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The conversion of olefins into aldehydes by hydroformylation with rhodium catalysts is one of the
largest homogeneously catalyzed industrial reactions, producing millions of tons of linear aldehydes per
year. However, the production of chiral, branched aldehydes via asymmetric hydroformylation (AHF)
remains underutilized in synthesis. To improve the application of thodium BisDiazaphos catalyzed
AHF, high selectivity for previously uninvestigated disubstituted olefins including enol esters and
enamides is demonstrated, which yield more complex a-functionalized aldehyde building blocks.
Additionally, process-scale asymmetric hydroformylation to yield chiral, enantioenriched aldehyde
feedstocks has not yet been demonstrated. In collaboration with Eli Lilly, asymmetric hydroformylation
in a research scale flow reactor is realized through the development of a flow synthesis of naproxen. To
support scale-up of asymmetric hydroformylation technologies the synthesis of bisdiazaphospholane
ligands is re-examined to optimize the cost of the material and synthesis on a larger scale is
demonstrated. Access to enantiopure ligand via classical resolution in place of preparative SFC
chromatography has also been developed, and will improve accessibility to selective AHF catalysts.
Finally, the direct observation of catalytic intermediates and rate information in asymmetric

hydroformylation by circulating high-pressure NMR will be described.
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Chapter 1

Introduction for a lay audience



1.1. Chemistry and catalysis.

Chemistry, as a subject, is a vast field of knowledge. The diversity of research in chemistry
spans from understanding how your cells sense hormones, to finding regular, nonrepeating patterns in
nature, to computational modeling of how molecules stretch and bend and collide in the dance we
chemists call a reaction. These examples are just a few to highlight the breadth of chemistry research in
the world today, and they happen to be the subject of the three most recent Nobel prizes in chemistry.'

If we look back one year further, to the Nobel prize from 2010, it was awarded to the people
who figured out how to bond, or stick together, the carbon atoms of two molecules in a controlled way
by first introducing them to a palladium atom.” This kind of reaction, called cross-coupling, is at the
heart of the kind of chemistry that this thesis is related to. That palladium atom, in a lot of ways, makes
all the difference. Organometallic chemistry is the merger of organic and inorganic chemistry, and
much of modern catalysis comes from our understanding of how that palladium atom helps bond two
carbons together.

When a catalyst (the palladium, in our example so far) lowers the activation energy of a
chemical process (the two carbon atoms bonding together), the result is that the process goes more
quickly. This phenomenon is known as catalysis. An easy way to think of this is as a big hill on your
way to work. Let’s say your walk to work each morning takes you half an hour, mostly because you
have to go over the top of that big hill. One day, you set out only to find that a new walkway has been
installed, which means you no longer have to climb all the way up the hill. Your walk to work now
takes only 15 minutes, or what chemists would call a “twofold rate enhancement.” Now, this seems like
a pretty good improvement on your daily commute, until you realize that some catalysts can provide a
million-fold rate enhancement, which for the purposes of our analogy would get you to work in just

g 3
under two milliseconds.



The energy it takes to get over the hill is the activation energy, and the role of a catalyst is to
reduce the magnitude of this barrier. The reaction (your walk to work) is graphed as energy versus
reaction progress (Scheme 1.1).

Scheme 1.1: Activation energy and catalysis.

Activation
energy

Home

4
A 4

1.2: Hydroformylation.

The particular type of catalysis that this work concerns is a reaction called hydroformylation.
Hydroformylation takes gasses produced during steam refining, hydrogen and carbon monoxide, and
adds them to another commonly oil-derived compound, an alkene. In this particular case, the catalyst is
rhodium, not palladium, but a new bond between carbon atoms is still formed, this time in between
carbon monoxide and the alkene (Scheme 1.2). This new product is called an aldehyde.

Aldehydes can be made in other ways too—not just by hydroformylation. You are most likely
familiar with a number of aldehydes, as they tend to fragrant compounds. The smell of cinnamon and
vanilla are both due to aldehydes. An aldehyde is a type of functional group, or a fragment in a

molecule. The aldehyde functional group is a carbon that is double bonded to an oxygen and also

bonded to a hydrogen.
Scheme 1.2: Hydroformylation
Carbon
monoxide C:=0

. o : ;
Alkene R 5N Rhodium catalyst .~ /\/l . R /K( H . R /\H/
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You may have noticed that there are three products shown in scheme 1.2: indeed, there are three
potential ways that the carbon monoxide and hydrogen can add to the alkene. First of all, let’s cover
some definitions.

The molecules drawn above use a sort of shorthand where sticks are used to draw the bonds
between atoms, and the carbon atoms are implied wherever there is an intersection of straight lines or a
bend in the line. Carbon monoxide, in blue, is made up of a carbon and an oxygen and gets
incorporated into the product to form the aldehyde functional group. The carbon of carbon monoxide is
still connected to the oxygen illustrated in blue, it just isn’t drawn explicitly in the shorthand structure.

The “R” on the alkene stands for any kind of variable group. Depending on its identity, the
reaction might be faster or slower, or lead to one product in greater quantities than another. The work in
Chapter 2 is concerned with versions of alkenes where there are two “R” groups on either end of the
alkene—something that has been less well studied to date. This makes it more difficult to form just one
of the (now four!) possible products in large quantities while suppressing the formation of others.

There are three possible products drawn in Scheme 1.2, two that appear nearly identical and one
that has the atoms connected in a different order. The one with the atoms in a different order is the
linear product. It is called this because the aldehyde ends up on the end of the molecule, as far away
from the R group as possible. There are lots of catalysts that select for making the linear product and
very little of the branched product, these are “linear-selective” hydroformylation catalysts, and they are
used commercially to prepare billions of pounds of linear aldehydes per year.* These aldehydes end up
in industrial solvents, plasticizers, and detergents.

The other two products drawn in Scheme 1.2 are identical in composition and in how the atoms
are connected, and only vary in the direction that the top carbon sticks out. Remember, our two-
dimensional shorthand for molecules is just that, and sometimes we need a way to also represent three-

dimensional orientation (Figure 1.1).



Figure 1.1: Enantiomers

One way to do this is with wedges (the bold bond in the branched aldehyde on the left) representing
bonds that stick out in front of the drawing plane, and hashes (seen in the branched aldehyde on the
right) representing bonds that stick out behind the drawing plane. Just like your hands, if you take one
and try to exactly superimpose it on the other, you will never find an orientation that succeeds. The two
branched aldehydes (and your hands) are mirror images of one another. In molecules, this means that
they have all identical properties except for the direction in which the rotate plane-polarized light.
These are called enantiomers. Of course, if that was the only way in which they differed, we would
maybe not be so concerned with the difference. However, nearly everything biological relies on the
difference between enantiomers for recognition and binding. The “handedness” of a molecule is often
crucially important to its biological function. For example, limonene and carvone (Figure 1.2) are
enantiomers of each other, and our noses can tell the difference, with the (R) enantiomer smelling like
mint and the (S) enantiomer like caraway.

Figure 1.2: Carvone enantiomers

% &(
(R)-Carvone (S)-Carvone
spearmint caraway

Returning to hydroformylation, the formation of one of the branched isomers selectively is
referred to as asymmetric hydroformylation. This reaction is done on a much smaller scale than the

commodity scale linear hydroformylation, and tends to use more expensive catalysts as well. However,



catalysts for asymmetric hydroformylation are able to make a single enantiomer of aldehyde as the
major product, with only the stereochemical information they contain to induce this selectivity.
Understanding the way in which this information is transferred, and the reaction conditions that favor
formation of one type of reaction over another is the subject of Chapter 4 of this thesis. Much has been
done before to determine this kind of information, but we will be using a new tool to be able to see what
is happening during the entire reaction, instead of just at the end. This means that we get to watch
things like changes in how fast the linear aldehyde is formed versus how fast the branched aldehyde is
formed simultaneously. We are also able to see exactly what the catalyst looks like while it’s doing
catalysis, something that will tell us more about how it behaves. We hope to be able to get a full
snapshot of the interplay between lots of effects (like what temperature and pressure the reactions are
run at) and the form the catalyst is in during each of those reaction types.

Now, the catalyst is certainly important to hydroformylation (nothing happens without it), but
what makes it have this special behavior? If many of the catalysts for linear hydroformylation contain
rhodium metal, how do they differ from the asymmetric hydroformylation catalysts that are also
rhodium based? The difference between catalysts is largely determined by the /igand that the metal is
bound to. Remember, many catalysts are organometallic compounds. The “metallic” part of the
catalyst is the thodium, and the “organo” part of the catalyst is the ligand, which is usually an organic
molecule that coordinates to the metal in a particular way. The ligand has certain groups on it, often
phosphorus atoms, that have electrons that can be “donated” to the metal center to help stabilize it and
change the kind of chemistry it performs.

For the work in this thesis there is one particular ligand that is our favorite, the
bisdiazaphospholane 1 (Figure 1.3). This is because it has properties that make it fast, even at lower
temperatures (remember that “hill” of activation energy? heating a reaction is the other way to get over
that), and because it is relatively straightforward to make. However, we recently discovered that it isn’t

quite as easy to make as we had thought, and we are losing a lot of our expensive ligand along the way.
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Chapter 3 is the story of how we discovered this, and how many of the problems have been solved by

looking closely at each step in the synthesis and coming up with small changes that add up to a big
improvement in the purity and yield of catalyst we can make.

Figure 1.3: A bisdiazaphospholane ligand
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1.3: Asymmetric hydroformylation in a flow reactor.

One of the main drivers in chemical industry is to reduce cost and reduce waste. Performing
reactions in a flow reactor is one way to do this because control of temperature is more easily managed,
and because it provides the opportunities to recycle back to the front end components that may have
otherwise been thrown out. In pharmaceutical synthesis, flow reactors are also seen as a way to perform
reactions that may not have made it very far in scale up because of safety concerns, expensive
equipment, or difficulty with scale. Flow reactors are just a tube in their most simple form, so they
generally cost less than many types of specialized equipment. For reactions like hydroformylation, or
other reactions that use hazardous gasses like hydrogenations, important safety problems are solved by
flow reactors. Running a reaction in flow means that less gas can be used and the total volume in the
reactor is far less than that required to perform the same reaction on the same scale in batch.

When running in a flow reactor, there are a few key terms to understanding what is happening.
First, in a batch reactor the material all goes in and out of the reaction at the same time, like cooking a
casserole. The analogous value in a flow reactor is the residence time, tau, which is the average time
that the material takes to flow from one end of the reactor to another. However, as it moves down the

pipe, the material begins to mix so some of it takes a little longer to come out the other end and some
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takes a little less time. The amount of material converted to product in six hours in a batch reactor will

not be the same as the amount coming out of the reactor at a six hour tau unless mixing up and down the
reactor is minimized (axial dispersion) or accounted for, and the reaction is at steady state (the material
coming out of the back end of the reactor is always the same mixture of things). These are features of a
well-controlled flow reaction, and what we are aiming to accomplish.

Chapter 5 is related to research done with Eli Lilly on employing asymmetric hydroformylation
in a flow reactor. Recall that hydroformylation is atom economical, with all the atoms entering into the
reaction (carbon monoxide, hydrogen, and alkene) incorporated into the product. Pair this with the
energy, design and scale up advantages that flow reactors can confer and together, these two “green”
components have the potential to greatly reduce the cost of synthesis. The reaction we want to use to
demonstrate how valuable this might be is the synthesis of naproxen—the active ingredient in Aleve.
Even if this project becomes wildly successful, the synthesis described here won’t replace commercial
processes in place, which have been optimized to reduce cost as much as possible over the four decades
naproxen has been approved as a drug. Instead, this project is designed to highlight the possibilities that
asymmetric hydroformylation offers and provide a precedent for their implementation on the industrial

scale, in the synthesis of new medicines.

1.4. References.
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Chapter 2

Asymmetric hydroformylation of Z-enamides and enol esters with
rhodium-BisDiazaphos catalysts.

Portions of this chapter are the work of:
Floriana Foarta, who did the vast majority of work on enol ester substrates.
Yicong Ge, who performed the synthesis and characterization of the L-DOPA aldehyde. These
contributions are also noted within the text.

This chapter was submitted for publication to the Journal of the American Chemical Society on July 28,
2014.
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2.1. Introduction

Chiral aldehydes are versatile building blocks in organic synthesis. Although the conversion of
simple, terminal alkenes into aldehydes by hydroformylation with rhodium catalysts constitutes a long-
standing commodity process, applications to the synthesis of chiral aldehydes have been less common.'
The emergence of new chiral catalysts that effect rapid, enantioselective, and regioselective
hydroformylation of monosusbtituted, and to a lesser extent, disubstituted alkenes provide new
opportunities for efficient syntheses of chiral aldehydes. In this chapter, we demonstrate that
disubstituted alkenes comprising Z-enol esters and Z-enamides undergo efficient hydroformylation with
excellent selectivity and functional group tolerance using rhodium catalysts in the presence of the
(S,S,S)-BisDiazaphos ligand, 1.

Figure 2.1: Bisdiazaphospholane ligand used for hydroformylation.

Ph Ph
—/

¢:Hf©®%

@4

1 (S,S,S)-BisDiazaphos

Ph

Effective, modern asymmetric hydroformylation (AHF) technology began with the development of
the Rh(BINAPHOS) catalyst system.” Applications of this catalyst system demonstrated that useful
regio- and enantioselectivities could be effected for a variety of alkenes, especially monosubstituted
alkenes. Following these initial demonstrations, several notable ligand systems for AHF have been
reported. These ligands include diphosphites such as Chiraphite,’ mixed phosphine-phosphoramidites
such as Yanphos,” mixed phosphine-phosphite ligands with small bite angles,” Duphos-related
diphosphines such as Ph-BPE.® and so-called scaffolding monophosphine ligands.” Rhodium

complexes of the bisdiazaphospholane (BDP) class of ligands exhibit unusual activity and selectivity in
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AHF reaction for a broad range of alkene substrates. High (> 90% ee) enantioselectivities have been

achieved with aryl alkene, 1,3-diene, vinyl acetate and N-vinyl acetamide, dihydrofuran, and other
substrates using BDP-derived catalysts."

Effective AHF with disubstituted alkene substrates would expand the application of AHF in complex
molecule synthesis. AHF provides a fundamentally different disconnection than other C-C bond
forming reactions in the design of complex molecules. An excellent example is provided by Burke’s
recent report of a highly efficient synthesis of Patulolide C that features AHF of the Z-enol ester 2.
Additional examples include the enantioselective synthesis of Garner’s aldehyde’ and Leighton’s

synthesis of Dictyostatin. '

Scheme 2.1. AHF in the synthesis of (+)-Patulolide C

1 mol % Rh(acac)(CO), 100% conversion
Me H/\ﬁ 2mol % (S,S,S)-BDP 1 Me., >95°2> regioselectivity
>93% ee
OH xco THF, 150 psig CO/M, OH Ox " 0ac
50°C, 24 h

2

Many simple, terminal alkenes have been converted into chiral aldehydes with high selectivity by
asymmetric hydroformylation. However, AHF of more complex substrates is far less established, and
requires overcoming a number of new obstacles to achieve selective reactions. Prior examples of
enantioselective AHF of disubstituted alkenes with enantioselectivities that exceed 90% ee are given in

Table 2.1.

Table 2.1. Some representative examples of AHF of 1,1- and 1,2-disubstituted alkenes

Sub/Ca  Puyco T t Conv.

. . 0
Substrate Ligand tRatio  (ps)  (°C) (h) (%) a:f  ee (%)
P Binaphos®® 250 1470 60 S0 10 ) o2
m p 3
B o b 92:
2 m BDP 1 500 150 40 24 37 : 94

3 BDP1® 500 70 40 24 67 - 93
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a

400 Binaphos™ 300 1470 60 20 79 96

CF3 . %1l >
5 5 Pronc QuinoxP 100 145 85 8 46 50 91
6 b NHAc BDP1* 200 140 70 20 99 9; © 90
Me
wi-Pr
H N >
7 PO & Y—oipr 5T 50 45 14 77 91
= P 100

Ph U

* Run with 15 mol% ligand (6.7:1 substrate:ligand) and 0.05 mol% pTsOH as an additive.

The AHF of 1,2-disubstituted alkenes requires controlling the regioselectivity of CO insertion
between two positions that are less sterically differentiated than in monosubstituted or 1,1-disubstituted
alkenes. To date, control of regioselectivity has been addressed mostly for substrates with a heteroatom
in the allylic position, which are amenable to scaffolding catalysis.” The overall increased steric bulk of
disubstituted substrates frequently requires long reaction times and/or high catalyst loading. With Rh-
bisdiazaphospholane catalysts, alkenes substituted with inductively electron-withdrawing groups, such
acetoxy- or acetamido-substituents, generally yield high regioselectivity and good overall activity of
AHF.* With the exception of particularly electron-deficient alkenes, AHF of 1,1-disubstituted alkenes
is sluggish." A small set of data indicates that the geometry of the double bond also impacts AHF
selectivity, with Z alkenes giving higher regio- and enantioselectivities as well as higher activity. > *

These guiding principles are crucial for expanding the application of AHF to Z- enol esters and

enamides.

Enol ester substrates are attractive candidates for investigation of AHF because the two carbons of
the alkene are well-differentiated electronically. Benzoyloxy-substituted alkenes are synthetically
accessible as the Z isomer selectively via Ru-catalyzed addition of alkynes to carboxylic acids.>"

Hydroformylation of these alkenes produced only the alpha-substituted, 2-benzoyloxy aldehyde with
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excellent enantioselectivity (90-97% ee) and low catalyst loadings (0.3%) (Table 2). In addition,

results on the gram scale (Table 2, entry 1) are comparable to small scale (Table 2). Hydroformylation is
tolerant of a wide variety of functional groups, including potential catalyst poisoning groups such as
thioether, benzylic chloride, and free phenol (Table 2, entries 3, 6 and 7). The substituent in the para
position has little effect on the hydroformylation activity and all substrates tested give high regio- and

enantioselectivity under the screening conditions.

Table 2.2: Asymmetric hydroformylation of para-substituted Z enol esters.

0.3% Rh(acac)(CO), o Oo._H o) (o]
0/\\ 0.3% (S.S,5)-BDP j/ . O)L Oﬁ\
] fe) NN
R 145 psig H,/CO, 24h, O)L R
60°C, THF R _ _
a (major) B (minor)
_ Conc. 2 . . 0/ anC
Entry R= alkene Conv. a:p Isolated yield % ee
1° H 1.5M >99% >50:1 92% 97
2 OMe 1.3M >99% >50:1 84% 96
3 SMe 1.8M >99% >50:1 85% 90
Cl 1.3M >99% >50:1 88% 96
5 Br 1.3M >99% >50:1 82% 92
64 CH,Cl 1.5M 94% >50:1 78% 92
7 OH 1.3M 93% >50:1 82% nd

Run with 100 mg alkene. * Determined by 1H NMR of crude reaction mixture. "Run with 1 g
alkene. © ee determined by SFC or HPLC after NaBH, reduction. ¢ 0.5% catalyst loading.
Entries 2-7 by F. Foarta.

While the results in Table 2.2 are all run for 24 hours, many substrates go to complete conversion at
60 °C in under 16 hours. Additionally, at higher temperatures, the reaction time is reduced with no
effect on the enantio- or regioselectivity. For (Z)-hex-1-en-1-yl 4’-methoxybenzoate, AHF is complete
within 1.5 hours at 100 °C, and the resultant aldehyde is produced in 96 % ee (Table 2.3, entry 3). The

enantioselectivity only drops modestly when the temperature is further increased to 120 °C.



Table 2.3: Selectivity of AHF is maintained at higher temperatures.

% 0.3% Rh(CO),acac
/@)LO % 0.3% (S,S,S)—BDP d /\L NP
MeO 150 psig CO/H, MeO
THF, 1.3M
major manI’

Entry ;l;ecn)lp ;l;li;ne Conv." o:p* % ee”
1 60 24 >99%  >50:1 96
2 80 5 >99%  >50:1 96
3 100 1.5 >99%  >50:1 95
4 120 0.5 >99%  >50:1 89

Run with 100 mg alkene. “Determined by "H NMR of crude reaction mixture. ® ee determined by
HPLC after NaBH,4 reduction. Data in this table from F. Foarta.

AHEF of enol esters is effective with both acetyl and benzoyl protecting groups (Table 2.4, entry 1).

This is significant because acetyl groups are also common in multi-step syntheses. Chiral, amino acid
derived enol esters undergo AHF with high diastereoselectivity that appears to be catalyst-controlled,
with little mismatch effect (Table 2.4, entries 2 and 3). Trifluoroacetyl enol esters also were
investigated, but these underwent undesirable elimination of trifluoroacetic acid under catalytic

conditions and gave low conversion (37-60%) to the desired product.

Table 2.4. AHF of other enol esters

Conc.  Temp Time . . Isolated  of ce

Substrate Product alkene  (°C) (h) Conv. a:f Yield or de

o\
é 20 Q0 I3M 60 24 >99% % ggy 93

S .
troﬁ)g " LIM 60 24 >99% 00 g3y 92°
Sl X .

w0 v LIM 60 24 >99% 0 7500 oo

Z
o:(_I

Run with 150 psig Ho/CO. “Determined by "H NMR of crude reaction mixture. ° ee

determined by HPLC after NaBH4 reduction. ‘Run with (R,R,R) BisDiazaphos. Data from F.
Foarta.

14
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Z-enamides can be synthesized by a Ru-catalyzed coupling of primary amides to alkynes that
is analogous to the synthesis used for enol esters.' These substrates also undergo AHF with high
selectivity for the a-amino aldehyde product. The AHF of enamides is slower than that of the

corresponding enol esters (Figure 2.2), and complete conversion within a day requires higher

catalyst loading (1%).

Figure 2.2. AHF of enamide N-((Z)-1-hexen-1-yl)benzamide with time.
0 0.27% Rh(CO),(acac) o O

0.27% (S,S,S)-BDP 1 f
X N >~ N e
| H 150 psig H,/CO, | H k/\
& 65°C,1.3 M in THF =

100
A A ‘
80
€
60
§ @ @ conversion
K 40
Ace
201 ®
0
0 10 20 30
Hours

Both E- and Z-enamides were tested under standard AHF conditions (Table 2.5, entries 1 and
2); consistent with past results the Z-enamide gives both higher enantioselectivity and faster
rates. Under standard conditions, the AHF of most enamides proceeds with high selectivity and
excellent functional group tolerance, including groups that often react with metal catalysts, like
alkyl chlorides and nitriles (Table 2.5, entries 4 and 5). Important limitations of AHF with
BisDiazaphos catalysts are revealed by two substrates. The a-§ unsaturated substrate ethyl-(2-
benzamido)ethenoate undergoes hydroformylation but also shows extensive hydrogenation of the

double bond and degradation of starting material (entry 10). Second, the tertiary amide N-4-
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phenyl-1-butenylpyrrolidinone is far slower than other enamides giving only 27% conversion to

the aldehyde in 24 hours, with extensive isomerization to the £ alkene (entry 11).

Table 2.5. Asymmetric hydroformylation of enamides.

o (0] H
J\ 1% Rh(CO),(acac) JOJ\ j/ fj\ 1
RTONTX 1.2% (S,S,S)-BDP 1 RN YJ\H
H ™ , RON L+ H &
150 psig H,/CO, THF R
a (major) f3 (minor)
Temp  Conc. % b

Entry Substrate ap*  %ee

(°C)  alkene  Conv.?

[e]
@*«u 65 LIM 100 >99 85
[¢]
2 @*NW 65 LIM 68 >99 56
[e]
@*m 60 1L.OM 87 >99 90
4 [e]
' 60 0.8M 79 143 92
v
5 o
S 60 0.8M 100 >99 94
SRR
(o]
@ATO 55 0.8M 80 >99 84

1

7 i a: 98
QAHE) 65 LIM 86 6.3
(o]

B: 32
8 SN a: 90
: H% 60 1.1IM 100 12.3 B 54

9 (o]
Facium 60 09M 100 210 nd

10 ©)OL 60 0.9M 70 d d
NTS . n.d. n.d.
'
=

11
OW 60 1.8M 27 6.7 n.d.

Reactions run with 100 mg alkene. * Determined by 'H NMR
of crude reaction mixture. ° ee determined by SFC or HPLC
after NaBH4 reduction.

The N-styryl enamides examined undergo hydroformylation with lower regioselectivity than

that seen for enamides with pendant alkyl chains. Presumably this reflects competition between
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the aryl (which directs formyl insertion in the B position) vs carboxamido (which directs formyl
insertion in the & position) directing effects. Because styrene exhibits strongly CO-pressure
dependent selectivity, we examined the hydroformylation of N-((Z)-2-phenylvinyl) benzamide as

a function of pressure (Figure 2.3).

Figure 2.3. Pressure effects on AHF of styrenyl enamides.

j:)]\ 0 O._H 0 o
1% Rh(CO),(acac) j/
R™ "N™™% 1.2% (S,S,5)-BDP 1 R J\N o R J\N H
H H + H
60 °C, 24h, THF @

o (major) f3 (minor)
100 ------ R=Ph, 15
alpha
80 S
® —&— R=CF3, K 10
(V] 60 Ioh "
e apna S —=—R=Ph
X £
40 @ R= 8 5
R=Ph, < —0—R=CF3
20 beta
0 —&— R=CF3, 0
0 30 60 90 120 150 180 beta 0 30 60 90 120 150 180
Pressure 1:1 H,/CO, PSI Pressure 1:1 H,/CO, PSI

As seen for simple styrenes, the regio- and enantioselectivity of (Z)-styreneamides decrease
with decreased syngas pressure. Increasing the electron-withdrawing nature of the carboxamide
(trifluoroacetamido vs. benzamido) improves the regioselectivity at a given syngas pressure and
the trend of increasing regio- and enantioselectivity with increased syngas pressure persevere.
Such results demonstrate the importance of manipulating reaction conditions to control

selectivity in the hydroformylation of styrenyl substrates.

AHEF provides more atom efficient and direct access to highly enantioenriched x-amino
aldehydes than methods involving multiple-step reactions and multiple changes in oxidation state

to reach the desired aldehyde functionality.'” Although alpha substituted aldehydes potentially
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are susceptible to racemization via enolization, the intrinsically neutral conditions unique to
aldehyde synthesis by hydroformylation obviate racemization even at temperatures in excess of
100 °C.*° As a demonstration of the practical utility of AHF, the synthesis of a protected L-DOPA
aldehyde was performed. While the acid form is accessible through various synthetic methods
(the most notable of which is Knowles’ asymmetric hydrogenation), the aldehyde form is a
valuable intermediate for formation of peptides and analogs.”'

The desired Z-enamide was accessed by Ru-catalyzed coupling of benzamide to an alkyne
derived from vanillin.** Asymmetric hydroformylation of this substrate proceeds cleanly to
produce the aldehyde with 98% ee and 15.4:1 branch selectivity. The improved selectivity
relative to the styrenyl enamides in Figure 3 is likely due to the electron-donating methoxy

substituents on the aryl ring disfavoring acyl formation at the p position. *

Scheme 2.2. AHF of enamides applied to the synthesis of protected analog of L-DOPA

aldehyde.
o] O CHO
N NN 2% Rh(acac)(CO)s, o )LN Jo 5
H 2.2% ligand 1 N ’
_—
150 psi, 1:1CO/M,
OMe THF,80°C, 22h OMe
OMe OMe
98% ee
15.4:1 a:p
70% yield

ee Determined by HPLC after NaBH4 reduction to the alcohol. Synthesis by Y. Ge.

AHEF provides a direct, catalytic, and atom-efficient route to useful chiral building blocks,
including unnatural amino aldehydes. A variety of Z enol esters and enamides undergo
asymmetric hydroformylation in the presence of 1 and Rh(acac)(CO); to produce &-chiral
aldehydes with high regio- and enantioselectivity. These studies highlight critical attributes of

the BisDiazaphos hydroformylation catalysts: high intrinsic reactivity (with complete
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conversion and > 90% ee in just 90 minutes at 0.3 mol% catalyst loading), reliably (>90% ee)
high enantioselectivities for a variety of Z-enol esters and enamides, and tolerance of functional
groups such as phenols, thioethers, aryl bromides, and benzylic chlorides. For 1,2-disubstituted
alkenes with competing regiodirecting substituents, such as styrenyl enamides, increased
pressure can effect increased regio- and enantioselectivities for the a-carboxamido aldehyde.

Overall, these results significantly expand efficient access to chiral a-functionalized aldehydes.
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Experimental.

I. General:

All manipulations were carried out under nitrogen using standard Schlenk, high vacuum, and
glovebox techniques. Ethyl acetate, hexane, dichloromethane and anhydrous DMF were
obtained from Sigma-Aldrich. Dichloro(p-cymene)Ru(Il) dimer and Ru(COD)(2-methallyl),
were purchased from Alfa Aesar. Dicyclohexylphosphinobutane, tris-(p-CI1-CsHs) phosphine,
DMAP, and all alkynes, carboxylic acids, and primary amides were purchased from Sigma-
Aldrich. Unless mentioned below, all chemicals were purchased and used without further
purification. Enol esters and enamides were prepared by literature methods and purified by silica
column chromatography prior to use (see section II). Bisdiazaphospholane ligands were
prepared as reported in literature (Adint, T.T; Wong, G.W.; Landis, C.R. J. Org. Chem. 2013, 78
4231-4238). [Rh(acac)(CO),] was used as received from Dow Chemical and stored in a N,-filled
glovebox. 1:1 CO:H; was purchased from Airgas. THF and toluene were either distilled from
sodium/benzophenone ketyl under N, or dried by safety columns prior to use. Alkynes were
degassed prior to use by either three freeze-pump-thaw cycles or sparging with N,. Flash
chromatography was performed on Silicycle Siliaflash P60 silica gel (40-63um, 230-400 mesh).
Chiral HPLC analysis was performed on a Gilson analytical HPLC with Chiralpak IA, IB, IC,
and ID columns. Chiral super critical fluid chromatography (SFC) analysis was performed on a
Berger SFC with Chiracel OJ-H or AD-H columns. Optical rotations were measured at room
temperature using a 1 mL cell with a 0.5 dm path length on a Randolph digital polarimeter.
Absolute configuration was determined by optical rotation for (-)(2S5)-(benzoyloxy)heptanal, and
assigned by analogy for other reported aldehydes. All pressures given are gauge pressures unless

otherwise noted.
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NMR spectra were recorded at ambient temperature on Varian Mercury-300, Inova-500
or Unity-500 and Bruker AC-300, Avance III 400, or Avance III 500 spectrometers. 'H and "°C
NMR chemical shifts were referenced to tetramethylsilane if present or residual solvent. *'P and
F NMR chemical shifts were referenced to TMS in the proton spectrum using the unified scale.
"H NMR splitting patterns were designated as singlet (s), doublet (d), triplet (t), quartet (q),
doublet of doublets (dd), apparent (ap), broad (br). First-order splitting patterns were assigned
on the basis of the multiplet. For the alcohols reported here, ABX splitting patterns are all of the
type where vag>> Jag, and ambiguous assignment of subquartets makes an exact solution
difficult. Instead, an approximate AMX type solution deviates little from the values found by
treating the AB part as first order. This has been demonstrated in the chemical shift values
reported for (S)-N-(4-cyclohexyl-1-hydroxybutan-2-yl)benzamide, which vary by less than
0.01ppm from the calculated value. Calculated 6 3.778 (Jux =3.43 Hz, J43 = 11.0 Hz, 1H, 4 of
ABX), 3.678 (Jgx =5.48 Hz, J43 = 11.0 Hz, 1H, B of ABX), vs. first-order analysis 6 3.78 (app.
dd,J=11.1,3.5 Hz, 1H, 4 of ABX), 3.67 (app. dd, J=11.0, 5.4 Hz, 1H, B of ABX). Multiplets
that are of this ABX type are reported as apparent but labeled as ABX, and the values measured
are found by treating the multiplet as first order. Splitting patterns that could not be interpreted
are designated as multiplet (m) or broad (br). Mass spectra were collected on a Waters

(Micromass) LCT® for electrospray ionization experiments with a sample cone voltage of 20.

II. Synthesis and characterization of (Z)- enol ester and enamide substrates
All enol ester substrates were prepared according to procedures slightly modified from the

reported procedures, as reported below.
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General procedure for the synthesis of enol esters (Method 1)
Based on Goofen, L. J.; Paetzold, J.; Koley, D. Chem. Commun. 2003, 706-707.

An oven-dried Schlenk flask equipped with a magnetic stir bar and carboxylic acid (1 eq,
5 mmol) was brought into a N, glove box. A vial was charged with [Ru(p-cumene)Cl,], (1
mol%, 0.05 mmol), P(p-CI-CsHas)3 (3 mol%, 0.15 mmol), DMAP (4 mol%, 0.20 mmol), dry
toluene (15 mL) and transferred to the Schlenk flask via a Pasteur pipette, followed by 1-hexyne
(1.3 eq, 6.5 mmol) via a syringe. In a fume hood, the flask was immersed in a silicone oil bath
and stirred for 16 h at 60°C under N,. When the reaction is complete, the solution was allowed to
cool down at room temperature for 30 min, then passed through a plug of silica gel and washed
with dichloromethane. The solvent was removed in vacuo and the product was purified via silica
gel flash chromatography with hexane/ethyl acetate as eluents. The enol ester was filtered

through a plug of silica prior to hydroformylation.

General procedure for the synthesis of enol esters (Method 2)
Based on Doucet, H.; Martin-Vaca, B.; Bruneau, C.; Dixneuf, P. H. J. Org. Chem. 1995, 60,
7247-7255.

An oven-dried Schlenk flask equipped with a magnetic stir bar and carboxylic acid (1 eq,
10 mmol) was brought into a N, glove box. A vial was charged with Ru(2-methallyl),-
bis(diphenylphosphino)butane (1 mol%, 0.1 mmol) and solvent (5 mL) and transferred to the
Schlenk flask via a Pasteur pipette. Degassed 4-Phenyl-1-butyne (1 eq, 10 mmol) was added via
a syringe in a fume hood. The flask was immersed in a silicone oil bath and stirred for 24h under

N». When the reaction is complete, the solution was allowed to cool down at room temperature
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for 30 min, then passed through a plug of silica gel and washed with dichloromethane. The
solvent was removed in vacuo and the product was purified via silica gel flash chromatography
with hexane/ethyl acetate as eluents. The enol ester was filtered through a plug of silica prior to

hydroformylation.

General procedure for the synthesis of enamides

All enamide substrates were prepared according to a procedure slightly modified from the
reported procedure, as reported below. Their spectroscopic properties match those previously
reported, or are reported below.
-Butyl, -(CH;),Ph, -(CH,)3Cl, -CH,Cy, and Ph substituted benzamides were reported in: Goofen,
L. J.; Salih, K. S. M.; Blanchot, M. Angew. Chem. Int. Ed. 2008, 47, 8492. (Z)-N-(5-cyanopent-
I-en-1-yl)benzamide was reported in: Honjo, T.; Phipps, R.J.; Rauniyar, V.; Toste, F.D.; Angew.

Chem. Int. Ed. 2012, 51, 9684-9688.

In an oven-dried Schlenk flask inside a nitrogen-filled glovebox, bis(2-
methallyl)(COD)ruthenium(II) (5%, 0.25 mmol), 1,4-bis(dicyclohexylphosphino)butane (6%,
0.30 mmol), ytterbium triflate (4%, 0.20 mmol), and amide (5.0 mmol) were combined, and
anhydrous DMF (15 mL) was added. On a Schlenk line, degassed alkyne (10.0 mmol) was
added via syringe, followed by N,-sparged H,O (0.540 mL, 30 mmol). The resulting solution
was stirred for 6-18h in a 60 °C oil bath, then poured into a saturated aqueous sodium
bicarbonate solution (150 mL). This mixture was extracted with ethyl acetate (3x60 mL), the
combined organics were washed with water (5x50 mL) and brine (1x50 mL), dried over

magnesium sulfate, filtered, and the volatiles were removed by rotary evaporation. The dark
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brown oil was purified by column chromatography on silica gel with 9:1 Hexane/EtOAc. Two

or more columns were frequently necessary for clean product isolation.

MeS

(Z)-hex-1-en-1-yl 4-(methylthio)benzoate

Prepared according to method 1. Product purified by silica gel flash chromatography (10:1 hexane/ethyl acetate) to
afford a yellow oil in 72% isolated yield.

"H NMR (400 MHz, Chloroform-d) & 7.99 (d, J = 8.5 Hz, 2H), 7.33 — 7.20 (m, 3H), 5.05 — 4.93 (m, 1H), 2.53 (s,
3H), 2.35-2.23 (m, 2H), 1.48 — 1.33 (m, 4H), 0.93 (t, /= 7.0 Hz, 3H).

BC NMR (101 MHz, CDCls) § 163.39, 146.26, 134.17, 130.15, 125.46, 124.98, 114.72, 31.38, 24.36, 22.26, 14.80,
13.93.

HRMS (ESI-TOF) m/z: [M]+ calcd for C4H30,S 250.1023; found 250.1019.

HO

(Z)-hex-1-en-1-yl 4-hydroxybenzoate

Prepared according to method 1. Reaction refluxed in THF. Product purified by silica gel flash chromatography (5:1
hexane/ethyl acetate) to afford a dark yellow oil in 40% isolated yield.

"H NMR (500 MHz, Chloroform-d) & 8.08 — 7.96 (m, 2H), 7.24 — 7.21 (m, 1H), 6.97 — 6.83 (m, 2H), 4.98 (tdd, J =
7.5,6.4,1.3 Hz, 1H), 2.31 — 2.24 (m, 2H), 1.46 — 1.34 (m, 4H), 0.93 (t, /= 7.1 Hz, 3H).

BC NMR (126 MHz, CDCl;) § 164.10, 160.95, 134.09, 132.33, 121.30, 115.56, 114.98, 31.34, 24.34, 22.24, 13.90.

HRMS (ESI-TOF) m/z: [M]+ caled for Cy3H ;605 220.1094; found 220.1095.
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Cl

(Z)-hex-1-en-1-yl 4-chlorobenzoate

Prepared according to method 1. Product purified by silica gel flash chromatography (10:1 hexane/ethyl acetate) to
afford a yellow oil in 26% isolated yield.

Characterization data agrees with previously reported results (Das, U.K.; Bhattacharjee, M. J. Organomet. Chem.
2012, 700, 78-82).

"H NMR (400 MHz, Chloroform-d) 8 8.19 — 7.92 (m, 2H), 7.57 — 7.38 (m, 2H), 7.31 — 7.17 (m, 1H), 5.13 — 4.94
(m, 1H), 2.36 — 2.21 (m, 2H), 1.51 — 1.27 (m, 4H), 0.93 (d, ] = 7.0 Hz, 3H).

BC NMR (126 MHz, CDCI3) § 162.79, 139.93, 134.03, 131.22, 128.92, 127.90, 115.22, 31.30, 24.35, 22.23, 13.90.

HRMS (ESI-TOF) m/z: [M]+ calcd for Cy3H;5ClO, 238.0756; found 238.0759.

Br

(Z)-hex-1-en-1-yl 4-bromobenzoate

Prepared according to method 1. Product purified by silica gel flash chromatography (10:1 hexane/ethyl acetate) to
afford a yellow oil in 22% isolated yield.

"H NMR (400 MHz, Chloroform-d) & 8.01 — 7.90 (m, 2H), 7.69 — 7.57 (m, 2H), 7.23 (dt, J= 6.4, 1.6 Hz, 1H), 5.03
(td, J=17.5,6.3 Hz, 1H), 2.33 — 2.21 (m, 2H), 1.49 — 1.30 (m, 4H), 0.93 (t, /= 7.0 Hz, 3H).

BC NMR (126 MHz, CDCls) § 162.92, 134.02, 131.91, 131.33, 128.62, 128.36, 115.24, 31.29, 24.35,22.23, 13.89.

HRMS (ESI-TOF) m/z: [M]+ calcd for C3H;5BrO, 282.0250; found 282.0252.
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CIH,C ™ 7

(Z)-hex-1-en-1-yl 4-(chloromethyl)benzoate

Prepared according to method 1. Product purified by silica gel flash chromatography (10:1 hexane/ethyl acetate) to
afford a light yellow oil in 15% isolated yield.

"H NMR (500 MHz, Chloroform-d) & 8.13 — 8.07 (m, 2H), 7.54 — 7.47 (m, 2H), 7.25 (dt, J = 6.3, 1.6 Hz, 1H), 5.02
(td, J=1.5, 6.3 Hz, 1H), 4.63 (s, 2H), 2.35 - 2.25 (m, 2H), 1.48 — 1.33 (m, 4H), 0.93 (t, /= 7.1 Hz, 3H).

BC NMR (126 MHz, CDCls) § 162.05, 141.72, 133.07, 129.26, 128.39, 127.59, 114.07, 44.27, 30.28, 23.31, 21.20,
12.86.

HRMS (ESI-TOF) m/z: [M]+ calcd for C4H,,C10; 252.0912; found 252.0903.

O

TN

(Z)-4-phenylbut-1-en-1-yl acetate

Prepared according to method 2, using 2 mol% catalyst loading. Reaction run in hexane at 40°C for 24 h.Product
purified by silica gel flash chromatography (10:1 hexane/ethyl acetate) to afford a clear oil in 75% isolated yield.
"H NMR (500 MHz, Chloroform-d) 8 7.31 — 7.27 (m, 2H), 7.20 (d, J = 7.3 Hz, 2H), 7.01 (dt, J = 6.4, 1.4 Hz, 1H),
4.90 (td, J=7.4, 6.2 Hz, 1H), 2.70 (t, J= 7.7 Hz, 2H), 2.54 — 2.40 (m, 2H), 2.11 (s, 3H).

C NMR (126 MHz, CDCl;) § 168.04, 141.55, 134.39, 128.43, 128.31, 125.95, 112.97, 35.35, 26.21, 20.72.

HRMS (ESI-TOF) m/z: [M]+ caled for C,,H;40, 190.0989; found 190.0990.

tole
oo

H
o}
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(S,Z)-4-phenylbut-1-en-1-yl 2-((tert-butoxycarbonyl)amino)propanoate

Prepared according to method 2. Reaction ran in toluene for 24 h at 75°C. Product purified by silica gel flash
chromatography (10:1 hexane/ethyl acetate) to afford a light orange oil in 55% isolated yield.

"H NMR (500 MHz, Chloroform-d) & 7.31 — 7.24 (m, 2H), 7.23 — 7.14 (m, 3H), 7.00 (d, /= 6.3 Hz, 1H), 5.03 (d, J
= 8.0 Hz, 1H), 4.96 (td, J=7.4, 6.2 Hz, 1H), 4.37 (h, J= 6.3, 5.2 Hz, 1H), 2.69 (t, J= 7.6 Hz, 2H), 2.54 — 2.42 (m,
2H), 1.44 (s, 9H), 1.39 (d, J = 7.2 Hz, 3H).

BC NMR (126 MHz, CDCl;) § 170.47, 155.04, 141.37, 134.29, 128.44, 125.98, 113.96, 80.01, 53.43, 49.04, 35.23,
28.30,26.22, 18.47.

HRMS (ESI-TOF) m/z: [M+NHy]+ calcd for C;gH,sNOy4 337.2122; found 337.2119.

SaUs

20% yield. Yellow oil.

"H NMR (400 MHz, Chloroform-d) & 7.37 — 7.12 (m, 6H), 6.57 (t, J = 9.7 Hz, 1H), 5.12 (ap. q, J = 8.2 Hz, 1H),
2.74 (t,J = 7.1 Hz, 2H), 2.36 (ap. q, J = 7.3 Hz, 2H).

YF NMR (377 MHz, CDCl;)  -75.64 (Z isomer), -75.87 (E isomer).

3C NMR (101 MHz, CDCL,) 15422 (q, J = 37.8 Hz), 140.79, 128.80, 128 43, 126.51, 119.67, 115.63, 115.49 (q,

J =287 Hz), 34.96, 28.23.

HRMS (EI) m/z: [Me+] Calcd for C;,H,F3NO 243.0866; found 243.0857.

69% yield (after two flash column chromatography purifications). Yellow oil.
"H NMR (400 MHz, Chloroform-d) & 8.31 (br s, 1H), 7.49 — 7.39 (m, 2H), 7.39 — 7.29 (m, 1H), 7.30 — 7.25 (m,

2H), 6.90 (dd, J=10.9, 9.4 Hz, 1H), 6.10 (d, /= 9.4 Hz, 1H).
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YF NMR (377 MHz, CDCl;) § -75.81.
3C NMR (101 MHz, CDCl,) 8 154.57 (q,J =38 Hz ), 134.13, 129.57, 128.16, 127.93, 119.46, 115.78, 115.69 (q, J

=287 Hz ), 77.16.

HRMS (EI) m/z: [Me*+] Caled for C,oHgFsNO 215.0553; found 215.0551.

ITI. General method for hydroformylation.

Inside a N»-purged glovebox, an oven-dried 15mL Ace Glass pressure bottle equipped with a
magnetic stir bar was charged with THF stock solutions of Rh(acac)(CO), and
bisdiazaphospholane ligand 1 using 1000pL and 200puL Eppendorf® pipets. The pressure bottle
was attached to a pressure reactor and removed from the glovebox, placed in a fume hood,
subjected to 5 pressurization (140 psi)/depressurization (15 psi) cycles with syngas to ensure
replacement of the dinitrogen atmosphere with syngas, then filled to the appropriate syngas
pressure. The solution was allowed to stir at high speed to ensure gas mixing for 30-60 min in an
oil bath at the reaction temperature. The reaction vessel was then removed from the oil bath and
allowed to cool for 5 minutes, then the pressure was reduced to <10 psig and the olefin was
injected with a gas-tight syringe with a 12” needle. Solid olefins were injected as a solution in
THF. Reactions were run at 0.8-1.3 M final concentration of olefin. The reaction was then re-
pressurized to the reaction pressure after additional pressurization/depressurization cycles and
replaced in the oil bath. Upon completion of the reaction, the pressure bottle was removed from
the oil bath, allowed to cool to room temperature, and vented in a fume hood. NMR spectra are
initially obtained of the crude reaction mixture by adding acetone-ds, MeOD, or CDCl; directly
to the reaction mixture. NMR yields were determined by addition of a solution of internal

standard (1,3,5-trimethoxybenzene or mesitylene) in NMR solvent and acquiring spectra with a
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sufficiently long delay. Enantiomeric excess of the branched hydroformylation product was

determined by chiral SFC or HPLC.

IV. Data for enol ester AHF

O)L RPN

(-)(285)-(Benzoyloxy)heptanal:

Yield 1.09g (92.0%), 97% ee, colorless oil.

[0]*p=—14.7, ¢ = 1.24 in CHC; (Lit. [0]*’p=—-31.1 (¢ = 1.41, CH,Cl,). (Chattopadhyay, A.; Mamdapur, V.R. J.
Org. Chem. 1995, 60, 585-587.)

"H NMR (400 MHz, Chloroform-d) 8 9.57 (d, J = 1.0 Hz, 1H), 8.12 — 7.88 (m, 2H), 7.53 (tt, J= 7.5, 1.2 Hz, 1H),
7.44 —7.37 (m, 2H), 5.15 (ddd, J =8.1,4.9, 1.0 Hz, 1H), 1.96 — 1.73 (m, 2H), 1.49 — 1.39 (m, 2H), 1.32 - 1.21 (m,
4H), 0.90 — 0.74 (m, 3H).

BC NMR (101 MHz, CDCl;) § 198.59, 166.19, 133.55, 129.87, 129.24, 128.55, 78.83, 31.45, 28.90, 24.70, 22.40,
13.96.

Enantiomeric excess was determined to be 97% by chiral SFC analysis, after NaBH,4 reduction in MeOH at 0 °C.
The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of the benzoyl
protecting group from the secondary alcohol to the primary alcohol (identified by HMBC and COSY experiments).
The four peaks observed by SFC are due to the two enantiomers of each isomer. t.=4.40 min (isomer A, (S)), t, =
5.53 min (isomer B, (R)), t; = 6.0 min (isomer B, (5)), t. = 6.23 min (isomer A, (R)).

Separation by SFC: Chiralcel AD-H, MeOH modifier ramp 5-50% over 10 min, 3 mL/min flow, A =233 nm.

0 O._H
j/ NaBH, MeOH J/
©)J\O e NN oC overnlght ©)J\ o
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Alcohol isomers:

A: (S)-1-hydroxyheptan-2-yl benzoate

"H NMR (400 MHz, Chloroform-d) & 8.09 — 8.04 (m, 2H), 7.61 — 7.54 (m, 1H), 7.47 — 7.41 (m, 2H), 5.20 — 5.12
(m, 1H), 3.83 (dd, J=12.1, 3.4 Hz, 1H), 3.76 (dd, J = 12.1, 6.2 Hz, 1H), 1.81 — 1.66 (m, 2H), 1.66 — 1.27 (m, 6H),
0.93 - 0.83 (m, 3H).

B: (S)-2-hydroxyheptyl benzoate (rearranged)

"H NMR (400 MHz, Chloroform-d) & 8.08 — 8.01 (m, 2H), 7.56 (tt, J= 7.5, 1.2 Hz, 1H), 7.47 — 7.39 (m, 2H), 4.38
(dd,J=11.4,3.2 Hz, 1H),4.22 (dd, J=11.4, 7.1 Hz, 1H), 4.02 — 3.94 (m, 1H), 1.61 — 1.52 (m, 2H), 1.52 - 1.27 (m,

6H), 0.89 (t, J = 6.9 Hz, 3H).

MeS

(S)-1-oxoheptan-2-yl 4-(methylthio)benzoate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 84% isolated
yield, yellow oil.

"H NMR (400 MHz, Chloroform-d) & 9.63 (d, J = 0.9 Hz, 1H), 7.99 (d, J = 8.5 Hz, 2H), 7.28 (d, J = 8.5 Hz, 2H),
5.19(ddd, J=8.2,5.0, 1.0 Hz, 1H), 2.53 (s, 3H), 2.05 - 1.79 (m, 2H), 1.63 — 1.45 (m, 2H), 1.44 — 1.23 (m, 4H),
0.92 -0.87 (m, 3H).

BC NMR (101 MHz, CDCl;) § 198.70, 165.94, 146.44, 130.13, 125.20, 124.98, 78.72, 31.45, 28.90, 24.70, 22.40,

14.82, 13.96.

Enantiomeric excess was determined to be 90% by chiral HPLC analysis, after NaBH, reduction in MeOH at room
temperature for 16 h, followed by addition of sat. aq. NH4Cl solution, extraction with dichloromethane and drying
over MgSO,. The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of

the benzoyl protecting group from the secondary alcohol to the primary alcohol, as well as a transesterification by-
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product in the presence of MeOH. The mixture of alcohols was purified by silica gel flash chromatography (2:1

hexanes/ethyl acetate) prior to HPLC analysis.

H
MeS MeS ©

A B
Alcohol isomers:

A: (S)-1-hydroxyheptan-2-yl 4-(methylthio)benzoate

"H NMR (500 MHz, Chloroform-d) 8 7.92 — 7.82 (m, 2H), 7.22 — 7.14 (m, 2H), 5.10 — 5.03 (m, 1H), 3.74 (dd, J =
12.1,3.3 Hz, 1H), 3.67 (dd, J=12.1, 6.2 Hz, 1H), 2.44 (s, 3H), 2.21 (s, 1H), 1.73 — 1.55 (m, 2H), 1.54 — 1.12 (m,
6H), 0.90 — 0.74 (m, 3H).

BC NMR (126 MHz, CDCl;) § 165.83, 144.68, 128.82, 125.19, 123.86, 75.33, 63.96, 30.59, 29.62, 23.99, 21.43,
13.76, 12.93.

B: (S)-2-hydroxyheptyl 4-(methylthio)benzoate (rearranged)

"H NMR (500 MHz, Chloroform-d) 8 7.92 — 7.82 (m, 2H), 7.22 — 7.14 (m, 2H), 4.29 (A of ABX, ap dd, J = 11.4,
3.2 Hz, 1H), 4.18 — 4.10 (m, 1H), 3.93 — 3.86 (m, 1H), 2.44 (s, 3H), 2.21 (br, 1H), 1.54 — 1.12 (m, 8H), 0.90 — 0.74
(m, 3H).

BC NMR (126 MHz, CDCl;) § 165.47, 144.79, 128.90, 124.90, 123.86, 69.11, 68.12, 32.41, 30.72, 24.06, 21.53,
13.75, 12.98.

HRMS (ESI-TOF) m/z: [M]+ calcd for C;5H»,03S 282.1285; found 282.1290.

Separation by HPLC: CHIRALPAK 1A (AD-H), 3% iPrOH/hexanes, 0.9 ml/min, ambient temperature, 220 nm, t

(A): 31.5 min (major, (S)), 36.7 min (minor, (R)), tz (B): 44.7 min (major, (S)), 51.6 min (minor, (R))
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(S)-1-oxoheptan-2-yl 4-methoxybenzoate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 85% isolated
yield, yellow oil.

"H NMR (500 MHz, Chloroform-d) & 9.63 (d, J = 1.0 Hz, 1H), 8.06 (d, J = 8.9 Hz, 2H), 7.05 — 6.84 (d, J = 8.9 Hz,
2H), 5.17 (ddd, J=8.2, 4.9, 1.0 Hz, 1H), 3.88 (s, 3H), 2.02 — 1.79 (m, 2H), 1.55 — 1.45 (m, 2H), 1.40 — 1.15 (m,
4H), 1.05 - 0.74 (m, 3H).

BC NMR (126 MHz, CDCl;) § 198.97, 165.91, 163.83, 131.94, 121.54, 113.80, 78.54, 55.50, 31.44, 28.93, 24.68,
22.38,13.94.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C5H,004 265.1435; found 265.1438.

Enantiomeric excess was determined to be 96% by chiral HPLC analysis, after NaBH, reduction in MeOH at room
temperature for 6 h, followed by addition of sat. aq. NH4Cl solution, extraction with dichloromethane and drying
over MgSO,. The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of

the benzoyl protecting group from the secondary alcohol to the primary alcohol.

H
0 fo 0
o e
MeO MeO OH

A B
Alcohol isomers:
A: (S)-1-hydroxyheptan-2-yl 4-methoxybenzoate
"H NMR (500 MHz, Chloroform-d) & 7.96 — 7.89 (m, 2H), 6.87 — 6.81 (m, 2H), 5.10 — 4.99 (m, 1H), 3.77 (s, 1H),
3.75 -3.64 (m, 2H), 2.39 (br, 1H), 1.72 — 1.55 (m, 2H), 1.52 — 1.16 (m, 6H), 0.87 — 0.75 (m, 3H).
BC NMR (126 MHz, CDCl;) § 166.77, 163.47, 131.71, 122.57, 113.62, 76.15, 65.03, 55.43, 31.65, 30.72, 25.05,

22.48, 13.98.
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B (S)-2-hydroxyheptyl 4-methoxybenzoate (rearranged)

"H NMR (500 MHz, Chloroform-d) & 7.96 — 7.89 (m, 2H), 6.87 — 6.81 (m, 2H), 4.27 (A of ABX, ap dd, J=11.5,
3.2 Hz, 1H), 4.11 (B of ABX, ap dd, J=11.4, 7.1 Hz, 1H), 3.94 — 3.84 (X of ABX, m, 1H), 3.77 (s, 1H), 2.39 (br,
1H), 1.52 — 1.16 (m, 8H), 0.87 — 0.75 (m, 3H).

13C NMR (126 MHz, CDCl3) § 166.54, 163.50, 131.71, 122.29, 113.65, 70.17, 69.01, 55.43, 33.46, 31.78, 25.12,

22.58, 14.02.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C5H,,0,4 267.1591; found 267.1599.
Separation by HPLC: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.8 ml/min, ambient temperature, 254 nm, t

(A): 20.3 min (major, (S)), 23.6 min (minor, (R)), tz (B): 26.0min (major, (§5)), 28.7 min (minor, (R)).

HO

(Z)-hex-1-en-1-yl 4-hydroxybenzoate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 82% isolated
yield, dark yellow oil stored under dinitrogen.

"H NMR (500 MHz, Chloroform-d) & 9.64 (s, 1H), 8.00 (d, J = 7.9 Hz, 2H), 7.00 — 6.81 (m, 2H), 6.31 (broad s, 1H),
5.19(dd, J=8.3,4.8 Hz, 1H), 2.04 — 1.79 (m, 2H), 1.57 — 1.45 (m, 2H), 1.40 — 1.29 (m, 4H), 0.96 — 0.87 (m, 3H).
BC NMR (126 MHz, CDCl;) § 198.12, 165.16, 159.65, 131.24, 120.29, 114.43, 77.64, 30.40, 27.83, 23.66, 21.34,
12.90.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C4H 304 251.1278; found 251.1280.
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Cl

(S)-1-oxoheptan-2-yl 4-chlorobenzoate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 88% isolated
yield, yellow oil.

"H NMR (500 MHz, Chloroform-d) & 9.63 (d, J = 0.8 Hz, 1H), 8.15 — 7.97 (m, 2H), 7.53 — 7.39 (m, 2H), 5.23 (dd, J
=8.3,4.7 Hz, 1H), 2.04 — 1.81 (m, 2H), 1.63 — 1.43 (m, 2H), 1.34 (dtp, /= 7.4, 5.0, 2.6 Hz, 4H), 1.00 — 0.85 (m,
3H).

BC NMR (101 MHz, CDCl;) § 198.07, 165.29, 140.06, 131.24, 128.92, 127.69, 79.00, 31.43, 28.78, 24.70, 22.38,
13.95.

HRMS (ESI-TOF) m/z: [M]+ calcd for C4H,7C10; 268.0861; found 268.0851.

Enantiomeric excess was determined to be 96% by chiral HPLC analysis, after NaBH, reduction in MeOH at room
temperature for 6 h, followed by addition of sat. aq. NH4Cl solution, extraction with dichloromethane and drying

over MgSO,. The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of
the benzoyl protecting group from the secondary alcohol to the primary alcohol. Another by-product was detected
in the region 3.4-3.73 ppm in 'HNMR, tentatively assigned as a diol formed upon reduction of the ester group. The

mixture was purified by silica gel flash chromatography (3:1 hexanes/ethyl acetate) prior to HPLC analysis.

OH

O J/ O
e} NN 0 /\\\/\/
Cl Cl OH
A B
Alcohol isomers:
A: (S)-1-hydroxyheptan-2-yl 4-chlorobenzoate
'H NMR (500 MHz, Chloroform-d) 8 7.99 (d, J = 8.2 Hz, 2H), 7.45 — 7.39 (m, 2H), 5.22 — 5.11 (m, 1H), 3.87 - 3.73

(m, 2H), 1.81 — 1.64 (m, 2H), 1.60 — 1.17 (m, 6H), 0.94 — 0.83 (m, 3H).
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C NMR (126 MHz, CDCl,) § 165.07, 138.53, 130.03, 127.71, 127.61, 75.66, 63.80, 30.58, 29.57, 23.99, 21.43,

12.93.

B: (S)-2-hydroxyheptyl 4-chlorobenzoate (rearranged)
'H NMR (500 MHz, Chloroform-d) & 7.99 (d, J = 8.2 Hz, 2H), 7.45 — 7.39 (m, 2H), 4.43 — 4.33 (m, 1H), 4.23 (ap

dd,J=11.5,7.1 Hz, 1H),4.03 - 3.93 (m, 1H), 1.60 — 1.17 (m, 8H), 0.94 — 0.83 (m, 3H).

C NMR (126 MHz, CDCl,) § 164.90, 138.62, 130.02, 127.76, 127.32, 69.05, 68.36, 32.43, 30.72, 24.06, 21.54,

12.99.

HRMS (ESI-TOF) m/z: [M]+ calcd for C4H;9C103 270.1018; found 270.1026.

Separation by HPLC: CHIRALPAK 1A (AD-H), 2% iPrOH/hexanes, 0.6 ml/min, ambient temperature, 254 nm, tg

(A): 48.4 min (major, (S)), 55.3 min (minor, (R)).

Br

(S)-1-oxoheptan-2-yl 4-bromobenzoate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 82% isolated
yield, yellow oil.

"H NMR (500 MHz, Chloroform-d) & 9.63 (s, 1H), 7.96 (d, J = 8.5 Hz, 2H), 7.62 (d, J = 8.5 Hz, 2H), 5.23 (ddd, J =
8.0, 5.0, 0.8 Hz, 1H), 2.02 - 1.75 (m, 2H), 1.56 — 1.44 (m, 2H), 1.40 — 1.28 (m, 4H), 0.98 — 0.81 (m, 3H).

BC NMR (126 MHz, CDCl;) § 196.98, 164.38, 130.87, 130.29, 127.70, 127.09, 77.97, 30.37, 27.72, 23.65, 21.33,
12.89.

HRMS (ESI-TOF) m/z: [M]+ calcd for C4H7BrO3 312.0356; found 312.0364.

Enantiomeric excess was determined to be 92% by chiral SFC analysis, after NaBH, reduction in MeOH at room

temperature for 6 h, followed by addition of sat. aq. NH4Cl solution, extraction with dichloromethane and drying
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over MgSO,. The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of
the benzoyl protecting group from the secondary alcohol to the primary alcohol. Another by-product was detected,

tentatively assigned as transesterification product in the presence of MeOH.

j o
07 NN 07NN

OH
Br Br

Alcohol isomers:

A: (S)-1-hydroxyheptan-2-yl 4-bromobenzoate

"H NMR (500 MHz, Chloroform-d) & 7.97 — 7.85 (m, 2H), 7.62 — 7.55 (m, 2H), 5.23 — 5.11 (X of ABX, m, 1H),
3.83 (A of ABX, ap dd, J= 12.1, 3.2 Hz, 1H), 3.76 (B of ABX, ap dd, J = 12.1, 6.2 Hz, 1H), 1.85 — 1.63 (m, 2H),
1.62 — 1.16 (m, 6H), 0.97 — 0.80 (m, 3H).

3C NMR (126 MHz, CDCl3) 8 165.17, 130.71, 130.16, 128.64, 128.07, 75.69, 63.84, 30.58, 29.55, 23.99, 21.43,
12.94.

B: (S)-2-hydroxyheptyl 4-bromobenzoate (rearranged)

"H NMR (500 MHz, Chloroform-d) & 7.97 — 7.85 (m, 2H), 7.62 — 7.55 (m, 2H), 4.38 (A of ABX, ap dd, /= 11.4,
3.2 Hz, 1H), 4.28 — 4.18 (B of ABX, m, 1H), 4.02 —3.94 (m, 1H), 1.62 — 1.16 (m, 8H), 0.97 — 0.80 (m, 3H).

13C NMR (126 MHz, CDCl3) § 165.00, 130.76, 130.15, 128.63, 127.79, 69.06, 68.40, 32.43, 30.71, 24.05, 21.54,
12.99.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C4H;9BrO; 315.0591; found 315.0589.

Separation by SFC: Chiralcel OJ-H, 4% modifier, 4 ml/min, methanol, 50°C, 150 bar, tg (A): 5.0 min (major, (5)),

6.5 min (minor, (R)), tg (B): 7.3 min (minor,(R)), 9.8 min (major, (S5)).
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CIH,C

(S)-1-oxoheptan-2-yl 4-(chloromethyl)benzoate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 78% isolated
yield, yellow oil.

"H NMR (400 MHz, Chloroform-d) & 9.63 (d, J = 0.9 Hz, 1H), 8.13 — 8.06 (m, 2H), 7.53 — 7.47 (m, 2H), 5.23 (dd, J
=8.2,4.9 Hz, 1H), 4.63 (s, 2H), 2.02 — 1.83 (m, 2H), 1.57 — 1.45 (m, 2H), 1.40 — 1.30 (m, 4H), 0.95 — 0.86 (m, 3H).
BC NMR (101 MHz, CDCl;) § 198.31, 161.54, 142.94, 130.31, 129.18, 128.66, 78.92, 45.30, 31.43, 28.83, 24.70,

22.39, 13.96.

Enantiomeric excess was determined to be 92% by chiral HPLC analysis, after NaBH, reduction in MeOH at room
temperature for 6 h, followed by addition of sat. aq. NH4Cl solution, extraction with dichloromethane and drying

over MgSO,. The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of
the benzoyl protecting group from the secondary alcohol to the primary alcohol. The mixture was purified by silica

gel flash chromatography (3:1 hexanes/ethyl acetate) prior to HPLC analysis.

OH
ClH,C ™ CIH,C

Alcohol isomers:

A: (S)-1-hydroxyheptan-2-yl 4-(chloromethyl)benzoate

"H NMR (500 MHz, Chloroform-d) & 8.05 (d, J = 8.1 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 5.23 — 5.12 (m, 1H), 4.62
(s, 2H), 3.84 (ap dd, J= 12.1, 3.3 Hz, 1H), 3.77 (ap dd, J = 12.1, 6.3 Hz, 1H), 2.09 (s, 1H), 1.83 — 1.64 (m, 2H), 1.62

~1.22 (m, 6H), 0.95 — 0.83 (m, 3H).
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BC NMR (126 MHz, CDCl;) § 166.40, 142.45, 130.16, 130.12, 128.52, 76.60, 64.98, 45.34, 31.62, 30.62, 25.02,
22.47,13.97.

B: (S)-2-hydroxyheptyl 4-(chloromethyl)benzoate (rearranged)

"H NMR (500 MHz, Chloroform-d) & 8.09 — 8.02 (m, 2H), 7.47 (d, J = 8.1 Hz, 2H), 4.62 (s, 2H), 4.39 (A of ABX,
apdd, J=114,3.1 Hz, 1H), 4.23 (B of ABX, ap dd, J=11.4, 7.1 Hz, 1H), 4.04 — 3.94 (m, 1H), 2.09 (br s, 1H),
1.62 —1.22 (m, 8H), 0.95 - 0.83 (m, 3H).

BC NMR (126 MHz, CDCl;) § 166.22, 142.51, 130.10, 129.86, 128.54, 70.14, 69.34, 45.32, 33.45, 31.76, 25.09,
22.57,14.02.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C,5H,;CI1O3 285.1252; found 285.1249.

Separation by HPLC: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.8 ml/min, ambient temperature, 254 nm, t

(A): 20.3 min (major, (S)), 23.6 min (minor, (R)), tz (B): 26.0 min (major, (S)), 28.7 min (minor (R)).

200

(S)-1-o0xo0-5-phenylpentan-2-yl acetate

Crude hydroformylation mixture filtered through a plug of silica and washed with dichloromethane. 88% isolated
yield, yellow oil.

"H NMR (400 MHz, Chloroform-d) 8 9.50 (d, J = 0.8 Hz, 1H), 7.32 — 7.25 (m, 2H), 7.24 — 7.14 (m, 3H), 5.01 (dd, J
=7.5,4.3 Hz, 1H), 2.69 — 2.62 (m, 2H), 2.17 (s, 3H), 1.92 — 1.70 (m, 4H).

BC NMR (126 MHz, CDCl;) § 198.18, 170.59, 141.31, 128.46, 128.37, 126.07, 78.13, 35.38, 28.17, 26.67, 20.62.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C3H ;605 221.1173; found 221.1174.

Enantiomeric excess was determined to be 93% by chiral HPLC analysis, after NaBH, reduction in MeOH at room
temperature for 5 h, followed by addition of sat. aq. NH4Cl solution, extraction with dichloromethane and drying

over MgSO,. The reduction conditions afford a mixture of two alcohol isomers, A and B, after partial migration of
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the benzoyl protecting group from the secondary alcohol to the primary alcohol. The mixture was purified and the

two isomers separated by silica gel flash chromatography (3:1 hexanes/ethyl acetate) prior to HPLC analysis.

)

g

Alcohol isomer:

(S)-2-hydroxy-5-phenylpentyl acetate (rearranged):

"H NMR (500 MHz, Chloroform-d) 8 7.30 — 7.24 (m, 2H), 7.20 — 7.15 (m, 3H), 4.11 (A of ABX, ap dd, J=11.4,
3.0 Hz, 1H), 3.93 (B of ABX, ap dd, J=11.4, 7.4 Hz, 1H), 3.88 —3.81 (m, 1H), 2.64 (t,J= 7.6 Hz, 2H), 2.22 (d, J =
4.3 Hz, 1H), 2.07 (s, 3H), 1.88 — 1.75 (m, 1H), 1.74 — 1.62 (m, 1H), 1.54 — 1.47 (m, 2H).

BC NMR (126 MHz, CDCl;) § 171.26, 142.01, 128.42, 128.36, 125.86, 69.75, 68.71, 35.72, 32.83, 27.17, 20.91.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C3H 305 223.1329; found 223.1329.

Separation by HPLC: CHIRALPAK 1D, 6% iPrOH/hexanes/0.1% TFA, 0.6 ml/min, ambient temperature, 220

nm, ty: 31.3min (major, (5)), 38.8 min (minor, (R)).

O
>LO)LNH

N0
(S)-(S)-1-0xo0-5-phenylpentan-2-yl 2-((tert-butoxycarbonyl)amino)propanoate
Reaction mixture filtered through a pad of celite and washed with DCM. 83% isolated yield, orange oil.
"H NMR (400 MHz, Chloroform-d) & 9.48 (s, 1H), 7.34 — 7.25 (m, 2H), 7.24 — 7.13 (m, 3H), 5.09 (dd, J= 7.6, 4.5
Hz, 1H), 5.02 (d, /= 7.8 Hz, 1H), 4.47 — 4.35 (m, 1H), 2.66 (dd, J = 8.0, 6.0 Hz, 2H), 1.48 (d, /= 7.2 Hz, 3H), 1.44
(s, 9H).
BC NMR (126 MHz, CDCl;) § 197.26, 173.14, 155.14, 141.19, 128.45, 128.38, 126.05, 80.00, 78.54, 49.12, 35.31,

28.29, 27.96, 26.50, 18.55.
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HRMS (ESI-TOF) m/z: [M+H]+ caled for C1oHNOs 350.1962; found 350.1953.

Enantiomeric excess was determined to be 92% by integration of aldehyde signals in crude 'H NMR.

V. Data for enamide AHF

2-benzamido-heptanal.

Started with 100 mg enamide, 100% conversion.

"H NMR (400 MHz, Chloroform-d) & 9.67 (s, 1H), 7.91 — 7.76 (m, 2H), 7.58 — 7.49 (m, 1H), 7.49 — 7.37 (m, 2H),
6.86 (d, /= 6.9 Hz, 1H, NH), 4.76 (q, J = 6.6 Hz, 1H), 2.13 — 1.97 (m, 1H), 1.82 - 1.70 (m, 1H), 1.51 — 1.20 (m,
6H), 0.96 — 0.80 (m, 3H).

BC NMR (101 MHz, CDCl;) § 199.46, 167.41, 133.80, 131.88, 128.66 (2C), 127.10 (2C), 59.24, 31.60, 29.09,
24.86,22.42, 13.96.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C4H,0NO, 234.1489; found 234.1492.

OH

i
N
Alcohol: (S)-N-(1-hydroxyheptan-2-yl)benzamide
"H NMR (400 MHz, Chloroform-d) & 7.82 — 7.69 (m, 2H), 7.51 — 7.43 (m, 1H), 7.42 — 7.32 (m, 2H), 6.61 (d, J =
8.3 Hz, 1H, NH), 4.12 (m, 1H, X of ABX), 3.78 — 3.70 (m, 1H, 4 of ABX), 3.70 — 3.60 (m, 1H, B of ABX), 3.50 (br s,
1H, OH), 1.70 — 1.51 (m, 2H), 1.46 — 1.33 (m, 2H), 1.34 — 1.22 (m, 4H), 0.95 — 0.80 (m, 3H).
BC NMR (101 MHz, CDCl;) § 168.35, 134.50, 131.61, 128.61, 127.09, 65.37, 52.33, 31.80, 31.36, 25.98, 25.95,

22.63, 14.12.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C,,H,,NO, 236.1646; found 236.1638.
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Separation by SFC: 85% ee.
Chiralcel OJ-H, 50 °C, 150 bar, MeOH modifier 2% for 1 min, then ramp to 8% over 6 min, hold 20 min, 2 mL/min

flow, A =210 nm. t.= 14.8 min (S), 16.9 min (R).

Separation by HPLC: 84% ee.
Chiralpak IA, 8% 2-propanol / 92% hexane, 1 mL/min flow, ambient temperature, A=254 or 220 nm. t, = 8.5 min

(S), 11.4 min (R).

oo
Saave

2-benzamido-5-phenylpentanal.

Started with 104 mg of enamide. 87% conversion, 81.1% yield (aldehyde).

-
saave

Alcohol: (S)-N-(1-hydroxy-5-phenylpentan-2-yl)benzamide

"H NMR (500 MHz, Chloroform-d) 8 7.73 (d, J = 7.7 Hz, 2H), 7.46 (t, J = 7.4 Hz, 1H), 7.37 (t, J = 7.6 Hz, 2H),
7.26 (t,J=7.4 Hz, 2H), 7.21 — 7.11 (m, 3H), 6.46 (d, J= 8.4 Hz, 1H), 4.23 — 4.08 (m, 1H, X of ABX), 3.79 — 3.68
(m, 1H, 4 of ABX), 3.68 —3.57 (m, 1H, B of ABX), 3.10 (t, /= 5.0 Hz, 1H, OH), 2.74- 2.54 (m, 2H), 1.78- 1.68 (m,
2H), 1.68 — 1.55 (m, 2H).

BC NMR (126 MHz, CDCls) § 168.28, 142.02, 134.42, 131.69, 128.66, 128.52, 128.48, 127.08, 125.98, 65.41,
52.08, 35.74, 30.94, 28.08.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for CgH,,NO, 284.1646; found 284.1652.

Separation by HPLC: 90% ee.
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Chiralpak IA, 8% 2-propanol / 92% hexane, 1 mL/min flow, ambient temperature, A=254 or 220 nm. t, = 10.2 min

(major, S), 13.4 min (R).

Y
T

2-benzamido-4-cyclohexylbutanal.

80% conversion, 78% isolated yield (alcohol). Started with 150 mg enamide, isolated 131.9 mg alcohol.

2
O 5

Alcohol: (S)-N-(4-cyclohexyl-1-hydroxybutan-2-yl)benzamide

"H NMR (400 MHz, Chloroform-d) 8 7.81 — 7.72 (m, 2H), 7.50 (ddt, J= 8.7, 6.3, 1.2 Hz, 1H), 7.42 (tt,J= 6.7, 1.6
Hz, 2H), 6.37 (d,J= 7.9 Hz, 1H, NH), 4.16 — 4.05 (m, 1H, X of ABX), 3.78 (app. dd, J=11.1,3.5 Hz, 1H, 4 of
ABX), 3.67 (app. dd, J=11.0, 5.4 Hz, 1H, B of ABX), 2.96 (br. s, 1H, OH), 1.79 — 1.51 (m, 7H), 1.34 — 1.05 (m, 6H),
0.96 — 0.79 (m, 2H).

BC NMR (101 MHz, CDCl;) § 168.26, 134.43, 131.60, 128.60 (2C), 126.99 (2C), 65.72, 52.67, 37.62, 33.84, 33.34,
33.29, 28.69, 26.62, 26.33 (2C).

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C7H,sNO, 276.1959; found 276.1956.

Separation by HPLC: 84% ee.
Chiralpak IA, 8% 2-propanol / 92% hexane, 1 mL/min flow, ambient temperature, A=254 or 220 nm. t, = 8.5 min

(major, S), 12.6 min (R).
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Oo._H

R

N™
P
Cl
Aldehyde: 2-Benzamido-6-chlorohexanal.
79% conversion, 68% isolated yield. Started with 67 mg of enamide. Isolated alcohol as a yellow oil, 52 mg.
"H NMR (400 MHz, Chloroform-d) § 9.69 (s, 1H), 7.88 — 7.77 (m, 2H), 7.57 — 7.50 (m, 1H), 7.50 — 7.41 (m, 2H),
6.85(d,J =68 Hz, 1H),4.78 (td, J = 6.9, 5.5 Hz, 1H), 3.54 (td, J = 6.4, 2.1 Hz, 2H), 2.18 — 2.04 (m, 1H), 1.95 -

1.72 (m, 3H), 1.69 — 1.48 (m, 2H).

OH

L)

PN

Cl
Alcohol: (5)-NV-(6-chloro-1-hydroxyhexan-2-yl)benzamide
"H NMR (500 MHz, Chloroform-d) & 7.78 — 7.74 (m, 2H), 7.48 (tt, J = 7.5, 1.4 Hz, 1H), 7.40 (t,J = 7.5 Hz, 2H),
6.53 (d, J=8.3 Hz, 1H), 4.21 — 4.09 (m, 1H, X of 4BX), 3.82 —3.73 (m, 1H, 4 of ABX), 3.69 (dt, J=10.7, 4.6 Hz,
1H, B of ABX), 3.54 (t,J = 6.5 Hz, 2H), 3.08 (t, /= 4.9 Hz, 1H, OH), 1.89 — 1.73 (m, 2H), 1.73 — 1.61 (m, 2H), 1.61
—1.47 (m, 2H).
BC NMR (126 MHz, CDCl;) § 168.28, 134.41, 131.76, 128.71 (2C), 127.09 (2C), 65.23, 51.93, 44.90, 32.32, 30.63,
23.54.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C3H;9CINO; 256.1099; found 256.1096.

Separation by HPLC: 92% ee.
Chiralpak IA, 8% 2-propanol / 92% hexane, 1.2 mL/min flow, ambient temperature, A=254 or 220 nm. t, = 9.2 min

(major, S), 15.0 min (R).

Oo._H

R

‘t

N
Hk/\
CN
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Aldehyde: 2-Benzamido-6-cyanohexanal.

100% conversion.

L)

R

CN
Alcohol: (S)-N-(6-cyano-1-hydroxyhexan-2-yl)benzamide
"H NMR (400 MHz, Chloroform-d) & 7.81 — 7.73 (m, 2H), 7.53 — 7.47 (m, 1H), 7.45 — 7.39 (m, 2H), 6.54 (d, J =
8.3 Hz, 1H), 4.22 — 4.07 (m, 1H, X of ABX), 3.82 — 3.66 (m, 2H, AB of ABX), 2.89 (br. s, 1H), 2.35 (t, /= 6.7 Hz,
2H), 1.79 — 1.62 (m, 4H), 1.62 — 1.49 (m, 2H).
BC NMR (126 MHz, CDCl;) § 168.13, 134.35, 131.86, 128.78 (2C), 127.10 (2C), 119.72, 77.16, 65.13, 51.53,
30.65, 25.36, 25.21, 17.21.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C4H9N,O, 247.1442; found 247.1438.

Separation by HPLC: 94% ee.
Chiralpak IA, 10% 2-propanol / 90% hexane, 1.2 mL/min flow, ambient temperature, A=254 or 220 nm. t, = 13.4

min (major, S), 24.1 min (R).

Aldehyde: (S)-2,2,2-trifluoro-N-(1-0xo-5-phenylpentan-2-yl)acetamide
100% conversion, 91% crude yield. Started from 100 mg enamide, isolated 103.4 mg alcohol.
"H NMR (400 MHz, Chloroform-d) & 9.49 (s, 1H), 8.30 (d, J = 8.7 Hz, 1H, NH), 7.31 — 7.21 (m, 2H), 7.21 — 7.06

(m, 3H),4.52 (td, J = 8.4,4.9 Hz, 1H), 2.77 — 2.54 (m, 2H), 1.77 — 1.56 (m, 4H).

YF NMR (377 MHz, CDCl,) § -75.73.
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OH

0 f
Y

Alcohol: (5)-2,2,2-trifluoro-N-(1-hydroxy-5-phenylpentan-2-yl)acetamide

"H NMR (400 MHz, Chloroform-d) & 7.32 — 7.24 (m, 2H), 7.23 — 7.13 (m, 3H), 6.51 (d, J = 8.4 Hz, 1H), 4.12 —
3.98 (m, 1H, X of ABX), 3.73 (app. dd, /= 11.0, 3.6 Hz, 1H, A of ABX), 3.67 (app. dd, J=11.1,4.1 Hz, 1H, B of
ABX), 2.71 —2.57 (m, 2H), 1.80 (br s, 1H), 1.75 — 1.54 (m, 4H).

3C NMR (126 MHz, Chloroform-d) & 157.38 (q, J = 37.0 Hz), 141.66, 128.60 (2C), 128.52 (2C), 126.16, 116.01
(q,J=288.0 Hz), 63.83, 51.74, 35.57, 30.40, 27.75.

YF NMR (377 MHz, CDCl;) § -75.83.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C3H7F;NO, 276.1206; found 276.1198.

o, O

ma]or mlnor
Aldehyde, alpha: N-(1-Formyl-2-phenylethyl) benzamide
86.3% conversion, 81.2% isolated yield (aldehyde), 6.3:1 a:f.
Characterization data are consistent with literature report. (Pan, H.; Xie, Y.; Liua, M.; Shi, Y. RSC Adv. 2014, 4,
2389-2392.)
"H NMR (400 MHz, Acetone-d;) 8 9.73 (s, 1H), 8.08 (s, 1H), 7.85 (dd, J = 7.5, 1.7 Hz, 2H), 7.58 — 7.50 (m, 1H),
7.50 — 741 (m, 2H), 7.35 — 7.23 (m, 4H), 7.24 — 7.15 (m, 1H), 4.64 (ddd, J =9.5,7.3,4.8 Hz, 1H), 3.36 (dd, J =

14.1,4.8 Hz, 1H), 3.09 (dd, J = 14.1,9.6 Hz, 1H).

HRMS (ESI-TOF) m/z: [M+H]+ calcd for CcH;sNO, 254.1176; found 254.1170.
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When the NMR is taken in methanol-d, (to obtain accurate b:1 ratios), the dimethoxyacetal forms spontaneously:

D3COj/OCD3 o oco,
BzHN ™ . N OCDj
alpha beta

Dimethoxyacetal, alpha: (S)-V-(1,1-dimethoxy-3-phenylpropan-2-yl)benzamide
"H NMR (500 MHz, Methanol-d,) & 7.74 — 7.67 (m, 2H), 7.52 — 7.35 (m, 3H), 7.34 — 7.20 (m, 4H), 7.18 — 7.12 (m,
1H), 4.66 (t, J = 3.4 Hz, 1H), 447 — 432 (m, 1H), 3.13 (app. ddd, J = 13.1, 7.7, 4.7 Hz, 1H), 2.92 (app. ddd, J =

14.8,9.9,6.1 Hz, 1H).

Dimethoxyacetal, beta: V-(3,3-dimethoxy-2-phenylpropyl)benzamide
"H NMR (500 MHz, Methanol-d,) § 7.76 — 7.10 (m, 10H), 4.81 (d, J = 4.5 Hz, 1H, acetal H), 3.94 — 3.82 (m, 1H, A

of ABX),3.79 — 3.70 (m, 1H, B of ABX),3.29 — 321 (m, IH, X of ABX).

0 J/OH o
SAPEITAP S
H @ H
a. (major) B (minor)

Alcohol, Alpha insertion: (S)-/NV-(1-hydroxy-3-phenylpropan-2-yl)benzamide

"H NMR (500 MHz, Methanol-dy) 8 7.76 — 7.71 (m, 2H), 7.52 (tt, J = 7.4, 1.1 Hz, 1H), 7.47 — 7.40 (m, 2H), 7.33 —
7.25 (m, 4H), 7.19 (tt, /= 6.9, 1.6 Hz, 1H), 4.36 (dq, J = 8.5, 5.7 Hz, 1H), 3.67 (d, J= 5.5 Hz, 2H), 3.04 (dd, J =
13.7, 6.1 Hz, 1H), 2.88 (dd, J=13.7, 8.5 Hz, 1H).

BC NMR (126 MHz, MeOD) § 170.35, 139.97, 136.00, 132.49, 130.34 (2C), 129.42 (2C), 129.36 (2C), 128.27

(2C), 127.33, 64.29, 54.96, 49.00, 37.99.
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Alcohol, Beta insertion: N-(3-hydroxy-2-phenylpropyl)benzamide

"H NMR (400 MHz, Methanol-dy) & 7.68 (dd, J = 7.2, 1.6 Hz, 2H), 7.53 — 7.45 (m, 2H), 7.44 — 7.36 (m, 2H), 7.33 —
7.21 (m, 4H), 3.82 (d, J= 6.4 Hz, 2H), 3.77 (dd, J=13.5, 7.2 Hz, 1H), 3.63 (dd, J=13.7, 7.9 Hz, 1H), 3.23 - 3.11
(m, 1H).

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C;¢HsNO, 256.1333; found 256.1342.

Separation by HPLC: 98.3% ee a, 31.9% ee p.
Chiralpak IA, 8% 2-propanol / 92% hexane, 1 mL/min flow, ambient temperature, A=220 nm. t, (alpha isomer) =

11.5 min (major, S), 13.9 min (minor, R). t; (beta isomer) = 19.3 min (minor), 21.8 min (major).

o (major) 3 (minor)

Aldehyde, alpha: 2,2,2-Trifluoro-N-[(1S5)-1-formyl-2-phenylethyl]acetamide

100% conversion, 65.5% isolated yield (alcohol).

Characterization data are consistent with literature report. (Myers, A. G.; Kung, D. W.; Zhong, B.; Movassaghi, M.;
Kwon, S. J. Am. Chem. Soc., 1999, 121, 8401-8402.)

"H NMR (400 MHz, CDCL,) 6 9.64 (s, 1H), 7.50 — 7.09 (m, 5H), 7.02 (br. s, 1H), 4.82 (app. q,J = 6.6 Hz, 1H), 3.30

(dd,J=142,55Hz,1H),3.22 (dd,J=14.2,7.2 Hz, 1H).

YF NMR (377 MHz, CDCl5)  -75.86 (alpha), -76.05 (beta).
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H
S 1 X
oy FsC N OH
Fsc H 3 H
a. (major) 3 (minor)

Alcohol, alpha: (S)-2,2,2-trifluoro-N-(1-hydroxy-3-phenylpropan-2-yl)acetamide

Characterization data agrees with literature reports. (Myers, A. G.; Kung, D. W.; Zhong, B.; Movassaghi, M.; Kwon,
S.J. Am. Chem. Soc., 1999, 121, 8401-8402. Jiang, H.; Yan, L.; Xu, M.; Lu, W.; Cai, Y.; Wan, W.; Yao, J.; Wu, S.;
Zhu, S.; Hao, J. J. Org. Chem. 2013, 78, 4261-4269.)

"H NMR (400 MHz, Methanol-dy) 8 7.38 — 7.13 (m, 5H), 4.17 (dq, J = 8.7, 5.9 Hz, 1H), 3.60 (qd, J= 11.2, 5.7 Hz,

2H), 2.96 (dd, J=13.8, 5.9 Hz, 1H), 2.75 (dd, J = 13.8, 8.9 Hz, 1H).

YF NMR (377 MHz, MeOD) § -77.17.

Alcohol, beta: 2,2,2-trifluoro-N-(3-hydroxy-2-phenylpropyl)acetamide
"H NMR (400 MHz, Methanol-d,) & 7.34 — 7.15 (m, 5H), 3.76 (dd, J = 6.5, 2.4 Hz, 2H), 3.67 (dd, J = 13.4, 6.7 Hz,

1H), 3.60 — 3.52 (m, 1H), 3.10 (dq, J = 8.5, 6.7 Hz, 1H).

YF NMR (377 MHz, Methanol-dy) & -77.37.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C,;H3F;NO, 248.0893; found 248.0897.

Separation by HPLC: 90% ee a, 54% ee f.
Chiralpak IA, 5% 2-propanol / 95% hexane, 1 mL/min flow, ambient temperature, A=220 nm. t, (alpha isomer) = 8.2

min (major, S), 9.5 min (minor, R). t. (beta isomer) = 12.9 min (major), 14.1 min (minor).

VI. Synthesis of L-DOPA precursor
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12 hr
OMe
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74 % overall from enamide to alcohol
H (0]
Mel K2CO3
acetone, 70°C
Me 45p OMe
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99.3%
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BulLi
OMe
OMe

66.2%

0]

M

o
Ph N p
H

CHO
1% Rh(acac)(CO),,
1.1% racemic ligand 1

150 psi, 1:1CO/H,

THF, 60°C, 24-48 hr OMe

OMe

115 % (not isolated)

Methylation: 12.172 g (80 mmol) of vanillin was added into 130 mL of acetone, and the mixture

was warmed to 60 °C to dissolve the vanillin. Then 11.222 g (80 mmol) of K,CO, and 8 mL (120

mmol) of Mel were added, and the mixture was stirred at 60-70 °C overnight (17 hours) under

reflux. The reaction mixture was filtered and the solids washed with acetone, then the filtrate was
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concentrated under vacuum to yield the desired product, which was further purified by flash
column chromatography, to give 13.2 g (99.3% yield) of pure product. Characterization data are
consistent with previously reported results. (Jiang, H.; Yan, L.; Xu, M.; Lu, W_; Cai, Y.; Wan,

W.; Yao, J.; Wu, S.; Zhu, S.; Hao, J. J. Org. Chem. 2013, 78,4261-4269.)

H__O
PPhg, CBry. _ Buli
OOC 2h THF, -78 °C
OM
OMe

66.2% 91.3%

Corey-Fuchs:

1) To a solution of the methylated aldehyde (6.646g, 40 mmol) in dry DCM, triphenylphosphine
(20.983g, 80mmol) was added. The mixture was cooled to 0 °C, and a solution of carbon
tetrabromide (14.592¢g, 44 mmol) in dry DCM was added dropwise. The reaction mixture was
allowed to gradually warm up to room temperature and stirred for another two hours after
reaching room temperature. The reaction mixture was quenched with water, and the organic
layer was separated and washed with brine. The crude mixture was dried over magnesium
sulfate, filtered, concentrated under vacuum, and purified by flash column chromatography to
give the dibromoethene derivative (8.521g, 66.2%). Characterization data are consistent with
previously reported results. (Rosiak, A.; Frey, W.; Christoffers, J. Eur. J. Org. Chem. 2006,

4044-4054.)
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2) nBuLi (26.46 mL of 2.5 M solution in hexane, 66.15 mmol) was added dropwise to a solution
of the dibromoethene derivative (8.521g, 26.46 mmol) in dry THF at -78 °C. The resulting
solution was stirred at -78 °C for 1h, and then gradually warmed to room temperature. The
reaction was quenched using saturated aqueous NH,CI, and the mixture was extracted with
EtOAc. The organic layer was washed with water (x1) and brine (x1). After drying over
magnesium sulfate and concentration under vacuum, the crude product was purified by column
chromatography to yield alkyne (3.915g, 91.3%). Characterization data are consistent with

previously reported results. (Rosiak, A.; Frey, W.; Christoffers, J. Eur. J. Org. Chem. 2006,

4044-4054.)
) O
‘ | benzamide )L
5% (COD)Ru(met),, Ph N
5% Cy,PC4HgPCys, H
Yb(OTf)3 DMF, H,0,
OMe  60°C, 24hr OMe
OMe OMe
12.6%

Enamide formation: The enamide was synthesized by the general procedure reported above,

starting from 3.915g (24.17 mmol) of the alkyne. After the typical extractive workup and
removal of the solvent under vacuum, the crude mixture was left overnight. Upon standing, the
desired product precipitated out, and the dark liquid impurities were dissolved in EtOAc (the
product does not dissolve in EtOAc). The product was separated using filtration, and the solids
were washed with EtOAc. The product was recrystallized from a mixture of DCM and hexane

four times to yield 0.8624g of light green crystals (12.6% yield). Characterization data are
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consistent with previously reported results. (Wendlandt, A.E.; Stahl, S.S.; Org. Biomol. Chem.,

2012, 70, 3866.)

'H NMR (500 MHz, Chloroform-d) & 8.37 (d, J = 11.0 Hz, 1H), 7.80 — 7.73 (m, 2H), 7.58 — 7.50 (m, 1H), 7.50 —
741 (m,2H),7.16 (dd, J = 11.1,9.4 Hz, 1H), 6.94 (d, J = 2.1 Hz, 2H), 6.83 (d, J = 1.5 Hz, 1H), 5.85 (d,J = 9.4 Hz,

1H), 3.92 (s, 3H), 3.89 (s, 3H).

BC NMR (126 MHz, Chloroform-d) & 164.19, 149.51, 148.13, 133.41, 132.15, 128.87, 128.51, 127.02, 121.75,

119.99,111.73 ,111.29, 110.94, 55.98, 55.93.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C7H7;NO; 284.1282; found 284.1279.

0 O CHO o M
PIS 29% Rh(acac)(CO)s, o P
Ph”™ "N™X % ligand Ph™ "N~ B Ph”™ °N B
H 2.2% ligand 1 H NaBH,, MeOH H
—_— >
150 psi, 1:1CO/H, 12 hr
OMe THF, 80°C, 22h OMe OMe
OMe OMe OMe
115% yield oo ee
(not isolated) 74% yi‘;‘ig

AHF and reduction: 0.5 mL of 20 mM Rh(acac)(CO), solution in THF was combined with 1.1

mL of 20 mM ligand solution in THF with about 50% potency. The mixture was stirred in a
pressure bottle under 150 psi of syngas (1:1 H,/CO) at 70-80 °C for lhr, then the entire mixture
was removed via syringe and injected into another pressure bottle containing 0.1418g (0.5 mmol)
of the olefin. The mixture was pressurized to 155 psi of syngas, submerged in an 80 °C oil bath,
and stirred at a high rate to ensure sufficient gas-liquid mixing for 22 hours. The crude mixture
was passed through a short pad of silica, rinsed with THF. Then the mixture was concentrated in

vacuum to give the aldehyde (>100% crude yield).
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The crude aldehyde was dissolved in MeOH, and excess NaBH, was added to the solution at O
°C, and the resulting mixture was stirred overnight. The crude material was purified using small-
scale flash column chromatography (60% EtOAc in hexane) to give 0.116g of the alcohol

product (74% yield from enamide).

Aldehyde:

'H NMR (500 MHz, 3:1 Toluene-dy:CDCL,) § 9.39 (s, 1H), 7.64 (d, J = 7.5 Hz, 2H), 7.27 (t, J = 7.3 Hz, 1H), 7.19 (t,
J=17.5Hz, 2H), 6.62 (d, J=5.1 Hz, 1H), 6.59 — 6.51 (m, 3H), 4.61 (q, J = 6.1 Hz, 1H), 3.59 (s, 4H), 3.55 (s, 3H),
3.13 - 2.99 (m, 2H).

13C NMR (126 MHz, 3:1 Toluene-dyCDCly) & 198.95, 167.39, 149.71, 148.80, 13421, 13223, 129.05 (2C),

128.64,127.50 (2C), 121.84,113.13, 111.88, 60.79, 56.027, 55.961, 34 .86.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C1gH;yNO, 314.1387; found 314.1392.

Alcohol:

'H NMR (500 MHz, Chloroform-d) & 7.71 — 7.66 (m, 2H), 7.52 — 7.46 (m, 1H), 7.45 — 7.37 (m, 2H), 6.83 — 6.76
(m, 3H), 6.46 (d, J = 7.4 Hz, 1H), 4.42 — 425 (m, 1H), 3.86 (s, 3H), 3.83 (s, 3H), 3.82 — 3.68 (m, 2H), 2.95 (d, J =

7.2 Hz,2H), 2.91 (br. s, 1H).

BC NMR (126 MHz, Chloroform-d) & 168.15, 149.25, 148.01, 134.38, 131.85, 131.82, 130.18, 128.75, 127.03,

121.37,112.40, 111.46, 64.35, 56.04, 55.99, 53.48,36.70.

HRMS (ESI-TOF) m/z: [M+H]+ calcd for CgH,NO, 316.1544; found 316.1550.
Separation by HPLC:
Chiralpak IA, 10% 2-propanol / 90% hexane, 1.2 mL/min flow, ambient temperature, A=220 nm. t, (alpha isomer) =

12.7 min (major, S), 15.7 min (minor, R). t; (beta isomer) = 23.5 min (minor), 24.9 min (major).
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Chapter 3

Improvements to the synthesis of enantiopure BisDiazaphospholane
ligands

Portions of this work were done in collaboration with Eli Lilly and Co. and their contractee
Freeslate. Some experimental procedures were performed with or by Joseph R. Martinelli, Joel
Calvin, Michael E. Laurila (Eli Lilly and Co.), and Bradley R. Jones (University of Wisconsin-

Madison). These contributions are noted within the text.
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3.1. Introduction.

The family of bisdiazaphospholane ligands developed in the Landis group provide highly
selective asymmetric hydroformylation (AHF) catalysts when bound to rhodium." These
bisdiazaphospholane catalysts are highly active at relatively low pressures (150 psi) of synthesis
gas, allowing for the use of glass pressure bottles.” Their development has greatly expanded the
number of o-chiral aldehydes accessible through AHF.> These ligands are modular, allowing for
modification of steric and electronic properties without substantial changes to the synthetic
procedure (Scheme 3.1). A library of these tetra-amide ligands has been synthesized,” as well as
bead-immobilized variants.” In addition, they show activity in hydroacylation in some
preliminary studies.” We aim to demonstrate the straightforward synthesis, resolution, and
coupling of the bisdiazaphospholane ligands to facilitate their use in AHF by organic chemists.
To do so, the reaction is performed on two scales: one that is easily run on the bench in a round-
bottom flask, and one that produces larger amounts of ligand to sustain the development of AHF
on a production scale.

Scheme 3.1. Synthesis of bisdiazaphospholane ligands.
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N 2 Coupllng Reagent B

Varlous Amines
(o} 0 0O
o @)( RHN @)< NHR
Cl NCI
o

The synthesis of the precursor to these tetra-amide ligands, 2 (“tetra-acid,” rel-2,2',2",2"'-

(1,2-phenylenebis((1R,3R)-tetrahydro-5,8-dioxo-1H-
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(1,2,4)diazaphospholo(1,2-a)pyridazine-2,1,3(3H)-triyl))tetrakis-benzoic acid), has had
inconsistent yields in the past decade of synthesis in our research group. The goal of this project
is to standardize the reaction to give consistent results regardless of the chemist running it and to
re-optimize the synthesis for larger scale, to facilitate industrial-scale AHF. The original
reported scale for synthesis of tetra-acid was 1.5 mmol, though the typical scale on which this
synthesis has been run in the group is 17.6 mmol. The scale and yields of reactions performed
over the last 5 years in our lab are reproduced in Table 3.1. In section 3.2, the purity of the
starting azine and other materials are examined to determine the source of variability in yield,
and then the reaction conditions are modified to improve the yield.

Table 3.1. Routine syntheses of tetra-acid in the Landis group.

% Yield tetra-acid? Reaction Scale (g phosphine)
17 . . . 17 . .
15 ! ' ' 15 ' ' ' '
13 ! ' 13 ey
> : : g, =
E 9 l c e
Wy l Wy . .
5 ! 5 e | '
3 l 3 e —
1 ' R
0 10 20 30 40 0 1 2 3 4 5

* Not adjusted for coordinated THF, actual yields are lower and may vary based on drying
technique.

The rac C; symmetric isomer of tetra-acid crashes out of solution preferentially. This
allows for efficient isolation of the desired isomer from the other possible diastereomers.
However, the separation of the two enantiomers has historically been carried out through
preparative SFC chromatography, limiting the accessibility of enantiopure tetra-acid to

researchers with access to this technology. In addition, the resolved material is not currently
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commercially available. To circumvent the need for chromatographic separation, classical
resolution via diastereomeric salt formation is carried out using enantiopure pseudoephedrine
(Section 3.3).

During studies of scale-up of AHF in a flow reactor, it was determined that the tetra-
amide ligand used for catalysis was of low purity. This is true of material synthesized by the
original route using PyBOP as a coupling agent, as well as the material synthesized through a
tetra-acyl fluoride intermediate synthesized using Deoxo-Fluor®. In section 3.4 we re-examine
the synthesis of ligand to determine if a different coupling method would improve the yield and
purity of isolated material. In addition, a new, straightforward technique to purify low-potency

ligand is developed.

3.2a. Synthesis of 2,2'-(azinodimethylidyne)bis-benzoic acid and identification of
conformers and byproducts

The original report of synthesis of the azine 1 proceeds in high yield (91%), crashing out
of ethanol as a yellow solid.” However, during routine synthesis of the azine, the NMR of the
product shows about 20% of the material is a different species (Figure 3.1). Understanding the

identity of this species will enable higher yielding synthesis of this important ligand precursor.
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Figure 3.1: "H NMR of azine and minor component.
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Three initial hypotheses of the identity of this minor component are proposed (Figure 3.2).
First, the minor species is a geometric conformer. Second, the minor species is a hydrogen-
bonded form. Third, the minor species is a byproduct from the synthesis. Mass spectrometry
provides limited help in identifying the composition of the mixture, as the compounds are
extremely insoluble in all solvents but DMSO, and efforts to examine the composition of the
solid by LC/MS led to degradation. However, we analyzed the composition of the filtrate after
the reaction was complete, and it contains a material isolated as a white solid that LC/MS shows
is the ethyl ester of 2-carboxybenzaldehyde, from the condensation of ethanol and starting
material. However, this material is not present in the isolated azine and is only a minor
component in the overall mass balance. For identification of the two components in the solid

azine, NMR proved to be the most valuable technique.
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Figure 3.2: Possible structures of the minor component.
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To test the first hypothesis, variable-temperature NMR was performed to examine what is
expected to be a strong temperature dependence of the equilibrium between the postulated
conformers. While one peak of the minor component moves with temperature variations
between 24 and 50 °C, an analogous peak on the azine also moves, suggesting that the observed
shifts are due to two separate components with functional groups hydrogen-bonding with the
solvent (Figure 3.3).

Figure 3.3: Variable-temperature '"H NMR of azine.
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To gather more information on the structure of the minor component and test the second
and third hypotheses, a series of 1D NOESY NMR spectra were acquired (Figure 3.4). In
NOESY spectra, through-space interactions up to about 5 A are observed as positive resonances,
with the intensity of the peaks in proportion to the spacial distance from the irradiated peak.® In
the spectra acquired on a sample of the azine, the peaks seen are instead strong negative signals,
indicating rapid chemical exchange with the irradiated resonance. This implies that the minor
component is in exchange with the major component on the NMR timescale, and should
therefore be accessible for further reaction. In addition, indirect NOE is also observed in the
spectra, which is the result of the irradiated nuclei undergoing exchange with the other
component, followed by NOE enhancement of the spatially proximal protons. Based on the
imine protons in the minor component being inequivalent (one appears at 6 8.6 the other at § 6.9),
one imine showing coupling to the hydrogen-bonding peak at 9.0 ppm (distinguished by the
variable-temperature experiment), and the integral of the major acid (1.24 relative to the imine
on the major component, Figure 3.1), the minor species appears to have one half of the molecule
in some sort of hydrogen bonded or cyclic form, and the other imine “free” in the form typically
drawn for the molecule. The hydrogen-bonded isomer labeled D in Figure 3.2, or its fully
deprotonated, zwitterionic form, is the most consistent structure. A cyclic form like E has not

been fully ruled out.



Figure 3.4: 1D NOESY spectra of azine.
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While these data do not fully distinguish between the proposed hydrogen-bonded,
zwitterionic and cyclic structures, they do suggest that the minor component in the azine is
rapidly interconverting with the major component. This means that both components can access
the reaction pathway that leads to formation of tetra-acid, and the purity of the azine is both high
and not adversely affecting the yield of tetra-acid in the next synthetic step. With this knowledge,

the synthesis of the tetra-acid is examined more closely.

3.2b. Improving the yield and reproducibility of the synthesis of tetra-acid

A reproducible, optimized synthesis of tetra-acid on the academic bench scale was
necessary before scaling up the synthesis to a large scale. A number of the starting materials
were of unknown quality in some of the runs included in Table 3.1. To standardize subsequent
results, the THF used is distilled from Na°/benzophenone, the succinyl chloride is distilled
within a week of use, and the purity of the azine is evaluated (see section 3.2a, above). After
controlling these sources of error, the rate of addition of materials, the concentration, and the
reaction temperature are modified.

On scaling up the reaction from the original report of 1.5 mmol to a 17.5-35 mmol scale,
the addition of succinyl chloride is noted to produce a substantial exotherm. If the addition of
succinyl chloride is too fast, the yield of the reaction is lower, and in some cases the reaction
mixture changes in appearance. Instead of the typical milky suspension, the solids in the
reaction clump up. Based on these observations, the rate at which succinyl chloride is added is
more closely controlled and the reaction is cooled in an ice and water bath (0 °C). These
modifications reproducibly provide yields close to 40%. Cooling the reaction further does not

appear to be beneficial, as running the reaction at -40 °C (MeCN/CO, bath) did not substantially
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improve the yield (Table 3.2, entry 5). In addition, the color change from a suspension of yellow
azine to white tetra-acid does not begin until the reaction is warmed to above -20 °C.

Another factor that appears to have an effect on the yield of tetra-acid is the concentration
at which the reaction is run. At higher concentrations, yield of the product tetra-acid is lower: at
about 30 mL/ g of phosphine starting material the yield is only 24%, whereas at 100 mL/ g
phosphine the yield is 42% (Table 3.2, entries 8 and 9). More dilute conditions were not
attempted because of concern about the efficiency of isolation of C; tetra-acid when it is
sparingly soluble. Again, control of the exotherm upon succinyl chloride addition appears to be
crucial to a high-yielding reaction. Lowering the reaction temperature, running the reaction at a
low concentration, and adding the acid chloride slowly all accomplish this and the revised

procedure produces consistent yields in the hands of at least three different chemists (entries 4, 6

and 9).
Table 3.2: Revised synthesis of tetra-acid

Entry/ Scale®  Temperature (°C) mLTHF/g Succinyl Chloride  Yield"
Reaction ID phosphine addition notes
1 25¢g 21 °C 30 Details of addition rate 36.7%
MLA2063 not recorded
2 25¢ 21 °C 60 Details of addition rate 17.7%
MLA2191 not recorded
3 S5¢g 0° > rt 100 Details of addition rate 35%
MLA2211 not recorded
4 S5¢g 0° = 1t 100 Added over 25 min 39.1%
MLA2241

5¢ -40° > -15° D 1t 100 Added over 50 min 39.5%
5 lh = 1.5h> 48h Color change only above
MLA2306 ZAUHE
6 S5¢g 0° = 1t 100 Added over 65 min 39.2%

F. Foarta
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7 25¢g 21 °C 32 Added slowly, no temp 2.5%*
J. Martinelli control

(Eli Lilly)

8 25¢g 13-15° internal, jacketed 32 Added over 2h, maintain 249%,%
J. Martinelli flask, overnight 13°-15 °C

(Eli Lilly)

9 S5¢g 5° jacketed flask, ~6h 100 Added over 1.75h, 36%
J. Martinelli slow warm to rt maintain 5-9 °C

(Eli Lilly)

10 43 g -8 °C internal, jacketed 102 Added over 4h, maintain 36.2%
Large Scale flask, ~5h -8.2t0 -6.1 °C

(Eli Lilly) slow warm to rt

“Grams of 1,2-bis(phosphino)benzene. "Yield adjusted for mass of coordinated THF after
vacuum drying. *Actual yield slightly lower because solvate mass not accounted for.

The revised and scaled up synthesis of tetra-acid on a routine scale allows a bench
chemist to reproducibly synthesize grams of the ligand precursor. However, further work in our
group involves industrial-scale hydroformylation in a continuous flow reactor, and that
necessitates a larger ligand supply than what the 35 mmol scale provides. In collaboration with
Eli Lilly, we ran a 297 mmol scale reaction that proceeded to yield 105 g (39.5 % yield,
corrected to 36.2% with THF removed, Table 3.2 entry 10). The reactionisrunina22 L
jacketed flask with a chiller set to -10 °C, which provides tight internal temperature control
within a range of -8.2 to -6.1 °C over the entire course of succinyl chloride addition, indicating
effective control of the exotherm. We expect that the demonstrated scalability and increased
yield of tetra-acid synthesis makes it more attractive to chemical suppliers, which we hope will
facilitate the commercial availability of bisdiazaphospholane ligands. Additionally, the
consumption of ligand in the 23.8 mL continuous flow reactor described in Chapter 5 is about
3.6 mmol per kilogram of alkene. At these unoptimized catalyst loadings, the amount of tetra-
acid produced by this large-scale reaction would provide enough ligand to convert over 30 kg of

6-methoxy-2-vinyl naphthylene into the naproxen aldehyde.
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Figure 3.5: color changes during tetra-acid synthesis
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3.3. Classical resolution of racemic tetra-acid with chiral amine bases

The formation of diastereomeric salts with chiral amine bases can give rise to salts with
differing solubilities. This property can be utilized to separate enantiomers of either an acidic or
basic compound. However, the degree to which the diastereomeric salts differ in solubility is a
difficult property to predict, and screening for the correct combination is usually necessary.

Scheme 3.2: Tetra-acid resolution by salt formation.
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A library of nine structurally diverse amine bases was screened at Freeslate under a
variety of solvent mixtures. The only hit from the initial screen was with pseudoephedrine.
Because this is a controlled substance, a follow-up screen was performed with four additional
amino alcohols, and later with Myers’ analog of pseudoephedrine, pseudoephenamine (Figure
3.6).” None of these additional bases screened yield high selectivity.

Figure 3.6: Chiral amine bases screened for resolution.
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Screens performed by Freeslate as part of a collaboration with Eli Lilly.

A variety of conditions were also examined by screening. In this secondary screen the
equivalents of amine:tetra-acid are determined to give most efficient resolution at a 4:1 ratio (one
amine per carboxylic acid). Ata 1:1 or 3:1 ratio, no solids form under the screen conditions. At

a 2:1 ratio, the solids that crash out are racemic. The solvent mixture is optimized to 5% (v/v)
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water in acetonitrile. In all solvent mixtures in the secondary screen, increasing water percentage
decreases the ee of the isolated solids (Figure 3.7).

Figure 3.7: ee comparison with increase in water % of crystallization solution.
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Graph reproduced from a screen by Freeslate. ©2013, Freeslate, Inc.

Compared to the original solvent mixture (10% water in 2-propanol), which gave 80% ee
after a single crystallization, the optimized solvent mixture gives only one enantiomer within the
detection limits of both NMR (of the diastereomeric salt) and HPLC. This avoids further
recrystallization steps and simplifies the procedure. Further recrystallizations have little effect
on the enantioselectivity of the isolated salt, but washing the crystals obtained in the first
crystallization is crucial for the highest ee. To confirm this, the purity of material in each
fraction of a resolution is examined. The second crop of crystals obtained from resolution are
isolated by washing with cold solvent, and this wash material was isolated and found to be only
38% ee. The extent of enantioenrichment is easily observed by NMR, as the diastereomers

exhibit distinct peaks in the aryl region of the proton and in the *'P NMR (Figure 3.8).
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Figure 3.8: >'P and '"H NMR spectra of diastereomers at each step in a resolution.
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Once the salt of one enantiomer is isolated, a simple dissolution in methanol followed by
addition of aqueous 3 M HCI and filtration returns the enantiopure tetra-acid, usually as a
hydrate. The potency of this isolated material is typically high (93%), compared to the racemic
starting material, which is usually about 75% potent.

We hoped that the crystal structure would provide a model that would allow us to predict
the structural motifs needed for enantioenrichment, and thus allow for rational choice of
resolving agents to avoid regulated substances. While the crystals formed are large and appear

high-quality, even with numerous recrystallizations and multiple data collections on several

crystals at different temperatures the data and refinement quality is substandard. The atomic
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connectivity and composition of the main molecules have been reliably established, and two
independent refinements —one by a macromolecular crystallographer (K. Satyshur) and one by a
small molecule crystallographer (I. A. Guzei)— produced the same absolute configuration of the
tetra-acid molecules, which also matches the chirality determined by HPLC. However, the
refinements were done with numerous restraints and constraints, and it is not possible to identify
and properly refine solvent molecules occupying lattice voids. In particular, there is a substantial
amount of disorder that can be seen in the water molecules (Figure 3.9).

Figure 3.9: Crystal structure with disordered waters (orange spheres) visible.
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The crystal structure consists of two tetra-acid anions and eight protonated
pseudoephedrine cations (Figure 3.10.A). A number of interesting features are worth noting.
Each tetra-acid anion has one pseudoephedrine with two hydrogen bonds to the amine moiety,
from carboxylates on opposite “arms” of the ligand (Figure 3.10.B). There are also two
pseudoephedrine molecules that bridge between tetra-acid molecules, shown in dusty pink in
Figure 3.10.A.

The low data quality and the complexity of the structure led us to abandon the crystal
structure as a way to identify other bases that may be viable resolving agents. However, the

structure supports the chirality determined by HPLC.

Figure 3.10: Simplified structure of the tetra-acid pseudoephedrine 1:4 salt.

3.10.A: Unit cell (disordered solvent molecules omitted)
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3.10.B: detail of hydrogen bonding in a single tetra-acid.

3.4a. Issues with ligand potency and revised synthesis of ligand

During the development of AHF in a flow reactor we conducted a number of studies at
much lower catalyst loadings than much of our previous work (S/C > 10,000). In the course of
reducing the catalyst loading, we found that the rate of hydroformylation was far slower than we
expected. The origin of the slow reactivity was determined to be the ligand, which is established
to be only 32% ligand by mass by quantitative NMR with an internal standard. The problem of
“low potency” ligand is widespread, as established by quantitative NMR of all available ligand
samples in our group at the time of the discovery (Table 3.3). Multiple batches prepared by
identical routes give routinely low potencies (entries 2-4, 6, 9), the racemic tetra-acid precursor
is not totally potent (entry 7), but resolved tetra-acid is of high purity (entry 8). Values were
originally acquired using standard decoupling (always-on), select values were re-acquired using

more accurate inverse-gated (zgig30) decoupling, and are reported here for comparison.
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Table 3.3: Potency of ligand samples

1 dppe 97% purity, Alfa 130 96.7
control for internal
standard
2 R,R,R-BRIJ-D Synthesized by 52.4
Deoxofluor method
3 R,R,R-BRJ-L Synthesized by 45.5
Deoxofluor method
4 R,R,R-MLA2293  Synthesized from 56.3 55.0
hydrated tetra-acid
(Deoxofluor)
5 R,R,R-MLA1272  Synthesized from 57.1 53.7
PyBOP coupling
method
6 Rac tetra-amide, Synthesized by 52.3
FFA Deoxofluor method
7 Rac t-acid 92.0 wt% based on 53.5
solvent
8 Resolved t-acid 95.9 wt% based on 86.6 90.5
Batch 2 (BRJ) solvent 93.0
9 R,R,R-MLA3041 Measured at Lilly -- 34.3
10 MLA3042- Rh cat Measured at Lilly 29.1 (at WI) 32.6

Beyond the fact that the low potency of the ligand means that reactions run with it may have
variable results depending on the batch of ligand, the synthesis (in which we report quantitative
yields) is inefficient and costly. To improve the supply of ligand available, we examine various
coupling reactions for the ligand to find a high-yielding one and developed a reliable way to

purify the ligand.
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The original report of ligand synthesis is a coupling using the peptide coupling agent
PyBOP.! This has recently been improved upon by moving to a synthetic route with an
intermediate tetra-acyl fluoride,” which avoids the purification step by column chromatography
and allows for coupling of bulkier amides to the tetra-acid backbone, as well as providing higher
yields of ligand (Scheme 3.3).

Scheme 3.3: Synthetic routes to bisdiazaphospholane tetra-amide ligands.

Ph

HO @OH }—NH @\H«N «
o O / 0 5 eq. Hunig's base
N QP}\N 5 eq. (R)-a-Methylbenzylamine /\N
P | >
N/ N 5 eq. PyBOP

DCM, overnight
00 g 00

52 B
HO@ OH »NH HN—,
Ph

Ph

HO @OH F @\«F
00 / o0 5 eq. Hunig's base
N QP/\N 5 eq. Deoxofluor Q /\N
P |
N -/ N DCM, overnight
00 'E O 0

00 =
HO@ OH F@ F
Ph
: HN«
= 00
T~

Ph
M—NH
. o O
5 eq. Hunig's base )
Q /\N 5 eq. (R)-a-Methylbenzylamine o N b
- N/

O
N
|
DCM, overnight ! ij
o O 00 = 00
,: F »N%F@ HN—{
Ph Ph

Because the improved reactivity of the tetra-acyl fluoride intermediate makes a broad
range of bulky substrates accessible, improvement of this synthesis was first examined. The

reaction as it was run prior to this study gave quantitative yield by mass but potency values in the
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30-55 % range (Table 3.3). As this is a two-step procedure, determination of which step is low-
yielding is crucial to understanding how to improve it. Therefore, reaction conditions were
modified to attempt improvements in the potency of the final product (Table 3.4). A standard set
of conditions based on routine synthesis of the ligand was chosen, and modifications to these
conditions were applied to see if they effected any changes in yield and potency. The
intermediate tetra-acyl fluoride is also examined in greater detail than during routine synthesis to
determine which step is problematic.

This screen of reaction conditions provides little insight into how to modify the synthesis
of ligand. There are no major improvements to the previously reported synthesis with any of the
modifications made in Table 3.4. However, the potency of intermediate materials suggests that
the formation of the tetra-acyl fluoride is the problematic step in the reaction. The yield (by
mass) of tetra-acyl fluoride is typically quantitative. However, the potency of this isolated
material is in the 40-58% range, much lower than the potency of the initial tetra-acid (top entry).
The potency of ligand isolated after the coupling to amine is 42-54%, a much smaller decrease
than that seen in the first step. By NMR, an unidentified set of peaks appears at 3.5 ppm, which

may be due to byproducts from Deoxofluor®.
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Table 3.4: Modifications to acyl fluoride coupling:

tetra- batch for 1 and 88.8
acid 2
1-MLA 0°C 100.4 86.7 54.5 53.5 46.4%
2-BRJ 6.8 mg/mL 96.8 83.2 57.8 48.2 40.1%
3-FFA 8 eq. deoxofluor 89 60.4 47.2 42.5 25.7%
+ amines
4-JW dry tetra-acid 97.7 81.8 40.9 43.4 30.3%
overnight, extra
washes in
extraction

“Based on initial mass of tetra-acid. "Adjusted for coordinated solvent.

3.4b. “The acetone trick”: isolation of high-potency ligand

While working on the development of an improved ligand synthesis, our group still
needed a source of clean, potent ligand for ongoing research in the field of AHF. Initially,
column chromatography was relied on since ligand obtained from PyBOP coupling had
previously been purified this way. However, with the improved sensitivity of the routine NMR
instruments available in the past few years, we find that ligand purified in this way often contains
multiple other phosphine species that were previously unnoticed due to the sensitivity of our
routine instruments. After column chromatography, ligand with 52% potency is only upgraded

to about 72% potency, and separation of the desired product is incomplete (Figure 3.11).
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Figure 3.11: °'P{'H} and "H NMR of ligand sample after various workup techniques.
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The limited success of column chromatography led us to search for a different method of

purification: crystallization. Earlier work investigating AHF of 1,1-disubstituted olefins required

higher catalyst loadings and therefore stock solutions of ligand at higher concentrations. At 55

mM in acetone the ligand was found to crash out of the stock solution after a short period of time.

When attempting a recrystallization in a mixed acetone-hexane system, small crystals form on

the side of the flask after acetone addition. Afterward, the entire solution becomes homogeneous

briefly before crashing out a flocculent white solid, which is pure ligand. This technique is

repeated with just acetone as the recrystallization solvent, and works best with a concentration of

about 20 mg/mL of impure ligand in acetone. Recovery in the first two crops of crystals is 81%

of the mass expected based on potency of the starting material. The isolated material is typically

90-95% pure. Recrystallizations that are too concentrated lead to some impurities crashing out,

and more dilute leads to lower recovery. In addition, this method is effective for purification of
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the crude material from ligand synthesis via T3P coupling and for purification of the racemic
tetrabenzylamide ligand analog.

The original impetus for this project was difficulty in creating a large supply of ligand to
support development of large-scale AHF. The difficulty encountered in providing this stockpile
of ligand led to a number of improvements and insights into the ligand synthesis. In particular:
the NMR of the azine starting material is more fully characterized, the synthesis of tetra-acid has
been re-optimized for improved yield and demonstrated on a 300 mmol scale, the enantiomers of
C>-symmetric tetra-acid can be resolved by classical resolution instead of preparative SFC, the
purity of ligand and precursors can be quantitatively assessed by potency, and the purification of
ligand can be simplified by a recrystallization. New, higher-yielding routes for the synthesis of

tetra-amide ligands are under development as a result of these studies.



81

3.5. Experimental.

General considerations.

All reactions carried out in Schlenk flasks are performed under an atmosphere of nitrogen and
open to an oil bubbler. THF is purchased from Aldrich and distilled from Na°/benzophenone
prior to use. DCM is purchased from Aldrich and purified by house-built solvent columns
packed with alumina prior to use. HCI solutions were prepared from deionized tap water and
conc. hydrochloric acid. Succinyl chloride is vacuum distilled prior to use. All other reagents
were purchased from the suppliers listed below and used as received. NMR spectra were
recorded at ambient temperature unless otherwise noted on Bruker AC-300, Avance III 400, or
Avance III 500 spectrometers. 'H and >C NMR chemical shifts were referenced to
tetramethylsilane if present or residual solvent. *'P and '’F NMR chemical shifts were
referenced to TMS in the proton spectrum using the unified scale. 'H NMR splitting patterns
were designated as singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublets (dd),
apparent (ap), broad (br). First-order splitting patterns were assigned on the basis of the

multiplet. Splitting patterns that could not be interpreted are designated as multiplet (m) or broad

(br).

Reagent CAS Small Scale Large Scale

Ethanol 64-17-5 Pharmco-Aaper Decon (200 proof)

(95%)

2-carboxybenzaldehyde | 119-67-5 Aldrich TCI (>98%)

Hydrazine monohydrate | 7803-57-8 Aldrich Acros (35%
hydrazine, 55%
hydrate)

THF 109-99-9 Aldrich Fisher

1,2- 80510-04-9 Strem Strem

bis(phosphino)benzene

Succinyl chloride 543-20-4 Aldrich Acros (95%)

Acetonitrile 75-05-8 Aldrich N/A

Water 7732-18-5 Deionized tap N/A

(S,S)-pseudoephedrine 90-82-4 Aldrich N/A




Methanol 67-56-1 Macron Fine N/A
Chemicals

HCI (3 M) 7647-01-0 Aldrich N/A
DCM 75-09-2 Aldrich Fisher (99.9%)
Diisopropylethylamine 7087-68-5 Aldrich Aldrich
Propyl phosphonic acid 68957-94-8 Aldrich Aldrich
anhydride (T3P)
(R)-a- 3886-69-9 Aldrich Fluka
methylbenzylamine
(S)-a- 2627-86-3 Aldrich Fluka
methylbenzylamine
HCI (1 M) 7647-01-0 Aldrich Red Bird Services
Acetone 67-64-1 Aldrich Mallinkcrodt

(99.5%)
Triphenylphosphine 791-28-6 Aldrich Aldrich (99.8%)
oxide
Safety.

1,2-Bis-(phosphinobenzene) is highly pyrophoric. This compound should be left in the
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ampule until immediately before use, where it should be loaded into a syringe inside a glovebox

or glovebag. Remaining material should be stored under inert atmosphere. All items coming in
contact with the phosphine should be placed into a bleach bath.

Pseudoephedrine is a List 1 substance under the Title 21 Code of Federal regulations.

Synthesis of 2,2'-(Azinodimethylidyne)bis-benzoic acid.

@)

NH,NH,

OH  EtOH, 23°C

@)
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2-Carboxybenzaldehyde (31.63 g, 210.7 mmol) was dissolved in 300 mL of 95% ethanol in a
large beaker. Hydrazine monohydrate (5.1 mL, 5.2g, 105.1 mmol) was added dropwise to the
stirred solution and the resulting yellow suspension was stirred 1 hour at room temperature (21
°C). The reaction mixture was vacuum filtered through qualitative filter paper using a Buchner
funnel connected to an aspirator. The filter cake was dried under vacuum (60 mtorr) for one

hour to yield the azine as a yellow solid (29.70 g, 95%).

Revised bench-scale synthesis of tetra-carboxylic acid (rel-2,2',2",2"'-(1,2-
phenylenebis((1R,3R)-tetrahydro-5,8-dioxo-1H-

(1,2,4)diazaphospholo(1,2-a)pyridazine-2,1,3(3H)-triyl))tetrakis-benzoic acid).

Ho)F@ o Q

S " i
g 2
2 N Cl 23°C overnight

2,2'-(Azinodimethylidyne)bis-benzoic acid (Note 1) (20.88 g, 70.47 mmol) was added to an
oven-dried single-necked 1 L round-bottom Schlenk flask equipped with a Teflon-coated stirbar,
glass stopcock and a rubber septum. The flask was then subjected to three cycles of evacuation
followed by refilling with nitrogen to remove air (Note 2). Dry, inert THF (500 mL) (Note 3)
was added via cannula transfer from an inert bomb flask, then the bis(phosphino)benzene (5.0 g,
35.2 mmol) was added via syringe (Note 4). The flask was submerged in a 0 °C ice-water bath
and allowed to cool at least 20 minutes. Succinyl chloride (11.7 mL, 16.4 g, 106 mmol) (Note 5)

was then added dropwise via syringe, slowly, over 50 minutes to control the resulting exotherm
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(Note 6). Reaction mixture turns directly from a yellow suspension to a white suspension,
usually by the end of this step but always within a few hours after addition is complete. The
reaction was stirred under N, overnight at room temperature (Note 7), allowed to settle 1-2 hours,
then vacuum filtered through qualitative paper on a large Buchner funnel, rinsed with additional
THF, and dried under vacuum (60 mtorr) to yield a white solid (14.4489 g, 45.7%; 12.365 g

(39.1%) tetra-acid when solvate accounted for) (Note 8, 9).

Note 1: Prepared by above procedure.

Note 2: The evacuation/refill cycles should be done slowly because the solid azine is very
powdery.

Note 3: The THF was purchased from Aldrich Chemical Co. and distilled over
Na°/benzophenone in a nitrogen atmosphere prior to use. The concentration of the reaction
influences the yield: the optimized concentration is 100 mL THF for every gram of phosphine
used.

Note 4: Bis(phosphino)benzene was purchased from Strem, neat, and the full contents of the 5 g
ampoule were pulled into a syringe inside a nitrogen-filled glovebox (a glovebag can also be
used but any remaining phosphine stored in a glovebag will deteriorate more quickly). The
ampoule was then rinsed with THF (2x1 mL) and the resultant solution pulled into the same
syringe as the rest of the phosphine. The use of a sealed secondary carrying container to transfer
the phosphine to the fume hood in which the reaction is set up is highly recommended because of

the stench of the phosphine.
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Note 5: Succinyl chloride (95%) was purchased from Aldrich, vacuum distilled, and degassed
prior to use. It should be stored in a bomb flask covered in tinfoil, and appear as a colorless
liquid. Using 3 equivalents of succinyl chloride tends to give higher, more reproducible yields.
Note 6: The addition of succinyl chloride is highly exothermic and should be done more slowly
at the beginning of the addition time period. For example, the first mL of succinyl chloride
should be added over the first 15 min, the next 3 mL over the next 15 min, then the remainder
over the last 20 min. Alternatively, the use of a syringe pump and the addition procedure
described in the large-scale synthesis can be employed.

Note 7: “Overnight” is typically 16-24 hours. Leaving the mixture for longer has no known
deleterious affect, provided the flask is still air-free.

Note 8: Yields (after drying under vacuum) are in the 30-46% range for this synthesis. However
these numbers do not account for the THF (or other solvent) that remains coordinated to the
product. After two rounds of drying there is typically about 1.6 equivalents of THF (observed by
NMR).

Note 9: If the ligand becomes oxidized, the phosphine oxide shows up at & 55.78 ppm in the *'P

NMR spectrum (in DMSO).

Large-scale synthesis of tetra-acid (rel-2,2',2",2'"'-(1,2-phenylenebis((1R,3R)-tetrahydro-
5,8-dioxo-1H-

(1,2,4)diazaphospholo(1,2-a)pyridazine-2,1,3(3H)-triyl))tetrakis-benzoic acid).

Note: Performed at Eli Lilly

The reaction is run in a 22 L, half-jacketed flask with a bottom valve, four necks and a

thermocouple port. The four necks are equipped with an Ika Werke overhead stirrer, a baftle for
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improved stirring, a nitrogen inlet on top of a condenser, and a reducing adapter with a septum
(Note 1). 2,2'-(Azinodimethylidyne)bis-benzoic acid (179.9 g, 607 mmol) was suspended in
4700 mL THF (10% additional volume was added to account for solvent loss overnight) and the
resulting yellow suspension was allowed to stir at 160 rpm under nitrogen overnight (20 h) at
room temperature to degas. In the morning the reaction was cooled to -8.2 °C with a Huber
Unistat 405 chiller connected to the jacket and set to -10 °C. Bis(phosphino)benzene (43.02 g,
303 mmol) was added to the stirring slurry dropwise over 5 minutes with no temperature change.
The syringe was then rinsed with 15 mL of degassed THF and this was added to the reaction.
Succinyl dichloride (100 mL, 897.5 mmol) is added via syringe pump, set to add at 25 mL/hour
and actually added at 28.6 mL/hour (3.5 hour addition). Temperature is maintained within the
range of -8.2 to -6.1 °C over the course of the addition (Note 2). As succinyl chloride is added,
the reaction remains heterogeneous but changes from a yellow suspension to a white suspension.
Upon complete addition of succinyl chloride, the rate of stirring is increased to 267 rpm to wash
down solids stuck on the wall of the flask above the liquid level. An hour after succinyl chloride
addition was complete, the rate of stirring was reduced to 150 rpm, the chiller was turned off,
and the temperature allowed to rise to room temperature overnight. After stirring for 20 hours,
the solid was drained through the bottom port on the reaction flask, and the flask was rinsed with
THF (500 mL). The solids were vacuum filtered on a polypropylene pad and rinsed with 2 x 1.6
L THF. The solids were allowed to dry on the filter for 45 min with vacuum pulling air through
the filter cake. The product was broken up to yield a granular powder and dried in a vacuum
oven set to 40 °C and 88.9 mmHg for 24 hours. Yield = 105.2 g (39.5%) of a white solid (96.4 g

(36.2 %) yield when THF solvate mass (1.2 molar equivalents) seen by NMR is subtracted).



Note 1: Large scale tetra-acid synthesis reaction setup

Note 2: Temperature changes over succinyl chloride addition are graphed below. No

temperature change is observed during the first 20 minutes.
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Screens of bases and solvent conditions for classical resolution of tetra-acid (run by

Freeslate).
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* Powder dispense Racemic tetra-acid in appropriate vials of 8x12 array (96-1mL vials)
using Powdernium according to the library design.
* The targeted amount of material in each vial is 20 mg, 22.25 umol;
* Add stir bars;
» Dispense counter ion (amine) solutions, 1.0 eq., in 500 uL. of MeOH;
» Strychnine did not dissolve in MeOH and was added manually as a slurry.

* Seal the plate and stir at 50 °C for 2 h;
* Remove the solvents under Genevac, followed by high vacuum.
Solvent Dispense and Solubility Study (Day-2):
* Dispense resolution solvents according to the
library design (500 pL/ well);
» Seal the plates and run the temperature profile.

Temperature profile for screen of bases for classical resolution:

Temperature Profile
50

Temp (°C)
N w
o o

No stirring
10

0 S 10 15 20

Time (hour)

Graph reproduced from a screen by Freeslate. ©2013, Freeslate, Inc.

Filtration and Visual Observation (Day 3):
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* Centrifuge the plates briefly and place back on the deck at the equilibration temperature
for 5 minutes without stirring;

» Using a four-tipped needle assembly transfer supernatant to a sealed filtration assembly;

* After filtration, Master plate opened and visual observation noted,

* Remove aliquots of filtrate (40 pL) and diluted to an appropriate concentration for HPLC
analysis. Prepare two dilution plates (10x and 100x) by serial dilution using Reagent
alcohol.

* Visually observe the master plate.

» If crystalline: analyze supernatant by HPLC. Chiralpak AD-RH (4.6 x 150mm,
5.0 um) Mobile Phase: A: H,O (+0.08% TFA), B: MeOH (+0.08% TFA), ramp
30% B to 50% B over 15 min, hold at 50% B for 3 min. 0.8 mL/min, Column
Temp: 30 °C, Injection volume of 5 uL, Detection at 254 nm. Peaks at 12.2, 13.9

min.

DAD1 A, Sig=254.4 Ref=360,100 (ANGRISH\CALIB 2013-07-19 16-12-39\3181184C000006.D)

2
(1)
)

121953181184

I3B78=3181184

Screen 1:



« 8 Different Solvents/Solvent Mixtures (S)
MEK

MEK: H,0 (9:1)

EtOH: Heptane (3:1)

IPA: H,O (9:1)

THEF: H,O (9:1)

THF: MeOH (1:1)

EtCN: H,0 (9:1)

EtOAc

ToTmOOw

* 9 Different Chiral Amines
Strychnine
Quinine
(R)-(+)-a-Methylbenzylamine
(1S,2S,3S,5R)-(+)-Isopinocampheylamine
(—)-Nicotine
(1S,2S)-(+)-Pseudoephedrine
(R)-(—)-1-Amino-2-propanol
(1S,2S)-(+)-trans-1-Amino-2-indanol
(S)-(+)-2-Pyrrolidinemethanol

. Screening Conditions:

. Racemic tetra-acid: 20 mg, 22.25 pmol

. Chiral amine: 2.0 - 4.0 eq., 44.5 - 89 umol

. MeOH: 500 pL (salt formation)

. Solvents/Solvent Mixtures: 500 uL. Concentration: 40 mg/mL, 0.045 M

To read the following tables, compare the relative concentrations of peak 1 (first table) with
those of peak 2 (second table). A large difference indicates the resolution conditions will
produce enantioenrichment.

Key:



Acid: Base ratio 1:4 1:2
Chiral Resolving Bl B2 B3 B4 B5 B6 B7 B8 B9 Bl | B4 B8
Agents 1 2 3 4 5 6 7 8 9 10 11 12
A
B
G
D
8-Solvents £
F
G
H
Concentration of 3181184-(1) Retention time 13 min
Solvent(s) 1 2 3 4 5 6 7 8 9 10 11 12
A |MEK 0.9 18.0 1.4 9.0 0.8 2.2 0.3 ND ND 1.0 6.7 0.4
B |MEK: H20 (9:1) 41 190 4.7
C |EtOH: Heptane (3:1) 1.2 15 1.1 9.8
D |[IPA: H20 (9:1) 3.8 5.5 1.8 3.6 20.7
E |[THF: H20 (9:1) 11.5 1.1 4.7
F_|THF: MeOH (1:1) 9.1 06
G |EtCN: H20 (9:1) 2.0 122 216 ND 438
H |[EtOAc 0.3 5.0 ND 2.2 ND 0.6 ND ND ND 0.4 1.0 ND
Concentration of 3181184-(2) Retention time 14 min
Solvent(s) 1 2 3 4 5 6 7 8 9 10 11 12
A |MEK 0.8 17.6 1.1 10.9 0.8 1.9 ND ND ND 0.9 79 0.4
B |MEK: H20 (9:1) 4.1 19.8 20.7
C |EtOH: Heptane (3:1) 1.2 1.5 1.0 10.9
D [IPA: H20 (9:1) 3.8 5.7 21.7 33 215
E |THF:H20 (9:1) 8.4 16 13.6
F |THF: MeOH (1:1) 1.3 0.7
G [EtCN: H20 (9:1) 18 104 219 4.0 4.0
H EtOAc 0.3 4.4 ND 2.4 ND 0.4 ND ND ND 0.4 1.2 ND
Hits
Screen 2:
Amine 1 Amine 2 Amine 3 Amine 4
RN
OH (:)H H . OH NH, OH
YT N OH
O ® H NH
OH OH OH O,N 2
N-Methyl-D- cis-(1S2R)-(—)-2-  (1S,2R)~(+)-2- (IR,2R)-(~)-2-Amino-
glucamine (Benzylamino)cyclo- Amino-1,2- 1-(4-nitrophenyl)-1,3-

hexanemethanol diphenylethanol propanediol



1] 2] 3] a ] s 6 | 7 9 | [ 11 [ 1
Water vol% (1S,2S)-(+)-Pseudoephedrine eq. Resolving Agents
5% | 10% | 15% | 20% | 30% 1 | 12 13 Amine1 [ Amine2 | Amine3 [ Amine4
A Acetone
B MEK 1:4 TetraAcid : (1S,25)-(+)-
C MeOH Pseudoephedrine
D EtOH . .
E PA CHs 10 vol% Water 1:4 TetraAcid : Amine; 10 vol% Water
F| MeCN HI
G| Eten "CHa
H THF
Concentration of 3181184-2 Retention time 14 min
Solvent 3 2 3 4 5 6 7 8 9 10 11 12
A Acetone 4.05 ND 1.02
B MEK 22.13 2491 21.75 13.98 2.52
C MeOH 8.66
D EtOH 8.19 1.50 1.43
E IPA 21.33 23.82 24.10 24.67 23.76 2.98 ND 21.79 1.94
F MeCN 20.55 22.77 21.95 23.69 ND
G EtCN 12.56 5.20 3.90 3.67 3.01 7.38 14.79 ND ND
H THF 1.47 2.98 ND
Concentration of 3181184-(1) Retention time 13 min
Solvent 1 2 3 4 5 6 7 8 9 10 11 12
A Acetone 4.16 ND 1.26
B MEK 6.48 7.05 10.06 14.10 2.21
C MeOH 8.63
D EtOH 8.24 141 1.64
E IPA 273 2.84 5.30 9.53 13.85 3.03 ND 21.24 1.80
F MeCN 0.82 1.89 3.64 9.00 ND
G EtCN 0.25 ND ND ND ND 7.36 0.68 ND
H THF 1.97 ND

Blank wells = Fully soluble

Role of water in separation efficiency:
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Classical resolution of rac tetra-acid with pseudoephedrine.

HO OH HO OH
1; C OH
z ; “_-CHs 5% H,0 in MeCN
N/\ Q Q /\N + (\ T — e an
N \/ ~ HN ‘Me
QD CW o
(S,9)1 (R,R)1 (18,2S)-(+)-Pseudoephedrine

Racemic mixture of bisdiazaphospholane tetracarboxylic acid 1

i fOﬁQ o § o @0

"Me
0O 00
(18,28)-(+)- (1S,2S)-(+)-
-0 Pseudoephedrine Pseudoephedrlne
B (S,S) 1 B (R R)1 _
More soluble salt Less soluble salt
remains in solution crystallizes from solution

Rac tetra acid (10.02 g, 11.15 mmol) and (+)-(S,S)-pseudoephedrine (7.309 g, 44.24 mmol) were
combined in a 1 L Erlenmeyer flask. 432 mL of a solution of 5% H,0O in MeCN was added and
the mixture was heated in a warm water bath to 55 °C and swirled until a clear yellow solution
formed. Once the solution was fully homogeneous, it was allowed to stand at 55 °C with
occasional swirling for one hour, then the heater to the water bath was switched off and it was
allowed to stand undisturbed and cool to room temperature overnight (16 h). Clumps of crystals
(see below) form overnight, and are isolated by decanting the mother liquor and rinsing the
solids with 5% H,0O in MeCN cooled to 0 °C (2 x 10 mL). The crystals are dried under a gentle
stream of N to yield a first crop of 4.715 g (60.4% yield) white crystals. The mother liquor is

allowed to stand for an additional 3 days in the fridge (5 °C), during which a second batch of
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smaller, discrete crystals form. The mother liquor is also decanted from these, and they are

washed with cold 5% H,O in MeCN (2 x 10 mL) to yield an additional 0.583 g (6.7%, 67.1%

overall yield) of (R,R)-tetra-acid salt. The mother liquor is retained for isolation of the other

enantiomer of salt.

Crystal morphology in the first crop, isolated from 5% H,O in MeCN.

Isolation of free (R,R) tetra-acid.

00 = O 0o

(1S,2S)-(+)-
-0 ol Pseudoephedrine

(RR)1

i 53 ) ; i QH

/N v

N e P +4m
N\/' 25 "Me

%53 o
~_CH
BMHCI, filter Q\ ~ ©/V 3
ZN Me

N
N

HoN
00 cl
Water soluble

The diastereomeric salt from above (1.964 g, 1.26 mmol) was dissolved in a minimal amount of

methanol. To this solution 3 M aq. HCl is added (300 mL), and a white solid forms. The solid is

vacuum filtered through qualitative paper two times, washed with water (3 x 100 mL), and dried

under vacuum to yield a white solid (0.982 g, 86.5%)).

By NMR, no pseudoephedrine remains. HPLC shows only the (R,R) enantiomer of tetra-acid.
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HPLC of classically resolved tetra-acid:

0.227
] Column: Chiralpak IA 4.6 x 150 mm
0201 Mobile Phase: 70% (0.1% TFA in Hexane ) /
0.18 30% IPA
o] Flow Rate: 1.0 mL/min. i Pl
- UV: 260 nm =)
0147 Column Temperature: Ambient ° (<o °
0.12- Reference: EN0219077-041
2 %1% Sample Lot: ADD-H71412-51
o.os—; < UW Lot# MLA2250A-10
0.06] | R, R Isomer “A”
0.04] (\
0.021 /q \‘\\
o.ooj w“‘\'ﬂ‘ —
] Ml
0 025 H E i /
0,027 ‘J nantiomers
0.00 ‘ 2.60 4.b0 ‘ 6.60 ‘ 8.60 ‘ ‘ 10[00 ‘ ‘ 12.‘00 ‘ ‘ 14i00 ‘
Minutes
vs. a sample of known chirality:
0.1007 Column: Chiralpak IA 4.6 x 150 mm
0.090- Mobile Phase: 70% (0.1% TFA in Hexane )
R / 30% IPA
0.080 Flow Rate: 1.0 mL/min.
] UV: 254 nm
0.070- Column Temperature: Ambient
] <-Enantiomers
0.060*:
0.050 \
2 1 R
0.040- A
0.030 | i ”CZ’ZCQ——.._ i
| | ¢£ ...... —
0.020*E ‘ \ I \/ ggz'—c':. ? i
0.010] | S, S Isomer “B” | @
0.000- — —
] )
-0.0107 I \ T T T v T ‘' T T 1 ‘. v T ] T T T
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
Minutes V. Scott Sharp, PDD, Eli Lilly
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Synthesis of (R,R,R) tetramethylbenzylamide (BisDiazaphos) with T3P.

Ph

Ph
HO C: OH NNH @\F&N —Q
- (0] - O O
00 00 4 eq. Hunig's base Q
N Q '/'\N 4 eq. (R)-a-Methylbenzylamine N P/\N
| P P I > I P !
N/ N N \/ N

4 eq. T3P (50 wt% in EtOAc)
DCM, 0 °C, 48h o
00 o)

o0 B 00 =
Ho@ oH »Qﬁf@ HN—
Ph

Ph

2.99 g (3.33 mmol) of tetra-acid is placed in a 250 mL round-bottom Schlenk flask and the flask
is subjected to three evacuation/N; refill cycles. Degassed DCM (100 mL) is added, followed by
diisopropylethylamine (4.63 mL, 26.6 mmol), then benzylamine (2.18 mL, 20.0 mmol) as a
solution in 10 mL DCM. The flask is cooled in a dry ice/ethylene glycol bath, to an external
temperature of -15 £ 5 °C, and T3P solution (11.88 mL, 50 wt% in EtOAc, 20.0 mmol) is added
dropwise over a 20 minute period. The reaction is moved to a 0 °C ice water bath and allowed to
warm to room temperature with the bath. After 48 hours, the reaction mixture is washed with 2 x
100 mL H,0, 2 x 100 mL 1M HCI, and 1 x 100 mL H,O. The aqueous layer was back-extracted
with 10 mL DCM after each wash. The combined organics were dried over Na,SO4 and
concentrated to yield 4.042 g crude product (150% yield). The crude material is dissolved in 50
mL acetone (12.5 ml/g) and placed in the freezer. Solids that crash out overnight are vacuum
filtered, washed with cold acetone, and the filtrate is put back in the freezer for an additional

crop. The acetone recrystallization is performed four times to yield a combined mass of 1.52 g

(56.3%).



97

Purification of BDP ligands by “the acetone trick”.

Crude ligand (1.15 g, 52% potent, 0.456 mmol) is placed in a vial and diluted to a concentration
of 20-60 mg/mL, until all solids disappear. This can be done open to air. Upon standing a few
minutes, white solids begin to crash out. The mixture is left to stand at least an hour, then
vacuum filtered through qualitative paper, rinsed twice with a small portion of acetone, and dried
under vacuum (60 mtorr) to yield 189 mg (31.6%) clean ligand. The filtrate is placed in a -33 °C
freezer overnight, which yields a second crop of solid (293 mg, 49.0% yield), isolated by the
same procedure as the first crop. The mother liquor is concentrated to yield a solid then
redissolved in a minimal amount of acetone and left to stand. Occasionally a third crop crashes
out. Overall yield clean material 482 mg (0.368 mmol, 80.6 % yield based on potency of initial

material).

Determination of potency of ligand and precursors.

In the same vial, at least 10 mg of triphenylphosphine oxide (to get 3 significant figures)
and approximately 20-30 mg of the ligand compound to be analyzed are weighed out. An
appropriate NMR solvent is added and the entire mixture is transferred to a NMR tube. 'H and
*'P{"H} spectra are acquired and the molar ratio of standard to analyte by >'P NMR is compared
to the molar ratio by mass to determine the potency:

Moles ligand based on phosphorus NMR

100 = % pot
Moles ligand by mass * %o potency

The *'P NMR should be acquired with inverse gated decoupling and a d1 of at least 15 seconds.
The proton NMR can be used to adjust for coordinated solvent in cases where only the mass

balance of phosphorus nuclei is of interest (e.g. in determining the quality of tetra-acyl fluoride



98

synthesis). This is done by calculating the weight percent of analyte by proton NMR then using
this value to adjust the molar ratio in *'P NMR:

Mass of analyte weighed
FW ligand

* proton weight % analyte = adjusted moles ligand by mass
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Chapter 4

High-pressure, circulating NMR apparatus as a tool to study
asymmetric hydroformylation: Observation of reaction timecourses
and catalyst speciation under realistic reaction conditions

Portions of the work contained in this chapter were done in collaboration with Dr. Nicholas J.
Beach, who constructed the apparatus and solved many design issues. All modifications to the
apparatus described herein were implemented by him.
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4.1 Introduction

The mechanism of hydroformylation first proposed by Heck and Breslow in 1961
remains relevant to studies today.' The catalyst resting state is the off-cycle species 1, the
hydrido dicarbonyl (Figure 4.1). Under normal reaction conditions, this species loses one CO
ligand to generate the postulated active catalyst 2 and enter the catalytic cycle. Observation of
the intermediates along the cycle is typically only done under conditions that deviate greatly
from those used for asymmetric hydroformylation (AHF). Detailed kinetic and mechanistic
studies have elucidated the role of many of these intermediates,” > * but the direct observation of

their formation and equilibria during catalysis has not been accomplished.

Figure 4.1: Mechanism of hydroformylation.

Lemn
A L
co
H\V .0 1 R/K‘;()
" Gy Gy My
N o co . ©o
7l — 7br
|
‘ ' J\ 0
R_ _~__.0 H \ R

H
Lopn—
A AL ﬂ
R , co . ~_ R
L
(t.Rn-co 3 . (“.Rn-co
co 4 -7
T co
/ [
51 \\ H % XM // Sbr
h ~ L~Rh-CO ,L-Rh-CO .
|
/ t L
co co



102

To be able to conduct NMR studies of hydroformylation under more realistic reaction
conditions, a number of issues must be addressed. First, studies done with routine septum-
capped NMR tubes are limited to pressures close to atmospheric, and the pressure changes with
the course of a reaction cannot be either monitored or controlled. This severely limits the ability
to perform kinetic studies with this type of equipment. In addition, pressure plays an integral
role in the kinetic profile of a hydroformylation, and pressures well above atmospheric are
required to replicate the kinetics seen in batch reactions.

To address these limitations in hydroformylation and in other reactions using reagent
gasses, high-pressure NMR has been implemented in a number of cases.” Initial reaction designs
were simply sealed tubes that had only diffusion-controlled mass transfer. Development of
sapphire NMR tubes with a titanium spin collar that were compatible with commercially
available NMR instrumentation led to greater interest in these methods.® More recent designs
are even more advanced, including features such as circulation of gas through the reaction
mixture’ and of circulation of the pressurized reaction mixture through a specialized NMR cell
and other online analyses like IR.® Mechanistic studies of hydroformylation with iridium
triphenylphosphine complexes are a recent focus of a research study that employed one of the
most sophisticated of these examples.” Efficient mass transfer and sample mixing is
accomplished by bubbling gas through a micro-drilled capillary using a circulating pump. A
similar apparatus based on the U. Rostock LIKAT design’ has recently been constructed in our
group by Dr. Nick Beach (Figure 4.2). Further elaborations on the design to improve throughput
capabilities are ongoing.

One of the goals of this work is to observe changes in the catalyst speciation with

changes in reaction conditions during active hydroformylation. As an ideal, we envision the
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ability to run a single reaction in the HP-NMR apparatus and acquire both rate data and catalyst
speciation under multiple step changes in conditions (e.g. temperature, pressure). This would
provide a complete kinetic picture of the reaction in a single experiment and allow for nuanced
understanding of how the relative rates of each product differ with reaction conditions. Initially,
substrates that were of significance to our collaboration with Eli Lilly were examined, styrene
and a precursor to naproxen, 6-methoxy-2-vinyl naphthalene. These aryl alkene substrates are
advantageous as test compounds since they exhibit highly pressure-dependent selectivity in
hydroformylation and the observation of regioselectivity over the course of the reaction can
provide a probe for the effective gas concentrations in solution. Later studies focused on

hydroformylation of Z-1-(benzoyloxy)-1-hexene.

Figure 4.2: High-pressure, circulating NMR apparatus with injection capability (HP-NMR).

2) Circulation HPNMR
- prevent gas starvation during
in magneto experiments

- study of rapid catalysis

3) Liquid delivery (HT-HPNMR)

Inject:

- substrate (post-preactivation)

1) NMR analysis under static - wash solvent(s)

high-pressure gas (HPNMR)

- solutions for subsequent runs

- monitor slow (or low T) catalysis Remove:
- identify catalytic intermediates during - spent reaction mixtures
stoichiometric reactions - solvent washings

- samples for separate analysis

Figure courtesy of Dr. Nick Beach.
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Much of this work involved the simultaneous development of the HP-NMR apparatus
and determination of kinetic and mechanistic parameters. We began with an unoptimized
apparatus and a research goal of observing a timecourse of the AHF of styrene to determine the
kinetics and catalyst speciation in a single experiment. In trying to fulfill this research goal the
limitations of the apparatus were put in context, and many of the components were improved by
Dr. Nick Beach. Many later experiments build upon results from earlier work on an unoptimized
apparatus, and this chapter is organized to describe the back-and-forth process of developing the

apparatus and acquiring meaningful data on it.

4.2 Equipment setup and design issues

4.2.a: Starvation

The initial experiments were done without circulation, and as expected, the
hydroformylation of styrene was slow. *'P NMR showed that the resting state was not the
hydride species (Figure 4.3), and instead was one or more uncharacterized alkyl or acyl species.
This is a hallmark of a starved reaction, where the mass transfer of gas into the liquid phase plays
a role in the rate law. Once the circulation pump was incorporated into the apparatus, circulation
through a 700 p single-pore glass capillary greatly increased the mass transfer, and consequently

the rate of the reaction.
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Figure 4.3: Catalyst speciation under static (starved) conditions.
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4.2.b: Lineshape

As predicted, the lineshape deteriorates during circulation, to the point where
determination of integrals is no longer possible due to broadening of peaks into the baseline. We
first aimed to combat this by creating custom-designed capillaries that would provide small,
champagne-like bubbles to provide high mass transfer. Moving to a smaller pore size (28-75 p
inner diameter) restricted the flow to the point where pressure buildup in the pump was observed.
In addition, initial experiments run with the goal of determining the rate of pre-activation
demonstrated that the observed rates were dependent upon gas flow, and mass transfer limited
(Figure 4.4). Increasing both the flow rate and the capillary diameter increased the rate of
formation of species A, which is most easily quantified by looking at the half-life of the reaction
(boxed in red in figure 4.4). Alleviating the high mass transfer requirement by reducing the
concentration of the catalyst was not possible because of the limits of detection in the apparatus

at the time. A minimum concentration of 10 mM was needed to obtain high-quality signal with
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the tetraphenyl ligand in Figure 4.4, a more soluble analog of the typical bisdiazaphospholane
ligands employed in AHF.

Observation of a fast reaction at high catalyst concentrations proved to be beyond the
reach of the apparatus at this point in its development. This research problem was left until we
had a more optimized setup. The acquisition of a complete 'H timecourse of AHF in the HP-
NMR for determination of reaction rates became the new focus.

Figure 4.4: Monitoring pre-activation of tetraphenyl catalyst at different flow rates.
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4.2¢: Post-acquisition deconvolution to improve lineshape and sample autoshimming:
As mentioned above, the lineshape deteriorates during circulation, to the point where
determination of integrals is no longer possible due to broadening of peaks into the baseline. A

single scan spectrum shows that the origin of this is the averaging of many different,
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nonhomogeneous scans. Additionally, at later points in the reaction the linewidth would increase
substantially because of solvent loss and changes in the shimming. This led us to attempt post-
acquisition enhancement of the data set by reference deconvolution. The major problem with
this strategy is that the broadness of the peaks leads to poor baseline resolution. Without
complete baseline resolution of the singlet chosen for deconvolution, significant errors get built
into the deconvolved spectra, seen as additional “choppiness” in the baseline.

Figure 4.5: Reference deconvolution to improve lineshape.
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Beyond the problems with lineshape during circulation, the static lineshape was also
broad, and tended to change every time the apparatus was removed from the NMR instrument.
Reshimming tended to be tedious and time-consuming, with only mediocre results. To combat
this, autoshimming was implemented using the “edtune” command. With overnight shimming on
a mock sample, lineshape could be improved by over a Hz width at half height. This is now

implemented as a routine procedure for experiments in the HP-NMR.

4.2d: Circulation rate vs. lineshape and capillary design

One of the distinct advantages of AHF with bisdiazaphospholane catalysts is the
extraordinarily high rates conferred by the catalyst. However, when attempting to maintain
saturation concentrations of syngas in the reaction solvent, this feature of the catalyst became a
challenge. In particular, we were interested in determining reaction kinetics at 80 °C and a
variety of syngas pressures in conditions similar to those envisioned for flow studies at Eli Lilly
(Chapter 5). This elevated temperature increased the rate of the reaction and made efficient mass
transfer a primary concern with the apparatus. To improve mass transfer, more complex
capillary designs were developed. For some designs, acceptable lineshape could be maintained
at low flow rates (<5 mL/min), but for all designs the use of higher flow rates led to signal
deterioration beyond useful levels (Figure 4.6).

Reducing the catalyst concentration further and halting circulation during acquisition,
then circulating in the delays between spectra circumvented the issue of poor lineshape. This
method is only truly effective for acquiring proton timecourse data, as the amount of time under
static pressure that the sample requires to acquire a *'P spectrum leads to starvation and changes

in speciation over the course of a single NMR acquisition. Reducing the number of scans and
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the delay times as much as possible can mitigate this issue, and with sufficiently concentrated
reaction mixtures spectra can even be acquired with a single scan.
Figure 4.6: Lineshape with different flow rates and bubble size changes with different capillary

designs and flow rates
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4.2.e Temperature calibration and variation with flow
One variable that had not been accounted for previously was an understanding of the

temperature drop during circulation vs static pressure. We wanted to know how far the
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temperature dropped upon circulation, how quickly it recovered, and to confirm the temperature
we expected based on an old calibration file. To measure this, the liquid feed capillary is
replaced with a melting-point tube filled with ethylene glycol as a temperature standard. The

temperature does drop upon circulation; at 80 °C the drop is about 8 °C at the first data point

(Figure 4.7).
Figure 4.7: Temperature profile after circulation
Static and circulating 30 mL/min flow (edte=357.5)
temperature vs set temp (edte) 90 Static
b S207 qogtttetesntte
o 90 N
©500 psi, g 80 T £ 86 ’0
statc & 79 885
% 60 8 ot e
E500 psi, 5 L 2 83 30 mL/min
after circg 50 s 82 @
2 40 8 =8l g
w| 80
30 0 _ 200 400 . 600 800
300 320 340 360 Time since circulation stopped,
edte setting (K) seconds

4.3 HP-NMR runs with styrene

In determining many of the above reactor issues and modifying the experimental design,
many of the intermediate spectra were from the AHF of styrene but under starvation kinetics.
The best of these experiments are reproduced in this section.

In Figure 4.8, the hydroformylation of styrene was run with circulation at 30 mL/min
through a 150 p single-pore capillary. The reaction is starved, and this is observed in the low b:1
at the end (6.2). However, the step change from 80 to 60 °C and back again illustrates the role of
temperature on selectivity, with the minor pathways (linear and minor branched) slowing down

at lower temperature. In addition, in the lower temperature regime hydrogen appears in the
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spectrum, indicating that the reaction has slowed enough to keep up with mass transfer. One
other feature of note is the lag between a step change in temperature and the response in the data.

Similar step changes will be made in the next section, but with pressure instead.

Figure 4.8. AHF of styrene with step changes in temperature (starved)
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Expanding on the result in Figure 4.8, the concentration of catalyst was lowered in a
series of runs until the reaction began to exhibit a non-linear rate of consumption of styrene
(Figure 4.9). The results in Table 4.1 summarize the two runs presented in Figure 4.9, and

suggest that this is nearly a non-starved AHF in the HP-NMR, after moving to the new fritted
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cup capillary design and reducing the catalyst loading further. The factors used to assess this are
the b:1 and enantioselectivities, which are for the first time nearing levels of selectivity seen in
batch reactions.'’ In addition, the consumption of olefin is starting to appear non-linear.

While these results are not yet completely consistent with those found in batch, and
require feed rates that preclude observation of the reaction by *>'P NMR, the ability to monitor
this system with a steady-state concentration of hydrogen is in itself remarkable. With a desired
run temperature of 80 °C and an extraordinarily fast catalyst, these reaction conditions represent
some of the most challenging in terms of maintaining sufficient mass transfer. Many analogous

reactions will have less forcing conditions, and be amenable to study in the HP-NMR.

Figure 4.9: AHF of styrene at 80 °C and lower catalyst loadings: starved vs. non-starved

behavior.
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Table 4.1: Comparing HP-NMR runs of styrene

Styrene TOF 69 min™ 91 min™

Branched CHO TOF 58 min™ 83 min™'

Linear CHO TOF 5.7 min™ 7.4 min™

Average H; conc. 29.3 mM 83.0 mM
b:l; ee 12.7:1 ; 89% 10.2:1;92%

4.4 HP-NMR studies with Z-1-(benzoyloxy)-1 hexene

All the developments in reactor design and reaction setup discussed above had only led
back to the original, unsolved issue of efficient mass transfer to prevent starvation. In particular,
observation of the catalyst by °'P NMR requires higher catalyst loading to attain reasonable
sensitivity and short data acquisition times. Yet higher catalyst loadings increase the rate of the
reaction to the point that it exceeds the rate of mass transfer of syngas into the reaction.

To accomplish simultaneous observation of catalyst speciation and non-starved kinetics,
we chose to investigate the hydroformylation of a disubstituted olefin instead. The increased
steric bulk of disubstituted olefins means they undergo hydroformylation at lower rates, which
should help mitigate the mass transfer issues of running at high catalyst loading. In addition, the
catalyst was switched to one derived from rac tetraphenyl bisdiazaphospholane 9 instead of the
standard tetra-amide ligand 8 used in the Landis group. The tetraphenyl ligand is more soluble
than 8 but far less enantioselective and also slightly slower. More importantly, the *'P{'H}

NMR of the hydrido complex 1 made with the tetraphenyl ligand 9 is a simple doublet as
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opposed to two broad dd. The simplified and sharp NMR spectrum means that slightly lower
concentrations of catalyst can be employed, to help further reduce the rate of the reaction.

Figure 4.10: Ligands for asymmetric hydroformylation.
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4.4.a Development of pulse program for circulation during d1 delay

In addition to the above modifications to the experimental design, a new strategy was
employed to maximize mixing time. The pulse program is modified to include a TTL command
that interfaces with the bypass valve on the circulation pump. If the pump is left constantly
circulating, when this valve is open, no gas flows through the capillary. When the valve closes,
circulation resumes. This is written into the pulse program to allow for circulation during the
delay between scans (d1) in a given experiment (Figure 4.11). This does two things: it makes
longer experiments that require more scans possible without starvation, and it removes the need
to decide between short experiment times and sufficiently long d1 values for high-quality data.
There are a few additions to the pulse program: the TTL channel control and an additional delay,
d2. d2 is the delay between when the circulation pump is shut off and when the acquisition

begins; it needs to be sufficiently long to allow for bubbles to stop flowing through the reactor (4
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seconds was the value used in these experiments, but later tests indicated that even 1 second is

sufficient).

Figure 4.11: Modified pulse program with circulation during the inter-scan delay.
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4.4.b Batch and HP-NMR studies with Z-1-(benzoyloxy)-1 hexene

The tetraphenyl ligand 9 displays lower selectivities with many other substrates, but had
never been evaluated with the enol ester substrate selected for these studies. Batch reactions at
150 psi were run to determine baseline values for reaction rate and selectivity with this substrate,
and are summarized in table 4.2. The tetraphenyl ligand produces slightly lower regioselectivity
than 9, but the rates are fast enough that there would only be about two data points per half life

for the reaction run at 50 °C.
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Table 4.2: Batch AHF of Z-1-(benzoyloxy)-1-hexene.

o O._H
O 150 psi 1:1 H,/CO j/
X 30 min reaction, 1h pre-activation o 1o MR N
O [Rh] = 0.030 M, 33:1 S/C
CI,CDCDCl,
1.0M
Entry Temperature TON Conversion  Branched:Linear
1 40 6 30.0 18.2% 36
2 53 16 30.0 47.7% 38
Ligand 12 60 (24h) 333 4.50 100% >50; ee 97%
(0.3% cat)

Based on these initial data a run in the HP-NMR apparatus was performed with a set
temperature of 300K (actual temperature 22.5 °C) to allow enough time between data points
(acquiring 4 proton and 4 phosphorus spectra every hour) for good kinetic modeling (Figure
4.12). After acquiring a sufficient number of data points under the first set of conditions, a step
change is made to a lower pressure. The pressure is then further lowered after a second set of
data points were acquired. Throughout the course of the run a steady-state concentration of H,
was apparent in the proton spectrum and varied linearly with changes in pressure (Figure 4.13).
In good agreement to this, the rate of the reaction under different pressure regimes was

calculated from a single data set, and the data exhibit a linear dependence on 1/Pgyngas.
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Figure 4.12: Proton NMR stacked plot and timecourse of the AHF of Z-1-(benzoyloxy)-1-
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Figure 4.13: Average H, concentration and observed rate constant varies with pressure during

the AHF of Z-1-(benzoyloxy)-1-hexene.
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In addition to the rate data derived from the proton spectra, the *'P spectra show that the
majority of the catalyst is in the hydrido-dicarbonyl form 1, the resting state (Figure 4.14). This
supports the conclusion that the experimental redesign and modified pulse program allow for
observation of catalyst speciation and non-starved kinetic data in a single experiment. Ongoing
work in the Landis group will identify the minor species seen in the phosphorus spectra and
continue to use the high-pressure NMR to observe real-time changes in selectivity with step

changes in reaction conditions.
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Figure 4.14: Observation of catalyst species by >'P NMR and speciation with pressure changes.
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The reaction was repeated with similar conditions, but the catalyst loading was slightly lower
due to impurity formation during the pre-activation. The ks values derived from these data are
in reasonably good agreement with those from the run in Figure 4.12 (Figure 4.15). Additionally,

there is a clear break in the graph at about 70 minutes in, when the first step change is made.
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Further work will continue with this substrate and catalyst and investigate the affects of other

step changes. In addition, moving to a non-chlorinated solvent may provide more reproducible

behavior by limiting catalyst degradation.

Figure 4.15: AHF of enol ester substrate with step changes between 80 and 500 psi.
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4.5 Experimental.

WH2
E olefin
®Branched CHO

Z olefin

400

All manipulations were carried out under nitrogen using standard Schlenk, high vacuum,

and glovebox techniques. Bisdiazaphospholane ligands and their Rh complexes were prepared

by the methods described in Nelsen, E. R.; Landis, C. R. J. Am. Chem. Soc. 2013, 135, 9636 —

9639 and Adint, T. T.; Wong, G. W.; Landis, C. R. J. Org. Chem. 2013, 78, 4231—4238.

[Rh(acac)(CO),] was used as received from Dow Chemical and stored in a N,-filled glovebox.

1:1 CO:H; was purchased from Airgas. THF and toluene were obtained from Sigma-Aldrich and
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either distilled from sodium/benzophenone ketyl under N, or dried by safety columns prior to use.
Styrene, 1,3,5-trimethoxybenzene, 1-hexyne and benzoic acid were obtained from Sigma-
Aldrich. 6-Methoxy-2-vinyl-naphthalene was prepared by J. Martinelli at Eli Lilly and used to
prepare solutions in toluene, which were filtered through a PTFE filter before use. Z-1-
(benzoyloxy)-1-hexene was prepared according to the previously reported method'' Chiral

HPLC analysis of the aldehyde from 6-methoxy-2-vinyl-naphthalene was performed on a Gilson
analytical HPLC with a Chiralpak ID column: 3% 2-propanol / 97% hexanes with 0.1% TFA,
ambient temperature, on a Chiralpak ID (0.46 cm x 25 cm), 0.7mL/min flow, detect at 220 or

254 nm. In an isolated sample (after silica gel chromatography), t; sy = 15.3 and t; () = 17.1
minutes. In a crude sample, they appear at t, 5y = 16.2 and t; ()= 18.3; t; (otefin)= 9.2, tr (lincar) =
26.7min. The relative responses of these compounds vary, depending on the wavelength
measured at, and caution should be used in determining conversion or branched:linear ratios by
HPLC. Gas chromatographic analysis was performed on a Varian Chrompack system using a 8-
DEX 225 capillary column from Supelco, 30 m x 0.25 mm ID x 0.25 um film thickness.
Resolution conditions for the hydroformylation product of styrene have been reported in Watkins,

A.L.; Hashiguchi, B.G.; Landis, C.R. Org. Lett. 2008, 10, 4553-4556.

A typical HP-NMR reaction:

Inside a nitrogen-filled glovebox, solid Rh(acac)(CO), (31.1 mg), tetraphenyl
bisdiazaphospholane ligand (114.9 mg) and 1,3,5-trimethoxybenzene (17.3 mg, as an internal
standard) are weighed into a vial. To these solids are added tetrachloroethane-d» (0.880 mL) and
a 100 mM stock solution of triphenylphosphine oxide in tetrachloroethane-d, (0.200 mL). The

vial is swirled until all solids dissolve, then the solution is pulled into a 2.5 mL gas-tight valved
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syringe. The vial is rinsed with 0.300 mL of tetrachloroethane-d>, then the rinse is pulled into
the same syringe. Two additional syringes each loaded with 0.300 mL of tetrachloroethane-d>
are also prepared at this time. The syringe plungers are pulled out to maximize the volume of
nitrogen inside the syringes, and the valves closed.

The apparatus is left under vacuum from the previous use. Before injection, the valve to
the vacuum is closed and nitrogen is reintroduced into the system up to approximately 50 psi.
This is then purged through the exhaust port and the process repeated ~3 times to purge the
exhaust port with N,. The reactor is filled to about 30 psi of nitrogen, which is then purged
through the injection port. At the end of this purge, the exhaust valve is opened slightly. The
syringe with catalyst solution is inserted into the injection port and the plunger depressed to
inject all the solution and the nitrogen contained in the syringe. Nitrogen from the N, purge
collar is drawn in until the syringe is about half full, then this is also injected into the injection
port. The process is repeated with one of the chaser syringes of tetrachloroethane-d,, and the
valve on the injection port is turned until it is open to the bypass. Syngas is introduced into the
apparatus up to the reaction pressure, circulated for about 10 seconds to mix the sample, and the
injection port is turned to closed (vertical) during this brief circulation. Pre-activation, if used, is
set up. The circulation pump is typically set to 30 mL/min for all experimental manipulations.

After pre-activation is complete, the valve between the reagent gas ante-bottle and the
regulator is closed, and the reaction is vented down to atmospheric pressure. Injection of a
syringe filled with the olefin (0.520 mL, 2.5 mmol) followed by the second syringe of chaser
solvent is performed by the same method described above, pressurized, and briefly circulated to

mix. The sample is tuned, shimmed, the gain is adjusted, and data acquisition is commenced.
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Spectra are acquired as alternating proton and phosphorus experiments, using the
“kinigld.UW_HPNMR_new ” pulse program (for *'P) and “zg30 1H _HPNMR_circulation” (for
'H). A delay of 4 seconds is used for the bubble dissipation delay (d2), and d1 values of 16s for
proton and 10s for *'P (inverse gated) spectra. Timecourses are run with NS=8 for proton and
NS=32 for *'P, and occasionally longer *'P (NS=256 or 512) experiments are interspersed to
better observe minor catalyst peaks. For these longer experiments, a TR command is done at
NSiimecourse-1 and the result saved by typing the command “wra XX where XX is the current
experiment number+900. In this way a data point that is consistent with the rest of the

timecourse can be acquired at the same time as the longer experiment.

Temperature calibration experiments:

To measure the temperature upon circulation in the reaction solvent, the liquid feed capillary was
replaced with a melting-point tube filled with ethylene glycol and sealed to the end of the
stainless steel capillary with heat-shrink tubing. All pressurization and depressurizing were done
through the bypass side, and pressure in the capillary was maintained by doing all manipulations
with the liquid bypass valve open to the liquid feed side.

2 mL toluene-ds with 12 mM trimethoxybenzene was placed in the instrument with a
capillary filled with neat ethylene glycol attached in place of liquid feed capillary. For higher
flow rates (>1 mL/min), took an initial spectrum (static), then circulated for 10 min (5 min
wasn’t sufficient for full equilibration, 15 min gave same temp as 10 min) at reported flow rate to
equilibrate. Set temperature (“edte’’) and measure actual temperature after circulation stopped (1

scan spectra, with a 30s interval).
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Chapter 5

Asymmetric hydroformylation in a flow reactor for industrial-scale
applications

This work was performed in collaboration with Eli Lilly and Co. and substantial contributions
were made by Scott A. May, Martin D. Johnson, Joel R. Calvin, James R. Stout, and Joseph R.
Martinelli.

Other contributors to this project include (in alphabetical order): Jonas Y. Buser, Alison N.
Campbell, Richard F. Cope, Brian D. Haeberle, Gordon R. Lambertus, and Michael E. Laurila.
Paul Milenbaugh, Todd Maloney.

Specific work performed at Eli Lilly is recognized within the text.
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5.1 Introduction.
5.1.a Advantages to developing asymmetric hydroformylation as a continuous flow process.

While commodity scale linear-selective hydroformylation is an expansive industrial
process that produces billions of pounds of aldehydes annually, the industrial application of
asymmetric hydroformylation (AHF) with catalyst-controlled selectivity is unreported to date.
There are a number of examples of fine chemicals produced by industrial hydroformylation,
particularly in the fragrance industry, but direct, cost-effective synthesis of chiral aldehydes has
not been demonstrated." The main barriers to development of an industrial-scale asymmetric
hydroformylation are the control of selectivity, cost, and safety. Selectivity relies upon gas
pressure and efficient mass transfer, conditions that can be difficult to achieve in larger batch
reactions. Performing AHF in a continuous flow reactor alleviates the safety concerns by
limiting the volume of gas in the reaction, allows for rapid scalability of the process in a small
footprint, and additionally reduces cost. Combining the high rates and selectivities of
bisdiazaphospholane ligands developed in the Landis group with continuous flow technology
developed at Eli Lilly and Co. produces a safe, scalable asymmetric hydroformylation
technology, which we applied to the synthesis of naproxen as an initial demonstration.

On the fine chemicals scale, a number of examples of linear-selective hydroformylation
have been employed to generate intermediates for pharmaceuticals, fragrances, and
agrochemicals. In particular, BASF and Roche both produce vitamin A by rhodium-catalyzed
hydroformylation." Celanese also uses a process for hydroformylation of limonene to produce
fragrance intermediates.” Hydroformylation of norbornene has been demonstrated on a 10 kg
scale with a rhodium dppf catalyst that produces only the exo product, though this process relies

on the stereochemical information in the substrate, not the catalyst, to induce
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diastereoselectivity.” While these examples demonstrate the potential for applying
hydroformylation to synthesis of fine chemicals, none of them utilize a chiral catalyst and
asymmetric hydroformylation to induce chirality during the process. In order for it to become a
commercially viable process, asymmetric hydroformylation must compete with other routes to
chiral aldehydes. We believe that the development of an economical, scalable asymmetric
hydroformylation technology will help transform the state of the art by addressing cost and
safety concerns.

The adaptation of AHF to pharmaceutical synthesis has been hindered by safety concerns
related to the use of large amounts of syngas and the requirement of specialized high-pressure
reactors that are costly and incompatible with current infrastructure. Synthesis of APIs (active
pharmaceutical ingredients) is most commonly done in multipurpose production facilities. This
is due to the transient nature of pharmaceutical synthesis, where the peak output and duration of
a particular process is not known when designing the first production-scale run, and the
equipment will often be repurposed for different processes when a particular production run is
complete. Flow chemistry provides some key advantages specific to performing high-pressure
reactions in the pharmaceutical industry.”

First, flow reactors are scalable, which reduces the financial risk of capital investment in
testing out a new drug candidate that may not perform well enough to reach commercialization.
The types of homogeneous, continuous flow reactors used in this work are a simple, flexible
design, which minimizes the overhead cost of implementation and allows for re-use of
equipment for later studies. In addition, this type of reactor design is mostly liquid-filled during
operation, which minimizes the amount of hazardous gas to levels below those required for

running the same scale reaction in a batch reactor.” This means that the reactions can be
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performed in shared facilities instead of specialized plants, which further decreases the overhead
and the risk of catastrophic accidents. Finally, the time and cost of scale-up of continuous
reactions tends to be less than that for current processes, and the conditions are more easily
scaled from those developed on the experimental laboratory scale.”

When running in a flow reactor, there are a few key terms for understanding what is
happening in flow. First, in a batch reactor the material all goes in and out of the reaction at the

same time. The analogous value in a flow reactor is the residence time, T, which is the average

time that the material spends in the reactor. Residence time is defined as 7 = 2 where V is the

volume of the reactor and Q is the volumetric feed rate. In an ideal system, all material would
experience the exact same amount of time in a reactor. However, mixing along the length of the
reactor occurs and leads to non-ideal behavior, which is quantified as the axial dispersion
number. When a reagent gas is involved in the reaction, a determination of the ki a, the gas-
liquid volumetric mass transfer coefficient, allows for quantification of the ability of the system
(either in a batch or flow reactor) to provide gaseous reagents to the chemical reaction occurring
in the liquid phase.

Hydroformylation in flow is not a new concept, with numerous examples in a variety of
systems, including immobilized catalysts in biphasic systems with ionic liquids or in reactors
with scCO,, jet-loop reactors with nanofiltration, among others.” However, in recent reports of
asymmetric synthesis in flow, asymmetric hydroformylation is notably absent.” The process
development group at Eli Lilly has developed expertise in flow technology, highlighted by some
of their recent publications in the field.”®* We embarked upon a collaboration to expand this

technology to include asymmetric hydroformylation.
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5.1.b Highlighting AHF in flow by performing the continuous asymmetric synthesis of
naproxen

A three-step, enantioselective synthesis of naproxen is envisioned as a demonstration of
the viability of asymmetric hydroformylation in continuous flow. This synthesis starts with a
Heck reaction with ethylene to form the vinyl naphthalene 2 (Scheme 5.1). This substrate is then
pumped into the continuous flow reactor (Figure 5.1), where it undergoes asymmetric
hydroformylation. The final step is oxidation of the product aldehyde to the corresponding acid,
naproxen. This scheme is ideally envisioned as three sequential reactions telescoped together,
each using a different reagent gas. Demonstrating this multi-step synthesis in a flow reactor
provides the chance to carry the intermediate aldehyde directly on to a more stable product.
Previously, the product aldehyde has been avoided in synthesis because it is sensitive to
epimerization.” The same rationale can be used for preventing accumulation of the vinyl
naphthalene precursor 2, which can be sensitive to polymerization. Telescoping the reactions

together not only minimizes waste associated with work-up, it also avoids byproduct formation.

The proposed synthesis of naproxen is not intended to disrupt the current commercial
synthetic method—it is instead envisioned as a way to highlight the work herein with a molecule
that was one of the first pharmaceuticals to be sold as a single enantiomer.'® The straightforward
synthesis proposed includes the formation of the chiral center by asymmetric hydroformylation.
AHF has been employed in the synthesis of enantiopure (S)-naproxen previously, but the cost of
the reaction as employed exceeded the currently established route, via the Syntex synthesis.”'""'*
In addition, the platinum-catalyzed AHF gave high ee (>96%) but relatively poor regioselectivity

with a branched:linear ratio of 3:1.”"> Other routes to enantiopure (S)-naproxen include Noyori’s

asymmetric hydrogenation'* and the Zambon synthesis.'> Noyori’s ruthenium-catalyzed
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asymmetric hydrogenation produced high ee and quantitative yield, but was avoided because of
the process safety concerns with high pressures of hydrogen gas (135 atm) and the expense of the
precursor unsaturated acid.'” AHF in a flow reactor instead should allow for lower catalyst
loading than the previously reported AHF, and will avoid the process concerns of having large
amounts of hazardous gasses. Combining the Heck synthesis from the bromonaphthalene
starting material 1 will reduce the effective cost of olefin 2 by minimizing workup procedures
and preventing impurity formation in the sensitive intermediates. All of the advantages to a
continuous flow AHF are highlighted in the synthesis of an enantiopure API like naproxen.

Scheme 5.1: Synthesis of naproxen highlighting the use of reagent gasses.

Br Ethylene, /CO :

Ha
| A Heck reaction /(D/\ Rh-BisDiazaphos 0 Oxidation O 0
—_—— —_— —_—
¥ O
MeO 7 MeO Toluene MeO MeO OH

Naproxen
1 2 3 4

5.1.c Equipment setup

Batch runs at the University of Wisconsin-Madison were run in a CAT24 Hastelloy or
stainless steel autoclave, in glass pressure bottles,' or in a high-pressure NMR apparatus (see
Chapter 4).

Batch runs at Eli Lilly are run in an Endeavor parallel reactor, which provides excellent
gas-liquid mixing and efficient mass transfer. Unless otherwise noted, these runs were performed
with the same solutions used in the flow runs for more direct comparison. Typical reactions are
set up on a 2 mL volume scale.

All flow runs were conducted at Eli Lilly. These were initially conducted in a 13 mL

segmented flow reactor. The pipes in series reactor described below ultimately surpassed this
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design. The segmented flow reactor design is limited by the lack of control of the gas and liquid
fill levels across the entire reactor. This is evident when part of the reactor was replaced with
PFA tubing and the size of gas and liquid segments is observed over the course of the reactor.
Moving to a pipes-in-series design allows for independent adjustment of the gas and liquid flow

rates, allowing for more flexibility in the range of available running conditions.

Figure 5.1: Segmented flow in 13 mL tubular reactor.
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Figure 5.2: Flow system overview
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Flow system designed, built and tested at Eli Lilly.

The optimized reactor design involves a 23.8 mL pipes in series reactor consisting of
twenty 0.3 mL pipes connected with 10’ jumpers of 1/16” stainless steel tubing (Figure 5.3). A
pre-activation coil for the catalyst is included, which can be incorporated into or isolated from
the flow path by a valve control (Figure 5.2, V1&V2). This allows for premixing of the catalyst
feed solution with the reagent gas in a separate, heated zone prior to introduction of the olefin
feed solution. The olefin and catalyst/reagent gas lines then combine at T2 prior to entering the
reactor. A back-pressure regulator maintains constant pressure over the entire reactor to prevent

zones where starvation may occur.
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Figure 5.3. A similar 38 mL pipes in series reactor.

Photo provided by Eli Lilly

As discussed above, while application of flow technology to asymmetric reactions has
been expanding, relatively little work has been done on systems which involve reagent gasses.
To develop selective hydroformylation, control of gas to liquid mass transfer is crucial, as the
effective concentration of syngas in the solution determines selectivity. Pipes in series type
reactors are particularly advantageous for independent control of the gas and liquid flow rates
and therefore the control of mass transfer efficiency. The studies in this chapter are a mixture of
batch studies to estimate rates and selectivities before moving into a continuous flow apparatus,
flow studies, and batch studies that are intended to reproduce the flow studies to demonstrate that

the flow system is well controlled.

5.2.a Batch studies to establish flow rates: Styrene

Much of the preliminary work in the flow system and on determining the rates of AHF
for aryl alkenes under different conditions were done with styrene as an analog for the more
costly 6-methoxy-2-vinyl naphthalene 2. Styrene is an attractive substitute because much of the

work done to determine the kinetics of AHF uses styrene as a model system.'” In addition,
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styrene, like other aryl alkenes including 2, exhibits CO pressure dependent selectivities, which
this study aims to control (Figure 5.4).

Figure 5.4: Selectivity of styrene AHF changes with pressure.
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While control of this additional parameter is challenging, the use of aryl alkenes like styrene and
2 also provides data about mass transfer in the reaction, which we used as a probe of actual
reaction conditions over the course of the reaction. If the hydroformylation of pressure-sensitive

aryl alkenes occurs in an apparatus with high selectivities, the reactor is producing a high kra

value and will provide efficient gas-liquid mass transfer.

5.2.b React-NMR at Lilly and reaction timecourses.

React-NMR studies on the AHF of styrene were done at Lilly with the help of Jonas
Buser. These studies helped elaborate some of the kinetic details observed in batch reactions
previously, and suggested that elevated temperatures and extended pre-activation times (at least

one hour) were necessary for complete conversion of the catalyst precursor to the
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hydridodicarbonyl species 5 (Figure 5.5). Reactions were carried out in the React-NMR
apparatus described recently.'®

Figure 5.5: Decay of Rh(acac)(bisdiazaphospholane) during pre-activation of the catalyst.
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However, the AHF rapidly undergoes starvation at such high catalyst loadings, and further
examination of the rate data will require modification of the experimental setup (Figure 5.6).
This experiment does, however, provide direct observation of the dependence of selectivity on
mass transfer. When the concentration of H; is low (and, by extrapolation the concentration of
CO is low), the selectivity of the reaction decreases rapidly. As the reaction reaches completion
and Hj reappears in the spectrum, the selectivity returns to a high level. Particularly telling is the

third chart in Figure 5.6, where starvation conditions lead to rapid formation of the minor
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enantiomer. More work on direct observation of the AHF of styrene was performed on the
circulating high-pressure NMR (HP-NMR) apparatus built at Wisconsin, which is designed to
mitigate mass transfer issues (see Chapter 4). In this apparatus, the catalyst species were also
observed by *'P NMR, and the hydridodicarbonyl 5 reappears at the same time as H, reappears,
indicating a change in resting state under starvation conditions.

Figure 5.6: Selectivity under starvation kinetics in the React-NMR.
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5.2.c Flow runs with styrene

Flow studies run with styrene were also run with a commercially available analog of the

bisdiazaphospholane catalysts, Ph-BPE (Figure 5.7). Unfortunately, many of these studies are

compromised because of the strong dependence on catalyst age that reactions run with Ph-BPE

exhibited. Since the flow runs were done with different ages of catalyst (and the catalyst ages

while the reaction is reaching steady state), the data collected are of limited use for optimization

of flow conditions. Select studies that highlight these problems are reported in Figure 5.8.
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5.3.a Batch studies with naproxen olefin

The AHF of the naproxen olefin 2 was performed in glass pressure bottles initially to set
benchmarks for the rate and selectivity of the reaction. While none of these preliminary results
match those reported previously,'” the selectivities appear promising, and the rates at the given
conditions suggest that the naproxen olefin will exhibit a similar rate to styrene.

Table 5.1: Initial runs at UW: batch runs in glass pressure bottles.

H,/CO

= Rh-BisDiazaphos _ : .0
MeO Toluene MeO OO
2 3
Entry [olefin] time, h S/C Conv. b:l ee
! 1M 40 500 100 20.7 n.d.
rac
2
S.8.8 0.8M 1 6400 3 >30 n.d.
3
S.S.S 0.8 M 4 6400 16 27 n.d.
4 0
S.8.8 0.8M 13.5 6400 60 29.5 71%
5
R.R.R* 0.8 M 1 2000 9.5 20.7 n.d.
6
R.R.R* 0.8 M 22 2000 97.4 29.2 n.d.
7
R,R,R 0.54 M 3 1350 29 26.3 n.d.
(Endeavor)
8
Previously IM 8 500 100 >50 96%
published”

Reactions run at 150 psi H,/CO, 40 °C. * Ligand is of high potency, and shows little change in
rate or selectivity from previous ligand (S,S,S) obtained from Aldrich. *Previous published result
was at 120 psi CO / 40 psi Ha.

With the initial results in Table 5.1 in hand, the AHF was investigated in the HP-NMR apparatus

at 80 and 60 °C under a number of different S/C loadings. In all cases, the reaction appears
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starved, where the rate of olefin decay and aldehyde growth are best fit to linear regressions.
This gives a zero-order dependence on olefin, a hallmark of the resting state changing and the
reaction being mass-transfer limited. When run at lower catalyst concentrations to prevent
starvation, the solvent in the reaction is lost and data quality deteriorates before enough of the
reaction timecourse is complete. Because of these data quality issues, initial rates and
selectivities were studied by reactions at varying concentrations in the CAT24 multi-well Parr

screening apparatus.

Figure 5.9: HP-NMR timecourse of Naproxen hydroformylation showing starvation kinetics
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Parallel reactions in the CAT24 are limited to screening at a single set of pressure and
temperature conditions. The concentration of catalyst and olefin were varied over a range of
values to develop an initial set of conditions for the flow reactor. Target results were to achieve
about 87% conversion in a 6 h batch run, so that if the reaction were to go 12 h (12 h ) in a flow
reactor it would reach essentially complete conversion. Unfortunately the utility of these
screening runs is limited because the reactions are not well mixed, even at 500 rpm, and the
observed selectivities appear mass-transfer limited. This is seen most in the low values of
branched:linear and enantioselectivity across all reactions, including control wells that were run
with styrene to be able to compare to previous rate data. The most use these data can be is as a
rough prediction of rate. To get selectivity numbers and true rate data, a reactor with a much
higher kia is needed.

Tables 5.2-5.5: Screening catalyst loading at two temperatures to observe approximate rate.

500psi H,/CO, 60 °C, 1:1.1 Rh:L _0
e L=(R,R,R)-BDP-SPE - OO
500 rpm shaker, 7 hours = MeO
MeO 0
[Rh]=0.015-1 mM,
S/C=200-50,000 H
[olefin]=0.8-0.2 M MeO
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Conversion with varying [Rh] and [olefin]

0.962 0.355 0.531 0.082 0.145 0.018 0.074 0.011 1.000 0.750
0.975 0465 0.535 0.123 0.167 0.025 0.029 0.013 1.000
0.987 0.590 0.625 0.160 0.213 0.035 0.107 0.014 1.000
1.000 0.885 0.803 0.237 0.265 0.058 0.174 0.004 1.000
DG BSENEN 1.000 0.612 0.803 0.187 -- 0.091 0.004 -
60 °C 40°C

TON with varying [Rh] and [olefin]

[Rh] >

[olefin]

[Rh]>|0.4mM __J0.1mM __10.03mM __|0.015mM _
1923 709 4244 655 3874 468 3950 599 800 600
E‘ 1462 697 3209 736 3333 496 1165 514 600
% 986 590 2501 638 2834 463 2857 365 400
- 500 442 1605 473 1764 385 2314 55 200
DN RSWENER 1500 918 4816 1122 - 3636 151 -

B:L ratio with varying [Rh] and [olefin]

[Rh]>[04mM _ [01mM __ |0.03mM _[0.015mM |1mM
13.22 162 1189 183 985 284 1021 344 1259 214
= 10.83 192 1196 17.2 8.29 5.26 8.55
5] 911 148 1065 18.1 8.55 8.91 9.78
< 678 154 756 13.6 6.96 6.28 8.43
0.6 M styrene 8 198 8.06 17.6 -- 9.08 -
60°C 40°C

% ee with varying [Rh] and [olefin]

[Rh]>[04mM _ J01mM __ [0.03mM_[0015mM [1mM
747 56.7 752 588 69 69.6 66
E‘ rivir | Eete | owiead | il 62.4 43.6 63.5
% 579 459 682 387 58.7 61.7 53
- 405 197 546 264 48.7 28.4 41.43
0.6 M styrene LN 41 -- 446 -
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Table 5.6: Endeavor screens at Eli Lilly compared to batch work at Wisconsin.

m—ma-

" 6 hours 0.06 mM 10,000 33 27
2 | 6hours 0.1 mM 6,000 54 447 33
2 | ehours 0.4 mM 1500 978 6582 54

12 hours 0.06 mM 10,000 60.8 464 24

. [ 6nours 0.06 mM 10,000 108 98 77
£ | [6nours 0.1 mM 6,000 325 761 80
S | |6 hours 0.4 mM 1500 915 1201 82
“ | 12hours 0.06 mM 10,000 272 1139 78
% & |7 hours 0.1 mM 6,000 533 120 52
'ZE) % 7 hours 0.4 mM 1500 975 108 54

P

[olefin] = 0.6M, 60 °C, using Rh(acac)(bisphosphine) for solutions.

5.3.b Flow studies with naproxen olefin:

Upon moving to the finalized pipes in series reactor design and using the bis(diazaphos)
catalyst with the naproxen olefin 2, our initial estimate to reach three half-lives ina 6 h t was a
S/C loading of 10,000, 60 °C, 400 psi, and an olefin concentration of 0.6 M. This was based on
the values determined by screening in the CAT24 (Tables 5.2-5.5, above). We estimated that
while the above reactions were starved, the overall rate may not change substantially, only the
selectivity would change. However, the initial flow run progressed to only 7% conversion at a 6
h . We assumed the catalyst solution was compromised, but after a number of modifications to
the system (Table 5.7, entries 2-4) to test the integrity of the catalyst solution and the reaction
setup, low conversion remained problematic. This was eventually determined to be the result of

a dilution error that led us to run at lower catalyst loadings than intended, a problem that was
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exacerbated by discovering that the catalyst being used was of low potency. The potency and
dilution were accounted for in the final two runs, and accordingly we saw high conversion and
good selectivity in these runs. The pre-activation coil was bypassed for run 6, but no change in

the reaction resulted. Further experiments are needed to determine the role of pre-activation.

Table 5.7: Flow studies with naproxen olefin: Adjusting catalyst source and loading

400 psi H,/CO, 60 °C, 1:1.4 Rh:L -

N L=(R,R,R)-BDP-SPE 6
[0lefin]=0.6 M OO
MeO e

Flow run (change made) [Rh] feed S/C* t(hrs) %conv. bl ee

1: Preformed catalyst in THF 0.5 mM 10,000 6 7 9 85
28000

2: (cat solution prepared in 0.06 mM 10,000 6 0 - -

THF, diluted in toluene) 85,000

3: (same catalyst, 0.06 mM 85,000 6 0 - -

preactivation coil bypassed)

4 (increase S/C by changing 0.06 mM 1500 6 0 - -

flow rates, same solutions) 12,500

5 (adjusted dilution error from 5 mM 1560 6 87 13.7 88

runs 2-4) 4300

6 (preactivation coil bypassed) 5 mM 1560 6 87 12 86
4300

*Numbers with a strikethrough were the intended catalyst loadings, the actual loadings adjusted
for dilution and potency are given below.

After the runs in Table 5.7, a few modifications were made to the reaction setup. First,
the catalyst pre-activation coil was separated so that its temperature can be independently
controlled from that of the pipes in series reactor. Second, the ligand was evaluated to ensure
accurate catalyst loadings and no side reactions due to minor isomers present in the low potency
ligand samples used in Table 5.7 (details of this purification are in Chapter 3). All experiments

after this point in the chapter are run with purified ligand.
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We began the next set of flow conditions by reproducing the final conditions from the
previous run. While the catalyst loading is slightly higher, the conversion and selectivities in the
initial conditions of the new run (Table 5.8, entry 3) are similar to those from the previous set of
flow runs (Table 5.8, entries 1 and 2). In addition, the data from the batch run are consistent
with the flow studies (Table 5.9, entry 2). After establishing steady state at this baseline set of
conditions, we switched to flowing the catalyst and syngas feed through the preactivation loop.
Unfortunately, the amount of time to reach steady state was underestimated, and delayed analysis
of samples from the reactor led us to believe we had compromised the catalyst in some way,
since the conversion dropped in the samples we had examined. In retrospective, this drop was
due to the gap where olefin feed was flowing but catalyst had not reached full strength in the
reactor. No data at full steady state is available therefore, but the selectivities appear to be
excellent. This set of conditions will be repeated once a more accurate measure of T is known.

Table 5.8: Flow studies with naproxen olefin: Probing the effect of pre-activation, running

longer to reach steady state.

Flow run (change made) S/C % conv. : ee

1-Previous run set 4300 87 13.7 88

2-Previous run set
(preactivation coil bypassed)
3-Reproducing conditions
(preactivation coil bypassed)

4300 87 12 86
1350 97.9+03 18.9+0.7 90.2+0.5

4-pre-activation coil in line® 1350 n.d. 20+4 93+1

S-repeat of 3
(preactivation coil bypassed)

6-raised temp. to 70 C 1350 99.07+0.01 14.7+£0.5 91.5+0.1

1350 97.4+0.2  20.9+0.7 93.4+0.2

60 °C, 400 psi, s/c = 1350, [cat] = 0.37 mM, [olefin] = 0.50 M, 6h tau predicted.
"Run 4 did not reach steady state.
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Returning to the original set of conditions demonstrated that the results in entry 3 were

reproducible (Entry 5). The slightly higher selectivities in this run may be ascribed to the steady

state being fully reached for these samples, as the sampling used to calculate the values in Table

5.8 were taken starting 24 hours after the flow run started, whereas those in entry 3 were taken

starting 17 hours after the run had started, which may not have been steady state.

Table 5.9: Endeavor batch studies: matching flow studies in table 5.8 and determining the role

Well SM (%)
1 3.6
2 3.3
3 8.5
4 53
5 5.8
6 48.8
7 55.2
8 57.8

ee (%)
89.9
86.3
91
91
91.2
89.7
84.8

91.5

of temperature and pressure

B/L T (°C)
16.2 60
14.1 60
17.3 60
15.9 60
10.8 60
18 40
15.6 40
18.2 40

P (psi) S/C
400 1350
400 1350
400 1350
400 1350
150 1350
300 1350
400 1350
150 1350

Catalyst/olefin age
preact., new/new
new/new
new/old
old/new
new/new
new/new
new/new

new/new

6 hours, [cat] = 0.371 mM, [olefin] = 0.487, data from HPLC.

The large temperature dependence when switching from 40 to 60 °C reactions in the

Endeavor suggests that we may be able to run at higher temperatures without a decrease in

selectivity in the flow reactor. Assessment of the temperature dependence was previously

unavailable because of limitations to the mass transfer efficiency in the reaction setup at

Wisconsin. A series of Endeavor runs were set up to probe the temperature dependence of AHF

of the naproxen olefin (Table 5.10). The enantio- and regioselectivity of the reaction are

maintained at temperatures of 39-70 °C. This suggests we will be able to run at 70 °C in the
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flow reactor with no negative effect on the selectivity of the reaction, and a substantial gain in
the reaction rate, so that tau may be reduced. When this change in temperature was implemented
in the flow reactor, the conversion increased from 97.4 to 99.1% (Table 5.8, entry 6). However,

modest drops in the enantioselectivity and larger drops in the branched selectivity were observed.

Table 5.10: Endeavor batch studies with naproxen olefin at different temperatures.

Temp (set) :c(tigl SM (%)  ee (%) BIL
100 100 0.8 28.6 5.3
80 80 0.8 73 9.3
70 70 0.8 89 11.2
60* 60 471 79 8.1
60 60 6.8 85 11.9
50 45 100 i i
40 42 51.3 79 14.2
30 39 58.4 81 13.8

6 hours, [cat] = 0.371 mM, [olefin] = 0.487 M, S/C = 1343, 400 psi, data from HPLC. *S/C =
5983, [olefin] = 0.487 M.

A series of Endeavor runs at lower conversion were run to determine the role of
preactivation of the catalyst at different temperature and pressure regimes. Reactions were run
for 3 hours with conditions analogous to those run previously. Two wells were reserved to run
catalyst without pre-activation as a control and a test of the stability of the
Rh(acac)(bisphosphine) precatalyst. The rest were run with catalyst that was pre-activated by
subjecting the Rh(acac)(bisphosphine) toluene stock solution to a 150 psi atmosphere of syngas
at 60 °C overnight. *'P NMR of this stock solution after preactivation showed 74% of the
Rh(H)(CO)y(Bisdiazaphospholane), 10% unbound ligand, and about 10% of the

Rh(acac)(bisphosphine) precatalyst species (which may be present because the catalyst reverts to
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this form under conditions of low syngas pressure), the remainder being an unidentified species
(5.5%, at 128 and 92 ppm) and an oxide of the ligand (0.5%). This solution was used to set up
Endeavor runs 1h, 6h, and 24h after the preactivation was complete.20 The solution was stored
under a nitrogen atmosphere at room temperature as it aged. As shown in table 5.11 and figure
5.10, there appears to be no substantial change in the activity or selectivity of the catalyst
between 1 and 24 hours after pre-activation.

Additionally, this study provides additional data about the temperature and pressure
dependent selectivity of the reaction to better suggest conditions for future flow runs. The
temperature has a profound affect on the rate of the reaction, but the selectivity changes little
between 40 and 60 °C (Figure 5.10). At 70 °C, both the branched and the enantioselectivity drop
slightly. This effect is larger when the experiment is run with 150 psi of syngas, suggesting that
the reaction may become mass-transfer limited under these conditions.

Increasing syngas pressure has previously been shown to inhibit the overall reaction rate,
but improve the selectivity of the reaction.'” The origin of this effect is that the rate of the major,
branched pathway is independent of CO concentration, but the minor branched and linear
pathways are inhibited by CO. This can be seen in these Endeavor studies as well, with lower
pressure leading to higher conversion. When a single case is examined (70 °C, Figure 5.11), it is
apparent that the rate of the linear pathway increases most with decreased syngas pressure, while
the rate of formation of the major, desired product is essentially unchanged. This is entirely
consistent with past results. However, at 40 °C the rate of formation of the major, branched
product is increased under lower syngas pressure, leading to substantially higher conversion at

150 psi (compared to 400 psi) but similar selectivities. However, the lower overall rate at 40 °C
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is undesirable when trying to minimize the residence time. Running at 150 psi appears to confer
few advantages, and further optimization will be done at higher pressures.
Table 5.11: Endeavor batch studies with naproxen olefin to determine stability of pre-activated

catalyst under a N, atmosphere.

H,/CO

Rh-BisDiazaphos _ ~ O
MeO Toluene OO
0.541M 1350 S/C MeO
3 hours
2 3
o 1h after . .
Conditions S 6h after preactivation 24h after preactivation
& preactivation
Entry T(C)/
P (psi) SM ee BIL SM T B/L SM ee BIL
(%) (%) (%) (%) (%) (%)
1 60/400* 21.0 92.3 17.8 23.5 91.6 15.2 20.7 90.4 15.9
2 60/400* 229 921 17.4 229 91.6 14.9 21.9 91.2 16.8
3 60/400 27.3 91.8 15.4 14 .1 90.3 11.8 15.5 91.1 14.0
4 60/150 10.4 90.9 10.4 27.3 90.9 11.0 11.0 90.8 10.4
5 70/400 2.4 90.4 11.1 3.8 89.3 11.7 6.9 90.0 11.3
6 70/150 1.7 86.4 6.8 1.8 86.2 7.0 1.8 86.8 6.5
7 40/400 64.9 91.2 20.4 64.1 91.7 11.3 66.4 90.2 26.3
8 40/150 49.4 93.1 18.1 48.8 91.6 14.3 53.6 93.4 22.0

All reactions run for 3h, with a S/C = 1343:1, [olefin] = 0.487 M. *Not pre-activated catalyst (as
a control) Aged 24 (entry 1) or 72 (entry 2) hours.

Figure 5.10: Graphical representations of table 5.11.



80

30.0

25.0

20.0

15.0

10.0

5.0

0.0

95.0

93.0

91.0

89.0

87.0

85.0

L 8SM no age
& SM 6h age
~ SM 24h age

“B:L no age
“B:L 6h age
“ B:L 24h age

“ee no age
“ee 6h age

“ee 24h age

150



151

Figure 5.11: Pressure and temperature effects on sample composition.
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3h reaction, pre-activated catalyst after 24 h, S/C 1343, [olefin] = 0.487 M.
These flow and batch studies have mapped out an initial set of conditions that will serve
as a baseline for further optimization of the selectivity and conversion in a given residence time.

Further work is ongoing.

5.4 Heck reaction and oxidation for completion of synthesis.
To complete the proposed synthesis of naproxen, formation of the starting 6-methoxy-2-
vinyl naphthalene via a Heck reaction and oxidation of the aldehyde to the carboxylic acid were

investigated.
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The synthesis of the starting naphthalene is accomplished by a Heck reaction with
ethylene using the TXPDS ligand, developed based on a Japanese patent.”' The reaction
proceeds to >99% conversion and yields 86% isolated material after extraction and filtration.
Further work with this reaction may incorporate it into a flow process that can be run in series
with the hydroformylation.

Scheme 5.2: Heck reaction with ethylene.

1 mol% Pd(OAc),
2 mol% TXPDS SOsNa

Br 150 psi ethylene N Me Mejg[Me
MeO /“OO 2 equiv iProNEt, MeO OO P SO3Na
Me Me

0.5 equiv TBAB
ACN (8 vols), 90C

J. R. Martinelli, Eli Lilly e

TXPDS

The oxidation of the aldehyde product to a carboxylic acid was initially explored as a
homogeneous, aerobic oxidation that would be amenable to flow using a catalyst system
developed in the Stahl lab.** This oxidation employs a nitroxyl radical as the catalyst and is an
attractive alternative to other oxidations that are known to epimerize the chiral center (Scheme
5.3). Unfortunately, the limitation of this chemistry is arene rings with a methoxy substituent,
and the reaction gives none of the desired product under all conditions screened. Instead, a
preliminary screen of oxidation methods was performed, and the Pinnick oxidation was selected
as a good alternative for its mild reaction conditions, relatively few byproducts, and retention of

stereochemical information. Optimization of this oxidation is ongoing.
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Scheme 5.3: Oxidation of chiral aldehydes developed by the Stahl lab.

o
0.01% (R,R,R)/Rh @ .
150 psi 1:1 H,/CO o N Smol% o
1M THF, 40°C [}
R_~ : » R > R
T %H 10 mol % NaNO, %OH
10 mol % HNOj3, 10 equiv H,0
CH;CN (1M), 23°C, 8 h O,

Screening and oxidation performed by Kelsey Miles

Overall, the development of a rudimentary continuous flow AHF has been accomplished.
What remains is to fully characterize the important features of the reaction in flow to better
optimize the results by lowering tau, improving the selectivity, and isolating material at full
conversion. Further work will also describe the role of pre-activation in the outcome of AHF
reactions, as well as the role of the number of gas equivalents (gas flow rate). The research-scale
flow reactor developed in this project provides a design that accounts for the high mass transfer
required by AHF, and provides flow results that match those obtained in analogous batch
reactions. These features describe a well-behaved reactor that is ready for optimization.

The reactor design presented here also has the advantage of being a readily scalable
design, allowing for rapid progress from research to pilot scale. Further work will center on
understanding the interplay between various conditions to provide a model for scaling up AHF of
other substrates in flow. The development of this reactor contributes to Eli Lilly’s continuous
flow toolkit and establishes the parameters needed to realize a safe, cost-effective, process scale

asymmetric hydroformylation.
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5.5 Experimental.

General considerations.
Reactions at Wisconsin: All manipulations were carried out under nitrogen using standard
Schlenk, high vacuum, and glovebox techniques. Bisdiazaphospholane ligands were prepared as
reported in chapter 3 via the tetra-acyl fluoride intermediate. [Rh(acac)(CO);] was used as
received from Dow Chemical and stored in a N»-filled glovebox. 1:1 CO:H, was purchased from
Airgas. THF and toluene were obtained from Sigma-Aldrich and either distilled from
sodium/benzophenone ketyl under N, or dried by safety columns prior to use. 6-Methoxy-2-
vinyl-naphthalene was obtained from Sigma-Aldrich or prepared by J. Martinelli at Eli Lilly and
used as received. Chiral HPLC analysis was performed on a Gilson analytical HPLC with
Chiralpak IA, IB, IC, and ID columns.
Catalyst stock solutions were prepared inside a nitrogen-filled glovebox and transferred to the
reaction vessel with Eppendorf micropipettors. Solutions were typically prepared as 20 mM then
diluted down to the desired concentration to ensure accurate weighing. Occasionally the 6-
methoxy-2-vinyl-naphthalene substrate would appear hazy after dissolution in toluene, for NMR
and flow experiments the solution was filtered through a PTFE syringe filter prior to use; for
CAT24 experiments the solution was used without filtering. The effect of filtering was
determined to be negligible through control reactions run in the Endeavor.

CAT24 reactions.

500psi H,/CO, 60 °C, 1:1.1 Rh:L _0
N L=(R,R,R)-BDP-SPE . OO
500 rpm shaker, 7 hours ~~ MeO
MeO [Rh]=0.015-1 mM, o
S/C=200-50,000 H
[olefin]=0.8-0.2 M MeO
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Reactions in the CAT24 were set up in the glovebox by adding solutions of Rh(acac)(CO), and
the ligand in an appropriate solvent. Wells not in use contain an empty test tube to prevent the
condenser fingers from falling off during the course of the reaction. Olefin is then added,
followed by the reaction solvent to rinse the sides of the tube and dilute all wells to the same
total volume, ImL. The reactor is sealed, brought out of the glovebox, and set in an orbital
shaker. Water lines are connected to the condenser ports. The reactor is heated to the reaction
temperature (40 or 60 °C) for 20 minutes before syngas is added, using 5 purge-fill cycles to
replace the entire reactor volume with syngas, then pressurizing to 500 psig. Reactions are
shaken at 500 rpm for seven hours, then the temperature controller is turned off and the bomb is
allowed to cool for 30 minutes. Once cooled, the shaker is turned off and depressurized. With

no workup, each reaction well is sampled for NMR and HPLC analysis.

X -0

MeO 7

HPLC method for naproxen aldehyde: The (R,R,R) ligand gives rise to S-naproxen aldehyde as
the major enantiomer. 3% 2-propanol / 97% hexanes with 0.1% TFA, ambient temperature, on a
Chiralpak ID (0.46 cm x 25 cm), 0.7mL/min flow, detect at 220 or 254 nm. In an isolated
sample (after silica gel chromatography), t. sy = 15.3 and t; () = 17.1 minutes. In a crude sample,
they appear at t, 5y = 16.2 and t; ()= 18.3; t; (otefin) = 9.2, t: (tincar) = 26.7min. The relative responses
of these compounds vary, depending on the wavelength measured at, and caution should be used
in determining conversion or branched:linear ratios by HPLC. Data collected at Lilly with an
analogous method reports /ower branched:linear than actual (by NMR) and higher conversion
than actual (by NMR).

Flow runs:
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Flow runs were performed at Eli Lilly, on a research-scale continuous flow reactor
described in Section 5.1.c. Solutions were prepared in a nitrogen-filled glovebox and transferred
to the flow reactor in bottles with a dip-tube attachment. At the end of the reactor, samples were
collected every 24 minutes using an automated sampler. The solutions used for flow runs were
also used for Endeavor batch runs to ensure consistent loadings and better agreement between
batch and flow results.

Endeavor runs:

Batch screening at Eli Lilly was performed in an Endeavor parallel reactor. Solutions
were transferred using micropipettors and diluted as necessary to the same total reaction volume
(2 mL).

The pre-activated catalyst used in Table 5.11 was generated by transferring enough of the
catalyst stock solution (5 mM) to a single endeavor well, weighing it, then the well was sealed
and stirred at 60 °C, 150 psi for 18h. At the end of the pre-reaction, the well was cooled to room
temperature, re-weighed, and solvent was added to obtain the original mass. The unused
solution was stored in a vial in the glovebox until needed.

HP-NMR reactions: See Chapter 4. The equipment set used for naproxen runs was
manual injection with valved gas-tight Hamilton syringes, circulation 30 mL/min using U.
Rostock circulator and Teflon fritted cup design. Total reaction volume of 3 mL. Catalyst feed

was prepared in the glovebox as a single solution with an excess of ligand.
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Appendix A

Expanding the scope of asymmetric hydroformylation:
various novel substrates
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A.1: Asymmetric Hydroformylation of Z-Alkenes Produced by Metathesis

Abstract. Asymmetric hydroformylation with BisDiazaphos produces a-branched aldehydes
from terminal olefins with excellent regio- and enantioselectivity. Recently, we have
investigated hydroformylation to disubstituted olefins. Based on preliminary results, we
hypothesize that Z disubstituted olefins will give higher rates and selectivity than the £ isomers.
Z-selective alkene metathesis constitutes the most general and practical route to these substrates.
Herein we report our initial results for Z-selective alkene metathesis as catalyzed by
W(NAr)(C;Hg)(Pyr)(OHIPT) and the subsequent hydroformylation of the products using

Rh(BisDiazaphos) catalysts.

Results of homocoupling reactions

Reactions previously reported. The reactions replicated in our lab were consistent with the
results published by the Schrock group. The homocoupling of 1-octene was performed at lower
temperatures, which produced higher cis selectivity (~95%) with a moderately lower conversion.
The homocoupling of allylbenzene tended to be lower yielding than that reported, but the cis

selectivity remained excellent.



Table 1. Homocoupling reactions.
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EtO

Substrate: conc. % temp Time % conversion E:Z (method)
catalyst (hours)
1-Octene 48M  0.4% 70 C 48 57 1:25.7 (°C)
56 M 0.3% 87 C 24 64 1:17.9 (*C)
Allylbenzene 5.4 M 0.3% 110C 6/24 36/36 n.d.
50M  02% 120 C 24 14 1:12.3 (GC)
65M  0.3% 110C 24 34 1:14.4 (GC)
Phenyl 1,4- 0.6 M 4% 22 C/80 722 13/90 n.d.
pentadiene C
Phenyl 1,3- 1.6 M 4% RT 324 35/99 7:1/1:1.4 ('H)*
butadiene 23M  24% RT 2.5/5.5 58/91 1:3.2/5.9:1 (‘H)
NN 47M  02% 100 C 24H 0 -
n 27M  0.75% 100 C 16H 52 1:23.5 (°C)
i 39M 1% 40 C 24 H 0
e 0 46M 1.26% 90 C 17H 0
)t 32M 1% 110 C 24 H 0
Ph >0 H/\/
o~ 2SM 2% 110 C 24 H 0
39M  1.5% 110C 17H 0
= 26M 2% 40 C 24 H 0

*Upon workup, isomerized to 86% (E,E,E) isomer.

The homocoupling of phenyl 1,3-butadiene proceeded as reported, but we were unable to

prevent the concurrent isomerization to the (E,E, E) isomer of 1,6-diphenyl-1,3,5-hexatriene.

One notable difference in our reaction setup is that our reaction is more concentrated (1.6-2.3M)

than the experiment reported in the Schrock group’s supporting information (0.6M). The

reaction was repeated with the exclusion of light, but in both cases a significant portion of the

sample was isomerized to the (E,E,E) form either before an initial NMR could be taken (~10

min), or during the course of the reaction itself. The addition of CDCIl; may also be responsible

for isomerization, since the NMR of a reaction aliquot showed far lower Z selectivity (5.9:1 E:Z)

than the bulk material worked up subsequently without the addition of CDCl; (1:3.2 E:Z).
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Homocoupling of substrates not previously reported. In general, the homocoupling of
substrates that were not reported by the Schrock group (allyl trifluoroacetate, CBz protected
allylamine, acetals) gave no conversion. Based on the substrates for which the particular catalyst
we used performs best, this is not entirely unexpected. However, phenyl 1,4-pentadiene converts
to the homocoupled product when the reaction is carried out at elevated temperatures, though the

E:Z selectivity was not determined.

Hydroformylation results

Z-T7-tetradecene hydroformylation. The hydroformylation of Z-7-tetradecene is slow, with
complete conversion requiring 4-5 day reaction times and higher catalyst loadings than other Z

olefins we have studied. At higher temperatures, the hydroformylation of Z-7-tetradecene is

Ligands used for hydroformylation:

R @R

o O K

-, 0 0
o~
N—/ N
00 * 00
R@ R

(R,R) backbone

(S.S) "“*H/Lph , RR) Nij 4

preceded by isomerization of the double bond to give an essentially statistical mixture of
aldehyde isomers. Lowering the temperature to 40°C affords one major isomer with our

standard methylbenzylamine ligand 2, though reactions run to incomplete conversion indicate
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isomerization to the £ isomer still occurs. A few bulkier amide ligands were screened, with the
hypothesis that these may provide less isomerization (as seen with other substrates). In other
substrates we have seen a trend of faster, more selective hydroformylation of internal olefins
with Z geometry, so limiting the isomerization to the E olefin could also improve the conversion.
However, bulkier amide ligands give similar selectivity, and still result in isomerization of the
double bond from Z to E. There is no apparent hydrogenation with these substrates. The
aldehyde products of this hydroformylation are so similar that determination of enantioselectivity

is challenging, and has not yet been accomplished.

Table 2. Hydroformylation of Z-7-tetradecene.

6)
Rh(CO),(acac), ligand H
— THF - + six other isomers possible
Me+t)s (M5Me 150 psi 1:1 Hp/CO Me+/)y (MgMe
Major isomer Minor isomers
o % converted
. temp time catalyst % Z . °. to aldehyde
ligand o Conc. h . isomerized o h
(°0C) (hours) loading remaining o E (% major
isomer)
1 70 21 1.3M 0.5% 50.6 45.8 3.6 (87.1)
1 110 40 0.7M 2% 0 minimal 100 (34.5)
1 40 48 1.0M 1.4% 17.2 35.0 47.8 (99.3)
2 40 113 0.7M 2.0% 3% (both isomers) 97 (92.3)
3 40 69 0.8M 1.0% 9.1 49.8 40.7 (94.9)
4 40 69 0.8M 1.0% 14.4 513 34.3 (93.6)
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Table 4. Other hydroformylation reactions.

o
. temp time syngas cat % Z . A) % converted
Ligand o pressure . L isomerized to
(°0O) (hours) (psi) loading remaining E to aldehyde
O,
_ AHF H
pine— \BPin T ping BPin
Approximately 2:1 Z:E; also contains 59% allyl Bpin.
1 50 48 150 ~2% 0 0 11.6

H OHC,
J_//_/th - Jc)jfph J_//jph Oic)_//_/fph
h—/ ph—7 ph—7 Ph

3.2:1 Z:E; also contains 30% in phenyl 1,3-butadiene.

1 50 40 150 ~2% 0 isom. 64 remaining 36

Z-1,4-diphenyl-2-butene hydroformylation. The hydroformylation of diphenylbutene under
reaction conditions analogous to those used for Z-7-tetradecene proceeds poorly (less than 3%
conversion). The effect of bulky amide ligands was also screened, with low conversions and
isomerization similar to that found with ligand 2. The amount of isomerization to the £ olefin
remains consistent regardless of the ligand used. The low reactivity of this substrate may be due
to the steric bulk of the phenyl rings, and the unactivated double bond. For comparison, the
hydroformylation of cis-stilbene under the same pressure and temperature conditions gives 67%

conversion in 24 hours with 0.2% catalyst loading.'

Table 3. Hydroformylation of Z-1,4-diphenylbutene.

O,
Rh(CO)5(acac), ligand J_&H PhQPh
= THF _ +
P \—ph 150 psi 1:1 Hy/CO ~ Ph Ph H X
. %
licand temp time Conc catalyst %N Z isomerized % converted to
& (°C) (hours) ' loading remaining to aldehyde
2 40 69 0.8M 1.0% 78.9 17.9 <3%
3 40 69 0.8M 1.0% 86 11 <3%

4 40 69 0.8M 1.0% -- -- <3%
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Hydroformylation of other substrates. The hydroformylation of other homocoupling products
was performed on crude mixtures from the homocoupling, which contained some of the
uncoupled terminal olefin. In these examples, hydroformylation went to low enough conversion
to suggest that these homocoupled substrates are also slow to undergo hydroformylation, similar
to the results of 1,4-diphenyl-2-butene. For both substrates, at least part of the conversion to
aldehyde as reported is due to the hydroformylation of the monosubstituted olefin.

A crude mixture of (E,E,E) and (E,Z E) 1,6-diphenyl-1,3,5-hexatriene undergoes
hydroformylation to give two main aldehyde isomers in a 63:37 ratio along with a number of
minor isomers. The coupling constant of the aldehydes suggests that neither major isomer is a
conjugated aldehyde, so no isomerization occurs after hydroformylation.

The product of allyl Bpin homocoupling was hydroformylated as a crude mixture (41.3%
1,4-bis(Bpin)-2-butene in allyl Bpin). There was 11.6% conversion to aldehyde products from
both olefins, but little appears to be from the internal olefin. The balance of olefin was lost due

to a leaky reactor.

Experimental details

All homocoupling reactions were run in C¢Hg or C¢Dg (distilled from Na/benzophenone and
stored over mol sieves), or neat. Substrates were purified by vacuum transfer or distillation,
degassed, and passed through activated alumina in the glovebox. The catalyst used for all
homocoupling reactions was W(NAr)(CsHe)(Pyr)(OHIPT), as provided by the Schrock group.

Reactions were carried out in oven-dried Teflon-sealed J-Young tubes, Schlenk flasks, or in vials
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in an N filled glovebox. Reactions carried out on a Schlenk line were left open to nitrogen and a

mineral oil bubbler to help remove ethylene.

Homocoupling of phenyl-1,3-butadiene. Combined 0.30 mL of 80mM
W(NAr)(C3Heg)(Pyr)(OHIPT) with 0.130mL (1 mmol) of phenyl 1,3-butadiene in a 20 mL vial
wrapped in tinfoil in an N, filled glovebox. The vial was loosely capped and allowed to stir at
RT. An aliquot removed after 2.5 hours showed 64% conversion, at 5.5 hours the reaction
proceeded to 91% conversion. After 6 hours the reaction mixture was passed through a plug of

silica in a pipet using CsD¢ and the solution was used directly for hydroformylation.

Typical hydroformylation procedure. Solutions of Rh(CO),(acac) (100mM) and ligand
(20mM) in THF were combined in a pressure bottle in the glovebox. The reactor head was
attached, and the apparatus removed from the glovebox and pressurized, after doing 5 purge/fill
cycles of 1:1 syngas. The ligand and rhodium were allowed to pre-react at the reaction
temperature for 30 min-2 hours. After pre-reaction, reactor was cooled 5 min and depressurized
to ~latm syngas. The substrate was injected using a gas-tight syringe, and the reaction was then
re-pressurized after a few fill/purge cycles of syngas and replaced in the oil bath. Upon
completion of the reaction, the reactor was cooled to room temperature, depressurized, and a

small amount of CDCl; was added for a crude NMR of the reaction.
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A.2 Asymmetric hydroformylation of 1,1-disubstituted olefins
Asymmetric Hydroformylation of 1,1-Disubstituted Olefins

Asymmetric hydroformylation (AHF) research to date has been focused on
monosubstituted substrates. The goal of this research is to develop asymmetric variants of
hydroformylation of disubstituted olefins. In particular, this is an attractive transformation because
of the increased synthetic utility of chiral aldehydes that contain more complex motifs, beyond the
methyl branches afforded by AHF of monosubstituted olefins. In addition, this research is
intended as a way to make AHF more accessible to bench-scale chemists, so demonstration of a
general procedure that applies to a broad scope of functionalized olefins is another goal. With
these goals in mind, improving our understanding of the mechanistic details should also provide
insight into how to best accomplish these challenging transformations.

The challenge in modern organic chemistry is to synthesize complex structures with less

waste using reactions that are effective on the industrial scale as well as the bench scale. Catalysis

Scheme 1: The hydroformylation reaction

0.003% Rh(acac)(CO),
B 0.004% Ligand (1) 0 4 NN
R CO/H,, 150 psi R R o

" Branched Linear

addresses these goals, enabling highly enantioselective and atom economical processes with very
low amounts of catalyst. Hydroformylation on the industrial scale is one such process that
transforms olefins and synthesis gas (a 1:1 mixture of hydrogen and carbon monoxide) into nine
million pounds of aldehydes per year.! Hydroformylation is an attractive process because it has
perfect atom economy and the gaseous reagents are easily separated from the products,

streamlining purification.
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The vast majority of industrial hydroformylation products are the achiral, linear aldehyde
(Scheme 1). Asymmetric hydroformylation (AHF) is a variation of this process that forms the
chiral, branched regioisomer. A number of ligands have been developed to catalyze AHF,
including BINAPHOS, TANGPHOS, and ESPHOS.” The bis-3,4-diazaphospholane ligands (1, 2)
developed in our group induce a high level of regio- and enantioselectivity (40:1 b:1 and 96% ee
for vinyl acetate) in AHF with consistently high turnover frequencies (as high as 20,000 turnovers
per hour). Additionally, these catalysts are efficient at low temperatures (<100°C) and pressures
(150 psi), which renders AHF at the bench-scale accessible without as much specialized equipment.

Despite the general utility of chiral aldehydes in organic synthesis, AHF is underutilized.
One reason is that hydroformylation research and development is largely focused on commodity

production of linear aldehydes. The majority of AHF literature focuses on simple monosubstituted

Figure 1: Representative ligands for branch-selective rhodium

catalyzed AHF
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alkenes,' such as styrene and vinyl acetate, which have limited use in more complex syntheses.
Monosubstituted olefins can only produce a methyl branch, which limits the structural motifs that
AHEF can be applied to. Hydroformylation of disubstituted olefins has the potential to produce far
more complex branching points, and may even provide access to chiral quaternary aldehydes

(Scheme 2).

Scheme 2: Regiochemical outcomes of AHF with

disubstituted olefins
R' AHF R R'
. «| CHO
—_—

N R CHO R <Me
linear quaternary
SR AHF CHO R

RN ———» * ' *

R)\/R RTY

CHO

Table 1: Selectivity of the AHF of 1-acetamido-1-propene

Conversion 1-formyl: %
Alkene (%) 2-formyl e
1
\2/\ NHAC 66 4.6:1 32
1
2 K NHAC 99 32:1 90

Disubstituted olefins present a number of challenges in AHF not encountered with
monosubstituted olefins. Regioselectivity control remains crucial, and may be more difficult to

Scheme 3: Catalytic directing group approach to regioselective
hydroformylation
[Rh(CO),(acac)] (1 mol%)
OH Ph,POMe (10 mol%) OH
Vﬁ\ COM b 6_\
1:1), 20
2 (1:1), 20 bar Me

Me THF, MS 44, 40°C, 12h

\J

100% conversion
> 99:1 regioselectivity
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direct with internal olefins when there is less of an electronic preference for one substitution over
another. Previous work in our group and others has also shown that the £/Z stereochemistry of the
olefin affects the selectivity of the AHF reaction, with £ olefins showing both lower
regioselectivity and enantioselectivity than the corresponding Z olefins. Nozaki and coworkers
reported lower enantioselectivities for the £ isomers in the (R,S)-BINAPHOS/rhodium catalyzed
AHF of simple symmetrical butenes (85% ee for the Z, 48% for E) and hexenes.! Our group
recently reported that AHF of 1-acetamido-1-propene is not only more regio- and enantioselective,
but also faster for the cis isomer (Table 1).” The increased steric bulk of disubstituted olefins
makes coordination to the rhodium center more disfavored, and thus slower reaction rates and
lower conversions are common issues. Additionally, the rhodium can catalyze isomerization of the
double bond to a different position if an a hydrogen is present, leading to either less reactive
trisubstituted olefins or undesired hydroformylation products. Furthermore, much of the literature
that does report hydroformylation of disubstituted substrates has not yet addressed the
enantioselectivity of these transformations.

One strategy used with disubstituted olefins is directing hydroformylation using an external
moiety that interacts with both the rhodium center and the substrate. Bernhard Breit and
coworkers report a system using an ortho-diphenylphosphanylbenzoic acid (o-DPPB)
stoichiometric directing group or a methyl-diphenylphosphinite catalytic directing group to
achieve high regioselectivity with hydroformylation of allylic alcohols,” > as well as homoallylic
and bishomoallylic alcohols.’ In these examples, a reversibly bound phosphinite catalyst-directing
group binds covalently to the substrate alcohol. This complex then coordinates to the metal center
and the olefin undergoes a highly regio- and diastereoselective hydroformylation’ (Scheme 3). A

limitation to this approach is that the substrate scope is limited to substrates containing a nearby
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alcohol functional group. In addition, while diastereoselectivity control has been achieved with
this system, results with enantiocontrol have yet to be reported.

A similar strategy has been employed by K. L. Tan’s group, which uses a scaffolding
ligand to direct hydroformylation. In particular, this approach is exciting as the only report to date
of enantioselective catalysis with such ligands,*® providing up to 92% ee (Scheme 4).
Unfortunately, the substrate scope with this approach is also limited, in this case to allyl alcohols,
amines and sulfonamides. These catalyst-directing group ligand systems are also capable of
overriding the inherent preference for forming the linear product from hydroformylation of 1,1-

disubstituted olefins, yielding quaternary aldehydes.'" "'

Scheme 4: Scaffolding ligand approach to regioselective

hydroformylation
1) 15% L, 0.05 mol% p-TsOH M
/\Je 45°C, benzene /\) €
PMPN" N > PMPN"
i) 2% Rh(CO),(acac), 35°C, Ho
50 psi CO/H, OH
iii) NaBH4, MeOH 69% yield
L= Ph 92% ee
-
N OMe
“ipr

Other examples of hydroformylation to form quaternary centers are rare, as they violate the
oft-cited Keuleman’s rule, which states that the formyl group will add to an olefin to form the less-
substituted aldehyde.'> One major exception to this is o-B unsaturated esters, which exhibit a
strong electronic preference to insert at the a-position, regardless of the substitution. Clarke and
coworkers have demonstrated this with our ligand and others, for the hydroformylation of N, N-
diethylacrylamide as well as a series of 1,1-disubstituted acrylate esters.'>'* Based on the high
activity of our ligands with this class of substrates, we expect we should be able to form highly

functionalized quaternary centers with high enantioselectivity and good conversion.
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As is evident from the current literature, hydroformylation of more complex substrates is
far from a solved problem. Few reports are for asymmetric hydroformylation, and even those that
exhibit excellent regioselectivity have other limitations. Such scaffolding approaches as used by
Tan and Breit necessarily limit the scope to specific functionalities. Many of the literature reports
also use higher syngas pressures, which will inhibit the adaptation of these techniques by bench-

scale chemists.

Hydroformylation of 1,1-disubstituted olefins.

Research in the Landis group has primarily focused on AHF of monosubstituted olefins
thus far, with only a few examples of disubstituted olefins. Those examples have demonstrated the
challenges associated with efficient hydroformylation of disubstituted olefins, in particular, the
slower reaction rates and dependence on substrate regiochemistry (£/Z isomerism). With this in
mind, the initial goal of this project is to explore the salient features of a successful reaction with

an eye towards developing a generally applicable reaction methodology.

Scheme 5: Hydroformylation of N-(1-phenylvinyl) acetamide
Rh(CO)acac (6%)

Ph

Py bis(S,S,S)-DiazaPhos-SPE (6.6%) j\j’\h 2§°/10 e

. - .1 regloselectivi

NHAC  H,/CO (150 psi), THF, 80 °C, 16h H NHAC 840 comvarsion
10M

Neil Strotman at Merck & Co., Inc. found that the (3,4)-BisDiazaphos- ligands provide
unique reactivity with N-(1-phenylvinyl) acetamide, giving good yield and selectivity (Scheme 5),
whereas none of the other phosphine ligands screened afforded any product. This promising result
is the impetus for our interest in expanding the scope of hydroformylation, with the aim to create a
more general, selective and efficient route to chiral building blocks.
Based on results with monosubstituted olefins, we expect electron-withdrawing groups

such as acetates to favor the branched product in hydroformylation, and substrates that contain
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motifs that provide excellent branch-selectivity in AHF (styrene derivatives) should also provide
branch-selective AHF for disubstituted olefins. However, this yields a notoriously inaccessible
quaternary center, and this may result in lower yields of the linear product rather than the
quaternary aldehyde. Keuleman’s Rule does not always apply, particularly if the substrate has a
strong enough electronic preference for one formyl insertion over the other. We anticipate that we
will be able to form chiral quaternary centers via hydroformylation of a-substituted acrylates.
More electron-rich olefins will likely have slower reaction rates, and it remains to be seen whether
a synthetically useful hydroformylation of such substrates can be developed.

General considerations.

The first reactions (run with N-(1-phenylvinyl) acetamide) showed inconsistent
conversions despite identical reaction conditions, and this was eventually attributed to differences
in the distribution of catalyst species in situ, which was standardized by pre-reacting the rhodium
catalyst precursor and ligand under 30-150 psi of syngas (1:1 mix of H, and CO) for 30-60
minutes, followed by injection of the substrate. Subsequent substrates all underwent this reaction
regime. Increasing concentration of the substrate unsurprisingly improved the reaction rate as
well; reactions were generally run at the highest possible concentration—given the requirement of
pre-reaction of the catalyst, this tended to be around 1.7 M in substrate. Catalyst loadings of 1-2%
were used, with the intention that this may be reduced to lower loadings once other conditions
were optimized. This proved to be possible for some substrates, but is unlikely for others that react
more slowly. While most substrates showed better conversion with increasing temperature, the
competing hydrogenation reaction frequently becomes more pronounced at higher temperatures,
which is problematic for some substrates. This fits with the findings of the Clarke group as well,

who found that both the product distribution and regioselectivity of hydroformylation of methyl
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cinnamate were highly temperature dependent.'* Other substrates we tested appear to heavily
favor hydrogenation over hydroformylation, even under low pressures of hydrogen.

Reaction times.

Table 2: AHF of 2,3,3-trimethyl-1-butene.

i Tem; i a 9
Entry ( 87]1_12) R C)p T(1Ir3e % Conv. A)S ;fdﬁ n
1 70/70 120 6 18.3 47.7
2 15/15 120 6 4.4 51.9
3 15/15 60 6 72 375
4 70/70 60 6 10.5 393
5 70/70 35 21 4.6° n.d.
6 15/15 35 21 1-3° n.d.
7 70/70 75 48 28 47.4
8 70/70 40 48 10.6 29.6
9 105/35 120 7 minimal n.d.

Reaction conditions: 2 mol% rac. benzylamide ligand 2, THF, 1.8M in
substrate, pre-reacted 30min. (a) 'H NMR integration vs. mesitylene (b)
internal standard peak not seen, conversion measured vs. remaining olefin.

In general, hydroformylation of disubstituted olefins is slower than that of monosubstituted
olefins. One of the challenges in hydroformylation of disubstituted olefins is therefore to get good
conversion with the shortest reaction time possible. The hydrocarbon substrate 2,3,3-trimethyl-1-
butene demonstrates the inherent challenges to AHF of disubstituted substrates. Under optimized
conditions, this substrate gives only 28% conversion (Table 2, entry 7). Increasing the syngas
pressure from 30 to 140 psi improves the yield, and allowing the reaction to go for longer also
improves conversion. The optimized conditions were obtained after noting that the low boiling
point of the substrate (78-80°C) was causing significant loss of starting material into the gas phase.
However, at low temperatures, the reaction becomes too sluggish to be synthetically practical
(entries 5-6). Pairing a moderate reaction temperature with much longer reaction times allows for
the best conversion. We predict that this low reactivity is due to the extreme steric bulk of the #-

butyl group and the complete lack of electronic activation of the double bond.
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Considering that the first hurdle to overcome in developing a synthetically practical AHF
method is getting good conversion, reactions were generally run at least 24 hours, and most
showed little change between being reacted 24 hours versus 48 hours. One notable exception to
this is the hydroformylation of a-methyl styrene (at 120°C), which was complete in less than 3
hours. Fitting with our expectation that olefins with electron withdrawing groups would be easier
to hydroformylate, all of the acrylates used show complete conversion within 24 hours, as does Z-
1-(benzoyloxy)-1-hexene. One thing that remains to be seen is whether using forcing conditions
(high temperatures) for less reactive substrates erodes the enantioselectivity beyond a synthetically
useful point. This is a cause for concern with regard to the other pure hydrocarbon substrate
studied, a-methyl styrene, which requires higher temperatures for complete conversion of the
olefin.

a-Substituted styrenes: A study in undesired side reactions.

AHF of a-methyl styrene also demonstrates the potential for side reactions with longer
reaction times and higher temperatures. The hydroformylation is fast compared to other o.-
substituted styrenes, but suffers from moderate conversion of 55% after optimization at 60°C
(table 3, entry 2). However, at higher temperatures reduction of the formyl double bond to form an
alcohol becomes a competing reaction (Scheme 6). This raised the question of whether it was
possible to selectively favor formation of the aldehyde over the alcohol, and vice versa. This is
possible, and at 120°C and 60psi of 1:1 syngas (entry 4), the linear aldehyde is obtained in 58%
yield after 15 hours, with 19% of the starting material remaining, and 23% converted to either the

hydrogenation or alcohol product.
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Scheme 6: AHF of a-methyl styrene
Me 0] OH

I
AHF
—_— e

linear aldehyde hydroformylation-

l reduction product
hydrogenation
product

Table 3: Hydroformylation of a-methyl styrene.

Psi Temp Time c CHO:OH
Enty com,) (0 (hy GOV duct
1? 70/70 60 6 17 1:0
28 70/70 60 20 55 1:0
3° 30/30 60 6 14 1:0
4° 30/30 120 15 81 1:0.4
5° 70/70 120 6 67 1:0.44
6 105/35 120 6 86 1:0.26
7 70/70 120 24 100 0:1

Reaction conditions: 2 mol% ligand 2, THF, 1.8-2.3M in substrate. “Solvent
was a mixture of THF and acetone-ds. *The amount of substrate added may
not have been accurate. “Calculated vs. integration of remaining starting
material.

Raising the CO pressure seemed to improve results moderately. At 105psi CO and 35psi
H, (entry 6), in 6 hours 74% of the linear aldehyde was obtained, with 14% of the starting material
remaining and the remaining 16% converted to either the alcohol or hydrogenation byproduct.
Conversely, at 120°C and 140psi of syngas, the aldehyde was completely converted to the alcohol
reduction product after 24 hours (entry 7). Running the reaction for less time under these
conditions did not prevent the isomerization reaction (see the NMR spectra after 3 hours in figure
2). Regardless of the conditions used, it appears that there will always be competition from the
hydrogenation reaction, which appears insensitive to the temperature or pressure of either gas. The
reduction reaction to form the alcohol can be completely suppressed by keeping the reaction
temperature at 60°C or below, but this lowers the conversion. Thus the aldehyde can only be

cleanly formed in 55% yield, whereas the alcohol can be formed in nearly 100% yield.
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Figure 2: AHF of a-methyl styrene after 3 (top spectrum), 6, 9 and
24 hours.

Aldehyde

Alcohol
prggu(c)t product =) | o
I

17 T I "“,“ o "

Ty

3.00 2.96 292 2.88 2.84 280 276 272 268 264 260 2.56

Hydroformylation of many other a-substituted styrene derivatives was more problematic
than the hydrocarbon a-methyl styrene. While some hydrogenation occurred with a-methyl
styrene, a-morpholino styrene hydrogenates under hydroformylation conditions without producing
any aldehyde. At 140 psi and 90°C, the hydrogenation goes cleanly to complete conversion; if
either temperature or syngas pressure is reduced the reaction doesn’t go to completion. Neither
reducing the partial pressure of Hy (to 20psi) or the temperature (to 30°C) prevents the
hydrogenation reaction. This may be because the enamine is more electron-rich than other
substrates attempted, and this slows the CO insertion step, allowing the rhodium alkyl to react with
H, to hydrogenate.

The TMS enol ether of acetophenone was unreactive under hydroformylation conditions, and the
only reaction seen was that of the enol decomposing to acetophenone in wet NMR solvent after
sitting under hydroformylation conditions. The other oxygenated styrene derivative studied, 1-
(phenylvinyl) acetate, decomposes under reaction conditions via a suspected 3-acetoxy elimination

from the rhodium center to give acetic acid and styrene, which then undergoes hydroformylation.
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Scheme 7: Reactions of other a-
substituted styrene derivatives under

hydroformylation conditions Scheme 8: AHF of N-1-(phenylvinyl) acetamide
[Oj [O] o) o) 0 0]
N N )J\NH — )J\NH NH A J'<HMe
ph/J\ Ph)\ Ph)\ Ph)\Ao Ph Ph” “CHO
a-morpholino Linear Hydrogenation  Quaternary
styrene
)?\ Table 4: AHF of N-1-(phenylvinyl) acetamide
oTMS Pressure ~ Tem Time %
— > Ph Entry  Li P °  Hydrog.
PN (o reaction, nry - Ligand com)  ec) () Cony. Ydrog
TMS enol ether hydrolysis) l:b 1 75/75 80 16 84 n.ro.
of acetophenone 2]’3 2 37.5/112.5 80 24 100 36%
2 2 7.5/22.5 70 22 76 8%
Q Ph™ 3 1 15/15 70 44 63  None
)J\O 0 4 1 35/35 70 44 46 None
- > o
/& /\) 5 1 70/70 70 44 30 None
Ph Ph 6 2 15/15 30 44 0 None
1-(phenylvinyl) Reaction conditions: 2 mol% ligand, 1-1.66M substrate, THF. *Not pre-reacted.
acetate AcOH ®Used toluene as a co-solvent. “Result found by Dr. Neil Strotman.

In comparison to the above substrates, the more electron-poor substrate N-1-(phenylvinyl)
acetamide exhibits better behavior in hydroformylation. This substrate demonstrated good
hydroformylation with our ligands under conditions for which it was unreactive with a screen of
other phosphine ligands done by Neil Strotman (Scheme 5, above). When trying to reproduce this
result in our own lab, we found difficulty getting a reasonable conversion with ligand 2. Only
under very low pressures of syngas were we able to get a reasonable conversion of 83% (including
8% hydrogenation), and frequently significant amounts of hydrogenation also occurred. When this
reaction was revisited with ligand 1 instead, very different results were found (Table 4). No
hydrogenation occurred, and complete regioselectivity was seen for the linear product. With
ligand 2, some formation of a singlet in the aldehyde region of the '"H NMR spectrum occurs. This
was hypothesized to be the quaternary regioisomer, however further NMR examples were unable
to confirm this and the compound was not isolated. With ligand 1, this substrate also shows a clear

inhibition by CO, as the best conversion (63%) was seen for the lowest syngas pressure used (30
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psi), and conversion decreases with increasing syngas pressure (Table 4, entries 3-5). This
difference may also be attributable to using only THF as the solvent instead of a mix of THF and
toluene, but inhibition by CO is a more likely cause for the changes in conversion.

Acrylate hydroformylation

Scheme 9: Hydroformylation of methyl methacrylate
o o) O H

1% cat. loading H
1.66M in substrate _ MeO + MeO 0
MeO -
THF 0

Pre-reacted 1.5H

Linear Quaternary

Based on the expectation that olefins with electron-withdrawing substituents would be active in
hydroformylation, a number of acrylate substrates were attempted. In general these showed
complete conversion within 24 hours or less. Methyl methacrylate undergoes AHF to yield a
mixture of the branched (quaternary) product and the linear product, the ratio of which shows a
minor dependence on the syngas pressure used (Table 5). Higher syngas pressures favor formation

of the quaternary aldehyde, as do lower temperatures.

Table 5: Hydroformylation of methyl methacrylate

Temp. CO/H, Time Conv. Linear:quat

Entry o0y (psi)  (h) (%) product
1 90 140 24 100 1:0.23
2 50 30 48 98 1:0.46
3 70 60 48 100 1:0.28
4 70 140 24 100 1:0.38
58 90 60 24 100 1:0.07
5b 90 60 48 100 1:0.10

After finding the facile AHF of methyl methacrylate and the observed preference for insertion to
form the branched product, the AHF of methyl acrylate was also attempted. The AHF can be run
with low syngas pressures and catalyst loadings under 1%, and gives full conversion and perfect

regioselectivity for the branched product, methyl 2-methyl-3-oxopropanoate. As expected, this



180

1,3-dicarbonyl product contains a much more acidic o proton, and exists as a mixture of tautomers
(roughly 44% keto form and 56% enol form at room temperature), which will hinder any retention

of enantioselectivity.

Scheme 10: Hydroformylation of methyl acrylate
0.77 mol% catalyst 0 0 0

0] 1.7M in substrate, THF
M- > MeO H<=="Me0” 7 “OH
MeO 60-100°C, 24h

30-140 psi syngas 44%, 56%

Scheme 11: Hydroformylation of methyl-3-hydroxy-2-
methylenebutanoate
1% cat. loading o} Me
o OH 1.7M in substrate, THF
» MeO
MeO 60-100°C, 15-24h, 0

30-140 psi syngas
pst syng, OH

One of the goals we have for demonstrating synthetic utility of AHF is in exploring the tolerance
of the reaction for a number of functional groups. With this in mind, and encouraged by the high
reactivity of acrylates in AHF, we tried the reaction with methyl-3-hydroxy-2-methylenebutanoate.
This substrate has two new factors that were not yet explored: a free hydroxyl group that will
demonstrate functional group tolerance, and a stereocenter that may show diastereoselectivity.
This reaction gives complete conversion except when the syngas pressure is lowered to 30 psi.
When run at 60 °C, the distribution of products is insensitive to changes in pressure in the 70-140
psi range, and at 140 psi there is no change with an increase in the temperature to 100 °C. The
observed products are a mixture of hemiacetals with undetermined diastereoselectivity. This
allows potential access to not only aldehyde products, but also lactones via a subsequent oxidation
of the hemiacetal.'’
Experimental.

A. General considerations. All phosphines were generated under N, using standard Schlenk line

procedures. Workup and flash chromatography of ligands for hydroformylation was performed
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open to air. o-Tetraacid Bisdiazaphos, rac C, symmetric o-tetrabenzylamide bisdiazaphos 1, (S)-
(—)-o-methylbenzyl o-tetraamide (S,S)-Bisdiazaphos 2, and (S)-(—)-a-methylbenzyl o-tetraamide
(R,R)-Bisdiazaphos were prepared as reported in literature.”® (Acetylacetonato)
dicarbonylrhodium(I) was recrystallized from toluene and hexanes (green crystals) prior to use.
Benzoic acid was sublimed prior to use in hydro-oxycarbonylation reactions. THF and toluene
were distilled from sodium/benzophenone ketyl under N, prior to use. CH,Cl, was distilled from
P,0s under N prior to use. THF and toluene used for hydroformylation reactions and hydro-
oxycarbonylation reactions was additionally degassed by performing at least 3 freeze-pump-thaw
cycles. Ethyl acetate, hexane, and dichloromethane were obtained from Sigma-Aldrich, CCI
Chemical, and Mallinckrodt Chemical respectively. NMR spectra were recorded at ambient
temperature on a Varian Mercury 300, Inova-500 or Unity 500 or a Bruker AC-300. 'H and "°C
NMR chemical shifts were referenced to tetramethylsilane if present or residual solvent. >'P NMR
chemical shifts were referenced to an external standard of 85% H3;PO4. Mass spectra were
collected on a Bruker ULTRAFLEX" III for Matrix-assisted laser desorption/ionization (MALDI),
or on a Waters (Micromass) LCT® for electrospray ionization experiments with a sample cone

voltage of 20.

B. Synthesis of substrates for hydroformylation

a-Methyl styrene, methyl methacrylate, and methyl acrylate were purchased from Sigma Aldrich
and used as received. 1-Phenyl-1-trimethylsiloxyethylene,”' a-morpholino styrene,* 2,3,3-
trimethyl-1-butene® 1-(phenylvinyl)acetate®* and methyl-3-hydroxy-2-methylenebutanoate® were
all synthesized by the literature procedure. Spectral data for all compounds matched the literature

reports.
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NHAc n-OH

N-(1-phenylvinyl)acetamide was synthesized from acetophenone via the oxime*® following a
modified version of the literature procedure: Acetic anhydride (10.5 mL, 111.0 mmol) was added
dropwise over 25 min to a solution of acetophenone oxime (5.0046 g, 37 mmol) in dry toluene (20
mL). Freshly distilled acetic acid (6.4 mL, 111.0 mmol) was added, and this solution was
cannulated into a flask under N, containing iron powder (4.196 g, 74.0 mmol). The reaction
mixture was heated to 70 °C for 4 h under nitrogen, then filtered through Celite and the residues
washed with toluene until the filtrate ran colorless (60mL toluene). The filtrate was cooled in an
ice bath and washed with 2M aqueous sodium hydroxide (2 x 15mL) and brine (1 x 25mL). The
organic fraction was dried (MgSOs4) and concentrated in vacuo to yield 5.8g crude material.
Purification by column chromatography, eluting with 1:1 ethyl acetate and hexanes, followed by
crystallization from hot ethanol and water yields the pure title compound as cream colored crystals,
1.86g (31.2%): '"H NMR: (300.1 MHz, CDCl3)  7.411 (m, 5H), 6.790 (NH, br s, 1H), 5.891 (s,
1H), 5.100 (s, 1H), 2.147 (s, 3H), 1.599 (s, 3H). These spectral data match the literature report.26’
" We found better yields when the iron powder was freshly purchased and stored under nitrogen

at all times.

C. General method for hydroformylation.
Inside a N»-purged glovebox, THF solutions of Rh(CO),(acac) and o-tetrabenzylamide

bisdiazaphos 1 were measured using 1000pL and 200pL. Eppendorf® pipets and combined in an
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oven-dried 15mL Ace Glass pressure bottle equipped with a magnetic stir bar which was then
sealed with a reactor head and brought out of the glovebox. The reaction vessel was subjected to 5
pressurization (140psi)/depressurization (15psi) cycles with syngas to ensure replacement of the
dinitrogen atmosphere with syngas, then pressurized to 140 psi and allowed to stir for 30-60 min in
an oil bath at the reaction temperature. The reaction vessel was then removed from the oil bath
and allowed to cool for 5 minutes, then the pressure was reduced to just above atmospheric and the
olefin was injected with a gas-tight syringe with a 12” needle. If used, the internal standard was
added directly to the olefin, and an "H NMR spectrum was obtained to quantify the amount of
standard. Solid olefins (e.g. N-vinyl acetamide) were injected as a solution in THF. The reaction
was then re-pressurized to the reaction pressure after additional pressurization/depressurization
cycles and replaced in the oil bath. Upon completion of the reaction, the pressure bottle was
removed from the oil bath and allowed to cool to room temperature, then vented in a fume hood.
NMR spectra are initially obtained of the crude reaction mixture by adding acetone-ds or CDCl;

directly to the reaction mixture.

0
}/K — WH
3,4,4-Trimethyl butanal. "H NMR: (299.9 MHz, acetone-dg) & 9.71 (dd, J= 3.1, 1.2 Hz, 1H),

2.06 (m, 2H), 1.89 (m, 1H), 0.88 (s, 9H), 0.86 (CHs, dd, J= 6.7, 0.7 Hz, 3H).

o
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3-Phenyl butanal. "H NMR: (500.2 MHz, acetone-de) & 9.58 (CHO, dd, J=2.4, 1.3 Hz, 1H),
7.38-7.06 (m, 5H), 5.62 (PhCH, td, J = 8.6, 5.8 Hz, 1H), 2.79 (CH,, ddd, J=16.5, 8.8, 2.8 Hz,

1H), 2.67 (CH», ddd, J=16.2, 5.6, 1.3 Hz, 1H), 1.36 (CH3, d, J= 7.1 Hz, 3H).

ot — o

3-Phenyl butanol. From 0.85 mmol a-methyl styrene; purified by column chromatography on
silica eluted with 30% ethyl acetate in hexane, colorless oil: 'H NMR: (300.1 MHz, CDCl;) & 7.24
(Ph, m, 5H), 3.59 (CH,OH, td, J= 6.5, 4.1 Hz, 1H), 3.51 (CH,OH, td, J= 6.8, 3.9 Hz, 1H), 2.88
(CH, sextet, J= 7.4 Hz, 1H), 1.85 (CHCH,, q, J= 6.8 Hz, 2H), 1.28 (CH3, d, J= 7.0 Hz, 3H); °C

NMR: (75.4 MHz, CDCl3) 6 147.1, 128.7 (2C), 127.2 (2C), 126.3, 61.4,41.2, 36.7, 22.6.

NHAc AcNH O

3-Acetamido-3-phenyl propanal. 'H NMR: (299.7 MHz, CDCl;) § 9.68 (CHO, dd, J=2.6, 1.8
Hz, 1H), 7.31 (m, 5H), 5.50 (td, J= 8.0, 6.3 Hz, 1H), 2.92 (ddd, /= 16.4, 7.8, 2.6 Hz, 1H), 2.83

(ddd, J=16.4, 7.6, 1.6 Hz, 1H), 1.90 (s, 3H).

o] 0 O H
H
Meo)H/ MEO)H/Y + Meo)%o
o
Linear Quaternary

Methyl 2-methyl-4-oxobutanoate (linear product). 'H NMR: (299.9 MHz, CDCl3) & 9.77
(CHO, t, J=1.0 Hz, 1H), 3.70 (OMe, s, 3H), 2.95 (AB of ABX, m, 2H), 2.55 (X of ABX, m, 1H),

1.23 (CH3, d, J=7.1 Hz, 3H).
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Methyl 2,2-dimethyl-3-oxopropanoate (quaternary product). 'H NMR: (299.7 MHz, CDCl5) &

9.65 (s, 1H), 3.75 (s, 3H), 1.34 (s, 6H).

o 0O o o)
- =z
MeoJ\/ — MeOMH Meo)KK\OH

44% 56%
Methyl 2-methyl-3-oxopropanoate **. 'H NMR: (500.2 MHz, CDCl3)  11.24 (d, /= 12.7 Hz,
1H, enol form), 9.77 (d, J= 1.3 Hz, 1H, keto form), 7.00 (dq, /= 12.5, 1.1 Hz, 1H, enol), 3.78 (s,
3H), 3.68 (s, 3H), 3.42 (qd, J= 7.3, 1.2 Hz, 1H, keto), 1.68 (d, J= 1.1 Hz, 3H, enol), 1.35 (d, J =

7.5 Hz, 3H, keto).
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Appendix B

Spectra and supporting data for chapters 2-5.
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Chapter 2 Supporting data and spectra.



190

16°0
€6°0
¥6°0
SE'1
SE'1
LET
LET
8¢'T
6€'1
o'l
Iv'1
'l

_ 16'¢

Iﬂwwmo.m.

%
V1
v T
ST
<z
122"
122
62
622"
861

wmew o
00°S

1Y AVA
Y2 /A
ST LA
S22
92’/
9¢° LA
LT 1A
227 /A
677/
62,7

867L
662
00'8

00'8

e

———/€¢

o)

—~ ==—==-00"1

MeS

e/ "¢

— 07

80 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

N—

€6°€T~
08'v1/
12°22—
osvz/
8E TE—
t
o
2
o
2LYTT—
86 72T —
ST 0T~
9T yET—
92'9yT—
6€°€9T—

| —

30 20

50 40

170 160 150 140 130 120 110 100 90 80 70 60

0

10

f1 (ppm)



191

16°0
€6°0
¥6°0
LET
LET
8¢'L

8¢'T
o'l
ov'1
o'l
Iv'1
Iv'1
44"
44"
vl
&'l
L2°¢C
L2°¢
8¢°¢
62°¢
86
86
66
689
689
069
16°9
16°9
16°9
[aavi
[aavi
1Xava
veL
10°8
10'8
10'8
20’8
€0'8

A

-

/
J
J
J

I
|
|
|
]
A

J
J

{

4
-
1
:
]
1

Somr

994

e 00

HO

T2°¢
¥6°(

JH e

— 177

€9'¢

‘wﬁvﬁ.m.

&N

W

8.5 80 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

06°€T"
v e~
veve—
PETEN

86 VTT~
95°STT
0121

(A

LU

60°vET"

S6°09T~
OT'v91-—

50 40 30 20

170 160 150 140 130 120 110 100 90 80 70 60

0

10

f1 (ppm)



192

16°0
€6°0
v6°0
Ge'T
Ge'T
LE°T
LET
8¢€'T
66T
o1
Iv'T
v 1
€p'T
€p'T
SpT
sz
Vrara
12
622"

622
622"

10°S
mo.m/

(A
XA
€/
v/
vZ'Lq
S¢7/A
9¢° /4

L4

YL
wv.m%
VA VA

20’8
€0'8
¥0'8

¥0'8

Cl

62°¢

VAN
LT¢

L2°¢

-56'§

—=00°1

™

7.5

3.5 2.5 1.5 0.5

f1 (ppm)

4.5

5.5

6.5

06 €T~
€a e~
SE€vZ—
0E'TE~N

50 40 30 20

CCSTT—

06°221
26971
NN.HMQ
€O'PET

6651/

6/4°¢91—

170 160 150 140 130 120 110 100 90 &80 70 60

0

10

f1 (ppm)



193

14

/l .v

Br

[JT.V

———m=—=p-C

[

81

T°¢

01

l 1
T ON—ONT

3.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

68 €T~
€2'¢i~
SE€vI—
62 TE~

f1 (ppm)

v ST1—

9€'8¢1T
29'8¢1
ECTET—
Hm.HMH*
Z0'vET

26'¢91—

50 40

70 60

160 150 140 130 120 110 100 90 80

20 10 O

30

f1 (ppm)



194

16°0
26°0
26°0
€6°0
¥6°0
LET
LET
LET
8¢'T
6¢€'1
o'l
ov'1
Iv'1
44"
44"
&'l
vl
12"
8¢°¢
8¢°¢
6¢'<

Lwo.m.

]
]
1
]
]
]
]

991

0€¢
€9’y
10°S
€0°S
€0°S
veL
YAy
9¢°L
9¢'L
6v.
0SZ
0SZ
1872
80°8
60'8
01’8
01’8

\ ~——==—-00"1
I .

O

—+/2°¢

N
CIH,C

—

29t

85 80 7.5 7.0 6.5 6.0 55 50 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

98°¢1~
02°'TZ~
T€€—
82°0E~

LYV —

A hU

LOVIT—

697221~

UL

6£°821T
92°621
LOEET
2L vl

S0'¢9T—

50 40 30 20

170 160 150 140 130 120 110 100 90 80 70 60

0

10

f1 (ppm)



195

11°¢
Sv'¢
Sv'¢
9¥°Z
@TN;

8¥°C
8¢
6v'¢
0S¢

89°¢
0L7¢
| WA
881
6811
68"
16 1
167
267
0047
0072+
0071
T0°Z+
10°Z7
207/
mﬂ.ﬁ

1224
LTl
8T,
62,
62,
67,
0L

4703
YT

/l!lllm

001

AN

9T ¢

11°¢
¥S°¢

1.0 0.5 0.0

50 45 4.0 3.5

7.0 6.5 6.0 5.5

1.5

2.0

3.0 2.5

f1 (ppm)

7.5

22027
1292
SEGE~

L6°CTT—

S6°SCT~
1€°8¢T
Ev'821
mm.vMH\
SSIYT

¥0'891—

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

0

10

f1 (ppm)



196

wm.;
mm.ﬂ
4%
9"
9t ¢
9% 1
Nv.ﬁ
8¥ =

m

6721
6% 2

8927

wm.L
L6
26"V
20791
vo.mg
66791
T0'ZA
LT1°/A
NHNQ
wﬂ.j
8T°L7
8T/
6T/
6T L1
0¢ .+

69°¢
Hm.m%
S6'Y

L

2L
9z'2
9Z'2
LTl
8T°L
8T,
8T,
67,
67,

1.0 0.5 0.0

1.5

3.0 2.5 2.0

f1 (ppm)

~28°0

50 45 4.0 3.5

00'1
mom.ﬁ.

5.5

6.0

86°(
1e¢
oz

7.0 6.5

7.5

9%'81"
€2°9¢~\
€e'8¢—
SC'SE~

90°'6v—

00°08—

S6'ETT—

007921~

0

10

f1 (ppm)

mm.wmﬂ\
mv.wNH\
ZEVEL

8E TV~

L0°SST—

8V°0LT—

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20




197

Y]

—

[
—_—

—00°]

1720t

——=90'¢

=101

4m.wmo.~“

0"
€02
=670

It

A

T

N

f1 (ppm)

€6°9S
wm.mmV

6011
TIT
LT1T
667611
$2121
20°221
:.wm}
/87821~
sTzer/
TP €T

€T 8T~
1S°64T7

MmO

——

6T v9T—

L l“'

180 160 140 120 100 80 60 40 20
f1 (ppm)

:00



198

0060
TSET~
8IS T—
816 T~

o o 00°L

¥02'S—

€12aD 092 2—
8%
0192/
€60'9—

r9'6—

ye'e

0 v J
812
VT

5.165.13
f1 (ppm)

[

f1 (ppm)

cee

Ll¢

10

LS6'ET~
96€°22

SZ&M
968'87—
€sp1e

0€8'8.—

€55°821T
0vZ'62T-\
998'621/
SHSEET

¥61°991—

€659°86T—

100
f1 (ppm)

180 160 140

200

60 40 20

80

120



199

2980

898°0

0480

9/8°0

188°0 or'v
A

Q0N

JO0O U T

168°0 1E 1L
968°0
€06°0
887'T \
€671
662'T
20€°T
80€°TH

STE T

6TE T M
seet] 3
0€€ T (N
9c€' T o
SESTH o
TS'T-
ISST-
PSS T
995°T-

| VAN
T0Y" 2
L1 A
02b L
¥Zh /]
9V Ly
0 ZA
845"/
2€0'8 60
9€0'8

0v0'8
640°8 _
£50'8

950°8

3.5

3.8 3.7 3.6

3.9

4.0

4.3 4.2 4.1

4.4

overnight
f1 (ppm)

f1 (ppm)

Detail of alcohol isomers in above spectrum:
NaBH, MeOH

0°C,
4.5

4.9 4.8 4.7 4.6

5.0

5.1

5.2

5.3

3.5 80 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

5.4



200

=

/

6v'¢

871

62°¢
1T

L

MeS

13

1¢°¢

—00°]

—20°¢

00°¢

=560

TN

96°¢1
Nw.vﬂV
0¥ Ze~
- 0Lve—
06827
mv.Hm\

¢L'8L—

f1 (ppm)

86421
© oN.mﬁv
e1°0e1”

~ VPorT—

¥6°S91—

0£'86T—

T R BT

100
f1 (ppm)

60 40 20

80

180 160 140 120

200



201

08°0
08°0
18°0
18°0
28°0
£8°0
¥8°0
¥8°0
91T
121
121
21
2T
€1
bZ'1
bZ'1
ST
mm.i
92'1
92T
12T
2€° T
£e T
9p°T-
/v T
671
bz
914y
9T/
LT LA
9T/
61"

144
982
982
982
L8,
L8,

—

MeS

MeS

Ll

06/

™M
8.0 7.5

<

7.0 6.5 6.0 5.5

€6°¢I
86°¢C1
L€l
9/°¢l
ev'1e
mm.HNV
66°¢l
90°t¢
Nw.mm\
65°0¢
¢L'0€
Iv°Z¢e

96°£9~.
21°89~
11697

€€9z

98°¢ll
om.vNHW
61°5¢T

28'8¢21
06°8¢T

89v¥1
mm.vaV

LY S9T~
€8°9917

s

Sl

170 160 150 140 130 120 110 100 90 80

50 40 30 20

70 60

0

10

f1 (ppm)



VAT

_ 8Vt
I €T ¢

— €0

—592°¢

— =007

Iﬂﬁﬁm.m

—————660

=T11°¢

T

TENEON

R

P6 ET~
822
~ gopg
€6'82—
1

0S'SS—

¥S8.—

f1 (ppm)

08°€11/
vS 12T
Y6 TET

€R'EOT~
o I16°99T

/6'86T1T—

|

100
f1 (ppm)

140

180

200

60 40 20

80

120

160



203

/8°0
88°0
68°0
06°0
06°0
16°0
16°0
62T
0€'T
0€'T
1T
1T
TR
26T
A
2€° 1
€€ T
ceT

b6l

/ 2L

9¢f
9l

mm.s
6E'T

€611
vm:
ST

95T
95T
S8 €
0Z ¥
12
vE

v b

26'9

10°8

069
16°9
269

662
00'8
10°'8

O/\“‘\\/\/

OH

J/OH

MeO

0]

MeO

60

/

00

—l ._”m”

LN

L
—

T Ty T T
—

]

LN

—

20 45 40 3.5 3.0 25 2.0 15 1.0 0.5 0.0
f1 (ppm)

T o‘ T

—2 . .
80 7.5 7.0 6.5 6.0 5.5

—
42

86°¢€T
NOJL/
8¥°¢2¢
wm.NN/
S0°S¢
NH.mNV
¢L0€—+
m@.Hm\
8/°1¢

9¥'EE

€0°99~
1069~
11027
ST°92-

Z9°ETT
m@.MHHv.
6221
mm.NNHV

50 40

70 60

LY E9T
0S°€91
79991
mm.omﬂw.

170 160 150 140 130 120 110 100 90 80

20 10 O

30

f1 (ppm)



204

-

)

r

B

)

.

T2°¢

12°4
€6°¢
8Y'¢

001

AR

€874

88°¢

10°T

5
f1 (ppm)

10

06°2T~
vE'12

S.MNM
€8 /2~
il

v9'll—

TNl
620217
YTTET~

S9'6ST—
9T"'S91—

Z1°86T—

A

100
f1 (ppm)

60 40 20

80

180 160 140 120

200



205

68°0

L

68°0
06°0
06°0
16°0

16°0
16°0
€e1
€€l
bET
beT
Se'T
TRE
9¢°1-
9¢'T
LE°T o
611
67T

//|./,,,
o] ©
0S'T o
16T
Nm.f‘.
6811
16'T1 \
(&)

S6°T-
12°6
22 s
€2°S

814
75991

A

JLTOS

vZa'S

Sv'L
SvL

!

YL
VA VA
20’8
€0’8
¥0'8
¥0'8

—96°()

€96
€96

—

~047¢
S0°¢

LT°¢

= 11°¢

TEOO—N Y

S6'ET~

. 8¢°22
— E.EM

8787~
SY1E

00°6L—

5
f1 (ppm)

© 697221~

26'8¢tT
vm.HmH\
~ 90°0¥T~

62°S9T—

L0°86T—

10

WA AU

100
f1 (ppm)

140

ST S ——

60 40 20

80

120

160

180

200



206

|

€6'¢l
mm.ﬁ/

EV'1¢
vm.HN/

1.0 0.5 0.0

_L;mo.m

66'€C
oo.vmV

=T
i

A

™M
5

Cl

VAN Yo
wm.omx
¢L'0€

A4S

T
1

08'£9~.
9£'89~.
50'69”

I

0

10

99757

' \—l\'—l\—l\—l ' ' '
.0 45 4.0 3.5 3.0 2.5 2.0

' o
5

Cl

NmNNH
H@.NNH
|VAVAA!
97221
N0.0MH\

| o €0°0€T
. €S'8ET

0 6.5 6.0 5.5

¢9'8¢ET

win
8.0 7% 7

- 1963 06'59TY
q . /0°59T

f1 (ppm)

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20




207

]

96t

I

Br

/6]

Al

PR N a\I\

vrES
22°e

001

@vwm.m

—€E1°¢

=660

5
f1 (ppm)

10

68°2T~.
€€ 12

mm.MNM
2L 12—
L£0€7

16'LL—

mo.mNH
om.mNHV

il

62°0CT
/8°0¢T

8E V91—

86961 —

LJLNAn,

140

200

100 80 60 40 20
f1 (ppm)

120

160

180



208

98°0

28°01
88°0
68°0
68°0
060
16°0
2670
92’1
8T
62T
62T
0€'T
0€'T-
0€'11
€T
ze' 1
mm.i
€€ T
€€ T
bETH
bETH
GETA
b T
$S T
96°T1
LS°T-
wm.j
wm.j
85/
6521
65/
0924
A
1672
26°L
26°L
26°L

Br

Br

1.0 0.5 0.0

3.0 2.5 2.0 1.5

3.5

S =-r-n

T =
—

45 40
f1 (ppm)

—
5.0

T T T 'o T

oM

.5 80 7.5 7.0 6.5 6.0 5.5

m

¥6°C1
mm.ﬁ/
ev'Ie
vm.HN/
66'€C
mo.vmv.
SS'6¢—
wm.om\
T/2°0€

I A4S

b8 E9~.
0v'89~.
90697

69757

627221
£0°8¢1
€9°8¢1
¥9°8¢1
ST'O€ET
9T°0¢T
T/°0¢€T
9/°0¢1

00°99T
NH.moﬂv.

50 40 30 20

170 160 150 140 130 120 110 100 90 80 70 60

0

10

f1 (ppm)



209

88°0
68°0
68°0
06°0
16°0
16°0
26°0
Z€'1
€€°1
€€'1
veE'T
GE'T
SET
9¢°11
L€ T

SS°¢

994
R 8T'¢

—_ 80°'¢

L€°T
6711
o.u..i
15T
06°T

b6
S6'T
£9"p-
12°5
2z
cz'sd

N@.J

A

6vL
6vL
1572
1872

80°8
60'8
01’8
01’8
€96
€96

CIH,C

— =001

LTwH.M

—81°¢

—=QT°¢

=001

TENEO—N

5
f1 (ppm)

10

96 €T~
6£°22

E.EM
€887~
Sy1E

0€'Sv—

¢6'8.L—

wm.wmﬂ/

ST 6&T=

J"nwmwwmmwwnwwwww N N

T€0¢ET
Y6 ev1—

vS19T—

1€86T—

100
f1 (ppm)

60 40 20

80

180 160 140 120

200



210

88°0
68°0
68°0
06°0
16°0
16°0
26°0
0€°'T
1€'1
1€'T
Ze'1
Z€'1
ce1]
ceT
€€ T
veT
pe T
TR
TR
95T
95T
/ST

CIH,C

T

LS°TH
1'%
v v
TRE
8¢ i
65 1
0¥+
29t
9L
Ly
8y°/
v0'8
v0'8
50°8
508
90°8

————

eor
00r
T0f
408
88

127!

L8f

88

D

45 4.0 3.5 3.0 25 2.0 15 1

.5 0.0

3 o

ANr—=Hr—r—=O

A .0

T . . .
80 7.5 7.0 6.5 6.0 5.5

/6°¢ET
0Vl
VA e
12572
¢0'S¢
mo.mm/
¢9'0€
¢9'TE
@N.Hmw
St'EE
ey
wm.va

86'19~
bE'69~
p1°027

50 40

0997

2s°8¢21
¥S9°8¢1
98°6¢1
OT'0tT
¢T°0€T
9T'0¢T
Sy vl
Hm.mwﬂV

22991
0¥°991

70 160 150 140 130 120 110 100 90 80 70 60

20 10 O

30

f1 (ppm)



211

€L°TH
VLT
SZTH
S2'TH
9/°TH
92T+
LL°TH
LLTH

8.1

T

ET'

L1°¢
¥9°¢
S9'¢
99°¢
£9°¢
89°¢

82T
981

66t
Ho.m/
9144

917/1
LT/
wH.D
8T°/ZA
8T/
02724
T2 /A
TV
92°2
2227
82"/
62
622
02
1€°21
1€
0S'6
0S'6

L L

— ﬁﬁoo;”

— 2Tg
—— /64

————246(

96" ¢
m\mo.w

9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

1.0

29°02~
19°92~
L1827
8€°GE—

€ET'8.—

£0°9¢1
Nm.wNHW
9¥'8¢21

1€ TvI—

6S°0LT—

81'861T—

140

100 80 60 40 20
f1 (ppm)

120

180 160

200



212

0"
T T 260

Y0’
—20°
~MTO°

—10°

00"
~00°
00"

ST
MET

30 25 20 15 1.0 0.5 0.0

50 4.5 4.0 3.5
f1 (ppm)

5.5

6.0

7.0 6.5

7.5

16°02—
LT°L2~
€872¢~
2L SE—

T/2°89~_
G269

98°9¢1
@m.wuq/

l

2v821/

10°¢vT—

9C¢'TLT—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

f1 (ppm)



213

1.0 0.5 0.0

1.5

vv.j
LY T
8Y T
Y95
99°¢H
ww.mg

QQ-2Z

[e v AN om

6EY

=y
2.0

0v 7
10°S1
10°S1
£0°S1
80°S
60°S
60°S

—

o

9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5

T
—

o

o
f1 (ppm)

mixture (crude in THF)

hydroformylation

Racemic

T T T T
— =

—

—

0TS
IT°S
@H.h;
91"/
9T/
8T L1
8T°/+
mH.D
02°Z
ON.NA
T2 LA
¢l LA
NN.N/ﬁ
92/
L1227
s
622
622
62/
g
Hm.ﬁ
1€°2
8v67

o

Enantioenriched hydroformylation
9.40
I

mixture (crude in THF)
Aldehyde ratios used to calculate

enantioselectivity

oS

950~ 9.45

9.55

1.0 0.5 0.0

2.0

2.5

12

96/

.5 4.0 3.5 3.0

3 4

f1 (ppm)

a6l
ETf

66[
S/

00[
144

—
5

e
1.

o

S

5

—

L R O v B B B
5 9.0 85 8075 7.0 6.5 6.05.5

35



214

SS°8T~
0592
AN

62'82/
1ese”

¢rev—

1R 7N
0008

S0'9¢1
wm.wmq/

mv.wNH\
6T IV1—

P1°SST—

VT €LT—

9¢°2L6T—

g

J Ju

J

180 160 140 120 100 80 60 40 20
f1 (ppm)

200




215

10°€
€580 5Ts —
¥8T T\ - :
I16E I~ «d/NJ |
€65 T— — M
H \w
S
=
ZT
(@)
160
205 €~ 007¢
BT wo |y w
12Uy Aqmm 7 ~
1 O
%U
> - —~~
£
[ %o
| S 1
- —
0l | [o”
T <
Am/ﬁ [, 960 .
£09'9— /J T Y Ni
S0'€
0LE L~ =
Sov' L/ loen
8S2°L— )

85 80 75 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

h:.vﬂ
Omo.mm/
€56°S¢
me.mNV
09€°'TE
Y08°'T€E

TE€EECS—
SLE°99—

09T1T°2L—

Nmo.mmﬂ/

£09°82%

TI9'TET
OOm.va\.

8V€89T—

90

f1 (ppm)

190

50 30 10 -10

70

150 130 110

170

210



216

ooo.o/

I9T'T
€9T°T
€6T'T
1021
vZz'T
€521
952'T
vITT
V62T
bbo'T
659'T
999'1
2.9°T1
629°T-
169°11
00211
8021+
€121
81211
2v0°2-
189°¢
$69°¢

L

oom.&
692°€
¥92° /1
20%" 2
6TV /A
€T /1
SEb/1
6Et L

VA VAV
19272
Vil L
8211
18272

18/
mmv.jﬁ

L

J/OH

ZT

6.1

00

Gé8'0o

08¢

1

80 7.5 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

82€'9¢
919'9¢
/89°8¢—
L8TEET
0¥8°€EE
(X4 WAS

£99°¢S—

v2.'S9—

f1 (ppm)

066°9C1
Hoo.wNHV
moo.HMH%
8V VEL

892891 —

IO WJMNLMMWWWMWW

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

f1 (ppm)



217

LLT'T
9811
206’1
10C°¢
S0¢'¢€
0T1Z'¢

6ES'E
€SG°E
[AVAN 4
VA4

09€'S
S9¢°S
69€°'S
6507/
8¢1'ZL
44 WA
SY1°.
S9T°Z+
TLT LA
S8T1°/+
26T/
€8¢7L7
S627/7
T0€°ZY
S0€/
TC¢EL
19€°/
14514
€8¢/
8097/
219/
9292
0€9°2

£92°0
S2/2°0
S82°0
162°0
808°0
A\

e I r——

f (minor)

a (major)

f1 (ppm)

85 80 7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

986°LE—

aoead 000'6t

1965
S62°1V9~

839€°6<1
0¢v'6ll
LEEOET
ﬁmv.NMH\
mmm.mMH\

996°6¢€1

SeELeT
Em.wﬁ/
p:

SYE0LT—

|1

60

HL"

140

20

40

100 80

f1 (ppm)

120

160

180

200



218

6851
€091+
r19°T1
0€9'TH
6v9'TH
S99°TH
82971
S69°TH
8041
€L
LEL'T
¢SLT
209°¢
S19°¢
T€9°¢
819°¢
299°¢
9/9°¢C
229'¢
€v9'¢
91Z°¢
8¢€l°€
LSTY
059
99t794
44X
88T /L
69T 41
EVeLy
VATV
LSE /A
CLEHE

—

L8€L—=

os¥.
Sov°L
6Lv'L

81.L
€€LL

85 80 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

820°8¢~
SE6°0€E7
Iv2°Se”

640°¢S—

0T+'S9—

€10dD 09124

¥2S'8¢C1

wa.wmﬁ\
mmw.HMH\

£26°S21
vwo.mNH/
mmv.wmﬁw

8IV VET
6T10°¢VI

08Z'891—

m

180 160 140 120 100 80 60 40 20
f1 (ppm)

200



219

000°0-—

£9G T
999'1—
118' 17

180°€
¢lS°€
SES'E
8YS'€
€89°€
S0Z°€
09/°€
182°€
8V1'¥

SR

0¢s'9
@mm.mv.
88¢°/
mov.mW.
61¥L
9/v'L
T6¥°L
9052
14°TAVA
692/

AR

1€

J

85 80 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

VS e~
929°0€~_
veeee—

006'Vv—
8¢6'TS—

9¢2'S9—

EIDaE>09t%2

607221
HHm.wNHV
vmm.HMH%
80V VET

L/22°89T—

180 160 140 120 100 80 60 40 20
f1 (ppm)

200



220

€851

/69T
¢1ee
9¢ee
IvE¢
9reC
6vE¢C
09¢€°¢
€9¢°¢
v2€¢C
LLEC

L6€°¢C
TTv°¢
885°¢
v0L°€
I WARS
9¢/°¢
S€L°E
LLL°€
¥8.°¢
66/°¢
908°¢

T
(@) R
S/T'v =

— 2

62079
¢inad 05%2

STH'Z

@ly

N
3
Jm

Gg6°0

122

Sy L\

80527

Uc |
€Le W

€92°L
9927/
08272

85 80 75 7.0 6.5 6.0 55 50 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

1L

30 20

50 40

IR RAVA
S12°S¢
N@m.mmv
159°0€—
825 IS—
L21°S9—

mum@wmwu@ﬁ.r.r.

Q.

2

—

[

022°6TT~.
$60°221
082°'82T
6S8° TET—
LYEVETS
€€1°89T—

170 160 150 140 130 120 110 100 90 &80 70 60

0

10

f1 (ppm)



221

Y035 L
¢T9°11
9€9'T
L¥9°TH
65911
¥29°TH
289°TH
202°TH
9£9°2-
1492
059°Z
9597
$99°Z
0£9°Z

959°€
€99°¢
L/9°€
989°¢
8T/°¢
SYYARS
ovZ €
A JARY
vo'y

HHm.wv.

04172

961" L— ©

6927/
aLe!s
/L82°L
¢0€L

AN

b25:9
|z

U

f1 (ppm)
o
I

1.0 0.5 0.0

80 75 7.0 6.5 6.0 55 50 45 4.0 3.5 3.0 25 2.0 1.5

f1 (ppm)

Ov/L LC~
40 A%
£9S°SE

9€L'TS—

0€8°€9—

56569 %2

99811
SST'ZTT~
LTV 6TT—
S9T'9ZT~
$25°82T

965°8ZT

299’ TH1—

6€6°9ST
vmm.mmﬁv

mvm.NHH/

L2S7LST
1¢8°/LST

ks

160

120 100 80 60 40 20
f1 (ppm)

140

180

200



222

| X244
vyl q
96271
82/
€67
LY6° ¢
29671
me.mg
aoean on.mg
8¥S'¢
€949°¢
9/G°€
26S°¢
T09°€
Y19°€
629°¢€
4743

EST'Yy
9T
SLTY

681V

cCQT" )

T6T 2
86T °L1
T0Z LT
@ON.E
€12
812 LA
€22/
EveL
VA XA
2Sa.
4 Yavi
S92°2L
89¢°,
622°.
€82,
98¢,

85 80 7.5 7.0 6.5 6.0 55 50 45 40 35 3.0 25 20 1.5 1.0 0.5 0.0

f1 (ppm)



223

N~
L
©°
OMe

B
OMe

—Vv0'¢
66°¢
L.Hmm.m

=001

—=<¢6°0

f1 (ppm)

8P-101L 8%¥8°0¢
4H1 S50°9¢
988V E~

196°SS

hmo.mmw.

vmm.ow\
4HL S5¢°89

€1Ddd 6v57ZZ

I88°TTI
8C¢TETT
9€8'TZI
8P-10L 0T€"SCT
¥0S°221
8P-101 /Z8T1°8¢T
0¥9°8¢1

100
f1 (ppm)

8P-10L £80°62T7f

NmmmmT
v1 N.va\

8P-9auaNn|oL 098°LET
vow.wvﬁx
1AYAA!

88€°/9T—

2S6°86T~
10€°002”

140

60 40 20

80

120

160

180

200



224

HSQC of the aldehyde to identify isomers
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VII. HPLC and SFC traces



% Mohile Phase

% Mobile Phase

227

o) OH

o) J// i j i
/@AO NN NaBH,4 /@)’LO NN . /@AO/\"\\W
MeS MeOH, 16h, r.t.  peg MeS oH
B

A

Resolution by HPLC:
Racemic run: CHIRALPAK 1A (AD-H), 3% iPrOH/hexanes, 0.9 ml/min, 220 nm, tg (A): 37.2 min, 40.8 min, tg
(B): 48.8 min, 53.4 min

App: HPLC, Run: FFAD30413_01107_SMerac @ 3/4/2013 1:25:53 PM, Method: Variable Analytical Run, Iter: B, Inj: 6

100.0 2000.0 _
7 1750.0
i PN:3
80.0 1500.0 PN:1
4 T PN:2
1250.0
i PN:4
60.0
1000.0
z i
T £
750.0
40.0 E
500.0
250.0
200 i
4 0.0 ¥ -~ ¥/ \ 4
0.0 -250.0 T T T T T 1
0.0 25.0 50.0 63.0

Minutes

Chiral run: CHIRALPAK 1A (AD-H), 3% iPrOH/hexanes, 0.9 ml/min, 220 nm, tg (A): 31.5 min, 36.7 min, tg (B):
44 7min, 51.6 min, 90% ee

App: HPLC, Run: FFAD21913_01104_SMeSSS @ 2/19/2013 11:15:30 AM, Method: Variable Analytical Run, Iter: 12, Inj: 12

100.0 900.0 PN:1
1 EIEID.U- PN:3
80.0 7UD.U—
1 GUD.U—
60.0 5000 ]
1 Zaoo]
40.0 300.0—
b ZDD.D—
200 1000 | PN:2 PN:4
b 0.0 1 x A/\’ r Y ﬁAJ
00 w77 T ~ 1 T T * T T 1 * 1 T T T T T T T T T 1
00 S0 100 150 200 250 300 350 400 450 SO0 S50 600 650
Minutes
Peak Number (PN) isomer rt (min) Area (uVmin x100) % Area
1 A 31.5 144958230.8322 46.905
2 A 36.7 8599526.6365 2.783
3 B 44.7 148067052.4987 47911
4 B 51.6 7419669.9993 2.401




R I PI
/@)ko 0, NN NaBH, /@)ko ey
" -
MeO MeOH, 6h, r.t. MeO

Resolution by HPLC:
Racemic run: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.7 ml/min, 254 nm, tg (A): 23.5 min, 26.8 min, tg

(B): 30.3 min, 33.0 min

A

OH

App: HPLC, Run: FFAD11013_0186_CH2CISSS_and_OMe @ 1/10/2013 12:22:09 PM, Method: Variable Analytical Run, Iter: 8, Inj: 8

(6]
P VN NN
R ﬁ o™
MeO OH
B

PN:3
PN:4
PN:L PN:2
/ A/ N/ ! Ny
I Sl 'l T x ] x |

100.0 2250.0
1 2000.0
80.0 1750.0
1500.0
2 60.0 T
2 1200
o i 4
S = 1000.0
g )
2400 1
750.0
500.0
200 i
J 250.0
0.0 0.0
0.0

20.0
Minutes

25.0 30.0

35.0 380

228

Chiral run: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.8 ml/min, 254 nm, tg (A): 20.3 min, 23.6 min, tg (B):
26.0min, 28.7 min, 96% ee

100.0 1400.0
1300.0_
1200.0_
80.0 1100.0]
IDOU‘D_
900.0 ]
800.0
> 700
600.0
500.0 ]

=
<4
o

% Mobile Phase
B
o
o

400.0
300.0
20.0 200.0
100.0

App: HPLC, Run: FFAD10813_0185_0MeSSS @ 1/8/2013 2:46:02 PM, Method: Variable Analytical Run, lter: 8, Inj: 8

PN:1

b

0.0

0.0 -100.0
0.0

5.0 10.0

T I
15.0

Minutes

20.0 25.0

Peak Number (PN)

isomer

rt (min)

Area (uVmin x100)

% Area

1

20.3

94911962.1362

36.417

23.6

2720385.831

1.044

26.1

160681660.8333

61.653

2
3
4

selllveliegiiog

28.7

2308812.7922

0.886
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o) OH

(0] J/ [e)
1, NN NaBH,4 do 0, NN O/H_m\/\/
EEEE—— +
MeOH, 6h, r.t. cl cl OH
B

Resolution by HPLC:
Racemic run: CHIRALPAK 1A (AD-H), 2% iPrOH/hexanes, 0.6 ml/min, 254 nm, tg (A): 45.1 min, 51.0 min, tg (B,
unresolved): 58.7min

% Mobhile Phase

100.0

80.0

o
o
o

ES
©
o

20.0

0.0

>
£

110.0
100.0

90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
-10.0

App: HPLC, Run: FFAD11413_0191_Clrac @ 1/17/2013 11:33:25 AM, Method: Variable Analytical Run, Iter: 4, Inj: 4

0.0 20.0 40.0 60.0 73.0
Minutes

Chiral run: CHIRALPAK 1A (AD-H), 2% iPrOH/hexanes, 0.6 ml/min, 254 nm, tg (A): 48.4 min, 55.3 min, 96% ce

App: HPLC, Run: ADP0403_0109_CISSS_1A_both_ @ 4/3/2014 12:17:06 PM, Method: Variable Analptical Run, Iter: 5, Inj; 5

100.0 100.0 PN:1
90.0
0.0 B0.0 |
70.0
® 60.0
2 60.0 .
& 50.0
2 A
é 400 |
2400 200
200
20,0 10.0 o
0.0
00 -10.0 T T T T . T T )
0.0 20.0 40.0 60.0 73.0
Minutes
Peak Number (PN) isomer rt (min) Area (uVmin x100) % Area
A 48.4 19554047.9174 98.008
A 553 397457.6244 1.992
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O

1T NaBH OH o
)k NP - i J/ + )k RGN
o MeOH, 5h, r.t. PPN O/EH on
A B
Resolution by HPLC:

Racemic run: CHIRALPAK 1D, 6% iPrOH/hexanes, 0.6 ml/min, 220 nm, tg (B): 30.3 min, 35.9 min

App: HPLC, Run: FFA022514_01190_01194_Ac_1D_b @ 2/23/2014 4:01:54 PM, Method: Variable Analytical Run, lter: 1, Inj: 1

100.0 2200 N:1
] 200.0
180.0 PN:2
80.0 4
160.0
140.0
9 ]
8 60.0 1200
o 1 1000
fw] -
5
w900 80.0 ]
| 60.0
40.0
20,0 1
20,0
i 00 . -,
0.0 -20.0 T | T T . | T T . T : T . T : T ; T . |
0.0 5.0 10.0 15.0 20,0 25.0 30,0 35.0 40.0 45.0 50.0
Minutes

Chiral run: CHIRALPAK 1D, 6% iPrOH/hexanes/0.1% TFA, 0.6 ml/min, 220 nm, tg (B): 31.3min, 88.8 min,
93%ee

App: HPLC, Run: FFAD31414_01210_AcSSS @ 3/14/2014 2:57:12 PM, Method: Variable Analytical Run, Iter: 3, Inj: 3
100.0 300.0

275.0
250.0

PN:1

80.0 225.0

- 200.0
175.0

=
=4
o

150.0
125.0

1
my

100.0 ]
75.0

% Mobile Phase

N
o
o

50.0 ]
20.0 25.0 ]
0.0 ]
-25.[]_

0o ~50.0 T 1 : 1 ' | ' | ' |

0.0 10.0 20.0 30.0 40.0 48.0

Minutes

Enantioenriched run shows no A isomer because sample was purified before HPLC and only B

1somer was collected.

Peak Number (PN) isomer rt (min) Area (uVmin x100) % Area

1 B 313 71835284.9266 96.533

2 B 38.8 2579833.1423 3.467
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O f
/Q)ko NN
CIH,C

Resolution by HPLC:

NaBH,

MeOH, 6h, r.t.

cmg:ﬁ

A

231

Racemic run: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.7 ml/min, 254 nm, tg (A): 23.5 min, 26.8 min, tg

(B): 30.3 min, 33.0 min

App: HPLC, Run: FFA010713CH2Ckac2 @ 1/7/2013 1:11:39 PM, Method: Variable Analytical Run, Iter: 9, Inj: 9

100.0 1750.0 _
1500.0
80.0 s PN:3
1250.0
] | PN:1 .
PN:2 PN:4
P 1000.0
2 60.0
. i
@ >
11} -
2 € 750.0
(=) 4
=
® 400 500.0
250.0
200 4
] 0.0 ;(\
i —J '
0.0 -250.0 ¥ i T T T T T T T T T T T 1
0.0 5.0 10.0 15.0 200 25.0 30.0 33.0
Minutes

Chiral run: CHIRALPAK 1A (AD-H), 5% iPrOH/hexanes, 0.8 ml/min, 254 nm, tg (A): 20.3 min, 23.6 min, tg (B):

26.0 min, 28.7 min, 92% ee

App: HPLC, Run: FFAD11013_0186_CH2CISSS_and_OMe @ 1/10/2013 12:22:09 PM, Method: Variable Analytical Run, Iter: 4, Inj: 4
N:3
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Peak Number (PN)

isomer

rt (min)

Area (uVmin x100)

% Area

1

A

24.8

103527229.1501

30.298

2

A

273

4598088.8746

1.346




o)

[e) J//
/©)J\O 1, NN
Br

Resolution by SFC:

Racemic run: OJ-H, 4% modifier, 4 ml/min, methanol, 50°C, tg (A): 5.2 min, 6.6 min, tg (B): 7.5 min, 10.3 min

NaBH,

MeOH, 6h, r.t.

232

550
5003
450
4003
3503
300;
2503
2003
150
1003
so03-

[
-503
-100:2
-1503
-200:
-2503
-3003
-3503-
-400%1

4

10

rt (min) isomer Area (uVmin) % Area
5.0 A 115.7 23.651
6.5 A 5.6 1.143
7.3 B 6.9 1.414
9.81 B 203.1 41.535




Single Absorbance

SFC Separation:

450 —

-+ Racemic
350 + B (R)
300 +—
250 +—

| A(S)

180 +—

Absorbance(mAl)

100 +—

50 —+

0

.50 -+

-100 } }

B (S)

A(R)

a 2 4

Single Absorbance

250

Enantioenriched

B (5)

200 +—

B 8 10 12 14

Absorbance at 233 nm

Elapsed Time(min)

o J/OH
@)LO RPN o

A B
150
2 Note: The ratio of isomer A
T to B varies from sample to
2
: sample.
50
o -
-50 f f } t f f |
1} 2 4 [ i 10 12 14
Elapsed Time(min)
General Info
Log Author
Log Date 11/30/2013 5:46:05 PM
Report By current_User
Report Date 12/12/2013
Method Name Gradient 5 50 _3flow.met
Notes
Injection Info Temp 35
Inj Vol 10 Flow 3
Solvent MeOH % Modifier 5
Column AD-H Pressure 100
Sample MLA2276r
Well location Pl: 1E
Peak Info
Peak No % Area Area RT (min) Height (mV) K'
1 1.0416 26.525 4.36 2.3412 0.0041
2 1.6264 41.4194 5.45 3.5302 0.0051
3 97.332 2478.6963 5.9 210.691 0.0055
Total: 100 2546.6407

233



SFC separation:
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1,0004
8007
6001

OH
(0] J/
1,600} ‘
1,400} N~
1,2004- H k/\

400}
2007 i
Je—————————

= [ _ i T
9 10 1 12 13 14 15 16 17 18 19 20
-ZOOEI- o
0 1 2 3 4 5 6 7 8 10 12 13 14 15 16 17 19 20 21 22 23 24
2% enantioenriched:
2,600] S
z,400§
z,zooé
z,ooo?
1,300?
1,600;
1,400?
1,2005
1,000;
800 R
600
400?4
ZOOIJA@A_,_\
o} ¢
9 10 " 12 13 14 15 16 17 18 19
# Name Start  Time End RT Offset Quantity Height Area  Area
[Min] [Min] [Min] [Min] [% Area] [uV] [uV.Min] [%]
1 UNKNOWN 9.77 10.21  11.07 0.00 6.89 366.1 187.5 6.886
4 UNKNOWN 11.10 11.28 12.01 0.00 1.12 74.4 30.6 1.122
2 UNKNOWN 1426 1478 16.44 0.00 84.94 27149 2313.1 84.937
3 UNKNOWN 16.52 16.86 18.36 0.00 7.05 224.6 192.1 7.055
Total 100.00 3380.0 2723.3 100.000

MLA2085r 22 10/12/12 method MLAgradientC3 2to8mod 2flow S0C.METH

Column: 3 (OJ-H)
Temp: 50C

Pressure: 150 bar
Flow: 2mL/min

210 nm Detection
MeOH modifier in CO2
Modifier Program:

Rate final hold (min)
0 2 1

1 8 20

1 8 EOR
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HPLC separation:

App: HPLE, Run: 121212_MLA20722 @ 12/12/2012 11:23551 AM, Method: Variable Analytical Run, Iter: 14, Inj: 14
65.0] PN:2
60.0

55.0
0] Racemic:
45.0_
40.0_
35.0_
ESU.U_
25.0_
2E|.I3_
15.0—
1D.D_
5.0 ]
0.0 :

0.0 5.0 10.0 15.0 20.0 25.0 30.0
Minutes

App: HPLC. Run: 121212_MLA2072r-2 @ 12/12/2012 11:23:51 AM. Method: Variable Analytical Run, Iter: 16, Inj: 16
240.0 .
4 PN:1

22EI.U_ S OH

ZUEI.U_ O

180.0_ . i

w00l Enantioenriched: N~
] H

140.0

my

120.0
IDD.G_
80.0 ]
60.0 ]
40.0 ]
20.0

0.0

-20.0 T T T T T T T T T T T ]
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Minutes

Peak Name Retention Area (uVmin x100) Area %
Time (min)

1 7.98 23098779.1658 92.214
2 11.026 1950412.4969 7.786



12,0
110
10.0
90 ]
8.0
7.0
- 6.0
€
5.0
4.0
30
20
10
00

T I e
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HPLC separation:

App: HPLC, Run: 12192012-153137 @ 12/19/2012 3:31:39 PM, Method: Varizble Analtical Run, Iter: 7, Inj: 7

@*u@

PN2

Racemic:

|
U

-1.0
0.0

130.0
120.0
1100
100.0
0.0
80.0
70.0

£ 60.0
50.0
40.0
30.0
20.0
100
0.0

I T I T I I ’ I ! 1
2.0 4.0 6.0 8.0 10 0 12.0
Minutes

*Note that scales are different on the enantioenriched vs racemic traces.

App: HPLC, Run: 130109_MLA2121_22_23 & 1/9/2013 6:06:01 PM, Method: Variable Analytical Run, Iter: 3, Inj: 3

N:1
Enantioenriched: S o J/OH
X N~
ORRVe
=
R
PN:2

-10.0

0.0

Peak Name

T I k I ! I L I ! I ! I Y I ) I } I ! I J I
2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22
Minutes

Retention
Time (min)

Area (uVmin x100) Area %

10.229 6971986.2537 95.077

13.728 361028.7597 4.923
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HPLC separation:

App: HPLC, Run: 12192012-153137 @ 12/18/2012 3:31:33 PM, Method: Variable Analytical Run, Iter: B, Inj: 6
240.0 §
4] PN:1

220.0
200.0

wo|  Racemic: o J/

PN:2

160.0
140.0 N~
120.0 H

mv

100.0
80.0
60.0

40.0
20.0

0.0 i

-20.0 T T T T T T T T T T T T T T T T T T T )
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0
Minutes

*Note that scales are different on the enantioenriched vs racemic traces.

App: HPLC, Run: 130109_MLA2121_22_23 @ 1/9/2013 6:06:01 PM. Method: Variable Analytical Run, Iter: 5, Inj: 5

e PN:1 o OH

ss00]  Enantioenriched: j
500.0 ] N~
450.0: H
400.0
350.0 | S

E BDD.D:
250.0_
200.0~

150.0 R
100.0 | J\ -
50.0

3y /\v
0.0 & i
-50.0 T T : T - . : . -

0.0 S.0 10.0 15.0 20.0 23.0
Minutes

650.0

Peak Name Retention Area (uVmin x100) Area %
Time (min)

1 8.509 28931946.6674 91.896
2 12.571 2551569.1691 8.104
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HPLC separation:

App: HPLC, Run: 130103_MLA2091r-2 & 1/3/2013 3:35:14 PM, Method: Variable Analytical Run, Iter: 4, Inj: 4
420.0 PN:1

SQD.U_
36EI.I3_ i
:00] Racemic:
3DEI.I3_
270,(]“

PN:2
240.0
210.0: 0 OH
180.0 1 J/
150.0 ] @)J\N vy
120.0 ] H k/\
90.0 | cl
60.0 |
30,0 1
0.0 =
1 L e B e |

-30.0 T T T T T T T T T T T T T ]
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0
Minutes

mv

App: HPLC, Rur: 130109_MLA2121_22_23 @ 1/3/2013 6:06:01 PM. Method: Variable Analytical Run, lter: 7, Inj; 7
3009 PN:1

275.0
250.0

225.0 | S (0] OH
200 Enantioenriched: j

175.0 ] N
150.0 H k/\
] Cl

125.0

my

100.0
75.0
s0.0
250 | S PN:2

0.0 i—I =~ L

-25.0 e B B o s e o T E o e I A e e B I s s e e R
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 260 280
Minutes

Peak Name Retention Area (uVmin x100) Area %
Time (min)

1 9.216 13707290.7953 93.202
2 14.983 441835.835 3.004
3 (impurity) 10.014 557908.081 3.793



160.0

140.0

120.0

100.0

80.0

my

60.0

40.0

20.0

HPLC separation:

App: HPLC. Run: 17032013_MLA2130_32 @ 3/17/2013 2:26:21 PM. Method: Variable Analytical Run, Iter: 9, Inj: 9
PN:1

Racemic:

0.0

-20.0

390.0 §
360.0—
330.0 4
BDD.EI_
270.0_
240.0 §
21I3.El~
180.0 |
ISD.D_
12D.El_
90.0 ]
60.0

my

30.0

0.0

5.0

10.0

15.0

20.0

25.0

30.0

33.0

Minutes
*Note that scales are different on the enantioenriched vs racemic traces.

App: HPLC, Run: MLAD2042013_2155-58 @ 4/3/2013 6:23:22 PM. Method: Variable Analytical Run, Iter: 12, Inj: 12

Enantioenriched:

S

0.0

PN:1

PN:2

-30.0

0.0

Peak Name

! ) I
15.0 20.0
Minutes

Retention
Time (min)

13.446
24.071

25.0

30.0

35.0

Area (uVmin x100) Area %

31690445.414
2024017.91

93.997
6.003

38.0
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HPLC separation:

App: HPLC. Run: 121212_MLA2072r-2 @ 12/12/2012 11:23:51 AM. Method: Variable Analytical Run, Iter: 18, Inj: 18

Racemic:

0.0 5.0 10.0 15.0 20.0 25.0 30.0
Minutes

App: HPLC, Run: 15032013_MLA2130_32_36_conc @& 3/15/2013 5:17:31 PM, Method: Variable Analptical Run, Iter: 4, Inj: 4

5500 PN:2

o00] A on o B

450.0 J/
s ©)J\N e, N OH

400.0 | H + H

=00 Enantioenriched:

3DD.D_

E 250.0_ . .

2000 a (major) B B (minor)

220 B PN:S

100.0 ] A A

S0.0 | . PN:3 PN:4

0o | 25— £ XS ox = ¥

-50.0 T T T T T T T T T ]
0.0 5.0 10.0 15.0 20.0 25.0 30.0

Minutes
Peak Name Retention Area (uVmin x100) Area %

Time (min)

11.483 29252597.4926 72.508
13.885 768988.3313 1.906
19.352 1472231.6663 3.649

wm R~ W

21.825 8638956.6561 21.413
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HPLC separation:

App: HPLC. Run: MLAD2042013_2155-58 @ 4/3/2013 6:23:22 PM. Method: Variable Analytical Run, Iter: 7, Inj: 7
700.0 $
2 PN:1

650.0 |
600.0 oN:2 0 OH (0]
550.0 ] J\ J/ J\
500.0 | Racemic: FsC H iz . FsC OH
450.0
400.0
> 350.0
anu.o:
250.0
200.0
150.0 ]
100.0 |
50.0 |
0.0 ]
-50.0 ! T T T T T T T 1 T 1 T T T T T T T t T X T X T J T ) 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0
Minutes

a (major) f (minor)

App: HPLC, Run: MLAD2042013_2155-58 & 4/3/2013 6:23:22 PM. Method: Variable Analptical Run, Iter: 18, Inj: 18
500.0 .
PN:1

400.0: Enantioenriched: )O]\ J/ J\

FsC~ N OH
H

a (major) f (minor)

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0
Minutes

Peak Name Retention Area (uVmin x100) Area %
Time (min)

1 8.211 34620060.4828 88.619
9.528 2875018.0774 7.359
12.898 1206989.9988 3.09

VS V)

14.11 364094.1667 0.932
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Racemic:
App: HPLC, Run: BG052014_1070r_1A @& 5/20/2014 12:43:24 PM, Method: Variable Analytical Run, Iter: 3, Inj: 9

1750.0 OH
T PN:1 O -

N

Ph” "N B
H

1500.0

R

1250.0

1000.0

Z 7500

OMe
OMe

500.0

250.0

0.0

-250.0 T T T T T T T T T T T T T T T T T 1
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 43.0
Minutes

Enantioenriched:

App: HPLC, Run: BGD52014_1070r_1A @& 5/20/2014 12:43:24 PM, Method: Variable Analptical Run, Iter: 7. Inj: 7
600.0

PN:1
550.0 ]
S00.0
450.0_
4DD.U<
350.0

E 3DD.0_
250.0 ]
200.0
150.0 ]
100.0_
S0.0 |

0.0

-s0.0 T T T T T T T T T T T T T T T —
0.0 5.0 10.0 15.0 200 250 300 35.0 400 430
Minutes

Enantioenriched run shows no 3 isomer because sample was purified before HPLC and only o
isomer was collected.

Retention Time Area (uVmin x100) Area %

(min)

13.092 37901592.4973 98.899
16.678 422008.3301 1.101
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Chapter 3 Supporting data and spectra.

Data used for Table 3.1.

Entry Scale Yield (%) mL THF/ g
phosphine

GWW1123 13g 31.8 154
GWW1121 13g 27.1 154
TTA1026 05g 113 200
TTA1032 05g 15.2 -
TTA1036 13g 19.0 115
TTA1042 llg 29 -
TTA1087 143 g 14.4 70
EWR1008 0.95 ¢ 29.3 79
EWR1051 23g 20° 43
EWR1083 23¢g 18° 17
ERN2184 44g 30.5 45
MLA1147 19g 13 26
MLA1022 0.86 18.7 41
MLA1096 225¢ 12.6 44
MLA1143 17g 23.9 30
MLA2063 2.5 g (17.5 mmol) 36.7 30

MLA2191 2.5 g (17.5 mmol) 17.7 60




l 1IN

14 13 12 11 10 9 7 5 4 3 2 1 0
f1 (ppm)
. MLA2233
Increasing temp 24C- 50C /. iapje temperature 1H of azine
N to check if minor peaks are conforme
that will coalesce
T T T T T T T T T T T T T T T T T T T T T
4.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5
f1 (ppm)
VoL
N MLA2233 B
NOESY 1D stack
NOE AT \
mix=0.6 *
in DMSO, 24C L\fﬁm\/ﬂ L o
. \
N A o
Selected peak
JL\/{J\_‘\/LN/V\W'/\_//\\_Z
Iy | S T
T T T T T T T T T T T T T T T T T T T T T T T T
140 13.5 13.0 12,5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0

f1 (ppm)
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ns=16 indirect NOE

d1=5 to ortho

mix=0.6 protons or

in DMSO nng x
®
o
Qo
°©
[0)
')
(&)
Qo
(O
0p)]

i \J (( U 4\ FJL

Exchange peaks /

r—— 1 1.+~ 1 1+ 1 1+ T+ 1 * 1 " T * T * 1T * T * T " T ‘" T * 1
145 140 135 13.0 125 120 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.(
f1 (ppm)

Azine NOESY 1D (expno 14)
virtually superimposable with
expno 15
x
©
[0]
o
3
ns=16 *8'
d1=5 Ko}
mix=0.6 %]
in DMSO
indirect NOE
to ortho
protons on
ring
NOE/ indirect
NOE to acid
protons
Exchange peaks
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
14.5 14.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.C

1 (ppm)



Azine NOESY 1D (expno 13)

246

ns=16
d1=5
mix=0.6
in DMSO
x
[
[}
[oN
°
2
|8
<
[}
n
T ﬂ l
A
Peak due to
exchange
with water
Exchange peaks
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
14.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
f1 (ppm)
Azine NOESY 1D (expno 12)
ns=24
d1=5
mix=0.6
in DMSO
I
Q NOE to ortho
3 protons on
B ring
o
[
n
* e
Exchange peaks
with minor isomer
(24%)
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
6.0 15.5 15.0 14.5 14.0 135 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5
1 (ppm)



D1308191707_MLA2211 _filtrate_standing.10.fid

17 16
1 (ppm)

4.3 4.2 4.1 4.0 3.9 3.8 37 3.6 3.5

Filtrate contains a mixture of other isomers.

T T T T T T T T T
13.0 125 120 115 11.0 105 10.0 9.5 9.0 8.5 8.0 7.5

D1308191707_MLA2211 filtrate_standing.11.fid

52.574
—46.692

Filtrate contains a mixture of other isomers.

Filtrate from tetra-acid
synthesis contains a mixture
of other isomers, but
relatively little tetra-acid rac
C, isomer.

Low yields are not due to poor
isolation technique.

70 65
f1 (ppm)

_-22.640
~21.505

3.467
2.099
1.988
-12.086
-13.259

4.982
~-10.926

A
\

4-3.121
—-8.023
—-9.370

/
Y

25
f1 (ppm)
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D1309301007_MLA2249.001.11.fid
31P NMR, aligned to show ratio more clearly

Racemic tetra-acid + 4 eq pseudoepehdrine 1:1 ratio

D1309301007_MLA2244-4.001.11.fid Solids from various crops showing

separation of diastereomers
Racemic tetra-acid + 4 eq pseudoepehdrine, (Crystallization solvent was

mother liquor from first separation 4.3:1 ratio ..
q p WM unoptimized, 9:1 2-propanol:water)

D1309251118_MLA2244-1.001.11.fid

Racemic tetra-acid + 4 eq pseudoepehdrine,
Solids from first separation 1:10.7 ratio 2

D1309251118_MLA2244-6.005.11.fid

Racemic tetra-acid + 4 eq pseudoepehdrine,
mother liquor from recrystallization of crude solids 1:6.0 ratio rl

T T T T

.0 55 50 45 40 35 30 25 20 15 1.0 05 00 -05 -1.0 -1.5 -2.0 -2.5 -3.0

f1 (ppm)

1:4 tetra-acid:pseudoephedrine ratio I
No evidence of other diastereomeric salt o
Isolated 57mg, >97.4% ee by NMR P{'H}:

( z 11 dppm) -

sl /85 e 25 N -
AN / oo g+ | 4 ~ .

' A u&-u

_JLJ *JLA l_)‘\ J K_,;__j W__ W 'U"L JL_

P———tt 1} ' " e | »

T T T T T T T T T T T

3.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

'H NMR of (R,R) tetra-acid (S,S) pseudoephedrine salt
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BC{'H} NMR of (R,R) tetra-acid (S,S)pseudoephedrine salt

T
-2(

31

I .
61
T T T T
30 29
1 (ppm)
T T
0 -10

"’ 10€t | ©
g SE°0€ 3
- & < — 95°0¢ [~
80°T€ |
=go€a) 006V |g
€0°19 |
g % ¥$°19 |
— . ©o
$8°9ZT~. - gg.gg .
007221~ M= Cegg 2
ST'82T [« eocs |
65821~ = .
€€°621 ) s [
95 62T~ s )
6[62[7 -3 e
€0 0€l i r $8'92T [ _&
28°0E1 e - 00221 &=
€O'TET : ST1'82T
o s 6£°82T |2
i - €€°62T
96°2€T— { 3 . 95°62T | <
- . 62621 | -
o %EO'OEI °
,28°0€T [ 2

T
135
f1 (ppm)

. £ 2 @ 96°2€T %2
_ B nzy X3 €€°9€T
gEE 9L - ' 0% 90°€T g
—90°LET— o gg Zv6ET | T
® ¢ IYevT | o
- 8T EVT [ -
' o s TE€'89T |
eT— - ‘ — ——86°0LT 5
Zv6€T < . o - a0

(R,R) 1
(o))
—
[N
N
—
T T
200 180

T
142

IV vi—
8T EVI—

143

T
210

T
144

C1407121655_MLA3036-2_13C.11-fi
].llll
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Spectra on older, less sensitive NMR instrument made it difficult to see ligand impurities.

Ph
AV400 sensitivity }—NH HN—<
NS=128 <:>«

vS Q /\N
Athena AC300 N \/

NS=64 00
\ﬁNE\Q HN —'\;h
Ph

(R,R,R) Bis(diazaphospholane)

45 40 35 30 25 20 15 10 5 0 -5
f1 (ppm)

MLA3083_col_F3.1-9.3.2.fid

Sample NMR for potency calculation:

Integrate all other phosphorus species
to get an idea whether low potency is

616.60 Triphenylphosphine oxide

due to other ligand species (isomers, Ligand
oxides) or other impurities
-
(32
Q
8
5]
o ©
—3 —8

60 55 50 45 40 35 30 25 20 15 10 5 0 -5
1 (ppm)



Parameter

Value

D 140602 1354 _MLA3 0961/ Ldithms/ av400/ D1406071254_MLA3096.001/ 11/ fid

Title
Comment

Origin

Solvent
Temperature
Pulse Sequence
Experiment
Number of Scans
Receiver Gain
Relaxation Delay
Pulse Width
Acquisition Time
Acquisition Date
Modification Date
expno

Spectrometer Frequency 161.99

Spectral Width
Lowest Frequency
Nucleus

Acquired Size
Spectral Size

D1406071254_MLA3096.001.11.fid

Group Landis 1P{1H
P31CPD CDCI3 / home/ mabrams/ av400 mabrams ?2 A1{ - 231}

Bruker BioSpin GmbH
CDCI3

297.3

2gpg30

1D

512

193

2.0000

15.0000

0.5112
2014-06-07T13:08:00
2014-06-07T13:30:22

64102.6
-40151.1
31P
32768
65536

>L© HN—'\’

Ph

(R,R,R) Bis(diazaphospholane)

Ligand after acetone purification
NS=512

251

T T T T

140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

T T T T T T T T T T T T T T T T T

D1406071254_MLA3096.001.12.fid

o O ’a,

1)

HN—\

y&#@

(R,R,R) Bis(diazaphospholane)

Ph
Ry @QH

Ligand after acetone purification

T T

Coordinated and
free acetone

T T T
-10 =20 30 -40, ©50 <60 -70 -80 -90 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 210 -220 -230 -240
ppm

9.5 9.0 8.5

8.0 7.5 7.0 6.5 6.0 5.5 4.5
f1 (ppm)



Timecourse with integrals graph for starved HP-NMR run (naproxen)

Title

Comment

Parameter
Data File Name

Origin
Solvent
Temperature

Pulse Sequence
Experiment

Number of Scans
Receiver Gain
Relaxation Delay

Chapter 5: Spectra and supporting data.

Value
/ Volumes/ ~mabrams/ av360/ MLA3015/ 24/ fid
MLA3015.24.fid

naproxen substrate

500psi H2/ CO, 60C, edte=334.8,

flow 30mL/ min through teflon fritted cup
1500:1 s:cat [sub]=0.6

instrument gas flow 270 1/ h

UXNMR, Bruker Analytische Messtechnik Gr?]bH
Tol

334.9

kin1d.UW

1D

5000

8 07
23
12.6000

8
88 °og

¥
X

X
a

¥
a

%
a

b XX

total aldehyde (green x)

olefin (blue circles)

8 g 0 0 g

x
b X X

x
x
a

x

x
a

x

x
a

x
°

x
a

B

M

bx

%

x

&

oon

x

T

2000 4000 6000

8000 IOOOOX 12000 14000

ﬁ—yg—g N VM'I—/‘V7—'\VE—J w wg
RS e NG N
A e S )~ R G
A WIN e e M N
S o M o Y e
e UG, M AN o Y
DR UM T A A Y WA N -
ya U - A S [V N ¥
R UL T A S JV
BN UM N A A Y WA W ¢
g UM T A A WA~ G |
g AV W T A Y v S«
J\A\_‘ A
A VAV N M A I o Y J
A AV N M \ I Y A
A Lsln M A N WA~ A\
AV Gl M M A A . JU
o M M A SV L
LM M “wo L
I M A A Y WA N |
L MM ; A S WA ¢
VALY o™ MM . A WA S |
v PN S WA S S

252



253

3P NMR of pre-activated catalyst

P31_A
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Endeavor runs during July 2014 Eli Lilly visit

Run Sampl SM BP1 BP2 LP ee B/L Conditions
S
Day1 -032- 3.6 86.2 4.6 5.6 89.9 16.2 preact/new cat, new ole, 60C,
Batch Bl 400#
Runs -032- 33 84.1 6.2 6.4 86.3 14.1 new cat, new ole, 60C, 400#
B2
-032- 8.5 82.6 39 5 91.0 17.3 new cat, old ole, 60C, 400#
B3
-032- 5.3 85.1 4 5.6 91.0 15.9 old cat, new ole, 60C, 400#
B4
-032- 5.8 82.3 3.8 8 91.2 10.8 new cat, new ole, 60C, 150#
B5
-032- 48.8 46 2.5 2.7 89.7 18.0 new cat, new ole, 42C, 300#
B6
-032- 55.2 38.9 32 2.7 84.8 15.6 new cat, new ole, 40C, 400#
B7
-032- 57.8 38.3 1.7 2.2 91.5 18.2 new cat, new ole, 40C, 150#
B8
All runs at S/C=1343 for
6h
-032- 58.4 35.2 35 2.8 81.9 13.8 39C, 400#, S/C=1343
B21
Day2 -032- 51.3 40.9 4.6 3.2 79.8 14.2 41C, 400#, S/C=1343
Batch B22
Runs -032- 100 ND ND ND ND ND Endeavor failure
B23
-032- 6.8 79.7 6.3 7.2 85.3 11.9 60C, 400#, S/C=1343
B24
-032- 47.1 423 4.8 5.8 79.6 8.1 60C, 400#, S/C=5983
B25
-032- 0.8 86.1 5 8.1 89.0 11.2 70C, 400#, S/C=1343
B26
-032- 0.8 77.5 12.1 9.6 73.0 9.3 80C, 400#, S/C=1343
B27
-032- 0.8 53.7 29.8 15.7 28.6 5.3 100C, 400#, S/C=1343
B28
All runs for 6h.
-032- 64.9 31.99 1.47 1.64 91.2 20.4 pre-act cat, 40C, 400#, S/C=1343
B31
Thurs. -032- 49 .44 46.26 1.65 2.64 93.1 18.1 pre-act cat, 40C, 150#, S/C=1343
AM B32
Runs -032- 10.38 78.07 3.71 7.85 90.9 10.4 pre-act cat, 60C, 150#, S/C=1343
B33
-032- 27.34 65.44 2.8 442 91.8 15.4 pre-act cat, 60C, 400#, S/C=1343
B34
-032- 21.04 71.89 2.88 4.19 92.3 17.8 not pre-act cat from Wed, 60C,
B35 400#, S/C=1343
-032- 2291 70.02 2.87 4.2 92.1 17.4 not pre-act cat from Mon., 60C,
B36 400#, S/C=1343
-032- 1.65 79.94 5.83 12.59 86.4 6.8 pre-act cat, 70C, 150#, S/C=1343
B37

-032- 241 8523 43 8.07 90.4 11.1 pre-act cat, 70C, 400#, S/C=1343
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B38
All runs for 3h.
-032- 64.12 3159 137 2.92 91.7 11.3 pre-act cat, 40C, 400#, S/C=1343
B41
Thurs. -032-  48.8 4584  2.02 3.34 91.6 14.3 pre-act cat, 40C, 150#, S/C=1343
PM B42
Runs -032- 2734  63.59  3.02 6.05 90.9 11.0 pre-act cat, 60C, 150#, S/C=1343
B43
-032- 14.07 7535  3.85 6.74 90.3 11.8 pre-act cat, 60C, 400#, S/C=1343
B44
-032- 23.49 68.76 3.03 4.71 91.6 15.2 not pre-act cat from Wed, 60C,
B45 400#, S/C=1343
-032- 22.87 69.26  3.03 4.84 91.6 14.9 not pre-act cat from Mon., 60C,
B46 400#, S/C=1343
-032- 1.76 80 5.95 12.3 86.2 7.0 pre-act cat, 70C, 150#, S/C=1343
B47
-032- 3.75 83.92 473 7.6 89.3 11.7 pre-act cat, 70C, 400#, S/C=1343
B48
All runs for 3h.
-032- 66.36  30.83 1.58 1.23 90.2 26.3 pre-act cat, 40C, 400#, S/C=1343
B51
Fri. -032- 53.64 4287 147 2.02 93.4 22.0 pre-act cat, 40C, 150#, S/C=1343
AM B52
Runs -032- 1099 7747  3.74 7.8 90.8 10.4 pre-act cat, 60C, 150#, S/C=1343
B53
-032- 1548 7538  3.52 5.63 91.1 14.0 pre-act cat, 60C, 400#, S/C=1343
B54
-032- 20.7 71.05 3.57 4.68 90.4 15.9 not pre-act cat from Wed, 60C,
B55 400#, S/C=1343
-032- 21.94 7045 3.24 4.38 91.2 16.8 not pre-act cat from Mon., 60C,
B56 400#, S/C=1343
-032- 1.82 79.53  5.64 13.01 86.8 6.5 pre-act cat, 70C, 150#, S/C=1343
B57
-032- 6.94 81.22  4.28 7.56 90.0 11.3 pre-act cat, 70C, 400#, S/C=1343
B58

All runs for 3h.
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Representative naproxen aldehyde 3 "H NMR (crude, Tol-ds)
D1402031247_MLA3001.001.10.fid

Parameter
Data File Name
Title
Comment

Origin

Solvent
Temperature
Pulse Sequence
Experimant
Number of Scans
Receiver Gain
Relaxation Delay
Pulsa Width
Acquisition Time
Acquisition Date
Modification Date
expno

Value
/ Volumes/ ~mabrams/ ava00/ D1402031247_MLA3001.001/ 10/ fid

D1402031247_MLA3001.001.10.fid

Group Landis

PROTON Tol / homa/ mabrams/ avd00 mabrams {1 A2 - 102}

Bruker BioSpin GmbH
Tol

297.2

2g30

D0

16

]

10.0000

15.0000

4.0894
2014-02-03712:52:00
2014-02-03712:53:01

Spectrometer Frequency 400.18

Spectral Width 80128
Lowest Freguency -1535.1
Nucleus 1H
Acquired Size 32768
Spectral Sizeg 65536
(o
~
o
J-Q
-
e

R
66.52

T T T

9.4
f1 (ppm)

9.3

T
10.0 9.5 9.0

85 8.0 7.5

7.0

T T T T

6.5 6.0 55 5.0
1 (com)

T T T T T T T T T T

45 4.0 35 3.0 25 2.0 15 1.0 0.5 0.0



HPLC traces of naproxen aldehyde 3

Graph

Sample Name

Application Name

MLA3001_rac_1D_0.7_rt 4
HPLC (Administrator)

Method Name Variable Analytical Run
c ion Name c ion 1
Version 12

Data Instrument Name Detector

Data Channel Name WL2

Notes

Injection Number 3

1400.0
13IJEI.IJ_
12IJEI.IJ_
1100.0]
1EIIJEI.IJ_
00,0 |
00,0 |
- 700.0
600.0
500.0
400.0
300.0

200.0

o] AN~
0.0

App: HPLC, Rur: MLA140218_3004-3_3015_3017 @ 2/18/2014 11:26:34 AM, Method: Variable Analptical Run, Iter. 3, Inj 3

PN:1

Racemic run

-100.0 T
oo

20

4.0 60 80

10.0 12.0

140 16.0 18.0 200 220 240
Minutes

26.0

28.0

Sample Table

Sample Name

Retention Time
(min)

Peak Name

Area (uVmin x100)

Area % Height (mV) Notes

Plate Number

Peak Width 10%
(min)

MLA3001_rac_1D_0.7

MLA3001_rac_1D_0.7
4

1 15337

2 17.178

103248481.0724

92008518.6025

52.878 1275.245

47.122 1138.154

2415.627

2948.772

1.497

1.364

Run Variables

Name Type Value
#Sample Well Well 6
#Column VALVEMATE POSITION 1

2/18/2014  5:47:33PM

TRILUTION LC 2.1

Page 4 of 23
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Graph

Sample Name

Application Name

MLA3033-8_2
HPLC (Administrator)

Method Name Variable Analytical Run . .
E ' Enantioenriched run
Version 12
Data Instrument Name Detector
Data Channel Name WL2
Notes
Injection Number 26
App: HPLC, Run: MLA140303 3033 @ 3/3/2014 5:23:40 PM, Method: Variable Analytical Run, lter: 26, Inp 26
1750.0
PN:3
1 PN:2
s d Branched aldehyde
12500 Ik enantiomers
1000.0
:é_ 750.0
T PN:1
500.0
250.0 y
uo i : . Va
-250.0 T T L B B e T T T T LA R S T ]
oo 4.0 6.0 8.0 0.0 12.0 14.0 6.0 18.0 200 220 240 260 28.0
Minutes
Sample Table
Sample Name Peak Name Retention Time Area (uVmin x100) Area % Height (mV) Notes Plate Number Peak Width 10%
(min) (min)
MLA3033-B_2 1 6.975 30842755.8249 11.622 498.447 713.872 0.977
MLA3033-B_2 2 8.982 82927054.1651 31.249 1528.916 1703.996 0.915
MLA3033-B_2 3 16.611 111834285.0118 42.142 1651.061 3706.358 1.145
MLA3033-B_2 4 18.66 39772300.4251 14.987 572.785 4521.651 1.183
Run Variables
Name Type Value

3/7/2014  7:36:36PM

TRILUTION LC 2.1 Page 39 of 40
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Appendix C

Crystal structure of tetra-acid/pseudoephedrine salt
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Crystallographic Experimental Section

Data Collection

A colorless crystal with approximate dimensions 0.40 x 0.30 x 0.20 mm® was selected
under oil under ambient conditions and attached to the tip of a MiTeGen MicroMount©. The
crystal was mounted in a stream of cold nitrogen at 100(1) K and centered in the X-ray beam by
using a video camera.

The crystal evaluation and data collection were performed on a Bruker Venture
diffractometer with Cu K, (A =1.54178 A) radiation.

The initial cell constants were obtained from three series of w scans at different starting
angles. The reflections were successfully indexed by an automated indexing routine built in the
APEXII program. The final cell constants were calculated from a set of 9813 strong reflections
from the actual data collection.

The data were collected by using the full sphere data collection routine to survey the
reciprocal space to the extent of a full sphere to a resolution of 0.82 A. A total of 127871 data
were harvested by collecting 10 sets of frames with 0.5° scans in w and ¢ with an exposure time
60 sec per frame. These highly redundant datasets were corrected for Lorentz and polarization
effects. The absorption correction was based on fitting a function to the empirical transmission

surface as sampled by multiple equivalent measurements. [1]

Structure Solution and Refinement

The systematic absences in the diffraction data were uniquely consistent for the space
group P2,2,2, that yielded chemically reasonable and computationally stable results of
refinement [2-4].

A successful solution by the direct methods provided most non-hydrogen atoms from the
E-map. The remaining non-hydrogen atoms were located in an alternating series of least-squares
cycles and difference Fourier maps. All non-hydrogen atoms were refined with anisotropic

displacement coefficients unless otherwise specified. All hydrogen atoms were included in the
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structure factor calculation at idealized positions and were allowed to ride on the neighboring
atoms with relative isotropic displacement coefficients.

The atomic connectivity, absolute structure, and absolute configuration were
unequivocally established by this X-ray single-crystal study. All chiral centers in the two
diphosphine anions are R whereas the chiral carbons in the eight protonated pseudoephedrine
cations are S, (Fig 1,2). The two anions have very similar geometries and so do the eight cations
(Fig. 3,4). Despite numerous recrystallizations and multiple data collections on several crystals
at different temperatures the data and refinement quality is substandard. =~ Whereas the
connectivity and composition of the main molecules have been reliably established, they were
refined with restraints and constraints, and it was not possible to identify and properly refine
solvent molecules occupying lattice voids.

There are two quadruply deprotonated diphosphine anions and eight singly protonated
pseudoephedrine cations in the asymmetric unit. Additionally there are unidentified solvent
molecules in the lattice — all positions of atoms in these solvent molecules were modelled as
oxygen atoms (most of them with partial occupancy, and all of them with identical isotropic
displacement coefficients).

All phenyl groups were refined with an idealized geometry.

There are disordered fragments in the structure, in all cases the disorder is over two
positions in a 1:1 ratio.

In molecule P1 the benzoate at C27 is disordered over two positions. The disordered
atoms were refined isotropically. Atoms OS5 and O6 are also disordered due to rotation of the
carboxylate and were refined isotropically.

Similarly, in molecule P2 the benzoate at C27 and atoms O5a and O6a are disordered and
were refined isotropically. The carboxylate groups involving atoms O5, 06, O5a, O6a were
refined with restraints.

Only protonated pseudoephedrine cations N5, N5b, and N5e were refined anisotropically,
the rest — isotropically. Atom C54a is almost sp2-hybridized and attempt to impose a tetrahedral
geometry on it were unfruitful. Within four groups of atoms C47A - C52A, C47B - C52B, C47D
- C52D, C47F - C52F all atoms were constrained to have the same anisotropic displacement

parameters.
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The final least-squares refinement of 1550 parameters against 35688 data resulted in
residuals R (based on F* for I>2¢) and wR (based on F* for all data) of 0.1501 and 0.4728,
respectively. The final difference Fourier map contained several peaks (smaller than ca. ~1.2

e/A%) that were considered either noise or minor positions of disordered solvent molecules.

Summary

Crystal Data for CggHosNgO2421P2 (M =1690.99 g/mol): orthorhombic, space group P2,2,2; (no.
19), a= 19.2424(6) A, b= 19.6060(7) A, c = 50.4378(16) A, V= 19028.5(11)A’, Z= 8,T=
100 K, w(CuKa) = 1.022 mm™, Dcalc = 1.181 g/em?, 127871 reflections measured (4.836° < 20
< 145.31°), 35688 unique (Rin = 0.0382, Rgigma = 0.0325) which were used in all calculations.
The final R; was 0.1501 (I > 2o(I)) and wR, was 0.4728 (all data).

References

[1] Bruker-AXS. (2007-2014) APEX2 (Ver. 2014.1-1), SADABS (2012-1), and SAINT+
(Ver. 8.32A) Software Reference Manuals. Bruker-AXS, Madison, Wisconsin, USA.

[2] Sheldrick, G. M. (2008) SHELXL. Acta Cryst. A64, 112-122.

[3] Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A . K.; Puschmann, H. "OLEX2:
a complete structure solution, refinement and analysis program". J. Appl. Cryst. (2009) 42, 339-
341.

(4] Guzei, [.LA. (2013). Internal laboratory computer programs Gn.
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Figure 1. A molecular drawing of one symmetry-independent diphosphine anion shown with 30% probability
ellipsoids. One part of the disorder and H atoms are omitted for clarity.
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Figure 2. A molecular drawing of one symmetry-independent protonated pseudoephedrine cation shown with 30%
probability ellipsoids.
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Figure 3. A superposition of the diphosphine anions. All disorder component are included but the H atoms are
omitted.
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013

Figure 4. A superposition of the eight protonated pseudoephedrine cations. All H atoms are omitted.
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Table 1 Crystal data and structure refinement for Landis48.

Identification code Landis48

Empirical formula C46H32N4012P2 x 4 C10H16NO X solvent (821 O)
Formula weight 1690.99
Temperature/K 100

Crystal system orthorhombic

Space group P2,2,2,

a/A 19.2424(6)

b/A 19.6060(7)

c/A 50.4378(16)

a/° 90

pB/e 90

v/° 90

Volume/A® 19028.5(11)

Z 8

pcalcg/cm3 1.181

w/mm’' 1.022

F(000) 7133.0

Crystal size/mm’ 0.4%x0.3x0.2
Radiation CuKoa (A =1.54178)
20 range for data collection/°4.836 to 145.31
Index ranges -23<h<23,-18<k<24,-61 <1<61
Reflections collected 127871

Independent reflections 35688 [Rint = 0.0382, Rgigma = 0.0325]
Data/restraints/parameters ~ 35688/85/1550

Goodness-of-fit on F* 1.010

Final R indexes [[>=2c (I)] R; =0.1501, wR, =0.4166

Final R indexes [all data] R;=0.1688, wR, =0.4728

Largest diff. peak/hole / ¢ A 1.20/-0.85

Flack parameter 0.03(5)

Table 2 Fractional Atomic Coordinates (x10*) and Equivalent Isotropic Displacement
Parameters (A?x10%) for Landis48. Uq is defined as 1/3 of of the trace of the orthogonalised
Uy tensor.

Atom x y z U(eq)
Pl 1580.3(12) 7998.4(14) 3224.7(5) 59.4(5)
P2 3166.0(11) 7979.8(13) 3039.5(4) 54.4(5)

N3 3843 (4) 7587 (4) 2597.8(13) 51.3(15)
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o7
08
C28
C29
C30
C31
C32
C33
C34
07C
08C
C28C
C29C
C30C
C31C
C32C
C33C
C34C
01
02
O3
04
05
06
0s5C
06C
09
010
Ol11
012
N1
N2
N4
Cl
C2
C3
C4
(O]
Cé6
C7
C8

3285(5)
2204(15)
2617(10)
2620(4)
2448(5)
1852(6)
1428(5)
1600(5)
2195(5)
2372(13)
2430(20)
2831(14)
2625(5)
2381(7)
1772(8)
1407(6)
1651(6)
2260(6)
2526(16)
-989(4)
103(4)
-405(5)
876(4)
2453(9)
3241(10)
2622(8)
2934(16)
3874(3)
5036(5)
4803 (4)
5788(5)
396(4)
845(4)
4288 (4)
647(5)
197(4)
291(5)
-100(5)
-585(5)
-680(4)
-289(4)
-403(5)

8041(5)
9578 (14)
9310(9)
7849(6)
7170(5)
7007(6)
7524 (7)
8203(6)
8365(5)
9112(14)
9814(15)
9495(12)
8037(7)
7387(7)
7310(8)
7881(10)
8530(8)
8608(7)
9328(14)
8602(6)
8927(4)
6798(5)
7997 (4)
9040(9)
8867(9)
8837(8)
9057(10)
7971(4)
6660(5)
8752(4)
8174 (6)
7500(5)
7645(5)
7414(4)
7749(6)
8306(4)
8368(5)
8837(6)
9244 (5)
9181(5)
8712(4)
8747(6)

2669.5(14)

2285(4)
2684(3)
2512(2)
2466(2)
2324(2)
2227(2)
2272(2)
2414(2)
2462(4)
2321(6)
2714(4)
2521(3)
2461(3)
2315(3)
2230(3)
2290(3)
2435(3)
2500(5)

3563.
3624.
3267.
4086.

9(17)
2(14)
9(19)
7(13)

3658(4)
3968(3)
3580(2)
3993(3)

2171

2772

.9(11)
2983.
2601.
2696.
3439.
3661.
2816.
3183.
3058.
2786.
2643.
.2(14)
3044.
3187.
3481.

8(18)
1(13)
5(15)
8(16)
3(14)
1(14)
5(18)
4(13)
3(13)
2(10)

3(14)
4(10)
9(18)

269

55(2)
104(7)
69(4)
47(4)
49(3)
57(4)
60(4)
46(3)
44(3)
66(5)
133(10)
95(6)
59(5)
81(7)
76(6)
81(6)
69(5)
59(4)
85(8)
82(2)
67.4(17)
89(3)
65.1(16)
83(5)
84(5)
64(3)
107(7)
57.0(14)
85(3)
64.9(16)
81(2)
61.1(18)
56.8(17)
54.0(16)
62(2)
66(2)
88(4)
99 (4)
102(5)
89(4)
66(2)
61(2)



C9
C10
Cl1
Cl12
Cl13
Cl4
CI5
Cl6
C17
CI8
C19
C20
C21
C22
C23
C24
C25
C26
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
PIA
P2A
N3A
C27A
O7A
O8A
C28A
C29A
C30A
C31A
C32A
C33A

-95(5)
-258(6)
-184(5)

539(5)
1519(5)
2111(3)
2039(3)
2569 (4)
3172(3)
3245(3)
2714(3)
2795(8)
1989(5)
1635(5)
1957(6)
2647(6)
3012(5)
2693(4)
4152(4)
4828(5)
4859 (6)
4757(5)
4091(4)
4576 (4)
4468(5)
4874(7)
5387(6)
5495(5)
5089 (5)
5250(6)

5391.8(15)
5354.0(13)
4946 (4)
5440(6)
7205(11)
6882(9)
5434(7)
4776(7)
4704(8)
5290(10)
5949 (8)
6021(7)

7015(6)
6830(7)
7460(7)
7734(5)
7956(5)
7557(3)
6855(3)
6473(3)
6793 (4)
7495 (4)
7877(3)
8662(7)
7180(6)
6563(6)
5926(7)
5920(7)
6542(7)
7165(6)
7641(5)
7246(5)
6645(5)
6883(6)
7684 (5)
8215(4)
8342(7)
8823(8)
9176(7)
9049(6)
8569(5)
8476(6)

4125.0(13)

5693.3(12)
6319(4)
5794 (4)

4748(11)
5301(10)
5125(5)
4872(8)
4264(8)
3910(6)
4163(6)
4771(6)

3467(2)
3749(3)
3926(2)

3902.2(18)

3599.1(17)

3736.6(12)

3763.5(13)

3877.3(14)

3964.0(13)

3937.1(13)

3823.3(13)
3808(2)

3146.8(17)
3169(2)
3129(2)
3061(2)
3041(2)

3076.4(16)

2349.0(16)

2321.7(18)
2504 (2)
2790(2)

3068.4(18)

3186.7(12)

3454.6(12)

3585.7(13)

3448.7(18)

3180.7(16)

3049.7(11)
2756(2)

4279.8(4)
4470.0(4)

4925.3(15)

4842.1(17)
5167(4)
4794 (4)
4983(3)
5040(4)
5179(4)
5262(3)
5206(3)
5067(3)
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70(3)
77(3)
69(3)
58(2)
59(2)
61(2)
67(2)
75(3)
73(3)
84(4)
76(3)

100(5)
61(2)
70(3)
72(3)
72(3)
70(3)
56(2)

51.6(18)
58(2)
69(3)
62(2)
58(2)
66(2)

116(7)
148(11)
106(5)
99 (4)
80(3)
66(2)
61.1(6)
58.4(5)

53.9(16)
58(2)
85(5)
72(5)
64(6)
83(7)
86(7)
66(5)
67(5)
56(4)



C34A
O7B
08B
C28B
C29B
C30B
C31B
C32B
C33B
C34B
OlA
02A
O3A
O4A
O5A
O6A
O5B
O6B
O9%A
O10A
Ol1A
O12A
NI1A
N2A
N4A
Cl1A
C2A
C3A
C4A
C5A
C6A
C7A
C8A
C9A
CI0A
Cl1A
CI12A
CI3A
Cl4A
CI5A
CI6A
CI7A

6729(12)
6985(12)
6769(9)
5286 (6)
4595(6)
4432(6)
4959(8)
5650(7)
5814 (6)
6545(13)
5975(6)
6339(4)
4123(6)
5461(4)
6522(9)
6390(11)
6356 (12)
6560 (11)
5349 (4)
3934 (4)
6066 (4)
5440(5)
4897(5)
5078(5)
4749(4)
5142(8)
5698 (4)
5729(5)
6183(6)
6607(5)
6576 (5)
6122(5)
6144(7)
4387(7)
4202(8)
4877(6)
5181(5)
5385(6)
5017(3)
4300(3)
3940(3)
4296(5)

4970(12)
4645(12)
5184(10)
5127(4)
4961(6)
4373(6)
3952(5)
4119(5)
4706(5)
4855(13)
1592(4)
2669(4)
2200(4)
3513(4)
4949(8)
5803(10)
5128(15)
5458(17)
6329(3)
7482 (4)
7349 (4)
8290(4)
2997(5)
3443 (4)
6761(4)
3186(5)
2751(4)
2820(4)
2418(5)
1947(5)
1878(4)
2280(4)
2169(6)
2500(5)
2381(7)
2464(5)
3166(5)
4091(5)
4693(3)
4654(3)
5191(4)
5767(3)

5007(5)
5243(4)
4863 (4)
4997(2)
5044 (3)
5185(3)
5278(2)
5231(2)
5090(2)
5067(5)

3918.3(16)

3866.0(15)

4190.3(19)

3413.3(11)
3858 (4)
3578(4)
3932(3)
3521(4)

5341.2(12)

4546.1(16)

4911.4(13)

4829.7(16)

4047.2(17)

3835.5(15)

4707.6(14)
4305(2)

4429.1(12)

4703.2(12)

4849.7(10)

4722.1(14)

4448.1(15)

4301.6(10)
4004(2)
4005(3)
3718(3)
3555(2)

3586.2(17)

3902.5(16)

3768.9(11)

3738.3(12)

3622.2(13)

3536.6(13)
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65(6)
91(6)
69(5)
48(4)
61(4)
62(4)
60(4)
47(3)
49(4)
69(6)
81(2)
71.7(18)
87(3)
60.1(15)
76(4)
101(6)
105(7)
119(8)
61.5(15)
71.9(19)
64.5(16)
81(2)
67(2)
58.8(17)
53.6(16)
74(3)
71(3)
85(4)
101(5)
97(4)
80(3)
70(2)
70(3)
76(3)
85(3)
65(2)
55.2(19)
58(2)
57(2)
64(2)
70(3)
80(4)



CI8A
CI9A
C20A
C21A
C22A
C23A
C24A
C25A
C26A
C35A
C36A
C37A
C38A
C39A
C40A
C41A
C42A
C43A
C44A
C45A
C46A
013G
N5G

C47G
C48G
C49G
C50G
C51G
C52G
C53G
C54G
C55G
C56G
O13E
NSE

C47E
C48E
C49E
C50E
CS1E
C52E
CS53E

5013(5)
5374(3)
6165(9)
4556 (6)
3936(8)
3295(7)
3284(7)
3885(6)
4527(5)
5010(5)
4570(6)
3975(5)
4191(5)
5039(6)
5551 (4)
5697(6)
6135(7)
6428(6)
6283(5)
5844 (4)
5767(6)

-3065(9)
-3216(11)
-1177(8)
-603(6)
-675(8)
-1322(10)
-1896(7)
-1824(6)

-2398(13)

-2550(11)

-1897(18)

-3357(12)

-1106(5)

-52(5)
-2490(5)
-3075(4)
-3147(5)
-2633(6)
-2049(5)
-1977(4)
-1324(6)

5806 (3)
5269 (4)
5311(8)
4524(5)
4165(6)
4460(6)
5147(7)
5520(5)
5223(5)
6606(5)
7256(5)
7269(5)
7186(5)
6580(5)
7086(3)
6987(4)
7435(5)
7983(5)
8082(4)
7633 (4)
7772(6)
6835(9)

7456 (11)
6834(8)

6952 (11)

7327(12)

7584 (10)
7466(8)
7091(7)

6969 (14)

7627(11)

7730(19)

7814 (13)
8575(5)
9239(5)
9685(5)

10008 (6)

10091(6)
9851(6)
9528(6)
9445(5)
9123(6)

3567.2(13)
3683.3(13)
3707(2)
4349.3(17)
4327(2)
4369(3)
4438(3)
4466(2)
4433.6(17)
5163.1(19)
5209(2)
5021(2)
4741(2)
4450.5(18)
4332.9(12)
4065.7(12)
3933.3(11)
4068.0(15)
4335.2(15)
4467.6(10)
4761(2)
2500(3)
2977(4)
2546(3)
2385(4)
2153(4)
2082(3)
2243(3)
2475(3)
2637(5)
2826(4)
3031(6)
3218(4)
4356(2)
4152.5(16)
4133.4(13)
4235.7(19)
4508 (2)
4678.1(14)
4575.8(14)
4303.5(14)
4199(2)
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88(4)
73(3)
138(10)
60(2)
75(3)
77(3)
85(3)
67(2)
58(2)
59(2)
65(2)
61(2)
61(2)
60(2)
63(2)
92(4)
117(7)
94 (4)
85(3)
71(3)
69(3)
132(4)
126(5)
130(7)
153(9)
198(15)
133(7)
140(7)
97(4)
128(6)
112(5)
159(10)
121(6)
85(2)
66(2)
87(3)
109(5)
95(4)
108(5)
89(4)
80(3)
70(3)



C54E
CS55E
C56E
013D
N5D
C47D
C48D
C49D
C50D
C51D
C52D
C53D
C54D
C55D
C56D
013
N5
C47
C48
C49
C50
Cs1
C52
C53
C54
C55
C56
O13F
NSF
C47F
C48F
C49F
C50F
C51F
C52F
C53F
C54F
CS55F
C56F
O13A
N5SA
C47A

-710(7)
-787(11)
593(7)
3538(8)
4359(6)
3974(13)
4154 (15)
4518(15)
4701(13)
4522 (15)
4158(15)
3910(13)
4541(9)
4992(10)
4935(10)
3989(4)
3299(4)
2888(6)
2561(6)
2460(6)
2687(6)
3014(6)
3115(5)
3437(6)
2913(5)
2321(8)
2896 (6)
1244(5)
2422(6)
96(8)
-404(7)
-370(7)
164(8)
664(7)
630(7)
1172(7)
1887(7)
1923(9)
3162(9)
2994(7)
2791(7)
1915(11)

9629(6)
10224(8)
9630(7)
10103(9)
9762(6)
11831(14)
12306(11)
12101(13)
11420(14)
10945(11)
11151(13)
10627(13)
10356(9)
10895(10)
9261(10)
6574 (5)
7600(5)
5204 (5)
4625(5)
4551(5)
5055(6)
5634(5)
5709 (4)
6356(6)
6933(7)
6828 (11)
8223(8)
9587(5)
9756 (6)
10639(8)
11137(8)
11536(7)
11437(8)
10939(8)
10540(7)
9986(7)
10317(7)
10726(9)
9999(9)
8741(7)
9913(7)
7626 (12)

4210(2)
4014 (4)
4187(2)
4825(3)
4419(2)
4874 (4)
5066(5)
5291(4)
5322(4)
5130(5)
4905(5)
4710(5)
4580(3)
4454 (4)
4321(4)

1888.6(17)

1660.8(17)

1646.4(13)
1745(2)
2016(2)

2189.1(15)

2090.9(14)

1819.6(15)
1718(2)
1718(2)
1516(3)
1692(2)

3474.9(18)
3189(2)
3108(2)
3154(3)
3382(3)
3563(2)
3517(3)
3290(3)
3244(3)
3196(3)
2950(3)
3222(3)

963(2)
659(3)
599(3)
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73(3)
114(6)
76(3)
123(4)
85(3)
183(5)
183(5)
183(5)
183(5)
183(5)
183(5)
123(6)
96(4)
102(4)
102(4)
74.1(19)
64.8(19)
92(4)
117(6)
116(6)
116(6)
93(4)
75(3)
67(2)
70(3)
107(6)
75(3)
83(2)
81(2)
123(2)
123(2)
123(2)
123(2)
123(2)
123(2)
81(3)
79(3)
96 (4)
92(4)
108(3)
93(3)
156 (4)



C48A
C49A
C50A
C51A
C52A
CS3A
C54A
CS55A
C56A
O13B
N5B
C47B
C48B
C49B
C50B
C51B
C52B
C53B
C54B
C55B
C56B
013C
N5C
C47C
C48C
C49C
Cs50C
Cs51C
Cs52C
C53C
C54C
C55C
Cs56C
014
015
016
017
018
019
020
021
022

1404 (12)
1018(10)
1143(11)
1654 (11)
2040(10)
2568(10)

2286(9)
1640(20)
2589(12)

4071(5)

5013(5)

2630(6)

1936(5)

1695(4)

2147(6)

2841(5)

3082(4)

3820(6)

4302(7)

4141(8)

5614(8)

575(5)

1398(4)

1135(7)
1291(10)
1460(10)

1475(9)

1319(7)

1150(6)

996(5)

1650(6)

2165(8)

1941(7)
5320(20)

5592 (6)
7396(13)

7412(9)
2338(19)
2580(13)

-3281(10)

7885(8)
2093(15)

7143(10)
7182(10)
7704 (11)
8187(10)
8148(10)
8676(10)
9330(10)
9640(30)

10613(12)

3208(4)
4054 (4)
3950(8)
4111(8)
4194(8)
4115(8)
3954(8)
3871(8)
3701(6)
4306(5)
4870(8)
4554 (6)
6546(5)
7481(4)
5117(6)
4431(6)
4189(5)
4632(7)
5318(6)
5561(5)
6303(5)
6754 (6)
6575(8)
7997(7)
4760(20)
5105(6)
6884 (18)
7217(13)
2244(19)
3200(13)
5550(10)
6072(8)
10014(15)

651(4)
883(4)
1063(3)
1011(4)
779(4)
741(4)
647(4)
528(9)
693(4)
3123.9(19)
2921.4(16)
2775(2)
2820(2)
3078(3)
3291(2)
3246(2)
2988(3)
2935(2)
2964 (2)
2760(3)
2975(2)
4330.3(17)
4566.0(17)
4722.8(17)
4687(3)
4436(3)
4221(2)
4257.2(17)
4507.9(19)
4538(2)
4540(2)
4753(3)
4535(3)
2207(7)
2271(2)
4731(5)
4709(3)
3568(7)
3916(5)
2589 (4)
4990(3)
3890(5)
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156 (4)
156 (4)
156 (4)
156 (4)
156 (4)
105(5)

99 (4)
216(17)
120(6)
80(2)

61.8(18)
115(2)
115(2)
115(2)
115(2)
115(2)
115(2)

67(2)
69(3)
93(4)
77(3)
80(2)

59.2(17)
107(5)
150(9)
154(9)
141(8)

99 (4)
80(3)
61(2)
67(2)
83(3)
77(3)
90.7(9)
90.7(9)
90.7(9)
90.7(9)
90.7(9)
90.7(9)
90.7(9)
90.7(9)
90.7(9)



023
024
025
026
027
028
030
031
032
033
034
035
036
037
038
039
040
041
042

554(19)
8360(20)
7553 (14)

3410(6)
7610(15)
-801(6)
3822(8)
2240(20)
4422(7)
3614(7)
-1769(6)
5012(8)
7900(20)
-2015(10)
5291(6)
6307(6)
1974(13)
3128(11)
2580(20)

5234(19)
6090 (20)
6502 (14)

8739(6)
4703(15)
6244(6)
10108(8)
10040(20)
9111(7)
1906(7)
7358(6)
5722(8)
4390(20)
7741(10)
5961(6)
6108(6)
895(13)
1266(11)
1680(20)

3544(7)
3190(7)
3579(5)
4496(2)
3632(5)
4383(2)
3923(3)
1797(7)
5099(2)
3056(2)
4300(2)
1334(3)
3899(8)
3780(3)
1858(2)
3058(2)
4297(5)
3997(4)
3518(9)

90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
90.
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7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)
7(9)

Table 3 Anisotropic Displacement Parameters (A%x10%) for Landis48. The Anisotropic

displacement factor exponent takes the form: -2712[hza*2U11+2hka*b*U12+...].
Atom

P1
P2
N3
C27
01
02
O3
04
09
010
Ol11
012
N1
N2
N4
Cl
C2

Un Uz,
50.3(10)  74.7(14)
46.5(10)  71.3(13)

47(3) 65(4)
62(4) 71(5)
63(4) 107(6)
73(4) 73(4)
81(5) 101(6)
72(4) 70 (4)
55(3) 69(4)
74(4) 96 (6)
75(4) 69(4)
73(5) 111(7)
44(3) 83(5)
51(4) 79(5)
42(3) 68(4)
55(4) 83(6)
54(5) 82(6)

Uiz
53.2(11)
45.3(10)

41(3)
33(3)
76(4)
56(3)
87(5)
53(3)
47(3)
85(5)
50(3)
60(4)
56(4)
41(3)
52(4)
49(4)
62(5)

Uz
-6.6(10)
10.9(9)
19(3)
13(3)
~11(4)
-11(3)
-36(5)
-11(3)
12(3)
47(5)
13(3)
8(4)
-13(4)
-12(3)
16(3)
-16(4)
~9(5)

U
12.9(9)
7.6(8)
5(3)
0(3)
18(4)
13(3)
25(4)
15(3)
8(2)
12(4)
2(3)
8(3)
8(3)
5(3)
4(3)
17(4)
16(4)

Uiz

3.
8

3(10)
.2(9)
10(3)
20(4)
7(4)
1(3)
23(5)
1(3)
1(3)
29(4)
-6(3)
-4(5)
0(4)
5(3)
8(3)
-1(4)
5(4)



C3
C4
(O]
Cé6
C7
C8
C9
C10
Cl1
Cl12
Cl13
Cl4
CI5
Cl6
C17
CI8
C19
C20
C21
C22
C23
C24
C25
C26
C35
C36
C37
C38
C39
C40
C41
C42
C43
C44
C45
C46
PIA
P2A
N3A
C27A
O1A
O2A

88(8)

107(10)

81(8)
65(6)
53(5)
50(4)
57(5)
63(5)
53(5)
54(4)
58(4)
46(4)
61(5)
61(5)
54(5)
50(5)
72(6)

116(11)

44(4)
50(4)
63(5)
74(6)
57(5)
47(4)
51(4)
55(4)
75(6)
49(4)
47(4)
58(4)

101(10)
139(16)

74

86(8)
91(9)
91(8)
64(5)

.9(14)
64.

7(12)
55(4)
73(5)

109(6)

77(4)

109(10)
127(12)
139(14)
129(12)

82(6)
79(6)
75(6)
81(7)
91(7)
66(5)
70(5)
86(6)
84(7)
101(8)
105(9)
160(14)
109(9)
109(10)
95(7)
79(6)
86(7)
78(6)
86(7)
81(6)
62(4)
64(5)
57(5)
73(6)
76(6)
97(7)
200(20)
250(30)
146 (15)
135(13)
86(7)
76(6)
60.4(12)
60.8(12)
56(4)
48(4)
63(4)
76 (4)

47

66(6)
63(6)
86(8)
72(6)
62(5)
55(4)
79(6)
85(7)
63(5)
55(5)
49(4)
52(4)
58(5)
64(5)
61(5)
43(4)
48(4)
74(7)
44(4)
82(6)
68(6)
63(5)
66(5)
41(4)
42(4)
55(4)
76(6)
63(5)
53(4)
41(4)
44(5)
58(7)
87(8)
70(7)
62(6)
60(5)

.8(10)
49.

7(10)
51(3)
53(4)
71(4)
62(4)
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-4(6) 11(6) 9(7)
-21(7) 13(7) -3(9)
14(9) 3(7) 30(9)
-9(7) -6(5) 25(7)
-12(5) 0(4) 0(4)
-12(4) 5(4) 8(4)
-22(5) 8(4) 4(5)
-7(6) 17(5) -14(5)
-1(5) 16(4) 11(5)
-2(4) 25(4) 15(4)
-8(4) 17(4) 3(4)
-15(4) 10(3) 3(4)
-17(4) 13(4) 11(5)
-29(5) 0(4) 19(6)
-17(5) 5(4) 9(5)
-7(6) —4(4) -12(7)
-2(5) 6(4) -17(6)
24(7) -11(7) -62(9)
-4(4) 14(3) 2(4)
-22(5) 14(4) 4(4)
-20(5) 20(5) -11(5)
8(5) 23(5) 9(5)
18(5) 19(4) 23(5)
11(4) 12(3) 3(4)
8(3) 14(3) 1(4)
9(4) 11(4) 11(4)
20(4) 9(5) 11(4)
24(4) 7(4) 3(4)
21(4) 1(3) 3(4)
14 (4) 11(4) 11(5)
-5(8) 6(6) -50(12)
-34(11) 5(9) -53(19)
-21(9) 2(7) -17(10)
-1(8) -9(6) -23(9)
17(5) 0(5) -10(6)
1(4) 7(4) -7(5)

-11.5(9) -0.2(10) 14.4(11)
-8.5(9) -10.5(9) 12.9(10)

-11(3) -10(3) 3(3)
-8(3) -17(4) 20(4)
-7(3) 9(4) 11(4)
-5(3) 7(3) 9(4)
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0O3A 107(6) 59(4) 94(5) -8(4) 36(5) -11(4)
O4A 67(4) 72(4) 41(3) -10(3) 2(3) 8(3)
09%A 73(4) 61(3) 51(3) -5(3) -14(3) -2(3)
O10A 75(4) 66(4) 75(4) -1(3) -28(4) 18(3)
Ol11A 53(3) 91(5) 50(3) -2(3) -9(3) -12(3)
O12A 97(6) 75(5) 69(4) -16(4) -1(4) 1(4)
NI1A 82(5) 60(4) 60(4) -12(3) 13(4) 6(4)
N2A 74(5) 53(4) 49(4) -10(3) 4(3) 5(3)
N4A 57(4) 50(3) 54(4) -9(3) -11(3) 14(3)
CIlA 114(9) 46 (4) 62(5) -1(4) 18(6) 14(5)
C2A 98(8) 58(5) 55(5) -7(4) 5(5) 3(5)
C3A 129(11) 72(6) 54(5) 1(5) 7(6) 14(7)
C4A 140(14) 97(10) 66(7) 4(6) 3(8) 13(10)
C5A 116(11) 89(9) 87(8) 23(7) 0(8) 13(8)
C6A 96(8) 75(6) 67(6) 2(5) 8(6) 16(6)
C7A 85(7) 59(5) 66(5) 5(4) 11(5) 3(5)
C8A 80(6) 66(6) 66(5) 8(5) 0(5) 14(5)
C9A 84(7) 52(5) 91(7) -8(5) 23(6) 6(5)
C10A 96(8) 68(6) 90(8) -10(6) 6(7) 1(6)
Cl1A 82(6) 53(5) 61(5) -10(4) -5(5) 7(4)
CI12A 60(4) 60(5) 46(4) -9(3) -3(3) 3(4)
CI3A 73(5) 60(4) 41(4) -18(3) 1(4) 5(4)
Cl4A 83(6) 48(4) 39(3) -5(3) -3(4) 4(4)
C15A 79(6) 65(5) 47(4) -4(4) 7(4) 10(5)
Cl16A 89(7) 65(5) 56(5) -5(4) 9(5) 17(5)
Cl17A 129(11) 58(5) 54(5) 1(4) 18(6) 20(6)
CI18A 146(13) 71(7) 48(5) 1(4) -3(6) -19(8)
C19A 95(7) 77(6) 47(4) -11(4) 5(5) -24(6)
C20A 190(20) 157(17) 63(7) 31(9) -31(10) -97(17)
C21A 80(6) 59(5) 42 (4) -7(3) 6(4) 19(4)
C22A 100(8) 60(5) 65(5) -20(4) 11(5) 6(5)
C23A 72(6) 65(6) 95(8) -22(5) 11(6) -11(5)
C24A 78(7) 80(7) 98(8) -33(7) 4(6) 6(6)
C25A 68(6) 57(5) 76(6) -28(4) -10(5) 8(4)
C26A 62(5) 63(5) 50(4) -17(4) -5(4) 9(4)
C35A 63(5) 58(5) 55(4) -6(4) -15(4) 8(4)
C36A 67(5) 58(5) 69(5) -16(4) 0(5) 13(4)
C37A 55(4) 59(5) 68(5) -13(4) -7(4) 7(4)
C38A 57(4) 60(5) 64(5) -13(4) -16(4) 8(4)
C39A 82(6) 50(4) 48(4) -7(3) -15(4) 2(4)
C40A 75(6) 60(5) 54(4) 4(4) -6(4) 12(4)

C41A 143(13) 82(7) 52(5) -2(5) 0(7) -13(8)



C42A
C43A
C44A
C45A
C46A
O13E
NSE
C47E
C48E
C49E
C50E
CS51E
C52E
CS53E
C54E
CS55E
C56E
013
N5
C47
C48
C49
C50
Cs1
C52
C53
C54
C55
C56
O13B
N5B
C47B
C48B
C49B
C50B
C51B
C52B
C53B
C54B
C55B
C56B

178(19)
106(10)
83(7)
75(6)
67(5)
73(5)
80(5)
81(7)
86(9)
90(8)
123(13)
99(9)
94(8)
70(6)
92(7)
135(13)
79(7)
52(3)
55(4)
96(9)
98(11)
74(8)
89(9)
86(8)
62(5)
68(5)
59(5)
75(7)
57(5)
84(5)
77(5)
88(4)
88(4)
88(4)
88(4)
88(4)
88(4)
75(6)
100(8)
95(9)
107(9)

125(13)
112(11)
94(8)
77(6)
75(6)
80(5)
65(4)
98(9)
103(11)
78(7)
113(12)
100(9)
71(6)
78(6)
65(5)
83(8)
78(6)
83(5)
80(5)
100(9)
114(13)
160(18)
169(19)
112(10)
95(8)
76(6)
93(7)
142(14)
104(8)
59(4)
57(4)
116(5)
116(5)
116(5)
116(5)
116(5)
116(5)
63(5)
49(4)
101(9)
65(6)

48(6)
65(6)
78(7)
61(5)
65(5)

101(6)
53(4)
81(7)

138(14)

118(11)
88(9)
68(6)
76(6)
62(5)
63(5)

125(11)
70(6)
87(5)
59(4)
79(7)

140(15)

113(12)
90(9)
81(8)
69(6)
58(5)
58(5)

103(9)
63(5)
97(5)
52(4)

141(6)

141(6)

141(6)

141(6)

141(6)

141(6)
63(5)
57(5)
84(7)
57(5)

14(7)
4(7)
10(6)
10(5)
-5(5)
19(4)
5(3)
13(7)
29(10)
0(7)
8(8)
-1(6)
3(5)
-1(5)
-11(4)
43(8)
9(5)
-4(4)
8(4)
17(7)
21(11)
45(12)
39(11)
18(7)
16(6)
0(4)
15(5)
60(10)
2(5)
7(4)
-6(3)
25(5)
25(5)
25(5)
25(5)
25(5)
25(5)
1(4)
1(4)
26(7)
-11(4)

12(8)
14(6)
-3(6)
-9(3)
-5(3)
11(4)
13(4)

5(6)
3(9)
36(8)
33(9)
21(6)
22(6)
8(5)
18(5)
61(11)
4(5)
-9(3)
0(3)
-10(7)
-12(10)
8(8)
2(8)
6(6)
0(5)
2(4)
2(4)
-22(7)
-2(4)
-16(4)
5(4)
8(4)
8(4)
8(4)
8(4)
8(4)
8(4)
-5(3)
19(5)
39(7)
8(5)
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-36(13)
-4(9)
-1(7)

7(5)
-24(5)
18(4)
8(4)
19(7)
18(8)
18(7)
10(10)
1(8)
19(6)
17(5)
13(5)
47(9)
-11(5)
7(3)
-4(4)
-24(8)

-35(10)
1(10)

-15(11)

0(8)
-17(5)
-17(5)

-7(5)
-38(9)
21(5)
-10(4)
-3(4)

8(4)

8(4)

8(4)

8(4)

8(4)

8(4)

18(5)
10(5)
40(8)
-30(6)



Table 4 Bond Lengths for Landis48.

Atom Atom
P1 Cl1
P1 C13
P1 C21
P2 C27
P2 C26
P2  C39
N3 C27
N3 N4
N3 C35
C27 C28
C27 C28C
07 C34
08 C34
C28 C29
C28 (33
C29 C30
C30 C31
C31 C32
C32 (33
C33 C34
O7C C34C
08C (C34C
C28C C29C
C28C C33C
C29C C30C
C30C C31C
C31C C32C
C32C C33C
C33C C34C
01 C8
02 C8
03 O9
04 Cl12
o5 C20
o6 C20
0Os5C C20
0o6C C20
09 (35

Length/A
1.873(10)
1.894(9)
1.831(11)
1.884(8)
1.849(11)
1.877(9)
.440(11)
.435(10)
.393(10)
.554(11)
.475(11)
1.32(2)
1.27(3)
.3900
.3900
.3900
.3900
.3900
.3900
1.52(3)
1.33(3)
1.27(3)
.3900
.3900
.3900
.3900
.3900
.3900
1.54(3)
.233(14)
.260(13)
.244(15)
.246(13)
1.246(9)
1.245(9)
1.243(9)
1.244(9)
1.226(11)

e e T e S =

T N R

L T T ==

e

Atom Atom
ClIA C2A

C2A C3A

C2A C7A

C3A C4A

C4A CS5A

C5A C6A

C6A CT7A

C7A C8A

C9A Cl10A
CI0ACI1A
CI11ACI2A
CI13A Cl14A
Cl14A CI15A
Cl14A CI19A
CI15A C16A
C16A C17A
C17A CI8A
CI18A CI9A
CI19A C20A
C21A C22A
C21A C26A
C22A C23A
C23A C24A
C24A C25A
C25A C26A
C35A C36A
C36A C37A
C37A C38A
C39A C40A
C40A C41A
C40A C45A
C41A C42A
C42A C43A
C43A C44A
C44A C45A
C45A C46A
013G C53G
N5G C54G

Length/A

1.505(14)
1.3900
.3900
.3900
.3900
.3900
1.3900
1.517(12)
1.50(2)
1.547(19)
1.505(14)
1.532(11)
1.3900
.3900
.3900
.3900
.3900
1.3900
.530(17)
.389(18)
.436(13)
.378(19)
.393(17)
.376(18)
.375(15)
.546(13)
.487(15)
.479(15)
.518(12)
1.3900
.3900
.3900
.3900
.3900
1.3900
1.514(12)
1.48(3)
1.53(3)

1
1
1
1

L

el e e

1
1
1
1



010
Ol11
012
N1
N1
N1
N2
N2
N4
N4
Cl
C2
C2
C3
C4
(O]
C6
C7
C9
C10
Cl1
Cl13
Cl4
Cl4
CI5
Cl6
C17
CI8
C19
C21
C21
C22
C23
C24
C25
C35
C36
C37
C39
C40
C40
C41

C38
C46
C46
N2

Cl

C9

Cl12
Cl13
C38
C39
C2

C3

C7

C4

(O]

C6

C7

C8

C10
Cl1
Cl12
Cl4
CI5
C19
Cl6
C17
CI8
C19
C20
C22
C26
C23
C24
C25
C26
C36
C37
C38
C40
C41
C45
C42

e e T e T R = L e e e

el e e

.196(12)
.282(14)
.231(15)
.441(11)
.464(13)
.348(15)
.362(11)
.466(12)
.385(13)
.429(13)
.530(13)

1.3900
.3900
.3900
.3900
.3900
1.3900

1
1
1
1

.503(10)
.502(18)
.530(18)
.497(15)
.546(11)

1.3900
.3900
.3900
.3900
.3900
1.3900

1
1
1
1

.547(15)
.392(17)
.399(12)
.407(18)
.371(16)
.411(19)
.379(15)
.519(12)
.496(13)
.529(17)
.522(12)

1.3900
1.3900
1.3900

N5G C56G
C47G C48G
C47G C52G
C48G C49G
C49G C50G
C50G C51G
C51G C52G
C52G C53G
C53G C54G
C54G C55G
O13E C53E
NSE C54E
NSE C56E
C47E C48E
C47E C52E
C48E C49E
C49E C50E
CS50E CS51E
CS51E C52E
C52E CS3E
CS53E C54E
C54E C55E
013D C53D
N5D C54D
N5D C56D
C47D C48D
C47D C52D
C48D C49D
C49D C50D
C50D C51D
C51D C52D
C52D C53D
C53D C54D
C54D C55D
013 (53

N5 C54

N5 C56

C47 (48

C47 C52

C48 C49

C49 C50

C50 Cs1

1.43(3)
.3900
.3900
.3900
.3900
.3900
.3900
1.40(3)
1.63(3)
1.64(4)
1.403(15)
1.508(15)
1.469(16)
1.3900
.3900
.3900
.3900
.3900
1.3900
1.503(12)
1.543(19)
1.536(18)
1.38(3)
1.46(2)
1.56(2)
.3900
.3900
.3900
.3900
.3900
.3900
1.50(3)
1.48(3)
1.51(3)
1.431(14)
1.531(15)
1.456(16)
1.3900
.3900
.3900
.3900
.3900

L T o T = = L L T T ==

L
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C42 (43

C43 C44

C44 (C45

C45 C46

PIA CIlA
P1IA CI3A
PIA C21A
P2A C27A
P2A C26A
P2A C39A
N3A C27A
N3A N4A
N3A C35A
C27A C28A
C27A C28B
O7A C34A
O8A C34A
C28A C29A
C28A C33A
C29A C30A
C30A C31A
C31A C32A
C32A C33A
C33A C34A
O7B C34B
08B (C34B
C28B C29B
C28B C33B
C29B C30B
C30B C31B
C31B C32B
C32B C33B
C33B C34B
OlA C8A
O2A C8A
O3A C9A
O4A Cl12A
O5A C20A
O6A C20A
O5B C20A
06B C20A
O9%9A C35A

1.3900
1.3900
1.3900

1.523(11)

1.906(11)

1.904(8)

1.822(10)

1.894(9)

.848(11)

.844(10)

.463(11)

.449(11)

.331(12)

.493(12)

.550(11)

1.30(2)
1.29(3)

.3900

.3900

.3900

.3900

.3900

.3900

1.45(3)

1.29(2)

1.29(3)

.3900

.3900

.3900

.3900

.3900

.3900

1.44(3)

.255(16)

.260(15)

.218(15)

.231(12)

1.245(9)

1.244(9)

1.244(9)

1.244(9)

1.236(11)

L
T e

I T T ==

e

C51 (€52

C52 (53

C53 C54

C54 C55

O13F C53F
NSF C54F
NSF C56F
C47F C48F
C47F C52F
C48F C49F
C49F C50F
C50F CS51F
CS51F C52F
C52F C53F
C53F C54F
C54F C55F
O13ACS3A
NS5A C354A
NS5A C56A
C47A C48A
C47A C52A
C48A C49A
C49A C50A
C50A C51A
C51A C52A
C52A CS3A
C53A C54A
C54A C55A
O13B C53B
N5B C54B
N5B C56B
C47B C48B
C47B C52B
C48B C49B
C49B C50B
C50B C51B
C51B C52B
C52B C53B
C53B C54B
C54B C55B
013C C53C
N5C C54C

[ e T = T R =

1
.50
.51
.54
.41
.50

1.

I = T SR =

1.

.52
1.

1
1
1
1

= e R

1.
1.
1.

1.44
1.47
1.53

[ e T S R =

1
1
1
1
1

1
.48
.51
.54
.40
.51

.3900
1(12)
4(18)
2(18)
1(17)
7(18)
51(2)
.3900
.3900
.3900
.3900
.3900
3900
4(18)
54(2)

.48(2)
.39(2)
.50(2)
.44(3)

.3900
.3900
.3900
.3900
.3900
.3900
46(2)
47(3)
50(2)
2(13)
1(16)
9(14)
.3900
.3900
.3900
.3900
.3900
.3900
4(14)
2(17)
2(16)
7(14)
1(14)
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O10AC38A 1.244(12) N5C C56C 1.463(16)
OlI1AC46A 1.261(15) C47C C48C 1.3900
OI2AC46A 1.244(16) C47C C52C 1.3900
NIA N2A  1.424(13) C48C C49C 1.3900
N1A CIA 1.430(15) C49C C50C 1.3900
NIA C9A  1.399(16) C50C C51C 1.3900
N2A CI2A 1.384(11) C51CC52C 1.3900
N2A CI3A 1.440(12) C52CC53C 1.493(13)
N4A C38A 1.369(12) C53CC54C 1.537(15)
N4A C39A 1.456(12) C54CC55C 1.501(18)
Table S Bond Angles for Landis48.

Atom Atom Atom Angle/* Atom Atom Atom
Cl Pl Ci13 92.3(4) C6A C7A C2A
C21 PI C1 99.2(5) C6A CT7A CRA
C21 Pl C13 101.7(4) OlA C8A O2A
C26 P2 (C27 102.4(4) OlA C8A C7A
C26 P2 (39 101.1(4) O2A C8A C7A
C39 P2 C27 88.9(4) O3A CY9A NIA
N4 N3 C27 113.5(7) O3A C9A CI0A
C35 N3 (C27 119.9(6) N1A C9A Cl10A
C35 N3 N4 117.0(7) CO9A Cl10ACI1A
N3 C27 P2 107.5(5) C12ACI11ACI10A
N3 C27 C28 109.7(8) O4A CI12AN2A
N3 C27 C28C 120.7(9) O4A Cl12ACI1I1A
C28 C27 P2 113.1(7) N2A CI2AC11A
C28CC27 P2 113.6(8) N2A CI13APIA
C29 (C28 (C27 120.8(7) N2A Cl13ACIl4A
C29 C28 (33 120.0 C14ACI3APIA
C33 C28 C27 119.2(7) C15A CI14ACI13A
C30 C29 (28 120.0 C15ACI4ACI9A
C29 C30 C31 120.0 C19A CI4ACI3A
C32 C31 C30 120.0 C16ACI5SACI4A
C31 C32 (33 120.0 C15ACI6ACI7A
C28 C33 C34 120.9(9) C16AC17ACI8A
C32 C33 C28 120.0 C19A CIBACI7A
C32 C33 C34 119.1(9) Cl14A C19AC20A
07 C34 (C33 120(2) CI8ACI9ACI4A
08 C34 O7 118(3) CI18ACI9AC20A
08 (C34 (33 120.9(15) OSA C20ACI9A

Angle/*

120.0
115.2(6)
126.0(11)
117.6(10)
116.4(10)
120.8(12)
124.3(12)
115.0(11)
107.3(11)
111.5(8)
119.3(9)
126.9(8)
113.6(8)
105.6(6)
112.8(7)
114.6(5)
117.7(6)
120.0
122.3(6)
120.0
120.0
120.0
120.0
120.6(7)
120.0
119.3(7)
124.5(11)
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C29C C28C C27

C29C C28C C33C
C33CC28CC27

C28C C29C C30C
C31CC30C C29C
C32CC31CC30C
C31CC32CC33C
C28C C33CC34C
C32CC33CC28C
C32CC33CC34C
O7C C34CC33C
08C (C34C0O7C

08C (C34C(C33C

N2 Nl (1
C9 NI N2
C9 NI (I
Nl N2 CI3
Cl2 N2 NI
Cl12 N2 CI13
C38 N4 N3
C38 N4 C(C39
C39 N4 N3
Nl Cl Pl
N1 ClI C2
C2 Cl1 Pl
c3 C2 C(Cl
c3 Cc2 C7
c7 C2 C(Cl
C2 C3 (4
Cs C4 C3
C4 C5 C6
C7 C6 C5
c2 C7 C8
Co C7 C2
Co C7 C8
01 C8 02
o1 Cc8 (7
02 C&8 (7
03 C9 NI
03 C9 Cl10
N1 C9 Cl10
c9 C10 Cl11

114.0(9)
120.0
126.0(9)
120.0
120.0
120.0
120.0
120.5(10)
120.0
119.5(10)
118(2)
117(3)
124.9(18)
114.9(7)
118.7(9)
123.8(9)
116.5(7)
117.2(7)
121.4(8)
119.6(8)
122.3(7)
116.0(7)
107.8(7)
114.6(7)
113.7(7)
113.3(5)
120.0
126.7(5)
120.0
120.0
120.0
120.0
125.9(6)
120.0
113.9(6)
125.4(9)
117.0(9)
117.5(8)
119.7(11)
125.7(11)
114.4(9)
109.8(10)

O6A C20A O5A

O6A C20ACI19A
O5B C20A 0O6B

O5B C20ACI19A
06B C20ACI19A
C22A C21APIA

C22A C21AC26A
C26A C21API1A

C23A C22AC21A
C22A C23A C24A
C25A C24A C23A
C24A C25A C26A
C21A C26AP2A

C25A C26AP2A

C25A C26AC21A
N3A C35AC36A
O9%9A C35AN3A

O9%9A C35AC36A
C37A C36A C35A
C38A C37A C36A
O10A C38AN4A

O10A C38AC37A
N4A C38AC37A
N4A C39AP2A

N4A C39A C40A
C40A C39AP2A

C41A C40A C39A
C41A C40A C45A
C45A C40A C39A
C42A C41A C40A
C43A C42AC41A
C42A C43A C44A
C43A C44A C45A
C40A C45A C46A
C44A C45A C40A
C44A C45A C46A
O11A C46A C45A
O12A C46A011A
O12A C46A C45A
C56GN5G C34G
C48G C47GC52G
C47G C48G C49G

124.8(13)
110.2(13)
125.2(13)
110.5(14)
124.1(13)
121.7(7)
118.3(9)
120.0(9)
123.0(10)
117.2(12)
121.8(12)
121.2(10)
118.2(8)
123.4(7)
118.3(10)
115.6(8)
121.2(9)
122.9(8)
109.9(8)
113.0(9)
120.0(9)
126.2(9)
113.8(8)
107.9(6)
116.0(7)
115.1(7)
114.8(5)
120.0
125.2(5)
120.0
120.0
120.0
120.0
125.3(6)
120.0
114.6(6)
115.1(10)
127.0(10)
117.9(10)
118.5(19)
120.0
120.0
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Cl12
04
04
N2
N2
N2
Cl4
CI5
CI5
C19
Cl4
C17
Cl6
C19
Cl4
CI8
CI8
05
06
06
0s5C
0s5C
06C
C22
C22
C26
C21
C24
C23
C26
C21
C25
C25
N3
09
09
C37
C36
010
010
N4
N4

Cl1
Cl12
Cl12
Cl12
Cl13
Cl13
Cl13
Cl4
Cl4
Cl4
CI5
Cl6
C17
CI8
C19
C19
C19
C20
C20
C20
C20
C20
C20
C21
C21
C21
C22
C23
C24
C25
C26
C26
C26
C35
C35
C35
C36
C37
C38
C38
C38
C39

C10
N2
Cl1
Cl1
Pl
Cl4
Pl
Cl13
C19
Cl13
Cl6
CI5
CI8
C17
C20
Cl4
C20
C19
05
C19
06C
C19
C19
Pl
C26
Pl
C23
C22
C25
C24
P2
P2
C21
C36
N3
C36
C35
C38
N4
C37
C37

109.2(8)
119.6(8)
124.9(8)
115.4(9)
106.6(6)
110.2(8)
115.1(5)
118.1(6)

120.0
121.9(6)
120.0
120.0
120.0
120.0
121.1(6)
120.0
118.9(6)

124.7(10)

124.3(13)

110.9(12)

125.4(13)

107.2(10)

127.0(11)
122.3(6)

118.4(10)
119.2(9)
123.0(9)

117.9(11)

119.6(11)
122.2(9)
119.0(8)
122.2(7)

118.9(10)
114.1(7)
120.6(7)
125.2(7)
112.3(8)
109.6(9)

119.4(10)

126.9(10)
113.7(8)
107.3(6)

C50G C49G C48G
C51G C50G C49G
C50G C51GC52G
C47G C52GC53G
C51G C52GC47G
C51G C52GC353G
013G C53GC34G
C52G C53GO13G
C52G C53GC34G
N5G C54GC53G
N5G C54GC55G
C53G C54G C55G
CS56E NSE C34E
C48E C47E C52E
C49E CA48E C47E
C48E C49E C50E
C49E CS50E C51E
C52E CS1E C50E
C47E CS52E C33E
CS51E CS52E C47E
CS51E CS52E C33E
O13E CS53E C52E
O13E CS53E C34E
C52E CS53E C34E
NSE C54E C53E
NSE C54E C55E
CS55E C54E C33E
C54DNSD C56D
C48D C47DC52D
C49D C48D C47D
C48D C49D C50D
C49D C50DC51D
C52D C51DC50D
C47D C52DC53D
C51D C52DC47D
C51D C52DC53D
013D C53DC52D
013D C53DC54D
C54D C53DC52D
N5D C54DC53D
N5D C54DC55D
C53D C54DC55D

120.0
120.0
120.0

119.6(14)
120.0

120.4(14)

104.9(18)

116.2(18)

110.5(19)

105.7(17)

110.6(18)

109(2)
114.9(9)
120.0
120.0
120.0
120.0
120.0
121.3(7)
120.0
118.7(7)
111.9(9)
104.0(10)
111.0(10)
108.1(9)

110.0(10)

113.0(14)

120.3(13)
120.0
120.0
120.0
120.0
120.0

120(2)
120.0
120(2)
113(2)
110.2(19)
106(2)

109.5(16)

117.6(14)

114.0(17)
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N4 C39 C40
C40 C39 P2
C41 C40 C39
C41 C40 C45
C45 C40 C39
C42 C41 C40
C41 C42 (C43
C44 C43 C42
C45 C44 (43
C40 C45 C46
C44 C45 C40
C44 C45 C46
Ol11 C46 C45
012 C46 Oll
012 C46 C45
CI13APIA CIl1A
C21APIA CIl1A
C21APIA CI3A
C26AP2A C27A
C39AP2A C27A
C39AP2A C26A
N4A N3A C27A
C35AN3A C27A
C35AN3A N4A
N3A C27AP2A
N3A C27AC28A
N3A C27AC28B
C28AC27AP2A
C28B C27AP2A
C29A C28A C27A
C29A C28A C33A
C33AC28AC27A
C30A C29A C28A
C29A C30AC31A
C30A C31AC32A
C31AC32AC33A
C28AC33AC34A
C32AC33AC28A
C32AC33AC34A
O7A C34AC33A
O8A C34A07A
O8A C34AC33A

116.1(7)
113.6(7)
114.4(5)
120.0
125.6(5)
120.0
120.0
120.0
120.0
124.6(6)
120.0
115.4(6)
114.1(9)
128.2(10)
117.8(10)
91.7(4)
100.3(6)
101.6(4)
103.1(5)
89.0(4)
100.5(5)
111.9(7)
119.8(7)
117.0(7)
107.5(5)
118.4(10)
109.0(9)
112.4(8)
113.2(7)
114.7(9)
120.0
125.2(9)
120.0
120.0
120.0
120.0
124.5(11)
120.0
115.4(11)
116(2)
122(2)

121.5(14)

C56 N5 C54
C48 C47 Cs2
C47 (C48 C49
C50 C49 (48
C49 C50 Csl
C50 C51 Cs2
C47 C52 Cs53
C51 C52 C47
C51 C52 Cs3
013 C53 (52
013 C53 C54
C52 C53 C54
N5 C54 C55
C53 C54 NS5
C53 C54 C55
C54F NSF C56F
C48F C47F C52F
C49F CA48F C47F
C48F C49F C50F
C51F C50F C49F
C50F CS1F C52F
C47F C52F C53F
CS51F C52F C47F
C51F C52F C53F
O13F C53F C52F
O13F C53F C54F
C52F CS53F C54F
NSF C54F C53F
CS55F C54F NSF
C55F C54F C53F
C56ANSA C34A
C48A C47AC52A
C47A C48A C49A
C48A C49A C50A
C51A C50A C49A
C52A C51AC50A
C47A C52AC53A
C51A C52A C47A
C51A C52AC53A
O13ACS53AC52A
O13ACS53AC54A
C52A C53A C54A

116

121

118.
110.
105.
110.
110.
108.

113.
114.

120.

119.
109.
105.
109.
107
110.
113.
123.

123.

116.
111
113.
113.

.0(9)
120.
120.
120.
120.
120.0
.2(7)
120.0
7(7)
7(9)
8(9)
9(9)
3(9)
4(8)
1(13)
2(11)
120.0
120.0
120.0
120.0
120.0
3(10)
120.0
7(10)
7(11)
9(11)
6(12)

o O O o

.9(11)

1(12)
6(12)
8(16)
120.0
120.0
120.0
120.0
120.0
6(16)
120.0
4(16)

.6(17)

2(16)
7(17)
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C29B C28B C27A
C29B C28B C33B
C33B C28B C27A
C30B C29B C28B
C31B C30B C29B
C32B C31B C30B
C33BC32BC31B
C28B C33B C34B
C32B C33B C28B
C32B C33B C34B
O7B C34B O&B
O7B C34B C33B
08B (C34B C33B
N2A N1A CIA
C9A NIA N2A
C9A NIA ClA
NIA N2A CI13A
C12AN2A NIA
CI12AN2A CI3A
N3A N4A C39A
C38AN4A N3A
C38AN4A C39A
NI1A CIA PlA
NI1A CIA C2A
C2A ClA PIA
C3A C2A CIA
C3A C2A C7A
C7A C2A CIlA
C4A C3A C2A
C3A C4A C5A
C4A C5A C6A
C7A C6A C5A
C2A C7A CBA

Table 6 Torsion Angles for Landis48.
Angle/*

A B C
C35 N3 C27
P1 Cl1 C2
PI Cl1 C2
P1 Cl13 Cl4

C28C b

117.9(7)
120.0
122.1(7)
120.0
120.0
120.0
120.0
124.5(11)
120.0
115.4(11)
119(2)
121(2)
119.4(14)
116.1(9)
119.0(9)
123.5(10)
117.8(7)
118.3(8)
120.1(8)
115.4(6)
118.5(8)
123.9(8)
105.9(7)
117.8(8)
113.3(9)
113.0(6)
120.0
126.9(6)
120.0
120.0
120.0
120.0
124.8(6)

C53A C54ANSA

C53A C54A C55A
C55A C54ANSA

C54B N5B C56B
C48B C47B C52B
C49B C48B C47B
C48B C49B C50B
C51B C50B C49B
C52B C51B C50B
C47B C52B C53B
C51B C52B C47B
C51B C52B C53B
O13B C53B C52B
O13B C53B C54B
C52B C53B C54B
N5B C54B C53B
N5B C54B C55B
C53B C54B C55B
C56C N5C C54C
C48C C47CCs52C
C47C C48C C49C
C50C C49C C48C
C49C C50CCs1C
C50C C51CCs2C
C47C C52CC53C
C51C C52CC47C
C51C C52CC53C
013C C53CC52C
013C C53CC54C
C52C C53CC54C
N5C C54CC53C
C55C C54CN5C

C55C C54CC53C

A B C
62.4(13) N1A N2A CI3APIA

76.4(7) N1A N2A C13ACIl14A
-106.0(7) NIA CIA C2A C3A
-86.3(7) NIA CIA C2A C7A

114.4(15)
142(3)
104(2)

117.3(9)
120.0
120.0
120.0
120.0
120.0

118.9(9)
120.0

121.1(9)

110.5(10)

104.8(9)

113.1(10)

107.1(8)

109.3(9)

112.0(12)

114.6(9)
120.0
120.0
120.0
120.0
120.0

121.8(8)
120.0

118.2(8)

111.6(9)

106.4(8)

113.5(9)

106.3(8)

111.8(10)

114.3(10)

Angle/*

-2.8(10)
-128.7(8)
-158.9(9)

16.4(15)
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Pl
Pl
Pl
Pl
P2
P2
P2
P2
P2
P2
N3
N3
N3
N3
N3
N3
N3
N3
N3
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C27
C28
C28
C28
C28
C28
C29
C29
C29
C30

Cl13
C21
C21
C21
C27
C27
C27
C27
C39
C39
C27
C27
C27
C27
N4
N4
N4
N4
C35
P2
P2
P2
P2
N3
N3
N3
N3

Cl4 C19
C22 C23
C26 P2
C26 C25
C28 C29
C28 (33
C28C C29C
C28CC33C
C40 C41
C40 C45
C28 C29
C28 (33
C28CC29C
C28CC33C
C38 Ol10
C38 (37
C39 P2
C39 C40
C36 C37
C26 C21
C26 C25
C39 N4
C39 C40
N4 (C38
N4 C39
C35 09
C35 C36

C28 C29 C30
C28 (C33 (C32
C28 C33 C34
C28C C29C C30C
C28CC33CC32C
C28C C33CC34C
C27 C28CC29C
C27 C28CC33C
C29 C30 C31
C33 C34 O7
C33 C34 08
C28 (C33 (C32
C28 C33 C34
C30 C31 (C32
C31 C32 (33

91.4(7)
~174.9(9)
-4.7(10)
174.3(7)
-80.7(9)
99.6(8)
-86.8(9)
94.7(12)
69.9(8)
~109.4(8)
39.2(10)
~140.5(7)
42.9(12)
-135.5(11)
-166.6(9)
13.4(12)
15.4(9)
~112.8(8)
27.1(13)
-108.0(7)
73.1(9)
-22.0(7)
107.7(6)
167.1(8)
3.2(11)
~14.5(14)
167.2(9)
-179.7(10)
179.7(10)
-0.5(13)
-178.5(12)
178.3(14)
-1.6(19)
4(3)
~174(4)
0.0
148.1(19)
-39(2)
0.0
179.8(13)
0.0

0.0

NIA
N2A
N2A
N2A
N2A
N2A
N2A
N4A
N4A
N4A
N4A
N4A
N4A
N4A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
Cl1A
C2A
C2A
C2A
C3A
C3A
C3A
C4A
C5A
C5A
C6A
C6A
C7A
C9A
C9A
C9A
C9A
C9A

C9A Cl10ACI1A
NI1A CIA PlA
NI1A CIA C2A
NIA C9A O3A
NI1A C9A Cl0A
CI3ACI4ACI5A
CI3ACI4ACI9A
N3A C27AP2A
N3A C27AC28A
N3A C27AC28B
N3A C35A09A
N3A C35AC36A
C39A C40A C41A
C39A C40A C45A
PIA C21AC22A
PIA C21AC26A
NIA N2A Cl12A
NIA N2A CI13A
NIA C9A O3A
NI1A C9A Cl0A
C2A C3A C4A
C2A C7A C6A
C2A C7A CBA
C3A C4A C5A
C7A C8A OlA
C7A C8A O2A
C2A C7A C6A

C2A
C4A
C5A
C6A
C6A
C7A
C7A
C2A
NI1A
NI1A
NI1A
NI1A

C7A
C5A
C6A
C7A
C7A
C8A
C8A
C3A
N2A
N2A
Cl1A
Cl1A

C8A
C6A
C7A
C2A
C8A
OlA
02A
C4A
CI12A
CI3A
P1A
C2A

CI0ACI1ACI2A
CI10A CI1ACI2A O4A
CI0A CI1ACI2AN2A

35.5(13)
17.2(11)
-110.8(11)
-165.8(10)
14.0(14)
36.0(8)
~145.0(6)
-21.4(9)
~150.0(9)
~144.4(8)
~160.0(9)
26.4(13)
~165.8(7)
11.3(12)
-18.4(9)
160.5(8)
148.0(9)
~10.1(13)
0.0(17)
179.8(11)
175.6(9)
-175.0(10)
6.2(13)
0.0
-118.0(10)
62.5(13)
0.0
-178.8(10)
0.0

0.0

0.0
178.9(9)
63.1(13)
~116.3(9)
0.0
~45.1(13)
156.7(9)
~149.0(9)
83.1(14)
-59.9(12)
-141.7(11)
33.6(13)
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C31 C32
C31 C32
C32 (C33
C32 (C33
C33 C28

C33 C28
C33 C34
C34 0O7
C34 08
C29 C30
C28CC27 C28 C29
C28CC27 (C28 (33
C28C C29C C30CC31C
C28CC33CC34C0O7C
C28C C33CC34C0O8C
C29C C28C C33CC32C
C29C C28C C33CC34C
C29CC30CC31CC32C
C30C C31CC32CC33C
C31CC32CC33CC28C
C31CC32CC33CC34C
C32CC33CC34C0O7C
C32CC33CC34C0O8C
C33C C28C C29C C30C
03 C9 Cl10 Cl1
09 (C35 C36 C37
N1 N2 Cl12 04
N1 N2 Cl12 Cl1
N1 N2 C13 Pl
NI N2 C13 Cl4
Nl C1I C2 (3
N1 C1 C2 (7
N1 C9 Cl10 Cl1
N2 NI C1 Pl
N2 NI Cl1 C2
N2 NI C9 O3

N2 NI C9 CI10
N2 CI13 Cl14 C15
N2 C13 Cl14 CI19
N4 N3 C27 P2
N4 N3 C27 C28
N4 N3 C27 C28C
N4 N3 C35 O9
N4 N3 C35 C36
N4 C39 C40 C41
N4 C39 C40 C45
Cl Pl CI13 N2

0.0

-179.8(13)

-32(3)
140.4(17)
0.0
~176(4)
5(3)

0.0

144 (3)
-35(3)
0.0

-179.9(17)

0.0

0.0

0.0
179.9(16)
-36(3)
145(2)
0.0

-140.9(12)
-151.2(10)

~165.0(9)
18.4(13)
-4.1(10)
~129.6(8)
~159.1(7)
18.5(12)
33.4(14)
13.1(10)
~114.6(9)

-167.6(10)

17.8(13)
34.3(8)
~148.0(6)
-20.1(9)
~143.3(7)
~152.4(9)
~158.4(9)
23.3(12)
-165.0(8)
15.7(12)
9.6(7)

CI12AN2A CI3APIA
CI12AN2A CI3ACIl4A
CI3APIA C21AC22A
CI3APIA C21AC26A
CI3AN2A CI2A04A
CI13AN2A CIl2AC11A
CI13A CI4ACI5ACl16A
CI13A CI4ACI9AC18A
CI13A C14AC19A C20A
Cl14A CI5AC16AC17A
CI4A C19A C20A O5A
CI14A C19A C20A O6A
CI4A C19A C20A0O5B
CI14A C19A C20A 06B
CI5A C14ACI9AC18A
CI15A C14AC19A C20A
CISACI6AC17ACIBA
CI6A C17ACI8ACI9A
C17A CI8ACI9A C14A
CI17A C18A C19A C20A
CI8A C19A C20A O5A
CI8A C19A C20A O6A
CI8A C19A C20A0O5B
CI8A C19A C20A O6B
C19A C14AC15AC16A
C21A C22A C23A C24A
C22A C21A C26AP2A
C22A C21A C26A C25A
C22A C23A C24A C25A
C23A C24A C25A C26A
C24A C25A C26AP2A
C24A C25A C26AC21A

C26A P2A
C26A P2A
C26A P2A
C26A P2A

C27AN3A
C27A C28A
C27AC28B
C39AN4A

C26AP2A C39A C40A
C26A C21A C22A C23A
C35AN3A C27AP2A

C35AN3A C27AC28A
C35AN3A C27AC28B
C35AN3A N4A C38A

~160.6(7)
73.6(11)
75.5(9)
-105.6(8)
-8.9(14)
175.3(9)
179.0(6)
~178.9(6)
3.0(10)
0.0
-19(2)
167.9(15)
-47(2)
128(2)
0.0
~178.0(9)
0.0

0.0

0.0
178.1(9)
162.7(16)
~10.2(19)
135.0(17)
-50(3)
0.0

~1(2)
178.6(8)
-5.5(14)
~1(2)
~2(2)
179.7(11)
4.6(17)
-74.5(7)
57.5(9)
45.8(8)
79.1(7)
~149.6(6)
3.5(17)
~164.0(8)
67.3(13)
73.0(11)
~49.1(12)
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Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
Cl
C2
C2
C2
C3
C3
C3
C4
(O]
(O8]
C6
C6
C7
C9
C9
C9
C9
C9
C10
C10
Cl12
Cl12
Cl13
Cl13
Cl13
Cl13
Cl13
Cl13
Cl13
Cl13
Cl13
Cl4
Cl4

P1
P1
P1
N1
N1
N1
N1
C2
C2
C2
C3
C7
C7
C2
C2
C4
(O8]
C6
C6
C7
C7
C2
N1
N1
N1
N1
C10
Cl1
Cl1
N2
N2
P1
P1
P1
P1
N2
N2
Cl14
Cl14
Cl14
CI5
C19

Cl13
C21
C21
N2
N2
C9
C9
C3
C7
C7
C4
C8
C8
C7
C7
(O]
C6
C7
C7
C8
C8
C3
N2
N2
Cl
Cl
Cl1
Cl12
Cl12
Cl13
Cl13
Cl
Cl
C21
C21
Cl12
Cl12
CI5
C19
C19
Cl6
C20

Cl4
C22
C26
Cl12
Cl13
O3
C10
C4
Cé6
C8
(O]
01
02
C6
C8
C6
C7
C2
C8
01
02
C4
Cl12
Cl13
Pl
C2
Cl12
04
N2
Pl
Cl4
N1
C2
C22
C26
04
Cl1
Cl6
CI8
C20
C17
05

132.2(7)
-22.3(10)
161.3(7)
149.6(9)
-6.0(12)
-6.6(16)
178.8(10)
177.8(8)
~177.5(9)
8.4(12)
0.0
-121.1(10)
59.5(13)
0.0
~174.2(9)
0.0

0.0

0.0
174.8(8)
64.4(12)
~114.9(9)
0.0
~47.7(13)
156.6(9)
~148.6(9)
83.8(12)
-58.2(13)
-144.5(10)
32.0(13)
~158.7(8)
75.8(11)
-12.8(8)
115.3(6)
72.0(9)
-104.5(8)
~10.6(14)
172.8(9)
177.7(6)
~177.6(6)
5.3(8)
0.0
-21(2)

C35AN3A N4A C39A
C35A C36A C37AC38A
C36A C37AC38A010A
C36A C37A C38AN4A

C38AN4A
C38A N4A
C39A P2A
C39A P2A
C39A P2A
C39A P2A
C39A P2A
C39A N4A
C39A N4A

C39AP2A

C39A C40A
C27AN3A

C27A C28A
C27AC28B
C26AC21A
C26A C25A
C38A0O10A
C38AC37A

C39A C40A C41A C42A
C39A C40A C45A C44A
C39A C40A C45A C46A
C40A C41A C42A C43A
C40A C45A C46A011A
C40A C45A C46A012A
C41A C40A C45A C44A
C41A C40A C45A C46A
C41A C42A C43A C44A
C42A C43A C44A C45A
C43A C44A C45A C40A
C43A C44A C4A5A C46A
C44A C45A C46A011A
C44A C45A C46A012A
C45A C40A C41A C42A
013G C53G C54GN5G

013G C53GC54G C55G
C47G C48G C49G C50G
C47G C52GC53GO13G
C47G C52G C53G C54G
C48G C47GC52GC51G
C48G C47GC52GC53G
C48G C49G C50G C51G
C49G C50G C51G C52G
C50G C51GC52G C47G
C50G C51GC52G C53G
C51G C52GC53GO13G
C51G C52GC353G C54G
C52G C47G C48G C49G

147.1(9)
-53.2(12)
-142.3(11)
34.6(12)
-145.8(8)
83.4(12)
26.0(7)
158.1(9)
146.4(8)
159.3(7)
~16.4(10)
-5.3(15)
177.7(9)
177.3(8)
~177.0(9)
7.3(12)
0.0
68.1(11)
-113.8(10)
0.0
-175.7(10)
0.0

0.0

0.0
176.1(9)
-107.8(8)
70.3(11)
0.0

50(2)
169(2)

0.0
-142.0(17)
99(2)

0.0
180.0(18)
0.0

0.0

0.0
-180.0(18)
38(3)
-81(2)

0.0
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Cl4
Cl4
Cl4
CI5
CI5
CI5
Cl6
C17
C17
CI8
CI8
CI8
CI8
C19
C21
C21
C21
C21
C21
C22
C22
C22
C23
C24
C24
C26
C26
C26
C26
C26
C26
C35
C35
C35
C35
C35
C36
C36
C38
C38
C39
C39

C19
C19
C19
Cl4
Cl4
Cl6
C17
CI8
CI8
C19
C19
C19
C19
Cl4
Pl
Pl
Pl
Pl
C22
C21
C21
C23
C24
C25
C25
P2
P2
P2
P2
P2
C21
N3
N3
N3
N3
C36
C37
C37
N4
N4
P2
P2

C20
C20
C20
C19
C19
C17
CI8
C19
C19
C20
C20
C20
C20
CI5
Cl

Cl

Cl13
Cl13
C23
C26
C26
C24
C25
C26
C26
C27
C27
C27
C39
C39
C22
C27
C27
N4

N4

C37
C38
C38
C39
C39
C27
C27

06
0s5C
06C
CI8
C20
CI8
C19
Cl4
C20
05
06
0s5C
06C
Cl6
N1
C2
N2
Cl4
C24
P2
C25
C25
C26
P2
C21
N3
C28
C28C
N4
C40
C23
P2
C28
C38
C39
C38
010
N4
P2
C40
N3
C28

157.9(13)
-48.6(15)
124(2)
0.0
~177.1(8)
0.0

0.0

0.0
177.2(8)
161.6(16)
~19.2(17)
134.2(11)
-53(2)
0.0
89.4(7)
~142.5(6)
-90.2(7)
32.3(8)
-1.3(18)
178.7(8)
-2.3(14)
1.8(18)
-2.7(17)
~178.1(9)
2.9(15)
-77.3(7)
43.9(8)
58.8(9)
80.4(7)
~149.9(6)
1.6(16)
~165.2(7)
71.5(11)
~46.7(11)
149.3(8)
-56.7(12)
143.6(11)
36.3(12)
~148.1(7)
83.7(11)
23.8(7)
144.9(7)

C52G C53G C54GN5G
C52G C53GC354G C55G
C56GN5G C54GC53G
C56GN5G C54GC55G
O13E CS53E C54E NSE
O13E CS53E C54E C55E
C47E C48E C49E C50E
C47E C52E C53E O13E
C47E CS52E C53E C54E
C48E C47E C52E C51E
C48E C47E C52E C53E
C48E C49E C50E C51E
C49E CS50E C51E C52E
CS50E CS1E C52E C47E
CS50E CS1E C52E C53E
CS51E C52E C353E O13E
CS51E C52E C53E C54E
C52E C47E C48E C49E
C52E CS53E C54E NSE
C52E CS3E C54E C55E
CS56E NSE C54E C53E
C56E NSE C54E C55E
013D C53DC54DN5SD
013D C53DC54D C55D
C47D C48D C49D C50D
C47D C52DC53DO13D
C47D C52DC53D C54D
C48D C47DC52D C51D
C48D C47DC52D C53D
C48D C49DC50D C51D
C49D C50DC51D C52D
C50D C51DC52D C47D
C50D C51DC52D C53D
C51D C52DC53DO13D
C51D C52DC53D C54D
C52D C47D C48D C49D
C52D C53DC54DNSD
C52D C53DC354D C55D
C56DN5SD C354DC53D
C56DN5SD C354DC55D
013 (C53 C54 N5
013 C53 C34 C55

175.8(17)
-65(2)
159(2)

41(3)
48.9(11)
170.9(10)
0.0
~142.5(9)
101.9(10)
0.0
-177.1(11)
0.0

0.0

0.0
177.2(10)
40.4(13)
-75.3(11)
0.0
169.4(8)
-68.7(12)
~173.1(9)
63.2(15)
47(2)
-178.4(17)
0.0
~123(2)
116(2)
0.0
175(3)
0.0

0.0

0.0
-175(3)
52(3)
-69(2)
0.0
170.4(17)
-55(2)
-163.8(16)
64(2)
50.0(10)
172.7(9)
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C39
C39
C39
C39
C39
C39
C39
C39
C40
C40
C40
C41
C41
C41
C42
C43
C43
C44
C44
C45
P1A
P1A
P1A
P1A
P1A
P1A
P1A
P2A
P2A
P2A
P2A
P2A
P2A
N3A
N3A
N3A
N3A
N3A
N3A
N3A
N3A
N3A

P2 C27
P2 C26
P2 C26
N4 (C38
N4 (C38
C40 C41
C40 C45
C40 C45
C41 C42
C45 C46
C45 C46
C40 C45
C40 C45
C42 C43
C43 C44
C44 C45
C44 C45
C45 C46
C45 C46 Ol12

C40 C41 C42

CIA C2A C3A

CIA C2A C7A

CI3ACI4ACI5A
CI3ACI4ACI9A
C21AC22AC23A
C21A C26AP2A

C21A C26A C25A
C27A C28A C29A
C27A C28A C33A
C27A C28B C29B
C27A C28B C33B
C39A C40A C41A
C39A C40A C45A
C27A C28A C29A
C27A C28A C33A
C27A C28B C29B
C27A C28B C33B
N4A C38A010A
N4A C38AC37A
N4A C39AP2A

N4A C39A C40A
C35AC36AC37A

C28C
C21
C25
010
C37
C42
C44
C46
C43
Ol11
012
C44
C46
C44
C45
C40
C46
Ol11

159.9(9)
160.7(7)
-18.3(9)
-3.7(15)
176.4(9)

-179.4(8)
179.3(9)
-0.2(13)

0.0
75.1(13)
-107.2(12)
0.0
-179.5(12)
0.0

0.0

0.0

179.5(11)

~104.4(9)
73.4(12)
0.0
76.8(8)

-108.0(8)
-84.8(7)

94.2(7)

-177.5(10)
-0.3(10)
175.6(8)

-84.9(10)
97.5(12)
-81.4(9)

99.5(9)
66.8(7)

-116.0(7)
41.5(12)

-136.1(11)

38.1(10)
-141.0(8)
-167.6(9)

15.4(12)

17.0(9)

-113.8(8)

22.1(14)

C47 C48 (C49 Cs50 0.0
C47 C52 (C53 013 -143.0(8)
C47 C52 (C53 Cs4 99.9(10)
C48 C47 (C52 Cs1 0.0
C48 C47 (C52 (C53 -176.8(10)
C48 C49 C50 Cs1 0.0
C49 C50 C51 Cs2 0.0
C50 C51 C52 C47 0.0
C50 C51 C52 Cs3 176.8(10)
C51 C52 C53 013 40.2(12)
C51 C52 (C53 Cs4 -76.9(10)
C52 C47 (C48 C49 0.0
C52 (C53 (C54 N5 170.2(8)
C52 (C53 C54 (55 -67.2(11)
C56 N5 C54 (53 -171.1(9)
C56 N5 (C54 (55 64.6(14)
O13F C53F C54F NS5SF 54.2(13)
O13F C53F C54F C55F  176.5(12)
C47F C48F C49F C50F 0.0
C47F C52F C53F O13F -130.2(11)
C47F C52F C53F C54F 114.0(12)
C48F C47F C52F C51F 0.0
C48F C47F C52F C53F 178.7(15)
C48F C49F C50F C51F 0.0
C49F C50F C51F C52F 0.0
C50F C51F C52F C47F 0.0
C50F C51F C52F C53F -178.7(15)
C51F C52F C53F O13F 48.5(15)
C51F C52F C53F C54F -67.3(14)
C52F C47F C48F C49F 0.0
C52F C53F C54F NSF 172.3(11)
C52F C53F C54F C55F  -65.3(16)
C56F N5F C54F C53F -163.5(11)
C56F N5F C54F C55F 72.0(16)
O13AC53A C54ANSA 40(2)
OI13AC53AC54AC55A -144(4)
C47A C48A C49A C50A 0.0
C47A C52AC53A013A -129.4(16)
C47A C52AC53AC54A 101.1(19)
C48A C47TAC52AC51A 0.0
C48A C47A C52AC53A 180(2)
C48A C49A C50AC51A 0.0
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C27AP2A
C27AP2A
C27AP2A
C27AP2A
C27AN3A
C27AN3A
C27AN3A
C27AN3A

C26AC21A
C26A C25A
C39AN4A

C39A C40A
N4A C38A
N4A C39A
C35A 09A

C35A C36A

C27A C28A C29A C30A
C27A C28A C33AC32A
C27A C28A C33A C34A
C27A C28B C29B C30B
C27AC28B C33B C32B
C27A C28B C33B C34B
C28A C27A C28B C29B
C28AC27AC28B C33B
C28A C29A C30AC31A
C28AC33AC34A07A

C28A C33AC34A O8A

C29A C28A C33AC32A
C29A C28A C33A C34A
C29A C30AC31AC32A
C30AC31AC32AC33A
C31AC32AC33AC28A
C31AC32AC33AC34A
C32AC33AC34A07A

C32A C33AC34A O8A

C33A C28AC29A C30A
C28B C27A C28A C29A
C28B C27A C28A C33A
C28B C29B C30B C31B
C28B C33B C34B O7B

C28B C33B C34B O8B

C29B C28B C33B C32B
C29B C28B C33B C34B
C29B C30B C31B C32B
C30B C31BC32B C33B
C31B C32B C33B C28B
C31B C32B C33B C34B
C32B C33B C34B O7B

C32B C33B C34B O8B

C33B C28B C29B C30B

~109.2(7)
75.1(10)
-24.0(7)
107.3(7)
167.1(8)
3.3(11)
-19.2(15)
167.2(9)
-177.7(12)
177.5(14)
~6(2)
-179.1(10)
179.1(11)
3.5(16)
-169(5)
11(5)

0.0
156.7(17)
-29(3)
0.0
176.7(18)
0.0

0.0

0.0
-177.0(16)
-26(2)
147.7(17)
0.0

12(5)
-166(6)
0.0
149.1(18)
-33(3)
0.0
-175.6(16)
0.0

0.0

0.0
176.0(14)
-27(3)
150.9(17)
0.0

C49A C50A C51ACS52A
C50A C51A C52AC47A
C50A C51AC52ACS3A
C51A C52AC53A013A
C51A C52A C53A C54A
C52A C47A C48A C49A
C52A C53A C54ANSA

C52A C53A C54A CS55A
C56ANSA C54ACS3A
C56ANSA C54ACS55A
O13B C53B C54B N5B

O13B C53B C54B C55B
C47B C48B C49B C50B
C47B C52B C53B O13B
C47B C52B C53B C54B
C48B C47B C52B C51B
C48B C47B C52B C53B
C48B C49B C50B C51B
C49B C50B C51B C52B
C50B C51B C52B C47B
C50B C51B C52B C53B
C51B C52B C53B O13B
C51B C52B C53B C54B
C52B C47B C48B C49B
C52B C53B C54B N5B

C52B C53B C54B C55B
C56B N5B C54B C53B
C56B N5B C54B C55B
013C C53C C54CNs5C

013C C53C C354C C55C
C47C C48C C49C C50C
C47C C52CC53C0O13C
C47C C52C C53C C54C
C48C C47CC52C C51C
C48C C47C C52C C53C
C48C C49C C50C C51C
C49C C50C C51C C52C
C50C C51CC52C C47C
C50C C51CC52C C53C
C51C C52CC53C0O13C
C51C C52C C353C C54C
C52C C47C C48C C49C

0.0

0.0
-180(2)
50(2)
-79(2)
0.0
168.5(16)
-15(5)
-151.3(17)
31(3)
56.1(10)
175.9(9)
0.0
~139.7(9)
103.1(11)
0.0
-179.8(13)
0.0

0.0

0.0
179.8(14)
40.4(14)
~76.7(12)
0.0
176.6(9)
~63.6(12)
~172.6(8)
65.9(13)
55.8(10)
179.5(10)
0.0
-138.0(9)
101.9(11)
0.0
-179.1(12)
0.0

0.0

0.0
179.2(11)
42.9(12)
-77.3(11)
0.0
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O3A C9A CIOACIIA
O9%9A C35AC36AC37A

NIA N2A CI2A04A
NIA N2A CIl2ACl11A

Table 7 Hydrogen Atom Coordinates (Ax 10*) and Isotropic Displacement Parameters

(A%x10%) for Landis48.
Atom X

H27 3421
H27A 3479
H29 2738
H30 1735
H31 1021
H32 1310
H29C 2630
H30C 1605
H31C 991
H32C 1402
H1 638
H3 623
H4 -35
H5 -853
Hé6 -1012
H10A 64
H10B -738
HI11A ~523
H11B ~281
H13 1520
H15 1627
H16 2520
H17 3535
H18 3657
H22 1155
H23 1704
H24 2877
H25 3495
H36A 4877
H36B 5223
H37A 5315

H37B

4491

y

-144.7(12) C52C C53CC54CNsC
-151.3(11) C52C C53CC354CC55C
-166.5(9) C56CN5C C54CC53C

17.7(13) C56C N5C C54CC55C

8518
8508
6817
6544
7413
8556
6997
6866
7828
8921
7352
8091
8880
9564
9459
6469
6652
7813
7337
8433
6637
5994
6532
7714
6572
5514
5500
6531
7086
7554
6416
6314

178.8(8)
-57.4(13)
~171.9(9)

62.8(12)

2623
2640
2533
2293
2129
2205
2519
2274
2131
2232
3059
2698
2457
2674
3132
3811
3761
3871
4113
3669
3704
3896
4042
3996
3212
3149
3028
3001
2136
2360
2487
2457

U(eq)

293

66
66
59
68
72
55
97
91
97
83
75
105
119
122
106
92
92
83
83
71
81
90
88
101
84
87
86
84
70
70
83
83



H39
H41
H42
H43
H44
H27B
H27C
H29A
H30A
H31A
H32A
H29B
H30B
H31B
H32B
HIA
H3A
H4A
HSA
H6A
HI10C
H10D
HI1C
HI11D
HI3A
HISA
HI16A
HI7A
HI8A
H22A
H23A
H24A
H25A
H36C
H36D
H37C
H37D
H39A
H41A
H42A
H43A
H44A

4088
4118
4800
5664
5845
5913
5923
4375
4254
5241
6349
4235
3959
4847
6010
4732
5439
6204
6917
6866
3849
4010
5221
4774
5878
4057
3450
4050
5257
3955
2878
2849
3856
4395
4863
3648
3726
4636
5496
6235
6728
6483

7290
8101
8910
9504
9290
5992
5950
5114
4091
3495
3921
5249
4259
3550
3831
3164
3142
2465
1672
1556
2716
1916
2120
2381
4086
4260
5164
6134
6200
3695
4204
5365
5991
7262
7665
6898
7708
6570
6613
7368
8289
8456

3194
3548
3769
3538
3087
4873
4885
4983
5217
5358
5263
4980
5217
5375
5295
4426
4790
5037
4822
4361
3660
3695
3613
3365
3840
3797
3601
3457
3509
4282
4351
4467
4509
5393
5182
5067
5040
4325
3974
3751
3977
4427
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70
139
178
127
118

69

69
100
103

80

81

73

74

72

57

88
102
122
117

95
102
102

78

78

69

77

84

96
106

90

92
102

81

78

78

73

73

72
111
140
113
102



HI3G
H5GA
H5GB
H47G
H48G
H49G
H50G
H51G
H53G
H54G
HS55A
H55B
H55C
H56A
H56B
H56C
HI3E
HSEA
HS5EB
H47E
H48E
H49E
HS50E
HS1E
HS3E
H54E
H55D
HS55E
HS55F
H56D
HS56E
HS56F
HI13D
H5DA
H5DB
H47D
H48D
H49D
H50D
H51D
H53D
H54D

-3111
-3581
-3207
-1127
-161
-283
-1371
-2338
-2290
-2618
-2058
-1710
-1533
-2981
-3389
-3798
-743
-36
-71
-2442
-3426
-3546
-2682
-1698
-1398
-680
-391
-800
-1219
480
845
883
3810
4131
4047
3726
4029
4641
4950
4647
3613
4829

7110
7527
7003
6578
6777
7408
7841
7642
6570
8045
7662
8192
7396
8139
7488
8061
8405
8868
9084
9629
10173
10312
9907
9364
8967
9818
10227
10655
10170
10095
9646
9410
9848
9918
9512
11972
12772
12425
11279
10479
10855
10168

2373
2866
3016
2705
2434
2043
1923
2194
2754
2715
3213
3012
2990
3253
3365
3201
4292
4261
3983
3947
4119
4578
4864
4692
4012
4394
3892
4112
3913
4243
4018
4321
4910
4273
4514
4720
5045
5422
5476
5151
4573
4728

295

197
152
152
156
184
238
160
168
153
135
238
238
238
181
181
181
127

79

79
104
131
114
130
106

84

88
171
171
171
113
113
113
185
102
102
219
219
219
219
219
148
116



H55G
HS55H
HS551
H56G
H56H
H561
HI13B
H5B
H5C
H47
H48
H49
HS50
H51
HS53
H54
HS55J
H55K
HS55L
H56J
H56K
H56L
HI3F
HSFA
HS5FB
H47F
H48F
H49F
HS50F
HS51F
HS53F
H54F
H55M
HS55N
H550
H56M
HS56N
H560
HI13C
HSAA
H5AB
H47A

5104
5422
4742
5390
4936
4843
4302
3674
3461
2957
2406
2236
2618
3169
3618
2704
2391
2320
1874
2422
2881
3113
854
2385
2325
73
-769
-712
187
1029
1038
1994
2288
2029
1475
3166
3433
3367
3281
3093
3041
2179

10761
10943
11331
9418
9248
8803
6276
7624
7584
5255
4280
4155
5004
5979
6284
6965
6397
7205
6816
8108
8469
8512
9431
9532
9452
10367
11205
11876
11709
10871
9694
10622
10544
11202
10704
10496
9873
9786
8419
9816
9896
7600

4272
4556
4453
4384
4127
4390
1891
1770
1491
1461
1626
2083
2375
2209
1535
1899
1422
1389
1610
1747
1523
1827
3519
3032
3320
2953
3030
3413
3719
3641
3090
3350
2835
2994
2858
3243
3065
3379

966

792

505

440

296

153
153
153
153
153
153
111

78

78
110
141
139
139
112

81

84
160
160
160
112
112
112
124

97

97
147
147
147
147
147

97

94
144
144
144
138
138
138
162
112
112
187



H48A
H49A
H50A
HS1A
H53A
H54A
H55P
H55Q
H55R
H56P
H56Q
H56R
HI13H
H5BA
H5BB
H47B
H48B
H49B
H50B
H51B
H53B
H54B
H55S
H55T
H55U
H56S
H56T
H56U
H13I
H5CA
H5CB
H47C
H48C
H49C
H50C
H51C
H53C
H54C
H55V
H55W
H55X
H56V

1319
669
879

1739

2876

2115

1292

1761

1463

2082

2745

2802

3890

5047

5077

2795

1627

1221

1982

3150

3864

4261

4547

4032

3743

5425

5884

5916
291

1064

1199

1019

1281

1567

1591

1329
742

1886

2238

2607

1986

2387

6786
6852
7731
8544
8506
9439
9285
9843
9994
10642
10881
10793
2827
3911
3682
3893
4165
4304
4172
3901
3510
4495
4941
5295
4734
4994
4619
4369
6832
7556
7533
5283
4128
3720
4466
5622
6372
6706
6970
6444
6193
7773

527

919
1222
1135

595

830

503

356

646

708

541

855
3093
2750
3027
2599
2675
3109
3467
3391
2752
3147
2646
2854
2652
3033
2812
3114
4390
4442
4728
4894
4834
4412
4050
4110
4709
4365
4868
4671
4858
4502

297

187
187
187
187
126
119
324
324
324
180
180
180
119

74

74
138
138
138
138
138

81

82
140
140
140
115
115
115
121

71

71
129
180
185
169
118

73

81
125
125
125
116



298
H56W 1973 8270 4697 116

H56X 1826 8295 4385 116

Table 8 Atomic Occupancy for Landis48.
Atom Occupancy Atom Occupancy Atom Occupancy

H27 0.5 H27A 0.5 O7 0.5
08 0.5 C28 0.5 C29 0.5
H29 0.5 C30 0.5 H30 0.5
C31 0.5 H31 0.5 C32 0.5
H32 0.5 C33 0.5 C34 0.5
07C 0.5 O8C 0.5 C28C 0.5
C29C 0.5 H29C 0.5 C30C 0.5
H30C 0.5 C31C 0.5 H31C 0.5
C32C 0.5 H32C 0.5 C33C 0.5
C34C 0.5 O5 0.5 06 0.5
05C 0.5 O6C 0.5 H27B 0.5
H27C 0.5 O7A 0.5 O8A 0.5
C28A 0.5 C29A 0.5 H29A 0.5
C30A 0.5 H30A 0.5 C31A 0.5
H31A 0.5 C32A 0.5 H32A 0.5
C33A 0.5 C34A 0.5 O7B 0.5
08B 0.5 C28B 0.5 C29B 0.5
H29B 0.5 C30B 0.5 H30B 0.5
C31B 0.5 H31B 0.5 C32B 0.5
H32B 0.5 C33B 0.5 C34B 0.5
O5A 0.5 O6A 0.5 O5B 0.5
06B 0.5 O14 0.30(3) 016 0.47(4)
017 0.65(4) O18 0.29(3) O19 0.42(3)
020 0.55(3) 021 0.67(3) 022 0.37(3)
023 0.30(3) 024 0.27(3) 025 0.40(3)
027 0.37(3) 030 0.74(3) 031 0.28(3)
032 0.79(3) 033 0.85(3) 035 0.68(3)
036 0.26(3) 037 0.58(3) 040 0.42(3)
041 0.52(3) 042 0.23(3)



