation of

4-Bromo-5-(diphenylphosphino)-2,6-dimethoxypyrimidine (2-3)

OCHj,4 OCHs
N)\lN 1). LDA ,-78 °C N)\lN
cho)\H 2). CIPPh, H3CO)\H\Br
Br PPh,
2-2 2-3
Scheme 2-9

To a magnetically stirred solution of 8.2 mL (58.4 mmol) of diisopropyl amine in
50 mL THF at 0°C was dropwisely added 34.2 mL (54.7 mmol) of a solution of
n-BuLi (1.6 M) in Hexane. After the addition, the resulting solution was maintained at
room temperature for 1 h, then cooled down to -78 °C. To the above solution, a
solution of 2-2 (10 g, 45.6 mmol) in 50 mL THF was dropwisely added in 1 h. The
temperature was let to naturally rise a little until the color of the solution became dark
brown, and then cooled down to -78 °C again. A solution of CIPPh, (10 mL, 55.5
mmol) in 50 mL THF was dropwisely added to the above solution. And finally the
temperature naturally recovered to room temperature. The reaction mixture was
allowed to maintain at ambient temperature for additional 12 h. At the end, the
reaction mixture was poured into 300 mL water with vigorous stirring. The product
was extracted with dichloromethane (3 x 50 mL). The combine extract was washed

with water for 3 times and dried with anhydrous sodium sulfate. The solvent was
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removed off in vacuo to give a crude product which was purified by flash
chromatography with dichloromethane as eluant and then by recrystallization in the
1:1 mixture of methanol and acetone to give a pure product (14 g, 76% yield) as white

crystal.

M.p.: 135-136 °C
'H NMR (CDCls): & 3.55 (s, 3H, OCHs3), 4.02 (s, 3H, OCH3),
7.31-7.38 (m, 10H, PhH)
BC-NMR (CDCls): & 54.44, 55.77, 110.767-110.958, 128.389-128.434, 128.64,
132.561-132.721, 135.292-135.376, 162.426-162.792, 165.04, 172.267-172.290.
$IP_NMR (CDCls): & -8.95 (9).

HRMS calcd for C1gH16BrN,O,P (M)™: 403.0211; Found: 403.0251.

2.3.6. Preparation of

4-Bromo-5-(diphenylphosphinoyl)-2,6-dimethoxypyrimidine (2-4)

OCHj, OCHjg
N)\lN H,0,, Acetone, 0 °C N)\lN
H3CO)\H\Br HaCO Br
PPh, P(O)Ph,
2-3 2-4

Scheme 2-10
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A round bottom flask with a magnetic stirrer was charged with 2-3 (13 g) and 150
mL acetone, the reaction mixture was stirred vigorously and cooled down to 0 °C.
To this mixture was slowly added 15 mL of ca. 35% hydrogen peroxide. The reaction
was monitored by TLC. After the solid was completely dissolved, the reaction turned
to end. After adding 100 mL water, the product was extracted with dichloromethane
(3 x 50 mL). The combined extract was washed with water for three times and dried
with anhydrous sodium sulfate. The solution was concentrated in vacuo to give a
crude product which was purified by recrystallization from 1:1 ethyl acetate and

hexane mixture to afford a pure product (12 g, 92% yield) as colorless crystal.

M.p.: 131-132 °C
'H NMR (CDCls): & 3.49(s, 3H), 4.02 (s, 3H), 7.43-7.46 (m, 4H), 7.50-7.54 (m,
2H), 7.67-7.72 (m, 4H)
BC-NMR (CDCly): & 54.74, 56.06, 128.56-128.66, 131.455-131.539, 131.97,
133.13, 134.03, 158.810-158.864, 165.18, 172.236-172.282
$IP_NMR (CDCls): & 24.84 (5)

HRMS calcd. for C1gH16BrN,OsP. (M)*: 419.0160. Found: 419.0176.

X-ray diffraction experiment:
Single crystal of 2-4 was obtained by slowly evaporating solvent from the solution
of 2-3 in dichloromethane and ethyl acetate. The crystal structure determined by x-ray

diffraction is exhibited in Figure 2-5.
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2-4

Figure 2-5. ORTEP drawing of 2-4

Selected crystal data for 2-4: C1gH16BrN,OsP, M = 419.21, Triclinic, Space group P-1,
a=8.2552(11) A, b =8.9731(11) A, ¢ = 13.4012(16) A, o = 79.609(3)°, B =
75.669(3)°, v = 67.786(2)°, V = 886.24(19) A%, Z = 2, D, = 1.571 Mg/m®, T = 294(2)
K, Goodness-of-fit on F, 0.985, R1 = 0.0546
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Table 2-2. Selected Bond lengths [A] and angles [°] for 2-4.

Bond lengths [A]

Br(1)-C(2) 1.889(2) N(1)-C(3) 1.325(3)
P(1)-0(1) 1.4738(16) N(1)-C(2) 1.334(3)
P(1)-C(13) 1.800(2) N(2)-C(3) 1.318(3)
P(1)-C(7) 1.805(2) N(2)-C(4) 1.327(3)
P(1)-C(1) 1.832(2) C(1)-C(2) 1.389(3)
0(2)-C(3) 1.337(3) C(1)-C(4) 1.405(3)
0(3)-C(4) 1.329(3)
Angles  [°]
O(1)-P(1)-C(7) 111.54(10) C(2)-C(1)-P(1) 126.38(18)
C(13)-P(1)-C(7) 108.69(10) C(4)-C(1)-P(1) 120.40(15)
O(1)-P(1)-C(1) 113.33(9) N(1)-C(2)-C(1) 124.5(2)
C(13)-P(1)-C(1) 107.93(10) N(1)-C(2)-Br(1) 112.26(17)
C(7)-P(1)-C(1) 103.50(9) C(1)-C(2)-Br(1) 123.28(17)
C(3)-N(1)-C(2) 115.3(2) N(2)-C(3)-N(1) 127.6(2)
C(3)-N(2)-C(4) 115.2(2) N(2)-C(4)-C(1) 124.7(2)

C(2)-C(1)-C(4)

112.77(19)




2.3.7. Preparation of
5,5-Bis(diphenylphosphinoyl)-1,1',3,3-tetramethyl-4,4"-

bipyrimidine-2,2',6,6'-(1H, 1'H, 3H, 3'H)-tetrone (2-5)

|
Os_N._0O
OCHjs ﬁ/
’ (o] /N =
NN Cu, DMF, Na,CO3, 140 °C P(O)Ph,
P(O)Ph
HsCO Br ;IN\\ (O)Ph
P(O)Ph, 5 '|\' o
2-4

Scheme 2-11

Copper powder activating procedure:

Activated copper powder is essential for satisfactory yields in the Ullmann
coupling reaction, and uniform results can be obtained by the following activation
process. 10 g of copper powder (Acros) was treated with 100 mL of a 2 percent
solution of iodine in acetone for 5-10 minutes. This resulted in the production of a
rather grayish color due to the formation of copper iodide. The product was filtered
off on a Buchner funnel, removed and washed by stirring with 50 mL 1:1 solution of
concentrated hydrochloric acid in acetone for half an hour. The copper iodide
dissolved, and the residual copper powder is filtered and washed with acetone. This

washing procedure was repeated for two more times. The resulting copper powder
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was then dried in a vacuum desiccator. The activated copper powder was used

immediately after preparation.

Modified Ullmann Coupling Reaction:

We developed a modified Ullmann reaction condition by the addition of sodium
carbonate which was proved critical to realize the coupling of compound 2-4. A
mixture of 2-4 (4.8 g, 11.5 mmol), activated copper powder (7.36 g, 115 mmol),
sodium carbonate (12.2 g, 115 mmol) and 10 mL of dried DMF was stirred for 24 h
under nitrogen atmosphere. The mixture was evaporated to almost dryness. The
residue was boiled for a few minutes with 50 mL of chloroform, the insoluble solid
was removed off by filtration and was washed with hot chloroform (2 x 25 mL). The
combined filtrate was washed with 5 N aqueous ammonia (2 x 100 mL), water (2 x
100 mL) and brine (100 mL), and then dried with sodium sulfate. The solvent was
evaporated in vacuo, and the residue was purified by flash chromotagraphy with 1:1
mixture of ethyl acetate and chloroform as eluant. The eluate was concentrated in
vacuo, and the product was further purified by recrystallization from the solution of
ethyl acetate and dichloromethane (better by solvent evaporation) to give a pure

product (1.6 g, 40% yield) as colorless crystal.

M.p.: 346-347 °C (with decomposition)
'H NMR (CDCly): & 3.32 (s, 6H), 3.41 (s, 6H), 6.94-6.98 (m, 4H), 7.15-7.18 (m,

2H), 7.45-7.57 (m, 10H), 8.03-8.07 (m, 4H).
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BC-NMR (CD.Cls): & 28.39, 34.03, 104.21-105.11 (d, J=113Hz), 127.78-127.89
(d, J=13.9Hz), 128.16-128.26 (d, J=12.5Hz), 131.35-131.995 (d, J=81.6Hz),
131.75, 131.80-131.89 (d, J=12.1Hz), 132,22-132.91 (d, J=86.7Hz),
132.41-132.43 (d, J=2.4Hz), 133.65-133.73 (d, J=10.1Hz), 153.87-153.97 (d,
J=12.6Hz), , 161.43-161.50 (d, J=9.0Hz).

$IP_NMR (CDCls): & 29.06 (5)

HRMS calcd for C3sH32N4O6P, (M)*: 679.1875; Found: 679.1858.

X-ray diffraction experiment:
Single crystal of 2-5 was obtained by slowly evaporating solvent from the solution
of 2-5 in dichloromethane and ethyl acetate. The crystal structure determined by x-ray

diffraction is exhibited in Figure 2-6.
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Figure 2-6. ORTEP drawing of 2-5

Selected crystal data for 2-5: C3sH32N4OgP2, M = 678.60, monoclinic, space group
P2(1)/n, a = 12.1480(19) A, b =15.246(2) A, c = 17.814(3) A, . =90°, B =
100.690(4)°, v = 90°, V = 3242.2(9)A% Z = 2, D, = 1.390Mg/m®, T = 294(2) K,
Goodness-of-fit on F, 0.681, R1 = 0.2392
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Table 2-3. Selected Bond lengths [A] and angles [°] for 2-5.

Bond lengths [A]

P(1)-0(5) 1.491(2) P(1)-C(13) 1.786(4)
P(1)-C(19) 1.805(4) P(1)-C(1) 1.820(3)
N(1)-C(3) 1.376(4) N(1)-C(2) 1.420(4)
N(2)-C(4) 1.377(4) N(2)-C(3) 1.397(4)
C(1)-C(4) 1.337(4) C(1)-C(2) 1.450(5)
C(4)-C(5) 1.510(5)
Angles [°]
0(5)-P(1)-C(13) 111.61(19) 0(5)-P(1)-C(19) 110.93(18)
C(13)-P(1)-C(19) 110.69(19) 0(5)-P(1)-C(1) 110.80(17)
C(13)-P(1)-C(1) 106.89(19) C(19)-P(1)-C(1) 105.69(19)
C(3)-N(1)-C(2) 125.4(4) C(3)-N(1)-C(9) 116.1(3)
C(2)-N(1)-C(9) 118.5(3) C(4)-N(2)-C(3) 121.3(4)
C(4)-N(2)-C(10) 122.8(4) C(3)-N(2)-C(10) 115.8(3)
C(4)-C(1)-C(2) 119.8(4) C(4)-C(1)-P(1) 122.3(3)
C(2)-C(1)-P(1) 117.9(3) 0(1)-C(2)-N(1) 119.6(4)
0(1)-C(2)-C(1) 125.8(4) N(1)-C(2)-C(1) 114.5(4)
0(2)-C(3)-N(1) 122.3(4) 0(2)-C(3)-N(2) 122.6(4)
N(1)-C(3)-N(2) 115.1(4) C(1)-C(4)-N(2) 122.2(4)

C(1)-C(4)-C(5) 123.5(4) N(2)-C(4)-C(5) 114.3(4)
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2.3.8. Optical Resolution of
5,5-Bis(diphenylphosphinoyl)-1,1',3,3"-tetramethyl-4,4'"-

bipyrimidine-2,2',6,6'-(1H, 1'H, 3H, 3'H)-tetrone (2-5)

| I |
OYN O OYN O O N (0]
N~ 1. (--DBTA or (+)-DBTA N~ -
~ ~
P(O)Phy 2.Fractional crystallization P(O)Ph, P(©)Ph,
SN P(O)Ph, 3. 10% aqueous NaOH SN P(O)Ph; S POPh,
Ak Ao R
25 (R)-2-6 (S)-2-6
Scheme 2-12

To a mixture of 2-5 (1.4 g, 2.1 mmol) and (-)-dibenzoyl-L-tartaric acid
((-)-DBTA ) (0.78 g, 2.1 mmol) was added 15 mL of ethyl acetate and 15 mL of
chloroform. The mixture was heated to dissolve and reflux for 24 h. Then it was
naturally cooled down to room temperature and maintained for another 48 h at
ambient temperature. In this period, a 1:1 complex of (R)-2-6 and (-)-DBTA formed
as crystal. The complex was collected by filtration, washed for 3 times with
chloroform and dried by suction. (The mother liquor and the wash solution were
stored for the recovery of the other enantiomer which was further resolved by
(+)-DBTA.) The complex was stirred with 20 mL 5% aqueous sodium hydroxide
solution and 30 mL of chloroform until it was completely dissolved. The organic layer

was separated, washed with water (3 x 20 mL), dried with anhydrous sodium sulfate
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and concentrated in vacuo to afford a pure product (R)-2-6 (1.05 g, 75% yield) as a
white powder. This procedure could be repeated once more to provide an absolutely
optically pure product.

[0]o = -128.8° (¢ = 1, 25 °C, CHCl5).

X-ray diffraction experiment:

The crystal structure of the complex of (S)-2-6 + (+)DBTA determined by x-ray
diffraction experiment is exhibited in Figure 2-7, which also illustrate the hydrogen
bond forming between the two molecules to form chain-like supramolecular structure

was the driving factor of the resolution.

This material was enantiomeriacally pure (>99.9% ee) according to HPLC
analysis on a DIACEL CHIRACEL AD column. The compound was eluated with a
solvent system of isopropanol : hexane = 10 : 90 with a flow rate of 1.0 mL per
minute. The retention time of the (S)-form isomer was at 43.5 minute and that of

(R)-form isomer was at 50.6 minute (Figure 2-8a, 2-8b).
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Figure 2-7. ORTEP drawing of complex (S)-2-6 + (+)DBTA

Selected crystal data for (S)-2-6 + (+)DBTA: CssHs7N4O14P2, M = 1156.26,
orthorhombic, space group P2(1)2(1)2(1), a = 14.023(3) A, b =17.475(3) A, ¢ =
22.545(5) A, o = 90°, B = 90°, y = 90°, V = 3242.2(9)A3%, Z = 4, D = 1.390 Mg/m®, T
= 294(2) K, Goodness-of-fit on F, 0.775, R1 = 0.1187.
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Table 2-4. Selected Bond lengths [A] and angles [°] for (S)-2-6 + (+)DBTA.

Bond lengths [A]

P(1)-O(5) 1.506(2) P(1)-C(19) 1.805(4)
P(1)-C(1) 1.812(4) P(1)-C(13) 1.821(4)
0(1)-C(2) 1.206(4) 0(2)-C(3) 1.212(5)
N(1)-C(3) 1.385(5) N(1)-C(2) 1.428(5)
N(1)-C(9) 1.470(4) N(2)-C(4) 1.380(5)
N(2)-C(3) 1.390(5) N(2)-C(10) 1.467(4)
C(1)-C(4) 1.335(5) C(1)-C(2) 1.439(5)
C(4)-C(5) 1.516(5)
Angles [°]
0(5)-P(1)-C(19) 111.61(17) 0(5)-P(1)-C(1) 110.18(17)
C(19)-P(1)-C(1) 107.75(18) 0(5)-P(1)-C(13) 113.30(16)
C(19)-P(1)-C(13) 107.59(19) C(1)-P(1)-C(13) 106.11(18)
C(3)-N(1)-C(2) 125.0(3) C(3)-N(1)-C(9) 117.1(4)
C(2)-N(1)-C(9) 117.9(3) C(4)-N(2)-C(3) 122.4(4)
C(4)-N(2)-C(10) 122.5(3) C(3)-N(2)-C(10) 115.1(4)
0(1)-C(2)-N(1) 119.1(4) 0(1)-C(2)-C(1) 125.5(4)
N(1)-C(2)-C(1) 115.4(4) 0(2)-C(3)-N(1) 122.4(4)
0(2)-C(3)-N(2) 122.7(5) N(1)-C(3)-N(2) 114.8(4)
C(1)-C(4)-N(2) 122.5(4) C(1)-C(4)-C(5) 123.3(4)

N(2)-C(4)-C(5) 114.1(4)
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(min.) (uv) (uv.sec)
1 3.14 Unknown 1150 0.21 6534 0.01
2 3.86 Unknown 3403 0.63 26197 0.03
3 43.46 Unknown 299283 55.60 46437559 50.12
4 50.58 Unknown 234465 43.56 46187417 49.85
Total 538302 100.00 92657706 100.00
O
<
o
e o)
n
o
Wy
<0
= \

2-5

Figure 2-8a. HPLC chromatogram for 2-5
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No. R.Time Comp. Height Height% Area Area%

(min.) (uv) (uV.sec)
1 3.13 Unknown 1894 0.28 14554 0.01
2 3.97 Unknown 25725 3.75 366742 0.24
3 49.66 Unknown 658781 95.98 150442233 99.75
Total 686400 100.00 150823529 100.00
O
O
o
-
=
[ag 2}
T
A J

Os N O
Y

N~
- P(O)Ph,

S A -POPh
O)\lTl o
(R)-2-6

Figure 2-8b. HPLC chromatogram for (R)-2-6
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2.3.9. Preparation of
5,5-Bis(diphenylphosphino)-1,1',3,3"-tetramethyl-4,4'-

bipyrimidine-2,2',6,6'-(1H, 1'H, 3H, 3'H)-tetrone (2-7)

I I

0. N O @) N O
Y HSICl3, Et3N, Toluene Y

N_ . 140°C, in autoclave N_ .
- P(O)Ph, - PPh,
O)\“ﬁ . o)\?' .

(R)-2-6 (R)-2-7

Scheme 2-13

Place 400 mg (0.6 mmol) of 2-6, 1.2 mL (12 mmol) of trichlorosilane, 1.6 mL (12
mmol) of triethtyl amine and a magnetic stirrer in 5 mL of toluene into a glass tube
equipped in an autoclave. The autoclave was then put into an oil bath at 140 °C for 3
days. After the completion of the reaction, 30 mL of chloroform was added, then with
stirring vigorously 3 mL of 50% aqueous sodium hydroxide solution was added
dropwisely. The mixture was filtered through a short silica gel column with suction,
and washed by chloroform for 3 times. The combine filtrate was concentrated in
vacuo to give crude product, which was purified by recrystallization with 10 mL of
chloroform to afford pure product (R)-2-7 ( 300 mg, 75% yield) (abbreviated as

(R)-PM-Phos) as a colorless crystal.
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M.p.: 321-322 °C (with decomposition)

'H NMR (CDCly): & 3.17 (s, 6H), 3.37 (s, 6H), 6.99-7.10 (m, 10H), 7.36-7.42 (m,

6H), 7.74-7.77 (m, 4H).

BC-NMR (CDCls): & 28.71, 34.32, 12756, 127.83-127.86 (d, J=8.7Hz),

128.68-128.75 (d, J=8.7Hz), 130.22, 131.04-131.06 (d, J=2.9Hz), 131.18-131.20
(d, J=2.9Hz), 134.24-134.31 (d, J=8.7Hz), 135.16-135.19 (d, J=2.9Hz),
135.73-135.92 (d, J=23.9Hz), 151.55, 153.87-153.90 (d, J=4.4Hz),
154.27-154.31 (d, J=4.8Hz), 160.70

$IP_NMR (CD,Cl,): & -12.68 (s)

HRMS calcd. for. CzsH3aN4O4P, (M)*: 647.1977. Found: 647.1946.

[o]o = 192° (c=1, 25 °C, CHCl5).

X-ray diffraction experiment:

Single crystal of (R)-2-7 was obtained by slowly evaporating solvent from the
solution of 2-7 in dichloromethane and ethyl acetate. The crystal structure determined
by x-ray diffraction is exhibited in Figure 2-9a, b. Notable is that the pyrimidinyl ring
is a slightly tortous plane rather than a perfect plane (such as the phenyl groups) This is
different from that of other typical atropisomeric bisphosphand ligands such as BINAP,
BIPHEP and P-Phos. The bond lengths and angles among the atoms in the pyrimidyl
ring (presented in Table 2-5) indicate that nitrogen atoms are inequivalently sp®
hybridised and other atoms are sp® hybridised. As the primidinyl ring is a slightly
tortous plane, the isolated electron-pairs of nitrogen atoms should partially conjugated

with other double bonds to form a 10 n-electron conjugated system.
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This material was enantiomeriacally pure (>99.9% ee) according to HPLC
analysis on a DIACEL CHIRACEL AD column. The compound was eluated with a
solvent system of isopropanol : hexane = 10 : 90 with a flow rate of 1.0 mL per
minute. The retention time of the (S)-form isomer was at 6.58 minute and that of

(R)-form isomer was at 10.63 minute (Figure 2-10a, 2-10b, 2-10c).

(0] ll\l @)

(S)-2-7
Figure 2-9a. ORTEP drawing of (R)-2-7

Selected crystal data for (R)-2-7"2CHClI;: C3gH34N1604P2, M = 885.33, monoclinic,

space group Co, a = 22.527(5) A, b =8.2136(19) A, ¢ = 11.826(3) A, a = 90°, p =
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294(2) K,

2075.4(8) A®, Z =2, D, = 1.417 Mg/m®, T

108.475(5), y = 90°, V

Goodness-of-fit on F, 1.036, R1 = 0.0661.

Figure 2-9b. PKB drawing of (R)-2-72CHCl3
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Table 2-5. Selected Bond lengths [A] and angles [°] for (R)-2-7.

Bond lengths [A]

P(1)-C(7) 1.822(4) P(1)-C(13) 1.842(4)
P(1)-C(1) 1.844(4) 0(1)-C(2) 1.219(5)
0(2)-C(3) 1.219(5) N(1)-C(3) 1.378(5)
N(1)-C(2) 1.393(5) N(1)-C(5) 1.463(5)
N(2)-C(4) 1.373(5) N(2)-C(3) 1.389(5)
N(2)-C(6) 1.482(5) C(1)-C(4) 1.364(5)
C(1)-C(2) 1.458(5) C(4)-C(4)#1 1.489(7)
Angles[°]

C(7)-P(1)-C(13) 104.27(17) C(7)-P(1)-C(1) 101.57(17)

C(13)-P(1)-C(1) 103.86(18) C(3)-N(1)-C(2) 124.9(3)

C(3)-N(1)-C(5) 116.8(4) C(2)-N(1)-C(5) 118.2(4)

C(4)-N(2)-C(3) 121.2(3) C(4)-N(2)-C(6) 122.9(3)

C(3)-N(2)-C(6) 115.8(3) C(4)-C(1)-C(2) 118.5(3)

C(4)-C(1)-P(1) 117.4(3) C(2)-C(1)-P(1) 124.1(3)

0(1)-C(2)-N(1) 119.7(3) 0(1)-C(2)-C(1) 124.8(4)

N(1)-C(2)-C(1) 115.5(3) 0(2)-C(3)-N(1) 122.1(4)

0(2)-C(3)-N(2) 121.7(4) N(1)-C(3)-N(2) 116.2(3)

C(1)-C(4)-N(2) 122.0(3) C(1)-C(4)-C(4)#1 121.2(3)

N(2)-C(4)-C(4)#1 116.7(3)
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Figure 2-10a. HPLC chromatogram of racemic 2-7



No. R.Time Comp. Height Height% Area Area%
(min.) (uv) (uvV.sec)

1 6.54 Unknown 1047157 99.96 27036130 99.97

>  9.87 Unknown 394 0.04 9196 0.03
Total 1047551  100.00 27045325 100.00
r
[Te}
5
~
[ee)
o
N
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O _N__O
=
PPh,
o)\N 0
|
(S)-2-7

Figure 2-10b. HPLC chromatogram of (S)-2-7

87



No. R.Time Comp. Height Height$% Area Areat

(min.) (uv) (uV.sec)

1 10.55 Unknown 464352 100.00 25415385 100.00

Total 464352 100.00 25415385 100.00
e}
[Tg]
o
—

N

Figure 2-10c. HPLC chromatogram of (R)-2-7
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2.4. Summary

As we know, the opportunity to synthesize a novel chiral phosphine ligand is very
rare and precious at this time. In the difficult search of this rare opportunity, we
developed a new proprietary ligand PM-Phos. The main results are outlined in the
following.

® A novel chiral atropisomeric diphosphine ligand 2-7 (PM-Phos) has been

designed and prepared. This ligand has a new structure motif with
tetramethyl-bipyrimidine-tetrone as backbone. It is the first bipyrimidine-type
diphosphine ligand.

® In the synthetic process, there were intresting migration and

rearrangement which resulted in synthesis of an unexpected ligand.

® A modified Ullmann coupling procedure had been developed to realize the

coupling of a pyrimidine phosphine compound for the first time.

® Resolution and reduction: the ligand was resolved and reduced under

special conditions or with special techniques developed by us. Optically pure
ligand was eventually obtained for further investigation in asymmetric
catalytic reactions.

® PM-Phos has potential to form a base of a new family of chiral atropisomeric

diphosphine ligands. The future work will be mainly focused on synthesis of
the derivatives of PM-Phos such as Tol-PM-Phos, Xyl-PM-Phos and
MeO-PM-Phos. In addition, investigation of the intricate mechanisms of the

interesting migration and rearrangement will be valuable research topic.
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Chapter 3
Palladium-catalyzed Allylic Alkylation and Other

Asymmetric Reactions in the Presence of PM-Phos

3.1. Introduction

The development of new chiral ligands for use in asymmetric catalytic reactions
has drawn considerable interest in the last two decades. In this area,
palladium-catalyzed allylic alkylation is one of the most powerful tools for the
controlled introduction of carbon-carbon and carbon-heteroatom bond formation, and
several categories of efficient enantioselective catalysts such as C,- and C;-
symmetric bidentate chiral ligands and non-C,-symmetric ligands such as
phosphineoxazoline have been explored for these reactions. Unlike most transition
metal-catalyzed process, asymmetric allylic alkylations offer multiple mechanisms as
a source of asymmetry because the enantio-discriminating event can arise in any one
of many steps in the catalytic cycle. Thus, this unique feature of the asymmetric
allylic alkylation reaction allows for the conversion of starting materials of various
types, such as racemic, meso-, and achiral compounds, into enantiomerically enriched
material. Strategies to effect such transformations derive from recognition of the
stereochemical courses in each step of the catalytic cycle and analysis of symmetry
elements imparted in the substrates or intermediates. Accordingly, there are several

types of asymmetric allylic alkylations (AAA). As the above described situation is
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much complicated, so to simplify things and to easily test the catalytic properties of

our ligand (PM-Phos), we first focused on the reaction of palladium-catalyzed allylic

OAc H3COOC.__COOCH;
COOCH;, [PACP -C3Hs)Cl], / L

/ *
O GERE g
COOCH3 BSA / Base

3-1 3-2 3-3

Scheme 3-1

alkylation of 1,3-diphenyl-2-propenyl acetate with dimethyl malonate (Scheme 3-1).
This reaction is a foundamental AAA reaction and has been studied with a wide range
of chiral ligands. Some typical chiral P-N ligands give good to excellent
enantioselectivity in this reaction. However, ordinary chiral diphosphine ligands
usually are not good for this reaction. Our ligand PM-Phos was used in this reaction

and gave good to excellent enantioselectivity.

3.2. Experimental

3.2.1. Preparation of the Substrate (1,3-diphenyl-2-propenyl acetate)

o) OH OAc
O P NaBH, / CeClg ‘ / Ac,0 ‘ Z O
‘ CH3OH, -20°C ‘ Pyridine

3-4 3-5 3-1

Scheme 3-2
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A mixture of chalcone 3-4 (10.4 g, 50 mmol) and CeCl; " 6H,0 (17.7 g, 50 mmol)
in 200 mL methanol was stirred at room temperature. When the solid dissolved, the
mixture was cooled down to -20 °C. To the mixture, NaBH, (2.46 g, 65 mmol) was
added gradually. Then the mixture was stirred at room temperature for half an hour.
At the end of the reaction, 100 mL 2 N aqueous HCI solution was added, then the
mixture was extracted with dichloromethane (3 x 30 mL). The combined organic
layer was washed with water (3 x 100 mL) and brine. The solution was dried with
anhydrous sodium sulfate and concentrated in vacuo to give a crude product which
was purified by chromatography with 10:90 ethyl acetate and hexane mixture as
eluant to afford a pure product 3-5 (1.2 g, 11% yield).

'H NMR (CDCly): & 2.24 (s, 1H, OH), 5.38-5.39 (d, J=7Hz, 1H), 6.37-6.42 (dd,

J=16Hz, 1H), 6.68-6.71 (d, J=16Hz, 1H), 7.24-7.46 (m, 10H)

3-5 (1.2 g, 5.7 mmol) was dissolved in 5 mL of acetic anhydride and 5 mL of
pyridine. This solution was stirred for 12 h. The solution was dropped into 100 mL of
saturated sodium hydrogen carbonate aqueous solution with vigorous stirring. Then
the mixture was extracted with dichloromethane (3 x 20 mL), washed with water for 3
times and dried with anhydrous sodium sulfate. The solvent was removed off in vacuo
to give a crude product which was purified by chromatography with 10:90 ethyl
acetate and hexane mixture as eluant to afford a pure product 3-1 (0.9g, 62% vyield) as

a oily liquid.
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'H NMR (CDCly): § 2.14 (s, 3H), 6.33-6.37 (dd, J=16Hz, 1H), 6.44-6.45 (d, J=6.5,
1H), 6.62-6.65 (d, J=16Hz, 1H), 7.23-7.26 (m, 1H),

7.29-7.34 (m, 3H), 7.37-7.43 (m, 6H).

3.2.2. General Procedure for Palladium-catalyzed Asymmetric Allylic

Alkylation in the Presence of PM-Phos (Scheme 3-1)

® Preparation of catalyst solution:
A mixture of the ligand (R)-PM-Phos ((R)-2-7) (8.8 mg, 0.0136 mmol) and
[PACI(n3-C3Hs)]2 (2.0 mg, 0.0055 mmol) in dry dichloromethane (5.5 mL) was
stirred at room temperature for 1 h. The concentration of the resulting brown

palladium catalyst solution was 2.0 x 10 mN.

® Preparation of the solution of various bases:
The following bases ,LiOAc, NaOAc, KOAc, Cs,CO3 NH;,OAc, and N(Bu),OH ,

were dissolved to methanol to a concentration of 0.25 mN.

® Preparation of the substrate solution:
The substrate 3-1 (252 mg, 1.0 mmol) was dissolved into 5 mL of dry

dichloromethane. The concentration of the solution was 0.2 mM.

® General procedure for palladium-catalyzed asymmetric allylic alkylation in

the presence of PM-Phos:
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The ratio of Pd/ligand/base/substrate/dimethly  malonate/BSA  was
1:1.2:5:100:300:300 or 2:2.4:10:100:300:300. A typical procedure is described in
the following. In a schlenk tube was added 20 pl of the base solution. The tube
was evacuated and refilled with dry nitrogen for several time to totally remove off
the solvent (methanol) and replace the air with nitrogen. 0.5 mL of the substrate
solution and 0.5 mL of the catalyst solution were added with syringes. (The
solvent dichloromethane would be removed off in vacuo, and then another
solvent such as toluene, THF, diethyl ether could be added.) Dimethyl malonate
(35 ul, 0.3 mmol) and N,O-bis(trimethylsilyl)acetamide (BSA) (75 ul, 0.3 mmol)
were added with syringes. Then the solution was stirred at certain temperature.
The reaction was monitored by TLC. After completion, the mixture was diluted
with hexane (1.5 mL) and quenched by the addition of saturated aqueous NH,CI.
The organic layer was washed with brine and dried with anhydrous sodium
sulfate. The solution was flashed through a short silica gel column with 1:1
dichloromethane and hexane mixture as eluant. The solvent was evaporated under
a reduce pressure to give a crude product which was further purified by
preparative TLC (hexane: EA = 8:1) to give a pure product 3-3.

'H NMR (CDCls): & 3.53 (s,3H), 3.70 (s, 3H), 3.94-3.96 (d, J=10.5Hz, 1H),
4.24-4.28 (dd, J=11Hz, 1H), 6.30-6.35 (dd, J= 16Hz,

1H), 6.46-6.49 (d, J=16Hz, 1H), 7.18-7.33 (m, 10H).
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The enantiomeric excess was determined by HPLC (Chiralcel AD, 1.0
mL/min, hexane:2-propanol = 95:5). The absolute configuration was determined

by optical rotation.

3.3. Results and Discussion

We  investigated the  palladium-catalyzed allylic  alkylation  of
1,3-diphenyl-2-propenyl acetate with dimethyl malonate, diethyl malonate, dibenzyl
malonate and diethyl 2-formamidomalonate in the presence of (R)-2-7. The results are
summarized in Table 3-1 and Table 3-2. Some important corresponding HPLC

chromatograms are listed in Figure 3-6 to Figure 3-20 in Appendix II.

3.3.1. The Effect of Structure of the Nucleophiles

We first investigated the effect of the types of malonates on the enantioselectivity
of the reaction. The following four types of malonates (Figure 3-1) were applied to
the reaction to test which one would give the best enantiomeric excess. The results are

listed in the Table 3-1.

COOCH; COOEt COOCH,Ph COOEt
HCOHN
COOCH; COOEt COOCH,Ph COOEt
3-2 3-6 3-7 3-8
Figure 3-1
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Table 3-1. Results of palladium-catalyzed asymmetric allylic alkylation of 1,3-diphenyl-2-propenyl

acetate with various dialkyl malonate in the presence of (R)-2-7.

Entry Ligand  Solvent Base Pd/Sub Tem(p:)ecr;ture Nucleophile  Product %
1 (R)-2-7 CH)CI, LiOAc 1/100 25 3-2 3-3 82.6
2 (R)-2-7 CH)Cl, LiOAc 1/100 25 3-6 3-9 76.3
3 (R)-2-7 CH)Cl, LiOAc 1/100 25 3-7 3-10 71.7
4 (R)-2-7 CH)Cl, LiOAc 1/100 25 3-8 3-11 77.0

To ensure the completion of the reaction, the reaction time was 24 h for all entries.
Table 3-1 shows that under identical conditions the bulkier nucleophile gave
lower enantiomeric excess. So we focused our investigation only on the reaction with

dimethyl malonate.

3.3.2. The Effect of Solvent on the Enantioselectivity

In Table 3-2, entries 1-4 show that the best solvent was CH,Cl, (Figure 3-2).The
reaction not only proceeded much faster, but also gave better enantioselectivity in
CH,Cl;, than in other solvent. CH,Cl; is a non-polar solvent, and more importantly, it
is the best solvent for the ligand (R)-2-7 or even for the corresponding palladium
catalyst and the reaction intermediates. The solubility of (R)-2-7 in THF and toluene
is almost equally bad, but THF is more polar. So, in THF the enantioselectivity was
the worst. Hence, we can conclude that for this reaction an appropriate solvent is a

non-polar solvent with good solubility for 2-7.
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Table 3-2. Results of palladium-catalyzed asymmetric allylic alkylation of 1,3-diphenyl-2-propenyl

acetate with dimethyl malonate in the presence of (R)-2-7.

Temperature ~ Time ~ Conv. Ee?
Entry  Ligand Solvent Base Pd®/Sub cC) ) % %

1 (R)-2-7 THF LiOAc 1/100 25 20 40 69.6
2 (R)-2-7 Toluene LiOAc 1/100 25 20 77 80.7
3 (R)-2-7 Ether LiOAc 1/100 25 20 98 80.0
4 (R)-2-7 CH,Cl, LiOAc 1/100 25 15 100 82.6
5 (R)-P-Phos  CHyCl, LiOAc 1/100 25 15 100 61.5
6 (S)-BINAP  CH,CI, LiOAc 1/100 25 20 100 80.2
7 (R)-2-7 CH,Cl, NaOAc 1/100 25 2 100 85.2
8 (R)-2-7 CH,Cl, KOAc 1/100 25 15 100 82.2
9 (R)-2-7 CH,Cl, Cs,CO3 1/100 25 15 100 81.0
10 (R)-2-7 CH,Cl, NH;OACc 1/100 25 2 100 85.1
11 (R)-27  CH.Cl, N(Bu),OH  1/100 25 3 100 851
12 (R)-2-7 CH,Cl, LiOAc 1/100 0 4 100 86.1
13 (R)-2-7 CH,Cl, NaOAc 1/100 0 10 100 88.5
14 (R)-2-7 CH,Cl, KOAc 1/100 0 10 95 86.5
15 (R)-2-7 CH,Cl, Cs,CO3 1/100 0 10 100 86.8
16 (R)-2-7 CH,Cl, NH;OAc 1/100 0 10 90 88.5
17 (R)-27  CH.Cl, N(Bu),OH  1/100 0 20 99 88.7
18 (R)-2-7 CH,Cl, LiOAc 1/50 -40 24 98 92.3
19 (R)-2-7 CH,Cl, NaOAc 1/50 -40 24 96 95.2
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20 (R)-2-7 CHCl, KOAc 1/50 -40 24 92 93.6

21 (R)-2-7  CH,Cl,  Cs,CO; 1/50 -40 24 94 93.4
22 (R)-2-7  CH.Cl, NHOAc 1/50 -40 24 44 94.6
23 (R)-27  CH.Cl, N(Bu),OH  1/50 -40 24 Toolow
24 (R)-27  CHCl,  LiOAc 1/25 -78 24 Toolow

®The configuration of the product is (S)-form for all entry except entry 6. For entry 6, the

configuration is (R)-form.” The palladium source was [PdCI(n®-C;Hs)]..
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Figure 3-2. The solvent effect on enantioselectivity

3.3.3. The Effect of the Types of Base Additives
5 types of base additive were tested. An overall conclusion drawn from the results
in the Table 3-2 and Figure 3-3 is that with LIOAc the conversion was the best and

with NaOAc the enantioselectivity was the best. The optimal base was NaOAc,
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because at lower temperature the reaction with NaOAc not only proceeded

comparatively fast, but also afforded the best enantiomeric excess.
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Figure 3-3. The effect of base additive and temperature on the enantioselectivity

3.3.4. The Effect of Temperature

With a decreasing temperature, the reaction rate became lower but the
enantioselectivity increased. This is the general situation for asymmetric catalytic
reactions. However, if the temperature became too low such as -78 °C, the reaction
proceeded very slowly or almost stopped. The optimal temperature was about -40°C
for this reaction. At this temperature, the enantiomeric excess obtained was up to 95%
and the conversion was nearly complete in 24 h with NaOAc as base additive. This

result is almost excellent especially for a C,-symmetry diphosphine ligand.

99



3.3.5. The Results of PM-Phos Compared with the Results of other Typical
Phosphine Ligand

Entries 4, 5 and 6 in Table 3-2 indicates that in the reaction of
palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate with
dimethyl malonate, the result of PM-Phos was better than those of BINAP and P-Phos
under the same reaction conditions. The catalytic activity of both PM-Phos and
P-Phos were almost equally good, but the enantioselectivity of PM-Phos was better
than that of P-Phos (82.6% ee vs 61.5% ee). Compared to the results of BINAP, the
enantioselectivity of PM-Phos was just a little better, but its activity was much better.

For this reaction, some chiral dinitrogen or P-N-chelate ligands give excellent
enantioselectivity, up to 99% ee can be obtained. Figure 3-4 listes some typical

examples of these ligands which represent the best results in this field.

99%°%° 999, &1 62 98.6% 106

Figure 3-4. Some excellent ligands and the enantiomeric excess values obtained in the reaction of

palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate with dimethyl malonate.

Ordinary chiral diphosphine ligands usually are not good for this reaction.

However, our ligand PM-Phos was used in this reaction and gave good to
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Figure 3-5 Typical diphosphine ligands and the optimal enantiomeric excess values obtained in the

reaction of palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate with dimethyl

malonate.

101




excellent enantioselectivity. Figure 3-5 exhibits some typical diphosphine ligands and
the optimal enantiomeric excess values they gave in this reaction. Actually, the
enantioselectivity of PM-Phos is not the best among these chiral diphosphine ligands,
but it is among the fewer best chiral diphosphine ligands for asymmetric allylic

alkylation with enantiomeric excess values up to 95%.

3.4. Other Asymmetric Reactions Catalyzed with PM-Phos

3.4.1. Palladium-Catalyzed Enantioselective Alkylation Ring
Opening of Oxabenzonorbornadiene
3.4.1.1. Introduction

The use of stereochemically rigid oxabicyclic templates to achieve stereoselective
functional group introduction in carbocyclic products has been investigated for some
years. The products from ring opening of these substrates are potentially very useful
in the synthesis of many natural products. Over the past five years, several
metal-catalyzed asymmetric ring cleaving reactions have been developed to generate
ring-opened products in high yield and enantiomeric excess.!** Usually, three
different transition metals have been employed, namely nickel, palladium and
rhodium, leading to synthetically useful transformations. These reactions can be
carried out with a range of nucleophiles including hydride, stabilized and

nonstabilized carbanions, alcohols, amines, and carboxylates. As a result, the

102



oxabicyclic template has become increasingly common as a starting material in the
preparation of both cyclic and acyclic compounds.

To investigate the application of our proprietary ligand PM-Phos in other
palladium-catalyzed reactions, we studied the alkylation ring opening of
7-oxabenzonorbornadiene with diethylzinc reagents. This reaction was recently
reported by Lautens et al.'™ As depicted by Scheme 3-3, the reaction of
7-oxabenzonorbornadiene with Et,Zn in the presence of chiral ligand ((R)-P-Phos and
(R)-PM-Phos) provided the corresponding alcohol which enantiomeric excess was

determined by HPLC.

Q OH
Qﬂ\i\ L" (5mol%) Et
| O
Et,Zn (1.5 equiv)
CH,Cl,, RT
Scheme 3-3

3.4.1.2. Experimental

General Procedure for the enantioselective alkylation ring opening of
oxabenzonorbornadiene: A dried round bottom flask was charged, under nitrogen,
with bis(acetonitrile)palladium dichloride (5 mol%) and the appropriate ligand (5%).
1 mL of distilled dichloromethane was added and the solution stirred at room
temperature for two hours. To this solution was added at room temperature via canula

a solution of oxabenzonorbornadiane (1 mmol) in dichloromethane (30 mL) followed
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by a solution of diethylzinc in toluene. The resulting solution was allowed to stired at
room temperature until completion monitored by TLC analysis. The flask was opened
to air and few drops of water were added. This solution was stirred for half an hour,
filter through a short plug of celite and concentrated. The conversion was determined
by NMR. The crude mixture was purified by flash chromatography on silica gel to
afford the dihydronaphthalene. The ee value was determined using HPLC analysis on
a CHIDRACEL OD column, A=254 nm. Retention times in 1% iPrOH in hexanes
were 20 min and 22 min (major). 1H NMR (500 MHz, CDCI3) & 7.31 (1H, d,
J=6.9Hz), 7.28-7.19 (2H, m), 7.10 (1H, d, J = 7.1Hz), 6.52 (1H, dd, J = 9.7, 2.5 Hz),
5.81 (1H, dd, J = 9.6, 1.8 Hz), 4.62 (1H, dd, J = 7.3, 4.5 Hz), 2.39-2.32 (1H, m), 1.84
(1H, dquin, J = 13.6, 7.5 Hz), 1.63 (1H, dquin, J = 13.6. 7.5 Hz), 1.52 (1H, d, J = 7.3

Hz), 1.11 (3H, t, J = 7.4)

3.4.1.3. Results and Discussion

Table 3-3 exhibits the results of Pd-catalyzed ring opening reaction of
7-oxabenzonorbornadiene with diethylzinc reageats in the presence of chiral
diphosphine ligands. Both (R)-BINAP and (R)-P-Phos gave 99% conversion and 91%
ee. However, PM-Phos gave lower conversion and poor enantioselectivity in this
reaction. The possible reason is that under stronger basic condition (such as addition
of diethylzinc solution), PM-Phos was not stable and could transform to unknown
compound other than the original form, and hence PM-Phos could only give negative

results in this reaction. This will be investigated in future work.
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Table 3-3. Pd-catalyzed ring opening reaction of 7-oxabenzonobornadiene with diethylzinc reageats in
the presence of chiral diphosphine ligands

Entry Ligand Time (h) Conversion (%) Ee (%)
1 (R)-BINAP 24 99 91
2 (R)-P-Phos 24 99 91
3 (R)-PM-Phos 24 85 22

3.4.2. Rhodium and Ruthenium-catalyzed Asymmetric
Hydrogenation

Typical chiral diphosphine ligands such as BINAP and P-Phos are substantially
used in rhodium and ruthenium-catalyzed asymmetric hydrogenation of prochiral
olefinic substrates such as a—acetaminoacrylate, acrylic acids, p-keto esters, ketones
and so on, and always exhibit excellent enantioselectivity and catalytic activity.
PM-Phos may be considered as a typical chiral diphosphine ligand, and should
demonstrate similar activity and enantioselectivity for asymmetric hydrogenation.
However, when it was tested in rhodium and ruthenium-catalyzed hydrogenation of

some typical substrates according to Noyori’s methods,*

negative results were
achieved. Either no activity or specially low enantioselectivity was observed. In the
ruthenium-catalyzed asymmetric hydrogenation of methyl acetoacetate, ee value
achieved was only 40%. Both in the ruthenium-catalyzed hydrogenation of
2-(6’-methoxy-2'-naphthyl)propenoic acid (dehydronaproxen) and rhodium-catalyzed

asymmetric hydrogenation of (E)-methyl 3-phenyl-2-acetaminoacrylate, there was no

conversion as determined by NMR. These unusual results imply there was different
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catalytic mechanism and coordination mode of PM-Phos in asymmetric
hydrogenation compared to P-Phos and BINAP. The detailed reasons and mechanism

for these special strange results will be investigated in the future.

3.5. Summary

With the palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate
with dimethyl malonate as a model reaction, the asymmetric induction properties of
PM-Phos preliminarily tested. The results demonstrate that some progress have been

achieved as outlined in the follows.

® PM-Phos can cooperate with palladium to afford an efficient catalyst for

asymmetric allylic alkylation.

® For the palladium-catalyzed allylic alkylation of 1,3-diphenyl-2-propenyl acetate
with malonates, the optimal nucleophile is dimethy] malonate, the optimal solvent

is CH,Cl, and the optimal base additive is NaOAc.

® The catalytic activity of the PM-Phos palladium complex is excellent especially
at room tempefature. The enantioselectivity of the complex is fair at room
temperature, but good at 0°C, and almost excellent at a still lower temperature (up
to 95% ee at -40 °C).

%y Pao Yue-kong Library
@ PolyU - Hong Kong
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® PM-Phos has the potential to be applied to other palladium-catalyzed asymmetric
reactions such as asymmetric allylic amination for further exploration. On the
other hand, there are also opportunities to develop derivatives of PM-Phos such
as Tol-PM-Phos of Xyl-PM-Phos to seek better catalytic activity and

enantioselectivity in the future work.

In summary, we have successfully developed a novel, unique and efficient chiral

diphosphine ligand for asymmetric allylic alkylation.
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Chapter 4

Synthesis of Novel Chiral Amino Alcohol Ligands and

their Application in Asymmetric Catalysis

4.1. Introduction

Chiral amino alcohols and their derivatives are useful ligands in asymmetric

synthesis and catalysis,**> 4

especially in the asymmetric borane reduction of
ketones'*® and the organozinc addition to carbonyl compounds.® One of the most
successful methods in the asymmetric borane reduction of ketones is based on the use

of chiral 1,3,2-oxazaborolidines as catalysts™" 8

(Figure 4-1), which were prepared
from B-amino alcohols (usually derived from a-amino acids). During the last decade,
many amino acids such as L-valine, L-proline, L-cysteine,'*® and L-methionine'?® have
been used in preparing 1,3,2-oxazaborolidine catalysts. Most of the tested amino
alcohols contained only one stereogenic center, although a limited number of amino
alcohols possessing two stereogenic centers exhibited higher enantioselectivities in the
asymmetric borane reduction of acetophenone. *** To expand the scope of these studies,
it is of interest to develop new amino alcohols with two stereogenic centers and to test
their synergistic effects. In this research field, we mainly focused on the preparation of
the two diastereomers of new chiral amino alcohols containing two stereogenic centers

and their application in the borane reduction of ketones and the addition of diethylzinc

to aldehydes.
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Figure 4-1. a chiral 1,3,2-oxazaborolidine

4.2. Synthesis of Novel Amino Alcohol Ligands

4.2.1. The Synthetic Route

In our initial study we chose L-valine as a starting material because of its ample
availability and low cost. L-valine had previously been used in the preparation of
a, a-diphenyl-g-amino alcohol which was used as a chiral auxiliary for the
enantioselective borane reduction of aromatic ketones with good to excellent

enantioselectivities.*?? In this study, we synthesized the new amino alcohols 4-6a and

4-6b according to the synthetic route developed by Reetz et al (Scheme 4-1).1%

O  PhCH,Br O _ OH 0
— LiAIH, Pyridine ¢SO3

NH, OH MeCN,Na;cOz /N =~ O-CHPh — o /N DMSO /SN H
PH PH ( PH (
Ph Ph Ph
4-1 4-2 4-3 4-4
‘€_<R q  4-6aR=6-CHyONap (S, R)
_ 4-6b R = 6-CH3zONap (S, S)
Grignard reagent N oH Pd/C, H, un by 46CR=Ph(S,R)
- Ph/ ( 2 4-6d R=Ph (S, S)
Ph
4-5

Scheme 4-1
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The reaction of amino acid with benzyl bromide in the presence of sodium carbonate
produced N, N-dibenzyl benzylamino-L-valine benzyl ester which, on treatment with
LiAIH, gave amino alcohol 4-3 in 90% vyield. Compound 4-3 was transformed to
amino aldehyde 4-4 in almost quantitative yield via the oxidation with sulfur trioxide
pyridine complex in DMSO. The reaction of compound 4-4 with Grignard reagent gave
the new amino alcohol 4-5 and the de-benzylation of it produced ligands 4-6 in 60-80%
yield. In contrast to the oily liquid form of 4-6¢ and 4-6d, the mixtures of the
diastereomers 4-6a and 4-6b were easily separated by crystallization. The
R-configuration of the new stereogenic center in the amino alcohol 4-6¢ was confirmed
by single crystal X-ray diffraction analysis (Figure 1).*** For the purpose of comparison,

amino alcohol 4-7 with one stereogenic center was prepared according to a method

122

reported by Itsuno et al. (Scheme 4-2)

Figure 4-2. The ORTEP drawing of amino alcohol 4-6a
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Table 4-1. Selected bond lengths [A] and angles [°] for 4-6a.

Bond lengths [A]

0(2)-C(12) 1.436(3) N(1)-C(13) 1.475(3)
C(6)-C(12) 1.503(3) C(12)-C(13) 1.543(3)
C(13)-C(14) 1.528(3) C(14)-C(16) 1.545(4)
C(14)-C(15) 1.546(4)

Angles [°]
0(2)-C(12)-C(6) 111.0(2) 0(2)-C(12)-C(13) 109.5(2)

C(6)-C(12)-C(13) 112.7(2) N(1)-C(13)-C(14) 111.2(2)

N(1)-C(13)-C(12) 110.6(2) C(14)-C(13)-C(12) 112.8(2)

C(13)-C(14)-C(16) 112.6(2) C(13)-C(14)-C(15) 112.4(2)

C(16)-C(14)-C(15) 109.3(2)

4§_<0 1. CH;OH / SOCl, ﬁgh
H,N  OH 2.PhMgCl  H,N  OH

Scheme 4-2 4-7
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4.2.2 Experimental

General procedures:

Unless otherwise indicated, all reactions were carried out under nitrogen atmosphere.
Melting points were measured using an electrothermal 9100 apparatus in capillaries and
the data were uncorrected. Optical rotations were measured on a Perkin-Elmer model
341 polarimeter at 20°C. NMR spectra were recorded on a Varian 500 spectrometer.
Mass analyses were performed on a Finnigan model Mat 95 ST mass spectrometer.
HPLC analyses were performed using a Hewlett-Packard model HP 1050 LC interfaced
to a HP 1050 series computer workstation. GC analyses were performed using a
Hewlett-Packard HP 4890A apparatus. The prochiral ketones and aldehydes used for
catalytic asymmetric reactions were distilled or re-crystallized before use and all other

chemicals were purchased from Acros or Aldrich and were used as received.

Preparation of (S)-2-(N,N-Dibenzylamino)-3-methylbutan-1-ol (4-3).

To a suspension of 17.5g (165 mmol) anhydrous sodium carbonate in 300 mL of
acetonitrile, 5.85g L-valine (50 mmol) was added at room temperature. The mixture
was stirred for half an hour followed by the slow addition of 29.5g (173 mmol) of
benzyl bromide. The reaction mixture was refluxed for 24 h and then cooled to room
temperature. Water was added until the solution became clear. The organic layer was
separated and the aqueous layer was extracted with ethyl acetate (3x100 mL). The
combined organic layers were washed with brine and dried over sodium sulfate. The

solvents were removed under reduced pressure and the crude product was purified by
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flash chromatography to afford 17.6g of N,N-(dibenzylamino)-L-valine benzyl ester
(91% vyield). 'H NMR (CDCls): § 0.780-0.792 (d, J = 6.0 Hz, 3H), 1.026-1.039 (d, J =
6.5 Hz, 3H), 2.195-2.198 (m, 1H), 2.913-2.935 (d, J = 11.0 Hz, 1H), 3.285-3.313 (d, J
= 14.0 Hz, 2H), 3.972-4.000 (d, J = 14.0 Hz, 2H), 5.166-5.191 (d, J = 12.5 Hz, 1H),
5.297-5.322 (d, J = 12.5 Hz, 1H), 7.218-7.459 (m, 15H). *C NMR (CDCls): & 19.595,
19.966, 27.349, 54.702, 65.722, 68.217, 126.948, 128.242, 128.351, 128.600, 128.697,

128.861, 136.214, 139.559, 171.867.

A solution of 7.74g (20 mmol) N,N-(Dibenzylamino)-L-valine benzyl ester in 30 mL
dry THF was added to a stirred suspension of lithium aluminum hydride (1.52g, 40
mmol) in 20 mL of THF at 0°C. The reaction mixture was warmed to room temperature
and was stirred for another 12 h before being quenched at 0°C by careful addition of
water (1.5 mL), aqueous NaOH (15% w/v, 1.5 mL) and water (4.5 mL) in sequence.
The resulting white suspension was filtered and the solid residue was washed with THF
(3x50 mL). The combined organic solutions were dried over sodium sulfate and
concentrated under reduced pressure to yield the crude amino alcohol. Purification of
the crude product by column chromatography on silica eluted with hexane/ethyl acetate
(3/1) afforded 4.58g amino alcohol 4-3 (81% vyield). *H NMR (CDCls): § 0.949-0.963
(d, J = 7.0 Hz, 3H), 1.214-1.200 (d, 7.0 Hz, 3H), 2.082-2.151 (m, 1H), 2.584-2.627 (m,
1H), 3.153 (s, 1H), 3.524-3.565 (m, 1H), 3.668-3.698 (m, 1H), 3.766-3.793 (d, J = 13.5
Hz, 2H), 3.928-3.954 (d, J = 13.0 Hz, 2H), 7.260-7.396 (m, 10H). *C NMR (CDCls): &
20.039, 22.479, 27.470, 54.258, 59.146, 64.665, 127.015, 128.314, 129.092, 139.741.

Ms: 284 (M+1).
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(S)-2-(N,N-Dibenzylamino)-3-methylbutan-1-al (4-4).

A solution of 4.37g pyridine-sulfur trioxide (27.5 mmol) in DMSO (16.5 mL) was
added over 20 min to a solution of 4.67g
(S)-2-(N,N-dibenzylamino)-3-methylbutan-1-ol  (16.5 mmol) and 4.2 mL of
triethylamine (30.2 mmol) in 16.5 mL DMSO at 0°C. The mixture was stirred and
was allowed to warm to room temperature for 9 h, quenched with ice-water (30 mL)
and extracted with ethyl acetate (3x50 mL). The combined organic layers were washed
with water, brine and dried over sodium sulfate. The solvent was evaporated under
reduced pressure and the crude amino aldehyde was dried further under high vacuum
for 12 h and was used without further purification. (95% yield) *H NMR (CDCls): &
0.869-0.883 (d, J = 7.5 Hz, 3H), 1.079-1.092 (d, J = 7.5 Hz, 3H), 2.265-2.310 (m, 1H),
2.714-2.739 (dd, J = 3.0 Hz, 1H), 3.698-3.725 (d, J = 13.5 Hz, 1H), 4.013-4.041 (d, J =

13.5 Hz, 1H), 7.236-7.378 (m, 10 H), 9.858-9.852 (d, J = 3.0 Hz, 1H).

Preparation of amino alcohols with two stereocentres (4-6).

A Grignard reagent prepared from magnesium (50 mmol) and
2-bromo-6-methoxynaphthalene or phenyl bromide (45 mmol) in 50 mL dry THF was
added to N,N-dibenzylamino aldehyde 4-4 (20 mmol in 50 mL of dry THF) over 30
min at 0°C. The solution was stirred at this temperature for 3 h and another 5 h at room
temperature. The solution was cooled to 0°C and was hydrolyzed with a saturated
NH4CI solution. The organic layer was separated and the aqueous layer was extracted
with ethyl acetate. The combined organic layers were washed with brine and dried over

Na,SO,4. After the solvent was evaporated under reduced pressure, the product was
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purified by  column  chromatography to  afford 6.85g of the
1-[2'-(6"-methoxynaphthyl)]-2-(N,N-dibenzylamino)-3-methyl-butan-1-ol (78% yield).
'H NMR (CDCls): 0.994-1.010 (d, 3H), 1.068-1.082 (d, 3H), 2.385-2.401 (m, 1H),
2.925-2.945 (m, 1H), 3.618-3.647 (d, 2H), 3.886-3.914 (d, 2H), 3.960 (s, 3H),

5.125-5.134 (d, 2H), 7.15-7.65 (m, 16H).

In a 50 mL stainless steel autoclave were added 1.32g (3 mmol) of the
N,N-dibenzylamino alcohol and 0.2g of 10% Pd/C in a solution of 20 mL methanol and
acetic acid (0.21g, 3.5 mmol). The vessel was pressurized with 500 psi of hydrogen and
the reaction was carried out at ambient temperature for 48 h. The solution was filtered
and concentrated under reduced pressure. The residue was treated with ammonia
solution and was worked up to afford a mixture of
1-[2'-(6"-methoxynaphthyl)]-2-amino-3-methylbutan-1-ol  (1R,2S:1S,2S = 87:13,
determined by 'H NMR spectrum). Crystallization from dichloromethane and hexane
gave 4-6a (0.59g, 75% vyield) as a white crystalline solid. M.p.: 108-109 °C. [o]p =
-20.6° (c=1, 25 °C, CHsOH). HNMR (CDCl5): & 0.901-0.914 (d, J = 6.5 Hz, 3H),
1.036-1.050 (d, J = 7.0 Hz, 3H), 1.731- 1.770 (m, 1H), 2.817-2.841 (t, J = 6.0 Hz, 1H),
7.120-7.161 (m, 2H), 7.740-7.460 (m, 2H), 7.702-7.719 (m, 2H). Ms: 242 [(M+1)-18,
55%], 260 (M+1, 100%). Anal. Calcd. for CigHiNO,: C, 74.10; H, 8.16; N, 5.40.
Found: C, 74.27; H, 8.06; N, 5.21. In the NMR spectra of the crude hydrogenated
products, compound 4-6b was observed: *H NMR (CDCls) & 0.85 (d), 0.95 (d), 1.70

(m), 2.89 (m), 3.9 (), 4.96 (d), 7.1-7.8 ().
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Preparation of 1R-[2'-(6’-methoxynaphthyl)]-2S-pyrrolidinyl-3-methylbutan-1-ol
(4-8).

To a solution of 4-6a (0.52g, 2 mmol) in 50 mL acetonitrile, sodium carbonate
(0.75g, 7 mmol) was added. The mixture was stirred at room temperature for 15 min
and then followed by the addition of 0.238g 1,4-dibromobutane (1.1 mmol). The
reaction mixture was refluxed for 24 hours and was cooled to ambient temperature.
Water was added until the solution became clear. The organic layer was separated and
the aqueous layer was extracted with ethyl acetate (2x15 mL). The combined organic
layers were washed with brine and dried over sodium sulfate. The solvents were
removed under reduced pressure and the crude product was purified by flash
chromatography to afford the amino alcohol 4-8 (5.7g, 90% yield). M.p.: 70-71 °C. [a]p
= -14.9° (c=1, 25 °C, CH;OH). 'H NMR (CDCls): & 0.876-0.890 (d, J = 7.0 Hz, 3H),
1.039-1.054 (d, J = 7.5Hz, 3H), 1.727-1.767 (m, 4H), 1.867-2.042 (m, 1H), 2.667-2.713
(m, 3H), 2.776-2.802 (m, 2H), 3.910 (s, 3H), 5.144-5.121 (d, J = 3.5Hz, 1H),
7.124-7.150 (m, 2H), 7.420-7.440 (m, 1H), 7.677-7.733 (g, J = 8.5Hz 2H), 7.801 (s,
1H). *C NMR (CDCl3): & 20.360, 22.036, 23.906, 28.065, 51.708, 55.333, 72.401,
72.886, 105.661, 118.709, 124.720, 125.206, 126.317, 128.788, 129.492, 133.682,
138.041, 157.495. Ms: 314 (M+1, 100%). Exact mass calcd. for CyH27NO,: 313.2042;

Found: 313.2036.

4.3. Results and discussion

4.3.1. Enantioselective reduction of acetophenone with borane
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The results of the enantioselective reduction of acetophenone with borane catalyzed
by amino alcohol 4-6a, 4-6¢ and 4-7 were summarized in Table 4-2. Both ligands 4-6a
and 4-6¢, which possessed two stereogenic centers, showed higher enantioselectivity
than ligand 4-7 (entries 3, 6 vs. 7). The highest ee value achieved with chiral ligand
4-6a indicated that the large group in compound 4-6a was favorable for higher
enantioselectivity (entry 3 vs. 6). This result is consistent with the mechanism proposed

by Corey et al.'®

A possible transition state of the key reaction intermediate is shown
in Figure 2. The acetophenone binds to the oxazaborolidine that is cis to the vicinal
BH; group. This manner of binding minimizes the unfavorable steric interactions
between the oxazaborolidine and the acetophenone. The smaller methyl group of the
acetophenone points to the B-face of the oxazaborolidine which is more sterically
crowded, and the larger phenyl group points to the a-face of oxazaborolidine which is
less sterically hindered. Therefore, it can be explained that the relatively large naphthyl
substituent in ligand 4-6a enhances this orientation of the acetophenone. On the other
hand, if one more phenyl group is attached to the a-face of the carbonyl carbon (ligand

4-7), the previous preferential orientation of the acetophenone will be less dominant,

and thus lower ee is observed in the product.

Figure 4-2. R = Ph, 6-CH30ONap
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Table 4-2. The enantioselective borane reduction of aromatic ketones using chiral

amino alcohol ligands.

O

P Ligand 10% HQ o
Ar” CHg BH eMe,S Ar/_ 3

Entry Ligand Ketones T(°C) Conc. of ligands  Conv. ee (%)

(mol%) (%)
1 4-6a PhCOCHj3 0 10 80 90
2 4-6a PhCOCHj; 25 10 95 92
3 4-6a PhCOCHj; 50 10 100 94
4 4-6a PhCOCHj; 50 5 100 93
5 4-6a PhCOCHj3 50 20 100 95
6 4-6¢ PhCOCHj3 50 10 100 89
7 4-7 PhCOCHj; 50 10 100 81
8 4-6a PhCOCH,CI 50 10 100 93
9 4-6a  p-NO,PhCOCHj3 50 10 100 97
10 4-6a 0-CH3PhCOCH; 50 10 100 87

*The ee values were determined by GLC analysis with a Chrompack Chirasil-Dex CB
column. "All products were in R configuration as determined by comparison with

authentic samples.
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4.3.2. Asymmetric Dialkylzinc Additions to Aldehydes

Amino alcohols constitute an important part of the chiral ligands developed for
dialkylzinc additions to aldehydes. The first highly enantioselective catalytic addition
of dialkylzincs to aromatic aldehydes was reported by Noyori using camphor-derived

126 as the

homochiral amino alcohol (2S)-3-exo-(dimethylamino)isoborneol (DAIB)
chiral auxiliary. After this important discovery, a large number of highly
enantioselective chiral catalysts have been developed.’”” It was reported that the
bulkiness and the electronic effect of the substituents on the nitrogen atom of the chiral
amino alcohols might affect the formation and the stability of the six-membered
transition states. N-Alkyl substituents must possess at least one B-carbon atom to give
high enantioselectivity. Suitably large N-alkyl substituents limited the approach of the
nucleophiles to one of the enantiotopic faces of the aldehyde, leading to high

128

enantioselectivity.” We prepared amino alcohol 4-8 by cycloalkylating ligand 4-6a

using 1,4-dibromobutane in the presence of a base. (Scheme 4-3).

OCH;

e
OO Br(CH2)4Br / Na2C03
N OH

H,N  OH ( >

4-6a 4-8
Scheme 4-3

The results of the enantioselective addition of diethylzinc to aldehydes accelerated by
amino alcohol 4-8 were listed in Table 4-3. Moderate to excellent enantioselectivities

were achieved. It was found that the reaction temperature had little influence on the

119



enantioselectivities (entries 1 — 2), while the increase of the size of the aldehyde slightly
increased the enantioselectivity. (entry 3) These results were consistent with the
mechanism proposed by Noyori that a larger substituent on the aromatic aldehyde
favored the anti coordination of the aryl aldehyde (with respect to the chiral ligand) and

128,130 meta- and

enhanced the si face addition of the ethyl group to the aldehyde.
para-chlorobenzaldehydes gave products with the highest ee’s (up to 98%, entries 6-7).
It was possible that the electron-withdrawing group on the phenyl ring made the

carbonyl carbon more susceptible to the nucleophilic attack by the ethyl group in the

diethylzinc.

Table 4-3. Enantioselective addition of diethylzinc to aldehyde catalyzed by ligand 4-8

Ligand 4-8, 10 mol% Et
ArCHO + Zn(Et), Ar
OH
Entry Aldehyde Conc. of ligand Temperature  ee (%)*°
(mol%)
(°C)
1 Ce¢HsCHO 10 0 84
2 Ce¢HsCHO 10 25 83
3 2-NapCHO 10 25 87
4 0-OCH3C6HsCHO 10 25 86
5 0-CICgHsCHO 10 25 85
6 m-CICsHsCHO 10 25 96
7 p-CIC¢HsCHO 10 25 98

2 The conversions were 95-100% in all cases. ° All products were in R configuration

and the ee values were determined by HPLC and GLC analysis
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4.4. Synthesis of Other Amino Alcohol ligands

Encouraged by the above stated success in synthesis of an efficient novel amino

alcohol ligand and to investigate the structural effect on the ligand and hence provide

o)
*7 PhCH,Br N
COOH ——~ 0—\
[ -

H2N Na2CO3 Ph P[?
MeCN

Valine LiAIH, / THF

[/ OH f/> OH //N OH [/% OH
Ph
Ph P)‘ Ph oy Ph P?] Ph
4-9 4-10 4-5a 4-11
jACZO
[/% OAc
Ph o
4-12
‘ OMe
w veo
HzN OH H2N OH HoN OH HoN OH
4-13 4-14 4-6a 4-15
Scheme 4-4
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better opportunities for the rational design of efficient ligands, some analogues of
ligand 4-6a were synthesized according to the synthetic routes shown in Scheme 4-4.
The structures of the corresponding ligands or their derivatives have been determined
by x-ray diffraction experiments and are listed in Figure 4-4 to Figure 4-7. Their
catalytic properties in asymmetric reactions such as enantioselective borane reduction
of acetophenone and diethylzinc addition to aldehydes will be investigated in future

work.

In the future work, there is also possibility to synthesize some new excellent P-N
ligands based on 4-6a or its analogues for palladium-catalyzed asymmetric allylic

substitutions.

4.5. Summary

In summary, the diastereomers of a new type of amino alcohols with two stereogenic
centers were synthesized from L-valine. The enantioselective borane reduction of
acetophenone catalyzed by the amino alcohols with (S,R)-configuration (4-6a and 4-6c)
provided high ee’s (up to 97%) in the production of chiral secondary alcohols. The
enantioselective diethylzinc addition to aldehydes catalyzed by the N,N-cycloalkylated
amino alcohol 4-8 also provided the corresponding chiral secondary alcohols with good

to excellent ee’s (up to 98%).
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Figure 4-5. ORTEP drawing of 4-11
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Figure 4-7. ORTEP drawing of 4-14
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Chapter 5
lon Exchanger Immobilized Chiral Catalysts and

their Application in Asymmetric Hydrogenation

5.1. Asymmetric Hydrogenation and Immobilization

5.1.1 Asymmetric Hydrogenation

Asymmetric hydrogenation by chiral transition metal catalysts has been the most
extensively studied reaction in the field of asymmetric catalysis because of its great
importance. The first enantioselective hydrogenation of unsaturated compounds
appeared in the late 1930’s using metallic catalysts deposited on chiral supports. This
method attracted attention from a synthetic point of view when its enantioselectivity
exceeded 60% ee in the mid-50’s. In 1968, Knowles and Horner independently
reported homogeneous asymmetric hydrogenation with Rh complexes bearing chiral
tertiary phosphines as the first example of homogeneous asymmetric hydrogenation
catalysts. Knowles et al. further developed the catalyst system for the commercial
production of L-Dopa.

Among various chiral catalysts in asymmetric hydrogenation, rhodium(l)
complexes with chiral phosphine ligands have been the most extensively used. A
breakthrough in this area came when Kagan devised DIOP, a C, -symmetry chiral
diphosphine obtained from natural tartaric acid. The DIOP-Rh(I) complex catalyzed

the hydrogenation of  a-(acylamino)acrylic acids and esters to produce the
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corresponding amino acid derivatives in up to 80% ee. Today, a series of naturally
and non-naturally occurring amino acids can be prepared in greater than 90% ee by

using chiral phosphine-Rh catalysts (Scheme 5-1 and Table 5-1).

COOH H Chiral Phosphine-Rh CiOOH
R N NHCOCH; ' ’ R NHCOCH;
Scheme 5-1
Table 5-1. Enantioselective hydrogenation of a-(acylamino)acrylic acids
Phosphine Ligands Ee% (R=Ph) Ee%(R=H)
(R,R)-DIOP 85 (R) 73(R)
R,R)-DIPAMP 96(S) 94(S)
(S,5)-CHIRAPHOS 99(R) 91(R)
(S,9)-CYCPHOS 88(R) S
(S,S)-NORPHOS 95(S) 90(R)
(S,5)-BDPP 92(R) -2
(S,9)-BPPM 91(R) 98.5(R)
(S)-(R)-BPPFA 93(S) ---2
(S)-BINAP 100(R)" 98(R)°
(S,9)-Et-DUPHOS 99(S) 99.4(S)
(R,R)-BICP 96.8(S) ---2
(R)-spirOP 97.9(R) 99.9(R)

? Data not available; ® Hydrogenation of N-benzoyl derivative.
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However, the catalytic activity and enantioselectivity of rhodium system are quite
substrate dependent and only gave good results in the preparation of amino acids.
Recently, chiral ruthenium-diphosphine complexes have been developed and have
opened new frontiers for the catalytic asymmetric hydrogenation reaction. The
ruthenium catalysts containing BINAP ligand have been found to give good to
excellent results in the hydrogenation of a variety of substrates which are useful
intermediate for the production of high value pharmaceuticals. The most famous
examples using BINAP-Ru(ll) as catalyst is the synthesis of naproxen which has

already been industrialized.

5.1.2 Homogeneous and Heterogeneous Catalysts

Homogeneous catalysts not only show high catalytic activity and selectivity but
also have a well-defined molecular structure. So, structural variation can be made in
order to optimize the catalytic activity and steroselectivity. However, one of the major
problems in homogeneous catalysis is the separation and recycling of the expensive
catalyst. The strengths and weaknesses of homogeneous and heterogeneous catalysis
are summarized in Table 5-2.

In homogeneous catalysis, especially in asymmetric catalytic reaction, the
catalysts are usually expensive, and so it is crucial to retrieve the chiral ligands as well
as the transition metals. Therefore, separation and reuse of homogeneous catalysts is a
desirable and urgent necessity. On the other hand, catalyst recycling is not a problem

in heterogeneous processes. The catalyst either remains on the solid bed of the reactor
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after reaction or can be recovered readily from a catalyst suspension by filtration of

centrifugation with subsequent recycling.

Table 5-2. Advantages and disadvantages of homogeneous and heterogeneous catalysis

Capability Homogeneous catalysis Heterogeneous catalysis
Activity high variable
Selectivity high variable
Reaction conditions mild harsh
Service of catalyst variable long
Sensitivity Low high

to catalyst poisons

Diffussion none may be important
Catalyst recycling expensive unnecessary
Variability of steric and possible not possible

electronic properties

Mechanistic understanding plausible more or less impossible

(except for model system)

5.1.3. Methodology for Asymmetric Catalyst Immobilization and
Recycling

As stated above, one of the serious problems in homogeneous catalysis is the
separation of the reaction products from the expensive catalyst and recycling of the

catalyst. Basically, several methods have been devised to overcome this difficulty.
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5.1.3.1. Immobilized Asymmetric catalysts

Catalysts are anchored on a stationary (insoluble) supports such as organic
polymers (for example, cross-linked polystyrene) or inorganic carrier (for example,
silica gel). In this case, the molecules of catalysts are covalently connected to the
surface of the support. With this kind of catalyst, catalysis reaction proceeds
heterogeneously, and after completion of reaction catalysts can be filtered off and
reused for next catalytic reaction run.
® Insoluble Polymer-supported Asymmetric Catalysts

Insoluble polymer-supported asymmetric catalysts have been attracting much
interest at the present time due to their easy separation and recycling ability. The use
of these catalysts has been extensively studied. Some typical examples of these
catalysts for asymmetric hydrogenation are listed in Figure 5-1.

The most important factors in asymmetric catalysis are activity and
stereoselectivity of catalysts. However, usually immobilization of the catalysts
involves the loss of some degree of enantioselectivity and catalytic activity. The
insoluble polymer-supported catalysts often give lower catalytic activities and/or
enantioselectivities compared to those of homogeneous catalysts. And in most case,
recycling is accompanied by metal leaching. In fact, the catalytic activity and
stereoselectivity of these heterogeneous catalysts remain far from satisfactory due to
the limited mobility and accessibility of the catalytic sites. So far, a catalyst of
industrial (economical) importance is still unknown. Catalytic activity, selectivity and

catalyst leaching remain the central problem.
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Figure 5-1. Ligands immobilized on organic supports used as asymmetric hydrogenation catalysts.

The weakness of the insoluble polymer-supported asymmetric catalysts as

compared to their homogeneous counterparts is due to the following reasons:

1. The limited accessibility of the active site
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The homogeneous catalysts are usually covalently bounded to the polymer chains;
and the extensive cross-linking and steric hindrance of the polymer matrix may
restrict the freedom and mobility of the catalytic site.

2. Catalyst leaching

Leaching normally results from the dissociation of the catalytic metal from one of
the anchored ligands, thus liberating the active molecular catalyst. Leaching can also
originate from structure changes with concomitant weakening of certain bonds
(especially the specific bonding type between catalyst and support) during the
catalytic cycle.

3. The mechanical properties problem (poor stability)

The structure of the polymer often changes during the catalytic cycle, for example,
polystyrene beads collapse and shrink in polar solvent, which prevent entry of the
substrate to the catalytic site.

4. Limited polymer capacity and difficult characterization

The surface area of the insoluble polymer resins often limits the quantities of the
supported catalysts. The chemical modification to bind a catalyst onto the polymer
also affects the polymer capacity. Usually common method such as NMR can not be
used to characterize the modification and the structure of the polymer-supported
catalysts.

Therefore, many studies focus on developing new polymer supports in which the
mobility and accessibility of the bound chiral catalyst can be enhanced. Typically,

there are two main methods to alleviate this problem.
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1. Catalyst bound to polymer via a *“ spacer”

As stated above, the steric hindrance of the polymer support may restrict the
freedom and mobility of the catalytic site. This is probably the main reason why there
is a decrease of catalytic activity and enantioselectivity of polymeric catalysts. For
example, quinine (monomer) catalyzed asymmetric Michael addition for 5 h affords
the product with 55% ee in 93% yiels, whereas the corresponding polymeric quinine
catalyzed the same reaction requires a much longer reaction time (48 h) and affords

the product with only 24% ee.

In order to alleviate the restriction of the catalytic site, the chiral catalyst is

anchored on polymer via a spacer which can separate the catalytic site from the

|.131

polymer matrix. Soai et al.”*" reported an enantioselective addition of diethylzinc to

CgH
Chiral Catalyst 18

C8H17CHO + Etzzn

75% e.e. 35% e.e.
Me Me
H H H H
O—(CHy)s—N OH O—(CHy)g—N OH
@0 .
73% e.e. 71% e.e.
Figure 5-2
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aldehydes using chiral polymer catalysts possessing an olygomethylene spacer
(Figure 5-2). N-Butylnorphedrine was supported on a polystyrene resin via a spacer
with six methylene groups and afforded a more enantioselective catalysts than those
without such olygomethylene spacer.

Usually, porous and rigid polymers are used as catalyst supports. For example,
cross-linked polystyrene (PS) is one of the most widely used polymer supports for the
attachment of phosphine ligands through chemical modifications. However, poor
results are usually obtained in asymmetric synthesis with polystyrene containing
chiral phoshine ligands. Recently, Nagel et al. *** reported the PEG-PS-supported
chiral phosphine Rh(l) catalyst (Scheme 5-2). The grafted polyethylene glycol (spacer)

exhibits good swelling properties in most organic solvents,**

and this may enhance
the mobility an accessibility of the active site. This catalyst was used for the
hydrogenation of dehydroamino acids with 96% ee. However, the recovered

polymeric catalyst did not show any activity, probably due to the poor stability of the

polymer support.

Ph,
P
OCHZCHZ(OCHQCHZ)nCHQCHZNHCO(CH2)3CON M
',,P/
Ph,
M=Rh(COD)BF; PdI,
COOH Catalyst COOH
+ H, *
R NHCOCH, R NHCOCH,
96% e.e.
Scheme 5-2
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Another example with good results is the catalyst (1) shown in Figure 5-1. With
this catalyst, optical yields up to 100% are obtained in heterogeneous hydrogenation
of a-(acetylamino)cinnamic acid and its methyl ester.

2. New polymer as catalyst support

Chiral catalyst supported on polymer is located in “new” environment. As
explained in the previous section, the polymer matrix may restrict the mobility and
accessibility of the active sites and consequently result in the decrease of catalytic
activity and selectivity. On the other hand, the support may provide unique
microenvironment for the catalytic reactions such that stereroselectivity and reactivity
may be enhanced in a favorable case. Therefore, the success of synergistic effect of
the support on the catalyst is often affected by the choice of polymer, with regard to
mechanical stability, swellability, compatibility with a range of hydrophilic and/of
hydrophobic solvents. For example, Salvadori et al.*** reported an insoluble
polymer-bound Cinchona alkaloid ligand for the symmetric dihydroxylation of olefins
with similar reactivity as that of the corresponding homogeneous catalyst (scheme
5-3). The polyhydroxymethacrylic backbone offers a favorable microenvironment to
the chiral catalytic sites. This suggests that once an appropriate support which is
compatible with the reaction medium is found, the reactivity of the soluble or

insoluble ligand is very similar.
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Scheme 5-3
Yang et al. ** recently reported another outstanding example that the Ti complex
of the following immobilized ligand (Scheme 5-4 and Table 5-3) is substantially
more enantioselective for the asymmetric addition of diethylzinc to aldehydes than its

“free” analogue complex. A profound solvent effect was observed in the study,
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Scheme 5-4
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and dichloromethane was found to be superior to other common organic solvent. The
enantioselectivity also varied significantly when different levers of ligands were used.
The optimum amount of ligand is 20 mol%. Interestingly, with this
polymer-supported catalyst, similar results were obtained for substrates with identical
substituents at the ortho, meta, or para position of the aromatic aldehydes. To learn
about the influence of the polymer on the enantioselectivity, the author also studied
the reaction of diethylzinc with benzaldehyde using a homogeneous BINOL
derivative having a CONHCH,C¢H5 groups at the 3,3’ positions of BINOL. Though
this catalyst could provide a faster reaction, the enantioselectivity (63% ee) is much
lower than that of the immobilized catalyst (97%ee). These results demonstrate that
under some circumstances the hindrance of polymeric support may have a favorable

effect on the enantioselectivity of the corresponding immobilized catalysts.

Table 5-3.
Entry Ar Time Yield (%) Ee (%) (L*) Ee (%) (BINOL)

1 Ph 24 93 97 91.9
2 2-MeOPh 25 92 91 68.6
3 3-CIPh 24 89 94 88.2
4 4-CIPh 30 88 92 88.1
5 2-MeOPh 24 92 89

6 3-MeOPh 28 78 92 94.0
7 4-MeOPh 48 90 83 79.0
8 3-NO,Ph 54 88 99 70.0
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® Silica Gel Supported Asymmetric Catalysts

An alternative way to immobilize catalysts is to connect them to silica gel. This
kind of immobilized catalysts is also studied extensively and intensively. Usually
silica gel has a very large surface (between 200 and 800 m%/g). So the catalytic ability
of catalysts should not be sacrificed too much when them are connected to the surface
of silica gel. And catalysts can be immobilized on silica gel by a standard procedure
which involves coupling of trichlorosilane or trialkyloxysilane on silica gel particles.

In Figure 5-3 typical silica gel supported catalysts and ligands are listed, among

which, few give good results. For example, Zhou et al. **

recently reported that
catalyst (1) (shown in Figure 5-3) is an effective catalyst for asymmetric epoxidation
of unfunctionalised alkenes and gave significantly higher ee than the free complex.

Another example with good results is the catalyst (2)*’

(shown in Figure 5-3).
The catalyst was used for the hydrogenation of a-(acetylamino)cinnamic acid and its
methyl ester in methanolic solution. The optical yields were comparable to the
homogeneous case although they varied considerably with silica of different pore size
with the ester as substrate; this was not observed with the acid. The longer and more
flexible the link between the silica and ligand, the higher the optical purity of the
products was obtained. Up t0100% ee was achieved with a-(acylamino)acrylic acid
esters, 97% with the acids. The resulting catalyst was much less active, even though it

was washed thoroughly with methanol. The maximum rate of the hydrogenation is

about four times slower if the coupling on silica was done in dichloromethane rather
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Figure 5-3.
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than in methanol. The catalyst was reused three times. In the third run the activity and

selectivity decreased considerably.

5.1.3.2. Soluble Polymer(or dendrimer)-bound Asymmetric Catalyst

Another approach to polymeric catalyst is the use of soluble polymer as catalyst
support. The molecules of catalyst are covalently connected to the backbone of
soluble polymers to form main-chain or side-chain soluble polymer-bound catalyst.
Such catalyst has the following advantages over the insoluble polymer-supported
catalysts.
e One-phase catalysis / two phase separation

The catalytic reaction can be carried out in a homogeneous manner and the

interaction between the polymer backbone and the active sites is negligible. Therefore,
the soluble polymer-bound catalysts provide high catalytic activity and
stereoselectivity as effectively as a free homogeneous catalyst. Separation of the
catalyst from reaction products can be achieved by taking advantage of the properties
of the polymer, e.g., by addition of a bad solvent of change temperature to precipitate
the polymeric catalyst. So, the catalyst can be separated from the reaction mixture
and can be reused for next catalytic reaction run. This technique can compromise the
advantages of homogeneouse and heterogeneous catalysts, i.e., high activity and high
stereoselectivity with easiness of separation of and recycle of the catalyst.

e Tailor-made choices
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Because the polymeric ligand or catalyst is soluble in a proper organic solvent,
the common method such as NMR can be used to characterize it. Thus, the
modification of such catalyst may be controlled (The homogeneous catalysis has its
greatest potential in step-by-step improvements; in contrast, the heterogeneous
catalysis is still in the status of empiricism). Furthermore, the easy modification of
such catalyst provides an opportunity to study the polymer effect in which the
presence of polymer may improve the reactivity and stereoselectivity of the supported
catalyst.
® Physical stability

The traditional insoluble polymer-supported catalyst, in most cases, may
deterioate after a few cycles. While the catalytic reaction catalyzed by the soluble
polymer-bound catalysts can operate in an unhindered manner as homogeneous
catalyst. Thus the deterioration caused by mechanic stirring or solvent can be
minimized.

Recently, dendritic asymmetric catalysts are attracting some research interest. And
the “ one phase catalysis / two phase separation” can also be applied to this kind of
special modified catalyst.

Even though, there is a principle disadvantage of the soluble polymer (or
dendrimer)-bound asymmetric catalyst, that is, their synthesis are usually difficult and

recycling process is also troublesome.
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Figure 5-4 listed several typical soluble polymer (or dendrimer)-bound
asymmetric catalysts which exhibit good results in asymmetric catalysis. The catalyst

(1) integrated a chiral ligand to the terminal of a soluble polymer (MeO-PEG) so that

MeO. (0] Oé(
\</\o§’n\/ M ; H
(o] (o] = ‘
NS
N
1)
Ph,P  PPh,

Ph,P  PPh,

®

Figure 5-4
asymmetric dihydroxylation can operate in an unhindered manner on a polymer a
support.*® The soluble polymer-bound ligand provides all advantages that an
insoluble support can offer, while also being as effective as a free ligand both in
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reactivity and selectivity. And reported by Fan et al., the Ru(ll) complex of

polymeric ligand (2) was found to be substantially more active than the corresponding
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monomeric or free catalyst (BINAP-Ru complex) and to give almost the same
enantioselectivity in 10 recycle runs as BINAP-Ru complex can give. This result
really has the potential not only for laboratory research but also for industrial

application.

5.1.3.3. Water-soluble Asymmetric Catalyst

Asymmetric catalyst can be made water-soluble by sulfonation or
ammoniumization. Water- soluble catalysts are poorly soluble in organic media. And
hence, asymmetric catalysis could be carried out in a two-phase system (aqueous and
organic phase) and decantation would allow an easy separation and recovery of the

catalyst.

In this field, sulfonated BINAP takes the most important part (scheme 5-9).
Reported by Wan and Davis, **° Rh(I) complex of this ligand is the first to perform
asymmetric hydrogenation in neat water with optical yields as high as those obtained
in nonaqueous solvent. And its Ru(ll) complex is shown to be an excellent
asymmetric  hydrogenation catalyst for 2-acylamino acid precursors and
methylenesuccinic acid in both methanolic and in neat water solvent systems;
enantiomeric excesses approaching 90% have been obtained on aqueous and
methanolic solvents.

Wan and Davis*** also developed a so-called “supported aqueous-phase catalyst”
for asymmetric hydrogenation of dehydronaproxen with sulfonated BINAP. The

water-soluble complex, [Ru(BINAP-4SO3Na)(benzene)CI]CI, was control-pore glass,
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while the reactants and products remain within a hydrophobic held in a thin film of
water on a porous hydrophilic support such as silica or organic phase. This new
technique does not require covalent modification of the catalyst and provides a large
interfacial area between the catalytic phase and the solvent. This heterogeneous
catalyst gave enantioselectivity of only about 70% ee. When PEG was used as the
hydrophilic liquid phase instead of water, the modified catalyst could give
enantioselectivity up to 96% ee.

7 [1]

Davis’ “supported aqueous-phase catalysis” system is excellent in designing.
However, a rather non-polar solvent should be employed to for hydrophobic phase,
and in non-polar solvent the hydrogenation of dehydronaproxen just gives
comparatively low enantioselectivity and reactivity (especially when sulfonated
BINAP is used as catalyst). If the best solvent (Methanol) is used, the aqueous phase
(water of PEG) will be destroyed and the reaction will practically proceed

homogeneously. So Davis’ system shouldn’t be a really practical method in

asymmetric hydrogenation of dehydronaproxen.

5.1.3.4. lon Exchanger Immobilized Asymmetric Catalyst

Chiral metal complex catalyst usually carries electronic charges, and hence can be
attracted by ion exchangers. This special method was firstly developed by Selke et
al..1*# %3 1% The application of silica-based cation exchangers (SiO.)-O-C¢HsSO3H
for immobilization of the cationic rhodium(l) chelate in methanol gives rise to

heterogenized solvolyzed species carrying two hydroxy groups and showing enhanced
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enantioselectivity in the hydrogenation of N-acetylamino-acrylic acid esters of up to
95% ee compared with 91% ee for the corresponding homogeneous

catalyst. The high activity of the heterogenized catalyst may be increased more than
five-fold by preloading the exchanger with alkali or ammonium ions, thus
approaching the level of homogeneous ones. The high leaching of rhodium may be
minimized by using cation exchanger preloaded with aniline. And most importantly,
the heterogenized catalyst was recycled for 20 runs with no loss of enantioselectivity.
When the commercially available sulfonated polystyrene resin was adopted as cation

exchanger instead of that based on silica gel, similar good results had been achieved.

4.1.3.5. Other Immobilization Methods

Vankelecom et al developed another new technique to immobilize chiral catalysts
in membranes (chiral catalytic membranes) that can be regenerated and reused. Chiral
[Rh(BINAP)(cymene)CI] was occluded in an elastic type polydimethylsiloxane
(PDMS) membrane. This process does not require covalent modification of the ligand.
The membrane-supported chiral catalyst was effective in the asymmetric
hydrogenation of methyl acetoacetate. Similarly, the absorption of
N,N’'-bis(3,5-di-tert-butylsalicylidene)chloro-1,2-cyclohexanediamine-manganese(Jac
obsen catalyst) on PDMS membrane was effective in asymmetric epoxidation of
olefins. However, the reactivity and enantioselectivity of the catalysts were lower than

those of the corresponding homogeneous catalysts.
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In addition, “heterogeneous modification” of homogeneous catalysts has used the

supramolecular concepts of sol-gel entrapment, templates, and host-guest interactions.

5.1.4. Aims of this Study
To combine the advantages of various immobilization methods and to overcome
their disadvantages, in this study, we aim at:
e Synthesis of cation and anion exchangers based on silica gel.
e Synthesis of water-soluble ligands including sulfonated BINAP and P-phos.
e Immobilization of water-soluble catalysts on ion exchangers and their application

in asymmetric hydrogenation.

5.2. Asymmetric Hydrogenation of Dehydronaproxen
Catalyzed by Ruthenium Complex of Sulfonated BINAP

Immobilized by Anion Exchanger

5.2.1. Experimental

5.2.1.1. Synthesis of Anion Exchanger Based on Silica Gel

Anion exchanger based on silica gel can be commercially purchased or
synthesized easily. Anion exchanger based on silica gel (5-1) was prepared by the
procedure shown in Scheme 5-5. Silica gel (Meck 60, 60-200um) and
y-aminopropyltriethoxysilane were purchased commercially. 10 g of silica gel
(pre-dried in vacuum oven at 200 °C for 24 h) was placed into a 250 mL round bottom

flask, 150 mL of dried and freshly distilled toluene was added, and then with stirring
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4.42 g (20 mmol) of y-aminopropyltriethoxysilane was added. The mixture was
refluxed for 24 h. After the reaction, the resulting silica gel was filtered out with
suction and washed with dried toluene for five times and then with acetone for 5 times.
This y-aminopropyl-modified silica gel was placed into a round bottom flask with100
mL of acetone, 14.2 g (100 mmol) of CHsl and 13.8 g (100 mmol) of K,COs, then,
the mixture was refluxed for 24 h without stirring. The mixture was cooled down,
filtered by suction, washed with acetone for 5 times and poured into 250 mL of
de-ionized water. Then the produced anion exchanger was filtered, washed with
de-ionized water and acetone and then dried in vacuo at 80 °C to afford 11.5 g of

anion exchanger s-1.

(Et0)5SiCH,CH,CH,NH,

SiO,
Toluene, reflux

N .
O9S|CH2CH2CH2NH2

CHa;l, K,CO4
Acetone, reflux

N ]
Oc/)-&CHZCHZCHZN *(Me)s |

5-1

Scheme 5-5. Synthesis of Anion Exchanger (5-1)

5.2.1.2. Synthesis of Sulfonated BINAP Ruthenium Complex
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BINAP was sulfonated according to Davis’ method™* (shown in Scheme 5-6).
The sulfonation was accomplished by dissolving (S)-BINAP (0.25 g) in concentrated
sulfuric acid (1 mL) with subsequent dropwise addition of 4 mL fuming sulfuric acid
(40% wt% sulfuric trioxide in concentrated sulfuric acid) during one hour at 0 °C and
the mixture was stirred for 3 days at 10 °C under nitrogen. The reaction was quenched
by pouring the solution into 25 mL of ice-cooled water and the product neutralized by
dropwise addition of aqueous sodium hydroxide (50 wt% NaOH) until a pH of 8 was
reached. The volume of the solution was reduced to 6 mL in vacuo and methanol (25
mL) was added to precipitate any sodium sulfate present. Sulfonated (S)-BINAP
(S)-5-2 (0.35 g, 84% yield) was then recovered as a white powder by vacuum drying
the filtered methanolic solution. The *'P NMR spectra showed a single major
resonance at 6 -11.1 with a second small peak around & -12.7. This indicated the
product was not a completely pure compound. Because of the difference in
n-stabilization energy, the phenyl rings in BINAP are relatively more reactive towards
electrophilic aromatic substitute by sulfur trioxide as compare to the naphthyl rings.
Thus, the major species obtained in sulfonation was assumed by Davis as the product

(S)-5-2 with only four phenyl rings in BINAP being sulfonated under this condition.

OO PPh, H2S04 (SOs) l l P(Ph-SO3Na),
l i PPh, ‘ g P(Ph-SO3Na),

(S)-5-2

Scheme 5-6. Synthesis of Sulfonated BINAP (5-2)
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Ruthenium complex of sulfonated BINAP was also synthesized by Davis’
procedure’*® **’(shown in Scheme 5-7). [Ru(benzene)Cl,], (5 mg, 0.001 mmol) was

treated with two equivalents of (S)-BINAP-4SO3Na (20.6 mg, 0.002 mmol) in

Ph-SO3Na)
OO Ru(benzene)Cl OO (I 32 bezene
P(Ph-SOsNa), [Ru( )Chl, P—

P(Ph-SO;N
OO ( sNa) benzene / methanol O (IIDh SOuN8) Cl
-o03Na),

(S)-5-2 (S)-5-3

Scheme 5-7. Synthesis of catalyst (S)-5-3

4.5 mL of 1:8 benzene/methanol mixture at 55-60 °C for 1 h. The resulting clear,

brown solution of {Ru[(S)-BINAP-4SO3;Na](benzene)CI}Cl was vacuum dried at
room temperature to give catalyst (S)-5-3. The solid was re-dissolved in 2.0 mL

methanol as catalyst solution for the next step use.

5.2.1.3. Asymmetric Hydrogenation of Dehydronaproxen with Anion Exchanger
Immobilized {Ru[(S)-BINAP-4SO3;Na](benzene)CI}CI

Since naproxen and many other chiral 2-arylpropionic acids are high-valued
pharmaceutical products, there is always great economic incentive for the
development of a practical process for the expensive catalyst immobilization and

recycling. As we know anion exchanger can immobilize sulfonated type catalyst very
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efficiently, so our main purpose was to test the activity and recylability of catalyst 5-3

when it was immobilized by anion exchanger 5-1.

Asymmetric  hydrogenations of 2-(6’-methoxy-2’-naphthyl)propenoic  acid
(dehydronaproxen) (Scheme 5-8) were conducted in a 50 mL glass tube inside a
stainless  autoclave. = A  typical  procedure is as the  follows:
2-(6’-methoxy-2'-naphthyl)propenoic acid (10 mg, 0.044 mmol), a solution of 5.0 x
10° M of (S)-5-3 in methanol (88 ul, 4.4x10™* mmol) and methanol (2 mL) were
added to a glass tube and then placed into an 50 mL autoclave under a nitrogen
atmosphere. Hydrogen was initially introduced into the autoclave at a pressure of 200
psi, the pressure was then reduced to 1 atm by carefully releasing the stop valve. This
procedure was repeated for three times and the vessel was finally pressurized to 1000
psi. The reaction mixture was stirred at room temperature for certain time before
releasing the H,. After that, the autoclave was brought to drybox again. Under
nitrogen atmosphere, anion exchanger 5-1 (100 mg) was added and stirred for half an
hour to allow the immobilization complete. Then, the mixture was filtered and the
immobilized catalyst 5-1/(S)-5-3 was used as catalyst for the next hydrogenation run.
The configuration of the product was in S form. The conversion was determined by
NMR analysis. The ee values were determined by HPLC analysis after converting the
product to its corresponding methyl ester. HPLC condition: Daicel Chiracel OD
column, 25 cm x 4.6 mm, 25 °C; eluent 1:99 2-propanol-hexane; flow rate, 1 mL/min;

detection, 254 nm light.
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OO COOH  Hj, 1000 psi _
CH30 Solvent, Catalyst CH30

DO

Scheme 5-8

5.2.2. Results and Discussion:

Table 5-4. The effects of water on the hydrogenation of dehydronaproxen.

Entry Solvent Ratio Catalyst Time Conv. % ee %
CH30H / H,0 (h)

1 1 0 (S)-5-3: homo 6 100 84.7
2 9 1 (S)-5-3: homo 20 100 84.7
3 3 1 (S)-5-3: homo 20 100 78.0
4 1 1 (S)-5-3: homo 20 Poor
5 1 0 5-1/(S)-5-3: hetero 24 56
6 9 1 5-1/(S)-5-3: hetero 24 96 85.1
7 3 1 5-1/(S)-5-3: hetero 24 100 78.9
8 1 1 5-1/(S)-5-3: hetero 24 100 74.9
9* 0 1 5-1/(S)-5-3: hetero 24 100 33

The experiment of entry 9 was carried out at 90 °C. The molar ratio of substrate / catalyst / ion

exchanger was 100:1:100. The conversion was determined by NMR and the ee values were

determined by HPLC. The configuration of the product was in S form.
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Table 5-4 exhibits the results of the experiments. The catalyst is a strongly polar
and water soluble compound. When treated with the anion exchanger, it was strongly
absorbed by the exchanger and tightly attached onto the surface of the ion exchanger.
So, 3P NMR spectra of the solution indicated the disappearance of phosphine after
immobilization. This means the immobilization process was very efficient. However,

the catalytic activity was seriously sacrificed. In order to recover the catalytic activity

of the immobilized catalyst, we had to add water to release the catalyst relatively. And
hence our experiments were firstly designed to test the effects of water on the
catalytic activity and enantioselectivity of the homogeneous and heterogeneous

catalysts.

As shown in Table 5-4, with the addition of water, the ee values decreased
steadily for both homogeneous and heterogeneous catalysts. But for heterogeneous
catalysts, the addition of water improved its catalytic activity (Entry 5, 6, 7). This was
because the tightly immobilized catalyst was freed somewhat by water. However,
large excess of water decreased the enantioselectivity for both homogeneous and

heterogeneous catalyst in the same way.

Another interesting result was that with large water-to-methanol ratio (for
example 1:1), heterogeneous catalyst was more active than the homogeneous catalyst
(Entry 4 and Entry 8). This result can be explained by the fact that the ion exchanger
can improve the solubility of the substrate in the solvent. In a solvent of 1:1 water and
methanol mixture, the substrate wasn’t able to dissolve and hence the conversion of

the reaction was very low. However, with the addition of ion exchanger, the substrate
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was attracted to the large surface of the silica gel-based ion exchanger along with the
catalyst, and the catalytic reaction took place on the surface of the ion exchanger. So,
under this condition a special reaction mechanism might occur, i.e., the giant surface
of the silica gel-based ion exchanger rather than the solution was the reaction platform,
and hence the environment on the surface of the ion exchanger might affect the

reaction.

Entry 9 shows that at higher temperature, the reaction was able to proceed
smoothly in pure water with the addition of ion exchanger. However, the

enantioselectivity decreased significantly.

Though the immobilized catalyst could be recycled for several times with 9:1
methanol and water mixture as solvent, the enantioselectivity was just fair. So
although this method is a good way for sulfonated catalyst immobilization and

recycling, it is not practical as the catalytic activity is sacrificed too seriously.

5.3. Ruthenium Complex of P-Phos Recycled by Cation

Exchanger for Asymmetric Hydrogenation of B-ketoesters

5.3.1. Experimental
5.3.1.1. Synthesis of Cation Exchanger Based on Silica Gel

Cation exchanger based on silica gel (5-4) was synthesized according to Capka’s
method.**® The preparation procedure is shown in Scheme 5-9. Silica gel (Meck 60,

60-200 pum) and 3-phenoxypropyltrichlorosilane were purchased commercially. 10g
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of silica gel (pre-dried in vacuum oven at 200 °C for 24 h) was placed into a 250 mL
round bottom flask, 150 mL of dried and freshly distilled toluene was added, and then
with stirring 5.4 g (20 mmol) of 3-phenoxypropyltrichlorosilane was added. The
mixture was refluxed for 24 h. After the reaction, the mixture was filtered with
suction and washed with dried toluene for five times and then with acetone for 5 times.
The resulting silica gel was then placed into a round bottom flask and 20 mL of
concentrated sulfuric acid (98%) was added. Then the mixture was kept at room
temperature for 7 days. And finally, the mixture was filtered with suction and washed
with deionized water for 10 times. The resulting cation exchanger (in acid form) was
neutralized with 0.1 N NaOH aqueous solution, washed 10 times with de-ionized
water and 5 times with methanol to afford the target cation exchanger (5-4). The
capacity of 5-4 was estimated by the following titration procedure: 500 mg of the
exchanger (in acid form) was suspended in 20 mL of de-ionized water, an excess of
0.1 N NaOH aqueous solution was added, after 10 minutes it was titrated with 0.1 N
HCI solution with bromocesol purple as indicator. The capacity of 5-4 was

determined to be 1.57 mmol/g.
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Cl3S|CH20H2CH20©

SiO,
Toluene, reflux

\
OO/SlCHZCHZCHZO@

H,SO0,

\
OO/SlCHZCHZCHZOOSOSH

NaOH

\
OO/SiCHZCHZCHzo@—so3Na

5-4

Scheme 5-9. Synthesis of cation exchanger 5-4

5.3.1.2. Synthesis of Ruthenium Complexes of (S)-P-Phos and (S)-BINAP
Ruthenium complexes of (S)-P-Phos and (S)-BINAP were also synthesized by
Noyori’s method**? (Scheme 5-10). [Ru(benzene)Cl,], (5 mg, 0.001 mmol) was
treated with two equivalents of (S)-P-Phos or (S)-BINAP in 45 mL of
benzene/methanol solvent mixture at 55-60 °C for 1 h. The resulting clear, brown

solution of {Ru[(S)-P-Phos](benzene)CI}CI or {Ru[(S)-BINAP](benzene)CI}Cl was
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vacuum dried at room temperature to give catalyst (S)-5-5 or (S)-5-6. The solid was

re-dissolved in 2.0 mL methanol as catalyst solution for the next step.

OCHs OCHs
N7 N~
| || eh)
[Ru(benzene)Cls] 1772
H3CO PPh, 212 H5CO p\r;u/benzene
— Cl
HsCO ~ PPhy benzene / methanol HsCO ~ i \CI
| || (Ph),
Na N
OCHj4 OCHjs
(S) (S)-5-5
99 rubenzene)c L .
PPh, [Ru(benzene)Cly]» p—__ + ~benzene

P/ RU\ cr

O O PPh, benzene / methanol O (IIDh) cl
2

(S) (S)-5-6

Scheme 5-10. Synthesis of catalyst (S)-5-5 and (S)-5-6

5.3.1.3. Asymmetric Hydrogenation of Sketoesters Catalyzed by Ruthenium

Complexes of (S)-P-Phos and (S)-BINAP and Catalyst Recycling.

Nitrogen containing ligands such as P-Phos can combine with protons and carry
positive electric charges, and hence can be attracted by cation exchanger to realize
immobilization and separation more efficiently. The ruthenium complexes of P-Phos
and BINAP were excellent catalysts for asymmetric hydrogenation of S-ketoesters
(Scheme 5-11). After the reaction, the catalysts could be separated easily by a column
packed with silica-gel based cation exchanger (5-4) and used again for the next

recycling run of the reaction with a slight loss of enantioselectivity and activity.
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OH O
Catalyst (S)-5-5 or (S)-5-6 =
2 - 2
RL/M\V/M\Q/R Rl/A\v/M\O/R

H,, 300psi,
MeOH or EtOH

R CH;  R? CH,
R CH,Cl R? C,Hs

Scheme 5-11. Asymmetric hydrogenation of s-ketoesters

The ratio of substrate to catalyst is 200:1. The substrate (0.5 mmol) was placed in
an autoclave with 2 mL of solvent, the catalyst solution was added. The autoclave was
charged with hydrogen (usually 300 psi), then the reaction was carried out at
appropriate temperature. After the reaction, the solvent (methanol or ethanol) was
evaporated in vacuo, and 2 mL of dichloromethane was added, then the solution was
passed through a column of 200mg of the ion exchanger (5-4) and washed by
additional 3 mL of dichloromethane. The catalyst was attracted by the ion exchanger,
whereas, the product was eluated out. In the end, 2 mL of methanol or ethanol was
added as eluant to release and wash out the catalyst, the substrate was added to the
subsequent solution, and then placed into an autoclave for the next recycling reaction
run. The conversion was determined by NMR. The ee values determined by chiral GC
analysis with a 25 m x 0.25 mm Chrompack Chirasil-DEX CB column after

converting to the corresponding acetyl derivatives.
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5.3.2. Results and discussion:

The results of asymmetric hydrogenation of -ketoesters and catalyst recycling are

outlined in Table 5-5, Figure 5-5 and Figure 5-6.

Table 5-5. The results of asymmetric hydrogenation of f-ketoesters catalyzed by ruthenium complexes

of (S)-P-Phos and (S)-BINAP and catalyst recycling.

Catalyst Substrate Solvent Tem. Time ee % (conv. %)
R?! R 2 °C (h) RO R1 R2 R3
)55 | CHs; | CH; | CHsOH | 60 5 | 993 | 9.2 | 956 | 42
(98)
956 | CHs | CHs | CH,OH | 60 5 | 983 | 879 | 866 | 61
(82)
6955 | CICH, | C,Hs | Co,HsOH | 70 10 | 965 | 960 | 948 | 943
(100)
)56 | CICH, | C,Hs | CoHsOH | 70 10 | 958 | 939 | 930 | 936
(87)

RO, R1, R2 and R3 were the initial and the subsequent recycling reaction runs.

—e— P-Phos
—s— BINAP

RO R1 R2 R3
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Figure 5-5. Catalyst recycling results for substrate methyl acetoacetate.

—e— P-Phos
—s— BINAP

—
[N}
w
(I

Figure 5-6. Catalyst recycling results for substrate ethyl chloroacetoacetate.

To develop a new asymmetric catalyst recycling method, our proprietary bipyridyl
Co-chiral diphosphine ligand P-Phos was employed and silica gel based ion exchanger
was synthesized. The ruthenium complex of (S)-P-Phos was applied to the
asymmetric hydrogenation of -ketoesters. The enantioselectivity was excellent. In
the hydrogenation of methyl acetoacetate, up to 99% ee was obtained in the initial
reaction run. After the reaction, the catalyst was separated by a column packed with
silica gel based cation exchanger. Then it was eluated by polar solvent (methanol or
ethanol) and used again in the subsequent recycling runs of the reaction. The results
show that the catalyst was able to be recycled for several times by this method, but the
enantioselectivity and activity decreased slightly (as indicated in Table 5-5). This
method shows industrialization potential especially to the synthesis of the precursor of

L-carnitine from the substrate ethyl chloroacetoacetate.
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The ruthenium complex of BINAP could also be recycled in this way, however,
the enantioselectivity and activity dropped more rapidly than that of P-Phos in the

recycling runs of the same reaction (as shown in Figure 5-5, Figure 5-6).

The results compared with other relevant catalyst recycling methods:

To the best of our knowledge, the successful examples of immobilization and
recycling of chiral complex catalysts by ion exchangers were reported only by Selke
et al.'*? % 1% They developed the chiral diphosphite ligands Ph-B-glup-OH (as
shown in Figure 5-7), whose rhodium complex [Rh(COD)Ph-B-glup-OH]BF, was a
very efficient asymmetric catalyst for hydrogenation of dehydroaminoacid derivatives.
When the complex catalyst was treated with silica gel-based cation exchanger
(Si0O2)-0-CeH4SO3H in methanol, it would be immobilized by the ion exchanger. In
the hydrogenation of N-acetylaminoacrylic acid esters, the heterogenized catalyst
exhibited high enantioselectivity (up to 95% ee) and almost the same activity as the
corresponding homogeneous catalyst. The catalyst was able to be recycled simply by
filtration and reusing for more than 20 times with almost no loss of enantioselectivity,

but the catalytic activity steadily decreased because of catalyst leaching problem.
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Figure 5-7

This is one of the best results so far in the research field of immobilization and
recycling of asymmetric catalyst. And the reason for such an excellent result is that
the molecules of the catalyst are attracted to the support electronically rather than
connected to the support by covalent bonds, and hence they have comparatively large
freedom and flexibility for reactivity and stereoselectivity. The disadvantage of this
system is that catalyst leaching and decreasing in catalytic ability is considerable.
Although this method for chiral complex catalyst immobilization and recycling
achieved great success in the asymmetric hydrogenation of dehydroaminoacid
derivatives, so far the authors haven’t reported its utility in the ruthenium-catalyzed
asymmetric hydrogenation of other common substrates such as dehydronaproxen and

B-ketoesters. Usually the catalytic activity of ruthenium complexes of chiral
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diphosphine ligands in asymmetric hydrogenation is comparatively lower than that of
the corresponding rhodium complexes. When ruthenium complexes are heterogenized
by ion exchangers, their catalytic activity may be sacrificed so much that this
immobilization and recycling method is not appropriate for ruthenium complexes.
According to our results, as long as the ruthenium complex of P-Phos was
immobilized by silica gel-based cation exchanger (5-4), low catalytic activity would
be obtained. So, we had to separate the ruthenium complex of P-Phos first by
employing the ion exchanger, and then used it again in homogeneous way in
subsequent recycling runs. This method should alleviate the leaching problem in
Selke’s case. However, as the catalyst deterioration can not be avoided completely
because of some harmful process such as oxidation, decomplexation and so on, the
catalytic activity and enantioselectivity of the complex decreased steadily as
demonstrated in Figure 5-5 and Figure 5-6.

Recently, Lemaire et al.**® *** ! reported the best results of immobilization and
recycling of chiral diphosphine ruthenium complex catalysts in asymmetric
hydrogenation of p-ketoesters. Based on their proprietary diam-BINAP monomer, a
series of BINAP polymeric derivatives (polyamide, polyureas, PEG-derivatives, etc.
as shown in Figure 5-8) had been synthesized and employed in the
ruthenium-catalyzed asymmetric hydrogenation of methyl acetoacetate. The catalysts
were efficient, usually gave 98%-99% ee values in this reaction. And by precipitation

and filtration, the catalysts were used for several times without loss of neither
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Figure 5-8
enantioselectivity nor activity. These results are better than ours. However, the
synthesis of polymeric BINAP derivatives is not easy and hence the corresponding
catalysts are much more expensive. So, our method, which just employs much
cheaper ion exchanger to realize catalyst immobilization and recycling, should be a

more cost-effective way especially for industrialization.

5.4. Summary

The heterogenizaton of enantioselective but rather expensive homogeneous
catalysts by the use of insoluble supports as a means to make economical industrial
application is a challenge. The advantage of heterogenized asymmetric catalysts is the
convenience of separation and recycling of catalysts, whereas the main disadvantage
is the lower catalytic activity and enantioselectivity normally observed. In our efforts

addressed to this challenge, we developed a method which employed silica gel-based

162



anion and cation exchangers to immobilize catalysts in asymmetric hydrogenation.

The main results demonstrated that:

In the asymmetric hydrogenation of dehydronaproxen catalyzed by ruthenium
complex of sulfonated BINAP (S)-5-3, the anion exchanger (5-1) was able to
immobilize the catalyst very efficiently. However, as the catalyst was
attracted too tightly onto the surface of the anion exchanger, the accessibility
or availability of the catalytic sites was limited a lot, and hence the catalytic
activity was sacrificed seriously. By adding some water, the catalytic activity
recovered somewhat, but the enantioselectivity decreased with the addition of
water.

In asymmetric hydrogenation of [-ketoesters catalyzed by ruthenium
complexes of P-Phos and BINAP, the cation exchanger (5-4) was able to
separate the catalysts (S)-5-5 and (S)-5-6 efficiently for recycling. Both
catalysts were able to be reused by this method for several times. With P-Phos,
just a slight loss of enantioselectivity and activity was observed in the
subsequent recycling runs. But with BINAP, the enantioselectivity and
activity dropped more rapidly. These results demonstrate that the special
feature of P-Phos (nitrogen-containing) favors the stability and recyclability

of its ruthenium complex as chiral catalyst in asymmetric hydrogenation.
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Appendix |
'H, **C and *'P NMR Spectra

'H NMR of 5-bromo-2,4-dimethoxypyrimidine (2-2)

3C NMR of 5-bromo-2,4-dimethoxypyrimidine (2-2)

"H NMR of
4-bromo-5-(dimethylphosphino)-2,6-dimethoxypyrimidine (2-3)
C NMR of
4-bromo-5-(dimethylphosphino)-2,6-dimethoxypyrimidine (2-3)
3P NMR of
4-bromo-5-(dimethylphosphino)-2,6-dimethoxypyrimidine (2-3)
"H NMR of
4-bromo-5-(dimethylphosphinoyl)-2,6-dimethoxypyrimidine (2-4)
C NMR of
4-bromo-5-(dimethylphosphinoyl)-2,6-dimethoxypyrimidine (2-4)
3P NMR of
4-bromo-5-(dimethylphosphinoyl)-2,6-dimethoxypyrimidine (2-4)
'H NMR of 5,5'-Bis(diphenylphosphinoyl)-1,1',3,3"-tetramethy|-

4,4'-bipyrimidine-2,2',6,6’-(1H,1'H,3H,3'H)-tetrone (2-5)

13C NMR of

5,5'-Bis(diphenylphosphinoyl)-1,1',3,3"-tetramethy|-
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Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.

4,4'-bipyrimidine-2,2',6,6'-(1H,1'H,3H,3'H)-tetrone (2-5)
3P NMR of
5,5'-Bis(diphenylphosphinoyl)-1,1',3,3"-tetramethy|-
4,4'-bipyrimidine-2,2',6,6'-(1H,1'H,3H,3'H)-tetrone (2-5)
"H NMR of
5,5'-Bis(diphenylphosphino)-1,1',3,3'-tetramethyl-
4,4'-bipyrimidine-2,2',6,6'-(1H,1'H,3H,3'H)-tetrone (2-7)
C NMR of
5,5'-Bis(diphenylphosphino)-1,1',3,3'-tetramethyl-
4,4'-bipyrimidine-2,2',6,6'-(1H,1'H,3H,3'H)-tetrone (2-7)
3P NMR of
5,5'-Bis(diphenylphosphino)-1,1',3,3'-tetramethyl-
4,4'-bipyrimidine-2,2',6,6’-(1H,1'H,3H,3'H)-tetrone (2-7)
'H NMR of 1,3-diphenyl-2-propenol (3-5)

'H NMR of 1,3-diphenyl-2-propenyl acetate (3-1)

'H NMR of dimethyl [(2E)-1,3-diphenylprop-2-enylJmalonate (3-3)
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Appendix Il
HPLC Chromatograms for Palladium-catalyzed Allylic
Alkylation in the Presence of (R)-PM-Phos

Figure 3-6. HPLC chromatogram of racemic 3-3 192
Figure 3-7. HPLC chromatogram of racemic 3-9 193
Figure 3-8. HPLC chromatogram of racemic 3-10 194
Figure 3-9. HPLC chromatogram of racemic 3-11 195
Figure 3-10. HPLC chromatogram for Entry 2 in Table 3-1 196
Figure 3-11. HPLC chromatogram for Entry 3 in Table 3-1 197
Figure 3-12. HPLC chromatogram for Entry 4 in Table 3-1 198
Figure 3-13. HPLC chromatogram for Entry 4 in Table 3-2 199
Figure 3-14. HPLC chromatogram for Entry 5 in Table 3-2 200
Figure 3-15. HPLC chromatogram for Entry 6 in Table 3-2 201
Figure 3-16. HPLC chromatogram for Entry 7 in Table 3-2 202
Figure 3-17. HPLC chromatogram for Entry 12 in Table 3-2 203
Figure 3-18. HPLC chromatogram for Entry 13 in Table 3-2 204
Figure 3-19. HPLC chromatogram for Entry 18 in Table 3-2 205
Figure 3-20. HPLC chromatogram for Entry 19 in Table 3-2 206
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No. R.Time Comp. Height  Height% Area Areai
(min. ) [uv) {uV.sec)
1 15.50 Unknown 6B1777 55.94 32417478 49.;;_
2 22.43 Unknown 537082 44.086 32703813 s50.22

T e R S e e s e e s e e B . o o o e e e e e e i e L

Total 1218860  100.00 65121291 100.00
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Figure 3-6. HPLC chromatogram of racemic 3-3
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Ho. R.Time Comp. Height  Height% Lrea Rread
(min.) {uv) {uv.sec)

[ ————————PREE S e e e

1 10.59 Unknown 1666112 56.28 50715582 50.61
2 14.52 Unknown 129429 43.72 4949860 49.39

N ————— R

[ ———————— e e PR bkt

10.59

——= 14 .52

A JK\J

Figure 3-7. HPLC chromatogram of racemic 3-9
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Ho. R.Time Comp. Height Height$ Area Areat
(min.) {uv) [uV.sec)

I 23.60 Unknown 255504  54.47 15080615 48.80

2 29.53 Unknown 213557 45,53 15824476 51.20

Total 4659061 100.00 30905091  100.00
L=
@
(3]
~a
r o
uw
o
(3]

—

Figure 3-8. HPLC chromatogram of racemic 3-10
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No. R.Time Comp. Height Height$% Area Area%
(min.) (uv) (uvV.sec)

1 32.30 Unknown 703312 57.74 96086407 50.00
2 50.10 Unknown 514826 42.26 96073508 50.00

—— 32.30

50.10

Figure 3-9. HPLC chromatogram of racemic 3-11

195



No. R.Time Comp. Height Height% Area Area%
(min.) (uv) (uV.sec)

1 10.63 Unknown 169549 14.00 5972143 11.82
2 14.58 Unknown 1041895 86.00 44558835 88.18

14.58

10.63

Figure 3-10. HPLC chromatogram for Entry 2 in Table 3-1
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1 23.43 Unknown 133315 17.09 8409980 14.13
2 29.37 Unknown 646575 82.91 51108153 85.87

29.37

23.43

Figure 3-11. HPLC chromatogram for Entry 3 in Table 3-1
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No. R.Time Comp. Height Height% Area Area$%

{min.) (uv) (uV.sec)
1 32.60 Unknown 958823 90.79 126344977 88.52
2 50.67 Unknown 97281 9.21 16379516 11.48
Total 1056105 100.00 142724493 100.00
o
O
~
o

>50.67

Figure 3-12. HPLC chromatogram for Entry 4 in Table 3-1

198



No. R.Time Comp. Height Height? Area Area%
(min.) (uv) (uV.sec)

1 15.83 Unknown 113398 11.12 5353341 8.71
2 22.81 Unknown 906248 88.88 56094281 91.29

22.81

15.83

N PO\

Figure 3-13. HPLC chromatogram for Entry 4 in Table 3-2
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1 15.54 Unknown 622326 24.74 25759647 19.24
2 22.18 Unknown 1892895 75.26 108138345 80.76

— 22,18

15.54

Mo

Figure 3-14. HPLC chromatogram for Entry 5 in Table 3-2
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No. R.Time Comp. Height Height% Area Area%
(min.) (uv) (uV.sec)

1 15.55 Unknown 228457 91.58 11422917 90.12

2 22.48 Unknown 21009 8.42 1252752  9.88
Total 249467 100.00 12675669 100.00
Tg]
n
.
—i
(o]
<
~
N

Figure 3-15. HPLC chromatogram for Entry 6 in Table 3-2
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No. R.Time Comp. Height Height$ Area Area%

(min.) (uv) (uvV.sec)
1 15.76 Unknown 57888 9.36 2671368 7.40
2 22.55 Unknown 560269 90.64 33424641 92.60
Total 618157 100.00 36096009 100.00
T3]
n
~
N

;::> 15.76

Figure 3-16. HPLC chromatogram for Entry 7 in Table 3-2
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(min.) (uVv) (uvV.sec)
1 15.39 Unknown 84475 8.83 3990332 6.95
2 22.06 Unknown 871896 91.17 53417916 93.05
Total 956371 100.00 57408248 100.00
O
o
~
N
(o2}
o
©
—
N ]\

Figure 3-17. HPLC chromatogram for Entry 12 in Table 3-2
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No. R.Time Comp. Height Height$ Area Areat

(min.) (uv) (uV.sec)
1 15.58 Unknown 82679 7.34 4287584 5.75
2 21.93 Unknown 1043988 92.66 70302183 94.25
Total 1126667 100.00 74589767 100.00
o
(o)}
—
N
[o0]
n
0
—

Figure 3-18. HPLC chromatogram for Entry 13 in Table 3-2
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(min.) (uV) (uV.sec)
1 15.59 Unknown 18212 5.31 755786 3.84
2 22.40 Unknown 324952 94.69 18931430 96.16
_Total 343164 100.00 19687216 100.00
o
<
N
N

N A

Figure 3-19. HPLC chromatogram for Entry 18 in Table 3-2
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(min.) (uv) (uv.sec)
1 15.68 Unknown 26816 3.47 1130286 2.39
2 22.53 Unknown 746724 96.53 46067089 97.61
Total 773540 100.00 47197374 100.00
o
Tg]
o
N
o
O
0
—
VAN

Figure 3-20. HPLC chromatogram for Entry 19 in Table 3-2
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Appendix 111
X-ray Diffraction Data for Compound

2-2,2-4, 2-5, (R)-2-7, 4-6a

1. X-ray Diffraction Data for Compound 2-2 208
2. X-ray Diffraction Data for Compound 2-4 213
3. X-ray Diffraction Data for Compound 2-5 222
4. X-ray Diffraction Data for Compound (R)-2-7 237
5. X-ray Diffraction Data for Compound 4-6a 246
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1. X-ray Diffraction Data for Compound 2-2:

OCHj

N "N

I
AN
cho)\H

Br

2-2

Table 1. Crystal data and structure refinement for 2-2.

Identification code 2-2

Empirical formula Ce H7 BrN2 Oy

Formula weight 219.05

Temperature 294(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Fdd2

Unit cell dimensions a=12.439(6) A o= 90°.
b =37.312(10) A B=90°.
c=6.997(3) A y =90°.

Volume 3248(2) As

Z 16

Density (calculated) 1.792 Mg/ms

Absorption coefficient 5.014 mm-

F(000) 1728

Crystal size 0.38 x 0.32 x 0.28 mms

Theta range for data collection 2.18t0 27.57°.

Index ranges -14<=h<=16, -48<=k<=40, -4<=I<=9

Reflections collected 5307

Independent reflections 1485 [R(int) = 0.0654]

Completeness to theta = 27.57° 99.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.3341 and 0.2517

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1485/1/100

Goodness-of-fit on F2 1.005

Final R indices [1>2sigma(l)] R1=0.0637, wR2 = 0.1409

R indices (all data) R1=0.1130, wR2 = 0.1568

Absolute structure parameter 0.00

Largest diff. peak and hole 0.995 and -0.506 e.A s
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (Az2x 10s)
for 2-2. U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z U(eq)
Br(1) 2662(1) 331(1) 4644(1) 75(1)
0(1) 1564(3) 1701(2) 8195(5) 75(1)
0(2) 1458(3) 488(1) 8231(4) 66(1)
N(1) 2375(3) 1413(1) 5690(6) 69(1)
N(2) 1522(3) 1099(1) 8211(5) 60(1)
C@) 1850(3) 1397(1) 7351(8) 58(1)
C(2) 2628(3) 1091(1) 4894(8) 69(1)
C(@3) 2327(3) 769(1) 5740(7) 72(2)
C(4) 1742(3) 795(1) 7501(6) 52(1)
C(5) 1835(3) 2036(1) 7392(9) 73(2)

C(6) 845(4) 517(1) 10001(8)  90(2)
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Table 3. Bond lengths [A] and angles [°] for 2-2.

Br(1)-C(3) 1.853(5)
0(1)-C(1) 1.329(5)
0(1)-C(5) 1.412(5)
0(2)-C(4) 1.306(4)
0(2)-C(6) 1.459(6)
N(1)-C(1) 1.334(6)
N(1)-C(2) 1.359(6)
N(2)-C(4) 1.267(4)
N(2)-C(1) 1.327(5)
C(2)-C(3) 1.391(6)
C(2)-H(2A) 0.9300
C(3)-C(4) 1.434(7)
C(5)-H(5A) 0.9600
C(5)-H(5B) 0.9600
C(5)-H(5C) 0.9600
C(6)-H(6A) 0.9600
C(6)-H(6D) 0.9600
C(6)-H(6B) 0.9600
C(1)-0(1)-C(5) 121.1(4)
C(4)-0(2)-C(6) 114.1(3)
C(1)-N(1)-C(2) 115.5(4)
C(4)-N(2)-C(1) 120.2(4)
N(2)-C(1)-O(1) 115.5(4)
N(2)-C(1)-N(1) 125.7(4)
O(1)-C(1)-N(1) 118.6(3)
N(1)-C(2)-C(3) 121.7(5)
N(L)-C(2)-H(2A) 119.2
C(3)-C(2)-H(2A) 119.2
C(2)-C(3)-C(4) 116.3(4)
C(2)-C(3)-Br(1) 121.7(4)
C(4)-C(3)-Br(1) 122.0(3)
N(2)-C(4)-0(2) 125.1(4)
N(2)-C(4)-C(3) 120.5(4)
0(2)-C(4)-C(3) 114.4(3)
0(1)-C(5)-H(5A) 109.5
0(1)-C(5)-H(5B) 109.5
H(5A)-C(5)-H(5B) 109.5
0(1)-C(5)-H(5C) 109.5
H(5A)-C(5)-H(5C) 109.5

H(5B)-C(5)-H(5C) 109.5
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O(2)-C(6)-H(6A)
O(2)-C(6)-H(6D)
H(6A)-C(6)-H(6D)
O(2)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
H(6D)-C(6)-H(6B)

109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters  (Azx 10s) for 2-2. The

anisotropic
displacement factor exponent takes the form: -2mz[ hz a*2Uu +... +2hka*b*
Uz ]

Un Uz Uss Uzs Uiz U2
Br(1) 68(1) 62(1) 94(1) -8(1) 15(1) 2(1)
0O(1) 89(2) 51(1) 84(2) -2(1) 14(2) 5(2)
0(2) 74(2) 56(1) 70(2) 1(2) 13(2) 1(2)
N(1) 61(2) 53(2) 92(3) 7(2) 4(2) 4(2)
N(2) 56(2) 50(2) 72(2) -3(2) 10(2) 4(2)
C@) 50(2) 50(2) 74(3) -13(2) 1(2) 2(2)
C(2) 58(2) 75(2) 75(3) 9(3) -10(3) -4(2)
C(@3) 44(2) 82(3) 89(3) 19(2) -19(2) -18(2)
C4) 48(2) 38(2) 71(3) 3(2) -6(2) -4(2)
C(5) 74(3) 45(2) 99(3) 3(3) 12(3) 5(2)
C(6) 122(3) 67(2) 81(3) 8(3) 56(3) 6(3)
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Table 5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters

(A2x 10 3)
for 2-2.

X y z U(eq)
H(2A) 3012 1087 3754 83
H(5A) 1568 2225 8196 109
H(5B) 1518 2056 6145 109
H(5C) 2602 2055 7287 109
H(6A) 668 281 10456 135
H(6D) 196 649 9767 135
H(6B) 1267 639 10945 135

Table 6. Torsion angles [°] for 2-2.

C(4)-N(2)-C(1)-O(1) 179.0(4)
C(4)-N(2)-C(1)-N(1) 3.2(7)
C(5)-0(1)-C(1)-N(2) -178.0(4)
C(5)-0(1)-C(1)-N(1) -1.9(6)
C(2)-N(1)-C(1)-N(2) -3.4(6)
C(2)-N(1)-C(1)-0(1) -179.1(4)
C(1)-N(1)-C(2)-C(3) 1.9(6)
N(1)-C(2)-C(3)-C(4) -0.4(6)
N(1)-C(2)-C(3)-Br(1) 179.5(3)
C(1)-N(2)-C(4)-0(2) -180.0(4)
C(1)-N(2)-C(4)-C(3) -1.3(6)
C(6)-0(2)-C(4)-N(2) -0.1(6)
C(6)-0(2)-C(4)-C(3) -178.8(4)
C(2)-C(3)-C(4)-N(2) 0.1(6)
Br(1)-C(3)-C(4)-N(2) -179.8(3)
C(2)-C(3)-C(4)-0(2) 178.9(4)
Br(1)-C(3)-C(4)-0(2) -1.0(5)

Symmetry transformations used to generate equivalent atoms:
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2. X-ray Diffraction Data for Compound 2-4

OCHs
N7 IN
HicO™ X Br

P(O)Ph,

2-4

Table 1. Crystal data and structure refinement for 2-4.

Identification code 2-4

Empirical formula C18 H16 Br N2 O3 P

Formula weight 419.21

Temperature 294(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.2552(11) A o= 79.609(3)°.
b=28.9731(11) A B= 75.669(3)°.
¢ =13.4012(16) A y = 67.786(2)°.

Volume 886.24(19) As

Z 2

Density (calculated) 1.571 Mg/ms

Absorption coefficient 2.429 mm-

F(000) 424

Crystal size 0.30 x 0.28 x 0.24 mms

Theta range for data collection 3.15t0 27.54°.

Index ranges -0<=h<=10, -5<=k<=11, -17<=I<=17

Reflections collected 6072

Independent reflections 4031 [R(int) = 0.0169]

Completeness to theta = 27.54° 98.3 %

Absorption correction Empirical

Max. and min. transmission 0.5933 and 0.5294

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 4031/0/226

Goodness-of-fit on F2 0.985

Final R indices [1>2sigma(l)] R1=0.0349, wR2 = 0.0776

R indices (all data) R1 =0.0546, wR2 = 0.0820

Largest diff. peak and hole 0.400 and -0.301 e.A s
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (Az2x 10s)
for 2-4. U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z U(eq)
Br(1) 6697(1) 3286(1) 2564(1) 69(1)
P(1) 6466(1) 7328(1) 1927(1) 37(1)
O(1) 6107(2) 6461(2) 1220(1) 51(1)
0(2) 7893(3) 3689(2) 5890(2) 73(1)
0(@3) 6921(2) 8410(2) 3772(1) 50(1)
N(1) 7261(3) 3754(2) 4360(2) 54(1)
N(2) 7392(2) 6096(2) 4871(1) 47(1)
C(1) 6730(3) 6193(2) 3194(2) 39(1)
C(2) 6901(3) 4579(3) 3461(2) 45(1)
C(3) 7488(3) 4575(3) 5011(2) 51(1)
C(4) 7009(3) 6879(3) 3971(2) 41(1)
C(5) 8163(4) 4448(4) 6660(2) 80(1)
C(6) 7397(4) 9093(3) 4499(2) 67(1)
C(7) 8562(3) 7653(2) 1439(2) 37(1)
C(8) 8958(3) 8956(3) 1587(2) 44(1)
C(9) 10638(4) 9031(3) 1199(2) 55(1)
C(10) 11945(3) 7801(3) 666(2) 58(1)
C(11) 11573(3) 6514(3) 487(2) 58(1)
C(12) 9891(3) 6436(3) 875(2) 48(1)
C(13) 4717(3) 9256(2) 2137(2) 39(1)
C(14) 3302(3) 9482(3) 2975(2) 46(1)
C(15) 1876(3) 10933(3) 3015(2) 57(1)
C(16) 1869(4) 12154(3) 2229(2) 62(1)
C(17) 3251(4) 11937(3) 1397(2) 67(1)

C(18) 4672(3) 10492(3)  1346(2) 54(1)
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Table 3. Bond lengths [A] and angles [°] for 2-4.

Br(1)-C(2) 1.889(2)
P(1)-O(1) 1.4738(16)
P(1)-C(13) 1.800(2)
P(1)-C(7) 1.805(2)
P(1)-C(1) 1.832(2)
0(2)-C(3) 1.337(3)
0(2)-C(5) 1.436(4)
0(3)-C(4) 1.329(3)
0(3)-C(6) 1.438(3)
N(1)-C(3) 1.325(3)
N(L)-C(2) 1.334(3)
N(2)-C(3) 1.318(3)
N(2)-C(4) 1.327(3)
C(1)-C(2) 1.389(3)
C(1)-C(4) 1.405(3)
C(5)-H(5A) 0.9600
C(5)-H(5B) 0.9600
C(5)-H(5C) 0.9600
C(6)-H(6A) 0.9600
C(6)-H(6B) 0.9600
C(6)-H(6C) 0.9600
C(7)-C(8) 1.385(3)
C(7)-C(12) 1.396(3)
C(8)-C(9) 1.378(3)
C(8)-H(8A) 0.9300
C(9)-C(10) 1.376(4)
C(9)-H(9A) 0.9300
C(10)-C(11) 1.376(4)
C(10)-H(10A) 0.9300
C(11)-C(12) 1.380(3)
C(11)-H(11A) 0.9300
C(12)-H(12A) 0.9300
C(13)-C(18) 1.385(3)
C(13)-C(14) 1.386(3)
C(14)-C(15) 1.385(3)
C(14)-H(14A) 0.9300
C(15)-C(16) 1.375(4)
C(15)-H(15A) 0.9300
C(16)-C(17) 1.365(4)
C(16)-H(16A) 0.9300
C(17)-C(18) 1.380(3)

C(L17)-H(17A) 0.9300
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C(18)-H(18A)

O(1)-P(1)-C(13)
O(1)-P(1)-C(7)
C(13)-P(1)-C(7)
O(1)-P(1)-C(2)
C(13)-P(1)-C(1)
C(7)-P(1)-C(1)
C(3)-0(2)-C(5)
C(4)-0(3)-C(6)
C(3)-N(1)-C(2)
C(3)-N(2)-C(4)
C(2)-C(1)-C(4)
C(2)-C(1)-P(1)
C(4)-C(1)-P(1)
N(1)-C(2)-C(1)
N(1)-C(2)-Br(1)
C(1)-C(2)-Br(1)
N(2)-C(3)-N(1)
N(2)-C(3)-0(2)
N(1)-C(3)-0(2)
O(3)-C(4)-N(2)
0(3)-C(4)-C(2)
N(2)-C(4)-C(1)
0(2)-C(5)-H(5A)
0(2)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
0(2)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
0(3)-C(6)-H(6A)
0(3)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
0(3)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)
C(8)-C(7)-C(12)
C(8)-C(7)-P(1)
C(12)-C(7)-P(1)
C(9)-C(8)-C(7)
C(9)-C(8)-H(8A)
C(7)-C(8)-H(8A)
C(10)-C(9)-C(8)
C(10)-C(9)-H(9A)

0.9300

111.44(9)
111.54(10)
108.69(10)
113.33(9)
107.93(10)
103.50(9)
118.5(2)
118.42(17)
115.3(2)
115.2(2)
112.77(19)
126.38(18)
120.40(15)
124.5(2)
112.26(17)
123.28(17)
127.6(2)
119.1(3)
113.3(2)
118.3(2)
117.01(18)
124.7(2)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
118.6(2)
126.32(17)
115.10(17)
120.5(2)
119.8
119.8
120.2(2)
119.9



C(8)-C(9)-H(9A)
C(11)-C(10)-C(9)
C(11)-C(10)-H(10A)
C(9)-C(10)-H(10A)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11A)
C(12)-C(11)-H(11A)
C(11)-C(12)-C(7)
C(11)-C(12)-H(12A)
C(7)-C(12)-H(12A)
C(18)-C(13)-C(14)
C(18)-C(13)-P(1)
C(14)-C(13)-P(1)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14A)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16A)
C(15)-C(16)-H(16A)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)
C(17)-C(18)-C(13)
C(17)-C(18)-H(18A)
C(13)-C(18)-H(18A)

119.9
120.4(2)
119.8
119.8
119.5(2)
120.3
120.3
120.8(2)
119.6
119.6
119.0(2)
117.38(17)
122.94(16)
119.9(2)
120.1
120.1
120.2(2)
119.9
119.9
120.4(2)
119.8
119.8
120.0(2)
120.0
120.0
120.6(2)
119.7
119.7

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters  (Azx 10s) for 2-4.  The
anisotropic
displacement factor exponent takes the form: -2m2[ hz a*2Uu +... +2hka*b*
Uz ]

Un Uz Uss Uzs Uiz U2

Br(1) 90(2) 34(1) 85(1) -7(2) -22(1) -21(1)
P(1) 44(1) 29(1) 40(2) -1(2) -13(1) -12(1)
0() 62(1) 43(1) 57(2) -8(2) -23(1) -21(1)
0(2) 83(1) 67(1) 64(1) 35(1) -29(1) -31(1)
0(@3) 74(1) 35(1) 44(1) 2(1) -24(1) -19(1)
N(1) 53(1) 39(1) 62(1) 15(1) -12(1) -15(1)
N(2) 49(1) 47(1) 41(1) 11(1) -13(1) -16(1)
C(2) 39(1) 29(1) 45(1) 1(2) -9(2) -10(1)
C(2) 35(1) 35(1) 58(2) 2(1) -6(1) -11(1)
C(3) 43(1) 51(2) 50(2) 17(1) -10(1) -15(1)
C(4) 38(1) 38(1) 42(1) 3(1) -9(2) -10(1)
C(5) 80(2) 102(2) 53(2) 18(2) -30(2) -27(2)
C(6) 94(2) 52(2) 64(2) -8(2) -32(2) -25(1)
C(7) 45(1) 33(2) 33(2) 1(2) -14(1) -12(1)
C(8) 53(1) 37(2) 45(1) -3(2) -13(1) -18(1)
C(9) 73(2) 55(2) 53(2) 11(1) -25(1) -39(1)
C(10) 49(2) 71(2) 52(2) 20(2) -16(1) -26(1)
C(11) 54(2) 55(2) 52(2) 1(2) -2(1) -12(1)
C(12) 54(1) 42(1) 47(1) -5(2) -9(2) -15(1)
C(13) 44(1) 31(2) 42(1) 2(1) -17(1) -11(1)
C(14) 51(1) 42(1) 43(1) -1(2) -13(1) -14(1)
C(15) 48(1) 59(2) 58(2) -16(1) -12(1) -8(2)

C(16) 61(2) 38(1) 80(2) -6(1) -28(2) -1(2)

C(17) 71(2) 40(2) 79(2) 17(1) -28(2) -9(2)

C(18) 53(1) 45(1) 54(2) 10(1) A1) -13(D)
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Table 5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters
(A2x 10 5) for 2-4.

X y z U(eq)
H(5A) 8448 3674 7245 120
H(5B) 7094 5334 6878 120
H(5C) 9129 4843 6374 120
H(6A) 7277 10197 4258 100
H(6B) 8610 8485 4565 100
H(6C) 6621 9053 5160 100
H(8A) 8083 9787 1952 53
H(9A) 10889 9914 1298 66
H(10A) 13087 7841 426 70
H(11A) 12447 5702 107 70
H(12A) 9640 5562 759 58
H(14A) 3310 8661 3510 55
H(15A) 922 11083 3574 68
H(16A) 918 13132 2265 74
H(17A) 3235 12763 865 80

H(18A) 5608 10347 776 65
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Table 6. Torsion angles [°] for 2-4.

O(1)-P(1)-C(1)-C(2)
C(13)-P(1)-C(1)-C(2)
C(7)-P(1)-C(1)-C(2)
O(1)-P(1)-C(1)-C(4)
C(13)-P(1)-C(1)-C(4)
C(7)-P(1)-C(1)-C(4)
C(3)-N(1)-C(2)-C(1)
C(3)-N(1)-C(2)-Br(1)
C(4)-C(1)-C(2)-N(D)
P(1)-C(1)-C(2)-N(1)
C(4)-C(1)-C(2)-Br(1)
P(1)-C(1)-C(2)-Br(1)
C(4)-N(2)-C(3)-N(2)
C(4)-N(2)-C(3)-0(2)
C(2)-N(1)-C(3)-N(2)
C(2)-N(1)-C(3)-0(2)
C(5)-0(2)-C(3)-N(2)
C(5)-0(2)-C(3)-N(2)
C(6)-O(3)-C(4)-N(2)
C(6)-0(3)-C(4)-C(1)
C(3)-N(2)-C(4)-0(3)
C(3)-N(2)-C(4)-C(1)
C(2)-C(1)-C(4)-0(3)
P(1)-C(1)-C(4)-0(3)
C(2)-C(1)-C(4)-N(2)
P(1)-C(1)-C(4)-N(2)
O(1)-P(1)-C(7)-C(8)
C(13)-P(1)-C(7)-C(8)
C(1)-P(1)-C(7)-C(8)
O(1)-P(1)-C(7)-C(12)
C(13)-P(1)-C(7)-C(12)
C(1)-P(1)-C(7)-C(12)
C(12)-C(7)-C(8)-C(9)
P(1)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(7)
C(8)-C(7)-C(12)-C(11)
P(1)-C(7)-C(12)-C(11)
O(1)-P(1)-C(13)-C(18)
C(7)-P(1)-C(13)-C(18)
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10.8(2)
134.72(19)
-110.18(19)
-177.47(16)
-53.55(19)
61.54(18)
-1.1(3)
177.54(16)
1.0(3)
173.27(17)
-177.50(15)
-5.2(3)
0.5(3)
179.06(19)
0.3(4)
-178.32(19)
1.6(3)
-179.7(2)
5.3(3)
-173.1(2)
-178.87(19)
-0.6(3)
178.19(18)
5.4(3)
-0.1(3)
-172.88(16)
148.05(18)
24.8(2)
-89.76(19)
-33.06(18)
-156.32(15)
89.13(17)
-1.1(3)
177.81(16)
-0.5(3)
2.1(4)
-2.1(4)
0.5(4)
1.0(3)
-177.94(17)
-75.36(19)
47.97(19)



C(1)-P(1)-C(13)-C(18)
O(1)-P(1)-C(13)-C(14)
C(7)-P(1)-C(13)-C(14)
C(1)-P(1)-C(13)-C(14)
C(18)-C(13)-C(14)-C(15)
P(1)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(13)
C(14)-C(13)-C(18)-C(17)
P(1)-C(13)-C(18)-C(17)

159.59(17)
95.40(19)
-141.28(18)
-29.7(2)
-0.4(3)
-170.97(17)
-0.5(4)
1.0(4)
-0.5(4)
-0.4(4)
0.8(3)
172.0(2)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for 2-4

[A and ° 1.

D-H...A d(D-H) d(H...A)

A
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3. X-ray Diffraction Data for Compound 2-5

Table 1.
Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

100.690(4)°.

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.59°
Absorption correction

Max. and min. transmission
Refinement method

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

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

Largest diff. peak and hole

|
OYN 0
NF>po)ph,
\N x_-P(O)Ph,

0] ITI @)

2-5

Crystal data and structure refinement for 2-5.

2-5

C36 H32 N4 06 P2

678.60

294(2) K

0.71073 A

Monoclinic

P2(1)/n

a=12.1480(19) A a=90°.
b =15.246(2) A B=

c=17.8143) A
3242.2(9) As

4

1.390 Mg/ms

0.188 mm.:

1416

0.28 x 0.24 x 0.20 mms
2.24 t0 27.59°.

v =90°.

-15<=h<=9, -19<=k<=19, -23<=|<=21

22067

7488 [R(int) = 0.1594]

99.6 %

Semi-empirical from equivalents
0.9633 and 0.9491

Full-matrix least-squares on F2
7488 /0 /437

0.681

R1 =0.0537, wR2 = 0.0657
R1=0.2392, wR2 = 0.0865
0.253 and -0.335 e.A s
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (Az2x 10s)
for 2-5.  U(eq) is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z U(eq)
P(1) -990(1) 5661(1) 3299(1) 44(1)
P(2) 1145(1) 4598(1) 1686(1) 45(1)
O(1) -2953(2) 6242(2) 2041(2) 51(1)
0(2) -2688(2) 4110(2) 303(2) 71(2)
0(3) 190(3) 2619(2) 4315(2) 71(1)
O(4) 2722(2) 3545(2) 2899(2) 62(1)
O(5) 89(2) 5241(2) 3654(1) 50(1)
O(6) 184(2) 5159(2) 1343(1) 54(1)
N(1) -2764(3) 5205(2) 1151(2) 42(1)
N(2) -1645(3) 3969(2) 1505(2) 45(1)
N(3) -423(3) 3389(2) 3239(2) 47(1)
N(4) 1475(3) 3082(2) 3612(2) 48(1)
C() -1579(3) 5135(2) 2397(2) 36(1)
C(2) -2465(3) 5589(3) 1887(2) 40(1)
C(3) -2378(4) 4413(3) 933(3) 47(1)
C4) -1184(3) 4376(3) 2180(2) 39(1)
C(5) -195(4) 3899(2) 2640(2) 39(1)
C(6) 423(5) 3005(3) 3770(3) 49(1)
C(7) 1750(4) 3531(3) 2993(2) 42(1)
C(8) 845(4) 3960(2) 2488(2) 33(1)
C(9) -3558(3) 5664(2) 575(2) 58(1)
C(10) -1347(3) 3072(2) 1316(2) 63(1)
C(11) -1572(4) 3285(3) 3391(2) 68(2)
C(12) 2389(3) 2642(2) 4138(2) 73(2)
C(13) -806(4) 6794(2) 3095(2) 45(1)
C(14) -811(3) 7425(3) 3656(2) 60(1)
C(15) -550(4) 8290(3) 3512(3) 76(2)
C(16) -261(4) 8521(3) 2838(3) 85(2)
Cc@a7) -238(4) 7902(3) 2287(3) 76(2)
C(18) -494(4) 7037(3) 2422(2) 58(1)
C(19) -2026(4) 5532(2) 3898(2) 45(1)
C(20) -3136(4) 5572(3) 3671(2) 84(2)
C(21) -3859(4) 5363(4) 4156(3) 116(2)
C(22) -3453(4) 5156(3) 4907(3) 93(2)
C(23) -2336(5) 5145(3) 5148(3) 70(2)
C(24) -1617(4) 5329(3) 4660(2) 63(1)
C(25) 1471(4) 3813(3) 1003(2) 48(1)

C(26) 2339(4) 3218(3) 1139(2) 59(1)
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C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)

2491(4)
1725(5)
879(5)

746(4)

2366(4)
2466(4)
3385(5)
4211(4)
4103(4)
3199(4)

2599(3)
2580(3)
3175(4)
3791(3)
5231(2)
5675(3)
6205(3)
6312(3)
5881(3)
5336(3)

582(3)

-94(3)

-234(3)
304(3)

2041(2)
2724(2)
2965(3)
2538(3)
1864(3)
1615(2)

73(2)
83(2)
82(2)
70(2)
44(1)
60(1)
72(2)
73(2)
69(2)
59(1)
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Table 3. Bond lengths [A] and angles [°] for  2-5.

P(1)-0(5) 1.491(2)
P(1)-C(13) 1.786(4)
P(1)-C(19) 1.805(4)
P(1)-C(1) 1.820(3)
P(2)-0(6) 1.485(2)
P(2)-C(31) 1.784(4)
P(2)-C(25) 1.802(4)
P(2)-C(8) 1.820(4)
0(1)-C(2) 1.216(4)
0(2)-C(3) 1.208(4)
0(3)-C(6) 1.214(4)
0(4)-C(7) 1.224(4)
N(1)-C(3) 1.376(4)
N(1)-C(2) 1.420(4)
N(1)-C(9) 1.451(4)
N(2)-C(4) 1.377(4)
N(2)-C(3) 1.397(4)
N(2)-C(10) 1.469(4)
N(3)-C(5) 1.389(4)
N(3)-C(6) 1.390(5)
N(3)-C(11) 1.479(4)
N(4)-C(6) 1.364(5)
N(4)-C(7) 1.389(4)
N(4)-C(12) 1.475(4)
C(1)-C(4) 1.337(4)
C(1)-C(2) 1.450(5)
C(4)-C(5) 1.510(5)
C(5)-C(8) 1.344(5)
C(7)-C(8) 1.442(5)
C(9)-H(9A) 0.9600

C(9)-H(9B) 0.9600

C(9)-H(9C) 0.9600

C(10)-H(10A) 0.9600

C(10)-H(10B) 0.9600

C(10)-H(10C) 0.9600

C(11)-H(11A) 0.9600

C(11)-H(11B) 0.9600

C(11)-H(11C) 0.9600

C(12)-H(12A) 0.9600

C(12)-H(12B) 0.9600

C(12)-H(12C) 0.9600
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C(13)-C(18)
C(13)-C(14)
C(14)-C(15)
C(14)-H(14A)
C(15)-C(16)
C(15)-H(15A)
C(16)-C(17)
C(16)-H(16A)
C(17)-C(18)
C(17)-H(17A)
C(18)-H(18A)
C(19)-C(20)
C(19)-C(24)
C(20)-C(21)
C(20)-H(20A)
C(21)-C(22)
C(21)-H(21A)
C(22)-C(23)
C(22)-H(22A)
C(23)-C(24)
C(23)-H(23A)
C(24)-H(24A)
C(25)-C(26)
C(25)-C(30)
C(26)-C(27)
C(26)-H(26A)
C(27)-C(28)
C(27)-H(27A)
C(28)-C(29)
C(28)-H(28A)
C(29)-C(30)
C(29)-H(29A)
C(30)-H(30A)
C(31)-C(32)
C(31)-C(36)
C(32)-C(33)
C(32)-H(32A)
C(33)-C(34)
C(33)-H(33A)
C(34)-C(35)
C(34)-H(34A)
C(35)-C(36)
C(35)-H(35A)
C(36)-H(36A)

1.375(5)
1.388(4)
1.393(5)
0.9300
1.358(5)
0.9300
1.365(5)
0.9300
1.387(5)
0.9300
0.9300
1.335(5)
1.391(4)
1.379(5)
0.9300
1.374(5)
0.9300
1.345(6)
0.9300
1.372(5)
0.9300
0.9300
1.378(5)
1.385(5)
1.406(5)
0.9300
1.378(5)
0.9300
1.359(6)
0.9300
1.373(5)
0.9300
0.9300
1.378(5)
1.383(5)
1.381(5)
0.9300
1.376(5)
0.9300
1.354(5)
0.9300
1.383(5)
0.9300
0.9300
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O(5)-P(1)-C(13)
O(5)-P(1)-C(19)

C(13)-P(1)-C(19)

O(5)-P(1)-C(1)

C(13)-P(1)-C(1)
C(19)-P(1)-C(1)
0(6)-P(2)-C(31)
0(6)-P(2)-C(25)

C(31)-P(2)-C(25)

0O(6)-P(2)-C(8)
C(31)-P(2)-C(8)
C(25)-P(2)-C(8)
C(3)-N(1)-C(2)
C(3)-N(1)-C(9)
C(2)-N(1)-C(9)
C(4)-N(2)-C(3)
C(4)-N(2)-C(10)
C(3)-N(2)-C(10)
C(5)-N(3)-C(6)
C(5)-N(3)-C(11)
C(6)-N(3)-C(11)
C(6)-N(4)-C(7)
C(6)-N(4)-C(12)
C(7)-N(4)-C(12)
C(4)-C(1)-C(2)
C(4)-C(1)-P(1)
C(2)-C(1)-P(1)
O(1)-C(2)-N(1)
O(1)-C(2)-C(1)
N(1)-C(2)-C(1)
O(2)-C(3)-N(1)
0(2)-C(3)-N(2)
N(1)-C(3)-N(2)
C(1)-C(4)-N(2)
C(1)-C(4)-C(5)
N(2)-C(4)-C(5)
C(8)-C(5)-N(3)
C(8)-C(5)-C(4)
N(3)-C(5)-C(4)
O(3)-C(6)-N(4)
O(3)-C(6)-N(3)
N(4)-C(6)-N(3)
O(4)-C(7)-N(4)

111.61(19)
110.93(18)
110.69(19)
110.80(17)
106.89(19)
105.69(19)
111.88(17)
111.05(19)
109.1(2)
111.96(19)
106.56(19)
106.05(17)
125.4(4)
116.1(3)
118.5(3)
121.3(4)
122.8(4)
115.8(3)
122.0(4)
122.0(4)
115.8(4)
125.3(4)
117.0(4)
117.7(4)
119.8(4)
122.3(3)
117.9(3)
119.6(4)
125.8(4)
114.5(4)
122.3(4)
122.6(4)
115.1(4)
122.2(4)
123.5(4)
114.3(4)
121.5(4)
122.7(4)
115.8(4)
125.0(5)
119.7(5)
115.2(4)
119.8(4)
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0(4)-C(7)-C(8)
N(4)-C(7)-C(8)
C(5)-C(8)-C(7)
C(5)-C(8)-P(2)
C(7)-C(8)-P(2)
N(L)-C(9)-H(9A)
N(L)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
N(L)-C(9)-H(9C)
H(9A)-C(9)-H(9C)
H(9B)-C(9)-H(9C)
N(2)-C(10)-H(10A)
N(2)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
N(2)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(L0B)-C(10)-H(10C)
N(3)-C(11)-H(11A)
N(3)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
N(3)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
N(4)-C(12)-H(12A)
N(4)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
N(4)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(18)-C(13)-C(14)
C(18)-C(13)-P(1)
C(14)-C(13)-P(1)
C(13)-C(14)-C(15)
C(13)-C(14)-H(14A)
C(15)-C(14)-H(14A)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15A)
C(14)-C(15)-H(15A)
C(15)-C(16)-C(17)
C(15)-C(16)-H(16A)
C(17)-C(16)-H(16A)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17A)
C(18)-C(17)-H(17A)

123.4(4)
116.8(4)
118.6(4)
121.9(3)
119.5(3)
1095
1095
1095
1095
1095
1095
109.5
109.5
109.5
109.5
109.5
109.5
1095
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
118.7(4)
120.2(3)
120.4(3)
119.5(4)
120.3
120.3
120.9(5)
119.6
119.6
120.0(5)
120.0
120.0
119.8(5)
120.1
120.1
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C(13)-C(18)-C(17)
C(13)-C(18)-H(18A)
C(17)-C(18)-H(18A)
C(20)-C(19)-C(24)
C(20)-C(19)-P(1)
C(24)-C(19)-P(1)
C(19)-C(20)-C(21)
C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21A)
C(20)-C(21)-H(21A)
C(23)-C(22)-C(21)
C(23)-C(22)-H(22A)
C(21)-C(22)-H(22A)
C(22)-C(23)-C(24)
C(22)-C(23)-H(23A)
C(24)-C(23)-H(23A)
C(23)-C(24)-C(19)
C(23)-C(24)-H(24A)
C(19)-C(24)-H(24A)
C(26)-C(25)-C(30)
C(26)-C(25)-P(2)
C(30)-C(25)-P(2)
C(25)-C(26)-C(27)
C(25)-C(26)-H(26A)
C(27)-C(26)-H(26A)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27A)
C(26)-C(27)-H(27A)
C(29)-C(28)-C(27)
C(29)-C(28)-H(28A)
C(27)-C(28)-H(28A)
C(28)-C(29)-C(30)
C(28)-C(29)-H(29A)
C(30)-C(29)-H(29A)
C(29)-C(30)-C(25)
C(29)-C(30)-H(30A)
C(25)-C(30)-H(30A)
C(32)-C(31)-C(36)
C(32)-C(31)-P(2)
C(36)-C(31)-P(2)
C(31)-C(32)-C(33)
C(31)-C(32)-H(32A)

121.0(4)
119.5
119.5
117.6(4)
126.3(4)
116.0(3)
121.7(4)
119.2
119.2
120.5(5)
119.7
119.7
118.2(5)
120.9
120.9
121.2(5)
119.4
119.4
120.7(4)
119.7
119.7
118.7(4)
125.0(4)
116.2(4)
120.9(4)
119.6
119.6
118.4(5)
120.8
120.8
120.8(5)
119.6
119.6
120.7(5)
119.7
119.7
120.5(5)
119.7
119.7
118.3(4)
120.7(4)
120.8(3)
119.7(5)
120.1
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C(33)-C(32)-H(32A)
C(34)-C(33)-C(32)
C(34)-C(33)-H(33A)
C(32)-C(33)-H(33A)
C(35)-C(34)-C(33)
C(35)-C(34)-H(34A)
C(33)-C(34)-H(34A)
C(34)-C(35)-C(36)
C(34)-C(35)-H(35A)
C(36)-C(35)-H(35A)
C(31)-C(36)-C(35)
C(31)-C(36)-H(36A)
C(35)-C(36)-H(36A)

120.1
121.9(5)
119.0
119.0
118.1(5)
120.9
120.9
121.1(5)
119.4
119.4
120.8(4)
119.6
119.6

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters  (Azx 10s) for 2-5. The
anisotropic
displacement factor exponent takes the form: -2m2[ hz a*2Uu +... +2hka*b*
Uz ]

Un Uz Uss Uzs Uiz U2

P(1) 42(1) 51(1) 39(1) -7(2) 4(1) 3(1)
P(2) 47(1) 51(1) 39(2) 5(1) 12(1) 3(1)
0() 53(2) 52(2) 45(2) 0(2) 2(2) 16(2)
0(2) 91(3) 74(2) 41(2) -24(2) -7(2) -4(2)
0(3) 85(3) 74(2) 58(2) 23(2) 21(2) -5(2)
0o4) 48(2) 77(2) 62(2) 19(2) 14(2) 18(2)
0O(5) 34(2) 67(2) 44(2) -7(2) -3(2) 17(2)
0O(6) 47(2) 63(2) 49(2) 19(2) 4(2) 18(2)
N(1) 38(2) 45(2) 41(2) 2(2) 0(2) -2(2)
N(2) 47(3) 32(2) 55(3) -1(2) 7(2) 0(2)
N(3) 56(3) 39(2) 48(3) 5(2) 18(2) 4(2)
N(4) 51(3) 45(2) 44(2) 11(2) 0(2) 9(2)
C(2) 38(3) 38(3) 31(2) -4(2) 1(2) 3(2)
C(2) 37(3) 42(3) 38(3) 5(2) 0(2) -3(2)
C(3) 44(3) 40(3) 56(3) 4(3) 12(3) 4(3)
C(4) 36(3) 45(3) 36(3) -5(2) 8(2) -2(2)
C(5) 50(3) 26(3) 41(3) -1(2) 13(3) 11(2)
C(6) 67(4) 30(3) 49(3) 3(2) 14(3) 2(3)
C(7) 42(3) 45(3) 42(3) 1(2) 13(3) 0(3)
C(8) 37(3) 37(3) 26(2) 3(2) 10(2) 11(2)
C(9) 68(4) 61(3) 42(3) 12(2) -3(3) 8(3)
C(10) 71(4) 39(3) 77(3) -14(2) 8(3) -2(3)
C(11) 62(4) 64(3) 86(4) 7(3) 30(3) -9(3)
C(12) 76(4) 71(3) 63(3) 25(3) -14(3) 10(3)
C(13) 47(3) 44(3) 44(3) -5(2) 11(3) -6(2)
C(14) 53(4) 59(3) 70(4) -13(3) 16(3) 4(3)
C(15) 62(4) 58(4) 109(5) -37(3) 20(4) -5(3)
C(16) 69(5) 60(4) 124(6) -16(4) 13(4) -18(3)
C(17) 75(4) 72(4) 79(4) 3(3) 11(3) -19(3)
C(18) 65(4) 49(3) 64(3) -9(3) 18(3) -18(3)
C(19) 38(3) 51(3) 47(3) -1(2) 8(3) 1(3)
C(20) 42(4) 154(5) 55(3) 35(3) 7(3) 8(4)
C(21) 41(4) 232(7) 76(4) 73(4) 12(3) 5(4)
C(22) 56(4) 152(5) 76(4) 27(4) 25(4) -13(4)
C(23) 66(4) 94(4) 49(3) 11(3) 12(3) -2(4)

C(24) 41(3) 98(4) 50(3) -3(3) 7(3) 4(3)
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C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)

50(3)
61(4)
74(4)
112(6)
99(5)
80(4)
50(3)
66(4)
89(5)
71(5)
64(4)
67(4)

52(3)
62(3)
54(3)
83(5)
91(5)
83(4)
47(3)
62(3)
60(4)
51(4)
54(4)
51(3)

45(3)
56(3)
100(5)
59(4)
52(4)
48(3)
37(3)
53(3)
60(4)
92(4)
96(4)
63(3)

-5(3)
-5(3)
-11(3)
-25(4)
-10(3)
-11(3)
5(2)
0(3)
-15(3)
-4(3)
12(3)
-2(3)

15(3)
19(3)
40(4)
26(4)
4(4)

11(3)
13(3)
17(3)
-4(4)
5(4)

31(4)
20(3)

-4(3)
13)
13)
-21(4)
11(4)
6(3)
1(3)
0(3)
-9(4)
-9(3)
-5(3)
-6(3)
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Table 5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters

(A2x 10 3)
for 2-5.

X y z U(eq)
H(9A) -3356 5582 83 87
H(9B) -3545 6279 694 87
H(9C) -4297 5437 566 87
H(10A) -1269 2711 1764 94
H(10B) -652 3082 1133 94
H(10C) -1926 2838 926 94
H(11A) -2104 3428 2938 103
H(11B) -1676 3671 3798 103
H(11C) -1683 2690 3535 103
H(12A) 2080 2206 4427 110
H(12B) 2796 3067 4479 110
H(12C) 2887 2367 3849 110
H(14A) -988 7270 4125 72
H(15A) -574 8717 3882 91
H(16A) -78 9100 2752 102
H(17A) -52 8061 1822 91
H(18A) -453 6615 2051 70
H(20A) -3428 5747 3174 101
H(21A) -4627 5361 3974 139
H(22A) -3937 5028 5240 112
H(23A) -2045 5009 5655 83
H(24A) -848 5319 4840 76
H(26A) 2831 3226 1606 71
H(27A) 3093 2212 667 88
H(28A) 1788 2155 -458 100
H(29A) 385 3166 -700 98
H(30A) 166 4195 199 84
H(32A) 1916 5618 3021 72
H(33A) 3449 6497 3429 86
H(34A) 4826 6670 2708 87
H(35A) 4645 5953 1563 83

H(36A) 3151 5037 1155 71
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Table 6. Torsion angles [°] for 2-5.

0(5)-P(1)-C(1)-C(4) 11.7(4)
C(13)-P(1)-C(1)-C(4) 133.5(3)
C(19)-P(1)-C(1)-C(4) -108.6(4)
0(5)-P(1)-C(1)-C(2) -164.9(3)
C(13)-P(1)-C(1)-C(2) -43.1(4)
C(19)-P(1)-C(1)-C(2) 74.9(3)
C(3)-N(1)-C(2)-0(1) -171.8(4)
C(9)-N(1)-C(2)-0(1) 7.0(5)
C(3)-N(1)-C(2)-C(1) 7.7(5)
C(9)-N(1)-C(2)-C(1) -173.5(3)
C(4)-C(1)-C(2)-0(1) 173.8(4)
P(1)-C(1)-C(2)-0(1) -9.6(6)
C(4)-C(1)-C(2)-N(1) -5.7(5)
P(1)-C(1)-C(2)-N(1) 171.0(2)
C(2)-N(1)-C(3)-0(2) 177.9(4)
C(9)-N(1)-C(3)-0(2) -0.9(6)
C(2)-N(1)-C(3)-N(2) 0.9(6)
C(9)-N(1)-C(3)-N(2) -177.9(3)
C(4)-N(2)-C(3)-0(2) 170.9(4)
C(10)-N(2)-C(3)-0(2) -5.1(6)
C(4)-N(2)-C(3)-N(1) -12.1(5)
C(10)-N(2)-C(3)-N(1) 171.9(3)
C(2)-C(1)-C(4)-N(2) -4.9(6)
P(1)-C(1)-C(4)-N(2) 178.6(3)
C(2)-C(1)-C(4)-C(5) 174.3(4)
P(1)-C(1)-C(4)-C(5) -2.2(6)
C(3)-N(2)-C(4)-C(1) 14.6(6)
C(10)-N(2)-C(4)-C(1) -169.7(4)
C(3)-N(2)-C(4)-C(5) -164.7(4)
C(10)-N(2)-C(4)-C(5) 11.1(5)
C(6)-N(3)-C(5)-C(8) 8.3(6)
C(11)-N(3)-C(5)-C(8) -177.3(4)
C(6)-N(3)-C(5)-C(4) -171.5(4)
C(11)-N(3)-C(5)-C(4) 2.9(5)
C(1)-C(4)-C(5)-C(8) -98.3(5)
N(2)-C(4)-C(5)-C(8) 80.9(5)
C(1)-C(4)-C(5)-N(3) 81.4(5)
N(2)-C(4)-C(5)-N(3) -99.3(4)
C(7)-N(4)-C(6)-0(3) -179.3(4)
C(12)-N(4)-C(6)-0(3) 1.6(6)
C(7)-N(4)-C(6)-N(3) 2.5(6)
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C(12)-N(4)-C(6)-N(3)
C(5)-N(3)-C(6)-0(3)
C(11)-N(3)-C(6)-0(3)
C(5)-N(3)-C(6)-N(4)
C(11)-N(3)-C(6)-N(4)
C(6)-N(4)-C(7)-O(4)
C(12)-N(4)-C(7)-O(4)
C(6)-N(4)-C(7)-C(8)
C(12)-N(4)-C(7)-C(8)
N(3)-C(5)-C(8)-C(7)
C(4)-C(5)-C(8)-C(7)
N(3)-C(5)-C(8)-P(2)
C(4)-C(5)-C(8)-P(2)
0(4)-C(7)-C(8)-C(5)
N(4)-C(7)-C(8)-C(5)
O(4)-C(7)-C(8)-P(2)
N(4)-C(7)-C(8)-P(2)
0O(6)-P(2)-C(8)-C(5)
C(31)-P(2)-C(8)-C(5)
C(25)-P(2)-C(8)-C(5)
O(6)-P(2)-C(8)-C(7)
C(31)-P(2)-C(8)-C(7)
C(25)-P(2)-C(8)-C(7)
0(5)-P(1)-C(13)-C(18)
C(19)-P(1)-C(13)-C(18)
C(1)-P(1)-C(13)-C(18)
0(5)-P(1)-C(13)-C(14)
C(19)-P(1)-C(13)-C(14)
C(1)-P(1)-C(13)-C(14)
C(18)-C(13)-C(14)-C(15)
P(1)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(14)-C(13)-C(18)-C(17)
P(1)-C(13)-C(18)-C(17)
C(16)-C(17)-C(18)-C(13)
0(5)-P(1)-C(19)-C(20)
C(13)-P(1)-C(19)-C(20)
C(1)-P(1)-C(19)-C(20)
0(5)-P(1)-C(19)-C(24)
C(13)-P(1)-C(19)-C(24)
C(1)-P(1)-C(19)-C(24)
C(24)-C(19)-C(20)-C(21)
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-176.7(3)
174.6(4)
-0.2(6)
-7.1(6)
178.2(3)
-178.7(4)
0.5(6)
1.1(6)
-179.7(3)
-4.3(6)
175.5(3)
178.0(3)
-2.3(5)
179.5(4)
-0.2(5)
-2.6(6)
177.6(3)
11.5(4)
134.1(3)
-109.8(3)
-166.3(3)
-43.7(3)
72.4(3)
85.5(4)
-150.4(4)
-35.8(4)
-84.9(4)
39.2(4)
153.9(4)
2.8(7)
173.3(3)
-1.8(8)
0.9(9)
-1.0(8)
-3.0(7)
-173.5(3)
2.1(8)
-157.6(4)
77.9(5)
-37.5(5)
19.1(4)
-105.3(3)
139.3(3)
-4.4(8)



P(1)-C(19)-C(20)-C(21)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(22)-C(23)-C(24)-C(19)
C(20)-C(19)-C(24)-C(23)
P(1)-C(19)-C(24)-C(23)
0(6)-P(2)-C(25)-C(26)
C(31)-P(2)-C(25)-C(26)
C(8)-P(2)-C(25)-C(26)
0(6)-P(2)-C(25)-C(30)
C(31)-P(2)-C(25)-C(30)
C(8)-P(2)-C(25)-C(30)
C(30)-C(25)-C(26)-C(27)
P(2)-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(26)-C(27)-C(28)-C(29)
C(27)-C(28)-C(29)-C(30)
C(28)-C(29)-C(30)-C(25)
C(26)-C(25)-C(30)-C(29)
P(2)-C(25)-C(30)-C(29)
0(6)-P(2)-C(31)-C(32)
C(25)-P(2)-C(31)-C(32)
C(8)-P(2)-C(31)-C(32)
0(6)-P(2)-C(31)-C(36)
C(25)-P(2)-C(31)-C(36)
C(8)-P(2)-C(31)-C(36)
C(36)-C(31)-C(32)-C(33)
P(2)-C(31)-C(32)-C(33)
C(31)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-C(36)
C(32)-C(31)-C(36)-C(35)
P(2)-C(31)-C(36)-C(35)
C(34)-C(35)-C(36)-C(31)

172.3(4)
4.1(9)
-1.6(9)
-0.3(9)
-0.2(8)
2.5(7)
-174.5(3)
177.9(4)
54.2(4)
-60.2(4)
-5.4(4)
-129.2(3)
116.4(3)
0.0(6)
176.6(3)
-2.4(7)
3.5(8)
-2.2(9)
-0.3(8)
1.3(7)
-175.5(4)
77.2(4)
-159.5(3)
-45.5(4)
-98.4(4)
24.9(4)
139.0(3)
-0.3(6)
-176.0(3)
0.6(7)
0.1(8)
-1.1(7)
-0.7(7)
175.0(3)
1.4(7)

Symmetry transformations used to generate equivalent atoms:
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4. X-ray Diffraction Data for Compound (R)-2-7:

- PPh,

\N SN PPh,

O)\N @)

I
(R)-2-7
Table 1. Crystal data and structure refinement for (R)-2-7.
Identification code (R)-2-7
Empirical formula C38 H34 CI6 N4 O4 P2
Formula weight 885.33
Temperature 294(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group C2
Unit cell dimensions a=22527(5) A a= 90°.
b =8.2136(19) A B=
108.475(5)°.
c=11.826(3) A y =90°.

Volume 2075.4(8) As
Z 2
Density (calculated) 1.417 Mg/ms
Absorption coefficient 0.535 mm-
F(000) 908
Crystal size 0.40 x 0.14 x 0.10 mms
Theta range for data collection 3.04 to 27.52°.
Index ranges -23<=h<=29, -10<=k<=10, -15<=I<=10
Reflections collected 7058
Independent reflections 4565 [R(int) = 0.0264]
Completeness to theta = 27.52° 99.1 %
Absorption correction Empirical
Max. and min. transmission 0.9484 and 0.8144
Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 4565/ 37/ 257
Goodness-of-fit on F2 1.036
Final R indices [1>2sigma(l)] R1=0.0661, wR2 = 0.1748
R indices (all data) R1 =0.0908, wR2 = 0.1902
Absolute structure parameter -0.08(13)

Largest diff. peak and hole 0.734 and -0.411 e.As
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Table 2. Atomic coordinates ( x 10s4) and equivalent isotropic displacement
parameters (Az2x 10s)

for (R)-2-7. U(eq) is defined as one third of the trace of the orthogonalized Uj
tensor.

X y z U(eq)
P(1) 4337(1) 1497(1) 8292(1) 40(1)
0(1) 3133(1) 2214(4) 9154(3) 50(1)
0(2) 4142(2) 5280(4) 12373(3) 61(1)
N(1) 3653(2) 3639(5) 10807(3) 42(1)
N(2) 4655(1) 4686(4) 11044(3) 36(1)
C@) 4206(2) 2796(5) 9462(3) 34(1)
C(2) 3622(2) 2845(5) 9749(3) 37(1)
C(3) 4150(2) 4565(5) 11475(4) 41(1)
C(4) 4695(2) 3725(5) 10121(3) 32(1)
C(5) 3104(2) 3569(8) 11216(5) 69(2)
C(6) 5133(2) 5921(6) 11629(4) 48(1)
C(7) 3887(2) -313(5) 8389(3) 40(1)
C(8) 3905(2) -957(5) 9483(4) 54(1)
C(9) 3589(2) -2365(5) 9556(5) 62(1)
C(10) 3281(2) -3218(6) 8543(5) 68(2)
C(11) 3259(3) -2632(6) 7452(5) 68(2)
C(12) 3564(2) -1187(5) 7376(4) 56(1)
C(13) 3872(2) 2483(5) 6893(4) 46(1)
C(14) 3233(2) 2724(7) 6547(4) 62(1)
C(15) 2928(3) 3495(8) 5485(4) 88(2)
C(16) 3247(3) 4086(7) 4747(5) 82(2)
C(17) 3878(3) 3800(9) 5072(5) 92(2)
C(18) 4194(3) 3008(7) 6136(4) 73(2)
C(19) 3943(2) -1317(9) 3286(4) 87(2)
Cl(2) 4430(2) -156(6) 2730(4) 83(1)
Cl(2) 3159(1) -1504(6) 2354(4) 91(1)
CI(3) 4002(4) -858(9) 4735(5) 162(3)
CI(1") 4316(4) 279(9) 2868(8) 130(3)
CI(2) 3184(4) -836(18) 2743(11) 242(6)

CI(3) 4152(4) -1793(11)  4757(7) 160(3)

238



Table 3. Bond lengths [A] and angles [°] for (R)-2-7.

P(1)-C(7) 1.822(4)
P(1)-C(13) 1.842(4)
P(1)-C(1) 1.844(4)
0(1)-C(2) 1.219(5)
0(2)-C(3) 1.219(5)
N(1)-C(3) 1.378(5)
N(L)-C(2) 1.393(5)
N(1)-C(5) 1.463(5)
N(2)-C(4) 1.373(5)
N(2)-C(3) 1.389(5)
N(2)-C(6) 1.482(5)
C(1)-C(4) 1.364(5)
C(1)-C(2) 1.458(5)
C(4)-C(4)#1 1.489(7)
C(5)-H(5A) 0.9600
C(5)-H(5B) 0.9600
C(5)-H(5C) 0.9600
C(6)-H(6A) 0.9600
C(6)-H(6B) 0.9600
C(6)-H(6C) 0.9600
C(7)-C(8) 1.387(5)
C(7)-C(12) 1.389(5)
C(8)-C(9) 1.375(5)
C(8)-H(8) 0.9300
C(9)-C(10) 1.372(6)
C(9)-H(9) 0.9300
C(10)-C(11) 1.362(6)
C(10)-H(10) 0.9300
C(11)-C(12) 1.389(5)
C(11)-H(11) 0.9300
C(12)-H(12) 0.9300
C(13)-C(14) 1.381(5)
C(13)-C(18) 1.386(5)
C(14)-C(15) 1.379(5)
C(14)-H(14) 0.9300
C(15)-C(16) 1.381(6)
C(15)-H(15) 0.9300
C(16)-C(17) 1.371(6)
C(16)-H(16) 0.9300
C(17)-C(18) 1.395(6)

C(L7)-H(17) 0.9300
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C(18)-H(18)
C(19)-CI(3)
C(19)-CI(1)
C(19)-CI(2)
C(19)-H(19A)
CI(3)-H(19A)

C(7)-P(1)-C(13)
C(7)-P(1)-C(1)
C(13)-P(1)-C(2)
C(3)-N(1)-C(2)
C(3)-N(1)-C(5)
C(2)-N(1)-C(5)
C(4)-N(2)-C(3)
C(4)-N(2)-C(6)
C(3)-N(2)-C(6)
C(4)-C(1)-C(2)
C(4)-C(1)-P(1)
C(2)-C(1)-P(1)
O(1)-C(2)-N(1)
O(1)-C(2)-C(1)
N(1)-C(2)-C(1)
O(2)-C(3)-N(1)
0(2)-C(3)-N(2)
N(1)-C(3)-N(2)
C(1)-C(4)-N(2)

C(1)-C(4)-C(4)#1
N(2)-C(4)-C(4)#1
N(1)-C(5)-H(5A)
N(1)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
N(1)-C(5)-H(5C)
H(5A)-C(5)-H(5C)
H(5B)-C(5)-H(5C)
N(2)-C(6)-H(6A)
N(2)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-C(6)-H(6C)
H(6A)-C(6)-H(6C)
H(6B)-C(6)-H(6C)

C(8)-C(7)-C(12)
C(8)-C(7)-P(1)
C(12)-C(7)-P(1)
C(9)-C(8)-C(7)

0.9300
1.719(5)
1.732(5)
1.768(5)
0.9601
1.7281

104.27(17)
101.57(17)
103.86(18)
124.9(3)
116.8(4)
118.2(4)
121.2(3)
122.9(3)
115.8(3)
118.5(3)
117.4(3)
124.1(3)
119.7(3)
124.8(4)
115.5(3)
122.1(4)
121.7(4)
116.2(3)
122.0(3)
121.2(3)
116.7(3)
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
1095
117.4(4)
121.2(3)
121.1(3)
121.1(4)
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C(9)-C(8)-H(8) 119.4

C(7)-C(8)-H(8) 119.4
C(10)-C(9)-C(8) 120.2(5)
C(10)-C(9)-H(9) 119.9
C(8)-C(9)-H(9) 119.9
C(11)-C(10)-C(9) 120.2(5)
C(11)-C(10)-H(10) 119.9
C(9)-C(10)-H(10) 119.9
C(10)-C(11)-C(12) 119.5(5)
C(10)-C(11)-H(11) 120.2
C(12)-C(11)-H(11) 120.2
C(7)-C(12)-C(11) 121.4(4)
C(7)-C(12)-H(12) 119.3
C(11)-C(12)-H(12) 119.3
C(14)-C(13)-C(18) 118.2(4)
C(14)-C(13)-P(1) 124.9(3)
C(18)-C(13)-P(1) 116.9(3)
C(15)-C(14)-C(13) 120.4(5)
C(15)-C(14)-H(14) 119.8
C(13)-C(14)-H(14) 119.8
C(14)-C(15)-C(16) 121.9(6)
C(14)-C(15)-H(15) 119.0
C(16)-C(15)-H(15) 119.0
C(17)-C(16)-C(15) 117.5(6)
C(17)-C(16)-H(16) 1212
C(15)-C(16)-H(16) 1212
C(16)-C(17)-C(18) 121.4(6)
C(16)-C(17)-H(17) 119.3
C(18)-C(17)-H(17) 119.3
C(13)-C(18)-C(17) 120.4(5)
C(13)-C(18)-H(18) 119.8
C(17)-C(18)-H(18) 119.8
CI(3)-C(19)-CI(1) 113.6(4)
CI(3)-C(19)-CI(2) 112.7(4)
CI(1)-C(19)-CI(2) 116.0(4)
CI(3)-C(19)-H(19A) 103.8
CI(1)-C(19)-H(19A) 104.6
CI(2)-C(19)-H(19A) 104.4

Symmetry transformations used to generate equivalent atoms:
#1 -x+1)y,-z+2
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Table 4. Anisotropic displacement parameters  (Azx 10s) for (R)-2-7. The
anisotropic
displacement factor exponent takes the form: -2m2[ hz a*2Uu +... +2hka*b*
Uz ]

Un Uz Uss Uzs Uiz U2

P(1) 37(2) 49(1) 35(1) -5(2) 12(1) -1(2)
0() 28(1) 66(2) 55(2) -6(2) 11(1) -8(2)
0(2) 72(2) 71(2) 54(2) -19(2) 38(2) -11(2)
N(1) 36(2) 48(2) 48(2) -3(2) 23(2) -4(2)
N(2) 32(2) 40(2) 40(2) -5(2) 16(1) -5(1)
C(2) 28(2) 41(2) 34(2) 0(2) 12(2) 3(2)
C(2) 35(2) 42(2) 37(2) 4(2) 15(2) 3(2)
C(3) 47(2) 44(2) 38(2) 1(2) 22(2) -1(2)
C(4) 24(2) 41(2) 30(2) 5(2) 8(1) 2(2)
C(5) 56(3) 88(4) 83(4) -18(3) 50(3) -17(3)
C(6) 45(2) 49(2) 53(2) -14(2) 18(2) -8(2)
C(7) 36(2) 42(2) 42(2) 0(2) 12(2) 4(2)
C(8) 65(3) 55(3) 43(2) 3(2) 18(2) 12(2)
C(9) 58(3) 55(3) 80(4) 17(3) 32(3) 12(2)
C(10) 50(2) 43(3) 110(4) 10(3) 23(3) 8(2)
C(11) 62(3) 49(3) 79(4) -1(3) 1(3) -10(2)
C(12) 61(3) 55(3) 43(2) 0(2) 2(2) -2(2)
C(13) 55(3) 47(2) 35(2) -3(2) 11(2) -7(2)
C(14) 63(3) 73(3) 45(3) 3(2) 13(2) 4(3)
C(15) 99(4) 92(4) 49(3) -3(3) -10(3) 27(4)
C(16) 126(6) 71(4) 43(3) 5(3) 17(3) 13(4)
C(17) 121(6) 102(5) 55(3) 20(4) 30(4) -16(5)
C(18) 92(4) 79(4) 51(3) 9(3) 28(3) -6(3)
C(19) 86(4) 96(5) 90(4) -23(4) 41(4) -17(4)
CIl(2) 82(2) 88(3) 95(3) 1(2) 52(2) -15(2)
Cl(2) 40(2) 120(3) 114(3) -24(2) 25(2) 2(2)

Cl(3) 279(8) 150 103(3)  -63(3) 124(4)  -72(5)
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Table 5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters
(A2x 10 3)
for (R)-2-7.

X y z U(eq)

H(5A) 2777 2965 10653 104
H(5B) 2961 4654 11285 104
H(5C) 3216 3042 11980 104
H(6A) 5293 5701 12468 73
H(6B) 4947 6984 11503 73
H(6C) 5469 5877 11294 73
H(8) 4134 -427 10180 65
H(9) 3585 -2741 10295 74
H(10) 3087 -4200 8600 82
H(11) 3041 -3196 6764 82
H(12) 3552 -796 6630 67
H(14) 3006 2365 7033 74
H(15) 2496 3621 5260 106
H(16) 3040 4656 4054 99
H(17) 4100 4142 4574 111
H(18) 4622 2831 6340 87
H(19A) 4109 -2401 3334 105
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Table 6. Torsion angles [°] for (R)-2-7.

C(7)-P(1)-C(1)-C(4)
C(13)-P(1)-C(1)-C(4)
C(7)-P(1)-C(1)-C(2)
C(13)-P(1)-C(1)-C(2)
C(3)-N(1)-C(2)-0(2)
C(5)-N(1)-C(2)-0(2)
C(3)-N(1)-C(2)-C(1)
C(5)-N(1)-C(2)-C(1)
C(4)-C(1)-C(2)-0(1)
P(1)-C(1)-C(2)-0(1)
C(4)-C(1)-C(2)-N(D)
P(1)-C(1)-C(2)-N(1)
C(2)-N(1)-C(3)-0(2)
C(5)-N(1)-C(3)-0(2)
C(2)-N(1)-C(3)-N(2)
C(5)-N(1)-C(3)-N(2)
C(4)-N(2)-C(3)-0(2)
C(6)-N(2)-C(3)-0(2)
C(4)-N(2)-C(3)-N(2)
C(6)-N(2)-C(3)-N(2)
C(2)-C(1)-C(4)-N(2)
P(1)-C(1)-C(4)-N(2)
C(2)-C(1)-C(4)-C(4)#1
P(1)-C(1)-C(4)-C(4)#1
C(3)-N(2)-C(4)-C(1)
C(6)-N(2)-C(4)-C(1)
C(3)-N(2)-C(4)-C(4)#1
C(6)-N(2)-C(4)-C(4)#1
C(13)-P(1)-C(7)-C(8)
C(1)-P(1)-C(7)-C(8)
C(13)-P(1)-C(7)-C(12)
C(1)-P(1)-C(7)-C(12)
C(12)-C(7)-C(8)-C(9)
P(1)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(8)-C(7)-C(12)-C(11)
P(1)-C(7)-C(12)-C(11)
C(10)-C(11)-C(12)-C(7)
C(7)-P(1)-C(13)-C(14)
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142.8(3)
-109.2(3)
-35.1(3)
73.0(3)
-171.5(4)
4.9(6)
10.5(6)
-173.0(4)
171.8(4)
-10.3(6)
-10.3(5)
167.5(3)
177.4(4)
0.9(7)
-0.5(6)
-176.9(4)
171.8(4)
-9.0(6)
-10.3(5)
168.8(4)
0.5(5)
-177.4(3)
179.7(3)
1.8(4)
10.4(5)
-168.7(4)
-168.9(3)
12.1(5)
-150.1(3)
-42.3(4)
36.2(4)
144.0(4)
-3.0(6)
-176.9(3)
4.1(7)
-3.4(7)
1.7(8)
1.3(7)
175.2(4)
-0.7(8)
46.0(5)



C(1)-P(1)-C(13)-C(14)
C(7)-P(1)-C(13)-C(18)
C(1)-P(1)-C(13)-C(18)
C(18)-C(13)-C(14)-C(15)
P(1)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(15)-C(16)-C(17)-C(18)
C(14)-C(13)-C(18)-C(17)
P(1)-C(13)-C(18)-C(17)
C(16)-C(17)-C(18)-C(13)

-60.1(4)
-133.7(4)
120.3(4)
-1.1(8)
179.2(4)
-1.6(9)
3.6(10)
-2.8(10)
1.8(8)
-178.5(5)
0.2(10)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1)y,-z+2
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5. X-ray Diffraction Data for Compound 4-6a

OCH3

H,N OH

4-6a

Table 1. Crystal data and structure refinement for 4-6a.

Identification code 4-6a

Empirical formula C16 H21 N O2

Formula weight 259.34

Temperature 294(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=5.9607(19) A o= 90°.
b =9.066(3) A B=90°.
Cc =26.848(9) A y =90°.

Volume 1450.9(8) As

Z 4

Density (calculated) 1.187 Mg/ms

Absorption coefficient 0.078 mm-1

F(000) 560

Crystal size 0.22 x 0.20 x 0.14 mms

Theta range for data collection 2.71 10 27.60°.

Index ranges -7<=h<=7, -11<=k<=5, -34<=|<=34

Reflections collected 9771

Independent reflections 3340 [R(int) = 0.1888]

Completeness to theta = 27.60° 99.2 %

Absorption correction EMPIRICAL

Max. and min. transmission 0.9892 and 0.9831

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 3340/0/176

Goodness-of-fit on F2 0.740

Final R indices [1>2sigma(l)] R1=0.0612, wR2 = 0.1405

R indices (all data) R1 = 0.2456, wR2 = 0.1920

Absolute structure parameter -4(5)

Extinction coefficient 0.089(4)

Largest diff. peak and hole 0.231 and -0.265 e.A s

246



Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement
parameters (Az2x 10s)
for 4-6a. U(eq) is defined as one third of the trace of the orthogonalized Uj tensor.

X y z U(eq)
O(1) 5389(4) 5728(2) 5498(1) 84(1)
0(2) 7619(3) 403(2) 2867(1) 81(1)
N(1) 6701(4) 4254(2) 2420(1) 68(1)
C(1) 5885(5) 5129(3) 5040(1) 71(2)
C(2) 7995(5) 5625(3) 4843(1) 74(1)
C(@3) 8758(5) 5115(3) 4394(1) 70(1)
C(4) 7461(5) 4103(3) 4117(1) 57(1)
C(5) 8163(5) 3538(3) 3651(1) 63(1)
C(6) 6912(5) 2576(3) 3368(1) 57(1)
C(7) 4814(5) 2133(3) 3568(1) 65(1)
C(8) 4071(5) 2631(3) 4018(1) 63(1)
C(©9) 5328(5) 3632(3) 4309(1) 63(1)
C(10) 4583(5) 4137(3) 4781(1) 66(1)
C(11) 3336(5) 5222(4) 5724(1) 98(1)
C(12) 7757(4) 1984(3) 2880(1) 54(1)
C(13) 6496(4) 2634(3) 2429(1) 50(1)
C(14) 7241(4) 1959(3) 1934(1) 55(1)
C(15) 9764(5) 2206(4) 1831(1) 84(1)

C(16) 5859(5) 2534(4) 1488(1) 78(1)
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Table 3. Bond lengths [A] and angles [°] for 4-6a.

0(1)-C(1) 1.376(3)
0(1)-C(11) 1.441(4)
0(2)-C(12) 1.436(3)
N(1)-C(13) 1.475(3)
C(1)-C(10) 1.376(4)
C(1)-C(2) 1.437(4)
C(2)-C(3) 1.370(4)
C(3)-C(4) 1.411(4)
C(4)-C(5) 1.414(4)
C(4)-C(9) 1.437(4)
C(5)-C(6) 1.376(4)
C(6)-C(7) 1.419(4)
C(6)-C(12) 1.503(3)
C(7)-C(8) 1.365(4)
C(8)-C(9) 1.412(4)
C(9)-C(10) 1.419(4)
C(12)-C(13) 1.543(3)
C(13)-C(14) 1.528(3)
C(14)-C(16) 1.545(4)
C(14)-C(15) 1.546(4)
C(1)-O(1)-C(11) 115.6(2)
0(1)-C(1)-C(10) 126.1(3)
0(1)-C(1)-C(2) 113.2(2)
C(10)-C(1)-C(2) 120.8(3)
C(3)-C(2)-C(1) 120.7(3)
C(2)-C(3)-C(4) 120.1(3)
C(3)-C(4)-C(5) 122.6(3)
C(3)-C(4)-C(9) 119.2(2)
C(5)-C(4)-C(9) 118.2(2)
C(6)-C(5)-C(4) 123.8(3)
C(5)-C(6)-C(7) 116.7(2)
C(5)-C(6)-C(12) 121.7(2)
C(7)-C(6)-C(12) 121.6(2)
C(8)-C(7)-C(6) 121.8(3)
C(7)-C(8)-C(9) 122.0(3)
C(8)-C(9)-C(10) 122.4(3)
C(8)-C(9)-C(4) 117.5(2)
C(10)-C(9)-C(4) 120.1(3)
C(1)-C(10)-C(9) 119.1(3)
0(2)-C(12)-C(6) 111.0(2)

0(2)-C(12)-C(13) 109.5(2)
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C(6)-C(12)-C(13)
N(1)-C(13)-C(14)

N(1)-C(13)-C(12)

C(14)-C(13)-C(12)
C(13)-C(14)-C(16)
C(13)-C(14)-C(15)
C(16)-C(14)-C(15)

112.7(2)
111.2(2)
110.6(2)
112.8(2)
112.6(2)
112.4(2)
109.3(2)

Symmetry transformations used to generate equivalent atoms:

Table 4. Anisotropic displacement parameters  (A2x 10s) for 4-6a. The

anisotropic
displacement factor exponent takes the form: -2mz[ hz a*2Uu +... +2hka*b*
Uz ]

Un Uz Uss Uzs Uiz U2
0O(1) 80(1) 100(2) 72(1) -18(1) 5(1) -12(1)
0(2) 97(2) 63(1) 82(1) 6(1) 0(1) 19(1)
N(1) 90(2) 52(1) 64(1) 5(1) 7(1) 12(1)
C(1) 78(2) 73(2) 62(2) -6(2) 1(2) -5(2)
C(2) 67(2) 86(2) 68(2) -11(2) -12(2) -25(2)
C(@3) 60(2) 80(2) 71(2) 1(2) -6(2) -24(2)
C4) 59(2) 57(2) 56(2) -2(1) -4(2) -8(2)
C(5) 51(2) 60(2) 78(2) 17(2) -2(2) -13(2)
C(6) 57(2) 52(2) 61(2) 14(2) -8(1) 0(2)
C() 54(2) 59(2) 81(2) -2(2) 3(2) -10(2)
C(8) 51(2) 64(2) 73(2) 0(2) 0(2) -11(2)
C(9) 58(2) 64(2) 67(2) -1(2) 1(2) -6(2)
C(10) 68(2) 65(2) 65(2) 6(2) 1(2) -2(2)
C(11) 76(2) 118(3) 100(2) -22(2) 20(2) -6(2)
C(12) 57(2) 41(2) 62(2) -3(2) -3(2) 3(1)
C(13) 54(2) 41(2) 54(1) 1(2) 4(1) 3(2)
C(14) 46(2) 52(2) 67(2) -9(1) 5(2) -4(1)
C(15) 55(2) 105(3) 93(2) -18(2) 13(2) -10(2)
C(16) 68(2) 110(3) 56(2) -2(2) -3(2) 7(2)
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Table 5. Hydrogen coordinates ( x 104) and isotropic  displacement parameters

(A2x 10 3)
for 4-6a.

X y z U(eq)
H(2B) 8291 58 3107 121
H(1A) 7190 4692 2158 82
H(1B) 6331 4762 2678 82
H(2A) 8732 6565 5085 50
H(3A) 10132 5437 4271 84
H(5) 9318 3812 3547 27
H(7A) 3878 1196 3403 50
H(8A) 2695 2302 4138 75
H(10) 2245 3491 4919 193
H(11A) 3625 4280 5699 127(12)
H(11B) 3191 5541 6063 153
H(11C) 2040 5512 5535 153
H(12A) 9433 2209 2803 51
H(13A) 4549 2573 2483 50
H(14A) 6994 892 1956 66
H(15A) 9908 3142 1752 113(11)
H(15B) 10630 1972 2121 135
H(15C) 10240 1584 1561 135
H(16A) 6260 1840 1172 141(12)
H(16B) 4286 2484 1562 169

H(16C) 6250 3541 1420 169
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